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)$4>.&-(&F;58& 1$&+3)-#%@:401& 1)7*$(A&G1&1(1@-#DH&3-&4-#$ ,&3)%$C-01&-*$a):
8$1 #03-;(& 1$& 1$(%)%401.8):.&IC%?5.8G-)$ H(&<*$3):4H(&):(&)-?-+)101&8- 1-)018%,
80C;.&+*-#E%?58J 1),8)188-2@$ ,&34>)H% (&, #$3)%(°& 1$82

(& 1$8&)%&L+3$ %41D:41)$ 78945418 8:4$%+#=5D: -&4-&):(& 08#+3:&)%+& 61(-*$2
MNOP& Q& ;.&945418& ):.& 1C%7?5.&):.& L$?%3%@01./& 314@;(1& 4-& )%& IC>8$%& R#S%
61(-*$3):40%+& Q& :&1C%?58 41.& $8#!ID: -&;.&2IC%?5& );(& L+3$ H(& 1$&S1D:41)$ H(&
MTUVA& <*),& CH#7($18& 1#=7)-#1& :& IC%?5& 41.& 41F0& 4-& ):(& WL)#S$ 5& |C%?58 B 43
4$%°/&-(H&:&L$?%3%@$ 5&41F08&4-&):&Y%4S$ 5&IC%?58)%&221+%8$3)#$1 7&61(-+$:
4>CHS&)%&MTZZ& 1$&> )%)-&1*%6808-)1$83-& 77-.8)$.&IC%?>.& %&-($10%.8)0) POKEE
'D:(H(CA&\3%(& 1 @%#,&):&IC%?5&41.8)%&MTNO&4S-)%(%4,3D: -&1*7&3L+3$ %41DX 5
G-)$ H(&<*$3):4H(°&1*1#)$F74-(:&1*7&P&IA541)18Q8&4-&VOU*-#0*%+&4>7:8]<6/& TS

1$&6#%*)+C$1 ,&<#=13)5H#$1/&<H#-+(1)$ ,&61(-*X ,&W(3)$)%!)1/&61#1):#:)54#$1&[&S%+3
:&*#9%4-):*0818&,):. &G <&3)%&-+#18& %$(784-&-()+*;3$1 5&-*$3 -§

973%&:& <#-+(:)$ 5/&73%& 1$&:&< *1$8-+)$ 5& 8#13):#$7):)1&):.&1G<&>C-$& 8$IHY
3)0E%/&$8$1$)>#:.&=$18&)1& 1$(%)%4$ ,&-*$)-
R$& 1#+9%08&):.&8%1 - #$4>(:.& 1+)5.8 )J#%CS$,.&):(&)-?-+)101& 8- 1-)01/& 1*9%6)+*H(%()1$&
1$8):(&*%37):)1& ):(& H#1E-13-(&]$-D(H(& [& <+#:*1$ H(& R#=1($34H(& ) 73%& 3-& 4>7:4
IC%75.841./& 73%& 1$&3-& @%$):)>.&A41. A& *THY%S1&)Yo+& =-=%(7)%.& 1+)%! S&BR-EE-
1°$%72%=53-$.8& >C%+(& @>#-$& 94541)1& ):.& IC%?5.8 41.8 4-)1'1& ):(& ZQab& ):(& 1?")-#
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HHSYE(%6)*(+,-1)*.(/01(213$4506!17(+1%$( %6#'(89-%1(:1'6+$#:7(%)( <!1(=*-0+<;( 60
+19%1811B$'50( %#( CD-#( AEF@??.(G39-+5%10(+1%S$(-*D2501(-%# #$ 100 %& (1)*#$
+,- &I#S /23%-4 5&6%72,8#4 .(H29-#,7(12,( O %& (1)*& +,- &1& 17/ ;<= 1& > )8$&3 +,-,&I&
124 @A(+10(-*6+5+30!D"L(%1( 1<!1%1(=*-0+<;7(18#3)J)30+<;(K( #8520+)0'80L'7(GO)8)¢
M1C#11%0+L".(NO5*+30'90&(,1&:(,%0(+10(%1(*2,8)021(P( '<!1%1(%#:; (:QFL;(K((=08)-)J iL;
%t H20-<I#;7(TH#I591:7(/5&8)691;(K(/58&2530B$88)'%); U(5131'90)* (-%)(405C'<(-%9B)(-#!
520%*V95;7(,2&;(1*%D;(213)*-0$-%#+1'(12,(%)*;(13)D43)*;(%&'( #1$%&'(1*%L'(-%0;(23)
&3L'()10895;(%)*;

