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English Abstract 

$�IURQWDO�V\VWHP�ZLWK�H[WUHPHO\�KHDY\�UDLQIDOO�ZDV�RYHU�1RUWKHUQ�7DLZDQ�RQ����

-XQH� ������ 7KURXJK� PXOWLSOH� DQDO\VHV� RI� WKUHH� GLIIHUHQW� 'RSSOHU� UDGDUV�� WKUHH�

GLPHQVLRQDO�ZLQG�ILHOGV�DUH�UHWULHYHG�RYHU�WKH�RFHDQ�DQG�WKH�FRPSOH[�WHUUDLQ�RI�7DLZDQ�

E\�:LQG�6\QWKHVLV�6\VWHP�XVLQJ�'RSSOHU�0HDVXUHPHQWV��:,66'20���7KH�SUHVVXUH�

DQG� WHPSHUDWXUH� VWUXFWXUH� DUH� GHULYHG� IURP� WKH� UHWULHYHG� ZLQG� ILHOGV� E\� 7HUUDLQ�

3HUPLWWLQJ�7KHUPRG\QDPLF�5HWULHYDO�6FKHPH��73756���7KH�PLJUDWLRQ�DQG�LQWHQVLW\�RI�

WKH�EDUULHU� MHWV�DW� FRQYHFWLYH�VFDOHV�DUH� UHYHDOHG�E\�D�YRUWLFLW\�EXGJHW�DQDO\VLV�� ,W� LV�

IRXQG�WKDW��WDNHQ�WRJHWKHU��WKH�VWDJQDWHG�0HL�<X�IURQW��WKH�ORFDWLRQ�DQG�WKH�VWUHQJWK�RI�

WKH� EDUULHU� MHW� DQG� FROG� SRRO�� DV�ZHOO� DV� RURJUDSKLF� EORFNDJH� RYHU� QRUWKHUQ�7DLZDQ�

H[SODLQ�WKH�IRUPDWLRQ�RI�WKLV�TXDVL�VWDWLRQDU\�DQG�H[WUHPHO\�KHDY\�UDLQIDOO�FDVH��  

7KLV� VWXG\� H[DPLQHG� WKH� IHDVLELOLW\� RI� DVVLPLODWLQJ� �'� WHPSHUDWXUH� DQG�ZDWHU�

YDSRU� LQIRUPDWLRQ� LQ� DGGLWLRQ� WR� UDGDU�REVHUYDWLRQV� LQ� D�PXOWLVFDOH�ZHDWKHU� V\VWHP��

8VLQJ� WKH�:5)±/(7.)�5DGDU�$VVLPLODWLRQ�6\VWHP��:/5$6���ZH�SHUIRUPHG� WKUHH�

VHWV�RI�REVHUYLQJ�V\VWHP�VLPXODWLRQ�H[SHULPHQWV�WR�DVVLPLODWH�UDGDU�REVHUYDWLRQV�ZLWK�

RU� ZLWKRXW� WKHUPRG\QDPLF� YDULDEOHV� REWDLQHG� XVLQJ� GLIIHUHQW� PHWKRGV�� )LUVW��

DVVLPLODWLQJ�WKH�UDGDU�GDWD�IRU���K�VKRZHG�EHWWHU�VWUXFWXUH�DQG�VKRUW�WHUP�IRUHFDVW�WKDQ�

��K��6HFRQG��ZH�DVVLPLODWHG� UDGDU�GDWD�DQG� WKHUPRG\QDPLF�YDULDEOHV� IURP�D�SHUIHFW�

PRGHO�VLPXODWLRQ��7KH�UHVXOWV�RI�WKH�DQDO\VLV�UHYHDOHG�WKDW�ZKHQ�D�SUHFLSLWDWLRQ�SRVLWLRQ�

HUURU�ZDV�SUHVHQW� LQ� WKH�EDFNJURXQG� ILHOG�� DVVLPLODWLQJ� WHPSHUDWXUH�DQG�RU�KXPLGLW\�

LQIRUPDWLRQ�FRXOG�FRUUHFW�WKH�G\QDPLF�VWUXFWXUH�DQG�VKRUWHQ�WKH�VSLQ�XS�DVVLPLODWLRQ�

SHULRG��UHVXOWLQJ�LQ�VXEVWDQWLDO�LPSURYHPHQWV�WR�WKH�TXDQWLWDWLYH�SUHFLSLWDWLRQ�IRUHFDVW��

7KLUG��ZH�DSSOLHG�D�WKHUPRG\QDPLFV�UHWULHYDO�DOJRULWKP�IRU�D�IHDVLELOLW\�VWXG\��:LWK�D�

ZDUP� DQG� ZHW� ELDV� RI� WKH� UHWULHYHG� ILHOGV�� DVVLPLODWLQJ� WKH� WHPSHUDWXUH� GDWD� KDG�

VLJQLILFDQW� LPSDFW� RQ� WKH� ILQDO� DQDO\VLV� DW� WKH�PLG�OHYHO� RI� VWUDWLIRUP� DUHDV� DQG� WKH�

IRUHFDVW�RI�WKH�KHDY\�UDLQIDOO�ZDV�FRQVHTXHQWO\�LPSURYHG��$VVLPLODWLQJ�WKH�ZDWHU�YDSRU�

LQIRUPDWLRQ�KHOSHG�UHFRQVWUXFW�WKH�UDQJH�DQG�LQWHQVLW\�RI�WKH�FROG�SRRO�QHDU�WKH�VXUIDFH��

EXW�WKH�LPSURYHPHQW�RI���K�UDLQIDOO�IRUHFDVW�ZDV�OLPLWHG��7KH�RSWLPDO�UHVXOWV�RI�DQDO\VLV�

DQG�VKRUW�WHUP�IRUHFDVW�ZHUH�DFKLHYHG�ZKHQ�ERWK�WKH�UHWULHYHG�WHPSHUDWXUH�DQG�ZDWHU�

YDSRU�ILHOGV�ZHUH�DVVLPLODWHG��,Q�FRQFOXVLRQ��DVVLPLODWLQJ�WKHUPRG\QDPLF�YDULDEOHV�LQ�

WKH�SUHFLSLWDWLRQ�V\VWHP�LV�IHDVLEOH�IRU�VKRUWHQLQJ�WKH�VSLQ�XS�SHULRG�RI�GDWD�DVVLPLODWLRQ�

DQG�LPSURYLQJ�WKH�ILQDO�DQDO\VLV�DQG�VKRUW�WHUP�IRUHFDVW� 
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Chapter 1  

Introduction and Motivation 

����,QWURGXFWLRQ 

,Q�UHFHQW�\HDUV��VKRUW�WHUP�KHDY\�UDLQIDOO�KDV�RIWHQ�FDXVHG�IORRGLQJ�DQG�GLVDVWHUV��

6XFK� V\VWHPV� KDYH� VPDOO� VFDOHV� DQG� VKRUW� OLIH� F\FOHV�� DQG� DUH� DIIHFWHG� E\� FRPSOH[�

WHUUDLQ�LQ�7DLZDQ��UHVXOWLQJ�LQ�PRUH�FRPSOH[�LQWHUDFWLRQV��7KH�VPDOO�VFDOH�V\VWHP�KDV�

DOUHDG\�RFFXUUHG��DQG�WKH�GHYHORSPHQW�RI�WKH�VPDOO�VFDOH�ZHDWKHU�V\VWHP�LV�UHODWLYHO\�

QRQOLQHDU��VR�WKHUH�LV�VWLOO�D�KLJK�GHJUHH�RI�XQFHUWDLQW\�LQ�WKH�QXPHULFDO�PRGHO��$PRQJ�

WKH� REVHUYDWLRQDO� GDWD�� PHWHRURORJLFDO� UDGDUV� SURYLGH� UHDO�WLPH� KLJK� WHPSRUDO� DQG�

VSDWLDO�UHVROXWLRQ�GDWD�WR�XQGHUVWDQG�WKH�UHDO�WLPH�GHYHORSPHQW�RI�VPDOO�VFDOH�V\VWHPV�

DQG�LPSURYH�LQLWLDO�FRQGLWLRQ�E\�DVVLPLODWLRQ�ZKLFK�FDQ�HIIHFWLYHO\�LPSURYH�QXPHULFDO�

PRGHOV�DQG�UHGXFH�WKH�ULVN��  

$FFRUGLQJ�WR�WKH�UHVHDUFK�RQ�UDGDU�GDWD�DVVLPLODWLRQ��PRVW�RI�WKH�UHIOHFWLYLW\�DQG�

UDGLDO�YHORFLW\�REVHUYHG�E\�UDGDU�KDYH�EHHQ�VXFFHVVIXOO\�DVVLPLODWHG��.HUU�HW�DO���������

GHVLJQHG�DQ�2EVHUYLQJ�6\VWHP�6LPXODWLRQ�([SHULPHQW� �266(��H[SHULPHQW� WR� WU\� WR�

DVVLPLODWH� UDGDU� GDWD� DQG� WKHQ� DGG� VDWHOOLWH� REVHUYDWLRQV� RI� FORXG� WRS� WHPSHUDWXUH�

DVVLPLODWLRQ��7KH�UHVXOWV�VKRZHG�WKDW�DVVLPLODWLQJ�FORXG�WRS�WHPSHUDWXUH�DORQH�FDQQRW�

KDYH�D�VLJQLILFDQW�HIIHFW�RQ�UDLQIDOO�IRUHFDVWLQJ�EHFDXVH�WKH�UDLQIDOO�V\VWHP�LV�PDLQO\�

DIIHFWHG�E\�UDGDU�GDWD�DVVLPLODWLRQ��+RZHYHU��WKHUH�LV�D�FOHDU�SRVLWLYH�LPSURYHPHQW�IRU�

VQRZ�DQG�VRIW�KDLO�ZKHQ�DVVLPLODWLQJ�FORXG�WRS�WHPSHUDWXUH��*H�HW�DO���������XVHG�WKH�

266(� WR� VLPXODWH� VXSHU� FHOOXODU� VWRUPV�� DQG� XVHG� WKH�$536� �'9$5� DVVLPLODWLRQ�

V\VWHP�WR�H[SORUH�WKH�LPSRUWDQFH�RI�DVVLPLODWLQJ�GLIIHUHQW�PHWHRURORJLFDO�YDULDEOHV�IRU�
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FRQYHFWLYH�VFDOH�DQDO\VLV�ILHOGV��7KH�UHVXOWV�VKRZ�WKDW�LQ�WKH�DVVLPLODWLRQ�REVHUYDWLRQ�

GDWD�DW�WKH�FRQYHFWLYH�VFDOH��WKH�PRVW�LPSRUWDQW�LV�WKH�KRUL]RQWDO�ZLQG��DQG�WKH�VHFRQG�

LV� WKH� ZDWHU� YDSRU� DQG� WHPSHUDWXUH� ILHOG�� 7KH� DXWKRU� PHQWLRQHG� WKDW� ZKHWKHU� WKLV�

FRQFOXVLRQ�LV�WKH�VDPH�FRQFOXVLRQ�IRU�GLIIHUHQW�DVVLPLODWLRQ�V\VWHPV��VXFK�DV��'9$5�

DQG�(Q.)��UHPDLQV�WR�EH�FRQILUPHG� 

([WHQGLQJ� IURP� UDGDU� REVHUYDWLRQV� DQG� IXUWKHU� WKURXJK� LQYHUVLRQ� WHFKQLTXHV��

DGGLWLRQDO� LQIRUPDWLRQ�DW� WKH�FRQYHFWLYH�VFDOH�FDQ�EH�REWDLQHG��$V�PHQWLRQHG� LQ� WKH�

OLWHUDWXUH��PDQ\�VWXGLHV�KDYH�HPSLULFDOO\�FRQYHUWHG�UDGDU�REVHUYDWLRQV�LQWR�KXPLGLW\�

ILHOG�LQIRUPDWLRQ�IRU�DVVLPLODWLRQ��/LRX�HW�DO��������&DXPRQW�HW�DO��������:DWWUHORW�HW�

DO��������-DFTXHV�HW�DO���������$�PRLVWXUH�DGMXVWPHQW�PHWKRG�ZDV�EDVHG�RQ�WKDW�RI�/LRX�

HW�DO����������ZKR�SURSRVHG�D�VLPSOH�DQG�HIIHFWLYH�DSSURDFK�IRU�DGMXVWLQJ�WHPSHUDWXUH�

DQG� PRLVWXUH� ILHOGV� WKURXJK� LWHUDWLYH� PHWKRGV�� ,Q� IDFW�� WKH� UHIUDFWLYLW\� WKDW� FDQ� EH�

REVHUYHG� E\� ZHDWKHU� UDGDU� LV� D� IXQFWLRQ� RI� WHPSHUDWXUH� DQG� KXPLGLW\�� 5DGDU�

REVHUYDWLRQV�DUH�QRW�RQO\�DGGLWLRQDO�REVHUYDWLRQDO�LQIRUPDWLRQ��EXW�DUH�FRQVWDQWO\�EHLQJ�

VWXGLHG�DQG�LPSURYHG��1LFRO�HW�DO��������)HQJ�DQG�)DEU\��������$W�WKH�VDPH�WLPH��LQ�

WKH�SDVW��PDQ\�FRXQWULHV�KDYH�DOVR�WULHG�WR�DVVLPLODWH�WKH�DGGLWLRQDO�UDGDU�REVHUYDWLRQV�

EHVLGHV�UHIOHFWLYLW\�DQG�UDGLDO�ZLQG�LQWR�VPDOO�DQG�PHGLXP�VFDOH�V\VWHPV���0RQWPHUOH�

HW�DO��������*DVSHURQL�HW�DO��������1LFRO�HW�DO��������6HNR�HW�DO��������'R�HW�DO��������� 

%RXWWHU� �������PHQWLRQHG� WKDW�� HVSHFLDOO\� LQ� DUHDV�ZKHUH� REVHUYDWLRQDO� GDWD� DUH�

VSDUVH��REVHUYDWLRQDO�LQIRUPDWLRQ�IROORZV�FKDUDFWHULVWLFV�UHODWHG�WR�EDFNJURXQG�HUURUV��

=KDQJ� ������� XVHG� DQ� H[WUDWURSLFDO� F\FORQH� FDVH� WR� H[SORUH� WKH� PHVRVFDOH� HUURU�

VWUXFWXUH�RI�YDULDEOHV�UHODWHG�WR�KHDW�DQG�G\QDPLFV�DQG�REVHUYHG�WKDW�WKH�JURZWK�RI�WKH�

HUURU�FDQ�EH�LQWHUSUHWHG�E\�WKH�PHFKDQLVP�RI�DWPRVSKHULF�G\QDPLF�EDODQFH��VKRZLQJ�
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WKDW� WKH�IORZ�ILHOG�LV� IORZ�GHSHQGHQW��7KH�FKDUDFWHULVWLFV�DQG�DQLVRWURS\�RI�PRLVWXUH�

SURFHVVHV�DUH�WKH�PDLQ�VRXUFHV�RI�HUURU�JURZWK��&KXQJ�HW�DO���������XVHG�WKH�&DQDGLDQ�

HQVHPEOH�.DOPDQ�ILOWHU�DQG�LWV�IRUHFDVWLQJ�V\VWHP�WR�H[SORUH�WKH�VKRUW�WHUP�VLWXDWLRQ�

GHSHQGHQW�VWUXFWXUH�RI�IRUHFDVW�HUURUV�DW�WKH�FRQYHFWLYH�VFDOH��7KH�UHVXOWV�VKRZ�WKDW�WKH�

HUURU�VWUXFWXUHV�RI�UDLQIDOO�DQG�QRQ�UDLQIDOO� WUHQGV�DUH�VLJQLILFDQWO\�GLIIHUHQW��DQG� WKH�

VWUXFWXUH�LQ�WKH�YHUWLFDO�GLUHFWLRQ�LV�REYLRXVO\�DIIHFWHG�E\�FORXG�SK\VLFV� 

 

����5HYLHZ�RI�UDGDU�DVVLPLODWLRQ 

7KH� LQIRUPDWLRQ� SURYLGHG� E\�PHWHRURORJLFDO� UDGDU� REVHUYDWLRQV� LQFOXGHV� ZLQG�

ILHOG� DQG� SUHFLSLWDWLRQ� KDV� KLJK� WHPSRUDO� DQG� VSDWLDO� UHVROXWLRQ�� )RU� WKH� VPDOO� DQG�

PHGLXP�VFDOH�FRQYHFWLYH�SUHFLSLWDWLRQ�V\VWHP��LQ�DGGLWLRQ�WR�KDYLQJ�D�JRRG�PRQLWRULQJ�

IXQFWLRQ��LQ�WKH�UHVHDUFK�DQG�GHYHORSPHQW�RI�UDGDU�PHWHRURORJ\��LW�LV�IXUWKHU�GLVFXVVHG�

KRZ� WR� LPSURYH� WKH� UHDO�WLPH� DQG� YHU\� VKRUW�WHUP� ZHDWKHU� IRUHFDVW�� 8VLQJ� VLPSOH�

H[WUDSRODWLRQ�RI�UDGDU�UHIOHFWLYLW\��%URZQLQJ�HW�DO��������*HUPDQQ�DQG�=DZDG]NL�������

0DQGDSDND�HW�DO���������WKH�ORFDWLRQ�DQG�LQWHQVLW\�RI�SUHFLSLWDWLRQ�LQ�����KRXUV�FDQ�EH�

HVWLPDWHG��7KH�DGYDQWDJH�RI�WKH�H[WUDSRODWLRQ�PHWKRG�LV�WKDW�LW�RQO\�QHHGV�WR�XVH�YHU\�

IHZ� FRPSXWHU� FRPSXWLQJ� UHVRXUFHV�� +RZHYHU�� LI� WKH� ZHDWKHU� V\VWHP� KDV� REYLRXV�

GHYHORSPHQW� DQG� GLVVLSDWLRQ� LQ� D� YHU\� VKRUW� WLPH�� WKH� TXDQWLWDWLYH� SUHFLSLWDWLRQ�

IRUHFDVWLQJ�DELOLW\�ZLOO�GHFUHDVH�TXLFNO\��VR�WKH�UDGDU�UHIOHFWLYLW\�H[WUDSRODWLRQ�PHWKRG�

LV�OLPLWHG�LQ��a��KRXUV� 

,Q� RUGHU� WR� RYHUFRPH� WKH� OLPLWDWLRQV� RI� WKH� UDGDU� UHIOHFWLYLW\� H[WUDSRODWLRQ�� WKH�

FRQFHSW�RI�GDWD�DVVLPLODWLRQ�KDV�EHHQ�SURSRVHG��7KH�PHWHRURORJLFDO�UDGDU�REVHUYDWLRQ�

GDWD�DQG�QXPHULFDO�IRUHFDVWLQJ�PRGHO�DUH�REMHFWLYHO\�XVHG�WR�REWDLQ�DFFXUDWH�PHVRVFDOH�
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DQG�VPDOO�VFDOH�ZHDWKHU�DQDO\VLV� ILHOGV��5DGDU�GDWD�DVVLPLODWLRQ�PHWKRGV�DUH�PDLQO\�

GLYLGHG� LQWR� WKUHH� V\VWHPV�� WKUHH�GLPHQVLRQDO� YDULDWLRQDO� VFKHPH� ��'9$5��� IRXU�

GLPHQVLRQDO� YDULDWLRQDO� VFKHPH� ��'9$5�� DQG� HQVHPEOH� .DOPDQ� ILOWHU� �HQVHPEOH�

.DOPDQ� ILOWHU�� (Q.)��� �'9$5� LV� WKH� PRVW� FRPPRQ� GDWD� DVVLPLODWLRQ� PHWKRG� IRU�

RSHUDWLQJ� FHQWHUV� GXH� WR� LWV� KLJK� VWDELOLW\� DQG� ORZ� FRPSXWLQJ� UHVRXUFHV�� 7KH�

GLVDGYDQWDJH�RI� WKLV�DSSURDFK� LV� WKDW� LW�SUHVHQWV� IL[HG�EDFNJURXQG�HUURU� LQIRUPDWLRQ�

IURP�FOLPDWH�VWDWLVWLFV�DQG�LV�DVVLPLODWHG�RYHU�DOO�REVHUYDWLRQV�DW�D�VLQJOH�WLPH��;LDR�HW�

DO�� ������� XVHG� WKH�00��PRGHO� WR� DVVLPLODWH� VLQJOH�UDGDU� UDGLDO�ZLQGV� WR� LPSURYH�

UDLQIDOO�IRUHFDVWV�IRU�IURQWDO�UDLQEDQGV��;LDR�DQG�6XQ��������DQG�6XJLPRWR�HW�DO���������

IRXQG� WKDW� DVVLPLODWLQJ� UDGDU� HFKRHV� LV� DOVR� KHOSIXO� IRU� VKRUW�WHUP� TXDQWLWDWLYH�

SUHFLSLWDWLRQ�IRUHFDVWLQJ� 

�'9$5�IXUWKHU�XWLOL]HV�D�ODUJH�QXPEHU�RI�FRPSXWLQJ�UHVRXUFHV�DQG�FRQVLGHUV�WKH�

GHYHORSPHQW�RI�WLPH�DQG�VSDFH��7KLV�PHWKRG�WDNHV�LQWR�DFFRXQW�WKH�SUHGLFWLRQ�RI�HUURU�

VWUXFWXUH�RI�IORZ�ILHOG�GHSHQGHQFH�E\�WKH�DGMRLQW�PRGHO��+RZHYHU��WKLV�PHWKRG�QHHGV�

WR�ZULWH�WKH�DGMRLQW�PRGHO��DQG�UHTXLUHV�ODUJH�FRPSXWLQJ�UHVRXUFHV��%\�DQDO\]LQJ�DQG�

GLDJQRVLQJ� GLIIHUHQW� FDVHV�� ERWK� WKH� DQDO\VLV� ILHOG� DQG� WKH� VKRUW�WHUP� IRUHFDVW�

SHUIRUPDQFH� KDYH� EHHQ� LPSURYHG� WR� D� FRQVLGHUDEOH� H[WHQW�� 9'5$6� �9DULDWLRQDO�

'RSSOHU�5DGDU�$QDO\VLV�6\VWHP��V\VWHP�LV�WKH�OHDGHU�RI��'9$5�UDGDU�GDWD�DVVLPLODWLRQ�

LQ�UHFHQW�\HDUV��6XQ�DQG�&URRN�������6XQ�DQG�&URRN�������&KDQJ�HW�DO������D��&KDQJ�

HW�DO��������7DL�HW�DO���������,Q�DGGLWLRQ��12$$��1DWLRQDO�2FHDQLF�DQG�$WPRVSKHULF�

$GPLQLVWUDWLRQ��XVHV�WKH�5DSLG�8SGDWH�&\FOH��58&��%HQMDPLQ�HW�DO��������PRGHO�WR�

DVVLPLODWH�UDGDU�HFKRHV�HYHU\�KRXU�WR�REWDLQ�D�PRUH�DFFXUDWH�PHVRVFDOH�LQLWLDO�ILHOG��

ZKLFK�LV�SURYLGHG�IRU�WKH�KLJK�UHVROXWLRQ�RSHUDWLRQ�PRGH�RI���NLORPHWHUV�KRUL]RQWDOO\�
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+LJK�5HVROXWLRQ�5DSLG�5HIUHVK��+555��%HQMDPLQ�HW�DO��������WR�HQDEOHV�IRUHFDVWLQJ�

WHFKQLTXHV�WR�UHDFK�����KRXUV� 

0DQ\� VWXGLHV� KDYH� XVHG� WKH� (QVHPEOH� .DOPDQ� )LOWHU� �(Q.)�� V\VWHP� IRU�

DVVLPLODWLRQ�� (QVHPEOHV� FDQ� SURYLGH� PRUH� LQIRUPDWLRQ� WKDQ� D� VLQJOH� GHWHUPLQLVWLF�

IRUHFDVW�� DQG� WKLV� DSSURDFK� KDV� EHHQ� H[WHQVLYHO\� WHVWHG� DW� GLIIHUHQW� PHWHRURORJLFDO�

VFDOHV��(YHQVHQ�������%LVKRS�HW�DO��������$QGHUVRQ�������:KLWDNHU�DQG�+DPLOO�������

+XQW� HW� DO�� ������� &RPSDUHG� ZLWK� WKH� IRXU�GLPHQVLRQDO� YDULDWLRQDO� PHWKRG� LQ� WKH�

DSSOLFDWLRQ�RI�PHGLXP�DQG�VPDOO� VFDOHV�� LWV�DGYDQWDJHV�DUH�� ���� LWV�PHWKRG�GRHV�QRW�

UHTXLUH�FRPSOH[�DGMRLQW�PRGHOV������LW�FDQ�PDLQWDLQ�WKH�PHGLXP�DQG�VPDOO�VFDOH�IORZ�

ILHOG� GHSHQGHQFLHV� LQ� WKH� DVVLPLODWLRQ� SURFHVV� �7KH� SURSHUWLHV� RI� IORZ�GHSHQGHQW��

�&KXQJ�HW�DO��������0pQpWULHU�HW�DO��������� ����HQVHPEOHV�SURYLGH�WKH�XQFHUWDLQW\�RI�

QXPHULFDO�PRGHOV�LQ�DQDO\VLV�DQG�IRUHFDVW��7KHUHIRUH��PDQ\�VWXGLHV�XVHG�WKLV�PHWKRG�

WR�DVVLPLODWH�UDGDU�REVHUYDWLRQ�IRU�DQDO\VLV�DQG�GLVFXVVLRQ��6Q\GHU�DQG�=KDQJ��������

XVHG�WKH�(Q.)�V\VWHP�IRU�WKH�ILUVW�WLPH�WR�DVVLPLODWH�UDGDU�GDWD�IRU�266(�H[SHULPHQWV��

7RQJ�DQG�;XH��������XVHG�WKH�$GYDQFHG�5HJLRQDO�3UHGLFWLRQ�6\VWHP��$536��;XH�HW�

DO��������PRGHO�WR�DVVLPLODWH�WKH�HFKRHV�DQG�IRXQG�WKDW�GLUHFWO\�XSGDWLQJ�WKH�UHOHYDQW�

IRUHFDVW�YDULDEOHV�\LHOGHG�WKH�EHVW�DQDO\VLV�UHVXOWV��=KDQJ�HW�DO���������XVHG�WKH�:5)�

(Q65)�V\VWHP�WR�DVVLPLODWH�UDGDU�GDWD�DQG�DSSOLHG�LW�WR�D�PXOWL�VFDOH�ZHDWKHU�FDVH�VWXG\�

WR� HIIHFWLYHO\� LPSURYH� KXUULFDQH� WUDFN� DQG� LQWHQVLW\� IRUHFDVWV� LQ� WKH� 8QLWHG� 6WDWHV��

$NVR\�HW�DO���������XVHG�WKH�'$57��'DWD�$VVLPLODWLRQ�5HVHDUFK�7HVWEHG��V\VWHP�ZLWK�

DQ� HQVHPEOH� DGMXVWPHQW� .DOPDQ� ILOWHU� �($.)�� HQVHPEOH� DGMXVWPHQW� .DOPDQ� ILOWHU��

$QGHUVRQ������� WR�DVVLPLODWH� UDGLDO�ZLQGV� DQG� UHIOHFWLYLW\� WR�DFFXUDWHO\�SUHGLFW�DQG�

DQDO\]H�GLIIHUHQW�FRQYHFWLRQ�SDWWHUQV��7VDL�HW�DO���������XVHG�WKH�:5)�/(7.)�5DGDU�
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$VVLPLODWLRQ� 6\VWHP� �:/5$6��:5)�/(7.)�5DGDU�$VVLPLODWLRQ� 6\VWHP��� WKURXJK�

266(�H[SHULPHQWDO�GHVLJQ��DFFRUGLQJ�WR�WKH�FKDUDFWHULVWLFV�RI�WKH�VSDWLDO�FRUUHODWLRQ�

GLVWULEXWLRQ�RI�GLIIHUHQW�YDULDEOHV��GHVLJQHG�WKH�PL[HG�ORFDOL]DWLRQ�UDGLXV��LQ�7DLZDQ��

ZKLFK� KDV� D� FRPSOH[� WHUUDLQ� HQYLURQPHQW�� FRXOG� HIIHFWLYHO\� LPSURYH� WKH� VKRUW�WHUP�

UDLQIDOO�IRUHFDVWLQJ�DELOLW\�RI�W\SKRRQ�0RUDNRW�� ,Q�DGGLWLRQ��UHVHDUFKHV�RQ�WKH�K\EULG�

PHWKRG��+DPLOO�DQG�6Q\GHU�������:DQJ�HW�DO��������/L�HW��DO�������*DR�DQG�6WHQVUXG�

������WKDW�FRPELQH�WKH�YDULDWLRQDO�PHWKRG�DQG�WKH�HQVHPEOH�.DOPDQ�ILOWHU�DUH�GHVLUDEOH�

WR�REWDLQ�WKH�RSWLPL]HG�LQLWLDO�ILHOG� 

 

����0RWLYDWLRQ�RI�WKH�VWXG\ 

,Q� UHFHQW� \HDUV��PDQ\� VWXGLHV� KDYH� FRQGXFWHG� RQ� DVVLPLODWLQJ� DGGLWLRQDO� KLJK�

UHVROXWLRQ� LQIRUPDWLRQ� ZLWK� UDGDU� GDWD� WR� LPSURYH� VWRUP�VFDOH� QXPHULFDO� ZHDWKHU�

SUHGLFWLRQ� �1:3��� 8VLQJ� D� �'9DU� V\VWHP� ZLWK� REVHUYLQJ� V\VWHP� VLPXODWLRQ�

H[SHULPHQWV��266(V���*H�HW�DO���������LQYHVWLJDWHG�WKH�LPSDFW�RI�DVVLPLODWLQJ�GLIIHUHQW�

VWDWH�YDULDEOHV�DW�WKH�FRQYHFWLYH�VFDOH��WKHLU�UHVXOWV�GHPRQVWUDWHG�WKDW�G\QDPLF�YDULDEOHV�

VXFK�DV�KRUL]RQWDO�ZLQG�SOD\�D�PDMRU�UROH�LQ�DQDO\]LQJ�VWRUP�VWUXFWXUH��0RUHRYHU��WKH\�

UHYHDOHG� WKDW� WKHUPRG\QDPLF� YDULDEOHV� VXFK� DV� WHPSHUDWXUH� DQG� KXPLGLW\� DUH�PRUH�

HIIHFWLYH� WKDQ� K\GURPHWHRU� YDULDEOHV� IRU� UHFRQVWUXFWLQJ� VHYHUH� VWRUPV� EHFDXVH�

K\GURPHWHRUV� DUH� SULPDULO\� LQGLFDWRUV� RI� WKHUPRG\QDPLFDO� SURFHVVHV�� ZLWKRXW�

VXSSRUWLQJ� ZLQG�� WHPSHUDWXUH�� DQG� KXPLGLW\� LQIRUPDWLRQ�� K\GURPHWHRUV� UDSLGO\�

HYDSRUDWH� RU� SUHFLSLWDWH�� 0DQ\� VWXGLHV� KDYH� DWWHPSWHG� WR� LQFOXGH� WKHUPRG\QDPLF�

LQIRUPDWLRQ�LQWR�UDGDU�GDWD��)RU�H[DPSOH��:DWWUHORW�HW�DO���������DVVLPLODWHG�UHWULHYHG�

KXPLGLW\�SURILOHV�DQG�UDGDU�GDWD�E\�XVLQJ�D��'����'9DU�DVVLPLODWLRQ�PHWKRG��7KHLU�
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UHVXOWV� UHYHDOHG� WKH�SRVLWLYH� LPSDFW�RI� DQDO\VLV� DQG� VKRUW�WHUP� IRUHFDVWV��.HUU� HW� DO��

�������HYDOXDWHG� WKH�HIIHFW�RI�DVVLPLODWLQJ�ERWK�FORXG�WRS� WHPSHUDWXUH�IURP�VDWHOOLWH�

GDWD� DQG� UDGDU� REVHUYDWLRQV�� ZKHUHDV� &DXPRQW� HW� DO�� ������� DVVLPLODWHG� UHWULHYHG�

WHPSHUDWXUH�DQG�KXPLGLW\�SURILOHV�IURP�JURXQG�EDVHG�PLFURZDYH�UDGLRPHWHUV��2WKHU�

VWUDWHJLHV�� VXFK� DV� XVLQJ� YHUWLFDO� LQWHJUDWHG� OLTXLG� ZDWHU� FRQWHQW� RU� GLIIHUHQWLDO�

UHIOHFWLYLW\� FROXPQV� WR�PRGLI\�KXPLGLW\�RU� WHPSHUDWXUH�RU�ERWK�� KDYH� UHFHQWO\�EHHQ�

WHVWHG��&DUOLQ�HW�DO��������/DL�HW�DO���������GHPRQVWUDWLQJ�VXEVWDQWLDO�XWLOLW\�LQ�WHUPV�RI�

KLJK�LPSDFW�ZHDWKHU�HYHQWV�� �  

7KH�SRWHQWLDO�LPSDFW�RI�DVVLPLODWLQJ�ERWK�UDGDU�GDWD�DQG�UHWULHYHG�WKHUPRG\QDPLF�

LQIRUPDWLRQ� UHPDLQV� XQFOHDU�� DQG� PRVW� VWXGLHV� KDYH� IRFXVHG� RQ� DUHDV� RI� VWURQJ�

FRQYHFWLRQ��7KHPHQV� DQG�)DEU\� ������� GHVFULEHG� WKH� SRWHQWLDO� EHQHILW� RI� SURYLGLQJ�

WHPSHUDWXUH�DQG�KXPLGLW\�LQIRUPDWLRQ�RYHU��'�GRPDLQV�IRU�PHVRVFDOH�IRUHFDVWLQJ��DQG�

KLJK�GHQVLW\� WKHUPRG\QDPLF� LQIRUPDWLRQ�KDV�EHHQ� VXFFHVVIXOO\� UHWULHYHG� IURP� UDGDU�

GDWD��/LRX�HW�DO��������)HQJ�DQG�)DEU\�������(OOLV�DQG�9LYHNDQDQGDQ�������GHVSLWH�

VRPH�FRQFHUQV�UHODWHG�WR�DFFXUDF\�DQG�ELDV��  

6LQFH� WKH� LPSDFW� RI� DVVLPLODWLQJ� �'� WKHUPRG\QDPLF� YDULDEOHV� LQVLGH� VHYHUH�

ZHDWKHU�V\VWHPV�KDG�QRW�EHHQ�FRPSOHWHO\�LQYHVWLJDWHG��ZH�FRQGXFWHG�D�VHULHV�RI�266(V�

WR� H[SORUH� WKLV� LVVXH� IRU� ERWK� DQDO\VLV� DQG� VKRUW�WHUP� IRUHFDVW�� )LUVW�� KLJK�GHQVLW\�

WHPSHUDWXUH�DQG�RU�KXPLGLW\�ILHOGV�ZHUH�DVVLPLODWHG�DORQJ�ZLWK�UDGDU�GDWD�VLPXODWHG�

IURP�D�QDWXUH�UXQ��7KLV�ZDV�WR�HYDOXDWH�DQG�LOOXVWUDWH�WKH�DGGHG�YDOXH�RI�DVVLPLODWLQJ�

WKHUPRG\QDPLF�LQIRUPDWLRQ�WR�WKH�HQVHPEOH�EDVHG�'$�V\VWHP�ZLWKRXW�WKH�XQFHUWDLQW\�

GXH� WR� WKHUPRG\QDPLF� UHWULHYDO� DOJRULWKPV�� 6HFRQG�� D� WHUUDLQ�SHUPLWWLQJ�

WKHUPRG\QDPLF�UHWULHYDO�VFKHPH��73756��VHH�/LRX�HW�DO��������ZDV�DSSOLHG�WR�UHWULHYH�
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WHPSHUDWXUH�DQG�ZDWHU�YDSRU�DVVLPLODWHG�WR�WKH�'$�V\VWHP��&RQVLGHULQJ�WKH�XQFHUWDLQW\�

RI� WKH� UHWULHYDO� VFKHPH�� LW� LV� DEOH� WR� XQGHUVWDQG� WKH� IHDVLELOLW\� RI� DVVLPLODWLQJ� WKH�

WKHUPRG\QDPLF�LQIRUPDWLRQ��$�FDVH�VWXG\�RI�D�IURQWDO�V\VWHP�ZDV�VHOHFWHG�WR�H[DPLQH�

DQG�GHPRQVWUDWH�WKH�LPSDFW�RI�DVVLPLODWLQJ�WKHVH�REVHUYDWLRQV�LQ�GLIIHUHQW�DUHDV�RI�WKH�

SUHFLSLWDWLQJ�ZHDWKHU�V\VWHP��7KH�(Q.)�W\SH�DVVLPLODWLRQ�V\VWHP�:/5$6�ZDV�XVHG�LQ�

WKLV� VWXG\�� ,Q� WKH� DVVLPLODWLRQ� RI� UDGDU� GDWD� DW� WKH� FRQYHFWLYH� VFDOH�� DQ� LGHDO� FDVH�

H[SHULPHQW�DUH�XVHG�WR�H[SORUH�WKH�HIIHFW�RI�DGGLQJ�D�WKHUPRG\QDPLF�ILHOG��WHPSHUDWXUH��

ZDWHU� YDSRU�� LQ� DGGLWLRQ� WR� WKH� DVVLPLODWLRQ� RI� UDGDU� UHIOHFWLYLW\� DQG� UDGLDO� ZLQG�

LQIRUPDWLRQ��DQG�FRQGXFW�D�VHULHV�RI�DVVHVVPHQWV�RI�WKH�LPSDFW�DQG�EHQHILWV�RI�VHYHUH�

ZHDWKHU�V\VWHPV� 
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Chapter 2  

Methodology and Data Operator 

����:LQG�6\QWKHVLV�6\VWHP�XVLQJ�'RSSOHU�0HDVXUHPHQWV��:,66'20� 

,Q�WKLV�VWXG\��D�YDULDWLRQDO�EDVHG�DOJRULWKP��/LRX�DQG�&KDQJ�������DQG�/LRX�HW�DO��

������LV�XVHG�WR�UHWULHYH�WKH�WKUHH�GLPHQVLRQDO�ZLQG�ILHOGV�ZLWK�PXOWLSOH�'RSSOHU�UDGDUV��

7KH� V\VWHP� LV� QDPHG� :LQG� 6\QWKHVLV� 6\VWHP� XVLQJ� 'RSSOHU� 0HDVXUHPHQWV�

�:,66'20�� /LRX� HW� DO�� ������� ,Q� /LRX� DQG�&KDQJ� �������� WKH� XQFHUWDLQWLHV� RI� WKH�

UHWULHYDOV�KDYH�EHHQ�WHVWHG�DQG�YDOLGDWHG�ZLWK�LGHDOL]HG�H[SHULPHQWV��DQG�UHVXOWV�VKRZ�

WKDW�WKH�HUURUV�RI�KRUL]RQWDO�ZLQGV�DUH�YHU\�VPDOO��ODUJHU�XQFHUWDLQW\�UHPDLQV�LQ�YHUWLFDO��

,Q�DGGLWLRQ��WKH�DFFXUDF\�RI�WKH�UHWULHYHG�ZLQGV�LQ�UHDO�FDVHV�KDYH�EHHQ�YHULILHG�ZLWK�DQ�

LQGHSHQGHQW� UDGDU�� 7KLV� DOJRULWKP� KDV� EHHQ� DSSOLHG� WR� GLDJQRVH� GLIIHUHQW� UHDO� FDVH�

VWXGLHV��/LRX�HW�DO��������/HH�HW�DO��������DQG�/LRX�HW�DO���������%ULHI�GHVFULSWLRQV�DQG�

PDMRU�IHDWXUHV�RI�:,66'20�DUH�JLYHQ�DV�IROORZV��7KHUH�DUH�ILYH��ZHDN��FRQVWUDLQWV�LQ�

WKH�FRVW�IXQFWLRQ�RI�:,66'20�IRU�REWDLQLQJ�WKH�RSWLPDO�WKUHH�GLPHQVLRQDO�ZLQGV��DQG�

WKH\�DUH��  

(1) 7KH�JHRPHWULF�UHODWLRQ�WR�FRQQHFW�WKH�UHWULHYHG�&DUWHVLDQ�ZLQG�FRPSRQHQWV�DQG�WKH�

UDGLDO�YHORFLW\�GLUHFWO\�PHDVXUHG�E\�WKH�LQGLYLGXDO�UDGDU 

ଵܬ ൌ σ σ σ ଵǡ൫ߙ ଵܶǡǡ௧൯
ଶே

ୀଵ௫ǡ௬ǡ௭
ଶ
௧ୀଵ ǡ� � � � � � � � � � � � � � � � � � � � � � � � � � ��� 

ଵܶǡǡ௧ ൌ ሺ ܸሻǡ௧ െ
ሺݔ െ ௫ܲ

ሻ
ݎ

௧ݑ െ
൫ݕ െ ௬ܲ

൯
ݎ

௧ݒ െ
ሺݖ െ ௭ܲ

ሻ
ݎ

൫ݓ௧  ்ܹǡ௧൯ǡ ܽ݊݀ 

ݎ ൌ ටሺݔ െ ௫ܲ
ሻଶ  ൫ݕ െ ௬ܲ

൯ଶ  ሺݖ െ ௭ܲ
ሻଶǡ�  

ZKHUH�WKH�VXEVFULSWV�W��IURP���WR����LQGLFDWHV�WKH�QXPEHU�RI�WLPH�OHYHOV��DQG�L��IURP�
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��WR�1��LV�IRU�WKH�QXPEHU�RI�UDGDU�VLWHV���9U�L�W�LV�WKH�UDGLDO�ZLQGV�REVHUYHG�E\�LWK�

UDGDU�DW�WLPH�W���ݑ௧�� ��௧ݒ ��[�\�]��௧��PHDQ�WKH�WKUHH�GLPHQVLRQDO�ZLQG�DW�WKH�ORFDWLRQݓ

DW�WLPH�W��DQG� ்ܹǡ௧� UHSUHVHQWV�WKH�WHUPLQDO�YHORFLW\��ZKLFK�FDQ�EH�HVWLPDWHG�XVLQJ�

UDGDU�UHIOHFWLYLW\�GDWD��� ௫ܲ
�� ௬ܲ

�� ௭ܲ
��GHQRWH�WKH�FRRUGLQDWHV�RI�WKH�LWK�UDGDU��DQG� �ݎ

LV�WKH�GLVWDQFH�IRU�HDFK�JULG�SRLQW�WR�WKH�LWK�UDGDU��  

(2) 7KH�GLIIHUHQFH�EHWZHHQ�WKH�UHWULHYHG�ZLQG�ILHOG��9W��DQG�WKH�EDFNJURXQG�ZLQGV�� ܸǡ௧���  

ଶܬ ൌ σ σ ଶ൫ߙ ௧ܸ െ ܸǡ௧൯
ଶ

௫ǡ௬ǡ௫
ଶ
௧ୀଵ � � � � � � � � � � � � � � � � � � � � � � � � � ��� 

7KLV� FRQVWUDLQW� SURYLGHV� DX[LOLDU\� LQIRUPDWLRQ� LQ� WKH� GDWD� YRLG� UHJLRQ� LQ� WKH�

UHWULHYHG�GRPDLQ� 

(3) 7KH�DQHODVWLF�FRQWLQXLW\�HTXDWLRQ��H[SUHVVHG�DV� 

ଷܬ ൌ σ σ ଷߙ ቂ
డሺఘబ௨ሻ

డ௫
 డሺఘబ௩ሻ

డ௬
 డሺఘబ௪ሻ

డ௭
ቃ
ଶ

௫ǡ௬ǡ௭
ଶ
௧ୀଵ � � � � � � � � � � � � � � � � ��� 

ZKHUH�ȡ��LV�WKH�DLU�GHQVLW\�WKDW�YDULHV�ZLWK�KHLJKW�RQO\ 

(4) 7KH�VLPSOLILHG�YHUWLFDO�YRUWLFLW\�HTXDWLRQ�ZKLFK�QHJOHFWV�WKH�PL[LQJ�DQG�EDURFOLQLF�

WHUPV��DQG�LW�LV�IRUPXODWHG�DV��  

ସܬ ൌ σ ସߙ ቄ
డక
డ௧
 ቂݑ௧

డక
డ௫
 ௧ݒ

డక
డ௬
 ௧ݓ

డక
డ௭
 ሺߦ  ݂ሻ ቀడ௨

డ௫
 డ௩

డ௫
ቁ  ቀడ௪

డ௫
డ௩
డ௬

െ డ௪
డ௬

డ௨
డ௭
ቁതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതቃቅ

ଶ

௫ǡ௬ǡ௭ � ��� 

ZKHUH� ߦ ൌ ሺడ௩
డ௫
െ డ௨

డ௬
ሻ� LV�WKH�YHUWLFDO�YRUWLFLW\�DQG� ݂� LV�WKH�&RULROLV�SDUDPHWHU��7KH�

RYHUEDU�UHSUHVHQWV�D�WHPSRUDO�DYHUDJH�RYHU�WKH�WZR�WLPH�OHYHOV��  

(5) 7KH�/DSODFH�VPRRWKLQJ�ILOWHU��GHILQHG�DV��  

ହܬ ൌ σ σ ௧ݑଶሺହሾߙ  ௧ݒ  ௧ሻሿଶ௫ǡ௬ǡ௭ݓ
ଶ
௧ୀଵ � � � � � � � � � � � � � � � � � � � ��� 

ZKHUH� ଶൌ డమ

డ௫మ
 డమ

డ௬మ
 డమ

డ௭మ
� ��DQG�WKH�SXUSRVH�RI�WKLV�SHQDOW\�WHUP�LV�WR�PLQLPL]H�WKH�

GLVFUHSDQF\�EHWZHHQ�REVHUYDWLRQ�DQG�GDWD�YRLG�UHJLRQ��7KH�ZHLJKWLQJ�FRHIILFLHQWV�

LQ�HTXDWLRQV�����±�����DUH�JLYHQ�WKH�VDPH�YDOXHV�DV�/LRX�HW�DO����������  
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7KH�FRVW�IXQFWLRQ�RI�:,66'20�LQFOXGHV�EDVLF�FRQVWUDLQWV�IRU�ZLQG�UHWULHYDO��D�

JHRPHWULF� UHODWLRQ� WR� FRQQHFW� UDGLDO� FRPSRQHQW� DQG� WKUHH� GLPHQVLRQDO� ZLQGV�� DQ�

DQHODVWLF�FRQWLQXLW\�HTXDWLRQ��DQG�WKH�/DSODFLDQ�VPRRWKLQJ�WHUP�LQ�VSDFH��,Q�DGGLWLRQ��

H[WUD�FRQVWUDLQWV�DUH�DSSOLHG�LQ�WKH�DOJRULWKP�����D�EDFNJURXQG�WHUP�WR�FRYHU�WKH�GDWD�

YRLG�UHJLRQ�����D�YHUWLFDO�YRUWLFLW\�HTXDWLRQ�LQ�WKH�FRVW�IXQFWLRQ�WR�JXDUDQWHH�WKH�EDODQFH�

RI� WKH�YRUWLFLW\�EXGJHW��$V�PHQWLRQHG� LQ�/LRX�HW� DO�� �������� WKLV�FRQVWUDLQW�FDQ�ERWK�

LPSURYH�WKH�DFFXUDF\�RI�WKH�ZLQG�DQG�WKHUPRG\QDPLF�UHWULHYDOV��:LWK�WKHVH�IRUPXODV�

DV� ZHDN� FRQVWUDLQWV��:,66'20� LV� DEOH� WR� UHWULHYH� WKH� ZLQG� ILHOG� DORQJ� WKH� UDGDU�

EDVHOLQH��%\�LPSOHPHQWLQJ�WKH�,PPHUVHG�%RXQGDU\�0HWKRG��,%0��7VHQJ�DQG�)HU]LJHU�

�������/LRX�HW�DO��������LPSURYHG�WKH�:,66'20�VR�WKH�UHWULHYDO�DOJRULWKP�FDQ�WDNH�

LQWR�DFFRXQW�WKH�WHUUDLQ�HIIHFW��  

 

����7HUUDLQ�3HUPLWWLQJ�7KHUPRG\QDPLF�5HWULHYDO�6FKHPH��73756� 

7KH�WHUUDLQ�SHUPLWWLQJ�WKHUPRG\QDPLF�UHWULHYDO�VFKHPH��73756��/LRX�HW�DO���������

LV�DQ�DOJRULWKP�IRU�LPPHGLDWHO\�UHWULHYLQJ�WKH��'�SUHVVXUH�DQG�WHPSHUDWXUH�ILHOGV�IRU�

FRPSOH[� WHUUDLQ� XVLQJ�ZLQG� LQIRUPDWLRQ�� ,Q� WKH� DOJRULWKP�� WKUHH� EDVLF� HTXDWLRQV� RI�

PRWLRQ�HPSOR\�PRPHQWXP�HTXDWLRQV�WR�REWDLQ�WKHUPRG\QDPLF�ILHOGV��/LRX�HW�DO���������

LQFOXGLQJ�PRLVWXUH�UHODWHG�FRQWULEXWLRQV� 

ଵ
ఏೡబ

ቂడ௨
డ௧
 ሬܸറ ή ݑߘ െ ݒ݂  ሻቃݑሺܾݎݑݐ ൌ െడగᇲ

డ௫
ؠ െܨ� � � � � � � � � � � � � ��� 

ଵ
ఏೡబ

ቂడ௩
డ௧
 ሬܸറ ή ݑߘ െ ݒ݂  ሻቃݒሺܾݎݑݐ ൌ െడగᇲ

డ௬
ؠ െܩ� � � � � � � � � � � � � ��� 
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ଵ
ఏೡబ

ቂడ௪
డ௧
 ሬܸറ ή ݓ  ሻݓሺܾݎݑݐ  ቃݍ݃ ൌ െడగᇲ

డ௭
 ݃ ఏᇲ

ఏబఏೡబ
ؠ െܪ� � � � � ��� 

ݑ డఏᇲ

డ௫
 ݒ డఏᇲ

డ௬
 ݓ డఏᇲ

డ௭
 ݓ డఏబ

డ௭
 ܵ ൌ Ͳ� � � � � � � � � � � � � � � � � � � ��� 

,Q� WKH� HTXDWLRQ�� WKH� VXEVFULSW��� RQ� WKH� ULJKW� UHSUHVHQWV� WKH� EDVLF� VWDWH�� DQG� D� SULPH�

UHSUHVHQWV� WKH� GLVWXUEDQFH� RI� WKH� EDVLF� VWDWH�� I� LV� WKH� &RULROLV� SDUDPHWHU�� ݃�� LV� WKH�

JUDYLWDWLRQDO� DFFHOHUDWLRQ�� �ݍ LV� UDLQ�PL[LQJ� UDWLR��ZKLFK�FDQ�EH� HVWLPDWHG�E\� UDGDU�

UHIOHFWLYLW\�� ,Q� WKH� IRUPXOD�� ��ݍ݃ UHSUHVHQWV� WKH� EXR\DQF\� WHUP�� 7KH� OHIW� IRUPXOD�

UHSUHVHQWV�WKH�ZLQG�ILHOG�RI�WKH�WKUHH�FRPSRQHQWV�LQ�WKH�VSDFH�RI�X��Y��DQG�Z��ZKLFK�LV�

NQRZQ�IURP�:,66'20��ZKHUH�6�LV�WKH�WRWDO�HIIHFW�RI�WKH�WHPSRUDO�YDULDWLRQ��GLIIXVLRQ��

DQG�VRXUFH�VLQN�DFKLHYHG�WKURXJK�PLFURSK\VLFDO�SURFHVVHV��/LRX���������7KH�6�WHUP�LV�

WUHDWHG�DV�D�UHWULHYDEOH�SDUDPHWHU�LQ�WKH�VWXG\��DQG�QR�DGGLWLRQDO�SDUDPHWHUL]DWLRQV�ZHUH�

DSSOLHG� 

)XUWKHUPRUH�� WKH� FRQWULEXWLRQV� RI� YDSRU�� FORXG�� DQG� UDLQZDWHU� DUH� LQFOXGHG� WR�

HVWLPDWH� WKH� EXR\DQF\� IRUFH�� ,Q� WKH� UHWULHYDO� VFKHPH�� D� QRUPDOL]HG� SUHVVXUH� �ʌ�� LV�

REWDLQHG��([QHU�IXQFWLRQ���DQG�LW�LV�GHILQHG�DV 

� � � � Ɏ ൌ ܥ ቀ

బబ
ቁ

ೃ
� � � � � � � � � � � � � � � � � � � � � � � � � � � ���� 

ZKHUH�3� LV� WKH� DLU� SUHVVXUH�� ܲ� �LV� ����� K3D��5� LV� WKH� DLU� FRQVWDQW�� DQG� ��ܥ LV� WKH�

VSHFLILF�KHDW�FDSDFLW\� DW�FRQVWDQW�SUHVVXUH�� ,Q�DGGLWLRQ�� �௩ߠ LV� WKH�EDVLF� VWDWH�RI� WKH�

YLUWXDO�SRWHQWLDO� WHPSHUDWXUH�� LW� LV� WKH�YLUWXDO�FORXG�SRWHQWLDO� WHPSHUDWXUH��ZKLFK�KDV�

LQFOXGHG�WKH�FRQWULEXWLRQV�RI�ZDWHU�YDSRU�DQG�UDLQ��'HILQHG�DV�IROORZV� 

௩ߠ ൌ ሺͳߠ  ͲǤͳݍ௩ሻ� � � � � � � � � � � � � � � � � � � � � � � ���� 

ᇱߠ ൌ ᇱߠ  ሺͲǤͳݍ௩ᇱ െ �ߠሻݍ � � � � � � � � � � � � � � � � � � � � ���� 
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+HUH�� �௩ݍ LV�D�ZDWHU�YDSRU�PL[LQJ�UDWLR��DQG� �ݍ LV�D�FORXG�ZDWHU�PL[LQJ�UDWLR��,Q������� �

�ݍ UHIHUV�WR�WKH�UDLQZDWHU�PL[LQJ�UDWLR��ZKLFK�FDQ�EH�HVWLPDWHG�XVLQJ�WKH�UHODWLRQVKLS�

ZLWK�UDGDU�UHIOHFWLYLW\��Ș�LQ�G%=��6XQ�DQG�&URRN������� 

ߟ ൌ Ͷ͵Ǥͳ  ͳǤͷ݈݃ሺݍߩሻ� � � � � � � � � � � � � � � � � � � � � � � ���� 

ZKHUH�ȡ�LV�WKH�DLU�GHQVLW\� 

 

