We thank both referees for their thoughtful and thorough reviews of our paper. We
appreciate you taking the time to complete these reviews and welcome your helpful
comments. We have revised the manuscript to address your review comments (see
below). Throughout this response to review document your (referee review) comments
are provided in regular, non- italic font text, our response comments are provided in red
font (as here).

|

"#$"%"&'()'

(*+,,-&.'/0-0","10
"#$%1&'()%*+$,-1,+.%.(-%!%3$&)/'-$0(%!1+0&!2$1 1. +#(-1$&020/%!%#03$(4!-#.1$&5!,*-!
01!',0-.(-$/1*0//",%.101!6'+%. (17! (2!8.0+4.19:1$* 19%#./,.%!0(1-#.!-+$<)-'"+=14/*$.+%!1..2$(4!
#.8&>1"#.=1$(;.%-$4'-.1-#.1%'96.1011'196)22.(1'(214+'2) '*0/',  %.?"'(2!'"%%.%%!-#.1$&,*-101!
2$11.+.(-1&02./1,'+'& .- +%! @4+$2!+.%0/)-$0(?!1%/S2BAHBD (1-#.1+.%)/-%>!"#.=1%#03!-#'-|
“H#(4.9%!$(1-#.16'+%. (171$%.1%#./L1#';.1/$&S-. 21$&, *-10 (196! -+$<)-"+=14/*$.+%?!"%! -#$%!$*. 19%0#./1!
+0;$2.%!"1/$&$-.21'&0) (-I''<)--+.%%$(4>!B!*0//',%.10118409:1$*.190#./110(1-#.10-#.+1#'(2!
30)/21#; &) #I/'+4.+1$&,*-2I'%!$-1,+0;$2.%!80+.1<)--+.9806$(41-01$-%!-+$<)-'+=14/*$.+%!"(2!
#.%.14/*$.+%)!"+.1+.%-$(4!0(1<.2+0*C!3$-#!+.-+04+'2 BE/' (2?!&' C$(4!-#.&!,+0(.!-0!
H#1&'+$(.1$* . 1%#. .-1$(%-'<$/$-=>!

|

"#.14.90)/-%!,+.%.(-. 21$(-#$%!&' () %*+$,-1'+.1(0;./"' (21$( +.%-$(4?1%#03$(4!-#.1;.+=!
2$11.+.(-1+.9%,0(%.!01!4/*$.+%!$(1-301<'%$ (% 2! S (L1 4B (4!/$( 1 +.-+."-'(2!
*0(-+$<)-$0(1-01%.'l/.;./1*# (4.>]:-1$%!4+."-1-01%. . |-#'- |- H# S % BA$ %! <'%. 210 (1-#+..12$11.+.(-!
&02./%7?1#03.;.+10(.10 11-#.&!$%!.D"™*-/=1%-'-.1011-#.I'+-?1"(2],+.%.(-1+.%)/-%! /' +2$Z 1 .+.(-!
-01-#.10-#.+1-30?!%0!$-130)/2!<.14+.'-1-012$%*) % %! -# ¥R EHEA 2. 10(1-#.1,0%%$<$/$-=! @0+!
(0-Al-01)%.1%)*#1%$&,/.18&02./%!-01$(;.%-$4'-.12=('&$**# 8101 B(-'+*-$*14/*$.+%0>!
E)+-#.+&0+.?!-#.+.1$%! (0-1&)*#12$%*) %% $0(1$(1-#S% B, Q%) %-!"12.%*+$,-$0(101!1-#.!
+.90)/-%7?1%0!$-130)/2!<.14002!-0!%..!"!&0+.1%) <%-'(-YUBBEN'22.221$(*/) 2$ (4! - #.1$&,"*-!
O1!-#.12$11.+.(-*#0$*.%!&'C.I$(1-#.1&02./1%)*#!'%0! -#52%(4!/'3!)%. 2 24-1&02./!
+.9%0/)-$0(?!"(2!-#.1'4+..&.(-<.-3..(1&02./%!0+!<.-3..(1%*  .(+$0%>1"#.1,",.+1$%!3.//!
3+$--.(1'(21*/.'+?1.D*.,-110+!-#.1-30!-'</. %" (2!-#.$+1* -$0(% 23#S*#!'+.1G)$-.1*0(1) %S (4>!
H./03!'+.19%0&.!&0+.!12.-'$/.21*0&&. (-%>!

|

2'3-458&'65,,"10/"
1-#$(C1$-130)/21<.14+."-1-01'2211,0-.(-$'1J!$(1-#.1-$-/.! @ I>043410-.(-$'/1*0//",%.1>>>JA?1-0!
HSAHSAH-1-#'-1-H#3%!$%0!F) %0-1",0%%0$<$/$-=210+" AS(C#$%0!$%!$&,0+-'(-14F;. (1-#.!
+.%.(-1*0//",%.1011-#.16'+%. (1 7!$*.<.+47?1'%!$- 1 &$4#-1* 04 ) %08&..!,.0,/.1-0!-'/CI'<0) - 1-#.!
*0/',%.10116'+%. (1 7>!

7"-8 &""%$09'09"&"#$"%"&'-1:'69-18"'09"0$0;"-665&:$18;.<

1110)(2!$-1*0(1) %$(4!-#'-1-#.1.D,.+$&.(-%!"+.12.%*+$< 210 -.+!-#.10-#.+1'%!-#.!- D-140.%)!
@(.311+$*-$0(1/'3%?!12$11 . +.(-1+.%0/)-$0(% ?'>>HAK1:ABHWR!"//1-#.1.D,.+$&. (-%! 20(.!$(!
%.*-$0(IKI@&'=<.!$(IK>L!&.(-$0(!-#.1'22$-$0('/!.D, . +$&.(POA'221"-'</.13$-#1-#.1/$%-101!
D, . +$&.(-%7?1%0!-#"-1-#.1+.'2.+1C(03%!'#.'2101!-$&.!3#'"-1-01.D, *->!

7M-8&M-10-#- Y S0-=" $/0$18 - >"&0+&=-0$B1"&$,"10/'$16;+:$18'/"1/$0$#$0."
/$,+;-0$51/-/'%";;"-'8&$:'&"/5;+0$51'05'09"/'60$51' @A?>"&$,"10-;'B'THB1'60$3X EF <
:(1%.*-$0(IK>M?!$-1$%!%-'-. 21-#'-1-#.1802./%!%#0)/2!%-'+ SEH-H'%-'-.'%!*/0%.!'%!
,09%%%$</.!1+0&!"1%-.'2=5%-'"-.>1:12$%"'4+..135-#!-#$%!%-"-. 4ONDE!1#.!1$($-$/$O'-$0(1$%!-0!
4.-1'%!%/0%.!'%!,0%%$</.1-0!-#.1*0(2$-$0(%!"-I'14$; . (I- &) 28K 4! - #. |- #S(($(4!+'-.!
0<%.+;.2!'-1-#$%!-$&.>!P.&0;$(4!-#5%!-#$(($(4Q-#$*C.(${4A"21-01'(!



)(2.+.%-$&-$0(QO;. +.%-$&'-$O(10LI-#. 144 (4.%1%$&) - 221 %S 1/=!'Y6!-#$%! CH(21011%$4(/!
30)/2!,+0<'</=I-'C.12.%'2.%!-011'2.10)->!B/%0?1#03!/'+4.1$%! 1/)D*0++.*-$0("', /$.2!-0!
#.1802.1%!'(21#03120.9%1$-1$&, *-1-#.1%$8)/'-$0(%!"(21-#.10¢/)%$0(%!011-#$%! ', . +>!
GO"&"#$"%" &' B5&&. " GI0-0'SH' 09" $6""0'$/'150'$1'/0"-:./0-0""09"1'09" & /95 +;:'=""-"
09$11$18109$6J"1$18'&-0""-H0"&'09""$1$0$-;$/AHRE<'K5H'09$//0+:.'$/'05'0"-/""5+0'09"™
6510&$=+0$51'H&5/SGH'&" 5#-05'/"- |"#";'&$/">&54"60$51/M'%" %-10'"-1'H6"0"
8"5,"0&.'09-0":5"/'150'69-18"5#"&'0$,"<'GO$/'$/'%69.'%"->>;.'09""/.109"0$6',-//'=-;-16"
05'J"">'09"8"5,"0&.-/'6;5/"-/">5//$=;"05'09"$1$ 0$-;'8"5,"0&.<'G5' -J"09$/'6;"-&"&'$1"

09" -1+/68$>0'%"69-18"'09" H$&/0'>-&-8&->9'5H'09" @>GL"60$580'&"-:/'-/'H5;;5%])
PQ5;;5%$18'$1$0$-;$/-0$51'09 1@ HL5:";/"/95+;'=""6;5/"05"R+$;$=&$+,'$H'09"$6™
/9"0'$/'6;5/"05'/0"-:.//0-0"M'>&5#%$:$18":91:0S' T<'U5%"#'&M'5%$18'05":-0-'$1651/$/0"16$"/
~1:$1'>-&0"-#$5:-0$51'5H'09$//010-0"-//+,> 0$51'09$/'651:$0$51'$/'150'H+:HS$;;":M'
&'R+$8$18'-/4$2'58'8";-7-0$51'/$,+;-0$51'05'&"-69"-'/0"-:.'/0-0"H5&"-6%:"; <'G5'
0"-/"5+0'09"/"- L"#";'&$/"65108$=+0$51/H&I/SGH'&" 5#-;-1:'H-6$;$0-0"65,>-&$/51"
-6&5//-;;'09&™"$6LI9™0" 5:"/M'09" " >i5."/>$L  L+>'->>&5-69'-$,/'05'"">'09"$6"
/9"™0'8"5,"0&."-/'6;5/"-">5//$=;"05'09"$1$0$-;' 8"5,"0&.<'P

SRSISKTLIE 2811 +.(1$(-.+,+.--$0(1011-#.1U'--=(.-'@KSRVAL',. +>1:11%-.'2=5%-"- |
4+0)(2$(41/$(.1,0%3$-$0(%!"+.13.//1 -)+.213$-#1'(1$(-.+('11/)DI*0(2$-$0(?!-#.1,",.+1%-"-. %!

-1 |-H1%HO+-5-$&. 1+ (%$. (-1< #,$O+H1$%!-#. (IS (*0++ *- JH@<THLIU'--=(1.-1/>| @KSRVAA>!
WO!%6)*#1&02./%!1&$4#-1<.1/.%%!2.,.(2.(-1-014+$21+ O $$-120.9%! (0-1&.'(1-#'-1-# =!I
>

7 "-88""%$09'0" & " #$"%"&'09-0'0995& (0" &, '0&-1/$"10'="9-#$5+& 5H'09"/"9.=&$:"

5" '%$09'-1'$10"&1-;'H; +2'=5+1:-&.'651:$0$51" -.'150'="65&&"605%"#"&M'$B/0'5H'
5+&'>"&0+&=-0951;-0$51/R+-/$/0"-:. LI0-0"$/'&"-69"'%$09"V*NWB,"-1$18'09-0'

/0"-:. L0-0"8&5+1:$18";$1">5/$0$51//95+;-8&""="00"&'="0%"1'V*N\MBXO*OY ZA*
-HO"&WTT'."-&/<'G9"/"10"16"$/'4+/0'/0-0$18'09-0'8&$:":">"1:"16™$/', +69'&":+6":'$1'
VANWB'$1'65,>-&$/51'05'XO*OY ZA*<'K/'09"'V-00<IDRTF(WF'>->"&'$/'150'09"="/0'6$0-0$51'
H5&'GIM'%™"9-#"&" 5#"'$O'H&S5,'09" & #$/",-1+/68$>0<"
E$4>X1%#03%!-#'-110+19%608&..1<'%$(%!'(2!; +$'</.%?1-#00 28861 1&. (-1<.-3..(I-#.!
UWYVZ!'(21H:W: 76[W!&02./%! 10+-#.12$1 1 +.(-1%* . (+SOB(POBH. + %06 %6 21-#.+.1$%! 1 <$44 +!
2$11.+.(*.1<.-3..(1-#.1-301&02./%I-#'-1<.-3..(-#.12$11.+.(  -19%*.(+$0%>I"#$%!9%6#0)/2!<.!
<= H128%%)%%.221.%, *$'//=1-OWHS A SA-1-#.1+. %0V B . +.(*.%6!'%6!3.//1'Y6)-#.!
2$11.+.(-1%.%>IW. *-$0(IV12.%6*+$<.%!-#.9%.1+.%)/-HHIHONR! <. 1060&..1 2$%*)%%6$0(!

