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$%675$&7
$� GRXEOH�ULQJ� LQILOWURPHWHU� ZDV� XVHG� WR� PHDVXUH LQILOWUDWLRQ� UDWHV� RI� WZR� VRLOV� VXEMHFWHG� WR� WZR� ODQG� XVH�
PDQDJHPHQW� SUDFWLFHV� LQ� WKH� 6RXWKHUQ� JXLQHD� VDYDQQD� ]RQH� RI� 1LJHULD�� 5HVXOWV� VKRZHG� WKDW� WKH� HTXLOLEULXP�
LQILOWUDWLRQ�UDWH�RI�WKH�WHVWHG�VRLOV�ZDV�DWWDLQHG�EHWZHHQ���DQG���KRXUV��*HQHUDOO\��WKH�VRLOV�XQGHU�IDOORZ�H[KLELWHG
KLJKHU� LQILOWUDWLRQ� UDWHV� WKDQ� WKRVH� WKDW� ZHUH� FXOWLYDWHG�� &XUYH� ILWWLQJ� ZDV� GRQH� RQ� .RVWLDNRY¶V�� +RUWRQ¶V� DQG�
3KLOLS¶V�LQILOWUDWLRQ�PRGHOV��,QILOWUDWLRQ�GDWD�JHQHUDWHG�XVLQJ�.RVWLDNRY¶V�PRGHO�ZHUH�QRW�VLJQLILFDQWO\�GLIIHUHQW�IURP
ILHOG�PHDVXUHG�YDOXHV�DW ���� OHYHO�RI�SUREDELOLW\��7KLV�PRGHO�� WKHUHIRUH�� VKRZHG�D�JUHDWHU�DFFXUDF\� IRU� WKH� VRLOV�
VWXGLHG�� WKDQ� WKH� RWKHU� WZR�PRGHOV�� DQG� LV� WKXV� UHFRPPHQGHG� IRU� VLPLODU� VRLOV� HOVHZKHUH� LQ� WKH� 6RXWKHUQ�JXLQHD�
VDYDQQD�]RQH�RI�1LJHULD�

.(<:25'6� ,QILOWUDWLRQ�UDWHV��IDOORZ��FXOWLYDWHG�VRLO��LQILOWUDWLRQ�PRGHOV�

,1752'8&7,21
0HDVXUHPHQW� RI� VRLO� ZDWHU� XQGHU� ILHOG� FRQGLWLRQ� WR�
HQVXUH�VXVWDLQDEOH�\LHOGV�LQ�DJULFXOWXUDO�SURGXFWLRQ�LV�
SDUWLFXODUO\� FRQFHUQHG� ZLWK� FRQVHUYLQJ� ZDWHU� IURP�
LQDGHTXDWH� UDLQIDOO� LQ� WKH�1LJHULDQ�VXE�KXPLG�� VHPL�
DULG DQG�DULG�]RQHV��*XLQHD�VDYDQQD��6XGDQ�VDYDQQD�
DQG�6DKHO�VDYDQQD��UHVSHFWLYHO\���DQG�WKH�DSSOLFDWLRQ�
RI�LUULJDWLRQ�ZDWHU�WR�VXSSOHPHQW�LQVXIILFLHQW�UDLQIDOO�
LQ� WKHVH� VDYDQQDV�� 7KH� WHFKQLTXHV� HPSOR\HG� DUH�
GLUHFWHG�WRZDUGV�LQFUHDVLQJ�WKH�DPRXQW�RI�ZDWHU�WKDW
JRHV�LQWR�WKH�VRLO�IURP�WKH�VXUIDFH��DQG�WR�HQVXUH�WKDW�
SODQWV� PDNH� HIILFLHQW� XVH� RI� WKLV� ZDWHU�� 7KLV�
PRYHPHQW�RI�ZDWHU�GRZQZDUGV� LQWR� WKH�VRLO� WKURXJK�
WKH� VXUIDFH� LV� WHUPHG� LQILOWUDWLRQ�� $GHTXDWHO\� KLJK�
UDWH RI� LQILOWUDWLRQ�ZRXOG� UHVXOW� LQ�� �L�� DQ� LQFUHDVH� LQ�
WKH� URRW� ]RQH� ZDWHU� VWRUDJH�� �LL�� UHGXFWLRQ� LQ� WKH�
DPRXQW�RI�UXQRII�DQG�IORRGLQJ�DQG��LLL��FRQWURO�RI�VRLO�
HURVLRQ��%RWK�ZDWHU�FRQVHUYDWLRQ�DQG�HURVLRQ�FRQWURO�
LQYROYH� EDVLFDOO\� UXQRII� FRQWURO� E\� HQKDQFLQJ�
LQILOWUDWLRQ�� 7RWDO� UDLQIDOO� LQ� WKH� 1LJHULDQ *XLQHD�
VDYDQQD�]RQH� LV� QRW�DV� OLPLWLQJ�DV�ZDWHU�GLVWULEXWLRQ�
ZLWKLQ� WKH� VRLO� SURILOH�� DQG� WKHUHIRUH�� WKH� DPRXQW� RU�
SURSRUWLRQ�WKDW�UHPDLQV�LQ�WKH�URRW�]RQH�IRU�SODQWV�WR�
XWLOL]H��3D\QH��HW�DO�� ������

,QILOWUDWLRQ� UDWH� GHFUHDVHV� ZLWK� WLPH� GXULQJ� DQ�
LUULJDWLRQ� RU� UDLQIDOO HYHQW�� 7KH� UDWH� RI� GHFUHDVH� LV�
UDSLG� LQLWLDOO\�� EXW� LQ� WKH� ORQJ�WHUP� LW� DSSURDFKHV� D�
FRQVWDQW� YDOXH� WHUPHG� HTXLOLEULXP� LQILOWUDWLRQ� UDWH�
�(]H� HW� DO�� ������� $FFXPXODWHG� LQILOWUDWLRQ�
�FXPXODWLYH�LQILOWUDWLRQ��UHIHUV�WR�WKH�WRWDO�TXDQWLW\�RI
ZDWHU�WKDW�HQWHUV�WKH�VRLO� LQ�D�JLYHQ�WLPH��,QILOWUDWLRQ�
UDWH� DQG� DFFXPXODWHG� LQILOWUDWLRQ� DUH� WZR�SDUDPHWHUV�
WKDW� DUH� FRPPRQO\� XVHG� WR� HYDOXDWH� WKH� LQILOWUDWLRQ�
FKDUDFWHULVWLFV� RI� WKH� VRLO�� 7KH� PHDVXUHPHQW RI� VRLO�
LQILOWUDWLRQ� LV�HVVHQWLDO�QRW�RQO\�IRU� LWV� LPSRUWDQFH� LQ
LUULJDWLRQ�OD\RXW�DQG�GHVLJQ��EXW�DOVR�EHFDXVH�LW�LV�DQ�
LPSRUWDQW�SDUDPHWHU�JLYHQ� WKH�EHVW�SRVVLEOH�HVWLPDWH�
LQ� FDWFKPHQW� UXQRII� PRGHOV� �,$+6�� ������:ULJOH\��
������� ,W� WKHQ�HQWDLOV� WKDW� UHDOLVWLF�SODQQLQJ�RI�ZDWHU�
PDQDJHPHQW� DFWLYLWLHV�� VXFK� DV� HURVLRQ� FRQWURO� DQG�
LUULJDWLRQ��ZLOO�UHTXLUH�VLPSOH�LQIRUPDWLRQ�RQ�WKH�UDWH�
DW�ZKLFK�GLIIHUHQW� VRLOV� WDNH� XS�ZDWHU� XQGHU�YDU\LQJ�
FRQGLWLRQV�DQG�VRLO�PDQDJHPHQW�SUDFWLFHV��(]H�HW�DO�
������� LQ� D� UHODWHG VWXG\� QRWHG� WKDW� VRPH� VRLOV� LQ�
0LQQD��VRXWKHUQ�*XLQHD�VDYDQQD�]RQH�RI�1LJHULD��OHIW�
IDOORZ� IRU� DERXW� ILYH� \HDUV� KDG� VLJQLILFDQWO\� ORZHU�
LQILOWUDWLRQ� UDWHV� WKDQ� WKH� FXOWLYDWHG� RQHV�� 7KHVH�
ZRUNHUV� UHSRUWHG� WKDW� WKLV� UHVXOWV� VR� REVHUYHG� ZDV�
GXH WR� WKH� XQGLVWXUEHG� FRQGLWLRQ� RI� WKH� VRLOV� XQGHU�
IDOORZ��'DWD�RQ�UDWHV�RI�LQILOWUDWLRQ�RI�ZDWHU�LQWR�VRLOV�
FDQ� EH� XVHG� WR� VXSSOHPHQW� RWKHU� VRLO� LQIRUPDWLRQ�
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ZKLFK� FRXOG� KHOS� VRLO� VFLHQWLVWV�� HQJLQHHUV��
K\GURORJLVWV�DQG�RWKHUV�WR�GHDO�PRUH�HIIHFWLYHO\�ZLWK�
D ZLGH� VSHFWUXP RI�ZDWHU� UHVRXUFH�PDQDJHPHQW� DQG�
FRQVHUYDWLRQ�SUREOHPV�

0HDVXUHPHQW� RI� LQILOWUDWLRQ� UDWH� LV� ODERXU� LQWHQVLYH��
WHGLRXV��FXPEHUVRPH�DQG�LW�FRXOG�EH�TXLWH�H[SHQVLYH�
HVSHFLDOO\� ZKHUH� ZDWHU� VXSSO\� LV� OLPLWHG�� +HQFH�� LW�
PD\� EH� QHFHVVDU\� WR� GHYLFH D� PHDQV� RI� SUHGLFWLQJ�
FXPXODWLYH� LQILOWUDWLRQ� DQG� LQILOWUDWLRQ UDWH� RYHU� D�
JLYHQ�SHULRG�RI�WLPH�ZLWKRXW�QHFHVVDULO\�FDUU\LQJ�RXW�
PHDVXUHPHQWV� LQ� WKH� ILHOG�� 7KLV� FDQ� EH� DFKLHYHG�
WKURXJK� WKH� DSSOLFDWLRQ� RI� FHUWDLQ� FRPPRQ� WLPH�
GHSHQGHQW�LQILOWUDWLRQ�PRGHOV��7KH�WKHRU\�DQG SURFHVV�
RI� LQILOWUDWLRQ� KDYH� EHHQ� UHYLHZHG� E\� 3KLOLS� �������
DQG� +LOOHO� ������� DPRQJVW� RWKHU� VRLO� VFLHQWLVWV�� $�
QXPEHU�RI� LQILOWUDWLRQ� HTXDWLRQV� DQG�PRGHOV�PD\�EH�
IRXQG� LQ� WKH� OLWHUDWXUH� PHQWLRQHG� DERYH�� 7KHVH�
LQILOWUDWLRQ� HTXDWLRQV� DQG� PRGHOV� PD\� EH� JHQHUDOO\�
JURXSHG� LQWR� WZR� EURDG� FDWHJRULHV�� �L�� WKRVH ZKLFK�
DUH� HPSLULFDO� LQ� QDWXUH� DQG�RU� UHTXLUH� ILWWHG�
SDUDPHWHUV��DQG��LL��WKRVH�ZKLFK�DUH�GHULYHG�IURP�WKH�
WKHRU\�RI� IORZ�LQ�SRURXV�PHGLD�DQG�XWLOL]H�PHDVXUHG�
SDUDPHWHUV��(TXDWLRQV�LQ�WKH�ILUVW FDWHJRU\�KDYH RIWHQ�
LQYROYHG� VLPSOLILHG� FRQFHSWV�� ZKLFK� SHUPLW WKH�
LQILOWUDWLRQ� UDWH� RU� FXPXODWLYH� LQILOWUDWLRQ� YROXPH� WR�
EH� H[SUHVVHG� DOJHEUDLFDOO\� DV� D� IXQFWLRQ� RI� WLPH� �W��
DQG� HPSLULFDO� FRQVWDQWV� RU� VRLO� SDUDPHWHUV�� 6RPH� RI�
WKH� HTXDWLRQV� LQ� WKH� ILUVW� FDWHJRU\� PHQWLRQHG� DERYH�
ZHUH� XVHG� LQ� WKLV� VWXG\�� DQG� WKH\� LQFOXGHG� WKRVH� E\�
.RVWLDNRY� �������� +RUWRQ� ������� ������ DQG� 3KLOLS�
��������,W�ZRXOG�EH�QHFHVVDU\�WR�FDUU\�RXW�WHVWV�RQ�WKH�
DSSOLFDELOLW\�DQG�DFFXUDF\�RI�WKHVH�LQILOWUDWLRQ�PRGHOV�
EHFDXVH� VRPH� RI� WKH DYDLODEOH� RQHV� PD\� QRW� EH�
DSSOLFDEOH� XQGHU� DOO� FRQGLWLRQV� RI� VRLO� DQG� FOLPDWH�
7KH�REMHFWLYHV�RI�WKLV�UHVHDUFK�ZHUH�

�L�� 7R� PHDVXUH� WKH� LQILOWUDWLRQ� UDWHV� RI� WZR�
VHOHFWHG�VRLOV� VXEMHFWHG� WR� WZR� W\SHV�RI�
ODQG�XVH� LQ�RUGHU� WR�GHWHUPLQH� WKH� WLPH�
UHTXLUHG� IRU� WKH DWWDLQPHQW� RI
HTXLOLEULXP� RU� VWHDG\� VWDWH� LQILOWUDWLRQ�
UDWH�

�LL�� 7R� SUHGLFW� FXPXODWLYH� LQILOWUDWLRQ� DQG�
LQILOWUDWLRQ� UDWHV� XVLQJ� WKUHH� WLPH�
GHSHQGHQW� LQILOWUDWLRQ� PRGHOV� DQG�
GHWHUPLQH� WKH� RQH� WKDW� LV� PRVW�
DSSOLFDEOH�WR�WKH�WHVWHG�VRLOV�DQG�IRU�XVH�
LQ�WKH�PDQDJHPHQW�RI�VLPLODU�VRLOV�

0(7+2'2/2*<

7KH� H[SHULPHQW� ZDV� FDUULHG� RXW� DW� WZR� ORFDWLRQV��
*LGDQ�NZDQR�DQG�6KLQWDNR�YLOODJHV��DURXQG�0LQQD�LQ�
1LJHU�6WDWH��1LJHULD��(DFK�RI�WKH�VWXG\�VLWHV�KDG�EHHQ�
XQGHU� DERXW� ILYH� \HDUV� RI� IDOORZ� EHIRUH� WKH�
H[SHULPHQW��0LQQD�LV�ORFDWHG�EHWZHHQ�ODWLWXGH��� ��
�
DQG��� ��
�1RUWK�DQG�EHWZHHQ�ORQJLWXGH������
 DQG���

��
� (DVW� LQ� WKH� 6RXWKHUQ� *XLQHD� VDYDQQDK� ]RQH� RI�
1LJHULD�� ,W� KDV� D� PHDQ� DQQXDO� UDLQIDOO� RI� �����PP�
DQG� D� GDLO\� WHPSHUDWXUH� UDQJH� RI� ��� WR� ���F�� 7KH�
*LGDQ�NZDQR� VRLO� LV� D VDQG\� ORDP� FODVVLILHG� DV�
3OLQWKXVWDOI� ZKLOH� WKH� 6KLQWDNR� VRLO LV� ORDP\� VDQG�
FODVVLILHG�DV�3DOHXVWDOI��(]H��������(]H�HW�DO�� ������

7KH�H[SHULPHQW�FRQVLVWHG�RI�WZR�WUHDWPHQWV��QDPHO\��
IDOORZ� DQG� FXOWLYDWHG� VRLOV�� HDFK� UHSOLFDWHG� IRXU�
WLPHV�� (DFK� WUHDWPHQW� SORW� ZDV� �� [ �� P� LQ� VL]H��
<HOORZ�PDL]H��7=5�<��ZDV�JURZQ�RQ� WKH�FXOWLYDWHG�
SORWV� RQ� WKH� IODW�� 7KH� FXOWLYDWHG� SORWV� ZHUH� WLOOHG�
PDQXDOO\�XVLQJ�D�KDQG�KRH�ZLWK�D�EODGH�VL]H�RI����FP�
FXWWLQJ� ZLGWK� DQG� ��� FP� ORQJ�� 7KH� KDQG�KRH� KDV� D�
WRWDO�ZHLJKW�RI���NJ��5HFRPPHQGHG�IHUWLOL]HU�UDWH�ZDV�
DSSOLHG�XVLQJ�13.������������DW���DQG���ZHHNV�DIWHU�
SODQWLQJ�� 0DQXDO� ZHHGLQJ� ZDV� FDUULHG� RXW� RQ� WKH�
FXOWLYDWHG� SORWV� WKULFH� �DW� ��� �� DQG� ��� ZHHNV� DIWHU�
SODQWLQJ��ZLWK�WKH�DLG�RI�D�VPDOOHU�KDQG�KRH�

,QILOWUDWLRQ� UDWHV� ZHUH� PHDVXUHG� RQ� WKH� IDOORZ� DQG�
FXOWLYDWHG� SORWV� ZLWK� WKH� DLG� RI� D� GRXEOH�ULQJ�
LQILOWURPHWHU� �$KXMD� HW� DO�� ������ (]H� HW� DO�� �������
7KH� GRXEOH�ULQJ� LQILOWURPHWHU� FRQVLVWV� RI� WZR� ULQJV��
LQQHU�DQG�RXWHU�ULQJV��7KH�LQQHU�ULQJ�ZDV�FRQVWUXFWHG�
ZLWK� D� ��PP� WKLFN�PHWDO� VKHHW�� DQG� � ZDV� ��� FP� LQ�
GLDPHWHU� DQG������ FP� LQ� KHLJKW��7KH�RXWHU� ULQJ�ZDV�
PDGH� RI� D� ��PP� WKLFN�PHWDO� VKHHW�� ZKRVH� GLDPHWHU�
DQG�KHLJKW�ZHUH����DQG����FP��UHVSHFWLYHO\��7KH�WZR�
ULQJV� ZHUH� FDUHIXOO\� GULYHQ� ��� FP� GHHS� LQWR� WKH�
JURXQG� ZLWK� PLQLPDO� VRLO� GLVWXUEDQFH� LQ� WKH� LQQHU�
ULQJ�� )RU� WKLV� SXUSRVH�� D� KHDY\� ZRRGHQ� EORFN� ZDV�
SODFHG� RQ� WRS RI� WKH� ULQJV� XSRQ� ZKLFK� PRGHUDWH�
EORZV� RI� D� KHDY\� KDPPHU�ZHUH� DSSOLHG��7KH� KHDY\�
ZRRGHQ�EORFN�ZDV�PRYHG�DURXQG�WKH�HGJHV�RI�WKH�WRS�
RI�WKH�ULQJV�DIWHU�HYHU\�WZR�WR�WKUHH�EORZV�VR�WKDW�WKH�
ULQJV� FRXOG� SHQHWUDWH� WKH� VRLO� XQLIRUPO\�� ZLWKRXW�
GDPDJH��$IWHU�WKH ULQJV�ZHUH�GULYHQ�LQWR�WKH�VRLO��WKH�
GLVWXUEHG�VRLO�DGMDFHQW�WR�WKH�ULQJV�ZDV�PDGH�ILUP�E\�
JHQWO\�WDSSLQJ�WKH�VRLO�ZLWK�WKH�KDQG��)RXU�UXQV�HDFK��
RI�LQILOWUDWLRQ�UDWH�PHDVXUHPHQWV�ZHUH�FDUULHG�RXW�RQ�
WKH� IDOORZ� DQG� FXOWLYDWHG� VRLOV� GXULQJ� HDFK�
PHDVXUHPHQW LQWHUYDO� RU� SHULRG�� ,QILOWUDWLRQ� UDWH�
PHDVXUHPHQWV�ZHUH�WDNHQ�EHIRUH�FXOWLYDWLRQ����ZHHN�
DIWHU� SODQWLQJ��� DQG� VXEVHTXHQWO\� DW� LQWHUYDOV�RI� ��� ��
DQG����ZHHNV�DIWHU�SODQWLQJ�
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7KH SURFHVV� RI� LQILOWUDWLRQ� ZDV� LQLWLDWHG� E\� SRQGLQJ�
ZDWHU� LQ� WKH� RXWHU� ULQJ�� 7KH� SRQGHG� ZDWHU� ZDV�
PDLQWDLQHG�DW�D�VKDOORZ�GHSWK��WR�SURYLGH�D�EXIIHU�VR�
DV� WR� GLVFRXUDJH� ODWHUDO� IORZ� DQG� HQVXUH� RQH�
GLPHQVLRQDO� YHUWLFDO� IORZ�� ,PPHGLDWHO\� DIWHU�
DSSO\LQJ�ZDWHU�LQWR�WKH�RXWHU�ULQJ��ZDWHU�ZDV�DSSOLHG�
LQWR� WKH� LQQHU� ULQJ��7KH� VRLO� VXUIDFH�ZLWKLQ� WKH� ULQJV�
ZDV�FRYHUHG�ZLWK�D�WKLQ�OD\HU�RI�GU\�JUDVV�WR�SUHYHQW�
GLUHFW� LPSDFW� RI� DSSOLHG� ZDWHU� DQG� D� FRQVHTXHQW�
GLVWXUEDQFH�RI�VXUIDFH�VRLO��7KH�IDOO�LQ�ZDWHU�OHYHO��LQ�
FP��LQ�WKH�LQQHU�ULQJ�ZDV�UHDG�DW�LQWHUYDOV RI����������
����������� ��������������� ��������DQG�����PLQXWHV�DV�
D�PHDVXUH�RI�FXPXODWLYH�LQILOWUDWLRQ��FP���7R�DFKLHYH�
WKLV�� D�PHWDO� SODWH�ZDV�SODFHG�RYHU� WKH�RXWHU� ULQJ� WR�
VWDELOL]H�D� UXOHU��7KH� UXOHU�ZDV�DWWDFKHG WR�D� IORDW� LQ
RUGHU�WR�NHHS�WKH�UXOHU�VWDQGLQJ�XSULJKW�RQ�WKH�VXUIDFH�
RI� WKH�ZDWHU�SRQGHG� LQ� WKH� LQQHU� ULQJ��:KHQHYHU� WKH�
ZDWHU� OHYHO� LQ� WKH� LQQHU� ULQJ�GURSSHG� WR�DERXW���FP��
PRUH�ZDWHU�ZDV�VXSSOLHG�WR�UDLVH�WKH�ZDWHU�OHYHO�WR�D�
GHVLUHG� KHLJKW�� ,QILOWUDWLRQ� UDWH� �FP�PLQ�� ZDV�
GHWHUPLQHG�DV�FXPXODWLYH�LQILOWUDWLRQ�RYHU D�VSHFLILHG�
WLPH��W��SHULRG�

7KH� WKUHH� LQILOWUDWLRQ� PRGHOV� VHOHFWHG� WR� GHWHUPLQH�
GHJUHHV� RI� ILWQHVV� ZHUH� WKRVH� RI� .RVWLDNRY� ��������
+RUWRQ� ������� ������ DQG� 3KLOLS� �������� 7KH\� DUH�
UHSUHVHQWHG�E\�WKH�IROORZLQJ�HTXDWLRQV�

�L�� .RVWLDNRY¶V (TXDWLRQ
,� �0WQ ��E
L� �0QWQ��

�LL�� +RUWRQ¶V�(TXDWLRQ
,� �LFW�����L��� LF��N��>L�± H�NW@
L� �LFW����L��� LF�H�NW

�LLL��3KLOLS¶V�(TXDWLRQ
,� �6Wò ��$W
L� �ò6W�ò ��$

ZKHUH��,� �FXPXODWLYH�LQILOWUDWLRQ��FP�

L� �LQILOWUDWLRQ�UDWH��FP�KU���

H� �QDWXUDO�ORJDULWKP

L�  � LQILOWUDWLRQ� UDWH� DW� WLPH� W�  � �� RU� LQLWLDO�
LQILOWUDWLRQ�UDWH��FP�KU���

LF  � ILQDO� LQILOWUDWLRQ� UDWH� DIWHU� SURORQJHG�
ZHWWLQJ�RU�VWHDG\�VWDWH�LQILOWUDWLRQ�UDWH��FP�KU���

W� �WLPH��PLQV��VLQFH�LQILOWUDWLRQ�VWDUWHG

$��E��0��Q��N�DQG�6� �FRQVWDQWV

7KH�VRLO�SDUDPHWHUV�LQ�HDFK�RI WKH�LQILOWUDWLRQ�PRGHOV�
ZHUH�REWDLQHG�DIWHU�FXUYH�ILWWLQJ�XVLQJ�DYHUDJH�YDOXHV�
�(]H�� �������&KL�VTXDUH� WHVW�ZDV� FDUULHG� RXW� DW� �����
OHYHO� RI� VLJQLILFDQFH� LQ� RUGHU� WR� GHWHUPLQH� WKH�
JRRGQHVV�RI� ILW� RI� WKH� VHOHFWHG� LQILOWUDWLRQ�PRGHOV LQ�
UHODWLRQ� WR� WKH� ILHOG� REVHUYHG� �H[SHULPHQWDO��
LQILOWUDWLRQ�YDOXHV�

5(68/76�$1'�',6&866,21
'DWD� SUHVHQWHG� LQ� 7DEOH� �� LQGLFDWH� WKDW� LQILOWUDWLRQ�
UDWHV� GHWHUPLQHG� LQ� WKH� SUHVHQW� VWXG\� H[KLELWHG� D�
FRPPRQ� WUHQG� RI� YHU\� KLJK� LQLWLDO YDOXHV�� ZKLFK�
UHGXFHG� VKDUSO\� ZLWKLQ� WKH� ILUVW� ���PLQXWHV�� 2QO\� D�
VOLJKW� GHFUHDVH� LQ� WKH� UDWH� RI� ZDWHU� LQWDNH� ZDV�
REVHUYHG� DIWHU� ��� PLQXWHV�� &RQVHTXHQWO\�� WKH� UDWH�
EHWZHHQ� �� DQG� �� KRXUV� LV� WDNHQ� DV� WKH� HTXLOLEULXP�
LQILOWUDWLRQ� UDWH�� 6RLOV� LQ 6DPDUX�� =DULD�� DWWDLQHG�
HTXLOLEULXP� LQILOWUDWLRQ� UDWH� DIWHU� �ò KRXUV� �$KPHG��
������� �� KRXUV� �$GHR\H�� ������ DQG� ��� PLQXWHV�
�.XUHYH�� ������� 2NDL� HW� DO� ������� QRWHG� WKDW� ILQDO�
LQILOWUDWLRQ� UDWH� RI� D� VDQG\� ORDP� WR� ILQH� VDQG\� FOD\�
ORDP�VRLO� LQ�.DGDZD��.DQR�6WDWH��1LJHULD� FRXOG�QRW�
EH�DWWDLQHG�HYHQ DIWHU�VL[�KRXUV��7KLV�REVHUYDWLRQ�ZDV�
DWWULEXWHG� WR� GHHS� SHQHWUDWLRQ� RI� ZHWWLQJ� IURQW� DQG�
GHFUHDVH� LQ� VXFWLRQ� SRWHQWLDO� JUDGLHQW� RYHU� D� ORQJ�
SHULRG� RI� WLPH�� 7KH� IDOORZ� VRLOV� JHQHUDOO\� H[KLELWHG�
KLJKHU� LQILOWUDWLRQ� UDWHV� WKDQ� WKRVH XQGHU� FXOWLYDWLRQ�
�(]H� HW� DO�� ������� &XOWLYDWLRQ� PD\� KDYH� GHVWUR\HG�
WKH�JUDQXODU�QDWXUH�RI�WKH�VRLOV��FRPSDFWHG�WKHP�DQG�
UHGXFHG� WKH� SURSRUWLRQ� RI� PDFUR�SRUHV�� $KPHG� DQG�
'XUX� ������� DWWULEXWHG� WKLV� ILQGLQJ� WR� PDLQO\�
HDUWKZRUP� DFWLYLW\�� SHQHWUDWLQJ� DQG� GHFD\LQJ� URRWV��
DQG� FRQWLQXLW\� RI� SRUH� FKDQQHOV� IURP� WKH� VXUIDFH�
GRZQ�WKH�SURILOH�LQ�WKH�VRLOV�XQGHU�IDOORZ�

&XUYH� ILWWLQJ�ZDV�GRQH�RQ� WKH� LQILOWUDWLRQ�PRGHOV�RI�
.RVWLDNRY� �������� +RUWRQ� ������� ������ DQG� 3KLOLS�
��������7DEOH��� VKRZV� WKH�HVWLPDWHG�VRLO�SDUDPHWHUV�
IRU� WKH� WKUHH� PRGHO� HTXDWLRQV�� ,W� DOVR� GLVSOD\V� WKH�
&KL�VTXDUH� YDOXHV� RI� H[SHFWHG� LQILOWUDWLRQ� GDWD�
FDOFXODWHG� XVLQJ� VRLO� SDUDPHWHUV� DQG� ILHOG� PHDVXUHG�
�REVHUYHG�� YDOXHV� IRU� FXOWLYDWHG� DQG� IDOORZ� VRLOV� RI�
*LGDQ�NZDQR�DQG�6KLQWDNR�VLWHV��$YHUDJH�LQILOWUDWLRQ�
UDWH�YDOXHV�REWDLQHG�XVLQJ�WKH�VRLO�SDUDPHWHUV�RI�ERWK�
+RUWRQ� DQG� 3KLOLS� ZHUH� REVHUYHG� WR� VKRZ� D�
VLJQLILFDQW�GLIIHUHQFH�IURP�H[SHULPHQWDO�UHVXOWV�LQ�DOO�
FDVHV� WHVWHG�� ZLWK� WKH� IRUPHU� VKRZLQJ� D� KLJKHU�
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GHYLDWLRQ�� 7KH� &KL�VTXDUH� YDOXHV� REWDLQHG� IURP�
REVHUYHG� DQG� H[SHFWHG� LQILOWUDWLRQ� GDWD� ZHUH� KLJKHU
WKDQ� WKH� WDEOH� YDOXH� �������� DW� ����� OHYHO� RI�
SUREDELOLW\�� LQGLFDWLQJ� WKDW� WKHUH� LV� D� VLJQLILFDQW�
GLIIHUHQFH�EHWZHHQ�WKH�ILHOG�REVHUYHG�LQILOWUDWLRQ�GDWD�
DQG� WKH� H[SHFWHG� YDOXHV� FDOFXODWHG� XVLQJ� WKH� VRLO�
SDUDPHWHUV�� $� DQG� 6� LQ� 3KLOLS¶V� LQILOWUDWLRQ� PRGHO�
HTXDWLRQ��DQG�L���LF��H�DQG�N�LQ�WKDW�RI�+RUWRQ��LQ�DOO�WKH�
VRLOV�XQGHU�VWXG\��7DEOH�����,Q�FRQWUDVW�WR�WKLV�ILQGLQJ�
LQ� WKH� FXUUHQW� VWXG\�� $GLQGX� HW� DO� ������� UHSRUWHG�
WKDW� 3KLOLS¶V� LQILOWUDWLRQ� PRGHO� HTXDWLRQ� DGHTXDWHO\�
SUHGLFWHG� WKH� LQILOWUDWLRQ� UDWH� RI VRPH� VRLOV� LQ� $ED��
$ELD�6WDWH��1LJHULD�

:KHQ�ILHOG�REVHUYHG�LQILOWUDWLRQ�GDWD�ZHUH�FRPSDUHG�
ZLWK� WKH� H[SHFWHG� YDOXHV� FDOFXODWHG� XVLQJ� WKH� VRLO�
SDUDPHWHUV� �E�� P� DQG� Q�� LQ� .RVWLDNRY¶V� LQILOWUDWLRQ�
PRGHO� HTXDWLRQ�� QR� VLJQLILFDQW� GLIIHUHQFH� ZDV�
REVHUYHG�� ,W� LV� HYLGHQW� WKDW� .RVWLDNRY¶V� PRGHO�
DGHTXDWHO\� GHVFULEHG� WKH� ILHOG� H[SHULPHQWDO� GDWD��
7KLV� FOHDUO\� LQGLFDWHV� WKH� VXSHULRU� SHUIRUPDQFH� RI�
.RVWLDNRY¶V�PRGHO��7KLV�ILQGLQJ�LV�VLPLODU�WR�WKRVH�RI�
$KPHG� DQG� 'XUX� �������� :XGGLYLUD� ������� DQG
$GLQGX� HW� DO� ������� ZKR� XVHG� VLPLODU� PRGHOV� IRU�
UHODWHG� VRLOV�� 7KHUHIRUH�� .RVWLDNRY¶V� LQILOWUDWLRQ�
PRGHO�FDQ�EH�XVHG�WR�DGHTXDWHO\�DQG�VXLWDEO\�SUHGLFW�
LQILOWUDWLRQ� UDWHV�RI� WKH� VRLOV� WHVWHG��DQG�VLPLODU�RQHV�
ZLWKLQ WKH�0LQQD� HQYLURQPHQW� LQ� SDUWLFXODU�� DQG� WKH�
1LJHULDQ�VRXWKHUQ *XLQHD�VDYDQQD�]RQH�LQ�JHQHUDO��

&21&/86,21�$1'�5(&200(1'$7,216
7KH�SXUSRVH�RI�WKLV�VWXG\�ZDV�WR�PHDVXUH�LQILOWUDWLRQ�
UDWH�RI�VHOHFWHG�VRLOV�XQGHU�WZR�ODQG�XVH�PDQDJHPHQW�
SUDFWLFHV� LQ� RUGHU� WR� GHWHUPLQH� WKH� OHQJWK� RI� WLPH�
UHTXLUHG IRU� WKH� DWWDLQPHQW� RI� VWHDG\�VWDWH�
�HTXLOLEULXP�� LQILOWUDWLRQ� UDWH� RI� WKH� VHOHFWHG� VRLOV��
$QRWKHU� UHDVRQ� ZDV� WR� SURYLGH� LQIRUPDWLRQ� WKDW�
ZRXOG� HQDEOH� IDUPHUV� DQG� UHVHDUFKHUV� WR� DGHTXDWHO\�
SUHGLFW� WKH� UDWH� RI� ZDWHU� HQWU\� LQWR� WKH� VRLO� ZLWKRXW�
DFWXDO� PHDVXUHPHQW� LQ� WKH� ILHOG�� 7KLV LQIRUPDWLRQ�
ZLOO� EH� XVHIXO� HVSHFLDOO\� LQ� DUHDV� ZKHUH� HURVLRQ�
FRQWURO� DQG� LUULJDWLRQ� SURMHFWV� DUH� EHLQJ� FDUULHG� RXW��
7KLV� VWXG\� LQYROYHG� WKH� XVH� RI� D� GRXEOH�ULQJ�
LQILOWURPHWHU� WR� PHDVXUH� LQILOWUDWLRQ� UDWHV� RI� VRLOV�
VXEMHFWHG�WR�WZR�GLIIHUHQW�ODQG�PDQDJHPHQW�SUDFWLFHV�
�IDOORZ�DQG�FXOWLYDWHG�VRLOV��ORFDWHG�DURXQG�0LQQD�LQ�
WKH�VRXWKHUQ�*XLQHD�VDYDQQD�]RQH�RI�1LJHULD�

7KH� VXSHULRU� SHUIRUPDQFH� DQG� DFFXUDF\� RI� WKH�
.RVWLDNRY¶V� LQILOWUDWLRQ� PRGHO� LV� HYLGHQW� IURP� WKH�
IDFW� WKDW�REVHUYDWLRQ� IURP�&KL�VTXDUH� WHVW�FRQGXFWHG�
RQ� LQILOWUDWLRQ� GDWD� UHYHDOHG� WKDW� WKH� GDWD� REWDLQHG�

XVLQJ� WKH� VRLO� SDUDPHWHUV� LQ� 3KLOLS¶V� DQG� +RUWRQ¶V�
LQILOWUDWLRQ� PRGHOV�� XQOLNH� VRLO� SDUDPHWHUV� LQ�
.RVWLDNRY¶V� LQILOWUDWLRQ� PRGHO�� ZHUH� VLJQLILFDQWO\�
GLIIHUHQW� IURP� WKH� ILHOG� H[SHULPHQWDO� YDOXHV��
.RVWLDNRY¶V� LQILOWUDWLRQ� PRGHO� DSSUR[LPDWHG� ZLWK� D�
KLJKHU� GHJUHH� RI� DFFXUDF\� WR� WKH� H[SHULPHQWDO� WHVWV�
WKDQ� WKRVH�RI�3KLOLS�DQG�+RUWRQ��DQG�IRU� WKLV� UHDVRQ��
WKH�.RVWLDNRY¶V�PRGHO� LV� WKXV� UHFRPPHQGHG� IRU� WKH�
VRLOV� WHVWHG� DQG� IRU� VLPLODU� VRLOV� HOVHZKHUH� LQ� WKH�
1LJHULDQ�*XLQHD�VDYDQQD�]RQH��7KH�XVHIXOQHVV�RI�WKLV�
LQILOWUDWLRQ� PRGHO� HTXDWLRQ� FDQ� EH� HPSOR\HG� LQ� WKH�
GHVLJQ� DQG� FDUHIXO� SODQQLQJ� RI� LUULJDWLRQ� SURMHFWV��
HVSHFLDOO\� LQ� WKLV�]RQH�ZKHUH� VKRUW� VSHOOV�RI�GU\QHVV�
DQG� ZDWHU� VKRUWDJHV� UHVXOW� IURP� KLJK� UDLQIDOO�
YDULDELOLW\�� 7KLV ZLOO� HQVXUH� WKH� DYDLODELOLW\� RI� IRRG�
FURSV��SDUWLFXODUO\�YHJHWDEOH�FURSV�DOO�\HDU�URXQG�

,W� LV� QRWHZRUWK\� WR� PHQWLRQ� WKDW� WKLV� PRGHO�� OLNH�
RWKHUV��LV�D�WKHRUHWLFDOO\�GHULYHG�HTXDWLRQ��7KHUHIRUH��
HYHQ�WKRXJK�LW�PD\�LW�PD\�EH�IRXQG�WR�EH�VLJQLILFDQW�
LQ� VRLO ZDWHU� PDQDJHPHQW�� FDUH� PXVW� EH� WDNHQ�
EHFDXVH� FHUWDLQ� DVVXPSWLRQV�PD\� EH�PDGH� WKDW�PD\�
FRQVWLWXWH� QRWDEOH� GHYLDWLRQV� IURP� ILHOG� FRQGLWLRQV��
7KH�DSSOLFDELOLW\�RI�WKLV�PRGHO�PXVW�DOVR�EH�WHVWHG IRU�
JLYHQ�VRLO�FRQGLWLRQV��

$&.12:/('*(0(17

7KH DXWKRU�JUDWHIXOO\�DFNQRZOHGJHV�WKH�0DQDJHPHQW�
RI� )HGHUDO� 8QLYHUVLW\� RI� 7HFKQRORJ\�� 0LQQD�� IRU�
IXQGLQJ� WKLV� VWXG\� WKURXJK� WKH�SURYLVLRQ�RI� UHVHDUFK�
JUDQW�
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7DEOH����$YHUDJH�LQILOWUDWLRQ�UDWHV��FP�KU����RI�IDOORZ�DQG�FXOWLYDWHG�VRLOV DW�*LGDQ�NZDQR�DQG�6KLQWDNR�VLWHV�

*LGDQ�NZDQR�VLWH������������������������������������6KLQWDNR�VLWH

(ODSVHG�WLPH

�PLQV���������������������)DOORZ���������������&XOWLYDWHG )DOORZ�������������� &XOWLYDWHG
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7DEOH����(VWLPDWHG�VRLO�SDUDPHWHUV�IRU�LQILOWUDWLRQ�PRGHO�HTXDWLRQV�IURP�FXUYH�ILWWLQJ�IRU�*LGDQ�NZDQR�DQG�6KLQWDNR�
VLWHV�

(VWLPDWHG�VRLO�SDUDPHWHUV
6LWH������� /DQG XVH

0DQDJHPHQW������ �.RVWLDNRY��������������+RUWRQ���� �3KLOLS�
*LGDQ�NZDQR�����&XOWLYDWHG�VRLO��� 0� ����������������L�  �������FP�KU�������� $� ������

Q� ������������������LF� ������FPKU������������� 6� ������
E� ������������������H� ������������� ;�  �����

;�  ������1V������N� �������

;�  ������

*LGDQ�NZDQR�������)DOORZ�VRLO�������� 0� ����������� L�  �������FP�KU���� $� �������

Q� ������������������LF� �������FPKU�������������6� ������
E� �������������� H� ������� ;�  ������

;�  ������1V������N� �������

;�  ������

6KLQWDNR��������������&XOWLYDWHG�VRLO 0� �������������� L�  �������FP�KU������ $� �������

Q� ������������������LF� �������FPKU�������������6� ������
E� ������ H� ���������� ;�  ������

;�  ������1V������N� �������

;�  ������

6KLQWDNR�������� )DOORZ VRLO������ 0� �������������� L�  �������FP�KU�������� $� �������

Q� ������������������LF� �������FPKU��������������6� ������
E� ������ H� ��������� ;�  ������

;�  ������1V������N� �������

;�  �����


0��Q��E��$��6��L���LF��H�DQG�N��&RQVWDQWV�XQGHU�D�JLYHQ VRLO�FRQGLWLRQ�
;���&KL�VTXDUH�YDOXH�
1V��1RW�VLJQLILFDQWO\�GLIIHUHQW�

��6LJQLILFDQWO\�GLIIHUHQW�DW������OHYHO�RI�SUREDELOLW\�
7DEOH�;� YDOXH��3� ������� �������
'HJUHH�RI�IUHHGRP��Q�� ��� ����



Ϯϰϰ

5()(5(1&(6
$GHR\H��.��%����������3K\VLFDO�FKDQJHV�LQGXFHG�E\�

UDLQIDOO� LQ� WKH�VXUIDFH� OD\HU�RI�DQ�DOILVRO��
QRUWKHUQ�1LJHULD� *HRGHUPD� �������± ���

$GLQGX��5��8���,JERNZH��.��.���&KLJEX��7��2��DQG�
,NH�$PDGL��&��$�� ��������$SSOLFDWLRQ� RI�
.RVWLDNRY¶V LQILOWUDWLRQ� PRGHO� RQ� WKH�
VRLOV� RI� 8PXGLNH�� $ELD 6WDWH�� 1LJHULD�
$PHULFDQ� -RXUQDO� RI� (QYLURQPHQWDO�
(QJLQHHULQJ� ��������± ��

$GLQGX��5��8���,JERNZH��.��.��DQG�'LNH��,����������
3KLOLS¶V� PRGHO� FDSDELOLW\� WR� HVWLPDWH�
LQILOWUDWLRQ� IRU� VRLOV� �RI�$ED��$ELD�6WDWH��
-RXUQDO� RI� (DUWK� 6FLHQFHV� DQG�
*HRWHFKQLFDO�(QJLQHHULQJ� ���������� ���

$KPHG��$����������,QILOWUDWLRQ�UDWHV�DQG�UHODWHG�VRLO�
SDUDPHWHUV� IRU� VRPH� VHOHFWHG� 6DPDUX�
VRLOV�� 0�6F�� 7KHVLV�� $�%�8�� =DULD�
�XQSXEOLVKHG������SS�

$KPHG�� $�� DQG� 'XUX�� -� 2�� �������� 3UHGLFWLQJ�
LQILOWUDWLRQ� UDWHV� DQG� GHWHUPLQLQJ�
K\GURORJLF� JURXSLQJ� RI� VRLOV� QHDU�
6DPDUX�� .DGXQD� 6WDWH�� 1LJHULD�� 6DPDUX�
-RXUQDO�RI�$JULFXOWXUDO�5HVHDUFK� ����	�
�������± ���

$KXMD�� /�� 5��� (O�6ZDLI\�� 6�� $�� DQG� 5DKPDQ�� $��
��������0HDVXULQJ� K\GURORJLF� SURSHUWLHV�
RI� VRLO� ZLWK� D� GRXEOH�ULQJ LQILOWURPHWHU�
DQG� PXOWLSOH�GHSWK� WHQVLRPHWHU�� 6RLO�
6FLHQFH� 6RFLHW\� RI� $PHULFDQ� -RXUQDO�
�����������± ����

(]H�� 3�� &�� �������� ,QILOWUDWLRQ� UDWHV� RI� VRLOV� DV�
LQIOXHQFHG� E\� ODQG� XVH� PDQDJHPHQW� LQ�
WKH� 1LJHULDQ� *XLQHD� VDYDQQD�� 0�7HFK��
7KHVLV�� )HGHUDO� 8QLYHUVLW\� RI�
7HFKQRORJ\�� 0LQQD� �XQSXEOVKHG��� ��� ±
���SS�

(]H��3��&���(]HQZD��0��,��6��DQG�$GHR\H��.��%��
��������(IIHFWV�RI�VRPH�VRLO�SK\VLFDO�
SURSHUWLHV�RQ�WKH�LQILOWUDWLRQ�UDWHV�RI�
IDOORZ�DQG�FXOWLYDWHG�VRLOV�DURXQG�0LQQD��
1LJHULD��-RXUQDO�RI�$ULG�$JULFXOWXUH� ����
����± ����

+LOOHO�� '�� �������� 6RLO� DQG ZDWHU�� 3K\VLFDO�
SULQFLSOHV� DQG� SURFHVVHV� $FDGHPLF�
3UHVV��1HZ�<RUN�����SS�

+RUWRQ�� 5�� (�� �������� $QDO\VLV� RI� UXQRII� SORW�
H[SHULPHQWV� ZLWK� YDU\LQJ� LQILOWUDWLRQ�
FDSDFLW\�� 7UDQV� $PHULFDQ� *HRSK\VLFDO�
8QLRQ� 3DUW�LY����� ± ����

+RUWRQ�� 5�� (�� �������� $Q� DSSURDFK� WRZDUGV� D�
SK\VLFDO� LQWHUSUHWDWLRQ� RI� LQILOWUDWLRQ�
FDSDFLW\�� 6RLO� 6FLHQFH� RI� $PHULFD�
3URFHGXUHV� �������± ����

,$+6�� ��������0DWKHPDWLFDO�PRGHOV� LQ�K\GURORJ\��
6\PSRVLXP� RI� :DUVDZ�� -XO\�� ������
,$+6� 3XEOLFDWLRQ� 1R�� ����� ,$+6�
81(6&2�:02�

.RVWLDNRY�� $�� 1�� �������� 2Q� WKH� G\QDPLFV� RI� WKH�
FRHIILFLHQW� RI� ZDWHU� SHUFRODWLRQ� LQ� VRLO�
DQG� WKH� QHFHVVLW\� IRU� VWXG\LQJ� LW� IURP� D�
G\QDPLF� SRLQW� RI� YLHZ� IRU� SXUSRVHV� RI�
DPHOLRUDWLRQ�� 7UDQV� �WK &RPPLWWHH��
,QWHUQDWLRQDO� 6RLO� 6FLHQFH� 6RFLHW\� RI�
5XVVLD� 3DUW�$�����± ���

.XUHYH�� %� ,�� ��������:DWHU� LQWDNH� FKDUDFWHULVWLFV�
RI� D� VDYDQQD� VRLO��0�6F��7KHVLV��$�%�8���
=DULD��XQSXEOLVKHG������SS�

2NDL�� ,�� $��� 5DPDODQ�� $�� $�� DQG� $GHR\H�� .�� %��
��������,QILOWUDWLRQ�FKDUDFWHULVWLFV�RI�VRLOV�
DV�UHODWHG�WR�RWKHU�VRLO�SK\VLFDO�SURSHUWLHV�
RI� D� VRLO VXE�JURXS� LQ�.DGDZD�5HVHDUFK�
6WDWLRQ� RI� 1LJHULD� 1LJHULDQ� -RXUQDO� RI�
6RLO�5HVHDUFK�������± ���

3D\QH�� :�� $��� :HQGW�� &�� :�� DQG� /DVFDQR�� 5�� -��
��������5RRW�]RQH�ZDWHU�EDODQFH�RI WKUHH�
ORZ�LQSXW� PLOOHW� ILHOGV� LQ� 1LJHU�� :HVW�
$IULFD�� $JURQRP\� -RXUQDO� ���� ��� ±
����

3KLOLS�� -�� 5�� �������� 7KH� WKHRU\� RI� LQILOWUDWLRQ� IRU�
VRUSWLYLW\� DQG� DOJHEUDLF� LQILOWUDWLRQ�
HTXDWLRQV��6RLO�6FLHQFH� ��������� ���

3KLOLS�� -�� 5�� �������� 7KHRU\� RI� LQILOWUDWLRQ��
$GYDQFHV�LQ�+\GURVFLHQFH� ������ ± ������

:ULJOH\�� *�� �������� 7URSLFDO� $JULFXOWXUH�� ��WK

HGLWLRQ���/RQJPDQ��/RQGRQ������SS�
:XGGLYLUD��+��1����������9DULDELOLW\�RI�LQILOWUDWLRQ�

LQ� D� VDYDQQD� DOILVRO�� 0�6F�� 7KHVLV��
$�%�8���=DULD��XQSXEOLVKHG������SS�


