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7KLV� UHSRUW� LV� FRQFHUQHG� ZLWK� WKH� FDOFXODWLRQ� RI� VSHFWUDO� WUDQVPLWWDQFHV� WKURXJK� WKH
DWPRVSKHUH�LQ�WKH�PLFURZDYH�UHJLRQ�XVLQJ�D�UDGLDWLYH�WUDQVIHU�PRGHO��570��WKDW�DGRSWV�D�OLQH�
E\�OLQH� �/E/�� DSSURDFK�� 7KH� FRQWH[W� IRU� WKH� 1:3� 6$)� LV� WKDW�� ZKHQ� DYHUDJHG� RYHU� WKH
PLFURZDYH� FKDQQHOV� RI� D� VDWHOOLWH� UDGLRPHWHU�� VXFK� WUDQVPLWWDQFHV� DUH�QHHGHG� WR� GHWHUPLQH
FRHIILFLHQWV�IRU�WKH��IDVW�570�WKDW�ZLOO�EH�XVHG��LQ��DVVLPLODWLRQ�VFKHPHV�IRU�QXPHULFDO�ZHDWKHU
SUHGLFWLRQ��1:3��

57729��(\UH��������6DXQGHUV�HW�DO������D������E��LV�D�¨EURDGEDQG
�IDVW�570�LQ�WKH�VHQVH�WKDW�
ZKHQ� LW� VHWV� XS� WKH� UDGLDWLYH� WUDQVIHU� HTXDWLRQ� �57(��� WKH� VSHFWUDO� TXDQWLWLHV� WKDW� ZRXOG
RUGLQDULO\�DSSHDU�DUH�DOO� UHSODFHG�E\�DSSURSULDWH�FKDQQHO�DYHUDJHV�� ,Q� WKLV�ZD\�� � WKH� �PRGHO
ZLOO� VLPXODWH� D� PHDVXUHPHQW� PDGH� E\� WKH� LQVWUXPHQW� ZLWKRXW� WKH� QHHG� IRU� DQ\� RQ�OLQH
FKDQQHO� DYHUDJLQJ�� 7KH� � LQWHJUDWLRQ� RI� � WKH� 57(� DORQJ� WKH� YLHZLQJ� SDWK� WDNHV� SODFH� LQ� WKH
¨UDGLDQFH�VWDJH
�RI�WKH�PRGHO��DQG�UHTXLUHV�WKH��VHW�RI�FKDQQHO�WUDQVPLWWDQFHV�IURP�HDFK�OHYHO
WR� VSDFH�� 7KHVH� DUH� DYHUDJHV� RI� WKH� XQGHUO\LQJ� WUDQVPLWWDQFH� VSHFWUXP� ZLWK� WKH� FKDQQHO
UHVSRQVH� IXQFWLRQV� RI� WKH� LQVWUXPHQW�� DQG� DUH� FDOFXODWHG� LQ� WKH� SUHFHGLQJ� ¨WUDQVPLWWDQFH
VWDJH
�RI�WKH�PRGHO�

�57729�LV�IDVW�EHFDXVH�WKH�WUDQVPLWWDQFH�VWDJH�LV��SDUDPHWUL]HG��7KLV�LQYROYHV�D�VHW�RI�SUHGLFWRU
IXQFWLRQV�RI�WKH��DWPRVSKHULF�VWDWH�YDULDEOHV�WKDW�DUH�ZHLJKWHG��E\�FRHIILFLHQWV�WKDW��GHSHQG�RQ
WKH�FKDQQHO�FKDUDFWHULVWLFV���7R�GHWHUPLQH�WKHVH�FRHIILFLHQWV�IRU�HDFK�QHZ�VDWHOOLWH�LQVWUXPHQW�
UHJUHVVLRQ� GDWD� FRPH�� LQ� WKH� FXUUHQW� YHUVLRQ�� IURP� D� NQRZQ� VHW� RI� ��� GLYHUVH� SURILOHV� �WKH
GHSHQGHQW�VHW��IRU�ZKLFK�FKDQQHO�WUDQVPLWWDQFHV��DUH�DOUHDG\�DYDLODEOH�

7R� REWDLQ� WKHVH� � FKDQQHO� WUDQVPLWWDQFHV�� DQ� H[LVWLQJ� DUFKLYH� RI� WUDQVPLWWDQFH� VSHFWUD
FDOFXODWHG�RII�OLQH�IRU�WKH�GHSHQGHQW�SURILOHV� �XVLQJ�DQ�/E/�570�ZLOO�KDYH�EHHQ� �FXVWRPL]HG
IRU�HDFK�QHZ�LQVWUXPHQW�E\�DYHUDJLQJ�RYHU�LWV�FKDQQHO�UHVSRQVH�IXQFWLRQV��2QH� �DLP��RI�WKLV
UHSRUW� LV� WR� H[DPLQH� ZKHWKHU� FHUWDLQ� SURGXFW�UXOHV� UHPDLQ� YDOLG� ZKHQ� XVLQJ� D� FKDQQHO
WUDQVPLWWDQFH� 7KH� RWKHU� DLP� LV� WR� FRPSDUH� WZR� GLIIHUHQW� PLFURZDYH� /E/� PRGHOV� IRU
FDOFXODWLQJ�WKH�DEVRUSWLRQ�FRHIILFLHQW�WKDW�ZLOO�GHWHUPLQH�WKH�VSHFWUDO� � WUDQVPLWWDQFH� IRU�WKH
GHSHQGHQW�VHW�

����0,&52:$9(��75$160,77$1&(��02'(/6

7KH�VHULHV�RI�PLOOLPHWUH�ZDYH�SURSDJDWLRQ�/E/�570V�GHYHORSHG�E\�/LHEH�DQG�VHYHUDO�GLIIHUHQW
FROODERUDWRUV�GXULQJ�WKH�ODVW�WZR�GHFDGHV��H�J��/LHEH�HW�DO���������������������KHUH�DEEUHYLDWHG
WR�030�ZLWK�\HDU�DSSHQGHG��DUH�RIWHQ�XVHG�DV�WKH�EDVLV�IRU�/E/�DWPRVSKHULF�FDOFXODWLRQV�DW
PLFURZDYH� IUHTXHQFLHV�� )RU� LQVWDQFH�� WKH� /E/� PRGHO� SUHVHQWO\� XVHG� E\� WKH� 0HW� 2IILFH� LQ
GHWHUPLQLQJ�WKH�FRHIILFLHQWV�IRU��57729�����WKH�FXUUHQW�YHUVLRQ�RI�WKH�IDVW�PRGHO��GHVFULEHG�RQ
WKH�1:3�6$)�ZHEVLWH��http://www.metoffice.com/sec5/NWP/NWPSAF/rtm/���LV�D�K\EULG
030�PRGHO�RQ����SUHVVXUH�OHYHOV�WKDW�ZH�VKDOO�UHIHU�WR�KHUH�DV�VLPSO\�030��7R�FDOFXODWH�WKH
VSHFWUDO�DEVRUSWLRQ�FRHIILFLHQW�RQ�HDFK�OHYHO��WKLV�PRGHO���VHH�$SSHQGL[����FDOOV�D�ZDWHU�YDSRXU
VXEURXWLQH� EDVHG� XSRQ� 030������ DQG� D� GU\�DLU� VXEURXWLQH� EDVHG� XSRQ� 030������� EXW
DGMXVWHG�VR�WKDW�WKH�GU\�DLU�FDOFXODWLRQ�HIIHFWLYHO\�FRPHV�IURP�030������

$QRWKHU� /E/� 570� IRU� WKH� PLFURZDYH� �5RVHQNUDQ]� ������ KDV� EHHQ� GHYHORSHG� UHFHQWO\� DW
0DVVDFKXVHWWV� ,QVWLWXWH�RI� 7HFKQRORJ\� �0,7�� E\�'U�3�:��5RVHQNUDQ]��ZKR�KDV� VXSSOLHG� WKH
FRGH�IRU�WKLV�VWXG\��$OWKRXJK�WKH�PRGHO�LV�FRPSOHWH�LQ�WKH�VHQVH�WKDW�WKHUH�LV�FRGH�WR�GHDO�ZLWK
VXUIDFH� HIIHFWV�� WKH� JHRPDJQHWLF� ILHOG�� DQG� UDGLDWLYH� WUDQVIHU�� RQO\� WKH� FDOFXODWLRQ� RI� WKH
VSHFWUDO�DEVRUSWLRQ�FRHIILFLHQW�LQ�HDFK�DWPRVSKHULF�OD\HU�LV�XVHG�KHUH��)RU�WKLV���WKH�0,7�PRGHO
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LV�SURYLGHG�ZLWK��D�ZDWHU�YDSRXU�IXQFWLRQ�VXESURJUDP�DQG�WZR�GU\�DLU�IXQFWLRQ�VXESURJUDPV
IRU�R[\JHQ�DQG�QLWURJHQ�

7KH�VSHFWUDO�OLQH�SDUDPHWHUV�XVHG�LQ�030�DQG�0,7�DUH�GLVFXVVHG��ZLWK��FRQYHUVLRQ�IDFWRUV��LQ
$SSHQGLFHV���DQG����DQG�WKH�FRQWLQXD�IRU�GU\�DLU�DQG�ZDWHU�YDSRXU�DUH�GLVFXVVHG�LQ�$SSHQGL[
���7R�VXPPDUL]H�KHUH��WKH��PRGHOV�XVH���DOPRVW���WKH�VDPH�OLQH�SDUDPHWHUV�� 2H O IURP�030�
������ 2O � IURP� 030�������� EXW� LQ� GLIIHUHQW� XQLWV� DQG� ZLWK� QRW� HQWLUHO\� FRLQFLGHQW� OLQH
VHOHFWLRQV�� %RWK� PRGHOV� XVH� WKH� VDPH� H[SUHVVLRQ� IRU� WKH� � 2O � DEVRUSWLRQ� FRHIILFLHQW� �EXW
IDFWRUHG�VRPHZKDW�GLIIHUHQWO\���DQG�WKH�VDPH�LV�WUXH�IRU� 2H O ��H[FHSW�WKDW��0,7�WUXQFDWHV�WKH
OLQH�VKDSH��D�OHJDF\�IURP�WKH�QHHG�WR�SHUIRUP�FRPSDULVRQV�WKDW�LQFOXGH�WKH�&.'�FRQWLQXXP
�&ORXJK�HW�DO���������+RZHYHU��ZKHUHDV�030�XVHV� WKH�FRQWLQXXP�IRUPXODWHG� LQ�030������
WKH�0,7�PRGHO��DV�VXSSOLHG��XVHV�WKH�030�������IRUHLJQ�FRQWLQXXP��DGMXVWHG�WR�FRPSHQVDWH
IRU� OLQH� WUXQFDWLRQ�� DQG� � D� VHOI� FRQWLQXXP� EDVHG� RQ� D� ORZ�IUHTXHQF\� DSSUR[LPDWLRQ� �YDOLG
EHORZ�800*+]��RI��030������

)RU� FRPSDULVRQ�SXUSRVHV�� D� YHUVLRQ� RI�030�ZDV� FRGHG�ZLWK� D� VZLWFK� �VHH� $SSHQGL[� ��� IRU
FDOOLQJ� HLWKHU� WKH� WZR�030�DEVRUSWLRQ� VXEURXWLQHV� �ZDWHU� YDSRXU� DQG�GU\�DLU��� RU� WZR� QHZ
VXEURXWLQHV�WKDW��SHUIRUP�VHYHUDO�XQLW�FRQYHUVLRQV�EHIRUH�FDOOLQJ�WKH�WKUHH�FRUUHVSRQGLQJ�0,7
IXQFWLRQ�VXESURJUDPV��ZDWHU�YDSRXU��R[\JHQ��QLWURJHQ��DV� VXSSOLHG��6LPXODWLRQV�RI� FKDQQHO
WUDQVPLWWDQFHV� IRU� WKH�$068�� 660�,� DQG�70,� LQVWUXPHQWV�ZHUH� WKHQ�SHUIRUPHG�RQ� WKH� � ��
SURILOHV�RI�WKH�57729���GHSHQGHQW�VHW�

�� $3352;,0$7,216��,1��75$160,77$1&(��02'(/6

,Q�D�VWULFW�VLPXODWLRQ�RI�REVHUYDWLRQV�E\�D�JLYHQ�UDGLRPHWHU��WKH�VSHFWUDO�UDGLDQFH�GHOLYHUHG�WR
WKH�LQVWUXPHQW�DV�FDOFXODWHG�E\�WKH�/E/�PRGHO�VKRXOG�EH�DYHUDJHG�RYHU�WKH�FKDQQHO�UHVSRQVH
IXQFWLRQ�� ,Q� D� IDVW�PRGHO� OLNH� 57729���� LW� LV�PRUH�XVXDO� WR� FKRRVH� D� UHSUHVHQWDWLYH� 3ODQFN
IXQFWLRQ� IRU� HDFK� FKDQQHO�� VLQFH� WKLV� LV� D� VPRRWK� IXQFWLRQ�� DQG� LQFOXGH� DOO� WKH� FKDQQHO
DYHUDJLQJ�ZLWKLQ�WKH�WUDQVPLWWDQFH�IURP�HDFK�OHYHO�WR�VSDFH�

+RZHYHU���WKH�UHJUHVVLRQ�WKDW�SURYLGHV�WKH��57729����FRHIILFLHQWV�GRHV�QRW�XVH�WKHVH�FKDQQHO
WUDQVPLWWDQFHV�GLUHFWO\��5DWKHU��DV�FDQ�EH�VHHQ�IURP������WKHLU�UDWLR�IRU�DGMDFHQW�OHYHOV�SURYLGHV
DQ�HIIHFWLYH�WUDQVPLWWDQFH� Lτ �DFURVV�WKH�LQWHUYHQLQJ�OD\HU��DQG�WKH�QHJDWLYH�ORJDULWKP�RI�WKLV�LV
WKH�FRUUHVSRQGLQJ�HIIHFWLYH�OD\HU�RSWLFDO�GHSWK Ld ��7KLV�LV�WKH�PRVW�EDVLF�TXDQWLW\�SUHGLFWHG�LQ
WKH�57729�WUDQVPLWWDQFH�VWDJH��DQG�ZH�KDYH
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LQ�ZKLFK� �WKH� ILUVW� WZR� UHODWLRQV�DUH� ORFDO�GHILQLWLRQV��DQG� WKH� ODVW� WZR� UHODWLRQV� �ZLWK�FDUHWV
DSSHQGHG��DUH�SUHGLFWLYH��7KH� �TXDQWLW\� Ld � LV�RQO\�DQ� ¨HIIHFWLYH©� � OD\HU� RSWLFDO� GHSWK� LQ� WKH
VHQVH� WKDW� LWV� FRQVWUXFWLRQ�� EDVHG� RQ� D� UDWLR� WDNHQ� DIWHU� FKDQQHO� DYHUDJLQJ�� � SUHYHQWV� LWV
SUHGLFWLRQ�IURP� ORFDO�TXDQWLWLHV�DORQH�� VLQFH� WKH�RYHUO\LQJ�SDWK� WR� VSDFH� LV� DOVR� LQYROYHG� WR
VRPH� H[WHQW�� %\� WKH� VDPH� WRNHQ�� RQFH� DOO� WKH� OD\HU� SUHGLFWLRQV� KDYH� EHHQ� PDGH�
H[SRQHQWLDWLRQ�IROORZHG�E\�DQ�H[DFW�SURGXFW�UXOH��ZULWWHQ�DV�D�VXP�RI�H[SRQHQWV�LQ�WKH�SDWK
VXPPDWLRQ�LQ������ �ZLOO�SURYLGH� WKH�FRUUHVSRQGLQJ�FKDQQHO�DYHUDJHG� WUDQVPLWWDQFH� WR� VSDFH
UHTXLUHG�IRU�WKH�57(�
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7KH�H[DFWQHVV��RI�WKH�SURGXFW�UXOH�LQ�WKH�ODVW�UHODWLRQ�VKRZQ�LQ�����LV�UHDOO\�D�FRQVHTXHQFH�RI
LQWHUQDO�FRQVLVWHQF\��7KHUH�ZLOO��QHYHUWKHOHVV��KDYH�EHHQ�YDULRXV�DSSUR[LPDWLRQV�LQYROYHG�LQ
WKH�/E/�FDOFXODWLRQV�IURP�ZKLFK� Lτ �ZDV�GHULYHG��LQFOXGLQJ��YDULRXV��UHSUHVHQWDWLYHQHVV�HUURUV
UHODWLQJ�WR�WKH��VSHFWUDO��JULG�RI�IUHTXHQFLHV�DFURVV�WKH�FKDQQHO�ZLGWK��WKH�YHUWLFDO�JULG�RI�OHYHOV
LQ� � WKH� � DWPRVSKHULF� SURILOH�� � WKH� OD\HU� YDOXHV� DGRSWHG� IRU� WKH� SURILOH� YDULDEOHV�� DQG� WKH
DWPRVSKHULF�SURILOH�VHW�LWVHOI���7KHVH�PDWWHUV�DUH�QRW�DGGUHVVHG�LQ�WKLV�UHSRUW��5DWKHU��DWWHQWLRQ
UHPDLQV� � IRFXVHG� LQ� WKLV� VHFWLRQ� RQ� WZR� IXUWKHU� � SUREOHPV� IRU�030� UHJDUGLQJ� WKH� FKDQQHO
DYHUDJLQJ�

7KH� ILUVW� SUREOHP� FRQFHUQV� WKH� IDFW� WKDW� WKH� RULJLQDO� UHOHDVH� RI�57729���� VLQFH� VXSHUVHGHG�
XVHG�ZKDW�ZLOO�KHUH�EH�FDOOHG�ROG�030�LQ�WKH�JHQHUDWLRQ�RI�LWV�FRHIILFLHQWV��,Q�ROG�030��DQG
VHYHUDO�UHODWHG�/E/�FRGHV�SUHVHQWO\�LQ�XVH�IRU�WKH�PLFURZDYH�� �FDOFXODWHG�OD\HU�RSWLFDO�GHSWKV
IRU�WKH�LQSXW�SURILOH�DUH� �DYHUDJHG�GLUHFWO\�RYHU�WKH�FKDQQHO�UHVSRQVH�IXQFWLRQV��7KLV� LV�EHIRUH
SDWK� FXPXODWLRQ� IURP� HDFK� OHYHO� WR� VSDFH� DQG� VXEVHTXHQW� H[SRQHQWLDWLRQ� IRU� WKH
FRUUHVSRQGLQJ�WUDQVPLWWDQFHV��7KH�HIIHFW�LV�WR�UHPRYH�WKH�FKDQQHO�DYHUDJLQJ�RQH�VWHS��IXUWKHU
IURP� WKH� UDGLDQFH� �L�H�� IURP� WUDQVPLWWDQFH� WR� DWWHQXDWLRQ�� � DQG�� DOWKRXJK� LW� PD\� OHDG� WR
VLPSOHU�FRGLQJ��LW�DOVR�LQYROYHV�DQ�DSSUR[LPDWLRQ�WKDW�LV�XQZDUUDQWHG�XQOHVV�WKH�GLIIHUHQFHV
WXUQ�RXW��WR�EH�YHU\�VPDOO�

7KH�VHFRQG�SUREOHP�DULVLQJ�IURP�WKH�FKDQQHO�DYHUDJLQJ�FRQFHUQV� WKH�SURGXFW� UXOH�ZKHUHE\
WUDQVPLWWDQFHV� UHODWLQJ� WR� VHSDUDWH� DEVRUELQJ� JDVHV�� KHUH� XQLIRUPO\�PL[HG� JDVHV� �WRJHWKHU�
DQG�ZDWHU� YDSRXU�� DUH�PXOWLSOLHG� WRJHWKHU� IRU� WKH� WRWDO�� D� SURFHGXUH� WKDW� VKRXOG�EH� DSSOLHG
RQO\� WR� VSHFWUDO� TXDQWLWLHV�� EHIRUH� FKDQQHO� DYHUDJLQJ�� 3RVVLEOH� SUREOHPV� ZLWK� WKLV� DUH
FLUFXPYHQWHG�LQ�030�E\�GHILQLQJ�VXLWDEOH�TXDQWLWLHV�WR� UHSODFH� WKH�FKDQQHO� WUDQVPLWWDQFHV
VR�WKDW� WKH\�GR� LQGHHG� VDWLVI\� WKLV�SURGXFW�UXOH��)RU�PL[HG�JDVHV��ZKLFK�KHUH�PHDQV�GU\�DLU�
030�GHILQHV�WKH�FKDQQHO�WUDQVPLWWDQFH�LQ�WKH�XVXDO�ZD\��)RU�ZDWHU�YDSRXU��KRZHYHU��D�UDWLR�LV
IRUPHG�RI� WKH� WRWDO� WUDQVPLWWDQFH� WR� WKH�PL[HG� JDV� WUDQVPLWWDQFH� �6XVVNLQG� HW� DO�� ������� %\
GHILQLWLRQ��WKH�SURGXFW�UXOH�IRU�JDVHV�ZLOO�QRZ�EH��H[DFW��GHVSLWH�WKH��FKDQQHO�DYHUDJLQJ�

,W�LV��KRZHYHU��SRLQWOHVV�WR�PRYH�WR�SUHGLFWLQJ�D�UDWLR�IRU�ZDWHU�YDSRXU�LQ�WKLV�ZD\�ZLWKRXW�DW
WKH� VDPH�WLPH�PRYLQJ� WR�WUDQVPLWWDQFH�EHIRUH�SHUIRUPLQJ� WKH� FKDQQHO� DYHUDJH��$IWHU� DOO�� LI
RQH�LV�GRLQJ�QR�PRUH�WKDQ�DGGLQJ�H[SRQHQWV��WKH�DQVZHU�ZLOO�EH�WKH�VDPH�ZKHWKHU�SHUIRUPHG
EHIRUH�RU�DIWHU�DYHUDJLQJ�WKH�H[SRQHQWV��,Q��ROG�030��WKHUHIRUH��WKH�XVH�RI�D�UDWLR�KDV�QR�HIIHFW
DW�DOO�

7KLV�FDQ�EH�VXPPDUL]HG�DV�IROORZV��6XSSRVH�ZH�XVH��¨0*©��DQG�¨:9©�WR�GHQRWH�WKH�DWWHQXDWLRQ
IURP�VRPH�OHYHO��WR�VSDFH��GXH�WR�PL[HG�JDVHV�DQG�ZDWHU�YDSRXU�UHVSHFWLYHO\�� �ZLWK� �τ0*� � �DQG
τ:9��IRU�WKH�FRUUHVSRQGLQJ�WUDQVPLWWDQFH�LQ�HDFK�FDVH��DQG�VXSSRVH�ZH�WKHQ�XVH�DQJOH�EUDFNHWV
WR�LQGLFDWH�VSHFWUDO�DYHUDJLQJ�RYHU�WKH�FKDQQHO�UHVSRQVH�IXQFWLRQ��,I��LQ�DGGLWLRQ��ZH�XVH��τ',5
DQG� �τ:5� � WR� LQGLFDWH�� UHVSHFWLYHO\�� WKH� WUDQVPLWWDQFH�IRU�DOO� JDVHV�WDNHQ� WRJHWKHU� LQ�D� �GLUHFW
FDOFXODWLRQ�DQG�WKDW�IRU�WKH�ZDWHU�YDSRXU�DORQH�ZKHQ�GHILQHG�E\�WKH�UDWLR�PHQWLRQHG�DERYH��WKHQ
ROG�030�ZLOO�KDYH

���������������������

def

,
MG

MGeτ −= ����������������������

def

,
WV

WVeτ −= ���������������������
def

,
DIR

MG WVeτ − +=
�������������

��������������������

def

    ,    DIR

WR WV

MG

MG WV
MG WV MG WV

MG

e
e e

e

τ
τ τ

τ

− +
− + − −

−= = = = =



�

ZKLFK� FRQILUPV� WKDW� WKH� XVH� RI� D� UDWLR� ZLWK� WKHVH� GHILQLWLRQV� KDV� QR� HIIHFW�� 7KLV� LV� DOVR
FRQILUPHG�LQ�7DEOH����ZKLFK�VKRZV� �ROG�030�YDOXHV�IRU�SDUW�RI�WKH�UHIHUHQFH� �WUDQVPLWWDQFH
SURILOH�

7$%/(��� ��
7UDQVPLWWDQFH�WR�VSDFH�IURP�WKH�ORZHVW�WKUHH�OHYHOV�RI�WKH�UHIHUHQFH�SURILOH��1R������IRU�$068�FKDQQHO
�����6SHFWUDO�DYHUDJLQJ�KDV�EHHQ�SHUIRUPHG�RYHU�RSWLFDO�GHSWK��ROG�030�FDVH����VR�WKHUH�LV�QR�GLIIHUHQFH
EHWZHHQ�WKH�ODVW�WZR�FROXPQV�

����������$OO��*DVHV �������0L[HG�*DVHV ������:DWHU�9DSRXU :DWHU�9DSRXU�5DWLR
.196338 .979223 .200503 .200503
.174964 .978518 .178805 .178805
.167075 .978233 .170793 .170793

%\�FRQWUDVW��IURP�030�LWVHOI��LQ�ZKLFK�WKH�FKDQQHO�DYHUDJLQJ�KDV�EHHQ�PRYHG�PRUH�SURSHUO\
WR�WKH�WUDQVPLWWDQFH���ZH�KDYH
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VR� KHUH� WKHUH� LV� LQGHHG� DQ� HIIHFW� LQ� XVLQJ� WKH� UDWLR�� 030� YDOXHV� LOOXVWUDWLQJ� ���� DQG
FRUUHVSRQGLQJ�WR�WKRVH�LQ�����DUH�VKRZQ�LQ�WKH�ODVW�WZR�FROXPQV�RI�7DEOH���

7$%/(��� ��
$V�IRU�7DEOH����EXW�ZLWK�WKH�VSHFWUDO�DYHUDJLQJ�SHUIRUPHG�RYHU�WUDQVPLWWDQFH���030�FDVH���7KH�PDLQ
GLIIHUHQFH�IURP�7DEOH����ROG�030���LV�WKH�FKDQJH�LQ�FROXPQ�RQH��EXW�QRWLFH�DOVR�WKH�VPDOO�GLIIHUHQFH
QRZ�DULVLQJ�EHWZHHQ�WKH�ODVW�WZR�FROXPQV�

����������$OO�*DVHV �������0L[HG�*DVHV �������:DWHU�9DSRXU ��:DWHU�9DSRXU�5DWLR
.202070 .979223 .206334 .206357
.180787 .978519 .184732 .184756
.172920 .978233 .176745 .176768