)( -2)*410,%53)( 656)',;( 59'10( ,%0( )0( 12,J)0%)0( %#;( :V)8<;( !1;( 51J1'90)*( %#( 1561¢
12)33)J#%0+,%#%1(%,-)(-5(HC'0+,7(,-)(+10(-5(NO5C'D;( 1757B)!C$!&4 D123 17 ::<= 21& EF
%8&'(1)*& <&$)532!-,3& 2!7$ %G2,7 2H)!3%I ,) 17$ &5&2H7'223,G1?1& #$ &57I78I4S.

H20B5B10L'5%10( -*52L;( #( -V5%0+<( 3<-#( %)*( 159!%-%)*( X 1CHE#Y6)W( =*-0+<
Y85Z,2)*8)*(-5(#153941( 2)*()361'LC#+5( 23);( %0!I<'( %)*(-%#' ( 19C)*-1( 1*%<(23)()+%15%
4#814<17 D*67 ,7/ )8$&3 73 ,&B?!D4 ,7/K G'73 &/!78 73 22,)*3$78 )532!-,7$)4 57/ L3&5*1

X*395;(+10(XW:

\,6&( %)*( 2)8W( 2530)30-ID")*( V3,)*( C1( 1'1I53CL( -5( 4W)( 1,")( 25302%L-50;( Y30-9
F(NO1+39-5&'(K(X10)%)191:(%#:(:QH7(2)*(-*'4D)*(,!1&;(%)(21358C,'(15(%)(213, 7 (*QB&:
*2,-V/)'%10(582941(601(%)('D

