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!"#$%&'("$)$*+",)"-,.()#&%('("$,/$%)$(01,2+%,$3(,4566, /7478,6*%9%)2$,:)';)*0","!
)#,<)%$,+2,$3(,/+&$3()#$,6$'+#;3(%(,/$&-1,=>?@,#!

!$!
!%!

&'()*+*!,- ".# .!/-!0('1)*( #.!2-3-!4*!5678 ".#.!9-9-!:'((1;< ".# .!9-&- !='<*> #.!3-?-!?'@1;<')+'(' #.A.!B!

3-/- !/144C*D(66+#.!,-3-!E(6F+#.!2-/- !?6D*(G;#.!H-H-!E(68)#.!2-3-!I*7J') ".# .!E-/- !K*()*( ".# .!9-!L!

K'F+".# .!9-!K'8 ".# .!5-!MNDC*(".# .!O-!:6CC'F+".# .A.!H-!HP6;G*4G".# .!0-E-!?>*(;6) #.!2-E-!51CJ') ".# .!2-!Q!

K1'6".# .!2-!M6CC68'>".# .!2-!:*1;F<C".# .!2-E-!I68'+ ".# ."R.!S-!31+1)".# .!S-TU-!/1) ".# ."" .!?-3-!V!

&';<*)W*C4*( ".# .!/- 5-!5('7; ".# ."# .!/-!?1F<'(4;6) ".# .!/- X-!/'(+6@1F".# ."$ .!I- K-!&'Y)*( ".# .!3-!A!

&*CG1".# ."%.!"%.!:- ?-!Z*(*; ".# .!:-!U48'(4; ".# .!"B.!2-:-!HF<8'([#.!0-!56(46)".# .!&-:-! 97D*".# .!H-!"R!

/FS**) ".# .!2-!E(1674*".# .!?-!3<J'46@".# .!3-!E67Y1'G16G1$.!2-!K1)$.!3-!I*)*; $.!5-/- !&6CW*%."L.!0-=-!"" !

M')1;F6%.!E-M-!K**B.!=-9-!K6\*[ TM1CW1+*(B.!2-3-!0<6()G6)B."A.!=-I- !S*7G;F<L."Q.!2-!S'1;*(L.!2-!"# !

/'6 Q."V.!,-!M'GF<V!"$ !

!"%!
1 Cooperative Institute for Research in Environmental Sciences, Univ. of Colorado, Boulder "B!
2 Chemical Sciences Division, NOAA Earth System Research Laboratory, Boulder, CO "L !

$!5*6(Y1'!O);G1G7G*!6W!0*F<)6C6Y>.!3GC')G'.!53!"Q!
%!I3H3!5 644'(4! H\'F*! =C1Y<G!, *)G*(.!5(**)D*CG.!/9!"V!
B!])1@*(;1G>!6W!&';<1)YG6)!"A!
L!])1@*(;1G>!6W!&1;F6);1)T/'41;6) .!/'41;6).!&O !#R!
Q!5*6\<>;1F'C!=C714!9>)'J1F;!K'D6('G6(>.!I^33.!:(1)F*G6).!I2!#" !
V!9*\'(GJ*)G!6W!,<*J1;G(>.!M*)4(1_!,6CC*Y*.!"LRR!&';<1)YG6)!3@*-.!,6)8'>.!3?.!]H3!##!
A!)68!'G! 9*\'(GJ*)G!6W!3GJ6;\<*(1F!HF1*)F*.!,6C6('46!HG'G*!])1@*(;1G>.!=G!,6CC1);.!,^ .!]H3!#$!
"R!)68!'G!3*(64>)*! ?*;*'(F<!O)F-.!E1CC*(1F'.!/3 !#%!
11 )68! 58')YP7!O);G1G7G*!6W!HF1*)F*!')4!0*F<)6C6Y>.!58')YP7.!S6(*'!#B!
"# !)68!'G! O);G1G7G*!6W!3GJ6;\<*(1F!')4!,(>6;\<*(1F!HF1*)F*;!])1@*(;1G>!6W!O));D(7F+.!#L!
37;G(1'!#Q!
"$ !)68!'G!31(!`7'C1G>!:(6F*;;*;!?*;*'(F<!H*FG16).!U)@1(6)J*)G!,')'4'.!06(6)G6.!^)G'(16.!#V!
,')' 4' !#A!
"%!)68!'G! K*1D)1[!O);G1G7G*!W6(!0(6\6;\<*(1F!?*;*'(F<!$R!
"B!)68!'G!])1@*(;1G>!6W!a6(+.!]S!$" !
"L !])1@*(;1G>!6W!/'(>C')4!E'CG1J6(*!,67)G>!$#!
"Q!)68!'G!M'(@'(4!])1@*(;1G>.!,'JD(14Y*.!/3!$$!
"V!:(1)F*G6)!])1@*(;1G>!$%!
"A!)68!'G!K'D6('G6(>!6W!3GJ6;\<*(1F!,<*J1;G(>.!:'7C!HF<*((*(!O);G1G7G*.!Z1CC1Y*).!$B!
H81G[*(C')4!$L!
! !$Q!
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! #!

6A#$%)9$B,,$V!

0<*!H67G<*';G!])1G*4!HG'G*;!b]Hc!J1Y<G!)6G!<'@*!8'(J*4!';!J7F<!';!G<*!(*;G!6W!G<*!$A!
F67)G(>!6@*(!G<*!\';G!BRT"RR!>*'(;- !:(6@141)Y!')!1J\(6@*4!7)4*(;G')41)Y!6W!G<1;!%R!
\6G*)G1'C!')6J'C>.!')4!;\*F1W1F'CC>!G<*!(6C*;!\C'>*4!D>!'*(6;6C;.!8';! 6)*!6W!G<*!J'1)!Y6'C;!%"!
W6(!G<*!H67G<*';G!3GJ6;\<*(*!HG74>!bH3Hc-!I'G7('C!*J1;;16);!6W!6[6)*T')4 T'*(6;6CT%#!
\(*F7(;6(!Y';*;!;7F<!';!1;6\(*)*!')4!J6)6G*(\*)*;!'( *!<1Y<!1)!G<*!;67G<*';G!6W!G<*!]H-!O)!%$!
'441G16).!')G<(6\6Y*)1F!*J1;;16);!' (*!;1Y)1W1F')G!1)!G<*!H67G<*';G!]H !')4! ;7JJ*(G1J*!%%!
\<6G6F<*J1;G(>!1;!('\14-!0<*!I^33TC*4!HUIUd!bH67G<*';G!I*_7;c!'1(F('WG!F'J\'1Y)!8';!%B!
6)*!6W!G<*!J'P6(!F6J\6)*)G;! 6W!G<*!H3H!;G74>!')4!8';!W6F7;*4!6)!;G74>1)Y!G<*!%L!
1)G*('FG16);!D*G8**)!D16Y*)1F!')4!')G<(6\6Y*) 1F!*J1;;16);!G6!W6(J!;*F6)4'(>!\6CC7G')G;-!%Q!
97(1)Y!HUIUd.!G<*!I^33!&:T$9! '1(F('WG!F6)47FG*4!#R!(*;*'(F<!WC1Y<G;!D*G8**)!#Q!/'>!%V!
')4! "R!27C>!#R"$!D';*4!67G!6W!HJ>()'.!0I-!%A!

M*(*!8*!4*;F(1D*!G<*!*_\*(1J*)G'C!'\\(6'F< .!G<*!;F1*)F*!Y6'C;!')4!*'(C>!(*;7CG;!6W!G<*!BR!
I^33!HUIUd!F'J\'1Y)-! 0<*!'1(F('WG.!1G;!F'\'D1C1G1*;!')4!;G')4'(4!J*';7(*J*)G;!'(*!B"!
4*;F(1D*4-!0<*!1);G(7J*)G!\'>C6'4!1;!;7JJ'(1[*4! 1)FC741)Y!4*G*FG16)!C1J1G;.!'FF7('F>.!B#!
\(*F1;16)!')4!G1J*!(*;6C7G16);!W6(!'CC!Y';T')4 T'*(6;6C!\<';*!1);G(7J*)G;-! 0<*!1)G*(TB$!
F6J\'(1;6);!6W!F6J\67)4;!J*';7(*4!81G<!J7CG1\C*!1);G(7J* )G;!6)!G<*!I^33!&:T $9!'(*!B%!
\(*;*)G*4!')4! 8*(*! 'CJ6;G!'CC!81G<1)!G<*!;G'G*4!7)F*(G'1)G1*;-!BB!

0<*!HUIUd!WC1Y<G;!1)FC74*4!4'>T!')4!)1Y<GG1J*!WC1Y<G;!1)!G<*!H67G<*';G!';!8*CC!'; !WC1Y<G;!BL!
6@*(!'(*';!81G<!1)G*);*!;<'C*!Y';!*_G('FG16)!b/'(F*CC7;.!='>*GG*@1CC*!')4!M'>)*;@1CC*!BQ!
;<'C*c-!&*!\(*;*)G!6)*!*_'J\C*! WC1Y<G!6)!"L!27)*!#R"$.!8<1F<!8';!'!4'>G1J*!WC1Y<G!6@*(!BV!
G<*!3GC')G'!(*Y16).!8<*(*!;*@*('C!F(6;;81)4! G(');*FG;!6W!\C7J*;!W(6J!G<*!F1G>!')4!)*'(D>!BA!
\61)G!;67(F*;.!;7F<!';!\68*(!\C')G;.!\'\*(!J1CC;!')4!C')4W1CC;.!8*(*!WC68)-!0<*!'(*'!'(67)4!LR!
3GC')G'!<';!C'(Y*!D16Y*)1F!1;6\(*)*!*J1;;16);.!8<1F<!\(6@14*4!')! *_F*CC*)G!F';*!W6(!L" !
;G74>1)Y!G<*!1)G*('FG16);!D*G8**)!D16Y*)1F!')4!')G<(6\6Y*)1F!*J1;;16);-!O)!G<1;!*_'J\C*!L#!
WC1Y<G.!F<*J1;G(>!1)!')4!67G;14*!G<*!3GC')G'!\C7J*;!8';!6D;*(@*4!W6(!;*@*('C!<67(;!'WG*(!L$!
*J1;;16)-! 0<*!')'C>;1;!6W!G<1;!WC1Y<G!;<68F';*;!G<*!;G('G*Y1*;!1J\C*J*)G*4! G6!');8*(! ;6J*!L%!
6W!G<*!J'1)!HUIUd!;F1*)F*!e7*;G16);-!LB!
!LL!
! !LQ!
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! $!

?C,!"$%+-&9$*+",LV!

0<*!HUIUd!F'J\'1Y)! bH67G<*';G!I*_7; THG74>1)Y!G<*!O)G*('FG16);!D*G8**)!I'G7('C!LA!

')4!3)G<(6\6Y*)1F!UJ1;;16);!'G!G<*!I*_7;!6W!,C1J'G*!,<')Y*!')4!31(! `7'C1G>c!8';! '! C'(Y*TQR!

;F'C*!I'G16)'C! ^F*')1F! ')4! 3GJ6;\<*(1F! 34J1)1;G('G16)! bI^33 c!C*4! W1*C4!; G74>! 1)! G<*!Q"!

H67G<*';G*() !] )1G*4!HG'G*;!b]-H-c!1)!;7JJ*(!#R"$ -!0<*!HUIUd!J*';7(*J*)G!\C'GW6(J!8';!Q#!

G<*!I^33!&:T $9!'1(F('WG!6\*('G*4 !67G!6W!HJ>()'.!0*))*;;** -!HUIUd!8';!\'(G!6W! '!C'(Y*.!Q$!

F6J\(*<*);1@*! ')4! F66(41)'G*4! (*;*'(F<! *WW6(G! G6! 7)4*(;G')4! G<*!*J1;;16)! ;67(F*;.!Q%!

F<*J1;G(>.! ')4! J*G*6(6C6Y>! 6W! G<*! ;7JJ*(G1J*! 'GJ6;\<*(*! 1)! G<*! H67G<*';G!]-H-f! G<*!QB!

H67G<*';G! 3GJ6;\<*(*! HG74>! bH3Hc! bd7! *G! 'C-.! #R"Bc.! 8<1F<! 1)FC74*4!G<*!6G<*(! W1*C4!QL!

F'J\'1Y);f! H 67G<*()! ^ _14')G! ')4! 3*(6;6C! HG74>! bH^3Hc.!0(6\6;\<*(1F! M ^I^ !QQ!

b0(6\ M^I^ c.!')4!G<*!I6(G<!3J*(1F')!31(D6()*!/*(F7(>!U_\*(1J*)G!b I33/Udc -!E*;14*;!QV!

G<*! I^33!&:T$9.!J*';7(*J*)G;!47(1)Y!H3H! 8*(*! J'4*!6)!G<*!W6CC681)Y!\C'GW6(J;! ')4!QA!

C6F'G16);f!G<*!I'G16)'C! HF1*)F*! =67)4'G16)! bIH=c! I'G16)'C! ,*)G*(! W6(! 3GJ6;\<*(1F!VR!

?*;*'(F<! bI,3?c! ,T "$R! '1(F('WG.!G<*!:7(47* ! ])1@*(;1G>! 97F<*;;! '1(F('WG.!G<*!HG'G*!V"!

])1@*(;1G>!6W!I*8!a6(+THG6)>!E(66+!K6)YTUX!'1(F('WG.!G<*!,*)G(*@1CC*!')4! 3C'D'J'!3e7'G1F!V#!

E1641@*(;1G>!,*)G(*!b33E,c!WC7_!Y(67)4!;1G*!C6F'G*4!1)!3C'D'J' .!G<*!K66+!?6F+.!0*))*;;** !V$!

Y(67)4!;1G*.!G<*!?*;*'(F<!0(1')YC*!:'(+!b?0:c !Y(67)4!;1G*!1)!I6(G<!,'(6C1)' !')4!,'C G*F<!V%!

