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3.3.1.!Towards a climatology of streamwise load-driving accelerations 
!
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`3!,&$3 !%&E3D3'f!$%/$!$%3!LMQJM!.&)$!3S$'3.3!𝑠̇&&!'34&'@3@!/$!2&$%!%3+F%$)!@3D+/$3!./'73@09!-'&.!$%3!
-+$$3@!0&FQ,&'./0!-&'. f!/,@!$%3!-+F#'3!/0)&!)%&E)!$%/$!$%3!0&FQ,&'./0!@+)$'+2#$+&,!-+$!/'&#,@!$%3!13/7)!
F+D3)!'+)3!$&!&D3'1'3@+4$+&,!&-!$%3!3S$'3.3)!($/+0)!d$&&!-/$e*A!!V#$!/@^#)$+,F!D𝜇' , 𝜎' G!$&!{−0.75, 0.22}!/,@!
{−1.0, 0.26}!-&'!IMM!.!/,@!IXM!.!%3+F%$)f!'3)134$+D309!-&'!𝑓%= 0.1!Nbf!E3!4/,!)33!$%/$!$%3!3S$'3.3)!/'3!
23$$3'!-+$A!!;%+)!+)!)%&E,!29!10&$$+,F!$%3!)#'D+D/0!-#,4$+&,!(Ii H:O*!+,!0&FQ0&F!4&&'@+,/$3)f!/)!@31+4$3@!+,!
O+F#'3!ZA!
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!"#$%&'V)''*$%M"M12'0$3,-"/3'?SF=1–CDF@'/0'𝑠̇!!'0%/.'/C4&%M1-"/34'1-'(55'.'? 81%B'%&8@'138'(Q5'. '?%&8@;'0/%'𝑓"H5)(9: D'2"3&4'4>/7'
->&'0"--&8'2/#63/%.12'*! '0/%'(55'.'?4/2"8@'138'(Q5'.'?814>&8@)''R&0-='*!'0/%',&3-&%6C14&8'0"-4'0%/.'!"#)U)''W"#>-='0"-4'$+81-&8'-/'
,1+-$%&'/C4&%M&8'&L-%&.&'M12$&4)'''

O'&.!$%3!-+$$3@!@+)$'+2#$+&,)!&,3!4/,!3)$+./$3!'3$#',Q'/$3)f!/,@!/0)&!$%3!3S134$3@!ZMQ93/'!D/0#3!&-!IMQ
.+,#$3!𝑠̇&&f!29!+,D3'$+,F!$%3!0&FQ,&'./0!@+)$'+2#$+&,!-#,4$+&,!/,@!)4/0+,F!-&'!$%3!,#.23'!&-!&2)3'D/$+&,)!
(93/')*!$%/$!E3!%/D3!$/73,!$&!F3$!$%3!@+)$'+2#$+&,!(+,40#@+,F!/,!&.,+@+'34$+&,/0!/))#.1$+&,*A!!: &+,F!)&!
F+D3)!#)!ZMQ93/' !3)$+./$3)!&-!𝑠̇&&!3j#/0!$&!/11'&S+./$309!IAJ!.G)!-&'!IMM!.f!/,@!IAL!.G)!-&'!IXM!.!%3+F%$f!
-&'!$%3!4/)3!&-!/!IM!)!4%/'/4$3'+)$+4!'3)1&,)3!$+.3!(0&EQ1/))!-+0$3'!)4/03!𝑓%= 0.1!Nb*A!!

O&'!)%&'$3'!4%/'/4$3'+)$+4!$#'2+,3!'3)1&,)3!$+.3)!(%+F%3'!-+0$3'!-'3j#3,4+3)*f!$%3!3S$'3.3!/44303'/$+&,)!/'3!
0/'F3'f!/,@!-&'!0&E3'!𝑓%!$%3!&11&)+$3!%/113,)A!!O+F#'3!X!)%&E)!$%3!)#'D+D/0!-#,4$+&,!(Ii H:O*!&-!$%3!
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!"#$%&'Q)''OC4&%M&8'*!'?")&);'1–CDF@'"3'->&'&L-%&.&'%13#&'0/%'8"00&%&3-'2/76+144'0"2-&%'4,12&4;'𝑓" = {1/30, 0.1, 1/3}'9 :)'

K#)$!/)!E3!&2$/+,3@!D𝜇' , 𝜎' G!/$!IMM!.!/,@!IXM!.!%3+F%$)!E+$%!𝑓%= 0.1!Nbf!E3!/0)&!&2$/+,!4&''3)1&,@+,F!
D/0#3)!-&'!$%3!&$%3'!0&EQ1/))!-+0$3'!)4/03)!4&,)+@3'3@f!+A3A!-&'!𝑓%= 1/30!Nb!/,@!IGJ!Nbk!$%3)3!/'3!)%&E,!
+,!;/203!I !230&EA!

P1C2&'( )''!"--&8'2/#63/%.12'8"4-%"C$-"/3'+1%1.&-&%4'0/%'&L-%1+/21-"/3'/0'&L-%&.&'1,,&2&%1-"/34)'

! 𝑓%= (1/30)	Hz	 𝑓%= 0.1	Hz! 𝑓%= (1/3)	Hz!
D𝜇' , 𝜎' G!/$!IMM!.!%3+F%$5! !	{−1.9, 0.38}! !{−0.75, 0.22}! !{−0.08, 0.26}!
D𝜇' , 𝜎' G!/$!IMM!.!%3+F%$5! !{−2.1, 0.41}! !{−1.0, 0.26}! !!{−0.24, 0.24}!

!

O'&.!0&FQ,&'./0!@+)$'+2#$+&,)!E+$%!$%3!1/'/.3$3')!)%&E,!+,!;/203!I f!&,3!./9!4&,)$'#4$!10&$)!&-!3S134$3@!
IMQ.+,#$3!𝑠̇&&!13'!'3$#',!13'+&@A!!;%3)3!/'3!)%&E,!+,!O+F#'3!YA!!=S134$3@!./S+.#.!IMQ.+,#$3!𝑠̇&&!-&'!/!
F+D3,!'3$#',!13'+&@f!-&'!@+--3'3,$!$+.3)3'+3)!0&EQ1/))!-+0$3'!-'3j#3,4+3)!(+,D3')3!4%/'/4$3'+)$+4!'3)1&,)3!
$+.3)*f!/$!IMM!.!/,@!IXM!.!%3+F%$k!2/)3@!&,!0&FQ,&'./0!-+$)!$&!$/+0)!&-!R:O)!&-!𝑠̇&&AA!
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!"#$%&'X)''YL+&,-&8'.1L".$.' (56."3$-&'𝑠̇!!'0/%'1'#"M&3'%&-$%3'+&%"/8;'0/%'8"00&%&3-'-".&4&%"&4'2/76+144'0"2-&%'0%&N$&3,"&4'?"3M&%4&'
,>1%1,-&%"4-",'%&4+/34&'-".&4@;'1-'(55'.'138'(Q5 '.'>&"#>-D'C14&8'/3'2/#63/%.12'0"-4'-/'-1"24'/0'SJ!4'/0' 𝑠̇!!)'
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`3!,&$3!$%3)3!D/0#3)!4&''3)1&,@!&,09!$&!$%3!'/,F3!&-!E+,@!)133@)!4&,)+@3'3@f!23$E33,!li IY!.G)A!!"!
0&F+4/0!-&00&EQ#1!E&#0@!23!$&!-+,@!3S$'3.3!𝑠̇&&!4&,@+$+&,3@!&,!E+,@!)133@5!+A3Af!-+$)!0+73!$%3!/2&D3f!2#$!-&'!
+,@+D+@#/0!E+,@!)133@!2+,)A!!N&E3D3'f!/)!E+00!23!)33,!+,!/!0/$3'!)34$+&,f!,&!@313,@3,43!&-!$%3!3S$'3.3!
/44303'/$+&,)!&,!E+,@!)133@!+)!&2)3'D3@k!-#'$%3'f!$%3'3!)./003'!,#.23'!&-!@/$/!1&+,$)!13'!E+,@!)133@!2+,!
4/#)3!.&'3!@+--+4#0$9!/,@!0/'F3'!#,43'$/+,$9!+,!-+$$+,F!)#4%!4&,@+$+&,/0!@+)$'+2#$+&,)A!

