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$EVWUDFW

7KH�KRUL]RQWDO�EODFN�GLVF���'DYLHV�&ROOH\��������ZDV�LQWURGXFHG�DV�D�PHWKRG�IRU�PHDVXULQJ�ZDWHU

FODULW\�WKDW�FDQ�EH�HPSOR\HG�LQ�VKDOORZ�VWUHDPV�DQG�IDVW�PRYLQJ�ULYHUV���:H�SURYLGH�D�ODUJH�GDWD�VHW�

FROOHFWHG�XQGHU�YDULDEOH�ILHOG�FRQGLWLRQV��WR�FRPSDUH�PHDVXUHPHQWV�EHWZHHQ�WKH�KRUL]RQWDO�EODFN

GLVF�DQG���PRUH�WUDGLWLRQDO�PHDVXUHV�RI�ZDWHU�FODULW\��D�YHUWLFDO�6HFFKL�GLVF�DQG�DQ�HOHFWURQLF

WXUELGLPHWHU���:H�LQWURGXFH�D�IRXUWK�WHFKQLTXH��WKH�KRUL]RQWDO�6HFFKL�GLVF��WR�LVRODWH�WKH�HIIHFW�RI

PHDVXUHPHQW�RULHQWDWLRQ��KRUL]RQWDO�RU�YHUWLFDO��YHUVXV�WKH�HIIHFW�RI�GLVF�FRORU���5HVXOWV�LQGLFDWH�WKDW

WKH�KRUL]RQWDO�EODFN�GLVF�SURYLGHV�D�FRQVLVWHQW�PHDVXUH�RI�YLVLELOLW\�WKDW�LV�VWURQJO\�FRUUHODWHG�ZLWK

ERWK�WKH�YHUWLFDO��ρ� �������DQG�KRUL]RQWDO�6HFFKL�GLVFV��ρ� ���������&RUUHODWLRQ�EHWZHHQ�WKH�YLVXDO

GLVFV�DQG�WKH�HOHFWURQLF�WXUELGLPHWHU�ZDV�KLJK������������ρ������������EXW�QRW�DV�KLJK�DV�ZLWKLQ�WKH

��W\SHV�RI�YLVXDO�GLVF���7KH�HVWLPDWHG�FRHIILFLHQW�RI�YDULDWLRQ��D�UHODWLYH�LQGLFDWRU�RI�SRWHQWLDO

PHDVXUHPHQW�HUURU��ZDV�VLPLODU�IRU�WKH���YLVXDO�PHWKRGV�EXW�KLJKHU�IRU�WKH�HOHFWURQLF�WXUELGLPHWHU�

7KHUH�ZDV�YDULDWLRQ�LQ�KRUL]RQWDO�GLVF�UHDGLQJV�EHWZHHQ�REVHUYHUV���3UHVHQFH�RU�DEVHQFH�RI�UDLQ�KDG

DQ�HIIHFW�RQ�WKH�KRUL]RQWDO�EODFN�GLVF�UHDGLQJV�

.H\�:RUGV��ZDWHU�FODULW\��EODFN�GLVF��6HFFKL�GLVF��WXUELGLW\��OLJKW��YLVLELOLW\
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,QWURGXFWLRQ

