
We WKaQN WKe UeYLeZeU aQd edLWRU fRU WKeLU cRPPeQWV. AV ZeOO, Ze WKaQN WKe UeYLeZeU fRU WKeLU 
LQWLPaWe NQRZOedJe Rf WKe SP-AMS WecKQLTXe aQd WKeLU LQVLJKWfXO TXeVWLRQV. 
TKe Oead aXWKRU, ZKR dLd aOO Rf WKe QeZ daWa aQaO\VLV aQd SORW-PaNLQJ fRU WKLV PaQXVcULSW, KaV a 
QeZ SRVLWLRQ, VR Ze addUeVVed aOO Rf WKe cRPPeQWV SRVWed KeUe aV beVW aV Ze caQ JLYeQ RXU 
cRQVWUaLQWV, bXW WLPe fRU QeZ aQaO\VLV LV OLPLWed. We KaYe addUeVVed aOO PLQRU cRPPeQWV, aQd Ze 
KaYe addUeVVed WKe PRUe VXbVWaQWLYe cRPPeQWV WR WKe beVW Rf RXU cXUUeQW abLOLW\.  
 
TR aLd WKe UeYLeZ SURceVV, Ze aUe SOacLQJ UeYLeZeU aQd edLWRU cRPPeQWV LQ bOacN We[W, RXU 
UeVSRQVeV LQ bOXe We[W, aQ\ cKaQJeV WR WKe We[W LQ  Ued , aQd , LQ VRPe LQVWaQceV, UeSURdXce We[W fURP 
WKe SUeYLRXVO\ VXbPLWWed PaQXVcULSW ( LWDOLF PDJHQWD ). We KaYe QXPbeUed WKe UeYLeZeU (R) aQd 
edLWRU (E) cRPPeQWV WR aVVLVW WKe cRQYeUVaWLRQ. We QRWe WKaW WKe OLQe QXPbeUV ZeUe XQfRUWXQaWeO\ 
cXW Rff LQ RXU VXbPLVVLRQ, OeadLQJ WR dLffLcXOW\ fRU bRWK WKe UeYLeZeU aQd WKe edLWRU LQ LdeQWLf\LQJ 
cRUUecW OLQe QXPbeUV WR cLWe. FRUWXQaWeO\, WKe UeYLeZeU RfWeQ TXRWed VecWLRQV WKe\ ZeUe 
UefeUeQcLQJ, aOORZLQJ XV WR fLQd aQd PaNe cRUUecWLRQV. TKeUe aUe XQfRUWXQaWeO\ a VPaOO QXPbeU Rf 
WecKQLcaO cRPPeQWV Ze ZeUe QRW abOe WR addUeVV dXe WR OLQe QXPbeU cRQfXVLRQ aQd Ze KaYe QRWed 
WKRVe WKURXJKRXW. TKe WUacN-cKaQJeV PaLQ We[W aQd VXSSOePeQW aUe LQcOXded aW WKe eQd Rf WKLV 
dRcXPeQW, ZLWK WKe PaLQ We[W VWaUWLQJ RQ SaJe 47 aQd WKe VXSSOePeQW VWaUWLQJ RQ SaJe 80. 
 
Editor comments 
 
E1) R1.25: RefeUee #1 Kad SRLQWed RXW WKaW cKaQJeV LQ WKe KUeYeOeQ dLaJUaP Pa\ be aOVR caXVed 
b\ PL[LQJ Rf dLffeUeQW aLU PaVVeV. WKLOe \RX added WKe VXJJeVWed UefeUeQceV WR CKeQ eW aO. 
(2015) WR WKe PeWKRd VecWLRQ, WKLV LQfRUPaWLRQ VKRXOd be aOVR added RQ S. 10. 
 
AfWeU fXUWKeU cRQVLdeUaWLRQ, Ze KaYe decLded WKaW WKe VaQ KUeYeOeQ dLaJUaP (FLJXUe S27) aQd 
dLVcXVVLRQ dR QRW add aQ\ VXbVWaQWLaO LQfRUPaWLRQ WR WKe SaSeU. We KaYe UePRYed WKe fLJXUe aQd 
aVVRcLaWed We[W.  
 
 E2) R1.19: RefeUee #1 UefeUUed WR \RXU SUeYLRXV SaSeU (HRdVKLUe eW aO., 2019) ZKeUe µa YaULeW\ 
Rf UeaVRQV¶ aUe dLVcXVVed WKaW Pa\ affecW deOWaOA/deOWaCO eYROXWLRQ ZLWK aJeLQJ. I VXJJeVW WKaW 
\RX LQcOXde a bLW PRUe dLVcXVVLRQ RQ WKeVe UeaVRQV, L.e. VLPLOaU WR WKe LQfRUPaWLRQ aV LQcOXded LQ 
WKe SI Rf \RXU SUeYLRXV SaSeU. 
 
We KaYe PRdLfLed WKe We[W aV fROORZV: 
 
³IQ JeQeUaO, bRWK WKe cRUeV aQd edJeV dR QRW VKRZ aQ\ SRVLWLYe RU QeJaWLYe WUeQd LQ ǻOA/ǻCO 
ZLWK SK\VLcaO aJLQJ, ZLWK R ǻOA,LQLWLaO aQd R aJe VKRZLQJ YeU\ ZeaN cRUUeOaWLRQV Rf  0.02 aQd  +0.03 
(ZLWK R ǻOA,LQLWLaO aQd R aJe UaQJLQJ beWZeeQ -0.25 WR +0.17 aQd 0 WR 0.07, UeVSecWLYeO\, ZKeQ 
LQdLYLdXaO fOLJKWV aUe OefW RXW VeTXeQWLaOO\; TabOe S2). TKe abVROXWe YaULabLOLW\ LV dRPLQaWed b\ 
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dLffeUeQceV beWZeeQ SOXPeV. MaQ\ SUeYLRXV fLeOd caPSaLJQV VLPLOaUO\ VKRZ OLWWOe cKaQJe LQ 
ǻOA/ǻCO ZLWK aJLQJ (HRdVKLUe eW aO., 2019a aQd UefeUeQceV WKeUeLQ). TKLV Pa\ be dXe WR a 
baOaQce beWZeeQ eYaSRUaWLRQ aQd cRQdeQVaWLRQ RYeU WKe SeULRd Rf WLPe WKaW WKe SOXPe LV RbVeUYed 
(HRdVKLUe eW aO., 2019a). TKLV K\SRWKeVLV LV VXSSRUWed b\ WKe RbVeUYed ǻf 60 aQd  ǻf 44: ǻf 60 aQd 
ǻf44 VKRZ cOeaU VLJQV Rf cKaQJeV ZLWK aJLQJ, cRQVLVWeQW ZLWK SUeYLRXV VWXdLeV (CXbLVRQ eW aO., 
2011; GaURfaOR eW aO., 2019; Ma\ eW aO., 2015) .´ 
 
E3) R1.39: RefeUee #1 aVNed fRU a deWaLOed dLVcXVVLRQ WR MXVWLf\ WKe aVVXPSWLRQ Rf WKe LQLWLaO 
cRQdLWLRQV. YRXU UeVSRQVe LV UaWKeU YaJXe. I XQdeUVWaQd WKaW \RX Pa\ QRW be abOe WR dR a 
TXaQWLWaWLYe eVWLPaWe bXW VRPe PRUe dLVcXVVLRQ RQ KRZ WKLV aVVXPSWLRQ Pa\ be TXaOLWaWLYeO\ 
affecW \RXU UeVXOWV VKRXOd be added. 
 
We cRS\ cRPPeQW R1.39 fRU UefeUeQce (LQ bOacN LWaOLcV): 
L308: AJDLQ, KRZ FDQ WKH DXWKRUV UXOH RXW GLIIHUHQFHV LQ WKH LQLWLDO FRQGLWLRQV WKDW DUH 
LQGHSHQGHQW RI SK\VLFDO RU FKHPLFDO DJLQJ? TKLV VHHPV WR EH DQ XQGHUO\LQJ DVVXPSWLRQ 
WKURXJKRXW WKLV HQWLUH VWXG\, EXW I GR QRW ILQG WKDW WKH DXWKRUV KDYH UHDOO\ MXVWLILHG WKLV 
DVVXPSWLRQ. GLYHQ KRZ FHQWUDO LW LV WR HYHU\WKLQJ, I VWURQJO\ VXJJHVW WKDW DQ H[SOLFLW GLVFXVVLRQ 
PXVW EH LQFOXGHG ZKHUHLQ WKH DXWKRUV UHYLHZ WKH HYLGHQFH IRU DQG DJDLQVW WKHLU DVVXPSWLRQ. 
 
We aOVR cRS\ RXU RULJLQaO UeVSRQVe fRU UefeUeQce (aOVR LQ LWaOLcV): 

:H KDYH DGGHG PRUH WH[W DQG TXDOLILHUV WR VHFWLRQ 3 DGGUHVVLQJ WKLV LVVXH, IROORZLQJ FRPPHQWV 
R1.24 DQG R2.47. :H DGG WKH IROORZLQJ WH[W WR WKLV GLVFXVVLRQ: 

³:H ZHUH XQDEOH WR TXDQWLI\ WKH LPSDFW RQ SRWHQWLDO LQWHUILUH YDULDELOLW\ LQ WKH HPLVVLRQ YDOXHV 
RI WKH PHWULFV VWXGLHG KHUH (VXFK DV YDULDEOH I 60 DQG I44).  :H DQWLFLSDWH WKDW EHLQJ DEOH WR FDSWXUH 
WKLV DGGLWLRQDO VRXUFH RI YDULDELOLW\ PD\ OHDG WR VWURQJHU ILWV DQG FRUUHODWLRQ.´ 

AQG 
³:H DOVR VXJJHVW IXUWKHU UHILQHPHQW RI RXU ILW HTXDWLRQV, DV IXUWKHU YDULDEOHV (VXFK DV SKRWRO\VLV 
UDWHV) DQG EHWWHU TXDQWLILFDWLRQ RI LQWHUILUH YDULDELOLW\ (VXFK DV YDULDEOH HPLVVLRQ UDWHV) DUH 
DQWLFLSDWHG WR LPSURYH WKHVH ILWV.´ 
 
We KaYe QRZ added PRUe dLVcXVVLRQ RQ WKLV LVVXe, SaUWLcXOaUO\ LQ UeVSRQVe WR WKe QeZ cRPPeQW 
#4 fURP UeYLeZeU 2. POeaVe Vee WKaW UeVSRQVe fRU aQ e[WeQded dLVcXVVLRQ Rf WKLV LVVXe, aQd Ze 
cRS\ UeOeYaQW SRUWLRQV Rf WKaW UeVSRQVe KeUe.  
 
³TKLV LV aQ LQWeUeVWLQJ TXeVWLRQ, aQd Ze KaYe SURYLded a PRUe deWaLOed OLQe Rf UeaVRQLQJ beORZ 
aQd PRdLfLed WKe We[W WR cOaULf\ WKLV SRLQW. 
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IQ WKe WZR SaUaJUaSKV abRYe, WKe UeYLeZeU SRVLWV WKaW WKe cRYaULaQce Rf ǻOA LQLWLaO ZLWK ǻf 60 aQd 
ǻf44 LV SULPaULO\ dXe WR cRUUeOaWLRQV Rf WKe OA ePLVVLRQ facWRU ZLWK ǻf 60 aQd ǻf 44 aW WKe WLPe Rf 
ePLVVLRQ (dXe WR YaULabLOLWLeV LQ bXUQ cRQdLWLRQV) aQd QRW dXe WR eYaSRUaWLRQ aQd cKePLVWU\ 
beWZeeQ WKe WLPe Rf ePLVVLRQ aQd WKe WLPe Rf WKe fLUVW PeaVXUePeQW. FRU WKLV WR be cRUUecW, 
YaULabLOLW\ LQ WKe ePLVVLRQ facWRU Rf OA ZRXOd Qeed WR be a VLJQLfLcaQW cRQWULbXWRU WR WKe 
YaULabLOLW\ LQ ǻOA LQLWLaO (Lf WKe UeOaWLYe YaULabLOLW\ LQ WKe OA ePLVVLRQ facWRU LV PXcK VPaOOeU WKaQ 
WKe UeOaWLYe YaULabLOLW\ LQ ǻOA LQLWLaO, RWKeU facWRUV cRQWULbXWLQJ WR YaULabLOLW\ LQ ǻOA LQLWLaO ZLOO ZaVK 
RXW WKLV ePLVVLRQV-baVed cRYaULaQce beWZeeQ ǻOA LQLWLaO ZLWK ǻf 60 aQd ǻf44). 
 
IQ FLJXUe 2 Rf RXU PaQXVcULSW, ǻOA LQLWLaO YaULeV b\ QeaUO\ 2 RUdeUV Rf PaJQLWXde (facWRU Rf 100), 
ZLWK PXOWLSOe WUaQVecWV/SeUceQWLOeV RQ WKe KLJK aQd ORZ eQdV (L.e., QRW MXVW a VLQJOe RXWOLeU dULYLQJ 
WKe XSSeU RU ORZeU bRXQd). IQ WKe AQdUeae, (2019) bLRPaVV bXUQLQJ ePLVVLRQV UeYLeZ SaSeU, WKe 
OC ePLVVLRQ facWRUV KaYe VWaQdaUd deYLaWLRQV WKaW aUe abRXW ò Rf WKe PeaQ YaOXeV, VR a facWRU Rf 
3 YaULabLOLW\ LQ ePLVVLRQ facWRUV LQ WKe -1𝞼 WR +1𝞼 UaQJe. HeQce, YaULabLOLW\ LQ ePLVVLRQ facWRUV 
VKRXOd QRW OLNeO\ e[SOaLQ a OaUJe fUacWLRQ Rf WKe YaULabLOLW\ LQ ǻOA LQLWLaO. We QRWe WKaW (1) WKe 
ePLVVLRQ fOX[eV fURP fLUeV aUe WKe SURdXcW Rf WKe ePLVVLRQ facWRU aQd WKe fXeO cRQVXPSWLRQ UaWe 
(NJ fXeO SeU aUea SeU WLPe) ZLWK fXeO cRQVXPSWLRQ UaWeV YaU\LQJ JUeaWO\ beWZeeQ fLUeV (e.J., WKe 
dLffeUeQce beWZeeQ a VXUface fLUe aQd a cURZQ fLUe), aQd (2) eYeQ fRU a fL[ed ePLVVLRQ fOX[, 
YaULabLOLW\ LQ dLOXWLRQ UaWeV fURP dLffeUeQceV LQ fLUe VL]e RU aWPRVSKeULc VWabLOLW\ caQ Oead WR 
RUdeUV-Rf-PaJQLWXde dLffeUeQceV LQ ǻOA LQLWLaO , eYeQ afWeU MXVW 15 PLQXWeV (Vee FLJXUeV 6c aQd 7c LQ 
BLaQ eW aO., 2017).  
 
TKe YaULabLOLW\ LQ ǻOA LQLWLaO LV WKXV OLNeO\ dULYeQ PXcK PRUe b\ YaULabLOLW\ LQ dLOXWLRQ aQd fXeO 
cRQVXPSWLRQ UaWeV, QRW ePLVVLRQ facWRUV. IW LV SRVVLbOe WKaW OA ePLVVLRQ facWRUV aUe cRUUeOaWed 
ZLWK fXeO cRQVXPSWLRQ UaWeV becaXVe fOaPLQJ ZLOdfLUeV (ZLWK KLJK PRdLfLed cRPbXVWLRQ 
effLcLeQc\, MCE) Pa\ be cRUUeOaWed ZLWK faVW fXeO cRQVXPSWLRQ. HRZeYeU, OA ePLVVLRQ facWRUV 
aUe ORZeU dXULQJ fOaPLQJ, KLJK-MCE cRQdLWLRQV (McMeeNLQJ eW aO., 2009), VR LW ZRXOd be aQ 
aQWLcRUUeOaWLRQ UaWKeU WKaQ a cRUUeOaWLRQ (WKe ORZeU OA ePLVVLRQV facWRUV dXULQJ fOaPLQJ ZRXOd 
cRXQWeU WKe KLJKeU fXeO-cRQVXPSWLRQ UaWeV dXULQJ fOaPLQJ, VR WKe OA ePLVVLRQ fOX[eV ZRXOd be 
daPSed b\ WKLV UeOaWLRQVKLS aQd cUeaWe OeVV YaULabLOLW\ LQ ǻOA LQLWLaO). 
 
IQ FLJXUe 2, PXcK Rf WKe ǻOA LQLWLaO YaULabLOLW\ cRPeV fURP LQcOXdLQJ bRWK WKe cRUe aQd edJe Rf WKe 
VaPe SOXPe. WRXOd Ze e[SecW WKe dLffeUeQce LQ ǻOA LQLWLaO WR cRPe fURP dLffeUeQceV LQ WKe OA 
ePLVVLRQ facWRU? TKLV ZRXOd UeTXLUe (1) QR addLWLRQaO dLOXWLRQ aW WKe edJe UeOaWLYe WR WKe cRUe, 
ZKLcK LV LQcRQVLVWeQW ZLWK KRZ dLffXVLRQ ZRUNV aQd ZLWK WKe CO aQd CO 2 cRQceQWUaWLRQV 
beWZeeQ WKe edJe aQd cRUe, aQd (2) WKe edJe Rf WKe SOXPe WR be ePLVVLRQV fURP fOaPLQJ 
cRQdLWLRQV (ORZ OA ePLVVLRQ facWRUV) aQd WKe cRUe Rf WKe SOXPe WR cRPe fURP VPROdeULQJ 
cRQdLWLRQV (KLJK OA ePLVVLRQ facWRUV), ZKLcK, ZKLOe SRVVLbOe, dReV QRW VeeP OLNe LW ZRXOd be WKe 
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dRPLQaQW (RU eYeQ a cRPPRQ) VceQaULR. TKe LPSURbabLOLW\ Rf WKe WZR cRQdLWLRQV abRYe 
(eVSecLaOO\ #1) LV fXUWKeU eYLdeQce WKaW OA ePLVVLRQ facWRUV aUe QRW a OaUJe cRQWULbXWRU WR WKe 
YaULabLOLW\ LQ ǻOA LQLWLaO. 
 
PUeOLPLQaU\ ZRUN (JXQe eW aO., LQ  SUHS ) fURP WKe FIREX-AQ caPSaLJQ LV VKRZLQJ ǻOA LQLWLaO WR be 
XQcRUUeOaWed ZLWK MCE, OeQdLQJ fXUWKeU eYLdeQce WKaW WKe YaULabLOLW\ LQ bXUQ cRQdLWLRQV aQd 
ePLVVLRQV facWRUV dR QRW dULYe PXcK Rf WKe YaULabLOLW\ LQ ǻOA LQLWLaO. FIREX-AQ ZaV aQRWKeU 
bLRPaVV bXUQLQJ fLeOd caPSaLJQ LQ ZKLcK SVeXdR-LaJUaQJLaQ UeVeaUcK fOLJKWV WUacNed ZLOdfLUe 
SOXPeV, VLPLOaU WR WKe BBOP fLeOd caPSaLJQ.  

 
(NLcROe JXQe, eW aO, LQ SUHS )  
 
HeQce, WKeUe aUe PXOWLSOe OLQeV Rf UeaVRQLQJ WKaW Oead WR WKe cRQcOXVLRQ WKaW OA ePLVVLRQ facWRUV 
aUe QRW a OaUJe cRQWULbXWRU WR WKe YaULabLOLW\ LQ ǻOA LQLWLaO (PaNLQJ UeOaWLRQVKLSV beWZeeQ OA 
ePLVVLRQ facWRUV ZLWK ǻf 60 aQd ǻf 44 XQOLNeO\ WR VLJQLfLcaQWO\ cRQWULbXWe WR WKe RbVeUYed 
UeOaWLRQVKLSV beWZeeQ ǻOA LQLWLaO ZLWK ǻf 60 aQd ǻf 44). OQ WKe RWKeU KaQd, WKeRUeWLcaO VWXdLeV (BLaQ 
eW aO., 2017; HRdVKLUe eW aO., 2019a), Oab aQaO\VeV (HRdVKLUe eW aO., 2019b), aQd aQ LQdeSeQdeQW 
fLeOd aQaO\VLV (PaOP eW aO., 2020), KaYe VKRZQ WKaW Ze e[SecW eYaSRUaWLRQ aQd cKePLVWU\ befRUe 
WKe fLUVW WUaQVecW aQd WKaW WKe e[WeQd Rf WKeVe SURceVVeV deSeQdV RQ WKe SOXPe cRQceQWUaWLRQV. 
 
TKLV UeaVRQLQJ fRU UXOLQJ RXW WKe UROe Rf YaULabLOLW\ Rf ePLVVLRQ facWRUV dULYLQJ UeOaWLRQVKLSV 
beWZeeQ ǻOA LQLWLaO WR aQd ǻf 60 aQd ǻf 44 VKRXOd KaYe beeQ e[SOLcLW LQ SUeYLRXV YeUVLRQV Rf WKe 
PaQXVcULSW, SaUWLcXOaUO\ afWeU WKe cRQfXVLRQ LQ WKe fLUVW URXQd Rf cRPPeQWV. We QRZ KaYe added 
WKe fROORZLQJ We[W WR WKe PaQXVcULSW: 
 
³PULRU VWXdLeV KaYe VKRZQ WKaW I60 aQd I44 aW WKe WLPe Rf ePLVVLRQV cRUUeOaWe ZLWK OA  ePLVVLRQV 
facWRUV WKURXJK YaULabLOLW\ LQ bXUQ cRQdLWLRQV (HeQQLJaQ eW aO. 2011; CXbLVRQ eW aO. 2011; 
McCOXUe eW aO. 2020) , aQd WKLV UeOaWLRQVKLS PLJKW aOVR cRQWULbXWe WR RXU RbVeUYed cRUUeOaWLRQ 
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beWZeeQ ǻ I60 aQd ǻ I44 ZLWK ǻOA LQLWLaO. FRU WKLV ePLVVLRQV UeOaWLRQVKLS WR be aQ LPSRUWaQW facWRU, WKe 
YaULabLOLW\ LQ WKe OA ePLVVLRQ facWRU QeedV WR be a VLJQLfLcaQW cRQWULbXWRU WR WKe YaULabLOLW\ LQ 
ǻOA LQLWLaO. If WKe UeOaWLYe YaULabLOLW\ LQ WKe OA ePLVVLRQ facWRU LV PXcK VPaOOeU WKaQ WKe UeOaWLYe 
YaULabLOLW\ LQ ǻOA LQLWLaO, RWKeU facWRUV cRQWULbXWLQJ WR YaULabLOLW\ LQ ǻOA LQLWLaO ZLOO QeJaWe aQ 
ePLVVLRQV-baVed cRYaULaQce beWZeeQ ǻOA LQLWLaO ZLWK ǻf 60 aQd ǻf 44. WKLOe RXU RbVeUYed ǻOA LQLWLaO LQ 
FLJXUe 2 VSaQV QeaUO\ a facWRU Rf 100, AQdUeae (2019) VKRZV WKaW WKe OA ePLVVLRQ facWRUV KaYe a 
-1𝞼 WR +1𝞼 UaQJe Rf aURXQd a facWRU 3. HeQce, YaULabLOLW\ LQ fXeO cRQVXPSWLRQ UaWeV aQd dLOXWLRQ 
SULRU WR WKe fLUVW WUaQVecW OLNeO\ dRPLQaWe WKe YaULabLOLW\ LQ ǻOA LQLWLaO, aQd WKe UeOaWLRQVKLSV Rf ǻ I60 

aQd ǻ I44 ZLWK ǻOA LQLWLaO aUe XQOLNeO\ WR be LQfOXeQced PXcK b\ YaULabLOLW\ LQ bXUQ cRQdLWLRQV. We 
cRQcOXde WKaW eYaSRUaWLRQ aQd/RU cKePLVWU\ SULRU WR WKe fLUVW PeaVXUePeQW aSSeaUV WR dULYe WKe 
LQLWLaO UeOaWLRQVKLS beWZeeQ ǻ I60 aQd ǻ I44 ZLWK ǻOA LQLWLaO, cRQVLVWeQW ZLWK (1) WKe WKeRUeWLcaO ZRUN 
Rf HRdVKLUe eW aO. (2019a), (2) aQ aQaO\VLV Rf ZKaW cKePLVWU\ ZRXOd be PLVVed LQ OabRUaWRU\ 
e[SeULPeQWV Lf WKe LQLWLaO 10-60 PLQXWeV Rf cKePLVWU\ ZaV QRW cRQVLdeUed, fROORZLQJ fLeOd 
e[SeULPeQWV (HRdVKLUe eW aO., 2019b), aQd (3) WKe UeceQW fLeOd aQaO\VLV (PaOP eW aO., 2020).´ 
 
McMeeNLQJ eW aO., EPLVVLRQV Rf WUace JaVeV aQd aeURVROV dXULQJ WKe RSeQ cRPbXVWLRQ Rf bLRPaVV 
LQ WKe OabRUaWRU\, 114, D19210, dRL:10.1029/2009JD011836, 2009. 
 
BLaQ, Q., JaWKaU, S. H., KRdURV, J. K., BaUVaQWL, K. C., HaWcK, L. E., Ma\, A. A., KUeLdeQZeLV, S. 
M., aQd PLeUce, J. R.: SecRQdaU\ RUJaQLc aeURVRO fRUPaWLRQ LQ bLRPaVV-bXUQLQJ SOXPeV: 
TKeRUeWLcaO aQaO\VLV Rf Oab VWXdLeV aQd aPbLeQW SOXPeV, AWPRV. CKeP. PK\V., 17, 5459-5475, 
dRL:10.5194/acS-2016-949, 2017. 
 
AQdUeae, M., AWPRV. CKeP. PK\V., 19, 8523±8546, KWWSV://dRL.RUJ/10.5194/acS-19-8523-2019, 
2019. 
 
A. L. HRdVKLUe, Q. BLaQ, E. RaPQaULQe, C. R. LRQVdaOe, M. J. AOYaUadR, S. M. KUeLdeQZeLV, S. 
H. JaWKaU, J. R. PLeUce: MRUe WKaQ ePLVVLRQV aQd cKePLVWU\: FLUe VL]e, dLOXWLRQ, aQd bacNJURXQd 
aeURVRO aOVR JUeaWO\ LQfOXeQce QeaU-fLeOd bLRPaVV bXUQLQJ aeURVRO aJLQJ, J. GeRSK\V. ReV., 124, 
KWWSV://dRL.RUJ/10.1029/2018JD029674, 2019. 
 
AQQa L. HRdVKLUe, AOL ANKeUaWL, MaWWKeZ J. AOYaUadR, BeQMaPLQ BURZQ-SWeLQeU, SKaQWaQX H. 
JaWKaU, JRVe L. JLPeQe], SRQLa M. KUeLdeQZeLV, CKaQWeOOe R. LRQVdaOe, TLPRWK\ B. OQaVcK, 
APbeU M. OUWeJa, JeffUe\ R. PLeUce: AJLQJ EffecWV RQ BLRPaVV BXUQLQJ AeURVRO MaVV aQd 
CRPSRVLWLRQ: A CULWLcaO ReYLeZ Rf FLeOd aQd LabRUaWRU\ SWXdLeV, EQY. ScL. TecK., 
KWWSV://dRL.RUJ/10.1021/acV.eVW.9b02588, 2019b. 
 
PaOP eW aO., QXaQWLfLcaWLRQ Rf RUJaQLc aeURVRO aQd bURZQ caUbRQ eYROXWLRQ LQ fUeVK ZLOdfLUe 
SOXPeV, KWWSV://dRL.RUJ/10.1073/SQaV.2012218117, 2020.´ 
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 E4) TKeUe aUe VeYeUaO LQVWaQceV, ZKeUe OaQJXaJe LV LQaccXUaWe RU QRW aSSURSULaWe. SRPe 
e[aPSOeV aUe LQcOXded LQ WKe fROORZLQJ, bXW SOeaVe cKecN WKe cRPSOeWe PaQXVcULSW fRU VLPLOaU 
e[SUeVVLRQV. (POeaVe QRWe WKaW WKe OLQe QXPbeUV ZeUe cXW Rff LQ WKe XSORaded PaQXVcULSW fLOe aQd 
RQO\ WKe OaVW WZR dLJLWV aUe OeJLbOe. IQ WKe fROORZLQJ, I UefeU WR WKeVe OLQe QXPbeUV aV WKe\ aSSeaU 
LQ WKe Sdf.) 
 
We aJUee WKaW WKe PaQXVcULSW ZLOO beQefLW fURP caUefXO edLWLQJ. We KaYe addUeVVed WKe edLWRU aQd 
UeYLeZeU cRPPeQWV RQ WKLV LVVXe aQd KaYe JRQe WKURXJK WKe PaQXVcULSW aJaLQ WR aWWePSW WR caWcK 
aQ\ SRRU SKUaVLQJ.  
 
 E5) S. 7, O. 19: µfRU PaQ\ Rf WKe LQdLYLdXaO PeWULcV¶ ± be PRUe VSecLfLc KeUe. 
 
We KaYe cKaQJed WKLV VeQWeQce WR Uead  
³TKe UePaLQLQJ YaULabOeV SORWWed aOVR VKRZ VRPe QRLVe aQd feZ cOeaU WUeQdV, bXW LW LV aSSaUeQW 
WKaW WKe 5-15 aQd 90-100 SeUceQWLOeV dR VKRZ a VeSaUaWLRQ fRU VRPe Rf WKe LQdLYLdXaO PeWULcV, LQ 
SaUWLcXOaU ǻf 44 aQd ǻO/ǻC.´ 
 
 E6) ES. 8, O. 43: µeacK YaULabOe aJeV dRZQZLQd¶ VKRXOd be UeSKUaVed 
 
We KaYe cKaQJed WKLV VeQWeQce WR Uead  
³TKe SSeaUPaQ WeVWV VKRZ cRUUeOaWLRQ cReffLcLeQWV fRU eacK fOLJKW VeW (TabOe S1) ZLWK WKe LQLWLaO 
ǻOA Rf a fOLJKW VeW (ǻOA LQLWLaO) aJaLQVW ǻOA/ǻCO,  ǻf60,  ǻf44, ǻH/ǻC, aQd ǻO/ǻC aV WKe 
VPRNe aeURVRO aJe dRZQZLQd.´  
 
 
 E7) S. 11, O. 54: µRXU fLWV ZeUe Pade dXULQJ da\WLPe cRQdLWLRQV¶ WRXOdQ¶W LW be PRUe accXUaWe WR 
Va\ µRXU fLWV ZeUe Pade FOR da\WLPe cRQdLWLRQV¶ ? 
 
CKaQJed.  
 
 E8) S. 8, O. 68: ¶deOWaf60 Pa\ be eYaSRUaWLQJ µ VKRXOd be UeSKUaVed 
 
We KaYe UeSKUaVed WKLV WR: 
³...cRQVLVWeQW ZLWK WKe K\SRWKeVeV WKaW cRPSRXQdV cRQWaLQLQJ VSecLeV WKaW caQ fUaJPeQW WR P/] 60 
Pa\ be eYaSRUaWLQJ«´ 
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ReYieZer #2 second roXnd of comments 

 
ReYLeZ Rf ³DLOXWLRQ LPSacWV RQ VPRNe aJLQJ: EYLdeQce LQ BBOP daWa´ 

 
B\ AQQa L. HRdVKLUe eW aO. AQRQ\PRXV ReYLeZeU SXPPaU\: 

 
TKLV PaQXVcULSW deULYeV ePSLULcaO UeOaWLRQVKLSV fRU aeURVRO cKePLcaO aJe, QXPbeU cRQceQWUaWLRQ, 
aQd PeaQ PRbLOLW\ dLaPeWeU ZKLcK aUe XVefXO fRU PRdeOLQJ WKe cOLPaWe LPSacW Rf 
bLRPaVV-bXUQLQJ aeURVROV. NeZ LQVLJKW fURP WKe BBOP PeaVXUePeQW caPSaLJQ LV XVed WR VKRZ 
WKaW WKe UaWe Rf cKePLcaO aJLQJ Rf aeURVRO LV affecWed b\ WKe ³cRQceQWUaWLRQ´ Rf WKe SOXPe, 
SUeVXPabO\ WKURXJK decUeaVLQJ SKRWRO\WLc UaWeV ZLWK LQcUeaVed aeURVRO RSWLcaO deSWK, aQd SOXPe 
VL]e, SUeVXPabO\ becaXVe WKe cRUe Rf OaUJeU SOXPeV aQd aUe PRUe SURWecWed fURP PL[LQJ ZLWK 
cOeaQ aPbLeQW aLU. 

 
UOWLPaWeO\, WKLV LV aQ LQWeUeVWLQJ VWXd\ bXW KaV a QXPbeU Rf Ne\ aVVXPSWLRQV WKaW Qeed WR be 
fXUWKeU LQYeVWLJaWed RU MXVWLfLed. AOWKRXJK WKe aXWKRUV KaYe ZeaNeQed WKeLU OaQJXaJe VLQce WKe 
RULJLQaO dUafW dXe WR cRPPeQWV fURP UeYLeZeUV, WKe\ KaYe QRW addUeVVed WKe XQdeUO\LQJ cRQceUQV 
Rf WKe UeYLeZeUV. TKLV PaQXVcULSW ZLOO UeTXLUe PaMRU UeYLVLRQV SULRU WR cRQVLdeULQJ SXbOLcaWLRQ. 

 
GeQeUaO CRPPeQWV: 

 
 R1) IQ JeQeUaO, WKe OaQJXaJe KaV LPSURYed bXW LV VWLOO QRW YeU\ SUecLVe aQd WKeUe aUe JUaPPaWLcaO 
LVVXeV. 
 
We aJUee WKaW WKe PaQXVcULSW KaV beQefLWed fURP caUefXO edLWLQJ. We KaYe addUeVVed WKe edLWRU 
aQd UeYLeZeU cRPPeQWV RQ WKLV LVVXe aQd KaYe JRQe WKURXJK WKe PaQXVcULSW aJaLQ WR aWWePSW WR 
caWcK aQ\ SRRU SKUaVLQJ aQd JUaPPaWLcaO LVVXeV.  
  
 R2) TKeUe LV a OacN Rf deWaLOV UeJaUdLQJ SP-AMS PeaVXUePeQWV (aV ZeOO aV deVcULSWLRQ Rf RWKeU 
LQVWUXPeQWV). TKeUe aUe RQO\ VcaWWeUed UefeUeQceV WR WKe RSeUaWLQJ cRQdLWLRQV/VeWWLQJV XVed fRU 
PeaVXULQJ OA LQ WKeVe SOXPeV. AOWKRXJK WKe LQVWUXPeQWaWLRQ LV fXOO\ deVcULbed LQ aQRWKeU 
PaQXVcULSW, WKeUe LV a PLQLPXP aPRXQW Rf LQfRUPaWLRQ UeTXLUed fRU WKe SP-AMS PeaVXUePeQW: 
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YaSRUL]eUV eTXLSSed aQd PRdeV XVed (VZLWcKLQJ beWZeeQ PRdeV, WePSeUaWXUe Rf WKeUPaO 
YaSRUL]eU), caOLbUaWLRQ, deVcULSWLRQ Rf CE deWeUPLQaWLRQ, TRF PRde (HR-TRF, C-TRF, V-PRde, 
W-PRde), MS VaPSOLQJ WLPLQJ (OSeQ, cORVed, PTRF, ePTRF, SXOVeU SeULRd, eWc) 
  
TKeUe aOVR QeedV WR be a deVcULSWLRQ Rf WKe PaVV VSecWUa aQaO\VLV. WKaW VRfWZaUe ZaV XVed. AUe 
\RX UeSRUWLQJ UMR RU HR UeVXOWV? IV f60 baVed RQ P/]=60 RU WKe VSecLfLc LRQ C2H4O2+? HRZ 
LV JaV SKaVe VXbWUacWed? AVVXPLQJ cRQVWaQW [CO2] JaV SKaVe cRQceQWUaWLRQV Rf 400 SSP? 
  
SLQce WKe YaSRUL]eU PRdeV ZeUe VZLWcKed (SUeVXPabO\ LQWeUPLWWeQWO\) LW LV cRQceUQLQJ KRZ WKe 
aXWKRUV cKRRVe WR cRPbLQe WKe daWa fURP WKe dLffeUeQW PRdeV. TKeVe PRdeV PeaVXUe LQKeUeQWO\ 
dLffeUeQW cRPSRQeQWV Rf WKe aeURVRO PaVV aQd fUacWLRQaWe WKe PROecXOeV LQ dLffeUeQW Za\V. WKLOe 
Lee eW aO (2020) VKRZ WKaW PROecXOe fUacWLRQaWLRQ LQ WKe dLffeUeQW YaSRUL]eU PRdeV LV VLPLOaU fRU 
WKe C2H4O2+ LRQ (XVed WR caOcXOaWe f60, aOWKRXJK WKaW LV QRW VWaWed b\ WKe aXWKRUV), WKe 
fUacWLRQaWLRQ LV VLJQLfLcaQWO\ dLffeUeQW fRU WKe RUJaQLc fUacWLRQ Rf CO2+ (XVed WR caOcXOaWe f44) 
(Vee aOVR OQaVcK eW aO 2012, CaQaJaUaWQa eW aO 2015, eWc). 
 
We KaYe JUeaWO\ e[SaQded WKe VXSSOePeQWaU\ deWaLOV Rf WKe SP-AMS, UeVSRQdLQJ WR aOO SRLQWV 
KeUe, LQcOXdLQJ 2 QeZ fLJXUeV (FLJV S29 aQd S30). We KaYe aOVR added a VeQWeQce LQ WKLV PaLQ 
We[W SRLQWLQJ WR WKLV VXSSOePeQWaU\ We[W. TKe UeYLVed VXSSOePeQWaU\ We[W LV aV fROORZV: 
 
³TKe SRRW PaUWLcOe ± AeURVRO MaVV SSecWURPeWeU (SP-AMS) RSeUaWLQJ RQ WKe DOE G1 aLUcUafW 
dXULQJ BBOP KaV beeQ deVcULbed LQ deWaLO b\ CROOLeU eW aO. (2016), SedOaceN eW aO. (2018), aQd 
KOeLQPaQ eW aO. (2020). TKe SP-AMS VaPSOed PM1 WKURXJK a cRQVWaQW SUeVVXUe LQOeW RSeUaWLQJ aW 
a SUeVVXUe Rf ∼620 TRUU (BaKUeLQL eW aO., 2008). TKe SP-AMS ZaV eTXLSSed ZLWK dXaO YaSRUL]eUV: 
(1) VWaQdaUd UeVLVWLYeO\ KeaWed WXQJVWeQ YaSRUL]eU; aQd (2) 1064 QP LQWUacaYLW\ OaVeU YaSRUL]eU 
(OQaVcK eW aO., 2012). TKe VWaQdaUd WXQJVWeQ YaSRUL]eU ZaV RSeUaWed aW a QRPLQaO YaOXe Rf 600 RC 
fRU WKe fXOO daWa VeW. TKe SP-AMS RSeUaWLQJ ZLWK WKe OaVeU YaSRUL]eU OFF LV effecWLYeO\ WKe VaPe 
aV a VWaQdaUd HR-AMS, PeaVXULQJ QRQ-UefUacWRU\ SaUWLcXOaWe PaWWeU (NR-PM). TKe SP-AMS 
RSeUaWLQJ LQ dXaO YaSRUL]eU PRde, ZLWK bRWK WKe VWaQdaUd WXQJVWeQ YaSRUL]eU aQd WKe OaVeU 
YaSRUL]eU ON PeaVXUeV WKe NR-PM aQd LV addLWLRQaOO\ VeQVLWLYe WR UefUacWRU\ bOacN caUbRQ 
(UBC).  

FOLJKW daWa ZaV cROOecWed aW a UaSLd UaWe XVLQJ ³FaVW-MS´ LQ V-PRde (L.e., PaVV VSecWUaO 
UeVROXWLRQ a2000) ZLWK 1 VecRQd VaPSOe WLPe, ZLWK QeJOLJLbOe SaUWLcOe WLPe-Rf-fOLJKW (PTOF) daWa 
(DeCaUOR eW aO., 2006; LacN eW aO., 2009). TKe SXOVed, RUWKRJRQaO e[WUacWLRQ WLPe-Rf-fOLJKW PaVV 
VSecWURPeWeU (TOF-MS) ZaV RSeUaWed ZLWK a 60 �V SXOVeU SeULRd aQd cROOecWed PaVV VSecWUa 
fURP P/] 11 WR P/] 955. ³FaVW-MS´ daWa ZaV cROOecWed LQ RSeQ (L.e., VaPSOe) PRde fRU 52 
VecRQdV aQd LQ cORVed (L.e., bacNJURXQd) PRde fRU 8 VecRQdV eYeU\ PLQXWe. TKe OaVeU YaSRUL]eU 
ZaV RSeUaWed b\ eLWKeU aXWRPaWLcaOO\ aOWeUQaWed OaVeU ON aQd OFF eacK PLQXWe RU PaQXaOO\ 
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VaPSOLQJ ZLWK WKe OaVeU ON RU OFF fRU ORQJ SeULRdV Rf WLPe, VXcK aV fXOO SOXPe WUaQVecWV. TKe 
PaMRULW\ Rf WKe daWa (>76%) ZaV cROOecWed LQ dXaO YaSRUL]eU PRde (L.e., OaVeU RQ).  

TKe SP-AMS ZaV caOLbUaWed fRU NR-PM ZLWK aPPRQLXP QLWUaWe aQd fRU UBC ZLWK ReJaO 
bOacN 8 LQdeSeQdeQW WLPeV dXULQJ BBOP. TKe aYeUaJe LRQL]aWLRQ effLcLeQc\ (IE) ZLWK UeVSecW WR 
aPPRQLXP QLWUaWe ZaV PeaVXUed WR be 8.1e-8 aQd WKe UeOaWLYe LRQL]aWLRQ effLcLeQc\ (RIE) Rf UBC 
ZaV PeaVXUed WR be 0.28, aOWKRXJK WKe UBC fURP WKe SP-AMS ZaV QRW XVed LQ WKLV VWXd\.  

CROOLeU eW aO. (2016) deWeUPLQed WKe SP-AMS OaVeU OFF cROOecWLRQ effLcLeQc\ (CE) WR be 
0.5 WKURXJK cRPSaULVRQV ZLWK aQ LQdeSeQdeQW HR-AMS ORcaWed aW WKe MRXQW BacKeORU 
ObVeUYaWRU\ dXULQJ RYeU-fOLJKWV. SP-AMS PeaVXUed NR-PM YaOXeV cROOecWed ZLWK WKe OaVeU ON 
aQd OFF ZeUe cRPSaUed fRU 16 dLffeUeQW bLRPaVV bXUQLQJ SOXPeV (SedOaceN eW aO., 2018; 
KOeLQPaQ eW aO., 2020). IQ eacK caVe, WKe SOXPe ZaV VaPSOed ZLWK WKe OaVeU ON aQd ZLWK WKe OaVeU 
OFF, LQdeSeQdeQWO\, aQd WKe PeaVXUed SOXPe NR-PM ZaV QRUPaOL]ed WR CO WR accRXQW fRU 
SRWeQWLaO cKaQJeV LQ WKe SOXPe dLOXWLRQ beWZeeQ WUaQVecWV. TKe aYeUaJe UaWLR fRU NR-PM OaVeU 
ON WR OaVeU OFF ZaV 1.52. FURP WKeVe UeVXOWV, WKe aYeUaJe CE Rf NR-PM PeaVXUed ZLWK WKe 
OaVeU ON WR be 0.76 ZLWK a VWaQdaUd deYLaWLRQ Rf 0.07 (SedOaceN eW aO., 2018; KOeLQPaQ eW aO., 
2020). TKeUe LV VXbVWaQWLaO eYLdeQce LQ WKe SXbOLVKed OLWeUaWXUe fRU WKe CE Rf WKe WXQJVWeQ 
YaSRUL]eU (LLP eW aO., 2019) aQd WKe OaVeU YaSRUL]eU (WLOOLV eW aO., 2014) WR cKaQJe aV a fXQcWLRQ Rf 
cKePLcaO cRPSRVLWLRQ aQd UBC cRaWLQJ WKLcNQeVV. UQfRUWXQaWeO\ fRU YaULRXV UeaVRQV, LQVWUXPeQW 
cRPSaULVRQV Rf PeaVXUePeQWV Rf PM1 PaVV ORadLQJ cRQceQWUaWLRQV ZeUe YeU\ OLPLWed dXULQJ 
BBOP, VXcK WKaW WKeUe dReV QRW e[LVW a XVefXO eVWLPaWe Rf a cKaQJLQJ CE fRU eLWKeU SP-AMS 
YaSRUL]eU ZLWK cKaQJLQJ SOXPe cRQdLWLRQV.  

TKe SP-AMS daWa ZaV aQaO\]ed XVLQJ TRF-AMS AQaO\VLV TRRONLW 1.61B aQd TRF-AMS 
HR AQaO\VLV 1.21B LQ IJRU PUR. GaV SKaVe caUbRQ dLR[Lde (CO 2) ZaV dLUecWO\ PeaVXUed RQ WKe 
G1 aLUcUafW aQd ZaV XVed WR VXbWUacW JaV SKaVe cRQWULbXWLRQV WR CO 2+ LRQ VLJQaO LQ WKe SP-AMS. 
SP-AMS VWaQdaUd NR-PM cKePLcaO VSecLeV (L.e., OUJ, SO 4, NO 3, NH 4, CKO) ZeUe caOcXOaWed 
XVLQJ KLJK UeVROXWLRQ (HR) fLWV. f 44 aQd f 60 aUe XQLW PaVV UeVROXWLRQ (UMR) UaWLRV, ZKeUeaV O:C 
UaWLRV ZeUe deULYed XVLQJ HR fLWV. AOWKRXJK LW ZaV QRW dLUecWO\ cKaUacWeUL]ed fRU XQceUWaLQWLeV 
dXULQJ WKe BBOP caPSaLJQ, Ze eVWLPaWe XQceUWaLQWLeV aV fROORZV. TKe AMS XQceUWaLQW\ LV 
eVWLPaWed fROORZLQJ WKe PeWKRdV LQ (BaKUeLQL eW aO. 2009)  (fLUVW eTXaWLRQ Rf WKeLU VXSSOePeQWaO 
LQfRUPaWLRQ) , OeadLQJ WR 37% XQceUWaLQW\ fRU RUJaQLcV. TKe OaVeU YaSRUL]eU addV addLWLRQaO 
XQceUWaLQW\ XS WR 20%. TKXV VXPPLQJ WKe XQceUWaLQWLeV LQ TXadUaWXUe OeadV WR a 42% XQceUWaLQW\ 
LQ RUJaQLcV. 

We fXUWKeU aQaO\]ed WKe UMRV aQd WKe SRWeQWLaO fRU OaVeU ON VSecLfLc LRQ VLJQaOV WR 
LQWeUfeUe ZLWK OaVeU OFF NR-PM LRQ VLJQaOV ZLWK WKe SP-AMS daWa. TKe cKePLcaO cRPSRVLWLRQ 
Rf WKe PeaVXUed ZLOdfLUe SOXPeV dXULQJ BBOP ZeUe > 90% NR-PM RUJaQLc PaWeULaO (CROOLeU eW 
aO., 2016; KOeLQPaQ eW aO., 2020). UBC PaVV fUacWLRQV ZeUe W\SLcaOO\ beORZ 2% (KOeLQPaQ eW aO., 
2020), WKRXJK WKe QXPbeU fUacWLRQV ZeUe KLJKeU (SedOaceN eW aO., 2018). DeVSLWe WKeVe ORZ 
cRQceQWUaWLRQV, WKe SP-AMS OaVeU ON (UeOaWLYe WR OaVeU OFF) ZaV RbVeUYed WR JeQeUaWe C Q+ LRQ 
VLJQaOV ZLWK aQ LdeQWLfLabOe fUaJPeQWaWLRQ SaWWeUQ fRU UBC PaWeULaO aQd WKe OaVeU ON WR OFF 
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NR-PM VLJQaO ZaV RbVeUYed WR LQcUeaVe b\ a50% RQ aYeUaJe. SLPLOaU UeVXOWV KaYe beeQ 
SXbOLVKed fRU aPbLeQW XUbaQ aeURVRO (e.J., Lee eW aO. 2015). ReceQW OabRUaWRU\ ZRUN WR LQYeVWLJaWe 
WKeVe LVVXeV KaV eOLPLQaWed OaVeU aOLJQPeQW LVVXeV aQd LQdLUecW KeaWLQJ aV SRWeQWLaO caXVeV fRU 
WKeVe RbVeUYaWLRQV (AYeU\ eW aO., 2020). TKXV, WKeVe RbVeUYaWLRQV aUe OLNeO\ dXe WR a cRPbLQaWLRQ 
Rf dLffeUeQW cROOecWLRQ effLcLeQcLeV (CEV) aQd UeOaWLYe LRQL]aWLRQ effLcLeQcLeV (RIEV) fRU WKe WZR 
YaSRUL]eUV ZKeQ XVed LQ dXaO YaSRUL]eU PRde (L.e., OaVeU ON). 

TKe HR LRQ VLJQaOV aW P/] 44 aUe dRPLQaWed b\ CO 2+ aQd C 2H 4O + LRQV (FLJ. S29). TKe 
UaWLR Rf C 2H 4O +/CO 2+ LQcUeaVeV ZLWK SOXPe PaVV ORadLQJ (L.e., cRQceQWUaWLRQ) aQd decUeaVeV ZLWK 
dLVWaQce fURP WKe fLUe (FLJ. S29), LQOLQe ZLWK WKe RbVeUYaWLRQV UeSRUWed KeUe fRU decUeaVeV LQ 
R[LdaWLRQ OeYeOV aV a fXQcWLRQ Rf dLOXWLRQ. TKe HR LRQ VLJQaOV aW P/] 60 aUe dRPLQaWed b\ 
C2H 4O 2+ aQd C 5+ (FLJ. S30). HR fLWWLQJ Rf C 5+ LQdLcaWed WKaW LW aYeUaJed a6% Rf WKe C 2H 4O 2+ LRQ 
VLJQaO, LQdeSeQdeQW Rf WKe OaVeU YaSRUL]eU VWaWe (L.e., ON RU OFF). FRU OaUJe C 2H 4O 2+ LRQ VLJQaOV 
LQ UeOaWLYeO\ XQdLOXWed bLRPaVV bXUQLQJ SOXPeV, WKLV UaWLR LV OLNeO\ cRQWUROOed b\ WKe eUURUV LQ 
fLWWLQJ a VPaOO SeaN LQ WKe ZLQJV Rf a OaUJeU SeaN (CRUbLQ eW aO., 2015). AW ORZeU LRQ VLJQaO OeYeOV, 
WKe C 5+/ C 2H 4O 2+ becRPeV VLJQLfLcaQWO\ QRLVLeU, bXW WKe aYeUaJe dReV QRW cKaQJe VLJQLfLcaQWO\. 
LaVeU ON Pa\ VOLJKWO\ LQcUeaVe WKe aYeUaJe UaWLR aW ORZeU C 2H 4O 2+ LRQ VLJQaOV, ZKLcK cRXOd 
RYeUeVWLPaWe f 60 fRU UeOaWLYeO\ dLOXWe SOXPeV. If WKLV ZeUe WUXe, WKe RbVeUYed decUeaVe LQ f 60 ZLWK 
SOXPe dLOXWLRQ (L.e., dXe WR fLUe VL]e aQd aWPRVSKeULc aJe) ZRXOd be VOLJKWO\ VPaOOeU WKaQ UeSRUWed 
KeUe.  

