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1. INTRODUCTION 

 Ground-based ionisation as a means of weath-
HU�PRGL¿FDWLRQ�ZDV� ¿UVW� LQYHVWLJDWHG� H[SHUL-
PHQWDOO\�E\�%HUQDUG�9RQQHJXW��9RQQHJXW�DQG�
0RRUH���������9RQQHJXW�FDUULHG�RXW�QXPHURXV�
H[SHULPHQWV� LQWR� WKH�HOHFWUL¿FDWLRQ�RI�FORXGV��
LQFOXGLQJ�WKH�ZLGHVSUHDG�UHOHDVHV�RI�LRQV�LQWR�
WKH�VXE�FORXG�DLU�XVLQJ�D�KLJK�YROWDJH�SRZHU�
VXSSO\�WKDW�JHQHUDWHV�FRURQD�GLVFKDUJHV�IURP�
DQ�H[WHQVLYH�DUUD\�RI�VPDOO�GLDPHWHU�ZLUHV�HO-
HYDWHG�DERYH�WKH�JURXQG�DQG�H[SRVHG�WR�OR-
FDO�ZLQGV�DQG�XSGUDIWV��9RQQHJXW�HW�DO��������
����D������E���
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ZRXOG�KDYH�RFFXUUHG�LQ�WKH�DEVHQFH�RI�$WODQW�RSHUDWLRQ�

2YHU� WKH� \HDUV� D� QXPEHU� RI� ¿HOG� H[SHUL-
PHQWV�KDYH�EHHQ�UXQ�XVLQJ�WHFKQRORJLHV�GH-
ULYHG�IURP�WKLV�WHFKQLTXH��0RRUH�HW�DO��������
.DXIPDQ� DQG� 5XL]�&ROXPELp�� ������ �������
0RVW�UHFHQWO\�D�VHULHV�RI�¿HOG�WULDOV�RI�JURXQG�
EDVHG� LRQLVDWLRQ� UDLQIDOO� HQKDQFHPHQW� WHFK-
QRORJ\�NQRZQ�DV�$WODQW�KDYH�EHHQ�FRQGXFWHG�
LQ�$XVWUDOLD��%HDUH�HW�DO���������������)XUWKHU�
GHWDLOHG� LQIRUPDWLRQ�RQ�WKH�$WODQW� WHFKQRORJ\�
FDQ�EH�GRZQORDGHG�IURP�WKH�$XVWUDOLDQ�5DLQ�
7HFKQRORJLHV¶�ZHEVLWH��$57��������
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$SULO�����

6HYHUDO�PHFKDQLVPV�H[LVW�E\�ZKLFK�LRQV�PLJKW�
LQÀXHQFH�WKH�PLFURSK\VLFDO�SURFHVVHV�RI�SUH-
FLSLWDWLRQ�IRUPDWLRQ�DW�PXOWLSOH�VWDJHV�WKURXJK�
WKH�SURFHVV��H�J��+DUULVRQ�DQG�&DUVODZ�������
IRU� DQ� RYHUYLHZ��+DUULVRQ� ������.KDLQ� HW� DO��
������7LQVOH\�HW�DO���������,Q�SDUWLFXODU��WKHUH�
LV� HYLGHQFH� FRQVLVWHQW� ZLWK� LRQV� HQKDQFLQJ�
WKH� FRDOHVFHQFH� HI¿FLHQF\� RI� FKDUJHG� FORXG�
GURSOHWV�FRPSDUHG�WR�WKH�QHXWUDO�FDVH��ZKLFK�
SURYLGHV� WKH�EDVLV� IRU� D� SRVVLEOH� K\SRWKHVLV�
IRU�KRZ�WKH�$WODQW�V\VWHP�PD\�IXQFWLRQ�WR�DI-
IHFW� UDLQIDOO�� ,QLWLDOO\��QHJDWLYH� LRQV�JHQHUDWHG�
IURP� D� KLJK�YROWDJH� FRURQD� GLVFKDUJH� ZLUH�
DUUD\� EHFRPH� DWWDFKHG� WR� SDUWLFOHV� LQ� WKH�
DWPRVSKHUH� �HVSHFLDOO\� VROXEOH� SDUWLFOHV���
ZKLFK� ODWHU�DFW�DV�FORXG�FRQGHQVDWLRQ�QXFOHL�
�&&1���7KH� LRQV�DUH�FRQYH\HG� WR� WKH�KLJKHU�
DWPRVSKHUH�E\�ZLQG�ZLWK�WKH�HOHFWULF�FKDUJHV�
RQ� WKHVH�SDUWLFOHV�EHLQJ� WUDQVIHUUHG� WR�FORXG�
GURSOHWV�� )LQDOO\� WKH� HOHFWURVWDWLF� IRUFHV� RQ�
GURSOHW�LQWHUDFWLRQ�DLGV�WKH�FRDOHVFHQFH�RI�WKH�
FORXG�GURSOHWV��UHVXOWLQJ�LQ�HQKDQFHG�UDLQGURS�
JURZWK� UDWH�DQG�XOWLPDWHO\� LQFUHDVLQJ� UDLQIDOO�
GRZQZLQG�IURP�WKH�$WODQW�LRQ�HPLWWHU��+RZHY-
HU�ZKLOH�SUHYLRXV�VWXGLHV�SURYLGH�WKLV�DW�OHDVW�
VHPL�SODXVLEOH�³FKDLQ�RI�HYHQWV´�PHFKDQLVPV�
E\�ZKLFK�LRQV�JHQHUDWHG�E\�WKH�$WODQW�PD\�LQ-
ÀXHQFH�SUHFLSLWDWLRQ�� WKH\�DUH�\HW� WR�EH�YHUL-
¿HG�REVHUYDWLRQDOO\�DQG�DW�SUHVHQW�WKHUH�LV�QR�
SK\VLFDO�HYLGHQFH�WR�LQGLFDWH�WKDW�$WODQW�DIIHFWV�
WKH�PLFURSK\VLFDO�SURSHUWLHV�RI�FORXGV��:KLOH�D�
VFLHQWL¿F�SURJUDP�WR�LQYHVWLJDWH�WKHVH�PHFKD-
QLVPV�LV�KLJKO\�GHVLUDEOH��WKLV�PD\�SURYH�WR�EH�
D� ORQJ�WHUP�DQG�H[SHQVLYH�RSHUDWLRQ��DV� WKH�
UHTXLUHG�DLUERUQH�PHDVXUHPHQW�WHFKQRORJLHV��
UHPRWH� VHQVLQJ� DQG� PRGHOOLQJ� FDSDELOLWLHV�
DUH�QRW�DV�\HW�VXI¿FLHQWO\�DGYDQFHG�WR�UHDGLO\�
FRQGXFW�VXFK�LQYHVWLJDWLRQ��,Q�SDUW��WKH�$WODQW�
¿HOG� WULDOV�KDYH�EHHQ�FRQGXFWHG� WR�HVWDEOLVK�
ZKHWKHU� VXFK� D� PDMRU� VFLHQWL¿F� XQGHUWDNLQJ�
would be warranted. 

3UHYLRXV� DQDO\VLV� RI� WKH� GDWD� FROOHFWHG� LQ�
WKHVH� ¿HOG� WULDOV� XVHG� VSDWLR�WHPSRUDO� VWD-
WLVWLFDO� PRGHOV� WR� DFFRXQW� IRU� WKH� LPSDFW� RI�

PHWHRURORJLFDO�DQG�WRSRJUDSKLF�FRQGLWLRQV�QRW�
FRQWUROODEOH� E\� WKH� UDQGRPLVHG�H[SHULPHQWDO�
GHVLJQ�� ,Q� DGGLWLRQ�� D� QRYHO� DSSOLFDWLRQ� RI� D�
UDQGRP�HIIHFW�EORFN�ERRWVWUDS�ZDV�GHYHORSHG�
IRU�LQIHUHQFH��&KDPEHUV�DQG�&KDQGUD���������
:H�DSSOLHG�WKHVH�WHFKQLTXHV�WR�WKH������$W-
ODQW�¿HOG� WULDO�XVLQJ�PHWKRGV�VLPLODU� WR� WKRVH�
XVHG�IRU�WKH������DQG������$WODQW�¿HOG�WULDOV��
VHH�%HDUH�HW�DO����������������,Q�DGGLWLRQ��ZH�
GHYHORS� D� QHZ� PRGHOOLQJ� DSSURDFK� IRU� WKH�
����� DQDO\VLV�� 7KLV� DSSURDFK� XVHV� G\QDPL-
FDOO\� GH¿QHG�XSZLQG� FRQWURO� DUHDV� WR� JHQHU-
DWH� YDOXHV� RI� DQ� LQVWUXPHQWDO� YDULDEOH� WKDW�
LQWHJUDWHV� WKH�HIIHFWV�RI�PHWHRURORJ\�DQG� WR-
SRJUDSK\�LQGXFHG�YDULDWLRQ�LQ�UDLQIDOO��7KLV�DO-
ORZV�D�PXFK�VLPSOHU�PRGHO�VSHFL¿FDWLRQ�DQG�
D�FOHDUHU�GHOLQHDWLRQ�EHWZHHQ�QDWXUDOO\�RFFXU-
ULQJ�UDLQIDOO�DQG�DGGLWLRQDO�UDLQIDOO�LQGXFHG�E\�
RSHUDWLRQ� RI� $WODQW�� 5HVXOWV� IURP� ¿WWLQJ� WKLV�
VR�FDOOHG��LQVWUXPHQWDO��PRGHO�DUH�FRQVLVWHQW�
ZLWK�WKRVH�REWDLQHG�LQ�SUHYLRXV�DQDO\VHV�

2. APPROACH TO EVALUATION   
 OF THE 2010 TRIAL

7KH� IXQGDPHQWDO� DVSHFW�RI� WKH�PHWKRGRORJ\�
XVHG�LQ�WKH�HYDOXDWLRQ�RI�WKH������DQG������
WULDOV� LV� WKH�XVH�RI�D�VWDWLVWLFDO�PRGHO� WR�HVWL-
PDWH�WKH�XQREVHUYHG��RU�QDWXUDO��UDLQIDOO�WKDW�
ZRXOG�KDYH�RFFXUUHG�LQ�WKH�WDUJHW�DUHD�KDG�WKH�
$WODQW�V\VWHP�QRW�EHHQ�RSHUDWLQJ��7KH�ZHDWK-
HU� PRGL¿FDWLRQ� HIIHFW� LV� WKHQ� WKH� GLIIHUHQFH�
EHWZHHQ�REVHUYHG� UDLQIDOO�DQG� WKH�HVWLPDWHG�
QDWXUDO�UDLQIDOO��7KH�WDUJHW�DUHD��DV�LQ�WKH������
WULDO��ZDV�GH¿QHG�WR�EH�WKH�UHJLRQ�GH¿QHG�E\�
WKH�XQLRQ�RI�WZR�����GRZQZLQG�DUFV�H[WHQGLQJ
out from the two Atlant sites used in the trial. 
7KH�VWDWLVWLFDO�PRGHO�DGRSWHG�IRU�WKLV�SXUSRVH�
ZDV� LWVHOI� UDWKHU�FRPSOH[��EHLQJ�D�PL[WXUH�RI�
¿[HG� HIIHFWV�� EDVHG� RQ� PHWHRURORJLFDO� DQG�
RURJUDSKLF�FRYDULDWHV��SOXV�UDQGRP�VSDWLDO�DQ-
GWHPSRUDO�DIIHFWV�WR�DFFRXQW�IRU�FRUUHODWLRQV�LQ�
WKH�GDWD�GXH�WR�V\VWHPDWLF�EXW�XQPHDVXUHG�LQ-
ÀXHQFHV�WKDW�PLJKW�EH�LQDGYHUWHQWO\�DWWULEXWHG�
WR�WKH�RSHUDWLQJ�VWDWXV�RI�WKH�V\VWHP�
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3HHU� UHYLHZ�RI� WKH������ WULDO� LGHQWL¿HG� WKUHH�
LVVXHV� WKDW� QHHGHG� WR� EH� FRQVLGHUHG� LQ� WKH�
GHVLJQ� DQG� DQDO\VLV� RI� WKH� ����� WULDO�� )LUVW��
WKH� H[�SRVW� GHYHORSPHQW� RI� WKH� VWDWLVWLFDO�
PRGHO� PDGH� VWDWLVWLFDO� LQIHUHQFH� OHVV� UHOL-
DEOH� WKDQ� LQGLFDWHG� E\� WKH� PRGHO� ¿W� GLDJ-
QRVWLFV��6HFRQG�� WKH� FRPSOH[LW\� RI� WKH�PRG-
HOOLQJ� DSSURDFK�� ZKLOH� QRW� VHHQ� DV� XQGXH��
PDGH� LW� GLI¿FXOW� WR� IROORZ� DQG� LQWHUSUHW� WKH�
UHVXOWV�� 7KLUG�� WKH� DEVHQFH� RI� EORFNLQJ� LQ�
WKH� UDQGRPLVHG� GHVLJQ� XVHG� WR� GHWHUPLQH�
GD\�WR�GD\� RSHUDWLRQ� RI� WKH� $WODQW� PHFKD-
QLVPV�ZDV� D� SRWHQWLDO� VRXUFH� RI� LQHI¿FLHQF\�
WKDW� VKRXOG� EH� FRQVLGHUHG� LQ� IXUWKHU� WULDOV��
  

1RWH�WKDW� WKH�&��VLWH�ZDV�WKH�RQO\�RQH�XVHG�
LQ� WKH� ����� 0RXQW� /RIW\� 5DQJHV� 7ULDO�� 7KH�
WULDO� UDQ� IRU� ���� GD\V� VXEMHFW� WR� WKH� RSHUDW-
LQJ� SURWRFRO� GHVFULEHG� EHORZ�� FRPPHQF-
LQJ� DW� �� DP���� -XO\� ����� DQG� ¿QLVKLQJ� DW� ��
DP� ��� 'HFHPEHU� ������ ORFDO� WLPH�� 'XU-
LQJ� WKH� WULDO�� WKH� $WODQW� LRQ� JHQHUDWLRQ� VLWHV�
ZHUH� VZLWFKHG� RQ� DQG� RII� DW� �� DP� LQ� DFFRU

7KH�ODVW�RI�WKHVH�LVVXHV�ZDV�WKH�GULYLQJ�IRUFH�
LQ� WKH�GHVLJQ� WKDW�ZDV�DGRSWHG� IRU� WKH������
trial.

3. DESIGN OF THE 2010 MOUNT   
 LOFTY RANGES TRIAL

$�SULPDU\�DLP�RI�WKH������0RXQW�/RIW\�5DQJ-
HV�WULDO�ZDV�WR�DJDLQ� WHVW� WKH�K\SRWKHVLV� WKDW�
RSHUDWLRQ�RI�WKH�$WODQW�V\VWHPV�LQ�WKH�DVVHVV-
PHQW� UHJLRQ� OHDG� WR� LQFUHDVHG� UDLQIDOO� LQ� WKH�
WULDO�WDUJHW�DUHD��7KH�VLWHV�&��DQG�&��XVHG�LQ�
WKH������0RXQW�/RIW\�5DQJHV�7ULDO�ZHUH�DJDLQ�
VHOHFWHG�IRU�WKH������WULDO��)LJXUH�����

)LJXUH����7KH�ORFDWLRQ�RI�WKH�$WODQW�VLWHV��¨��DW�&��DQG�&���7KH�UDLQ�JDXJHV�XVHG�LQ�WKH�WULDO�DUH�
LQGLFDWHG�E\�JUHHQ�GRWV��7KH�FLUFOHV�FHQWUHG�RQ�WKH�$WODQW�VLWHV�KDYH�D�UDGLXV�RI�DSSUR[����NP��
'RZQZLQG�WDUJHW�VHFWRUV��\HOORZ��DUH�VKRZQ�IRU�D�ZHVWHUO\�ZLQG��7KH�RULHQWDWLRQ�RI�WKH�VHFWRUV�
DQG�GHJUHH�RI�RYHUODS�LV�GHSHQGHQW�RQ�WKH�GLUHFWLRQ�RI�WKH�ZLQG�

GDQFH� ZLWK� WKH� VSHFL¿HG� VZLWFKLQJ� UHJLPH��
7KLV�ZDV� WR�FRLQFLGH�ZLWK� WKH�%XUHDX�RI�0H-
WHRURORJ\� �%R0�� UHSRUWLQJ� WLPH� IRU� WKH� UDLQ�
JDXJHV��DQG�WR�UHGXFH�WKH�FKDQFH�WKDW�RYHU-
ODS� RI� UDLQIDOO� PHDVXUHPHQWV� GLOXWHG� WKH� UH-
VXOWV�� $Q� DGGLWLRQDO� DGYDQWDJH� ZDV� RQH� RI�
RSHUDWLRQDO� FRQYHQLHQFH�� LQ� WKDW� �� DP� LV�
DSSUR[LPDWHO\� WKH� VWDUW� RI� D� ZRUNLQJ� GD\�
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$����PLQXWH� µWHPSRUDO�EXIIHU¶�ZDV�DOVR�DGGHG�
WR�WKH�VZLWFK�WLPH��LQ�UHFRJQLWLRQ�WKDW�WKHUH�PD\�
EH�D�GHOD\��DOEHLW�RI�XQNQRZQ�OHQJWK��EHWZHHQ�
ZKHQ�WKH�GHYLFH�LV�VZLWFKHG�RII�RU�RQ�DQG�DQ\�
HIIHFW�RQ�UDLQIDOO�GRZQZLQG�RI�WKH�GHYLFH��7KXV��
ZLWK�D�QRPLQDO�VZLWFK�WLPH�DW���DP��WKH�RSHUDW-
LQJ�$WODQW� ZDV� WXUQHG� RII� DW� ����� DP� DQG� WKH�
RQJRLQJ� $WODQW� ZDV� WKHQ� WXUQHG� RQ� DW� �� DP�

7KH�$WODQW�V\VWHPV�ZHUH�RSHUDWHG�DFFRUGLQJ�WR�
D�VWDQGDUG�UDQGRPLVHG�EORFN�GHVLJQ��7KLV�SODQ�
ZDV�³EORFNHG´�E\�FDOHQGDU�WLPH�DQG�SURSHQVLW\�
WR�UDLQ��ZLWK�UDLQIDOO�SURSHQVLW\�RQ�D�GD\�GHWHU-
PLQHG�E\�WKH�%R0�3RRU�0DQ¶V�(QVHPEOH��30(��
UDLQIDOO� PRGHO� IRUHFDVW� LQ� WKH� DVVHVVPHQW� UH-
JLRQ�RQ� WKH�GD\��$� UDQGRP�QXPEHU�JHQHUDWRU�
LQ� 0DWODE� ZDV� XVHG� WR� UDQGRPO\� DOORFDWH� WKH�
RQH�GD\� XQLWV� OHDGLQJ� WR� D� UDQGRP� VHTXHQFH�
RI����GD\V�ZKHQ�HDFK�$WODQW��HLWKHU�&��RU�&��
GHSHQGLQJ�RQ�WKH�VLWH��LV�RQ��DQG����GD\V�ZKHQ�
LW�LV�RII��2Q�HDFK�GD\��LI�WKH�30(�PRGHO�µFKDQFH�
RI� UDLQIDOO¶� VKRZHG� WKDW� WKHUH� ZDV� DW� OHDVW� D�
���SHU�FHQW�FKDQFH�RI�DYHUDJH�UDLQIDOO�JUHDWHU�
WKDQ���PP�ZLWKLQ�WKH�DVVHVVPHQW�UHJLRQ����oS-
��o6�����o(����o(��IRU�WKH�PRUQLQJ�RI�WKH�GD\�
LQ�TXHVWLRQ��WKHQ�WKLV�GD\�ZDV�GHHPHG�D�µVXLW-
DEOH�GD\¶�DQG�RSHUDWLRQ�FRPPHQFHG�� ,I�D�GD\�
ZDV� GHHPHG� QRW� VXLWDEOH�� WKHQ� QR� RSHUDWLRQ�
WRRN� SODFH� XQWLO� WKH� QH[W� VXLWDEOH� GD\� ZKHQ�
WKH� QH[W� FRQVHFXWLYH� UDQGRPLVHG� GD\� VFKHG-
XOH� ZDV� IROORZHG�� 7KH� 30(�PRGHO� FRPELQHV�
VHYHUDO� 1XPHULFDO�:HDWKHU� 3UHGLFWLRQ� �1:3��
PRGHOV� WR� SURGXFH� UDLQIDOO� IRUHFDVWV� XVLQJ� D�
WHFKQLTXH� NQRZQ� DV� ³SUREDELOLW\� PDWFKHG� HQ-
VHPEOH�PHDQ´��6XFK�D�FRPELQDWLRQ�KDV�EHHQ�
VKRZQ� WR� SURYLGH� D� PRUH� DFFXUDWH� IRUHFDVW�
WKDQ�XVLQJ�D� VLQJOH�PRGHO�� DQG� LV� FRQVLGHUHG�
WR�EH�%R0¶V�PRVW�DFFXUDWH�VPDOO�DUHD� UDLQIDOO�
PRGHO� �(EHUW�� ������� 7KH� 30(� PRGHO� LV� XS-
GDWHG�DW�DSSUR[LPDWHO\���DP�HDFK�GD\��2I�WKH�
����GD\V�RI�WKH�WULDO������ZHUH�FRQVLGHUHG�VXLW-
DEOH� DFFRUGLQJ� WR� WKLV� SURFHGXUH��7KHUH�ZHUH�
HTXLSPHQW� PDOIXQFWLRQV� RQ� �� RI� WKHVH� VXLW-
DEOH�GD\V�OHDGLQJ�WR�D�ORVV�RI�RSHUDWLQJ�KRXUV�

$V�D�FRQVHTXHQFH��RQO\�GDWD�IURP�WKH�����VXLW-
DEOH�GD\V�ZKHQ�WKH�$WODQW�PHFKDQLVPV�RSHUDWHG�
FRQWLQXRXVO\�IRU�DW�OHDVW����KRXUV�HDFK�GD\�����
GD\V�ZKHQ�&��ZDV�RSHUDWHG�DQG����GD\V�ZKHQ�
&��ZDV�RSHUDWHG��ZHUH�XVHG�LQ�WKH�WULDO�DQDO\VLV�

4.  COMPARISON WITH 2009 
 MODELLING APPROACH

7KH�VDPH�VWDWLVWLFDO�PHWKRGRORJ\�XVHG� LQ� WKH�
����� WULDO� ZDV� XVHG� ZLWK� WKH� ����� WULDO� GDWD��
7KLV� ZDV� GRQH� LQ� RUGHU� WR� HQVXUH� FRPSDUD-
ELOLW\�ZLWK� WKH�PRGHO�XVHG� WR�DVVHVV� WKH������
WULDO� DQG� DOVR� WR� DGGUHVV� WKH� LVVXH� RI� H[�SRVW�
PRGHO�GHYHORSPHQW�WKDW�KDG�EHHQ�UDLVHG�ZLWK�
UHVSHFW�WR�WKH�DQDO\VLV�RI�WKH�GDWD�FROOHFWHG�IRU�
WKDW�WULDO��7KH�PRGHO� LV�IRU�UDLQIDOO�DW� LQGLYLGXDO�
JDXJHV��KHUHDIWHU� WHUPHG�JDXJH�OHYHO� UDLQIDOO��
LQ� WKH� WDUJHW� DUHD� HDFK� GD\�� DQG� FRQWUROV� IRU�
WKH�LQÀXHQFH�RI�PHWHRURORJLFDO�DQG�RURJUDSKLF�
FRQGLWLRQV�RQ�REVHUYHG�UDLQIDOO��'DLO\�YDULDWLRQ�
LQ�DWPRVSKHULF�PRLVWXUH�LV�FRQWUROOHG�XVLQJ�WKH�
SURSRUWLRQ�RI�XSZLQG�JDXJHV��L�H��WKRVH�JDXJHV�
DW�OHDVW�����DZD\�IURP�GLUHFWO\�GRZQZLQG�DW�HL-
WKHU�$WODQW�VLWH��WKDW�UHSRUWHG�UDLQIDOO�RQ�WKH�GD\��
7KHUH�ZHUH�VXEVWDQWLDO�GLIIHUHQFHV�LQ�PHWHRUR-
ORJLFDO�FRQGLWLRQV�RYHU�WKH������DQG������WULDOV��
,Q�SDUWLFXODU��WKHUH�ZDV�DQ�LQFUHDVH�LQ�SUHYDLO-
LQJ�ZLQGV�IURP�WKH�VRXWKZHVW��$YHUDJH�UDLQIDOO�
IRU�WKH�WULDO�DUHD�ZDV�DOVR�PXFK�KLJKHU�LQ�������
ZLWK�WZR�GD\V�ZKHUH�DYHUDJH�UDLQIDOO�DFURVV�WKH�
WULDO� DUHD� H[FHHGHG� ���PP��ZLWK� RYHU� ��� SHU�
FHQW�RI�JDXJHV�UHSRUWLQJ�UDLQIDOO��7KHUH�ZHUH�D�
IXUWKHU� ��� GD\V� ZKHQ� ZLGHVSUHDG� KHDY\� UDLQ�
ZDV�UHFRUGHG��GH¿QHG�DV�DQ�DYHUDJH�UDLQIDOO�RI�
���PP�RU�PRUH�DFURVV�WKH�WULDO�DUHD��ZLWK�RYHU�
���SHU�FHQW�RI�JDXJHV�UHFRUGLQJ�UDLQ��2YHUDOO��
WKH�VWDWLVWLFDO�PRGHO�ZDV�DEOH�WR�H[SODLQ����SHU�
FHQW�RI�WKH�JDXJH�E\�GD\�YDULDWLRQ�LQ�REVHUYHG�
UDLQIDOO�IRU�WKH�JDXJHV�LQ�WKH�WDUJHW�DUHD��ZKLFK�
ZDV�VLPLODU�WR�LWV�SHUIRUPDQFH�LQ�WKH������WULDO�

A total of 4711 rain measurements were made 
RYHU�WKH�����GD\V�RI�WKH�WULDO�ZKHQ�WKH�$WODQWV�
ZHUH� RSHUDWLRQDO�� DQG� DQ� DYHUDJH� RI� ����PP
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RI�UDLQ�ZDV�UHFRUGHG�DW�HDFK�GRZQZLQG�JDXJH�
WKDW�UHSRUWHG�UDLQIDOO��7KH�PRGHO�HVWLPDWHG�WKDW�
����PP�RI�WKLV�UDLQ�FRXOG�EH�DWWULEXWHG�WR�QDWXUDO�
FDXVHV�� OHDYLQJ�����PP�RI� UDLQIDOO�DWWULEXWDEOH�
WR� WKH� RSHUDWLRQ� RI�$WODQW�� 7KLV� FRUUHVSRQGHG�
WR�DQ�HVWLPDWHG�UDLQIDOO�HQKDQFHPHQW�HIIHFW�RI�
�����SHU�FHQW��ZLWK�D�ERRWVWUDS�S�YDOXH�RI�������
7KLV�LV�RI�WKH�VDPH�RUGHU�RI�PDJQLWXGH�DV�WKH�
HIIHFW� HVWLPDWHG� IRU� WKH� ����� WULDO�� )LJXUH� ��
VKRZV� WKH� UDQGRP�HIIHFW� EORFN� ERRWVWUDS� GLV�
WULEXWLRQ� RI� WKH� HVWLPDWHG� HQKDQFHPHQW� HIIHFW�
IRU�������EDVHG�RQ��������ERRWVWUDS�UHSOLFDWHV��
7KLV�VKRZV�WKDW�D�RQH�VLGHG����SHU�FHQW�ERRW�
VWUDS�FRQ¿�GHQFH�LQWHUYDO�IRU�WKH�WUXH�HQKDQFH�
PHQW�HIIHFW�H[FOXGHV�]HUR��
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$V�ZLWK�WKH�PRGHO�¿�WWHG�WR�WKH�GDWD�FROOHFWHG�LQ�
WKH������WULDO��WKHUH�ZDV�DV\PPHWU\�LQ�WKH�FRQ�
tribution of the two Atlant sites to this estimated 
HQKDQFHPHQW� HIIHFW�� ,Q� ������ WKH� HVWLPDWHG�
HIIHFW�ZDV�VWURQJO\�DVVRFLDWHG�ZLWK�WKH�RSHUD�
WLRQ�RI�&��UDWKHU�WKDQ�&���+RZHYHU��LQ������WKLV�
DV\PPHWU\� ZDV� UHYHUVHG�� ZLWK� WKH� HVWLPDWHG�
HIIHFW�VWURQJO\�DVVRFLDWHG�ZLWK�WKH�RSHUDWLRQ�RI�
&��UDWKHU�WKDQ�&���1R�VLQJOH�FOHDU�UHDVRQ�FRXOG�
EH� LGHQWL¿�HG� IRU� WKLV�VZLWFK��+RZHYHU�� WKHUH� LV�
VRPH�HYLGHQFH�WKDW�LW�LV�SDUWO\�WKH�UHVXOW�RI�WKH�
FKDQJH� LQ� PHWHRURORJLFDO� FRQGLWLRQV� EHWZHHQ�
�����DQG������

)LJXUH�����5DQGRP�HIIHFW�EORFN�ERRWVWUDS�GLVWULEXWLRQ�RI�WKH�HVWLPDWHG�$WODQW�HQKDQFHPHQW�HIIHFW�
�$WWULEXWLRQ�� UHODWLYH� WR�HVWLPDWHG�QDWXUDO� UDLQIDOO� RYHU� WKH�����RSHUDWLQJ�GD\V�RI� WKH������ WULDO�
SHULRG�� 9HUWLFDO� GDVKHG� OLQH� LQGLFDWHV� WKH� YDOXH� RI� WKH� HVWLPDWHG� HQKDQFHPHQW� HIIHFW�

a�6&,(17,),&�3$3(56�a�

5. A SIMPLIFIED APPROACH TO 
 MODELLING THE 2010 TRIAL DATA

7KH�FRPSOH[LW\�RI�WKH�PRGHO�XVHG�WR�¿�W�JDXJH�
OHYHO�UDLQIDOO�LQ�WKH�SUHVHQFH�RI�SRWHQWLDO�HIIHFWV�
GXH�WR�WKH�RSHUDWLRQ�RI�$WODQW�ZDV�UDLVHG�LQ�WKH�
SHHU�UHYLHZ�RI�WKH������WULDO��,Q�SDUWLFXODU�WKHUH

ZDV� VRPH� FRQFHUQ� DERXW� WKH� IDFW� WKDW� WKH�
PRGHO� VLPXOWDQHRXVO\� DFFRXQWHG� IRU� ERWK�
WKH� GD\�WR�GD\� YDULDWLRQ� LQ� QDWXUDO� UDLQIDOO� DW�
D� JDXJH�� DV� ZHOO� DV� WKH� SRWHQWLDO� $WODQW� HI�
IHFW�7R� DGGUHVV� WKLV� LVVXH� RI� PRGHO� FRP�
SOH[LW\�� D� VLPSOHU� LQVWUXPHQWDO� YDULDEOH� PRG�
HO� ZDV� GHYHORSHG� IRU� WKH� ����� WULDO� GDWD��
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7KLV�PRGHO�EDVHV�SUHGLFWLRQ�RI�QDWXUDO� UDLQIDOO�
GRZQZLQG� SXUHO\� RQ� WKH� UHODWLRQVKLS� EHWZHHQ�
XSZLQG�UDLQIDOO�DQG�WKH�PHWHRURORJLFDO�DQG�RUR-
JUDSKLF�FRYDULDWHV��7KLV�SUHGLFWHG�YDOXH�LV�WKHQ�
XVHG�DV�D�¿[HG�HIIHFW�LQ�D�PXFK�VLPSOHU�VHFRQG�
PRGHO� IRU� GRZQZLQG� UDLQIDOO� WKDW� DFFRXQWV� IRU�
WKH�RSHUDWLQJ�VWDWXV�RI�WKH�V\VWHP�DQG�WKH�VSD-
WLDO�DQG�WHPSRUDO�UDQGRP�HIIHFWV�

5.1 8SZLQG�PRGHO�GHYHORSPHQW

$�NH\�DVSHFW�RI�WKH�LQVWUXPHQWDO�PRGHOOLQJ�DS-
SURDFK�LV�WKH�GHYHORSPHQW�RI�WKH�LQVWUXPHQWDO�
YDULDEOH�� L�H�� WKH� YDULDEOH� WKDW� LV� XVHG� WR� LQGL-
FDWH� WKH� H[SHFWHG� DPRXQW� RI� µQDWXUDO¶� UDLQ� DW�
D�JDXJH��7KLV�YDULDEOH�ZDV�GH¿QHG�E\�PRGHO-
OLQJ�WKH�UHODWLRQVKLS�EHWZHHQ�REVHUYHG�UDLQIDOO�
DQG�PHWHRURORJLFDO�DQG�RURJUDSKLF�FRYDULDWHV�
IRU�XSZLQG�JDXJHV��$V�QRWHG�HDUOLHU��WKHVH�DUH�
JDXJHV�WKDW�DUH�DW�OHDVW�����DZD\�IURP�GLUHFWO\�
GRZQZLQG�DW�HLWKHU�$WODQW�VLWH�RQ�WKH�GD\��(IIHF-
WLYHO\��UDLQIDOO�GDWD�IURP�WKHVH�JDXJHV�RYHU�WKH�
WULDO�SHULRG�ZHUH�XVHG�WR�JHQHUDWH�D�µPRGHOOHG¶�
FRQWURO�YDOXH�IRU�HYHU\�GRZQZLQG�UDLQIDOO�REVHU-
YDWLRQ��/LNH�WKH�GRZQZLQG�WDUJHW�DUHD��WKH�XS-
ZLQG�FRQWURO�DUHD�LV�G\QDPLFDOO\�GH¿QHG��VLQFH�
D�JDXJH�FDQ�EH�GRZQZLQG�RQH�GD\� �ZKHQ� LWV�
UDLQIDOO�LV�VXEMHFW�WR�$WODQW�LQÀXHQFH��DQG�VR�FRQ-
VWLWXWHV�D�SRWHQWLDO�WDUJHW�YDOXH��DQG�EH�XSZLQG�
WKH�QH[W�GD\��ZKHQ�LWV�UDLQIDOO�LV�QRW�VXEMHFW�WR�
$WODQW�LQÀXHQFH�DQG�KHQFH�VHUYHV�DV�D�FRQWURO��

,Q� RUGHU� WR� GHYHORS� WKH� XSZLQG� PRGHO�� WZR�
FKDQJHV�ZHUH�PDGH� WR� LPSURYH� WKH� H[SODQD-
WRU\�SRZHU�RI�WKH�PHWHRURORJLFDO�DQG�RURJUDSK-
LF� FRYDULDWHV� XVHG� LQ� WKLV�PRGHO�� 7KH� ¿UVW� LQ-
YROYHG� PRGLI\LQJ� WKH� ZLQG� GLUHFWLRQ� YDULDEOH�
XVHG�LQ�WKH������PRGHOOLQJ�H[HUFLVH�WR�IXUWKHU�
UHGXFH� LWV� QRQ�PRQRWRQH� EHKDYLRXU�$V� PHD-
VXUHG��WKH�GLIIHUHQFH�EHWZHHQ�DQ\�WZR�ZLQG�GL-
UHFWLRQV�KDV�WZR�YDOXHV�ZLWK�D�VLQJXODULW\�DW���
RU�����GHJUHHV��$Q�LQLWLDO�DWWHPSW�WR�WUDQVIRUP�
ZLQG� GLUHFWLRQV� ZDV� PDGH� IRU� WKH� ����� WULDO�
DQDO\VLV� LQ�RUGHU� WR�DGGUHVV� WKH�¿UVW�SUREOHP�

+RZHYHU��WKH�WUDQVIRUPDWLRQ�ZDV�QRW�PRQRWRQH�
DV�FDQ�EH�VHHQ�LQ�WKH�OHIW�KDQG�SDQHOV�RI�)LJ-
XUH����1RWH�WKDW�GLUHFWLRQV�VKRZQ�KHUH�DUH�µ(DVW�
=HURHG¶��L�H��GXH�(DVW�LV�VHW�WR�������GHJUHHV��
$Q� LWHUDWHG� ORJDULWKPLF� WUDQVIRUPDWLRQ� ZDV�
XVHG�WR�GH¿QH�WKH�VPRRWK�PRQRWRQH�WUDQVIRU-
PDWLRQV� VKRZQ� LQ� WKH� ULJKW� KDQG� SDQHO��:LQG�
GLUHFWLRQ�YDOXHV�GH¿QHG�E\�WKLV�PRGL¿HG�WUDQV-
formation, denoted LSWD, were then used in 
WKH�PRGHOOLQJ�SURFHVV��$�VHFRQG�LVVXH�UHODWHG�
WR�WKH�XVH�RI�DQ�LQGLFDWRU�YDULDEOH�IRU�GD\V�ZLWK�
KHDY\� ZLGHVSUHDG� UDLQIDOO�� 7KLV� LQGLFDWRU� ZDV�
QHFHVVDU\�LQ�RUGHU�WR�VWRS�UDLQIDOO�YDOXHV�IURP�
VXFK� GD\V� GRPLQDWLQJ� WKH�PRGHOOLQJ� SURFHVV��
+RZHYHU��SHHU�UHYLHZ�RI�WKH������WULDO�DQDO\VLV�
VXJJHVWHG�WKDW�LW�VKRXOG�EH�SRVVLEOH�WR�UHPRYH�
PXFK�RI�WKH�QHHG�IRU�WKLV�DG�KRF�PRGHO�DGMXVW-
PHQW�E\�LQFOXGLQJ�WKH�GDLO\�YDOXHV�RI�WKH�WKUHH�
%20� VWDELOLW\� LQGLFHV� LQWR� WKH� PRGHO�� 7KHUH�
ZHUH�WKUHH�VXFK�LQGLFHV��WKH�7RWDO�7RWDOV�LQGH[�
�77���WKH�/LIWHG�,QGH[��/,���DQG�WKH�3UHFLSLWDEOH�
:DWHU�LQGH[��3:���9DOXHV�RI�WKHVH�LQGLFHV�ZHUH�
DYDLODEOH�DW����KRXUO\�LQWHUYDOV��$Q�H[DPLQDWLRQ�
RI�WKH�UHODWLRQVKLS�EHWZHHQ�WKH�YDOXHV�RI�WKHVH�
LQGLFHV�DQG�GDLO\�JDXJH�OHYHO�UDLQIDOO�LQGLFDWHG�
D�VWURQJ�UHODWLRQVKLS�EHWZHHQ�3UHFLSLWDEOH�:D-
WHU�DQG�JDXJH�OHYHO� UDLQIDOO�� EXW�PXFK�ZHDNHU�
UHODWLRQVKLSV� EHWZHHQ� WKH� RWKHU� WZR� LQGLFHV�
DQG�JDXJH�OHYHO�UDLQIDOO��,Q�SDUWLFXODU��YDOXHV�RI�
3UHFLSLWDEOH�:DWHU�ZHUH�JHQHUDOO\�JRRG�LQGLFD-
WRUV�IRU�ZLGHVSUHDG�UDLQ�HYHQWV�LQ�������+RZ-
HYHU��QRQH�RI�WKHVH�LQGLFHV�ZHUH�DEOH�WR�LGHQWLI\�
WZR� H[WUHPH� UDLQ� HYHQWV�� �� 6HSWHPEHU��ZKHQ�
DYHUDJH�UDLQIDOO�DFURVV�WKH�WULDO�DUHD�ZDV������
PP�ZLWK�����RXW�RI�����JDXJHV�UHSRUWLQJ�UDLQ��
DQG���'HFHPEHU��ZKHQ�DYHUDJH�UDLQIDOO�DFURVV�
WKH�WULDO�DUHD�ZDV������PP�ZLWK�����RXW�RI�����
JDXJHV�UHSRUWLQJ�UDLQ��&RQVHTXHQWO\�WKHVH�WZR�
GD\V�ZHUH� WKH�RQO\�GD\V�DOORFDWHG�D�VHSDUDWH�
PHDQ�HIIHFW��+HDY\�5DLQ�'D\��LQ�D�PRGHO�WKDW�
LQFOXGHG�WKUHH�H[WUD�HIIHFWV�GH¿QHG�E\�WKHVH�LQ-
GLFHV���WKH�DYHUDJH�RI�WKH�WZR�3UHFLSLWDEOH�:DWHU�
UHDGLQJV��3UHFLSLWDEOH�:DWHU��DQG�WKH�¿UVW�DQG�
VHFRQG� SULQFLSDO� FRPSRQHQWV� RI� WKH� UHPDLQ-
LQJ� IRXU� LQGH[� YDOXHV�� GHQRWHG� �VW� 3ULQ&RPS�
�77	/,��DQG��QG�3ULQ&RPS��77	/,��UHVSHFWLYHO\�

a�6&,(17,),&�3$3(56�a�
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)LJXUH���� �7UDQVIRUPDWLRQ�RI�ZLQG�GLUHFWLRQ�GDWD��/HIW�SDQHO� LV� WUDQVIRUPDWLRQ�XVHG� LQ������ WUL-
DO� DQDO\VLV� �GHQRWHG� E\�6:'���5LJKW� SDQHO� LV� QHZ� WUDQVIRUPDWLRQ� �GHQRWHG� E\� /6:'���5RZV�
FRUUHVSRQG�WR�GLIIHUHQW�YDOXHV�RI�K3D�
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7DEOH���VKRZV� WKH�¿W�RI� WKH� UHJUHVVLRQ�PRGHO�
WR�WKH� ORJDULWKP�RI�XSZLQG�JDXJH�OHYHO�UDLQIDOO�
IURP�������EDVHG�RQ� WKH������XSZLQG�UDLQIDOO�
UHDGLQJV�RYHU�WKH�WULDO�SHULRG��7KH�YDULDEOH�GH¿-
QLWLRQV�DUH�WKH�VDPH�DV�LQ�������ZLWK�WKH�H[FHS-
WLRQ�RI�WKH�LQWURGXFWLRQ�RI�UHYLVHG�ZLQG�GLUHFWLRQ�
HIIHFWV��GHQRWHG�E\�/6:'���VHH�)LJXUH�����WKH�
LQFOXVLRQ�RI�GDLO\�UDQJH�HIIHFWV�IRU�$YHUDJH�'DLO\�
7HPSHUDWXUH��'HZ�3RLQW�7HPSHUDWXUH�DQG�6HD�
/HYHO�3UHVVXUH�� DQG� WKH�XVH�RI� DYHUDJH�GDLO\�
YDOXHV�RI�3UHFLSLWDEOH�:DWHU� DQG� WKH� ¿UVW� WZR�
SULQFLSDO�FRPSRQHQWV�RI�GDLO\�YDOXHV�RI�WKH�7RWDO�
7RWDOV�DQG�/LIWHG�,QGH[�LQGLFHV��7KH�XVH�RI�3UH-
FLSLWDEOH�:DWHU� LQ�SDUWLFXODU�DOORZHG� WKH�GURS-
SLQJ�RI� WKH�:LGHVSUHDG�5DLQ�'D\�HIIHFW�XVHG�
LQ�������+RZHYHU��DV�ZH�KDYH�DOUHDG\�QRWHG��

WKHUH�ZHUH�VWLOO�WZR�GD\V����6HSWHPEHU��DQG���
'HFHPEHU�� LQ������ZKHQ� WKH� UDLQIDOO�ZDV�H[-
WUHPH��7KHVH�GD\V�DUH�DOORZHG� IRU� YLD� WKH� LQ-
FOXVLRQ�RI�WKH�]HUR�RQH�HIIHFW�+HDY\�5DLQ�'D\��
1RWH� WKDW� VLJQL¿FDQW� GD\�WR�GD\� DQG� JDXJH�
WR�JDXJH�GLIIHUHQFHV� LQ� WKH� UDLQIDOO�GDWD�XQH[-
SODLQHG� E\� WKH�PHWHRURORJLFDO� DQG� RURJUDSKLF�
YDULDEOHV�LQ�WKH�PRGHO�ZHUH�DOORZHG�IRU�LQ�PRG-
HO�¿WWLQJ�E\�WKH�LQFOXVLRQ�RI�UDQGRP�JDXJH�DQG�
GD\�HIIHFWV��7RJHWKHU��WKHVH�HIIHFWV�DFFRXQW�IRU�
DSSUR[LPDWHO\����SHU� FHQW�RI� WKH�XQH[SODLQHG�
YDULDELOLW\� LQ� WKH� ORJDULWKPV�RI� WKH�JDXJH� OHYHO�
XSZLQG�UDLQIDOO�GDWD�WKDW�ZDV�UHFRUGHG�
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7DEOH� ��� � 8SZLQG� PRGHO� SDUDPHWHU� HVWLPDWHV� IRU� ORJDULWKP� RI� UDLQIDOO� LQ� WKH� ����� WULDO��
6WDWLVWLFDOO\�VLJQL¿FDQW�FRYDULDWHV�DUH�EROGHG�

Parameter Estimate SE 6LJQL¿FDQFH
,QWHUFHSW ������ ������� ������
$XJ6HSW ������ ������ ������

+HDY\�5DLQ�'D\ ������ ������ ������
3UHFLSLWDEOH�:DWHU ������ ������ <.0001

�VW�3ULQ&RPS��77	/,� ������� ������ ������
�QG�3ULQ&RPS��77	/,� ������ ������ ������

:LQG�6SHHG���� ������� ������ 0.0158
:LQG�6SHHG�����/� ������� ������ ������
:LQG�6SHHG���� ������ ������ ������

:LQG�6SHHG�����/� ������ ������ ������
:LQG�6SHHG���� ������ ������ ������

:LQG�6SHHG�����/� ������ ������ ������
/6:'���� 1.3414 ������ ������

/6:'�����/� ������ ������ ������
/6:'���� ������ ������ ������

/6:'�����/� ������ ������ ������
/6:'���� ������� ������ ������

/6:'�����/� ������� ������ ������
$YHUDJH�'DLO\�7HPS ������� ������ ������

7HPS�5DQJH ������ ������ ������
'HZ�3RLQW�
'LIIHUHQFH

������� ������ ������

'HZ�3RLQW�5DQJH ������ ������ ������
6HD�/HYHO�
3UHVVXUH

������� ������ ������

3UHVVXUH�5DQJH ������ ������ 0.0693
(OHYDWLRQ������P� ������ ������ <.0001

a�6&,(17,),&�3$3(56�a�
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,GHDOO\�� RQH�ZRXOG� OLNH� WR�PHDVXUH� UDLQIDOO� RQ�
WKH� VDPH� GD\� DW� PDWFKHG� FRQWURO� DQG� WDUJHW�
JDXJHV��L�H��JDXJHV�WKDW�GLIIHU�RQO\�LQ�WKHLU�H[-
SRVXUH� WR� WKH�$WODQW� SURFHVV�� ,Q� WKLV� FRQWH[W��
XSZLQG� JDXJHV� RQ� DQ\� SDUWLFXODU� GD\� VDWLVI\�
WKH� UHTXLUHPHQW� WKDW� WKH\� DUH� QRW� H[SRVHG��

8QIRUWXQDWHO\�� DQ� LQGLYLGXDO� JDXJH� FDQQRW�
VHUYH�DV�D�FRQWURO� IRU� WKH�HQWLUH�SHULRG�RI� WKH�
WULDO�DV� LW�FDQ�EH�XSZLQG�RI� WKH�$WODQW�VLWHV�RQ�
RQH�GD\�DQG�GRZQZLQG�RQ�DQRWKHU��+RZHYHU��
JLYHQ� WKDW� WKH� OHYHO� RI� UDLQIDOO� UHFRUGHG�ZKHQ�
D� JDXJH� LV� XSZLQG� LV� GHWHUPLQHG� LQGHSHQ-
GHQWO\� RI� DQ\WKLQJ� RFFXUULQJ� GRZQZLQG�� LW� LV�
SRVVLEOH� WR� XVH� WKH� UDLQIDOO� GDWD� PHDVXUHG�
ZKHQ� WKH�JDXJH� LV�XSZLQG� WR�FRQVWUXFW�DQ� LQ-
VWUXPHQWDO�FRQWURO�YDULDEOH�WKDW�LV�LQGHSHQGHQW�
RI�D�JDXJH¶V� ORFDWLRQ�UHODWLYH� WR� WKH�SUHYDLOLQJ�
ZLQG� GLUHFWLRQ�� 7KLV� LQVWUXPHQWDO� FRQWURO� YDUL-
DEOH�LV�GH¿QHG�E\�WKH�PRGHO�¿W�VKRZQ�LQ�7DEOH�
���VLQFH� WKH�SUHGLFWHG�YDOXH�RI�XSZLQG� UDLQIDOO�
JHQHUDWHG�E\� WKLV�PRGHO�DV�D� IXQFWLRQ�RI�PH-
WHRURORJLFDO�DQG�¿[HG�RURJUDSKLF�HIIHFWV� LV� LQ-
GHSHQGHQW� RI� DQ\� GRZQZLQG� LQÀXHQFH�� 7KH�
¿WWHG�YDOXHV�JHQHUDWHG�E\�DSSO\LQJ� WKH�PRGHO�
SDUDPHWHUV�LQ�7DEOH���WR�WKH�PHWHRURORJLFDO�DQG�
RURJUDSKLF�FRQGLWLRQV�ZKHQ�D�JDXJH� LV�GRZQ-
ZLQG�FDQ�WKHQ�XVHG�WR�FDOFXODWH�D�SUHGLFWLRQ�RI�
QDWXUDO� UDLQIDOO�DW� WKLV�JDXJH�DW� WKDW� WLPH��7KLV�
LQVWUXPHQWDO�SUHGLFWLRQ�LV�E\�FRQVWUXFWLRQ�LQGH-
SHQGHQW� RI� DQ\� GRZQZLQG� FRQGLWLRQV� DVVRFL-
DWHG�ZLWK�WKH�JDXJH¶V�UHODWLYH�ORFDWLRQ�WR�WKH�$W-
ODQW�GHYLFHV�DQG�WKHLU�RSHUDWLQJ�VWDWXVHV��$V�DQ�
DVLGH��ZH�DOVR�QRWH� WKDW�QR�DWWHPSW�KDV�EHHQ�
PDGH� WR� VLPSOLI\� WKH� PRGHO� LQ� 7DEOH� �� XVLQJ�
VWDWLVWLFDO�PHWKRGV�RI�YDULDEOH�VHOHFWLRQ��VLQFH�
LWV�PDLQ�XVH� LV�FDOFXODWLRQ�RI�XQELDVHG�UDLQIDOO�
SUHGLFWLRQV�LQGHSHQGHQW�RI�WKH�RSHUDWLRQ�RI�WKH�
$WODQW�PHFKDQLVPV��

����7KH�LQVWUXPHQWDO�YDULDEOH�GRZQZLQG�PRGHO

%\� FRQVWUXFWLRQ�� WKH� LQVWUXPHQWDO� FRQWURO� YDUL-
DEOH� GHYHORSHG� LQ� WKH� SUHYLRXV� VHFWLRQ� SUR-
YLGHV� D� SUHGLFWLRQ� RI� UDLQIDOO� DW� D� GRZQZLQG

ORFDWLRQ�XQGHU�VLPLODU�PHWHRURORJLFDO�DQG�RUR-
JUDSKLF�FRQGLWLRQV�DQG�WKHUHIRUH�VHUYHV� WR�UH-
SODFH� WKH� ODUJH�QXPEHU�RI�PHWHRURORJLFDO�DQG�
RURJUDSKLF�FRYDULDWHV�XVHG�LQ�WKH������YHUVLRQ�
RI� WKH� GRZQZLQG� PRGHO� XQGHUSLQQLQJ� WKH� UH-
VXOWV�GLVFXVVHG�LQ�VHFWLRQ����+RZHYHU��WKHUH�LV�
VWLOO�WKH�QHHG�WR�LQFOXGH�HIIHFWV�LQ�WKH�LQVWUXPHQ-
WDO�YDULDEOH�EDVHG�GRZQZLQG�PRGHO�DVVRFLDWHG�
ZLWK� ORFDWLRQ� RI� D� JDXJH� UHODWLYH� WR� VWHHULQJ�
ZLQG�GLUHFWLRQ�DQG�WKH�ORFDWLRQ�RI�WKH�LRQ�JHQHU-
DWLRQ�VLWHV��VLQFH�WKHVH�DUH�UHOHYDQW�WR�DVVHVV-
LQJ�WKH�LPSDFW�RI�$WODQW�RSHUDWLRQ�RQ�GRZQZLQG�
UDLQIDOO�� ,Q� WKLV�FRQWH[W�ZH�QRWH� WKDW�RSHUDWLQJ�
HIIHFWV�LQ�WKH������PRGHO�VSHFL¿FDWLRQ�LQFOXGHG�
D�GLVWDQFH�LQWHUDFWLRQ�EXW�QRW�D�FURVVZLQG�LQWHU-
DFWLRQ��+RZHYHU�� WKH�H[WHQW� WR�ZKLFK�D�JDXJH�
LV� FURVVZLQG� DV� RSSRVHG� WR� GRZQZLQG� ZKHQ�
WKH� V\VWHPV� DUH� RSHUDWLQJ� VHHPV� D� UHOHYDQW�
FRQVLGHUDWLRQ��DQG�VR� WKHVH� LQWHUDFWLRQV�ZHUH�
LQFOXGHG�LQ�WKH������GRZQZLQG�PRGHO���,Q�SDU-
WLFXODU��WKH�UHODWLYH�GRZQZLQG�ORFDWLRQV��ERWK�IRU�
WKH�GD\�RI�PHDVXUHPHQW�DV�ZHOO�DV� WKH�SUHYL-
RXV�GD\��RI�D�JDXJH�ZHUH�VSHFL¿HG�LQ�WHUPV�RI�
LWV� GLVWDQFHV� IURP� WKH� WZR�$WODQW� VLWHV�DQG� LWV�
DQJOHV� RI� RULHQWDWLRQ� UHODWLYH� WR� WKH� GLUHFWLRQ�
RI�WKH�VWHHULQJ�ZLQG�DW�WKHVH�VLWHV��7KH�VSDWLR�
WHPSRUDO�UDQGRP�HIIHFWV�LQ�WKH������GRZQZLQG�
model were also retained. 

7KH�¿W�RI�WKH�GRZQZLQG�LQVWUXPHQWDO�PRGHO�IRU�
WKH������JDXJH�OHYHO�GDWD�LV�VKRZQ�LQ�7DEOH����
1RWH� WKDW� WKH� LQVWUXPHQWDO� YDULDEOH� 3UHGLFWHG�
/RJ5DLQ� LQ�7DEOH� �� LV� FDOFXODWHG� DV� WKH� ¿WWHG�
YDOXH� JHQHUDWHG� E\� WKH� XSZLQG� PRGHO� ¿W� GH-
¿QHG�E\�7DEOH����1RWH�WKDW�WKH�PRGHO�¿W�VKRZQ�
LQ� 7DEOH� �� RQO\� LQFOXGHV� WKH� LQVWUXPHQW� DQG�
VLJQL¿FDQW� HIIHFWV� GH¿QHG� E\� RSHUDWLQJ� VWDWXV�
DQG�JDXJH� ORFDWLRQ� UHODWLYH� WR� WKH�$WODQW� ORFD-
WLRQV�&��DQG�&���7KHUH�DUH�VLJQL¿FDQW�HIIHFWV�
LGHQWL¿HG�ZLWK� UHVSHFW� WR� WKH� RSHUDWLQJ� VWDWXV�
RI�WKH�$WODQWV�DW�&��DQG�&��DV�ZHOO�DV�LQWHUDF-
WLRQ�HIIHFWV�DW�&��ZLWK�UHVSHFW�WR�UHODWLYH�ZLQG�
GLUHFWLRQ�7KH� VSDWLR�WHPSRUDO� UDQGRP� HIIHFWV�
DFFRXQW�IRU�MXVW�XQGHU����SHUFHQW�RI�WKH�XQH[-
SODLQHG�YDULDELOLW\�LQ�WKH�PRGHO�¿W��
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%DVHG� RQ� WKLV� ¿WWHG�PRGHO�� WKH� RYHUDOO�$WODQW�
HQKDQFHPHQW� HIIHFW� IRU� ����� LV� HVWLPDWHG� DW�
�����SHUFHQW�ZLWK�D�VWDQGDUG�HUURU�RI�����SHU��
FHQW�� 7KH� FRQ¿GHQFH� ERXQGV� DUH� VKRZQ� LQ�

7DEOH� �� DQG� WKH� ERRWVWUDS� GLVWULEXWLRQ� RI� WKLV��
HVWLPDWHG�HQKDQFHPHQW�HIIHFW�LV�VKRZQ�LQ�)LJ-
XUH����7KH�HVWLPDWHG� OHYHO�RI�HQKDQFHPHQW� LV�
VLJQL¿FDQW�DW�WKH����SHUFHQW�OHYHO�

 7DEOH���� �3DUDPHWHU�HVWLPDWHV� IRU� WKH� LQVWUXPHQWDO�PRGHO� IRU� ORJDULWKP�RI�GRZQZLQG�UDLQIDOO� LQ�
WKH������WULDO��6WDWLVWLFDOO\�VLJQL¿FDQW�FRYDULDWHV�DUH�EROGHG�

Parameter Estimate SE 6LJQL¿FDQFH
,QWHUFHSW ������� ������ <.0001

3UHGLFWHG�/RJ5DLQ ������ ������ <.0001
&��'LVWDQFH ������� ������ ������
&��7KHWD ������ ������ <.0001

&��'LVWDQFH ������� ������ ������
C3 Theta ������ ������ ������

C3 Theta L1 ������� ������ ������
&��'LVWDQFH&��

Theta
������ ������ <.0001

&��'LVWDQFH&��
Theta L1

������ ������ 0.0063

&��7DUJHW ������ ������ 0.0150
&��7DUJHW ������ ������ <.0001

&��7KHWD�&��
7DUJHW

������� ������ <.0001

&��7KHWD�/��&��
7DUJHW

������� ������ 0.0350

7DEOH� ��� � 7KH� ORZHU� FRQ¿GHQFH� ERXQGV� IRU� WKH� VL]H� RI� WKH�$WODQW� HQKDQFHPHQW� HIIHFW� �LQ����
IURP�WKH�LQVWUXPHQWDO�PRGHO�EDVHG�JDXJH�OHYHO�DQDO\VLV�RI�WKH������WULDO�

&RQ¿GHQFH�/HYHO Estimate
���SHUFHQW -2.4
���SHUFHQW 0.7
���SHUFHQW 2.4
���SHUFHQW 4.7
���SHUFHQW 6.4
���SHUFHQW 8
���SHUFHQW 9.6

a�6&,(17,),&�3$3(56�a



$35,/����� CHAMBERS ET AL ��

)LJXUH�����5DQGRP�HIIHFW�EORFN�ERRWVWUDS�GLVWULEXWLRQ�RI�WKH�HVWLPDWHG�$WODQW�HQKDQFHPHQW�HIIHFW�
�$WWULEXWLRQ�� UHODWLYH� WR�HVWLPDWHG�QDWXUDO� UDLQIDOO�RYHU� WKH�����RSHUDWLQJ�GD\V�RI� WKH������ WULDO��
(VWLPDWHV�DUH�EDVHG�RQ�WKH�LQVWUXPHQWDO�PRGHO��7KH�YHUWLFDO�GDVKHG�OLQH�VKRZV�WKH�YDOXH�RI�WKH�
HVWLPDWHG������HQKDQFHPHQW�HIIHFW�XQGHU�WKLV�PRGHO

a�6&,(17,),&�3$3(56�a

2YHUDOO��WKH�LQVWUXPHQWDO�PRGHO�EDVHG�DQDO\VLV�
RI� WKH� ����� WULDO� OHG� WR� YHU\� VLPLODU� UHVXOWV� LQ�
WHUPV�RI�WKH�OHYHO�RI�LQFUHDVHG�UDLQIDOO�DWWULEXWHG�
WR�WKH�RSHUDWLRQ�RI� WKH� LRQ�JHQHUDWLRQ�V\VWHP��
7KH� VLJQL¿�FDQFH� OHYHOV� RI� WKH� HQKDQFHPHQW�
HVWLPDWHV� DUH� DOVR� TXLWH� VLPLODU�� :KHQ� FRP�
SDUHG�WR�WKH�DSSURDFK�GHYHORSHG�IRU�WKH������
trial, the instrumental model was able to isolate 
VLJQL¿�FDQW�HIIHFWV�DW�ERWK�&��DQG�&�� LQ�������
ZKHUHDV� WKH� DSSURDFK� XVHG� LQ� WKH� ����� WULDO�
�ZKLFK� RQO\� PRGHOOLQJ� WKH� GRZQZLQG� UDLQIDOO�
GDWD��ZDV�RQO\�DEOH�WR�LGHQWLI\�D�VLJQL¿�FDQW�HI�
IHFW�DW�&��LQ������DQG�DW�&��LQ�������+RZHYHU��
WKH�HVWLPDWHG�HQKDQFHPHQW� OHYHOV�XQGHU�ERWK�
DSSURDFKHV�ZHUH�RI�WKH�VDPH�RUGHU�RI�PDJQL�
tude.

6. CONCLUSION

$XVWUDOLDQ�5DLQ�7HFKQRORJLHV��$57��FRQGXFWHG�
D� ¿�HOG� WULDO� RI� WKH�$WODQW� LRQLVDWLRQ� WHFKQRORJ\�
LQ� WKH� 0RXQW� /RIW\� 5DQJHV� WULDO� IURP� -XO\� WR�
'HFHPEHU�������XWLOLVLQJ�WKH�VDPH�LQVWDOODWLRQ�
VLWHV�DV� WKRVH�XVHG� LQ� WKH������WULDO��7KH�WULDO�
ZDV�FRQGXFWHG�XVLQJ�D�UDQGRPLVHG�FURVV�RYHU�
GHVLJQ�DQG� WKH�GDWD�FROOHFWHG� LQ� LW�ZHUH�DQDO�
\VHG�XVLQJ�WKH�VDPH�VSDWLR�WHPSRUDO�VWDWLVWLFDO�
PHWKRGRORJ\� WKDW�ZDV� GHYHORSHG� IRU� DQDO\VLV�
RI�WKH������WULDO��

(YHQ�WKRXJK�PHWHRURORJLFDO�DQG�UDLQIDOO�FRQGL�
WLRQV� LQ� ����� YDULHG� FRQVLGHUDEO\� IURP� ������
DQG�H[SHULPHQWDO�FRQGLWLRQV�DOVR�YDULHG��VLPL�
lar models and estimation methods to those 
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XVHG� LQ� WKH� DQDO\VLV� RI� WKH� �����0RXQW� /RIW\�
5DQJHV� WULDO� ZHUH� XVHG� ZKHQ� DQDO\VLQJ� WKH�
�����WULDO��7KH�DQDO\VLV�RI�WKH������WULDO�VKRZHG�
HQKDQFHPHQW� HVWLPDWHV� FRQVLVWHQW�ZLWK� WKRVH�
REWDLQHG�LQ�WKH�DQDO\VLV�RI�WKH������WULDO��RI�WKH�
RUGHU�RI���SHUFHQW��,W�VKRXOG�EH�QRWHG�KRZHYHU�
WKDW� WKLV� DQDO\VLV� LV� SXUHO\� VWDWLVWLFDO�� DQG� VR�
LQWHUSUHWDWLRQ�RI� LWV� UHVXOWV�ZLWK� UHVSHFW� WR� WKH�
HI¿FDF\� RI� LRQL]DWLRQ� DV� D� PHDQV� RI� SODQQHG�
ZHDWKHU�PRGL¿FDWLRQ� DUH� LQGLFDWLYH�� +RZHYHU��
WKH� UHSHDWHG� GHPRQVWUDWLRQ� RI� D� SRVLWLYH� HQ-
KDQFHPHQW�HIIHFW�RI�WKH�RUGHU�RI���SHUFHQW��WKH�
SODXVLEOH�� WKRXJK�QRW�ZHOO�XQGHUVWRRG�PHFKD-
QLVPV�RI�WKLV�HIIHFW��DQG�WKH�VLJQL¿FDQW�FRVW�DQG�
HQYLURQPHQWDO�DGYDQWDJHV�RI�WKH�WHFKQRORJ\�LI�
SURYHQ�� ZDUUDQW� IXUWKHU� UHVHDUFK� LQ� WKLV� DUHD�

5H¿QHPHQWV�WR�WKH�DQDO\VLV�PHWKRGRORJ\�XVHG�
LQ������ZHUH�DOVR�LQYHVWLJDWHG��7KHVH�LQFOXGHG�
UHGH¿QLQJ� WKH� YDULDEOH�XVHG� WR�PHDVXUH�ZLQG�
GLUHFWLRQ�LQ�RUGHU�WR�PDNH�LW�PRUH�PRQRWRQH��LQ-
FOXVLRQ�RI�GDLO\�UDQJH�GDWD�IRU�WHPSHUDWXUH�DQG�
SUHVVXUH�DQG�WKH�XVH�RI�%20�VWDELOLW\�LQGLFHV�WR�
UHSODFH� VXEMHFWLYH� DVVHVVPHQW� RI�ZLGHVSUHDG�
UDLQ� HYHQWV�� 7KH� PDLQ� GHYHORSPHQW� KRZHYHU�
ZDV�WKH� LQWURGXFWLRQ�RI�DQ� LQVWUXPHQWDO�PRGHO�
VSHFL¿FDWLRQ� IRU� WKH� ORJDULWKP� RI� JDXJH�OHYHO�
UDLQIDOO��7KH�LQVWUXPHQW�LWVHOI�ZDV�GHYHORSHG�E\�
PRGHOOLQJ�GDLO\�UDLQIDOO�GDWD�IURP�WKH�WULDO�JDXJ-
HV�ZKHQ�WKH\�ZHUH�XSZLQG�RI�WKH�WZR�LRQ�JHQ-
HUDWRUV��7KH�YDOXHV�RI�WKH�LQVWUXPHQW�ZHUH�WKHQ�
XVHG� WR� UHSODFH� WKH� PHWHRURORJLFDO� DQG� RUR-
JUDSKLF�YDULDEOHV�LQ�WKH�µVWDQGDUG¶�PRGHO��OHDG-
LQJ� WR�D�PRUH� WUDQVSDUHQW�PRGHO� VSHFL¿FDWLRQ�
WKDW�IRFXVHG�VROHO\�RQ�YDULDEOHV�PHDVXULQJ�GDL-
O\�YDULDWLRQ�LQ�JDXJH�FKDUDFWHULVWLFV��H�J��WDUJHW�
FRQWURO�VWDWXV��GLVWDQFH��RULHQWDWLRQ�HWF���GRZQ-
ZLQG� RI� WKH� JHQHUDWRUV��$OWKRXJK� WKLV� UH¿QHG�
PRGHO�GLG�QRW�OHDG�WR�DQ\�VLJQL¿FDQW�FKDQJH�LQ�
WKH�HVWLPDWHG�OHYHO�RI�HQKDQFHPHQW��LW�GLG�DOORZ�
HIIHFWV�DVVRFLDWHG�ZLWK�WKH�WZR�VLWHV�WR�EH�FRP-
SDUHG�ZLWK�OHVV�QRLVH�GXH�WR�EHWZHHQ�VLWH�GLIIHU-
HQFHV�LQ�PHWHRURORJLFDO�DQG�RURJUDSKLF�HIIHFWV��
$OWKRXJK�QRW�VKRZQ�KHUH��ZKHQ�DSSOLHG�WR�WKH�
����� GDWD�� WKH� LQVWUXPHQWDO� PRGHO� LQGLFDWHG

WKDW�HIIHFWV�DW�&��FRPSDUHG�ZLWK�&��ZHUH�VLPL-
ODU�WR�WKRVH�REVHUYHG�LQ������
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