!!

3.3.1.1.! 10-minute statistics and relatability to load-driving accelerations  
!

")!.3,$+&,3@!3/'0+3'!+,!$%3!2/47F'&#,@!)34$+&,f!0&/@Q@'+D+,F!/44303'/$+&,!3D3,$)!$%3.)30D3)!4/,,&$!23!
@3$34$3@!@+'34$09!-'&.!IMQ.+,#$3!)$/$+)$+4)f!)#4%!/)!$%3!)$/,@/'@!@3D+/$+&,)!&-!E+,@!)133@!(𝜎* *!&'!
)$'3/.E+)3!D30&4+$9!(𝜎! *A!!N&E3D3'f!&,3!3S134$)!)&.3!'30/$+&,!23$E33,!𝜎* !/,@!$%3!𝑠̇&&!(&'!/0$3',/$309!𝜎! !
/,@!𝑢̇&&*k!0/'F3'!/44303'/$+&,)!E%+4%!/'3!)+F,+-+4/,$09!0&,F!)%&#0@!4/#)3!%+F%3'!)$/,@/'@!@3D+/$+&,)!&-!
E+,@!)133@A!!O+F#'3!l !)%&E)!$%3!^&+,$!R:O!&-!IMQ.+,#$3!𝑠̇&&!/,@!𝜎* !/$!2&$%!IMM!.!/,@!IXM!.!%3+F%$)A!

!!!!!!!!!! !!

!"#$%&'Z)'[/"3-'SJ!'/0'122'(5 6."3$-&'-/+'?KK->'+&%,&3-"2&@'2/76+144'0"2-&%&8'1,,&2&%1-"/34'?0$H5)('9:@'138'4-1381%8'8&M"1-"/3'/0'
7"38'4+&&8;'0/%'C/->'(55'.'138'(Q5 '.'>&"#>-4)'' *-%1"#>-'2"3&4='2"3&1%'0"-4'C14&8'/3'./8&'/0'𝑠̇!!)'

O'&.!$%3!-+F#'3!&,3!4/,!j#+4709!4&,-+'.!$E&!$%+,F)A!!O+')$f!&,3!)33)!$%/$!$%3!3S$'3.3!)$'3/.E+)3!
/44303'/$+&,)!@&!,&$!4&''30/$3!E+$%!𝜎* !-&'!𝜎* ≳ 1	m/s!(-0/$!#113'!3@F3!&-!4&0&'3@!/'3/*A!!T34&,@09f!$%3!
.&)$!4&..&,! IMQ.+,#$3!$&1!Iu!/44303'/$+&,)!4&,@+$+&,3@!&,!𝜎* !(3AFA!$%3!.&@3!&-!𝑠̇&&!F+D3,!29!$%3!)&0+@!
0+,3*!)%&E)!/!0+,3/'!'30/$+&,)%+1!E+$%!𝜎* f!+,!$%3!'/,F3!&-!4&..&,!𝜎* !(+A3A!-&'!𝜎* !230&E!IAZ!.G)*A!!U,!&$%3'!
E&'@)f!$%3!.&)$!4&..&,!IMQ.+,#$3!./S+.#.!/44303'/$+&,)!/'3!1'&1&'$+&,/0!$&!$%3!IMQ.+,#$3!)$/,@/'@!
@3D+/$+&,!&-!E+,@!)133@A!!;%+)!)/,3!'3)#0$!F+D3)!-#,@/.3,$/0!)#11&'$!$&!$%3!#)3!&-!𝜎* !-&'!-/$+F#3!0&/@)!29!
$%3!U=H!XIWMMQI!)$/,@/'@5!+$!+)!3))3,$+/009!$/7+,F!𝜎* !$&!23!/!1'&S9!-&'!$%3!/44303'/$+&,)!@&.+,/$+,F!3/4%!
IMQ.+,#$3!13'+&@A!!!

O#'$%3'f!E3!,&$3!$%/$!$%3!'3)#0$)!/'3!j#/0+$/$+D309!$%3!)/.3!/)!+,!O+F#'3!l f!+-!&,3!-+0$3')!E+$%!0/'F3'!/,@!
)./003'!-+0$3'!-'3j#3,4+3)f!+A3A!-&'!-/)$3'!&'!)0&E3'!$#'2+,3!4%/'/4$3'+)$+4Q'3)1&,)3!$+.3)A!!;%+)!+)!
@3.&,)$'/$3@!29!O+F#'3!] !230&EA!
!
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!"#$%&'K)''[/"3-'SJ!' /0'122'(56."3$-&'-/+'?KK->'+&%,&3-"2&@'2/76+144'0"2-&%&8'1,,&2&%1-"/34'138'4-1381%8'8&M"1-"/3'/0'7"38'4+&&8;'
0/%'C/->'(55'.'>&"#>-4)''R&0-='0"2-&%'4,12&''0$H(AI5'9:D'%"#>-='0"2-&%'4,12&''0$H(AI'9:)''*-%1"#>-'2"3&4='2"3&1%'0"-4'0%/.'./8& {𝑠̇!!|𝜎#})'

U,!O+F#'3!] !&,3!)33)!/F/+,!/!0+,3/'!-+$!&-!$%3!.&)$!4&..&,!IMQ.+,#$3!0&EQ1/))!-+0$3'3@!𝑠̇&&!D3')#)!𝜎* !(D+/!

$%3!.&@3!&-!𝑠̇&&*f!-&'!0&EQ1/))!-+0$3'!-'3j#3,4+3)!&-!
#

()
!Nb!/,@!

#

(
!NbA!!")!-&'!$%3!4/)3!)%&E,!+,!O+F#'3!l !

%/D+,F!𝑓%=MAI!Nbf!$%+)!0+,3!/,@!$%3)3!/44303'/$+&,)!2/)+4/009!4&''3)1&,@!$&!-/$+F#3!0&/@)A!!"@@+$+&,/009f!
E3!-+,@!$%/$!!

!! mode{𝑠̇&&|𝜎* } ≃ (𝑐𝜎*)) +&f!!!!!!E%3'3!!!!!!!𝑐 = Y) +),, -./

0$
Z

) +1
A!!!! (I* !

U,!4&,$'/)$f!-&'!$%3!3S$'3.3)f!E%+4%!&44#'!-&'!𝜎* ≳ 1	m/sf!$%3'3!@&3)!,&$!/113/'!$&!/!403/'!'30/$+&,)%+1!
23$E33,!max{𝑠̇&&|𝜎* }!/,@!$%3!)$/,@/'@!@3D+/$+&,!&-!E+,@!)133@!𝜎* k!O+F)A!l!/,@!]!2&$%!)%&E!-0/$$3,+,F!&-!
$%3!{𝑠̇&&, 𝜎* }!3,D30&13!-&'!$%3!0/'F3)$!𝑠̇&&A!!N&E3D3'f!+$!+)!1&))+203!$%/$!$%+)!+)!/!)/.10+,F!+))#3f!E%3'329!/!
0/'F3'!@/$/!)3$!(0&,F3'!.3/)#'3.3,$!13'+&@*!4&#0@!)%&E!/,!3S$3,)+&,!&-!$%3!^R:O!)%/13)!-#'$%3'!$&E/'@)!
$%3!#113'!'+F%$!(%+F%3'!{𝑠̇&&, 𝜎* }*!+,!$%3!/2&D3!$E&!-+F#'3)A!!!

!

"!,#.23'!&-!1'3D+&#)!E&'7)!(3AFA!6&'+/'$9!*,%-HBf!LMMWk!C+30)3,!*,%-HB!LMMW*!%/D3!/0)&!)$/$3@!&'!1'3)#.3@!
$%/$!0&/@Q@'+D+,F!3D3,$)!$3,@!$&!23!/))&4+/$3@!E+$%!,&,Qa/#))+/,!$#'2#03,43A!!;%#)!+,!O+F#'3!IM!230&Ef!
E3!@+)10/9!$%3!^&+,$!@+)$'+2#$+&,)!&-!2&$%!)73E,3))!/,@!7#'$&)+)!E+$%!𝑠̇&&A!!

!