[( 23L%#( 25392%&-#( 1J)3$( %#'( 23)( %5--$3&'( 5%L'( 12))!<( M*&M)87/ &*321)8,
& &B)TL#-O 17] ;<= (-5(ID8);(NHI(%6)*( 1<!1%);(M1CH#I1%0+L'(%#;(:V)8<i(!
[(12)")1<(%)*(-*6+5+30!D')*( B31B59)*7(5+%,:( 12,( %#'( %0'<(-%#(:V)8<(11:7(12)%5859(
I'<I#;7(+10( D+J31-#(-5B1-)W7(23);(%)(156%$8)(-*121%30L%#(11;7( %)'( X&) (X131C5)4&
)2)9);( C5&359%10( )( 15618W%53);( _88#'1;( 11C#11%0+,;( 12,( %#'( 13V10,%#%1( +10( 5.
“inkowski7(aernoulli. buler (cdus (+10(filgert
)'(YW6)*-%)( %)*( @h>>7(#(:V)8<(11:( 59V5( %#'(5Z1035%0+<( %0'<( '1( 5'%$236¢)*B)*(
J<I#;(11C#11%0+,(-%1(ID8#(%#; 7(,2)*(+10(40)39-%#+5(+1C#6#%<;(M1C#!1%0+L".(M5%:
%)*( H85*C539)*( G5'00D8)*( +10( 230'( 12,( %#( M0+31-01%0+<( +1%1-%3)J<( Z5+9'#-E
11'520-%#19)* (-%#(:W3'#(R, 7%0(12D!50'5(12) (%1('%)+)*ID'%1(1*%) W (%)*(11'520-t#19)4a1
-9%6#(:V)8<(11;U(+10( 136,%531(!5%3$(%)( @h>h()36$'&-5(%1(11'520-%<!01( YC#'L'(K( Q-
1Z0)-#159&%)(,%0(!5(%)'(+1')'0-!,( 1*%, 7(850%)W36#-1'(%1(11'520-%<!01( %#;(VL31; B
D&;(%)(@F
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#5983 (1)$™) &+, (I-'. &F*-/1&(/1012!$*3-.1&4! 1# $Y6&HI()*$Yott+2 #-#.(/&0182°+&2'34,5
&414)4*41-)43$567(8$!)9":,.1,$159;4/1<2=184:1>565-84/17:,.86/1&(/'0@4;6/15-/Al
>.561B.-1$5C/D!@'94/15365(/D!B.-I&43IESF'B.41=-)-3.84;C4:DI414) 44/ H$ 3 I6RIZHBOB'S: 3(&.8(
-38.8$*5$3-1&(/1012D!-H4%!5$&CI&(!;61(1&4:1=8&: @*4:1&4:1&41 IKLM!-)N! &(3! Q63826 TRBQ
-3-8('%@7(8$! &4! IKIL! #.#C8&+'1 2:,.8F3! 2).,&(5F3! ,&4! =-3R5.4! &4:1 S43C@4:D! 53! -3&
#.-&' . T6/!,8431$:'%&$ 4| @F'41&(/1?:,.86/18-.1U.4;4B*-/,
VIE$F'B.4/1=-)-3.84;C4:1-318-.1)4&C7(8$!WIH4'9/!B.-| &A1 T'-T$*4IXN5)$: DI (1Y-,... 861 Z8#(5*-|
&(/10&48@N;5(/1-39H$'$!-&: @F/'6'$-(*1&-7'-18*%686)$ #' 1# $9)$(:(#*1&9+-8&2'$%;:#." 1$('
<$1#-$%: [('=:(-1=06 >6"T
S$I&(3!$:8-.*-1&(/IT'CTS:, (/!-:&6/1)-'4& %3 +18&4:/H4.&(&9/15-/13-1$3,&$'3.,74%31&(31-8N; 4:7 (!
H'C,(D!&(314)4*-1-39H$'$141=-)-3.84;C4:!,$193-1B'C55-1)'4/1&4:/\B43$*/1&4: 22& (@#.(/=.'8&2
@$.'$%.#( #-082*%)BA'&9*$' # C7)B'$2*2; 7+A#001' #'$!:#)<DA' # @'1)BA' # @68(&2!:%)
[18BY/1*(*(A#.*1E(&.'$.=+#.<ID-8&2'6<(/&9' #( @2 #*&9"
Q:&C1&-1T-'.CI;NB.-|$3&4;9/19@4:5$!8-.1$5%*/! +/1):G*#-1"+6/D!, $1)$* 5-1&+318-.'F3!)4:1-G*$
)4;;C8./IG$7+.C 413 F6/D.828%'8$)$8.=6*#&'IG&+'-&2'8#+#.7/%(

P:*$/18-.1P%'.4.

_OB$&-.INY)*6.$-&; 7*B. 1 X LIH(*6+*$;. &O& YoH+&'] .<IB-&+G #)$*&. 1&)#.#+&0()8="
*@OAIV.1-:5-&F#S$./1YNAH#A.1&(/'$).,&65(/! 8-.1 &(/! &$@34;4B*-/DIN&-3! @'(,.54)4.4%38&-.! ;)
4#(B4%3),$18"™ (1&4:1)4:.&.,54%!8-.1-)4,%37$, (1&(/'84.3+3*-/AIP;-,.8N!)-'C#$.B5-1(18-86!@'6,
&(/"):'(3.86/1$39'B$.-/D!)4:1-3-M):' F3$&-.1#:, & @F/!,&./'59'$/15-/A!
0&(10@4:6!5-/14.1$'$:3(&.89/! 8-.34&45*$/D! &-1$'$:3(&.8C! C'7"-1,$1)$'".4#.8C! :1(;4%! 8%'4:/C
1)48%;9,5-8-1$'$:3(&.8F3!)'4B'-55C&+31)4:198&: @-3!$H-'54B6/1, &(I T.45(@-3*-D!(!,:55$&4 @
)'4B'C55-&-1 6! ,:5)'CGS$./1 8'-&.8F3! $'$:3(&.8F3! H4'9+3! 58! #.$736! $).,&(543.86! -88.34T4;*
$'$:3(&.8C! )+&N84;;-! :3$'B-,*-/!| 5! O#'%5-&-! &4:1 2G+&$'.84%D! 6! -8N5(! 39$/D! 8-.34
)$."-5-&.89/1.-&CG$./DBI74#4.DI6B-.[7$+*$/IT-, 86/19'$: 2 #-GHSIH. 85: 105+ 168#*& @ &*T7)$(:
[(#31$2.6%(/7'51()*$Y0H#)*&; $9&. M+ &.! #)(/='-20D # 8#+'-&2'$%.#('6'GI$2.#-1&+'=H$0& +
*6+'/&(.B.%#A123#$.88.8C!-3-HO