PaVW UeVeaUcK RQ SP-AMS LRQ VLJQaOV fURP WKe OaVeU YaSRUL]eU aQd WKe VWaQdaUd WXQJVWeQ 
YaSRUL]eU KaYe LdeQWLfLed VeYeUaO cRPSOLcaWLQJ facWRUV ZKeQ RSeUaWLQJ WKe SP-AMS LQ dXaO 
YaSRUL]eU PRde. FLUVW, RUJaQLc PaWeULaO cRaWLQJ UBC SaUWLcOeV aQd deWecWed XVLQJ WKe OaVeU 
YaSRUL]eU KaYe QRWed dLffeUeQW fUaJPeQWaWLRQ SaWWeUQV (OQaVcK eW aO., 2012) aQd cKePLcaO 
cRPSRVLWLRQV (CaQaJaUaWQa eW aO., 2015) cRPSaUed ZLWK WKe VaPe RUJaQLc PaWeULaO deWecWed XVLQJ 
WKe VWaQdaUd WXQJVWeQ YaSRUL]eU. FXUWKeU, WKeUe aUe UeSRUWV Rf SP-AMS OaVeU YaSRUL]eU deWecWLQJ 
UefUacWRU\ CO 2+ LRQV fURP UBC SaUWLcOeV (CRUbLQ eW aO., 2014). CXUUeQWO\, Ze KaYe QRW aVVeVVed 
WKe SRWeQWLaO fRU UefUacWRU\ CO 2+ LRQ VLJQaOV dXULQJ BBOP aV bRWK WKe UBC aQd OUJ VLJQaOV aUe 
KLJKO\ cRUUeOaWed LQ bLRPaVV bXUQLQJ SOXPeV, PaNLQJ PLQRU cKaQJeV WR WKeVe UaWLRV dLffLcXOW WR 
aVceUWaLQ. TR addUeVV WKe TXeVWLRQ Rf ZKeWKeU WKe OaVeU YaSRUL]eU JeQeUaWed dLffeUeQW LRQ VLJQaOV 
fURP VLPLOaU RUJaQLc cRPSRXQdV, Ze aQaO\]ed WKe OaVeU ON aQd OFF SOXPe WUaQVecW SaLUV WKaW 
ZeUe XVed fRU deWeUPLQLQJ OaVeU ON CE YaOXeV UeOaWLYe WR OaVeU OFF. 

AV VKRZQ LQ FLJ. S31, WKe HR O:C, UMR f44, aQd UMR f60 UaWLRV aUe KLJKO\ cRUUeOaWed 
beWZeeQ OaVeU ON aQd OFF cRQdLWLRQV, WKRXJK dLffeU b\ aSSaUeQW facWRUV. LaVeU ON HR O:C 
UaWLRV aUe aSSUR[LPaWeO\ 4% ORZeU WKaQ OaVeU OFF. IQ OaUJe SaUW, WKLV LV dXe WR WKe UMR f 44 UaWLRV, 
ZKLcK aUe dRPLQaWed b\ CO 2+ LRQV, beLQJ 17% ORZeU fRU OaVeU ON. UMR f 60 UaWLRV aUe 18% 
KLJKeU LQ OaVeU ON WKaQ OFF. TKeVe RbVeUYaWLRQV aUe LQ OLQe ZLWK WKe SXbOLVKed UeVXOWV fURP 
CaQaJaUaWQa eW aO., (2015), ZKLcK RbVeUYed WKaW OaVeU YaSRUL]eU RQO\ HR O:C UaWLRV ZeUe a17% 
ORZeU WKaQ WXQJVWeQ YaSRUL]eU RQO\ HR O:C UaWLRV fRU WKe VaPe RUJaQLc PaWeULaO aQd WKe HR H:C 
UaWLRV ZeUe a16% KLJKeU. IQ WKe caVe Rf BBOP, WKe OaVeU YaSRUL]eU VLJQaOV UeSUeVeQWed 
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aSSUR[LPaWeO\ 1/3 Rf WKe WRWaO RUJaQLc VLJQaO ZLWK dXaO YaSRUL]eUV. TKe BBOP PeaVXUed 4% 
ORZeU HR O:C UaWLRV aUe VLPLOaU LQ PaJQLWXde WR 5.6% (L.e., 0.33*17%) e[SecWed Lf WKe 
CaQaJaUaWQa eW aO. (2015) UeVXOWV aSSOLed WR BBOP PeaVXUePeQWV. 

TKe BBOP SP-AMS daWa XVed LQ WKLV PaQXVcULSW LV XVed WR PeaVXUe WUeQdV LQ OA. O:C, 
f 44, aQd f 60 ZLWK SOXPe dLOXWLRQ, eLWKeU aW dLffeUeQW SOXPe aJeV aQd/RU dLffeUeQW cRQceQWUaWLRQ 
SeUceQWLOeV acURVV a bLRPaVV SOXPe (L.e., edJe YV. ceQWeU). A TXeVWLRQ LV ZKeWKeU WKe PL[LQJ Rf 
OaVeU ON aQd OFF daWa KeUe VRPeKRZ bLaVeV WKe UeVXOWV dXe WR WKe dLffeUeQW abVROXWe YaOXeV 
beWZeeQ WKe WZR dLffeUeQW VWaWeV. A TXLcN e[WeQVLRQ Rf WKe abRYe SOXPe SaLU aQaO\VLV (FLJ. S31) 
LQcOXdeV VeYeUaO ³bacNJURXQd´ PeaVXUePeQWV Pade beWZeeQ WKe SOXPeV (L.e., beORZ 150 SSbY 
CO) aQd cRPSaUed fRU OaVeU ON YV. OFF WR LQYeVWLJaWe Lf WKLV UaWLR cKaQJeV VXbVWaQWLaOO\ beWZeeQ 
SOXPe (L.e., KLJK OeYeO) aQd bacNJURXQd (L.e., ORZ OeYeO) OeYeOV. TKe OaVeU ON:OFF UaWLRV Rf 
PeaVXUed HR O:C aYeUaJed 0.95�0.049 LQ bacNJURXQd aQd 0.96�0.029 LQ SOXPe, UMR f 44 
aYeUaJed 0.89�0.085 LQ bacNJURXQd aQd 0.85�0.068 LQ SOXPe, aQd UMR f 60 aYeUaJed 1.17�0.23 
LQ bacNJURXQd aQd 1.15�0.13 LQ SOXPe. TKeVe UeVXOWV VXJJeVW WKaW WKe RbVeUYed OaVeU ON/OFF 
UaWLRV dR QRW cKaQJe fURP ORZ WR KLJK VLJQaO OeYeOV, VXcK WKaW WKe WUeQdV RbVeUYed fRU OaVeU OFF 
VKRXOd KROd fRU OaVeU ON, aQd YLce YeUVa. FXUWKeU, WKe OaVeU ON YV. OFF daWa SRLQWV aUe UaQdRPO\ 
dLVWULbXWed WKURXJKRXW WKe PeaVXUePeQWV UaWKeU WKaQ V\VWePaWLcaOO\ dLVWULbXWed WR QeaU- YV. 
faU-fLeOd PeaVXUePeQWV RU cRUe YV. edJe PeaVXUePeQWV. HeQce, WKeUe VKRXOd be QR V\VWePaWLc 
bLaV dXe WR WKe XVe Rf WKe cRPbLQed OaVeU ON aQd OFF daWa, aOWKRXJK WKLV cRPbLQaWLRQ Rf 
OaVeU-RQ aQd -Rff daWa Pa\ cRQWULbXWe WR QRLVe LQ WKe RbVeUYed WUeQdV.´ 
 

 
FLJXUe S29. (a) HLJK UeVROXWLRQ fLWV aW P/] 44 fRU a bLRPaVV bXUQLQJ SOXPe dXULQJ 0730b UeVeaUcK 
fOLJKW ZLWK OaVeU ON. (b) CRUUeOaWLRQ Rf HR CO 2+ LRQ aQd HR WRWaO LRQ VLJQaO aW P/] 44, cRORUed 
b\ dLVWaQce dRZQZLQd (NP) fURP fLUe.   
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FLJXUe S30. HLJK UeVROXWLRQ fLWV aW P/] 60 fRU a bLRPaVV bXUQLQJ SOXPe dXULQJ 0730b UeVeaUcK 
fOLJKW ZLWK OaVeU ON. 
 

 
FLJXUe S31. LaVeU ON YeUVXV OaVeU OFF SP-AMS HR O:C, UMR f44, aQd UMR f60 UaWLRV. 

 
R3) DaWa aUe bLQQed b\ SK\VLcaO aJe aQd fXUWKeU LQWR edJe-YV-cRUe (VXcK aV VKRZQ LQ FLJXUe 1). 
EacK bLQQed daWXP UeSUeVeQWV PXOWLSOe PeaVXUePeQWV aQd WKeUefRUe, LQ fLJXUe 1 aQd 2, VKRXOd 
LQcOXde eUURU baUV UeSUeVeQWLQJ WKe YaULaQce Rf WKRVe PeaVXUePeQWV. TKLV cRXOd be LQdeSeQdeQW Rf 
PeaVXUePeQW XQceUWaLQW\, bXW ZRXOd be beWWeU Lf LW dLd LQcOXde SURSaJaWed LQVWUXPeQW XQceUWaLQW\. 
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We KaYe QRW added WKeVe eUURU baUV dXe WR WKe WLPe cRQVWUaLQWV Rf WKe Oead aXWKRU aV deVcULbed 
abRYe, aV addLQJ eUURUV baUV UeTXLUeV PXOWLSOe aQaO\VLV fRU eacK LQVWUXPeQW aQd fOLJKW XVed LQ WKLV 
ZRUN. We aUe QRW PaNLQJ aQ\ VWaWePeQWV abRXW V\VWePaWLc YaULaQce ZLWK aJe baVed RQ FLJXUe 1 
aQd WKe WUeQd VWaWLVWLcV LQ FLJXUe 2 aQd eOVeZKeUe ZRXOd be dRQe XVLQJ WKe PeaQ-YaOXe daWaSRLQWV 
(WKaW aUe cXUUeQWO\ SORWWed) UeJaUdOeVV. 
 
HRZeYeU, Ze KaYe e[SOLcLWO\ addUeVVed WKe OacN Rf eUURU baUV LQ WKe We[W:  
 
³NRWe WKaW LQ FLJXUe (aQd FLJXUeV S14-S18), WKe SRLQWV UeSUeVeQW WKe PeaQ YaOXeV fRU eacK 
WUaQVecW aQd dR QRW LQcOXde eUURU baUV fRU XQceUWaLQW\ LQ WKe PeaQ RU PeaVXUePeQW XQceUWaLQW\ aV 
cKaUacWeUL]aWLRQ Rf V\VWePaWLc YaULaQce (ZLWKLQ SOXPe SeUceQWLOeV) ZLWK aJe LV be\RQd WKe VcRSe 
Rf WKLV VWXd\.´ 
 
³AV ZLWK FLJXUe 1, WKe SRLQWV LQ FLJXUe 2 UeSUeVeQW WKe PeaQ YaOXeV fRU eacK WUaQVecW aQd 
SeUceQWLOe, aQd Ze dR QRW LQcOXde eUURU baUV aV Ze dR QRW aWWePSW WR cKaUacWeUL]e V\VWePaWLc 
YaULaQce (ZLWKLQ SOXPe SeUceQWLOeV) ZLWK aJe LQ WKLV VWXd\.´ 
  
 
 R4) A Ne\ aVVXPSWLRQ Rf WKe aXWKRUV LV WKaW DOALQLWLaO, Df60, aQd Df44 caQ be XVed WR LdeQWLf\ 
dLOXWLRQ Rf WKe SOXPe. HRZeYeU, WKeVe SaUaPeWeUV aUe NQRZQ WR YaU\ LQ SULPaU\ ePLVVLRQV. 
 
TKLV LV VLPLOaU WR TXeVWLRQ E3) fURP WKe edLWRU. We UeVSRQd LQ fXOO KeUe aQd cRS\ UeOeYaQW 
VecWLRQV WR TXeVWLRQ E3). TR cOaULf\, ZKLOe Ze XVe ǻOA LQLWLaO aV a SUR[\ fRU dLOXWLRQ, Ze dR QRW XVe 
ǻf60 aQd ǻf 44 WR LdeQWLf\ dLOXWLRQ LQ WKe SOXPe. RaWKeU, Ze LQYeVWLJaWe Lf ǻf 60 aQd ǻf 44 (aQd RWKeU 
YaULabOeV) V\VWePaWLcaOO\ YaU\ ZLWK ǻOA LQLWLaO. TR KeOS PaNe WKLV PRUe cOeaU, Ze KaYe added WKe 
fROORZLQJ aW WKe beJLQQLQJ Rf VecWLRQ 3.1 (XQdeUOLQe QeZ PaWeULaO): 
³We cRORU eacK OLQe b\ WKe PeaQ ǻOA ZLWKLQ a ǻCO SeUceQWLOe bLQ fURP WKe WUaQVecW cORVeVW WR 
WKe fLUe, ǻOA LQLWLaO, LQ RUdeU WR e[aPLQe ZKeWKeU eacK YaULabOe (ǻOA/ǻCO, ǻf60, ǻf44 ǻH/ǻC, aQd 
ǻO/ǻC) YaU\ ZLWK ǻOA LQLWLaO.´  
  
IQ WKe PaQXVcULSW, WKe aXWKRUV VXSSRUW WKe aVVXPSWLRQ UeJaUdLQJ DOALQLWLaO ZLWK WKe PeaVXUed 
Df60 aQd Df44. HRZeYeU, WKeVe SaUaPeWeUV aUe aOO PRUe OLNeO\ UeOaWed WR YaULaWLRQV LQ POA 
beWZeeQ fLUeV aQd ZLWKLQ a fLUe aV fLUe cRQdLWLRQV cKaQJe. TKe Df60 aQd Df44 PeaVXUePeQWV aUe 
WKe RQO\ VXSSRUW WKe aXWKRUV SURYLde fRU WKeLU PaLQ cRQcOXVLRQ. 
  
IQ WKe aXWKRU¶V UeYLVLRQV, WKe\ KaYe WULed WR fXUWKeU MXVWLf\ WKLV aVVXPSWLRQ b\ PaNLQJ a fOaZed 
aUJXPeQW WKaW WKeLU LQWeUSUeWaWLRQ LV RQO\ LQYaOLd Lf f60 aQd f44 cRYaU\ ZLWK OA ePLVVLRQV. FLUVW 
WKLV aUJXPeQW LV fOaZed, aV Df60LQLWLaO aQd Df44LQLWLaO aUe PRUe UeaVRQabO\ aWWULbXWed WR 
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dLffeUeQceV LQ POA. SecRQd, LW KaV acWXaOO\ beeQ VKRZQ WKaW f60 aQd f44 Rf POA caQ cRYaU\ ZLWK 
OA ePLVVLRQ facWRUV (Vee CRUbLQ eW aO 2015; OUWeJa eW aO 2015; aQd Lee eW aO 2010). 
 
TKLV LV aQ LQWeUeVWLQJ TXeVWLRQ, aQd Ze KaYe SURYLded a PRUe deWaLOed OLQe Rf UeaVRQLQJ beORZ 
aQd PRdLfLed WKe We[W WR cOaULf\ WKLV SRLQW. 
 
IQ WKe WZR SaUaJUaSKV abRYe, WKe UeYLeZeU SRVLWV WKaW WKe cRYaULaQce Rf ǻOA LQLWLaO ZLWK ǻf 60 aQd 
ǻf44 LV SULPaULO\ dXe WR cRUUeOaWLRQV Rf WKe OA ePLVVLRQ facWRU ZLWK ǻf 60 aQd ǻf 44 aW WKe WLPe Rf 
ePLVVLRQ (dXe WR YaULabLOLWLeV LQ bXUQ cRQdLWLRQV) aQd QRW dXe WR eYaSRUaWLRQ aQd cKePLVWU\ 
beWZeeQ WKe WLPe Rf ePLVVLRQ aQd WKe WLPe Rf WKe fLUVW PeaVXUePeQW. FRU WKLV WR be cRUUecW, 
YaULabLOLW\ LQ WKe ePLVVLRQ facWRU Rf OA ZRXOd Qeed WR be a VLJQLfLcaQW cRQWULbXWRU WR WKe 
YaULabLOLW\ LQ ǻOA LQLWLaO (Lf WKe UeOaWLYe YaULabLOLW\ LQ WKe OA ePLVVLRQ facWRU LV PXcK VPaOOeU WKaQ 
WKe UeOaWLYe YaULabLOLW\ LQ ǻOA LQLWLaO, RWKeU facWRUV cRQWULbXWLQJ WR YaULabLOLW\ LQ ǻOA LQLWLaO ZLOO ZaVK 
RXW WKLV ePLVVLRQV-baVed cRYaULaQce beWZeeQ ǻOA LQLWLaO ZLWK ǻf 60 aQd ǻf44). 
 
IQ FLJXUe 2 Rf RXU PaQXVcULSW, ǻOA LQLWLaO YaULeV b\ QeaUO\ 2 RUdeUV Rf PaJQLWXde (facWRU Rf 100), 
ZLWK PXOWLSOe WUaQVecWV/SeUceQWLOeV RQ WKe KLJK aQd ORZ eQdV (L.e., QRW MXVW a VLQJOe RXWOLeU dULYLQJ 
WKe XSSeU RU ORZeU bRXQd). IQ WKe AQdUeae, (2019) bLRPaVV bXUQLQJ ePLVVLRQV UeYLeZ SaSeU, WKe 
OC ePLVVLRQ facWRUV KaYe VWaQdaUd deYLaWLRQV WKaW aUe abRXW ò Rf WKe PeaQ YaOXeV, VR a facWRU Rf 
3 YaULabLOLW\ LQ ePLVVLRQ facWRUV LQ WKe -1𝞼 WR +1𝞼 UaQJe. HeQce, YaULabLOLW\ LQ ePLVVLRQ facWRUV 
VKRXOd QRW OLNeO\ e[SOaLQ a OaUJe fUacWLRQ Rf WKe YaULabLOLW\ LQ ǻOA LQLWLaO. We QRWe WKaW (1) WKe 
ePLVVLRQ fOX[eV fURP fLUeV aUe WKe SURdXcW Rf WKe ePLVVLRQ facWRU aQd WKe fXeO cRQVXPSWLRQ UaWe 
(NJ fXeO SeU aUea SeU WLPe) ZLWK fXeO cRQVXPSWLRQ UaWeV YaU\LQJ JUeaWO\ beWZeeQ fLUeV (e.J., WKe 
dLffeUeQce beWZeeQ a VXUface fLUe aQd a cURZQ fLUe), aQd (2) eYeQ fRU a fL[ed ePLVVLRQ fOX[, 
YaULabLOLW\ LQ dLOXWLRQ UaWeV fURP dLffeUeQceV LQ fLUe VL]e RU aWPRVSKeULc VWabLOLW\ caQ Oead WR 
RUdeUV-Rf-PaJQLWXde dLffeUeQceV LQ ǻOA LQLWLaO , eYeQ afWeU MXVW 15 PLQXWeV (Vee FLJXUeV 6c aQd 7c LQ 
BLaQ eW aO., 2017).  
 
TKe YaULabLOLW\ LQ ǻOA LQLWLaO LV WKXV OLNeO\ dULYeQ PXcK PRUe b\ YaULabLOLW\ LQ dLOXWLRQ aQd fXeO 
cRQVXPSWLRQ UaWeV, QRW ePLVVLRQ facWRUV. IW LV SRVVLbOe WKaW OA ePLVVLRQ facWRUV aUe cRUUeOaWed 
ZLWK fXeO cRQVXPSWLRQ UaWeV becaXVe fOaPLQJ ZLOdfLUeV (ZLWK KLJK PRdLfLed cRPbXVWLRQ 
effLcLeQc\, MCE) Pa\ be cRUUeOaWed ZLWK faVW fXeO cRQVXPSWLRQ. HRZeYeU, OA ePLVVLRQ facWRUV 
aUe ORZeU dXULQJ fOaPLQJ, KLJK-MCE cRQdLWLRQV (McMeeNLQJ eW aO., 2009), VR LW ZRXOd be aQ 
aQWLcRUUeOaWLRQ UaWKeU WKaQ a cRUUeOaWLRQ (WKe ORZeU OA ePLVVLRQV facWRUV dXULQJ fOaPLQJ ZRXOd 
cRXQWeU WKe KLJKeU fXeO-cRQVXPSWLRQ UaWeV dXULQJ fOaPLQJ, VR WKe OA ePLVVLRQ fOX[eV ZRXOd be 
daPSed b\ WKLV UeOaWLRQVKLS aQd cUeaWe OeVV YaULabLOLW\ LQ ǻOA LQLWLaO). 
 
IQ FLJXUe 2, PXcK Rf WKe ǻOA LQLWLaO YaULabLOLW\ cRPeV fURP LQcOXdLQJ bRWK WKe cRUe aQd edJe Rf WKe 
VaPe SOXPe. WRXOd Ze e[SecW WKe dLffeUeQce LQ ǻOA LQLWLaO WR cRPe fURP dLffeUeQceV LQ WKe OA 
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ePLVVLRQ facWRU? TKLV ZRXOd UeTXLUe (1) QR addLWLRQaO dLOXWLRQ aW WKe edJe UeOaWLYe WR WKe cRUe, 
ZKLcK LV LQcRQVLVWeQW ZLWK KRZ dLffXVLRQ ZRUNV aQd ZLWK WKe CO aQd CO 2 cRQceQWUaWLRQV 
beWZeeQ WKe edJe aQd cRUe, aQd (2) WKe edJe Rf WKe SOXPe WR be ePLVVLRQV fURP fOaPLQJ 
cRQdLWLRQV (ORZ OA ePLVVLRQ facWRUV) aQd WKe cRUe Rf WKe SOXPe WR cRPe fURP VPROdeULQJ 
cRQdLWLRQV (KLJK OA ePLVVLRQ facWRUV), ZKLcK, ZKLOe SRVVLbOe, dReV QRW VeeP OLNe LW ZRXOd be WKe 
dRPLQaQW (RU eYeQ a cRPPRQ) VceQaULR. TKe LPSURbabLOLW\ Rf WKe WZR cRQdLWLRQV abRYe 
(eVSecLaOO\ #1) LV fXUWKeU eYLdeQce WKaW OA ePLVVLRQ facWRUV aUe QRW a OaUJe cRQWULbXWRU WR WKe 
YaULabLOLW\ LQ ǻOA LQLWLaO. 
 
PUeOLPLQaU\ ZRUN (JXQe eW aO., LQ  SUHS ) fURP WKe FIREX-AQ caPSaLJQ LV VKRZLQJ ǻOA LQLWLaO WR be 
XQcRUUeOaWed ZLWK MCE, OeQdLQJ fXUWKeU eYLdeQce WKaW WKe YaULabLOLW\ LQ bXUQ cRQdLWLRQV aQd 
ePLVVLRQV facWRUV dR QRW dULYe PXcK Rf WKe YaULabLOLW\ LQ ǻOA LQLWLaO. 

 
(NLcROe JXQe, eW aO, LQ SUHS )  
 
HeQce, WKeUe aUe PXOWLSOe OLQeV Rf UeaVRQLQJ WKaW Oead WR WKe cRQcOXVLRQ WKaW OA ePLVVLRQ facWRUV 
aUe QRW a OaUJe cRQWULbXWRU WR WKe YaULabLOLW\ LQ ǻOA LQLWLaO (PaNLQJ UeOaWLRQVKLSV beWZeeQ OA 
ePLVVLRQ facWRUV ZLWK ǻf 60 aQd ǻf 44 XQOLNeO\ WR VLJQLfLcaQWO\ cRQWULbXWe WR WKe RbVeUYed 
UeOaWLRQVKLSV beWZeeQ ǻOA LQLWLaO ZLWK ǻf 60 aQd ǻf 44). OQ WKe RWKeU KaQd, WKeRUeWLcaO VWXdLeV (BLaQ 
eW aO., 2017; HRdVKLUe eW aO., 2019a), Oab aQaO\VeV (HRdVKLUe eW aO., 2019b), aQd aQ LQdeSeQdeQW 
fLeOd aQaO\VLV (PaOP eW aO., 2020), KaYe VKRZQ WKaW Ze e[SecW eYaSRUaWLRQ aQd cKePLVWU\ befRUe 
WKe fLUVW WUaQVecW aQd WKaW WKe e[WeQW Rf WKeVe SURceVVeV deSeQdV RQ WKe SOXPe cRQceQWUaWLRQV. 
 
TKLV UeaVRQLQJ fRU UXOLQJ RXW WKe UROe Rf YaULabLOLW\ Rf ePLVVLRQ facWRUV dULYLQJ UeOaWLRQVKLSV 
beWZeeQ ǻOA LQLWLaO WR aQd ǻf 60 aQd ǻf 44 VKRXOd KaYe beeQ e[SOLcLW LQ SUeYLRXV YeUVLRQV Rf WKe 
PaQXVcULSW, SaUWLcXOaUO\ afWeU WKe cRQfXVLRQ LQ WKe fLUVW URXQd Rf cRPPeQWV. We QRZ KaYe added 
WKe fROORZLQJ We[W WR WKe PaQXVcULSW: 
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³PULRU VWXdLeV KaYe VKRZQ WKaW I60 aQd I44 aW WKe WLPe Rf ePLVVLRQV cRUUeOaWe ZLWK OA  ePLVVLRQV 
facWRUV WKURXJK YaULabLOLW\ LQ bXUQ cRQdLWLRQV (HeQQLJaQ eW aO. 2011; CXbLVRQ eW aO. 2011; 
McCOXUe eW aO. 2020) , aQd WKLV UeOaWLRQVKLS PLJKW aOVR cRQWULbXWe WR RXU RbVeUYed cRUUeOaWLRQ 
beWZeeQ ǻ I60 aQd ǻ I44 ZLWK ǻOA LQLWLaO. FRU WKLV ePLVVLRQV UeOaWLRQVKLS WR be aQ LPSRUWaQW facWRU, WKe 
YaULabLOLW\ LQ WKe OA ePLVVLRQ facWRU QeedV WR be a VLJQLfLcaQW cRQWULbXWRU WR WKe YaULabLOLW\ LQ 
ǻOA LQLWLaO. If WKe UeOaWLYe YaULabLOLW\ LQ WKe OA ePLVVLRQ facWRU LV PXcK VPaOOeU WKaQ WKe UeOaWLYe 
YaULabLOLW\ LQ ǻOA LQLWLaO, RWKeU facWRUV cRQWULbXWLQJ WR YaULabLOLW\ LQ ǻOA LQLWLaO ZLOO QeJaWe aQ 
ePLVVLRQV-baVed cRYaULaQce beWZeeQ ǻOA LQLWLaO ZLWK ǻf 60 aQd ǻf 44. WKLOe RXU RbVeUYed ǻOA LQLWLaO LQ 
FLJXUe 2 VSaQV QeaUO\ a facWRU Rf 100, AQdUeae (2019) VKRZV WKaW WKe OA ePLVVLRQ facWRUV KaYe a 
-1𝞼 WR +1𝞼 UaQJe Rf aURXQd a facWRU 3. HeQce, YaULabLOLW\ LQ fXeO cRQVXPSWLRQ UaWeV aQd dLOXWLRQ 
SULRU WR WKe fLUVW WUaQVecW OLNeO\ dRPLQaWe WKe YaULabLOLW\ LQ ǻOA LQLWLaO, aQd WKe UeOaWLRQVKLSV Rf ǻ I60 

aQd ǻ I44 ZLWK ǻOA LQLWLaO aUe XQOLNeO\ WR be LQfOXeQced PXcK b\ YaULabLOLW\ LQ bXUQ cRQdLWLRQV. We 
cRQcOXde WKaW eYaSRUaWLRQ aQd/RU cKePLVWU\ SULRU WR WKe fLUVW PeaVXUePeQW aSSeaUV WR dULYe WKe 
LQLWLaO UeOaWLRQVKLS beWZeeQ ǻ I60 aQd ǻ I44 ZLWK ǻOA LQLWLaO, cRQVLVWeQW ZLWK (1) WKe WKeRUeWLcaO ZRUN 
Rf HRdVKLUe eW aO. (2019a), (2) aQ aQaO\VLV Rf ZKaW cKePLVWU\ ZRXOd be PLVVed LQ OabRUaWRU\ 
e[SeULPeQWV Lf WKe LQLWLaO 10-60 PLQXWeV Rf cKePLVWU\ ZaV QRW cRQVLdeUed, fROORZLQJ fLeOd 
e[SeULPeQWV (HRdVKLUe eW aO., 2019b), aQd (3) WKe UeceQW fLeOd aQaO\VLV (PaOP eW aO., 2020).´ 
 
McMeeNLQJ eW aO., EPLVVLRQV Rf WUace JaVeV aQd aeURVROV dXULQJ WKe RSeQ cRPbXVWLRQ Rf bLRPaVV 
LQ WKe OabRUaWRU\, 114, D19210, dRL:10.1029/2009JD011836, 2009. 
 
BLaQ, Q., JaWKaU, S. H., KRdURV, J. K., BaUVaQWL, K. C., HaWcK, L. E., Ma\, A. A., KUeLdeQZeLV, S. 
M., aQd PLeUce, J. R.: SecRQdaU\ RUJaQLc aeURVRO fRUPaWLRQ LQ bLRPaVV-bXUQLQJ SOXPeV: 
TKeRUeWLcaO aQaO\VLV Rf Oab VWXdLeV aQd aPbLeQW SOXPeV, AWPRV. CKeP. PK\V., 17, 5459-5475, 
dRL:10.5194/acS-2016-949, 2017. 
 
AQdUeae, M., AWPRV. CKeP. PK\V., 19, 8523±8546, KWWSV://dRL.RUJ/10.5194/acS-19-8523-2019, 
2019. 
 
A. L. HRdVKLUe, Q. BLaQ, E. RaPQaULQe, C. R. LRQVdaOe, M. J. AOYaUadR, S. M. KUeLdeQZeLV, S. 
H. JaWKaU, J. R. PLeUce: MRUe WKaQ ePLVVLRQV aQd cKePLVWU\: FLUe VL]e, dLOXWLRQ, aQd bacNJURXQd 
aeURVRO aOVR JUeaWO\ LQfOXeQce QeaU-fLeOd bLRPaVV bXUQLQJ aeURVRO aJLQJ, J. GeRSK\V. ReV., 124, 
KWWSV://dRL.RUJ/10.1029/2018JD029674, 2019. 
 
AQQa L. HRdVKLUe, AOL ANKeUaWL, MaWWKeZ J. AOYaUadR, BeQMaPLQ BURZQ-SWeLQeU, SKaQWaQX H. 
JaWKaU, JRVe L. JLPeQe], SRQLa M. KUeLdeQZeLV, CKaQWeOOe R. LRQVdaOe, TLPRWK\ B. OQaVcK, 
APbeU M. OUWeJa, JeffUe\ R. PLeUce: AJLQJ EffecWV RQ BLRPaVV BXUQLQJ AeURVRO MaVV aQd 
CRPSRVLWLRQ: A CULWLcaO ReYLeZ Rf FLeOd aQd LabRUaWRU\ SWXdLeV, EQY. ScL. TecK., 
KWWSV://dRL.RUJ/10.1021/acV.eVW.9b02588, 2019b. 
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PaOP eW aO., QXaQWLfLcaWLRQ Rf RUJaQLc aeURVRO aQd bURZQ caUbRQ eYROXWLRQ LQ fUeVK ZLOdfLUe 
SOXPeV, KWWSV://dRL.RUJ/10.1073/SQaV.2012218117, 2020. 
  
R5) IQWeUSUeWaWLRQ Rf SSeaUPaQ¶V cRUUeOaWLRQ cReffLcLeQWV aQd WKe VWUeQJWK Rf WKeVe cReffLcLeQWV LV 
KLQdeUed b\ WKe aXWKRUV cKRLce WR cRPbLQe aOO daWa fURP aOO fOLJKWV WRJeWKeU fRU WKeLU UeJUeVVLRQV 
ZLWKRXW QRUPaOL]aWLRQ deVSLWe VKRZLQJ WKaW bRWK aeURVRO aJe aQd ePLVVLRQ facWRUV affecW WKe 
SaUaPeWeU Rf LQWeUeVW (e.J. Df60). TKLV PXOWL-YaULaWe deSeQdeQce LV eYeQ VWaWed VeYeUaO WLPeV b\ 
WKe aXWKRUV. FRU e[aPSOe, ZLWK 1 e[ceSWLRQ, aOO WUaQVecW VeWV SUedLcWabO\ VKRZ WKaW Df60 decUeaVeV 
ZLWK SK\VLcaO aJe, bXW becaXVe dLffeUeQW WUaQVecW VeWV VWaUWed ZLWK dLffeUeQW f60 YaOXeV WKe 
cRPbLQed daWa VeW dReV QRW PRQRWRQLcaOO\ decUeaVe ZLWK SK\VLcaO aJe aQd WKe UeJUeVVLRQ UeVXOWV 
LQ a ZeaN UeOaWLRQVKLS (RSSeaUPaQ = -0.26). 
  
TKLV LV aQ e[aPSOe Rf ZKeUe WKe aXWKRUV VKRXOd UeWKLQN WKeLU aQaO\WLcaO aSSURacK bXW KaYe LQVWead 
ZeaNeQed WKe OaQJXaJe Rf WKeLU UeVXOWV. 
 
We WKaQN WKe UeYLeZeU fRU WKeLU VXJJeVWLRQV KeUe. IW SURPSWed caUefXO cRQVLdeUaWLRQ, bXW Ze KaYe 
deWeUPLQed WR NeeS WKe cXUUeQW aSSURacK. OXU aLP ZLWK WKe SSeaUPaQ¶V cRUUeOaWLRQ cReffLcLeQWV aV 
XVed LQ WKe PaQXVcULSW LV WR aQVZeU WKe TXeVWLRQ, ³If aOO \RX NQRZ LV WKe WLPe aQd Lf aOO \RX NQRZ 
LV WKe ǻOA LQLWLaO, KRZ ZeOO cRXOd \RX SUedLcW WKe YaULabLOLW\ beWZeeQ SOXPeV?´, aQd Ze QRZ VWaWe 
WKLV PRUe cOeaUO\ LQ WKe PaQXVcULSW. We aOVR aUe dUaZLQJ PRUe aWWeQWLRQ WR WKe PXOWLYaULaWe fLWV LQ 
FLJXUe 3 eaUOLeU LQ WKe PaQXVcULSW (deWaLOV RQ WKe cKaQJeV WR WKe PaQXVcULSW beORZ). FXUWKeU, Ze 
ZaQW WKe cRUUeOaWLRQ beWZeeQ ǻOA LQLWLaO aQd WKe LQLWLaO YaOXeV Rf WKe YaULabOeV LQ FLJXUe 2 WR be 
LQcOXded LQ WKe RYeUaOO R ǻOA,LQLWLaO aV WKeVe UeOaWLRQV aUe KLJKO\ XQOLNeO\ WR be dULYeQ b\ cRYaUaWLRQ 
Rf ePLVVLRQV (Vee WKe UeVSRQVe WR R4).  
  
TKeUe aUe VeYeUaO SRVVLbLOLWLeV WKaW WKe aXWKRUV cRXOd cRQVLdeU. CRQWLQXLQJ WR XVe Df60 aV aQ 
e[aPSOe, WKe aXWKRUV cRXOd:  

 
● NRUPaOL]LQJ WKe daWa WR WKe LQLWLaO PeaVXUed YaOXe (e.J. Df60- Df60LQLWLaO) SULRU WR 

cRPbLQLQJ WKe daWa. TKLV aOORZV \RX WR UePRYe WKe SURceVVeV dULYLQJ YaULabLOLW\ LQ WKe 
LQLWLaO Df60 (eVVeQWLaOO\ WKe ePLVVLRQ facWRU) VR \RX caQ LVROaWe WKe effecWV Rf SK\VLcaO aJe 
RQ Df60. 

 
TKeUe LV LQfRUPaWLRQ LQ WKe LQLWLaO YaOXeV WKaW Ze dR QRW ZaQW WR UePRYe. AQd becaXVe a 
UeOaWLRQVKLS beWZeeQ WKe LQLWLaO YaOXeV Rf VRPe YaULabOeV ZLWK ǻOA LQLWLaO e[LVWV eYeQ WKRXJK OA 
ePLVVLRQ facWRUV LV QRW a PaMRU dULYeU Rf ǻOA LQLWLaO YaULabLOLW\, WKe LQLWLaO YaOXeV Rf e.J. ǻf 60 aQd 
ǻf44 LV YeU\ OLNeO\ QRW dXe WR WKe ePLVVLRQ facWRU (Vee WKe UeVSRQVe WR R4) 
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● A PXOWLYaULaWe aQaO\VLV ZLWK SUedLcWRUV Rf DOALQLWLaO aQd SK\VLcaO aJe. YRX cRXOd dR WKLV 
LQ aQ\ SURJUaPPLQJ OaQJXaJe, bXW XVLQJ E[ceO aV aQ e[aPSOe \RX ZRXOd XVe WKe 
DaWa>DaWa_AQaO\VLV>UeJUeVVLRQV JXL. IW aSSeaUV WKaW \RX XVe WKLV LQ \RXU PRdeO LQ 
VecWLRQ 3.1 LQ eTXaWLRQ 4. SLQce \RX dLd WKLV, ZK\ dR \RX eYeQ VKRZ WKe VLQJOe-YaULabOe 
RSeaUVRQ aQd RVSeaUPaQ YaOXeV? 

 
TKeVe VeSaUaWe aQaO\VeV addUeVV dLffeUeQW TXeVWLRQV (Vee abRYe), aQd Ze KaYe added dLVcXVVLRQ 
RQ WKLV WR WKe PaQXVcULSW. 

 
● LaVWO\, \RX cRXOd aQaO\]e eacK WUaQVecW VeW VeSaUaWeO\ WR JeW a RVSeaUPaQ YaOXe Rf Df60 

YeUVXV SK\VLcaO aJe aQd WKeQ aYeUaJe WKRVe YaOXeV WRJeWKeU. If WKLV aSSURacK LV cKRVeQ, 
WKeQ aYeUaJLQJ VKRXOd ZeLJKWed b\ WKe QXPbeU Rf WUaQVecWV LQ WKe WUaQVecW VeW. AOVR, \RX 
VKRXOd XVe a MacN-NQLfe-OLNe aSSURacK, UeSeaWLQJ WKe aYeUaJLQJ b\ V\VWePaWLcaOO\ 
e[cOXdLQJ 1-2 WUaQVecWV VeWV WR Vee KRZ deSeQdeQW WKe UeVXOWV aUe RQ aQ\ LQdLYLdXaO VeW. 

 
TKLV aSSURacK LV QRW cRQVLVWeQW ZLWK WKe TXeVWLRQ Ze VRXJKW WR aQVZeU ZLWK WKeVe cReffLcLeQWV, 
aQd UaWKeU, WKe PXOWLYaULaWe fLW LQ FLJXUe 3 ZLWK cReffLcLeQWV LQ TabOe S3 VeUYeV WR VeSaUaWe WKe UROe 
Rf WKe WZR SUedLcWRUV. 
 
We QRWe WKaW Ze dLd dR a OeaYe-RQe-RXW aQaO\VLV (TabOe S2) afWeU WKe fLUVW URXQd Rf UeYLeZeU 
cRPPeQWV, fROORZLQJ VXJJeVWLRQV Pade LQ UeYLeZeU cRPPeQWV aQd UeVSRQVeV R1.21 aQd R2.59. 
 
We beOLeYe WKaW RXU aSSURacK LV aSSURSULaWe fRU WKe TXeVWLRQ Ze VRXJKW WR aQVZeU. We KaYe QRZ 
added WKe fROORZLQJ We[W: 
 
³We caOcXOaWe WKeVe cRUUeOaWLRQ cReffLcLeQWV VeSaUaWeO\ fRU FLJXUe 2 WR deWeUPLQe KRZ ZeOO WKe 
YaULabLOLW\ caQ be SUedLcWed fURP WKe ǻOA LQLWLaO RU aJe aORQe (aQd ZKeWKeU WKe daWa aUe cRUUeOaWed 
YV. aQWLcRUUeOaWed ZLWK WKeVe SUedLcWRUV). TR cRPSOePeQW WKeVe LQdeSeQdeQW cRUUeOaWLRQ 
cReffLcLeQWV, Ze aOVR SeUfRUP PXOWLYaULaWe OLQeaU UeJUeVVLRQV (ETQV. 4 aQd 5 aQd FLJXUe 3, 
dLVcXVVed OaWeU) WR e[SOLcLWO\ decRXSOe WKe LQfOXeQce Rf WKe WZR SUedLcWRUV.´ 
  
 R6)  SI VecWLRQ: TKe VXSSOePeQW KaV LPSURYed ZLWK PRUe deWaLO bXW LV VWLOO OacNLQJ. MRUe deWaLO 
LV Qeeded deVcULbLQJ WKe LQVWUXPeQW VeW XS, eYeQ Lf LW LV deVcULbed fXOO\ LQ aQRWKeU SaSeU. 
 
We KaYe JUeaWO\ e[SaQded WKe SI. POeaVe Vee RXU UeVSRQVe WR R2. 
  
 R7) TKe KeWeURJeQeRXV cKePLVWU\ caOcXOaWLRQV QeedV a deVcULSWLRQ Rf WKe caOcXOaWLRQ aQd 
MXVWLfLcaWLRQ fRU WKe PeWKRdRORJ\ XVed. TKe RQO\ LQfRUPaWLRQ SURYLded LV WKaW LW LV a ³VLPSOe 
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caOcXOaWLRQ´ aQd a OLVW Rf ZKaW WKe SaUaPeWeUV aUe. 
 
TKLV deVcULSWLRQ ZaV LQ SecWLRQ S2 LQ WKe VXSSOePeQW. TKe PaLQ We[W VWaWeV ³HRZHYHU, HVWLPDWHV 
RI KHWHURJHQHRXV PDVV ORVVHV LQGLFDWH WKDW DIWHU WKUHH KRXUV RI DJLQJ (WKH UDQJH RI WLPH WKH 
BBOP PHDVXUHPHQWV ZHUH WDNHQ LQ) IRU D UDQJH RI OH FRQFHQWUDWLRQV DQG UHDFWLYH XSWDNH 
FRHIILFLHQWV, OHVV WKDQ 10% RI DHURVRO PDVV LV ORVW WR KHWHURJHQHRXV UHDFWLRQV (FLJ. S23; VHH SI 
WH[W S2 IRU PRUH GHWDLOV RQ WKH FDOFXODWLRQ).´ We KaYe PRdLfLed SecWLRQ S2 LQ WKe VXSSOePeQW LQ 
UeVSRQVe WR WKLV cRPPeQW: 
 
³We WeVW WKe LPSacW Rf KeWeURJeQeRXV cKePLVWU\ RQ aeURVRO PaVV ORVV ZLWKLQ WKe VPRNe SOXPe. 
We SeUfRUPed a VLPSOe caOcXOaWLRQ Rf UeacWLYe XSWaNe Rf OH PROecXOeV ZLWK SaUWLcOe-SKaVe 
RUJaQLcV WKaW UeVXOWed LQ ORVV Rf RUJaQLc SURdXcWV. TKeVe caOcXOaWLRQV LQcOXde aVVXPed YaOXeV Rf 
SaUWLcOe dLaPeWeU, OH cRQceQWUaWLRQ, OH dLffXVLRQ cReffLcLeQW, aQd OH UeacWLYe XSWaNe 
cReffLcLeQW. TKe fROORZLQJ SaUaPeWeUV aUe aVVXPed fRU WKe caOcXOaWLRQV: 

● OH dLffXVLYLW\ = 3.5e-5 [P2 V -1] 
● PaUWLcOe dLaPeWeU YaULed fURP 1 - 1000 [QP] 
● CRQVWaQW OH cRQceQWUaWLRQ YaULed fURP 1e5 WR 5e7 [PROecXOeV cP -3] 
● ReacWLYe XSWaNe cReffLcLeQWV YaULed fURP 0.1 WR 1 [XQLWOeVV] 
● MROecXOaU ZeLJKW Rf RUJaQLcV = 200 [J PRO -1] 
● DeQVLW\ Rf RUJaQLcV = 1.4 [J cP-3] 
● TRWaO UXQ WLPe = 3 [KRXUV] 

TKe cROOLVLRQ UaWe Rf OH ZLWK WKe SaUWLcOe VXUface ZaV caOcXOaWed XVLQJ WKe cRQdeQVaWLRQ 
eTXaWLRQV LQ SeLQfeOd aQd PaQdLV (2006). AV a caOcXOaWLRQ Rf WKe XSSeU bRXQd OLPLW Rf eYaSRUaWLRQ 
dXe WR KeWeURJeQeRXV cKePLVWU\, Ze aVVXPe eacK cROOLVLRQ UeVXOWV LQ UePRYLQJ aQ RUJaQLc 
PROecXOe RQ WKe VXUface Rf WKe SaUWLcOe (aVVXPed WR be 200 aPX), fUaJPeQWLQJ aQd UePRYLQJ WKe 
PROecXOe fURP WKe SaUWLcOe. TKe fUaJPeQWaWLRQ SURdXcWV aUe QRW aVVXPed WR SaUWLcLSaWe LQ fXUWKeU 
UeacWLRQ. FLJXUe S23a VKRZV WKe UeVXOWLQJ fLQaO:LQLWLaO PaVV UaWLRV afWeU fRXU KRXUV Rf aJLQJ, 
LQdLcaWLQJ WKaW fRU WKe aeURVRO VL]eV cRQWaLQLQJ PRVW Rf WKe PaVV LQ WKLV VWXd\ (>100 QP) aQd 
XQdeU e[SecWed OH cRQceQWUaWLRQV (<10 7 cP-3), >90% Rf WKe aeURVRO PaVV UePaLQV afWeU 3 KRXUV 
LQ aOO bXW WKe caVeV ZLWK a UeacWLYe XSWaNe cReffLcLeQW Rf 1 aQd aQ OH cRQceQWUaWLRQ Rf 10 7 cP-3. 
NRWe KRZeYeU WKaW (1) WKe UeacWLYe XSWaNe cReffLcLeQW LV OLNeO\ ORZeU WKaQ 1 (SOade aQd KQRSf, 
2013) , (2) QRW eYeU\ UeacWLRQ ZLOO Oead WR cRPSOeWe eYaSRUaWLRQ Rf aOO SURdXcWV, aQd (3) OH 
cRQceQWUaWLRQV aUe RfWeQ ORZeU WKaQ 10 7 cP-3  (JXQcRVa CaOaKRUUaQR eW aO., 2020).´ 
 
JXQcRVa CaOaKRUUaQR, J. F., LLQdaaV, J., O¶DeOO, K., PaOP, B. B., PeQJ, Q., FORcNe, F., PROOacN, I. B., 
GaURfaOR, L. A., FaUPeU, D. K., PLeUce, J. R., CROOeWW, J. L., WeLQKeLPeU, A., CaPSRV, T., HRUQbURRN, R. 
S., HaOO, S. R., UOOPaQQ, K., PRWKLeU, M. A., ASeO, E. C., PeUPaU, W., HX, L., HLOOV, A. J., MRQW]Na, D., 
T\QdaOO, G., TKRUQWRQ, J. A. aQd FLVcKeU, E. V.: Da\WLPe O[LdL]ed ReacWLYe NLWURJeQ PaUWLWLRQLQJ LQ 
WeVWeUQ U.S. WLOdfLUe SPRNe POXPeV, J. GeRSK\V. ReV. AWPRV., 1±47, dRL:10.1029/2020Md033484, 2020. 

19 

https://paperpile.com/c/ERNm4E/FlkBS
https://paperpile.com/c/ERNm4E/FlkBS


 
SSecLfLc CRPPeQWV: 
  
 R8) L31: HeUe aQd eOVeZKeUe, aUe \RX caOcXOaWLQJ WKe PaVV PeaQ PRbLOLW\ dLaPeWeU RU QXPbeU 
PeaQ PRbLOLW\ dLaPeWeU? 
 
MeaQ QXPbeU dLaPeWeU-Ze¶Ye added µQXPbeU¶ KeUe aQd µQXPbeU¶ aQd µPRbLOLW\¶ eOVeZKeUe LQ 
WKe SaSeU ZKeQ aSSURSULaWe. 
   
 R9) L38: ³...XQdeUJRQe PRUe decUeaVeV LQ a PaUNeU fRU SULPaU\ bLRPaVV bXUQLQJ RUJaQLc 
aeURVRO.´ TKLV LV aQ aZNZaUd VWaWePeQW 
 
We KaYe cKaQJed WKLV WR  
³We fXUWKeU fLQd WKaW RQ WKe SOXPe edJeV, WKe RUJaQLc aeURVRO LV PRUe R[\JeQaWed ZKLOe a PaUNeU 
fRU SULPaU\ bLRPaVV bXUQLQJ aeURVRO ePLVVLRQV KaV decUeaVed LQ UeOaWLYe abXQdaQce.´ 
  
 R10) L41-44: ³SPRNe fURP bLRPaVV bXUQLQJ... LQfOXeQcLQJ... aV ZeOO aV WKe KeaOWK Rf 
VPRNe-LPSacWed cRPPXQLWLeV´. ³SPRNe-LPSacWed´ LV UedXQdaQW. 
 
We KaYe UePRYed WKe VecRQd µVPRNe¶.  
 
  
 R11) L45: DLOXWLRQ LV a SURceVV ZKLcK LV a ceQWUaO WKePe Rf WKe PaQXVcULSW. IW VKRXOd KaYe a 
SURSeU deVcULSWLRQ Rf ZKaW WKaW SURceVV LV. I VXJJeVW VRPeWKLQJ OLNe, ³DLOXWLRQ LV WKe SURceVV 
ZKeUe WKe SOXPe PL[eV ZLWK cOeaQ bacNJURXQd aLU, UedXcLQJ cRQceQWUaWLRQ Rf fLUe ePLWWed 
aeURVROV aQd JaVeV´. TKe cXUUeQW VWaWePeQW, ³DLOXWLRQ WKURXJK eQWUaLQPeQW...´ LV QRW e[SOLcLW. 
 
We KaYe XSdaWed WKLV VWaWePeQW WR be PRUe e[SOLcLW:  
³DLOXWLRQ Rf a VPRNe SOXPe RccXUV aV WKe SOXPe WUaYeOV dRZQZLQd, PL[LQJ ZLWK UeJLRQaO 
µbacNJURXQd¶ aLU, UedXcLQJ WKe cRQceQWUaWLRQV Rf WKe VPRNe aeURVROV aQd YaSRUV aQd SRWeQWLaOO\ 
dULYLQJ cKaQJeV LQ WKe SK\VLcaO aQd cKePLcaO SURSeUWLeV Rf WKe ePLVVLRQV (AdacKL eW aO., 2019; 
ANaJL eW aO., 2012; BLaQ eW aO., 2017; CXbLVRQ eW aO., 2011; HecRbLaQ eW aO., 2011; HRdVKLUe eW aO., 
2019a, 2019b; JROOe\V eW aO., 2012, 2015; KRQRYaORY eW aO., 2019; Ma\ eW aO., 2015; NR\eV eW aO., 
2020; SaNaPRWR eW aO., 2015) .´

 
 R12) L50-52: LacNV e[SOaQaWLRQ Rf ZK\ OaUJe SOXPeV dLOXWe VORZeU. SLQce WKLV LV VR LPSRUWaQW WR 
WKe VWRU\, LW VKRXOd KaYe a beWWeU deVcULSWLRQ. CXUUeQWO\, LW LV MXVW VWaWed WKaW WKe\ dR. SRPeWKLQJ 
OLNe ³...cRUeV Rf OaUJeU SOXPeV aUe SURWecWed fURP dLOXWLRQ dXe WKe SK\VLcaO dLVWaQce fURP 
bacNJURXQd aLU...´ CLWaWLRQV fRU WKLV aUe GaURfaOR eW aO (2019) aQd Lee eW aO (2020). 
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We KaYe aOWeUed WKLV WR  
³LaUJe, WKLcN SOXPeV dLOXWe PRUe VORZO\ WKaQ VPaOO, WKLQ SOXPeV fRU VLPLOaU aWPRVSKeULc 
cRQdLWLRQV, aV WKe cRUeV Rf OaUJeU SOXPeV aUe aW a JUeaWeU SK\VLcaO dLVWaQce WR WKe bacNJURXQd aLU, 
VKLeOdLQJ WKeP fURP dLOXWLRQ fRU ORQJeU (ANaJL eW aO., 2012; BLaQ eW aO., 2017; CXbLVRQ eW aO., 
2011; HecRbLaQ eW aO., 2011; HRdVKLUe eW aO., 2019a, 2019b; JROOe\V eW aO., 2012, 2015; KRQRYaORY 
eW aO., 2019; Ma\ eW aO., 2015; SaNaPRWR eW aO., 2015, Lee eW aO., 2020, GaURfaOR eW aO., 2019) .´ 

 
 R13) L86-87: ³... eYaSRUaWLRQ Rf YaSRUV.´ SKRXOd be ³eYaSRUaWLRQ Rf PRUe YROaWLOe cRPSRXQdV.´ 
 
We KaYe XSdaWed WKe We[W WR WKLV VXJJeVWLRQ.  

 
 R14) L88: ³; SOXPeV ZLWK KLJKeU cRQceQWUaWLRQV ZLOO XQdeUJR PRUe cRaJXOaWLRQ...´ AUe \RX 
UefeUULQJ WR QXPbeU cRQceQWUaWLRQ, PaVV cRQceQWUaWLRQ, RU bRWK? 
 
AeURVRO QXPbeU; Ze KaYe added WKLV WR WKe We[W.  

