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This document describes the theoretical basis of the ocean processing algorithms and the 
products that are produced by the ICESat-2 mission. It includes descriptions of the parameters 
that are provided in each product as well as ancillary geophysical parameters, which are used in 
the derivation of these ICESat-2 products.  
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8FFQ6+:c!8]!:1Q53/A!+3/3!F-'9<,/& !777777777777777777777777777777777777777777777777777777777777777777777777!KK_!

!8FFQ6+:c!I] !5#3!5/3/#!I%3&!1';.</3/%'(&!0'-!3!F2'/'(!1'<(/%(4!)%93- !77777777777777777!KAK!

8FFQ6+:c!1]!Q[.#,/3/%'( BC3[%;%^3/%'(!YQCZ!F-',#9<-#!777777777777777777777777777777777777777777!KAO!

KK7M! "#0#-#(,#& !77777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777!KAU!
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:$%B(&)(Y$@1#"%(

!!
D%4<-#!! F34#!

V$5)=+!S!9!1#.=.(-+=$%-$(%!'@!.,!$&+.2$^+&!&$%-=$H)-$',!_______ ____ ____ _ __ATS!

V$5)=+!:A!U+'&+-$(!#+$5#-________________________ ___ ____ _ __AT` !

V$5)=+!`A!K+@2+(-.,(+!.%!*'&+2+&!_________________AA ____ ____ _ __AAATT!

V$5)=+!YA!"JC$(.2!U=.*91#.=2$+=!&$%-=$H)-$',!______A _ ____ ____ ____ _ __A!TR!

V$5)=+!TA!"='(#'$&.2!%#.C+!'@!%)=@.(+!L.D+%!___________A ____ ____ _ __AA!TX!

V$5)=+!RA!!8#'=-!L.D+!I88!a!%-.,&.=&!&+D$.-$',!I88______A ____ ____ _ __A_Tb!

V$5)=+!XA!8$*)2.-+&!%)=@.(+!&$%C2.(+*+,-!.,&!I88_______AA_A___ ____ _ __AAT\!

V$5)=+!bA!4+$5#-!&)+!-'!2',59L.D+%!a!I88__ _________AAA__A ___ ____ _ __AAT\!

V$5)=+!\A!4+$5#-!&)+!-'!2',59L.D+%!a!C='H.H$2$-J!________AA_A___ ____ _ __AARW!

V$5)=+!SWA!8)=@.(+!=+-)=,!#+$5#-%!@='*!IFG73!_______AA__AAA____ ____ _ __ARY!

V$5)=+!SSA!F"3!S:!C='(+%%$,5!H2'(c!&$.5=.*___________AAAAAA_______ _ __AAXb!

V$5)=+!S:!1'.=%+0!%*''-#+&0!.,&!@$,+!#$%-'5=.*%!_____________ ____ _ __Ab: !

V$5)=+!S`A!G2'(c!&$.5=.*!@'=!-#+!F"3S\!5=$&&$,5________AAAA____ ____ _ __A!b\ !

V$5)=+!SYA!1'.=%+0!%*''-#+&0!@$,.2!I.H+2!#$%-'5=.*%!__________ ____ _ __A_\b !

V$5)=+!STA!/,%-=)*+,-!$*C)2%+!=+%C',%+!#$%-'5=.*!_______ ___ ____ _ __AA_SWY!

V$5)=+!SRA!<='H.H$2$-J!&+,%$-J!@),(-$',%!'@!-#+!%J,-#+-$(!884!_____ ____ _ __AAAA!SWT!

V$5)=+!SXA!8J,-#+%$^+&!=+(+$D+&!C='H.H$2$-J!&+,%$-J!@),(-$',%!_A___ ____ _ __A_SWR!

V$5)=+!SbA!8$,52+9%$&+&!%C+(-=.!'@!-#+!=+(+$D+&!<EV%!_____A_A ___ ____ _ __A_SSW!

V$5)=+!S\A!8$,52+9%$&+&!%C+(-=)*!'@!$*C)2%+!=+%C',%+!________ ___A_ _ __A_!SSW!

V$5)=+!:WA!8$,52+9%$&+&!.*C2$-)&+!%C+(-=.!'@!-#+!d$+,+=!@$2-+=%!AA_A___ ____ _ __ASSS!

V$5)=+!:SA!8$,52+9%$&+&!.*C2$-)&+!%C+(-=.!'@!-#+!%)=@.(+!<EV!_A____ ____ _ _ A_AASS:!

V$5)=+!::A!<EV!'@!884!.,&!(.2()2.-+&!<EV!@'=!bWWW!C#'-',%AA_A_A___ ____ _ __AAASSY!

V$5)=+!::A!<EV!'@!884!.,&!(.2()2.-+&!<EV!@'=!bWW!C#'-',%AA_AAA_A___ ____ _ __AAASSR!
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:$%B(&)(J.Q-"%(

!
H3@*#! ! F34#!

Table 1 ReflectanceÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉ.  61!

Table 2 Input parameters (Source: ATL03)ÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉ..  62!

Table 3 Input parameters (Source: ATL09) ÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉ   92!

Table 4 Control Parameters - Surface FindingÉÉÉÉÉÉ    ÉÉÉÉÉÉÉÉÉÉ.. 94 !

Table 5 Control Parameters for Refined Surface Finding and AnalysisÉÉÉÉÉ...ÉÉ.96 

Table 6 Output  (See Appendix A for full product specifications)ÉÉÉÉÉÉÉÉ......124  !

Table 7 ATL12 Output Variables for per Orbit StatisticsÉÉÉÉÉÉÉÉÉÉÉÉÉ135  

Table 8 ATL12 Test Data ÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉ138  
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5Z4( 7XJ,;=<8J7;X (

"#$%!F"GE!L$22!('D+=!-#+!=+-=$+D.2!'@!8+.!8)=@.(+!4+$5#-!6884;!@='*!/178.-:!F"3F8!2.%+=!
=+-)=,%A!V'=!-#+!C)=C'%+!'@!-#$%!+.=2J!&=.@-0!-#+!2+D+2%!'@!%C.-$.2!.,&!-+*C'=.2!.D+=.5$,5!-'!
H+!$,(2)&+&!.=+!%-$22!-'!H+!&+@$,$-$D+2J!&+($&+&0!.%!$%!-#+!.*'),-!'@!#$5#92+D+2!&.-.!
C='(+%%$,5!-'!C='&)(+!5=$&&+&!@$+2&%!'@!884!.,&!%)(#!-#$,5%!.%!EJ,.*$(!?(+.,!"'C'5=.C#J!
6+B).2!-'!884!*$,)%!-#+!5+'$&;A!

?-#+=!/178.-: !F"GE%!&+%(=$H+!-#+!C='&)(-%!@'=!$(+!%#++-%0!D+5+-.-$',0!%+.!$(+!.,&!
$,2.,&!L.-+=0!-#+!2.--+=!-L'!#.D$,5!(2'%+!=+2.-$',%!L$-#!-#+!'(+.,!F"GEA!"+(#,$(.2!F"GE%!
$,(2)&+!'=H$-!.,&!.--$-)&+!(.2()2.-$',%0!('==+(-$',%!@'=!.-*'%C#+=$(!C.-#92+,5-#!&+2.J%0!.,&!
('==+(-$',%!@'=!(#.,5+%!$,!-#+!%)=@.(+!#+$5#-%!&)+!-'!-$&.2!+@@+(-%e!-#+%+!'-#+=!&.-.!.=+!
,++&+&!-'!(',D+=-!=.,5+%!$,-'!.H%'2)-+!%)=@.(+!#+$5#-%!L$-#!=+%C+(-!-'!-#+!5+'$&A!!

"#$%!&'()*+,-!L$22!.&&=+%%!%.*C2$,5!-#+!$(+9@=++!L'=2&!'(+.,0! H)-!,'-!$(+ 9('D+=+&!'=!
$,2.,&!L.-+=%0!H+(.)%+!-#+!/178.-9:!%.*C2$,5!%(#+*+!$%!&$@@+=+,-!@'=!-#+!'C+,!'(+.,0!
5+,+=.22J!%.*C2$,5!%-=',5!H+.*%!',2J 0!.,&!H+(.)%+!-#+!&+@$,$,5!(#.=.(-+=$%-$(%0!6+A5A0!L+22!
&+D+2'C+&!%)=@.(+!L.D+%;!.=+!),$B)+!-'!-#+!'C+,!'(+.,A!!/-!L$22!$,(2)&+!('.%-.2!'(+.,!
L.-+=%A!G+(.)%+!'@!-#+!$,(=+.%$,5!%+.%', .2!D.=$.-$', !$,!-#+!%+.!$(+!('D+=0!-#+!H'),&.=J!
H+-L++,!-#+!'C+, 9'(+.,!.,&!$(+ 9('D+=+&!'(+.,!&'*.$,%!L$22!D.=J!%+.%',.22JA!"#$%!F"GE!
L$22!%#.=+!%'*+!(',%$&+=.-$',%!.,&!@+.-)=+%!L$-#!-#+!%+.!$(+!F"GE!6%)=@.(+!@$,&$,5!
.25'=$-#*0!(',(+=,!@'=!-$&+%!.,&!-#+!5+'$&;!.,&!-#+!D+5+-.-$',!.,&!$,2.,&!L.-+=!F"GE!
6(',(+=,!L$-#!L.D+% !$,!2.=5+!H'&$+%!'@!$,2.,&!L.-+=;A!d+!(',%$&+=!.%!$,C)-!&.-.!2+D+2!:!
C#'-',! #+$5#-%!@'=!+.(#!'@!-#+!-#=++!%-=',5!H+.*%!.2',5!-#+!%.-+22$-+!-=.(c!.2',5!L$-#!-#+!
=+B)$=+&!,.D$5.-$',!$,@'=*.-$',A!6/,!(+=-.$,!'(+.,!=+5$',%!,+.=!2.,&!'=!%+.!$(+0!-#+!L+.c!
H+.*%!*.J!H+!.2%'!H+!.(-$D+A!/,!-#+%+!(.%+%!-#+!L+.c!H+.*!&.-.!'D+=!-#+!'(+.,!%#')2&!H+!
C='(+%%+&!-#+!%.*+!L.J!.%!-#+!%-=',5!H+.*%A;!F%!')-C)-0!-#+!C='(+%%$,5!-'!H+!&+%(=$H+&!
L$22!C='&)(+!F"3S:f3`F !!6FCC+,&$O!F;0!-#+!#+$5#-!'@!-#+!'C+,! '(+.,! %)=@.(+!.-!.!2+,5-#!
%(.2+%!H+-L++,!XW!*!6SWW!4^;!.,&!X!c*!6S!4^;0!&+-+=*$,+&!HJ!.,!.&.C-$D+!%)=@.(+!@$,&$,5!
.25'=$-#*A!?)-C)-!L$22!$,(2)&+!+%-$*.-+%!'@!#+$5#-!&$%-=$H)-$',%!6&+($2+!H$,%;0!%$5,$@$(.,-!
L.D+!#+$5#-0!%)=@.(+!%2'C+0!.,&!.CC.=+,-!=+@2+(-.,(+A!

