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Sources and Sinks of Anthropogenic CO2:

Integrated Assessment Using Biogeochemical Modeling and Inversion of

Atmospheric Tracer Transport

)LQDO�5HSRUW

-RUJH�6DUPLHQWR��DQG�6RQJ�0LDR�)DQ

$WPRVSKHULF�	�2FHDQLF�6FLHQFHV�3URJUDP��3ULQFHWRQ�8QLYHUVLW\

3ULQFHWRQ��1HZ�-HUVH\������

Summary: :LWK�VXSSRUW�IURP�WKH�16)�0HWKRGV�DQG�0RGHOV�IRU�,QWHJUDWHG�$VVHVVPHQW

LQLWLDWLYH��ZH�KDYH�GHYHORSHG�DQ�LVRWRSLF�PHWKRG�IRU�GLUHFW�FDOFXODWLRQ�RI�WKH�VRXUFHV

DQG�VLQNV�RI�DWPRVSKHULF�&2��WKURXJK�LQYHUVH�PRGHOLQJ�RI�REVHUYDWLRQDO�GDWD�XVLQJ�D

*)'/�JOREDO�WKUHH�GLPHQVLRQDO�WUDFHU�WUDQVSRUW�PRGHO���:H�PRGHOHG�WKH�GLVWULEXWLRQ�RI

δ��&�UDWLRV�LQ�WKH�DWPRVSKHUH�REVHUYHG�GXULQJ������������DQG�HVWLPDWHG�WKH�WHUUHVWULDO

QHW�HFRV\VWHP�SURGXFWLRQ�IRU�WKUHH�JHRJUDSKLFDO�UHJLRQV���7KH�ODQG�ELRWD�LQ�1RUWK

$PHULFD�DQG�(XUDVLD�ZDV�IRXQG�WR�EH�DEVRUELQJ�&2
�
��DW�D�UDWH�RI�DERXW���*W&�\U����ZKLOH

WKDW�LQ�7URSLFV�DQG�WKH�6RXWKHUQ�+HPLVSKHUH�ZHUH�IRXQG�WR�EH�UHOHDVLQJ�&2
��GXULQJ

WKLV�WKUHH�\HDU�SHULRG�

1. Introduction

7KH�JOREDO�FDUERQ�F\FOH�LQYROYHV�PXOWLSOH�FRPSRQHQWV�RI�WKH�(DUWK�V\VWHP�

LQFOXGLQJ�WKH�DWPRVSKHUH��WKH�RFHDQ��WKH�WHUUHVWULDO�ELRVSKHUH��DQG�DQWKURSRJHQLF

HPLVVLRQV���:H�SURSRVHG�DQ�LQWHJUDWHG��SURJUDP�WR�GHYHORS�PHWKRGV�WR�DVVHVV�WKH

FXUUHQW�FDUERQ�EXGJHW��DQG�DW�WKH�VDPH�WLPH�WR�EXLOG�WKH�WRROV�WR�DOORZ�D�PHFKDQLVWLF

VWXG\�RI�WKH�SURFHVVHV�LQYROYHG�VR�WKDW�UHDOLVWLF�SUHGLFWLRQ�RI�FKDQJHV�WR�WKHVH�SURFHVVHV

PD\�EHFRPH�PRUH�IHDVLEOH����,Q�SDUWLFXODU��ZH�SURSRVHG�WR�GHYHORS�DQ�LVRWRSLF�LQYHUVH
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PHWKRG�IRU�WKH�HVWLPDWLRQ�RI�WHUUHVWULDO�FDUERQ�VRXUFHV�DQG�VLQNV�RYHU�WKH�JOREH�DV�D

SDUW�RI�WKH�LQWHJUDWHG�SURJUDP�

7KH�IROORZLQJ�WDVNV�KDYH�EHHQ�FRPSOHWHG�

�D��:H�FDUULHG�RXW�IRUZDUG�PRGHO�VLPXODWLRQV�RI�FDUERQ�LVRWRSHV�LQ�WKH�DWPRVSKHUH

FDXVHG�E\�IRVVLO�IXHO�HPLVVLRQV��DQQXDO�DYHUDJH�DLU�VHD�H[FKDQJH�IOX[HV��DQG�VHDVRQDO

WHUUHVWULDO�QHW�SULPDU\�SURGXFWLRQ��133��DQG�KHWHURWURSKLF�UHVSLUDWLRQ��5(63��

�E��:H�GHYHORSHG�DQ�LVRWRSLF�LQYHUVH�PHWKRG��DQG�HYDOXDWHG�WKH�LQYHUVH�PHWKRG

XVLQJ��V\QWKHWLF��GDWD�JHQHUDWHG�E\�D�VHSDUDWH�DWPRVSKHULF�PRGHO���7KH�HYDOXDWLRQ

SURYLGHV�D�FULWLFDO�DVVHVVPHQW�RI�WUDQVSRUW�HUURUV�LQKHUHQW�LQ�RXU�LQYHUVH�HVWLPDWHV�

�F��7HUUHVWULDO�QHW�FDUERQ�IOX[HV�GXULQJ�����������ZHUH�HVWLPDWHG�XVLQJ�WKH�LQYHUVH

PHWKRG�IRU�1RUWK�$PHULFD��(XUDVLD��7URSLFV�DQG�WKH�6RXWKHUQ�+HPLVSKHUH�

:H�ZLOO�GRFXPHQW�LQ�WKLV�UHSRUW�����WKH�EDVLFV�RI�FDUERQ�LVRWRSH�ELRJHRFKHPLVWU\�����

IRUZDUG�PRGHOLQJ�RI�FDUERQ�LVRWRSHV�LQ�WKH�DWPRVSKHUH�XVLQJ�D�JOREDO�FKHPLFDO

WUDQVSRUW�PRGHO������DQ�LQYHUVH�PHWKRG�IRU�FDUERQ�LVRWRSLF�UDWLRV��DQG�����LQYHUVH

HVWLPDWHV�RI�WHUUHVWULDO�FDUERQ�VRXUFHV�DQG�VLQNV�

2. The Isotopic Method

0HDVXUHPHQWV�RI�FDUERQ�LVRWRSLF�UDWLRV�DUH�RIWHQ�SUHVHQWHG�LQ�WKH�
GHOWD�QRWDWLRQ
�

δ13&��DV�IROORZV�

δ13C = R −RPDB
RPDB

×1000

ZKHUH�5�LV���&���&�UDWLR��DQG�5
3'%

� �����������LV�WKH�UDWLR�IRXQG�LQ�3HH�'HH

%HOHPQLWH�FDOFLWH�DQG�WKH�UHIHUHQFH�UDWLR�XVHG�LQWHUQDWLRQDOO\�IRU�UHSRUWLQJ

PHDVXUHPHQWV���7\SLFDO�YDOXHV�RI�δ13&�DUH�OLVWHG�LQ�7DEOH���IRU�YDULRXV�FDUERQ�UHVHUYRLUV�
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7DEOH�����7\SLFDO�LVRWRSLF�UDWLRV�RI�FDUERQ�UHVHUYRLUV