 
 R15) L101: ³... dLffeUeQceV LQ aeURVRO ORadLQJ VeUYe aV a SUR[\ fRU dLffeUeQceV LQ dLOXWLRQ UaWeV...´ 
DR \RX PeaQ UaWeV RU aPRXQW Rf dLOXWLRQ SULRU WR fLUVW PeaVXUePeQW? I KaYe SURYLded RWKeU 
cRPPeQWV LQ PRUe deWaLO UeJaUdLQJ WKLV aVVXPSWLRQ. 
µAPRXQW¶ LV PRUe aSSURSULaWe KeUe. We KaYe XSdaWed WKLV VWaWePeQW WR be PRUe LQcOXVLYe Rf RWKeU 
SRLQWV: 
³TKe dLffeUeQceV LQ aeURVRO ORadLQJ VeUYe aV a SUR[\ fRU dLffeUeQceV LQ LQLWLaO fLUe aQd SOXPe 
VL]eV, PaVV fOX[eV, aQd VXbVeTXeQW aPRXQW Rf dLOXWLRQ. TKe e[WeQW WR ZKLcK dLOXWLRQ KaV RccXUUed 
SULRU WR WKe fLUVW RbVeUYaWLRQ LV QRW a PeaVXUabOe TXaQWLW\, aQd fLUe VL]eV aQd PaVV fOX[eV ZeUe QRW 
eVWLPaWed aV a SaUW Rf WKe BBOP caPSaLJQ.´  

 
 R16) L103: ³...JLYeQ LQLWLaO SOXPe PaVV aQd SK\VLcaO aJe...´ ³PaVV´ VKRXOd be ³OA PaVV 
cRQceQWUaWLRQ´. 
 
Added.  

 
 R17) L115: MRUe deVcULSWLRQ QeedV WR be SURYLded UeJaUdLQJ WKe VeWWLQJV fRU WKe SP-AMS. 

 
WaV LW eTXLSSed ZLWK a WXQJVWeQ WKeUPaO YaSRUL]eU? If VR, ZKaW WePSeUaWXUe ZaV WKe WKeUPaO 
YaSRUL]eU VeW WR? HR-TRF, C-TRF, L-TRF, TXadUXSROe? TRF VeW WR V-PRde RU W-PRde? HRZ 
ZaV daWa aQaO\]ed? AUe \RX UeSRUWLQJ UMR RU HR UeVXOWV? IV f60 WKe OeYRJOXcRVaQ fUacWLRQ (L.e. 
fC2H4O2 aV LV dLVcXVVed b\ CRUbLQ eW aO 2015 aQd Lee eW aO 2020) RU baVed RQ WKe UMR P/]=60 
RUJaQLc fUaJPeQW afWeU VXbWUacWLQJ C5 cRQWULbXWLRQV (aOVR P/]=60, Vee CXbLVRQ eW aO 2011 aQd 
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Lee eW aO 2010). WKaW ZaV WKe MS WLPLQJ? OSeQ YV cORVed WLPLQJ? PTRF RU ePTRF PRde? PXOVe 
SeULRd, VaPSOLQJ H]? WKaW P/] UaQJe ZaV VcaQQed? 
 
POeaVe Vee RXU UeVSRQVe WR R2. 

 
 R18) L116: ³PM1 aeURVRO PaVVeV´ VKRXOd be ³aeURVRO PaVV cRQceQWUaWLRQ Rf PM1 (VXb-PLcURQ 
SaUWLcXOaWeV)...´ 
 
DRQe 

 
 R19) L119-121: HRZ ZaV cROOecWLRQ effLcLeQc\ deWeUPLQed? 

 
POeaVe Vee RXU UeVSRQVe WR R2. 

 
 R20) L119-121: IW ORRNV OLNe WKe OaVeU YaSRUL]eU ZaV VZLWcKed beWZeeQ RQ aQd Rff. HRZ 
fUeTXeQWO\ ZaV WKe OaVeU YaSRUL]eU VZLWcKed? IV WKe daWa SUeVeQWed LQ WKLV PaQXVcULSW ZLWK WKe 
OaVeU RQ, Rff, RU bRWK? 

 
TKeVe PeaVXUe LQKeUeQWO\ dLffeUeQW aWWULbXWeV Rf PM1 WKaW Pa\ QRW be dLUecWO\ cRPSaUabOe RU 
cRPbLQabOe. 

 
AOVR, becaXVe WKe OaVeU YaSRUL]eU fUacWLRQaWeV aeURVROV PROecXOaU VSecLeV dLffeUeQWO\ WKaQ WKe 
WKeUPaO YaSRUL]eU (OQaVcK eW aO 2012; CRUbLQ eW aO 2014; CaQaJaUaWQa eW aO 2015; Lee eW aO 2015; 
Lee eW aO 2020) VLQJOe LRQV VXcK aV C2H4O2+ aQd OUJ44+ (XVed WR caOcXOaWe f60 aQd f44) 
CANNOT be cRPSaUed RU cRPbLQed beWZeeQ PRdeV. 
 
POeaVe Vee RXU UeVSRQVe WR R2. 

 
 R21) L121-L122: ³We dR QRW aWWePSW WR cKaUacWeUL]e ZKeWKeU WKe cROOecWLRQ effLcLeQc\ Rf WKe 
SP-AMS cKaQJeV aV WKe aeURVRO aJeV´ 

 
CROOecWLRQ effLcLeQc\ KaV beeQ RbVeUYed WR cKaQJe b\ a facWRU Rf 2 RU PRUe aV BB POA JURZV LQ 
VL]e aQd becRPeV PRUe VSKeULcaO (See MLddOebURRN eW aO 2012, WLOOLV eW aO 2014, CRUbLQ eW aO 
2015 (ACP), MaVVROL eW aO 2015, CROOLeU eW aO 2018). TKLV cKaQJe LQ CE KaV beeQ RbVeUYed WR bLaV 
SaUWLcOeV Rf dLffeUeQW PRUSKRORJ\/cRPSRVLWLRQ dLffeUeQWO\ beWZeeQ dLffeUeQW YaSRUL]eU PRdeV 
(OaVeU + RYeQ YeUVXV RYeQ-RQO\), VSecLfLcaOO\ affecWLQJ WKe CE Rf WKe OaVeU PRUe WKaQ WKe CE Rf 
WKe WKeUPaO YaSRUL]eU. 
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We KaYe PRdLfLed WKLV aQd WKe fROORZLQJ We[W:  ³TKeUe LV eYLdeQce fURP RWKeU VWXdLeV WKaW WKe CE 
Rf WKe WXQJVWeQ YaSRUL]eU (OaVeU Rff PRde) (LLP eW aO., 2019) aQd WKe OaVeU YaSRUL]eU (OaVeU RQ 
PRde) (WLOOLV eW aO., 2014) cKaQJeV aV a fXQcWLRQ Rf cKePLcaO cRPSRVLWLRQ, UBC cRaWLQJ 
WKLcNQeVV, VL]e, aQd VSKeULcLW\ LQ OabRUaWRU\ VWXdLeV (MLddOebURRN eW aO., 2012; WLOOLV eW aO., 2014; 
CRUbLQ eW aO., 2015; MaVVROL eW aO., 2015; CROOLeU eW aO., 2018) aQd aQ aLUcUafW VWXd\ (KOeLQPaQe eW 
aO., 2007). ReVXOWV SeUWLQeQW WR cKaQJeV LQ CE dXe WR aJLQJ LQ VPRNe SOXPeV aUe VcaUce (Vee 
dLVcXVVLRQ LQ KOeLQPaQ eW aO., 2020).  We aVVXPe WKeVe CEV fRU WKe OaVeU RQ aQd Rff PRdeV aUe 
cRQVWaQW LQ VSace aQd WLPe, ZKLcK LV a OLPLWaWLRQ Rf WKLV VWXd\.´ 
 
KOeLQPaQ, L. I., eW aO. (2007), ALUcUafW RbVeUYaWLRQV Rf aeURVRO cRPSRVLWLRQ aQd aJeLQJ LQ NeZ 
EQJOaQd aQd MLd-AWOaQWLc SWaWeV dXULQJ WKe VXPPeU 2002 NeZ EQJOaQd ALU QXaOLW\ SWXd\ fLeOd 
caPSaLJQ, J. GeRSK\V. ReV., 112, D09310, dRL:10.1029/2006JD007786. 

 
 R22) L123: ³...CE KaV beeQ UeceQWO\ RbVeUYed WR decUeaVe ZLWK aJLQJ ZLWKLQ a OabRUaWRU\ 
VWXd\...´ VKRXOd be ³... decUeaVe ZLWK LQcUeaVLQJ cKePLcaO aJe LQdXced b\ UV OLJKW e[SRVXUe aQd 
OH- eTXLYaOeQW WR 10 SKRWRcKePLcaO da\V...´ 

 
TKLV cKaQJe LQ CE LV OLNeO\ LUUeOeYaQW WR WKLV PaQXVcULSW VLQce WKe SK\VLcaO aJe Rf aeURVROV 
deVcULbed LQ WKLV VWXd\ LV JeQeUaOO\ OeVV WKaQ 3 KRXUV ZKLOe WKe cLWed VWXd\ cRPSaUeV CE RYeU WKe 
eTXLYaOeQW Rf 10 da\V. AV PeQWLRQed LQ WKe SUeYLRXV cRPPeQW, WKeUe aUe a UaQJe Rf VWXdLeV WKaW 
KaYe VKRZQ LQcUeaVeV LQ CE aV SaUWLcOeV JURZ LQ VL]e (ZKLcK SUeVXPabO\ aOVR LQcUeaVe ZLWK aJe 
LQ WKe QeaU-fLeOd dXULQJ WKe SaUWLcOe JURZWK SKaVe) ZKLcK LV PRUe UeOeYaQW WR WKLV VWXd\. 
 
We KaYe UePRYed WKLV VeQWeQce aV SaUW Rf WKe UeYLVed We[W JLYeQ LQ R21. 

 
 R23) L 124: ³... QR cRQVLVWeQW eYLdeQce Rf cKaQJLQJ CE LQ fLeOd VWXdLeV e[LVW \eW.´ 

 
TKeUe aUe ORWV Rf VWXdLeV ZKLcK VKRZ cKaQJLQJ CE LQ WKe fLeOd. FRU e[aPSOe, Vee CROOLeU eW aO 
(2018), MaVVROL eW aO (2015), aQd MLddOebURRN eW aO (2012) fRU e[aPSOeV Rf cKaQJLQJ CE LQ fLeOd 
VWXdLeV. AOVR Vee WLOOLV eW aO (2014) aQd CRUbLQ eW aO (2015, ACP) ZKLcK UeSRUW WKe VaPe 
SKeQRPeQa LQ OabRUaWRU\ VWXdLeV. 
 
We KaYe UePRYed WKLV VeQWeQce aV SaUW Rf WKe UeYLVed We[W JLYeQ LQ R21. 

 
 R24) L124-125: ³We XVe WKe f60 aQd f44 fUacWLRQaO cRPSRQeQWV...´ 

 
HeUe aQd eOVeZKeUe, f60 aQd f44 aUe UefeUUed WR aV Lf WKe\ aUe cKePLcaO VSecLeV LQVWead Rf 
SaUaPeWeUV deVcULbLQJ PaVV fUacWLRQV. 
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FRU f50, WKe UeOeYaQW OA VSecLeV JURXS LV aQK\dURXV VXJaUV ZLWK WKe dRPLQaQW VSecLeV beLQJ 
OeYRJOXcRVaQ (C6H10O5) (Lee eW aO 2010; CXbLVRQ eW aO 2012). TKLV VSecLeV LV LQdLUecWO\ 
RbVeUYed b\ WKe SP-AMS aV WKe fUaJPeQW C2H4O2 (P/]=60), a fUaJPeQW Rf WKe OeYRJOXcRVaQ 
PROecXOe afWeU WKe OA LV YaSRUL]ed aQd WKe YaSRUV aUe LRQL]ed b\ a 70 eV eOecWURQ VXSSO\. 
SLPLOaUO\, OA RbVeUYed aW P/] 44 LV WKe CO2 fUaJPeQW Rf, SULPaULO\, OOA afWeU VXbWUacWLQJ WKe 
JaV [CO2] PaVV. 
 
We KaYe XSdaWed WKLV LPSUecLVe OaQJXaJe WKURXJKRXW UeJaUdLQJ KRZ Ze UefeU WR f44 aQd f60.  

 
 R25) L128-129: ³TKe f44 fUacWLRQaO cRPSRQeQW (aULVLQJ fURP SULPaULO\ CO2+...)´ 

 
TKLV LV aQRWKeU e[aPSOe Rf LPSUecLVe OaQJXaJe. SXJJeVW, ³f44, WKe OA fUacWLRQaO cRPSRQeQW 
RbVeUYed b\ WKe SP-AMS aV WKe LRQ fUaJPeQW CO2+, LV a SUR[\ fRU ...´ TKe cXUUeQW ZRUdLQJ 
VXJJeVWV WKaW f44 LV a fUacWLRQ Rf VRPeWKLQJ eOVe ZKLcK LVQ¶W VSecLfLed (L.e. f44/OUJ). 
 
We¶Ye XSdaWed WKLV aV VXJJeVWed 
³f 44, WKe OA fUacWLRQaO cRPSRQeQW RbVeUYed b\ WKe SP-AMS aV WKe LRQ fUaJPeQW CO 2+ aV ZeOO aV 
VRPe acLd JURXSV, LV a SUR[\ fRU SOA aULVLQJ fURP R[LdaWLYe aJLQJ (AOfaUUa eW aO., 2004; CaSSa 
aQd JLPeQe], 2010; JLPeQe] eW aO., 2009; VRONaPeU eW aO., 2006) .´ 

 
 R26) L129: e[WUa VePLcRORQ 
 
FL[ed 

 
 R27) L130-132: ³...Rf VePLYROaWLOe f60-cRQWaLQLQJ VSecLeV aQd addLWLRQ Rf R[LdL]ed 
f44-cRQWaLQLQJ...´ AQRWKeU e[aPSOe Rf LPSUecLVe OaQJXaJe XVLQJ f60 aQd f44. TKe aeURVROV 
cRQWaLQ OeYRJOXcRVaQ aQd aQK\dURXV VXJaUV, QRW f60, aQd OOA, QRW f44. 
 
We¶Ye XSdaWed WKLV WR 
³...OLNeO\ dXe WR bRWK eYaSRUaWLRQ aQd/RU R[LdaWLRQ Rf VePLYROaWLOe VSecLeV WKaW cRQWULbXWe WR P/] 
60 LQ WKe SP-AMS aQd addLWLRQ Rf R[LdL]ed VSecLeV WKaW cRQWULbXWe WR P/] 44 LQ WKe SP-AMS«´  

 
 R28) L135: ³cKaQJeV LQ O/C aQd H/C aUe aOVR LQfOXeQced b\...´ 
TKeVe RWKeU SURceVVeV aOVR affecW aOO Rf WKe RWKeU SaUaPeWeUV dLVcXVVed LQ WKLV SaSeU. 
 
We KaYe XSdaWed WKLV WR 
³CKaQJeV LQ O/C aQd H/C (aV ZeOO aV cKaQJeV LQ WRWaO OA PaVV, QXPbeU, f 44, aQd f 60) aUe aOVR 
LQfOXeQced b\ PL[LQJ Rf dLffeUeQW aLU PaVVeV aQd cR-R[LdaWLRQ Rf dLffeUeQW VOC SUecXUVRUV (CKeQ 
eW aO. 2015) .´ 
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 R29) L140: ³SURYLded CO PeaVXUePeQWV´ VKRXOd be ³PeaVXUed CO cRQceQWUaWLRQ´ RU 
³PeaVXUed CO PL[LQJ UaWLR´. 
 
USdaWed WR µPeaVXUed CO cRQceQWUaWLRQV¶ 

 
 R30) L141: ³AQ SPN1 UadLRPeWeU SURYLded WRWaO VKRUWZaYe LUUadLaQce´. TKe UadLRPeWeU 
PeaVXUed WRWaO VKRUWZaYe LUUadLaQce, LW dLd QRW SURYLde RU cUeaWe WKe LUUadLaQce. 
 
USdaWed µSURYLded¶ WR µPeaVXUed¶ 

 
 R31) L143: ³(D[)´ UefeUV WR WKe VPRNe cRQWULbXWLRQ aQd VKRXOd be SOaced afWeU ³VSecLeV X fURP 
VPRNe´ RWKeUZLVe D[ LV LPSOLed WR UefeU WR WKe bacNJURXQd YaOXe Rf [. AOVR, WKe VPRNe dReVQ¶W 
cRQWULbXWe VSecLeV X, LW LV cRPSULVed Rf VSecLeV X. TKe fLUe ePLWV/cRQWULbXWeV X. 
 
USdaWed WR  
³TR deWeUPLQe WKe cRQWULbXWLRQ WR WKe cRQceQWUaWLRQV Rf VSecLeV X fURP VPRNe ePLVVLRQV (ǻX)...´ 

 
 R32) L145-146: TKLV VeQWeQce QeedV WR be UeZULWWeQ. SXJJeVW VRPeWKLQJ OLNe ³VaULabLOLW\ Rf WKe 
QRUPaOL]ed ePLVVLRQ UaWLR (D[/DCO) aORQJ WKe OaJUaQJLaQ fOLJKW SaWK LPSOLeV SURdXcWLRQ RU 
UePRYaO Rf VSecLeV X LQ WKe SOXPe.´ 
 
CKaQJed WR 
³IQcUeaVeV RU decUeaVeV Rf ǻX/ǻCO aORQJ WKe LaJUaQJLaQ fOLJKW SaWK LQdLcaWe ZKeWKeU WKe WRWaO 
aPRXQW Rf X LQ WKe SOXPe KaV LQcUeaVed RU decUeaVed (LPSO\LQJ SURdXcWLRQ RU UePRYaO) VLQce 
WLPe Rf ePLVVLRQ.´ 

 
  R33) L147: ³... aYeUaJe UeJLRQaO bacNJURXQd fRU eacK VSecLeV b\ XVLQJ WKe ORZeVW 10% Rf WKe 
CO daWa fRU...´ 

 
TKLV VWaWePeQW UeadV aV Lf \RX VXbWUacW a CO cRQceQWUaWLRQ fURP WKe QXPbeU VL]e dLVWULbXWLRQ, 
OA, eWc WR JeW a bacNJURXQd cRUUecWLRQ. IW VKRXOd Va\ VRPeWKLQJ OLNe ³... bacNJURXQd YaOXeV Rf 
X... ZeUe deWeUPLQed WR cRUUeVSRQd ZLWK WLPe SeULRdV ZKLcK dLVSOa\ed WKe ORZeVW 10% Rf CO 
cRQceQWUaWLRQV...´ 
 
We aJUee WKaW WKLV LV cRQfXVLQJ aQd KaYe XSdaWed WR  
³TKe bacNJURXQd cRQceQWUaWLRQ Rf X LV deWeUPLQed aV a UeJLRQaO aYeUaJe Rf WKe RbVeUYed 
RXW-Rf-SOXPe cRQceQWUaWLRQV Rf X. TR aYRLd XVLQJ VPRNe-LPSacWed PeaVXUePeQWV Ze aSSO\ a 
WKUeVKROd Rf RQO\ XVLQJ PeaVXUePeQWV Rf X WKaW RccXU LQ UeJLRQV WKaW cRUUeVSRQd WR WKe ORZeVW 
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10% Rf CO daWa. We deWeUPLQe WKe ORZeVW 10% Rf CO cRQceQWUaWLRQV fURP eacK fOLJKW dXULQJ 
WLPe SeULRdV ZLWK a VLPLOaU aOWLWXde, OaWLWXde, aQd ORQJLWXde aV WKe VPRNe SOXPe. We SeUfRUP 
VeQVLWLYLW\ caOcXOaWLRQV RQ RXU aVVXPSWLRQV Rf bacNJURXQd UeJLRQV aQd dLVcXVV WKeP LQ SecW. 3.´  

 
 R34) L149: SKRXOd Uead ³MaVV cRQceQWUaWLRQV Rf eOePeQWaO O, H, aQd C ZeUe caOcXOaWed...´  
 
FL[ed 
 
 R34.b) L152-153: IW LV QRW cOeaU ZKaW \RX PeaQ b\ WKLV VeQWeQce. 
 
We aUe XQabOe WR addUeVV WKLV cRPPeQW, aV L152-153 LQ WKe RULJLQaO VXbPLVVLRQ aUe 
HTXDWLRQ 1 (ZKHUH ; = O RU H): 

 ǻ;
 ǻC =  

(;  í ; )LQ SOXPH RXW RI  SOXPH

(C  í C )LQ SOXPH RXW RI  SOXPH
ET. 1 

 

 R35) L154: ³LQVLde aQd RXWVLde Rf WKe SOXPe´. 
 

DReV WKLV UefeU WR VaPSOLQJ WLPe SeULRdV/ORcaWLRQV cRUUeVSRQdLQJ ORZeVW 10% Rf CO RU <150 
SSbY? WK\ ZRXOd \RX cKaQJe beWZeeQ WKeVe defLQLWLRQV Rf bacNJURXQd? 
 
We KaYe PRdLfLed RXU e[SOaQaWLRQ Rf KRZ Ze TXaQWLf\ WKe bacNJURXQd LQ R33. We XVe WKe WZR 
defLQLWLRQV LQ RUdeU WR KaYe a bXffeU beWZeeQ WKe SOXPeV aQd bacNJURXQd WR eQVXUe WR WKe beVW Rf 
RXU abLOLW\ WKaW Ze aUe UeSRUWLQJ LQ SOXPe aQd RXW Rf SOXPe YaOXeV. We QRWe WKaW LQ RXU aQaO\VeV 
ZKeUe Ze VSOLW LQWR dLffeUeQW ǻCO bLQV Ze dR QRW XVe WKe ORZeVW 5% Rf WKe LQ-SOXPe UeJLRQ, 
aJaLQ WR SURYLde a bXffeU beWZeeQ LQ-SOXPe aQd RXW-Rf-SOXPe. We KaYe added WKe fROORZLQJ We[W:  
 
³We QRWe WKaW Ze XVe dLffeUeQW defLQLWLRQV Rf LQ-SOXPe aQd bacNJURXQd (L.e. WKe ORZeVW 10% Rf 
CO PeaVXUePeQWV) LQ RUdeU WR SURYLde a bXffeU beWZeeQ WKe SOXPe aQd bacNJURXQd WR eQVXUe WR 
WKe beVW Rf RXU abLOLWLeV WKaW Ze aUe caSWXULQJ QRQ-VPRNe-LPSacWed aLU fRU WKe bacNJURXQd aQd 
VPRNe-LPSacWed aLU fRU LQ-SOXPe caVeV. TKe UeJLRQV Rf WKe ORZeVW 10% Rf CO PeaVXUePeQWV 
aOZa\V faOO XQdeU 150 SSbY (FLJV. S7-S11). SLPLOaUO\, Ze e[cOXde WKe ORZeVW 5% Rf CO daWa LQ 
WKe LQ-SOXPe PeaVXUePeQWV LQ RXU aQaO\VeV WR SURYLde a fXUWKeU bXffeU beWZeeQ VPRNe-LPSacWed 
aQd bacNJURXQd aLU.´  

 
 R36) L157-158: ³We RQO\ cRQVLdeU daWa WR be LQ-SOXPe Lf WKe abVROXWe CO>=150 SSbY, aV 
cRPSaULVRQV Rf CO aQd WKe QXPbeU cRQceQWUaWLRQ VKRZ WKaW LQ-SOXPe daWa KaV CO>150 SSbY 
aQd RXW Rf SOXPe (bacNJURXQd) daWa KaV CO < 150 SSbY.´ 
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WK\ dLd \RX cKaQJe WKe defLQLWLRQ Rf bacNJURXQd fURP WLPe/ORcaWLRQ cRUUeVSRQdLQJ WR ORZeVW 
10% Rf CO WR <150 SSbY? 
 
See UeVSRQVe WR R35.  

 
WKaW dR \RX PeaQ b\ ³cRPSaULVRQV Rf CO aQd WKe QXPbeU cRQceQWUaWLRQV´? WKaW LQdeSeQdeQW 
PeWULc aUe \RX defLQLQJ aV ³bacNJURXQd´ KeUe? If QXPbeU cRQceQWUaWLRQ LV XVed WR defLQe 
WLPe/ORcaWLRQ Rf bacNJURXQd aLU, ZK\ QRW XVe WKaW LQVWead Rf CO <10% RU CO < 150 SSbY? TKe 
ORJLc KeUe LV cLUcXOaU RU LQcRPSOeWe. 
 
TKLV VWaWePeQW ZaV PLVOeadLQJ, aQd Ze KaYe UePRYed LW.  
 

 
 R37) L 162: ³cRQceQWUaWLRQV´ VKRXOd be VLQJXOaU. 
 
We aUe XQabOe WR addUeVV WKLV cRPPeQW aV OLQe 162 dReV QRW LQcOXde WKe ZRUd cRQceQWUaWLRQV. We 
KaYe ORRNed fRU LQcRUUecW XVaJe eOVeZKeUe aQd KaYe QRW fRXQd aQ\.  

 
 R38) L163: SKRXOd be ³PRbLOLW\´ dLaPeWeUV. 
 
FL[ed 

 
 R39) L164: ³...aV WKe bXON Rf RbVeUYed QeZO\ fRUPed SaUWLcOeV RbVeUYed feOO beORZ 40 QP´ 
GUaPPaU. 
 
FL[ed 

 
 R40) HRZ dR \RX LdeQWLf\ ³QeZO\ fRUPed SaUWLcOeV´ LQdeSeQdeQW Rf WKe SaUWLcOe VL]e? TKLV 
LPSOLeV WKaW \RX RbVeUYed QeZO\ fRUPed SaUWLcOeV >40 QP. 
 
TKLV VWaWePeQW LV cRQfXVLQJ aQd Ze KaYe XSdaWed WR  
³FUeTXeQWO\, WKe bacNJURXQd-cRUUecWed, QRUPaOL]ed QXPbeU cRQceQWUaWLRQ LQ WKe FIMS VL]e UaQJe 
beWZeeQ 20-40 QP LQcUeaVeV b\ 1-2 RUdeUV Rf PaJQLWXde UeOaWLYe WR W\SLcaO SOXPe cRQdLWLRQV, 
LQdLcaWLQJ SRVVLbOe QXcOeaWLRQ eYeQWV, SULPaULO\ aW WKe edJeV RU LQ beWZeeQ VPRNe SOXPeV (FLJV. 
S7-S11).´  
 

 
 R41) L165-166: GUaPPaU LQ VeQWeQce VWUXcWXUe. 
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CKaQJed WR  
 
³SPRNe SOXPeV cRQWaLQ SaUWLcOeV ZLWK dLaPeWeUV OaUJeU WKaQ 262 QP (JaQKlOO eW aO., 2009) : WKXV, 
Ze caQQRW SURYLde WRWaO QXPbeU cRQceQWUaWLRQV, bXW Ze caQ LQfeU KRZ WKe eYROXWLRQ Rf ǻN/ǻCO 
ZLWKLQ RXU RbVeUYed VL]e UaQJe eYROYeV.´  
 
 R42) L187-188: ³TKe ceQWeUOLQe...´ TKLV VeQWeQce QeedV WR be UeZULWWeQ fRU cOaULW\. 
 
ReZULWWeQ WR  
 
³TKe ceQWeUOLQe LV VXbMecWLYeO\ cKRVeQ WR aSSUR[LPaWeO\ caSWXUe WKe PRVW-cRQceQWUaWed SRUWLRQ Rf 
eacK SOXPe SaVV (aV eVWLPaWed XVLQJ WRWaO aeURVRO QXPbeU cRQceQWUaWLRQV).´ 

 
 R43) L190: ³...aQd WKLV SK\VLcaO aJe LV aVVXPed WR be cRQVWaQW acURVV WKe WUaQVecW, aV WKe 
cURVVLQJV WRRN beWZeeQ 50-500 VecRQdV.´ 

 
WKLOe cURVVLQJ WKe SOXPe RccXUUed LQ RQO\ a VKRUW WLPe, ZeUe WKe WUaQVecWV aOZa\V SeUfecWO\ 
acURVV fORZ? If QRW, WKeQ ZRXOdQ¶W WKe aeURVRO aW dLffeUeQW VaPSOLQJ WLPeV aORQJ a WUaQVecW KaYe 
dLffeUeQW SK\VLcaO aJeV ZLWK OaUJeU XQceUWaLQW\ WKaQ MXVW 50-500 VecRQdV? 
 
GRRd SRLQW, Ze KaYe PRdLfLed WKe VeQWeQce aV fROORZV: 
 
³...aQd WKLV SK\VLcaO aJe LV aVVXPed WR be cRQVWaQW acURVV WKe WUaQVecW, aV WKe cURVVLQJV WRRN 
beWZeeQ 50-500 VecRQdV; KRZeYeU, WUaQVecWV WKaW ZeUe QRW SeUfecWO\ WaQJeQWLaO WR WKe PeaQ ZLQd 
ZRXOd KaYe VaPSOed dLffeUeQW SOXPe aJeV RQ WKe RSSRVLWe VLdeV Rf WKe SOXPe.´ 

 
 R44) L195: PLVVLQJ cRPPa 
FL[ed  

 
R45) L201-202: ³WKLQQeVW (OeaVW CO-deQVe)... WKLcNeVW (PRVW CO-deQVe)...´ UVe eLWKeU Rf WKe 
cRPPRQO\ acceSWed QRPeQcOaWXUe Rf ³CO PL[LQJ UaWLR´ RU ³CO cRQceQWUaWLRQ´. 
CKaQJed WR ³ORZeVW CO PL[LQJ UaWLR´ aQd  ³KLJKeVW CO PL[LQJ UaWLR´  

 
 R46) L207: PLVVLQJ a YeUb beWZeeQ ³SOXPeV´ aQd ³fURP´ 
TKe RULJLQaO VeQWeQce LV (VecWLRQ LQ TXeVWLRQ bROded, XQdeUOLQed)  
³:H QRWH WKDW VRPH SOXPHV VKRZ PRUH WKDQ RQH PD[LPD LQ CO FRQFHQWUDWLRQV ZLWKLQ D JLYHQ 
SOXPH FURVVLQJ, ZKLFK LPSOLHV WKDW WKHUH PD\ EH PRUH WKDQ RQH ILUH RU ILUH IURQW, DQG WKDW WKHVH 
plXmeV from VHSDUDWH ILUHV RU IURQWV DUH QRW PL[LQJ SHUIHFWO\.´  
We dR QRW fLQd a PLVVLQJ YeUb.  
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 R47) L205-207: cRXOd WKe PXOWLSOe SeaNV dXULQJ a WUaQVecW be e[SOaLQed b\ VSaWLaO YaULaWLRQV LQ 
WKe SOXPe VWUXcWXUe, VXcK aV WKe cRUe Rf WKe SOXPe ZaV KLJKeU LQ VRPe aUeaV WKaQ RWKeUV caXVLQJ 
WKe fOLJKW WR dLS beORZ/abRYe WKe cRUe aQd WKeQ bacN LQWR LW? 
TKLV LV a UeaVRQabOe SRLQW. We KaYe added WKe fROORZLQJ:  
³MXOWLSOe Pa[LPa cRXOd aOVR LPSO\ YeUWLcaO YaULaWLRQV LQ WKe ORcaWLRQ Rf WKe cRUe Rf WKe SOXPeV 
WKaW WKe fOLJKWV dLd QRW VaPSOe.´  

 
 R48) L213: IW LV KaUd WR WeOO ZKaW WKe YaULabLOLW\ LQ DBC/DCO aUe VLQce WKe\ aUe SORWWed RQ a ORJ 
VcaOe. TKe\ aSSeaU WR YaU\ b\ aQ RUdeU Rf PaJQLWXde, L.e. QRW cRQVWaQW aV WKe aXWKRUV VXJJeVW. 
 
YeV. We KaYe PRdLfLed WKe We[W WR be aV fROORZV: 
 
³FLJXUe 1 VKRZV WKaW fRU WKLV VSecLfLc SOXPe, ǻOA/ǻCO aQd ǻBC/ǻCO V\VWePaWLcaOO\ YaU\ OLWWOe 
ZLWK aJe fRU bRWK WKe 5-15 aQd 90-100 SeUceQWLOe Rf ǻCO (S-YaOXeV>0.5), \eW bRWK VKRZ 
QRQ-V\VWePaWLc YaULabLOLW\ beWZeeQ WUaQVecWV.´ 

 
 R49) L213: I SRLQWed WKLV RXW LQ P\ JeQeUaO cRPPeQWV. EacK dRW LQ fLJXUe 1 LV a VLQJOe YaOXe WKaW 
UeSUeVeQWV PXOWLSOe PeaVXUePeQWV LQ VSace aQd WLPe. HRZ ZeOO dReV WKe YaOXe Rf aQ\ VLQJOe 
daWXP LQ WKLV fLJXUe UeSUeVeQW WKe UaQJe Rf daWa LW LV deULYed fURP? YRX Qeed WR KaYe eUURU baUV WR 
VKRZ WKaW YaULabLOLW\. 
 
See WKe UeVSRQVe WR R3. 

 
 R50) L215: ³fRU eacK WUaQVecW´ VKRXOd be ³eacK WUaQVecW VeW´. 
FL[ed  
 
 R51) L218-219: ³...LW LV aSSaUeQW WKaW WKe 5-15 aQd 9-90 SeUceQWLOeV dR VKRZ a VeSaUaWLRQ...´ 

 
TKLV VWaWePeQW caQQRW be YeULfLed RU VXSSRUWed ZLWKRXW VRPe Ldea Rf eUURU baUV, eLWKeU 
UeSUeVeQWLQJ SURSaJaWed PeaVXUePeQW XQceUWaLQW\, YaULabLOLW\ Rf bLQQed daWa, RU bRWK. 
 
We KaYe PRdLfLed WKe We[W aV fROORZV:  
 
³TKe UePaLQLQJ YaULabOeV SORWWed aOVR VKRZ VRPe QRLVe aQd feZ cOeaU WUeQdV, bXW LW LV aSSaUeQW 
WKaW WKe WUaQVecW-PeaQ YaOXeV 5-15 aQd 90-100 SeUceQWLOeV dR VKRZ a VeSaUaWLRQ fRU VRPe Rf WKe 
LQdLYLdXaO PeWULcV, LQ SaUWLcXOaU ǻf 44 aQd ǻO/ǻC.´ 
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 R52) L227-231: TKLV LV RQe Rf WKe Ne\ aVVXPSWLRQV Rf WKe UeVeaUcK, WKaW WKe LQLWLaO, bacNJURXQd- 
cRUUecWed OA PaVV cRQceQWUaWLRQ caQ be XVed aV a SUR[\ fRU WKe deJUee Rf dLOXWLRQ Rf WKe SOXPe. 
TKe aXWKRUV SURYLde QR VXSSRUW fRU ZK\ DOALQLWLaO ZRXOd UeSUeVeQW WKe deJUee Rf dLOXWLRQ eYeQ 
WKRXJK WKLV LV WKe PaLQ VWRU\OLQe Rf WKeLU SaSeU. 

 
FLUVW, I dR aJUee WKaW WKe cRUeV Rf OaUJeU SOXPeV aUe OLNeO\ SURWecWed fURP PL[LQJ ZLWK bacNJURXQd 
aLU becaXVe Rf WKe dLVWaQce beWZeeQ WKe cRUe aQd WKe bacNJURXQd aLU aQd LW LV ZeOO XQdeUVWRRd WKaW 
VRPe SOXPe cKePLVWU\ aQd PL[LQJ RccXUV YeU\ eaUO\ afWeU cRPbXVWLRQ+S\URO\VLV aQd SULRU WR 
PeaVXUePeQW. HRZeYeU, WKLV QeedV WR be SUeVeQWed dLffeUeQWO\. SWaUW ZLWK WKe K\SRWKeVLV WKaW 
cRUeV Rf OaUJeU SOXPeV PL[ VORZeU ZLWK bacNJURXQd aLU aQd WKeQ XVe WKe RbVeUYaWLRQV WR SURYe LW 
b\ VKRZLQJ VRPeWKLQJ OLNe WKe UaWe Rf cKaQJe LQ f60 aQd f44 aV a fXQcWLRQ Rf SK\VLcaO aJe fRU 
SOXPeV ZLWK dLffeUeQW DOALQLWLaO. 

 
TKe cXUUeQW SUeVeQWaWLRQ LV SURbOePaWLc. TKLQN Rf WZR K\SRWKeWLcaO VPRNe SOXPeV WKaW aUe 
LdeQWLcaO LQ WeUPV Rf dLOXWLRQ, SKRWRO\WLc UeacWLRQ UaWe eWc aQd ZeUe PeaVXUed aW WKe VaPe SK\VLcaO 
aJe, bXW WKe cRUUeVSRQdLQJ fLUeV Kad dLffeUeQW OA ePLVVLRQ facWRUV (Va\, fOX[ Rf OA fURP fLUe B 
ZaV WZLce WKaW Rf fLUe A). FLUe B ZRXOd KaYe a2[ WKe PeaVXUed DOALQLWLaO cRPSaUed WR FLUe A. 
TKLV ZRXOd LQVWead be LQWeUSUeWed b\ WKe aXWKRUV aV KaYLQJ KaOf WKe dLOXWLRQ Rf WKe SOXPe fURP 
fLUe B LQVWead Rf WZLce WKe OA ePLVVLRQ. 

 
TKLV dePRQVWUaWeV WKaW WKe aXWKRU¶V aVVXPSWLRQ WKaW DOALQLWLaO LV a SUR[\ fRU SOXPe dLOXWLRQ 
RQO\ PaNeV VeQVe Lf aOO fLUeV PeaVXUed ePLW OA aW WKe VaPe UaWe aQd cRQceQWUaWLRQ. 
 
POeaVe Vee WKe UeVSRQVe WR R4 fRU aQ e[WeQded dLVcXVVLRQ Rf WKLV WRSLc. 
 
SSecLfLc WR WKLV cRPPeQW, WKe e[aPSOe Rf WKe 2[ dLffeUeQce LQ ePLVVLRQ facWRUV LV fLWWLQJ aV 2[ LV 
aURXQd WKe UaQJe WKaW OA ePLVVLRQ facWRUV YaU\ b\ (AQdUeae, 2019), ZKeUeaV RXU RbVeUYed UaQJe 
Rf LQLWLaO OA cRQceQWUaWLRQV ZaV QeaUO\ a facWRU Rf 100. OA ePLVVLRQV facWRUV caQ RQO\ be a 
PLQRU cRQWULbXWRU WR YaULabLOLW\. AddLWLRQaO UeaVRQLQJ LV JLYeQ LQ UeVSRQVe WR R4 (VWaUWLQJ RQ 
PaJe 13 Rf WKLV UeVSRQVe). 

 
 R53) L228-229: ³(aV SUeVXPabO\ OaUJeU, PRUe LQWeQVeO\ bXUQLQJ fLUeV ZLOO KaYe OaUJeU PaVV 
fOX[eV WKaQ VPaOOeU...)´. 

 
TKLV aVVXPSWLRQ LV faOVe.  
LaUJeU aQd PRUe LQWeQVe fLUeV dR QRW QeceVVaULO\ cRUUeVSRQd WR KLJKeU ePLVVLRQ UaWeV. EPLVVLRQV 
Rf OA deSeQd RQ a QXPbeU Rf facWRUV RWKeU WKaQ fLUe LQWeQVLW\ (I aVVXPe \RX PeaQ WePSeUaWXUe). 
HRWWeU, PRUe LQWeQVe fLUeV (L.e. fOaPLQJ VWaJe) caQ bXUQ PRUe effLcLeQWO\ aQd acWXaOO\ ePLW OeVV OA 
WKaQ cRROeU, VPROdeULQJ fLUeV (ANaJL eW aO 2011; McMeeNLQJ eW aO 2009; Ma\ eW aO 2014). CRUbLQ 
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eW aO (2015) fRXQd WKaW LQ OabRUaWRU\ bXUQ e[SeULPeQWV WKe YaVW PaMRULW\ Rf OA ePLVVLRQV 
RccXUUed LQ WKe ³VWaUWLQJ SKaVe´ befRUe WKe ORJV fXOO\ caXJKW fLUe. 
 
TKe UeYLeZeU aSSeaUV WR be dLVcXVVLQJ ePLVVLRQ facWRUV, QRW ePLVVLRQ UaWeV (ePLVVLRQ facWRU � 
fXeO cRQVXPSWLRQ UaWe SeU aUea � fLUe aUea). B\ LQWeQVLW\, Ze PeaQW KeaW UeOeaVe SeU fLUe (L.e., fLUe 
UadLaWLYe SRZeU [FRP] = fLUe UadLaWLYe fOX[ * fLUe aUea). FRP KaV beeQ XVed WR eVWLPaWe VPRNe 
ePLVVLRQV fURP VaWeOOLWeV (XVLQJ aVVXPed ePLVVLRQV facWRUV), e.J. IcKRNX aQd EOOLVRQ (2014). 
FXUWKeU, LW LV XQeTXLYRcaO WKaW KaYLQJ a OaUJeU-aUea fLUe ZLWK aOO eOVe eTXaO LV JRLQJ WR ePLW PRUe 
PaWeULaO WKaQ a VPaOOeU fLUe.  
 
We KaYe XSdaWed WKLV WR  
³(aV OaUJeU fLUeV aQd fLUeV ZLWK faVWeU UaWeV Rf fXeO cRQVXPSWLRQ SeU aUea ZLOO KaYe OaUJeU PaVV 
fOX[eV WKaQ VPaOOeU fLUeV RU fLUeV ZLWK OeVV fXeO cRQVXPSWLRQ SeU aUea, aOO eOVe eTXaO)´ 
 
IcKRNX, C. aQd EOOLVRQ, L.: GORbaO WRS-dRZQ VPRNe-aeURVRO ePLVVLRQV eVWLPaWLRQ XVLQJ VaWeOOLWe 
fLUe UadLaWLYe SRZeU PeaVXUePeQWV, AWPRV. CKeP. PK\V., 14, 6643±6667, 
KWWSV://dRL.RUJ/10.5194/acS-14-6643-2014, 2014. 

 
 R54) L243: PLVVLQJ a cRPPa beWZeeQ LWePV LQ WKe OLVW. L252: deOeWe eLWKeU ³V\VWePaWLcaOO\´ RU 
³VeTXeQWLaOO\´ 
BRWK fL[ed  

 
 R55) L251-257: See JeQeUaO cRPPeQWV UeJaUdLQJ daWa aQaO\VLV. TKe aXWKRUV cKRRVe WR cRPbLQe 
aOO daWa WRJeWKeU WR deWeUPLQe WKe effecWV Rf aJLQJ aQd dLOXWLRQ RQ SOXPe cKaUacWeULVWLcV. 
HRZeYeU, WKe\ dR QRW QRUPaOL]e WKe daWa LQ aQ\Za\ RU WU\ aQRWKeU WecKQLTXe WR VeSaUaWe WKeVe 
WZR effecWV. NRUPaOL]LQJ a SaUaPeWeU WR WKe fLUVW PeaVXUed YaOXe (Va\ f60) acNQRZOedJeV WKaW 
WKeUe aUe dLffeUeQceV LQ f60 beWZeeQ SOXPeV (Pa\be UeOaWed WR DOALQLWLaO) aQd ZRXOd aOORZ fRU 
aQaO\VLV Rf WePSRUaO WUeQdV afWeU ePLVVLRQ. OQe UeVXOW Pa\be WKaW WKe SKRWRO\WLc aJe Rf WKe 
aeURVRO PaVV (aV PeaVXUed b\ f60 RU f44) LV VORZeU SOXPeV ZLWK KLJKeU DOALQLWLaO , L.e. WKeUe LV 
OeVV Rf a cKaQJe/XQLW WLPe Rf f60 RU f44 RU DN/DCO, eWc. 

 
CXUUeQWO\, WKe aQaO\VLV LV a UeJUeVVLRQ cRPSaULQJ aSSOeV aQd RUaQJeV aQd WKe UeVXOWV aUe QRW 
PeaQLQJfXO. 
 
POeaVe Vee RXU UeVSRQVe WR R5. 

 
 R56) L262-266: IQcOXde cLWaWLRQV WR CXbLVRQ eW aO (2011), GaURfaOR eW aO (2019), FRUULVWeU eW aO 
(2015), Lee eW aO (2020) fRU cRQVWaQW DOA/DCO aV SOXPeV aJe. 
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We aUe cLWLQJ CXbLVRQ aQd GaURfaOR KeUe. We KaYe added WKe RWKeU WZR cLWaWLRQV.  
 

 R57) L270-270: CRQWaLQLQJ We[W ³...eVWLPaWeV Rf KeWeURJeQeRXV PaVV ORVVeV LQdLcaWe WKaW afWeU 
WKUee KRXUV Rf aJLQJ fRU a UaQJe Rf OH cRQceQWUaWLRQV aQd UeacWLYe XSWaNe cReffLcLeQWV, RYeU 90% 
Rf aeURVRO PaVV LV aQWLcLSaWed WR UePaLQ...´ 

 
TKLV LV WKe baVLV fRU ZKLcK WKe aXWKRUV LQWeUSUeW cKaQJLQJ f44, f60 aV UeOaWLQJ WR cRaJXOaWLRQ. 
HRZeYeU, WKLV VWaWePeQW LV RQO\ UeOeYaQW WR SaUWLcOe eYROXWLRQ afWeU a3 KRXUV ZKLOe QeaUO\ aOO Rf 
WKe RbVeUYaWLRQV RccXU ZLWKLQ a SK\VLcaO aJe Rf 3 KRXUV. 
 
We dR QRW fROORZ WKe UeYLeZeU¶V WKRXJKW SURceVV KeUe. We dR QRW LQWeUSUeW cKaQJeV f 44 RU f 60 µaV 
UeOaWLQJ WR cRaJXOaWLRQ¶ LQ WKLV SaSeU. TR fLUVW RUdeU, cRaJXOaWLRQ dReV QRWKLQJ WR  cKaQJe f 44 RU f 60 
(WKeUe Pa\ be VRPe PLQRU LQdLUecW effecWV dXe WR UedXcLQJ SaUWLcOe VXUface aUea, KeQce cKaQJLQJ 
cRQdeQVaWLRQ/eYaSRUaWLRQ fOX[eV), aQd WR WKe VeQVLWLYLW\ Ze KaYe ZLWK WKe PeaVXUePeQWV, LW RQO\ 
cKaQJeV SaUWLcOe QXPbeU.  
 
TKe SRLQW Rf WKLV VWaWePeQW LV WR Va\ WKaW OLWWOe PaVV/cRPSRVLWLRQ cKaQJeV VKRXOd RccXU fURP KeW. 
cKeP RYeU WKe 3 KRXUV WLPeVSaQ WKaW WKe PeaVXUePeQWV ZeUe WaNeQ. TR PaNe WKaW PRUe cOeaU, Ze 
KaYe XSdaWed WKLV WR 
...eVWLPaWeV Rf KeWeURJeQeRXV PaVV ORVVeV LQdLcaWe WKaW afWeU WKUee KRXUV Rf aJLQJ (WKe UaQJe Rf 
WLPe WKe BBOP PeaVXUePeQWV ZeUe WaNeQ LQ) fRU a UaQJe Rf OH cRQceQWUaWLRQV aQd UeacWLYe 
XSWaNe cReffLcLeQWV... 
 
 
 R58) L281: ³ZLWK PRUe cRQceQWUaWed SOXPeV´. Be PRUe VSecLfLc b\ ZKaW \RX PeaQ b\ PRUe 
cRQceQWUaWed. DR \RX PeaQ OeVV dLOXWed, KLJKeU PaVV cRQceQWUaWLRQV Rf OA, KLJKeU CO PL[LQJ 
UaWLRV? 
 
USdaWed WR ³ZLWK SOXPeV ZLWK KLJKeU ǻOA LQLWLaO´ 

 
 R59) L282-284: ³(2) DLffeUeQceV LQ ǻf60 aQd ǻf44 fRU WKe QeaUeVW-WR-VRXUce PeaVXUePeQWV 
LQdLcaWe WKaW eYaSRUaWLRQ aQd/RU cKePLVWU\ OLNeO\ RccXUUed befRUe WKe WLPe Rf WKeVe fLUVW 
PeaVXUePeQWV...´ 

 
IW LV ZeOO dRcXPeQWed WKaW WKe f60 aQd f44 Rf POA YaULeV beWZeeQ fLUeV (CXbLVRQ eW aO 2011; 
JROOe\V eW aO 2015; OUWeJa eW aO 2013; McCOXUe eW aO 2020). SLQce dLffeUeQceV Rf POA ePLVVLRQV
caQ e[SOaLQ YaULabLOLW\ LQ ǻf60 aQd ǻf44 fRU WKe QeaUeVW-WR-VRXUce PeaVXUePeQWV, YaULabLOLW\ Rf 
WKeVe SaUaPeWeUV caQ NOT be XVed aV eYLdeQce Rf cKePLVWU\/eYaSRUaWLRQ LQ WKe VPRNe SOXPe 
ZLWKRXW NQRZLQJ WKe acWXaO f60 aQd f44 YaOXeV Rf fUeVK POA. 
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See RXU e[WeQVLYe UeVSRQVe WR R4 (PaJe 13 Rf WKLV UeVSRQVe). AV ZeOO, WKe VeQWeQce LQ TXRWeV KaV 
beeQ UeZULWWeQ: 
 
³(2) TKe dLffeUeQceV LQ ǻf 60 aQd ǻf 44 aUe aSSaUeQW eYeQ fRU WKe QeaUeVW-WR-VRXUce PeaVXUePeQWV 
WKaW aUe a15 PLQXWeV afWeU WKe WLPe Rf ePLVVLRQ.´ 

 
 R60) L282-284 ³...(aVVXPLQJ WKaW ePLWWed ǻf60 aQd ǻf44 dR QRW cRUUeOaWe ZLWK ǻOALQLWLaO; WKeUe 
LV cXUUeQWO\ QR eYLdeQce fRU WKLV aOWeUQaWLYe K\SRWKeVLV).´ 

 
TKeUe LV acWXaOO\ a ORW Rf eYLdeQce WKaW f60 aQd f44 caQ cRUUeOaWe ZLWK OA ePLVVLRQV. IQ 
OabRUaWRU\ VWXdLeV, WKe eYROXWLRQ Rf ePLVVLRQV aV fLUeV SURJUeVV fURP VWaUWLQJ-WR-fOaPLQJ-WR- 
VPROdeULQJ KaV VKRZQ WKaW OeYRJOXcRVaQ ePLVVLRQV RccXU SULPaULO\ aW WKe VWaUWLQJ SKaVe b\ 
cRPbXVWLRQ Rf KePLceOOXORVe PaWeULaO ZKLcK LV aOVR ZKeQ WKe PaMRULW\ Rf OA ePLVVLRQV RccXU 
(CRUbLQ eW aO 2015). OUWeJa eW aO (2015) aQd Lee eW aO (2010) aOVR RbVeUYed LQcUeaVed YaOXeV Rf 
f60 LQ Oab bXUQV ZLWK KLJKeU OA ePLVVLRQ facWRUV. TKeVe OabRUaWRU\ VWXdLeV VXSSRUW RbVeUYaWLRQV 
Rf VPRNe LQ aPbLeQW WURSRVSKeUe (e.J. Lee eW aO 2010; ALNeQ eW aO 2009; Lee eW aO 2020). 

 
AV \RX QRWe, LW LV KaUd WR PeaVXUe WKe f60 Rf POA LQ aPbLeQW VPRNe. HRZeYeU, WKe OLfeWLPe Rf 
OeYRJOXcRVaQ LQ WKe fUee WURSRVSKeUe LV PXcK ORQJeU WKaQ WKe aJe Rf aeURVRO LQ WKLV VWXd\ (<3 
KRXUV) ZKLcK LV SURbabO\ ZK\ WKeUe LV RQO\ a ZeaN WUeQd WR ORZeU f60 YaOXeV ZLWK LQcUeaVLQJ 
SK\VLcaO aJe. SR, \RXU PeaVXUePeQWV Rf Df60 VKRXOd be faLUO\ UeSUeVeQWaWLYe Rf POA aQd \RXU 
VWXd\ (aQd \RXU fLUVW SRLQW RQ OLQeV 280-282 aQd UeSeaWed RQ OLQe 319) aUe eYLdeQce WKaW f60 LV 
cRUUeOaWed ZLWK OA ePLVVLRQ facWRUV LQ ZLOdfLUeV. 
 