!"#$%&'(5)''[ /"3-'SJ!'/0 '0"2-&%&8'.1L62"B&'1,,&2&%1-"/34'𝑠̇!!;'7"->'&"->&%'*B&73&44'/%'\$%-/4"4'/0'7"38'4+&&8D'%&4$2-4'4>/73'0/%'
C/->'(55'.'138'(Q5 '.'>&"#>-4)''R/#1%"->.",'4,12&'$4&8'0/%']SJ!',/2/%4)'' J/--&8'2"3&4'8&3/-&'^1$44"13'M12$&4;'Sk!H0'138'
Ku!H3;'%&4+&,-"M&2<)'
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O+F#'3!IM!)%&E)!$%/$!$%3!@&.+,/,$!/44303'/$+&,)!𝑠̇&&!3S%+2+$!,&!/11/'3,$!/))&4+/$+&,!E+$%!IMQ.+,#$3!
)73E,3))!&'!7#'$&)+)A!!c,3!4/,!)33!$%/$!$%3!.&)$!4&..&,!3D3,$)!/'3!,3/'09!a/#))+/,f!E+$%!/!7#'$&)+)!&-!Jf!
%&E3D3'!E+$%!/!)0+F%$09!,3F/$+D3!)73E,3))A!!;%3!)$'&,F3'!3D3,$)!/0)&!/113/'!$&!23!3))3,$+/009!43,$3'3@!
/'&#,@!a/#))+/,!D/0#3)!-&'!)73E,3))!/,@!7#'$&)+)!(@&$$3@!0+,3)!+,!$%3!10&$)*f!2#$!E+$%!/!0/'F3'!-'/4$+&,!&-!
)$'&,F3'!3D3,$)!/113/'+,F!/)!,&, Qa/#))+/, !&#$0+3')A!

!

U,!/@@+$+&,!$&!$%3!40+./$&0&F+4/0!(0&,FQ$3'.*!2#07!'30/$+&,)%+1!23$E33,!$%3!.&)$!4&..&,!(-/$+F#3*!0&/@Q
@'+D+,F!/44303'/$+&,)!𝑠̇&&!/,@!𝜎* !@313,@+,F!&,!-+0$3'!)4/03!/44&'@+,F!$&!3j#/$+&,!I!/2&D3f!E3!/0)&!,&$3!$%/$!
E+$%+,!/!F+D3,!IMQ.+,#$3!13'+&@!$%3!)73E,3))!/,@!7#'$&)+)!4/,!%/D3!.&'3!4&.10+4/$3@!@313,@3,43)!#1&,!
$%3!0&EQ1/))!-+0$3'!)4/03k!$%+)!+)!)%&E,!+,!O+F#'3!II !230&EA!!N&E3D3'f!E3!/0)&!'3.+,@!$%/$!$%3!
/#4*2$#(2H*$$!)3,)+$+D+$9!&-!$%3!/.10+$#@3!&-!.&)$!4&..&,!-+0$3'3@!/44303'/$+&,)!$&!𝜎* !@&3)!,&$!@313,@!
&,!-+0$3'!)4/03f!)+,43!(I*!/0)&!F+D3)!𝑑 ln(mode{𝑠̇&&}) /𝑑 ln 𝜎* = 0.9A!

! !
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3.3.1.2.! Spatially differential acceleration: difference from hub to tip 
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3.3.2.!Directional / cross-wind accelerations and climatology 
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3.3.3.!Ultimate and fatigue-causing acceleration events 
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3.3.4.!‘Anatomy’ of a load-inducing acceleration event 
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N+13'E+,@!/0&,F!E+$%!$%3!3D3,$!$+.3)3'+3)!$%3.)30D3)A!

! !
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A1! B")#$'7";%>&'*"-'75>$)./-)/$%'@)#;'/#;'@/.%'4"#;)$)"#&''
!

:/$/!-&'!)3D3'/0!E+,@!/,@!E/D3!D/'+/203)f!-'&.!.3/)#'3.3,$)!,3/'!/,!&13'/$+&,/0!E+,@!-/'.f !%/D3!233,!
./@3!/D/+0/203!-&'!4&,)$'#4$+,F!/!^&+,$!@+)$'+2#$+&,!&-!E+,@!/,@!E/D3!4&,@+$+&,)A!;%3!@/$/!4&,$/+,!
4&,$+,#&#)!.3/)#'3.3,$)!&D3'!/!13'+&@!&-!-&#'!93/')f!-'&.!LMIZ!$&!LMIlA!!"!,#.23'!&-!D/'+/203)!%/D3!
233,!/D/+0/203f!/,@!$%+)!)$#@9!%/)!4&,)+@3'3@!$%3!-&00&E+,F5!

¥ ` +,@!@+'34$+&,!(N*!i !∈!(Mrf!JXMr*A!C&$3!$%3!4%/,F3!+,!4&&'@+,/$3!)9)$3.!4&.1/'3@!E+$%!)34$+&,!J5!
%3'3!+,!)34$+&,!Wf!Mr!4&''3)1&,@)!$&!E+,@!4&.+,F!-'&.!$%3!=/)$!/,@!1'&433@)!4&#,$3'Q40&47E+)3!
E+$%!+,4'3/)+,F!𝜃!($91+4/0!./$%3./$+4/0!4&&'@+,/$3)*k!1'3D+&#)09!()34$+&,!J*!E3!%/@!𝜑 =Mr!
@3,&$+,F!, &'$%3'09!E+,@)f!1'&433@+,F!40&47E+)3!([4&.1/))\!4&&'@+,/$3!)9)$3.*!-&'!+,4'3/)+,F!𝜑A!!

¥ 63/,!E +,@!)133@!(6 *!i !IMQ.+, A!/D3'/F3!%&'+b&,$/0!E+,@!)133@!/$!IM!.!/2&D3!)3/!03D30!

¥ ;#'2#03,43!(𝜎* *!i !IMQ.+,#$3!)$/,@/'@!@3D+/$+&,!&-!E+,@!)133@!!

¥ T+F,+-+4/,$!E/D3!%+F%$!(𝐻* *!i !T+F,+-+4/,$!E/D3!%3+F%$!13'!JM!.+,Af!#1Q)/.103@!$&!IMQ.+, A!D/0#3)!!

¥ `/D3!@+'34$+&,!(𝛼*!+,!@3F'33)!!

o `+,@QE/ D3!.+)/0+F,.3,$! (𝛽*!+)!@+--3'3,43!23$E33,!E+,@!P!E/D3!@+'34$+&,)5!𝛽 ≡ 𝜃 − 𝛼!!

¥ R3/7!E/D3!13'+&@!(𝑇I *!i !R3/7!I Q%&#'!)134$'/0!E/D3!13'+&@f!#1Q)/.103@!$&!IMQ.+ ,A!D/0#3)A!!

;%3!@/$/!/'3!4&0034$3@!/$!/,!&43/,!/'3/!^#)$!&#$)+@3!$%3!E+,@!-/'.f!E%+4%!+)!vIi L!7.!-'& .!/!4&/)$0+,3!+,!/!
)./00!'/,F3!&-!@+'34$+&,)k!2#$!@#3!$&!$%3!)%/13!&-!$%3!0/,@!,3/'29f!-&'!𝜃!+,!/!'/,F3! &-!i JMr!(JJMr*!$&!ILMr!
(=C=!$&!TT`*!$%3!3,D+'&,.3,$!4/,!23!4&,)+@3'3@!/)!&13,!)3/A!N3,43f!/!@+--3'3,$!E+,@QE/D3!40+./$3!+)!
3S134$3@!-&'!@+--3'3,$!E+,@!@+'34$+&,)!@#3!$&!0+.+$3@!-3$4%!-'&.!43'$/+,!@+'34$+&,)A!!̀ 3!E+00!-&4#)!&,!$%3!
&13,Q)3/!4&,@+$+&,)A!