����0RLVWXUH�DQG�WHPSHUDWXUH�DGMXVWPHQW�VFKHPH 

7KH�PRLVWXUH� DGMXVWPHQW�PHWKRG�ZDV�EDVHG�RQ� WKDW� RI�/LRX� HW� DO�� ��������ZKR�

SURSRVHG�D�VLPSOH�DQG�HIIHFWLYH�DSSURDFK�IRU�DGMXVWLQJ�WHPSHUDWXUH�DQG�PRLVWXUH�ILHOGV�

WKURXJK�LWHUDWLYH�PHWKRGV��,Q�WKH�SURFHVV��WKH�ZDWHU�YDSRU�PL[LQJ�UDWLR�SHUWXUEDWLRQ�LV�

LQLWLDOO\� VHW� WR� ��� DQG� WKHQ� WKH� WHPSHUDWXUH� LV� FRQYHUWHG� WR� WHPSHUDWXUH� 7� WKURXJK�

HTXDWLRQ�������ZKHUH�WKH�YLUWXDO�FORXG�SRWHQWLDO�WHPSHUDWXUH�LV�WKH�WKHUPRG\QDPLF�ILHOG�

GHULYHG� IURP� WKH� WHPSHUDWXUH� SHUWXUEDWLRQ� ILHOG� DQG� WKH� FORXG�ZDWHU�PL[LQJ� UDWLR� LV�

GHULYHG� IURP� WKH�PRGHO��7KH�PRGHO� LV� WUHDWHG� DV�'$� DQG� XVHV� WKH� LQYHUWHG� VXUIDFH�

WHPSHUDWXUH�DQG�SUHVVXUH�WR�FDOFXODWH�WKH�GHZ�SRLQW�WHPSHUDWXUH� 

 

ௗܶ ൌ


ሺఌȀೢೡሻೞ
� � � � � � � � � � � � � � � � � � � � � � � � � ���� 

ܣ ൌ ʹǤͷ͵͵ ൈ ͳͲ଼� ݇ܲܽ� � � � � � � � � � � � � � � � � � � � � � � ���� 

ܤ ൌ ͷǤͶͳ ൈ ͳͲଷ� �ܭ � � � � � � � � � � � � � � � � � � � � � � � ���� 

ߝ ൌ ͲǤʹʹ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���� 

௪௩ݍ ൌ ᇱ௪௩ݍ �  �௩ݍ � � � � � � � � � � � � � � � � � � � � � � � � ���� 

:KHQ�WKH�UDGDU�UHIOHFWLYLW\�H[FHHGV����G%=��WKLV�DUHD�LV�UHJDUGHG�DV�VDWXUDWHG��7KH�YDOXH�
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RI�WKH�VDWXUDWHG�ZDWHU�YDSRU�PL[LQJ�UDWLR�RQ�WKHVH�VDWXUDWHG�JULG�SRLQWV�LV�FDOFXODWHG��

WKH�ZDWHU�YDSRU�PL[LQJ�UDWLR�RI�WKH�EDVLF�VWDWH�LV�VXEWUDFWHG�WR�REWDLQ�D�QHZݍ�ᇱ௪௩��DQG�

WKH� UHVXOW� LV� VXEVWLWXWHG� LQWR� IRUPXOD� ����� WR� REWDLQ� D� QHZ� SRWHQWLDO� WHPSHUDWXUH�

SHUWXUEDWLRQ�ILHOGߠ�ᇱ��6XEVHTXHQWO\��WKH�GLIIHUHQFH�EHWZHHQ�WKH�QHZO\�REWDLQHG�ZDWHU�

YDSRU�SHUWXUEDWLRQ�DQG�SRWHQWLDO�WHPSHUDWXUH�SHUWXUEDWLRQ�DQG�WKH�RULJLQDO�ZDWHU�YDSRU�

SHUWXUEDWLRQ� ILHOG� DQG� SRWHQWLDO� WHPSHUDWXUH� SHUWXUEDWLRQ� ILHOG� LV� FDOFXODWHG�� ,I� WKH�

GLIIHUHQFH�EHWZHHQ�WKH�WZR�LV�OHVV�WKDQ�WKH�WKUHVKROG��WKH�FDOFXODWLRQ�LV�VWRSSHG�DQG�WKH�

ZDWHU�YDSRU�DGMXVWPHQW�LWHUDWLYH�SURFHVV�LV�FRPSOHWH��UHVXOWLQJ�LQ�D�QHZ� �ᇱ௪௩ݍ� DQGߠ�
ᇱ��

7KH�WKUHVKROG�YDOXHV�DUH� �ͷ� ൈ � ͳͲିହ� IRU�WKH�WHPSHUDWXUH�ILHOG�DQG� �ͷ� ൈ � ͳͲିଶ� IRU�

WKH�ZDWHU�YDSRU�PL[LQJ�UDWLR� 

 

����:5)�/(7.)�5DGDU�$VVLPLODWLRQ�6\VWHP��:/5$6� 

7KLV�VWXG\�XVHV�WKH�UDGDU�DVVLPLODWLRQ�V\VWHP�:5)�/(7.)�5DGDU�$VVLPLODWLRQ�

6\VWHP��:/5$6��EXLOW�E\�7VDL�HW�DO����������ZKLFK�IRU�WKH�ILUVW�WLPH�DLPV�WR�LPSURYH�

TXDQWLWDWLYH�SUHFLSLWDWLRQ�QRZFDVWLQJ��$IWHU�WKDW��PDQ\�SDSHUV�KDYH�VXFFHVVIXOO\�XVHG�

:/5$6�WR�VWXG\�WKH�0HL\X�V\VWHP�DQG�W\SKRRQ�V\VWHP�LQ�7DLZDQ��6KDR��������DSSOLHG�

WKLV�V\VWHP�IRU�WKH�ILUVW�WLPH��DQG�VXFFHVVIXOO\�LPSURYHG�WKH�VKRUW�WHUP�UDLQIDOO�IRUHFDVW�

RI�D�UHDO�FDVH�0HL\X�V\VWHP��:X��������UHORFDWHG�W\SKRRQ�0RUDNRW�LQWR�WKH�HQVHPEOH�

WR�LPSURYH�FRQYHFWLYH�VFDOH�TXDQWLWDWLYH�SUHFLSLWDWLRQ�UHDO�WLPH�IRUHFDVWLQJ��DQG�=KHQJ�

�������GLVFXVVHG�WKH�LPSDFW�RI�PXOWL�VFDOH�KHDY\�UDLQIDOO�0HL\X�V\VWHP�RQ�IRUHFDVWLQJ��  

7KH�/RFDO�(QVHPEOH�7UDQVIRUP�.DOPDQ�)LOWHU��/(7.)��LV�RQH�UHSUHVHQWDWLRQ�RI�

WKH�GHWHUPLQLVWLF�(Q.)��GHYHORSHG�DW�WKH�8QLYHUVLW\�RI�0DU\ODQG��2WW�HW�DO���������DQG�

WKH�IXOO�PHWKRG�GHVFULSWLRQ�LV�ILUVW�VHHQ�LQ�+XQW�HW�DO����������/LNH�RWKHU�(Q.)�PHWKRGV��
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/(7.)� LV� GHULYHG� XQGHU� WKH� IUDPHZRUN�RI�PLQLPXP�YDULDQFH� XQELDVHG� HVWLPDWLRQ��

/(7.)�KDV�WKH�FRPPRQ�DGYDQWDJHV�RI�RWKHU�(Q.)�PHWKRGV���D��WKH�EDFNJURXQG�HUURU�

FRYDULDQFH� HVWLPDWHG� E\� WKH� IRUHFDVW� HQVHPEOH� LV� IORZ�GHSHQGHQW�� ZKLFK� FDQ� EHWWHU�

UHSUHVHQW�WKH�ORFDO�HUURU�FKDUDFWHULVWLFV�WKDQ�WKH�IL[HG�EDFNJURXQG�HUURU�FRYDULDQFH�XVHG�

E\��'9$5���E��(Q.)�DQG��'9$5�KDYH�FRPSDUDEOH�DQDO\VLV�DFFXUDF\��&D\D�HW�DO��������

<DQJ�HW�DO��������0L\RVKL�HW�DO���������EXW�(Q.)�GRHV�QRW�QHHG�WR�ZULWH�WDQJHQW�OLQHDU�

PRGHOV�DQG�DGMRLQW�PRGHOV��VR�LW�LV�HDVLO\�WR�GLIIHUHQW�PRGHOV���F��WKH�FRPSOHWH�QRQOLQHDU�

PRGHO� DQG� QRQOLQHDU� REVHUYDWLRQ� RSHUDWRUV� FDQ� EH� XVHG� WR� GHDO� ZLWK� WKH� QRQOLQHDU�

SURFHVVHV� RI� WKH� DWPRVSKHUH�� �G�� WKH� DQDO\VLV� DOJRULWKP� RI� (Q.)� FDQ� EH� HDVLO\�

SDUDOOHOL]HG��,Q�DGGLWLRQ��(Q.)�FDQ�KDQGOH�WKH�UHOLDELOLW\�RI�HQVHPEOH�HUURU�FRYDULDQFH�

WKURXJK�FRYDULDQFH�ORFDOL]DWLRQ�WHFKQLTXHV��*UH\EXVK�HW�DO�������� 

%ULHI�GHVFULSWLRQV�RI�/(7.)¶V�IHDWXUHV�DUH�SURYLGHG�KHUH��DQG�WKH�GHWDLOV�RI�WKH�

DOJRULWKP�DUH�DYDLODEOH�LQ�WKH�VWXGLHV�RI�+XQW�HW�DO���������DQG�<DQJ�HW�DO���������� � �  

7KH� ILQDO� DQDO\VLV� FDQ�EH�REWDLQHG�DV� IROORZV�� HDFK� JULG�SRLQW� LV� LQGHSHQGHQWO\�

RSHUDWHG��ZKLFK�FDQ�EH�H[SUHVVHG�DV�D�PDWUL[�IRUPXOD�DV�IROORZV� 

����(VWLPDWH�WKH�VWDWH�YDULDEOHV�DQG�WKHLU�XQFHUWDLQW\�E\�XSGDWLQJ�WKH�HQVHPEOH�PHDQ�

DQG�SHUWXUEDWLRQV�DV 

തതതܠ ൌ തതതܠ  �ഥܟ܆ � � � � � � � � � � � � � � � � � � � � � � � � � � � ���� 

� ܆ ൌ �܅܆ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���� 

ZKHUH� ��തܠ LV� WKH� HQVHPEOH� PHDQ� RI� WKH� PRGHO� YDULDEOHV�� ;� LV� WKH� HQVHPEOH�

GLVWXUEDQFH�RI�WKH�PRGHO�YDULDEOHV��DQG�WKH�VXEVFULSWV�D�DQG�E�DUH�WKH�DQDO\VLV�ILHOG�

DQG�WKH�EDFNJURXQG�ILHOG��  
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���� ഥܟ � DQG�:�DUH�WKH�ZHLJKW�FRHIILFLHQWV�RI�WKH�PHDQ�ILHOG�DQG�WKH�SHUWXUEDWLRQ�ILHOG��

7KURXJK� WKH� ORFDOL]DWLRQ� SURFHVV�� WKH� EDFNJURXQG� ILHOG� DQG� REVHUYDWLRQ�

LQIRUPDWLRQ�ZLWKLQ�WKH�JULG�ORFDOL]DWLRQ�UDGLXV�DUH�VHOHFWHG��DQG�WKH�REWDLQHG�ZHLJKW�

FRHIILFLHQW�IRUPXOD�LV�DV�IROORZV� 

ഥܟ ൌ ܡଵሺି܀்܇෪۾ െ �തതതሻܡ � � � � � � � � � � � � � � � � � � � � � � ���� 

܅ ൌ ൣሺܭ െ ͳሻ۾෪൧
ଵȀଶ

� � � � � � � � � � � � � � � � � � � � � � � ���� 

$PRQJ�WKHP�� �ܡ LV�WKH�REVHUYDWLRQ�YHFWRU��WKH�PDWUL[� �ܡ DQG�WKH�FROXPQ�YHFWRU�

�തതതܡ DUH�WKH�EDFNJURXQG�HQVHPEOH�PHDQ�DQG�GLVWXUEDQFH�LQ�WKH�REVHUYDWLRQ�VSDFH��

UHVSHFWLYHO\��DQG�5�LV�WKH�REVHUYDWLRQ�HUURU�FRYDULDQFH�PDWUL[��ZKLFK�LV�GLDJRQDO�

GXH�WR�WKH�DVVXPSWLRQ�WKDW�WKH�REVHUYDWLRQ�HUURUV�DUH�LQGHSHQGHQW�PDWUL[��,�LV�WKH�

LGHQWLW\�PDWUL[��.�LV�WKH�QXPEHU�RI�HQVHPEOHV� 

���� �෪۾ LV� WKH�DQDO\VLV� HUURU� FRYDULDQFH�PDWUL[� LQ� WKH�HQVHPEOH�VSDFH��ZKLFK�FDQ�EH�

FDOFXODWHG�DV� 

෪۾ ൌ ሾሺܭ െ ͳሻ۷Ȁߩ  �ሿିଵ܇ଵି܀்܇ � � � � � � � � � � � � � � � � � � ���� 

ZKHUH�PDWUL[� �܇� UHSUHVHQWV�WKH�SHUWXUEDWLRQV�LQ�WKH�REVHUYDWLRQ�VSDFH��5�LV�WKH�

REVHUYDWLRQ�HUURU�FRYDULDQFH�PDWUL[��,�LV�DQ�LGHQWLW\�PDWUL[��.�LV�WKH�HQVHPEOH�VL]H��

DQG�ȡ�LV�D�PXOWLSOLFDWLYH�FRYDULDQFH�LQIODWLRQ�IDFWRU��$QGHUVRQ��������  

����7KH�5�ORFDOL]DWLRQ�VFKHPH��+XQW�HW�DO��������PRGHOV�WKH�REVHUYDWLRQ�HUURU�ZLWK�D�

*DXVVLDQ� IXQFWLRQ� WR� SURSDJDWH� WKH� LQIRUPDWLRQ� EHWZHHQ� WKH� REVHUYDWLRQ� DQG�

DQDO\VLV�JULG�SRLQW��)LJXUH�����SUHVHQWV�D�VFKHPDWLF�RI�D�KRUL]RQWDO�DQG�YHUWLFDO�5�

ORFDOL]DWLRQ� 

����7R�VXP�XS� WKH�DERYH�� ഥܟ � FDQ�NHHS� WKH�REVHUYDWLRQDO� LQIRUPDWLRQ� LQ� WKH�DYHUDJH�
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VWDWH� RI� WKH� HQVHPEOH�� DQG� :� KDV� WKH� FKDUDFWHULVWLF� RI� IORZ�GHSHQGHQW� HUURU�

VWUXFWXUH��)LQDOO\��WKH�DQDO\VLV�ILHOG�RI�HDFK�HQVHPEOH�PHPEHU�LV� 

ܠ ൌ തതതܠ  ܆ ൌ തതതܠ  ഥܟ܆  �܅܆ � � � � � � � � � � � � � � � � � � ���� 

7KH�/(7.)�V\VWHP� LV� FRXSOHG�ZLWK� WKH�:5)�PRGHO� LQ� WKH�SUHVHQW� VWXG\��7KH�

V\VWHP�ZDV�RULJLQDOO\�GHYHORSHG�E\�<DQJ�HW�DO���������IRU�DVVLPLODWLQJ�FRQYHQWLRQDO�

REVHUYDWLRQV��DQG�7VDL�HW�DO���������PRGLILHG�WKLV�V\VWHP�IRU�UDGDU�'$�DW�WKH�FRQYHFWLYH�

VFDOH��UHQDPLQJ�LW�WKH�:5)±/(7.)�UDGDU�DVVLPLODWLRQ�V\VWHP��:/5$6���7KH�IHDWXUHV�

DQG�VHWXS�RI�WKLV�V\VWHP�DUH�GHVFULEHG�DV�IROORZV�� � �  

��� $�PL[HG�ORFDOL]DWLRQ�VWUDWHJ\��7VDL�HW�DO��������LV�XVHG�WR�DYRLG�XQUHDOLVWLF�

FRUUHODWLRQV� DQG� DVVLJQ� GLIIHUHQW� HUURU� FRYDULDQFH� ORFDOL]DWLRQ� UDGLL� WR�

GLIIHUHQW�PRGHO�YDULDEOHV�� ,Q� WKH�SUHVHQW�VWXG\�� WKUHH�KRUL]RQWDO� UDGLL�RI����

�KRUL]RQWDO�ZLQG��8�DQG�9�������WHPSHUDWXUH�7��ZDWHU�YDSRU�PL[LQJ�UDWLR�4Y��

DQG�FORXG�PL[LQJ�UDWLR�4F���DQG����NP��YHUWLFDO�YHORFLW\�:��UDLQ�PL[LQJ�UDWLR�

4U��VQRZ�PL[LQJ�UDWLR�4V��DQG�JUDXSHO�PL[LQJ�UDWLR�4J��DUH�XVHG�WR�XSGDWH�

WKH� PRGHO� YDULDEOHV�� 7KH� YHUWLFDO� ORFDOL]DWLRQ� UDGLXV� LV� �� NP� IRU� DOO� WKH�

YDULDEOHV��  

��� $�GDWD�TXDOLW\�FRQWURO�SURFHGXUH�LV�XVHG�WR�UHMHFW�D�SDUWLFXODU�REVHUYDWLRQ�LI�

WKH�LQQRYDWLRQ��WKH�GLIIHUHQFH�EHWZHHQ�WKH�REVHUYDWLRQ�DQG�EDFNJURXQG�VWDWH��

LV�WKUHH�WLPHV�ODUJHU�WKDQ�WKH�REVHUYDWLRQ�HUURU��  

��� 7R�DGGUHVV�WKH�XQGHU�GLVSHUVLYH�SUREOHP��DQ�LQIODWLRQ�FRHIILFLHQW�ȡ�LV�DSSOLHG��

DQG� DQ� HPSLULFDO� YDOXH� RI� ����� LV� XVHG� WKURXJKRXW� WKH� DVVLPLODWLRQ�

H[SHULPHQWV��  
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��� ,Q�FRQWUDVW�WR�WKH�ILQGLQJV�RI�7VDL�HW�DO����������DOO�WKH�REVHUYDWLRQV�DVVLPLODWHG�

LQ� WKH�:/5$6� V\VWHP� DUH� XVHG� WR� XSGDWH� DOO� WKH�PRGHO� YDULDEOHV�ZLWKRXW�

VZLWFKLQJ�RII�DQ\�FURVV�YDULDEOH�HUURU�FRUUHODWLRQ� 

 

����2EVHUYDWLRQ�GDWD�DQG�2SHUDWRU 

7KLV�VWXG\�FRQWLQXHV�WKH�VHWWLQJ�RI�7VDL�HW�DO���������DQG�6KDR��������XVLQJ�WKH�

:/5$6�DVVLPLODWLRQ�V\VWHP��DQG�IXUWKHU�PRGLILHV�WZR�SDUWV����,Q�RUGHU�WR�XQGHUVWDQG�

WKH�FURVV�FRUUHODWLRQ�FKDUDFWHULVWLFV�EHWZHHQ�REVHUYHG�YDULDEOHV�DQG�PRGHO�YDULDEOHV��

WKH�REVHUYHG�YDULDEOHV�DUH�QR�ORQJHU�OLPLWHG�WR�RQO\�XSGDWH�VSHFLILF�PRGHO�YDULDEOHV��

7KH�REVHUYDWLRQ�GDWD�FDQ�VLPXOWDQHRXVO\�XSGDWH�WKH�WKUHH�GLPHQVLRQDO�ZLQG�ILHOGV��8��

9��:���WHPSHUDWXUH��7���KXPLGLW\��4Y��DQG�PLFURSK\VLFDO�YDULDEOH�ILHOGV��4U��4V��4J��

4L��4F��WKURXJK�WKH�DVVLPLODWLRQ�SURFHVV�����7KH�RSHUDWRU�RI�UHIOHFWLYLW\�LV�LPSURYHG�

LQWR� D� PRUH� FRPSOH[� SURFHVV�� LQFOXGLQJ� FRQVLGHULQJ� UDLQ�� JUDXSHO�� DQG� VQRZ�� DQG�

GLVWLQJXLVKLQJ� WKH� GLIIHUHQFH� EHWZHHQ� GU\� VQRZ� DQG�ZHW� VQRZ� DURXQG� ]HUR� GHJUHHV�

&HOVLXV� 

7KH�REVHUYDWLRQ�RSHUDWRU�IRU�WKH�UHIOHFWLYLW\�LV�WKH�VXP�RI�UDLQ��VQRZ��DQG�JUDXSHO�

XQGHU�WKH�DVVXPSWLRQV�RI�WKH�0DUVKDOO�3DOPHU�UDLQGURS�VL]H�GLVWULEXWLRQ��0DUVKDOO�DQG�

3DOPHU�������DQG�FRQVLGHULQJ�WKH�FRQWULEXWLRQ�RI�LFH�SDUWLFOHV� 

ܼ ൌ ܼ  ܼ௦  ܼ� � � � � � � � � � � � � � � � � � � � � � � � � � � ���� 

$FFRUGLQJ�WR�'RZHOO�HW�DO����������WKH�UDLQ�UHIOHFWLYLW\�IRUPXOD�LV�DV�IROORZV� 

ܼ ൌ
ǤଶൈଵమబൈሺఘೌೝሻభǤళఱ

గభǤళఱൈబೝబǤళఱൈఘೝభǤళఱ
� � � � � � � � � � � � � � � � � � � � � � � � � ���� 

݊�� LV� WKH� LQWHUFHSW� SDUDPHWHU� DQG� ��ߩ LV� WKH� DLU� GHQVLW\�� 6LQFH� WKH� PLFURSK\VLFDO�
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VFKHPH�XVHG�LQ�WKLV�H[SHULPHQW�LV�*RGGDUG�&XPXOXV�(QVHPEOH��*&(��PRGHOV��7DR�HW�

DO����������LFH�VFKHPH��WKH�LQWHUFHSW�SDUDPHWHU�DQG�WKH�UDLQZDWHU�GHQVLW\�DUH� 

݊ ൌ ͺ ൈ ͳͲ� ሺ݉ିସሻ� � � � � � � � � � � � � � � � � � � � � � � � � ���� 

ߩ ൌ ͳͲͲͲ� ቀ୩
యቁ� � � � � � � � � � � � � � � � � � � � � � � � � � ���� 

,Q� WKLV� VWXG\�� WKH�VQRZ�EHORZ���GHJUHHV�&HOVLXV� LV�GU\�VQRZ��DQG� WKH�VQRZ�DERYH���

GHJUHHV�&HOVLXV�LV�ZHW�VQRZ��7KH�UHIOHFWLYLW\�IRUPXODV�DUH�DV�IROORZV� 

ܼ௦ିௗ௬ ൌ
಼

మ

಼ೝమ
ൈ൬ഐೞ

మ

ഐೝమ
൰ൈǤଶൈଵమబൈሺఘೌೞሻభǤళఱ

గభǤళఱൈబೞబǤళఱൈఘೞభǤళఱ
� ǡ ܶ ൏ Ͳιܥ� � � � � � � � � � � ���� 

ܼ௦ି௪௧ ൌ
ǤଶൈଵమబൈሺఘೌೞሻభǤళఱ

గభǤళఱൈబೞబǤళఱൈఘೞభǤళఱ
� ǡ ܶ  Ͳιܥ� � � � � � � � � � � � � � � ���� 

ZKHUH�.�LV�WKH�SHUPLWWLYLW\��DQG�VLPLODUO\�WKH�LQWHUFHSW�SDUDPHWHU�DQG�GHQVLW\�RI�VQRZ�

DUH�DV�IROORZV� 

݊௦ ൌ ͳǤ ൈ ͳͲ� ሺ݉ିସሻ� � � � � � � � � � � � � � � � � � � � � ���� 

� � ௦ߩ ൌ ͳͲͲ� � ሺ ୩
యሻ� � � � � � � � � � � � � � � � � � � � � � � � � ���� 

6LPLODUO\��WKH�UHIOHFWLYLW\�IRUPXOD�������LQWHUFHSW�SDUDPHWHU������DQG�GHQVLW\������RI�KDLO�

DUH�REWDLQHG�DV�IROORZV� 

ܼ ൌ
Ǥଶଷൈቆ

ഐమ

ഐೝమ
ቇൈǤଶൈଵమబൈ൫ఘೌ൯

భǤళఱ

గభǤళఱൈబబǤళఱൈఘభǤళఱ
� � � � � � � � � � � � � � � � � ���� 

݊ ൌ Ͷ ൈ ͳͲ� ሺ݉ିସሻ� � � � � � � � � � � � � � � � � � � � � � ���� 

ߩ ൌ ͶͲͲ� ሺ ୩
యሻ� � � � � � � � � � � � � � � � � � � � � � � � ���� 

)LQDOO\��WKH�RSHUDWRUV�IRU�WKH�UHIOHFWLYLW\�FRQWULEXWLRQV�IURP�UDLQ�������GU\�VQRZ�������

ZHW�VQRZ������DQG�JUDXSHO������DUH�DV�IROORZV� 
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ܼ ൌ ͵Ǥ͵ כ ͳͲଽሺߩୟݍሻଵǤହ� � � � � � � � � � � � � � � � � � � � ���� 

�௦ିௗ௬ ൌ ʹǤͻ כ ͳͲ଼ሺߩݍ௦ሻଵǤହ� � � � � � � � � � � � � � � � � � ���� 

�௦ି௪௧ ൌ ͳǤʹͳ כ ͳͲଵଵሺߩݍ௦ሻଵǤହ� � � � � � � � � � � � � � � � � � ���� 

� ൌ ͳǤͳʹ כ ͳͲଽ൫ߩݍ൯
ଵǤହ

� � � � � � � � � � � � � � � � � � � � ���� 
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Chapter 3  

Case study: Mei-Yu front on 11 June 2012 

����&DVH�UHYLHZ 

$�PHVRVFDOH�FRQYHFWLYH�UDLQIDOO�HYHQW�DFFRPSDQLHG�E\�D�IURQWDO�V\VWHP�RQ����-XQH�

�����ZDV� VHOHFWHG� IRU� WKLV� VWXG\��7KH�ZHDWKHU� V\VWHP� UHVXOWHG� LQ� WRWDO� DFFXPXODWHG�

UDLQIDOO�RI�PRUH�WKDQ�����PP�ZLWKLQ����K��OHDGLQJ�WR�IORRGLQJ�LQ�1RUWKHUQ�7DLZDQ� 

$FFRUGLQJ�WR�DQ�DQDO\VLV�RI�WKH�VXUIDFH�ZHDWKHU�PDS��)LJ�����D���WKH�0HL�<X�IURQW�

UHPDLQHG�QRUWK�RI�7DLZDQ�DW������87&�RQ�-XQH����������/67���DQG�WKH�ZHDWKHU�PDS�

DW�����K3D�UHYHDOHG�D�VKRUW�ZDYH�WURXJK�DQG�DEXQGDQFH�RI�ZDWHU�YDSRU�RYHU�WKH�RFHDQ�

ZHVW� RI�7DLZDQ� �)LJ�� ���E���'XULQJ� WKLV� WLPH�� D� VWURQJ� DQG�GHHS� VRXWKZHVWHUO\�ZDV�

IORZLQJ�IURP�WKH�VXUIDFH�WR�WKH�PLG�OHYHOV�LQ�WKH�VRXWKHUQ�UHJLRQ�RI�WKH�IURQWDO�V\VWHP��

7KH�HQYLURQPHQWDO�FRQGLWLRQV�DKHDG�RI�WKH�IURQWDO�V\VWHP�ZHUH�KLJKO\�IDYRUDEOH�WR�WKH�

GHYHORSPHQW�RI�VHYHUH�ZHDWKHU� 

)LJXUH�����LOOXVWUDWHV�WKH�HYROXWLRQ�RI�WKH�FRPSRVLWH�UHIOHFWLYLW\�REVHUYHG�E\�WKH�

5&:)�UDGDU�DW���K�LQWHUYDOV�IURP������WR������87&��$W������87&��D�OLQH�FRQYHFWLRQ�

V\VWHP� ZLWK� VWURQJ� UHIOHFWLYLW\� �!��� G%=�� DSSURDFKHG� 1RUWKHUQ� 7DLZDQ��$IWHU� WKH�

V\VWHP�ODQGHG�RYHU�7DLZDQ��D�FRQYHFWLYH�FHOO�ZLWK�D�OLQH�VKDSH�ZDV�WULJJHUHG�DORQJ�DQG�

SDUDOOHO�WR�WKH�QRUWKZHVW�FRDVW�DQG�WKHQ�PHUJHG�ZLWK�WKH�PDLQ�SUHFLSLWDWLRQ�V\VWHP��7KLV�

IHDWXUH�ZDV�UHSHDWHG�WZLFH�EHWZHHQ������DQG������87&�ZKLOH�WKH�PDLQ�SUHFLSLWDWLQJ�

V\VWHP�UHPDLQHG�TXDVL�VWDWLRQDU\� 

7KLV�HYHQW�ZDV�SRRUO\�SUHGLFWHG�E\�WKH�&HQWUDO�:HDWKHU�%XUHDX�RI�7DLZDQ�EHFDXVH�

D���NP�UHVROXWLRQ�QXPHULFDO�ZHDWKHU�SUHGLFWLRQ�PRGHO�IDLOHG�WR�DFFXUDWHO\�FDSWXUH�WKH�
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SUHFLSLWDWLRQ� V\VWHP� WKDW� KDG� EHFRPH� VWDWLRQDU\� RYHU�1RUWKHUQ�7DLZDQ��:DQJ� HW� DO��

������� VWXGLHG� WKLV� HYHQW�ZLWK� D�KLJKHU� UHVROXWLRQ� �����NP��QXPHULFDO� VLPXODWLRQ� WR�

DQDO\]H� LWV� G\QDPLFV� DQG� WKHUPRG\QDPLFV�� 'HVSLWH� WKHLU� VWUDWHJ\� RI� QHVWLQJ� DQG�

GRZQVFDOLQJ��WKH\�UHDOL]HG�WKDW�LPSURYLQJ�WKH�LQLWLDO�FRQGLWLRQV�IRU�D�YHU\�VKRUW�WHUP�

43)� DW� WKH� FORXG� UHVROYLQJ� VFDOH� ZDV� FUXFLDO�� %\� XVLQJ� UDGLRVRQGHV�� VXUIDFH�

REVHUYDWLRQV��DQG�UHDQDO\VLV�GDWD��&KHQ�HW�DO���������GHPRQVWUDWHG�WKDW�KLJK�PRLVWXUH�

FRQWHQW�DQG�WKH�H[LVWHQFH�RI�D�EDUULHU�MHW�DFFRPSDQ\LQJ�D�IURQWDO�V\VWHP�FDXVHG�ORQJ�

OLYHG�FRQYHFWLRQ�FHOOV�RYHU�7DLZDQ¶V�QRUWKZHVWHUQ�FRDVW��8VLQJ�D�UHWULHYDO�DOJRULWKP�WR�

REWDLQ� ZLQG�� SUHVVXUH�� DQG� WHPSHUDWXUH� GDWD� LQ� WKUHH� GLPHQVLRQV�� .H� HW� DO�� �������

H[DPLQHG�WKH�HYROXWLRQ�RI�VHYHUH�ZHDWKHU�SKHQRPHQD�E\�XVLQJ�PXOWLSOH�'RSSOHU�UDGDU�

REVHUYDWLRQV�� 7KHVH� VWXGLHV� KLJKOLJKW� WKH� UROH� RI� PXOWLVFDOH� IHDWXUHV� �VXFK� DV� WKH�

ORFDWLRQ�RI�WKH�IURQWDO�V\VWHP��VWUHQJWK�RI�WKH�EDUULHU�MHW��DQG�FROG�SRRO��DQG�RURJUDSKLF�

LQWHUDFWLRQV�LQ�WKH�IRUPDWLRQ�RI�WKH�IURQW�RYHU�1RUWKHUQ�7DLZDQ� 

 

����(YROXWLRQ�RI�5HIOHFWLYLW\�  

7KH� HYROXWLRQ� RI� WKH� SUHFLSLWDWLRQ� V\VWHP� LV� LOOXVWUDWHG� E\� UDGDU� REVHUYDWLRQV��

)LJXUH�����VKRZV�WKH�FRPSRVLWH�UHIOHFWLYLW\�RI�WKH�5&:)�UDGDU�DW����PLQXWH�LQWHUYDOV�

IURP������87&�WR������87&��$W������DQG������87&��D�PDLQ�FRQYHFWLRQ�FHQWUH�&��

�GHILQHG�DV�UHIOHFWLYLW\�!����G%=�DQG�OHQJWK�!�����NP��DSSURDFKHG�QRUWKHUQ�7DLZDQ��

'XULQJ� WKLV� WLPH� LQWHUYDO�� D� OLQH� FRQYHFWLRQ� 6�� �OHQJWK� RI� DSSUR[LPDWHO\� ��� NP���

RULHQWHG� LQ� DQ� HDVW�ZHVW� GLUHFWLRQ�� RFFXUUHG� DORQJ� WKH� VRXWKZHVW� SDUW� RI� WKH� PDLQ�

SUHFLSLWDWLRQ�V\VWHP�DQG�FRQWLQXHG�WR�GHYHORS��)LJ�����D��E���:KHQ�WKH�V\VWHP�PRYHG�

WRZDUG�7DLZDQ��WKH�PDLQ�FRQYHFWLRQ�&��ZHDNHQHG�DW������DQG������87&�DFFRUGLQJ�WR�
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WKH�UHIOHFWLYLW\��)LJ�����F��G���&��FRQWLQXHG�WR�PRYH�VRXWKHDVW�WRZDUGV�QRUWKHUQ�7DLZDQ�

DQG�HYHQWXDOO\�PHUJHG�ZLWK�6���7KH�FRQYHQWLRQ�FHQWHU�&��ZDV�IRUPHG�DW������87&�

�)LJ�����H���VWUHQJWKHQLQJ�WKH�PDLQ�FRQYHFWLRQ��%DVHG�RQ�WKH�OHDGLQJ�HGJH�RI�WKH�VWURQJ�

UHIOHFWLYLW\� �!��� G%=��� ZH� GHWHUPLQHG� WKDW� WKH� SUHFLSLWDWLRQ� V\VWHP� ODQGHG� RYHU�

QRUWKHUQ�7DLZDQ� DW� �����87&��$IWHU� ODQGLQJ�� D� OLQH� FRQYHFWLRQ� 6�� �)LJ�� ���I��ZDV�

WULJJHUHG�DJDLQ�DW�WKH�VRXWK�ZHVWHUQ�SDUW�RI�WKH�PDLQ�SUHFLSLWDWLRQ�V\VWHP�SDUDOOHO�WR�WKH�

RURJUDSK\�� 6��PHUJHG� ZLWK� &�� DW� �����87&�� \LHOGLQJ� &�� �)LJ�� ���J���$� QHZ� OLQH�

FRQYHFWLRQ��6���UHVHPEOLQJ�6���)LJ�����K��IRUPHG�DW������87&��VXEVHTXHQWO\�LW�PHUJHG�

ZLWK�WKH�PDLQ�FRQYHFWLRQ��\LHOGLQJ�&���)LJ�����L���  

3DUNHU�DQG�-RKQVRQ��������FDWHJRUL]HG�OLQHDU�FRQYHFWLRQ�RI�WKH�0&6�LQWR�WKUHH�

GLIIHUHQW� W\SHV� EDVHG� RQ� WKH� HQYLURQPHQWDO� IORZ�� VSHHG� RI� WUDQVODWLRQ�� DQG� WKH�

UHIOHFWLYLW\� SDWWHUQ� RI� WKH� SUHFLSLWDWLRQ� V\VWHP�� WUDLOLQJ� VWUDWLIRUP� �76��� OHDGLQJ�

VWUDWLIRUP� �/6�� DQG� SDUDOOHO� VWUDWLIRUP� �36���$FFRUGLQJ� WR� WKHLU� FDWHJRUL]DWLRQ�� WKH�

SUHFLSLWDWLRQ�V\VWHP�FKDQJHG�IURP�76������������87&��)LJV�����D��E��WR�36�������

�����87&��)LJV�����I�±�L���%\�SORWWLQJ�FRQWRXUV�RI�UHIOHFWLYLW\�YDOXHV�JUHDWHU�WKDQ����

G%=��WKH�HFKR�RI�WKH�<�VKDSHG�VWUXFWXUH�DW������DQG������87&�LV�FOHDUO\�GHPRQVWUDWHG�

�)LJ�����M���7KLV�UHSHDWHG�<�VKDSHG�HFKR�VWUXFWXUH�LV�QRW�XQFRPPRQ�LQ�QRUWKHUQ�7DLZDQ��

3UHYLRXVO\��:DQJ�HW�DO���������H[DPLQHG�WKLV�VWUXFWXUH�E\�XVLQJ�D�9HORFLW\�$]LPXWKDO�

'LVSOD\��9$'��DOJRULWKP��'HQJ�HW�DO���������IXUWKHU�DQDO\VHG�WKH�V\QRSWLF�HQYLURQPHQW�

ZKHQ� WKH�<�VKDSHG� HFKR� VWUXFWXUH� RFFXUUHG�� +RZHYHU�� WKHLU� VWXGLHV� IRFXVHG� RQ� WKH�

V\QRSWLF�VFDOH� FRQGLWLRQV� DQG� VWURQJ� PHVRVFDOH� FRQYHFWLRQ� ZKHQ� WKH� SUHFLSLWDWLRQ�

V\VWHP�UHPDLQHG�RYHU�WKH�RFHDQ�� � � � � � � � � � �  

$FFRUGLQJ�WR�WKH�V\VWHP�WUDQVODWLRQ�VSHHG��HVWLPDWHG�E\�WKH�VWURQJ�OLQH�HFKR��=�!�
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��G%=��RI�WKH�UDGDU�REVHUYDWLRQ��DQG�WKH�SDWWHUQ�RI�WKH�UDLQEDQG��ZH�GLYLGH�WKH�OLIHF\FOH�

RI� WKH� SUHFLSLWDWLRQ� V\VWHP� LQWR� WKUHH� GLIIHUHQW� VWDJHV� �7DEOH� ������7KH� ILUVW� ���PLQ�

�����������87&��LV�VWDJH�RQH��'XULQJ�WKLV�WLPH��WKH�V\VWHP�PRYHG�UDSLGO\�����NP�KU�

���IURP�WKH�VRXWKHUQ�&KLQD�WR�WKH�QRUWKHUQ�7DLZDQ��%HWZHHQ������87&�DQG������87&��

WKH�V\VWHP�XQGHUZHQW�D�WUDQVLWLRQDO�SHULRG��WKH�OLQH�FRQYHFWLRQ�6��PHUJHG�ZLWK�&���VHH�

)LJ��������DQG�WKH�XQLWHG�FRQYHFWLRQ�&��ODQGHG�LQ�QRUWKHUQ�7DLZDQ��7KLV�LV�GHILQHG�DV�

WKH�VHFRQG�VWDJH��'XULQJ�WKH�WKLUG�VWDJH��DIWHU������87&���WKH�OLQH�FRQYHFWLRQ�6��DQG�

6�� ZLWK� <�VKDSHG� HFKR� IRUPHG� DQG� PHUJHG� ZLWK� WKH� PDLQ� FRQYHFWLRQ�� DQG� WKH�

GLVSODFHPHQW�RI�WKH�V\VWHP�EHFDPH�TXDVL�VWDWLRQDU\��  

,W�VKRXOG�EH�QRWHG�WKDW�WKHVH�V\QRSWLF�VFDOH�IHDWXUHV�DUH�FRPPRQO\�VHHQ�GXULQJ�WKH�

0HL�<X� VHDVRQ� LQ� 7DLZDQ�� +RZHYHU�� KRZ� WR� IRUP� D� TXDVL�VWDWLRQDU\� SUHFLSLWDWLRQ�

V\VWHP�ZLWK� UHSHDWHG�<�VKDSHG� HFKRHV� LV� QRW� IXOO\� NQRZQ�� ,Q� WKH� QH[W� VHFWLRQ�� WKH�

VWUXFWXUH�RI�WKH�SUHFLSLWDWLRQ�V\VWHP�DQG�LWV�HYROXWLRQ�LQ�WLPH�DUH�LQYHVWLJDWHG�XVLQJ�D�

UHWULHYDO�WHFKQLTXH� 

 

����5HVXOW�RI�UHWULHYDO�E\�:,66'20�DQG�73756�DW������87& 

7KH�UHWULHYDOV�VKRZ�WUDQVLWLRQ�IHDWXUHV�ZKHQ�WKH�SUHFLSLWDWLRQ�V\VWHP�ODQGHG�RYHU�

7DLZDQ��%HIRUH�WKH�OLQH�FRQYHFWLRQ�6��PHUJHV�ZLWK�WKH�PDLQ�FRQYHFWLRQ�&���)LJ�����G��

H���WKH�ORZ�OHYHO�FRQYHUJHQFH��DW���NP�KHLJKW��DQG�YHUWLFDO�YHORFLW\��DW���NP�KHLJKW��DW�

�����87&�UHYHDO�WKDW�WKH�FRQYHFWLRQ�&��ZDV�ZHDNHQLQJ��QRW�VKRZQ���$IWHU�PHUJLQJ��

WKH�LQWHQVLW\�RI�WKH�FRQYHUJHQFH�ILHOG�DQG�XSGUDIW�PRWLRQ�DW������87&��)LJ�����D��LV�

PDLQWDLQHG�VLPLODUO\�WR�WKH�ILUVW�VWDJH��  

 2Q�WKH�RWKHU�KDQG��)LJ����E�VKRZV�WKH�UHJLRQ�RI�WKH�EDUULHU�MHW��LVRWDFK�!����P�V����
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ZDV�ZLGHU�DQG�VWURQJHU�WKDQ�WKH�UHVXOW�DW������87&��,Q�WKH�WUDQVLWLRQ�SHULRG��WKH�FURVV�

VHFWLRQ��VHH�)LJ�����D��OLQH����¶��RI�WKH�UHIOHFWLYLW\�VKRZV�WKDW�D�QHZ�FRQYHFWLRQ��a���R(��

GHYHORSHG�LQ�WKH�VRXWK�ZHVW�RI�WKH�PDLQ�SUHFLSLWDWLRQ�V\VWHP��7KH�LVRWDFK�LQ�)LJ�����F�

LOOXVWUDWHV� WKDW� DQ� LQWHQVH� ZLQG� �VRXWKZHVWHUO\�� H[LVWV� EHWZHHQ� �� DQG� �� NP� RQ� WKH�

VRXWKZHVW� VLGH� RI� WKH� VWURQJ� UHIOHFWLYLW\��7KH� UHWULHYHG� YHUWLFDO�PRWLRQ� LQ� )LJ�� ���G�

VKRZV�D�WLOWHG�VWUXFWXUH��VRXWKZHVW�WR�QRUWKHDVW���DQG�WKH�XSGUDIW�LV�PXFK�VWURQJHU�WKDQ�

WKH�GRZQGUDIW��  

� � � � 7KH�SUHVVXUH�SHUWXUEDWLRQV�DW���NP�KHLJKW�DW������87&�DUH�VKRZQ�LQ�)LJ�����H��$�

PHVR�ORZ�FHQWHU��/���LV�GLVWULEXWHG�RYHU�WKH�UHWULHYHG�GRPDLQ�DW������87&��7KH�ORZ�

RI�/��LV�FDXVHG�DQG�IROORZHG�E\�WKH�SUHFLSLWDWLRQ�V\VWHP��,Q�WKH�PHDQWLPH��D�UHODWLYH�

ZHDN�ORZ��/���LV�ORFDWHG�LQODQG�RI�QRUWKHUQ�7DLZDQ��7KH�LQWHQVLW\�RI�WKH�ORZ�SUHVVXUH�

�/���LV�ZHDNHU�EHIRUH�FRQYHFWLRQ�6��XQLWHG�ZLWK�&���DQG�LW�LV�VWUHQJWKHQHG��)LJ�����H��

DIWHU�WKH�WZR�V\VWHPV�PHUJHG�RYHU�QRUWKHUQ�7DLZDQ��7KH�SUHVVXUH�JUDGLHQW�IRUFH�GXH�WR�

/��RYHU�ODQG�ZRXOG�DFFHOHUDWH�DUHD�,�DQG�GHFHOHUDWH�DUHD�,,�RI�WKH�VRXWKZHVWHUO\�ZLQG�

�)LJ�����H���7KH�IRUFLQJ�LQ�DUHD�,�LV�VXSHULPSRVHG�RYHU�WKH�RULJLQDO�EDUULHU�MHW�DQG�WKLV�

FRXOG�H[SODLQ�WKH�HQKDQFHPHQW�DQG�H[WHQVLRQ�RI�WKH�EDUULHU�MHW�DW������87&��)LJ����

�E���  

7KH�WHPSHUDWXUH�ILHOGV��)LJ�����I��DW���NP�KHLJKW�LOOXVWUDWH�WKDW�WKH�ZDUP�UHJLRQ�

VWD\V�LQ�WKH�VRXWKZHVW�RI�WKH�UHWULHYDO�GRPDLQ��)URP�WKH�VRXQGLQJ�GDWD�IRU�0DNXQJ�DQG�

%DQTLDR�VWDWLRQV��WKH�ZLQG�VKHDU�EHORZ�����K3D�LQGLFDWHV�ZDUP�DGYHFWLRQ��DV�LQ�/L�HW�

DO�� ��������7KHUHIRUH�� LW� LV�H[SHFWHG�WKDW� WKH�HQKDQFHG�EDUULHU� MHW�ZRXOG�DGYHFW�PRUH�

KXPLG� DQG�ZDUP� DLU� IURP� WKH� VRXWK� RI� WKH� RFHDQ� DQG� WKDW� WKH� SRVLWLYH� WHPSHUDWXUH�

SHUWXUEDWLRQ�ZRXOG�EH�ODUJHU�DW������87&��)LJ�����I���7KH�FRQYHFWLRQ�6��ZLWK�<�VKDSHG�
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HFKR�ZDV�WULJJHUHG�LQ�WKLV�ZDUPHU�DUHD�EHFDXVH�WKH�RXWIORZ�RI�WKH�FROG�SRRO�QHDU�WKH�

VXUIDFH�HQFRXQWHUHG�WKH�EDUULHU�MHW��GDVKHG�OLQH�LQ�)LJ�����I���0RUHRYHU��WKH�WLPH�VHULHV�

RI�WKH�WHPSHUDWXUH�ILHOG��)LJ�����I��VKRZV�WKH�FROG�UHJLRQ�HYROYHG�IURP�WKH�QRUWKZHVW�

WR�WKH�QRUWKHDVW�RI�WKH�GRPDLQ�ZKHQ�WKH�SUHFLSLWDWLRQ�V\VWHP�DSSURDFKHG�DQG�ODQGHG�

RYHU�QRUWKHUQ�7DLZDQ� 

 

����(YROXWLRQ�RI�(QKDQFHG�%DUULHU�MHW 

7KH�PHFKDQLVP�RI�WKH�HYROYHG�EDUULHU�MHW�LV�IXUWKHU�LQYHVWLJDWHG�ZLWK�WKH�YHUWLFDO�

YRUWLFLW\�VLJQDWXUH�DQG�YHUWLFDO�YRUWLFLW\�EXGJHW��WHQGHQF\��WLOWLQJ�DQG�VWUHWFKLQJ���6LQFH�

WKH�KRUL]RQWDO�ZLQG�DUH�UHWULHYHG�ZLWK�DW�OHDVW�WZR�UDGDUV�DW�HDFK�WLPH��DQG�WKH�HUURUV�RI�

WKH�UHWULHYHG�KRUL]RQWDO�ZLQG�DUH�YHU\�VPDOO��/LRX�HW�DO��������VHH�WKHLU�WDEOH�����LW�LV�

DEOH� WR� DQDO\VH� WKH� YHUWLFDO� YRUWLFLW\� TXDQWLWDWLYHO\��7KH� KRUL]RQWDO� SDWWHUQ� RI� �� NP�

YHUWLFDO�YRUWLFLW\��ߞ ൌ డ௩
డ௫
െ డ௨

డ௬
��DW������87&��)LJ�����D��VKRZV�WKDW�SRVLWLYH��QHJDWLYH��

�ߞ �GLVWULEXWHG� OHIW� �ULJKW��ZLQJ�RI� WKH� EDUULHU� MHW� �EOXH� YHFWRU� -�� LQ�)LJ�� ���D���:KHQ�

FRPSXWLQJ� WKH�GLIIHUHQW� WHUPV�RI� WKH�YRUWLFLW\�EXGJHW�� D�SRVLWLYH� �QHJDWLYH��YRUWLFLW\�

WHQGHQF\�RFFXUV�DW�WKH�ULJKW��OHIW��ZLQJ�RI�WKH�EDUULHU�MHW��LPSO\LQJ�GLVSODFHPHQW�RI�WKH�

EDUULHU� MHW�� ,Q� DGGLWLRQ�� IXUWKHU� H[DPLQDWLRQ� FRQILUPV� WKDW� VWUHWFKLQJ� DQG� WLOWLQJ�

GRPLQDWHV� WKH� SRVLWLYH� YRUWLFLW\� WHQGHQF\� DW� ����� 87&� �)LJ�� ���E��� 7KLV� IHDWXUH�

PDWFKHV� WKH� LQWHQVH� FRQYHFWLRQ� DQG� WKH� ORFDWLRQ� RI� XSZDUG� PRWLRQ� UHWULHYHG� E\�

:,66'20�LQ�)LJ����D��7KH�HYROXWLRQ�RI�WKH�YRUWLFLW\�DW�WKH�ULJKW�ZLQJ�RI�WKH�EDUULHU�

MHW��-���LQ�)LJ�����D�FDQ�EH�HVWLPDWHG�DV�IROORZV��WKH�YHUWLFDO�YRUWLFLW\�LV�DERXW��������V�

�� DQG� WKH�YRUWLFLW\� WHQGHQF\� LQ�YHUWLFDO� GLUHFWLRQ� LV� XS� WR��������� V����$VVXPLQJ� WKH�

YRUWLFLW\� WHQGHQF\� LV� FRQVWDQW�� WKH� YHUWLFDO� YRUWLFLW\� DW� WKH� ULJKW� ZLQJ� RI� -�� ZRXOG�
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LQFUHDVH� WR� �������� V��� RYHU� ����KU�� 7KH� LQFUHPHQW� ���������� GXH� WR� WKH� WHQGHQF\�

H[FHHGV� WKH� RULJLQDO� QHJDWLYH� YRUWLFLW\�� KHQFH�� WKH� YRUWLFLW\� DW� WKH� ULJKW�ZLQJ�RI� WKH�

EDUULHU�MHW��-���ZRXOG�EHFRPH�SRVLWLYH��7KH�YRUWLFLW\�WHQGHQF\�WKXV�PRYHV�WKH�EDUULHU�

MHW�LQODQG��HDVW��DW������87&�DV�VKRZQ�LQ�)LJ�����F��7KH�VFKHPDWLF�GLDJUDP�LQ�)LJ����

�G�LOOXVWUDWHV�WKH�PLJUDWLRQ�DQG�VWUHQJWKHQLQJ�RI�WKH�EDUULHU�MHW��7KH�YHUWLFDO�ZLQG�VKHDU�

VKRZV�D�KRUL]RQWDO�YRUWH[��:KHQ�WKH�VWURQJ�FRQYHFWLRQ�ODQGHG��WKH�EDUULHU�MHW�HQKDQFHG�

E\� WKH� LQWHQVH� SUHVVXUH� JUDGLHQW� IRUFH� �IURP� VRXWKZHVW� WR� QRUWKHDVW�� )LJ�� ���H�� DQG�

PRYHG�LQODQG�E\�WKH�SRVLWLYH�YHUWLFDO�YRUWLFLW\�WHQGHQF\�IURP�WLOWLQJ�DQG�VWUHWFKLQJ�YLD�

FRQYHFWLYH�XSGUDIWV��EOXH�YHFWRU�LQ�)LJ�����G���  

 

����6FKHPDWLF�GLDJUDPV�RI�WKH�H[WUHPHO\�KHDY\�UDLQIDOO�HYHQW 

%DVHG�RQ�WKLV�VWXG\��WKH�VFKHPDWLF�GLDJUDP�LQ�)LJ������LOOXVWUDWHV�WKH�PHFKDQLVP�

EHKLQG�WKH�IRUPDWLRQ�RI�76�DQG�36�SUHFLSLWDWLRQ�RYHU�QRUWKHUQ�7DLZDQ�LQ�WKLV�FDVH��  

���� $V� VKRZQ� LQ�)LJ�����D�� WKH�0HL�<X� IURQW� LV� DFFRPSDQLHG�E\� D�0&6� �SUHIURQWDO�

SUHFLSLWDWLRQ�� ORFDWHG� RYHU� WKH� RFHDQ� WR� WKH� QRUWK� RI�7DLZDQ��$W� WKH� VDPH� WLPH��

7DLZDQ�LV�VXUURXQGHG�E\�VRXWKZHVWHUO\�IORZ�DQG�WKH�EDUULHU�MHW�DOUHDG\�H[LVWV�DORQJ�

WKH� FRDVW� GXH� WR� RURJUDSKLF� HIIHFW� RYHU� 7DLZDQ�� 7KH� FROG� RXWIORZ� RI� WKH� PDLQ�

SUHFLSLWDWLRQ�V\VWHP�HQFRXQWHUV�D�ZDUP�DQG�KXPLG�SUHYDLOLQJ�ZLQG��VRXWKZHVWHUO\�

IORZ���DQG�WKHQ�WULJJHUV�D�OLQH�FRQYHFWLRQ�RYHU�WKH�RFHDQ��  

���� :KHQ� WKH�PDLQ� SUHFLSLWDWLRQ�PRYHV� VRXWKHDVW� DQG� DSSURDFKHV�7DLZDQ�� WKH� OLQH�

FRQYHFWLRQ� LV� SXVKHG� E\� WKH� VRXWKZHVWHUO\� IORZ� DQG� PHUJHV� ZLWK� WKH� PDLQ�

SUHFLSLWDWLRQ�V\VWHP��,Q�DGGLWLRQ��VWURQJ�FRQYHFWLRQ�RFFXUV�QHDU�WKH�ORFDWLRQ�RI�WKH�

EDUULHU�MHW��DQG�LW�VWUHQJWKHQV�WKH�SUHVVXUH�JUDGLHQW�IRUFH��3*)��DW�ORZ�OHYHOV��7KH�
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3*)�LV�FR�ORFDWHG�ZLWK�WKH�EDUULHU�MHW�LQ�WKH�VDPH�GLUHFWLRQ��WKHUHIRUH��WKH�EDUULHU�MHW�

LV�HQKDQFHG�DIWHU�WKH�V\VWHP�ODQGV�RYHU�7DLZDQ��7KH�XSZDUG�PRWLRQ�RI�WKH�VWURQJ�

FRQYHFWLRQ�WLOWV�DQG�VWUHWFKHV�WKH�KRUL]RQWDO�YRUWH[��7KLV�PHFKDQLVP�IXUWKHU�FDXVHV�

WKH�EDUULHU�MHW�WR�PRYH�HDVW�WRZDUGV�WKH�PRXQWDLQ�DUHD��  

���� 6LQFH�WKH�0HL�\X�IURQW�PRYHV�VORZO\�DIWHU�VWURQJ�FRQYHFWLRQ�RFFXUV�LQODQG��D�36�

W\SH� SUHFLSLWDWLRQ� LV� IRUPHG� �)LJ�� ���E��� 7KH� VWURQJ� FRQYHFWLRQ� ZDV� EORFNHG� E\�

RURJUDSK\� DQG� WKXV� PDLQWDLQHG� LQ� WKH� QRUWK� RI� 7DLZDQ�� ,Q� WKH� PHDQWLPH�� WKH�

VWUDWLIRUP� DUHD� SURGXFHV� D� ZLGH� FROG� UHJLRQ� RYHU� QRUWK� RI�7DLZDQ�� DQG� WKH� FROG�

RXWIORZ�HQFRXQWHUV�WKH�EDUULHU�MHW�DQG�WULJJHUV�D�QHZ�OLQH�FRQYHFWLRQ��%HFDXVH�WKH�

RXWIORZ�LV�SDUWLDOO\�EORFNHG�E\�WKH�RURJUDSK\��WKH�OLQH�FRQYHFWLRQ�LV�RULHQWHG�IURP�

VRXWKZHVW�WR�QRUWKHDVW��7KH�PDLQ�SUHFLSLWDWLRQ�DQG�QHZ�FRQYHFWLRQ�WKHQ�GLVSOD\�D�<�

VKDSHG�HFKR�VWUXFWXUH��  

���� 7KH� OLQH� FRQYHFWLRQ� LV� SXVKHG� WRZDUGV� DQG� XQLWHG� ZLWK� WKH� PDLQ� SUHFLSLWDWLRQ�

V\VWHP� E\� WKH� HQKDQFHG� EDUULHU� MHW��7KLV� IHDWXUH� RI� WKH�<�VKDSHG� FRQYHFWLRQ� FDQ�

UHSHDW� VHYHUDO� WLPHV� ZKHQ� WKH� EDUULHU� MHW� DQG� FROG� RXWIORZ� FRH[LVW� LQ� WKH� ULJKW�

ORFDWLRQV��2YHUDOO��WKH�ORFDWLRQV�RI�WKH�FROG�SRRO��EDUULHU�MHW��RURJUDSK\�DQG�WKH�TXDVL�

VWDWLRQDU\�0HL�<X� IURQW�RYHU�QRUWKHUQ�7DLZDQ� IRUP�D�PHFKDQLVP� WR�PDLQWDLQ� WKH�

LQWHQVLW\� RI� WKH� FRQYHFWLRQ� DQG� UHQGHU� WKH� SUHFLSLWDWLRQ� V\VWHP� TXDVL�VWDWLRQDU\��

([WUHPHO\�KHDY\�UDLQIDOO�FDQ�WKXV�RFFXU�IRU�DQ�H[WHQGHG�SHULRG�RI�WLPH�LQ�WKH�VDPH�

DUHD��2QFH�WKH�IURQW�PRYHG�IXUWKHU�VRXWK��WKH�RXWIORZ�GXH�WR�SUHFLSLWDWLRQ�QR�ORQJHU�

FRXSOHG�ZHOO�ZLWK�WKH�EDUULHU�MHW�DQG�WKLV�PHFKDQLVP�FRXOG�QRW�EH�PDLQWDLQHG� 

7KH� FDVH� ZDV� VHOHFWHG� IURP� ��� -XQH�� ������ ZKLFK� ZDV� DIIHFWHG� E\� WKH�

VRXWKZHVWHUO\�DLU�IORZ�DQG�WKH�0HL\X�IURQW��UHVXOWLQJ�LQ�WKH�H[WUHPH�KHDY\�UDLQIDOO�LQ�
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WKH�QRUWKHUQ�SDUW�DV�WKH�UHVHDUFK�DQG�DQDO\VLV��7KH�UDLQIDOO�IRUHFDVW�IRU�D�IURQWDO�FDVH�

RIWHQ�GHSHQGV�RQ�WKH�SRVLWLRQ�DQG�VSHHG�RI�WKH�IURQW��,Q�WKLV�FDVH��WKH�QXPHULFDO�PRGHO�

IRUHFDVW�RI�WKH�&HQWUDO�:HDWKHU�%XUHDX�DW�WKDW�WLPH�GLG�QRW�FDSWXUH�WKH�H[WUHPH�UDLQIDOO�

HTXLYDOHQW�WR�WKH�DFWXDO�UDLQIDOO��7KHUH�DUH�VWLOO�PDQ\�XQNQRZQ�IDFWRUV�LQ�WKH�V\VWHP��

:H� ILUVW� XQGHUVWDQG� WKH� HQYLURQPHQWDO� FKDUDFWHULVWLFV� DQG� G\QDPLF� VWUXFWXUH�

FKDUDFWHULVWLFV�RI�H[WUHPH�UDLQIDOO�FDVHV��DQG�IXUWKHU�LPSURYH�WKH�IRUHFDVW�GHYLDWLRQ�RI�

WKH�PRGHO�LWVHOI�WKURXJK�WKH�DVVLPLODWLRQ�RI�FRQYHFWLYH�VFDOH�UDGDU�GDWD��DQG�LPSURYH�

VKRUW�WHUP�TXDQWLWDWLYH�UDLQIDOO�IRUHFDVWLQJ��  
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Chapter 4  

Experiments Design and Validation scores 

����([SHULPHQWV�GHVLJQ 

�D��266(�H[SHULPHQWDO�GHVLJQ�ZLWK�:5) 

7KH�:5)�PRGHO��3RZHUV�HW�DO��������6NDPDURFN�HW�DO��������ZDV�XVHG�WR�FRQGXFW�

D�VHULHV�RI�266(V��7ZR�ZD\�QHVWLQJ�ZDV�FRQILJXUHG�XVLQJ�D�WKUHH�OD\HU�QHVWHG�GRPDLQ��

7KH�KRUL]RQWDO�UHVROXWLRQ�ZDV�����'��������'�����DQG���NP��'����ZLWK�����î����������

î������DQG�����î�����JULG�SRLQWV��UHVSHFWLYHO\��)LJ��������7KH�YHUWLFDO�PRGHO�FRQWDLQHG�

���OHYHOV��ZLWK�WKH�OHYHO�WRS�DW����K3D��7KH�SDUDPHWHUL]DWLRQ�VFKHPHV�RI�WKH�PRGHO�ZHUH�

DV�IROORZV��WKH�UDSLG�UDGLDWLYH�WUDQVIHU�PRGHO�IRU�WKH�SK\VLFDO�SDUDPHWHUL]DWLRQ�RI�ORQJ�

ZDYH� UDGLDWLRQ� �0ODZHU� HW� DO�� ������� WKH� 'XGKLD� PHWKRG� IRU� VKRUW�ZDYH� UDGLDWLRQ�

�'XGKLD��������DQG�WKH�<RQVHL�8QLYHUVLW\�VFKHPH�IRU�ERXQGDU\�OD\HU�SDUDPHWHUL]DWLRQ�

�+RQJ�HW�DO���������,Q�'���DQG�'����WKH�*UHOO±'pYpQ\L�HQVHPEOH�VFKHPH��*UHOO�DQG�

'pYpQ\L�������ZDV�XVHG�IRU�FXPXOXV�SDUDPHWHUL]DWLRQ��WKH�PLFURSK\VLFDO�*&(�VFKHPH�

ZDV�DSSOLHG�LQ�DOO�GRPDLQV��7KH����PHPEHUV�RI�WKH�HQVHPEOH�ZHUH�JHQHUDWHG�IURP�WKH�

:5)±�'9DU�UDQGRP�SHUWXUEDWLRQV��%DUNHU�HW�DO��������LQ�'���DQG�QHVWHG�GRZQ�WR���

NP�DQG���NP�UHVROXWLRQV��,Q�WKLV�VWXG\��DOO�WKH�GDWD�ZHUH�DVVLPLODWHG�LQ�WKH�LQQHUPRVW�

GRPDLQ��'�����DQG�WKH�FKDQJHV�ZHUH�SURSDJDWHG�WKURXJK�XSVFDOLQJ� 

7R PLPLF�WKH�DFWXDO�XQFHUWDLQW\�LQKHUHQW RI�IURQW�SRVLWLRQ�HUURU�LQ�WKLV�HYHQW��WZR�

VHWV�RI�LQLWLDO�FRQGLWLRQV�ZHUH�XVHG�WR�GLIIHUHQWLDWH�WKH�H[SHULPHQWV�IURP�WKH�QDWXUH�UXQ�

�WUXWK�� ([S�� ��� 7DEOH� ����� DQG� WKH� FRQWURO� UXQ� �1R'$�� ([S�� ���� 7KH� ��� î� ��� ILQDO�

RSHUDWLRQDO� JOREDO� DQDO\VLV� �)1/�� IURP� WKH� 1DWLRQDO� &HQWHUV� IRU� (QYLURQPHQWDO�
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3UHGLFWLRQ��1&(3��IRU������87&�RQ����-XQH������ZDV�DSSOLHG�WR�DOO�WKH�H[SHULPHQWDO�

WHVWV��(5$�LQWHULP�UHDQDO\VLV�GDWD�RI�D�KLJKHU�UHVROXWLRQ��������î��������ZHUH�XVHG�WR�

LQLWLDOL]H�WKH�PRGHO�DV�WKH�QDWXUH�UXQ��)LJXUH�����SUHVHQWV�WKH�WZR�LQLWLDO�FRQGLWLRQV�IRU�

WKH�QDWXUH�UXQ��WUXWK��)LJV�����D��F��DQG�FRQWURO�UXQ��1R'$��)LJV�����E��G���7KH�V\QRSWLF�

IHDWXUHV� �)LJV�� ���D�� E�� RI� WKH� VRXWKZHVWHUQ� ZLQG�� SRWHQWLDO� KHLJKW�� DQG� SRWHQWLDO�

WHPSHUDWXUH�QHDU�7DLZDQ�ZHUH�VLPLODU�LQ�WKH�WZR�UHDQDO\VLV�ILHOGV�DW�����K3D��+RZHYHU��

WKH�ZDWHU�YDSRU�PL[LQJ� UDWLR�RI� WKH�(5$�LQWHULP� UHDQDO\VLV� �)LJ�����F��ZDV� VOLJKWO\�

ODUJHU� WKDQ� WKDW�RI� WKH�1&(3�)1/� �)LJ�����G�� LQ� WKH�7DLZDQ�DUHD��$FFRUGLQJ� WR� WKH�

REVHUYDWLRQV�DW������87&��)LJ�����F���WKH�UDLQEDQG�RI�WKH�QDWXUH�UXQ��)LJ�����D��KDG�

DOUHDG\�ODQGHG�LQ�1RUWKHUQ�7DLZDQ��ZKHUHDV�WKH�UDLQEDQG�RI�WKH�FRQWURO�UXQ�LQLWLDOL]HG�

E\� 1&(3� �)LJ�� ���E�� ZDV� VWLOO� RYHU� WKH� RFHDQ�� )XUWKHUPRUH�� LQ� WHUPV� RI� WKH� 43)�

SHUIRUPDQFH� �QRW� VKRZQ��� WKH� IRUHFDVW� LQLWLDOL]HG� E\� 1&(3� GLG� QRW� SUHGLFW� KHDY\�

UDLQIDOO�RYHU�1RUWKHUQ�7DLZDQ��ZKHUHDV�WKH�VLPXODWLRQ�LQLWLDOL]HG�E\�WKH�(5$�LQWHULP�

UHDQDO\VLV�ZDV�DEOH�WR�FORVHO\�UHSURGXFH�WKH�ORFDWLRQ�DQG�WRWDO�DFFXPXODWHG�UDLQIDOO�RI�

WKH�VXUIDFH�REVHUYDWLRQV�LQ�1RUWKHUQ�7DLZDQ��  

 

�E��6\QWKHWLF�UDGDU�GDWD�DQG�WKHUPRG\QDPLF�YDULDEOHV 

7R�FOHDUO\�H[DPLQH�WKH�EHQHILW�DQG�DGGHG�YDOXH�RI�SURYLGLQJ��'�WKHUPRG\QDPLF�

LQIRUPDWLRQ� DW� WKH� FRQYHFWLYH� VFDOH�� ZH� DVVXPH� WKDW� WKH� WHPSHUDWXUH� DQG� KXPLGLW\�

REVHUYDWLRQV�DUH�REWDLQHG�IURP�WKH�DUHD�RI�SUHFLSLWDWLRQ�LQ�WKH�H[SHULPHQWV��7KHUHIRUH��

WKH� REVHUYDWLRQ� RSHUDWRU� LQ� WKHVH� H[SHULPHQWV� LV� WKH� PDSSLQJ� RI� WKH� WUXH� VWDWH� RI�

WHPSHUDWXUH�DQG�ZDWHU�YDSRU�PL[LQJ�UDWLR�RQ�WKH�PRGHO�JULG�WR�WKH�REVHUYDWLRQ�VSDFHV��

7KH� VLPXODWHG�REVHUYDWLRQV�ZHUH� JHQHUDWHG� IURP� WKH�QDWXUH� �WUXWK�� UXQ�� ,Q� DGGLWLRQ��
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FRQVLGHULQJ� WKH�XQFHUWDLQW\�RI� WKH�REVHUYDWLRQV�� WUXH�VWDWHV�ZHUH�SHUWXUEHG�UDQGRPO\�

DFFRUGLQJ�WR�WKH�SUHVFULEHG�REVHUYDWLRQ�HUURUV����G%=�IRU�UHIOHFWLYLW\��=��DQG���P�Ví��

IRU�UDGLDO�ZLQG��9U��DV�LQ�7VDL�HW�DO����������DQG�����.�IRU�WHPSHUDWXUH�DQG�����J�NJí��

IRU�WKH�ZDWHU�YDSRU�PL[LQJ�UDWLR��5DGDU�REVHUYDWLRQ�GDWD��UHIOHFWLYLW\�DQG�UDGLDO�YHORFLW\��

RI�WZR�UDGDUV�LQ�1RUWKHUQ�7DLZDQ�ZHUH�REWDLQHG�XS�WR�D�UDQJH�RI�����NP������NP��IURP�

WKH�5&:)� �1&8�&32/�� VLWH� HYHU\����PLQXWHV�E\�D� UDGDU� VFDQ� VWUDWHJ\�DV�9ROXPH�

&RYHUDJH�3DWWHUQ��9&3������ZLWK�QLQH�SODQ�SRVLWLRQ�LQGLFDWRU��33,��HOHYDWLRQV�EHWZHHQ�

�����DQG��������7KH�VXSHUREELQJ�PHWKRG��$OSHUW�DQG�.XPDU�������/LQGVNRJ�HW�DO��������

ZDV�DSSOLHG�WR�UHGXFH�WKH�VLPXODWHG�REVHUYDWLRQ�FRXQW� LQ� WKLV�VWXG\��7KH�GDWD�SRLQWV�

ZHUH�FROOHFWHG�HYHU\���NP�LQ�WKH�UDGLDO�GLUHFWLRQ�DQG�HYHU\����LQ�WKH�D]LPXWKDO�GLUHFWLRQ�

LQ�WKH�33,��)LJ�������DQG�WKHQ�DYHUDJHG�WKURXJK�LQYHUVH�GLVWDQFH�ZHLJKWLQJ��  

 

�F��7KHUPRG\QDPLF�YDULDEOHV�UHWULHYHG�YLD�73756 

%\�WDNLQJ��'�ZLQG�ILHOGV�IURP�WZR�FRQVHFXWLYH�����PLQ�LQWHUYDO��RI�WKH�WUXH�VWDWH��

WKH� �'� WKHUPRG\QDPLF� YDULDEOHV� �7� DQG� 4Y�� LQVLGH� WKH� SUHFLSLWDWLRQ� V\VWHP� ZHUH�

REWDLQHG�XVLQJ�73756��)LJXUH�����VKRZV�WKDW�KRUL]RQWDO� WHPSHUDWXUH�SHUWXUEDWLRQ�DW�

����87&�LV�PDLQO\�GLYLGHG�LQWR�WZR�EORFNV��WKH�FROG�DUHD�RQ�WKH�QRUWKZHVW�VLGH�RI�WKH�

UDLQIDOO�V\VWHP�DQG�WKH�ZDUP�DUHD�RQ�WKH�VRXWKHDVW�VLGH��$W�D�KHLJKW�RI�����NP��)LJV����

�D��E���LW�FDQ�EH�VHHQ�WKDW�WKH�UHWULHYHG�UHVXOWV�RI�WKH�QRUWKHUQ�FROG�UHJLRQ�RI�WKH�UDLQIDOO�

V\VWHP� DUH� FORVH� WR� WUXWK�� ZKLOH� WKH� UHWULHYDO� RI� WKH� ZDUP� UHJLRQ� VKRZV� D� ZDUPHU�

VLWXDWLRQ��$W�DQ�DOWLWXGH�RI�����NP��)LJV�����F��G���WKH�GLIIHUHQFH�EHWZHHQ�WKH�UHWULHYDO�

DQG�WKH�WUXWK�LV�OHVV�REYLRXV��7KH�GLIIHUHQFH�EHWZHHQ�WKH�UHWULHYDO�DQG�WKH�WUXWK�PDLQO\�

H[LVWV�LQ�WKH�ORZHVW�OHYHO��ZKLFK�LV�VSHFXODWHG�WR�EH�GXH�WR�WKH�GHYLDWLRQ�RI�WKH�ORZHU�
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OHYHO�DIIHFWHG�E\� WKH�ERXQGDU\� OD\HU��2Q�WKH�RWKHU�KDQG�� WKHUH� LV�QR�REYLRXV�UDLQIDOO�

V\VWHP�RQ�WKH�VRXWKHDVW�VLGH��WKH�GHYLDWLRQ�RI�WKH�UHWULHYDO�V\VWHP�73756�LQ�WKH�V\VWHP�

OHVV�HQYLURQPHQW� LV�PRUH�REYLRXV��$�FURVV�VHFWLRQ�\�]�SODQH�RI�UHWULHYDO� WHPSHUDWXUH�

SHUWXUEDWLRQ�VKRZV�ZDUPHU�LQ�WKH�FRQYHFWLRQ�DUHD�DQG�FROG�DUHD�WKDQ�WUXWK�LQ�YHUWLFDO�

VWUXFWXUH��  

� 7KH�YHUWLFDO�VWUXFWXUH�RI�WKH�UHWULHYHG�WHPSHUDWXUH�GDWD��)LJ�����D��LQGLFDWHG�WKDW�

WKH�PHVRVFDOH�ZDUP�VHFWRU�LQ�WKH�FRQYHFWLRQ�DUHD�DQG�ORZ�OHYHO�FROG�SRRO�DUHD�ZDV�ZHOO�

GHPRQVWUDWHG��VLPLODU�WR�WKDW�LQ�WKH�WUXWK�VWDWH��)LJ��������7KH�KRUL]RQWDO�VWUXFWXUH�RI�WKH�

UHWULHYHG�ZDWHU�YDSRU�GDWD�DW�D�KHLJKW�RI�����NP��)LJ������LQGLFDWHG�WKDW�WKH�ZHW�DUHD�LQ�

IURQW�RI�WKH�UDLQEDQG�DQG�GU\�DUHD�EHKLQG�WKH�IURQWDO�V\VWHP�ZHUH�ZHOO�LOOXVWUDWHG��7KH�

UHVXOWV� RI� WKH� WHPSHUDWXUH� UHYHDOHG� WKDW� WKH� URRW� PHDQ� VTXDUH� HUURU� �506(�� LQ� WKH�

WHPSHUDWXUH�ZDV�OHVV�WKDQ�����.��DQG�WKH�ELDV�ZDV�SRVLWLYH��PHDQLQJ�WKDW�WKH�UHWULHYHG�

WHPSHUDWXUH�ZDV�VOLJKWO\�ZDUPHU�WKDQ�WKDW�LQ�WKH�WUXWK�VWDWH��)LJ�����F���7KH�UHWULHYHG�

ZDWHU�YDSRU�UHVXOWV�LQGLFDWHG�WKDW�WKH�RYHUDOO�SHUIRUPDQFH�ZDV�VOLJKWO\�ZHWWHU�WKDQ�WUXWK�

PRGHO��ZLWK�D�FRUUHODWLRQ�RI������DQG�HUURU�RI������J�NJí���)LJ�����G���,Q�JHQHUDO��WKH�

UHWULHYDOV�REWDLQ�D�JRRG�TXDOLW\�RI�WHPSHUDWXUH�DQG�KXPLGLW\�ILHOGV�ZLWK�VOLJKWO\�ELDV��

7KHUHIRUH��WKLV�VHW�RI�WKH�H[SHULPHQWV�DVVXPHV�WKDW�WKH�EDVLF�VWDWH�RI�WKH�WHPSHUDWXUH�

DQG�ZDWHU�YDSRU�LV�HUURU�IUHH�DQG�WKH�VRXUFH�RI�WKH�HUURU�LV�IURP�WKH�SHUWXUEDWLRQV�RI�

WKHUPRG\QDPLF� YDULDEOHV�� 7KH� REVHUYDWLRQ� HUURUV� RI� WKH� UHWULHYHG� WHPSHUDWXUH� DQG�

ZDWHU�YDSRU�ZHUH�VHW�DW�����.�DQG�����J�NJí���UHVSHFWLYHO\��VOLJKWO\�ODUJHU�WKDQ�WKH�URRW�

PHDQ�VTXDUH�HUURU���7KLV�VHWXS�DFFRUGV�ZLWK�RWKHU�VWXGLHV�RI�WKHUPRG\QDPLF�UHWULHYDO�

�)RHUVWHU�DQG�%HOO�������/LRX�HW�DO�������/LRX�HW�DO��������)HQJ�HW�DO�������� 
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�G��([SHULPHQWV�VHWXS 

7KH�DVVLPLODWLRQ�H[SHULPHQWV�LQ�WKLV�VWXG\�ZHUH�FRQGXFWHG�LQ�WKUHH�VHWV��7DEOH���

����,Q�WKH�ILUVW�VHW��UDGDU�REVHUYDWLRQ�GDWD�ZHUH�DVVLPLODWHG�IRU���K��([S��=�DVVLPLODWHG�

UHIOHFWLYLW\�RQO\��([S��9U�DVVLPLODWHG�UDGLDO�ZLQG�RQO\��DQG�([S��=9U�DVVLPLODWHG�ERWK�

UDGDU�UHIOHFWLYLW\�DQG�UDGLDO�YHORFLW\���DQG�WKHQ�WKH�DVVLPLODWLRQ�SHULRG�ZDV�H[WHQGHG�WR�

��K��([S��=9U�K�DVVLPLODWHG�ERWK�UDGDU�UHIOHFWLYLW\�DQG�UDGLDO�YHORFLW\���,Q�WKH�VHFRQG�

VHW��WKH�WKHUPRG\QDPLF�ILHOG�WHPSHUDWXUH�DQG�ZDWHU�YDSRU�JHQHUDWHG�IURP�WKH�QDWXUH�

UXQ�ZHUH�DGGLWLRQDOO\�DVVLPLODWHG��([S��=9U7�DVVLPLODWHG�UHIOHFWLYLW\��UDGLDO�YHORFLW\��

DQG�WHPSHUDWXUH��([S��=9U4Y�DVVLPLODWHG�UDGDU�REVHUYDWLRQV�DQG�WKH�KXPLGLW\�ILHOG��

([S��=9U74Y�DVVLPLODWHG�UDGDU�REVHUYDWLRQV�DQG�ERWK�WKH�WHPSHUDWXUH�DQG�KXPLGLW\�

ILHOGV��([S��=9U74Y�K�LV�DQ�H[SHULPHQW�H[WHQGHG�DVVLPLODWLRQ�SHULRG�WR��K�IURP�([S��

=9U74Y���:LWKRXW�DQ\�ELDV��WKH�ILUVW�DQG�VHFRQG�VHWV�RI�H[SHULPHQWV�FDQ�LQYHVWLJDWH�WKH�

DGGHG�YDOXH�RI�DVVLPLODWLQJ��'�WKHUPRG\QDPLF�ILHOGV�LQ�WKH�VHYHUH�ZHDWKHU�V\VWHP��,Q�

WKH� ILQDO� VHW�� WR�PLPLF� ELDV� FRXOG� EH� H[LVWHG� LQ� REVHUYDWLRQV� UHWULHYHG� IURP� UHPRWH�

VHQVLQJ��D�UHWULHYHG��'�WHPSHUDWXUH�DQG�ZDWHU�YDSRU�LQIRUPDWLRQ�ZLWK�ZDUP�DQG�ZHW�

ELDV� IURP� VHFWLRQ� ���� �F�� LV� DVVLPLODWHG� �([S�� =9U75�� ([S�� =9U4Y5�� DQG� ([S��

=9U74Y5�� 

7KH� IORZFKDUWV� IRU� DOO� WKH� H[SHULPHQWV� DUH� SUHVHQWHG� LQ� )LJ�� ����� 7KH� LQLWLDO�

FRQGLWLRQV�GHULYHG�IURP�WKH�(5$�LQWHULP�DQG�1&(3�DQDO\VHV�ZHUH�ODXQFKHG�DW������

87&�RQ����-XQH������DQG�WKHQ�LQWHJUDWHG��7KH�F\FOHG�'$�VWDUWHG�DW�������������87&��

DVVLPLODWLQJ�REVHUYDWLRQV�HYHU\����PLQ�IRU�D���K����K��DVVLPLODWLRQ�SHULRG��2QFH�WKH�

ILQDO�DQDO\VLV�ZDV�REWDLQHG�DW������87&��D���K�GHWHUPLQLVWLF�IRUHFDVW�ZDV�LQLWLDOL]HG�

XVLQJ�WKH�HQVHPEOH�PHDQ�WR�H[DPLQH�WKH�43)�SHUIRUPDQFH��  
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����9DOLGDWLRQ�VFRUHV 

�D��(QVHPEOH�VSUHDG��63'��DQG�5RRW�PHDQ�VTXDUH�HUURU��506(� 

 7KH�HQVHPEOH�VSUHDG��63'��DUH�XVHG�WR�HVWLPDWH�WKH�GLIIHUHQFH�LQ�HQVHPEOH�WKDW�LV�

D�VWDWLVWLF�RI�WKH�GLIIHUHQFH�EHWZHHQ�HQVHPEOH�PHPEHUV�DQG�WKH�HQVHPEOH�PHDQ��ݔҧ���1�

LV�WRWDO�PHPEHUV� 

ܦܲܵ ൌ ቂ ଵ
ேିଵ

σ ሺݔ െ ҧሻଶேݔ
ୀଵ ቃ

ଵȀଶ
� � � � � � � � � � � � � � � � � � � ���� 

WR�H[DPLQH�XQFHUWDLQW\�RI�PRGHO�VLPXODWLRQV��:KHQ�WKH�HQVHPEOH� VSUHDG�LV�VPDOO�� LW�

PHDQV�WKDW�WKH�PRGHO�LV�XQGHUGLVSHUVLYH�WKDW�PD\�OLPLW�WKH�HIIHFWLYHQHVV�RI�DVVLPLODWLQJ�

REVHUYDWLRQV� LQ�DQ�(Q.)��7KH�DVVLPLODWLRQ� UHVXOWV�ZLOO�EH�ELDVHG� WRZDUGV� WKH�PRGHO�

ZLWKRXW�REVHUYDWLRQ�GDWD��&RQYHUVHO\��LI�WKH�HQVHPEOH�VSUHDG�LV�RYHU�GLVSHUVLYH��LW�ZLOO�

FDXVH�WKH�PRGH�WR�IDLO�WR�FRQYHUJH��  

:KHUHDV�5RRW�PHDQ�VTXDUH�HUURU��506(��LV�WKH�IRUHFDVW�HUURU�GLIIHUHQFH�EHWZHHQ�

WKH�HQVHPEOH�PHPEHUV�DQG�WKH�WUXWK��ݔ௧�� 

ܧܵܯܴ ൌ ቂ ଵ
ேିଵ

σ ሺݔ െ ௧ሻଶேݔ
ୀଵ ቃ

ଵȀଶ
� � � � � � � � � � � � � � � � � � ���� 

,Q�WKH�VWXG\��ZH�FRXOG�KDYH�506(�WR�YDOLGDWH�KRZ�LPSDFWV�RI�DQDO\VLV�DQG�IRUHFDVW�WR�

FORVH�DV�WUXWK�UXQ�LQ�266(V�� �  

 