P-.34&45*$/153!)-'$@N5$3(1:)('$,*-1,&4184.3N!B.-14'. 5934:/1&A5$*/1& 168=)(#+'J:$%0#-/

| >A179'4/15$18(3198#4, (184:1<$;&*4:] *4:1$3(5$'F34:5$1&431);(7:,5NIB.-1&(31$).&'$)N5$3
987%$,6! &4:1 ,&(3! (;.-86! -8&.34T4;*-D! F,&$! 3-1 -)4H$: @74%3! 4.! -'3(&.89/! $).)&F,$./1
)$'T4;.8F3HN, $F31&(/!, &(31:B$*-I"1&-14.84,:,&65-&-A

| 2)*,(/$3(5$'F34:5$1843));(7:,5NIB.-&(31$G-, 793(, (1&(/!, & TCH#-/1&4:NVal, &(!, &'-&N, H-.'-!
bH-.3N5$34! B3+ &ND!+/128'%)-1 &4:1Va°cD!)4:!-)-, @4;$* &(3!-37'+)N&(&-DN$'".,,N&J
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I#$08 #()# *#96.8+&,)!)(-I-01234& -5&BT8&H,$ 589::# )$& <H&H, *BH#$)&=18);)>&<# #'
W#1=3 ) )& ()$& -I5@=!-5%.8 A#E $%& <# 143#$%& )5 B%& ()$& $%& ): *3 -$9#%&
'$( 0-5&,1-C/BD)<#&()$&H!<2;#03)<H#& 2&'S)*1#32& 2%& 10,)%& -5&=E-; -%& 2%&F
-5& 35:BC2& #(#*& 83)& |G 2& @-!:.& HP'$(-*& |=<-$& '$#1;G;& #1$-'$(G:& 5D2/-0& (!
J-3(#(/2<B;)&:11)& 3#& #1$-'$(:8) @$H G12();& 3 2;& BI#5,)&)5 4& 2%8 IKH>&=,2%4
M -&#,*32<-& H#I$-'$(=& 2%&F<#1$();$(4%&N;?32%& O#? @53$(4%P>& ()$& -&Luroy
#,%32<-& #1$-'$(=8& 296&H5!?,)$(4%&N;?32%&R53$(4%P.8J2<#$? B-;>&= $&3 28&Jk
-5&WST>&/#$ -5!8-0<#&B;);&),=& -5%&UVVE, = 5,-5068#,*8#$-5%8J )1<-0%& -5&
89)& 28<B 1232& -5&67&'2<-3$#0-; )%& $%&<# 143#$%8)5 BU&3HE&()12<#1$;48C:3
Y*( 5-.&N;)%&'H0 #1-%8.J )1<=%& 2%&IKH>&#:; # )8<B:-%&()$&)5 =%&3 -:&WST>&
-&B')@-%&B?%& 2&<B32&3 1) =3