R/+'E+)3!)4/$$3'!10&$)!&-!$%3!E+,@QE/D3!@/$/!/'3!)%&E,!+,!O+F#'3!LX!(/,&,9.&#)09f!$&!1'&$34$!1'&1'+3$/'9!
+,-&'./$+&,*k!'/$%3'!$%/,!E/D3!@+'34$+&,f!$%3!.+)/0+F,.3,$!23$E33,!E+,@!/,@!E/D3!@+'34$+&,)!/'3!)%&E,A!
c,3!1/'$+4#0/'!-3/$#'3!&-!$%3!@/$/f!E%+4%!+)!403/'09!)33,!+,!)4/$$3'!10&$)!&-!)+F,+-+4/,$!E/D3!%3+F%$f!+)!$%3!
&44#''3,43!&-!/!-3E!D3'9!0/'F3!𝐻* !D/0#3)!$%/$!)$/,@!&#$!-'&.!$%3!&D3'/00!)4/$$3'A!"!-3E!D/0#3)!&-!𝐻* !&44#'!
/2&D3!Il!.f!E%3'3/)!$%3!2#07!&-!$%3!@/$/!%/'@09!3S433@)!/'&#,@!X!.A!!
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!"#$%&'EQ)''b1%#"312'8"4-%"C$-"/34'138'+1"%7"4&'4,1--&%6+2/-4'/0'7"38671M&'81-1'0%/.'1',/14-12'/004>/%&'4"-&;',/34"8&%"3#'122'
8"%&,-"/34)'

U$!$#',)!&#$!$%/$!/00!&-!$%3!3S$'3.3!D/0#3)!E+$%!𝐻* >	X!.!/'3!-'&.!&,3!/,@!$%3!)/.3!13'+&@!&-!$+.3f!
+A3Af!-'&.!&,3!1/'$+4#0/'!)$&'.A!;%+)!4/,!23!)33,!-'&.!$%3!$+.3Q)3'+3)!10&$)!+,!O+F#'3!LYA!!

!

!"#$%&'EX)''*"#3"0",13-'71M&'>&"#>-'?C21,B@'138'7"38'4+&&8'?%&8@'/M&%'.&14$%&.&3-'+&%"/8)''9/%":/3-12'1L"4'"4'-".&)'

T+.+0/'!-3/$#'3)!/'3!,&$!&2)3'D3@!-&'!$%3!E+,@QD/'+/203)f!/,@!$%+)!-3/$#'3!&-!$%3!E/D3Q@/$/!./73)!+$!
1/'$+4#0/'09!4%/003,F+,F!$&!-+$!F&&@!)$/$+)$+4/0!.&@30)!$&!$%3!E+,@QE/D3!@/$/A!6&'3&D3'f!b&&.+,F!+,!&,!$%3!
$+.3Q)3'+3)!10&$!+,!O+F#'3!LY!'3D3/0)!/,&$%3'!-3/$#'3!&-!$%3!E/D3!@/$/5!@#3!$&!$%3!#1Q)/.10+,F!&-!$%3!E/D3!
@/$/!$&!$3,Q.+,#$3!'3)&0#$+&,f!D/0#3)!&-!𝐻* !/113/'!+,!$'+103$)!&-!+@3,$+4/0!D/0#3)A!U$!+)!/))#.3@!$%/$!$%+)!
1/'$+4#0/'!-3/$#'3!+,!$%3!@/$/!@&3)!,&$!+,-0#3,43!$%3!-+$$3@!.&@30)!.#4%f!2#$!-+$$+,F!F&&@!4&,@+$+&,/0!
.&@30)!-&'!$%3!E/D3!1/'/.3$3')!'3./+,)!4%/003,F+,FA!!



!

L] !
!

`3 !,&$3!$%/$!$%3!1/'$+4#0/'!)$&'.!$%/$!'3)#0$3@!+,!$%3!3S$'3.3!)+F,+-+4/,$!E/D3!%3+F%$!D/0#3)!%/@!/!E+,@!
@+'34$+&,!𝜃!23$E33,!JJM!/,@!JXM!@3F'33)!(+A3A!-'&.!$%3!)&#$%3/)$*!/,@!)./00!.+)/0+F,.3,$ k!$%+)!4/,!23!
)33,!+,!O+F#'3!Ll A!!;%3!-+F#'3!-#'$%3'!@3.&,)$'/$3)!%&E!$%3!)%&'3Q/--34$3@!40+./$3!(IZMri IlMr!)34$&'!
10&$)*!D/'+3)!)+F,+-+4/,$09!-'&.!$%3!&13,!)3/!E+,@QE/D3!)$/$+)$+4)k!3AFA!&,3!4/,!)33!$%3!E+,@QE/D3!
.+)/0+F,.3,$!-&'!$%3!,3/'Q)%&'3!(Ii L!7.!-3$4%*!)34$&'!+)!.&)$09!-/'!-'&.!Mr!E+$%!)%&'3Q'3-034$3@!E/D3)!
&-$3,!&11&)+,F!E+,@!(𝛽!-'&.!]Mr!$&!LYMr*f!E%3'3/)!-&'!&13,!&43/,!(JJMri JXMr!10&$)*!$%3!E/D3)!/'3!,&$!
&11&)+,F!$%3!E+,@A!!

!

!"#$%&'EZ)''b1%#"312'8"4-%"C$-"/34'138'+1"%7"4&'4,1--&%6+2/-4'/0'7"38671M&'81-1'0%/.'1',/14-12'/004>/%&'4"-&;'/M&%'U'<&1%4)''
R&0-='81-1'0%/.',/14-12'2/760&-,>'4&,-/%'?𝜃'0%/.'(V5c'-/'(Z5c@D'%"#>-='81-1'0%/.'/+&3'/,&13'4&,-/%'?𝜃'0%/.'II5c'-/'IQ5c@)'

O+,/009f!+$!+)!/0)&!&2)3'D3@!$%/$!3D3,!$%&#F%!$%3!3S$'3.3!D/0#3)!&-!𝐻* !&44#'!+,!/!13'+&@!E%3'3!$%3'3!+)!/0)&!
3S$'3.3!E+,@!)133@)f!E+,@!/,@!E/D3!3S$'3.3)!/'3!,&$!-#009!4&,4#''3,$A!;%3'3!+)!/!)./00!$+.3Q0/F!23$E33,!
$%3!%+F%3)$!E+,@!)133@)!/,@!$%3!%+F%3)$!E/D3!%3+F%$)f!/,@!$%+)!@30/9!4&,$'+2#$3)!$&!./7+,F!+$!@+z+4#0$!$&!
-+$!F&&@!4&,@+$+&,/0!.&@30)!-&'!$%3!E/D3!1/'/.3$3')!4&,@+$+&,3@!&,!$%3!4&,4#''3,$!E+,@!)133@A!
C&$E+$%)$/,@+,Ff!/!^&+,$!@+)$'+2#$+&,!.&@30!-&'!$%3!)+.#0$/,3&#)!&44#''3,43!&-!E+,@!/,@!E/D3!4&,@+$+&,)!
E+00!23!-+$$3@!$&!$%3)3!@/$/A!

!

:"#"!?*9,1.-981)9@+19*,.<*-3559,(.
!
U,!$%+)!)$#@9f!.#0$+D/'+/$3!^&+,$!@+)$'+2#$+&,!.&@30)!/'3!4&,)$'#4$3@f!-&'!)3034$3@!)34$&')!&-!E+,@!@+'34$+&,f!
/)!/!1'&@#4$!&-!/!./'F+,/0!.&@30!-&'!E+,@!)133@!/,@!/!)3$!&-!4&,@+$+&,/0!.&@30)!-&'!$%3!&$%3'!D/'+/203)A!U,!
1/'$+4#0/'f!/!)+.10+-+3@!.&@30!+)!/))#.3@f!E%3'3!4&,@+$+&,/0!+,@313,@3,43!%/)!233,!/))#.3@!-&'!.&)$!
&$%3'!D/'+/203)A!U,!1/'$+4#0/'5!$#'2#03,43f!)+F,+-+4/,$!E/D3!%3+F%$!/,@!E+,@QE/D3!.+)/0+F,.3,$!+)!
.&@3003@!4&,@+$+&,/0!&,!E+,@!)133@k!.3/,E%+03f!)134$'/0!13/7!E/D3!13'+&@!+)!.&@3003@!4&,@+$+&,/0!&,!
)+F,+-+4/,$!E/D3!%3+F%$A!;%3!@+--3'3,$!4&,@+$+&,/0!.&@30)!/'3!/))#.3@!4&,@+$+&,/009!+,@313,@3,$!&-!$%3!
&$%3'!D/'+/203)A!N3,43f!$%3!^&+,$!.&@30!$/73)!$%3!-&00&E+,F!-&'.5!!