/LJKW�LV�D�SULPDU\�UHJXODWRU�RI�ELRORJLFDO�DQG�HFRORJLFDO�IXQFWLRQV�LQ�DTXDWLF�V\VWHPV���9LQ\DUG�DQG

2
%ULHQ��������%UHLWEXUJ��������%DUUHWW�HW�DO���������*UHJRU\��������*UHJRU\�DQG�1RUWKFRWH�������

0F$ODU\�DQG�0F)DUODQG����������)RUDJLQJ��KXQWLQJ��DQG�SUHGDWRU�DYRLGDQFH�DUH�FULWLFDO�SURFHVVHV

UHJXODWHG�E\�WKH�TXDOLW\�DQG�TXDQWLW\�RI�XQGHUZDWHU�OLJKW���/LJKW�FDQ�EH�PHDVXUHG�RU�GHVFULEHG�LQ

VHYHUDO�ZD\V��IRU�H[DPSOH�ZDWHU�FODULW\��YLVLELOLW\�RU�WXUELGLW\��9DULDWLRQV�LQ�ZDWHU�FODULW\�PD\

GHWHUPLQH�WKH�EDODQFH�EHWZHHQ�SUHGDWRU�DQG�SUH\�LQ�D�SDUWLFXODU�V\VWHP�RU�DW�D�SDUWLFXODU�WLPH��DQG

PD\�EH�NH\�LQ�H[SODLQLQJ�LQGLYLGXDO�EHKDYLRUV��VSHFLHV�LQWHUDFWLRQV��DQG�FRPPXQLW\�G\QDPLFV�

8QGHUZDWHU�OLJKW�LV�D�IXQFWLRQ�RI�ERWK�WKH�VRODU�UDGLDWLRQ�HQWHULQJ�WKH�ZDWHU�DQG�WKH�LQKHUHQW�DQG

DSSDUHQW�RSWLFDO�SURSHUWLHV�RI�WKH�ERG\�RI�ZDWHU� �:LOOLDPV ��������7KH�LQKHUHQW�DELOLW\�RI�D�ERG\�RI

ZDWHU�WR�WUDQVPLW�OLJKW�LV�GHVFULEHG�E\�WKH�VFDWWHULQJ�FRHIILFLHQW�DQG�WKH�DEVRUSWLRQ�FRHIILFLHQW���7KH

VFDWWHULQJ�FRHIILFLHQW�UHIOHFWV�WKH�GHJUHH�WR�ZKLFK�D�EHDP�RI�OLJKW�LV�UHIUDFWHG�DV�LW�SDVVHV�WKURXJK�WKH

ZDWHU�FROXPQ��WKH�DEVRUSWLRQ�FRHIILFLHQW�GHVFULEHV�WKH�GHJUHH�WR�ZKLFK�OLJKW�HQHUJ\�LV�DEVRUEHG�DV�LW

SDVVHV�WKURXJK�WKH�ZDWHU�FROXPQ���7KHVH�RSWLFDO�FRHIILFLHQWV�DUH�DIIHFWHG�E\�WRWDO�VXVSHQGHG�VROLGV

�766���ZDWHU�FRORU��DQG�ZDWHU�FKHPLVWU\���7KH\�FDQ�EH�VXPPDUL]HG�E\�WKH�EHDP�DWWHQXDWLRQ

FRHIILFLHQW��WKH�EHDP�DWWHQXDWLRQ�FRHIILFLHQW�LV�WKH�VXP�RI�WKH�VFDWWHULQJ�DQG�DEVRUSWLRQ�FRHIILFLHQWV�

%HFDXVH�WKHVH�FRHIILFLHQWV�DUH�LQKHUHQW�RSWLFDO�SURSHUWLHV�RI��ZDWHU��WKH\�DUH�QRW�DIIHFWHG�E\�WKH

DQJOH�RU�TXDOLW\�RI�WKH�OLJKW�HQWHULQJ�WKH�ZDWHU��E\�REVHUYHU�YDULDWLRQ��RU�E\�RWKHU�H[WHUQDO�IDFWRUV���,Q

FRQWUDVW��DSSDUHQW�RSWLFDO�SURSHUWLHV�GHVFULEH�WKH�SHUFHLYHG�RSWLFDO�TXDOLWLHV�RI�ZDWHU�DW�D�VSHFLILF

ORFDWLRQ�DQG�WLPH���$SSDUHQW�SURSHUWLHV�PD\�EH�SDUWLFXODUO\�UHOHYDQW�ELRORJLFDOO\�EHFDXVH�WKH\

GHVFULEH�WKH�FRQGLWLRQV�DW�D�IL[HG�SODFH�DQG�WLPH��H�J��KRZ�ZHOO�D�SUHGDWRU�FDQ�EH�GHWHFWHG�LQ�WKH

VKDGRZV�RI�D�URFN�DW�GXVN��KRZHYHU��GHSHQGHQFH�RQ�ORFDO�YDULDWLRQ�PDNHV�WKHP�VXEMHFWLYH�DQG

GLIILFXOW�WR�PHDVXUH�
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,Q�WKLV�SDSHU��WZR�VLPLODU�DQG�UHODWLYHO\�QHZ�PHWKRGV�IRU�PHDVXULQJ�YLVLELOLW\��WKH�KRUL]RQWDO�6HFFKL

GLVF�DQG�WKH�KRUL]RQWDO�EODFN�GLVF��DUH�FRPSDUHG�ZLWK�HDFK�RWKHU�DQG�ZLWK���WUDGLWLRQDO�WHFKQLTXHV�

WKH�YHUWLFDO�6HFFKL�GLVF�DQG�WKH�HOHFWURQLF�WXUELGLPHWHU�

)RXU�PHWKRGV�IRU�PHDVXULQJ�ZDWHU�FODULW\

7KH�6HFFKL�GLVF�ZDV�WKH�ILUVW�UHFRUGHG�PHWKRG�IRU�PHDVXULQJ�ZDWHU�FODULW\� �&LDOGL DQG 6HFFKL �����

&ROOLHU HW DO� ����� 7\OHU ��������7KH�RULJLQDO�6HFFKL�GLVF�ZDV�DQ�LURQ�FLUFOH�������P�LQ�GLDPHWHU�

FRYHUHG�ZLWK�RLOHG�VDLOFORWK�DQG�YDUQLVKHG�ZLWK�ZKLWH�OHDG� �&ROOLHU HW DO� ��������7KHUH�KDYH�EHHQ

PDQ\�LWHUDWLRQV�RI�WKH�6HFFKL�GLVF�VLQFH�WKDW�WLPH�EXW�WKH�GLVF�LQ�PRVW�FRPPRQ�FXUUHQW�XVH�LV�D

ZHLJKWHG�SODVWLF�FLUFOH��DSSUR[LPDWHO\����FP�LQ�GLDPHWHU��SDWWHUQHG�ZLWK�DOWHUQDWLQJ�EODFN�DQG�ZKLWH

TXDGUDQWV���7KH�GLVF�LV�ORZHUHG�LQWR�WKH�ZDWHU�RQ�D�JUDGXDWHG�OLQH�XQWLO�LW�LV�QR�ORQJHU�YLVLEOH�

GURSSHG�D�ELW�PRUH��DQG�SXOOHG�XS�XQWLO�LW�RQFH�DJDLQ�EHFRPHV�YLVLEOH���/LJKW�SHQHWUDWLRQ�LV�HVWLPDWHG

DV�WKH�DYHUDJH�RI�WKH�GHSWKV�DW�ZKLFK�WKH�GLVF�GLVDSSHDUV�DQG�DW�ZKLFK�LW�UHDSSHDUV���7KH�6HFFKL�GLVF

LV�D�VLPSOH��LQH[SHQVLYH��DQG�LQWXLWLYHO\�UHDVRQDEOH�LQGLFDWRU�RI�ZDWHU�FODULW\���7KH�6HFFKL�GLVF�LV�

KRZHYHU��OHVV�SUHFLVH�WKDQ�RWKHU�WHFKQLTXHV�EHFDXVH�LW�PHDVXUHV�DSSDUHQW�UDWKHU�WKDQ�LQKHUHQW

RSWLFDO�SURSHUWLHV�RI�ZDWHU���6HFFKL�GLVF�UHDGLQJV�UHIOHFW�QRW�RQO\�WKH�VFDWWHULQJ�DQG�DEVRUSWLRQ

FRHIILFLHQWV�RI�WKH�ERG\�RI�ZDWHU�RI�LQWHUHVW��EXW�DOVR�WKH�UHIOHFWDQFH�RI�WKH�ZKLWH�DUHDV�RI�WKH�GLVF�

WKH�DQJOH�RI�WKH�VXQ��DQG�WKH�URXJKQHVV�RI�WKH�ZDWHU�VXUIDFH� �3UHLVHQGRUIHU ��������7KH�XWLOLW\�RI�WKH

6HFFKL�GLVF�LV�OLPLWHG�WR�VLWXDWLRQV�ZKHUH�WKH�ZDWHU�LV�GHHS�DQG�WKHUH�DUH�QR�VWURQJ�FXUUHQWV�

$�VHFRQG�FRPPRQ�PHDVXUH�RI�ZDWHU�FODULW\�LV�WXUELGLW\��UHFRUGHG�LQ�QHSKORPHWULF�WXUELGLW\�XQLWV

�178��ZLWK�DQ�HOHFWURQLF�WXUELGLPHWHU���7XUELGLW\�LQ�178�GHVFULEHV�WKH�GHJUHH�WR�ZKLFK�D�VDPSOH�RI

ZDWHU�LQWHUIHUHV�ZLWK�WKH�SHUSHQGLFXODU�WUDQVPLVVLRQ�RI�D�EHDP�RI�PRQRFKURPDWLF�OLJKW�

7XUELGLPHWHUV�PHDVXUH�DQ�LQKHUHQW�RSWLFDO�SURSHUW\�RI�ZDWHU��KRZHYHU��LW�LV�QRW�SRVVLEOH�WR�HVWLPDWH
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WKH�VFDWWHULQJ�FRHIILFLHQW�GLUHFWO\�IURP�178���7XUELGLW\�LQ�178�UHIHUV�RQO\�WR�WKH�IUDFWLRQ�RI