8+(-$',!:!C='D$&+%!.,!'D+=D$+L!'@!-#+!'(+.,!.2-$*+-=J!$%%)+%0!
8+(-$',!`!&$%()%%+%!-#+!'(+.,!C='&)(-%!-#+!C.=.*+-+=%!-#.-!=+%$&+!$,!+.(#!C='&)(-!.%!

L+22!.%!.,($22.=J!5+'C#J%$(.2!C.=.*+-+=%0!'@!$,-+=+%-!-'!%($+,(+!)%+=%0!L#$(#!.=+!)%+&!$,!-#+!
&+=$D.-$',!'@!-#+%+!/178.-9:!C='&)(-%A!!

8+(-$',! Y!C='D$&+%!.!-#+'=+-$(.2!&+%(=$C-$',!'@!-#+!.25'=$-#*%!)%+&!$,!-#+!&+=$D.-$',!'@!
-#+!'(+.,!C='&)(-%A!

8+(-$',! T!&+%(=$H+%!-#+!%C+($@$(!$*C2+*+,-.-$',%!'@!-#+!.25'=$-#*%!-#.-!.=+!=+2+D.,-!-'!
-#+!&+D+2'C*+,-!'@!-#+!C='(+%%$,5!('&+A!/,(2)&+&!#+=+!.=+!H'-#!.25'=$-#*$(!&+-.$2%!.,&!
%'*+!%'@-L.=+!.=(#$-+(-)=+!&+-.$2%!',!-#=')5#C)-!'C-$*$^.-$',!.,&!('*C)-.-$',.2!2'.&$,5A! !

8+(-$',! R!C='D$&+%!-#+!C='(+%%$,5!=+B)$=+*+,-%!@'=!&.-.!B).2$-J!*',$-'=$,5!.,&!
(',-='2A!"#+%+!.=+!C='D$&+&!-'!)%+=%!.%!B).2$-J!.%%+%%*+,-%!'@!-#+!$,&$D$&).2!C.=.*+-+=%!',!
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+.(#!@$2+!.,&! -'!C='D$&+!(=$-+=$.!@'=!.)-'*.-$( !B).2$-J!(',-='2!-'!@.($2$-.-+!-$*+2J!
&$%-=$H)-$',!'@!-#+!C='&)(-!-'!-#+!)%+=%A!8)**.=J! %-.-$%-$(%!'=!$*.5+%!.=+!C='D$&+&!-#.-!
.22'L!)%+=%!-'!+.%$2J!+D.2).-+!6'=!G='L%+;!L#+-#+=!-#+!&.-.!L')2&!H+!)%+@)2!.,&!'@!
.&+B).-+! B).2$-J!@'=!-#+$=!=+%+.=(#0!.,&!.%!,++&+&!-'!.$&!$,!-#+!B)$(c!.CC='D.2!'=!
&$%.CC='D.2!'@!C='&)(-%!C=$'=!-'!C)H2$(!&$%-=$H)-$',A!!

8+(-$',! X!&+%(=$H+%!-#+!-+%-$,5!.,&!D.2$&.-$',!C='(+&)=+%!-#.-!.=+!C2.,,+&A!
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/Z4( ;!9,!79N(*X=(K*8VP,; <X=(7XY;,S*J7;X (

"#+!F&D.,(+ &!"'C'5=.C#$(!3.%+=!F2-$*+-+=!8J%-+*!6F"3F8;!(',%$%-%!'@!H'-#!3/EFK!.,&!
.2-$*+-=J!%)H%J%-+*%!-#.-!L$22!@2J!',!-#+!&+&$(.-+&!C2.-@'=*!('*C=$%$,5!-#+!*$%%$',!
=+@+==+&!-'!.%!/178.-: 0!-#+!/(+0!12')&0!.,&!3.,&!4+$5#-!8.-+22$-+A!"#+!@'22'L$,5!%)H%+(-$',%!
&$%()%%!-#+!H.%$(!(',(+C-%!'@!#'L!F"3F8!L'=c%!.,&!-#+!3+D+2!:!&.-.!-#.-!L+!L$22!-)=,!$,-'!
%+.!%)=@.(+!#+$5#-A!/-!-#+,!&+%(=$H+%!-#+!H.%$(!C='C+=-$+%!'@!-#+!%+.!%)=@.(+!.,&!#'L!-#+%+!
=+2.-+!-'!C='(+%%$,5!-#+!/178.-:!&.-.A&

&
V$5)=+!S!9!1#.=.(-+=$%-$(%!'@!.,!$&+.2$^+&!&$%-=$H)-$',!'@!F"3F8!=+-)=,!C#'-',!.==$D.2!
-$*+%!.%%)*$,5!.!U.)%%$.,!$,%-=)*+,-!$*C)2%+!=+%C',%+!.,&!.!=+@2+(-$D+!%)=@.(+!L$-#!
U.)%%$.,!=')5#,+%%A!/,!5+,+=.2!%)=@.(+!%2'C+!.,&!=')5#,+%%!H'-#!H='.&+,!-#+!=+-)=,!
&$%-=$H)-$',A!V'=!-#+!'C+,!'(+.,!-#+!%2'C+!+@@+(-!$%!2$c+2J!,+52$5$H2+!('*C.=+&!-#+!+@@+(-!
'@!=')5#,+%%!&)+!-'!%)=@.(+!L.D+%A!F,!$*C'=-.,-!('*C2$(.-$',!$%!-#.-!%)=@.(+!L.D+%!
C='&)(+!.!,', 9U.)%%$.,!%)=@.(+!&)+!-'!-#+$=!H='.&!-=')5#%!.,&!,.=='L!C+.c%A!
!

1 nsec

~10 m
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"#+!C=$*.=J!C)=C'%+!'@!-#+!F"3F8!$,%-=)*+,-!',!-#+!/178.-: !*$%%$',!$%!-'!&+-+(-!
%)=@.(+!#+$5#-!(#.,5+%A!d$-#!=+%C+(-!-'!-#+!'(+.,0!-#+%+!=+C=+%+,-!8+.!8)=@.(+!4+$5#-!
6884;A!GJ!L.J!'@!-+(#,$(.2!#$%-'=J0!-#+!C=+&+(+%%'=!'@!/178.-:!F"3F80!-#+!/178.-!U3F8!
$,%-=)*+,- 0!)%+&!.!2.%+=!.2-$*+-+=!-'!*+.%)=+!-#+!=.,5+!-'!-#+!%)=@.(+A!K.,5+%!L+=+!
&+-+=*$,+&!@='*!-#+!*+.%)=+&!-$*+!H+-L++,!-=.,%*$%%$',!'@!-#+!2.%+=!C)2%+!.,&!&+-+(-$',!
'@!-#+!C)2%+!=+@2+(-+&!@='*!-#+!%)=@.(+!.,&!=+(+$D+&!HJ!-#+!$,%-=)*+,-A!"#+!U3F8!2.%+=!
@''-C=$,-!&$.*+-+=!',!-#+!%)=@.(+!&)+!-'!H+.*!%C=+.&$,5!L.%!,'*$,.22J!XW!*0!.,&!-#+!
&)=.-$', !'@!-#+!-=.,%*$--+&!C)2%+!L.%!Y!,%A!

"#+!/178.-:!F"3F8!$,%-=)*+,-!L$22!%.*C2+!.-!.!#$5#+=!=.-+0!SW!c4^!L$-#!S9:!,%!C)2%+!
L$&-#0!L$-#!.!%*.22+=!$,-=$,%$(!@''-C=$,-0!gSW!*!6V$5A!S;0!.,&!L$22!=+2J!',!&+-+(-$,5!-#+!=.,5+!
-=.D+2+&!HJ!$,&$D$&).2!C#'-',%A!7OC+=$+,(+!L$-#!IFG73!%)55+%-%!-#.-!-#+!$,%-=)*+,-!
$*C)2%+!=+%C',%+!&$%-=$H)-$',0!&)+!2.=5+2J!-'!-#+!D.=$.-$',!$,!-=.,%*$-!-$*+%!@'=!-#+!
C#'-',%!'@!+.(#!C)2%+0!L$22!H+!,', 9U.)%%$.,!L$-#!%$5,$@$(.,-!%c+L,+%%A!1',%+B)+,-2J0!@')=!
C'$,-%!L$22!H+!*+.%)=+&!',!-#+!')-!5'$,5!C)2%+!&$%-=$H)-$',!.,&!-#+%+!L$22!H+!C.=-!'@!-#+!
/178.-:!=.L!&.-.!%-=+.*A! "#+!&$%-=$H)-$',!'@!=+(+$D+!-$*+%!'@!-#+!%)=@.(+9=+@2+(-+&!C#'-',% 0!
.,&! #+,(+!C#'-',! #+$5#-%0!L$22!H+!H='.&+,+&!HJ!-#+!&$%-=$H)-$',!'@!%)=@.(+!#+$5#-%!L$-#$,!
-#+!@''-C=$,-!.%!&+C$(-+&!$,!V$5)=+!S!@'=!.,!$&+.2$^+&!U.)%%$.,!&$%-=$H)-$',!'@!C#'-',!=+-)=,!
-$*+%!'=!#+$5#-%A!<#'-',!=+-)=, 9-$*+%!L$22!H+!&$5$-$^+&!$,!:WW!C%!6` !(*;!=.,5+!H$,%A!
4'L+D+=0!-#+!'=$5$,.-$',!-$*+!'@!.!C#'-',!L$-#$,!.!C)2%+!$%!),c,'L, 0!.,&!-#+!),(+=-.$,-J!
$,!-#+!-$*+!'@!@2$5#-!'@!.!%$,52+!C#'-',!L$22!H+!H+-L++,!S!.,&!SAT!,%!KI8 !6`W9YT!(* !@2$5#-!
-$*+; !&)+!*'%-2J!-'!-#+!2.%+=!C)2%+!L$&-#0!L$-#!%*.22+=!(',-=$H)-$',%!@='*!'-#+=!+@@+(-%!
L$-#$,!-#+!$,%-=)*+,-A!"#$%!-$*+!),(+=-.$,-J! ('==+%C',&%!-'!H+-L++,!ST!.,&!::!(*!KI8 !$,!
=.,5+ A!