!! 𝑓J EH.EK0EL1EMu𝑈, 𝜎! , 𝐻* , 𝑇N, 𝛽v = 𝑓J (𝑈)𝑓H.OJ (𝜎! |𝑈)𝑓K0OJ (𝐻* |𝑈)𝑓L1OK0(𝑇I |𝐻* )𝑓MOJ (𝛽|𝑈)!!!!!!!!!!!(L*!
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!

:+--3'3,$!.&@30)!/'3!3S10&'3@!-&'!$%3!@+--3'3,$!./'F+,/0!/,@!4&,@+$+&,/0!.&@30)f!/,@!$%3!)3034$3@!.&@30)!
/'3!&#$0+,3@!+,!$%3!-&00&E+,FA!

O&'!$%3!./'F+,/0!@+)$'+2#$+&,!&-!E+,@!)133@f!/!%92'+@!.&@30!4&,)+)$+,F!&-!/!`3+2#00!@+)$'+2#$+&,!-&'!$%3!
2&@9!/,@!/!F3,3'/0+b3@!R/'3$&!@+)$'+2#$+&,!(aR:*!-&'!$%3!$/+0)!+)!/))#.3@A!;%3!4#.#0/$+D3!@+)$'+2#$+&,!
-#,4$+&,!-&'!E+,@!)133@!+)!%3,43!/)!-&00&E)5!!

!! 𝐹J (𝑢) = x 𝐹P (𝑢)		
𝐹P (𝑣) + [1 − 𝐹P (𝑣)]𝐺(𝑢)

								 ) Q! QD
! 5 D !!! ! ! ! ! (J*!

E%3'3!𝐹P (𝑢)!+)!$%3!`3+2#00!4#.#0/$+D3!@+)$'+2#$+&,!-#,4$+&,f!

!! ! 𝐹P (𝑢) = 1 − exp[−(𝑢/𝐴R )42]!!!!-&'!1{M!!! ! ! ! ! (W*!

/,@!𝐺(𝑢)!+)!$%3!F3,3'/0+b3@!R/'3$&!4#.#0/$+D3!@+)$'+2#$+&,!-#,4$+&, !

! 𝐺(𝑢) = |
1 − m1 + S3! " D:

H3
p
" #7S

							for			𝜉 ≠ 0		

1 − exp Y! " D

H3
Z 																				for	𝜉 = 0

									!!! ! ! ! ! (Z*!

E+$%!)#11&'$!&,!𝑢 ≥ 𝑣!-&'!𝜉 ≥ 0!/,@!&,!𝑢 ≤ (𝑣 − 𝜎T/𝜉)!E%3,!𝜉 < 0A!!;%/$!+)f!E+$%!/ !-+,+$3!#113'!2&#,@!
-&'!,3F/$+D3!aR:! )%/13!1/'/.3$3' !𝜉A!;%#)!%/)!$%3!-&00&E+,F!1/'/.3$3')!$%/$!/'3!-+$$3@!-'&.!$%3!@/$/!29!
./S+.#.!0+730+%&&@5!`3+2#00!)%/13!𝑘P f!`3+2#00!)4/03!𝐴P f!$%'3)%&0@!𝑣f!aR:!)%/13!𝜉!/,@!$/+0!-'/4$+&,!𝜙!
4&''3)1&,@+,F!$&!$%3!1'&2/2+0+$9!&-!23+,F!/2&D3!$%3!$%'3)%&0@!𝑣A!U,!/@@+$+&,f!$%3!aR:!)4/03!1/'/.3$3' !𝜎T !
4/,!23!3)$+./$3@!-'&.!$%3!@/$/f!&'!29!+.1&)+,F!/!4&,$+,#+$9!4&,)$'/+,$!&,!$%3!@+)$'+2#$+&,!-#,4$+&,!+$!E+00!
23!3)$+./$3@!-'&.!$%3!&$%3'!1/'/.3$3')A!"0$3',/$+D309f!JQ1/'/.3$3'!$'/,)0/$3@!`3+2#00!@+)$'+2#$+&,)!/'3!
/0)&!-+$$3@!$&!$%3!E+,@!)133@!@/$/f!-&'!$E&!@+--3'3,$!-+$$+,F!.3$%&@)f!/,@!4&.1/'3@!$&!$%3!%92'+@!`3+2#00Q
aR:!.&@30)A!;%3!-+$$+,F!.3$%&@)!-&'!$%3!`3+2#00!@+)$'+2#$+&,)!/'3!./S+.#.!0+730+%&&@!/,@!.+,+.+b/$+&,!
&-!$%3!)34&,@!&'@3'!",@3')&,Q:/'0+,F!)$/$+)$+4A!V&$%!@+)$'+2#$+&,)!9+30@!'3/)&,/203!-+$)!$&!$%3!@/$/f!/,@!$%3!
%92'+@!.&@30!+)!)3034$3@!+,!$%3!-&00&E+,FA!!

;%3!4&,@+$+&,/0!1'&2/2+0+$9!@3,)+$9!-#,4$+&,!&-!$#'2#03,43!(IMQ.+,#$3!)$/,@/'@!@3D+/$+&,!&-!)$'3/.E+)3!
E+,@!-0#4$#/$+&,)*!4&,@+$+&,3@!&,!.3/,! E+,@!)133@!+)!.&@3003@!/)!/!0&FQ,&'./0!@+)$'+2#$+&,f!!

!! 𝑓H.OJ (𝜎|𝑢) =
#

U43! :HV$6
exp �−WXYH" Z43! : [

5

$WU43! : [
5 �f!! ! ! ! ! ! (X*!

E%3'3!$%3!.&@30!1/'/.3$3')!𝜇H!/,@!𝜏H!/'3!.&@3003@!/)!/!-#,4$+&,!&-!E+,@!)133@!/))#.+,F!/!1&E3'Q0/E!
'30/$+&,)%+15!!

!! ! 𝜇H(𝑢) ≡ mean[ln 𝜎! |(𝑈 = 𝑢)] = 		 𝑎# + 𝑏#𝑢%%!

! ! 𝜏H(𝑢) ≡ std. dev. [ln 𝜎! |(𝑈 = 𝑢)] = 		 𝑎$ + 𝑏$𝑢%5A!

;%3!4&,@+$+&,/0!@+)$'+2#$+&,!&-!$#'2#03,43!F+D3,!E+,@!)133@!+)!)134+-+3@!29!$%3!)+S!1/'/.3$3')!- "O%I"O%+"O%
- #O%I#%/,@%+#A!;%3)3!/'3!3)$+./$3@!-'&.!$%3!@/$/!29!4&0034$+,F!@/$/!+,!2+,)!&-!L!.G)!E+,@!)133@!/,@!
4/04#0/$+,F!$%3!3S134$3@!D/0#3!/,@!)$/,@/'@!@3D+/$+&,!&-!ln 𝜎! +,!3/4%!2+,f!/,@!$%3,!-+$$+,F!$%3!@313,@3,43!
29!,&,0+,3/'!03/)$!)j#/'3)A!!

O&'!$%3!4&,@+$+&,/0!@+)$'+2#$+&,!&-!)+F,+-+4/,$!E/D3!%3+F%$f!F+D3,!E+,@!)133@f!/!JQ1/'/.3$3'!$'/,)0/$3@!
`3+2#00!@+)$'+2#$+&,!+)!/))#.3@A!;%/$!+)f!$%3!@3,)+$9!-#,4$+&,!-&'!8 $!+)!F+D3,!29!!
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JI !
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! 𝑓K0OJ (ℎ|𝑢) =
42,73! :

\ 2,73! :
�] " ^2,73! :

\ 2,73! :
�

42,73! : " #

exp �− �] " ^2,73! :

\ 2,73! :
�

42,73! :

�!! ! ! (Y*!

E%3'3!$%3!`3+2#00Q1/'/.3$3')!- &'!$%3!4&,@+$+&,/0!𝐻* !@+)$'+2#$+&,!/'3!@3,&$3@!29!D𝐴P E] , 𝑘P E] , 𝛾P E] Gf!$&!
@+)$+,F#+)%!$%3.!-'&.!$%3!$E&!`3+2#00!1/'/.3$3')!+,!$%3!E+,@Q@+)$'+2#$+&,!&-!(W*A!!