&DUERQ�UHVHUYRLUV δ13&��Æ�

$WPRVSKHUH �����DURXQG����������������DURXQG�����

2FHDQ a����VXUIDFH�RFHDQ��F�������������a����GHHS�VHD

/DQG�ELRWD ����IRU�&
�
�IRUHVWV���������IRU�&��SDVWXUHV

)RVVLO�IXHO ����IRU�FRDO�������IRU�QDWUXDO�JDV�������WR�����IRU�FUXGH�RLO

&HPHQW�SURGXFWLRQ ����

0HDQ�IRVVLO�&2� ������F����������������F���������������F������

�:H�FDQ�XVH�WKH�δ13&�UDWLR�RI�&2��WR�GLVWLQJXLVK�WHUUHVWULDO�IURP�PDULQH�IOX[HV�

%HFDXVH�SODQWV�GLVFULPLQDWH�DJDLQVW���&�LQ�SKRWRV\QWKHWLF�FDUERQ�DVVLPLODWLRQ��VHH�7DEOH

����%\�FRQWUDVW��WKH�NLQHWLF�IUDFWLRQDWLRQ�RI�FDUERQ�LVRWRSHV�GXULQJ�WKH�WUDQVIHU�IURP�WKH

DWPRVSKHUH�WR�WKH�RFHDQ�LV�VPDOO����Æ���DWPRVSKHULF�δ13&�LV�QHDUO\�XQFKDQJHG�E\�WKH

XSWDNH�RI�&2��LQWR�WKH�VXUIDFH�RFHDQV���7KH�GLIIHUHQFH�RI�δ13&�EHWZHHQ�WKH�DWPRVSKHUH

DQG�VHDZDWHU��a�Æ��LV�PDLQO\�GXH�WR�WKH�NLQHWLF�IUDFWLRQDWLRQ�GXULQJ�WKH�WUDQVIHU�IURP

WKH�RFHDQ�EDFN�WR�WKH�DWPRVSKHUH�����Æ��

�7KH�DWPRVSKHUH�LV�QHDU�HTXLOLEULXP�ZLWK�WKH�VXUIDFH�RFHDQ�ZLWK�UHJDUG�WR�WKH

LVRWRSLF�FRPSRVLWLRQ�RI�&2����+RZHYHU��D�VPDOO�LVRWRSLF�GLV�HTXLOLEULXP�KDV�UHVXOWHG

IURP�DQWKURSRJHQLF�SHUWXUEDWLRQV�WR�WKH�JOREDO�FDUERQ�F\FOH�VLQFH�WKH�,QGXVWULDO

5HYROXWLRQ���$QWKURSRJHQLF�&2��IURP�IRVVLO�IXHO�FRQVXPSWLRQ�DQG�GHIRUHVWDWLRQ

VRXUFHV�LV�GHSOHWHG�LQ���&��FDXVLQJ�DWPRVSKHULF�&2��DQG�GLVROYHG�LQRUJDQLF�FDUERQ�LQ

VHDZDWHU�WR�EHFRPH�LVRWRSLFDOO\�OLJKWHU��WKH�UDWLR�RI���&���&�GHFUHDVLQJ��ZLWK�WLPH���7KLV

WUHQG�RI�LVRWRSLF�UDWLR�LV�FDOOHG�WKH��6XHVV�HIIHFW����7KH�RFHDQLF�6XHVV�HIIHFW�ODJV�EHKLQG
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WKDW�LQ�WKH�DWPRVSKHUH�GXH�WR�D�UHODWLYHO\�ORQJ�DLU�VHD�HTXLOLEUDWLRQ�WLPH��\HDUV��IRU�WKH

LVRWRSLF�FRPSRVLWLRQV�FRPSDUHG�WR�WKH�HTXLOLEUDWLRQ�WLPH�IRU�&2��FRQFHQWUDWLRQV

�PRQWKV����$V�D�UHVXOW��DQ�LVRWRSLF�GLV�HTXLOLEULXP�GHYHORSV�EHWZHHQ�WKH�DWPRVSKHUH

DQG�WKH�JOREDO�RFHDQ�

7DEOH�����7\SLFDO�LVRWRSLF�IUDFWLRQDWLRQ

3URFHVVHV )UDFWLRQDWLRQ���Æ�

$LU�&��SODQWV ���

$LU�&��SODQWV ��

$LU�VHD ��

6HD�DLU �����

�$Q�LVRWRSLF�GLV�HTXLOLEULXP�KDV�VLPLODUO\�GHYHORSHG�EHWZHHQ�VRLO�FDUERQ�DQG

DWPRVSKHULF�&2���DV�ROG�VRLO�FDUERQ�ZDV�DVVLPLODWHG�RQH�WR�KXQGUHGV�RI�\HDUV�DJR�ZKHQ

WKH�FDUERQ�LVRWRSHV�UDWLR�LQ�WKH�DWPRVSKHUH�ZDV�GLIIHUHQW�WKDQ�DW�WKH�SUHVHQW�WLPH�

%HFDXVH�RI�WKH�SUHVHQFH�RI�WKH�LVRWRSLF�GLV�HTXLOLEULD��DWPRVSKHULF��δ13&�LV�FKDQJHG

�LQFUHDVHG��HYHQ�ZKHQ�WHUUHVWULDO�UHVSLUDWLRQ�EDODQFHV�WHUUHVWULDO�QHW�SULPDU\�SURGXFWLRQ

DQG�&2��HYDVLRQ�IURP�VHD�WR�DLU�EDODQFHV�&2��LQYDVLRQ�IURP�DLU�WR�VHD�RYHU�DQQXDO

F\FOHV�

2.  Modeling of isotopic ratios

2XU�JRDO�LV�WR�GHWHUPLQH�WKH�FRQWULEXWLRQ�RI�VXUIDFH�FDUERQ�IOX[HV�WKDW�ZLOO�EHVW

SUHGLFW�REVHUYDWLRQV�RI�WKH�VSDWLDO�VWUXFWXUH�RI�&2��DQG�δ��&�LQ�WKH�DWPRVSKHUH���:H

GHILQH�WKH�VSDWLDO�VWUXFWXUH�LQ�UHIHUHQFH�WR�6RXWK�3ROH�REVHUYDWLRQV��RU�PRGHO�UHVXOWV��LQ

-DQXDU\�RI�HDFK�\HDU��DQG�GHQRWH
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∆C = C−CSPO �
��� IRU��&2��

  
∆12C=12C−12CSPO IRU���&2���DQG

∆13C=13C−13CSPO ���� IRU���&2��

%HFDXVH�WKH�6RXWK�3ROH�2EVHUYDWRU\��632��LV�UHPRWH�IURP�FDUERQ�VRXUFHV�DQG�VLQNV�

PRQWKO\�PHDVXUHPHQWV�FDQ�EH�REWDLQHG�IURP�IRXU�ZHHNO\�IODVN�VDPSOHV�ZLWK�PLQLPDO

ELDVHV�GXH�WR�ORFDO�DQG�V\QRSWLF�YDULDWLRQV���/RFDO�VRXUFHV�UHSUHVHQW�VXEJULG�YDULDWLRQV�

DQG�DUH�QRW�UHVROYHG�LQ�WKH�JOREDO�PRGHO����&KDQJHV�LQ�WKH�LVRWRSLF�UDWLRV�DUH�JLYHQ�E\�

5HDUUDQJLQJ�DERYH�HTXDWLRQ��DQG�QHJOHFWLQJ�WKH�QHDU�LGHQWLW\�IDFWRUV����5��DQG����

∆&�&632���ZH�REWDLQ�

  
∆δ 13 C = δ 13 C − δ 13C SPO = ∆R

R PDB

× 1000

  
∆δ13C = 1000

RPDB

∆
13C
12C

 

 
 

 

 
 = 1000

RPDB

∆13C
12C

− RSPO

∆12C
12C

 

 
 

 

 
 

  
∆δ 13 C = 1000

R PDB

(1 + R SPO )∆13 C
C

− R SPO

∆C
C

 

 
 

 

 
 (1 + R )

  
∆δ13C ≈ 1000

RPDB

(1+ RSPO )∆13C
CSPO

− RSPO

∆C
CSPO

 

 
  

 

 
  1 − ∆C

CSPO

 

 
  

 

 
  (1+ R)

  
C SPO • ∆δ13C ≈ 1000

RPDB

(1 + RSPO )∆13C − R SPO∆C( )
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*LYHQ�VXUIDFH�IOX[HV�RI�&22�DQG���&2���ZH�XVH�DWPRVSKHULF�WUDQVSRUW�PRGHOV�WR

SUHGLFW�WKH�VSDWLDO�DQG�WHPSRUDO�VWUXFWXUHV�RI�∆&�DQG�∆��&��DQG�WKHQ�XVH�DERYH�HTXDWLRQ

WR�FRPSXWH�∆δ��&�

:H�VLPXODWHG�LQ�WKH�*)'/�*OREDO�&KHPLFDO�7UDQVSRUW�0RGHO��*&70��DWPRVSKHULF

&2��DQG�δ��&�FDXVHG�E\�IRVVLO�IXHO�HPLVVLRQV��DLU�VHD�H[FKDQJHV��DQG�VHDVRQDO�ELRWLF

VRXUFHV�DQG�VLQNV�RQ�ODQG���7KH�PRGHO�VSHFLILHV�IRVVLO�IXHO�HPLVVLRQV�EDVHG�RQ�WKH

HVWLPDWHV�RI�$QGUHV�HW�DO����������DQG�SUHVFULEHV�RFHDQLF�IOX[HV�EDVHG�RQ�DQ�DVHDVRQDO

�DQQXDO�PHDQ�ELRORJ\��RFHDQ�PRGHO��0XUQDQH�HW�DO�����������)LJXUH���VKRZV�WKH�LVRWRSLF

UDWLRV�RI�IRVVLO�FDUERQ�UHOHDVHG�E\�HDFK�QDWLRQ���)RU�WKH�8QLWHG�6WDWHV��ZH�XVH�LVRWRSLF

UDWLRV�HVWLPDWHG�IRU�HDFK�VWDWH�DQG�IRU�HDFK�PRQWK��)LJXUHV��D�DQG��E���SURYLGHG�WR�XV

E\�5REHUW�$QGUHV�DW�WKH�8QLYHUVLW\�RI�$ODVND���6SDWLDO�DQG�WHPSRUDO�YDULDWLRQV�LQ�WKH

LVRWRSLF�UDWLRV�RI�IRVVLO�FDUERQ�UHIOHFW�FKDQJHV�LQ�WKH�W\SHV�RI�IXHO�FRQVXPHG��ZLWK

QDWXUDO�JDV�EHLQJ�WKH�PRVW�GHSOHWHG�LQ���&�DQG�FRDO�WKH�OHDVW�GHSOHWHG��VHH�7DEOH����

7KH�VSDWLDO�DQG�WHPSRUDO�SDWWHUQV�IRU�WKH�WHUUHVWULDO�ELRVSKHULF�FDUERQ�IOX[HV�DUH

WDNHQ�IURP�WKH�&DUQHJLH��$PHV��DQG�6WDQIRUG�$SSURDFK��&$6$��ELRVSKHULF�PRGHO

�3RWWHU�HW��DO�����������7KH�LVRWRSLF�IUDFWLRQDWLRQ�FRHIILFLHQWV�YDU\�VLJQLILFDQWO\�IURP

ERUHDO�IRUHVW�WR�WURSLFDO�VDYDQQD��1HLO�6XLWV��&RORUDGR�6WDWH�8QLYHUVLW\����+RZHYHU��ZH

GLG�QRW�KDYH�WKH�WHUUHVWULDO�PRGHO�UHVXOWV�ZKHQ�WKH�LVRWRSLF�LQYHUVH�PRGHO�ZDV

FRQVWUXFWHG��ZH�DVVXPHG�XQLIRUP�LVRWRSLF�IUDFWLRQDWLRQV�IRU�WKUHH�ODUJH�UHJLRQV��)LJXUH

�����,W�FDQ�EH�VKRZQ�IRU�D�WHUUHVWULDO�VRXUFH�RI�XQLIRUP�LVRWRSLF�UDWLRV�WKDW�WKH

DWPRVSKHULF�UHVSRQVH�LV�JLYHQ�E\�

  
CSPO ∆δ13C =a(x,t) δ13C

leaf
−δ13CSPO

 
   

  F



7

ZKHUH�D�[�W���LV�DWPRVSKHULF�UHVSRQVH�DW�ORFDWLRQ�[�DQG�DW�WLPH�W�WR�D�VRXUFH�RI���*W&

\U�����DQG�)�LV�D�IOX[�PXOWLSOH���/HW�'� �&VSR�¨δ��&���XQLW��SSPÆ����:H�WKHQ�KDYH�

ZKHUH�L� �(XUDVLD��1RUWK�$PHULFD��DQG�7URSLFV�6+��DQG

Di,resp = [iso_RESP]i • ai, resp(x,t)

Di, npp = [iso_ NPP]i • ai,npp(x,t)