K+-)=,!C#'-',!.==$D.2%!L$22!H+!.55=+5.-+&!.-!.!%(.2+!&+C+,&$,5!',!-#+!%)=@.(+!-JC+!
H+$,5!'D+=!@2'L,A!?D+=!-#+!'C+,!'(+.,0!%#'=-!%+5*+,-!.55=+5.-+%!L$22!H+!=+-=$+D+&!.-!SWW!
4^!6SWW!C)2%+%!'D+=!XW!*!'@!-=.(c;!.,&!2',5!%+5*+,-!.55=+5.-+%!=+-=$+D+&!)C!-'!S!4^!
6SW0WWW!C)2%+%!'D+=!X!c* !('==+%C',&$,5!-'!:T !-$*+%!-#+!.-*'%C#+=$(!%.*C2+!=.-+A!/,!
(',-=.%-0!-'!+,%)=+!.&+B).-+!&+-+(-$',!'@!2+.&%0!'D+=!%+.!$(+!=+-)=,!C#'-',%! *.J!H+!-.c+,! .-!
-#+!*.O$*)*!=.-+!'@! SW!c4^!6+.(#!C)2%+!+D+=J!WAX*;A!!
!

/Z5( ;L"'(;H".'(K.HO@#&1'> (

?D+=!&$%-.,(+%!'@!(*!-'!.!@+L!#),&=+&!*+-+=%0!-#+!%+.!%)=@.(+!$%!=')5#+,+&!HJ!L.D+%!.,&!
'(+.,!%L+220!H)-!'D+=!&$%-.,(+%!'@!*.,J!c*0!-#+!%+.!%)=@.(+!$%!.2*'%-!@2.-A!Z+D+=-#+2+%%0!
%)=@.(+!%2'C+%!.,&!2',59L.D+2+,5-#!),&)2.-$',%!.=+!C=+%+,-0!(.)%+&!HJ!D.=$.-$',%!$,!
7.=-#h%!5=.D$-J!@$+2&!=+C=+%+,-+&!HJ!-#+!5+'$&0!'(+.,!()==+,-%0!.,&!D.=$.-$',%!$,!
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!
Figure 2. Geodetic height measured with a geodetic grad dual-
frequency GPS with PPP processing at a drifting ice camp near the 
North Pole plotted with an ad hoc model of ocean tides and longer 
variations assumed due to the geoid and DOT variations. The geoid 
variations over the 60 km drift are estimated to 60 cm, tides 10 cm 
peak to peak, and DOT only a few cm. 
!
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Trochoid wave models

wavetanks that
suggests that a ratio of
1:7 for peak height to
wavelength is the
maximum and that an
angle of 120¡ is the
minimum angle for a
peak. Above this ratio
the peaks became
unstable. The bottom
wave sketch is scaled
to that 1:7 ratio of
peak-to-trough
distance compared to
wavelength.

As waves move
toward a beach, the
shallower water
decreases the
wavespeed, so the
wavelength becomes
shorter and the peak
heights increase. The
wavepeaks become
unstable and, moving
faster than the water
below, they break
forward.

Highest ocean wavesTsunami
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MSS1: Max = 0.046, Mean = 0.021, Tot = 0.029

03-Jul-2007 07:57:00, U = 10.52 m/s, Small Array, fmax = 2.5 Hz, d = 0.2 m, k is mean wavenumber, fmax = 2.5 Hz
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1'==+(-$',%!L$22!H+!.D.$2.H2+!@'=!-#+!@'=L.=&9%(.--+=$,5!H$.%0!H.%+&!',!.D.$2.H2+!
.-*'%C#+=$(9%(.--+=$,5!&.-.!.,&!.,!+%-$*.-+!'@!-#+!.--+,).-$',!(.2()2.-+&!@='*!-#+!
.CC.=+,-!%)=@.(+!=+@2+(-.,(+A!

[Z5Z[Z[( =2'.I$H(*BI&%LA"#$H(8&##"HB$&'(.'>(BA"( 7'T"#%"(K.#&I"B"#(9))"HB( C7K93(
B$I" DT.#2$'@E(

4+$5#-%!.=+!('==+(-+&!@'=!-#+!$,D+=%+!H.='*+-+=!+@@+(-!&)+!-'!-#+!&$=+(-!.CC2$(.-$',!'@!
.-*'%C#+=$(!C=+%%)=+!-'!-#+!%+.!%)=@.(+!.,&!-#+!&J,.*$(!(#.,5+%!@'=(+&!HJ!L$,&A!/178.- 9:!
#.%!.&'C-+&!-#+!)-$2$^.-$',!'@!52'H.20!+*C$=$(.20!R9#0!Fx/8?!I?U:E0!SfYj!y!SfYj!5=$&%!-'!H+!
)%+&!.%!.!,+.=9=+.2!-$*+!/,D+=-+&!G.='*+-+=!6/G;!.,&!EJ,.*$(!F-*'%C#+=$(!1'==+(-$',!
6EF1; l 4)>>R>#!)$7!N;)>70!:WWm̀A!"#+%+!5=$&%!.=+!@'=(+&!HJ!-#+!7)='C+.,!1+,-+=!@'=!
I+&$)* 9K.,5+!d+.-#+=!V'=+(.%-$,5!671IdV;!*'&+2!@'=!-#+!%)=@.(+!C=+%%)=+!.,&!SW9*!
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L$,&!@$+2&%A!"#$%!('*H$,+&!('==+(-$',!-JC$(.22J!#.%!.*C2$-)&+!',!-#+!'=&+=!'@!zTW!(*!
l ")>8/'!#(!)*+ 0!:WSRmA!
!

[Z5Z[Z\( J$>.-(H&##"HB$&'%(CB$I"DT.#2$'@E(

4+$5#-%!.=+!('==+(-+&!@'=Q!
!8'2$&!+.=-#!-$&+%!6(&7#P#)>(: ;Q!8'2$&!+.=-#!-$&+%!.=+!&+=$D+&!)%$,5!/7K8!6:WSW;!(',D+,-$',%!
.=+!z`W!(*!*.O!6&+-.$2%!$,!F"3W`!F"GE!%+(-$',!RA`A`;!

?(+.,! 2'.&!-$&+%!6(&7#P*5)7;Q!"#+!2'(.2!&$%C2.(+*+,-!&)+!-'!'(+.,!2'.&$,5!69R!-'!W!(*;!
&+=$D+&!@='*!'(+.,!-$&+!*'&+2!U?"YAbA!E+-.$2%!$,!F"3W`!F"GE0!%+(-$',!RA`AS!!

<'2+!-$&+!6(&7#P=5*#;Q!<'2+!-$&+%!$,(2)&+!H'-#!%'2$&!+.=-#!.,&!'(+.,!C'2+!-$&+%A!"#+%+!+.(#!
.=+!('*C)-+&!D$.!/7K8!6:WSW;!(',D+,-$',%A!E+-.$2%!.=+!@'),&!$,!F"3W`!F"GE!%+(-$',%!RA`AT!
.,&!RA`AR0!=+%C+(-$D+2JA!

?(+.,!C'2+!-$&+!6(&7#P5BP=5*#;Q!?(+.,!<'2+!"$&+!93'.&$,5!&)+!-'!(+,-=$@)5.2!+@@+(-!'@!C'2.=!
*'-$',!',!-#+!'(+.,%!6:!**0!*.O ;0!%)H%)*+&!$,!<'2+!-$&+!6-$&+[C'2+;!

?(+.,!-$&+%!6(&7#P5B#)$;Q!?(+.,!"$&+%!$,(2)&$,5!&$)=,.2!.,&!%+*$9&$)=,.2!6#.=*',$(!
.,.2J%$%;0!.,&!2',5+=!C+=$'&!-$&+%!6&J,.*$(!.,&!%+2@9(',%$%-+,-!+B)$2$H=$)*;!6zY!*;.=+!
@='*!-#+!U?"YAbA!E+-.$2%!$,!F"3W`!F"GE0!%+(-$',!RA`ASA!

7B)$2$H=$)*!-$&+%!6(&7#P#S/&*&@>&/?;Q!7B)$2$H=$)*!2',59C+=$'&!-$&+!('*C)-+&!)%$,5!.!
%)H=')-$,+!.--.(#+&!-'!U?"YAb!(.22+&!3<7PI"AV!HJ!K$(#.=&!K.JA!/-!$%!.!V'=-=.,!=')-$,+!$,!
L#$(#!@$@-++,!-$&.2!%C+(-=.2!2$,+%!@='*!-#+!1.=-L=$5#-9".J2+=97&&+,!-.H2+%!.=+!%)**+&A!
68++!%+(-$',!RA`AS!'@!-#+!F"3W`!F"GEA;!

[Z5Z[Z]( N$'>(.'>(+N?(9%B$I.B"% (

8)=@.(+!L$,&%!.,&!%$5,$@$(.,-!L.D+!#+$5#-!@'=!@'=+(.%-f=+.,.2J%$%!C='&)(-%!L$22!H+!-.c+,!
@='*!.,!.CC='C=$.-+!%')=(+!%)(#!.%!-#+!71IdV!.,&!L$-#!-#+!F"3S:!C='&)(-!@'=!
('*C.=$%',!@'=!('*C.=$%',!L$-#!/178.- 9:!&+=$D.-$',%!'@!8d4!.%!C.=-!'@!-#+!%+.!%-.-+!H$.%!
(.2()2.-$',A !
!
! (
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[Z/ ( P#$>>">(+".(+1#).H"(?"$@AB((D(;L"'(;H".' (C*J:56R(:[K E(

"#$%!C='&)(-0!H.%+&!+,-$=+2J!',!<='&)(-!F"3 S: f3`F !L$-#!,'!+O-+=,.2!&+C+,&+,(+0!(',-.$,% !
5=$&&+&!*',-#2J!+%-$*.-+%!'@!%+.!%)=@.(+!@='*!.22!/89:!-=.(c%!@='*!-#+!H+5$,,$,5!-'!-#+!+,&!
'@!+.(#!*',- #A!G+2'L!RWjZ!.,&!.H'D+!R Wj80!-#+!&.-.!.=+!*.CC+&!',!-#+!()=D$2$,+.=!5=$&!'@!
-#+!"?<7if<'%+$&',!L$-#!%C.($,5!+B)$D.2+,-!-'!WA:Tj!'@!2',5$-)&+A!FH'D+!RWjZ!.,&!H+2'L!
RWj8!-#+!5=$&!data are mapped onto a planimetric grid using the SSM/I Polar Stereographic 
Projection equations at a grid spacing of about 24 km. The exact spacing of the Polar 
Stereographic grid should be adjusted to match the longitudinal spacing of the TOPEX/Poseidon 
grid at 60¡S and 60¡N, and the latitudinal spacing adjust to have an integer number of grid cells 
between 60¡N (S) and the North (South) Pole. 
!