"F/+,f!@+--3'3,$!1/'/.3$'+4!-#,4$+&,)!E3'3!#)3@!$&!$'9!$&!4/1$#'3!$%3!@313,@3,43!&-!.&@30!1/'/.3$3')!&,!
E+,@!)133@f!+,40#@+,F!/!1&E3'Q0/E!-+$!/,@!/!1&09,&.+/0!-+$A!N&E3D3'f!-&'!)&.3!)34$&')!&-!E+,@!)133@f!+$!
E&#0@!23!@+z+4#0$!$&!-+$!/!1&E3'Q0/E!-#,4$+&,!/,@!$%3!1&09,&.+/0!-+$f!/0$%&#F%!-+$$+,F!$%3!@/$/!j#+$3!E300f!
4&#0@!9+30@!#,'3/)&,/203!'3)#0$)!E%3,!3S$'/1&0/$+,F!(3AFAf!,3F/$+D3!)%/13!/,@!)4/03!1/'/.3$3')*A!
;%3'3-&'3f!1+343E+)3!4&,)$/,$!JQ1/'/.3$3'!`3+2#00!@+)$'+2#$+&,)!E3'3!/))#.3@!E+$%+,!3/4%!L!.G)!2+,!&-!
E+,@!)133@A!N3,43f!$&!-#009!)134+-9!$%+)!.&@30f!$%3!$%'33!`3+2#00!1/'/.3$3')!,33@!$&!23!3)$+./$3@!E+$%+,!
3/4%!2+,f!'3)#0$+,F!+,!3 × 𝑁! !1/'/.3$3')f!E%3'3!𝑁! !'31'3)3,$)!,#.23'!&-!E+,@!)133@!2+,)A!O&'!3S/.103f!
E+$%!IJ!2+,)!&-!E+,@!)133@f!J]!1/'/.3$3')!/'3!,33@3@!$&!)134+-9!$%+)!.&@30A!"0$3',/$+D309f!'3)#0$)!-&'!/!JQ
1/'/.3$3'!$'/,)0/$3@!̀3+2#00!@+)$'+2#$+&,f!E%3'3!/!1&E3'Q-+$!-&'!$%3!'30/$+&,)%+1!23$E33,!.&@30!
1/'/.3$3')!/,@!E+,@!)133@!/'3!/))#.3@!/,@!E%3'3!$%3!.&@30!1/'/.3$3')!/'3!/))#.3@!4&,)$/,$!+-!/!
1&E3'Q0/E!-+$!+)!,&$!)#443))-#0f!E3'3!/0)&!&2$/+,3@A!")!/!)34&,@!/0$3',/$+D3f!/!4&,@+$+&,/0!0&FQ,&'./0!
.&@30!-&'!)+F,+-+4/,$!E/D3!%3+F%$f!E%3'3!$%3!'30/$+&,)%+1!23$E33,!$%3!.&@30!1/'/.3$3')!/,@!E+,@!)133@!
+)!-+$$3@!29!/!1&E3'Q0/E!.&@30!-&'!$%3!0&4/$+&,!1/'/.3$3'f!/,@!3+$%3'!/,!3S1&,3,$+/0!-+$!&'!/!J'@Q&'@3'!
1&09,&.+/0!-+$!-&'!$%3!)4/03!1/'/.3$3' f!E/) !$'+3@A!:#3!$&!$%3!4%/003,F3!&-!-+$$+,F!F&&@!4&,@+$+&,/0!.&@30)!
-&'!𝐻* !F+D3,!6 f!/00!$%3)3!/0$3',/$+D3)!/'3!-+$$3@f!1&))+209!E+$%!/!1'3-3'3,43!-&'!$%3!1+343E+)3!4&,)$/,$!
`3+2#00!@+)$'+2#$+&,A!;%3!1&E3'Q0/E!'30/$+&,)%+1!+)!)+.+0/'!$&!$%3!.&@30)!#)3@!-&'!$#'2#03,43f!/,@!$%3!
3S1&,3,$+/0!/,@!1&09,&.+/0!.&@30)!/'3!'3)134$+D309!

!! 𝑝P (𝑢) = 𝑎( + 𝑏( 𝑒%8! ! &'!! 𝑝P (𝑢) = 𝑎( + 𝑏( 𝑢 + 𝑐( 𝑢$ + 𝑑( 𝑢( !

E%3'3!𝑝P !4/,!23!/,9!&- !D𝐴P E] , 𝑘P E] , 𝛾P E] GA!!!

;%3!4&,@+$+&,/0!@+)$'+2#$+&,!&-!)134$'/0!13/7!13'+&@!F+D3,!)+F,+-+4/,$!E/D3!%3+F%$f!+A3Af!𝑓L1OK0f!+)!/))#.3@!

$&!23!/!0&F,&'./0!@+)$'+2#$+&,!E+$%!R:O!%/D+,F!$%3!-&'.!&-!(X*A!"F/+,f!$%3!'30/$+&,)%+1!23$E33,!$%3!
.&@30!1/'/.3$3')!/,@!)+F,+-+4/,$!E/D3!%3+F%$!/'3!.&@3003@!29!/!1/'/.3$'+4!-#,4$+&,f!2/)3@!+,!$%+)!4/)3!
&,!𝐻* !2+,)!&-!E+@$%!I !.A!"!1&E3' Q0/E!-#,4$+&,!+)!/))#.3@!-&'!$%3!0&4/$+&,!1/'/.3$3'f!/,@!/,!3S1&,3,$+/0!
'30/$+&,)%+1!+)!/))#.3@!-&'!$%3!)4/03!1/'/.3$3'f!/)!)#FF3)$3@!+,!$%3!LMLI!#1@/$3!&-!:CB\)!'34&..3,@3@!
1'/4$+43)!(:CBf!LMI]*f!/)!-&00&E)5!!

!!! ! 𝜇L1(ℎ) ≡ mean�ln 𝑇N �(𝐻* = ℎ)� = 		 𝑎, + 𝑏, 𝑢%9!

! ! 𝜏L1(ℎ) ≡ std. dev. �ln 𝑇N �(𝐻* = ℎ)� = 		 𝑎_ + 𝑏_𝑢%:A!

N3,43f!$%+)!.&@30!+)!-#009!)134+-+3@!29!$%3!)+S!1/'/.3$3')!{𝑎, , 𝑏, , 𝑐, , 𝑎_ , 𝑏_ , 𝑐_}f!/,@!$%3)3!/'3!-+$$3@!$&!$%3!
@/$/!29!4/04#0/$+,F!$%3+'!D/0#3)!+,!I!.!2+,)!&-!𝐻* !/,@!$%3,!-+$$+,F!$%3!-#,4$+&,/0!'30/$+&,)%+1!29!,&,0+,3/'!
03/)$!)j#/'3)A!U$!+)!,&$3@!$%/$!$E&!/0$3',/$+D3!-+$)!&-!$%+)!.&@30!+)!&2$/+,3@f!E%3'3!$%3!/0$3',/$+D3!-+$!&,09!
#)3)!1&+,$)!-&'!𝐻* !2+,)!E+$%!/$!03/)$!IM!&2)3'D/$+&,)f!/,@!/@@+$+&,/0!4&,)$'/+,$)!/'3!1#$!&,!$%3!𝜏L1!

1/'/.3$3'!-&'!0&E3'!𝐻* !D/0#3)A!!

O+,/009f!$%3!4&,@+$+&,/0!@+)$'+2#$+&,!&-!E+,@QE/D3!.+)/0+F,.3,$ !𝛽f!+-!4&,)+@3'+,F!/00!@+'34$+&,)f!+)!
.&@3003@!29!/!.+S$#'3!&-!$E&!D&,!6+)3)!@+)$'+2#$+&,)A!;%3!D&,!6+)3)!@+)$'+2#$+&,!+)!/!@+)$'+2#$+&,!-&'!
4940+4!D/'+/203)A!; %3!R:O!&-!/!D&,!6+)3)!.+S$#'3!E+$%!2!4&.1&,3,$)!%/)!$%3!-&00&E+,F!-&'.5!
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JL!
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!! 𝑓M(𝛽) = ∑ 𝜔`
a
`b # 𝑓 (𝛽)!!!! ! ! ! ! ! ! ! (l* !