F<'JD*(!;G741*;!b=OdO0c-!VB!

0<*! 4*G'1C*4! ;F1*)F*! Y6'C;! W6(! HUIUd! F')! D*! W67)4! 1)! G<*! HUIUd! 8<1G*! \'\*(!VL!

b<GG\fgg*;(C-)6''-Y6@gF;4g\(6P*FG;g;*)*_gc!')4!'(*!D(1*WC>!C1;G*4!<*(*f !VQ!

b"c!] )4*(;G')4 1)Y!G<*!*J1;;16);!6W!'*(6;6C.!'*(6;6C!')4!6[6)*!b^ $c!\(*F7(;6(; .!')4!VV!

Y(**)<6 7;*! Y';*;! 1)! G<*! H67G<*';G! ]-H-!H\*F1'C! W6F7;! 8';! '1J*4! 'G! *@'C7'G1)Y! '@'1C'DC*!VA!

*J1;;16)! 1)@*)G6(1*;!W6(!6(Y')1F! '*(6;6C.! DC'F+! F'(D6).!I^ _! bI^hI^ #c.! @6C'G1C*! 6(Y')1F!AR!

F6J\67)4;!bZ^,;c.! ;7CW7(!416_14*!bH^#c.!Y(**)<67;*!Y';*;.! ')4! '*(6;6 C!\(*F7(;6(;!W(6J!A"!

\61)G! ;67(F*;! ;7F<! ';! F6'CTW1(*4! \68*(! \C')G;.! 7(D')! '(*'; ! ';! 8*CC! '; ! D16Y*)1F! Z^,!A#!

*J1;;16);-! 3)6G<*(!W6F7;! 8';!G6!7)4*(;G')4!G<*!1J\6(G')F*!6W! *J1;;16);!W(6J!D16J';;!A$!

D7()1)Y!1)!G<*!(*Y16)-!A%!

b#c!] )4*(;G')4 1)Y!G<*!W6(J'G16)!J*F<')1;J;!6W!;*F6)4'(>!;\*F1*;!;7F<!' ;! 6[6)*.!AB!

;7CW'G*! ')4!6(Y')1F!'*(6;6C; !1)!G<*!H67G<*';G!]-H-!0<*!J'1)!W6F7;!<*(*!8';!G6!4*G*(J1)*!AL!

G<*! 1)WC7*)F*! 6W! D16Y*)1F! *J1;;16);.! )1Y<GG1J*! F<*J1;G(>.! 'e7*67;T\<';*! \(6F*;;*;.! ')4!AQ!

6(Y')1F!)1G('G*;!6)!G<*!W6(J'G16)!6W!G<*!;*F6)4'(>!;\*F1*;-!AV!
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! %!

b$c!9*G*(J1) 1)Y!G<*!F6J\6;1G16)! ')4!41;G(1D7G16)!6W! '*(6;6C!1)!G<*!H67G<*';G!]-H-!AA!

D>!C66+1)Y! 'G!G<*!(*C'G1@*!'D7)4')F* !6W!;7CW'G*.!6(Y')1F;! ')4!6G<*(!F<*J1F'C!F6J\6)*)G;!"RR!

6@*(!G<*!8<6C*!;G74>!(*Y16)!')4!'G!'FF*;;1DC*!'CG1G74*!C*@*C;-!"R" !

b%c!` 7')G1W>1)Y!4*\6;1G16)!')4!C6;;! \(6F*;;*;!F(1G1F'C!W6(!4*G*(J1)1)Y!'GJ6;\<*(1F!"R#!

F6)F*)G('G16);!6W!'*(6;6C.!6[6)*!')4!I^ >!b;7J!6W!)1G(6Y*)!6_14*;c -!"R$!

bBc!9*G*(J1)1)Y!G<*!FC1J'G*T(*C*@')G!\(6\*(G1*;!6W!'*(6;6C!1)!G<*!H67G<*';G!]-H-!D>!"R%!

C66+1)Y! 'G! G<*!*_G1)FG16).! 'D;6(\G16)! ')4! ,,I! \(6\*(G1*;! 6W! '*(6;6C! W(6J! \(1J'(>! ')4!"RB!

;*F6)4'(>!;67(F*;!')4!G<*1(!4* \*)4 *)F* !6)!G<*!<1Y<!<7J141G>!1)!G<*!H67G<*';G!]-H-!H\*F1'C!"RL!

W6F7;! 8';! Y1@*)! 6)! 4*G*(J1)1)Y! G<*!W('FG16)! 6W! 6(Y')1F! '*(6;6C! G<'G! 6FF7(;!)'G7('CC>!"RQ!

@*(;7;! G<*! W('FG16)! G<'G! 1;!F6)G(6CC*4! D>! ')G<(6\6Y*)1F! *J1;;16);! ')4! <68! *'F<! J'>!"RV!

F<')Y*! 1)! G<*! W7G7(*! ';! '! (*;7CG! 6W! 8'(J1)Y! ')4! F<')Y*;! 1)! ')G<(6\6Y*)1F! *J1;;16);-!"RA!

3441G16)'C!W6F7;!8';!6)!DC'F+!F'(D6)!')4!1G;!F6T*J1GG*4!;\*F1*; !G6!7)4*(;G')4 !8<*G<*(!""R !

F6)G(6CC1)Y!;\*F1W1F!E,!;67(F*;!<'; !'!)*G!8'(J1)Y!6(!F66C1)Y!*WW*FG-!""" !

bLc!`7')G1W>1)Y! J*G<')*! b,M %c! ')4! Z^,! *J1;;16);! W(6J! ;*C*FG*4! ;<'C*! Y';!""# !

*_G('FG16)!(*Y16);!b/'(F *CC7;.!M'>)*;@1CC*!')4!='>*GG*@1CC*c-!""$ !

O)!G<1;!\'\*(!8*!4*;F(1D*!G<*!\'>C6'4 !6W!G<*!I^33!&:T$9.!4*;F(1D*!G<*!C6F'G16);!6W!""%!

G<*! HUIUd! WC1Y<G;.! ;<68! 1)G*(TF6J\'(1;6);! 7;*4! G6!*@'C7'G*! G<*! J*';7(*J*)G;! ')4!""B !

4*;F(1D*!')!*_'J\C*!WC1Y<G!G6!;<68F';*!G<*!J*';7(*J*)G!;G('G*Y1*;!G<'G!8*(*!7;*4!47(1)Y!""L !

HUIUd-!""Q !

!""V !

=C,4566,D< E@F,) *%9%)2$,""A !

0<*! G86!I^33! &:T $9! '1(F('WG!<'@*! D**)! 7;*4! 1)! '1(! e7'C1G>! ')4! FC1J'G*!(*C'G*4!"#R!

'1(D6()* !W1*C4!F'J\'1Y);! ;1)F*! "AA%-!0<*! I^33!&:T $9!F'((1*4! 1G;!J'_1J7J! \'>C6'4!6W!"#" !

$LRR!+Y!6W!;F1*)G1W1F!*e71\J*)G!47(1)Y!HUIUd!')4!%TL!;F1*)G1;G;-!0<*!'1(F('WG!<';!'!(')Y*!"## !

6W!$RRR!+J!')4! '!F*1C1)Y!6W!'D67G!QLRR!J-!97(1)Y!HUIUd!G<*!<1Y<*;G!'CG1G74*!8';! 'D67G!"#$ !

L%RR! J! 47*! G6! G<*! <*'@>! \'>C6'4-! =C1Y<G! 47('G16)! 8';! G>\1F'CC>! '(67)4! Q! <(.! ')4! G<*!"#%!

J'P6(1G>! 6W! G<*! WC1Y<G;! 8*(*! F6)47FG*4! 1)! G<*! 4'>G1J*! D67)4'(>! C'>*(! '\\(6_-! R-B! +J!"#B!

'D6@*!Y(67)4!C*@*C-!3!\1FG7(*!6W!G<*!'1(F('WG!G'+*)!47(1)Y!HUIUd!1;!;<68)!1)!=1Y7(*!"-!"#L !

0<*! &: T$9!8'; ! *e71\\*4! D>! G<*! I^33! 31(F('WG! ^\*('G16);! ,*)G*(! b3^,c! WC1Y<G!"#Q!

W'F1C1G>!81G<!1);G(7J*)G;!4*G'1C1)Y!G<*!\6;1G16)!')4!J6G16)!6W!G<*!'1(F('WG!';!8*CC!';!J')>!"#V!

J*G*6(6C6Y1F'C! \'('J*G*(;! ;7F<! ';!$9!81)4! ;\**4! ')4!4 1(*FG16).! 'JD1*)G.! \6G*)G1'C! ')4!"#A!
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! B!

4*8!\61)G!G*J\*('G7(*;.!8'G*(!@'\6(!J1_1)Y!('G16;.!\( *;;7(*!')4!;*'!;7(W'F*!G*J\*('G7(*-!"$R!

3!C1;G!6W!G<*!J6;G!F6JJ6)C>!7;*4!'1(F('WGT\(6@14*4!\'('J*G*(;! ')4!G<*1(!7)F*(G'1)G1*;!1;!"$" !

Y1@*)!1)!0'DC*!"-!"$# !

!"$$ !

@C,4566,D< E@F,/7478,2 G*03$,#&'')%*(#,"$%!

97(1)Y!HUIUd!'!G6G'C!6W!#R!(*;*'(F<!WC1Y<G;!8*(*!F6)47FG*4i!6W!G<6;*.!G86!8*(*!G*;G!"$B!

WC1Y<G;! W(6J! 0'J\'.! =C6(14'! ')4! G86! 8*(*! G<*! G(');W*(! WC1Y<G;! D*G8**)! 0'J\'.! =K! ')4!"$L !

HJ>()'.! 0I-! 3CC!6W!G<*!WC1Y<G;.!1)FC741)Y!G<*!G*;G! ')4!G(');W*(!WC1Y<G;.!'44(*;;*4 ! J7CG1\C*!"$Q!

;F1*)F*!Y6'C;-!3CC!G<*!HUIUd!WC1Y<G!G('F+;!'(*!;<68)!1)!=1Y7(*!#!6)!'!J'\!6W!G<*!H67G<*';G!"$V!

]H!G<'G!'C;6!;<68;!J6;G!6W!G<*!C'(Y*(!\61)G!;67(F*;!1)!G<*!(*Y16)-!08*C@*!4'>G1J*.!G<(**!"$A!

)1Y<GG1J*!')4 !W1@*!;<'C*!Y';!(*Y16)!WC1Y<G;!b/'(F*CC7;.!M'>)*;@1CC*!')4!='>*GG*@1CC*!;<'C*c!"%R!

8*(*!F6)47FG*4!G6!');8*(!G<*!J'P6(!HUIUd! ;F1*)F*!e7*;G16);-!0<*!WC1Y<G!G('F+;!1)!=1Y7(*!"%"!

#! '(*!F6C6(TF64*4!D>!G<6;*!G<(**!F'G*Y6(1*;! ')4!4*G'1C;! 'D67G!*'F<!WC1Y<G!F')!D*!W67)4!1)!"%#!

0'DC*;! #.!$.! ')4! %.! 8<*(*! '! ;<6(G! 4*;F(1\G16)! 6W! G<*! WC1Y<G.! G<*! 1)@*;G1Y'G*4! *J1;;16)!"%$!

;67(F*;.!')4!G<*!F66(41)'G1)Y!'FG1@1G1*;!'(*!C1;G*4-!"%%!

!"%B!

HC,4566,D< E@F,/7478 ,93('*9)G,)"-,)(%+#+G,*"#$%&'("$)$* +" ,"%L!

0<*! &: T$9! 1);G(7J*)G'G16)!\'>C6'4! 6)! G<*! &: T$9! 8';! ;\*F1W1F'CC>! 4*;1Y)*4! G6!"%Q!

\(6@14*! G<*! )*F*;;'(>! J*';7(*J*)G;! G6! ');8*(! G<*! HUIUd! ;F1*)F*! e7*;G16);-! 0<*!"%V!

1);G(7J*)G'G16)! 1)FC74*4! '! 814*! @'(1*G>! 6W! Y';! ')4! '*(6;6CT\<';*! J*';7(*J*)G;-! 3!"%A!

;F<*J'G1F!4('81)Y!6W!G<*!\'>C6'4!6W!G<*!&:T$9!1;!;<68)!1)!=1Y7(*!"D-!3CC!G<*!1);G(7J*)G;!"BR!

W6(!'*(6;6C!\<';*!J*';7(*J*)G;!'(*!C1;G*4!1)!0'DC*!B! ')4!W6(!Y';!\<';*!J*';7(*J*)G;!1)!"B" !

0'DC*!L! G6Y*G<*(! 81G<! G<*1(!J*';7(*J*)G! G*F<)1e7*.! 'FF7('F>! ')4! \(*F1;16).! ;'J\C*!"B#!

1)G*(@'C.! ')4! '!(*W*(*)F*!G6! '! \7DC1F'G16)!4*;F(1D1)Y!G<*!(*;\*FG1@*!1);G(7J*)G!1)!4*G'1C-!"B$!

^@*('CC!##!41WW*(*)G!1);G(7J*)G;!8*(*!1);G'CC*4!6)!G<*! I^33!&:T $9!81G<! '!G6G'C! \68*(!"B%!

F6);7J\G16)!6W!%R!3!b""RZ.!%RR!M[!$! \<';*c.!"$R!3!b""RZ.!%RR!M[c.!%R3!b""RZ!LR!M[c.!"BB!

')4! %#! 3! b#V! Z! 9, c-! /6;G! 1);G(7J*)G;! 8*(*! J67)G*4! 1);14*! G<*! W7;*C'Y*.! D7G! G86!"BL!

1);G(7J*)G*4!81)Y\64;! '44*4!;1Y)1W1F')G!;F1*)G1W1F!\'>C6'4!F'\'F1G>!1)FC741)Y!Q#!8<6C*T"BQ!