7KH� VFKHPHV� VKRZQ� LQ� ���� DQG� ���� ERWK� ZRUN� ZLWK� LQWHUQDOO\� FRQVLVWHQW� GHILQLWLRQV�� ERWK
VDWLVI\�WKH�SURGXFW�UXOH��τ',5��� ��τ0*�× �τ:5���DQG�DFWXDOO\�ERWK�VKRZ�YHU\�OLWWOH�GLIIHUHQFH�ZKHQ
τ:9�LV�XVHG�LQ�SODFH�RI�τ:5��+RZHYHU��RQO\�LQ�����GRHV�WKH�UHVXOWLQJ�YDOXH�IRU�τ',5�UHSUHVHQW�WKH
FKDQQHO�DYHUDJHG�WUDQVPLWWDQFH�SURSHUO\�GHILQHG��DQG�WKH�UHVXOWLQJ�GLIIHUHQFH� LQ�HTXLYDOHQW
EODFN�ERG\�EULJKWQHVV�WHPSHUDWXUH��7%���EHWZHHQ�WKH�WZR�VFKHPHV�LV�VKRZQ��DYHUDJHG�RYHU�DOO
SURILOHV��LQ�7DEOH���



�

7$%/(���
&RPSDULVRQ� � �030� −� 2OG�030�� � EDVHG� RQ� WKH� EULJKWQHVV� WHPSHUDWXUH� LQ� NHOYLQ� IRU� WKH� $068
FKDQQHOV�DV�FDOFXODWHG��IRU�WKH�57729�GHSHQGHQW�SURILOH�VHW�XVLQJ�DSSURSULDWH�FKDQQHO�HPLVVLYLWLHV��,Q
ROG�030� WKH� FKDQQHO� DYHUDJLQJ� LV� SHUIRUPHG� RQ� � RSWLFDO� GHSWK�� ZKLOH� LQ� 030� LW� LV� GRQH� RQ
WUDQVPLWWDQFH��&ROXPQV�����JLYH�WKH�DYHUDJH�GLIIHUHQFH��ELDV��� WKH� URRW�PHDQ�VTXDUH�GLIIHUHQFH��DQG
WKH� VWDQGDUG� GHYLDWLRQ� �H[FOXGHV� ELDV���&ROXPQV� ���� JLYH� WKH�PD[LPXP�GLIIHUHQFH� DQG� WKH� SURILOH
LQYROYHG��&ROXPQV�����JLYH�WKH�EULJKWQHVV�WHPSHUDWXUH�DV�FDOFXODWHG�IRU�WKH�UHIHUHQFH�SURILOH�

$068 ���∆7% ��UPV�7% ����VG�7% PD[∆7% PD[�SURI ��030 2OG�030

1      .00 .00 .00 .00 6 129.22 129.22
2      .00   .00 .00 .00 10 134.97 134.97
3      .00 .00 .00 .00 28 207.09 207.09
4      −.08 .08 .01 −.11 3 240.50 240.59
5      −.01 .03 .02 −.05 36 241.58 241.59
6      .19 .20 .07 .32 3 231.38 231.18
7      .24 .27 .12 .42 2 223.52 223.29
8      .16 .20 .11 .34 13 218.22 218.10
9      .03 .08 .07 .16 12 215.15 215.14

10      −.07 .21 .20 −.53 23 217.40 217.48
11      −.33 .47 .33 −.92 32 222.79 223.07
12      −.54 .68 .42 −1.50 34 231.13 231.59
13      −.80 1.01 .63 −2.16 36 241.14 241.90
14      −.46 .72 .56 −1.50 33 247.43 247.93
15      .00 .00 .00 −.01 6 186.66 186.66
16      .00 .00 .00 −.01 6 186.65 186.65
17      .00 .00 .00 −.01 1 216.94 216.95
18      .05 .07 .06 .15 6 239.99 239.93
19      .02 .12 .12 −.20 37 251.78 251.69
20      −.04 .11 .11 −.22 39 258.87 259.00



�

����5(68/76��)25��030��21��&+$1*,1*��$9(5$*,1*��352&('85(

7KLV� FRPSDULVRQ� FRQFHUQV� WKH� EULJKWQHVV� WHPSHUDWXUH� �7%�� GLIIHUHQFHV� REVHUYHG� LQ�PRYLQJ
WKH�FKDQQHO� DYHUDJLQJ� IURP� WKH� DWWHQXDWLRQ� �LQ�ROG�030�� WR� WKH� WUDQVPLWWDQFH� � �LQ�030��
7KH�WUDQVPLWWDQFH�RXWSXW�REWDLQHG�GLUHFWO\�IURP��ROG�030�DQG�030�ZDV�XVHG��DQG�D�VHSDUDWH
SRVWSURFHVVLQJ�URXWLQH�ZDV�ZULWWHQ�WR�FRQYHUW�WKLV�WR�WKH�FRUUHVSRQGLQJ�7%V�IRU�D�VSHFLILHG�VHW
RI�VXUIDFH�YDULDEOHV��7%�VWDWLVWLFV�DUH�VKRZQ�IRU�HDFK�FKDQQHO�LQ�7DEOH����EXW�DYHUDJHG�RYHU�WKH
SURILOH�VHW�LQ�WKH�IRUP�RI�WKH�7%�GLIIHUHQFH��030�− �ROG�030���LWV�URRW�PHDQ�VTXDUH��UPV��DQG
LWV� VWDQGDUG� GHYLDWLRQ�� 7KH� FKDQQHO� 7%V� IRU� WKH� UHIHUHQFH� SURILOH� DUH� VKRZQ� DORQJVLGH� IRU
FRQYHQLHQFH��DQG�D�EDU�FKDUW�RI�WKH�GDWD�LV�VKRZQ�LQ�)LJ���

$W�WKH�OHYHO�RI�DFFXUDF\�VKRZQ�LQ�7DEOH���� WKHUH� LV�QR�FKDQJH� LQ�WKH�ZLQGRZV� �FKDQQHOV����
DQG��������EHFDXVH�WKHUH�LV�QR�VLJQLILFDQW�VSHFWUDO�YDULDWLRQ�DFURVV�WKH�FKDQQHO��+RZHYHU�� DV
FKDUDFWHULVWLF� ZHLJKWLQJ� IXQFWLRQV� FOLPE� FKDQQHO�E\�FKDQQHO� ������� WKURXJK� WKH� PRUH
VWUXFWXUHG� R[\JHQ� EDQG�� GLIIHUHQFHV� EHFRPH� ODUJHU�� 7KH� PLG�WURSRVSKHULF� WHPSHUDWXUH
VRXQGLQJ�FKDQQHOV����� VKRZ�D� VPDOO�DYHUDJH�ZDUPLQJ� LQ�7%�RI�0���.� LQ� WKH�PRYH� IURP�ROG�
030� WR�030� �VWDQGDUG� GHYLDWLRQ� DURXQG� 0��� .��� +RZHYHU�� � WKH� YHU\� QDUURZ� VWUDWRVSKHULF
FKDQQHOV�������KDYH�QDUURZ�VLGHEDQGV�ORFDWHG�RQ�WKH�VWHHS�FOLPE�WRZDUGV�WKH�SHDNV�RI�D�SDLU
RI�DGMDFHQW�OLQHV�RI�WKH�EDQG��+HUH�WKHUH�LV�D�FRROLQJ�HIIHFW��WKH�ODUJHVW�DYHUDJH�UHGXFWLRQ�LQ�7%
EHLQJ� � 0��� .� LQ� FKDQQHO� ��� �VWDQGDUG� GHYLDWLRQ� DURXQG� 0��� .��� ZLWK� D�PD[LPXP� RI� VHYHUDO
NHOYLQ�

)L*85(�����%ULJKWQHVV�WHPSHUDWXUH�GLIIHUHQFH�VWDWLVWLFV� LQ�NHOYLQ�IRU� �030�−� �ROG�030���ZKHUH�ROG�
030�SHUIRUPV�WKH�VSHFWUDO�DYHUDJLQJ�RQ�RSWLFDO�GHSWK��ZKLOH�030�GRHV�LW�RQ�WUDQVPLWWDQFH�
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�

,Q�)LJV�����EHORZ��WKH�YHUWLFDO�FRRUGLQDWH�LV�WKH�OHYHO�QXPEHU�FRXQWHG�IURP�WRS�RI�DWPRVSKHUH�
DQG�WKH�FRUUHVSRQGLQJ�SUHVVXUHV�DUH�JLYHQ�LQ�7DEOH���

7$%/(��
3UHVVXUH�OHYHOV�IRU�WKH�GHSHQGHQW�VHW�RI�SURILOHV�QXPEHUHG�IURP�WKH�WRS��7KH�OHYHO�QXPEHUV�SURYLGH�WKH
YHUWLFDO�FRRUGLQDWH�LQ�)LJV�����DQG��¥��

���������/HYHO 3UHVVXUH�K3D ���������/HYHO 3UHVVXUH�K3D ���������/HYHO 3UHVVXUH�K3D
��� ���0��00 ����� �����0 �� �����������0
��� ���0���0 ����� �����0 �0 �����������0
��� ���0���0 ����� ��������0��0�0 �� �����������0
��� �������0 ����� �����������0�0 �� �������0��00
��� �������� ����� �������������0 �� �����������0
��� ������0� ����0 �������������0 �� ������0����0
�� �������0 ����� �������������0 �� �����������0
��� �0���0 ����� �������������0 �� ���������0�0
��� �����0 ����� �������������0 �� �����������0
�0 �0��00 ����� ������������00 �� ����������00
�� �����0 ����� ������������00 �� �����������0
�� �����0 ����� �������������0 �0 �����������0
�� �����0 ����� �������������0 �� �����������0
�� �����0 ����� �������������0 �� ����00����0

�� ����0�����0

)LJV������VKRZ�KRZ�WKH�SURILOH�RI�WUDQVPLWWDQFH�WR�VSDFH�FKDQJHV�LQ�WKH�$068�FKDQQHOV�PRVW
DIIHFWHG��WKLV�EHLQJ��DYHUDJHG�RYHU�WKH�SURILOH�VHW�IRU�WKH�VWDWLVWLF� � �030� − �ROG�030�� × ��00�
7KH�FRPSDULVRQ�WKHUHIRUH�PHDVXUHV�WKH�GLIIHUHQFH�LQ�WUDQVPLWWDQFH�H[SUHVVHG�DV�D�SHUFHQWDJH
RI� XQLW� WUDQVPLWWDQFH�� 7KH� UPV� GLIIHUHQFH� LV� DOPRVW� DOO� ELDV� DQG� DPRXQWV� � WR� D� VPDOO
WUDQVPLWWDQFH� LQFUHDVH� RI� EHWZHHQ� 0�0�� DQG� 0�0�� LQ� HDFK� FDVH�� 7KH� SHDN� LQ� WKH� GLIIHUHQFH
DSSHDUV� WR� ULVH� IURP� FKDQQHO� WR� FKDQQHO�ZLWK� WKDW� RI� WKH�ZHLJKWLQJ� IXQFWLRQ�� DOWKRXJK� WKH
JUHDWHVW�GLVSHUVLRQ��VWLOO�YHU\�VPDOO�LQGHHG��RFFXUV��D�OLWWOH�DERYH�WKLV�OHYHO��HDFK�WLPH�



�

),*85(������)RU�$068�FKDQQHOV��������PHDQ�DQG�GLVSHUVLRQ�RI�WKH�WUDQVPLWWDQFH�GLIIHUHQFHV�� 100× �
EHWZHHQ�030��ZKLFK� SHUIRUPV� WKH� VSHFWUDO� DYHUDJLQJ� RQ� WUDQVPLWWDQFH�� DQG� ROG�030��ZKLFK�XVHV
RSWLFDO�GHSWK��7KH�RUGLQDWH�LV�WKH��SURILOH��OHYHO�QXPEHU�IURP����WRS��WR�����ERWWRP��DV�VKRZQ�LQ�7DEOH
����'LVSHUVLRQ���VKRZQ�DV�VWDQGDUG�GHYLDWLRQ��LV�WKH�VROLG�FRQWRXU�RQ�WKH�ULJKW�



��

),*85(�������$V�)LJXUH����EXW�IRU�$068�FKDQQHOV�������



��

����&203$5,621�2)�030�:,7+�0,7�02'(/

7KH�FRPSDULVRQ�RI�WKH�SUHGLFWLRQV�RI�WKH�0,7�DQG�030�PRGHOV� LV�QRZ�FRQVLGHUHG��7KH�ILUVW
FDOFXODWLRQV�VKRZHG�ODUJH�GLIIHUHQFHV�LQ�WKH�KLJK�SHDNLQJ�WHPSHUDWXUH�VRXQGLQJ�FKDQQHOV��DV
VKRZQ� LQ� 7DEOH� ��� $IWHU� PDNLQJ� WKH� FKDQJHV� GHVFULEHG� EHORZ�� WKH� PXFK� FORVHU� DJUHHPHQW
VKRZQ�LQ��7DEOH���ZDV�REWDLQHG�

7$%/(��
/D\RXW�DV�IRU�7DEOH����EXW�IRU���0,7�−�030���ERWK�PRGHOV�KHUH�SHUIRUPLQJ�WKH�VSHFWUDO�DYHUDJLQJ�RQ
WUDQVPLWWDQFH���7KH$068��FKDQQHOV�VKRZQ�DUH�WKRVH�ZLWK��ODUJHVW�DQRPDORXV�GLIIHUHQFHV�

��$068 ���∆7% UPV�7% ���VG�7% PD[�∆7% PD[�SURI ���0,7 ���030

�0 ���−0�0� ���0�0� ���0�0� ��−0�0� ������� ������� ������0
�� ���−0��� ���0��� ���0��� ��−0��� ������� ������� �������
�� ���−0��� ���0��� ���0��� ��−��0� ������� ���0��� �������
�� ���−0��� ������� ������� ��−���� ������� ���0��� �������
�� ��������� ������� ������� �������� ������� ������� �������

7$%/(���
/D\RXW�DV�IRU�7DEOH����EXW��IRU���0,7�−�030���FRUUHFWLQJ�7DEOH����7KH�VFDODU�=HHPDQ�DSSUR[LPDWLRQ�WR
DOORZ�IRU�WKH�JHRPDJQHWLF�ILOHG�KDV�EHHQ�UHPRYHG�IURP�030�IRU�FRQVLVWHQF\�ZLWK�0,7��DQG�WKH� 2O �VHW
RI��OLQH�SDUDPHWHUV�LQ�030��KDV��EHHQ�VOLJKWO\��DPHQGHG��WR�DJUHH��ZLWK�WKH�SXEOLVKHG�YHUVLRQ�

�$068 ���∆7% ��UPV�7% ����6G�7% PD[∆7% PD[�SURI �����0,7 ����030

1      −.11 .16 .11 −.37 5 129.07 129.24
2      .07 .23 .22 .91 8 134.90 135.00
3      .07 .24 .23 .94 8 207.05 207.15
4      .02 .06 .06 .23 8 240.50 240.52
5      .01 .02 .01 .05 8 241.56 241.56
6      .00 .00 .00 .01 6 231.37 231.37
7      .00 .00 .00 .00 23 223.52 223.52
8      .00 .00 .00 .00 9 218.22 218.22
9      .00 .01 .01 .01 23 215.14 215.14

10      .01 .01 .01 .02 32 217.48 217.48
11      .01 .01 .01 .03 34 222.66 222.65
12      .02 .02 .01 .03 36 230.79 230.78
13      .01 .02 .01 .04 36 240.79 240.77
14      .01 .01 .01 .03 33 248.87 248.85
15      .17 .72 .70 2.27 8 186.04 186.53
16      .17 .73 .70 2.28 8 186.03 186.53
17      .01 .50 .50 1.66 2 216.16 216.96
18      .05 .13 .12 −.29 40 240.11 239.99
19      −.03 .20 .20 −.40 40 251.90 251.78
20      −.14 .28 .25 −.46 37 258.82 258.87

7KH�ODUJH�GLIIHUHQFHV�LQ�7DEOH���ZHUH�XQH[SHFWHG��0,7� �XVHV� 2O � OLQH�SDUDPHWHUV� IURP�030�
����� �DOPRVW�� DV� SXEOLVKHG� DQG�030�ZDV�� IRU� 7DEOH� ��� XVLQJ� D� YHU\� FORVHO\� UHODWHG� VHW�� $V
GHWDLOHG�LQ�$SSHQGL[����WKH�OLWHUDWXUH�LQGLFDWHV�WKDW�030������ �XVHV�D�VOLJKW�UHVFDOLQJ�RI�WKH



��

030������ ZLGWKV� DQG� OLQH� FRXSOLQJ� FRHIILFLHQWV� IRU� � 2O � �$SSHQGL[� ���� )RU� 7DEOH� ��� WKLV
UHVFDOLQJ� KDG� EHHQ� UHYHUVHG� LQ� 030�� EXW� WKLV� OHIW� VRPH� VPDOO� GLIIHUHQFHV� IURP� WKH� OLQH
SDUDPHWHUV�SXEOLVKHG�IRU�030�������$OWKRXJK��IRU�DOO�VXEVHTXHQW�ZRUN��030�ZDV� LQVWDOOHG
ZLWK�WKH�030������SDUDPHWHUV�DV�SXEOLVKHG���PRVW�RI�WKH�GLIIHUHQFH�ZLWK�0,7�VKRZQ�LQ�7DEOH
��VWLOO�UHPDLQHG�DQG�UHTXLUHG�H[SODQDWLRQ�

,W�ZDV��WKRXJKW��WKDW�030�PDGH�QR�DOORZDQFH��IRU�WKH�JHRPDJQHWLF�ILHOG��VR�WKH�VHW�RI�=HHPDQ
URXWLQHV�VXSSOLHG�ZLWK�0,7�KDG�EHHQ�RPLWWHG�IURP�WKH�FRPSDULVRQ��,Q�WKH�=HHPDQ�HIIHFW��WKH
JHRPDJQHWLF�ILHOG�VSOLWV�HDFK� 2O �OLQH�LQWR�D�PXOWLSOHW��DQG�WKLV�ZLOO�DOWHU��WKH�WUDQVPLWWDQFH�LQ
FKDQQHOV� WKDW� VHH� FRQWULEXWLRQV� IURP� KLJK� HQRXJK� LQ� WKH� VWUDWRVSKHUH�� ZKHUH� SUHVVXUH
EURDGHQLQJ� LV� YHU\�PXFK� UHGXFHG�� �$Q� H[DPLQDWLRQ�RI� WKH�030�FRGH�SURYRNHG�E\�7DEOH� �
UHYHDOHG�WKH�SUHVHQFH��LQ�D�VLQJOH�VWDWHPHQW��RI�D�VFDODU�DSSUR[LPDWLRQ�WR� WKH�=HHPDQ�HIIHFW
UHSUHVHQWLQJ� WKH� �XQQXPEHUHG�� HTXDWLRQ� SURYLGHG� LQ� /LHEH� HW� DO�� ������� IRU� WKDW� SXUSRVH
�6HF��������S�����:KHQ�WKH�VWDWHPHQW�ZDV�UHPRYHG�IURP�030��WKH�UHVXOWV�IRU�WKH�WZR�PRGHOV
ZHUH�PXFK�PRUH�FRPSDWLEOH��DV��VKRZQ�LQ�7DEOH�������,Q�IDFW��WKH�VFDODU�DSSUR[LPDWLRQ�LQ�030
XVHG� WKH�XSSHU�ERXQG�SRODU� YDOXH�RI� �0 µ 7� �0���JDXVV�� � IRU� WKH� JHRPDJQHWLF� ILHOG� IRU� HYHU\
SURILOH��ZKHUHDV������µ 7�ZRXOG�EH�WKH�DSSURSULDWH�UDQJH�RYHU�ORFDWLRQ�DQG�DOWLWXGH�

,Q�7DEOH���WKH�7%�GLIIHUHQFH�VWDWLVWLFV�DUH�VKRZQ�E\�FKDQQHO��WRJHWKHU�ZLWK�WKH�FRUUHVSRQGLQJ
7%�IURP�WKH�UHIHUHQFH�SURILOH��DQG�D�EDU�FKDUW�RI�WKH�GDWD�FDQ�EH�VHHQ�LQ�)LJ���
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),*85(�����%ULJKWQHVV�WHPSHUDWXUH�GLIIHUHQFH�VWDWLVWLFV�LQ�NHOYLQ�IRU���0,7�−� �030���ZKHUH�ERWK�WKH
0,7�DQG�030�PRGHOV�SHUIRUP�WKH�VSHFWUDO�DYHUDJLQJ�LQ�WUDQVPLWWDQFH�



��

6LQFH�WKH�R[\JHQ�OLQH�SDUDPHWHUV�XVHG�DUH�YHU\�VLPLODU��VHH�$SSHQGL[�����GLIIHUHQFHV�DUH�YHU\
VPDOO�LQ�WKH��PDLQ�WHPSHUDWXUH�VRXQGLQJ�FKDQQHOV��7KH�ZDWHU�YDSRXU�OLQH�SDUDPHWHUV�DUH�DOVR
YHU\�VLPLODU����VHH�$SSHQGL[�����DQG�WKH�ODUJHU�GLIIHUHQFHV�VHHQ�LQ�ZLQGRZ�FKDQQHOV�����������
DUH�GXH�WR�WKH�FRQWLQXXP�FRQWULEXWLRQ��DQG�WR�WKH�VHOI�FRQWLQXXP�LQ�SDUWLFXODU��VHH�$SSHQGL[
����,Q�IDFW��DOWKRXJK�WKH�VWDQGDUG�GHYLDWLRQ�LV� �DERXW�0���.�LQ�FKDQQHOV��������WKH�PD[LPXP
GLIIHUHQFH�DFURVV�WKH�SURILOH�VHW�DPRXQWV�WR�VHYHUDO�NHOYLQ�

)LJV�����VKRZ�KRZ�WKH�SURILOH�RI�WUDQVPLWWDQFH�WR�VSDFH�FKDQJHV�LQ�WKH�$068�FKDQQHOV�PRVW
DIIHFWHG��WKLV�EHLQJ��DYHUDJHG�RYHU�WKH�SURILOH�VHW�IRU�WKH�VWDWLVWLF���0,7� − �030��× ��00��$V� LQ
)LJV������WKHUHIRUH��WKH�FRPSDULVRQ�PHDVXUHG� WKH�GLIIHUHQFH� LQ� WUDQVPLWWDQFH� H[SUHVVHG� DV� D
SHUFHQWDJH�RI�XQLW�WUDQVPLWWDQFH�ZLWK�WKH�YHUWLFDO�FRRUGLQDWH�EHLQJ��WKH�OHYHO�QXPEHU�FRXQWHG
IURP�WRS�DV�JLYHQ��LQ�7DEOH���

)LJ���VKRZV�WKH�HIIHFW�RQ�WKH�ORZ�IUHTXHQF\� �ZLQGRZ�FKDQQHOV���DQG��� �����DQG����*+]���,Q
PRYLQJ� IURP� 030� WR� 0,7�� WKH� DWPRVSKHULF� FROXPQ� KDV� EHFRPH� YHU\� VOLJKWO\� PRUH
WUDQVSDUHQW� EHWZHHQ� DERXW� ��0� DQG� ��0� K3D� DQG� YHU\� VOLJKWO\� OHVV� � WUDQVSDUHQW� HYHU\ZKHUH
HOVH��7KH�HIIHFW�LV�YHU\�VPDOO��DQG�SUREDEO\�UHIOHFWV�WKH�UHGLVWULEXWLRQ�RI�FRQWULEXWLRQV�ZLWKLQ
WKH� ZHLJKWLQJ� IXQFWLRQ� GXH� WR� WKH� FKDQJH� LQ� WKH� WHPSHUDWXUH� GHSHQGHQF\� RI� WKH� VHOI�
FRQWLQXXP�����VHH�$SSHQGL[���(TV������ � ,Q�)LJ����ZKLFK�VKRZV�WKH�KLJKHU� IUHTXHQF\�ZLQGRZ
FKDQQHOV� ������ ���� DQG�����*+]��� WKH� VLWXDWLRQ� LV� TXDOLWDWLYHO\� YHU\� VLPLODU� EXW� � JUHDWHU� LQ
DPSOLWXGH�

)LJ���VKRZV�WKH�WZR�PRVW�DIIHFWHG�FKDQQHOV���������RQ�WKH�����*+]�ZDWHU�YDSRXU�OLQH��7KHVH�
KDYH� VLGHEDQGV� � OHVV� FHQWUDOO\� ORFDWHG� WKDQ� FKDQQHO� ���� DQG� WKHUHIRUH�PRUH� VHQVLWLYH�� IRU� D
JLYHQ�SUHVVXUH�DQG�KXPLGLW\��WR�WKH�WHPSHUDWXUH�GHSHQGHQF\�RI�WKH�OLQH�KDOIZLGWK���+RZHYHU�
VLQFH�WKH�OLQH�SDUDPHWHUV�ZHUH�YHU\�VLPLODU�IRU�WKH�WZR�PRGHOV��WKLV�LV�QRW�WKH�FDXVH��5DWKHU��LW
LV�PXFK�PRUH�OLNHO\�WKDW�WKH�FKDQJH�LQ� WKH� VHOI�FRQWLQXXP�LV�DJDLQ� UHYHDOHG�KHUH��$OWKRXJK
WKHVH�FKDQQHOV�VKRZ�PXFK�OHVV�GLVSHUVLRQ�DW�ORZHU�OHYHOV�WKDQ�LQ�)LJ����WKH�DPSOLWXGH�RI�WKH
GLIIHUHQFH� LV� VRPHZKDW� ODUJHU��'HVSLWH�EHLQJ� ODUJHU� LQ� DEVROXWH� WHUPV�� WKHVH� FKDQJHV� IRUP� D
PXFK�VPDOOHU�SDUW�RI�WKH�RYHUO\LQJ�WUDQVPLWWDQFH�WKDQ�LQ�WKH�ZLQGRZV��DQG�WKHUHIRUH�KDYH�D
VPDOOHU��HIIHFW�RQ�WKH�XSZHOOLQJ�UDGLDWLRQ�WUDQVIHUUHG�WR��WKH�WRS�RI�WKH�DWPRVSKHUH��DV�FDQ�EH
VHHQ��LQ��)LJ���



��

),*85(������)RU�$068�FKDQQHOV������PHDQ�DQG�GLVSHUVLRQ�RI� WKH�WUDQVPLWWDQFH�GLIIHUHQFHV�� 100× �
EHWZHHQ� WKH�0,7�PRGHO�DQG�030�� ERWK�SHUIRUPLQJ� WKH� VSHFWUDO� DYHUDJLQJ� RQ� WUDQVPLWWDQFH��$V� LQ
)LJXUHV������WKH�RUGLQDWH�LV�WKH��SURILOH��OHYHO�QXPEHU�IURP����WRS��WR�����ERWWRP��DV�VKRZQ�LQ�7DEOH��
DQG�GLVSHUVLRQ���VKRZQ�DV�VWDQGDUG�GHYLDWLRQ��LV�WKH�VROLG�FRQWRXU�RQ�WKH�ULJKW�



��

),*85(������$V��)LJXUH����EXW�IRU�$068�FKDQQHOV�������



��

),*85(������$V�)LJXUHV���DQG����EXW�IRU�$068�FKDQQHOV�������



��

����27+(5�,167580(176���660�,�$1'�70,

&DOFXODWLRQV�RI� WKH�GLIIHUHQFH�EHWZHHQ�030� � DQG� � ROG�030�ZHUH� SHUIRUPHG� IRU� 660�,� DQG
70,��DQG�SDUWLFXODU�DWWHQWLRQ�ZDV��JLYHQ�WR�WKH�660�,�FKDQQHO�QHDU���*+]��VLQFH�WKLV�KDG��LQ
WKH�SDVW��SURYHG�VHQVLWLYH�WR�FKDQJHV�LQ�WKH�VSHFWUDO�UHVROXWLRQ�XVHG�LQ�030��+RZHYHU��LQ�QR
FDVH�ZDV�WKHUH�DQ\�VLJQLILFDQW�GLIIHUHQFH� LQ� WKH�WRS�RI�DWPRVSKHUH�7%V�IURP�WKHVH�FKDQQHOV�
7KLV�LV�XQOLNHO\�WR�UHPDLQ�WKH�FDVH�IRU��660,�6���ZKLFK�LV�WR�UHSODFH�660�,�� �VLQFH�VRPH�RI�WKH
FKDQQHO�ZHLJKWLQJ�IXQFWLRQV�SHDN��HYHQ�KLJKHU�LQ�WKH�VWUDWRVSKHUH�WKDQ�$068�

�����&21&/86,216

�$� :KHQ�XVHG�LQ�WKH�FRQWH[W�RI�57729����LW�LV�WKH�/E/�WUDQVPLWWDQFH�IURP�HDFK�OHYHO�WR�VSDFH
�L�H�� jτ � LQ� ����� � WKDW� VKRXOG� EH� DYHUDJHG� RYHU� WKH� � FKDQQHO� UHVSRQVH�� QRW� WKH� OD\HU� RSWLFDO
GHSWKV��7KLV�LV�WKH�GLIIHUHQFH�EHWZHHQ�030�DQG�ROG�030�LQ�7DEOH����DQG�WKH�HIIHFW�LV�JUHDWHVW�
DERXW� 0��� .� LQ� ERWK�ELDV� DQG� VWDQGDUG� GHYLDWLRQ�� LQ� WKH�$068� VWUDWRVSKHULF� FKDQQHOV� WKDW
VDPSOH�WKH�VWHHS�ULVH�WR�LQGLYLGXDO�OLQH�FHQWUHV�LQ�WKH� 2O �EDQG�

�%���2QO\�ZKHQ�WKH�FKDQJH�LQ��$��KDV�EHHQ�PDGH��DV�LQ�030��ZLOO�WKHUH�EH�DQ\��HIIHFW�LQ��XVLQJ
D�UDWLR�RI�WUDQVPLWWDQFHV�IRU�ZDWHU�YDSRXU�LQ�WKH�SURGXFW�UXOH��(YHQ�WKHQ��WKH�HIIHFW�RQ�WRS�RI
DWPRVSKHUH�7%�RI� XVLQJ� WKH� UDWLR�ZDV� YHU\� VPDOO� LQGHHG�� � SUREDEO\� RQ� DFFRXQW� RI� WKH�QHDU�
PRQRFKURPDWLFLW\� RI� WKH� PLFURZDYH� FKDQQHOV� LQ� ZKLFK� VLGHEDQGV� DUH� QDUURZ� HQRXJK� WR
VDPSOH�LQGLYLGXDO�OLQHV�

�&���1HLWKHU�660�,�QRU�70,�ZHUH�VLJQLILFDQWO\�DIIHFWHG�E\�WKLV�FKDQJH�

�'� 'LIIHUHQFHV� RI� WKH� VDPH� RUGHU� DV� � �$�� ZHUH� DOVR� REVHUYHG� IRU� $068� ZKHQ� WKH� 0,7
DEVRUSWLRQ�FRGH��UHSODFHG�WKDW�RI�030��EXW�WKLV�WLPH�PDLQO\�LQ�WKH�VSHFWUDO�ZLQGRZV�GXH�WR
WKH�VHOI�FRQWLQXXP�FRQWULEXWLRQ�RI� 2H O ��$V�VKRZQ�LQ�7DEOH�����WKLV��DPRXQWHG�WR�DERXW�0��.
VWDQGDUG� GHYLDWLRQ� � �ELDV� VPDOO�� LQ� $068� FKDQQHOV� ������� +RZHYHU�� ZLWKRXW� UHFRXUVH� WR
PHDVXUHG� GDWD� IRU� FRPSDULVRQ� �� LW� UHPDLQV� XQFOHDU� ZKHWKHU� RU� QRW� WKLV� UHSUHVHQWV� DQ
LPSURYHPHQW�

�(���&RQFOXVLRQV�LQ��$���DQG��'���DUH�VXSSRUWHG�E\�FDOFXODWLRQV�E\�'U�*��'HEORQGH��06&���XVLQJ
WKH�06&0:/%/��PRGHO��ZKLFK�LV�YHU\�VLPLODU�WR�030�

�)�� �7KH�030�PRGHO�XVHG�WR�JHQHUDWH�FRHIILFLHQWV�IRU�57729��� LQFOXGHV�D� VLPSOH�FRUUHFWLRQ
IRU�WKH�=HHPDQ�HIIHFW�WKDW�LV�VLJQLILFDQW�IRU�$068�FKDQQHOV�������

$&.12:/('*(0(176

,�WKDQN�'U�3�:��5RVHQNUDQ]��0,7��IRU�VXSSO\LQJ�WKH�0,7�FRGH�DQG�IRU�KLV�KHOSIXO�FRPPHQWV��,
JUHDWO\�DSSUHFLDWH�FRUUHVSRQGHQFH�ZLWK�'U�*��'HEORQGH��06&��DQG�WKH�FDOFXODWLRQV�VKH�PDGH
XVLQJ�DQRWKHU�PRGHO��,��DOVR�WKDQN�0HW�2IILFH�FROOHDJXHV�'U�5�:��6DXQGHUV���IRU�VXJJHVWLRQV�RQ
WKH�VFRSH�DQG�FRQWHQW�RI�WKH�UHSRUW��DQG�'U�$�'��&ROODUG��IRU�PXFK�KHOS�ZLWK��06�:RUG�
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$33(1',;���������7HFKQLFDO�'HWDLOV

7KH��/E/�PRGHO��amsutran43.f��SUHVHQWO\��XVHG�WR�JHQHUDWH�WKH�FRHIILFLHQWV�IRU��57729�����KDV
EHHQ�UHQDPHG��amsutran43_MPM.f� �IRU�WKLV�SDSHU��� �DQG��LW�SHUIRUPV�WKH��FKDQQHO�DYHUDJLQJ
RQ�WKH�WUDQVPLWWDQFH��,W��PDNHV�FDOOV�WR�RWKHU�URXWLQHV�DV�IROORZV�

     amsutran43_MPM.f
�������������������FDOO liebe89.f  �ZDWHU�YDSRXU��030������
�������������������FDOO liebe93.f  �GU\�DLU��HIIHFWLYHO\�030������

7KH�RULJLQDO�YHUVLRQ�RI� �amsutran43_MPM.f�SHUIRUPHG�WKH� �FKDQQHO�DYHUDJLQJ�RQ� WKH� OD\HU
RSWLFDO�GHSWKV�DQG�KDV�EHHQ�UHQDPHG��amsutrans43_old-MPM.f��IRU�WKLV�SDSHU��7KH�FDOOV�WR
WKH�WZR�VXEURXWLQHV�ZHUH�WKH�VDPH�

$�PRGLILHG�YHUVLRQ�RI�amsutran43_MPM.f�FDOOHG���amsutran43_MIT.f���ZDV�VHW�XS�ZLWK�FDOOV
DV�IROORZV�

     amsutran43_MIT.f
�������������������FDOO mit_callwat.f ��XVHV�0,7�VXESURJUDP� abh2o.f)
�������������������FDOO mit_calldry.f�����XVHV�0,7�VXESURJUDPV���R2abs.f DQG� absn2.f)

LQ�ZKLFK�WKH��WZR�QHZ��¨mit©��URXWLQHV�PDNH�WKH�IROORZLQJ�FRQYHUVLRQV�

�����������������LQSXW�ZDWHU�YDSRXU�DEXQGDQFH�IURP��K3D��WR��J�P 3 �
�����������������LQSXW�VSHFWUDO�IUHTXHQF\�IURP��+]��WR���*+]�
�����������������RXWSXW�DEVRUSWLRQ�FRHIILFLHQW�IURP��1S�NP�WR��G%�NP�

7KHUH�DUH�IRXU�RXWSXW�WUDQVPLWWDQFH�ILOHV�IURP� amsutran43_MPM.f��������QDPHO\
   amsutrMG_MPM.dat  �PL[HG�JDV�FKDQQHO�WUDQVPLWWDQFHV��HDFK�OHYHO��WR�VSDFH�
   amsutrWV_MPM.dat  �ZDWHU�YDSRXU��FKDQQHO�WUDQVPLWWDQFHV��HDFK�OHYHO��WR�VSDFH�
   amsutrWR_MPM.dat  �ZDWHU�YDSRXU�FKDQQHO�WUDQVPLWWDQFH�UDWLRV��HDFK�OHYHO��WR�VSDFH�
   amsutrAL_MPM.dat  �DOO�JDV��FKDQQHO�WUDQVPLWWDQFHV��HDFK�OHYHO��WR�VSDFH�

DQG��FRUUHVSRQGLQJ��ILOHV�IURP�amsutran43_old-MPM.dat��DQG��amstran43_MIT.dat �ZHUH
JLYHQ��VLPLODU�QDPHV�EXW�ZLWK��¨MPM©��UHSODFHG�E\���¨old-MPM©��RU��E\���¨MIT©��DV�DSSURSULDWH�

7R� FRPSDUH� WKHVH� PRGHOV�� VLPXODWLRQV� RI� WUDQVPLWWDQFH� DQG� EULJKWQHVV� WHPSHUDWXUH� ZHUH
SHUIRUPHG� RQ� WKH� ��� GLYHUVH� SURILOHV� LQ� ILOH� � � tigr43_43lev.dat�� � WKH� ¨GHSHQGHQW©� VHW� RI
SURILOHV�LQ�WKH�UHJUHVVLRQ�XVHG�WR�GHWHUPLQH�WKH�57729���FRHIILFLHQWV

$�QHZ�SURJUDP��comp.f� �ZDV�ZULWWHQ�WR�UHDG�WKH�RXWSXW�WUDQVPLWWDQFH�ILOHV�IURP�WKH�YDULRXV
PRGHOV� DQG� FRPSXWH�GLIIHUHQFH� VWDWLVWLFV� OLNH� � �030� − � ROG�030�� ×� �00� DYHUDJHG� RYHU� WKH
SURILOH�VHW�� nDPHO\����DYHUDJH�GLIIHUHQFH����UPV�GLIIHUHQFH����VWDQGDUG�GHYLDWLRQ�

7KLV� SURJUDP�ZDV� DOVR� XVHG� WR� FRQYHUW�� IRU� HDFK� SURILOH�� WKH� RXWSXW� FKDQQHO� WUDQVPLWWDQFH
SURILOH�IURP�030�LQWR�DQ�XSZHOOLQJ�WRS�RI�DWPRVSKHUH�7%�XVLQJ�IL[HG�UHSUHVHQWDWLYH�FKDQQHO
HPLVVLYLWLHV��DQG�WKHQ�WR�FDOFXODWH�WKH�7%��GLIIHUHQFH�VWDWLVWLFV�UHTXLUHG�

)LQDOO\��QHZ�SURJUDPV��rdata.f �DQG��rdata_4pv.f ZHUH��XVHG�WR�H[WUDFW�FRQFLVH�WDEOHV�RI
VWDWLVWLFV�IRU�ERWK�WUDQVPLWWDQFH�DQG�7%�
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$33(1',;������2[\JHQ�/LQHV

