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7KH�JRDOV�RI�WKH�$QQXDO�5HFRUGV�RI�7URSLFDO�6\VWHPV��$576��SURJUDP�DUH�WR�

�����GRFXPHQW�DQG�XQGHUVWDQG�WKH�EHKDYLRU�RI�WKH�WURSLFDO�RFHDQ�DWPRVSKHUH�DQG�LWV�WHOHFRQQHFWLRQV�
ZLWK�VHDVRQDO�WR�DQQXDO�UHVROXWLRQ��RYHU�WKH�SDVW�VHYHUDO�FHQWXULHV��DQG

��� DVVHVV�WKH�VWDELOLW\�RI�WURSLFDO�FOLPDWH�V\VWHPV�DQG�WKHLU�WHOHFRQQHFWLRQV�DV�WKH�EDFNJURXQG�FOLPDWH
DQG�DVVRFLDWHG�IRUFLQJ�SKHQRPHQD�FKDQJH�RYHU�VHDVRQV�WR�FHQWXULHV�

7KH�$576�LQLWLDWLYH�SURPRWHV�WKH�V\QWKHVLV�RI�SDOHRFOLPDWH�GDWD�ZLWK�LQVWUXPHQWDO�DQG�PRGHOLQJ
SHUVSHFWLYHV�WR�DGGUHVV�XQFHUWDLQWLHV�LQ�RXU�XQGHUVWDQGLQJ�RI�WURSLFDO�FOLPDWH�YDULDELOLW\�DQG�LWV
LPSDFWV��7URSLFDO�RFHDQ�DWPRVSKHUH�LQWHUDFWLRQV�SURYLGH�WKH�GRPLQDQW�VLJQDO�LQ�LQWHUDQQXDO�FOLPDWH
YDULDELOLW\��3DOHRFOLPDWH�DQG�KLVWRULFDO�HYLGHQFH�LQGLFDWH�WKDW�WURSLFDO�V\VWHPV�DOVR�YDU\�RYHU�SHULRGV�RI
GHFDGHV�WR�FHQWXULHV��7KH�WURSLFV�LQWHUDFW�ZLWK�KLJKHU�ODWLWXGH�FOLPDWH�V\VWHPV�YLD�DWPRVSKHULF�DQG
RFHDQLF�WHOHFRQQHFWLRQV�WKDW��DOWKRXJK�UHODWLYHO\�FRQVLVWHQW�RYHU�WKH�SDVW�IHZ�GHFDGHV��DSSHDU�WR�KDYH
FKDQJHG�VXEVWDQWLDOO\�RYHU�WKH�SDVW�FHQWXU\�DQG�ORQJHU��3DOHRFOLPDWH�UHFRQVWUXFWLRQV�RIIHU�WKH�RQO\
VRXUFH�RI�LQIRUPDWLRQ�RQ�ORQJ�WHUP�FKDQJHV�LQ�WURSLFDO�YDULDELOLW\�DQG�LWV�WHOHFRQQHFWLRQV�DQG�GHULYH�DQ
HYHQ�EURDGHU�XWLOLW\�ZKHQ�LQWHUIDFHG�ZLWK�QXPHULFDO�VLPXODWLRQV�

$576�ZRUNVKRS�SDUWLFLSDQWV�LGHQWLILHG�D�QHHG�IRU�ORQJ��FRQWLQXRXV�UHFRUGV�RI�LQWHUDQQXDO�WR�FHQWHQQLDO
YDULDELOLW\�LQ�WKH�WURSLFV�DQG�RI�WKH�WHOHFRQQHFWLRQV�WR�WKH�H[WUDWURSLFV��$Q�LPSRUWDQW�WDUJHW�IRU
SDOHRFOLPDWH�UHFRQVWUXFWLRQ�LV�WKH�H[WHQVLRQ�RI�LQGLFHV�RI�ODUJH�VFDOH�FOLPDWH�V\VWHPV�LQWR�SUH�
LQVWUXPHQWDO�SHULRGV��:HOO�FDOLEUDWHG��PXOWLFHQWXU\�UHFRQVWUXFWLRQV�QHHG�WR�EH�LQWHJUDWHG�LQWR�VSDWLDOO\
JULGGHG�UHVHDUFK�SURGXFWV�WKDW�FDQ�EH�XVHG�WR�GULYH�RU�WHVW�JHQHUDO�FLUFXODWLRQ�PRGHO�VLPXODWLRQV��:H
RXWOLQHG�DQ�$576�V\QWKHVLV�SURMHFW�WR�DQDO\]H�FOLPDWH�RI�WKH�SDVW�VHYHUDO�FHQWXULHV��WLWOHG�¦&OLPDWH�RI
WKH�1LQHWHHQWK�&HQWXU\�§�RU�&1&��ZKLFK�ZRXOG�FRRUGLQDWH�WKHVH�HIIRUWV��LQFOXGLQJ�WKH�GHYHORSPHQW�RI
UHFRUGV�IURP�FULWLFDO�ORFDWLRQV��VSDWLDO�LQWHUSRODWLRQ�WHFKQLTXHV�WR�OLQN�SRLQW�UHFRQVWUXFWLRQV��PRGHO
VLPXODWLRQV��DQG�PRGHO�SDOHRGDWD�FRPSDULVRQ��7KH�KLJKHVW�SULRULWLHV�IRU�WKH�&1&�SURMHFW�DUH
SURGXFWLRQ�RI�ILHOGV�RI�VHD�VXUIDFH�WHPSHUDWXUHV��667
V��DFURVV�WKH�WURSLFDO�3DFLILF�H[WHQGLQJ�EDFN�WR�DW
OHDVW������$'��DQG�H[DPLQDWLRQ�RI�WHOHFRQQHFWLRQV�ZLWKLQ�WKH�,QGLDQ�2FHDQ��$XVWUDODVLDQ�DQG
$PHULFDQ�UHJLRQV��1HZ�VDPSOLQJ�ZLOO�EH�VWHHUHG�E\�DQDO\VLV�RI�DYDLODEOH�GDWD�

:RUNVKRS�SDUWLFLSDQWV�DOVR�UHFRPPHQGHG�WKH�IXUWKHU�GHYHORSPHQW�DQG�DSSOLFDWLRQ�RI�WUDFHUV�RI�RFHDQ
FLUFXODWLRQ��H�J��

��
&�LQ�FRUDOV��DV�D�FRPSOHPHQW�WR�WKH�&1&�SURMHFW�DQG�DV�D�PHDQV�WR�H[DPLQH�SDVW

YDULDELOLW\�LQ�RFHDQLF�FLUFXODWLRQ��,Q�DGGLWLRQ��DQDO\VLV�RI�WKH�UHODWLRQVKLS�EHWZHHQ�EDFNJURXQG�FOLPDWH
DQG�FOLPDWH�YDULDELOLW\�UHTXLUHV�WKDW�ZH�GHYHORS�KLJK�UHVROXWLRQ�UHFRUGV�IURP�WDUJHWHG�+RORFHQH�DQG
ODVW�JODFLDO�LQWHUYDOV�DV�ZLQGRZV�RQWR�FOLPDWH�VWDWHV�IRUFHG�E\�ERXQGDU\�FRQGLWLRQV�VXEVWDQWLDOO\
GLIIHUHQW�IURP�WKRVH�SUHYDLOLQJ�WRGD\�
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7URSLFDO�RFHDQ�DWPRVSKHUH�LQWHUDFWLRQV�RUFKHVWUDWH�FOLPDWH�YDULDELOLW\�ZRUOGZLGH�RYHU�D�UDQJH�RI�WLPH
VFDOHV�LPSRUWDQW�WR�VRFLHW\��7KH�(O�1LxR�6RXWKHUQ�2VFLOODWLRQ��(162��LQFOXGHV�D�IDU�UHDFKLQJ�V\VWHP
RI�WHOHFRQQHFWHG�FOLPDWH�DQRPDOLHV��DQG�ELOOLRQV�RI�SHRSOH�OLYH�LQ�DUHDV�ZKHUH�DJULFXOWXUDO�SURGXFWLYLW\
LV�LQIOXHQFHG�E\�WKH�$VLDQ��$IULFDQ��DQG�$PHULFDQ�PRQVRRQV��,QWHQVLYH�REVHUYDWLRQDO�SURJUDPV�KDYH
IRFXVHG�RQ�LPSURYLQJ�WKH�HPSLULFDO�EDVLV�IRU�XQGHUVWDQGLQJ�DQG�PRGHOLQJ�WKH�WURSLFDO�RFHDQ�DQG
DWPRVSKHUH��6WLOO��PRVW�LQVWUXPHQWDO�REVHUYDWLRQV�RI�WURSLFDO�FOLPDWH�VSDQ�RQO\�WKH�SDVW�IHZ�GHFDGHV
DQG�RQO\�D�KDQGIXO�RI�LQVWUXPHQWDO�UHFRUGV�IURP�WKH�WURSLFV�SUHGDWH�WKH�WXUQ�RI�WKH�FHQWXU\��7KXV��VWDWH�
RI�WKH�DUW�SUHGLFWLYH�PRGHOV�DUH�EDVHG�RQO\�RQ�WKH�LQIRUPDWLRQ�DYDLODEOH�IURP�WKH�SDVW�VHYHUDO�GHFDGHV�
$V�LQVWUXPHQWDO�UHFRUGV�KDYH�OHQJWKHQHG�DQG�DV�KLJK�TXDOLW\�SDOHRFOLPDWH�UHFRQVWUXFWLRQV�KDYH
EHFRPH�DYDLODEOH��FOLPDWH�G\QDPLFLVWV�DQG�PRGHOHUV�KDYH�UHFRJQL]HG�WKH�VLJQLILFDQFH�RI�GHFDGDO�DQG
ORQJHU�YDULDELOLW\�LQ�WKHVH�WURSLFDO�V\VWHPV��,Q�WKH�WURSLFDO�3DFLILF��IRU�H[DPSOH��UHFRUGV�IURP�ORQJ�
OLYHG�FRUDOV�LQGLFDWH�WKH�SHUVLVWHQFH�RI�GHFDGDO�SDWWHUQV�RI�(162�OLNH�YDULDELOLW\�WKDW�DUH
XQUHFRJQL]DEOH�IURP�H[LVWLQJ�LQVWUXPHQWDO�GDWD�DQG�DUH�QRW�VLPXODWHG�E\�PRVW�RI�WKH�FXUUHQW�JHQHUDWLRQ
RI�QXPHULFDO�PRGHOV��,Q�IDFW��(162�DSSHDUV�WR�YDU\�RQ�GHFDGDO�WLPH�VFDOHV��SHUKDSV�DV�D�FRQVHTXHQFH
RI�ORQJHU�WHUP�EDFNJURXQG�FKDQJHV��5HFRUGV�IURP�YDUYHG�VHGLPHQWV��WUHH�ULQJV��DQG�LFH�FRUHV
VXEVWDQWLDWH�LQIHUUHG�ORQJ�WHUP�YDULDELOLW\�LQ�WKH�WURSLFV�DQG�LQGLFDWH�WKDW�WKH�UHODWLRQVKLS�EHWZHHQ
WURSLFDO�DQG�H[WUDWURSLFDO�FOLPDWH�DQRPDOLHV�PD\�QRW�UHPDLQ�VWDEOH�RYHU�GHFDGHV�WR�FHQWXULHV�

3DOHRFOLPDWLF�UHFRUGV�KDYH�D�XQLTXH�DQG�FULWLFDO�UROH�WR�SOD\�LQ�LPSURYLQJ�RXU�XQGHUVWDQGLQJ�RI�WURSLFDO
FOLPDWH�YDULDELOLW\�DQG�VHQVLWLYLW\�DQG�LQ�GHYHORSLQJ�D�SUHGLFWLYH�NQRZOHGJH�RI�WKHVH�V\VWHPV�WKDW
LQFRUSRUDWHV�PXOWL\HDU�SHUVSHFWLYHV��3DOHRFOLPDWLF�UHFRQVWUXFWLRQV�RIIHU�WKH�RQO\�VRXUFH�RI�LQIRUPDWLRQ
RQ�ORQJ�WHUP�FKDQJHV�LQ�WURSLFDO�YDULDELOLW\�DQG�LWV�WHOHFRQQHFWLRQV��EXW�WKH\�UHTXLUH�WKH�SHUVSHFWLYH�RI
LQVWUXPHQWDO�GDWD�IRU�FDOLEUDWLRQ��SURFHVV�XQGHUVWDQGLQJ��DQG�VDPSOH�VLWH�VHOHFWLRQ��DQG�WKH\�GHULYH�D
EURDGHU�FRQWH[W�ZKHQ�LQWHUIDFHG�ZLWK�QXPHULFDO�VLPXODWLRQV��3DOHRFOLPDWLF�UHFRQVWUXFWLRQV�DOVR
SURYLGH�D�WHVWEHG�IRU�QXPHULFDO�PRGHOV�RI�WKH�RFHDQ�DQG�DWPRVSKHUH�DQG�FDQ�VXJJHVW�QHZ�FRQFHSWXDO
PRGHOV�IRU�WURSLFDO�YDULDWLRQV� 7KH�$576��$QQXDO�5HFRUGV�RI�7URSLFDO�6\VWHPV��LQLWLDWLYH�ZDV
FRQFHLYHG�WR�IRVWHU�FROODERUDWLRQ�DPRQJ�SDOHRFOLPDWRORJLVWV�ZRUNLQJ�ZLWK�WURSLFDO�RU�WURSLFDOO\
LQIOXHQFHG�UHFRUGV�DQG�FOLPDWH�G\QDPLFLVWV�ZKR�XVH�WKH�SHUVSHFWLYHV�RI�QXPHULFDO�H[SHULPHQWDWLRQ�DQG
LQVWUXPHQWDO�UHFRUGV��%ULQJLQJ�WKHVH�FRPPXQLWLHV�WRJHWKHU�WR�SODQ�VFLHQWLILF�VWUDWHJLHV�IDFLOLWDWHV�D
EHWWHU�XQGHUVWDQGLQJ�RI�HDFK�JURXS©V�SULRULWLHV��FDSDELOLWLHV��DQG�FKDOOHQJHV��$576�SURPRWHV�WKH
V\QHUJLVWLF�XVH�RI�SDOHRFOLPDWH�GDWD�ZLWK�LQVWUXPHQWDO�DQG�PRGHOLQJ�DSSURDFKHV�WR�GHILQH�D�EHWWHU
XQGHUVWDQGLQJ�RI�WURSLFDO�YDULDELOLW\�DQG�LWV�LPSDFWV�

7KH�ILUVW�$576�SODQQLQJ�PHHWLQJ�ZDV�FRQYHQHG�LQ�.DXDL��+DZDLL��LQ�6HSWHPEHU�������3DUWLFLSDQWV
LQFOXGHG�UHSUHVHQWDWLYHV�IURP�UHVHDUFK�JURXSV�ZRUNLQJ�ZLWK�KLJK�UHVROXWLRQ�WURSLFDO�SDOHRFOLPDWH
DUFKLYHV�DV�ZHOO�DV�WURSLFDO�FOLPDWH�G\QDPLFLVWV�DQG�RFHDQRJUDSKHUV��:RUNVKRS�VSHDNHUV�SURYLGHG
VWDWH�RI�WKH�DUW�LQIRUPDWLRQ�DERXW�WKH�FOLPDWH�SKHQRPHQD�DQG�WLPH�VFDOHV�RI�JUHDWHVW�LQWHUHVW�WR�WKH
FOLPDWH�G\QDPLFV�FRPPXQLW\�DQG�DOVR�GHVFULEHG�WKH�FDSDELOLWLHV�DQG�OLPLWDWLRQV�RI�WKH�SDOHRFOLPDWH
UHFRUG�IRU�VWXG\LQJ�WLPH�GHSHQGHQW�EHKDYLRU�RI�WKHVH�V\VWHPV��:RUNLQJ�JURXSV�DQG�LQGLYLGXDOV�GHILQHG
SRWHQWLDO�IRFL�IRU�WKH�LPSOHPHQWDWLRQ�RI�$576��LQFOXGLQJ�QHZ�ILHOG�FDPSDLJQV�LQ�XQGHUVDPSOHG
UHJLRQV�RI�WKH�WURSLFV�DQG�D�YDULHW\�RI�FRQFHSWXDO�IUDPHZRUNV�IRU�RUJDQL]LQJ�UHJLRQDO�ILHOG�HIIRUWV
DURXQG�SURFHVV�RULHQWHG�WKHPHV��7KLV�UHSRUW�SUHVHQWV�WKH�VFLHQWLILF�JRDOV�RI�$576�DQG�LWV�LQLWLDO
LPSOHPHQWDWLRQ�VWUDWHJLHV�DQG�VXPPDUL]HV�WKH�FXUUHQW�VWDWXV�RI�$576�VFLHQFH��DV�SUHVHQWHG�DW�WKH
.DXDL�PHHWLQJ�DQG�LQ�VXEVHTXHQW�$576�UHODWHG�JDWKHULQJV�DQG�FRPPXQLFDWLRQV�

3DUWLFLSDQWV�GHILQHG�WZR�EURDG�JRDOV�IRU�WKH�QHZ�$576�LQLWLDWLYH�

x�7R�GRFXPHQW�DQG�XQGHUVWDQG�WKH�EHKDYLRU�RI�WKH�WURSLFDO�RFHDQ�DWPRVSKHUH�DQG�LWV�WHOHFRQQHFWLRQV�
ZLWK�VHDVRQDO�WR�DQQXDO�UHVROXWLRQ��RYHU�WKH�SDVW�VHYHUDO�FHQWXULHV�
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x�7R�DVVHVV�WKH�VWDELOLW\�RI�WURSLFDO�FOLPDWH�V\VWHPV�DQG�WKHLU�WHOHFRQQHFWLRQV�DV�EDFNJURXQG�FOLPDWH
DQG�DVVRFLDWHG�IRUFLQJ�SKHQRPHQD�FKDQJH�RYHU�ORQJHU�SHULRGV�

7KH�$576�SURJUDP�ZLOO�UHTXLUH�FRRUGLQDWHG�HIIRUWV�GLUHFWHG�WRZDUGV�QHZ�GDWD�FROOHFWLRQ��GDWD�PRGHO
LQWHJUDWLRQ��SDOHRFOLPDWH�UHFRUG�HQKDQFHPHQWV��H�J��LPSURYHG�FKURQRORJLHV��FDOLEUDWLRQ��DQG
UHSOLFDWLRQ�VWUDWHJLHV���DQG�WKH�UHJXODU�LQWHUDFWLRQ�RI�VFLHQWLVWV�XVLQJ�WKH�GLIIHUHQW�SHUVSHFWLYHV�RI�SUR[\
EDVHG�SDOHRFOLPDWH�UHFRQVWUXFWLRQ��PRGHOLQJ��DQG�LQVWUXPHQWDO�VWXGLHV��2XU�VSHFLILF�REMHFWLYHV�FHQWHU
RQ�WKH�FOLPDWLF�SKHQRPHQD�RI�LQWHUHVW�GHVFULEHG�LQ�WKH�IROORZLQJ�VHFWLRQ��,PSOHPHQWDWLRQ�SODQV�WKDW
FRRUGLQDWH�DOO�RI�WKHVH�LQSXWV�DUH�SDUWLDOO\�GHYHORSHG��EXW�IXUWKHU�GHILQLWLRQ�ZLOO�UHTXLUH�VPDOOHU�
IRFXVHG�JURXSV�RI�VFLHQWLVWV�WR�OD\�RXW�VWUDWHJLHV�E\�ZKLFK�WKHVH�REMHFWLYHV�FDQ�EH�UHDOL]HG��6XFK
LQWHUDFWLRQ�LV�RFFXUULQJ�HYHQ�QRZ��DQG�ZH�DQWLFLSDWH�WKDW�IXWXUH�$576�ZRUNVKRSV�ZLOO��LQ�FRQMXQFWLRQ
ZLWK�RWKHU�3$*(6�DQG�&/,9$5�HIIRUWV��IRFXV�RQ�SODQQLQJ�WKH�LPSOHPHQWDWLRQ�RI�VSHFLILF�REMHFWLYHV
WKDW�FRQWULEXWH�WR�$576�JRDOV�

���%DFNJURXQG��7URSLFDO�FOLPDWH�V\VWHPV�DQG�WKHLU�LPSDFWV

����3DFLILF�2FHDQ�$PHULFDV�$XVWUDOLD��(162�DQG�GHFDGDO�(162�OLNH�YDULDELOLW\

7KH�(162�V\VWHP�GRPLQDWHV�LQWHUDQQXDO�YDULDELOLW\�RI�WKH�RFHDQ�DQG�DWPRVSKHUH�LQ�WKH�WURSLFDO�DQG
VXEWURSLFDO�3DFLILF��)LJXUH����XSSHU�VHULHV��DQG�)LJXUH����OHIW�SDQHO���7KLV�VLJQDO�SURSDJDWHV�WKURXJK�WKH
JOREDO�DWPRVSKHUH�WR�OHDYH�LWV�LPSULQW�RQ�SODQHWDU\�V\VWHPV�DV�GLYHUVH�DV�SRODU�VHD�LFH��PDL]H�JURZWK�LQ
$IULFD��DQG�UDLQIDOO�LQ�)ORULGD��(162�UHVXOWV�IURP�LQVWDELOLWLHV�LQ�WKH�FRXSOHG�RFHDQ�DWPRVSKHUH�V\VWHP
WKDW�GULYH�LQWHUDQQXDO�VKLIWV�LQ�RFHDQRJUDSKLF�DQG�DWPRVSKHULF�YDULDEOHV�WKURXJKRXW�WKH�3DFLILF�
)HDWXUHV�WKDW�DUH�GUDPDWLFDOO\�LQIOXHQFHG�E\�(162��DQG�SDUWLFLSDWH�DFWLYHO\�LQ�WKH�HYROXWLRQ�RI�(162
DQRPDOLHV��LQFOXGH�WKH�LQWHQVLW\�DQG�ORFDWLRQ�RI�DWPRVSKHULF�FRQYHFWLRQ�RYHU�WKH�ZHVWHUQ�3DFLILF��WKH
HDVW�ZHVW�HTXDWRULDO�3DFLILF�667�JUDGLHQW�

)LJXUH �� 7LPH VHULHV RI (162 �XSSHU OLQH LQ UHG� DQG WKH GHFDGDO (162�OLNH �*5 � ORZHU OLQH LQ EOXH� FOLPDWH
YDULDELOLW\� 7KH LQGH[ RI (162 LV WKH FROG WRQJXH LQGH[ �&7�� ZKLFK LV WKH 667 DYHUDJHG PRQWKO\
DQG IURP ��1 WR ��6� ���: WR ����:� 7KH LQGH[ RI WKH GHFDGDO (162�OLNH YDULDELOLW\ LV WKH WLPH
VHULHV RI WKH GRPLQDQW SDWWHUQ RI JOREDO 667 DQRPDOLHV DIWHU WKH (162�UHODWHG �&7� 667 DQRPDOLHV
KDYH EHHQ UHPRYHG IURP WKH JOREDO 667 GDWD �IURP '� %DWWLVWL XVLQJ GDWD LQ =KDQJ HW DO� ������

WKH�VWUHQJWK�RI�WKH�]RQDO�DWPRVSKHULF�:DONHU�FLUFXODWLRQ��DQG�WKH�WKUHH�GLPHQVLRQDO�GLVWULEXWLRQ�RI
RFHDQ�FXUUHQWV��$OWKRXJK�(162�YDULDELOLW\�LV�GHILQHG�RQ�DQ�LQWHUDQQXDO�VFDOH��GHFDGDO�YDULDWLRQV�LQ
(162�UHODWHG�SDUDPHWHUV�DUH�FOHDU�LQ�SDOHRFOLPDWLF�UHFRUGV�DQG�KDYH�UHFHQWO\�HPHUJHG�IURP�WKH
OHQJWKHQLQJ�LQVWUXPHQWDO�UHFRUG��6HDVRQDO��LQWHUDQQXDO��DQG�GHFDGDO�PRGHV�RI�YDULDELOLW\�DSSHDU�WR
FKDQJH�LQ�FRQFHUW�WKURXJK�WLPH�LQ�WKH�WURSLFDO�3DFLILF��+RZ�WKHVH�FKDQJHV�PRGXODWH�(162
V
H[WUDWURSLFDO�LQIOXHQFHV�UHPDLQV�XQNQRZQ��7KH�VHQVLWLYLW\�RI�(162�DQG�LWV�WHOHFRQQHFWLRQV�WR�ULVLQJ
JUHHQKRXVH�JDV�FRQFHQWUDWLRQV�DOVR�UHTXLUHV�IXUWKHU�LQYHVWLJDWLRQ�



�

)LJXUH �� *OREDO ILHOGV UHJUHVVHG XSRQ WKH PRQWKO\ (162 �&7� WLPH VHULHV �DW OHIW� DQG WKH PRQWKO\ (162�
OLNH GHFDGDO YDULDELOLW\ �*5� WLPH VHULHV� DV GLVSOD\HG LQ )LJXUH �� 7RS SDQHO� 6HD 6XUIDFH
7HPSHUDWXUH� 0LGGOH� ZLQG VWUHVV� DQG %RWWRP� 6HD /HYHO 3UHVVXUH� 7KH FRQWRXU LQWHUYDO LV �SHU XQLW
VWDQGDUG GHYLDWLRQ�� �WRS� ����.� �PLGGOH� ��� P� V�� IRU WKH ORQJHVW YHFWRU� DQG �ERWWRP� ��� 0E�
1HJDWLYH FRQWRXUV DUH GDVKHG DQG WKH ]HUR FRQWRXU LV WKLFNHQHG� 5HSURGXFHG IURP )LJXUHV �� DQG
�� RI =KDQJ HW DO� �������

$�GHWDLOHG�DQDO\VLV�RI�WKH�KLVWRULFDO�UHFRUG�VSDQQLQJ�WKH�SDVW�FHQWXU\�KDV�SURGXFHG�D�QHZ�YLHZ�RI�WKH
VSDWLDO�SDWWHUQV�RI�(162�YDULDELOLW\�WKURXJK�WLPH��$OODQ�HW�DO���������7KLV�FRPSLODWLRQ�VXJJHVWV�WKDW
UDLQIDOO��667��DQG�ZLQG�ILHOG�DQRPDOLHV�DVVRFLDWHG�ZLWK�(162�HYHQWV��ERWK�¦ZDUP§�DQG�¦FRRO§��GLIIHU
VWURQJO\�IURP�HYHQW�WR�HYHQW��DQG�WKDW�WKH�FHQWHUV�RI�DFWLRQ�DOVR�VKLIW��)RU�H[DPSOH�WKH�HDVWHUQ�SROH�RI
WKH�6RXWKHUQ�2VFLOODWLRQ�RI�VHD�OHYHO�SUHVVXUH��FRQYHQWLRQDOO\�GHILQHG�DV�7DKLWL�IRU�WKH�FRQVWUXFWLRQ�RI�D
VWDQGDUG�6RXWKHUQ�2VFLOODWLRQ�,QGH[��62,���DSSHDUV�WR�KDYH�ZDQGHUHG�GXULQJ�WKH�SUHVHQW�FHQWXU\��,Q
DGGLWLRQ��FRPSDULVRQ�RI�ERWK�LQVWUXPHQWDO�DQG�SDOHRFOLPDWLF�UHFRUGV�RI�86�GURXJKW�ZLWK�(162�UHFRUGV
VKRZV�WKDW�SDWWHUQV�RI�(162�UHODWHG�GURXJKW�LQ�WKH�86�KDYH�QRW�UHPDLQHG�VWDEOH�RYHU�WKLV�LQWHUYDO
�&ROH�DQG�&RRN��������&OHDUO\��WKH�LQWHUDQQXDO�(162�SKHQRPHQRQ�H[SHULHQFHV�VLJQLILFDQW�YDULDWLRQV
IURP�LWV�FDQRQLFDO�VWDWH��DQG�WKH�SUHGLFWDELOLW\�RI�WKLV�V\VWHP�DQG�LWV�LPSDFWV�GHSHQGV�RQ�XQGHUVWDQGLQJ
WKHVH�YDULDWLRQV�

,QVWUXPHQWDO�DQG�SDOHRFOLPDWLF�GDWD�LQGLFDWH�VLJQLILFDQW�GHFDGDO�YDULDELOLW\�LQ�WKH�WURSLFDO�3DFLILF
FOLPDWH�V\VWHP��)LJXUH����ORZHU�VHULHV���7KLV�YDULDELOLW\�LV�VLPLODU�LQ�VWUXFWXUH�WR�(162��=KDQJ�HW�DO�
������)LJXUH�����$OWKRXJK�SULPDULO\�D�ORZ�IUHTXHQF\�FOLPDWH�DQRPDO\��WKH�FKDQJHV�LQ�DPSOLWXGH�FDQ�EH
UDSLG�DQG�LQFOXGH�WKH�ZHOO�GRFXPHQWHG�3DFLILF�EDVLQ�¦UHJLPH�VKLIW§�RI�������7UHQEHUWK�DQG�+XUUHOO
������*UDKDP��������7KH�SK\VLFDO�PHFKDQLVPV�UHVSRQVLEOH�IRU�GHFDGDO�(162�OLNH�YDULDELOLW\�DUH�QRW
NQRZQ��EXW�WKH�UHVXOWLQJ�FOLPDWH�DQRPDOLHV�DUH�VLJQLILFDQW��)XUWKHUPRUH��WKH�LQWHUDQQXDO�(162�DQG
GHFDGDO�(162�OLNH�SKHQRPHQD�DUH�DVVRFLDWHG�ZLWK�TXDOLWDWLYHO\�GLIIHUHQW�FOLPDWH�DQRPDOLHV�DW�PLG�DQG
KLJK�ODWLWXGHV��(EEHVPH\HU�HW�DO��������=KDQJ�HW�DO��������0DQWXD�HW�DO��������)LJXUH�����&OLPDWH
DQRPDOLHV�DVVRFLDWHG�ZLWK�LQWHUDQQXDO�(162�YDULDELOLW\�IHDWXUH�D�PRUH�]RQDO�SHUWXUEDWLRQ�LQ�WKH
ZHVWHUQ�KHPLVSKHUH�FLUFXODWLRQ�DW�PLG�ODWLWXGHV�DQG�H[SODLQ�D�ORZHU�IUDFWLRQ�RI�WKH�YDULDQFH�LQ�WKH�PLG�
ODWLWXGH�FOLPDWH�DQRPDOLHV��7KH�(162�OLNH�GHFDGDO�YDULDELOLW\�IHDWXUHV�D�FODVVLF�3DFLILF�1RUWK�$PHULFD
�31$��SDWWHUQ��.DZDPXUD�������DQG�H[SODLQV�D�VLJQLILFDQW�SRUWLRQ�RI�ZLQWHU�FOLPDWH�DQRPDOLHV�LQ�WKH
PLG�ODWLWXGH�QRUWKHUQ�KHPLVSKHUH��*UDKDP�������=KDQJ�HW�DO��������%LW]�DQG�%DWWLVWL�������
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)LJXUH �� &RUUHODWLRQ PDSV RI WKH ZLQWHU PHDQ VWRUPLQHVV �1'-)0$ EDQG�SDVVHG ��� PE KHLJKW DQRPDOLHV�
ZLWK ZLQWHU PHDQ FOLPDWH LQGLFHV IRU WKH SHULRG ���������� 0DSV VKRZ FRUUHODWLRQV EHWZHHQ
VWRUPLQHVV DQG LQGLFHV RI D� (162 �WKH &ROG 7RQJXH LQGH[ � &7�� E� WKH GHFDGDO (162�OLNH
YDULDELOLW\ �WKH *OREDO 5HJUHVVLRQ � *5 � PLQXV WKH &7�� DQG F� WKH 3DFLILF 'HFDGDO 2VFLOODWLRQ �3'2�
DV GHILQHG E\ 0DQWXD HW DO� ������� &RQWRXUV VKRZ FRUUHODWLRQV H[FHHGLQJ WKH ��� FRQILGHQFH OHYHO
ZKHUH HDFK \HDU LV FRQVLGHUHG WR EH LQGHSHQGHQW RI WKH ODVW� 3RVLWLYH FRUUHODWLRQV LQGLFDWH PRUH
VWRUPLQHVV DVVRFLDWHG ZLWK ZDUPHU ZDWHU LQ WKH WURSLFDO 3DFLILF DQG FROGHU ZDWHU LQ WKH 1RUWK SDFLILF�
5HSURGXFHG IURP )LJXUH �� RI %LW] DQG %DWWLVWL �-� &OLPDWH� LQ SUHVV��

1XPHULFDO�DQG�VWDWLVWLFDO�PRGHOV�LQGLFDWH�VNLOO�LQ�SUHGLFWLQJ�WKH�VWDWH�RI�(162�DERXW�D�\HDU�LQ�DGYDQFH
�%DUQHWW�HW�DO��������=HELDN�DQG�&DQH�������/DWLI�HW�DO���������+RZHYHU��WKHUH�DUH�VXEVWDQWLDO
GLIIHUHQFHV�LQ�IRUHFDVW�VNLOO�IURP�GHFDGH�WR�GHFDGH��&KHQ�HW�DO��������%DOPDVHGD�HW�DO���������7KH
FDXVH�RI�WKHVH�FKDQJHV�LV�QRW�FOHDU��OHDGLQJ�FDQGLGDWHV�LQFOXGH�D�FKDQJH�LQ�WKH�EDVLF�VWDWH�RI�WKH�WURSLFDO
FOLPDWH�V\VWHP�DQG�D�FKDQJH�LQ�WKH�SKDVH�RI�WKH�GHFDGDO�(162�OLNH�FOLPDWH�DQRPDO\��L�H���WKH�����
UHJLPH�VKLIW���%RWK�RI�WKHVH�SRVVLELOLWLHV�VXJJHVW�D�QHHG�IRU�LPSURYHG�XQGHUVWDQGLQJ�RI�WKH�GHFDGDO�WR
FHQWHQQLDO�YDULDWLRQV�LQ�WKH�WURSLFDO�3DFLILF�

7KH�UHODWLRQVKLS�RI�(162�WR�DQWKURSRJHQLF�ZDUPLQJ�UHPDLQV�DQ�LPSRUWDQW�DQG�FRQWURYHUVLDO�WRSLF�
6HYHUDO�VWXGLHV�VXSSRUW�SRWHQWLDO�OLQNV�EHWZHHQ�(162�DQG�LQFUHDVLQJ�JUHHQKRXVH�JDV�FRQFHQWUDWLRQV�
7KH�VKLIW�WRZDUGV�JHQHUDOO\�PRUH�(162�OLNH�FRQGLWLRQV�LQ������LV�FRQVLVWHQW�ZLWK�DWPRVSKHULF�*&0
SUHGLFWLRQV�RI�DQ�LQWHQVLILHG�K\GURORJLF�F\FOH�XQGHU�GRXEOHG�&2��VFHQDULRV��*UDKDP��������%RWK�WKH
UHFHQW�WHQGHQF\�IRU�PRUH�(162�ZDUP�DQRPDOLHV�DQG�WKH�SURORQJHG�ZDUP�DQRPDO\�WKDW�SHUVLVWHG
WKURXJK�WKH�HDUO\�����©V�DUH�XQSUHFHGHQWHG�LQ�WKH�LQVWUXPHQWDO�FOLPDWH�UHFRUG��$�VLPSOH�VWDWLVWLFDO
PRGHO�LQGLFDWHV�WKDW�JLYHQ�WKH�FKDUDFWHULVWLFV�RI�WKH�KLVWRULFDO�UHFRUG��WKHVH�DQRPDORXV�SHULRGV�ZRXOG
KDYH�D�YHU\�ORZ�SUREDELOLW\�RI�RFFXUUHQFH�LQ�D�VWDWLRQDU\�V\VWHP��7UHQEHUWK�DQG�+RDU��������7KLV
UHVXOW�UDLVHV�WKH�TXHVWLRQ�RI�ZKHWKHU�UHFHQW�(162�DQRPDOLHV�RFFXUUHG�DV�D�UHVXOW�RI�LQFUHDVLQJ
JUHHQKRXVH�JDVHV��7UHQEHUWK�DQG�+RDU�������5DMDJRSDODQ�HW�DO���������<HW�VWXGLHV�XWLOL]LQJ
SDOHRFOLPDWLF�UHFRUGV�VXJJHVW�WKDW�VLPLODU�DQRPDOLHV�RI�WKH�GXUDWLRQ�RI�WKH��������HYHQW�KDYH�RFFXUUHG
RYHU�WKH�SDVW�WKUHH�FHQWXULHV��LPSO\LQJ�QR�UHODWLRQ�WR�UHFHQW�JUHHQKRXVH�JDV�LQFUHDVHV��$OODQ�DQG
'©$UULJR��������$�UHFHQW�PRGHOLQJ�VWXG\�VXJJHVWV�WKDW�JUHHQKRXVH�JDV�LQFUHDVHV�PD\�XOWLPDWHO\�UHVXOW
LQ�FRROHU�667©V�LQ�WKH�HDVWHUQPRVW�WURSLFDO�3DFLILF��&DQH�HW�DO��������YLD�D�SURFHVV�LQYROYLQJ�ZDUPLQJ
RI�WKH�ZHVWHUQ�3DFLILF��D�VWURQJHU�HDVW�ZHVW�HTXDWRULDO�667�JUDGLHQW��DQG�UHVXOWLQJ�VWURQJHU�WUDGH�ZLQGV
WKDW�HQKDQFH�XSZHOOLQJ�RI�FRRO�ZDWHU�LQ�WKH�HDVW��$WWULEXWLQJ�DQ\�REVHUYHG�UHFHQW�FKDQJHV�WR
JUHHQKRXVH�JDV�IRUFLQJ�XOWLPDWHO\�UHTXLUHV�D�PRUH�H[WHQVLYH�EDVHOLQH�RI�(162�REVHUYDWLRQ�WKDQ
FXUUHQWO\�H[LVWV�¤�WHPSRUDOO\��VSDWLDOO\��DQG�ZLWK�UHVSHFW�WR�PXOWLSOH�SURFHVVHV��7KH�TXHVWLRQ�RI�ZKHWKHU
(162�LV�LQIOXHQFHG�E\�JUHHQKRXVH�JDV�OHYHOV�PD\�DOVR�EH�SDUWO\�DGGUHVVHG�E\�H[DPLQLQJ�LWV�VHQVLWLYLW\
WR�SDVW�SHULRGV�RI�DOWHUHG�ERXQGDU\�FRQGLWLRQV��VHH�VHFWLRQ������

(162�VHQVLWLYLW\�DQG�SUHGLFWDELOLW\�ZRXOG�EH�RI�OHVV�LQWHUHVW�LI�(162�DIIHFWHG�RQO\�WKH�WURSLFDO
3DFLILF��EXW�WKLV�V\VWHP�SURGXFHV�D�IDU�UHDFKLQJ�VHW�RI�JOREDO�FOLPDWH�WHOHFRQQHFWLRQV�WKDW�DOORZV�WKH
SUHGLFWDELOLW\�RI�(162�WR�EH�WUDQVODWHG�WR�SUHGLFWDELOLW\�RI�DQRPDOLHV�LQ�PDQ\�RWKHU�UHJLRQV��WURSLFDO
DQG�H[WUDWURSLFDO��)LJXUH�����$576�JRDOV�LQFOXGH�FKDUDFWHUL]LQJ�WKH�WHPSRUDO�DQG�VSDWLDO�VWDELOLW\�RI
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)LJXUH �� &RPPRQO\ REVHUYHG (162 ZDUP PRGH LPSDFWV GXULQJ 'HFHPEHU�-DQXDU\ �12$$ 1HWZRUN
,QIRUPDWLRQ &HQWHU� DW KWWS���ZZZ�QQLF�QRDD�JRY�SURGXFWV�DQDO\VLVBPRQLWRULQJ�HQVRVWXII� ��

WKHVH�WHOHFRQQHFWLRQV��$�*&0�EDVHG�VWXG\�LQGLFDWHV�WKDW�(162�WHOHFRQQHFWLRQV�PD\�YDU\�DV
EDFNJURXQG�FOLPDWH�FKDQJHV��0HHKO�DQG�%UDQVWDWRU��������DQG�D�UHFHQW�FKDUDFWHUL]DWLRQ�RI�WKH�3DFLILF
GHFDGDO�SDWWHUQ��=KDQJ�HW�DO��������LQGLFDWHV�WKDW�WKH�PLG�ODWLWXGH�DQRPDOLHV�DVVRFLDWHG�ZLWK�GHFDGDO
YDULDWLRQV�LQ�WKH�3DFLILF�GLIIHU�IURP�WKRVH�DVVRFLDWHG�ZLWK�LQWHUDQQXDO�(162�YDULDWLRQV��)LJXUH����
2YHU�WKH�SDVW�FHQWXU\��SDWWHUQV�RI�(162�UHODWHG�GURXJKW�LQ�WKH�86�KDYH�YDULHG�VLJQLILFDQWO\��)LJXUH���

)LJXUH �� 0DSV RI FRUUHODWLRQ FRHIILFLHQWV EHWZHHQ
3DOPHU 'URXJKW 6HYHULW\ ,QGH[ �3'6,�
ERWK LQVWUXPHQWDO DQG UHFRQVWUXFWHG
YHUVLRQV� DQG LQVWUXPHQWDO 'HFHPEHU�
-DQXDU\� )HEUXDU\ 6RXWKHUQ 2VFLOODWLRQ
,QGH[ IRU �� \HDU LQWHUYDOV GXULQJ WKH
ODWH ��WK WKURXJK ��WK FHQWXULHV� 7KH
UHFRQVWUXFWHG 3'6, LV EDVHG RQ D
FRQWLQHQWDO 8�6� WUHH ULQJ GDWDEDVH DQG
HQGV LQ ����� 7KHVH PDSV FDSWXUH WKH
HVVHQWLDO GHWDLOV RI WKH FKDQJLQJ
UHODWLRQVKLS EHWZHHQ (162 DQG GURXJKW
LQ WKH 8QLWHG 6WDWHV� 7KH VWURQJHVW
GURXJKW VLJQDWXUH LV LQ WKH VRXWKZHVW DQG
LV DVVRFLDWHG ZLWK OD 1LxD� 7KH PLG�
HDVWHUQ VWDWHV H[SHULHQFH DQ DQRPDO\ RI
WKH RSSRVLWH VLJQ� VWURQJHVW LQ WKH PLG�
��WK FHQWXU\� ZKRVH HPHUJHQFH PD\ EH
UHODWHG WR 1RUWK 3DFLILF LQIOXHQFHV� 7KH
JHQHUDO SDWWHUQ RI (162�UHODWHG GURXJKW
LV EURDGHU LQ WKH FRROHU ��WK FHQWXU\ WKDQ
PRUH UHFHQWO\� 7KH ORFXV RI PD[LPXP
(162�UHODWHG GURXJKW VKLIWV IURP 7H[DV
QRUWKZHVWZDUG WRZDUGV $UL]RQD DQG
&DOLIRUQLD RYHU WKH FRXUVH RI WKH SDVW
FHQWXU\� )URP &ROH DQG &RRN �������

http://www.nnic.noaa.gov/products/analysis_monitoring/ensostuff/
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&ROH�DQG�&RRN��������9DULDWLRQV�LQ�(162�WHOHFRQQHFWLRQV�PD\�UHVXOW�IURP�FKDQJHV�LQ�WKH�¦IODYRU§�RI
(162�DV�VHHQ�LQ�WKH�KLVWRULFDO�UHFRUG��L�H��WKH�ORFDWLRQV�RI�FHQWHUV�RI�DFWLRQ��VHDVRQDO�WLPLQJ��LQWHQVLW\
RI�DQRPDOLHV��RU�IURP�WKH�LQWHUDFWLRQ�RI�(162�ZLWK�PLG�ODWLWXGH�DQRPDOLHV�RU�RWKHU�GHFDGDOO\�YDU\LQJ
DVSHFWV�RI�FOLPDWH��6LPPRQV�HW�DO��������%DUVXJOL�HW�DO��������.XPDU�DQG�+RHUOLQJ�������
8QGHUVWDQGLQJ�WKH�QDWXUH�DQG�FDXVHV�RI�WHOHFRQQHFWLRQ�LQVWDELOLW\�LV�FUXFLDO�IRU�RQJRLQJ�FOLPDWH
SUHGLFWLRQ�HIIRUWV�UHODWHG�WR�(162�DQG�LV�D�PDMRU�REMHFWLYH�RI�$576�UHVHDUFK�

����,QGLDQ�2FHDQ�$VLD�$IULFD�$XVWUDOLD��7KH�0RQVRRQ

7KH�LUUHJXODULWLHV�RI�WKH�PRQVRRQ�JRYHUQ�IRRG�SURGXFWLRQ�IRU�ELOOLRQV�RI�SHRSOH��RIWHQ�LQ�FRXQWULHV
ZKHUH�SRRUO\�GHYHORSHG�LQIUDVWUXFWXUH�DQG�ODFN�RI�ILQDQFLDO�DQG�DJULFXOWXUDO�UHVHUYHV�H[DFHUEDWH
YXOQHUDELOLW\�WR�FOLPDWH�YDULDELOLW\��$�ZHDN�PRQVRRQ�FDQ�EULQJ�GURXJKW��DQ�DEXQGDQW�RQH�FDQ�UHVXOW�LQ
IORRGLQJ�DQG�LQIUDVWUXFWXUH�GDPDJH��(DUO\�DWWHPSWV�DW�PRQVRRQ�SUHGLFWLRQ�OHG�WR�WKH�GLVFRYHU\�RI�WKH
6RXWKHUQ�2VFLOODWLRQ��:DONHU�������������EXW�PRQVRRQ�SUHGLFWDELOLW\�UHPDLQV�DQ�HOXVLYH�JRDO
�:HEVWHU�HW�DO���������.QRZOHGJH�RI�WKH�IXQGDPHQWDO�FDXVH�RI�PRQVRRQ�FLUFXODWLRQ��WKH�LPEDODQFH�LQ
WKH�UDWH�DQG�PDJQLWXGH�RI�VHDVRQDO�KHDWLQJ�DQG�FRROLQJ�RYHU�WKH�ODQG�DQG�RFHDQ��KDV�QRW�\HW�OHG�WR�D
WKRURXJK�XQGHUVWDQGLQJ�RI�WKH�IDFWRUV�WKDW�JRYHUQ�LQWHUDQQXDO�DQG�GHFDGDO�YDULDWLRQV�LQ�WKLV�V\VWHP�

(162�YDULDWLRQV�DUH�OLQNHG�WR�PRQVRRQ�VWUHQJWK�LQ�PDQ\�UHJLRQV��,Q�$XVWUDOLD�WKH�PRQVRRQ�LV
ZHDNHQHG�GXULQJ�(162�ZDUP�SKDVHV�DV�WKH�FRQYHFWLYH�V\VWHP�WKDW�XVXDOO\�UHVLGHV�RYHU�WKH�PDULWLPH
FRQWLQHQW�PLJUDWHV�QRUWKHDVWZDUG��,Q�$VLD��DOWKRXJK�WKH�PRQVRRQ�DQG�(162�DUH�OLQNHG��D�ZHDN
PRQVRRQ�WHQGV�WR�SUHFHGH�WKH�VHDVRQ�RI�VWURQJ�(162�ZDUP�FRQGLWLRQV��UHGXFLQJ�WKH�XWLOLW\�RI�(162
DV�D�SUHGLFWRU��:HEVWHU�DQG�<DQJ��������,Q�(DVW�$IULFD��UDLQIDOO�GXULQJ�WKH�OHVVHU�RI�WKH�WZR�DQQXDO
UDLQ\�VHDVRQV��2FWREHU�1RYHPEHU��LV�VWURQJO\�FRUUHODWHG�ZLWK�(162�EXW�WKH�VWUHQJWK�RI�WKH�PRUH
VXEVWDQWLDO�UDLQ\�SHULRG��0DUFK�0D\��LV�XQUHODWHG��+DVWHQUDWK�HW�DO���������$576�UHVHDUFK�FDQ�GHILQH
WKHVH�OLQNDJHV�WKURXJK�WLPH�DQG�FDQ�DOVR�KHOS�FKDUDFWHUL]H�RWKHU�LQIOXHQFHV�RQ�PRQVRRQ�UDLQIDOO�ZKHQ
(162�LV�ZHDN��H�J�������������RU��IRU�ZKDWHYHU�UHDVRQ��GRHV�QRW�FRUUHODWH�ZHOO�ZLWK�PRQVRRQ�UDLQIDOO�

)LJXUH �� 0DS RI FRUUHODWLRQ FRHIILFLHQWV EHWZHHQ -XQH�$XJXVW ,QGLDQ 2FHDQ 667 DQRPDOLHV DQG (DVW $IULFDQ
FRDVWDO UDLQIDOO IRU $� IXOO \HDU DQG %� 2FWREHU�1RYHPEHU� 7KH FRUUHODWLRQ SDWWHUQ LQGLFDWHV WKDW
GXULQJ UDLQ\ SHULRGV RQ WKH (DVW $IULFDQ FRDVW� RIIVKRUH 667 LV ZDUP DQG HDVWHUQ ,QGLDQ 2FHDQ 667 LV
FRRO� ZLWK LPSOLFDWLRQV IRU ]RQDO DWPRVSKHULF FLUFXODWLRQ RYHU WKH WURSLFDO ,QGLDQ 2FHDQ� 667 GDWD DUH
IURP WKH *OREDO 6HD ,FH DQG 6HD 6XUIDFH 7HPSHUDWXUH �*,667� GDWD VHW �3DUNHU HW DO� ����� DQG WKH
FRDVWDO UDLQIDOO GDWD UHSUHVHQW � FRDVWDO VLWHV LQ .HQ\D DQG 7DQ]DQLD IURP WKH *OREDO +LVWRULFDO
&OLPDWRORJ\ QHWZRUN �DYDLODEOH DW KWWS���FGLDF�HVG�RUQO�JRY�FGLDF�� $QDO\VLV VSDQV WKH SHULRG �����
����� )URP &ROH� &ODUN� DQG :HEVWHU� LQ SUHSDUDWLRQ�

7KH�FDXVH�RI�LQWHUDQQXDO�WR�FHQWHQQLDO�YDULDELOLW\�LQ�WKH�$VLDQ�PRQVRRQ�UHPDLQV�D�VXEMHFW�RI�GHEDWH�
EHWWHU�REVHUYDWLRQV�RI�WKLV�ORQJ�WHUP�YDULDWLRQ�ZLOO�KHOS�WR�GLVWLQJXLVK�DPRQJ�FDQGLGDWH�K\SRWKHVHV��,Q
JHQHUDO��WZR�FODVVHV�RI�H[SODQDWLRQV�KDYH�EHHQ�SXW�IRUWK��WKRVH�DWWULEXWLQJ�PRQVRRQ�YDULDWLRQV�WR
RFHDQLF�FRQGLWLRQV�DQG�WKRVH�LQYRNLQJ�ODQG�VXUIDFH�SURFHVVHV��)RU�H[DPSOH��VWXGLHV�H[SORULQJ�WKH
LPSDFW�RI�,QGLDQ�2FHDQ�667�RQ�$VLDQ�PRQVRRQ�VWUHQJWK�KDYH�UHDFKHG�GLVSDUDWH�FRQFOXVLRQV��SHUKDSV

http://cdiac.esd.ornl.gov/cdiac
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DV�D�FRQVHTXHQFH�RI�OLPLWHG�667�GDWD��7HUUD\��������6RXWK�RI�WKH�HTXDWRU��ZDUP�667©V�LQ�WKH�ERUHDO
VXPPHU�FDQ�LQGXFH�ULVLQJ�DLU�WKDW�DFWV�DV�DQ�DOWHUQDWLYH�VLWH�IRU�PRLVWXUH�FRQYHUJHQFH�LQ�WKH�UHJLRQ�
UHGXFLQJ�DYDLODEOH�PRLVWXUH�IRU�FRQYHUJHQFH�RYHU�ODQG�DQG�OHDGLQJ�WR�D�ZHDN�PRQVRRQ��&DGHW������
&DGHW�DQG�5HYHUGLQ�������6KXNOD��������$OWHUQDWLYHO\��ODQG�VXUIDFH�IHHGEDFNV�UHODWHG�WR�(XUDVLDQ
VQRZ�FRYHU��YHJHWDWLRQ��DQG�VRLO�FRQGLWLRQV�PD\�LPSDUW�LQWHUDQQXDO�DQG�ORQJHU�YDULDELOLW\�WR�WKH
PRQVRRQ�GXH�WR�FKDQJHV�LQ�WKH�UDGLDWLRQ�EDODQFH�RYHU�ODQG��9HUQHNDU�HW�DO��������

:LWK�UHVSHFW�WR�WKH�(DVW�$IULFDQ�PRQVRRQ��ODUJH�VFDOH�667�ILHOGV�OLNHO\�SOD\�D�UROH�LQ�WKH�VHDVRQDO
WUDQVLW�RI�WKH�,QWHU�7URSLFDO�&RQYHUJHQFH�=RQH��,7&=��VRXWKZDUGV�IURP�WKH�$VLDQ�FRQWLQHQW��IROORZLQJ
ERUHDO�VXPPHU���DV�LW�FURVVHV�WKH�(DVW�$IULFDQ�FRDVW�LQ�WKH�ERUHDO�IDOO�DQG�VSULQJ��DQG�PRYHV�EDFN
WRZDUGV�$VLD�WKH�IROORZLQJ�VXPPHU��+RZHYHU��WKLV�UHODWLRQVKLS�KDV�QRW�EHHQ�ZHOO�GHILQHG��)LJXUH��
PDSV�WKH�FRUUHODWLRQ�EHWZHHQ�,QGLDQ�2FHDQ�667�DQG�(DVW�$IULFDQ�FRDVWDO�UDLQIDOO��VXJJHVWLQJ�WKDW
UDLQIDOO�UHVSRQGV�SRVLWLYHO\�WR�ZDUP�DQRPDOLHV�LQ�WKH�ZHVWHUQ�,QGLDQ�2FHDQ�DQG�WKDW�FRRO�DQRPDOLHV�LQ
WKH�HDVWHUQ�SRUWLRQ�RI�WKH�EDVLQ�DUH�DOVR�LQYROYHG��OLNHO\�DV�D�FRPSRQHQW�RI�D�]RQDO�RFHDQ�DWPRVSKHUH
FLUFXODWLRQ�V\VWHP��:HEVWHU�HW�DO��������&ROH��&ODUN��DQG�:HEVWHU��XQSXEOLVKHG�UHVXOWV��

7KH�SRWHQWLDO�H[LVWV�WR�WHVW�SURSRVHG�IRUFLQJV�DQG�PHFKDQLVPV�RI�PRQVRRQ�YDULDELOLW\�ZLWK�FRQFXUUHQW
UHFRUGV�RI�ERWK�VXUIDFH�RFHDQ�DQG�ODQG�FRQGLWLRQV�IURP�DQQXDOO\�UHVROYHG�SDOHRFOLPDWH�DUFKLYHV��)RU
H[DPSOH��667�UHFRQVWUXFWLRQV�IURP�,QGLDQ�2FHDQ�FRUDOV�UHYHDO�VXEVWDQWLDO�YDULDELOLW\�RQ�GHFDGDO�WLPH
VFDOHV��ZKLFK�LV�SRRUO\�GRFXPHQWHG�E\�WKH�YHU\�OLPLWHG�LQVWUXPHQWDO�667�UHFRUG��,Q�D�6H\FKHOOHV�FRUDO�
WKH�GHFDGDO�SDWWHUQV�RI�YDULDWLRQ�FRUUHVSRQG�ZLWK�,QGLDQ�PRQVRRQ�UDLQIDOO�LQGLFHV��VXJJHVWLQJ�WKDW�ORQJ�
WHUP�UHJLRQDO�UDLQIDOO�YDULDELOLW\�PD\�RULJLQDWH�DW�OHDVW�LQ�SDUW�IURP�WKH�RFHDQ��&KDUOHV�HW�DO��������
7KLV�DQG�RWKHU�FRUDO�UHFRUGV�VSDQQLQJ�����������$�'���5��'XQEDU�DQG�-��&ROH��XQSXEOLVKHG��DOVR
LQGLFDWH�D�ORQJ�WHUP�ZDUPLQJ�WUHQG�OHDGLQJ�XS�WR�����������DV�WKH�GHFDGH�ZLWK�WKH�ZDUPHVW�667
V�LQ
WKH�SDVW�WZR�FHQWXULHV��7KLV�WUHQG�ZDV�LGHQWLILHG�IURP�WKH�PXFK�VKRUWHU�LQVWUXPHQWDO�UHFRUG�EXW
GLVPLVVHG�GXH�WR�SRVVLEOH�ELDVHV�LQ�WKH�GDWD��7HUUD\�������

����$WODQWLF�2FHDQ�&DULEEHDQ�:HVW�$IULFD��WKH�$WODQWLF�'LSROH

,Q�WKH�WURSLFDO�$WODQWLF��UHJLRQDOO\�FRKHUHQW�667�DQRPDOLHV�QRUWK�DQG�VRXWK�RI�WKH�HTXDWRU�JRYHUQ�WKH
VWUHQJWK�DQG�SRVLWLRQ�RI�WKH�,7&=�DQG�LQIOXHQFH�WKH�YDULDELOLW\�RI�UDLQIDOO�RQ�DGMDFHQW�FRQWLQHQWV�
SDUWLFXODUO\�LQ�WKH�1RUGHVWH�UHJLRQ�RI�%UD]LO��)LJXUH����DQG�WR�D�OHVVHU�H[WHQW��WKH�$IULFDQ�6DKHO
�+DVWHQUDWK�DQG�+HOOHU�������+DVWHQUDWK�DQG�/DPE�������0RXUD�DQG�6KXNOD�������)ROODQG�HW�DO�������
+DVWHQUDWK�������6HUYDLQ�������+DVWHQUDWK�DQG�*UHLVFKDU�������(QILHOG�DQG�0D\HU��������+DVWHQUDWK
KDV�LGHQWLILHG�WKH�LQWHUKHPLVSKHULF�WURSLFDO�667�JUDGLHQW�DV�HVSHFLDOO\�LPSRUWDQW�LQ�WKLV�UHJDUG��ZKHQ

)LJXUH �� &RUUHODWLRQ EHWZHHQ DYHUDJH )HE�0D\ SUHFLSLWDWLRQ LQ 1( %UD]LO DQG VHD VXUIDFH WHPSHUDWXUH� 5HG
�EOXH� VKDGLQJ LQGLFDWHV UHJLRQV LQ ZKLFK DERYH�QRUPDO 667V WHQG WR EH REVHUYHG LQ FRQMXQFWLRQ ZLWK
DERYH �EHORZ� QRUPDO UDLQIDOO LQ 1RUWKHDVW %UD]LO� 7KH VWURQJHVW FRUUHODWLRQV DUH RQ WKH RUGHU RI ����
1RUWKHDVW %UD]LO UDLQIDOO WHQGV WR EH PRUH VWURQJO\ FRUUHODWHG ZLWK $WODQWLF VHD VXUIDFH WHPSHUDWXUHV
WKDQ ZLWK 3DFLILF VHD�VXUIDFH WHPSHUDWXUHV� 7KH SUHFLSLWDWLRQ WLPH VHULHV LV WKH DYHUDJH RI � VWDWLRQV
IURP QRUWKHDVWHUQ %UD]LO �LQFOXGLQJ )RUWDOH]D DQG 4XL[LUDPRELP� DQG WKH 667 LV IURP &2$'6� 7KH
DQDO\VLV SHULRG LV ���������� )URP �3DQ $PHULFDQ &OLPDWH 6WXGLHV� 3URVSHFWXV DQG ,PSOHPHQWDWLRQ
3ODQ§� DYDLODEOH DW KWWS���ZZZ�DWPRV�ZDVKLQJWRQ�HGX�JFJ�3$&6��QHZ3$&6�SDFV�QHZ�SGI�
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WKH�QRUWKHUQ�WURSLFDO�$WODQWLF�LV�DQRPDORXVO\�ZDUP�DQG�WKH�VRXWK�DQRPDORXVO\�FRRO��WKH�,7&=�LV
GLVSODFHG�QRUWKZDUGV�DQG�UDLQIDOO�LV�LQFUHDVHG�LQ�WKH�6DKHO�DQG�GHFUHDVHG�LQ�WKH�1RUGHVWH��:KHQ�WKH
RSSRVLWH�667�FRQILJXUDWLRQ�SUHYDLOV��WKH�6DKHO�VXIIHUV�IURP�ODFN�RI�UDLQ�DQG�WKH�1RUGHVWH�LV�XQXVXDOO\
ZHW��$OWKRXJK�RQ�LQWHUDQQXDO�WLPH�VFDOHV��WKH�YDULDELOLW\�LQ�QRUWKHUQ�DQG�VRXWKHUQ�WURSLFDO�$WODQWLF�667
DSSHDUV�XQFRXSOHG��+RXJKWRQ�DQG�7RXUUH��������RQ�GHFDGDO�VFDOHV�WKH�LQWHUKHPLVSKHULF�667�JUDGLHQW
DSSHDUV�WR�UHIOHFW�D�GLSROH��ZLWK�LQYHUVHO\�FRUUHODWHG�DQRPDOLHV�RQ�HLWKHU�VLGH�RI�WKH�HTXDWRU�

)LJXUH �� 7KH $WODQWLF GLSROH�OLNH YDULDELOLW\ DV LOOXVWUDWHG E\ D MRLQW VLQJXODU YDOXH GHFRPSRVLWLRQ �69'�
DQDO\VLV RI PRQWKO\ PHDQ RFHDQ VXUIDFH GDWD IURP ��������� $�'� 7KH GDWD VRXUFH LV WKH
UHSURFHVVHG &RPSUHKHQVLYH 2FHDQ�$WPRVSKHUH 'DWD 6HW �&2$'6�� 7KH XSSHU SDQHO VKRZV WKH
VSDWLDO VWUXFWXUH RI WKH ILUVW 69' PRGH� &RQWRXUV VKRZ 667 DQRPDO\ LQ �&� 9HFWRUV GHSLFW ZLQG
VWUHVV DQRPDOLHV� &RORUV LQGLFDWH WKH VWUHQJWK RI VXUIDFH KHDW IOX[ DQRPDOLHV LQ : P��� 7KH ILUVW
69' PRGH H[SODLQV DERXW ��� RI WKH WRWDO VTXDUHG YDULDQFH LQ WKLV FRXSOHG V\VWHP DQG KDV D
GLSROH�OLNH 667 SDWWHUQ ZLWK PD[LPXP DPSOLWXGHV DW DERXW ���6 DQG ���1� 7KH ORZHU SDQHO
VKRZV WZR DVVRFLDWHG WLPH VHULHV �LQ UHG� WKH ILUVW 69' RI $WODQWLF 667 DQRPDOLHV� LQ EOXH� WKH
ILUVW 69' RI $WODQWLF DWPRVSKHULF YDULDWLRQ� 7KH WLPH FRHIILFLHQWV KDYH EHHQ QRUPDOL]HG E\ WKHLU
RZQ VWDQGDUG GHYLDWLRQV� )URP )LJXUHV �D DQG �E RI &KDQJ HW DO� ������� 5HSULQWHG ZLWK
SHUPLVVLRQ RI 1DWXUH�



��

)LJXUH �� &RPSDULVRQ RI D FRPSRVLWH DQQXDO G��2 UHFRUG IURP WZR 9HQH]XHOD FRUDOV �UHG OLQH� ZLWK WKH
&RPSUHKHQVLYH 2FHDQ�$WPRVSKHUH 'DWD 6HW �&2$'6� 667 IURP WKH UHOHYDQW �[�� JULG �EOXH
OLQH� DQG WKH WLPH VHULHV RI WKH QRUWKHUQ PRGH RI WURSLFDO 1RUWK $WODQWLF 667 �+RXJKWRQ DQG
7RXUUH ����� PDJHQWD OLQH�� 7KH FRUDO GDWD DSSHDU WR UHIOHFW UHJLRQDO 667 YDULDELOLW\� ZKLFK LQ
WXUQ FRUUHODWHV ZLWK WKH QRUWKHUQ PRGH RI WKH $WODQWLF �GLSROH�� $OWKRXJK IHZ UHHIV H[LVW ZLWKLQ
UHJLRQV LQIOXHQFHG E\ WKH GLSROH� WKHVH GDWD VXJJHVW WKDW FRUDOV IURP 9HQH]XHOD PD\ FRQWDLQ
LQIRUPDWLRQ QHHGHG WR UHFRQVWUXFW DW OHDVW WKH QRUWKHUQ FRPSRQHQW RI WKLV SDWWHUQ �&ROH ������

&KDQJ�HW�DO���������������XVH�VLQJXODU�YDOXH�GHFRPSRVLWLRQ�RI�667�DQG�ZLQG�GDWD�WR�GHVFULEH�WKLV
GHFDGDO�667�GLSROH��)LJXUH�����%DVHG�RQ�D�VHULHV�RI�PRGHO�H[SHULPHQWV��WKH\�SURSRVH�D�PHFKDQLVP�E\
ZKLFK�RFHDQ�DWPRVSKHUH�LQWHUDFWLRQ�PDLQWDLQV�WKLV�RVFLOODWLRQ�RQ�D�GHFDGDO�WLPH�VFDOH��7KH�SURSRVHG
PHFKDQLVP�LQYROYHV�D�EDODQFH�EHWZHHQ�667�DQRPDOLHV�UHLQIRUFHG�E\�DQRPDORXV�ZLQGV�DQG�QHJDWLYH
IHHGEDFN�DVVRFLDWHG�ZLWK�WKH�FURVV�HTXDWRULDO�WUDQVSRUW�RI�KHDW�E\�RFHDQ�FXUUHQWV��2QH�H[SOLFLW
FRQFOXVLRQ�RI�WKLV�VWXG\�LV�WKDW�WKH�$WODQWLF�GLSROH�LV�QRW�VWURQJO\�LQIOXHQFHG�E\�UHPRWH�RU�JOREDO
SDWWHUQV�EXW�GHSHQGV�RQ�ORFDO�PHFKDQLVPV��+RZHYHU��RWKHU�VWXGLHV�KDYH�LQGLFDWHG�WKDW�DW�OHDVW�LQ�WKH
VRXWKHUQ�WURSLFDO�$WODQWLF��667�DQRPDOLHV�DUH�FRUUHODWHG�ZLWK�(162�LQWHUDQQXDOO\��(QILHOG�DQG�0D\HU
������+DVWHQUDWK�HW�DO��������&XUWLV�DQG�+DVWHQUDWK��������DQG�LQ�WKH�QRUWKHUQ�WURSLFV��OLQNV�WR�WKH
1RUWK�$WODQWLF�2VFLOODWLRQ�DUH�SRVVLEOH��/DPE�DQG�3HSSOHU�������.DZDPXUD��������7KH�PHFKDQLVP

SURSRVHG�E\�&KDQJ�HW�DO���������������DOVR�UHTXLUHV�WKDW�VKLIWV�EHWZHHQ�SKDVHV�RI�WKH�GLSROH�DUH
WULJJHUHG�E\�FLUFXODWLRQ�FKDQJHV�WKDW�DOWHU�FURVV�HTXDWRULDO�KHDW�WUDQVSRUW��7HVWLQJ�WKHVH�K\SRWKHVHV�LV
DQ�LQWULJXLQJ�WDUJHW�IRU�FRUDO�EDVHG�SDOHRFHDQRJUDSK\��)LJXUH�����ZKLFK�FDQ�SURYLGH�UHFRQVWUXFWLRQV�RI
WKH�GLSROH�RYHU�ORQJHU�WLPH�IUDPHV�WKDQ�XVHG�E\�WKH�VWXGLHV�FLWHG�KHUH�DQG�SHUKDSV�VXJJHVW�RU�UXOH�RXW
PHFKDQLVPV�RI�ORQJ�WHUP�YDULDWLRQ�

����7URSLFDO�9DULDELOLW\�8QGHU�$OWHUHG�%DFNJURXQG�&OLPDWHV�DQG�%RXQGDU\�&RQGLWLRQV

:HOO�GDWHG��VHDVRQDOO\�UHVROYHG�SDOHRFOLPDWH�UHFRUGV�H[WUDFWHG�IURP�IRVVLO�DUFKLYHV�PD\�EH�XQLTXHO\
VXLWHG�IRU�GRFXPHQWLQJ�VHDVRQDO�WR�LQWHUDQQXDO�FKDQJHV�LQ�LPSRUWDQW�FOLPDWLF�V\VWHPV�XQGHU�DOWHUHG
ERXQGDU\�FRQGLWLRQV�RU�GXULQJ�GLIIHUHQW�EDFNJURXQG�FOLPDWH�VWDWHV��7DUJHWV�IRU�VXFK�LQYHVWLJDWLRQ�FRXOG
LQFOXGH�(162��WKH�PRQVRRQV��WUDGH�ZLQGV��DQG�FRDVWDO�XSZHOOLQJ�V\VWHPV��6HDVRQDO�VXUIDFH
WHPSHUDWXUH�JUDGLHQWV�DFURVV�WKH�RFHDQ�EDVLQV�GULYH�DWPRVSKHULF�FLUFXODWLRQ��WKHVH�PD\�KDYH�EHHQ�YHU\
GLIIHUHQW�LQ�WKH�SDVW��&RUDOV�DUH�FDSDEOH�RI�UHYHDOLQJ�VXEWOH�FKDQJHV�LQ�667��UDLQIDOO��DQG�HYDSRUDWLRQ
ZLWKLQ�WKH�DQQXDO�F\FOH��DQG�FDQ�SURYLGH�FOXHV�DERXW�KRZ�VHDVRQDO�FOLPDWH�UHVSRQGV�WR�ODUJH�VFDOH
IRUFLQJV�DQG�EDFNJURXQG�FKDQJHV��7KHVH�GDWD�VHWV�ZLOO�EH�SDUWLFXODUO\�XVHIXO�IRU�XQGHUVWDQGLQJ�WKH
VHQVLWLYLW\�RI�FOLPDWLF�SURFHVVHV�WR�JOREDO�FOLPDWH�FKDQJH��DW�WLPH�VFDOHV�WKDW�DUH�UHOHYDQW�WR�VRFLHW\�



��

7KH�QDWXUH�RI�WURSLFDO�LQYROYHPHQW�LQ�SDVW�FOLPDWH�FKDQJH�UHPDLQV�SRRUO\�XQGHUVWRRG�EXW�PD\�SURYLGH
FOXHV�DERXW�WKH�SRWHQWLDO�LPSRUWDQFH�RI�WKH�WURSLFV�LQ�IXWXUH�FKDQJHV�YLD�IHHGEDFN�RU�DPSOLILFDWLRQ
PHFKDQLVPV��$GGUHVVLQJ�WKLV�LVVXH�UHTXLUHV�UREXVW�HVWLPDWHV�RI�ERWK�SDVW�PHDQ�FRQGLWLRQV�DQG�SDVW
YDULDELOLW\��6HYHUDO�RXWVWDQGLQJ�LVVXHV�LQ�SDOHRFOLPDWH�UHVHDUFK�DUH�SDUWLFXODUO\�ZHOO�VXLWHG�WR
LQYHVWLJDWLRQ�XVLQJ�IRVVLO�FRUDOV��)RU�LQVWDQFH��UHFRQVWUXFWLQJ�WURSLFDO�667©V�LV�D�FODVVLF�SUREOHP�LQ
SDOHRFHDQRJUDSK\��7KH�SUHFLVH�PHDVXUHPHQW�RI�WKH�6U�&D�UDWLR�LQ�FRUDO�DUDJRQLWH�E\�WKHUPDO�LRQL]DWLRQ
PDVV�VSHFWURPHWU\��7,06��RU�LQGXFWLYHO\�FRXSOHG�SODVPD�DWRPLF�HPLVVLRQ�VSHFWURVFRS\��,&3�$(6�
RIIHUV�D�SURPLVLQJ�WKHUPRPHWHU�IRU�UHFRQVWUXFWLQJ�667©V�RI�WKH�GLVWDQW�SDVW��%HFN�HW�DO�������
*XLOGHUVRQ�HW�DO��������6KHQ�HW�DO��������$OLEHUW�DQG�0F&XOORFK�������*DJDQ�HW�DO��������6FKUDJ
�������7KH�DSSOLFDELOLW\�RI�WKLV�WHFKQLTXH�WR�IRVVLO�FRUDOV�GHSHQGV�WR�D�ODUJH�GHJUHH�RQ�WKH�VWDELOLW\�RI
WKH�6U�&D�UDWLR�RI�VHDZDWHU�WKURXJK�WLPH��7KLV�FRQGLWLRQ�KROGV�WRGD\�EHFDXVH�KLJK�SUHFLVLRQ
PHDVXUHPHQWV�RI�6U�&D�LQ�PRGHUQ�UHHI�ZDWHUV�VKRZ�OLWWOH�YDULDELOLW\��HTXLYDOHQW�WR�RIIVHWV�RI�RQO\
����&�LQ�UHFRQVWUXFWHG�667©V��GH�9LOOLHUV�HW�DO��������6KHQ�HW�DO���������+RZHYHU��UHFHQW�PRGHOV�E\
6WROO�DQG�6FKUDJ��������VXJJHVW�WKDW�GLVVROXWLRQ�RI�6U�HQULFKHG�DUDJRQLWH�H[SRVHG�RQ�FRQWLQHQWDO
VKHOYHV�GXULQJ�VHD�OHYHO�ORZ�VWDQGV��L�H��WKH�/*0��ZLOO�LQFUHDVH�WKH�6U�&D�UDWLR�RI�JODFLDO�VHDZDWHU�
SRWHQWLDOO\�SURGXFLQJ��FRRO��DUWLIDFWV�RI�����&�LQ�UHFRQVWUXFWHG�667©V��1HYHUWKHOHVV��WKH�6U�&D�UDWLR�RI
VHDZDWHU�VKRXOG�UHPDLQ�VXIILFLHQWO\�VWDEOH�GXULQJ�LQWHUJODFLDO�VHD�OHYHO�KLJK�VWDQGV�WR�SURYLGH�SDOHR�
667©V�UHOLDEOH�WR������&�

)LJXUH ��� &RPSDULVRQ EHWZHHQ VHD VXUIDFH WHPSHUDWXUHV FDOFXODWHG IURP FRUDO 6U�&D UDWLR �EOXH FXUYHV� DQG
G
��2 �XSSHU UHG FXUYH� IRU PRGHUQ �OHIW� DQG ����� \UV %3 �ULJKW�3RULWHV FRUDOV IURP 2USKHXV ,VODQG�
FHQWUDO *UHDW %DUULHU 5HHI� $XVWUDOLD� 'LIIHUHQFHV LQ VHDZDWHU G��2 �ORZHU UHG FXUYHV�� UHODWLYH WR WKH
PRGHUQ PHDQ� DUH REWDLQHG E\ UHPRYDO RI WKH WHPSHUDWXUH FRPSRQHQW RI WKH G��2 VLJQDO �'G��2��
7KH KRUL]RQWDO OLQHV VKRZ WKH PHDQ 'G��2 RI VHDZDWHU� DV GHILQHG E\ WKH VHYHQ 'G��2 YDOXHV
�VTXDUHV� IDOOLQJ LQ WKH DXVWUDO ZLQWHUV �YHUWLFDO OLQHV�� 5HODWLYH WR WKH PLG�+RORFHQH� WKH PRGHUQ
FRUDO LQGLFDWHV FRROHU DYHUDJH ZDWHU WHPSHUDWXUHV �E\ ����& DQG WKH FKDUDFWHULVWLF LQWHUDQQXDO
YDULDELOLW\ LQ VDOLQLW\ �aG��2VHDZDWHU� WKDW DFFRPSDQLHV WKH (162 F\FOH �IURP *DJDQ HW DO� ������

3DOHRWHPSHUDWXUH�HVWLPDWHV�IURP�WKH�6U�&D�UDWLR�RI�FRUDOV�IURP�WKH�&DULEEHDQ�DQG�ZHVWHUQ�3DFLILF
LQGLFDWH�WKDW�WURSLFDO�667©V�ZHUH�����&�FRROHU�WKDQ�WRGD\�GXULQJ�WKH�ODWH�VWDJHV�RI�WKH�ODVW�JODFLDO
PD[LPXP��/*0���*XLOGHUVRQ�HW�DO��������%HFN�HW�DO���������$OWKRXJK�PRUH�FRUDO�SDOHRWHPSHUDWXUH
GDWD�DUH�QHHGHG��WKHVH�HDUO\�UHVXOWV�VXJJHVW�WKDW�WKH�HQYHORSH�RI�SRWHQWLDO�667�FKDQJH�LQ�WKH�WURSLFV



��

PD\�EH�ODUJH��LQ�FRQWUDVW�WR�WKH�&/,0$3�/*0�667�UHFRQVWUXFWLRQ�IRU�WKH�WURSLFV��ZKLFK�LQGLFDWHV
OLWWOH�RU�QR�FKDQJH��&/,0$3��������3DOHRFOLPDWH�GDWD�IRU�WHPSHUDWH�DQG�SRODU�UHJLRQV�VXJJHVW�WKDW�WKH
HQVXLQJ�+RORFHQH�FOLPDWH�PD\�KDYH�EHHQ�FRPSOH[��ZLWK�DEUXSW�DOWHUQDWLRQ�EHWZHHQ�FRRO�DQG�ZDUP
SHULRGV�DW�KLJK�ODWLWXGHV�DQG�VXEVWDQWLDO�K\GURORJLF�YDULDELOLW\�DW�ORZ�WR�PLG�ODWLWXGHV��6LURFNR�HW�DO�
������)LVKHU�HW�DO��������/DPE�HW�DO��������2©%ULHQ�HW�DO��������2YHUSHFN�������$OOH\�HW�DO�������
6WDJHU�DQG�0D\HZVNL�������:RRGKRXVH�DQG�2YHUSHFN��������7KH�JOREDO�FOLPDWLF�H[SUHVVLRQ�RI�WKHVH
HYHQWV��DQG�WKH�SRWHQWLDO�UROH�RI�WKH�WURSLFV�LQ�WKHLU�IRUFLQJ��UHPDLQV�XQFOHDU�DQG�QHHGV�WR�EH
LQYHVWLJDWHG��.H\�WLPH�VOLFHV�IRU�H[SORULQJ�SRWHQWLDOO\�UDSLG�FRROLQJ��IROORZHG�E\�DEUXSW�ZDUPLQJ��LQ
WKH�WURSLFV�LQFOXGH�WKH�<RXQJHU�'U\DV�������ND�

��
&�\UV���WKH�����ND�FRROLQJ��$OOH\�HW�DO���������WKH�PLG�

+RORFHQH��FD���WR���ND��/DPE�HW�DO���������WKH�EHJLQQLQJ�RI�WKH�0HGLHYDO�:DUP�(SRFK��FD������$'�
.HLJZLQ��������DQG�WKH�/LWWOH�,FH�$JH��FD������WR������$'��%UDGOH\�DQG�-RQHV��������+LJK�UHVROXWLRQ
UHFRUGV�IURP�IRVVLO�FRUDOV�ZLOO�DOORZ�XV�WR�FKHFN�WKH�JOREDO�H[WHQW�RI�WKHVH�HYHQWV�DQG�WKH�UHVSRQVH�RI
LPSRUWDQW�FOLPDWH�V\VWHPV�VXFK�DV�WKH�(162�DQG�PRQVRRQ�

)RVVLO�FRUDO�SDOHRWHPSHUDWXUH�GDWD�FRXOG�DOVR�VKHG�OLJKW�RQ�WKH�GHEDWH�DERXW�VHOI�UHJXODWLRQ�RI�667©V�LQ
WKH�WURSLFDO�ZDUP�SRRO�UHJLRQV��3UHYLRXV�VWXGLHV�KDYH�VXJJHVWHG�WKDW�WKH�ORQJ�WHUP�PHDQ�667�LQ�WKH
WURSLFV�FDQQRW�ZDUP�EH\RQG�DERXW������&�EHFDXVH�RI�QHJDWLYH�IHHGEDFNV�LQ�WKH�UDGLDWLRQ�EDODQFH�RI
WKH�VXUIDFH�RFHDQ�DQG�DWPRVSKHUH��5DPDQDWKDQ�HW�DO��������5DPDQDWKDQ�DQG�&ROOLQV�������:DOLVHU
DQG�*UDKDP��������&RUDO�667�UHFRQVWUXFWLRQV�IURP�SHULRGV�ZKHQ�WKH�HDUWK�PD\�KDYH�EHHQ�ZDUPHU
WKDQ�WRGD\�FRXOG�SURYLGH��KDUG�HYLGHQFH��RQ�ZKHWKHU�RU�QRW�WKLV�DSSDUHQW�667�PD[LPXP�FDQ�EH
H[FHHGHG��.H\�WLPH�VOLFHV�WKDW�FRXOG�VKHG�OLJKW�RQ�WKLV�LPSRUWDQW�TXHVWLRQ�PLJKW�LQFOXGH�WKH�ODVW
LQWHUJODFLDO������ND���WKH�PLG�+RORFHQH��FOLPDWLF�RSWLPXP�����WR���ND���DQG�SHUKDSV�WKH�0HGLHYDO
:DUP�(SRFK��FD������WR������$'��

,Q�DGGLWLRQ�WR�WKHLU�XVH�DV�RFHDQ�WKHUPRPHWHUV��WKH�FRUUHODWLRQV�REVHUYHG�EHWZHHQ�WKH�UDWLRV�RI��FRUDO
6U�&D��%HFN�HW�DO���������8�&D��6KHQ�DQG�'XQEDU�������0LQ�HW�DO���������0J�&D��0LWVXJXFKL�HW�DO�
������DQG�G

��
2�PD\�DOVR�PDNH�LW�SRVVLEOH�WR�GHWHUPLQH�VHD�VXUIDFH�G

��
2��E\�UHPRYDO�RI�WKH

WHPSHUDWXUH�FRPSRQHQW�RI�WKH�FRUDO�G
��
2�VLJQDO��)LJXUH������0DSV�RI�VHD�VXUIDFH�G

��
2�FRXOG�EH

SURGXFHG�WR�HVWLPDWH�YDULDWLRQV�LQ�WKH�YROXPH�RI�WKH�SODQHWDU\�LFH�FDSV��,I�WKH�VWURQJ�FRUUHODWLRQ
EHWZHHQ�VHDZDWHU�G

��
2�DQG�VDOLQLW\�KROGV�WKURXJK�WLPH��5RKOLQJ�DQG�%LJJ��������LW�PD\�EH�SRVVLEOH�WR

SURGXFH�PDSV�RI�VHD�VXUIDFH�VDOLQLW\�WKDW�FDQ�EH�XVHG�WR�WUDFN�FKDQJHV�LQ�ZDWHU�EDODQFH�RYHU�WKH
WURSLFDO�RFHDQV��FI�*DJDQ�HW�DO��������DV�ZHOO�DV�YDU\LQJ�VXUIDFH�FLUFXODWLRQ�SDWWHUQV�

6XFK�UHFRUGV�DUH�LPSRUWDQW��SDUWLFXODUO\�IRU�SHULRGV�ZKHQ�WKH�WURSLFV�PD\�KDYH�EHHQ�ZDUPHU�WKDQ
WRGD\��)RU�LQVWDQFH��UHFHQW�ZRUN�KDV�VKRZQ�WKDW�HYHQ�D�VPDOO�LQFUHDVH�LQ�WURSLFDO�667��RQ�WKH�RUGHU�RI
����&��OHDGV�WR�D�PDUNHG�LQFUHDVH�LQ�RFHDQLF�HYDSRUDWLRQ�DQG�SUHFLSLWDEOH�ZDWHU�LQ�WKH�DWPRVSKHUH�
ERWK�RQ�WKH�RUGHU�RI������)ORKQ�HW�DO���������0RGHO�VLPXODWLRQV�VKRZ�WKDW�WKH�WURSLFDO�K\GURORJLFDO
F\FOH�DQG�ODWLWXGLQDO�JUDGLHQWV�LQ�667�PD\�GULYH�FKDQJHV�LQ�WKH�PLG�ODWLWXGH�DWPRVSKHULF�FLUFXODWLRQ
�5LQG��������&RUDO�UHFRUGV�RI�WKH�GLVWDQW�SDVW�FRXOG�\LHOG�QHZ�LQVLJKWV�LQWR�WKH�OLQNV�EHWZHHQ�WKH
K\GURORJLFDO�F\FOH�DQG�WURSLFDO�667©V�DQG�WKH�GHJUHH�WR�ZKLFK�ZDWHU�YDSRU�LQ�WKH�WURSLFV�PD\
FRQWULEXWH�WR�WKH�UHFHQW�ZDUPLQJ�WUHQG�

)LJXUH����VKRZV�DQ�H[DPSOH�RI�FKDQJHG�WURSLFDO�RFHDQ�PHDQ�WHPSHUDWXUHV�DQG�YDULDELOLW\
UHFRQVWUXFWHG�IURP�D�*UHDW�%DUULHU�5HHI�FRUDO��$����\HDU�FRUDO�UHFRUG�IURP�������

��
&�\HDUV�DJR

SURYLGHV�HYLGHQFH�WKDW�UHODWLYH�WR�WRGD\��EDFNJURXQG�667©V�ZHUH�ZDUPHU�E\�DERXW�����&�DQG�WKDW
FRQWLQHQWDO�UXQRII�ZDV�PXFK�OHVV�YDULDEOH��*DJDQ�HW�DO���������7KH�SDWWHUQ�RI�FRROHU�667©V�DQG�UHGXFHG
UXQRII�DVVRFLDWHG�ZLWK�(162�DQRPDOLHV�LQ�WKLV�UHJLRQ�WRGD\�LV�QRW�VHHQ�LQ�DQ\�SRUWLRQ�RI�WKLV�UHFRUG�
7KHVH�GDWD��DOWKRXJK�SUHOLPLQDU\��DUH�FRQVLVWHQW�ZLWK�DUFKHRORJLFDO�HYLGHQFH�LQ�3HUX�VXJJHVWLQJ�D�YHU\
GLIIHUHQW�SDWWHUQ�RI�(162�LQIOXHQFH�SULRU�WR�������\HDUV�DJR��6DQGZHLVV�HW�DO���������3ROOHQ�GDWD�IURP
$XVWUDOLD�DOVR�VXSSRUW�WKLV�LQWHUSUHWDWLRQ��WD[D�DGDSWHG�WR�WKH�LQWHUPLWWHQW�GURXJKW�DVVRFLDWHG�ZLWK�WKH
PRGHUQ�(162�WRGD\�DUH�QRW�SUHVHQW�EHIRUH�DERXW�������\U�%3��6KXOPHLVWHU�DQG�/HHV�������0F*ORQH
HW�DO��������



��

���7KH�7RROV�IRU�$576�

����&RUDOV

0DVVLYH�FRUDOV�IURP�WKH�WURSLFDO�RFHDQ�DUH�WKH�RQO\�NQRZQ�SDOHRFOLPDWH�DUFKLYH�WKDW�RIIHU�ERWK�WKH
DQQXDO�UHVROXWLRQ�DQG�PXOWLFHQWXU\�UHFRUG�OHQJWK�QHHGHG�IRU�TXDQWLILFDWLRQ�RI�VHDVRQDO�FHQWHQQLDO
FKDQJHV�LQ�WKH�WURSLFDO�VXUIDFH�RFHDQ��VXPPDU\�LQ�'XQEDU�DQG�&ROH��������0RVW�UHHI�FRUDOV�OLYH�DW
GHSWKV�����P�DQG�JURZ�FRQWLQXRXVO\�DW�UDWHV�RI������PP�\U

��
��ZLWK�PRVW�VSHFLHV�SURGXFLQJ�DQQXDO

GHQVLW\�EDQGV�WKDW�SURYLGH�WLPH�PDUNHUV�IRU�WKH�GHYHORSPHQW�RI�ORQJ�FKURQRORJLHV��)LJXUH������&RUDO

)LJXUH ��� ;�UDGLRJUDSK �ULJKW� DQG SKRWRJUDSK RI D FRUDO VODE LOOXPLQDWHG XQGHU XOWUDYLROHW OLJKW �OHIW�� :KLWH
QXPEHUV LQGLFDWH DVVLJQHG \HDU RI JURZWK� 7KLV FRUDO FRUH ZDV FROOHFWHG IURP D ��PHWHU KLJK
VSHFLPHQ RI 3RULWHV OXWHD IURP 0DOLQGL 0DULQH 3DUN� .HQ\D� 7KH LPDJH VKRZV WKH XSSHU �� FP �FD�
���� WR ���� $�'�� RI D FKURQRORJ\ WKDW H[WHQGV WR ���� $�'� &P VFDOH LV DW OHIW� 7KH ;�UDGLRJUDSK
UHYHDOV DQQXDO YDULDWLRQV LQ FRUDO VNHOHWDO GHQVLW\ WKDW UHVXOW IURP VPDOO FKDQJHV LQ WKH UHODWLYH
PDJQLWXGH RI H[WHQVLRQ UDWH YHUVXV FDOFLILFDWLRQ UDWH� 7KH EULJKW EDQGV WKDW UHVXOW IURP YLVXDO
ZDYHOHQJWK IOXRUHVFHQFH XQGHU H[FLWDWLRQ ZLWK XOWUDYLROHW OLJKW PRVW OLNHO\ UHVXOW IURP WHUUHVWULDO
RUJDQLF VXEVWDQFHV WKDW DUH LQFRUSRUDWHG LQWR WKH FRUDO VNHOHWRQ GXULQJ WKH DQQXDO PRQVRRQV� %RWK ;�
UD\ DQG 89 EDQGV FDQ EH FRUUHODWHG EHWZHHQ FRUHV IURP D VLQJOH KHDG DQG EHWZHHQ FRUHV IURP ZLWKLQ
D VLWH DQG WKXV FRPSULVH XVHIXO FKURQRORJLF DQG FURVV�GDWLQJ WRROV� )URP 5� 'XQEDU DQG -� &ROH�



��

VNHOHWRQV�KDYH�SURYLGHG�QHZ�LQIRUPDWLRQ�RQ�HQYLURQPHQWDO�FKDQJHV�LQ�VXUIDFH�RFHDQ�FRQGLWLRQV�RYHU
WKH�SDVW�VHYHUDO�FHQWXULHV�LQ�PDQ\�UHJLRQV�RI�WKH�WURSLFV��'UXIIHO�������,VGDOH�������,VGDOH�HW�DO�������
6KHQ�HW�DO������������D��&ROH�HW�DO��������4XLQQ�HW�DO��������������'XQEDU�HW�DO��������������/LQVOH\�HW
DO��������7XGKRSH�HW�DO��������&KDUOHV�HW�DO��������&URZOH\�HW�DO���������$�VXPPDU\�RI�KLJKOLJKWV�LV
JLYHQ�EHORZ�

��� :RUOGZLGH�����WR����FRUDO�EDVHG�FOLPDWH�UHFRUGV�H[WHQGLQJ�EDFN�WR�DW�OHDVW�WKH�PLG�����©V�$'�DUH
FXUUHQWO\�DYDLODEOH�RU�QHDULQJ�FRPSOHWLRQ��)LJXUH������$Q�DGGLWLRQDO����WR����UHFRUGV�H[WHQG�EDFN
���WR�����\HDUV�IURP�WKH�SUHVHQW��6LQFH�UHOLDEOH�LQVWUXPHQWDO�UHFRUGV�RI�SDVW�667�YDULDELOLW\�LQ�WKH
WURSLFV�UDUHO\�H[WHQG�SULRU�WR�DERXW�������WKHVH�FRUDO�UHFRUGV�DUH�KLJKO\�XVHIXO�IRU�VWXGLHV�RI
GHFDGDO�FOLPDWH�YDULDELOLW\�DV�ZHOO�DV�VWDELOLW\�DQG�OLQNDJHV�ZLWKLQ�WKH�FOLPDWH�V\VWHP�DW�LQWHUDQQXDO
WLPH�VFDOHV�

)LJXUH ��� 7URSLFDO 667
V DQG ORFDWLRQV RI FXUUHQW FRUDO SDOHRFOLPDWH UHVHDUFK� 667 PDS IURP 10& 667 GDWD
DYDLODEOH DW KWWS���LQJULG�OGJR�FROXPELD�HGX� FRUDO VLWHV UHSUHVHQW WKH ZRUN RI PDQ\ LQYHVWLJDWRUV
DQG PD\ EH LQFRPSOHWH� 5HFRUGV WKDW H[WHQG EH\RQG DERXW ��� \HDUV DUH VKRZQ LQ ODYHQGHU� JUD\
FLUFOHV UHSUHVHQW ERWK VLWHV ZKHUH ORQJ UHFRUGV DUH LQ SURJUHVV DQG VKRUWHU SXEOLVKHG UHFRUGV�
1XPEHUHG VLWHV DUH PHQWLRQHG LQ WH[W� �� *DOiSDJRV� �� 3DQDPi �&KLULTXt�� �� 7DUDZD �.LULEDWL�� ��
.LULWLPDWL ,VODQG �/LQH ,VODQGV� .LULEDWL�� �� 1DXUX� �� 9DQXDWX� �� 1HZ &DOHGRQLD� �� $EUDKDP
5HHI� *UHDW %DUULHU 5HHI� �� &HEX� 3KLOLSSLQHV� ��� 6H\FKHOOHV� ��� 0DOLQGL� .HQ\D� ��� %HUPXGD�

��� 0DQ\�FRUDO�UHFRUGV�KDYH�DEVROXWH�DQQXDO�FKURQRORJLHV��ZKHUHLQ�DQQXDO�DJH�DVVLJQPHQWV�DUH�EDVHG
RQ�PXOWLSOH�LQGHSHQGHQW�DQG�FRQVLVWHQW�DJH�GDWLQJ�FULWHULD��+RZHYHU��PDQ\�RWKHU�FRUDO�UHFRUGV�DUH
DVVLJQHG�DJH�DFFXUDFLHV�RI�DERXW�����EDVHG�RQ�XQFHUWDLQWLHV�LQ�WKH�SDUDPHWHUV�XVHG�WR�DVVLJQ�DJHV�
$SSOLFDWLRQ�RI�FURVV�GDWLQJ�DQG�PXOWLSOH�DJH�VSHFLILF�WUDFHUV�VKRXOG�DOORZ�PRVW�FRUDO�UHFRUGV�WR
DFKLHYH�WUXH�DQQXDO�FKURQRORJLF�SUHFLVLRQ��0DQ\�FRUDO�UHFRUGV�SURYLGH�VXE�DQQXDO�UHVROXWLRQ��RQ
WKH�RUGHU�RI�ELPRQWKO\�WR�VHDVRQDO�

���7KH�DUDJRQLWH�VNHOHWRQ�RI�UHHI�EXLOGLQJ�FRUDOV�FDUULHV�D�GLYHUVH�VXLWH�RI�LVRWRSLF�DQG�FKHPLFDO
LQGLFDWRUV�WKDW�WUDFN�ZDWHU�WHPSHUDWXUH��VDOLQLW\��DQG�LVRWRSLF�FRPSRVLWLRQ�DV�ZHOO�DV�VLWH�VSHFLILF
IHDWXUHV�LQFOXGLQJ�WXUELGLW\��UXQRII��DQG�XSZHOOLQJ�LQWHQVLW\��$W�WKLV�HDUO\�VWDJH�LQ�WKH�H[SORUDWLRQ�RI
FRUDO�UHFRUGV�RI�FOLPDWH��IHZ�KDYH�EHHQ�FDOLEUDWHG�E\�PXOWL�\HDU�LQ�VLWX�PRQLWRULQJ�VWXGLHV�

,QYHVWLJDWRUV�W\SLFDOO\�UHO\�RQ�FRUUHODWLRQV��ERWK�QHDU�ILHOG�DQG�IDU�ILHOG��EHWZHHQ�WKHLU�SUR[LHV�DQG
JULGGHG�GDWD�VHWV�RI�667�RU�UDLQIDOO��RU�ZLWK�VWDQGDUGL]HG�LQGLFHV�RI�SKHQRPHQD�VXFK�DV�(162�

http://ingrid.ldgo.columbia.edu/
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���&RUDOV�IURP�HTXDWRULDO�DQG�QHDU�HTXDWRULDO�VLWHV�LQ�WKH�3DFLILF�EDVLQ�DQG�FHQWUDO�,QGLDQ�2FHDQ�UHFRUG
SDVW�(162�YDULDELOLW\��WKURXJK�(162©V�LPSDFW�RQ�667��666�RU�D�FRPELQDWLRQ�RI�WKH�WZR��0RVW
FRUDO�UHFRUGV�VKRZ�FKDQJHV�LQ�GRPLQDQW�SHULRGV�RI�YDULDQFH�JRLQJ�EDFN�WKURXJK�WLPH�DW�WLPH�VFDOHV
UDQJLQJ�IURP�DQQXDO�WR�PXOWLGHFDGDO�

���0RVW�RI�WKHVH�UHFRUGV�UHYHDO�VXUSULVLQJO\�ODUJH�YDULDELOLW\�DW�GHFDGH�WR�FHQWXU\�WLPH�VFDOHV��0RVW�DUH
FRQVLVWHQW�ZLWK�ORQJ�WHUP�ZDUPLQJ�RI�667�E\�����WR���&�VLQFH�WKH�HDUO\�����©V��5DLQIDOO�VHQVLWLYH
VLWHV�DOVR�VXJJHVW�ORQJ�WHUP�YDULDELOLW\�LQ�WURSLFDO�SUHFLSLWDWLRQ�

���6RPH�ZHVWHUQ�3DFLILF�UHFRUGV�VKRZ�667�YDULDELOLW\�UHODWHG�WR�YROFDQLF�HYHQWV�GXULQJ�WKH�SDVW��
FHQWXULHV��&URZOH\�HW�DO��������

���&RUDO�UHFRUGV�IURP�D�IHZ�VLWHV��LQFOXGLQJ�SXEOLVKHG�UHFRUGV�IURP�7DUDZD��*DOiSDJRV��&KULVWPDV�
DQG�6H\FKHOOHV��DQG�XQSXEOLVKHG�UHFRUGV�IURP�WKH�FHQWUDO�3DFLILF�LVODQGV�RI�)DQQLQJ��$UDQXND�
0DLDQD��DQG�1DXUX��H[KLELW�H[FHSWLRQDOO\�VWURQJ�FRUUHODWLRQV�WR�LQVWUXPHQWDO�(162�DQG�RU�667
LQGLFHV��7KHVH�VLWHV�DOVR�LQGLFDWH�FKDQJHV�LQ�WKH�VWUHQJWK�RI�WKH�DQQXDO�F\FOH�RI�HLWKHU�UDLQIDOO�RU�667
WKURXJK�WLPH�

������6WDEOH�,VRWRSHV

0DQ\�FRUDO�VWXGLHV�KDYH�UHOLHG�RQ�R[\JHQ�LVRWRSLF�PHDVXUHPHQWV�EHFDXVH�WKH\�DUH�HDV\�WR�REWDLQ�DQG
UHODWLYHO\�VWUDLJKWIRUZDUG�WR�LQWHUSUHW��7KH�VWDEOH�LVRWRSLF�FRQWHQW��SDUWLFXODUO\�G

��
2��WKH�

��
2�

��
2�UDWLR�

RI�FRUDO�FDUERQDWH�SURYLGHV�D�XVHIXO�KLVWRU\�RI�HQYLURQPHQWDO�YDULDELOLW\��&RUDO�DUDJRQLWH�G
��
2�UHFRUGV

667�YDULDELOLW\��XVXDOO\�DFFRUGLQJ�WR�WKH�VWDQGDUG�SDOHRWHPSHUDWXUH�UHODWLRQVKLS�IRU�FDUERQDWHV��7KH
LVRWRSLF�FRPSRVLWLRQ�LV�RIIVHW�E\�D�ELRORJLFDO�QRQ�HTXLOLEULXP�FRPSRQHQW�WKDW�DSSHDUV�WR�EH�VWDEOH
WKURXJK�WLPH��DV�ORQJ�DV�D�FRQVLVWHQW��DQG�PD[LPXP��JURZWK�D[LV�LV�VDPSOHG��:HEHU�DQG�:RRGKHDG
������'XQEDU�DQG�:HOOLQJWRQ�������3lW]ROG�������0F&RQQDXJKH\�������:LQWHU�HW�DO��������6KHQ�HW
DO������D��*DJDQ�HW�DO��������/HGHU�HW�DO��������6ZDUW�HW�DO��������:HOOLQJWRQ�HW�DO���������:KHQ
VHDZDWHU�G

��
2�LV�YDULDEOH��D�IXQFWLRQ�RI�K\GURORJLF�EDODQFH��SUHFLSLWDWLRQ��HYDSRUDWLRQ��DQG�UXQRII���WKLV

FRPSRQHQW�LV�DOVR�LQFRUSRUDWHG�LQWR�WKH�VNHOHWDO�G
��
2��'XQEDU�DQG�:HOOLQJWRQ�������6ZDUW�DQG

&ROHPDQ�������&ROH�DQG�)DLUEDQNV�������*DJDQ�HW�DO��������/LQVOH\�HW�DO���������/RQJ�UHFRUGV�RI
FRUDO�G

��
2�KDYH�EHHQ�XVHG�WR�GHYHORS�SUHFLSLWDWLRQ�UHFRQVWUXFWLRQV�IURP�VLWHV�ZKHUH�VHDZDWHU�G

��
2

FRUUHODWHV�ZLWK�UDLQIDOO��&ROH�HW�DO��������/LQVOH\�HW�DO�������

7KH�FDUERQ�LVRWRSLF�VLJQDO�LQ�FRUDOV�LV�OHVV�VWUDLJKWIRUZDUG�WR�LQWHUSUHW�LQ�FOLPDWLF�WHUPV��GXH�WR
LQWHUDFWLRQV�ZLWK�SK\VLRORJLFDO�SURFHVVHV�WKDW�LQYROYH�ODUJH�IUDFWLRQDWLRQV��6ZDUW��������,Q�VRPH�FDVHV�
FRUUHODWLRQ�EHWZHHQ�G

��
&�DQG�OLJKW�LQWHQVLW\�KDV�EHHQ�LQWHUSUHWHG�WR�UHIOHFW�LQVRODWLRQ��FORXGLQHVV�

YDULDELOLW\��)DLUEDQNV�DQG�'RGJH�������:HLO�HW�DO��������0F&RQQDXJKH\�������RU�ZDWHU�FODULW\
�:HOOLQJWRQ�DQG�'XQEDU�������*URWWROL�(YHUHWW�DQG�:HOOLQJWRQ��������,Q�RWKHU�FDVHV��G

��
&�FRUUHODWHV

SRRUO\�ZLWK�HQYLURQPHQWDO�YDULDEOHV��DQG�WKH�VLJQDO�PD\�GLIIHU�JUHDWO\�DPRQJ�DGMDFHQW�FRUDOV�RU�HYHQ
GLIIHUHQW�VDPSOLQJ�WUDQVHFWV�ZLWKLQ�D�FRUH�>-��&ROH��5��'XQEDU��%��/LQVOH\��XQSXEOLVKHG�GDWD@�
6SDZQLQJ�PD\�DOVR�FDXVH�VNHOHWDO�G

��
&�YDULDWLRQV��*DJDQ�HW�DO���������$�SRWHQWLDO�OLQNDJH�EHWZHHQ

G
��
&�YDULDELOLW\�DQG�QXWULHQW�RU�IRRG�DYDLODELOLW\�KDV�EHHQ�QRWHG��*URWWROL�(YHUHWW�DQG�:HOOLQJWRQ������

)HOLV�HW�DO���������$W�SUHVHQW��WKHUH�DUH�IHZ�SXEOLVKHG�LQGLFDWLRQV�WKDW�KLJKO\�XVHIXO�FOLPDWH�LQIRUPDWLRQ
FDQ�EH�GHULYHG�IURP�FDUERQ�LVRWRSLF�WLPH�VHULHV�LQ�FRUDOV��1HYHUWKHOHVV��

��
&�

��
&�GDWD�LV�QRUPDOO\

FROOHFWHG�VLPXOWDQHRXVO\�ZLWK�
��
2�

��
2�UDWLRV�GXULQJ�FRUDO�DQDO\VLV�DQG�D�ODUJH�ERG\�RI�DUFKLYHG�G

��
&

GDWD�LV�FXUUHQWO\�DYDLODEOH��DOWKRXJK�RIWHQ�QRW�LQ�SXEOLFO\�DFFHVVLEOH�HOHFWURQLF�DUFKLYHV���$W�D�IHZ
VLWHV� G

��
&�LQIRUPDWLRQ�ZLOO�OLNHO\�FRQWULEXWH�VHPL�TXDQWLWDWLYH�LQIRUPDWLRQ�RQ�ZDWHU�FROXPQ�RU

DWPRVSKHULF�SURSHUWLHV��$W�PDQ\�RWKHU�VLWHV��G
��
&�PD\�EH�XVHIXO�LQ�UHVROYLQJ�RU�FURVV�FKHFNLQJ�FRUDO

FKURQRORJLHV�

������(OHPHQWDO�LQGLFDWRUV

'HYHORSPHQW�RI�HOHPHQWDO�LQGLFDWRUV�LQ�FRUDOV�FRQWLQXHV�WR�DFFHOHUDWH��6NHOHWDO�FRQVWLWXHQWV�NQRZQ�WR
F\FOH�VHDVRQDOO\�LQ�UHVSRQVH�WR�HQYLURQPHQWDO�IRUFLQJ�LQFOXGH�6U��0J��8��%D��&G��0Q��&X��%��DQG�)�
7KH�FRQFHQWUDWLRQV�RI�WKHVH�HOHPHQWV�LQ�FRUDOOLQH�DUDJRQLWH�KDYH�EHHQ�YDULRXVO\�SURSRVHG�DV�SUR[LHV



��

IRU�WHPSHUDWXUH��VDOLQLW\��YHUWLFDO�PL[LQJ��ODWHUDO�DGYHFWLRQ��DQG�ZLQG�HYHQWV��:KHWKHU�WKHVH�WUDFHUV
XOWLPDWHO\�PHHW�WKH�QHHGV�RI�$576�GHSHQGV�RQ�RXU�XQGHUVWDQGLQJ�RI�WKHLU�FRQWUROV��WKHLU�VHQVLWLYLW\�WR
VLJQDOV�RI�LQWHUHVW��DQG�RXU�DQDO\WLFDO�FDSDELOLW\�WR�GHOLYHU�VXIILFLHQW�DPRXQWV�RI�KLJK�TXDOLW\�FKHPLFDO
GDWD��,Q�VSLWH�RI�UHPDLQLQJ�XQFHUWDLQWLHV�RQ�GHWDLOV�UHODWHG�WR�WKHVH�LQGLFDWRUV��LQGHSHQGHQW
FU\VWDOORJUDSKLF��WKHUPRG\QDPLF��DQG�RFHDQRJUDSKLF�VWXGLHV�DUH�RQJRLQJ�DQG�VSHFLILF�HQYLURQPHQWDO
FRQWUROV�DQG�LQFRUSRUDWLRQ�PHFKDQLVPV�DUH�EHLQJ�LGHQWLILHG�DQG�TXDQWLILHG��)RU�H[DPSOH��LQURDGV�DUH
EHLQJ�PDGH�LQ�WKH�GHWHUPLQDWLRQ�RI�WUDFHU�LQFRUSRUDWLRQ�DW�WKH�FU\VWDO�OHYHO��[�UD\�DEVRUSWLRQ�ILQH
VWUXFWXUH��;$)6��VSHFWURVFRS\�KDV�UHYHDOHG�WKDW�%D

��
�DSSHDUV�WR�VXEVWLWXWH�IRU�&D

��
�LQ�WKH�DUDJRQLWH

ODWWLFH��5HHGHU���������D�SLYRWDO�EXW�XQSURYHQ�K\SRWKHVLV�RI�/HD�HW�DO���������

)LJXUH ��� &RPSDULVRQ EHWZHHQ 667 �GDVKHG OLQH DQG

YDULDWLRQV RI 0J�&D DQG 6U�&D UDWLRV DQG

G
��2 �VROLG OLQHV LQ D VSHFLPHQ RI 3RULWHV

OXWHD FROOHFWHG IURP <DVXUD]DNL� ,VKLJDNL

,VODQG� 5\XN\X ,VODQGV� -DSDQ RYHU WKH

SHULRG �������� 7KH WLPH UHVROXWLRQ IRU

667 DQG WKHVH WUDFHUV LV � ZHHNV� �$� 7KH

0J�&D�667 OLQHDU FRUUHODWLRQ LV U  ������

$QDO\WLFDO HUURU EDUV FRUUHVSRQG WR DQ

XQFHUWDLQW\ RI �����&� �%� 7KH 6U�&D�667

OLQHDU FRUUHODWLRQ LV U  ������� $QDO\WLFDO

HUURU EDUV FRUUHVSRQG WR DQ XQFHUWDLQW\ RI

�����&� �&� 7KH ��2�667 OLQHDU FRUUHODWLRQ

LV U  ������ $QDO\WLFDO HUURU EDUV

FRUUHVSRQG WR DQ XQFHUWDLQW\ RI �����&�

)URP 0LWVXJXFKL HW DO� �������

,Q�WHUPV�RI�HQYLURQPHQWDO�FRQWUROV��SHUKDSV�WKH�EHVW�FKDUDFWHUL]HG�LV�WKH�EHKDYLRU�RI�6U�LQ�DUDJRQLWH���D
V\VWHP�WKDW�KDV�UHFDSWXUHG�PXFK�DWWHQWLRQ�RYHU�WKH�ODVW�ILYH�\HDUV�as precise measurement techniques
enable SST reconstruction with sufficient accuracy for key climate questions��%HFN�HW�DO��������GH
9LOOLHUV�HW�DO��������0F&XOORFK�HW�DO��������6KHQ�HW�DO��������0LWVXJXFKL�HW�DO��������*DJDQ�HW�DO�������
6FKUDJ��������:LWK�WKH�H[FHSWLRQ�RI�WKH�GH�9LOOLHUV�HW�DO��VWXG\��6U�&D�DSSHDUV�WR�EH�D�UREXVW
WKHUPRPHWHU�LQ�UHHI�FRUDOV��)LJXUH������,Q�FRPELQDWLRQ�ZLWK�G

��
2��VXUSULVLQJO\�VXEWOH�YDULDWLRQV�LQ

WHPSHUDWXUH�DQG�K\GURORJLF�EDODQFH�FDQ�EH�GLVFHUQHG��)LJXUH�����*DJDQ�HW�DO���������7KH�DSSDUHQW
LQIOXHQFH�RI�JURZWK�UDWH�RQ�6U�&D��GH�9LOOLHUV�HW�DO��������KDV�QRW�EHHQ�VHHQ�E\�RWKHU�JURXSV��&�
$OLEHUW��0��0F&XOORFK��SHUV��FRPP���7��/HH��SHUV��FRPP����7HPSHUDWXUH�6U�&D�FDOLEUDWLRQV�IURP�D
YDULHW\�RI�RFHDQLF�HQYLURQPHQWV�DUH�FRQYHUJLQJ�RQ�D�FRPPRQ�SDOHRWHPSHUDWXUH�UHODWLRQVKLS��6KHQ�HW
DO��������0��*DJDQ��SHUV��FRPP���������WKH�PDLQ�FRPSOLFDWLRQV�DSSHDU�WR�EH�YDULDEOH�6U�&D�RI
VHDZDWHU�DQG�LQWHUVSHFLHV�RIIVHWV��GH�9LOOLHUV�HW�DO��������6KHQ�HW�DO��������¤�ERWK�RI�ZKLFK�FDQ�EH
FRQWUROOHG�VXIILFLHQWO\�IRU�SDOHRFOLPDWLF�VWXGLHV��$�QHZ�KLJK�SUHFLVLRQ���������PHWKRG�RI�6U�&D
GHWHUPLQDWLRQ�YLD�LQGXFWLYHO\�FRXSOHG�SODVPD�DWRPLF�HPLVVLRQ�VSHFWURVFRS\��,&3�$(6��XVLQJ�IUHTXHQW
FRPSDULVRQ�RI�VDPSOH�XQNQRZQV�WR�D�UHIHUHQFH�VROXWLRQ��6FKUDJ�������JUHDWO\�LQFUHDVHV�VDPSOH
WKURXJKSXW�DQG�PD\�FDWDSXOW�WKLV�WUDFHU�WR�WKH�IRUHIURQW�RI�FRUDO�SDOHRFOLPDWH�DQDO\WLFDO�VWUDWHJLHV�



��

2WKHU�WHPSHUDWXUH�VHQVLWLYH�HOHPHQWV�LQFOXGH�8��0J��DQG�SRWHQWLDOO\�%�DQG�)��2I�WKHVH��0J��DOWKRXJK
QRW�FRPSOHWHO\�IUHH�RI�DGGLWLRQDO�LQIOXHQFHV�VKRZV�WKH�JUHDWHVW�SURPLVH�DV�DQ�DGGLWLRQDO�WHPSHUDWXUH
SUR[\��)LJXUH�����0LWVXJXFKL�HW�DO���������1HYHUWKHOHVV��DGGLWLRQDO�FDOLEUDWLRQ�ZRUN�LV�QHHGHG�RQ�DOO
HOHPHQWDO�WUDFHUV��6KHQ�DQG�'XQEDU��������VXJJHVW�WKDW�FRUDO�8�&D�UDWLR�PD\�GHSHQG�RQ�ERWK
WHPSHUDWXUH�DV�ZHOO�DV�VHDZDWHU�8�FRQFHQWUDWLRQ���WKXV�WKLV�LQGLFDWRU�VKRXOG�DOVR�UHFRUG�VDOLQLW\�
&RQFHQWUDWLRQV�RI�&G��%D��DQG�0Q�LQ�FRUDOV�UHIOHFW�HOHPHQWDO�FRQFHQWUDWLRQV�RI�VHDZDWHU�DVVRFLDWHG
ZLWK�XSZHOOLQJ�LQ�WKH�HDVWHUQ�HTXDWRULDO�3DFLILF��/LQQ�HW�DO��������6KHQ�HW�DO������������������D��
0Q�&D�UDWLRV�DW�7DUDZD�FRUUHVSRQG�WR�DQRPDORXV�ZHVWHUO\�ZLQGV��DQ�LPSRUWDQW�(162�IRUFLQJ�IDFWRU�LQ
WKH�FHQWUDO�DQG�ZHVWHUQ�HTXDWRULDO�3DFLILF��6KHQ�HW�DO������E���7KH�PHFKDQLVP�RI�WKLV�UHFRUGLQJ�V\VWHP�
KRZHYHU��VXggests strong site specificity, as westerly winds remobilize Mn from Tarawa lagoon
sediments and disperse it towards portions of the atoll's living coral communities.

1HZ�WUDFHUV�UDLVH�LQWULJXLQJ�SRVVLELOLWLHV��&RUDOOLQH�)�PD\�RIIHU�D�QHZ�VDOLQLW\�WUDFHU�LI�LW�UHVSRQGV�ZLWK
D�FXELF�GHSHQGHQFH�RQ�VDOLQLW\�DV�K\SRWKHVL]HG�IRU�IRUDPLQLIHUDO�FDOFLWH��5RVHQWKDO�DQG�%R\OH�������
7KLV�GHSHQGHQFH�FRXOG�DFFRXQW�IRU�WKH�����YDULDELOLW\�REVHUYHG�LQ�)�&D�E\�+DUW�DQG�&RKHQ��������DW
7ZR�0LOH�5HHI��6RXWK�$IULFD��$�JHRFKHPLFDO�EDVLV�IRU�%�YDULDELOLW\�LQ�VXUIDFH�ZDWHUV�FDQ�EH�UHDGLO\
DUJXHG��LI�FRUDOV�WDNH�XS�%�DV�+%2�

��
��+HPPLQJ�HW�DO��������WKH�FRUDO�VNHOHWDO�DEXQGDQFH�RI�%�FRXOG

UHIOHFW�S+�DQG��6&2��RI�UHHI�ZDWHUV��*DLOODUGHW�DQG�$OOHJUH��������$OWKRXJK�WKH�UDSLG�LQFUHDVH�LQ
QXPEHUV�RI�NQRZQ�DQG�SRWHQWLDO�HQYLURQPHQWDO�SUR[LHV�LQ�FRUDOV�KDV�RXWSDFHG�RXU�XQGHUVWDQGLQJ�RI�WKH
XQGHUO\LQJ�SK\VLFV�DQG�FKHPLVWU\��LW�LV�QRQHWKHOHVV�FOHDU�WKDW�PRUH�SDOHRHQYLURQPHQWDO�LQIRUPDWLRQ�LV
DYDLODEOH�WKDQ�FDQ�EH�LQIHUUHG�IURP�G

��
2�DORQH�

2SWLPDOO\��E\�FRPELQLQJ�DV�PDQ\�RI�WKH�DERYH�SUR[LHV�DV�SRVVLEOH��WHPSHUDWXUH�DQG�VDOLQLW\�FDQ�EH
UHFRQVWUXFWHG�ZLWK�PXOWLSOH�UHGXQGDQF\�IRU�ERWK�SDUDPHWHUV��)RU�667�UHFRQVWUXFWLRQ�WR�ZLWKLQ������&�
XVLQJ�WKHVH�SRWHQWLDO�WKHUPRPHWHUV�ZH�QHHG�WR�EH�DEOH�WR�PHDVXUH�HOHPHQWDO�UDWLRV�ZLWK�WKH�IROORZLQJ
SUHFLVLRQV��6U�&D���������8�&D������0J�&D��������%�&D������)�&D������(VWLPDWHV�IRU�%�DQG�)�DUH
EDVHG�RQ�WKH�UHODWLRQ�EHWZHHQ�WKHLU�VHDVRQDOLW\�DQG�G

��
2��KRZHYHU�WKHVH�QHZ�WUDFHUV�PD\�DOVR�EH

GHSHQGHQW�RQ�RWKHU�DVSHFWV�RI�VHDZDWHU�FKHPLVWU\�VXFK�DV�VDOLQLW\�DQG�RU�DONDOLQLW\��)RU�H[DPSOH��LI
8�&D�UHFRUGV�667�DQG�VDOLQLW\��6KHQ�DQG�'XQEDU��������D��

R
�RR�VDOLQLW\�FKDQJH�VKRXOG�DSSHDU�DV�D

8�&D�GHFUHDVH�RI�����,I�D�FXELF�GHSHQGHQFH�RI�)�RQ�VDOLQLW\�KROGV�WUXH�LQ�FRUDOV��D��
R
�RR�VDOLQLW\�FKDQJH

���
R
�RR�WR���

R
�RR� �����ZRXOG�EH�UHIOHFWHG�DV�D�����FKDQJH�LQ�VNHOHWDO�)�&D��7KH�DERYH�HOHPHQWV�KDYH

EHHQ�PHDVXUHG�LQ�FRUDOV�E\�WKH�IROORZLQJ�WHFKQLTXHV��WKHUPDO�LRQL]DWLRQ�PDVV�VSHFWURPHWU\�>7,06@
�6U���LQGXFWLYHO\�FRXSOHG�SODVPD�PDVV�VSHFWURPHWU\�>,&3�06@��8��%D��6U��0J���LQGXFWLYHO\�FRXSOHG
SODVPD�DWRPLF�HPLVVLRQ�VSHFWURVFRS\�>,&3�$(6@��6U��0J���JUDSKLWH�IXUQDFH�DWRPLF�DEVRUSWLRQ
VSHFWURVFRS\�>*)$$6@��&G��0Q��DQG�LRQ�PLFURSUREH�>,0@��%D��0J��6U��)��%���7KHVH�WHFKQLTXHV�DOO
KDYH�DGYDQWDJHV�DQG�GUDZEDFNV�LQ�WHUPV�RI�SUHFLVLRQ��DQDO\WLFDO�H[SHQVH��DQG�WKURXJKSXW��)RU
H[DPSOH��DQDO\VLV�RI�6U�E\�7,06�DQG�0Q�DQG�&G�E\�*)$$6�LV�WLPH�FRQVXPLQJ�DQG�PD\�QRW�EH�WKH
PHWKRG�RI�FKRLFH�IRU�PRVW�$576�GDWD�DFTXLVLWLRQ�HIIRUWV��FRPSDUH�WKH�DYHUDJH�7,06�WKURXJKSXW�RI���
���VDPSOHV�GD\�ZLWK�LVRWRSHV�DQG�,&3�EDVHG�PHWDO�DQDO\VHV�DW��������GD\��

������5DGLRFDUERQ�DV�D�7UDFHU�RI�2FHDQ�&LUFXODWLRQ

5DGLRFDUERQ��
��
&��FRQWDLQHG�LQ�GLVVROYHG�LQRUJDQLF�FDUERQ�LQ�VHDZDWHU��',&��LV�D�WUDQVLHQW�WUDFHU

XVHIXO�IRU�GHWHUPLQLQJ�SDVW�FKDQJHV�LQ�RFHDQ�FLUFXODWLRQ��5DGLRFDUERQ�LV�SURGXFHG�ERWK�QDWXUDOO\�LQ�WKH
XSSHU�DWPRVSKHUH�DQG�DV�D�UHVXOW�RI�WKHUPRQXFOHDU�WHVWLQJ�ZKLFK�SHDNHG�LQ�WKH�����©V�DQG�HDUO\
����©V��'XULQJ�SUH�ERPE�DQG�SRVW������SHULRGV��WKH�PDLQ�FRQWUROV�RQ�'

��
&�LQ�WKH�VXUIDFH�RFHDQ

KRUL]RQWDO�DGYHFWLRQ�DQG�YHUWLFDO�PL[LQJ��,PPHGLDWHO\�IROORZLQJ�WKH�RQVHW�RI�QXFOHDU�WHVWLQJ��
��
&�OHYHOV

LQ�WKH�XSSHU�RFHDQ�GLVVROYHG�FDUERQ�SRRO�LQFUHDVHG�E\�����WR����
R
�RR��SURGXFLQJ�D�VWHHS�JUDGLHQW�LQ

'
��
&�WKDW�LV�SUHVHUYHG�LQ�FRUDO�VNHOHWRQV�DQG�FDQ�EH�XVHG�WR�WUDFN�ZDWHU�PDVV�PRYHPHQWV��)LJXUH�����

'
��
& LV�LQIOXHQFHG�WR�VRPH�H[WHQW�E\�DLU�VHD�H[FKDQJH�EXW�WKH�HTXLOLEUDWLRQ�WLPH�LV�RQ�WKH�RUGHU�RI�D

GHFDGH��2QO\�ZKHQ�ERPE�
��
&�ZDV�LQFUHDVLQJ�UDSLGO\�LQ�WKH�����©V�ZDV�JDV�H[FKDQJH�D�SULPDU\

FRQWUROOHU�RI�VXUIDFH�RFHDQ�'
��
&��%LRORJLFDO�SURFHVVHV�KDYH�D�QHJOLJLEOH�HIIHFW�RQ�',

��
&��7KXV��XQOLNH

WHPSHUDWXUH�DQG�VDOLQLW\��'
��
& LV�D�QHDUO\�FRQVHUYDWLYH�WUDFHU�LQ�VXUIDFH�ZDWHUV��&RUDO�'

��
&�GDWD

DXJPHQWV�DQ�LQVWUXPHQWDO�UHFRUG�WKDW�FRQWDLQV�VLJQLILFDQW�VSDWLDO�DQG�WHPSRUDO�ELDVHV��7KH�ERPE�



��

)LJXUH ��� /RFDWLRQV RI FRUDO EDVHG '��& UHFRUGV LQ UHODWLRQ WR WKH PHDQ DQQXDO 667 DQG VXUIDFH FXUUHQWV� 7KH
ORQJLWXGLQDO FKDQJHV LQ '��& FRUUHODWH ZLWK 667� 8SZHOOLQJ LQ WKH HDVWHUQ HTXDWRULDO 3DFLILF EULQJV
FROG� ORZ ��& ZDWHU WR WKH VXUIDFH� 7KLV ZDWHU LV WKHQ DGYHFWHG WR WKH ZDUP SRRO ZKHUH LW PL[HV ZLWK
KLJK ��& ZDWHU IURP WKH VXE�WURSLFV� 7KH UHFRUGV IURP )UHQFK )ULJDWH 6KRDOV DQG 9LWL /HYX �)LML� DUH
IURP WKH OLWHUDWXUH DQG DUH WKH VRXUFH RI KLJK ��& ZDWHU WR WKH ZDUP SRRO� 1HZ $06���& ���´�
UHFRUGV IURP 1DXUX DQG WKH SRVW�ERPE *DODSDJRV DUH DOVR VKRZQ� 7KH ORQJ�WHUP WUHQG LQ WKH
LQGLYLGXDO UHFRUGV UHIOHFWV WKH XSWDNH RI ERPE ��& LQ WKH RFHDQ� 7KH 1DXUX '��& UHFRUG LV GRPLQDWHG
E\ LQWHUDQQXDO YDULDELOLW\ �XS WR ��´� LQ FRQFHUW ZLWK WKH RFHDQLF PDQLIHVWDWLRQ RI (162� 'XULQJ
WKH ZDUP SKDVH RI (162 �(O 1LxR�� WKH ZHVWHUQ HTXDWRULDO 3DFLILF KDV KLJKHU'��& LQGLFDWLYH RI D
ODUJHU FRPSRQHQW RI VXEWURSLFDO RULJLQ ZDWHU� 'XULQJ WKH FROG SKDVH RI (162 �/D 1LxD�� VWURQJHU
WKDQ DYHUDJH WUDGH ZLQGV LQFUHDVH WKH XSZHOOLQJ LQ WKH HDVWHUQ HTXDWRULDO 3DFLILF DQG GHFUHDVH WKH
WLPH WKDW LW WDNHV WR DGYHFW WKH QHZO\ XSZHOOHG ZDWHU DFURVV WKH 3DFLILF� UHVXOWLQJ LQ ORZ'��& LQ WKH
ZHVWHUQ HTXDWRULDO 3DFLILF� 0D[LPXP '

��& GXULQJ (O 1LxR HYHQWV WHQG WR ODJ WKH FRUUHVSRQGLQJ
1LxR�� 667 DQRPDO\ E\ ��� PRQWKV ZKHUHDV WKH UHWXUQ WR PRUH QHJDWLYH'��& LV LQ SKDVH� 7KLV
LPSOLHV WKDW GXULQJ WKH WHUPLQDWLRQ RI (O 1LxR HYHQWV WKHUH LV UDSLG WUDQVSRUW RI ZDWHU DFURVV WKH
HTXDWRULDO 3DFLILF LQ DV OLWWOH DV VHYHUDO PRQWKV� )URP *XLOGHUVRQ HW DO� ������� 'UXIIHO ������� DQG
GDWD IURP 7RJJZHLOHU HW DO� ������ DQG *XLOGHUVRQ DQG 6FKUDJ ������ ZLWK .DVKJDULDQ DQG 6RXWKRQ�



��

LQGXFHG�
��
&�WUDQVLHQW�LV�SURYLGLQJ�H[FLWLQJ�YLHZV�LQWR�WKH�G\QDPLFV�RI�WKH�PRGHUQ�RFHDQ��H�J�

7RJJZHLOHU�HW�DO���������)RU�H[DPSOH��*XLOGHUVRQ�DQG�6FKUDJ��������XVHG�VXEDQQXDO�'
��
&

PHDVXUHPHQWV�IURP�D�*DOiSDJRV�FRUDO�WR�DUJXH�WKDW�WKH�LPSRUWDQW������¦3DFLILF�FOLPDWH�VKLIW§�ZDV
XQUHODWHG�WR�VXEVXUIDFH�DGYHFWLRQ�RI�D�ZDUP�1RUWK�3DFLILF�WKHUPDO�DQRPDO\�DV�KDV�EHHQ�SRVWXODWHG�E\
=KDQJ�HW�DO���������

,Q�DQRWKHU�VWXG\��%HUPXGD�FRUDO�'
��
&�PHDVXUHPHQWV�UHYHDOHG�D�IDFWRU�RI���GHFUHDVH�LQ�ZDWHU�PDVV

UHQHZDO��YHQWLODWLRQ��UDWHV�LQ�WKH�6DUJDVVR�6HD�GXULQJ�WKH�����©V��'UXIIHO��������������,Q�WKHVH�W\SHV
RI�VWXGLHV��FRUDO�G

��
2�RU�RWKHU�WHPSHUDWXUH�UHFRUGV�PD\�EH�XVHG�WR�GLVWLQJXLVK�EHWZHHQ�WZR�W\SHV�RI

RFHDQ�PL[LQJ��L�H��D�FKDQJH�LQ�667�ZRXOG�VXJJHVW�D�FKDQJH�LQ�XSZHOOLQJ�UDWH�DV�WKH�FDXVH�RI�D�'
��
&

VKLIW��&LUFXODWLRQ�FKDQJHV�DVVRFLDWHG�ZLWK�(162�DFURVV�WKH�WURSLFDO�3DFLILF�FDQ�DOVR�EH�UHDGLO\
GLVWLQJXLVKHG�DW�PDQ\�VLWHV��H�J��'UXIIHO�������*XLOGHUVRQ�HW�DO���������7KH�ORQJ�KDOI�OLIH�RI�WKLV�WUDFHU
DOVR�SHUPLWV�LWV�XVH�IXUWKHU�EDFN�LQ�WLPH��$QQXDO�DQG�VHDVRQDO�'

��
&�UHFRUGV�KDYH�EHHQ�UHFRQVWUXFWHG

IURP�EDQGHG�FRUDOV�IRU�WKH�SDVW�IHZ�FHQWXULHV�IURP�VHYHUDO�VLWHV��H�J��'UXIIHO�������������1R]DNL�HW�DO�
������'UXIIHO�DQG�*ULIILQ�������

������([LVWLQJ�5HFRUGV�IURP�WKH�3DFLILF

7KH�WURSLFDO�3DFLILF�KDV�EHHQ�D�FRPPRQ�IRFXV�RI�PDQ\�FRUDO�SDOHRFOLPDWH�VWXGLHV��ODEHOHG�VLWHV�LQ
)LJXUH������GXH�WR�WKH�LPSRUWDQFH�RI�(162�LQ�JOREDO�FOLPDWH�YDULDELOLW\�DQG�WKH�SUHVHQFH�RI�ORQJ�OLYHG
FRUDO�KHDGV��,Q�WKH�HDVWHUQ�3DFLILF��D�FRPSUHKHQVLYH�QHWZRUN�RI�FRUDO�FOLPDWH�UHFRQVWUXFWLRQV�LV
GHYHORSLQJ��'UXIIHO�������'UXIIHO�HW�DO��������/LQQ�HW�DO��������6KHQ�������6KHQ�HW�DO������������D�
'XQEDU�HW�DO��������������/LQVOH\�HW�DO��������������:HOOLQJWRQ�DQG�'XQEDU�������:HOOLQJWRQ�HW�DO�
������&DUULTXLU\�HW�DO���������������������$�����\U�G

��
2�UHFRUG�IURP�WKH�*DOiSDJRV�,VODQGV�UHYHDOV

VWURQJ�LQWHUDQQXDO�WKURXJK�PXOWL�GHFDGDO�YDULDELOLW\�LQ�HDVWHUQ�3DFLILF�667�LQ�D�IDVKLRQ�WKDW�VXJJHVWV
WKDW�(162�OLNH�SURFHVVHV�DUH�RSHUDWLYH�DW�GHFDGDO�DQG�ORQJHU�SHULRGV��,Q�3DQDPi��D�����\U�G

��
2�UHFRUG

IURP�D�UDLQIDOO�VHQVLWLYH�VLWH�LQGLFDWHV�GHFDGDO�SHULRGV�LQ�WKH�VWUHQJWK�DQG�RU�SRVLWLRQ�RI�,7&=�UHODWHG
SUHFLSLWDWLRQ�DQG�D�ORQJ�WHUP�LQFUHDVH�LQ�HLWKHU�UDLQIDOO�RU�667��'HFDGH�WR�FHQWXU\�YDULDQFH�LQ�WKHVH
*DOiSDJRV�DQG�3DQDPi�UHFRUGV�DSSHDUV�WR�EH�DQWLFRUUHODWHG��FRQVLVWHQW�ZLWK�D�VRXWKZDUG�GLVSODFHPHQW
RI�WKH�,7&=�GXULQJ�ZDUPHU�SHULRGV�LQ�WKH�*DOiSDJRV��'XQEDU�HW�DO��������

3UHYLRXV�ZRUN�RQ�FRUDOV�LQ�WKH�FHQWUDO�3DFLILF�KDV�IRFXVHG�RQ�WKH�LVODQGV�RI�FHQWUDO�QRUWK�.LULEDWL��QHDU
��1������(��&ROH�DQG�)DLUEDQNV�������&ROH�HW�DO��������6KHQ�HW�DO������E��DQG�WKH�/LQH�,VODQGV
�a����:��'UXIIHO�������(YDQV�HW�DO��������'XQEDU�DQG�/LQVOH\��LQ�SUHSDUDWLRQ���,Q�WKLV�UHJLRQ��WKH
FRPELQDWLRQ�RI�ZDUP�DQG�ZHW�DQRPDOLHV�GXULQJ�(162�ZDUP�SKDVHV�ZRUNV�LQ�SKDVH�WR�JHQHUDWH�ORZHU
FRUDO�VNHOHWDO�G

��
2��6LPSOH�FDOFXODWLRQV�EDVHG�RQ�REVHUYHG�YDULDELOLW\�LQGLFDWH�WKDW�ORFDO�UDLQIDOO

YDULDWLRQV�FDQ�SURGXFH�D�VHDZDWHU�G
��
2�VLJQDO�VXIILFLHQW�WR�\LHOG�WKH�REVHUYHG�FRUDO�G

��
2�YDULDELOLW\

�&ROH�DQG�)DLUEDQNV�������&ROH��������7KH�G
��
2�UHFRUG�IURP�7DUDZD�FRUDOV��WR������$'��FRUUHODWHV

ZLWK�LQVWUXPHQWDO�(162�LQGLFHV�DW�OHYHOV�VLPLODU�WR�LQVWUXPHQWDO�GDWD�IURP�LQGLYLGXDO�3DFLILF�VLWHV
�&ROH�HW�DO���������D�UHVXOW�DOVR�VHHQ�LQ�3RULWHV�FRUDOV�DW�&KULVWPDV�,VODQG��(YDQV�HW�DO���������7KH
7DUDZD�UHFRUG�VKRZV�WKDW�VHDVRQDO�DQG�LQWHUDQQXDO�YDULDELOLW\�KDYH�YDULHG�WRJHWKHU�RYHU�WKH�SDVW
FHQWXU\��ZLWK�VWURQJHU�VHDVRQDO�F\FOHV�DFFRPSDQ\LQJ�SHULRGV�RI�UHGXFHG�(162�DPSOLWXGH�ZLWKLQ�DQG
EH\RQG�WKH�WURSLFDO�3DFLILF��DQG�WKDW�WKH�UHFHQW�ZDUP�SHULRG�VLQFH������LV�XQSUHFHGHQWHG�LQ�WKH�SDVW
FHQWXU\��&RPSDULVRQ�RI�WKH�7DUDZD�UHFRUGV�ZLWK�LVRWRSLF�GDWD�IURP�FRUHV�IURP�QHDUE\�DWROOV�UHYHDOV
UHJLRQDO�UHSURGXFLELOLW\�RI�WKH�(162�VLJQDO�LQ�WKH�G

��
2�GDWD�RYHU�WHQV�RI�NLORPHWHUV�DQG�VHYHUDO

GHFDGHV��8UEDQ�HW�DO��������

,Q�WKH�ZHVWHUQ�3DFLILF��GHFDGDO�YDULDELOLW\�RI�667�RU�UDLQIDOO�LV�LPSOLFDWHG�DW�9DQXDWX�E\�D�SHUVLVWHQW
���\U�SHULRG�LQ�D�G

��
2�UHFRUG��4XLQQ�HW�DO���������$���FHQWXU\�UHFRUG�IURP�1HZ�&DOHGRQLD�VKRZV

HYLGHQFH�IRU�667�YDULDELOLW\�UHODWHG�WR�YROFDQLF�DFWLYLW\��&URZOH\�HW�DO���������,QGRQHVLDQ�FRUDOV�UHYHDO
LQWHUDQQXDO�YDULDELOLW\�LQ�G

��
2�WKDW�LV�VWURQJO\�FRUUHODWHG�ZLWK�WKH�6RXWKHUQ�2VFLOODWLRQ��)DLUEDQNV�HW�DO�

�������$���FHQWXU\�UHFRUG�IURP�$EUDKDP�5HHI��*UHDW�%DUULHU�5HHI��KDV�EHHQ�LQWHUSUHWHG�DV�UHIOHFWLQJ
FKDQJHV�LQ�RFHDQ�FLUFXODWLRQ�RII�1(�$XVWUDOLD��'UXIIHO�DQG�*ULIILQ��������2WKHU�UHFRUGV�DUH�DYDLODEOH
RU�DUH�EHLQJ�GHYHORSHG�LQ�WKH�3KLOLSSLQHV��7KDLODQG��7DLZDQ��)LML��1HZ�*XLQHD��7DKLWL��DQG�WKH�&RRN



��

,VODQGV��3lW]ROG�������0RRUH�������%RLVHDX�HW�DO��������&ROH�������/HH��7XGKRSH�
/LQVOH\�:HOOLQJWRQ��&ROH�6KHQ��SHUVRQDO�FRPPXQLFDWLRQV��

6RPH�UHJLRQDO�LVRWRSLF�HYHQWV�DQG�WUHQGV�FDQ�EH�H[SODLQHG�LQ�WHUPV�RI�YDULDELOLW\�LQ�NH\�FOLPDWLF
V\VWHPV�RI�WKH�3DFLILF��)RU�H[DPSOH��WKH�GULHVW�FRROHVW�LQWHUYDO�DW�7DUDZD�����������FRUUHVSRQGV�ZLWK�D
YHU\�GU\�FRRO�SHULRG�DW�(VSLULWX�6DQWR��VRXWKZHVW�3DFLILF��DQG�D�ZDUP�ZHW�SHULRG�DW�&HEX
�3KLOLSSLQHV���7KHVH�REVHUYDWLRQV�DUH�FRQVLVWHQW�ZLWK�D�ZHVWZDUG�FRQWUDFWLRQ�RI�WKH�ZDUP�SRRO�DQG
FRQVHTXHQW�ORFDO�DQFKRULQJ�RI�WKH�,QGRQHVLDQ�/RZ�GXULQJ�D�VWURQJ�/D�1LxD�������WKURXJK�HDUO\�������
&RRN��������GLVFXVVHV�DQRWKHU�PXOWL�GHFDGDO�LQYHUVH�UHODWLRQVKLS�EHWZHHQ�667©V�GHULYHG�IURP�WKH
8UYLQD�%D\�UHFRUG��D�*UHDW�%DUULHU�5HHI�667�LQGH[�GHULYHG�IURP�FRUDO�JURZWK�EDQG�WKLFNQHVV��/RXJK
HW�DO���������DQG�WKH�$EUDKDP�UHHI�G

��
2�UHFRUG��'UXIIHO�DQG�*ULIILQ��������7KHVH�UHVXOWV�DUH�FRQVLVWHQW

ZLWK�(162�ZDUP�PRGH�FRQGLWLRQV�UDLVLQJ�HDVWHUQ�3DFLILF�667©V�EXW�FDXVLQJ�GURXJKW�DQG�VOLJKW
FRROLQJ�LQ�QRUWKHDVW�$XVWUDOLD�DQG�VXJJHVW�WKDW�(162�W\SH�YDULDELOLW\�PD\�RSHUDWH�RYHU�ORQJ�WLPH
VFDOHV��0RVW�RI�WKHVH�ORQJ�FRUDO�WLPH�VHULHV�KDYH�RQO\�UHFHQWO\�EHFRPH�DYDLODEOH�DQG�WKLV�VKRUW
GLVFXVVLRQ�LV�QRW�PHDQW�WR�IRUHFDVW�WKH�UHVXOWV�RI�FRPSUHKHQVLYH�V\QWKHVLV�HIIRUW��+RZHYHU��WKH�UHVXOWV
WKXV�IDU�DUH�LQWULJXLQJ�HQRXJK�WR�ZDUUDQW�IXUWKHU�GDWD�DFTXLVLWLRQ�DQG�LQLWLDO�DWWHPSWV�DW�TXDQWLWDWLYH
V\QWKHVLV�

2XWVLGH�WKH�3DFLILF��ORQJ�WHUP�UHFRUGV�DUH�HPHUJLQJ�IURP�WKH�,QGLDQ�2FHDQ�WKDW�DSSHDU�WR�UHIOHFW�ODUJH�
VFDOH�YDULDELOLW\��,Q�WKH�6H\FKHOOHV��LQWHUDQQXDO�YDULDELOLW\�LQ�D�G

��
2�UHFRUG�LV�VWURQJO\�OLQNHG�WR�(162�

DQG�GHFDGDO�YDULDWLRQV�PD\�EH�UHODWHG�WR�ORQJ�WHUP�PRQVRRQ�YDULDELOLW\��&KDUOHV�HW�DO���������$�����\U
UHFRUG�IURP�.HQ\D��'XQEDU�DQG�&ROH��XQSXEOLVKHG��H[KLELWV�VWURQJ�GHFDGDO�YDULDELOLW\�DQG�DJUHHV�ZLWK
WKH�6H\FKHOOHV�UHFRUG�LQ�GLVSOD\LQJ�D�ORQJ�WHUP�ZDUPLQJ�WUHQG�XS�WR�WKH�SUHVHQW�

������5HPDLQLQJ�,VVXHV�DQG�&KDOOHQJHV�LQ�8WLOL]LQJ�5HFHQW�&RUDO�5HFRUGV

'HVSLWH�SDVW�VXFFHVVHV�LQ�WKH�XVH�RI�FRUDOV�IRU�SDOHRFOLPDWH�UHFRQVWUXFWLRQ��PDQ\�LVVXHV�UHJDUGLQJ�WKHLU
XWLOLW\�UHPDLQ�WR�EH�UHVROYHG��7KHVH�LQFOXGH�

��� &KURQRORJ\��0DQ\�NH\�DSSOLFDWLRQV�RI�FRUDO�SDOHRFOLPDWH�UHFRUGV�GHSHQG�RQ�HVWDEOLVKLQJ�DFFXUDWH
DQQXDO�FKURQRORJLHV��0RVW�ORQJ�WLPH�VHULHV�DUH�LQLWLDOO\�GDWHG�YLD�WKH�XVH�RI�DQQXDO�GHQVLW\�EDQGV�
7KH�DQQXDO�SHULRGLFLW\�RI�GHQVLW\�EDQGLQJ�KDV�EHHQ�GRFXPHQWHG�LQ�PDQ\�VSHFLHV�RI�FRUDOV�RYHU�D
ZLGH�JHRJUDSKLF�UDQJH��:HEHU�HW�DO��������.QXWVRQ�HW�DO��������'RGJH�DQG�7KRPVRQ������
:HOOLQJWRQ�DQG�*O\QQ��������7KH�H[DFW�FDXVHV�RI�WKLV�EDQGLQJ�DUH�XQGHU�RQJRLQJ�LQYHVWLJDWLRQ��DQ
XQGHUVWDQGLQJ�RI�PDQ\�UHOHYDQW�GHWDLOV�LV�HPHUJLQJ�IURP�UHFHQW�ZRUN��%DUQHV�DQG�/RXJK������DQG
UHIHUHQFHV�WKHUHLQ��'RGJH�HW�DO���������6RPH�FRUDOV�KDYH�VXFK�FOHDU�EDQGLQJ�WKDW�FKURQRORJ\
GHYHORSPHQW�LV�UHODWLYHO\�VWUDLJKWIRUZDUG��EXW�DW�PDQ\�VLWHV��JURZWK�EDQGV�DUH�LQGLVWLQFW��,Q
DGGLWLRQ��EHFDXVH�GHQVLW\�EDQGLQJ�GHULYHV�IURP�FKDQJHV�LQ�JURZWK�DQG�FDOFLILFDWLRQ�UDWHV��RIWHQ
UHODWHG�WR�UHSURGXFWLRQ�DQG�VHDVRQDO�FKDQJHV�LQ�SURGXFWLYLW\��SRVVLELOLWLHV�H[LVW�IRU�PRUH�RU�OHVV
WKDQ���EDQG�SHU�\HDU LQ�VHWWLQJV�ZKHUH�WKH�DQQXDO�F\FOH�LV�ZHDN��0HWKRGV�DGDSWHG�IURP
GHQGURFKURQRORJ\��HVSHFLDOO\�FURVV�GDWLQJ�RI�PXOWLSOH�FRUHV�IURP�D�VLWH��DUH�HVVHQWLDO�IRU�DFKLHYLQJ
DQQXDO�DQG�DEVROXWH�FKURQRORJLF�SUHFLVLRQ�RYHU�ORQJ�WLPH�VFDOHV��,Q�DGGLWLRQ�WR�GHQVLW\�EDQGV��DQ\
SK\VLFDO�RU�FKHPLFDO�WUDFHU�WKDW�H[KLELWV�UHJXODU�VHDVRQDO�F\FOLQJ�FDQ�EH�XVHG�IRU�FKURQRORJ\
GHYHORSPHQW��LQFOXGLQJ�G

��
2��G

��
&��PDQ\�WUDFH�HOHPHQWV��DQG�IOXRUHVFHQW�EDQGLQJ�

��� &DOLEUDWLRQ��)HZ�VLWHV�KDYH�EHHQ�FDOLEUDWHG�YLD�LQ�VLWX�PRQLWRULQJ�RI�667�DQG�666��DQG�UHJXODU
ZDWHU�VDPSOLQJ�IRU�G

��
2�DQG�FKHPLVWU\��$OWKRXJK�HPSLULFDO�UHODWLRQVKLSV�KDYH�EHHQ�HVWDEOLVKHG

EHWZHHQ�YDULRXV�LVRWRSLF�DQG�WUDFH�HOHPHQW�SUR[LHV�DQG�UHJLRQDO�FOLPDWH�LQGLFHV��XQFHUWDLQWLHV
UHPDLQ�DERXW�WKH�SDUWLWLRQLQJ�RI�WKH�FRUDO�GHULYHG�VLJQDOV�DPRQJ�VSHFLILF�FOLPDWH�IRUFLQJ
PHFKDQLVPV��(YHQ�DIWHU�LQ�VLWX�FDOLEUDWLRQV�DUH�DFFRPSOLVKHG��ZH�FDQQRW�EH�FHUWDLQ�WKDW�WKH�PRGHUQ
SDUWLWLRQLQJ�ZH�REVHUYH��H�J��EHWZHHQ�VDOLQLW\�DQG�WHPSHUDWXUH�LQ�D�G

��
2�UHFRUG��DOVR�DSSOLHV

VHYHUDO�FHQWXULHV�LQ�WKH�SDVW��1HYHUWKHOHVV��FDOLEUDWLRQ�VWXGLHV�KHOS�HVWDEOLVK�WKH�FDXVDO�PHFKDQLVPV
IRU�ERWK�LVRWRSLF�DQG�HOHPHQWDO�YDULDELOLW\�LQ�FRUDO�WLPH�VHULHV�DQG�VHUYH�WR�LPSURYH�WKH�DFFXUDF\�RI
RXU�FOLPDWH�UHFRQVWUXFWLRQV��$Q�H[DPSOH�RI�D�PXOWL�VDPSOH�FDOLEUDWLRQ�VWXG\�IURP�*DOiSDJRV�LV
VKRZQ�LQ�)LJXUH�����:HOOLQJWRQ�HW�DO��������



��

)LJXUH ��� 3URILOHV RI G��26HDZDWHU� 666� G
��
2FRUDO� DQG

667 IURP D FDOLEUDWLRQ VWXG\ VLWH LQ WKH

*DOiSDJRV ,VODQGV� 'DWD VKRZQ LV IRU D

VSHFLPHQ RI 3RULWHV OREDWD IURP %DUWRORPH

,VODQG� RQH RI � FRUDO VSHFLPHQV XVHG LQ �

LQ�VLWX FDOLEUDWLRQ H[HUFLVHV WKURXJKRXW WKH

DUFKLSHODJR� :DWHU VDPSOHV ZHUH FROOHFWHG

PRQWKO\ DQG DQDO\]HG IRU VDOLQLW\ DQG

VHDZDWHU LVRWRSLF FRPSRVLWLRQ� &RUDOV ZHUH

VWDLQHG ZLWK DOL]DULQ UHG G\H LQ -DQXDU\

����� -XQH ����� -DQXDU\ ����� DQG -XQH

����� WR SURYLGH YLVLEOH WLPH PDUNV RQ WKH

FRUDO VNHOHWRQ WR DOORZ FRUUHODWLRQ RI FRUDO

LVRWRSLF GDWD ZLWK VHDZDWHU LQIRUPDWLRQ�

'DVKHG OLQHV UHSUHVHQW WKH PHDQV� ,Q WKLV

H[DPSOH� 667 DORQH DFFRXQWV IRU JUHDWHU

WKDQ ��� RI WKH YDULDQFH LQ FRUDO G��2�

6LPLODU UHVXOWV ZHUH REVHUYHG DW � RWKHU

VLWHV LQ *DOiSDJRV� )URP :HOOLQJWRQ HW DO�

�������

���&RUDO�*URZWK�,VVXHV��5HFHQW�DQHFGRWDO�VXJJHVWLRQV�RI�ELRORJLFDO�FDXVHV�RI�ORQJ�WHUP�YDULDELOLW\�LQ
FRUDO�G

��
2�DQG�WUDFH�HOHPHQW�FRQWHQW�KDYH�\HW�WR�EH�GRFXPHQWHG�YLD�REVHUYDWLRQ�RU�H[SHULPHQW�

7KHUH�DUH�QR�D�SULRUL�UHDVRQV�WR�H[SHFW�D�VWULFWO\�ELRORJLFDO�¦DJLQJ§�HIIHFW�WKDW�ZRXOG�SURGXFH
VSXULRXV�UHVXOWV�DW�PXOWL�GHFDGDO�WR�FHQWXU\�WLPH�VFDOHV��EXW�VLJQDOV�DW�WKHVH�VFDOHV�DUH�JHQHUDOO\
VPDOO�DQG�WKLV�SRVVLELOLW\�VKRXOG�EH�LQYHVWLJDWHG�E\�UHSOLFDWLRQ�VWXGLHV�XVLQJ�FRUDOV�RI�GLIIHUHQW�DJHV
�/LQVOH\�HW�DO���������$�QRQ�ELRORJLFDO��\HW�ORFDO��FDXVH�RI�ORZ�IUHTXHQF\�YDULDELOLW\�PD\�EH�WKH
DFFUHWLQJ�FRUDO�VXUIDFH�JURZLQJ�DW�VKDOORZHU�GHSWKV��E\�VHYHUDO�PHWHUV��DV�D�FRORQ\�DJHV��7KLV�PD\
H[SRVH�WKH�FRUDO�JURZWK�VXUIDFH�WR�ZDWHUV�RI�VOLJKWO\�GLIIHUHQW�WHPSHUDWXUH��VDOLQLW\��DQG�OLJKW
LQWHQVLW\�DW�VRPH�ORFDWLRQV��$�VHFRQG�JURZWK�LVVXH�LV�VHDVRQDO�DQQXDO�¦VPRRWKLQJ§�RI�WKH�FOLPDWH
VLJQDO�E\�FDOFLILFDWLRQ�DW�GHSWK�EHORZ�WKH�VXUIDFH�RI�WKH�FRUDO��6RPH�FDOFLILFDWLRQ�PXVW�RFFXU�ZLWKLQ
DQG�DW�WKH�EDVH�RI�WKH�OLYLQJ�WLVVXH�OD\HU��W\SLFDOO\���WR����PP�WKLFN���6LQFH�FRUDOV�XVXDOO\�JURZ�DW
DQQXDO�UDWHV�RI���WR����PP�\U

��
��WKHUH�LV�D�SRVVLELOLW\�RI�VLJQDO�DWWHQXDWLRQ��HVSHFLDOO\�LQ�VSHFLPHQV

ZLWK�ORZ�JURZWK�UDWHV�DQG�WKLFN�WLVVXH�OD\HUV��8QGHUVWDQGLQJ�WKLV�SURFHVV�LV�QHFHVVDU\�IRU�VHOHFWLQJ
DQ�DSSURSULDWH�VDPSOLQJ�UHVROXWLRQ�DV�ZHOO�DV�HVWDEOLVKLQJ�WKH�WLPH�VFDOH�RYHU�ZKLFK�WKH�FOLPDWH
UHFRQVWUXFWLRQ�LV�DFFXUDWH�¤�H�J��PRQWKO\�YV��VHDVRQDO�YV��DQQXDO�YV��LQWHUDQQXDO��)RU�H[DPSOH�
0F&XOORFK�HW�DO���������GHPRQVWUDWH�WKDW�WKLV�HIIHFW�LV�OLNHO\�PLQLPDO�LQ�D�FRUDO�VDPSOHG�DW���
VDPSOHV�\U�ZLWK�D�JURZWK�UDWH�RI�a����FP�\U�

��� 5HSOLFDWLRQ��7KHUH�DUH�VHYHUDO�SXEOLVKHG�DQG�XQSXEOLVKHG�H[DPSOHV�RI�UHSOLFDWLRQ�RI�LVRWRSLF�DQG
HOHPHQWDO�WLPH�VHULHV�LQ�FRUDOV�XVLQJ�FRUHV�IURP�ZLWKLQ�WKH�VDPH�FRORQ\�RU�ZLWKLQ�DGMDFHQW�KHDGV�
0RVW�VKRZ�YHU\�VLPLODU�UHVXOWV��RWKHUV�VKRZ�GLVWXUELQJ�GLVDJUHHPHQW��,W�VHHPV�FOHDU�WKDW�JUHDWHU
UHOLDELOLW\�VKRXOG�EH�JLYHQ�WR�FOLPDWH�UHFRQVWUXFWLRQV�IURP�VLWHV�ZKHUH�PXOWLSOH�UHFRUGV�VKRZ
DJUHHPHQW�DQG�DOORZ�VLJQDO�SUHFLVLRQ�WR�EH�HVWDEOLVKHG�EDVHG�RQ�GLIIHUHQFHV�EHWZHHQ�WKH�UHFRUGV�
7KLV�KDV�QRW�\HW�EHHQ�DFFRPSOLVKHG�IRU�PRVW�UHFRUGV�RYHU�����\HDUV�LQ�OHQJWK��0XOWLSOH�FRULQJ��DQG
VXEVHTXHQW�DQDO\VLV��ZLOO�DOVR�DLG�LQ�WKH�GHYHORSPHQW�RI�DFFXUDWH�DJH�DVVLJQPHQWV�EDVHG�RQ�FURVV�



��

GDWLQJ��5HSOLFDWLRQ�ZLOO�DOVR�DOORZ�XV�WR�GLVWLQJXLVK�ORQJ�WHUP�YDULDWLRQV�LQ�FRUDO�UHFRUGV�WKDW�DUH
GXH�WR�ODUJH�VFDOH�FOLPDWH�FKDQJHV�IURP�WKRVH�WKDW�PD\�EH�GXH�WR�HLWKHU�ORFDOL]HG�RU�ELRORJLFDO
DUWLIDFWV�

��� 6SHFLHV�LVVXHV��7KH�XWLOLW\�RI�PDQ\�FRUDO�VSHFLHV�KDV�QRW�EHHQ�IXOO\�H[SORUHG��LQYHVWLJDWRUV�KDYH
FRQFHQWUDWHG�RQ�GHYHORSLQJ�FOLPDWH�UHFRUGV�IURP�MXVW�D�IHZ�VSHFLHV��,Q�VRPH�FDVHV��GLIIHUHQW�WD[D
DSSHDU�WR�\LHOG�YHU\�VLPLODU�UHVXOWV��H�J��FRPSDUH�UHFRUGV�LQ�&ROH�DQG�)DLUEDQNV������DQG�&ROH�HW
DO��������'XQEDU�HW�DO��������8UEDQ�HW�DO���������,Q�RWKHU�FDVHV��UHFRUGV�IURP�FHUWDLQ�VSHFLHV�KDYH
SURYHQ�GLIILFXOW�WR�UHSURGXFH�HYHQ�DPRQJ�DGMDFHQW�FRORQLHV��H�J��6LGHUDVWUHD�VLGHUHD��6PLWK������
*X]PDQ�DQG�7XGKRSH��������6RPH�VSHFLHV�UHTXLUH�YHU\�VSHFLILF�VDPSOLQJ�SURFHGXUHV�IRU�EHVW
UHVXOWV��/HGHU�HW�DO���������,Q�JHQHUDO��WKH�3RULWHV�VSHFLHV�XVHG�LQ�PRVW�3DFLILF�DQG�,QGLDQ�2FHDQ
VWXGLHV�DSSHDU�WR�SURYLGH�YHU\�UHSURGXFLEOH�UHVXOWV�LI�UHDVRQDEOH�FDUH�LV�WDNHQ�LQ�VDPSOLQJ
�7XGKRSH�HW�DO��������/LQVOH\�HW�DO��������8UEDQ�HW�DO���������$�EHWWHU�XQGHUVWDQGLQJ�RI�FRUDO
JURZWK�SURFHVVHV�PD\�EH�WKH�NH\�WR�GHYHORSLQJ�VSHFLILF�VDPSOLQJ�SURFHGXUHV�IRU�¦GLIILFXOW§�VSHFLHV
¤�H�J��VDPSOLQJ�VSHFLILF�VNHOHWDO�JURZWK�HOHPHQWV�PD\�\LHOG�PRUH�DFFXUDWH�UHFRUGV�RI�FOLPDWH
�/HGHU�HW�DO��������

��� 7UDFHU�FDOLEUDWLRQ�DQG�LQFRUSRUDWLRQ��LQ�PD\�FDVHV��D�SURPLVLQJ�WUDFHU�WKDW�DSSHDUV�WR�WUDFN
HQYLURQPHQWDO�YDULDELOLW\�UHOLDEO\�LQ�RQH�VHWWLQJ�RU�RYHU�D�IHZ�\HDUV�PD\�H[KLELW�EL]DUUH�EHKDYLRU�LQ
RWKHU�UHJLRQV�RU�RYHU�ORQJHU�WLPH�SHULRGV��%DVHG�RQ�ZLGHVSUHDG�DSSOLFDWLRQ��VRPH�WUDFHUV�DUH
NQRZQ�WR�EH�PRUH�UHOLDEOH�WKDQ�RWKHUV��2XU�SUHVHQW�XQGHUVWDQGLQJ�RI�KRZ�JHRFKHPLFDO�WUDFHUV�LQ
FRUDOV�UHFRUG�HQYLURQPHQWDO�YDULDELOLW\�LV�RIWHQ�GULYHQ�E\�REVHUYHG�FRUUHODWLRQV�EHWZHHQ�UHFRUGV�
UDWKHU�WKDQ�E\�D�IXOO�XQGHUVWDQGLQJ�RI�WKH�UHOHYDQW�WKHUPRG\QDPLF�DQG�SK\VLRORJLFDO�FRQVWUDLQWV�
0RUH�FDOLEUDWLRQ�DQG�SURFHVV�VWXGLHV�ZLOO�LPSURYH�WKH�SRWHQWLDO�IRU�PXOWLYDULDWH�UHFRQVWUXFWLRQV�DQG
ZLOO�HQDEOH�XV�WR�HYDOXDWH�ZKLFK�WUDFHUV�VKRXOG�ZRUN�EHVW�LQ�VSHFLILF�VLWXDWLRQV�

,Q�VXPPDU\��WKHUH�DUH�VHYHUDO�LVVXHV�WKDW�UHPDLQ�WR�EH�DGGUHVVHG�EHIRUH�ZH�FDQ�DVVLJQ�DFFXUDWH�HUURU
HVWLPDWHV�WR�PRVW�FRUDO�FOLPDWH�UHFRUGV��&DOLEUDWLRQ�DQG�FRUDO�JURZWK�VWXGLHV�ZLOO�KHOS�XV�XQGHUVWDQG
ZKDW�DFWXDOO\�SURGXFHV�WKH�SUR[\�VLJQDO�DW�HDFK�VLWH��5HSOLFDWLRQ�RI�ORQJHU�UHFRUGV�IURP�SURPLVLQJ�VLWHV
LV�HVVHQWLDO�IRU�DJH�FRQWURO�DQG�HVWDEOLVKLQJ�WKH�UHOLDELOLW\�RI�WKH�UHFRQVWUXFWLRQ��([LVWLQJ�VWURQJ
HPSLULFDO�UHODWLRQVKLSV�DQG�VXFFHVVIXO�FDOLEUDWLRQ�VWXGLHV�OHDG�XV�WR�H[SHFW�WKDW�DW�VRPH�ORFDWLRQV��KLJK�
DFFXUDF\��DQQXDOO\�UHVROYHG��PXOWL�FHQWXU\�FOLPDWH�UHFRQVWUXFWLRQV�ZLOO�EH�IRUWKFRPLQJ��&XUUHQW�GDWD
DOVR�VXJJHVWV�WKDW�FRUDOV�IURP�PDQ\�RWKHU�VLWHV�ZLOO�UHPDLQ�GLIILFXOW�WR�LQWHUSUHW��IRU�DV�\HW�PRVWO\
XQNQRZQ�UHDVRQV�

,W�LV�QRW�WRR�HDUO\�WR�EHJLQ�ODUJH�VFDOH�GDWD�V\QWKHVHV��EXW�VXFK�HIIRUWV�PXVW�UHFRJQL]H�WKDW�HDFK
LQGLYLGXDO�FRUDO�UHFRUG�FRPHV�ZLWK�LWV�RZQ�VHW�RI�XQFHUWDLQWLHV�WKDW�DUH�RIWHQ�VLWH�VSHFLILF��7KH�LPSDFW
RI�VPDOO�FKURQRORJ\�HUURUV�FDQ�EH�PLQLPL]HG�E\�ORRNLQJ�DW�LQWHUDQQXDO�RU�ORQJHU�YDULDELOLW\��+RZHYHU�
WKH�UHOLDELOLW\�RI�LVRWRSLF�DQG�HOHPHQWDO�WUDFHUV�DW�HDFK�VLWH�PD\�DOVR�YDU\�DV�D�IXQFWLRQ�RI�VLWH�VSHFLILF
IDFWRUV��7KH�EHVW�DSSURDFK�IRU�DQ�LQLWLDO�VSDWLDO�V\QWKHVLV�PD\�EH�WR�DVVLJQ�D�UHOLDELOLW\�ZHLJKWLQJ
DFFRUGLQJ�WR�WKH�GHJUHH�RI�VLWH�VSHFLILF�UHSOLFDWLRQ��FDOLEUDWLRQ�DQG�RU�DJUHHPHQW�ZLWK�PRGHUQ��SRVW�
�����$'��LQVWUXPHQWDO�LQGLFHV��+RZHYHU��HYHQ�LI�WKLV�LV�GRQH��VXFK�V\QWKHVHV�VKRXOG�UHPDLQ�IOH[LEOH�WR
LQFOXGH�QHZ�GDWD�VHWV�DQG�UHOLDELOLW\�UDQNLQJV��:H�DQWLFLSDWH�PDQ\�GHYHORSPHQWV�GXULQJ�WKH�QH[W��
\HDUV�DQG�UHFRPPHQG�WKDW�WKH�DFTXLVLWLRQ�RI�QHZ��PXOWL�FHQWXU\�UHFRUGV�DW�FOLPDWLFDOO\�LPSRUWDQW�VLWHV
FRQWLQXH�LQ�SDUDOOHO�ZLWK�FDOLEUDWLRQ��UHSOLFDWLRQ��DQG�V\QWKHVLV�H[HUFLVHV�

�������)RVVLO�FRUDOV

)RVVLO�FRUDOV�RIIHU�D�XQLTXH�VRXUFH�RI�LQIRUPDWLRQ�RQ�WURSLFDO�FOLPDWH�YDULDELOLW\�WKURXJKRXW�WKH�ODWH
4XDWHUQDU\��6HYHUDO�VWXGLHV�KDYH�XVHG�WKHVH�DUFKLYHV�WR�SURYLGH�LQIRUPDWLRQ�DERXW�SDVW�FKDQJHV�LQ
WURSLFDO�667��%HFN�HW�DO��������������*XLOGHUVRQ�HW�DO��������0F&XOORFK�HW�DO���������������JOREDO�LFH
YROXPH��*XLOGHUVRQ�HW�DO���������K\GURORJLF�EDODQFH��.OHLQ�HW�DO��������*DJDQ�HW�DO���������DQG�RFHDQ
PL[LQJ��(GZDUGV�HW�DO���������7KH�UHFRQVWUXFWLRQ�RI�SDVW�YDULDELOLW\�IURP�IRVVLO�FRUDO�VDPSOHV�EHQHILWV
IURP�WKH�GLYHUVLW\�RI�NQRZQ�JHRFKHPLFDO�SDOHRHQYLURQPHQWDO�WUDFHUV�DV�ZHOO�DV�WKH�DELOLW\�RI�FRUDOV�WR
SURYLGH�VHDVRQDO�UHFRQVWUXFWLRQV�RI�VHD�VXUIDFH�FRQGLWLRQV��6HDVRQDOO\�UHVROYHG�SDOHRFOLPDWH�GDWD�DUH



��

SDUWLFXODUO\�LPSRUWDQW�IRU�UHFRQVWUXFWLQJ�(162��PRQVRRQ�V\VWHPV��DQG�VHDVRQDO�RFHDQLF�XSZHOOLQJ�
0DQ\�IRVVLO�FRUDOV�FDQ�EH�DFFXUDWHO\�DJH�GDWHG��WR�ZLWKLQ���WR���SHUFHQW�RI�WKHLU�WRWDO�DJH��E\�SUHFLVH
PHDVXUHPHQW�RI�WKHLU�

���
7K�

���
8�UDWLRV��(GZDUGV�HW�DO���������$QQXDO�GHQVLW\�EDQGV��RU�DQQXDOO\

YDU\LQJ�JHRFKHPLFDO�WUDFHUV��FDQ�WKHQ�EH�XVHG�WR�DFKLHYH�DQQXDO�FKURQRORJLFDO�FRQWURO�ZLWKLQ
LQGLYLGXDO�UHFRUGV�

&KURQRORJLFDOO\�DFFXUDWH��KLJK�UHVROXWLRQ��PXOWLYDULDWH�GDWD�VHWV�H[WUDFWHG�IURP�IRVVLO�FRUDOV�RIIHU
WKH�SURPLVH�RI�DQVZHULQJ�TXHVWLRQV�DERXW�WURSLFDO�FOLPDWHV�WKDW�FDQQRW�EH�DQVZHUHG�LQ�DQ\�RWKHU�ZD\�
1HZ�FRUDO�SDOHRWKHUPRPHWHUV��FRPELQHG�ZLWK�R[\JHQ�DQG�FDUERQ�LVRWRSH�UDWLRV��DUH�DOORZLQJ�XV�WR
H[SORUH�WKH�QDWXUDO�ERXQGV�LQ�WURSLFDO�667V��WKH�K\GURORJLFDO�F\FOH��DQG�RFHDQ�FLUFXODWLRQ�GXULQJ�WKH
ODVW�IXOO�JODFLDO�F\FOH��7KH�JOREDO�FOLPDWH�FKDQJH�GHEDWH�KDV�OHG�WR�UHQHZHG�LQWHUHVW�LQ�DQDO\]LQJ�FRUDOV
WKDW�JUHZ�GXULQJ�WLPHV�ZKHQ�WKH�HDUWK�ZDV�ZDUPHU�WKDQ�WRGD\��RU�ZDUPLQJ�UDSLGO\��$OWKRXJK�WKHVH
FOLPDWHV�RI�WKH�SDVW�DUH�QRW�SHUIHFW�DQDORJXHV�IRU�D�&2��ZDUPHG�(DUWK��&URZOH\��������VXFK�UHFRUGV
ZLOO�FHUWDLQO\�\LHOG�SHUVSHFWLYHV�RQ�SURFHVVHV�GULYLQJ�WKH�FOLPDWH�V\VWHP��5LQG�������

����7UHH�5LQJV

$OWKRXJK�FRUDOV�SURYLGH�VXEVWDQWLDO�LQIRUPDWLRQ�RQ�SDVW�YDULDELOLW\�LQ�WURSLFDO�PDULQH�DUHDV�
LQIRUPDWLRQ�RQ�KRZ�WKLV�YDULDELOLW\�WUDQVODWHV�RQWR�WKH�FRQWLQHQWV�LV�DOVR�UHTXLUHG��$UH�WKH�OLQNDJHV
EHWZHHQ�WURSLFDO�RFHDQ�DWPRVSKHUH�YDULDWLRQV�DQG�H[WUDWURSLFDO�FOLPDWH��VXFK�DV�(162
WHOHFRQQHFWLRQV��FRQVLVWHQW�WKURXJK�WLPH"�$UH�WKH\�VHQVLWLYH�WR�FKDQJHV�LQ�EDFNJURXQG�FOLPDWH�
H[WHUQDO�IRUFLQJV��DQG�RU�H[WUDWURSLFDO�V\VWHPV"�'R�WKHVH�OLQNDJHV�YDU\�VWRFKDVWLFDOO\"�$QQXDOO\�GDWHG
UHFRUGV�RI�FRQWLQHQWDO�FOLPDWH�DUH�UHTXLUHG�WR�DGGUHVV�WKHVH�TXHVWLRQV��7UHH�ULQJV�RIIHU�RQH�RI�WKH�EHVW�
GRFXPHQWHG�DQG�PRVW�H[WHQVLYHO\�DSSOLHG�PHWKRGV�IRU�DQQXDO�FOLPDWH�UHFRQVWUXFWLRQ��SDUWLFXODUO\�LQ
WKH�WHPSHUDWH�ODWLWXGHV��6XEWURSLFDO�WUHH�ULQJ�VWXGLHV��SDUWLFXODUO\�LQ�PRQVRRQ�UHJLRQV��DUH�H[SDQGLQJ
LQWR�UHJLRQV�ZKHUH�VWURQJ�VHDVRQDOLW\�LQ�SUHFLSLWDWLRQ�RU��LQ�DOSLQH�DUHDV��WHPSHUDWXUH�SURYLGH�WKH
VHDVRQDO�VWLPXOXV�IRU�ULQJ�IRUPDWLRQ��/RZ�ODWLWXGH�WUHH�ULQJ�DQDO\VLV�LV�LQ�LWV�LQIDQF\��EXW�LV�SRWHQWLDOO\
RI�WUHPHQGRXV�YDOXH�WR�$576�

������7HPSHUDWH�7UHH�ULQJ�UHFRUGV

7UHH�ULQJV�RIIHU�D�ORQJ�VWDQGLQJ�DQG�SRZHUIXO�WHFKQLTXH�IRU�WKH�UHFRQVWUXFWLRQ�RI�FOLPDWH�LQ�WHPSHUDWH
DQG�KLJKO\�VHDVRQDO�ORFDWLRQV��7UHHV�IRUP�DQQXDO�EDQG�FRXSOHWV�RI�HDUO\��DQG�ODWH�ZRRG�LQ�UHVSRQVH�WR
VHDVRQDO�VWLPXOL��$W�VLWHV�ZKHUH�FOLPDWLF�DVSHFWV�DUH�OLPLWLQJ�WR�WUHH�JURZWK��WKH�ZLGWK��GHQVLW\��DQG
RWKHU�DVSHFWV�RI�WKHVH�DQQXDO�EDQGV�KDYH�EHHQ�FRUUHODWHG�WR�FOLPDWH�YDULDELOLW\�ZLWK�UHPDUNDEOH
VXFFHVV��3K\VLRORJLFDO�VWXGLHV�FRQILUP�WKDW�WUHH�ULQJ�IRUPDWLRQ�UHVSRQGV�WR�FOLPDWLF�LQSXWV��LQ�VLWH�
VSHFLILF�ZD\V�GHSHQGLQJ�RQ�WKH�OLPLWLQJ�FOLPDWH�YDULDEOH��)RU�H[DPSOH��WUHHV�JURZLQJ�LQ�WKH�DULG
VRXWKZHVW�DUH�OLNHO\�WR�EH�OLPLWHG�E\�ZDWHU�DYDLODELOLW\�DQG�WKXV�DUH�SURPLVLQJ�FDQGLGDWHV�IRU�GURXJKW
UHFRQVWUXFWLRQ��WUHHV�JURZLQJ�DW�$UFWLF�WUHHOLQH�DUH�OLNHO\�OLPLWHG�E\�FROG�DQG�WKXV�SURYLGH�EHWWHU
UHFRUGV�RI�WHPSHUDWXUH�

6LWH�VHOHFWLRQ�LV�D�FULWLFDO�LQLWLDO�FRPSRQHQW�RI�GHQGURFOLPDWH�UHFRQVWUXFWLRQ��D�ZHOO�GHYHORSHG�VHW�RI
FKURQRORJLFDO�DQG�VWDWLVWLFDO�SURFHGXUHV�LV�HPSOR\HG�VXEVHTXHQWO\�WR�FRQILUP�WKH�SUHVHQFH�RI�D�FOLPDWH
VLJQDO�LQ�D�GHQGURFOLPDWLF�VWXG\��H�J��)ULWWV�������&RRN�DQG�.DULXNVWLV��������)LUVW��FRUHV�IURP�PDQ\
WUHHV�DUH�FRPSDUHG��XVLQJ�VWDQGDUG�FURVV�GDWLQJ�WHFKQLTXHV��WR�LGHQWLI\�DQG�HOLPLQDWH�DJH�HUURUV
DVVRFLDWHG�ZLWK�H[WUD�RU�PLVVLQJ�ULQJV��7KLV�SURFHVV�HQVXUHV�DEVROXWH�DQQXDO�GDWLQJ�RI�WKH�ILQDO
FKURQRORJ\��FRPSRVHG�RI�PDQ\�LQGLYLGXDO�FRUHV��DQG�HQKDQFHV�WKH�FOLPDWLF�VLJQDO�RYHU�SRWHQWLDO
ELRORJLFDO�QRLVH��&RQVHUYDWLYH�VWDQGDUGL]DWLRQ�SURFHGXUHV�DUH�XVXDOO\�DSSOLHG�WR�UHPRYH�ELRORJLFDO
LQIOXHQFHV�DQG�SHUVLVWHQFH��&OLPDWLF�VLJQDOV�LQ�ULQJ�ZLGWK��GHQVLW\��RU�RWKHU�FRUH�GHULYHG�SDUDPHWHUV
DUH�WKHQ�HYDOXDWHG�XVLQJ�VWDQGDUG�FDOLEUDWLRQ�YHULILFDWLRQ�WHFKQLTXHV��E\�ZKLFK�D�VWDWLVWLFDO�PRGHO�LV
GHYHORSHG�WR�UHODWH�FOLPDWH�WR�WUHH�ULQJ�SDUDPHWHUV�RYHU�D�OLPLWHG�FDOLEUDWLRQ�LQWHUYDO�DQG�WKHQ�WHVWHG
RYHU�DQ�LQGHSHQGHQW�SHULRG�GXULQJ�ZKLFK�REVHUYDWLRQDO�FOLPDWH�GDWD�DUH�DOVR�DYDLODEOH��,I�WKH�PRGHO
YHULILHV��SHUIRUPV�DV�ZHOO�LQ�WKH�YHULILFDWLRQ�LQWHUYDO�DV�LW�GLG�LQ�WKH�FDOLEUDWLRQ�SHULRG���LW�LV�FRQVLGHUHG
VXIILFLHQWO\�UREXVW�IRU�WKH�TXDQWLWDWLYH�UHFRQVWUXFWLRQ�RI�FOLPDWH�YDULDELOLW\��7KHVH�WHFKQLTXHV�SURGXFH



��

SUHFLVHO\�GDWHG�DQG�TXDQWLILDEOH�FOLPDWH�UHFRQVWUXFWLRQV�EDVHG�RQ�WKH�VWDWLVWLFDO�UHODWLRQVKLS�EHWZHHQ
FOLPDWH�DQG�WUHH�JURZWK�

$OWKRXJK�$576�KDV�D�WURSLFDO�IRFXV��RXU�JRDOV�ZLOO�EHQHILW�WUHPHQGRXVO\�IURP�WKH�ZHDOWK�RI�H[LVWLQJ
GHQGURFOLPDWLF�UHFRQVWUXFWLRQV�LQ�WHPSHUDWH�FOLPDWHV��7KHVH�UHFRUGV�DUH�EHLQJ�FRPSLOHG�DQG
LQFRUSRUDWHG�LQWR�UHFRQVWUXFWLRQV�WKDW�HQDEOH�HYDOXDWLRQ�RI�EURDG�SDWWHUQV�RI�FKDQJH�LQ�WHPSHUDWXUH�DQG
PRLVWXUH�DYDLODELOLW\��:H�FDQ�XVH�WKHVH�WR�HYDOXDWH�WKH�FKDQJLQJ�LQIOXHQFH�RI�WURSLFDO�V\VWHPV�RQ�WKH
H[WUDWURSLFV��H�J��(162�WHOHFRQQHFWLRQV�RU�PRQVRRQ�SHQHWUDWLRQ��DQG�WR�GHYHORS�JULGGHG�ILHOGV�RI
FOLPDWH�UHFRQVWUXFWLRQV�WKDW�FDQ�EH�GLUHFWO\�FRPSDUHG�ZLWK�PRGHO�RXWSXW�IRU�YDOLGDWLRQ�SXUSRVHV��VHH
VHFWLRQ�����)RU�H[DPSOH��&ROH�DQG�&RRN��������XVH�GURXJKW�UHFRQVWUXFWLRQV�IURP�WUHH�ULQJV�WR�HYDOXDWH
WKH�VWDELOLW\�RI�WHOHFRQQHFWHG�FOLPDWH�SDWWHUQV�RYHU�WKH�SDVW�����\HDUV��)LJXUH�����,Q�UHJLRQV�ZKHUH
WHOHFRQQHFWLRQV�WR�WURSLFDO�SKHQRPHQD�DUH�FOHDUO\�VWDEOH��ZH�FDQ�GHYHORS�UHFRQVWUXFWLRQV�RI�WURSLFDO
V\VWHPV�EDVHG�RQ�WKHLU�H[WUDWURSLFDO�LQIOXHQFHV��6WDKOH�HW�DO���������SUHVHQW�D�UHFRQVWUXFWLRQ�RI�(162
EDVHG�RQ�GURXJKW�VHQVLWLYH�WUHHV�IURP�WKH�VRXWKZHVWHUQ�86��ZKHUH�(162©V�HIIHFWV�DUH�UHDVRQDEO\
FRQVLVWHQW�

0RUH�GLUHFW�UHFRQVWUXFWLRQ�RI�WURSLFDO�SKHQRPHQD�IURP�WUHH�ULQJV�KDV�EHJXQ��IRU�H[DPSOH�LQ�,QGRQHVLD
�'©$UULJR�HW�DO���������:LGHVSUHDG�DSSOLFDWLRQ�RI�WKLV�DSSURDFK�ZLOO�UHTXLUH�DGYDQFHPHQWV�LQ�RXU
DELOLW\�WR�GHYHORS�WURSLFDO�DQG�VXEWURSLFDO�GHQGURFOLPDWH�VWXGLHV��D�SURFHVV�WKDW�IDFHV�FKDOOHQJHV
GHVFULEHG�LQ�WKH�IROORZLQJ�VHFWLRQ�

������7URSLFDO�7UHH�ULQJV

7KH�H[WUHPH�VFDUFLW\�RI�ORQJ��H[DFWO\�GDWHG�WUHH�ULQJ�FKURQRORJLHV�IURP�WURSLFDO�IRUHVWV�LV�WKH
IXQGDPHQWDO�SUREOHP�SUHYHQWLQJ�WKH�ZLGHVSUHDG�DSSOLFDWLRQ�RI�GHQGURFOLPDWRORJ\�LQ�WKH�WURSLFV��7KH
YDVW�PDMRULW\�RI�WURSLFDO�IRUHVW�VSHFLHV�GR�QRW�SURGXFH�DQDWRPLFDOO\�GLVWLQFW�DQQXDO�JURZWK�ULQJV��DQG
WKHUHIRUH�FDQQRW�EH�XVHG�IRU�SDOHRFOLPDWH�UHFRQVWUXFWLRQ�JLYHQ�RXU�SUHVHQW�XQGHUVWDQGLQJ�DQG
WHFKQRORJ\��+RZHYHU��D�VPDOO�VXEVHW�RI�WUHH�VSHFLHV�QDWLYH�WR�WKH�WURSLFV�KDV�EHHQ�FRQFOXVLYHO\�VKRZQ
WR�IRUP�UHOLDEOH�DQQXDO�JURZWK�ULQJV��DQG�D�YHU\�IHZ�VSHFLHV�ZLWKLQ�WKLV�VXEVHW�DUH�DOVR�ORQJ�OLYHG�DQG
VHQVLWLYH�WR�WURSLFDO�FOLPDWH�YDULDELOLW\��7KH�NH\�FKDOOHQJH�LV�WR�GLVFRYHU�DGGLWLRQDO�VSHFLHV�WKDW
SURGXFH�DQQXDO�JURZWK�ULQJV�LQ�DV�PDQ\�WURSLFDO�FOLPDWH�UHJLRQV�DV�SRVVLEOH�

7KH�DEVHQFH�RI�VWURQJ�WHPSHUDWXUH�VHDVRQDOLW\��DQG�WKXV�QR�ZLQWHU�GRUPDQW�VHDVRQ��ODUJHO\�H[SODLQV�WKH
ODFN�RI�DQQXDO�JURZWK�ULQJV�LQ�PRVW�WURSLFDO�WUHH�VSHFLHV��7KH�OHJHQGDU\�GLYHUVLW\�RI�PDQ\�WURSLFDO
IRUHVWV�LV�ERWK�D�SRWHQWLDO�DGYDQWDJH�DQG�LPSHGLPHQW�WR�WKH�VHDUFK�IRU�VSHFLHV�XVHIXO�WR
GHQGURFOLPDWRORJ\��7URSLFDO�UDLQIRUHVWV�DUH�WKH�PRVW�GLYHUVH�IRUHVWV�RQ�HDUWK��DQG�DV�PDQ\�DV�����WUHH
VSHFLHV�KDYH�EHHQ�FRXQWHG�RQ����VHOHFWHG�KHFWDUHV�LQ�%RUQHR��WKH�VDPH�QXPEHU�RI�WUHH�VSHFLHV�QDWLYH�WR
DOO�RI�1RUWK�$PHULFD��:LOVRQ��������)LQGLQJ�WKH�YHU\�IHZ�VSHFLHV�WKDW�DUH�VXLWDEOH�IRU
GHQGURFOLPDWRORJ\�ZLWKLQ�WKLV�FDVFDGH�RI�GLYHUVLW\�FDQ�EH�OLNH�VHDUFKLQJ�IRU�D�QHHGOH�LQ�D�KD\VWDFN�
(IIHFWLYH�VWUDWHJLHV�IRU�H[SHGLWLQJ�WKLV�VHDUFK�QHHG�WR�EH�GHYHORSHG��7ZR�VLPSOH�VWUDWHJLHV�FDQ�EH
VXJJHVWHG��)LUVW��LQ�VSLWH�RI�WKH�DEVHQFH�RI�VWURQJ�WHPSHUDWXUH�VHDVRQDOLW\��WKHUH�LV�GUDPDWLF�VHDVRQDOLW\
RI�SUHFLSLWDWLRQ�LQ�PDQ\�WURSLFDO�FOLPDWHV��DQG�WKLV�UDLQIDOO�YDULDELOLW\�LV�RIWHQ�LPSULQWHG�RQ�WKH
SKHQRORJ\�RI�QDWLYH�SODQWV��0DQ\�WUHH�VSHFLHV�LQ�XQLPRGDO�UDLQIDOO�UHJLPHV�RI�WKH�WURSLFV�DUH�GHFLGXRXV
DQG�VKHG�WKHLU�HQWLUH�FDQRS\�RI�OHDYHV�GXULQJ�WKH�H[WHQGHG�GU\�VHDVRQ��7KLV�GHFLGXRXV�KDELW�LV�D�PDMRU
SK\VLRORJLFDO�HYHQW�DQG�GRHV�DSSHDU�WR�EH�DVVRFLDWHG�ZLWK�WKH�IRUPDWLRQ�RI�GLVWLQFWLYH�DQDWRPLFDO
VWUXFWXUHV�LQ�WKH�[\OHP�RI�FHUWDLQ�WUHHV��ZKLFK�FDQ�EH�XVHG�WR�LGHQWLI\�WKH�ERXQGDULHV�RI�DQQXDO�JURZWK
OD\HUV��&DQWKLXP�EXUWWLL�LQ�ZHVWHUQ�=LPEDEZH��IRU�H[DPSOH��VKHGV�DOO�OHDYHV�GXULQJ�WKH�H[WHQGHG
ZLQWHU�GU\�VHDVRQ��DQG�SURGXFHV�IDLQW�PLFURVFRSLF�VWUXFWXUHV�WKDW�LGHQWLI\�DQQXDO�JURZWK�ULQJ
ERXQGDULHV��5LQJ�ZLGWK�WLPH�VHULHV�LQ�&��EXUWWLL�FDQ�EH�H[DFWO\�V\QFKURQL]HG�DPRQJ�GLIIHUHQW�WUHHV��L�H��
FURVV�GDWHG���DQG�DUH�VLJQLILFDQWO\�FRUUHODWHG�ZLWK�WRWDO�UDLQIDOO�DPRXQWV�GXULQJ�WKH�ZHW�VHDVRQ��2WKHU
WURSLFDO�DQG�VXEWURSLFDO�VSHFLHV�DOVR�VKRZ�SURPLVH��)LJXUH����VKRZV�DQ�H[DPSOH�RI�YDULDELOLW\�LQ�ULQJ
ZLGWKV�RI�3WHURFDUSXV�DQJROHQVLV�FRPSDUHG�ZLWK�D�UHJLRQDO�SUHFLSLWDWLRQ�LQGH[�IURP�=LPEDEZH
�6WDKOH�HW�DO��������



��

)LJXUH ��� $� 3KRWRJUDSK RI DQQXDO JURZWK EDQGV LQ 3WHURFDUSXV DQJROHQVLV IURP 6LNXPL )RUHVW� =LPEDEZH� %�
7LPH VHULHV FRPSDULVRQ RI 3WHURFDUSXV DQJROHQVLV FKURQRORJ\ IURP 6LNXPL )RUHVW� =LPEDEZH�
ZLWK 6KDURQ 1LFKROVRQ
V UHJLRQ �� SUHFLSLWDWLRQ IRU WKH ZHW VHDVRQ �'-)� 1LFKROVRQ ������ 5HJLRQ
�� LQFOXGHV SDUWV RI =LPEDEZH� =DPELD� %RWVZDQD� DQG 6RXWK $IULFD� 7KH SUHFLSLWDWLRQ GDWD
H[WHQGV IURP ���������� 7KH WUHH ULQJ FKURQRORJ\ H[WHQGV IURP ���� WR ����� 'XULQJ WKH FRPPRQ
LQWHUYDO� WKH GDWD VHWV FRUUHODWH DW U  ����� )URP 6WDKOH HW DO� �������

$�VHFRQG�VWUDWHJ\�IRU�ORFDWLQJ�WURSLFDO�VSHFLHV�ZLWK�DQQXDO�JURZWK�ULQJV�ZLOO�EH�WR�VLPSO\�H[SDQG�XSRQ
SUHYLRXV�VXFFHVVHV��DQG�HYDOXDWH�RWKHU�VSHFLHV�ZLWKLQ�D�SDUWLFXODU�ERWDQLFDO�IDPLO\��RU�JHQXV��WKDW�KDV
DOUHDG\�SURGXFHG�RQH�VSHFLHV�VXLWDEOH�IRU�WUHH�ULQJ�DQDO\VLV��7HFWRQD�JUDQGLV��WHDN��KDV�EHHQ�NQRZQ
IRU�VRPH�WLPH�WR�SURGXFH�DQQXDO�JURZWK�ULQJV�XQGHU�FHUWDLQ�WURSLFDO�FOLPDWH�FRQGLWLRQV��:H�QRZ�NQRZ
WKDW�9LWH[�NHQLHQVLV��0HUX�RDN��DQG�3UHPQD�PD[LPD��ZKLFK�DORQJ�ZLWK�7��JUDQGLV�DUH�PHPEHUV�RI�WKH
IDPLO\�9HUEHQDFHDH��DOVR�SURGXFH�DQQXDO�JURZWK�ULQJV�XQGHU�FHUWDLQ�FLUFXPVWDQFHV�LQ�.HQ\D��2WKHU
ERWDQLFDO�IDPLOLHV�WKDW�LQFOXGH�WURSLFDO�VSHFLHV�VXLWDEOH�IRU�GHQGURFOLPDWRORJ\�LQFOXGH�3LQDFHDH��H�J��
3LQXV�NHVL\D�DQG�3��PHUNXVLL�LQ�7KDLODQG��3��PRQWH]XPDH�DQG�$ELHV�UHOLJLRVD�LQ�0H[LFR���7D[RGLDFHDH
�7D[RGLXP�PXFURQDWXP�LQ�0H[LFR���DQG�5XELDFHDH��&��EXUWWLL�LQ�=LPEDEZH��

/RQJ��H[DFWO\�GDWHG�WUHH�ULQJ�FKURQRORJLHV�WKDW�DUH�VHQVLWLYH�WR�FOLPDWH�YDULDELOLW\�LQ�WKH�WURSLFV�ZLOO
SURYLGH�DQ�HVVHQWLDO�KLVWRULFDO�SHUVSHFWLYH�RQ�VHYHUDO�LPSRUWDQW�FOLPDWRORJLFDO�TXHVWLRQV��LQFOXGLQJ�WKH



��

GHFDGDO�YDULDELOLW\�RI�(162�DQG�LWV�VXLWH�RI�FOLPDWH�WHOHFRQQHFWLRQV��2QH�REYLRXV�SULRULW\�IRU�WURSLFDO
WUHH�ULQJ�UHVHDUFK�ZLOO�EH�WR�WDUJHW�FKURQRORJ\�GHYHORSPHQW�ZLWKLQ�WKH�FHQWHUV�RI�DFWLRQ�RI�WKH
6RXWKHUQ�2VFLOODWLRQ��DQG�ZLWKLQ�WKH�WURSLFDO�DQG�H[WUDWURSLFDO�UHJLRQV�ZKHUH�VWURQJ�DQG�FRQVLVWHQW
FOLPDWH�WHOHFRQQHFWLRQV�WR�(162�KDYH�EHHQ�GHPRQVWUDWHG�LQ�DQDO\VHV�RI�PRGHUQ�LQVWUXPHQWDO�GDWD��)RU
H[DPSOH��D�VLJQLILFDQW�IUDFWLRQ�RI�WKH�LQWHUDQQXDO�FOLPDWH�YDULDELOLW\�LQ�WKH�*XOI�RI�0H[LFR�VHFWRU�PD\
EH�GLUHFWO\�OLQNHG�WR�WKH�]RQDO�SRVLWLRQ�RI�HTXDWRULDO�FRQYHFWLRQ�RYHU�WKH�FHQWUDO�DQG�HDVWHUQ�3DFLILF�YLD
DQ�HQKDQFHG�DQG�GLVSODFHG�ORZ�OHYHO�VXEWURSLFDO�MHW�VWUHDP��0R�DQG�+LJJLQV��������$SDUW�IURP�WKH
(162�V\VWHP��ORQJ�WUHH�ULQJ�FKURQRORJLHV�VKRXOG�EH�GHYHORSHG�LQ�RWKHU�DUHDV�ZKHUH�FOLPDWH
WHOHFRQQHFWLRQV�EHWZHHQ�WKH�WURSLFV�DQG�H[WUDWURSLFV�KDYH�EHHQ�GHPRQVWUDWHG�>H�J���WKH�$VLDQ�PRQVRRQ�
DQG�WKH�VXPPHU�SUHFLSLWDWLRQ�WHOHFRQQHFWLRQ�EHWZHHQ�QRUWKHUQ�0H[LFR�DQG�WKH�FHQWUDO�86$�&RUQ�%HOW
�'RXJODV�DQG�(QJOHKDUW������@��$OVR��WURSLFDO�UHJLRQV�ZKHUH�FOLPDWH�SUHGLFWLRQ�VFKHPHV�KDYH�EHHQ
PRVW�VXFFHVVIXO��H�J���QRUWKHDVWHUQ�%UD]LO��VRXWKHUQ�$IULFD��VKRXOG�EH�QHWZRUNHG�ZKHUHYHU�SRVVLEOH
ZLWK�ORQJ�WUHH�ULQJ�FKURQRORJLHV�WR�H[WHQG�WKH�WLPH�VSDQ�RI�SUR[\�FOLPDWH�GDWD�LQ�WKHVH�NH\�DUHDV�RI
RSSRUWXQLW\�IRU�VRFLRHFRQRPLFDOO\�XVHIXO�FOLPDWH�DSSOLFDWLRQV�

7R�IDFLOLWDWH�GHYHORSPHQW�RI�PRQVRRQ�VHQVLWLYH�WUHH�ULQJ�FKURQRORJLHV�IURP�$VLD��WKH�6RXWKHDVW�$VLDQ
'HQGURFKURQRORJ\�PHHWLQJ�ZDV�FRQYHQHG�E\�5��'
$UULJR�DQG�%��%XFNOH\�LQ�&KLDQJ�0DL��7KDLODQG�LQ
)HEUXDU\�������VSRQVRUHG�E\�WKH�8�6��1DWLRQDO�6FLHQFH�)RXQGDWLRQ�DQG�3$*(6��7KH�PHHWLQJ
SURPRWHG�FROODERUDWLRQ�EHWZHHQ�ZHVWHUQ�DQG�$VLDQ�VFLHQWLVWV�LQWHUHVWHG�LQ�WKH�GHQGURFKURQRORJ\�RI
VRXWKHDVW�$VLD�DQG�YLFLQLW\��VHH�3$*(6�QHZVOHWWHU�������

����,FH�&RUHV

,FH�FRUHV�W\SLFDOO\�SURYLGH�DQQXDO�UHVROXWLRQ�LQ�WKHLU�XSSHUPRVW�VHFWLRQV��WKURXJK�OD\HU�FRXQWLQJ�EDVHG
RQ�UHJXODU�DQQXDO�F\FOHV�LQ�VSHFLILF�SK\VLFDO�RU�FKHPLFDO�SURSHUWLHV�RI�WKH�DFFXPXODWLQJ�VQRZ�DQG�LFH�
,FH�FRUHV�IURP�WURSLFDO�DQG�VXEWURSLFDO�VLWHV�DUH�HVSHFLDOO\�XVHIXO�IRU�$576�UHVHDUFK�DV�WKH\�GLUHFWO\
PRQLWRU�D�K\GURORJLF�UHVSRQVH�WR�FOLPDWH�FKDQJH��DQG�WKH\�GR�VR�LQ�D�KLJK�HOHYDWLRQ�UHJLRQ�RI�WKH
DWPRVSKHUH�IRU�ZKLFK�QR�ORQJ�WHUP�LQVWUXPHQWDO�GDWD�H[LVW�DQG�ZKHUH�RWKHU�SDOHRFOLPDWH�DUFKLYHV�DUH
XQDYDLODEOH��7KH�QXPEHU�RI�WURSLFDO�DQG�VXEWURSLFDO�VLWHV�ZKHUH�XVHIXO�LFH�FRUHV�PD\�EH�UHWULHYHG�LV
OLPLWHG��\HW�PDQ\�RI�WKHVH�VLWHV�DUH�LQ�UHJLRQV�ZLWK�PRGHUDWH�(162�UHVSRQVHV��)LJXUH������(162
VLJQDOV�DUH�DSSDUHQW�LQ�D�VHULHV�RI�LFH�FRUHV�IURP�WKH�3HUXYLDQ�DQG�%ROLYLDQ�$QGHV��4XHOFFD\D�
+XDVFDUiQ��6DMiPD��7KRPSVRQ�HW�DO���������������������������������������1HZ�UHVXOWV�IURP
+XDVFDUiQ�UHYHDO�D�VWURQJ�FRQFRUGDQFH�EHWZHHQ�PRQWKO\�]RQDO�ZLQG�DQRPDOLHV�DW�WKH�����PE�OHYHO�LQ
WKH�DWPRVSKHUH�RYHU�%UD]LO�DQG�3HUX��H�J��WKH�DSSUR[LPDWH�KHLJKW�RI�WKH�+XDVFDUiQ�FRUHV��DQG�PRQWKO\
DQRPDOLHV�LQ�G

��
2�RI�WKH�LFH��7KRPSVRQ�HW�DO���������7KH�UHVXOW�LV�DQ�(162�VLJQDO�LQ�WKH�+XDVFDUiQ�LFH

FRUHV�WKDW�VWHPV�IURP�FKDQJHV�LQ�WKH�QHDU�HTXDWRULDO�XSSHU�WURSRVSKHULF�]RQDO�ZLQGV��OLQNHG�WR
YDULDELOLW\�LQ�WKH�HDVW�WR�ZHVW�667�JUDGLHQW�DFURVV�WKH�HTXDWRULDO�3DFLILF��6LPLODUO\��GURXJKW�LQGLFDWRUV�
VXFK�DV�LQFUHDVHG�SDUWLFXODWH�FRQFHQWUDWLRQ�DQG�HQULFKHG�G

��
2�YDOXHV�DUH�DSSDUHQW�GXULQJ�(162�HYHQWV

LQ�DQ�LFH�FRUH�IURP�'DVXRSX��D�+LPDOD\DQ�VLWH�WKDW�DOVR�UHFRUGV�YDULDELOLW\�LQ�WKH�,QGLDQ�0RQVRRQ
�7KRPSVRQ�������

$W�PRVW�LFH�FRUH�VLWHV�WKH�ODWH�+RORFHQH�VHFWLRQV�FRQVLVW�RI�VQRZ�DQG�ILUQ�WKDW�LV�UHODWLYHO\
XQFRPSUHVVHG�E\�EXULDO��7KH�UHVXOWLQJ�DQQXDO�OD\HUV�DUH�UHODWLYHO\�WKLFN�����WR����FP�RU�PRUH��DQG
HDVLO\�UHVROYHG��VDWLVI\LQJ�DQ�$576�UHTXLUHPHQW�RI�DQQXDO�FKURQRORJLF�SUHFLVLRQ��$�SDUWLFXODUO\
IUXLWIXO�UHJLRQ�IRU�QHZ�$576�UHODWHG�LFH�FRUH�UHFRYHU\�LV�WKH�&RUGLOOHUDQ�EHOW�RI�1RUWK��&HQWUDO��DQG
6RXWK�$PHULFD�ZKHUH�D�QHDUO\�FRQWLQXRXV�DUUD\�RI�LFH�FRYHUHG�SODWHDXV�DQG�VXPPLWV�LV�DYDLODEOH��,FH
FRUHV�UHFRYHUHG�IURP�WKLV�WUDQVHFW�ZLOO�DOORZ�WKH�H[DPLQDWLRQ�RI�FURVV�HTXDWRULDO�V\PPHWU\�LQ�WKH
FOLPDWH�V\VWHP�DQG�DOVR�SURYLGH�LQIRUPDWLRQ�DERXW�ODWLWXGLQDO�JUDGLHQWV�LQ�JUHHQKRXVH�IRUFHG�ZDUPLQJ
DW�KLJK�DOWLWXGH��7KH�SULQFLSDO�WUDFHUV�RI�DQQXDO�FOLPDWH�YDULDELOLW\�SUHVHUYHG�LQ�LFH�FRUHV�LQFOXGH�WKH
VQRZ�DFFXPXODWLRQ�UDWH��G

��
2�DQG�G'�RI�WKH�LFH��DQG�WKH�FRQFHQWUDWLRQV�RI�GXVW��ZDWHU�VROXEOH�LRQV��+
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�
��DQG�WUDSSHG�DWPRVSKHULF�JDVHV��2���&2���&+����7KHVH�LQGLFDWRUV�SURYLGH

LQIRUPDWLRQ�DERXW�SURYHQDQFH�RI�WKH�ZDWHU�UHDFKLQJ�WKH�FRULQJ�VLWH��GHJUHH�RI�DWPRVSKHULF�GLVWLOODWLRQ�
WHPSHUDWXUH�DW�WKH�SUHFLSLWDWLRQ�VLWH��DQG�D�WLPH�LQWHJUDWHG�PHDVXUH�RI�DWPRVSKHULF�FRPSRVLWLRQ�QHDU
WKH�WLPH�RI�EXEEOH�FORVH�RII�ZLWKLQ�WKH�ILUQ�OD\HU�



��

)LJXUH ��� /RFDWLRQ RI KLJK DOWLWXGH VXEWURSLFDO LFH FRUHV LQ $VLD DQG 6RXWK $PHULFD UHODWLYH WR NQRZQ (162
IRUFLQJ �HTXDWRULDO 3DFLILF 667©V� DQG WHUUHVWULDO K\GURORJLF UHVSRQVHV �IURP 7KRPSVRQ HW DO�� ������

5HFHQW�REVHUYDWLRQV�GRFXPHQW�WKH�XUJHQF\�RI�UHFRYHULQJ�LFH�FRUHV�IURP�KLJK�DOWLWXGH�VLWHV�LQ�WKH
WURSLFV��,FH�FDSV�DQG�JODFLHUV�LQ�WKH�UHJLRQ�DUH�UDSLGO\�PHOWLQJ�DQG�UHWUHDWLQJ��DW�D�UDWH�WKDW�WKUHDWHQV�WR
GHVWUR\�XQLTXH�SDOHRHQYLURQPHQWDO�UHFRUGV��+DVWHQUDWK�DQG�.UXVV�������6FKXEHUW�������7KRPSVRQ�HW
DO���������)UHH]LQJ�OHYHO�KHLJKWV�KDYH�EHHQ�ULVLQJ�LQ�WKH�ORZHU�ODWLWXGHV��DSSDUHQWO\�LQ�UHVSRQVH�WR
GHFDGDO�VFDOH�FKDQJHV�LQ�WURSLFDO�VHD�VXUIDFH�WHPSHUDWXUHV��'LD]�DQG�*UDKDP��������7KHUH�LV�DOVR�WKH
VXJJHVWLRQ��EDVHG�RQ�JHQHUDO�FLUFXODWLRQ�PRGHO�H[SHULPHQWV��WKDW�KLJK�HOHYDWLRQV�LQ�WKH�7URSLFV�PD\�EH
SDUWLFXODUO\�YXOQHUDEOH�WR�JUHHQKRXVH�JDV�LQGXFHG�ZDUPLQJ��0LWFKHOO�HW�DO���������SURYLGLQJ�DGGLWLRQDO
SUHVVXUH�WR�GHYHORS�D�FRRUGLQDWHG��LQWHUQDWLRQDO�KLJK�DOWLWXGH�LFH�FRUH�UHVHDUFK�SURJUDP��$W�WKH�VDPH
WLPH��PRGHOV�SURMHFW�WKDW�KLJK�ODWLWXGHV�ZLOO�XOWLPDWHO\�ZLWQHVV�WKH�ODUJHVW�FKDQJHV�LQ�WHPSHUDWXUH��$
WUDQVHFW�RI�LFH�FRUHV�IURP�KLJK�VRXWKHUQ�ODWLWXGHV��&KLOH�$UJHQWLQD��WR�KLJK�ODWLWXGHV�RI�WKH�QRUWKHUQ
KHPLVSKHUH��$ODVND�<XNRQ�7HUULWRU\��ZRXOG�SURYLGH�D�YDOXDEOH�SHUVSHFWLYH�RQ�WKH�XQGHUO\LQJ�FOLPDWH
YDULDELOLW\�WKURXJKRXW�WKH�$PHULFDV��DQG�RQ�LQWHU�KHPLVSKHULF�OLQNDJHV�LQ�WKH�WLPLQJ�DQG�PHFKDQLVPV
RI�FOLPDWH�FKDQJH�DW�D�WLPH�ZKHQ�JUHHQKRXVH�JDVHV�DUH�ULVLQJ�H[SRQHQWLDOO\�

����2WKHU�$UFKLYHV

������6FOHURVSRQJHV

6FOHURVSRQJHV�DUH�VORZO\�JURZLQJ�PDULQH�RUJDQLVPV�WKDW�LQKDELW�D�ZLGH�UDQJH�RI�ZDWHU�GHSWKV�LQ�WKH
WURSLFDO�RFHDQ��)LJXUH�����*RUHDX�������'XVWDQ�HW�DO���������7KH\�VHFUHWH�D�GHQVH�FDOFDUHRXV�VNHOHWRQ
WKDW�DOVR�FRQWDLQV�VLOLFHRXV�VSLFXOHV��1HZ�VWDEOH�LVRWRSLF�VWXGLHV�DV�ZHOO�DV�DQDO\VLV�RI�VNHOHWDO�FRORU
YDULDWLRQ�FRPELQHG�ZLWK�DJH�GDWLQJ�VKRZV�VLJQDOV�WKDW�DUH�SUREDEO\�DQQXDO�LQ�QDWXUH��6ZDUW�HW�DO�
�������$OWKRXJK�W\SLFDO�JURZWK�UDWHV�RI�����WR�����PP�\U

��
�DUH�ORZ�FRPSDUHG�WR�UHHI�EXLOGLQJ�FRUDOV�

DQQXDO�DQG�VXE�DQQXDO�VDPSOLQJ�LV�SRVVLEOH�LQ�VRPH�VDPSOHV�XVLQJ�PLFUR�GULOOLQJ�SURFHGXUHV�
6FOHURVSRQJHV�DSSHDU�WR�SUHFLSLWDWH�FDUERQDWH�LQ�LVRWRSLF�HTXLOLEULXP�ZLWK�VHDZDWHU��'UXIIHO�DQG
%HQDYLGHV��������DQ�HVVHQWLDO�DWWULEXWH�WKDW�HQKDQFHV�WKHLU�XWLOLW\�IRU�SDOHRFOLPDWH�VWXGLHV�



��

6FOHURVSRQJHV�DUH�UHODWLYH�QHZFRPHUV�WR�SDOHRFOLPDWLF�DSSOLFDWLRQV��KRZHYHU��DQG�ZLOO�UHTXLUH
FDOLEUDWLRQ�DQG�UHSOLFDWLRQ�LQ�D�YDULHW\�RI�HQYLURQPHQWV�

)LJXUH ��� 3ROLVKHG VODE RI D VHFWLRQ RI D VFOHURVSRQJH �&HUDWRSRUHOOD QLFKROVRQL� IURP /HH 6WRFNLQJ ,VODQG LQ
WKH %DKDPDV� 7KH YDULDWLRQ LQ EDQGLQJ FDQ EH FOHDUO\ VHHQ� 7KH DJH RI WKLV VSHFLPHQ LV DERXW ���
\HDUV ROG EDVHG RQ SUHOLPLQDU\ 8�7K GDWHV� 7KH VDPSOH LV �� FP KLJK �SKRWRJUDSK E\ /� *UDPPHU�
IURP 6ZDUW HW DO� ������

6FOHURVSRQJH�UHFRUGV�����WR�����\HDUV�ORQJ�VKRZ�ORQJ�WHUP�WUHQGV�LQ�G
��
&��LQWHUSUHWHG�DV�WKH�LPSDFW�RI

IRVVLO�IXHO�&2��LQSXW�WR�WKH�DWPRVSKHUH�RQ��WKH�G
��
&�RI�VHDZDWHU�6&2��RYHU�WKH�SDVW�����\HDUV��'UXIIHO

DQG�%HQDYLGHV�������%RKP�HW�DO���������$OWKRXJK�WKHUH�KDYH�EHHQ�QR�LQ�VLWX�FDOLEUDWLRQ�VWXGLHV�RI
VHQVLWLYLW\�RI�VFOHURVSRQJH�G

��
2�WR�YDULDELOLW\�LQ�ZDWHU�WHPSHUDWXUH��VHYHUDO�LQYHVWLJDWRUV�KDYH

FRUUHODWHG�EXON�VNHOHWDO�G
��
2�ZLWK�PHDQ�DQQXDO�ZDWHU�WHPSHUDWXUHV�RYHU�D���&�UDQJH�DQG�IRXQG

HTXLOLEULXP�EHKDYLRU��6ZDUW�HW�DO���������/RQJ�WHUP�G
��
2�UHFRUGV�DOVR�DSSHDU�WR�FRUUHODWH�ZLWK

LQVWUXPHQWDO�667�FRPSLODWLRQV�DQG�LQ�RQH�LQVWDQFH��D�VHDVRQDO�F\FOH�LQ�G
��
2�ZDV�LQIHUUHG�XVLQJ

FORVHO\�VSDFHG�VDPSOLQJ��6ZDUW�HW�DO���������6FOHURVSRQJHV�ZLOO�OLNHO\�\LHOG�VWDEOH�LVRWRSLF�UHFRUGV
VLPLODU�LQ�XWLOLW\�WR�WKRVH�IURP�FRUDOV��ZLWK�WKH�IROORZLQJ�GLIIHUHQFHV�����6FOHURVSRQJHV�FDQ�SURYLGH
HQYLURQPHQWDO�UHFRQVWUXFWLRQV�IURP�VXEVXUIDFH�UHJLRQV�RI�WKH�ZDWHU�FROXPQ�����/RZHU�JURZWK�UDWHV
ZLOO�UHVXOW�LQ�ORZHU�UHVROXWLRQ�UHFRUGV�WKDQ�IRU�FRUDOV�����7KH�DSSDUHQW�DEVHQFH�RI�D�PHWDEROLF�RIIVHW
IURP�HTXLOLEULXP�PDNHV�LQWHUSUHWDWLRQ�RI�VFOHURVSRQJH�G

��
2�UHODWLYHO\�VWUDLJKWIRUZDUG�

6FOHURVSRQJHV�DOVR�LQFRUSRUDWH�D�YDULHW\�RI�RWKHU�HOHPHQWDO�WUDFHUV�LQWR�WKHLU�VNHOHWRQV��6RPH�RI�WKHVH�
VXFK�DV�6U��8��%D��0Q��DQG�&G�PD\�EH�XVHIXO�DGMXQFW�WUDFHUV�RI�ZDWHU�WHPSHUDWXUH�DQG�FLUFXODWLRQ�
2WKHU�WUDFH�FRPSRQHQWV�VXFK�DV�8��7K��DQG�

��
&�DUH�XVHIXO�IRU�UDGLRPHWULF�GDWLQJ�WR�HVWDEOLVK�WKH�RYHUDOO

DJH�RI�D�VSHFLPHQ�DQG�WR�YHULI\�ZKHWKHU�YLVLEOH�EDQG�VWUXFWXUHV�DUH�DQQXDO�LQ�QDWXUH��7KLV�QHZ�DUFKLYH
FDQ�EH�XVHG�WR�DXJPHQW�FRUDO�UHFRUGV�RI�VXUIDFH�RFHDQ�YDULDELOLW\�DV�WKH\�H[LVW�LQ�D�ZLGHU�ODWLWXGLQDO
UDQJH��DQG�LQ�VRPH�FDVHV�SURYLGH�ORQJHU�UHFRUGV�

������9DUYHG�VHGLPHQWV

�6HGLPHQWV�DUH�ULFK�VRXUFHV�RI�SDOHRFOLPDWH�GDWD��DQG�LQ�IDFW�UHPDLQ�DQ�LPSRUWDQW�VRXUFH�RI�LQIRUPDWLRQ
DERXW�SDVW�HQYLURQPHQWDO�YDULDELOLW\�RYHU�GHFDGDO�WR�FHQWHQQLDO�VFDOHV��$QQXDOO\�UHVROYHG�VHGLPHQW
OD\HUV��YDUYHV��RIIHU�SRWHQWLDO�DUFKLYHV�RI�LQIRUPDWLRQ�RQ�SDVW�LQWHUDQQXDO�FOLPDWH�YDULDELOLW\��EXW



��

GHPRQVWUDEO\�DQQXDO�OD\HULQJ�LQ�VHGLPHQWV�LV�UDUH�DQG��LQ�PRVW�FDVHV��D�GLVFRQWLQXRXV�SKHQRPHQRQ�
/DPLQDWHG��OD\HUHG��VHGLPHQWV�DUH�FRPPRQ�LQ�PDULQH�VHGLPHQWDU\�EDVLQV�RI�WKH�FRQWLQHQWDO�PDUJLQ
DQG�LQ�VRPH�ODFXVWULQH�V\VWHPV��'LVWLQFW�VHGLPHQW�OD\HUV�IRUP�LQ�UHVSRQVH�WR�FKDQJHV�LQ�WKH
FRPSRVLWLRQ�DQG�IOX[�RI�SDUWLFOHV�WR�WKH�VHGLPHQW�ZDWHU�LQWHUIDFH��7KH\�DUH�SUHVHUYHG�HLWKHU�GXH�WR�YHU\
UDSLG�DFFXPXODWLRQ�UDWHV�RU�EHFDXVH�RI�WKH�DEVHQFH�RI�SRVW�GHSRVLWLRQDO�GLVWXUEDQFH�E\�SK\VLFDO�RU
ELRORJLFDO�PHFKDQLVPV��%XW�DOWKRXJK�OD\HULQJ��ODPLQDH��PD\�EH�FRPPRQ��WKH�DWWULEXWLRQ�RI�OD\HU
IRUPDWLRQ�WR�GLVFUHWH�XQLWV�RI�WLPH�LV�QRW��$W�PRVW�ORFDWLRQV��WKH�DQQXDO�F\FOHV�RI�FOLPDWH�DQG�SULPDU\
SURGXFWLRQ�DUH�VXIILFLHQW�WR�SURGXFH�D�UHVROYDEOH�DQQXDO�VLJQDO��EXW�ZDWHU�FROXPQ�DQG�VHGLPHQWDU\
SURFHVVHV�REVFXUH�WKH�DQQXDO�VLJQDWXUH��:KHQ�YDUYHV�DUH�SUHVHQW��WKH\�DUH�RIWHQ�GLVFRQWLQXRXV�LQ�WLPH�
VR�WKDW�DOWKRXJK�DQQXDO�VHGLPHQWDU\�OD\HUV�FDQ�EH�GRFXPHQWHG��FRQWLQXRXV�PXOWL�FHQWXU\�FKURQRORJLHV
ZLWK�DEVROXWH�GDWLQJ�DUH�QRW�DYDLODEOH��0RVW�YDUYH�UHFRUGV�DUH�LQ�IDFW�VKRUW��DQQXDOO\�UHVROYHG
FKURQRORJLHV�WKDW�DUH�IORDWLQJ�ZLWK�UHVSHFW�WR�DEVROXWH�DJH�DVVLJQPHQW��VLPLODU�LQ�VRPH�ZD\V�WR�VKRUW
DQQXDOO\�EDQGHG�FRUDO�VHFWLRQV�UHFRYHUHG�IURP�D�ORQJ�ERUHKROH��H�J��+XJKHQ�HW�DO��������

6HGLPHQWDU\�V\VWHPV�UHFRUG�FOLPDWH�HYHQWV�WKURXJK�FKDQJHV�LQ�VHGLPHQW�DFFXPXODWLRQ�UDWH�DQG
FRPSRVLWLRQ��7HUUHVWULDO�VHGLPHQWDU\�V\VWHPV�DUH�W\SLFDOO\�VHQVLWLYH�WR�FKDQJHV�LQ�ZDWHU�EDODQFH�DQG
RIWHQ�DFW�WR�LQWHJUDWH�SUHFLSLWDWLRQ�PLQXV�HYDSRUDWLRQ�RYHU�ODUJH�DUHDV��%RWK�ODFXVWULQH�DQG�PDULQH
VHGLPHQWV�PD\�FRQWDLQ�PLFURIRVVLOV�RU�LQRUJDQLF�SUHFLSLWDWHV�WKDW�DFW�DV�FDUULHUV�IRU�LVRWRSLF��FKHPLFDO�
DQG�HFRORJLFDO�LQIRUPDWLRQ�DERXW�WKH�HQYLURQPHQW��6HGLPHQWV�DOVR�FROOHFW�SROOHQ�DQG�RWKHU�LQGLFDWRUV
RI�WHUUHVWULDO�YHJHWDWLRQ�

9DUYHG�VHGLPHQW�V\VWHPV�ZLOO�OLNHO\�SOD\�D�VPDOO�EXW�LPSRUWDQW�UROH�LQ�DFTXLULQJ�DQQXDOO\�UHVROYHG
UHFRUGV�RI�WURSLFDO�FOLPDWH�YDULDELOLW\��(YHQ�ZLWKRXW�DEVROXWH�WLPH�FRQWURO��WKHVH�V\VWHPV�RIWHQ�UHFRUG
OLQNV�WR�GLVWDQW�SKHQRPHQD�DW�LQWHUDQQXDO�WLPH�VFDOHV��)RU�H[DPSOH�5RGEHOO�HW�DO���������XVH�D
UDGLRFDUERQ�GDWHG�WXUELGLWH�FKURQRORJ\�IURP�/DJR�3DOOFDFRFKD�LQ�(FXDGRU�WR�LQIHU�WKH�RQVHW�RI
SHULRGLF�VWURQJ�(162�ZDUP�PRGH�HYHQWV�DW�DERXW������\HDUV�%3��IROORZLQJ�D�SHULRG�ZLWK�IORRG�HYHQW
WXUELGLWH�VHGLPHQWDWLRQ�GHFLGHGO\�GLIIHUHQW�IURP�WKH�PRGHUQ�V\VWHP��7KLV�UHVXOW�LV�VLPLODU�WR
LQGLFDWLRQV�IURP�PROOXVFDQ�DVVHPEODJHV�LQ�3HUX�DQG�(FXDGRU�WKDW�VXJJHVW�D�IXQGDPHQWDOO\�GLIIHUHQW
(162�VWDWH�GXULQJ�WKH�PLGGOH�+RORFHQH��,Q�D�WURSLFDO�PDULQH�H[DPSOH��+XJKHQ�HW�DO���������KDYH
VKRZQ�WKDW�YDULDELOLW\�LQ�ODPLQDH�WKLFNQHVV�DQG�FRORU�LQ�DQR[LF�VHGLPHQWV�RI�WKH�&DULDFR�%DVLQ�RI
9HQH]XHOD�LV�QHDUO\�LGHQWLFDO�WR�WKH�SDWWHUQ�RI�G

��
2�YDULDELOLW\�LQ�WKH�*5,3�LFH�FRUH�LQ�*UHHQODQG�DW�WKH

VFDOH�RI�D�VLQJOH�GHFDGH��7KLV�FORVH�FRUUHVSRQGHQFH�LQGLFDWHV�DQ�HVVHQWLDOO\�V\QFKURQRXV�UHVSRQVH�WR
FOLPDWH�IRUFLQJ��RQH�WKDW�ZRXOG�VHHP�RQO\�SRVVLEOH�YLD�DQ�DWPRVSKHULF�PHFKDQLVP��LQ�WKLV�FDVH�
VWURQJHU�WUDGH�ZLQGV�GXULQJ�FROGHU�LQWHUYDOV�LQ�WKH�1RUWK�$WODQWLF��%ODFN�HW�DO���������DQDO\]H�WKH�SDVW
VHYHUDO�FHQWXULHV�RI�YDUYHV�LQ�WKH�&DULDFR�%DVLQ�DQG�ILQG�VWURQJ�FRUUHODWLRQ�EHWZHHQ�UHJLRQDO�667�DQG
VHGLPHQWDU\�LQGLFDWRUV�WKDW�LQFOXGH�IRUDPLQLIHUDO�DEXQGDQFHV�DQG�G

��
2�

$GGLWLRQDO�SURPLVLQJ�WDUJHWV�IRU�VHGLPHQW�UHFRUGV�RI�DQQXDO�YDULDELOLW\�ZLWKLQ�WKH�WURSLFV�DQG
VXEWURSLFV�LQFOXGH�FUDWHU�ODNHV�RI�&HQWUDO�$PHULFD��ULIW�YDOOH\�ODNHV�RI�$IULFD��DQG�VKHOI�VORSH�GHSRVLWV
EHQHDWK�WKH�KLJKO\�SURGXFWLYH�XSZHOOLQJ�V\VWHPV�RI�&DOLIRUQLD��3HUX��DQG�6:�$IULFD�

������+LVWRULFDO�'RFXPHQWV

+LVWRULFDO�DUFKLYHV�DUH�D�SURYHQ�VRXUFH�RI�YDOXDEOH�LQIRUPDWLRQ�FRQFHUQLQJ�WKH�ORQJ�SHULRG�YDULDWLRQ�RI
(162��%LOO�4XLQQ©V�OLIHORQJ�ZRUN�PDGH�RXWVWDQGLQJ�XVH�RI�WKH�6SDQLVK�FRORQLDO�UHFRUGV�IURP�(FXDGRU
DQG�3HUX��4XLQQ�HW�DO��������DOVR�VHH�DQ�H[WHQVLYH�FRPSLODWLRQ�E\�2UWOLHE��������EXW�PDQ\�DGGLWLRQDO
DUFKLYHV�LQ�WKH�ZHVWHUQ�3DFLILF�DQG�RWKHU�UHJLRQV�LQIOXHQFHG�E\�(162�VKRXOG�EH�DQDO\]HG�IRU
UHIHUHQFHV�WR�SDVW�FOLPDWLF�FRQGLWLRQV��$V�ZHOO��KLVWRULFDO�DUFKLYHV�IURP�$VLD�RIIHU�D�SRWHQWLDOO\
LPSRUWDQW�VRXUFH�RI�LQIRUPDWLRQ�RQ�PRQVRRQ�VWUHQJWK��-DSDQHVH�DQG�&KLQHVH�UHFRUGV�KDYH�EHHQ
VRPHZKDW�H[SORUHG�LQ�WKLV�YHLQ��H�J��=KDQJ�DQG�&URZOH\�������EXW�DGGLWLRQDO�DUFKLYHV�IURP�VRXWKHDVW
DQG�VRXWKHUQ�$VLD�DUH�OLNHO\�WR�FRQWDLQ�HYHQ�JUHDWHU�LQIRUPDWLRQ�RQ�FOLPDWH�WKDW�ZLOO�EHQHILW�$576�
4XDQWLILFDWLRQ�RI�WKHVH�UHFRUGV�LV�QHHGHG�LI�WKH\�DUH�WR�EH�LQWHJUDWHG�ZLWK�RWKHU�VRXUFHV�RI�LQIRUPDWLRQ
LQ�$576�



��

����1XPHULFDO�0HWKRGV

$PRQJ�WKH�PRVW�FULWLFDO�UHTXLUHPHQWV�IRU�$576�GDWD�LV�WKDW�WKH\�EH�GHYHORSHG�DV�TXDQWLWDWLYH

LQGLFDWRUV�RI�VSHFLILF�DVSHFWV�RI�FOLPDWH��VXLWDEOH�IRU�UREXVW�HUURU�DQDO\VLV�DQG�TXDQWLWDWLYH�FRPSDULVRQ

DQG�LQWHJUDWLRQ�ZLWK�RWKHU�UHFRUGV�DQG�ZLWK�PRGHO�RXWSXW��7HFKQLTXHV�FRPPRQ�LQ�LQVWUXPHQWDO�FOLPDWH

G\QDPLFV�UHVHDUFK��LQFOXGLQJ�YDULRXV�VSHFWUDO�DQDO\VLV�DSSURDFKHV��HPSLULFDO�RUWKRJRQDO�IXQFWLRQ

DQDO\VLV��VLQJXODU�YDOXH�GHFRPSRVLWLRQ��DQG�RWKHUV��DUH�EHLQJ�LQFUHDVLQJO\�DSSOLHG�WR�DQQXDO�

TXDQWLWDWLYH�SUR[\�GDWD��ZLWK�UHVXOWV�WKDW�FOHDUO\�H[WHQG�WKH�LQVWUXPHQWDO�SHUVSHFWLYH�RQ�UHFHQW�FOLPDWH

YDULDWLRQV��H�J��0DQQ�HW�DO��������:RUNVKRS�SDUWLFLSDQWV�GLVFXVVHG�VHYHUDO�QXPHULFDO�DSSURDFKHV��ZLWK

D�IRFXV�RQ�WZR�PHWKRGV�WKDW�VFDOH�XS�VLQJOH�VLWH�UHFRUGV�WR�D�EURDGHU�FRQWH[W�����GDWD�DVVLPLODWLRQ�DQG

LQWHJUDWLRQ�LQWR�VSDWLDO�ILHOGV��DQG����PRGHOLQJ�DQG�PRGHO�GDWD�FRPSDULVRQV��7KHVH�KDYH�IRUPHG�WKH

EDVLV�IRU�FRQWLQXLQJ�GLVFXVVLRQV�DQG�SUHVHQWDWLRQV�DW�ZRUNVKRSV�IROORZLQJ�WKH�.DXDL�PHHWLQJ��H�J��WKH

�&URVV�9DOLGDWLRQ�RI�3UR[\�&OLPDWH�'DWD�DQG�WKH�,QVWUXPHQWDO�5HFRUG��ZRUNVKRS�LQ�6HDWWOH��-XQH

������DQG�WKH��3(3��V\QWKHVLV��PHHWLQJ�LQ�0HULGD��9HQH]XHOD��0DUFK�������

5HFHQW�DSSOLFDWLRQV�RI�RSWLPDO�LQWHUSRODWLRQ�PHWKRGV�IRU�WKH�LQILOOLQJ�RI�VSDUVH�LQVWUXPHQWDO�GDWD�VHWV
�.DSODQ�HW�DO������D��SURYLGH�XVHIXO�URDG�PDSV�IRU�GHYHORSLQJ�SUH�LQVWUXPHQWDO�ILHOGV�RI�667�XVLQJ
RQO\�SDOHRFOLPDWH�GDWD��(YDQV�HW�DO������D�E���7KHVH�WHFKQLTXHV�DUH�EDVHG�RQ�PRGHUQ�UHODWLRQVKLSV
DPRQJ�667�DQRPDOLHV�ZRUOGZLGH�DQG�XVH�LQFUHDVLQJO\�JUHDWHU�UHOLDQFH�RQ�WKHVH�UHODWLRQVKLSV�ZKHQ�LQ
VLWX�GDWD�EHFRPH�VSDUVH��7KH�WHFKQLTXHV�ZRUN�ZHOO�DV�ORQJ�DV�WKH�VSDWLDO�UHODWLRQVKLSV�UHPDLQ
FRQVLVWHQW��2QH�WHFKQLTXH�IRU�FOLPDWH�ILHOG�UHFRQVWUXFWLRQ�IURP�D�VSDUVH�REVHUYDWLRQDO�QHWZRUN�PDNHV
XVH�RI�UHGXFHG�VSDFH�REMHFWLYH�DQDO\VLV��.DSODQ�HW�DO������D���7KH�SURFHGXUH�SURGXFHV�WKHRUHWLFDO
HUURUV�IRU�WKH�UHFRQVWUXFWLRQV�DQG�SHUPLWV�VHYHUDO�YHULILFDWLRQ�SURFHGXUHV��$V�DQ�H[DPSOH��WKHVH�DXWKRUV
XVH�WUHH�ULQJ�FKURQRORJLHV�IURP�WKH�3DFLILF�FRDVW�RI�WKH�$PHULFDV�WR�UHFRQVWUXFW�WKH�667�DQRPDO\�ILHOG
IRU�WKH�SHULRG�$'���������.DSODQ�HW�DO������E���$QDO\VLV�RI�WKHRUHWLFDO�HUURUV�VXJJHVWV�WKDW�WKH�1,12�
LQGH[�HVWLPDWHG�IURP�WKLV�DQDO\VLV�PD\�EH�XVHIXO�IRU�DERXW�WKH�ODVW�WKUHH�FHQWXULHV��DOWKRXJK�WKH�DXWKRUV
QRWH�WKDW�IXUWKHU�SUR[\�GHYHORSPHQW�DQG�PRUH�UREXVW�HUURU�DQDO\VLV�DUH�QHHGHG�WR�FRQVWUDLQ�WKH
UHFRQVWUXFWLRQ��&RUUHODWLRQ�EHWZHHQ�WKH�WUHH�ULQJ�GHULYHG�1,12��DQG�RQH�EDVHG�RQ�VSDUVH�KLVWRULFDO
REVHUYDWLRQV��.DSODQ�HW�DO������D��UHDFK�DERXW���������LQ�WKH�HTXDWRULDO�3DFLILF�RYHU�WKH�SHULRG������
������7KHVH�NLQGV�RI�DSSURDFKHV�SURYLGH�D�XVHIXO�PDWUL[�LQWR�ZKLFK�QHZ�SDOHRFOLPDWH�GDWD�VHWV�FDQ�EH
SODFHG�DV�WKH\�FRPH�RQ�OLQH��1HZ�DQQXDO�UHFRUGV�IURP�(162�FHQWHUV�RI�DFWLRQ��UDWKHU�WKDQ
WHOHFRQQHFWHG�VLWHV�LQ�WKH�H[WUDWURSLFV��ZLOO�\LHOG�LPSURYHG�UHFRQVWUXFWLRQV�RI�(162�

7KH�VHFRQG�DUHD�RI�QXPHULFDO�DQDO\VLV�GLVFXVVHG�DW�WKH�$576�ZRUNVKRS�LV�WKH�DSSOLFDWLRQ�RI�*&0V�WR
GHULYH�JUHDWHU�XQGHUVWDQGLQJ�RI�WKH�UHODWLRQVKLSV�DPRQJ�WURSLFDO�YDULDELOLW\��H[WUDWURSLFDO
WHOHFRQQHFWLRQV��DQG�JOREDO�FOLPDWH�IRUFLQJV��2QH�DSSOLFDWLRQ�WKDW�GUHZ�SDUWLFXODU�LQWHUHVW�ZDV�WKH
GHYHORSPHQW�RI�D�PXOWLFHQWXU\�JULGGHG�667�GDWDVHW�IRU�XVH�LQ�GULYLQJ�WUDQVLHQW�VLPXODWLRQV�ZLWK
DWPRVSKHULF�*&0V��VHH�VHFWLRQ���IRU�PRUH�GHWDLOV���$�UHDOLVWLF�UHSUHVHQWDWLRQ�RI�LQWHUDQQXDO�YDULDELOLW\
LQ�WUDQVLHQW�PRGHO�H[SHULPHQWV�UHTXLUHV�WKDW�REVHUYHG��UDWKHU�WKDQ�FOLPDWRORJLFDO��667V�EH�XVHG�WR
GULYH�WKH�VLPXODWLRQ��6LPXODWLRQV�VSDQQLQJ�WKH�SDVW�IHZ�GHFDGHV�GULYHQ�E\�REVHUYHG�667�ILHOGV
GHPRQVWUDWH�WKDW�DWPRVSKHULF�*&0V�ZLOO�UHVSRQG�LQ�D�IDLUO\�FRQVLVWHQW�PDQQHU�WR�LPSRVHG�667
DQRPDOLHV��,Q�SDUWLFXODU��WKH�VRXUFH�RI�WKLV�SUHGLFWDELOLW\�DSSHDUV�WR�DULVH�IURP�IDLUO\�FRQVLVWHQW
UHVSRQVHV�WR�WURSLFDO�3DFLILF�YDULDELOLW\��0DQ\�REVHUYHG�DVSHFWV�RI�DQRPDORXV�WURSLFDO�DWPRVSKHULF
FLUFXODWLRQ�FDQ�EH�UHSURGXFHG�LQ�PRGHOV�GULYHQ�E\�REVHUYHG�667�ILHOGV��DV�FDQ�FHUWDLQ�PLG�ODWLWXGH
DQRPDOLHV��7KH�ODWWHU�DULVHV�IURP�(162�WHOHFRQQHFWLRQ�SDWWHUQV�WKDW�DSSHDU�WR�EH�UHDVRQDEO\
FRQVLVWHQW�

2I�FRXUVH��QRW�DOO�LQWHUDQQXDO�YDULDELOLW\��HYHQ�LQ�WKH�WURSLFV��FDQ�EH�OLQNHG�WR�667�FKDQJHV�LQ�WKH
WURSLFDO�3DFLILF��7KH�$VLDQ�PRQVRRQ�SURYLGHV�RQH�H[DPSOH�RI�D�FULWLFDOO\�LPSRUWDQW�WURSLFDO�V\VWHP
ZLWK�DQ�LQWHUPLWWHQW�DQG�YDULDEOH�FRQQHFWLRQ�WR�(162��+RZHYHU��UHFRQVWUXFWLQJ�JOREDO�ILHOGV�RI�667
RYHU�WKH�SDVW�IHZ�FHQWXULHV�ZLOO�DOORZ�IRU�UHJLRQDO�SDWWHUQV�UHODWHG�WR�667�WR�HPHUJH�IURP�WKH
VLPXODWLRQV��/RQJ�PRGHO�H[SHULPHQWV�WKDW�LQFRUSRUDWH�DGGLWLRQDO�NQRZQ�IRUFLQJV��H�J��FKDQJLQJ�&2�
FRQFHQWUDWLRQV��VRODU�LQVRODWLRQ��DQG�WURSRVSKHULF�DQG�VWUDWRVSKHULF�DHURVRO�OHYHOV��ZLOO�DOORZ�XV�WR
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HYDOXDWH�WKH�LQWHUDFWLRQV�DPRQJ�WURSLFDO�YDULDELOLW\�DQG�EDFNJURXQG�FOLPDWH�FKDQJHV��:H�FDQ�DOVR�XVH
ORQJ�SDOHRFOLPDWLF�UHFRUGV�RI�DWPRVSKHULF�SKHQRPHQD�DV�D�WHVWEHG�DJDLQVW�ZKLFK�WR�FRPSDUH�*&0
UHVXOWV��$�IUDPHZRUN�SURMHFW�WKDW�LQWHJUDWHV�WKHVH�PRGHOLQJ�HOHPHQWV�ZLWK�D�IRFXVHG�GDWD�FROOHFWLRQ
HIIRUW�LV�GHVFULEHG�LQ�VHFWLRQ���

���$576�6FLHQFH�SULRULWLHV

3DOHRFOLPDWLF�UHFRUGV�RI�KLJK�ILGHOLW\�DQG�ZLWK�DQQXDO�UHVROXWLRQ�FDQ�FRQWULEXWH�WR�UHVROYLQJ�NH\
XQFHUWDLQWLHV�LQ�RXU�NQRZOHGJH�RI�WURSLFDO�FOLPDWH�G\QDPLFV�DQG�LPSDFWV�RQ�WZR�PDLQ�IURQWV��)LUVW�
FRQWLQXRXV��VHDVRQDO�DQQXDO�UHFRUGV�RYHU�WKH�SDVW�VHYHUDO�FHQWXULHV�FDQ�WHOO�XV�DERXW�WKH�UDQJH�RI
QDWXUDO�YDULDELOLW\�RI�WURSLFDO�V\VWHPV�DQG�WKHLU�H[WUDWURSLFDO�LPSDFWV��%\�XQGHUVWDQGLQJ�WKH�QDWXUDO
EHKDYLRU�RI�WKHVH�V\VWHPV�RYHU�WKH�VSDQ�RI�VHYHUDO�FHQWXULHV��ZH�FDQ�DVVHVV�WKH�VHQVLWLYLW\�RI�WKHVH
V\VWHPV�WR�YDULRXV�IRUFLQJV��LQFOXGLQJ�QDWXUDO�SKHQRPHQD��H�J��VRODU�DQG�YROFDQLF�FKDQJHV��DQG
DQWKURSRJHQLF�LQSXWV��H�J��LQFUHDVLQJ�JUHHQKRXVH�JDV�FRQFHQWUDWLRQV�DQG�ODQG�XVH�FKDQJHV���:H�FDQ
DVVHVV�WKH�GHJUHH�WR�ZKLFK�WKH�WURSLFV�SOD\�D�UROH�JHQHUDWLQJ�RU�IHHGLQJ�EDFN�RQ�REVHUYHG�FKDQJHV��RU
DOWHUQDWLYHO\��ZKHWKHU�WKH\�DUH�UHODWLYHO\�VWDEOH���5HFRQVWUXFWHG�ILHOGV�IRU�SDVW�FHQWXULHV�FDQ�EH
FRPSDUHG�ZLWK�PRGHO�RXWSXW�WR�DVVHVV�PRGHO�SHUIRUPDQFH��7KXV�LQ�DGGLWLRQ�WR�H[SDQGLQJ�RXU
REVHUYDWLRQDO�EDVHOLQH��DQQXDO�SDOHRFOLPDWH�UHFRUGV�FDQ�SOD\�LPSRUWDQW�UROHV�LQ�FOLPDWH�FKDQJH
GHWHFWLRQ�DQG�DWWULEXWLRQ��LQ�PRGHO�HYDOXDWLRQ��DQG�LQ�LPSDFW�DVVHVVPHQW�

$�VHFRQG�IURQW�RQ�ZKLFK�$576�VFLHQFH�FDQ�FRQWULEXWH�LPSRUWDQW�FOLPDWH�XQGHUVWDQGLQJ�LV�WKURXJK�WKH
UHFRQVWUXFWLRQ�RI�WURSLFDO�YDULDELOLW\�GXULQJ�WLPHV�RI�DOWHUHG�EDFNJURXQG�FOLPDWHV��H�J��WKH�ODVW�LFH�DJH
RU�WKH�PLG�+RORFHQH���7KHVH�UHFRQVWUXFWLRQV�ZLOO�OLNHO\�EH�VKRUWHU��D�IHZ�GHFDGHV��DQG�QRW�IRUP�D
JOREDO�SLFWXUH�DW�DQ\�JLYHQ�LQWHUYDO��GXH�WR�VDPSOH�UHFRYHU\�FRQVWUDLQWV��&RQWLQXRXV�FRUDO�FRUHV�IURP
DQFLHQW�SHULRGV�ZKHQ�FOLPDWH�PHDQV�DQG�IRUFLQJV�ZHUH�GLIIHUHQW�DUH�QRW�VWUDLJKWIRUZDUG�WR�ILQG�RU
VDPSOH��2IWHQ�VXFK�VDPSOHV�DUH�UHFRYHUHG�IRUWXLWRXVO\�GXULQJ�GULOOLQJ�RI�UHHIV�IRU�RWKHU�SXUSRVHV��RU�LQ
RXWFURS�DW�ORFDWLRQV�ZKHUH�WHFWRQLF�XSOLIW�KDV�EURXJKW�WKHP�DERYH�PRGHUQ�VHD�OHYHO��1RQHWKHOHVV��WKHVH
VDPSOHV�RIIHU�D�XQLTXH�VRXUFH�RI�FOLPDWH�REVHUYDWLRQV�EHDULQJ�RQ�WKH�UHODWLRQVKLS�RI�WURSLFDO�YDULDELOLW\
WR�FOLPDWH�PHDQ�VWDWH��8QGHUVWDQGLQJ�WKLV�UHODWLRQVKLS�RIIHUV�REYLRXV�UHOHYDQFH�WR�RXU�DWWHPSWV�WR
SUHGLFW�IXWXUH�FKDQJHV�LQ�YDULDELOLW\�WKDW�PD\�RFFXU�LQ�D�JUHHQKRXVH�ZDUPHG�ZRUOG�

$ORQJ�ERWK�RI�WKHVH�IURQWV��FRQWLQXRXV�UHFHQW�UHFRUGV�DQG�LVRODWHG�¦ZLQGRZV§�GHHSHU�LQ�WKH�SDVW�
$576�VFLHQFH�FDQ�FRQWULEXWH�WR�LPSURYLQJ�FOLPDWH�SUHGLFWDELOLW\��&OLPDWH�SUHGLFWLRQ�LV�DFFRPSOLVKHG
WKURXJK�QXPHULFDO�PRGHOLQJ�DSSURDFKHV�RI�YDU\LQJ�FRPSOH[LW\��$Q�LPSRUWDQW�ZD\�IRU�$576�WR
FRQWULEXWH�WR�LPSURYHG�FOLPDWH�SUHGLFWDELOLW\�ZLOO�EH�WR�SURGXFH�GDWD�WKDW�LV�FRPSDWLEOH�ZLWK�QXPHULFDO
PRGHOV�¤�HLWKHU�DV�LQWHUSRODWHG�ILHOGV�RI�667�WKDW�FDQ�EH�XVHG�WR�GULYH�DWPRVSKHULF�*&0V�RU�DV�ILHOGV
RU�LQGLFHV�RI�ODUJH�VFDOH�SKHQRPHQD�WKDW�FDQ�EH�FRPSDUHG�ZLWK�*&0�RXWSXW��$576�SDUWLFLSDQWV
UHFRJQL]HG�WKLV�QHHG�DQG�LGHQWLILHG�VHYHUDO�VFLHQFH�SULRULWLHV�WKDW�ZLOO�FRQWULEXWH�WR�WKHVH�HIIRUWV��$
PDMRU�RXWFRPH�RI�WKH�$576�SODQQLQJ�PHHWLQJ�ZDV�WKH�LQWHJUDWLRQ�RI�LQGLYLGXDO�HIIRUWV�WR�YDU\LQJ
GHJUHHV�LQWR�UHJLRQDO�SURMHFWV�DV�RXWOLQHG�KHUH��PDQ\�RI�WKHVH�SURMHFWV�DUH�DFWLYHO\�EHLQJ�SXUVXHG�E\
WKRVH�DW�WKH�PHHWLQJ�

����0XOWLFHQWXU\�7URSLFDO�667�)LHOGV

5HFHQW�VWXGLHV�KDYH�HVWDEOLVKHG�WKDW�WKH�WURSLFDO�DWPRVSKHUH�UHVSRQGV�LQ�D�IDLUO\�GHWHUPLQLVWLF�ZD\�WR
YDULDELOLW\�LQ�WURSLFDO�667�ILHOGV��*LYHQ�REVHUYHG�667�ILHOGV��WKHUHIRUH��PDQ\�DVSHFWV�RI�YDULDELOLW\�LQ
WKH�WURSLFDO�DWPRVSKHULF�FLUFXODWLRQ�FDQ�EH�UHSURGXFHG�LQ�PRGHOV��,Q�PDQ\�FDVHV��DVSHFWV�RI�PLG�
ODWLWXGH�FLUFXODWLRQ�FDQ�DOVR�EH�UHSURGXFHG��DV�WHOHFRQQHFWLRQ�SDWWHUQV�DVVRFLDWHG�ZLWK�(162�DUH
LQYRNHG��7KXV��UHFRQVWUXFWLQJ�WURSLFDO�667�ILHOGV�IRU�WKH�SDVW�IHZ�FHQWXULHV�ZLOO�SURYLGH�DQ�LPSRUWDQW
NH\�WR�XQGHUVWDQGLQJ�ERWK�WURSLFDO�DQG�H[WUDWURSLFDO�FOLPDWH�YDULDELOLW\�DQG�PD\�SURYLGH�LQVLJKW�LQWR
WKH�LQWHUDFWLRQ�DPRQJ�JOREDO�QDWXUDO�IRUFLQJV��YROFDQLF�DQG�VRODU�YDULDELOLW\��DV�ZHOO�DV�WKH�JHQHUDOO\
FRROHU�WHPSHUDWXUHV�RI�WKH�VL[WHHQWK�QLQHWHHQWK�FHQWXULHV��DQG�(162�YDULDELOLW\�DQG�WHOHFRQQHFWLRQV�
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)LJXUH ��� 0RGHUQ DYHUDJH DQQXDO 667 �XSSHU� DQG SUHFLSLWDWLRQ IRU WKH WURSLFDO DQG VXEWURSLFDO 3DFLILF EDVLQ�
*UD\ ER[HV VKRZ ORFDWLRQV RI SULRULWL]HG WUDQVHFWV GLVFXVVHG LQ WKLV VHFWLRQ� 3ULRULW\ �� &HQWUDO
3DFLILF 7UDQVHFW �����( � ����:� ���1 � ���6�� 3ULRULW\ �D� :HVWHUQ 7URSLFDO 3DFLILF �����( �
����(� ���1 � ���6�� 3ULRULW\ �E� /RZ�ODWLWXGH =RQDO 7UDQVHFW �����:�����(� ���1 � ���6�� 3ULRULW\
�D� (DVWHUQ 7URSLFDO 3DFLILF �����: � ���:� ���1 � ���6��

7KH�SULPDU\�VRXUFH�RI�WURSLFDO�667�YDULDELOLW\��DQG�WKH�PDLQ�VRXUFH�RI�WKH�DWPRVSKHULF�UHVSRQVH��OLHV
LQ�WKH�WURSLFDO�3DFLILF��5HFRQVWUXFWLQJ�ORZ�ODWLWXGH�3DFLILF�667©V�LV�WKHUHIRUH�D�PDMRU�SULRULW\�IRU
$576��3DUWLFLSDQWV�RXWOLQHG�WKH�FXUUHQW�VWDWXV�RI�3DFLILF�667�UHFRQVWUXFWLRQ�HIIRUWV�DQG�GHILQHG�D
VDPSOLQJ�VFKHPH�WR�ILOO�FULWLFDO�H[LVWLQJ�KROHV�LQ�GDWD�FRYHUDJH��7KH�PDLQ�DSSURDFK�IRU�WKLV�SURMHFW�ZLOO
EH�WKH�UHFRYHU\�DQG�PXOWLYDULDWH�JHRFKHPLFDO�DQDO\VLV�RI�PXOWLFHQWXU\�FRUDO�FRUHV�IURP�NH\�3DFLILF
VLWHV��$�PDMRU�E\SURGXFW�RI�WKLV�HIIRUW�ZLOO�EH��WKURXJK�WKH�FRPELQHG�XVH�RI�R[\JHQ�LVRWRSHV�DQG�WUDFH
HOHPHQWV��WKH�FRQFXUUHQW�PDSSLQJ�RI�UDLQIDOO�DQRPDOLHV�WKDW�VLJQDO�DWPRVSKHULF�FRQYHFWLRQ��6DPSOHV
ZLOO�DOVR�EH�DYDLODEOH�IRU�UDGLRFDUERQ�DQG�RWKHU�JHRFKHPLFDO�DQDO\VHV��'DWD�FRYHUDJH�DQG�JDSV�ZHUH
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DOVR�LGHQWLILHG�IRU�WKH�WURSLFDO�,QGLDQ�DQG�$WODQWLF�2FHDQV��ZKLFK�SOD\�NH\�UROHV�LQ�UHJLRQDO�FOLPDWH
DQRPDOLHV�ZKRVH�FRQQHFWLRQ�WR�(162�PD\�EH�ZHDN��YDULDEOH��RU�QRQH[LVWHQW�

7RS�SULRULW\�IRU�QHZ�VDPSOLQJ�LV�D�WUDQVHFW�RI�LVODQGV�LQ�WKH�FHQWUDO�3DFLILF��)LJXUH������ZLWK�VHFRQG
SULRULW\�JLYHQ�MRLQWO\�WR�D�VLPLODU�WUDQVHFW�LQ�WKH�ZHVWHUQ�3DFLILF�ZDUP�SRRO�DQG�WR�ILOOLQJ�LQ�EHWZHHQ
PHULGLRQDO�WUDQVHFWV�RI�H[LVWLQJ�VDPSOHV�QHDU�WKH�HTXDWRU��$�WKLUG�SULRULW\�LV�LGHQWLILHG�LQ�LQWHJUDWLQJ
DQG�ILOOLQJ�LQ�JDSV�DPRQJ�HDVWHUQ�3DFLILF�UHFRQVWUXFWLRQV�DQG�LQ�,QGLDQ�DQG�$WODQWLF�GRPDLQV�

3ULRULW\����&HQWUDO�3DFLILF�7UDQVHFW������(�������:�����1������6��

7KH�ZDUPHVW�RSHQ�RFHDQ�WHPSHUDWXUHV�RQ�(DUWK�RFFXU�LQ�WKH�IDU�ZHVWHUQ�WURSLFDO�3DFLILF��7KH�H[WHQW�RI
WKH�ZDUP�SRRO��D�PDMRU�VRXUFH�RI�DWPRVSKHULF�ZDWHU�YDSRU�DQG�ODWHQW�KHDW��LV�GHILQHG�E\�WKH�HDVW�ZHVW
667�JUDGLHQW�QHDU�WKH�GDWHOLQH��,QWHUDQQXDO�H[SDQVLRQ�DQG�FRQWUDFWLRQ�RI�WKH�ZDUP�SRRO�DUH�UHODWHG�WR
(162��DQG�ORQJ�WHUP�EDVH�VWDWH�FKDQJHV�LQ�ZDUP�SRRO�VL]H�DQG�SRVLWLRQ�ZRXOG�DOVR�KDYH�D�SURIRXQG
ZRUOGZLGH�LPSDFW��$V�WKLV�WUDQVHFW�ELVHFWV�WKH�VXUIDFH�3DFLILF�ZDUP�SRRO�DQG�H[WHQGV�QRUWK�DQG�VRXWK
LQWR�FRROHU�ZDWHUV��WKH�FKDQJHV�RI�WKH�ERUGHUV�RI�WKH�ZDUP�SRRO�ZLOO�EH�XVHG�WR�WUDFN�WKH�PRYHPHQW�DQG
WKH�RYHUDOO�VL]H�RI�WKH�ZDUP�SRRO�DV�D�IXQFWLRQ�RI�(162��7KH�IUHTXHQF\�RI�VDPSOLQJ�SURSRVHG�LV�D�VLWH
HYHU\����RI�ODWLWXGH��RU����VLWHV�IRU�FROOHFWLRQ�RI�FRUDO�FRUHV��6HYHUDO�FRUHV��������ZLOO�EH�WDNHQ�DW�HDFK
VLWH�WR�HQVXUH�WKDW�DGHTXDWH�PDWHULDO�LV�RQ�KDQG�IRU�IXWXUH�DQDO\VHV��$�GHGLFDWHG�UHVHDUFK�YHVVHO�FDSDEOH
RI�VXSSRUWLQJ�WHDPV�RI�GLYHUV��GULOOHUV��DQG�FRUH�SURFHVVRUV��VKRXOG�EH�XVHG�LQ�RUGHU�WR�PD[LPL]H
HIILFLHQF\��3DUWLFLSDQWV�DJUHHG�WKDW�LQ�WKLV�UHPRWH�UHJLRQ�RI�WKH�ZRUOG��ZLWK�PLQLPDO�LQIUDVWUXFWXUH
ORFDOO\�DYDLODEOH��WKH�W\SLFDO�VPDOO�SURJUDP�DSSURDFK�WR�VDPSOH�UHFRYHU\��XVLQJ�ORFDO�ERDWV�DQG�VLQJOH
GLYH�WHDPV�RI�����SHRSOH��ZRXOG�EH�DW�EHVW�LQHIILFLHQW�DQG�PRVW�OLNHO\�LPSRVVLEOH�

3ULRULW\��D��:HVWHUQ�7URSLFDO�3DFLILF������(�������(�����1������6��

7KH�:HVWHUQ�3DFLILF�7UDQVHFW�KDV�EHHQ�FKRVHQ�WR�UHIOHFW�FKDQJHV�RI�WKH�6RXWK�3DFLILF�&RQYHUJHQFH
=RQH��63&=��DQG�WKH�K\GURORJLF�F\FOH�LQ�WKH�ZDUP�SRRO�RI�WKH�ZHVWHUQ�WURSLFDO�3DFLILF�
5HFRQVWUXFWLRQV�IURP�WKLV�UHJLRQ�VKRXOG�EHDU�RQ�SDVW�ZDWHU�YDSRU�IOX[HV�DV�ZHOO�DV�UHJLRQDO�FRQYHFWLYH
UDLQIDOO��7KH�VDPH�IUHTXHQF\�RI�VDPSOLQJ�ZLOO�EH�QHHGHG�DV�IRU�WKH�&HQWUDO�3DFLILF��HYHU\����RI
ODWLWXGH���2QJRLQJ�ILHOG�HIIRUWV�KDYH�\LHOGHG�FRUDO�FROOHFWLRQV�VXIILFLHQW�IRU�WKLV�OHYHO�RI�DQDO\VLV�
MRLQWO\�DPRQJ�VHYHUDO�LQYHVWLJDWRUV�

3ULRULW\��E��/RZ�ODWLWXGH�=RQDO�7UDQVHFW������:�����(�����1������6��

6LWHV�EHWZHHQ�WKH�PHULGLRQDO�WUDQVHFWV�FORVH�WR�WKH�HTXDWRU�DUH�QHHGHG�WR�WUDFN�HDVW�ZHVW�PRYHPHQW�RI
667�DQG�UDLQIDOO�JUDGLHQWV�LQ�WKH�UHJLRQ�EHWZHHQ�WKH�ZDUP�SRRO�DQG�WKH�HDVWHUQ�3DFLILF�FROG�WRQJXH�
SDUWLFXODUO\�DFURVV�WKH�1,12��UHJLRQ��VSDQQLQJ���1�����6�DQG����:�WR�����:���,Q�WKLV�UHPRWH�UHJLRQ�
ZLWK�VLWHV�VWUHWFKHG�DFURVV�VHYHUDO�WKRXVDQG�NLORPHWHUV�RI�RFHDQ��FRUDO�FRUHV�DQG�ZDWHU�FROXPQ�VDPSOHV
IRU�FDOLEUDWLRQ�SXUSRVHV�ZLOO�EH�FROOHFWHG�XVLQJ�ORFDO�IDFLOLWLHV�DQG�D�IHZ�VKRUW�FUXLVHV�RQ�D�GHGLFDWHG
YHVVHO�

3ULRULW\��D��(DVWHUQ�7URSLFDO�3DFLILF������:������:�����1������6��

,Q�WKLV�UHJLRQ��(162�UHODWHG�667�DQRPDOLHV�UHDFK�WKHLU�ODUJHVW�H[FXUVLRQV�DQG�H[LVWLQJ�FRUDO
FROOHFWLRQV�DUH�EHJLQQLQJ�WR�SURYLGH�LQVLJKW�LQWR�YDULDELOLW\�RYHU�WKH�SDVW�IHZ�FHQWXULHV��2QJRLQJ�HIIRUWV
IURP�0H[LFR�WR�WKH�*DODSDJRV�DUH�SURGXFLQJ�FRUDO�EDVHG�667�UHFRQVWUXFWLRQV��DQG�DGGLWLRQDO�HIIRUWV
DUH�QHHGHG�WR�LQWHJUDWH�WKHVH�UHFRUGV��KHOG�DPRQJ�VHYHUDO�LQYHVWLJDWRUV��LQWR�D�UHJLRQDO�SLFWXUH��$Q
LQWHJUDWHG�UHFRUG�RI�(O�1LxR�DFWLYLW\�LQ�WKLV�WUDQVHFW�VKRXOG�UHYHDO�WKH�YDULDELOLW\�DQG�PHFKDQLVPV�RI
WHOHFRQQHFWLRQV�EHWZHHQ�3DFLILF�FOLPDWH�DQG�WKH�$PHULFDV�

3ULRULW\��E��,QGLDQ�2FHDQ�UHFRUGV

,Q�WKH�WURSLFDO�,QGLDQ�2FHDQ��PDQ\�LQYHVWLJDWRUV�DUH�LQGHSHQGHQWO\�SXUVXLQJ�WKH�GHYHORSPHQW�RI�ORQJ
FRUDO�UHFRUGV�IURP�VHYHUDO�VLWHV��1HWZRUNV�RI�UHFRUGV�DUH�XQGHUZD\�DORQJ�WKH�$IULFDQ�FRDVW��LQ�WKH
RIIVKRUH�LVODQGV�RI�WKH�ZHVWHUQ�,QGLDQ�2FHDQ��DQG�DORQJ�WKH�ZHVWHUQ�FRDVW�RI�$XVWUDOLD��$V�WKHVH�DQG
RWKHU�UHFRUGV�EHFRPH�DYDLODEOH��DQG�DV�IXUWKHU�DQDO\VLV�LV�SHUIRUPHG�WR�DVVHVV�WKH�VSDWLDO�VFDOHV�RI
UHOHYDQFH�RI�WKHVH�UHFRUGV��ZH�ZLOO�EH�EHWWHU�DEOH�WR�LGHQWLI\�JDSV�WKDW�UHTXLUH�ILOOLQJ��)RU�H[DPSOH�
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VKRUW�UHFRUGV�IURP�LVODQGV�LQ�,QGLDQ�ZDWHUV�VKRZ�JUHDW�SURPLVH�IRU�ORQJ�UHFRQVWUXFWLRQV��DOWKRXJK�ORQJ
FRUHV�DUH�QRW�\HW�UHFRYHUHG��&KDNUDERUW\�DQG�5DPHVK������DQG�SHUVRQDO�FRPPXQXQLFDWLRQ��

3ULRULW\��F��$WODQWLF�2FHDQ�&DULEEHDQ�UHFRUGV

,Q�WKH�$WODQWLF�DQG�&DULEEHDQ��QHWZRUNV�RI�UHFRUGV�DUH�DOVR�XQGHU�GHYHORSPHQW��SDUWLFXODUO\�DURXQG
)ORULGD�DQG�LQ�WKH�VRXWKHDVWHUQ�&DULEEHDQ��2QFH�WKHVH�UHFRUGV�DUH�DYDLODEOH��JDSV�IRU�IXWXUH�VDPSOLQJ
ZLOO�EH�PRUH�UHDGLO\�LGHQWLILHG��0DQ\�RI�WKH�FRQWLQHQWDO�FRDVWOLQHV�LQ�WKH�$WODQWLF�SURYLGH�XQIDYRUDEOH
KDELWDWV�IRU�FRUDOV�JURZWK��GXH�WR�WKH�SUHVHQFH�RI�ODUJH��VHGLPHQW�ODGHQ�ULYHUV��H�J��WKH�$PD]RQ�
2ULQRFR��1LJHU�DQG�&RQJR���WKHUH�DUH�IHZHU�RIIVKRUH�LVODQGV�UHPRWH�IURP�ULYHU�LQIOXHQFH��WKDQ�LQ�WKH
3DFLILF�DQG�,QGLDQ�2FHDQV��+RZHYHU��PDQ\�&DULEEHDQ�FRDVWOLQHV��FRQWLQHQW�DQG�ZHOO�DV�LVODQG��VXSSRUW
KHDOWK\�UHHIV�WKDW�KDYH�QRW�EHHQ�VDPSOHG��,VODQGV�RII�RI�$IULFD��VXFK�DV�6DR�7RPH�3ULQFLSH��DOVR�RIIHU
SURPLVH��WKHLU�ODFN�RI�LQIUDVWUXFWXUH�PD\�UHTXLUH�GHGLFDWHG�UHVHDUFK�YHVVHO�VXSSRUW�DV�LQ�WKH�FHQWUDO
3DFLILF��:RUNVKRS�SDUWLFLSDQWV�DOVR�GLVFXVVHG�D�WKHPH�IRU�FRRUGLQDWLQJ�&DULEEHDQ�UHVHDUFK�HIIRUWV
DURXQG�DQDO\VLV�RI�SDVW�SDWWHUQV�RI�ZDWHU�WKURXJKIORZ�IURP�WKH�HTXDWRULDO�$WODQWLF�WR�WKH�*XOI�6WUHDP
�&$6(���&DULEEHDQ�6DOLQLW\�([SHULPHQW���7KH�PDLQ�IRFXV�RI�WKLV�HIIRUW�LV�WR�GHWHUPLQH�WKH�H[WHQW�WR
ZKLFK�YDULDELOLW\�LQ�WKH�LQIOXHQFH�RI�HTXDWRULDO�ZDWHUV�LQ�WKH�&DULEEHDQ�LPSDFWV�WKH�WUDQVSRUW�RI�KHDW
DQG�VDOW�WR�WKH�1RUWK�$WODQWLF�

����5HFRQVWUXFWLQJ�2FHDQ�&LUFXODWLRQ�IURP�
��
&�LQ�FRUDOV���6HDVRQV�WR�&HQWXULHV

7KH�GLVWULEXWLRQ�RI�UDGLRFDUERQ�LQ�WKH�RFHDQ�LV�D�SRZHUIXO�WUDFHU�RI�RFHDQ�FLUFXODWLRQ��%\�PHDVXULQJ
UDGLRFDUERQ�LQ�FRUDOV�DQG�RWKHU�FDUERQDWH�RUJDQLVPV�WKDW�IRUP�VNHOHWRQV�ZLWK�DQQXDO�RU�VXE�DQQXDO
EDQGLQJ��WLPH�VHULHV�UHFRUGV�DOORZ�IRU�VWXG\�RI�ORQJ�WHUP�YDULDELOLW\�LQ�RFHDQ�FLUFXODWLRQ�SDWWHUQV��H�J�
'UXIIHO��������������FRPSOHPHQWLQJ�UHFHQW�ZDWHU�VDPSOLQJ�HIIRUWV��7KURXJK�WKH�FROOHFWLRQ�RI
DGGLWLRQDO�UDGLRFDUERQ�WLPH�VHULHV�DQG�WKH�LQFRUSRUDWLRQ�RI�WKHVH�GDWD�LQWR�RFHDQ�FLUFXODWLRQ�PRGHOV�
WKHVH�WHFKQLTXHV�FDQ�EH�XVHG�WR�VWXG\�YDULDELOLW\�LQ�RFHDQ�FLUFXODWLRQ�RYHU�D�UDQJH�RI�WLPH�VFDOHV�

�������3DFLILF�5DGLRFDUERQ�2FHDQ�&LUFXODWLRQ�([SHULPHQW��352F&L(�

7KH�IRFXV�RI�WKLV�VSHFLILF�LQLWLDWLYH�LV�RQ�UDGLRFDUERQ�YDULDELOLW\�DW�VHDVRQDO�DQG�LQWHUDQQXDO�WLPH�VFDOHV
RYHU�WKH�ODVW����\HDUV�DV�D�FRQVWUDLQW�RQ�QHDU�VXUIDFH�RFHDQ�FLUFXODWLRQ�LQ�WKH�WURSLFDO�3DFLILF��7KURXJK
WKH�XVH�RI�FRUDO�VNHOHWRQV�DV�VWDWLRQDU\�PRQLWRUV�RI�VXUIDFH�UDGLRFDUERQ�FRQWHQW��WKLV�SURJUDP�ZLOO
GRFXPHQW�KRZ�ERPE�SURGXFHG�UDGLRFDUERQ�KDV�SHQHWUDWHG�LQWR�WKH�VXUIDFH�RFHDQ��DQG�WKHQ�KDV�EHHQ
UHGLVWULEXWHG�E\�XSZHOOLQJ�DQG�WKH�PRYHPHQW�RI�VXUIDFH�FXUUHQWV��7KLV�ZRUN�ZLOO�UHTXLUH�PXOWLSOH
UDGLRFDUERQ��DQG�VWDEOH�FDUERQ�DQG�R[\JHQ�LVRWRSH��UHFRUGV�IURP�FRUDOV�JURZLQJ�DFURVV�WKH�3DFLILF
ZLWK�UDGLRFDUERQ�PHDVXUHPHQWV�PDGH�DW�DSSUR[LPDWHO\�ELPRQWKO\�UHVROXWLRQ��DV�ZHOO�DV�VRPH
PHDVXUHPHQWV�RQ�VFOHURVSRQJHV�DQG�GHHS�VHD�FRUDOV�JURZLQJ�ZLWKLQ�WKH�WKHUPRFOLQH�

,QLWLDO�DQDO\WLFDO�HIIRUWV�ZLOO�IRFXV�RQ�FRUDO�VDPSOHV�FROOHFWHG�GXULQJ�SDVW�SDOHRFOLPDWLF�SURMHFWV��ZLWK
DGGLWLRQDO�VDPSOHV�WR�EH�FROOHFWHG�LQ�FRRUGLQDWLRQ�ZLWK�RWKHU�LQLWLDWLYHV�ZLWKLQ�$576��3DUDOOHO�HIIRUWV
ZLOO�LQFRUSRUDWH�UDGLRFDUERQ�DV�D�WUDFHU�LQWR�RFHDQ�FLUFXODWLRQ�PRGHOV��ZLWK�DQ�HPSKDVLV�RQ�VHQVLWLYLW\
DQDO\VLV�DQG�PRGHO�GHYHORSPHQW��7KH�V\QWKHVLV�RI�PRGHOLQJ�DQG�DQDO\WLFDO�HIIRUWV�ZLOO�IRFXV�RQ�WKH
TXHVWLRQ�RI�ZKLFK�FLUFXODWLRQ�SDWWHUQV�LQ�WKH�WURSLFDO�3DFLILF�DUH�FRQVLVWHQW�ZLWK�WKH�UDGLRFDUERQ
GLVWULEXWLRQ�DV�PHDVXUHG�LQ�FRUDOV��DV�ZHOO�DV�DOO�RWKHU�DYDLODEOH�GDWD�IURP�ZDWHU�VDPSOLQJ�SURJUDPV
VXFK�DV�*(26(&6��:2&(�DQG�PRQLWRULQJ�SURJUDPV�VXFK�DV�72*$��7KH�UHVXOWV�RI�WKLV�LQLWLDWLYH�ZLOO
OHDG�WR�JUHDWHU�XQGHUVWDQGLQJ�RI�VHDVRQDO�DQG�LQWHUDQQXDO�YDULDELOLW\�LQ�FLUFXODWLRQ�SDWWHUQV�LQ�WKH
WURSLFDO�3DFLILF�DQG�WR�LPSURYLQJ�WKH�DFFXUDF\�RI�RFHDQ�FLUFXODWLRQ�PRGHOV�ZKLFK�ZLOO�EHQHILW�D�UDQJH
RI�RWKHU�SURJUDPV�LQFOXGLQJ�WKRVH�FRQFHUQHG�ZLWK�WKH�RFHDQ
V�UROH�LQ�WKH�JOREDO�FDUERQ�F\FOH�

�������'HFDGDO�9DULDELOLW\�LQ�6XUIDFH�&XUUHQWV�WKURXJK�WKH���WK�&HQWXU\

5DGLRFDUERQ�UHFRUGV�IURP�FRUDOV�H[WHQGLQJ�EDFN�VHYHUDO�FHQWXULHV�FDQ�EH�XVHG�WR�DGGUHVV�NH\�TXHVWLRQV
LQYROYLQJ�GHFDGDO�WR�FHQWHQQLDO�YDULDWLRQV�LQ�RFHDQ�FLUFXODWLRQ��,Q�WKH�3DFLILF��VXFK�FRUDO�UHFRUGV�FDQ�EH
XVHG�WR�GHWHUPLQH�ZKHWKHU�WKHUH�DUH�OLQNV�EHWZHHQ�WKH�LQWHQVLW\�DQG�ORFDWLRQ�RI�PDMRU�RFHDQ�FXUUHQWV
DQG�SDVW�FKDQJHV�LQ�WKH�6RXWKHUQ�2VFLOODWLRQ��6XFK�UHFRUGV�IURP�WKH�$WODQWLF�2FHDQ�FDQ�DGGUHVV
ZKHWKHU�FKDQJHV�LQ�WKH�$WODQWLF�GLSROH�DUH�UHODWHG�WR�FKDQJHV�LQ�ZDWHU�PDVV�UHQHZDO��PRGH�ZDWHU�RU



��

���&�ZDWHU�IRUPDWLRQ��LQ�WKH�1RUWK�$WODQWLF��)LQDOO\��UHFRUGV�IURP�WKH�,QGLDQ�2FHDQ�FDQ�UHVROYH
SDWWHUQV�RI�PRQVRRQ�YDULDWLRQ�RYHU�GHFDGDO�WLPH�VFDOHV��7KH�PDLQ�GDWD�UHTXLUHPHQWV�IRU�WKHVH�VWXGLHV
DUH�DQQXDO�DQG�VHDVRQDO�UHFRUGV�RI�UDGLRFDUERQ��G

��
2��DQG�G

��
&�IURP�PXOWLFHQWXU\�FRUHV�RI�UHFHQW�FRUDO

VNHOHWRQV��6RPH�VDPSOHV�DUH�DYDLODEOH�QRZ��,QGLDQ�2FHDQ�7UDQVHFW�����(����(�����6����1��DQG�RWKHUV
ZLOO�QHHG�WR�EH�FROOHFWHG��&HQWUDO�3DFLILF�7UDQVHFW�����������1����6���$EVROXWH�WLPH�FKURQRORJ\������
\U��LV�QHHGHG�LQ�VRPH�RI�WKH�UHFRUGV��DQG�ODUJHU�ERXQGV�FDQ�EH�WROHUDWHG�IRU�RWKHUV����VHYHUDO�\U��
GHSHQGLQJ�RQ�WKH�WLPH�VFDOH�RI�LQWHUHVW�

������$QFLHQW�&RUDO�5HFRUGV�RI�2FHDQ�&LUFXODWLRQ

5DGLRFDUERQ�PHDVXUHPHQWV�LQ�FRUDOV�IURP�WKH�+RORFHQH�DQG�UHFHQW�3OHLVWRFHQH�ZLOO�UHYHDO�SDVW�RFHDQ
G\QDPLFV�DW�WLPHV�ZKHQ�WKH�FOLPDWH�V\VWHP�PD\�KDYH�EHHQ�UDGLFDOO\�GLIIHUHQW�IURP�WRGD\��$OWKRXJK
ORQJ�FRUDO�UHFRUGV�DUH�UDUH�LQ�WKH�IRVVLO�UHFRUG��+RORFHQH�DQG�3OHLVWRFHQH�VDPSOHV�IURP�XSOLIWHG�UHHIV
FDQ�SURYLGH�FRQVWUDLQWV�RQ�ODUJH�VFDOH�VKLIWV�LQ�RFHDQ�FLUFXODWLRQ�DVVRFLDWHG�ZLWK�ODUJHU�FOLPDWLF
FKDQJHV�

����2WKHU�UHFRUGV�RI�DQQXDO�FOLPDWH�YDULDELOLW\

������7UHH�ULQJ�GDWD

$QQXDOO\�GDWHG�WUHH�ULQJ�FKURQRORJLHV�WKDW�DUH�VHQVLWLYH�WR�FOLPDWH�KDYH�EHHQ�GHYHORSHG�IRU�D�IHZ
XQLTXH�VSHFLHV�LQ�WKH�WURSLFV��LQFOXGLQJ�WHDN��7HFWRQD�JUDQGLV��XQGHU�WKH�ZHVWHUQ�FHQWHU�RI�DFWLRQ�RI
WKH�6RXWKHUQ�2VFLOODWLRQ�LQ�-DYD��7KH�RSSRUWXQLW\�H[LVWV�WR�GHYHORS�DGGLWLRQDO�FKURQRORJLHV�LQ�WKH
WURSLFV��DQG�SULRULW\�LV�SODFHG�RQ�WKRVH�DUHDV�LQ�WKH�WURSLFV�DQG�H[WUDWURSLFV�ZKHUH�WUHH�ULQJ
FKURQRORJLHV�SUHVHQWO\�GR�QRW�H[LVW��DQG�ZKHUH�VWURQJ�DQG�FRQVLVWHQW�WURSLFDO�WHOHFRQQHFWLRQV�KDYH�EHHQ
LGHQWLILHG�LQ�WKH�LQVWUXPHQWDO�PHWHRURORJLFDO�UHFRUG��,Q�SDUWLFXODU��WKLV�VKRXOG�LQFOXGH�DGGLWLRQDO
FROOHFWLRQV�IURP�ODQG�DUHDV�LQ�WKH�ZHVWHUQ�3DFLILF�ZDUP�SRRO��0DRNH�0RXQWDLQ�5DQJH�LQ�1HZ
*XLQHD���WKH�1RUGHVWH�RI�%UD]LO��0H[LFR��HDVWHUQ�VXEWURSLFDO�6RXWK�$PHULFD��,QGLD��DQG�HDVWHUQ�DQG
VRXWKHUQ�$IULFD��$GGLWLRQDO�FKURQRORJLHV�IURP�$VLD�VKRXOG�KHOS�WR�LGHQWLI\�PRQVRRQ�YDULDELOLW\�DQG
SRWHQWLDOO\�YDULDELOLW\�LQ�K\SRWKHVL]HG�PRQVRRQ�IRUFLQJV�VXFK�DV�VQRZ�FRYHU�

������6FOHURVSRQJHV

6FOHURVSRQJHV�DUH�D�QHZO\�LGHQWLILHG�PDULQH�SUR[\�LQGLFDWRU�RI�FOLPDWH�FKDQJH��DQG�DGGLWLRQDO�SUR[\
GHYHORSPHQW�ZRUN�OLHV�DKHDG��7KH�PRVW�LPSRUWDQW�LVVXH�IRU�UDSLG�UHVROXWLRQ�LV�FKURQRORJ\��+RZ�FDQ
DQQXDO�DJH�DVVLJQPHQWV�EH�YHULILHG"�,W�LV�XQOLNHO\�WKDW�DOO�VFOHURVSRQJHV�KDYH�WKH�SRWHQWLDO�WR�\LHOG
DQQXDO�UHVROXWLRQ��,V�WKHUH�SRWHQWLDO�IRU�DQ�DEVROXWH�DQQXDO�FKURQRORJ\�WKURXJKRXW�D�UHFRUG"�$OWKRXJK
WKH�VWDEOH�LVRWRSHV�RI�R[\JHQ�DQG�FDUERQ�DUH�NQRZQ�WR�EH�XVHIXO�LQ�VFOHURVSRQJHV��IHZ�DGGLWLRQDO
WUDFHUV�KDYH�EHHQ�VWXGLHG�DQG�QRQH�KDYH�EHHQ�FDOLEUDWHG��'HYHORSPHQW�ZRUN�RQ�WKH�VFOHURVSRQJH
DUFKLYH�LV�LPSRUWDQW�DV�WKHVH�RUJDQLVPV�DUH�ORQJ�OLYHG��EHFDXVH�WKH\�DUH�IRXQG�RYHU�D�UDQJH�RI�ZDWHU
GHSWKV��WKH\�FDQ�SURYLGH�LQIRUPDWLRQ�DERXW�YDULDELOLW\�ZLWKLQ�WKH�WKHUPRFOLQH�RU�VXE�WKHUPRFOLQH�
SRVVLEO\�VKHGGLQJ�OLJKW�RQ�SURSRVHG�PHFKDQLVPV�RI�WURSLFDO�VXUIDFH�ZDWHU�YDULDWLRQ��H�J��*X�DQG
3KLODQGHU��������7KH�FXUUHQW�VWDWXV�RI�VFOHURVSRQJHV�DV�SDOHRFOLPDWH�LQGLFDWRUV��DQG�LVVXHV�UHPDLQLQJ
LQ�WKHLU�DSSOLFDWLRQ��ZHUH�WKH�IRFXV�RI�D�UHFHQW�ZRUNVKRS��:RUNVKRS�RQ�WKH�8VH�RI�6FOHURVSRQJHV�DV
3UR[\�&OLPDWH�,QGLFDWRUV��DQG�DUH�VXPPDUL]HG�E\�6ZDUW�HW�DO���������

������,FH�&RUHV�DQG�6HGLPHQWV

,FH�FRUHV�DQG�PDULQH�WHUUHVWULDO�VHGLPHQW�VHTXHQFHV�KDYH�ORQJ�EHHQ�NH\�DUFKLYHV�RI�SDVW�FOLPDWH
YDULDELOLW\��7KH\�ZLOO�FRQWLQXH�WR�SURYLGH�LQVLJKWV�RQ�DQQXDO�WR�����N\U�WLPHVFDOHV�DQG�FHUWDLQ�RI�WKHVH
DUFKLYHV�DUH�RI�GLUHFW�LQWHUHVW�WR�$576��,FH�FRUHV�IURP�UHJLRQV�WKDW�WUDFN�PRLVWXUH�IOX[HV�ZLWKLQ�WKH
WURSLFV�RU�IURP�DUHDV�ZLWK�VWURQJ�WHOHFRQQHFWHG�UHVSRQVHV�WR�ODUJH�WURSLFDO�FOLPDWH�V\VWHPV�DUH�RI�PRVW
REYLRXV�LQWHUHVW��6SHFLILF�WDUJHWV�GLVFXVVHG�DW�WKH�$576�ZRUNVKRS�LQFOXGH�H[WHQGLQJ�D�ODWLWXGLQDO
WUDQVHFW�DORQJ�WKH�$QGHV�0RXQWDLQV�ZKHUH�WKLV�RURJUDSKLF�IHDWXUH�LQWHUVHFWV�PRLVWXUH�GHULYHG�LQ�SDUW
IURP�WKH�FRQYHFWLYH�FHQWHUV�RI�WKH�ZHVWHUQ�3DFLILF��:H�DOVR�GLVFXVVHG�FROOHFWLQJ�D�VHULHV�RI�LFH�FRUHV
IURP�DQ�DOWLWXGH�WUDQVHFW�WR�GHULYH�LQIRUPDWLRQ�DERXW�KLJK�IUHTXHQF\�YDULDELOLW\�LQ�ODSVH�UDWH�DQG�KHQFH
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PRLVWXUH�FRQWHQW�RI�WKH�VXE�WURSLFDO�DWPRVSKHUH��,Q�DGGLWLRQ��PXOWLSOH�WDUJHWV�H[LVW�LQ�$VLD�WKDW�FDQ
SURYLGH�DQQXDOO\�UHVROYHG�LQIRUPDWLRQ�DERXW�SDVW�YDULDELOLW\�LQ�WKH�PRQVRRQ�

0RVW�VHGLPHQWDU\�V\VWHPV�ODFN�WKH�DQQXDO�UHVROXWLRQ�UHTXLUHG�IRU�$576�UHVHDUFK��+RZHYHU�H[FHSWLRQV
H[LVW�LQ�VRPH�RFHDQ�PDUJLQ�UHJLRQV�DQG�LQ�PDQ\�ODNHV��:RUNVKRS�SDUWLFLSDQWV�UHFRPPHQGHG
H[SORUDWRU\�UHVHDUFK�LQ�FORVHG�EDVLQ�ODNH�V\VWHPV�RI�WKH�WURSLFV��SDUWLFXODUO\�LQ�DUHDV�ZLWK�ODUJH
VHDVRQDO�YDULDELOLW\�LQ�SUHFLSLWDWLRQ�WKDW�PLJKW�EH�H[SHFWHG�WR�SURGXFH�DQQXDO�VLJQDOV�LQ�VHGLPHQWV�
7KHUH�DSSHDU�WR�EH�IHZ�WURSLFDO�PDULQH�VHGLPHQWDU\�DUFKLYHV�ZLWK�DQQXDO�UHVROXWLRQ��EXW�WKH�VXFFHVV�RI
FRULQJ�LQ�GULOOLQJ�LQ�VLWHV�VXFK�DV�WKH�&DULDFR�%DVLQ�DUJXHV�IRU�FRQWLQXLQJ�WKH�VHDUFK�IRU�QHZ�WDUJHWV��,Q
DGGLWLRQ��LW�LV�GHVLUDEOH�IRU�WKH�2FHDQ�'ULOOLQJ�3URJUDP�WR�FRQWLQXH�WR�GHYRWH�UHVRXUFHV�WR�WKH�UHFRYHU\
RI�PXOWLSOH�GULOO�FRUHV�IURP�EDVLQV�FRQWDLQLQJ�YDUYHG�VHGLPHQWV��VXFK�DV�WKH�6DQWD�%DUEDUD�%DVLQ�
&DULDFR�%DVLQ��DQG�WKH�3DOPHU�'HHS�

���,QLWLDO�,PSOHPHQWDWLRQ��&OLPDWH�RI�WKH���WK�&HQWXU\

0DQ\�RI�WKH�SULPDU\�REMHFWLYHV�RI�$576�IDOO�ZLWKLQ�D�FRPPRQ�WLPH�GRPDLQ�RI�WKH�SDVW�IHZ�FHQWXULHV
DQG�LQYROYH�FRPPRQ�QHHGV�DQG�DSSURDFKHV��$V�ZHOO��LPSRUWDQW�GDWD�DUH�EHFRPLQJ�DYDLODEOH�IRU�WKH
SDVW�IHZ�FHQWXULHV�IURP�LQGLYLGXDO�DQG�VPDOO�JURXS�HIIRUWV��DQG�WKHVH�UHFRUGV�QHHG�WR�EH�LQWHJUDWHG�LQWR
D�EURDGHU�FRQWH[W��$576�SDUWLFLSDQWV�SURSRVHG�DQ�RYHUDUFKLQJ�IUDPHZRUN�SURJUDP��WHQWDWLYHO\�WLWOHG
&OLPDWH�RI�WKH�1LQHWHHQWK�&HQWXU\��&1&���IRU�FRRUGLQDWLQJ�UHVHDUFK�REMHFWLYHV�WKDW�IRFXV�RQ�WKH�SDVW
WZR�RU�PRUH�FHQWXULHV��7KLV�SURMHFW�DLPV�WR�GHYHORS�D�EHWWHU�DVVHVVPHQW�DQG�XQGHUVWDQGLQJ�RI�FOLPDWH
YDULDELOLW\�RYHU�DQQXDO�FHQWXU\�WLPH�VFDOHV��XVLQJ�WKH�PRVW�UHFHQW�FHQWXULHV�DV�D�JXLGH�WR�FOLPDWH
SDWWHUQV��SURFHVVHV��VHQVLWLYLW\�DQG�VWDELOLW\��,Q�SDUWLFXODU��WKH���

WK
�FHQWXU\�UHSUHVHQWV�D�SHULRG�UHODWLYHO\

XQDIIHFWHG�E\�DQWKURSRJHQLF�FOLPDWH�IRUFLQJV��DQG�WKXV�D�UHDVRQDEOH�EDVHOLQH�IRU�FRPSDULVRQ�ERWK�ZLWK
DQFLHQW�SHULRGV�DQG�ZLWK�WKH�ODWH���

WK
�FHQWXU\�¦JUHHQKRXVH§�ZRUOG��7KH���WK�FHQWXU\�LV�DOVR�PRVW

DFFHVVLEOH�LQ�WHUPV�RI�GDWD�GHQVLW\�DQG�FDQ�SURYLGH�D�XVHIXO�WHVWEHG�IRU�WKLV�DSSURDFK��EXW�D�ORQJHU�WLPH
IUDPH�VKRXOG�EH�FRQVLGHUHG�LQ�WKLV�SURMHFW�ZKHUHYHU�SRVVLEOH�

7KLV�SURJUDP�UHTXLUHV�WKH�SDUDOOHO�GHYHORSPHQW�RI�PXOWLFHQWXU\�UHFRQVWUXFWLRQV�RI�WURSLFDO�667�ILHOGV�
DWPRVSKHULF�DQG�K\GURORJLF�YDULDEOHV��DQG�KLVWRULHV�RI�FOLPDWH�IRUFLQJ�IDFWRUV��&1&�ZLOO�XWLOL]H
LQGLFHV��JULGGHG�ILHOGV��DQG�WLPH�VHULHV�RI�WKHVH�SDUDPHWHUV�WR�GULYH�DWPRVSKHULF�*&0V�DQG�HYDOXDWH
WKHLU�UHVXOWV�LQ�WHUPV�RI�PRGHO�SHUIRUPDQFH��FOLPDWH�VHQVLWLYLW\��DQG�SDWWHUQ�VWDELOLW\��7KH�VWHSV�QHHGHG
WR�LPSOHPHQW�&1&�DUH�GHWDLOHG�KHUH��PDQ\�RI�WKHVH�VWHSV�DUH�XQGHUZD\�LQ�VRPH�IRUP�DOUHDG\��DPRQJ
LQGLYLGXDO�UHVHDUFKHUV�DQG�VPDOO�JURXSV��([LVWLQJ�GDWD�DUH�WRR�VSDUVH�WR�DWWHPSW�&1&�PRGHO�UXQV�DW�WKLV
VWDJH��EXW�FRRUGLQDWLRQ�RI�H[LVWLQJ�GDWD�ZLWK�RQJRLQJ�ILHOG�FDPSDLJQV�ZLOO��ZH�H[SHFW��LGHQWLI\
VWUDWHJLHV�IRU�REWDLQLQJ�PD[LPXP�SDOHR�667�LQIRUPDWLRQ�PRVW�HIILFLHQWO\��H�J��(YDQV�HW�DO������D�E��
:H�VXJJHVW�WKDW�D�IROORZ�XS�ZRUNVKRS�WR�WKH�$576�SODQQLQJ�PHHWLQJ�EH�KHOG�LQ�WKH�QHDU�IXWXUH�WR
GHVLJQ�DQ�LPSOHPHQWDWLRQ�SODQ�IRU�&1&�

+HUH�ZH�RXWOLQH�WKH�FRQFHSW�RI�&1&�LQ�WKH�EHOLHI�WKDW�LW�ZLOO�HQFRXUDJH�WKH�FRRUGLQDWLRQ�RI�LQGHSHQGHQW
JURXSV�DQG�WKH�H[FKDQJH�RI�GDWD�DQG�DSSURDFKHV�QHHGHG�WR�SURGXFH�D�JOREDO�V\QWKHVLV�RI�UHFHQW�FOLPDWH
YDULDELOLW\�DQG�LWV�SRVVLEOH�FDXVHV�

����3DOHRFOLPDWLF�UHFRQVWUXFWLRQ�

x��8VH�WKH�DQQXDOO\�UHVROYHG�SDOHRFOLPDWLF�UHFRUG��LQFOXGLQJ�GDWD�IURP�FRUDOV��WUHH�ULQJV��LFH�FRUHV��DQG
RWKHU�DSSURSULDWH�DUFKLYHV��WR�UHFRQVWUXFW��ZLWK�VHDVRQDO�UHVROXWLRQ��WURSLFDO�667V�

x��8VH�WKH�DQQXDO�SDOHRFOLPDWLF�UHFRUG�WR�UHFRQVWUXFW�DGGLWLRQDO�DWPRVSKHULF��RFHDQLF��DQG�K\GURORJLF
DVSHFWV�RI�FOLPDWH��LQFOXGLQJ�SUHFLSLWDWLRQ��666��DQG�RFHDQ�FXUUHQWV�

x��&RQGXFW�ILHOG�VDPSOLQJ�FDPSDLJQV�LQ�XQGHUVDPSOHG�UHJLRQV�NQRZQ�WR�EH�LPSRUWDQW�LQ�WHUPV�RI�WKH
VSDWLDO�DQG�WHPSRUDO�FRKHUHQF\�RI�WKHLU�YDULDQFH�DQG�WKH�LPSDFW�RI�WKDW�YDULDQFH�RQ�JOREDO�FOLPDWH
�H�J��WKH�FHQWUDO�3DFLILF��
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x��$FTXLUH�RU�GHYHORS�KLVWRULHV�RI�FOLPDWH�IRUFLQJ�IXQFWLRQV�IRU�WKH�VDPH�SHULRG��LQFOXGLQJ�LQVRODWLRQ�
YROFDQLF�GXVW��DQG�JUHHQKRXVH�JDVVHV�

����'DWD�SURFHVVLQJ�DQG�QXPHULFDO�DQDO\VLV�

x��'HVLJQ�DQ�RSWLPDO�QHWZRUN�RI�VLWHV�IRU�667�UHFRQVWUXFWLRQ��EDVHG�RQ�VSDWLDO�FRKHUHQF\�RI�SDWWHUQV�LQ
PRGHUQ�667�ILHOGV��LQFOXGLQJ�LWHUDWLYH�DQDO\VLV�RI�KRZ�WR�H[SDQG�WKH�H[LVWLQJ�QHWZRUN�LQ�D�ZD\�WKDW
\LHOGV�WKH�PD[LPXP�DPRXQW�RI�QHZ�LQIRUPDWLRQ�

x��'HYHORS��IURP�SRLQW�UHFRQVWUXFWLRQV��LQWHUSRODWHG�FOLPDWH�ILHOGV�ZLWK�H[SOLFLW�HUURU�HVWLPDWHV�WR
HQDEOH�SDOHRFOLPDWLF�GDWD�WR�EH�XVHG�WR�GULYH�$*&0V�DQG�WR�IDFLOLWDWH�FRPSDULVRQV�DPRQJ�PRGHO
RXWSXW�DQG�UHFRQVWUXFWHG�ILHOGV�

x��'HYHORS�UHFRQVWUXFWHG�LQGLFHV�RI�PRGHUQ�FOLPDWH�SDWWHUQV��H�J��(162��WKH�$WODQWLF�WURSLFDO�GLSROH�
WKH�$VLDQ�PRQVRRQ��IURP�SRLQW�UHFRQVWUXFWLRQV��ZLWK�H[SOLFLW�HUURU�HVWLPDWHV�

����1XPHULFDO�PRGHOLQJ

x��)RUFH�JOREDO�$*&0V�ZLWK�VSHFLILHG�WURSLFDO�667
V�WR�VLPXODWH�WKH�HYROXWLRQ�RI�FOLPDWH�VLQFH�WKH
QLQHWHHQWK�FHQWXU\��LQFRUSRUDWLQJ�RU�WHVWLQJ�DGGLWLRQDO�NQRZQ�IRUFLQJV��H�J�LQVRODWLRQ��JUHHQKRXVH
JDVHV��WURSRVSKHULF�DHURVROV���(QVHPEOH�UXQV�ZLOO�GHWHUPLQH�ZKLFK�DVSHFWV�RI�WKH�FOLPDWH�DUH
UHSURGXFLEOH�

x��$SSO\�DQ�LWHUDWLYH�VWUDWHJ\�WR�WKH�PRGHO�GDWD�FRPSDULVRQ�DQG�WR�WKH�DSSOLFDWLRQ�RI�FOLPDWH�IRUFLQJ
IXQFWLRQV��DV�QHZ�GDWD�EHFRPH�DYDLODEOH��WR�FRQYHUJH�RQ�D�PRVW�OLNHO\�JOREDO�SLFWXUH�RI�WKH
HYROXWLRQ�RI�FOLPDWH�RYHU�WKH�SDVW�FHQWXULHV�

����(YDOXDWLRQ�DQG�V\QWKHVLV

x��&RPSDUH�PRGHO�UHVXOWV�ZLWK�UHFRQVWUXFWLRQV�RI�DWPRVSKHULF�DQG�K\GURORJLF�YDULDEOHV�WR�DVVHVV�ERWK
PRGHO�SHUIRUPDQFH�DQG�WKH�FRQVLVWHQF\�RI�WKH�SDOHRGDWD�

x��8VH�PRGHO�UHVXOWV�WR�LQGLFDWH�ZKHUH�DGGLWLRQDO�ILHOG�VDPSOLQJ�IRU�SDOHRFOLPDWH�UHFRQVWUXFWLRQ�ZRXOG
SURYH�PRVW�YDOXDEOH�

x��$VVHVV�WKH�SDWWHUQV��SURFHVVHV��VHQVLWLYLW\�DQG�VWDELOLW\�RI�FOLPDWH�ZLWK�UHVSHFW�WR�H[WHUQDO�IRUFLQJV
DQG�LQWHUQDO�YDULDELOLW\�RYHU�WKH�SDVW�WZR�RU�PRUH�FHQWXULHV�

���)XWXUH�$576�5HVHDUFK��1HHGV�DQG�5HFRPPHQGDWLRQV

x��7KH�VWUHQJWK�RI�$576�UHVHDUFK�OLHV�LQ�WKH�LQWHUVHFWLRQ�DPRQJ�FOLPDWH�VFLHQWLVWV�ZLWK�QXPHULFDO�
LQVWUXPHQWDO��DQG�SDOHRFOLPDWLF�SHUVSHFWLYHV��7KLV�PHHWLQJ�JHQHUDWHG�VLJQLILFDQW�LQWHUDFWLRQ�DQG
PRWLYDWHG�VHYHUDO�VXEVHTXHQW�ZRUNVKRSV�DQG�JURXS�LQWHUDFWLRQV��LQFOXGLQJ�DW�OHDVW�RQH
PXOWLGLVFLSOLQDU\�JURXS�SURSRVDO��IRU�FHQWUDO�3DFLILF�FRUDO�VDPSOLQJ���6XFK�HIIRUWV�ZRUN�EHVW�ZKHQ
FRQFHLYHG�DQG�GHYHORSHG�ZLWK�IXOO�SDUWLFLSDWLRQ�RI�VFLHQWLVWV�IURP�GLIIHUHQW�EDFNJURXQGV�WKURXJKRXW
WKH�SURFHVV��7KH�LQWHUGLVFLSOLQDU\�QDWXUH�RI�VXFK�LQWHUDFWLRQV�LV�D�VWUHQJWK�WKDW�GHVHUYHV
HQFRXUDJHPHQW�WKURXJK�VXSSRUW�IRU�WUXO\�PXOWLGLVFLSOLQDU\�SURJUDPV�DQG�IRFXVHG�FURVV�GLVFLSOLQDU\
ZRUNLQJ�JURXS�PHHWLQJV�WR�DGGUHVV�VSHFLILF�$576�JRDOV�

x��7KH�FRQWULEXWLRQ�RI�$576�LQ�WKH�UHFRQVWUXFWLRQ�RI�RFHDQ�YDULDELOLW\�ZLOO�OLH�LQ�WKH�GHYHORSPHQW�RI
PXOWLFHQWXU\��UHSOLFDWHG��KLJK�UHVROXWLRQ�JHRFKHPLFDO�UHFRUGV��3URGXFWLRQ�RI�WKHVH�WLPH�VHULHV
UHTXLUHV�XQSUHFHGHQWHG�DQDO\WLFDO�WKURXJKSXW��([SDQGHG�DYDLODELOLW\�RI�LQVWUXPHQWDWLRQ��DQG
FRQWLQXHG�VXSSRUW�IRU�WKRVH�IDFLOLWLHV��LQFOXGLQJ�SHUVRQQHO���LV�HVVHQWLDO�IRU�$576�FRUDO�LQYHVWLJDWRUV
WR�FRQWULEXWH�DORQJ�WKH�OLQHV�GHVFULEHG�LQ�WKLV�UHSRUW�

x��7KH�W\SLFDO�DSSURDFK�WR�UHFRYHULQJ�PXOWLFHQWXU\�FRUDO�FRUHV�IURP�OLYLQJ�FRUDO�KHDGV�LV�IRU�D�VPDOO
WHDP�RI�LQYHVWLJDWRUV�WR�IO\�WR�WKH�ILHOG�VLWH�DQG�KLUH�D�ORFDO�ERDW�IRU�VXSSRUW��,QFUHDVLQJO\��KRZHYHU�
DV�ZH�IRFXV�RQ�PRUH�UHPRWH�UHJLRQV��H�J��WKH�FHQWUDO�3DFLILF��WKH�ZHVWHUQ�,QGLDQ�2FHDQ���ZH�ILQG
RXUVHOYHV�WDUJHWLQJ�XQLQKDELWHG�LVODQGV��RU�ORFDWLRQV�ZKHUH�ORFDO�ERDWV�DUH�XQVXLWDEOH�IRU�GULOOLQJ



��

VXSSRUW��GXH�WR�DYDLODELOLW\��VWDELOLW\��UDQJH��VL]H��RU�RWKHU�IDFWRUV��&KDUWHU�RI�D�VXLWDEOH�UHVHDUFK
YHVVHO��LQFOXGLQJ�ZKHUH�SRVVLEOH��812/6�YHVVHOV�RU�HTXLYDOHQW�IURP�IRUHLJQ�VFLHQFH�IOHHWV��HQDEOHV
PRUH�HIIHFWLYH�VDPSOLQJ�LQ�DOO�UHJLRQV��DV�LQYHVWLJDWRUV�KDYH�JUHDWHU�FRQWURO�RYHU�WLPH�RQ�VLWH�
ORJLVWLFDO�VXSSRUW��UHGXFHG�WUDQVLW�WLPH��QRW�LQVLJQLILFDQW�LQ�D�VPDOO�RXWERDUG�PRWRU�ERDW����EURDGHU
UHFRQQDLVVDQFH�HIIRUWV��DQG�RWKHU�IDFWRUV��&RUDO�GULOOLQJ�ILHOG�SURJUDPV�ZLOO�EH�PRUH�VXFFHVVIXO�LI
GHGLFDWHG�UHVHDUFK�YHVVHOV�DUH�VXSSRUWHG��LQVWHDG�RI�UHO\LQJ�RQ�ORFDO�ERDWV��ZKLFK�DUH�FKHDSHU�EXW
RIWHQ�XQVDIH�DQG�LQHIILFLHQW�

x��6XSSRUW�IRU�QHZ�GULOOLQJ�WHFKQRORJLHV�DQG�SODWIRUPV�LV�QHHGHG�WR�UHFRYHU�ORQJ�VHFWLRQV�RI��IRVVLO�
FRUDOV�IRU�WKH�SXUSRVH�RI�SDOHRFOLPDWH�YDULDELOLW\�UHFRQVWUXFWLRQ��SDUWLFXODUO\�UHODWHG�WR�WKH�+RORFHQH
LQLWLDWLRQ�UHGHYHORSPHQW�RI�(162�DQG�WURSLFDO�YDULDELOLW\�GXULQJ�SHULRGV�RI�DOWHUHG�ERXQGDU\
FRQGLWLRQV��7KH�QHHG�IRU�VXFK�QHZ�GULOOLQJ�FDSDELOLWLHV�KDV�DOVR�EHHQ�UHFRJQL]HG�E\�WKH�2FHDQ
'ULOOLQJ�3URJUDP�DQG�V\VWHP�GHYHORSPHQW�LV�LQ�LWV�HDUO\�VWDJHV��:H�IXOO\�VXSSRUW�WKH�GHYHORSPHQW
DQG�WHVWLQJ�RI�QHZ�GULOOLQJ�WHFKQRORJLHV�UHTXLUHG�WR�UHFRYHU�IRVVLO�FRUDOV�LQ�ZDWHU�GHSWKV�EH\RQG�WKH
UDQJH�RI�FRQYHQWLRQDO�OLYH�FRUDO�GULOOLQJ�

x��$576�SULRULWLHV�H[WHQG�ZHOO�EH\RQG�FRUDO�UHFRQVWUXFWLRQV�RI�VXUIDFH�RFHDQ�FRQGLWLRQV��ZH�UHTXLUH
UHFRUGV�IURP�ODQG�DQG�IURP�WKH�GHHSHU�RFHDQ��WKHUPRFOLQH��WR�XQGHUVWDQG�WKH�PHFKDQLVPV��WKH
WHOHFRQQHFWLRQV��DQG�WKH�LPSDFWV�RI�WURSLFDO�YDULDELOLW\��$�VWURQJ�IRFXV�QHHGV�WR�EH�SODFHG�RQ
GHYHORSLQJ�QHZ�SDOHRFOLPDWLF�DUFKLYHV�IURP�SRRUO\�VDPSOHG�V\VWHPV��LQFOXGLQJ�WURSLFDO�DQG
VXEWURSLFDO�WUHH�ULQJV��WKHUPRFOLQH�GZHOOLQJ�VFOHURVSRQJHV�DQG�QRQ�UHHI�EXLOGLQJ�FRUDOV�

x��$576�UHVHDUFK�UHTXLUHV�WKDW�LQGLYLGXDO�UHFRUGV�EH�PDGH�SXEOLF�LQ�D�WLPHO\�ZD\��WR�SURPRWH�WKH
V\QWKHWLF�DFWLYLWLHV�ZH�KDYH�GHVFULEHG��:H�HQFRXUDJH�WKH�VXEPLVVLRQ�RI�DOO�SDOHRFOLPDWH�GDWDVHWV�
GHULYHG�LQGLFHV��DQG�PRGHO�RXWSXW�WKDW�DUH�GRFXPHQWHG�LQ�WKH�VFLHQWLILF�OLWHUDWXUH�WR�WKH�:RUOG�'DWD
&HQWHU�$�IRU�3DOHRFOLPDWRORJ\�
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���5HIHUHQFHV�&LWHG

$OODQ� 5�� DQG 5� '
$UULJR� ����� 3HUVLVWHQW (162
VHTXHQFHV� KRZ XQXVXDO ZDV WKH ��������� (O
1LQR"� 7KH +RORFHQH� LQ SUHVV�

$OODQ� 5�� -� /LQGHVD\� DQG '� 3DUNHU� ����� (O 1LxR
6RXWKHUQ 2VFLOODWLRQ DQG FOLPDWLF YDULDELOLW\�
&6,52� $XVWUDOLD� ��� SS�

$OOH\� 5�%�� 3�$� 0D\HZVNL� 7� 6RZHUV� 0� 6WXLYHU�
.�&� 7D\ORU� DQG 3�8� &ODUN� ����� +RORFHQH
FOLPDWH LQVWDELOLW\� D SURPLQHQW� ZLGHVSUHDG
HYHQW ����� \HDUV DJR� *HRORJ\� ��� ��������

$OLEHUW� &� DQG 0�7� 0F&XOORFK� �����
6WURQWLXP�FDOFLXP UDWLRV LQ PRGHUQ 3RULWHV
FRUDOV IURP WKH *UHDW %DUULHU 5HHI DV D SUR[\ IRU
VHD�VXUIDFH WHPSHUDWXUH� &DOLEUDWLRQ RI WKH
WKHUPRPHWHU DQG PRQLWRULQJ RI (162�
3DOHRFHDQRJUDSK\� ��� ��������

%DOPDVHGD� 0�$�� 0�.� 'DYH\� DQG '�/�7�
$QGHUVRQ� ����� 'HFDGDO DQG VHDVRQDO
GHSHQGHQFH RI (162 SUHGLFWLRQ VNLOO� -� &OLPDWH�
�� ����������

%DUQHV� '�-�� DQG -�0� /RXJK� ����� 2Q WKH QDWXUH
DQG FDXVHV RI GHQVLW\ EDQGLQJ LQ PDVVLYH FRUDO
VNHOHWRQV� -� ([S� 0DU� %LRO� (FRO�� ���� �������

%DUQHWW� 7�3�� 1� *UDKDP� 0�$� &DQH� 6�(� =HELDN�
6� 'RODQ� -� 2
%ULHQ� DQG '� /HJOHU� ����� 2Q WKH
SUHGLFWLRQ RI WKH (O 1LxR RI �������� 6FLHQFH�
���� ��������

%DUVXJOL -�� 3� 6DUGHVKPXNK� DQG 6� =KDQJ� �����
,GHQWLI\LQJ WKH PRVW VHQVLWLYH DUHDV RI WURSLFDO
667 IRUFLQJ IRU PLGODWLWXGH VHDVRQDO SUHGLFWLRQ�
�WK &RQIHUHQFH RQ &OLPDWH 9DULDWLRQV� /RQJ
%HDFK� &$� ��� )HE �����

%HFN� -�:�� 5�/� (GZDUGV� (� ,WR� )�:� 7D\ORU� -�
5HF\� )� 5RXJHULH� 3� -RDQQRW� DQG &� +HQLQ�
����� 6HD VXUIDFH WHPSHUDWXUH IURP FRUDO VNHOHWDO
VWURQWLXP�FDOFLXP UDWLRV� 6FLHQFH� ���� ��������

%HFN� -�:�� -� 5HF\� )� 7D\ORU� 5�/� (GZDUGV� DQG
*� &DELRFK� ����� $EUXSW FKDQJHV LQ HDUO\
+RORFHQH WURSLFDO VHD VXUIDFH WHPSHUDWXUH
GHULYHG IURP FRUDO UHFRUGV� 1DWXUH� ���� ��������

%LW]� &�&�� DQG '�6� %DWWLVWL� ����� ,QWHUDQQXDO WR
GHFDGDO YDULDELOLW\ LQ FOLPDWH DQG WKH JODFLHU
PDVV EDODQFH LQ :DVKLQJWRQ� :HVWHUQ &DQDGD�
DQG $ODVND� -� &OLPDWH� LQ SUHVV�

%ODFN� '�(�� /�&� 3HWHUVRQ� 0� .DVKJDULDQ� -�7�
2YHUSHFN� DQG .�$� +XJKHQ� ����� 9DULDELOLW\ LQ
WKH ,7&= DQG WUDGH ZLQGV RYHU WKH VRXWKHUQ
&DULEEHDQ IRU WKH ODVW ��� \HDUV DQG GXULQJ WKH
%ROOLQJ�$OOHURG�<RXQJHU 'U\DV WUDQVLWLRQ� EOS:
Trans. Am. Geophys. Union��� )����

%RKP� )�� 0�0� -RDFKLPVNL� +� /HKQHUW� *�
0RUJHQURWK� :� .UHWVFKPHU� -� 9DFHOHW� DQG
:�&� 'XOOR� ����� &DUERQ LVRWRSH UHFRUGV IURP
H[WDQW &DULEEHDQ DQG 6RXWK 3DFLILF VSRQJHV�
(YROXWLRQ RI G��& LQ VXUIDFH ZDWHU ',&�� (DUWK
3ODQHW� 6FL� /HWW�� ���� ��������

%RLVHDX 0�� $� -XLOOHW�/HFOHUF� 3� <LRX� %� 6DOYDW�
3� ,VGDOH� 0� *XLOODXPH� ����� $WPRVSKHULF DQG
RFHDQLF HYLGHQFHV RI (O 1LxR�6RXWKHUQ
2VFLOODWLRQ HYHQWV LQ WKH VRXWK�FHQWUDO 3DFLILF
2FHDQ IURP FRUDO VWDEOH LVRWRSLF UHFRUGV RYHU WKH
ODVW ��� \HDUV� 3DOHRFHDQRJUDSK\ ��� ��������

%UDGOH\� 5�6� DQG 3�'� -RQHV� ����� 
/LWWOH ,FH $JH

VXPPDU\ WHPSHUDWXUH YDULDWLRQV� WKHLU QDWXUH DQG
UHOHYDQFH WR UHFHQW JOREDO ZDUPLQJ WUHQGV� 7KH
+RORFHQH� �� ��������

&DGHW� '�� ����� 0HWHRURORJ\ RI WKH ,QGLDQ VXPPHU
PRQVRRQ� 1DWXUH� ���� ��������

&DGHW� '� DQG *� 5HYHUGLQ� ����� :DWHU YDSRXU
WUDQVSRUW RYHU WKH ,QGLDQ 2FHDQ GXULQJ VXPPHU
����� 7HOOXV� ��� ��������

&DQH� 0�$�� $�&� &OHPHQW� $� .DSODQ� <� .XVKQLU�
5� 0XUWXJXGGH� '� 3R]GQ\DNRY� 5� 6HDJHU� DQG
6� =HELDN� ����� 7ZHQWLHWK�FHQWXU\ VHD VXUIDFH
WHPSHUDWXUH WUHQGV� 6FLHQFH� ���� ��������

&DUULTXLU\� -�'�� 0�-� 5LVN DQG +�3� 6FKZDUF]�
����� 6WDEOH LVRWRSH JHRFKHPLVWU\ RI FRUDOV IURP
&RVWD 5LFD DV SUR[\ LQGLFDWRU RI (O 1LxR
�(162�� *HRFKLP� &RVPRFKLP� $FWD� ��� ����
����

&DUULTXLU\� -�'�� 0�-� 5LVN� DQG +�3� 6FKZDUF]�
����� 7LPLQJ DQG WHPSHUDWXUH UHFRUG IURP VWDEOH
LVRWRSHV RI WKH ��������� (O 1LxR ZDUPLQJ
HYHQW LQ HDVWHUQ 3DFLILF FRUDOV� 3DODLRV� �� ����
����

&DUULTXLU\ -�'�� -�)� 6RWR�&DVWUR� &�'� &KDUOHV� DQG
0� 0RRUH� ����� 6WDEOH LVRWRSH UHFRUGV DQG WUDFH
HOHPHQW UHFRUGV LQ FRUDO JURZWK EDQGV DV WUDFHUV
RI (162 DFWLYLW\ LQ WKH 0H[LFDQ 3DFLILF� 3URF�
$P� 4XDW� $VVRF�� ������

&KDNUDERUW\� 6�� DQG 5� 5DPHVK� ����� &OLPDWLF
VLJQLILFDQFH RI G��2 DQG G��& YDULDWLRQV LQ D
EDQGHG FRUDO �3RULWHV� IURP .DYDUDWWL�
/DNVKDGZHHS ,VODQGV� ,Q� 'HVDL� %�1� �HG���
2FHDQRJUDSK\ RI WKH ,QGLDQ 2FHDQ� 2[IRUG 	
,%+� 1HZ 'HOKL� ,QGLD� ��������

&KDQJ� 3�� /� -L� DQG +� /L� ����� $ GHFDGDO FOLPDWH
YDULDWLRQ LQ WKH WURSLFDO $WODQWLF 2FHDQ IURP
WKHUPRG\QDPLF DLU�VHD LQWHUDFWLRQV� 1DWXUH� ����
��������
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&KDQJ� 3�� /� -L� +� /L� &� 3HQODQG� DQG /�
0DWURVRYD� ����� 3UHGLFWLRQ RI WURSLFDO $WODQWLF
VHD VXUIDFH WHPSHUDWXUH� *HRSK\V� 5HV� /HWW�� ���
����������

&KDUOHV� &�'�� '�(� +XQWHU� DQG 5�*� )DLUEDQNV�
����� ,QWHUDFWLRQ EHWZHHQ WKH (162 DQG WKH
$VLDQ PRQVRRQ LQ D FRUDO UHFRUG RI WURSLFDO
FOLPDWH� 6FLHQFH� ���� ��������

&KHQ� '�� 6�(� =HELDN� $�-� %XVDODFFKL� DQG 0�$�
&DQH� ����� $Q LPSURYHG SURFHGXUH IRU (O 1LxR
IRUHFDVWLQJ� ,PSOLFDWLRQV IRU SUHGLFWDELOLW\�
6FLHQFH� ���� ����������

&/,0$3 0HPEHUV� ����� 7KH VXUIDFH RI WKH LFH�
DJH HDUWK� 6FLHQFH� ���� ����������

&ROH� -�(�� ����� ,QWHUDQQXDO�GHFDGDO YDULDELOLW\ LQ
WURSLFDO FOLPDWH V\VWHPV� VWDEOH LVRWRSH UHFRUGV
DQG JHQHUDO FLUFXODWLRQ PRGHO H[SHULPHQWV� 3K�'�
WKHVLV� &ROXPELD 8QLY�� ��� SS��

&ROH� -�(�� ����� &RUDO UHFRUGV RI FOLPDWH FKDQJH�
8QGHUVWDQGLQJ SDVW YDULDELOLW\ LQ WKH WURSLFDO
RFHDQ�DWPRVSKHUH� LQ &OLPDWLF YDULDWLRQV DQG
IRUFLQJ PHFKDQLVPV RYHU WKH ODVW ���� <HDUV�
3�'� -RQHV� 5�6� %UDGOH\� DQG -� -RX]HO� �HGLWRUV��
6SULQJHU�9HUODJ� 1HZ <RUN� ��������

&ROH� -�(�� ����� 7KH FKDQJLQJ SXOVH RI ZDUP SRRO
YDULDELOLW\ GXULQJ WKH SDVW ��� \HDUV� 1HZ
R[\JHQ LVRWRSLF UHVXOWV IURP D *XOI RI 3DSXD
FRUDO� EOS: Trans. Am. Geophys. Union� ���
)����

&ROH� -�(�� DQG 5�*� )DLUEDQNV� ����� 7KH 6RXWKHUQ
2VFLOODWLRQ UHFRUGHG LQ WKH R[\JHQ LVRWRSHV RI
FRUDOV IURP 7DUDZD $WROO� 3DOHRFHDQRJUDSK\� ��
��������

&ROH� -�(�� DQG (�5� &RRN� ����� 7KH FKDQJLQJ
UHODWLRQVKLS EHWZHHQ (162 YDULDELOLW\ DQG
PRLVWXUH EDODQFH LQ WKH FRQWLQHQWDO 8QLWHG 6WDWHV�
*HRSK\V� 5HV� /HWW�� �� � ����������

&ROH� -�(�� 5�*� )DLUEDQNV DQG *�7� 6KHQ� �����
5HFHQW YDULDELOLW\ LQ WKH 6RXWKHUQ 2VFLOODWLRQ�
,VRWRSLF UHVXOWV IURP D 7DUDZD $WROO FRUDO�
6FLHQFH� ���� ����������

&RRN� (�5�� ����� 7HPSHUDWXUH KLVWRULHV IURP WUHH�
ULQJV DQG FRUDOV� &OLPDWH '\QDPLFV� ��� ��������

&RRN� (�5�� DQG /� .DLULXNVWLV� ����� 0HWKRGV RI
GHQGURFKURQRORJ\� DSSOLFDWLRQV LQ WKH
HQYLURQPHQWDO VFLHQFHV� .OXZHU� 'RUGUHFKW� ���
SS�

&URZOH\� 7�-�� ����� $UH WKHUH DQ\ VDWLVIDFWRU\
JHRORJLF DQDORJXHV IRU D IXWXUH JUHHQKRXVH
ZDUPLQJ"� -� &OLPDWH� �� ����������

&URZOH\� 7�-�� 7�0� 4XLQQ� DQG )�:� 7D\ORU� �����
(YLGHQFH IRU D YROFDQLF FRROLQJ VLJQDO LQ D ���
\HDU FRUDO UHFRUG IURP 1HZ &DOHGRQLD�
3DOHRFHDQRJUDSK\� ��� ��������

&XUWLV� 6�� DQG 6� +DVWHQUDWK� ����� )RUFLQJ RI
DQRPDORXV VHD VXUIDFH WHPSHUDWXUH HYROXWLRQ LQ
WKH WURSLFDO $WODQWLF GXULQJ 3DFLILF ZDUP HYHQWV�
-� *HRSK\V� 5HV�� ���� ��������������

'
$UULJR� 5�'�� *�&� -DFRE\� DQG 3�-� .UXVLF� �����
3URJUHVV LQ GHQGURFOLPDWLF VWXGLHV LQ ,QGRQHVLD�
7HUU� $WPRV� 2FHDQLF 6FL�� �� ��������

GH 9LOOLHUV� 6�� *�7� 6KHQ� DQG %�.� 1HOVRQ� �����
7KH 6U�&D�WHPSHUDWXUH UHODWLRQVKLS LQ FRUDOOLQH
DUDJRQLWH� ,QIOXHQFH RI YDULDELOLW\ LQ �6U�&D�VHDZDWHU

DQG VNHOHWDO JURZWK SDUDPHWHUV� *HRFKLP�
&RVPRFKLP� $FWD� ��� ��������

GH 9LOOLHUV� 6�� %�.� 1HOVRQ� DQG $�5� &KLYDV� �����
%LRORJLFDO FRQWUROV RQ FRUDO 6U�&D DQG G��2
UHFRQVWUXFWLRQV RI VHD VXUIDFH WHPSHUDWXUHV�
6FLHQFH� ���� ����������

'LD]� +�)� DQG 1�(� *UDKDP� ����� 5HFHQW FKDQJHV
LQ WURSLFDO IUHH]LQJ KHLJKWV DQG WKH UROH RI VHD
VXUIDFH WHPSHUDWXUH� 1DWXUH� ���� ��������

'RGJH� 5�(�� DQG -� 7KRPVRQ� ����� 7KH QDWXUDO
UDGLRFKHPLFDO DQG JURZWK UHFRUGV LQ
FRQWHPSRUDU\ KHUPDW\SLF FRUDOV IURP WKH
$WODQWLF DQG &DULEEHDQ� (DUWK 3ODQHW� 6FL� /HWW��
��� ��������

'RGJH� 5�(�� $�0� 6]PDQW� 5� *DUFLD� 3�.� 6ZDUW�
$� )RUHVWHU� DQG -�-� /HGHU� ����� 6NHOHWDO
VWUXFWXUDO EDVLV RI GHQVLW\ EDQGLQJ LQ WKH UHHI
FRUDO0RQWDVWUHD DQQXODULV� 3URF� �WK &RUDO 5HHI
6\PSRVLXP� ��������

'RXJODV� $�9� DQG 3�-� (QJOHKDUW� ����� 9DULDELOLW\
RI WKH VXPPHU PRQVRRQ LQ 0H[LFR DQG
UHODWLRQVKLSV ZLWK GURXJKW LQ WKH 8QLWHG 6WDWHV�
3URF� ��VW $QQXDO &OLPDWH 'LDJQRVWLFV
:RUNVKRS� +XQWVYLOOH� $/� &OLPDWH 3UHGLFWLRQ
&HQWHU� ��������

'UXIIHO� (�0�� ����� 5DGLRFDUERQ LQ DQQXDO FRUDO
ULQJV IURP WKH HDVWHUQ WURSLFDO 3DFLILF 2FHDQ�
*HRSK\V� 5HV� /HWW�� �� ������

'UXIIHO (�5�0�� ����� %DQGHG FRUDOV� &KDQJHV LQ
RFHDQLF ��& OHYHOV GXULQJ WKH /LWWOH ,FH $JH�
6FLHQFH� ���� ������

'UXIIHO� (�5�0�� ����� 'HWHFWLRQ RI (O 1LxR DQG
GHFDGH WLPH VFDOH YDULDWLRQV RI VHD VXUIDFH
WHPSHUDWXUH IURP EDQGHG FRUDO UHFRUGV�
LPSOLFDWLRQV IRU WKH FDUERQ GLR[LGH F\FOH� LQ 7KH
&DUERQ &\FOH DQG $WPRVSKHULF &2�� 1DWXUDO
9DULDWLRQV $UFKHDQ WR 3UHVHQW� :�6� %URHFNHU
DQG (�7� 6XQGTXLVW �HGLWRUV�� $PHULFDQ
*HRSK\VLFDO 8QLRQ� :DVKLQJWRQ '&� ��������



��

'UXIIHO� (�5�0�� ����� %RPE UDGLRFDUERQ LQ WKH
3DFLILF� DQQXDO DQG VHDVRQDO WLPHVFDOH YDULDWLRQV�
-� 0DU� 5HV�� ��� ��������

'UXIIHO� (�5�0�� ����� 'HFDGH WLPH VFDOH
YDULDELOLW\ RI YHQWLODWLRQ LQ WKH QRUWK $WODQWLF�
KLJK�SUHFLVLRQ PHDVXUHPHQWV RI ERPE
UDGLRFDUERQ LQ EDQGHG FRUDOV� -� *HRSK\V� 5HV��
��� ����������

'UXIIHO� (�5�0�� ����� 3XOVHV RI UDSLG YHQWLODWLRQ LQ
WKH 1RUWK $WODQWLF VXUIDFH RFHDQ GXULQJ WKH SDVW
FHQWXU\� 6FLHQFH� ���� ����������

'UXIIHO� (�5�0�� DQG /� %HQDYLGHV� ����� ,QSXW RI
H[FHVV &2� WR WKH VXUIDFH RFHDQ EDVHG RQ

��&���&
UDWLRV LQ D EDQGHG VFOHURVSRQJH� 1DWXUH� ���� ���
���

'UXIIHO� (�5�0�� DQG 6� *ULIILQ� ����� /DUJH
YDULDWLRQV RI VXUIDFH RFHDQ UDGLRFDUERQ� HYLGHQFH
RI FLUFXODWLRQ FKDQJHV LQ WKH VRXWKZHVWHUQ
3DFLILF� -� *HRSK\V� 5HV�� ��� ��������������

'UXIIHO� ( 5�0�� 5�%� 'XQEDU� *�0� :HOOLQJWRQ�
DQG 6�$� 0LQQLV� ����� 5HHI�EXLOGLQJ FRUDOV DQG
LGHQWLILFDWLRQ RI ZDUPLQJ HSLVRGHV� LQ *OREDO
(FRORJLFDO &RQVHTXHQFHV RI WKH ������� (O
1LxR�6RXWKHUQ 2VFLOODWLRQ� 3�:� *O\QQ �HGLWRU��
(OVHYLHU� 1HZ <RUN� ��������

'XQEDU� 5�%�� DQG *�0� :HOOLQJWRQ� ����� 6WDEOH
LVRWRSHV LQ D EUDQFKLQJ FRUDO PRQLWRU VHDVRQDO
WHPSHUDWXUH YDULDWLRQ� 1DWXUH� ���� ��������

'XQEDU� 5�%�� DQG -�(� &ROH� ����� &RUDO 5HFRUGV
RI 2FHDQ�$WPRVSKHUH 9DULDELOLW\� 12$$
&OLPDWH DQG *OREDO &KDQJH 3URJUDP 6SHFLDO
5HSRUW ���� �� SS��

'XQEDU� 5�%�� *�0� :HOOLQJWRQ� 0�:� &ROJDQ� DQG
3�:� *O\QQ� ����� (DVWHUQ 3DFLILF VHD VXUIDFH
WHPSHUDWXUH VLQFH ���� $'� WKH G��2 UHFRUG RI
FOLPDWH YDULDELOLW\ LQ *DODSDJRV FRUDOV�
3DOHRFHDQRJUDSK\� �� ��������

'XQEDU� 5�%�� %�.� /LQVOH\� DQG *�0� :HOOLQJWRQ�
����� (DVWHUQ 3DFLILF FRUDOV PRQLWRU (O
1LxR�6RXWKHUQ 2VFLOODWLRQ� SUHFLSLWDWLRQ� DQG VHD
VXUIDFH WHPSHUDWXUH YDULDELOLW\ RYHU WKH SDVW WKUHH
FHQWXULHV� LQ &OLPDWLF IOXFWXDWLRQV DQG IRUFLQJ
PHFKDQLVPV RI WKH ODVW ���� \HDUV� 3�'� -RQHV�
5�6� %UDGOH\� DQG -� -RX]HO �HGLWRUV�� 6SULQJHU�
9HUODJ� %HUOLQ� ��������

'XVWDQ� 3�� :� -DDS� DQG -� +DODV� ����� 7KH
GLVWULEXWLRQ RI WKH FODVV 6FOHURVSRQJLD� /HWKDLD�
�� ��������

(EEHVPH\HU� &�&�� '�5� &D\DQ� '�5� 0F&ODLQ� )�+�
1LFKROV� '�+� 3HWHUVRQ DQG .�7� 5HGPRQG� �����
���� VWHS LQ 3DFLILF FOLPDWH� )RUW\ HQYLURQPHQWDO
FKDQJHV EHWZHHQ ��������� DQG ���������� ,Q�
3URF� �WK $QQXDO 3DFLILF &OLPDWH �3$&/,0�

:RUNVKRS� $SULO� ����� &DOLIRUQLD 'HSDUWPHQW RI
:DWHU 5HVRXUFHV� -�/� %HWDQFRXUW DQG 9�/� 7KDUS
�HGLWRUV�� ,QWHUDJHQF\ (FRORJLFDO 6WXG\ 3URJUDP
7HFKQLFDO 5HSRUW ��� ��������

(GZDUGV� 5�/�� &KHQ� -�+� DQG :DVVHUEXUJ� *�-��
����� ���8����7K����7K����7K V\VWHPDWLFV DQG WKH
SUHFLVH PHDVXUHPHQW RI WLPH RYHU WKH SDVW
������� \HDUV� (DUWK 3ODQHW� 6FL� /HWW�� ��� ����
����

(GZDUGV� 5�/�� -�:� %HFN� *�6� %XUU� '�-�
'RQDKXH� -�0�$� &KDSSHOO� $�/� %ORRP� (�5�0�
'UXIIHO� DQG )�:� 7D\ORU� ����� $ ODUJH GURS LQ
DWPRVSKHULF ��&���& DQG UHGXFHG PHOWLQJ LQ WKH
<RXQJHU 'U\DV� GRFXPHQWHG ZLWK ���7K DJHV RI
FRUDO� 6FLHQFH� ���� ��������

(QILHOG� '�%�� DQG '�$� 0D\HU� ����� 7URSLFDO
$WODQWLF VHD VXUIDFH WHPSHUDWXUH YDULDELOLW\ DQG
LWV UHODWLRQ WR (O 1LQR�6RXWKHUQ 2VFLOODWLRQ� -�
*HRSK\V� 5HV�� ���� ��������

(YDQV� 0�� 5�*� )DLUEDQNV� DQG -�/� 5XEHQVWRQH�
����D� $ SUR[\ LQGH[ RI (162 WHOHFRQQHFWLRQV�
1DWXUH� ���� ��������

(YDQV� 0�1�� $� .DSODQ� 0�$� &DQH� ����E�
2SWLPDO VLWHV IRU FRUDO�EDVHG UHFRQVWUXFWLRQ RI
JOREDO VHD VXUIDFH WHPSHUDWXUH�
3DOHRFHDQRJUDSK\� ��� ��������

(YDQV� 0� 1�� 5�*� )DLUEDQNV� DQG -�/� 5XEHQVWRQH�
����� 7KH WKHUPDO RFHDQRJUDSKLF VLJQDO RI
(162 UHFRQVWUXFWHG IURP D .LULWLPDWL ,VODQG
FRUDO� -� *HRSK\V� 5HV�� LQ SUHVV�

)DLUEDQNV� 5�*�� DQG 5�(� 'RGJH� ����� $QQXDO
SHULRGLFLW\ RI WKH 2����2��� DQG &����&���
UDWLRV LQ WKH FRUDO0RQWDVWUHD DQQXODULV�
*HRFKLP� &RVPRFKLP� $FWD� ��� ����������

)DLUEDQNV� 5�*�� 0�1� (YDQV� -�/� 5XEHQVWRQH� 5�
$� 0RUWORFN� .� %URDG� 0� '� 0RRUH� DQG &� '�
&KDUOHV� ����� (YDOXDWLQJ FOLPDWH LQGLFHV DQG
WKHLU JHRFKHPLFDO SUR[LHV PHDVXUHG LQ FRUDOV�
&RUDO 5HHIV� ��� 6���6����

)HOLV 7�� -� 3lW]ROG� <� /R\D� DQG *� :HIHU� �����
9HUWLFDO ZDWHU PDVV PL[LQJ DQG SODQNWRQ EORRPV
UHFRUGHG LQ VNHOHWDO VWDEOH FDUERQ LVRWRSHV RI D
5HG 6HD FRUDO� -� *HRSK\V� 5HV�� ���� �������
�������

)LVKHU� '�$�� 5�0� .RHPHU� DQG 1� 5HHK� �����
+RORFHQH FOLPDWLF UHFRUGV IURP $JDVVL] LFH FDS�
(OOHVPHUH ,VODQG� 1:7� &DQDGD� 7KH +RORFHQH�
�� ������

)ORKQ� +�� $� .DSDOD� +��5� .QRFKH� DQG +�
0DFKHO� ����� 5HFHQW FKDQJHV RI WKH WURSLFDO
ZDWHU DQG HQHUJ\ EXGJHW DQG RI PLGODWLWXGH
FLUFXODWLRQV� &OLPDWH '\QDPLFV� �� ��������



��

)ROODQG� &�.�� 7�1� 3DOPHU� DQG '�(� 3DUNHU� �����
6DKHO UDLQIDOO DQG ZRUOGZLGH VHD WHPSHUDWXUHV�
�������� 1DWXUH� ���� ��������

)ULWWV� +�&� ����� 7UHH 5LQJV DQG &OLPDWH�
$FDGHPLF 3UHVV� /RQGRQ� ��� SS�

*DJDQ� 0�.�� /�.� $\OLIIH� '� +RSOH\� -�$� &DOL�
*�(� 0RUWLPHU� -� &KDSSHOO� 0�7� 0F&XOORFK�
DQG 0�-� +HDG� ����� 7HPSHUDWXUH DQG VXUIDFH�
RFHDQ ZDWHU EDODQFH RI WKH PLG�+RORFHQH WURSLFDO
ZHVWHUQ 3DFLILF� 6FLHQFH� ���� ����������

*DJDQ� 0�.�� $�5� &KLYDV� DQG 3�-� ,VGDOH� �����
+LJK�UHVROXWLRQ LVRWRSLF UHFRUGV IURP FRUDOV
XVLQJ RFHDQ WHPSHUDWXUH DQG PDVV VSDZQLQJ
FKURQRPHWHUV� (DUWK 3ODQHW� 6FL� /HWW�� ���� ����
����

*DJDQ� 0�.�� $�5� &KLYDV� DQG 3�-� ,VGDOH� �����
7LPLQJ FRUDO�EDVHG FOLPDWLF KLVWRULHV XVLQJ ��&
HQULFKPHQWV GULYHQ E\ V\FKURQL]HG VSDZQLQJ�
*HRORJ\� ��� ����������

*DLOODUGHW� -�� DQG &�-� $OOHJUH� ����� %RURQ
LVRWRSLF FRPSRVLWLRQV RI FRUDOV� VHDZDWHU RU
GLDJHQHVLV UHFRUG"� (DUWK 3ODQHW� 6FL� /HWW�� ����
��������

*RUHDX� 7�)�� ����� 7KH HFRORJ\ RI -DPDLFDQ UHHIV�
,� 6SHFLHV FRPSRVLWLRQ DQG ]RQDWLRQ� (FRORJ\�
��� ������

*UDKDP� 1�(�� ����� 'HFDGDO�VFDOH FOLPDWH
YDULDELOLW\ LQ WKH WURSLFDO DQG 1RUWK 3DFLILF
GXULQJ WKH ����V DQG ����V� REVHUYDWLRQV DQG
PRGHO UHVXOWV� &OLPDWH '\QDPLFV� ��� ��������

*UDKDP� 1�(�� ����� 6LPXODWLRQ RI UHFHQW JOREDO
WHPSHUDWXUH WUHQGV� 6FLHQFH� ���� ��������

*URWWROL�(YHUHWW� $� DQG *� :HOOLQJWRQ� �����
(IIHFW RI OLJKW DQG ]RRSODQNWRQ RQ VNHOHWDO G��&
YDOXHV LQ WKH HDVWHUQ 3DFLILF FRUDOV 3DYRQD FODYXV
DQG 3DYRQD JLJDQWHD� &RUDO 5HHIV� LQ SUHVV�

*X� '�� DQG 6�*�+� 3KLODQGHU� ����� ,QWHUGHFDGDO
FOLPDWH IOXFWXDWLRQV WKDW GHSHQG RQ H[FKDQJHV
EHWZHHQ WKH WURSLFV DQG H[WUDWURSLFV� 6FLHQFH�
���� ��������

*XLOGHUVRQ� 7�3�� DQG '�3� 6FKUDJ� ����� $EUXSW
VKLIW LQ VXEVXUIDFH WHPSHUDWXUHV LQ WKH WURSLFDO
3DFLILF DVVRFLDWHG ZLWK FKDQJHV LQ (O 1LxR�
6FLHQFH� ���� ��������

*XLOGHUVRQ� 7�3� DQG '� 3� 6FKUDJ� ����� 5HOLDELOLW\
RI FRUDO UHFRUGV IURP WKH ZHVWHUQ 3DFLILF ZDUP
SRRO� PV� VXEPLWWHG WR 3DOHRFHDQRJUDSK\�

*XLOGHUVRQ� 7�3�� 5�*� )DLUEDQNV� DQG -�/�
5XEHQVWRQH� ����� 7URSLFDO WHPSHUDWXUH
YDULDWLRQV VLQFH ������ \HDUV DJR� 0RGXODWLQJ
LQWHUKHPLVSKHULF FOLPDWH FKDQJH� 6FLHQFH� ����
��������

*XLOGHUVRQ� 7�3�� '�3� 6FKUDJ� 0� .DVKJDULDQ� DQG
-� 6RXWKRQ� ����� 5DGLRFDUERQ YDULDELOLW\ LQ WKH
ZHVWHUQ HTXDWRULDO 3DFLILF LQIHUUHG IURP D KLJK�
UHVROXWLRQ FRUDO UHFRUG IURP 1DXUX ,VODQG� -�
*HRSK\V� 5HV�� ���� ��������������

*X]PDQ� +�� DQG $�:� 7XGKRSH� ����� 6HDVRQDO
YDULDWLRQ LQ VNHOHWDO H[WHQVLRQ UDWH DQG VWDEOH
LVRWRSLF ���&���& DQG ��2���2� FRPSRVLWLRQ LQ
UHVSRQVH WR VHYHUDO HQYLURQPHQWDO YDULDEOHV LQ
WKH &DULEEHDQ UHHI FRUDO 6LGHUDVWUHD VLGHUHD�
0DU� (FRO� 3URJ� 6HU�� ���� ��������

+DUW� 6�5�� DQG $�/� &RKHQ� ����� $Q LRQ SUREH
VWXG\ RI DQQXDO F\FOHV RI 6U�&D DQG RWKHU WUDFH
HOHPHQWV LQ FRUDOV� *HRFKLP� &RVPRFKLP� $FWD�
��� ����������

+DVWHQUDWK� 6�� ����� 'HFDGDO�VFDOH FKDQJHV RI WKH
FLUFXODWLRQ LQ WKH WURSLFDO $WODQWLF VHFWRU
DVVRFLDWHG ZLWK 6DKHO GURXJKW� ,QW� -�
&OLPDWRORJ\� ��� ��������

+DVWHQUDWK� 6�� DQG /� +HOOHU� ����� '\QDPLFV RI
FOLPDWLF KD]DUGV LQ QRUWKHDVW %UD]LO� 4XDUW� -�
5R\DO 0HW� 6RF�� ���� ������

+DVWHQUDWK� 6�� DQG 3�-� /DPE� ����� 6RPH DVSHFWV
RI FLUFXODWLRQ DQG FOLPDWH RYHU WKH HDVWHUQ
HTXDWRULDO $WODQWLF� 0RQ� :HDWKHU 5HY�� ����
����������

+DVWHQUDWK� 6�� DQG 3�'� .UXVV� ����� 7KH GUDPDWLF
UHWUHDW RI 0RXQW .HQ\D©V JODFLHUV ��������
JUHHQKRXVH IRUFLQJ� $QQ� *ODFLRO�� ��� ��������

+DVWHQUDWK� 6�� DQG /� *UHLVFKDU� ����� &LUFXODWLRQ
PHFKDQLVPV UHODWHG WR 1RUWKHDVW %UD]LO UDLQIDOO
DQRPDOLHV� -� *HRSK\V� 5HV�� ��� ����������

+DVWHQUDWK� 6�� /� &DVWUR� DQG 3� $FHLWXQR� �����
7KH 6RXWKHUQ 2VFLOODWLRQ LQ WKH WURSLFDO $WODQWLF
6HFWRU� &RQWULE� $WPRV� 3K\VLFV� ��� ��������

+DVWHQUDWK� 6�� $� 1LFNOLV� DQG /� *UHLVFKDU� �����
$WPRVSKHULF�K\GURVSKHULF PHFKDQLVPV RI
FOLPDWH DQRPDOLHV LQ WKH ZHVWHUQ HTXDWRULDO
,QGLDQ 2FHDQ� -� *HRSK\V� 5HV�� ��� �������
�������

+HPPLQJ� 1�*�� 5�-� 5HHGHU� DQG *�1� +DQVRQ�
����� 0LQHUDO�IOXLG DQG LVRWRSLF IUDFWLRQDWLRQ RI
ERURQ LQ V\QWKHWLF FDOFLXP FDUERQDWH� *HRFKLP�
&RVPRFKLP� $FWD� ��� ��������

+RXJKWRQ� 5�:�� DQG <� 7RXUUH� �����
&KDUDFWHULVWLFV RI ORZ�IUHTXHQF\ VHD VXUIDFH
WHPSHUDWXUH IOXFWXDWLRQV LQ WKH WURSLFDO $WODQWLF�
-� &OLPDWH� �� ��������

+XJKHQ� .�$�� -�7� 2YHUSHFN� /�&� 3HWHUVRQ� DQG 6�
7UXPERUH� ����� $EUXSW GHJODFLDO FOLPDWLF
FKDQJH LQ WKH WURSLFDO $WODQWLF� 1DWXUH� ���� ���
���



��

,VGDOH� 3�� ����� )OXRUHVFHQW EDQGV LQ PDVVLYH
FRUDOV UHFRUG FHQWXULHV RI FRDVWDO UDLQIDOO� 1DWXUH�
���� ������

,VGDOH� 3�-�� %�-� 6WHZDUW� DQG -�0� /RXJK� �����
3DODHRK\GURORJLFDO YDULDWLRQ LQ D WURSLFDO ULYHU
FDWFKPHQW� D UHFRQVWUXFWLRQ XVLQJ IOXRUHVFHQW
EDQGV LQ FRUDOV RI WKH *UHDW %DUULHU 5HHI�
$XVWUDOLD� 7KH +RORFHQH� �� ����

.DSODQ� $�� 0�$� &DQH� <� .XVKQLU� $�&� &OHPHQW�
0�%� %OXPHQWKDO� DQG %� 5DMDJRSDODQ� ����D�
$QDO\VHV RI JOREDO VHD VXUIDFH WHPSHUDWXUH �����
����� -� *HRSK\� 5HV�� ���� ��������������

.DSODQ� $�� 0� (YDQV� 0�$� &DQH� DQG 5�9LOODOED�
����E� *OREDOLW\ DQG RSWLPDOLW\ LQ 667 ILHOG
UHFRQVWUXFWLRQV IURP WUHH ULQJV� (162 DQG PRUH�
H[WHQGHG DEVWUDFW IRU 3ROH�(TXDWRU�3ROH
3DOHRFOLPDWH RI $PHULFDV �3(3�� &RQIHUHQFH�
0HULGD� 9HQH]XHOD� 0DUFK ������ ����� RQ OLQH�
KWWS���UDLQERZ�OGHR�FROXPELD�HGX�aDOH[H\N�ZRUN�

.DZDPXUD� 5�� ����� $ URWDWHG (2) DQDO\VLV RI
JOREDO VHD VXUIDFH WHPSHUDWXUH YDULDELOLW\ ZLWK
LQWHUDQQXDO DQG LQWHUGHFDGDO VFDOHV� -� 3K\V�
2FHDQRJ�� ��� ��������

.HLJZLQ� /�'�� ����� 7KH OLWWOH LFH DJH DQG
PHGLHYDO ZDUP SHULRGV LQ WKH 6DUJDVVR 6HD�
6FLHQFH� ���� ����������

.OHLQ� 5�� <� /R\D� *� 6YLVW]PDQ� 3�-� ,VGDOH� DQG
0� 6XVLF� ����� 6HDVRQDO UDLQIDOO LQ WKH 6LQDL
'HVHUW GXULQJ WKH ODWH 4XDWHUQDU\ LQIHUUHG IURP
IOXRUHVFHQW EDQGV LQ IRVVLO FRUDOV� 1DWXUH� ����
��������

.QXWVRQ '�:�� 5�:� %XGGHPHLHU� DQG 6�9� 6PLWK�
����� &RUDO FKURQRORJLHV� VHDVRQDO JURZWK EDQGV
LQ UHHI FRUDOV� 6FLHQFH� ���� ��������

.XPDU� $�� DQG 0�3� +RHUOLQJ� �����
,QWHUSUHWDWLRQV DQG LPSOLFDWLRQV RI WKH REVHUYHG
LQWHU�(O 1LxR YDULDELOLW\� -� &OLPDWH� ��� ������

/DPE� +�)�� )� *DVVH� $� %HQNDGGRXU� 1� (O
+DPRXWL� 6� YDQ GHU .DDUV� :�7� 3HUNLQV� 1�-�
3HDUFH� DQG &�1� 5REHUWV� ����� 5HODWLRQ
EHWZHHQ FHQWXU\�VFDOH +RORFHQH LQWHUYDOV LQ
WURSLFDO DQG WHPSHUDWH ]RQHV� 1DWXUH� ���� ����
����

/DPE� 3�-�� DQG 5�$� 3HSSOHU� ����� )XUWKHU FDVH
VWXGLHV RI WURSLFDO $WODQWLF VXUIDFH DWPRVSKHULF
DQG RFHDQLF SDWWHUQV DVVRFLDWHG ZLWK VXE�6DKDUDQ
GURXJKW� -� &OLPDWH� �� ��������

/DWLI� 0�� '� $QGHUVRQ� 7� %DUQHWW� 0� &DQH� 5�
.OHHPDQ� $� /HHWPDD� -� 2
%ULHQ� $� 5RVDWL� (�
6FKQHLGHU� ����� $ UHYLHZ RI WKH SUHGLFWDELOLW\
DQG SUHGLFWLRQ RI (162� -� *HRSK\V� 5HV�� ����
��������������

/HD� '�:�� (�$� %R\OH� DQG *�7� 6KHQ� �����
&RUDOOLQH EDULXP UHFRUGV WHPSRUDO YDULDELOLW\ LQ
HTXDWRULDO 3DFLILF XSZHOOLQJ� 1DWXUH� ���� ����
����

/HGHU� -�-�� 3�.� 6ZDUW� $� 6]PDQW� DQG 5�(� 'RGJH�
����� 7KH RULJLQ RI YDULDWLRQV LQ WKH LVRWRSLF
UHFRUG RI VFOHUDFWLQLDQ FRUDOV� ,� 2[\JHQ�
*HRFKLP� &RVPRFKLP� $FWD� ��� ����������

/LQQ� /�-�� 0�-� 'HODQH\� DQG (�5�0� 'UXIIHO� �����
7UDFH PHWDOV LQ FRQWHPSRUDU\ DQG VHYHQWHHQWK�
FHQWXU\ *DOiSDJRV FRUDO� UHFRUGV RI VHDVRQDO DQG
DQQXDO YDULDWLRQV� *HRFKLP� &RVPRFKLP� $FWD�
��� ��������

/LQVOH\� %�.�� 5�%� 'XQEDU� *�0� :HOOLQJWRQ� DQG
'�$� 0XFFLDURQH� ����� $ FRUDO�EDVHG
UHFRQVWUXFWLRQ RI ,QWHUWURSLFDO &RQYHUJHQFH =RQH
YDULDELOLW\ RYHU &HQWUDO $PHULFD VLQFH ����� -�
*HRSK\V� 5HV�� ��� ����������

/LQVOH\� %�.�� 5�*� 0HVVLHU� DQG 5�%� 'XQEDU�
����� $VVHVVLQJ EHWZHHQ FRORQ\ R[\JHQ LVRWRSH
YDULDELOLW\ LQ WKH FRUDO 3RULWHV OREDWD DW
&OLSSHUWRQ $WROO� &RUDO 5HHIV� LQ SUHVV�

/RXJK -�0�� '� -� %DUQHV� DQG 5�%� 7D\ORU� �����
7KH SRWHQWLDO RI PDVVLYH FRUDOV IRU WKH VWXG\ RI
KLJK�UHVROXWLRQ FOLPDWH YDULDWLRQ RI WKH SDVW
PLOOHQQLXP� LQ &OLPDWLF IOXFWXDWLRQV DQG IRUFLQJ
PHFKDQLVPV RI WKH ODVW ���� \HDUV� -RQHV� 3�'��
5�6� %UDGOH\� DQG -� -RX]HO �HGLWRUV�� 6SULQJHU�
9HUODJ� %HUOLQ� ��������

0DQQ� 0�(�� 5�6� %UDGOH\� DQG 0�.� +XJKHV� �����
*OREDO�VFDOH WHPSHUDWXUH SDWWHUQV DQG FOLPDWH
IRUFLQJ RYHU WKH SDVW VL[ FHQWXULHV� 1DWXUH� ����
��������

0DQWXD� 1�-�� 6�5� +DUH� <� =KDQJ� -�0� :DOODFH�
DQG 5�&� )UDQFLV� ����� $ 3DFLILF LQWHUGHFDGDO
FOLPDWH RVFLOODWLRQ ZLWK LPSDFWV RQ VDOPRQ
SURGXFWLRQ� %XOO� $PHU� 0HWHRURO� 6RF�� ���
����������

0F&RQQDXJKH\� 7�$�� ����� &��� DQG 2���
LVRWRSLF GLVHTXLOLEULD LQ ELRORJLFDO FDUERQDWHV� ,�
3DWWHUQV� *HRFKLP� &RVPRFKLP� $FWD� ��� ����
����

0F&XOORFK� 0�7�� 0�.� *DJDQ� *�(� 0RUWLPHU�
$�5� &KLYDV� DQG 3�-� ,VGDOH� ����� $ KLJK
UHVROXWLRQ 6U�&D DQG G��2 FRUDO UHFRUG IURP WKH
*UHDW %DUULHU 5HHI� $XVWUDOLD� DQG WKH ���������
(O 1LxR� *HRFKLP� &RVPRFKLP� $FWD�� ��� �����
�����

0F&XOORFK� 0�7�� *� 0RUWLPHU� 7� (VDW� /�
;LDQKXD� %� 3LOODQV� DQG -� &KDSSHOO� ����� +LJK
UHVROXWLRQ ZLQGRZV LQWR HDUO\ +RORFHQH FOLPDWH�
6U�&D FRUDO UHFRUGV IURP WKH +XRQ 3HQLQVXOD�
(DUWK 3ODQHW� 6FL� /HWW�� ���� ��������
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��

0F&XOORFK� 0�7�� $� :� 7XGKRSH� 7� 0� (VDW� *�(�
0RUWLPHU� -� &KDSSHOO� %� 3LOODQV� $� 5� &KLYDV�
DQG $� 2PXUD� ����� &RUDO UHFRUG RI HTXDWRULDO
VHD�VXUIDFH WHPSHUDWXUHV GXULQJ WKH SHQXOWLPDWH
GHJODFLDWLRQ DW +XRQ 3HQLQVXOD� 6FLHQFH� ����
��������

0F*ORQH� 0�6�� $�3� .HUVKDZ� DQG 9� 0DUNJUDI�
����� (O 1LxR�6RXWKHUQ 2VFLOODWLRQ DQG FOLPDWLF
YDULDELOLW\ LQ $XVWUDODVLDQ DQG 6RXWK $PHULFDQ
SDOHRHQYLURQPHQWDO UHFRUGV� ,Q� (O 1LxR�
+LVWRULFDO DQG SDOHRFOLPDWLF DVSHFWV RI WKH
6RXWKHUQ 2VFLOODWLRQ� +�)� 'LD] DQG 9� 0DUNJUDI
�HGLWRUV�� &DPEULGJH 8QLYHUVLW\ 3UHVV�
&DPEULGJH� ��������

0HHKO� *�$�� DQG *�:� %UDQVWDWRU� ����� &RXSOHG
FOLPDWH PRGHO VLPXODWLRQ RI (O 1LxR�6RXWKHUQ
2VFLOODWLRQ� LPSOLFDWLRQV IRU SDOHRFOLPDWH� LQ (O
1LxR� +LVWRULFDO DQG SDOHRFOLPDWLF DVSHFWV RI WKH
6RXWKHUQ 2VFLOODWLRQ� +�)� 'LD] DQG 9� 0DUNJUDI
�HGLWRUV�� &DPEULGJH 8QLYHUVLW\ 3UHVV�
&DPEULGJH� ������

0LQ� 5�*�� 5�/� (GZDUGV� )�:� 7D\ORU� -� 5HF\�
&�'� *DOOXS� DQG -�:� %HFN� ����� $QQXDO F\FOHV
RI 8�&D LQ FRUDO VNHOHWRQV DQG 8�&D
WKHUPRPHWU\� *HRFKLP� &RVPRFKLP� $FWD� ���
����������

0LWFKHOO� -�)�%�� 6� 0DQDEH� 9� 0HOHVKNR DQG 7�
7RNLRND� ����� (TXLOLEULXP FOLPDWH FKDQJH � DQG
LWV LPSOLFDWLRQV IRU WKH IXWXUH� LQ &OLPDWH
&KDQJH� 7KH ,3&& $VVHVVPHQW� -�7� +RXJKWRQ�
*�-� -HQNLQV� DQG -�-� (SKUDXPV �HGLWRUV�
&DPEULGJH 8QLYHUVLW\ 3UHVV� &DPEULGJH� ����
����

0LWVXJXFKL� 7�� (� 0DWVXPRWR� 2� $EH� 7� 8FKLGD�
7� DQG 3�-� ,VGDOH� ����� 0J�&D WKHUPRPHWU\ LQ
FRUDO VNHOHWRQV� 6FLHQFH� ���� ��������

0R� .�&�� DQG 5�:� +LJJLQV� ����� 7URSLFDO
FRQYHFWLRQ DQG SUHFLSLWDWLRQ UHJLPHV LQ WKH
ZHVWHUQ 8QLWHG 6WDWHV� -� &OLPDWH� ��� ����������

0RRUH� 0�'�� ����� 3UR[\ UHFRUGV RI WKH
,QGRQHVLDQ /RZ DQG WKH (O 1LxR�6RXWKHUQ
2VFLOODWLRQ IURP VWDEOH LVRWRSH PHDVXUHPHQWV RI
UHHI FRUDOV� XQSXEOLVKHG 3K�'� GLVVHUWDWLRQ�
8QLYHUVLW\ RI &DOLIRUQLD DW %HUNHOH\�

0RXUD� $�� DQG -� 6KXNOD� ����� 2Q WKH G\QDPLFV RI
GURXJKWV LQ QRUWKHDVW %UD]LO� REVHUYDWLRQV�
WKHRU\� DQG QXPHULFDO H[SHULPHQWV ZLWK D JHQHUDO
FLUFXODWLRQ PRGHO� -� $WPRV� 6FL�� ��� ����������

1LFKROVRQ� 6�� ����� 5HFHQW UDLQIDOO IOXFWXDWLRQV LQ
$IULFD DQG WKHLU UHODWLRQVKLSV WR SDVW FRQGLWLRQV
RYHU WKH FRQWLQHQW� 7KH +RORFHQH� �� �������

1R]DNL� <�� '�0� 5\H� .�.� 7XUHNLDQ� DQG 5�(�
'RGJH� ����� $ ��� \HDU UHFRUG RI FDUERQ���
DQG FDUERQ��� YDULDWLRQV LQ D %HUPXGD FRUDO�
*HRSK\V� 5HV� /HWW�� �� ��������

2©%ULHQ� 6�5�� 3�$� 0D\HZVNL� /�'� 0HHNHU� '�$�
0HHVH� 0�6� 7ZLFNOHU� DQG 6�,� :KLWORZ� �����
&RPSOH[LW\ RI +RORFHQH FOLPDWH DV UHFRQVWUXFWHG
IURP D *UHHQODQG LFH FRUH� 6FLHQFH� ���� �����
�����

2UWOLHE� /�� ����� 7KH GRFXPHQWDU\ KLVWRULFDO
UHFRUG RI (O 1LxR HYHQWV LQ 3HUX� $Q XSGDWH RI
WKH 4XLQQ UHFRUG �VL[WHHQWK WKURXJK QLQHWHHQWK
FHQWXULHV�� LQ (O 1LxR DQG WKH 6RXWKHUQ
2VFLOODWLRQ� 0XOWLVFDOH 9DULDELOLW\� *OREDO DQG
5HJLRQDO ,PSDFWV� +�)� 'LD] DQG 9� 0DUNJUDI
�HGLWRUV� &DPEULGJH 8QLYHUVLW\ 3UHVV� LQ SUHVV�

2YHUSHFN� -�7�� ����� :DUP FOLPDWH VXUSULVHV�
6FLHQFH� ���� ����������

3DUNHU� '�(�� 0� -DFNVRQ� DQG (�%� +RUWRQ� �����
7KH *,667��� VHD VXUIDFH WHPSHUDWXUH DQG VHD�
LFH FOLPDWRORJ\� 7HFKQLFDO UHSRUW� &571 ���
+DGOH\ &HQWUH IRU &OLPDWH 3UHGLFWLRQ DQG
5HVHDUFK� 0HWHRURORJLFDO 2IILFH� /RQGRQ 5RDG�
%UDFNQHOO� %HUNVKLUH� 5*�� �6<� �� SS�

3DW]ROG� -�� ����� *URZWK UK\WKPV UHFRUGHG LQ
VWDEOH LVRWRSHV DQG GHQVLW\ EDQGV LQ WKH UHHI FRUDO
3RULWHV OREDWD �&HEX� 3KLOLSSLQHV�� &RUDO 5HHIV�
�� ������

4XLQQ� 7�0�� 7�-� &URZOH\� )�:� 7D\ORU� &� +HQLQ�
3� -RDQQRW� DQG <� -RLQ� ����� $ PXOWL�FHQWXU\
VWDEOH LVRWRSH UHFRUG IURP D 1HZ &DOHGRQLD
FRUDO� ,QWHUDQQXDO DQG GHFDGDO VHD�VXUIDFH
WHPSHUDWXUH YDULDELOLW\ LQ WKH VRXWKZHVW 3DFLILF
VLQFH ���� $'� 3DOHRFHDQRJUDSK\� ��� ��������

4XLQQ� 7�0�� )� 7D\ORU� DQG 7� &URZOH\� ����� $
��� \HDU VWDEOH LVRWRSH UHFRUGV IURP D WURSLFDO
6RXWK 3DFLILF FRUDO� 4XDW� 6FL� 5HY�� ��� ��������

4XLQQ� :�+�� 9�7� 1HDO� DQG 6�(� $QWXQH] GH
0D\ROR� ����� (O 1LxR RFFXUUHQFHV RYHU WKH SDVW
IRXU DQG D KDOI FHQWXULHV� -� *HRSK\V� 5HV�� ���
��������������

5DMDJRSDODQ� %�� 8� /DOO� DQG 0�$� &DQH� �����
$QRPDORXV (162 RFFXUUHQFHV� DQ DOWHUQDWH
YLHZ� -� &OLPDWH� ��� ����������

5DPDQDWKDQ� 9�� 5�'� &HVV� (�)� +DUULVRQ� 3�
0LQQLV� %�5� %DUNVWURP� (� $KPHG� DQG '�
+DUWPDQQ� ����� &ORXG�UDGLDWLYH IRUFLQJ DQG
FOLPDWH� 5HVXOWV IURP WKH (DUWK 5DGLDWLRQ %XGJHW
([SHULPHQW� 6FLHQFH� ���� ������

5DPDQDWKDQ� 9�� DQG &ROOLQV� 9�� ����� $
WKHUPRVWDW LQ WKH WURSLFV"� 1DWXUH� ���� ��������



��

5HHGHU� 5�-�� ����� ,QWHUDFWLRQ RI GLYDOHQW FREDOW�
]LQF� FDGPLXP� DQG EDULXP ZLWK WKH FDOFLWH
VXUIDFH GXULQJ OD\HU JURZWK� *HRFKLP�
&RVPRFKLP� $FWD� ��� ����������

5LQG� '�� ����� +RZ ZLOO IXWXUH FOLPDWH FKDQJHV
GLIIHU IURP WKRVH RI WKH SDVW"� LQ *OREDO FKDQJHV
LQ WKH SHUVSHFWLYH RI WKH SDVW� -�$� (GG\ DQG +�
2HVFKJHU �HGLWRUV�� -RKQ :LOH\ 	 6RQV /WG�� ���
���

5LQG� '�� ����� /DWLWXGLQDO WHPSHUDWXUH JUDGLHQWV
DQG FOLPDWH FKDQJH� -� *HRSK\V� 5HV�� ���� �����
�����

5RGEHOO� '�7�� *�2� 6HOW]HU� '�0� $QGHUVRQ� 0�%�
$EERWW� '�%� (QILHOG� DQG -�+� 1HZPDQ� ����� $
KLJK�UHVROXWLRQ a�������\U UHFRUG RI (O 1LxR�
GULYHQ DOOXYLDWLRQ LQ VRXWKZHVWHUQ (FXDGRU�
6FLHQFH� ���� ��������

5RKOLQJ� (�-�� DQG *�5� %LJJ� ����� 3DOHRVDOLQLW\
DQG G��2� $ FULWLFDO DVVHVVPHQW� -� *HRSK\V� 5HV��
���� ����������

5RVHQWKDO� <�� DQG (�$� %R\OH� ����� )DFWRUV
FRQWUROOLQJ WKH IOXRULGH FRQWHQW RI SODQNWRQLF
IRUDPLQLIHUD� $Q HYDOXDWLRQ RI LWV
SDOHRFHDQRJUDSKLF DSSOLFDELOLW\� *HRFKLP�
&RVPRFKLP� $FWD� ��� ��������

6DQGZHLVV� '�+�� -�%� 5LFKDUGVRQ� (�-� 5HLW]� +�%�
5ROOLQV� DQG .�$� 0DDVFK� �����
*HRDUFKDHRORJLFDO HYLGHQFH IURP 3HUX IRU D ����
\HDUV %�3� RQVHW RI (O 1LxR� 6FLHQFH� ���� �����
�����

6FKUDJ� '�3�� ����� 5DSLG DQDO\VLV RI KLJK�
SUHFLVLRQ 6U�&D UDWLRV LQ VFOHUDFWLQLDQ FRUDOV DQG
RWKHU PDULQH FDUERQDWHV� 3DOHRFHDQRJUDSK\� LQ
SUHVV�

6FKXEHUW� &�� ����� 7KH JODFLHUV RI WKH 6LHUUD
1HYDGD GH 0pULGD �9HQH]XHOD�� D SKRWRJUDSKLF
FRPSDULVRQ RI UHFHQW GHJODFLDWLRQ� (UGNXQGH� ���
������

6HUYDLQ� -�� ����� 6LPSOH FOLPDWLF LQGLFHV IRU WKH
WURSLFDO $WODQWLF DQG VRPH DSSOLFDWLRQV� -�
*HRSK\V� 5HV�� ��� ��������������

6KHQ� &��&�� 7� /HH� &��<� &KHQ�� &��+� :DQJ� &��
)� 'DL� DQG /��$� /L� ����� 7KH FDOLEUDWLRQ RI
'>6U�&D@ YHUVXV VHD�VXUIDFH WHPSHUDWXUH
UHODWLRQVKLS IRU 3RULWHV FRUDOV� *HRFKLP�
&RVPRFKLP� $FWD� ��� ����������

6KHQ� *�7�� ����� 5DSLG FKDQJH LQ WKH WURSLFDO
RFHDQ DQG WKH XVH RI FRUDOV DV PRQLWRULQJ
V\VWHPV� LQ *HRLQGLFDWRUV� $VVHVVLQJ 5DSLG
(QYLURQPHQWDO &KDQJHV LQ (DUWK 6\VWHPV� $�5�
%HUJHU DQG :�-� ,DPV �HGLWRUV�� %DONHPD 3UHVV�
5RWWHUGDP� ��������

6KHQ� *�7�� DQG 5�%� 'XQEDU� ����� (QYLURQPHQWDO
FRQWUROV RQ XUDQLXP LQ UHHI FRUDOV� *HRFKLP�
&RVPRFKLP� $FWD� ��� ����������

6KHQ� *�7�� (�$� %R\OH� DQG '�:� /HD� �����
&DGPLXP LQ FRUDOV DV D WUDFHU RI KLVWRULFDO
XSZHOOLQJ DQG LQGXVWULDO IDOORXW� 1DWXUH� ����
��������

6KHQ� *�7�� 7�0� &DPSEHOO� 5�%� 'XQEDU� *�0�
:HOOLQJWRQ� 0�:� &ROJDQ� DQG 3�:� *O\QQ�
����� 3DOHRFKHPLVWU\ RI PDQJDQHVH LQ FRUDOV
IURP WKH *DODSDJRV ,VODQGV� &RUDO 5HHIV� ��� ���
����

6KHQ� *� 7�� -� (� &ROH� '� :� /HD� /� -� /LQQ� 7� $�
0F&RQQDXJKH\� DQG 5� *� )DLUEDQNV� ����D�
6XUIDFH RFHDQ YDULDELOLW\ DW *DOiSDJRV IURP
���������� &DOLEUDWLRQ RI JHRFKHPLFDO WUDFHUV LQ
FRUDOV� 3DOHRFHDQRJUDSK\� ��������

6KHQ� *�7�� /�-� /LQQ� 7�0� &DPSEHOO� -�(� &ROH�
DQG 5�*� )DLUEDQNV� ����E� $ FKHPLFDO LQGLFDWRU
RI WUDGH ZLQG UHYHUVDO LQ FRUDOV IURP WKH ZHVWHUQ
WURSLFDO 3DFLILF� -� *HRSK\V� 5HV�� ��� �������
�������

6KXNOD� -�� ����� ,QWHUDQQXDO YDULDELOLW\ RI
PRQVRRQ� ,Q� -�6� )HLQ DQG 3�/� 6WHSKHQV
�HGLWRUV�� 0RQVRRQV� -RKQ :LOH\� 1HZ <RUN�
��������

6KXOPHLVWHU� -�� DQG %�*� /HHV� ����� 3ROOHQ
HYLGHQFH IRUP WURSLFDO $XVWUDOLD IRU WKH RQVHW RI
DQ (162�GRPLQDWHG FOLPDWH DW F� ���� %3� 7KH
+RORFHQH� �� ������

6LPPRQV� $�-�� -�0� :DOODFH� DQG *� %UDQVWDWRU�
����� %DURWURSLF ZDYH SURSDJDWLRQ DQG
LQVWDELOLW\� DQG DWPRVSKHULF WHOHFRQQHFWLRQ
SDWWHUQV� -� $WPRV� 6FL�� ��� ����������

6LURFNR� )�� HW DO�� ����� &HQWXU\�VFDOH HYHQWV LQ
PRQVRRQDO FOLPDWH RYHU WKH SDVW ������ \HDUV�
1DWXUH� ���� ��������

6PLWK� 1�(�� ����� 'HFDGDO FOLPDWH YDULDELOLW\ LQ
WKH ZHVWHUQ WURSLFDO $WODQWLF DQG WKH SRWHQWLDO IRU
SUR[\ UHFRUGV IURP WKH FRUDO 6LGHUDVWUHD VLGHUHD�
XQSXEOLVKHG 0DVWHUV WKHVLV� 8QLY� RI &RORUDGR�
��� SS�

6WDJHU� -�&�� DQG 0D\HZVNL� 3�$�� ����� $EUXSW
HDUO\ WR PLG�+RORFHQH FOLPDWLF WUDQVLWLRQ
UHJLVWHUHG DW WKH HTXDWRU DQG WKH SROHV� 6FLHQFH�
���� ����������

6WDKOH� '�:�� 5� '©$UULJR� HW DO� ��� DXWKRUV�� �����
([SHULPHQWDO GHQGURFOLPDWLF UHFRQVWUXFWLRQ RI
WKH 6RXWKHUQ 2VFLOODWLRQ� %XOO� $P� 0HWHRURO�
6RF�� ��� ����������



��

6WDKOH� '�:�� 3�7� 0XVKRYH� 0�.� &OHDYHODQG� )�
5RLJ� *�$� +D\QHV� ����� 0DQDJHPHQW
LPSOLFDWLRQV RI DQQXDO JURZWK ULQJV LQ
3WHURFDUSXV DQJROHQVLV IURP =LPEDEZH� )RUHVW
(FRORJ\ DQG 0DQDJHPHQW� LQ SUHVV�

6WROO� +�0�� DQG '�3� 6FKUDJ� ����� (IIHFWV RI
4XDWHUQDU\ VHD OHYHO F\FOHV RQ VWURQWLXP LQ
VHDZDWHU� *HRFKLP� &RVPRFKLP� $FWD� ��� �����
�����

6ZDUW� 3�.�� ����� &DUERQ DQG R[\JHQ LVRWRSH
IUDFWLRQDWLRQ LQ VFOHUDFWLQLDQ FRUDOV� D UHYLHZ�
(DUWK 6FL� 5HY�� ��� ������

6ZDUW� 3�.�� DQG 0�/� &ROHPDQ� ����� ,VRWRSLF GDWD
IRU VFOHUDFWLQLDQ FRUDOV H[SODLQ WKHLU
SDODHRWHPSHUDWXUH XQFHUWDLQWLHV� 1DWXUH� ����
��������

6ZDUW� 3�.�� -�-� /HGHU� $�0� 6]PDQW� DQG 5�(�
'RGJH� ����� 7KH RULJLQ RI YDULDWLRQV LQ WKH
LVRWRSLF UHFRUG RI VFOHUDFWLQLDQ FRUDOV� ,,� &DUERQ�
*HRFKLP� &RVPRFKLP� $FWD� ��� ����������

6ZDUW� 3�.�� -�/� 5XEHQVWRQH� &� &KDUOHV� DQG -�
5HLWQHU� ����� 6FOHURVSRQJHV� $ QHZ SUR[\
LQGLFDWRU RI FOLPDWH� 5HSRUW IURP WKH :RUNVKRS
RQ WKH 8VH RI 6FOHURVSRQJHV DV 3UR[\ &OLPDWH
,QGLFDWRUV� �� SS�� LQ SUHVV� SUHSULQW DYDLODEOH DW
KWWS���PJJ�UVPDV�PLDPL�HGX�
PJJ�KWJ�JURXSV�VLO�UHSRUW�SGI�

6ZDUW 3�.�� .�6� :KLWH� '� (QILHOG� 5�(� 'RGJH� 3�
0LOQH� ����� 6WDEOH R[\JHQ LVRWRSLF FRPSRVLWLRQ
RI FRUDOV IURP WKH *XOI RI *XLQHD DV LQGLFDWRUV RI
SHULRGV RI H[WUHPH SUHFLSLWDWLRQ FRQGLWLRQV LQ WKH
VXE�6DKDUD� -� *HRSK\V� 5HV� ���� �������
�������

7HUUD\� 3�� ����� 6SDFH�WLPH VWUXFWXUH RI
LQWHUDQQXDO PRQVRRQ YDULDELOLW\� -� &OLPDWH� ��
����������

7KRPSVRQ� /�*�� ����� ,FH FRUH HYLGHQFH IRU
FOLPDWH FKDQJH LQ WKH WURSLFV� LPSOLFDWLRQV IRU
RXU IXWXUH� 4XDW� 6FL� 5HY�� LQ SUHVV

7KRPSVRQ� /�*�� DQG (� 0RVOH\�7KRPSVRQ� �����
5HFRQVWUXFWLQJ WKH KLVWRU\ RI LQWHUDQQXDO FOLPDWH
YDULDELOLW\ IURP WURSLFDO DQG VXEWURSLFDO LFH�FRUH
UHFRUGV� LQ (O 1LxR� +LVWRULFDO DQG 3DOHRFOLPDWLF
$VSHFWV RI WKH 6RXWKHUQ 2VFLOODWLRQ� +�)� 'LD]
DQG 9� 0DUNJUDI �HGLWRUV�� &DPEULGJH 8QLYHUVLW\
3UHVV� &DPEULGJH� ��������

7KRPSVRQ� /�*�� (� 0RVOH\�7KRPSVRQ� DQG %�0�
$UQDR� ����� (O 1LxR�6RXWKHUQ 2VFLOODWLRQ
HYHQWV UHFRUGHG LQ WKH VWUDWLJUDSK\ RI WKH WURSLFDO
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