7KH�LVRWRSLF�IOX[HV�DUH�UHODWHG�WR�FDUERQ�IOX[HV�E\�

[iso_ RESP]= (δ13CSOM −δ13CSPO)•[RESP]���DQG

[iso_ NPP]= (δ13Cleaf −δ13CSPO) •[NPP]

DQG�DUH�LQ�XQLWV�RI�Æ*W&�\U�����DL�UHVS�[�W��DQG�DL�QSS�[�W��DUH�SUHGLFWHG�&2��IRU

&$6$�PRGHO�UHVSLUDWLRQ�DQG�QHW�SULPDU\�SURGXFWLRQ��QRUPDOL]HG�WR���*W&�\U����

UHVSHFWLYHO\��DQG�DUH�LQ�XQLWV�RI�SSP��*W&�\U���

7KH�LQYHUVH�PRGHO�VXEVWLWXWHV�'PRGHO�ZLWK�REVHUYDWLRQV�'REV��DQG�WKHQ�VROYHV

�IRU�WKH�LVRWRSLF�IOX[HV�>LVRB5(63@�DQG�>LVRB133@�FDXVHG�E\�WHUUHVWULDO�QHW�SULPDU\

SURGXFWLRQ��133��DQG�UHVSLUDWLRQ��5(63��IRU�WKUHH�ODQG�UHJLRQV��1RUWK�$PHULFD��QRUWK

RI����1���(XUDVLD�DQG�1RUWK�$IULFD��QRUWK�RI����1���DQG�7URSLFV�DQG�6RXWKHUQ

+HPLVSKHUH��)LJXUH������:H�FKRVH�WR�VROYH�IRU�WKUHH�UHJLRQV�EHFDXVH�ZH�DUH�OLPLWHG�E\

WKH�VSDWLDO�FRYHUDJH�RI�REVHUYDWLRQV��*ORRU�HW�DO�����������:H�XVHG�WKH�LQYHUVH�PRGHO�WR

  
Dmod el = Dfossil + Docean + (Di ,resp −D i,npp )

i
∑

  
Dobs = Dfossil +Docean + ai,resp(x,t)[iso_ RESP]i −ai,npp (x,t)[iso _NPP]i( )

i
∑
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HVWLPDWH�&2��IOX[HV�DQG�LVRWRSLF�IOX[HV�WKDW�JLYH�EHVW�ILW�WR�WKH�WKH�VSDWLDO�JUDGLHQWV�

VHDVRQDO�YDULDWLRQV��DQG�DQQXDO�WUHQGV�LQ�DWPRVSKHULF�&2��DQG�δ13&�REVHUYHG�DW���

&0'/�VDPSOLQJ�VLWHV�GXULQJ�D�WKUHH�\HDU�SHULRG�EHWZHHQ������������3LHWHU�7DQV�

&0'/��-LP�:KLWH��8QLYHUVLW\�RI�&RORUDGR�,167$$5����7KH�LQYHUVH�PRGHO�XVHV�D�UREXVW

HVWLPDWLRQ�PHWKRG�WKDW�LV�LQVHQVLWLYH�WR�RXWOLHUV��DQG�XVHV�WKH��GRZQKLOO�VLPSOH[

PLQLPL]DWLRQ��DOJRULWKP��3UHVV�HW�DO���������

���0RGHO�5HVXOWV

)LJXUH���VKRZV�WKH�GLVWULEXWLRQ�RI�]RQDO�DYHUDJH�DWPRVSKHULF�δ13&�FDXVHG�E\�IRVVLO

HPLVVLRQV�DQG�RFHDQLF�IOX[HV���)RVVLO�FDUERQ�IOX[HV�FDXVH�DWPRVSKHULF�δ13&�WR�EH�PRUH

QHJDWLYH�LQ�WKH�1RUWKHUQ�+HPLVSKHUH�WKDQ�LQ�WKH�6RXWKHUQ�+HPLVSKHUH���2FHDQLF�IOX[HV

LQFUHDVH�DWPRVSKHULF�δ��&�LQ�WKH�WURSLFV�DQG�GHFUHDVH�DWPRVSKHULF�δ��&�LQ�WKH�PLG�KLJK

ODWLWXGHV��EXW�GR�QRW�FDXVH�D�ODUJH�QRUWK�VRXWK�JUDGLHQW�

,Q�RUGHU�WR�HYDOXDWH�WKH�VLPSOH�LQYHUVH�PRGHO��ZH�XVHG�DQRWKHU�*)'/�DWPRVSKHULF

PRGHO��6.<+,��WR�JHQHUDWH�V\QWKHWLF��GDWD��ZLWK�WKH�VDPH�IRVVLO�IXHO�DQG�RFHDQLF�FDUERQ

IOX[HV�DV�XVHG�LQ�WKH�*&70�PRGHO��DQG�ZLWK�SUHVXPHG�DQQXDO�QHW�WHUUHVWULDO�IOX[HV

VXSHU�LPSRVHG�RQ�WKH�&$6$�PRGHO�133�DQG�5(63�IOX[HV���7KH�SUHVXPHG�QHW�WHUUHVWULDO

IOX[HV�DUH�XQLIRUPO\�SURSRWUWLRQDO�WR�133�LQ�HDFK�JULG�FHOO�DQG�LQ�HDFK�PRQWK���7KH

IOX[HV�HVWLPDWHG�E\�WKH�LQYHUVLRQ�DUH�VKRZQ�LQ�7DEOHV��D�G�IRU�IRXU�VHWV�RI�V\QWKHWLF

�GDWD��JHQHUDWHG�LQ�6.<+,�XVLQJ�GLIIHUHQW�SUHVXPHG�IOX[HV���7KH�JOREDO�RFHDQ�XSWDNH

ZDV�DOVR�HVWLPDWHG�LQ�WKH�WHVW�LQYHUVLRQV��ZKLOH�LWV�VSDWLDO�GLVWULEXWLRQ�ZDV�VSHFLILHG�

7DEOH��D�VKRZV�WKDW�WKH�HVWLPDWHG�FDUERQ�IOX[HV�DUH�FORVH�WR�]HUR��LQ�JRRG�DJUHHPHQW

ZLWK�WKH�SUHVXPHG�IOX[HV���7KLV�LV�DQ�LPSURYHPHQW�RYHU�LQYHUVLRQV�EDVHG�RQ�DQQXDO

DYHUDJH�GDWD�ZKHUH�WKH��UHFWLILFDWLRQ�HIIHFW��FDXVHV�HUURQHRXV�FRPSHQVDWLQJ�IOX[HV�RI

RUGHU�����*W&�\HDU�LQ�(XUDVLD�DQG�1RUWK�$PHULFD���7DEOH��E�VKRZV�WKDW�WKH�GLIIHUHQFHV

LQ�IRVVLO�&2��JUDGLHQW�EHWZHHQ�WKH�WZR�WUDQVSRUW�PRGHOV�FDXVH�HUURQHRXV�WHUUHVWULDO

XSWDNH�LQ�1RUWK�$PHULFD�DQG�(XUDVLD��EHFDXVH�KLJKHU�IRVVLO�&2��LV�VLPXODWHG�LQ�WKH
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1RUWKHUQ�+HPLVSKHUH�LQ�*&70�WKDQ�LQ�6.<+,���$�SUHVXPHG�WHUUHVWULDO�FDUERQ�VLQN�LQ

