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$EVWUDFW�

6HD�OHYHO� ULVH� DQG� LQFUHDVHV� LQ� WKH� IUHTXHQF\� DQG� LQWHQVLW\� RI� RFHDQ� VXUJHV�
FDXVHG�E\�FOLPDWH�FKDQJH�DUH�OLNHO\�WR�H[DFHUEDWH�DGYHUVH�HIIHFWV�RQ�ORZ�O\LQJ�
FRDVWDO�DUHDV��7KH�ODQGZDUG�IORZ�RI�ZDWHU�GXULQJ�RFHDQ�VXUJHV�LQWURGXFHV�VDOW�WR�
VXUILFLDO� FRDVWDO� DTXLIHUV� DQG� WKUHDWHQV� JURXQGZDWHU� UHVRXUFHV�� &RDVWDO�
WRSRJUDSKLF� IHDWXUHV� �H�J��� SRQGV�� GXQHV�� EDUULHU� LVODQGV�� DQG� FKDQQHOV�� OLNHO\�
KDYH�D�VWURQJ�LPSDFW�RQ�RYHUZDVK�DQG�VDOLQL]DWLRQ�SURFHVVHV��EXW�DUH�JHQHUDOO\�
KLJKO\� VLPSOLILHG� LQ�PRGHOLQJ� VWXGLHV�� 7R� XQGHUVWDQG� WRSRJUDSKLF� LPSDFWV� RQ�
JURXQGZDWHU� VDOLQL]DWLRQ�� ZH� PRGHOHG� D� WKHRUHWLFDO� RYHUZDVK� HYHQW� DQG�
YDULDEOH�GHQVLW\� JURXQGZDWHU� IORZ� DQG� VDOW� WUDQVSRUW� LQ� �'� XVLQJ� WKH� IXOO\�
FRXSOHG� VXUIDFH� DQG� VXEVXUIDFH� QXPHULFDO� VLPXODWRU�� HydroGeoSphere�� 7KH�
PRGHO� VLPXODWHV� WKH� FRDVWDO� DTXLIHU� DV� DQ� LQWHJUDWHG� V\VWHP� FRQVLGHULQJ�
RYHUODQG� IORZ�� FRXSOHG� VXUIDFH� DQG� VXEVXUIDFH� H[FKDQJH�� YDULDEO\� VDWXUDWHG�
IORZ�� DQG� YDULDEOH�GHQVLW\� JURXQGZDWHU� IORZ�� 7R� UHSUHVHQW� YDULRXV� FRDVWDO�
ODQGVFDSH� W\SHV�� ZH� VLPXODWHG� ERWK� V\QWKHWLF� ILHOGV� DQG� UHDO�ZRUOG� FRDVWDO�
WRSRJUDSK\� IURP� 'HODZDUH�� 86$�� 7KH� JURXQGZDWHU� VDOLQL]DWLRQ� DVVHVVPHQW�
VXJJHVWHG� WKDW� WKH� WRSRJUDSKLF� FRQQHFWLYLW\� SURPRWLQJ� RYHUODQG� IORZ� FRQWUROV�
WKH�YROXPH�RI�DTXLIHU�WKDW�LV�VDOLQL]HG��,Q�FRQWUDVW��WKH�DPRXQW�RI�ZDWHU�WKDW�FDQ�
EH�VWRUHG�LQ�VXUIDFH�GHSUHVVLRQV�GHWHUPLQHV�WKH�DPRXQW�VHDZDWHU�WKDW�LQILOWUDWHV�
WKH� VXEVXUIDFH� DQG� WKH� WLPH� IRU� VHDZDWHU� WR� IOXVK� IURP� WKH� DTXLIHU��2XU� VWXG\�
VXJJHVWV� WKDW� WRSRJUDSK\�KDV� D� VLJQLILFDQW� LPSDFW� RQ� JURXQGZDWHU� VDOLQL]DWLRQ�
GXH� WR� RFHDQ� VXUJH� RYHUZDVK�� ZLWK� LPSRUWDQW� LPSOLFDWLRQV� IRU� FRDVWDO� ODQG�
PDQDJHPHQW�DQG�JURXQGZDWHU�YXOQHUDELOLW\�DVVHVVPHQW��

.H\ZRUGV��2FHDQ�VXUJH��+\GUR*HR6SKHUH��JURXQGZDWHU��VDOLQL]DWLRQ��WRSRJUDSK\�

��� ,QWURGXFWLRQ�

&OLPDWH�FKDQJH�DQG�VHD�OHYHO�ULVH�DIIHFW�GHQVHO\�SRSXODWHG�FRDVWDO�]RQHV�QRW�RQO\�LQ�OLIH�DQG�

LQIUDVWUXFWXUH�EXW�DOVR�LQ�ZDWHU�UHVRXUFHV�>Taylor et al.��������Day et al.��������Rabbani et al.��

������Nicholls and Cazenave������@��&RDVWDO�JURXQGZDWHU�UHVRXUFHV�FDQ�EH�DIIHFWHG�E\�ODWHUDO�

VHDZDWHU�LQWUXVLRQ�>Ferguson and Gleeson��������Rotzoll and Fletcher������@�DQG�YHUWLFDO�

LQILOWUDWLRQ�GXULQJ�RFHDQ�VXUJH��WVXQDPL��VWRUP�VXUJH��LQXQGDWLRQ�>Anderson Jr������@��%HFDXVH�

JURXQGZDWHU�VDOLQL]DWLRQ�LV�D�ORQJ�DQG�JUDGXDO�SURFHVV��LW�KDV�UHFHLYHG�OLWWOH�DWWHQWLRQ�LQ�

YXOQHUDELOLW\�DVVHVVPHQWV�UHODWLYH�WR�VXUIDFH�ZDWHU�DQG�LQIUDVWUXFWXUH�>Törnqvist and Meffert��

����@��)URP�WKH�SHUVSHFWLYH�RI�JURXQGZDWHU�VXVWDLQDELOLW\��SURFHVV�XQGHUVWDQGLQJ�DQG�
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DVVHVVPHQW�RI�SRWHQWLDO�HIIHFWV�RI�VDOLQL]DWLRQ�RQ�JURXQGZDWHU�UHVRXUFHV�DUH�FULWLFDO�IRU�

LPSURYLQJ�ZDWHU�UHVRXUFH�UHVLOLHQFH�>Werner et al.������@��

7KHUH�KDYH�EHHQ�PDQ\�VWXGLHV�IRFXVLQJ�RQ�ODWHUDO�VHDZDWHU�LQWUXVLRQ�LQGXFHG�E\�VHD�OHYHO�ULVH�

>Ataie-Ashtiani et al.������� Ketabchi et al.��������Morgan et al.��������Masterson et al.��������

Werner et al.��������Michael et al.��������Werner and Simmons,�������Delsman et al.������@��

ZKLOH�UHODWLYHO\�IHZHU�VWXGLHV�KDYH�IRFXVHG�RQ�YHUWLFDOO\�LQILOWUDWHG�VHDZDWHU��Michael et al.�

>����@�SRLQWHG�RXW�WKDW�RFHDQ�VXUJH�LQXQGDWLRQ�KDV�WKH�SRWHQWLDO�WR�VHYHUHO\�VDOLQL]H�WKH�FRDVWDO�

VXEVXUIDFH�ZKHUH�D�WKLFN�XQVDWXUDWHG�]RQH�H[LVWV��Holding and Allen�>����D@�VKRZHG�WKDW�ZKLOH�

ODWHUDO�VDOWZDWHU�LQWUXVLRQ�GXH�WR�VHD�OHYHO�ULVH�ZDV�QRW�D�VLJQLILFDQW�WKUHDW�RQ�$QGURV�,VODQG�LQ�

WKH�%DKDPDV��WKH�DVVRFLDWHG�H[WUHPH�KLJK�WLGHV�DQG�VWRUP�VXUJH�RYHUZDVK�FDQ�UHVXOW�LQ�VHYHUH�

JURXQGZDWHU�VDOLQL]DWLRQ�GXH�WR�YHUWLFDO�LQILOWUDWLRQ��Yu et al.�>����@�VXJJHVWHG�WKDW�WKH�LPSDFWV�RI�

FRDVWDO�LQXQGDWLRQ�DQG�H[WHQW�RI�VWRUP�VXUJHV�LV�RI�JUHDWHU�FRQFHUQ�IRU�JURXQGZDWHU�VDOLQL]DWLRQ�

WKDQ�FODVVLFDO�ODWHUDO�VHDZDWHU�LQWUXVLRQ�DW�FRDVWDO�DTXLIHUV�LQ�%DQJODGHVK��Taylor et al.�>����@�

LQGLFDWHG�WKDW�PDQ\�FRDVWDO�DTXLIHUV�DUH�H[SHFWHG�WR�EH�PRUH�VHYHUHO\�DIIHFWHG�E\�VWRUP�VXUJH�

RYHUZDVK�WKDQ�E\�ODWHUDO�LQWUXVLRQ��,Q�ORZ�O\LQJ�FRDVWDO�DUHDV��RYHUZDVK�VDOLQL]DWLRQ�FDQ�EH�

VHYHUHO\�H[DFHUEDWHG�E\�HYHQ�D�VPDOO�LQFUHDVH�LQ�VHD�OHYHO�RU�KLJK�WLGH�HOHYDWLRQ�>Little et al.��

������Passeri et al.������@��)XUWKHU��WKH�VHYHULW\�DQG�H[WHQW�RI�VDOLQL]DWLRQ�GXH�WR�RYHUZDVK�

HYHQWV�GHSHQG�RQ�WKH�IUHTXHQF\�DQG�LQWHQVLW\�RI�RFHDQ�VXUJHV�>Yu et al.������@��ZKLFK�DUH�

SUHGLFWHG�WR�LQFUHDVH�ZLWK�FOLPDWH�FKDQJH�>Church et al.������@��7KHUHIRUH��VDOWZDWHU�LQILOWUDWLRQ�

LQWR�IUHVK�DTXLIHUV�GXH�WR�RFHDQ�VXUJH�LQXQGDWLRQ��WRJHWKHU�ZLWK�JURXQGZDWHU�VDOLQL]DWLRQ�DQG�

UHFRYHU\��VKRXOG�EH�FRQVLGHUHG�LQ�V\QHUJHWLF�VWXGLHV�WR�LPSURYH�WKH�DVVHVVPHQW�DQG�PDQDJHPHQW�

RI�FRDVWDO�IUHVKZDWHU�UHVRXUFHV�XQGHU�FOLPDWH�FKDQJH�>Passeri et al.������@��
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�6HYHUDO�SUHYLRXV�VWXGLHV�KDYH�GHPRQVWUDWHG�WKH�FULWLFDO�LPSDFWV�RI�YHUWLFDO�VDOLQL]DWLRQ�ZLWK�

QXPHULFDO�PRGHOLQJ��,Q�WKHVH�VWXGLHV��WKH�VXUJH�IORRGLQJ�LV�PRGHOHG�E\�HLWKHU�VSHFLI\LQJ�DQ�

LQILOWUDWLRQ�IOX[�RU�DSSO\LQJ�D�FRQVWDQW�KHDG�ERXQGDU\�WR�WKH�ODQG�VXUIDFH�IRU�D�VSHFLILHG�SHULRG�RI�

WLPH��Chui and Terry�>����@�DSSOLHG�D���P�KHDG�ERXQGDU\�FRQGLWLRQ�DW�WKH�VXUIDFH�RI�D�

WRSRJUDSKLF�GHSUHVVLRQ�GXULQJ�WKH����K�RYHUZDVK�HYHQW�WR�DSSUR[LPDWH�VXUIDFH�ZDWHU�LQXQGDWLRQ��

Holding and Allen�>����D@�DVVXPHG�D�JUDGXDO��OLQHDU�LQFUHDVH�LQ�IORRG�OHYHO�IROORZHG�E\�D�

FRQVWDQW�PD[LPXP�OHYHO�IRU���KRXUV��Bailey�>����@�DVVXPHG�GLIIHUHQW�GHSWKV�DQG�GXUDWLRQ�RI�

LQXQGDWLRQ�WR�GHVFULEH�GLIIHUHQW�RYHUZDVK�HYHQWV��7KHVH�VWXGLHV�VKHG�OLJKW�RQ�WKH�VXEVXUIDFH�

VDOLQL]DWLRQ�SURFHVVHV��EXW�WKH�VLPSOLILHG�ERXQGDU\�FRQGLWLRQ�PDVNV�WKH�LPSDFWV�RI�ODQG�VXUIDFH��

,Q�UHDOLW\��WKH�WHPSRUDO�G\QDPLFV�RI�LQXQGDWLRQ�KHLJKW�LV�WLJKWO\�FRXSOHG�WR�WRSRJUDSK\�>Ramsey 

et al.������@��1HJOHFWLQJ�WRSRJUDSKLF�IHDWXUHV�FRXOG�WKHUHIRUH�LQWURGXFH�FRQVLGHUDEOH�XQFHUWDLQW\�

LQ�VLPXODWHG�VDOWZDWHU�LQILOWUDWLRQ�>Holding and Allen������D@��

7KUHH�VFDOHV�RI�WRSRJUDSK\�ZHUH�GHILQHG�E\�McDonnell�>����@��Microtopography�UHIHUV�WR�VPDOO�

GHSUHVVLRQV�ZLWK�FRUUHODWLRQ�OHQJWK�VFDOHV�RQ�WKH�RUGHU�RI�FHQWLPHWHUV�WR�PHWHUV��(IIHFWV�RI�

PLFURWRSRJUDSK\�DUH�XVXDOO\�SDUDPHWHUL]HG�DV�0DQQLQJ¶V�URXJKQHVV�FRHIILFLHQW�RU�FRQFHSWXDO�

UHSUHVHQWDWLRQV�RI�RYHUODQG�IORZ�REVWUXFWLRQV�>Frei and Fleckenstein������@��5DLQIDOO�UXQRII�

VWXGLHV�LQGLFDWHG�WKDW�PLFURWRSRJUDSKLF�GHSUHVVLRQV�KDYH�VLJQLILFDQW�HIIHFWV�RQ�RYHUODQG�IORZ�

JHQHUDWLRQ�E\�LQFUHDVLQJ�LQILOWUDWLRQ�>Thompson et al.��������Frei et al.��������Le and Kumar��

����@��6LPLODUO\��PLFURWRSRJUDSKLF�GHSUHVVLRQV�DUH�H[SHFWHG�WR�LQFUHDVH�VDOLQH�ZDWHU�LQILOWUDWLRQ�

E\�HQKDQFLQJ�UHWHQWLRQ�RI�VDOWZDWHU�GXULQJ�LQXQGDWLRQ��Mesotopography�UHIHUV�WR�ODQGVFDSH�VFDOH�

IHDWXUHV�DQG�HQJLQHHUHG�VWUXFWXUHV�ZLWK�FRUUHODWLRQ�OHQJWK�VFDOHV�RI�PHWHUV�WR�NLORPHWHUV��H�J���

SRQGV��GXQHV��EDUULHU�LVODQGV��DQG�FKDQQHOV��Sawyer et al��>����@�IRXQG�WKDW�PHVRVFDOH�ODQGIRUPV�

DUH�RQH�RI�WKH�PDMRU�FRQWUROOLQJ�IDFWRUV�LQ�VXUIDFH�ZDWHU�JURXQGZDWHU�H[FKDQJH�DQG�VROXWH�
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UHWHQWLRQ��Macrotopography�UHIHUV�WR�WKH�RYHUDOO�WRSRJUDSKLF�JUDGLHQW��0DFURWRSRJUDSK\�LV�

H[SOLFLWO\�UHSUHVHQWHG�LQ�FRDVWDO�JURXQGZDWHU�PRGHOV�DV�EHDFK�VORSHV��DQG�KDV�EHHQ�VKRZQ�WR�EH�

LPSRUWDQW�LQ�IUHVKZDWHU�VHDZDWHU�LQWHUDFWLRQ�>Zhou et al.��������Qu et al.��������Ketabchi et al.��

����@���

,W�LV�FOHDU�WKDW�PDFURWRSRJUDSK\�KDV�DQ�LPSRUWDQW�FRQWURO�RQ�IORRGLQJ��DQG�HIIHFWV�RI�

PLFURWRSRJUDSK\�FDQ�EH�FDSWXUHG�E\�DGMXVWLQJ�URXJKQHVV�SDUDPHWHUV��+RZHYHU�WKH�HIIHFWV�RI�

PHVRWRSRJUDSK\�RQ�JURXQGZDWHU�VDOLQL]DWLRQ�GXH�WR�RFHDQ�VXUJH�LQXQGDWLRQ�DUH�QRW�ZHOO�NQRZQ��

2QO\�D�IHZ�VWXGLHV�KDYH�FRQVLGHUHG�PHVRWRSRJUDSK\��EXW�WKRVH�WKDW�KDYH�LQGLFDWH�WKDW�LW�SOD\V�DQ�

LPSRUWDQW�UROH��Terry and Falkland�>����@�PRQLWRUHG�JURXQGZDWHU�VDOLQLW\�RYHU�D���\HDU�SRVW�

VWRUP�SHULRG��7KHLU�GDWD�VKRZHG�WKDW�VWDJQDQW�VHDZDWHU�LQ�VZDPSV�ZDV�D�FRQWLQXRXV�VRXUFH�RI�

DTXLIHU�VDOLQL]DWLRQ��Yang et al.�>����E@�XVHG�D�YDULDEOH�KHLJKW�G\NH�WR�VLPXODWH�WKH�LQODQG�

SRQGLQJ�RI�VHDZDWHU�GXULQJ�VWRUP�LQXQGDWLRQ��7KH�UHVXOWV�VXJJHVWHG�WKDW�JURXQGZDWHU�

VDOLQL]DWLRQ�LQ�WKH�FRDVWDO�DTXLIHU�ZDV�GHSHQGHQW�RQ�WKH�H[WHQW�RI�WKH�SRQGHG�DUHD��Chui and 

Terry�>����@�XVHG�WUDSH]RLGDO�GHSUHVVLRQV�WR�UHSUHVHQW�WKH�ORFDO�WRSRJUDSK\�RI�LQODQG�VZDPSV��

7KH�VLPXODWLRQV�VXJJHVWHG�WKDW�WKH�GHSUHVVLRQV�FRXOG�SURORQJ�VHDZDWHU�VWDJQDWLRQ�DQG�FDXVH�

DGGLWLRQDO�VHDZDWHU�LQILOWUDWLRQ�DORQJ�WKH�VZDPS��Holding and Allen >����D@�XVHG�D�UHFWDQJXODU�

FKDQQHO�RQ�D�IODW�VXUIDFH�GRPDLQ�WR�UHSUHVHQW�WKH�WRSRJUDSKLF�GHSUHVVLRQV�RI�WUHQFK�EDVHG�

ZHOOILHOGV��7KH�VLPXODWLRQ�H[SOLFLWO\�GHPRQVWUDWHG�WKH�VSDWLDO�DQG�WHPSRUDO�GHYHORSPHQW�RI�D�VDOW�

SOXPH�XQGHU�WKH�WUHQFK�IROORZLQJ�D�VWRUP�VXUJH�RYHUZDVK�HYHQW��

&RQFHSWXDOO\��WKH�HIIHFWV�RI�PHVRWRSRJUDSK\�FDQ�EH�LOOXVWUDWHG�DV�LQ�)LJXUH����'XULQJ�DQ�RFHDQ�

VXUJH�UXQXS��VDOWZDWHU�LV�WUDQVSRUWHG�RYHU�WKH�WRS�RI�D�FRDVWDO�DTXLIHU�DQG�LQILOWUDWHV�LQWR�WKH�

VXEVXUIDFH�ZKHUH�LW�FDQ�SHUFRODWH�GRZQZDUG�WR�WKH�IUHVKZDWHU�DTXLIHU��UXQXS��)LJXUH��D���$IWHU�

UHDFKLQJ�WKH�PD[LPXP�KRUL]RQWDO�IORRG�H[WHQW��L�H��LQXQGDWLRQ�OLQH���VRPH�RI�WKH�VXUIDFH�ZDWHU�
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IORZV�EDFN�WR�WKH�VHD�GXULQJ�WKH�UXQGRZQ�SURFHVV��UXQGRZQ��)LJXUH��E���7KH�UHVW�LQILOWUDWHV�RU�LV�

UHWDLQHG�RQ�WKH�VXUIDFH��HYHQWXDOO\�LQILOWUDWLQJ�LQWR�WKH�VXEVXUIDFH�RU�HYDSRUDWLQJ�WR�WKH�

DWPRVSKHUH��OHDYLQJ�KLJK�VDOW�FRQFHQWUDWLRQV�EHKLQG��,W�PD\�WDNH�GD\V�WR�PRQWKV�IRU�WKH�VDOWZDWHU�

WR�SHUFRODWH�WKURXJK�WKH�XQVDWXUDWHG�]RQH�DQG�PL[�ZLWK�VKDOORZ�JURXQGZDWHU�>Terry and 

Falkland��������Holding and Allen������E@��7KHQ��WKH�VDOLQH�JURXQGZDWHU�FDQ�EH�IOXVKHG�RXW�GXH�

WR�WKH�K\GUDXOLF�JUDGLHQW�IURP�ODQG�WR�VHD��D�SURFHVV�WKDW�FDQ�WDNH�PDQ\�\HDUV�WR�GHFDGHV�

>Vithanage et al.������D��Holding and Allen������E��Cardenas et al.������@��)LJXUH��F�VKRZV�WKDW�

WRSRJUDSKLF�GHSUHVVLRQV�FRPPRQO\�H[LVW�DORQJ�FRDVWOLQHV��)LJXUH��G�VKRZV�VHDZDWHU�

DFFXPXODWLRQ�LQ�D�WRSRJUDSKLF�GHSUHVVLRQ�RQH�PRQWK�DIWHU�WKH������,QGLDQ�2FHDQ�WVXQDPL��,Q�

DGGLWLRQ�WR�UHWDLQLQJ�ZDWHU�LQ�GHSUHVVLRQV��PHVRWRSRJUDSKLF�IHDWXUHV�DIIHFW�WKH�G\QDPLFV�RI�WKH�

LQXQGDWLRQ�SURFHVV�>Mcleod et al.������@��0HVRWRSRJUDSK\��LQ�SDUWLFXODU�WKH�FRQQHFWHGQHVV�RI�

ORZ�HOHYDWLRQ�IHDWXUHV�WR�WKH�FRDVWOLQH��FDQ�DIIHFW�WKH�WLPLQJ�>Illangasekare et al.������@�DQG�

VSDWLDO�SDWWHUQV�>Bilskie et al.��������Dietrich et al.������@�RI�LQXQGDWLRQ��ZKLFK�IXUWKHU�GHWHUPLQH�

WKH�DPRXQW�DQG�ORFDWLRQ�RI�LQILOWUDWLRQ�DQG�WKH�VXEVXUIDFH�VDOLQL]DWLRQ�DQG�IOXVKLQJ�SURFHVVHV���

7KLV�VWXG\�LQYHVWLJDWHV�WKH�HIIHFW�RI�PHVRWRSRJUDSK\�RQ�JURXQGZDWHU�VDOLQL]DWLRQ�GXH�WR�RFHDQ�

VXUJH�LQXQGDWLRQ��7R�WKLV�DLP��ZH�VHW�XS�D��'�QXPHULFDO�PRGHO�RI�FRXSOHG�VXUIDFH�DQG�

VXEVXUIDFH�IORZ�DQG�VDOW�WUDQVSRUW�GXH�WR�RFHDQ�VXUJH��VHFWLRQ�����DQG�LQYHVWLJDWH�JURXQGZDWHU�

VDOLQL]DWLRQ��VHFWLRQ�����6SHFLILFDOO\��ZH�H[SORUH�V\QWKHWLF�IHDWXUHV�RI�PHVRWRSRJUDSK\��RYHUODQG�

IORZ�FRQQHFWLYLW\��GHSUHVVLRQ�VWRUDJH��DQG�WHUUDLQ�DQLVRWURS\�WR�XQGHUVWDQG�WKHLU�JHQHUDO�FRQWUROV��

7KHVH�IHDWXUHV�DUH�V\QWKHVL]HG�RQ�UHDO�ZRUOG�WRSRJUDSK\��7KH�UHVXOWV�KDYH�LPSOLFDWLRQV�IRU�

XQGHUVWDQGLQJ�WRSRJUDSKLF�LPSDFWV�RQ�JURXQGZDWHU�DVVHVVPHQW�DQG�FRDVWDO�UHVRXUFHV�

PDQDJHPHQW��VHFWLRQ�����
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���0HWKRGV�

���� +\GUR*HR6SKHUH�

1XPHULFDO�PRGHOLQJ�ZDV�SHUIRUPHG�XVLQJ�HydroGeoSphere��D��'��ILQLWH�HOHPHQW��DQG�IXOO\�

FRXSOHG�VXUIDFH�VXEVXUIDFH�PRGHO��HydroGeoSphere ZDV�VHOHFWHG EHFDXVH�LW�LV�D�UREXVW�

VLPXODWRU�RI�DGYHFWLYH�GLVSHUVLYH�GLIIXVLYH�VDOW�WUDQVSRUW�IRU�D�FRXSOHG�VXUIDFH�DQG�VXEVXUIDFH�

V\VWHP�XQGHU�YDULDEO\�VDWXUDWHG�FRQGLWLRQV�>Therrien et al.������@��DQG�LW�KDV�EHHQ�GHPRQVWUDWHG�

WR�EH�VXLWDEOH�IRU�VLPXODWLQJ�RYHUZDVK�VDOLQL]DWLRQ�>Yang et al.������������D��Holding and Allen��

����D��Holding and Allen������E@��,Q�HydroGeoSphere, WKH�WUDQVLHQW��'�YDULDEO\�VDWXUDWHG�

VXEVXUIDFH�IORZ�LV�FDOFXODWHG�E\�5LFKDUGV�HTXDWLRQ�DQG�'DUF\¶V�ODZ��7KH��'�VXUIDFH�IORZ�LV�

UHSUHVHQWHG�ZLWK�WKH�GLIIXVLRQ�ZDYH�DSSUR[LPDWLRQ�RI�WKH�6DLQW�9HQDQW�HTXDWLRQ�>Therrien et al.��

����@��7KH�DGYHFWLRQ�GLVSHUVLRQ�GLIIXVLRQ�HTXDWLRQ�IRU�VDOW�WUDQVSRUW�LV�VROYHG�LQ�ERWK�YDULDEO\�

VDWXUDWHG�VXEVXUIDFH�DQG�VXUIDFH�GRPDLQV��7KH�PRGHO�XVHV�D�GXDO�QRGH�DSSURDFK�WR�QXPHULFDOO\�

FRXSOH�VXEVXUIDFH�DQG�VXUIDFH�GRPDLQV��7KLV�DSSURDFK�DVVXPHV�WKDW�WKH�VXUIDFH�DQG�VXEVXUIDFH�

GRPDLQV�DUH�VHSDUDWHG�E\�D�WKLQ�SRURXV�OD\HU�ZKRVH�WKLFNQHVV�LV�WKH�FRXSOLQJ�OHQJWK��7KH�

H[FKDQJH�IOX[�EHWZHHQ�WKH�WZR�GRPDLQV�LV�H[SOLFLWO\�FDOFXODWHG��'HWDLOV�FRQFHUQLQJ�WKH�WKHRU\��

JRYHUQLQJ�HTXDWLRQV��DQG�QXPHULFDO�VROXWLRQ�WHFKQLTXHV�RI�HydroGeoSphere�DUH�JLYHQ�LQ�

Therrien et al.�>����@��

���� 6LPXODWLRQ�7HFKQLTXH��%RXQGDU\�&RQGLWLRQV��DQG�0RGHO�3DUDPHWHUV�

7KH�PRGHO�GRPDLQ�ZDV�VHOHFWHG�WR�UHSUHVHQW�D��'�XQFRQILQHG�DTXLIHU�H[WHQGLQJ�RIIVKRUH�ZLWK�D�

VXUIDFH�ZDWHU�GRPDLQ�DORQJ�WKH�WRS��7KH�GRPDLQ�ZDV���NP�ORQJ�DQG�����NP�ZLGH�ZLWK�D�ERWWRP�

OD\HU����P�EHORZ�WKH�QRUPDO�VHD�OHYHO��)LJXUH�����,Q�WKH�EDVH�FDVH��ZH�XVHG�D�VLPSOH�VORSH�RI�

�������DYHUDJH�VORSH�DORQJ�WKH�FRDVW�RI�'HODZDUH��86$��WR�UHSUHVHQW�WKH�PDFURWRSRJUDSKLF�

IHDWXUH�RI�WKH�ODQGZDUG�GRPDLQ��,Q�RWKHU�VLPXODWLRQ�VFHQDULRV��ZH�DGGHG�PHVRWRSRJUDSKLF�
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IHDWXUHV�EDVHG�RQ�V\QWKHWLF�VXUIDFHV�DQG�UHDO�ZRUOG�GLJLWDO�HOHYDWLRQ�PDSV��7KH�PRGHO�GRPDLQ�

ZDV�ODWHUDOO\�GLVFUHWL]HG�DW�D����P�UHVROXWLRQ�LQ�HDFK�GLUHFWLRQ��ZLWK����YHUWLFDO�OD\HUV�ZLWK�

GHFUHDVLQJ�WKLFNQHVV�IURP�WKH�EDVH�WR�WKH�JURXQG�VXUIDFH��:H�XVHG�����P�UHVROXWLRQ�QHDU�WKH�

JURXQG�VXUIDFH�ZKHUH�WKH�PDLQ�K\GUDXOLF�KHDG�DQG�VDOW�WUDQVSRUW�G\QDPLFV�RFFXU��DQG����QHDU�WKH�

ERWWRP�RI�WKH�GRPDLQ��UHVXOWLQJ�LQ�D�JULG�RI�������QRGHV�DQG��������'�HOHPHQWV��7KH����P�JULG�

UHVROXWLRQ�GRHV�QRW�SHUPLW�VLPXODWLRQ�RI�ILQH�VFDOH�VDOW�WUDQVSRUW��WKRXJK�GHQVLW\�ILQJHULQJ�GRHV�

VWLOO�GHYHORS�LQ�WKH�VLPXODWLRQV��,Q�RUGHU�WR�GHWHUPLQH�ZKHWKHU�D�KLJKHU�GLVFUHWL]DWLRQ�FRXOG�DIIHFW�

VLPXODWLRQ�UHVXOWV��ZH�HVWDEOLVKHG�VLPXODWLRQV�ZLWK�LQFUHDVHG�GLVFUHWL]DWLRQ��a�[�WKH�EDVH�FDVH��

IRU�WKH�EDVH�FDVH�VLPXODWLRQ�VFHQDULR��7KH�KLJKHU�UHVROXWLRQ�FDXVHG�QHJOLJLEOH�GLIIHUHQFHV�LQ�

YROXPH�RI�XQVDWXUDWHG�]RQH��RYHUODQG�VDOW�VWRUDJH�DQG�VXEVXUIDFH�VDOW�VWRUDJH��)LJXUH�6����ZKLFK�

LQGLFDWHG�WKDW�WKH�LQLWLDO�UHVROXWLRQ�ZDV�DSSURSULDWH�WR�FDSWXUH�WKH�RYHUDOO�LQILOWUDWLRQ�DQG�

VXEVXUIDFH�VDOW�WUDQVSRUW�SURFHVVHV��

7KH�ERXQGDU\�FRQGLWLRQV�DSSOLHG�IRU�IOXLG�IORZ�DQG�VDOW�WUDQVSRUW�DUH�VKRZQ�LQ�)LJXUH����,Q�WKH�

VXEVXUIDFH�GRPDLQ��D�FRQVWDQW�DQQXDO�QHW�SUHFLSLWDWLRQ�UDWH������PP�\HDU��ZDV�VSHFLILHG�DORQJ�

WKH�ODQGZDUG�WRS�ERXQGDU\��x �����P���:H�GLG�QRW�FRQVLGHU�WUDQVLHQW�UHFKDUJH�FRQGLWLRQV�

EHFDXVH�RYHU�WKH�ORQJ�WHUP��GDLO\�DQG�VHDVRQDO�FKDQJHV�ZRXOG�QRW�VLJQLILFDQWO\�DIIHFW�ORQJ�WHUP�

UHFRYHU\�WLPH��7KH�WZR�VKRUH�SHUSHQGLFXODU�PRGHO�ERXQGDULHV�DQG�WKH�DTXLIHU�ERWWRP�ZHUH�

DVVLJQHG�QR�IORZ��$Q�LQLWLDO�VWHDG\�VWDWH�VLPXODWLRQ�ZDV�UXQ�ZLWK�D���P�KHDG�DORQJ�WKH�ODQGZDUG�

ERXQGDU\�DQG�PHDQ�VHD�OHYHO�DORQJ�WKH�VHDZDWHU�ERXQGDU\��7KH�VLPXODWHG�IUHVKZDWHU�IOX[�IURP�

WKDW�VLPXODWLRQ�ZDV�DVVLJQHG�WR�WKH�ODQGZDUG�ERXQGDU\��DORQJ�ZLWK�D�VDOW�FRQFHQWUDWLRQ�RI���J�/����

7KLV�ERXQGDU\�FRQGLWLRQ�DOORZHG�IRU�DQ�LQFUHDVH�LQ�KHDG�DORQJ�WKDW�ERXQGDU\�GXH�WR�WKH�RFHDQ�

VXUJH��7KH�VHDVLGH�ERXQGDU\�ZDV�DVVLJQHG�D�WLPH�YDULDEOH�KHDG�hsea��:H�FKRVH�WKH�WKHRUHWLFDO�

VXUJH�KHLJKW�DV������P�DERYH�PHDQ�VHD�OHYHO��)LJXUH�����hsurge��IROORZLQJ�Yang et al.�>����E@��
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FRUUHVSRQGLQJ�WR�D�VXUJH�RI�FRPELQHG�ZDYH�VHW�XS�DQG�VHD�OHYHO�ULVH�IRU�D�����\HDU�UHWXUQ�SHULRG�

DFFRUGLQJ�WR�Chini et al. >����@��7KH�KHDG�DW�FRPSXWDWLRQDO�HOHPHQW�e DORQJ�WKH�YHUWLFDO�VHDZDUG�

ERXQGDU\��hsea �t�_e��LV�FDOFXODWHG�DV��

hsea�t� _e ��������n �hsurge�t�� z _e ��������n �
Us

U�

� z _e ��������n
������������������������������

�

ZKHUH� LV�WKH�GHQVLW\�RI�VHDZDWHU�DQG� LV�WKH�GHQVLW\�RI�IUHVKZDWHU�� �LV�WKH�HOHYDWLRQ�RI�

FRPSXWDWLRQDO�HOHPHQW�e��7KH�FRQFHQWUDWLRQ�DORQJ�WKH�YHUWLFDO�VHDZDUG�ERXQGDU\�ZDV�DVVLJQHG�

FRQVWDQW�VHDZDWHU�FRQFHQWUDWLRQ�����J�/�����

)RU�WKH�VXUIDFH�GRPDLQ��K\GUDXOLF�KHDG�hsurface�ZDV�SUHVFULEHG�DORQJ�FRDVWOLQH�FHOOV�DV�WKH�KHLJKW�

RI�WKH�VXUJH�hsurge��7KH�VDOW�FRQFHQWUDWLRQ�ZDV�FRQVWDQW�VHDZDWHU�FRQFHQWUDWLRQ��L�H������J�/�����

6XUIDFH�SURSHUWLHV��0DQQLQJ�URXJKQHVV�FRHIILFLHQW��ZHUH�VHOHFWHG�IURP�OLWHUDWXUH�WR�UHSUHVHQW�

W\SLFDO�YDOXHV�IRU�EHDFKHV�DQG�ODQG��7DEOH�����

6XEVXUIDFH�PRGHO�SURSHUWLHV�W\SLFDO�RI�D�FRDVWDO�DTXLIHU�ZHUH�VHOHFWHG��7DEOH�����7KHVH�

SDUDPHWHUV�ZHUH�KHOG�FRQVWDQW�RYHU�WKH�VHW�RI�VLPXODWLRQV�LQ�RUGHU�WR�IRFXV�RQ�WRSRJUDSKLF��UDWKHU�

WKDQ�VXEVXUIDFH�K\GURJHRORJLFDO�FRQGLWLRQV��+\GUDXOLF�FRQGXFWLYLW\�RI�D�VDQG\�DTXLIHU�ZDV�WKH�

FODVV�DYHUDJH�YDOXHV�LQ�WKH�86'$��8�6��'HSDUWPHQW�RI�$JULFXOWXUH��VRLO�WH[WXUH�GDWDEDVH�

>Schaap et al.������@���

(DFK�VLPXODWLRQ�ZDV�FDUULHG�RXW�LQ�WZR�VWDJHV������DQ�HTXLOLEUDWLRQ�SHULRG��t� ��������G�WR�t� ���

G��WR�HVWDEOLVK�LQLWLDO�FRQGLWLRQV�DQG�ODQGZDUG�ERXQGDU\�IOX[�IRU�WKH�DSSOLHG�WRSRJUDSK\�DQG�

FRQVWDQW�PHDQ�VHD�OHYHO�ERXQGDU\�FRQGLWLRQ��VWHDG\�VWDWH�PRGHO���DQG�����DQ�RFHDQ�VXUJH�VWDJH��t�

 ���G�WR�t� �������G��XVLQJ�WKH�VXUJH�KHLJKW�ERXQGDU\�FRQGLWLRQ��WUDQVLHQW�PRGHO���

Us U� z
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���� *URXQGZDWHU�6DOLQL]DWLRQ�$VVHVVPHQW�&ULWHULD�

:H�GHYHORSHG�WKUHH�DVVHVVPHQW�FULWHULD��seawater infiltration, salinized volume, DQG flushing 

time��WR�GHVFULEH�WKH�JURXQGZDWHU�VDOLQL]DWLRQ�SURFHVV��)LJXUH�����7ZR�FULWHULD�UHODWHG�WR�

seawater infiltration�DUH�FDOFXODWHG��WKH�FXPXODWLYH�YROXPH�RI�ZDWHU�WKDW�KDV�LQILOWUDWHG�IURP�WKH�

VXUIDFH�LQWR�WKH�VXEVXUIDFH�DFURVV�WKH�ODQGZDUG�GRPDLQ��x ������P���DQG�WKH�UDWH�RI�LQILOWUDWLRQ�

RYHU�WLPH��Salinized volume�LV�WKH�YROXPH�RI�WKH�DTXLIHU�ZLWKLQ�ZKLFK�VDOW�FRQFHQWUDWLRQ�LV�������

J�/����WKH�8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\�GULQNLQJ�ZDWHU�VWDQGDUG�>EPA������@��

6LPLODUO\��ZH�FDOFXODWHG�WKH�WHPSRUDO�YDULDWLRQ�LQ�VDOLQL]HG�YROXPH�DQG�WKH�PD[LPXP�YROXPH�

VDOLQL]HG�WKURXJKRXW�HDFK�VLPXODWLRQ��Flushing time�ZDV�FDOFXODWHG�IRU�HDFK�FROXPQ�RI�WKH�PRGHO�

JULG��,Q�DQ\�JLYHQ�FROXPQ��WKH�VDOW�FRQFHQWUDWLRQ�RI�HDFK�RI�WKH����YHUWLFDO�FHOOV�LV�Ck, k=1,2,…,10��

7KH�IOXVKLQJ�WLPH�LV�FDOFXODWHG�DV��

Tflushing  

� never salinized PD[�Ck � _T T� �Ti �����Tend
�Cs

Ti salinized and flushed PD[�Ck � _T Ti��
tCs 	 PD[�Ck � _T Ti

�Cs

�f always salinized PD[�Ck � _T T� �Ti �����Tend
tCs



®

°
°

¯

°
°

����

7R�FRPSDUH�WKH�IOXVKLQJ�EHWZHHQ�GLIIHUHQW�FDVHV��WKH�IOXVKLQJ�WLPH�GLVWULEXWLRQ�ZDV�FDOFXODWHG�E\�

H[FOXGLQJ�WKH�UHJLRQV�WKDW�DUH�HLWKHU�DOZD\V�RU�QHYHU�VDOLQL]HG��7KH���WK����WK����WK��DQG����WK�

SHUFHQWLOHV�RI�WKH�GLVWULEXWLRQ�ZHUH�WKHQ�FRPSDUHG��:H�QRWH�WKDW�WKLV�LV�D�PHWULF�IRU�FRPSDUDWLYH�

DQDO\VLV�RI�WKH�YDULRXV�WRSRJUDSKLF�FDVHV�FRQVLGHUHG�LQ�WKLV�ZRUN��,Q�UHDO�V\VWHPV��PDQ\�RWKHU�

IDFWRUV��LQFOXGLQJ�VXEVXUIDFH�KHWHURJHQHLW\��ZRXOG�DIIHFW�IOXVKLQJ�WLPH��VR�WKH�YDOXHV�VKRXOG�EH�

LQWHUSUHWHG�ZLWK�FDXWLRQ��
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���� &RDVWDO�7RSRJUDSK\�

:H�JHQHUDWHG�IRXU�GLIIHUHQW�W\SHV�RI�UDVWHU�'LJLWDO�(OHYDWLRQ�0RGHOV�RQ�D�UHFWDQJXODU�GRPDLQ�

���[����HOHPHQWV��WR�UHSUHVHQW�V\QWKHWLF�WRSRJUDSK\�����NP�ZLGH�DQG�����NP�ORQJ��)LJXUH�����

)ROORZLQJ�Thompson et al.�>����@��ZH�XVHG��'�VLQXVRLGDO�ZDYHV�ZLWK�UDQGRP�WUDQVODWLRQ��DV�D�

SDUVLPRQLRXV�DQG�WUDFWDEOH�UHSUHVHQWDWLRQ�RI�FRDVWDO�WRSRJUDSK\��7R�LQFUHDVH�WKH�UDQJH�RI�

VWUXFWXUDO�FRPSOH[LW\��ZH�IROORZHG�WKH�ZRUN�RI�Zinn and Harvey�>����@�DQG�Antoine et al.�

>����@�WR�JHQHUDWH�WKUHH�RWKHU�W\SHV�RI�WRSRJUDSK\�ZLWK�FRQWUDVWLQJ�VWUXFWXUDO�FRQQHFWLYLW\�

SURSHUWLHV��7KHVH�W\SHV�ZHUH�PXOWLJDXVVLDQ�UDQGRP�ILHOGV�WUDQVIRUPHG�VR�WKDW�KLJK��PLGGOH��RU�

ORZ�HOHYDWLRQ�YDOXHV�DUH�FRQQHFWHG��7KH�UHVXOWLQJ�IRXU�W\SHV�RI�WRSRJUDSKLF�ILHOGV�ZHUH������

Crater��FRQQHFWHG�FUHVWV�ZLWK�LVRODWHG�GHSUHVVLRQV������Random��VWDQGDUG�PXOWL�*DXVVLDQ�ILHOGV�

ZLWK�FRQQHFWHG�PHGLDQ�YDOXHV�DQG�LVRODWHG�FUHVWV�DQG�GHSUHVVLRQV������River��FRQQHFWHG�

GHSUHVVLRQV�ZLWK�LVRODWHG�FUHVWV��DQG�����Sine���'�VLQXVRLGDO�ZDYHV�ZLWK�IL[HG�DPSOLWXGH�DQG�

IL[HG�ZDYHOHQJWK��7KH�5LYHU�DQG�&UDWHU�W\SHV�UHSUHVHQWHG�WZR�H[WUHPHV�RI�GUDLQDJH�FKDQQHOV�DQG�

GXQHV�LQ�WKH�FRDVW��$OO�RI�ILHOGV�KDG�D���P�PHDQ�KHLJKW�DQG�D�����P�VWDQGDUG�GHYLDWLRQ��DV�ZHOO�DV�

QHDU�LGHQWLFDO�LVRWURSLF�VSDWLDO�FRYDULDQFH�IXQFWLRQV��7R�UHSUHVHQW�PDFURWRSRJUDSK\��WKH�

HOHYDWLRQ�GDWD�ZHUH�VXSHULPSRVHG�RQ�WKH�������WRSRJUDSKLF�JUDGLHQW��)LJXUH��H�K���

7R�H[SORUH�WKH�UROH�RI�WRSRJUDSKLF�GHSUHVVLRQV��ZH�JHQHUDWHG�QRUPDO��GHSUHVVLRQ�UHPRYHG��DQG�

GHSUHVVLRQ�GRXEOHG�WRSRJUDSKLF�FDVHV��)LUVW��WKH�IRXU�VLPXODWHG�QRUPDO�WRSRJUDSKLF�W\SHV��Tn��

�L�H���&UDWHU��5DQGRP��5LYHU��DQG�6LQH�IURP�SUHYLRXV�VWHS��ZHUH�WUDQVIRUPHG�WR�FUHDWH�FDVHV�ZLWK�

GHSUHVVLRQ�UHPRYHG�FDVHV��Tdr��)LJXUH��D�G��XVLQJ�WKH�³)LOO´�WRRO�LQ�$5&0$3������

>Environmental systems research institute������@�JHRJUDSKLF�LQIRUPDWLRQ�V\VWHP��*,6��VRIWZDUH���

'HSUHVVLRQ�GRXEOHG�WRSRJUDSK\��Tdd��ZDV�JHQHUDWHG�DV��)LJXUH��L�O���

Tdd  Tdr � �u �Tdr �Tn ��������������������������������������������������������������������������������������������������
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*HRPRUSKLF�IHDWXUHV�WHQG�WR�GLVSOD\�GLUHFWLRQDO�DQLVRWURS\�UHODWLYH�WR�WKH�FRDVWOLQH��VWUHDPV�DQG�

WLGDO�FKDQQHOV�WHQG�WR�EH�VKRUH�SHUSHQGLFXODU��DQG�GXQHV�DUH�VKRUH�SDUDOOHO��:H�DSSOLHG�

DQLVRWURSLF�VSDWLDO�FRYDULDQFH�IXQFWLRQV�RQ�WKH�PRVW�FRQWUDVWLQJ�&UDWHU��DQG�5LYHU�W\SH�ILHOGV�WR�

LQWURGXFH�VKRUH�SHUSHQGLFXODU�DQG�VKRUH�SDUDOOHO�FKDUDFWHULVWLFV��)LJXUH��P�S���

,QFOXGLQJ�ERWK�LVRWURSLF�DQG�DQLVRWURSLF�WRSRJUDSKLHV��WKHUH�ZHUH����UHSUHVHQWDWLRQV�RI�V\QWKHWLF�

WRSRJUDSK\��)LJXUH�����)LYH�VWDWLVWLFDOO\�HTXLYDOHQW�UHDOL]DWLRQV�ZHUH�JHQHUDWHG�IRU�HDFK��&UDWHU���

5DQGRP���DQG�5LYHU�W\SH�UHDOL]DWLRQV�ZHUH�JHQHUDWHG�E\�YDU\LQJ�WKH�UDQGRP�VHHGV�LQ�WKH�

VWDWLVWLFDO�VLPXODWLRQ��ZKHUHDV�WKH�6LQH�W\SH�UHDOL]DWLRQV�ZHUH�JHQHUDWHG�E\�YDU\LQJ�WKH�SKDVH�LQ�

UHODWLRQ�WR�WKH�ERXQGDULHV��%HFDXVH�WKH�VLQH�WRSRJUDSKLHV�GR�QRW�KDYH�UDQGRP�SDUDPHWHUV��EXW�WKH�

SRLQW�RQ�WKH�ERXQGDU\�DW�ZKLFK�WKH�VLQH�ZDYH�EHJLQV�FDQ�EH�SKDVH�VKLIWHG��LH��HOHYDWLRQ�GRHVQ¶W�

KDYH�WR�VWDUW�DW���RQ�WKH�ERXQGDU\����

6LPXODWLRQV�ZLWK�UHDO�ZRUOG�WRSRJUDSK\�ZHUH�FRQGXFWHG�IRU�FRPSDULVRQ�ZLWK�V\QWKHWLF�

WRSRJUDSK\��$�SDUW�RI�WKH�'HODZDUH�FRDVWDO�WRSRJUDSK\��)LJXUH�6���ZDV�GLYLGHG�LQWR���SLHFHV��

7KH�RULJLQDO�WRSRJUDSK\�ZDV�D�GLJLWDO�HOHYDWLRQ�PRGHO��'(0��ZLWK�D�UHVROXWLRQ�RI����P�DQG�

GLPHQVLRQ�RI����E\�����7KLV�LV�UHIHUUHG�WR�DV�Real�WRSRJUDSK\��,Q�RUGHU�WR�UHPRYH�PDFUR�

WRSRJUDSKLF�HIIHFWV��WKH�WRSRJUDSKLF�WUHQG��RU�VORSH��ZDV�UHPRYHG�DQG�WRSRJUDSK\�ZDV�

VWDQGDUGL]HG�WR���P�PHDQ�DQG�����P�VWDQGDUG�GHYLDWLRQ�WR�PDWFK�WKH�V\QWKHWLF�ILHOGV��WKHQ�WKH�

������VORSH�ZDV�DGGHG��7KHUHIRUH��WKH���FDVHV�RI�5HDO�WRSRJUDSK\�ZHUH�WUDQVIRUPHG�LQWR���FDVHV�

RI�QHZ�WRSRJUDSKLF�ILHOGV��ZKLFK�DUH�UHIHUUHG�WR�DV�Normalized Real�WRSRJUDSK\��7KH�

WUDQVIRUPHG�1RUPDOL]HG�5HDO�WRSRJUDSKLF�ILHOGV�HQDEOH�FRPSDULVRQ�RI�WKH�PHVR�WRSRJUDSKLF�

IHDWXUHV�RQO\��
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���� 7RSRJUDSKLF�,QGLFDWRUV�

'HSUHVVLRQ�VWRUDJH�FDQ�EH�XVHG�DV�DQ�LQGLFDWRU�EHFDXVH�LW�DIIHFWV�WKH�UHWHQWLRQ�FDSDFLW\�RI�

RYHUODQG�IORZ��'HSUHVVLRQ�VWRUDJH��RU�VXUIDFH�VWRUDJH��LV�ZLGHO\�XVHG�LQ�WKH�XQGHUVWDQGLQJ�RI�

WRSRJUDSKLF�FRQWURO�RQ�RYHUODQG�IORZ�DQG�LQILOWUDWLRQ�SURFHVVHV�>Antoine et al.��������Frei et al.��

������Le and Kumar������@��7KH�GHSUHVVLRQ�VWRUDJH�ZDV�FDOFXODWHG�IRU�HDFK�ILHOG�WR�LGHQWLI\�WKH�

VDOLQL]DWLRQ�LQGLFDWLRQ�FDSDELOLW\��

2YHUODQG�IORZ�FRQQHFWLYLW\�FDQ�EH�XVHG�DV�DQRWKHU�LQGLFDWRU�EHFDXVH�LW�FRQWUROV�WKH�PRYHPHQW�RI�

VHDZDWHU�RQ�WRS�RI�WKH�DTXLIHU��0DQ\�FRQQHFWLYLW\�LQGLFDWRUV�KDYH�EHHQ�GHYHORSHG�LQ�K\GURORJ\��

JHRPRUSKRORJ\��DQG�HFRORJ\�>H�J���Antoine et al.��������Larsen et al.��������Peñuela et al.��������

Lexartza-Artza and Wainwright������@��+HUH��ZH�WHVWHG�WKUHH�FRQQHFWLYLW\�LQGLFDWRUV��L�H���&),6��

FRQQHFWLYLW\�IXQFWLRQ�LQWHJUDO�VFDOH��SHUFRODWLRQ�SUREDELOLW\��DQG�(XOHU�QXPEHU��IURP�>Antoine et 

al.������@��7KH�DELOLW\�RI�WKHVH�FRQQHFWLYLW\�LQGLFDWRUV�WR�GLVFULPLQDWH�DPRQJ�WKH�

PHVRWRSRJUDSK\�W\SHV�XVHG�LQ�WKLV�VWXG\�ZDV�ZHDN��)LJXUH�6����%HFDXVH�WKH�VFDOH�LV�JUHDWHU�LQ�

RXU�VWXG\�WKDQ�WKH�PLFURWRSRJUDSKLF�VWXG\�E\�Antoine et al. >����@��WKH�ERXQGDU\�HIIHFW�GHJUDGHV�

WKH�GLVFULPLQDWLYH�FDSDFLW\��

:H�SURSRVH�QHZ�LQGLFDWRUV�RI�WRSRJUDSKLF�FRQQHFWLYLW\�DV�WKH\�UHODWH�WR�RYHUODQG�IORZ�GXH�WR�

RFHDQ�VXUJHV��7KH�QHZ�SDLU�RI�FRQQHFWLYLW\�LQGLFDWRUV�LV�³FOLPELQJ�DQG�UHVWLQJ�VWHSV´��ZKLFK�

GHVFULEHV�UXQXS�LQXQGDWLRQ�SURFHVVHV�EDVHG�RQ�HQHUJ\�GLVVLSDWLRQ��2Q�D�JLYHQ�'(0�FRQQHFWLQJ�

VHD�WR�ODQG��WKH�ODQG�VXUIDFH�LV�DVVXPHG�LPSHUPHDEOH��DQG�WKH�IORRG�IORZV�ODQGZDUG�ZLWK�LQILQLWH�

YHORFLW\��7KH�ZDWHU�OHYHO�RI�WKH�IORRG�LV�UDLVHG�VWHS�E\�VWHS�VR�WKDW�RQO\�RQH�FHOO�RI�WKH�'(0�LV�

LQXQGDWHG�LQ�RQH�VWHS��7KH�SURFHVV�LV�FDOOHG�D�IORRG�ILOO�DOJRULWKP�>Morton��������Soille et al.,�

����@��)LJXUH��D�SUHVHQWV�WKH�IORRG�ILOO�SURFHVV�RQ�RQH�H[DPSOH�RI�5LYHU�W\SH�WRSRJUDSK\��(DFK�

VWHS�FRUUHVSRQGLQJ�WR�DQ�LQFUHDVH�LQ�ZDWHU�OHYHO�LQ�WKH�IORRG�ILOO�DOJRULWKP�FDQ�EH�FODVVLILHG�LQWR�
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WZR�FDWHJRULHV��FOLPELQJ�DQG�UHVWLQJ��7KH�FOLPELQJ�VWHS��sc��RYHUFRPHV�JUDYLW\��ZKLFK�GLVVLSDWHV�

D�ODUJH�DPRXQW�RI�HQHUJ\��7KH�UHVWLQJ�VWHS��sr��PD\�RU�PD\�QRW�ILOO�GHSUHVVLRQV��DQG�WKH�IORZ�

PRYHV�ODWHUDOO\�ZLWKRXW�GLVVLSDWLQJ�HQHUJ\��)LJXUH��E���(QHUJ\�ORVV�DJDLQVW�JUDYLWDWLRQDO�IRUFH�

IRU�WKH�ZKROH�UXQXS�SURFHVV�LV�GHWHUPLQHG�E\�hsurge��)RU�D�JLYHQ�hsurge��H�J��������P�LQ�WKH�

WKHRUHWLFDO�VXUJH���JUHDWHU�sc�PHDQV�OHVV�HQHUJ\�LV�GLVVLSDWHG�IRU�HDFK�VWHS��ZKLFK�VXJJHVWV�WKH�

UXQXS�ZLOO�EH�DEOH�WR�SHQHWUDWH�PRUH�VWHSV�ODQGZDUG��L�H���JUHDWHU�LQXQGDWLRQ�DUHD���7KH�PHDQV�DV�

ZHOO�DV��VW�DQG��WK�GHFLOHV�RI�WKH�FOLPELQJ�DQG�UHVWLQJ�VWHSV�FRQQHFWLYLW\�LQGLFDWRUV�FOHDUO\�

GLVWLQJXLVK�DOO�PHVRWRSRJUDSK\�W\SHV��)LJXUH��F�DQG��G���7KH�6LQH�W\SH�KDG�DQ�RUGHU�RI�

PDJQLWXGH�KLJKHU�UHVWLQJ�VWHSV�WKDQ�WKH�RWKHUV��)LJXUH��F���ZKHUHDV�DOO�IRXU�V\QWKHWLF�W\SHV�KDG�D�

VLPLODU�RUGHU�RI�PDJQLWXGH�RI�FOLPELQJ�VWHSV��)LJXUH��G���7KH�UHVWLQJ�VWHSV��)LJXUH��H��RI�

1RUPDOL]HG�5HDO�WRSRJUDSK\�KDG�D�VLPLODU�RUGHU�RI�PDJQLWXGH�DV�&UDWHU��5DQGRP��DQG�5LYHU�

W\SHV��7KH�FOLPELQJ�VWHSV�RI�1RUPDOL]HG�5HDO�WRSRJUDSK\�KDG�D�VLPLODU�RUGHU�RI�PDJQLWXGH�DV�

5LYHU�DQG�5DQGRP��)LJXUH��I���&RPSDULQJ�EHWZHHQ�WKH�WZR�LQGLFDWRUV��ZH�IRXQG�WKDW�FOLPELQJ�

VWHSV�DUH�WZR�RUGHUV�RI�PDJQLWXGH�KLJKHU�WKDQ�UHVWLQJ�VWHS��,Q�WKH�FDVH�RI�RXU�WRSRJUDSKLHV��

FOLPELQJ�VWHSV�GLVVLSDWH�VLJQLILFDQWO\�PRUH�HQHUJ\�WKDQ�UHVWLQJ�VWHSV��7KHUHIRUH��ZH�FKRVH�

FOLPELQJ�VWHSV�DV�WKH�FRQQHFWLYLW\�LQGLFDWRU��5HVWLQJ�VWHSV�PD\�EH�DQ�HIIHFWLYH�LQGLFDWRU�LQ�

V\VWHPV�LQ�ZKLFK�FOLPELQJ�VWHSV�DUH�WRR�FORVH�WR�GLVFULPLQDWH�HDFK�RWKHU��H�J��IORRGLQJ�RQ�IODW�

VXUIDFH���

��� 5HVXOWV�

���� 6LPXODWLRQ�5HVXOWV�IRU�%DVH�&DVH�7RSRJUDSK\�

7KH�VLPXODWHG�VDOLQL]DWLRQ�SURFHVV�LQ�WKH�EDVH�FDVH�WRSRJUDSK\��VLPSOH�VORSH�ODQG�VXUIDFH��

)LJXUH��D��SURYLGHV�LQVLJKWV�LQWR�WKH�FRXSOLQJ�EHWZHHQ�WKH�VXUIDFH�DQG�VXEVXUIDFH�GXULQJ�DQ�
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RFHDQ�VXUJH��)LJXUH�����7KH�FXPXODWLYH�YROXPH�RI�LQILOWUDWHG�VHDZDWHU�ZDV����[����P���7KH�

PD[LPXP�VDOLQL]HG�YROXPH�ZDV����[����P���ZKLFK�ZDV�UHDFKHG�����\HDUV�DIWHU�WKH�RFHDQ�VXUJH�

�)LJXUH��E���7KH�ORFDWLRQ�ZKHUH�IOXVKLQJ�WLPH�ZDV�JUHDWHVW��L�H��������\HDUV��ZDV�[� ������P��

ZKLFK�LV�FORVH�WR�WKH�LQXQGDWLRQ�OLQH��L�H���[� ������P���)LJXUH��F���7KH�IOXVKLQJ�WLPH�GHFUHDVHG�

JUDGXDOO\�IURP�LWV�PD[LPXP�]RQH�WRZDUG�WKH�FRDVWOLQH�XQWLO�LW�UHDFKHG�WKH�DOZD\V�VDOLQL]HG�]RQH�

�)LJXUH��F���7KH�GLVWULEXWLRQ�RI�IOXVKLQJ�WLPHV�IRU�DOO�PRGHO�ORFDWLRQV�VKRZHG�WZR�SHDNV��RQH�DW�

�����\HDUV��DQG�DQRWKHU�DW�������\HDUV��7KH���WK�SHUFHQWLOH�RI�IOXVKLQJ�WLPH�ZDV����\HDUV��ZKLFK�

PDLQO\�RFFXUUHG�QHDU�WKH�FRDVW��L�H�������P���[��������P���7KH���WK�SHUFHQWLOH�RI�IOXVKLQJ�WLPH�

ZDV�FORVH�WR����\HDUV��7KH�LQODQG�UHJLRQ�������P���[��������P��FRQWULEXWHG�IOXVKLQJ�WLPHV�

JUHDWHU�WKDQ����\HDUV��)LJXUH��G���

���� 6LPXODWLRQ�5HVXOWV�IRU�6\QWKHWLF�7RSRJUDSK\�

6LPXODWLRQV�VKRZ�WKDW�GHSUHVVLRQ�VWRUDJH�KDV�D�VXEVWDQWLDO�LPSDFW�RQ�WKH�DPRXQW�RI�VHDZDWHU�WKDW�

LQILOWUDWHV�DFURVV�WKH�JURXQG�VXUIDFH��)LJXUH��D���EXW�OLWWOH�LPSDFW�RQ�WKH�YROXPH�RI�DTXLIHU�WKDW�LV�

VDOLQL]HG��)LJXUH��E���,QILOWUDWHG�VHDZDWHU�LQ�WKH�GHSUHVVLRQ�GRXEOHG�FDVHV�UDQJHG�IURP����[����

WR����[����P���HTXLYDOHQW�WR������WR������P�GHSWK�RI�ZDWHU�RYHU�WKH�DUHD�RI������P�E\������P��

ZKLFK�LV����WR�����JUHDWHU�WKDQ�WKDW�RI�WKH�EDVH�FDVH��L�H������[����P����7KH�PD[LPXP�LQILOWUDWHG�

VHDZDWHU�ZDV�REWDLQHG�LQ�WKH�&UDWHU�W\SH��ZKLFK�KDG�WKH�JUHDWHVW�YDOXH�RI�GHSUHVVLRQ�VWRUDJH��7KH�

UHODWLRQVKLS�EHWZHHQ�GHSUHVVLRQ�VWRUDJH�DQG�WKH�YROXPH�RI�LQILOWUDWHG�VHDZDWHU�LV�DSSUR[LPDWHO\�

OLQHDU��R2� �������p�YDOXH����������7KLV�UHODWLRQVKLS�EUHDNV�GRZQ�DW�KLJKHU�PDJQLWXGHV�RI�

GHSUHVVLRQ�VWRUDJH�EHFDXVH�WUDSSLQJ�RI�VHDZDWHU�LQ�ODUJH�GHSUHVVLRQV�FDQ�OLPLW�WKH�VSDWLDO�H[WHQW�

RI�WKH�LQXQGDWLRQ��ZKLFK�KDV�D�QHJDWLYH�HIIHFW�RQ�WKH�DPRXQW�RI�LQILOWUDWLRQ��

7KH�WRSRJUDSKLF�W\SH��L�H���&UDWHU��5DQGRP��5LYHU��6LQH��KDG�OLWWOH�LPSDFW�RQ�LQILOWUDWHG�DPRXQW�

RI�VHDZDWHU��)LJXUHV��F���EXW�LW�KDG�D�VLJQLILFDQW�HIIHFW�RQ�WKH�YROXPH�RI�DTXLIHU�WKDW�ZDV�
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VDOLQL]HG��)LJXUH��G���7KH�DYHUDJH�DPRXQW�RI�LQILOWUDWHG�VHDZDWHU�IRU�DOO�WKH�V\QWKHWLF�W\SHV�ZDV�

JUHDWHU�WKDQ�WKDW�RI�WKH�EDVH�FDVH��)LJXUH��F���7KH�&UDWHU�DQG�6LQH�W\SHV�KDG�VLPLODU�UDQJHV�RI�

LQILOWUDWHG�VHDZDWHU��ZKLOH�WKH�UDQJH�GHFUHDVHG�LQ�5DQGRP�W\SH�DQG�5LYHU�W\SH��7KH�DYHUDJH�

YDOXHV�RI�WKH�PD[LPXP�VDOLQL]HG�YROXPH�ZHUH�LQ�WKH�RUGHU��&UDWHU���5DQGRP���6LQH���5LYHU�

�)LJXUH��G���

7KH�FOLPELQJ�VWHSV�FRQQHFWLYLW\�LQGLFDWRU�ZDV�D�JRRG�TXDQWLWDWLYH�SUHGLFWRU�RI�PD[LPXP�

VDOLQL]HG�YROXPH��)LJXUH��I���EXW�QRW�RI�WKH�YROXPH�RI�LQILOWUDWHG�VHDZDWHU��)LJXUH��H���7KH�

VFDWWHUSORW�RI�PD[LPXP�VDOLQL]HG�YROXPH�DQG�FOLPELQJ�VWHSV��)LJXUH��I��VKRZV�WZR�FOXVWHUV��

6LQH�W\SH�ZLWK�KLJK�UHVWLQJ�VWHSV��DQG�&UDWHU��5DQGRP��DQG�5LYHU�W\SHV��ZLWK�SRVLWLYH�

FRUUHODWLRQV��$�OLQHDU�UHJUHVVLRQ��R2� �������p�YDOXH���������ZDV�REWDLQHG�ZLWKRXW�WKH�FDVHV�RI�

6LQH�WRSRJUDSK\���

7KH�IOXVKLQJ�WLPH�GLVWULEXWLRQV�GHPRQVWUDWHG�ORQJHU�WDLOV�ZKHQ�GHSUHVVLRQ�VWRUDJH�LQFUHDVHG�LQ�

DOO�WKH�W\SHV��)LJXUH�����$V�GHSUHVVLRQ�VWRUDJH�LQFUHDVHG�IURP�]HUR��L�H��GHSUHVVLRQ�UHPRYHG��WR�

QRUPDO�DQG��WKH�PD[LPXP�IOXVKLQJ�WLPH�LQFUHDVHG�E\�������\HDUV��ZKHUHDV�WKHUH�ZDV�OLWWOH�

LQFUHDVH�LQ�WKH�PHGLDQ��ZKLFK�VXJJHVWV�WKDW�GHSUHVVLRQV�FRQWULEXWHG�WR�WKH�ORFDWLRQV�ZLWK�

H[WUHPHO\�ORQJ�IOXVKLQJ�WLPH��)XUWKHU�LQFUHDVH�RI�GHSUHVVLRQ�VWRUDJH�IURP�QRUPDO�WR�GRXEOH�GLG�

QRW�FDXVH�VLJQLILFDQW�FKDQJH�RQ�WKH�IOXVKLQJ�WLPH�GLVWULEXWLRQ��$OO�W\SHV�KDG�VLPLODU�GLVWULEXWLRQV�

ZLWK�WZR�SHDNV��WKH�ILUVW�DW�a�����\HDUV�DQG�WKH�VHFRQG�DW�a���\HDUV��&RPSDUHG�WR�WKH�EDVH�FDVH�

�)LJXUH��G���ZKLFK�KDV�D�PD[LPXP�IOXVKLQJ�RI������\HDUV��PHVRWRSRJUDSKLF�YDULDWLRQV�LQFUHDVHG�

WKH�PD[LPXP�IOXVKLQJ�WLPH�E\�������\HDUV��
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���� 6LPXODWLRQ�5HVXOWV�IRU�5HDO�DQG�1RUPDOL]HG�5HDO�7RSRJUDSK\�

6LPXODWLRQ�RI�5HDO�DQG�1RUPDOL]HG�5HDO�WRSRJUDSK\�GHPRQVWUDWHG�GLIIHUHQW�UDQJHV�LQ�PD[LPXP�

VDOLQL]HG�DTXLIHU�YROXPH�DQG�WKH�DPRXQW�RI�LQILOWUDWHG�VHDZDWHU��7KH�YROXPH�RI�LQILOWUDWHG�

VHDZDWHU�UDQJHG�IURP����[����WR�����[����P��LQ�WKH���FDVHV�RI�5HDO�WRSRJUDSK\��ZKLOH�WKH�UDQJH�

ZDV�VLJQLILFDQWO\�OHVV�LQ�1RUPDOL]HG�5HDO�WRSRJUDSK\�FDVHV�����[����WR����[����P���)LJXUH�����

7KH�PD[LPXP�VDOLQL]HG�YROXPH�UDQJHG�IURP����[����WR����[����P��LQ�WKH�5HDO�WRSRJUDSK\�

FDVHV��,Q�WKH�1RUPDOL]HG�5HDO�WRSRJUDSK\�FDVHV��WKH�PD[LPXP�VDOLQL]HG�YROXPH�ZDV�JUHDWHU��

UDQJLQJ�IURP����[����WR����[����P���7KLV�ZDV�EHFDXVH�WKH�RYHUDOO�VORSH�RI�WKH�5HDO�WRSRJUDSK\�

ZDV��������RQ�DYHUDJH��VOLJKWO\�VWHHSHU�WKDQ�WKH�1RUPDOL]HG�5HDO�WRSRJUDSK\����������ZKLFK�

LPSHGHG�WKH�UXQXS�SURFHVV��&RPSDULQJ�WKH�UDQJHV�EHWZHHQ�5HDO�DQG�1RUPDOL]HG�5HDO�

WRSRJUDSK\��ZH�FDQ�FRQFOXGH�WKDW�PDFURWRSRJUDSK\�KDV�D�JUHDWHU�LPSDFW�RQ�WKH�LQILOWUDWHG�

VHDZDWHU�WKDQ�WKH�PD[LPXP�VDOLQL]HG�YROXPH���

7KH�LQGLFDWLRQ�FDSDELOLW\�RI�FOLPELQJ�VWHSV�IRU�1RUPDOL]HG�5HDO�WRSRJUDSK\�ZDV�EHWWHU�WKDQ�WKDW�

RI�GHSUHVVLRQ�VWRUDJH��7KH�OLQHDU�WUHQG�EHWZHHQ�GHSUHVVLRQ�VWRUDJH�DQG�LQILOWUDWHG�VHDZDWHU�GLG�

QRW�VKRZ�XS�LQ�1RUPDOL]HG�5HDO�FDVHV�GXH�WR�VPDOO�GHSUHVVLRQ�VWRUDJH�RI�WKH�UHDO�ZRUOG�

WRSRJUDSK\�ZH�VHOHFWHG��)LJXUH���D���,Q�DGGLWLRQ��WKH�GHSUHVVLRQ�VWRUDJH�GRHV�QRW�LQFOXGH�VSDWLDO�

LQIRUPDWLRQ��8VXDOO\��GHSUHVVLRQV�LQ�UHDO�ZRUOG�WRSRJUDSK\�DUH�QRW�HYHQO\�GLVWULEXWHG�DFURVV�WKH�

VXUIDFH��$�ODUJHU�QXPEHU�RI�LQODQG�GHSUHVVLRQV�ZLOO�QRW�LQFUHDVH�WKH�LQILOWUDWHG�VHDZDWHU��EHFDXVH�

LQXQGDWLRQ�FDQQRW�UHDFK�WKHP��,Q�FRQWUDVW��WKH�VFDWWHUSORW�RI�PD[LPXP�VDOLQL]HG�YROXPH�DQG�

FOLPELQJ�VWHSV�ZHUH�FRQVLVWHQW�ZLWK�WKH�UHODWLRQ�REWDLQHG�LQ�V\QWKHWLF�FDVHV��)LJXUH���E���

(DFK�RI�WKH���FDVHV�ZLWK�1RUPDOL]HG�5HDO�WRSRJUDSK\�KDG�GLIIHUHQW�VLPXODWHG�IOXVKLQJ�WLPH�

GLVWULEXWLRQV��)LJXUH������7KH���WK�SHUFHQWLOHV�UDQJHG�IURP������WR������\HDUV����WK�SHUFHQWLOHV�

UDQJHG�IURP������WR������\HDUV��DQG���WK�SHUFHQWLOHV�UDQJHG�IURP������WR������\HDUV��7KH�JUHDWHVW�
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IOXVKLQJ�WLPH�RFFXUUHG�LQ�&DVH����ZKLFK�UHWDLQHG�D�ODUJH�YROXPH�RI�SRQGHG�VHDZDWHU�LQ�D�VDOW�

PDUFK�GHSUHVVLRQ��7KH�VKRUWHVW�IOXVKLQJ�WLPHV�����\HDUV��RFFXUUHG�LQ�&DVHV���DQG����ZKLFK�KDG�

UHODWLYHO\�IODW�WRSRJUDSK\�DQG�KLJK��FRQWLQXRXV�GXQHV���

���� &RPSDULVRQ�%HWZHHQ�6\QWKHWLF�DQG�1RUPDOL]HG�5HDO�7RSRJUDSK\�

7KH�UDQJHV�RI�WKH�LQILOWUDWHG�VHDZDWHU�DPRXQW�IRU�V\QWKHWLF�FDVHV�LQFUHDVHG�WR�FRYHU�WKH�UDQJHV�RI�

1RUPDOL]HG�5HDO�WRSRJUDSK\�E\�DGGLQJ�GHSUHVVLRQ�UHPRYHG�DQG�GHSUHVVLRQ�GRXEOHG�FDVHV��7KLV�

ZDV�EHFDXVH�1RUPDOL]HG�5HDO�FDVHV�KDG�D�JUHDWHU�UDQJH�LQ�GHSUHVVLRQ�VWRUDJH�WKDQ�WKH�QRUPDO�

V\QWKHWLF�FDVHV��)LJXUH��H�K���,QFOXVLRQ�RI�WKH�GHSUHVVLRQ�UHPRYHG�DQG�GHSUHVVLRQ�GRXEOHG�FDVHV�

LQFUHDVHV�WKH�VSDQ�LQILOWUDWHG�VHDZDWHU�WR�D�UDQJH�RI����[����WR����[����P���ZKLFK�LV�JUHDWHU�WKDQ�

WKDW�RI�1RUPDOL]HG�5HDO�WRSRJUDSK\��)LJXUH���D����

7KH�UDQJHV�RI�PD[LPXP�VDOLQL]HG�YROXPH�IRU�V\QWKHWLF�FDVHV�LQFUHDVHG�WR�FRYHU�WKH�UDQJHV�RI�

1RUPDOL]HG�5HDO�WRSRJUDSK\�E\�DGGLQJ�WKH�GLUHFWLRQDO�FKDUDFWHULVWLF��:KHQ�WKH�GLUHFWLRQDO�

FKDUDFWHULVWLF�RI�5LYHU�WRSRJUDSK\�YDULHG�IURP�VKRUH�SHUSHQGLFXODU�WR�LVRWURS\�WR�VKRUH�SDUDOOHO��

WKH�YDULDELOLW\�RI�PD[LPXP�VDOLQL]HG�YROXPH�LQFUHDVHG��ZKHUHDV�WKH�PHDQ�YDOXH�GLG�QRW�FKDQJH�

VLJQLILFDQWO\��)LJXUH���E���7KH�VDPH�FKDQJH�LQ�GLUHFWLRQDO�FKDUDFWHULVWLF�RQ�&UDWHU�W\SH�

WRSRJUDSK\�UHVXOWHG�LQ�D�FRQVLGHUDEOH�GHFUHDVH�LQ�WKH�PHDQ�RI�WKH�PD[LPXP�VDOLQL]HG�YROXPH��

ZKLOH�WKH�UDQJHV�UHPDLQHG�VLPLODU��)LJXUH���E����

��� 'LVFXVVLRQ��

7KLV�VWXG\�KLJKOLJKWV�WKH�LPSRUWDQFH�RI�PHVRWRSRJUDSKLF�HIIHFWV�RQ�VXUJH�LQGXFHG�JURXQGZDWHU�

VDOLQL]DWLRQ�DQG�ILOOV�D�JDS�LQ�VSDWLDO�VFDOH�EHWZHHQ�PDFURWRSRJUDSK\�DQG�PLFURWRSRJUDSK\��%\�

QRUPDOL]LQJ�RXU�V\QWKHWLF�DQG�UHDO�ZRUOG�WRSRJUDSK\�WR�WKH�VDPH�VORSH�DQG�VWDQGDUG�GHYLDWLRQ�LQ�
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HOHYDWLRQ��ZH�LVRODWHG�PHVRWRSRJUDSKLF�HIIHFWV�DQG�JDLQHG�D�EHWWHU�XQGHUVWDQGLQJ�RI�SURFHVV�

FRQWUROV��2XU�UHVXOWV�VXJJHVW�WKDW�FRDVWOLQHV�ZLWK�ERWK�IHZ�FRQQHFWHG�ORZ�WRSRJUDSK\�IHDWXUHV�

DOLJQHG�SHUSHQGLFXODU�WR�WKH�VKRUHOLQH�DQG�IHZ�WRSRJUDSKLF�GHSUHVVLRQV��)LJXUH��D��DUH�OHDVW�

YXOQHUDEOH�WR�JURXQGZDWHU�VDOLQL]DWLRQ��DVVXPLQJ�DOO�RWKHU�IDFWRUV��VXFK�DV�PDFURWRSRJUDSKLF�

JUDGLHQW�DQG�VXEVXUIDFH�IHDWXUHV��DUH�HTXDO��7KXV��YXOQHUDELOLW\�DVVHVVPHQWV�DQG�VWUDWHJLHV�IRU�

DOWHULQJ�ODQG�VXUIDFH�WR�PLQLPL]H�JURXQGZDWHU�VDOLQL]DWLRQ�PD\�IRFXV�RQ�WKHVH�WRSRJUDSKLF�

IHDWXUHV��

���� ,PSOLFDWLRQV�IRU�&RDVWDO�5HVRXUFH�0DQDJHPHQW�

7KH�PRGHOLQJ�UHVXOWV�UHYHDO�WKH�UROH�RI�GLIIHUHQW�ODQGVFDSH�IHDWXUHV�RQ�RYHUZDVK�JURXQGZDWHU�

VDOLQL]DWLRQ�SURFHVVHV��%RWK�WKH�H[WHQW�RI�LQXQGDWLRQ��RU�VXUJH�UXQXS��DQG�WKH�UDWH�RI�UHFHVVLRQ��RU�

VXUJH�UXQGRZQ��DUH�LPSRUWDQW�IDFWRUV�DIIHFWLQJ�DTXLIHU�VDOLQL]DWLRQ��7RSRJUDSKLF�IHDWXUHV�WKDW�

LPSHGH�ODQGZDUG�PRYHPHQW�RI�IORRGZDWHU��VXFK�DV�WKH�FRQQHFWHG�KLJK�HOHYDWLRQ�IHDWXUHV�RI�

GXQHV��L�H���&UDWHU�W\SH���WHQG�WR�UHGXFH�LQXQGDWLRQ�H[WHQW�DQG��DV�D�UHVXOW��UHGXFH�WKH�YROXPH�RI�

WKH�DTXLIHU�WKDW�LV�VDOLQL]HG��+RZHYHU��EHFDXVH�WKHVH�IHDWXUHV�LPSHGH�GUDLQDJH�EDFN�WR�WKH�VHD�

DQG�IRUP�WRSRJUDSKLF�GHSUHVVLRQV�WKDW�WUDS�VXUIDFH�ZDWHU��WKH\�WHQG�WR�LQFUHDVH�WKH�YROXPH�RI�

VHDZDWHU�WKDW�LQILOWUDWHV�WKH�DTXLIHU�DV�ZHOO�DV�WKH�PD[LPXP�IOXVKLQJ�WLPHV��LQ�FRQWUDVW�WR�

FRQQHFWHG�ORZ�HOHYDWLRQ�WRSRJUDSKLF�IHDWXUHV��L�H���5LYHU�W\SH��WKDW�DOORZ�ZLGHVSUHDG�LQXQGDWLRQ�

EXW�DOVR�TXLFN�GUDLQDJH�RI�WKH�ODQG�VXUIDFH�>Ramsey et al.������@��7KH�UHVXOWV�VXJJHVW�WKDW�

WRSRJUDSK\�LV�D�SULPDU\�FRQWURO�RQ�ERWK�WKH�DPRXQW�DQG�VSDWLDO�H[WHQW�RI�VHDZDWHU�LQILOWUDWLRQ��

&RQVLGHUDWLRQ�RI�GLUHFWLRQDO�FKDUDFWHULVWLFV�OHDGV�WR�LPSURYHG�XQGHUVWDQGLQJ�RI�RYHUODQG�IORZ�

FRQQHFWLYLW\�DQG�UHVXOWLQJ�LPSDFWV�RQ�DTXLIHU�VDOLQL]DWLRQ��7KH�GLUHFWLRQDO�RULHQWDWLRQ�RI�

WRSRJUDSKLF�IHDWXUHV�VWURQJO\�LQIOXHQFHV�WKH�VSDWLDO�DQG�WHPSRUDO�G\QDPLFV�RI�WKH�VXUJH�UXQXS�

DQG�UXQGRZQ�SURFHVV��&UDWHU�W\SH�WRSRJUDSKLHV�KDYH�PDQ\�GXQH�OLNH�IHDWXUHV��ZKLFK�FDQ�LPSHGH�
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WKH�UXQXS�RI�IORRGZDWHU�DQG�UHGXFH�LQXQGDWLRQ�GLVWDQFH��SDUWLFXODUO\�LI�WKH\�DUH�RULHQWHG�LQ�D�

VKRUH�SDUDOOHO�GLUHFWLRQ��7KLV�REVWUXFWLQJ�HIIHFW�LV�PXFK�OHVV�ZKHQ�WKH�RULHQWDWLRQ�LV�VKRUH�

SHUSHQGLFXODU��DOORZLQJ�IRU�JUHDWHU�VSDWLDO�H[WHQW�RI�IORRGLQJ��6XFK�VSDWLDO�H[WHQW�DIIHFWV�WKH�

PHDQ�YDOXH�RI�PD[LPXP�VDOLQL]HG�YROXPH�LQ�&UDWHU�W\SH��)LJXUH���E���7KH�IXQFWLRQ�RI�5LYHU�

W\SH�IHDWXUHV��L�H���GUDLQDJH�QHWZRUNV��LV�WR�FRQYH\�IORRGZDWHU��VR�WKDW�WKH�VSHHG�RI�ERWK�UXQXS�

DQG�UXQGRZQ�LV�LQFUHDVHG��7KH�FRQYH\LQJ�HIIHFW�RI�GUDLQDJH�QHWZRUNV�LV�PD[LPL]HG�ZKHQ�

GUDLQDJH�FRQGXLWV�DUH�SHUSHQGLFXODU�WR�VKRUH��L�H���SDUDOOHO�WR�WKH�IORRG�PRWLRQ�GLUHFWLRQ���7KH�

WLPLQJ�RI�WKH�IORRGLQJ�GLG�QRW�VLJQLILFDQWO\�DIIHFW�WKH�PHDQ�YDOXH�RI�PD[LPXP�VDOLQL]HG�YROXPH�

�)LJXUH���E���7KH�VKRUH�SDUDOOHO�FDVH�RI�5LYHU�W\SH�KDG�OHDVW�FRQYH\LQJ�HIIHFW��7KHUHIRUH��VRPH�

FKDQQHOV�PD\�QRW�EH�LQXQGDWHG�LI�WKH\�KDSSHQHG�WR�IXUWKHU�WKDQ�WKH�LQXQGDWLRQ�OLQH��6XFK�LPSDFWV�

LQWURGXFHG�D�JUHDWHU�UDQJH�RI�VDOLQL]HG�YROXPH�LQ�WKH�VKRUH�SDUDOOHO�FDVHV�RI�5LYHU�W\SH�

WRSRJUDSK\��)LJXUH���E���$V�WKH�FRQYH\LQJ�HIIHFW�LQFUHDVHG�LQ�LVRWURS\�DQG�VKRUH�SHUSHQGLFXODU�

FDVHV��WKH�LPSDFW�RI�5LYHU�W\SH�WRSRJUDSK\�ZDV�UHGXFHG��WKHUHIRUH�OHVV�UDQJHV�LQ�PD[LPXP�

VDOLQL]HG�YROXPH�ZHUH�REWDLQHG��)LJXUH���E���%\�FRQVLGHULQJ�VXFK�GLUHFWLRQDO�FKDUDFWHULVWLFV��ZH�

LVRODWHG�WKH�VSDWLDO�HIIHFWV�RI�&UDWHU�W\SH�IHDWXUHV�DQG�WKH�WHPSRUDO�HIIHFWV�RI�5LYHU�W\SH�IHDWXUHV�

GXULQJ�UXQXS�DQG�UXQGRZQ�SURFHVVHV��7KHVH�LQVLJKWV�PD\�EH�YDOXDEOH�LQ�FRDVWDO�HQYLURQPHQWDO�

SURWHFWLRQ�DQG�ODQG�FRQVHUYDWLRQ�>Larsen et al.������@�IRU�LGHQWLI\LQJ�GLIIHUHQW�YXOQHUDELOLW\�

W\SHV���

8QGHUVWDQGLQJ�WKH�UROH�RI�PHVRWRSRJUDSKLF�GHSUHVVLRQV�LV�YDOXDEOH�IRU�FRDVWDO�ZHWODQG�

DVVHVVPHQW��7KHVH�GHSUHVVLRQV�RIWHQ�KRVW�JHRJUDSKLFDOO\�LVRODWHG�ZHWODQGV��ZLWK�YDULRXV�

HFRORJLFDO�EHQHILWV�>Tiner������@��+RZHYHU��LQ�FRDVWDO�DUHDV��HFRV\VWHPV�LQ�WKHVH�GHSUHVVLRQV�FDQ�

EH�VHYHUHO\�GHJUDGHG�E\�RFHDQ�VXUJH�LQXQGDWLRQ�>Ross et al.������@��7KH�ORQJ�WHUP�LPSDFW�LV�WKDW�

LQFUHDVLQJ�VDOLQLW\�LQ�JURXQGZDWHU�GHSHQGHQW�HFRV\VWHPV�VHOHFWLYHO\�NLOOV�VDOW�VHQVLWLYH�
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YHJHWDWLRQ�>Ross et al.������@��)RU�H[DPSOH��Hauser et al.�>����@�IRXQG�WKDW�VHYHUH�GHJUDGDWLRQ�

RFFXUUHG�LQ�����RI�1HZ�-HUVH\�FRDVWDO�ZHWODQGV�GXH�WR�+XUULFDQH�6DQG\��DQG�WKDW������RI�WKH�

GHJUDGDWLRQ�ZDV�ORQJ�WHUP��2XU�PRGHOLQJ�UHVXOWV�VXJJHVW�WKDW�VXUIDFH�GHSUHVVLRQV�OHDG�WR�

LQFUHDVHG�VDOWZDWHU�LQILOWUDWLRQ�DQG�ORQJHU�IOXVKLQJ�WLPHV�±�WKDW�IORRGZDWHU�UHWHQWLRQ�LQ�ZHWODQGV�

DIIHFWV�ERWK�VXUIDFH�DQG�VXEVXUIDFH�ZDWHU�TXDOLW\��7KHUHIRUH��FRDVWDO�ODQG�PDQDJHPHQW��H�J���

LPSRXQGPHQWV�>Ramsey et al.������@�DQG�DTXDFXOWXUH�>Shameem et al.��������Shameem et al.��

����@��VKRXOG�EH�LQWHJUDWHG�ZLWK�JURXQGZDWHU�VDOLQL]DWLRQ�DVVHVVPHQWV�>Day et al.������@�WR�

GHWHUPLQH�RYHUDOO�LPSDFWV�DQG�ULVNV�RI�RFHDQ�VXUJHV�WR�FRDVWDO�V\VWHPV���

5HPRYLQJ�SRQGHG�VDOWZDWHU�DIWHU�D�VXUJH�HYHQW�LV�DQ�HIIHFWLYH�UHPHGLDO�DFWLRQ�WR�UHGXFH�WKH�

GDPDJH�RI�JURXQGZDWHU�VDOLQL]DWLRQ��&RPSDULQJ�FDVHV�ZLWK�DQG�ZLWKRXW�GHSUHVVLRQV�LQGLFDWHV�

WKDW�SRQGHG�VHDZDWHU�FRQWULEXWHV�WR�D�FRQVLGHUDEOH�DPRXQW�RI�WRWDO�LQILOWUDWHG�VHDZDWHU�DQG�OHDGV�

WR�D�VLJQLILFDQW�LQFUHDVH�LQ�IOXVKLQJ�WLPH��Chui and Terry�>����@�UHFRPPHQGHG�WKDW�VDOLQH�

GDPDJH�FDQ�EH�PLWLJDWHG�E\�SXPSLQJ�SRQGHG�VHDZDWHU�RXW�RI�WKH�GHSUHVVLRQ�EDFN�WR�WKH�RFHDQ�

VRRQ�DIWHU�VWRUPV�DEDWH��Holding and Allen�>����D@�PRGHOHG�WKH�WLPLQJ�DQG�GXUDWLRQ�RI�UHPHGLDO�

DFWLRQ��DQG�IRXQG�WKDW�LW�LV�FULWLFDO�WR�SXPS�WKH�SRQGHG�VHDZDWHU�DV�VRRQ�DV�SRVVLEOH�IROORZLQJ�D�

VWRUP�VXUJH�RYHUZDVK��Ramsey HW�DO��>����@�IRXQG�WKDW�WKH�GUDLQDJH�DELOLW\�RI�LPSRXQGHG�

PDUVKHV�LV�D�PDMRU�FRQWURO�RQ�WKH�UXQGRZQ�UDWH�DIWHU�VXUJH�LQXQGDWLRQ���

���� ,PSOLFDWLRQV�IRU�8QGHUVWDQGLQJ�&RDVWDO�3URFHVVHV�

2QH�LPSRUWDQW�LPSOLFDWLRQ�RI�WKH�VDOLQL]DWLRQ�PRGHOHG�LV�DVVRFLDWHG�ZLWK�YXOQHUDELOLW\�RI�IUHVK�

JURXQGZDWHU�UHVRXUFHV�WR�VHD�OHYHO�ULVH��,W�KDV�EHHQ�IRXQG�WKDW�ORQJ�WHUP�VHD�OHYHO�ULVH�PD\�RU�

PD\�QRW�LQWURGXFH�VLJQLILFDQW�ODWHUDO�VHDZDWHU�LQWUXVLRQ��GHSHQGLQJ�RQ�ZKHWKHU�K\GUDXOLF�KHDGV�

RQ�ODQG�PDLQWDLQ�D�EDODQFH�ZLWK�ULVLQJ�VHD�OHYHOV�>Werner and Simmons,�������Michael et al.��

������Holding and Allen������D@��5HJDUGLQJ�WR�WKH�YHUWLFDO�VDOLQL]DWLRQ��WKH�GLVSODFHPHQW�RI�WKH�
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FRDVWDO�WRSRJUDSK\�DV�VKRUHOLQH�UHWUHDW�ZLOO�FDXVH�GLIIHUHQW�JURXQGZDWHU�VDOLQL]DWLRQ�SURFHVVHV�

GXH�WR�RFHDQ�VXUJHV��

7KH�LQVLJKWV�JDLQHG�IURP�WKLV�DQDO\VLV�KDYH�LPSOLFDWLRQV�IRU�XQGHUVWDQGLQJ�LPSDFWV�RI�RFHDQ�

VXUJH�LQXQGDWLRQ�RQ�VXEVXUIDFH�ELRJHRFKHPLFDO�F\FOHV��>H�J���6DZ\HU�HW�DO�������@��:H�VKRZ�WKDW�

WRSRJUDSK\�LV�D�SULPDU\�FRQWURO�RQ�WKH�VSDWLDO�H[WHQW�RI�VDOLQL]DWLRQ��WKH�DPRXQW�DQG�WLPHIUDPH�

RYHU�ZKLFK�LQILOWUDWLRQ�RFFXUV��DQG�WKH�SURFHVV�RI�IOXVKLQJ�WKURXJK�WKH�VXEVXUIDFH��$OO�RI�WKHVH�

IDFWRUV�OLNHO\�DIIHFW�WKH�VSDWLDO�DQG�WHPSRUDO�G\QDPLFV�RI�GLVWXUEDQFH�LQ�VDOLQLW\��S+��DQG�UHGR[�

RI�WKH�QHDU�VXUIDFH��6XFK�GLVWXUEDQFH�DIIHFWV�FRQWDPLQDQW�PRELOL]DWLRQ�>Pardue et al.��������

Personna et al.��������:RQJ�HW�DO�������@��UHGR[�UHDFWLRQV�>Frei and Fleckenstein������@��DQG�

QXWULHQW�F\FOLQJ�>Chambers et al.������@��DQG�FRXOG�SRWHQWLDOO\�FDXVH�KHDOWK�DQG�HQYLURQPHQWDO�

WKUHDWV�DORQJ�KLJKO\�SRSXODWHG�FRDVWOLQHV��

���� /LPLWDWLRQV��

7KLV�VWXG\�SURYLGHV�D�FRPSDULVRQ�DFURVV�PHVRWRSRJUDSK\�W\SHV��ZKLFK�DOORZV�IRU�JHQHUDO�

XQGHUVWDQGLQJ�RI�WKHLU�HIIHFWV�RQ�JURXQGZDWHU�VDOLQL]DWLRQ�SURFHVVHV�GXH�WR�RYHUZDVK��6HQVLWLYLW\�

WR�RWKHU�LPSRUWDQW�IDFWRUV��VXFK�DV�SUHFLSLWDWLRQ�>Holding and Allen������D@��YDGRVH�]RQH�IORZ�

>Holding and Allen������E��Masterson et al.������@�DQG�K\GURJHRORJLFDO�SURSHUWLHV�>Holding and 

Allen������E��Vithanage et al.,�����E@��WLGDO�SDUDPHWHUV�>Yang et al���������Passeri et al.������@��

DQG�VXUJH�FKDUDFWHULVWLFV�ZHUH�QRW�LQYHVWLJDWHG�LQ�WKLV�VWXG\��:H�DOVR�GLG�QRW�FRQVLGHU�LPSDFWV�RI�

VXEVXUIDFH�KHWHURJHQHQLW\��ZKLFK�ZRXOG�FHUWDLQO\�DIIHFW�ERWK�VDOLQL]DWLRQ�DQG�IOXVKLQJ�SURFHVVHV��

%HFDXVH�RI�WKLV��IOXVKLQJ�WLPH�VKRXOG�EH�LQWHUSUHWHG�ZLWK�FDXWLRQ��DV�ORZ�SHUPHDELOLW\�]RQHV�

ZRXOG�YHU\�OLNHO\�LQFUHDVH�IOXVKLQJ�WLPHV�EHFDXVH�RI�PDVV�WUDQVIHU�LQWR�VORZ�IORZ�GRPDLQV��

$GGLWLRQDO�ZRUN�ZRXOG�EH�QHFHVVDU\�WR�PRUH�IXOO\�DVVHVV�WKH�LPSDFWV�RI�DOO�RI�WKHVH�IDFWRUV�RQ�

YXOQHUDELOLW\�WR�VXUJH�LQGXFHG�VDOLQL]DWLRQ���
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*HRPRUSKLF�G\QDPLFV�DUH�QRW�FRQVLGHUHG�LQ�WKLV�VWXG\�EHFDXVH�WKH�IRFXV�LV�RQ�WKH�ORQJ�WHUP�

LPSDFWV�RQ�JURXQGZDWHU�UHVRXUFHV��+RZHYHU��RFHDQ�VXUJHV�DUH�D�PDMRU�DJHQW�RI�JHRPRUSKLF�

FKDQJHV�LQ�FRDVWDO�]RQHV�>Cahoon������@��DQG�WKH\�FDQ�PRGLI\�PHVRVFDOH�WRSRJUDSKLF�IHDWXUHV�

E\�XS�GULIW�HURVLRQ�DQG�GRZQ�GULIW�GHSRVLWLRQ�>Bilskie et al.��������Plant et al.��������Nabi et al.��

����@��7KHUH�PD\�EH�IHHGEDFNV�EHWZHHQ�WKH�VXUIDFH�ZDWHU�G\QDPLFV�DQG�WRSRJUDSK\�WKDW�FRXOG�

LPSDFW�JURXQGZDWHU�VDOLQL]DWLRQ��7KHUHIRUH��FRDVWDO�PDQDJHPHQW�PD\�QHHG�WR�LQFOXGH�

YXOQHUDELOLW\�DVVHVVPHQW�EDVHG�RQ�FXUUHQW�WRSRJUDSK\�EXW�DOVR�KRZ�WKH�WRSRJUDSK\�PD\�EH�

DOWHUHG�E\�D�VXUJH��DQG�WKH�UHVXOWLQJ�HIIHFW�RI�WKDW�RQ�VXEVXUIDFH�VDOLQLW\��

$QRWKHU�RYHUORRNHG�LVVXH�LV�WKH�LPSDFW�RI�JURXQGZDWHU�SXPSLQJ��ZKLFK�H[DFHUEDWHV�VDOWZDWHU�

LQWUXVLRQ�>Werner et al.��������Ferguson and Gleeson��������Yu et al.������@��*HQHUDOO\��

SXPSLQJ�PD\�EH�FRPELQHG�ZLWK�WKH�FKDQJHV�LQ�UDLQIDOO�DQG�HYDSRWUDQVSLUDWLRQ�WR�REWDLQ�D�

UHODWLYH�UDWH�RI�UHFKDUJH��0RUH�GHWDLOV�VKRXOG�EH�FRQVLGHUHG�IRU�RSWLPDO�PDQDJHPHQW�RI�

JURXQGZDWHU��VXFK�DV��SXPSLQJ�RSHUDWLRQ��ZHOO�SODFHPHQW��HWF��>Werner et al.������@��,Q�DGGLWLRQ��

DW�WKH�HDUO\�VWDJH�RI�VDOLQL]DWLRQ��SXPSLQJ�RI�IUHVK�JURXQGZDWHU�DIWHU�WKH�RFHDQ�VXUJH�PD\�

DFFHOHUDWH�WKH�YHUWLFDO�SHQHWUDWLRQ�RI�WKH�LQILOWUDWHG�VDOWZDWHU�IURP�WKH�VXUIDFH��

��� &RQFOXVLRQ�

7KH�LPSDFW�RI�PHVRVFDOH�WRSRJUDSK\�RQ�SURFHVVHV�RI�JURXQGZDWHU�VDOLQL]DWLRQ�GXH�WR�RFHDQ�

VXUJHV�ZDV�DQDO\]HG��$�VHULHV�RI��'�YDULDEOH�GHQVLW\�IORZ�DQG�VROXWH�WUDQVSRUW�VLPXODWLRQV�RQ�

ERWK�V\QWKHWLF�DQG�UHDO�ZRUOG�WRSRJUDSK\�HVWDEOLVKHG�WKDW�WKH�DPRXQW�RI�ZDWHU�WKDW�FDQ�EH�VWRUHG�

LQ�VXUIDFH�GHSUHVVLRQV�DQG�FRQQHFWLYLW\�RI�RYHUODQG�IORZ�DUH�SULPDU\�FRQWUROOLQJ�IDFWRUV�RQ�

RYHUZDVK�JURXQGZDWHU�VDOLQL]DWLRQ�DQG�IOXVKLQJ��6XUIDFH�GHSUHVVLRQV�WKDW�WUDS�DQG�VWRUH�ZDWHU�

LQFUHDVH�WKH�DPRXQW�RI�VHDZDWHU�WKDW�LQILOWUDWHV�LQWR�WKH�DTXLIHU��OHDGLQJ�WR�ORQJHU�WDLOV�RQ�IOXVKLQJ�
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WLPH�GLVWULEXWLRQV��2YHUODQG�IORZ�FRQQHFWLYLW\�KDV�OLWWOH�HIIHFW�RQ�WKH�DPRXQW�RI�LQILOWUDWLRQ��EXW�

LQVWHDG�FRQWUROV�WKH�H[WHQW�RI�VXUIDFH�LQXQGDWLRQ�DQG�WKH�YROXPH�RI�DTXLIHU�VDOLQL]HG��2YHUDOO��

FRDVWOLQHV�ZLWK�JUHDWHU�VKRUH�SHUSHQGLFXODU�ORZ�HOHYDWLRQ�FRQQHFWLYLW\�DQG�ODUJH�YROXPHV�RI�

VXUIDFH�GHSUHVVLRQ�ZLOO�EH�PRUH�YXOQHUDEOH�WR�VDOLQL]DWLRQ��ZLWK�JUHDWHU�DTXLIHU�YROXPHV�DIIHFWHG��

LQILOWUDWHG�VDOW�PDVV��DQG�ORQJHU�IOXVKLQJ�WLPHV��:H�GHYHORSHG�DQ�LQGLFDWRU�EDVHG�RQ�HQHUJ\�

GLVVLSDWLRQ��³FOLPELQJ�VWHSV´��WKDW�FRUUHODWHV�ZLWK�WKH�YROXPH�RI�DTXLIHU�VDOLQL]HG�IRU�ERWK�

V\QWKHWLF�DQG�1RUPDOL]HG�5HDO�WRSRJUDSK\��ZLWK�SRWHQWLDO�IRU�XVH�LQ�LQLWLDO�YXOQHUDELOLW\�

DVVHVVPHQWV��,Q�DGGLWLRQ��WKH�VSDWLDO�DQG�WHPSRUDO�G\QDPLFV�RI�LQXQGDWLRQ�DUH�DIIHFWHG�E\�WKH�

GLUHFWLRQDO�FKDUDFWHULVWLFV�RI�ODQGVFDSH�IHDWXUHV��&RPSDUHG�WR�DQ�HTXLYDOHQW�³VLPSOH�VORSH´��EDVH�

FDVH���WKH�PHVRWRSRJUDSKLF�IHDWXUHV�FRQVLGHUHG��V\QWKHWLF�DQG�1RUPDOL]HG�5HDO��FKDQJH�WKH�

PD[LPXP�YROXPH�RI�DTXLIHU�VDOLQL]HG�E\������������DQG�LQFUHDVH�WKH�DPRXQW�LQILOWUDWHG�

VHDZDWHU�E\�DV�PXFK�DV�������

7KLV�VWXG\�UHSUHVHQWV�DQ�LQLWLDO�VWHS�LQ�XVLQJ�FRXSOHG�VXUIDFH�VXEVXUIDFH�PRGHOV�WR�H[SORUH�WKH�

HIIHFW�RI�WRSRJUDSK\�RQ�JURXQGZDWHU�VDOLQL]DWLRQ�FDXVHG�E\�RFHDQ�VXUJHV��&KDUDFWHULVWLFV�RI�

ODQGVFDSH�IHDWXUHV�DUH�RQH�RI�WKH�SULPDU\�LQGLFDWRUV�RI�YXOQHUDELOLW\�RI�FRDVWDO�JURXQGZDWHU�

V\VWHPV�WR�VHD�OHYHO�ULVH��7KH\�VKRXOG�EH�FRQVLGHUHG�ZKHQ�DVVHVVLQJ�JURXQGZDWHU�YXOQHUDELOLW\�

IRU�DGDSWDWLRQ��PDQDJHPHQW��DQG�SODQQLQJ�SXUSRVHV�EHFDXVH�WRSRJUDSK\�GHWHUPLQHV�WKH�WHPSRUDO�

DQG�VSDWLDO�G\QDPLFV�RI�LQILOWUDWHG�VHDZDWHU��ZKLFK�LV�WKH�LQLWLDO�FRQWURO�RQ�VXEVXUIDFH�

VDOLQL]DWLRQ�SURFHVV��)XUWKHU�ZRUN�ZRXOG�EH�QHHGHG�WR�IXOO\�DVVHVV�SRWHQWLDO�YXOQHUDELOLW\�GXH�WR�

VXEVXUIDFH�SURSHUWLHV��H�J��VRLO�SURSHUWLHV��JHRORJLFDO�KHWHURJHQHLW\��DQG�SXPSLQJ�UDWHV���
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VDOLQL]DWLRQ�DQG�IOXVK�RXW�WLPHV�IURP�D�WVXQDPL�OLNH�HYHQW��J. Contam. Hydrol.�����������
��±����

:HUQHU��$��'���0��%DNNHU��9��(��3RVW��$��9DQGHQERKHGH��&��/X��%��$WDLH�$VKWLDQL��&��7��
6LPPRQV��DQG�'��$��%DUU\���������6HDZDWHU�LQWUXVLRQ�SURFHVVHV��LQYHVWLJDWLRQ�DQG�
PDQDJHPHQW��UHFHQW�DGYDQFHV�DQG�IXWXUH�FKDOOHQJHV��Adv. Water Resour.��51���±����

:HUQHU��$��'���DQG�&��7��6LPPRQV����������,PSDFW�RI�VHD�OHYHO�ULVH�RQ�VHDZDWHU�LQWUXVLRQ�LQ�
FRDVWDO�DTXLIHUV��Ground Water��������������

:RQJ��1��/��9���6��*��-RKQVWRQ��(��'��%XUWRQ��3��+LUVW��/��$��6XOOLYDQ��5��7��%XVK��DQG�0��
%ODFNIRUG����������6HDZDWHU�LQXQGDWLRQ�RI�FRDVWDO�IORRGSODLQ�VHGLPHQWV��6KRUW�WHUP�
FKDQJHV�LQ�VXUIDFH�ZDWHU�DQG�VHGLPHQW�JHRFKHPLVWU\��Chemical Geology��������������

<DQJ��-���7��*UDI��0��+HUROG��DQG�7��3WDN���������0RGHOOLQJ�WKH�HIIHFWV�RI�WLGHV�DQG�VWRUP�VXUJHV�
RQ�FRDVWDO�DTXLIHUV�XVLQJ�D�FRXSOHG�VXUIDFH±VXEVXUIDFH�DSSURDFK��J. Contam. Hydrol.��
149����±����

<DQJ��-���7��*UDI��DQG�7��3WDN������D���,PSDFW�RI�FOLPDWH�FKDQJH�RQ�IUHVKZDWHU�UHVRXUFHV�LQ�D�
KHWHURJHQHRXV�FRDVWDO�DTXLIHU�RI�%UHPHUKDYHQ��*HUPDQ\��$�WKUHH�GLPHQVLRQDO�PRGHOLQJ�
VWXG\��J. Contam. Hydrol.��177�����±�����

<DQJ��-���7��*UDI��DQG�,��7��3WDN������E���6HD�OHYHO�ULVH�DQG�VWRUP�VXUJH�HIIHFWV�LQ�D�FRDVWDO�
KHWHURJHQHRXV�DTXLIHU��D��'�PRGHOOLQJ�VWXG\�LQ�QRUWKHUQ�*HUPDQ\��Grundwasser��20�����
��±����

<X��:���&��,��9RVV��+��$��0LFKDHO��.��0��$KPHG��/��)HLQVRQ��0��0��5��.KDQ��DQG�$��7XLQKRI�
��������,PSOLFDWLRQV�RI�FOLPDWH�FKDQJH�IRU�IUHVK�JURXQGZDWHU�UHVRXUFHV�LQ�FRDVWDO�
DTXLIHUV�LQ�%DQJODGHVK��Wash. DC World Bank��

=KRX��3���*��/L��<��/X��DQG�0��/L���������1XPHULFDO�PRGHOLQJ�RI�WKH�HIIHFWV�RI�EHDFK�VORSH�RQ�
ZDWHU�WDEOH�IOXFWXDWLRQ�LQ�WKH�XQFRQILQHG�DTXLIHU�RI�'RQJKDL�,VODQG��&KLQD��Hydrogeol. J.��
22��������±�����

=LQQ��%���DQG�&��)��+DUYH\���������:KHQ�JRRG�VWDWLVWLFDO�PRGHOV�RI�DTXLIHU�KHWHURJHQHLW\�JR�EDG��
$�FRPSDULVRQ�RI�IORZ��GLVSHUVLRQ��DQG�PDVV�WUDQVIHU�LQ�FRQQHFWHG�DQG�PXOWLYDULDWH�
*DXVVLDQ�K\GUDXOLF�FRQGXFWLYLW\�ILHOGV��Water Resour. Res.��39�����
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