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� ,QWURGXFWLRQ �
��� 6FRSH DQG 5HOHYDQFH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� 2EMHFWLYHV DQG UHVHDUFK TXHVWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � �

����� 5HVHDUFK 4XHVWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� /LWHUDWXUH 5HYLHZ �

� 6WXG\ $UHD �
��� 3XEOLF ZDWHU VXSSO\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� ,UULJDWLRQ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� +\GUR�SRZHU � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 'DWDVHWV ��
��� 5HPRWHO\ VHQVHG WLPH VHULHV GDWD VHW � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� *OREDO UHVHUYRLU DQG GDP �*5DQ'� GDWDVHW � � � � � � � � � � � � � � � � � � � � � � ��
��� /RFDO GDWD� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 0HWKRGRORJ\ ��
��� 2XWOLQH RI WKH PHWKRGRORJ\� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 5HVHDUFK TXHVWLRQ �� +RZ GR /HYHO�$UHD�6WRUDJH UHODWLRQVKLSV FRQVWUXFWHG

XVLQJ UHPRWHO\ VHQVHG WLPH VHULHV GDWD FRPSDUHV WR ORFDO /HYHO�$UHD�6WRUDJH
UHODWLRQVKLS" � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 'DWD 3URFHVVLQJ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 5HVHDUFK TXHVWLRQ �� +RZ GRHV WKH VXUIDFH ZDWHU IORZ DOWHUV GXH WR FKDQJH LQ
GDWD VRXUFH IURP ORFDO WR UHPRWHO\ VHQVHG WLPH VHULHV GDWD" � � � � � � � � � � � � ��

��� 5HVHDUFK TXHVWLRQ �� +RZ GR GHFLVLRQ WUDGH�RIIV FRPSDUH WR HDFK RWKHU ZKHQ
XVLQJ UHPRWHO\ VHQVHG WLPH VHULHV GDWD RI UHVHUYRLU DUHD RU ORFDO GDWD" � � � � � ��

� 5HVXOWV ��
��� /HYHO�$UHD�6WRUDJH FXUYHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 5HPRWHO\ VHQVHG WLPH VHULHV GDWD � *5DQ' � � � � � � � � � � � � � � � � � ��
��� /RFDO /$6 FXUYH DQG VHGLPHQWDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� )ORZ DOWHUDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 'U\ 6HDVRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� :HW 6HDVRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 3HUIRUPDQFH DFURVV REMHFWLYHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 2SHUDWLQJ UXOH FXUYHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� )ORRG UXOH FXUYHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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��� 7DUJHW UXOH FXUYHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� )LUP UXOH FXUYHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 'LVFXVVLRQV ��
��� /HYHO�$UHD�6WRUDJH FXUYH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� /RFDO /$6 FXUYH DQG VHGLPHQWDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� )ORZ $OWHUDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 3HUIRUPDQFH DFURVV REMHFWLYHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 2SHUDWLQJ UXOH FXUYHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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/LVW RI )LJXUHV

��� 2XP (U 5ELD %DVLQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� 5HVHUYRLU V\VWHP LQ 2XP (U 5ELD EDVLQ � � � � � � � � � � � � � � � � � � � � � � ��

��� :DWHU :DWFK� 5HPRWHO\ VHQVHG WLPH VHULHV GDWD RI UHVHUYRLU VXUIDFH DUHD � � � ��
��� *OREDO GLVWULEXWLRQ �E\ FRXQWU\� RI ODUJH UHVHUYRLUV LQ *5DQ' GDWDEDVH >��@ � � ��

��� )ORZ RI WKH UHVHDUFK LQGLFDWLQJ UHVHDUFK TXHVWLRQV DQVZHUHG DQG VWHSV WDNHQ � ��
��� 5,%$6,0 QHWZRUN 2XP (U 5ELD EDVLQ� 0RURFFR � � � � � � � � � � � � � � � � � � ��
��� 2SHUDWLRQ UXOHV IRU UHVHUYRLUV LQ 5,%$6,0>��@ � � � � � � � � � � � � � � � � � � � ��

��� /RFDO YV 'HULYHG DUHD FDSDFLW\ FXUYH IRU WKH ILYH UHVHUYRLUV LQ WKH 2(5 EDVLQ � ��
��� /RFDO YV 'HULYHG OHYHO FDSDFLW\ FXUYH IRU WKH ILYH UHVHUYRLUV LQ WKH 2(5 EDVLQ � ��
��� 6XUIDFH DUHD WLPH VHULHV IRU $O 0DVVLUD� %LQ (O 2XLGDQH� 0RXOOD\ <RXVVHI DQG

+DVVDQ �HU UHVHUYRLUV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 6WRUDJH WLPH VHULHV IRU $O 0DVVLUD� %LQ (O 2XLGDQH� 0RXOOD\ <RXVVHI DQG+DVVDQ

�HU UHVHUYRLUV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� $UHD YV /HYHO VFDWWHU SORW IRU $O 0DVVLUD� %LQ (O 2XLGDQH� 0RXOOD\ <RXVVHI DQG

+DVVDQ �HU UHVHUYRLU � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� &OLPDWRORJ\ SORW IRU GU\ VHDVRQV ZLWK PHDQ DQG ��WK SHUFHQWLOH LQWHUYDO IRU RXW�

IORZ IURP $O 0DVVLUD� %LQ (O 2XLGDQH DQG 0RXOOD\ <RXVVHI UHVHUYRLUV IRU UH�
PRWHO\ VHQVHG DQG ORFDO /$6 FXUYH � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &OLPDWRORJ\ SORW IRU GU\ VHDVRQV ZLWK PHDQ DQG ��WK SHUFHQWLOH LQWHUYDO IRU RXW�
IORZ IURP +DVVDQ �HU DQG $KPHG (O +DQVDO UHVHUYRLUV IRU UHPRWHO\ VHQVHG DQG
ORFDO /$6 FXUYH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &OLPDWRORJ\ SORW IRU ZHW VHDVRQV ZLWK PHDQ DQG ��WK SHUFHQWLOH LQWHUYDO IRU RXW�
IORZ IURP $O 0DVVLUD� %LQ (O 2XLGDQH DQG 0RXOOD\ <RXVVHI UHVHUYRLUV IRU UH�
PRWHO\ VHQVHG DQG ORFDO /$6 FXUYH � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &OLPDWRORJ\ SORW IRU ZHW VHDVRQV ZLWK PHDQ DQG ��WK SHUFHQWLOH LQWHUYDO IRU RXW�
IORZ IURP +DVVDQ �HU DQG $KPHG (O +DQVDO UHVHUYRLUV IRU UHPRWHO\ VHQVHG DQG
ORFDO /$6 FXUYH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 3HUIRUPDQFH DFURVV REMHFWLYHV IRU RSWLPL]DWLRQ ZLWK /RFDO /$6 FXUYHV � � � � � ��
���� 3HUIRUPDQFH DFURVV REMHFWLYHV IRU RSWLPL]DWLRQ ZLWK UHPRWHO\ VHQVHG /$6 FXUYHV ��
���� 3HUIRUPDQFH DFURVV REMHFWLYHV RI RSWLPL]HG RSHUDWLQJ UXOH FXUYHV XVLQJ UH�

PRWHO\ VHQVHG GDWD ZLWK ORFDO /$6 FXUYHV � � � � � � � � � � � � � � � � � � � � � ��
���� 7UDGH RIIV EHWZHHQ GLIIHUHQW REMHFWLYHV ZLWK ORFDO /$6 FXUYHV� UHPRWHO\ VHQVHG

/$6 FXUYHV DQG WKH SHUIRUPDQFH ZLWK RSHUDWLQJ UXOHV RSWLPLVHG ZLWK UHPRWHO\
VHQVHG /$6 FXUYHV LQ D PRGHO ZLWK ORFDO /$6 FXUYHV � � � � � � � � � � � � � � � ��

���� )ORRG UXOH FXUYHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� 7DUJHW UXOH FXUYHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� )LUP UXOH FXUYHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 5HPRWHO\ VHQVHG VXUIDFH DUHD WLPH VHULHV IRU $KPHG (O +DQVDO UHVHUYRLU � � � ��
��� &RQYHUJHQFH IRU RSWLPL]DWLRQ XVLQJ ORFDO /$6 FXUYHV � � � � � � � � � � � � � � � ��

Y



YL /LVW RI )LJXUHV

��� &RQYHUJHQFH IRU RSWLPL]DWLRQ XVLQJ UHPRWHO\ VHQVHG /$6 FXUYHV � � � � � � � � ��
��� ,QIORZ WR WKH $O 0DVVLUD UHVHUYRLU ZLWK WKH WZR VHW RI /$6 FXUYHV � � � � � � � � ��
��� ,QIORZ WR %LQ (O 2XLGDQH� +DVVDQ �HU� 0RXOOD\ <RXVVHI DQG $KPHG (O +DQVDO

UHVHUYRLUV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 2XWIORZ IURP $O 0DVVLUD UHVHUYRLU IRU RSHUDWLQJ UXOH FXUYHV RSWLPL]HG ZLWK UH�

PRWHO\ VHQVHG /$6 DQG ORFDO /$6 FXUYHV� DQG SUHYDOHQW UXOH FXUYHV � � � � � � ��
��� ,QIORZ IURP $O 0DVVLUD UHVHUYRLU IRU RSHUDWLQJ UXOH FXUYHV RSWLPL]HG ZLWK UH�

PRWHO\ VHQVHG /$6 DQG ORFDO /$6 FXUYHV� DQG SUHYDOHQW UXOH FXUYHV � � � � � � ��



/LVW RI 7DEOHV

��� 5HODWLYH UPVH RI WKH VWRUDJH ZH JHW IURP WKH UHPRWHO\ VHQVHG /$6 FXUYHV ZLWK
UHVSHFW WR WKDW ZH JHW IURP ORFDO /$6 FXUYHV � � � � � � � � � � � � � � � � � � � ��

��� 6WRUDJH FKDQJH GXH WR VHGLPHQWDWLRQ LQ GLIIHUHQW UHVHUYRLUV � � � � � � � � � � � ��
��� $OWHUDWLRQ LQ WKH VXUIDFH ZDWHU IORZ GXH WR FKDQJHG /HYHO�$UHD�6WRUDJH UHOD�

WLRQVKLS � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 3HUIRUPDQFH DFURVV REMHFWLYHV IRU PDQXDO DQG RSWLPL]HG UXQV � � � � � � � � � ��
��� 9DULDELOLW\ LQ WKH UXOH FXUYHV VKRZQ E\ GLIIHUHQFH LQ WKH PD[LPXP DQG PLQLPXP

OHYHOV LQ D \HDU� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� +\GURSRZHU FDSDFLW\ IRU HDFK UHVHUYRLUV>�@ � � � � � � � � � � � � � � � � � � � � ��
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7KLV WKHVLV ZRXOGQ¶W KDYH EHHQ SRVVLEOH ZLWKRXW WKH FRQVWDQW JXLGDQFH DQG VXSHUYLVLRQ RI
VRPH YHU\ LPSRUWDQW LQGLYLGXDOV� , WDNH WKLV RSSRUWXQLW\ WR WKDQN 'U� ,U� +HVVHO :LQVHPLXV� IRU
KLV JXLGDQFH DQG DVVLVWDQFH WKURXJKRXW WKH SURMHFW� DQG DOVR IRU HQFRXUDJLQJ PH WR SXUVXH
WKLV WKHVLV DW 'HOWDUHV� , DP JUDWHIXO WR WKH VXSSRUW RI 0DUN +HJQDXHU IRU FRQVWDQWO\ DGGUHVVLQJ
P\ GRXEWV WKURXJK ZHHNO\ PHHWLQJV WKDW ZHUH QHFHVVDU\ WR NHHS WKLV WKHVLV DW SDFH�

7KH RSWLPL]DWLRQ ZDV DQ LPSRUWDQW SDUW RI WKLV WKHVLV DQG ZLWKRXW WKH H[SHUWLVH RI 'U� ,U� -DQ
.ZDNNHO DQG %UDPND -DILQR LW ZRXOG KDYH EHHQ LPSRVVLEOH IRU PH WR VHW XS WKH UXQQLQJ S\WKRQ
FRGH DQG JHWWLQJ WKH WKHVLV GRQH RQ WLPH� , ZRXOG DOVR OLNH WR WKDQN 'U� ,U� 5ROI +XW IRU KHOSLQJ
PH XQGHUVWDQG WKH LQWULFDFLHV RI WKH SUREOHP DQG KRZ LW FDQ KHOS WKH VFLHQWLILF FRPPXQLW\ DV
D ZKROH� :LWKRXW KLV VXJJHVWLRQV� , ZRXOGQ¶W KDYH EHHQ DEOH WR JHW VRPHWKLQJ UHOHYDQW RXW RI
WKLV SURMHFW�

$GGLWLRQDOO\� , ZRXOG OLNH WR WKDQN 'U� *HQQDGGL 'RQFK\WV IRU LQWURGXFLQJ PH WR WKH DPD]�
LQJ VHW RI UHPRWHO\ VHQVHG WLPH�VHULHV GDWD WKDW IRUPV WKH YHU\ EDVLV RI WKLV WKHVLV� :LO YDQ
GHU .URJW IRU KHOSLQJ PH JHW WKH ZDWHU DOORFDWLRQ GHFLVLRQ PRGHO DQG LPSRUWDQW GDWD IURP WKH
0RURFFDQ DXWKRULWLHV DQG 0DUQL[ YDQ GHU 9DW IRU KHOSLQJ PH ZLWK VFULSWV WR H[HFXWH WKH ZDWHU
DOORFDWLRQ GHFLVLRQ PRGHO ZLWK 3\WKRQ�

)LQDOO\� DQG PRVW LPSRUWDQWO\ , ZRXOG OLNH WR WKDQN P\ IDPLO\ DQG IULHQGV IRU WKHLU FRQVWDQW
VXSSRUW DQG EHOLHI WKURXJKRXW P\ 7KHVLV�

6DNHW .HVKDY
'HOIW� 2FWREHU ����

L[
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%LJ GDWD VRXUFHV FDQ SOD\ DQ LPSRUWDQW UROH LQ UHYROXWLRQL]LQJ WKH ILHOG RI ZDWHU UHVRXUFHV UH�
VHDUFK� 7LPH VHULHV GDWD ZLWK KLJK WHPSRUDO DQG VSDWLDO GLPHQVLRQV HQFDSVXODWHV ZLWK LWVHOI
QXPHURXV IDFWRUV HVVHQWLDO IRU FRPLQJ XS ZLWK UREXVW GHFLVLRQV� ,Q WKLV WKHVLV� ZH DVVHVV RQH
VXFK ELJ GDWD VRXUFH IRU HIILFLHQW ZDWHU PDQDJHPHQW LQ WKH 2XP (U 5ELD EDVLQ� 0RURFFR� 7KH
VXUIDFH ZDWHU GHWHFWLRQ WHFKQLTXH IXUQLVKHG E\ 'U� 'RQFK\WV >��@ LV IRXQG WR EH DFFXUDWH LQ
GHWHFWLQJ WKH VXUIDFH ZDWHU VRXUFHV DQG LWV WHPSRUDO DQG VSDWLDO G\QDPLFV�

7KH UHPRWHO\ VHQVHG WLPH�VHULHV GDWD RI UHVHUYRLU DUHD ZDV XVHG WR FRPH XS ZLWK /HYHO�
$UHD�6WRUDJH�/$6� UHODWLRQVKLSV IRU WKH ILYH PDLQ UHVHUYRLUV LQ WKH 2XP (U 5ELD EDVLQ� 7KHVH
FXUYHV ZHUH DEOH WR DSSUR[LPDWH WKH SUHVHQW VHW RI /$6 FXUYHV ZHOO� +HQFH� ZHUH XVHG LQ
SODFH RI WKH ORFDO /$6 FXUYHV LQ D ZDWHU DOORFDWLRQ GHFLVLRQ PRGHO FDOOHG 5,%$6,0� 7KXV� ZH
KDG WZR VFHQDULRV RQH ZKHUH WKH ORFDO /$6 FXUYHV ZHUH XVHG WR RSWLPL]H UHVHUYRLU RSHUDWLRQV
DQG WKH RWKHU ZKHUH UHPRWHO\ VHQVHG /$6 FXUYHV ZHUH XVHG LQVWHDG RI WKH ORFDO /$6 FXUYHV�

7KH RSHUDWLQJ UXOH FXUYHV LQ WKH ZDWHU DOORFDWLRQ GHFLVLRQ PRGHO ZHUH WKHQ RSWLPL]HG IRU WKH
WZR VFHQDULRV� 7KH RSWLPL]DWLRQ ZDV GRQH WR PD[LPL]H WKH SHUIRUPDQFH RI WKH V\VWHP DFURVV
WKUHH REMHFWLYHV� D�SXEOLF ZDWHU VXSSO\� E�LUULJDWLRQ DQG F�K\GURHOHFWULFLW\ JHQHUDWLRQ� $ WUDGH�
RII EHWZHHQ WKH WKUHH REMHFWLYH IXQFWLRQV ZDV WKHQ VKRZQ XVLQJ SDUDOOHO DQG VFDWWHU SORWV� ,W
ZDV REVHUYHG WKDW IRU WKH VDPH VHW RI /$6 FXUYHV WKH SHUIRUPDQFH DFURVV DOO WKUHH REMHFWLYHV
LPSURYHG SRVW�RSWLPL]DWLRQ RI WKH RSHUDWLQJ UXOH FXUYHV� 7KLV VKRZHG WKDW WKHUH ZHUH URRPV
IRU LPSURYHPHQW LQ WKH H[LVWLQJ UHVHUYRLU RSHUDWLQJ UXOH FXUYHV� 7KH RSHUDWLQJ UXOH FXUYHV IRU
WKH ZDWHU DOORFDWLRQ GHFLVLRQ PRGHO ZLWK UHPRWHO\ VHQVHG /$6 FXUYHV ZHUH WKHQ RSWLPL]HG�
7KH EHVW VHW RI RSHUDWLQJ UXOH FXUYHV WKDW ZH JRW IURP WKH VHFRQG RSWLPL]DWLRQ ZHUH WKHQ
XVHG ZLWK WKH ORFDO /$6 FXUYHV WR VHH KRZ WKH V\VWHP ZRXOG SHUIRUP ZLWK WKHVH RSHUDWLQJ
UXOH FXUYHV� 7KLV JDYH XV DQ LGHD RI WKH IHDVLELOLW\ RI XVLQJ UHPRWHO\ VHQVHG GDWD WR FRPH XS
ZLWK ZDWHU PDQDJHPHQW GHFLVLRQV DQG DOVR WR DVVHVV WKH EHQHILWV RI XVLQJ UHPRWHO\ VHQVHG
WLPH�VHULHV GDWD� 7KRXJK WKH SHUIRUPDQFH RYHU WKH WKUHH REMHFWLYHV ZDV QRW DV JRRG DV WKH
UHVXOWV ZH JRW E\ RSWLPL]LQJ WKH V\VWHP ZLWK ORFDO /$6 FXUYHV� LW ZDV EHWWHU WKDQ WKH V\VWHP
SHUIRUPDQFH DFURVV WKH WKUHH REMHFWLYHV ZLWK WKH H[LVWLQJ VHW RI RSHUDWLQJ UXOHV DQG ORFDO /$6
FXUYHV� 7KXV� LW FDQ EH XVHG ZKHQ WKHUH LV D GHDUWK RI SURSHU /$6 FXUYHV�

%HVLGHV� RSWLPL]LQJ RSHUDWLQJ UXOH FXUYHV� WKH UHPRWHO\ VHQVHG WLPH�VHULHV GDWD RI UHVHUYRLU
VXUIDFH DUHD ZDV XVHG WR DVVHVV WKH HIIHFWV RI VHGLPHQWDWLRQ LQ WKH UHVHUYRLU VWRUDJH� ,W ZDV
REVHUYHG WKDW IRU ODUJHU UHVHUYRLUV WKH SHUFHQWDJH FKDQJH LV QRW PXFK DV FRPSDUHG WR WKH
VPDOOHU UHVHUYRLUV� $SDUW IURP WKH VL]H RI WKH UHVHUYRLU� PRUH VWXG\ LV UHTXLUHG WR PDNH D
GHWDLOHG DQDO\VLV RI KRZ IDFWRUV OLNH WRSRJUDSK\ DQG VRLO WH[WXUH LQIOXHQFH WKH UDWH RI VHGLPHQ�
WDWLRQ� 'HVSLWH LWV OLPLWDWLRQV� WKH UHPRWHO\ VHQVHG WLPH�VHULHV GDWD RI UHVHUYRLU VXUIDFH DUHD
FDQ EH XVHG WR SHUIRUP D TXDOLWDWLYH DQDO\VLV RI WKH UDWH RI VHGLPHQWDWLRQ DQG FDQ JLYH UHVHU�
YRLU DXWKRULWLHV DQ LGHD RI WKH QHHG IRU EDWK\PHWU\� 7KLV FDQ KHOS LQ DYRLGLQJ XQQHFHVVDU\
EDWK\PHWULHV ZKLFK DUH LQIHDVLEOH ERWK HFRQRPLFDOO\ DQG SK\VLFDOO\�
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:DWHU DOORFDWLRQ GHFLVLRQV LQ D EDVLQ DUH WDNHQ EDVHG RQ WKH K\GURORJLFDO SLHFHV RI LQIRUPD�
WLRQ RQ ZDWHU DYDLODELOLW\ DQG LWV GHPDQG LQ WKH UHJLRQ� +RZHYHU� LW LV RIWHQ QRWLFHG WKDW WKLV
LQIRUPDWLRQ LV PRVWO\ XQFHUWDLQ� ,Q WKH ILHOG RI ZDWHU UHVRXUFHV PDQDJHPHQW� WKH FUHGLELOLW\ RI
WKH GDWD VRXUFHV DQG LWV DYDLODELOLW\ SOD\V D NH\ UROH LQ FDUU\LQJ RXW DQ\ W\SH RI UHVHDUFK RU
DFWLYLWLHV� ,W KDV RIWHQ EHHQ REVHUYHG WKDW WKH XVH RI H[WHQVLYH K\GURORJLFDO LQIRUPDWLRQ LV EHQ�
HILFLDO LQ UHGXFLQJ WKH UDWH RI RFFXUUHQFH RI VXE�RSWLPDO ZDWHU DOORFDWLRQ GHFLVLRQV� XOWLPDWHO\
FRQWULEXWLQJ WR WKH RYHUDOO IXQFWLRQLQJ RI WKH EDVLQ>��@� (IIRUWV KDYH EHHQ PDGH RQ WHFKQLFDO
IURQWV WR KDYH DQ HDV\� DFFXUDWH� DQG HDVLO\ DFFHVVLEOH GDWD VRXUFH IRU WKH XVH RI ZDWHU PDQ�
DJHUV DFURVV WKH JOREH� :LWK WKH WHFKQRORJLFDO DGYDQFHPHQWV DQG GHYHORSPHQW LQ WKH ILHOG RI
UHPRWH VHQVLQJ DQG HDUWK REVHUYDWRU\� UHVHDUFKHUV KDYH ZLWQHVVHG VXFFHVV LQ WKHVH ILHOGV�
7KH GHYHORSPHQW RI UHPRWH VHQVLQJ�EDVHG GDWDVHWV DQG PRGHOLQJ FDQ EH D NH\ WR D EHWWHU
XQGHUVWDQGLQJ RI QXPHURXV K\GURORJLFDO DVSHFWV LQ GDWD�VFDUFH DUHDV� %LJ GDWD VRXUFHV FDQ
SOD\ D YHU\ LPSRUWDQW UROH LQ VFLHQWLILF UHVHDUFK� 8VLQJ WKHVH GDWD IRU ZDWHU PDQDJHPHQW UH�
VHDUFK FDQ DWWHQXDWH WKH HFRQRPLF DQG SK\VLFDO FRVWV DVVRFLDWHG ZLWK VXFK UHVHDUFK >��@>��@
>��@�

5HVHUYRLUV DUH FRQVWUXFWHG RQ D ULYHU IRU QXPHURXV UHDVRQV� 7KH\ KDYH EHHQ XVHG DFURVV
HFRQRPLF� VRFLDO� HFRORJLFDO� DQG HQYLURQPHQWDO GLPHQVLRQV >��@� 7KHVH LQFOXGH SRZHU JHQ�
HUDWLRQ� IORRG FRQWURO� GURXJKW PLWLJDWLRQ� DQG ZDWHU VXSSO\� 7KHVH PXOWL�REMHFWLYH V\VWHPV
DUH VHOI FRPSHWLQJ DQG UHTXLUH H[WHQVLYH DQDO\VLV WR RSWLPL]H UHVHUYRLU RSHUDWLRQV� :KHQ LW
FRPHV WR UHVHUYRLU RSHUDWLRQV� LW LV YHU\ YLWDO WR KDYH D EDODQFHG RSHUDWLQJ SROLF\ WR HQVXUH
ZDWHU DYDLODELOLW\ IRU DOO WKH DFWLYLWLHV SUHYDOHQW LQ WKH UHJLRQ� $Q DFFXUDWH DQG GHWDLOHG K\�
GURORJLFDO LQIRUPDWLRQ FDQ KHOS ZDWHU PDQDJHUV WR FRPH XS ZLWK UREXVW RSHUDWLQJ UXOHV IRU
WKH UHVHUYRLU ZKLFK FDQ IXUWKHU DWWHQXDWH WKH HIIHFWV RI H[WUHPH GURXJKWV DQG IORRGV� HQVXULQJ
RSWLPXP ZDWHU UHVRXUFHV PDQDJHPHQW LQ WKH EDVLQ�

���� 6FRSH DQG 5HOHYDQFH
5HPRWH VHQVLQJ �56� DQG (DUWK REVHUYDWLRQ �(2� LQ SDUWLFXODU DUH UDSLGO\ JURZLQJ ILHOGV� 7KH
VSDWLDOO\ FRQWLQXRXV JOREDO FRYHUDJH WKDW UHPRWH VHQVLQJ SURYLGHV IDFLOLWDWHV FRPSDUDELOLW\
DFURVV EDVLQV DQG VFDOHV� 7KLV FRQWULEXWHV WR EHWWHU LQIRUPDWLRQ IRU ZDWHU PDQDJHUV DQG
GHFLVLRQ�PDNHUV>��@� ,Q WKH ODVW GHFDGH� WKHVH ILHOGV KDYH SURGXFHG DQ HQRUPRXV DPRXQW
RI GDWD� +RZHYHU� RQH RI WKH ELJJHVW FKDOOHQJHV LV WR H[WUDFW YDOXDEOH LQIRUPDWLRQ IURP PXOWL�
SOH VDWHOOLWH GDWD� UHVXOWLQJ LQ D KLJKHU WHPSRUDO UHVROXWLRQ� 7KH DGYHQW RI SDUDOOHO VDWHOOLWH GDWD
SURFHVVLQJ SODWIRUPV OLNH JRRJOH HDUWK HQJLQH SURYHG WR EH DQ DQVZHU WR PDQ\ VXFK WHFKQLFDO
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OLPLWDWLRQV� 7KH DGYDQFHPHQWV DQG RXWUHDFK HIIRUWV XQGHUWDNHQ E\ ODUJH FRPSDQLHV UHVXOWHG
LQ WKH GHYHORSPHQW RI SDUDOOHO SURFHVVLQJ SODWIRUPV OLNH *RRJOH (DUWK (QJLQH DQG WKH JURZ�
LQJ YROXPHV RI GDWD IXUWKHU WKH QHHG IRU DXWRPDWHG PHWKRGV IRU VXUIDFH ZDWHU GHWHFWLRQ IURP
VDWHOOLWH LPDJHV�

'U� *HQQDGGL 'RQFK\WV>��@ FDPH XS ZLWK D QHZ PHWKRG IRU DFFXUDWH VXUIDFH ZDWHU GHWHF�
WLRQ EDVHG RQ D ORFDO WKUHVKROG RI VSHFWUDO LQGLFHV FRPSXWHG IURP PXOWL�VSHFWUDO VDWHOOLWH GDWD
VHWV� +H FDPH XS ZLWK D VHW RI IXOO\ DXWRPDWHG DOJRULWKPV DQG VRIWZDUH WRROV WR HQDEOH WKH
SURFHVVLQJ RI PXOWL�VSHFWUDO VDWHOOLWH LPDJHU\ IRU VXUIDFH ZDWHU GHWHFWLRQ ZLWK KLJK VSDWLDO DQG
WHPSRUDO UHVROXWLRQV� $V D SDUW RI KLV UHVHDUFK� KH FUHDWHG D JOREDO GDWDVHW RI UHVHUYRLU VXU�
IDFH DUHD WLPH VHULHV ZLWK WKH KHOS RI *RRJOH (DUWK (QJLQH�

7KLV WKHVLV LQYROYHV XWLOL]LQJ UHPRWHO\ VHQVHG VRXUFHV RI GDWD LQ ZDWHU PDQDJHPHQW GHFL�
VLRQV� 'LIIHUHQW ZDWHU DOORFDWLRQ GHFLVLRQ PRGHOV ZHUH VHW XS XVLQJ ORFDO DQG UHPRWHO\ DFFHV�
VLEOH GDWD VRXUFHV� ILQDOO\� DQ H[WHQVLYH FRPSDULVRQ RI WKH WUDGH�RIIV DPRQJVW GLIIHUHQW ZDWHU
REMHFWLYHV LQ D EDVLQ ZDV DQDO\]HG IRU ERWK WKH PRGHOV ZLWK GLIIHUHQW GDWD VRXUFHV WR FDWH�
JRULFDOO\ DVVHVV WKH EHQHILWV RI XVLQJ UHPRWHO\ VHQVHG GDWD IRU ZDWHU UHVRXUFHV PDQDJHPHQW
LQ D EDVLQ� 7KH UHPRWHO\ VHQVHG GDWD FDQ SURYLGH D ZKROH QHZ VHW RI DOWHUQDWLYH GDWD DQG
FDQ EULGJH WKH JDS LQ ZDWHU PDQDJHPHQW UHVHDUFK RZLQJ WR ODFN RI DFFXUDWH DQG H[WHQVLYH
GDWDVHWV� $VVHVVLQJ WKH XVH RI VXFK GDWD LQ RSWLPL]LQJ ZDWHU PDQDJHPHQW GHFLVLRQV FDQ JLYH
XV DQ DOWHUQDWLYH LQ WKH IRUP RI ELJ GDWD VRXUFHV DQG FDQ LPSURYH WKH TXDOLW\ DQG LQWULFDFLHV RI
ZDWHU PDQDJHPHQW UHVHDUFK�

���� 2EMHFWLYHV DQG UHVHDUFK TXHVWLRQV
7KHPDLQ UHVHDUFK REMHFWLYH RI WKLV SURMHFW LV WR DVVHVV WKH EHQHILWV RI XWLOL]LQJ UHPRWHO\ VHQVHG
WLPH�VHULHV GDWD RI UHVHUYRLU VXUIDFH DUHDV DORQJ ZLWK RWKHU RSHQ�VRXUFH GDWD LQ RSWLPL]LQJ ZD�
WHU PDQDJHPHQW GHFLVLRQV�

:DWHU LV D VFDUFH UHVRXUFH DQG WKLV FDOOV IRU FRQWLQXRXV LPSURYHPHQW LQ WKH ILHOG RI ZDWHU
UHVRXUFHV PDQDJHPHQW� /DFN RI DFFXUDWH� HDVLO\ DYDLODEOH GDWD LV RQH RI WKH PDLQ REVWUXF�
WLRQV LQ WKH ILHOG RI ZDWHU UHVRXUFHV UHVHDUFK� /RFDO GDWD DUH XVXDOO\ KDUG WR JHW� WHGLRXV WR
SURFHVV DQG DUH H[SHQVLYH� (YHQ LI ZH JHW DFFHVV WR WKH ORFDO GDWD VRXUFHV LW LV XVXDOO\ DF�
FRPSDQLHG E\ VSRUDGLF HUURUV DQG JDSV LQ GDWD OHDGLQJ WR VXE�RSWLPDO ZDWHU DOORFDWLRQV�

7KH WLPH�VHULHV GDWD RI WKH UHVHUYRLU VXUIDFH DUHD RYHU D ORQJ SHULRG FDQ KHOS XV LQFOXGH
WKH HIIHFWV RI FOLPDWLF YDULDELOLW\ LQ GHFLVLRQ�PDNLQJ SURFHVVHV� 7KLV GDWD ZKHQ FRPSDUHG WR
WKH ORFDO GDWD RI WKH UHVHUYRLUV LQ WKH ULYHU EDVLQ FDQ KHOS XV LGHQWLI\ WKH UDWH RI VHGLPHQWDWLRQ
DQG LQYROYH DGDSWLYH RSWLPL]DWLRQ RI UHVHUYRLU RSHUDWLRQV� +HUH� ZH DWWHPSW WR FRPSDUH GLIIHU�
HQW GDWDVHWV WR IXUQLVK GLIIHUHQW REMHFWLYHV DQG DVVHVV LWV LPSOLFDWLRQV RQ WKH ZDWHU UHVRXUFHV
GHFLVLRQV LQ WKH EDVLQ�

.HHSLQJ DOO WKHVH IDFWRUV LQ PLQG ZH ILQDOO\ QDUURZHG GRZQ WR WKUHH UHVHDUFK TXHVWLRQV DV
D SDUW RI WKLV WKHVLV� $VVHVVLQJ WKH EHQHILWV RI UHPRWHO\ VHQVHG WLPH�VHULHV GDWD RI UHVHUYRLU
DUHD DORQJ WKHVH OLQHV ZLOO KHOS LQ UREXVW DQDO\VLV DQG FRPSDULVRQ RI GLIIHUHQW VRXUFHV RI GDWD�

������ 5HVHDUFK 4XHVWLRQ
&DQ D UHPRWHO\ VHQVHG WLPH VHULHV GDWD�VHW RI WKH UHVHUYRLU DUHDV LQ FRPELQDWLRQ ZLWK WKH
DOUHDG\ H[LVWLQJ RWKHU RSHQ VRXUFHV RI GDWD EH XVHG DV DQ DOWHUQDWLYH WR ORFDO GDWD LQ RSWLPL]LQJ
ZDWHU DOORFDWLRQ GHFLVLRQV"



���� 2EMHFWLYHV DQG UHVHDUFK TXHVWLRQV �

6XE�4XHVWLRQV
� +RZ GR /HYHO�$UHD�6WRUDJH UHODWLRQVKLSV FRQVWUXFWHG XVLQJ UHPRWHO\ VHQVHG WLPH VHULHV
GDWD FRPSDUHV WR ORFDO /HYHO�$UHD�6WRUDJH UHODWLRQVKLSV"

� +RZ GRHV WKH VXUIDFH ZDWHU IORZ DOWHUV GXH WR FKDQJH LQ GDWD VRXUFH IURP ORFDO WR UH�
PRWHO\ VHQVHG WLPH VHULHV GDWD"

� +RZ GR GHFLVLRQ WUDGH�RIIV FRPSDUH WR HDFK RWKHU ZKHQ XVLQJ UHPRWHO\ VHQVHG WLPH
VHULHV GDWD RI UHVHUYRLU DUHD RU ORFDO GDWD"

$GGUHVVLQJ WKHVH UHVHDUFK TXHVWLRQV ZLOO IXUWKHU WKH FDXVH RI RSHQ�VRXUFH GDWD LQ WKH ILHOG
RI ZDWHU UHVRXUFHV UHVHDUFK� 7KH SHUIRUPDQFH RI WKH UHPRWHO\ VHQVHG WLPH�VHULHV GDWD RYHU
WKH 2XP (U 5ELD�2(5� EDVLQ FDQ RSHQ GRRUV WR H[WHQVLYH UHVHDUFK RYHU D ODUJHU VFDOH� 7KLV
ZLOO KDYH PDQ\ LPSOLFDWLRQV DQG FDQ SOD\ DQ LPSRUWDQW UROH LQ DGGUHVVLQJ LVVXHV RI WKH JOREDO
ZDWHU FULVLV� ,QWHUVWDWH FRQIOLFWV� HWF� 7KLV LV SDUWLFXODUO\ LPSRUWDQW DV VXUIDFH ZDWHU VRXUFHV
DUH LQWHUGHSHQGHQW� .QRZOHGJH RI WKH XSVWUHDP DYDLODELOLW\ RI ZDWHU FDQ KHOS ZDWHU PDQDJHUV
XSVWUHDP WR WDS WKH DYDLODEOH ZDWHU UHVRXUFHV ZLWKRXW DIIHFWLQJ WKH ZDWHU UHVRXUFHV GRZQ�
VWUHDP�
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1XPHURXV OLWHUDWXUH KDV VWUHVVHG RYHU WKH IDFW RI KRZ WKH GHDUWK RI GDWD FDQ OHDG WR VXE�
RSWLPDO ZDWHU UHVRXUFHV PDQDJHPHQW� :RUOG 0HWHRURORJLFDO 2UJDQL]DWLRQ >��@ VWUHVVHV RQ
WKH IDFW WKDW WKH GDWD DUH LPSRUWDQW IRU HIILFLHQW GHFLVLRQ PDNLQJ DQG LQIHULRU GDWD FDQ HYHQWX�
DOO\ OHDG WR LQIHULRU GHFLVLRQV�

'DWD ZLWK KLJK YROXPH� YHORFLW\� DQG YDULHW\ DUH NQRZQ DV ELJ GDWD� 7KH ELJ GDWD VRXUFHV UH�
TXLUH WKH ODWHVW WHFKQRORJLHV DQG WHFKQLTXHV DQG FDQ HQKDQFH GHFLVLRQ PDNLQJ LQ D EDVLQ>�@�
7KH DGYHQW RI ELJ GDWD LQ WKH ILHOG RI ZDWHU UHVRXUFHV PDQDJHPHQW KDV D KXJH SRWHQWLDO LQ
EHWWHU ZDWHU UHVRXUFHV PDQDJHPHQW DQG FDQ EH DQ DOWHUQDWLYH WR WHGLRXV DQG ILQDQFLDOO\ H[�
KDXVWLYH GDWD VRXUFHV�

$GDPDOD HW DO>�@ HPSKDVL]HV WKDW ELJ GDWD VRXUFHV DUH VKRZLQJ KXJH SURPLVH WR ZDWHU PDQ�
DJHUV WR SODQ ZDWHU V\VWHPV RSWLPDOO\� WR DQDO\]H FOLPDWH FKDQJH LPSDFW� FKDQJHV LQ WKH
HFRV\VWHP WKURXJK UHPRWH VHQVLQJ� SUHGLFW QDWXUDO FKDQJHV� PDQ�PDGH FDODPLWLHV� LUULJDWLRQ
SODQQLQJ� HWF�

7KH XWLOL]DWLRQ RI ELJ GDWD LQ WKH ILHOG RI ZDWHU PDQDJHPHQW ZDV KRZHYHU SUHWW\ PXFK QRQ�
H[LVWHQW WLOO ����� :DQJ HW DO>��@ WRRN WKH ILUVW VWHS WRZDUGV LQWURGXFLQJ WKH ZDWHU UHVRXUFHV
DQG K\GURSRZHU FORXG *,6 SODWIRUP� 7KH GHYHORSHG SODWIRUP PDQDJHG YDULRXV DQG PDVVLYH
GDWD HIILFLHQWO\ DQG� LQ D ZD\� RSHQHG GRRUV WR WKH XVH RI ELJ GDWD LQ ZDWHU UHVRXUFHV PDQ�
DJHPHQW� 6DWHOOLWHV KDYH EHHQ XVHG IRU GHFDGHV WR DFFXPXODWH ODUJH DPRXQWV RI LQIRUPDWLRQ�
UHVXOWLQJ LQ PXOWL�SHWDE\WH DUFKLYHV RI LPDJH FROOHFWHG� 'HVSLWH WKH JUHDW SURJUHVV LQ WKH KDU�
PRQL]DWLRQ RI IUHHO\ DYDLODEOH VDWHOOLWH GDWD� WKH SURJUHVV RI KLJKHU�OHYHO SURGXFWV UHPDLQHG
QRQ�DXWRPDWDEOH� 7KH UHFHQW GHYHORSPHQWV LQ FORXG FRPSXWLQJ KDYH HQDEOHG WKH WUDQVIRU�
PDWLRQ RI WKHVH PDVVLYH DPRXQWV RI GDWD LQWR VRPHWKLQJ YDOXDEOH>��@�

3DUDOOHO SURFHVVLQJ SODWIRUPV OLNH *RRJOH (DUWK (QJLQH DQG WKH JURZLQJ YROXPHV RI GDWD FDQ
EH KDUQHVVHG WR FRPH XS ZLWK DQ DXWRPDWHG ZD\ WR GR WKDW� 7KH H[LVWLQJ PHWKRGV IRU VXUIDFH
ZDWHU GHWHFWLRQ IURP PXOWL�VSHFWUDO VDWHOOLWHV XVH WKH WUDLW RI ZDWHU WR DEVRUE PRVW UDGLDWLRQ LQ
WKH QHDU�LQIUDUHG UHJLRQ� 7KLV WUDLW PDNHV LW UHODWLYHO\ HDVLHU WR GHWHFW FOHDU ZDWHU ZLWK WKH KHOS
RI VSHFWUDO LQGLFHV VXFK DV WKH 1RUPDOL]HG 'LIIHUHQFH :DWHU ,QGH[ �1':,� >��@� 7KH 0RGLILHG
1RUPDOL]HG 'LIIHUHQFH:DWHU ,QGH[ �01':,�>��@� DSSHDUV WR EHPRUH VHQVLWLYH� GXH WR WKH XVH
RI WKH VKRUW ZDYH LQIUDUHG EDQG UDWKHU WKDQ WKH QHDU�LQIUDUHG EDQG DV LQ WKH FDVH IRU 1':,�
7KH 1':, DQG 01':, DUH DPRQJ WKH PRVW ZLGHO\ XVHG VSHFWUDO LQGLFHV DYDLODEOH IRU ZDWHU
GHWHFWLRQ� +RZHYHU� WKHUH KDYH EHHQ RWKHU HIIRUWV WR FRPH XS ZLWK HIILFLHQW DQG DFFXUDWH VXU�
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IDFH ZDWHU GHWHFWLRQ PHWKRGV� EDVHG RQ D VLPSOH OLQHDU EDQG FRPELQDWLRQ DXWRPDWHG ZDWHU
H[WUDFWLRQ LQGH[ �$:(,� >��@ :,���� >��@� DQG EDVHG RQ KXH VDWXUDWLRQ YDOXH �+69� WUDQVIRU�
PDWLRQ >��@� 'HVSLWH VR PDQ\ LQGLFHV DOO RI WKHP DUH KLJKO\ GHSHQGHQW RQ WKH FRPSRVLWLRQ RI
WKH YDOLGDWLRQ SL[HOV� DQG QRQH RI WKHP SHUIRUPV EHVW DFURVV DOO ZDWHU DQG QRQ�ZDWHU SL[HOV>��@�

5HVHUYRLU RSHUDWLQJ UXOHV SULPDULO\ GHSHQGV RQ WKHVH GDWD VRXUFHV DQG DUH EDVHG RQ ORFDO
FOLPDWRORJ\ DQG VXUIDFH ZDWHU UHVRXUFHV� 7KH ORQJ WLPH VHULHV RI VDWHOOLWH GDWD FDQ KHOS LGHQ�
WLI\ WKH JHQHUDO WUHQG LQ ZDWHU DYDLODELOLW\ ZKLFK KHOSV GHFLVLRQ�PDNHUV LQ WKH EDVLQ WR FRPH�XS
ZLWK UREXVW RSHUDWLQJ UXOHV� :KLOH LW LV UHODWLYHO\ VLPSOH WR RSHUDWH VLQJOH�SXUSRVH UHVHUYRLUV�
RSHUDWLQJ UXOHV IRU PXOWL�SXUSRVH UHVHUYRLUV DUH FRPSOH[� 7KHUH DUH VHYHUDO UXOHV RI WKXPEV
WKDW SURYLGH JXLGHOLQHV IRU WKH RSHUDWLRQ RI PXOWL�UHVHUYRLU V\VWHPV�

%RZHU HW DO>��@ VXJJHVWHG WZR UXOHV IRU GHWHUPLQLQJ UHOHDVHV RYHU WLPH� 7KH WDUJHW UXOH VSHF�
LILHV WKDW ZKHQHYHU WKHUH LV DQ H[FHVV RI ZDWHU DQG UHOHDVHV EH\RQG VSHFLILHG WDUJHWV KDYH
VRPH EHQHILWV� ZDWHU DYDLODEOH LQ H[FHVV VKRXOG EH UHOHDVHG WR UHDOL]H WKRVH EHQHILWV� 7KHVH
UHOHDVHV IUHH WKH UHVHUYRLU VSDFH� WKXV UHGXFLQJ WKH OLNHOLKRRG RI IXWXUH VSLOOV� 7KH KHGJLQJ
UXOH VSHFLILHV WKDW ZKHQHYHU WKHUH LV D VKRUWDJH RI ZDWHU� LW LV DGYDQWDJHRXV WR DFFHSW D VPDOO
FXUUHQW GHILFLW WR GHFUHDVH WKH SUREDELOLW\ RI DFXWH ZDWHU VKRUWDJH DQG HQHUJ\ GHILFLW� )RU
VLQJOH�SXUSRVH ZDWHU VXSSO\ V\VWHPV ZLWK UHVHUYRLUV LQ VHULHV� WKH ZDWHU LQ WKH GRZQVWUHDP
UHVHUYRLUV VKRXOG EH XVHG EHIRUH XVLQJ ZDWHU VWRUHG LQ XSVWUHDP UHVHUYRLUV� 7KLV PHWKRG PLQ�
LPL]HV XQQHFHVVDU\ VSLOOLQJ DW WKH PRVW GRZQVWUHDP UHVHUYRLU LQ WKH HYHQW RI KLJK ODWHUDO IORZV�
)RU 3DUDOOHO UHVHUYRLUV VXSSO\LQJ MRLQW GHPDQGV� WZR UXOHV DUH XVHG� 7KH VSDFH UXOH >��@ ZKLFK
DLPV WR HTXDOL]H DYDLODEOH VSDFH LQ HDFK RI WKH SDUDOOHO UHVHUYRLUV�7KH 1<& UXOH >��@ ZKLFK
DWWHPSWV WR HTXDOL]H WKH SUREDELOLW\ RI ILOOLQJ RI HDFK UHVHUYRLU� ,Q V\VWHPV ZLWK VLGH GHPDQGV�
ZKHUH HDFK GHPDQG FDQ EH VDWLVILHG E\ RQO\ RQH UHVHUYRLU� RQH PXVW EDODQFH WKH OLNHOLKRRG
RI VSLOOV LQ HDFK UHVHUYRLU ZKLOH NHHSLQJ LQ PLQG WKH OLNHOLKRRG RI VKRUWDJHV DW WKH GHPDQG VLWH�

)RU V\VWHPV FRQFHUQHG ZLWK K\GURSRZHU JHQHUDWLRQ� -RKQVRQ HW DO >��@ GHILQHG DQ HQHUJ\
SURGXFWLRQ VSDFH UXOH� VLPLODU WR WKH ZDWHU VXSSO\ VSDFH UXOH� $V SHU WKH UXOH LI SRWHQWLDO HQ�
HUJ\ VWRUHG LQ HDFK UHVHUYRLU KDV D FRQVWDQW KHDG� 7KHQ ZDWHU VXSSO\ VSDFH UXOH LV HTXLYDOHQW
WR WKH HQHUJ\ SURGXFWLRQ VSDFH UXOH� ,Q WKDW FDVH� WKH FRPELQDWLRQ RI WKH ZDWHU VXSSO\ VSDFH
UXOH ZLWK WKH DSSURSULDWH HQHUJ\ DQG ZDWHU FRQVWUDLQWV \LHOGV D SROLF\ WKDW PLQLPL]HV ZDWHU DQG
HQHUJ\ VSLOOV� 6LPLODUO\� PDQ\ DXWKRUV FDPH XS ZLWK GLIIHUHQW UXOHV NHHSLQJ LQ PLQG GLIIHUHQW
VWDWHV RI WKH UHVHUYRLU DQG GHPDQGV� 7KH UXOHV GLVFXVVHG DERYH DUH RQO\ YDOLG IRU VLQJOH�
SXUSRVH UHVHUYRLUV� :KHQ WKH UHVHUYRLU V\VWHP VHUYHV VHYHUDO SXUSRVHV DQG LWV RSHUDWLRQ LV
KHDYLO\ FRQVWUDLQHG� WKHVH UXOHV FDQQRW EH DSSOLHG GLUHFWO\� ,Q VXFK FDVHV� WKH RSWLPL]DWLRQ
DOJRULWKPV DUH XVHG WR FRPH XS ZLWK DQ RSWLPXP VHW RI UXOH FXUYHV WR VHUYH WKH PXOWLSOH RE�
MHFWLYHV LQ WKH UHJLRQ� 7KLV KDV EHHQ D SDUW RI ZDWHU V\VWHP DQDO\VLV VWXGLHV IURP WKH YHU\
EHJLQQLQJ RI RSHUDWLRQ UHVHDUFK LQ WKH ILHOG RI ZDWHU PDQDJHPHQW�

7KH ILHOG RI RSHUDWLRQ UHVHDUFK LQ ZDWHU V\VWHP DQDO\VLV VWDUWHG GXULQJ ZRUOG ZDU � >��@>��@>��@�
7KLV ILHOG H[SDQGHG JUHDWO\ WR LWV PLOLWDU\ URRWV GXULQJ WKLV SHULRG� DQG WKH JUHDWHVW DGYDQFH�
PHQWV FDPH LQ WKH ILHOG RI ZDWHU UHVRXUFHV V\VWHP DQDO\VLV �:56$� >��@� +DUYDUG :DWHU 3UR�
JUDP� ZKLFK ZDV DQ LQWHUGLVFLSOLQDU\ HIIRUW E\ SROLWLFDO VFLHQWLVWV� HFRQRPLVWV� DQG HQJLQHHUV
UHFRJQL]HG WKH PXOWL�REMHFWLYH QDWXUH RI GHVLJQLQJ WKH ZDWHU UHVRXUFHV V\VWHPV WR DGGUHVV
WKH VRFLDO DQG HQYLURQPHQWDO QHHGV RI WKH VRFLHW\� 2SWLPL]DWLRQ RI ZDWHU UHVRXUFHV KDV EHHQ
D SULPDU\ IRFXV RYHU WKH ODVW KDOI�FHQWXU\� 7KH ILHOG RI :56$ KDV FRQWLQXDOO\ SXVKHG WKH ILHOG
RI ZDWHU UHVRXUFHV UHVHDUFK WR FRPH XS ZLWK QRYHO ZD\V RI RSWLPL]LQJ UHVHUYRLU RSHUDWLRQV�
+RZHYHU� WKHUH KDV EHHQ ORZ DGRSWLRQ RI WKHVH PHWKRGV DPRQJ ZDWHU PDQDJHUV >��@>��@>��@�



�

7KH HDUOLHU GLVFXVVLRQV RI UHVHUYRLU RSHUDWLRQ IRU SODQQLQJ DQG DQDO\VLV RI ZDWHU UHVRXUFHV
ZHUH GRQH E\ /RXFNV HW DO >��@ LQ :DWHU 5HVRXUFH 6\VWHP 3ODQQLQJ DQG $QDO\VLV 7H[WERRN LQ
WKH \HDU ����� 'LZHNDU HW DO>��@ SUHVHQWV PRUH DGYDQFHG WHFKQLTXHV RI RSWLPL]DWLRQ� <HK HW
DO>��@ ZURWH D VWDWH RI WKH DUW UHYLHZ OLVW RI PDWKHPDWLFDO PRGHOV IRU SODQQLQJ DQG PDQDJHPHQW
IRU RSWLPDO UHVHUYRLU RSHUDWLRQ� +H VXJJHVWHG WKDW WKH UHVHUYRLU RSHUDWRUV PXVW EH LQYROYHG
LQ WKH GHYHORSPHQW RI WKH PRGHO� /DEDGLH HW DO>��@ PDGH D FRPSUHKHQVLYH VWXG\ RQ WKH RS�
WLPDO RSHUDWLRQ RI PXOWL�UHVHUYRLU V\VWHPV� +H FRQFOXGHG WKDW WR VXFFHVVIXOO\ LPSOHPHQW WKH
UHVHUYRLU RSWLPL]DWLRQ PRGHO WR WKH UHDO ZRUOG LW LV LPSRUWDQW WR LQFUHDVH WKH FRQILGHQFH RI WKH
GHFLVLRQ�PDNHUV E\ FDUU\LQJ RXW LQWHUDFWLYH LQYROYHPHQW GXULQJ WKH GHYHORSPHQW RI WKH V\VWHP�
7KH OLQN WR WKH VLPXODWLRQ PRGHO FDQ DGGUHVV WKH LVVXH RI WKH UHODWLYHO\ RSDTXH QDWXUH RI WKH
RSWLPL]DWLRQ DOJRULWKP DQG WKXV LQFUHDVH WKH DFFHSWDELOLW\ RI GLIIHUHQW RSWLPL]DWLRQ PHWKRGV�

)HUUHLUD HW DO>��@ IRXQG WKH WUDGH�RII EHWZHHQ SRZHU JHQHUDWLRQ DQG WKH HQYLURQPHQWDO FRQ�
VWUDLQWV WR DVVXUH RSWLPDO RSHUDWLRQ RI WKH UHVHUYRLU� 7KH UHVHUYRLU QHHGV WR SURYLGH HQRXJK
ZDWHU IRU FRQVHUYDWLRQ IORZ WR PHHW GRZQVWUHDP ZDWHU TXDOLW\ JRDOV� 7KLV UHVXOWV LQ OHVV ZD�
WHU DOORFDWLRQ IRU SRZHU JHQHUDWLRQ DQG UHGXFHV WKH SURGXFWLRQ RI HOHFWULFLW\� <DQJ HW DO>��@
KDG WKH VDPH DUJXPHQW ZKHQ WKH\ RSWLPL]HG WKH RSHUDWLRQ RI WKH 'DQMLDQJNDX UHVHUYRLU ZKLOH
PD[LPL]LQJ HFRORJLFDO UHTXLUHPHQW� WKHLU VWXG\ VKRZV WKDW WKH SRZHU JHQHUDWLRQ RXWSXW LV
ORZHU EHFDXVH RI WKH H[RUELWDQW DEDQGRQPHQW RI ZDWHU GXULQJ KLJK IORZ ZKLFK FDQQRW EH XVHG
IRU SRZHU JHQHUDWLRQ�

2SWLPL]DWLRQ DQG HFRQRPLF DVSHFWV LQ WKH ILHOG RI ZDWHU UHVRXUFHV PDQDJHPHQW LV HVVHQ�
WLDO WR DQDO\]H WKH LQYHVWPHQW LQ WKH UHVHUYRLUV DQG RSHUDWH WKH UHVHUYRLUV WR DVVXUH PD[LPXP
UHWXUQ RQ LQYHVWPHQW� (FRQRPLF�HQJLQHHULQJ RSWLPL]DWLRQ IRU ZDWHU VXSSO\ LQ &DOLIRUQLD ZDV
DVVHVVHG XVLQJ &DOLIRUQLD 9DOXH ,QWHJUDWHG 1HWZRUN E\ 'UDSHU HW DO >��@ LQ WKH \HDU �����
+DURX HW DO>��@ IXUWKHU GLVFXVVHG WKH LPSRUWDQFH RI K\GUR�HFRQRPLF FRQFHSWV LQ WKH GHVLJQ
DQG DSSOLFDWLRQ RI IXWXUH SURMHFWV� 7KH\ VXJJHVWHG WKDW WKH PRGHOHU� PDQDJHUV� DQG RSHUDWRUV
VKRXOG ZRUN WRJHWKHU WR HPEUDFH WKH K\GUR�HFRQRPLF FRPSRQHQW LQ WKHLU H[LVWLQJ RSHUDWLQJ
PRGHO�



�
6WXG\ $UHD

7KH 2XP (U 5ELD ULYHU �2(5� EDVLQ� ORFDWHG LQ WKH PLG�ZHVW RI 0RURFFR EHWZHHQ (O -DGLGD
DQG 6DIL LV WKH ODUJHVW ULYHU EDVLQ LQ 0RURFFR� ,W VSUHDGV RYHU DQ DUHD RI ������ 6T�NP DQG
FRYHUV ��� SURYLQFHV� 7KH 2(5 EDVLQ RULJLQDWHV LQ WKH 0LGGOH $WODV DW �����P DERYH VHD
OHYHO� FURVVHV WKH 0LGGOH $WODV FKDLQ� WKH 7DGOD SODLQ� DQG WKH FRDVWDO 0HVHWD� WR ILQDOO\ IORZ
LQWR WKH $WODQWLF 2FHDQ DERXW �� NP QRUWK RI WKH FLW\ RI (O -DGLGD�

)LJXUH ���� 2XP (U 5ELD %DVLQ

7KH K\GURJUDSKLF QHWZRUN RI WKH EDVLQ LV IRUPHG E\ WKH 2(5 ULYHU DQG LWV WULEXWDULHV� 7DV�
VDRXW� (O $ELG� /DNKGDU� 'HUQD� 0HOORXO� 2XDPDQD� 6URX� &KERXND� 4XLULQH� *]HI� (O 7RXLP�
DQG )DUDJK� :LWK WKH LQSXWV LQ WKLV ]RQH UDQJLQJ IURP ����� 0Pኽ�\HDU WR ����� 0Pኽ�\HDU�
WKHUH LV D ODUJH YDULDELOLW\ LQ WKH PHWHRURORJLFDO DQG K\GURORJLFDO UHJLPH RI WKH UHJLRQ >��@� 'H�
VSLWH WKH KLJKO\ YDULDEOH QDWXUH RI WKH LQSXW WR WKH EDVLQ� ZDWHU PDQDJHUV KHUH KDYH EHHQ DEOH
WR XWLOL]H DYDLODEOH VRXUFHV RI ZDWHU SUHWW\ ZHOO� ZLWK ����� 0P� RI WKH ����� 0P� RI PRELOL]�
DEOH ZDWHU SRWHQWLDO DOUHDG\ XQGHU XVH >��@� +RZHYHU� FOLPDWH FKDQJH IRUHFDVWV IRU WKLV UHJLRQ
SRLQW WR DQ LQFUHDVH LQ JOREDO ZDUPLQJ E\ ���� ZLWK DQ LQFUHDVH LQ ORVVHV GXH WR HYDSRUDWLRQ

�



�� �� 6WXG\ $UHD

DQG WUDQVSLUDWLRQ� $FFRUGLQJ WR WKHVH IRUHFDVWV� SUHFLSLWDWLRQ OHYHOV ZLOO VWDJQDWH RU GHFOLQH LQ
WKH UHJLRQ >��@� WKLV DORQJ ZLWK LQFUHDVLQJ GHPRJUDSK\ PDNHV RSWLPL]DWLRQ RI DYDLODEOH ZDWHU
UHVRXUFHV LPSRUWDQW�

7KHUH LV D VWURQJ WHPSRUDO DQG VSDWLDO LUUHJXODULW\ LQ VXUIDFH ZDWHU EHWZHHQ QRUWK DQG VRXWK�
7KLV UHVXOWV LQ WKH FRQVWUXFWLRQ RI PDMRU GDPV WR VWRUH LQSXWV IURP WKH ZHW \HDU DQG DOVR IXUQLVK
WKH QHHGV RI WKH EDVLQV E\ SODQQLQJ SLSHOLQHV IRU WKH WUDQVIHU RI ZDWHU� 7KH 2(5 EDVLQ KDV
YDULRXV K\GUDXOLF LQIUDVWUXFWXUHV ZKLFK LQFOXGH D V\VWHP RI �� UHVHUYRLUV� 7KHVH VWUXFWXUHV
PRELOL]H DSSUR[LPDWHO\ ���� 0Pኽ RI ZDWHU WKDW DUH XVHG WR IXUQLVK QXPHURXV ZDWHU GHPDQGV
LQ WKH EDVLQ >��@�

)RU WKLV SURMHFW� ZH RSWLPL]H WKH RSHUDWLRQ RI WKH V\VWHP RI UHVHUYRLUV�

7KHUH DUH WZR W\SHV RI VWUXFWXUHV LQ WKH 2(5 EDVLQ�

�� 5HJXODWLRQ ZRUNV ZKLFK DUH UHVHUYRLU GDPV�

�D� $KPHG (O +DQVDO GDP
�E� %LQ (O 2XLGDQH GDP
�F� +DVVDQ �HU GDP
�G� 0RXOD\ <RXVVHI GDP
�H� $O 0DVVLUD GDP

7ZR ODUJH GDPV DUH DOVR SODQQHG LQ WKH 2(5 EDVLQ� �� 7DJK]LUW GDP RQ 2XHG 'HUQD
DQG �� 7L\RXJK]D GDP RQ 2XHG 7HVVDRXW DERYH 0RXOD\ <RXVVHI DQG 6LGL 'ULVV GDP

�� ,QWDNH DQG FRPSHQVDWLRQ ZRUNV

�D� $LW 2XDUGD GDP
�E� 6LGL 'ULVV GDP
�F� $LW 0HVVDRXG GDP
�G� .DVED 7DGOD GDP
�H� 7LPLQRXWLQH GDP
�I� 3ULVH�G¶$JDGLU�%RX�$FKLED
�J� 6LGL 6DLG 0kDFKRX GDP
�K� ,PIRXW GDP
�L� 'DRXUDW GDP
�M� 6DIL GDP
�N� 6LGL 'DRXGL GDP

)LJXUH ��� VKRZV WKH FRQQHFWLRQ RI WKH UHVHUYRLU� ,W LV LQWHUHVWLQJ WR QRWH WKDW $O 0DVVLUD LV WKH
RQO\ GRZQVWUHDP UHVHUYRLU LQ WKLV QHWZRUN DQG LV GHSHQGHQW RQ WKH RXWIORZ IURP WKH RWKHU IRXU
UHVHUYRLUV� )RU RSWLPXP XWLOL]DWLRQ RI WKHVH VWUXFWXUHV� WKH ZDWHU PDQDJHUV VKDOO HQVXUH WKH
FRRUGLQDWHG RSHUDWLRQ RI WKH UHVHUYRLUV�

7KLV WKHVLV DGGUHVVHV WKH WUDGH�RIIV EHWZHHQ GLIIHUHQW ZDWHU GHPDQGV LQ WKH EDVLQ� :LWK WKH
OLPLWHG VRXUFH RI ZDWHU� ZH RSWLPL]HG UHVHUYRLU RSHUDWLRQ XVLQJ DUHD�FDSDFLW\ FXUYHV JHQHU�
DWHG IURP GLIIHUHQW GDWD VRXUFHV WR DGGUHVV ZDWHU UHTXLUHPHQWV DFURVV WKH IROORZLQJ VHFWRUV�



���� 3XEOLF ZDWHU VXSSO\ ��

)LJXUH ���� 5HVHUYRLU V\VWHP LQ 2XP (U 5ELD EDVLQ

�� 3XEOLF ZDWHU VXSSO\

�� ,UULJDWLRQ

�� +\GUR�SRZHU

���� 3XEOLF ZDWHU VXSSO\
%HLQJ WKH PRVW LPSRUWDQW ULYHU EDVLQ LQ 0RURFFR� 2(5 EDVLQ LV ERXQG WR SOD\ D PDMRU UROH
LQ IXUQLVKLQJ GULQNLQJ DQG LQGXVWULDO ZDWHU GHPDQGV LQ WKH UHJLRQ� 7KH GDWD ZDV UHWULHYHG
IURP WKH 3'$,5(�EDVLQ XSGDWH VWXG\>�@� 7KH WRWDO GRPHVWLF ZDWHU GHPDQG LQ WKH EDVLQ LV ���
0Pኽ�\HDU LQ WKH \HDU ���� ZKLFK LV H[SHFWHG WR ULVH WR ��� 0Pኽ�\HDU E\ ����� :LWK WKH SRS�
XODWLRQ RI ��� PLOOLRQ WKLV URXJKO\ WUDQVODWHV WR ��� OLWUHV�SHUVRQ�GD\ WR ��� OLWUHV�SHUVRQ�GD\�
7KHVH GHPDQGV GRQ¶W WDNH LQWR DFFRXQW WKH QHHG IRU ZDWHU IRU LQGXVWULDO DFWLYLW\� 7KH LQGXVWULDO
DFWLYLW\ LQ WKLV UHJLRQ XVXDOO\ IHHG RQ GHVDOLQDWLRQ DQG UHXVH RI RWKHU UHVRXUFHV� 7KH PLQLPXP
GRPHVWLF ZDWHU GHPDQG WKDW WKH JRYHUQPHQW VKDOO IXUQLVK XQGHU H[WUHPH FRQGLWLRQV LV ���
OLWUHV�SHUVRQ�GD\ >��@ ZKLFK LV HTXDO WR �� RI ���� OLWUHV�SHUVRQ�GD\ RI WKH ZDWHU DYDLODEOH SHU
LQKDELWDQW LQ 0RURFFR �� RI WKH DYDLODEOH ZDWHU LV IRU DGGUHVVLQJ LQGXVWULDO ZDWHU GHPDQGV
DQG UHVW ��� LV XWLOL]HG IRU LUULJDWLRQ SXUSRVHV�

���� ,UULJDWLRQ
2(5 EDVLQ KDV D ZHOO�GHYHORSHG LUULJDWLRQ LQIUDVWUXFWXUH� $JULFXOWXUH LV WKH ODUJHVW ZDWHU XVHU
LQ WKH EDVLQ DQG FRQVXPHV RYHU �� � RI WKH FRXQWU\¶V IUHVKZDWHU UHVRXUFHV >��@>��@>��@� 7KH
LUULJDWHG ODQGV DUH VXSSOLHG E\ UHJXODWHG DV ZHOO DV XQUHJXODWHG EDVLQ DQG JURXQGZDWHU� ,UUL�
JDWHG DUHDV DUH UHSUHVHQWHG E\ WKH IRXU ODUJH SHULPHWHUV� 7KH 7DGOD� 'RXNNDODV� 7HVVDRXW�
DQG +DRX]� 2YHUDOO LUULJDWLRQ DFFRXQWV IRU DSSUR[LPDWHO\ �� � RI WKH DQQXDO FURS SURGXFWLRQ
DQG ��� RI H[SRUWV� 'HVSLWH LWV FRQWULEXWLRQ WR WKH DQQXDO FURS SURGXFWLRQ RQO\ ��� RI WKH
DJULFXOWXUDO ODQG LV LUULJDWHG DQG WKH DYDLODEOH ZDWHU UHVRXUFHV LQYDULDEO\ IDLOV WR PHHW WKH LUUL�
JDWLRQ ZDWHU GHPDQG >�@� $PHQGPHQWV DUH QHHGHG RQ ERWK IURQWV� :KLOH WKH JRYHUQPHQW LV
SURPRWLQJ ZDWHU�HIILFLHQW LUULJDWLRQ SUDFWLFHV OLNH GULS LUULJDWLRQ >��@� 7KHUH LV D QHHG WR DGRSW
DYDLODEOH ZDWHU PDQDJHPHQW WHFKQLTXHV� DQG WKH RSWLPL]DWLRQ RI WKH UHVHUYRLU QHWZRUN LV D
VWHS WRZDUGV WKDW�



�� �� 6WXG\ $UHD

���� +\GUR�SRZHU
2(5 ULYHU EDVLQ KDV D K\GUDXOLF JHQHUDWLQJ SDUN FRPSULVLQJ RI �� K\GURHOHFWULF SODQWV WKDW
FRQWULEXWH WR ��� RI WKH QDWLRQDO K\GURHOHFWULF SURGXFWLRQ >��@� $W SUHVHQW WKH WRWDO LQVWDOOHG
FDSDFLW\ RI 0RURFFR LV ����� 0:� ,Q ���� K\GURSRZHU FRQVWLWXWHG ��� RI WKH WRWDO HQHUJ\
PL[ DQG WKH JRYHUQPHQW DLPV WR LQFUHDVH WKH UHQHZDEOH JHQHUDWLRQ FDSDFLW\ WR ��� RI WKH
HQHUJ\ PL[ E\ ����� $V WKH HQHUJ\ GHPDQG LV H[SHFWHG WR GRXEOH E\ ����� WKH JRYHUQPHQW
SODQV WR DFFHOHUDWH WKH SDFH RI UHIRUPV WKLV ZLOO HQDEOH SXEOLF DQG SULYDWH RSHUDWRUV WR GHYHORS
������ 0: RI DGGLWLRQDO FDSDFLW\ E\ ����� 7KLV ZLOO KHOS 0RURFFR UHDFK ���� 0: RI LQVWDOOHG
FDSDFLW\ E\ ���� >�@

,Q WKH PDQDJHPHQW RI VXUIDFH ZDWHU UHVRXUFHV� SULRULW\ LQ WKH DOORFDWLRQ RI ZDWHU LV JLYHQ
WR GULQNLQJ ZDWHU� IROORZHG E\ LUULJDWLRQ� DQG K\GURHOHFWULF SURGXFWLRQ LV D E\�SURGXFW RI WKHVH
WZR XVHV� 7KH FRQWULEXWLRQ RI K\GUR�SRZHU WR D UHQHZDEOH VRXUFH RI HQHUJ\ LV KLJKO\ YDULDEOH
GHSHQGLQJ RQ WKH DYDLODEOH VXUIDFH ZDWHU VRXUFHV� ZKLFK FDQ KDYH KLJK LQWUD�DQQXDO YDULDELO�
LW\� 7KH GHSHQGHQFH RI K\GUR�SRZHU RQ WKH FOLPDWH LV YHU\ PXFK FOHDU DQG KHQFH� FDOOV IRU
HIILFLHQW PDQDJHPHQW RI ZDWHU UHVRXUFHV�



�
'DWDVHWV

���� 5HPRWHO\ VHQVHG WLPH VHULHV GDWD VHW
:DWHU VFDUFLW\ FDQ EH UHJDUGHG DV D SHUHQQLDO SUREOHP� GXH WR WKH ORZ DYDLODELOLW\ RI ZDWHU
VXSSO\ DQG SRRUO\ PDQDJHG GHPDQG>��@� 7R DFKLHYH ZDWHU VHFXULW\ DQG UHVLOLHQFH WR K\GUR�
ORJLFDO H[WUHPHV LW LV YHU\ YLWDO WR XQGHUVWDQG ZDWHU UHVRXUFHV G\QDPLFV DW WKH EDVLQ VFDOH� 7KLV
NQRZOHGJH DQG XQGHUVWDQGLQJ FDQ EH EDVHG RQ GDWD DQG REVHUYDWLRQV DQG LV WKH IRXQGDWLRQ
IRU PDQDJLQJ ZDWHU RSWLPDOO\ DQG HIILFLHQWO\ LQ HFRQRPLF DQG VRFLDO WHUPV>��@� ([WHQVLYH GDWD
LV QHHGHG RQ WKH VWDWH RI ZDWHU UHVRXUFHV �H�J� VXUIDFH ZDWHU VXFK DV ULYHUV� UHVHUYRLUV� DQG
VQRZSDFN� DQG VXEVXUIDFH ZDWHU OLNH VRLO PRLVWXUH DQG JURXQGZDWHU�� 6LPLODUO\� IRU IORRGV�
GDWD RQ ULYHULQH IORZV� DQG LQXQGDWHG DUHDV DUH UHTXLUHG WR DVVHVV WKH LPSDFW DQG LGHQWLI\ WKH
IORRG SODLQV� 7KLV FDQ KHOS LQ HDUO\ ZDUQLQJV DQG KHOS SROLF\PDNHUV WR FRPH XS ZLWK UREXVW SROL�
FLHV� )RUHFDVWV DUH HVVHQWLDOV HVSHFLDOO\ IRU K\GURORJLFDO YDULDEOHV DQG SRWHQWLDO DJULFXOWXUDO
LPSDFWV WR JHW WKH OHDG WLPH WKDW PDNHV WKH LPSOHPHQWDWLRQ RI PHDVXUHV DQG PDQDJHPHQW
SODQV HIILFLHQW� 7KHVH IRUHFDVWV DUH LQLWLDOL]HG DQG YHULILHG ZLWK REVHUYDWLRQDO GDWD>��@>��@>��@

'RQFK\WV >��@ DXWRPDWHG GLIIHUHQW PHWKRGV RI VXUIDFH ZDWHU GHWHFWLRQ IURP VDWHOOLWH LPDJHU\
DQG LQWURGXFHG QHZ DOJRULWKPV WR JHW YHU\ DFFXUDWH GHWHFWLRQ RI VXUIDFH ZDWHU DQG VXUIDFH
ZDWHU FKDQJHV� 7KH PHWKRG DSSOLFDEOH IURP ORFDO WR WKH JOREDO OHYHO� DQG IRU GHWHFWLQJ ERWK
ORZ DQG KLJK�IUHTXHQF\ FKDQJHV LQ VXUIDFH ZDWHU� 7LPH VHULHV GDWD RI WKH UHVHUYRLU VXUIDFH
DUHD FDQ EH XVHG IRU YDULHG SXUSRVHV� VXFK DV DVVHVVLQJ WKH FOLPDWLF YDULDWLRQ RYHU WKH \HDUV�
LQWHUSUHWLQJ WKH VHGLPHQWDWLRQ GXH WR WKH FKDQJH LQ EDWK\PHWU\� HWF� 7KLV WKHVLV IRFXVHV RQ
XVLQJ WKH UHPRWHO\ VHQVHG WLPH�VHULHV GDWD RI UHVHUYRLU VXUIDFH DUHD WR FRPH XS ZLWK /HYHO�
$UHD�6WRUDJH �/$6� FXUYHV IRU GLIIHUHQW UHVHUYRLUV LQ WKH EDVLQ ZKLFK VKDOO WKHQ EH DVVHVVHG
EDVHG RQ LWV SHUIRUPDQFH DFURVV GLIIHUHQW REMHFWLYHV�

)LJXUH ��� VKRZV WKH LQWHUIDFH RI WKH ZDWHU ZDWFK SURMHFW LQ WKH (DUWK (QJLQH $SS� ,W KDV DQ
LQWHUDFWLYH LQWHUIDFH� ZKHUH ZH FDQ FOLFN RQ GLIIHUHQW VXUIDFH ZDWHU VRXUFHV WR VHH WKH VXUIDFH
DUHD WLPH VHULHV LQ 6T�NP RI WKDW ZDWHU ERG\� 7KH XSSHU SORW VKRZV WKH DUHD WLPH VHULHV IURP
WKH VXUIDFH ZDWHU GHWHFWLRQ PHWKRG SXW IRUWK E\ 'RQFK\WV >��@� ZKLOH WKH ORZHU SORW LV WKH VXU�
IDFH DUHD WLPH VHULHV IURP XQSURFHVVHG GDWD VRXUFHV� 7KH LQWHUIDFH DOVR VKRZV VWUHDPV DQG
RWKHU ZDWHU VRXUFHV� 8VHUV FDQ YLHZ DV SHU WKHLU UHTXLUHPHQWV GLIIHUHQW OHYHOV RI FDWFKPHQWV�
0DNLQJ LW HDVLHU WR FDUU\ RXW FDWFKPHQW VSHFLILF UHVHDUFK�

��



�� �� 'DWDVHWV

)LJXUH ���� :DWHU :DWFK� 5HPRWHO\ VHQVHG WLPH VHULHV GDWD RI UHVHUYRLU VXUIDFH DUHD

���� *OREDO UHVHUYRLU DQG GDP �*5DQ'� GDWDVHW
5HVHUYRLUV DQG GDPV KDYH PDQ\ HQYLURQPHQWDO� VRFLDO� DQG HFRQRPLF LPSOLFDWLRQV� )URP WKH
YHU\ EHJLQQLQJ� WKH\ KDYH EHHQ D SULPH VRXUFH RI ZDWHU GLVWULEXWLRQ LQ D EDVLQ� ,WV DELOLW\ WR
VLJQLILFDQWO\ DOWHU WKH K\GURORJLFDO IORZ LQ WKH ULYHULQH HFRV\VWHP KDV DOZD\V EHHQ WKH PDLQ
UHDVRQ IRU QXPHURXV FRQIOLFWV EHWZHHQ WKH UHOHYDQW VWDNHKROGHUV� 'HVSLWH LWV ODUJH VSDWLDO
DQG WHPSRUDO HIIHFWV� WKHUH ZDV D ODFN RI FRPSUHKHQVLYH GDWD VHW RI JOREDO GDPV DQG UHVHU�
YRLUV� 7KH :RUOG 5HJLVWHU RI 'DPV� ZKLFK LV RQH RI WKH PRVW FRPSUHKHQVLYH GDWDEDVHV RQ
GDPV KDV EHHQ FRPSLOHG E\ WKH ,QWHUQDWLRQDO &RPPLVVLRQ RQ /DUJH 'DPV �,&2/'� ZKLFK FXU�
UHQWO\ OLVWV PRUH WKDQ ������ UHFRUGV RI ODUJH GDPV DQG WKHLU DWWULEXWHV �,&2/' �����������
+RZHYHU� WKLV OLVW LV QRW JHRUHIHUHQFHG ZKLFK OLPLWV LWV XWLOLW\ IRU PDQ\ DSSOLFDWLRQV� 0DQ\ UH�
VHDUFKHUV DQG RUJDQL]DWLRQ KDYH WKXV FUHDWHG WKHLU RZQ JOREDO DQG VSDWLDO GDWDVHWV RI GDPV
DQG UHVHUYRLUV� 7KLV ZDV GRQH PRVWO\ E\ LGHQWLI\LQJ WKH UHVHUYRLUV RQ PDSV DQG FRPSLOLQJ
DWWULEXWH LQIRUPDWLRQ IURP YDULRXV VRXUFHV� 7KHVH GDWD DUH YHU\ LQFRQVLVWHQW LQ WKH QXPEHU RI
UHFRUGV� TXDOLW\ RI DWWULEXWHV UDQJLQJ IURP FRDUVH FRRUGLQDWHV WR OXPSHG QDWLRQDO RU UHJLRQDO
DVVLJQPHQWV� 7KH *OREDO :DWHU 6\VWHP 3URMHFW �*:63�� D MRLQW SURMHFW RI WKH (DUWK 6\VWHP
6FLHQFH 3DUWQHUVKLS �(663�� WR RYHUFRPH WKH LQFRQVLVWHQFLHV LQ WKH GDWDEDVH RI GDPV DQG
UHVHUYRLUV LQLWLDWHG DQ LQWHUQDWLRQDO HIIRUW WR FROOHFW H[LVWLQJ GDP DQG UHVHUYRLU GDWD VHWV DLPLQJ
WR SURYLGH D VLQJOH JHRJUDSKLFDOO\ H[SOLFLW DQG UHOLDEOH GDWDEDVH IRU WKH VFLHQWLILF FRPPXQLW\�
7KH *OREDO 5HVHUYRLU DQG 'DP GDWDEDVH>��@

)LJXUH ���� *OREDO GLVWULEXWLRQ �E\ FRXQWU\� RI ODUJH UHVHUYRLUV LQ *5DQ' GDWDEDVH >��@



���� /RFDO GDWD ��

7KH GHYHORSPHQW RI *5DQ' LV SULPDULO\ DLPHG DW FRPSLOLQJ WKH DYDLODEOH UHVHUYRLU DQG GDP
LQIRUPDWLRQ� ,W ZDV FRUUHFWHG WKURXJK H[WHQVLYH FURVV�YDOLGDWLRQ� HUURU FKHFNLQJ� LGHQWLI\LQJ GX�
SOLFDWH UHFRUGV� DQG ILQDOO\ FRPSOHWLQJ WKH PLVVLQJ LQIRUPDWLRQ IURP QHZ VRXUFHV� 7KH *5DQ'
GDWDVHWV DUH JHRVSDWLDOO\ UHIHUHQFHG DQG DVVLJQHG WR UHVHUYRLUV �SRO\JRQV� ZLWK KLJK VSDWLDO
UHVROXWLRQ� 7KH FXUUHQW YHUVLRQ ��� RI *5DQ' FRQWDLQV ����� UHFRUGV RI UHVHUYRLUV DQG WKHLU
DVVRFLDWHG GDPV ZLWK D FXPXODWLYH VWRUDJH FDSDFLW\ RI ����� NP��

)LJXUH ��� VKRZV WKH JOREDO GLVWULEXWLRQ E\ FRXQWULHV RI ODUJH UHVHUYRLUV LQ WKH*5DQ' GDWDEDVH�
$IULFD KDV RQH RI WKH OHDVW UHVHUYRLU GHQVLW\� :KLOH 1RUWK $PHULFD KDV WKH PRVW�

���� /RFDO GDWD
7KH ORFDO GDWD ZHUH UHWULHYHG IURP WKH 5LYHU %DVLQ DQG 6LPXODWLRQ 0RGHO �5,%$6,0� PRGHO�
D ZDWHU DOORFDWLRQ GHFLVLRQ PRGHO GHYHORSHG E\ 'HOWDUHV� DQ LQGHSHQGHQW LQVWLWXWH IRU DSSOLHG
UHVHDUFK LQ WKH ILHOG RI ZDWHU DQG VXEVXUIDFH� ,W ZDV XVHG E\ D 0RURFFRQ ZDWHU FRQVXOWDQF\�
129(& DV D SDUW RI WKHLU SURMHFW WR DVVHVV WKH HIIHFWV RI FOLPDWH FKDQJH LQ WKH 2(5 EDVLQ>�@�
7KH 2(5 EDVLQ KDV ZLWQHVVHG D VLJQLILFDQW GURS LQ UDLQIDOO LQ WKH ODVW IRXU GHFDGHV� 7KLV UH�
GXFWLRQ KDV D VLJQLILFDQW LPSDFW RQ WKH ZDWHU DYDLODELOLW\ RI WKH UHJLRQ� ZKLFK HYHQWXDOO\ DIIHFWV
ZDWHU VXSSO\ IRU LUULJDWLRQ DQG HOHFWULFLW\ JHQHUDWLRQ� 7KXV� DZDUH RI WKH LVVXHV DVVRFLDWHG
ZLWK FOLPDWH FKDQJH DQG JURZLQJ SRSXODWLRQ� $%+2(5 LQLWLDWHG D VHULHV RI VWXGLHV WR XQGHU�
VWDQG FOLPDWH FKDQJH LQ WKH UHJLRQ� 7KH 5,%$6,0 PRGHO XVHG LQ WKLV SURMHFW ZDV D SDUW RI RQH
VXFK VWXG\ DLPHG DW�´7HFKQLFDO DVVLVWDQFH IRU WKH LQWHJUDWLRQ DQG DVVHVVPHQW RI FOLPDWH
ULVNV �(5&� LQ WKH SODQQLQJ DQG GHYHORSPHQW RI ZDWHU UHVRXUFHV DW WKH OHYHO RI WKH 2XP
(U 5ELD EDVLQ� 0RURFFR � &RQVXOWDQW PDVWHULQJ WKH 5,%$6,0 WRRO´>��@>��@� ,W HQFDSVX�
ODWHV H[WHQVLYH GDWD RQ ORFDO FRQGLWLRQV RI 2(5 EDVLQ WKDW LQFOXGHV� LQFRPLQJ IORZ� SXEOLF DQG
LUULJDWLRQ ZDWHU GHPDQGV� HWF� ,W UDQJHV IURP WKH \HDU ���� WR ���� RQ D PRQWKO\ VFDOH�



�
0HWKRGRORJ\

���� 2XWOLQH RI WKH PHWKRGRORJ\
7KH WKHVLV IRFXVHV RQ DVVHVVLQJ WKH EHQHILWV RI KDYLQJ HDVLO\ DFFHVVLEOH VDWHOOLWH GDWD OLNH WKH
RQH GHYHORSHG E\ *HQQDGGL 'RQFK\WV >��@ IRU HIILFLHQW ZDWHU PDQDJHPHQW� ,Q UHJLRQV ZLWK D
GHDUWK RI H[WHQVLYH DQG DFFXUDWH GDWD VRXUFHV GXH WR WKH LQDFFHVVLEOH QDWXUH RI WKH UHJLRQ�
H[WUHPH ZHDWKHU� DQG RWKHU ORJLVWLFDO LVVXHV� $FFXUDWH VDWHOOLWH GDWD FDQ SURYH WR EH D JUHDW
DVVHW

)RU WKLV WKHVLV� ZH QDUURZHG GRZQ WKH XVH RI UHPRWHO\ VHQVHG WLPH�VHULHV GDWD WR FRPH XS
ZLWK /HYHO�$UHD�6WRUDJH �/$6� FXUYHV IRU WKH UHVHUYRLUV� 7KH UHVHUYRLU RSHUDWLRQV DUH WKHQ
RSWLPL]HG IRU GLIIHUHQW /$6 FXUYHV IURP GLIIHUHQW GDWD VRXUFHV� ORFDO DQG VDWHOOLWH� 7KH RSWL�
PL]DWLRQ UHVXOWV DUH WKHQ FRPSDUHG IRU WKH WZR VHWV RI /$6 FXUYHV HQDEOLQJ XV WR DGGUHVV RXU
PDLQ UHVHDUFK REMHFWLYH RI DVVHVVLQJ WKH EHQHILWV RI XVLQJ UHPRWHO\ VHQVHG WLPH�VHULHV GDWD
RI UHVHUYRLU VXUIDFH DUHD LQ RSWLPL]LQJ ZDWHU UHVRXUFHV PDQDJHPHQW�

)LJXUH ���� JLYHV D IORZ RI WKH PHWKRGRORJ\ IROORZHG WR DGGUHVV WKH WKUHH VXE�TXHVWLRQV ZKLFK
LQ WXUQ KHOSHG XV DFKLHYH WKH PDLQ UHVHDUFK REMHFWLYH RI WKLV WKHVLV�

)LJXUH ���� )ORZ RI WKH UHVHDUFK LQGLFDWLQJ UHVHDUFK TXHVWLRQV DQVZHUHG DQG VWHSV WDNHQ

��



�� �� 0HWKRGRORJ\

7KH PDLQ UHVHDUFK REMHFWLYH RI WKLV WKHVLV LV WR DQDO\]H WKH UHPRWHO\ VHQVHG GDWD DQG KRZ
LW FDQ EH XVHG LQ WKH ILHOG RI ZDWHU UHVRXUFHV UHVHDUFK� 7KLV WKHVLV JLYHV XV D ZD\ WR ILUVW SUR�
FHVV WKH GDWD IRU ZDWHU DOORFDWLRQ GHFLVLRQ WRROV OLNH 5,%$6,0 DQG ILQDOO\ XWLOL]LQJ LW WR DVVHVV
DQG DGGUHVV ZDWHU PDQDJHPHQW OLPLWDWLRQV LQ D EDVLQ

7R DQVZHU WKH PDLQ UHVHDUFK TXHVWLRQ� HDFK VXE�TXHVWLRQV ZHUH DQVZHUHG DW D WLPH� 7KLV
KHOSHG LQ KDYLQJ D VWUXFWXUHG DSSURDFK WKURXJKRXW WKH WKHVLV� *LYHQ EHORZ LV D JLVW RI WKH
PHWKRGV WKDW ZHUH IROORZHG WR DQVZHU GLIIHUHQW UHVHDUFK TXHVWLRQV�

� 5HVHDUFK TXHVWLRQ ��+RZ GR /HYHO�$UHD�6WRUDJH UHODWLRQVKLSV FRQVWUXFWHG XVLQJ
UHPRWHO\ VHQVHG WLPH VHULHV GDWD FRPSDUHV WR ORFDO /HYHO�$UHD�6WRUDJH UHODWLRQ�
VKLSV"

7KH UHPRWHO\ VHQVHG WLPH VHULHV RI WKH VXUIDFH ZDWHU DUHD� FDQ EH XVHG WR H[WUDFW DQG
VWXG\ WKH VSDWLDO DQG WHPSRUDO YDULDELOLW\ RI VXUIDFH ZDWHU VRXUFHV� 7KH WLPH VHULHV GDWD
UHWULHYHG ZHUH WKHQ XVHG WR FRPH XS ZLWK /HYHO�$UHD�6WRUDJH �/$6� FXUYH� 7KLV FXUYH
ZDV WKHQ FRPSDUHG WR WKH ORFDO /$6 FXUYH UHWULHYHG IURP WKH ZDWHU DOORFDWLRQ GHFLVLRQ
PRGHO 5,%$6,0 RI WKH 2(5 EDVLQ

� 5HVHDUFK TXHVWLRQ �� +RZ GRHV WKH VXUIDFH ZDWHU IORZ DOWHUV GXH WR FKDQJH LQ
GDWD VRXUFH IURP ORFDO WR UHPRWHO\ VHQVHG WLPH VHULHV GDWD"

7KH ZDWHU DOORFDWLRQ GHFLVLRQ PRGHOV GHSHQG RQ ZDWHU DYDLODELOLW\� ZKLFK LV HTXDO WR WKH
XSVWUHDP IORZ RI ZDWHU DW WKDW SDUWLFXODU ORFDWLRQ� :KHQ ZH XVH D QHZ VHW RI /$6 FXUYHV
IRU WKH UHVHUYRLUV FRQVWUXFWHG XVLQJ UHPRWHO\ DFFHVVHG GDWD� GHSHQGLQJ RQ WKH FKDUDF�
WHULVWLFV RI WKH UHVHUYRLU� DQG RSHUDWLQJ UXOHV WKH RXWIORZ IURP WKH UHVHUYRLU FKDQJHV� ,Q
D V\VWHP RI UHVHUYRLU� LW SOD\V DQ LPSRUWDQW UROH DV LW DIIHFWV WKH RXWIORZ RI WKH FRQQHFWLQJ
UHVHUYRLUV DV ZHOO� 7KXV� FKDQJLQJ WKH RYHUDOO ZDWHU DYDLODELOLW\ LQ WKH EDVLQ� 7KH ZDWHU
DOORFDWLRQ GHFLVLRQ PRGHOV OLNH 5,%$6,0 KHOSV VLPXODWH WKH VXUIDFH ZDWHU OLQN� 7KLV VKDOO
KHOS XV DVVHVV WKH FKDQJH LQ WKH RXWIORZ IURP WKH UHVHUYRLU DQG ZKDW DUH LWV LPSOLFDWLRQV
RQ WKH RYHUDOO V\VWHP RSHUDWLRQ�

� 5HVHDUFK TXHVWLRQ �� +RZ GR GHFLVLRQ WUDGH�RIIV FRPSDUH WR HDFK RWKHU ZKHQ XV�
LQJ UHPRWHO\ VHQVHG WLPH VHULHV GDWD RI UHVHUYRLU DUHD RU ORFDO GDWD" 7KLV UHVHDUFK
K\SRWKHVL]HV WKDW WKH /$6 FXUYHV FRQVWUXFWHG XVLQJ UHPRWHO\ DFFHVVHG GDWD DUH TXLWH
UHDVRQDEOH ZKHQ FRPSDUHG WR WKH ORFDO /$6 FXUYHV DQG FDQ VHUYH DV DQ DOWHUQDWLYH LQ
DEVHQFH RI WKH ORFDO GDWD� 7R DVVHVV WKH IHDVLELOLW\ RI XVLQJ UHPRWHO\ DFFHVVHG /$6
FXUYHV� WKH ZDWHU DOORFDWLRQ GHFLVLRQ PRGHO IRU WKH 2(5 EDVLQ VKDOO EH DVVHVVHG E\ ILUVW
RSWLPL]LQJ WKH RSHUDWLQJ UXOH FXUYHV IRU WKH WKUHH REMHFWLYHV RI SXEOLF ZDWHU VXSSO\� LUULJD�
WLRQ� DQG HQHUJ\ JHQHUDWLRQ ZLWK WKH ORFDO /$6 FXUYHV� 7KLV LV IROORZHG E\ RSWLPL]LQJ WKH
UXOH FXUYHV ZLWK WKH QHZ VHW RI /$6 FXUYHV FUHDWHG XVLQJ UHPRWHO\ DFFHVVHG GDWD� 7KH
WUDGH�RIIV DUH WKHQ FRPSDUHG IRU WKH RSWLPL]HG VHW RI RSHUDWLQJ UXOH FXUYHV� 7KH EHVW VHW
RI RSHUDWLQJ UXOH FXUYHV FRUUHVSRQGLQJ WR WKH UHPRWHO\ VHQVHG /$6 FXUYH LV WKHQ XVHG
ZLWK WKH ORFDO /$6 FXUYHV WR VHH WKH FKDQJH LQ WUDGH�RIIV DFURVV WKH REMHFWLYHV� 7KH
SHUIRUPDQFH DFURVV WKH WKUHH REMHFWLYHV ZLWK WKLV VHW RI RSHUDWLQJ UXOHV DQG ORFDO /$6
FXUYHV VKDOO JLYH XV DQ LGHD RI WKH IHDVLELOLW\ RI XVLQJ UHPRWHO\ VHQVHG WLPH VHULHV GDWD
IRU ZDWHU PDQDJHPHQW GHFLVLRQV�

7KH IROORZLQJ VHFWLRQ GHOYH GHHSHU LQWR WKH PHWKRGRORJ\ WR DQVZHU WKH UHVHDUFK TXHVWLRQV
DQG JLYHV DQ H[WHQVLYH RYHUYLHZ RI WKH VWHSV IROORZHG IRU WKH FRPSOHWLRQ RI WKH SURMHFW�



���� 5HVHDUFK TXHVWLRQ �� +RZ GR /HYHO�$UHD�6WRUDJH UHODWLRQVKLSV FRQVWUXFWHG XVLQJ
UHPRWHO\ VHQVHG WLPH VHULHV GDWD FRPSDUHV WR ORFDO /HYHO�$UHD�6WRUDJH UHODWLRQVKLS" ��

���� 5HVHDUFK TXHVWLRQ �� +RZGR/HYHO�$UHD�6WRUDJH UHODWLRQVKLSV
FRQVWUXFWHG XVLQJ UHPRWHO\ VHQVHG WLPH VHULHV GDWD FRPSDUHV
WR ORFDO /HYHO�$UHD�6WRUDJH UHODWLRQVKLS"

7KH UHPRWHO\ VHQVHG WLPHV VHULHV GDWD JLYHV XV DQ LGHD RI WHPSRUDO DQG VSDWLDO YDULDELOLW\ RI
WKH VXUIDFH ZDWHU LQ D EDVLQ� ,W LV TXLWH QHFHVVDU\ WR WDNH WKHVH YDULDWLRQV LQWR DFFRXQW WR RSWL�
PL]H ZDWHU DOORFDWLRQ GHFLVLRQV� 7KH ZDWHU DOORFDWLRQ GHFLVLRQ PRGHO XVHG IRU WKLV WKHVLV LV WKH
5LYHU EDVLQ VLPXODWLRQ PRGHO �5,%$6,0�� ZKLFK LV D JHQHULF PRGHO DQG VLPXODWHV D ULYHU EDVLQ
EHKDYLRUV XQGHU YDULRXV K\GURORJLFDO FRQGLWLRQV� 7KH IORZ�WKURXJK GLIIHUHQW QHWZRUNV RI ULYHUV�
VWUHDPV� FDQDOV� UHVHUYRLUV� DQG GHPDQG E\ GLIIHUHQW XVHUV DUH GHVFULEHG XVLQJ QHWZRUNV RI
QRGHV DQG OLQNV� ,W LV FDSDEOH RI HYDOXDWLQJ D ODUJH VHW RI V\VWHP PRGHOLQJ RSWLRQV DQG RXW�
SXWV� )RU H[DPSOH� PHDVXUHV UHODWHG WR LQIUDVWUXFWXUH� FKDQJHV LQ ZDWHU GLVWULEXWLRQ� DQG WKH
FRQVXPSWLRQ SDWWHUQ DFURVV GLIIHUHQW VHFWRUV >��@� 7KH UHVHUYRLU LQ WKH 5,%$6,0 PRGHO FDQ
WDNH DV RQH RI WKH SK\VLFDO LQSXWV WKH /HYHO�$UHD�6WRUDJH �/$6� FXUYH� 7KHVH FXUYHV FDQ EH
FUHDWHG XVLQJ DQ\ GDWD�VHW ZLWK SHULRGLF PHDVXUHPHQWV RI WKH OHYHO DQG VWRUDJH� +RZHYHU�
WKH WLPH�VHULHV GDWD UHTXLUHG WR FRPH XS ZLWK VXFK FXUYHV DUH XVXDOO\ KDUG WR JHW� 5HPRWHO\
VHQVHG WLPH�VHULHV GDWD RI WKH VXUIDFH DUHD RI WKH UHVHUYRLUV FDQ WKHQ EH XWLOL]HG DORQJ ZLWK
RWKHU RSHQ�VRXUFH GDWDVHWV OLNH *5DQ' WR FRPH XS ZLWK /$6 FXUYHV�

)RU DVVHVVLQJ WKH EHQHILWV RI XVLQJ UHPRWHO\ VHQVHG GDWD ZH KDYH WZR VHWV RI /$6 FXUYHV�
RQH KDV EHHQ UHWULHYHG IURP WKH 5,%$6,0 PRGHO RI WKH 2(5 EDVLQ XVHG LQ WKH 3'$,5( RU
EDVLQ VWXG\ FDUULHG RXW E\ 129(&>�@� ZKLOH WKH RWKHU LV GHULYHG E\ SURFHVVLQJ WKH GDWD UH�
WULHYHG IURP UHPRWHO\ VHQVHG WLPH�VHULHV GDWD RI UHVHUYRLU VXUIDFH DUHD LQ FRPELQDWLRQ ZLWK
WKH *5DQ' GDWDEDVH DQG *RRJOH (DUWK 3UR VRIWZDUH� 7KH VWRUDJH YDOXHV WKDW ZH JHW IURP WKH
WZR /$6 FXUYHV DUH WKHQ XVHG WR JHW WKH URRW PHDQ VTXDUH HUURU �UPVH� YDOXHV� 7KLV UPVH ZDV
WKHQ GLYLGHG E\ WKH FDSDFLW\ RI WKH UHVSHFWLYH UHVHUYRLUV WR JHW DQ LGHD RI WKH DSSUR[LPDWLRQ RI
WKH VWRUDJH ZLWK WKH QHZ VHW RI UHPRWHO\ VHQVHG /$6 FXUYHV�

7R GHULYH WKH /$6 FXUYH XVLQJ UHPRWHO\ VHQVHG GDWD DQG *5DQ' GDWDEDVH WKH IRUPXOD .DYHK
HW DO>��@ GHULYHG ZDV XVHG� 7KH VWHSV WR JHW /$6 FXUYHV XVLQJ UHPRWHO\ DFFHVVLEOH GDWD KDV
EHHQ LOOXVWUDWHG LQ WKH IROORZLQJ VHFWLRQV�

7KH 5,%$6,0 PRGHO HQFRPSDVVHV ZDWHU PDQDJHPHQW GHFLVLRQV RYHU D ORQJ SHULRG�
IURP ���� WR ����� 7KH ORQJ WLPH VHULHV KDV EHHQ XVHG WR LPSOLFLWO\ LQFOXGH WKH HIIHFWV
RI FOLPDWLF YDULDELOLW\ DQG WKXV WDNH LQWR DFFRXQW GLIIHUHQW K\GUR�PHWHRURORJLFDO VLWXD�
WLRQV SRVVLEOH�

������ 'DWD 3URFHVVLQJ
2QH RI WKH REMHFWLYHV RI WKLV WKHVLV LV WR KDYH DQ DOWHUQDWH VRXUFH RI GHSHQGDEOH GDWD WR DG�
GUHVV WKH ODFN DQG LQDFFHVVLELOLW\ RI GDWD LQ WKH ILHOG RI ZDWHU UHVRXUFHVPDQDJHPHQW� 7R EULGJH
WKLV JDS ZH FRPH XS ZLWK D QHZ VHW RI /$6 FXUYHV XVLQJ UHPRWHO\ VHQVHG WLPH�VHULHV GDWD LQ
FRPELQDWLRQ ZLWK RWKHU RSHQ�DFFHVV GDWD VRXUFHV OLNH WKH *5DQ' RU *RRJOH (DUWK 3UR VRIW�
ZDUH� 7KHVH FXUYHV DUH ILUVW FRPSDUHG WR WKH ORFDO /$6 FXUYHV WR DVVHVV WKHLU SHUIRUPDQFH
LQ DSSUR[LPDWLQJ WKH RULJLQDO ORFDO /$6 FXUYHV� 7KH\ DUH WKHQ XVHG WR RSWLPL]H WKH RSHUDWLQJ
UXOH FXUYHV IRU WKH UHVHUYRLUV LQ WKH 2(5 EDVLQ�

$V D SDUW RI WKLV SURMHFW ZH KDYH WZR VHWV RI GDWD�

�� 'DWDVHW ,� /RFDO GDWD

�� 'DWDVHW ,,� 5HPRWHO\ VHQVHG WLPH VHULHV GDWD � *5DQ'



�� �� 0HWKRGRORJ\

'DWDVHW ,� /RFDO GDWD
$V GLVFXVVHG LQ VHFWLRQ ��� WKH 5,%$6,0 PRGHO IRU WKH 2(5 EDVLQ ZDV GHYHORSHG E\ WKH
129(& FRQVXOWDQF\ DV D SDUW RI WKHLU SURMHFW WR DVVHVV WKH LPSDFWV RI FOLPDWH FKDQJH RQ WKH
2(5 EDVLQ DQG LWV LPSOLFDWLRQ RQ ZDWHU FRQVXPSWLRQ E\ GLIIHUHQW XVHU JURXSV� 7KH PRGHO IRU
WKH EDVLQ LV SUHWW\ H[WHQVLYH ZLWK WKH XSGDWHG /$6 FXUYHV FUHDWHG LQ WKH \HDU ����� 7KH PRGHO
KDV H[WHQVLYH GDWD ZLWK LUULJDWLRQ GHPDQG� ILUP HQHUJ\ GHPDQG� DQG SXEOLF ZDWHU VXSSO\�
GHPDQG� HWF� 7KH 5,%$6,0 PRGHO ZLWK WKH ORFDO /$6 FXUYHV VKDOO EH XVHG DV D UHIHUHQFH
PRGHO� 2SWLPL]DWLRQ RI UHVHUYRLU RSHUDWLRQV VKDOO EH SHUIRUPHG WR JHW WKH EHVW VHW RI RSHUDWLQJ
UXOH FXUYHV IRU WKH UHVHUYRLUV�

)LJXUH ���� 5,%$6,0 QHWZRUN 2XP (U 5ELD EDVLQ� 0RURFFR

)LJXUH ��� VKRZV WKH 5,%$6,0 QHWZRUN RI WKH 2(5 EDVLQ� 7KHUH DUH HLJKW UHVHUYRLUV LQ WKH
EDVLQ� 2XW RI WKLV� RQO\ ILYH DUH DFWLYH ZKLOH WKH RWKHU WKUHH DUH SODQQHG WR DGGUHVV WKH LQ�
FUHDVLQJ QHHG IRU ZDWHU UHVRXUFHV DQG GHFOLQLQJ ZDWHU DYDLODELOLW\ DQG DUH \HW WR VWDUW WKHLU
RSHUDWLRQ�

'DWDVHW ,,� 5HPRWHO\ VHQVHG WLPH�VHULHV GDWD � *5DQ'
,Q DEVHQFH RI WKH /$6 FXUYH� WKH WLPH VHULHV GDWD LQ FRPELQDWLRQ ZLWK RWKHU VRXUFHV RI GDWD FDQ
SURYH WR EH KDQG\ LQ GHULYLQJ WKH UHODWLRQ EHWZHHQ OHYHO� DUHD� DQG VWRUDJH� 7KHUH KDYH EHHQ
QXPHURXV UHVHDUFKHV WR GHYHORS HPSLULFDO DQG VHPL�HPSLULFDO DSSURDFKHV>��@>��@>��@>��@ WKDW
FDQ KHOS D ZDWHU PDQDJHU�UHVHDUFKHUV WR FRPH XS ZLWK /$6 FXUYHV IRU WKHLU XVH�

.DYHK HW DO >��@ FDPH XS ZLWK D PRUH SUHFLVH GLPHQVLRQOHVV FDSDFLW\ HTXDWLRQ ZLWK IHZHU
XQNQRZQ SDUDPHWHUV DQG FRHIILFLHQWV� 7KH /$6 FXUYH IRU D UHVHUYRLU GHSHQGV WRWDOO\ RQ WKH
VKDSH RI WKH UHVHUYRLU� +HQFH� LW EHFRPHV YLWDO WR KDYH D FRHIILFLHQW UHSUHVHQWDWLYH RI WKH VKDSH
RI WKH UHVHUYRLU� ,Q WKH HTXDWLRQ VXJJHVWHG E\ .DYHK HW DO >��@ WKDW FRHIILFLHQW LV UHIHUUHG WR DV
WKH UHVHUYRLU FRHIILFLHQW� &DOFXODWLQJ WKH UHVHUYRLU FRHIILFLHQW ¶1¶ WKXV EHFRPHV WKH ILUVW VWHS
WR JHW WKH /$6 FXUYH IRU D UHVHUYRLU� (TXDWLRQ ��� VKRZV WKH IRUPXOD IRU FDOFXODWLQJ 1� DOVR
NQRZQ DV WKH VKDSH IDFWRU�
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�൛፦
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���� 5HVHDUFK TXHVWLRQ �� +RZ GR /HYHO�$UHD�6WRUDJH UHODWLRQVKLSV FRQVWUXFWHG XVLQJ
UHPRWHO\ VHQVHG WLPH VHULHV GDWD FRPSDUHV WR ORFDO /HYHO�$UHD�6WRUDJH UHODWLRQVKLS" ��

ZKHUH�

1 5HVHUYRLU FRHIILFLHQW
9፦ 0D[LPXP VWRUDJH RI WKH UHVHUYRLU LQ Pኽ

\፦ )XOO UHVHUYRLU OHYHO LQ P
$፦ 6XUIDFH DUHD DW PD[LPXP VWRUDJH LQ Pኼ

1 JLYHV XV DQ LGHD RI WKH VKDSH RI WKH UHVHUYRLU DQG LV YLWDO LQ FRPLQJ XS ZLWK /$6 FXUYHV�
7KH DUHD�OHYHO UHODWLRQVKLS DQG VWRUDJH OHYHO UHODWLRQVKLS LV RQO\ IHDVLEOH WLOO WKH UHVHUYRLU FRHI�
ILFLHQW ¶1¶ LQ WKH HTXDWLRQ ��� LV OHVV WKDQ RU HTXDO WR �� :KHQ 1 LV HTXDO WR � WKH DUHD�FDSDFLW\
FXUYH EHFRPHV D VWUDLJKW OLQH ZLWK WKH FRQVWDQW DUHD� IRU 1!� WKH WUHQG LQYHUWV DQG WKH DUHD
GHFUHDVHV ZLWK LQFUHDVLQJ VWRUDJH� +HQFH� WKH IHDVLELOLW\ RI XVLQJ WKLV PHWKRG WR FRPH XS
ZLWK WKH /$6 LV OLPLWHG WR YDOXHV RI 1� �� 6KDSH IDFWRU JUHDWHU WKDQ � VXJJHVWV WKH SURGXFW
RI PD[LPXP OHYHO DQG PD[LPXP VXUIDFH DUHD LV OHVV WKDQ WKH VWRUDJH ZKLFK LV QRW SRVVLEOH
XQOHVV WKH VXUIDFH DUHD RI WKH UHVHUYRLU LQFUHDVHV ZLWK GHFUHDVLQJ GHSWK�

2QFH ZH KDYH WKH UHVHUYRLU FRHIILFLHQW ZH FDQ JHW WKH UHODWLRQ EHWZHHQ OHYHO DQG DUHD XV�
LQJ WKH HTXDWLRQ ����

െ፲  
�൛፦
൓൷
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ZKHUH�

1 5HVHUYRLU FRHIILFLHQW
$፲ 6XUIDFH DUHD RI WKH UHVHUYRLU DW OHYHO \ LQ Pኼ

\ /HYHO RI WKH UHVHUYRLU LQ P
\፦ )XOO UHVHUYRLU OHYHO LQ P

6LPLODUO\ HTXDWLRQ ��� VKRZV WKH UHODWLRQ EHWZHHQ YROXPH DQG OHYHO�

൛፲  ൛፦�
൷
൷፦
�
Ꮄ
ᑅ �����

ZKHUH�

1 5HVHUYRLU FRHIILFLHQW
9፲ 6WRUDJH RI WKH UHVHUYRLU DW OHYHO \ LQ Pኽ

9፦ 0D[LPXP VWRUDJH RI WKH UHVHUYRLU LQ Pኽ

\ /HYHO RI WKH UHVHUYRLU LQ P
\፦ )XOO UHVHUYRLU OHYHO LQ P

6XEVWLWXWLQJ

൷  ൷፦�
൛፲
൛፦
�
ᑅ
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LQ WKH HTXDWLRQ ��� ZH JHW WKH HTXDWLRQ IRU DUHD�FDSDFLW\ FXUYH
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ZKHUH�

1 5HVHUYRLU FRHIILFLHQW
9፲ 6WRUDJH RI WKH UHVHUYRLU DW OHYHO \ LQ Pኽ

9፦ 0D[LPXP VWRUDJH RI WKH UHVHUYRLU LQ Pኽ

\፦ )XOO UHVHUYRLU OHYHO LQ P



�� �� 0HWKRGRORJ\

)RU WKH 2(5 EDVLQ� WKH *5DQ' GDWDVHW KDG UHVHUYRLU GDWD IRU IRXU RI WKH ILYH UHVHUYRLUV� $O
0DVVLUD� %LQ (O 2XLGDQH� 0RXOOD\ <RXVVHI DQG +DVVDQ �HU UHVHUYRLUV� 5HVHUYRLU FRHIILFLHQW
FDOFXODWHG XVLQJ HTXDWLRQ ��� IRU WKH +DVVDQ �HU UHVHUYRLU ZDV JUHDWHU WKDQ �� $V GLVFXVVHG
EHIRUH 1 ! � LV LQIHDVLEOH� WKHUHIRUH ZH XVHG WKH HOHYDWLRQ GDWD IURP JRRJOH HDUWK SUR VRIW�
ZDUH DQG VXEWUDFWHG LW IURP WKH IXOO UHVHUYRLU OHYHO �)5/� RI WKH +DVVDQ �HU UHVHUYRLU WR JHW
DQ DSSUR[LPDWH PD[LPXP GHSWK RI WKH +DVVDQ �HU UHVHUYRLU� :H IROORZHG VLPLODU SURFHVV IRU
WKH $KPHG (O +DQVDO UHVHUYRLU� ZKLFK LV QRW WKHUH LQ *5DQ'� 7KH PD[LPXP VWRUDJH DQG )5/
IRU ERWK WKH UHVHUYRLUV ZHUH UHWULHYHG IURP )DQDFN :DWHU ZHEVLWH >�@ ZKLFK KDV GRFXPHQWHG
SUHWW\ PXFK DOO WKH PDMRU UHVHUYRLUV LQ 0RURFFR�

7KH /$6 FXUYHV FDQ EH XVHG WR LGHQWLI\ VHGLPHQWDWLRQ LQ WKH UHVHUYRLU� 7KH XSGDWHG ORFDO
/$6 FXUYHV ZHUH XVHG DORQJ ZLWK VWRUDJH DQG OHYHO WLPH VHULHV UHFHLYHG E\ WKH 0RURFFDQ
DXWKRULWLHV WR VHH KRZ ZHOO WKHVH UHVHUYRLUV DSSUR[LPDWH WKH UHPRWHO\ VHQVHG UHVHUYRLU DUHD
WLPH VHULHV� 7KH UHPRWHO\ VHQVHG WLPH�VHULHV GDWD VKDOO DOVR EH XVHG ZLWK ORFDO /$6 FXUYHV WR
DSSUR[LPDWH ORFDO VWRUDJH� ,Q ERWK FDVHV LI WKHUH LV DQ HIIHFW RI VHGLPHQWDWLRQ WKH DSSUR[LPD�
WLRQ VKRXOG LPSURYH ZLWK WLPH DV WKH /$6 FXUYHV KDYH EHHQ XSGDWHG UHFHQWO\ E\ WKH UHVHUYRLU
DXWKRULWLHV DQG DUH UHSUHVHQWDWLYH RI WKH DOWHUHG VKDSHV RI WKH UHVHUYRLUV GXH WR SURORQJHG
VHGLPHQWDWLRQ�

7R LGHQWLI\ WKH SHUFHQWDJH RI VHGLPHQWDWLRQ LQ WKH UHVHUYRLUV� WKH PD[LPXP VXUIDFH DUHD GH�
WHFWHG E\ VDWHOOLWHV VKRXOG EH XVHG ZLWK /$6 FXUYHV WR JHW WKH PD[LPXP VWRUDJH RI WKH UHVHU�
YRLU� ,W VKDOO WKHQ EH FRPSDUHG WR WKH PD[LPXP FDSDFLW\ IXUQLVKHG E\ WKH ORFDO DXWKRULWLHV�
+RZHYHU� WKHUH LV DQ DVVXPSWLRQ WKDW WKH UHVHUYRLU UHDFKHV LWV )5/ LQ WKH UHFHQW SDVW DQG
KHQFH� HQFDSVXODWHV WKH HIIHFW RI VHGLPHQWDWLRQ LQ WKH UHVHUYRLU�

���� 5HVHDUFK TXHVWLRQ �� +RZ GRHV WKH VXUIDFH ZDWHU IORZ DOWHUV
GXH WR FKDQJH LQ GDWD VRXUFH IURP ORFDO WR UHPRWHO\ VHQVHG
WLPH VHULHV GDWD"

7KH RXWIORZ IURP WKH UHVHUYRLU GHSHQGV RQ ZDWHU GHPDQG� RSHUDWLQJ UXOH FXUYHV� DQG WKH VWDWH
RI WKH UHVHUYRLU� 7KH /$6 FXUYH JLYHV D UHODWLRQ EHWZHHQ WKH OHYHO� DUHD� DQG VWRUDJH LQ WKH
UHVHUYRLU� )RU D SDUWLFXODU WLPH VWHS� WKH UHVHUYRLU JHWV DV DQ LQSXW D FHUWDLQ DPRXQW RI ZDWHU�
'HSHQGLQJ RQ WKH /$6 FXUYH DQG VWRUDJH� WKH VXUIDFH ZDWHU UHVHUYRLU QRGH LQ WKH 5,%$6,0
PRGHO GHWHUPLQHV WKH OHYHO LQ WKH UHVHUYRLU� )LQDOO\� 5,%$6,0 EDVHG RQ WKH RSHUDWLQJ UXOH
FXUYHV DQG ZDWHU GHPDQGV GHWHUPLQHV WKH UHOHDVH RI ZDWHU IURP WKH VXUIDFH ZDWHU UHVHUYRLU
QRGH�

+HQFH� DOWHUDWLRQ LQ WKH /$6 FXUYHV FKDQJHV WKH RXWIORZ IURP WKH UHVHUYRLUV� 7KH RXWIORZ
IURP WKH XSVWUHDP UHVHUYRLUV OLNH $KPHG (O +DQVDO� %LQ (O 2XLGDQH� +DVVDQ �HU� DQG 0RXOOD\
<RXVVHI LV DQ LQIORZ WR WKH GRZQVWUHDP $O 0DVVLUD UHVHUYRLU� 7KLV HYHQWXDOO\ FKDQJHV WKH
RXWIORZ RI WKH GRZQVWUHDP UHVHUYRLU LQ WKH FRQQHFWLRQ� ILJXUH ���� 7KXV� DIIHFWLQJ WKH ZDWHU
DYDLODELOLW\ LQ WKH EDVLQ� +HUH� ZH VHH WKH DOWHUDWLRQ LQ VXUIDFH ZDWHU IORZ LQ WKH 5,%$6,0PRGHO
RI WKH 2(5 EDVLQ IRU ORFDO DQG UHPRWHO\ VHQVHG /$6 FXUYHV� 7KH DOWHUDWLRQ LQ IORZ UHIOHFWV RQ
WKH SHUIRUPDQFH RI WKH PRGHO DFURVV GLIIHUHQW REMHFWLYHV�

7KH IORZ DW WKH RXWSXW RI WKH UHVHUYRLU QRGH VKDOO EH H[WUDFWHG IURP WKH 5,%$6,0 PRGHO FRU�
UHVSRQGLQJ WR ERWK WKH VHWV RI /$6 FXUYHV� 7KLV VXUIDFH ZDWHU IORZ WLPH VHULHV ZLOO WKHQ EH
DVVHVVHG IRU WKH ZHW DQG GU\ VHDVRQV WR SHUIRUP D GHWDLOHG VWXG\ RI WKH LPSOLFDWLRQ RI IORZ
DOWHUDWLRQV RQ WKH ZDWHU PDQDJHPHQW LQ WKH 2(5 EDVLQ� :H DVVHVV WKH DYHUDJH DQG ��፭፡ SHU�



���� 5HVHDUFK TXHVWLRQ �� +RZ GR GHFLVLRQ WUDGH�RIIV FRPSDUH WR HDFK RWKHU ZKHQ XVLQJ
UHPRWHO\ VHQVHG WLPH VHULHV GDWD RI UHVHUYRLU DUHD RU ORFDO GDWD" ��

FHQWLOH LQWHUYDO RI WKH PRQWKO\ ZDWHU RXWIORZV IRU ZHW DQG GU\ VHDVRQV VWDUWLQJ IURP 1RYHPEHU
XQWLO $SULO DQG IURP 0DUFK WR 2FWREHU UHVSHFWLYHO\ >��@� $ FOLPDWRORJ\ SORW VKRZLQJ PHDQ� DQG
��፭፡ SHUFHQWLOH LQWHUYDO VKDOO KHOS XV DQDO\]H WKH FKDQJH LQ IORZ IRU WKH ZHW DQG GU\ VHDVRQV�
,W ZLOO JLYH XV DQ LQVLJKW LQWR WKH SHUIRUPDQFH RI WKH UHVHUYRLU LQ IXUQLVKLQJ ZDWHU GHPDQGV�

���� 5HVHDUFK TXHVWLRQ �� +RZ GR GHFLVLRQ WUDGH�RIIV FRPSDUH WR
HDFK RWKHU ZKHQ XVLQJ UHPRWHO\ VHQVHG WLPH VHULHV GDWD RI
UHVHUYRLU DUHD RU ORFDO GDWD"

,I WKH /$6 FXUYHV GHULYHG XVLQJ UHPRWHO\ VHQVHG WLPH�VHULHV GDWD RI UHVHUYRLU VXUIDFH DUHD
DUH D UHDVRQDEOH DSSUR[LPDWLRQ RI WKH ORFDO /$6 FXUYHV� ,W PDNHV VHQVH WR DVVHVV LWV YLDELOLW\
LQ FRPLQJ XS ZLWK ZDWHU PDQDJHPHQW GHFLVLRQV LQ WKH EDVLQ� ,Q RUGHU WR DVVHVV WKDW ZH VHW XS
WZR GLIIHUHQW 5,%$6,0 PRGHOV IRU WKH 2(5 EDVLQ� 7KH WZR PRGHOV KDYH D GLIIHUHQW VHW RI /$6
FXUYHV IURP WKH WZR GLIIHUHQW GDWD VRXUFHV� 7KHVH WZR PRGHOV DUH WKHQ RSWLPL]HG IRU WKUHH
SULPDU\ SXUSRVHV SHUWLQHQW WR WKH EDVLQ� D�3XEOLF ZDWHU VXSSO\� E�,UULJDWLRQ� DQG F�+\GURSRZHU�
7KH ORFDO DXWKRULWLHV DUH FRQFHUQHG ZLWK HQVXULQJ ZDWHU DOORFDWLRQ GHFLVLRQV WR VHUYH WKH WKUHH
GHPDQGV� +RZHYHU� GXULQJ GURXJKWV SULRULW\ LV JLYHQ WR IXUQLVKLQJ SXEOLF ZDWHU VXSSO\�GHPDQG
IROORZHG E\ LUULJDWLRQ DQG ILQDOO\ K\GUR�SRZHU ZKLOH PDLQWDLQLQJ WKH ILUP HQHUJ\ GHPDQG� 7KH
WKUHH REMHFWLYHV WKDW KDYH EHHQ XVHG IRU WKH SXUSRVH DUH DV IROORZV�

�� 3XEOLF ZDWHU VXSSO\ REMHFWLYH �SZVREMHFWLYH�� 6XP RI WRS � SHUFHQWLOH RI WKH PRQWKO\
SXEOLF ZDWHU VKRUWDJH IURP ����������

�� 9DULDEOH LUULJDWLRQ REMHFWLYH �YLUREMHFWLYH�� 6XP RI WRS � SHUFHQWLOH RI WKH PRQWKO\ YDULDEOH
LUULJDWLRQ GHPDQG VKRUWDJH IURP ����������

�� (QHUJ\ REMHFWLYH �HQHUJ\REMHFWLYH�� 6XP RI WRS � SHUFHQWLOH RI WKH PRQWKO\ HQHUJ\ JHQ�
HUDWHG IURP ����������

7KH SXEOLF ZDWHU VXSSO\ LQFOXGHV GRPHVWLF ZDWHU VXSSO\ LQ WKH UHJLRQ� LW GRHVQ¶W WDNH LQWR DF�
FRXQW WKH LQGXVWULDO ZDWHU GHPDQGV ZKLFK IHHG RQ GHVDOLQDWLRQ DQG UHXVH RI RWKHU UHVRXUFHV LQ
WKH EDVLQ� 7KH YDULDEOH LUULJDWLRQ REMHFWLYH VKRZV WKH VKRUWDJH LQ WKH ZDWHU VXSSO\ WR YDULDEOH
LUULJDWLRQ QRGHV LQ WKH 5,%$6,0� 7KHVH QRGHV H[SOLFLWO\ WDNH LQWR DFFRXQW DFWXDO DQG H[SHFWHG
UDLQIDOO DORQJ ZLWK IDFWRUV OLNH FURS ZDWHU UHTXLUHPHQWV DQG LUULJDWLRQ HIILFLHQF\ WR FDOFXODWH
ZDWHU GHPDQG DW WKDW SDUWLFXODU WLPH�VWHS� VLQFH WKHVH GHPDQGV FDQ YDU\ WKHVH QRGHV DUH
NQRZQ DV YDULDEOH LUULJDWLRQ QRGHV� )LQDOO\� WKH HQHUJ\ REMHFWLYH DLPV WR PD[LPL]H WKH HQHUJ\
JHQHUDWLRQ IURP WKHVH UHVHUYRLUV�

7KH ZDWHU PDQDJHPHQW LVVXHV LQ D EDVLQ DUH UDUHO\ D RQH�GLPHQVLRQDO LVVXH� :LWK YDULHG
XVHV RI ZDWHU LQ D EDVLQ� LW LV HVVHQWLDO WR KDYH D SURSHU WUDGH�RII EHWZHHQ GLIIHUHQW REMHFWLYHV
WR UHDFK D GHFHQW OHYHO RI XWLOLW\ DPRQJVW ZDWHU XVHUV� 7KLV UHTXLUHV RSWLPL]LQJ ZDWHU RYHU
GLIIHUHQW REMHFWLYHV� ,Q FRQWUDVW WR VLQJOH�REMHFWLYH RSWLPL]DWLRQ� D VROXWLRQ WR D PXOWL�REMHFWLYH
SUREOHP LV PRUH RI D FRQFHSW� ,Q PXOWL�REMHFWLYH RSWLPL]DWLRQ� WKHUH LV QR VLQJOH JOREDO VROXWLRQ�
DQG LW LV RIWHQ QHFHVVDU\ WR GHWHUPLQH D VHW RI SRLQWV WKDW DOO ILW D SUHGHWHUPLQHG GHILQLWLRQ IRU
DQ RSWLPXP NQRZQ DV 3DUHWR RSWLPDO� 3DUHWR RSWLPDO UHIHUV WR WKH VWDWH RU VROXWLRQV LI DQG
RQO\ LI WKHUH DUH QR RWKHU VROXWLRQV WKDW ZRXOG LPSURYH RQH REMHFWLYH ZLWKRXW GHWHULRUDWLQJ WKH
RWKHU >��@�

7KH WZR5,%$6,0PRGHOV ZLWK GLIIHUHQW /$6 FXUYHV DUH WKHQ RSWLPL]HG XVLQJ RSWLPL]DWLRQ DOJR�
ULWKPV OLNH 3DUWLFOH 6ZDUP2SWLPL]DWLRQ �362�� 1RQ�VRUWLQJ JHQHWLF DOJRULWKP ,, �16*$�,,�� (S�
VLORQ QRQ�VRUWLQJ JHQHWLF DOJRULWKP ,, �ဍ�16*$�,,�� PXOWL�REMHFWLYH JHQHWLF DOJRULWKP �02*$��
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6WUHQJWK 3DUHWR HYROXWLRQDU\ DOJRULWKP �63($�� %RUJ PXOWL�REMHFWLYH HYROXWLRQDU\ DOJRULWKP
�%RUJ�02($�� HWF� +HUH� ZH XVH ဍ�16*$�,, WR RSWLPL]H UHVHUYRLU RSHUDWLRQV LQ WKH 5,%$6,0
PRGHO� :H XVHG (YROXWLRQDU\ 0RGHOOLQJ DQG $QDO\VLV �(0$� ZRUNEHQFK DV D SODWIRUP WR RS�
WLPL]H WKH V\VWHP RI UHVHUYRLUV LQ WKH 2(5 EDVLQ� 7KH (0$ ZRUNEHQFK LV D SODWIRUP WKDW
SURYLGHV VXSSRUW WR SHUIRUP RSWLPL]DWLRQV GHYHORSHG LQ GLIIHUHQW PRGHOLQJ SDFNDJHV DQG HQ�
YLURQPHQWV�

5HVHUYRLU RSHUDWLRQ LQ 5,%$6,0
5HVHUYRLU RSHUDWLRQ LQ 5,%$6,0 LV GHVFULEHG E\ D VHW RI UXOH FXUYHV YDU\LQJ DFURVV WKH \HDU
DV SUHVHQWHG LQ ILJXUH ��� �

)LJXUH ���� 2SHUDWLRQ UXOHV IRU UHVHUYRLUV LQ 5,%$6,0>��@

7KH UHVHUYRLU RSHUDWLRQ LQ 5,%$6,0 GHSHQGV RQ D VHW RI WKUHH RSHUDWLRQJ UXOH FXUYHV�

�� )ORRG FRQWURO FXUYH ZKLFK NHHSV WKH VWRUDJH VSDFH IRU IORRGV�

�� 0D[LPXP K\GUR SRZHU SURGXFWLRQ WDUJHW FXUYH EDODQFLQJ WKH PD[LPL]DWLRQ RI KHDG DQG
PLQLPL]DWLRQ RI VSLOO�

�� )LUP VWRUDJH FXUYH LQGLFDWLQJ PLQLPXP VWRUDJH�OHYHO UHTXLUHG WR PDLQWDLQ GRZQVWUHDP
ZDWHU VXSSO\ DQG PLQLPXP DFFHSWDEOH �ILUP� K\GURSRZHU JHQHUDWLRQ WKURXJKRXW D FULWLFDO
GU\ SHULRG�

7KH RSHUDWLRQ RI D UHVHUYRLU LQ WKLV ZD\ KDV WKLUW\ VL[ SDUDPHWHUV ZKLFK FDQ EH PDQLSXODWHG LQ
RUGHU WR RSWLPL]H WKH UHVHUYRLU RSHUDWLRQV�

�� 0RQWKO\ YDOXHV IRU IORRG FRQWURO OHYHO

�� 0RQWKO\ YDOXHV IRU WDUJHW OHYHO



���� 5HVHDUFK TXHVWLRQ �� +RZ GR GHFLVLRQ WUDGH�RIIV FRPSDUH WR HDFK RWKHU ZKHQ XVLQJ
UHPRWHO\ VHQVHG WLPH VHULHV GDWD RI UHVHUYRLU DUHD RU ORFDO GDWD" ��

�� 0RQWKO\ YDOXHV IRU ILUP OHYHO

7KHVH SDUDPHWHUV DUH ODWHU RSWLPL]HG XVLQJ HYROXWLRQDU\ PXOWL�REMHFWLYH RSWLPL]DWLRQ XVLQJ
(0$ ZRUNEHQFK�

(YROXWLRQDU\ 0RGHOOLQJ DQG $QDO\VLV :RUNEHQFK
(YROXWLRQDU\ 0RGHOOLQJ DQG $QDO\VLV :RUNEHQFK LV D UHVHDUFK PHWKRGRORJ\ WKDW XWLOL]HV FRP�
SXWDWLRQDO H[SHULPHQWV WR DQDO\]H FRPSOH[ DQG XQFHUWDLQ V\VWHPV >�@� ,W SURYLGHV VXSSRUW
WR SHUIRUP H[SORUDWRU\ PRGHOLQJ GHYHORSHG LQ YDULRXV PRGHOLQJ SDFNDJHV DQG HQYLURQPHQWV�
+RZHYHU� RQH RI WKH ELJJHVW EHQHILWV RI XVLQJ (0$ ZRUNEHQFK LV WKDW LW VXSSRUWV VLPXODWLRQV
LQ SDUDOOHO SURFHVVRUV RQ ERWK VLQJOH PDFKLQHV DV ZHOO DV RQ FOXVWHUV� :KLFK WXUQHG RXW WR EH
XVHIXO IRU WKH FRPSOHWLRQ RI WKLV WKHVLV� %HVLGHV� WKH ZRUNEHQFK LV IOH[LEOH� ,W VXSSRUWV DOO WKH
RSWLPL]DWLRQ DOJRULWKP WKDW FRPHV ZLWK WKH SODW\SXV�RSW SDFNDJH� RU WKH *HQHUDWLRQDO %RUJ
DOJRULWKP LQ ZRUNEHQFK� +RZHYHU� IRU WKLV WKHVLV ZH VWLFN WR ဍ�16*$�,, DOJRULWKP DQG DOO WKH
RSWLPL]DWLRQV DUH GRQH XVLQJ WKDW�

'LUHFWHG 6HDUFK
([SORUDWRU\ PRGHOLQJ LQYHVWLJDWHV KRZ XQFHUWDLQW\ DQG SROLF\ OHYHUV DIIHFW WKH RXWFRPH� 7KH
LQYHVWLJDWLRQ RI WKHVH PDSSLQJV DUH GRQH XVLQJ VDPSOLQJ�EDVHG VWUDWHJLHV �RSHQ H[SORUDWLRQ�
RU RSWLPL]DWLRQ�EDVHG VWUDWHJLHV �GLUHFWHG VHDUFK�� )RU� WKLV WKHVLV ZH XWLOL]H WKH GLUHFWHG
VHDUFK FDSDELOLWLHV RI WKH ZRUNEHQFK�

6HDUFK RYHU OHYHUV
'LUHFWHG VHDUFK LV YHU\ RIWHQ XVHG WR SHUIRUP RSWLPL]DWLRQ RYHU GHFLVLRQ OHYHUV� +HUH WKH
RSHUDWLQJ UXOHV IRU WKH UHVHUYRLU DUH WKH GHFLVLRQ OHYHUV WKDW HYHQWXDOO\ DIIHFW WKH RXWFRPH
RYHU PXOWLSOH REMHFWLYHV� 7KLV LV SUHWW\ VWUDLJKWIRUZDUG WR SHUIRUP XVLQJ WKH ZRUNEHQFK� 7KXV�
PDNLQJ LW RQH RI WKH EHVW FDQGLGDWHV IRU WKH DVVHVVPHQW RI UHVHUYRLU SHUIRUPDQFH RYHU WKH
WKUHH REMHFWLYHV�

7UDFNLQJ FRQYHUJHQFH
,Q PXOWL�REMHFWLYH RSWLPL]DWLRQ RQH RI WKH YLWDO FRPSRQHQWV LQ DVVHVVLQJ WKH FRQYHUJHQFH RI WKH
DOJRULWKP� +\SHUYROXPH DQG HSVLORQ SURJUHVV DUH WKH WZR PHWULFV WKDW ZRUNEHQFK VXSSRUWV�
+\SHUYROXPH LV D PHDVXUH RI KRZ PXFK RI WKH REMHFWLYH VSDFH LV FRYHUHG E\ D JLYHQ VHW RI
QRQ�GRPLQDWHG VROXWLRQV� 7KH KLJKHU WKH K\SHUYROXPH� WKH ODUJHU WKH VSDFH WKDW LV FRYHUHG E\
WKH REMHFWLYHV� ,W JURZV HDUO\ RQ DQG VWDUWV WR VWDELOL]H RQFH WKH DOJRULWKP VWDUWV WR FRQYHUJH�
(SVLORQ SURJUHVV PHDVXUHV KRZ RIWHQ D VROXWLRQ LV IRXQG LQ D QHZ JULG FHOO RI WKH HSVLORQ
JULGGHG RXWSXW VSDFH� ,QLWLDOO\� WKH VROXWLRQV LQ QHZ JULG FHOOV DUH IRXQG TXLWH IUHTXHQWO\� 2QFH
WKH DOJRULWKP VWDUWV WR FRQYHUJH� HSVLORQ SURJUHVV EHFRPHV PRUH GLIILFXOW WKXV VWDELOL]LQJ WKH
DOJRULWKP�



�
5HVXOWV

���� /HYHO�$UHD�6WRUDJH FXUYHV
7KH ILUVW UHVHDUFK JRDO RI WKLV WKHVLV ZDV WR SURFHVV WKH GDWD VR WKDW LW FDQ EH XVHG E\ GLI�
IHUHQW ZDWHU PDQDJHPHQW WRROV� )RU 5,%$6,0� WKH /$6 FXUYH LQ WKH UHVHUYRLU QRGH EULGJHV
WKDW JDS� 7KH ORFDO /$6 FXUYHV ZHUH SDUW RI WKH 5,%$6,0 PRGHO IXUQLVKHG E\ WKH 129(&
FRQVXOWDQF\>�@� 7R HYDOXDWH WKH EHQHILWV RI KDYLQJ UHPRWHO\ VHQVHG GDWD HVSHFLDOO\ LQ VLWXD�
WLRQV ZKHQ WKH ORFDO GDWD DUH QRW HDVLO\ DFFHVVLEOH RU DUH QRW DYDLODEOH� WKH /$6 FXUYHV XVLQJ D
FRPELQDWLRQ RI UHPRWHO\ VHQVHG WLPH�VHULHV GDWD DQG VRPH RWKHU RSHQ�VRXUFH GDWDEDVH OLNH
*5DQ' ZDV GHULYHG XVLQJ HTXDWLRQV ���� ���� DQG ����

������ 5HPRWHO\ VHQVHG WLPH VHULHV GDWD � *5DQ'
7KH DUHD�FDSDFLW\ DQG OHYHO�FDSDFLW\ FXUYH IRU WKH UHVHUYRLUV LQ WKH EDVLQ GHULYHG IURP WKH
UHPRWHO\ VHQVHG GDWDVHW DQG *5DQ' GDWDEDVH KDYH EHHQ VKRZQ LQ )LJXUHV ��� DQG ��� UH�
VSHFWLYHO\� 7KH EOXH OLQH LV IRU WKH FXUYH GHULYHG XVLQJ UHPRWHO\ DFFHVVHG GDWD ZKLOH WKH
RUDQJH OLQHV VKRZ WKH UHODWLRQVKLS IURP WKH ORFDO GDWD� 7DEOH ��� VKRZV WKDW WKH VWRUDJH IRU
WKH ODUJH UHVHUYRLUV LV DSSUR[LPDWHG EHWWHU DV FRPSDUHG WR WKH VPDOO UHVHUYRLUV� 7KLV PDNHV
VHQVH DV WKH HPSLULFDO IRUPXODV KDYH D ODUJHU YROXPH WR DSSUR[LPDWH WKHVH FXUYHV DQG KHQFH�
HVWLPDWHV WKH /$6 FXUYHV EHWWHU IRU WKH ODUJH UHVHUYRLUV DV FRPSDUHG WR WKH VPDOOHU UHVHUYRLUV�
7KH UHODWLYH URRW PHDQ VTXDUH HUURU �506(� YDOXHV IRU WKH VWRUDJH WKDW ZH JHW IURP WKH NDYHK
HW DO>��@ IRU ODUJH UHVHUYRLUV OLNH $O 0DVVLUD DQG %LQ (O 2XLGDQH UHVHUYRLU LV OHVV WKDQ WKH 0RXO�
OD\ <RXVVHI UHVHUYRLU WKLV LV DOVR WUXH IRU WKH $KPHG (O +DQVDO DQG +DVVDQ �HU UHVHUYRLUV� 7KH
EHWWHU DSSUR[LPDWLRQ IRU WKH ODUJH UHVHUYRLUV YDOLGDWHV WKLV K\SRWKHVLV�

5HVHUYRLU 5HODWLYH 506( 6WRUDJH �0FP� 6RXUFH
$O 0DVVLUD ���� ���� 5HPRWH VHQVLQJ � *5DQ'

%LQ (O 2XLGDQH ���� ���� 5HPRWH VHQVLQJ � *5DQ'
0RXOOD\ <RXVVHI ���� ��� 5HPRWH VHQVLQJ � *5DQ'
+DVVDQ �HU ���� ������ 5HPRWH VHQVLQJ � *RRJOH HDUWK SUR

$KPHG (O +DQVDO ���� ������ 5HPRWH VHQVLQJ � *RRJOH HDUWK SUR

7DEOH ���� 5HODWLYH UPVH RI WKH VWRUDJH ZH JHW IURP WKH UHPRWHO\ VHQVHG /$6 FXUYHV ZLWK UHVSHFW WR WKDW ZH JHW
IURP ORFDO /$6 FXUYHV

��
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7KH DSSUR[LPDWLRQ DOVR GHSHQGV RQ WKH VRXUFHV RI GDWD EHLQJ XVHG WR FRPH XS ZLWK WKH /$6
FXUYHV� )RU +DVVDQ �HU DQG $KPHG (O +DQVDO UHVHUYRLUV� ZH XVHG WKH JRRJOH HDUWK SUR VRIW�
ZDUH WR JHW WKH GHSWK� 7KH UHODWLYHO\ EHWWHU DSSUR[LPDWLRQ RI WKH VWRUDJH IRU WKH $KPHG (O
+DQVDO UHVHUYRLU DV FRPSDUHG WR WKH $O 0DVVLUD DQG %LQ (O 2XLGDQH UHVHUYRLUV FDQ EH GXH WR
WKH GLIIHUHQW VRXUFHV RI GDWD XVHG WR FRPH XS ZLWK WKH VKDSH IDFWRU 1 GLVFXVVHG LQ VHFWLRQ
������ 7KLV FDQ YHU\ ZHOO EH WKH UHDVRQ IRU D EHWWHU DSSUR[LPDWLRQ RI 0RXOOD\ <RXVVHI DV FRP�
SDUHG WR WKH +DVVDQ �HU UHVHUYRLU� 7R DGGUHVV WKH ODFN RI GDWD LQ WKH *5DQ' GDWDEDVH ZH
XVHG JRRJOH HDUWK SUR VRIWZDUH WR JHW WKH DSSUR[LPDWH GHSWK RI WKH +DVVDQ �HU DQG $KPHG
(O +DQVDO UHVHUYRLU� 7KH LPDJHV IRU WKH WZR UHVHUYRLUV ZHUH KRZHYHU FDSWXUHG DW GLIIHUHQW
SRLQWV RI WLPH DQG PLJKW QRW EH UHSUHVHQWDWLYH RI WKH PD[LPXP GHSWK� )RU WKH $O 0DVVLUD�
%LQ (O 2XLGDQH� DQG 0RXOOD\ <RXVVHI UHVHUYRLUV� ZH XVHG WKH DYHUDJH GHSWK IURP WKH *5DQ'
GDWDEDVH ZKLFK LV DJDLQ QRW HTXDO WR WKH PD[LPXP GHSWK WKDW ZH JHW IURP WKH ORFDO GDWD�
7KHVH DSSUR[LPDWLRQV VKDOO LPSURYH LI ZH KDYH DQ DFFXUDWH VRXUFH RI PD[LPXP GHSWK DQG
VWRUDJH�

)LJXUH ��� VKRZV WKDW IRU WKH GU\ VHDVRQ ZKHQ WKH VWRUDJH LQ WKH UHVHUYRLU LV OHVV� WKH UH�
PRWHO\ VHQVHG DUHD�FDSDFLW\ FXUYH IRU $O 0DVVLUD� %LQ (O 2XLGDQH� DQG 0RXOOD\ <RXVVHI WHQGV
WR RYHUHVWLPDWH WKH UHVHUYRLU VXUIDFH DUHD� 7KH +DVVDQ �HU RYHUHVWLPDWHV WKH VXUIDFH DUHD
WKURXJKRXW WKH SORW IRU ERWK ORZ DQG KLJK VWRUDJHV� )LQDOO\� $KPHG (O +DQVDO XQGHUHVWLPDWHV
WKH DUHD RI UHVHUYRLU VXUIDFH IRU ERWK KLJK DQG ORZ VWRUDJH YDOXHV L�H� IRU ERWK GU\ DQG ZHW
VHDVRQV� )RU WKH ZHW VHDVRQV ZKHQ WKH VWRUDJH LQ WKH UHVHUYRLU LV PRUH $O 0DVVLUD� %LQ (O
2XLGDQH DQG 0RXOOD\ <RXVVHI XQGHUHVWLPDWH WKH UHVHUYRLU VXUIDFH DUHD�

:KHQ ZH GHOYH GHHSHU LQWR WKH /$6 FXUYHV� :H REVHUYH WKDW LQ ILJXUH ��� WKH OHYHO�FDSDFLW\
FXUYH GHULYHG XVLQJ UHPRWHO\ DFFHVVHG GDWD RYHUHVWLPDWHV WKH OHYHO LQ GU\ VHDVRQV ZLWK OHVV
VWRUDJH IRU WKH $O 0DVVLUD� %LQ (O 2XLGDQH� +DVVDQ �HU� DQG $KPHG (O +DQVDO UHVHUYRLUV�
7KLV VKDOO UHIOHFW RQ WKH HQHUJ\ JHQHUDWHG IURP WKHVH UHVHUYRLUV� +HQFH� WKHUH VKDOO EH DQ LQ�
FUHDVH LQ WKH HQHUJ\ JHQHUDWLRQ IURP WKHVH UHVHUYRLUV LQ GU\ SHULRGV� )RU WKH 0RXOOD\ <RXVVHI
UHVHUYRLU� WKH OHYHO LV XQGHUHVWLPDWHG IRU WKH VDPH VWRUDJH DV SHU WKH UHPRWHO\ VHQVHG OHYHO�
FDSDFLW\ FXUYH FRPSDUHG WR WKH ORFDO OHYHO�FDSDFLW\ FXUYH� 7KLV LV WUXH IRU ERWK ZHW DQG GU\
SHULRGV�

)RU ZHW SHULRGV ZKHQ WKH VWRUDJH LV KLJK LQ WKH UHVHUYRLUV� $O 0DVVLUD DQG %LQ (O 2XLGDQH
ZLOO KDYH OHVV OHYHO IRU WKH VDPH VWRUDJH ZKHQ ZH XVH WKH UHPRWHO\ VHQVHG OHYHO�FDSDFLW\
FXUYH LQVWHDG RI WKH ORFDO OHYHO�FDSDFLW\ FXUYH� 7KH UHPRWHO\ VHQVHG OHYHO�FDSDFLW\ FXUYHV IRU
WKH +DVVDQ �HU DQG $KPHG (O +DQVDO UHVHUYRLUV RYHUHVWLPDWH WKH OHYHO IRU ERWK GU\ DQG ZHW
VHDVRQV� 2ZLQJ WR LWV ODUJH HQHUJ\ FDSDFLW\ D GHFUHDVH LQ OHYHO GXULQJ WKH ZHW VHDVRQV IRU
WKH $O 0DVVLUD� %LQ (O 2XLGDQH WKHUH VKDOO EH D GHFOLQH LQ WKH DPRXQW RI WRS RQH SHUFHQWLOH
RI WKH HQHUJ\ JHQHUDWHG IURP WKH UHVHUYRLU V\VWHP� 7KLV KDV EHHQ GLVFXVVHG LQ GHWDLO ODWHU LQ
WKLV UHSRUW�

���� /RFDO /$6 FXUYH DQG VHGLPHQWDWLRQ
$SDUW IURP FRPLQJ XS ZLWK WKH QHZ VHW RI /$6 FXUYHV� ZH FDQ DOVR XWLOL]H WKH UHPRWHO\ VHQVHG
WLPH�VHULHV GDWD IRU WKH GHWDLOHG DQDO\VLV RI WKH HIIHFWV RI VHGLPHQWDWLRQ LQ WKH UHVHUYRLU� 7KH
UHPRWHO\ VHQVHG UHVHUYRLU VXUIDFH DUHD WLPH VHULHV KDV EHHQ SURYHG WR EH TXLWH DFFXUDWH LQ
VXUIDFH ZDWHU GHWHFWLRQ>��@ DQG FDQ EH XVHG WR LGHQWLI\ WKH HIIHFWV RI VHGLPHQWDWLRQ LQ WKH
UHVHUYRLUV�

)LJXUH ��� VKRZV WKH VXUIDFH DUHD WLPH VHULHV IRU WKH IRXU UHVHUYRLUV� $O 0DVVLUD� %LQ (O



���� /RFDO /$6 FXUYH DQG VHGLPHQWDWLRQ ��

)LJXUH ���� /RFDO YV 'HULYHG DUHD FDSDFLW\ FXUYH IRU WKH ILYH UHVHUYRLUV LQ WKH 2(5 EDVLQ
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)LJXUH ���� /RFDO YV 'HULYHG OHYHO FDSDFLW\ FXUYH IRU WKH ILYH UHVHUYRLUV LQ WKH 2(5 EDVLQ



���� /RFDO /$6 FXUYH DQG VHGLPHQWDWLRQ ��

)LJXUH ���� 6XUIDFH DUHD WLPH VHULHV IRU $O 0DVVLUD� %LQ (O 2XLGDQH� 0RXOOD\ <RXVVHI DQG +DVVDQ �HU UHVHUYRLUV

2XLGDQH� 0RXOOD\ <RXVVHI� DQG +DVVDQ �HU� 'LIIHUHQW OLQHV VKRZ WKH VXUIDFH DUHD WLPH VHULHV
JHQHUDWHG IURP GLIIHUHQW GDWD VRXUFHV� 7KH RUDQJH OLQH FRUUHVSRQGV WR UHPRWHO\ VHQVHG WLPH�
VHULHV GDWD� WKH OLJKW EOXH OLQH FRUUHVSRQGV WR WKH DUHD WLPH VHULHV JHQHUDWHG XVLQJ WKH ORFDO
OHYHO DQG ORFDO /$6 FXUYHV� )LQDOO\� WKH GDUN EOXH OLQH FRUUHVSRQGV WR WKH VXUIDFH DUHD WLPH
VHULHV JHQHUDWHG XVLQJ ORFDO VWRUDJH DQG ORFDO /$6 FXUYHV�

7KH DUHD WLPH VHULHV JHQHUDWHG XVLQJ WKH FRPELQDWLRQ RI ORFDO /$6 FXUYHV DQG OHYHO GDWD
LV TXLWH FORVH WR WKH UHPRWHO\ VHQVHG DUHD IRU WKH $O 0DVVLUD UHVHUYRLU� 6LPLODUO\� WKH VXUIDFH
DUHD WLPH VHULHV JHQHUDWHG XVLQJ OHYHO GDWD IRU WKH %LQ (O 2XLGDQH LV TXLWH FORVH WR WKH UHPRWHO\
VHQVHG VXUIDFH DUHD WLPH VHULHV� +RZHYHU� WKH DUHD JHQHUDWHG XVLQJ VWRUDJH GDWD WHQGV WR
RYHUHVWLPDWH WKH VXUIDFH DUHD RI WKH UHVHUYRLUV GXULQJ ZHW SHULRGV FRPSDUHG WR WKH UHPRWHO\
VHQVHG UHVHUYRLU VXUIDFH DUHD� )RU WKH 0RXOOD\ <RXVVHI DQG +DVVDQ �HU UHVHUYRLUV� WKHUH LV
D QRWLFHDEOH GHYLDWLRQ RI WKH DUHD WLPH VHULHV JHQHUDWHG XVLQJ OHYHO GDWD DQG VWRUDJH GDWD
IXUQLVKHG E\ WKH DXWKRULWLHV FRPSDUHG WR WKH UHPRWHO\ VHQVHG WLPH�VHULHV GDWD� 7KLV VXJJHVWV
WRZDUGV KLJK UDWH RI VHGLPHQWDWLRQ DORQJ WKH VLGHV RI WKH UHVHUYRLU DV VRLO GHSRVLWV DW WKH VLGHV
RI WKH UHVHUYRLU FDQ EH GHWHFWHG E\ WKH VDWHOOLWH�

7R DVVHVV WKH LPSDFW RI WKH VHGLPHQWDWLRQ RQ WKH VWRUDJH RI WKH UHVHUYRLUV ZH WU\ WR DQD�
O\]H WKH VWRUDJH WLPH VHULHV SORW JHQHUDWHG XVLQJ UHPRWHO\ VHQVHG WLPH�VHULHV GDWD DQG ORFDO
/$6 FXUYHV� 7KH\ DUH WKHQ FRPSDUHG WR WKH ORFDO VWRUDJH WLPH VHULHV SURYLGHG E\ WKH UHVHUYRLU
DXWKRULWLHV�

)LJXUH ��� VKRZV WKH VWRUDJH WLPH VHULHV IRU WKH UHVHUYRLUV� 6LPLODU WR WKH DUHD WLPH VHULHV
WKH RUDQJH OLQH LQ WKH VWRUDJH WLPH VHULHV LV IRU WKH VWRUDJH JHQHUDWHG XVLQJ WKH UHPRWHO\
VHQVHG UHVHUYRLU VXUIDFH DUHD WLPH VHULHV� DQG WKH GDUN EOXH OLQH LV WKH VWRUDJH IXUQLVKHG E\
WKH DXWKRULWLHV� 7KH DSSUR[LPDWLRQ RI WKH VWRUDJH IXUQLVKHG E\ WKH ORFDO DXWKRULWLHV LV TXLWH
FORVH WR WKH VWRUDJH JHQHUDWHG XVLQJ UHPRWHO\ VHQVHG WLPH�VHULHV GDWD RI UHVHUYRLU VXUIDFH
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)LJXUH ���� 6WRUDJH WLPH VHULHV IRU $O 0DVVLUD� %LQ (O 2XLGDQH� 0RXOOD\ <RXVVHI DQG +DVVDQ �HU UHVHUYRLUV

DUHD IRU WKH $O 0DVVLUD UHVHUYRLU� $V WKLV DSSUR[LPDWLRQ LV UHDOO\ JRRG WKURXJKRXW WKH SORW ZH
FDQ LQIHU WKDW WKH UHVHUYRLU LV OHVV SURQH WR WKH HIIHFWV RI VHGLPHQWDWLRQ DQG WKH /$6 FXUYH GLG
QRW FKDQJH PXFK ZLWK WLPH� 7KLV FDQ EH YDOLGDWHG DV WDEOH ��� VKRZV WKDW $O 0DVVLUD KDV RQO\
���� FKDQJH ZLWK WKH SHUFHQWDJH UDWH RI FKDQJH RI �����\HDU LQ VWRUDJH GXH WR VHGLPHQWDWLRQ

)RU WKH %LQ (O 2XLGDQH UHVHUYRLU� WKH ORFDO VWRUDJH IXUQLVKHG E\ WKH UHVHUYRLU DXWKRULWLHV LV
QRW TXLWH FORVH WR ZKDW ZH JHW IURP WKH UHPRWHO\ VHQVHG VXUIDFH DUHD WLPH VHULHV DQG XSGDWHG
/$6 FXUYHV� +RZHYHU� ZLWK WLPH WKH DSSUR[LPDWLRQ LPSURYHV VXJJHVWLQJ D FKDQJH LQ VKDSH
GXH WR VHGLPHQWDWLRQ� 6LQFH WKH ORFDO /$6 FXUYHV KDYH EHHQ XSGDWHG UHFHQWO\ WKH VWRUDJH
DSSUR[LPDWLRQ LPSURYHV DV ZH PRYH IURP OHIW WR ULJKW LQ WKH SORW� 7KH %LQ (O 2XLGDQH UHVHUYRLU
LV VPDOOHU WKDQ WKH $O 0DVVLUD UHVHUYRLU� KHQFH� D KLJKHU UDWH RI VHGLPHQWDWLRQ PDNHV VHQVH�

7KH VWRUDJH RI WKH %LQ (O 2XLGDQH UHVHUYRLU VLJQLILFDQWO\ GHFUHDVHV DURXQG WKH ����V� 7KLV LV
GXH WR WKH SUHYDOHQW UHVHUYRLU PDQDJHPHQW SROLFLHV LQ WKH EDVLQ� 7KLV VKRZV D VWURQJ FRUUHOD�
WLRQ EHWZHHQ ZDWHU VXSSOLHV DQG YROXPH VWRFNHG LQ WKH UHVHUYRLU� 7KH DQQXDO UHOHDVH SURJUDP
GHILQHG DW WKH EHJLQQLQJ RI HDFK K\GURORJLFDO \HDU LV GHWHUPLQHG E\ WZR IDFWRUV� WKH VWDWLVWL�
FDOO\ HVWLPDWHG ZDWHU VXSSO\ LQ WKH FXUUHQW \HDU DQG WKH DPRXQW RI ZDWHU REVHUYHG LQ WKH ODVW
\HDU� +HQFH� WKH GU\ SHULRG RI ��������� UHIOHFWV LQ WKH VWRUDJH RI WKH UHVHUYRLU>�@�

,Q D EDVLQ� WKH HIIHFWV RI VHGLPHQWDWLRQ DUH QRW WKDW SURQRXQFHG LQ ODUJH UHVHUYRLUV� )RU VPDOOHU
UHVHUYRLUV HIIHFWV RI VHGLPHQWDWLRQ EHFRPHV PRUH GRPLQDQW� 7KH VWRUDJH WLPH VHULHV SORW IRU
0RXOOD\ <RXVVHI DQG +DVVDQ �HU VKRZV VLJQLILFDQW LPSURYHPHQW LQ WKH DSSUR[LPDWLRQ DV ZH
PRYH IURP OHIW WR ULJKW� VXJJHVWLQJ D FKDQJH LQ WKH VKDSH RI WKH UHVHUYRLU GXH WR VHGLPHQWDWLRQ�
7KLV KDSSHQV EHFDXVH WKH /$6 FXUYHV KDYH EHHQ XSGDWHG DQG DUH FDSDEOH RI DSSUR[LPDWLQJ
WKH VWRUDJH ZHOO IRU WKH QHDU SDVW� 7KLV FDQ EH YDOLGDWHG WKURXJK D UHODWLYHO\ LQIHULRU DSSUR[L�
PDWLRQ RI WKH VWRUDJH WLPH VHULHV GXULQJ WKH LQLWLDO \HDUV IRU WKH 0RXOOD\ <RXVVHI DQG +DVVDQ
�HU UHVHUYRLUV DV FRPSDUHG WR WKH VWRUDJH WLPH VHULHV JHQHUDWHG XVLQJ UHPRWHO\ VHQVHG VXU�



���� /RFDO /$6 FXUYH DQG VHGLPHQWDWLRQ ��

)LJXUH ���� $UHD YV /HYHO VFDWWHU SORW IRU $O 0DVVLUD� %LQ (O 2XLGDQH� 0RXOOD\ <RXVVHI DQG +DVVDQ �HU UHVHUYRLU

IDFH DUHD WLPH VHULHV DQG XSGDWHG ORFDO /$6 FXUYHV� 7KLV DSSUR[LPDWLRQ� KRZHYHU� LPSURYHV
DV ZH PRYH IURP OHIW WR ULJKW LQ WKH SORW VXJJHVWLQJ WKDW WKHUH ZDV D FKDQJH LQ WKH JHRPHWU\
RI WKH UHVHUYRLU DQG WKH XSGDWHG /$6 FDQ FDSWXUH WKH ULJKW VKDSH�

)LJXUH ��� VKRZV WKH UHPRWHO\ VHQVHG VXUIDFH DUHD DJDLQVW WKH ORFDO OHYHO WLPH VHULHV� 7KH
VFDWWHU LQ WKH SORWV JLYH XV DQ LGHD RI WKH GHJUHH RI VHGLPHQWDWLRQ LQ WKH UHVHUYRLUV� 'HSHQGLQJ
RQ WKH WKLFNQHVV RI WKH VFDWWHU ZH FDQ GR D TXDOLWDWLYH DQDO\VLV RI WKH VHGLPHQWDWLRQ LQ HDFK
UHVHUYRLU� 7KH VFDWWHU SORW IRU WKH $O 0DVVLUD UHVHUYRLU LV QRW WKDW VSUHDG� VXJJHVWLQJ PRUH RU
OHVV WKH VDPH DUHD IRU D SDUWLFXODU OHYHO LQ WKH UHVHUYRLU� 7KH SORW KRZHYHU ZLGHQV IRU WKH %LQ
(O 2XLGDQH UHVHUYRLU� 0RXOOD\ <RXVVHI� DQG +DVVDQ �HU UHVHUYRLUV�

5HVHUYRLU 0D[ VW �0Pኽ��/RFDO� 0D[ DUHD �.Pኼ� �6DWHOOLWH� 0D[ VW �0Pኽ��6DWHOOLWH� 6W FKDQJH �0Pኽ� � &KDQJH � &KDQJH�\HDU
$O 0DVVLUD ������ ������� ������� ������ ��� ����

%LQ (O 2XLGDQH �������� ����� ������� ������ ����� ����
0RXOOD\ <RXVVHI ����� ���� ������ ����� ����� ����
+DVVDQ �HU ����� ���� ������ ����� ����� ����

$KPHG (O +DQVDO ��� ����� ������ ����� ����� ����

7DEOH ���� 6WRUDJH FKDQJH GXH WR VHGLPHQWDWLRQ LQ GLIIHUHQW UHVHUYRLUV

7DEOH ��� VKRZV WKH SHUFHQWDJH FKDQJHV DV D UHVXOW RI VHGLPHQWDWLRQ IRU WKH ILYH UHVHUYRLUV�
7KH SHUFHQWDJH FKDQJH LQ WKH VWRUDJH LV KLJK IRU VPDOOHU UHVHUYRLUV OLNH 0RXOD\ <RXVVHI DQG
+DVVDQ �HU UHVHUYRLUV ZLWK ����� DQG ����� SHUFHQW FKDQJH LQ WKH UHVHUYRLU VWRUDJH� )RU
$O 0DVVLUD WKLV YDOXH JRHV GRZQ WR ����� %LQ (O 2XLGDQH H[SHULHQFHV D FKDQJH LQ VWRUDJH
EHFDXVH RI VHGLPHQWDWLRQ RI ������ ZKLOH $KPHG (O +DQVDO KDV D FKDQJH RI ������� 7KH
+DVVDQ �HU UHVHUYRLU KDV D SHUFHQWDJH FKDQJH RI ������\HDU� :KLFK LV KLJKHVW DPRQJVW ILYH
UHVHUYRLUV LQ WKH EDVLQ�
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���� )ORZ DOWHUDWLRQ
)LJXUH ��� WR ��� VKRZV WKH IORZ DOWHUDWLRQV IURP GLIIHUHQW UHVHUYRLUV DV D UHVXOW RI WKH FKDQJH
LQ WKH UHVSHFWLYH /$6 FXUYHV� 7KH VXUIDFH ZDWHU IORZ WKURXJK WKH V\VWHP LV LPSRUWDQW DV LW
JLYHV DQ LGHD RI WKH RYHUDOO ZDWHU DYDLODELOLW\ LQ WKH EDVLQ� DQG DOVR SOD\V DQ LPSRUWDQW UROH
LQ GHWHUPLQLQJ WKH UHVHUYRLU RSHUDWLRQV� $Q\ DOWHUDWLRQ XSVWUHDP RI WKHVH GDPV VKDOO UHIOHFW
LQ WKH LQIORZ WR WKHVH UHVHUYRLUV� 7DEOH ��� VKRZV WKH DOWHUDWLRQ LQ DYHUDJH IORZ IRU DQ RYHUDOO
SHULRG IURP ���� WR ���� DV D UHVXOW RI FKDQJLQJ WKH /$6 FXUYH LQ WKH UHVHUYRLUV� 7KH DYHUDJH
RXWIORZ GLG QRW DOWHU PXFK IRU WKH RYHUDOO SHULRG� 7KHUH LV D GHFOLQH LQ WKH RXWIORZ IURP WKH $O
0DVVLUD UHVHUYRLU ZKLFK ZHQW GRZQ WR ����� Pኽ�V IURP ����� Pኽ�V� 7KHUH LV QR FKDQJH LQ WKH
DYHUDJH RXWIORZ IURP WKH %LQ (O 2XLGDQH UHVHUYRLU� 7KH RWKHU WKUHH UHVHUYRLUV VKRZ PLQRU
FKDQJHV� :KLOH 0RXOOD\ <RXVVHI VKRZV D GHFOLQH LQ RXWIORZ� WKH +DVVDQ �HU� DQG $KPHG (O
+DQVDO VKRZV DQ LQFUHDVH LQ WKH DYHUDJH RXWIORZ DV D UHVXOW RI XVLQJ UHPRWHO\ VHQVHG /$6
FXUYHV� 7KHVH DOWHUDWLRQV DUH QRW VLJQLILFDQW DQG UHVW WKH FDVH RI XVLQJ UHPRWHO\ VHQVHG GDWD
WR FRPH XS ZLWK WKH /$6 FXUYH LQ WKH DEVHQFH RI ORFDO /$6 FXUYHV� +RZHYHU� WKHVH PLQRU
DOWHUDWLRQV EHFRPH FUXFLDO ZKHQ DQDO\]LQJ WKH H[WUHPHV DQG FDQ VLJQLILFDQWO\ DOWHU RXU REMHF�
WLYHV� :KLFK IRFXVHV RQ WKH ZRUVW DQG EHVW � SHUFHQWLOH DFURVV GLIIHUHQW ZDWHU GHPDQGV DQG
HQHUJ\ JHQHUDWLRQ�

5HVHUYRLU $YHUDJH 2OG �&X�P�V� $YHUDJH QHZ �&X�P�V�
$O 0DVVLUD 'RZQ ����� �����

%LQ (O 2XLGDQH 'RZQ ����� �����
0RXOOD\ <RXVVHI 'RZQ ���� ����
+DVVDQ �HU 'RZQ ���� ����

$KPHG HO +DQVDO 'RZQ ����� �����

7DEOH ���� $OWHUDWLRQ LQ WKH VXUIDFH ZDWHU IORZ GXH WR FKDQJHG /HYHO�$UHD�6WRUDJH UHODWLRQVKLS

:H IXUWKHU GHOYH LQWR DVVHVVLQJ WKH FKDQJH LQ IORZ� 7KLV LV GRQH E\ DVVHVVLQJ WKH PHDQ IORZ
DQG ��፭፡ SHUFHQWLOH IORZ ERXQGV IRU WKH GU\ DQG ZHW VHDVRQV� 7KH GU\ VHDVRQ LQ WKH 2(5
EDVLQ ODVWV IURP 0D\ WR 2FWREHU� WKH ZHW VHDVRQ VWDUWV LQ 1RYHPEHU DQG ODVWV WLOO $SULO�

������ 'U\ 6HDVRQV
)LJXUH ��� DQG ��� VKRZV WKH PHDQ DQG ��፭፡ SHUFHQWLOH LQWHUYDO RI WKH RXWIORZ IURP WKH UHVHU�
YRLUV IRU WKH WZR /$6 FXUYHV LQ GU\ VHDVRQV RI WKH 2(5 EDVLQ WKDW VWDUWV IURP 0D\ DQG HQGV
LQ 2FWREHU� )RU WKH $O 0DVVLUD UHVHUYRLU� WKH PHDQ IORZ UHPDLQV PRUH RU OHVV WKH VDPH IRU WKH
UHPRWHO\ VHQVHG /$6 FXUYH� 7KH PRQWK RI 0D\ REVHUYHV D YDULDWLRQ LQ WKH ��፭፡ SHUFHQWLOH LQ�
WHUYDO� 7KH ORZHU ERXQG RI WKH ��፭፡ GHFUHDVHV ZKHQ ZH XVH WKH UHPRWHO\ VHQVHG /$6 FXUYHV
IRU 0D\� 7KH XSSHU ��፭፡ OLPLW DOVR GHWHULRUDWHV IRU 0D\� 7KLV LQFUHDVHV WKH FKDQFHV RI D
GHFUHDVH LQ ZDWHU DYDLODELOLW\ LQ GULHU PRQWKV IRU SXEOLF ZDWHU VXSSO\ DQG LUULJDWLRQ IRU QRGHV
KDYLQJ $O 0DVVLUD UHVHUYRLU DV WKH VRXUFH�

7KH %LQ (O 2XLGDQH UHVHUYRLU GRHV QRW VKRZ DQ\ DOWHUDWLRQ LQ WKH RXWIORZ DV D UHVXOW RI WKH
FKDQJH LQ WKH /$6 FXUYHV� 7KLV FDQ EH YDOLGDWHG E\ DEVROXWHO\ QR FKDQJH LQ WKH FOLPDWRORJ\
SORWV IRU WKH GU\ VHDVRQV IRU WKH %LQ (O 2XLGDQH UHVHUYRLU VKRZQ LQ ILJXUH ����

7DEOH ��� VKRZV WKDW WKH RYHUDOO FKDQJH LQ WKH PHDQ IORZ IRU WKH 0RXOOD\ <RXVVHI UHVHUYRLU LV



���� )ORZ DOWHUDWLRQ ��

QHJOLJLEOH� :KHQ ZH PDNH D GHWDLOHG DQDO\VLV RI WKH LPSOLFDWLRQV RI FKDQJLQJ WKH /$6 FXUYH
RQ UHVHUYRLU RXWIORZ IRU GLIIHUHQW PRQWKV� :H REVHUYH D VOLJKW GHFOLQH LQ WKH DYHUDJH RXWIORZ
IRU 0D\ DQG -XQH� ILJXUH ���� 7KH XSSHU ERXQGV IRU WKH ��፭፡ SHUFHQWLOH LQWHUYDO DOVR GHFUHDVH
IRU -XQH ZKHQ ZH XVH WKH UHPRWHO\ VHQVHG /$6 FXUYHV� 7KH ORZHU ERXQG RI WKH ��፭፡ SHU�
FHQWLOH LQWHUYDO GHFUHDVHV IRU 0D\ ZKHQ ZH XVH WKH UHPRWHO\ VHQVHG /$6 FXUYHV� )LJXUH ���
VKRZV WKDW WKH PHDQ IORZ IRU WKH GU\ VHDVRQ GHWHULRUDWHG IRU -XO\ DQG $XJXVW LQ WKH +DV�
VDQ �HU UHVHUYRLU� :KLOH LW LQFUHDVHV IRU 0D\ ZLWK WKH UHPRWHO\ VHQVHG /$6 FXUYH� 7KH ��፭፡
SHUFHQWLOH ORZHU ERXQG DOVR GHFUHDVHV IRU -XQH DQG -XO\� 7KHUH LV QR FKDQJH LQ WKH XSSHU
ERXQGV RI WKH ��፭፡ SHUFHQWLOH LQWHUYDO H[FHSW IRU 6HSWHPEHU ZKLFK GHFUHDVHV IRU WKH UHPRWHO\
VHQVHG /$6 FXUYHV� 7KLV LQFUHDVHV WKH FKDQFHV RI IDLOXUH LQ PHHWLQJ GLIIHUHQW ZDWHU GHPDQGV
LQ GU\ PRQWKV� )LJXUH ��� VKRZV WKH RXWIORZ IURP WKH $KPHG (O +DQVDO UHVHUYRLU� 7KHUH LV D
VLJQLILFDQW FKDQJH LQ WKH IORZ DV D UHVXOW RI XVLQJ UHPRWHO\ VHQVHG /$6 FXUYHV� 7KHUH LV DQ
RYHUDOO LQFUHDVH LQ WKH PHDQ IORZ IRU WKH ZKROH GU\ VHDVRQ� 7KHUH LV DQ XSZDUG VKLIW LQ WKH
��፭፡ SHUFHQWLOH LQWHUYDO VXJJHVWLQJ DQ LQFUHDVH LQ ZDWHU RXWIORZ IURP WKH UHVHUYRLU DQG KHQFH�
ZDWHU DYDLODELOLW\ GRZQVWUHDP RI WKH $KPHG (O +DQVDO UHVHUYRLU�

������ :HW 6HDVRQV
7KH ZHW VHDVRQ LQ WKH 2(5 EDVLQ VWDUWV LQ 1RYHPEHU DQG FRQWLQXHV XQWLO $SULO� 7KRXJK WKH
RSWLPL]DWLRQ REMHFWLYH RI WKLV VWXG\ DLPV DW WKH ZRUVW�SHUIRUPLQJ � SHUFHQWLOH RI ZDWHU VKRUW�
DJH DW SXEOLF ZDWHU VXSSO\ QRGHV DQG LUULJDWLRQ QRGHV� :DWHU DYDLODELOLW\ LQ ZHW VHDVRQV FDQ
LQIOXHQFH WKH DPRXQW RI HQHUJ\ EHLQJ JHQHUDWHG IURP HDFK UHVHUYRLU DQG LPSURYH RU GHWHUL�
RUDWH WKH HQHUJ\ REMHFWLYH ZKLFK LV WKH VXP RI WKH WRS � SHUFHQWLOH RI WKH HQHUJ\ JHQHUDWHG�
)LJXUH ��� VKRZV WKH FKDQJH LQ PHDQ DQG ��፭፡ SHUFHQWLOH LQWHUYDO RI WKH IORZ IURP WKH $O 0DV�
VLUD UHVHUYRLU� :KLOH WKHUH LV QR VLJQLILFDQW FKDQJH LQ WKH DYHUDJH IORZ IURP WKH UHVHUYRLU� WKH
PRQWKV RI )HEUXDU\� 0DUFK� DQG $SULO VHHV D GHFOLQH LQ WKH PHDQ IORZ IURP WKH UHVHUYRLU ZKHQ
ZH XVH UHPRWHO\ VHQVHG /$6 FXUYHV� 7KHUH LV D GHWHULRUDWLRQ LQ WKH XSSHU ERXQG RI WKH ��፭፡
SHUFHQWLOH IRU WKH UHPRWHO\ VHQVHG /$6 FXUYHV� 7KH ORZHU ERXQG RI WKH ��፭፡ SHUFHQWLOH LQWHUYDO
DOVR GHFUHDVHV IRU $SULO� $V ZDV WKH FDVH IRU GU\ VHDVRQV� WKH %LQ (O 2XLGDQH UHVHUYRLU GRHV
QRW VKRZ DQ\ FKDQJH LQ WKH IORZ IRU WKH ZHW PRQWKV DV ZHOO� ILJXUH ����

)LJXUH ��� VKRZV WKDW WKHUH LV QRW PXFK FKDQJH LQ WKH RXWIORZ IURP WKH 0RXOOD\ <RXVVHI UHVHU�
YRLU LQ WKH ZHW VHDVRQ� 7KHUH LV D VOLJKW LQFUHDVH LQ WKH XSSHU ��፭፡ SHUFHQWLOH RI WKH RXWIORZ
IRU 1RYHPEHU DQG -DQXDU\� EXW WKHUH LV D GHFUHDVH LQ WKH XSSHU ��፭፡ SHUFHQWLOH IRU )HEUX�
DU\� 7KHUH LV D VOLJKW LQFUHDVH LQ WKH PHDQ IORZ IURP WKH 0RXOOD\ <RXVVHI IRU 'HFHPEHU EXW
WKDW VHHPV WR EH LQVLJQLILFDQW IRU WKH RYHUDOO SHUIRUPDQFH DFURVV WKH REMHFWLYHV RZLQJ WR UHOD�
WLYHO\ VPDOO VL]H DQG HQHUJ\ FDSDFLW\ RI WKH UHVHUYRLU �7DEOH ��� ZKHQ FRPSDUHG WR WKH RWKHU
UHVHUYRLUV LQ WKH EDVLQ� DOVR LW VHUYHV RQO\ ILYH RI WKH IRUW\�WKUHH SXEOLF ZDWHU VXSSO\ DQG LUULJD�
WLRQ QRGHV� )RU +DVVDQ �HU UHVHUYRLU DV ZHOO WKH DOWHUDWLRQ LQ WKH IORZ LV TXLWH PLQXWH� ILJXUH
���� 7KH XSSHU ��፭፡ SHUFHQWLOH LQFUHDVHV IRU -DQXDU\� EXW WKHUH LV D GHFOLQH LQ WKLV ERXQG IRU
'HFHPEHU DQG )HEUXDU\� 2YHUDOO� WKH PHDQ UHPDLQV WKH VDPH IRU WKH ZHW VHDVRQ DV IDU DV
+DVVDQ �HU UHVHUYRLU LV FRQFHUQHG�

)LJXUH ��� VKRZV WKH SORW IRU WKH $KPHG (O +DQVDO UHVHUYRLU GXULQJ ZHW VHDVRQV� )HEUX�
DU\� 0DUFK� DQG $SULO REVHUYH DQ LQFUHDVH LQ WKH PHDQ IORZ IURP WKH UHVHUYRLU IRU WKH UHPRWHO\
VHQVHG /$6 FXUYHV� 7KH XSSHU ��፭፡ SHUFHQWLOH LQFUHDVHV IRU )HEUXDU\� 0DUFK� DQG $SULO�
7KHUH LV D GHFOLQH LQ WKH ORZHU ��፭፡ SHUFHQWLOH IRU -DQXDU\� ZKLOH DQ LQFUHDVH LQ WKH ORZHU ��፭፡
SHUFHQWLOH IRU )HEUXDU\� 7KLV VXJJHVWV DQ RYHUDOO LQFUHDVH LQ WKH RXWIORZ IURP WKH $KPHG (O
+DQVDO UHVHUYRLU IRU ZHW PRQWKV�



�� �� 5HVXOWV

)LJXUH ���� &OLPDWRORJ\ SORW IRU GU\ VHDVRQV ZLWK PHDQ DQG ��WK SHUFHQWLOH LQWHUYDO IRU RXWIORZ IURP $O 0DVVLUD�
%LQ (O 2XLGDQH DQG 0RXOOD\ <RXVVHI UHVHUYRLUV IRU UHPRWHO\ VHQVHG DQG ORFDO /$6 FXUYH



���� )ORZ DOWHUDWLRQ ��

)LJXUH ���� &OLPDWRORJ\ SORW IRU GU\ VHDVRQV ZLWK PHDQ DQG ��WK SHUFHQWLOH LQWHUYDO IRU RXWIORZ IURP +DVVDQ �HU
DQG $KPHG (O +DQVDO UHVHUYRLUV IRU UHPRWHO\ VHQVHG DQG ORFDO /$6 FXUYH



�� �� 5HVXOWV

)LJXUH ���� &OLPDWRORJ\ SORW IRU ZHW VHDVRQV ZLWK PHDQ DQG ��WK SHUFHQWLOH LQWHUYDO IRU RXWIORZ IURP $O 0DVVLUD�
%LQ (O 2XLGDQH DQG 0RXOOD\ <RXVVHI UHVHUYRLUV IRU UHPRWHO\ VHQVHG DQG ORFDO /$6 FXUYH



���� )ORZ DOWHUDWLRQ ��

)LJXUH ���� &OLPDWRORJ\ SORW IRU ZHW VHDVRQV ZLWK PHDQ DQG ��WK SHUFHQWLOH LQWHUYDO IRU RXWIORZ IURP +DVVDQ �HU
DQG $KPHG (O +DQVDO UHVHUYRLUV IRU UHPRWHO\ VHQVHG DQG ORFDO /$6 FXUYH



�� �� 5HVXOWV

���� 3HUIRUPDQFH DFURVV REMHFWLYHV
6LQFH WKH UHPRWHO\ VHQVHG /$6 FXUYHV ZHUH DEOH WR DSSUR[LPDWH WKH ORFDO /$6 FXUYHV ZHOO�
WKH QH[W VWHS VKDOO EH WR XVH WKH WZR VHWV RI FXUYHV WR VLPXODWH WKH 5,%$6,0 PRGHO WR DVVHVV
WKH FKDQJH LQ SHUIRUPDQFH DFURVV WKH WKUHH REMHFWLYHV� 7KH WZR 5,%$6,0 PRGHOV ZHUH VHW XS
ZLWK GLIIHUHQW /$6 FXUYHV��� /RFDO DQG �� 5HPRWHO\ VHQVHG� 7KH 5,%$6,0PRGHO ZLWK WKH ORFDO
/$6 FXUYH ZDV H[HFXWHG ILUVW ZLWK WKUHH REMHFWLYHV� SXEOLF ZDWHU VXSSO\� HQHUJ\ JHQHUDWHG�
DQG YDULDEOH LUULJDWLRQ GHPDQGV� 7KH (0$ ZRUNEHQFK ZDV XVHG ZLWK ������� QIH� )LJXUH ���
VKRZV WKDW WKH DOJRULWKP FRQYHUJHG IRU ERWK HSVLORQ SURJUHVV DQG K\SHUYROXPH FRQYHUJHQFH
JLYLQJ ILYH RSWLPXP VROXWLRQV IRU WKH ORFDO /$6 FXUYHV� :KDW LV LQWHUHVWLQJ WR VHH WKDW IRU
WKH JLYHQ VHW RI ORFDO /$6 FXUYHV� WKH VROXWLRQ FRQYHUJHV WR MXVW ILYH SRVVLEOH VROXWLRQV� 7KLV
LQGLFDWHV WKDW WKH RSWLPL]DWLRQ DOJRULWKP LV QRW DEOH WR ILQG DQ\ RWKHU WUDGH�RIIV RWKHU WKDQ WKHVH
ZKLFK VHUYHV WKH VDPH OHYHO RI XWLOLW\� 7DEOH ��� VKRZV WKH SHUIRUPDQFH DFURVV REMHFWLYHV ZLWK
WKH SUHYDOHQW RSHUDWLQJ UXOHV ZLWK ORFDO /$6 DQG UHPRWHO\ VHQVHG /$6 FXUYHV WKLV ZDV GRQH E\
UXQQLQJ ERWK WKH 5,%$6,0PRGHOV RQFH ZLWKRXW RSWLPL]DWLRQ� )LJXUH ���� VKRZV WKDW WKHUH LV D
VLJQLILFDQW LPSURYHPHQW DV IDU DV WKH HQHUJ\ JHQHUDWLRQ LV FRQFHUQHG DV D UHVXOW RI RSWLPL]DWLRQ
ZLWK ORFDO /$6 FXUYHV� 7KH RSWLPL]DWLRQ UHVXOWV VKRZ WKDW WKH PLQLPXP RI WKH WRS � SHUFHQWLOH
RI WKH VXP RI HQHUJ\ JHQHUDWLRQ LQ WKH EDVLQ LV ������� *:KZKLFK FDQ JR XS WR ������� *:K�
:KLOH WKH HQHUJ\ JHQHUDWHG ZLWKRXW RSWLPL]DWLRQ ZLWK WKH SUHYDOHQW RSHUDWLQJ UXOHV DQG ORFDO
/$6 FXUYH DV VKRZQ LQ WDEOH ��� LV ������� *:K� 7KH RSWLPL]DWLRQ LPSURYHV SHUIRUPDQFH
DFURVV WKH RWKHU WZR REMHFWLYHV DV ZHOO� 7KH LUULJDWLRQ VKRUWDJH XQGHU H[WUHPH FRQGLWLRQV
L�H� ZRUVW RQH SHUFHQWLOH ZLWK SUHYDOHQW RSHUDWLQJ UXOH FXUYHV LV ������ Pኽ�V� 7KLV UHGXFHV WR
������ Pኽ�V LQ WKH ZRUVW�FDVH VFHQDULR DQG ������ Pኽ�V LQ WKH EHVW�FDVH VFHQDULR� 7KH SXEOLF
ZDWHU VXSSO\ REMHFWLYH ZDV DOUHDG\ SHUIRUPLQJ ZHOO� SUREDEO\ EHFDXVH RI WKH SUHYDOHQW ZDWHU
UHVRXUFHV PDQDJHPHQW SROLFLHV LQ WKH EDVLQ WKDW SULRULWL]H SXEOLF ZDWHU VXSSO\�GHPDQG RYHU
RWKHU ZDWHU XVHV� 6WLOO� ZH REVHUYH DQ LPSURYHPHQW LQ IXUQLVKLQJ SXEOLF ZDWHU VXSSO\ GHPDQGV
ZLWK WKH RSWLPL]HG RSHUDWLQJ UXOH FXUYHV�

/RFDO /HYHO�$UHD�6WRUDJH
5XQV 3XEOLF ZDWHU VXSSO\ VKRUWDJH �Pኽ�V� (QHUJ\ JHQHUDWHG �*:K� ,UULJDWLRQ VKRUWDJH �Pኽ�V�
0DQXDO ���� ������� ������

5HPRWHO\ VHQVHG /HYHO�$UHD�6WRUDJH
5XQV 3XEOLF ZDWHU VXSSO\ VKRUWDJH �Pኽ�V� (QHUJ\ JHQHUDWHG �*:K� ,UULJDWLRQ VKRUWDJH �Pኽ�V�
0DQXDO ���� ������� ������

7DEOH ���� 3HUIRUPDQFH DFURVV REMHFWLYHV IRU PDQXDO DQG RSWLPL]HG UXQV

7DEOH ��� VKRZV WKDW WKH XVH RI UHPRWHO\ VHQVHG /$6 FXUYHV GHWHULRUDWHG WKH SHUIRUPDQFH
DFURVV DOO WKH REMHFWLYHV ZKHQ XVHG ZLWK H[LVWLQJ RSHUDWLQJ UXOH FXUYHV� +RZHYHU� ZKHQ ZH
RSWLPL]H WKH QHZ /$6 FXUYH ZH JHW ��� VROXWLRQV� )LJXUHV ���� VKRZV WKDW FRPSDUHG WR WKH
SHUIRUPDQFH DFURVV WKH WKUHH REMHFWLYHV ZLWK H[LVWLQJ RSHUDWLQJ UXOHV DQG ORFDO /$6� RSWLPL]D�
WLRQ ZLWK UHPRWHO\ VHQVHG /$6 FXUYHV VKRZV LPSURYHPHQW DFURVV WKH HQHUJ\ REMHFWLYH DQG WKH
YDULDEOH LUULJDWLRQ REMHFWLYH� 7KLV FDQ EH VHHQ IURP WDEOH ��� ZKHUH WKH HQHUJ\ REMHFWLYH ZLWK
SUHYDOHQW RSHUDWLQJ UXOHV DQG /$6 FXUYHV LV ������� *:K ZKLFK FDQ LPSURYH IURP �������
*:K WR ������� *:K ZKHQ ZH HPSOR\ WKH UHPRWHO\ VHQVHG /$6 FXUYHV IRU RSWLPL]DWLRQ�
7KH SHUIRUPDQFH IRU WKH SXEOLF ZDWHU VXSSO\ REMHFWLYH KRZHYHU GHWHULRUDWHV IURP ���� Pኽ�V WR
���� Pኽ�V� 6KRUWDJH DW WKH YDULDEOH LUULJDWLRQ QRGHV GHFUHDVHV VLJQLILFDQWO\ ZLWK WKH YDULDEOH
LUULJDWLRQ REMHFWLYH XQGHU ZRUVW VFHQDULR JRLQJ GRZQ WR ������ Pኽ�V

)LJXUH ���� VKRZV WKH WUDGH�RIIV EHWZHHQ GLIIHUHQW REMHFWLYHV IRU WKH WZR RSWLPL]DWLRQV ZLWK



���� 3HUIRUPDQFH DFURVV REMHFWLYHV ��

)LJXUH ����� 3HUIRUPDQFH DFURVV REMHFWLYHV IRU RSWLPL]DWLRQ ZLWK /RFDO /$6 FXUYHV

)LJXUH ����� 3HUIRUPDQFH DFURVV REMHFWLYHV IRU RSWLPL]DWLRQ ZLWK UHPRWHO\ VHQVHG /$6 FXUYHV

)LJXUH ����� 3HUIRUPDQFH DFURVV REMHFWLYHV RI RSWLPL]HG RSHUDWLQJ UXOH FXUYHV XVLQJ UHPRWHO\ VHQVHG GDWD ZLWK
ORFDO /$6 FXUYHV

ORFDO /$6 FXUYHV DQG UHPRWHO\ VHQVHG /$6 FXUYHV� ,W DOVR VKRZV WKH SHUIRUPDQFH RI WKH
V\VWHP ZKHQ ZH XVH WKH RSHUDWLQJ UXOHV RSWLPL]HG XVLQJ UHPRWHO\ VHQVHG /$6 FXUYHV ZLWK
ORFDO /$6 FXUYHV� 7KH UHG GRWV FRUUHVSRQG WR WKH SHUIRUPDQFH IRU WKH RSWLPL]DWLRQ ZLWK OR�
FDO /$6 FXUYHV� WKH JUHHQ GRWV DUH IRU WKH SHUIRUPDQFH FRUUHVSRQGLQJ WR RSWLPL]DWLRQ ZLWK



�� �� 5HVXOWV

UHPRWHO\ VHQVHG /$6 FXUYHV DQG WKH EOXH GRWV VKRZ KRZ ZLOO WKH V\VWHP SHUIRUP LI ZH XVH
RSHUDWLQJ UXOHV RSWLPL]HG ZLWK UHPRWHO\ VHQVHG /$6 FXUYHV LQ D V\VWHP ZLWK ORFDO /$6 FXUYHV�

,Q DOO WKUHH SORWV� ZH VHH WKDW WKH RSWLPL]DWLRQ ZLWK ORFDO /$6 FXUYHV JLYHV WKH EHVW SRVVL�
EOH VHW RI UHVXOWV H[FHSW IRU WKH YDULDEOH LUULJDWLRQ REMHFWLYH� $V GLVFXVVHG WKH VKRUWDJH DW WKH
LUULJDWLRQ QRGHV LV OHDVW IRU RSWLPL]DWLRQ ZLWK UHPRWHO\ VHQVHG /$6 FXUYHV VKRZQ E\ JUHHQ GRWV
LQ ILJXUH ����� 7KH SHUIRUPDQFH GHWHULRUDWHV IRU WKH SXEOLF ZDWHU VXSSO\ REMHFWLYH DQG HQHUJ\
REMHFWLYH IRU WKH RSWLPL]DWLRQ ZLWK UHPRWHO\ VHQVHG /$6 FXUYHV� 7R KDYH UHPRWHO\ VHQVHG WLPH
VHULHV GDWD DV DQ DOWHUQDWLYH WR ORFDO GDWD� WKH SHUIRUPDQFH RI WKH V\VWHP VKRXOG EH DW SDU RU
FORVH WR WKH SHUIRUPDQFH ZH JHW ZKHQ WKH PRGHO LV RSWLPL]HG ZLWK ORFDO /$6 FXUYHV� 7KH
SHUIRUPDQFH GHWHULRUDWHV ZKHQ ZH XVH WKH RSHUDWLQJ UXOHV RSWLPL]HG ZLWK UHPRWHO\ VHQVHG
/$6 FXUYHV LQ D V\VWHP ZLWK ORFDO /$6 FXUYHV� +RZHYHU� :KHQ FRPSDUHG WR WKH SHUIRUPDQFH
DFURVV REMHFWLYHV IRU WKH H[LVWLQJ UXOH FXUYHV DQG ORFDO /$6� WKH SHUIRUPDQFH DFURVV HQHUJ\
REMHFWLYH DQG LUULJDWLRQ REMHFWLYH LPSURYHV VLJQLILFDQWO\� :LWK WKH ZRUVW LUULJDWLRQ REMHFWLYH RI
������ Pኽ�V ZKLFK LV VWLOO EHWWHU WKDQ ������ Pኽ�V ZLWK WKH H[LVWLQJ UXOH FXUYHV DQG ORFDO /$6�
7DEOH ��� VKRZV WKDW WKH HQHUJ\ JHQHUDWLRQ ZLWK WKH H[LVWLQJ UXOH FXUYHV LV ������� *:KZKLFK
LPSURYHV WR ������� *:K LQ WKH ZRUVW FRQGLWLRQ DQG ������� *:K XQGHU WKH EHVW VFHQDULR
ZKHQ ZH XVH RSHUDWLQJ UXOH FXUYHV RSWLPL]HG ZLWK UHPRWHO\ VHQVHG /$6 LQ D V\VWHP ZLWK ORFDO
/$6 FXUYHV� $V IDU DV WKH SXEOLF ZDWHU VXSSO\ VKRUWDJH LV FRQFHUQHG� LW WHQGV WR GHWHULRUDWH�
7DEOH ��� VKRZV WKDW WKH ZRUVW � SHUFHQWLOH RI WKH SXEOLF ZDWHU VKRUWDJH XQGHU SUHYDOHQW FRQ�
GLWLRQ LV ���� Pኽ�V� :KLOH WKH OHDVW VKRUWDJH SRVVLEOH IRU WKH SXEOLF ZDWHU VXSSO\ REMHFWLYH ZLWK
WKH QHZ VHW RI RSHUDWLQJ UXOH FXUYHV DQG ORFDO /$6 LV ���� Pኽ�V

)LJXUH ��������������� DQG ���� VKRZV WKDW XVLQJ RSHUDWLQJ UXOH FXUYHV RSWLPL]HG ZLWK UHPRWHO\

)LJXUH ����� 7UDGH RIIV EHWZHHQ GLIIHUHQW REMHFWLYHV ZLWK ORFDO /$6 FXUYHV� UHPRWHO\ VHQVHG /$6 FXUYHV DQG WKH
SHUIRUPDQFH ZLWK RSHUDWLQJ UXOHV RSWLPLVHG ZLWK UHPRWHO\ VHQVHG /$6 FXUYHV LQ D PRGHO ZLWK ORFDO /$6 FXUYHV

VHQVHG /$6 FXUYHV LQ D V\VWHP ZLWK ORFDO /$6 FXUYH LV ERXQG WR GHFUHDVH WKH SHUIRUPDQFH
DFURVV DOO WKH REMHFWLYHV� 'HVSLWH WKDW� LW LV VWLOO D JRRG RSWLRQ UDWKHU WKDQ VWLFNLQJ WR WKH H[LVW�
LQJ XQ�RSWLPL]HG VHW RI RSHUDWLQJ UXOH FXUYHV� 6LQFH WKH SXEOLF ZDWHU VXSSO\�GHPDQG LV RQH
RI WKH SULRULWLHV LQ WKH EDVLQ HYHU\WKLQJ ILQDOO\ WULFNOHV GRZQ WR WKH GLVFUHWLRQ RI WKH UHOHYDQW
VWDNHKROGHUV� $V D SROLF\PDNHU� WKH\ KDYH WR GHFLGH ZKHWKHU WKH\ FDQ DIIRUG WKLV GHWHULRUD�
WLRQ LQ PHHWLQJ SXEOLF ZDWHU VXSSO\ XQGHU H[WUHPH FRQGLWLRQV ZKLOH VLJQLILFDQWO\ LQFUHDVLQJ WKH
HQHUJ\ JHQHUDWLRQ DQG LUULJDWLRQ ZDWHU VXSSO\ LQ WKRVH PRQWKV�

���� 2SHUDWLQJ UXOH FXUYHV
7R DVVHVV WKH SHUIRUPDQFH RI WKH V\VWHP DFURVV GLIIHUHQW REMHFWLYHV ZH QHHG WR DVVHVV WKH
FKDQJH LQ WKH RSHUDWLQJ UXOH FXUYHV EHIRUH DQG DIWHU RSWLPL]DWLRQ� ,W LV DOVR HVVHQWLDO WR FDUU\



���� 2SHUDWLQJ UXOH FXUYHV ��

RXW D GHWDLOHG DQDO\VLV RI WKH RSWLPL]HG RSHUDWLQJ UXOH FXUYHV JHQHUDWHG ZLWK GLIIHUHQW VHWV RI
/$6 FXUYHV�

2SWLPL]DWLRQ ZLWK ORFDO /HYHO�$UHD�6WRUDJH FXUYHV
5HVHUYRLU 'HYLDWLRQ IORRG �P� 'HYLDWLRQ WDUJHW �P� 'HYLDWLRQ KHGJH �P� 'HSWK �P�
$O 0DVVLUD ���� ���� ����� ��

%LQ (O 2XLGDQH ���� ���� ����� ��
+DVVDQ �HU ���� ���� ����� ���

0RXOOD\ <RXVVHI ���� ���� ����� ��
$KPHG (O +DQVDO ���� ���� ����� ��

2SWLPL]DWLRQ ZLWK UHPRWHO\ VHQVHG /HYHO�$UHD�6WRUDJH FXUYHV
5HVHUYRLU 'HYLDWLRQ IORRG �P� 'HYLDWLRQ WDUJHW �P� 'HYLDWLRQ KHGJH �P� 'HSWK �P�
$O 0DVVLUD ���� ���� ����� ��

%LQ (O 2XLGDQH ���� ��� ����� ��
+DVVDQ �HU ���� ����� ����� ���

0RXOOD\ <RXVVHI ���� ���� ����� ��
$KPHG (O +DQVDO ���� ����� ����� ��

7DEOH ���� 9DULDELOLW\ LQ WKH UXOH FXUYHV VKRZQ E\ GLIIHUHQFH LQ WKH PD[LPXP DQG PLQLPXP OHYHOV LQ D \HDU�

������ )ORRG UXOH FXUYHV
,W VKRZV WKH PD[LPXP SRVVLEOH ZDWHU WKDW D UHVHUYRLU FDQ VWRUH VR WKDW WKHUH ZLOO EH VSDFH
DYDLODEOH WR DFFRPPRGDWH WKH FRPLQJ IORRGV� ,Q ILJXUH ���� WKH UHG OLQHV VKRZ WKH RSWLPL]HG
IORRG UXOH FXUYHV ZLWK UHPRWHO\ VHQVHG /$6 FXUYHV� WKH EODFN OLQHV DUH IRU WKH RSWLPL]HG UXOHV
ZLWK ORFDO /$6 FXUYHV ZKLOH WKH JUHHQ OLQH VKRZV WKH H[LVWLQJ IORRG UXOH FXUYHV LQ WKH UHVHU�
YRLU� )RU IRXU RI WKH ILYH UHVHUYRLUV� WKH IORRG UXOH FXUYHV EHLQJ XVHG QRZ DUH D VWUDLJKW OLQH
ZKLOH WKH $KPHG (O +DQVDO UHVHUYRLU KDV D VRPHZKDW VLQXVRLGDO IORRG UXOH FXUYH� )LJXUH ����
VKRZV WKDW IRU WKH $O 0DVVLUD� %LQ (O 2XLGDQH� +DVVDQ �HU� DQG 0RXOOD\ <RXVVHI UHVHUYRLU ZH
REVHUYH WKDW WKH RSWLPL]DWLRQ XVLQJ ORFDO /$6 JLYHV IORRG UXOH FXUYHV WKDW DUH TXLWH FORVH WR
ZKDW LV H[LVWLQJ LQ WKH EDVLQ� )RU PRVW PRQWKV WKH\ KDYH WKH VDPH YDOXH DV WKH H[LVWLQJ VHW RI
UXOH FXUYHV� 7KHUH DUH GLSV LQ WKH IORRG UXOH FXUYH OHYHO IRU WKH GU\ PRQWKV IURP 0D\ WR $XJXVW
LQ $O 0DVVLUD� %LQ (O 2XLGDQH� +DVVDQ �HU� DQG 0RXOOD\ <RXVVHI UHVHUYRLUV WR PDNH VSDFH IRU
IXWXUH LQFRPLQJ KLJK IORZV WKDW FDQ LQXQGDWH WKH EDVLQ� 7DEOH ��� VKRZV WKH PD[LPXP GLSV LQ
GLIIHUHQW RSHUDWLQJ UXOH FXUYHV IRU WKH ILYH UHVHUYRLUV ZKHQ RSWLPL]HG ZLWK ORFDO DQG UHPRWHO\
VHQVHG /$6 FXUYHV� )RU IORRG UXOH FXUYHV� WKHVH GLSV DUH UHDOO\ VPDOO DV FRPSDUHG WR WKH
GHSWK RI WKH UHVHUYRLUV ZKLFK FDQ EH VHHQ LQ WDEOH� 7KRXJK WKH FKDQJH LQ OHYHO LV QRW WKDW
VLJQLILFDQW LW LV VWLOO YLWDO WR DFFRPPRGDWH DQ LQFUHDVH LQ LQIORZV�

7KH RSWLPL]HG IORRG UXOH FXUYH ZLWK WKH QHZ VHW RI UHPRWHO\ VHQVHG /$6 FXUYHV DOVR KDYH
GLSV LQ WKH IORRG UXOH FXUYHV IRU 'HFHPEHU DQG -DQXDU\ IRU $O 0DVVLUD DQG %LQ (O 2XLGDQH
UHVHUYRLU� 7KH +DVVDQ �HU DQG 0RXOOD\ <RXVVHI GRQ¶W VKRZ DQ\ GHYLDWLRQ IURP WKH H[LVWLQJ
UXOHV IRU PRVW RI WKH PRQWKV� WKHUH DUH GLSV LQ WKH IORRG UXOH FXUYHV IRU WKH PRQWKV RI 0D\ DQG
-XO\ IRU +DVVDQ �HU UHVHUYRLU DQG 0D\� -XQH� -XO\� DQG 6HSWHPEHU IRU WKH 0RXOOD\ <RXVVHI
UHVHUYRLU� 7KH RSWLPL]HG IORRG UXOH FXUYHV ZLWK UHPRWHO\ VHQVHG /$6 DUH FKDUDFWHUL]HG E\
UHJXODU GLSV� 7DEOH ��� VKRZV WKHVH FKDQJHV RU GLSV DUH FRPSDUDEOH IRU WKH RSWLPL]HG UXOH
FXUYHV ZH JHW ZLWK ORFDO /$6 RU UHPRWHO\ VHQVHG /$6 FXUYHV ZKHQ LW FRPHV WR $O 0DVVLUD
DQG %LQ (O 2XLGDQH UHVHUYRLUV� )RU +DVVDQ �HU DQG 0RXOOD\ <RXVVHI UHVHUYRLU� WKH GLSV LQ WKH
RSHUDWLQJ UXOH FXUYHV ZLWK WKH ORFDO /$6 FXUYHV DUH DOPRVW WKUHH WLPHV WR ZKDW ZH REVHUYH



�� �� 5HVXOWV

ZLWK UHPRWHO\ VHQVHG /$6 FXUYHV�

)RU WKH $KPHG (O +DQVDO UHVHUYRLU� WKH H[LVWLQJ IORRG UXOH FXUYH LV TXLWH GLIIHUHQW IURP ZKDW

)LJXUH ����� )ORRG UXOH FXUYHV

ZH KDYH IURP WKH RSWLPL]HG UXOH FXUYHV �ILJXUH ������ 7KH H[LVWLQJ UXOH FXUYH VXJJHVWV PXFK
PRUH VSDFH IRU IXWXUH IORRGV WKDQ QHFHVVDU\� &RPSDULQJ WKH RSWLPL]HG IORRG UXOH FXUYHV XV�



���� 7DUJHW UXOH FXUYHV ��

LQJ ORFDO /$6 DQG WKH RSWLPL]HG IORRG UXOH FXUYHV XVLQJ UHPRWHO\ VHQVHG /$6 VKRZV WKDW WKH
IORRG UXOH FXUYH VKDOO EH D VWUDLJKW OLQH ZLWK UHJXODU GLSV GHSHQGLQJ RQ WKH LQFRPLQJ IORZ LQWR
WKH UHVHUYRLU� +HUH� XQOLNH RWKHU UHVHUYRLUV IORRG UXOH FXUYHV RSWLPL]HG ZLWK UHPRWHO\ VHQVHG
/$6 FXUYHV VKRZ JUHDWHU GHYLDWLRQ RU GLSV DV FRPSDUHG WR WKH IORRG UXOH FXUYHV ZH JHW IURP
ORFDO /$6 FXUYHV�

���� 7DUJHW UXOH FXUYHV
7KH WDUJHW UXOH FXUYHV LQGLFDWH WKH WDUJHW VWRUDJH IRU RSWLPDO K\GURSRZHU JHQHUDWLRQ XQGHU
QRUPDO FRQGLWLRQV� 6LPLODU WR WKH IORRG UXOH FXUYHV WKH H[LVWLQJ VHW RI WDUJHW UXOH FXUYHV DUH
VWUDLJKW OLQHV� )RU $O 0DVVLUD� %LQ (O 2XLGDQH� +DVVDQ �HU� DQG 0RXOOD\ <RXVVHI UHVHUYRLU�
7KH RSWLPL]HG WDUJHW UXOH FXUYHV DUH TXLWH FORVH WR WKH H[LVWLQJ UXOHV� 7KH GHYLDWLRQV RU GLSV
LQ WKH RSWLPL]HG VHW RI WDUJHW UXOH FXUYHV DUH PRUH SURPLQHQW IRU DOO WKH ILYH UHVHUYRLUV DV FRP�
SDUHG WR WKH IORRG UXOH FXUYHV LQ WKRVH UHVHUYRLUV� WKLV FDQ EH VHHQ LQ WDEOH ���� 7KH GLSV LQ
WKH WDUJHW UXOH FXUYHV DUH VOLJKWO\ UDQGRP� 7KH RSWLPL]HG WDUJHW UXOH FXUYHV ZLWK ORFDO /$6
FXUYHV VXJJHVW D OHVVHU OHYHO GXULQJ -XO\ IRU WKH $O 0DVVLUD UHVHUYRLU� ,Q WKH %LQ (O 2XLGDQH
UHVHUYRLU WKHUH DUH GLSV LQ -DQXDU\� )HEUXDU\� 0D\� -XO\� DQG 6HSWHPEHU� 7KH DEUXSW FKDQJHV
LQ OHYHO VKDOO KDYH LPSOLFDWLRQV GRZQVWUHDP RI WKH %LQ (O 2XLGDQH UHVHUYRLU� :H REVHUYH VLP�
LODU GHYLDWLRQV IURP H[LVWLQJ WDUJHW UXOH FXUYHV ZKHQ ZH XVH UHPRWHO\ VHQVHG /$6 FXUYHV IRU
RSWLPL]DWLRQV�

)RU WKH +DVVDQ �HU UHVHUYRLU� WKH RSWLPL]HG WDUJHW UXOH FXUYHV IRU ORFDO /$6 FXUYHV DUH GLI�
IHUHQW IURP WKH UHPRWHO\ VHQVHG /$6 FXUYHV� 7KH GLSV DUH TXLWH VLJQLILFDQW IRU WKH WDUJHW UXOH
FXUYHV FRUUHVSRQGLQJ WR WKH UHPRWHO\ VHQVHG /$6 ZKLOH WKH GLSV DUH PXFK PRUH DWWHQXDWHG
IRU WDUJHW UXOHV FRUUHVSRQGLQJ WR WKH ORFDO /$6 FXUYHV� )RU WKH ODWWHU SDUW RI WKH \HDU� WKH WDUJHW
UXOH FXUYHV WKDW ZH JHW IURP WKH ORFDO /$6 DUH TXLWH FORVH WR WKH H[LVWLQJ WDUJHW UXOH FXUYHV
LQ WKH EDVLQ� ZKLOH WKHUH DUH VPRRWK GLSV HYHU\ DOWHUQDWH PRQWK IRU WKH RSWLPL]HG WDUJHW UXOH
FXUYHV WKDW ZH JHW IURP UHPRWHO\ VHQVHG /$6 FXUYHV� 7KH FXUYHV IRU WKH 0RXOOD\ <RXVVHI
UHVHUYRLU DUH TXLWH GLIIHUHQW ZKHQ ZH XVH UHPRWHO\ VHQVHG /$6 FXUYHV LQVWHDG RI WKH ORFDO
/$6 FXUYHV IRU RSWLPL]DWLRQV� 7KRXJK WKHUH DUH DEUXSW GLSV LQ ERWK FDVHV DQG WKHVH GLSV DUH
QRW LQ SKDVH ZLWK HDFK RWKHU� ,Q WKH $KPHG (O +DQVDO UHVHUYRLU� ZH VHH WKDW WKH RSWLPL]HG
WDUJHW UXOH FXUYHV FRUUHVSRQGLQJ WR ERWK ORFDO /$6 DQG UHPRWHO\ VHQVHG /$6 DUH GLIIHUHQW
IURP WKH H[LVWLQJ UXOH FXUYHV� 7KH H[LVWLQJ FXUYH VXJJHVWV WKDW WKH UXOH FXUYH VKRXOG EH ORZHU
WKDQ ZKDW ZH JHW IURP WKH RSWLPL]DWLRQ UHVXOWV� 7KLV LQGLFDWHV VXE�RSWLPDO XWLOL]DWLRQ RI ZDWHU
UHVRXUFHV IRU WKH K\GURSRZHU JHQHUDWLRQ IURP WKH $KPHG (O +DQVDO UHVHUYRLU�

���� )LUP UXOH FXUYHV
7KH ILUP VWRUDJH FXUYH LQGLFDWHV WKH OHYHO WKDW VKRXOG EH PDLQWDLQHG LQ WKH UHVHUYRLU WR PDNH
VXUH WKDW WKH ILUP HQHUJ\ GHPDQGV DUH PHW GXULQJ FULWLFDO GU\ FRQGLWLRQV� 7KH H[LVWLQJ ILUP UXOH
FXUYHV LQ PRVW RI WKH UHVHUYRLUV DUH ORZHU WKDQ ZKDW ZH JHW IURP WKH RSWLPL]DWLRQ RI WKH 5,%�
$6,0 V\VWHP ZLWK ORFDO /$6 DQG UHPRWHO\ VHQVHG /$6 FXUYHV IRU PRVW RI WKH PRQWKV� 7KHVH
FXUYHV DUH UDQGRP� XQOLNH IORRG UXOH DQG WDUJHW UXOH FXUYHV� 7DEOH ��� VKRZV KLJK LQWUD�DQQXDO
YDULDWLRQV LQ WKH ILUP UXOH OHYHOV� 7KH RSWLPL]HG ILUP UXOH FXUYHV WKDW ZH JHW IURP ORFDO /$6
DQG UHPRWHO\ VHQVHG /$6 DUH UHODWLYHO\ VLPLODU WR HDFK RWKHU IRU WKH $O 0DVVLUD UHVHUYRLU� )RU
WKH %LQ (O 2XLGDQH UHVHUYRLU� WKH ILUP UXOH FXUYHV DUH TXLWH LQFRKHUHQW DQG VKRZ QR VLPLODULW\�
7KHVH FXUYHV DUH DOZD\V DERYH WKH SUHYDOHQW ILUP UXOH FXUYHV IRU WKH %LQ (O 2XLGDQH UHVHUYRLU
DQG JLYH PRUH URRP WR PLQLPL]H VKRUWDJH GXULQJ GU\ FRQGLWLRQV� )RU $O 0DVVLUD� WKH ILUP UXOH
FXUYHV DUH ORZHU WKDQ WKH H[LVWLQJ ILUP UXOHV IRU WKH PRQWK RI -XO\ ZKHQ ZH XVH WKH UHPRWHO\
VHQVHG /$6 IRU RSWLPL]DWLRQ� :KHQ WKH ORFDO /$6 FXUYH LV XVHG IRU RSWLPL]DWLRQ WKH ILUP UXOH
FXUYH LV ORZHU WKDQ WKH H[LVWLQJ ILUP UXOH FXUYH IRU WKH PRQWK RI $XJXVW�



�� �� 5HVXOWV

)LJXUH ����� 7DUJHW UXOH FXUYHV

7KH RSWLPL]HG UXOH FXUYHV IRU WKH +DVVDQ �HU UHVHUYRLU LV PRUH WKDQ WKH H[LVWLQJ UXOH FXUYHV IRU
WKH PRVW SDUW RI WKH \HDU� +RZHYHU� ZH VHH WKDW HYHU\ QRZ DQG WKHQ� WKH RSWLPL]HG ILUP UXOH
FXUYHV JR EHORZ WKH H[LVWLQJ ILUP UXOH FXUYHV IRU ERWK UHPRWHO\ VHQVHG DQG ORFDO /$6 FXUYHV�
7KLV KDSSHQV LQ WKH PRQWK RI 0DUFK� 0D\� DQG -XQH IRU WKH FXUYHV RSWLPL]HG ZLWK ORFDO /$6



���� )LUP UXOH FXUYHV ��

DQG IRU -XO\� $XJXVW� 6HSWHPEHU� DQG 2FWREHU IRU WKH ILUP UXOH FXUYHV RSWLPL]HG XVLQJ UHPRWHO\
VHQVHG /$6 FXUYHV� $ GHWDLOHG DQDO\VLV RI WKH ILUP UXOH FXUYHV RI WKH 0RXOOD\ <RXVVHI UHVHU�
YRLU VKRZV WKDW WKH ORFDO /$6 DQG UHPRWHO\ VHQVHG /$6 FXUYHV DUH LQFRKHUHQW DQG DUH PRVWO\
EHORZ WKH H[LVWLQJ ILUP UXOH LQ WKH UHVHUYRLU� )RU PRVW RI WKH GU\ VHDVRQV �0DUFK�6HSWHPEHU��
WKHVH FXUYHV DUH EHORZ WKH H[LVWLQJ ILUP VWRUDJH FXUYH�

/LNH DOO WKH RWKHU UHVHUYRLUV WKH ILUP UXOH FXUYHV WKDW DUH H[LVWLQJ LQ WKH $KPHG (O +DQVDO
UHVHUYRLU DUH ORZHU WKDQ ZKDW ZH JHW IURP RSWLPL]DWLRQV� 'HVSLWH SHULRGLF GLSV LQ WKH UXOH
FXUYHV� WKH ILUP UXOH FXUYH RSWLPL]HG ZLWK ORFDO /$6 FXUYHV QHYHU JRHV EHORZ WKH H[LVWLQJ ILUP
UXOH� 0HDQZKLOH� ILUP UXOH FXUYHV IURP WKH UHPRWHO\ VHQVHG /$6 WHQG WR EUHDFK WKH H[LVWLQJ
ILUP UXOH IRU WKH PRQWKV RI 0D\� -XQH� DQG -XO\� DQG LQ VRPH FDVHV� 1RYHPEHU�

2YHUDOO LW VHHPV WKDW WKH RSWLPL]DWLRQ \LHOGV VRPHZKDW VLPLODU UHVXOWV IRU ERWK ORFDO /$6 DQG
UHPRWHO\ VHQVHG /$6� 7KH H[LVWLQJ ILUP UXOH FXUYHV DUH ORZHU WKDQ PRVW RI WKH RSWLPL]HG ILUP
UXOHV IRU $O 0DVVLUD� %LQ (O 2XLGDQH� +DVVDQ �HU� DQG $KPHG (O +DQVDO UHVHUYRLU� +RZHYHU�
WKHVH ILUP UXOH FXUYHV JR EHORZ WKH H[LVWLQJ ILUP UXOH FXUYH HYHU\ QRZ DQG WKHQ VXJJHVWLQJ
WKDW WKHUH LV PRUH URRP IRU XVLQJ WKH UHVHUYRLU WR DGGUHVV RWKHU ZDWHU GHPDQGV XQGHU KDUVK
FRQGLWLRQV� $ GHWDLOHG DQDO\VLV RI WKH 5,%$6,0 PRGHO UHYHDOHG WKDW FXUUHQWO\� WKH ILUP HQHUJ\
GHPDQG LQ DOO WKH ILYH UHVHUYRLUV LV ]HUR� 7KLV PDNHV LW DQ XQFRQVWUDLQHG SUREOHP DQG WKXV
PDNLQJ WKH MRE RI ZDWHU UHVRXUFH PDQDJHUV LQ WKH EDVLQ HDVLHU�
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)LJXUH ����� )LUP UXOH FXUYHV



�
'LVFXVVLRQV

���� /HYHO�$UHD�6WRUDJH FXUYH
7KH /$6 FXUYHV ZHUH GHULYHG XVLQJ WKH IRUPXOD E\ .DYHK HW DO >��@� +HUH� WKH DSSUR[LPDWLRQ
RI WKH VKDSH IDFWRU�UHVHUYRLU FRHIILFLHQW GHSHQGV RQ WZR IDFWRUV� D�'DWD RI PD[LPXP VWRUDJH�
OHYHO� DQG DUHD� E�6L]H RI WKH UHVHUYRLU� +HQFH� LW LV YHU\ YLWDO WR KDYH UHOLDEOH DQG DFFXUDWH
GDWD VRXUFHV IRU DSSUR[LPDWLQJ WKH FDSDFLW\ RI D UHVHUYRLU DW D SDUWLFXODU OHYHO ZHOO HQRXJK WR
VHUYH DV DQ DOWHUQDWLYH WR WKH ORFDO /$6 FXUYHV� 6LPLODUO\� IRU ODUJH UHVHUYRLUV� WKH HVWLPDWLRQ
RI WKH /$6 FXUYHV DUH EHWWHU WKDQ WKH VPDOOHU UHVHUYRLUV >��@� )RU WKH VDPH VRXUFH RI GDWD�
WKH UHODWLYHO\ ODUJHU UHVHUYRLUV OLNH $O 0DVVLUD� %LQ (O 2XLGDQH DUH DSSUR[LPDWHG EHWWHU WKDQ
WKH 0RXOOD\ <RXVVHI UHVHUYRLU DQG WKH UHODWLYH UPVH YDOXH RI $KPHG (O +DQVDO ZDV ORZHU WKDQ
WKDW RI +DVVDQ �HU� 7KH ORZHU UHODWLYH UPVH YDOXH RI 0RXOOD\ <RXVVHI DV FRPSDUHG WR +DVVDQ
�HU LQ VSLWH RI EHLQJ VPDOOHU RI WKH WZR FDQ EH EHFDXVH RI GLIIHUHQW VRXUFHV RI GDWD� 7KH DYHU�
DJH GHSWK WKDW ZH JHW IURP WKH *5DQ' GDWDEDVH IRU WKH 0RXOOD\ <RXVVHI UHVHUYRLU LV ���� P
ZKLFK LV TXLWH FORVH WR �� P� WKH DFWXDO PD[LPXP GHSWK RI WKH UHVHUYRLU� )RU WKH +DVVDQ �HU
UHVHUYRLU� ZH FDOFXODWHG WKH GHSWK E\ VXEWUDFWLQJ WKH UHVHUYRLU OHYHO DW WKDW SL[HO LQ WKH JRRJOH
HDUWK SUR VRIWZDUH IURP WKH IXOO UHVHUYRLU OHYHO �)5/� RI WKH +DVVDQ �HU UHVHUYRLU LW ZDV WKHQ
XVHG WR FDOFXODWH WKH VKDSH IDFWRU� 7KH GHSWK WKDW ZH JRW IURP WKHUH LV HTXDO WR ���P ZKLFK LV
QRW WKDW FORVH WR WKH DFWXDO PD[LPXP GHSWK RI ���P DV LW LV IRU WKH 0RXOOD\ <RXVVHI UHVHUYRLU
DQG DOVR RYHUHVWLPDWHV WKH PD[LPXP GHSWK RI WKH +DVVDQ �HU UHVHUYRLU� 7KHVH GLVFUHSDQFLHV
SOD\ DQ LPSRUWDQW UROH LQ HVWLPDWLQJ WKH /$6 FXUYHV DQG VKDOO EH NHSW LQ PLQG ZKHQ XVLQJ VXFK
HPSLULFDO IRUPXODV WR JHQHUDWH /$6 FXUYHV�

7KH IRUPXOD VXJJHVWHG E\ .DYHK HW DO >��@ SHUIRUPV EHWWHU ZLWK ODUJHU UHVHUYRLUV DV WKHUH DUH
PRUH VXUIDFH DUHD DQG YROXPH IRU DSSUR[LPDWLRQ DQG ILQDOO\ FRPLQJ XS ZLWK UHODWLYHO\ DFFXUDWH
YDOXHV IRU WKH VKDSH IDFWRU� 7KH $O 0DVVLUD� %LQ (O 2XLGDQH� DQG $KPHG (O +DQVDO UHVHUYRLUV
DUH ODUJH LQ VL]H DQG KHQFH� WKH IRUPXOD FDPH XS ZLWK UHODWLYHO\ DFFXUDWH /$6 FXUYHV ZKHQ
FRPSDUHG WR 0RXOOD\ <RXVVHI DQG +DVVDQ �HU UHVHUYRLUV ZKLFK DUH UHODWLYHO\ VPDOOHU WKDQ WKH
RWKHU WKUHH UHVHUYRLUV LQ WKH EDVLQ�

���� /RFDO /$6 FXUYH DQG VHGLPHQWDWLRQ
7KH DSSUR[LPDWLRQ RI WKH UHVHUYRLU VXUIDFH DUHD DQG VWRUDJH E\ WKH DUHD JHQHUDWHG XVLQJ ORFDO
GDWD DQG WKH ODWHVW /$6 FXUYHV YDU\ IRU HDFK UHVHUYRLU� 7KH $O 0DVVLUD EHLQJ WKH ODUJHVW RI WKH
ILYH UHVHUYRLUV LV OHDVW DIIHFWHG E\ VHGLPHQWDWLRQ� 7KH FORVH DSSUR[LPDWLRQ RI WKH VXUIDFH DUHD
DQG VWRUDJH WKURXJKRXW WKH RSHUDWLQJ SHULRG RI WKH $O 0DVVLUD XVLQJ WKH XSGDWHG /$6 FXUYHV
VXJJHVWV WKDW WKHUH LV QR VLJQLILFDQW FKDQJH LQ WKH VKDSH RI WKH UHVHUYRLU DQG WKH XSGDWHG

��
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ORFDO /$6 FXUYHV GLG QRW FKDQJH PXFK IURP WKH RULJLQDO /$6 FXUYHV FUHDWHG DW WKH VWDUW RI WKH
UHVHUYRLU RSHUDWLRQ� )RU WKH %LQ (O 2XLGDQH UHVHUYRLU� ZH KDYH VLPLODU UHVXOWV� KRZHYHU� WKH
DSSUR[LPDWLRQ RI WKH VXUIDFH DUHD DQG WKH VWRUDJH LPSURYHV DV ZH PRYH IURP OHIW WR ULJKW LQ
WKH WLPH VHULHV� 7KLV VXJJHVWV WKDW WKH ODWHVW /$6 FXUYH KDV FKDQJHG VOLJKWO\ IURP WKH RULJLQDO
/$6 FXUYH� 7DEOH ��� VKRZV D SHUFHQWDJH FKDQJH RI ������ IRU WKH %LQ (O 2XLGDQH UHVHUYRLU
ZLWK D SHUFHQWDJH UDWH RI FKDQJH RI ������\HDU� 7KH FKDQJH LQ VWRUDJH GXH WR VHGLPHQWDWLRQ
LV TXLWH VLJQLILFDQW IRU WKH 0RXOOD\ <RXVVHI DQG +DVVDQ �HU UHVHUYRLU� 7KLV LV TXLWH HYLGHQW
IURP WKHLU VXUIDFH DUHD DQG VWRUDJH WLPH VHULHV SORWV� ILJXUHV ��� DQG ���� 7KH FRPELQDWLRQ
RI WKH XSGDWHG ORFDO /$6 DQG OHYHO GDWD IDLOV WR DSSUR[LPDWH WKH LQLWLDO VWRUDJH DQG DUHD IRU
ERWK WKH UHVHUYRLUV ZHOO HQRXJK� 7KH DSSUR[LPDWLRQ DW WKH HQG RI WKH WLPH VHULHV LV EHWWHU
RZLQJ WR WKH IDFW WKDW WKH ORFDO /$6 FXUYH KDV EHHQ XSGDWHG UHFHQWO\� 7KH $KPHG (O +DQVDO
UHVHUYRLU LV YHU\ PXFK SURQH WR VHGLPHQWDWLRQ� 7KH ODFN RI ORFDO GDWD GLG QRW DOORZ XV WR GHOYH
GHHSHU LQWR WKH VXUIDFH DUHD WLPH VHULHV DQG VWRUDJH WLPH VHULHV IRU WKH $KPHG (O +DQVDO
UHVHUYRLU� +RZHYHU� WKH XSGDWHG ORFDO /$6 FXUYH LQ FRPELQDWLRQ ZLWK WKH PD[LPXP VXUIDFH
DUHD GHWHFWHG E\ UHPRWH VHQVLQJ ZDV XVHG WR FRPH XS ZLWK WKH SHUFHQWDJH FKDQJH LQ VWRUDJH
RZLQJ WR VHGLPHQWDWLRQ� ZKLFK LV IRXQG WR EH HTXDO WR ������ DQG SHUFHQWDJH UDWH RI FKDQJH
HTXDO WR ������\HDU� 7KH ODUJHU UHVHUYRLUV DUH WKHUHIRUH OHVV SURQH WR HIIHFWV RI VHGLPHQWDWLRQ�
WKH KLJK UDWH RI FKDQJH LQ WKH $KPHG (O +DQVDO UHVHUYRLU FDQ EH GXH WR WKH IDFW WKDW LW LV ORFDWHG
LQ KLOO\ UHJLRQV ZLWK URXJK WHUUDLQ DQG KLJK YHORFLW\ RI LQFRPLQJ ZDWHU FDSDEOH RI FDXVLQJ PRUH
HURVLRQ LQ LWV FRXUVH� LW DOVR GHSHQGV RQ VRLO WH[WXUH RI WKH UHJLRQ�

���� )ORZ $OWHUDWLRQ
7KH /$6 FXUYH WKXV SOD\V DQ LPSRUWDQW UROH LQ GHWHUPLQLQJ WKH ZDWHU UHOHDVH IURP WKH UHVHU�
YRLUV� :KHQ ZH XVH UHPRWHO\ VHQVHG /$6 FXUYHV ZH REVHUYH D GHFOLQH LQ WKH XSSHU ERXQG
RI ��፭፡ SHUFHQWLOH LQWHUYDO IRU WKH PRQWK RI 0D\ LQ WKH FDVH RI WKH $O 0DVVLUD UHVHUYRLU� WKLV
VXJJHVWV WKDW WKHUH LV DQ DWWHQXDWLRQ LQ WKH H[WUHPHV IRU WKH PRQWK RI 0D\� 7KH OHYHO�FDSDFLW\
FXUYH FUHDWHG XVLQJ UHPRWHO\ VHQVHG GDWD IRU WKH $O 0DVVLUD UHVHUYRLU XQGHUHVWLPDWHV WKH
OHYHO IRU SDUWLFXODU VWRUDJH GXULQJ GU\ VHDVRQV� +HQFH� XQGHUHVWLPDWLRQ RI D OHYHO GHFUHDVHV
WKH UHOHDVH IURP WKH UHVHUYRLU WR HQVXUH WKDW WKH VWDWH RI WKH UHVHUYRLU LV DW WKH WDUJHW UXOH
FXUYH� 'XULQJ ZHW VHDVRQV� WKHUH LV DOVR D GHFUHDVH LQ WKH H[WUHPHV WKDW FDQ EH VHHQ IURP
WKH ORZHULQJ RI WKH ��፭፡ SHUFHQWLOH ERXQG IRU WKH PRQWK RI )HEUXDU\� 0DUFK� DQG $SULO� 7KLV
GHSHQGV D ORW RQ WKH VWRUDJH LQ WKH UHVHUYRLU� 7KHUH FDQ EH QR PRPHQW ZKHQ WKH VWRUDJH
LQ WKH UHVHUYRLU JRHV EHORZ WKH SRLQW DV VKRZQ LQ ILJXUH ��� ZKHUH WKH OHYHO�FDSDFLW\ FXUYH
VWDUWV RYHUHVWLPDWLQJ WKH OHYHO LQ WKH UHVHUYRLU� )RU WKH %LQ (O 2XLGDQH UHVHUYRLU� ZH REVHUYH
QR FKDQJH LQ WKH IORZ DOWHUDWLRQ� 7KLV FDQ EH GXH WR XQFKDQJHG LQIORZ WR WKH UHVHUYRLU DQG D
SUHWW\ JRRG DSSUR[LPDWLRQ RI WKH OHYHO�FDSDFLW\ FXUYH� )LJXUH ��� VKRZV WKDW LQ WKH FDVH RI
WKH %LQ (O 2XLGDQH UHVHUYRLU� IRU VRPH YDOXHV RI VWRUDJH WKH UHPRWHO\ VHQVHG OHYHO�FDSDFLW\
FXUYH HVWLPDWHV WKH VDPH OHYHO DV HVWLPDWHG E\ WKH ORFDO /$6 FXUYHV� 7KH GHFUHDVH LQ WKH
H[WUHPHV IRU WKH 0RXOD\ <RXVVHI UHVHUYRLU IRU WKH PRQWK RI -XQH DQG -XO\ PDNHV VHQVH DV WKH
OHYHO�FDSDFLW\ FXUYH FRQVWDQWO\ XQGHUHVWLPDWHV WKH OHYHO IRU WKH VDPH VWRUDJH WKLV PHDQV WKDW
WKHUH VKRXOG EH OHVV UHOHDVH IURP WKH 0RXOOD\ <RXVVHI UHVHUYRLU� 7KLV VXJJHVWV WKDW GHSHQG�
LQJ RQ WKH VWDWH RI WKH UHVHUYRLU� WKH UHOHDVH IURP WKH UHVHUYRLU PLJKW EH FXUWDLOHG WR HQVXUH
WKDW WKH UHVHUYRLU LV DW WKH WDUJHW UXOH FXUYH� )RU WKH +DVVDQ �HU UHVHUYRLU� D VOLJKW LQFUHDVH
LQ WKH H[WUHPH IRU -XO\� DQG D GHFOLQH LQ WKH PHDQ IRU -XO\� $XJXVW� DQG 6HSWHPEHU KDV WR
GR ZLWK WKH VWRUDJH LQ WKH UHVHUYRLU DQG GHPDQG IURP WKH UHVHUYRLU� 7KH RSHUDWLRQV RI WKH
UHVHUYRLUV LQ WKH V\VWHP DUH LQWHUGHSHQGHQW L�H� WKH\ DOVR GHSHQG RQ WKH UHOHDVHV IURP RWKHU
UHVHUYRLUV LQ WKH QHWZRUN� 6LQFH� WKHUH LV DQ LQFUHDVH LQ WKH RXWIORZ IURP WKH $KPHG (O +DQVDO
UHVHUYRLU GXH WR RYHUHVWLPDWLRQ RI OHYHO IRU SDUWLFXODU VWRUDJH WKH RXWIORZ IURP WKH +DVVDQ �HU�
0RXOOD\ <RXVVHI DQG %LQ (O 2XLGDQH UHVHUYRLU FDQ EH DIIHFWHG� 7KH OHYHO�FDSDFLW\ FXUYH IRU



���� 3HUIRUPDQFH DFURVV REMHFWLYHV ��

WKH $KPHG (O +DQVDO UHVHUYRLU FRQVWDQWO\ RYHUHVWLPDWHV WKH OHYHO� 7KXV� WKHUH LV DQ LQFUHDVH
LQ WKH RXWIORZ IURP WKH $KPHG (O +DQVDO UHVHUYRLU IRU ERWK ZHW DQG GU\ VHDVRQV�

���� 3HUIRUPDQFH DFURVV REMHFWLYHV
)RU WKH PDQXDO UXQ� WKH SHUIRUPDQFH FRUUHVSRQGLQJ WR WKH ORFDO /$6 FXUYHV LV EHWWHU ZKHQ
FRPSDUHG WR WKH SHUIRUPDQFH ZLWK UHPRWHO\ VHQVHG /$6 FXUYHV� ,Q VHFWLRQ ��� ZH VDZ WKDW
WKH RXWIORZ IURP WKH $O 0DVVLUD� 0RXOOD\ <RXVVHI� DQG +DVVDQ �HU UHVHUYRLU GHFUHDVHV IRU WKH
GU\ PRQWKV ZKHQ ZH XVH WKH UHPRWHO\ VHQVHG WLPH�VHULHV GDWD DV D VRXUFH RI /$6 FXUYHV�
7KXV� MXVWLI\LQJ WKH LQFUHDVH LQ ZDWHU VKRUWDJH DW WKH SXEOLF ZDWHU VXSSO\ DQG YDULDEOH LUULJDWLRQ
QRGHV� 7KH $KPHG (O +DQVDO VKRZV DQ LQFUHDVH LQ WKH UHVHUYRLU RXWIORZ LQ WKH GU\ VHDVRQV�
+RZHYHU� LW VHUYHV DV D VRXUFH IRU RQO\ VHYHQ RI WKH WZHQW\�WZR YDULDEOH LUULJDWLRQ QRGHV� ZKHUH
LW LV QRW D SULPDU\ VRXUFH DQG WKHUHIRUH� VHUYHV ZDWHU GHPDQG RQO\ ZKHQ WKHUH LV D VKRUWDJH
RI ZDWHU IURP RWKHU VRXUFHV� 6LPLODUO\� IRU SXEOLF ZDWHU VXSSO\ QRGHV� WKH $KPHG (O +DQVDO
UHVHUYRLU IXUQLVKHV ZDWHU WR MXVW WZR RI WKH WZHQW\�RQH SXEOLF ZDWHU VXSSO\ QRGHV� 7KH RYHUDOO
HIIHFW RI $KPHG (O +DQVDO RQ WKH SXEOLF ZDWHU DQG YDULDEOH LUULJDWLRQ ZDWHU VXSSOLHV LV QRW
WKDW VLJQLILFDQW� 7KLV IXUWKHU JHWV VXEGXHG E\ WKH GHFUHDVH LQ WKH RXWIORZ IURP WKH $O 0DVVLUD
UHVHUYRLU ZKLFK LV WKH PRVW LPSRUWDQW UHVHUYRLU LQ WKH EDVLQ IXUQLVKLQJ ZDWHU WR WZHOYH GHPDQG
QRGHV�

5HVHUYRLU ,QVWDOOHG &DSDFLW\ �0:�
$O 0DVVLUD ���

%LQ (O 2XLGDQH ���
0RXOOD\ <RXVVHI ��
+DVVDQ �HU ����

$KPHG (O +DQVDO ��

7DEOH ���� +\GURSRZHU FDSDFLW\ IRU HDFK UHVHUYRLUV>�@

)LJXUH ���� 5HPRWHO\ VHQVHG VXUIDFH DUHD WLPH VHULHV IRU $KPHG (O +DQVDO UHVHUYRLU

)RU WKH HQHUJ\ REMHFWLYH� WKHUH LV D GHFOLQH LQ WKH WRS � SHUFHQWLOH RI WKH HQHUJ\ JHQHUDWHG ZKHQ
ZH XVH WKH UHPRWHO\ VHQVHG /$6 FXUYHV� 7KLV PDNHV VHQVH DV WKH $O 0DVVLUD� DQG 0RXOOD\
<RXVVHI ZLWQHVVHV GHFOLQH LQ WKH XSSHU ��፭፡ SHUFHQWLOH RI WKH RXWIORZ IURP WKH UHVHUYRLUV GXU�
LQJ WKH ZHW VHDVRQ� $O 0DVVLUD EHLQJ RQH RI WKH PDMRU UHVHUYRLUV LQ WKH EDVLQ LQIOXHQFHV WKH
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RYHUDOO HQHUJ\ JHQHUDWHG IURP WKH UHVHUYRLU V\VWHP� %HVLGHV� ILJXUH ��� VKRZV WKHUH LV QRW
PXFK LQFUHDVH LQ WKH H[WUHPHV IURP WKH $KPHG (O +DQVDO DQG +DVVDQ �HU UHVHUYRLU WKDW FDQ
FRPSHQVDWH IRU WKH GHFUHDVHG RXWIORZ IURP WKH $O 0DVVLUD UHVHUYRLU� 7DEOH ��� VKRZV WKH
LQVWDOOHG FDSDFLW\ IRU WKH ILYH UHVHUYRLUV� 7KH %LQ (O 2XLGDQH KDV WKH KLJKHVW FDSDFLW\ IRO�
ORZHG E\ $O 0DVVLUD� $KPHG (O +DQVDO� 0RXOOD\ <RXVVHI� DQG +DVVDQ �HU� %HVLGHV KDYLQJ
ORZ FDSDFLW\ FRPSDUHG WR WKH %LQ (O 2XLGDQH DQG $O 0DVVLUD UHVHUYRLU� WKH $KPHG (O +DQVDO
UHVHUYRLU KDV EHHQ FRQVWUXFWHG TXLWH UHFHQWO\ LQ WKH \HDU ����� 7KLV DOVR MXVWLILHV WKH UHGXF�
WLRQ LQ WKH SHUIRUPDQFH RI WKH HQHUJ\ REMHFWLYH VKRZQ LQ WDEOH ��� GHVSLWH WKH LQFUHDVH LQ WKH
RXWIORZ IURP WKH $KPHG (O +DQVDO UHVHUYRLU� )LJXUH ��� LV WKH UHPRWHO\ VHQVHG WLPH VHULHV
RI UHVHUYRLU VXUIDFH DUHDV IRU WKH $KPHG (O +DQVDO UHVHUYRLU� 7KHUH LV D VXGGHQ ULVH LQ WKH
VXUIDFH DUHD LQ WKH \HDU ���� VXJJHVWLQJ WKH FRQVWUXFWLRQ RI WKH UHVHUYRLU�

)LJXUH ���� VKRZV WKH WUDGH�RIIV EHWZHHQ GLIIHUHQW REMHFWLYHV� 7KH SHUIRUPDQFH LV ERXQG
WR EH LQIHULRU ZKHQ FRPSDUHG WR WKH SHUIRUPDQFH RI WKH RSWLPL]DWLRQ UHVXOWV XVLQJ WKH ORFDO
/$6 FXUYH� 7KH RSWLPL]DWLRQ DOJRULWKP FRPHV XS ZLWK WKH EHVW SRVVLEOH VHW RI UHVXOWV IRU D
SDUWLFXODU VFHQDULR� 6R LW LV XQOLNHO\ WKDW WKH RSHUDWLQJ UXOH FXUYHV XVLQJ RQH VHW RI /$6 FXUYHV
ZLOO LPSURYH WKH SHUIRUPDQFH RI WKH EDVLQ ZKHQ ZH XVH LW ZLWK WKH RWKHU VHW RI /$6 FXUYHV�

2QH WKLQJ SHFXOLDU DERXW WKH RSWLPL]DWLRQ UXQV LV WKDW ZH JRW MXVW ILYH VROXWLRQV IRU WKH RSWL�
PXP RSHUDWLQJ UXOH FXUYH XVLQJ WKH ORFDO /$6 FXUYH� ZKLOH ZH JHW ��� VROXWLRQV IRU WKH QHZ
VHW RI /$6 FXUYHV JHQHUDWHG XVLQJ UHPRWHO\ VHQVHG GDWD� 7KLV GLVFUHSDQF\ FDQ EH GXH WR WKH
LQWULQVLF UDQGRPQHVV RI WKH DOJRULWKP� :DUG HW DO >��@ VKRZV WKDW ZLWK LQFUHDVLQJ GHFLVLRQ YDUL�
DEOHV GLIIHUHQW RSWLPL]DWLRQ DOJRULWKPV FDQ KDYH D GLIIHUHQW OHYHO RI SHUIRUPDQFH DQG ဍ�16*$�,,
PLJKW QRW EH WKH EHVW RSWLRQ IRU RSWLPL]DWLRQ LQ FDVHV ZLWK D KLJK QXPEHU RI GHFLVLRQ YDULDEOHV�

)LJXUH ���� &RQYHUJHQFH IRU RSWLPL]DWLRQ XVLQJ ORFDO /$6 FXUYHV

)LJXUHV ��� DQG ��� VKRZV WKH HSVLORQ SURJUHVV DQG K\SHUYROXPH FRQYHUJHQFH IRU WKH WZR
RSWLPL]DWLRQV XVLQJ GLIIHUHQW VRXUFHV RI GDWD� :KLOH� WKH K\SHUYROXPH FRQYHUJHV IRU ERWK
WKH UXQV� WKH HSVLORQ SURJUHVV GRHV QRW FRQYHUJH LQ WKH RSWLPL]DWLRQ IRU WKH PRGHO ZLWK WKH
UHPRWHO\ VHQVHG /$6 FXUYHV� 7KLV PHDQV WKDW WKH DOJRULWKP FDQ ILQG WKH DSSUR[LPDWH EHVW
SRVVLEOH VHW RI UHVXOWV IRU ERWK WKH UXQV KRZHYHU� IRU WKH VHFRQG UXQ ZLWK UHPRWHO\ VHQVHG /$6
FXUYHV IXUWKHU UXQV DUH UHTXLUHG WR ILQDOO\ FRQYHUJH WR D FRQVWDQW VHW RI RSWLPL]DWLRQ UHVXOWV�

7KH UHVXOWV WKDW ZH KDYH DUH VXIILFLHQW WR JLYH XV DQ LGHD RI ZKDW UHPRWHO\ VHQVHG WLPH�VHULHV
GDWD EULQJV WR WKH WDEOH DQG KRZ LW FDQ SURYH WR EH DQ DVVHW DQG DQ HIILFLHQW VRXUFH RI GDWD LQ
EULGJLQJ GDWD JDSV LQ WKH ILHOG RI ZDWHU V\VWHPV VFLHQFH�
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)LJXUH ���� &RQYHUJHQFH IRU RSWLPL]DWLRQ XVLQJ UHPRWHO\ VHQVHG /$6 FXUYHV

���� 2SHUDWLQJ UXOH FXUYHV
7KH IORRG UXOH FXUYHV H[LVWLQJ IRU WKH $O 0DVVLUD� %LQ (O 2XLGDQH� +DVVDQ �HU� DQG 0RXOOD\
<RXVVHI UHVHUYRLUV DUH D VWUDLJKW OLQH� 7KH 2(5 EDVLQ LV PRUH SURQH WR GURXJKWV WKDQ IORRGV�
7KHUHIRUH� KDYLQJ D IORRG UXOH FXUYH ZKLFK LV D VWUDLJKW OLQH VHUYHV WKH SXUSRVH RI SURWHFWLQJ
WKH EDVLQ IURP SRWHQWLDO IORRGV� 7KH H[LVWLQJ IORRG UXOH FXUYHV WKRXJK VXJJHVW WKDW WKH UHVHUYRLU
GRHVQ¶W WDNH LQWR DFFRXQW WKH LQWUD�DQQXDO YDULDELOLW\ RI WKH LQIORZ WR WKH UHVHUYRLU� 7KH UHJXODU
GLSV WKRXJK VPDOO LQ WKH RSWLPL]HG IORRG UXOH FXUYHV VXJJHVW WKDW WKHUH PLJKW EH D UHJXODU QHHG
IRU WKH UHVHUYRLUV WR PDNH H[WUD VSDFH IRU LQFUHDVLQJ LQIORZ WR WKH EDVLQ� 7KH IORRG UXOH FXUYHV
FRUUHVSRQGLQJ WR ORFDO /$6 FXUYHV GLS LQ WKH PRQWK RI HLWKHU 0D\� -XQH� -XO\� RU $XJXVW OHDYLQJ
H[WUD URRP IRU WKH ZHW PRQWKV DQG JUDGXDOO\ LQFUHDVLQJ LQIORZ WR WKH UHVHUYRLU� )LJXUH ��� DQG
��� VKRZ WKDW 0D\ WR 1RYHPEHU LV PDUNHG E\ ORZ LQIORZ WR WKH UHVHUYRLUV� WKHUHDIWHU IROORZHG
E\ ULVH LQ WKH LQFRPLQJ IORZV� 7KLV VKDOO EH WKH UHDVRQ IRU WKH GLSV LQ WKH IORRG UXOH FXUYHV LQ
WKH UHVHUYRLUV WR DFFRPPRGDWH IXWXUH KLJK IORZV� 7KH H[LVWLQJ IORRG UXOH FXUYHV WHQG WR LJQRUH
WKHVH YDULDWLRQV LQ WKH LQFRPLQJ IORZV�

7KH RSHUDWLQJ UXOH FXUYHV WKDW ZH JHW IURP WKH RSWLPL]DWLRQ RI 5,%$6,0 PRGHOV ZLWK UHPRWHO\

)LJXUH ���� ,QIORZ WR WKH $O 0DVVLUD UHVHUYRLU ZLWK WKH WZR VHW RI /$6 FXUYHV

VHQVHG /$6 DUH VOLJKWO\ LQFRKHUHQW WR ZKDW ZH JHW IURP WKH ORFDO /$6 FXUYHV� 7KH GLSV LQ WKH
IORRG UXOH FXUYHV IRU WKH $O 0DVVLUD UHVHUYRLU ZKHQ ZH XVH WKH UHPRWHO\ VHQVHG /$6 FXUYHV
DUH PRVWO\ FRQFHQWUDWHG LQ WKH ODWHU SDUWV RI WKH \HDU� 7KLV PDNHV VHQVH DV ZH REVHUYH IURP
ILJXUH ��� WKH KLJKHVW LQIORZ WR WKH $O 0DVVLUD UHVHUYRLU KDSSHQV LQ 0DUFK DQG WKH UHVHUYRLU
QHHGV WR PDNH URRP IRU WKH LQFUHDVHG LQIORZ DFFRUGLQJO\� :LWK WKH ORFDO /$6 FXUYHV� WKH GLSV
DUH PXFK VLJQLILFDQW IRU WKH GU\ PRQWKV RI -XO\ DQG $XJXVW ZKLFK LV HQRXJK WR DFFRPPRGDWH
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D FRQVWDQW ULVH LQ LQIORZ LQ WKH IROORZLQJ PRQWKV� :H JHW VLPLODU WUHQGV LQ WKH IORRG UXOH FXUYHV
RI WKH %LQ (O 2XLGDQH UHVHUYRLU� WKH LQIORZ WR WKH %LQ (O 2XLGDQH UHVHUYRLU DOVR SHDNV LQ 0DUFK
DQG VWDUWV ULVLQJ IURP 2FWREHU� %HVLGHV� $O 0DVVLUD DQG %LQ (O 2XLGDQH DUH VLPLODU LQ VL]H DQG
LQVWDOOHG HQHUJ\ FDSDFLW\� 7KHUHIRUH� LW PDNHV VHQVH LI WKH\ KDYH VRPHZKDW VLPLODU WUHQGV DV
IDU DV WKH IORRG UXOH FXUYHV DUH FRQFHUQHG� 7KH PDJQLWXGH DQG WLPH RI WKHVH GHYLDWLRQV LQ
WKH UXOH FXUYHV GHSHQG D ORW RQ WKH VWRUDJH RI WKH UHVHUYRLU� 7KHUHIRUH� PRUH DQDO\VLV VKDOO
EH GRQH RQ WKH FKDQJHV LQ WKH VWRUDJH RI WKH UHVHUYRLU ZLWK WLPH� 6WRUDJH ZLWK /$6 FXUYHV
VKDOO WKHQ EH XVHG WR JHW WKH OHYHO LQ HDFK RI WKH UHVHUYRLUV WR KDYH D GHWDLOHG DQDO\VLV RI WKH
YDULDWLRQV LQ WKHVH UXOH FXUYHV�

7KH IORRG UXOH FXUYHV WKDW ZH JHW FRUUHVSRQGLQJ WR WKH WZR VHWV RI /$6 FXUYHV VKRZ VLPL�

)LJXUH ���� ,QIORZ WR %LQ (O 2XLGDQH� +DVVDQ �HU� 0RXOOD\ <RXVVHI DQG $KPHG (O +DQVDO UHVHUYRLUV

ODU WUHQGV IRU WKH +DVVDQ �HU DQG 0RXOOD\ <RXVVHI UHVHUYRLUV� 7KH GLSV LQ WKH IORRG UXOH FXUYHV
IRU 0D\� -XQH� RU -XO\ FDQ EH YHU\ PXFK D UHDVRQ IRU LQFRPLQJ KLJK IORZV LQ WKHVH UHVHUYRLUV
DV ZHOO�

7KH IORRG UXOH FXUYHV IRU WKH $KPHG (O +DQVDO UHVHUYRLUV DUH TXLWH GLIIHUHQW IURP WKH H[LVWLQJ
IORRG UXOH FXUYH LQ WKH EDVLQ� +RZHYHU� WKH UXOH FXUYHV WKDW ZH JHW IURP WKH WZR RSWLPL]DWLRQV
DUH TXLWH VLPLODU DQG PRUH RU OHVV D VWUDLJKW OLQH� 7KH GLSV LQ WKH IORRG UXOH FXUYH LQ WKH ODWWHU
KDOI RI WKH \HDU FDQ EH GXH WR WKH IRUWKFRPLQJ LQFUHDVH LQ WKH LQIORZ WR WKH UHVHUYRLU ZKLFK
VWDUWV LQFUHDVLQJ LQ 1RYHPEHU DQG UHDFKHV LWV PD[LPXP LQ 0DUFK� 7KHUH LV UHODWLYHO\ OHVV GLS
LQ WKH IORRG UXOH FXUYHV RSWLPL]HG ZLWK ORFDO /$6 FXUYHV FRPSDUHG WR WKH GLSV ZLWK UHPRWHO\
VHQVHG /$6 FXUYHV DQG DUH OLPLWHG RQO\ WR 6HSWHPEHU�

)LJXUH ��� VKRZV WKDW WKHUH LV QR FKDQJH LQ WKH LQIORZ IRU WKH %LQ (O 2XLGDQH� +DVVDQ �HU�
0RXOOD\ <RXVVHI� DQG $KPHG (O +DQVDO UHVHUYRLU ZLWK WKH FKDQJH RI WKH /$6 FXUYHV DV WKH\
DUH WKH XSVWUHDP UHVHUYRLUV LQ WKH EDVLQ� 7KHUHIRUH� WKH FKDQJH LQ RSHUDWLQJ UXOHV LQ WKHVH
UHVHUYRLUV DUH PRUH LQIOXHQFHG E\ GRZQVWUHDP GHPDQGV DQG UHVSRQVH RI WKH $O 0DVVLUD UHVHU�



���� 2SHUDWLQJ UXOH FXUYHV ��

YRLU� 7KLV FDQ EH RQH RI WKH UHDVRQV ZK\ LQ ILJXUH ���� ZH REVHUYH WKH GLIIHUHQFH EHWZHHQ
WKH IORRG UXOH FXUYHV IURP UHPRWHO\ VHQVHG /$6 DQG ORFDO /$6 DUH PRUH SURQRXQFHG LQ WKH
$O 0DVVLUD UHVHUYRLUV WKDQ WKH RWKHU UHVHUYRLUV DV WKH IORRG UXOH FXUYH PDMRUO\ GHSHQGV RQ WKH
LQFRPLQJ IORZ WR WKH UHVHUYRLU ZKLFK FKDQJHG RQO\ IRU WKH $O 0DVVLUD UHVHUYRLU�

7KH 7DUJHW UXOH FXUYHV DUH RSWLPL]HG LQ D ZD\ WKDW LW VHUYHV WKH HQHUJ\ GHPDQG RI WKH EDVLQ� ,Q
VHFWLRQ ��� ZH VDZ WKDW WKH WDUJHW UXOH FXUYHV RSWLPL]HG ZLWK ORFDO /$6 FXUYHV DUH FDSDEOH RI
JHQHUDWLQJ PRUH HQHUJ\ WKDQ WKH WDUJHW UXOH FXUYHV FUHDWHG ZLWK UHPRWHO\ VHQVHG /$6 FXUYHV�
7KH GLSV LQ WKH WDUJHW UXOH FXUYHV IRU WKH GU\ PRQWKV VXJJHVW RSWLPL]LQJ SXEOLF ZDWHU VXSSO\
DQG LUULJDWLRQ ZDWHU VXSSO\ LQ WKHVH PRQWKV� 'XULQJ ZHW PRQWKV WKH WDUJHW UXOH FXUYHV IRU WKH
ODUJH UHVHUYRLU ZLWK KLJK K\GUR�SRZHU FDSDFLW\ WHQGV WR GHFOLQH OHVV IURP WKHLU QRUPDO RSWLPXP
YDOXH� 7KLV LV UHDVRQDEOH DV ZH WU\ WR PD[LPL]H WKH HQHUJ\ JHQHUDWLRQ LQ WKH V\VWHP DQG WKH
KLJKHU WKH WDUJHW UXOH FXUYHV GXULQJ WKH ZHW VHDVRQ JUHDWHU VKDOO EH WKH HQHUJ\ SURGXFWLRQ LQ
WKH EDVLQ� 7KH +DVVDQ �HU DQG 0RXOOD\ <RXVVHI UHVHUYRLUV KDYH WDUJHW UXOH FXUYHV WKDW VKRZ
GLSV LQ ZHW PRQWKV DV ZHOO� EXW WKLV GRHV QRW LQIOXHQFH WKH RYHUDOO HQHUJ\ SURGXFWLRQ LQ WKH
EDVLQ DV WKH\ KDYH UHODWLYHO\ OHVV LQVWDOOHG FDSDFLW\ �7DEOH ����� 7KXV� RSWLPL]DWLRQ DOJRULWKPV
FRPSHQVDWH IRU WKLV GLS LQ WKH WDUJHW UXOH FXUYHV IRU WKH +DVVDQ �HU DQG 0RXOOD\ <RXVVHI UHVHU�
YRLUV E\ IXUQLVKLQJ RWKHU SXEOLF ZDWHU VXSSO\ DQG LUULJDWLRQ GHPDQGV�

6LPLODU WR WKH $O 0DVVLUD DQG %LQ (O 2XLGDQH UHVHUYRLU WKH WDUJHW UXOH FXUYHV IRU WKH $KPHG (O
+DQVDO VKRZV WKH JUHDWHVW GLS LQ WKH GU\ PRQWK RI 0D\� ,GHDOO\� LW ZRXOG KDYH EHHQ EHWWHU LI WKH
WDUJHW UXOH FXUYH ZRXOG KDYH GLSSHG IRU WKH PRQWK RI -XQH RU -XO\ UDWKHU WKDQ 0D\ VLQFH WKH LQ�
IORZ LV OHDVW LQ WKHVH PRQWKV� EXW IDFWRUV OLNH VWRUDJH DQG GHPDQGV IURP WKH $KPHG (O +DQVDO
UHVHUYRLU DOVR SOD\V DQ LPSRUWDQW UROH LQ ILQDOL]LQJ WKH RSHUDWLQJ UXOH FXUYHV IRU WKH UHVHUYRLUV
DQG KHQFH� QHHGV IXUWKHU UHVHDUFK WR LQIHU XQWLPHO\ GHYLDWLRQ RI WKH WDUJHW UXOH FXUYH IRU WKH
$KPHG (O +DQVDO UHVHUYRLU�

7KH ILUP HQHUJ\ UXOH FXUYH IRU WKH ILYH UHVHUYRLUV DUH DERYH WKH H[LVWLQJ ILUP HQHUJ\ UXOH FXUYH�
7KLV LQGLFDWHV WKDW WKH UHVHUYRLU DXWKRULWLHV FDQ WDNH D PXFKPRUH FRQVHUYDWLYH DSSURDFK ZKLOH
DOVR PD[LPL]LQJ WKH XWLOLW\ RI WKH ZDWHU V\VWHP LQ WKH EDVLQ� ,Q $O 0DVVLUD� +DVVDQ �HU� 0RXO�
OD\ <RXVVHI� DQG $KPHG (O +DQVDO UHVHUYRLU WKHUH DUH VRPH PRQWKV ZKHQ WKH ILUP UXOH FXUYHV
IURP WKH RSWLPL]DWLRQ ZLWK ORFDO /$6 DQG UHPRWHO\ VHQVHG /$6 JRHV EHORZ WKH H[LVWLQJ ILUP
UXOH FXUYH� 7KLV VKDOO EH GXH WR WKH IDFW WKDW KHUH ZH WU\ WR PLQLPL]H SXEOLF ZDWHU VKRUWDJH DQG
LUULJDWLRQ VKRUWDJH XQGHU H[WUHPH FRQGLWLRQV� DQG WKH V\VWHP FDQ DIIRUG WR KDYH D ORZHU ILUP
HQHUJ\ FXUYH DV WKH ILUP HQHUJ\ GHPDQG IURP WKH ILYH UHVHUYRLUV LV VHW WR EH ]HUR� 7KH 0RXO�
OD\ <RXVVHI UHVHUYRLU VHUYHV ZDWHU WR VL[ RI WKH WZHQW\�WZR YDULDEOH LUULJDWLRQ QRGHV� GXULQJ GU\
PRQWKV WKH UHVHUYRLU DLPV DW PD[LPL]LQJ WKH VXSSO\ RI LUULJDWLRQ ZDWHU� 7KLV EHFRPHV HDVLHU
DV WKH ILUP HQHUJ\ GHPDQG IRU DOO WKH UHVHUYRLUV LQ WKH EDVLQ LV � *:K� 7KXV� WKH ILUP HQHUJ\
UXOH FXUYHV DUH WRWDOO\ GHSHQGHQW RQ WKH WDUJHW UXOH FXUYH� DQG WKHUH LV QR FRQVWUDLQW IRU WKH
RSHUDWLQJ UXOH FXUYHV ZKHQ LW FRPHV WR DGGUHVVLQJ WKH WKUHH REMHFWLYHV RI WKH EDVLQ� 7KH ILUP
HQHUJ\ UXOH FXUYH WKDW ZH JHW IURP WKH RSWLPL]DWLRQV FDQ WKHUHIRUH EH XVHG WR FRPH XS ZLWK D
VWUXFWXUHG ILUP HQHUJ\ VXSSO\ LQ WKH EDVLQ�

)LJXUH ��� DQG ��� VKRZV WKDW WKHUH LV D ULVH LQ SHDNV IRU WKH LQFRPLQJ DQG RXWJRLQJ IORZ
IURP WKH $O 0DVVLUD UHVHUYRLU ZKHQ ZH XVH DQ RSWLPL]HG VHW RI UXOH FXUYHV� 7KLV LV GXH WR
WKH GLSV LQ WKH WDUJHW UXOH FXUYHV WKXV LPSURYLQJ WKH SHUIRUPDQFH RI WKH V\VWHP LQ DWWHQXDWLQJ
ZDWHU VKRUWDJHV DFURVV SXEOLF ZDWHU VXSSO\ DQG LUULJDWLRQ QRGHV� 7KH IORRG ULVN LQ WKH 2XP (U
5ELD EDVLQ LV IURP ORZ WR YHU\ ORZ >��@� 7KHUHIRUH� WKHVH SHDNV ZRQ¶W EH D SUREOHP IRU ZDWHU
PDQDJHUV DQG K\GURORJLVWV LQ WKH UHJLRQ�



�� �� 'LVFXVVLRQV

)LJXUH ���� 2XWIORZ IURP $O 0DVVLUD UHVHUYRLU IRU RSHUDWLQJ UXOH FXUYHV RSWLPL]HG ZLWK UHPRWHO\ VHQVHG /$6 DQG
ORFDO /$6 FXUYHV� DQG SUHYDOHQW UXOH FXUYHV

)LJXUH ���� ,QIORZ IURP $O 0DVVLUD UHVHUYRLU IRU RSHUDWLQJ UXOH FXUYHV RSWLPL]HG ZLWK UHPRWHO\ VHQVHG /$6 DQG
ORFDO /$6 FXUYHV� DQG SUHYDOHQW UXOH FXUYHV



�
&RQFOXVLRQ

'RQFK\WV >��@ FDPH XS ZLWK DQ HIILFLHQW WHFKQLTXH IRU VXUIDFH ZDWHU GHWHFWLRQ� 7KH RXWFRPH
RI KLV UHVHDUFK ZDV DQ DFFXUDWH� UREXVW� DQG G\QDPLF GDWDVHW HQFDSVXODWLQJ WHPSRUDO DQG
VSDWLDO YDULDELOLW\ LQ VXUIDFH ZDWHU VRXUFHV DFURVV WKH JOREH� 7KLV GDWD ZDV XVHG WR FRPH
XS ZLWK /$6 UHODWLRQVKLSV LQ FRPELQDWLRQ ZLWK RWKHU RSHQ�DFFHVV GDWD VRXUFHV� 7KH QHZ VHW
RI /$6 FXUYHV DSSUR[LPDWH WKH ODUJH UHVHUYRLUV ZHOO DQG FDQ EH XVHG IRU DSSUR[LPDWLQJ WKH
/$6 FXUYHV LQ SODFHV ZKHUH WKHUH DUH ODFN RI DFFXUDWH GDWD >��@� 7KH DSSUR[LPDWLRQ RI WKHVH
FXUYHV DUH DOVR GHSHQGHQW RQ RWKHU VRXUFHV RI GDWD� 7KLV DSSUR[LPDWLRQ FDQ LPSURYH ZLWK
WKH DFFXUDWH VRXUFH RI PD[LPXP GHSWK DQG VWRUDJH� )RU WKLV SURMHFW� ZH UHWULHYHG WKRVH GDWD
IURP *5DQ' DQG *RRJOH (DUWK 3UR� 7KH DSSUR[LPDWLRQ LV JRRG IRU ODUJH UHVHUYRLUV� 7KXV� IRU
ODUJH UHVHUYRLUV SUHWW\ DFFXUDWH /$6 FXUYHV FDQ EH JHQHUDWHG XVLQJ SUHFLVH ORFDO GHSWK DQG
VWRUDJH GDWD ZLWK UHPRWHO\ VHQVHG WLPH�VHULHV GDWD RI UHVHUYRLU VXUIDFH DUHD�

7KLV UHPRWHO\ VHQVHG WLPH�VHULHV GDWD DORQJ ZLWK WKH XVH RI DQ XSGDWHG DQG DFFXUDWH /$6
FXUYH FDQ DOVR KHOS LQ DVVHVVLQJ WKH UDWH RI VHGLPHQWDWLRQ LQ WKH UHVHUYRLU� 7KH UHODWLYH VHGL�
PHQWDWLRQ ZDV IRXQG WR EH ORZ LQ ODUJH UHVHUYRLUV OLNH $O 0DVVLUD DQG %LQ (O 2XLGDQH� 7KHUH
LV D VOLJKW LQFUHDVH LQ WKH SHUFHQWDJH FKDQJH GXH WR VHGLPHQWDWLRQ IRU WKH %LQ (O 2XLGDQH
UHVHUYRLU EXW LW ZDV ORZ FRPSDUHG WR VPDOOHU UHVHUYRLUV OLNH 0RXOOD\ <RXVVHI DQG +DVVDQ �HU�
7KH 0RXOOD\ <RXVVHI DQG +DVVDQ �HU VKRZ WKH ODUJHVW FKDQJH LQ VWRUDJH GXH WR VHGLPHQWD�
WLRQ �WDEOH ����� 7KH $KPHG (O +DQVDO EHLQJ QHZ KDV D ORZ FKDQJH LQ VWRUDJH EHFDXVH RI
VHGLPHQWDWLRQ EXW LV SURQH WR D KLJK UDWH RI VHGLPHQWDWLRQ ZLWK D SHUFHQWDJH UDWH RI FKDQJH LQ
VWRUDJH RI ������\HDU� 7KH UHPRWHO\ VHQVHG WLPH�VHULHV GDWD JLYHV D IDLU LGHD RI WKH UDWH RI
VHGLPHQWDWLRQ LQ WKH UHVHUYRLU DQG FDQ KHOS ZDWHU PDQDJHUV DYRLG XQQHFHVVDU\ EDWK\PHWU\�
:KHQ XVHG ZLWK DFFXUDWH VRXUFHV RI OHYHO� VWRUDJH GDWD WR FRPH XS ZLWK /$6 FXUYHV LW FDQ EH
XVHG WR XSGDWH WKH UXOH FXUYHV IURP WLPH WR WLPH ZLWKRXW PXFK KDVVOH� 2YHUDOO LW JLYHV D FKHDS
DQG HIILFLHQW DOWHUQDWLYH ZKHQ FDUU\LQJ RXW WHGLRXV� DQG LQWHQVLYH EDWK\PHWU\ LV QRW IHDVLEOH�

7KH UHPRWHO\ VHQVHG /$6 FXUYH GRHV QRW DOWHU WKH IORZ IURP WKH UHVHUYRLUV PXFK� :KLOH WKHUH
LV QR VLJQLILFDQW DOWHUDWLRQ LQ WKH PHDQ IORZ IURP WKH UHVHUYRLUV LQ ERWK ZHW DQG GU\ VHDVRQV�
7KH ��፭፡ SHUFHQWLOH YDULHG IRU WKH $O 0DVVLUD� 0RXOOD\ <RXVVHI� +DVVDQ �HU� DQG $KPHG (O
+DQVDO UHVHUYRLUV� 6LQFH WKH WKUHH REMHFWLYHV LQ WKLV WKHVLV DUH IRFXVHG RQ H[WUHPHV WKHVH
DOWHUDWLRQV DIIHFW WKH SHUIRUPDQFH RI WKH V\VWHP DFURVV WKH WKUHH REMHFWLYHV� 7KH $O 0DVVLUD
UHVHUYRLU ZKLFK LV RQH RI WKH ODUJHVW UHVHUYRLUV LQ WKH EDVLQ VKRZV D GHFOLQH LQ WKH ORZHU DQG XS�
SHU ERXQGV RI WKH ��፭፡ SHUFHQWLOH LQWHUYDO IRU 0D\� :KLOH WKH GHFOLQH LQ ORZHU ERXQG LV FDSDEOH
RI DJJUDYDWLQJ VKRUWDJH LQ WKH EDVLQ� WKH GHFOLQH LQ XSSHU ERXQG DWWHQXDWHV HQHUJ\ JHQHUDWLRQ
IURP WKH UHVHUYRLU� 6XFK� FKDQJHV LQ ��፭፡ ZHUH DOVR REVHUYHG LQ WKH 0RXOOD\ <RXVVHI� 7KH

��
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$KPHG (O +DQVDO UHVHUYRLU VKRZV DQ LQFUHDVH LQ RXWIORZ IRU ERWK ZHW DQG GU\ VHDVRQV EXW LWV
HIIHFW RQ RYHUDOO ZDWHU DYDLODELOLW\ IRU IXUQLVKLQJ GLIIHUHQW ZDWHU GHPDQGV JHWV VXEGXHG E\ WKH
GHFUHDVHG RXWIORZ IURP WKH $O 0DVVLUD UHVHUYRLU� 7KH $O 0DVVLUD EHLQJ WKH PRVW LPSRUWDQW
UHVHUYRLU LQ WKH EDVLQ ZLWK WZHOYH GHPDQG QRGHV LQ WKH 5,%$6,0 PRGHO GHSHQGHQW RQ LW KDV
WKH PRVW SURQRXQFHG HIIHFW RQ WKH RYHUDOO SHUIRUPDQFH RI WKH EDVLQ� +HQFH� WKHUH LV D GHWHUL�
RUDWLRQ LQ SHUIRUPDQFH DFURVV WKH WKUHH REMHFWLYHV ZKHQ WKH UHPRWHO\ VHQVHG /$6 FXUYHV DUH
XVHG ZLWK H[LVWLQJ RSHUDWLQJ UXOHV LQVWHDG RI WKH ORFDO /$6 FXUYHV�7DEOH �����

)LQDOO\� WKH RSWLPL]DWLRQ UHVXOWV ZLWK WKH WZR /$6 FXUYHV VKRZ WKDW WKH ORFDO /$6 FXUYHV LI
SUHVHQW LV VWLOO WKH EHVW RSWLRQ IRU RSWLPL]LQJ ZDWHU PDQDJHPHQW GHFLVLRQV LQ WKH EDVLQ� ,Q 0R�
URFFR� WKH YROXPH RI ZDWHU DYDLODEOH SHU LQKDELWDQW SHU \HDU LV DERXW ���� Pñ�SHUVRQ�\HDU>��@�
�� RI WKLV LV XVHG WR PHHW GRPHVWLF ZDWHU GHPDQGV WKLV URXJKO\ WUDQVODWHV WR ��� OLWUHV�SHUVRQ�
�GD\� $V SHU WKH 5,%$6,0 PRGHO� WKH DYHUDJH SXEOLF ZDWHU VXSSO\�GHPDQG LQFOXGLQJ ORVVHV
WKURXJK WKH QHWZRUN LV ��� OLWUHV�SHUVRQ�GD\� 7KLV OHDYHV ZDWHU PDQDJHUV LQ WKH EDVLQ ZLWK D
EXIIHU RI �� OLWUHV�SHUVRQ�GD\ WR DGGUHVV DQ\ VKRUWDJH LQ SXEOLF ZDWHU VXSSO\ GHPDQGV� )LJXUH
���� VKRZV WKDW WKH SXEOLF ZDWHU VXSSO\ VKRUWDJH YDULHV EHWZHHQ ���� WR ���� Pኽ�V IRU RSWL�
PL]DWLRQ ZLWK ORFDO /$6 FXUYHV� 7KLV URXJKO\ WUDQVODWHV WR D VKRUWDJH RI ��� WR ��� OLWUHV�SHU�
VRQ�GD\� :KLFK FDQ VWLOO EH DFFRPPRGDWHG LQ WKH ZDWHU VKRUWDJH EXIIHU RI �� OLWUHV�SHUVRQ�GD\
DQG PLQRU SROLF\ FKDQJHV LQ WKH EDVLQ FDQ DGGUHVV WKDW� 7KH SHUIRUPDQFH IRU WKH SXEOLF ZDWHU
VXSSO\ VKRUWDJH GHWHULRUDWHV WR ���� WR ���� Pኽ�V DV VKRZQ LQ ILJXUH ����� ZKHQ ZH XVH WKH
RSHUDWLQJ UXOH FXUYHV WKDW KDYH EHHQ RSWLPL]HG ZLWK UHPRWHO\ VHQVHG /$6 FXUYHV LQ D UHVHUYRLU
V\VWHP ZLWK ORFDO /$6 FXUYHV� 7KLV WUDQVODWHV WR D VKRUWDJH RI ��� WR ���� OLWUHV�SHUVRQ�GD\�
:KLOH WKH GHWHULRUDWLRQ RI ��� OLWUHV�SHUVRQ�GD\ FDQ VWLOO EH DGGUHVVHG ZLWK VXFK FKDQJHV� WKH
VKRUWDJH RI ���� OLWUHV�SHUVRQ�GD\ FDQ EH D ELW VWHHS IRU WKH SROLF\PDNHUV WR DGGUHVV LQ ZDWHU�
VFDUFH UHJLRQ RI 0RURFFR� %DVHG RQ WKH SULRULW\ RI WKH GLIIHUHQW REMHFWLYHV LQ WKH EDVLQ SROLF\�
PDNHUV FDQ DGGUHVV WKLV VKRUWDJH E\ SULRULWL]LQJ SXEOLF ZDWHU VXSSO\�GHPDQG XQGHU H[WUHPH
FRQGLWLRQV DW WKH FRVW RI HQHUJ\ DQG LUULJDWLRQ ZDWHU VXSSO\� +RZHYHU� WKH UHWXUQ SHULRG RI VXFK
D VLWXDWLRQ WR DULVH XQGHU WKH SUHVHQW FOLPDWH VFHQDULR LV DURXQG �� \HDUV ZLWK D VKRUWDJH RI
PD[LPXP ���� OLWUHV�SHUVRQ�GD\ ZKLFK LV URXJKO\ �� RI WKH WRWDO SXEOLF ZDWHU GHPDQG SHU
SHUVRQ SHU GD\� +HQFH� PLQRU SROLF\ FKDQJHV RQ WKH SDUW RI WKH SROLF\PDNHUV DQG WKH VWDNH�
KROGHUV WR DGGUHVV D VKRUWDJH LQ SXEOLF ZDWHU VXSSO\�GHPDQG GXULQJ GU\ PRQWKV FDQ HQDEOH
WKH XVH RI UHPRWHO\ VHQVHG WLPH�VHULHV GDWD LQ FRPLQJ XS ZLWK ZDWHU PDQDJHPHQW GHFLVLRQV
LQ WKH EDVLQ ZLWKRXW VLJQLILFDQWO\ GHFUHDVLQJ WKH XWLOLW\ RI ZDWHU DQG DIIHFWLQJ WKH VWDQGDUG RI
OLYLQJ LQ WKH EDVLQ�

)RU DOO WKH WKUHH RSWLPL]DWLRQ UXQV WKH ZDWHU VKRUWDJH DFURVV WKH LUULJDWLRQ QRGHV DUH TXLWH VLJ�
QLILFDQW DV WKH PD[LPXP GHPDQG LQ D PRQWK XQGHU H[WUHPH FRQGLWLRQV LV DURXQG �����������
Pኽ DQG WKH VKRUWDJH RI ������ WR ������ Pኽ�V IRU WKH ZRUVW � SHUFHQWLOH RI WKH PRQWKV WUDQV�
ODWHV WR URXJKO\ EHWZHHQ ����������� DQG ����������� Pኽ�PRQWK� 7KLV LV DOPRVW ��� RI WKH
WRWDO PRQWKO\ LUULJDWLRQ GHPDQG LQ WKH EDVLQ� )LJXUHV ���� DQG ���� VKRZV WKDW WKH VLWXDWLRQ
IXUWKHU GHWHULRUDWHV ZKHQ ZH XVH RSHUDWLQJ UXOHV RSWLPL]HG ZLWK UHPRWHO\ VHQVHG /$6 FXUYHV
LQ D V\VWHP KDYLQJ ORFDO /$6 FXUYHV� 7KLV VWURQJO\ VXJJHVWV IRU FRQVWUXFWLRQ RI QHZ LUULJDWLRQ
V\VWHPV DQG ZDWHU VWUXFWXUHV WR WDS LQWR WKH LQFRPLQJ ZDWHU GXULQJ ZHW PRQWKV� 7KH FKDQJH
LQ UHVHUYRLU RSHUDWLRQV LQ WKH EDVLQ FDQQRW LPSURYH WKH VLWXDWLRQ PXFK DQG VKDOO QRW EH ORRNHG
DV DQ RSWLRQ WR LPSURYH WKH LUULJDWLRQ VFHQDULR LQ WKH EDVLQ� 7KH UHVHUYRLU RSHUDWLRQV VKRXOG EH
PRUH WR DGGUHVV WKH VKRUWDJHV LQ SXEOLF ZDWHU VXSSO\ QRGH DQG LQ PD[LPL]LQJ HQHUJ\ JHQHU�
DWLRQ� 8VLQJ WKH QHZ VHW RI RSHUDWLQJ UXOH FXUYHV RSWLPL]HG ZLWK UHPRWHO\ VHQVHG /$6 FXUYHV
ZLWK ORFDO /$6 FXUYHV DOVR LPSURYHV WKH DPRXQW RI HQHUJ\ EHLQJ JHQHUDWHG IURP WKHVH UHVHU�
YRLUV� 7KRXJK LW LV QRW DV PXFK DV WKH HQHUJ\ WKDW VKDOO EH JHQHUDWHG ZLWK WKH RSHUDWLQJ UXOH



��

FXUYHV RSWLPL]HG ZLWK ORFDO /$6 FXUYHV LQ WKH DEVHQFH� RI VXFK FXUYHV WKH DXWKRULWLHV FDQ UHO\
RQ UHPRWHO\ VHQVHG GDWD WR FRPH XS ZLWK RSHUDWLQJ UXOHV WR LPSURYH WKH HQHUJ\ JHQHUDWLRQ
IURP WKH UHVHUYRLUV�

7KH H[LVWLQJ VHW RI RSHUDWLQJ UXOH FXUYHV DUH VWUDLJKW OLQHV� 7KH\ GR QRW WDNH LQWR DFFRXQW
WKH LQWUD�DQQXDO YDULDELOLW\ RI LQFRPLQJ IORZV DQG KHQFH� GR QRW H[SORLW WKH IXOO ZDWHU SRWHQWLDO
LQ WKH EDVLQ� 7KH RSWLPL]HG UXOH FXUYHV GR WDNH LQWR DFFRXQW VXFK YDULDELOLWLHV DQG FDQ LPSURYH
WKH SHUIRUPDQFH RI WKH V\VWHP DFURVV WKH WKUHH REMHFWLYHV� 7KH ILUP HQHUJ\ GHPDQG LQ WKH
EDVLQ LV � *:K� 7KLV JLYHV WKH UHVHUYRLU DXWKRULWLHV DQ XQFRQVWUDLQHG RSWLPL]DWLRQ SUREOHP�
7KLV LV UHIOHFWHG LQ WKH ILUP HQHUJ\ UXOH FXUYHV ZKHUH WKH RSWLPL]HG ILUP UXOH FXUYHV JR EHORZ
WKH H[LVWLQJ ILUP UXOH FXUYHV LQ GU\ PRQWKV IRU $O 0DVVLUD� +DVVDQ �HU� 0RXOOD\ <RXVVHI� DQG
$KPHG (O +DQVDO UHVHUYRLU� 7KH WDUJHW UXOH FXUYHV DQG IORRG UXOH FXUYHV IRU ERWK WKH RSWLPL]HG
VHW RI RSHUDWLQJ UXOH FXUYHV DUH FORVH WR WKH H[LVWLQJ UXOH FXUYHV LQ WKH EDVLQ� +HQFH� WKH UH�
PRWHO\ VHQVHG /$6 FXUYHV FDQ EH D IHDVLEOH DOWHUQDWLYH LQ DEVHQFH RI DFFXUDWH DQG VXIILFLHQW
GDWD�

7KH XVH RI ORFDO /$6 FXUYHV LV FDSDEOH RI FKDQJLQJ WKH H[WUHPH IORZV IURP WKH UHVHUYRLU� ,W
LV YLDEOH IRU HFRQRPLFDOO\ ULFK FRXQWULHV WR DGGUHVV WKHVH FKDQJHV LQ VKRUWDJHV E\ FRPLQJ XS
ZLWK QHZ SROLFLHV� VWUXFWXUHV� RU SURPRWLQJ OLIHVW\OH FKDQJHV DPRQJVW WKH JHQHUDO SRSXODWLRQ�
,Q SRRUHU FRXQWULHV ZLWK WKH YDVW PDMRULW\ RI WKH SRSXODWLRQ VWUXJJOLQJ WR PHHW WKHLU EDVLF ZDWHU
GHPDQGV� FRPSOHWHO\ UHO\LQJ RQ UHPRWHO\ DFFHVVLEOH GDWD LV QRW DGYLVDEOH� 7KRXJK HFRQRPL�
FDOO\ EXUGHQLQJ WKH JRYHUQPHQW DQG SROLF\PDNHUV VKRXOG UHO\ RQ ORFDO� DFFXUDWH GDWD WR EDVH
WKHLU ZDWHU PDQDJHPHQW GHFLVLRQV RQ� +RZHYHU� LQ SODFHV ZKHUH VXFK GDWD DUH QRW DYDLODEOH
WKH UHPRWHO\ VHQVHG WLPH VHULHV FDQ SURYH WR EH DQ DVVHW DQG D IHDVLEOH DOWHUQDWLYH HVSHFLDOO\
WR IRUPXODWH VKRUW�WHUP SROLFLHV DQG GHFLVLRQV�
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7KH /$6 FXUYHV FRQVWUXFWHG XVLQJ WKH IRUPXOD VXJJHVWHG E\ .DYHK HW DO>��@ LQYROYHG XVLQJ
RWKHU VRXUFHV RI GDWD DSDUW IURP UHPRWHO\ VHQVHG WLPH�VHULHV GDWD RI UHVHUYRLU VXUIDFH DUHD�
+HQFH� WKH TXDOLW\ RI RWKHU GDWD VRXUFHV SOD\V DQ LPSRUWDQW UROH LQ FRPLQJ XS ZLWK D EHWWHU
DSSUR[LPDWLRQ RI WKH /$6 FXUYHV� )RU DVVHVVLQJ WKH EHQHILWV RI XVLQJ UHPRWHO\ VHQVHG GDWD
ZH VKRXOG UDWKHU UHVWULFW RXUVHOYHV LQ DQDO\]LQJ UHVHUYRLU V\VWHPV ZLWK ODUJH UHVHUYRLUV DQG
DFFXUDWH GDWD IRU PD[LPXP GHSWK DQG VWRUDJH�

7R DVVHVV WKH FKDQJH LQ VWRUDJH GXH WR VHGLPHQWDWLRQ ZH WRRN WKH PD[LPXP VXUIDFH DUHD
RI WKH UHVHUYRLU IURP WKH UHPRWHO\ VHQVHG UHVHUYRLU VXUIDFH DUHD WLPH VHULHV� 7KLV ZDV EDVHG
RQ WKH DVVXPSWLRQ WKDW WKHUH VKRXOG EH DW OHDVW RQH GD\ ZKHQ WKH UHVHUYRLU LV DW LWV PD[LPXP
FDSDFLW\ DQG KHQFH� PD[LPXP VXUIDFH DUHD FRUUHVSRQGV WR WKH FRQGLWLRQ ZKHQ WKH UHVHUYRLU
LV IXOO� 7KLV VKRXOG EH YDOLGDWHG E\ FRPSDULQJ WKH GDWH RI WKH PD[LPXP VXUIDFH DUHD GHWHFWHG
E\ WKH VDWHOOLWH WR WKH OHYHO RQ WKDW GDWH� ,GHDOO\� LW VKRXOG EH HTXDO WR WKH IXOO UHVHUYRLU OHYHO
�)5/�� %HVLGHV� WKH PD[LPXP VXUIDFH DUHD XVHG VKRXOG EH IRU D UHFHQW SDVW� ZKLFK ZLOO EH
PRUH UHSUHVHQWDWLYH RI WKH FKDQJHG VKDSH RI WKH UHVHUYRLU�

7KH UDWH RI VHGLPHQWDWLRQ IRU WKH +DVVDQ �HU DQG $KPHG (O +DQVDO UHVHUYRLU ZDV IRXQG WR EH
KLJK� VXJJHVWLQJ D KLJK UDWH RI HURVLRQ LQ KLOO\ UHJLRQV ZLWK VWHHS WRSRJUDSK\� $SDUW IURP WKH
WRSRJUDSK\� D GHWDLOHG VWXG\ RI WKH VRLO VWUXFWXUH DQG JHRORJ\ VKRXOG EH SHUIRUPHG WR KDYH
DQ DFFXUDWH LGHD RI WKH UDWH RI VHGLPHQWDWLRQ DQG LWV HIIHFW RQ WKH VWRUDJH RI WKH UHVHUYRLU�
+RZHYHU� WKH UHPRWHO\ VHQVHG WLPH�VHULHV GDWD FDQ JLYH XV DQ LQLWLDO LGHD RI WKH HIIHFWV RI
VHGLPHQWDWLRQ LQ WKH UHVHUYRLU RU DQ\ VXUIDFH ZDWHU ERG\ DQG FDQ KHOS LQ IXUWKHU VWXGLHV�

7KH %LQ (O 2XLGDQH UHVHUYRLU GLG QRW VKRZ DQ\ FKDQJH LQ WKH RXWIORZ IURP WKH UHVHUYRLU GH�
VSLWH FKDQJLQJ WKH /$6 FXUYHV� $V GLVFXVVHG LQ VHFWLRQ ��� WKLV GHSHQGV RQ WKH VWRUDJH LQ WKH
UHVHUYRLU� 7KH FORVH DSSUR[LPDWLRQ RI WKH ORFDO OHYHO�FDSDFLW\ FXUYH E\ WKH UHPRWHO\ VHQVHG
OHYHO�FDSDFLW\ FXUYH FDQ EH D UHDVRQ IRU WKH XQDOWHUHG UHVSRQVH RI WKH UHVHUYRLU� 7R IXUWKHU
GHOYH LQWR WKH UHVSRQVH RI WKH UHVHUYRLUV GXH WR WKH QHZ VHW RI /$6 FXUYHV WKH VWRUDJH WLPH
VHULHV GDWD VKDOO EH UHWULHYHG IURP WKH 5,%$6,0� 7KLV FDQ JLYH XV D EHWWHU LGHD RI WKH RSHUDWLRQ
RI UHVHUYRLUV LQ WKH EDVLQ�

7KH 5,%$6,0 VRIWZDUH WDNHV DV DQ LQSXW WKH SHUFHQWDJH RI GLVWULEXWLRQ ORVVHV IURP WKH QHW�
ZRUN� 7R KDYH D EHWWHU LGHD RI WKH EXIIHU DYDLODEOH IRU ZDWHU PDQDJHUV WR DFFRPPRGDWH DQ\
VKRUWDJH LQ ZDWHU VXSSO\� WKHUH LV D QHHG IRU IXUWKHU UHVHDUFK WR JHW DQ LGHD RI WKH DSSUR[LPDWH
ORVV RI IORZV WKURXJK WKH QHWZRUN DQG ZKDW FDQ EH GRQH WR PLQLPL]H LW WKLV VKDOO WKHQ EH LQ�

��
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FOXGHG LQ WKH 5,%$6,0 PRGHO� 7KH 5,%$6,0 PRGHO IRU WKH 2(5 EDVLQ WDNHV WKHVH GLVWULEXWLRQ
ORVVHV WR EH ]HUR�

:LWK WKH FRQVWDQW LQFUHDVH LQ SRSXODWLRQ DFURVV WKH JOREH ZH QHHG WR NQRZ KRZ VXVWDLQDEOH
WKHVH RSHUDWLQJ SROLFLHV VKDOO EH LQ DGGUHVVLQJ IXWXUH FKDQJHV LQ GHPDQG DQG DYDLODEOH ZDWHU
UHVRXUFHV� ,Q FKDSWHU � ZH VDZ WKDW WKHUH LV VWLOO D EXIIHU IRU WKH SROLF\PDNHUV LQ WKH 2(5
EDVLQ WR DGGUHVV SXEOLF ZDWHU VKRUWDJH XQGHU H[WUHPH FRQGLWLRQV� 7KLV VKDOO QRW EH WKH FDVH
ZLWK LQFUHDVLQJ XUEDQL]DWLRQ DQG SRSXODWLRQ JURZWK� $V SHU WKH UHVHDUFK>�@ ZDWHU DYDLODELOLW\
LV SUHGLFWHG WR GHFUHDVH WR ��� Pñ�SHUVRQ�\HDU E\ ����� :KLOH� WKH GHPDQG LV SURMHFWHG WR
FRQWLQXH JURZLQJ� IURP ���� %&0 LQ ���� WR ���� %&0 LQ ���� LQ 0RURFFR� 7KLV PDNHV LW
YXOQHUDEOH WR IXWXUH FKDQJHV LQ WKH FOLPDWH DQG GHPRJUDSK\ RI WKH UHJLRQ� 7KHVH FKDQJHV
VKDOO EH DGGUHVVHG DQG HIIRUWV VKDOO EH PDGH WR FRPH XS ZLWK IXWXUH VFHQDULRV� ,QFOXGLQJ VXFK
VFHQDULRV LQ RSWLPL]DWLRQ ZLOO JLYH XV D IDLU LGHD RI KRZ WKH UHPRWHO\ VHQVHG /$6 FXUYHV FDQ
DGGUHVV IXWXUH ZDWHU FRQVWUDLQWV DQG FDQ DOVR FRPH XS ZLWK UREXVW GHFLVLRQV LQ WKH EDVLQ�

)RU WKH RSWLPL]DWLRQ ZH XWLOL]HG HSVLORQ�1RQ GRPLQDWHG 6RUWLQJ *HQHWLF $OJRULWKP ,,�ဍ�16*$�
,,�� ,W KDV EHHQ REVHUYHG WKDW ZLWK D ODUJH QXPEHU RI GHFLVLRQ YDULDEOHV� KHUH PRQWKO\ YDOXHV RI
RSHUDWLQJ UXOH FXUYHV IRU WKH ILYH UHVHUYRLUV� WKLV DOJRULWKP VWUXJJOHV>��@� 7KH QH[W VWHS LQ WKLV
RSWLPL]DWLRQ LV WR XVH WKH %RUJ PXOWL�REMHFWLYH HYROXWLRQDU\ DOJRULWKP �02($� LQ RQH RI LWV YDUL�
DQWV IRU RSWLPL]LQJ WKH RSHUDWLQJ UXOH FXUYHV ZKLFK WHQG WR SHUIRUP EHWWHU WKDQ RWKHU DOJRULWKPV�

7KH PRQWKO\ YDOXHV IRU WKH RSHUDWLQJ UXOH FXUYHV KDYH EHHQ FRQVLGHUHG DV GLIIHUHQW OHYHUV
IRU WKH RSWLPL]DWLRQ SUREOHP� 7KLV PDNHV WKHP PXWXDOO\ H[FOXVLYH DQG DOVR LQFUHDVHV WKH
QXPEHU RI GHFLVLRQ YDULDEOHV WR EH RSWLPL]HG E\ WKH DOJRULWKP� $V ZH GLVFXVVHG HDUOLHU QRW
DOO DOJRULWKPV FDQ SHUIRUP ZHOO ZLWK KLJK QXPEHUV RI GHFLVLRQ YDULDEOHV� $V D GHFLVLRQ�PDNHU�
ZH FDQ RSW IRU VRPH VRUW RI IXQFWLRQ WKDW OLQNV WKH PRQWKO\ YDOXHV WR HDFK RWKHU DQG JLYH DV DQ
RXWSXW D FXUYH� 7KLV ZLOO GHFUHDVH WKH QXPEHU RI GHFLVLRQ YDULDEOHV VLJQLILFDQWO\� WKXV LPSURY�
LQJ WKH SHUIRUPDQFH RI RSWLPL]DWLRQ DOJRULWKPV� ,W DOVR UHGXFHV WKH SUREOHP RI UDQGRPQHVV
ZKLFK OHDGV WR LQHIILFLHQW RSWLPL]DWLRQ WKDW ZDV HQFRXQWHUHG LQ WKLV WKHVLV�

)LQDOO\� WKHUH LV D QHHG RI GRLQJ D K\GUR�HFRQRPLF DQDO\VLV WR JHW D EHWWHU LGHD RI WKH IHD�
VLELOLW\ RI XVLQJ UHPRWHO\ VHQVHG WLPH�VHULHV GDWD LQ RSWLPL]LQJ ZDWHU PDQDJHPHQW GHFLVLRQV�
7KLV VKRXOG EH GRQH WR XQGHUVWDQG ZKHWKHU WKH HFRQRPLF FRVW RI GHWHULRUDWLRQ LQ WKH SHUIRU�
PDQFH DV D UHVXOW RI XVLQJ UHPRWHO\ VHQVHG WLPH�VHULHV GDWD LV OHVV WKDQ WKH HFRQRPLF EXUGHQ
ORFDO DXWKRULWLHV KDYH WR EHDU WR FDUU\ RXW UHJXODU EDWK\PHWU\ IRU GLIIHUHQW VXUIDFH ZDWHU ERGLHV
LQ WKH UHJLRQ� 7KLV VKDOO DOVR FRPH LQ KDQG\ WR TXDQWLI\ WKH ORVV LQ UHYHQXH E\ WKH GHWHULRUDWLRQ
RI WKH DPRXQW RI HQHUJ\ WKDW FRXOG EH JHQHUDWHG ZLWK RSHUDWLQJ UXOHV RSWLPL]HG ZLWK ORFDO /$6
FXUYHV UDWKHU WKDQ UHPRWHO\ VHQVHG /$6 FXUYHV�
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3\WKRQ 6FULSW WR ILQG WKH RSWLPXP VHW RI RSHUDWLQJ UXOH FXUYHV ZLWK
(0$ ZRUNEHQFK
1HZ FRORUV GHILQHG EHORZ

�

� LPSRUW JORE
� LPSRUW RV
� LPSRUW UDQGRP
� LPSRUW VKXWLO
� LPSRUW VWULQJ
�

� LPSRUW QXPS\ DV QS
�

��

�� LPSRUW VXESURFHVV DV VXESURFHVV
��

�� LPSRUW VWUXFW DV VWUXFW
�� LPSRUW PDWK DV PDWK
��

�� IURP GDWHWLPH LPSRUW GDWHWLPH� WLPHGHOWD
��

�� LPSRUW WLPH
��

��

�� IURP HPDBZRUNEHQFK�HPBIUDPHZRUN�RSWLPL]DWLRQ LPSRUW �+\SHU9ROXPH�
�� (SVLORQ3URJUHVV�
�� IURP HPDBZRUNEHQFK LPSRUW �5HDO3DUDPHWHU� 6FDODU2XWFRPH�
�� 0XOWLSURFHVVLQJ(YDOXDWRU� HPDBORJJLQJ�
�� 6HTXHQWLDO(YDOXDWRU�
�� IURP HPDBZRUNEHQFK�HPBIUDPHZRUN�PRGHO LPSRUW $EVWUDFW0RGHO� 6LQJOH5HSOLFDWLRQ
�� IURP HPDBZRUNEHQFK�XWLO�HPDBORJJLQJ LPSRUW PHWKRGBORJJHU� JHWBPRGXOHBORJJHU
��

��

�� BORJJHU  JHWBPRGXOHBORJJHU�BBQDPHBB�
��

��

�� FODVV +LV)LOH�
�� GHI BBLQLWBB�VHOI� IQDPH��
�� VHOI�IQDPH  IQDPH
�� VHOI�V\VQDPHV  OLVW��
�� VHOI�VHJQDPHV  OLVW��
�� VHOI�VHJQXPV  OLVW��

��
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�� VHOI�GDWHWLPH  OLVW��
�� VHOI�QVWHS �
��

�� GHI UHDG�VHOI��
�� I  RSHQ�VHOI�IQDPH� �ࣉUEࣉ
�� VHOI�PRQDPH  I�UHDG�����
�� \HDU  LQW�VHOI�PRQDPH>�������@�
�� PRQWK  LQW�VHOI�PRQDPH>�������@�
�� GD\  LQW�VHOI�PRQDPH>�������@�
�� KRXU  LQW�VHOI�PRQDPH>�������@�
�� PLQXWH  LQW�VHOI�PRQDPH>�������@�
�� VHFRQG  LQW�VHOI�PRQDPH>�������@�
�� VHOI�VWDUWGDWH  GDWHWLPH�\HDU� PRQWK� GD\� KRXU� PLQXWH� VHFRQG�
�� VHOI�VFX  LQW�VHOI�PRQDPH>�������@�
�� �SULQW�VHOI�VFX�
�� VHOI�QV\V�  VWUXFW�XQSDFN�ࣉLࣉ� I�UHDG����
�� VHOI�QVHJ�  VWUXFW�XQSDFN�ࣉLࣉ� I�UHDG����
�� �UHWXUQ VHOI�QV\V� VHOI�QVHJ
�� �SULQW VHOI�QV\V� VHOI�QVHJ
�� IRU LV\V LQ UDQJH�VHOI�QV\V��
�� VHOI�V\VQDPHV�DSSHQG�VWU�UVWULS�VWU�I�UHDG�������
�� �SULQW LV\V�VHOI�V\VQDPHV>LV\V@
�� �UHWXUQ VHOI�V\VQDPHV
�� IRU LVHJ LQ UDQJH�VHOI�QVHJ��
�� VHOI�VHJQXPV�DSSHQG�VWUXFW�XQSDFN�ࣉLࣉ� I�UHDG����>�@�
�� VHOI�VHJQDPHV�DSSHQG�VWU�UVWULS�VWU�I�UHDG�������
�� �UHWXUQ VHOI�VHJQDPHV� VHOI�V\VQDPHV�SULQW LVHJ�VHOI�VHJQXPV>LVHJ@�VHOI�

VHJQDPHV>LVHJ@
�� VL]H  RV�SDWK�JHWVL]H�VHOI�IQDPH�
�� VHOI�QVWHS � �VL]H � ��� � �� 
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 VHOI�QVHJ� � �� 
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�� �SULQW VHOI�QVWHS
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�� VHOI�GDWD  QS�]HURV��VHOI�QV\V� VHOI�QVHJ� LQW�VHOI�QVWHS��� �ࣉIࣉ
�� IRU OVWHS LQ UDQJH�LQW�VHOI�QVWHS���
�� IGD\V  VWUXFW�XQSDFN�ࣉLࣉ� I�UHDG����>�@ 
 �VHOI�VFX � �������
�� LGD\  PDWK�WUXQF�IGD\V�
�� LKRXU  PDWK�WUXQF��IGD\V � LGD\� 
 ����
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�� VHOI�GDWHWLPH�DSSHQG�GW�
�� IRU LVHJ LQ UDQJH�VHOI�QVHJ��
�� IRU LV\V LQ UDQJH�VHOI�QV\V��
�� VHOI�GDWD>LV\V� LVHJ� OVWHS@  VWUXFW�XQSDFN�ࣉIࣉ� I�UHDG����
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�� I�FORVH��
��

��

�� GHI JHWVHULHV�VHOI� V\VQDP� VHJQDP��
�� LV\V  VHOI�V\VQDPHV�LQGH[�V\VQDP�
�� LVHJ  VHOI�VHJQDPHV�LQGH[�VHJQDP�
�� �SULQW LV\V�LVHJ
�� UHV  QS�]HURV�LQW�VHOI�QVWHS��
�� IRU OVWHS LQ UDQJH�LQW�VHOI�QVWHS���
�� UHV>OVWHS@  VHOI�GDWD>LV\V� LVHJ� OVWHS@
�� UHWXUQ UHV
��

�� GHI JHWWLPHVHULHV�VHOI� V\VQDP� VHJQDP��
�� LV\V  VHOI�V\VQDPHV�LQGH[�V\VQDP�
�� LVHJ  VHOI�VHJQDPHV�LQGH[�VHJQDP�
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�� �SULQW LV\V�LVHJ
�� UHVGDWD  QS�]HURV�LQW�VHOI�QVWHS��
�� UHVGDWH  OLVW��
��� IRU OVWHS LQ UDQJH�LQW�VHOI�QVWHS���
��� UHVGDWH�DSSHQG�VHOI�GDWHWLPH>OVWHS@�
��� UHVGDWD>OVWHS@  VHOI�GDWD>LV\V� LVHJ� OVWHS@
��� UHWXUQ UHVGDWH� UHVGDWD�� VHOI�QVWHS
���

���
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��� UHWXUQ E
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��� GHI XSGDWHBSDWKV�ILOHV� VWULQJ�� VWULQJ���
��� IRU ILOH LQ ILOHV�
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��� ZLWK RSHQ�ILOH� �ࣉUWࣉ DV I�
��� WH[WLQ  I�UHDGOLQHV��
��� I�FORVH��
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��� WH[WRXW  >@
��� IRU OLQH LQ WH[WLQ�
��� OLQH  OLQH�UHSODFH�VWULQJ�� VWULQJ��
��� WH[WRXW�DSSHQG�OLQH�
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��� ZLWK RSHQ�ILOHࣉ�ZWࣉ� DV I�
��� I�ZULWHOLQHV�WH[WRXW�
��� I�FORVH��
���

��� FODVV 5LEDVLP0RGHO�6LQJOH5HSOLFDWLRQ� $EVWUDFW0RGHO��
���

���

��� GHI BBLQLWBB�VHOI� QDPH� RULJLQDOBGLU 1RQH��
��� VXSHU�5LEDVLP0RGHO� VHOI��BBLQLWBB�QDPH�
��� DVVHUW RULJLQDOBGLU � 1RQH
���

��� VHOI�RULJLQDOBGLU  RULJLQDOBGLU
��� VHOI�GLUHFWRU\BVHWXS  )DOVH
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���

��� #PHWKRGBORJJHU�BBQDPHBB�
��� GHI PRGHOBLQLW�VHOI� SROLF\��
��� 0HWKRGࣉࣉࣉ FDOOHG WR LQLWLDOL]H WKH PRGHO�
��� 3DUDPHWHUV
��� ����������
��� SROLF\ � GLFW
��� SROLF\ WR EH UXQ�
��� 1RWH
��� ����
��� 7KLV PHWKRG VKRXOG DOZD\V EH LPSOHPHQWHG� $OWKRXJK LQ
��� VLPSOH FDVHV� D VLPSOH SDVV FDQ VXIILFH�
��� ࣉࣉࣉ
��� VXSHU�5LEDVLP0RGHO� VHOI��PRGHOBLQLW�SROLF\�
���

���

���

��� LI QRW VHOI�GLUHFWRU\BVHWXS�
��� UDQGRPBSDUW  >UDQGRP�FKRLFH�VWULQJ�DVFLLBOHWWHUV � VWULQJ�GLJLWV�
��� IRU B LQ UDQJH���@
��� UDQGRPBSDUW �UDQGRPBSDUW��MRLQࣉࣉ 
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��� E�  JHQHUDWH�F��SDUW�PD[�IUDFE���E� JHQHUDWH�F��SDUW�PD[�IUDFE���E� 
JHQHUDWH�F��SDUW�PD[�IUDFE���E� JHQHUDWH�F��SDUW�PD[�IUDFE���E� JHQHUDWH�F��
SDUW�PD[�IUDFE���E� JHQHUDWH�F��SDUW�PD[�IUDFE���E� JHQHUDWH�F��SDUW�PD[�IUDFE�
��E� JHQHUDWH�F��SDUW�PD[�IUDFE���E� JHQHUDWH�F��SDUW�PD[�IUDFE���E�� JHQHUDWH�
F���SDUW�PD[�IUDFE����E�� JHQHUDWH�F���SDUW�PD[�IUDFE����E�� JHQHUDWH�F���
SDUW�PD[�IUDFE���

��� D�  JHQHUDWH�E��SDUW�PD[�IUDFF���D� JHQHUDWH�E��SDUW�PD[�IUDFF���D� 
JHQHUDWH�E��SDUW�PD[�IUDFF���D� JHQHUDWH�E��SDUW�PD[�IUDFF���D� JHQHUDWH�E��
SDUW�PD[�IUDFF���D� JHQHUDWH�E��SDUW�PD[�IUDFF���D� JHQHUDWH�E��SDUW�PD[�IUDFF�
��D� JHQHUDWH�E��SDUW�PD[�IUDFF���D� JHQHUDWH�E��SDUW�PD[�IUDFF���D�� JHQHUDWH�
E���SDUW�PD[�IUDFF����D�� JHQHUDWH�E���SDUW�PD[�IUDFF����D�� JHQHUDWH�E���
SDUW�PD[�IUDFF���

��� H�  JHQHUDWH�I��SDUW�PD[�IUDFH���H� JHQHUDWH�I��SDUW�PD[�IUDFH���H� 
JHQHUDWH�I��SDUW�PD[�IUDFH���H� JHQHUDWH�I��SDUW�PD[�IUDFH���H� JHQHUDWH�I��
SDUW�PD[�IUDFH���H� JHQHUDWH�I��SDUW�PD[�IUDFH���H� JHQHUDWH�I��SDUW�PD[�IUDFH�
��H� JHQHUDWH�I��SDUW�PD[�IUDFH���H� JHQHUDWH�I��SDUW�PD[�IUDFH���H�� JHQHUDWH�
I���SDUW�PD[�IUDFH����H�� JHQHUDWH�I���SDUW�PD[�IUDFH����H�� JHQHUDWH�I���
SDUW�PD[�IUDFH���

��� G�  JHQHUDWH�H��SDUW�PD[�IUDFI���G� JHQHUDWH�H��SDUW�PD[�IUDFI���G� 
JHQHUDWH�H��SDUW�PD[�IUDFI���G� JHQHUDWH�H��SDUW�PD[�IUDFI���G� JHQHUDWH�H��
SDUW�PD[�IUDFI���G� JHQHUDWH�H��SDUW�PD[�IUDFI���G� JHQHUDWH�H��SDUW�PD[�IUDFI�
��G� JHQHUDWH�H��SDUW�PD[�IUDFI���G� JHQHUDWH�H��SDUW�PD[�IUDFI���G�� JHQHUDWH�
H���SDUW�PD[�IUDFI����G�� JHQHUDWH�H���SDUW�PD[�IUDFI����G�� JHQHUDWH�H���
SDUW�PD[�IUDFI���

��� K�  JHQHUDWH�L��SDUW�PD[�IUDFK���K� JHQHUDWH�L��SDUW�PD[�IUDFK���K� 
JHQHUDWH�L��SDUW�PD[�IUDFK���K� JHQHUDWH�L��SDUW�PD[�IUDFK���K� JHQHUDWH�L��
SDUW�PD[�IUDFK���K� JHQHUDWH�L��SDUW�PD[�IUDFK���K� JHQHUDWH�L��SDUW�PD[�IUDFK�
��K� JHQHUDWH�L��SDUW�PD[�IUDFK���K� JHQHUDWH�L��SDUW�PD[�IUDFK���K�� JHQHUDWH�
L���SDUW�PD[�IUDFK����K�� JHQHUDWH�L���SDUW�PD[�IUDFK����K�� JHQHUDWH�L���
SDUW�PD[�IUDFK���

��� J�  JHQHUDWH�K��SDUW�PD[�IUDFL���J� JHQHUDWH�K��SDUW�PD[�IUDFL���J� 
JHQHUDWH�K��SDUW�PD[�IUDFL���J� JHQHUDWH�K��SDUW�PD[�IUDFL���J� JHQHUDWH�K��
SDUW�PD[�IUDFL���J� JHQHUDWH�K��SDUW�PD[�IUDFL���J� JHQHUDWH�K��SDUW�PD[�IUDFL�
��J� JHQHUDWH�K��SDUW�PD[�IUDFL���J� JHQHUDWH�K��SDUW�PD[�IUDFL���J�� JHQHUDWH�
K���SDUW�PD[�IUDFL����J�� JHQHUDWH�K���SDUW�PD[�IUDFL����J�� JHQHUDWH�K���
SDUW�PD[�IUDFL���

��� N�  JHQHUDWH�O��SDUW�PD[�IUDFN���N� JHQHUDWH�O��SDUW�PD[�IUDFN���N� 
JHQHUDWH�O��SDUW�PD[�IUDFN���N� JHQHUDWH�O��SDUW�PD[�IUDFN���N� JHQHUDWH�O��
SDUW�PD[�IUDFN���N� JHQHUDWH�O��SDUW�PD[�IUDFN���N� JHQHUDWH�O��SDUW�PD[�IUDFN�
��N� JHQHUDWH�O��SDUW�PD[�IUDFN���N� JHQHUDWH�O��SDUW�PD[�IUDFN���N�� JHQHUDWH�
O���SDUW�PD[�IUDFN����N�� JHQHUDWH�O���SDUW�PD[�IUDFN����N�� JHQHUDWH�O���
SDUW�PD[�IUDFN���

��� M�  JHQHUDWH�N��SDUW�PD[�IUDFO���M� JHQHUDWH�N��SDUW�PD[�IUDFO���M� 
JHQHUDWH�N��SDUW�PD[�IUDFO���M� JHQHUDWH�N��SDUW�PD[�IUDFO���M� JHQHUDWH�N��
SDUW�PD[�IUDFO���M� JHQHUDWH�N��SDUW�PD[�IUDFO���M� JHQHUDWH�N��SDUW�PD[�IUDFO�
��M� JHQHUDWH�N��SDUW�PD[�IUDFO���M� JHQHUDWH�N��SDUW�PD[�IUDFO���M�� JHQHUDWH�
N���SDUW�PD[�IUDFO����M�� JHQHUDWH�N���SDUW�PD[�IUDFO����M�� JHQHUDWH�N���
SDUW�PD[�IUDFO���

��� Q�  JHQHUDWH�R��SDUW�PD[�IUDFQ���Q� JHQHUDWH�R��SDUW�PD[�IUDFQ���Q� 
JHQHUDWH�R��SDUW�PD[�IUDFQ���Q� JHQHUDWH�R��SDUW�PD[�IUDFQ���Q� JHQHUDWH�R��
SDUW�PD[�IUDFQ���Q� JHQHUDWH�R��SDUW�PD[�IUDFQ���Q� JHQHUDWH�R��SDUW�PD[�IUDFQ�
��Q� JHQHUDWH�R��SDUW�PD[�IUDFQ���Q� JHQHUDWH�R��SDUW�PD[�IUDFQ���Q�� JHQHUDWH�
R���SDUW�PD[�IUDFQ����Q�� JHQHUDWH�R���SDUW�PD[�IUDFQ����Q�� JHQHUDWH�R���
SDUW�PD[�IUDFQ���

��� P�  JHQHUDWH�Q��SDUW�PD[�IUDFR���P� JHQHUDWH�Q��SDUW�PD[�IUDFR���P� 
JHQHUDWH�Q��SDUW�PD[�IUDFR���P� JHQHUDWH�Q��SDUW�PD[�IUDFR���P� JHQHUDWH�Q��
SDUW�PD[�IUDFR���P� JHQHUDWH�Q��SDUW�PD[�IUDFR���P� JHQHUDWH�Q��SDUW�PD[�IUDFR�
��P� JHQHUDWH�Q��SDUW�PD[�IUDFR���P� JHQHUDWH�Q��SDUW�PD[�IUDFR���P�� JHQHUDWH�
Q���SDUW�PD[�IUDFR����P�� JHQHUDWH�Q���SDUW�PD[�IUDFR����P�� JHQHUDWH�Q���
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��� LI �D>L@  1ࣉRGH QDPH 569B$+0('(/+$16$/,'$0?Qࣉ��
��� W W��
��� D>L��@ ࣉ)ORRG FRQWURO VWRUDJH RSHUDWLRQ UXOH �W� �P� ࣉ�VWU�D��ࣉ�ࣉ�

�VWU�D��ࣉ�ࣉ��VWU�D��ࣉ�ࣉ��VWU�D��ࣉ�ࣉ��VWU�D��ࣉ�ࣉ��VWU�D��ࣉ�ࣉ��VWU�D��ࣉ�ࣉ��VWU�D�
ࣉQ?ࣉ����D��VWUࣉ�ࣉ����D��VWUࣉ�ࣉ����D��VWUࣉ�ࣉ���D��VWUࣉ�ࣉ��

��� D>L��@ 7ࣉDUJHW VWRUDJH RSHUDWLRQ UXOH �W� �P� ࣉ� VWU�E��ࣉ�ࣉ��VWU�
E��ࣉ�ࣉ��VWU�E��ࣉ�ࣉ��VWU�E��ࣉ�ࣉ��VWU�E��ࣉ�ࣉ��VWU�E��ࣉ�ࣉ��VWU�E��ࣉ�ࣉ��VWU�E��ࣉ�ࣉ�
�VWU�E�ࣉQ?ࣉ����E��VWUࣉ�ࣉ����E��VWUࣉ�ࣉ����E��VWUࣉ�ࣉ��

��� D>L��@ ࣉ)LUP VWRUDJH RSHUDWLRQ UXOH �W� �P� ࣉ� VWU�F��ࣉ�ࣉ��VWU�F��
�ࣉ�ࣉ���F��VWUࣉ�ࣉ���F��VWUࣉ�ࣉ���F��VWUࣉ�ࣉ���F��VWUࣉ�ࣉ���F��VWUࣉ�ࣉ���F��VWUࣉ�ࣉ�
VWU�F�ࣉQ?ࣉ����F��VWUࣉ�ࣉ����F��VWUࣉ�ࣉ����F��VWUࣉ�ࣉ��

��� LI �D>L@  1ࣉRGH QDPH 569B%,1(/28,'$1('$0?Qࣉ��
��� D>L��@ ࣉ)ORRG FRQWURO VWRUDJH RSHUDWLRQ UXOH �W� �P� ࣉ�VWU�G��ࣉ�ࣉ�

�VWU�G��ࣉ�ࣉ��VWU�G��ࣉ�ࣉ��VWU�G��ࣉ�ࣉ��VWU�G��ࣉ�ࣉ��VWU�G��ࣉ�ࣉ��VWU�G��ࣉ�ࣉ��VWU�G�
ࣉQ?ࣉ����G��VWUࣉ�ࣉ����G��VWUࣉ�ࣉ����G��VWUࣉ�ࣉ���G��VWUࣉ�ࣉ��

��� D>L��@ 7ࣉDUJHW VWRUDJH RSHUDWLRQ UXOH �W� �P� ࣉ� VWU�H��ࣉ�ࣉ��VWU�
H��ࣉ�ࣉ��VWU�H��ࣉ�ࣉ��VWU�H��ࣉ�ࣉ��VWU�H��ࣉ�ࣉ��VWU�H��ࣉ�ࣉ��VWU�H��ࣉ�ࣉ��VWU�H��ࣉ�ࣉ�
�VWU�H�ࣉQ?ࣉ����H��VWUࣉ�ࣉ����H��VWUࣉ�ࣉ����H��VWUࣉ�ࣉ��

��� D>L��@ ࣉ)LUP VWRUDJH RSHUDWLRQ UXOH �W� �P� ࣉ� VWU�I��ࣉ�ࣉ��VWU�I��
�ࣉ�ࣉ���I��VWUࣉ�ࣉ���I��VWUࣉ�ࣉ���I��VWUࣉ�ࣉ���I��VWUࣉ�ࣉ���I��VWUࣉ�ࣉ���I��VWUࣉ�ࣉ�
VWU�I�ࣉQ?ࣉ����I��VWUࣉ�ࣉ����I��VWUࣉ�ࣉ����I��VWUࣉ�ࣉ��

��� LI �D>L@  1ࣉRGH QDPH 569B+$66$1�(5'$0?Qࣉ��
��� D>L��@ ࣉ)ORRG FRQWURO VWRUDJH RSHUDWLRQ UXOH �W� �P� ࣉ�VWU�J��ࣉ�ࣉ�

�VWU�J��ࣉ�ࣉ��VWU�J��ࣉ�ࣉ��VWU�J��ࣉ�ࣉ��VWU�J��ࣉ�ࣉ��VWU�J��ࣉ�ࣉ��VWU�J��ࣉ�ࣉ��VWU�J�
ࣉQ?ࣉ����J��VWUࣉ�ࣉ����J��VWUࣉ�ࣉ����J��VWUࣉ�ࣉ���J��VWUࣉ�ࣉ��

��� D>L��@ 7ࣉDUJHW VWRUDJH RSHUDWLRQ UXOH �W� �P� ࣉ� VWU�K��ࣉ�ࣉ��VWU�
K��ࣉ�ࣉ��VWU�K��ࣉ�ࣉ��VWU�K��ࣉ�ࣉ��VWU�K��ࣉ�ࣉ��VWU�K��ࣉ�ࣉ��VWU�K��ࣉ�ࣉ��VWU�K��ࣉ�ࣉ�
�VWU�K�ࣉQ?ࣉ����K��VWUࣉ�ࣉ����K��VWUࣉ�ࣉ����K��VWUࣉ�ࣉ��

��� D>L��@ ࣉ)LUP VWRUDJH RSHUDWLRQ UXOH �W� �P� ࣉ� VWU�L��ࣉ�ࣉ��VWU�L��
�ࣉ�ࣉ���L��VWUࣉ�ࣉ���L��VWUࣉ�ࣉ���L��VWUࣉ�ࣉ���L��VWUࣉ�ࣉ���L��VWUࣉ�ࣉ���L��VWUࣉ�ࣉ�
VWU�L�ࣉQ?ࣉ����L��VWUࣉ�ࣉ����L��VWUࣉ�ࣉ����L��VWUࣉ�ࣉ��

��� LI �D>L@  1ࣉRGH QDPH 569B028/$<<2866()'$0?Qࣉ��
��� D>L��@ ࣉ)ORRG FRQWURO VWRUDJH RSHUDWLRQ UXOH �W� �P� ࣉ�VWU�M��ࣉ�ࣉ�

�VWU�M��ࣉ�ࣉ��VWU�M��ࣉ�ࣉ��VWU�M��ࣉ�ࣉ��VWU�M��ࣉ�ࣉ��VWU�M��ࣉ�ࣉ��VWU�M��ࣉ�ࣉ��VWU�M�
ࣉQ?ࣉ����M��VWUࣉ�ࣉ����M��VWUࣉ�ࣉ����M��VWUࣉ�ࣉ���M��VWUࣉ�ࣉ��

��� D>L��@ 7ࣉDUJHW VWRUDJH RSHUDWLRQ UXOH �W� �P� ࣉ� VWU�N��ࣉ�ࣉ��VWU�
N��ࣉ�ࣉ��VWU�N��ࣉ�ࣉ��VWU�N��ࣉ�ࣉ��VWU�N��ࣉ�ࣉ��VWU�N��ࣉ�ࣉ��VWU�N��ࣉ�ࣉ��VWU�N��ࣉ�ࣉ�
�VWU�N�ࣉQ?ࣉ����N��VWUࣉ�ࣉ����N��VWUࣉ�ࣉ����N��VWUࣉ�ࣉ��

��� D>L��@ ࣉ)LUP VWRUDJH RSHUDWLRQ UXOH �W� �P� ࣉ� VWU�O��ࣉ�ࣉ��VWU�O��
�ࣉ�ࣉ���O��VWUࣉ�ࣉ���O��VWUࣉ�ࣉ���O��VWUࣉ�ࣉ���O��VWUࣉ�ࣉ���O��VWUࣉ�ࣉ���O��VWUࣉ�ࣉ�
VWU�O�ࣉQ?ࣉ����O��VWUࣉ�ࣉ����O��VWUࣉ�ࣉ����O��VWUࣉ�ࣉ��

��� LI �D>L@  1ࣉRGH QDPH 569B$/0$66,5$'$0?Qࣉ��
��� D>L��@ ࣉ)ORRG FRQWURO VWRUDJH RSHUDWLRQ UXOH �W� �P� ࣉ�VWU�P��ࣉ�ࣉ�

�VWU�P��ࣉ�ࣉ��VWU�P��ࣉ�ࣉ��VWU�P��ࣉ�ࣉ��VWU�P��ࣉ�ࣉ��VWU�P��ࣉ�ࣉ��VWU�P��ࣉ�ࣉ��VWU�P�
ࣉQ?ࣉ����P��VWUࣉ�ࣉ����P��VWUࣉ�ࣉ����P��VWUࣉ�ࣉ���P��VWUࣉ�ࣉ��

��� D>L��@ 7ࣉDUJHW VWRUDJH RSHUDWLRQ UXOH �W� �P� ࣉ� VWU�Q��ࣉ�ࣉ��VWU�
Q��ࣉ�ࣉ��VWU�Q��ࣉ�ࣉ��VWU�Q��ࣉ�ࣉ��VWU�Q��ࣉ�ࣉ��VWU�Q��ࣉ�ࣉ��VWU�Q��ࣉ�ࣉ��VWU�Q��ࣉ�ࣉ�
�VWU�Q�ࣉQ?ࣉ����Q��VWUࣉ�ࣉ����Q��VWUࣉ�ࣉ����Q��VWUࣉ�ࣉ��

��� D>L��@ ࣉ)LUP VWRUDJH RSHUDWLRQ UXOH �W� �P� ࣉ� VWU�R��ࣉ�ࣉ��VWU�R��
�ࣉ�ࣉ���R��VWUࣉ�ࣉ���R��VWUࣉ�ࣉ���R��VWUࣉ�ࣉ���R��VWUࣉ�ࣉ���R��VWUࣉ�ࣉ���R��VWUࣉ�ࣉ�
VWU�R�ࣉQ?ࣉ����R��VWUࣉ�ࣉ����R��VWUࣉ�ࣉ����R��VWUࣉ�ࣉ��
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%LEOLRJUDSK\

>�@ *OREDO HQHUJ\ REVHUYDWRU\ �JHR�� 85/ KWWS���JOREDOHQHUJ\REVHUYDWRU\�RUJ��

>�@ :DWHU VXSSO\ DQG VDQLWDWLRQ QHHGV PRGHO �ZVV�� ���� � DIULFD LQIUDVWUXFWXUH NQRZOHGJH
SURJUDP SRUWDO� 85/ KWWS���LQIUDVWUXFWXUHDIULFD�RSHQGDWDIRUDIULFD�
RUJ�:6610�����ZDWHU�VXSSO\�DQG�VDQLWDWLRQ�QHHGV�PRGHO�ZVV�����"
FRXQWU\ ��������PRURFFR�

>�@ 0RURFFR� 85/ KWWSV���ZZZ�K\GURSRZHU�RUJ�FRXQWU\�SURILOHV�PRURFFR�

>�@ $VVLVWDQFH WHFKQLTXH SRXU O¶LQWpJUDWLRQ HW O¶pYDOXDWLRQ GHV ULVTXHV FOLPDWLTXHV �HUF� GDQV
OD SODQLILFDWLRQ HW OH GpYHORSSHPHQW GHV UHVVRXUFHV HQ HDX DX QLYHDX GX EDVVLQ GH O¶RXP
HU�UELD� PDURF FRQVXOWDQW PDvWULVDQ� �����

>�@ :DWHU LQIUDVWUXFWXUH LQ PRURFFR� 6HS ����� 85/ KWWSV���ZDWHU�IDQDFN�FRP�
PRURFFR�ZDWHU�LQIUDVWUXFWXUH�LQ�PRURFFR��

>�@ :DWHU DQG VDQLWDWLRQ� 0RURFFR� 0D\ ����� 85/ KWWSV���ZZZ�XVDLG�JRY�
PRURFFR�ZDWHU�DQG�VDQLWDWLRQ�

>�@ 6LULVKD $GDPDOD� $Q RYHUYLHZ RI ELJ GDWD DSSOLFDWLRQV LQ ZDWHU UHVRXUFHV HQJLQHHULQJ�
0DFKLQH /HDUQLQJ 5HVHDUFK� �������±��� �����

>�@ $ $KEDUL� / 6WRXU� DQG $ $JRXPL� 7KH GDP UHVHUYRLU RI ELQ HO RXLGDQH �D]LODO� PRURFFR�
IDFH WR FOLPDWH FKDQJH� ,QW - 6FL (QJ 5HV� ��������±���� �����

>�@ 6WHYH %DQNHV� ([SORUDWRU\ PRGHOLQJ IRU SROLF\ DQDO\VLV� 2SHUDWLRQV UHVHDUFK� ������
���±���� �����

>��@ .HQ %RZHQ� 6L[W\ \HDUV RI RSHUDWLRQDO UHVHDUFK� (XURSHDQ -RXUQDO RI 2SHUDWLRQDO 5H�
VHDUFK� ����������±���� �����

>��@ %ODLU 7 %RZHU� 0D\QDUG 0 +XIVFKPLGW� DQG :LOOLDP : 5HHG\� 2SHUDWLQJ SURFHGXUHV�
7KHLU UROH LQ WKH GHVLJQ RI ZDWHU�UHVRXUFH V\VWHPV E\ VLPXODWLRQ DQDO\VHV� 'HVLJQ RI
ZDWHU UHVRXUFH V\VWHPV� SDJHV ���±���� �����

>��@ $QGUHD &DVWHOOHWWL� )UDQFHVFD 3LDQRVL� DQG 5RGROIR 6RQFLQL�6HVVD� :DWHU UHVHUYRLU FRQ�
WURO XQGHU HFRQRPLF� VRFLDO DQG HQYLURQPHQWDO FRQVWUDLQWV� $XWRPDWLFD� ����������±
����� �����

>��@ (GZDUG - &ODUN� ,PSRXQGLQJ UHVHUYRLUV� -RXUQDO �$PHULFDQ :DWHU :RUNV $VVRFLDWLRQ��
���������±���� �����

>��@ 8UPLOD 'LZHNDU� ,QWURGXFWLRQ WR DSSOLHG RSWLPL]DWLRQ� YROXPH ��� 6SULQJHU 6FLHQFH 	
%XVLQHVV 0HGLD� �����

>��@ *HQQDGLL 'RQFK\WV� )HGRU %DDUW� +HVVHO :LQVHPLXV� 1RHO *RUHOLFN� -DDS .ZDGLMN� DQG
1LFN 9DQ 'H*LHVHQ� (DUWK¶V VXUIDFH ZDWHU FKDQJH RYHU WKH SDVW �� \HDUV� 1DWXUH &OLPDWH
&KDQJH� ��������±���� �����

��

http://globalenergyobservatory.org/
http://infrastructureafrica.opendataforafrica.org/WSSNM2016/water-supply-and-sanitation-needs-model-wss-2016?country=1000240-morocco
http://infrastructureafrica.opendataforafrica.org/WSSNM2016/water-supply-and-sanitation-needs-model-wss-2016?country=1000240-morocco
http://infrastructureafrica.opendataforafrica.org/WSSNM2016/water-supply-and-sanitation-needs-model-wss-2016?country=1000240-morocco
https://www.hydropower.org/country-profiles/morocco
https://water.fanack.com/morocco/water-infrastructure-in-morocco/
https://water.fanack.com/morocco/water-infrastructure-in-morocco/
https://www.usaid.gov/morocco/water-and-sanitation
https://www.usaid.gov/morocco/water-and-sanitation


�� %LEOLRJUDSK\

>��@ $QGUHZ - 'UDSHU� 0DULRQ: -HQNLQV� .HQQHWK:.LUE\� -D\ 5 /XQG� DQG 5LFKDUG ( +RZLWW�
(FRQRPLF�HQJLQHHULQJ RSWLPL]DWLRQ IRU FDOLIRUQLD ZDWHU PDQDJHPHQW� -RXUQDO RI ZDWHU
UHVRXUFHV SODQQLQJ DQG PDQDJHPHQW� ����������±���� �����

>��@ =KRXU (FKDNUDRXL� $KPHG %RXNGLU� 2ODLGH $GHURMX� $EGHOKDPLG =LWRXQL� $QWyQLR *XHUQHU
'LDV� HW DO� 7KH FOLPDWH FKDQJHV LQ WKH VXE�EDVLQ RI WKH RXP HU UELD FHQWUDO DQG WKH
LPSDFW RQ WKH VXUIDFH ZDWHUV� ,Q (�6 :HE RI &RQIHUHQFHV� YROXPH ��� SDJH ������
('3 6FLHQFHV� �����

>��@ 0RXQLD (O $]KDUL DQG 'DOLOD /RXG\L� $QDO\VLV RI WKH ZDWHU±HQHUJ\ QH[XV LQ FHQWUDO RXP
HU�UELD VXE�EDVLQ±PRURFFR� ,QWHUQDWLRQDO -RXUQDO RI 5LYHU %DVLQ 0DQDJHPHQW� ������
��±��� �����

>��@ ,VVD (OLDV� 1DGKLU $O�$QVDUL� DQG 6YHQ .QXWVVRQ� $UHD�VWRUDJH FDSDFLW\ FXUYHV IRU PRVXO
GDP� LUDT XVLQJ HPSLULFDO DQG VHPL�HPSLULFDO DSSURDFKHV� ,Q ,&2/' &RQJUHVV �����
,QWHUQDWLRQDO &RPPLVVLRQ RQ /DUJH 'DPV ���������������������� �����

>��@ -D\ )DPLJOLHWWL� 2S�HG� &DOLIRUQLD KDV DERXW RQH \HDU RI ZDWHU OHIW� ZLOO \RX UDWLRQ QRZ�
/RV $QJHOHV 7LPHV� �����

>��@ $QGUH 5 )HUUHLUD DQG 5DPHVK 69 7HHJDYDUDSX� 2SWLPDO DQG DGDSWLYH RSHUDWLRQ RI D
K\GURSRZHU V\VWHP ZLWK XQLW FRPPLWPHQW DQG ZDWHU TXDOLW\ FRQVWUDLQWV� :DWHU UHVRXUFHV
PDQDJHPHQW� ���������±���� �����

>��@ *XGLQD / )H\LVD� +HQULN 0HLOE\� 5DVPXV )HQVKROW� DQG 6LPRQ 5 3URXG� $XWRPDWHG ZDWHU
H[WUDFWLRQ LQGH[� $ QHZ WHFKQLTXH IRU VXUIDFH ZDWHU PDSSLQJ XVLQJ ODQGVDW LPDJHU\�
5HPRWH 6HQVLQJ RI (QYLURQPHQW� ������±��� �����

>��@ $GULDQ )LVKHU� 1HLO )ORRG� DQG 7LP 'DQDKHU� &RPSDULQJ ODQGVDW ZDWHU LQGH[ PHWKRGV
IRU DXWRPDWHG ZDWHU FODVVLILFDWLRQ LQ HDVWHUQ DXVWUDOLD� 5HPRWH 6HQVLQJ RI (QYLURQPHQW�
�������±���� �����

>��@ *)'55� 5LYHU IORRG�PRURFFR� 85/ KWWSV���WKLQNKD]DUG�RUJ�HQ�UHSRUW�
����PRURFFR�)/�

>��@ -XOLHQ - +DURX� 0DQXHO 3XOLGR�9HOD]TXH]� 'DYLG ( 5RVHQEHUJ� -RVXp 0HGHOOtQ�$]XDUD�
-D\ 5 /XQG� DQG 5LFKDUG ( +RZLWW� +\GUR�HFRQRPLF PRGHOV� &RQFHSWV� GHVLJQ� DSSOLFD�
WLRQV� DQG IXWXUH SURVSHFWV� -RXUQDO RI +\GURORJ\� ������������±���� �����

>��@ 0DUNXV +UDFKRZLW]� ++* 6DYHQLMH� * %O|VFKO� -- 0F'RQQHOO� 0 6LYDSDODQ� -: 3RPHUR\�
%HULW $UKHLPHU� 7KHUHVD %OXPH� 03 &ODUN� 8 (KUHW� HW DO� $ GHFDGH RI SUHGLFWLRQV LQ XQ�
JDXJHG EDVLQV �SXE�²D UHYLHZ� +\GURORJLFDO VFLHQFHV MRXUQDO� ����������±����� �����

>��@ 0DURF ,QJHQRY� $EKRHU ����� � 85/ KWWS���ZZZ�DEKRHU�PD�LQGH[�FIP�

>��@ 0DURF ,QJHQRY� $EKRHU ����� � 85/ KWWS���ZZZ�DEKRHU�PD�LQGH[�FIP�

>��@ ,VVD ( ,VVD� 1DGKLU $O�$QVDUL� *RYDQG 6KHUZDQ\� DQG 6YHQ .QXWVVRQ� (YDOXDWLRQ DQG
PRGLILFDWLRQ RI VRPH HPSLULFDO DQG VHPL�HPSLULFDO DSSURDFKHV IRU SUHGLFWLRQ RI DUHD�
VWRUDJH FDSDFLW\ FXUYHV LQ UHVHUYRLUV RI GDPV� ,QWHUQDWLRQDO -RXUQDO RI 6HGLPHQW 5H�
VHDUFK� ���������±���� �����

>��@ 6KDURQ $ -RKQVRQ� -HU\ 5 6WHGLQJHU� DQG .RQVWDQWLQ 6WDVFKXV� +HXULVWLF RSHUDWLQJ SROL�
FLHV IRU UHVHUYRLU V\VWHP VLPXODWLRQ� :DWHU 5HVRXUFHV 5HVHDUFK� ���������±���� �����

https://thinkhazard.org/en/report/169-morocco/FL
https://thinkhazard.org/en/report/169-morocco/FL
http://www.abhoer.ma/index.cfm
http://www.abhoer.ma/index.cfm


%LEOLRJUDSK\ ��

>��@ -DFN .DOSDNLDQ� $KPHG /HJURXUL� )DWLPD (MHNNL� .KDOLG 'RXGRX� )RXDG %HUUDGD� $E�
GHONULP 2XDUGDRXL� DQG 'ULVV .HWWDQL� 2EVWDFOHV IDFLQJ WKH GLIIXVLRQ RI GULS LUULJDWLRQ
WHFKQRORJ\ LQ WKH PLGGOH DWODV UHJLRQ RI PRURFFR� ,QWHUQDWLRQDO MRXUQDO RI HQYLURQPHQWDO
VWXGLHV� ��������±��� �����

>��@ $OH[DQGHU .DXQH� 0LFKD :HUQHU� (UDVPR 5RGUtJXH]� 3RRODG .DULPL� DQG &KDUORWWH
'H )UDLWXUH� $ QRYHO WRRO WR DVVHVV DYDLODEOH K\GURORJLFDO LQIRUPDWLRQ DQG WKH RFFXU�
UHQFH RI VXE�RSWLPDO ZDWHU DOORFDWLRQ GHFLVLRQV LQ ODUJH LUULJDWLRQ GLVWULFWV� $JULFXOWXUDO
:DWHU 0DQDJHPHQW� �������±���� �����

>��@ . .DYHK� + +RVVHLQMDQ]DGHK� DQG . +RVVHLQL� $ QHZ HTXDWLRQ IRU FDOFXODWLRQ RI UHVHU�
YRLU¶V DUHD�FDSDFLW\ FXUYHV� .6&( -RXUQDO RI &LYLO (QJLQHHULQJ� ����������±����� �����

>��@ 0DXULFH : .LUE\ DQG 5HEHFFD &DSH\� 7KH RULJLQV DQG GLIIXVLRQ RI RSHUDWLRQDO UHVHDUFK
LQ WKH XN� -RXUQDO RI WKH 2SHUDWLRQDO 5HVHDUFK 6RFLHW\� ���������±���� �����

>��@ :�1�0 9DQ 'HU .URJW� 5LEDVLP YHUVLRQ ����� WHFKQLFDO UHIHUHQFH PDQXDO� �����

>��@ -RKQ : /DEDGLH� 2SWLPDO RSHUDWLRQ RI PXOWLUHVHUYRLU V\VWHPV� VWDWH�RI�WKH�DUW UHYLHZ�
-RXUQDO RI ZDWHU UHVRXUFHV SODQQLQJ DQG PDQDJHPHQW� ���������±���� �����

>��@ %HUQKDUG /HKQHU� &DWKHULQH 5HLG\ /LHUPDQQ� &DUPHQ 5HYHQJD� &KDUOHV 9|U|VPDUW\�
%DOD]V )HNHWH� 3KLOLSSH &URX]HW� 3HWUD '|OO� 0DUFHO (QGHMDQ� .DUHQ )UHQNHQ� -XQ
0DJRPH� HW DO� *OREDO UHVHUYRLU DQG GDP �JUDQG� GDWDEDVH� 7HFKQLFDO 'RFXPHQWDWLRQ�
9HUVLRQ� ���±��� �����

>��@ -� 5� /RSH]� -� 0� :LQWHU� -� (OOLRWW� $� &� 5XDQH� &� +� 3RUWHU� DQG *� +RRJHQERRP�
,QWHJUDWLQJ JURZWK VWDJH GHILFLW LUULJDWLRQ LQWR D SURFHVV EDVHG FURS PRGHO� $JULF� )RUHVW
0HWHRURO�� ������±��� ����� GRL� ��������M�DJUIRUPHW�������������

>��@ 'DQLHO 3 /RXFNV� -HU\ 5 6WHGLQJHU� 'RXJODV $ +DLWK� HW DO� :DWHU UHVRXUFH V\VWHPV
SODQQLQJ DQG DQDO\VLV� 3UHQWLFH�+DOO�� �����

>��@ $ /RXNDV DQG / 9DVLOLDGHV� 6WUHDPIORZ VLPXODWLRQ PHWKRGV IRU XQJDXJHG DQG SRRUO\
JDXJHG ZDWHUVKHGV� 1DWXUDO +D]DUGV DQG (DUWK 6\VWHP 6FLHQFHV� ����������� �����

>��@ /DLOD 0DQGL DQG 1DDLOD 2XD]]DQL� :DWHU DQG ZDVWHZDWHU PDQDJHPHQW LQ PRURFFR�
%LRWHFKQRORJLHV DSSOLFDWLRQ� 6XVWDLQDEOH 6DQLWDWLRQ 3UDFWLFH� �������±��� �����

>��@ 5 7LPRWK\ 0DUOHU DQG -DVELU 6 $URUD� 6XUYH\ RI PXOWL�REMHFWLYH RSWLPL]DWLRQ PHWKRGV IRU
HQJLQHHULQJ� 6WUXFWXUDO DQG PXOWLGLVFLSOLQDU\ RSWLPL]DWLRQ� ���������±���� �����

>��@ 6WXDUW . 0F)HHWHUV� 7KH XVH RI WKH QRUPDOL]HG GLIIHUHQFH ZDWHU LQGH[ �QGZL� LQ WKH GHOLQ�
HDWLRQ RI RSHQ ZDWHU IHDWXUHV� ,QWHUQDWLRQDO MRXUQDO RI UHPRWH VHQVLQJ� ����������±�����
�����

>��@ -DKDQVKLU 0RKDPPDG]DGHK�+DELOL� 0DQRXFKHKU +HLGDUSRXU� 6D\HG�)DUKDG 0RXVDYL�
DQG $PLU + +DJKLDEL� 'HULYDWLRQ RI UHVHUYRLU¶V DUHD�FDSDFLW\ HTXDWLRQV� -RXUQDO RI +\�
GURORJLF (QJLQHHULQJ� ����������±����� �����

>��@ +DP]D 2XDWLNL� $EGHOJKDQL %RXGKDU� $]L] 2XKLQRX� $EGHONULP $ULRXD� 0RKDPPHG +V�
VDLVRXQH� +DIVD %RXDPUL� DQG 7DULN %HQDEGHORXDKDE� 7UHQG DQDO\VLV RI UDLQIDOO DQG
GURXJKW RYHU WKH RXP HU�UELD ULYHU EDVLQ LQ PRURFFR GXULQJ ����±����� $UDELDQ -RXUQDO
RI *HRVFLHQFHV� ���������� �����



�� %LEOLRJUDSK\

>��@ -�) 3HNHO� & 9DQFXWVHP� /XF\ %DVWLQ� 0 &OHULFL� (ULF 9DQERJDHUW� ( %DUWKRORPp� DQG
3LHUUH 'HIRXUQ\� $ QHDU UHDO�WLPH ZDWHU VXUIDFH GHWHFWLRQ PHWKRG EDVHG RQ KVY WUDQV�
IRUPDWLRQ RI PRGLV PXOWL�VSHFWUDO WLPH VHULHV GDWD� 5HPRWH VHQVLQJ RI HQYLURQPHQW� ����
���±���� �����

>��@ -XOLDQQH ' 4XLQQ� 3DWULFN 0 5HHG� 0DWWHR *LXOLDQL� DQG $QGUHD &DVWHOOHWWL� :KDW LV
FRQWUROOLQJ RXU FRQWURO UXOHV" RSHQLQJ WKH EODFN ER[ RI PXOWLUHVHUYRLU RSHUDWLQJ SROLFLHV
XVLQJ WLPH�YDU\LQJ VHQVLWLYLW\ DQDO\VLV� :DWHU 5HVRXUFHV 5HVHDUFK� ����������±�����
�����

>��@ -RHS ) 6FK\QV DQG $UMHQ < +RHNVWUD� 7KH DGGHG YDOXH RI ZDWHU IRRWSULQW DVVHVVPHQW IRU
QDWLRQDO ZDWHU SROLF\� D FDVH VWXG\ IRU PRURFFR� 3/R6 2QH� �����H������ �����

>��@ -XVWLQ 6KHIILHOG� (ULF ) :RRG� 1DWKDQLHO &KDQH\� .DL\X *XDQ� 6DUD 6DGUL� ;LQJ <XDQ�
/XNH 2ODQJ� $ERX $PDQL� $EGRX $OL� 6LHJIULHG 'HPXWK� HW DO� $ GURXJKW PRQLWRULQJ DQG
IRUHFDVWLQJ V\VWHP IRU VXE�VDKDUD DIULFDQ ZDWHU UHVRXUFHV DQG IRRG VHFXULW\� %XOOHWLQ RI
WKH $PHULFDQ 0HWHRURORJLFDO 6RFLHW\� ���������±���� �����

>��@ <XDQ 6L� ;LDQJ /L� 'RQJTLQ <LQ� 7LHMLDQ /L� ;LPLQJ &DL� -LDKXD:HL� DQG *XDQJTLDQ :DQJ�
5HYHDOLQJ WKH ZDWHU�HQHUJ\�IRRG QH[XV LQ WKH XSSHU \HOORZ ULYHU EDVLQ WKURXJK PXOWL�
REMHFWLYH RSWLPL]DWLRQ IRU UHVHUYRLU V\VWHP� 6FLHQFH RI WKH 7RWDO (QYLURQPHQW� �����±���
�����

>��@ 4LXKRQJ 7DQJ� ;XHMXQ =KDQJ� 4LQJ\XQ 'XDQ� 6KLIHQJ +XDQJ� ;LQJ <XDQ� +XLMXDQ &XL�
=KH /L� DQG ;LQJFDL /LX� +\GURORJLFDO PRQLWRULQJ DQG VHDVRQDO IRUHFDVWLQJ� 3URJUHVV DQG
SHUVSHFWLYHV� -RXUQDO RI *HRJUDSKLFDO 6FLHQFHV� ���������±���� �����

>��@ :LOOLDP 7KRPDV� 5DWLRQDO DFWLRQ� 7KH VFLHQFHV RI SROLF\ LQ %ULWDLQ DQG $PHULFD� �����
����� 0,7 3UHVV� �����

>��@ :10 9DQ GHU .URJW DQG $ %RFFDORQ� 5LYHU EDVLQ VLPXODWLRQ PRGHO ULEDVLP YHUVLRQ �����
8VHU PDQXDO� 'HOWDUHV UHSRUW� SDJHV �������±���� �����

>��@ 7HG ,( 9HOGNDPS� <RVKLKLGH :DGD� +DQV GH 0RHO� 0DWWL .XPPX� 6WHSKDQLH (LVQHU�
-HURHQ &-+ $HUWV� DQG 3KLOLS - :DUG� &KDQJLQJ PHFKDQLVP RI JOREDO ZDWHU VFDUFLW\
HYHQWV� ,PSDFWV RI VRFLRHFRQRPLF FKDQJHV DQG LQWHU�DQQXDO K\GUR�FOLPDWLF YDULDELOLW\�
*OREDO (QYLURQPHQWDO &KDQJH� �����±��� �����
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