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SUDYL�YUWORCQR�NUHWDQMH�YRGH�WDNR�GD�MH�QHPRJX`H�ELOR
L]PHULWL�EU]LQX�YRGH��>LULQD�WRND�MH������P��D�GXELQD
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�VOLND�����7UHQWRY�ELRWLaNL�LQGHNV�MH�9��VOLND�����2aHNL�
YDQR�MH�ELOR�GD�YRGD�EXGH�EROMHJ�NYDOLWHWD�QD�L]YRUX�
SR^WR�VH�VD�QMHJD�SLMH�YRGD��5H]XOWDWL�XND]XMX�QD�OR^LML
NYDOLWHW�YRGH��YHURYDWQR�]DWR�̂ WR�MH�X]RUDN�X]HW�VD�GQD
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3UHPD�UH]XOWDWLPD�SUHOLPLQDUQRJ�LVWUDCLYDQMD�RYH�UHNH
MHGLQR�MH�X�SULWRFL���SULPH`HQR�SRVWRMDQMH�*DPPDUXV
IRVVDUXP��.RVWL`��#LYL`��������3R�LVWUDCLYDQMX�DSULOD
������SULWRND���MH�ELOD�ROLJRVDSUREQD�YRGD��/HWD������
QD�SULWRFL�MH�ELR�YHRPD�QL]DN�YRGRVWDM�SD�VH�WR
YHURYDWQR�RGUD]LOR�QD�NYDOLWHW�YRGH�X�&UQRM�.DPHQLFL
QD�/���9RGD�MH�β�PH]RVDSUREQD��VOLND�����7UHQWRY�ELR�
WLaNL�LQGHNV�L]QRVL�9,,��VOLND����

7DNVRQRPVNH�JUXSH %URMQRVW�SR�ORNDOLWHWLPD��LQG�P��
/� /� /� /� /� /� /� 6

%DHWLGDH
%DHWLV�VS� ���� �� ��� ����� ����� ����� ���
+HSWDJHQLLGDH
(FG\RQXUXV�VS� ���� ����� ����� ��� ���� ���
(SKHPHULGDH
(SKHPHUD�GDQLFD ���� ���

3OHFRSWHUD &DSQLLGDH
&DSQLD�VS� ����� ��� ���� ����� ���
3HUOLGDH
'LQRFUDV�FHSKDORWHV ���� ���
3HUORGHV�VS� ���� ���

6DSUREQL�LQGHNV ���� ���� ���� ���� ���� ���� ����
7UHQW�ELRWLaNL�LQGHNV 9 9,,, 9,, 9,, ,9 9,,, 9,,,
,QGHNV�ELRGLYHU]LWHWD ���� ���� ���� ���� ���� ���� ����

6OLND����,QGHNV�VDSUREQRVWL

)LJXUH����6DSURELW\�LQGH[

�����• ��3(71,.(�69(6.(��� '(2��,,



1D�ORNDOLWHWX�/��X�UHNX�VH�L]OLYD�NDQDOL]DFLRQD
YRGD�L]�FHORJ�QDVHOMD�'LYaLEDUH��9RGD�YHRPD�QHSULMDW�
QRJ�PLULVD�L]OLYD�VH�L]�UXSH�QD�NDQDOL]DFLRQRM�FHYL�L�RG�
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MLPD�&UQH�.DPHQLFH��'QR�MH�SXQR�VHGLPHQWD�QDVWDORJ
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QD^OL�&KLURQRPLGDH�L�2OLJRFKDHWD��^WR�VH�L�PRJOR
RaHNLYDWL�V�RE]LURP�QD�WR�GD�VX�RYDNYD�VWDQL^WD�WLSLaQD
]D�QMLK��.UXQL`��6DYL`�������3HWURY��.DOH]L`�������
3UHPD�UDQLMLP�LVWUDCLYDQMLPD�X�OHWR��DYJXVWD������
�.RVWL`��#LYL`�������XWYU_HQR�MH�GD�MH�YRGD�α�PH]RV�
DSUREQD��6OHGH`HJ�SUROH`D��DSULO�������MH�SRQRYOMHQR
LVWUDCLYDQMH�RYRJ�ORNDOLWHWD�L�XVWDQRYOMHQD�MH�β�PH]RV�
DSUREQD�YRGD��8�SRVOHGQMHP�LVWUDCLYDQMX��MXOD������
XWYU_HQR�MH�GD�MH�YRGD�SRQRYR�β�PH]RVDSUREQD��VOLND
����9UOR�MH�YHURYDWQR�GD�SRVH`HQRVW�WXULVWLaNRJ�QDVHOMD
GLUHNWQR�XWLaH�QD�NYDOLWHW�YRGH�NRG�QHLVSUDYQH�VWDQLFH
]D�SUHUDGX�NDQDOL]DFLRQLK�YRGD��7UHQWRY�ELRWLaNL�IDNWRU
L]QRVL�,9��VOLND����^WR�MH�QDMQLCH�X�FHORP�LVSLWLYDQRP
WRNX��1D�RYRP�ORNDOLWHWX�MH�LQGHNV�ELRGLYHU]LWHWD�QD�
MQLCL�L�L]QRVL�������^WR�MH�ELOR�RaHNLYDQR�]ERJ�WRJD�^WR
WX�YODGDMX�OR^L�XVORYL��8VOHG�WRJD�MH�VOLaQRVW�/��VD
GUXJLP�ORNDOLWHWLPD�YHRPD�QLVND��WDEHOD�����

,]�WDEHOH���VH�YLGL�SULOLaQR�YHOLND�VOLaQRVW�/��VD�/��
^WR�MH�RaHNLYDQR��MHU�VX�VXVHGQL�ORNDOLWHWL��D�L]PH_X�QMLK
QHPD�XOLYDQMD�RWSDGQLK�YRGD��/RNDOLWHW�/��LPD�YHOLNX
VOLaQRVW�VD�ORNDOLWHWLPD�/��L�/���NRMD�VH�RJOHGD�X�VDV�
WDYX�GQD��RVXQaDQRVWL�L�WRPH�̂ WR�QLVX�]DEDUHQL��1DMQLCD
VOLaQRVW�ORNDOLWHWD�/��VD�GUXJLP�ORNDOLWHWLPD�XV�

ORYOMHQD�MH�VSHFLILaQLP�IDNWRULPD�NRML�YODGDMX�QD�WRP
ORNDOLWHWX�

7DEHOD���6OLaQRVW�ORNDOLWHWD�
/� /� /� /� /� /� /�

/� � ��� ��� ��� ��� ��� ���
/� � ��� ��� ��� ��� ���
/� � ��� ��� ��� ���
/� � ��� ��� ���
/� � ��� ���
/� � ���

/RNDOLWHW�/��MH�L]DEUDQ�GD�EL�VH�YLGHOR�VWDQMH�YRGH
X�ADODaNRP�SRWRNX��3R�SUHWSRVWDYFL�WUHEDOR�EL�GD�MH�X
WRP�SRWRNX�aLVWD�YRGD��MHU�VH�RQ�L]OLYD�L]�DNXPX�
ODFLRQRJ�MH]HUD��RGDNOH�VH�FUSL�YRGD�]D�SL`H��/��LPD�LQ�
GHNV�VDSUREQRVWL�������β�PH]RVDSUREQD�YRGD��VOLND����
^WR�MH�QLCH�QHJR�X�&UQRM�.DPHQLFL��D�VKRGQR�WRPH
7UHQWRY�ELRWLaNL�IDNWRU�MH�9,,,��VOLND�����7UHED�LVWD`L�GD
MH�X�RYRP�LVWUDCLYDQMX�VDPR�RYGH�SULPH`HQ�$VWDFXV�VS�
NRML�MH�SRND]DWHOM�aLVWH�YRGH�

1D�VOLFL���XSRUHGR�VX�GDWL�UH]XOWDWL�VDSURELROR^NLK
LVSLWLYDQMD�L]�������������L�������JRGLQH��

6OLND����7UHQWRY�ELRWLaNL�LQGHNV
)LJXUH����7UHQW�ELRWLFDO�LQGH[

6OLND����8SRUHGQD�DQDOL]D�VDSUREQRJ�LQGHNVD
)LJXUH����&RPSDUDWLYH�DQDO\VLV�RI�VDSURELW\�LQGH[
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/RNDOLWHW�/��MH�L]DEUDQ�GD�VH�YLGHOD�VSRVREQRVW
VDPRSUHaL^`DYDQMD�UHNH��1DOD]L�VH�QD�RNR�����NP�RG
PHVWD�]DJD_HQMD��JGH�MH�UHDOQR�RaHNLYDWL�VDPRSUHaL^�
`DYDQMH��1D�RVQRYX�VPDQMHQMD�VDSUREQRJ�LQGHNVD�QD
������β�PH]RVDSUREQH�YRGH���VOLND����L�SRYH`DQMD�7UHQ�
WRYRJ�ELRWLaNRJ�LQGHNVD�QD�9,,,��VOLND����MDVQR�MH�GD
VDPRSUHaL^`DYDQMH�SRVWRML�

=DNOMXaDN
¬ 1DMYH`L�LQGHNV�ELRGLYHU]LWHWD�MH�QD�/���^WR�MH

ELOR�RaHNLYDQR��MHU�VH�WX�VSDMDMX�GYD�SRWRND�
¬ =DSDCHQH�VX�YHOLNH�VOLaQRVWL�/��VD�/���/��L�/��

^WR�QDYRGL�QD�]DNOMXaDN�GD�QD�RYLP�ORND�
OLWHWLPD�YODGDMX�YHRPD�VOLaQL�HNROR^NL�IDNWRUL
]D�UD]YRM�PDNUR]RREHQWRVQH�]DMHGQLFH�

¬ 1D�/��VH�X�UHNX�XOLYD�LVSXVW�NRPXQDOQLK�RW�
SDGQLK�YRGD�NRML�QHJDWLYQR�XWLaH�QD�NYDOLWHW
YRGH�X�UHFL��QD�^WD�XND]XMX�QL]DN�7UHQWRY�ELR�
WLaNL�LQGHNV��QL]DN�VWHSHQ�VOLaQRVWL�VD�GUXJLP
ORNDOLWHWLPD��NDR�L�QDMQLCL�NRQVWDWRYDQ�LQGHNV
ELRGLYHU]LWHWD�X�LVSLWLYDQRP�GHOX�WRND�

¬ 1DMPDQML�LQGHNV�VOLaQRVWL�/��VD�RVWDOLP�ORND�
OLWHWLPD�XND]XMH�QD�SURPHQH�]URNRYDQH�MDNLP
DQWURSRJHQLP�IDNWRURP��

¬ ADODaNL�SRWRN��/���SR]LWLYQR�XWLaH�QD�VPD�
QMHQMH�RJUDQVNH�SUHRSWHUH`HQRVWL�UHNH��NRMD
QDVWDMH�XOLYRP�RWSDGQH�YRGH�QD�/��

¬ 1D�����NP�RG�XOLYD�RWSDGQH�YRGH�NRQVWD�
WRYDQD�MH�VSRVREQRVW�VDPRSUHaL^`DYDQMD
UHNH��QD�ORNDOLWHWX����QD�^WD�QDYRGH�YLVRN
7UHQWRY�ELRWLaNL�LQGHNV�L�QLCL�VDSUREQL�LQ�
GHNV�

9RGD�QD�ORNDOLWHWLPD�X�QDVHOMX�SR�7UHQWRYRP
ELR�WLaNRP�LQGHNVX�L�VDSUREQRP�LQGHNVX�RGJRYDUD
GUXJRM�NODVL��(NVWUHPL�VH�MDYOMDMX�QD�GYD�PHVWD��3UYL�MH
L]OLY�RWSDGQH�YRGH�QD�/��JGH�MH�SUHPD�7UHQWRYRP�EL�
RWLaNRP�LQGHNVX�YRGD�NYDOLWHWD�,,,�VWHSHQD��'UXJL�HN�
VWUHP�MH�ADODaNL�SRWRN��NRML�VH�L]OLYD�L]�DNXPXODFLRQRJ
MH]HUD��RGDNOH�VH�SUHaL^`DYD�YRGD�]D�SL`H��D�SR�LQGHNVX
VDSUREQRVWL�WR�MH�GUXJD�NODVD�YRGH��DOL�VD�YHRPD�YL�
VRNLP�7UHQWRYLP�ELRWLaNLP�LQGHNVRP��&UQD�.DPHQLFD
FHOLP�LVSLWLYDQLP�WRNRP�LPD�GUXJX�NODVX�YRGH�VD
SRYUHPHQLP�YDULUDQMHP�L�L]UDCHQD�MH�VSRVREQRVW�VDPR�
SUHaL^`DYDQMD�UHNH�SRVOH�XOLYD�RWSDGQH�YRGH��aHPX
PQRJR�GRSULQRVL�YRGD�L]�ADODaNRJ�SRWRND��

=DKYDOQRVW��9HOLNX�]DKYDOQRVW�GXJXMHP�GU�,YDQL
#LYL`��VYRP�PHQWRUX��NRMD�PL�MH�SUXCLOD�QHSURFHQMLYX
VWUXaQX�SRPR`�SUL�REUDGL�L�WXPDaHQMX�UH]XOWDWD�

9ODGLPLUX�-RYDQRYL`X��UXNRYRGLRFX�SURJUDPD�ELROR�
JLMH�X�,6�3HWQLFD��]D�SRGU^NX�L�SRPR`�NRMX�PL�MH
GDYDR�SUL�L]UDGL�RYRJ�UDGD��0U�-DVPLQL�.RVWL`�^WR
XYHN�YHUXMH�X�PHQH�L�EH]UH]HUYQR�PH�SRGUCDYD�
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/LWHUDWXUD
+\QHV�+��%��1��������7KH�XVH�RI�ELRORJ\�LQ�WKHVWXG\�RI�ZDWHU�SROOXWLRQ��&KHP��,QG������
,OL`�-���#LYL`�,���0DUNRYL`��=�������0DNUR]RREHQWRV�NDR�SRND]DWHOM�NYDOLWHWD�YRGH7HPVNH��7RSORGROVNH�UHNH�L�9LVRaLFH��*RGL^QMDN-XJRVORYHQVNRJ�GUX^WD�]D�]D^WLWX�YRGD�����
.HURYHF�0��������3ULUXaQLN�]D�XSR]QDYDQMHEHVNUDOMH^QMDND�QD^LK�SRWRND�L�ULMHND��=DJUHE�/LEHU
.RVWL`�0���#LYL`�,��������6DSURELROR^NDLVWUDCLYDQMD�UHNH�&UQH�.DPHQLFH�NRUL^`HQMHPPDNUR]RREHQWRVD�NDR�ELRLQGLNDWRUD��1D^DHNROR^ND�LVWLQD�����
.UXQL`�0���6DYL`�,��������%LRORJLMD�]D�,,�UD]UHGVUHGQMH�^NROH��%HRJUDG��=DYRG�]D�XGCEHQLNH�LQDVWDYQD�VUHGVWYD
0DUNRYL`�'��L�VDU��������'HWHNFLMD�L�NRQWURODCLYRWQH�VUHGLQH��%HRJUDG��1DXaQD�NQMLJD
2GXP�(��3��������)XQGDPHQWDOV�RI�HFRORJ\��1HZ<RUN��5HQHKDUW�DQG�:LVWRQ
2UWHQGRUIHU�-��/���+RIUDW�:��������:DVVHU�XQG$EZDVVHU��%HLWUDJH�]XU�*HZDVVHUIRUVFKXQJ�;,,����
3DQWOH�(���%XFN�+��������'LH�ELRORJLVFKH8EHUZDFKXQJ�GHU�*HZDVHU�XQG�GLH�'DUVWHOOXQJGHU�(UJQLVVH��*DVXQG�:DVVHUIDFK����������
3HWURY�%���.DOH]L`�0��������%LRORJLMD�]D�,,UD]UHG�JLPQD]LMH�SULURGQR�PDWHQDWLaNRJ�VPHUD�L,,�UD]UHG�SROMRSULYUHGQH�^NROH��%HRJUDG��=DYRG�]DXGCEHQLNH�L�QDVWDYQD�VUHGVWYD��������
6LPL`�9��������0RJX`QRVWL�HNROR^NRJPRQLWRULQJD�UHaQLK�HNRVLVWHPD�6UELMH�QD�RVQRYXPDNUR]RREHQWRVD��'RNWRUVND�GLVHUWDFLMD��%LROR^NLIDNXOWHW�8QLYHU]LWHWD�X�%HRJUDGX��%HRJUDG�6WXGHQWVNL�WUJ����
6RXWKZRRG�7��5��(��������(FRORJLFDO�0HWKRGV�/RQGRQ��&KDPSDQ�DQG�+DOO
9UDaHYL`�%���0LOXWLQRYL`�$�������0DNUR]RREHQVWRV�X�RFHQL�NYDOLWHWD�UHND�%DQMH�L3RFLEUDYH��3HWQLaNH�VYHVNH�����,,������
#LYL`�,���0DUNRYL`�=���%UDMNRYL`�0�������6DSURELROR^ND�LVWUDCLYDQMD�3XVWH�5HNH�NRUL^`HQMHP�PDNUR]RREHQWRVD�NDR�ELRLQGLNDWRUD�=D^WLWD�SULURGH������������
#LYL`�,���0DUNRYL`�=���%UDMNRYL`�0��������7KHFKDQJH�RI�WKH�VWUXFWXUH�RI�PDFUR]RREHQWKRV�LQ�WKH-HOHQDaNL�VWUHDP�XQGHU�WKH�LQIOXHQFH�RI�SROOXWLRQ�(NRORJLMD�������������

0LOR^�.RVWL`
0DFUR]RREHQWKRV�DV�DQ�,QGLFDWRU�RI
:DWHU�4XDOLW\�RI�&UQD�.DPHQLFD
5LYHU�IURP�WKH�6DSURELRWLF�$VSHFW

%HQWKRIDXQD�GLYHUVLW\�LV�VSHFLILF�IRU�HYHU\�SDUW
RI�WKH�ZDWHU�IORZ�DQG�LV�GHSHQGHQW�RQ�VSHFLILF�JHR�
JUDSKLFDO��FKHPLFDO�DQG�SK\VLFDO�IDFWRUV��7KHVH�HFR�
ORJLFDO�IDFWRU�FRPELQDWLRQV�OLPLW�DQG�FRQGLWLRQ
VSUHDGLQJ�RI�PDFUREHQWKRIDXQD��:DVWH�PDWHULDOV�XQ�
GHUPLQH�ILQH�HFRV\VWHP�EDODQFH�ZKLFK�OHDGV�WR�GLV�
WXUELQJ�WKH�ELRFHQRWLF�VWUXFWXUH�DQG�QXPHURXVLW\��

7KH�DLP�RI�WKLV�ZRUN�ZDV�WR�GHWHUPLQH�WKH�DQWUR�
SRJHQLF�LQIOXHQFH�DV�DQ�LPSRUWDQW�DQG�FUXFLDO�FDXVH
RI�ZDWHU�SROOXWLRQ�LQ�WKH�&UQD�.DPHQLFD�ULYHU�RQ
'LYFLEDUH�PRXQWDLQ��7KH�VDSURELRORJLFDO�YDOXHV�DQG
7UHQW�ELRWLF�LQGH[�RI�WKH�ULYHU�&UQD�.DPHQLFD�LQ�WKH
ILUVW�����NP�ZHUH�H[DPLQHG�E\�XVLQJ�PDFUR]RREHQ�
WKRV�DV�D�ELRLQGLFDWRU��7KHVH�UHVXOWV�ZHUH�DOVR�FRP�
SDUHG�ZLWK�SUHYLRXV�LQYHVWLJDWLRQV�RI�WKLV�ULYHU��2QH
RI�WKH�WDVNV�ZDV�DOVR�WR�H[DPLQH�LI�WKHUH�LV�VRPH
DXWR�SXULILFDWLRQ�RI�WKH�ULYHU�DIWHU�WKH�KXPDQ�LQIOX�
HQFHG�SROOXWLRQ�

6DPSOHV�ZHUH�FROOHFWHG�LQ�-XO\������IURP�VHYHQ
ORFL��'XULQJ�SUHYLRXV�WZR�LQYHVWLJDWLRQV�WKH\�ZHUH
VDPSOHG�IURP�VL[�ORFL��EXW�RQO\�WKUHH�RI�WKHP�FDQ
EH�FRPSDUHG�ZLWK�FXUUHQW�H[DPLQLQJ�DQG�WKHVH
DUH�ORFL�QR�������DQG���

7KH�ULYHU�&UQD�.DPHQLFD�LV�IRUPHG�E\�WZR�MRLQ�
LQJ�VWUHDPV�LQ�WKH�FHQWHU�RI�WKH�FRORQ\�RQ�'LYFLEDUH�
VR�IURP�WKH�EHJLQQLQJ�LW�LV�H[SRVHG�WR�WKH�DQWURSR�
JHQLF�SROOXWLRQ�LQIOXHQFH��DOWKRXJK�IRUWXQDWHO\�WKLV
HIIHFW�LV�QRW�WKDW�QRWLFHDEOH�LQ�WKH�ILUVW���NP��2Q�WKH
�QG�NP�RI�WKH�ULYHU�WKHUH�LV�DQ�LQIORZ�RI�VHZDJH
ZDWHU�IURP�WKH�'LYFLEDUH�FDQDOL]DWLRQ�V\VWHP�ZLWK�
RXW�DQ\�SUHYLRXV�UHILQHPHQW��EHFDXVH�WKH�UHILQHPHQW
SODQW�LV�LQRSHUDEOH��7KLV�FDXVHV�KLJK�GHJUHH�SROOXW�
LQJ��7KLV�SODFH�LV�ORFXV�/���)LJXUH����LQ�WKLV�LQYHV�
WLJDWLRQ�

5HVXOWV�VKRZ�WKDW�WKH�ULYHU�ZDWHU�LV���PHVRVDSUR�
ELF�LQ�WKH�HQWLUH�H[DPLQHG�SDUW�RI�WKH�IORZ��EXW�ZLWK
D�KLJK�UDQJH�RI�YDOXHV��IURP�����XS�WR������7KH�ORZ�
HVW�VDSURELRWLF�YDOXH�LV�RQ�ORFXV���¬�/���ZKLFK�LV�RQH
RI�WKH�VWUHDPV�PRXWKLQJ�WKH�ULYHU��7KDW�LQGLFDWHV
JRRG�TXDOLW\�RI�ZDWHU��7KH�KLJKHVW�YDOXH�ZDV�RQ�/�
�)LJXUH�����&RPSDULQJ�FXUUHQW�DQG�SUHYLRXV�UHVXOWV
FRQILUPV�WKDW�DOO�RWKHU�KXPDQ�LPSDFW�VRXUFHV�GR�QRW
DIIHFW�WKH�ZDWHU�TXDOLW\�LQ�WKH�ULYHU�DV�PXFK�DV�WKLV
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LQRSHUDEOH�SODQW��7UHQW�ELRWLF�LQGH[�LQGLFDWHV�HYHQ
PRUH�WKLV�SROOXWLRQ�HIIHFW�RQ�/���)LJXUH����

7UHQW�ELRWLF�LQGH[�SRLQWV�WKDW�WKHUH�LV�HYLGHQW
DXWR�SXULILFDWLRQ�RI�WKH�ULYHU�����NP�GRZQVWUHDP�/��
7KLV�LV�ORFXV�/���)LJXUH�����%HWZHHQ�/��DQG�/��LV

WKH�PRXWK�RI�WKH�VWUHDP�ZKHUH�/��ZDV��7KLV�LQGL�
FDWHV�WKDW�EHVLGHV�WKH�DELOLW\�RI�WKH�ULYHU�LWVHOI�IRU
DXWR�SXULILFDWLRQ��WKH�EHQHILFLDO�LQIOXHQFH�RI�VWUHDP
FOHDU�ZDWHU�DOVR�DVVLVWV�LQ�WKLV�LPSRUWDQW�SURFHVV�
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