%) &&'+$OS(4:%.11$(2$(4%>

79 >-8-8&->9'05'09":$/6+//$51'/"60$51'05":$/6+//'09" : $HH"&"16"/'$1'&"/+;0/
5&"$1':">09<'00'&"-/P7"-00&$=+0"09"855:-8&"","10'-6&5//'=509' 5:";/'H5&'Z-&/"1"
Y'05'09""H-60'09-0'09"-&"-'5H'09" -&$"/"/"6058&/'$/";$,$ 0"'$1'09$/:5,-$1'D2<(",
6510-$1"'$1',-&$1'L=-/""/"605&/F :+"05'09"#"&.", 5+10-$15+/'=":8&56J' 05>58&->9.
651/0&-$1$18'>50"103$-;'885+1;$18&"0&"-0<'GO$/'$/ /+>>580"'=.";;'[$,+;-0$51/-6&5//"-;;'
$61/9™0' 5:" /- H ' +1:" & -'%S$: " &-18"5H $HH"  &"10'H5&6$18/'09"Z-&/"1'Y" =-.,"10'
'5"/'150'6510&$=+0",5&"09-1'[2',,'=.'2WTT<'G9"8&"-0"&'>50"10$-;'05'$1$0$-0"
885+1:$1B$1"&"0&"-0'$/>&""10":'=.\"5&8"]0'06"*9";H'%9"&" +69'5H'09"$6"/9""0'$/"
-&S1M=-/"" %$09'&"08588&-:"/;5>$18'=":&56] BLE9. DQ$8+&" (=F<'K/'09$/;-&8"
885+1:$1B$1"&"0&"-0'$/'51;.'$1$0$-0"'$1'09"" XO*OY ZA*/$, +;-0$51M';-&8": SHH"&LI'16"/'$1'/"-
&S >&54"60$51/'566+&<'G9™ 5/0$J";. /6 S5 ®I5&'09%/  $HH"&$18'="9-#$5+&'$/:+"05'
09":$HH"&"16"$1'09"$1H"&&":'=-/-;'0&-60$51'65"HH$6$"10'H$";:/'09-0'-HH"60/""-69',5:":C/"
&"/>51/"05'$61/9"; H'&" 5#-:<'VANWB'>&":$60/,+69'/0$6J$"&'=": &EBII$0$51/'$1'09"
\"5&8"]0",=-.,"10'09-1'XO*OYZA*DQ$8+&" 2F<'GIBBI.'=":8561'651:$0$51/'&"/+;0'$1'



$00;"-66";"&-0$51'519858&'5+0;"0'8;-6$"&H5;;5%$18'$49"; H'=&"-J+2'GI$/'$1'0+&1'
"-1/'09-0'09"6-;#$18';-06'->>;$"'05'51;.'H;5-0$18'$6"6";;/'6-1150" &$#" 09" $1 BOH&"-0"
$105'09",-&$1"=-/""/"605&/-/'09"5+0;"0'8;-6$"&/":5'150'09$1/+HH$6$"10;.'05'H5&, -'
H;5-08$6™0518+"<'01'651082/09" 1Y VA<E'XO*OY ZA*/R)$51'H5&'\"5&8"JOM />L4>"
$1'&"/>51/"05'$A"/9";H'=&"-J+>";"-:/'05"19-16":":.1-,$6'09$11$18'5H09" -$1'5+0;"0’
8;-6$"&/<'GO$/'09$11$18'$1'6514+160$51'%6$09'09"'6-;#$18"-%": &$#"'09" 6§ HIABHE510’
-&$1" I=-/"/"605&/'%9"&"" H+&09"&'&"0&"-0'$/'$1$0$-0"'=."'65,=$1-0$51'5H'09",-&41" $6"
/9"'0'$1/0-=$;$0.-1:'09" ";0%-0"&" . &$#"1'6-:#$18";-06M'&"/+;0$18'$1'09"/$,+;-0", +69'
9$89"&/"L;"#"; &$/">&54"60$51/<

\;.+1I21-#.+.1$%]1 (01+./12$%*)%%$0(?!F)%-1' 2. %*8$I-B80€.%)/-%>1B!,+0,.+12$%6*)%%$0(!
Oot0)/21$(*/) 2.1-#.1%)++.(-1/$&S--$0(%!011-#.1&02. /%" (R)E .| 0%%6$</. 1$&, +0;.&.(-%?!1-#.]
$&,*-1011-#.12811 +.(-1&02./9%!%0&, ' +.21-010-#.+1, '+ &.- +962%6) %1 -#.19%6/$2$(4!/'3!
&,10=.221-#.19%* (+$OI*#0%. (?10+1-#.1<.2+0*C1)%. 28181+ 1.+.(*.%!-0!, +.;$0)%!%-) 2$.%>!
7UQHT - >-&-88->9'05'/"60$51' W<W<'09-0':$/6+//"/-1:'9$89;$890/'09™ 5:":"
'$,$0-0$51M'J".">-&-,"0"&'+16"&0-$10$"/'-1:'$,>&5#"10/'H5& H+0+&"/0+:$"/<'00'&"-:/)’
PO1'-::$0$51M'5:7&"&$,"10/'/95%'09-0'H5& /$,+;-0$51/'5H'8&5+1 148 8", 50$51'$1’
&"/>51/"05'$619";H'=&"-J+>'/9""0L9";H',5:";/-&"1"6"//-&.<'G9I"/$,>;" 5"’
XKHKVO*3'H-$;/'05'&">&5:+6""09"&"/+:0/'5H'09" /Y90 H',5:";/ ':+"05'09"
/$,>;$H$":">9./$6¢'A#"1'-6&5//'/9"AL9";H',5:";/:$HH"&"16"/'$1',5:";">9./$6/M'
5:"'$1$0$-:$/-0$51M'6-:#$18'-9%'$,>;","10-0$51"-1.(0"&'1+,"&$6/'D"<8%9$18 F'
6-1';"-:'05'/+=/0-10$-;;. $HH"&"10">&54"60$51/'+1:"&'09"/-,"H586$18'DQ$8+&" KEF<'
L &SI >&54"60$5R 5/0'/"1/$0$# "05'09""695$6 ™ 5H'/;$:$18'-%'-1:'=":&56.J'
8'5,"0&.<'G9">"1$1/+;-'$/'150'09"51;.'&"8$51'%9"&™"09"/"">-&-,"0"&/'9$89;."
-HH"606-:-'05'6"10"11$-;" /"- L"#";'&$/">&54"60$51/-/'/$,$;-&'6516;+/$51/'%"&"
:&-%1'H&5,',5:";;$18'5H'5+0;"0'8;6$"8&/'$1'09" K, +1:/"1"*"-" =-,"10'D"$-/""0'
<M2T(AF<'G9™%$:" &-18"5HY"%": ' &$/"&"/>51/"/'05":$HH"&"10'H586$18'
>-&-,"0"&/+1:"&;$1"/'09"1""'H5&'>"&0+&=":"1/",=;"'05"?>;5&™"J".">-&-,"0"&’
+16"&0-$10$"/'D"<8<'=-/-;'/;$:$18";-%F HE &4 :&$">&54"60$51/'$1'8&"-0"&""0-$;'
H5&'09">"1$1/+;-'&"8$51<'a%$18'05'09"'$16&"-/"'$1'65,>+0"&">5%"&'09"/"0.>"5H'
"1/",=;">&54"60$51/'9-#"="65,"H"-/$=;"-0'09"&"8$51-;'D"<8<"$-/"0,<M'2T (bF'
-1:'6510$1"10-;/6-;"D"<8<'B"Y5105"-1:'V5;;-& M'2T (bF<'

W"6$H$6'65,,"104

SRISRTHL%-1%.;.+'/JTI<1&0+.1,+.%$%.!

69-18"'05'P>-/0'H$#:"6-:"/_ |
S>RISRVTH(O+-#.4/=1/$&$-JT!$-130)/21<.14+."-1-01. BB/ $&S$-1$(1'11.3!30+2%!
%"-:"'Pct"0"&,$1"'=."09™ LdY',"-1-11+-;"$/509"&,C_
E$4>RTNE&.-.+%!'<0;.1%.")/.;.11$%!"1<$-1*0(1) %S (4 L0 (%! +.1(.4'-$;.?1&'=<.1%$&,/=!
%'=$(411$(1&.-.+%J!30)/2!<.1.(0)4#>!B/%0!&.(-SO(I-#'-1-#:D/0+<'+1$%!-+) (*'-.2I-1S?!' (2!
&'=<.1"221-# 14344 .%-1.1.;'-SO(1B(I-#$%!'+.">1"#.1</*C!,0/=D(%!"+.1(0-1*/.'+!"(2!*'(I<.]
*0(1)%.2!3%-#!1-#.14+0)(2%(41/$(.!,0%$-$0(?!*0(%$H)2$11.+.(-1*0/0+!0+!-#$*Cl/$(.%>!
7"9-#"69-18"" 09"0"?0'-1:'H$8+&"-665&:$1K8X;-6J>5;.851";$1"/'9-#"=""1",-""
09$6J"&'-1:'%"/$,>;.'/0-0"15%'Pc";"#-0$51/'=";5%'"/"-";"#";" $1',"0"&/_<
SKISXTI&.(-$0(1-#-1#,,.(%!10(1203(3'+21%/0,$(4!<.2+0*C/.;'-$0(!$ (/' (2! @ (0-!F)%-10('//!
&'+$(.1<'%.2!%.*-0+%A!

7"-"'Pe -1 '&"0&58&-:"1;,5>$18'=":&56J'05>58&->9.c_"



SKUSTH.&0;.1%-"-.8B-#.5'+-3'%!:1'&!1(0-1%) +.1-#'-1-#. THBW5S5BU: WM &02./1*(I<.!
*0(%$2.+.21-0!<.I'%-'- B B-#.5'+-1&02./! @1%$&)/'-.%!$*.11/03!<=1%0/;$(4!-#.| %HH&,/.

. +&$%%$</.110+*.1<'%'/1",,.+0D$&'-$0(J!,>V!/>XA!

" S#"!

SKI>RSTI%'&.1'%!-#.1-$-/. TI'221-#-1=0)!'+.1-'/C$(4!'<0)-I",,0- &'/1*0//, %.!

B51™
SVI/>RSTHW:BISY%!(0-1;/$21"-1-#.14+0)(2$(4Y/$(. I DL BH +.1$% !+ #.+1-#'-IW:BI$%! (O-!
I$210(11/0-$(41$*.19%4#./;.%!'(211'%-11/03$(41$*.1%-+ 1&%>
Y9-18":'05)'PK/'09"*OK'$/'150'#-;$:"H5& 'H;5-0$18"§#6''M'C_'
SVISR_THS(1'%6%)&. 23! 11$%!'%6%)&. 2!

Y9-18":"'

SU/SVMTIB221%. (-.(*.%!$(1-#.1-#+..1&02./12.%*+$,-$0(J6!404+$2!+.%0/)-$0(1 @' (2!
4+$21+.9%0/)-$0(!'-1-#.14+0) (2$(41/S (AL &,/0=.21$(1-#1%:+..1802./%>!
7M9-#"-""'09%/'$1H5&,-0$51'05'09"0-=;""%9"&""-;;" /$,+;-0$51/'-&™;$/0":<
S>MI[G>RT!a#'-1<'%"/1*0(2$-$0(%! @ 1+$*-$0(A!$%! JHEANMBBUHAN N &02./b!

7" "10"16M>"6$H.$18'09-0'  :+705'09™;$1"- &$/-0$51'09"&$/'15'1":'05'/>"6$H.’
%9"09"&'5&'150'=-/-;'/;$:$18'$/'566+&&$18<' OB+ /)5'09"; $1"-&$0$51'5H'09"
"#5;+0$51"R+-0$5H1 ' XK*LKVO*3M'09"&'$L":'05'/>"6$H.'%9"09"&'5&'150'=-/-;'/;$:$18'
$/'566+&&$18<'K;;'&&"["0"&,$1":'=."09""$6"'H;+?'%9$6 %/ :$&"60;.""&$# " H&5,'09"™
-0-<

SLISKSTla#t'-1$%!P1.D™*-/=I"(21#03120.%!$-1+./'- 1-0l-#.1- &) +.1$("1 1.3130+2%b!
7"-:")PG9$/'H5&,+;-'16-;"'[+&H-6",";0"?>51"1  0$-;;.'%%$09',"-1'BeQ'1"-&'/+&H-6"
0",>"&-0+&"/'c_"

SLISKKLT!C031$%!-#$%!20(.! @$(!1%.(-.(*.10+!-30AbI WO B ('-S0 (%! +.!
&$%%P(4>

7"9-#"- 10" 16" '[-.$18)'PG9%$/'$/'-665,>;$/9":'09&5-8809"65,>+0-0$51'5H'
=-;-16"'H;+?"/<’

> _I/>RdTIB6HABUI$%!G)$-.10/2?13#=1(0-1)%.!-#.1(.3 H{IKIB+!C) %% !"' (2! E'+$(0--$?! @KSRMA!
2'-'110+!'//1-#.1&02./%b!
G9":$HH"&"16"$1'$6"#5;+,"-1:'=":&56J'05>58&->8"'0%""1'KZX3KV'-1:"XAB3KV2'H5&'
09"'K10-&60$6'V"1$1/+;-'$/'&-09"&'/,-;;' DF(EgF'-1:'00%+//'-1:'Q-&$1500$'D2T([F':-0-/"0'$/"
51;.-#-$;-=;""H5&'09"Z-&/"1'Y":5,-$1'-/'$0":5"/'150'65#"&'09"/5+09"&1">-&0'5H'09™
>"1$1/+;-<'G5'8-+8"09"'$,>5&0-16"5H"$HH"&"1BY"$&56J'05>58&->9.M'%"'6-&&$":'5+0'
09"/"1/$0$80.'/$,+;-0$51'%$09'XO*OYZA*'H5&'09" Z-&/" 1 L <FH/P9" . $HH"&" 16"
="0%""1'’XAB3KV2'-1:'09"U+//'-1:'Q-&$1500$'D2T([F":-0:0'$/;-&8" Dh(TTg'$1'$6™#5;+,"
="5%'/"-""#";FM';-&8":$HH"&"16"/'>&5>-8-0"$105'09",-81$0+:"'5H'09 L/ #";'&$/™
>&54"60$51/<

> _I/>KVTIB%!&.(-$0(.2!'<0;.21201=0)!+."//=13'(-1-#.1%$&B0(%!-01%-'+-11+0&!"1%-.'2=5
%-"- bI\HI1+0&!-#.1¥)++.(-1-#S(($(4Q-H#S*C.($(41+'-. bla#=I(GO++.*-1-#$%I<=I"22$(41-#.1+"- |
01!-#$*C(.%%!*#' (4.1$(%-.'2101!'%%) &S (4!-#-1$-1$%! SHB(BI=2!:120 (e-I'4+..1-#'-]
IB1-.+!$($-$/$0'-$0(?!-#.1%H64#511802./%!%#0)/21<.1$(1.G)$/$<+$)&I>!"#.1802./%!%#0)/2!
Y. (1Y 1* 106#, ~106-"- 14 1-$&IF )+ 21<=I#I$( $-$/$0-$0(?1%60!$1I-#.1$*.!
Voit..-%!3#.+.1-HS((S(47!-#.15($-$/$0-$0(1%#0)/21*' -)+.1'(2HO2)*.1-#$%I$($-$/1-#$(($(4>!
>_I/>KdTIB22$(4!-#$%!1/)D1*0++.*-$0(1$%! 1 JOHO)/ 210314031/ +4.1$-1$%21'(21#03!
['+4.1$-1$%!*0&,'+.21-01-#.1"%-)'/1%)+1"*.1&'%%!<'/'(*.>B/%@R3!12$11.+.(-!'+.1-#.1+.%)/-%! $1!
=0)120(e-1$(*/)2.1$-bla#-I'+ 1-#.15&, *-%10(1-#.1%$&)/-$0(%!