VFDWWHULQJ�WKDW�RFFXUV�DW���°�DQG�WKHUH�LV�YDULDELOLW\�LQ�WKH�UDWLR�RI���°�WR�WRWDO�VFDWWHULQJ�EHWZHHQ

GLIIHUHQW�ERGLHV�RI�ZDWHU���'DYLHV�&ROOH\����������7XUELGLW\�LQ�178�LV�RIWHQ�XVHG�IRU�UHJXODWRU\

SXUSRVHV�WR�LQGH[�766���$OWKRXJK�WXUELGLPHWHUV�IUHTXHQWO\�SURYLGH�GDWD�WR���RU���GHFLPDO�SRLQWV�

WKH�SUHFLVLRQ�RI�WKLV�PHWKRG�KDV�EHHQ�TXHVWLRQHG���1HSKORPHWU\�KDV�EHHQ�FULWLFL]HG�IRU�ODFN�RI

VFLHQWLILF�SUHFLVLRQ��XQUHDOLVWLF�DSSOLFDWLRQ�LQ�HQYLURQPHQWDO�VWDQGDUGV�DQG�UHJXODWLRQV��DQG

GHSHQGHQFH�RQ�)RUPD]LQ�VWDQGDUGV�ZKLFK�DUH�QRW�UHOLDEOH�DW�KLJK�WXUELGLW\�OHYHOV� �$XVWLQ �����

0F&DUWK\ HW DO� ����� 7HOHVQLFNL DQG *ROGEHUJ ������

7KH�KRUL]RQWDO�EODFN�GLVF�ZDV�LQWURGXFHG�E\�'DYLHV�&ROOH\��������WR�SURYLGH�DQ�DFFXUDWH�DQG�FRVW

HIIHFWLYH�PHDVXUH�RI�YLVLELOLW\�WKDW�FDQ�EH�HPSOR\HG�LQ�RFHDQV��ODNHV��ODUJH�ULYHUV��DQG�VKDOORZ

VWUHDPV���7KH�GHYLFH�FRQVLVWV�RI�D�EODFN�GLVF�RQ�D�VWLFN�DQG�D�SHULVFRSH��VHDOHG�ZLWK�WKLFN��FOHDU�

SODVWLF�RQ�RQH�HQG���7KH�GLVF�DQG�WKH�FRYHUHG�HQG�RI�WKH�SHULVFRSH�DUH�SODFHG�FORVH�WRJHWKHU

XQGHUZDWHU��WKHQ�SXOOHG�DSDUW�XQWLO�WKH�GLVF�LV�QR�ORQJHU�YLVLEOH�WKURXJK�WKH�SHULVFRSH��)LJ�������7KH

GLVWDQFH�DW�ZKLFK�WKH�GLVF�GLVDSSHDUV�LV�UHFRUGHG�DV�WKH�PHDVXUH�RI�YLVLELOLW\���%HFDXVH�WKH�EODFN�GLVF

GRHV�QRW�VFDWWHU�OLJKW��WKLV�PHDVXUH�RI�YLVLELOLW\�DOORZV�RQH�WR�HVWLPDWH�WKH�EHDP�DWWHQXDWLRQ

FRHIILFLHQW���'DYLHV�&ROOH\��������SURYLGHG�WKH�PDWKHPDWLFDO�EDVLV�IRU�WKH�RSWLFDO�SURSHUWLHV�RI�WKH

KRUL]RQWDO�EODFN�GLVF�DQG�GHVFULEHG�D�VDPSOH�RI�REVHUYDWLRQV��1 ����IURP�ERWK�ODNHV�DQG�ULYHUV�WR

VXSSRUW�WKH�XVH�RI�WKH�WHFKQLTXH�

6LQFH�WKH�LQWURGXFWLRQ�RI�WKH�KRUL]RQWDO�EODFN�GLVF��IHZ�UHVHDUFKHUV�KDYH�DSSOLHG�WKLV�VLPSOH

WHFKQRORJ\���3ULPDU\�REVWDFOHV�WR�ZLGHU�XVH�RI�WKH�KRUL]RQWDO�EODFN�GLVF�PD\�LQFOXGH�TXHVWLRQV�DERXW

KRZ�KRUL]RQWDO�EODFN�GLVF�PHDVXUHPHQWV�UHODWH�WR�WUDGLWLRQDO�PHWKRGV�RI�PHDVXULQJ�ZDWHU�FODULW\��DV

ZHOO�DV�FRQFHUQV�DERXW�SUHFLVLRQ��REVHUYHU�ELDV��DQG�WKH�HIIHFWV�RI�ZHDWKHU�RQ�YLVLELOLW\�HVWLPDWHV���,Q

WKLV�SDSHU��WKH�HIIHFWLYHQHVV�RI�WKH�KRUL]RQWDO�EODFN�GLVF�LV�H[DPLQHG�ZLWK�UHVSHFW�WR�WKHVH�FRQFHUQV
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DQG�D�VOLJKW�PRGLILFDWLRQ��D�KRUL]RQWDO�6HFFKL�GLVF��LV�LQWURGXFHG���7KH�KRUL]RQWDO�6HFFKL�GLVF�LV