See RXU e[WeQVLYe UeVSRQVe WR R4 (PaJe 13 Rf WKLV dRcXPeQW). AV ZeOO, WKe VeQWeQce LQ TXRWeV KaV 
beeQ UeZULWWeQ aQd e[WeQded: 
³PULRU VWXdLeV KaYe VKRZQ WKaW I60 aQd I44 aW WKe WLPe Rf ePLVVLRQV cRUUeOaWe ZLWK OA  ePLVVLRQV 
facWRUV WKURXJK YaULabLOLW\ LQ bXUQ cRQdLWLRQV (HeQQLJaQ eW aO. 2011; CXbLVRQ eW aO. 2011; 
McCOXUe eW aO. 2020) , aQd WKLV UeOaWLRQVKLS PLJKW aOVR cRQWULbXWe WR RXU RbVeUYed cRUUeOaWLRQ 
beWZeeQ ǻ I60 aQd ǻ I44 ZLWK ǻOA LQLWLaO. FRU WKLV ePLVVLRQV UeOaWLRQVKLS WR be aQ LPSRUWaQW facWRU, WKe 
YaULabLOLW\ LQ WKe OA ePLVVLRQ facWRU QeedV WR be a VLJQLfLcaQW cRQWULbXWRU WR WKe YaULabLOLW\ LQ 
ǻOA LQLWLaO. If WKe UeOaWLYe YaULabLOLW\ LQ WKe OA ePLVVLRQ facWRU LV PXcK VPaOOeU WKaQ WKe UeOaWLYe 
YaULabLOLW\ LQ ǻOA LQLWLaO, RWKeU facWRUV cRQWULbXWLQJ WR YaULabLOLW\ LQ ǻOA LQLWLaO ZLOO QeJaWe aQ 
ePLVVLRQV-baVed cRYaULaQce beWZeeQ ǻOA LQLWLaO ZLWK ǻf 60 aQd ǻf 44. WKLOe RXU RbVeUYed ǻOA LQLWLaO LQ 
FLJXUe 2 VSaQV QeaUO\ a facWRU Rf 100, AQdUeae (2019) VKRZV WKaW WKe OA ePLVVLRQ facWRUV KaYe a 
-1𝞼 WR +1𝞼 UaQJe Rf aURXQd a facWRU 3. HeQce, YaULabLOLW\ LQ fXeO cRQVXPSWLRQ UaWeV aQd dLOXWLRQ 
SULRU WR WKe fLUVW WUaQVecW OLNeO\ dRPLQaWe WKe YaULabLOLW\ LQ ǻOA LQLWLaO, aQd WKe UeOaWLRQVKLSV Rf ǻ I60 

aQd ǻ I44 ZLWK ǻOA LQLWLaO aUe XQOLNeO\ WR be LQfOXeQced PXcK b\ YaULabLOLW\ LQ bXUQ cRQdLWLRQV. We 
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cRQcOXde WKaW eYaSRUaWLRQ aQd/RU cKePLVWU\ SULRU WR WKe fLUVW PeaVXUePeQW aSSeaUV WR dULYe WKe 
LQLWLaO UeOaWLRQVKLS beWZeeQ ǻ I60 aQd ǻ I44 ZLWK ǻOA LQLWLaO, cRQVLVWeQW ZLWK (1) WKe WKeRUeWLcaO ZRUN 
Rf HRdVKLUe eW aO. (2019a), (2) aQ aQaO\VLV Rf ZKaW cKePLVWU\ ZRXOd be PLVVed LQ OabRUaWRU\ 
e[SeULPeQWV Lf WKe LQLWLaO 10-60 PLQXWeV Rf cKePLVWU\ ZaV QRW cRQVLdeUed, fROORZLQJ fLeOd 
e[SeULPeQWV (HRdVKLUe eW aO., 2019b), aQd (3) WKe UeceQW fLeOd aQaO\VLV (PaOP eW aO., 2020).´ 
 

 
 R61) L284: ³APRXQWV´ VKRXOd be VLQJXOaU.  
 
FL[ed 
 
 R62) L291: Add cLWaWLRQ JROOe\V eW aO (2015). 
 
UQabOe WR deWeUPLQe WKe ORcaWLRQ aVNed fRU WKLV UefeUeQce SOacePeQW.  

 
 R63) L313-314: deOeWe ³WeQdV WR be faLUO\ cRQVWaQW RU VOLJKWO\ decUeaVLQJ ZLWK SK\VLcaO aJe aQd´. 
Sa\LQJ WKaW LW LV SRRUO\ cRUUeOaWed LV eQRXJK. 
 
RePRYed 

 
 R64) L319-320: EYaSRUaWLRQ dReV QRW KaSSeQ fURP dLOXWLRQ. EYaSRUaWLRQ ZLOO KaSSeQ Lf WKe aLU 
LV XQdeUVaWXUaWed (OeVV WKaQ SUedLcWed YaSRU SUeVVXUe Rf VSecLeV X cRPSaUed WR eTXLOLbULXP 
SUedLcWed b\ HeQU\¶V OaZ). HeUe aQd eOVeZKeUe, SOeaVe dRQ¶W Va\ WKaW dLOXWLRQ caXVeV eYaSRUaWLRQ, 
LQVWead WKaW dLOXWLRQ SURPRWeV eYaSRUaWLRQ. 
 
FL[ed 

 
 R65) L334: ³NME LV PRUe YaULabOe...´ DR \RX PeaQ OaUJeU RU KLJKeU? TKe NME LV PRUe 
YaULabOe beWZeeQ SaUaPeWeUV, bXW WKaW LV PeaQLQJOeVV. 
 
CKaQJed WR OaUJeU 

 
 R66) L336: WRR PaQ\ RSeQ bUacNeWV. 
FL[ed 

 
 R67) L337: WKaW dR \RX PeaQ b\ ³bLRPaVV bXUQLQJ PRdeOLQJ´? AUe \RX UefeUULQJ WR PRdeOV Rf 
BB ePLVVLRQV, aeURVRO aJLQJ, fLUe VSUead? 
 
CKaQJed WR   ³PRdeOLQJ Rf aJLQJ bLRPaVV bXUQLQJ aeURVRO´ 
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 R68) L343-345: SLQce \RX SUeVeQW a PXOLW-YaULaWe aQaO\VLV KeUe, ZKaW ZaV WKe SRLQW Rf WKe SaVW 
VeYeUaO SaJeV dLVcXVVLQJ VLQJOe YaULabOe cRUUeOaWLRQ cReffLcLeQWV? EVSecLaOO\ afWeU \RX VKRZ WKaW 
³BRWK SK\VLcaO aJe aQd DOALQLWLaO aSSeaU WR LQfOXeQce Df60, Df44, aQd DO/DC...´ (LLQe 319 
aQd a VLPLOaU VWaWePeQW RQ L280-282). 
 
POeaVe Vee RXU UeVSRQVe WR R5. We KaYe added We[W WR dLVcXVV WKe V\QeUJ\ beWZeeQ WKe aQaO\VLV 
RQ FLJXUe 2 ZLWK WKaW Rf FLJXUe 3. 

 
 R69) L360-363: TKLV VWaWePeQW QeedV PRUe e[SOaQaWLRQ aQd QeedV cLWaWLRQV. WK\ ZRXOd \RX 
e[SecW SOXPe UeJLRQV ZLWK KLJKeU DOALQLWLaO WR KaYe ORZeU QRUPaOL]ed QXPbeU cRQceQWUaWLRQV?  
AV VWaWed LQ WKe We[W, WKe dULYLQJ SURceVV fRU WKLV VKRXOd be cRaJXOaWLRQ. (³ AOWKRXJK ZH ZRXOG 
DQWLFLSDWH WKDW SOXPH UHJLRQV ZLWK KLJKHU LQLWLDO ǻOA ZRXOG KDYH ORZHU QRUPDOL]HG QXPEHU 
FRQFHQWUDWLRQV GXH WR FRDJXODWLRQ´ )  CRaJXOaWLRQ LV SURSRUWLRQaO WR WKe VTXaUe Rf WKe SaUWLcOe 
cRQceQWUaWLRQ fRU SaUWLcOeV Rf WKe VaPe VL]e, aQd SaNaPRWR eW aO., (2016) VKRZed WKaW PaVV 
cRQceQWUaWLRQV caQ be XVed WR eVWLPaWe WKe UaWeV WKaW WKe PedLaQ dLaPeWeU LQcUeaVeV dXe WR 
cRaJXOaWLRQ LQ bLRPaVV bXUQLQJ SOXPeV.  
SaNaPRWR, K. M., LaLQJ, J. R., SWeYeQV, R. G., Jaffe, D. A. aQd PLeUce, J. R.: TKe eYROXWLRQ Rf 
bLRPaVV-bXUQLQJ aeURVRO VL]e dLVWULbXWLRQV dXe WR cRaJXOaWLRQ: DeSeQdeQce RQ fLUe aQd 
PeWeRURORJLcaO deWaLOV aQd SaUaPeWeUL]aWLRQ, AWPRV. CKeP. PK\V., 16(12), 7709±7724, 
dRL:10.5194/acS-16-7709-2016, 2016. 
We KaYe added WKaW cLWaWLRQ WR WKLV VWaWePeQW  

 
TR a fLUVW RUdeU, I ZRXOd e[SecW WKe RSSRVLWe. TKaW KLJKeU QXPbeU cRQceQWUaWLRQV ZRXOd be 
RbVeUYed ZLWK KLJKeU DOALQLWLaO becaXVe WKe OA YaSRU SUeVVXUe LV KLJKeU aQd WKLV SURPRWeV QeZ 
SaUWLcOe QXcOeaWLRQ becaXVe YaSRUV aUe PRUe OLNeO\ WR cROOLde ZLWK RWKeU YaSRU PROecXOeV WR 
QXcOeaWe WKaQ ZLWK e[LVWLQJ SaUWLcOeV WR cRQdeQVe RQ (LLP eW aO 2019; aQd ZRUN fURP NeLO 
DRQaKXe¶V JURXS). 
 
HLJK SaUWLcOe PaVV cRQceQWUaWLRQV JeQeUaOO\ VXSSUeVV QXcOeaWLRQ becaXVe KLJK PaVV 
cRQceQWUaWLRQV cRUUeVSRQd WR a KLJK cRQdeQVaWLRQ VLQN (WeVWeUYeOW eW aO., 2014). A KLJK 
cRQdeQVaWLRQ VLQN cXWV dRZQ QeZ SaUWLcOe fRUPaWLRQ WKURXJK ORZeULQJ cRQdeQVabOe YaSRU 
VXSeUVaWXUaWLRQV (UedXcLQJ QXcOeaWLRQ aQd JURZWK UaWeV) aQd LQcUeaVLQJ WKe cRaJXOaWLRQaO ORVVeV 
Rf aQ\ cOXVWeUV WKaW fRUP. FXUWKeU, KLJK cRQceQWUaWLRQV Rf SaUWLcOeV PeaQ faVW cRaJXOaWLRQ Rf WKe 
SULPaU\ SaUWLcOeV, UedXcLQJ QXPbeU cRQceQWUaWLRQV. 
 
We dRQ'W fROORZ WKe UaWLRQaOe abRXW WKe OA YaSRU SUeVVXUe beLQJ KLJKeU ZKeQ OA cRQceQWUaWLRQV 
aUe KLJK. UQdeU KLJK aeURVRO cRQceQWUaWLRQV, WKe ORZ-YROaWLOLW\ OA PaWeULaO fRUPLQJ LQ WKe JaV 
SKaVe (WKaW cRXOd be LQYROYed LQ QXcOeaWLRQ) ZLOO KaYe a ORZeU aPbLeQW YaSRU SUeVVXUe WKaQ XQdeU 
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ORZ aeURVRO cRQceQWUaWLRQV becaXVe WKe cRQdeQVaWLRQ VLQN LV faVWeU. HLJKeU cRQceQWUaWLRQV Rf 
SUe-e[LVWLQJ SaUWLcOeV dR QRW SURPRWe QeZ SaUWLcOe fRUPaWLRQ (WKeUe aUe dRcXPeQWed caVeV ZKeUe 
KLJK cRQceQWUaWLRQV Rf SaUWLcOeV dR QRW aSSeaU WR VXSSUeVV QeZ SaUWLcOe fRUPaWLRQ, K\SRWKeVL]ed 
WR be WR SaUWLcOe-SKaVe PaVV WUaQVfeU OLPLWaWLRQV RQ cRQdeQVaWLRQ, bXW Ze aUe QRW aZaUe Rf aQ\ 
caVeV ZKeUe KLJK cRQceQWUaWLRQ Rf SaUWLcOeV SURPRWeV QeZ SaUWLcOe fRUPaWLRQ). 
 
WeVWeUYeOW, D.M., PLeUce, J.R., AdaPV, P.J.: AQaO\VLV Rf feedbacNV beWZeeQ QXcOeaWLRQ UaWe, 
VXUYLYaO SURbabLOLW\, aQd cORXd cRQdeQVaWLRQ QXcOeL fRUPaWLRQ, AWPRV. CKeP. PK\V., 14, 
5577-5597, dRL:10.5194/acS-14-5577-2014, 2014. 

 
 R70) L371-372: DecUeaVLQJ QRUPaOL]ed QXPbeU cRQceQWUaWLRQV aUe aVcULbed WR cRaJXOaWLRQ. TKLV 
cRQWUadLcWV WKe PRdeO WKaW cKaQJeV LQ f60 aQd f44 aUe dXe WR eYaSRUaWLRQ Rf VROLd SaUWLcXOaWe 
baOaQced b\ cRQdeQVaWLRQ Rf PRUe R[LdL]ed-OA deVcULbed RQ OLQe 277-279. 
 
AV VWaWed LQ RXU UeVSRQVe WR R57) cRaJXOaWLRQ LV QRW UeOaWed WR cKaQJeV LQ f44 aQd f60. 
CRaJXOaWLRQ UedXceV SaUWLcOe QXPbeU aQd LQcUeaVeV WKe aYeUaJe SaUWLcOe VL]e. TKeUe LV QR 
cRQWUadLcWLRQ beWZeeQ WKeVe VWaWePeQWV: WKe fLUVW fRcXVeV RQ cRaJXOaWLRQ aQd WKe VecRQd RQ 
eYaSRUaWLRQ-cKePLVWU\-cRQdeQVaWLRQ. 

 
 R71) L381-382: AZNZaUd aQd UedXQdaQW VeQWeQce. 
 
UQVXUe ZKaW VeQWeQce LV LQ TXeVWLRQ KeUe.  

 
 R72) L384-393: DLVcXVVLRQ Rf QXcOeaWLRQ-PRde SaUWLcOeV VeePV RXW Rf SOace KeUe. Ma\be PRYe 
WRZaUdV beJLQQLQJ Rf VecWLRQ 3. 
 
AfWeU caUefXO cRQVLdeUaWLRQ, Ze KaYe NeSW WKLV VXbVecWLRQ KeUe. TKLV VXbVecWLRQ dLVcXVVeV SaUWLcOe 
QXPbeU cRQceQWUaWLRQV, aQd QXcOeaWLRQ-PRde SaUWLcOeV aUe a SaUW Rf WKaW dLVcXVVLRQ.  

 
 NXcOeaWLRQ-PRde SaUWLcOeV aUe defLQed aV 20-40QP. TKLV QeedV a cLWaWLRQ. 
We aUe QRW defLQLQJ WKe QXcOeaWLRQ-PRde SaUWLcOeV WR be 20-40 QP. We aUe LQfeUULQJ WKaW 
QXcOeaWLRQ LV RccXUULQJ dXe WR WKe µbaQaQa¶ beKaYLRU LQ WKe daWa WKaW LV RbVeUYed LQ WKLV VL]e 
UaQJe. (TKe FIMS dReV QRW PeaVXUe beORZ 20 QP). USdaWed WR  
³PaUWLcOeV aSSeaU LQ WKe 20-40 QP VL]e UaQJe LQ WKe FIMS PeaVXUePeQWV LQdeSeQdeQWO\ Rf SOXPe 
OA cRQceQWUaWLRQV (FLJV S7-S11), LPSO\LQJ WKaW QXcOeaWLRQ eYeQWV Pa\ be RccXULQJ fRU VRPe Rf 
WKe WUaQVecWV.´ 
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EaUOLeU, a VWaWePeQW ZaV Pade ³bXON Rf RbVeUYed QeZO\ fRUPed SaUWLcOeV RbVeUYed feOO beORZ 40 
QP´ ZKLcK LPSOLeV WKaW a fUacWLRQ Rf QeZO\ fRUPed SaUWLcOeV ZeUe OaUJeU 40 QP. WaV WKaW a PLV- 
VWaWePeQW? TKLV ZRXOd cRQWUadLcW \RXU defLQLWLRQ WKaW QXcOeaWLRQ-PRde SaUWLcOeV aUe 20-40 QP? 
 
TKLV SKUaVe KaV beeQ UePRYed. 

 
 R73) L388: ³RQe da\´ VKRXOd be RQe WUaQVecW RU WUaQVecW VeW. L405-406: AZNZaUd RU UedXQdaQW 
VeQWeQce. 
 
FL[ed WR µRQe VeW Rf WUaQVecWV¶. 
USdaWed WR  
DLffeUeQceV LQ LQLWLaO YaOXeV Rf ǻf 60 , ǻf44, aQd  ǻO/ǻC aUe eYLdeQce WKaW eYaSRUaWLRQ aQd/RU 
cKePLVWU\ KaV OLNeO\ RccXUUed befRUe WKe WLPe Rf LQLWLaO PeaVXUePeQW aQd WKaW SOXPeV RU SOXPe 
UeJLRQV ZLWK ORZeU LQLWLaO aeURVRO ORadLQJ caQ XQdeUJR WKeVe cKaQJeV PRUe UaSLdO\ WKaQ WKLcNeU 
SOXPeV.  

 
 R74) L408-409: ³LQdLcaWe WKaW eYaSRUaWLRQ aQd/RU cKePLVWU\ KaV OLNeO\ RccXUUed befRUe WKe WLPe 
Rf LQLWLaO PeaVXUePeQW...´ See SUeYLRXV cRPPeQWV TXeVWLRQLQJ YaOLdLW\ Rf WKLV VWaWePeQW. 
 
We cKaQJed ³LQdLcaWe´ WR ³aUe eYLdeQce´; Vee RXU eaUOLeU UeVSRQVeV. 

 
 R75) L437: FRUPaW Rf VRPe cLWaWLRQV Qeed WR be cOeaQed XS. 
 
We KaYe cKecNed aQd cRUUecWed WKe cLWaWLRQV.  

 
R76) FLJXUe 1: 

 
● See cRPPeQWV UeJaUdLQJ addLQJ eUURU baUV WR VKRZ daWa YaULabLOLW\ Rf bLQ. TKeUe aUe a 

 feZ SRLQWV WKaW aUe YeU\ dLffeUeQW fURP WKe UeVW Rf WKe daWa VeW (VXcK aV LQ WKe DOA/DCO 
aQd DN/DCO daWaVeWV) ZKLcK PaNeV Pe WKLQN WKe VLQJOe YaOXe UeSUeVeQWLQJ WKe bLQ LV 
LQadeTXaWe. 
  

● POeaVe cKaQJe DBC/DCO WR a OLQeaU VcaOe  
CKaQJed.  

 
● YRXU YaOXeV Rf f60 aUe SUeWW\ ORZ fRU fUeVK BBOA. I aP ZRQdeULQJ Lf WKLV LV aQ LVVXe ZLWK 

WKe SP-AMS VeWWLQJV RU KRZ WKe daWa ZaV KaQdOed. 
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TKe f60 YaOXeV LQ FLJXUe 1 aQd FLJXUe 2 aUe ZLWKLQ WKe UaQJe Rf WKe cORVeVW WUaQVecW Rf SULRU 
bLRPaVV bXUQLQJ fLeOd VWXdLeV (GaURfaOR eW aO., 2019; CXbLVRQ eW aO., 2011) aQd Oab VWXdLeV 
(HeQQLJaQ eW aO., 2011). 

 
HeQQLJaQ, C. J., MLUacROR, M. A., EQJeOKaUW, G. J., Ma\, A. A., PUeVWR, A. A., Lee, T., SXOOLYaQ, 
A. P., McMeeNLQJ, G. R., CRe, H., WROd, C. E., HaR, W.-M., GLOPaQ, J. B., KXVWeU, W. C., de 
GRXZ, J., ScKLcKWeO, B. A., CROOeWW JU., J. L., KUeLdeQZeLV, S. M., aQd RRbLQVRQ, A. L.: CKePLcaO 
aQd SK\VLcaO WUaQVfRUPaWLRQV Rf RUJaQLc aeURVRO fURP WKe SKRWR-R[LdaWLRQ Rf RSeQ bLRPaVV 
bXUQLQJ ePLVVLRQV LQ aQ eQYLURQPeQWaO cKaPbeU, AWPRV. CKeP. PK\V., 11, 7669±7686, 
KWWSV://dRL.RUJ/10.5194/acS-11-7669-2011, 2011. 

 
CXbLVRQ, M. J., OUWeJa, A. M., Ha\eV, P. L., FaUPeU, D. K., Da\, D., LecKQeU, M. J., BUXQe, W. 
H., ASeO, E., DLVNLQ, G. S., FLVKeU, J. A., FXeObeUJ, H. E., HecRbLaQ, A., KQaSS, D. J., MLNRYLQ\, 
T., RLePeU, D., SacKVe, G. W., SeVVLRQV, W., WebeU, R. J., WeLQKeLPeU, A. J., WLVWKaOeU, A., aQd 
JLPeQe], J. L.: EffecWV Rf aJLQJ RQ RUJaQLc aeURVRO fURP RSeQ bLRPaVV bXUQLQJ VPRNe LQ aLUcUafW 
aQd OabRUaWRU\ VWXdLeV, AWPRV. CKeP. PK\V., 11, 12049±12064, 
KWWSV://dRL.RUJ/10.5194/acS-11-12049-2011, 2011. 

 
GaURfaOR, L. A., PRWKLeU, M. A., LeYLQ, E. J. T., CaPSRV, T., KUeLdeQZeLV, S. M., & FaUPeU, D. 
K. (2019). EPLVVLRQ aQd eYROXWLRQ Rf VXbPLcURQ RUJaQLc aeURVRO LQ VPRNe fURP ZLOdfLUeV LQ WKe 
ZeVWeUQ UQLWed SWaWeV. AcV EaUWK AQd SSace CKePLVWU\, 3, 1237-1247. 
dRL:10.1021/acVeaUWKVSacecKeP.9b00125 
  

● Need XQLWV fRU DS a[LV, ³[QP]´. 
Added.  
  
R77) FLJXUe 2: 
  

  
● If \RX LQVLVW RQ cRPbLQLQJ aOO Rf WKe daWa WRJeWKeU fRU a VLQJOe UeJUeVVLRQ, WKaQ \RX 

  
VKRXOd QRW be dUaZLQJ OLQeV beWZeeQ SRLQWV. IQVWead WKLV VKRXOd be a VcaWWeU SORW ZLWK 
  
PaUNeUV. 

 
AfWeU caUefXO cRQVLdeUaWLRQ, Ze KaYe deWeUPLQed WR NeeS WKe OLQeV. WLWKRXW WKeVe OLQeV WKe UeadeU 
ZRXOd QRW be abOe WR fROORZ LQdLYLdXaO VeWV Rf WUaQVecWV becaXVe VRPe SRLQWV fURP dLffeUeQW VeWV 
ZRXOd be cRORUed VLPLOaUO\. 
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● LeJeQd LV LQcRQVLVWeQW ZLWK fLJXUe 1. ELWKeU XVe ³edJe´ RU 5%<D[CO]<15%. 
We KaYe XSdaWed WKe fLJXUe WR dCO WR be cRQVLVWeQW ZLWK WKe We[W aQd fLJXUe OeJeQd.  
  

● UVe Rf ³[CO]´ LV LQcRQVLVWeQW ZLWK We[W. 
We KaYe XSdaWed WKe fLJXUe WR dCO WR be cRQVLVWeQW ZLWK WKe We[W aQd fLJXUe OeJeQd.  
  

● Need XQLWV fRU DS a[LV 
USdaWed.  

● CaSWLRQ Va\V WKaW SaQeOV (d) aQd (J) KaYe ORJ a[LV bXW aUe SORWWed RQ OLQeaU a[LV. PaQeOV 
  
(a) aQd (f) aUe SORWWed RQ ORJ a[LV (aOVR LQ cRUUeVSRQdLQJ fLJXUeV LQ SI). 
 

FL[ed 
  

● FRQW Rf ³DS´ LQ caSWLRQ LV dLffeUeQW WKaQ UeVW Rf fRQWV. 
 
TKLV ZaV WR JeW WKe RYeUbaU LQ WRUd. We aQWLcLSaWe WKaW dXULQJ WKe VZLWcK WR LaTeX fRU 
W\SeVeWWLQJ, fRQWV ZLOO be KRPRJeQL]ed.  
  

● I WKLQN \RX VKRXOd aOVR SURYLde a VcaWWeU SORW Rf WKe fLUVW PeaVXUePeQW Rf WKeVe 
  
SaUaPeWeUV aV a fXQcWLRQ DOALQLWLaO. 

We KaYe Pade WKLV fLJXUe aV FLJXUe S24 LQ WKe SI aQd added WKe fROORZLQJ We[W WR WKe PaLQ We[W: 
³We LQcOXde LQ WKe VXSSRUWLQJ LQfRUPaWLRQ VcaWWeU SORWV Rf eacK SaUaPeWeU Rf FLJ. 1 aV a fXQcWLRQ 
Rf ǻOA LQLWLaO (FLJ. S24), aQd RbVeUYe QR WUeQdV RWKeU WKaQ WKe cRUeV Rf WKe SOXPeV JeQeUaOO\ KaYLQJ 
a KLJKeU ǻOA LQLWLaO  WKaQ WKe edJeV Rf WKe SOXPeV, aV e[SecWed.´ 
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FLJXUe S24. ScaWWeU SORW Rf eacK SaUaPeWeU Rf FLJXUe 1 aJaLQVW ǻOA LQLWLaO.  
● NeedV eUURU baUV 

POeaVe Vee RXU UeVSRQVe WR R3.  
 
 R78) FLJXUe 3: 
  

  
� SSeaUPaQ¶V cRUUeOaWLRQV aUe QRW Qeeded KeUe. 
 
We LQcOXde bRWK cRUUeOaWLRQ cReffLcLeQWV aQd Vee QR UeaVRQ WR UePRYe RQe. 

 
SXSSOePeQWaO IQfRUPaWLRQ: 

40 



 R79) ³...eOecWULcaO PRbLOLW\ aV LQ SMPS...´ SKRXOd be ³...VLPLOaU WR WKe RSeUaWLQJ SULQcLSOe Rf WKe 
SMPS...´ 
 
FL[ed  
 
 R80) ³...ZKeQ VL]e dLVWULbXWLRQ VXJJeVWV WKaW SaUWLcOeV VPaOOeU WKaQ 10 QP cRQWULbXWe 
QeJOLJLbO\...´ NeLWKeU WKe FIMS RU CPC 3010 aUe effLcLeQW aW cRXQWLQJ <10QP DP SaUWLcOeV, VR 
ZK\ ZRXOd WKe e[LVWeQce Rf WKRVe SaUWLcOeV caXVe dLffeUeQceV beWZeeQ WKe WZR LQVWUXPeQWV? 
 
TKLV ZaV a W\SR--LW VKRXOd KaYe beeQ 20 QP aQd Ze KaYe fL[ed LW.  

 
 R81) ³TKe SPAMS LV WKRURXJKO\ deWaLOed LQ KOeLQPaQ eW aO. (2020)...´ TKLV VWLOO QeedV WR be 
deVcULbed KeUe. AW OeaVW VXPPaUL]LQJ WKe RSeUaWLQJ cRQdLWLRQV Rf WKe SP-AMS.  
 
We KaYe JUeaWO\ e[SaQded WKLV VXSSOePeQWaU\ dLVcXVVLRQ RQ WKe SP-AMS (Vee RXU UeVSRQVe WR 
R2). 

 
 R82) ³AQ SPN1 UadLRPeWeU SURYLded WRWaO VKRUWZaYe LUUadLaQce...´ IW SURbabO\ PeaVXUed WRWaO 
VKRUWZaYe LUUadLaQce, QRW ³SURYLded´ RU ³cUeaWed´ WKe LUUadLaQce. TKLV LQVWUXPeQW QeedV WR be 
deVcULbed PRUe. Ma\be ZKaW e[acWO\ WKe PeaVXUePeQWV aUe aQd ZKaW WKe\ UeSUeVeQW. 
 
CKaQJed WR µPeaVXUed¶. TKe SaSeUV cLWed SURYLde LQVWUXPeQW deWaLOV, ZKLcK LV a VWaQdaUd SUacWLce 
LQ VcLeQWLfLc SaSeUV.  

 
 R83) ³... fROORZLQJ SaUaPeWeUV aVVXPed fRU WKe caOcXOaWLRQ´ PLVVLQJ a YeUb. 
 
FL[ed 

 
 R84) ³HeWeURJeQeRXV cKePLVWU\ caOcXOaWLRQV:´ TKeUe LV QR cLWaWLRQ WR MXVWLf\ WKe caOcXOaWLRQ. IV 
WKLV a cRPPRQ PeWKRdRORJ\ XVed? HaV WKLV PeWKRdRORJ\ SaVVed SeeU UeYLeZ? 
 
E[SOaLQed LQ R7. TKe cROOLVLRQ UaWe caOcXOaWLRQ ZaV fURP SeLQfeOd aQd PaQdLV (2006), aQd Ze 
added XSSeU-bRXQd aVVXPSWLRQV abRXW PaVV ORVV SeU UeacWLRQ. 
 
SeLQfeOd, J. H. aQd PaQdLV, S. N.: AWPRVSKeULc CKePLVWU\ aQd PK\VLcV, 2Qd edQ., JRKQ WLOe\ aQd 
SRQV, NeZ YRUN, 2006. 
 

 
 R85) FLJ S1: CRORUbaU OabeO LV PLVVLQJ aQ ³]´  
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FL[ed 
 

 
 

 R86) FLJ S7-S11: WK\ aUe [-a[LV RQ WKe WRS aQd bRWWRP SaQeOV dLffeUeQW VcaOeV?  
 
TKe bRWWRP SaQeO LV a cRQWLQXaWLRQ Rf WKe WRS SaQeO (LQ WLPe, WKe [ a[LV). Added WKLV LQfRUPaWLRQ 
e[SOLcLWO\ WR WKe caSWLRQ. 
 
 FLJ S13: VKRXOd be PRYed WR MXVW befRUe fLJXUe S19 
 
TKeVe fLJXUeV aUe LQ WKe RUdeU WKaW WKe\ aUe UefeUeQced LQ WKe PaLQ We[W. 
 
 R87) FLJ S19-S22: CaSWLRQ PLV-LdeQWLfLeV ZKLcK SaQeOV XVe a ORJ VcaOe. 
 
CRUUecWed 

 
 R88) FLJ S24: CRXOd \RX aOVR SORW WKe [CO] Rf eacK WUaQVecW VLPLOaU WR S24-S26. I ZaQW WR Vee 
WKaW WKe abVROXWe cRQceQWUaWLRQ LV KLJKeU LQ WKe ceQWeU Rf WKe SOXPe WKaQ WKe edJeV aQd WKaW WKe 
[CO] Rf WKe cRUe decUeaVeV LQ eacK VXcceVVLYe WUaQVecW Rf WKe VeW WR VKRZ dLOXWLRQ. 
 
We KaYe Pade WKLV fLJXUe, FLJXUe S27, aQd KaYe added WKe fROORZLQJ We[W WR WKe PaLQ We[W: 
³TR PRUe cOeaUO\ Vee WKLV, FLJ. S28 SURYLdeV WKe VaPe VW\Oe Rf fLJXUe aV FLJV. S26-S27 fRU 
LQ-SOXPe CO cRQceQWUaWLRQV. GeQeUaOO\ CO SeaNV aURXQd WKe ceQWeUOLQe aQd LV KLJKeVW LQ WKe 
PRVW fUeVK WUaQVecW, bXW VKRZV YaULabLOLW\ acURVV WUaQVecWV.´ 
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FLJXUe S27. TRWaO LQ-SOXPe CO (SSbY) LUUadLaQce fRU eacK fOLJKW aORQJ eacK WUaQVecW LQcOXded LQ 
WKLV VWXd\. TKe WLWOeV LQdLcaWe WKe fOLJKW. TKe bOacN cRORU LQdLcaWeV WKe eaUOLeVW WUaQVecW, ZLWK 
LQcUeaVLQJO\ OLJKWeU cRORUV LQdLcaWLQJ LQcUeaVLQJO\ dRZQZLQd WUaQVecWV. TKe ceQWeUOLQe ZaV 
eVWLPaWed fURP WKe QXPbeU VL]e dLVWULbXWLRQ aQd WKe eVWLPaWed ceQWeU Rf WKe fLUe (FLJXUeV S1-S6). 

 
 R89) FLJ S27: Need WKe 1:1, 1:2, aQd 0.5:1 OLQe UeSUeVeQWLQJ cRQVWaQW OLQeV Rf R[LdaWLRQ. If LW LV 
aUbLWUaU\ ZKeUe WKe LQWeUVecWLRQ Rf WKeVe OLQeV LV SOaced (aV \RX cLWe fURP HeaOd eW aO 2010), WKeQ 
KaYe aQ aUbLWUaU\ LQWeUVecWLRQ QeaU WKe aYeUaJe Rf \RXU daWa. TKe LPSRUWaQce LV WKe WUeQdV LQ H:C 
YV O:C. AOWeUQaWLYeO\, UePRYe WKLV fLJXUe. 
We KaYe UePRYed WKLV dLVcXVVLRQ aQd fLJXUe.  
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1 DilXWiRQ   imSacWV   RQ   VmRke   agiQg:   EYideQce   iQ   BBOP   daWa   
2   
3 AQQa  L.  HRdVhiUe 1 ,  EPil\  RaPQaUiQe 1 ,  Ali  AkheUaWi 2 ,  MaWWheZ  L.  AlYaUadR 3 ,  DelShiQe  K.  FaUPeU 4 ,               
4 ShaQWaQX  H.  JaWhaU 2 ,  SRQia  M.  KUeideQZeiV 1 ,  ChaQWelle  R.  LRQVdale 3 ,  TiPRWh\  B.  OQaVch 5 ,  SWeSheQ  R.                
5 SSUiQgVWRQ 6 ,  JiaQ  WaQg 6,D ,  YaQg  WaQg �,E ,  LaZUeQce  I.  KleiQPaQ 6 ,  AUWhXU  J.  Sedlacek  III 6 ,  JeffUe\  R.                
6 PieUce 1   
7 1      DeSaUWPeQW   Rf   AWPRVSheUic   ScieQce,   CRORUadR   SWaWe   UQiYeUViW\,   FRUW   CROOiQV,   CO   80523,   UQiWed   SWaWeV   
� 2 DeSaUWPeQW   Rf   MechaQicaO   EQgiQeeUiQg,   CRORUadR   SWaWe   UQiYeUViW\,   FRUW   CROOiQV,   CO   80523,   UQiWed   SWaWeV     
�   3 AWPRVSheUic   aQd   EQYiURQPeQWaO   ReVeaUch,   IQc.,   Le[iQgWRQ,   MA   02421,   UQiWed   SWaWeV     

10   4 DeSaUWPeQW   Rf   ChePiVWU\,   CRORUadR   SWaWe   UQiYeUViW\,   FRUW   CROOiQV,   CO   80523,   UQiWed   SWaWeV   
11   5 AeURd\Qe   ReVeaUch   IQc.,   BiOOeUica,   MA   01821,   UQiWed   SWaWeV   
12 6 EQYiURQPeQWaO   aQd   COiPaWe   ScieQceV   DeSaUWPeQW,   BURRNhaYeQ   NaWiRQaO   LabRUaWRU\,   USWRQ,   NY   11973,   UQiWed   SWaWeV     
13 7 CeQWeU   fRU   AeURVRO   ScieQce   aQd   EQgiQeeUiQg,   WaVhiQgWRQ   UQiYeUViW\,   SW.   LRXiV,   MO   63130,   UQiWed   SWaWeV     

14 a NRZ   aW   CeQWeU   fRU   AeURVRO   ScieQce   aQd   EQgiQeeUiQg,   WaVhiQgWRQ   UQiYeUViW\,   SW.   LRXiV,   MO   63130,   UQiWed   SWaWeV     
15 b NRZ  aW  DeSaUWPeQW  Rf  CiYiO,  AUchiWecWXUaO  aQd  EQYiURQPeQWaO  EQgiQeeUiQg,  MiVVRXUi  UQiYeUViW\  Rf  ScieQce  aQd  TechQRORg\,                 
16 RROOa,   MiVVRXUi   65409,   UQiWed   SWaWeV     
17   
1�   
1�   
20   
21   
22   
23   
24   
25   
26   

27 CRUUeVSRQdeQce   WR :   AQQa   L.   HRdVhiUe   (AQQa.HRdVhiUe@cRORVWaWe.edX)     

2� AbVWUacW.     BiRPaVV   bXUQiQg   ePiWV   YaSRUV   aQd   aeURVROV   iQWR   Whe   aWPRVSheUe   WhaW   caQ   UaSidO\   eYROYe   aV   VPRNe   SOXPeV   WUaYeO   

2� dRZQZiQd   aQd   diOXWe,   affecWiQg   cOiPaWe-   aQd   heaOWh-UeOeYaQW   SURSeUWieV   Rf   Whe   VPRNe.   TR   daWe,   WheRU\   haV   beeQ   XQabOe   WR   

30 e[SOaiQ    RbVeUYed    YaUiabiOiW\   iQ   VPRNe   eYROXWiRQ.   HeUe,   Ze   XVe   RbVeUYaWiRQaO   daWa   fURP   Whe   BBOP   fieOd   caPSaigQ   aQd   VhRZ   

31 WhaW   iQiWiaO   VPRNe   RUgaQic   aeURVRO   PaVV   cRQceQWUaWiRQV   caQ   heOS   SUedicW   chaQgeV   iQ   VPRNe   aeURVRO   agiQg   PaUNeUV,   QXPbeU   

32 cRQceQWUaWiRQ,   aQd    QXPbeU -     PeaQ   diaPeWeU   beWZeeQ   40-262   QP.   BecaXVe   iQiWiaO   fieOd   PeaVXUePeQWV   Rf   SOXPeV   aUe   geQeUaOO\   

33 >10   PiQXWeV   dRZQZiQd,   VPaOOeU   SOXPeV   ZiOO   haYe   aOUead\   XQdeUgRQe   VXbVWaQWiaO   diOXWiRQ   UeOaWiYe   WR   OaUgeU   SOXPeV    aQd   haYe   

34 ORZeU   cRQceQWUaWiRQV    Rf   VPRNe   VSecieV    aW   WheVe   RbVeUYaWiRQV   cORVeVW   WR   Whe   fiUe .     T HRZeYeU,   W he   e[WeQW   WR   Zhich   diOXWiRQ   haV   

35 RccXUUed   SUiRU   WR   Whe   fiUVW   RbVeUYaWiRQ   iV   QRW   a   diUecWO\   PeaVXUabOe   TXaQWiW\.   HeQce,   iQiWiaO   RbVeUYed   SOXPe   cRQceQWUaWiRQV   caQ   

36 VeUYe   aV   a   URXgh   iQdicaWRU   Rf   Whe   e[WeQW   Rf   diOXWiRQ   SUiRU   WR   Whe   fiUVW   PeaVXUePeQW,   Zhich   iPSacWV   ShRWRchePiVWU\ ,    aQd    aeURVRO   

37 eYaSRUaWiRQ ,   aQd   cRagXOaWiRQ .   CRUeV   Rf   SOXPeV   haYe   higheU   cRQceQWUaWiRQV   WhaQ   edgeV.   B\   VegUegaWiQg   Whe   RbVeUYed   SOXPeV   

3� iQWR   cRUeV   aQd   edgeV,   Ze    fiQd   eYideQce iQfeU    WhaW   SaUWicOe   agiQg,   eYaSRUaWiRQ,   aQd   cRagXOaWiRQ   RccXUUed   befRUe   Whe   fiUVW   

3� PeaVXUePeQW.   We   fXUWheU   fiQd   WhaW   RQ   Whe    SOXPe    edgeV,   Whe    R[idaWiRQ   VWaWe   Rf    RUgaQic   aeURVRO    iV   PRUe   R[\geQaWed    haV   

1   
  



40 iQcUeaVed    ZhiOe   a   PaUNeU   fRU   SUiPaU\   biRPaVV   bXUQiQg   aeURVRO   ePiVViRQV   haV   decUeaVed    iQ   UeOaWiYe   abXQdaQce    WhaQ   iQ   Whe   

41 SOXPe   cRUeV.     aQd   XQdeUgRQe   PRUe   decUeaVeV   iQ   a   PaUNeU   fRU   SUiPaU\   biRPaVV   bXUQiQg   RUgaQic   aeURVRO . FiQaOO\,   Ze   aWWePSW   WR   

42 decRXSOe   Whe   UROeV   Rf   Whe   iQiWiaO   cRQceQWUaWiRQV   aQd   WiPe   ViQce   ePiVViRQ    b\ bXW    SeUfRUPiQg   PXOWiYaUiaWe   OiQeaU   UegUeVViRQ   Rf   

43 YaUiRXV   aeURVRO   SURSeUWieV   (cRPSRViWiRQ,   Vi]e)   RQ   WheVe   WZR   facWRUV.   

44 1   InWUodXcWion     

45 SPRNe   fURP   biRPaVV   bXUQiQg   iV   a   PaMRU   VRXUce   Rf   aWPRVSheUic   SUiPaU\   aeURVRO   aQd   YaSRUV    (ANagi   eW   aO.,   2011;   

46 GiOPaQ   eW   aO.,   2015;   HaWch   eW   aO.,   2015,   2017;   JeQ   eW   aO.,   2019;   KRVV   eW   aO.,   2018;   Reid   eW   aO.,   2005;   YRNeOVRQ   eW   aO.,   2009) ,   

47 iQfOXeQciQg   aiU   TXaOiW\,   ORcaO   UadiaWiRQ   bXdgeWV,   cORXd   SURSeUWieV,   aQd   cOiPaWe    (CaUUicR   eW   aO.,   2008;   O¶DeOO   eW   aO.,   2019;   PeWWeUV   

4� eW   aO.,   2009;   RaPQaUiQe   eW   aO.,   2019;   ShUiYaVWaYa   eW   aO.,   2017) ,   aV   ZeOO   aV   Whe   heaOWh   Rf    VPRNe- iPSacWed   cRPPXQiWieV    (FRUd   eW   

4� aO.,   2018;   GaQ   eW   aO.,   2017;   Reid   eW   aO.,   2016) .     DiOXWiRQ   Rf   a   VPRNe   SOXPe   RccXUV   aV   Whe   SOXPe   WUaYeOV   dRZQZiQd,   Pi[iQg   ZiWh   

50 UegiRQaO   µbacNgURXQd¶   aiU,   UedXciQg   Whe   cRQceQWUaWiRQV   Rf   Whe   VPRNe   aeURVROV   aQd   YaSRUV   aQd    SRWeQWiaOO\   dUiYiQg aOORZiQg   fRU   

51 UaSid    chaQgeV   iQ   Whe   Sh\VicaO   aQd   chePicaO   SURSeUWieV   Rf   Whe   ePiVViRQV     DiOXWiRQ   Rf   a   VPRNe   SOXPe   RccXUV   ZheQ   Whe   SOXPe   

52 Pi[eV   ZiWh   UegiRQaO   µbacNgURXQd¶   aiU,   UedXciQg   Whe   cRQceQWUaWiRQV   Rf   Whe   VPRNe   aeURVROV   aQd   YaSRUV   aV   Whe   SOXPe   WUaYeOV   

53 dRZQZiQd.   DiOXWiRQ   caQ   Oead   WR   UaSid   chaQgeV   iQ   Whe   Sh\VicaO   aQd   chePicaO   SURSeUWieV   Rf   Whe   ePiVViRQV.       DiOXWiRQ    WhURXgh   

54 eQWUaiQPeQW   Rf   UegiRQaO   bacNgURXQd   aiU   caQ   caXVe   YaSRUV   aQd   SaUWicOeV   ePiWWed   fURP   fiUeV   WR   UaSidO\   eYROYe   aV   VPRNe   WUaYeOV   

55 dRZQZiQd     (Adachi   eW   aO.,   2019;   ANagi   eW   aO.,   2012;   BiaQ   eW   aO.,   2017;   CXbiVRQ   eW   aO.,   2011;   HecRbiaQ   eW   aO.,   2011;   HRdVhiUe   eW   

56 aO.,   2019a,   2019b;   JROOe\V   eW   aO.,   2012,   2015;   KRQRYaORY   eW   aO.,   2019;   Ma\   eW   aO.,   2015;   NR\eV   eW   aO.,   2020;   SaNaPRWR   eW   aO.,   
57 2015 ,   PaOP   eW   aO.,   2020 ) .    FiUeV   VSaQ   aQ   iPPeQVe   UaQge   iQ   Vi]e,   fURP   VPaOO   agUicXOWXUaO   bXUQV,   Zhich   Pa\   be   RQO\   a   feZ   P 2    iQ   
5� WRWaO   aUea   aQd   OaVW   a   feZ   hRXUV,   WR   PaVViYe   ZiOdfiUeV,   Zhich   Pa\   bXUQ   10,000V   Rf   NP 2    RYeU   Whe   cRXUVe   Rf   ZeeNV    (AQdeOa   eW   aO.,   

5� 2019) .   ThiV   UaQge   iQ   Vi]e   OeadV   WR   YaUiabiOiW\   iQ   iQiWiaO   SOXPe   Vi]e   aQd   e[WeQW   Rf   diOXWiRQ   b\   Whe   WiPe   Rf   Whe   fiUVW   PeaVXUePeQW . ,   

60 aV   O L aUge,   WhicN   SOXPeV   diOXWe   PRUe   VORZO\   WhaQ   VPaOO,   WhiQ   SOXPeV   fRU   ViPiOaU   aWPRVSheUic   cRQdiWiRQV ,   aV   Whe   cRUeV   Rf   OaUgeU   

61 SOXPeV   aUe   aW   a   gUeaWeU   Sh\VicaO   diVWaQce   WR   Whe   bacNgURXQd   aiU,   VhieOdiQg   WheP   fURP   diOXWiRQ   fRU   ORQgeU     (ANagi   eW   aO.,   2012;  

62 BiaQ   eW   aO.,   2017;   CXbiVRQ   eW   aO.,   2011;   HecRbiaQ   eW   aO.,   2011;   HRdVhiUe   eW   aO.,   2019a,   2019b;   JROOe\V   eW   aO.,   2012,   2015;   

63 KRQRYaORY   eW   aO.,   2019;   Ma\   eW   aO.,   2015;   SaNaPRWR   eW   aO.,   2015 ,   Lee   eW   aO.,   2020,   GaURfaOR   eW   aO.,   2019 ) .   POXPeV   caQ   diOXWe   

64 XQeYeQO\,   ZiWh   edgeV   Rf   Whe   SOXPe   Pi[iQg   iQ   ZiWh   VXUURXQdiQg   aiU   PRUe   UaSidO\   WhaQ   Whe   cRUe   Rf   Whe   SOXPe.   VaUiabiOiW\   iQ   

65 diOXWiRQ   OeadV   WR   YaUiabiOiW\   iQ   Whe   eYROXWiRQ   Rf   VPRNe   ePiVViRQV   aV   iQVWaQWaQeRXV   SOXPe   aeURVRO   cRQceQWUaWiRQV   ZiOO   cRQWURO   

66 VhRUWZaYe   UadiaWiYe   fOX[eV   (aQd   WhXV   ShRWRO\ViV   UaWeV   aQd   R[idaQW   cRQceQWUaWiRQV),   gaV-SaUWicOe   SaUWiWiRQiQg,   aQd   SaUWicOe   

67 cRagXOaWiRQ   UaWeV    (ANagi   eW   aO.,   2012;   BiaQ   eW   aO.,   2017;   CXbiVRQ   eW   aO.,   2011;   HecRbiaQ   eW   aO.,   2011;   HRdVhiUe   eW   aO.,   2019a,   

6� 2019b;   JROOe\V   eW   aO.,   2012,   2015;   KRQRYaORY   eW   aO.,   2019;   Ma\   eW   aO.,   2015;   SaNaPRWR   eW   aO.,   2015 ,    GaURfaOR   eW   aO.,   2019 ,   

6� RaPQaUiQe   eW   aO.,   2019;   SaNaPRWR   eW   aO.,   2016) .   ThXV,   caSWXUiQg   YaUiabiOiW\   iQ   SOXPe   aeURVRO   cRQceQWUaWiRQV   aQd   diOXWiRQ   

70 beWZeeQ   fiUeV   aQd   ZiWhiQ   fiUeV   caQ   aid   iQ   XQdeUVWaQdiQg   hRZ   VSecieV   chaQge   ZiWhiQ   Whe   fiUVW   feZ   hRXUV   Rf   ePiVViRQ   fRU   a   UaQge   

71 Rf   SOXPe   Vi]eV.     
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72 The   eYROXWiRQ   Rf   WRWaO   SaUWicXOaWe   PaWWeU   (PM)   RU   RUgaQic   aeURVRO   (OA)   PaVV   fURP   VPRNe   haV   beeQ   Whe   fRcXV   Rf   

73 PaQ\   VWXdieV,   aV   PM   iQfOXeQceV   bRWh   hXPaQ   heaOWh   aQd   cOiPaWe.   SecRQdaU\   RUgaQic   aeURVRO   (SOA)   SURdXcWiRQ    RccXUV Pa\   

74 cRPe   abRXW    WhURXgh   R[idaWiRQ   Rf   gaV-ShaVe   YROaWiOe   RUgaQic   cRPSRXQdV   (VOCV)   WhaW   caQ   fRUP   ORZeU-YROaWiOiW\   SURdXcWV   WhaW   

75 SaUWiWiRQ   WR   Whe   cRQdeQVed   ShaVe    (JiPeQe]   eW   aO.,   2009;   KUROO   aQd   SeiQfeOd,   2008) .   SOA   fRUPaWiRQ   Pa\   aOVR   aUiVe   fURP   

76 heWeURgeQeRXV   aQd   PXOWi-ShaVe   UeacWiRQV   iQ   bRWh   Whe   RUgaQic   aQd   aTXeRXV   ShaVeV    (JiPeQe]   eW   aO.,   2009;   VRONaPeU   eW   aO.,   

77 2009) .   IQ   WXUQ,   R[idaQW   cRQceQWUaWiRQV   deSeQd   RQ   VhRUWZaYe   fOX[eV    (TaQg   eW   aO.,   1998;   Tie,   2003;   YaQg   eW   aO.,   2009)    aQd   Whe   

7� cRPSRViWiRQ   Rf   Whe   SOXPe    (YRNeOVRQ   eW   aO.   2009;   ANagi   eW   aO.   2012;   HRbbV   eW   aO.   2003;   AOYaUadR   eW   aO.   2015) .   SPRNe   SaUWicOeV   

7� cRQWaiQ   VePiYROaWiOe   RUgaQic   cRPSRXQdV   (SVOCV)    (EaWRXgh   eW   aO.,   2003 ;    Ma\   eW   aO.,   2013) ,   Zhich   Pa\   eYaSRUaWe   Rff   Rf   

�0 SaUWicOeV   aV   Whe   SOXPe   becRPeV   PRUe   diOXWe    (HXffPaQ   eW   aO.   2009;   Ma\   eW   aO.   2013;   GaURfaOR   eW   aO.   2019;   GUieVhRS   eW   aO.   

�1 2009) ,   OeadiQg   WR   ORVVeV   iQ   WRWaO   aeURVRO   PaVV.   FieOd   RbVeUYaWiRQV   Rf   VPRNe   PM   aQd   OA   PaVV   QRUPaOi]ed   fRU   diOXWiRQ   (e.g.   