> -=5#"<'01'=&$"HM'$1'5&:"&'05'&"-;;.'0"-/"'5+0'09"'6510&$=+0$51/'09-0'65,"H&5,'$6"
[9";H'&" ,5#-;"-;51"M'%"":"/$&"'-;;'509"&'/$81-;/'05'=""-/'6;5/""-/'>5//$=;""05""&5<'G9$/'$/'



%9.'%"->>:"09"/.109"0$6',-//'= -;-16"05'J"">'09"$6"L/9""0'-/'6;5/""-/'>5//$=;"05'$0/
$1$0$-;'8"5,"08.&H'65+8&/"09"&"[+;0/'5H'5+&'/$,+:-0$51/%5+;:'="$HH"&" 1 BHS09"
-:$0$51-;"/.109"0$6'/+&H-6" -//'=--16"H5&6$18M'=+0'65,>-8$18'5+&'>&54"60$51/'%$09'- 1
%$095+0'09%/"H€2'$/'150'09"85-:'5H'09$//0+: <
SXIE$A>KTla#t=!(0-1%#031-#.IHBW5SBU:WN&D2. /1#.+ BIHH#21-$&.1) (2. +%-'(2$(4! 3#'-!
-#.1<'00'1<0) (2'+=1*0(2$-$0(1011-#$%!802./1$%> 1 B/Y6DIa#A)*Cl/$(.%!2. (0-.1>>>J!
B+"05'09"$1"-&$i-0$51'5H'09""#5;+0§81:0$5109"8"$/'15'1"":'05'/>"6$H.'%69"09"&'5&
150'=-/-;/;$:$18'$/'566+&&$18=-;-16"H;+?2"/-&"+/"'05'$1$0$-;$/"09" 5:";< |
SAUSVTIa#-1+.%0/)-$0(%!'+.1)%. 2b1"#.1/$%-1011. D (ABBS-#1-# S+ +'%- +$%-$*06196#0)/2!
<1< H12.2$) 218 (1-#.1-. D->!

7MO-H"- 1 0-="%$09'- ) /$, +;-0$51/-1:'09"$&'&"[>"60$#" &"/5;+0$51'05'/"60$51'2<E<
STUSRKTI. +13#-1, +$02120.%!-#$%!4# (4.1, (%b!

7Y PC-H 88" SR & WT T &/

S]USRER]TI"#.1$($-$/1*0(2$-$0(%! @3$*.1;./0*$-=21-#$*C(POOBRHFAS2$-=21>>>Al' /%01 1'(!
$&,*-10(1-#.1.;0/)-$0(1011-#.14/*$ +21'%13./1V%l-#.1() &+ $*/1,'+ &~ +%! @4+$21+.%0/)-$0(?!
>>HA>

7MY PGO$$/6&>-16.="0%""1'09" /9" Q9" H' 5"/ - .'=""-00&$=+0":'05"-"
65,=$1-0$51'5H" $HH"&"16"/'$1'$1$0$-;$A085D'V*NWB'$S/' 150™-/'6;5/"05'/0"-:. LI0-0"
-'XO*OYZA*H5;;5%$18'$1$0$-;$/-0$5 1143551
>]//>RBR]T!a#'-!'<0)-1-#.IHBW5BU:WAI&02./b!

K/'09"&"$/'15'0$,"L">"1:"10 '8&5+1:$1B$1" $8&-0$51'-H0"&'09" $1$0$-;">"&0+&=-0$51M'%"
H56+/'51'09"/9""0'/9"H",5:";/M'=+0'/0-0"-0'09""1:'5H'09"">-&-8&->9'0' XK *LKVO*3'
>&54"60/'/$,$;-&',-8180+:"'SH'/"L;"#"; &$/"M'=+0'09"/>-0$-;'09$11$18'>-00"& 1'$/ #"&..
‘$HH"&"10'05'09"/9'LI0";H" 5:";/< '
SRSIE$SA>MTIWHO)2I<.TIY,,.+1,'(./%! @' ?<Al%B¥ORILOTE03.+1,'(./%!>>> ]!

Y9-18":
>RSI/>KTIB%!&.(-$0(.21'<0;. 21-#.1U'--=(1.-'/>| @ KSRVAYY =061 -#'-1|-#.196#0+-5-$&..!

(%S (1< H#:$0+1$%1-#. (1S (*0++.*-J1 10+14-+0) (2S(AYHASO(1* ) +.213$-#1$(-.+(/'1/)D!
*0(2$-$0(%>!

xmgs: =B TMO-HE" 5H#09™  V-00.1"0"-;<'D2T(WF'6$0-0$51<
>SRRIE$S4>LTIWH0)/21<. THH/*CY$(.%!2.(0-.1>>LDHN'SO(IS(ES4> >!

Y9-18":

SRLISVTIBH0(%.G).(*.1011-#$%!$%!>>>J1 " BI0($845>>>J!

Y9-18":

SRLISKVT!&0%-10114+0)(2$(45/$(.1+.-+.-I1 11 &0%- IR 2$(A5/$(.1+.-+.'-J!

Y9-18":

"< YoIRY (2IKTI-#.1-'</. %61 (21-#.$+* -$0(%!'+.1G)$-.1*0(1)$64>1[%6, *$//=""%! /1) & +%!

+.1/ %1281 +.(-1-$&.1, +$0296 21 (219608, +$'</. %' +.1@-1 (2'+2! @.>4>7128-Q2-110+1&'%%!
*H(4.14'- A>IBI%0I3H=1(0-1)%. 1-#.196'8.10+2. +'ES4> | @FERWVAY. 1-21>>>A>]
K/'/+88"/0":'=.'09"["651:'&"#$"%"&M'%™"9-#" 5#"'  09"0-=;"/'05'09"*+>>:" "10-&.
-0"&$-;'-/'09".":$/&+>0":'09"H;5%'5H'09"">->"&%"-/5'69-18":'09":\01:0'05'09"
65&&"60":31:0'-1:'09"&"/>"60$#" +1$0/ D$H'1 50"V SR >&5#$:"'$109"0-=;"6->0$51<’
7"-:/5'69-18"'09"5&:"&'5H'09"'65;+,1/'05'H5;;5%' 09"5&"&'5H'Q$8+&"/'b'- 1 "H5 &'
A?>"8$,"10'(-1"'A?>"8$,"10'2ME."/>"60$#"; B5&"5H#" &M %" 15%">&" " 10"-'/">-&-0"0-=;"
H58\"5&8"]0"-1:'Z-&/"1'Y'=-/$1/-1:-::"'09"Y5+;5,='/:$:$18'XO*OY ZA*/$, +;-0$5 'H58&
A?>"8$,"10'('05'G-=;"*(<

"</ IKTIE$S4>BX19%#03%!/ +4.+14+0)(2$(41/$(.1+.-+&(E0M*$. 4% @8.0:::218.0:921>>>A13$-#!
-#.170)/0&<!1+$*-$0(!/'3713#$*#120.%! (0-1%. .&.21-01< 1. *- 21$(1-#$%!-'</. >IH)-1'%61:IF) %-!



&.(-$0(.21'<0;.?1:'&1G)$-.10(1)%. 21<=1-#$%!-'</.>1:130)/21%0!.D, *-1-#$%!$(*+.'%.2!
4+0)(2$(AYS(.1+.+.-1-01-+' (% 1. +1$(180+.1&' %% !*# (4.1 16#170)/0&<I*%.>1:-B0)/2!<.!
%6$&, /. +1-01#';. 1<O-#IH:W: 76[W!*'%.%6!(.D-1-01. *#0-#.+>!
B+"05'09"651H+/$18";-. 5NW" & #$"%" @5 1H+/" ' A?>"&$,"10/'(-1:'2'9"&"<'G9".":5'
/95%';-&8"&'8&5+1:$1:81"&"0&"-0'=+0'51;.'$1'65,>-&$/51'05'509"&'/$,+-0$51/'H&5,"
A?>"&$,"10'(M'=+0'1581'65,>-&$/51'052>"&$,"10'2<'7" -::":'09" Y 5+;5, ='/;$:$18'
XO*OYZA*/$,+:-0$51'H5&'A?>"8$,"10'(05'G-=;"*J089$/ 6;"-&"&"
>RATIBY%!&.(-$0(.2!,+.;$0)%/="2!-#.+.1$%!(0-1 &) # 2GUSP(?!F) %-1'12.%*+$, -$O(1011-#.1+.%)/-%>!
KIS, =G

SRIV> TW(A+'<$/$-=1011$* 5%H#./11>>> IV )/(+'<$/$-=1-0t /5 14>]

Y9-18": '

E$4>BRIT$%!/ < /1%6#0)/21< 11" & >1<$'%J1(0-11".&,>I>I7" -$060)/ 212 -'$/1<$'%!
3#$*#1-301G)'(-$-$.%>!

E$4>BKTIW'&.'%!E$4>BR!

Y9-18"'-1:-:"'Pc$1'&";-0$51'05'AIKL. 010"&$,<

E$S4B TI7',-$0(1%6#0)/21<.11Y,, +1,'(/%! @' P<Al%#03!>8 TEOWI603.+!,'(./%!>>>]!
Y9-18": '
E$4>IBXTIWS&)/-$0(%!3$-#170)/0&<!1+$*-$0(1%64# 0B +PHBHS*#1$%! (0-1%',-)+.21$(!
"<l IK>!

O0'$/'6->0+&":<*""&">; - B

I"#$"%"&'2)’

8.(+/10&8&..(-%!

B,+$/IRK?!KSRd

"HS0o!!, +H1+0817/.&. (Yol W ((3.//1'(21HS%!%0/1.'4).%1§.%-$4'"- % 21$(!'1-$&./=1& (. +?!1-#.!
+.9%,0(%.1011-#.1B(-+*-$*1U.($%)/'14/%$. +%!1-01'*0//" %614B16'+%. (17!'(218.0+4.%19:1$* |

Vot ;. %>1"H#.=1)%. 1-#+..1-=, %1011()&.+$*/1&02./%!0812 +.(-1*0&,/.D$-=!", /$.2!-0!-30!
&'$(1.D,. +$&.(-%721%), /.&.(-.21<=1% *0(2'+=1.D, +$&.(-%[D, . +$&.(-!R1%-'"+-%! 3$-#0)-!
$*.1%6#./:. %2V %IS 11 (1$*.196#./11*0//' %121 [+ 2=1089) 221[D, . +$&. (-1 K1%-+-%13$-#1-#.
)t (-14.08.-+=1(21)9%. 11/, $(41/'31'(21,0-.(-$//=1.2%!  -01$*.1%#./11%0//" %.?12.,.(2$(4!
0(11)-)+.19%6*.(+$0%213HE*#1+.| $-#.+IPTUMSLIO+ P THIBALN2' +=!.D, . +$&. (-%!#./,%!-0!
G)'(-$1=1)(*.+-'$(-$.%21'(21'+.1<)$/-1),0([D, . +$&.(-IKI-013# $*#13'%!1'22.218$/210+!%-+0(4!
06)S%#./118./-$(421'(21'1/'%-1.D, . +$&.(-)%.V'(0-#.+12'-'%.-110-6.14.0&.-+=!@-#.10(.101!
C)%%!'(2IE'+$(0--$IKSRMAIS$(%6-.' 210114 1*/'%%$* /1H. 28 K1 QUPR-1%. 3#. + 1S (1-#.]
%-)2=>1B//1-#0%.1.D, . +$&.(-%!"+.196$&)/-. 21 1+0&!-02'=!-0BV'S

11$(21-#$%!1%-)2=1; +=1$(-.+.%-$(41'(21:1-#$(C-#SY6) L ($9#. 2135-#18$(0+1+.;$%$0(%6>!"4.!
11011, /=$(412$11.+.(-1-=,.9%!011$*.19%¢#. .-1&02./% 2 HHD-10(/=12$11.+.(-| #=%$*%6! 10+!
-$&.1.:0/)-$;.1%6$&)/-$0(%!<)-119%012$ 11 +.(-1', +0"#.%! IBY$/2$(4!-#.1$($-$/1%)$(5

@3$(;. +%$0(1g!+./'D'-$0(A?1-0!-#.1%'€.1%'%.1011%-) 2=I$ U BE 'C %! -#.1+.9%)/-%!&0+.1
+0<)%->1"#.1" +1$%14/0<//=13./13+$--. (', '+-11+0&!%0&.+'$/%! 0(13#S#1=0)13$// 14", !