'1(!F')1;G*(!;'J\C*;.! '! F'(D6)!J6)6_14*!b ,^ c!')'C>[*( !')4!G<*!W1)*!\'(G1FC*!F67)G*(!G6!'44!"BV!

;1Y)1W1F')G!;F1*)G1W1F! \'>C6'4! F'\'F1G>-!=67(! G6! ;1_!;F1*)G1;G;! 8*(*! 6)! D6'(4! 47(1)Y! *'F<!"BA!

WC1Y<G!G6!J6)1G6(!'CC!G<*!1);G(7J*)G;!')4!'4P7;G!G<*!WC1Y<G!\C');!G6!F7((*)G!J*G*6(6C6Y1F'C!"LR!
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! L!

F6)41G16);! ';! )**4*4-! 97(1)Y! G<*! WC1Y<G;.!;*C*FG*4! '1(F('WG! ')4! 1);G(7J*)G!4'G'! 8*(*!"L" !

;G(*'J*4! G6! G<*! Y(67)4! ')4! F67C4! D*! J6)1G6(*4! 1)! )*'(! (*'C! G1J*!6)! '! 8*D;1G*! W6(!"L# !

;1G7'G16)'C!'8'(*)*;;!W6(!'CC!H^I5IUd!;F1*)G1;G;-!"L$ !

3!4*G'1C*4!4*;F(1\G16)!W6(!*'F<!1);G(7J*)G!F')!D*!W67)4!1)!G<*!HOi!1)!G<*!W6CC681)Y!"L%!

G86!\'('Y('\<;! G<*!1);G(7J*)G!)'J*!')4!J*';7(*J*)G!G*F<)1e7*!'(*!Y1@*) !')4! 1)!0'DC*;!"LB!

B!')4! L.!'FF7('F>.!\ (*F1;16).!;'J\C*!1)G*(@'C!')4!C1G*('G7(*!(*W*(*)F*!'(*!C1;G*4!1)!'441G16)-!"LL !

3*(6;6CT\<';*!J *';7(*4!\'('J*G*(;!8* (* f!b"c!G<*!\'(G1FC*!bR-RR%TV-$µJc!)7JD*(.!"LQ!

;1[*! ')4!@6C7J*!81G<!\'('CC*C!F6)4*);' G16)!\'(G1FC*!F67)G*(;!b,:,; c!')4!8<1G*!')4!C';*(!"LV!

C1Y<G! ;F'GG*(1)Y.!b#c!;7DTJ1F(6J*G*(! *_G1)FG16)! ')4! 'D;6(\G16)! 6W! 4(>.! <7J141W1*4.! ')4!"LA!

G<*(J64*)74*4!'*(6;6C!'G!G<(**!8'@*C*)YG<;!;\'))1)Y! G<*!@1;1DC*!81G<!'!F'@1G>!(1)Y468)!"QR!

'*(6;6C! *_G1)FG16)! ;\*FG(6J*G*(!b,?9c ! ')4! '! \<6G6'F67;G1F! '*(6;6C! 'D;6(\G16)!"Q" !

;\*FG(6J*G*(! b:3Hc.!b$c!G<*!)6) T(*W('FG6(>! ;7DJ1F(6)! '*(6;6C! F6J\6;1G16)! 6W! 6(Y')1F;.!"Q#!

;7CW'G*.! )1G('G*.! 'JJ6)17J! ')4! F<C6(14*!81G<! ')!'*(6;6C! J';;! ;\*FG(6J*G*(! b3/Hc .!b%c!"Q$!

FC674!F6)4*);'G16)!)7FC*1!b,,I c!')4! ;7\* (;'G7('G16).!bBc!'FF7J7C'G16)TJ64*!(*W('FG6(>!"Q%!

DC'F+! F'(D6)! b(E,c!J';;! F6)G*)G! 6W! ;1)YC*! \'(G1FC*;!81G<! ') ! H:#-!/6;G! 6W! G<*! '*(6;6C!"QB!

1);G(7J*)G'G16)!8';!F6))*FG*4!G6!'!C68!G7(D7C*)F*!1)C*G!bK0Oc!b&1C;6)!*G!'C-.!#RR%c.!8<1F<!"QL!

;C68;!468)!G<*!;'J\C*!WC68!W(6J!'1(F('WG!;\**4;!G6!B!Jg;!Y*)*('G1)Y!J1)1J'C! G7(D7C*)F*!"QQ!

')4! 1J\(6@1)Y!\'(G1FC*!G(');J1;;16)-!!"QV!

5'; T\<';*!J*';7(*J*)G;! 8*(* f!b"c!G<*!Y(**)<67;*!Y';*;! F'(D6)!416_14*!b,^ #c!')4 !"QA!

J*G<')*! b ,M %c! 81G<! 8'@*C*)YG<! ;F'))*4! F'@1G>! (1)Y468)! ;\*FG(6;F6\>.! b#c! G86!"VR!

J*';7(*J*)G;! 6W! )1G(1F! 6_14*! bI^c! ')4! ^ $.! *'F<! J*';7(*4! D>! Y';T \<';*!"V" !

F<*J1C7J1)*;F*)F*!b,Kc!')4!D>! F'@1G>! (1)Y468)! 'D;6(\G16)! ;\*FG(6;F6\>!b,?9H c.!G<(**!"V#!

J*';7(*J*)G;! 6W! )1G(6Y*)! 4 16_14*! bI #̂c.! D>! ]Z! \<6G6C>;1;! ')4! Y';T\<';*!"V$!

F<*J1C7J1)*;F*)F*! b:T,Kc! ')4! D>! ,?9H! ')4! D>! '1(D6()*! F'@1G>! *)<')F*4! 'D;6(\G16)!"V%!

;\*FG(6;F6\> ! b3,UHc.! I^ >! D>! Y6C4TF'G'C>[*4! G<*(J'C! F6)@*(;16)! ')4! Y';T \<';*! ,K .!b$c!"VB!

F'(D6)!J6)6_14*!b ,^ c!81G<!@'F77J! ]Z! (*;6)')F*!W C76(*;F*)F*.!b%c!H^#!81G<!\7C;*4! ]Z!"VL!

WC76(*;F*)F*.!bBc!'JJ6)1'! b IM $c.! )1G(1F! 'F14! bMI^$c.! ')4! G86! J*';7(*J*)G;! 6W! )1G(67;!"VQ!

'F14! bM^I^ c.! ')4! W6(J1F! 'F14! bM,^^M c!81G<!F<*J1F'C! 16)1['G16)! J';;! ;\*FG(6J*G(>!"VV!

b,O/Hc.!')4 !bLc!G<*!)1Y<GG1J*!6_14')G;!I^ $!')4!I #^ B!81G<!,?9H !')4 !,O/H -!Z'(167;!@6C'G1C*!"VA!

6(Y')1F! F6J\67)4;! bZ^,;c! 8*(*! J*';7(*4! 81G<! ;*@*('C! 4 1WW*(*)G! G*F<)1e7*;f!bQc!"AR!
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! Q!

6_>Y*)'G*;.! '(6J'G1F;.! 1;6\(*)*.! J6)6G*(\*)*;! ')4! 'F* G6)1G(1C*!81G<! :(6G6)T0(');W*( T"A" !

?*'FG16)!/';; !H\*FG(6J*G(>!b:0? T/H ci!bVc!<>4(6F'(D6);.!<'C6F'(D6); !')4!'!W*8!;*C*FG*4!"A#!

6_>Y*)'G*;! W(6J! F')1;G*(! ;'J\C*;! ')4! \6;GTWC1Y<G! 5, T/H! ')'C>;1; ! b1&3Hg5,/H ci! bAc!"A$!

W6(J'C4*<>4*! 81G<! G<*! O)! H1G7! 31(D6()*! =6(J'C4*<>4*! bOH3=c! 7;1)Y!C';*(! 1)47F*4!"A%!

WC76(*;F*)F*!bKO=ci!b"Rc!YC>6_'C!81G<!3,UHi!b""c!6(Y')1F!')4!1)6(Y')1F !'F14;!D>!]& T0^= T"AB!

,O/H i!')4! b"#c!\*(6_>'F >C!)1G('G*;!:3I;!')4! )1G(>C!F<C6(14*!b,CI^ #c!81G<!'! ;*\'('G* !,O/H-!"AL!

O)! '441G16)! 7\! ')4! 468)! 8*CC1)Y! \<6G6C>;1;! ('G*;! bjNO2 and jO3) were J*';7(*! 81G<!W1CG*(!"AQ!

('416J*G*(; . "AV!

!"AA!

I C,!"$(%E9+';)%*#+", +2,F&;G*9)$(,.()#&%('("$#, +", $3(,D< E@F,#RR!

H6J*! \'('J*G*(;! 8*(*! J*';7(*4! D>! J6(*! G<')! 6)*! 1);G(7J*) G! 6)! G<*! &:T$9.!#R"!

Y1@1)Y!6\\6(G7)1G1*;!W6(!1)G*(TF6J\'(1;6);!')4!G<*!(*;7CG;! '(*!4*;F(1D*4!1)!G<*!W6CC681)Y-!#R#!

0<(**!1);G(7J*)G;!J*';7(*4!I^ #f!:T,K .!,?9H.!')4!3,UH -!0<*!'Y(**J*)G! D*G8**)!#R$!

,? 9H!')4!3,UH!81G<!G<*!;G')4'(4! :T,K !G*F<)1e7*.! ';!;<68)!1)!=1Y7(*!$.!8';!6)! '@*('Y*!#R%!

Lj!')4!"Rj!')4! G<*!J*';7(*J*)G;!8*(*!F6((*C'G*4!81G<! '!C1)*'(!F6((*C'G16)!F6*WW1F1*)G!#RB!

b?#c!6W!R-AA!')4!R- A$.! (*;\*FG1@*C>-!0<*! 'Y(**J*)G!1;!81G<1)!G<*!F6JD1)*4!7)F*(G'1)G1*;.!#RL!

Y1@*)!1)!0'DC*!L.!W6(!,?9H!')4!P7;G!67G;14*!W6(!3,UH!')4!:T,K -!086!1);G(7J*)G;!J*';7(*4!#RQ!

6[6)*f! :T,K! ')4! , ?9H! ')4! G<*! 1)G*(TF6J\'(1;6)! 1;! 'C;6! ;<68)! 1)! =1Y7(*! $-! 0<*! 6[6)*!#RV!

J*';7(*J*)G;! F6((*C'G*4! 81G<! ? #! 6W! R-AL! ')4! 'Y(**4! 6)! '@*('Y*! 81G<1)! Vj.! 8<1F<! 1;!#RA!

81G<1)!G<*!F6JD1)*4!J*';7(*J*)G!7)F*(G'1)G1*;!6W!G<*!G86!1);G(7J*)G;!';!Y1@*)!1)!0'DC*!#"R!

L-!3CC!G<*!4'G'!W6(!G<*!8<6C*!F'J\'1Y)!8*(*!1)FC74*4!W6(!G<1;!1)G*(TF6J\'(1;6)! 7;1)Y! "T#"" !

;*F6)4!6[6)*!4'G' i! I^ #!4'G'! 8*(*! '@*('Y*4! G6!G<*!BT;*F6)4!3,UH!G1J*! (*;6C7G16)-!086!#"# !

1);G(7J*)G;! J*';7(*4! I^ f! ,K! ')4! ,?9H.! 81G<! G<*!,?9H! 4'G'! ;7DP*FG! G6! ')! 6\G1F'C!#"$ !

1);G'D1C1G>!G<'G!4*Y('4*4!G<*!4*G*FG16)!C1J1G!47(1)Y!G<1;!F'J\'1Y)-!0<*!C'(Y*!J'P6(1G>!6W!#"%!

G<*! 4'G'! 8*(*! D*C68! G<1;! 4*Y('4*4! 4*G*FG16)! C1J1G.! ')4! G<*(*W6(*! G<*! 1)G*(TF6J\'(1;6)!#"B!

8' ;!)6G!1)FC74*4!<*(*-!#"L !

H*@*('C! Z^,; ! 8*(*! J*';7(*4! 6)! G<*! &: T$9! 81G<! D6G<! G<*! :0?T/H! ')4! 81G<!#"Q!

1&3Hg5,/H -! 3;! ')! *_'J\C*! G<*! 1;6\(*)*! G1J*! ;*(1*;! W6(! G<*! WC1Y<G! 6)! 27)*! #A.! #R"$!1;!#"V!

;<68)!W6(!D6G<!1);G(7J*)G;!1)!=1Y7(*!%-!=6(!G<*!\7(\6;*!6W!G<1;!F6J\'(1;6).!G<*!:0? T/H!#"A!

4'G'!'(*!'@*('Y*4! 6@*(!')!1)G*(@'C!G<'G!;G'(G;!"R!;!D*W6(*!')4!;G6\;!"R!;!'WG*(!G<*!F')1;G*(!##R!

W1CC1)Y!G1J*!G6!*);7(*!'G!C*';G!6)*!:0? T/H!4'G'!\61)G!8'; !7;*4!1)!G<*!F6J\'(1;6)-! O;6\(*)*!##" !
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! V!

<';! '! @*(>! <1Y<! @'(1'D1C1G>! 1)! G<*! D67)4'(>! C'>*(.! 47*! G6! 1G;! ;<6(G! C1W*G1J*! ')4! <1Y<!###!

*J1;;16);-!0<1;!@'(1'D1C1G>!')4!1J\*(W*FG!G1J*!'C1Y)J*)G!F'7;*;!'!C'(Y*!\'(G!6W!G<*!;F'GG*(!##$!

6D;*(@*4! 1)! =1Y7(*! %-! 0<*! ;F'GG*(! \C6G;! W6(! G<*! 1)G*(TF6J\'(1;6)! 6W! 1;6\(*)*! ')4! 6G<*(!##%!

Z^,;!'(*!;<68)!1)!=1Y7(*! %!';!8*CC-!0<*!F6J\'(1;6)! <'4 !;C6\*;!D*G8**)!R-L%T"-%B.!8<1F<!##B!