1RUWK�$PHULFD�LV�ZHOO�HVWLPDWHG�E\�WKH�LQYHUVH�PRGHO��7DEOH��F����+RZHYHU��WKH

GLIIHUHQFHV�EHWZHHQ�6.<+,�DQG�*&70�FDXVH�D�SUHVXPHG�(XUDVLDQ�VLQN�RI���*W&�\HDU

WR�EH�XQGHU�HVWLPDWHG�E\����SHUFHQW��7DEOH��G����7KHVH�WHVW�LQYHUVLRQV�VKRZ�ZKDW�WR

H[SHFW�DERXW�HUURUV�RI�WKH�LQYHUVH�FDOFXODWLRQV�GXH�WR�WUDQVSRUW�ELDVHV�LQ�D�JHQHUDO�VHQVH�

WKH�UHVXOWV�VKRXOG�QRW�EH�H[WUDSRODWHG�VWULFWO\��IRU�LQVWDQFH��UHJLRQ�E\�UHJLRQ��WR�LQYHUVH

FDOFXODWLRQV�ZLWK�DFWXDO�REVHUYDWLRQV�WKDW�UHVXOWHG�IURP�UHDO�ZLQGV�DFWLQJ�RQ�UHDO

VRXUFHV�

7DEOH�����7HUUHVWULDO�133��5(63�DQG�QHW�IOX[HV�DQG�RFHDQLF�XSWDNH�HVWLPDWHG
E\�LQYHUVH�PRGHOLQJ�RI�PRQWKO\�PHDQ�DWPRVSKHULF�&2���GDWD��12$$�&0'/
QHWZRUN���IOX[�XQLW��*W&�\HDU��QHJDWLYH�VLJQ�LQGLFDWHV�IOX[�RXW�RI�WKH
DWPRVSKHUH��

�D��6.<+,�PRGHO�VLPXODWLRQ�RI�&$6$�QHW�HFRV\VWHP�SURGXFWLRQ

6RXUFH�5HJLRQV &$6$ 133 5(63 1HW ([SHFWHG

*OREDO�RFHDQ ���� ���

(XUDVLD ��� ���� ��� ��� ���

1RUWK�$PHULFD ��� ���� ��� ���� ���

7URSLFV�	�6+ ���� ����� ���� ��� ���

�E���6.<+,�PRGHO�VLPXODWLRQ�RI�&$6$�QHW�HFRV\VWHP�SURGXFWLRQ��������IRVVLO
IXHO�HPLVVLRQV��������RFHDQLF�IOX[HV��7DNDKDVKL�HW�DO��������

6RXUFH�5HJLRQV &$6$ 133 5(63 1HW ([SHFWHG

*OREDO�RFHDQ ���� ����

(XUDVLD ��� ���� ��� ���� ���

1RUWK�$PHULFD ��� ���� ��� ���� ���

7URSLFV�	�6+ ���� ����� ���� ��� ���
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�F���6.<+,�PRGHO�VLPXODWLRQ�RI�&$6$�QHW�HFRV\VWHP�SURGXFWLRQ���D�1RUWK
$PHULFDQ�VLQN�RI���*W&�\U

6RXUFH�5HJLRQV &$6$ 133 5(63 1HW ([SHFWHG

*OREDO�RFHDQ ���� ���

(XUDVLD ��� ���� ��� ��� ���

1RUWK�$PHULFD ��� ���� ��� ���� ����

7URSLFV�	�6+ ���� ����� ���� ��� ���

�G��6.<+,�PRGHO�VLPXODWLRQ�RI�&$6$�QHW�HFRV\VWHP�SURGXFWLRQ���D�(XUDVLDQ
VLQN�RI���*W&�\U

6RXUFH�5HJLRQV &$6$ 133 5(63 1HW ([SHFWHG

*OREDO�RFHDQ ���� ���

(XUDVLD ��� ����� ��� ���� ����

1RUWK�$PHULFD ��� ���� ��� ���� ���

7URSLFV�	�6+ ���� ����� ���� ��� ���

7KH�LQYHUVLRQ�UHVXOWV�IRU�PRQWKO\�DWPRVSKHULF��&2��EHWZHHQ�����������DUH�VKRZQ�LQ

7DEOH�����7KH�HVWLPDWHG�DQQXDO�133�DQG�5(63�DUH�HDFK�DERXW�������SHUFHQW�JUHDWHU�WKDQ

SUHGLFWHG�E\�WKH�&$6$�PRGHO���7HUUHVWULDO�FDUERQ�XSWDNH�ZDV�HVWLPDWHG�IRU�(XUDVLD�DQG

1RUWK�$PHULFD��HDFK�RI�VL]H�VOLJKWO\�RYHU���*W&�\HDU���3UHYLRXVO\��ZH�HVWLPDWHG��XVLQJ

DQ�DQQXDO�DYHUDJH�LQYHUVH�PRGHO��D�ODUJH�WHUUHVWULDO�XSWDNH�RI�FDUERQ�LQ�1RUWK�$PHULFD�

RI�DERXW�����*W&�\HDU��EHWZHHQ�������������$�ODUJH�WHUUHVWULDO�FDUERQ�VRXUFH�RI��������

*W&�\HDU�LV�DOVR�HVWLPDWHG�WR�EH�SUHVHQW�LQ�WKH�UHJLRQ�RI�7URSLFV�DQG�6RXWKHUQ

+HPLVSKHUH���7KH�SUHVHQW�UHVXOWV�DUH�VLPLODU�WR�WKDW�UHSRUWHG�IRU�WKH�HDUOLHU�SHULRG��DQG

H[WHQG�WKH�PLG�ODWLWXGH�1RUWKHUQ�+HPLVSKHULF�WHUUHVWULDO�FDUERQ�VLQN�WR�D�ORQJHU�SHULRG

RI�WLPH�
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7DEOH�����7HUUHVWULDO�133��5(63�DQG�QHW�IOX[HV�HVWLPDWHG�E\�LQYHUVH�PRGHOLQJ
RI�PRQWKO\�PHDQ�DWPRVSKHULF�&2���GDWD��12$$�&0'/�QHWZRUN��REVHUYDWLRQV
IURP������������IOX[�XQLW��*W&�\HDU��QHJDWLYH�VLJQ�LQGLFDWHV�IOX[�RXW�RI�WKH
DWPRVSKHUH����7KH�UREXVW�HVWLPDWLRQ�PHWKRG�ZDV�XVHG�

6RXUFH�5HJLRQV &$6$ 133 5(63 1HW

*OREDO�RFHDQ�D ����

(XUDVLD ��� ����� ��� ����

1RUWK�$PHULFD ��� ���� ��� ����

7URSLFV�	�6+ ���� ���� ��� ���

*OREDO�RFHDQ�E ����

(XUDVLD ��� ����� ��� ����

1RUWK�$PHULFD ��� ���� ��� ����

7URSLFV�	�6+ ���� ���� ��� ���

D�)OX[�SUHVFULEHG�WR�3ULQFHWRQ�RFHDQ�PRGHO�
E�)OX[�SUHVFULEHG�WR�7DNDKDVKL�HW�DO���������

7KH�WHUUHVWULDO�LVRWRSLF�IOX[HV�HVWLPDWHG�E\�WKH�LQYHUVLRQ�DUH�VKRZQ�LQ�7DEOH��D�IRU

(XUDVLD�DQG�1RUWK�$PHULFD���7KH�VHDVRQDO�YDULDWLRQV�LQ�WKH�WURSLFDO�UHJLRQ�DUH�VR�VPDOO

WKDW�WKH\�GR�QRW�SURYLGH�VXIILFLHQW�LQIRUPDWLRQ�WR�DOORZ�D�VHSDUDWH�HVWLPDWLRQ�RI�133

DQG�5(63��VHH�7DEOH������7KH�LVRWRSLF�IOX[HV�GLYLGHG�E\�WKH�HVWLPDWHG�FDUERQ�IOX[HV�JLYH

WKH�LVRWRSLF�IUDFWLRQDWLRQ�FRHIILFLHQWV�GXULQJ�SKRWRV\QWKHVLV�DQG�WKH�GLIIHUHQFH�RI

LVRWRSLF�UDWLRV�EHWZHHQ�DWPRVSKHULF�&2��DQG�&2��UHOHDVHG�IURP�VRLO�RUJDQLF�PDWWHU

�620����7KH�HVWLPDWHG�GLIIHUHQFH�RI�LVRWRSLF�UDWLRV�EHWZHHQ�WKH�FDUERQ�UHVHUYRLUV

FRPSDUHV�ZHOO�ZLWK�REVHUYDWLRQV���,I�ZH�DVVXPH�D�XQLIRUP�LVRWRSLF�IUDFWLRQDWLRQ

FRHIILFLHQWV�RI����Æ�IRU�SKRWRV\QWKHWLF�FDUERQ�DVVLPLODWLRQ��WKH�LVRWRSLF�IOX[HV�FDQ�EH
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FRQYHUWHG�WR�FDUERQ�IOX[HV��133��5(63��DQG�QHW��VHH�7DEOH��E����7KH�UHVXOWV�IRU�133�DQG