E+$%!0 ≤ 𝜔` ≤ 1!/,@!∑ 𝜔`
a
`b # = 1f!E%3'3!$%3!D&,!6+)3)!-&'.!+$)30-!+)!

!! ! ! 𝑓 (𝛽) = @cGde; fg< 3M" h;i

$6 j&3e;:
!A!! ! ! ! ! ! (]* !

N3'3!𝐼) (𝜅)!+)!$%3!.&@+-+3@!V3))30!-#,4$+&,!&-!$%3!-+')$!7+,@f!&-!&'@3'!Mf!E+$%!4&,43,$'/$+&,!-/4$&'!PA!N3,43f!
$%+)!@+)$'+2#$+&,!+)!)134+-+3@!29!$%3!$%'33!1/'/.3$3')5!0&4/$+&,!|f!4&,43,$'/$+&,!}!/,@!E3+F%$!~!13'!.+S$#'3!
4&.1&,3,$A!U,!$%+)!)$#@9f!/!.+S$#'3!E+$%!2!x!L!4&.1&,3,$)!+)!/))#.3@A!6&'3&D3'f!/!D&,!6+)3)!.+S$#'3!+)!
3)$+./$3@!E+$%+,!3/4%!2+,!&-!L!.G)!&-!E+,@!)133@f!2#$!+,!2+,)!E%3'3!$%3!@/$/!@&!,&$!)#11&'$!/!.+S$#'3f!/!
)+,F03!D&,!6+)3)!@+)$'+2#$+&,!+)!#)3@A!T+,43!+$!+)!,&$!'3/)&,/203!$&!+,$3'1&0/$3!$%3!1/'/.3$3')!&-!$%3!D&,!
6+)3)!.+S$#'3)f!1+343E+)3!4&,)$/,$!.&@30)!/'3!/))#.3@!E+$%+,!3/4%!2+,!'/$%3'!$%/,!$&!-+$!/!1/'/.3$'+4!
-#,4$+&,!-&'!$%3!@313,@3,43A!!U,!$%3!4/)3!&-!&,09!&13,Q&43/,!@+'34$+&,)f!$%3,!&,09!/!)+,F03!4&.1&,3,$!+)!
#)3@f!/,@!$%3!)+.103!R:O!(]*!'31'3)3,$)!$%3!.+)/0+F,.3,$!1'&2/2+0+$+3)A!!!

;%3!1/'/.3$'+4!.#0$+D/'+/$3!@+)$'+2#$+&,!.&@30!@3)4'+23@!29!(L*i (]* !+)!-+$$3@!$&!$%3!E+,@QE/D3!@/$/!-&'!
)3034$3@!)34$&')!&-!E+,@!@+'34$+&,f!/)!&#$0+,3@!+,!$%3!-&00&E+,F!)#2)34$+&,)A!

!

4.1.1.!Fitted joint models 
!
N/D+,F!3)$/20+)%3@!$%3!-'/.3E&'7!-&'!$%3!^&+,$!@+)$'+2#$+&,!.&@30)!/,@!)134+-+3@!$%3!./'F+,/0!/,@!
4&,@+$+&,/0!.&@30)!-&'!/00!$%3!D/'+/203)f!$%+)!.&@30!+)!-+$$3@!$&!$%3!E+,@QE/D3!@/$/A!O+')$f!/!4'#@3!.&@30!+)!
-+$$3@!$&!$%3!&.,+@+'34$+&,/0!@/$/A!;%3,f!)+.+0/'!.&@30)!/'3!-+$$3@!$&!)134+-+4!)34$&')!&-!E+,@!@+'34$+&,!&-!
1/'$+4#0/'!+,$3'3)$A!

4.1.1.1.! Omnidirectional fits 
!
;%3!-&00&E+,F!'3)#0$)!+,@+4/$3!$%3!^&+,$!.&@30)!-+$$3@!$&!$%3!&.,+@+'34$+&,/0!@/$/!-&'!/00!E+,@!@+'34$+&,)f!
+A3A!+,40#@+,F!/!.+S!&-!&13,Q)3/!/,@!0+.+$3@Q-3$4%!4&/)$/0!4&,@+$+&,)A!;%3!-+$$3@!./'F+,/0!@+)$'+2#$+&,!-&'!
E+,@!)133@f!6 !+)!+00#)$'/$3@!+,!O+F#'3!L] f!/,@!+$!+)!&2)3'D3@!$%/$!$%3!%92'+@!`3+2#00QaR:!@+)$'+2#$+&,!E+$%!
4&,$+,#+$9!4&,)$'/+,$)!&,!$%3!@3,)+$9!-+$)!'3/)&,/209!E300A!
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!"#$%&'EK)''!"--&8'.1%#"312'8"4-%"C$-"/3'0/%'/.3"8"%&,-"/312'7"38'4+&&8'81-1)'

!

;%3!-+$$3@!4&,@+$+&,/0!.&@30!-&'!$#'2#03,43!F+D3,!E+,@!)133@f!/'3!+00#)$'/$3@!29!$%3!-+$$3@!'30/$+&,)%+1)!+,!
O+F#'3!JM!230&EA!!;%3!𝜇H!/,@!𝜏H!/'3!4/04#0/$3@!#)+,F!L!.G)!2+,)!&-!E+,@!)133@f!/,@!$%3!1&E3'Q0/E!-+$!+)!
-&#,@!$&!-+$!$%3)3!@/$/!'3/)&,/209!E300A!

!

!

!"#$%&'I5 )''!"--&8',/38"-"/312'./8&2'0/%'-$%C$2&3,&'4-1381%8'8&M"1-"/3;'#"M&3'7"38'4+&&8)''P/+='𝜇<(𝑈)D'C/--/.='𝜏<(𝑈))'
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;%3!4&,@+$+&,/0!.&@30!-&'!)+F,+-+4/,$!E/D3!%3+F%$!F+D3,!E+,@!)133@!+)!4%/003,F+,Ff!/,@!/0$3',/$+D3!-+$)!/'3!
)%&E,!+,! O+F#'3!JI 230&EA!O&'!$%3!&.,+@+'34$+&,/0!@/$/f!+$!/113/')!$%/$!2&$%!$%3!1&E3'Q-+$!/,@!$%3!
1&09,&.+/0!-+$!-&'!$%3!`3+2#00!1/'/.3$3')!E&'7!E300A!N&E3D3'f!+$!+)!,&$3@!$%/$!3S$'/1&0/$+&,!$&!%+F%3'!
E+,@!)133@)!9+30@)!@34'3/)+,F!)%/13!1/'/.3$3'!/,@!+,4'3/)+,F!)4/03!1/'/.3$3')!/,@!.+F%$!%3,43!23!
3S134$3@!$&!9+30@!j#+$3!0/'F3!D/0#3)!&-!)+F,+-+4/,$!E/D3!%3+F%$A!C&$E+$%)$/,@+,Ff!$%3!1&E3'Q0/E!-+$!$&!$%3!
`3+2#00!1/'/.3$3')!+)!-&#,@!$&!E&'7!E300!-&'!$%3)3!@/$/A!H&,@+$+&,/0!0&FQ,&'./0!1/'/.3$3')!/,@!-+$$3@!
@313,@3,43!.&@30)!/'3!/0)&!)%&E,!+,!O+F#'3!JI f!2#$!/'3!,&$!-&#,@!$&!E&'7!D3'9!E300A!

!

!"#$%&'I( )''!"--&8',/38"-"/312'./8&2'0/%'/.3"8"%&,-"/312'4"#3"0",13-'71M&'>&"#>-'81-1'+&%'7"38'4+&&8)''R&0-='I 6+1%1.&-&%'
d&"C$22D'%"#>-='2/#3/%.12'8"4-%"C$-"/34)'

!

;%3!4&,@+$+&,/0!.&@30!-&'!)134$'/0!13/7!E/D3!13'+&@!F+D3,!)+F,+-+4/,$!E/D3!%3+F%$f!+A3Af!𝑓L1OK0f!+)!-+$$3@!