1;!P7;G!81G<1)!G<*!F6JD1)*4!7)F*(G'1)G1*;!6W!G<*!G86!1);G(7J*)G;!Y1@*)!1)!0'DC*!L.!')4!? #!##L!

6W!R-B!6(!<1Y<*(-!0<*!1&3Hg5,/H !8';!4*\C6>*4!47(1)Y!HUIUd!W6(!G<*!W1(;G!G1J*!')4!;6J*!##Q!

1);G(7J*)G! 1;;7*;! 6FF7((*4.! F'7;1)Y! ;6J*! 4*Y('4'G 16)! 6W! G<*! 4'G'! e7'C1G>! F6J\'(*4! G6!##V!
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! "# !
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W(6J!"AAA!G6!#R"R-!0<*!I^33!&:T$9!WC*8!6@*(!3GC')G'.!53!47(1)Y!H^H!bH67G<*()!^_14')G!$%A!
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!$LR!
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! "$ !
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! "B!

Q)AG(#,%$L!
,%$Q!
Q)AG(,?B,HG')4'(4!I^33!&:T$9!\ (6@14*4!\'('J*G*(;!%$V!
!%$A!

Aircraft 
Parameters 

Technique Units Uncertainty 

aircraft 
position 

GPS latitude 
GPS longitude 
GPS altitude 

pressure altitude 
radar altitude above ground 

deg 
deg 
m 
m 
m 

±16m 
±16m 
±16m 
±10m 

±15m or 1-2% 
aircraft 

meteorology 
ambient temperature 

dew point temperature 
TDL dew point temperature 

H2O mixing ratio* 
potential temperature 

relative humidity* 
static pressure 

vertical wind speed 
wind direction 

wind speed 

deg C 
deg C 
deg C 
g/kg 

deg K 
% 
mb 
m/s 
deg 
m/s 

±0.5C 
±0.5C 

5% 
5% 

±0.5K 
±5% 

±2.2mb 
±0.5m/s 
5 deg 
1 m/s 

aircraft 
miscellaneous 

attack angle 
cabin pressure 
ground speed 

heading 
pitch angle 
roll angle 
slip angle 

true air speed 

deg 
mb 
m/s 
deg 
deg 
deg 
deg 
m/s 

±0.2 deg 
N/A 

±3.4m/s 
±0.5 deg 
±0.05 deg 
±0.05 deg 
±0.2 deg 
±0.5 m/s 

p!M#^!J1_1)Y!('G16!')4! (*C'G1@*!<7J141G>!'(*!4*(1@*4!W(6J!4*8 !\61)G!G*J\ *('G7(* !%%R!
%%"!
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! "L !

Q)AG(,=B,=1Y<G!4*;F(1\G16);!W6(!G<*!I^33!&:T$9!4'>G1J*!WC1Y<G;!1)!G<*!HU!]H!%%#!
!%%$!
Flight Date 

in 2013 
Day of the 

week 
Description Investigated 

Emission Source 

5/29 Wednesday Testflight in Florida 
Jacksonville 

St John's River 

biogenic 
urban 

power plant 
5/31 Friday Testflight in Florida 

Jacksonville 
St John's River 

biogenic 
urban 

power plant 
6/03 Monday Transfer Tampa to Smyrna 

Birmingham 
EC Gaston, Johnsonville, Cumberland, Colbert 

Centreville spiral 

 
urban 

power plant 
coal mine 

6/11 Tuesday Centreville 
Birmingham west to east 

EC Gaston 

 
urban 

power plant 
6/12 Wednesday Atlanta west to east 

Scherer, Bowen, Yates, Wansley, Harlee Branch 
urban 

power plant 
6/16 Sunday Atlanta southwest to northeast on weekend 

Scherer, Bowen, Yates, Wansley, Harlee Branch 
paper mills, landfills 

poultry farming 

urban 
power plant 

point sources 
agriculture 

6/18 Tuesday Aborted flight, circled over Franklin  
6/22 Saturday Birmingham and Atlanta west to east 

Centreville 
EC Gaston 

coal mines, land fills, paper mills 

urban 
 

power plant 
point sources 

6/23 Sunday Indianapolis 
biogenic/landscape emission change 

Johnsonville, Cumberland 

urban 
biogenic 

power plant 
6/29 Saturday Centreville 

C-130 inter-comparison 
Birmingham 

James H Miller Jr, EC Gaston 

 
 

urban 
power plant 

7/05 Friday Ozarks 
St Louis 

Archer Daniels Midland biofuel refinery 

biogenic 
urban 

point source 
7/10 Wednesday Transfer flight Smyrna to Tampa 

coal mines, paper mill 
hog farming 

 
point sources 
agriculture 

!%%%!
!%%B!

%%L!
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! "Q!

Q)AG(,@B,=1Y<G!4*;F(1\G16);!W6(!G<*!I^33!&:T$9!)1Y<GG1J*!WC1Y<G;!1)!G<*!HU!]H!%%Q!
!%%V!
Flight Date 

in 2013 
Day of the 

week 
Description Investigated 

Emission 
Sources 

6/19 Wednesday Atlanta day into night 
Missed approaches 

step profile in aged Atlanta plume 

urban 

7/02 Tuesday Birmingham north to south 
Centreville 

JH Miller, EC Gaston, Gorgas, US Steel, Greene County 

urban 
 

power plants 
7/03 Wednesday New Madrid, White Bluff 

agricultural fire 
power plants 

biomass burning 

!%%A!
!%BR!
Q)AG(,HB,=1Y<G!4*;F(1\G16);!W6(!G<*!I^33!&:T$9!WC1Y<G;!1)!;<'C*!Y';!(*Y16);!%B"!
!%B#!
Flight Date in 

2013 
Day of the 

week 
Shale Play Additional Investigated 

Emission Sources 

6/10 Monday Haynesville  
6/25 Tuesday Haynesville  
6/26 Wednesday Fayetteville Biogenics in Ozarks 

Independence power plant 
7/06 Saturday Marcellus  
7/08 Monday Fayetteville New Madrid power plant 

!%B$!
,%B%!
, ,%BB!
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! "V!

Q)AG(,I B,3*(6;6C!1);G(7J*)G'G16)!6)!G<*!I^33!&:T$ 9!47(1)Y!HUIUd!%BL!
!%BQ!

Measurement Name/Technique Accuracy Precision Sample 
Interval   

Reference 

Low turbulence inlet  LTI: decelerating inlet to 
provide sample air to aerosol 

instruments in fuselage 

N/A N/A N/A (Wilson et al., 
2004) 

Size distributions fine 
(0.004-1µm) and coarse 

(1-8.3µm) 

parallel CPCs, and white and 
laser light scattering 

  1s (Brock et al., 
2011; Brock 
et al., 2000) 

Cloud condensation 
nuclei (CCN) and 
supersaturation 

CCN: Continuous-flow 
streamwise thermal-gradient 
CCN counter with scanning 

flow CCN analysis 

10% 
0.04% 
super-

saturation 

10 CCN cm-3 30-60s (Lance et al., 
2006; Roberts 

and Nenes, 
2005) 

8 cell optical extinction 
(dry 405, 532, 662nm, 

70% and 90% RH 
532nm, thermodenuded 

405 and 662nm) 

CRD: Cavity ringdown aerosol 
extinction spectrometer 

<2% 10% 0.1 Mm-1 1s (Langridge et 
al., 2011) 

5 cell optical absorption 
(dry 405, 532, 662nm, 
thermodenuded 405nm 

and 662nm) 

PAS: Photoacoustic Absorption 
Spectrometer 

10 % 1 Mm-1 1s (Lack et al., 
2012) 

Refractory BC mass 
content of individual 

particles 

SP2: Single-Particle Soot 
Photometer with laser-induced 

incandescence 

30% 0.5 fg (0.08 ! m 
mass-equiv. 

diameter with 2 
g/cc density) 

1s (Schwarz et 
al., 2008; 

Schwarz et 
al., 2010) 

Non-refractory, 
submicron sulfate, 
nitrate, ammonium, 
organic and chloride 
mass concentrations 

AMS: Aerosol Mass 
Spectrometer  

50% 0.05, 0.07, 0.24, 
0.36, and 0.05 

! g sm-3 
(study average) 

10s (Bahreini et 
al., 2009) 

Cloud particle size 
distribution (0.6-50! m) 

(3-50! m) 
(50-6000! m) 

Cloud probes: Laser light 
forward and back scattering 

Laser light forward scattering 
Droplet imaging probe 

  1s (Lance et al., 
2010) 

!%BV!
, ,%BA!
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! "A!

Q)AG(,JB,5'; T\<';*!1);G(7J*)G'G16)!6)!G<*!I^33!&:T$ 9!47(1)Y!HUIUd!%LR!
!%L"!

Measurement Technique Accuracy Precision or 
Detec. Limit 

Sample 
Interval  

Reference 

CH4 
CO2 

wavelength-scanned cavity 
ring-down absorption 

spectroscopy 

0.07 ppm 
1 ppb 

0.11 ppm 
0.4 ppb 

1s (Peischl et al., 
2012) 

CO vacuum UV resonance 
fluorescence 

5% 0.5ppb 1s (Holloway et al., 
2000) 

SO2 pulsed UV fluorescence 20% 250ppt 1s (Ryerson et al., 
1998) 

NO 
NO2 
NOy 
O3 

Gas phase 
chemiluminescence 

3% 
4% 
12% 
2% 

10ppt 
30ppt 
40ppt 
15ppt 

1s (Pollack et al., 
2010; Ryerson et 
al., 1998; Ryerson 

et al., 1999) 
various VOCs PTR-MS: proton transfer 

reaction mass spectrometer 
using H3O

+ as reagent ion 

25% depending 
on signal 

and species 

1s every 17s (de Gouw and 
Warneke, 2007) 

hydrocarbons, 
oxygenated 

VOCs 

iWAS: whole air sampler 
with immediate GC-MS 

analysis  

12-20% 
% 
% 

4-7ppt 
ppt 
ppt 

72/flight 
(3-8s) 

(Gilman et al., 
2009; Lerner et al., 

2015) 
HNO3 

HCOOH 
HONO 

HNO3-CIMS: chemical 
ionization mass spectrometer 

with OT!as reagent ion 

20%+50ppt 
20%+120ppt 
40%+30 ppt 

25 ppt 
40 ppt 
25 ppt 

1s (Neuman et al., 
2002; Neuman et 

al., 2003) 
NH3 NH3-CIMS: chemical 

ionization mass spectrometer 
with protonated acetone 
dimers as reagent ion 

25%+(0.02-
0.5) ppb 

(depending on 
flight) 

0.02-0.07 
ppb 

(depending 
on flight) 

1s (Neuman et al., 
2003; Nowak et al., 

2007) 

PAN 
PPN 

APAN 
ClNO2 

PAN-CIMS: chemical 
ionization mass spectrometry 

with I- as reagent ion 

0.04-0.05ppb 
0.04-0.1ppb 
0.01-0.02ppb 
0.01-0.02ppb 

0.01ppb 
0.003ppb 
0.006ppb 
0.02ppb 

2s (Osthoff et al., 
2008; Slusher et al., 
2004; Zheng et al., 

2011) 
various 

oxygenated 
VOCs 
ClNO2 
N2O5 

alkyl nitrates 

UW HR-ToF-CIMS: 
chemical ionization mass 
spectrometer with I- as 

reagent ion 

50%  depending 
on signal 

and species 

1s (Lee et al., 2014) 

glyoxal 
NO2 

ACES: cavity enhanced 
absorption spectroscopy 

5.8% 
5% 

34 pptv 
80 ppt 

10s 
5s 

(Min et al., 2015; 
Washenfelder et 

al., 2011) 
NO 
NO2 
O3 

NO3 
N2O5 

CRDS: cavity ring-down 
absorption spectrometer 

5% 
5% 
10% 
20% 
12% 

1 ppbv 
0.2 ppbv 
0.2 ppbv 
3 pptv 
3 pptv 

1s (Dube et al., 2006; 
Wagner et al., 

2011) 

HCHO In Situ Airborne 
Formaldehyde (ISAF): laser 

induced fluorescence 

10% 36ppt 1s (Cazorla et al., 
2015; DiGangi et 
al., 2011; Hottle et 

al., 2009) 
jNO2 and jO1D j-heads: filter radiometers 10%  1s  

,%L#!
,%L$!
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! #R!

L*0&%(#B,%L%!
!%LB!
!%LL!

!%LQ!
!%LV!
L*0&%(,?B!I^33!&:T$ 9!' 1(F('WG!\1FG7(*.!\'>C6'4!')4! C'>67G-!0<*!\<6G6!8';!G'+*)!47(1)Y!%LA!
G<*!1)G*(TF6J\'(1;6)!WC1Y<G!81G<!G<*!I,3?!,T"$R!D>!K>))*!5('G[ -!%QR!
!%Q"!
! !%Q#!
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! #" !

!%Q$!
!%Q%!
L*0&%(,=B!I^33!&:T $9!WC1Y<G!G('F+;!W6(!4'>G1J*.!)1Y<GG1J*!')4!;<'C*!Y';!WC1Y<G;!47(1)Y!%QB!
HUIUd-!0<*!J'(+*(!;1[*!W6(!G<*!\68*(!\C')G;!1;!G<*!'))7'C !Y(6;;!C6'4.!W6(!G<*!\'\*(!J1CC;!%QL!
G<*!F'\'F1G>.!W6(!G<*!D16!(*W1)*(1*;!G<*!D16W7*C!\(647FG16).!W6(!G<*!F6'C!J1)*;!G<*!J*G<')*!%QQ!
*J1;;16);.!')4!W6(!G<*!C')4!W1CC;!G<*!J*G<')*!*J1;;16);-!%QV!
! !%QA!
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! ##!