5(63�DUH�FORVH�WR�WKH�HVWLPDWHV�EDVHG�RQ�DWPRVSKHULF�&2��GDWD���7KH�DWPRVSKHULF�δ��&

GDWD��ZKLFK�DUH�LQGHSHQGHQW�RI�&2��PHDVXUHPHQWV��DOWKRXJK�XVLQJ�WKH�VDPH�DLU

VDPSOHV���DSSHDU�WR�VXJJHVW�IRU�����������D�ODUJHU�(XUDVLDQ�FDUERQ�VLQN�DQG�D�VPDOOHU

1RUWK�$PHULFDQ�FDUERQ�VLQN�WKDQ�LPSOLHG�E\�DWPRVSKHULF�&2��GDWD���<HDU�E\�\HDU

DQDO\VLV�LQGLFDWHV�GDWD�IURP������WR�EH�PRVWO\�UHVSRQVLEOH�IRU�WKH�GLVFUHSDQF\��UHVXOWV

QRW�VKRZQ�KHUH����:H�ZLOO�LGHQWLI\�VWDWLRQV�WKDW��VDZ��WKH�GLIIHUHQFH�

��7KH�LVRWRSLF�IUDFWLRQDWLRQ�FRHIILFLHQWV�YDU\�VLJQLILFDQWO\�IURP�ERUHDO�IRUHVW�WR

WHPSHUDWH�IRUHVW�DQG�WR�WURSLFDO�VDYDQQD��1HLO�6XLWV��&RORUDGR�6WDWH�8QLYHUVLW\�

SHUVRQDO�FRPPXQLFDWLRQ����+RZHYHU��ZH�GLG�QRW�KDYH�WKH�WHUUHVWULDO�PRGHO�UHVXOWV

ZKHQ�WKH�LVRWRSLF�LQYHUVH�PRGHO�ZDV�FRQVWUXFWHG��ZH�DVVXPHG�XQLIRUP�LVRWRSLF

IUDFWLRQDWLRQV�IRU�WKH�WKUHH�ODUJH�UHJLRQV�

7KH�PRGHOHG�&2��PL[LQJ�UDWLRV�DQG�δ��&�YDOXHV�DUH�FRPSDUHG�WR�REVHUYDWLRQV�LQ

)LJXUH���IRU�VHOHFWHG�VWDWLRQV�IURP�QRUWK�WR�VRXWK���$W�%DUURZ��$ODVND��DQG�%HUPXGD

,VODQG��WKH�PRGHO�ODJV�WKH�REVHUYDWLRQ�LQ�WKH�IDOO�LQ�&2��JURZWK�DQG�LQ�δ��&�GHFUHDVH�

ZKLOH�WKH�VHDVRQDO�DPSOLWXGHV�DUH�LQ�JRRG�DJUHHPHQW���%\�FRQWUDVW��WKH�PRGHO�OHDGV�WKH

REVHUYDWLRQ�E\�D�PRQWK�DW�.H\�%LVFD\QH��)ORULGD���/DUJH�UHVLGXDOV�UHVXOW�IURP�D

PLVPDWFK�RI�WKH�VHDVRQDO�SKDVH�EHWZHHQ�PRGHO�DQG�REVHUYDWLRQ�DW�PDQ\�VWDWLRQV���$W

VRPH�VWDWLRQV�LQ�WKH�1RUWK�3DFLILF��*XDP�,VODQG��.XPXNDKL��DQG�0DXQD�/RD��WKH�PRGHO

XQGHUSUHGLFWV�WKH�VHDVRQDO�DPSOLWXGH��ZKLOH�DW�RWKHU�VWDWLRQV��0LGZD\��6KHP\D��WKH

PRGHO�DJUHHV�ZHOO�ZLWK�WKH�REVHUYDWLRQV���$W�VWDWLRQV�ORFDWHG�LQ�WKH�6RXWKHUQ

+HPLVSKHUH��6DPRD��6RXWK�3ROH���WKH�PRGHO�FDSWXUHV�WKH�ORQJ�WHUP�WUHQG��EXW�GRHV�QRW

DJUHH�ZHOO�LQ�VHDVRQDO�YDULDELOLW\��DOWKRXJK�WKH�VHDVRQDO�IOXFWXDWLRQV�DUH�VPDOO�LQ�WKH

6RXWKHUQ�+HPLVSKHUH���,W�DSSHDUV�WKDW�WKH�GLV�HTXLOLEULXP�LVRWRSLF�IOX[HV�LQ�WKH

6RXWKHUQ�2FHDQ�ZDV�RYHU�HVWLPDWHG��FDXVLQJ�D�JUHDWHU�WKDQ�REVHUYHG�GHFUHDVH�RI

DWPRVSKHULF�δ��&�DW�WKH�6RXWK�3ROH��ZKHUH�WKH�DJUHHPHQW�LV�JRRG�IRU�DWPRVSKHULF�&2�

PL[LQJ�UDWLR���$V�ODQG�ELRPHV�DUH�VPDOO�LQ�VL]H�LQ�WKH�H[WUD�WURSLFDO�6RXWKHUQ

+HPLVSKHUH��VHDVRQDO�FKDQJHV�LQ�RFHDQ�ELRORJ\�DQG�VHD�VXUIDFH�WHPSHUDWXUH�FDQ�FDXVH
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DWPRVSKHULF�&2��DQG�δ��&�YDULDWLRQV�FRPSDUDEOH�LQ�VL]H�WR�WKDW�GXH�WR�WHUUHVWULDO

HFRV\VWHPV�

7DEOH��D���7HUUHVWULDO�133�DQG�5(63�IOX[HV�HVWLPDWHG�E\�LQYHUVH�PRGHOLQJ�RI
PRQWKO\�PHDQ�DWPRVSKHULF�&2��DQG�δ��&�RI�&2���GDWD��12$$�&0'/�QHWZRUN�
REVHUYDWLRQV�IURP������������QHJDWLYH�VLJQ�LQGLFDWHV�IOX[�RXW�RI�WKH�DWPRVSKHUH�

6RXUFH�5HJLRQV )OX[ *W&�\U Æ*W&�\U ε��Æ�

(XUDVLD 133 ����� ����� �����

5(63 ��� ������ �����

1RUWK�$PHULFD 133 ���� ����� �����

5(63 ��� ������ �����

1RWH��2FHDQLF�IOX[HV�RI�&2��DQG���&2��ZHUH�SUHVFULEHG�DFFRUGLQJ�WR�WKH
3ULQFHWRQ�RFHDQ�ELRJHRFKHPLVWU\�PRGHO�

7DEOH��E���7HUUHVWULDO�133�DQG�5(63�IOX[HV�HVWLPDWHG�E\�LQYHUVH�PRGHOLQJ�RI
PRQWKO\�PHDQ�DWPRVSKHULF�&2��DQG�δ��&�RI�&2���GDWD��12$$�&0'/�QHWZRUN�
REVHUYDWLRQV�IURP������������QHJDWLYH�VLJQ�LQGLFDWHV�IOX[�RXW�RI�WKH�DWPRVSKHUH�

6RXUFH�5HJLRQV )OX[ Æ*W&�\U *W&�\U��

(XUDVLD 133 ����� �����

5(63 ������ ���

1HW ���� ����

1RUWK�$PHULFD 133 ����� ����

5(63 ������ ���

1HW ���� ����

1RWH��2FHDQLF�IOX[HV�RI�&2��DQG���&2��ZHUH�SUHVFULEHG�DFFRUGLQJ�WR�WKH
3ULQFHWRQ�RFHDQ�ELRJHRFKHPLVWU\�PRGHO����$VVXPH�ε� ����Æ�DQG�DVVXPH�WKHUH
LV�QR�GLVHTXLOLEULXP�EHWZHHQ�VRLO�UHVSLUHG�&2��DQG�WKH�DWPRVSKHUH�
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�2XU�SUHVFULEHG�RFHDQ�IOX[HV�DUH�EDVHG�RQ�DQQXDO�DYHUDJH�RFHDQ�PRGHO