LGHQWLFDO�WR�WKH�KRUL]RQWDO�EODFN�GLVF�H[FHSW�WKDW�WKH�GLVF�LV�SDLQWHG�ZLWK�DOWHUQDWLQJ�EODFN�DQG�ZKLWH

TXDGUDQWV�DQG�WKH�SHULVFRSH�LQ�PDGH�RI�ZKLWH�SODVWLF���/LNH�D�WUDGLWLRQDO�6HFFKL�GLVF��WKH�KRUL]RQWDO

6HFFKL�GLVF�PHDVXUHV�DQ�DSSDUHQW�RSWLFDO�SURSHUW\�RI�ZDWHU���,W�ZDV�GHYHORSHG�IRU�WKLV�VWXG\�WR

LVRODWH�WKH�HIIHFW�RI�PHDVXUHPHQW�RULHQWDWLRQ��KRUL]RQWDO�RU�YHUWLFDO��YHUVXV�WKH�HIIHFW�RI�GLVF�FRORU�

7KH�KRUL]RQWDO�6HFFKL�GLVF�DOORZV�DQ�DVVHVVPHQW�RI�WKH�SUDFWLFDO�VLJQLILFDQFH�RI�PHDVXULQJ�LQKHUHQW

YHUVXV�DSSDUHQW�RSWLFDO�SDUDPHWHUV�

7KLV�SDSHU�EXLOGV�RQ�SUHYLRXV�ZRUN�E\�FRQVLGHULQJ�D�ODUJH�GDWD�VHW�FROOHFWHG�XQGHU�YDULDEOH

FRQGLWLRQV�DQG�E\�FRPSDULQJ�VHYHUDO�PHWKRGV�DW�RQFH���7KHVH�QHZ�GDWD�GHVFULEH�WKH�FRUUHODWLRQ

EHWZHHQ�GLIIHUHQW�PHWKRGV�RI�PHDVXULQJ�ZDWHU�FODULW\�DQG�DVVHVV�WKH�UHOLDELOLW\�RI�HDFK��6HYHUDO

REVHUYHUV�FROOHFWHG�WKHVH�GDWD�RYHU�D�YDULHW\�RI�ZHDWKHU�FRQGLWLRQV��DOORZLQJ�DVVHVVPHQW�RI�WKH

VLJQLILFDQFH�RI�ZHDWKHU�DQG�REVHUYHU�ELDV�LQ�GDWD�LQWHUSUHWDWLRQ�

0HWKRGV

6WXG\�6LWH

7KH�VWXG\�VLWH�ZDV�ORFDWHG�RQ�WKH�6NDJLW�5LYHU�QHDU�0RXQW�9HUQRQ��LQ�ZHVWHUQ�:DVKLQJWRQ�6WDWH�

7KH�PHDQ�DQQXDO�IORZ�RI�WKH�6NDJLW�5LYHU�DW�0W��9HUQRQ�LV�����FP�V� �&UXPOH\ DQG 6WREHU ������

UHVXOWLQJ�IURP�D�FRPELQDWLRQ�RI�PDQDJHG�UHOHDVHV��5RVV��'LDEOR��DQG�*RUJH�GDPV��DQG�QDWXUDO�IORZ�

LQFOXGLQJ�JODFLDO�PHOW���'DWD�ZHUH�FROOHFWHG�IURP�)HEUXDU\�WR�$XJXVW���������)ORZ�GXULQJ�WKLV�SHULRG

UDQJHG�IURP�����FP�V�WR�����FP�V��86*6����:HDWKHU�FRQGLWLRQV��VXQ��FORXGV��RU�UDLQ��GXULQJ�GDWD

FROOHFWLRQ�ZHUH�UHFRUGHG�HDFK�GD\�
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+RUL]RQWDO�GLVFV

7KH�KRUL]RQWDO�EODFN�GLVF�DQG�WKH�KRUL]RQWDO�6HFFKL�GLVF�ZHUH�XVHG�GDLO\�IURP�)HEUXDU\����WKURXJK

$XJXVW����������H[FHSW�IRU����GD\V�GXULQJ�ZKLFK�HTXLSPHQW�ZDV�EHLQJ�UHSDLUHG�RU�FUHZV�ZHUH

XQDYDLODEOH���7KH�FUHZ�FRQVLVWHG�RI���SULPDU\�LQGLYLGXDOV�RQ�URWDWLQJ����GD\�VFKHGXOHV��5HDGLQJV

ZHUH�WDNHQ�LQ�WKH�PRUQLQJ�IURP�WKH�VKDGHG�VLGH�RI�D�ERDW��HLWKHU�DV�LW�ZDV�GULIWLQJ�GRZQVWUHDP�RU

DQFKRUHG�WR�WKH�VKRUH�RU�WR�D�PLG�FKDQQHO�ILVKHULHV�WUDS���)RU�ERWK�W\SHV�RI�GLVF��WKH�PHDVXUH�RI

YLVLELOLW\�DQDO\]HG�KHUH�ZDV�WKH�DYHUDJH�RI�WKH�GLVWDQFH�DW�ZKLFK�WKH�GLVF�GLVDSSHDUHG�DQG�UHDSSHDUHG�

)RU�WKH�EODFN�GLVF�PHWKRG����VL]HV�RI�GLVF�ZHUH�XVHG��GHSHQGLQJ�RQ�ZDWHU�FODULW\���7KLV�V\VWHP�ZDV

GHVLJQHG�WR�PDLQWDLQ�D�UHODWLYHO\�FRQVWDQW�YLHZLQJ�DQJOH�EHWZHHQ�WKH�SHULVFRSH�DQG�WKH�HGJHV�RI�WKH

EODFN�GLVF�DW�DOO�OHYHOV�RI�YLVLELOLW\��)LJ�������'DYLHV�&ROOH\����������2QO\���VL]H�RI�KRUL]RQWDO�6HFFKL

GLVF�ZDV�QHFHVVDU\�EHFDXVH�FRQWUDVW�LV�SURYLGHG�E\�WKH�EODFN�DQG�ZKLWH�SDLQW�UDWKHU�WKDQ�WKH�HGJHV�RI

WKH�GLVF�

9HUWLFDO�6HFFKL�GLVF

$�VWDQGDUG����FP�SODVWLF�6HFFKL�GLVF�ZDV�XVHG�HYHU\�PRUQLQJ�IURP�0D\���WR�$XJXVW����H[FHSW�IRU��

GD\V�ZKHQ�FUHZV�ZHUH�XQDYDLODEOH���7KH�YHUWLFDO�6HFFKL�GLVF�ZDV�HPSOR\HG�IURP�WKH�VKDGHG�VLGH�RI

WKH�GULIWLQJ�ERDW�RU�WKH�PLG�FKDQQHO�ILVK�WUDS�

7XUELGLPHWHU

$�SRUWDEOH�WXUELGLPHWHU�FDOLEUDWHG�ZLWK�)RUPD]LQ�ZDV�XVHG�RQ����GD\V�GXULQJ�WKH�VWXG\�SHULRG�

(DFK�GD\����LQGHSHQGHQW�ZDWHU�JUDEV�ZHUH�WDNHQ�ZLWK���UHSOLFDWH�VDPSOHV�HDFK��IRU�D�WRWDO�RI��

WXUELGLW\�UHDGLQJV���7KH�WXUELGLW\�PHDVXUH�RQ�DQ\�RQH�GD\�ZDV�WKH�DYHUDJH�RI�DOO���UHDGLQJV�
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6WDWLVWLFDO�DQDO\VLV