%, *$1$*1*0&&..(-%6!<./03>1"#.12.%*+$,-SO(1011-#.1& . -HOFYH G)$-.1*/.'+21.;. (1-H#0) 41 $-1/*C%!
#.12.1$($-$0(10118/.(€%!1/03/'311+0&! 3HS*#1-#.1')-HOOWRIS(-+02)*.1-#.1. (# (*$(4!
1%-0+213H$*#1%6#0)/21<.12. 1$(. 214/ +/=>]

11$+%-1#.1'1%0), /. 1011&S$(0+1*0(*.+(%T!

514.IW,$(5),110+!H:W: 76[W!'-I'RSSS&!+.%0/)-$0(1/00C%! 022+ UQIESS . %)/-%! 20.% (e-!
%..81-01%0(;.+4.13$-#1-#.1+.%60/)-$0( @2;2-1"-1S!;.+=1+' $IN0+IMSSS?IKSSS!'(2ILSS&!
+.960/)-$0(%7?1<)-1G)$-.12$11.+. (-1 LO+IRSSSKA> I ZEPHGY P11 **$2. (-/=106#$1-?1%'=?!-#.!



*0/0+%!10+IMSSS&!"(2IRSSS&bbb!:1!(0-21%0)/2!=0)! &ZT*DR&. (-%6!0(!-#'-1$(1-#.!

4>l

7":$:150"?>"60'651#"'88"16™$1'09"/>$1+>'/$,+;-0$51/'=.'$16&"-/$18'09","/9'
&"[5;+0$51<'GO"/"/$,+;-0$51/;;+/"-/.109"0$6'/+&H-6",-//'=-;-1609-0'$/": "&$#"'H&5,’
09"$&'&"/>"60$#" 5:";'8&$:/-H0"&'51"0$,"/0"><'01'/5,"5H'O, +;-0$51/M'09" 5:""
&$HO'-1:'09"&" -$1$18'09$11$18109$6J"1$18'/$85%4$181$0$-8551',-.'150'="-/
%";;'6->0+&"-H0"&'51"'03,"/0">"-/'$1'509"&/' D"<8<2TTT', #/<'(TTT', XO*OYZA*F<'O1'
-:$0$51M'09" $1$0$-;$/-0$51/'%"&"">"&H5&,":"-;/5'51 &EHHIBES:/'D(J, H58'XO*OYZA*-1:'E!

>-00"&1/'09-0'-&"'/95%1'$1'Q$8+&Y'H#S$:"&$18'09-0'/0"-: LI0-0"/'%$09'&"-; %5& "
8"5,"0& $"/-&": $HH$6+;0'05'-6 93U N /- 0$/H$'%6$09'95%'6;5/"09".-&"'05'/0"-:.'/0-0"
-HO"&'&";-?-0$BYN*WB'65+;:'150'=""8+1'-0'0$89"& '&"/5;+0$51'-/'$0'="6-,"+1/0-=;"-0'
&"/5;+0$51/5H'f(TTT',<'G9"&"H5&"M'%"695/" (TTT',<
51:13'061(0-1'/3'=9%6196)+.1'<0)-1-#.1-=, I0LIWAHI-#-1=0)!', /$.221 D+1-#.19%,$(5),1<)-1'/%01 10+!
#.1.D,.+$&.(-%>10)1$(-+02)*.1-#.1B/<&' IWAHI)-I$ (14 1$(;. +%$0(!,+0*.9%% 21 (0-1$(I-#.!
%,$6),1(.$-#.+IS(1-#.12.9%6+$,-$0(1011-+'(%$. (-%>INC.1$-1 & T+ (1-#.1-. D->!

7U9-#"- ML"10"16™05'/"60$51'2<['09-0'6;-&$H$"/'09-0'%"+/"09"/.109"0$6",-//"
=-;-16"H5&";;"?>"&$,"10/<'00'&"- HGI$//.109"0$6' -//'=-;-16"$/->>$":'$1'-;; />$1L+>
-1:>"&0+&=-0$51"/$,+;-0$51/<_
5170)/21=0)14#'(4.1-#.1-$&.10+$4$(1$(1-#.1.;0/)-$;.1,/0 -%!-01< IKSSS!$(%-."2101!SD!
Y9-18":-6658:$18;.
5170)/2!=0)!&.(-$0(1-#'-19%)<5%#./11&./-$(41$%!"13'=%l SY@FY6-0021*0++ *-/=A?!" "+-11+0&!
=0)+1-301'22$-$0(/1.D, . +$&.(-%>!

7" "0 16™05'/"60$51'2<E<'05'6;-&$H.'09$/<'00'&" PB5& " 5#"&M'56"-1',":0$18'$/"
['0'05'"&5'$1'09">"&0+&=-0$51"?>"&$,"10/+1:"//10-0":'509"&%$/"<_
51:130)/21<.14/'21$11=0)1*0)/21$(2$*-.1-#.1, 0%$-$0(10 IAS(41 1+0(-1$(1=0)+1&", %6101

[D,. +$&.(-K!+.9%)/-%72!10+IKRSS!'(2IKVS S 10+1$(%&(% 2101 I$-%1&0+. 1. %="21$(2$*- .1 -#.!
= "+HOLI*0//", %.IS(IES4)+.X>1"#$%!30)/21%-+0(4/=HAY(R. +%-'(2$(41011$*.12=('&$*%!
2$11.+.(*.%!<.-3..(I[D,R!'(2![D,K>!
7"09$1J'09-0"-1:$18'09"6-;#$18'H&510'05'Q$8+80900%5'0$,"/0">/ %5+;:'6;+00"&"+>'
09"Q$8+&"055469858 54" &MIV'6-:#$18'H&510'$1'2WT T'$/ #'&.'6;5/"05'09""8& 51 1:$18
$1"09-0'$/:8-%1'$1'Q$8+&"N-1.%-.<'-09"&'09- /" 09" 6-#$18'H&510'%$09";$1"/'$1"
Q$8+&" " M'%"H$1: 09 1$BH -&';5//">;50/'DQ$8+&"M'H,5&"$1H5&, -0$#"-/'09"
"#5:+0$51'5H'$69";H'&"0&"-0'6-1'=""0&-6J":'="00"&'5#"&'0$,"<'CRD$51'05'09"/"">;50/M"
%"-1:":'-/"10"16"09-0/0-0"/  '09-0516"09"$6"/9";H'9-/'65;;->/":M'8&5+1:$1H1"-1:"
6-#$18'H&510-&""-;,5/0'$1'$:"10$6-;;56-0$51/<
51:130)/21<.1$(11";,0+1011'22$(41'-'</1-0196) &&'+$%.'l/1-#.D, +$&.(-% 21$(*/) 2$(4!-#.1&'$(!
D,RI'(2![D,KI<)-I"/%0!-#. -+, .10-#.+%>]

794" 0-=; " $/0$18 - 2> €$, " 10" 1:'09"&"/5;+0$51/-0'%9$69'09".'%"&" &+1'05'
/"60$51'2<E<
51:130)/21'/%0!<.1$(11';,0+1011'22$(41-#0%.1+.9%)/-%!-OKRY(2!,)-1-#.1-301-'</. % $(I-#.!
00),,/.&.(-+=1-0W/ 141+, 25(41 (21) (2. +%-'(2$(410113#-]  #%l<..(120(.>!

K'/M'%"™ 5#":'09"0-=;"/'05'09"*+>>:" "10-&."-'09".":$/&+>0":'09""H;5%'5H'09"">->"&<'
7"-:/5'69-18"'09":\01:0'05'09"65&&"60":3  1:0'-1:'09"&"/>"60$#"+1$0/'DSH'150'+1$0;"//F'
-&">&5H$:"'$1'09"0-=;"6->0$51<'7""-;/5'69-18"'09"'5&:"&'5H'09"'65;+,1/'05'H5;;5%'09"
5&:"&'5H'Q$8+&" /-1 MHE&'A?>"&$,"10'(-1:'A?3 " BB2'&"/>"60$#";. <'35&"5#"&M %"
15%'>&""10"-'/">-&-0"0-=;"H5&"5&8"|0"-1:'Z-&/"1'Y'=-/$1/'-1:"-::" 09" Y 5+:5 ="
/;$:$18'’XO*OYZA*/$,+:-0$51'H5&'A?>"8$,"10'(05'G=;"*(<



5IW0&.1'"%%.+-$0(%!'+.1(0-1'/3'=%!*0++.*-1$(!-#.1+."2$(44011%)/-%! @%..!<./O3A!
"#.14.%-1011&=1+.;$.3!$%!"1%.+$.9%!01!%, *$1$*1* 04X £-90&&&.(2'-$0(%?! 3#$*#130)/2!
/$C.1-0!<.110//03.2!"%!3.//>!

*>"6$H$6'65,,"10/

U'4.R!

IRXT!70)/2!=0)!&.(-$0(!-#0%.!0-#.+1& . *#'($%&%b!

7"-i"'Pe '+69'-/'$6"L/9" H'09$11$18M'H&-60+&$18M'-1:'%"-J" 1$18 5&BB1/&"
/RAT!70)/2!=0)!'221"130+2!/$C.!h%/$4#-/=h!F)%-1&-A0b. B !"#$%!$%0!'-1/.'%o-13#'-1:!
)(2.4%-'(2!11+08&!-#.1'(%.(1.-!'/>?|KSRL!%-)2=!

B51™

U'4.K!

E$4)+.IRT

SI"#Ifl/'<./1%#0)/2!<.1h./.;'-$0(!j&!">%>/kh!

5L (1-#.1*' -$0(?!/0*'/$-$.%!&.(-$0(.2!$(!-#.1-.D-h!

Si:(1-#.1*,-80(?!+.&0;.!1h<./03!%."/.;./h!
SL:(I-#.1*,-$0(?!+.,/*.1hH/*C!,0/=40(%>>>h!<=19%0&.-#$(@.Ih"#.14+0)(2.2!,'+-1011-#.1$* |
%#..-10(/=1$%!+.,+.%.(-.2h!
7"9-#"69-18"'05'P;56-;$0$"/'$1'09"0"?0_"-1."H5;;5%":'09"/+88"/0$51/'H&S, & "#$" %" &' (<’
X;-6J'>5;.851$1"/'9-#"=""1",-"09$6J"&"-1:'%"/$,>,.  '/0-0™15%'Pc";"#-0$51/'=";5%'
[ 81,0
[dTh1-.(2.(*=>>>hT!c.+.1-#.13'=1-#35%!$(%-'<$/$-=130 960! 0. +!*/."+/=>1103#.+.!-#.+.!
$%!3+$--.(I-#-1=0)1#'.12..,.($(4!01!-#.1<.2+0*C!-03'+2%!-#1$(-. +$0+? ! 3#S*#1$%!"1 (. *.%%0'+=!
*0(2$-$0(1@'-1-#.1(.*.%%'+=1*0(2$-$0(I-#-1<.2+0*C!$%! /AR /AI-0!" A W:>IH.1&0+.!
+.7$%.1,/.'%.>!

7m-n"'Pe -1 '&"0&58&-:15>818'=":&560'05>58&->9.c_

u'4.V!

IRST!a#=1$%!-#.1W:B!(0-!;'/$2!"-1-#.14+0) (24(4b!*0)/2!=0)!&.(-$0(!-#.!+.'%0('0+Q"(2!"22!
'1*$-'-$0(1#.+.1b!

7M9-#"-1"'-'6$0-0$51'05" J+00"BY'(d"WF
IKRTI"#.13'=1-#$%!$%!%'$221$-1$%! (0-1%/.'+13#.-#.+ $HHBQE6!$&, 0%. 2!'-1-#.14+0) (2$ (4!
[$(.21-01&.1"-1/.'%->>>170)/21=0)!+. #+'%.>!

7M9-#M-I"PC $/M,>5."-0'098&5+1:$18",$1"<

U'4.M!
IRRT!:%!-#.+.1'+."%0(!-0!-'C.1S>L1%, *$1$*//=b!"%'$2;$9% P! 1mS>_?!H+0(2.D!.-'/>?1-'C.%!
S>L>170)/2!=0)!&'C.I"1.3*0&&.(-%!0(!-#'->!

35/0' $61/9""0" ,5:";;$18'/0+:$"/" 9-#"+/":'-'#-,+"SH'HST<E'D/""K/-.LB#3$/"0"-;<"2T(bM'
X&51:"?"0'-,<'2T(M"$-/"0'-,<'2T("F<'G5'J"">'$#1"%$09'09$/M %" 695/""09" /-, " #~, +"
H5&'5+&'/$,+;-0$51/<'

U'4.LT!