�2 WhURXgh   aQ   iQeUW   WUaceU   VXch   aV   CO)   UeSRUW   WhaW   fRU   QeaU-fieOd   (<24   hRXUV)   Sh\VicaO   agiQg,   QeW   PM   RU   OA   PaVV   caQ   iQcUeaVe   

�3 (CachieU   eW   aO.,   1995;   FRUPeQWi   eW   aO.,   2003;   LiX   eW   aO.,   2016;   NaQce   eW   aO.,   1993;   Reid   eW   aO.,   1998;   VaNNaUi   eW   aO.,   2014,   2018;   

�4 YRNeOVRQ   eW   aO.,   2009) ,   decUeaVe    (ANagi   eW   aO.,   2012;   HRbbV   eW   aO.,   2003;   JROOe\V   eW   aO.,   2012,   2015;   Ma\   eW   aO.,   2015) ,   RU   

�5 UePaiQ   QeaUO\   cRQVWaQW    (BUiWR   eW   aO.,   2014;   CaSeV   eW   aO.,   2008;   CROOieU   eW   aO.,   2016;   CXbiVRQ   eW   aO.,   2011;   FRUUiVWeU   eW   aO.,   2015;   

�6 GaURfaOR   eW   aO.,   2019;   HecRbiaQ   eW   aO.,   2011;   LiX   eW   aO.,   2016;   Ma\   eW   aO.,   2015;   MRUgaQ   eW   aO.,   2019;   SaNaPRWR   eW   aO.,   2015;   

�7 SedOaceN   eW   aO.,   2018;   ZhRX   eW   aO.,   2017) .   IW   iV   WheRUi]ed   WhaW   bRWh   ORVVeV   aQd   gaiQV   iQ   OA   PaVV   aUe   OiNeO\   haSSeQiQg   

�� cRQcXUUeQWO\   iQ   PRVW   SOXPeV   WhURXgh   cRQdeQVaWiRQ   aQd   eYaSRUaWiRQ    (Ma\   eW   aO.   2015;   HRdVhiUe   eW   aO.   2019;   HRdVhiUe   eW   aO.   

�� 2019;   BiaQ   eW   aO.   2017;   PaOP   eW   aO.   2020) (BiaQ   eW   aO.,   2017;   HRdVhiUe   eW   aO.,   2019a,   2019b;   Ma\   eW   aO.,   2015) ,   ZiWh   Whe   baOaQce   

�0 beWZeeQ   Whe   WZR   deWeUPiQiQg   ZheWheU   QeW   iQcUeaVeV   RU   decUeaVeV   RU   QR   chaQge   iQ   PaVV   RccXUV   dXUiQg   QeaU-fieOd   agiQg.   

�1 HRZeYeU,   WheUe   iV   cXUUeQWO\   QR   UeOiabOe   SUedicWRU   Rf   hRZ   VPRNe   aeURVRO   PaVV   (QRUPaOi]ed   fRU   diOXWiRQ)   Pa\   chaQge   fRU   a   

�2 giYeQ   fiUe.   

�3 EYROXWiRQ   Rf   WRWaO   aeURVRO   QXPbeU,   Vi]e,   aQd   cRPSRViWiRQ   iV   cUiWicaO   fRU   iPSURYiQg   TXaQWiWaWiYe   XQdeUVWaQdiQg   Rf   hRZ   

�4 biRPaVV   bXUQ   VPRNe   SOXPeV   iPSacW   cOiPaWe.    TheVe   iPSacWV   iQcOXde   VPRNe   aeURVROV¶   abiOiWieV   WR   bRWh   acW   aV   cORXd   

�5 cRQdeQVaWiRQ   QXcOei   (CCN)   aQd   WR   VcaWWeU/abVRUb   VROaU   UadiaWiRQ,   each   Rf   Zhich   iV   deWeUPiQed   b\   SaUWicOe   Vi]e   aQd   

�6 cRPSRViWiRQ    (AObUechW,   1989;   PeWWeUV   aQd   KUeideQZeiV,   2007;   SeiQfeOd   aQd   PaQdiV,   2006;   TZRPe\,   1974;   WaQg   eW   aO.,   2008) .   

�7 PaUWicOeV   caQ   iQcUeaVe   RU   decUeaVe   iQ   Vi]e   aV   ZeOO   aV   XQdeUgR   cRPSRViWiRQaO   chaQgeV   WhURXgh   cRQdeQVaWiRQ   RU   eYaSRUaWiRQ   Rf   

�� PRUe   YROaWiOe   cRPSRXQdV YaSRUV .   IQ   cRQWUaVW,   cRagXOaWiRQ   aOZa\V   decUeaVeV   WRWaO   QXPbeU   cRQceQWUaWiRQV   aQd   iQcUeaVeV   

�� aYeUage   SaUWicOe   diaPeWeU . ;     P S OXPeV   ZiWh   higheU    aeURVRO   QXPbeU    cRQceQWUaWiRQV   ZiOO   XQdeUgR   PRUe   cRagXOaWiRQ   WhaQ   WhRVe   

100 ZiWh   ORZeU   cRQceQWUaWiRQV    (SaNaPRWR   eW   aO.,   2016) .     

101 BeiQg   abOe   WR   SUedicW   VPRNe   aeURVRO   PaVV,   QXPbeU,   Vi]e,   aQd   cRPSRViWiRQ   accXUaWeO\   iV   aQ   eVVeQWiaO   cRPSRQeQW   iQ   

102 cRQVWUaiQiQg   Whe   iQfOXeQce   Rf   fiUeV   RQ   cOiPaWe,   aiU   TXaOiW\,   aQd   heaOWh.   FiUeV   iQ   Whe   ZeVWeUQ   UQiWed   SWaWeV   UegiRQ   aUe   SUedicWed   

103 WR   iQcUeaVe   iQ   Vi]e,   iQWeQViW\,   aQd   fUeTXeQc\    (DeQQiVRQ   eW   aO.,   2014;   FRUd   eW   aO.,   2018;   SSUacNOeQ   eW   aO.,   2009;   YXe   eW   aO.,   2013) .   

104 IQ   UeVSRQVe,   VeYeUaO   OaUge   fieOd   caPSaigQV   haYe   WaNeQ   SOace   iQ   Whe   OaVW   7   \eaUV   e[aPiQiQg   ZiOdfiUeV   iQ   WhiV   UegiRQ   ( KOeiQPaQ   

105 eW   aO.,   2020 KOeiQPaQ   aQd   SedOaceN   2016 ;   GaURfaOR   eW   aO.   2019 ;   PaOP   eW   aO.,   2020 ).   HeUe,   Ze   SUeVeQW   VPRNe   SOXPe   
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106 RbVeUYaWiRQV   fURP   Whe   BiRPaVV   BXUQiQg   ObVeUYaWiRQ   PURMecW   (BBOP)   caPSaigQ   Rf   aeURVRO   SURSeUWieV   fURP   fiYe   UeVeaUch   

107 fOighWV   VaPSOiQg   ZiOdfiUeV   dRZQZiQd   iQ   VeYeQ   SVeXdR-LagUaQgiaQ   VeWV   Rf   WUaQVecWV   WR   iQYeVWigaWe   Whe   eYROXWiRQ   Rf   OA   PaVV   

10� aQd   R[idaWiRQ   VWaWe,   aeURVRO   QXPbeU,   aQd   aeURVRO    QXPbeU    PeaQ   diaPeWeU.   A   UaQge   Rf   iQiWiaO   (aW   Whe   WiPe   Rf   Whe   fiUVW   SOXPe   SaVV   

10� iQ   Whe   aiUcUafW)   SOXPe   OA   PaVV   cRQceQWUaWiRQV   ZeUe   caSWXUed   ZiWhiQ   WheVe   fOighWV   aQd    VXfficieQWO\    faVW   (1   VecRQd)   

110 PeaVXUePeQWV   Rf   aeURVROV   aQd   Ne\   YaSRUV   ZeUe   WaNeQ.    The   WiPe   UeVROXWiRQ   Rf   Whe   daWa   ZaV   gUeaW   eQRXgh   WhaW   Ze   haYe   beeQ   

111 abOe   WR    We    VegUegaWe   each   WUaQVecW   iQWR   edge,   cRUe,   RU   iQWeUPediaWe   UegiRQV   Rf   Whe   SOXPe   aQd   e[aPiQe   aeURVRO   SURSeUWieV   

112 ZiWhiQ   Whe   cRQWe[W   Rf   bRWh   Whe   ORcaWiRQ   ZiWhiQ   Whe   SOXPe   (edge,   cRUe,   RU   iQWeUPediaWe)   aQd   Whe   iQiWiaO   OA   PaVV   ORadiQg   Rf   Whe   

113 giYeQ   ORcaWiRQ.   The   diffeUeQceV   iQ   aeURVRO   ORadiQg   VeUYe   aV   a   SUR[\   fRU   diffeUeQceV   iQ    iQiWiaO   fiUe   aQd   SOXPe   Vi]eV,   PaVV   fOX[eV,   

114 aQd   VXbVeTXeQW   aPRXQW   Rf    diOXWiRQ .     UaWeV ,     aV   W T he   e[WeQW   WR   Zhich   diOXWiRQ   haV   RccXUUed   SUiRU   WR   Whe   fiUVW   RbVeUYaWiRQ   iV   QRW   a   

115 PeaVXUabOe   TXaQWiW\ ,   aQd   fiUe   Vi]eV   aQd   PaVV   fOX[eV   ZeUe   QRW   eVWiPaWed   aV   a   SaUW   Rf   Whe   BBOP   caPSaigQ .   We   cUeaWe   

116 PaWhePaWicaO   fiWV   fRU   SUedicWiQg   OA   R[idaWiRQ   PaUNeUV   aQd   PeaQ   SaUWicOe   diaPeWeU   giYeQ   iQiWiaO   SOXPe    OA    PaVV   

117 cRQceQWUaWiRQ    aQd   Sh\VicaO   age   (WiPe)   Rf   Whe   VPRNe.   TheVe   fiWV   Pa\   be   XVed   WR   eYaOXaWe   RWheU   VPRNe   daWaVeWV   aQd   aVViVW   iQ   

11� bXiOdiQg   SaUaPeWeUi]aWiRQV   fRU   UegiRQaO   aQd   gORbaO   cOiPaWe   PRdeOV   WR   beWWeU-SUedicW   VPRNe   aeURVRO   cOiPaWe   aQd   heaOWh   

11� iPSacWV.   

120 2   MeWhodV     

121 The   BBOP   fieOd   caPSaigQ   RccXUUed   iQ   2013   aQd   iQcOXded   a   deSOR\PeQW   Rf   Whe   UQiWed   SWaWeV   DeSaUWPeQW   Rf   EQeUg\   

122 GXOfVWUeaP   1   (G-1)   UeVeaUch   aiUcUafW   iQ   Whe   Pacific   NRUWhZeVW   UegiRQ   Rf   Whe   UQiWed   SWaWeV    (KOeiQPaQ   aQd   SedOaceN,   2016;   

123 SedOaceN   eW   aO.,   2018)    fURP   JXQe   15   WR   SeSWePbeU   13.   We   aQaO\]e   fiYe   cORXd-fUee   BBOP   UeVeaUch   fOighWV   WhaW   had   VeYeQ   WRWaO   

124 VeWV   Rf   acURVV-SOXPe   WUaQVecWV   WhaW   fROORZed   Whe   VPRNe   SOXPe   dRZQZiQd   iQ   a   LagUaQgiaQ   PaQQeU   (Vee   FigV.   S1-S6   fRU   

125 e[aPSOeV;   TabOe   S1)   fURP   aSSUR[iPaWeO\   15   PiQXWeV   afWeU   ePiVViRQ   WR   2-4   hRXUV   dRZQZiQd    (KOeiQPaQ   aQd   SedOaceN,   2016) .   

126 The   G-1   VaPSOiQg   VeWXS   iV   deVcUibed   iQ    (KOeiQPaQ   aQd   SedOaceN,   2016;   SedOaceN   eW   aO.,   2018;   KOeiQPaQ   eW   aO.,   2020) .   

127 NXPbeU   Vi]e   diVWUibXWiRQV   ZeUe   RbWaiQed   ZiWh   a   FaVW-iQWegUaWiQg   MRbiOiW\   SSecWURPeWeU   (FIMS),   SURYidiQg   SaUWicOe   

12� Vi]e   diVWUibXWiRQV   QRPiQaOO\   fURP   aSSUR[iPaWeO\   20-350   QP    (KXONaUQi   aQd   WaQg,   2006;   OOfeUW   aQd   WaQg,   2009) ;   daWa   ZaV   

12� aYaiOabOe   beWZeeQ   20-262   QP   fRU   Whe   fOighWV   XVed   iQ   WhiV   VWXd\.   A   SRRW   PhRWRPeWeU   AeURVRO   MaVV   SSecWURPeWeU   (SP-AMS)   

130 SURYided   RUgaQic   aQd   iQRUgaQic   (VXOfaWe,   chORUiQe,   QiWUaWe,   aPPRQiXP)    aeURVRO   PaVV   cRQceQWUaWiRQ   Rf   PM 1    (VXb-PicURQ   

131 aeURVRO)     PM1   aeURVRO   PaVVeV    (CaQagaUaWQa   eW   aO.   2007) ,   VeOecW   fUacWiRQaO   cRPSRQeQWV   (Whe   fUacWiRQ   Rf   Whe   AMS   OA   VSecWUa   aW   

132 a   giYeQ   PaVV-WR-chaUge   UaWiR)    (OQaVch   eW   aO.,   2012) ,   aQd   eOePeQWaO   aQaO\ViV   (O/C   aQd   H/C)    (AiNeQ   eW   aO.,   2008;   CaQagaUaWQa   

133 eW   aO.,   2015) .    E[WeQded   deWaiOV   RQ   Whe   SP-AMS   aUe   SURYided   iQ   Te[W   S1   iQ   Whe   VXSSOePeQWaU\   iQfRUPaWiRQ,    aQd bXW    a   bUief eU   

134 RYeUYieZ   iV   giYeQ   heUe.    The   SP-AMS   had    iWV Whe    higheVW   VeQViWiYiW\   beWZeeQ   70-500   QP,   dURSSiQg   WR   50%    Rf   SeaN   

135 VeQViWiYiW\ WUaQVPiVViRQ   efficieQc\    b\   1000   QP    (LiX   eW   aO.   2007) .    IW   ZaV   chaUacWeUi]ed   WR   haYe   a   cROOecWiRQ   efficieQc\   Rf   0.5   

136 ZheQ   Whe   iQVWUXPeQW¶V   OaVeU   ZaV   Rff   aQd   0.76   ZheQ   Whe   iQVWUXPeQW¶V   OaVeU   ZaV   RQ   dXUiQg   Whe   BBOP   caPSaigQ,   aQd   WheVe   

137 cRUUecWiRQV   haYe   beeQ   aSSOied   WR   Whe   daWa.    TheUe   iV    VXbVWaQWiaO    eYideQce    fURP   RWheU   VWXdieV   WhaW   Whe iQ   Whe   SXbOiVhed   OiWeUaWXUe   
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13� fRU   Whe    CE   Rf   Whe   WXQgVWeQ   YaSRUi]eU   (OaVeU   Rff   PRde)   (LiP   eW   aO.,   2019)   aQd   Whe   OaVeU   YaSRUi]eU   (OaVeU   RQ   PRde)    ( WiOOiV   eW   aO.,   

13� 2014 )    WR   chaQge   aV   a   fXQcWiRQ   Rf   chePicaO   cRPSRViWiRQ,   UBC   cRaWiQg   WhicNQeVV,   Vi]e,   aQd   VSheUiciW\    iQ   OabRUaWRU\   VWXdieV   

140 (MiddOebURRN   eW   aO.,   2012;   WiOOiV   eW   aO.,   2014;   CRUbiQ   eW   aO.,   2015;   MaVVROi   eW   aO.,   2015;   CROOieU   eW   aO.,   2018) .    aQd   iQ   aiUcUafW   

141 RbVeUYaWiRQV    (KOeiQPaQ   eW   aO.   2007) .   ReVXOWV   SeUWiQeQW   WR   chaQgeV   iQ   CE   dXe   WR   agiQg   iQ   VPRNe   SOXPeV   aUe   VcaUce   (Vee   

142 diVcXVViRQ   iQ   KOeiQPaQ   eW   aO.,   2020).     UQfRUWXQaWeO\   fRU   YaUiRXV   UeaVRQV,   iQVWUXPeQW   cRPSaUiVRQV   Rf   PeaVXUePeQWV   Rf   PM1   

143 PaVV   ORadiQg   cRQceQWUaWiRQV   ZeUe   YeU\   OiPiWed   dXUiQg   BBOP,   VXch   WhaW   WheUe   dReV   QRW   e[iVW   a   XVefXO   eVWiPaWe   Rf   a   chaQgiQg   

144 CE   fRU   eiWheU   SP-AMS   YaSRUi]eU   ZiWh   chaQgiQg   SOXPe   cRQdiWiRQV,   VR   Z W e   aVVXPe   WheVe   CEV   fRU   Whe   OaVeU   RQ   aQd   Rff   PRdeV  

145 aUe WR   be    cRQVWaQW   iQ   VSace   aQd   WiPe .    We   dR   QRW   aWWePSW   WR   chaUacWeUi]e   ZheWheU   Whe   cROOecWiRQ   efficieQc\   Rf   Whe   SP-AMS   

146 chaQgeV   aV   Whe   aeURVRO   ageV ,   Zhich   iV   a   OiPiWaWiRQ   Rf   WhiV   VWXd\ .    ThiV   Pa\   be   a   OiPiWaWiRQ   Rf   WhiV   VWXd\,   aV   cROOecWiRQ   efficieQc\   

147 haV   beeQ   UeceQWO\   RbVeUYed   WR   decUeaVe   ZiWh   agiQg   ZiWhiQ   a   OabRUaWRU\   VWXd\   Rf   biRPaVV   bXUQiQg    (LiP   eW   aO.   2019) .   HRZeYeU,   

14� QR   cRQViVWeQW   eYideQce   Rf   chaQgiQg   cROOecWiRQ   efficieQcieV   iQ   fieOd   VWXdieV   e[iVW   \eW.    We   XVe   Whe    caOcXOaWed     f �0     aQd     f 44   

14� fUacWiRQ V     aO   cRPSRQeQWV    (Whe   PaVV   cRQceQWUaWiRQV   Rf   P/]   60   aQd   44   QRUPaOi]ed   b\   Whe   WRWaO   OA   PaVV   cRQceQWUaWiRQ)   aQd   O/C   

150 aQd   H/C   eOePeQWaO   UaWiRV   Rf   OA   aV   WUaceUV   Rf   VPRNe   aQd   R[idaWiYe   agiQg.   EOeYaWed    f �0    YaOXeV   aUe   iQdicaWiYe   Rf   

151 ³OeYRgOXcRVaQ-OiNe´   VSecieV   (OeYRgOXcRVaQ   aQd   RWheU   PROecXOeV   WhaW   ViPiOaUO\   fUagPeQW   iQ   Whe   AMS)    (AiNeQ   eW   aO.,   2009;  

152 CXbiVRQ   eW   aO.,   2011;   Lee   eW   aO.,   2010)    aQd   aUe    NQRZQ VhRZQ   WR   be    WUaceUV   Rf   VPRNe   SUiPaU\   RUgaQic   aeURVRO   (POA)    (CXbiVRQ   

153 eW   aO.,   2011) .    The      f 44 ,   Whe   OA       fUacWiRQaO   cRPSRQeQW    RbVeUYed   b\   Whe   SP-AMS   aV   Whe   iRQ   fUagPeQW     (aUiViQg   fURP   SUiPaUiO\   

154 CO 2 +   aV   ZeOO   aV   VRPe   acid   gURXSV ,    ;   )    iV    a   SUR[\   fRU iQdicaWiYe   Rf    SOA   aUiViQg   fURP   R[idaWiYe   agiQg    (AOfaUUa   eW   aO.,   2004;   

155 CaSSa   aQd   JiPeQe],   2010;   JiPeQe]   eW   aO.,   2009;   VRONaPeU   eW   aO.,   2006) .   FUacWiRQaO   cRPSRQeQWV    f �0     aQd     f 44       haYe   beeQ   VhRZQ   

156 WR   decUeaVe   aQd   iQcUeaVe   ZiWh   ShRWRchePicaO   agiQg,   UeVSecWiYeO\,   OiNeO\   dXe   WR   bRWh   eYaSRUaWiRQ   aQd/RU   R[idaWiRQ   Rf   

157 VePiYROaWiOe       f �0 -cRQWaiQiQg    VSecieV    WhaW   cRQWUibXWe   WR   P/]   60   iQ   Whe   SP-AMS    aQd   addiWiRQ   Rf   R[idi]ed     f 44 -cRQWaiQiQg    VSecieV   

15� WhaW   cRQWUibXWe   WR   P/]   44   iQ   Whe   SP-AMS     (AOfaUUa   eW   aO.,   2004;   HXffPaQ   eW   aO.,   2009) .   O/C   WeQdV   WR   iQcUeaVe   ZiWh   R[idaWiYe   

15� agiQg    (DecaUOR   eW   aO.,   2008)    ZheUeaV   H/C   UaQgeV   fURP   iQcUeaViQg   WR   decUeaViQg   ZiWh   R[idaWiYe   agiQg,   deSeQdiQg   RQ   Whe   W\SeV   

160 Rf   UeacWiRQV   RccXUUiQg   (HeaOd   eW   aO.,   2009).   ChaQgeV   iQ   O/C   aQd   H/C    (aV   ZeOO   aV   chaQgeV   iQ   WRWaO   OA   PaVV,   QXPbeU,      f 44 ,   aQd   

161 f �0 )    aUe   aOVR   iQfOXeQced   b\   Pi[iQg   Rf   diffeUeQW   aiU   PaVVeV   aQd   cR-R[idaWiRQ   Rf   diffeUeQW   VOC   SUecXUVRUV    (CheQ   eW   aO.   2015) .   

162 TUacNiQg   H/C   ZiWh   agiQg   Pa\   SURYide   cOXeV   XSRQ   Whe   W\SeV   Rf   UeacWiRQV   WhaW   Pa\   be   RccXUUiQg;   hRZeYeU,   YaUiabOe   R[idaWiRQ   

163 WiPeVcaOeV   caQ   PaNe   iQfeUeQceV   Rf   WhiV   W\Se   difficXOW    (CheQ   eW   aO.   2015) .   A   SiQgOe-PaUWicOe   SRRW   PhRWRPeWeU   (SP2;   DURSOeW   

164 MeaVXUePeQW   TechQRORgieV)   ZaV   XVed   WR   PeaVXUe   UefUacWRU\   bOacN   caUbRQ   (BC)   beWZeeQ   80-500   QP    (SchZaU]   eW   aO.   2010)   

165 WhURXgh   OaVeU-iQdXced   iQcaQdeVceQce    (MRWeNi   aQd   KRQdR,   2010;   SchZaU]   eW   aO.,   2006) .   AQ   Off-A[iV   IQWegUaWed-CaYiW\   

166 OXWSXW   SSecWURVcRS\   iQVWUXPeQW   (LRV   GaWRV,   MRdeO   907)     SURYided     PeaVXUed    CO    cRQceQWUaWiRQV PeaVXUePeQWV .    AQ   SPN1   

167 UadiRPeWeU    (BadRVa   eW   aO.,   2014;   LRQg   eW   aO.,   2010)    PeaVXUed    SURYided    WRWaO   VhRUWZaYe   iUUadiaQce.    KOeiQPaQ   eW   aO.    ( 2020 )   

16� SURYideV   e[WeQViYe   deWaiOV   fRU   Whe   BBOP   iQVWUXPeQWV   XVed   iQ   WhiV   ZRUN.   The   VXSSRUWiQg   iQfRUPaWiRQ   aOVR   iQcOXdeV   PRUe   

16� deWaiOV   RQ   Whe   iQVWUXPeQWV   XVed.     

170 TR   deWeUPiQe   Whe   cRQWUibXWiRQ    WR Rf     Whe   cRQceQWUaWiRQ   Rf    VSecieV   X    cRQceQWUaWiRQV     fURP   VPRNe    ePiVViRQV   (ǻX) ,   Whe   

171 bacNgURXQd   cRQceQWUaWiRQ   Rf   X   iV   VXbWUacWed   Rff    Rf   Whe   PeaVXUed   iQ-SOXPe   VSecieV   cRQceQWUaWiRQV     (ǻX) .   TR   cRUUecW   fRU   
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172 diOXWiRQ,   Ze   QRUPaOi]e   ǻX   b\   bacNgURXQd-cRUUecWed   CO   (ǻCO),   Zhich   iV   iQeUW   RQ   WiPeVcaOeV   Rf   QeaU-fieOd   agiQg    (YRNeOVRQ   eW   

173 aO.,   2009) .   IQcUeaVeV   RU   decUeaVeV   Rf   ǻX/ǻCO    aORQg   Whe   LagUaQgiaQ   fOighW   SaWh     ZiWh   WiPe    iQdicaWe   ZheWheU   Whe   WRWaO   aPRXQW   Rf   

174 X   iQ   Whe   SOXPe   haV   iQcUeaVed   RU   decUeaVed    (iPSO\iQg   SURdXcWiRQ   RU   UePRYaO)    ViQce   WiPe   Rf   ePiVViRQ.    The   bacNgURXQd   

175 cRQceQWUaWiRQ   Rf   X   iV   deWeUPiQed   aV   a   UegiRQaO   aYeUage   Rf   Whe   RbVeUYed   RXW-Rf-SOXPe   cRQceQWUaWiRQV   Rf   X.   TR   aYRid   XViQg   

176 VPRNe-iPSacWed   PeaVXUePeQWV   Ze   aSSO\   a   WhUeVhROd   Rf   RQO\   XViQg   PeaVXUePeQWV   Rf   X   WhaW   RccXU   iQ   UegiRQV   WhaW   cRUUeVSRQd   

177 WR   Whe   ORZeVW   10%   Rf   CO   daWa.   We   deWeUPiQe   Whe   ORZeVW   10%   Rf   CO    cRQceQWUaWiRQV daWa   RQO\   XViQg    fURP   each   fOighW   dXUiQg   

17� WiPe   SeUiRdV   ZiWh   a   ViPiOaU   aOWiWXde,   OaWiWXde,   aQd   ORQgiWXde   aV   Whe   VPRNe   SOXPe    iQ   RUdeU   WR   e[cOXde   fOighW   daWa   WaNeQ   fO\iQg   WR   

17� RU   fURP   each   SOXPe .      We   SeUfRUP   VeQViWiYiW\   caOcXOaWiRQV   RQ   RXU   aVVXPSWiRQV   Rf   bacNgURXQd   UegiRQV   aQd   diVcXVV   WheP   iQ   

1�0 SecWiRQ   3.    We   bacNgURXQd   cRUUecW   Whe   QXPbeU   Vi]e   diVWUibXWiRQ,   OA,   O,   H,   C,   aQd   BC   daWa   iQ   WhiV   PaQQeU   b\   deWeUPiQiQg   aQ   

1�1 aYeUage   UegiRQaO   bacNgURXQd   fRU   each   VSecieV   b\   XViQg   Whe   ORZeVW   10%   Rf   Whe   CO   daWa   fRU   a   giYeQ   fOighW   ZiWh   a   ViPiOaU   

1�2 aOWiWXde,   OaWiWXde,   aQd   ORQgiWXde   aV   Whe   VPRNe   SOXPe.   

1�3 MaVV   cRQceQWUaWiRQV   Rf    EOePeQWa O   O,   H,   aQd   C   aUe   caOcXOaWed   XViQg   Whe   O/C   aQd   H/C   aQd   OA   daWa   fURP   Whe   

1�4 SP-AMS   (aVVXPiQg   aOO   Rf   Whe   OA   PaVV   iV   fURP   O,   C,   aQd   H),   aOORZiQg   XV   WR   caOcXOaWe    Whe   bacNgURXQd-cRUUecWed   OA   aWRPic   

1�5 UaWiRV,    ǻO/ǻC ,    aQd   ǻH/ǻC,   fROORZiQg   eTXaWiRQ   1   (ZheUe   X   =   O   RU   H):   

1�6 ¬ƋX
¬ƋC = ¬

(X ¬ ¬X )in plXme oXW of  plXme

(C ¬ ¬C )in plXme oXW of  plXme
ET.   1   

1�7 We   QRWe   WhaW   aQ\   QRQ-OiQeaU   chaQgeV   iQ   chePiVWU\   aQd   cRPSRViWiRQ   beWZeeQ   Whe   SOXPe   aQd   bacNgURXQd   ZiOO   QRW   SeUfecWO\   

1�� iVROaWe   Whe   eOePeQWaO   facWRUV   iQ   VPRNe.   We   aOVR   bacNgURXQd-cRUUecW      fUacWiRQaO    f �0     aQd     f 44     (XViQg   Whe   PaVV   cRQceQWUaWiRQV   Rf   

1�� P/]   60,   P/]   44,   aQd   OA   iQVide   aQd   RXWVide   Rf   Whe   SOXPe),   bXW   Ze   dR   QRW   QRUPaOi]e   b\   CO   dXe   WR   WheVe   YaOXeV   aOUead\   beiQg   

1�0 QRUPaOi]ed   b\   OA,   fROORZiQg   eTXaWiRQ   2   (ZheUe    f    =    f �0    RU    f 44 ):   

1�1 f ¬Ƌ = ¬ ƋOA
(f OA )¬ ¬(f OA )in in oXW oXW ET.   2   

1�2 We   RQO\   cRQVideU   daWa   WR   be   iQ-SOXPe   if   Whe   abVROXWe   CO   >=   150   SSbY . ,   aV   cRPSaUiVRQV   Rf   CO   aQd   Whe   QXPbeU   cRQceQWUaWiRQ   

1�3 VhRZ   WhaW   iQ-SOXPe   daWa   haV   CO   >150   SSbY   aQd   RXW-Rf-SOXPe   (bacNgURXQd)   daWa   haV   CO   <   150   SSbY.    ThiV   WhUeVhROd   aSSeaUV   

1�4 WR   be   caSWXUiQg   cOeaU   SOXPe   feaWXUeV    aV   VeeQ   iQ   Whe   QXPbeU   cRQceQWUaWiRQ    ZhiOe   e[cOXdiQg   bacNgURXQd   aiU   (FigV.   S7-S11).    We   

1�5 QRWe   WhaW   Ze   XVe   diffeUeQW   defiQiWiRQV   Rf   iQ-SOXPe   aQd   bacNgURXQd   ( i.e e.g .   Whe   ORZeVW   10%   Rf   CO   PeaVXUePeQWV)   iQ   RUdeU   WR   

1�6 SURYide   a   bXffeU   beWZeeQ   Whe   SOXPe   aQd   bacNgURXQd   WR   eQVXUe   WR   Whe   beVW   Rf   RXU   abiOiWieV   WhaW   Ze   aUe   caSWXUiQg   QRQ-VPRNe   

1�7 iPSacWed   aiU   fRU   Whe   bacNgURXQd   aQd   VPRNe-iPSacWed   aiU   fRU   iQ-SOXPe   caVeV.   The   UegiRQV   Rf   Whe   ORZeVW   10%   Rf   CO   

1�� PeaVXUePeQWV   aOZa\V   faOO   XQdeU   150   SSbY   (FigV.   S7-S11).      SiPiOaUO\,   Ze   e[cOXde   Whe   ORZeVW   5%   Rf   CO   daWa   iQ   Whe   iQ-SOXPe   

1�� PeaVXUePeQWV   iQ   RXU   aQaO\VeV   WR   SURYide   a   fXUWheU   bXffeU   beWZeeQ   VPRNe-iPSacWed   aQd   bacNgURXQd   aiU.     We   SeUfRUP   

200 VeQViWiYiW\   aQaO\VeV   Rf   RXU   UeVXOWV   WR   RXU   aVVXPSWiRQV   abRXW   bacNgURXQd   aQd   iQ-SOXPe   YaOXeV   iQ   SecWiRQ   3.   FigXUeV   S2-S6   

201 iQdicaWe   Whe   ORcaWiRQV   Rf   Whe   ORZeVW   10%   Rf   CO   fRU   each   fOighW.     

202 FURP   Whe   FIMS,   Ze   e[aPiQe   Whe   bacNgURXQd-cRUUecWed,   QRUPaOi]ed   QXPbeU   cRQceQWUaWiRQV   Rf   SaUWicOeV   ZiWh   

203 PRbiOiW\    diaPeWeUV   beWZeeQ   40-262   QP,   ǻN/ǻCO.   ThiV   Vi]e   UaQge   aOORZV   XV   WR   e[cOXde   SRWeQWiaO   iQfOXeQce   Rf   fUeVh   

204 QXcOeaWiRQ   XSRQ   Whe   WRWaO   QXPbeU   cRQceQWUaWiRQV .   OccaViRQaOO\,   Whe    bacNgURXQd-cRUUecWed,   QRUPaOi]ed    QXPbeU   cRQceQWUaWiRQ   
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205 iQ   Whe   FIMS    Vi]e   UaQge QXPbeU   cRQceQWUaWiRQ    beWZeeQ   20-40   QP   iQcUeaVeV   b\   1-2   RUdeUV   Rf   PagQiWXde    UeOaWiYe   WR   W\SicaO   

206 SOXPe   cRQdiWiRQV ,   iQdicaWiQg   SRVVibOe   QXcOeaWiRQ   eYeQWV,   SUiPaU i O\   aW   Whe   edgeV   RU   iQ   beWZeeQ   VPRNe   SOXPeV     ,   aV   Whe   bXON   Rf   

207 RbVeUYed   QeZO\   fRUPed   SaUWicOeV   RbVeUYed   feOO   beORZ   40   QP    (FigV.   S7-S11).   SPRNe   SOXPeV   cRQWaiQ   SaUWicOeV   ZiWh   diaPeWeUV   

20� OaUgeU   WhaQ   262   QP    (JaQhlOO   eW   aO.,   2009) , :     WhXV aQd   VR   aOWhRXg h ,    Ze   caQQRW   SURYide   WRWaO   QXPbeU   cRQceQWUaWiRQV ,   bXW ,    Ze   caQ  

20� iQfeU   hRZ    Whe   eYROXWiRQ   Rf    ǻN/ǻCO    ZiWhiQ   RXU   RbVeUYed   Vi]e   UaQge   eYROYeV ZiOO   iPSacW   QXPbeU   cRQceQWUaWiRQV   RYeUaOO .   We   

210 aOVR   RbWaiQ   aQ   eVWiPaWe   Rf   hRZ   Whe    QXPbeU    PeaQ   diaPeWeU   beWZeeQ   40-262   QP,   ,   chaQgeV   ZiWh   agiQg   WhURXgh:  DS  

211   

212 DS = ƙN i

ƙN Di p, i ET.   3     

213   

214 Z W heUe    N L     aQd    D S,   L  
    aUe   Whe   QXPbeU   cRQceQWUaWiRQ   aQd   geRPeWUic   PeaQ   diaPeWeU   ZiWhiQ   each   FIMS   Vi]e   biQ,   UeVSecWiYeO\.     

215 AOO   Rf   Whe   daWa   aUe   SURYided   aW   1   H]   aQd   aOO   bXW   Whe   SP-AMS   fUacWiRQaO   cRPSRQeQW   daWa   aUe   aYaiOabOe   RQ   Whe   DOE   

216 ARM   Zeb   aUchiYe   ( hWWSV://ZZZ.aUP.gRY   /UeVeaUch/caPSaigQV/aaf2013bbRS ).   AV   Whe   SOaQe   WUaYeOed   aW   aSSUR[iPaWeO\     100   P   
217 V -1    RQ   aYeUage,   daWa   ZeUe   cROOecWed   eYeU\   100   P   acURVV   Whe   SOXPe.   The   SOXPeV   VSaQQed   fURP   aSSUR[iPaWeO\   5-50   NP   Zide   

21� (FigV.   S2-6).   The   iQVWUXPeQWV   XVed   heUe   had   a   YaUieW\   Rf   WiPe   OagV   (aOO   <10   VecRQdV)   UeOaWiYe   WR   a   TSI   3563   QeSheORPeWeU   XVed   

21� aV   UefeUeQce.   The   FIMS   aOVR   VhRZed   addiWiRQaO   VPeaUiQg   iQ   fOXVhiQg   VPRN\   aiU   ZiWh   cOeaQeU   aiU   ZheQ   e[iWiQg   Whe   SOXPe   ZiWh   

220 Pa[iPXP   RbVeUYed   fOXVhiQg   WiPeVcaOeV   aURXQd   30   VecRQdV,   bXW   geQeUaOO\   OeVV   (Fig.   S12).   TR   WeVW   if   WheVe   OagV   iPSacW   RXU   

221 UeVXOWV,   Ze   SeUfRUP   aQ   addiWiRQaO   aQaO\ViV   ZheUe   Ze   RQO\   cRQVideU   Whe   fiUVW   haOf   Rf   each   iQ-SOXPe   WUaQVecW,   ZheQ   

222 cRQceQWUaWiRQV   aUe   geQeUaOO\   UiViQg   ZiWh   WiPe   (FigXUe   S12-S13),   aQd   RXU   PaiQ   cRQcOXViRQV   aUe   XQaffecWed.   We   dR   QRW   WeVW   Whe   

223 iPSacWV   Rf   RWheU   WiPe   OagV   aQd   dR   QRW   aWWePSW   WR   fXUWheU   cRUUecW   Whe   daWa   fRU   aQ\   WiPe   OagV.   KOeiQPaQ   eW   aO.   (2020)   SURYideV   

224 fXUWheU   iQfRUPaWiRQ   RQ   iQVWUXPeQW   WiPe   deOa\V   dXUiQg   BBOP.     

225 We   XVe   MODIS   TeUUa   aQd   ATXa   fiUe   aQd   WheUPaO   aQRPaOieV   deWecWiRQ   daWa   WR   deWeUPiQe   fiUe   ORcaWiRQV    (GigOiR   eW   aO.,   

226 2006,   2008) .   We   eVWiPaWe   Whe   fiUe   ceQWeU   WR   be   Whe   aSSUR[iPaWe   ceQWeU   Rf   aOO   cOXVWeUed   MODIS   deWecWiRQ   SRiQWV   fRU   a   giYeQ   

227 VaPSOed   fiUe   (FigV.   S1-S6).   The   WUXe   fiUe   ORcaWiRQ   aW   Whe   WiPe   Rf   VaPSOiQg   iV   OiNeO\   diffeUeQW   WhaQ   Whe   MODIS   eVWiPaWeV,   

22� deSeQdiQg   RQ   Whe   VSeed   Rf   Whe   fiUe   fURQW.   TR   eVWiPaWe   Whe   Sh\VicaO   age   Rf   Whe   SOXPe,   Ze   XVe   Whe   eVWiPaWed   fiUe   ceQWeU   aV   ZeOO   

22� aV   Whe   WRWaO   FIMS   QXPbeU   cRQceQWUaWiRQ   WR   deWeUPiQe   aQ   aSSUR[iPaWe   ceQWeUOiQe   Rf   Whe   SOXPe   aV   Whe   VPRNe   WUaYeOV   dRZQZiQd   

230 (aQ   e[aPSOe   iV   SURYided   iQ   Fig.   S1).   The   ceQWeUOiQe   iV   VXbMecWiYeO\    chRVeQ SOaced     WR   aWWePSW      WR    aSSUR[iPaWeO\    caSWXUe   Whe  

231 PRVW-cRQceQWUaWed   SRUWiRQ   Rf    Whe   WRWaO   QXPbeU   cRQceQWUaWiRQ   fRU    each   SOXPe   SaVV    (aV   eVWiPaWed   XViQg   WRWaO   aeURVRO   QXPbeU   

232 cRQceQWUaWiRQV) ,   aV   Ze   fRcXV   RQ   aeURVRO   SURSeUWieV    aQd   WheiU   UeOaWiRQV   WR   diOXWiRQ    iQ   WhiV   VWXd\ .   We   XVe   Whe   PeaQ   ZiQd   VSeed   

233 aQd   WhiV   eVWiPaWed   ceQWeUOiQe   WR   caOcXOaWe   aQ   eVWiPaWed   Sh\VicaO   age   fRU   each   WUaQVecW,   aQd   WhiV   Sh\VicaO   age   iV   aVVXPed   WR   be   

234 cRQVWaQW   acURVV   Whe   WUaQVecW,   aV   SOXPe   cURVViQgV   WRRN   beWZeeQ   50-500   VecRQdV ;   hRZeYeU,   WUaQVecWV   WhaW   ZeUe   QRW   SeUfecWO\   

235 WaQgeQWiaO   WR   Whe   PeaQ   ZiQd   ZRXOd   haYe   VaPSOed   diffeUeQW   SOXPe   ageV   RQ   Whe   RSSRViWe   VideV   Rf   Whe   SOXPe .   We   did   QRW   

236 SURSagaWe   XQceUWaiQW\   iQ   fiUe   ORcaWiRQ,   ZiQd   VSeed,   RU   ceQWeUOiQe   WhURXgh   WR   Whe   Sh\VicaO   age,   Zhich   iV   a   OiPiWaWiRQ   Rf   WhiV   

237 VWXd\.   
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23� 3   ReVXlWV   and   diVcXVVion     

23� AV   a   caVe   e[aPSOe,   Ze   e[aPiQe   Whe   agiQg   SURfiOeV   Rf   VPRNe   fURP   Whe   CRORcNXP   fiUe   dXUiQg   Whe   fiUVW   VeW   Rf   

240 SVeXdR-LagUaQgiaQ   WUaQVecWV    fRU RQ    fOighW   730b   (TabOe   S1).    FigXUe   1   SURYideV   ǻOA/ǻCO,   ǻBC/ǻCO ,     ǻ f �0    ,    ǻ f 44 ,   ǻH/ǻC,   

241 ǻO/ǻC,      ǻN/ǻCO,   aQd     aV   a   fXQcWiRQ   Rf   Whe   eVWiPaWed   Sh\VicaO   age;   FigV.   S14-S18   SURYideV   WhiV   iQfRUPaWiRQ   fRU   Whe   RWheU  DS  

242 SVeXdR-LagUaQgiaQ   WUaQVecW    fOighW    VeWV   VWXdied.   (HeUe,   BC   UeSUeVeQWV   Whe   UefUacWRU\   BC   fURP   Whe   SP2;   SecW.   2.)   We   haYe   

243 diYided   each   WUaQVecW   iQWR   fRXU   UegiRQV:   beWZeeQ   Whe   5-15   (edge),   15-50   (iQWeUPediaWe,   RXWeU),   50-90   (iQWeUPediaWe,   iQQeU),   aQd   

244 90-100   (cRUe)   SeUceQWiOe   Rf   ǻCO   ZiWhiQ   each   WUaQVecW.     (AV   diVcXVVed   abRYe,   Z W e   e[cOXde   Whe   ORZeVW   5%   iQ   RUdeU   WR   SURYide   

245 a   bXffeU   beWZeeQ   Whe   SOXPe   edge   aQd   bacNgURXQd   aiU. )     NRWe   WhaW   iQ   FigXUe    1    (aQd   FigXUeV   S14-S18),   Whe   SRiQWV   UeSUeVeQW   Whe   

246 PeaQ   YaOXeV   fRU   each   WUaQVecW/SeUceQWiOe   aQd   dR   QRW   iQcOXde   eUURU   baUV   fRU   XQceUWaiQW\   iQ   Whe   PeaQ   RU   PeaVXUePeQW   

247 XQceUWaiQW\    aV   chaUacWeUi]aWiRQ   Rf   V\VWePaWic   YaUiaQce   (ZiWhiQ   SOXPe   SeUceQWiOeV)   ZiWh   age   iV   be\RQd   Whe   VcRSe   Rf   WhiV   VWXd\   

24� fRU   figXUe   ViPSOiciW\ .    FigXUeV   S2-S6   VhRZ   Whe   ORcaWiRQV   Rf   WheVe   CO   SeUceQWiOe   biQ V    fRU   each   WUaQVecW   Rf   iQdiYidXaO   fOighWV.   

24� FigXUe   1   VhRZV   Whe   edge   aQd   cRUe   daWa,   bRWh   aYeUaged   SeU   WUaQVecW,    aQd Z hiOe iWh    FigV.   S14-18    SURYideV SURYidiQg    aOO   fRXU   

250 SeUceQWiOe   biQV   fRU   each   fOighW.   TheVe   SeUceQWiOe   biQV   cRUUeVSRQd   ZiWh   Whe   WhiQQeVW   ( ORZeVW   CO   Pi[iQg   UaWiR OeaVW   CO-deQVe )   WR   

251 WhicNeVW   ( higheVW   CO   Pi[iQg   UaWiR PRVW   CO-deQVe )   SRUWiRQV   Rf   Whe   SOXPe,   UeVSecWiYeO\.   If   a   fiUe   haV   XQifRUP   ePiVViRQV   UaWiRV   

252 acURVV   aOO   UegiRQV   aQd   diOXWeV   eYeQO\   dRZQZiQd,   WheVe   SeUceQWiOe   biQV   ZRXOd   cRUUeVSRQd   WR   Whe   edgeV,   iQWeUPediaWe   UegiRQV,   

253 aQd   Whe   cRUe   Rf   Whe   diOXWiQg   SOXPe.   We   XVe   WhiV   WeUPiQRORg\   iQ   WhiV   VWXd\   bXW   QRWe   WhaW   XQeYeQ   ePiVViRQV,   Pi[iQg,   aQd/RU   

254 diOXWiRQ   Oead   WR   Whe   SeUceQWiOe   biQV   QRW   Sh\VicaOO\   cRUUeVSRQdiQg   WR   RXU   defiQed   UegiRQV   iQ   VRPe   caVeV.   We   QRWe   WhaW   VRPe   

255 SOXPeV   VhRZ   PRUe   WhaQ   RQe   Pa[iPa   iQ   CO   cRQceQWUaWiRQV   ZiWhiQ   a   giYeQ   SOXPe   cURVViQg,   Zhich   iPSOieV   WhaW   WheUe   Pa\   be   

256 PRUe   WhaQ   RQe   fiUe   RU   fiUe   fURQW,   aQd   WhaW   WheVe   SOXPeV   fURP   VeSaUaWe   fiUeV   RU   fURQWV   aUe   QRW    Pi[iQg   SeUfecWO\    SeUfecWO\   Pi[iQg .   

257 MXOWiSOe   Pa[iPa   cRXOd   aOVR   iPSO\   YeUWicaO   YaUiaWiRQV   iQ   Whe   ORcaWiRQ   Rf   Whe   cRUe   Rf   Whe   SOXPeV   WhaW   Whe   fOighWV   did   QRW   

25� caSWXUe . .    AV   ZeOO,   iQ   aW   OeaVW   RQe   Rf   Whe   fiUeV   (iQ   fOighWV   µ730a¶   aQd   µ730b¶),   Whe   fXeOV   YaU\   beWZeeQ   diffeUeQW   VideV   Rf   Whe   fiUe,   

25� aV   diVcXVVed   iQ    KOeiQPaQ   eW   aO.,    ( 2020 ) .     HRZeYeU,   Whe   ORZeVW   WZR   ǻCO   biQV   WeQd   PRUe   WRZaUdV   Whe   Sh\VicaO   edgeV   Rf   Whe   

260 SOXPe ,    aQd   Whe   higheVW   WZR   WeQd   PRUe   WRZaUdV   Whe   Sh\VicaO   ceQWeU   Rf   Whe   SOXPe   (FigV.   S2-S6).    We   dR   QRW   XVe   Whe   daWa   fURP   

261 Whe   ORZeVW   5%   Rf   ǻCO   WR   UedXce   XQceUWaiQW\   aW   Whe   SOXPe-bacNgURXQd   bRXQdaU\.    We   dR   QRW   NQRZ   ZheUe   Whe   SOaQe   iV   

262 YeUWicaOO\   iQ   Whe   SOXPe,   Zhich   iV   a   OiPiWaWiRQ   aV   YeUWicaO   ORcaWiRQ   ZiOO   aOVR   iPSacW   Whe   aPRXQW   Rf   VROaU   fOX[   abOe   WR   SeQeWUaWe   

263 WhURXgh   Whe   SOXPe.   

264 FigXUe   1   VhRZV   WhaW   fRU   WhiV   VSecific   SOXPe,   ǻOA/ǻCO   aQd   ǻBC/ǻCO    V\VWePaWicaOO\    YaU\   OiWWOe   ZiWh   age   fRU   bRWh   

265 Whe   5-15   aQd   90-100   SeUceQWiOe   Rf   ǻCO   (S-YaOXeV>0.5) ,   \eW   bRWh   VhRZ   QRQ-V\VWePaWic   YaUiabiOiW\   beWZeeQ   WUaQVecWV .   A   WUXe   

266 LagUaQgiaQ   fOighW   ZiWh   Whe   aiUcUafW   VaPSOiQg   Whe   VaPe   SRUWiRQ   Rf   Whe   SOXPe   aQd   QR   PeaVXUePeQW   aUWifacWV   (e.g.   cRiQcideQce   

267 eUURUV   aW   high   cRQceQWUaWiRQV)   ZRXOd   haYe   a   cRQVWaQW   ǻBC/ǻCO   fRU   each   WUaQVecW    VeW .   ThiV   fOighW   aQd   RWheU   fOighWV   VWXdied   

26� heUe   haYe    VOighW    YaUiaWiRQV   iQ   ǻBC/ǻCO   (Fig.   1;   FigV.   S14-S18),   Zhich   Pa\   be   iQdicaWiYe   Rf   deYiaWiRQV   fURP   a   LagUaQgiaQ   

26� fOighW   SaWh   ZiWh   WePSRUaO   YaUiaWiRQV   iQ   ePiVViRQ   aQd/RU   PeaVXUePeQW   XQceUWaiQWieV.   The   UePaiQiQg   YaUiabOeV   SORWWed   aOVR   

270 VhRZ   VRPe   QRiVe   aQd   feZ   cOeaU   WUeQdV,   bXW   iW   iV   aSSaUeQW   WhaW   Whe    WUaQVecW-PeaQ   YaOXeV    5-15   aQd   90-100   SeUceQWiOeV   dR   VhRZ   a  
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271 VeSaUaWiRQ   fRU    VRPe PaQ\    Rf   Whe   iQdiYidXaO   PeWUicV ,   iQ   SaUWicXOaU   ǻ f 44    aQd   ǻO/ǻC     .   IQ   RUdeU   WR   deWeUPiQe   Whe   e[iVWeQce   RU   OacN   

272 Rf   WUeQdV   fRU   WheVe   PeWUicV,   Ze   VSeQd   Whe   UePaiQdeU   Rf   WhiV   VWXd\   e[aPiQiQg   each   PeWUic   fURP   aOO   Rf   Whe   SVeXdR-LagUaQgiaQ   

273 fOighWV   WRgeWheU.     

274   

275 3.1   OUganic   aeUoVol   aging:   ǻOA/ǻCO,   ǻ f 60    ,   ǻ f 44 ,   ǻH/ǻC,   and   ǻO/ǻC   

276 FigXUe   2a-e    VhRZV VhRZ    aYaiOabOe   ǻOA/ǻCO,   ǻ f �0 ,   ǻ f 44    ǻH/ǻC,   aQd   ǻO/ǻC   edge   aQd   cRUe   daWa   YeUVXV   Sh\VicaO   age  

277 fRU   each   WUaQVecW   fRU   each   fOighW   Rf   WhiV   VWXd\.   We   cRORU   each   OiQe   b\   Whe   PeaQ   ǻOA   ZiWhiQ   a   ǻCO   SeUceQWiOe   biQ   fURP   Whe   

27� WUaQVecW   cORVeVW   WR   Whe   fiUe,   ǻOA LQLWLaO ,   iQ   RUdeU   WR   e[aPiQe   ZheWheU   each   YaUiabOe   (ǻOA/ǻCO,   ǻ f �0 ,   ǻ f 44    ǻH/ǻC,   aQd   ǻO/ǻC)  

27� YaU\   ZiWh   ǻOA LQLWLaO .   (SRPe   WUaQVecWV   dR   QRW   haYe   daWa   aYaiOabOe   fRU   VSecific   iQVWUXPeQWV.)    AV   ZiWh   Fig . XUe    1,   Whe   SRiQWV   iQ   

2�0 Fi g. gXUe    2   UeSUeVeQW   Whe   PeaQ   YaOXeV   fRU   each   WUaQVecW   aQd   SeUceQWiOe,   aQd   Ze   dR   QRW   iQcOXde   eUURU   baUV    aV   Ze   dR   QRW   aWWePSW   

2�1 WR   chaUacWeUi]e   V\VWePaWic   YaUiaQce   (ZiWhiQ   SOXPe   SeUceQWiOeV)   ZiWh   age   iQ   WhiV   VWXd\. WhaW   ZRXOd   PaNe   Whe   figXUe   XQZieOd\.   