7KUHH�W\SHV�RI�FRPSXWDWLRQ�DUH�LQFOXGHG�LQ�WKH�GDWD�DQDO\VLV���7KH�XQLWOHVV�FRUUHODWLRQ�FRHIILFLHQW��ρ�

LV�XVHG�WR�GHVFULEH�WKH�LQWHQVLW\�RI�DVVRFLDWLRQ�EHWZHHQ�HDFK�SDLU�RI�PHWKRGV�IRU�PHDVXULQJ�ZDWHU

FODULW\���$�YDOXH�RI�ρ�FORVH�WR����RU���LQGLFDWHV�D�YHU\�VWURQJ�OLQHDU�FRUUHVSRQGHQFH�EHWZHHQ

WHFKQLTXHV�DQG�VXJJHVWV�WKDW�WKH\�DUH�PHDVXULQJ�WKH�VDPH�SKHQRPHQRQ�

7KH�HVWLPDWHG�FRHIILFLHQW�RI�YDULDWLRQ��&9��LV�SUHVHQWHG�IRU�HDFK�RI�WKH���PHWKRGV�RI�PHDVXULQJ

ZDWHU�FODULW\���7KH�&9�LV�HVWLPDWHG�DV�WKH�VDPSOH�VWDQGDUG�GHYLDWLRQ�GLYLGHG�E\�WKH�VDPSOH�PHDQ���,W

LV�D�XQLWOHVV�H[SUHVVLRQ�RI�VDPSOH�YDULDELOLW\�LQ�UHODWLRQ�WR�WKH�VDPSOH�PHDQ�DQG�VXJJHVWV�WKH�UHODWLYH

GHJUHH�RI�PHDVXUHPHQW�HUURU�RQH�PLJKW�H[SHFW�IRU�D�SDUWLFXODU�WHFKQLTXH���6WDWLVWLFDO�WHVWV�WR

FRPSDUH�&9�EHWZHHQ�PHWKRGV�ZHUH�QRW�SRVVLEOH�EHFDXVH�RI�WKH�VNHZQHVV�RI�WKH�GDWD���=DU�������

S�������

7R�GHWHFW�ZKHWKHU�REVHUYHU�SDLU�RU�ZHDWKHU�FRQGLWLRQ��VXQ��FORXGV��UDLQ��KDG�D�VLJQLILFDQW�HIIHFW�RQ

UHDGLQJV�WDNHQ�ZLWK�WKH�KRUL]RQWDO�GLVFV��DQ�DQDO\VLV�RI�FRYDULDQFH�ZDV�FRQGXFWHG���1HWHU�HW�DO�

��������%HFDXVH�ZDWHU�FODULW\�LV�LQIOXHQFHG�E\�ERWK�GDLO\�ZHDWKHU�FRQGLWLRQV�DQG�VHDVRQ��HVWLPDWLRQ

RI�WKH�HIIHFW�RI�WKHVH�YDULDEOHV�RQ�PHDVXUHPHQWV�RI�ZDWHU�FODULW\�PXVW�DFFRXQW�IRU�WKH�FRUUHODWLRQ

EHWZHHQ�WKH�LQ�ULYHU�FRQGLWLRQV�EHLQJ�PHDVXUHG�DQG�FKDQJHV�LQ�ZHDWKHU�DQG�REVHUYHU�SDLU��VRPH

REVHUYHU�SDLUV�ZHUH�HPSOR\HG�PRUH�KHDYLO\�DW�WKH�EHJLQQLQJ�RI�WKH�VHDVRQ�DQG�VRPH�ZHUH�HPSOR\HG

PRUH�KHDYLO\�WRZDUG�WKH�HQG�RI�WKH�VHDVRQ����7KH�DQDO\VLV�RI�FRYDULDQFH�WHVWHG�ZKHWKHU�REVHUYHU�SDLU

RU�ZHDWKHU�FRQGLWLRQ�KDG�D�VLJQLILFDQW�HIIHFW�RQ�WKH�KRUL]RQWDO�GLVF�UHDGLQJV�JLYHQ�FXUUHQW�ULYHU

FRQGLWLRQ��DV�PHDVXUHG�ZLWK�WKH�YHUWLFDO�6HFFKL�GLVF���,Q�WKHVH�DQDO\VHV��WKH�YHUWLFDO�6HFFKL�GLVF

UHDGLQJV�ZHUH�FRQVLGHUHG�WKH�VWDQGDUG�DQG�WKH�HIIHFWV�RI�WKLV�DVVXPSWLRQ�DUH�FRQVLGHUHG�
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5HVXOWV

