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$VVLPLODWLRQ�RI�667�GDWD�LQ�WKH�326(,'21�V\VWHP�XVLQJ�WKH�62667$�
VWDWLVWLFDO�G\QDPLFDO�REVHUYDWLRQ�RSHUDWRU��

*HUDVLPRV .RUUHV���'LPLWUD 'HQD[D���(ULF -DQVHQ���,VDEHOOH 0LURX]H���6DP 3LPHQWHO���:DQJ�+XQJ 7VH�

DQG�$QGUHD 6WRUWR���

�+HOOHQLF�&HQWUH�IRU�0DULQH�5HVHDUFK��+&05���$WKHQV��*UHHFH

�&HQWUR�(XUR�0HGLWHUUDQHR�VXL�&DPELDPHQWL�&OLPDWLFL��&0&&���,WDO\�
�'HSDUWPHQW�RI�0DWKHPDWLFDO�6FLHQFHV��7ULQLW\�:HVWHUQ�8QLYHUVLW\��/DQJOH\��%&��&DQDGD

&RUUHVSRQGHQFH�WR��*��.RUUHV��JNRUUHV#KFPU�JU��

$EVWUDFW��,Q�VSLWH�RI�WKHLU�ORQJ�VWDQGLQJ�DYDLODELOLW\��WKH�RSWLPDO�DVVLPLODWLRQ�RI�VHD�VXUIDFH�WHPSHUDWXUH��667��REVHUYDWLRQV�

UHWULHYHG� IURP� LQIUDUHG� DQG� PLFURZDYH� VSDFH�ERUQH� VHQVRUV� LV� VWLOO� FKDOOHQJLQJ� LQ� RFHDQRJUDSKLF� IRUHFDVW� V\VWHPV�� 2QH���

SURPLQHQW�SUREOHP�VWHPV�IURP�WKH IDFW�WKDW�RFHDQ�JHQHUDO�FLUFXODWLRQ�PRGHOV�GR�QRW�UHVROYH�WKH�GLXUQDO�YDULDELOLW\�RI 667�GDWD�

DV�PHDVXUHG�E\�VDWHOOLWHV��,Q�RUGHU�WR�LPSURYH�667�GDWD�DVVLPLODWLRQ�VFKHPHV�DQG�HQKDQFH�WKH�H[SORLWDWLRQ�RI�VZDWK�667�GDWD����

DQ� REVHUYDWLRQ� RSHUDWRU� FDSDEOH� RI� UHSUHVHQWLQJ WKH� 667 GLXUQDO� F\FOH� LV� LQWURGXFHG DQG� FDOOHG� 62667$�� )LUVWO\�� D� RQH�

GLPHQVLRQDO�WXUEXOHQFH�PRGHO�LV�XVHG�WR�SURGXFH�D GDWD VHW RI�XSSHU�RFHDQ�WHPSHUDWXUH�SURILOHV�ZLWK FRUUHVSRQGLQJ�VNLQ�DQG���

VXEVNLQ�667V��$ FDQRQLFDO�FRUUHODWLRQ�DQDO\VLV�LV�WKHQ�XVHG�WR�H[WUDFW�WKH�PD[LPDOO\�FRUUHODWHG�PRGHV�RI�YDULDELOLW\�EHWZHHQ�

WHPSHUDWXUHV DW�GHSWK�DQG�VNLQ�VXEVNLQ�667��FRQGLWLRQHG�WR�DWPRVSKHULF�VWDWH��LQVRODWLRQ�DQG�ZLQG�VSHHG���7KHVH�FDQRQLFDO���

FRUUHODWLRQV�IRUP�WKH�QRYHO REVHUYDWLRQ�RSHUDWRU��ZKLFK�LV�LPSOHPHQWHG�LQ�WKH�326(,'21�PRGHO�IRUHFDVWLQJ�V\VWHP��$HJHDQ

6HD��WR�WHVW�WKH�DVVLPLODWLRQ�RI�GD\WLPH�667�UHWULHYDOV�IURP�WKH�6(9,5,�LQIUDUHG�UDGLRPHWHU��&RPSDULVRQ�RI�PLVILWV��RII�OLQH���

DVVHVVPHQW��VXJJHVWV WKDW�WKH�QHZ�RSHUDWRU�RXWSHUIRUPV�WKH�PHUH�XVH�RI�WKH� ILUVW�PRGHO�OHYHO WR�FDOFXODWH�667�LQQRYDWLRQV�

5HDO�ZRUOG�GDWD�DVVLPLODWLRQ�H[SHULPHQWV�LQGLFDWH�WKDW�WKH�XVH�RI�WKH�62667$�RSHUDWRU LV�EHQHILFLDO�WR�WKH�VNLOO�VFRUHV�DQG�LQ���

SDUWLFXODU�LPSURYHV�WKH�VHD�VXUIDFH�KHLJKW�DQDO\VLV�DQG�IRUHFDVW�VNLOO�VFRUHV��ZKRVH�LPSURYHPHQW�LV�PDLQWDLQHG WKURXJKRXW�D�

RQH�\HDU�ORQJ�H[SHULPHQW����

�� ,QWURGXFWLRQ
��

6HD�VXUIDFH�WHPSHUDWXUH��667��LV�D�NH\�FRPSRQHQW�RI�WKH�DLU�VHD�LQWHUDFWLRQ��JUHDWO\�DIIHFWLQJ�WKH�IRUPXODWLRQ�RI�PDMRU�

SK\VLFDO�SURFHVVHV�LQ�WKH�JOREDO�RFHDQ�IURP�VXE�GDLO\�XS�WR�GHFDGDO�WLPH�VFDOHV��,Q�SDUWLFXODU��WKH�GLXUQDO�YDULDELOLW\�RI�667���

KDV�WULJJHUHG�PDQ\�UHFHQW�VWXGLHV�WKDW�IRFXVHG�RQ�WKH�LPSDFW�RI�WKH�667�GLXUQDO�F\FOH�LQ�GLIIHUHQW�DUHDV��6XFK�VWXGLHV�KDYH�

UHYHDOHG�D�VLJQLILFDQW�HIIHFW�RI�GLXUQDO�YDULDELOLW\�LQ�ZHDWKHU�RU�FOLPDWLF�SKHQRPHQD��DV�VXPPDUL]HG�LQ�.DZDL�DQG�:DGD����������

DV�ZHOO�DV�LQ�DSSOLFDWLRQV�VXFK�DV�PRGHOOLQJ�WKH�RFHDQLF�KHDW�EXGJHW��0DUXOOR�HW�DO����������7KLV�LPSOLHV�WKH�QHHG�WR�IXUWKHU
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LPSURYH�WKH�667�GHVFULSWLRQ�WKURXJK�2FHDQ�*HQHUDO�&LUFXODWLRQ 0RGHOV��2*&0���ZLWK�SRWHQWLDO�DGYDQWDJHV�IRU�SUHGLFWLRQ���

V\VWHPV�DW�DOO�WHPSRUDO�DQG�VSDWLDO�VFDOHV�

)URP�DQ�RFHDQ�REVHUYLQJ�V\VWHP�SHUVSHFWLYH��667�LV�RQH�RI� WKH�EHVW�REVHUYHG�SDUDPHWHUV� LQ� WHUPV�RI�ERWK�VSDWLDO�DQG���

WHPSRUDO�VDPSOLQJ��5HPRWHO\�VHQVHG�667�GDWHV�EDFN�WR�WKH�ODXQFK�RI�7,52V�LQ������DQG�KDV�FRQWLQXHG�WKURXJK�SUHVHQW�ZLWK�

WKH� ODXQFK� RI� VHYHUDO� VDWHOOLWH� PLVVLRQV�� ZLWK� ERWK� SRODU�RUELWLQJ� DQG� JHRVWDWLRQDU\� RUELWV�� &RPSOHPHQWDU\� LQ�VLWX� 667���

REVHUYDWLRQV� IURP�D�YDULHW\�RI�SODWIRUPV�VXFK�DV�EXR\V�DQG�GULIWHUV�DOORZ�VDWHOOLWH� UHWULHYDO�FDOLEUDWLRQ�DQG�ELDV�FRUUHFWLRQ�

SURFHGXUHV��H�J��(PHU\�HW�DO������������

,QIUDUHG�VHQVRUV�VXFK�DV�$9+55�RU�6(9,5,�PHDVXUH�WKH�VNLQ�WHPSHUDWXUH�DW�DERXW����ȝP�RI�GHSWK��ZKHUHDV�PLFURZDYH�

VHQVRUV�VXFK�DV�$065��PHDVXUH� WKH� VXEVNLQ� WHPSHUDWXUH�DW�DERXW���PP�GHSWK��2Q�WKH�RWKHU�KDQG��667�DQDO\VHV�VXFK�DV���

267,$��'RQORQ�HW�DO���������RU�12$$�2,Y���5H\QROGV�HW�DO���������SURYLGH�WKH�IRXQGDWLRQ�667��QRPLQDOO\�DW����P�GHSWK��

L�H��DW�WKH�VKDOORZHVW�GHSWK�ZKHUH�WKH�WHPSHUDWXUH�LV�QRW�DIIHFWHG�E\�WKH�GLXUQDO�F\FOH���/RZ�ZLQGV�DQG�KLJK�LQVRODWLRQ�PD\���

OHDG�WR�VHYHUDO�GHJUHHV�RI�GLXUQDO�ZDUPLQJ �*HQWHPDQQ�HW�DO���������0HUFKDQW�HW�DO���������/H�%RUJQH�HW�DO���������

7KH�GLXUQDO�F\FOH�LV�WR�VRPH�H[WHQW�UHVROYHG�E\�2*&0V��0DUXOOR�HW�DO���������+RZHYHU��WKH�YHUWLFDO�UHVROXWLRQ�RI�2*&0���

DQG�WKH�DSSUR[LPDWLRQV�LQ�WKH�PRGHO�SK\VLFV�VHW�OLPLWDWLRQV�LQ�IXOO\�FDSWXULQJ�WKH�GLXUQDO�YDULDWLRQV��8VXDOO\��WKH�VKDOORZHVW�

OHYHO�LQ�2*&0V��YDU\LQJ�IURP WHQV RI FHQWLPHWHUV�WR�VHYHUDO�PHWHUV��UHSUHVHQWV�WHPSHUDWXUH�WKDW�PD\�GLIIHU�VLJQLILFDQWO\�IURP���

VDWHOOLWH�GHULYHG�VNLQ�RU�VXEVNLQ�667�GXULQJ�WKH�GD\��7KHUHIRUH��WKH�PDMRULW\�RI�RFHDQ�DQDO\VLV�V\VWHPV�FXUUHQWO\�DVVLPLODWH�

QLJKW�WLPH 667�REVHUYDWLRQV��H�J��:DWHUV�HW�DO����������ZKLFK�DUH�DVVXPHG�WR�DSSUR[LPDWH�IRXQGDWLRQ�667��IUHH�RI�GLXUQDO���

YDULDELOLW\��DV�GHILQHG�E\�*+5667�LQ�0LQHWW�DQG�.DLVHU�:HLVV���������$OWHUQDWLYHO\��VNLQ�667�SURJQRVWLF�VFKHPHV�KDYH�EHHQ�

LPSOHPHQWHG�IRU�XVH�LQ�GLXUQDO�667�GDWD�DVVLPLODWLRQ��:KLOH�HW�DO����������DOWKRXJK�WKLV�SURFHGXUH�KDV�QHYHU�EHHQ�LQVHUWHG�LQ���

D�IXOO\��'�RFHDQLF�DQDO\VLV�VFKHPH��

,Q�UHFHQW VWXGLHV��3LPHQWHO�HW�DO���������:KLOH�DQG�0DUWLQ��������:KLOH�HW�DO����������DQ�DWWHPSW�RI�GHYHORSLQJ�GHGLFDWHG���

REVHUYDWLRQ�RSHUDWRU�IRU�VDWHOOLWH�667�GDWD�KDV�EHHQ�GRQH��E\�HPEHGGLQJ�VXUIDFH�IOX[�FRUUHFWLRQV�IURP�D�G\QDPLFDO�PRGHO�RI�

WKHVH�SURFHVVHV��7KH�LPSDFW�RI�XVLQJ�WKHVH�LPSURYHG�REVHUYDWLRQ�RSHUDWRUV�ZDV�EHQHILFLDO��EXW�VWLOO�UHTXLULQJ�GHYHORSPHQWV���

DQG� DGDSWDWLRQV� IRU� UHDO�ZRUOG� RSHUDWLRQDO� V\VWHPV�� ,QWHUHVW� LQ� 667� REVHUYDWLRQ� RSHUDWRUV� DQG� GLXUQDO� ZDUPLQJ� KDV� EHHQ�

UHLQYLJRUDWHG� UHFHQWO\� EHFDXVH� RI� WKH� SRWHQWLDOO\� FUXFLDO� LPSDFW� RI� 667� REVHUYDWLRQV� LQ� �FRXSOHG�� (DUWK� V\VWHP� GDWD���

DVVLPLODWLRQ��%HLQJ�WKH�REVHUYDWLRQV�DW�WKH�DLU�VHD�LQWHUIDFH��667�GDWD�UHSUHVHQW�WKH�IXQGDPHQWDO�REVHUYLQJ�QHWZRUN�WR�FRQVWUDLQ�

DLU�VHD�IOX[HV�LQ�FRXSOHG�SUHGLFWLRQ�V\VWHPV��,Q�WKLV�FRQWH[W��DVVLPLODWLRQ�RI�667�GDWD�ZLWK�D�GLXUQDO�ZDUPLQJ�DZDUH�RSHUDWRU���

KDV�EHHQ�HPEHGGHG�LQ�WKH�1$6$�DWPRVSKHULF�GDWD�DVVLPLODWLRQ�V\VWHP��$NHOOD�HW�DO���������*HQWHPDQQ�DQG�$NHOOD���������

)XWXUH� GHYHORSPHQWV� LQ� FRXSOHG� GDWD� DVVLPLODWLRQ� ZLOO� OLNHO\� IRVWHU� LPSURYHG� VFKHPHV� IRU� RSWLPDOO\� H[SORLWLQJ� 667���

REVHUYDWLRQV�

7KH�62667$��6WDWLVWLFDO�G\QDPLFDO�REVHUYDWLRQ�2SHUDWRU�IRU�667�GDWD�$VVLPLODWLRQ��SURMHFW��IXQGHG�E\�WKH�&RSHUQLFXV���

0DULQH� (QYLURQPHQW� 0RQLWRULQJ� 6HUYLFH� �&0(06�� KDV� GHYHORSHG� D� VWDWLVWLFDO�G\QDPLFDO� REVHUYDWLRQ� RSHUDWRU� IRU WKH�

DVVLPLODWLRQ�RI�GD\WLPH�VDWHOOLWH�667�REVHUYDWLRQV��7KH�REVHUYDWLRQ�RSHUDWRU�VHUYHV�WKH�SXUSRVH�RI�FRPSDULQJ�REVHUYDWLRQV���

ZLWK�PRGHO�HTXLYDOHQW�� LQ�RUGHU� WR�FDOFXODWH� WKH� LQQRYDWLRQV�QHHGHG�E\�GDWD�DVVLPLODWLRQ�V\VWHPV�� 7KH FRQVWUXFWLRQ�RI� WKH�
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REVHUYDWLRQ�RSHUDWRU�LV�EDVHG�RQ�WKH�DSSOLFDWLRQ�RI�&DQRQLFDO�&RUUHODWLRQ�$QDO\VLV��&&$��+RWHOOLQJ��������WR�KLJK�UHVROXWLRQ���

GLXUQDO�F\FOH�VLPXODWLRQV�IURP�WKH��'�*HQHUDO�2FHDQ�7XUEXOHQFH�0RGHO��*270���LQ�RUGHU�WR�VWDWLVWLFDOO\�SURMHFW�VXE�VXUIDFH�

SURILOHV�RI�WHPSHUDWXUH�RQWR�VNLQ�DQG�VXEVNLQ�WHPSHUDWXUH��,Q�SDUWLFXODU��*270�VLPXODWLRQV�SURGXFHG �VNLQ�DQG�VXEVNLQ��667���

DQG�XSSHU�RFHDQ�WHPSHUDWXUH�GDWD� ZKLFK�LQ�WXUQ�ZHUH�XVHG�LQ�&&$�UHVXOWLQJ�LQ�D�ILQDO�VHW�RI�PD[LPDOO\�FRUUHODWHG�HPSLULFDO�

UHODWLRQVKLSV�EHWZHHQ�WHPSHUDWXUH�DW�YDULRXV�GHSWKV�DQG�VNLQ�VXEVNLQ�667�HTXLYDOHQWV��FRQGLWLRQHG�RQ�DWPRVSKHULF�IRUFLQJ����

+HUH�� GDWD� DVVLPLODWLRQ� H[SHULPHQWV� SHUIRUPHG� ZLWK� WKH� REVHUYDWLRQ� RSHUDWRU� GHYHORSHG� ZLWKLQ� WKH� 62667$� SURMHFW�

�KHUHDIWHU�62667$�REVHUYDWLRQ�RSHUDWRU��DUH�SUHVHQWHG��LQJHVWLQJ�VNLQ�667�GDWD�GHULYHG�IURP�WKH�LQIUDUHG�VHQVRU�6(9,5,����

7KLV�SDSHU�IRFXVHV�RQ�WKH�HYDOXDWLRQ�RI�WKH�62667$�REVHUYDWLRQ�RSHUDWRU�DSSOLHG�LQ�WKH�$HJHDQ�6HD�PRGHOOLQJ�V\VWHP��SDUW�

RI�WKH�326(,'21�PRQLWRULQJ�DQG�IRUHFDVWLQJ�V\VWHP��DQG�LV�RUJDQL]HG�DV�IROORZV��6HFWLRQ���GHVFULEHV�WKH�IRUPXODWLRQ�RI�WKH���

62667$�REVHUYDWLRQ�RSHUDWRU��6HFWLRQ���SURYLGHV�DQ�RYHUYLHZ�RI�WKH�326(,'21�V\VWHP�DQG�GHVFULEHV�WKH�LPSOHPHQWDWLRQ�

RI�62667$�REVHUYDWLRQ�RSHUDWRU�DQG�WKH�REVHUYDWLRQDO�GDWD�XVHG�LQ�WKH�DVVLPLODWLRQ�VFKHPH��6HFWLRQ���SUHVHQWV�DQG�GLVFXVVHV���

WKH�UHVXOWV�RI�WKH�HYDOXDWLRQ�RI�WKH�REVHUYDWLRQ�RSHUDWRU¶V�SHUIRUPDQFH�LQ�WKH�$HJHDQ�LQ�RIIOLQH�DQG�RQOLQH��GDWD�DVVLPLODWLRQ��

PRGH��ZKLOH�VHFWLRQ���VXPPDUL]HV�WKH�FRQFOXVLRQV�RI�WKLV�HYDOXDWLRQ���

�� 7KH�62667$�REVHUYDWLRQ�RSHUDWRU
��

7KH�62667$�REVHUYDWLRQ�RSHUDWRU��+��PDSV�EDFNJURXQG�WHPSHUDWXUH�SURILOHV��࢞࢈� RQWR�667�VDWHOOLWH�REVHUYDWLRQV��VNLQ�

DQG�RU�VXEVNLQ��IURP�LQIUDUHG�RU�PLFURZDYH�VHQVRUV��UHVSHFWLYHO\���࢟��LQ�RUGHU�WR�FRPSXWH�LQQRYDWLRQVࢊ�����

ࢊ ൌ ࢟ െ ൯Ǥ࢈൫࢞ܪ ���

7KH� 62667$� RSHUDWRU� XWLOL]HV� SUHYLRXVO\� UXQ� *270� �'� VLPXODWLRQV�� IURP� ZKLFK� PD[LPDOO\� FRUUHODWHG� PRGHV� RI���

YDULDELOLW\�DUH�H[WUDFWHG�WKURXJK�FDQRQLFDO�FRUUHODWLRQ�DQDO\VHV��7KH�DGYDQWDJH�RI�XVLQJ�D�RQH�GLPHQVLRQDO�WXUEXOHQFH�PRGHO�

VXFK�DV�*270�VWHPV�IURP�LWV�DELOLW\�WR�EH�UXQ�DW�YHU\�KLJK�YHUWLFDO�UHVROXWLRQ��WKXV�VDPSOLQJ�WKH�QHDU�VXUIDFH�RFHDQ�SURFHVVHV����

ZKLFK�ZRXOG�QRW�RWKHUZLVH�EH�FRPSXWDWLRQDOO\�IHDVLEOH�LQ�2*&0V��,Q�WKH�IROORZLQJ VXE�VHFWLRQV��ZH�RXWOLQH�WKH�VWHSV�XVHG�WR�

FRQVWUXFW�WKH�62667$�667�REVHUYDWLRQ�RSHUDWRU���

����*270�VLPXODWLRQV

7KH�*HQHUDO�2FHDQ�7XUEXOHQFH�0RGHO� �*270�� LV� XVHG� WR� JHQHUDWH� GLXUQDO� WHPSHUDWXUH� SURILOHV�� � 7KHVH� XSSHU� RFHDQ���

SURILOHV�IRUP�WKH�WUDLQLQJ�VHW�RQ�ZKLFK�WKH�FDQRQLFDO�FRUUHODWLRQV�XVHG�E\�WKH�REVHUYDWLRQ�RSHUDWRU�DUH�EDVHG��7KH�RFHDQ�FROXPQ�

PRGHO� UHVROYHV� WKH� YHUWLFDO� QHDU�VXUIDFH� VWUXFWXUH� RI� WKH� XSSHU� RFHDQ�� PRGHOOLQJ� WHPSHUDWXUHV� WR� D� GHSWK� RI� �� P�� EXW���

HQFRPSDVVLQJ����OHYHOV�ZLWKLQ�WKH�WRS��P��LQFOXGLQJ�VXEVNLQ�667�DQG�D�VNLQ�667��7KH�PRGHO�KDV�EHHQ�H[WHQVLYHO\�WHVWHG DQG�

YDOLGDWHG�RYHU�WKH�0HGLWHUUDQHDQ�6HD�DQG�IRXQG�WR�PDWFK�6(9,5,�KRXUO\�667�ZLWK�D�506'�RI����� �&�DQG�GLXUQDO�ZDUPLQJ���

PDJQLWXGH�ZLWK�D�506'�RI����� �&�>3LPHQWHO�HW�DO�������@��)RU�WKLV�VWXG\��VHYHUDO�GLIIHUHQW�WUDLQLQJ�VHWV�ZHUH�SURGXFHG�EDVHG�

RQ�WKUHH GLIIHUHQW�FROOHFWLRQV�RI�*270�VLPXODWLRQV�������*270�LV�UXQ�RYHU�D�WZR�\HDU�SHULRG�������������DW�����ORFDWLRQV���

�����GHJUHH�KRUL]RQWDO�JULG��FRYHULQJ�WKH�ZKROH�0HGLWHUUDQHDQ�6HD� 7KHVH�VLPXODWLRQV�XVHG�0('�0)&�GDLO\�PHDQ�UHDQDO\VLV�

Ocean Sci. Discuss., https://doi.org/10.5194/os-2018-158
Manuscript under review for journal Ocean Sci.
Discussion started: 15 January 2019
c© Author(s) 2019. CC BY 4.0 License.



�

WHPSHUDWXUH�DQG�VDOLQLW\�SURILOHV�IRU�GDLO\�LQLWLDOL]DWLRQ�DW�ORFDO�VXQULVH�DQG�ZHUH�IRUFHG�ZLWK���KRXUO\�(&0:)�(5$�,QWHULP���

DWPRVSKHULF�UHDQDO\VLV�GDWD�������$�VHSDUDWH�WUDLQLQJ�VHW�IRU�WKH�$HJHDQ�6HD�UHJLRQ�ZDV�DOVR�GHYHORSHG�ZKLFK�LV�FRPSULVHG�RI�

*270�VLPXODWLRQV�DW�����GHJUHH KRUL]RQWDO�UHVROXWLRQ��RYHU�WKH�VDPH�WZR�\HDU�SHULRG������*270�LV�UXQ�RYHU�D����PRQWK���

SHULRG���������WR���������DW�����ORFDWLRQV������GHJUHH�KRUL]RQWDO�JULG��FRYHULQJ�WKH�ZKROH�0HGLWHUUDQHDQ�6HD��)RU�WKLV�VHW�

XS�WKH�0('�0)&�RSHUDWLRQDO�DQDO\VHV�DUH�XVHG�WR�SURYLGH�WHPSHUDWXUH�DQG�VDOLQLW\�SURILOHV��IURP�WKH�KRXU�FORVHVW�WR�ORFDO����

VXQULVH��IRU�LQLWLDOL]LQJ�WKH�*270�VLPXODWLRQV DQG�WKUHH�KRXUO\�(&0:)�DWPRVSKHULF�IRUHFDVW�GDWD�LV�XVHG�IRU�IRUFLQJ��2Q�

HDFK�RFFDVLRQ�*270�LV�LQLWLDOL]HG�HDFK�GD\�DW�ORFDO�VXQULVH�XVLQJ�WKH�FORVHVW�0('�0)&�SURILOHV�DQG�FRPSXWHV�DLU�VHD�IOX[HV����

DQG�ZLQG�VWUHVV�WR�PRGHO�WKH�IXOO�ZDUPLQJ�DQG�FRROLQJ�SKDVH�RI�WKH�GLXUQDO�F\FOH��DV�ZHOO�DV�WKH�FRRO�VNLQ�HIIHFW�RI�WKH�YLVFRXV�

VNLQ�OD\HU���*270�RXWSXW�LV�VDYHG�HDFK�KRXU����

����&&$

&DQRQLFDO�&RUUHODWLRQ�$QDO\VLV��&&$��+RWHOOLQJ�������LV�D�WHFKQLTXH�WR�ILQG�FURVV�FRUUHODWLRQV�EHWZHHQ�GDWDVHWV��,Q�WKH����

FDVH�RI�62667$�WKH�GDWDVHWV�FRQVLVW�RI�PRGHO�WHPSHUDWXUH�SURILOHV�RQ�RQH�KDQG��DQG�667��VNLQ�DQG�VXEVNLQ�WHPSHUDWXUH��RQ�

WKH�RWKHU��&&$�ILQGV� OLQHDU�FRPELQDWLRQV�RI�PRGHO� WHPSHUDWXUH�YDOXHV�DQG�667�YDOXHV� LQ�D�ZD\� WKDW�HDFK�FRPELQDWLRQ�RI����

WHPSHUDWXUH� LV� PD[LPDOO\� FRUUHODWHG� WR� WKH� FRUUHVSRQGLQJ� FRPELQDWLRQ� RI� 667�� 0RUHRYHU�� HDFK� FRPELQDWLRQ� KDV� WR� EH�

XQFRUUHODWHG�WR�DOO�SUHYLRXV�FRPELQDWLRQV��7KH�VHW RI�OLQHDU�FRPELQDWLRQV�LV�ZKDW�LV�UHIHUUHG�WR�DV�WKH�FDQRQLFDO�YDULDEOHV��7KH����

QXPEHU�RI�FDQRQLFDO�YDULDEOHV�LV�OLPLWHG�WR�WKH�VL]H�RI�WKH�VPDOOHVW�GDWDVHW��LQ�WKLV�FDVH�WZR��DV�WKHUH�DUH�WZR�YDOXHV�RI�667

�VNLQ�DQG�VXEVNLQ�WHPSHUDWXUH�����

7KH�UHODWLRQVKLS�EHWZHHQ�WKH�FDQRQLFDO�YDULDEOHV�LV�WULYLDO�WR�GHULYH��DV�WKLV�LV�E\�GHILQLWLRQ�D�VWUDLJKW�OLQH�ZLWK�LQWHUFHSW�DW�

]HUR��7KHUHIRUH��FDQRQLFDO�667�FDQ�EH�HDVLO\�FDOFXODWHG�IURP�FDQRQLFDO�WHPSHUDWXUH��3XWWLQJ�DOO�RI�WKLV�WRJHWKHU�LW�LV�SRVVLEOH����

WR�WUDQVIRUP�WHPSHUDWXUH�LQWR�FDQRQLFDO�WHPSHUDWXUH��FDOFXODWH�WKH�FRUUHVSRQGLQJ�FDQRQLFDO�667�DQG�XVH�WKH�UHYHUVH�FDQRQLFDO�

WUDQVIRUPDWLRQ�WR�REWDLQ�667�LWVHOI��7KLV�PHWKRG�RI�SDUDPHWHUL]LQJ�667�DV�D�IXQFWLRQ�RI�WKH�PRGHO�WHPSHUDWXUH�KDV�EHHQ�VKRZQ����

WR�OHDG�WR�D�JRRG�DSSUR[LPDWLRQ�RI�WKH�*270�UHVXOWV��-DQVHQ HW��DO� ������

)RUPDOO\��FRQVLGHULQJ�WKH�WUDQVIRUPDWLRQ�PDWUL[ۻ� ൌ ࢇ ࡰ ࡰ�૚��ZKHUHି࢈ LV�D�GLDJRQDO�PDWUL[�RI�FRUUHODWLRQ�FRHIILFLHQWV����

DQGࢇ� DQG ࢈ DUH�WKH�FDQRQLFDO�FRHIILFLHQWV�VXFK�WKDW ࢁ ൌ ࢇ Ԣࢄ DQG ࢂ ൌ ࢈ Ԣࢅ DUH�WKH�PD[LPDOO\�FRUUHODWHG�FDQRQLFDO�YDULDEOHV�

Ԣࢄ DQG Ԣࢅ WKH�PHDQ�VXEWUDFWHG�VHWV�RI�WHPSHUDWXUH�SURILOHV�DQG�VNLQ�DQG�VXEVNLQ�WHPSHUDWXUHV�IURP�*270��UHVSHFWLYHO\��7KH���

FRPSXWHG�LQQRYDWLRQ�XVLQJ�WKH 62667$�REVHUYDWLRQ�RSHUDWRU�LV�WKHQ�JLYHQ�E\�

ࢊ ൌ ࢟ െ ࢈࢞ ሺ࢝ǡۻ ࢘ሻ െ ۹ሺ࢝ǡ ࢘ሻǡ ������

ZLWK�۹ ൌ ഥࢅ െ ۻഥࢄ DQ�RIIVHW�YHFWRU�WDNLQJ�LQWR�DFFRXQW�WKH�PHDQ�YDOXHV�RIࢄ� DQGࢅ� GHQRWHG�E\�WKH�EDU�RYHU�WKH�V\PERO��+HUH�

ZH�PDNH�H[SOLFLW�WKH�GHSHQGHQFH�RQ�WKH�ZLQG�࢝ DQG�LQVRODWLRQ�࢘ LQ�WKH�WUDQVIRUPDWLRQ����

&DQRQLFDO�FRUUHODWLRQV�KDYH�EHHQ�FDOFXODWHG�VHSDUDWHO\� RQ�DQ�KRXUO\�EDVLV� IRU����LQVRODWLRQ�DQG���ZLQG�FDWHJRULHV��EDVHG�

RQ� WKH� DWPRVSKHULF� IRUFLQJ� GDWD� DYDLODEOH� GXULQJ� WKH� VWXG\� SHULRG�� 7KLV� LPSOLHV� WKDW� WKH� FDQRQLFDO� FRUUHODWLRQV� EHDU� D����

GHSHQGHQF\�RQ� WKH�DWPRVSKHULF� VWDWH�DW� WKH� VHD� VXUIDFH��DV�ZHOO� DV� WKH� WLPH�RI�GD\��'HWDLOV�RI DWPRVSKHULF�FDWHJRULHV� DQG�

SHUIRUPDQFHV�RI�WKH�&&$�DUH�JLYHQ�LQ��-DQVHQ HW��DO����������
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�� ,PSOHPHQWDWLRQ�RI�62667$�REVHUYDWLRQ�RSHUDWRU�LQ�WKH�326(,'21�DQDO\VLV�V\VWHP

����7KH�326(,'21�V\VWHP����

7KH�326(,'21�PRQLWRULQJ�DQG�IRUHFDVWLQJ�V\VWHP�IRU�WKH�*UHHN�6HDV�LV�HVWDEOLVKHG�DQG�SHULRGLFDOO\�XSJUDGHG�WKURXJK�

GLIIHUHQW�UHVHDUFK�SURMHFWV��2QH�RI�WKH�NH\�RFHDQ�IRUHFDVWLQJ�FRPSRQHQWV�RI�326(,'21�LV�WKH�$HJHDQ�6HD�PRGHOOLQJ�V\VWHP�����

,W�FRQVLVWV�RI�D�KLJK�UHVROXWLRQ�LPSOHPHQWDWLRQ�RI�WKH�3ULQFHWRQ�2FHDQ�0RGHO��320���%OXPEHUJ�DQG�0HOORU��������RYHU�WKH�

$HJHDQ�6HD�� �320�LV�D�SULPLWLYH�HTXDWLRQV�RFHDQ�PRGHO��RSHUDWLQJ�XQGHU�WKH�K\GURVWDWLF�DQG�%RXVVLQHVT�DSSUR[LPDWLRQV�����

0RGHO� HTXDWLRQV� DUH� ZULWWHQ� LQ� VLJPD�FRRUGLQDWHV� DQG� GLVFUHWL]HG� XVLQJ� WKH� FHQWUHG� VHFRQG�RUGHU� ILQLWH� GLIIHUHQFHV�

DSSUR[LPDWLRQ�LQ�D�VWDJJHUHG�³$UDNDZD�&�JULG´�ZLWK�D�QXPHULFDO�VFKHPH�WKDW�FRQVHUYHV�PDVV�DQG�HQHUJ\��7KH�PRGHO�GRPDLQ����

FRYHUV�WKH�JHRJUDSKLFDO�DUHD�������(�± ��� (�DQG������ 1�± ��� 1�ZLWK�D�KRUL]RQWDO�UHVROXWLRQ�RI������î����� DQG����VLJPD�

OD\HUV�DORQJ�WKH�YHUWLFDO�ZLWK�D�ORJDULWKPLF�GLVWULEXWLRQ�QHDU�WKH�VXUIDFH�DQG�WKH�ERWWRP�����

7KH�$HJHDQ�6HD�PRGHO�LV�IRUFHG�ZLWK�KRXUO\�VXUIDFH�IOX[HV�RI�PRPHQWXP��KHDW�DQG�ZDWHU�SURYLGHG�E\�WKH�3RVHLGRQ�� (7$�

QRQ�K\GURVWDWLF������î����� UHJLRQDO�DWPRVSKHULF�PRGHO��3DSDGRSRXORV�DQG�.DWVDIDGRV��������LVVXLQJ�IRUHFDVWV�IRU���GD\V����

DKHDG��7KH�QHW�VKRUWZDYH�DQG�WKH�GRZQZDUG�ORQJ�ZDYH�UDGLDWLRQ�WHUPV�DUH�SURYLGHG�GLUHFWO\�E\�WKH�DWPRVSKHULF�PRGHO�ZKLOH�

WKH�XSZDUG�ORQJ�ZDYH�UDGLDWLRQ�DQG�WKH�WXUEXOHQW�IOX[HV�DUH�FDOFXODWHG�E\�WKH�K\GURG\QDPLF�PRGHO�XVLQJ�LWV�RZQ�667�DQG�WKH����

UHOHYDQW�DWPRVSKHULF�SDUDPHWHUV��DLU�WHPSHUDWXUH��UHODWLYH�KXPLGLW\�DQG�ZLQG�YHORFLW\��

7KH�PRGHO� LQFOXGHV� SDUDPHWHUL]DWLRQ� RI� IUHVK� ZDWHU� GLVFKDUJH� IURP�PDMRU� *UHHN� ULYHUV� �$[LRV�� $OLDNPRQDV�� 1HVWRV�����

(YURV���ZKLOH�ERXQGDU\�FRQGLWLRQV�DW�WKH�ZHVWHUQ�DQG�HDVWHUQ�RSHQ�ERXQGDULHV�RI�WKH�$HJHDQ�6HD�K\GURG\QDPLF�PRGHO�DUH�

SURYLGHG� RQ� D� GDLO\� EDVLV� �GDLO\� DYHUDJHG� ILHOGV�� E\� WKH� &RSHUQLFXV� &0(06� 0('� 0)&� V\VWHP� �7RQDQL� HW� DO� ���������

'RPEURZVN\�HW�DO����������)LQDOO\��WKH�RXWIORZ�RI�WKH�%ODFN�6HD�:DWHU��%6:��LQ�WKH�$HJHDQ�6HD�WKURXJK�WKH�'DUGDQHOOHV�

6WUDLW�LV�GHVFULEHG�E\�DQ�RSHQ�ERXQGDU\�FRQGLWLRQ�LQVWHDG�RI�WKH�ULYHU�SDUDPHWHUL]DWLRQ�XVHG�LQ�WKH�RULJLQDO�YHUVLRQ�RI�WKH�PRGHO����

�.RUUHV�HW�DO��������DQG�PDQ\�RWKHU PRGHO�LPSOHPHQWDWLRQV�HQFRPSDVVLQJ�WKH�'DUGDQHOOHV�6WUDLW��VHH�IRU�H[DPSOH�.RXUDIDORX�

DQG�%DUERSRXORV��������$QGURXOLGDNLV�	�.RXUDIDORX� ������2GGR�HW�DO�������������

����7KH�DVVLPLODWLRQ�VFKHPH�

7KH�DVVLPLODWLRQ�VFKHPH�XVHG�E\�WKH�$HJHDQ�6HD�IRUHFDVWLQJ�V\VWHP��LV�EDVHG�RQ�WKH�6LQJXODU�(YROXWLYH�([WHQGHG�.DOPDQ����

�6((.��ILOWHU�ZKLFK�LV�DQ�HUURU�VXEVSDFH�H[WHQGHG�.DOPDQ�ILOWHU�WKDW�RSHUDWHV�ZLWK�ORZ�UDQN�HUURU�FRYDULDQFH�PDWULFHV�DV�D�

ZD\�WR�UHGXFH�WKH�SURKLELWLYH�FRPSXWDWLRQDO�EXUGHQ�RI�WKH�H[WHQGHG�.DOPDQ�ILOWHU��3KDP�HW�DO����������7KH�ILOWHU�LV�DGGLWLRQDOO\����

LPSOHPHQWHG�ZLWK�ORFDO�DSSUR[LPDWLRQ�RI�WKH�VWDWH�HUURU�FRYDULDQFH�IRU�HDFK�XSGDWHG�VWDWH�YHFWRU�HOHPHQW�DQG�SDUWLDO�HYROXWLRQ�

RI�WKH�FRUUHFWLRQ�GLUHFWLRQV �ORFDOL]HG�6((.�ILOWHU�± /6((.���0RUH�VSHFLILFDOO\��D�OLQHDU�RSHUDWRU�LV�GHILQHG�WKDW�UHVWULFWV�WKH����

JOREDO�REVHUYDWLRQ�YHFWRU�WR�LWV�ORFDO�SDUW�DFFRUGLQJ�WR�VRPH�FXW�RII�UDGLXV��UDGLXV�RI�LQIOXHQFH��WKDW�LV�VHW��XSRQ�VHQVLWLYLW\�

H[SHULPHQWV��WR�����NP�LQ�WKH�ZD\�GHVFULEHG�LQ�.RUUHV�HW�DO����������,QQRYDWLRQV�WDSHULQJ�LV�GRQH�XVLQJ�D��WK�RUGHU�SRO\QRPLDO����

FRUUHODWLRQ�IXQFWLRQ �*DVSDUL�DQG�&RKQ���������7KH�/6((.�ILOWHU�DOJRULWKP�SHUIRUPV�XVLQJ�D�FRUUHFWLRQ�DQG�D�IRUHFDVW�VWHS�DV�

GHVFULEHG�LQ�.RUUHV�HW�DO�������������
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,Q�RUGHU�WR�LQFRUSRUDWH�WKH�62667$�REVHUYDWLRQ�RSHUDWRU��WKH�RULJLQDO�REVHUYDWLRQ�RSHUDWRU�RI�WKH�DVVLPLODWLRQ�V\VWHP�KDG�

WR�EH�H[WHQGHG��7KH�QHZ�REVHUYDWLRQ�RSHUDWRU�UHFHLYHV�DV�LQSXW�WKH�GDLO\�PHDQ�DWPRVSKHULF�VRODU�UDGLDWLRQ��WKH�GDLO\�PHDQ����

ZLQG�YHORFLW\�DQG�WKH�WLPH�RI�WKH�GD\��ORFDO�WLPH���)URP�WKHVH�GDWD��WKH�RSHUDWRU�FRGH�VHOHFWV�WKH�DSSURSULDWH�&&$�DQG�FRPSXWHV�

VNLQ��DQG�VXEVNLQ��667�E\ FRPELQLQJ�WKH�&&$�ZLWK�DFWXDO�YDOXHV�RI�WKH�WHPSHUDWXUH�PRGHO�SURILOH�DW�D�JLYHQ�REVHUYDWLRQ����

ORFDWLRQ�� 7KXV�� LQ� RUGHU� WR� LPSOHPHQW� WKH� 62667$� REVHUYDWLRQ� RSHUDWRU� LQWR� WKH� DVVLPLODWLRQ� PRGXOH� RI� WKH� PRGHO� WKH�

IXQFWLRQDOLW\�RI�WKH�RULJLQDO�REVHUYDWLRQ�RSHUDWRU� ZKLFK�QRUPDOO\�ORFDWHV�D�VHW�RI�HLJKW�PRGHO�JULG�SRLQWV�VXUURXQGLQJ�D�JLYHQ����

REVHUYDWLRQ� LQ VSDFH� KDV� EHHQ� H[WHQGHG��$� VHW� RI� IRXU� QHLJKERXULQJ� SURILOHV�� UDQJLQJ� IURP������P� WR� �����P�GHSWK�� DUH�

LGHQWLILHG� DQG� WKHQ� LQWHUSRODWHG� WR� IRUP� D� QHZ� WHPSHUDWXUH� SURILOH� DW� WKH� ORFDWLRQ� RI� WKH� VNLQ� 667� REVHUYDWLRQ�� ,I� WKLV� LV����

VXFFHVVIXOO\�GRQH�WKH�SURFHGXUH�FRQWLQXHV�DQG�ILQDOO\�D�PRGHO�HTXLYDOHQW�VNLQ�667�LV�FDOFXODWHG�LQ�RUGHU�WR�IRUP�WKH�LQQRYDWLRQ�

XVHG�E\�WKH�6((.�ILOWHU��6NLQ�667�REVHUYDWLRQV�ORFDWHG�LQ�PRGHO�DUHDV�ZKHUH�WKH��VW VLJPD�OD\HU�LV�GHHSHU�WKDQ����� P�DUH����

GLVFDUGHG�DV�QR�YDOLG�WHPSHUDWXUH�SURILOH�FDQ�EH�HVWLPDWHG�E\�WKH�LQWHUSRODWRU��&RQVLGHULQJ�WKH $HJHDQ�6HD�PRGHO�EDWK\PHWU\��

WKH� SDUWLFXODU� ��� VLJPD� OHYHOV� VHWXS� DQG� WKH� IXQFWLRQLQJ� RI� WKH� LQWHUSRODWRU� RI� WKH� 62667$� REVHUYDWLRQ� RSHUDWRU�� GDWD����

DVVLPLODWLRQ�RI�VNLQ�667�REVHUYDWLRQV�FDQ�EH�SHUIRUPHG�RQO\�LQ�WKH�JHRJUDSKLFDO�DUHDV�VKRZQ�LQ�)LJ���� QR�PDWWHU�LI�VNLQ�667�

REVHUYDWLRQV�DUH�DYDLODEOH�HOVHZKHUH�LQ�WKH�PRGHO�GRPDLQ����

)LJXUH �� 'HSWK�RI�WKH�ILUVW PRGHO�VLJPD�OHYHO��VKRZQ�RQO\�LQ�JHRJUDSKLFDO�DUHDV��LQ�FRORU��ZKHUH�LW LV�HTXDO�RU�VKDOORZHU�WKDQ����

�����P

���
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����2EVHUYDWLRQDO�GDWDVHWV�

,Q�WKH�VWDQGDUG�RSHUDWLRQDO�F\FOH�RI�WKH�$HJHDQ�6HD�IRUHFDVWLQJ�V\VWHP��D�PXOWLYDULDWH�VHW�RI�REVHUYDWLRQV�FRQVLVWLQJ�RI��������

JULGGHG�$9,62�66+�GDWD��������JULGGHG�$9+55�IRXQGDWLRQ�667�GDWD��*26�2SWLPDOO\�,QWHUSRODWHG�667���7�6�$5*2�SURILOHV�

DQG�WHPSHUDWXUH�SURILOHV�IURP�DQ\�DYDLODEOH�;%7V�LV�DVVLPLODWHG��7KH�REVHUYDWLRQDO�GDWD�DUH�DVVLPLODWHG�RQ�D�ZHHNO\�EDVLV�WR����

FRUUHFW�WKH�IRUHFDVW�VWDWH�RI�WKH�$HJHDQ�PRGHO�E\�SURMHFWLQJ�WKH�LQQRYDWLRQ��PLVILW�EHWZHHQ�WKH�REVHUYDWLRQV�DQG�WKH�IRUHFDVW�

VWDWH�LQ�WKH�REVHUYDWLRQ�VSDFH��LQWR�WKH�VWDWH�VSDFH�XVLQJ�WKH�WLPH�HYROYLQJ�ILOWHU�VWDWLVWLFV�����

7KH�6HD�6XUIDFH�+HLJKW� �66+��REVHUYDWLRQV�IURP�$9,62�DEVROXWH�G\QDPLF� WRSRJUDSK\�DUH�SURGXFHG�E\�6VDOWR�'XDFV

V\VWHP DQG�FRQVLVW�RI�JULGGHG�66+�GDWD�DERYH�JHRLG�PDSSHG�RQ�D�UHJXODU������[������JULG�IRU�WKH�ZKROH�0HGLWHUUDQHDQ�6HD�����

66+�REVHUYDWLRQV�DUH�DVVLPLODWHG�LQ�WKH�326(,'21�V\VWHP�ZLWK�D�QRPLQDO�DFFXUDF\�RI���FP�

$9+55�IRXQGDWLRQ�667�GDWD�LV�WKH�&RSHUQLFXV�IRXQGDWLRQ�667�QRPLQDO�RSHUDWLRQDO�SURGXFW�IRU�WKH�0HGLWHUUDQHDQ�6HD�LQ����

157�PRGH��LQ�WKH�IRUP�RI�GDLO\�JDS�IUHH�PDSV��/���DW������[������KRUL]RQWDO�UHVROXWLRQ��SURFHVVHG�E\�WKH�,6$&�*26�V\VWHP��

'DWD�DUH�REWDLQHG�IURP�LQIUDUHG�PHDVXUHPHQWV�FROOHFWHG�E\�VDWHOOLWH�UDGLRPHWHUV�DQG�VWDWLVWLFDO�LQWHUSRODWLRQ��,Q�RUGHU�WR�DYRLG����

GLXUQDO�ZDUPLQJ�FRQWDPLQDWLRQ��RQO\�REVHUYDWLRQV�FROOHFWHG�EHWZHHQ���S�P��DQG���D�P���ORFDO�SL[HO�WLPH��DUH�VHOHFWHG��:KHQ�

DVVLPLODWHG�LQWR�WKH�PRGHO��WKH�IRXQGDWLRQ�667�GDWD�KDYH�D�QRPLQDO�DFFXUDF\�RI���� �& DQG�DUH�FRQVLGHUHG�WR�EH�DW�� P�GHSWK�����

7KH�ODWWHU�PHDQV�WKDW�IRXQGDWLRQ�667�GDWD�DUH�QRW�DVVLPLODWHG�LQ�PRGHO�DUHDV�ZKHUH�WKH�GHSWK�RI�WKH�ILUVW VLJPD�OHYHO�LV�EHORZ�

� P�����

$� WRWDO� RI� ����TXDOLW\� FKHFNHG� WHPSHUDWXUH� DQG� VDOLQLW\�SURILOHV�ZHUH�REWDLQHG� IURP����$UJR� IORDWV� IXOO\�RU� SDUWLDOO\�

RSHUDWLQJ�LQ�WKH�JHRJUDSKLFDO�DUHD�RI�WKH�$HJHDQ�6HD�PRGHO�GXULQJ�������7KHVH�REVHUYDWLRQV�DUH�DVVLPLODWHG�ZLWK�D�QRPLQDO����

DFFXUDF\�RI������SVX�IRU�WKH�VDOLQLW\�SURILOHV�DQG�D�GHSWK�YDU\LQJ�HUURU�IRU�WHPSHUDWXUH�SURILOHV����� P������&������ P������&��

������ P����� �&��������� P����� �&������ERWWRP����� �&�����

,Q� DGGLWLRQ� WR� WKHVH� GDWDVHWV�� QRRQ� WLPH� �������87&��6(9,5,� VNLQ� 667� REVHUYDWLRQV� IURP�06*��� �0HWHRVDW� 6HFRQG�

*HQHUDWLRQ��VDWHOOLWH DUH�DVVLPLODWHG�XVLQJ�WKH�62667$�REVHUYDWLRQ�RSHUDWRU��6NLQ�667�REVHUYDWLRQV�DUH�FDOFXODWHG�IURP�WKH����

LQIUDUHG�FKDQQHOV�RI�6(9,5,�HYHU\����PLQXWHV��ZLWK�D�VSDWLDO�UHVROXWLRQ�RI�����NP�î�����NP�RQ�WKH $WODQWLF��WKH�0HGLWHUUDQHDQ�

DQG� WKH� ,QGLDQ�2FHDQ� �JHRVWDWLRQDU\� VDWHOOLWH��� )RU� RXU� H[SHULPHQWV� 6(9,5,�667�GDWD� KDYH� EHHQ� UHWULHYHG� IRU� WKH� SHULRG����

������������ �����������IRU�WKH�ZKROH�0HGLWHUUDQHDQ�6HD�DQG�DW���KRXUO\�LQWHUYDOV�IRU�PRGHO�DVVHVVPHQW� 7KH�REVHUYDWLRQDO�

HUURU�LQ�WKH�DVVLPLODWLRQ�VFKHPH�ZDV�FRQVLGHUHG�WR�EH�KRPRJHQHRXV�DQG�HTXDO�WR���� �& �IXUWKHU�GLVFXVVHG�LQ�6HFW� �����������

8VLQJ� RQO\� 6(9,5,� VNLQ� 667� GDWD� FKDUDFWHUL]HG� DV� �([FHOOHQW�� RU� �$FFHSWDEOH�� LQ� WHUPV� RI� FORXG� FRQWDPLQDWLRQ�

SUREDELOLW\��PHDQ�VXPPHU�DQG�ZLQWHU�FRYHUDJH�ZDV�FRPSXWHG�IRU�WKH�JHRJUDSKLFDO�DUHDV�ZKHUH�WKH�ILUVW VLJPD�OHYHO¶V�GHSWK�LV����

HTXDO�RU�VKDOORZHU�WKDQ����� P��:LQWHU�GDWD�DYDLODELOLW\�ZDV�IRXQG�WR�EH�VLJQLILFDQWO\ ORZHU�WKDQ�VXPPHU�JLYLQJ�D�FRYHUDJH�

SHUFHQWDJH�UHODWLYH WR�WKH�WKHRUHWLFDO PD[LPXP�DYDLODELOLW\��FRQVLGHULQJ�REVHUYDWLRQV�DW�� KRXUO\�LQWHUYDOV��ORZHU�WKDQ �� �������

� 7KH� $UJR� GDWD� ZHUH� FROOHFWHG� DQG� PDGH� IUHHO\� DYDLODEOH� E\� WKH� ,QWHUQDWLRQDO� $UJR� 3URJUDP� DQG� WKH� QDWLRQDO� SURJUDPV� WKDW� FRQWULEXWH� WR�
LW� �KWWS���ZZZ�DUJR�XFVG�HGX� KWWS���DUJR�MFRPPRSV�RUJ�� 7KH�$UJR�3URJUDP�LV�SDUW�RI�WKH�*OREDO 2FHDQ�2EVHUYLQJ�6\VWHP�
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7KLV� VSDWLDOO\� DQG� WHPSRUDOO\� QRQ�XQLIRUP� GLVWULEXWLRQ� RI� XVHIXO� 667� REVHUYDWLRQV� ZDV� WDNHQ� XQGHU� FRQVLGHUDWLRQ� ZKLOH�

DQDO\VLQJ�DQG�LQWHUSUHWLQJ�UHVXOWV����

667�GLXUQDO�UDQJH�FRPSXWDWLRQ�LQ�WKLV�ZRUN�LV�EDVHG�RQ�WKH�DSSURDFK�VXJJHVWHG�E\�6\NHV�HW�DO���������$FFRUGLQJ�WR�WKLV�

PHWKRGRORJ\��PD[LPXP�DQG�PLQLPXP�667�YDOXHV�ZHUH�FRQVLGHUHG�YDOLG�ZKHQ�RFFXUULQJ�EHWZHHQ�������������DQG����������

�������ORFDO�WLPH�UHVSHFWLYHO\��ZKHUH�ORFDO�WLPH�]RQHV�ZHUH�GHILQHG�DV�D�IXQFWLRQ�RI�ORQJLWXGH��*LYHQ�WKDW�GDWD�DW�� KRXUO\�

LQWHUYDOV�ZHUH�XVHG� IRU� WKH�PRGHO�DVVHVVPHQW�� LW�ZDV�DOVR�FRQVLGHUHG�QHFHVVDU\� WR�GLVFDUG�DQ\�GD\V�ZLWK� OHVV� WKDQ���YDOLG����

UHFRUGLQJV�LQ�RUGHU�WR�FDSWXUH WKH�DFWXDO�GLXUQDO�F\FOH��

�� (YDOXDWLRQ�RI�62667$�2EVHUYDWLRQ�2SHUDWRU���

,Q�WKH�VFRSH�RI�D�ILUVW�HYDOXDWLRQ�RI�GLIIHUHQW�62667$�REVHUYDWLRQ�RSHUDWRU�IRUPXODWLRQV��LW�ZDV�FRQVLGHUHG�QHFHVVDU\�WR����

SHUIRUP�D�VHULHV�RI�RIIOLQH�H[SHULPHQWV�EHIRUH�SURFHHGLQJ�ZLWK�WKH�667�GDWD�DVVLPLODWLRQ�LQ�WKH�$HJHDQ�6HD�PRGHO��7KURXJK�

WKLV� DSSURDFK�� VWUHQJWKV� DQG� ZHDNQHVVHV� RI� GLIIHUHQW� YHUVLRQV� ZHUH� LGHQWLILHG�� JXLGLQJ� ZLWKLQ� WKH� 62667$� SURMHFW� WKH����

GHYHORSPHQW�RI�QHZ�REVHUYDWLRQ�RSHUDWRUV�RI�LPSURYHG�SHUIRUPDQFH��6HYHUDO�YHUVLRQV�ZHUH�FRQVWUXFWHG�DQG�WHVWHG��YDU\LQJ�LQ�

WKH�WUDLQLQJ�GDWDVHW��GLIIHUHQW�*270�SDUDPHWUL]DWLRQV���WKH�REVHUYDWLRQ�RSHUDWRU¶V�FRQILJXUDWLRQ�IRU�WKH�GHSHQGHQFH�RQ�WKH����

DWPRVSKHULF�FRQGLWLRQV�RU�WKH�QXPEHU�RI�YHUWLFDO�OHYHOV�UHTXLUHG�IRU�LWV�DSSOLFDWLRQ��

6SHFLILFDOO\��H[SHULPHQWV�VKRZHG�WKDW�DSSUR[LPDWHO\����YHUWLFDO�OHYHOV�UDQJLQJ�IURP����� P�WR����� P�LV�WKH�RSWLPDO�FKRLFH����

IRU�WKH�PRGHO¶V�WHPSHUDWXUH�SURILOH�EDVHG�RQ�ZKLFK�WKH�REVHUYDWLRQ�RSHUDWRU�FDOFXODWHV�WKH�VNLQ�VXEVNLQ�HTXLYDOHQWV��,QFOXGLQJ�

JUHDWHU�GHSWKV�GLG�QRW�LPSURYH�WKH�UHVXOWV�ZKLFK�ZDV�WR�VRPH�GHJUHH�H[SHFWHG��HVSHFLDOO\�LQ�VXPPHU�PRQWKV�ZKHQ�VWUDWLILFDWLRQ����

FORVH� WR� WKH�VHD�VXUIDFH� LV� VWURQJ�DQG�GHHS�ZDWHUV�VHQVLWLYLW\� WR�VXUIDFH�YDULDELOLW\� LV�PLQLPL]HG��7KH�REVHUYDWLRQ�RSHUDWRU�

VHQVLWLYLW\�WR�DWPRVSKHULF�FRQGLWLRQV�ZDV�DOVR�H[DPLQHG�OHDGLQJ�WR�D�ILQDO�FRQILJXUDWLRQ�RI�WKH�DWPRVSKHULF�SDUDPHWHUV�LQ�WKH����

RSHUDWRU��DOVR�FRQFOXGLQJ�WKDW�XVLQJ�GDLO\�DYHUDJHV�LQVWHDG�RI�LQVWDQWDQHRXV�YDOXHV�RI�ZLQG�YHORFLW\�DQG�VRODU�UDGLDWLRQ�GRHV�

QRW�GHFUHDVH�WKH�RSHUDWRU¶V�SHUIRUPDQFH��'LIIHUHQW�$HJHDQ�PRGHO�RXWSXW�ZHUH�DOVR�WHVWHG�LQ�RUGHU�WR�FKHFN�LI�EDVLF�SDWWHUQV�RI����

WKH�SHUIRUPDQFH�RI�HDFK�RSHUDWRU¶V�YHUVLRQ�DUH�DFWXDOO\�DIIHFWHG�E\�VOLJKWO\�GLIIHUHQW�PRGHO�FRQILJXUDWLRQV��7KHVH�H[SHULPHQWV�

GLG�QRW�UHYHDO�LPSRUWDQW�VHQVLWLYLW\�WR�WKH�GLIIHUHQW�$HJHDQ�PRGHO�H[SHULPHQWV��WKXV�WKH�HYDOXDWLRQ�UHVXOWV�GLVFXVVHG�LQ�WKLV����

SDSHU�DUH�EDVHG�RQ�RQH�VSHFLILF�$HJHDQ�PRGHO FRQILJXUDWLRQ�

2IIOLQH� DQG� RQOLQH� �GDWD� DVVLPLODWLRQ�� H[SHULPHQWV� SUHVHQWHG� LQ� WKLV� SDSHU� DUH� EDVHG� RQ� IRXU� VHOHFWHG� YHUVLRQV� RI� WKH����

62667$�REVHUYDWLRQ�RSHUDWRU�KHUHLQDIWHU� UHIHUUHG� WR� DV�9���9���9��DQG�9���$OO� YHUVLRQV� DUH� EDVHG�RQ� WKH� VDPH�*270�

FRQILJXUDWLRQ��ZKLFK�SURYHG�WR�VXIILFLHQWO\�FDSWXUH�WKH�YHUWLFDO�VWUXFWXUH�RI�WHPSHUDWXUH FORVH�WR�WKH�VHD�VXUIDFH�DV�ZHOO�DV�WKH����

VNLQ�667�GLXUQDO�YDULDELOLW\�LQ�WKH�0HGLWHUUDQHDQ�� �+RZHYHU�� WKH�YHUVLRQV�GLIIHU�LQ�UHJDUGV�WR�WKH�IRUFLQJ�DQG�LQLWLDOL]DWLRQ

GDWDVHWV�XVHG�E\�*270��9HUVLRQ�9��LV�WUDLQHG�ZLWK�WKH�KLJKHU�UHVROXWLRQ�����������*270�VLPXODWLRQ�OLPLWHG�LQ�WKH�$HJHDQ����

DQG�XVHV�(5$�,17(5,0�GDWD��9��XVHV�KRXUO\�(&0:)�DQG�0HG�0)&�GDWD�IRU������������ZKLOH�9��GLIIHUV�LQ�WKDW�*270�

SURILOHV�DUH�UHSODFHG�ZLWK�WKH�WHPSHUDWXUH�SURILOHV�WDNHQ�IURP�WKH�0HG�0)&�PRGHO��*270�LQ�9��LV�RQO\�XVHG�WR�PRGHO�VNLQ����

DQG� VXEVNLQ� WHPSHUDWXUH��ZKLOH� WKH�ZDWHU� FROXPQ�QHHGHG� IRU� WKH�&&$�FRPSXWDWLRQV� LV� WDNHQ� IURP� WKH�0HG�0)&�PRGHO��
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)LQDOO\��9�� LV�EDVHG�RQ�����������*270�GDWD�DQG�(5$�,17(5,0��VDPH�DV�9��EXW� XVLQJ�*270�RXWSXW� IRU� WKH�ZKROH����

0HGLWHUUDQHDQ�DQG�RI�WKH�VDPH�VSDWLDO�UHVROXWLRQ DV�LQ�9��DQG�9���

����2IIOLQH�HYDOXDWLRQ���

������0HWKRGRORJ\�

,Q� WKH� RIIOLQH� H[SHULPHQWV� ��GLPHQVLRQDO� WHPSHUDWXUH� GDWD� IRU� ����� IURP� WKH� ��KRXUO\� $HJHDQ�PRGHO� RXWSXW� DQG� WKH����

FRUUHVSRQGLQJ�DWPRVSKHULF�IRUFLQJ�ILHOGV�ZHUH�XVHG��7KH�SURFHGXUH�IROORZHG�FRQVLVWV�RI�

�L� &RPSXWDWLRQ�RI�PHDQ�GDLO\�YDOXHV�RI�VRODU�UDGLDWLRQ�DQG�ZLQG�VSHHG�LQ������DW�HDFK�JULG�SRLQW�RI�WKH�$HJHDQ�PRGHO¶V����

GRPDLQ

�LL� &RPSXWDWLRQ�RI�QHZ�WHPSHUDWXUH�SURILOHV�E\�LQWHUSRODWLQJ�WKH�PRGHO¶V�SURILOHV�DW����VSHFLILF�GHSWKV�UDQJLQJ�IURP������P����

WR������P��,Q�RUGHU�WR�DYRLG�HUURUV�LQGXFHG�E\�H[WUDSRODWLRQ�RQO\�ORFDWLRQV�ZKHUH�WKH�GHSWK�RI�WKH�ILUVW�VLJPD�OD\HU�LV�OHVV�

WKDQ����� P�DQG�WKH�ODVW�JUHDWHU�WKDQ����� P�ZHUH�XVHG��WKXV�VHYHUDO�SURILOHV�QHHGHG�WR�EH�GLVFDUGHG�LQHYLWDEO\ OLPLWLQJ����

WKH�JHRJUDSKLFDO�DUHD�ZKHUH�WKH�REVHUYDWLRQ�RSHUDWRU�FRXOG�EH�DSSOLHG��VHH�)LJ������

�LLL� $SSOLFDWLRQ�RI�62667$�REVHUYDWLRQ�RSHUDWRU�RQ�HDFK�WHPSHUDWXUH�SURILOH��SURGXFLQJ�DW�HDFK�WLPH�VWHS�D�PRGHO�HTXLYDOHQW����

VNLQ�667�YDOXH�GHSHQGLQJ�RQ�ZLQG�YHORFLW\��VRODU�UDGLDWLRQ�DQG�ORFDO�WLPH�

�LY� $SSOLFDWLRQ�RI�D�UHMHFWLRQ�FULWHULRQ�IRU�WKH�UHVXOWHG�VNLQ�667�YDOXHV��$LPLQJ�WR�UHPRYH�VNLQ�667�YDOXHV�RI�ORZ�FRQILGHQFH����

LQ�DQ�RSWLPDO�ZD\��D� ILOWHULQJ�WRRO�ZDV�GHYHORSHG��)RU�VSHFLILF�DWPRVSKHULF�FRQGLWLRQV�DQG�ORFDO�WLPH��WKH�KLJKHVW�DQG�

ORZHVW�GLXUQDO�ZDUPLQJ�ZDV�FRPSXWHG�IRU�HDFK�SURILOH�XVHG�LQ�WKH�WUDLQLQJ�GDWDVHW�RI�WKH�RSHUDWRU��7KHVH�PD[LPXP�DQG����

PLQLPXP�DOORZDEOH�YDOXHV��FRQGLWLRQHG�RQ�ORFDO�WLPH��ZLQG�DQG�LQVRODWLRQ��ZHUH�XVHG�WR�GHWHFW�SRWHQWLDO�³XQUHDVRQDEOH´�

YDOXHV��7KHVH�YDOXHV�DUH�UHMHFWHG�E\�WKH�DVVLPLODWLRQ�V\VWHP�XQGHU�WKH�FRQVLGHUDWLRQ�WKDW�WKH�GLIIHUHQFH�EHWZHHQ�WKH�WRS����

PRGHO¶V�WHPSHUDWXUH�DQG�WKH�62667$�FDOFXODWHG�VNLQ�667�IRU�D�SDUWLFXODU�ZLQG�LQVRODWLRQ�WLPH�FRPELQDWLRQ�VKRXOG�IDOO�

ZLWKLQ�WKH�UDQJH�GHILQHG�E\�WKHVH�SUH�FDOFXODWHG PLQ�PD[�YDOXHV����

$OWKRXJK�WKH�$HJHDQ�PRGHO�GRHV�QRW�SURGXFH�VNLQ�667��WDNLQJ�LQWR�DFFRXQW�WKDW�WKH�REVHUYDWLRQ�RSHUDWRU�LV�DSSOLHG�RQO\�

DW�ORFDWLRQV�ZKHUH�WKH�ILUVW VLJPD�OD\HU¶V�GHSWK�LV�VKDOORZHU�WKDQ����� P��LQWHU�FRPSDULQJ�WKLV�OD\HU¶V�WHPSHUDWXUH ZLWK VNLQ����

667�VDWHOOLWH�GDWD�LV�FRQVLGHUHG�WR�EH�D�YDOLG�DSSURDFK��,Q�WKLV�FRQWH[W��WKH�REVHUYDWLRQ�RSHUDWRU¶V�DSSOLFDWLRQ�LV�FRQVLGHUHG�WR�

EH�EHQHILFLDO�DV�VRRQ�DV�62667$�VNLQ�667�SURGXFHG�WKURXJK�WKH�RIIOLQH�H[SHULPHQWV�JLYHV�D�ORZHU�506�HUURU�ZLWK�UHVSHFW�WR����

6(9,5,�WKDQ�WKH�PRGHO�LWVHOI��8VLQJ�RQO\�VNLQ�667�YDOXHV�RI�ORZ�FORXG�FRQWDPLQDWLRQ�SUREDELOLW\�OHG�WR�D�GLIIHUHQW�QXPEHU�RI�

VDWHOOLWH�REVHUYDWLRQV�FRUUHVSRQGLQJ�WR�HDFK�WLPH�VWHS�WR�EH�LQFOXGHG�LQ�WKH�VWDWLVWLFV����

���
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����� 5HVXOWV�DQG�GLVFXVVLRQ
���

2YHU�WKH�\HDU��WKH�RYHUDOO�506�HUURUV�IRU�WKH�ILUVW PRGHO�OHYHO�DQG�WKH�IRXU�YHUVLRQV�RI�WKH�REVHUYDWLRQ�RSHUDWRU�ZLWK�UHVSHFW�

WR�6(9,5,�VNLQ�667�DUH�SUHVHQWHG�LQ 7DEOH ���:H�VHH�WKDW�WKH�RIIOLQH�DSSOLFDWLRQ�RI�HYHU\�YHUVLRQ LV�DVVRFLDWHG�ZLWK�D�SRVLWLYH����

LPSDFW��5HVXOWV�IRU�DOO�YHUVLRQV�KDYH�EHHQ�SURGXFHG�XVLQJ�WKH�DSSOLFDWLRQ�RI�WKH�UHMHFWLRQ�FULWHULRQ�ZKLFK�OHG�WR�D�UHPRYDO�RI�

DSSUR[LPDWHO\�� ��RI�WKH�SURGXFHG�VNLQ�667�YDOXHV�����

5HVXOWV�IURP�PRQWKO\�DQDO\VLV�VKRZ�WKDW�VNLQ�667�SURGXFHG�XVLQJ�WKH�9��62667$�REVHUYDWLRQ�RSHUDWRU�SUHVHQWV�ORZHU�

506�HUURU�WKDQ�WKH�PRGHO�LQ�HYHU\�PRQWK�RI�������WKXV�UHYHDOLQJ�D�VDWLVI\LQJ�RIIOLQH�SHUIRUPDQFH�RI�WKLV�YHUVLRQ�WKURXJKRXW����

WKH�\HDU��)LJ�������,Q�WKLV�EDU�JUDSK�ZH�VHH�WKDW�LQ�ZLQWHU�PRQWKV�WKH�LPSURYHPHQW�UHVXOWLQJ�IURP�WKH�RSHUDWRU¶V�DSSOLFDWLRQ�LV�

QRWLFHDEO\�ODUJHU�WKDQ�GXULQJ�ZDUPHU�PRQWKV��-XO\��$XJXVW��6HSWHPEHU��ZKHQ�WKH�RSHUDWRU¶V�VNLQ�667�506�HUURU�LV�VWLOO�ORZHU����

EXW�DOPRVW�HTXDO�WR�WKH�506 HUURU�RI�WKH�PRGHO��

���

7DEOH����506�HUURU�ZLWK�UHVSHFW�WR�6(9,5,�VNLQ�667�IRU�9���9���9��DQG�9��62667$�REVHUYDWLRQ�RSHUDWRUV�FRPSDUHG�WR�

WKH�ILUVW�OHYHO¶V�506�HUURU����

���

���

���

7KLV�VHDVRQDO�SDWWHUQ�FDQ�EH�SDUWO\�H[SODLQHG�DV�UHVXOWLQJ�IURP�WKH�VHDVRQDO�YDULDELOLW\�RI�WKH�506�HUURU�RI�WKH�LQLWLDOL]DWLRQ����

GDWD�XVHG�E\�*270��3LPHQWHO�HW�DO���������DV�ZHOO�DV�GXH�WR�WKH�$HJHDQ�PRGHO¶V�EHWWHU�ZLQWHU�SHUIRUPDQFH��7KH�PRGHO�LV�

H[SHFWHG�WR�FDSWXUH�VXUIDFH�WHPSHUDWXUHV�PRUH�VXIILFLHQWO\�GXULQJ�ZLQWHU�PRQWKV�ZKHQ�WKH�XSSHU�OD\HU�LV�ZHOO�PL[HG�DQG�WKH����

ILUVW VLJPD�OHYHO¶V�WHPSHUDWXUH��DW�GHSWKV�OHVV�WKDQ�����P��LV�FORVHU�WR�VNLQ�667�YDOXHV��ZKLOH�ODUJH�VNLQ�667�GLXUQDO�YDULDELOLW\�

GXULQJ�ZDUPHU�PRQWKV�LV�QRW�H[SHFWHG�WR�EH�SURSHUO\�GHVFULEHG�E\�D�PRGHO�OHYHO�QRW�UHSUHVHQWLQJ�WKH�VNLQ�OD\HU�����

62667$�
2EVHUYDWLRQ�
2SHUDWRU

�VW PRGHO�OHYHO
7HPSHUDWXUH

506(

62667$�VNLQ�
667�506(

9� ������ ������
9� ������ ������
9� ������ ������
9� ������ ������
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)LJXUH �� 506�HUURU�RI�WKH�ILUVW�OHYHO¶V�WHPSHUDWXUH�IURP�WKH�$HJHDQ�PRGHO��EOXH�EDUV��FRPSDUHG�WR�506�HUURU�RI�WKH�VNLQ�

667�FRPSXWHG�XVLQJ�9���UHG�EDUV���ZLWK�UHVSHFW�WR�VNLQ�667�IURP�DOO�YDOLG�DYDLODEOH�6(9,5,�UHULHYDOV�LQ���������

7KH�VHDVRQDO�EHKDYLRU�GLVFXVVHG�DERYH�DSSHDUV�LQ�DOO�YHUVLRQV� +RZHYHU��9��VWDQGV�RXW�DV�WKH�RQO\�REVHUYDWLRQ�RSHUDWRU����

SUHVHQWLQJ�ORZHU�506�HUURU�WKDQ�WKH�PRGHO�LQ�HYHU\�PRQWK�RI�WKH�\HDU�ZKLOH�WKHUH�DUH�PRQWKV�EHWZHHQ�-XO\�DQG�2FWREHU�ZKHQ�

9���9��DQG�9��REVHUYDWLRQ�RSHUDWRUV�SUHVHQW�VOLJKWO\�ODUJHU�506�HUURUV�WKDQ�WKH�PRGHO��$V�VKRZQ�ODWHU�LQ�WKH�GDWD�DVVLPLODWLRQ����

UHVXOWV��6HFW� �������LW�LV�LQGHHG�9��WKDW�LV�IRXQG�WR�EULQJ�WKH�JUHDWHVW�LPSURYHPHQW�DOVR�LQ�WKH�RQOLQH�PRGH�ZKLFK�LV�WKH�DFWXDO�

FULWHULRQ�IRU�WKH�ILQDO�HYDOXDWLRQ�RI�WKH�YDULRXV�YHUVLRQV�����

$V�IRU�WKH�506�HUURU�VSDWLDO�GLVWULEXWLRQ��DQ�LPSURYHPHQW�ZKHQ�WKH�REVHUYDWLRQ�RSHUDWRU�LV�DSSOLHG�FDQ�EH�VHHQ�LQ�WKH�

PDMRULW\�RI�WKH�WHVWLQJ�DUHD��+RZHYHU��KLJK�506�HUURUV�IRU�WKH�REVHUYDWLRQ�RSHUDWRU�DSSHDU��PRVWO\�ORFDWHG�LQ�WKH�QRUWK�HDVWHUQ����

SDUW�RI�WKH�$HJHDQ�FORVH�WR�WKH�'DUGDQHOOHV�6WUDLW��FRQVLGHUHG�WR�EH�DQ�DUHD�RI�KLJK�ORFDO�FRPSOH[LWLHV��1RW�DSSO\LQJ�WKH�UHMHFWLRQ�

FULWHULRQ�KHUH�OHDGV�WR�D�GURS�LQ�LPSURYHPHQW�RI�EHWZHHQ���DQG���SHUFHQWDJH�XQLWV�EXW�GLIIHUHQFHV�LQ�506�HUURU�WHPSRUDO�DQG����

VSDWLDO�SDWWHUQV�ZHUH�IRXQG�WR�EH�QHJOLJLEOH��

,Q�RUGHU� WR� IRFXV�RQ� WKH�REVHUYDWLRQ�RSHUDWRU
V� GD\WLPH�RIIOLQH�SHUIRUPDQFH�667�YDOXHV�DW�������87&�ZHUH�H[DPLQHG����

VHSDUDWHO\��1RRQWLPH�UHVXOWV�VKRZHG�D�VOLJKWO\�EHWWHU�RIIOLQH�SHUIRUPDQFH�RI�9��WKDQ�WKH�RWKHU���YHUVLRQV��$V�ZLWK�WKH�RYHUDOO�

VWDWLVWLFV�IRU�������LW�LV�VHHQ�WKDW�LQ�PRVW�DUHDV�WKH�62667$�REVHUYDWLRQ�RSHUDWRU�LQ�RIIOLQH�PRGH�DFKLHYHV�DQ�LPSURYHPHQW����

ZLWK�UHVSHFW� WR� WKH�PRGHO
V�SHUIRUPDQFH��ZKLOH� WKHUH�DUH�DUHDV� LQ� WKH�QRUWK�HDVWHUQ�$HJHDQ�DV�ZHOO�DV�FORVH� WR� WKH�ZHVWHUQ�

$IULFDQ�FRDVWV�RI�WKH�GRPDLQ�ZKHUH�QRQ�QHJOLJLEOH�HUURUV�RIWHQ�DSSHDU�����
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����2QOLQH�HYDOXDWLRQ�

������0HWKRGRORJ\���

$�WRWDO�RI�ILYH�H[SHULPHQWV�KDYH�EHHQ�SHUIRUPHG�ZLWK�WKH�$HJHDQ�6HD�PRGHOOLQJ�V\VWHP�RYHU�WKH�SHULRG��VW�-DQ������±

��VW�'HF������LQ�RUGHU�WR�HYDOXDWH�WKH�SHUIRUPDQFH�RI�WKH�IRXU�YHUVLRQV�RI�62667$�REVHUYDWLRQ�RSHUDWRU�DQG�WR�HVWLPDWH�WKH����

LPSDFW�RI�6(9,5,�VNLQ�667�GDWD�DVVLPLODWLRQ� LQWR� WKH�$HJHDQ�6HD�K\GURG\QDPLFV��7KH�H[SHULPHQWV�DUH� OLVWHG�DQG�EULHIO\�

GHVFULEHG�LQ 7DEOH ������

7DEOH����'HVFULSWLRQ�RI�H[SHULPHQWV��&RQWURO�UXQ�± &75/ DQG H[SHULPHQWV�(;3��(;3���SHUIRUPHG�ZLWK�WKH�$HJHDQ�6HD����

PRGHOOLQJ�V\VWHP�RYHU�WKH�SHULRG��VW�-DQ������± ��VW�'HF�����

([SHULPHQW 2EVHUYDWLRQ�2SHUDWRU 2EVHUYDWLRQV )UHTXHQF\� RI� GDWD�
DVVLPLODWLRQ

&75/ /6((.� 66+�� IRXQGDWLRQ� 667� �DW�
�P���$UJR�7�6�SURILOHV

:HHNO\

(;3� /6((.�
LQFOXGLQJ�
62667$�9�

66+�� IRXQGDWLRQ� 667� �DW�
�P���$UJR�7�6�SURILOHV
6(9,5,�VNLQ�667�DW������
87&

�:HHNO\� IRU� 66+��
IRXQGDWLRQ�667�DQG�$UJR�
7�6�SURILOHV
�'DLO\� IRU� 6(9,5,� VNLQ�
667�

(;3� /6((.�
LQFOXGLQJ�
62667$�9��

66+�� IRXQGDWLRQ� 667� �DW�
�P���$UJR�7�6�SURILOHV
6(9,5,�VNLQ�667�DW������
87&�

�:HHNO\� IRU� 66+��
IRXQGDWLRQ�667�DQG�$UJR�
7�6�SURILOHV
�'DLO\� IRU� 6(9,5,� VNLQ�
667

(;3� /6((.�
LQFOXGLQJ�
62667$�9�

66+�� IRXQGDWLRQ� 667� �DW�
�P���$UJR�7�6�SURILOHV
6(9,5,�VNLQ�667�DW������
87&

�:HHNO\� IRU� 66+��
IRXQGDWLRQ�667�DQG�$UJR�
7�6�SURILOHV
�'DLO\� IRU� 6(9,5,� VNLQ�
667

(;3� /6((.�
LQFOXGLQJ�
62667$�9��

66+�� IRXQGDWLRQ� 667� �DW�
�P���$UJR�7�6�SURILOHV
6(9,5,�VNLQ�667�DW������
87&

�:HHNO\� IRU� 66+��
IRXQGDWLRQ�667�DQG�$UJR�
7�6�SURILOHV
�'DLO\� IRU� 6(9,5,� VNLQ�
667

���

,Q� WKH�FRQWURO� UXQ�RI� WKH�PRGHO� �&75/�� WKH�$HJHDQ�6HD�PRGHO� LV� LQLWLDOL]HG�DW��VW -DQXDU\������ IURP� WKH�$HJHDQ�6HD�

RSHUDWLRQDO�F\FOH�DQG�LV�LQWHJUDWHG�IRU�D��� PRQWK�SHULRG��������QHVWHG�ZLWK�WKH�0('�0)&�PRGHO��7RQDQL�HW�DO���������ZKLOH����

DVVLPLODWLQJ�VDWHOOLWH�66+��IRXQGDWLRQ�667�GDWD�DW�� P�GHSWK�DQG�$UJR�7�6�SURILOHV�RQ�D�ZHHNO\�EDVLV�XVLQJ�WKH�ORFDOL]HG�6((.�

ILOWHU��,Q�WKH�FRQWURO�UXQ�RI�WKH�PRGHO�WKH�6(9,5,�VNLQ�667�GDWD�ZHUH�UHWDLQHG�IURP�WKH�DVVLPLODWLRQ�SURFHVV�DQG�DUH�XVHG�ODWHU����
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DV�LQGHSHQGHQW�REVHUYDWLRQV�IRU�WKH�DVVHVVPHQW�RI�WKH�GDLO\�V\VWHP�SHUIRUPDQFH��([SHULPHQWV�(;3��± (;3�� LQ�DGGLWLRQ�WR�

WKH�SUHYLRXV� VHW�RI�REVHUYDWLRQDO�GDWD� DVVLPLODWH�6(9,5,�667�REVHUYDWLRQV�RQ�D�GDLO\�EDVLV�DW�������87&�XVLQJ� WKH� IRXU����

GLIIHUHQW�YHUVLRQV�RI�WKH�62667$�REVHUYDWLRQ�RSHUDWRU�

$V�DOUHDG\�QRWHG�LQ�6HFW� �����WKH�REVHUYDWLRQDO�HUURU�IRU�6(9,5,�VNLQ�667�LV�FKRVHQ�WR�EH�KRPRJHQHRXV�DQG�HTXDO�WR�������

R&��6XFK�D�VHOHFWLRQ�RI�HUURU�DOWKRXJK�FRPSDUDEOH�WR�WKH�667�GLXUQDO�UDQJH�IRU�WKH�$HJHDQ�6HD��W\SLFDO�GLXUQDO�UDQJH�YDULHV�

IURP��R&�LQ�WKH�1RUWK�$HJHDQ�WR���� R&�LQ�WKH�FHQWUDO�SDUW�RI�WKH�EDVLQ��LV�TXLWH�UHDVRQDEOH�DV�LW�LV�WKH�VDPH�DV WKH�IRXQGDWLRQ����

667�HUURU�XVHG�LQ�WKH�DVVLPLODWLRQ�V\VWHP��WKHUH�LV�QR�REYLRXV�UHDVRQ�WR�ZHLJKW�WKH�XVXDOO\�VSDUVH�6(9,5,�REVHUYDWLRQV�PRUH�

WKDQ�WKH�JULGGHG�IRXQGDWLRQ�667�REVHUYDWLRQV���,W�LV�DOVR�ZLWKLQ�WKH�UDQJH�RI WKH�6(9,5,�REVHUYDWLRQDO�HUURU�HVWLPDWHV��UHIHUUHG����

WR�DV�6LQJOH�6HQVRU�(UURU�6WDWLVWLFV��IRU�WKH�$HJHDQ�6HD�ZKLFK�JHRJUDSKLFDOO\�YDULHV�EHWZHHQ�����± � �&�DV�DQ�DQQXDO�PHDQ�IRU�

\HDU����������

,Q�H[SHULPHQWV�(;3�� (;3��WKH�DVVLPLODWLRQ�RI�6(9,5,�VNLQ�667�REVHUYDWLRQV�WDNHV�SODFH�

L�� LQ�DUHDV�RI� WKH�PRGHO�GRPDLQ�ZKHUH�PLQLPXP�GHSWK� �GHSWK�RI� WKH� ILUVW� VLJPD� OHYHO�� LV�HTXDO�RU� ORZHU� WKDQ����� P�DQG����

PD[LPXP�GHSWK�KLJKHU�WKDQ������ P

LL��RQ�GD\V�ZKHUH�QR�RWKHU�REVHUYDWLRQV��L�H��66+��IRXQGDWLRQ�667�DW��P�DQG�7�6�SURILOHV��DUH�DVVLPLODWHG����

LLL��LI�WKH�ILQDO�QXPEHU�RI�DYDLODEOH�6(9,5,�REVHUYDWLRQV�DIWHU�DSSO\LQJ�FULWHULRQ��L��LV�KLJKHU�WKDQ������

,W�LV�LPSRUWDQW�WR�PHQWLRQ�KHUH�WKDW�WKH�ILUVW�RI�WKH�DERYH�FULWHULD�H[FOXGHV�DYDLODEOH�6(9,5,�REVHUYDWLRQV LQ�DUHDV�ZKHUH����

WKH�ILUVW�PRGHO�VLJPD�OHYHO�LV�GHHSHU�WKDQ����� P��VLQFH�QR�DSSURSULDWH�WHPSHUDWXUH�SURILOHV�FDQ�EH�IRXQG�LQ�WKHVH�DUHDV�DV�LQSXW�

IRU�WKH�62667$�REVHUYDWLRQ�RSHUDWRU��6XFK�D�UHTXLUHPHQW�OLPLWV�WKH�QXPEHU�RI�REVHUYDWLRQV�DYDLODEOH�IRU�GDWD�DVVLPLODWLRQ�DV����

FDQ�EH�VHHQ�LQ�)LJ������,Q�WKLV�ILJXUH�LQ�EODFN�ZH�VKRZ�WKH�LQLWLDO�QXPEHU�RI�6(9,5,�REVHUYDWLRQV�DW�������87&�IRU�HDFK�RI�WKH�

����GD\V�ZLWKLQ������ZKHUH�DVVLPLODWLRQ�RI�6(9,5,�REVHUYDWLRQV�LV�WDNLQJ�SODFH��ZKLOH�WKH�UHG�FXUYH�FRUUHVSRQGV�WR�WKH�ILQDO����

QXPEHU�RI�DYDLODEOH�REVHUYDWLRQV�IRU�GDWD�DVVLPLODWLRQ���2QO\����� ��RI�WKH�LQLWLDO�REVHUYDWLRQV�DUH�XVHG�E\�WKH�DVVLPLODWLRQ�

V\VWHP�IURP�0D\�WR�6HSWHPEHU�ZKLOH�IRU�WKH�UHVW�RI�WKH�\HDU�WKLV�QXPEHU�JRHV�WR���� ���2Q�WKH�RWKHU�KDQG��DV�WKH�QXPEHU�RI����

REVHUYDWLRQV� LV�KLJK��EHWZHHQ����î��� ± ���î�����GXULQJ�0D\�WR�6HSWHPEHU�� WKH�V\VWHP�DVVLPLODWHV�EHWZHHQ������± �����

REVHUYDWLRQV�GXULQJ�WKLV�SHULRG�WKRXJK�PXFK�OHVV�GXULQJ�WKH�UHVW�RI�WKH�\HDU����
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)LJXUH �� 1XPEHU�RI�DYDLODEOH�6(9,5,�VNLQ�667�REVHUYDWLRQV�IRU�HDFK�RI�����DVVLPLODWLRQ�GD\V�ZLWKLQ�������%ODFN�FXUYH�

FRUUHVSRQGV�WR�WKH�RULJLQDO�QXPEHU�RI�DYDLODEOH�REVHUYDWLRQV�ZLWKLQ�WKH�$HJHDQ�6HD�PRGHO�GRPDLQ�ZKLOH�WKH�UHG�FXUYH�LV�WKH����

QXPEHU�RI�REVHUYDWLRQ�DIWHU FULWHULRQ��L��KDV�EHHQ�DSSOLHG�

������5HVXOWV�DQG�'LVFXVVLRQ���

)RUHFDVW�506�HUURU�ZLWK�UHVSHFW�WR�6(9,5,�REVHUYDWLRQV�DW�������87&�IRU�WKH�FRQWURO�UXQ�DQG�IRUHFDVW�DQG�DQDO\VLV�506�

HUURUV�IRU�H[SHULPHQWV�(;3��± (;3��DUH�VKRZQ�LQ 7DEOH��(UURU��5HIHUHQFH�VRXUFH�QRW�IRXQG� $OO�H[SHULPHQWV�DFKLHYH�506����

HUURUV�ORZHU�WKDQ�WKH�FRQWURO�UXQ�ZLWK�(;3���DVVLPLODWLRQ�XVLQJ�WKH�9��62667$�2EVHUYDWLRQ�2SHUDWRU��FKDUDFWHUL]HG�E\�WKH�

ORZHVW�YDOXHV�DPRQJ�WKH�IRXU�����

7DEOH����2YHUDOO�IRUHFDVW�DQG�DQDO\VLV�506�HUURUV�ZLWK�UHVSHFW�WR�6(9,5,�VNLQ�667�REVHUYDWLRQV�DW�������87&��(UURUV�DUH����

FDOFXODWHG�LQ�PRGHO�DUHDV�ZKHUH�WKH�GHSWK�RI�WKH�ILUVW�VLJPD�OHYHO�LV�ORZHU�RU�HTXDO�WR������P

���

([SHULPHQW )RUHFDVW�
506(��R&�

$QDO\VLV�
506(��R&�

&75/ ����� �
(;3� ����� �����
(;3� ����� �����
(;3� ����� �����
(;3� ����� �����
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&RQVLGHULQJ�WKDW�WKH�9��YHUVLRQ�RI�WKH�REVHUYDWLRQ�RSHUDWRU�KDV�EHHQ FRQVWUXFWHG�XSRQ�*270�SURILOHV�LQLWLDOL]HG�IURP����

KRXUO\�PHDQV�RI�WKH�RSHUDWLRQDO�0HG�0)&�UXQ��LQVWHDG�RI�UHDQDO\VLV�GDLO\�PHDQV�XVHG�LQ�WKH�9���9��DQG�9���DQG�LV�IRUFHG�

ZLWK�WKH�KLJK�UHVROXWLRQ�����������(&0:)�RSHUDWLRQDO�DQDO\VLV��LQVWHDG�RI�FRDUVHU�UHVROXWLRQ�(5$B,17(5,0�DV�LQ�9��DQG����

9����LW�LV�H[SHFWHG WR�RXWSHUIRUP�WKH�RWKHU�YHUVLRQV�RI�WKH�REVHUYDWLRQ�RSHUDWRUV��LQFOXGLQJ�9��WKDW�XVHV�WKH�VDPH�IRUFLQJ�EXW�

LV�FKDUDFWHUL]HG�E\� WKH�FRPELQDWLRQ�RI�0HG�0)&�V\VWHP�SURILOHV�ZLWK�*270�VNLQ�DQG�VXEVNLQ� WHPSHUDWXUHV�ZKLFK�PD\����

LQWURGXFH�LQFRPSDWLELOLWLHV�GXH�WR�WKH�QRQ�KRPRJHQHLW\�RI�WKH�WHPSHUDWXUH�SURILOHV�GDWD�VHW�XVHG�WR�EXLOG�WKH�RSHUDWRU��

$V�IRU�WKH�VHQVLWLYLW\�RI�WKH�UHVXOWV�WR�WKH�FKRVHQ�REVHUYDWLRQDO�HUURU��DQ�DGGLWLRQDO�H[SHULPHQW�ZDV�SHUIRUPHG��QRW�OLVWHG����

LQ 7DEOH ����LGHQWLFDO�WR�(;3��DSDUW�IURP�WKH�YDOXH�RI�WKH�6(9,5,�VNLQ�667�REVHUYDWLRQDO�HUURU�ZKLFK�ZDV�VHW�WR���� �&��7KH�

IRUHFDVW�506�HUURU�IRU�WKLV�H[SHULPHQW VFRUHG������ �& �DQDO\VLV�506(������ �&��ZKLOH�WKH�UHVW�RI�WKH�VWDWLVWLFDO�VFRUHV��66+����

DQG�RYHUDOO�WHPSHUDWXUH�506�HUURUV��ZHUH�VOLJKWO\�KLJKHU�WKDQ�WKRVH�RI�WKH�RULJLQDO�(;3���%DVHG�RQ�WKHVH�JURXQGV�DQG�WKH�

VXSHULRU�SHUIRUPDQFH�RI�WKH�9��RSHUDWRU��ZH�GHFLGHG�WR�IXUWKHU�DQDO\VH�WKH�(;3��DVVLPLODWLRQ�UXQ�EHKDYLRXU�DQG�WR�VKRZ�506����

HUURUV�ZLWK�UHVSHFW�WR�RWKHU�PRGHO�YDULDEOHV��

)RUHFDVW�DQG�DQDO\VLV�506�HUURUV�IRU�VNLQ�667��WHPSHUDWXUH��� P�± ���� P��DQG�66+�ZLWK�UHVSHFW�WR�WKH�FRUUHVSRQGLQJ����

REVHUYDWLRQV��6(9,5,�VNLQ�667�GDWD�DW�������87&��VDWHOOLWH�JULGGHG�66+�DQG�IRXQGDWLRQ�667�PDSV�DQG�$UJR�7�6��DUH�VKRZQ�

LQ�ILJXUHV�����IRU�&75/�	�(;3��H[SHULPHQWV��6NLQ�667�506�HUURUV�DUH�FDOFXODWHG�RQ�D�GDLO\�EDVLV��D�WRWDO�RI�����GD\V��DQG����

IRU�WKRVH�PRGHO�JULG�SRLQWV�ZKHUH�WKH�GHSWK�RI�WKH�ILUVW�VLJPD�OHYHO�LV�HTXDO�RU�VKDOORZHU�WKDQ����� P�ZKLOH�WKH�UHVW�RI�WKH�506�

HUURUV�DUH�HVWLPDWHG�DQG�SUHVHQWHG�HYHU\�ZHHN��D�WRWDO�RI����ZHHNV��� �7KH�IRUHFDVW�506�HUURU�LV�FRPSXWHG�MXVW�EHIRUH�WKH����

DQDO\VLV�XSGDWH�DQG�FDQ�EH�FRQVLGHUHG�DQ�LQGLFDWRU�RI�WKH�FRQVLVWHQF\�EHWZHHQ�WKH�PRGHO�G\QDPLFV�DQG�WKH�ILOWHU�VWDWLVWLFV�
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)LJXUH �� 6NLQ� 667� IRUHFDVW� �D�� DQG� DQDO\VLV� �E�� 506� HUURU� FRUUHVSRQGLQJ� WR� WKH� PRGHO� FRQWURO� UXQ� �EODFN� FXUYH�� DQG�

H[SHULPHQW�(;3���UHG�FXUYH��IRU�WKH�����GD\V�RI�6(9,5,�VNLQ�667�GDWD�DVVLPLODWLRQ�LQWR�WKH�$HJHDQ�6HD�PRGHO����

���

)RU�WKH�ILUVW�����GD\V�RI�6(9,5,�GDWD�DVVLPLODWLRQ�LQWR�WKH�PRGHO��FRQVLGHULQJ�JDSV�WKLV�FRUUHVSRQGV�WR�WKH�EHJLQQLQJ�RI�

0D\��������WKH�VNLQ�667�IRUHFDVW�HUURU�LV�FRPSDUDEOH�ZLWK�WKDW�RI�WKH�FRQWURO�UXQ��)LJ�������&RQVLGHULQJ�WKDW�VNLQ�667�KDV�D����

UDWKHU�VKRUW�PHPRU\�DV�LW�LV�G\QDPLFDOO\�FRXSOHG�ZLWK�RQO\�D�VPDOO�IUDFWLRQ�RI�WKH�ZDWHU�FROXPQ��PL[HG�OD\HU���VXFK�D�EHKDYLRXU�

FDQ EH�DWWULEXWHG�WR�WKH�OLPLWHG�QXPEHU�DQG�WKH�VSDUVHQHVV�RI�WKH�6(9,5,�GDWD�WKDW�DUH�DYDLODEOH�IRU�GDWD�DVVLPLODWLRQ�GXULQJ����

WKLV�SHULRG��)RU�WKH�UHPDLQLQJ�SHULRG��HVSHFLDOO\�GXULQJ�VXPPHU�ZKHQ�DYDLODEOH�6(9,5,�REVHUYDWLRQV�IRU�DVVLPLODWLRQ�LQFUHDVH��

WKH�IRUHFDVW�506�HUURU�GHFUHDVHV�ZLWK�UHVSHFW�WR�WKH�FRQWURO�UXQ�VLJQLI\LQJ�D�SRVLWLYH�LPSDFW�RI�GDWD�DVVLPLODWLRQ��)LJ� ����2Q����

WKH�RWKHU�KDQG��WKH�VNLQ�667�DQDO\VLV�506�HUURU�LV�ORZHU�WKDQ�WKH�FRQWURO�UXQ�506�HUURU�RYHU�WKH�ZKROH�\HDU�ZLWK�IXUWKHU�

GHFUHDVH�GXULQJ�WKH�SHULRG�ZKHQ�WKH�QXPEHU�RI�DYDLODEOH�6(9,5,�REVHUYDWLRQV�LQFUHDVHV��$�VLPLODU�EHKDYLRXU�LV�DOVR�REVHUYHG����

LQ�WKH�RYHUDOO�WHPSHUDWXUH��� P�± ���� P��RI�WKH�PRGHO�GRPDLQ��)LJ�������$IWHU�WKH���WK ZHHN��HQG�RI�-XQH�������RI�IRXQGDWLRQ�
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667�DQG�$UJR�7�6�SURILOHV�DVVLPLODWLRQ�LQWR�WKH�PRGHO��ERWK�IRUHFDVW�DQG�DQDO\VLV�506�HUURUV�EHFRPH�ORZHU�WKDQ�WKRVH�RI�WKH����

FRQWURO�UXQ�VKRZLQJ�FOHDUO\�WKH�LPSDFW�RI�6(9,5,�REVHUYDWLRQV�DVVLPLODWLRQ�WR�WKH�RYHUDOO�WHPSHUDWXUH�EHKDYLRXU�RI�WKH�PRGHO��

���

)LJXUH �� D�� 7HPSHUDWXUH� ��� P������P�� IRUHFDVW� 506� HUURU� FRUUHVSRQGLQJ� WR� WKH� PRGHO� FRQWURO� UXQ� �EODFN� FXUYH�� DQG����

H[SHULPHQW�(;3���UHG�FXUYH��IRU�WKH����ZHHNV�RI 66+��IRXQGDWLRQ�667��$UJR�7�6�SURILOHV�DQG�6(9,5,�667�DVVLPLODWLRQ�LQWR�

WKH�$HJHDQ�6HD�PRGHO� E��VDPH�DV�LQ�)LJ����D�EXW�IRU�WKH�DQDO\VLV�506�HUURU� F��VDPH�DV�LQ�)LJ����D�EXW�IRU�WKH�QRUWK�$HJHDQ����

�����(�� ������(���QRUWK�RI���� 1�� G��VDPH�DV�LQ�)LJ����D�EXW�IRU�WKH�FHQWUDO�$HJHDQ���� �( � ����� (�������� 1 � ��� 1�� �H��
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VDPH�DV�LQ�)LJ����D�EXW IRU�WKH�&UHWDQ�6HD����� ( � ����� (�������� 1 � ����� 1�� G��VDPH�DV�LQ�)LJ����D�EXW�IRU�WKH�QRUWK�/LE\DQ����

6HD����� ( � ��� (�������� 1 � �����1��

���

7KH�VSDWLDO�GLVWULEXWLRQ�RI�WKH�DQQXDO�PHDQ��FDOFXODWHG�RYHU�WKH�����GD\V�LQ�ZKLFK�VNLQ�667�DVVLPLODWLRQ�WRRN�SODFH�LQ�

(;3���506�HUURU�IRU VNLQ�667�LV�SUHVHQWHG�LQ�)LJ� ����7KH�HUURU�GHFUHDVH�IRU�VNLQ�667�EHWZHHQ�WKH�PRGHO�FRQWURO�UXQ�DQG����

(;3�� LV� YHU\� FOHDU� IRU� WKH� DQDO\VHV� ILHOGV� ZKLOH� WKH� IRUHFDVWHG� ILHOGV� VKRZ� D� OLPLWHG� HUURU� GHFUHDVH�� 7KLV� LV� H[SHFWHG��

FRQVLGHULQJ�WKH�EHKDYLRXU�RI�WKH�VNLQ�667�506�IRUHFDVW�HUURU�WLPH�VHULHV��)LJ�������7KXV WKH�EDVLQ�ZLGH�PHDQ�506�HUURU�RI����

WKH�FRQWURO� UXQ� LV����� �&��ZKLFK� LV� UHGXFHG� WR���&�IRU� WKH�IRUHFDVWHG�ILHOGV�RI�(;3��DQG�ILQDOO\�GURSV� WR����� �&�IRU� WKH�

DQDO\VHV�ILHOGV�RI�(;3���,W�LV�DOVR�QRWLFHDEOH�WKDW�WKH�IRUHFDVW�506�HUURU�VWD\V�KLJK�RYHU�WKH�QRUWK�DQG�QRUWK�HDVWHUQ�SDUW�RI����

WKH�$HJHDQ��WKH�ODWWHU�EHLQJ�UHODWHG�ZLWK�WKH�SRRU�SDUDPHWHUL]DWLRQ�RI�%ODFN�6HD�EUDFNLVK�ZDWHUV�LQIORZ�LQWR�WKH�$HJHDQ�WKURXJK�

WKH�'DUGDQHOOHV�6WUDLW��)LQDOO\��WKH�UHODWLYHO\�KLJK�VNLQ�667�IRUHFDVW�DQG�DQDO\VLV�506�HUURUV�RYHU� WKH�ZHVWHUQ�DQG�HDVWHUQ����

IODQNV�RI�WKH�QRUWKHUQ�$IULFDQ�FRDVWV�DUH�SUREDEO\�UHODWHG�ZLWK�WKH�IXQFWLRQLQJ�RI�WKH�QHVWLQJ�PHFKDQLVP�RI�WKH�$HJHDQ�6HD�

PRGHO�ZLWK�WKH�0HG�0)&�PRGHO����

)LJXUH �� 66+�IRUHFDVW� �D��DQG�DQDO\VLV� �E��506�HUURU� �LQ�FP��FRUUHVSRQGLQJ� WR� WKH�PRGHO�FRQWURO� UXQ� �EODFN�FXUYH��DQG����

H[SHULPHQW�(;3���UHG�FXUYH��IRU�WKH����ZHHNV�RI�66+��IRXQGDWLRQ�667��$UJR�7�6�SURILOHV�DQG�6(9,5,�667 DVVLPLODWLRQ�LQWR�

WKH�$HJHDQ�6HD�PRGHO����
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)LJXUH �� D��6NLQ 667�506�HUURU�FRUUHVSRQGLQJ�WR�WKH�PRGHO�FRQWURO�UXQ�E��VNLQ�667�IRUHFDVW�506�HUURU�FRUUHVSRQGLQJ�WR����

(;3��F��VNLQ�667�DQDO\VLV�506�HUURU�FRUUHVSRQGLQJ�WR�(;3��

���

$QRWKHU�LQWHUHVWLQJ�LQGH[�WR�PRQLWRU�WKH�HIILFLHQF\�RI�WKH�$HJHDQ�6HD�PRGHO�DQG�WKH�HIIHFW�RI�6(9,5,�GDWD�DVVLPLODWLRQ�LQ�

(;3��LV�WKH�506�HUURU�LQ�HVWLPDWLQJ�WKH�VNLQ�667�GLXUQDO�UDQJH��7KH�GLXUQDO�UDQJH�HUURU�KDV�EHHQ�FDOFXODWHG��IROORZLQJ�WKH����

PHWKRGRORJ\�GHVFULEHG�LQ�6HFW�������IRU�HDFK�RI�WKH�����GD\V�ZKHQ�DVVLPLODWLRQ�RI�6(9,5,�REVHUYDWLRQV�LV�WDNLQJ�SODFH��(;3���

DQG�LV�LQWHU�FRPSDUHG�WR�WKH�RQH�GHULYHG�IURP�WKH�PRGHO�FRQWURO�UXQ��7KH�PHDQ�HUURU�IRU�WKH�FRQWURO�UXQ�LV����� �&��GLXUQDO����

UDQJH�RI�6(9,5,�REVHUYDWLRQV�YHUVXV�GLXUQDO�UDQJH�RI�WRS�PRGHO�OD\HU���7KLV�GLXUQDO�UDQJH�506�HUURU�LV�JHQHUDOO\�ORZHU�GXULQJ�

WKH�ZLQWHU�SHULRG��ZKHQ�GLXUQDO�ZDUPLQJ�LV�OHVV��DQG�LQFUHDVHV�GXULQJ�VXPPHU�DQG�DXWXPQ�SHULRG��7KH�DVVLPLODWLRQ�RI�VNLQ����

Ocean Sci. Discuss., https://doi.org/10.5194/os-2018-158
Manuscript under review for journal Ocean Sci.
Discussion started: 15 January 2019
c© Author(s) 2019. CC BY 4.0 License.



��

667�REVHUYDWLRQV�SHUIRUPHG�HDFK�GD\�DW�������87&�LV�DIIHFWLQJ�WKH�DELOLW\�RI�WKH�PRGHO�WR�FRUUHFWO\�VLPXODWH�WKH�GLXUQDO�UDQJH�

RI�VNLQ�667��GHFUHDVLQJ�WKH�DERYH�HUURU�WR���� �&��$JDLQ�WKH�GHFUHDVH�RI�HUURU�LV�PRUH�HIIHFWLYH�IURP�-XQH������RQZDUGV�DV�ZH����

KDYH�DOUHDG\�VHHQ�IRU�WKH�VNLQ�667�DQG�DORQJ�WKH�ZDWHU�FROXPQ�WHPSHUDWXUH�RI�WKH�PRGHO�

5HJDUGLQJ�WKH�66+�506�HUURU�LQWHU�FRPSDULVRQ��D�YHU\�LQWHUHVWLQJ�VLWXDWLRQ�FRQFHUQV�WKH�DQDO\VLV�HUURU�WLPH�VHULHV�ZKHUH����

(;3��LV�H[KLELWLQJ�DQ�HUURU�GHFUHDVH�RI�DSSUR[LPDWHO\���� FP�ZLWK�UHVSHFW�WR�WKH�FRQWURO�UXQ��7KLV�FDQ�EH�FOHDUO\�VHHQ�LQ�)LJ�

��F�DQG�)LJ� ��G�ZKHUH�VHYHUDO�HUURU�FHQWUHV�VKRZLQJ�XS�LQ�WKH�FRQWURO�UXQ��IRU�H[DPSOH�ZHVWHUQ�DQG�HDVWHUQ RII�&UHWH�LVODQG�����

DORQJ WKH�QRUWK�$IULFDQ�FRDVW��GUDVWLFDOO\�LPSURYH�LQ�(;3��ZKLFK�VKRZV�HUURU�SHUVLVWHQF\�RQO\�DORQJ�WKH�HDVWHUQ�DQG�ZHVWHUQ�

ERXQGDULHV�RI�WKH�PRGHO�GRPDLQ�ZKHUH�WKH�RSHQ�ERXQGDU\�FRQGLWLRQV�DSSO\��7KH�GUDVWLF�LPSURYHPHQW�RI�DQDO\VLV�66+�HUURU����

LV�D�GLUHFW�FRQVHTXHQFH�RI�6(9,5,�VNLQ�667�DVVLPLODWLRQ��HDFK�WLPH�SHUIRUPHG�GXULQJ�WKH�SUHYLRXV�GD\V�DQG�QRW�FRLQFLGLQJ�

ZLWK�66+�DVVLPLODWLRQ��DQG�KDV�FRQVHTXHQFHV�RQ�RWKHU�PRGHO�YDULDEOHV��H�J��FLUFXODWLRQ�SDWWHUQ��DOVR�DV�LW�ZLOO�EH�VKRZQ�EHORZ�����

,W�LV�LQWHUHVWLQJ�WR�GLVFXVV�KHUH�WKDW�WKH�DQDO\VLV�DQG�IRUHFDVW�� P�± ���� P�WHPSHUDWXUH�506�HUURU�EHKDYLRU�ZLWK�UHVSHFW�

WR�WKH�FRQWURO�UXQ�LV�KLJKO\�FRPSDWLEOH�ZLWK�WKH�VNLQ�667�DQDO\VLV�HUURU�EHKDYLRU��LQ�ERWK�FDVHV�HUURU�VWDUWV�GHFUHDVLQJ�E\�WKH����

HQG�RI VSULQJ������ZKHQ�PRUH�REVHUYDWLRQV�EHFRPH�DYDLODEOH�IRU�GDWD�DVVLPLODWLRQ�LQWR�WKH�PRGHO���7R�EHWWHU�DQDO\]H�WKH�HIIHFW�

RI�6(9,5,�GDLO\�DVVLPLODWLRQ�RQ�WKH�WHPSHUDWXUH�ILHOG�RI�WKH�PRGHO��ZH�SUHVHQW�WKH�RYHUDOO�WHPSHUDWXUH�IRUHFDVW�506�HUURU����

�(;3��YV�FRQWURO�UXQ��IRU�GLIIHUHQW�DUHDV�RI�WKH�$HJHDQ�6HD�PRGHO�QDPHO\�WKH�QRUWK�$HJHDQ��WKH�FHQWUDO�$HJHDQ��WKH�&UHWDQ�

6HD�DQG�WKH�QRUWK�/LE\DQ�6HD��)LJ�������,W�LV�HYLGHQW�WKDW�WKH�QRUWK�DQG�FHQWUDO�$HJHDQ�6HD�DUH�LPSDFWHG�PRUH�E\�WKH�DVVLPLODWLRQ����

RI�6(9,5,�VNLQ�667�DV�WKHVH�WZR�DUHDV�UHSUHVHQW�WKH�SODFHV�ZKHUH�WKH�DVVLPLODWLRQ�RI�6(9,5,�REVHUYDWLRQV�WDNHV SODFH��7KH�

&UHWDQ�6HD�DQG�WKH�QRUWK�SDUW�RI�WKH�/LE\DQ�6HD�UHSUHVHQW�PRGHO DUHDV�ZKHUH�WKH�RYHUDOO�WHPSHUDWXUH�ILHOG�LV�LPSDFWHG�LPSOLFLWO\����

E\�WKH�6(9,5,�DVVLPLODWLRQ�WDNLQJ�SODFH�LQ�WKH�FHQWUDO�DQG�QRUWK�$HJHDQ��,PSOLFLWO\�KHUH�PHDQV�WKDW�HLWKHU�WKH�WHPSHUDWXUH�

IRUHFDVW�506�HUURU�LPSURYHV�GXH�WR�WKH�HIIHFW�RI�6(9,5,�DVVLPLODWLRQ�WR�WKH�JOREDO�VROXWLRQ�RU�E\�DGYHFWLRQ�RI�ZDWHU�PDVVHV����

ZLWK�FRUUHFWHG�FKDUDFWHULVWLFV���)RU�H[DPSOH� WUDQVSRUW�IURP�WKH�QRUWK�DQG�FHQWUDO DUHDV WR�WKH�VRXWKHUQ�SDUWV�RI�WKH�$HJHDQ�6HD�

DV�WKH�GRPLQDQW�FLUFXODWLRQ�SDWWHUQ�LV�F\FORQLF�ZLWK�ZDWHU�PDVVHV�H[LWLQJ�WKH�'DUGDQHOOHV�6WUDLW�PRYLQJ�LQLWLDOO\�WR�WKH�VRXWK����

ZHVW�DQG�WKHQ�VRXWKHUO\�DORQJ�WKH�HDVWHUQ�FRDVWV�RI�*UHHFH��7KXV��DOWKRXJK�WKH�DVVLPLODWLRQ�RI�6(9,5,�REVHUYDWLRQV�GXH�WR�WKH�

62667$�REVHUYDWLRQ�RSHUDWRU VHWXS�DQG�WKH�GDWD�DYDLODELOLW\�LQYROYHV�RQO\�D�OLPLWHG�DUHD�RI�WKH�$HJHDQ�6HD��QRUWK�DQG�FHQWUDO����

SDUW�RI�WKH�EDVLQ��WKH�FLUFXODWLRQ FKDUDFWHULVWLFV�RI�WKH�EDVLQ�ZLWK�WKH�WUDQVSRUW�RI�WKH�%ODFN�6HD�ZDWHU�PDVVHV�IURP�WKH�QRUWK�

HDVW�DQG�WR�VRXWK�ZHVW�IODQN�RI�WKH�EDVLQ�FDQ�DGYHFW�WKH�SRVLWLYH�LPSDFW�RI�6(9,5,�DVVLPLODWLRQ�WR�QRQ�DVVLPLODWHG��LQ�WHUPV����

RI�6(9,5,�REVHUYDWLRQV��DUHDV�RI�WKH�EDVLQ�DV�IRU�H[DPSOH�WKH�&UHWDQ�6HD����

2Q�WKH�RWKHU�KDQG� WKH�66+�DQDO\VLV�HUURU�RI�(;3��LV�VKRZLQJ�D�WRWDOO\�GLIIHUHQW�EHKDYLRU�FRPSDUHG�WR�WKH�WHPSHUDWXUH����

ILHOG�DV�LW�EHFRPHV�ORZHU�WKDQ�WKDW�RI�WKH�FRQWURO�UXQ�HYHQ�IURP�WKH�ILUVW�WZR�ZHHNV�RI�GDWD�DVVLPLODWLRQ�RI�6(9,5,�REVHUYDWLRQV��

:H� EHOLHYH� WKDW� VXFK� D� FKDQJH� EHWZHHQ� WKH� WZR� DVVLPLODWLRQ� UXQV� FDQ� EH� H[SODLQHG� E\� FRQVLGHULQJ� WKH� PRUH� IUHTXHQW����

REVHUYDWLRQV�IHG�LQWR�WKH�GDWD�DVVLPLODWLRQ�V\VWHP�SHUIRUPHG�LQ�(;3���GDLO\�YHUVXV�ZHHNO\�LQ�WKH�FRQWURO�UXQ��UHVXOWLQJ�LQ�DQ�

LPSURYHG�UHSUHVHQWDWLRQ�RI�WKH�DQDO\VLV�HUURU�FRYDULDQFH�PDWUL[��7KH�PRUH�IUHTXHQW�HVWLPDWLRQ�RI�WKH�.DOPDQ�ILOWHU�DQDO\VLV����

HUURU�FRYDULDQFH�PDWUL[��LQ�(;3��WKLV�LV�GRQH�RQ�D�TXDVL�GDLO\�EDVLV�ZKLOH�LQ�WKH�FRQWURO�UXQ�RQ�D�ZHHNO\�EDVLV��E\�WDNLQJ�LQWR�
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FRQVLGHUDWLRQ�DOO�DYDLODEOH�DQG�VXLWDEOH�6(9,5,�REVHUYDWLRQV�IRU�DVVLPLODWLRQ��LQ�(;3���SURYHV�WR�EH�EHQHILFLDO�DW�OHDVW�IRU�WKH����

66+�ZKLFK�ZLWK�UHVSHFW�WR�RWKHU�PRGHO�VWDWH�YDULDEOHV�YDULHV�DW�VKRUWHU�WLPH�VFDOHV���

:KHQ�FRQVLGHULQJ�WKH�PDSV�RI WKH�66+�506�HUURU��WKH�LPSURYHPHQW�LQ�WKH�DQDO\VLV�HUURU�FRYDULDQFH�PDWUL[�KDV�DOVR�JOREDO����

FRQVHTXHQFHV�DV�LW�LV�UHVSRQVLEOH�IRU�GHFUHDVLQJ�WKH�66+�506�HUURU�LQ�JHRJUDSKLFDO�DUHDV�IDU�IURP�WKH�DUHDV�ZKHUH�WKH�6(9,5,�

VNLQ�667�LV�WDNLQJ�SODFH��:H�VKRXOG�RQFH�DJDLQ�HPSKDVL]H�KHUH�WKDW�VNLQ�667�GDWD�DVVLPLODWLRQ�LV�GRQH�RQ�D�GDLO\�EDVLV��XSRQ����

GDWD�DYDLODELOLW\��EXW�QRW�FRLQFLGLQJ�ZLWK�GDWD�DVVLPLODWLRQ�RI�VDWHOOLWH�66+��IRXQGDWLRQ�667�DQG�7�6�$UJR�SURILOHV�ZKLFK�LV�

SHUIRUPHG�VWULFWO\�RQ�D�ZHHNO\�EDVLV����������

���

)LJXUH �� )RUHFDVW�66+�506�HUURU��LQ�FP��FRUUHVSRQGLQJ�WR�D��PRGHO�FRQWURO�UXQ�E��H[SHULPHQW�(;3���$QDO\VLV�66+�506�

HUURU��LQ�FP��FRUUHVSRQGLQJ�WR�F��PRGHO�FRQWURO�UXQ�DQG�G��H[SHULPHQW�(;3�����
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��

7KH�IRUHFDVW�66+�506�HUURU�WLPH�VHULHV��)LJ������VKRZV�WKDW�IRU�PRVW�RI�WKH�WLPH�WKH�LQWURGXFWLRQ�RI�6(9,5,�GDWD�LQ�(;3��

LPSURYHV�WKH�UHVXOWV�ZLWK�UHVSHFW�WR�WKH�PRGHO�FRQWURO�UXQ��+RZHYHU��FRQVLGHULQJ�WKH�HUURU�UHGXFWLRQ�LQ�WKH DQDO\VLV�ILHOGV�WKLV����

LPSURYHPHQW�LV�QRW�GUDVWLF�DV�WKH�RYHUDOO�HUURU�JRHV�IURP�����FP�IRU�WKH�FRQWURO�UXQ�WR�����FP�IRU�(;3���$JDLQ�FRQVLGHULQJ�WKH�

HUURU�PDSV�SUHVHQWHG�LQ�)LJ� �� ZH�FDQ�REVHUYH�D�GHFUHDVH�RI�WKH�506�HUURU�LQ�VRPH DUHDV��IRU�H[DPSOH��WKH�ZHVW�DQG�HDVW����

&UHWDQ�VWUDLWV�ZKHUH�WKH�HUURU�RI�WKH�FRQWURO�UXQ�LV�GHFUHDVHG�E\�����FP�����

7R�IXUWKHU�VKRZ�WKH�LPSDFW�RI�6(9,5,�VNLQ�667�GDWD�DVVLPLODWLRQ�LQWR�WKH�$HJHDQ�6HD�PRGHO�VWDWH��ZH�SUHVHQW� IRU�������

$XJXVW������ WKH�DQDO\VLV�66+�GLVWULEXWLRQ�FRUUHVSRQGLQJ�WR�WKH�PRGHO�FRQWURO�UXQ��)LJ� ��D��DQG�WKH�PRGHO�H[SHULPHQW�(;3�

�)LJ� ��E��WRJHWKHU�ZLWK�WKH�VDWHOOLWH�LPDJH�IRU�WKH�VDPH�GDWH��)LJ� ��F���7KH�GDWD�DVVLPLODWLRQ�SHUIRUPHG�LQ�WKH�PRGHO�FRQWURO����

UXQ�GRHV�D�YHU\�JRRG�MRE�LQ�EULQJLQJ�WKH�VROXWLRQ�FORVH�WR�UHDOLW\��DV�VHHQ�E\�WKH�VDWHOOLWH�DOWLPHWU\��+RZHYHU��VRPH�FKDUDFWHULVWLF�

GHWDLOV�RI�WKLV�³UHDOLW\´�DUH�PLVVLQJ�IURP�WKH�FRQWURO�UXQ�VROXWLRQ��EXW VKRZ�XS�LQ�WKH�DQDO\VLV RI�(;3���WKXV�LOOXVWUDWLQJ�KRZ����

WKH�DVVLPLODWLRQ�RI�VNLQ�667�GDWD�LQ�OLPLWHG�DUHDV�RI�WKH�PRGHO�GRPDLQ�LV�DEOH�WR�EULQJ�WKH�$HJHDQ�6HD�VWDWH�FORVHU�WR�WKH�UHDO�

ZRUOG���)RU�H[DPSOH��WKH�VKDSH�DQG�VWUHQJWK�RI�WKH�3HORSV�DQWLF\FORQH�LQ WKH VRXWKZHVW�RI�3HORSRQQHVXV��WKH�VWUXFWXUH�RI�J\UHV����

ZLWKLQ�WKH�&UHWDQ�6HD��LQ�SDUWLFXODU�RI�WKH�ODUJH�DQWLF\FORQH�LQ�WKH�0\UWRDQ�6HD���WKH�VKDSH�DQG�VWUHQJWK�RI�WKH�5KRGHV�J\UH�

DQG�WKH�DSSHDUDQFH�RI�D�GLSROH�WR�WKH�VRXWK�RI�&UHWH������
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���

)LJXUH �� �D��$QDO\VLV�66+��LQ�FP��IRU����$XJXVW������FRUUHVSRQGLQJ�WR�&75/�UXQ���E��DQDO\VLV�66+�FRUUHVSRQGLQJ�WR�(;3���

DQG��F��VDWHOOLWH�DOWLPHWU\�IRU����$XJXVW���������

,Q�DGGLWLRQ�WR�66+��DOVR RWKHU�PRGHO�YDULDEOHV�DUH�DIIHFWHG�DQG�EHQHILW�IURP�VNLQ�667�GDWD�DVVLPLODWLRQ�LQWR�WKH�PRGHO��,Q����

)LJ� �� ZH�SUHVHQW�WKH�FLUFXODWLRQ�SDWWHUQ�DW��� P�GHSWK�FRUUHVSRQGLQJ�WR�WKH�DQDO\VLV�RI�WKH�PRGHO�FRQWURO�UXQ�DQG�WKH�DQDO\VLV�

RI (;3� IRU�WKH���WK $XJXVW��������:H�DOVR�LQFOXGH�D�VFKHPDWLF�RI�WKH�$HJHDQ�6HD�FLUFXODWLRQ��DIWHU�2OVRQ�HW�DO����������LQ����

RUGHU� WR� KDYH� D� UHIHUHQFH� RI� WKH� JHQHUDO� FLUFXODWLRQ� DQG� G\QDPLFDO� SDWWHUQV� WKDW� FDQ� RFFXU� LQ� WKH� $HJHDQ� 6HD� IURP� WKH�

FOLPDWRORJLFDO�SHUVSHFWLYH� EHDULQJ�LQ�PLQG�WKH�LQWHUDQQXDO�FKDQJHV�WKDW�FDQ�RFFXU�DQG�PRGLI\�WKLV�SLFWXUH��$�GHVFULSWLRQ�RI����

WKH�WZR�FLUFXODWLRQ�ILHOGV�FRUUHVSRQGLQJ�WR�WKH�FRQWURO�UXQ�DQG�(;3���IROORZV�

� $�ODUJH�DQWLF\FORQH��DOVR�NQRZQ�DV� WKH�6DPRWKUDNL�DQWLF\FORQH��GHYHORSV� LQ� WKH�QRUWKHDVW�RI� WKH�$HJHDQ�6HD� LQ�ERWK����

PRGHO�UXQV� DOWKRXJK�VOLJKWO\�VKLIWHG�WR�WKH�VRXWK�ZHVW�ZLWK�UHVSHFW�WR�WKH�VDWHOOLWH�DOWLPHWU\��
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� 7KH� LQWHQVH� ERXQGDU\� FXUUHQW� WKDW� XVXDOO\� IORZV� VRXWKZDUGV� DORQJ� WKH� (YLD� ,VODQG� DV� SDUW� RI� WKH� F\FORQLF� JHQHUDO����

FLUFXODWLRQ�WKDW�GHYHORSV�LQ�WKH�EDVLQ�DQG�EULQJV�%ODFN�6HD�ZDWHUV�WR�WKH�&UHWDQ�6HD�WKURXJK�WKH�&\FODGHV�LVODQGV�LV�WRWDOO\�

DEVHQW� LQ� ERWK� UXQV�� +RZHYHU�� LQ� (;3�� ZH� FOHDUO\� VHH� D� ZHOO� RUJDQLVHG� DQG� LQWHQVH� VRXWKZDUG� IORZ�� VWDUWLQJ� IURP� WKH����

'DUGDQHOOHV�6WUDLW��UXQQLQJ�LQ�WKH�PLGGOH�RI�WKH�$HJHDQ�DQG�FDUU\LQJ�WKH�%6:�LQWR�WKH�&\FODGHV�SODWHDX�DQG�ILQDOO\�LQWR�WKH�

&UHWDQ�EDVLQ�������

� ,Q�(;3���WKH�ZHVWHUQ�SDUW�RI�WKH�&UHWDQ�6HD�DQG�WKH�0\UWRDQ�6HD�LV�RFFXSLHG�E\�D�WZR�OREH�DQG�UDWKHU�EURDG�DQWLF\FORQLF�

FLUFXODWLRQ�SDWWHUQ�FRQVLVWHQW�ZLWK�WKH�PRGHO�VHD�VXUIDFH�KHLJKW�ILHOG�DQG�WKH�VDWHOOLWH�REVHUYDWLRQV��7KLV�SDWWHUQ�LV�FRPSOHWHO\����

DEVHQW�LQ�WKH�FRQWURO�UXQ�RI�WKH�PRGHO����

���

)LJXUH ��� 7KH�FLUFXODWLRQ�ILHOG�DW���P�GHSWK�RQ����$XJXVW������FRUUHVSRQGLQJ�WR��D��WKH�PRGHO�FRQWURO�UXQ�DQG��E��PRGHO�

H[SHULPHQW�(;3���$�VFKHPDWLF�RI�WKH�$HJHDQ�6HD�JHQHUDO�FLUFXODWLRQ�DIWHU�2OVRQ�HW�DO����������F�����
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��

$GGLWLRQDO�FKDQJHV�LQWURGXFHG�WR�WKH�FLUFXODWLRQ�ILHOG�LQ�WKH�FHQWUDO�/HYDQWLQH�EDVLQ RXWVLGH�WKH�$HJHDQ�6HD��QRW�VKRZQ����

KHUH��LQYROYH�WKH�UHVKDSLQJ�DQG�LQWHQVLILFDWLRQ�RI�WKH�3HORSV�J\UH�RI�(;3��ZLWK�UHVSHFW�WR�WKH�FRQWURO�UXQ�DQG�PRGLILFDWLRQV�

WR�WKH�5KRGHV�J\UH�V\VWHP�ZKLFK�GXULQJ�WKLV�SHULRG�KDV�D�WZR�OREH�VWUXFWXUH�HQFRPSDVVLQJ�D�F\FORQH�WKDW�GHYHORSV�VRXWK�RI����

WKH�HDVWHUQ�SDUW�RI�&UHWH���

$QRWKHU�H[DPSOH�RI�WKH�HIIHFW�RI�VNLQ�667�GDWD�DVVLPLODWLRQ�WR�WKH�$HJHDQ�6HD�PRGHO�VWDWH��FRQFHUQV�WKH�VSDWLDO�GLVWULEXWLRQ����

RI�VHD VXUIDFH�KHLJKW�RQ��WK $SULO�������$V�ZLWK�)LJ� ����ZH�VKRZ�WKH�DQDO\VLV�66+�FRUUHVSRQGLQJ�WR�WKH�PRGHO�FRQWURO�UXQ�

�)LJ� ��D��DQG�WKH�PRGHO�H[SHULPHQW�(;3���)LJ� ��E��WRJHWKHU�ZLWK�WKH�VDWHOOLWH�DOWLPHWU\��)LJ� ��F��IRU�WKH�VDPH�GD\��7KH����

66+�DQDO\VHV�IRU�ERWK�PRGHO� UXQV�DUH�YHU\�VLPLODU� WR�HDFK�RWKHU�DQG�FDSWXUH� WKH�PDLQ�G\QDPLF�VWUXFWXUHV�GHSLFWHG� LQ� WKH�

VDWHOOLWH�DOWLPHWU\��+RZHYHU� FDUHIXO�LQWHU�FRPSDULVRQ�VKRZV�GLIIHUHQFHV�EHWZHHQ�WKH�WZR�PRGHO�DQDO\VHV�WKDW�FDQ�EH�DWWULEXWH����

WR�WKH�LPSDFW�RI�GDLO\�GDWD�DVVLPLODWLRQ�RI�6(9,5,�VNLQ�667�SHUIRUPHG�LQ�(;3��

� 7KH�VKDSH��RULHQWDWLRQ�DQG�VWUHQJWK�RI�WKH�3HORSV�DQWLF\FORQH�WR�VRXWKZHVW�RI�3HORSRQQHVXV�RI�(;3��FRPSDUHV�YHU\�ZHOO����

ZLWK�WKH�VDWHOOLWH�DOWLPHWU\��7KH�VDPH�G\QDPLF�VWUXFWXUH�DSSHDUV�ZHDN�DQG�VKUXQN�LQ�WKH�FRQWURO�UXQ�RI�WKH�PRGHO��

� 7KH�5KRGHV�J\UH�F\FORQH�KDV�D�WKUHH�OREH�VWUXFWXUH�LQ�WKH�VDWHOOLWH�DOWLPHWU\�ZKLFK�LV�DOVR�FRUUHFWO\�UHSUHVHQWHG�LQ�VKDSH�����

RULHQWDWLRQ�DQG�VWUHQJWK�LQ�WKH�DQDO\VLV�RI�(;3���2Q�WKH�RWKHU�KDQG� DOWKRXJK�WKH�FRQWURO�UXQ�RI�WKH�PRGHO�FDSWXUHV�WKH�VDPH�

F\FORQLF�VWUXFWXUH�FRQVLVWLQJ�RI�WKUHH�OREHV��WKH�WZR�QRUWKHUQ�OREHV�KDYH�D�ZURQJ�RULHQWDWLRQ��ZHVWHUQ�OREH�VRXWK�RI�&UHWH������

VKDSH��HDVWHUQ�OREH��DQG�VWUHQJWK��ERWK�OREHV��FRQWUDU\�WR�WKH�REVHUYDWLRQV�DQG�(;3��DQDO\VLV���

� 7KH�DQWLF\FORQLF�HGG\�DW������ (� QHLJKERULQJ�WKH�$IULFDQ�FRDVW� LV�DOPRVW�PLVVLQJ�IURP�WKH�PRGHO�FRQWURO�UXQ�EXW�LW����

FOHDUO\�VKRZV XS�DQG�KDV�D�ZHOO�IRUPHG�G\QDPLF�VWUXFWXUH�LQ�WKH�PRGHO�H[SHULPHQW�(;3��PDWFKLQJ�WKDW�RI�WKH�VDWHOOLWH�DOWLPHWU\�

SLFWXUH����

� 7KH�VLJQDWXUH�RI�D�ODUJH�DQWLF\FORQH�LQ�WKH�ZHVW�&UHWDQ�6HD�LV�HYLGHQW�LQ�(;3��DQG�VDWHOOLWH�DOWLPHWU\�EXW�LV DOPRVW�PLVVLQJ�

IURP�WKH�PRGHO�FRQWURO�UXQ����
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)LJXUH ��� �D��$QDO\VLV�66+��LQ�FP��IRU���$SULO������FRUUHVSRQGLQJ�WR�&75/�UXQ���E��DQDO\VLV�66+�FRUUHVSRQGLQJ�WR�(;3���

DQG��F��VDWHOOLWH�DOWLPHWU\�IRU���$SULO����������

�� 6XPPDU\�DQG�&RQFOXVLRQV���

,Q�WKLV�SDSHU��DQ�REVHUYDWLRQ�RSHUDWRU�IRU�VDWHOOLWH�667�GDWD�DVVLPLODWLRQ�DEOH�WR�DFFRXQW�IRU�667�GLXUQDO�YDULDWLRQV�DQG�WKH����

FRRO�VNLQ� HIIHFW� LV� IRUPXODWHG�� :H� ILUVW� GHULYH� WKH� VWDWLVWLFDO�G\QDPLFDO� REVHUYDWLRQ� RSHUDWRU�� DQG� ODWHU� VKRZ� WKH�

LPSOHPHQWDWLRQ� RI� WKLV� REVHUYDWLRQ� RSHUDWRU� LQ� WKH�326(,'21� DQDO\VLV� V\VWHP� �$HJHDQ�6HD�� DQG� WKH� HYDOXDWLRQ� RI� WKHLU����

SHUIRUPDQFH�DVVLPLODWLQJ�VNLQ�667�REVHUYDWLRQV�GHULYHG�IURP�WKH�LQIUDUHG�VHQVRU�6(9,5,�IRU�������7KH�REVHUYDWLRQ�RSHUDWRU�

LV�EDVHG�XSRQ�VLPXODWLRQV�SHUIRUPHG�ZLWK�WKH��'�FROXPQ�PRGHO�*270��IURP�ZKLFK�PD[LPDOO\�FRUUHODWHG�PRGHV�RI�YDULDELOLW\����

EHWZHHQ�VNLQ�VXEVNLQ�667�DQG�WHPSHUDWXUH�SURILOHV�ZHUH�H[WUDFWHG�WKURXJK�FDQRQLFDO�FRUUHODWLRQ�DQDO\VLV��'HSHQGHQFH�RQ�WKH�
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DWPRVSKHULF�VWDWH�LV�LQWURGXFHG�E\�IRUPLQJ�DV�PDQ\�FDQRQLFDO�FRUUHODWLRQ�VHWV�DV�WKH�FRPELQDWLRQ RI�ZLQG�VSHHG�DQG�LQVRODWLRQ����

FDWHJRULHV�GHVLJQHG�IRU�WKH�0HGLWHUUDQHDQ�6HD�

*LYHQ�YDOXHV�IRU�GDLO\�PHDQ�VRODU�UDGLDWLRQ��GDLO\�PHDQ�ZLQG�YHORFLW\�DQG�ORFDO�WLPH��WKH�REVHUYDWLRQ�RSHUDWRU�ZLOO�SURMHFW����

D�PRGHO�WHPSHUDWXUH�SURILOH�RQWR�VNLQ�DQG�RU�VXEVNLQ�667�IRU�GDWD�DVVLPLODWLRQ��7KH�REVHUYDWLRQ�RSHUDWRU�ZDV�LQLWLDOO\�DSSOLHG�

LQ�DQ�RIIOLQH�PRGH�WR�WKH�$HJHDQ�PRGHO�SURILOHV�DQG�SURGXFHG�VNLQ�667�HTXLYDOHQWV�IRU�FRPSDULVRQ�WR�6(9,5,�REVHUYDWLRQV�����

&RQVLGHULQJ� WKDW� WKH� DSSOLFDWLRQ� RI� WKH� 667� REVHUYDWLRQ� RSHUDWRU� LV� EHQHILFLDO� DV� VRRQ� DV� WKH� HVWLPDWHG� VNLQ� 667� YHUVXV�

REVHUYDWLRQV�JLYHV D�ORZHU�506�HUURU�WKDQ�WKDW�IURP�WKH�ILUVW�PRGHO�OHYHO�WHPSHUDWXUH��LW�ZDV�IRXQG�WKDW�DOO�YHUVLRQV�RI�WKH����

RSHUDWRU�ZHUH�DEOH�WR�EULQJ�DQ�LPSURYHPHQW�FRPSDUHG�WR�WKH�PRGHO�SHUIRUPDQFH��ZLWKRXW�WKH�RSHUDWRU��LQ�WKH�PDMRULW\�RI�WKH�

WHVWLQJ�DUHD��+RZHYHU��QRQ�QHJOLJLEOH�HUURUV�ZKHQ�XVLQJ�WKH�RSHUDWRU�FDQ�RFFXU��PRVWO\�ORFDWHG�LQ�QRUWK�HDVWHUQ�$HJHDQ�RII����

WKH�'DUGDQHOOHV�6WUDLW�ZKLFK�LV�DQ�DUHD�RI�KLJK�FRPSOH[LW\�DV�ZHOO�DV�FORVH�WR�WKH�ZHVWHUQ�$IULFDQ�FRDVW��PRVW�SUREDEO\�UHODWHG�

ZLWK�WKH�IXQFWLRQLQJ�RI�WKH�QHVWLQJ�PHFKDQLVP�ZLWK�WKH�0HG�0)&�PRGHO����

,Q�WKH�VFRSH�RI�WKH�RQOLQH�HYDOXDWLRQ��RQH�FRQWURO�UXQ�DQG�IRXU�DVVLPLODWLRQ�H[SHULPHQWV�KDYH�EHHQ�SHUIRUPHG�ZLWK�WKH�

$HJHDQ�6HD�PRGHOOLQJ�V\VWHP�LQ�RUGHU�WR�GHPRQVWUDWH�WKH�HIIHFWLYHQHVV�RI�WKH�/6((.�ILOWHU�DQG�WKH�XSJUDGHG�REVHUYDWLRQ����

RSHUDWRU�LQ�DVVLPLODWLQJ�D�PXOWLYDULDWH�VHW�RI�VDWHOOLWH�66+��IRXQGDWLRQ�667��7�6�$UJR�SURILOHV�DQG�GDLO\�VNLQ�667�PHDVXUHPHQWV�

DW�QRRQ� WLPH��2QH�FKDOOHQJH�FRQFHUQV� WKH�DSSOLFDELOLW\�RI�WKH�QHZ�RSHUDWRU��GHVLJQHG�IRU�WKH�0HG�0)&�]�OHYHO�PRGHOOLQJ����

V\VWHP��IRU�VLJPD�OHYHO�PRGHOV��ZKLFK�LQHYLWDEO\�OLPLWV�LWV�RSHUDELOLW\�RQO\�LQ�PRGHO�GRPDLQ�DUHDV�ZKHUH�WKH�ILUVW�VLJPD�OHYHO�

GHSWK�LV�HTXDO�RU�VKDOORZHU�WKDQ�WKH�PLQLPXP�GHSWK�RI�WKH�WHPSHUDWXUH�SURILOH�DVVXPHG�E\�WKH�RSHUDWRU��)RU�WKH�FDVH�RI�WKH����

$HJHDQ�6HD�PRGHO��WKLV�UHVWULFWLRQ�H[FOXGHV�WKH�XVDJH�RI�VNLQ�667�REVHUYDWLRQV ORFDWHG�LQ�DUHDV�ZKHUH�WKH�WRWDO�GHSWK�LV����

P�RU�PRUH�DQG�LV�H[SHFWHG�WR�OLPLW�WKH�HIIHFWLYHQHVV�RI�VNLQ�667�GDWD�DVVLPLODWLRQ�LQWR�WKH�PRGHO�����

:HHNO\�DVVLPLODWLRQ�RI�VDWHOOLWH�66+��JULGGHG�IRXQGDWLRQ�667�GDWD�DQG�$UJR�7�6�SURILOHV�LQWR�WKH�PRGHOOLQJ�V\VWHP�IRU�D�

�� PRQWK�SHULRG�-DQ������± 'HF�������PRGHO�FRQWURO�UXQ���UHDIILUPHG�WKH�DELOLW\�RI�WKH�/6((.�ILOWHU�WR�ILW�WKH�DVVLPLODWHG�GDWD����

ZLWKLQ�WKH�VSHFLILHG�XQFHUWDLQWLHV��7KH�DGGLWLRQDO�DVVLPLODWLRQ�RI�GDLO\�VNLQ�667�6(9,5,�GDWD�DW�������87&�IRU�WKH�VDPH�SHULRG�

XVLQJ�9��RI� WKH�2EVHUYDWLRQ�2SHUDWRU� �(;3��� VKRZHG� WKH� LPSDFW� RI� WKLV� GDWD� VHW� LQ� FRUUHFWLQJ�REVHUYHG� DQG�XQREVHUYHG����

YDULDEOHV�RI�WKH�PRGHOOLQJ�V\VWHP��,Q�SDUWLFXODU��WKH�VLJQLILFDQW�LPSURYHPHQW�REWDLQHG�LQ�WKH�66+�DQDO\VLV�ILHOGV�GXH�WR�WKH�

LQWURGXFWLRQ� RI� QRRQ� WLPH� VNLQ� 667� REVHUYDWLRQV� LV� SDUWLDOO\� PDLQWDLQHG� LQ� WKH� PRGHO� IRUHFDVWV� LPSO\LQJ� WKDW� WKH� GDWD����

DVVLPLODWLRQ�V\VWHP�LV�FDSDEOH�RI�FRUUHFWLQJ� LQ�D�G\QDPLFDOO\�FRQVLVWHQW�ZD\� WKH�LQLWLDO�HUURUV�UHVSRQVLEOH�IRU�ODWHU�IRUHFDVW�

HUURU�JURZWK����

,W�LV�DOVR�LQWHUHVWLQJ�WR�QRWH�WKDW�WKH�TXLWH�IUHTXHQW�UH�LQLWLDOL]DWLRQ�RI�WKH�PRGHO�GXH�WR�WKH DVVLPLODWLRQ�RI�VNLQ�667�RQ�D�

GDLO\�EDVLV�GDWD�GRHV�FRQWDPLQDWH�WKH�PRGHO�VROXWLRQ�GXH�WR�WKH�LQHYLWDEOH�DGMXVWPHQW�RI�WKH�PRGHO�G\QDPLFV�WR�WKH�DQDO\VLV����

ILHOGV��,Q�WKH�WZR�VSHFLILF�H[DPSOHV�VKRZQ�DQG�GLVFXVVHG�WKH�DVVLPLODWLRQ�RI�VNLQ�667�LV�DEOH�WR�FRUUHFW�WKH�VKDSH��VWUHQJWK�DQG�

SRVLWLRQLQJ� RI� LPSRUWDQW� G\QDPLFDO� IHDWXUHV� RI� WKH� VRXWK� $HJHDQ� DQG� WKH� FHQWUDO� /HYDQWLQH� EDVLQ�� 2Q� WKH� RWKHU� KDQG�����

FRQVLGHULQJ�WKH�EHKDYLRXU�RI�WKH�DQDO\VLV�DQG�IRUHFDVW�VNLQ�667�DQG�WKH�RYHUDOO��� P � ���� P��WHPSHUDWXUH�506�HUURU�LQ�

UHODWLRQ�WR�WKH�QXPEHU�RI�DVVLPLODWHG�VNLQ�667�REVHUYDWLRQV�ZLWKLQ�WKH�\HDU��LW�EHFRPHV�HYLGHQW�WKDW�WKH�LQKHUHQW�OLPLWDWLRQ�RI����

WKH�QHZ�REVHUYDWLRQ�RSHUDWRU�ZKHQ�DSSOLHG�WR�D�VLJPD�OHYHO�PRGHO�KDV�VRPH�HIIHFW�RQ�WKH�VNLOO�RI�VNLQ�667�GDWD�DVVLPLODWLRQ�
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RQ�WKH�PRGHO�G\QDPLFV��7R�WKLV�HQG��DQ�DGGLWLRQDO�\HDU�RI�GDWD�DVVLPLODWLRQ�FRXOG�EH�XVHIXO�LQ�RUGHU�WR�XQGHUVWDQG�LI�WKH�UDWKHU����

SRRU�SHUIRUPDQFH�RI� WKH�GDWD�DVVLPLODWLRQ�V\VWHP�REVHUYHG�EHWZHHQ�-DQ�$SULO������ LV�D� UHVXOW�RI� WKH� LQLWLDO�DGMXVWPHQW�RI�

V\VWHP� WR� WKH� QHZO\� LQWURGXFHG� VNLQ� 667� REVHUYDWLRQV� RU� LW� LV� H[FOXVLYHO\� DWWULEXWHG� WR� WKH� OLPLWHG� QXPEHU� RI� VNLQ� 667����

REVHUYDWLRQV�DVVLPLODWHG�XQWLO�$SULO������

7R�FRQFOXGH��ZH�KDYH�VKRZQ�WKH�IHDVLELOLW\�RI�HPEHGGLQJ�ORZ�UDQN�VWDWLVWLFV�IURP�D�G\QDPLFDO�PRGHO��*270�LQ�RXU�FDVH�����

WR�IRUPXODWH�D�G\QDPLFDOO\�FRQVLVWHQW�DQG�VWDWLVWLFDOO\�EDVHG�REVHUYDWLRQ�RSHUDWRU�FDSDEOH�WR�KDQGOH 667�REVHUYDWLRQV�LQ�D�GDWD�

DVVLPLODWLRQ�V\VWHP DZDUH�RI�WKH�GLXUQDO�667�YDULDELOLW\��7KH�PHWKRGRORJ\�LV�TXLWH�JHQHUDO�DQG�FDQ�EH�DSSOLHG�LQ�WKH�IXWXUH�WR����

D�ODUJH�YDULHW\�RI�DSSOLFDWLRQV�ZKHUH�FRPSOLFDWHG�SURFHVVHV�PD\�EH�VLPSOLILHG�LQWR�UHGXFHG�RUGHU�REVHUYDWLRQ�RSHUDWRU��VXFK�

DV� IRU� LQVWDQFH� FRXSOHG� RFHDQ�VHD�LFH� RU� RFHDQ�ELRJHRFKHPLVWU\� DVVLPLODWLRQ� SUREOHP� $GGLWLRQDOO\�� IXWXUH� ZRUN FDQ� EH����

GHYRWHG�LQWR�IRUPXODWLQJ�DQ�667�REVHUYDWLRQ�RSHUDWRU�DGMXVWHG GLUHFWO\ WR�VLJPD�OHYHOV�VSDFH�LQ�RUGHU�WR�DYRLG�H[FOXVLRQ�RI�

667�REVHUYDWLRQV�LQ�JHRJUDSKLFDO�DUHDV ZKHUH�WKH�RSHUDWRU�SURILOH�LV�QRW�FRPSDWLEOH�ZLWK�WHPSHUDWXUH�SURILOH�DVVXPHG�E\�WKH����

PRGHO��

$FNQRZOHGJPHQWV���

7KLV�ZRUN�IRUPV�SDUW�RI�WKH�62667$�SURMHFW��KWWS���VRVVWD�FPFF�LW���ZKLFK�KDV�EHHQ�IXQGHG�E\�WKH�(8�&RSHUQLFXV�0DULQH�

(QYLURQPHQW�0RQLWRULQJ�6HUYLFH��&0(06��WKURXJK�WKH�6HUYLFH�(YROXWLRQ�JUDQWV DQG�LW KDV�EHHQ�FRQGXFWHG�XVLQJ�&0(06����

LQIRUPDWLRQ� 6��3LPHQWHO DQG�:�+��7VH�ZHUH DGGLWLRQDOO\�VXSSRUWHG�E\�WKH�1DWXUDO�6FLHQFHV�DQG�(QJLQHHULQJ�5HVHDUFK�&RXQFLO�

�16(5&�� RI� &DQDGD�� 7KH� *270� VLPXODWLRQV� LQ WKLV� VWXG\� XVHG� FRPSXWLQJ� UHVRXUFHV� SURYLGHG� E\� :HVW*ULG����

�ZZZ�ZHVWJULG�FD�� DQG� &RPSXWH� &DQDGD� �ZZZ�FRPSXWHFDQDGD�FD��� )LQDOO\�� $UJR� GDWD� ZHUH� FROOHFWHG� DQG� PDGH� IUHHO\�

DYDLODEOH� E\� WKH� ,QWHUQDWLRQDO�$UJR� 3URJUDP� DQG� WKH� QDWLRQDO� SURJUDPV� WKDW� FRQWULEXWH� WR� LW�� � �KWWS���ZZZ�DUJR�XFVG�HGX������

KWWS���DUJR�MFRPPRSV�RUJ����7KH�$UJR�3URJUDP�LV�SDUW�RI�WKH�*OREDO�2FHDQ�2EVHUYLQJ�6\VWHP�

���

7KH�&&$�VRIWZDUH�ZDV�GHYHORSHG�LQ�S\WKRQ�DQG�LV�DYDLODEOH�XSRQ�UHTXHVW�WR�WKH�DXWKRUV�

5HIHUHQFHV���

$NHOOD��6���7RGOLQJ��5���DQG�6XDUH]��0���$VVLPLODWLRQ� IRU� VNLQ�667�LQ� WKH�1$6$�*(26�DWPRVSKHULF�GDWD�DVVLPLODWLRQ�

V\VWHP� 4�-�5��0HWHRURO��6RF����������������� KWWSV���GRL�RUJ���������TM���������������

$QGURXOLGDNLV� <��6���DQG .RXUDIDORX��9��+�� (YROXWLRQ�RI�D�EXR\DQW�RXWIORZ�LQ�WKH�SUHVHQFH�RI�FRPSOH[�WRSRJUDSK\��7KH�

'DUGDQHOOHV�SOXPH��1RUWK�$HJHDQ�6HD�� -��*HRSK\V��5HV�� �����&�������KWWSV���GRL�RUJ�������������-&����������������

%OXPEHUJ�� $�)�� DQG�0HOORU�� *�� /�� $� GHVFULSWLRQ� RI� D� WKUHH�GLPHQVLRQDO� FRDVWDO� RFHDQ� FLUFXODWLRQ� PRGHO�� LQ� 7KUHH�

'LPHQVLRQDO� &RDVWDO� 2FHDQ� &LUFXODWLRQ� 0RGHOV�� &RDVWDO� (VWXDULQH� 6FL��� YRO�� ��� HGLWHG� E\� 1�6�+HDSV�� SS�� ������ $*8�����

:DVKLQJWRQ��'�&�������
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'RQORQ &���0DUWLQ��0���6WDUN��-���5REHUWV�-RQHV��-���)LHGOHU��(���:LPPHU��:�� 7KH�2SHUDWLRQDO�6HD�6XUIDFH�7HPSHUDWXUH����

DQG� 6HD� ,FH� $QDO\VLV� �267,$�� V\VWHP�� 5HPRWH� 6HQVLQJ� RI� (QYLURQPHQW�� ����� ��������

KWWSV���GRL�RUJ���������M�UVH����������������������

'RPEURZVN\�(���%HUWLQR��/���%UDVVLQJWRQ��*��%���&KDVVLJQHW��(��3���'DYLGVRQ��)���+XUOEXUW��+��(���.DPDFKL��0���/HH��7��

0DUWLQ��0�-���0HX��6���DQG�7RQDQL�0�� *2'$(�6\VWHPV�LQ�2SHUDWLRQ��2FHDQRJU���������±������������

(PHU\� :�� -�� %DOGZLQ� '�� -���6FKO�VVHO��3��� DQG 5H\QROGV�5��:�� $FFXUDF\�RI� LQ� VLWX� VHD� VXUIDFH� WHPSHUDWXUHV�XVHG� WR�

FDOLEUDWH� LQIUDUHG� VDWHOOLWH� PHDVXUHPHQWV� -�� *HRSK\V�� 5HV�� ��� �&���� ����±������ KWWSV���GRL�RUJ�������������-&�����������

�����

*DVSDUL��*��DQG��&RKQ��6��(�� &RQVWUXFWLRQ�RI�FRUUHODWLRQ�IXQFWLRQV�LQ�WZR�DQG�WKUHH�GLPHQVLRQV� 4��-��5R\DO�0HWHRURORJLFDO����

6RF�����������±�����KWWS���G[�GRL�RUJ���������TM������������� �����

*HQWHPDQQ� &��/��DQG $NHOOD� 6�� (YDOXDWLRQ�RI�1$6$�*(26Ǧ$'$6�PRGHOHG�GLXUQDO�ZDUPLQJ�WKURXJK�FRPSDULVRQV�WR����

6(9,5,�DQG�$065��667�REVHUYDWLRQV��-��*HRSK\V��5HV��� 2FHDQV� ���������±����� KWWSV���GRL�RUJ�������������-&��������

��������

*HQWHPDQQ� &��/�� 'RQORQ� &��-���6WXDUWǦ0HQWHWK��$���DQG :HQW]�)��-�� 'LXUQDO�VLJQDOV�LQ�VDWHOOLWH�VHD�VXUIDFH�WHPSHUDWXUH�

PHDVXUHPHQWV� *HRSK\V��5HV��/HWW�� �������������KWWSV���GRL�RUJ�������������*/����������������

+RWHOOLQJ��+�� 5HODWLRQV�EHWZHHQ�WZR�VHWV�RI�YDULDWHV��%LRPHWULND��������������������

-DQVHQ�(���'HQD[D��'���.RUUHV��*���0LURX]H��-���3LPHQWHO��6���6WRUWR��$���DQG�7VH��6�� 8VLQJ�&DQRQLFDO�&RUUHODWLRQ�$QDO\VLV����

WR�SURGXFH�G\QDPLFDOO\�EDVHG�KLJKO\�HI¿FLHQW�VWDWLVWLFDO�REVHUYDWLRQ�RSHUDWRUV��2FHDQ�6FLHQFH��VXEPLWWHG�������

.DLVHU�:HLVV��$��.���0LQQHWW��3��-���.DSODQ��$���:LFN��*��$���&DVWUR��6���/OHZHOO\Q�-RQHV��'���0HUFKDQW��&�� /HERUJQH� 3������

%HJJV +���DQG 'RQORQ��&��-� 6HD�VXUIDFH�WHPSHUDWXUH�SURGXFWV�DQG�UHVHDUFK�DVVRFLDWHG�ZLWK�JKUVVW��,Q (XURSHDQ�6SDFH�$JHQF\��

�6SHFLDO�3XEOLFDWLRQ��(6$�63 �9RO������63�����������

.DZDL��<��DQG�:DGD��$�� 'LXUQDO�VHD�VXUIDFH�WHPSHUDWXUH�YDULDWLRQ�DQG�LWV�LPSDFW�RQ�WKH DWPRVSKHUH�DQG�RFHDQ��$�5HYLHZ��

-��2FHDQRJU���������������KWWSV���GRL�RUJ���������V��������������������������

.RUUHV�*��DQG�/DVFDUDWRV��$��$�ȠQH�ZD\�QHVWHG�HGG\�UHVROYLQJ�PRGHO�RI�WKH�$HJHDQ�DQG�/HYDQWLQH�EDVLQV��,PSOHPHQWDWLRQ�

DQG�FOLPDWRORJLFDO�UXQV� $QDOOHV�*HRSK\VLFDH��0)633�± 3DUW�,�6SHFLDO�,VVXH���������������KWWSV���GRL�RUJ���������DQJHR�������

��������� �����

.RUUHV� *���1LWWLV��.���+RWHLW�� ,��� DQG�7ULDQWDI\OORX��*�� $�KLJK� UHVROXWLRQ�GDWD�DVVLPLODWLRQ�V\VWHP� IRU� WKH�$HJHDQ�6HD����

K\GURG\QDPLFV��-RXUQDO RI�0DULQH�6\VWHPV���������������KWWSV���GRL�RUJ���������M�MPDUV\V������������� �����

.RUUHV��*���1LWWLV� .���3HULYROLRWLV��/���7VLDUDV��.���3DSDGRSRXORV��$���+RWHLW��,���DQG�7ULDQWDI\OORX��*��� )RUHFDVWLQJ�WKH����

$HJHDQ�6HD�K\GURG\QDPLFV�ZLWKLQ�WKH�326(,'21�,,�RSHUDWLRQDO�V\VWHP��-RXUQDO�RI�2SHUDWLRQDO�2FHDQRJUDSK\���������������

KWWSV���GRL�RUJ����������������;��������������� ��������

.RXUDIDORX��9� +��DQG %DUERSRXORV��.�� +LJK�UHVROXWLRQ�VLPXODWLRQV�RQ�WKH�1RUWK�$HJHDQ�6HD�VHDVRQDO�FLUFXODWLRQ� $QQDOHV�

*HRSK\VLFDH��(XURSHDQ�*HRVFLHQFHV�8QLRQ��������������������������

Ocean Sci. Discuss., https://doi.org/10.5194/os-2018-158
Manuscript under review for journal Ocean Sci.
Discussion started: 15 January 2019
c© Author(s) 2019. CC BY 4.0 License.



��

/H� %RUJQH�� 3��� /HJHQGUH�� *��� DQG� 3pUp�� 6�� &RPSDULVRQ� RI�06*�6(9,5,� DQG� GULIWLQJ� EXR\� GHULYHG� GLXUQDO� ZDUPLQJ�

HVWLPDWHV��5HPRWH�6HQVLQJ�RI (QYLURQPHQW���������������� KWWSV���GRL�RUJ���������M�UVH����������������������

0DUXOOR� 6�� 0LQQHWW� 3��-���6DQWROHUL��5���DQG�7RQDQL��0�� 7KH�GLXUQDO�F\FOH�RI�VHDǦVXUIDFH�WHPSHUDWXUH�DQG�HVWLPDWLRQ�RI�
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