�E��(UURU�&RUUHODWLRQ�&RHIILFLHQW��&RRU� 

7KH�HUURU�FRUUHODWLRQ�FRHIILFLHQW�LV�GHILQHG�E\�WKH�IROORZLQJ�HTXDWLRQ��  

ሺܽ௫௬௭ǡݎܥ ܾሻ ൌ
భ

಼షభ
σ ൫ೣೖିೣೖതതതതതതതത൯಼
ೖసభ ൈሺೖିೖതതതതതതതതതሻ

ఙೌఙ್
� � � � � � � � � � ���� 

.�LV�WRWDO�QXPEHU�RI�HQVHPEOH�PHPEHUV��7R�FDOFXODWH�HQVHPEOH�PHDQ�RI�YDULDEOH�D�DW�

ORFDWLRQ��[��\��]��DV�D�UHIHUHQFH�SRLQW��,I�YDULDEOH�D�LV�YDULDEOH�E��WKH�&RRU�LV�FDOOHG�DXWR�
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FRUUHODWLRQ��2Q�WKH�RWKHU�KDQG��LW�LV�FDOOHG�FURVV�FRUUHODWLRQ��,Q�WKH�VWXG\��ZH�FDOFXODWHG�

DXWR�FRUUHODWLRQ�WKDW�WKH�YDOXH�RI�&RRU�LV���DW�WKH�UHIHUHQFH�SRLQW��  

 

�F��7KH�UHODWLYH�6SDWLDO�&RUUHODWLRQ�&RHIILFLHQW��56&&� 

7KH�VSDWLDO�FRUUHODWLRQ�FRHIILFLHQW��6&&��LV�GHILQHG�E\�WKH�IROORZLQJ�HTXDWLRQ� 

ܥܥܵ ൌ
σ ቀ൫௫ೣି௫ೣതതതതതതത൯ሺ௫ೝೠି௫ೝೠതതതതതതതതതሻቁಿ
భ

ቂσ ൫௫ೣି௫ೣതതതതതതത൯మಿ
భ ήσ ሺ௫ೝೠି௫ೝೠതതതതതതതതതሻమಿ

భ ቃ
భ
మ
� � � � � � � � � � � � � � � � � � ���� 

ZKHUHݔ��UHIHUV�WR�WKH�K\GURPHWHRU�YDULDEOHV��4U��4V��RU�4J��DQG�݁ݔ�LV�DQ�H[SHULPHQW��

:H�GHILQH�UHODWLYH�6&&��56&&��E\�WKH�IROORZLQJ�HTXDWLRQ� 

ܥܴܵܵ ൌ ௌೣିௌೋೇೝ
ௌೋೇೝ

ൈ ͳͲͲΨ� � � � � � � � � � � � � � � � � � � � � � ���� 

,I�56&&�LV�SRVLWLYH��WKH�H[SHULPHQW�KDV�SRVLWLYH�LPSURYHPHQW�FRPSDUHG�ZLWK�([S��=9U� 

 

�G��)UDFWLRQV�6NLOO�6FRUH��)66� 

7KH�)UDFWLRQV�6NLOO�6FRUH��)66��5REHUWV�DQG�/HDQ�������LV�D�VSDWLDO�QHLJKERUKRRG�

WHFKQLTXH��GHILQHG�E\�WKH�IROORZLQJ�HTXDWLRQ� 

ܵܵܨ ൌ ͳ െ
భ
ಿ൫ೞି್ೞ൯

మ

భ
ಿቀσ ൫ೞ൯

మ
ಿ ାσ ሺ್ೞሻమಿ ቁ

� � � � � � � � � � � � � � � � � � ���� 

ZKHUH� ܰ�� LV� WKH� QXPEHU� RI� WRWDO� REVHUYDWLRQ� SRLQWV� DQG� ܲ�� LV� WKH� SUREDELOLW\� RI�

DFKLHYLQJ� D� YDOXH� RYHU� D� WKUHVKROG� DURXQG� D� JULG� SRLQW�� ,Q� WKLV� VWXG\�� UDLQIDOO�

DFFXPXODWLRQ�WR�EH�YHULILHG�ZDV�����±���PP��DQG�WKH�UDQJH�GLVWDQFH�ZDV����NP��,I�)66�

LV����WKH�IRUHFDVW�LV�DFFXUDWH��$Q�)66�RI�]HUR�LQGLFDWHV�QR�VNLOO�VFRUHV�ZHUH�REWDLQHG�IRU�

WKH�UDLQIDOO�DFFXPXODWLRQ�IRUHFDVW� 
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Chapter 5  

Result of OSSE and retrieval variables assimilation 

����(QVHPEOH�EDFNJURXQG�HUURU�DQDO\VLV 

Ensemble-based data assimilation uses short-term ensemble forecasts to estimate 

flow-dependent background error covariance�ZKLFK�UHSUHVHQWV�WKH�VWDWLVWLFV�RI�IRUHFDVW�

HUURU� LV� YHU\� LPSRUWDQW� WR� GHFLGH� WKH� ZHLJKWLQJ� RI� REVHUYDWLRQ� DQG� VSUHDG� RXW� WKH�

REVHUYDWLRQ�LQIRUPDWLRQ�WR�WKH�YLFLQLW\�RI�PRGHO�JULG�SRLQWV.  

%HIRUH� HQWHULQJ� WKH� HQVHPEOH�GDWD� DVVLPLODWLRQ�� WKH� FKDUDFWHULVWLFV�EHWZHHQ� WKH�

HQVHPEOHV�DUH�XQGHUVWRRG�WKURXJK�WKH�HQVHPEOH�GLVSHUVLRQ�DW������87&��DV�VKRZQ�LQ�

)LJXUH������,Q�WKH�YLFLQLW\�RI�WKH�IURQW�UHIOHFWLYLW\��WKH�UHIOHFWLYLW\�63'��)LJ�����D��VKRZV�

GLVSHUVLRQ�RYHU����G%=�DW�KHLJKW������P��7KH�VSUHDG�RI�SRWHQWLDO�WHPSHUDWXUH��)LJ����

�E��DQG�ZDWHU�YDSRU�PL[LQJ�UDWLR��)LJ�����F��DUH�DERXW�����.�DQG�����J�NJ����UHVSHFWLYHO\��

7KH�63'�RI�WKH�4U��UDLQ�ZDWHU��ILHOG�LV�UHODWLYHO\�VFDWWHUHG��ZKLFK�LV�FORVH�WR�WKH�UDLQIDOO�

DUHD��7KH�YDOXH�RI�WKH�KRUL]RQWDO�ZLQG�ILHOG�63'�LV�DERXW���P�V����DQG�PRUH�REYLRXV�

QHDU�WKH�UDLQIDOO�DUHD�ZKDW�ZH�DUH�FRQFHUQHG�DERXW��)URP�WKH�63'�DQDO\VLV��LW�FDQ�EH�

GHWHUPLQHG� WKDW� WKH� REVHUYDWLRQ� HUURU� YDOXH� RI� WKH� DVVLPLODWLRQ� V\VWHP� VHW� LQ� WKLV�

H[SHULPHQW�LV�VLPLODU�WR�WKH�PRGHO�EDFNJURXQG�HUURU��,W�LV�QRW�ELDVHG�WRZDUGV�WKH�PRGHO�

RU�WKH�REVHUYDWLRQ��DQG�WKH�DVVLPLODWLRQ�ZHLJKW�LV�FRRUGLQDWHG�E\�WKH�IORZ�LQGHSHQGHQW�

EHWZHHQ�WKH�PRGHO�DQG�WKH�REVHUYDWLRQ� 

)LJXUH�����VKRZV�WKH�KRUL]RQWDO�GLVWULEXWLRQ�RI�VSDWLDO�FRUUHODWLRQ�FDOFXODWHG�IURP�

WKH�YDULDEOHV�REWDLQHG�IURP�WKH�HQVHPEOH�DW������87&�RQ������P��$XWRFRUUHODWLRQ�LV�

WKH� YDULDEOH� DW� WKH� VLQJOH� SRLQW� SRVLWLRQ� LQ� VSDFH�� DQG� FDOFXODWH� WKH� FRUUHODWLRQ�
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GLVWULEXWLRQ�ZLWK�WKH�VXUURXQGLQJ�VSDFH��)LJ�����D��E��DQG�F���7KH�UDGLXV�RI�WKH�UDQJH�

ZKHUH�WKH�FRUUHODWLRQ�LV�RYHU�����VKRZV�DERXW����NP�LQ�8�ZLQG��)LJ�����D��DQG�9�ZLQG�

�)LJ�����E���7KH�UDQJH�RI�WKH�DXWRFRUUHODWLRQ�LV�GHSHQGHG�RQ�ZLQG�GLUHFWLRQ�WKDW�8�ZLQG�

LV� ZLGHU� DW� ]RQDO� GLUHFWLRQ� DQG�9�ZLQG� LV� ORQJ� UDQJH� DW� PHULGLRQDO� GLUHFWLRQ�� 7KH�

DXWRFRUUHODWLRQ�RI�ZDWHU�YDSRU�SUHVHQWV�D�VHFWRU�VKDSHG� WRZDUG�VRXWKZHVWHUO\�UHJLRQ�

�)LJ�����F���7KH�DUHD�RI�WKH�WHPSHUDWXUH�FRUUHODWLRQ�����LV�DURXQG����NP��)LJ�����G���,W�

PHDQV� ZH� QHHG� PRUH� GHQVH� WHPSHUDWXUH� GDWD� WR� LPSURYH� GDWD� DVVLPLODWLRQ� IRU� WKH�

OLPLWHG� FRUUHODWLRQ� DUHD�� +RZHYHU�� WKH� VWUXFWXUH� RI� DXWRFRUUHODWLRQ� LV� QRW� SXUHO\�

KRPRJHQHRXV� LVRWURSLF� EDFNJURXQG� HUURU� FRUUHODWLRQV� EXW� LW� SUHVHQWV� VLWXDWLRQ�

GHSHQGHQW� FRUUHODWLRQV� LQ� FRQYHFWLYH�VFDOH� V\VWHP�� ,W� FDQ� EH� VHHQ� WKDW� WKH� VSDWLDO�

GLVWULEXWLRQ�RI�LQGHSHQGHQW�YDULDEOH�FRUUHODWLRQV�LQ�PHVR��DQG�VPDOO�VFDOH�V\VWHPV�LV�

QRW�D�KRPRJHQRXV�GLVWULEXWLRQ��DQG�WKH�SHUIRUPDQFH�HUURU�VWUXFWXUH�LV�DIIHFWHG�E\�WKH�

HQYLURQPHQW��V\VWHP�DQG�WHUUDLQ� 

 

����3HUIRUPDQFH�RI�WKH�F\FOLQJ�SURFHVV 

7KH�506(�RI�UHIOHFWLYLW\��UDGLDO�YHORFLW\��WHPSHUDWXUH�DQG�ZDWHU�YDSRU�IRU�([SV��

����ZHUH�SUHVHQWHG�LQ�)LJ������GXULQJ�WKH�DVVLPLODWLRQ�SHULRG��7KH�UHIOHFWLYLW\�HUURU�ZDV�

VLPLODU�IRU�DOO�WKH�H[SHULPHQWV��)LJ�����D���H[FHSW�WKH�([S��9U��EHFDXVH�UHIOHFWLYLW\�GDWD�

ZDV�QRW�DVVLPLODWHG�LQ� WKLV�H[SHULPHQW�� ,Q�RQO\�UDGDU�DVVLPLODWLRQ�H[SHULPHQWV��([S��

=9U�K�VKRZV�ORZHU�HUURU�WKDQ�RWKHU�H[SHULPHQWV�RI�RQO\�DVVLPLODWLRQ�IRU���K��=��9U��

=9U���,Q�DGGLWLRQ��WKH�H[SHULPHQWV�RI�DVVLPLODWLQJ�DGGLWLRQDO�WKHUPRG\QDPLF�YDULDEOHV�

SUHVHQWV�WKH�EHVW�UHVXOW�LV�WKH�ORQJHU�DVVLPLODWLRQ�ZLWK�ERWK�7�DQG�4Y��([S��=9U74Y�K��

SXUSOH�GDVKHG�OLQH���2Q�WKH�RWKHU�KDQG��WKH�506(�RI�UDGLDO�YHORFLW\��)LJ�����E��UHYHDOHG�
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WKDW�WKH�HUURU�RI�([S��=�ZDV�PXFK�ODUJHU�WKDQ�WKH�RWKHU�H[SHULPHQWV�ZKHQ�UDGLDO�ZLQG�

LQIRUPDWLRQ�LV�QRW�DVVLPLODWHG��  

7KH�506(�RI�WHPSHUDWXUH�DQG�ZDWHU�YDSRU�ZHUH�SUHVHQWHG�LQ�)LJ�����F�DQG�)LJ��

���G�� UHVSHFWLYHO\��:KHQ� DVVLPLODWLQJ� �'� WHPSHUDWXUH� LQ� ([SV�� =9U7�� =9U74Y� DQG�

=9U74Y�K��WKH�HUURU�RI�WHPSHUDWXUH�GHFUHDVHG�UDSLGO\�LQ�WKH�HDUO\�DVVLPLODWLQJ�SHULRG�

FRPSDUHG�WR�RWKHU�H[SHULPHQWV��,Q�DGGLWLRQ��([S��=9U4Y�JUDGXDOO\�LPSURYHG�WKH�HUURU�

RI�WHPSHUDWXUH�GXULQJ�F\FOLQJ�SURFHVV�DQG�KDG�VLPLODU�HUURU�DW�WKH�ILQDO�DQDO\VLV�DV�([SV��

=9U7��=9U74Y�DQG�=9U74Y�K��7KLV�LQGLFDWHG�WKDW�YLD�EDFNJURXQG�HUURU�FRYDULDQFH�LQ�

WKH� DQDO\VLV� VWHSV�� DVVLPLODWLQJ�ZDWHU� YDSRU� LQIRUPDWLRQ� FRXOG� LPSURYH� WHPSHUDWXUH�

ILHOG��2Q� WKH�RWKHU�KDQG�� H[SHULPHQWV�RI� DVVLPLODWLQJ� UDGLDO�ZLQG�DQG�RU� UHIOHFWLYLW\�

�VROLG�OLQHV�LQ�)LJ�����F��KDG�ODUJHU�HUURU�LQ� WKH�ILQDO�DQDO\VLV��5HVXOW�RI�([S��=9U�K�

�EODFN�GDVKHG�OLQH��VKRZV�WKDW�WKH�HUURU�RI�WHPSHUDWXUH�FRXOG�QRW�IXUWKHU�LPSURYH�E\�

DVVLPLODWLQJ� UDGLDO� ZLQG� DQG� UHIOHFWLYLW\� LQ� D� ORQJHU� DVVLPLODWLRQ� SHULRG�� :KHQ�

H[DPLQLQJ�WKH�506(�RI�ZDWHU�YDSRU��H[SHULPHQWV�RI�DVVLPLODWLQJ�UDGLDO�ZLQG�DQG�RU�

UHIOHFWLYLW\��VROLG�OLQHV�LQ�)LJ�����G��KDG�VLPLODU�UHVXOW��6PDOOHU�HUURU�RI�ZDWHU�YDSRU�ZDV�

LOOXVWUDWHG�ZKHQ�ZDWHU�YDSRU�LQIRUPDWLRQ�ZDV�DVVLPLODWHG��JUHHQ�DQG�EOXH�GDVKHG�OLQHV�

LQ�)LJ�����G���$VVLPLODWLQJ��'�WHPSHUDWXUH��([S��=9U7��UHG�GDVKHG�OLQH��FRXOG�QRW�KDYH�

VLPLODU�HUURU�RI�ZDWHU�YDSRU�FRPSDUHG�WR�([SV��=9U4Y�DQG�=9U74Y��5HVXOWV�RI�)LJ���

�F��EOXH�GDVKHG�OLQH��DQG����G��UHG�GDVKHG�OLQH��LQGLFDWHG�WKDW�DVVLPLODWLQJ��'�ZDWHU�

YDSRU�LQIRUPDWLRQ�ZDV�PRUH�FUXFLDO�DQG�HIIHFWLYH�WKDQ�DVVLPLODWLQJ�WHPSHUDWXUH�ILHOG�WR�

REWDLQ�RSWLPDO�DQDO\VLV��  
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����$QDO\VLV�DQG�6KRUW�WHUP�IRUHFDVW�RI�266(V 

�D��3HUIRUPDQFH�RI�)LQDO�$QDO\VLV�  

)LJXUH�����GHSLFWV�WKH�FRQYHUJHQFH�ILHOG�DW�D�KHLJKW�RI���NP�������87&���$�VWURQJ�

FRQYHUJHQFH� DUHD� ZDV� ORFDWHG� QRUWKZHVW� RI� 7DLZDQ� LQ� WKH� WUXWK� VWDWH� �)LJ�� ���D���

+RZHYHU��WKH�FRQYHUJHQFH�ILHOG�ZDV�XQFOHDU�LQ�1R'$��)LJ�����E���LQGLFDWLQJ�D�IRUHFDVW�

SRVLWLRQ�HUURU��:KHQ� UDGDU�GDWD� �UDGLDO�ZLQG�DQG�RU� UHIOHFWLYLW\��ZHUH� DVVLPLODWHG� LQ�

([SV��=��9U��=9U��DQG�=9U�K��WKH�FRQYHUJHQFH�ILHOG�GHPRQVWUDWHG�WKDW�WKH�SRVLWLRQ�HUURU�

KDG�EHHQ�ODUJHO\�FRUUHFWHG��WULJJHULQJ�FRQYHFWLRQ�LQ�WKH�DSSURSULDWH�SODFH��)LJV�����F±

I���,Q�DGGLWLRQ��LQ�WHUPV�RI�WKH�LQWHQVLW\�RI�WKH�FRQYHUJHQFH�ILHOG��)LJV�����F��G��DQG�H���

DVVLPLODWLQJ� ERWK� UDGLDO� ZLQG� DQG� UHIOHFWLYLW\� LQ� ([S�� =9U� SURGXFHG� D� VWURQJHU�

FRQYHUJHQFH�WKDQ�WKDW�LQ�([S��=�DQG�([S��9U��7KH�VWUHQJWK�RI�WKH�FRQYHUJHQFH�ILHOG�LQ�

([S��=9U�K��)LJ�����I��ZDV�WKH�PRVW�LQWHQVH��VLPLODU�WR�WKDW�LQ�WKH�WUXWK�VWDWH��)LJ����

�D���7KXV��WR�REWDLQ�WKH�RSWLPDO�DQDO\VLV�LQ�D�PXOWLVFDOH�ZHDWKHU�V\VWHP�VXFK�DV�D�IURQWDO�

V\VWHP��LQFUHDVLQJ�WKH�DVVLPLODWLRQ�SHULRG�LV�EHQHILFLDO��+RZHYHU��ZKHQ�DVVLPLODWLQJ�

DGGLWLRQDO�LQIRUPDWLRQ��VXFK�DV�WHPSHUDWXUH�DQG�RU�ZDWHU�YDSRU��IRU�WKH���K�DVVLPLODWLRQ�

LQ�([SV��=9U7��=9U4Y��DQG�=9U74Y��)LJV�����J��K��DQG�L���WKH�UHVXOWV�UHYHDOHG�WKDW�D�

FRPSDUDEOH�LQWHQVLW\�RI�WKH�FRQYHUJHQFH�ZDV�DFKLHYHG�QHDU�WKH�QRUWKZHVW�FRDVW��WUXWK��

)LJ�����D���)RU���K�DVVLPLODWLRQ��=9U74Y�K��)LJ�����M��VKRZV�WKH�FRQYHUJHQFH�UDQJH�

DUH�VLPLODU�DV�WUXH��)LJ�����D��WKDQ�=9U�K��)LJ�����I��ZLWK�DGGLWLRQDO�WKHUPRG\QDPLF�

YDULDEOHV�LQIRUPDWLRQ��  

7KH� UHIOHFWLYLW\� DW� D� KHLJKW� RI� ���� NP� LQ� WKH� ILQDO� DQDO\VLV� ������87&�� IRU� DOO�

H[SHULPHQWV� LV� LOOXVWUDWHG� LQ� )LJ�� ����� 7KH� DVVLPLODWLRQ� RI� ��K� UDGLDO� ZLQG� DQG�RU�

UHIOHFWLYLW\� GDWD� �)LJV�� ���F±H�� UHVXOWHG� LQ� WKH� FRUUHFWLRQ� RI� WKH� VWURQJ� FRQYHFWLRQ�
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�UHIOHFWLYLW\�!����G%=��DORQJ�WKH�FRDVW�RI�QRUWKZHVWHUQ�7DLZDQ��,Q�DGGLWLRQ��DVVLPLODWLQJ�

ERWK� UHIOHFWLYLW\� DQG� UDGLDO�ZLQG� �)LJ�� ���H�� SURYLGHG� D� VXSHULRU� UDLQEDQG� VWUXFWXUH�

FRPSDUHG�ZLWK�RQO\�DVVLPLODWLQJ�=��)LJ�����F��RU�9U��)LJ�����G���:KHQ�=�DQG�9U�ZHUH�

ERWK�DVVLPLODWHG�IRU���K��DV�LQGLFDWHG�LQ�)LJ�����I��WKH�UDLQEDQG�VWUXFWXUH�ZDV�HYHQ�PRUH�

VLPLODU�WR�WKDW�RI�WKH�QDWXUH�UXQ��)LJ�����D���7KXV��ORQJHU�DVVLPLODWLRQ�OHQJWKV�IRU�=�DQG�

9U�IXUWKHU�LPSURYHG�WKH�DQDO\VLV�RI�WKH�SUHFLSLWDWLRQ�V\VWHP��2Q�WKH�RWKHU�KDQG��ZKHQ�

DGGLWLRQDO� LQIRUPDWLRQ� UHODWHG� WR� WKH� WKHUPRG\QDPLFV� ILHOG� ZDV� DVVLPLODWHG�� WKH�

UDLQEDQG�SRVLWLRQ�HUURU�DQG�SUHFLSLWDWLRQ�LQWHQVLW\�HUURU�ZHUH�PLQLPL]HG��)LJV�����J��K��

DQG�L���GHPRQVWUDWLQJ�D�VLPLODU�SHUIRUPDQFH�WR�WKDW�LQ�([S��=9U�K��)LJ����G���1RWDEO\��

WKH�UHVXOW�RI�([S��=9U7��)LJ�����J��FDSWXUHG�WKH�VWURQJ�FRQYHFWLYH�UDLQEDQG�EHFDXVH�RI�

WKH�DVVLPLODWLRQ�RI�UDGLDO�ZLQG�DQG�UHIOHFWLYLW\�LQ���K�ZLWK�WKH�DGGLWLRQ�RI�WHPSHUDWXUH��

7KH� KRUL]RQWDO� UHIOHFWLYLW\� ILHOGV�ZLWK� DVVLPLODWLQJ� DGGLWLRQDO�ZDWHU� YDSRU� VKRZ� WKH�

VWURQJ�FRQYHFWLYH�OLQH�VKDSHG�UDLQEDQG�VLPLODU�DV�WKH�UHVXOW�RI�([S��=9U7��)LJ�����J���

7KH�RYHUHVWLPDWHG�UHIOHFWLYLW\�ZDV�DOVR�UHGXFHG�QHDU�WKH�QRUWK�ZHVW�DUHD��([S��=9U4Y��

)LJ�� ���L� DQG� ([S�� =9U74Y�� )LJ�� ���M��� 7KH� UHVXOWV� LQGLFDWH� WKDW� SURYLGLQJ�

WKHUPRG\QDPLF�LQIRUPDWLRQ�VKRUWHQHG�WKH�F\FOLQJ�SURFHVV�DQG�DVVLVWHG�LQ� LPSURYLQJ�

WKH� DQDO\VLV� RI� WKH� VWURQJ� FRQYHFWLYH� UDLQEDQG� �)LJV�� ���J�� K�� DQG� L���0RUHRYHU�� WKH�

UDLQEDQG�VWUXFWXUH�RI�([S��=9U74Y�K�LV�FORVHU�WR�WKH�WUXWK�WKDQ�RWKHU�H[SHULPHQWV� 

)LJXUH� ���� SURYLGHV� D� FURVV� VHFWLRQ� RI� UHIOHFWLYLW\� DW� �����87&� LQ� WKH� YHUWLFDO�

VWUXFWXUH�����NP�î�����NP��VHH�WKH�VROLG�OLQH�LQ�)LJ�����D��DFURVV�WKH�UDLQEDQG�EHWZHHQ�

�������(±������1�DQG��������(±������1��,Q�WKH�WUXWK�VWDWH��WKH�UHIOHFWLYLW\�LQ�)LJ����

�D�FOHDUO\�GHPRQVWUDWHV�WKH�VWUXFWXUH�RI�WKH�UDLQEDQG��UHYHDOLQJ�ERWK�D�VWURQJ�FRQYHFWLYH�

�=�!���G%=�DW�;� ����±����NP��DQG�VWUDWLIRUP��;� ��±����NP��UHJLRQ��)LJXUH����E�



42 
 

GHSLFWV�WKH�VSXULRXV�FRQYHFWLRQ��;� ��±���NP��FDXVHG�E\�WKH�LQLWLDO�SRVLWLRQ�HUURU�IURP�

WKH�1R'$��%\�DVVLPLODWLQJ�UHIOHFWLYLW\�RQO\��([S��=��)LJ�����F��� WKH�VWUXFWXUH�RI� WKH�

UDLQEDQG�FDQ�EH�PRGLILHG� WR� WKH�ULJKW� ORFDWLRQ�EXW� LQWHQVLW\�RI�=�!���G%=�LQ�VWURQJ�

FRQYHFWLRQ� �;� a���� NP�� LV� QRW� DV� KLJK� DV� WKH� WUXWK�� )LJXUH� ���G� UHYHDOV� WKH�ZHDN�

FRQYHFWLRQ�GXH�WR�DVVLPLODWLQJ�UDGLDO�YHORFLW\�ZLWKRXW�UHIOHFWLYLW\�LQ�([S��9U��:KHQ�=�

DQG�9U�ZHUH�ERWK�DVVLPLODWHG��WKH�UDLQEDQG�VKLIWHG�WR�WKH�FRUUHFW�SRVLWLRQ��([S��=9U��

)LJ�����H��DQG�([S��=9U�K��)LJ�����I���DQG�LQ�SDUWLFXODU��WKH�DUHD�RI�VWURQJ�FRQYHFWLRQ�

ZDV� DFFXUDWHO\� FDSWXUHG�� +RZHYHU�� EHFDXVH� RI� WKH� LQLWLDO� SRVLWLRQ� HUURU� LQ� WKH�

EDFNJURXQG� VWDWH�� UHODWLYHO\� VWURQJ� SUHFLSLWDWLRQ� �=�  � ��±��� G%=� DW�;� � �±��� NP��

EHKLQG�WKH�PDLQ�SUHFLSLWDWLRQ�V\VWHP�FRXOG�QRW�EH�UHPRYHG�SURSHUO\��HYHQ�IRU�WKH�ORQJHU�

DVVLPLODWLRQ� ZLQGRZ� LQ� ([S�� =9U�K� �)LJ�� ���I��� 7KH� DGGLWLRQDO� WHPSHUDWXUH� DQG�RU�

KXPLGLW\�LQIRUPDWLRQ��)LJV�����J��K��DQG�L��ZDV�DEOH�WR�UHGXFH�WKHVH�LQFRUUHFW�DUHDV�RI�

SUHFLSLWDWLRQ��,Q�WKH�VWURQJ�FRQYHFWLYH�DUHD��UHIOHFWLYLW\�YDOXHV�ZHUH�DERYH����G%=�DQG�

FORVH� WR� WKH� WUXWK� VWDWH� ZKHQ� DGGLWLRQDO� WKHUPRG\QDPLF� YDULDEOHV� ZHUH� DVVLPLODWHG�

�=9U7��=9U49��DQG�=9U74Y��)LJV�����J��K��DQG�L���7KH�ODVW�H[SHULPHQW�RI�=9U74Y�K�

�)LJ�����M��VKRZV�WKH�VWURQJ�UHIOHFWLYLW\�YDOXHV�DW�FRQYHFWLYH�DUHD�PRUH�VLPLODU�DV�WUXWK�

WKDQ�=9U�K��)LJ�����I���  

:H�IXUWKHU�LQYHVWLJDWHG�WKH�FURVV�VHFWLRQV�RI�WKH�YHUWLFDO�YHORFLW\�DQG�WHPSHUDWXUH�

ILHOGV�� UHYHDOLQJ� WKH� LPSDFW� RI� DVVLPLODWLQJ� WKHUPRG\QDPLF� YDULDEOHV�� )LJXUH� ���D�

SUHVHQWV�WKH�UHVXOWV�RI�WKH�WUXWK�UXQ�DV�D�UHIHUHQFH��7KH�PD[LPXP�XSGUDIW�RI�WKH�YHUWLFDO�

YHORFLW\��VKDGHG��ZDV�REVHUYHG�QHDU�D�KHLJKW�RI���NP�LQ�WKH�FRQYHFWLYH�DUHD��UHODWLYH�

ZHDN�YHUWLFDO�YHORFLW\�ZDV�QRWHG�LQ�WKH�VWUDWLIRUP�DUHD��7KH�WHPSHUDWXUH�SHUWXUEDWLRQ�

�FRQWRXUV��LQGLFDWHG�D�ZDUP�FRUH��VROLG�OLQHV��DW�WKH�XSSHU�OD\HU�LQ�WKH�FRQYHFWLRQ�DUHD�
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DQG�D�FROG�SRRO��GDVKHG�OLQHV��DW�D�ORZ�OHYHO�RI���NP�LQ�WKH�VWUDWLIRUP�DUHD��,Q�WKH�1R'$��

QR� XSGUDIW� RU� FROG� SRRO� VLJQDWXUH� ZDV� REVHUYHG� �)LJ�� ���E��� 7KH� DVVLPLODWLRQ� RI�

UHIOHFWLYLW\�DORQH�LQ�([S��=��)LJ�����F��VRUW�RI�UHFRQVWUXFWHG�WKH�XSZDUG�PRWLRQV�DQG�

ZDUP�FRUH�RI�WKH�FRQYHFWLRQ��EXW�WKH�UHVXOWV�ZHUH�ZHDNHU�WKDQ�WKRVH�RI�WKH�WUXWK��$W�D�

ORZ�OHYHO��WKH�QHJDWLYH�WHPSHUDWXUH�SHUWXUEDWLRQ�UHYHDOHG�WKDW�WKH�FROG�SRRO�ZDV�ZHDNHU�

DQG�WKLQQHU�WKDQ�WKDW�LQ�WKH�WUXWK��$FFRUGLQJ�WR�WKH�VWDEOH�DQG�VWUDWLILHG�IHDWXUHV��ZDUP�

DERYH�DQG�FROG�EHORZ�� UHIHU� WR�)LJ�����D�� LQ� WKH� VWUDWLIRUP�UHJLRQ��DVVLPLODWLQJ�ERWK�

UHIOHFWLYLW\�DQG�UDGLDO�YHORFLW\�IRU���K��=9U��)LJ�����H��DQG���K��=9U�K��)LJ�����I��GLG�

QRW�VXLWDEO\�PRGLI\�WKH�YHUWLFDO�WHPSHUDWXUH�VWUXFWXUH��$VVLPLODWLQJ�WKH�WKHUPRG\QDPLF�

LQIRUPDWLRQ��=9U7��=9U4Y��=9U74Y��DQG�=9U74Y�K��)LJV�����J��K��L��DQG�M���E\�FRQWUDVW��

VWUHQJWKHQHG�WKH�LQWHQVLW\�RI�WKH�YHUWLFDO�YHORFLW\��ZLWK�DQ�XSZDUG�PRWLRQ�RI�XS�WR���P�

Ví���DQG�WHPSHUDWXUH��ZLWK�SRVLWLYH�SHUWXUEDWLRQV�RI�XS�WR���.��PRUH�HIIHFWLYHO\�WKDQ�

H[WHQGLQJ� WKH�DVVLPLODWLRQ�SHULRG��([S��=9U�K��)LJ�����I���:KHQ� WHPSHUDWXUH�DQG�RU�

KXPLGLW\� LQIRUPDWLRQ� �)LJV�� ���J�� K�� L�� DQG� M��ZDV� DVVLPLODWHG�� WKH� VWUDWLIRUP� UHJLRQ�

FRXOG� EH� HQWLUHO\� UHFRQVWUXFWHG�� 7R� H[SODLQ� WKLV� UHVXOW�� VLQJOH� REVHUYDWLRQ� WHVWV� RI�

WHPSHUDWXUH�DQG�KRUL]RQWDO�ZLQG�DUH�DSSOLHG� LQ� WKH�VWUDWLIRUP�DUHD� �QRW�VKRZQ���7KH�

UHVXOWV� LOOXVWUDWHG� WKDW� DVVLPLODWLQJ� WKH� WHPSHUDWXUH� ILHOG� DORQH� SURSDJDWHG� WKH�

LQIRUPDWLRQ�DQG�DGMXVWHG�WKH�VWUDWLIRUP�DUHD�PRUH�HIIHFWLYHO\�WKDQ�VROHO\�DVVLPLODWLQJ�

WKH�KRUL]RQWDO�ZLQGV��  

,Q�WKH�VWXG\��:/5$6�DOORZV�DOO�YDULDEOHV�XSGDWHG�E\�DOO�VLPXODWHG�REVHUYDWLRQ��

+\GURPHWHUV�DUH�LPSRUWDQW�WR�DIIHFW�WKH�UHIOHFWLYLW\�VWUXFWXUH�DQG�VKRUW�WHUP�IRUHFDVW�DW�

WKH�ILQDO�DQDO\VLV��)LJXUH�����SUHVHQWV�YHUWLFDO�VWUXFWXUH�RI�K\GURPHWHUV�RI�UDLQ��JUDXSHO�

DQG�VQRZ�PL[LQJ�UDWLR��([DPLQLQJ�WKH�YHUWLFDO�VWUXFWXUH�RI�WKH�PLFURSK\VLFDO�YDULDEOHV��
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)LJ�����D�VKRZV�WKH�PL[WLQJ�UDWLR�RI�UDLQ��4U���VQRZ��4V���DQG�JUDXSHO��4J��DQG�WKH���

GHJUHH�WHPSHUDWXUH��EODFN�OLQH��IRU�7UXWK��7KH�K\GURPHWHUV�VWUXFWXUHV�RI�1R'$��)LJ��

���E��DQG�([S��9U��)LJ�����G��DUH�QRW�LGHDO�FRPSDUHG�WR�RWKHU�H[SHULPHQWV��7KHUH�DUH�

REYLRXV�PD[LPXP�YDOXHV�RI�4U��DQG�4J�LQ�FRQYHFWLYH�DUHD��DQG�4V�LQ�VWUDWLIURP�XSSHU�

WKDQ� ��GHJUHH� OLQH��7KH�PLFURSK\VLFDO� YDULDEOHV� 4U�� DQG�4J� VKRZ�ZHOO� VWUXFWXUH� LQ�

FRQYHFWLYH�DUHD�EXW�4V�KDYH�QRW�EHHQ�FRPSOHWHO\�FRUUHFWHG�LQ�VWUDWLIRUP�DUHD�LQ�([S��=�

�)LJ�����F���([S��=9U��)LJ�����H���DQG�([S��=9U�K��)LJ�����I��HYHQ�DIWHU�DVVLPLODWLQJ�

UDGDU�GDWD��+RZHYHU��([S��=9U7��)LJ�����J���([S��=9U4Y��)LJ�����K���DQG�([S��=9U74Y�

�)LJ�����L��SUHVHQW�ZHOO�4J�DQG�4U�DW�FRUUHFWLYH�DUHD��,Q�VWUDWLIRUP��WKH�VWUXFWXUH�RI�4V�

VKRZV� ZLGHU� VLPLODU� DV� WUXWK� E\� DVVLPLODWLQJ� DGGLWLRQDO� WKHUPRG\QDPLF� YDULDEOHV��

+\GURPHWHUV�RI�4U��4V��DQG�4J�DUH�RYHUHVWLPDWHG�WKDQ�WUXWK�IURP�([S��=9U74Y�K��)LJ��

���M��� �  

)LJXUH�����LV�56&&�WKDW�SUHVHQWV�LPSURYHPHQW�RI�HDFK�H[SHULPHQW��([SV��=9U�K��

=9U7�� =9U4Y�� =9U74Y� DQG� =9U74Y�K�� IRU� WKH� UHIOHFWLYLW\�UHODWHG� K\GURPHWHRU�

YDULDEOHV��PL[LQJ�UDWLR�RI�UDLQ��JUDXSHO��DQG�VQRZ��FRPSDUHG�ZLWK�([S��=9U�LQ�ZKLFK�

9U�DQG�=�ZHUH�DVVLPLODWHG��7KH�UHVXOWV�UHYHDOHG�WKDW�DOO�WKH�K\GURPHWHRU�YDULDEOHV�DUH�

LPSURYHG� E\� DSSUR[LPDWHO\� ���� ZKHQ� WKH� DVVLPLODWLRQ� SHULRG� ZDV� H[WHQGHG��

$VVLPLODWLQJ�WHPSHUDWXUH�LQIRUPDWLRQ�OHG�WR�DGGLWLRQDO� LPSURYHPHQWV�IRU� WKH�PL[LQJ�

UDWLRV�RI�JUDXSHO�DQG�VQRZ��+RZHYHU��ZKHQ�KXPLGLW\�ZDV�DVVLPLODWHG�ZLWK�UDGLDO�ZLQG�

DQG�UHIOHFWLYLW\��WKH�PL[LQJ�UDWLRV�RI�UDLQ��JUDXSHO��DQG�VQRZ�DUH�LPSURYHG�E\�PRUH�WKDQ�

�����,Q�SDUWLFXODU��WKH�PL[LQJ�UDWLR�RI�UDLQ�H[KLELWHG�D�PRUH�WKDQ�����LPSURYHPHQW�

ZKHQ�DVVLPLODWLQJ�ZDWHU�YDSRU��=9U4Y�DQG�=9U74Y���7KXV��UDGDU�'$�ZLWK�DGGLWLRQDO�

WKHUPRG\QDPLF�YDULDEOHV�DOVR�LPSURYHG�WKH�GLVWULEXWLRQ�RI�K\GURPHWHRU�YDULDEOHV�ZKHQ�
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ZDUP�FRUH�DQG�FROG�SRRO�DUH�EHWWHU�UHSURGXFHG�LQ�WKH�ILQDO�DQDO\VLV��7KH�EHVW�H[SHULPHQW�

LV�([S��=9U74Y�K�WKDW�WKH�56&&�VFRUH�DUH�DOO�RYHU�WKDQ������ �  

 

�E��3HUIRUPDQFH�RI�VKRUW�WHUP�IRUHFDVW�  

7KH�VKRUW�WHUP�IRUHFDVW�ZDV�ODXQFKHG�E\�WKH�HQVHPEOH�PHDQ�DQDO\VLV�DW������87&��

DQG�WKH�UHVXOWV�RI���K��)LJ��������DQG���K��)LJ��������DFFXPXODWHG�UDLQIDOO��  

,Q�D���K�UDLQIDOO�VKRUW�WHUP�IRUHFDVW��WKH�WUXWK�SUHVHQWV�WKH�UDLQIDOO�DFFXPXODWLRQ�

DUHD�DV�D�UDLQEDQG�DFURVV�QRUWKHUQ�7DLZDQ��DQG�WKH�PD[LPXP�YDOXH�LV�RYHU����PP��)LJ��

����D���)RU�H[SHULPHQWV�RQ�DVVLPLODWLQJ�UDGDU�GDWD��([S��9U��)LJ������G��VKRZV�D�ZLGHU�

UDLQIDOO�DUHD�WKDQ�([S��=��)LJ������F���%RWK�DVVLPLODWLQJ�=�DQG�9U��WKH�UDLQIDOO�IRUHFDVW�

LV�EHWWHU�LQ�WKH�FDVH�VWXG\�EXW�([S��=9U�K�LV�VLPLODU�WR�([S��=9U�HYHQ�ZLWK�RQH�PRUH�

RQH�KRXU�DVVLPLODWLRQ�RI�UDGDU�GDWD��)RU�WKH�H[SHULPHQWV�RI�DVVLPLODWLQJ�WKHUPRG\QDPLF�

YDULDEOHV��DOO�RI�WKH�IRXU�H[SHULPHQWV�RI�([S��=9U7��)LJ������J���([S��=9U4Y��)LJ����

��K���([S��=9U74Y��)LJ������L��DQG�([S��=9U74Y�K��)LJ������M��� WKH�UDLQIDOO� LQ� WKH�

ILUVW�KRXU�SUHVHQWV�D�JRRG�VWUXFWXUH�LQ�WKH�UDLQEDQG�DQG�WKH�YDOXH�LV�RYHU����PP�FORVHG�

WR� WKH� WUXWK��7KH�EHVW� UHVXOW� LV�([S��=9U74Y�K� �)LJ������M��EHFDXVH� LQFOXGLQJ�PRUH�

WKHUPRG\QDPLF�LQIRUPDWLRQ�DW�DQ�HDUO\�VWDJH�WKDQ�([S��=9U�K��)LJ������I���  

7KH� WUXWK� VWDWH� LQ� )LJ�� ����D� UHYHDOV� H[WUHPH� KHDY\� UDLQIDOO� DORQJ� WKH� FRDVW� RI�

QRUWKHUQ�7DLZDQ��7KH�UDLQIDOO�DFFXPXODWLRQ�LQ�1R'$��)LJ������E��ZDV�ORZ��DQG�WKH�DUHD�

RI� SUHFLSLWDWLRQ� ZDV� RYHU� WKH� RFHDQ� EHFDXVH� WKLV� H[SHULPHQW� HPSOR\HG� WKH� PHDQ�

IRUHFDVW�IURP�WKH�UDQGRP�SHUWXUEDWLRQV�ZLWKRXW�'$��)LJXUHV�����F�DQG�G�SUHVHQW�WKH�

UHVXOWV�RI�UDLQIDOO�DFFXPXODWLRQ�ZKHQ�RQO\�RQH�VHW�RI�UDGDU�GDWD��UHIOHFWLYLW\�RU�UDGLDO�

YHORFLW\��ZDV�DVVLPLODWHG��7KH�UDLQIDOO�SRVLWLRQ�LQ�QRUWKHUQ�7DLZDQ�ZDV�PRUH�DFFXUDWH�
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LQ�WKH�WUXWK�VWDWH�WKDQ�LQ�WKH�1R'$�UXQ��)LJ������E���EXW�WKH�UDLQIDOO�DFFXPXODWLRQ�ZDV�

QRW�VXIILFLHQW�WR�REWDLQ�D�KHDY\�UDLQIDOO�VLJQDWXUH��7KH�UHVXOWV�RI�([S��=9U��)LJ������H��

DQG�([S��=9U�K� �)LJ������I��GLVSOD\HG� WKH�FRUUHFW�SRVLWLRQ�RI� WKH� WRWDO� DFFXPXODWHG�

UDLQIDOO��([S��=9U�K�GHPRQVWUDWHG�D�KLJKHU�OHYHO�RI�UDLQIDOO�DFFXPXODWLRQ�LQ�QRUWKHUQ�

7DLZDQ� EHFDXVH� RI� WKH� XVH� RI� D� ORQJHU� DVVLPLODWLRQ� SHULRG� WKDQ� LQ� ([S�� =9U��0RUH�

REVHUYDWLRQ�LQIRUPDWLRQ�IRU�PRGHO�DVVLPLODWLRQ�KDG�D�SRVLWLYH�LPSDFW�RQ�WKH�43)��EXW�

WKH�LQWHQVLW\�RI�WKH�SUHFLSLWDWLRQ�ZDV�ZHDNHU�WKDQ�WKDW�LQ�WKH�WUXWK��)LJ������D���2Q�WKH�

RWKHU�KDQG��WKH�43)�LV�LPSURYHG�ZKHQ�WKH�WKHUPRG\QDPLF�YDULDEOHV�ZHUH�DVVLPLODWHG�

�)LJV������J��K��DQG�L���)LJXUH�����J��([S��=9U7��GHSLFWV�WKH�UDLQIDOO�DFFXPXODWLRQ�DUHD��

UHYHDOLQJ� LPSURYHG� YDOXHV� FRPSDUHG�ZLWK� =9U�K� �)LJ�� ����I���7KXV�� WKH� DGGLWLRQDO�

WHPSHUDWXUH�LQIRUPDWLRQ�VKRUWHQHG�WKH�VSLQ�XS�DVVLPLODWLRQ�SHULRG��,Q�([S��=9U4Y�DQG�

([S��=9U74Y�LQ�ZKLFK�KXPLGLW\�LQIRUPDWLRQ�LV�DVVLPLODWHG��)LJ������K���WKH�ORFDWLRQ�

DQG� LQWHQVLW\� RI� WKH� UDLQIDOO�ZHUH� YHU\� FORVH� WR� WKH� WUXWK� DQG� WKH� RYHUHVWLPDWLRQ� RI�

UDLQIDOO�LQ�WKH�QRUWKZHVW�ZDV�PLWLJDWHG��)RU�WKH�ODVW�H[SHULPHQW��=9U4Y�K��)LJ������M���

DVVLPLODWLQJ�ERWK�WHPSHUDWXUH�DQG�KXPLGLW\�IRU���KRXUV��WKH�FRYHUDJH�DQG�LQWHQVLW\�RI�

WKH� UDLQIDOO�ZHUH� WKH� EHVW� SHUIRUPDQFH� SUHVHQWHG� LQ� UDLQIDOO� RYHU� ���PP� DPRQJ� DOO�

H[SHULPHQWV��  

:H�FKHFN�WKH�)66V�RI�WKH�VKRUW�WHUP�IRUHFDVW�IRU����)LJ������D������)LJ������E���

DQG����)LJ������F��K�DFFXPXODWHG�UDLQIDOO��)66�RI�([S��9U�DUH�KLJKHU�WKDQ�([S��=��DQG�

WKH� G\QDPLF� LQIRUPDWLRQ� LV�PRUH� LPSRUWDQW� WR� PDLQWDLQ�ZHDWKHU� V\VWHP� IRU� D� JRRG�

UDLQIDOO�IRUHFDVW��([S��=9U�K�VKRZV�FOHDUO\�VNLOO�VFRUH�WKDQ�WKH�H[SHULPHQW�ZLWK�RQO\�

RQH�KRXU� UDGDU� DVVLPLODWLRQ�� 7KH� H[SHULPHQWV� ZLWK� ZDWHU� YDSRU� DUH� EHWWHU� WKDQ�

H[SHULPHQW�ZLWK�WHPSHUDWXUH�IRU� WKH�UDLQIDOO�IRUHFDVW��7KLV�DOVR�KLJKOLJKWV� WKDW�ZDWHU�
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YDSRU�LV�NH\�WR�SURORQJLQJ�WKH�UDLQIDOO�IRUHFDVW�UHVXOWV�LQ�WKH�IURQWDO�HYHQW�LQ�WKLV�VWXG\��

7KH�ILUVW�KRXU�UDLQIDOO�IRUHFDVW�VNLOO�VFRUH�)66�VKRZV�KLJKHU�VFRUH�RI�H[SHULPHQWV�ZLWK�

WHPSHUDWXUH�DQG�ZDWHU�YDSRU��([S��=9U7��=9U4Y��DQG�=9U74Y��WKDQ�([S��=9U�K��)LJ��

����D��� 7KLV� UHVXOW� UHYHDOHG� WKDW� DGGLQJ� �'� WHPSHUDWXUH� DVVLPLODWLRQ� LPSURYHG� WKH�

SHUIRUPDQFH�RI�UDGDU�'$�IRU�VKRUW�WHUP�UDLQIDOO�IRUHFDVWLQJ�DQG�VKRUWHQHG�WKH�VSLQ�XS�

DVVLPLODWLRQ�SHULRG�IURP���WR���K��7KH�EHVW�UHVXOW�LV�([S��=9U74Y�K�WKDW�VKRZV�WKH�VNLOO�

VFRUH�KLJKHU�WKDQ�����WLOO�IRUHFDVW���K�E\�DVVLPLODWLQJ�PRUH�WKHUPRG\QDPLF�YDULDEOHV�

�)LJ������F���  

 

����5HVXOWV�RI�UHWULHYDO�YDULDEOHV�DVVLPLODWLRQ 

�D��3HUIRUPDQFH�RI�DQDO\VLV 

7HPSHUDWXUH�DQG�ZDWHU�YDSRU�LQIRUPDWLRQ�DUH�UHWULHYHG�IURP�PRGHO�WUXWK��([S����

E\� WKH� UHWULHYDO� DOJRULWKP�73756� �6HFWLRQ� ���F���7KH� WKUHH� H[SHULPHQWV� DV�=9U75��

=9U4Y5��DQG�=9U74Y5�DUH�OLVWHG�LQ�7DEOH������)LJXUHV�����D±F�SUHVHQW�WKH�ORZ�OHYHO�

FRQYHUJHQFH�ILHOGV�LQ�WKH�ILQDO�DQDO\VLV�������87&���7KH�FRQYHUJHQFH�RI�([S��=9U75�

UHYHDOHG� FRPSDUDEOH� LQWHQVLW\� DV� ([S�� =9U7� DQG� EHWWHU� WKDQ� ([S�� =9U�K�� 7KH�

UHIOHFWLYLW\�ILHOG�LQ�)LJ������G�VKRZV�WKDW�WKH�LQWHQVLW\�RI�WKH�VWURQJ�FRQYHFWLYH�LV�VLPLODU�

DV�([S��=9U7�DQG� WKH� WUXWK�VWDWH� LQ�QRUWKHUQ�7DLZDQ��EXW� WKH� OLQH�VKDSHG�FRQYHFWLYH�

UDLQEDQG� LV� QRW� EURDGHQLQJ� HQRXJK�� ,Q�([S��=9U4Y5�� WKH� FRQYHUJHQFH� �)LJ�� ����E��

LQODQG�ZDV�ZHDNHU�WKDQ�([S��=9U4Y��)LJ������K��DQG�([S��=9U75��)LJ����D���%HVLGHV��

WKH� VLPXODWHG� UHIOHFWLYLW\� �)LJ�� ����H�� VKRZV� VLPLODU� LQWHQVLW\� DQG� SDWWHUQ� DV� ([S��

=9U75��,Q�([S��=9U74Y5��WKH�FRQYHUJHQFH��)LJ������F��LV�VLPLODU�WR�([S��=9U75�DQG�

([S��=9U4Y5��EXW�D�EHWWHU�UDLQEDQG�FRYHUDJH�DQG�SDWWHUQ�LQ�)LJ������I�ZDV�LOOXVWUDWHG��
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6LPXODWHG�UHIOHFWLYLW\�LQ�)LJ������I�VKRZV�WKDW�WKH�DQDO\VLV�FRXOG�EHWWHU�UHSUHVHQW�WKH�

OLQH�VKDSHG� DUHD� DV� WUXWK� �)LJ�� ���D��� 7KH� RSWLPDO� UHVXOWV� IRU� FRQYHUJHQFH� DQG�

UHIOHFWLYLW\�DPRQJ�WKH�WKUHH�H[SHULPHQWV�FRPH�IURP�([S��=9U74Y5��  

)LJXUHV�����J�L�UHYHDO�WKH�FURVV�VHFWLRQ�RI�YHUWLFDO�YHORFLW\�DQG�WHPSHUDWXUH�ILHOGV�

DV�)LJ������� ,Q�WKH�H[SHULPHQW� WKDW�RQO\�DVVLPLODWHG�UHWULHYHG�WHPSHUDWXUH�ZLWK�UDGDU�

�([S��=9U75��)LJ������J���WKH�XSZDUG�PRWLRQ�ZDV�VWURQJHU��XS�WR���P�V����WKDQ�WKH�RWKHU�

WZR�H[SHULPHQWV� �([S��=9U4Y5�DQG�([S��=9U74Y5���7KH� WHPSHUDWXUH� SHUWXUEDWLRQ�

UHYHDOHG�WKH�ZDUP�FRUH�DW�WKH�PLG�OHYHO�DV�WKH�WUXWK��)LJ�����D���EXW�WKH�FROG�SRRO�DW�WKH�

ORZ� OHYHO�ZDV� GLVWULEXWHG� LQ� D� VPDOOHU� UHJLRQ� FRPSDUHG� WR� WKH� WUXWK� DQG�([S��=9U7�

EHFDXVH� WKH� UHWULHYHG� WHPSHUDWXUH� KDV�ZDUP� ELDV� DV�PHQWLRQHG� LQ� 6HFWLRQ� ���F�� %\�

DVVLPLODWLQJ�ZDWHU�YDSRU�RQO\��([S��=9U4Y5��)LJ������K���WKH�ZDUP�FRUH�DQG�XSZDUG�

PRWLRQ�ZHUH�ZHDNHU�WKDQ�([S��=9U75�DW�PLG�OHYHO��)LJ������J���2Q�WKH�RWKHU�KDQG��WKH�

VWUXFWXUH�RI�WHPSHUDWXUH�SHUWXUEDWLRQ�VKRZHG�D�EHWWHU�GLVWULEXWLRQ�RI�WKH�FROG�SRRO�DV�

([S��=9U4Y�DW� WKH� ORZ� OHYHO��7KH�RSWLPDO� UHVXOW� RI� WHPSHUDWXUH�SHUWXUEDWLRQ�FRPHV�

IURP�([S��=9U74Y5��)LJ������L���7KH�UHVXOWV� UHYHDOHG� WKDW� WKH�FROG�SRRO�DW� WKH� ORZ�

OHYHO�DQG�WKH�ZDUP�FRUH�LQ�WKH�PLG�OHYHO�ZHUH�FORVH�WR�WKH�WUXWK��)LJ�����D���$PRQJ�WKH�

WKUHH�H[SHULPHQWV��DVVLPLODWLQJ�UHWULHYHG�WHPSHUDWXUH�HQKDQFHG�WKH�ZDUP�FRUH�VWUXFWXUH�

DW� WKH�PLG�OHYHO� DQG� VWUHQJWKHQV� WKH� XSZDUG�PRWLRQ� LQ� VWURQJ� FRQYHFWLRQ� DUHDV�� ,Q�

FRQWUDVW��DVVLPLODWLQJ�UHWULHYHG�ZDWHU�YDSRU�LPSURYHG�WKH�LQWHQVLW\�RI�FROG�SRROV�QHDU�

WKH�VXUIDFH��2YHUDOO��WKH�UHVXOWV�GHPRQVWUDWHG�WKDW�DVVLPLODWHG�UHWULHYHG�WKHUPRG\QDPLF�

ILHOGV�KDG�D�SRVLWLYH�LPSDFW�RQ�WKH�ILQDO�DQDO\VLV�RI�WKH�VHYHUH�ZHDWKHU�V\VWHP��  
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�E��3HUIRUPDQFH�RI�VKRUW�WHUP�IRUHFDVW�  