2/)3@!&,!4/04#0/$+,F!$%3!.&@30!1/'/.3$3')!+,!I!. !E+@3!2+,)!&-!𝐻* !/,@!-+$$+,F!$%3!@313,@3,43!.&@30)A!
;%+)!+)!)%&E,!+,!O+F#'3!JLA!;%3!/0$3',/$+D3!-+$!+)!2/)3@!&,!2+,)!E+$%!/$!03/)$!$3,!&2)3'D/$+&,)f!/,@!E+$%!/,!
/@@+$+&,/0!#113'!4&,)$'/+,$!&,!$%3!𝜏L1!1/'/.3$3' A!
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!"#$%&'IE)''!"--&8',/38"-"/312'./8&2'0/%'/.3"8"%&,-"/312'71M&'+&%"/8'81-1'#"M&3'4"#3"0",13-'71M&'>&"#>-)'

!

O+,/009f!$%3!4&,@+$+&,/0!.&@30!-&'!E/D3QE+,@!.+)/0+F,.3,$!+)!/))#.3@!$&!23!/!1+343E+)3!4&,)$/,$!.+S$#'3!
&-!$E&!D&,!6+)3)!@+)$'+2#$+&,)!E+$%+,!3/4%!L!.G)!2+,!&-!E+,@!)133@A!;%3!-+$$3@!.&@30)!/'3!+00#)$'/$3@!+,!
O+F#'3!JJf!E%3'3!$%3!3.1+'+4/0!@3,)+$+3)!E+$%+,!3/4%!E+,@!)133@!2+,!/'3!10&$$3@!$&F3$%3'!E+$%!/!)+,F03!D&,!
6+)3)!@+)$'+2#$+&,!/,@!/!.+S$#'3!&-!D&,!6+)3)!@+)$'+2#$+&,)f!'3)134$+D309A!C&$3!$%/$!-&'!)&.3!&-!$%3!2+,)f!
$%3'3!E3'3!,&$!)#11&'$!+,!$%3!@/$/!$&!-+$!/!.+S$#'3f!/,@!/!)+,F03!D&,!6+)3)!@+)$'+2#$+&,!E/)!/))#.3@A!
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!"#$%&'II )'!"--&8',/38"-"/312'./8&24'0/%'/.3"8"%&,-"/312'7"38671M&'."412"#3.&3-'81-1;'#"M&3'7"38'4+&&8;'0/%'4&2&,-&8'C"34)'

!

4.1.1.2.! Joint models for open sea conditions 
!

U$!+)!/47,&E03@F3@!$%/$!$%3!E+,@QE/D3!40+./$3!E+00!23!/--34$3@!29!$%3!1'3)3,43!&-!$%3!4&/)$0+,3!$&!$%3!E3)$!
&-!$%3!&2)3'D3@!&43/,!/'3/f!/,@!$%/$!#)+,F!@/$/!-&'!$%3!&13,!)3/!E+,@!@+'34$+&,)!)%&#0@!F+D3!@+--3'3,$o
/,@!.&'3!#,+D3')/009!/110+4/203o '3)#0$)A!N3,43f!$%3!)/.3!1/'/.3$'+4!.&@30!+)!-+$$3@!$&!@/$/!E+$%!E+,@!
@+'34$+&,)!N!∈!gJJMrf!ILMrhA!_3)#0$)!-'&.!-+$$+,F!$%3!./'F+,/0!.&@30!/,@!$%3!D/'+&#)!4&,@+$+&,/0!.&@30)!$&!
$%3)3!@/$/!/'3!)%&E,!+,!O+F#'3!JW!/,@!O+F#'3!JZ!230&EA!
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!"#$%&'IU)''!"--&8'.1%#"312'8"4-%"C$-"/34'0/%'/+&3'4&1'7"38'8"%&,-"/3'81-1)'
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!"#$%&'IV)''!"--&8',/38"-"/312'8"4-%"C$-"/34'0/%'/+&3'4&1'7"38'8"%&,-"/3'81-1)''e/-&'f23/%.g4"#.1h'%&0&%4'-/'𝜏6+1%1.&-&%)'

!

T+.#0/$3@!@/$/!-'&.!$%3!-+$$3@!.&@30)f!E%3'3!-&#'!@+--3'3,$!/0$3',/$+D3)!-&'!$%3!4&,@+$+&,/0!R:O!
𝑓K0OJ (ℎ|𝑢)!/'3!$'+3@!&#$f!/'3!)%&E,!+,!O+F#'3!JXA!"00!.&@30!/0$3',/$+D3)!0&&7!)&.3E%/$!'3/)&,/203f!2#$!
1&))+209!E+$%!/!1'3-3'3,43!-&'!$%3!1+343E+)3Q4&,)$/,$!`3+2#00!@+)$'+2#$+&,!-&'!)+F,+-+4/,$!E/D3!%3+F%$!𝐻* A!!
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!"#$%&'IQ)''*".$21-&8'81-1'0%/.'->&'0"--&8'./8&2D'/+&364&1'8"%&,-"/34'/32<)'

;&!F3$!/,!+@3/!%&E!$%+)!.&@30!3S$'/1&0/$3)f!)+.#0/$3@!@/$/)3$)!&-!WM!/,@!WMM!93/')!'3)134$+D309!(IM!/,@!
IMM!$+.3)!/)!.#4%!@/$/!/)!+,!$%3!-&#'Q93/'!@/$/)3$!#)3@!-&'!.&@30!-+$$+,F*f!/'3!)%&E, !+,!O+F#'3!JYA!;%3!
,#.23'!&-!)+.#0/$3@!)/.103)!/'3!+,@+4/$3@!+,!$%3!10&$)A!
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!"#$%&'IX)''YL-&38&8'4".$21-&8'81-1'0%/.'->&'0"--&8'./8&2;'0/%'/+&364&1'8"%&,-"/34)''R&0-='U5'<&1%4'/0'4".$21-"/3D'%"#>-='U55'<)'

!

O+$)!0+73!$%3!/2&D3f!2#$!13'!JMr!)34$&'!E3'3!/0)&!./@3A!!;%3)3!E+00!23!1'&D+@3@!$&!$%3!1'&^34$!1/'$,3')!/)!
E300f!/0&,F!E+$%!#,43'$/+,$9!3)$+./$3)!-&'!$%3!1/'/.3$3')A!

!

! !
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C1! !"#4>5&)"#&'
!
"!,#.23'!&-!#)3-#0!+,,&D/$+&,)!/,@!-+,@+,F)!E3'3!./@3!+,!`RLf!/)!'31&'$3@!/2&D3f!E%+4%!/0)&!03@!$&!
'3)#0$)!(@3'+D3@!@/$/!/,@!1/'/.3$3')!-&'!)+.#0/$+&,)*!)%/'3@!E+$%!$%3!1/'$,3')!$&!#)3!+,!`RJ!/,@!`RWA!!U,!
)%&'$!E3!-&#,@!)&.3!#,+D3')/0!23%/D+&'!&-!$%3!0/'F3)$!/44303'/$+&,)!&44#''+,F!+,!IMQ.+,#$3!13'+&@)f!
E%+4%!4/,!23!/@^#)$3@!(-+0$3'3@*!/44&'@+,F!$&!4%/'/4$3'+)$+4!$#'2+,3!'3)1&,)3!$+.3A!;%3)3!4/,!23!3S10&+$3@!
$&!F3$!0&/@Q@'+D+,F!/44303'/$+&,!./S+./f!2&$%!-&'!-/$+F#3!0&/@)!/,@!/0)&!CQ93/'!3S$'3.3!3)$+./$3)k!$%3!
0/$$3'!E3'3!/0)&!@3'+D3@!/,@!F+D3,!/2&D3A!!U$!E/)!-#,@/.3,$/009!4&,-+'.3@!$%/$!$%3!)$/$+)$+4)!&-!4&..&,!
-/$+F#3Q+,@#4+,F!)$'3/.E+)3 !/44303'/$+&,)!4/,!23!4/1$#'3@!#)+,F!IMQ.+,#$3!/D3'/F3)f!/)!+,!$%3!U=H!
)$/,@/'@k!)+.103!'30/$+&,)!-&'!$%3!IMQ.+,#$3!]] $%!13'43,$+03!&-!)$'3/.E+)3! /44303'/$+&,!(𝑠̇&&!&'!𝑢̇&&*!E3'3!
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