)XOO�DWWHQWLRQ�LV�JLYHQ�WR�WKH�GHWDLO�KHUH�WR�DOORZ�PRGHO�XVHUV�WR�WUDQVIHU�PRUH�HDVLO\�EHWZHHQ

GLIIHUHQW���ZD\V�RI�SDUWLWLRQLQJ�WKH�VDPH�DEVRUSWLRQ�FRHIILFLHQW��,Q�SDUWLFXODU��H[SUHVVLRQV�IRU

WKH�OLQH�VWUHQJWK�LQ��030�DQG�0,7�DUH��FRPSDUHG�ERWK�ZLWK�HDFK�RWKHU�DQG�ZLWK�WKH�ZLGHO\

XVHG�+,75$1�GDWDEDVH�

%RWK�WKH�030�DQG�0,7�PRGHOV�WDNH���VSHFWUDO�OLQH�SDUDPHWHUV�IRU� 2O ��WKDW�DUH�EDVHG�RQ�030�

������/LHEH�HW�DO���������)RU�030������� �WKH�SDUDPHWHUV�IRU� LVRODWHG�OLQHV�XVHG�LQ�030�����

�/LHEH�HW�DO��������ZHUH�XVHG�LQ�D�UHWULHYDO��RI�QHZ� 2O OLQH�FRXSOLQJ�FRHIILFLHQWV��IURP�ODERUDWRU\

PHDVXUHPHQWV���7KXV�FRHIILFLHQWV� 1a DQG� 2a ��ZKLFK��JRYHUQ�WKH�OLQH�VWUHQJWK��DW��00�.��DQG�LWV

WHPSHUDWXUH�GHSHQGHQF\��DQG� 3a �DQG� 4a ���ZKLFK�JRYHUQ�WKH�OLQH�KDOIZLGWK�DW���00�.��DQG�LWV

WHPSHUDWXUH�GHSHQGHQF\��DUH�WKH�VDPH�LQ�030������DQG�030������������ZKHUHDV� 5a �DQG� 6a �

ZKLFK�JRYHUQ�WKH�OLQH�FRXSOLQJ��DW��00�.��DQG�LWV�WHPSHUDWXUH�GHSHQGHQF\��KDYH�EHHQ�XSGDWHG

LQ�030�������1RWH�WKDW�� � LQ�GHULYLQJ� �WKHVH�SDUDPHWHUV��WKH�NHOYLQ�WHPSHUDWXUH�T �KDV�EHHQ

UHSODFHG�LQ�DOO�030�PRGHOV�E\�WKH�GLPHQVLRQOHVV�TXDQWLW\�θ �GHILQHG�DV�300 /T �

7KH� ODERUDWRU\�PHDVXUHPHQWV� UHSRUWHG� LQ� /LHEH� HW� DO�� �������ZHUH�XVHG� WR� UHWULHYH�QHZ� OLQH

FRXSOLQJ�FRHIILFLHQWV� IRU���� OLQHV� LQ� WKH� 2O � VSLQ�URWDWLRQ�EDQG��ZKLFK� LQFOXGHV�PDQ\� OLQHV

EHWZHHQ��0�*+]�DQG��0�*+]�DQG�DOVR�WKH�OLQH�QHDU�����*+]��,Q�IDFW�/LHEH�HW�DO���������OLVWV�QHZ

OLQH� FRXSOLQJ� FRHIILFLHQWV� IRU� IRXU� RWKHU� OLQHV� LQ� WKH� EDQG�� WKHVH� KDYLQJ� EHHQ� H[WUDSRODWHG

IURP� WKH� UHVW� �'U� 3�:�� 5RVHQNUDQ]�� SULYDWH� FRPPXQLFDWLRQ��� ,Q� WKLV� ZD\�� WKHUH� DUH� OLQH

FRXSOLQJ� FRHIILFLHQWV� IRU� ��� OLQHV� LQFOXGHG� LQ� ERWK� 030������ DQG� 030������� EXW� WKH

LQWHJULW\�RI�WKH�VPDOOHU�VHW�RI����XVHG�E\�WKH�0,7�PRGHO�LV�XQDIIHFWHG������XVLQJ�D�VXEVHW�RI�OLQHV

PLJKW�RWKHUZLVH� EH�H[SHFWHG� WR� LQYDOLGDWH� WKH� VHW� RI� FRHIILFLHQWV�� VLQFH� DQ� RYHUDOO� VXP�UXOH

ZRXOG�IDLO��,Q�IDFW�WKH�0,7�PRGHO�KDV�DOVR��LQ�D�WULYLDO�UHDUUDQJHPHQW��UHSODFHG� 5a �E\� 5 6( )a a+
DQG� 6a θ �E\� 6 ( 1)a θ − ��VR�WKDW�� 6a �WDNHV�DFFRXQW�RI�GHSDUWXUHV�IURP��00�.�

,Q�/LHEH� HW�DO�� ������� WKHUH� LV� DQ� LQGLFDWLRQ� �6HF������� S������ WKDW� WKH� UHVLGXDO� HUURUV� IRU� WKH

UHWULHYHG�OLQH�FRXSOLQJ�FRHIILFLHQWV�ZRXOG�EH�UHGXFHG�LI�WKH\�DQG�DOO�WKH�OLQH�ZLGWKV�LQ�030�

�����ZHUH�PXOWLSOLHG�E\�UHVSHFWLYH�IDFWRUV�RI������DQG���0���DQG�/LHEH�HW�DO���������VWDWHV��6HF�

�������S�����WKDW�WKLV�KDV�EHHQ�SXW�WKURXJK�LQ�030�������WKRXJK�VXEVHTXHQWO\�WKLV�KDV�EHHQ

IRXQG� WR� SURGXFH� VRPH� XQSK\VLFDO� YDOXHV� �QHJDWLYH�� IRU� WKH� DEVRUSWLRQ� FRHIILFLHQW� LQ� WKH

UDQJH� ��0���0� *+]� �GHSHQGLQJ� RQ� FRQGLWLRQV�� ZKHQ� 2O � LV� FRQVLGHUHG� DORQH�� ,W� VKRXOG� EH



��

QRWHG� WKDW� WKLV� OLHV� EHWZHHQ� WKH� VSLQ�URWDWLRQ� DQG� � SXUH� URWDWLRQ� EDQGV� RI� 2O �� DQG� VR� WKH

XQSK\VLFDO�FRQWULEXWLRQ�WR�WKH�RYHUDOO�VSHFWUXP�LV�YHU\�VPDOO�

2ULJLQDOO\�� EHFDXVH� 030� KDG� WKH� 030������ FRGH� LQVWDOOHG� IRU 2O �� LW� DOVR� XVHG� D� EDFN�

FRQYHUVLRQ��XVLQJ�WKH�DERYH�IDFWRUV���LQ�RUGHU�WR�LQYRNH�WKH�GHVLUHG�RULJLQDO�OLQH�SDUDPHWHUV�RI

030������� +RZHYHU�� WKHUH�ZHUH� VWLOO� VPDOO� GLIIHUHQFHV� IURP� WKRVH� SXEOLVKHG� LQ� /LHEH� HW� DO�

������DQG� WKH�GLUHFW� LQVWDOODWLRQ�RI� WKH� ODWWHU� LQ�030�KDV�EHHQ�RQH�RXWFRPH�RI�WKH�SUHVHQW

ZRUN�� � ,Q� WKH�0,7� FRGH� LWVHOI�� � D� IHZ� VPDOO� FKDQJHV� WR� WKH� SXEOLVKHG�030������ KDYH� EHHQ

PDGH�LQ�UHVSHFW�RI�WKH�WHPSHUDWXUH�GHSHQGHQFH�RI�WKH�OLQH�ZLGWKV��QDPHO\�WR�XVH� 1
ref( / )T T �LQ

SODFH�RI� 0.8
ref( / )T T IRU�WKH�OLQH�QHDU�����+]��DQG�WR�XVH 0.8

ref( / )T T LQ�SODFH�RI� 0.2
ref( / )T T IRU�WKH

OLQHV�DW�KLJKHU�IUHTXHQF\�EH\RQG�WKH�VSLQ�URWDWLRQ�EDQG�

8VLQJ� � WKH� OLQH� VWUHQJWK� LQ� 1 2cm /(molec. cm )− − � DV� GHILQHG� IRU� WKH� � +,75$1� OLQH� GDWDEDVH

�5RWKPDQ�HW�DO���������WKH��DEVRUSWLRQ�FRHIILFLHQW� ( )σ ν �LQ�1S�FP��IRU�D�VLQJOH�OLQH�LV�JLYHQ�E\

  abs( ) { }nσ ν =
/3

/ 368
 (1 )( 10 )
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LQ�ZKLFK�WKH�VSHFWUDO�IUHTXHQF\�ν ��WKH�OLQH�IUHTXHQF\� iν ��DQG�WKH��SUHVVXUH�VFDOHG�OLQHZLGWK

iγ �DUH�DOO� LQ�+]��EXW�FRPSHQVDWLQJ� � IDFWRUV�RI�1/ c � � DQG� c � DSSHDU�H[SOLFLWO\� WR�DOORZ� IRU�WKH

FRQYHUVLRQ�WR� -1cm �DV�XVHG�LQ�+,75$1�

7KH� ILUVW� VHW� RI� EUDFHV� FRQWDLQV� WKH� ORFDO� QXPEHU� GHQVLW\� absn � RI� DEVRUELQJ�PROHFXOHV�� 7KH

VHFRQG�VHW�RI�EUDFHV��GHILQHV�WKH�+,75$1�OLQH�VWUHQJWK��EXW��ZLOO�RQO\��HTXDO�WKH�OLVWHG�YDOXH�LI

WKH�WHPSHUDWXUH�T � LV�VHW�WR�����.��WKH�+,7561�UHIHUHQFH���DQG�LI�WKH�LVRWRSLF�DEXQGDQFH�IRU

WKH�UDGLDWLQJ�PROHFXOH��WHUUHVWULDO�SHUFHQWDJH��LV��LQFOXGHG��,Q�WKH�WKLUG�VHW�RI�EUDFHV��WKH�WDQK�

UDWLR�LV�D�FRUUHFWLRQ��IRU�WKH�GHSDUWXUH�RI�WKH�VSHFWUDO�IUHTXHQF\�ν �IURP�WKH�OLQH�IUHTXHQF\ iν
XVHG�LQ�WKH�VWUHQJWK��7KH�VSHFWUDO�GHQVLW\�IXQFWLRQ��VKRZQ�LQ�URXQG�EUDFNHWV���LV�WKH�OLQH�VKDSH

SURSHU�KHUH� FRQYHUWHG� IURP1/Hz WR -11/(cm ) � DV�PHQWLRQHG� HDUOLHU�� DQG�QRUPDOL]HG� WR� XQLW\

RYHU�WKH�REVHUYDEOH�UDQJH��ν �SRVLWLYH��

,Q�WKH�OLQH�VWUHQJWK��WKH�SDUWLWLRQ�IXQFWLRQ� ( )Q T �LV��ZHOO�DSSUR[LPDWHG�E\� rQT ��WDNLQJ� 1r =
IRU� 2O ��GLDWRPLF��DQG� 3/ 2r = �IRU� 2H O �DV\PPHWULF�WRS����DQG�WKH�EDODQFH�IDFWRU��LQ�URXQG

EUDFNHWV�� UHGXFHV� � WR� /ih kTν � LQ� WKH�PLFURZDYH�� 7KH�XQLW� IRU� WKH� VTXDUHG� GLSROH� WUDQVLWLRQ

DPSOLWXGH� iR � RI� WKH� OLQH� LV� � 2D �'� IRU� GHE\H�� -181D=10 � HVX� FP� RU� HUJ�JDXVV�� DQG� WKH� ILQDO



��

IDFWRU� JLYHV� WKH� H[SHFWHG� IUDFWLRQDO� SRSXODWLRQ� RI� PROHFXOHV� KDYLQJ� � WKH� HQHUJ\� iE RI� WKH

ORZHU�VWDWH�LQ�WKH�OLQH�

$V�VKRZQ����$�����H[SUHVVHV�DQ�DSSUR[LPDWLRQ�WR�WKH�9DQ�9OHFN�	�+XEHU��99+��IRUP�IRU�WKH

DEVRUSWLRQ� FRHIILFLHQW� WKDW� LV� YDOLG�ZKHQ� WKH� OLQH� ZLQJV� DUH� H[FOXGHG�� +RZHYHU�� VLQFH� � WKH

WDQK�UDWLR�ZLOO�UHGXFH�WR�DQRWKHU�IDFWRU�RI� ( / )iν ν � LQ�WKH�PLFURZDYH�� LW�ZLOO�WDNH�RQ� WKH�9DQ

9OHFN� 	�:HLVVNRSI� �99:�� IRUP� FKDUDFWHUL]HG� E\� WKH� VTXDUHG� GHSHQGHQF\� RQ� WKH� VSHFWUDO

IUHTXHQF\���,Q�WKH�PLFURZDYH��WKHUHIRUH��ZH�FDQ�UHSODFH��$�����E\

abs( )  { }nσ ν =
2 363
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7XUQLQJ� WR� 2O � LQ� SDUWLFXODU�� WKH� 030� DEVRUSWLRQ� FRHIILFLHQW� LQ� G%�NP�� FRQYHUWHG� IURP

1S�FP�E\�D�IDFWRU�RI� 5
1010 10log e× ���LV�JLYHQ�E\

     ( )σ ν 2 (1 )6 3 6 3
10 1

4
10 log 10  10{ } { }a

de a P e
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LQ�ZKLFK�WKH� � IUHTXHQFLHV� � DUH�DJDLQ� LQ�+]�EXW�WKHUH�KDV�EHHQ�D�FRQVLGHUDEOH� UHDUUDQJHPHQW

FRPSDUHG�WR��$������LQFOXGLQJ�WKH�LQVWDOODWLRQ�RI�WKH�FRHIILFLHQW� iY � WKDW�ZLOO�DFFRXQW�IRU� OLQH

FRXSOLQJ��5RVHQNUDQ]���������������7KH�ILUVW�VHW�RI�EUDFHV�UHGXFHV�WR� 0.1820 ν ��ZLWK�XQLWV�WKDW

UHQGHU� ( )σ ν � LQ�G%�NP�ZKHQ�WKH�RWKHU�IDFWRUV�DUH� WDNHQ� LQWR� DFFRXQW�� ,WV� IDFWRU� RI� 310 � KDV

EHHQ�ERUURZHG�IURP�WKH�VHFRQG�VHW�RI�EUDFHV��ZKLFK� �SURYLGH� �WKH�OLQH�VWUHQJWK MPMS � LQ�N+]