UHVXOWV��DQG�WKHUHIRUH�GR�QRW�KDYH�VHDVRQDO�YDULDWLRQV���)XUWKHUPRUH��ZH�GLG�QRW

FRQVLGHU�LQWHUDQQXDO�YDULDELOLWLHV�LQ�RXU�LQYHUVH�PRGHO���7KH�PRGHO�DQG�GDWD

FRPSDULVRQ�FDQ�EH�LPSURYHG�E\�ILWWLQJ�WR�GDWD�RQH�\HDU�DW�D�WLPH��DQG�XVLQJ

RFHDQ�IOX[HV�ZLWK�D�VHDVRQDO�UHVROXWLRQ�

���)XWXUH�:RUN

7KHUH�DUH�WZR�DUHDV�IRU�LPSURYHPHQW�LQ�WKH�LQYHUVH�PRGHO���)LUVW��ZH�QHHG�DFFXUDWH

DQG�VHDVRQDOO\�UHVROYHG�RFHDQLF�IOX[HV�RI�FDUERQ�LVRWRSHV���6\QWKHVLV�RI�RFHDQ

PHDVXUHPHQWV�REWDLQHG�GXULQJ�-*2)6�DQG�:2&(�SURJUDPV�ZLOO�SURYLGH�QHZ

REVHUYDWLRQDO�FRQVWUDLQWV�RQ�WKH�DLU�VHD�H[FKDQJH���1HZ�RFHDQ�ELRJHRFKHPLVWU\�PRGHOV

DUH�XQGHU�GHYHORSPHQW�WKDW�XVH�LPSURYHG�RFHDQ�FLUFXODWLRQ�DQG�RFHDQ�ELRORJ\�

6HFRQGO\��ZH�QHHG�UHDOLVWLF�UHSUHVHQWDWLRQ�RI�WKH�VSDWLDO�DQG�WHPSRUDO�YDULDWLRQV�RI

WHUUHVWULDO�FDUERQ�LVRWRSHV�IOX[HV���$�QHZ�WHUUHVWULDO�ELRJHRFKHPLVWU\�PRGHO�RI�FDUERQ

F\FOH�LV�XQGHU�GHYHORSPHQW�DW�&RORUDGR�6WDWH�8QLYHUVLW\��DQG�ZLOO�SURYLGH�LPSURYHG

WHUUHVWULDO��EDVLV�IXQFWLRQV��IRU�RXU�LQYHUVH�PRGHO�

$FNQRZOHGJPHQWV���:H�WKDQN�%RE�$QGUHV��8QLYHUVLW\�RI�$ODVND�)DLUEDQNV��IRU

SURGXFLQJ�WKH�PRQWKO\�LVRWRSLF�UDWLRV�PDSV�IRU�WKH�86�IRVVLO�IXHO�FDUERQ�HPLVVLRQV�DQG

DQQXDO�PDSV�IRU�WKH�ZRUOG���7KH�REVHUYDWLRQV�RI�DWPRVSKHULF�&2��DQG�δ��&�UDWLR�RI�&2�

ZHUH�PDGH�E\�WKH�12$$�&0'/��GLUHFWHG�E\�3LHWHU�7DQV��LQ�FRODERUDWLRQ�ZLWK�WKH

,167$55�8QLYHUVLW\�RI�&RORUDGR��GLUHFWHG�E\�-LP�:KLWH����&RPSXWDWLRQDO�UHVRXUFH�DQG

WKH�DWPRVSKHULF�WUDQVSRUW�PRGHOV�ZHUH�SURYLGHG�WR�XV�E\�*)'/��FRXUWHV\�RI�-HUU\

0DKOPDQ�
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5HIHUHQFHV

$QGUHV��5�-���*��0DUODQG��,��)XQJ��DQG�(��0DWWKHZV��$��°�[��°�GLVWULEXWLRQ�RI�FDUERQ�GLR[LGH�HPLVVLRQV
IURP�IRVVLO�IXHO�FRQVXPSWLRQ�DQG�FHPHQW�PDQXIDFWXUH�������������*OREDO�%LRJHRFKHPLFDO�&\FOHV����������
����������

)DQ��6���0��*ORRU��-��0DKOPDQ��6��3DFDOD��-��6DUPLHQWR��7��7DNDKDVKL��DQG�3��7DQV��$�ODUJH�WHUUHVWULDO�FDUERQ
VLQN�LQ�1RUWK�$PHULFD�LPSOLHG�E\�DWPRVSKHULF�DQG�RFHDQLF�&2��GDWD�DQG�PRGHOV��6FLHQFH���������������
�����

*ORRU��0���6��0��)DQ��6�:��3DFDOD��-��/��6DUPLHQWR��DQG�0��5DPRQHW��$�PRGHO�EDVHG�HYDOXDWLRQ�RI
LQYHUVLRQV�EDVHG�RQ�DWPRVSKHULF�WUDQVSRUW��XVLQJ�DQQXDO�PHDQ�PL[LQJ�UDWLRV��DV�D�WRRO�WR�PRQLWRU
IOX[HV�RI�QRQUHDFWLYH�WUDFH�VXEVWDQFHV�OLNH�&2��RQ�D�FRQWLQHQWDO�VFDOH��-RXUQDO�RI�*HRSK\VLFDO�5HVHDUFK�
�������������������������

*ORRU��0���6��0��)DQ��6�:��3DFDOD��DQG�-��/��6DUPLHQWR��2SWLPDO�VDPSOLQJ�RI�WKH�DWPRVSKHUH�IRU�SXUSRVH�RI
LQYHUVH�PRGHOLQJ���D�PRGHO�VWXG\��*OREDO�ELRJHRFKHPLFDO�&\FOHV��������������������

0XUQDQH��5�-���DQG�-�/��6DUPLHQWR��5ROHV�RI�ELRORJ\�DQG�JDV�H[FKDQJH�LQ�GHWHUPLQLQJ�WKH�δ��&�GLVWULEXWLRQ
LQ�WKH�RFHDQ�DQG�WKH�SUHLQGXVWULDO�JUDGLHQW�LQ�DWPRVSKHULF�δ��&��*OREDO�ELRJHRFKHPLFDO�&\FOHV����������
����������

0XUQDQH��5�-���-�/��6DUPLHQWR��DQG�&��/H�4XHUH��6SDWLDO�GLVWULEXWLRQ�RI�DLU�VHD�&2��IOX[HV�DQG�WKH
LQWHUKHPLVSKHULF�WUDQVSRUW�RI�FDUERQ�E\�WKH�RFHDQV��*OREDO�%LRJHRFKHPLFDO�&\FOHV�������������������

3RWWHU��&�6���HW�DO���7HUUHVWULDO�HFRV\VWHP�SURGXFWLRQ��$�SURFHVV�PRGHO�EDVHG�RQ�JOREDO�VDWHOOLWH�DQG�VXUIDFH
GDWD��*OREDO�ELRJHRFKHPLFDO�&\FOHV�������������������

3UHVV��:�+���6�$��7HXNROVN\��:�7��9HWWHUOLQJ��DQG�%�3��)ODQQHU\��1XPHULFDO�5HFLSHV�LQ�&��7KH�$UW�RI�6FLHQWLILF
&RPSXWLQJ��VHFRQG�HGLWLRQ��&DPEULGJH�8QLYHUVLW\�3UHVV�������

7DNDKDVKL��7���5�$��)HHO\��5��:HLVV��5�+��:DQQLQNKRI��'�:��&KLSPDQ��6�&��6XWKHUODQG��DQG�7��7DNDKDVKL�
*OREDO�DLU�VHD�IOX[�RI�&2���$Q�HVWLPDWH�EDVHG�RQ�PHDVXUHPHQWV�RI�VHD�DLU�S&2��GLIIHUHQFH��3URFHHGLQJV
RI�WKH�1DWLRQDO�$FDGHP\�RI�6FLHQFHV��8�6�$�����������������������

7DQV��3�3��,�<��)XQJ��DQG�7��7DNDKDVKL��2EVHUYDWLRQDO�FRQVWUDLQWV�RQ�WKH�JOREDO�DWPRVSKHULF�&2��EXGJHW�
6FLHQFH�����������������������
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)LJXUH�&DSWLRQV

)LJXUH������$�ZRUOG�PDS�RI�FDUERQ�LVRWRSLF�UDWLRV�RI�IRVVLO�&2��UHOHDVHG�E\�HDFK�QDWLRQ�

)LJXUH�����$�8�6��PDS�RI�LVRWRSLF�UDWLRV�RI�IRVVLO�&2��UHOHDVHG�E\�HDFK�VWDWH�LQ��������D�
-DQXDU\���E��-XO\�

)LJXUH�����$�PDS�RI�WHUUHVWULDO�VRXUFH�UHJLRQV�GHILQHG�IRU�WKH�LQYHUVH�PRGHO�
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GUAM ISLAND                             Fig. 5d
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KUMUKAHI                                Fig. 5e
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MAUNA LOA                                         Fig. 5f
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MIDWAY                                   Fig. 5g
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