X7A7K! P#$>(F.#.I"B"#% (

[Z/Z5Z5( +".(%1#).H"( A"$@AB("%B$I.B"(

d$-#!' ,2J!F"3S:!,++&+&!.%!$,C)-0!-#$%!&+=$D+&!C='&)(-!(',-.$,%!-#+!%-.-$%-$(.2!&+%(=$C-$',!
'@!-#+!%+.!%)=@.(+!6*+.,e!%-.,&.=&!&+D$.-$',0!%c+L,+%%0!c)=-'%$%;!L$-#$,!5=$&!(+22A!"#+%+!
L$22!H+!('*C)-+&!$,!-L'!L.J%0!)%$,5!.55=+5.-$',!'@!%+5*+,-!#$%-'5=.*%!&$%()%%+&!$,!-#$%!
%+(-$',0!.,&!.55=+5.-$',!'@!%+5*+,-!*'*+,-% !&$%()%%+&!$,!8+(-$',!`A:ASA:A!"#+!5=$&&$,5!
%(#+*+!L$22!-.c+!.%!$,C)-!@='*!F"3S:0!-#+!#$%-'5=.*%!'@!E?" !.(()*)2.-+&!$,!%+5*+,-%!
2J$,5!L$-#$,!+.(#!5=$&!(+22!-#+%+!L$22!H+!('*H$,+&!HJ!.&&$,5!-#+!C#'-',!('),-%!@='*!+.(#!
%+5*+,-!$,!+.(#!#+$5#-!H$,!'@!+.(#!%+5*+,-!$,!-#+!5=$&!(+22A!

"#+!.D+=.5+!5+'$&!#+$5#-!@='*!+.(#!%+5*+,-!L$22!.2%'!H+!.D+=.5+&0!L+$5#-+&!HJ!-#+!
,)*H+=!'@!%$5,.2!C#'-',%!$,!+.(#!%+5*+,-A!!8$*$2.=2J0!-#+!L+$5#-+&!.D+=.5+!.!C=$'=$!%+.!
%-.-+!H$.%!L$22!H+!('*C)-+&A!

"#+!@')=!*'*+,-%!'@! -#+!.55=+5.-+!#$%-'5=.*!L$22!H+!('*C)-+&!)%$,5!-#+!:9U.)%%$.,!
I.O$*)*!3$c+2$#''&!.CC='.(#A!"#+!%+.!%-.-+!H$.%!L$22!H+!%)H-=.(-+&!@='*!-#+!@$=%-!*'*+,-!
-'!J$+2&!-#+!*+.,!5=$&!(+22!E?"A!"#+!*+.,!884!(.,!H+!(.2()2.-+&!.%!-#+!*+.,!E?"!C2)%!-#+!
L+$5#-+&!.D+=.5+!5+'$&!#+$5#-A!

[Z/Z5Z/( +".(%1#).H" (%B.B$%B$H%(A$%B&@#.I(W$BA$'(@#$>(

d+!L$22!C+=@'=*!.!L+$5#-+&!.D+=.5+!'@!-#+!@$=%-!-#=')5#!@')=-#!*'*+,-%!'@!#+$5#-%!$,!-#+!
2+,5-#!%+5*+,-%!-#.-!5'!$,-'!-#+!5=$&!(+22!$,!.!5$D+,!*',-#A!!G+$,5!*$,&@)2!-#.-!+.(#!
%+5*+,-!5'$,5!$,-'!.! 5=$&!.D+=.5+!*.J!#.D+!.!&$@@+=+,-!),&+=2J$,5!&$%-=$H)-$',0!L+!L$22!
+%%+,-$.22J!('*C)-+!-#+!*'*+,-%!'@!-#+!%+5*+,-!*'*+,- %A!"#)%0!-#+!*'*+,-%!@'=!-#+!
$,&$D$&).2!%+5*+,-%!L$22!H+!L+$5#-+&!HJ!-#+!,)*H+=!'@!%)=@.(+!C#'-',%!$,!-#+$=!%+5*+,-%!
=+2.-$D+!-'!-#+!-'-.2!,)*H+=!'@!C#'-',%!5'$,5!$,-'!-#+!5=$&!(+22!.,&!-#+,!.&&+&!-'!J$+2&!
+%-$*.-+%!'@!-#+!.D+=.5+!*'*+,-%!$,!-#+!5=$&!(+22A!d#+=+!+,')5#!%+5*+,-%!.=+!$,(2)&+&!$,!
.!5=$&!(+22!6+A5A0!*'=+!-#.,!:W;0!#$%-'5=.*%!'@!-#+!*'*+,-%!5'$,5!$,-'!-#+!5=$&!(+22!(.,!H+!
$,(2)&+&!.%!')-C)-A!
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[Z/Z5Z[( N.T"(%B.B$%B$H%(W$BA$'(@#$>(

7%-$*.-+%!'@!8d40!%#'=-!L.D+!+,+=5J!.,&!88G!@='*!-#+!)!=>&5>&!+%-$*.-$',!'@!%+.!%-.-+!H$.%!
L$22!.2%'!H+!5=$&9.D+=.5+&!L$-#!.CC='C=$.-+!,'=*.2$^.-$',!@'=!-#+!,)*H+=!'@!%)=@.(+!
C#'-',%!$,!+.(#!%+5*+,-A!
!

[Z/Z5Z\( +".(%1#).H"( %"@I"'B%(C7'L1BE(

8+.!%)=@.(+!#+$5#-!$,!%)=@.(+!#+$5#-!%+5*+,-%!.%!&+%(=$H+&!.H'D+!L$-#!-#+!
-$*+f2'(.-$',fB).2$-J!'@!-#+!%+.!%)=@.(+!#+$5#-!$,!-#+!%+5*+,-A!





 ICESat-2 Algorithm Theoretical Basis Document for Ocean Surface Height (ATL12) 

!"#"$%"&''( &!

 

   46!
Release Date 01 October 2019 

 

!



 ICESat-2 Algorithm Theoretical Basis Document for Ocean Surface Height (ATL12) 

!"#"$%"&''( &!

 

   47!
Release Date 01 October 2019 

 

\Z4( *:P;,7J?S(J?9;,b (

/,!-#$%!%+(-$',0!L+!&$%()%%!-#+!@'22'L$,5!-'C$(%Q!!
1.!  Finding the collection of photon heights representing reflection from the sea surface.  
2.!  Separating the surface wave generated variation in photon heights from other sources of 

variance. 
3.! Determining SWH and higher order measures of sea state 
4.! Formulating the best sea state bias correction 

\Z5( 7'B#&>1HB$&'(

"#+!*.$,!C)=C'%+!'@!-#+!.25'=$-#*%!&+D+2'C+&!#+=+!$%!-#+!&+-+=*$,.-$',!'@!8+.!8)=@.(+!
4+$5#-!6884;A!"#+=+!.=+!-L'!*.$,!%-+C%!-'!&+-+=*$,$,5!%+.!%)=@.(+!#+$5#-!6884;!@='*!
/178.- 9:!C#'-',! #+$5#-%!6F"39W`;!'D+=!-#+!'(+.,A!"#+%+!.=+!$&+,-$@J$,5!C#'-',!#+$5#-%!-#.-!
2$c+2J!=+C=+%+,-!=+@2+(-$',!@='*!-#+!%+.!%)=@.(+0!2''%+2J!-+=*+&!%)=@.(+!@$,&$,5!68+(A!YA:;0!
.,&!&+-+=*$,$,5!-#+!('==+(-!%-.-$%-$(%!'@!-#+!%+.!%)=@.(+!#+$5#-!&$%-=$H)-$',!68+(!YA`;A!I '%-!
$*C'=-.,-2J! L+!%++c!-#+!884!+B).2!-'!-#+!*+.,!'@!-#+!#+$5#-!&$%-=$H)-$',A!G+(.)%+!'@!-#+!
*'-$',!'@!-#+!%+.!%)=@.(+0!%)=@.(+!@$,&$,5!'D+=!'C+,!L.-+=!$%!$,#+=+,-2J!.!%+.=(#!@'=!.!
&$%-=$H)-$',!'@!#+$5#-%!=+C=+%+,-.-$D+!'@!-#+!%+.!%)=@.(+A!?)=!*.$,!C='&)(-!L$22!H+!-#+!*+.,!
'@!-#$%!&$%-=$H)-$',!'D+=!-$*+0!2+,5-#!.,&!%C.(+!%(.2+%!-'!H+!&+-+=*$,+&!.%!C.=-!'@!-+%-$,5!
.,& !.,.2J%$%A!/,!.&&$-$',!'-#+=!C='C+=-$+%!'@!-#+!&$%-=$H)-$',!.=+!)%+@)2!@'=!.%%+%%$,5!-#+!
%)=@.(+!L.D+!+,D$=',*+,-!.,&!H$.%+%!$,!-#+!884!&+-+=*$,.-$',A!"#')5#!L+! @'()%!#+=+!',!
'H-.$, $,5!*+.,$,5@)2!%-.-$%-$(.2!&$%-=$H)-$',%!'@!%+.!%)=@.(+!#+$5#-%0!L+!#.D+!@'),&!$-!
C'%%$H2+!$,!-+%-%!L$-#!IFG73!&.-.!-'!(=+.-+!*+.,$,5@)2!*'D$,5!:S9C#'-',! *+., %!'@!-#+!
#+$5#-%!@='*!-#+!C#'-',%!&+%$5,.-+&!%$5,.2!C#'-',%!HJ!-#+!%)=@.(+!@$,&$,5!=')-$,+ %A!"#$%!
5$D+%!.!=+2.-$D+2J!#$5#9=+%'2)-$',!-$*+9!6'=!%C.(+9;!%+=$+%!-=.(+!'@!-#+!%+.!%)=@.(+!$,!@.$=!
.5=++*+,-!L$-#!-#+!.,.2J%$%!)%$,5!-#+!#$5#9=+%'2)-$',!%+.!$(+!.,.2J%$%A!"#$%!*.J!H+!)%+&!$,!
+OC+=$*+,-.2!.,.2J%+%!@'=!%)=@.(+!L.D+%A!V$5)=+!SS!%#'L%!-#+!H2'(c!&$.5=.*!@'=!-#+!F"3S:!
C='(+%%$,5!-'!5'!@='*!F"3W`!C#'-',!&.-.!-'!.2',5 9-=.(c!#$%-'5=.*%!.,&!%-.-$%-$(%!'@!
&J,.*$(!'(+.,!-'C'5=.C#JA! V$5)=+!S!̀$22)%-=.-+%!-#+!5=$&&$,5!C='(+&)=+!-'!5'!@='*!F"3S:!
C='&)(-%!-'!F"3S\!5=$&&+&!E?"!.,&!884A!