ZKHQ�WKH��GU\�DLU�SUHVVXUH�LQ�N3D�LV� dP ��7KH�WKLUG�VHW�RI�EUDFHV�LQFOXGHV�WKH�OLQH�VKDSH�LQ� -1Hz �

DQG�WKH��UHVRQDQW�SDUW�RI�WKH�OLQH�VKDSH�KDV�QRW�EHHQ�QRUPDOL]HG�KHUH��VR�WKH�QHFHVVDU\�IDFWRU

RI��1/π �KDV�EHHQ�DEVRUEHG�HOVHZKHUH�LQ���$�����

,I�DOO�RI�WKH�� iY �ZHUH�VHW�WR�]HUR���DQG�WKH�ILUVW�VHW�RI�EUDFHV��PXOWLSOLHG�E\� ( / )iπ ν ν �VR�WKDW��WKH

OHDGLQJ� IDFWRU� LQ� WKH� ODVW� VHW� RI� EUDFHV� EHFRPHV� 1 2( / )iπ ν ν− �� WKHQ� FRPSDULVRQ� ZLWK� �$����

ZRXOG�EH�PDGH�HDVLHU��:KDWHYHU�WKH�GLYLVLRQ�RI�IDFWRUV� �EHWZHHQ�VWUHQJWK�DQG�VKDSH�� � �$����

FRPHV�IURP�5RVHQNUDQ]���������DQG�ZLOO� � � UHGXFH�WR�WKH� �99:�FDVH�ZKHQ�WKH�OLQH�FRXSOLQJ�LV

LJQRUHG�

)URP� �$����� DQG� �$������ WKH� +,75$1� DQG� 030� � OLQH� VWUHQJWKV� IRU� 2O � DUH� UHODWHG� DW

WHPSHUDWXUH�T �DQG�GU\�DLU�SUHVVXUH� dP �E\
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ZKHUH� � WKH�IUHTXHQF\� LV�DJDLQ� LQ�+]�DQG� ε � LV� WKH�YROXPH� IUDFWLRQ�RI� 2O � LQ�DLU� � �L�H�� �������

PDNLQJ� dPε ��WKH�SDUWLDO�SUHVVXUH�RI�WKH�DEVRUELQJ�PROHFXOHV��,Q� MPMS ��WKH�FRHIILFLHQW�� 1a ��LQ

N+]�N3D� 610× ��LV�GHILQHG�DV
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LQ�ZKLFK��WKH�IUHTXHQF\�LV�LQ�+]��DQG� iR �LV�LQ� 2D DV�EHIRUH���7KH� 2O �SDUWLWLRQ�IXQFWLRQ� ( )Q T �LV

WDNHQ� WR� EH� 1
oxQ T � RU� ox( 300) /Q θ× �� DQG� WKH� DSSHDUDQFH� RI� 2ae � LQ� WKH� GHQRPLQDWRU� KDV

DOORZHG�WKH�H[SRQHQW�LQ�WKH�VHFRQG�VHW�RI�EUDFHV�LQ��$�����WR�UHIOHFW�GHSDUWXUHV�IURP��00�.��,W�LV

FOHDU� IURP� �$����� WKDW� RQH� VFDOLQJ� IDFWRU� RI�θ � LQ� �$����� FRPHV� IURP�WKH�SDUWLWLRQ� IXQFWLRQ�

DQRWKHU�FRPHV�IURP�WKH�PLFURZDYH�UHGXFWLRQ�RI�WKH�EDODQFH�IDFWRU�LQ��$������ � DQG� WKH�WKLUG

FRPHV�IURP�WKH�FRQYHUVLRQ�RI�WKH�DEVRUEHU��QXPEHU�GHQVLW\� absn WR�SDUWLDO�SUHVVXUH� dPε �XQGHU

WKH�JDV�ODZ�

7KH�0,7� DEVRUSWLRQ� FRHIILFLHQW� IRU� 2O � LV� EHVW� LQWHUSUHWHG� ZLWK� DQ� H\H� RQ� ERWK� �$����� DQG

�$�������)RU�D�VWDUW��LW�LV��H[SUHVVHG�LQ�1S�NP��VR�WKH�IDFWRU�RI� 6
1010 log e �LQ��$������LV�UHSODFHG

E\�RQH�RI� 510 � �FP�WR�NP���)RU�FRPSDULVRQ�SXUSRVHV��WKHUHIRUH�DQ�H[WUD� IDFWRU�RI� 1010 log e

�1S� WR� G%��PXVW� EH� DWWDFKHG� E\� WKH� FDOOLQJ� FRGH��$Q� DGGLWLRQDO� IDFWRU� RI� 910− DULVLQJ� IURP

IUHTXHQF\�FRQVLGHUDWLRQV�ZLOO�EH�H[SODLQHG�VKRUWO\��VR�WKHUH�LV�DQ�RYHUDOO�IDFWRU�RI� 410− WR�EH

FDUULHG�� �7KDW�VDLG�� LQ�WKH�ILUVW� � VHW�RI�EUDFHV� LQ� �$������ � � WKH�0,7� 2O � FRGH� VXEVWLWXWHV� IRU� WKH

QXPEHU�GHQVLW\� absn �XVLQJ�WKH�JDV�ODZ��,Q�IDFW��0,7�H[SHFWV� WKH� 2O �SDUWLDO�SUHVVXUH� dPε � � LQ

K3D��VR�� absn �EHFRPHV 310 /dP kTε× ��E\�FRQWUDVW��030�ZRXOG�H[SHFW� �N3D���7DNLQJ�WKLV�ZLWK

WKH�RYHUDOO� IDFWRU� RI� 410− �PHQWLRQHG� DERYH��0,7� UHSODFHV� absn � E\� � WKH� SURGXFW� RI� dP θ � DQG
110 /( 300)kε− × �� WKLV� ODVW� KDYLQJ� WKH� YDOXH� � 120.5034 10× �� ZKLFK� DSSHDUV� H[SOLFLWO\� LQ� WKH

FRGH�DV�VXSSOLHG�

7KH�VWUHQJWK� MITS �FRPHV�IURP�WKH��VHFRQG�VHW�RI�EUDFHV�LQ��$�������EXW�H[FOXGLQJ�WKH�GLYLVRU��RI

c � DWWDFKLQJ� WR� iν �� DQG� WKH� %ROW]PDQQ� IDFWRU� ZHLJKWLQJ� IRU� WKH� ORZHU� VWDWH� SRSXODWLRQ�

%HFDXVH� LW� UHIOHFWV� WKH� XVH�� LQ� �$������ � RI� WKH� GLPHQVLRQOHVV� WHPSHUDWXUH� θ � DQG� WKH� OLQHDU

SDUWLWLRQ�IXQFWLRQ��LW��LV�DFWXDOO\�ZULWWHQ�DV
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ZLWK� XQLWV� TXRWHG� DV� 2cm  Hz �� ZKLFK� DV� -2Hz/(molec. cm ) � FRUUHVSRQGV� FORVHO\� WR� WKH

+,75$1�XQLW�RI� -1 -2cm /(molec. cm ) �

7KH��WKLUG�VHW�RI�EUDFHV�IURP��$�����LV�UHWDLQHG�LQWDFW�E\�0,7��H[FHSW�LQ�WKUHH�PDWWHUV��)LUVWO\��LW

ODFNV�WKH�IDFWRU�RI�� 1π − ��L�H��RI�0��������ZKLFK�KDV�EHHQ�PRYHG�HOVHZKHUH��6HFRQGO\��WKH�IDFWRU

RI�c KDV�EHHQ�FDQFHOOHG�ZLWK�RQH�IURP�WKH�GHQRPLQDWRU�RI�WKH�VWUHQJWK��WKLV��IRU�FRPSDWLELOLW\

ZLWK� �$������7KLUGO\�� WKH� IUHTXHQF\� LV� H[SHFWHG� LQ�*+]�� 7KLV� ODVW� SRLQW� LV� WKH� RULJLQ� IRU� WKH

IDFWRU�RI� 910− �WDNHQ�LQWR�DFFRXQW�HDUOLHU��)RU�FRQVLVWHQF\�LQ�WKLV�UHSRUW��WKH�IUHTXHQF\�ZLOO�EH

UHWDLQHG� LQ� +]�� DQG� D� FRPSHQVDWLQJ� IDFWRU� RI� 910 DWWDFKHG�� ,Q� WKH� HQG�� WKHUHIRUH�� LI� DOO

IUHTXHQFLHV�ZHUH�LQ�+]��0,7�ZRXOG�H[SUHVV�WKH�DEVRUSWLRQ�FRHIILFLHQW�LQ�1S�NP�LQ�WKH�IRUP
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DQG�DQ�DGGLWLRQDO�IDFWRU�RI� 1010 log e �ZRXOG�FRQYHUW�WKLV�WR�G%�NP��7KH�ILUVW�URXQG�EUDFNHW�LQ

WKH� VHFRQG� VHW� RI� EUDFHV� FDQ�EH� UHFRJQL]HG� DV� WKH�0,7� OLQH� VWUHQJWK� MITS � LQ� 2cm  Hz � IURP

�$������,Q�WKH�0,7�FRGH�DV�VXSSOLHG��WKH�ILUVW�VHW�RI�EUDFH�LV�MXVW� 120.5034 10× ��DQG�WKH�WKLUG�VHW

RI�EUDFHV�RPLWV�WKH�IDFWRU�RI� 910 �EXW�GHPDQGV�WKH�IUHTXHQF\�LQ�*+]�

)LQDOO\��ZLWK�UHIHUHQFH�WR�WKH�H[SUHVVLRQ�IRU� 1a � LQ��$������ � WKH�FRQYHUVLRQ�IURP�030�WR�0,7

IRU� 2O LV�JLYHQ�E\�WKH�UHODWLRQ
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$V�MXVWLILHG�EHORZ��ERWK�VLGHV��H[SUHVV�DWWHQXDWLRQ�SHU�XQLW�SUHVVXUH��VSHFLILFDOO\��G%�NP��K3D��

DQG�ERWK��DW��00.��ORRN�IRU�D�SUHVVXUH�IDFWRU�LQ�K3D�RI� ( / )( ( ))i i dF Pν ν ν ν × ��ZKHUH� ( )iF ν LV�WKH

VSHFWUDO�GHQVLW\� VKRZQ� LQ� URXQG�EUDFNHWV� LQ� �$������7KHVH�DUH�PDJQHWLF�GLSROH� OLQHV� DQG� DUH

WKHUHIRUH� TXLWH� ZHDN�� 7KH� 2O � EDQG� LV� D� GRPLQDQW� VSHFWUDO� IHDWXUH� EHFDXVH� RI� WKH� JUHDW

DEXQGDQFH�RI�WKH�UDGLDWRUV��7R�PDNH�WKH�QXPEHUV�PRUH�PDQDJHDEOH�� 1a �KDV�EHHQ�LQIODWHG�E\�D

IDFWRU�RI� 610 �LQ�030�������DQG�LW�LV� 6
1 10a −× �WKDW�KDV�LWV�EDVLF�XQLW�N+]�N3D��,QVSHFWLRQ�RI�WKH

ILUVW�VHW�RI�EUDFHV�LQ��$�����UHYHDOV�WKDW��ZLWKLQ�0.182 �DERYH��WKHUH�LV�WKH�N+]�WR�+]��FRQYHUVLRQ

IDFWRU�RI� 310 ��DQG��$�����H[SOLFLWO\�VKRZV�WKH�GLYLVRU�RI�10 �IRU�WKH�N3D�WR�K3D�FRQYHUVLRQ�



��

$33(1',;������:DWHU�/LQHV

030�XVHV�DOO��0�OLQHV�IRU� 2H O OLVWHG�LQ�030������DQG�DOO�OLQH�SDUDPHWHUV�DV�SXEOLVKHG��0,7

ZDV� RULJLQDOO\� EDVHG� RQ� 5RVHQNUDQ]� ������� ZKHUH� D� VHW� RI� WKH� � VHYHQ� VWURQJHVW� 2H O OLQHV

� 21 20.2 10  cm  Hz−> × ��DUH�OLVWHG��LQ�7DEOH��$����S������WR�ZKLFK�HLJKW�IXUWKHU�OLQHV�KDYH�EHHQ

DGGHG�VXEVHTXHQWO\��PDNLQJ����OLQHV�LQ�DOO��7KHVH�DUH�WKH����OLQHV�XVHG�LQ�5RVHQNUDQ]� �������

ZKLFK�VWDWHV��UHJDUGLQJ�(T����WKDW�WKH�VWUHQJWKV�ZHUH�GHULYHG�IURP�WKH�+,75$1������GDWDEDVH

�5RWKPDQ�HW�DO����������DQG��UHJDUGLQJ�(T����WKDW�WKH�OLQH�ZLGWKV�DUH�HVVHQWLDOO\�WKRVH�XVHG�LQ

030�������WKH� 2H O PRGHO�XVHG�LQ�030������

7KH�99:�DEVRUSWLRQ�FRHIILFLHQW�LV�XVHG�IRU� 2H O ��ZKLFK�PHDQV�WKDW��$�����FDQ�EH�XVHG�LI��DOO

OLQH�FRXSOLQJ�FRHIILFLHQWV� iY � DUH� VHW� WR�]HUR�� ,Q�030�� WKH� � 2H O � OLQH� VWUHQJWK� LV� WKDW� RI� WKH

VHFRQG� VHW� RI� EUDFHV� LQ� �$������ EXW�ZLWK� 1a � DQG� 2a � UHSODFHG� E\� 1b � DQG 2b �� � DQG�ZLWK� � 3Pθ
UHSODFHG� E\�  