,%VR!
,%V"!
L*0&%(,@B!I^ #!1)G*(TF6J\'(1;6)! D*G8**)!:T,K .!,?9 H!')4!3,UH!1);G(7J*)G;! ')4!6[6)*!%V#!
1)G*(TF6J\'(1;6)!D*G8**)!:T ,K!')4!,?9H -!%V$!
!%V%!
, ,%VB!
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! #$!

,%VL!
,%VQ!
L*0&%(,HB!O)G*(TF6J\'(1;6)! D*G8**)!:0? T/H!')4!1&3H g5,/H -!%VV!
!%VA!
! !%AR!
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! #%!

,%A"!
,%A#!
L*0&%(,IB!M,^^M!1)G*(TF6J\'(1;6)!D *G8**)!G<*!MI^ $T,O/H!')4!G<*! ]& !M?T06=T,O/H !';!%A$!
'!G1J*!;*(1*;!W6(!'!;*C*FG*4!WC1Y<G!')4!'!;F'GG*(!\C6G-!0<*!F6C6(!F64*!1)!G<*!;F'GG*(!\C6G!%A%!
1)41F'G*;!'CC!G<*!1)41@147'C!WC1Y<G;-!0<*!DC'F+!C1)*!1;!'!W1G!7;1)Y!'CC!G<*!4'G'!G<*!Y(*>!C1)*;!W1G;!%AB!
W6(!1)41@147'C!WC1Y<G;!81G<!G<*!<1Y<*;G!6(!C68*;G!;C6\*.!(*;\*FG1@*C>-!%AL!
!%AQ!
! ,%AV!
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! #B!

!%AA!
!BRR!
L*0&%(,JB!O)G*(TF6J\'(1;6)!D*G8**)!G<*! ]& !M?T06=T,O/H !6W!I #^ B!81G<!,?9H!')4!,CI^ #!BR"!
81G<!G<*!:3IT,O/H!';!G1J*!;*(1*;! ')4! ;F'GG*(!\C6G;!W6(!G<*!)1Y<GG1J*!WC1Y<G!6)!$!27C>!#R"$-!!BR#!
!BR$!
! ,BR%!
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! #L!

!BRB!
!BRL!
L*0&%(,PB!I^ >!' )4!I^ [ !blI^ >TI^ _c!D74Y*G;!W6(!G<*!I^33!&:T $9!WC1Y<G!6)!"L!27)*!#R"$!BRQ!
81G<!')4!81G<67G!'*(6;6C!)1G('G*-!BRV!
!BRA!
! !B"R!
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! #Q!

,B"" !
,B"#!
L*0&%(,RB,0<*!'*(6;6C!@6C7J*!4*(1@*4!W(6J!G<*!F<*J1F'C!F6J\6;1G16)!4'G'!b3/H!')4!H:#c!B"$!
8';!F6J\'(*4!G6!G<*!@6C7J*!W(6J!G<*!;1[*!41;G(1D7G16)!4'G'!bI/3HH!')4!]MH3Hc-! b'c!0<*!B"%!
F6((*C'G16)!W6(!G<*!WC1Y<G!6)!"L!27)*!#R"$!F6C6(TF64*4!D>!G<*!4*);1G>-!bDc!0<*!;C6\*;!W6(!'CC!B"B!
G<*!WC1Y<G;!F6C6(TF64*4!D>!G<*!(*;\*FG1@*!F6((*C'G16)!F6*WW1F1*)G!4*G*(J1)*4! ';!;<68)!1)!B"L!
b'c-!B"Q!
!B"V!
! !B"A!
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! #V!

!B#R!

!B#"!
!B##!
L*0&%(,SB,0<*!WC1Y<G!G('F+!6W!G<*!I^33!&:T $9!6)!27)*!"L.!#R"$! 6@*(!3GC')G'.!53!F6C6(!B#$!
F64*4!81G<!I >̂!1)!G<*!G6\!\')*C!')4! 81G<!1;6\(*)* !6)!G<*!D6GG6J!\')*C-!0<*!7)4*(C>1)Y!B#%!
J'\;!;<68! G<*!\61)G!;67(F*!*J1;;16);!b\68*(!\C')G;.!\'\*(!J1CC;!')4 !C')4!W1CC;c!1)!G<*!G6\!B#B!
\')*C !')4!G<*!1;6\(*)*!*J1;;16 );!\6G*)G1'C!1)!G<*!D6GG6J!\')*C-!B#L!
, ,B#Q!
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! #A!

,B#V!
,B#A!
L*0&%(,?>B!01J*!;*(1*;! 6W!G86!G(');*FG;!47(1)Y!G<*!"L! 27)*!#R"$!WC1Y<G!468)81)4!6W!'!B$R!
C')4W1CC!')4!G86!\'\*(!J1CC;-!B$"!
!B$#!
! !B$$!
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! $R!

,B$%!
,B$B!
L*0&%(,??B!0<*!G('F+!6W!'!WC1Y<G!6)!L!27C>!"AAA!6@*(!3GC')G'!47(1)Y!G<*!H^HAA!F'J\'1Y)!B$L!
F6C6(TF64*4!81G<!G<*!I >̂!J1_1)Y!('G16-!01J*!;*(1*;!6W!G<*!"L! 27)*!#R"$!')4!G<*!L!27C>!"AAA!B$Q!
WC1Y<G;!W6(!I^>!')4!,^!;<68 !G<'G!G<*!J1_1)Y!('G16;!6@*(!3GC')G'!<'@*!4*F(*';*4!B$V!
;1Y)1W1F')GC>!6@*(!G<*!\';G!"%!>*'(;- !B$A!
!B%R!
! !B%"!
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! $" !

,B%#!
,B%$!
L*0&%(,?=B!0<*!G('F+!6W!'!WC1Y<G!6)!L!27C>!"AAA!6@*(!3GC')G'!47(1)Y!G<*!H^HAA!F'J\'1Y)!B%%!
F6C6(TF64*4!81G<!G<*!I>̂!J1_1)Y!('G16-!01J*!;*(1*;!6W!G<*!"L!27)*!#R"$!')4!G<*!L!27C>!"AAA!B%B!
WC1Y<G;!W6(!I^>!')4!,^!;<68!G<'G!G<*!J1_1)Y!('G16;!6@*(!3GC')G'!<'@*!4*F(*';*4!B%L!
;1Y)1W1F')GC>!6@*(!G<*!\';G!"%!>*'(;-!B%Q!
!B%V!
! !B%A!
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! $#!

!BBR!

!BB"!

!BB#!
!BB$!
L*0&%(,?@B!=KUd:3?0!J64*C!(*;7CG;f!G1J*!;*(1*;!6W!I>̂!81G<!%V!<67(;!6W!'FF7J7C'G16)!BB%!
G1J*.!G<*!WC1Y<G!G('F+!F6C6(TF64*4!D>!J64*C*4!I^>!')4!G<*!;7(W'F*!(*;14*)F*!G1J*!W6(!'!BBB!
\61)G!6)!G<*!C';G!G(');*FG!468)81)4!6W!G<*!M'(CC**!E(')F<!\68*(!\C')G-!BBL!
!BBQ!
! !BBV!

Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2015-388, 2016
Manuscript under review for journal Atmos. Meas. Tech.
Published: 20 January 2016
c
 Author(s) 2016. CC-BY 3.0 License.



! $$!

T(2(%("9(#B,,BBA!
!BLR!

E'<(*1)1.!?-.!97)C*'.!U-!2-.!/'GG<*8.!E-!/-.!H1J6);.!,-.!96F<*(G>.!S-!H-.!9*,'(C6.!:-!=-.!BL"!
21J*)*[.! 2-! K-.! E(6F+.! ,-! 3-.! ')4! /144C*D(66+.! 3-! /-f!9*;1Y)! ')4! 6\*('G16)! 6W! '! \(*;;7(*TBL#!
F6)G(6CC*4! 1)C*G! W6(! '1(D6()*! ;'J\C1)Y! 81G<! ')! '*(64>)'J1F! '*(6;6C! C*);.! 3*(6;6C! HF1-!BL$!
0*F<)6C-.!%#.!%LBT%Q".!#RRV-!BL%!

E'<(*1)1.!?-.!U(@*);.!E-.!/144C*D(66+.!3-!/-.!&'()*+*.!,-.!4*!5678.!2-!3-.!9*,'(C6.!:-!=-.!BLB!
21J*)*[.!2-!K-.!E(6F+.!,-!3-.!I*7J').!2-!3-.!?>*(;6).!0-!E-.!HG'(+.!M-.!3GC';.!U-.!E(1674*.!2-.!=(1*4.!BLL!
3-.! M6CC68'>.! 2-! H-.! :*1;F<C.! 2-.! ?1F<G*(.! 9-.! &'C*Y'.! 2-.! &*1D(1)Y.! :-.! &6CC)>.! 3-! 5-.! ')4!BLQ!
=*<;*)W*C4.!=-!,-f!^(Y')1F!'*(6;6C!W6(J'G16)!1)!7(D')!')4!1)47;G(1'C!\C7J*;!)*'(!M67;G6)!BLV!
')4!9'CC';.!0*_';.!2-!5*6\<>;-!?*;- T3GJ6;-.!""%.!#RRA-!BLA!

E(6F+.!,-!3-.!,6[1F.!2-.!E'<(*1)1.!?-.!=(6>4.!S-!9-.!/144C*D(66+.!3-!/-.!/F,6J1;+*>.!3-.!BQR!
E(1674*.!2-.! ,66\*(.!^-!?-.!HG6<C.!3-.!31+1).!S-!,-.!4*!5678.!2-!3-.!='<*>.!9-!&-.!=*(('(*.!?-!3-.!BQ"!
5'6.!?-!H-.!56(*.!&-.!M6CC68'>.!2-!H-.!M7DC*(.!5-.!2*WW*(;6).!3-.!K'F+.!9-!3-.!K')F*.!H-.!/66(*.!?-!BQ#!
M-.!/7(\<>.!9-!/-.!I*)*;.!3-.!I6@*CC1.!:-!,-.!I68'+. !2-!E-.!^Y(*).!2-!3-.!:*1;F<C.!2-.!:1*(F*.!?-!E-.!BQ$!
:1C*8;+1*.! :-.! `71)).! :-! S-.! ?>*(;6).! 0-! E-.! HF<J14G.! S-! H-.! HF<8'([.! 2-! :-.! H64*J')).! M-.!BQ%!
H\'F+J').!2-!?-.!HG'(+.!M-.!0<6J;6).!9-!H-.!0<6()D*((>.!0-.!Z*(*;.!:-.!&'GG;.!K-!3-.!&'()*+*.!,-.!BQB!
')4!&6CC)>.!3-!5-f! ,<'('FG*(1;G1F;.! ;67(F*;.! ')4!G(');\6(G!6W! '*(6;6C;!J*';7(*4!1)! ;\(1)Y!BQL!
#RRV!47(1)Y!G<*!'*(6;6C.!('41'G16).!')4!FC674!\(6F*;;*;!'WW*FG1)Y!3(FG1F!,C1J'G*!b3?,:3,c!BQQ!
:(6P*FG.!3GJ6;-!,<*J-!:<>;-.!"".!#%#$T#%B$.!#R""-!BQV!

E(6F+.!,-!3-.!HF<(64*(.!=-.!E*()4.!S-.! :*G[6C4.!3-.!E7;*).!?-.! ')4!=1*D1Y.!/-f! ]CG('W1)*!BQA!
\'(G1FC*! ;1[*! 41;G(1D7G16);! J*';7(*4! 1)! '1(F('WG! *_<'7;G! \C7J*;.! 2-! 5*6\<>;-! ?*;-.! "RB.!BVR!
#L.BBBTB#L.BLQ.!#RRR-!BV"!

,'[6(C'.!/-.!&6CW*.!5-!/-.!E'1C*>.!H-!3-.!H8');6).!3-!S-.!3(+1);6).!M-!K-.!')4!M')1;F6.!0-!BV#!
=-f! 3! )*8! '1(D6()*! C';*(T1)47F*4! WC76(*;F*)F*! 1);G(7J*)G! W6(! 1)! ;1G7! 4*G*FG16)! 6W!BV$!
W6(J'C4*<>4*! G<(67Y<67G! G<*! G(6\6;\<*(*! ')4! C68*(! ;G('G6;\<*(*.! 3GJ6;\<*(1F!BV%!
/*';7(*J*)G!0*F<)1e7*;.!V.!B%"T BB#.!#R"B-!BVB!

,<') Y.! &-! K-.! E<'@*.! :-! Z-.! E(68).! H-! H-.! ?1*J*(.! I-.! HG7G[.! 2-.! ')4! 9'D47D.! 9-f!BVL!
M*G*(6Y*)*67;!3GJ6;\<*(1F! ,<*J1;G(>.!3JD1*)G! /*';7(*J*)G; .! ')4! /64*C! ,'CF7C'G16);!BVQ!
6W!I#^Bf!3!?*@1*8.!3*(6;6C!HF1*)F*!')4!0*F<)6C6Y>.!%B.!LLBTLAB.!#R""-!BVV!

,(6;;.!U-!H-.!HC681+.!2-!5-.!9'@146@1G;.!:-.!3CC').!2-!9-.!&6(;)6\.!9-!?-.!2'>)*.!2-!0-.!K*81;.!BVA!
9-! S-.! ,')'Y'('G)'.! /-.! ')4! ^)';F<.! 0-! E-f! K'D6('G6 (>! ')4! 'JD1*)G! \'(G1FC*! 4*);1G>!BAR!
4*G*(J1)'G16);! 7;1)Y! C1Y<G! ;F'GG*(1)Y! 1)! F6)P7)FG16)! 81G<! '*(6;6C! J';;! ;\*FG(6J*G(>.!BA"!
3*(6;6C!HF1-!0*F<)6C-.!%".!$%$T$BA.!#RRQ-!BA#!