&RPSDULVRQV�EHWZHHQ�WKH�IRXU�PHWKRGV�RI�PHDVXULQJ�OLJKW

7KH�OLQHDU�UHODWLRQVKLSV�EHWZHHQ�GDWD�FROOHFWHG�E\�GLIIHUHQW�PHWKRGV�DUH�GHVFULEHG�LQ�)LJXUH���

&RUUHODWLRQ�LV�KLJK�EHWZHHQ�DOO���RI�WKH�YLVXDO�PHWKRGV���������ρ���������EXW�FRUUHVSRQGHQFH

EHWZHHQ�PHWKRGV�GHFUHDVHV�ZLWK�LQFUHDVLQJ�ZDWHU�FODULW\���7KH�UHODWLRQVKLSV�EHWZHHQ�WKH�HOHFWURQLF

WXUELGLPHWHU�DQG�WKH�YLVXDO�PHWKRGV�ZHUH�FRQVLVWHQW�EXW�OHVV�GUDPDWLF������������ρ������������

(VWLPDWHG�FRHIILFLHQWV�RI�YDULDWLRQ��&9��IRU�HDFK�PHWKRG�DUH�SUHVHQWHG�LQ�7DEOH�����$FFXUDWH

FRPSDULVRQV�EHWZHHQ�PHWKRGV�PXVW�XVH�GDWD�FROOHFWHG�RYHU�WKH�VDPH�VHW�RI�GD\V�WR�FRQWURO�IRU

FKDQJHV�LQ�ULYHU�FRQGLWLRQ���,Q�7DEOH����WKH�&9�IRU�HDFK�PHWKRG�LV�FDOFXODWHG�XVLQJ�DOO�DYDLODEOH�GDWD

�GLDJRQDO�HOHPHQWV��DQG�DOVR�IRU�VXEVHWV�RI�WKH�GDWD�WKDW�GHVFULEH�GD\V�ZKHQ�RWKHU�WHFKQLTXHV�ZHUH

DOVR�XVHG���&RPSDULVRQV�VKRXOG�EH�PDGH�XVLQJ�WKH�RII�GLDJRQDO�HOHPHQWV�ZKLFK�UHSUHVHQW�LGHQWLFDO

WLPH�SHULRGV���)RU�H[DPSOH��ZKHQ�FRPSDULQJ�WKH�EODFN�GLVF�DQG�WKH�YHUWLFDO�6HFFKL�GLVF��GDWD�IURP

WKH�EODFN�GLVF�IRU�GD\V�ZKHQ�WKH�YHUWLFDO�6HFFKL�GLVF�ZDV�XVHG��&9� ���������VKRXOG�EH�FRPSDUHG�WR

GDWD�IURP�WKH�YHUWLFDO�6HFFKL�GLVF�IRU�GD\V�ZKHQ�WKH�EODFN�GLVF�ZDV�XVHG��&9� �����������7KH�&9�IRU

DOO���YLVXDO�PHWKRGV�DUH�VLPLODU���7KH�&9�IRU�WKH�HOHFWURQLF�WXUELGLPHWHU�LV�KLJKHU�LQ�DOO�FRPSDULVRQV�

:HDWKHU�DQG�REVHUYHU�HIIHFW�RQ�WKH�DFFXUDF\�RI�WKH�KRUL]RQWDO�GLVFV

:HDWKHU�GLG�QRW�KDYH�D�VLJQLILFDQW�HIIHFW�RQ�UHDGLQJV�PDGH�ZLWK�WKH�KRUL]RQWDO�6HFFKL�GLVF

�S� ��������EXW�LW�GLG�KDYH�DQ�HIIHFW�RQ�UHDGLQJV�PDGH�ZLWK�WKH�KRUL]RQWDO�EODFN�GLVF��S� ���������7KH

GLIIHUHQFHV�LQ�KRUL]RQWDO�EODFN�GLVF�UHDGLQJV�UHVXOWHG�IURP�WKH�HIIHFWV�RI�UDLQ�

�2EVHUYHU�SDLU�ZDV�VLJQLILFDQW�LQ�H[SODLQLQJ�WKH�UHDGLQJV�PDGH�E\�ERWK�WKH�KRUL]RQWDO�EODFN�GLVF

�S���������DQG�WKH�KRUL]RQWDO�6HFFKL�GLVF��S���������
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'LVFXVVLRQ

2YHUDOO��WKH���YLVXDO�GLVFV�SHUIRUPHG�VLPLODUO\���$OO���WHFKQLTXHV�PHDVXUHG�WKH�VDPH�SKHQRPHQD�DQG

WKH�UHODWLYH�YDULDELOLW\�RI�WKH�PHWKRGV�ZDV�FRPSDUDEOH���1HLWKHU�PHDVXUHPHQW�RULHQWDWLRQ�QRU�GLVF

FRORU�KDG�D�GUDPDWLF�HIIHFW�RQ�UHFRUGHG�ZDWHU�FODULW\�DQG�DOO���PHWKRGV�DUH�PRVW�DFFXUDWH�DW�ORZ

OHYHOV�RI�ZDWHU�FODULW\���7KH�VLPLODULW\�LQ�SHUIRUPDQFH�EHWZHHQ�WKH�KRUL]RQWDO�EODFN�GLVF�DQG�WKH��

6HFFKL�GLVFV�LV�VRPHZKDW�VXUSULVLQJ�EHFDXVH�WKH�KRUL]RQWDO�EODFN�GLVF�PHDVXUHV�LQKHUHQW�RSWLFDO

SURSHUWLHV�RI�ZDWHU�DQG�WKH���6HFFKL�GLVFV�PHDVXUH�RQO\�DSSDUHQW�SURSHUWLHV�RI�ZDWHU���%RWK�W\SHV�RI

6HFFKL�GLVF�UHDGLQJ�VKRXOG�GHSHQG�RQ�YDULDWLRQV�LQ�WKH�OLJKW�ILHOG�FDXVHG�E\�WKH�KHLJKW�RI�WKH�VXQ�

VKDGRZV��DQG�VXUIDFH�URXJKQHVV��DV�ZHOO�DV�RQ�WKH�YLVXDO�DFXLW\�RI�WKH�REVHUYHU���3UHLVHQGRUIHU

�������WKHUHIRUH�RQH�PLJKW�H[SHFW�PRUH�YDULDELOLW\�LQ�WKH�GDWD�UHVXOWLQJ�IURP�WKHVH�WHFKQLTXHV���7KH

UHVXOWV�RI�WKLV�VWXG\�VXJJHVW�WKDW�YDULDWLRQV�LQ�WKH�OLJKW�ILHOG�PD\�QRW�KDYH�D�VWURQJ�LQIOXHQFH�RQ

PHDVXUHPHQW�RI�ZDWHU�FODULW\�ZKHQ�VXFK�IDFWRUV�DV�RULHQWDWLRQ�RI�WKH�GHYLFH�WR�WKH�VXQ�DQG�WLPH�RI

GD\�DUH�FRQWUROOHG�

$OO���YLVXDO�GLVF�UHDGLQJV�ZHUH�VWURQJO\�FRUUHODWHG�ZLWK�WXUELGLW\��178���KRZHYHU��WKH�&9�RI�WKH

WXUELGLW\�UHDGLQJV��178��ZDV�KLJKHU��OHVV�SUHFLVH��WKDQ�WKDW�RI�WKH�YLVXDO�GLVFV���7KH�KLJK�UHODWLYH

YDULDELOLW\�LV�GUDPDWLF�EHFDXVH�HDFK�WXUELGLW\�PHDVXUHPHQW�UHSUHVHQWV�WKH�DYHUDJH�RI���UHDGLQJV�

7XUELGLW\�PHDVXUHPHQWV�WKDW�UHSUHVHQW�RQO\���UHDGLQJ�RU�WKH�DYHUDJH�RI�IHZHU�UHDGLQJV�ZRXOG�EH

H[SHFWHG�WR�KDYH�DQ�HYHQ�KLJKHU�UHODWLYH�YDULDELOLW\���(OHFWURQLF�WXUELGLW\�UHDGLQJV�DSSHDU�GHFHSWLYHO\

SUHFLVH�DV�UHVXOWV�DUH�RIWHQ�GLVSOD\HG�WR�WKH�VHFRQG�GHFLPDO�SODFH�EXW�WKLV�FDQ�EH�PLVOHDGLQJ�

7XUELGLW\�UHDGLQJV�DUH�VHQVLWLYH�WR�LPSHUIHFWLRQV�LQ�WKH�JODVV�PHDVXULQJ�FHOO��WLPH�VLQFH�WKH�VDPSOH

ZDV�DJLWDWHG��SROLVKLQJ�RI�WKH�JODVV��RU�RWKHU�GHWDLOV�LQ�WKH�PHDVXUHPHQW�SURFHVV���VHH�DOVR�7HOHVQLFNL

DQG�*ROGEHUJ��������
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,Q�QHLWKHU�DQDO\VLV�RI�WKH�HIIHFWV�RI�ZHDWKHU�GLG�WKH�GLIIHUHQFH�EHWZHHQ�VXQQ\�DQG�FORXG\�VNLHV�KDYH