NTIWO!-#.1*+$- +$0(1$(H$%$*/.%!$%! . $4#-1%) b1 d e $44-1<'%0'/1*+.,'%6%. In1$*.100) HA!™,
-#$%!$%!(0-1*/.'+!-01&.!

7 "9-#"&"%&$00"1'05'&"-Fc&"-69"/'09":$/0-16"H&S, $6"/+&H-6"05'09"%-0"&;$1"<
IRKT!ZO=0)!(..2!'"* $-'/Ic!$(1#$%-0+$*'/b!

Y9-18"'05",5%"&'6-/"<

IK]TIO)1%#0)/21#';.12. 1$(.21-#$%0!. (# (*.&.(-11*-0+1<.10 +.1+.*#$(41-#$%!,'+->1:-1$%130+-#
-0!12.-'$/1-#.18/.(€%!1/03!/'3!.G)'-$0(1%0&.3#.+.1'<0;.?11+0&!3#$*#!=0)*'(1.'%$/=!2.1$( !
# ) (# (*.&.(-11*-0+>!

K::"'05'09"/"60$51" 2<(x



u'4. !
IXT:1'&14/'21=0)!%#03.2|E$4)+.|BV!@C)&?!-#$%! 1 $4J2I&R B ./4$) & >>>A!
7"-"-"10"16™05'-6J15%;":8"09$/<'00'&"-:/)' P G9™;-.5+0'%-/'$1/>$&":'=.'X"&8"&"0'

- <'D2T(bR<_

IRRTI&NRIDIWO&.-#$(41$%!3+0(41#.+.210+1$%!-#$%!"-=,0b!
7"-"'PC'H5&'09"$1#"&/$51'/$,+;-0$51< ' 7""09"1'&"65,>+0"09"'=-/-;":&-8 '65"HH$6$"10
H$",:'H&5,'09"$1#"'&/$51'D;$1"-&'/;$:$18F' H5&'09"509"& /;$:$18";-%/'+/":'$1'09" OSBD+&=-
"?>"&$,"10/<
IRAT!0)!)%.2!WAH!10+!-#.1%,$(5),!0(/=!@"(2!"/0%!-#.!${(960470)/2!=0)!<.!&0+.!
B 1 ]

G9$/'%-/'-,=$8+5+/<'7"&" 5#"[+&H-6" -I/'=-;-16"9"&""-1: l-:"'-'/"10"16™05'
/"60$51'2<['09-0'6;-&$H$"/'09-0'%"'+/"'09""/.109"0$6',-//'=-; 16" H5&- "?>"8$,"10/<'00'
&"-:[)PG9$/'1.109"0$6',-//'=-;-16"$/->>;$"'$1'-;; />$1 L+>'-1:">"&0+&=-0$51/$,+;0$51/<_
U'4.X!

E$4)+ lKT' %!- #' I-#, 'UWYVZ'4+$2| #' |3 I*'(l2$% $(4)$%#I$b'ﬁ¢ |$%l #'%Ob

09"'5+0:$1"5H'5+&",5:":5,-81'D=;-6'>5;.851F'$/§/$=;"<
IMITIRT: (1. 115+ %-16$&)/-$0(1 @#.+."1- +1[D, +$&.(-YBLIEHES(-! R

Y9-18":<"
ILTVH$%!$%!(0-1%/.'+13#'-1=0)1-00C! 10+ WAHIS(![D, . +#BB..(-!
7" -e"10"16™05'/"60$51'2<['09-0'6;-&$H$"/'09-0'%""+/"09"/.109"0$6",-//'=-;-16"

H5&'-;;"?>"&$,"10/<'00'&" PG IS$//.109"0$6' -//'=-;-16"$/'->>;$"'$1"-; [>$L+>"-1:"
>"&0+8&=-0$51'/$,+;-0$51l/<_

U'4.d!

E$4)+ T

51:06(e-1-#'-1%)+$0)%!-#'-1-#.IRSSS&I+.%0/)-$0(1+.%)/-%! BPWIHWR)E/=$(41+0&,'+.2!-0!
~#.10-#.4%b1:130)/21#',.1.D, %= 21-#.1+.%)/-%!-01*0(;. +4.13# .(14.--$(4!*/0%.+1-0ILSS&!
+.960/)-$0(?1<)-1$-1$9%6!(0-I1-#. 106 1#.+.>170)/21=0) | 2564 %0!
51"#.1960/)-$0(101IUWYVZI$%! (0-1+.//=1*0(;.+A4$ (KO (e-1<.1', /$.2!-1'/03.+!
+.960/)-$0(b!70)/21=0)1'2211.31*0&&.(-%610(!-#'-1$11=0)! 1HE-1+./.;'(->!!
7":$:'150"2>"60'651#"&8"16™$1'09"/>$1+>'/$, +-0$51/'=.'$16&"-/$18'09™,"/9"
&"/5;+0$51<'GO"/"'[$,+;-0$51/-;;+/"-'/.109"0$6'/+&H-6" -//'=-;-16"09-0'$/ "&$H#"'H&5,"
09"$& '&"/>"60$#" 5:":'8&$:/-H0"&'51"0$,"/0"><'01'/5,"5H'09"/$, +;-0$51/M'09" 5"
:&$HO'-1:'09"&" -$1$18'09$11$18109$6J"1$18'/$35%4$1 $1$0$-0$51",-.'150'=""-/"
%";;'6->0+&"-H0"&'51"0$,"/0">'-/'$1'509"&/' D"<8<"2TTT" '#/<'(TTT' ' XO*OYZA*F<'O1'
- $0$51M'09" $1$0$-;$/-0$51/ "6 BM5&, ":'-/5'51" " $HH"&"10'8&%:/'D('J, H5& X O*OY-FA
J,H5& VANWBF<'K;;'$1'-;;M'09"/""H-605&/", 5/0";:$3"05'09"/;$890;. : $HH"&"10"]1:0'
>-00"&1/'09-0"-&"/95%1'$1'Q$8+8YH#$:"8$18'09-0'/0"-: LI0-0"/%$09'&"-; %5&:;
8"5,"0& $"/-&": $SHHS6'05'-69% #"M"'-&" I-0$/H$" %$09'95%'6;5/"09" '-&"05'/0"-:.//0-0"
LHO"&'&":-7-0$BYKMWB'65+;'150'="8+1'-0'0$89" &/ &"/5;+0$51'-/'$0'="6-,"+1/0-=;"-0
&"/5;+0$51/5H'f(TTT',<9"&"H5&IM'695/" (TTT' <" *
IRTIN<.%-1''$/'</.hT1:120(e-1-#$(Cl-#$%!$%!+./.;'(-1-ONBHEILA0D6. >>>!

B";"0":<"

u4.]!

ILTIP.%)/-%!"(212$%*)%%S$0(!

JRKTIVE':./1+$%.1<HRSSb

Q5&'6;-&$0.'%"-::":)'Pc=."2WTT&_




IRXTI"#.12$11.+.(*.%!$(1-.+&%!0119."1/.;./1+.%,0(%I4&2).1-01-#0%.1/'+4.12$11..+.(*.%!
-#-1=0)1#';.1<.-3..(11+$*-$0(1*0.11$*$.(-%1$./2%b
7"9-#"&"%&$00"1'09$//"10"16"<'00'&"-:/)'PG9$/"$/6&">-16.'="0%""1'09"/QYQH'
5"/, -.'="-00&$=+0":'05"-'65,=$1-0$51'5H" :$HH"&"16"/'$1'$1$0$-;$/-0$FAM&KT:'=-/-;'
0&-60$51'H$";:/M'-1:'09-0'V*NWB'$/'150'-/'6;5/"05'/AB-0"-/'XO*OY ZA*' H584$18'
$150$-;$/-0$51"-1:' /A%<

IRAT!70)/21=0)1&'=<.12.-'$/I-#.1+.1.; (1%, *$1$*2$11.+.(*.%b
7"9-#""20"1:"'09%/'>-&-8&->9' 05-665,,5:-0"09%$/<'00'&"-:/)'P*+69'-'&"/>51/"9-/
=""1'>&"#$5+/;.'-00&$=+0":'05"$HH"&"16"/'$1'09""+1:"&;.$18',5:";">9./FBL(Z2M'K. **K F<'
N/$18'/.109"0$6'8"5,"0&$" /MK .**K',5:";/'9-#"/95%1'05'="",5&" /" 1/$0$#"'05'
8&5+1:$1B$1"-:#-16"-/'%";;'-/'&"0&"-0<'G9/" :$HH"&"16"/'-&",5/0",$J";.'6-+/":'=."09"
1"8;"60$18'5H'#"&0$6-;'/9"-&$18'0"&,/'$1'09">+&™,",=&-1""$""0', 5:";/'DV-00.1"0'-;<M'
2T(WF<_

U'4.RS!

E$4)+.MT!70)/21=0)1%-"+-1=0)+!-$&.1%*KBSSb

Y9-18":<!
IRT!I3#.+.12013.19%..1-#.12.,.(2.(*.!1-014+$21+.%0/)-$0 (S (|ES4)+. B #$%!$%!+'-#.+10<%. +;.2!
$(E$4)+.1B I>!

Y9-18":<"

B(2!"*0+2$(4!-0'1E$4)+.1B_?!-#.+.1$%!"/9%0!"1%."1/.; (4¥$<)-$0(!2.,.(2.(*=!-0!4+$2!
+.900/)-$0(IS(IUWYVZ>110+.0;.+2!-#$%!$%!-+) . |-#'-1-#3At21$%61%& //110+!8.0+4.%!9:1@ (0-!
'<%.(-1-#0)4#AI'(21*0&,'+'</.1-01H:W: 76[W!10+!6'+%. (17> 7GHR) 1+ #+'%. 1#.+.>!
7"&">98&-/"'05)'Pc',+69'&":+6":'C_

IMT!=0)12.1$($-./=!+.1.+1-0IE$4)+.1B_!

K"'/M'%™69-18":'$0'-6658&:$18.<

U'4.RR!

E$4)+.LT!:-1%..8%!-#'-1-#.1KSSS!4+0)(2$(4V/$(.1$% 2884A+/£1<.-3..((UWYVZ!'(2!
HW:76[W>1"#.12$11.+.(*.%!'+.12$11$*)/-1-0!G)'(-$ L 2190)180=<.!3+$-.1203(!

%08&.3#.+. 1-#.1&'D$&)&I2$ 11 +.(*.1<.-3..(1$($-$714+0)(2$(4V/$(.9%610+!-#.1-30!&02./%b!
7" /0-0"$1'/"60$51'W<2'09-0'09"""HH"60'5H'09™ ,5&""-:#-16":'8&5+LHI'8>5/$0$51'$1'
V*NWB'H5&'09"Z-&/"1'Y":5,-$1'-665+10/' H5& - 1"#"; "R+$#-;"10'5H' T<2™, <'7"H$1:'
09%$/'%,="&',5& "$1H5&,-0$#"09-1'-',-2$,+,"$HH"&"16"$1'8&5+1:$1&$1">5/$0$51"-1:'
09"&"H5&"%5+;:";$J"05'J"">'$0<"
IRST!B!(.*.%%'+=1*0(2$-$0(!-01';. "1 W:1$%! 1+.-+04+'2.96/0). 21$(%01'+!'%!=0) 1#'; 1"
&'+$(.1<'%.2!1<'%$(1'%!3.//>1f0)1-#)%!(..21-01+.,/*.1h&0%-£!&'+$(.5<'%.210)-/.-h!<=!
h+.-+04+'2.1<.21%/0,.1%0&.-#$(4>>>h!

Y9-18":"
IRVT!70)/21=0)12$%%*)%%!-#$%!'|<$-1&0+.>1"#.+' 1394488 2& ) (2%%0(!.-!'/>?1$(IKSRK!
'(218)2&)(2%%0(I$(IKSRV!'<0)-1-#.1<)--+.9%%$(4!,+0;$2. 214$* 1%6#./1!-0!$-%!), %-&!"
A4]*$.+1'%!'1)(*-$0(101!-#.14+0) (2$(41/$(.14'"- 13$2-#>>>!
G9$/'$/-'855:'>5$1T'9-#""20"1:":'09">-&-8&->9'05"$/6+//'09$/'15%<'00'&"-:/)PG9"/"
H$1:$18//+88"/0'09-0/0-=$;$/$18'H5&6"/'[+69'-/'=-/-;'-1:";-0"&-;":&-8',-.">&5#$15+89'
&"/$/0-16"H389"$6"/9""0'$1'%"/0"&1'V-;,"&'Z-1:'05'&" ,-$1'$1'-'/0-=;"651H$8+&-0$51"
H5;,5%$18'09"$1$0$-;'&"/>51/" 0BBEY'65;;->/'<'GI$/'$/ +>>5&80"'=."-&;$"&',5:";;$18'
10+:$"/'%$09'$:"-;$/":'8"5,"0&$"/M'/95%$18'09-0'09",-81$0+:"5H'8&5+1:5$8"&"0&"-0'$
-H+160$51'5H'09"&"0&58&-:"/;5>$18'69-11";'%%$:09'D\+:,+1://51"0'"-;<MRIT (2
\+:,+1://51"0"-;<M'2T(W F<'G9"/,-;;"&'09"69-11";'%$:09M'09";"//'&"0&"-0'%-/"/$,+;-0""'
D\+:,+1://51 "0'-;<M'2T(2F<'Y51/$:"&$18'09"/,-;;/$i"'5H'09"":&-$1-8"=-/$1/'$1'09"



>"1$1/+;-'&"8$51'%$09'69-11";'%$:09/fWT'J,M'09"' & 1$18';-0"&-;'=+00&"//$18'H&5,'/9"-&'
-&8%$1/:$J3",.'$,>""-1."&+1-%-."8&5+1:$18L ;$1"'&"0&"-0k

U'4.RK!

NTh2.,.(2.(-h!

Q$?":<
IXTP.&0;.1h1$D.21%/;$(411+0(-1%$&)/-$0(?1$&&. 2% -. 1%# D1/5%.1%*.(+$0h'(2!C...,!
h[D,.+$&.(-IRh!

Y9-18":<'

/IRST!P.&0;.1hF)%-h!

" 5#"<'

IRST!h-#.1/'+4.+h!50!h-#.!/'+4.%-h!

7"09%$1J'P09™;-&8"&_'$/'65&&"60<

U'4.RV!

E$4)+ XT!"$&.1<.-3..(IKSSS!'(2IKVSS!

YO-18": !

IRTh,+OF . *-$0(%!>>>!"4+..13.//hT1-#$%!$%! (0-1+:19/e= | BB{HESA) +. X 213#. +.1-#.11
-30!1&02./%!'&'="4+..110+!-#.11$+%-ILS!-0!XS!=."+%?!<) (B0 +!-#.1+.%-101!-#.!
%%$&)/'-$0(%>170)/2!=0)!+.,#+'%.b!

7"-"'Pe&”-151-=,."%";;'c '

IMT!NH:W: 76[W!,+0F .*-%1(01%/+!10+!P7UM>Lh T BI)/2!€048!96!=1n%&//h10+h/$&$-.2h!
$(%-."2101!h(0h?1.%, .*$'//=110+16'+%.(!7!

Y9-18":'05'P;$00;" _

U'4.RM!
IRTIhHO-#1%#..-5%#./118&02./%!,+0F *-1%$&$/'+1B6$96. 1 =1-#.1&$2IKK (21*. () +=!1$(!
[D,.+$&. (-IKhT!B4'$(?!:120(e-I"4+..138-#1-#$%!%. (-.(*.?!'1-. +I KL BH%. (1 71$*.1/0%%! $%0!
S>KLI'(21S>_110+IH:W:76[WM>LI'(2IUWYVZM>L 2! (YS! @/ 1 3#.+.1:11$(2!
2$11.+.(*.%!13#.+.1=0)13+$-.1-#.10,,0%$-.1 @%..!I'<0;. AHF6#0)/21+.3+$- 1#.+ >
*5&8.'09%/'/0-0","10'%-/","-10'H5&'09""\"5&8"0",=-.,"10<"7"9-#" - R+-SHS &
-0'09""1:'5H'09"/"10"16")'Pc'H5&'09"\"5&8™]0"5,-$1c_"7"-;/5',"-10'2(ET'%$09'P09™
,$:'221:'6"10+&.  <'G5'-#5%:'-1.'651H+/$5WN'69-18":'09%/'>9&-/"05'2(ETL'
IKT'a#'-1201=0)!&.'(1<=1h10+*.21<"*CINZ0.%!$-1%$&, /=1&.'(I-#'-1-#.14+0) (2$(41/$( !
+.-+.'-b1 70)/21=0)1+. #+'%.b!

k'/<'7"69-18"" 09%$05'&"-:)'Pc8&5+1:$18";$1"/'&"0&"-0'H+&09"&'=-6L$105
INTIh<.*)%.1"1$D.21%/;$(411+0(-hTlc.+.1:120(-1e) (2. +%22.1 1101 1#';$(41'1 1$D. 21*'/;$(4!
1+0(-120.%!(0-!,+.;.(-!-#.14+.-+."-101!-#.14+0) (25(4!/$(.>10)! (..2!-0!+. #+'%. >
K'/M'%"9-#"&">9&-/":'$0<'KHO"&'#B"H'65;;->/""8&5+1:$18"$1"-1:'6-;#$18'H&510"-&"'$1"
-;,5/0'$:"10$6-;";56-0$51/<'G5'9$$8909%/M™-::":) PKHO"&'$6"9";H'65;;->/"M'8&5+1:$18'
$1"-1:'6-#$18'H&510'H5& ;" &-$1-8"'=-/$1/-&™-;,5/0'$1'$:"10$6-;";56-0$51/<_
/RI-0Y/RMT!EOQ+!-#$%!,'+'4+' #?21-#$%!$%! (0-*+$%-'/'$1LH=HO)IL/C!'<0)-18.0+4.%!9:!10+!
6'+%.(171$*.1%#./1>17'(1=0)!&'C.1-#.1-.D-1&0+.1*/.'+1 /"% >

K"/ MP0'%F150'#"&.'6;"-&<'7"&"%&50"/"60$51/'5H'09"'>-&-8&->9'-1:"-; /5"
>-&-8&->9'05".$/6+//'09":$HH"&"16"'$1'>&54"60$51/'-6&5//'09™,5:";/<
IKLTIZO(e-!)(2.+%-'(21-#$%!%.(-.(*.>!=0)1%'=!-#'-1=0)+| &UA#B!"1%-+0(412.,.(2.(*.!-0!
3#-DI7'$(41*+$-.+$'10+1%)<5%#./11&./-$(4!!

7"&">9&-/"'09%/'05'&"-:)'P ¢$1'509"&'%5&:/M'$0'SUBEH ' =& "-1+>'$1'65,=$1-0$51'%$09'
09"6-;#$18'6&$0"&$-'09-0":5,$1-0"/'5+&'&"/+,0/<_

U'4.RL!



IVTI\C?1-#$%!1$%!"(0-#.+1.D, . +$&.(->!:1+.*0&&. (2!-01'22!1"1-KD!%) &&'+$O.I'//1-#.!
D,.+$&.(-%!

B51"<"*"" =5#"<'

[dTI1$;.1&0+.12+'$('4.1<'%$(%?!&.' (%! (0-!-#.16'+:1-016'+9!'@0:1-0! 8.09b *0)/2!=0)!
$(2$%-.1$(11$4)+.13US !+ 1-#.1%), . &. (- +=1<'%S(%6!-#'- 1) **0)(-. 2! 10+1bIN'=< 1 )-I
$-1$(-0!ES4 )b

K>5;58%"/'09%/'%-#=$8+5+/ <'7"$1:""',"-1'09"=-/$1/'Z-&0'05'Z-&]'-1:\"50'05'\"5]<’
G9$//"10"16"%-/'69-18":'05'$,>&5#"6;-8&$0.<'00'&"-:/)'PG5'H+&09"&'"-//"/['09"'$,>-60'5H'
$619";H'=&"-1+>M'H$#":&-$1-8"=-/$1/'H&5,'09&Z*1'Y" =-.,"10'DZ-&0 LZ-&M'Q$8+&"F'
-1:\"5&8"0",=-.,"10'D\"50  L\"5]M'Q$8+&""F'%"&"/";"60":'H5& -:$0$51-;-1-$/<_"
U'4.RX!

"</ RTla#t'-12$21=0)!,)-1$(!,"+.(-#.%$%! 1 +0&!-#.1286!"(2128 Q240/)&(%hbl Z0.%!$-!
*0++.%,0(2!-01-#.1=."+1=0) #'21-#.1&'D$&)&! %,..2!),b 1f0)!(..21-0!3+$-.1$-1203(I-#.(>!
"</.RI'(21"'</.KT!a0)/2!=0)!/$C.1-0!&0;.I-#0%.!KI-'</ %I K!-#.IW), [.&.(-+=bl:1#"; 1-#.]

1. IB(41-#-1$-1'"11 . *-%!-#.14.2$(41011-#.1,', +>>>

K"/ M'%"™ 5#":'09"0-=;"/'05'09"*+>>;" "10-&."-/'09".":$/&+>0":'09""H;5%'5H'09" >->"&<'
7"-:/5'69-18"'09":\01:0'05'09"'65&&"60":31:0'-1:'  09"'&"/>"60$#"+1$0/'D$H'150'+13$0;"//F'
-&">85#$:":'$1'0-=;"6->0$51<'7"-;/5'69-18":'09"'5&:"&'5H'09"65;+,1/'05'H5;; 560"
5&:"&'5H'Q$8+&"/'b'-1: MH5&'A?>"&$,"10'(-1:' A3 " BB2'&">"60%#";.<'35&8"5#"&M'%"
15%'>&""10'-'/">-&-0"0-=;"H5&\"5&8"]0"-1:'Z-&/"1'Y'=-/$1/"-1:"-::":'09"Y5+;5,='
/;$:$18'XO*OYZA*/$,+,-0$51'H5&'A?>"8&$,"10'('05'G=;"*(<

U'4.R]!

IMTIf0)12.1$(%=!(..2!-01%#031=0)++.%)/-%!3$-#1-#.1E) % %! (2| E'+$(0ES$!4=!
G9"U+//'-1:'Q-&$1500$'&"/+;0/'9-#"=""1"-::"'05'Q$8&"

W),/ &.(-+=!
E$4)+.IBVT!70)/21=0)!.D,/'$(13#=1=0)*#0%! IR &b!:-120.%(e-1%..&!-#-10<;$0)%!/00C$(4!
LIBV*>IW-),$21G).%-$0(1&'=<.?!3#=1$%!-#.+.I'F)&,!<.-3. RSV'(2IRSV@:1&.'(!(0O!RS!
L84 Ab

%-10":'05',-J"/+&"09-0'%""-&"6;5/"05'09" J$1J'5H'@"Z'=+0'/0$;;'51'09"";5%"&'=&-169<'
(T"%-/'055'6;5/"05'09" J$1J'$1'5+&'5>$1$51<'
E$4)+.B_TI"$&.10+$4%$(196#0)/2!<.IKSSS

Y9-18"-665&:$18;.&

7"-"1:'09"H5;;5%%$18'/"10"16"05'09",-1+/6&%$>0"- 6J15%:;":8","10/M'05'&"-:)@ 7"
09-1J'09"":$05&'a;$#$"&"\-8;$-&:$1EM'Z$51";' QIH#SI&MB 1. 5+/'&"#$"%"&' H5&'
65,,"10/'%9%$69'$,>&5#":'09",-1+/6&$>0<C<

71.&. (YW (3.1



10

15

20

Dynamic response of Antarctic Peninsula Ice Sheet tpotential
collapse of Larsen C and George VI ice shelves

Clemens Schannwéfl, Stephen Cornfor David Pollard, and Nicholas Edward Barrahd

1School of Geography, Earth and Environmental Sciences, University of Birmingham, Birmingham, UK

2British Antarctic Survey, Natural Environment Research Council, Cambridge, UK

3Centre for Polar Observation and Modelling, School of Geographical Sciences, University of Bristol, Bristol, UK
4Earth and Environmental Systems Institute, Pennsylvania State University, University Park, PA, USA

Correspondence tdClemens Schannwell (Clemens.Schannwell@uni-tuebingen.de)

Abstract. Ice shelf break-up and disintegration events over the gastral ve decades have led to speed-up, thinning, and
retreat of upstream tributary glaciers and increases to rates of global sea-level rise. The southward progression of these episode
indicates a climatic cause, and in turn suggests that the larger Larsen C and George VI ice shelves may undergo similar collaps:
in future. However, the extent to which removal of Larsen C and George VI ice shelves will affect upstream tributary glaciers
and add to global sea levels is unknown. Here we apply numerical ice-sheet models of varying complexity to show that the
centennial sea-level commitment of Larsen C embayment glaciers following immediate shelf collapse<d216vmnin to
2100,<4-34.2mm to 2300). Despite its large size, Larsen C does not provide strong buttressing forces to upstream basins and
its collapse does not result in large additional discharge from its tributary glaciers in any of our model scenarios. In contrast, the
response of inland glaciers to collapse of George VI Ice Shelf may add up to 8 mm to global sea levels by 2100 and 22 mm by
2300 due in part to the mechanism of marine ice sheet instability. Our results demonstrate the varying and relative importance

to sea level of the large Antarctic Peninsula ice shelves considered to present a risk of collapse.

1 Introduction

The observational history of ice-shelf collapse in the Antarctic Peninsula has led to a proposed northerly limit of ice-shelf via-

has led to the southward migration of this limit (Vaughan et al., 2003), now threatening the stability of the large Larsen C and
George VIl ice shelves. The northernmost remaining ice shelf (Figure 1a), Larsen C, is considered to present the greatest risk o

leaves Larsen C in conditions similar to those present immediately prior to the collapse of Larsen B Ice Shelf in 2002 and may
promote instability (Jansen et al., 2015).
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Figure 1. (a) Location map of the Antarctic Peninsula including locations of Larsen C and George VI ice shelves and localities mjentioned
thetext (b) Bedrock elevations below sea ley@l metersabevesealeveH(ra-s-H))for the Antarctic Peninsula from BEDMAP2 (Fretwell

et al., 2013).Thecolourbaris truncatecat 0 m. Red inset rectangles delineate location of zoom-in views in Figure 8. Black polygons denote

ice-sheet model domains.