9'CCJ')).!0-!?-! ')4!M'(C*>.!?-!3-f!U@'C7'G16)!6W!J6D1C*! ;67(F*! *J1;;16)!G(*)4;!1)!BA$!
G<*!])1G*4!HG'G*;.!2-!5*6\<>;-!?*;-T3GJ6;-.!""B.!#R"R-!BA%!

4*!5678.!2-!3-.!/FS**).!H-!3-.!31+1).!S-!,-.!E(6F+.!,-!3-.!E(68).!H-!H-.!51CJ').!2-!E-.!5('7;.!BAB!
/ -.!M')1;F6.!0-.!M6CC68'>.!2-!H-.!S'1;*(.!2-.!S*7G;F<.!=-!I-.!K*()*(.!E-!/-.!K1'6.!2-.!/'(+6@1F.!/-!X-.!BAL!
/144C*D(66+.!3-!/-.!/1).!S-!U-.!I*7J').!2-!3-.!I68'+.! 2-!E-.!:*1;F<C.!2-.!:6CC'F+.!O-!E-.!?6D*(G;.!2-!BAQ!
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! $%!

/-.!?>*(;6).!0-!E-.!0('1)*(.!/-.!Z*(*;.!:-!?-.!&'() *+*.!,-.!&*CG1.!3-.!')4!&6CW*.!5-!/-f!31(D6()*!BAV!
J*';7(*J*)G;!6W!G<*!'GJ6;\<*(1F!*J1;;16);!W(6J!'!W7*C!*G<')6C!(*W1)*(>.!2-!5*6\<>;-!?*;-TBAA!
3GJ6;-.!"#R.!%$VBT%$AQ.!#R"B'-!LRR!

4*!5678.!2-!3-.!:'((1;<.!9-!9-.!=(6;G.!5-!2-.!')4!0('1)*(.!/-f!?*47F*4!*J1;;16);!6W!,^#.!LR"!
I^_.! ')4! H^#! W(6J! ]H! \68*(! \C')G;! 681)Y! G6! ;81GF<! W(6J! F6'C! G6! )'G7('C! Y';! 81G<!LR#!
F6JD1)*4!F>FC*!G*F<)6C6Y>.!U'(G<;!=7G7(*.!#.!QBTV#.!#R"%-!LR$!

4*!5678.!2-!3-.!0('1)*(.!/-.!E(68).!H-!H-.!U48'(4;.! :-.!51CJ').!2-!E-.!5('7;.!/-.!M')1;F6.!LR%!
0-.!S'1;*(.!2-.!S*7G;F<.!=-!I-.!S1J.!H-!&-.!K*()*(.!E-!/-.!I*7J').!2-!3-.!:'((1;< .!9-!9-.!:6CC'F+.!O-!LRB!
E-.! ?6D*(G;.! 2-! /-.! ?>*(;6).! 0-! ?-.! Z*(*;.! :-! ?-.! &'()*+*.! ,-.! ')4! &6CW*.! 5-! /-f! U)<')F*4!LRL!
?*J6@'C!6W!E16Y*)1F!M>4(6F'(D6);!1)!:68*(!:C')G!:C7J*;!,6);G('1);!G<*!9*\*)4*)F*!6W!LRQ!
3GJ6;\< *(1F! M>4(6_>C! ,6)F*)G('G16);! 6)! I1G(6Y*)! ^_14*;.! 5*6\<>;-! ?*;-! K*GG-.! 1)!LRV!
\(*\'('G16).!#R"BD- !LRA!

4*!5678.!2-!3-!')4!&'()*+*.!,-f!/*';7(*J*)G;!6W!@6C'G 1C*!6(Y')1F!F6J\67)4;!1)!G<*!L"R!
*'(G<;!'GJ6;\<*(*!7;1)Y!\(6G6)T G(');W*(T(*'FG16)!J';;!;\*FG(6J*G(>.!/';;!H\*FG(6J *G(>!L"" !
?*@1*8;.!#L.!##$T#BQ.!#RRQ-!L"# !

915')Y1.! 2-! :-.! E6>C*.! U-! H-.! S'(C.! 0-.! M'(C*>.! :-.! 07()1\;**4.! 3-.! S1J.! H-.! ,')G(*CC.! ,-.!L"$ !
/'74C1).!?-!K-.!OOO.!X<*)Y.!&-.!=C6F+*.!=-.!M'CC.!H-!?-.! ]CCJ')).!S-.! I'+';<1J'.!a-.! :'7C.!2-!E-.!L"%!
&6CW*.! 5-! /-.! 9*;'1.! 3-! ?-.! S'P11.! a-.! 57*)G<*(.! 3-.! ')4! S*7G;F<.! =-! I-f! =1(;G! 41(*FG!L"B!
J*';7(*J*)G;! 6W! W6(J'C4*<>4*! WC7_! @1'! *44>! F6@'(1')F*f! 1J\C1F'G16);! W6(! J1;;1)Y! 1)TL"L !
F')6\>!W6(J'C4*<>4*!;67(F*;.!3GJ6;-!,<*J-!:<>;-.!"".!"R BLBT"RBQV.!#R""-!L"Q!

97D*.! &-! :-.! E(68).! H-! H-.! ^;G<6WW.! M-! 9-.! I7)C*>.! /-! ?-.! ,1F16('.! H-! 2-.! :'(1;.! /-! &-.!L"V!
/FK'7Y<C1).! ?-! 2-.! ')4! ?'@1;<')+'('.! 3-! ?-f! 31(F('WG!1);G(7J*)G! W6(! ;1J7CG')*67;.! 1)! ;1G7!L"A!
J*';7(*J*)G!6W!I^$!')4!I#^B!@1'!\7C;*4!F'@1G>!(1)YT468)!;\*FG(6;F6\>.!?*@-!HF1-!O);G(-.!L#R!
QQ.!#RRL-!L#" !

UJJ6);.!K-!S-.!3()6C4.!H-!?-.!/6)+;.!H-!3-.!M71P)*).!Z-.!01CJ*;.!H-.!K'8.!S-!H-.!0<6J';.!2-!L##!
K-.! ?'7G.! 2-! ,-.! E67'('(.! O-.! 07(e7*G>.! H-.! K6)Y.! a-.! 97)F').! E-.!HG**)(64.! H-.! HG(64*.! H-.!L#$!
=C*JJ1)Y.! 2-.! /'6.! 2-.! K')Y)*(.! 2-.! 0<6J\;6).! 3-! /-.! 0' (';1F+.! 9-.! 3\*C.! U-! ,-.! EC'+*.! 9-! ?-.!L#%!
,6<*).! ?-! ,-.! 91DD.! 2-.! 91;+1).! 5-! H-.! =(1*4.! 3-.! M'CC.! H-!?-.! M7*>.! K-! 5-.! &*1)<*1J*(.! 3-! 2-.!L#B!
&1;G<'C*(.!3-.!/1+6@1)>.!0-.!I68'+.!2-.!:*1;F<C.!2-.!?6D*(G;.!2-!/-.!?>*(;6).!0-.!&'()*+*.!,-.!')4!L#L!
M*CJ1Y.! 9-f! 0<*! :^K3?,30! /64*C! O)G*(F6J\'(1;6)! :(6P*FG!b:^K/O:cf! 6@*(@1*8! ')4!L#Q!
*@'C7'G16)!81G<!6D;*(@'G16);.!3GJ6;-!,<*J-!:<>;-.!"B.!LQ#"TLQ%%.!#R"B-!L#V!

51CJ').!2-!E-.!S7;G*(.!&-!,-.!56C4').!:-!9-.!M*()46).!H-!,-.!X'<)1;*(.!/-!H-.!07F+*(.!H-!,-.!L#A!
E(*8*(.!&-!3-.!K*()*(.!E-!/-.!&1CC1'J;.!U-!2-.!M'(C*>.!?-!3-.!=*<;*)W*C4.!=-!,-.!&'()*+*.!,-.!')4!L$R!
4*! 5678.! 2-! 3-f! /*';7(*J*)G;! 6W! @6C'G1C*! 6(Y')1F! F6J\67)4;! 47(1)Y! G<*! #RRL!L$" !
0*_3`Hg56/3,,H! F'J\'1Y)f! O)47;G(1'C! 1)WC7*)F*;.! (*Y16)'C! F<'('FG*(1;G1F;.! ')4! 417()'C!L$#!
4*\*)4*)F1*;!6W!G<*!^M!(*'FG1@1G>.!2-!5*6\<>;-!?*;-T3GJ6;-.!""%.!#RRA-!L$$!

M6CC68'>.!2-!H-.!2'+67D*+.!?-!^-.!:'((1;<.!9-!9-.!5*(D1Y.!,-.!Z6C[T0<6J';.!3-.!HF<J1GY*).!L$%!
H-.!=(1*4.!3-.!&*(G.!E-.!M*)(>.!E-.!')4!9(7JJ6)4.!2-!?-f!31(D6()*!1)G*(F6J\'(1;6)!6W!@'F77J!L$B!
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! $B!

7CG('@16C*G!WC76(*;F*)F*!')4!G7)'DC*!4164*!C';*(!'D;6(\G16)!J*';7(*J*)G;!6W!G(6\6;\ <*(1F!L$L!
F'(D6)!J6)6_14*.!2-!5*6\<>;-!?*;-.!"RB.!#%.#B"T##%.#L".!#RRR-!L$Q!

M6GGC*.!2-!?-.!M71;J').!3-!2-.!91Y')Y1.!2-!:-.!S'JJ('G<.!3-.!5'CC68'>.!/-!/-.!,6*);.!S-!K-.!L$V!
')4! S*7G;F<.! =-! I-f! 3! K';*(! O)47F*4! =C76(*;F*)F*TE';*4! O);G(7J*)G! W6(! O)TH1G7!L$A!
/*';7(*J*)G;!6W!3GJ6;\<*(1F!=6(J'C4*<>4*.!U)@1(6)-!HF1-!0*F<)6C-.!%$.!QARTQAB.!#RRA-!L%R!

S'1;*(.!2-.!&6CW*.!5-!/-.!/1).!S-!U-.!E(68).!H-!H-.!/1CC*(.!,-!,-.!2'F6D.!9-!2-.!4*5678.!2-!3-.!L%"!
5('7;.! /-.!M')1;F6.!0-!=-.!M6CC68'>.!2-.! :*1;F<C.!2-.! :6CC'F+.!O-!E-.!?>*(;6).!0-!E-.!&'()*+*.!,-.!L%#!
&';<*)W*C4*(.!?-!3-.!')4!S*7G;F<.!=-!I-f!?*';;*;;1)Y !G<*!('G16!6W!YC>6_'C!G6!W6(J'C4*<>4*!';!L%$!
')! 1)41F'G6(! 6W! <>4(6F'(D6)! \(*F7(;6(! ;\*F1'G16).! 3GJ6;-! ,<*J-! :<>;-.! "B.! QBQ"T QBV$.!L%%!
#R"B-!L%B!

S*(F<*(.! 2-! :-.! ?1*4*C.! 0-! :-.! ')4! 0<6()G6).! 2-! 3-f!,<C6(1)*! 'FG1@'G16)! D>! I#^Bf!L%L!
;1J7CG')*67;.! 1)! ;1G7! 4*G*FG16)! 6W! ,CI^#! ')4! I#^B! D>! F<*J1F'C! 16)1['G16)! J';;!L%Q!
;\*FG(6J*G(>.!3GJ6;\<*(1F!/*';7(*J*)G!0*F<)1e7*;.!#.!"A $T#R%.!#RRA-!L%V!

S1*)4C*(THF<'((.! 3-.! X<')Y.! `-.! M6<'7;.! 0-.! SC*1;G.! U-.! /*);'<.! 3-.! /*)G*C.! 0-! =-.!L%A!
H\1)4C*(.!,-.!]*(C1)Y;.!?-.!01CCJ')).!?-.!')4!&1C4G.!2-f!3*(6;6C!J';;!;\*FG(6J*G(1F!W*'G7(*;!6W!LBR!
D16Y*)1F!H^3f!^D;*(@'G16);!W(6J!'!\C')G!F<'JD*(!')4!1)!(7('C!'GJ6;\<*(1F!*)@1(6)J*)G;.!LB"!
U)@1(6)-!HF1-!0*F<)6C-.!%$.!V"LLTV"Q#.!#RRA-!LB#!

K'F+.!9-!3-.!?1F<'(4;6).!/-!H-.!K'8.!9-.!K')Y(14Y*.!2-!/-.!,'\\'.!,-!9-.!/FK'7Y<C1).!?-!2-.!LB$!
')4! /7(\<>.! 9-! /-f! 31(F('WG! O);G(7J*)G! W6(! ,6J\(*<*);1 @*! ,<'('FG*(1['G16)! 6W! 3*(6;6C!LB%!
^\G1F'C! :(6\*(G1*;.! :'(G! #f! EC'F+! ')4! E(68)! ,'(D6)! 3D;6(\G16)! ')4! 3D;6(\G16)!LBB!
U)<')F*J*)G! /*';7(*4! 81G<! :<6G6! 3F67;G1F! H\*FG(6;F6\>.! 3*(6;6C! HF1*)F*! ')4!LBL!
0*F<)6C6Y>.!%L.!BBBTBLV.!#R"#-!LBQ!

K')F*.!H-.!E(6F+.!,-!3-.!?6Y*(;.!9-.!')4!56(46).!2-!3-f!&'G*(!4(6\C*G!F'C1D('G16)!6W!G<*!LBV!
,C674!9(6\C*G!:(6D*!b,9:c!')4!1) TWC1Y<G!\*(W6(J')F*!1)!C1e714.!1F*!')4!J1_*4T\<';*!FC674;!LBA!
47(1)Y!3?,:3,.!3GJ6;\<*(1F!/*';7(*J*)G!0*F<)1e7*;.!$.!"L V$T"QRL.!#R"R-!LLR!