D�VLJQLILFDQW�HIIHFW�RQ�WKH�ZDWHU�FODULW\�PHDVXUHPHQW���%RWK�WHFKQLTXHV�SHUIRUPHG�HTXDOO\�ZHOO�XQGHU

YDULDEOH�DPELHQW�OLJKW�FRQGLWLRQV��VXJJHVWLQJ�WKDW�WKH�HIIHFWV�RI�VXQ�DQJOH�RU�FORXGLQHVV�RQ�PHDVXUHV

RI�WKH�DSSDUHQW�YHUVXV�LQKHUHQW�RSWLFDO�SURSHUWLHV�RI�ZDWHU�DUH�QRW�GUDPDWLF��5DLQ�ZDV�D�VLJQLILFDQW

IDFWRU�LQ�LQWHUSUHWLQJ�UHVXOWV�IURP�WKH�KRUL]RQWDO�EODFN�GLVF���:KLOH�LW�PLJKW�EH�WKDW�WKHVH�UHVXOWV�DUH

GXH�WR�WKH�HIIHFW�RI�UDLQ�RQ�WKH�YHUWLFDO�6HFFKL�GLVF�UHDGLQJV�XVHG�DV�WKH�VWDQGDUG�PHDVXUH�IRU�ZDWHU

FODULW\�LQ�WKHVH�DQDO\VHV��LW�GRHV�QRW�DSSHDU�WR�EH�WKH�FDVH���5DLQ�LQFUHDVHV�VXUIDFH�URXJKQHVV�DQG

WKHUHIRUH�PLJKW�KDYH�D�VWURQJ�HIIHFW�RQ�YHUWLFDO�6HFFKL�GLVF�UHDGLQJV�ZKLFK�UHTXLUH�WKH�REVHUYHU�WR

JD]H�WKURXJK�WKH�VXUIDFH�RI�WKH�ZDWHU���+RZHYHU��UDLQ�KDG�D�VLJQLILFDQW�LPSDFW�RQ�RQO\�WKH�UHDGLQJV

IURP�WKH�KRUL]RQWDO�EODFN�GLVF�DQG�QRW�RQ�WKH�UHDGLQJV�IURP�WKH�KRUL]RQWDO�6HFFKL�GLVF���7KH

GLVFUHSDQF\�EHWZHHQ�UHVXOWV�IURP�WKH���W\SHV�RI�KRUL]RQWDO�GLVF�LQGLFDWHV�WKDW�WKH�XVH�RI�WKH�YHUWLFDO

6HFFKL�GLVF�DV�D�VWDQGDUG�ZDV�QRW�WKH�FDXVH�RI�WKH�VLJQLILFDQW�SDWWHUQ���7KH�LPSRUWDQFH�RI�UDLQ�DV�D

IDFWRU�LQ�LQWHUSUHWLQJ�UHVXOWV�IURP�WKH�KRUL]RQWDO�EODFN�GLVF�LV�XQFOHDU�EXW�PLJKW�EH�UHODWHG�WR�D

GLIIHUHQWLDO�LPSDFW�RI�UDLQ�RQ�PHDVXUHV�RI�LQKHUHQW�YHUVXV�DSSDUHQW�RSWLFDO�SURSHUWLHV�

7KH�VLJQLILFDQFH�RI�REVHUYHU�SDLU�LQ�LQWHUSUHWLQJ�UHDGLQJV�IURP�ERWK�WKH�KRUL]RQWDO�EODFN�GLVF�DQG

WKH�KRUL]RQWDO�6HFFKL�GLVF�LQGLFDWHV�WKDW�DELOLW\�RU�YLVXDO�DFXLW\�RI�WKH�REVHUYHU�LQIOXHQFHV�WKH

PHDVXUHPHQW�RI�ZDWHU�FODULW\�ZKHQ�XVLQJ�WKH�KRUL]RQWDO�GLVFV���7KH�REVHUYHU�HIIHFW�FRXOG�EH�GXH

HLWKHU�WR�GLIIHUHQFHV�LQ�YLVXDO�DFXLW\�RU�WR�GLIIHUHQFHV�LQ�VNLOO�DW�RSHUDWLQJ�WKH�KRUL]RQWDO�GLVFV���7KH

KRUL]RQWDO�GLVFV�UHTXLUH�SDWLHQFH�LQ�KDQGOLQJ�D�ODUJH�EXR\DQW�SHULVFRSH�ZKLOH�NHHSLQJ�WKH�WDUJHW�LQ

WKH�OLQH�RI�VLJKW�DV�ZHOO�DV�WHDPZRUN�EHWZHHQ�WKH�SHUVRQ�ORRNLQJ�WKURXJK�WKH�SHULVFRSH�DQG�WKH

SHUVRQ�KROGLQJ�WKH�WDUJHW���+LJKHU�GDWD�YDULDELOLW\�ZKHQ�IXUWKHU�GLVWDQFHV�EHWZHHQ�WKH�SHULVFRSH�DQG

WKH�WDUJHW�ZHUH�UHTXLUHG��KLJK�ZDWHU�FODULW\��VXJJHVWV�WKDW�RSHUDWRU�VNLOO�PLJKW�EH�SDUWLFXODUO\

LPSRUWDQW�LQ�FOHDU�ZDWHUV���3RWHQWLDO�IRU�REVHUYHU�YDULDWLRQ�WR�LQIOXHQFH�UHVXOWV�LQGLFDWHV�WKDW�WUDLQLQJ

DQG�FURVV�YDOLGDWLRQ�PD\�EH�LPSRUWDQW�FRPSRQHQWV�RI�LQLWLDWLQJ�LQ�ILHOG�XVH�RI�WKH�KRUL]RQWDO�GLVFV�
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,Q�FRQFOXVLRQ��WKHVH�UHVXOWV�UHFRPPHQG�WKH�XVH�RI�KRUL]RQWDO�GLVFV�IRU�PHDVXULQJ�ZDWHU�FODULW\�

+RUL]RQWDO�GLVFV�DUH�WKH�EHVW�RSWLRQ�IRU�PDQ\�ULYHULQH�VWXGLHV�GXH�WR�WKH�LPSUDFWLFDOLW\�RI�YHUWLFDO

GLVFV�LQ�VKDOORZ�VWUHDPV�RU�IDVW�FXUUHQWV��EXW�PXOWLSOH�UHDGLQJV�VKRXOG�EH�FRQVLGHUHG�LQ�FOHDU�ZDWHU

ZKHUH�DFFXUDWH�XVH�RI�WKH�KRUL]RQWDO�GLVFV�LV�PRUH�GLIILFXOW���7KHRUHWLFDO�DUJXPHQWV�VXJJHVW�WKDW�WKH

KRUL]RQWDO�EODFN�GLVF�PD\�EH�SUHIHUDEOH�WR�WKH�KRUL]RQWDO�6HFFKL�GLVF���2XU�UHVXOWV�FRQFOXGH�WKDW��LQ

WKH�ILHOG��VXFK�WKHRUHWLFDO�GLIIHUHQFHV�KDYH�D�PLQLPDO�HIIHFW���7KH�YLVXDO�GLVFV��WKRXJK�LQWXLWLYHO\�OHVV

SUHFLVH�WKDQ�DQ�HOHFWURQLF�GHYLFH��SURYLGH�UHVXOWV�WKDW�DUH�FKHDSHU�DQG�PRUH�UHOLDEOH�
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�$FNQRZOHGJHPHQWV