Despite the increased research focus on Larsen C Ice Shelf, most of the current mass loss and contribution to sea-leve
rise from the Antarctic Peninsula originates from large drainage basins feeding George VI ice shelf, along the English Coast,
western Palmer Land, in the south-west of the peninsula (McMillan et al., 2014; Martin-Espafiol et al., 2016). Here, outlet
glaciers have thinned rapidly in the last two decades, contributihd mm a ! to global sea-level rise (Wouters et al., 2015;

Hogg et al., 2017). Many of these glaciers are grounded below sea-level with deeply-incised bedrockanougtisgrade

the total ice volume in the APIS, Figure 1b), are therefore potentially vulnerable to the marine ice sheet instability mechanism,
a tendency of grounding-line retreat to accelerate in the absence of compensating forces (Schoof, 2007; Gudmundsson et al
2012).

Here we use threstate-of-the-arice-sheet models of varying complexity to compute the upstream glacier response and sea-
setup and physics, this study does not provide a full model intercomparison, but rather presents a multi-model spread sea-
level envelope assessment using a range of ice- ow approximations: (i) the linearised shallow-ice approximation (SIA) model
BAS-APISM (Barrand et al., 2013); (ii) the hybrid sheet-shelf model PSU3D (Pollard and DeConto, 2012a), and; (iii) the
vertically-integrated sheet-shelf model BISICLES (Cornford et al., 2013). This multi-model approach provides a starting point
for regional ice-sheet model forecasts and sea-level impact studies and allows examination of process differences in glacier
responses across the drainage basins of Larsen C and George VI ice shelves.
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2 Methods

The ice-sheet models BAS-APISM (Barrand et al., 2013), BISICLES (Cornford et al., 2013), and PSU3D (Pollard and De-
Conto, 2012a) have been described in detail elsewhere. A summary of model description, parameterisation and experimenta
design relevant to this study are presented here, including important changes to model setups from previously published con-
gurations.

2.1 Ice-sheet model description

BAS-APISM (Barrand et al., 2013) simulates ice ow by solving the simplest permissible force balance approximation - the
linearised shallow-ice approximation (SIA). Owing to the linearisation, the model is less sensitive to ice thickness errors than
traditional SIA-based models. The linear nature of the model equations permits simple summation of sea-level rise contribu-
tions from individual drainage basins to provide an ice-sheet wide estimate. As the SIA is nattbhdjreundingtinefor

a statistical model. This model scales the expected retreat of the grounding line in response to ice-shelf collapse to the amoun
of buttressing at the ice front of each drainage basin (Schannwell et al., 2016). Ice-shelf buttressing was computed from output
of an ice-sheet model inversion (Arthern et al., 2015). As BAS-APISM cannot simulate grounding-line advance, ice-shelf ow,
or ice-shelf buttressing, this model is only employed in Experiment 1 (immediate ice-shelf collapse) where ice-shelf ow is
not explicitly simulated (See Section 2.5) and immediate ice-shelf collags@assumed.

PSU3D (Pollard and DeConto, 2012a) simulates ice ow by using a hybrid combination of the scaled SIA and shallow-shelf
approximation (SSA) equations. The SSA is valid for ice shelves and ice streams characterised by low basal drag. This type
of ice-sheet model (A-HySSA = asymptotic hybrid SIA-SSA model (Pattyn et al., 2013)) provides the required physics to
simulate the ice sheet-ice shelf system, including explicit tracking of the position of the grounding line. To make the model less

line. The model set-up used here is similar to Pollard et al. (2015), but cliff failure and bedrock deformation are not included.
PSU3D solves the time varying 3-D temperature equation, but surface air temperature forcing is held constant at year 2000
(Le Brocq et al., 2010) throughout the simulations.

BISICLES (Cornford et al., 2013) simulates ice ow by solving a vertically integrated stress balance (L1L2 = one-layer lon-

ford et al., 2015)This type of stress balance is similar
to the SSA, but includes vertical shearing in the effective viscosity calculation, resulting in softer ice at the grounding line in
comparison to traditional SSA models and resembles more the behaviour of full-Stokes models (Pattyn and Durand, 2013). The



10

15

20

25

equations are solved on an adaptive 2-D grid, allowing for higher resolution in areas of interest such as grounding lines or shear
margins, and coarser resolution away from these regions to save computation time. A subgrid interpolation scheme for basal
drag near the grounding line was employed to improve the accuracy of the grounding-line position at each time step (Cornford

etal., 2016). In all BISICLES simulations ice temperature data are provided by a three-dimensional thermo-mechanical model

(Pattyn, 2010) and is held xed in time.

Basal traction in PSU3D and BISICLES is determined by a viscous law

8
2 cm 1 ; .
Cju u if —-h> b;
o M " @)
-0 otherwise

wherem=0.5 (quadratic law), ® is the basal tractiony is the horizontal velocity,; and ,, are ice and ocean densitids,
is the bedrock elevatiom is ice thickness, an@ is the basal friction parameter inferred by solving an inverse problem (See

basalslidingis occurring All. ratesaredeterminecby theice_ux whichis directly derivedfrom

Basal sliding sensitivity simulations with BISICLES were also performed withl/3 (cubic law) andn=1 (linear law). In
addition, a simulation was performed using a Coulomb-limited law (Tsai et al., 2015). This law combines the power law (Equa-
tion 2) with the Coulomb friction law by ensuring that basal traction cannot exceed the Coulomb friction that is proportional
to the effective pressumd,:

j bi =min(aNe; Cjuj™); 3)
where the rstterm in the parentheses is the Coulomb friction law @itB.5,m=0.5 and the effective pressuxk is
Ne= ig(h hr); @)

whereg is the acceleration of gravity arid is the otation thickness. Equation 4 is only valid under the assumption of full
connection between the basal hydrology and the ocean. Since the Coulomb law implies that basal drag approaches zero towarc
the grounding line, this type of basal sliding law ensures a smooth transition from grounded to oating ice, unlike the traditional
power law (Equation 2) which implies that basal drag is highest near the grounding line (Tsai et al., 2015).

2.2 Calving

In simulations where the calving front is not xed e.g. where ice-shelf ow and retreat is explicitly simulated, calving depends
on the depths of surfacel{) and basal crevassed], relative to total ice thickness. Crevasse depths are computed by (Benn
et al., 2007; Nick et al., 2010)

1
n

ds = + My, (5)
I

2
ig A
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. 2 n
dyp = : - = 6
° o i g A ©)

whereA is the depth averaged rheological exponant3 is the rheological exponerd,, is the water height in the surface

crevasse andy is the density of surface liquid. The parametés the longitudinal strain rate approximated in PSU3D through

the isotropic ice divergence
= @U+ @V .

- @x @y’

BISICLES implements essentially the same criterion, but computes crevasse depths from membrane stresses such that Equi

@)

tions 5-6 become

M)y vy, ®)

d< =
° id i

dy= U(' )

0 i ig

h hab ; (9)

where is the deviatoric stress tenstn() is the trace operator, argy, is the thickness above otation (Sun et al., 2017). In
PSU3D ice is calved off when the combined thickness of the surface and bottom crevasses reach at least 75% of the columr
ice thickness (Pollard et al., 2015), whereas in BISICLES icebergs calve when the sum of the surface and bottom crevasses

Water height in surface crevassdg (n Equation 5) is computed from biased-corrected CMIP5 model projections to 2300 from
the model selection presented in Schannwell et al. (2015). The bias-correction and melt computation approach follows Trusel

simulations were compared to high resolution (5.5 km) RACMO2.3 simulations (van Wessem et al., 2016) such that

Bias ecm = Tom GCM Tom RACMO  2:31 (10)

where Tomeew  @Nd Tomeaeno -5 &re the mean DJF near-surface temperatures over the baseline period 1980-2005 from
each GCM and RACMO2.3, respectively. The bias calculation (Equation 10) is restricted to the ice-shelf areas in our two
model domains (Figure 1). The best performing GCM (lowest bias) for the RCP4.5 (Figure A1, MIROC-ESM) and RCP8.5
(Figure A2, CSIRO) scenarios were then selected as future forcing.

surface crevasseR]. To compute water height in surface crevasdgsis set to (Pollard et al., 2015).

dy = 100R?: (11)
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2.3 Model Initialisation

BAS-APISM employs a combined altimetric and velocity initialisation scheme, permitting a steady-state starting condition
after initialisation under the assumption that the current ice sheet con guration is close to steady state (Barrand et al., 2013).

the absence of accurate ice thickness datasets leads to the omission of the mechanical model in the cost function employed fc
the initialisation (Barrand et al., 2013).
BISICLES is initialised by solving an optimisation problem to infer the basal traction coef @eahd the stiffening factor

type of initialisation is well known and widely employed in ice sheet modelling (MacAyeal, 1992; Cornford et al., 2015). A

nonlinear conjugate gradient method was employed to seek a minimum of the objective function

J=In+tJp (12)
wheredy, is the mis t between observed and modelled velocities nt a Tikhonov penalty function described by

Jp= cIF%+ 3™ (13)

where ¢ and are the Tikhonov parameters ald® andJ " represent the spatial gradients>and  integrated over the

domain (Cornford et al., 2015). An L-curve analysis was performed to calibrate the Tikhonov parameters and avoid over tting
or overregularisation (Furst et al., 2015). The selected valuesarel0 'and =10° (Figure A3).

In solving this inverse problem, maps of surface elevation and bedrock topography were taken from the BEDMAP2 (Fretwell
et al., 2013) dataset, and a steady state 3-D temperature eld was used from a higher order model (Pattyn, 2010). It is only
necessary to nd solutions with a single sliding law, as the coef cients can be computed from one another to give the same
basal tractiony, e.g the coef cients for the cases= m; andm = m, must satisfyC,juj™? = C1juj™*. We chosen =1 for

theinversionsimulation

PSU3D utilises a different algorithm to infer the basal traction coef cient. Instead of matching velocities, the algorithm im-
plemented in PSU3D seeks to minimise the mis t between local surface elevation observations and modelled local surface
elevations (Pollard and DeConto, 2012b). To achieve this, the ice-sheet model is run forward in time, and basal traction coef -
cients are periodically compared and adjusted according to the local surface elevation error. This iterative process is continued
until modelled surface elevation converges to the best t with observed surface elevation (Pollard and DeConto, 2012b). Note
that this simpler algorithm does not infer a stiffening factdior ice shelves. Input maps needed for the inversion algorithm

Antarctica inversion simulation. The coarser resolution leads to some interpolation artefacts in the basal traction coef cient
elds (Figure 2).

2.4 Spin-Up
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comparison across all three ice-sheet models, the employed spin-up approach aims to keep the ice sheet geometry as close
possible to the initial geometry. This is necessary because BAS-APISM provides a stable starting condition after initialisation.



To ensure a minimal change in ice-sheet geometry, we compute a synthetic mass balance (MB) which is simply (Price et al.,
2017)

MB = FC; (14)

whereF C is the negative of the modelled thickness eld change when the model is run forward a single timghssep.

50 years with only this forcing applied. To reach steady state, the volume above otation change with time should be near zero
(%{ 0) at the end of the spin-up. All of our simulations ful | this criterion (Figure 3), even though PSU3D simulations are
not as close to steady state as BISICLES simulations at the end of the spin-up period.

— BISICLES-4000M -~ PSU-4000M
0.08 | — BISICLES-2000M - - Psu-2000m |1%08
007 | — BISICLES-1000M -~ PSU-1000M |]0.07
BISICLES-500M
006 | 0.06
L
|
v 0.05 0.05
© 0.04 0.04
E 003 0.03
5
S 0.02 0.02
©
0.01 0.01
0.00 0.00
—0.01 —0.01
0 10 20 30 40 50

Time [yr]

Figure 3. % spin-up plot for BISICLES (solid lines) and PSU3D (dashed lines) at different horizontal resolutions.
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2.5 Experimental Design

1}, immediate ice-shelf collapse was imposed on all three ice-sheet models and combined with a xed calving front position.
This provides an envelope of sea-level rise projectivos+-the-bestavailableice-sheetmedelsfor the peninsula region and
evaluates the importance of each shelf to the tributary glaciers upstream. Simulations with the sheet-shelf models (PSU3D
and BISICLES) were carried out at different horizontal resolutions to investigate the grid dependence on the sea-level rise

the second simulation (Experiment 2), the two sheet-shelf models (PSU3D and BISICLES) were run at 1 km resolution to

simulate ice-shelf retreat and collapse and subsequent tidewater glacier retreat using a physically-based calving relation (Bent
etal., 2007; Nick et al., 2010). This relation initiates iceberg calving when the combined depth of surface and bottom crevasses
reach a threshold percentage of ice thickness (See Section 2.2). Crevasse depth primarily depends on the stress eld of the ic
shelf, with extensional stresses providing favourable conditions for crevasse opening, though meltwater hydrofracture may also
increase calving rates, a process that has been strongly implicated in the 2002 collapse of Larsen B Ice Shelf (Scambos et al.
2003). In all simulations of Experiment 2 ice-shelf thickness is allowed to evolve freely. This more realistic experiment permits

the evaluation of a more gradual loss of buttressing to the upstream glaciers and assesses the effect of a dynamic calving fron
In all simulations, perturbations to the surface mass balance are ignored as these are expected to be small in comparison to ic