\Z/ ( *J:5/M( Y$'>$' @(BA"(%1#).H"D#")-"HB">(LA&B&'(A"$@AB%($'(BA"(LA&B&'(H-&1>(

8)=@.(+!@$,&$,5!'D+=!-#+!'C+,!'(+.,!=+%-%!',!')=!2$*$-+&!+OC+=$+,(+!L$-#!IFG73!&.-.!'D+=!
'C+,!L.-+=A!d $-#!@+L!%)=@.(+!=+-)=,%!C+=!C)2%+!.,&!%$5,$@$(.,-!L.D+!#+$5#-%!*)(#!2+%%!
-#.,! -#+!=.,5+!'@!%.*C2+%0!-#+!*.>'=$-J!'@!-#+!'@!-#+!H$,%!L$22!(',-.$,!',2J!,'$%+!C#'-',%!%'!
-#.-!-#+!*+&$.,!L$22!+B).2!-#+!,)*H+=!'@!,'$%+!C#'-',%!C+=!H$,A!"#)%!-#+!@),&.*+,-.2! $&+.!
@'=!%)=@.(+!@$,&$,5!$%!-'!$&+,-$@J!.%!%)=@.(+!#+$5#-!H$,%0!-#'%+!H$,%!L$-#!('),-%!+O(++&$,5!-#+!
*+&$.,!,)*H+=!'@!('),-%A !/,!+O-=+*+!(.%+%!L#+=+!/178.-9:!+,('),-+=%!%$5,$@$(.,-!L.D+!
#+$5#-%!.CC='.(#$,5!-#+!`W9*!&'L,2$,c!=.,5+!'@!H$,%0!L+!*.J!#.D+!-'!.&'C-!.!%2$5#-2J!
&$@@+=+,-!-#=+%#'2&!%)(#!.%!-#+!('),-!D.2)+!+B).2!-'!'=!+O(++&$,5!:W{!'@!-#+!H$,!
C'C)2.-$',A!
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! !

!
!
V$5)=+!SSA!F"3!S:!C='(+%%$,5!H2'(c!&$.5=.*!.%!&$%()%%+&!$,!8+(-$',!`!.,&!YA!µ0!! 0!
&0!.,&!' !&+,'-+!*+.,0!%-.,&.=&!&+D$.-$',0!%c+L,+%%0!.,&!c)=-'%$%!=+%C+(-$D+2JA!
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!

d+!.,-$($C.-+!.!2.=5+!,)*H+=!'@!%)=@.(+!=+@2+(-+&!C#'-',%!*.J!H+!,++&+&!-'!.&+B).-+2J!
=+%'2D+!-#+!#$5#+=!*'*+,-%!'@!-#+!%+.!%)=@.(+!#+$5#-!&$%-=$H)-$',A!F2%'0!@$,+!%C.-$.2!
=+%'2)-$',!$%!C='H.H2J!,'-!=+B)$=+&!$,!*'%-!'C+,!'(+.,!%+--$,5%A!"#+=+@'=+0!L+!L$22!)%+!.!
%+*$9.&.C-$D+!%(#+*+!-'!.(()*)2.-+!%+5*+,-%!2',5!+,')5#!-'!(.C-)=+!)C!-'!SW0WWW!
(.,&$&.-+!%)=@.(+!C#'-',%A!"#$%!L$22!$,D'2D+!.!('.=%+!*+&$., 9H.%+&!%+2+(-$',!.,&!%+5*+,-9
2+,5-#!%+--$,5!C='(+%%!6YA:ASA:;A!"#$%!L$22!H+!@'22'L+&!HJ!.!@$,+=!%(.2+!#$%-'5=.*!
(',%-=)(-$',!-#.-!$,(2)&+%!*+&$., 9H.%+&!%+2+(-$',!'@!%)=@.(+!C#'-',%0!.!&+-=+,&$,5!
C='(+%%0!.,&!=+C+.-!%+2+(-$',!6YA:ASA`;!!

W7A7K! +"-"HB$&'(&)(+$@'.-(FA&B&'(?"$@AB%(

\Z/Z5Z5( 7'L1B(B&(+"-"HB$&'(&)(FA&B&'%M(

F"3S:!L$22!=+B)$=+!F"3W`!C#'-',! #+$5#-%!@'=!+.(#!C)2%+!$,!-#+!'( +.,!z!ST 9*!&'L,2$,c!
H.,&!.,&!.%%'($.-+&!-$*+!5+'2'(.-$', 0!5+'C#J%$(.2!('==+(-$',%!65+'$&0!-$&+%0!&J,.*$(!
.-*'%C#+=$(!('==+(-$',;0!.,&!(',@$&+,(+!2+D+2!$,@'=*.-$',0!C2)%!-#+!(2')&!@2.52&#$."+/0#$10!
+D+=J!YWW!C)2%+%!@='*!F"3W\A!G.%+&!',!+.=2J!&$%()%%$',%0!-#$%!F"GE!.,&!-#+!
&+D+2'C*+,-.2!%'@-L.=+!&+D+2'C+&!@='*!$-!.%%)*+&!-#.-!/178.-9:!'D+=!-#+!'(+.,!L')2&!
&'L,2$,c!C#'-',!#+$5#-%!L$-#$,!zST!*!'@!-#+!7UI:WWb!5+'$&A!F2%'!.%$&+!@='*!-#+!z!ST9*!
H.,&!.H')-!-#+!5+'$&0!,'!(2.%%$@$(.-$',!.%!-'!%)=@.(+f,', 9%)=@.(+!C#'-',%!$%!*.&+!@'=!-#+!
F"3W`!'(+.,!=+%)2-%A!F%!(',@$5)=+&!$,!E+(+*H+=!:WSb0!-#+!V2$5#-!8($+,(+!K+(+$D+=!
F25'=$-#*%!6V8KF;!&'L,2$,c%!C#'-',!#+$5#-%!$,!zST9*!H.,&!.H')-!#+$5#-%!(#'%+,!HJ!
%$5,.2!@$,&$,5!C='(+&)=+!&+%(=$H+&!$,!-+O-!$,!MF"3F8!V2$5#-!8($+,(+!K+(+$D+=!F25'=$-#*%!
x+=%$',!`AX(NA!!"#$%!$&+,-$@$+%!(+,-+=!#+$5#-%!'D+=!:WW9%#'-!*.>'=!@=.*+%!.%!-#'%+!L#+=+!
-#+!*'%-!C#'-',!#+$5#-%!=+2.-$D+!-'!,'$%+!.=+!@'),&!$,!.&>.(+,-!H$,%!'@!.!('.=%+!.2-$*+-=J!
H.,& A!d#+,!'C+=.-$,5!$,!2'(.2!&. J2$5#-!.,&!$,!-#+!C=+%+,(+!'@!+D+,!-#$,!(2')&%0!.,&!C+=#.C%!
'D+=!C.=-%!'@!-#+!'(+.,!L$-#!=+&)(+&!=+@2+(-.,(+0!@'=!+O.*C2+!L.D+!%2'C+%0!-#+!*'%-!
C'C)2.=!#+$5#-!H$,!(.,!%#$@-!-'!(#.,(+!(',(+,-=.-$',%!'@!,'$%+!C#'-',%!)C!-'!:WW!-'!`WW!*!
.H'D+!'=!H+2'L !-#+!5+'$&A!

"#+!=+%)2-$,5!`W9*! +==',+')%!&'L,2$,c!H.,&% !'@!C#'-',!#+$5#-%!.CC+.=!$,!:WW9
C)2%+!*.>'=!@=.*+%!.,&!',+!'=!-L'!#+$5#-!H.,&%!%)CC'%+&2J!H=.(c+-+&!HJ!#+$5#-%!-'CC$,5!
.-!6)%$,5!-#+!+O.*C2+!'@!5='),&!-=.(c!:!=$5#-;!5-:=fH(c5=&[.-2.%f-2*[-'C[H.,&S!.,&!
5-:=fH(c5=&[.-2.%f-2*[-'C[H.,&:0!L$-#!#+$5#-%!5$D+,!.%!
5-:=fH(c5=&[.-2.%f-2*[#+$5#-[H.,&S!.,&!5-:=fH(c5=&[.-2.%f-2*[#+$5#-[H.,&:A!!

"#+!*'%-! (',(+=,$,5!C='H2+*!$%!-#.-!L#+,!-#+!&'L,2$,c!H.,& !$%!C)22+&!.L.J!@='*!
-#+!-=)+!%)=@.(+!L+!(.,!.=5).H2J!2'%+!-=)+!%)=@.(+!=+@2+(-+&!C#'-',%0!H$.%$,5!%+.!%)=@.(+!
#+$5#-%!$,!%'*+!),c,'L,!&$=+(-$',!.,&!D$'2.-$,5!-#+!.%%)*C-$',%!'@!-#+!F"3S:!%+.!%-.-+!
H$.%!&+-+=*$,.-$',A!s,2+%%!-#+!V8KF!$%!(#.,5+&!-'!%$*C2J!&'L,2$,c!.22!C#'-',!#+$5#-%!
L$-#$,!zST!*!'@!-#+!5+'$&!L#+,!'D+=!-#+!'(+.,0!-#+!C#'-',%!@='*!*.>'=!@=.*+%!@'=!L#$(#!
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-#+!(+,-+=!'@!-#+!&'L,2$,c!H.,&!$%!*'=+!-#.,!:!'=!` 9*!@='*!-#+!-=)+!%+.!%)=@.(+!%#')2&!H+!
+2$*$,.-+&!@='*!F"3W`A!

d+ !L$22!)%+!#+$5#-%!=+@+=+,(+&!-'!-#+!7UI:WWb!5+'$&!.,&!('==+(-+&!@'=!'(+.,!
-$&+%0!.,&!&J,.*$(!.-*'%C# +=$(!('==+(-$',!C='D$&+&!$,!F"3WÀ!

d+!L$22!)%+!-#+!%$5,.2!(',@$&+,(+!C='&)(-!$,!F"3W`!-'!+&$-!')-!-#+!+==',+')%!
&'L,2$,c!H.,&%A!"#$%!5=.&+%!+.(#!C#'-',!#+$5#-!=+-)=,!.%!-'!2$c+2$#''&!-#.-!$-!$%!.!%)=@.(+!
=+-)=,!HJ!+O.*$,$,5!#+$5#-!H$,%!.-!TW9C)2%+!=.-+!@'=!%$5,.2!-'!,'$%+!=.-$'!$,!-#+!(',-+O-!'@!
,'$%+!2+D+2A!7.=2J!/178.-9:!'(+.,!&.-.!%)55+%-%!-#.-!C#'-',!#+$5#-%!L$-#!#$5#0!*+&$)*0!.,&!
2'L!6Y0!`0!:;!(',@$&+,(+!2+D+2%!D+=J!%+2&'*!.CC+.=!$,!-#+!+==',+')%!&'L,2$,c!H.,&%A!
V)=-#+=0!-#+!(',@$&+,(+!2+D+2!%'@-L.=+!.%%$5,%!.!@$229$,!(',@$&+,(+!2+D+2!'@!S!-'!L#.-!L')2&!
H+!^+='!(',@$&+,(+!#+$5#-%!$,!'=&+=!-'!@$22!.!zSW9*!6-'!H+!(#.,5+&!-'!zST 9*;!H$,!.H')-!-#+!
#$5#!(',@$&+,(+!#+$5#-%A!"#+=+@'=+0!$,!C=.(-$(+!(',@$&+,(+!2+D+2!S!'=!+%%+,-$.22J!('D+=%!-#+!
5+'$&!zST9*!H.,&!., &!(.,!H+!)%+&!-'!+&$-!')-!-#+!+==',+')%!&'L,2$,c!H.,&%A!