2�2 We   QRWe   WhaW   ǻOA LQLWLaO    dReV   QRW   acWXaOO\   UeSUeVeQW   Whe   WUXe   iQiWiaO   ePiWWed   OA   fURP   each   fiUe,   bXW   iQVWead   VeUYeV   aV   a   SUR[\   fRU   

2�3 Whe   geQeUaO   fiUe   Vi]e,   iQWeQViW\,   aQd   ePiVViRQ   UaWe   ( aV   OaUgeU   fiUeV   aQd   fiUeV   ZiWh   faVWeU   UaWeV   Rf   fXeO   cRQVXPSWiRQ   SeU   aUea   ZiOO   

2�4 haYe   OaUgeU   PaVV   fOX[eV   WhaQ   VPaOOeU   fiUeV   RU   fiUeV   ZiWh   OeVV   fXeO   cRQVXPSWiRQ   SeU   aUea,   aOO   eOVe   eTXaO) aV   SUeVXPabO\   OaUgeU   

2�5 fiUeV   aQd   fiUeV   ZiWh   faVWeU   UaWeV   Rf   fXeO   cRQVXPSWiRQ   SeU   aUea    ,    PRUe   iQWeQVeO\   bXUQiQg   fiUeV   ZiOO   haYe   OaUgeU   PaVV   fOX[eV   WhaQ   

2�6 VPaOOeU,   OeVV   iQWeQVeO\   bXUQiQg   fiUeV ).   ThXV,   ǻOA LQLWLaO    aQd   RWheU   ³iQiWiaO´   PeWUicV   UefeUUed   WR   iQ   WhiV   VWXd\   aUe   QRW   WR   be   WaNeQ   aV   

2�7 ePiVViRQ   YaOXeV   aQd   diUecW   cRPSaUiVRQ   WR   VWXdieV   ZiWh   diUecW   ePiVViRQV   YaOXeV   iV   QRW   aSSURSUiaWe,   aV   diOXWiRQ   aQd   chePiVWU\   

2�� Pa\   RccXU   befRUe   Whe   iQiWiaO   fOighW   WUaQVecW,   Zhich   Ze   diVcXVV   fXUWheU   beORZ.   We   VhRZ   Whe   5-15   (edge)   aQd   90-100   (cRUe)   ǻCO   

2�� SeUceQWiOe   biQV   iQ   Fig.   2;   Fig.   S19   VhRZV   Whe   VaPe   iQfRUPaWiRQ   fRU   aOO   fRXU   ǻCO   SeUceQWiOeV.   We   XVe   Whe   ViPSOe   µedge¶   aQd   

2�0 µcRUe¶   WeUPiQRORg\   WhURXghRXW   Whe   fROORZiQg   diVcXVViRQ   bXW   QRWe   WhaW   Whe   5-15   aQd   90-100   ǻCO   SeUceQWiOe   biQV   dR   QRW   

2�1 QeceVVaUiO\   cRUUeVSRQd   WR   Whe   Sh\VicaO   (VSaWiaO)   edgeV   aQd   cRUeV   Rf   each   SOXPe.   The\   iQVWead   cRUUeVSRQd   WR   Whe   PRVW   

2�2 CO-deQVe   aQd   OeaVW   CO-deQVe   SRUWiRQV   Rf   Whe   SOXPe.   We   aOVR   QRWe   WhaW   aOWhRXgh   VRPe   Rf   Whe   Sh\VicaO   ageV   aSSeaU   WR   VWaUW   aW   

2�3 aSSUR[iPaWeO\   0   hRXUV   (e.g.   RYeU   Whe   fiUe),   WhiV   iV   fURP   a   OiPiWaWiRQ   Rf   RXU   Sh\VicaO   age   eVWiPaWiRQ   PeWhRd   (SecW.   2),   aV   QR   

2�4 fOighWV   caSWXUed   daWa   befRUe   aSSUR[iPaWeO\   15   PiQXWeV   afWeU   ePiVViRQ   (KOeiQPaQ   eW   aO.,   2016).   FOighWV   ZiWh   WZR   VeWV   Rf   

2�5 SVeXdR-LagUaQgiaQ   WUaQVecWV   (µ726a¶   aQd   µ730b¶)   haYe   WZR   VeSaUaWe   OiQeV   iQ   Fig.   2,   RQe   fRU   each   VeW.   AV   ZeOO,   WZR   WUaQVecWV   

2�6 fRU   fOighW   µ809a¶   QeaUO\   RYeUOaS   (Fig.   S5),   ZiWh   Whe   WUaQVecW   WhaW   iV   fXUWheU   fURP   Whe   fiUe   RccXUUiQg   fiUVW   iQ   Whe   fOighW   SaWh,   

2�7 OeadiQg   WR   aQ   aSSaUeQW   VOighW   decUeaVe   iQ   Sh\VicaO   age   fRU   Whe   VeTXeQWiaO   WUaQVecW   (Vee ,    e.g. ,    Whe   ZhiWe   daVhed   OiQe   iQ   Fig.   2a).     

2�� AOVR   iQcOXded   iQ   Fig.   2   aUe   Whe   SSeaUPaQ   UaQN-RUdeU   cRUUeOaWiRQ   WeVWV   (heUeafWeU   SSeaUPaQ   WeVWV),   Zhich   aUe   WeVWV   fRU   

2�� PRQRWRQiciW\.   The   SSeaUPaQ   WeVWV   VhRZ   cRUUeOaWiRQ   cRefficieQWV   fRU   each   fOighW   VeW   (TabOe   S1)   ZiWh   Whe   iQiWiaO   ǻOA   Rf   a   fOighW   

300 VeW   (ǻOA LQLWLaO )   agaiQVW   ǻOA/ǻCO,    ǻ f �0 ,      ǻ f 44 ,    ǻH/ǻC,   aQd   ǻO/ǻC   aV    Whe   VPRNe   aeURVRO   age V       each   YaUiabOe   ageV    dRZQZiQd.   

301 We   aOVR   iQcOXde   SSeaUPaQ   WeVWV   fRU   Whe   caOcXOaWed   Sh\VicaO   age   Rf   Whe   VPRNe   fRU   each   fOighW   VeW   agaiQVW   WheVe   VaPe   YaUiabOeV.   

302 The   R   YaOXeV   aUe   OabeOed   R ǻOA,LQLWLaO    aQd   R aJH ,   UeVSecWiYeO\,   iQ   Fig.   2.      We   caOcXOaWe   WheVe   cRUUeOaWiRQ   cRefficieQWV   VeSaUaWeO\   fRU   

303 FigXUe   2   WR   deWeUPiQe   hRZ   ZeOO    Whe    YaUiabiOiW\    fRU   each   YaUiabOe    caQ   be    SUedicWed NQRZQ    fURP   Whe   ǻOA LQLWLaO    RU   age   aORQe   ( aQd   
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304 ZheWheU   Whe aORQg   ZiWh   if   Whe    daWa   aUe   cRUUeOaWed   YV.   aQWicRUUeOaWed   ZiWh   WheVe   SUedicWRUV).   TR   cRPSOePeQW   WheVe   iQdeSeQdeQW   

305 cRUUeOaWiRQ   cRefficieQWV,   Ze   aOVR   SeUfRUP   PXOWiYaUiaWe   OiQeaU   UegUeVViRQV   (ETQV.   4   aQd   5   aQd   FigXUe   3,   diVcXVVed   OaWeU)   WR   

306 e[SOiciWO\   decRXSOe   Whe   iQfOXeQce   Rf   Whe   WZR   SUedicWRUV.    FRU   Whe   cRUUeOaWiRQV   ZiWh   ǻOA LQLWLaO ,   aOO   WUaQVecWV   iQ   a   giYeQ   

307 SVeXdR-LagUaQgiaQ   VeW   Rf   WUaQVecWV   haYe   Whe   VaPe   ǻOA LQLWLaO    YaOXe;   fRU   fOighWV   ZiWh   WZR   SVeXdR-LagUaQgiaQ   VeWV   Rf   WUaQVecWV,   

30� each   VeW   haV   iWV   RZQ   ǻOA LQLWLaO    YaOXe.   CRUUeOaWiQg   WR   ǻOA LQLWLaO    SURYideV   aQ   eVWiPaWe   Rf   hRZ   Whe   SOXPe   aeURVRO   cRQceQWUaWiRQV   aW   

30� Whe   WiPe   Rf   Whe   iQiWiaO   WUaQVecW   iPSacW   SOXPe   agiQg   (agiQg   bRWh   befRUe   aQd   afWeU   WhiV   iQiWiaO   WUaQVecW).   We   defiQe   Whe   fROORZiQg   

310 caWegRUieV   Rf   cRUUeOaWiRQ   fRU   Whe   abVROXWe   YaOXe   Rf   R:   0.0-0.19   iV   µYeU\   ZeaN¶,   0.2-0.39   iV   µZeaN¶,   0.4-0.59   iV   µPRdeUaWe¶,   

311 0.6-0.79   iV   µVWURQg¶,   aQd   0.8-1.0   iV   µYeU\   VWURQg¶    (EYaQV   1996)    .     

312 AV   iQdiYidXaO   fOighWV   VhRZ   VcaWWeU   iQ   Whe   PeWUicV   Rf   Fig.   2   (FigV.   1,   FigV.   S14-S18),   Ze   aOVR   iQcOXde   R ǻOA,LQLWLaO    aQd   R aJH   

313 fRU   each   PeWUic   Rf   Fig.   2    V\VWePaWicaOO\    VeTXeQWiaOO\   UePRYiQg   RQe   fOighW   fURP   Whe   VWaWiVWicaO   aQaO\ViV.   TheVe   UeVXOWV   aUe   

314 VXPPaUi]ed   iQ   TabOe   S2.   IQ   geQeUaO,   UePRYiQg   ViQgOe   fOighWV   dReV   QRW   chaQge   RXU   cRQcOXViRQV,   SaUWicXOaUO\   ZheQ   cRUUeOaWiRQV   

315 aUe   PRdeUaWe   RU   VWURQgeU.    S We   QRWe   WhaW   V caWWeU   iQ   ǻOA LQLWLaO    OeadV   WR   ZeaNeU   R aJH    YaOXeV   WhaQ   ZRXOd   be   RbWaiQed   if   Ze   

316 QRUPaOi]ed   chaQgeV   ZiWh   agiQg   WR   Whe   fiUVW   (QRUPaOi]ed)   YaOXe.   HRZeYeU,   aV   SOXPe-deQViW\-deSeQdeQW   agiQg   SUiRU   WR   Whe   fiUVW   

317 WUaQVecW   iV   RQe   Rf   Whe   SRWeQWiaOO\   iQWeUeVWiQg   fiQdiQgV   Rf   WhiV   VWXd\,   Ze   feeO   WhaW   iW   iV   iPSRUWaQW   WR   QRW   QRUPaOi]e   RXU   chaQgeV   

31� fXUWheU.   FigV.   S13,   S19-S2 2 1    VhRZ   Whe   VaPe   deWaiOV   aV   Fig.   2   bXW   SURYide   VeQViWiYiW\   WeVWV    WR   RXU   PeWhRdRORg\.   FigXUe   S13   

31� XVeV   daWa   fURP   WUaQVecW   SRUWiRQV   iQ   Zhich     WR     e[aPiQeV    SRWeQWiaO   FIMS   PeaVXUePeQW   aUWifacWV    b\   RQO\   XViQg   daWa   fURP   Whe   

320 fiUVW   50%   Rf   each   fOighW   Oeg   ZheQ   SaUWicOe   cRQceQWUaWiRQV   aUe   iQcUeaViQg,   Zhich   OeVVRQV   UeVSRQVe-WiPe-aUWifacWV   Rf   Whe   FIMS   

321 dXUiQg   WUaQViWiRQV   fURP   high   WR   ORZ   cRQceQWUaWiRQ   UegiRQV.     (Fig.   S13),    FigXUe   S20   WeVWV    RXU   aVVXPed   iQ-SOXPe   CO   WhUeVhROd  

322 YaOXe    b\   iQcUeaViQg   iW   fURP   150   SSbY   WR   200   SbbY    ( VeW   WR   150   SSbY   fRU   FigV.   1-3 ; Fig.   S19    SecW.   2 ) . ,     aQd    FigXUe   S21   WeVWV    ǻCO   

323 SeUceQWiOe   VSaciQg    b\   chaQgiQg   Whe   biQV   fURP   5-15%,   15-50%,   50-90%,   aQd   90-100%   WR   5-25%,   25-75%,   aQd   75-100%.   

324 FigXUe   S22   WeVWV   aVVXPed   bacNgURXQd   UegiRQ   b\   iQcUeaViQg   daWa   XVed   fURP   Whe   ORZeVW   10%   WR   Whe   ORZeVW   25%   Rf   CO   

325 PeaVXUePeQWV.    (    ( FigV.      S19- S2 2 1).    AOWhRXgh   WheVe   figXUeV   VhRZ   VOighW   YaUiabiOiW\,   Whe   fiQdiQgV   diVcXVVed   beORZ   UePaiQ   

326 URbXVW ,    aQd   Ze   cRQVWUaiQ   Whe   UeVW   Rf   RXU   diVcXVViRQ   WR   Whe   RUigiQaO   aVVXPSWiRQV   Pade   fRU   Whe   FIMS   PeaVXUePeQWV,   iQ-SOXPe   

327 CO   WhUeVhROd   YaOXe,   aQd   ǻCO   SeUceQWiOeV   XVed   iQ   Fig.   2.     

32� IQ   geQeUaO,   bRWh   Whe   cRUeV   aQd   edgeV   dR   QRW   VhRZ   aQ\   SRViWiYe   RU   QegaWiYe   WUeQd   iQ   ǻOA/ǻCO   ZiWh    UeVSecW   WR   

32� Sh\VicaO   agiQg . ,      The   cRUUeOaWiRQ   cRefficieQWV, ZiWh    R ǻOA,LQLWLaO    aQd   R aJH ,     VhRZ iQg    YeU\   ZeaN   cRUUeOaWiRQV   Rf    0.02   aQd    +0.03   

330 (ZiWh   R ǻOA,LQLWLaO    aQd   R aJH    UaQgiQg   beWZeeQ   -0.25   WR   +0.17   aQd   0   WR   0.07,   UeVSecWiYeO\,   ZheQ   iQdiYidXaO   fOighWV   aUe   OefW   RXW   

331 VeTXeQWiaOO\;   TabOe   S2).   The   abVROXWe   YaUiabiOiW\    iQ   ǻOA/ǻCO     iV   dRPiQaWed   b\   diffeUeQceV   beWZeeQ   SOXPeV.    MaQ\   SUeYiRXV  

332 fieOd   caPSaigQV   ViPiOaUO\   VhRZ   OiWWOe   chaQge   iQ   ǻOA/ǻCO   ZiWh   agiQg   (HRdVhiUe   eW   aO.,   2019a   aQd   UefeUeQceV   WheUeiQ;   PaOP   eW   

333 aO.,   2020).   ThiV   Pa\   be   dXe   WR   a   baOaQce   beWZeeQ   eYaSRUaWiRQ   aQd   cRQdeQVaWiRQ   RYeU   Whe   SeUiRd   Rf   WiPe   WhaW   Whe   SOXPe   iV   

334 RbVeUYed   (HRdVhiUe   eW   aO.,   2019a). ,   UaSid   chePiVWU\   OeadiQg   WR   SOA   eQhaQcePeQWV   SUiRU   WR   Whe   WiPe   Rf   Whe   fiUVW   PeaVXUePeQW   

335 WhaW   d      ThiV   h\SRWheViV   iV   VXSSRUWed   b\   Whe   RbVeUYed   ǻ f �0    aQd      ǻ f 44 :    WhiOe   Whe   RbVeUYed   WUeQdV   iQ   ǻOA/ǻCO   ZiWh   agiQg   aUe   

336 VPaOO,    The   fUacWiRQaO   cRPSRQeQWV    ǻ f �0    aQd    ǻ f 44    VhRZ   cOeaU   VigQV   Rf   chaQgeV   ZiWh   agiQg,   cRQViVWeQW   ZiWh   SUeYiRXV   VWXdieV   

337 (CXbiVRQ   eW   aO.   2011;   Ma\   eW   aO.   2015;   GaURfaOR   eW   aO.   2019;   FRUUiVWeU   eW   aO.   2015;   Lee   eW   aO.   2020) (CXbiVRQ   eW   aO.,   2011;   
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33� GaURfaOR   eW   aO.,   2019;   Ma\   eW   aO.,   2015) .   ǻ f �0     geQeUaOO\   decUeaVeV   ZiWh   SOXPe   age   (R aJH    =   -0.26;   a   ZeaN   cRUUeOaWiRQ),   cRQViVWeQW   

33� ZiWh   Whe   h\SRWheVeV   WhaW    cRPSRXQdV   cRQWaiQiQg   VSecieV   WhaW   caQ   fUagPeQW   WR   P/]   60     ǻ f �0       iQ   Whe   SP-AMS    Pa\   be   eYaSRUaWiQg   

340 becaXVe   Rf   diOXWiRQ,   XQdeUgRiQg   heWeURgeQeRXV   R[idaWiRQ   WR   QeZ   fRUPV   WhaW   dR   QRW   aSSeaU   aW   P/]   60,      aQd/RU   haYiQg   a  

341 decUeaViQg   fUacWiRQaO   cRQWUibXWiRQ   dXe   WR   cRQdeQVaWiRQ   Rf   RWheU   cRPSRXQdV.   IQ   cRQWUaVW,   ǻ f 44     geQeUaOO\   iQcUeaVeV   ZiWh   age   

342 (R aJH    =   +0.5;   a   PRdeUaWe   cRUUeOaWiRQ)   fRU   aOO   SOXPeV   ZiWh   aYaiOabOe   daWa.      IW   aSSeaUV   fRU   Whe   SOXPeV   iQ   WhiV   VWXd\   WhaW   aOWhRXgh   

343 WheUe   iV   OiWWOe   chaQge   iQ   ǻOA/ǻCO,   ORVV   Rf   cRPSRXQdV    VXch   aV   WhRVe   WhaW   cRQWUibXWe   WR    WhaW   cRQWaiQ     f �0    fUagPeQWV   (aV   caSWXUed   

344 b\   Whe   SP-AMS)   iV   URXghO\   baOaQced   b\   cRQdeQVaWiRQ   Rf   PRUe-R[idi]ed   cRPSRXQdV,   iQcOXdiQg   WhRVe   WhaW   cRQWaiQ   cRPSRXQdV   

345 ZiWh     f 44    fUagPeQWV,   VXch   aV   caUbR[\Oic   acidV.   ThiV   RbVeUYaWiRQ   aOVR   VXggeVWV   Whe   SRVVibiOiW\   Rf   heWeURgeQeRXV   RU   SaUWicOe-ShaVe   

346 R[idaWiRQ   WhaW   ZRXOd   aOWeU   Whe   baOaQce   Rf   ǻ f �0    aQd   ǻ f 44 .   HRZeYeU,   eVWiPaWeV   Rf   heWeURgeQeRXV   PaVV   ORVVeV   iQdicaWe   WhaW   afWeU   

347 WhUee   hRXUV   Rf   agiQg    (Whe   UaQge   Rf   WiPe   Whe   BBOP   PeaVXUePeQWV   ZeUe   WaNeQ   iQ)    fRU   a   UaQge   Rf   OH   cRQceQWUaWiRQV   aQd   

34� UeacWiYe   XSWaNe   cRefficieQWV,    OeVV   WhaQ   10%   Rf   aeURVRO   PaVV   iV   ORVW   WR   heWeURgeQeRXV   UeacWiRQV   (Fig.   S23;   Vee   SI   We[W   S2   fRU   

34� PRUe   deWaiOV   RQ   Whe   caOcXOaWiRQ). RYeU   90%   Rf   aeURVRO   PaVV   iV   aQWiciSaWed   WR   UePaiQ,     TheVe   caOcXOaWiRQV    iQdicaW e iQg    WhaW   

350 heWeURgeQeRXV   ORVV   haV   OiPiWed   effecW   RQ   aeURVRO   cRPSRViWiRQ   RU   PaVV    (Fig.   S23;   Vee   SI   We[W   S2   fRU   PRUe   deWaiOV   RQ   Whe   

351 caOcXOaWiRQ) .   HeQce,   Whe   eYaSRUaWiRQ   Rf    cRPSRXQdV   WhaW   cRQWUibXWe   WR   P/]     60   iQ   Whe   SP-AMS   c RQWaiQiQg     f �0     fUagPeQWV    beiQg   

352 baOaQced   b\   gaV-ShaVe   SURdXcWiRQ   Rf    cRPSRXQdV   WhaW   cRQWUibXWe   WR   P/]   44   iQ   Whe   SP-AMS    cRQWaiQiQg      f 44     fUagPeQWV    Pa\   be   

353 Whe   PRUe   OiNeO\   SaWhZa\.   WheQ   iQdiYidXaO   fOighWV   aUe   OefW   RXW   VeTXeQWiaOO\,   R aJH    UaQgeV   fURP   -0.21   WR   -0.38   aQd   +0.4   WR   +0.57   

354 fRU   ǻ f �0    aQd   ǻ f 44 ,   UeVSecWiYeO\   (TabOe   S2).     

355 TZR   PRUe   iPSRUWaQW   feaWXUeV   Rf   ǻ f �0    aQd   ǻ f 44    caQ   be   VeeQ   ZiWhiQ   Fig.   2:   (1)   ǻ f �0    aQd   ǻ f 44    deSeQd   RQ   ǻOA LQLWLaO   

356 (PRdeUaWe   cRUUeOaWiRQV   Rf   R ǻOA,LQLWLaO    =   +0.43   aQd   -0.55,   UeVSecWiYeO\),    ZiWh   SOXPeV   ZiWh   higheU   ǻOA LQLWLaO      ZiWh   PRUe   

357 cRQceQWUaWed   SOXPeV     haYiQg   cRQViVWeQWO\   higheU   ǻ f �0     aQd   ORZeU   ǻ f 44 .   (2)    The   d D iffeUeQceV   iQ   ǻ f �0    aQd   ǻ f 44     aUe   aSSaUeQW   eYeQ   

35� fRU   Whe   QeaUeVW-WR-VRXUce   PeaVXUePeQWV    WhaW   aUe   a15   PiQXWeV   afWeU   Whe   WiPe   Rf   ePiVViRQ .     iQdicaWe   WhaW   eYaSRUaWiRQ   aQd/RU   

35� chePiVWU\    aSSeaUV   WR   haYe OiNeO\   RccXUUed   befRUe   Whe   WiPe   Rf   WheVe   fiUVW   PeaVXUePeQWV .     (aVVXPiQg   WhaW   e PiWWed    ǻ f �0     aQd   ǻ f 44     aW   

360 Whe   WiPe   Rf   ePiVViRQ    dR   QRW   cRUUeOaWe   ZiWh   ǻOA LQLWLaO ;   WheUe   iV   cXUUeQWO\   QR   eYideQce   fRU   WhiV   aOWeUQaWiYe   h\SRWheViV).    PUiRU   

361 VWXdieV   haYe   VhRZQ   WhaW    f �0    aQd    f 44    aW   Whe   WiPe   Rf   ePiVViRQV   cRUUeOaWe   ZiWh   OA     ePiVViRQV   facWRUV   WhURXgh   YaUiabiOiW\   iQ   bXUQ   

362 cRQdiWiRQV    (HeQQigaQ   eW   aO.   2011;   CXbiVRQ   eW   aO.   2011;   McCOXUe   eW   aO.   2020) ,   aQd   WhiV   UeOaWiRQVhiS   PighW   aOVR   cRQWUibXWe   WR   RXU   

363 RbVeUYed   cRUUeOaWiRQ   beWZeeQ   ǻ f �0    aQd   ǻ f 44    ZiWh   ǻOA LQLWLaO . ;     hRZeYeU,   f F RU   WhiV   ePiVViRQV   UeOaWiRQVhiS   WR   be   aQ   iPSRUWaQW   

364 facWRU,   Whe   YaUiabiOiW\   iQ   Whe   OA   ePiVViRQ   facWRU   QeedV   WR   be   a   VigQificaQW   cRQWUibXWRU   WR   Whe   YaUiabiOiW\   iQ   ǻOA LQLWLaO     . ( I i f   Whe   

365 UeOaWiYe   YaUiabiOiW\   iQ   Whe   OA   ePiVViRQ   facWRU   iV   PXch   VPaOOeU   WhaQ   Whe   UeOaWiYe   YaUiabiOiW\   iQ   ǻOA LQLWLaO ,   RWheU   facWRUV   

366 cRQWUibXWiQg   WR   YaUiabiOiW\   iQ   ǻOA LQLWLaO    ZiOO    QegaWe   aQ ZaVh   RXW   WhiV    ePiVViRQV-baVed   cRYaUiaQce   beWZeeQ   ǻOA LQLWLaO    ZiWh   ǻf 60   

367 aQd   ǻf 44 ) .   WhiOe   RXU   RbVeUYed   ǻOA LQLWLaO    iQ   FigXUe   2   VSaQV   QeaUO\   a   facWRU   Rf   100,   AQdUeae   (2019)   VhRZV   WhaW   Whe   OA   ePiVViRQ   

36� facWRUV   haYe   a   -1    WR   +1    UaQge   Rf   aURXQd   a   facWRU   3.   HeQce,   YaUiabiOiW\   iQ   fXeO   cRQVXPSWiRQ   UaWeV   aQd   diOXWiRQ   SUiRU   WR   Whe   

36� fiUVW   WUaQVecW   OiNeO\   dRPiQaWe   Whe   YaUiabiOiW\   iQ   ǻOA LQLWLaO ,   aQd   Whe   UeOaWiRQVhiSV   Rf   ǻ f �0    aQd   ǻ f 44    ZiWh   ǻOA LQLWLaO    aUe   XQOiNeO\   WR   be   

370 iQfOXeQced   PXch   b\   YaUiabiOiW\   iQ   bXUQ   cRQdiWiRQV.    We   cRQcOXde   WhaW HeQce,    eYaSRUaWiRQ   aQd/RU   chePiVWU\   SUiRU   WR   Whe   fiUVW   

371 PeaVXUePeQW   aSSeaUV   WR   dUiYe   Whe   iQiWiaO   UeOaWiRQVhiS   beWZeeQ   ǻ f �0    aQd   ǻ f 44    ZiWh   ǻOA LQLWLaO ,   cRQViVWeQW   ZiWh   (1)   Whe   WheRUeWicaO   
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372 ZRUN   Rf   HRdVhiUe   eW   aO.   (2019a),   (2)   aQ   aQaO\ViV   Rf   ZhaW   chePiVWU\   ZRXOd   be   PiVVed   iQ   OabRUaWRU\   e[SeUiPeQWV   if   Whe   iQiWiaO   

373 10-60   PiQXWeV   Rf   chePiVWU\   ZaV   QRW   cRQVideUed,   fROORZiQg   fieOd   e[SeUiPeQWV   (HRdVhiUe   eW   aO.,   2019b),   aQd   (3)    Whe    UeceQW   fieOd   

374 aQaO\ViV    iQdicaWiQg   WhaW   XS   WR   RQe-WhiUd   Rf   SUiPaU\   OA   fURP   biRPaVV   bXUQiQg   eYaSRUaWeV   aQd   VXbVeTXeQWO\   UeacWV   WR   fRUP   

375 biRPaVV   bXUQiQg   SOA(PaOP   eW   aO.   2020)     (PaOP   eW   aO.,   2020) .    We   iQcOXde   iQ   Whe   VXSSRUWiQg   iQfRUPaWiRQ   VcaWWeU   SORWV   Rf   each   

376 SaUaPeWeU   Rf   Fig.   1   aV   a   fXQcWiRQ   Rf   ǻOA LQLWLaO    (Fig.   S24),   aQd   RbVeUYe   QR   WUeQdV   RWheU   WhaQ   Whe   cRUeV   Rf   Whe   SOXPeV   geQeUaOO\   

377 haYiQg   a   higheU   ǻOA LQLWLaO     WhaQ   Whe   edgeV   Rf   Whe   SOXPeV,   aV   e[SecWed. The   aPRXQW V    Rf   eYaSRUaWiRQ   aQd/RU   chePiVWU\    aSSeaU   WR   

37� deSeQd   RQ   ǻOA LQLWLaO ,   ZiWh   higheU   UaWeV   Rf   eYaSRUaWiRQ   aQd   chePiVWU\   RccXUUiQg   fRU   ORZeU   YaOXeV   Rf   ǻOA LQLWLaO .   ThiV   UeVXOW   iV   

37� cRQViVWeQW   ZiWh   Whe   h\SRWheViV   WhaW   aiUcUafW   RbVeUYaWiRQV   aUe   PiVViQg   eYaSRUaWiRQ   aQd   chePiVWU\   SUiRU   WR   Whe   fiUVW   aiUcUafW   

3�0 RbVeUYaWiRQ    (HRdVhiUe   eW   aO.,   2019b) .   The   diffeUeQceV   iQ   ǻOA LQLWLaO    beWZeeQ   SOXPeV   Pa\   be   dXe   WR   diffeUeQW   ePiVViRQV   fOX[eV   

3�1 (e.g.,   dXe   WR   diffeUeQW   fXeOV   RU   cRPbXVWiRQ   ShaVeV)   RU   SOXPe   ZidWhV,   ZheUe   OaUgeU/WhicNeU   SOXPeV   diOXWe   PRUe   VORZO\   WhaQ   

3�2 VPaOOeU/WhiQQeU   SOXPeV . ;     T W heVe   OaUgeU   SOXPeV   haYe   beeQ   SUedicWed   WR   haYe   OeVV   eYaSRUaWiRQ   aQd   Pa\   XQdeUgR   UeOaWiYeO\   OeVV   

3�3 ShRWRR[idaWiRQ    (BiaQ   eW   aO.,   2017;   HRdVhiUe   eW   aO.,   2019a,   2019b) .    We   QRWe   WhaW   each   fiUe   Pa\   ePiW   SaUWicOeV   ZiWh   YaUiabOe   

3�4 iQiWiaO    f 44    aQd    f �0    YaOXeV,   aV   haV   beeQ   RbVeUYed   iQ   OabRUaWRU\   VWXdieV    (HeQQigaQ   eW   aO.   2011;   CXbiVRQ   eW   aO.   2011;   McCOXUe   eW   aO.   

3�5 2020) ,   Zhich   addV   WR   VcaWWeU   ZiWhiQ   Whe   daWa.   IW   iV   SRVVibOe   WhaW   YaUiabiOiW\   iQ    f 44    aQd    f �0     ePiVViRQV    Pa\   aOVR   cRQWUibXWe   WR   Whe   

3�6 RbVeUYed   cRUUeOaWiRQV   ZiWh   ǻOA LQWLaO ;   hRZeYeU,   WhiV   ZRXOd   UeTXiUe   WhaW   higheU     f 44    ePiVViRQV    Rf   VSecieV   abOe   WR   cRQWUibXWe   WR   P/]   

3�7 44    aUe   cRUUeOaWed   ZiWh   ORZeU   ePiVViRQV   UaWeV   aQd/RU   faVWeU   diOXWiRQ   UaWeV   (aQd   Yice   YeUVa   fRU    VSecieV   abOe   WR   cRQWUibXWe   WR   P/]   

3�� 60     f �0 ).   LacNiQg   diUecW   ePiVViRQV   PeaVXUePeQWV,   WhiV   h\SRWheViV   caQQRW   be   fXUWheU   e[SORUed   iQ   WhiV   ZRUN.    WheQ   iQdiYidXaO   

3�� fOighWV   aUe   OefW   RXW   VeTXeQWiaOO\,   R ǻOA,LQLWLaO    UaQgeV   fURP   +0.3   WR   +0.58   aQd   -0.42   WR   -0.63   fRU   ǻ f �0 60     aQd   ǻ f 44 ,   UeVSecWiYeO\   (TabOe   

3�0 S2).     

3�1 GaURfaOR   eW   aO. , (     2019 )    VegUegaWed   VPRNe   daWa   fURP   Whe   WE-CAN   fieOd   caPSaigQ   b\   diVWaQce   fURP   Whe   ceQWeU   Rf   a   

3�2 giYeQ   SOXPe   aQd   VhRZed   WhaW   Whe   edgeV   Rf   RQe   Rf   Whe   fiUeV   VWXdied   haYe   OeVV    fUacWiRQaO      f �0    aQd   PRUe    fUacWiRQaO     f 44    (QRW   

3�3 bacNgURXQd-cRUUecWed)   WhaQ   Whe   cRUe   Rf   Whe   SOXPe . ;    Lee   eW   aO.   (2020)   VaZ   ViPiOaU   SaWWeUQV   iQ   a   VRXWhZeVWeUQ   UQiWed   SWaWeV   

3�4 ZiOdfiUe.   SiPiOaUO\,   Ze   fiQd   WhaW   Whe   730b   fOighW   VhRZV   a   YeU\   ViPiOaU   SaWWeUQ   iQ     f �0    aQd    f 44    (FigV.   S2 5 4 -S2 6 5 )   WR   WhaW   VhRZQ   iQ   

3�5 Fig.   6   Rf    GaURfaOR   eW   aO. ,     ( 2019 ) .   The   821b   aQd   809a   fOighWV   aOVR   hiQW   aW   eOeYaWed    f 44    aQd   decUeaVed    f �0    aW   Whe   edgeV   bXW   Whe   

3�6 UePaiQiQg   SOXPeV   dR   QRW   VhRZ   a   cOeaU   WUeQd   fURP   Whe   Sh\VicaO   edgeV   WR   cRUeV   iQ    f �0    aQd    f 44 .   ThiV   cRXOd   be   aV   CO   

3�7 cRQceQWUaWiRQV   (aQd   WhXV   SUeVXPabO\   RWheU   VSecieV)   dR   QRW   eYeQO\   iQcUeaVe   fURP   Whe   edge   WR   Whe   cRUe   fRU   PaQ\   Rf   Whe   SOXPe   

3�� WUaQVecWV   VWXdied   (FigV.   S2-S6).    TR   PRUe   cOeaUO\   Vee   WhiV,   Fig.   S27   SURYideV   Whe   VaPe   VW\Oe   Rf   figXUe   aV   FigV.   S26-S27   fRU   

3�� iQ-SOXPe   CO     cRQceQWUaWiRQV.   GeQeUaOO\   CO   SeaNV   aURXQd   Whe   ceQWeUOiQe   aQd   iV   higheVW   iQ   Whe   PRVW   fUeVh   WUaQVecW,   bXW   VhRZV   

400 YaUiabiOiW\   acURVV   WUaQVecWV.    We   dR   QRW   haYe   UV   PeaVXUePeQWV   WhaW   aOORZ   XV   WR   caOcXOaWe   ShRWRO\ViV   UaWeV   bXW      Whe   iQ-SOXPe   

401 SPN1   VhRUWZaYe   PeaVXUePeQWV   iQ   Whe   YiVibOe   VhRZ   a   diPPiQg   iQ   Whe   fUeVh   cRUeV   WhaW   haV   a   ViPiOaU   SaWWeUQ   WR    f 44    aQd   Whe   

402 iQYeUVe   Rf    f �0    (Fig.   S2 8 6 ;   Whe   UaSid   RVciOOaWiRQV   iQ   WhiV   figXUe   cRXOd   be   iQdicaWiYe   Rf   VSRUadic   cORXd   cRYeU   abRYe   Whe   SOXPeV).   

403 Lee   eW   aO.   (2020)   ViPiOaUO\   VaZ   iQdicaWiRQV   Rf   eQhaQced   ShRWRchePicaO   bOeachiQg   aW   Whe   edgeV   Rf   a   VRXWhZeVWeUQ   UQiWed   SWaWeV   

404 ZiOdfiUe   ZheQ   e[aPiQiQg   aeURVRO   RSWicaO   SURSeUWieV.     
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405 We   aOVR   SORW   cRUe   aQd   edge   ǻH/ǻC   aQd   ǻO/ǻC   aV   a   fXQcWiRQ   Rf   Sh\VicaO   age   (Fig.   2d-e).   SiPiOaU   WR   ǻ f 44 ,   ǻO/ǻC   

406 iQcUeaVeV   ZiWh   Sh\VicaO   age   aQd   iV   ZeOO   cRUUeOaWed   WR   bRWh   Sh\VicaO   age   aQd   ǻOA LQLWLaO    (PRdeUaWe   cRUUeOaWiRQV   Rf   R aJH    =+   0.561   

407 aQd   R ǻOA,LQLWLaO    =   -0.45).   WheQ   iQdiYidXaO   fOighWV   aUe   OefW   RXW   VeTXeQWiaOO\,   R aJH    fRU   ǻO/ǻC   UaQgeV   beWZeeQ   +0.46   aQd   +0.63   aQd   

40� R ǻOA,LQLWLaO    UaQgeV   beWZeeQ   -0.21   aQd   -0.54   (TabOe   S2).    GiYeQ   WhaW   ǻ f 44    aQd   ǻO/ǻC   aUe   bRWh   PeWUicV   fRU   OA   agiQg   (SecW.   2),   iW   iV   

40� XQVXUSUiViQg   WhaW   Ze   Vee   ViPiOaU   WUeQdV   beWZeeQ   WheP.    CRQYeUVeO\,   ǻH/ǻC    WeQdV   WR   be   faiUO\   cRQVWaQW   RU   VOighWO\   decUeaViQg   

410 ZiWh   Sh\VicaO   age   aQd    iV   SRRUO\   cRUUeOaWed   WR   Sh\VicaO   age   aQd   ǻOA LQLWLaO .    A   VaQ   KUeYeOeQ   diagUaP   Rf   ǻH/ǻC   YeUVXV   ǻO/ǻC   

411 (Fig.   S27)   iQdicaWeV   WhaW   R[\geQaWiRQ   UeacWiRQV   RU   a   cRPbiQaWiRQ   Rf   R[\geQaWiRQ   aQd   h\dUaWiRQ   UeacWiRQV   aUe   OiNeO\   dRPiQaQW   

412 (HeaOd   eW   aO.,   2010)    (UecaOOiQg   WhaW   ǻH/ǻC   aQd   ǻO/ǻC   aUe   caOcXOaWed   b\   bacNgURXQd-cRUUecWiQg   Whe   iQdiYidXaO   eOePeQWV   

413 befRUe   UaWiRiQg;   ET.   1);   hRZeYeU,   ZiWhRXW   fXUWheU   iQfRUPaWiRQ,   Ze   caQQRW   cRQcOXde   Zhich   UeacWiRQV   aUe   RccXUUiQg.     

414 BRWh   Sh\VicaO   age   aQd   ǻOA LQLWLaO    aSSeaU   WR   iQfOXeQce   ǻ f �0 ,      ǻ f 44 ,   aQd   ǻO/ǻC:   R[idaWiRQ   UeacWiRQV   aQd   eYaSRUaWiRQ   

415 SURPRWed   b\    fURP     diOXWiRQ   RccXU   ZiWh   agiQg,   aQd   Whe   e[WeQW   Rf   ShRWRchePiVWU\   aQd   diOXWiRQ   VhRXOd   deSeQd   RQ   SOXPe   

416 WhicNQeVV.   BeiQg   abOe   WR   SUedicW   biRPaVV   bXUQiQg   aeURVRO   agiQg   SaUaPeWeUV   caQ   SURYide   a   fUaPeZRUN   fRU   

417 iQWeUVWXd\-cRPSaUiVRQV   aQd   caQ   aid   iQ   PRdeOiQg   effRUWV.   We   cRQVWUXcW   PaWhePaWicaO   fiWV   fRU   SUedicWiQg   ǻ f �0 ,    ǻ f 44 ,   aQd   ǻO/ǻC:   

41�   

41�  ¬log (ƋOA ) ¬(Ph\Vical¬age)¬X = a 10 LQLWLaO + b + c  ET.   4   

420   

421 ZheUe     X    iV   ǻ f �0 ,   ǻ f 44 ,   RU   ǻO/ǻC,   Sh\VicaO   age   iV   iQ   hRXUV,   aQd    a,   b,    aQd    c    aUe   fiW   cRefficieQWV.   The   PeaVXUed   YeUVXV   fiW   daWa   aUe   

422 VhRZQ   iQ   Fig.   3a-c.   The   YaOXeV   Rf    a,   b,    aQd    c    aUe   SURYided   iQ   TabOe   S3.   The   PeaUVRQ   aQd   SSeaUPaQ   cRefficieQWV   Rf   

423 deWeUPiQaWiRQ   (R S 
2    aQd   R V 

2 ,   UeVSecWiYeO\)   aUe   aOVR   VXPPaUi]ed   iQ   Fig.   3   aQd   iQdicaWe   ZeaN-PRdeUaWe   gRRdQeVV   Rf   fiWV   (R S 
2    aQd   

424 R V 
2    Rf   0.28   aQd   0.25   fRU   ǻ f �0 ,   R S 

2    aQd   R V 
2    Rf   0.58   aQd   0.6   fRU   ǻ f 44 ,   aQd   R S 

2    aQd   R V 
2    Rf   0.45     aQd   0.55   fRU   ǻO/ǻC).   We   VhRZ   R 2   

425 heUe   WR   iQdicaWe   Whe   fUacWiRQ   Rf   YaUiabiOiW\   caSWXUed   b\   WheVe   fiWV,   ZheUeaV   caOcXOaWiQg   R   fRU   Whe   WUeQdV   iQ   Fig.   2   iQdicaWe   Whe   

426 diUecWiRQ   Rf   Whe   cRUUeOaWiRQ.   We   dR   QRW   cRQVWUaiQ   RXU   fiWV   WR   gR   WhURXgh   Whe   RUigiQ.   TR   SURYide   fXUWheU   PeWUicV   Rf   

427 gRRdQeVV-Rf-fiW,   Ze   aOVR   iQcOXde   Whe   QRUPaOi]ed   PeaQ   biaV   (NMB)   aQd   QRUPaOi]ed   PeaQ   eUURU   (NME)   iQ   SeUceQW   fRU   each   

42� PeWUic   Rf   Fig.   3.   The   NMB   YaOXeV   aUe   YeU\   cORVe   WR   ]eUR   (Zhich   iV   aQWiciSaWed   aV   OiQeaU   fiWV   VeeN   WR   PiQiPi]e   Whe   VXP   Rf   

42� VTXaUed   UeVidXaOV).   The   NME   iV    OaUgeU PRUe   YaUiabO e,   aW   19.8%   fRU   ǻ f �0 ,     14.9%   fRU   ǻ f 44 ,   aQd   10.2%   fRU   ǻO/ǻC.   The   S-YaOXeV   

430 fRU   each   fiW    aUe iV    OeVV   WhaQ   0.01.   AOWhRXgh   QR   PRdeOV   WhaW   Ze   aUe   aZaUe   Rf   cXUUeQWO\   SUedicW   aeURVRO   fUacWiRQaO   cRPSRQeQWV   

431 (e.g.    f �0    RU    f 44 ),   O/H   aQd   H/C   aUe   SUedicWed   b\   VRPe   PRdeOV   (e.g.,    ( CaSSa   aQd   WiOVRQ ,     ( 2012)    aQd   WheVe   fiW   SaUaPeWeUV   Pa\   

432 aVViVW   iQ    biRPaVV   bXUQiQg    PRdeOiQg    Rf   agiQg   biRPaVV   bXUQiQg    aeURVRO ePiVViRQV .   ¶  

433 OWheU   fXQcWiRQaO    fRUPV   fRU    fiWV   ZeUe   e[SORUed,   ZiWh    Whe   fROORZiQg   fRUP   VhRZiQg   ViPiOaU   UeVXOWV   aV   ET.   4:     

434   

435  n(ƋX) ¬ln(ƋOA ) ¬ln(Ph\Vical¬age)¬l = a LQLWLaO + b + c  ET.   5   

436   
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437 (Fig.   S2 9 8    aQd   TabOe   S4   fRU   Whe   fiW   cRefficieQWV)   aQd   ǻN LQLWLaO     iQ   Whe   SOace   Rf   ǻOA LQLWLaO    iQ   ET.   4   (Fig.   S 30 29    aQd   TabOe   S5   fRU   Whe   

43� fiW   cRefficieQWV)   SURYidiQg   ViPiOaU   cRUUeOaWiRQ   YaOXeV   aQd   NMB   aQd   NME   YaOXeV   fRU   ǻ f �0,    ǻ f 44,    aQd   ǻO/ǻC.     

43� The   agiQg   YaOXeV   Rf   ǻ f �0    ,   ǻ f 44 ,   aQd   ǻO/ǻC     VhRZ   VcaWWeU   (FigV.   S14-18),   Zhich   OiNeO\   cRQWUibXWeV   WR   Whe   OiPiWed   

440 SUedicWiYe   SRZeU   Rf   RXU   PaWhePaWicaO   fiWV.   The   VcaWWeU   iV   OiNeO\   dXe   WR   YaUiabiOiW\   iQ   ePiVViRQV   dXe   WR   VRXUce   fXeO   RU   

441 cRPbXVWiRQ   cRQdiWiRQV,   iQVWUXPeQW   QRiVe   aQd   UeVSRQVeV   XQdeU   Whe   OaUge   cRQceQWUaWiRQ   UaQgeV   eQcRXQWeUed   iQ   WheVe   VPRNe   

442 SOXPeV,   iQhRPRgeQeRXV   Pi[iQg   ZiWhiQ   Whe   SOXPe,   YaUiabiOiW\   iQ   bacNgURXQd   cRQceQWUaWiRQV   QRW   caSWXUed   b\   RXU   bacNgURXQd   

443 cRUUecWiRQ   PeWhRd,   iQaccXUaWe   chaUacWeUi]aWiRQV   Rf   Sh\VicaO   age   dXe   WR   YaUiabOe   ZiQd   VSeed,   aQd/RU   deYiaWiRQV   fURP   a   WUXe   

444 LagUaQgiaQ   fOighW   SaWh.   ETV.   4-5   SeUfRUPed   Whe   beVW   RXW   Rf   Whe   PaWhePaWicaO   fiWV   WhaW   Ze   WeVWed.   TheVe   eTXaWiRQV   dR   QRW   haYe   a   

445 diUecW   Sh\VicaO   iQWeUSUeWaWiRQ   bXW   Pa\   be   XVed   aV   a   VWaUWiQg   SRiQW   fRU   PRdeOiQg   VWXdieV   aV   ZeOO   aV   fRU   cRQVWUXcWiQg   a   PRUe   

446 Sh\VicaOO\   baVed   fiW.   TheUe   Pa\   be   aQRWheU   YaUiabOe   QRW   aYaiOabOe   WR   XV   iQ   Whe   BBOP   PeaVXUePeQWV   WhaW   caQ   iPSURYe   WheVe   

447 PaWhePaWicaO   fiWV,   VXch   aV   ShRWRO\ViV   UaWeV.   We   dR   QRW   NQRZ   ZheWheU   WheVe   fiWV   Pa\   ZeOO-UeSUeVeQW   fiUeV   iQ   RWheU   UegiRQV   

44� aURXQd   Whe   ZRUOd,   giYeQ   YaUiabiOiW\   iQ   fXeOV   aQd   bXUQ   cRQdiWiRQV.   We   aOVR   dR   QRW   NQRZ   hRZ   WheVe   fiWV   ZiOO   SeUfRUP   XQdeU   

44� QighWWiPe   cRQdiWiRQV,   aV   RXU   fiWV   ZeUe   Pade    fRU dXUiQg    da\WiPe   cRQdiWiRQV   ZiWh   diffeUeQW   chePiVWU\   WhaQ   ZRXOd   haSSeQ   aW   

450 QighW.   We   eQcRXUage   WheVe   fiWV   WR   be   WeVWed   ZiWh   fXUWheU   daWa   VeWV   aQd   PRdeOiQg.   TheVe   eTXaWiRQV   aUe   a   fiUVW   VWeS   WRZaUdV   

451 SaUaPeWeUi]aWiRQV   aSSURSUiaWe   fRU   UegiRQaO   aQd   gORbaO   PRdeOiQg   aQd   Qeed   e[WeQViYe   WeVWiQg   WR   VeSaUaWe   iQfOXeQceV   Rf   R[idaWiRQ   

452 YeUVXV   diOXWiRQ-dUiYeQ   eYaSRUaWiRQ.   

453 3.2   AeUoVol   Vi]e   diVWUibXWion   SUoSeUWieV:   ǻN/ǻCO   and      DS   

454 The   RbVeUYaWiRQV   Rf   Whe   QRUPaOi]ed   QXPbeU   cRQceQWUaWiRQ   beWZeeQ   40-262   QP,   ǻN/ǻCO   (Fig.   2f),   VhRZ   WhaW   SOXPe   

455 edgeV   aQd   cRUeV   geQeUaOO\   VhRZ   decUeaVeV   iQ   ǻN/ǻCO   ZiWh   Sh\VicaO   age,   ZiWh   a   ZeaN   cRUUeOaWiRQ   Rf   R aJH    =   -0.27   (-0.13   WR   

456 -0.43   ZheQ   iQdiYidXaO   fOighWV   aUe   OefW   RXW,   VeTXeQWiaOO\;   TabOe   S2).   AOWhRXgh   Ze   ZRXOd   aQWiciSaWe   WhaW   SOXPe   UegiRQV   ZiWh   

457 higheU   iQiWiaO   ǻOA   ZRXOd   haYe   ORZeU   QRUPaOi]ed   QXPbeU   cRQceQWUaWiRQV   dXe   WR   cRagXOaWiRQ     (SaNaPRWR   eW   aO.   2016) ,   a   feZ   

45� deQVe   cRUeV   haYe   QRUPaOi]ed   QXPbeU   cRQceQWUaWiRQV   cRPSaUabOe   RU   higheU   WhaQ   Whe   WhiQQeU   edgeV,   OeadiQg   WR   QR   cRUUeOaWiRQ   

45� ZiWh    ǻOA LQLWLaO .   We   QRWe   WhaW   YaUiabiOiW\   iQ   QXPbeU   ePiVViRQV   ( e.g.,    dXe   WR    e.g.    bXUQ   cRQdiWiRQV)   addV   XQe[SOaiQed   YaUiabiOiW\   

460 QRW   caSWXUed   b\   Whe   R   YaOXeV.   

461 The   PeaQ   SaUWicOe   Vi]e   beWZeeQ   40-262   QP,     (ET.   3),   iV   VhRZQ   WR   VWaWiVWicaOO\   iQcUeaVe   ZiWh   agiQg   ZheQ  DS  

462 cRQVideUed   acURVV   Whe   BBOP   daWaVeW   (F ig.   2g)   (a   PRdeUaWe   cRUUeOaWiRQ   Rf   R aJH    =   +0.53,   ZiWh   R aJH    UaQgiQg   beWZeeQ   +0.43   WR   

463 +0.63   ZheQ   iQdiYidXaO   fOighWV   aUe   OefW   RXW   VeTXeQWiaOO\;   TabOe   S2).   CRagXOaWiRQ   aQd   SOA   cRQdeQVaWiRQ   ZiOO   iQcUeaVe   .   OA  DS  

464 eYaSRUaWiRQ   ZiOO   decUeaVe      if   Whe   SaUWicOeV   aUe   iQ   TXaVi-eTXiOibUiXP   (ZheUe   eYaSRUaWiRQ   iV   iQdeSeQdeQW   Rf   VXUface   aUea)  DS  

465 (HRdVhiUe   eW   aO.   2019b) .   HRZeYeU,   if    eYaSRUaWiRQ   iV   NiQeWicaOO\   OiPiWed,   VPaOOeU   SaUWicOeV   ZiOO   SUefeUeQWiaOO\   eYaSRUaWe   PRUe   

466 UaSidO\   WhaQ   OaUgeU   SaUWicOeV,   Zhich   Pa\   Oead   WR   aQ   iQcUeaVe   iQ     if   Whe   VPaOOeVW   SaUWicOeV   eYaSRUaWe   beORZ   40   QP     (HRdVhiUe  DS  

467 eW   aO.   2019b) .     The   SOXPeV   dR   QRW   VhRZ   VigQificaQW   chaQgeV   iQ   ǻOA/ǻCO   (Fig.   2a),   iQdicaWiQg   WhaW   cRagXOaWiRQ   iV   OiNeO\   
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46� UeVSRQVibOe   fRU   Whe   PaMRUiW\   Rf   iQcUeaVeV   iQ    .    (We   acNQRZOedge   WhaW   ǻOA/ǻCO   Pa\   be   iPSacWed   b\   PeaVXUePeQW  DS  

46� aUWifacWV   aV   diVcXVVed   iQ   SecW.   2.   FRU   iQVWaQce,   if   Whe   cROOecWiRQ   efficieQc\   Rf   Whe   AMS   iV   acWXaOO\   decUeaViQg   ZiWh   age,   WheQ   

470 ǻOA/ǻCO   ZRXOd   be   iQcUeaViQg   aQd   Whe   iQcUeaVeV   iQ    QXPbeU    PeaQ   diaPeWeU   ZiOO   be   dXe   WR   SOA   cRQdeQVaWiRQ   aV   ZeOO   aV   

471 cRagXOaWiRQ.)    We   dR   QRW   haYe   PeaVXUePeQWV   fRU   Whe   YROaWiOiW\   Rf   Whe   VPRNe   aeURVRO,   aQd   VR   caQQRW   UefiQe   WheVe   cRQcOXViRQV   

472 fXUWheU.   We   aOVR   SeUfRUP   Whe   fXQcWiRQaO   fiW   aQaO\ViV   fROORZiQg   SecW.   3.1     (ET.   4;   ZheUe    X    iV     iQ   WhiV   caVe).   The   fiW   caQ   aOVR  DS  

473 SUedicW   gUeaWeU   WhaQ   30   SeUceQW   Rf   Whe   YaUiaQce   iQ     (R S 
2    aQd   R V 

2    Rf   0.37   aQd   0.33,   NME   Rf   5.5%,   aQd   S-YaOXe   OeVV   WhaQ  DS  

474 0.01;   Fig.   3d)   bXW   dReV   QRW    ZeOO- SUedicW   ǻN/ǻCO    ZeOO    (QRW   VhRZQ).   We   VhRZ   Whe   fXQcWiRQaO   fiW   fRU     fRU   Whe   aOWeUQaWiYe   fiW  DS  

475 eTXaWiRQ   (ET.   5)   iQ   Fig.   S2 9 8    aQd   TabOe   S4.   We   aOVR   VhRZ   Whe   fXQcWiRQaO   fiW   fRU     fRU   ET.   4   ZiWh   ǻN LQLWLaO    iQ   SOace   Rf  DS  

476 ǻOA LQLWLaO    iQ   Fig.    30 29    aQd   TabOe   S5.      SaNaPRWR   eW   aO.   (2016)   SURYide   fiW   eTXaWiRQV   fRU   PRdeOed     aV   a   fXQcWiRQ   Rf   age,   bXW  DS  

477 Whe\   iQcOXde   a   NQRZQ   iQiWiaO     aW   Whe   WiPe   Rf   ePiVViRQ   iQ   WheiU   SaUaPeWeUi]aWiRQ   (UaWheU   WhaQ   15   PiQXWeV   RU   gUeaWeU,   aV  DS  

47� aYaiOabOe   WR   XV   iQ   WhiV   VWXd\),   Zhich   iV   QRW   aYaiOabOe   heUe.   ǻN LQLWLaO     iQ   Whe   SOace   Rf   ǻOA LQLWLaO    iQ   ET.   4   SUedicWV     ViPiOaUO\   (Fig.  DS  

47� S 30 29 ).   AV   diVcXVVed   iQ   SecWiRQ   3.1,   VcaWWeU   iQ   QXPbeU   cRQceQWUaWiRQV   OiPiWV   RXU   SUedicWiRQ   VNiOO.     