%\�ODXQFKLQJ�WKH�PRGHO�IURP�WKH�HQVHPEOH�PHDQ�RI�ILQDO�DQDO\VLV�LQ�6HFWLRQ����D��

WKH� EHQHILW� RI� DVVLPLODWLQJ� UHWULHYHG� WKHUPRG\QDPLF� LQIRUPDWLRQ� IRU� WKH� 43)� ZDV�

H[DPLQHG��)RU�WKH���K�DQG���K�WRWDO�DFFXPXODWHG�UDLQIDOO��=9U75��)LJV������D��F��FDQ�

SURGXFH�WKH�ORFDO�PD[LPXP�UDLQIDOO�RYHU����PP��(YHQ�WKRXJK�WKH�UHWULHYHG�WHPSHUDWXUH�

ILHOG�KDV�WKH�ZDUP�ELDV�FRPSDUHG�ZLWK�WKH�WUXWK��=9U75�FDQ�EHWWHU�SUHGLFW� WKH�ORFDO�

PD[LPXP�RI�WKH�KHDY\�UDLQIDOO�ZLWK�VKRUWHU�'$�SHULRG����K��FRPSDUHG�ZLWK�=9U�K��)LJ��

����I���7KLV�LV�GXH�WR�WKH�ZDUP�FRUH�DW�PLG�OHYHO�DQG�PRUH�LQWHQVH�XSZDUG�PRWLRQ�LQ�

WKH�ILQDO�DQDO\VLV��,Q�([S��=9U4Y5��PRUH�SUHFLSLWDWLRQ�RFFXUUHG�LQ�WKH�ILUVW�KRXU��)LJ��

����H���EXW�WKH�DPRXQW�RI�SUHFLSLWDWLRQ�ZDV�OHVV�WKDQ�WKH�WUXWK�VWDWH��)LJ������D��DQG�WKH�

([S��=9U4Y��)LJ�����K��IRU���K�43)��7KH�RSWLPDO�UHVXOW�FRPHV�IURP�([S��=9U74Y5�

�)LJV�� ����F�� I��� 7KH� DFFXPXODWHG� UDLQIDOO� UHYHDOHG� D� ZHOO� OLQH�VKDSHG� SDWWHUQ� DQG�

FRYHUDJH�DV�WKH�WUXWK�RYHU�QRUWKHUQ�7DLZDQ��,Q�DGGLWLRQ��WKH�DPRXQW�RI�WKH�SUHFLSLWDWLRQ�

ZDV�XS�WR����PP�WKRXJK�LW�ZDV�XQGHUHVWLPDWHG�FRPSDUHG�WR�WKH�WUXWK�VWDWH��)LJ������D��

)LJ�� ����D��� 7KH� IHDVLELOLW\� VWXG\� VKRZV� WKDW� ZKHQ� DVVLPLODWLQJ� WKH� UHWULHYHG�

WKHUPRG\QDPLF� ILHOGV� ZLWK� ELDV�� SURYLGLQJ� WHPSHUDWXUH� LQIRUPDWLRQ� KDV� PRUH� 43)�

LPSURYHPHQW� WKDQ� DVVLPLODWLQJ� UHWULHYHG�ZDWHU� YDSRU��7KLV� LV� EHFDXVH�PRUH� LQWHQVH�

XSZDUG� PRWLRQ� DQG� ZDUP� FRUH� DUH� UHSURGXFHG� LQ� WKH� DQDO\VLV� ZKHQ� DVVLPLODWLQJ�

UHWULHYHG�WHPSHUDWXUH��2YHUDOO��ZKHQ�ERWK�UHWULHYHG�WHPSHUDWXUH�DQG�ZDWHU�YDSRU�DUH�

DVVLPLODWHG��WKH�UHVXOW�FDQ�VWLOO�LPSURYH�WKH�43)�DQG�RXWSHUIRUP�([S��=9U�K� 

7KH�)66V�RI� WKH�VKRUW�WHUP�IRUHFDVW� IRU�������DQG���K�DFFXPXODWHG� UDLQIDOO�ZDV�

GLVSOD\HG�LQ�)LJ��������$PRQJ�WKH�WKUHH�H[SHULPHQWV��DVVLPLODWLQJ�DGGLWLRQDO�UHWULHYHG�

WHPSHUDWXUH�ZLWK� UDGDU�GDWD��([S��=9U75��VKRZHG�PXFK�PRUH�LPSURYHPHQWV�RI�WKH�
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VKRUW�WHUP�IRUHFDVW� LQ� WKH�ILUVW�KRXU�RI�WKH�43)��)LJ������D��� UHVXOWLQJ�LQ� WKH�KLJKHVW�

)66��7KLV�ZDV�GXH� WR� WKH�ZDUP�FRUH� DW�PLG�OHYHO� DQG�PRUH� LQWHQVH�XSZDUG�PRWLRQ�

HIIHFWHG�E\�WKH�UHWULHYHG�WHPSHUDWXUH�ZLWK�ZDUP�ELDV��)RU���K�IRUHFDVW��)LJ������E���WKH�

)66�VKRZHG�WKH�EHQHILW�RI�DVVLPLODWLQJ�ERWK�UHWULHYDO�WHPSHUDWXUH�DQG�ZDWHU�YDSRU��([S��

=9U74Y5���HVSHFLDOO\�LQ�WKH�KHDY\�UDLQIDOO�FRQGLWLRQ��WKHUVKROG�RYHU����PP���:KHQ�

ERWK�UHWULHYHG�WHPSHUDWXUH�DQG�ZDWHU�YDSRU�DUH�DVVLPLODWHG��WKH�UHVXOW�VKRZV�WKH�EHVW�

LPSDFW�WR�LPSURYH�WKH�43)�DIWHU���K��)RU���K�UDLQIDOO�IRUHFDVW��)66�RI�([S��=9U74Y5�

VKRZV�LPSURYHPHQW�WKDQ�WKH�H[SHULPHQW�RI�DVVLPLODWHG�RQO\�WHPSHUDWXUH�RU�ZDWHU�YDSRU��  

 

 

 

 

  



51 
 

Chapter 6  

Conclusions and Future Work 

����&RQFOXVLRQV 

$Q�H[WUHPHO\�KHDY\�UDLQIDOO�RFFXUULQJ�RQ����-XQH������GXULQJ�WKH�0HL�<X�VHDVRQ�

ZDV� LQYHVWLJDWHG� LQ� WKLV� VWXG\��%\�XVLQJ�PXOWLSOH�'RSSOHU� UDGDU�REVHUYDWLRQV��ZLQG��

SUHVVXUH��DQG�WHPSHUDWXUH�ILHOGV�ZHUH�UHWULHYHG�LQ�WLPH�DQG�VSDFH�LQ�RUGHU�WR�H[DPLQH�

WKH�LQWHUDFWLRQ�RI�G\QDPLFV��WKHUPRG\QDPLFV��DQG�WHUUDLQ�HIIHFW�RQ�WKH�PHVRVFDOH�DQG�

FRQYHFWLYH� VFDOH�� 7KH� SUHFLSLWDWLRQ� V\VWHP� LV� GLYLGHG� LQWR� WKUHH� SKDVHV�� DQG� WKH�

HYROXWLRQ�RI� WKH�EDUULHU� MHWV� DW� WKH� FRQYHFWLYH� VFDOH� LV� UHYHDOHG� IRU� WKH� ILUVW� WLPH�E\�

DQDO\VLQJ�WKH�PLJUDWLRQ�DQG�LQWHQVLW\�RI�WKH�EDUULHU�MHW�ZLWKLQ�WKH�ILUVW���KRXUV�ZKHQ�WKH�

KHDY\�UDLQIDOO�WRRN�SODFH��  

$W� WKH� ILUVW� VWDJH� �76�W\SH��� W\SLFDO�PHVRVFDOH� FRQYHFWLRQ�RFFXUUHG� VRXWK�RI� WKH�

IURQW��DQG�WKH�UHWULHYDOV�SUHVHQWHG�D�VTXDOO�OLQH�VWUXFWXUH�ZKHQ�WKH�V\VWHP�UHPDLQHG�RYHU�

WKH�RFHDQ�LQ�WKH�QRUWK�RI�7DLZDQ��7KH�KRUL]RQWDO�ZLQG�DW�ORZ�OHYHOV�GHPRQVWUDWHG�WKDW�

D�EDUULHU�MHW�KDG�DOUHDG\�DSSHDUHG�DORQJ�WKH�ZHVW�FRDVW�DW�WKLV�VWDJH��$�OLQH�FRQYHFWLRQ�

LQLWLDOL]HG�E\�VRXWK�ZHVWHUO\�IORZ�GHYHORSHG�DQG�PHUJHG�ZLWK�WKH�PDLQ�SUHFLSLWDWLRQ�

V\VWHP��7KH�V\VWHP�ODQGHG�RYHU�QRUWKHUQ�7DLZDQ�DQG�ZHQW�WKURXJK�D�WUDQVLWLRQ�SHULRG�

DW� WKH� VHFRQG� VWDJH�� VWURQJ� FRQQHFWLRQ� ZLWK� XSZDUG� PRWLRQ� LQODQG� IDYRXUHG� WKH�

HDVWZDUG�GLVSODFHPHQW�RI� WKH�EDUULHU� MHW�� ,Q� WKH�PHDQWLPH�� WKHUPRG\QDPLF�UHWULHYDOV�

LOOXVWUDWHG�D�VWUHQJWKHQHG�PHVR�ORZ�ORFDWHG�LQODQG�RI�QRUWKHUQ�7DLZDQ��DQG�WKH�SUHVVXUH�

JUDGLHQW�IRUFH�HQKDQFHG�WKH�LQWHQVLW\�RI�WKH�EDUULHU�MHW��$W�WKH�WKLUG�VWDJH��36�W\SH���WKH�

ORFDWLRQ�RI�WKH�FROG�SRRO�DQG�WKH�RURJUDSK\�RYHU�QRUWKHUQ�7DLZDQ�DFW�DV�REVWDFOHV��:KHQ�
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WKH�FROG�RXWIORZ�HQFRXQWHUV�WKH�EDUULHU�MHW��<�VKDSHG�HFKR�FRQYHFWLRQ�DSSHDUHG�DW�WKH�

FROG�SRRO�RXWIORZ�FRQYHUJHQFH�]RQH�DQG� WKHQ�XQLWHG� WR� WKH�PDLQ� FRQYHFWLRQ��7KHVH�

IHDWXUHV�IRUPHG�D�IDYRXUDEOH�FRQGLWLRQ�WR�PDLQWDLQ�D�VWURQJ�FRQYHFWLRQ�DURXQG�WKH�VDPH�

ORFDWLRQ�DQG�FDXVH�H[WUHPHO\�KHDY\�UDLQIDOOV�LQ�D�VKRUW�SHULRG�RI�WLPH� 

,Q�WKLV�VWXG\��ZH�H[DPLQHG�WKH�LPSDFWV�RI�DVVLPLODWLQJ��'�WKHUPRG\QDPLF�ILHOGV�

ZLWK�UDGDU�GDWD��UDGLDO�ZLQG�DQG�UHIOHFWLYLW\���$�VHULHV�RI�266(V�ZHUH�GHVLJQHG��DQG�

WKUHH�VHWV�RI�'$�H[SHULPHQWV�ZHUH�FRQGXFWHG�XVLQJ�WKH�:/5$6�HQVHPEOH�'$�V\VWHP��

'LIIHUHQW� W\SHV� RI� WKHUPRG\QDPLF� YDULDEOHV� ZHUH� REWDLQHG� IURP� WKH� WUXWK� VWDWH� RU�

UHWULHYHG�IURP�WKH�73756�UHWULHYDO�DOJRULWKP��$�IURQWDO�V\VWHP�WKDW�EURXJKW�H[WUHPHO\�

KHDY\�UDLQIDOO�WR�1RUWKHUQ�7DLZDQ�RQ����-XQH������ZDV�LQYHVWLJDWHG��7KH�UHVXOWV�RI�ERWK�

DQDO\VLV� DQG� YHU\� VKRUW�WHUP� IRUHFDVW� ZHUH� H[DPLQHG� WKURXJK� WKH� WKUHH� VHWV� RI�

H[SHULPHQWV��UHVXOWLQJ�LQ�WKH�IROORZLQJ�FRQFOXVLRQV� 

� ����,Q�WKLV�SDUWLFXODU�FDVH��ZKLFK�FOHDUO\�GHPRQVWUDWHG�D�SUHFLSLWDWLRQ�SRVLWLRQ�HUURU�LQ�

WKH� EDFNJURXQG�� DVVLPLODWLQJ� UDGDU� REVHUYDWLRQV� RI� UDGLDO� ZLQG� DQG� UHIOHFWLYLW\�

SURPSWO\�FRUUHFWHG�RU�UHGXFHG�WKH�SRVLWLRQ�HUURU�RI�WKH�FRQYHUJHQFH�]RQH�DQG�UDLQ�

EDQGV�� ,Q�DGGLWLRQ��ZKHQ�GHDOLQJ�ZLWK�D�PXOWLVFDOH�ZHDWKHU�V\VWHP�� VXFK�DV� WKH�

IURQWDO�V\VWHP�LQ�WKLV�VWXG\��LQFUHDVLQJ�WKH�DVVLPLODWLRQ�SHULRG�KHOSHG�LPSURYH�WKH�

DQDO\VLV� DQG� VKRUW�WHUP� IRUHFDVW��+RZHYHU�� LPSURYHPHQWV� LQ� WKH�DQDO\VLV�RI� WKH�

VWUDWLIRUP�DUHD�ZHUH�OLPLWHG�DQG�WKH���K�43)�ZDV�XQGHUHVWLPDWHG��  

����,Q�WKH�266(V��SURYLGLQJ�DGGLWLRQDO�LQIRUPDWLRQ�UHJDUGLQJ�WKH�XQELDVHG�WHPSHUDWXUH�

DQG�RU�KXPLGLW\�ILHOGV�LQ�WKH�PXOWLVFDOH�SUHFLSLWDWLRQ�V\VWHP�VKRUWHQHG�WKH�VSLQ�XS�

DVVLPLODWLRQ�SHULRG�DV�H[SHFWHG��,Q�DGGLWLRQ��WKH�XSZDUG�PRWLRQ�DQG�ZDUP�FRUH�LQ�

WKH�PLG�OHYHO�DQG�WKH�FROG�SRRO�LQ�WKH�VWUDWLIRUP�DUHDV�ZHUH�PRUH�LPSURYHG�WKURXJK�
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DGGLWLRQDO�WKHUPRG\QDPLF�YDULDEOHV�WKDQ�WKURXJK�DGGLWLRQDO�F\FOHV�RI�UDGLDO�ZLQG�

DQG� UHIOHFWLYLW\� DVVLPLODWLRQ�� 7KH� LPSURYHPHQW� LQ� WKH� VWUDWLIRUP� UHJLRQ� IXUWKHU�

EHQHILWHG� WKH� K\GURPHWHRU� YDULDEOHV�� ZKLFK� ZHUH� VWURQJO\� DVVRFLDWHG� ZLWK� WKH�

YHUWLFDO� VWUXFWXUH� RI� WHPSHUDWXUH�� 7KH� UHVXOWV� GHPRQVWUDWHG� WKDW� DVVLPLODWLQJ�

WKHUPRG\QDPLF� YDULDEOHV� DFKLHYHG� JUHDWHU� LPSURYHPHQWV� ��±�� K�� LQ� H[WUHPHO\�

KHDY\� UDLQIDOO� SUHGLFWLRQ� WKDQ� ZKHQ� RQO\� DVVLPLODWLQJ� UDGDU� GDWD�� ,Q� DGGLWLRQ��

DVVLPLODWLQJ�KXPLGLW\� LQIRUPDWLRQ�DORQH�\LHOGHG�D� VWURQJHU�DFFXPXODWHG� UDLQIDOO�

SHUIRUPDQFH�WKDQ�DVVLPLODWLQJ�WKH��'�WHPSHUDWXUH�ILHOG�DORQH��  

����,Q�WKH�VWXG\��ZH�GLVFXVV�WKH�IHDVLELOLW\�RI�DVVLPLODWLQJ�UHWULHYDO��'�WKHUPRG\QDPLF�

ZLWK�UDGDU�GDWD��:KHQ�WKH�ELDVHG�WKHUPRG\QDPLF�ILHOGV�ZHUH�REWDLQHG�E\�D�UHWULHYDO�

DOJRULWKP�� DVVLPLODWLQJ� WHPSHUDWXUH� LQIRUPDWLRQ� UHSURGXFHG� D� VWURQJHU� XSZDUG�

PRWLRQ�DQG�ZDUP�FRUH�DW�WKH�FRQYHFWLYH�DUHD�RI�WKH�ILQDO�DQDO\VLV��DQG�LPSURYHG�

WKH�YHU\�VKRUW�WHUP�43)�DW� WKH� ILUVW�KRXU��$VVLPLODWLQJ�KXPLGLW\� ILHOG�KHOSHG� WR�

UHFRQVWUXFW� WKH� FRYHUDJH� DQG� LQWHQVLW\� RI� WKH� FROG� SRRO� QHDU� WKH� VXUIDFH�� 7KH�

RSWLPDO�UHVXOW�LV�WR�DVVLPLODWH�WKH��'�WKHUPRG\QDPLF�ILHOGV�ERWK�WHPSHUDWXUH�DQG�

ZDWHU�YDSRU�WKDW�FRXOG�VKRUWHQ�D�VSLQ�XS�DVVLPLODWLRQ�SHULRG�WR�LPSURYH�WKH�43)�

XS�WR���KRXUV� 

 

����)XWXUH�ZRUN�  

7KLV� VWXG\� XVHV� UHWULHYDO� DOJRULWKP� :,66'20� DQG� 73756� WR� DQDO\]H� WKH�

PHFKDQLVP�RI�IURQWDO�KHDY\�UDLQIDOO�DQG�WKH�LQWHUDFWLRQ�EHWZHHQ�WKH�HYROXWLRQ�RI�WKH�

EDUULHU� MHW� DQG� WRSRJUDSK\�� 7KH� UHWULHYDO� LQIRUPDWLRQ� LV� DGGLQJ� WR� WKH� UDGDU� GDWD�

DVVLPLODWLRQ�V\VWHP�WR�VWXG\�ZKHWKHU�WKH�WKHUPRG\QDPLF�UHWULHYDO�LQIRUPDWLRQ�FDQ�
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LPSURYH�WKH�VWUXFWXUH�RI�WKH�PRGHO�LQLWLDO�FRQGLWLRQ�DQG�WKH�DELOLW\�RI�UDLQIDOO�IRUHFDVW��

$OWKRXJK�WKH�UHVXOWV�VKRZ�D�SRVLWLYH�LPSDFW��WKHUH�DUH�VWLOO�LVVXHV�WKDW�ZH�FDQ�FRQWLQXH�

WR�H[SORUH� 

����&DUHIXOO\�XQGHUVWDQG� WKH�FDXVHV�RI� WKH� WKHUPDO� UHWULHYDO� VWUXFWXUH��GLVFXVV� WKH�

UHODWLRQVKLS� EHWZHHQ� WHPSHUDWXUH� DQG� PLFURSK\VLFV�� DQG� WKH� UHODWHG�

FRQILJXUDWLRQ�RI�SUHVVXUH�ILHOG�DQG�ZLQG�ILHOG��,W�LV�H[SHFWHG�WKDW�E\�H[SODLQLQJ�

WKH�VWDWH�RI�WKH�V\VWHP�XQGHU�VWDWLF�DQG�QRQ�VWDWLF�FRQGLWLRQV��ZH�FDQ�KDYH�PRUH�

FRQILGHQFH�LQ�WKH�UHWULHYDO�UHVXOWV�IURP�73756� 

����&DUHIXOO\� FRPSDUH� WKH� GLIIHUHQFHV� EHWZHHQ� WKH� G\QDPLF� DQG� WKHUPRG\QDPLF�

ILHOGV�RI� WKH� UHWULHYHG��'� LQIRUPDWLRQ�DQG� WKH� WUXWK� VLPXODWHG�E\� WKH�PRGHO��

&KHFN�ZKHWKHU�WKH�LQWHUDFWLRQ�EHWZHHQ�WKH�EDUULHU�MHW�DQG�WKH�FRPSOH[�WHUUDLQ�

LV�FRQVLVWHQW�DW�WKH�VPDOO�VFDOHV��DQG�SURYLGH�DQ�DQDO\WLFDO�EDVLV�IRU�WKH�TXDOLW\�

RI�WKH�DVVLPLODWLRQ�UHVXOWV��,Q�WKH�IXWXUH��WKH�GLIIHUHQFHV�EHWZHHQ�WKH�PRGHO�DQG�

DFWXDO�REVHUYDWLRQV�FDQ�EH�H[SORUHG�WKH�NH\�LQIOXHQFLQJ�IDFWRUV�FDQ�EH�LGHQWLILHG��

DQG�WKH�PDLQ�SRLQWV�RI�WKH�PRGHO�WR�LPSURYH�WKH�VPDOO�VFDOH�VLPXODWLRQ�FDQ�EH�

SURYLGHG� 

���� $� PRUH� LQ�GHSWK� GLVFXVVLRQ� DQG� H[SODQDWLRQ� RI� WKH� SKHQRPHQRQ� RI� ZDUP�

GHYLDWLRQV�LQ�WKH�UHWULHYDO�WHPSHUDWXUH�UHVXOWV�DQG�ZDUP�ELDV�LQ�WKH�ZDWHU�YDSRU�

DUH� FDUULHG� RXW��$IWHU� LW� LV� DGGHG� WR� WKH� UDGDU� GDWD� DVVLPLODWLRQ� V\VWHP�� WKH�

UHVXOWLQJ�IDFWRUV�VWLOO�QHHG�WR�EH�GLVFXVVHG�PRUH�FDUHIXOO\� 

����:KHWKHU�GLIIHUHQW�PLFURSK\VLFDO�VFKHPHV�ZLOO�FDXVH�FKDQJHV�LQ� WKH�UHVXOWV�RI�

DVVLPLODWLQJ� WKHUPRG\QDPLF� YDULDEOHV� LV� D� WRSLF�ZRUWK\� RI� GLVFXVVLRQ� LQ� WKH�

IXWXUH� 
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����7KH�UHVHDUFK�RI�UHDO�FDVHV�ZLOO�HQFRXQWHU�WKH�SUREOHP�RI�GXSOLFDWLRQ�RI�UHWULHYDO�

GDWD�DQG�UDGDU�GDWD��,Q�WKH�IXWXUH��GLIIHUHQW�LQWHUSRODWLRQ�PHWKRGV�FDQ�EH�XVHG�

WR�JHQHUDWH�GDWD�PLVDOLJQPHQW�WR�DYRLG�WKLV�SUREOHP� 

2YHUDOO�� WKLV� VWXG\� GHPRQVWUDWHG� WKDW� DVVLPLODWLQJ� �'� WKHUPRG\QDPLF� ILHOGV� LQ�

DGGLWLRQ� WR� UDGLDO�ZLQG� DQG� UHIOHFWLYLW\�ZDV� LPSRUWDQW� DQG� FUXFLDO� WR� LPSURYH� WKH�

DQDO\VLV� DQG�43)� IRU� FRQYHFWLYH�ZHDWKHU� V\VWHPV�� ,Q� DGGLWLRQ�� LW�ZDV�SRVVLEOH� WR�

DVVLPLODWH� �'� WKHUPRG\QDPLF� ILHOGV� IURP� VFDQQLQJ�ZHDWKHU� UDGDUV�� ,Q� WKH� VWXG\��

WKHUPRG\QDPLF� YDULDEOHV� DUH� WHPSHUDWXUH� DQG� PL[LQJ� UDWLR� RI� ZDWHU� YDSRU��

7KHUPRG\QDPLF� YDULDEOHV� FRXOG� EH� UHSUHVHQWHG� DV� YLUWXDO� WHPSHUDWXUH�� SRWHQWLDO�

WHPSHUDWXUH�� HTXLYDOHQW� SRWHQWLDO� WHPSHUDWXUH�� UHODWLYH� KXPLGLW\��«� HWF��:H� FDQ�

VWXG\�ZKLFK�YDULDEOHV�DUH�HIILFLHQWO\�WR�LPSURYH�QXPHULFDO�PRGHO�DQDO\VLV�DQG�43)��

$V� D� QH[W� VWHS�� ZH� DUH� SUHSDULQJ� WR� DVVLPLODWH� WKH� IROORZLQJ� LQIRUPDWLRQ� LQ� WKH�

:/5$6�� ���� ORZ�OHYHO� LQIRUPDWLRQ� IURP� VXUIDFH� REVHUYDWLRQV� DQG� ���� KXPLGLW\�

LQIRUPDWLRQ�IURP�UDGDU�UHIUDFWLYLW\�DQG�RU�GXDO�ZDYHOHQJWK�UHWULHYDOV��7KH�HYDOXDWLRQ�

DQG�YHULILFDWLRQ�RI�43)V�ZLOO�EH�H[DPLQHG�ZLWK�UHDO�FDVHV�RI�VHYHUH�ZHDWKHU�V\VWHPV�

VXFK�DV�W\SKRRQV�DQG�WKXQGHUVWRUPV� 
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Fig. 3-2. The composite reflectivity of RCWF radar on 11 June 2012 at: (a) 1200 UTC; (b) 1230 UTC; 

(c) 1300 UTC; (d) 1330 UTC; (e) 1400 UTC; (f) 1430 UTC; (g) 1500 UTC; (h) 1530 UTC; (i) 1600 

UTC. C1, C2, C3 and C4 indicate the main convection of the precipitation system (reflectivity > 40 dBZ) 

in different stages. S1, S2 and S3 are the line convection that occurred in different stages. (j) The contours 

of 40 dBZ shows repeated Y-shaped reflectivity at 1430 UTC and 1530 UTC. 



70 
 

 

 
 

Fig. 3-3. 5HWULHYHG�UHVXOW�DW������87&����-XQH��������D��YHUWLFDO�YHORFLW\��FRORXU�VKDGHG��XQLW��P�V����DW�

��NP�DQG�FRQYHUJHQFH�DUHD��JUHHQ�FRQWRXU��LQWHUYDO�LV����[�����V����DW���NP���E��KRUL]RQWDO�ZLQG�VSHHG�

�XQLW��P�V�����DQG�ZLQG�YHFWRU�DW���NP�KHLJKW��EOXH�FRORXU�VKRZV�ZLQG�UHWULHYHG�ZLWK�UDGDU�REVHUYDWLRQV��

DQG�JUH\�FRORXU�LQGLFDWHV�UHWULHYHG�ZLQG�EH\RQG�UDGDU�REVHUYDWLRQV����F��YHUWLFDO�FURVV�VHFWLRQ�RI�UDGDU�

UHIOHFWLYLW\��FRORXU�VKDGHG��XQLW��G%=��DQG�WKH�KRUL]RQWDO�ZLQG�VSHHG��FRQWRXU�OLQHV����G��FURVV�VHFWLRQ�RI�

YHUWLFDO� ZLQG� �FRORXU� VKDGHG�� XQLW�� P� V���� DQG� ZLQG� YHFWRU� UHODWLYH� WR� WKH� V\VWHP�PRWLRQ�� 5HWULHYHG�

WKHUPRG\QDPLF�SHUWXUEDWLRQV� �H��SUHVVXUH�DW���NP�� �I�� WHPSHUDWXUH�DW� OHYHO���NP��VKDGHG��� DQG�ZLQG�

GLUHFWLRQ�RI�UHODWLYH�EDFNJURXQG�DW���NP�KHLJKW��YHFWRU�� 
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Fig. 3-5. Schematic diagrams to demonstrate the mechanism of the extremely heavy rainfall event. (a) 

Pre-frontal convection forms a TS-type precipitation over the ocean, and the line convection is triggered 

due the cold outflow encountering a warm and humid southwesterly flow; (b) the strengthened cold pool 

and enhanced barrier jet repeatedly triggered the Y-shaped echo line convection, then merge with the 

main convection to form a PS-type precipitation over northern Taiwan. The location of the Mei-Yu front 

and the warm/humid southwesterly flow (red arrow) illustrate the environmental condition of the 

synoptic scale over Taiwan. The location of the cold pool and the orography in northern Taiwan blocks 

the displacement of the main convection. 
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