3.5eθ �� � ZKHUH� e � LV� WKH� YDSRXU� SUHVVXUH� IRU� 2H O � LQ� N3D�� 7KH� 2H O � SDUWLWLRQ

IXQFWLRQ� ( )Q T � FDQ� EH� ZULWWHQ� DV� 3/ 2
wvQ T �ZKHUHDV� LW� ZDV� 1

oxQ T IRU� 2O ��� � DQG� WKHUHIRUH

DFFRXQWV�IRU�WKH�KDOI�SRZHU�GLIIHUHQFH�LQ�WKH�GHSHQGHQF\�RQθ �

,Q�FRQWUDVW�WR�LWV�WUHDWPHQW�IRU� 2O �� �0,7�XVHV�WKH�QXPEHU�GHQVLW\� absn � IRU� 2H O � LQ�SODFH�RI

SDUWLDO�SUHVVXUH�DV� LQ� ��$������7KHUHIRUH��WKH�RYHUDOO�IDFWRU�RI� 410− �PHQWLRQHG�HDUOLHU�DQG� WKH

IDFWRU�RI� 1π − DUH�EURXJKW�WRJHWKHU��DV� 40.3183 10−× ��WR�UHSODFH�WKH�FRQWHQWV�RI�WKH�ILUVW�VHW�RI

EUDFHV� LQ� �$������ $V� PHQWLRQHG� HDUOLHU�� MITS LV� VOLJKWO\� PRGLILHG� IURP� �$����� LQ� WKDW
1

ox( 300 )Q × LV� UHSODFHG�E\ 3/ 2
wv( 300 )Q × �� DQG� 2a �E\� 2b �� 7KH� WKLUG� VHW� RI� EUDFHV� LQ� �$����� LV

PRGLILHG�VR�WKDW�WKH�OLQH�VKDSH�LV�WUXQFDWHG�DW� 750 GHziν ± ��7KLV��DOORZV�IRU�HDV\�LQVWDOODWLRQ

RI� WKH� &.'� FRQWLQXXP� �&ORXJK� HW� DO�� ������� EXW� KDV� DOVR� GHPDQGHG� WKDW� WKH� HPSLULFDO

FRQWLQXXP� QRPLQDOO\� LQVWDOOHG� �VHH� $SSHQGL[� ��� EH� UHQGHUHG� FRPSDWLEOH� ZLWK� WKLV� OLQH

WUXQFDWLRQ��)LQDOO\��FRUUHVSRQGLQJ�WR��$������ � WKH�030�DQG�0,7�OLQH�VWUHQJWKV��WKLV�WLPH� IRU

2H O ���DUH��UHODWHG�E\
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ZKHUH��LQVWHDG�RI� 1a ��LQ�N+]�N3D 610× ��WKHUH�LV�QRZ� 1b �LQ�N+]�N3D�JLYHQ�E\
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&RPSDUHG�WR�WKH� 2O �OLQHV��WKHVH�OLQHV�DUH�VWURQJ��DQG�030������KDV�QRW�LQIODWHG�YDOXH�RI 1b LQ

WKH�VDPH�ZD\��7KHUHIRUH�QR�DGGLWLRQDO�IDFWRU�RI� 610 DSSHDUV�RQ�WKH�ULJKW�KDQG�VLGH�RI��$�����



��

DQG�QR�IDFWRU�RI� 610− �DSSHDUV�RQ�WKH�OHIW�KDQG�VLGH�RI��$������$SDUW�IURP�WKDW��WKH�FRPPHQWV

PDGH�RQ�WKH�XQLWV� FRQYHUVLRQV� LQ� �$�����DOVR� VWDQGV�KHUH��7KXV� WKH�N+]� WR�+]�FRQYHUVLRQ� LV

PDGH�ZLWKLQ�WKH�0.182 �IDFWRU�DQG�WKH�H[SOLFLW�GLYLVRU�RI�10 �PDNHV��WKH�N3D�WR�K3D�FRQYHUVLRQ�

$V�EHIRUH��WKHUHIRUH��ERWK�VLGHV�LQ��$�����DUH��LQ��G%�NP��K3D�DQG�ORRN�IRU�D�SUHVVXUH�IDFWRU�RI

( / )( ( ))i i dF Pν ν ν ν × �LQ�K3D�



��

$33(1',;������'U\�$LU�DQG�:DWHU�9DSRXU�&RQWLQXD

,Q�GU\�DLU���WKHUH�DUH�WZR�VLJQLILFDQW�VRXUFHV�RI�EURDGEDQG�PLFURZDYH�FRQWLQXXP��7KH�ILUVW� LV

IURP�SUHVVXUH�LQGXFHG� DEVRUSWLRQ�E\� 2N �� ZKLFK� RFFXUV� ZKHQ� D� GLSROH�PRPHQW�� RWKHUZLVH

DEVHQW�� LV� LQGXFHG� LQ�WKH�PROHFXOH�E\�D�FROOLVLRQ�DQG�DOORZV� LW� WR� LQWHUDFW�ZLWK� WKH� DPELHQW

HOHFWURPDJQHWLF�ILHOG�GXULQJ�WKH�FROOLVLRQ�LWVHOI��¤�WKLV�EHFRPHV�LPSRUWDQW�RQO\�EHFDXVH�RI�WKH

JUHDW�DEXQGDQFH�RI�WKLV�PROHFXOH�LQ�WKH�DWPRVSKHUH��7KH�VHFRQG�LV�QRQ�UHVRQDQW�DEVRUSWLRQ

E\� 2O �� D� TXDQWXP� UHLQWHUSUHWDWLRQ� RI� WKH� 'HE\H� DEVRUSWLRQ� WKDW� RFFXUV� ZKHQ� HQHUJ\� LV

H[WUDFWHG� � IURP� WKH� HOHFWURPDJQHWLF� ILHOG� DV� PROHFXOHV�� DIWHU� D� FROOLVLRQ�� DOLJQ� WKHPVHOYHV

SUHIHUHQWLDOO\� DORQJ� WKH� DFWLYH� ILHOG� YHFWRU�� ,W� PD\� EH� WKRXJKW� RI� DV� WKH� UHVXOW� RI� SUHVVXUH�

EURDGHQLQJ�RQ�WKH��RWKHUZLVH�XQREVHUYDEOH� ¨OLQH©� �DW�]HUR�IUHTXHQF\�WKDW�DULVHV�IRU� 2O �ZKHQ

WKH�LQLWLDO�DQG�ILQDO�VSHFWUDO�VWDWHV�GR�QRW�GLIIHU�

,Q��030��WKH� 2N �DEVRUSWLRQ�FRHIILFLHQW�LV

        
12 3.5

ind 5 3/ 2
( ) 0.182 (1.4 10 )

1 (1.93 10 )
{ } { } { }dP

νσ ν ν θ
ν

−
−= × × ×

+ ×
      �$����

ZKHUHDV�LQ�0,7��LW�LV

               14 3.55 2
ind ( ) (6.4 10 ) ( )dP eσ ν θ ν−= × × + ×                    �$����

WR�ZKLFK� WKH� FRQYHUVLRQ� IDFWRU� RI� 1010 log e � �1S�NP� WR� G%�NP��PXVW� EH� DSSHQGHG� EHIRUH

FRPSDULVRQ�ZLWK��$�������7KH�0,7�H[SUHVVLRQ�FRPHV�IURP�'DJJ��HW�DO�����������DQG�PD\�GLIIHU

IURP�030�E\�VHYHUDO�SHUFHQWDJH�SRLQWV�

,Q�030�WKH�QRQ�UHVRQDQW� 2O �DEVRUSWLRQ�FRHIILFLHQW�LV

         
2

5 2
nres-O 2 2

( ) 0.182 (6.14 10 ){ } { } { }dP
νγσ ν ν θ

ν γ
−= × × × ×

+
           �$����

ZKLFK� KDV� WKH� JHQHUDO� IRUP� RI� �$����� IRU� ]HUR� iν �� JLYHQ� WKDW� WKH� HIIHFWV� RI� OLQH� FRXSOLQJ

VXEWUDFW� RXW� � �5RVHQNUDQ]� ����� (T����� DQG� 5RVHQNUDQ]� ����� S������� +HUH� WKH� QRQ�UHVRQDQW

KDOIZLGWK�SDUDPHWHU�γ �LV� 3 0.80.56 10 ( )dP e θ−× + ��,Q�0,7��WKH�QXPHULFDO�IDFWRU�LQ��$�����LV�WKH

VDPH� ZKHQ� FRQYHUWHG� IURP� 1S�NP� WR� G%�NP�� ZLWK� WKH� VDPH� GHSHQGHQF\� RQ� dP � DQG� θ �

+RZHYHU�� γ �QRZ�KDV� � 0.8( )dP e θ+ � � UHSODFHG� �E\� 0.8( 1.1  )dP eθ θ+ �� � WKH� VDPH� IDFWRU�XVHG�E\

ERWK�PRGHOV�LQ�WKH�� 2O �UHVRQDQW�OLQHZLGWKV�

7KH�OLQH�DEVRUSWLRQ�FRHIILFLHQWV�TXRWHG�IRU�+,75$1��030�DQG�0,7�DUH�DOO�LQYDOLG�LQ�WKH�OLQH

ZLQJ��ZKHUH�WKH�HIIHFW�RI�XQFRPSOHWHG�FROOLVLRQV��QRQ�LPSDFW�HIIHFWV��ZLOO�EHFRPH�HYLGHQW��,Q



��

WKH� FDVH� RI� 2H O �� WKLV� RPLVVLRQ� LV� D� VLJQLILFDQW� RQH� WKDW� LV� DGGUHVVHG� E\� WKH� LQFOXVLRQ�RI� D

FRQWLQXXP�WHUP�LQ�WKH�DEVRUSWLRQ�FRHIILFLHQW�

,Q�030��WKH�FRQWLQXXP�DEVRUSWLRQ�FRHIILFLHQW��LQ�G%�NP��FRPHV�IURP�030������DQG�WDNHV

WKH�IRUP

        
2 5 3 5 2 10.5

con ( ) 0.182 (0.113 10 ) (3.75 10 ) { }deP eσ ν ν θ θ− −= × × + ×         �$����

ZKLFK�� LQ�LWV�SUHVVXUH�IDFWRUV��LQ�N3D��� LV�FRQVLVWHQW�ZLWK��$������WKRXJK�QRW�GHULYHG�IURP� LW�

ZKHQ� 2( )iν ν− � LV� PXFK� JUHDWHU� WKDQ� 2
iγ �� DV� LW� ZRXOG� EH� LQ� WKH� OLQH� IDU�ZLQJ�� ,I� �$����� LV

LQWHUSUHWHG� ZLWK� �$����� LQ�PLQG�� WKHQ� RQH� IDFWRU� LQ� ERWK� � WHUPV� � LV� e � DQG� UHODWHV� WR� WKH

DEVRUEHU�DEXQGDQFH��ZKLOH�WKH�RWKHU�LV� dP �LQ�WKH�ILUVW�WHUP��IRUHLJQ�EURDGHQLQJ��RU� e � LQ�WKH

VHFRQG�WHUP��VHOI�EURDGHQLQJ��DQG� UHODWHV� WR�WKH�FROOLVLRQ� UDWH�H[SHULHQFHG�E\�WKH�DEVRUEHU� �

2QFH�WKH�θ �IDFWRUV�DULVLQJ�IURP�WKH�SDUWLWLRQ�IXQFWLRQ��WKH�EDODQFH�IDFWRU�DQG�WKH�JDV�ODZ�DUH

DFFRXQWHG�IRU��WKH�IRUHLJQ�FRPSRQHQW�LQ�WKH�FRQWLQXXP��VSHFWUDO�GHQVLW\���RU�¨OLQH©��VKDSH���LV

DOPRVW� LQGHSHQGHQW� RI� WHPSHUDWXUHT � �EHLQJ� 300 /θ ���ZKLOH� WKH� VHOI� FRPSRQHQW� VWLOO� KDV� D

VWURQJ�LQYHUVH�GHSHQGHQF\�

,Q�0,7��RQ�WKH�RWKHU�KDQG���WKH�FRQWLQXXP�DEVRUSWLRQ�FRHIILFLHQW��LQ�1S�NP���WDNHV�WKH�IRUP

        
2 10 3 8 2 7.5

con ( ) (5.43 10 ) (1.8 10 ) { }deP eσ ν ν θ θ− −= × × + ×               �$����

ZKLFK�� EHDULQJ� LQ� PLQG� WKH� DGGLWLRQDO� IDFWRU� RI� � 210 � WKDW� DULVHV� ZKHQ� HDFK� SUHVVXUH� LV

H[SUHVVHG�LQ�N3D�UDWKHU�WKDQ��DV�KHUH��LQ�K3D��PD\�EH�FRPSDUHG�ZLWK��$����� �E\�DWWDFKLQJ�DQ

RYHUDOO�IDFWRU�RI� 1010 log e �WR�FRQYHUW�WR�G%�NP��)XUWKHUPRUH���LW�LV�WKHQ�VHHQ�WR�DJUHH�ZLWK�WKH

VXEVWLWXWLRQ�RI��(TV����DQG��0�LQWR�(T����LQ�5RVHQNUDQ]������¤���DOWKRXJK�WKH�H[SRQHQW�VKRZQ

WKHUH� LQ� (T��� VKRXOG�EH�QHJDWLYH�� � $V� GHVFULEHG� WKHUHLQ�� WKH� ILUVW� �IRUHLJQ�� WHUP� LQ� �$����� LV

EDVHG�RQ�WKDW�LQ�030�������EXW�UDLVHG�E\�����WR�DOORZ�IRU�WKH�OLQH�WUXQFDWLRQ�PHQWLRQHG�LQ

$SSHQGL[����ZKLOH�WKH�VHFRQG��VHOI��WHUP�LV�DQ�DSSUR[LPDWLRQ� WR�WKH� �030������H[SUHVVLRQ

�WKH�¨SVHXGR�OLQH©�RI�/LHEH�HW�DO���������WKDW�LV�YDOLG�IRU�IUHTXHQFLHV�EHORZ��00�*+]�



��
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:HDWKHU�)RUHFDVWV��������

/LHEH��+�-���030�¤�DQ�DWPRVSKHULF�PLLOLPHWHU�ZDYH�SURSDJDWLRQ�PRGHO��,QW�-�,QIUDUHG�0LOOL��
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