4�0  PaUWicOeV   aSSeaU   iQ   Whe   20-40   QP   Vi]e   UaQge   iQ   Whe   FIMS   PeaVXUePeQWV   iQdeSeQdeQWO\   Rf   SOXPe   OA   cRQceQWUaWiRQV   

4�1 (FigV   S7-S11),   iPSO\iQg   WhaW   QXcOeaWiRQ   eYeQWV   Pa\   be   RccXUiQg     NXcOeaWiRQ-PRde   SaUWicOeV   (iQfeUUed   iQ   WhiV   VWXd\   fURP   

4�2 SaUWicOeV   aSSeaUiQg   beWZeeQ   20-40   QP   iQ   Whe   FIMS   PeaVXUePeQWV)     aUe   RbVeUYed      fRU   VRPe   Rf   Whe   WUaQVecWV    (S7-S11) .   SRPe   

4�3 SVeXdR-LagUaQgiaQ   VeWV   Rf   WUaQVecWV   aOVR   VhRZ   QXcOeaWiRQ-PRde   SaUWicOeV   dRZQZiQd   Rf   fiUeV   iQ   beWZeeQ   WUaQVecWV   (FigV.   S7,   

4�4 S8,   S9,   aQd   S11).   NXcOeaWiRQ-PRde   SaUWicOeV   aSSeaU   WR   be   aSSUR[iPaWeO\   RQe   RUdeU   Rf   PagQiWXde   OeVV   cRQceQWUaWed   WhaQ   Whe   

4�5 OaUgeU   SaUWicOeV,   aQd   SUiPaUiO\   RccXU   iQ   Whe   RXWeU   SRUWiRQ   Rf   SOXPeV,   aOWhRXgh   RQe    VeW   Rf   WUaQVecWV da\    did   VhRZ   

4�6 QXcOeaWiRQ-PRde   SaUWicOeV   ZiWhiQ   Whe   cRUe   Rf   Whe   SOXPe   (Fig.   S11).   NXcOeaWiRQ   aW   edgeV   cRXOd   be   dXe   WR   iQcUeaVed   

4�7 ShRWRR[idaWiRQ   fURP   higheU   WRWaO   iUUadiaQce   UeOaWiYe   WR   Whe   cRUe   (Fig.   S26).   AV   ZeOO,   QXcOeaWiRQ   iV   PRUe   faYRUabOe   ZheQ   Whe   

4�� WRWaO   cRQdeQVaWiRQ   ViQN   iV   ORZeU   (e.g.   UedXced   SaUWicOe   VXUface   aUea;   DaO   MaVR   eW   aO.,   2002),   Zhich   Pa\   RccXU   fRU   RXWeU   

4�� SRUWiRQV   Rf   SOXPeV   ZiWh   OiWWOe   aeURVRO   ORadiQg.   HRZeYeU,   giYeQ   Whe   UeOaWiYeO\   VPaOO   QXPbeU   Rf   daWa   SRiQWV   VhRZiQg   QXcOeaWiRQ   

4�0 PRde   SaUWicOeV   aQd   OiPiWed   ShRWRR[idaWiRQ   aQd   gaV-ShaVe   iQfRUPaWiRQ,   Ze   dR   QRW   haYe   cRQfideQce   iQ   Whe   XQdeUO\iQg   VRXUce   Rf   

4�1 Whe   QXcOeaWiRQ-PRde   SaUWicOeV.     

4�2 4   SXmmaU\   and   oXWlook     

4�3 The  BBOP  fieOd  caPSaigQ  SURYided  high  WiPe  UeVROXWiRQ  (1  V)  PeaVXUePeQWV  Rf  gaV-  aQd  SaUWicOe-ShaVe  VPRNe                  

4�4 PeaVXUePeQWV  dRZQZiQd  Rf  ZeVWeUQ  U.S.  ZiOdfiUeV  aORQg  SVeXdR-LagUaQgiaQ  WUaQVecWV.  TheVe  fOighWV  haYe  aOORZed  XV  WR                 

4�5 e[aPiQe  QeaU-fieOd  (<4  hRXUV)  agiQg  Rf  VPRNe  SaUWicOeV  WR  SURYide  aQaO\VeV  RQ  hRZ   VeOecW   WheVe  VSecieV  YaU\  acURVV  a  UaQge                      

4�6 Rf  iQiWiaO  RUgaQic  aeURVRO  PaVV  ORadiQgV  (ǻOA LQLWLaO ;  a  SUR[\  fRU  Whe  UeOaWiYe  UaWeV  aW  Zhich  Whe  SOXPe  iV  aQWiciSaWed  WR  diOXWe  aV                        

4�7 diOXWiRQ  befRUe  Whe  fiUVW  RbVeUYaWiRQ  iV  QRW  a  PeaVXUabOe  TXaQWiW\)  aV  ZeOO  aV  hRZ  Whe  VSecieV  VWXdied \  YaU\  beWZeeQ  Whe  edgeV                       
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4�� aQd  cRUeV  Rf  each  SOXPe.  We  fiQd  WhaW  aOWhRXgh  ǻOA/ǻCO  dReV  QRW  cRUUeOaWe  ZiWh  ǻOA LQLWLaO  RU  Sh\VicaO  age,  ǻ f �0  (a  PaUNeU                       

4�� fRU  eYaSRUaWiRQ)  iV  PRdeUaWeO\  cRUUeOaWed  ZiWh  ǻOA LQLWLaO  (SSeaUPaQ  UaQN-RUdeU  cRUUeOaWiRQ  WeVWV  cRUUeOaWiRQ  cRefficieQW,               

500 R ǻOA,LQLWLaO ,  Rf  +0.43)  aQd  ZeaNO\  cRUUeOaWed  ZiWh   Sh\VicaO  age  (SSeaUPaQ  UaQN-RUdeU  cRUUeOaWiRQ  WeVWV  cRUUeOaWiRQ  cRefficieQW,                  

501 R aJH ,  Rf  -0.26).  ǻ f 44  aQd   ǻO/ǻC  (PaUNeUV  fRU  ShRWRchePicaO  agiQg)  iQcUeaVeV  ZiWh  Sh\VicaO  agiQg  (PRdeUaWe  cRUUeOaWiRQV  Rf                    

502 R aJH  Rf  +0.5  aQd  +0.56,  UeVSecWiYeO\)  aQd  aUe  iQYeUVeO\  UeOaWed  WR  ǻOA LQLWLaO  (PRdeUaWe  cRUUeOaWiRQV  Rf  R ǻOA,LQLWLaO   Rf  -0.55  aQd                     

503 -0.45,  UeVSecWiYeO\).  ǻN/ǻCO   OiNeO\   decUeaVeV  ZiWh  Sh\VicaO  agiQg ,  OiNeO\  WhURXgh  cRagXOaWiRQ.  MeaQ  aeURVRO  diaPeWeU                

504 iQcUeaVeV  ZiWh  age  SUiPaUiO\  dXe  WR  cRagXOaWiRQ,  aV  RUgaQic  aeURVRO  PaVV  dReV  QRW  chaQge  VigQificaQWO\,  aQd  iV  PRdeUaWeO\                    

505 cRUUeOaWed  ZiWh  Sh\VicaO  age  (R aJH  =  +0.53).  NXcOeaWiRQ  iV  RbVeUYed  ZiWhiQ  a  feZ  Rf  Whe  fiUeV  aQd  aSSeaUV  WR  RccXU  SUiPaUiO\                       

506 RQ  Whe  edgeV  Rf  Whe  SOXPeV.  DiffeUeQceV  iQ  iQiWiaO  YaOXeV  Rf  ǻ f �0   ,  ǻ f 44 ,  aQd   ǻO/ǻC   beWZeeQ  higheU-  aQd  ORZeU-cRQceQWUaWed                      

507 SOXPeV   aUe  eYideQce iQdicaWe  WhaW  eYaSRUaWiRQ  aQd/RU  chePiVWU\  haV   OiNeO\  RccXUUed  befRUe  Whe  WiPe  Rf  iQiWiaO  PeaVXUePeQW  aQd                   

50� WhaW  SOXPeV  RU  SOXPe  UegiRQV   (VXch  aV  Whe  RXWeU  SaUWV  Rf  Whe  SOXPe)   ZiWh  ORZeU  iQiWiaO  aeURVRO  ORadiQg  caQ  XQdeUgR  WheVe                       

50� chaQgeV  PRUe  UaSidO\  WhaQ  WhicNeU  SOXPeV.  We  haYe  deYeORSed  fiW  eTXaWiRQV  WhaW  caQ  ZeaNO\  WR  PRdeUaWeO\  SUedicW  ǻ f �0  ,  ǻ f 44 ,                      

510 ǻO/ǻC,  aQd  PeaQ  aeURVRO  diaPeWeU  giYeQ  a  NQRZQ  iQiWiaO  (aW  Whe  WiPe  Rf  fiUVW  PeaVXUePeQW)  WRWaO  RUgaQic  aeURVRO  PaVV                     

511 ORadiQg  aQd  Sh\VicaO  age.  We  ZeUe  XQabOe  WR  TXaQWif\  Whe  iPSacW  RQ  SRWeQWiaO  iQWeU-fiUe  YaUiabiOiW\  iQ  Whe  ePiVViRQ  YaOXeV  Rf                      

512 Whe  PeWUicV  VWXdied  heUe  (VXch  aV  YaUiabOe  ePiVViRQV  Rf  VSecieV  WhaW  caQ  cRQWUibXWe  WR   P/]  60   f � 0  aQd   P/]  44 f 44 ).  We  aQWiciSaWe                        

513 WhaW  beiQg  abOe  WR  caSWXUe  WhiV  addiWiRQaO  VRXUce  Rf  YaUiabiOiW\  Pa\  Oead  WR  VWURQgeU  fiWV  aQd  cRUUeOaWiRQ.  We  eQcRXUage  fXWXUe                      

514 VWXdieV  WR  aWWePSW  WR  TXaQWif\  WheVe  chePicaO  aQd  Sh\VicaO  chaQgeV  befRUe  Whe  iQiWiaO  PeaVXUePeQW  XViQg  cRPbiQaWiRQV  Rf                   

515 PRdeOiQg  aQd  OabRUaWRU\  PeaVXUePeQWV,  ZheUe  VaPSOiQg  iV  SRVVibOe  aW  Whe  iQiWiaO  VWageV  Rf  Whe  fiUe  aQd  VPRNe.  We  aOVR                     

516 VXggeVW  fXUWheU  UefiQePeQW  Rf  RXU  fiW  eTXaWiRQV,  aV   addiWiRQaO fXUWheU  YaUiabOeV  (VXch  aV  ShRWRO\ViV  UaWeV)  aQd  beWWeU                  

517 TXaQWificaWiRQ  Rf  iQWeU-fiUe  YaUiabiOiW\  (VXch  aV  YaUiabOe  ePiVViRQ  UaWeV)  aUe  aQWiciSaWed  WR  iPSURYe  WheVe  fiWV.  We  fiQaOO\  XUge                    

51� fXWXUe  QeaU-fieOd  (<24  hRXUV)  aQaO\VeV  Rf  UeceQW  aQd  fXWXUe  biRPaVV  bXUQiQg  fieOd  caPSaigQV  WR  iQcOXde  diffeUeQceV  iQ  iQiWiaO                    

51� SOXPe  PaVV  cRQceQWUaWiRQV  aQd  ORcaWiRQ  ZiWhiQ  Whe  SOXPe  aV  cRQVideUaWiRQV  fRU  XQdeUVWaQdiQg  chePicaO  aQd  Sh\VicaO                 

520 SURceVVeV   iQ   SOXPeV.   

521 AcknoZledgemenWV   

522 We   ZRXOd   OiNe   WR   WhaQN   LaXUeQ   GaURfaOR,   EPiO\   FiVcheU,   JaNRb   LiQdaaV,   aQd   IOaQa   PROOacN   fRU   XVefXO   cRQYeUVaWiRQV.   We   WhaQN   

523 ChaUOeV   LRQg   fRU   XVe   Rf   iUUadiaWiRQ   daWa.   ThiV   ZRUN   iV   VXSSRUWed   b\   Whe   U.S.   NOAA,   aQ   Office   Rf   ScieQce,   Office   Rf   

524 AWPRVSheUic   ChePiVWU\,   CaUbRQ   C\cOe,   aQd   COiPaWe   PURgUaP,   XQdeU   Whe   cRRSeUaWiYe   agUeePeQW   aZaUdV   NA17OAR4310001   

525 aQd   NA17OAR4310003;   Whe   U.S.   NSF   AWPRVSheUic   ChePiVWU\   SURgUaP,   XQdeU   GUaQWV   AGS 1559607   aQd   AGS-1950327;  

526 aQd   Whe   US   DeSaUWPeQW   Rf   EQeUg\¶V   (DOE)   AWPRVSheUic   S\VWeP   ReVeaUch,   aQ   Office   Rf   ScieQce,   Office   Rf   BiRORgicaO   aQd   

527 EQYiURQPeQWaO   ReVeaUch   SURgUaP,   XQdeU   gUaQW   DE-SC0019000.   WRUN   cRQdXcWed   b\   LIK,   AJS,   JW   ZaV   SeUfRUPed   XQdeU   

52� VSRQVRUVhiS   Rf   Whe   U.S.   DOE   Office   Rf   BiRORgicaO   &   EQYiURQPeQWaO   ScieQceV   (OBER)   AWPRVSheUic   S\VWeP   ReVeaUch   

52� PURgUaP   (ASR)   XQdeU   cRQWUacWV   DE-SC0012704   (BNL;   LIK,   AJS)   aQd   DE-SC0020259   (JW).   ReVeaUcheUV   UecRgQi]e   Whe   
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530 DOE   AWPRVSheUic   RadiaWiRQ   MeaVXUePeQW   (ARM)   COiPaWe   ReVeaUch   SURgUaP   aQd   faciOiW\   fRU   bRWh   Whe   VXSSRUW   WR   caUU\   RXW   

531 Whe   BBOP   caPSaigQ   aQd   fRU   XVe   Rf   Whe   G-1   UeVeaUch   aiUcUafW.     TBO   acNQRZOedgeV   VXSSRUW   fURP   Whe   DOE   ARM   SURgUaP   

532 dXUiQg   BBOP   aQd   Whe   DOE   ASR   SURgUaP   fRU   BBOP   aQaO\ViV   (cRQWUacW   DE-SC0014287).   DKF   acNQRZOedgeV   fXQdiQg   fURP   

533 NOAA   COiPaWe   PURgUaP   Office¶V   AWPRVSheUic   ChePiVWU\,   CaUbRQ   C\cOe,   aQd   COiPaWe   SURgUaP   (GUaQW   NA17OAR4310010).   

534 We   WhaQN   Whe   aQRQ\PRXV   UeYieZeUV   fRU   WheiU   cRQVWUXcWiYe   feedbacN.   

535   

536   

537   
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�71

  

�72 Figure  1:  Aerosol  properties  from  the  first  set  of  pseudo-Lagrangian  transects  from  the  Colockum  fire  on  flight  ‘730b’  (a)                     
�73 ΔOA/ΔCO  (right  y-axis)  and  ΔBC/ΔCO  (left  y-axis),  (b)  Δ f 60  (right  y-axis)  and  Δ f 44  (left  y-axis),  (c)  ΔH/ΔC  (right  y-axis)  and                      
�74 ΔO/ΔC  (left  y-axis),   (d)  ΔN/ΔCO,  and  (e)    against  physical  age.  For  each  transect,  the  data  is  divided  into  edge  (the  lowest          Dp                
�75 5-15%   of   ΔCO   data;   red   points)   and   core   (90-100%   of   ΔCO   data;   blue   points).    ΔBC/ΔCO   is   shown   in   log   scale   to   improve   clarity.     
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��3

  
��4 Figure   2.   Various   normalized   parameters   as   a   function   of   physical   age   for   the   7   sets   of   pseudo-Lagrangian   transects.   Separate   lines   
��5 are   shown   for   the   edges   (lowest   5-15%   of   ΔCO;   dashed   lines)   and   cores   (highest   90-100%   of   ΔCO;   solid   lines).   (a)   ΔOA/ΔCO,   (b)   
��6 Δ f 60 ,   (c)   Δ f 44 ,   (d)   ΔH/ΔC,   (e)   ΔO/ΔC,   (f)   ΔN/ΔCO,   and   (g)        between   40-262   nm   against   physical   age   for   all   flights,   colored   by   Dp  

��7 ΔOA initial .   Some   flights   have   missing   data.   Also   provided   is   the   Spearman   correlation   coefficient,   R,   between   each   variable   and   
��� ΔOA initial    and   physical   age   for   each   variable.   Note   that   panels   (a)    and   (f) ,   (d) ,   and   (g)    have   a   log   y-axis.     
���   
��0   
��1   
��2   
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��3

  
��4   
��5 Figure   3.   Measured   versus   predicted   (a)   Δ f 60 ,   (b)   Δ f 44 ,   (c)   ΔO/ΔC,   and   (d)       between   40-262   nm.   The   predicted   values   are   from   Dp  

��6 the   equation    X=a   log 10 (OA initial )+b   (Physical   age)   +c    where    X =Δ f 60 ,    Δ f 44 ,   ΔO/ΔC,   or   .   The   values   of    a,   b,    and    c    are   provided   in   Dp  
��7 Table   S3.   The   Pearson   and   Spearman   coefficients   of   determination   (R p 

2  
   and   R s 

2 ,   respectively)   are   provided   in   each   panel,   along   
��� with   the   normalized   mean   bias   (NMB)   and   normalized   mean   error   (NME).   Note   that   Fig.   2   provides   R   values   rather   than   R 2    to   
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��� provide   information   upon   the   trend   of   the   correlation.   Included   in   the   fit   and   figure   are   points   from   all   four   ΔCO   regions   within   
�00 the   plume   (the   5-15%,   15-50%,   50-90%,   and   90-100%   of   ΔCO),   all   colored   by   the   mean   ΔOA initial    of   each   ΔCO   percentile   range.     
�01   
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SXSSRUWiQg   iQfRUPaWiRQ   fRU     
DiOXWiRQ   iPSacWV   RQ   VPRke   agiQg:   EYideQce   iQ   BBOP   daWa   

  
AQQa  L.  HRdVhiUe 1 ,  Emil\  RamQaUiQe 1 ,  Ali  AkheUaWi 2 ,  MaWWheZ  L.  AlYaUadR 3 ,  DelShiQe  K.              
FaUmeU 4 ,  ShaQWaQX  H.  JaWhaU 2 ,  SRQia  M.  KUeideQZeiV 1 ,  ChaQWelle  R.  LRQVdale 3 ,  TimRWh\  B.              
OQaVch 5 ,  SWeSheQ  R.  SSUiQgVWRQ 6 ,  JiaQ  WaQg 6,a ,  YaQg  WaQg 7,b ,  LaZUeQce  I.  KleiQmaQ 6 ,  AUWhXU  J.               
Sedlacek   III 6 ,   JeffUe\   R.   PieUce 1   
1    DHSaUWPHQW   RI   AWPRVSKHULF   SFLHQFH,   CRORUaGR   SWaWH   UQLYHUVLW\,   FRUW   CROOLQV,   CO   80523,   UQLWHG   SWaWHV   
2 DHSaUWPHQW   RI   MHFKaQLFaO   EQJLQHHULQJ,   CRORUaGR   SWaWH   UQLYHUVLW\,   FRUW   CROOLQV,   CO   80523,   UQLWHG   SWaWHV     
3 AWPRVSKHULF   aQG   EQYLURQPHQWaO   RHVHaUFK,   IQF.,   LH[LQJWRQ,   MA   02421,   UQLWHG   SWaWHV     
4 DHSaUWPHQW   RI   CKHPLVWU\,   CRORUaGR   SWaWH   UQLYHUVLW\,   FRUW   CROOLQV,   CO   80523,   UQLWHG   SWaWHV   
5 AHURG\QH   RHVHaUFK   IQF.,   BLOOHULFa,   MA   01821,   UQLWHG   SWaWHV   
6 EQYLURQPHQWaO  aQG  COLPaWH  SFLHQFHV  DHSaUWPHQW,  BURRNKaYHQ  NaWLRQaO  LabRUaWRU\,  USWRQ,  NY  11973,  UQLWHG              
SWaWHV     
7 CHQWHU   IRU   AHURVRO   SFLHQFH   aQG   EQJLQHHULQJ,   WaVKLQJWRQ   UQLYHUVLW\,   SW.   LRXLV,   MO   63130,   UQLWHG   SWaWHV     

D NRZ   aW   CHQWHU   IRU   AHURVRO   SFLHQFH   aQG   EQJLQHHULQJ,   WaVKLQJWRQ   UQLYHUVLW\,   SW.   LRXLV,   MO   63130,   UQLWHG   SWaWHV     
E NRZ  aW  DHSaUWPHQW  RI  CLYLO,  AUFKLWHFWXUaO  aQG  EQYLURQPHQWaO  EQJLQHHULQJ,  MLVVRXUL  UQLYHUVLW\  RI  SFLHQFH  aQG                
THFKQRORJ\,   RROOa,   MLVVRXUL   65409,   UQLWHG   SWaWHV     
  
  

Text   S1.   Further   details   on   BBOP   instrumentation     
The   FaVW   IQWegUaWed   MRbiliW\   SSecWURmeWeU   (FIMS)   chaUacWeUi]eV   SaUWicle   Vi]eV   baVed   RQ   

elecWUical   mRbiliW\    VimilaU   WR   Whe   RSeUaWiQg   SUiQciSle   Rf   Whe    aV   iQ    VcaQQiQg   mRbiliW\   SaUWicle   Vi]eU   
(SMPS).   BecaXVe   Whe   FIMS   meaVXUeV   SaUWicleV   Rf   diffeUeQW   Vi]eV   VimXlWaQeRXVl\   iQVWead   Rf   
VeTXeQWiall\   aV   iQ   WUadiWiRQal   SMPS,   iW   SURYideV   aeURVRl   Vi]e   diVWUibXWiRQ   ZiWh   a   mXch   higheU   Wime   
UeVRlXWiRQ   aW   1   H]      (WaQg   eW   al.,   2017).   The   UelaWiYe   hXmidiW\   Rf   Whe   aeURVRl   VamSle   ZaV   UedXced   
WR   belRZ   a25%   XViQg   a   NafiRQ   dU\eU   befRUe   beiQg   iQWURdXced   iQWR   Whe   FIMS.   TheUefRUe,   Whe   
meaVXUed   Vi]e   diVWUibXWiRQV   UeSUeVeQWed   WhaW   Rf   Whe   dU\   aeURVRl   SaUWicleV.   The   SaUWicle   QXmbeU   
cRQceQWUaWiRQ   iQWegUaWed   fURm   FIMS   Vi]e   diVWUibXWiRQ   W\Sicall\   agUeeV   ZiWh   Whe   CPC   3010   
(CRQdeQVaWiRQ   PaUWicle   CRXQWeU)   meaVXUemeQW    (KleiQmaQ   eW   al.,   2020)    ZiWhiQ   a   15%   ZheQ   Vi]e   
diVWUibXWiRQ   VXggeVWV   WhaW   SaUWicleV   VmalleU   WhaQ    20 10    Qm   cRQWUibXWe   Qegligibl\   WR   Whe   WRWal   
QXmbeU   cRQceQWUaWiRQ.   ThXV,   Ze   eVWimaWe   Whe   XQceUWaiQW\   iQ   Whe   FIMS   QXmbeU   cRQceQWUaWiRQ   WR   
be   a15%.   The   XQceUWaiQW\   iQ   meaVXUed   SaUWicle   Vi]e   iV   abRXW   3%    (WaQg   eW   al.,   2017) .   

The   SRRW   PaUWicle   AeURVRl   MaVV   SSecWURmeWeU   (SP-AMS)   iV   WhRURXghl\   deWailed   iQ   
KleiQmaQ   eW   al.   (2020).   AlWhRXgh   iW   ZaV   QRW   diUecWl\   chaUacWeUi]ed   fRU   XQceUWaiQWieV   dXUiQg   Whe   
BBOP   camSaigQ,   Ze   eVWimaWe   XQceUWaiQWieV   aV   fRllRZV.   The   AMS   XQceUWaiQW\   iV   eVWimaWed   
fRllRZiQg   Whe   meWhRdV   iQ    (BahUeiQi   eW   al.   2009)    (fiUVW   eTXaWiRQ   Rf   WheiU   VXSSlemeQWal   
iQfRUmaWiRQ) ,   leadiQg   WR   37%   XQceUWaiQW\   fRU   RUgaQicV.   The   laVeU   YaSRUi]eU   addV   addiWiRQal   
XQceUWaiQW\   XS   WR   20%.   ThXV   VXmmiQg   Whe   XQceUWaiQWieV   iQ   TXadUaWXUe   leadV   WR   a   42%   XQceUWaiQW\   
iQ   RUgaQicV.   The   SRRW   PhRWRmeWeU   (SP2)   had   aQ   XQceUWaiQW\   Rf   20%.     
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CO   meaVXUemeQW   XQceUWaiQWieV   aUe   deWailed   iQ   KleiQmeQ   eW   al.   (2020):   Whe   Off-A[iV   
IQWegUaWed   CaYiW\   OXWSXW   SSecWURVcRS\   ZaV   fRXQd   WR   haYe   aQ   accXUac\   Rf   1-2%,   aQd   Whe   
SUeciViRQ   aW   ambieQW   backgURXQdV   Rf   90   SSb   ZaV   0.5   SSbY   RMS   (XViQg   a   1   VecRQd   aYeUagiQg).     

AQ   SPN1   UadiRmeWeU    (BadRVa   eW   al.,   2014;   LRQg   eW   al.,   2010)     meaVXUed     SURYided    WRWal   
VhRUWZaYe   iUUadiaQce,   ZiWh   a   Vhaded   maVk   aSSlied   fRllRZiQg    ( BadRVa   eW   al. ,     (     2014) .   The   daWa   ZaV   
cRUUecWed   fRU   WilW   XS   WR   10   degUeeV   Rf   WilW,   fRllRZiQg    ( LRQg   eW   al. ,     ( 2010) .   FRU   WilW   gUeaWeU   WhaQ   10   
degUeeV   WheVe   YalXeV   aUe   VeW   WR   "bad".   IQVWUXmeQW   XQceUWaiQWieV   aUe   deWailed   iQ    ( BadRVa   eW   al.   
( 2014) .   

The   SRRW   PaUWicle   ±   AeURVRl   MaVV   SSecWURmeWeU   (SP-AMS)   RSeUaWiQg   RQ   Whe   DOE   G1   
aiUcUafW   dXUiQg   BBOP   haV   beeQ   deVcUibed   iQ   deWail   b\   CRllieU   eW   al.   (2016),   Sedlacek   eW   al.   (2018),   
aQd   KleiQmaQ   eW   al.   (2020).   The   SP-AMS   VamSled   PM 1    WhURXgh   a   cRQVWaQW   SUeVVXUe   iQleW   
RSeUaWiQg   aW   a   SUeVVXUe   Rf    ∼ 620   TRUU   (BahUeiQi   eW   al.,   2008).   The   SP-AMS   ZaV   eTXiSSed   ZiWh   
dXal   YaSRUi]eUV:   (1)   VWaQdaUd   UeViVWiYel\   heaWed   WXQgVWeQ   YaSRUi]eU;   aQd   (2)   1064   Qm   iQWUacaYiW\   
laVeU   YaSRUi]eU   (OQaVch   eW   al.,   2012).   The   VWaQdaUd   WXQgVWeQ   YaSRUi]eU   ZaV   RSeUaWed   aW   a   QRmiQal   
YalXe   Rf   600 R C   fRU   Whe   fXll   daWa   VeW.   The   SP-AMS   RSeUaWiQg   ZiWh   Whe   laVeU   YaSRUi]eU   OFF   iV  
effecWiYel\   Whe   Vame   aV   a   VWaQdaUd   HR-AMS,   meaVXUiQg   QRQ-UefUacWRU\   SaUWicXlaWe   maWWeU   
(NR-PM).   The   SP-AMS   RSeUaWiQg   iQ   dXal   YaSRUi]eU   mRde,   ZiWh   bRWh   Whe   VWaQdaUd   WXQgVWeQ   
YaSRUi]eU   aQd   Whe   laVeU   YaSRUi]eU   ON   meaVXUeV   Whe   NR-PM   aQd   iV   addiWiRQall\   VeQViWiYe   WR   
UefUacWRU\   black   caUbRQ   (UBC).     

FlighW   daWa   ZaV   cRllecWed   aW   a   UaSid   UaWe   XViQg   ³FaVW-MS´   iQ   V-mRde   (i.e.,   maVV   VSecWUal   
UeVRlXWiRQ   a2000)   ZiWh   1   VecRQd   VamSle   Wime,   ZiWh   Qegligible   SaUWicle   Wime-Rf-flighW   (PTOF)   daWa   
(DeCaUlR   eW   al.,   2006;   Lack   eW   al.,   2009).   The   SXlVed,   RUWhRgRQal   e[WUacWiRQ   Wime-Rf-flighW   maVV   
VSecWURmeWeU   (TOF-MS)   ZaV   RSeUaWed   ZiWh   a   60   �V   SXlVeU   SeUiRd   aQd   cRllecWed   maVV   VSecWUa   fURm   
m/]   11   WR   m/]   955.   ³FaVW-MS´   daWa   ZaV   cRllecWed   iQ   RSeQ   (i.e.,   VamSle)   mRde   fRU   52   VecRQdV   aQd   
iQ   clRVed   (i.e.,   backgURXQd)   mRde   fRU   8   VecRQdV   eYeU\   miQXWe.   The   laVeU   YaSRUi]eU   ZaV   RSeUaWed   
b\   eiWheU   aXWRmaWicall\   alWeUQaWed   laVeU   ON   aQd   OFF   each   miQXWe   RU   maQXall\   VamSliQg   ZiWh   Whe   
laVeU   ON   RU   OFF   fRU   lRQg   SeUiRdV   Rf   Wime,   VXch   aV   fXll   SlXme   WUaQVecWV.   The   majRUiW\   Rf   Whe   daWa   
(>76%)   ZaV   cRllecWed   iQ   dXal   YaSRUi]eU   mRde   (i.e.,   laVeU   RQ).     

The   SP-AMS   ZaV   calibUaWed   fRU   NR-PM   ZiWh   ammRQiXm   QiWUaWe   aQd   fRU   UBC   ZiWh   Regal   
black   8   iQdeSeQdeQW   WimeV   dXUiQg   BBOP.   The   aYeUage   iRQi]aWiRQ   efficieQc\   (IE)   ZiWh   UeVSecW   WR   
ammRQiXm   QiWUaWe   ZaV   meaVXUed   WR   be   8.1e-8   aQd   Whe   UelaWiYe   iRQi]aWiRQ   efficieQc\   (RIE)   Rf   UBC   
ZaV   meaVXUed   WR   be   0.28,   alWhRXgh   Whe   UBC   fURm   Whe   SP-AMS   ZaV   QRW   XVed   iQ   WhiV   VWXd\.     

CRllieU   eW   al.   (2016)   deWeUmiQed   Whe   SP-AMS   laVeU   OFF   cRllecWiRQ   efficieQc\   (CE)   WR   be   
0.5   WhURXgh   cRmSaUiVRQV   ZiWh   aQ   iQdeSeQdeQW   HR-AMS   lRcaWed   aW   Whe   MRXQW   BachelRU   
ObVeUYaWRU\   dXUiQg   RYeU-flighWV.   SP-AMS   meaVXUed   NR-PM   YalXeV   cRllecWed   ZiWh   Whe   laVeU   ON   
aQd   OFF   ZeUe   cRmSaUed   fRU   16   diffeUeQW   biRmaVV   bXUQiQg   SlXmeV   (Sedlacek   eW   al.,   2018;   
KleiQmaQ   eW   al.,   2020).   IQ   each   caVe,   Whe   SlXme   ZaV   VamSled   ZiWh   Whe   laVeU   ON   aQd   ZiWh   Whe   laVeU   
OFF,   iQdeSeQdeQWl\,   aQd   Whe   meaVXUed   SlXme   NR-PM   ZaV   QRUmali]ed   WR   CO   WR   accRXQW   fRU   
SRWeQWial   chaQgeV   iQ   Whe   SlXme   dilXWiRQ   beWZeeQ   WUaQVecWV.   The   aYeUage   UaWiR   fRU   NR-PM   laVeU   
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ON   WR   laVeU   OFF   ZaV   1.52.    FURm   WheVe   UeVXlWV,   Whe   aYeUage   CE   Rf   NR-PM   meaVXUed   ZiWh   Whe   
laVeU   ON   WR   be   0.76   ZiWh   a   VWaQdaUd   deYiaWiRQ   Rf   0.07   (Sedlacek   eW   al.,   2018;   KleiQmaQ   eW   al.,   
2020).    TheUe   iV   VXbVWaQWial   eYideQce   iQ   Whe   SXbliVhed   liWeUaWXUe   fRU   Whe   CE   Rf   Whe   WXQgVWeQ   
YaSRUi]eU   (Lim   eW   al.,   2019)   aQd   Whe   laVeU   YaSRUi]eU   (WilliV   eW   al.,   2014)   WR   chaQge   aV   a   fXQcWiRQ   Rf   
chemical   cRmSRViWiRQ   aQd   UBC   cRaWiQg   WhickQeVV.   UQfRUWXQaWel\   fRU   YaUiRXV   UeaVRQV,   iQVWUXmeQW   
cRmSaUiVRQV   Rf   meaVXUemeQWV   Rf   PM 1    maVV   lRadiQg   cRQceQWUaWiRQV   ZeUe   YeU\   limiWed   dXUiQg   
BBOP,   VXch   WhaW   WheUe   dReV   QRW   e[iVW   a   XVefXl   eVWimaWe   Rf   a   chaQgiQg   CE   fRU   eiWheU   SP-AMS   
YaSRUi]eU   ZiWh   chaQgiQg   SlXme   cRQdiWiRQV.     

The   SP-AMS   daWa   ZaV   aQal\]ed   XViQg   TRF-AMS   AQal\ViV   TRRlkiW   1.61B   aQd   TRF-AMS   
HR   AQal\ViV   1.21B   iQ   IgRU   PUR.   GaV   ShaVe   caUbRQ   diR[ide   (CO 2 )   ZaV   diUecWl\   meaVXUed   RQ   Whe   
G1   aiUcUafW   aQd   ZaV   XVed   WR   VXbWUacW   gaV   ShaVe   cRQWUibXWiRQV   WR   CO 2 

+    iRQ   VigQal   iQ   Whe   SP-AMS.   
SP-AMS   VWaQdaUd   NR-PM   chemical   VSecieV   (i.e.,   OUg,   SO 4 ,   NO 3 ,   NH 4 ,   Chl)   ZeUe   calcXlaWed   
XViQg   high   UeVRlXWiRQ   (HR)   fiWV.   f 44    aQd   f 60    aUe   XQiW   maVV   UeVRlXWiRQ   (UMR)   UaWiRV,   ZheUeaV   O:C   
UaWiRV   ZeUe   deUiYed   XViQg   HR   fiWV.   AlWhRXgh   iW   ZaV   QRW   diUecWl\   chaUacWeUi]ed   fRU   XQceUWaiQWieV   
dXUiQg   Whe   BBOP   camSaigQ,   Ze   eVWimaWe   XQceUWaiQWieV   aV   fRllRZV.   The   AMS   XQceUWaiQW\   iV   
eVWimaWed   fRllRZiQg   Whe   meWhRdV   iQ    (BahUeiQi   eW   al.   2009)    (fiUVW   eTXaWiRQ   Rf   WheiU   VXSSlemeQWal   
iQfRUmaWiRQ) ,   leadiQg   WR   37%   XQceUWaiQW\   fRU   RUgaQicV.   The   laVeU   YaSRUi]eU   addV   addiWiRQal   
XQceUWaiQW\   XS   WR   20%.   ThXV   VXmmiQg   Whe   XQceUWaiQWieV   iQ   TXadUaWXUe   leadV   WR   a   42%   XQceUWaiQW\   
iQ   RUgaQicV.   (The   SRRW   PhRWRmeWeU   (SP2)   had   aQ   XQceUWaiQW\   Rf   20%.)   

We   fXUWheU   aQal\]ed   Whe   UMRV   aQd   Whe   SRWeQWial   fRU   laVeU   ON   VSecific   iRQ   VigQalV   WR   
iQWeUfeUe   ZiWh   laVeU   OFF   NR-PM   iRQ   VigQalV   ZiWh   Whe   SP-AMS   daWa.   The   chemical   cRmSRViWiRQ   
Rf   Whe   meaVXUed   ZildfiUe   S lXmeV   dXUiQg   BBOP   ZeUe   >   90%   NR-PM   RUgaQic   maWeUial   (CRllieU   eW   
al.,   2016;   KleiQmaQ   eW   al.,   2020).   UBC   maVV   fUacWiRQV   ZeUe   W\Sicall\   belRZ   2%   (KleiQmaQ   eW   al.,   
2020),   WhRXgh   Whe   QXmbeU   fUacWiRQV   ZeUe   higheU   (Sedlacek   eW   al.,   2018).   DeVSiWe   WheVe   lRZ   
cRQceQWUaWiRQV,   Whe   SP-AMS   laVeU   ON   (UelaWiYe   WR   laVeU   OFF)   ZaV   RbVeUYed   WR   geQeUaWe   C Q 

+    iRQ   
VigQalV   ZiWh   aQ   ideQWifiable   fUagmeQWaWiRQ   SaWWeUQ   fRU   UBC   maWeUial   aQd   Whe   laVeU   ON   WR   OFF   
NR-PM   VigQal   ZaV   RbVeUYed   WR   iQcUeaVe   b\   a50%   RQ   aYeUage.   SimilaU   UeVXlWV   haYe   beeQ   
SXbliVhed   fRU   ambieQW   XUbaQ   aeURVRl   (e.g.,   Lee   eW   al.   2015).   ReceQW   labRUaWRU\   ZRUk   WR   iQYeVWigaWe   
WheVe   iVVXeV   haV   elimiQaWed   laVeU   aligQmeQW   iVVXeV   aQd   iQdiUecW   heaWiQg   aV   SRWeQWial   caXVeV   fRU   
WheVe   RbVeUYaWiRQV   (AYeU\   eW   al.,   2020).   ThXV,   WheVe   RbVeUYaWiRQV   aUe   likel\   dXe   WR   a   cRmbiQaWiRQ   
Rf   diffeUeQW   cRllecWiRQ   efficieQcieV   (CEV)   aQd   UelaWiYe   iRQi]aWiRQ   efficieQcieV   (RIEV)   fRU   Whe   WZR   
YaSRUi]eUV   ZheQ   XVed   iQ   dXal   YaSRUi]eU    mRde   (i.e.,   laVeU   ON).   

The   HR   iRQ   VigQalV   aW   m/]   44   aUe   dRmiQaWed   b\   CO 2 
+    aQd   C 2 H 4 O +    iRQV   (Fig.   S 31 30 ).   The   

UaWiR   Rf   C 2 H 4 O + /CO 2 
+    iQcUeaVeV   ZiWh   SlXme   maVV   lRadiQg   (i.e.,   cRQceQWUaWiRQ)   aQd   decUeaVeV   ZiWh   

diVWaQce   fURm   Whe   fiUe   (Fig.   S 31 30 ),   iQliQe   ZiWh   Whe   RbVeUYaWiRQV   UeSRUWed   heUe   fRU   decUeaVeV   iQ   
R[idaWiRQ   leYelV   aV   a   fXQcWiRQ   Rf   dilXWiRQ.   The   HR   iRQ   VigQalV   aW   m/]   60   aUe   dRmiQaWed   b\   
C 2 H 4 O 2 

+    aQd   C 5 
+    (Fig.   S3 2 1 ).   HR   fiWWiQg   Rf   C 5 

+    iQdicaWed   WhaW   iW   aYeUaged   a6%   Rf   Whe   C 2 H 4 O 2 
+    iRQ   

VigQal,   iQdeSeQdeQW   Rf   Whe   laVeU   YaSRUi]eU   VWaWe   (i.e.,   ON   RU   OFF).   FRU   laUge   C 2 H 4 O 2 
+    iRQ   VigQalV   

iQ   UelaWiYel\   XQdilXWed   biRmaVV   bXUQiQg   SlXmeV,   WhiV   UaWiR   iV   likel\   cRQWURlled   b\   Whe   eUURUV   iQ   
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fiWWiQg   a   Vmall   Seak   iQ   Whe   ZiQgV   Rf   a   laUgeU   Sea k   (CRUbiQ   eW   al.,   201 4 5 ).   AW   lRZeU   iRQ   VigQal   
leYelV,   Whe   C 5 

+ /   C 2 H 4 O 2 
+    becRmeV   VigQificaQWl\   QRiVieU,   bXW   Whe   aYeUage   dReV   QRW   chaQge   

VigQificaQWl\.   LaVeU   ON   ma\   VlighWl\   iQcUeaVe   Whe   aYeUage   UaWiR   aW   lRZeU   C 2 H 4 O 2 
+    iRQ   VigQalV,   

Zhich   cRXld   RYeUeVWimaWe   f 60    fRU   UelaWiYel\   dilXWe   SlXmeV.   If   WhiV   ZeUe   WUXe,   Whe   RbVeUYed   decUeaVe   
iQ   f 60    ZiWh   SlXme   dilXWiRQ   (i.e.,   dXe   WR   fiUe   Vi]e   aQd   aWmRVSheUic   age)   ZRXld   be   VlighWl\   VmalleU   
WhaQ   UeSRUWed   heUe.     

PaVW   UeVeaUch   RQ   SP-AMS   iRQ   VigQalV   fURm   Whe   laVeU   YaSRUi]eU   aQd   Whe   VWaQdaUd   WXQgVWeQ   
YaSRUi]eU   haYe   ideQWified   VeYeUal   cRmSlicaWiQg   facWRUV   ZheQ   RSeUaWiQg   Whe   SP-AMS   iQ   dXal   
YaSRUi]eU   mRde.   FiUVW,   RUgaQic   maWeUial   cRaWiQg   UBC   SaUWicleV   aQd   deWecWed   XViQg   Whe   laVeU   
YaSRUi]eU   haYe   QRWed   diffeUeQW   fUagmeQWaWiRQ   SaWWeUQV   (OQaVch   eW   al.,   2012)   aQd   chemical   
cRmSRViWiRQV   (CaQagaUaWQa   eW   al.,   2015)   cRmSaUed   ZiWh   Whe   Vame   RUgaQic   maWeUial   deWecWed   XViQg   
Whe   VWaQdaUd   WXQgVWeQ   YaSRUi]eU.   FXUWheU,   WheUe   aUe   UeSRUWV   Rf   SP-AMS   laVeU   YaSRUi]eU   deWecWiQg   
UefUacWRU\   CO 2 

+    iRQV   fURm   UBC   SaUWicleV   (CRUbiQ   eW   al.,   2014).   CXUUeQWl\,   Ze   haYe   QRW   aVVeVVed   Whe   
SRWeQWial   fRU   UefUacWRU\   CO 2 

+    iRQ   VigQalV   dXUiQg   BBOP   aV   bRWh   Whe    UBC   aQd   OUg   VigQalV   aUe   highl\   
cRUUelaWed   iQ   biRmaVV   bXUQiQg   SlXmeV,   makiQg   miQRU   chaQgeV   WR   WheVe   UaWiRV   difficXlW   WR   
aVceUWaiQ.   TR   addUeVV   Whe   TXeVWiRQ   Rf   ZheWheU   Whe   laVeU   YaSRUi]eU   geQeUaWed   diffeUeQW   iRQ   VigQalV   
fURm   VimilaU   RUgaQic   cRmSRXQdV,   Ze   aQal\]ed   Whe   laVeU   ON   aQd   OFF   SlXme   WUaQVecW   SaiUV   WhaW   
ZeUe   XVed   fRU   deWeUmiQiQg   laVeU   ON   CE   YalXeV   UelaWiYe   WR   laVeU   OFF.   

AV   VhRZQ   iQ   Fig.   S 33 32 ,   Whe   HR   O:C,   UMR   f 44 ,   aQd   UMR   f 60    UaWiRV   aUe   highl\   cRUUelaWed   
beWZeeQ   laVeU   ON   aQd   OFF   cRQdiWiRQV,   WhRXgh   diffeU   b\   aSSaUeQW   facWRUV.   LaVeU   ON   HR   O:C   
UaWiRV   aUe   aSSUR[imaWel\   4%   lRZeU   WhaQ   laVeU   OFF.   IQ   laUge   SaUW,   WhiV   iV   dXe   WR   Whe   UMR   f 44    UaWiRV,   
Zhich   aUe   dRmiQaWed   b\   CO 2 

+    iRQV,   beiQg   17%   lRZeU   fRU   laVeU   ON.   UMR   f 60    UaWiRV   aUe   18%   
higheU   iQ   laVeU   ON   WhaQ   OFF.   TheVe   RbVeUYaWiRQV   aUe   iQ   liQe   ZiWh   Whe   SXbliVhed   UeVXlWV   fURm   
CaQagaUaWQa   eW   al.,   (2015),   Zhich   RbVeUYed   WhaW   laVeU   YaSRUi]eU   RQl\   HR   O:C   UaWiRV   ZeUe   a17%   
lRZeU   WhaQ   WXQgVWeQ   YaSRUi]eU   RQl\   HR   O:C   UaWiRV   fRU   Whe   Vame   RUgaQic   maWeUial   aQd   Whe   HR   H:C   
UaWiRV   ZeUe   a16%   higheU.   IQ   Whe   caVe   Rf   BBOP,   Whe   laVeU   YaSRUi]eU   VigQalV   UeSUeVeQWed   
aSSUR[imaWel\   1/3   Rf   Whe   WRWal   RUgaQic   VigQal   ZiWh   dXal   YaSRUi]eUV.   The   BBOP   meaVXUed   4%  
lRZeU   HR   O:C   UaWiRV   aUe   VimilaU   iQ   magQiWXde   WR   5.6%   (i.e.,   0.33*17%)   e[SecWed   if   Whe   
CaQagaUaWQa   eW   al.   (2015)   UeVXlWV   aSSlied   WR   BBOP   meaVXUemeQWV.   

The   BBOP   SP-AMS   daWa   XVed   iQ   WhiV   maQXVcUiSW   iV   XVed   WR   meaVXUe   WUeQdV   iQ   OA.   O:C,   
f 44 ,   aQd   f 60    ZiWh   SlXme   dilXWiRQ,   eiWheU   aW   diffeUeQW   SlXme   ageV   aQd/RU   diffeUeQW   cRQceQWUaWiRQ   
SeUceQWileV   acURVV   a   biRmaVV   SlXme   (i.e.,   edge   YV.   ceQWeU).   A   TXeVWiRQ   iV   ZheWheU   Whe   mi[iQg   Rf   
laVeU   ON   aQd   OFF   daWa   heUe   VRmehRZ   biaVeV   Whe   UeVXlWV   dXe   WR   Whe   diffeUeQW   abVRlXWe   YalXeV   
beWZeeQ   Whe   WZR   diffeUeQW   VWaWeV.   A   TXick   e[WeQViRQ   Rf   Whe   abRYe   SlXme   SaiU   aQal\ViV   (Fig.   S3 3 2 )  
iQclXdeV   VeYeUal   ³backgURXQd´   meaVXUemeQWV   made   beWZeeQ   Whe   SlXmeV   (i.e.,   belRZ   150   SSbY   
CO)   aQd   cRmSaUed   fRU   laVeU   ON   YV.   OFF   WR   iQYeVWigaWe   if   WhiV   UaWiR   chaQgeV   VXbVWaQWiall\   beWZeeQ   
SlXme   (i.e.,   high   leYel)   aQd   backgURXQd   (i.e.,   lRZ   leYel)   leYelV.   The   laVeU   ON:OFF   UaWiRV   Rf   
meaVXUed   HR   O:C   aYeUaged   0.95�0.049   iQ   backgURXQd   aQd   0.96�0.029   iQ   SlXme,   UMR   f 44   
aYeUaged   0.89�0.085   iQ   backgURXQd   aQd   0.85�0.068   iQ   SlXme,   aQd   UMR   f 60    aYeUaged   1.17�0.23   



iQ   backgURXQd   aQd   1.15�0.13   iQ   SlXme.   TheVe   UeVXlWV   VXggeVW   WhaW   Whe   RbVeUYed   laVeU   ON/OFF   
UaWiRV   dR   QRW   chaQge   fURm   lRZ   WR   high   VigQal   leYelV,   VXch   WhaW   Whe   WUeQdV   RbVeUYed   fRU   laVeU   OFF   
VhRXld   hRld   fRU   laVeU   ON,   aQd   Yice   YeUVa.   FXUWheU,   Whe   laVeU   ON   YV.   OFF   daWa   SRiQWV   aUe   UaQdRml\   
diVWUibXWed   WhURXghRXW   Whe   meaVXUemeQWV   UaWheU   WhaQ   V\VWemaWicall\   diVWUibXWed   WR   QeaU-   YV.   
faU-field   meaVXUemeQWV   RU   cRUe   YV.   edge   meaVXUemeQWV.   HeQce,   WheUe   VhRXld   be   QR   V\VWemaWic   
biaV   dXe   WR   Whe   XVe   Rf   Whe   cRmbiQed   laVeU   ON   aQd   OFF   daWa,   alWhRXgh   WhiV   cRmbiQaWiRQ   Rf  
laVeU-RQ   aQd   -Rff   daWa   ma\   cRQWUibXWe   WR   QRiVe   iQ   Whe   RbVeUYed   WUeQdV.   