F(=<2& 3 )&= 5,)& -58 X)8(=3<$-5& 6!87<-0& [8#*)%& #:2<#1G;-5<#& -:& ,/2153<=¢
# #$3='$)&) <-3@)$!$(4%&10,);32%8&),=810,-5%>& $&-,-*-$&'#:&<# 1G; 1$&),=& -&H 1t
(B&H, 21#:E-5;& 2;8&58#*)&<)%>&=,2%8 -&);),:#53 $(=8&<)%&

H,$,/B-;& #I18)E=<)3 #& 8$)& 2:& );)(:/5D2& ()$;- =<?;& 5/$(G;>& 92<$(G;& #:G3#"
@)I<)(-/-8$(4&1:32>&()$&()$;- =<?;&,1-$=; 2;&'$) -@4%

H,*320683#8&35;#18)3*)&<#& -&\B; I-&F$<--3%)%8& -5&0#;.&]-38«")_(=»82&I9-/4&<)%
H1#]-; B(B%&)$<--3H%& #:$390-; )%&H#,*32%68& 2;&|!: #E)& F*<) -%& -5&H.\.X.F.&F
35:#18)3%)&<#& -&J0//-8-& 1)<)&H/,*)%&,|-C)*;-5<#& 3H&IADHS%& #S8<: ?:&),=&#1#
'= #%&<5#/-08& 2;&-3 (

63&()$;- -<*#%& G1)&),=& #$%$&'B(&)3 21$= 2 )& 2%&JIK

| 1#:3 $-&()$;- -<$(=&B!8-&,!-3@BH$&2&A-::)&X!-3C)i<= 2 )%&R-$ 2 ( <H&F;),2!%)&<}
2891432&<-: BI;?2;&<#1='"2:&()$&#b-,/$3<-

X-1/:&32<); $(:&'2<-3$#0<) )&3H#&, #!$-'$(:&5D2/-0&(01-5%8&B9-5;&,!-(OD#$&), =& 2&<;
206& ,1-3 )3)%& 2:& $3 -1$(G;& <;2<#*?2;& <)%& ),=& 2:&) <-3@)$'$(4& 10,):32& ()$¢
)(1)*#%& <# #7?1-1-8$(B%& 35;14(#%&$'S)$ BI?%&S5,-& 2:8#,*1)32& 2%& (1$<) $(4%&
)3 21$= 2 )&)5 4&#*)$&E? $(4%8&32<)3*)%&8$)& 2&9G1)&<)%>&)@-0&-&I-5!$3<=Y
X5/G:)%8& 2%& H1:$(4%& <)%& 6$(-;-<*)%.& J2<#$G:# )$& = $& )& #/45 )*)& Ud& 9
3 2&J9-/48&<)%8&J )1<=%& 39# $(G;&<# 143#7:85,=& 2:8)$8*)& -5&6+H&8$)& 2;&,
$3 -15(G;&<;2<#*?;&<)%&)//:&()$& ?;&<-; B!;?;85/%(G;&f&() )3(#5G;&),=& $%&<# )C)//=
35;14(#%& -5& #!1$C://-; -%

F)@-1$(&<#& 2:&()$;- -<$(4&1)3 21$= 2 )& 29%6&IKHES *+$,-## 1. .
| XIG - >&<#/# -0<#& )&)(1)))&@)$;=<#))&,-5&#,$@B!-5:&R53$(B%&() )3 -@BY%>&=,7
($828&,1=8;234& -5%>&() -/$3143#$%>8&,/2<<0H%& (/,.8963-8)@-1:& 2:&(/$<) $(48
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I#$%& #'(#')*(+-.' #O(#1.%(23"' 403.# 56#.7718.246 ,#2+! (/*.0(#2+!'9: ;6# #S%&'(#
*+#3,- $./+0#,+. 1$#//#* #2)#(02(+3<=(3#9.3*>0(*.#0.?+:6#0*4056# # @*A( N#?730.
)" 40. 6B