Nameof experiment Model Grid resolution[m]
Experimen BAS-APISM | 900
Fxperimen U3 4000,2000,1000
Experimen BISICLES 4000,2000,1000,500
1000
1000
1000
1000
Experimen BISICLES 1000
Experimen PSUSD 1000
Experiment2._moderate’oceanmelt | PSU3D 1000
Experimen2 “extreme'oceanmelt | PSU3D 1000

3 Results
3.1 Experiment 1: Immediate ice-shelf collapse
Projections of sea-level rise from Larsen C embayment glaciers following immediate shelf collapse (Experiment 1) are small,

ranging from 0.5-1.5 mm by 2100 and 0.6-1.6 mm to 2300 (Figure 4a). The sea-level curve rises in the rst two decades in

10
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response to loss of backstress provided by the shelf, then decelerates with tributary glaciers adjusting to the new con guration
25 years after collapse. Grounding-line retreat 8fkm and extensive dynamic thinning Q.6 m a *, propagating 75 km
inland) is restricted to ve outlet glaciers in the southern part of the embayment (Figure 5). In contrast, immediate collapse

to steady-state as BISICLES following initialisation and spin-up (Figures 3,A4). Moreover, ice-sheet thinning in response to
the collapse event propagates further upstream in PSU3D and is more widespread than in BISICLES, leading to higher rates

11
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Figure 4. Upperpanetpanels(a,b) shows SLR projections from Experiment 1 (immediate shelf collapse) for BISICLES (solid lines),
PSU3D (dashed lines), and BAS-APISM (dotted line). Lowereipanels(c,d) shows the derivative (rate of change) of the corresponding
SLR projections in the uppgrnelpanelqa,b). Grey shading displays uncertainty associated with SLR projections from BAS-APISM. Note

While there is a notable grid dependence in BISICLES projections (Figu#5), this is absentmuchreducedin the

sensitive to grid resolution. The required rst order convergence (Cornford et al., 2016) of the sea-level rise projections in
5 the BISICLES simulations is met for simulations at 1 km and 0.5 km resolution. To facilitate comparison between the two

12



sheet-shelf models a 1 km grid is employed for Experiment 2.

At 1 km resolution, the combined sea-level rise by 2300 from glaciers in both embayments ranges from 5.6 to 10.4 mm sea-
level equivalent, with> 60% of the total provided by George VI outlet glaciers. BAS-APISM projects a similar total to 2300
(11.5 mm), though a poor match in simulated spatial patterning of dynamic thinning (Figures 5,6) shows that the simpli ed

5 model physics and statistical approach to grounding-line retreat do not perform satisfactorily in some areas.
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Figure 5. Dynamic thinning (dh/dt) pattern from Experiment 1 (immediate shelf collapse) averaged over the simulation period 2000-2300

Across all three ice-sheet models, and in both Larsen C and George VI embayment domains, ice-shelf collapse does not
result in widespread and extensive grounding-line retreat (Figures 5,6). This was expected for Larsen C outlet glaciers due
to a combination of prograde-sloping bedrock topography and the moderate backstress currently provided by the shelf (First
et al., 2016). George VI Ice Shelf, however, provides both strong buttressing (Furst et al., 2016) and mostly marine-based
instability. Despite this, grounding-line retreat of George VI outlet glaciers is limited to a few locatiorsl&nkim in length
(Figure 6). These ndings suggest that stabilising forces such as basal and lateral drag may provide enough resistance for the

ice sheet in western Palmer Land to remain in a stable con guration following the initial response to ice-shelf cliggpse.

13
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Figure 6. Dynamic thinning (dh/dt) pattern from Experiment 1 (immediate shelf collapse) averaged over the simulation period 2000-2300

3.2 Experiment 2: Gradual ice-shelf retreat

When ice-shelf frontal changes are explicitly simulated (Experiment 2) with sheet-shelf models (PSU3D, BISICLES) using
a stress- elddependendendependentalving law, sea-level rise projections span a much larger range. With forcing from

the Representative Concentration Pathway (RCP) 8.5 "high emission' scenario, Larsen C and George VI embayment basin:
combined provide up to 23 mm sea-level equivalent ice loss by 2300 (Figure 7b), with 95% of this total coming from George VI

tributary glaciers. The contribution to the sea-level budget from Larsen C embayment glaciers isdnfath(n) and remains

1)-Experimentl. The sea-level

commitment from Larsen C glaciers is modest as complete shelf collapse is not forecast until 2150 in RCP8.5 (Figure 7c), and
only 45-60% of the shelf area is lost by 2300 in RCP4.5 ("business-as-usual' scenario). This leads to limited grounding-line
retreat and dynamic thinning is restrictedjtst ve outlet glaciers in the southern part of the embayment (Figure 8a). The
larger grounded area loss simulated with PSU3D for Larsen C (Figure 7c) is not a response to loss of buttressing force, rather
itis due to a more seaward advanced initial grounding-line position introduced in the model spin-up phase, the effect of which
on sea-level projections is small (0.28 mm sea-level equivalent).
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Figure 7. SLR projections from Experiment 2 (dynamic calving front) for Larsen C (a) and George VI ice shelves (b) with corresponding
area loss of grounded ice (c,d) and ice shelf area loss (e,f). MIROC and CSIRO denote selected global climate model forcing.

models despite differences in their underlying physics, projections diverge for simulations of George VI Ice Shelf glaciers
(Figure 7b). Experiment 2 (dynamic calving front) simulations with PSU3D provide very similar sea-level projections to Ex-

turing is insuf cient to initiate ice-shelf collapse or retreat due to the different implementation of the calving law (See Section
2.2). Under RCP8.5, break-up of George VI Ice Shelf occurs at approximately 2100 (Figure 7d), resulting in widespread
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grounding-line retreat and sea-level rise of 22 mm by 2300. Both sheet-shelf models project similar sea-ley¢haseid

10

100 km inland in the southern parts of the embayment (Figure 8d). PSU3D simulations do not show enhanced grounding-line
retreat in this sectdie-attributethistothehighlevelsof basaldraginferredby-theinversionprocedure

15 We g’;;ribute’;he g:ooqlgg reemen@prosgpothmodels:f:or::lmarsepC: to :t:he_f:ac; jghat::t:he:greapf ;he m :z;:(:i ne-base::e:!:gcto rg@s :I:i::rpited

20

25

glaciersdo not thin suf ciently to form_oating ice tonguesin contrastin the RCP8.5BISICLES simulationfor GeorgeVl,
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3.3 Uncertainty assessment

A range of sensitivity experiments were undertaken to assess the robustness of our model simulations to additional forcings.
To assess the impact of an additional ocean forcing, a pair of basal melt anomalies were applied to areas of fully- oating ice
in addition to the freely-evolving calving front forcing (Experiment 2). In a rst, ‘moderate’ simulation, the anomaly was set

to the current thinning signal of the respective ice shelf (Paolo et al., 2015) for the duration of the forecast period 0.5 m a
for Larsen C, 1.1 m a* for George VI). In a second, ‘extreme' scenario, the same initial anomaly was applied, then in-
creasing linearly to 3 times the current thinning signal by 2100, remaining at this magnitude to 2300. In each case, sea-level
projections with these additional forcings are within 0.2 mm sea-level equivalent of simulations without additional forcings:

basal boundary condition remains poorly constrained in ice-sheet models, yet our model projections show a strong dependenct
on this condition, Experiment 1 (immediate shelf collapse) was repeated with BISICLES using a range of basal sliding laws.
Each of the traditionally-employed power laws result in similar sea-level rise projections to 2300 (1.4-1.6 mm for Larsen C
embayment glaciers, and 4-6 mm for George VI glaciers, respectively; Figure 4). Projections to 2300 increase by a factor of
two for simulations using a Coulomb-limited sliding law (Tsai et al., 2015), resultingdmm from Larsen C glaciers and

12 mm for George VI glaciers. This type of basal sliding law reduces the basal drag in a mabite layer which forms

The importance of better constrained boundary conditions in the peninsula region (bedrock topography and ice thickness) is
highlighted by a discrepancy between sea-level rise projections for Larsen C embayment basins using different data products
Although total ice volume and ice volume below sea-level differences between ALBMAP and BEDMAP2 products are small
(<15%), a more recent higher-resolution dataset (Huss and Farinotti, 2014) provides an increb3@%fin ice volume below

sea level. When incorporated into ice-sheet model simulations, this boundary condition results in larger grounding-line retreat
rates for some basins occupying deeper bedrock troughs. A conseagpighisis a sea-level rise projection for Experiment

1 (immediate ice-shelf collapse) with the reference sliding law (Equation 2) that increases by a facBofa?2 mm) for the

Huss and Farinotti (2014) boundary input dataset, underlining the signi cance of accurate boundary dataset for sea-level rise
projections.
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3.4 Comparison with Larsen B Ice Shelf collapse response

a comparison to real-world examples of the magnitudes and pattern of glacier response to ice-shelf collapse. For Experiment
1 (immediate ice-shelf collapse), the speed up following ice-shelf removal is short lidslys) for both models. Maximum

smaller than those observed following Larsen B collapse with a maximum of 8fold speed up (Rignot et al., 2004). This may
be due to the different areas selected for the speed up calculation. Both rates of ice discharge (mass loss) and grounding-lin:
retreat are greatest immediately following shelf collapse. For 65% of the selected 10 drainage basins, more than 50% of the
total modelled grounding-line retreat takes place within 15 years of ice-shelf collapse. Maximum mass loss rates for Larsen C
(1.6-5.1 Gt a ) are smaller than observations for a similar time period for Larsen B (8.0 Bt(&cambos et al., 2014).

For Experiment 2, total maximum grounding-line retreat rates remain similar for PSU3D in comparison to Experiment 1, while
they almost triple for George VI in the BISICLES simulation (21.3 km in Experiment 2, 6.4 km in Experiment 1) in agreement
with our computed sea-level rise projections (Figure 7). Due to the gradual loss of buttressing, signi cant speed up is absent
in the years following ice-shelf removal across all basins. The overall dynamic response is less vigorous than in Experiment 1
with the exception of the George VI embayment in the BISICLES simulation where larger grounding-line retreat rates lead to
high mass loss rates. However, unlike in Experiment 1, motedrounding-line retreat and mass loss occur some time after

ice-shelf collapseX 15 years after ice-shelf removal).
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Figure 8. Dynamic thinning (dh/dt pattern from Experiment 2 (dynamic calving front) averaged over the simulation period 2000-2300 in the

Geol-V indicate drainage basins selected for analysis.

19



10

15

20

25

30

4 Conclusions

The most important contributor to the global sea-level budget to 2300 from Antarctic Peninsula ice-shelf-ice sheet dynamics
are glaciers in western Palmer Land feeding George VI Ice Shelf. Our envelope of sea-level rise projections ranges from 4-
12 mm sea-level equivalent water in Experiment 1, to 6-22 mm sea-level equivalent water in Experiment 2 for George VI. As
the highest projection represents only 55% of the grounded ice below sea level in this region (Fretwell et al., 2013), there may
yet be even more ice at risk to dynamic mass loss. These projections are relatively insensitive to increased ocean forcing, ye
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are highly sensitive to changes in the basal boundary condition and the choice of boundary data set, highlighting the need for
improved bed topography data and a more rigorous uncertainty analysis. While Larsen C Ice Shelf's recent calving event may
increase its vulnerabilitgf-to ice-shelf instability, our simulations under a wide range of future forcing scenarios show that the
sea-level commitment of Larsen C embayment glaciers following shelf collapse or retreat are limited to lés34tl2anm

by 2300 (0.64-3-4.2mm for Experiment 1; 0.4-1.5 mm for Experiment 2). Individual drainage basin analysis indicates a wide
range of responses in response to ice-shelf removal, but overall ice ow speed and mass changes are expected to be of simila
magnitude to those observed following the 2002 collapse of Larsen B Ice Shelf.
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Dashed black line indicates multi-model mean (-3210°C). The selected forcing is highlighted by the red box.
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Figure A3. BISICLES L-curve analysis to select Tikhonov parametersand ¢: (a) 3-D scatter plot of the model-data mis §, Jas a
function of the regularisation term§9 and J*° . (b) 2-D cross section for variable and ¢ xed at 10 1 Pa 2m® a *. (c) Reverse case
with constant at10 m* a ? and ¢ varying. The units of and £° are nf a 2 and PAm 2 &, respectively. 3 is unitless. Selected

values are highlighted by red circles in (b) and {[d)elayoutwasinspiredby Berger et al. (2016).
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Figure A4. Observed ice thickness distribtution (BEDMAP2(Fretwell et al., 2013)) for Larsen C (a) and George VI (d) embayments and

drainage basins.
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Figure A5. Comparison of modelled grounding-line positions from Experiment 2 (dynamic calving front) for RCP8.5 scenario for Larsen C

(a) and George VI embayments (b). Ble.:k linesdenotemodelled drainage basins.
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Figure A6. Upper panels(a,b) shows sea-level rise projections from Experiment 1 (immediate shelf collapse) at different horizontal

resolutions for BISICLES (solid lines) and PSU3D (dashed lines). Lewer panels(c,d) shows the derivative (rate of change) of the
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Figure A7. Comparison of modelled grounding-line positions using BISICLES with different basal sliding laws for Larsen C (a) and George

VI embayments (b). Blac« linesdenotemodelled drainage basins.

32