G+(.)%+!L+!.=+!)%$,5!-#$%!5='),&9H.%+&!+&$-$,50!$,!-#+!@)-)=+!L+!L$22!#.D+!-'!
$,D+%-$5.-+!-#+!+@@+(-!',!-#+!%+.!%)=@.(+!#+$5#-!.,&!88G!(.2()2.-$',!'@!*$%%$,5!-=)+!%)=@.(+!
C#'-',%!,'-!&'L,2$,c+&!$,!-#+ !C=+%+,(+!'@!+==',+')%!&'L,2$,c!H.,&%0!C='H.H2J!HJ!
('*C.=$,5!&.J-$*+!.,&!,$5#--$*+!&.-.!'D+=!-#+!%.*+!=+5$',A! !
!!

\Z/Z5Z/( 8&.#%"(+"-"HB$&'(.'>( +"BB$'@(&)(+"@I"'B (:"'@BA (

"#+!C='(+%%!$%!H.%$(.22J!-'!@$=%-!+%-.H2$%#!.!D.=$.H2+!2+,5-#!6+A5A0!)C!-'!X!c*;!'(+.,!%+5*+,-!
L$-#!+,')5#!6+A5A;!C#'-',!#+$5#-%!-'!J$+2&!.!#$%-'5=.*!L$-#!=+.%',.H2+!*'*+,-%!)C!-'!Y-#!
'=&+=A!

SA! 7O.*$,+!'(+.,!&+C-#!.,&!(2')&!C.=.*+-+=%!.5.$,%-!(',-='2!C.=.*+-+=%!-'!-+%-!@'=!
%)$-.H$2$-J!@'=!'(+.,!C='(+%%$,5A!
9!Ignore data collected over land or too close to land. If ocean depth, depth_ocn, is less 
than a depth, depth_shore, specifying the effective shoreline of water for which ocean 
processing is appropriate,!-#+,!C='(++&!-'!,+O-!SY!5+'9H$,!6YWW9C)2%+;!%+5*+,-A The 
default value for control parameter depth_shore will be 10 m.!
9!8$*$2.=2J0!$@!(',-='2!C.=.*+-+= !layer_swtch!$%!+B).2!-'!S!.,&!*);#>P.*)O!is equal to 1,!
-#+,!C='(++&!-'!,+O-!SY!5+'9H$,!6YWW9C)2%+;!%+5*+,-A When layer_swtch equals the 
default value, 0, the software will ignore the cloud cover in accepting data during coarse 
surface finding. 

:A! 1'==+(-!@'=!C#'-',!#+$5#-%!@'=!%#'=-!C+=$'&!.,&!2',5!C+=$'&!'(+.,!-$&+%!
6O(66TO#5=:;'PB5>>T(&7#P5B#)$!)$7!(&7#P#S/&*&@>&/?;0!-#+!$,D+=%+!H.='*+-+=!+@@+(-!
.,&!-#+!*'&+2+&!&J,.*$(!=+%C', %+!-'!-#+!.-*'%C#+=+!6&J,.*$(!.-*'%C#+=$(!
('==+(-$', 0!O(66TO#5=:;'PB5>>T7)B;0!

`A! 8+2+(-!',2J!C#'-',!#+$5#-%!@'=!L#$(#!-#+!%$5,.2!(',@$&+,(+!6O(66T'&O$)*PB5$.P=:;!$%!
5=+.-+=!-#.,!'=!+B).2!-'!SA!"#$%!L$22!%+2+(-!C#'-',%!$,!-#+!2$c+2J!%)=@.(+!z!ST9*!H)@@+=!
L$,&' LA!F2%'!&+2+-+!.,J!C#'-',!#+$5#-%!')-%$&+!-#+!H.,&!&+@$,+&!HJ!5+'$&!C2)%!'=!
*$,)%!#.2@!-#+!#+$5#-!'@!-#+!'(+.,!&'L,2$,c!L$,&'L!6C=+%+,-2J!5+'$&!zST9*0!-'!
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H+('*+!5+'$&!z!:W 9*; A!6E8&0/*&/*-./0&":&0/*&#"F2,-2G&3$2#&%*("%0*#&-2&>HDIJ&
(*%/$(8&$0&0/*&.*"8*.&%$0*&$2#&-:&8"4&F/$0&-8&0/*&A$%-$3,*&2$9*K&H/*&/*-./0&-8&
,-80*#&$0&0/*&9$L"%&:%$9*&%$0*M&;B0&-0&F"B,#&3*&/$2#-*%&-:&-0&F$8&$0&0/*&.*"8*.&
%$0*; !

YA! 8)H-=.(-!-#+!7UI:WWb!5+'$&!@='*!C#'-',!#+$5#-%!-'!=+@+=+,(+!.22!#+$5#-%!-'!-#+!
5+'$&A!Z'-+!-#.-!7UI:WWb!$,(2)&+%!.!('==+(-$',!@'=!-#+!C+=*.,+,-!'=!*+.,!-$&+ A!

TA! 7%-.H2$%#!.,!$,$-$.2!('.=%+!#$%-'5=.*!.==.J0!EB0!%C.,,$,5!z!ST!*!L$-#!H$,!%$^+!K2!
6"GE0!+A5A0!WAWS!*; !.,&!.!&.-.!.==.J0 !GB5)>'#0!@'=!)C!-'!SW0WWW!C#'-',!#+$5#-%!.,&!
.%%'($.-+&!$,@'=*.-$',!6$,&+O0!5+'2'(.-$',0!-$*+;!C2)%!,'$%+!C#'-',!('),-%A!"#$%!L$22!
H+!C'C)2.-+&!L$-#!&.-.!@'=!-#+!('.=%+!%+2+(-$',!'@!%$5,.2!C#'-',%A!

6.! F55=+5.-+ photon heights over 14 geo-bins (400-pulses) and construct a temporary 14 
geo-bin (400-pulse) height histogram spanning ± 15 m with bin size B1 (e.g., 0.01 m). 
This is used to estimate a running total number of signal and noise photons. We suggest a 
bin size of 0.01 for consistency with later steps in the processing. The 14 geo-bin (400-
pulse) segment should be aligned so that the once per 14 geo-bin (400-pulse, 
approximately 280 m along track distance) cloudiness flag, layer_flag in ATL09, 
represents the aggregate effect of cloudiness and background radiation derived from solar 
zenith, cloud_flag_ASR ,cloud_flag_atm, and bsnow_con, during the 280-m segment.  

XA! <#'-',%!$,! -#+!SY!5+'9H$,!6YWW9C)2%+;!#$%-'5=.*!H$,%!L$-#!5=+.-+=!-#.,!-#+!U:PIB[( !
-$*+%!-#+!*+&$.,!,)*H+=!'@!C#'-',% 0!I ?#7&)$0!.=+!(.,&$&.-+!%$5,.2!C#'-',%!.,&!
C#'-',%!$,!-#+!H$,%!L$-#!-#+!*+&$.,!,)*H+=!'@!%.*C2+%!'=!2+%%!.=+!(',%$&+=+&!,'$%+!
C#'-',%A!d +!#.D+!H++,!)%$,5!U:PIBPB!!n!S!$,!')=!-+%-%!L$-#!+.=2J!/178.-9:!&.-. A!Z'-+!
-#.-!L$-#!@+L!%)=@.(+!=+-)=,%!C+=!C)2%+!.,&!%$5,$@$(.,-!L.D+!#+$5#-%!*)(#!2+%%!-#.,!
`W!*0!-#+!*.>'=$-J!'@!-#+!'@!-#+!H$,%!L$22!(',-.$,!',2J!,'$%+!C#'-',%!%'!-#.-!-#+!
*+&$.,!L$22!+B).2!-#+!,)*H+=!'@!,'$%+!C#'-',%!C+=!H$,A!/,!+O-=+*+!(.%+%!L#+=+!
/178.- 9:!+,('),-+=%!%$5,$@$(.,-!L.D+!#+$5#-%!.CC='.(#$,5!`W!*0!L+!*.J!#.D+!-'!
.&'C-!.!%2$5#-2J!&$@@+=+,-!-#=+%#'2&!%)(#!.%!-#+!('),-!D.2)+!+B).2!-'!'=!+O(++&$,5!
:W{!'@!-#+!H$,!C'C)2.-$',A!

bA! F&&!-#+!%$5,.2!.,&!,'$%+!C#'-',%!@='*!-#$%!SY!5+'9H$,!6YWW9C)2%+;!%+5*+,-!-'!-#+ !
=),,$,5!-'-.2!'@!(.,&$&.-+!%$5,.2!C#'-',% !.,&!,'$%+!C#'-',% 0!.,&!.&&!.22!-#+!C#'-',%!
-'!-#+!('.=%+!#$%-'5=.*0!EBA!