  
  
  

  Text   S2.   Heterogeneous   chemistry   calculations   
We   WeVW   Whe   imSacW   Rf   heWeURgeQeRXV   chemiVWU\   RQ   aeURVRl   maVV   lRVV   ZiWhiQ   Whe   VmRke   

SlXme.   We   SeUfRUmed   a   VimSle   calcXlaWiRQ    Rf   UeacWiYe   XSWake   Rf   OH   mRlecXleV   ZiWh   
SaUWicle-ShaVe   RUgaQicV   WhaW   UeVXlWed   iQ   lRVV   Rf   RUgaQic   SURdXcWV.   TheVe   calcXlaWiRQV   iQclXde   
aVVXmed   YalXeV   Rf   SaUWicle   diameWeU,   OH   cRQceQWUaWiRQ,   OH   diffXViRQ   cRefficieQW,   aQd   OH   
UeacWiYe   XSWake   cRefficieQW.     Rf   OH   mRlecXleV   cRlliViRQ   WR   Whe   VXUface   Rf   a   ViQgle   SaUWicle   UaQgiQg   
fURm   1   Qm   WR   1   ȝm   Vi]e   iQ   diameWeU.    The   fRllRZiQg   SaUameWeUV    aUe    aVVXmed   fRU   Whe   calcXlaWiRQV:   

Ɣ OH   diffXViYiW\   =   3.5e-5   [m 2    V -1 ]   
Ɣ PaUWicle   diameWeU   YaUied   fURm   1   -   1000   [Qm]   
Ɣ CRQVWaQW   OH   cRQceQWUaWiRQ   YaUied   fURm   1e5   WR   5e7   [mRlecXleV   cm -3 ]   
Ɣ ReacWiYe   XSWake   cRefficieQWV   YaUied   fURm   0.1   WR   1   [XQiWleVV]   
Ɣ MRlecXlaU   ZeighW   Rf   RUgaQicV   =   200   [g   mRl -1 ]   
Ɣ DeQViW\   Rf   RUgaQicV   =   1.4   [g   cm -3 ]   
Ɣ TRWal   UXQ   Wime   =   3   [hRXUV]   

The   cRlliViRQ   UaWe   Rf   OH   ZiWh   Whe   SaUWicle   VXUface   ZaV   calcXlaWed   XViQg   Whe   cRQdeQVaWiRQ   
eTXaWiRQV   iQ   SeiQfeld   aQd   PaQdiV   (2006).    AV   a     Q   XSSeU   bRXQd    calcXlaWiRQ    Rf   Whe   XSSeU   bRXQd   limiW   
Rf   eYaSRUaWiRQ   dXe   WR   heWeURgeQeRXV   chemiVWU\ ,   Ze   aVVXme   each   cRlliViRQ   UeVXlWV   iQ   UemRYiQg   aQ   
RUgaQic   mRlecXle   RQ   Whe   VXUface   Rf   Whe   SaUWicle   (aVVXmed   WR   be   200   amX),   fUagmeQWiQg   aQd   
UemRYiQg   Whe   mRlecXle   fURm   Whe   SaUWicle.   The   fUagmeQWaWiRQ   SURdXcWV   aUe   QRW   aVVXmed   WR   
SaUWiciSaWe   iQ   fXUWheU   UeacWiRQ.   FigXUe   S23a   VhRZV   Whe   UeVXlWiQg   fiQal:iQiWial   maVV   UaWiRV   afWeU   fRXU   
hRXUV   Rf   agiQg,   iQdicaWiQg   WhaW   fRU    Whe all    aeURVRl   Vi]eV    cRQWaiQiQg   mRVW   Rf   Whe   maVV    caSWXUed    iQ   
WhiV   VWXd\   (>10 0    Qm)   aQd   XQdeU    e[SecWed a   UaQge   Rf    OH   cRQceQWUaWiRQV    (<10 7    cm -3 ) ,   >90%   Rf   Whe   
aeURVRl   maVV   UemaiQV    afWeU   3   hRXUV   iQ   all   bXW   Whe   caVeV   ZiWh   a   UeacWiYe   XSWake   cRefficieQW   Rf   1   aQd   
aQ   OH   cRQceQWUaWiRQ   Rf   10 7    cm -3 .    NRWe   hRZeYeU   WhaW   (1)   Whe   UeacWiYe   XSWake   cRefficieQW   iV   likel\   
lRZeU   WhaQ   1    AV   a   lRZeU   bRXQd,   Ze   alVR   iQclXde   a   caVe   iQ   Zhich   RQl\   10%   Rf   all   OH   cRlliViRQV   
UeVXlW   iQ   a   maVV   lRVV   Rf   200   amX   (FigXUe   S23c)    (Slade   aQd   KQRSf,   2013) ,   (2)   QRW   eYeU\   UeacWiRQ   
Zill   lead   WR   cRmSleWe   eYaSRUaWiRQ   Rf   all   SURdXcWV,   aQd   (3)   OH   cRQceQWUaWiRQV   aUe   RfWeQ   lRZeU   WhaQ   
10 7    cm -3     (JXQcRVa   CalahRUUaQR   eW   al.,   2020) (CITATION) .     
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Table   S1.   FlighW   deVcUiSWiRQ   Wable.     
  

FlighW   Qame,   daWe   NXmbeU   Rf   VeWV   Rf   
SVeXdR-LagUaQgiaQ   
WUaQVecWV     

FiUe   Qame     FXel 1   MiVViQg   daWa 2   

µ726a¶,   07-26-2013   2   Mile   MaUkeU   
28   

gUaVVlaQdV,   
VhUXb   bUXVh,   
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1 WheQ   kQRZQ     
2 IQVWUXmeQWV   UeleYaQW   WR   WhiV   VWXd\     
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

Table   S2.   CalcXlaWed   R ǻOA,LQLWLaO    aQd   R aJH    YalXeV   fRU   ǻOA/ǻCO,    ǻ I �0 ,    ǻ I 44    ǻH/ǻC,   ǻO/ǻC,   
ǻN/ǻCO,   aQd   ZheQ   RQe   flighW   iV   lefW   RXW   Rf   Whe   VWaWiVWical   aQal\ViV.   We   iQclXde   Whe   RUigiQal   R  DS  
YalXeV   aV   Whe   fiUVW   URZ   fRU   cRmSaUiVRQ.   Red   YalXeV   iQdicaWe   WhaW   Whe   cRUUelaWiRQ   haV   imSURYed   
cRmSaUed   WR   all   flighWV   iQ   Whe   VWaWiVWical   aQal\ViV   (clRVeU   WR   �1).   BlXe   YalXeV   iQdicaWe   WhaW   Whe   
cRUUelaWiRQ   haV   ZRUVeQed   (clRVeU   WR   0)   cRmSaUed   WR   all   flighWV   iQ   Whe   VWaWiVWical   aQal\ViV.   Black   
YalXeV   deQRWe   QR   chaQge   iQ   Whe   cRUUelaWiRQ   cRmSaUed   WR   all   flighWV   iQ   Whe   VWaWiVWical   aQal\ViV.   NRWe   
WhaW   fRU   flighWV   µ726a¶   aQd   µ730b¶   bRWh   VeWV   Rf   LagUaQgiaQ   WUaQVecWV   haYe   beeQ   lefW   RXW.     
  

WimbeU,   aQd   
WimbeU   liWWeU   

µ730a¶,   07-30-2013   1   CRlRckXm   
TaUSV   

gUaVV,   WUeeV     

µ730b¶,   07-30-2013   2   CRlRckXm   
TaUSV   

gUaVV,   WUeeV     

µ809a¶,   08-09-2013   1   CRlRckXm   
TaUSV     

gUaVV,   WUeeV   NO \ [   

µ821b¶,   08-21-2013   1   GRYeUQmeQW   
FlaWV   

  O 3   



ǻOA/ǻCO   

FlighW   lefW   RXW,   daWe   ReVXlWiQg   R ǻOA,   LQLWLaO   ReVXlWiQg   R aJH   

NRQe   +0.02   +0.03   

µ726a¶,   07-26-2013   +0.12   0.0   

µ730a¶,   07-30-2013   +0.02   +0.07   

µ730b¶,   07-30-2013   +0.17   0.0   

µ809a¶,   08-09-2013   -0.25   +0.02   

µ821b¶,   08-21-2013   +0.05   +0.03   

ǻ f 60   

FlighW   lefW   RXW,   daWe   ReVXlWiQg   R ǻOA,   LQLWLaO   ReVXlWiQg   R aJH   

NRQe   +0.43   -0.26   

µ726a¶,   07-26-2013   +0.58   -0.38   

µ730a¶,   07-30-2013   +0.39   -0.37   

µ730b¶,   07-30-2013   +0.52   -0.19   

µ809a¶,   08-09-2013   +0.3   -0.21   

µ821b¶,   08-21-2013   +0.4   -0.26   

ǻ f 44   

FlighW   lefW   RXW,   daWe   ReVXlWiQg   R ǻOA,   LQLWLaO   ReVXlWiQg   R aJH   

NRQe   -0.55   +0.5   

µ726a¶,   07-26-2013   -0.63   +0.4   

µ730a¶,   07-30-2013   -0.62   +0.54   

µ730b¶,   07-30-2013   -0.45   +0.46   

µ809a¶,   08-09-2013   -0.54   +0.54   

µ821b¶,   08-21-2013   -0.42   +0.57   

ǻH/ǻCO   



FlighW   lefW   RXW,   daWe   ReVXlWiQg   R ǻOA,   LQLWLaO   ReVXlWiQg   R aJH   

NRQe   -0.04   -0.06   

µ726a¶,   07-26-2013   -0.04   -0.12   

µ730a¶,   07-30-2013   -0.13   -0.2   

µ730b¶,   07-30-2013   0.0   -0.16   

µ809a¶,   08-09-2013   0.02   -0.01   

µ821b¶,   08-21-2013   -0.01   -0.05   

ǻO/ǻCO   

FlighW   lefW   RXW,   daWe   ReVXlWiQg   R ǻOA,   LQLWLaO   ReVXlWiQg   R aJH   

NRQe   -0.45   +0.56   

µ726a¶,   07-26-2013   -0.54   +0.46   

µ730a¶,   07-30-2013   -0.52   +0.55   

µ730b¶,   07-30-2013   -0.21   +0.54   

µ809a¶,   08-09-2013   -0.5   +0.61   

µ821b¶,   08-21-2013   -0.32   +0.63   

ǻN/ǻCO   

FlighW   lefW   RXW,   daWe   ReVXlWiQg   R ǻOA,   LQLWLaO   ReVXlWiQg   R aJH   

NRQe   -0.03   -0.27   

µ726a¶,   07-26-2013   -0.03   -0.13   

µ730a¶,   07-30-2013   -0.03   -0.3   

µ730b¶,   07-30-2013   -0.21   -0.43   

µ809a¶,   08-09-2013   -0.07   -0.2   

µ821b¶,   08-21-2013   0.0   -0.37   

 DS  

FlighW   lefW   RXW,   daWe   ReVXlWiQg   R ǻOA,   LQLWLaO   ReVXlWiQg   R aJH   



  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

Table   S3.   FiW   cRefficieQWV    a,   E,    aQd    F    fRU   Whe   fiWV   VhRZQ   iQ   Fig.   3   ,   eTXaWiRQ   4.   The   XQiWV   Rf    a    aUe   
(meWUic) ,   bXW   QRWe   WhaW   Whe   XQiWV   Rf   ǻOA LQLWLaO    mXVW   be   ȝg   m -3 ;   Whe   XQiWV   Rf    E    aUe   (meWUic)/hU,   aQd   Whe   
XQiWV   Rf    F    aUe   (meWUic),   ZheUe   (meWUic)   =   Whe   XQiWV   Rf   ǻ I �0,    ǻ I 44 ,   ǻO/ǻC,   RU   ,   UeVSecWiYel\.   DS   

NRQe   -0.15   +0.53   

µ726a¶,   07-26-2013   -0.18   +0.43   

µ730a¶,   07-30-2013   -0.17   +0.57   

µ730b¶,   07-30-2013   +0.19   +0.63   

µ809a¶,   08-09-2013   -0.28   +0.52   

µ821b¶,   08-21-2013   -0.18   +0.52   

MeWUic   a   E   F   

ǻ I �0   2.8e-03     -6.4e-04  4.7e-03   

ǻ I 44   -1.1e-02  5.8e-03   4.4e-02   



  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

Table   S4.   FiW   cRefficieQWV    a,   E,    aQd    F    fRU   Whe   fiWV   VhRZQ   iQ   Fig.   S28   ,   eTXaWiRQ   5.   The   XQiWV   Rf    a    aUe   
(meWUic);   Whe   XQiWV   Rf    E    aUe   (meWUic)/hU,   aQd   Whe   XQiWV   Rf    F    aUe   (meWUic),   ZheUe   (meWUic)   =   Whe   XQiWV   
Rf   ǻ I �0,    ǻ I 44 ,   ǻO/ǻC,   RU   ,   UeVSecWiYel\.   DS   

ǻO/ǻC   -3.6e-02  2.6e-02   0.24   

 DS  -1.5   10   150   

MeWUic   a   E   F   

ǻ I �0   0.14   -6.6e-02  -5.3   

ǻ I 44   -0.14   0.11   -2.9   

ǻO/ǻC   -7.3e-02  6.1e-02   -1.3   



  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

Table   S5.   FiW   cRefficieQWV    a,   E,    aQd    F    fRU   Whe   fiWV   VhRZQ   iQ   Fig.   S29   ,   eTXaWiRQ   4   (bXW   ZiWh   ǻN LQLWLaO   
iQ   Slace   Rf   ǻOA LQLWLaO ).   The   XQiWV   Rf    a    aUe   (meWUic);   Whe   XQiWV   Rf    E    aUe   (meWUic)/hU,   aQd   Whe   XQiWV   Rf    F   
aUe   (meWUic),   ZheUe   (meWUic)   =   Whe   XQiWV   Rf   ǻ I �0,    ǻ I 44 ,   ǻO/ǻC,   RU   ,   UeVSecWiYel\.   DS   

  

 DS  -6.3e-03  4.0e-02   5.1   

MeWUic   a   E   F   

ǻ I �0   2.0e-03   -5.4e-04  -1.5e-03  

ǻ I 44   -1.1e-02  5.3e-03   8.4e-02   

ǻO/ǻC   -4.1e-02  2.4e-02   0.4   

 DS  -3.5   10   160   



  
  
  
  
  
  
  
  

  
  



  
FigXUe   S1.   The   flighW   SaWh   fRU   flighW   µ730b¶,   cRlRUed   b\   Whe   FIMS   WRWal   QXmbeU   cRQceQWUaWiRQ.   The   
Ued   dRWV   aUe   MODIS   fiUe/WheUmal   aQRmalieV.   The   black   VWaU   iQdicaWeV   Whe   aSSUR[imaWe   ceQWeU   Rf   
Whe   fiUe   aQd   Whe   black   daVhed   liQe   iQdicaWeV   Whe   aSSUR[imaWe   ceQWeUliQe   Rf   Whe   SlXme,   eVWimaWed   b\   
Whe   QXmbeU   cRQceQWUaWiRQ.     
  
  



  



  
FigXUe   S2.   The   flighW   SaWh   fRU   µ726a¶.   TRS   WZR   SaQelV:   Whe   legV   XVed   iQ   WhiV   VWXd\   aUe   cRlRUed   b\   
each   ǻCO   SeUceQWile   biQ   XVed   iQ   Whe   maiQ   We[W   aQal\VeV.   The   gUeeQ   WUaceV   iQdicaWe   Whe   lRcaWiRQV   Rf   
Whe   lRZeVW   10%   Rf   CO,   XVed   WR   cRmSXWe   aYeUaged   backgURXQdV   fRU   WhiV   flighW.   BRWWRm   WZR  
SaQelV:   Whe   flighW   WUack   cRlRUed   b\   Wime   ViQce   Wake-Rff   iQ   miQXWeV.   The   QXmbeUV   iQdicaWe   Whe   leg   
QXmbeUV   aV   ideQWified   iQ   Whe   BBOP   daWabaVe.   TheUe   ZeUe   WZR   cRmSleWe   flighW   SaWhV   fRU   WhiV   da\.   
The   Ued   dRWV   aUe   MODIS   fiUe/WheUmal   aQRmalieV.   The   black   VWaU   iQdicaWeV   Whe   aSSUR[imaWe   ceQWeU   
Rf   Whe   fiUe   aQd   Whe   black   daVhed   liQe   iQdicaWeV   Whe   aSSUR[imaWe   ceQWeUliQe   Rf   Whe   SlXme,   eVWimaWed   
b\   Whe   QXmbeU   cRQceQWUaWiRQ.   
  
  
  
  
  
  
  



  
  

FigXUe   S3.   The   flighW   SaWh   fRU   µ730a¶.   TRS   SaQel:   Whe   legV   XVed   iQ   WhiV   VWXd\   aUe   cRlRUed   b\   each   
ǻCO   SeUceQWile   biQ   XVed   iQ   Whe   maiQ   We[W   aQal\VeV.   The   gUeeQ   WUaceV   iQdicaWe   Whe   lRcaWiRQV   Rf   Whe   
lRZeVW   10%   Rf   CO,   XVed   WR   cRmSXWe   aYeUaged   backgURXQdV   fRU   WhiV   flighW.   BRWWRm   SaQel:   Whe   
flighW   WUack   cRlRUed   b\   Wime   ViQce   Wake-Rff   iQ   miQXWeV.   The   QXmbeUV   iQdicaWe   Whe   leg   QXmbeUV   aV   



ideQWified   iQ   Whe   BBOP   daWabaVe.   The   Ued   dRWV   aUe   MODIS   fiUe/WheUmal   aQRmalieV.   The   black   VWaU   
iQdicaWeV   Whe   aSSUR[imaWe   ceQWeU   Rf   Whe   fiUe   aQd   Whe   black   daVhed   liQe   iQdicaWeV   Whe   aSSUR[imaWe   
ceQWeUliQe   Rf   Whe   SlXme,   eVWimaWed   b\   Whe   QXmbeU   cRQceQWUaWiRQ.   
  
  
  
  
  
   
  
  
  



  
  

FigXUe   S4.   The   flighW   SaWh   fRU   µ730b¶.   TRS   WZR   SaQelV:   Whe   legV   XVed   iQ   WhiV   VWXd\   aUe   cRlRUed   b\   
each   ǻCO   SeUceQWile   biQ   XVed   iQ   Whe   maiQ   We[W   aQal\VeV.   The   gUeeQ   WUaceV   iQdicaWe   Whe   lRcaWiRQV   Rf   
Whe   lRZeVW   10%   Rf   CO,   XVed   WR   cRmSXWe   aYeUaged   backgURXQdV   fRU   WhiV   flighW.   BRWWRm   WZR  
SaQelV:   Whe   flighW   WUack   cRlRUed   b\   Wime   ViQce   Wake-Rff   iQ   miQXWeV.   The   QXmbeUV   iQdicaWe   Whe   leg   
QXmbeUV   aV   ideQWified   iQ   Whe   BBOP   daWabaVe.   TheUe   ZeUe   WZR   cRmSleWe   flighW   SaWhV   fRU   WhiV   flighW.   
The   Ued   dRWV   aUe   MODIS   fiUe/WheUmal   aQRmalieV.   The   black   VWaU   iQdicaWeV   Whe   aSSUR[imaWe   ceQWeU   



Rf   Whe   fiUe   aQd   Whe   black   daVhed   liQe   iQdicaWeV   Whe   aSSUR[imaWe   ceQWeUliQe   Rf   Whe   SlXme,   eVWimaWed   
b\   Whe   QXmbeU   cRQceQWUaWiRQ.   
  
  
  
  
  
  
  
  
  
  
  
  
  



  
  

FigXUe   S5.   The   flighW   SaWh   fRU   µ809a¶.   TRS   SaQel:   Whe   legV   XVed   iQ   WhiV   VWXd\   aUe   cRlRUed   b\   each   
ǻCO   SeUceQWile   biQ   XVed   iQ   Whe   maiQ   We[W   aQal\VeV.   The   gUeeQ   WUaceV   iQdicaWe   Whe   lRcaWiRQV   Rf   Whe   
lRZeVW   10%   Rf   CO,   XVed   WR   cRmSXWe   aYeUaged   backgURXQdV   fRU   WhiV   flighW.   BRWWRm   SaQel:   Whe   
flighW   WUack   cRlRUed   b\   Wime   ViQce   Wake-Rff   iQ   miQXWeV.   The   QXmbeUV   iQdicaWe   Whe   leg   QXmbeUV   aV   
ideQWified   iQ   Whe   BBOP   daWabaVe.   The   WRUldYieZ   image   fRU   WhiV   da\   had   clRXdV   RYeU   Whe   fiUe   
lRcaWiRQ   aW   Whe   Wime   Rf   Whe   VaWelliWe   SaVVRYeU.   ThXV   Ze   eVWimaWe   a   fiUe   ceQWeU   XViQg   WRUldYieZ   aQd   
MODIS   imageV   fRU   WhiV   UegiRQ   RQ   Whe   SUeYiRXV   da\   (8-08-2013)   (lighW   gUeeQ   VWaU)   aQd   Whe   
fRllRZiQg   da\   (8-10-2013)   (ValmRQ-cRlRUed   VWaU).   The   black   VWaU   iQdicaWeV   RXU   eVWimaWed    ceQWeU   
Rf   Whe   fiUe   RQ   8-09-2013   aQd   Whe   black   daVhed   liQe   iQdicaWeV   Whe   aSSUR[imaWe   ceQWeUliQe   Rf   Whe   
SlXme,   eVWimaWed   b\   Whe   QXmbeU   cRQceQWUaWiRQ.   
  
  



  
FigXUe   S6.   The   flighW   SaWh   fRU   µ821b¶.   TRS   SaQel:   Whe   legV   XVed   iQ   WhiV   VWXd\   aUe   cRlRUed   b\   each   
ǻCO   SeUceQWile   biQ   XVed   iQ   Whe   maiQ   We[W   aQal\VeV.   The   gUeeQ   WUaceV   iQdicaWe   Whe   lRcaWiRQV   Rf   Whe   
lRZeVW   10%   Rf   CO,   XVed   WR   cRmSXWe   aYeUaged   backgURXQdV   fRU   WhiV   flighW.   BRWWRm   SaQel:   Whe   
flighW   WUack   cRlRUed   b\   Wime   ViQce   Wake-Rff   iQ   miQXWeV.   The   QXmbeUV   iQdicaWe   Whe   leg   QXmbeUV   aV   
ideQWified   iQ   Whe   BBOP   daWabaVe.   The   Ued   dRWV   aUe   MODIS   fiUe/WheUmal   aQRmalieV.   The   black   VWaU   
iQdicaWeV   Whe   aSSUR[imaWe   ceQWeU   Rf   Whe   fiUe   aQd   Whe   black   daVhed   liQe   iQdicaWeV   Whe   aSSUR[imaWe   
ceQWeUliQe   Rf   Whe   SlXme,   eVWimaWed   b\   Whe   QXmbeU   cRQceQWUaWiRQ.   
  
  
  
  
  
  
  
  
  
  
  
  



  
FigXUe    S7.   NXmbeU   Vi]e   diVWUibXWiRQ   daWa,   dN/dlRgD S ,   fURm   Whe   FIMS;   CO   (ZhiWe   VRlid   liQe);   aQd   
WRWal   VhRUW   ZaYe   (SW)   iUUadiaQce   (black   dRWV)   daWa   fRU   Whe   µ726a¶   flighW.    The   bRWWRm   SaQel   iV   a   
cRQWiQXaWiRQ   iQ   Wime   fURm   Whe   WRS   SaQel.    The   dRWWed   daVhed   liQe   iQdicaWeV   CO=150   SSb,   RXU   cXWRff   
fRU   iQ-SlXme/RXW-Rf-SlXme.   The   VecRQd   VeW   Rf   LagUaQgiaQ   WUaQVecWV   fRU   WhiV   flighW   VWaUW   aW   Whe   
SlXme   aW   aSSUR[imaWel\   86   miQXWeV   iQWR   Whe   flighW.     
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  



  
  
  

FigXUe   S8.   NXmbeU   Vi]e   diVWUibXWiRQ   daWa,   dN/dlRgD S ,   fURm   Whe   FIMS;   CO   (ZhiWe   VRlid   liQe);   aQd   
WRWal   VhRUW   ZaYe   (SW)   iUUadiaQce   (black   dRWV)   daWa   fRU   Whe   µ730a¶   flighW.    The   bRWWRm   SaQel   iV   a   
cRQWiQXaWiRQ   iQ   Wime   fURm   Whe   WRS   SaQel.    The   dRWWed   daVhed   liQe   iQdicaWeV   CO=150   SSb,   RXU   cXWRff   
fRU   iQ-SlXme/RXW-Rf-SlXme.     
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  



  
  

FigXUe   S9.    NXmbeU   Vi]e   diVWUibXWiRQ   daWa,   dN/dlRgD S ,   fURm   Whe   FIMS;   CO   (ZhiWe   VRlid   liQe);   aQd   
WRWal   VhRUW   ZaYe   (SW)   iUUadiaQce   (black   dRWV)   daWa   fRU   Whe   µ730b¶   flighW.    The   bRWWRm   SaQel   iV   a   
cRQWiQXaWiRQ   iQ   Wime   fURm   Whe   WRS   SaQel.    The   dRWWed   daVhed   liQe   iQdicaWeV   CO=150   SSb,   RXU   cXWRff   
fRU   iQ-SlXme/RXW-Rf-SlXme.   FRU   WhiV   figXUe,   Whe   WRS   SaQel   cRQWaiQV   all   Rf   Whe   fiUVW   LagUaQgiaQ   VeW   Rf   
flighW   WUaQVecWV,   aQd   Whe   bRWWRm   SaQel   cRQWaiQV   all   Rf   Whe   VecRQd   LagUaQgiaQ   VeW   Rf   flighW   WUaQVecWV.     
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  



  
  
  

FigXUe   S10.    NXmbeU   Vi]e   diVWUibXWiRQ   daWa,   dN/dlRgD S ,   fURm   Whe   FIMS;   CO   (ZhiWe   VRlid   liQe);   
aQd   WRWal   VhRUW   ZaYe   (SW)   iUUadiaQce   (black   dRWV)   daWa   fRU   Whe   µ809a¶   flighW.    The   bRWWRm   SaQel   iV   a   
cRQWiQXaWiRQ   iQ   Wime   fURm   Whe   WRS   SaQel.    The   dRWWed   daVhed   liQe   iQdicaWeV   CO=150   SSb,   RXU   cXWRff   
fRU   iQ-SlXme/RXW-Rf-SlXme.   
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  



  
FigXUe   S11.    NXmbeU   Vi]e   diVWUibXWiRQ   daWa,   dN/dlRgD S ,   fURm   Whe   FIMS;   CO   (ZhiWe   VRlid   liQe);   
aQd   WRWal   VhRUW   ZaYe   (SW)   iUUadiaQce   (black   dRWV)   daWa   fRU   Whe   µ821b¶   flighW.    The   bRWWRm   SaQel   iV   
a   cRQWiQXaWiRQ   iQ   Wime   fURm   Whe   WRS   SaQel.    2 The   dRWWed   daVhed   liQe   iQdicaWeV   CO=150   SSb,   RXU   
cXWRff   fRU   iQ-SlXme/RXW-Rf-SlXme.   
  
  
  
  
  
  



  
FigXUe   S12.   FIMS   daWa   fRU   µ809a¶   fRU   Whe   WZR   legV   WhaW   aRYeUlaS   (FigXUe   S5)   fRU   Whe   51,   106,   aQd   
219   Qm   Vi]e   biQV.   The   VRlid   liQe   iV   fURm   Whe   SlaQe   fl\iQg   QRUWh   WR   VRXWh   (UighW   WR   lefW   iQ   WhiV   figXUe)   
aQd   Whe   daVhed   liQe   iV   fURm   Whe   SlaQe   fl\iQg   VRXWh   WR   QRUWh   (lefW   WR   UighW   iQ   WhiV   figXUe).   IQ   Whe   
abVeQce   Rf   FIMS   meaVXUemeQW   aUWifacWV,   Ze   e[SecW   WheVe   WZR   liQeV   WR   URXghl\   maWch   each   RWheU.   
Each   \   a[iV   iV   iQ   XQiWV   Rf   QXmbeU   iQ   biQ.     
  
  
  
  
  
  
  
  
  
  
 ¬¬ 

  



  
  

FigXUe   S13.   Same   aV   FigXUe   2   bXW   XViQg   RQl\   Whe   fiUVW   50%   Rf   daWa   fRU   each   leg   Rf   Whe   FIMS   aQd   
CO   daWa   fRU   SaQelV   f-g.     
  
  
  
  
  
  
  
  
  
  
  
  
  



  
  
  
  
  
  
  

  
FigXUe   S14.   AeURVRl   SURSeUWieV   fRU   Whe   fiUVW   VeW   (lefW-haQd   cRlXmQ)   aQd   VecRQd   VeW   (UighW-haQd   
cRlXmQ)   Rf   SVeXdR-LagUaQgiaQ   WUaQVecWV   fURm   flighW   µ726a¶   (a-b)   ǻOA/ǻCO   (UighW   \-a[iV)   aQd   
ǻBC/ǻCO   (lefW   \-a[iV),   (c-d)   ǻ I �0    (UighW   \-a[iV)   aQd   ǻ I 44    (lefW   \-a[iV),   (e-f)   ǻH/ǻC   (UighW   \-a[iV)   
aQd   ǻO/ǻC   (lefW   \-a[iV),    (g-h)   ǻN/ǻCO,   aQd   (i-j)     agaiQVW   Sh\Vical   age.   FRU   each   WUaQVecW,  DS  
Whe   daWa   iV   diYided   iQWR   edge   (Whe   lRZeVW   5-15%   Rf   ǻCO   daWa;   Ued   SRiQWV),   cRUe   (90-100%   Rf   ǻCO   
daWa;   blXe   SRiQWV),   aQd   iQWeUmediaWe   UegiRQV   (15-50%   aQd   50-90%   Rf   ǻCO   daWa;   lighW   gUeeQ   aQd   
daUk   gUeeQ   SRiQWV).   ǻBC/ǻCO   iV   VhRZQ   iQ   lRg   Vcale   aQd   Whe   [-a[iV   fRU   Whe   UighW-haQd   cRlXmQ   haV   
beeQ   VhifWed   backZaUdV   WR   imSURYe   claUiW\.   NRWe   WhaW   Whe   lefW-haQd   aQd   UighW-haQd   cRlXmQV   dR   QRW   
alZa\V   haYe   Whe   Vame   \-a[iV   limiWV.     
  
  
  
  
  
  



  

  
FigXUe   S15.   AeURVRl   SURSeUWieV   fRU   Whe   VeW   Rf   SVeXdR-LagUaQgiaQ   WUaQVecWV   fURm   flighW   µ730a¶   (a)   
ǻOA/ǻCO   (UighW   \-a[iV)   aQd   ǻBC/ǻCO   (lefW   \-a[iV),   (b)   ǻ I �0    (UighW   \-a[iV)   aQd   ǻ I 44    (lefW   \-a[iV),   
(c)   ǻH/ǻC   (UighW   \-a[iV)   aQd   ǻO/ǻC   (lefW   \-a[iV),    (d)   ǻN/ǻCO,   aQd   (e)     agaiQVW   Sh\Vical  DS  
age.   FRU   each   WUaQVecW,   Whe   daWa   iV   diYided   iQWR   edge   (Whe   lRZeVW   5-15%   Rf   ǻCO   daWa;   Ued   SRiQWV),   
cRUe   (90-100%   Rf   ǻCO   daWa;   blXe   SRiQWV),   aQd   iQWeUmediaWe   UegiRQV   (15-50%   aQd   50-90%   Rf   
ǻCO   daWa;   lighW   gUeeQ   aQd   daUk   gUeeQ   SRiQWV).   ǻBC/ǻCO   iV   VhRZQ   iQ   lRg   Vcale   WR   imSURYe   claUiW\.     
  
  
  
  
  
  



  
  
  

FigXUe   S16.   AeURVRl   SURSeUWieV   fRU   Whe   fiUVW   VeW   (lefW-haQd   cRlXmQ)   aQd   VecRQd   VeW   (UighW-haQd   
cRlXmQ)   Rf   SVeXdR-LagUaQgiaQ   WUaQVecWV   fURm   flighW   µ730b¶   (a-b)   ǻOA/ǻCO   (UighW   \-a[iV)   aQd   
ǻBC/ǻCO   (lefW   \-a[iV),   (c-d)   ǻ I �0    (UighW   \-a[iV)   aQd   ǻ I 44    (lefW   \-a[iV),   (e-f)   ǻH/ǻC   (UighW   \-a[iV)   
aQd   ǻO/ǻC   (lefW   \-a[iV),    (g-h)   ǻN/ǻCO,   aQd   (i-j)     agaiQVW   Sh\Vical   age.   FRU   each   WUaQVecW,  DS  
Whe   daWa   iV   diYided   iQWR   edge   (Whe   lRZeVW   5-15%   Rf   ǻCO   daWa;   Ued   SRiQWV),   cRUe   (90-100%   Rf   ǻCO   
daWa;   blXe   SRiQWV),   aQd   iQWeUmediaWe   UegiRQV   (15-50%   aQd   50-90%   Rf   ǻCO   daWa;   lighW   gUeeQ   aQd   
daUk   gUeeQ   SRiQWV).   ǻBC/ǻCO   iV   VhRZQ   iQ   lRg   Vcale   WR   imSURYe   claUiW\.   NRWe   WhaW   Whe   lefW-haQd   
aQd   UighW-haQd   cRlXmQV   dR   QRW   alZa\V   haYe   Whe   Vame   \-a[iV   limiWV.     
  
  
  



  
FigXUe   S17.   AeURVRl   SURSeUWieV   fRU   Whe   VeW   Rf   SVeXdR-LagUaQgiaQ   WUaQVecWV   fURm   flighW   µ809a¶   (a)   
ǻOA/ǻCO   (UighW   \-a[iV)   aQd   ǻBC/ǻCO   (lefW   \-a[iV),   (b)   ǻ I �0    (UighW   \-a[iV)   aQd   ǻ I 44    (lefW   \-a[iV),   
(c)   ǻH/ǻC   (UighW   \-a[iV)   aQd   ǻO/ǻC   (lefW   \-a[iV),    (d)   ǻN/ǻCO,   aQd   (e)     agaiQVW   Sh\Vical  DS  
age.   FRU   each   WUaQVecW,   Whe   daWa   iV   diYided   iQWR   edge   (Whe   lRZeVW   5-15%   Rf   ǻCO   daWa;   Ued   SRiQWV),   
cRUe   (90-100%   Rf   ǻCO   daWa;   blXe   SRiQWV),   aQd   iQWeUmediaWe   UegiRQV   (15-50%   aQd   50-90%   Rf   
ǻCO   daWa;   lighW   gUeeQ   aQd   daUk   gUeeQ   SRiQWV).   ǻBC/ǻCO   iV   VhRZQ   iQ   lRg   Vcale   aQd   Whe   [-a[iV   fRU   
Whe   UighW-haQd   cRlXmQ   haV   beeQ   VhifWed   backZaUdV   WR   imSURYe   claUiW\.   
  
  
  



  
  
  

FigXUe   S18.   AeURVRl   SURSeUWieV   fRU   Whe   VeW   Rf   SVeXdR-LagUaQgiaQ   WUaQVecWV   fURm   flighW   µ821b¶   (a)   
ǻOA/ǻCO   (UighW   \-a[iV)   aQd   ǻBC/ǻCO   (lefW   \-a[iV),   (b)   ǻ I �0    (UighW   \-a[iV)   aQd   ǻ I 44    (lefW   \-a[iV),   
(c)   ǻH/ǻC   (UighW   \-a[iV)   aQd   ǻO/ǻC   (lefW   \-a[iV),    (d)   ǻN/ǻCO,   aQd   (e)     agaiQVW   Sh\Vical  DS  
age.   FRU   each   WUaQVecW,   Whe   daWa   iV   diYided   iQWR   edge   (Whe   lRZeVW   5-15%   Rf   ǻCO   daWa;   Ued   SRiQWV),   
cRUe   (90-100%   Rf   ǻCO   daWa;   blXe   SRiQWV),   aQd   iQWeUmediaWe   UegiRQV   (15-50%   aQd   50-90%   Rf   
ǻCO   daWa;   lighW   gUeeQ   aQd   daUk   gUeeQ   SRiQWV).   ǻBC/ǻCO   iV   VhRZQ   iQ   lRg   Vcale   aQd   Whe   [-a[iV   fRU   
Whe   UighW-haQd   cRlXmQ   haV   beeQ   VhifWed   backZaUdV   WR   imSURYe   claUiW\.   
  
  
  
  



  
  
  
  

  
  

FigXUe   S19.   VaUiRXV   QRUmali]ed   SaUameWeUV   aV   a   fXQcWiRQ   Rf   age   fRU   Whe   7   VeWV   Rf   
SVeXdR-LagUaQgiaQ   WUaQVecWV.   SeSaUaWe   liQeV   aUe   VhRZQ   fRU   Whe   edgeV   (lRZeVW   5-15%   Rf   ǻCO;   
daVhed   liQeV)   cRUeV   (higheVW   90-100%   Rf   ǻCO;   VRlid   liQeV),   aQd   iQWeUmediaWe   UegiRQV   (15-50%   
aQd   50-90%;   dRWWed   aQd   daVhed-dRW   liQeV).   (a)   ǻOA/ǻCO,   (b)   ǻ I �0 ,   (c)   ǻ I 44 ,   (d)   ǻH/ǻC,   (e)   
ǻO/ǻC,   (f)   ǻN 40-262   QP /ǻCO,   aQd   (g)   beWZeeQ   40-262   Qm   agaiQVW   Sh\Vical   age   fRU   all   flighWV,  DS  
cRlRUed   b\   ǻOA LQLWLaO .   SRme   flighWV   haYe   miVViQg   daWa.   AlVR   SURYided   iV   Whe   SSeaUmaQ   cRUUelaWiRQ   
cRefficieQW,   R,   beWZeeQ   each   YaUiable   aQd   ǻOA LQLWLaO    aQd   Sh\Vical   age   fRU   each   YaUiable.    NRWe   WhaW  
SaQelV   (a)   aQd   (f)   haYe   a   lRg   \-a[iV.    NRWe   WhaW   SaQelV   (a),   (d),   aQd   (g)   haYe   a   lRg   \-a[iV.     
  
  
  



  

  
FigXUe   S20.   VaUiRXV   QRUmali]ed   SaUameWeUV   aV   a   fXQcWiRQ   Rf   age   fRU   Whe   7   VeWV   Rf   
SVeXdR-LagUaQgiaQ   WUaQVecWV.   SeSaUaWe   liQeV   aUe   VhRZQ   fRU   Whe   edgeV   (lRZeVW   5-15%   Rf   ǻCO;   
daVhed   liQeV)   aQd   cRUeV   (higheVW   90-100%   Rf   ǻCO;   VRlid   liQeV).   (a)   ǻOA/ǻCO,   (b)   ǻ I �0 ,   (c)   ǻ I 44 ,   
(d)   ǻH/ǻC,   (e)   ǻO/ǻC,   (f)   ǻN 40-262   QP /ǻCO,   aQd   (g)   beWZeeQ   40-262   Qm   agaiQVW   Sh\Vical   age  DS  
fRU   all   flighWV,   cRlRUed   b\   ǻOA LQLWLaO .   SRme   flighWV   haYe   miVViQg   daWa.   AlVR   SURYided   iV   Whe   
SSeaUmaQ   cRUUelaWiRQ   cRefficieQW,   R,   beWZeeQ   each   YaUiable   aQd   ǻOA LQLWLaO    aQd   Sh\Vical   age   fRU   
each   YaUiable.    NRWe   WhaW   SaQelV   (a)   aQd   (f)   haYe   a   lRg   \-a[iV. NRWe   WhaW   SaQelV   (a),   (d),   aQd   (g)   haYe   
a   lRg   \-a[iV.     ThiV   figXUe   iV   ideQWical   WR   FigXUe   2   bXW   XVeV   aQ   iQ-SlXme   CO   cXWRff   Rf   200   SSb.     
  
  
  



  
FigXUe   S21.   VaUiRXV   QRUmali]ed   SaUameWeUV   aV   a   fXQcWiRQ   Rf   age   fRU   Whe   7   VeWV   Rf   
SVeXdR-LagUaQgiaQ   WUaQVecWV.   SeSaUaWe   liQeV   aUe   VhRZQ   fRU   Whe   edgeV   (lRZeVW   5-25%   Rf   ǻCO;   
daVhed   liQeV)   aQd   cRUeV   (higheVW   75-100%   Rf   ǻCO;   VRlid   liQeV).   (a)   ǻOA/ǻCO,   (b)   ǻ I �0 ,   (c)   ǻ I 44 ,   
(d)   ǻH/ǻC,   (e)   ǻO/ǻC,   (f)   ǻN 40-262   QP /ǻCO,   aQd   (g)   beWZeeQ   40-262   Qm   agaiQVW   Sh\Vical   age  DS  
fRU   all   flighWV,   cRlRUed   b\   ǻOA LQLWLaO .   SRme   flighWV   haYe   miVViQg   daWa.   AlVR   SURYided   iV   Whe   
SSeaUmaQ   cRUUelaWiRQ   cRefficieQW,   R,   beWZeeQ   each   YaUiable   aQd   ǻOA LQLWLaO    aQd   Sh\Vical   age   fRU   
each   YaUiable.    NRWe   WhaW   SaQelV   (a)   aQd   (f)   haYe   a   lRg   \-a[iV. NRWe   WhaW   SaQelV   (a),   (d),   aQd   (g)   haYe   
a   lRg   \-a[iV.    ThiV   figXUe   iV   ideQWical   WR   FigXUe   2   bXW   XVeV   diffeUeQW   ǻCO   SeUceQWile   ZidWhV.     
  
  
  



  
FigXUe   S22.   VaUiRXV   QRUmali]ed   SaUameWeUV   aV   a   fXQcWiRQ   Rf   age   fRU   Whe   7   VeWV   Rf   
SVeXdR-LagUaQgiaQ   WUaQVecWV.   SeSaUaWe   liQeV   aUe   VhRZQ   fRU   Whe   edgeV   (lRZeVW   5-15%   Rf   ǻCO;   
daVhed   liQeV)   aQd   cRUeV   (higheVW   90-100%   Rf   ǻCO;   VRlid   liQeV).   (a)   ǻOA/ǻCO,   (b)   ǻ I �0 ,   (c)   ǻ I 44 ,   
(d)   ǻH/ǻC,   (e)   ǻO/ǻC,   (f)   ǻN 40-262   QP /ǻCO,   aQd   (g)   beWZeeQ   40-262   Qm   agaiQVW   Sh\Vical   age  DS  
fRU   all   flighWV,   cRlRUed   b\   ǻOA LQLWLaO .   SRme   flighWV   haYe   miVViQg   daWa.   AlVR   SURYided   iV   Whe   
SSeaUmaQ   cRUUelaWiRQ   cRefficieQW,   R,   beWZeeQ   each   YaUiable   aQd   ǻOA LQLWLaO    aQd   Sh\Vical   age   fRU   
each   YaUiable.    NRWe   WhaW   SaQelV   (a)   aQd   (f)   haYe   a   lRg   \-a[iV. NRWe   WhaW   SaQelV   (a),   (d),   aQd   (g)   haYe   
a   lRg   \-a[iV.     ThiV   figXUe   iV   ideQWical   WR   FigXUe   2   e[ceSW   WhaW   iW   XVeV   Whe   lRcaWiRQ   Rf   Whe   lRZeVW   25%   
Rf   CO   daWa   WR   deWeUmiQe   Whe   backgURXQd   cRQceQWUaWiRQV   Rf   each   VSecieV.     
  



  
  

FigXUe   S23.   CalcXlaWed   (fiQal   aeURVRl   maVV):(iQiWial   aeURVRl   maVV)   UaWiRV   fRU   maVV   lRVV   WhURXgh   
heWeURgeQeRXV   chemiVWU\   RYeU   a   UaQge   Rf   aeURVRl   diameWeUV   aQd   OH   cRQceQWUaWiRQV    RYeU   3   hRXUV .   
AV   aQ   XSSeU-bRXQd   caVe,   (a)   iW   iV   aVVXmed   WhaW   fRU   each   OH   cRlliViRQ,   200   amX   Rf   maVV   iV   lRVW.   AV   
a   middle-bRXQd,   (b)   iW   iV   aVVXmed   WhaW   50%   Rf   OH   cRlliViRQV   UeVXlW   iQ   a   200   amX   maVV   lRVV.   AV   a   
mRUe-UealiVWic   lRVV   UaWe,   (c)   aVVXmeV   WhaW   10%   Rf   all   OH   cRlliViRQV   UeVXlW   iQ   aQ   200   amX   maVV   lRVV.   
See   SI   We[W   S2   fRU   mRUe   deWailV.     
  



  

  
FigXUe   S24.   ScaWWeU   SlRW   Rf   each   SaUameWeU   Rf   FigXUe   1   agaiQVW   ǻOA LQLWLaO .     
  
  
  
  
  
  



  
FigXUe   S2 5 4 .   RaZ    I �0    daWa   fRU   each   flighW   alRQg   each   WUaQVecW   iQclXded   iQ   WhiV   VWXd\.   The   WiWleV   
iQdicaWe   Whe   flighW.   The   black   cRlRU   iQdicaWeV   Whe   eaUlieVW   WUaQVecW,   ZiWh   iQcUeaViQgl\   lighWeU   cRlRUV   
iQdicaWiQg   iQcUeaViQgl\   dRZQZiQd   WUaQVecWV.   The   ceQWeUliQe   ZaV   eVWimaWed   fURm   Whe   QXmbeU   Vi]e   
diVWUibXWiRQ   aQd   Whe   eVWimaWed   ceQWeU   Rf   Whe   fiUe   (FigXUeV   S1-S6).   
  
  
  
  



  
  

FigXUe   S2 6 5 .   RaZ    I 44    daWa   fRU   each   flighW   alRQg   each   WUaQVecW   iQclXded   iQ   WhiV   VWXd\.   The   WiWleV   
iQdicaWe   Whe   flighW.   The   black   cRlRU   iQdicaWeV   Whe   eaUlieVW   WUaQVecW,   ZiWh   iQcUeaViQgl\   lighWeU   cRlRUV   
iQdicaWiQg   iQcUeaViQgl\   dRZQZiQd   WUaQVecWV.   The   ceQWeUliQe   ZaV   eVWimaWed   fURm   Whe   QXmbeU   Vi]e   
diVWUibXWiRQ   aQd   Whe   eVWimaWed   ceQWeU   Rf   Whe   fiUe   (FigXUeV   S1-S6).   
  



  
FigXUe   S27.   TRWal   iQ-SlXme   CO   (SSbY)   iUUadiaQce   fRU   each   flighW   alRQg   each   WUaQVecW   iQclXded   iQ   
WhiV   VWXd\.   The   WiWleV   iQdicaWe   Whe   flighW.   The   black   cRlRU   iQdicaWeV   Whe   eaUlieVW   WUaQVecW,   ZiWh   
iQcUeaViQgl\   lighWeU   cRlRUV   iQdicaWiQg   iQcUeaViQgl\   dRZQZiQd   WUaQVecWV.   The   ceQWeUliQe   ZaV   
eVWimaWed   fURm   Whe   QXmbeU   Vi]e   diVWUibXWiRQ   aQd   Whe   eVWimaWed   ceQWeU   Rf   Whe   fiUe   (FigXUeV   S1-S6).   



  
FigXUe   S2 8 6 .   TRWal   iQ-SlXme   VhRUWZaYe   (SW)   iUUadiaQce   fRU   each   flighW   alRQg   each   WUaQVecW   
iQclXded   iQ   WhiV   VWXd\.   The   WiWleV   iQdicaWe   Whe   flighW.   The   black   cRlRU   iQdicaWeV   Whe   eaUlieVW   WUaQVecW,   
ZiWh   iQcUeaViQgl\   lighWeU   cRlRUV   iQdicaWiQg   iQcUeaViQgl\   dRZQZiQd   WUaQVecWV.   The   ceQWeUliQe   ZaV   
eVWimaWed   fURm   Whe   QXmbeU   Vi]e   diVWUibXWiRQ   aQd   Whe   eVWimaWed   ceQWeU   Rf   Whe   fiUe   (FigXUeV   S1-S6).   
  
  
  
  



¶ 
FigXUe   S27.   The   VaQ   KUeYeleQ   diagUam   Rf   ǻH/ǻC   YeUVXV   ǻO/ǻC   fRU   all   SRiQWV   iQ   Whe   7   VeWV   Rf   
SVeXdR-LagUaQgiaQ   WUaQVecWV,   cRlRUed   b\   ǻOA LQLWLaO .   ¶  
  
  
  



  
FigXUe   S2 9 8 .   MeaVXUed   YeUVXV   SUedicWed   (a)   ǻ I �0 ,   (b)   ǻ I 44 ,   aQd   (c)   beWZeeQ   40-262   Qm,   XViQg  DS  
Whe   eTXaWiRQ     (ET.   5)ZheUe    X =ǻ I �0 ,    ǻ I 44 ,   RU   n(X) ¬ln(ƋOA ) ¬ln(Ph\Vical¬age)¬l = a iniWial + b + c DS

.   The   YalXeV   Rf   a,   b,   aQd   c   aUe   SURYided   iQ   Table   S4.   The   PeaUVRQ   aQd   SSeaUmaQ   cRefficieQWV   Rf   
deWeUmiQaWiRQ   (R 2 

S    aQd   R 2 
V ,   UeVSecWiYel\)   aUe   SURYided   iQ   each   SaQel,   alRQg   ZiWh   Whe   QRUmali]ed   

meaQ   biaV   (NMB)   aQd   QRUmali]ed   meaQ   eUURU   (NME).   IQclXded   iQ   Whe   fiW   aQd   figXUe   aUe   all   fRXU   
UegiRQV   ZiWhiQ   Whe   SlXme   (Whe   5-15%,   15-50%,   50-90%,   aQd   90-100%   Rf   ǻCO),   all   cRlRUed   b\   
Whe   meaQ   ǻOA LQLWLaO    Rf   each   ǻCO   SeUceQWile   UaQge.     
  
  
  



  
  

FigXUe   S 30 29 .   MeaVXUed   YeUVXV   SUedicWed   (a)   ǻ I �0 ,   (b)   ǻ I 44 ,   aQd   (c)   beWZeeQ   40-300   Qm,   XViQg  DS  
Whe   eTXaWiRQ   ZheUe    X =ǻ I �0 ,    ǻ I 44 ,   RU   ZheUe  ¬log (ƋN ¬ ) ¬(Ph\Vical¬age)¬X = a 10 iniWial + b + c DS  
X =ǻ I �0 ,    ǻ I 44 ,   RU   .   NRWe   WhaW   Whe   fiW   heUe   iV   Whe   Vame   aV   WhaW   iQ   ET.   2   e[ceSW   WhaW   ǻN LQLWLaO     UeSlaceV  DS  
ǻOA LQLWLaO .   The   YalXeV   Rf   a,   b,   aQd   c   aUe   SURYided   iQ   Table   S5.   The   PeaUVRQ   aQd   SSeaUmaQ   
cRefficieQWV   Rf   deWeUmiQaWiRQ   (R 2 

S    aQd   R 2 
V ,   UeVSecWiYel\)   aUe   SURYided   iQ   each   SaQel,   alRQg   ZiWh   

Whe   QRUmali]ed   meaQ   biaV   (NMB)   aQd   QRUmali]ed   meaQ   eUURU   (NME).   IQclXded   iQ   Whe   fiW   aQd   
figXUe   aUe   all   fRXU   UegiRQV   ZiWhiQ   Whe   SlXme   (Whe   5-15%,   15-50%,   50-90%,   aQd   90-100%   Rf   
ǻCO),   all   cRlRUed   b\   Whe   meaQ   ǻOA LQLWLaO    Rf   each   ǻCO   SeUceQWile   UaQge.     
  



  
FigXUe   S31.   (a)   High   UeVRlXWiRQ   fiWV   aW   m/]   44   fRU   a   biRmaVV   bXUQiQg   SlXme   dXUiQg   0730b   UeVeaUch   
flighW   ZiWh   laVeU   ON.   (b)   CRUUelaWiRQ   Rf   HR   CO 2 

+    iRQ   aQd   HR   WRWal   iRQ   VigQal   aW   m/]   44,   cRlRUed   
b\   diVWaQce   dRZQZiQd   (km)   fURm   fiUe.        



  

  
FigXUe   S32.   High   UeVRlXWiRQ   fiWV   aW   m/]   60   fRU   a   biRmaVV   bXUQiQg   SlXme   dXUiQg   0730b   UeVeaUch   
flighW   ZiWh   laVeU   ON.   
  
  
  
  
  
  
  
  
  



  
FigXUe   S33.   LaVeU   ON   YeUVXV   laVeU   OFF   SP-AMS   HR   O:C,   UMR   f44,   aQd   UMR   f60   UaWiRV.     



¶ 
FigXUe   S31.   High   UeVRlXWiRQ   fiWV   aW   m/]   60   fRU   a   biRmaVV   bXUQiQg   SlXme   dXUiQg   0730b   UeVeaUch   
flighW   ZiWh   laVeU   ON.   
  
  
  
  
  
  
  
  
  
  

  