K')F*.!H-.!/*41)'.!2-.!HJ1G<.!2-!I-.! ')4!I*)*;.!3-f!/ '\\1)Y!G<*!6\*('G16)!6W!G<*!9/0!LL" !
,6)G1)767;!=C68!,,I!F67)G*(.!3*(6;6C!HF1*)F*!')4!0*F<)6C6Y>.!%R.!#%#T#B%.!#RRL-!LL#!

K')Y(14Y*.! 2-! /-.! ?1F<'(4;6).! /-! H-.! K'F+.! 9-.! K'8.! 9-.! ')4! /7(\<>.! 9-! /-f! 31(F('WG!LL$!
O);G(7J*)G! W6(! ,6J\(*<*);1@*! ,<'('FG*(1['G16)! 6W! 3*(6;6C! ^\G1F'C! :(6\*(G1*;.! :'(G! Of!LL%!
&'@*C*)YG<T9*\*)4*)G! ^\G1F'C! U_G1)FG16)! ')4! OG;! ?*C'G1@*! M7J141G>! 9*\*)4*)F*!LLB!
/*';7(*4! ];1)Y! ,'@1G>! ?1)Y468)! H\*FG(6;F6\> .! 3*(6;6C! HF1*)F*! ')4! 0*F<)6C6Y>.! %B.!LLL!
"$RBT"$"V.!#R""- !LLQ!

K**.!E-!M-.!K6\*[TM1CW1+*(.!=-!9-.!/6<(.!,-.!S7(G*).!0-.!&6(;)6\.!9-!?-.!')4!0<6()G6).!2-!LLV!
3-f! 3)! O6414*T3447FG! M1Y<T?*;6C7G16)! 01J*T6WT=C1Y<G! ,<*J1F'CTO6)1['G16)! /';;!LLA!
H\*FG(6J*G*(f!3\\C1F'G16)!G6!3GJ6;\<*(1F!O)6(Y')1F!')4!^(Y')1F!,6J\67)4;.!U)@1(6)-!HF1-!LQR!
0*F<)6C-.!%V.!L$RATL$"Q.!#R"%-!LQ"!
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! $L!

K*()*(.!E-.!51CJ').!2-!E-.!97J';.!/-.!M7Y<*;.!9-!9-.!2'+;1F<.!3-.!M'GF<.!,-!9-.!5('7;.!/-.!LQ#!
06+'(*+.!0-!&-.!:*1;F<C.!2-.!S6;;.!3-.!a7').!E-.!&'()*+*.!,-.!O;''FJ')T Z')!&*(G[ .!5-.!H7*\*(.!LQ$!
9-.!')4!4*!5678.!2-!3-f!3)!1J\(6@*4.!'7G6J'G*4!8<6C*T'1(!;'J\C*(!')4!Z^,!5,T /H!')'C>;1;!LQ%!
;>;G*J.!3GJ6;\<*(1F!J*';7(*J*)G!0*F<)1e7*;!91;F7;;16);.! 1)!\(*\'('G16).!#R"B-!LQB!

/144C*D(66+.!3-!/-.!E'<(*1)1.!?-.!21J*)*[.!2-!K-.!')4!,')'Y'('G)'.!/-!?-f!U@ 'C7'G16)!6W!LQL!
F6J\6;1G16)T4*\*)4*)G! F6CC*FG16)! *WW1F1*)F1*;! W6(! G<*!3*(64>)*! '*(6;6C! J';;!LQQ!
;\*FG(6J*G*(!7;1)Y!W1*C4!4'G'.!3*(6;6C!HF1-!0*F<)6C-.!%L.!#BVT#Q".!#R"#-!LQV!

/1).!S-!U-.!&';<*)W*C4*(.!?-!3-.!97D*.!&-!:-.!K')YW6(4.!3-!^-.!U48'(4;.!:-!/-.!X'([')'.!LQA!
S-!2-.!HG7G[.!2-.!K7.!S-.!X<')Y.!a-.! ')4!E(68).!H-!H-f!3!D(6'4D')4!F'@1G>!*)<')F*4!'D;6(\G16)!LVR!
;\*FG(6J*G*(!W6(! '1(F('WG!J*';7(*J*)G;!6W!YC>6_'C.!J*G<>C!YC>6_'C.!)1G(67;! 'F14.!)1G(6Y*)!LV"!
416_14*.!')4!8'G*(!@'\6(.!3GJ6;\<*(1F!J*';7(*J*)G!0*F<) 1e7*;!91;F7;;16);.!;7DJ1GG*4.!LV#!
#R"B-!LV$!

I*7J').!2-!3-.!M7*>.!K-!5-.!91;;C>.!?-!&-.!=*<;*)W*C4.!=-! ,-.!=C6F+*.!=-.!M6C*F*+.!2-! ,-.!LV%!
M6CC68'>.!2-!H-.!M7DC*(.!5-.!2'+67D*+.!?-.!I1F+;!2(-.!9-!S-.!:'((1;<.!9-!9-.!?>*(;6).!0-!E-.!H7*\*(.!LVB!
9-!0-.!')4!&*1)<*1J*(.!3-!2-f!=';GT(*;\6);*!'1(D6()*! 1)!;1G7!J*';7(*J*)G;!6W!MI^$!47(1)Y!LVL!
G<*! 0*_';! #RRR! 31(! `7'C1G>! HG74>.! 2-! 5*6\<>;-! ?*;-.!"RQ.! %%$L.!LVQ!
461f%%"R-"R#Ag#RR"29RR"%$Q.!#RR#-!LVV!

I*7J').!2-!3-.!?>*(;6).!0-!E-.!M7*>.!K-!5-.!2'+67D*+.!?-.!I68'+.!2-!E-.!H1J6);.!,-.! ')4!LVA!
=*<;*)W*C4.!=-!,-f!,'C1D('G16)!')4!*@'C7'G16)!6W!)1G(1F!'F14!')4!'JJ6)1'!\*(J*'G16)!G7D*;!LAR!
D>!]Z!6\G1F'C!'D;6(\G16).!U)@1(6)-!HF1-!0*F<)6C-.!$Q.!#AQBT#AV".!#RR$-!LA"!

I68'+.! 2-! E-.! I*7J').! 2-! 3-.! S6['1.! S-.! M7*>.! K-! 5-.!0'))*(.! 9-! 2-.! M6CC68'>.! 2-! H-.!LA#!
?>*(;6).!0-!E-.!=(6;G.!5-!2-.!/FS**).!H-!3-.!')4!=*<;*)W*C4.!=-!,-f!3!F<*J1F'C!16)1['G16)!J';;!LA$!
;\*FG(6J*G(>!G*F<)1e7*!W6(!'1(D6()*!J*';7(*J*)G;!6W!'JJ6 )1'.!2-!5*6\<>;-!?*;-T3GJ6;-.!LA%!
""#.!#RRQ-!LAB!

^;G<6WW.! M-! 9-.! ?6D*(G;.! 2-! /-.! ?'@1;<')+'('.! 3-! ?-.! &1CC1'J;.! U-! 2-.! K*()*(.! E-! /-.!LAL!
H6JJ'(1@'.!?-.!E'G*;.!0-!H-.!,6WWJ').!9-.!`71)).!:-!S-.!91DD.!2-!U-.!HG'(+.!M-.!E7(+<6C4*(.!2-!E-.!LAQ!
0'C7+4'(.!?-!S-.!/*'Y<*(.!2-.!=*<;*)W*C4.!=-!,-.!')4!E(68).!H-!H-f!M1Y<!C*@*C;!6W!)1G(>C!F<C6(14*!LAV!
1)!G<*!\6CC7G*4!;7DG(6\1F'C!J'(1)*!D67)4'(>!C'>*(.!I'G7(*!5*6;F1*)F*.!".!$#%T$#V.!#RRV-!LAA!

:'(+.! S-.! S1GG*C;6).! 9-! E-.! X'F<'(1'<.! /-! ?-.! ')4! /F/7((>.! :-! M-f! /*';7(*J*)G! 6W!QRR!
1)<*(*)G!J'G*(1'C!4*);1G>!6W!)')6\'(G1FC*! 'YYC6J*('G*;.!2-! I')6\'(G1FC*!?*;-.!L.!#LQT#Q#.!QR"!
#RR%-!QR#!

:*1;F<C.! 2-.! ?>*(;6).! 0-! E-.! 31+1).! S-! ,-.! 4*! 5678.!2-! 3-.! 51CJ').! 2-! E-.!M6CC68'>.! 2-! H-.!QR$!
K*()*(.!E-!/-.!I'4+'()1.!?-.!I*7J').!2-!3-.!I68'+.!2- !E-.!0('1)*(.!/-.!&'()*+*.!,-.!')4!:'((1;<.!QR%!
9-!9-f!`7')G1W>1)Y!'GJ6;\<*(1F!J*G<')*!*J1;;16);!W(6J!G<*!M'>)*;@1CC*.!='>*GG*@1CC*.!')4!QRB!
)6(G<*';G*()!/'(F*CC7;!;<'C*!Y';!\(647FG16)!(*Y16);.! 2-!5*6\<>;-!?*;-T3GJ6;-.!"#R.!#""ATQRL!
#"$A.!#R"B-!QRQ!

:*1;F<C.! 2-.! ?>*(;6).! 0-! E-.! M6CC68'>.! 2-! H-.! 0('1)*(.! /-.! 3)4(*8;.! 3-! U-.! 3GC';.! U-! K-.!QRV!
EC'+*.!9-!?-.!9'7D*.!E-!,-.!9C7Y6+*)F+>.!U-!2-.!=1;F<*(.!/-!K-.!56C4;G*1).!3-!M-.!57<'.!3-.!S'(C.!0-.!QRA!
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! $Q!

S6WC*(.!2-.!S6;F17F<.!U-.!/1;[G'C.!:-!S-.!:*((1)Y.!3-!U-.!:6CC'F+.!O-!E-.!H')G6)1.!5-!&-.!HF<8'([.!2-!:-.!Q"R!
H\'F+J').! 2-! ?-.! &6W;>.! H-! ,-.! ')4! :'((1;<.! 9-! 9-f! 31(D6()*! 6D;*(@'G16);! 6W! J*G<')*!Q"" !
*J1;;16);! W(6J! (1F*! F7CG1@'G16)! 1)! G<*! H'F('J*)G6! Z'CC*>! 6W! ,'C1W6()1'.! 2-! 5*6\<>;-!?*;- TQ"#!
3GJ6;-.!""Q.!#R"#-!Q"$!

:*((>.! ?-! M-! ')4! 5(**).! 9-! &-! bU4;-cf! :*((>q;! ,<*J1F 'C! U)Y1)**(;q! M')4D66+.!Q"%!
/F5('8 TM1CC.!I*8!a6(+.!Ia.!"AAQ-!Q"B!

:6CC'F+.! O-! E-.! K*()*(.! E-! /-.! ')4! ?>*(;6).! 0-! E-f! U@'C7'G16)! 6W! 7CG('@16C*G! C1Y<GTQ"L!
*J1GG1)Y! 4164*;! W6(! 4*G*FG16)! 6W! 'GJ6;\<*(1F! I^#! D>! \<6G6C>;1;!T! F<*J1C7J1)*;F*)F*.!Q"Q!
267()'C!6W!3GJ6;\<*(1F!,<*J1;G(>.!LB.!"""T"#B.!#R"R-!Q"V!

?6D*(G;.!5-! ,-! ')4! I*)*;.!3-f!3!F6)G1)767;TWC68!;G(*'J81;*!G<*(J'CTY('41*)G!,,I!Q"A!
F<'JD*(! W6(! 'GJ6;\<*(1F! J*';7(*J*)G;.! 3*(6;6C! HF1*)F*! ') 4! 0*F<)6C6Y>.! $A.! #RLT##".!Q#R!
#RRB-!Q#"!

?>*(;6).!0-!E-.!E7<(.!/-!:-.!=(6;G.!5-!2-.!56C4').!:-!9-.!M6CC68'>.!2-!H-.!MNDC*(.!5-.!26D;6).!Q##!
E-!0-.!S7;G*(.!&-! ,-.! /FS**).!H-!3-.! :'((1;<.!9-!9-.!?6D*(G;.!2-! /-.!H7*\*(.!9-!0-.!0('1)*(.! /-.!Q#$!
&1CC1'J;.!2-.!')4!=*<;*)W*C4.!=-!,-f!UJ1;;16);!C1W*G1J*;!')4!6[6)*!W6(J'G16)!1)!\68*(!\C')G!Q#%!
\C7J*;.!2-!5*6\<>;-!?*;-.!"R$.!##.BLATB##.BV$.!"AAV-!Q#B!

?>*(;6).!0-!E-.!M7*>.!K-!5-.!S)'\\.!S-.!I*7J').!2-!3- .!:'((1;<.!9-!9-.!H7*\*(.!9-!0-.!')4!Q#L!
=*<;*)W*C4.! =-! ,-f! 9*;1Y)! ')4! 1)1G1'C! F<'('FG*(1['G16)! 6W! ')! 1)C*G! W6(! Y';T\<';*! I^ >!Q#Q!
J*';7(*J*)G;!W(6J!'1(F('WG.!2-!5*6\<>;-!?*;-.!"R%.!B%V$TB%A#.!"AAA-!Q#V!

HF<8'([.! 2-! :-.! 5'6.! ?-! H-.! ='<*>.! 9-! &-.! 0<6J;6).! 9-! H-.! &'GG;.! K-! 3-.! &1C;6).! 2-! ,-.!Q#A!
?**@*;.! 2-! /-.! 9'(D*<*;<G1.! /-.! E'7JY'(4)*(.! 9-! 5-.! S6+.! 5-! K-.! ,<7)Y.! H-! M-.! HF<7C[.! /-.!Q$R!
M*)4(1F+;.!2-.!K'7*(.!3-.!S'*(F<*(.!E-.!HC681+.!2-!5-.!?6;*)C6W.!S-!M-.!0<6J\;6).!0-!K-.!K')YW6(4.!Q$"!
3-!^-.!K6*8*);G*1).!/-.!')4!31+1).!S-!,-f!H1)YC*T\'(G1FC*!J*';7(*J*)G;!6W!J14C'G1G74*!DC'F+!Q$#!
F'(D6)!')4!C1Y<GT;F'GG*(1)Y!'*(6;6C;!W(6J!G<*!D67)4'(>!C'>*(!G6!G<*!C68*(!;G('G6;\<*(*.!2-!Q$$!
5*6\<>;-!?*;- T3GJ6;-.!""".!9"L#RQ.!#RRL-!Q$%!