C(@ (+!*,#2+1'9: ;6,#.2!18(/D.0(#> 3#5#57(? +10.-*5 3?24#.? S*IEIT/. #2#(?2<02(3##F7
=.+.? 5+/G( .3#.2>#9+:? .7,#857.84#0!+9!1?7.'0. 3?4#8!04B#H(H#E:'5#.) >#'(#')*(+-.'/.#
O(#(D<=!* #I8+@0. .# 56#.77!8.246# (2(D(+-.G>0." (#<*#*<I#0!* <7!# #Nature# Sc
System#model#2!)#2(+37.0E:*(3# 36#05#-+.0037<6#.7757(238+:'(36# N#2!7)2.+.0
' 40. 16#%@'5#?.3#J13*,*/.B:

K+/ 1* #( 3:GNO(#' 5*#.%:2 )DS#ESL'30;*# (=*171-3L* #' 36#(9.+0!-<6# ;*#3$*.*(L'30;*#

15-L*#M*<+-(3.6,# 56#MD!3?!*>05'56#M*<+-(3.6#7?.3# ;*#0D)2**#C3? @;*#-3.# 5*
56# 13?1*10/.6# 0.6,# # E3! 3?21@%# (232<8!)# ?2.3# )# 2(+3E:77!* 16B# 1.+:7757.,
2(&3485670&%8,+$2(12&+$ #PH269&7:%8&)$-$&* #,;3,#3-$27(- +.< $06 ;=" $*+#HP2#(#
& |(*&+#>$38&3$3&+306*& &)>F$2&(+6:!1>7$82'>5-3&7(5,&(-$2&(+6:1$,->%:%

F#.* 9(+A(/' #8+.' 5+3> 5 :#0.6,#2!)#27.3'3LAS?(#.2># 5*#<?8!'5#0!*|-+ 93 *#PHE3E7/;*#)Q5
?2@+N6#(?78! 3?L /2, #2=#Springer#< )=(#2!7@#7?.746#.* .2>?+3'56#.2># 5#83(A*4#(2!
?13*> 5 #.91@#850!'"3(@AL?(#' .#?2.7@ (+.#83(A*4#2(+3!1837:# )#=L+!),#>2;6#Naturegg
Rtmospheric#Themistry#U#Vhysics#0(#2!77<6#=373:8(6#0*50!*(@'(36#.2>#:77!)61

3)+(6#72.3#I@+

W3.# #0<=+3#40(+#(23 (@-0. :#0.6,#.2! 170!@0(#*.#8.%(3' |@O(# S#9+:'5# )#J.E 2 #+
&=<$267$9,:3H#0&S/)*6$=8 $& BHFH2+'1+:#2 3HSH) 2(@A)SH '5#.2<+ * 3H W3+ *37>H# @’
(I*.3#.%.2>'2." 1#0<+16# 56#8+.' 5+3> 5 :6#0.6E

F# 8<'0()'4# 0.6# 2+16# S*# 213%*/ # 2(+37.0E:*(3# 5# 0(77!* 324# $*:2 )D5# C3? @')# JI3*;
1+1'91+:6# 56# Y&M# O(# ¥ 8/2171# (22.38() 374# 2.3# )2!' 5+3? 324# 8+:'5B# F# 2+L 5# .9
().'AS (6#713%*37<6#10:8(6, #(*LH5H#E(@ (+5# (#037+<6#7.3#037+10( ./(6#(23=(3

&4 2+1=;+4")0(# E(7 3' 1213L* .6# 2.3# (*3'=@!* .6# 36# +<=!)'(6# (+()*5 37<6# 8+:'(36# Q
(723" L* .6#2:6#A.#83.23' L'\O#' HO<TT!* #> 31 *7()3#08&$38/)=#$3,6$4+4/)6$,->$* <#u
E.'37>#2)+4* # 5*#213%*324#() A@*5#')*)9.' 0<*5#0(# SHE3L'3054.*:2 )

M2(384#' 5#9@ 2@#$2; #$(&+$ #+$67=! SO -3#*#2.+.0(/*)0#HQ57:#' 5#'2:7.# 56
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