:H�WKDQN�'DYH�6HLOHU��:DVKLQJWRQ�'HSDUWPHQW�RI�)LVK�DQG�:LOGOLIH��IRU�SURYLGLQJ�ILHOG�FUHZV�DQG

VXSSRUW�IRU�WKLV�SURMHFW���'U��5LFN�(GZDUGV��8QLYHUVLW\�RI�:DVKLQJWRQ��DQG�'U��5REHUW�'DYLHV�

&ROOH\��1DWLRQDO�,QVWLWXWH�RI�:DWHU�	�$WPRVSKHULF�5HVHDUFK��+DPLOWRQ��1HZ�=HDODQG��SURYLGHG�WKH

RULJLQDO�LQFHQWLYH�IRU�WKH�XVH�RI�KRUL]RQWDO�YLHZLQJ�GLVFV���:H�ZRXOG�DOVR�OLNH�WR�WKDQN�'UV��3HWHU

*XWWRUS��-LP�$QGHUVRQ��7RP�4XLQQ��-RKQ�:LOOLDPV�DQG�(PLO\�6LOYHUPDQ�IRU�D�FDUHIXO�UHYLHZ�RI�WKLV

PDQXVFULSW���:H�RIIHU�VSHFLDO�WKDQNV�WR�0DWW�*LOOXP��'DYH�&ROOLQV��6FRWW�0F*UDWK��-LP�5HSR]��DQG

'HDQ�7RED�ZKR�SURYLGHG�DOO�RI�WKH�LQ�ILHOG�GDWD�FROOHFWLRQ�
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/LWHUDWXUH�&LWHG

$XVWLQ��5��:����������3UREOHPV�LQ�PHDVXULQJ�WXUELGLW\�DV�D�ZDWHU�TXDOLW\�SDUDPHWHU���,Q�0HWKRGRORJ\

IRU�0HDVXULQJ�WKH�0DULQH�(QYLURQPHQW���(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��6HDWWOH��:DVKLQJWRQ�

3DJHV������

%DUUHWW��-��&���*��'��*URVVPDQ�DQG�6��-��5RVHQIHOG����������7XUELGLW\�LQGXFHG�FKDQJHV�LQ�UHDFWLYH

GLVWDQFHV�RI�5DLQERZ�WURXW��7UDQVDFWLRQV�RI�WKH�$PHULFDQ�)LVKHULHV�6RFLHW\��������������

%UHLWEXUJ��'��/����������7KH�HIIHFWV�RI�WXUELGLW\�RQ�SUH\�FRQVXPSWLRQ�E\�VWULSHG�EDVV�ODUYDH�

7UDQVDFWLRQV�RI�WKH�$PHULFDQ�)LVKHULHV�6RFLHW\������������

&LDOGL��0��DQG�3��$��6HFFKL����������6XU�OD�WUDQVSDUHQFH�GH�OD�PHU��&RPSWHV�5HQGX�GH�O
$FDGDPLH�GHV

6FLHQFHV�������������

&ROOLHU��$���*��0��)LQOD\VRQ�DQG�(��:��&DNH����������2Q�WKH�WUDQVSDUHQF\�RI�WKH�VHD��REVHUYDWLRQV

PDGH�E\�0U��&LDOGL�DQG�3�$��6HFFKL��/LPQRORJ\�DQG�2FHDQRJUDSK\�������������

&UXPOH\��6��&��DQG�4��-��6WREHU����������6NDJLW�5LYHU�,QWHULP�$JUHHPHQW�6WXGLHV��9ROXPH�,���)LQDO

5HSRUW�IRU�&LW\�RI�6HDWWOH���)5,�8:������������SJV�

'DYLHV�&ROOH\��5��-����������0HDVXULQJ�ZDWHU�FODULW\�ZLWK�D�EODFN�GLVN��/LPQRORJ\�DQG�2FHDQRJUDSK\

������SDUW�������������

'DYLHV�&ROOH\��5��-����������6HFFKL�GLVF�WUDQVSDUHQF\�DQG�WXUELGLW\���'LVFXVVLRQ��-RXUQDO�RI

(QYLURQPHQWDO�(QJLQHHULQJ�'LYLVLRQ�$6&(��������������

*UHJRU\��5��6����������(IIHFW�RI�WXUELGLW\�RQ�WKH�SUHGDWRU�DYRLGDQFH�EHKDYLRU�RI�MXYHQLOH�&KLQRRN

VDOPRQ��2QFRUK\QFKXV�WVKDZ\WVFKD���&DQDGLDQ�MRXUQDO�RI�)LVKHULHV�DQG�$TXDWLF�6FLHQFHV�������������

*UHJRU\��5��6��DQG�7��*��1RUWKFRWH����������6XUIDFH��SODQNWRQLF��DQG�EHQWKLF�IRUDJLQJ�E\�MXYHQLOH

FKLQRRN�VDOPRQ��2QFRUK\QFKXV�WVKDZ\WVFKD��LQ�WXUELG�ODERUDWRU\�FRQGLWLRQV��&DQDGLDQ�-RXUQDO�RI

)LVKHULHV�DQG�$TXDWLF�6FLHQFHV�������������

0F$ODU\��)��$��DQG�:��1��0F)DUODQG����������7KH�HIIHFW�RI�OLJKW�DQG�GDUNQHVV�RQ�KDWFKLQJ�LQ�WKH

SRPDFHQWULG�$EXGHIGXI�VD[DWLOLV��(QYLURQPHQWDO�%LRORJ\�RI�)LVKHV�������������
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0F&DUWK\��-��&���7��(��3\OH�DQG�*��0��*ULIILQ����������/LJKW�WUDQVPLVVLYLW\��VXVSHQGHG�VHGLPHQWV��DQG

WKH�OHJDO�GHILQLWLRQ�RI�WXUELGLW\��(VWXDU\�DQG�&RDVW�0DULQH�6FLHQFH������������

1HWHU��-���:��:DVVHUPDQ�DQG�0��+��.XWQHU����������$SSOLHG�/LQHDU�6WDWLVWLFDO�0RGHOV��,UZLQ�

+RPHZRRG��,OOLQRLV

3UHLVHQGRUIHU��5��:����������6HFFKL�GLVN�VFLHQFH��YLVXDO�RSWLFV�RI�QDWXUDO�ZDWHUV��/LPQRORJ\�DQG

2FHDQRJUDSK\����������������

7HOHVQLFNL��*��-��DQG�:��0��*ROGEHUJ����������&RPSDULVRQ�RI�WXUELGLW\�PHDVXUHPHQW�E\�QHSKORPHWU\

DQG�WUDQVPLVVRPHWU\�DQG�LWV�UHOHYDQFH�WR�ZDWHU�TXDOLW\�VWDQGDUGV��%XOOHWLQ�RI�0DULQH�6FLHQFH�������
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Vertical Secci disc reading (cm)
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Vertical Secci disc reading (cm)
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Turbidity (NTU)
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