HF<8'([.!2-!:-.!H\'F+J').!2-!?-.!='<*>.!9-!&-.!5'6.! ?-!H-.!K6<J')).!]-.!HG1*(.!:-.!&'GG;.!K-!Q$B!
3-.!0<6J;6).!9-!H-.!K'F+.!9-!3-.!:W1;G*(.!K-.!/'<6)*>.!/-!2-.!E'7JY'(4)*(.!9-.!&1C;6).!2-!,-.!')4!Q$L!
?**@*;.! 2-! /-f! ,6'G1)Y;! ')4! G<*1(! *)<')F*J*)G! 6W! DC'F+! F'(D6)! C1Y<G! 'D;6(\G16)! 1)! G<*!Q$Q!
G(6\1F'C!'GJ6;\<*(*.!2-!5*6\<>;-!?*;-T3GJ6;-.!""$.!#RRV-!Q$V!

HF<8'([.!2-!:-.!H\'F+J').!2-!?-.!5'6.!?-!H-.!&'GG;.!K-!3-.!HG1*(.!:-.!HF<7C[.!/-.!9'@1;.!H-!/-.!Q$A!
&6W;>.!H-! ,-.! ')4!='<*>.!9-!&-f!5C6D'CT;F'C*!DC'F+!F'(D6)! \(6W1C*;!6D;*(@*4!1)!G<*!(*J6G*!Q%R!
'GJ6;\<*(*!')4!F6J\'(*4!G6!J64*C;!b@6C!$Q.!'(G!K"VV"#!.!#R"Rc.!5*6\<>;-!?*;-!K*GG-.!$Q.!Q%"!
#R"R-!Q%#!

HC7;<*(.!9-!K-.!M7*>.!K-!5-.!0'))*(.!9-!2-.!=C6F+*.!=-! /-.! ')4!?6D*(G;.!2-! /-f!3!G<*(J'C!Q%$!
41;;6F1'G16)TF<*J1F'C! 16)1['G16)! J';;! ;\*FG(6J*G(>! b09T,O/Hc! G*F<)1e7*! W6(! G<*!Q%%!
;1J7CG')*67;! J*';7(*J*)G!6W! \*(6_>'F>C! )1G('G*;! ')4!41 )1G(6Y*)! \*)G6_14*.! 2-! 5*6\<>;-!Q%B!
?*;- T3GJ6;-.!"RA.!#RR%-!Q%L!
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! $V!

HG6<C.! 3-.! =6(;G*(.! ,-.! =(')+.! 3-.! H*1D*(G.! :-.! ')4! &6G'8'.! 5-f! 0* F<)1F'C! I6G*! f! 0<*!Q%Q!
K'Y(')Y1')!\'(G1FC*!41;\*(;16)!J64*C!=KUd:3?0!@*(;16)!L-#.!3GJ6;-!,<*J-!:<>;-.!B.!#%L"TQ%V!
#%Q%.!#RRB-!Q%A!

Z*(*;.!:-.!51CJ').!2-!E-.!?6D*(G;.!2-!/-.!S7;G*(.!&-!,-.!&'()*+*.!,-.!E7(C1)Y.!O-!?-.!')4!4*!QBR!
5678.! 2-f! 9*@*C6\J*)G! ')4! @'C14'G16)! 6W! '! \6(G'DC*! Y';! \<';*! ;G')4'(4! Y*)*('G16)! ')4!QB"!
F'C1D('G16)!;>;G*J!W6(!@6C'G1C*!6(Y')1F!F6J\67)4;.!3GJ6;\<*(1F!/*';7(*J*)G!0*F<)1e7*;.!QB#!
$.!LV$TLA".!#R"R-!QB$!

@6)!HF<)*14*J*;;*(.!U-.! /6)+;.! :-!H-.! ')4! :C';;T97*CJ* (.! ,-f!5C6D'C!F6J\'(1;6)!6W!QB%!
Z^,!')4!,^!6D;*(@'G16);!1)!7( D')!'(*';.!3GJ6;-!U)@1(6)-.!%%.!BRB$TBRL%.!#R"R-!QBB!

&'Y)*(.!I-!K-.!97D*.!&-!:-.!&';<*)W*C4*(.!?-!3-.!a67 )Y.!,-!2-.!:6CC'F+.!O-!E-.!?>*(;6).!0-!QBL!
E-.! ')4!E(68).!H-!H-f!9164*!C';*(TD';*4!F'@1G>! (1)YT468)!1);G(7J*)G!W6(! I^$.! I#^B.! I^.!QBQ!
I^#!')4!^ T$!W(6J!'1(F('WG.!3GJ6;\<*(1F!/*';7(*J*)G!0*F<)1e7*;.!%.!"##QT"#%R.!#R""-!QBV!

&'()*+*.!,-.!4*!5678.!2-!3-.!M6CC68'>.!2-!H-.!:*1;F<C.!2-.!?>*(;6).!0-!E-.!3GC';.!U-.!EC'+*.!QBA!
9-.!0('1)*(.! /-.! ')4! :'((1;<.!9-!9-f! /7CG1>*'(!G(*) 4;!1)!@6C'G1C*!6(Y')1F!F6J\67)4;!1)!K6;!QLR!
3)Y*C*;.! ,'C1W6()1'f! =1@*! 4*F'4*;! 6W! 4*F(*';1)Y! *J1;;16);.! 2-! 5*6\<>;-! ?*;-T3GJ6;-.! ""Q.!QL"!
#R"#-!QL#!

&'()*+*.!,-.!?6D*(G;.!2-!/-.!Z*(*;.!:-.!51CJ').!2-.! S7;G*(.!&-!,-.!E7(C1)Y.!O-.!a6+*C;6).!?-.!QL$!
')4! 4*! 5678.! 2-! 3-f! Z^,! 14*)G1W1F'G16)! ')4! 1)G*(TF6J\'(1;6)! W(6J! C'D6('G6(>! D16J';;!QL%!
D7()1)Y!7;1)Y!:0? T/H!')4!:O0 T/H.!O)G*()'G16)'C!267()'C!6W!/';;!H\*FG(6J*G(>.!$R$.!LT"%.!QLB!
#R""- !QLL!

&';<*)W*C4*(.!?-!3-.!a67)Y.!,-!2-.!E(68).!H-!H-.!3)Y*@1)*.!&-!/-.!3GC';.!U-!K-.!EC'+*.!9-!QLQ!
?-.!E6).!9-!/-.! ,7D1;6).!/-!2-.!4*!5678.!2-!3-.!97;')G*(.!H-.!=C>)).!2-.!51CJ').!2-!E-.!5('7;.! /-.!QLV!
5(1WW1G<.!H-.!5(6;;D*(Y.!I-.!M'>*;.!:-!K-.!21J*)*[.!2-!K-.!S7;G*(.!&-!,-.!K*W*(.!E-!K-.!:6CC'F+.!O-!E-.!QLA!
?>*(;6).! 0-! E-.! HG'(+.! M-.! HG*@*);.! :-! H-.! ')4! 0('1)*(.! /-! S-f! 0<*! YC>6_'C! D74Y*G! ')4! 1G;!QQR!
F6)G(1D7G16)!G6!6(Y')1F!'*(6;6C!W6(!K6;!3)Y*C*;.!,'C1W6()1'.!47(1)Y!,'CI*_!#R"R.!2-!5*6\<>;-!QQ"!
?*;- T3GJ6;-.!""L.!#R""-!QQ#!

&1C;6).!2-!,-.!K'WC*7(.!E-!5-.!M1CD*(G.!M-.!H**D'7Y<.!&-!?-.!=6_.!2-.!5*;C*(.!9-!&-.!E(6F+.!,-!QQ$!
3-.!M7*D*(G.!E-!2-.! ')4! /7CC*).!2-f!=7)FG16)! ')4! \*(W6(J')F*!6W! '!C68!G7(D7C*)F*!1)C*G!W6(!QQ%!
;'J\C1)Y!;7\*(J1F(6)!\'(G1FC*;!W(6J!'1(F('WG!\C'GW6(J;.!3*(6;6C!HF1*)F*!')4!0*F<)6C6Y>.!QQB!
$V.!QARTVR#.!#RR%-!QQL!

&6CW*.! 5-! /-.! S'1;*(.! 2-.! M')1;F6.! 0-! =-.! S*7G;F<.!=-! I-.! 4*! 5678.! 2-! 3-.! 51CJ').! 2-! E-.!QQQ!
5('7;.!/-.!M'GF<.!,-!9-.!M6CC68'>.!2-.!M6(681G[.!K-.!K**.!E-!M-.!K*()*(.!E-.!K6\*[TM1CW1+*(.!=-!9-.!QQV!
/'6.!2-.! /'(@1).! /-.! :*1;F<C.!2-.! :6CC'F+.!O-!E-.!?6D*(G;.!2-! /-.!?>*(;6).!0-!E-.!0<6()G6).!2-!3-.!QQA!
Z*(*;.!:-.!')4!&'()*+*.!,-f!=6(J'C4*<>4*!\(647FG16)! W(6J!1;6\(*)*!6_14'G16)!'F(6;;!I^_!QVR!
(*Y1J*;.!1)!\(*\'( 'G16).!#R"B-!#R"B-!QV"!

d7.! K-.! 576.! M-.! E6>4.! ,-! /-.! SC*1).! /-.! E67Y1'G16G1.! 3-.! ,*(7CC>.! S-! /-.! M1G*.! 2-! ?-.!QV#!
O;''FJ')TZ')&*(G[.! 5-.! S(*1;D*(Y.! I-! /-.! S)6G*.! ,-.! ^ C;6).! S-.! S6;;.! 3-.! 56C4;G*1).! 3-! M-.!QV$!
M*(1)Y.! H-! Z-.! 4*! 5678.! 2-.! E'7J')).! S-.! K**.! H-TM-.! I*)*;. ! 3-.! &*D*(.! ?-! 2-.! ')4! IY.! I-! K-f!QV%!
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! $A!

UWW*FG;!6W!')G<(6\6Y*)1F!*J1;;16);!6)!'*(6;6C!W6(J'G16)!W(6J!1;6\(*)*!')4!J6)6G*(\*)*;!QVB!
1)!G<*!;67G<*';G*()!])1G*4!HG'G*;.!:(6F**41)Y;!6W!G<*!I'G16)'C!3F'4*J>!6W!HF1*)F*;!6W!G<*!QVL!
])1G*4!HG'G*;!6W!3J*(1F'.!""#.!$QT%#.!#R"B-!QVQ!

a7.! M-f! 9*@*C6\J*)G! 6W! C')4F6@*(! ')4! *J1;;16)! W'FG6(;! W6(! 1;6\(*)*! ')4!QVV!
J6)6G*(\*)*! *J1;;16)! J64*C1)Y! ')4! *@'C7'G16)! 1)! G<*! ;67G<*()! ])1G*4! HG'G*;! 7;1)Y!QVA!
'1(D6()*!41(*FG!')4!1)41(*FG!WC7_!J*';7(*J*)G;.!#R"B-!#R"B-!QAR!

a7').!E-.!S';*(.!K-.!S'(C.!0-.!5('7;.!/-.!:*1 ;F<C.!2-.!,'J\6;.!0-!K-.!H<*(G[.!H-.!3\*C.!U-!,-.!QA"!
M6()D(66+.!?-!H-.!M1CC;.!3-.!51CJ').!2-!E-.!K*()*(.!E-!/-.!&'()*+*.!,-.!=C6F+*.!=-!/-.!?>*(;6).!0-!QA#!
E-.!57*)G<*(.!3-!E-.!')4!4*!5678.!2-!3-f!31(D6()*!WC7_!J*';7(*J*)G;!6W!J*G<')*!')4!@6C'G1C*!QA$!
6(Y')1F! F6J\67) 4;! 6@*(! G<*! M'>)*;@1CC*! ')4! /'(F*CC7;! ;<'C*! Y';! \(647FG16)! (*Y16);.!QA%!
267()'C!6W!5*6\<>;1F'C!?*;*'(F<f!3GJ6;\<*(*;.!"#R.!L#Q"TL#VA.!#R"B-!QAB!

X*C*)>7+.! 3-.! OJ(*.! 9-.! M').! 2-! M-.! ')4! ^'G1;.! H-f! H1J7CG')*67;! J*';7(*J*)G;! 6W!QAL!
1)41@147'C! 'JD1*)G!\'(G1FC*! ;1[*.!F6J\6;1G16).!*WW*FG1@*!4*);1G>.! ')4!<>Y(6;F6\1F1G>.!3)'C-!QAQ!
,<*J-.!VR.!"%R"T"%RQ.!#RRV-!QAV!

X<*)Y.!&-.!=C6F+*.!=-!/-.!0>)4'CC.!5-!H-.!H8');6).!3-.!^(C')46.!2-!2-.!?6D*(G;.!2-!/-.!M7*>.!QAA!
K-!5-.! ')4!0'))*(.!9-!2-f! ,<'('FG*(1['G16)!6W! '!G<*(J'C!4*F6J\6;1G16)!F<*J1F'C!16)1['G16)!VRR!
J';;!;\*FG(6J*G*(!W6(!G<*!J*';7(*J*)G!6W!\*(6_>!'F>C!)1G('G*;!b:3I;c!1)!G<*!'GJ6;\<*(*.!VR"!
3GJ6;-!,<*J-!:<>;-.!"".!LB#AT LB%Q.!#R""-!VR#!
!VR$!
!VR%!
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