\A! /@!-#+!-'-.2!,)*H+=!'@!(.,&$&.-+!%$5,.2!C#'-',%!$%!5=+.-+=!-#.,!'=!+B).2!-' !.!
*$,$*)*!,)*H+= 0!U:PD'!6+A5A0!b0WWW;0!'@!C#'-',%!'=!0#O?)6!6+A5A0!:T;! SY!5+'9H$,!6YWW9
C)2%+;!%+5*+,-%!#.D+!H++,!('22+(-+&!-#$%!&+@$,+%!.,!'(+.,!%+5*+,-0!!.,&!L+!5'!',!-'!
V$,+!8+2+(-$',!68+(!YA:ASA`;!L$-#!-#+!C'C)2.-+&!('.=%+!#$%-'5=.*0!EB0!z!ST!*!L$-#!H$,!
%$^+!K2!6"GE0!+A5A0!WAWS!*; 0!.,&!-#+!&.-.!.==.J0 !GB5)>'#A!/@!-#+!-'-.2!,)*H+=!'@!%$5,.2!
C#'-',%!$%!2+%%!-#.,!U:PD'!0!=+C+.-!%-+C%!YA:ASA:9: !-'!YA:ASA:9T!.H'D+!.,&!$,-.c+!
.,'-#+=! SY!5+'9H$,!6YWW9C)2%+;!%+5*+,-!),-$2!-#+!'(+.,!%+5*+,-!=+.(#+%!.!2+,5-#!'@!
X!c*!*.O$*)* A!/@!-#+!X9c*!2+,5-#!$%!=+.(#+&!.,&!-#+=+!.=+!2+%%!-#.,!.!-#=+%#'2&!
,)*H+=!'@!C#'-',%!6+A5A!=:5(5$P?&$!n!YWWW;0!$5,'=+!-#.-!'(+.,!%+5*+,-!.,&!=+C+.-!
YA:ASA:9:!-'!YA:ASA:9RA!V'=!C#'-',!('),-%!. H'D+!-#$%!$,!-#+!X9c*!%+5*+,-0!C='(++&!-'!
YA:ASA`!.,&!@$,+!#$%-'5=.*!H.%+&!%$5,.2!@$,&$,5A!
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\Z/Z5Z[( Y$'"(?$%B&@#.I(+"-"HB$&'(

SA! 1',%$&+=$,5!-#+!('.=%+!#$%-'5=.*!.==.J0!EB0!C+=@'=*!.! I @?V!n!!:W9(*fGS!H$,!6+A5A0!:S!
H$,%!'D+=!:W9(*; !*'D$,5!H$,! .=$-#*+-$(!.D+=.5+!$,(=+*+,-+&!HJ!S!H$,A!<.&!-#+!+,&%!
'@!-#+!%*''-#+&!#$%-'5=.*!L$-#!I @?Vf:!H$,%!6+B).2!-#+!%*''-#+&!@$=%-!.,&!2.%-!
D.2)+%;!-'!*.-(#!-#+!2+,5-#!'@!-#+!'=$5$,.2!#$%-'5=.*A!

:A! The ASAS 5.1 finds the bin limits of the fine histogram as all the coarse histogram bins 
on either side of the maximum in the 20-cm smoothed histogram, from the Jlow bin 
position to the Jhigh bin, where the smoothed histogram bin photon count is greater than the 
median of the smoothed histogram photon count. In practice with preliminary ATLAS 
data the median has usually been zero. Essentially, we have moved out from the middle 
of the histogram until the histogram levels fall to zero. !

As of 6/4/2019, the developmental code finds preliminary the bin limits of the 
fine histogram as all the coarse histogram bins on either side of the maximum in the 20-
cm smoothed histogram, from the preliminary Jlow bin position to the preliminary Jhigh bin, 
where the coarse bin photon count is greater than the coarse histogram median.  Then the 
average counts in the bins above the preliminary Jhigh are calculated and set equal to 
tailnoisehigh and the average counts in the bins below the preliminary Jlow are calculated 
and set equal to tailnoiselow. Then we find the bin limits of the fine histogram as all the 
coarse histogram bins on either side of the maximum in the 20-cm smoothed histogram, 
from the final Jlow bin position to the final Jhigh bin, where the final Jlow bin position is that 
below which the smoothed 
histogram bin photon count is 
less than Th_Nc_f times 
tailnoiselow, and the final Jhigh 

bin position is that above 
which the smoothed histogram 
bin photon count is less than 
Th_Nc_f times tailnoisehigh. 
This procedure is better able 
to differentially remove 
subsurface noise returns and 
above surface returns. 
Th_Nc_f is TBD, but we have 
used Th_Nc_f = 1.5 in practice 
with Release 001 ATLAS data 
and this has resulted in greatly 
improved rejection of 
subsurface returnsA!

`A! 1',%$&+=!-#+!-$*+!%+=$+%!'@!
.22!-#+!#+$5#-%!%-'=+&!$,!
GB5)>'#!-#.-!2$+!H+-L++,!

!
V$5)=+!S:A!/22)%-=.-$D+!('.=%+0!%*''-#+&0!.,&!@$,+!
#$%-'5=.*%!@='*!%-+C%!S!.,&!:!'@!YA:ASA`!.%!.CC2$+&!
-'!SW!*$,)-+%!'@!FC=$2!:WS:!IFG73!&.-.!'D+=!
1#+%.C+.c+!G.JA!"#+!('==+%C',&$,5!@$5)=+!@'=!
&+-=+,&+&!&.-.!$,!-#+!%+(',&!$-+=.-$',!6%-+C%!Y9R;!
.=+!%$*$2.=A!
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#+$5#-%!('==+%C',&$,5!-#+!W*5X!.,&!-#+ !W:&O:!H$,!C'%$-$',%A!"#$%!.==.J!'@!#+$5#-%!.,&!
-$*+%!=+C=+%+,-%!-#+!@$=%-!$-+=.-$',!',!%)=@.(+!#+$5#-!%-.-$%-$(%0!H)-!-#+!#$5#+=!
*'*+,-%!.=+!+2+D.-+&!HJ!D.=$.-$',%!'@!-#+!*+.,!L$-#!-$*+!6'=!&$%-.,(+;A!"#+=+@'=+0!
(.2()2.-+!-#+!2+.%-!%B).=+%!2$,+.=!@$-!-'!-#+%+!D+=%)%!-$*+!6'=!&$%-.,(+;A!8-'=+!-#+!
(',%-.,-!.,&!@$=%-!'=&+=!('+@@$($+,-%0!D3!.,&! D20!'@!-#+!2$,+.=!@$-!)%+&!@'=!&+-=+,&$,5&
$8&"B0(B0&A$%-$3,*8&:"%&0/*&8*.9*20&.,&!%)H-=.(-!-#+*!@='*!-#+!&.-.!'@!GB5)>'#!-'!
J$+2&!.==.J!G.&$#!'@!&+-=+,&+&!C#'-',!#+$5#-%!.,&!.%%'($.-+&!5+'2'(.-$',!&.-.A!!

YA! V='*!-#+! #+$5#-%!'@!G.&$#0!(=+.-+!-#+!&+-=+,&+&!('.=%+!#$%-'5=.*0!E70!z!ST!*!L$-#!H$,!
%$^+!K2!6"GE0!+A5A0!WAWS!*; A!"#+,!=+C+.-!%-+C%S!.,&!: !%)H%-$-)-$,5!E7!@'=!EB!Q!

TA! 1',%$&+=$,5!-#+!&+-=+,&+&!('.=%+!#$%-'5=.*!.==.J0!E70!C+=@'=*!.!I @?V!n!:W9(* fGS!
H$,!6+A5A0!: S!H$,%;!*'D$,5!H$,!.=$-#*+-$(!.D+=.5+!$,(=+*+,-+&!HJ!S!H$,A!<.&!-#+!+,&%!
'@!-#+!%*''-#+&!#$%-'5=.*!L$-#!I @?Vf:!H$,%!6+B).2!-#+!%*''-#+&!@$=%-!.,&!2.%-!
D.2)+%;!-'!*.-(#!-#+!2+,5-#!'@!-#+!'=$5$,.2!#$%-'5=.*A!

RA! "#+!F8F8!TAS!@inds the bin limits of the fine histogram as all the coarse histogram bins on 
either side of the maximum in the 20-cm smoothed histogram, from the Jlow bin position to 
the Jhigh bin, where the smoothed histogram bin photon count is greater than the median of 
the smoothed histogram photon count. In practice with preliminary ATLAS data the 
median has usually been zero. Essentially, we have moved out from the middle of the 
histogram until the histogram levels fall to zero.!

As of 6/4/2019, the developmental code finds preliminary the bin limits of the 
fine histogram as all the coarse histogram bins on either side of the maximum in the 20-
cm smoothed histogram, from the preliminary Jlow bin position to the preliminary Jhigh bin, 
where the coarse bin photon count is greater than the coarse histogram median.  Then the 
average counts in the bins above the preliminary Jhigh are calculated and set equal to 
tailnoisehigh and the average counts in the bins below the preliminary Jlow are calculated 
and set equal to tailnoiselow. Then we find the bin limits of the fine histogram as all the 
coarse histogram bins on either side of the maximum in the 20-cm smoothed histogram, 
from the final  Jlow bin position to the final Jhigh bin, where the final Jlow bin position is that 
below which the smoothed histogram bin photon count is less than Th_Nc_f times 
tailnoiselow, and the final Jhigh bin position is that above which the smoothed histogram bin 
photon count is less than Th_Nc_f times tailnoisehigh. This procedure is better able to 
differentially remove subsurface noise returns and above surface returns. We have used 
Th_Nc_f = 1.5 in practice with Release 001 ATLAS data and this has resulted in greatly 
improved rejection of subsurface returnsA!

XA! "#+!=+%)2-$,5!E, !$%!-#+!@$,+!#$%-'5=.*!'@!=+(+$D+&!%)=@.(+!#+$5#-%!-'!H+!)%+&!$,!
@)=-#+=!.,.2J%$%A!" #+!-$*+!%+=$+%!'@!.22!-#+!#+$5#-%!%-'=+&!$,!G.&$#!-#.-!2$+!H+-L++,!
#+$5#-%!('==+%C',&$,5!-#+!%+(',&!$-+=.-$',!W*5X!.,&!-#+ !W:&O:!H$,!C'%$-$',%!L$22!H+!
%.D+&!@'=!L.D+!.,&!%+.!%-.-+!H$.%!!.,.2J%$%!68+(-$',!YA:A:;A!!

W7A7A! *(F#$&#$(+".(+B.B"(K$.%(9%B$I.B$&'(.'>( +$@'$)$H.'B(N.T"(?"$@AB(

F%!.!%$&+!(.2()2.-$',0!L+!L$22!)%+!-#+!%C.-$.2!=+('=&!'@!%$5,.2!C#'-',!#+$5#-%!&+=$D+&!
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&+-+(-+&!C'$,-%!*)%-!H+!.&&+&!H.(c!-'!-#+!%)=@.(+!#+$5#-%!-'!$,(2)&+!.22!88G!$,!-#+!=+('=&A!!
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#$5#!%C.-$.2!=+%'2)-$',!'@!/178.-9: !L$22!.22'L!)%!-'!*+.%)=+!-#+!D.=$.-$',!$,!%)=@.(+!#+$5#-!
'D+=!-#+!2.=5+!+,+=5J!(',-.$,$,5!%)=@.(+!L.D+%!-#.-!2+.&!-'!%+.!%-.-+!H$.%A!d+!L$22!.2%'!
c,'L!-#+!C#'-',!=+-)=,!=.-+!.2',5!-#+!L.D+%A!?D+=! -#+!'(+.,!%+5*+,-%!6+B)$D.2+,-!-'!
b0WWW!(.,&$&.-+!%$5,.2!C#'-',%!'=!X!c*!L#$(#+D+=!$%!2+%%;0!L+!L$22!&+-+=*$,+!%)=@.(+!
#+$5#-!D.=$.-$',!.,&!C#'-',!=+-)=,!=.-+!$,!SW| *!.2',5 9-=.(c!H$,%A!"'!(.2()2.-+!-#+!C#'-',!
=+-)=,!=.-+!C+=!*+-+=!$-!L$22!H+!,+(+%%.=J!-'!%'=-!-#+!C#'-',!#+$5#-!=+('=&!$,!.%(+,&$,5!
'=&+=!'@!.2',59-=.(c!&$%-.,(+A!V='*!-#+!#+$5#-!.,&!C#'-',!=.-+!=+('=&%!L+!L$22!('*C)-+!
-#+!('D.=$.,(+!'@!%)=@.(+!#+$5#-!.,&!C#'-',!=+-)=,!=.-+A!1'*H$,+&!L$-#!-#+!.D+=.5+!C#'-',!
=+-)=,!=.-+0!-#+!('D.=$.,(+!'@!#+$5#-!.,&!=+-)=,!=.-+!$%!-#+!%+.!%-.-+!H$.%!.(('=&$,5!-'!
+B).-$',! 6SS;A!d+!(.,!.CC='O$*.-+!-#+!%$5,$@$(.,-!L.D+!#+$5#-!68d4;!.%!@')=!-$*+%!-#+!
%-.,&.=&!&+D$.-$',!'@!-#+!H$,9.D+=.5+&!#+$5#-%A!!

\Z[ ( *J:5/M( 8&##"HB$&'(.'>(7'B"#L#"B.B$&'(&)(BA"(+1#).H"(?"$@AB(=$%B#$Q1B$&'((

"#+=+!.=+!-L'!*.$,!$%%)+%!$,!&+=$D$,5!%)=@.(+!%-.-$%-$(%!@='*!-#+!.CC.=+,-!#+$5#-%!'@!
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#$%-'5=.*0!E, 0!'@!8+(-$',!YA:A!"#+%+!.=+!('==+(-$,5!-#+!#+$5#-%!@'=!-#+!$,%-=)*+,-!$*C)2%+!
=+%C',%+!.,&!&+=$D$,5!#$5#+=!'=&+=!*'*+,-%!'@!-#+!('==+(-+&!%)=@.(+!#+$5#-!&$%-=$H)-$',A!!

W7X7K! +"L.#.B$'@(BA"(<'H"#B.$'B2(>1"(B&(7'%B#1I"'B($IL1-%"(#"%L&'%" ((

"#+!=+(+$D+&!#+$5#-%!'@!%)=@.(+!=+@2+(-+&!C#'-',%!.=+!-#+!%)*!'@!.!-=)+!#+$5#-!'@!-#+!%)=@.(+!
C2)%!.,!),(+=-.$,-J!&)+!-'! -#+!$,%-=)*+,-!$*C)2%+!=+%C',%+A!"#+!2.--+=!$%!-#+!-'-.2!'@!.22!
$,%-=)*+,-!),(+=-.$,-J0!H)-!$-!$%!&'*$,.-+&!HJ!),(+=-.$,-J!$,!-#+!-$*+!-#+!$,&$D$&).2!
C#'-',%!.=+ !-=.,%*$--+&A!"#+!F"3F8! ),(+=-.$,-J!$,! #+$5#-!&)+!-'! $,%-=)*+,-!$*C)2%+!
=+%C',%+!L$22!#.D+!.!%-.,&.=&!&+D$.-$',!'@!ST9::!(*A!G+(.)%+!-#+!$,%-=)*+,-!$*C)2%+!
=+%C',%+!),(+=-.$,-J!.,&!-#+!-=)+! #+$5#-!D.=$.-$',!.=+!.&&$-$D+0!-#+!=+(+$D+&!%)=@.(+!
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#+$5#-!+=='=!&$%-=$H)-$',0!EU0!.,&!- #+!-=)+!#+$5#-!&$%-=$H)-$',0!EY!Q!

! E, !n!EU!}!EY! 6S:;!

L#+=+!}!&+,'-+%!(',D'2)-$',A!1',%+B)+,-2J0!$@!L+!L.,-!-'!c,'L!-#+!%-.-$%-$(%!'@!-#+!%)=@.(+!
@='*!/178.-9:!=+-)=,%0!L+!*)%-!&+(',D'2D+!EU!@='*!E, !-'!5+-!EYA!

/@!L+!c,'L!-#.-! EY!$%!.!U.)%%$.,!&$%-=$H)-$',0!L+!',2J!,++&!(',(+=,!')=%+2D+%!('*C)-$,5!
-#+!*+.,!.,&!%-.,&.=&!&+D$.-$',!'@!-#+!&$%-=$H)-$',A!4'L+D+=0!L+!+OC+(-!=+(+$D+&!'(+.,!
%)=@.(+!#+$5#-%!-'!&+C.=-!@='*!.!U.)%%$.,!&$%-=$H)-$',!H+(.)%+!'@!.!('*H$,.-$',!-#+!%#.C+!
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'@!%)=@.(+!L.D+%!.,&!-#+!,', 9),$@'=*!%.*C2$,5!&)+!L.D+ 9$,&)(+&!D.=$.-$',%!'@!%C+()2.=!
=+@2+(-$',A!/,!.&&$-$',!-'!-#+!*+.,!.,&!%-.,&.=&!&+D$.-$',0!-#+!-#$=&!.,&!%+(',&!*'*+,-%!
6%c+L,+%%0!.,&!c)=-'%$%;!.=+!.2%'!$*C'=-.,-A!/@!L+!c,+L!-#+!-=)+!%.*C2+!#+$5#-%0!L+!(')2&!
(.2()2.-+! -#+%+!*'*+,-%!.%!%.*C2+!*'*+,-%0! +A5A0!-#+!$-#!%.*C2+!*'*+,-!@'=! Y&!@='*!-#+!
-$*+!%+=$+%!'@!#+$5#-%Q!!

! ! 6S`;!

'=!.%!-#+!&$%(=+-+!@'=*!'@!-#+!$,-+5=.2!'D+=!-#+!C='H.H$2$-J!&+,%$-J!@),(-$',0

!0!$@!L+!c,+L!EZY[A!!

4'L+D+=0!-#+!$,%-=)*+,-!$*C)2%+!=+%C',%+!&+2.J0!"0!.,&!-#+!=+(+$D+&!#+$5#-0!K0!.=+!
$,&+C+,&+,-!.,&!.&&$-$D+!6, nUoY;0!%'!$,!C=$,($C2+!$-!$%!C'%%$H2+!-'!(.2()2.-+!%.*C2+!
*'*+,-%!@'=!~!@='*!-#+!%.*C2+!*'*+,-%!'@!"!.,&!K Q!
!

! !! 6SY;!

!

! !! 6ST;!

!

! !! 6SR;!

!

!

! 6SX;!

!
"#+%+!%.*C2+!*'*+,-%!L$22!H+!(.2()2.-+&!@'=!-#+!/178.-9:! #+$5#-%!.%!.!(#+(c!',!*'=+! +O.(-!
*+-#'&%A!4'L+D+=0!C+,&$,5!@)=-#+=!%-)&J0!$-!$%!"GE!L#+-#+=!-#+J!L$22!H+!$,(2)&+&!$,!-#+!
F"3S:!&.-.!')-C)-A!" #+!),(+=-.$,-J!$,!%.*C2+!*'*+,-%!$%!%$5,$@$(.,-!l<+=($D.20!C+=%',.2!
('**),$(.-$', m!. ,&!-#$%!),(+=-.$,-J! $%!('*C'),&+&!L$-#!('*H$,.-$',%!%)(#!.%! 6SY;96SR;A!
"#+%+!C='H2+*%!.=+!2$.H2+!-'!H+!C.=-$()2.=2J!$*C'=-.,-!L#+,!2''c$,5!@'=!%*.22!D.=$.-$',!$,!
%c+L,+%%0! 0!.,&!+O(+%%!c)=-'%$%0! A!?C-$*$^+&!.CC='.(#+%!@'=!
&+-+=*$,$,5!-#+!*'*+,-%!'@!-#+!#+$5#-!&$%-=$H)-$',!=+B)$=+!-#.-! L+!%+C.=.-+!-#+!+@@+(-!'@!
$,%-=)*+,-!$*C)2%+!=+%C',%+!@='*!-#+!=+(+$D+&!#+$5#-%!-'!5$D+!)%!-#+!&$%-=$H)-$',!'@!
%)=@.(+!#+$5#-0!EYA!"'!&'!-#$%!L+!*)%-!&+(',D'2D+!EU!@='*!E, A!
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E+(',D'2)-$',!(.,!H+!&',+!$,!%+D+=.2!L.J%A!"#+!/,2.,&!d.-+=!F"GE! 6F"39S`;!+OC=+%%+%!
-#+!(',D'2)-$',!'@!6S:;!@'=!-#+!=+(+$D+&!#$%-'5=.*!.%!-#+!*)2-$C2$(.-$',!'@!.!*.-=$O!
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%)=@.(+!#+$5#-!#$%-'5=.*A!"#$%!*.-=$O!$%!$,D+=-+&!.,&!*)2-$C2$+&!-$*+%!-#+!=+(+$D+&!
#$%-'5=.*!-'!J$+2&!-#+!%)=@.(+!#$%-'5=.*A!"#+!-+(#,$B)+!$%!=+C'=-+&2J!%+,%$-$D+!-'!C='C+=!
H$,,$,5!-'!C='&)(+!.! *.-=$O!-#.-!(.,!H+!$,D+=-+&A!

E+(',D'2)-$',!(.,! .2%'!H+!&',+!HJ!-.c$,5!-#+!V')=$+=!-=.,%@'=*!'@!6S:;!.,& !,'-$,5!-#.-!-#+!
V')=$+=!-=.,%@'=*0!F6!;0!'@!-#+!(',D'2)-$',!'@!-L'!D.=$.H2+%0!E, 68;nF6E, ;L F6EU\ EY;!$%!
+B).2!-'! -#+!C='&)(-!'@!-#+!V')=$+=!-=.,%@'=*!'@!-#+!-L'!D.=$.H2+%0!!

! E, 68[nF6E, ;n  F6EU\ EY;n  F6EU;  F6EY; ! 6Sb;!

L#+=+!8!$%!-#+!L.D+,)*H+=!$,!),$-%!'@!*9S0!-#+!V')=$+=!%C.(+!('),-+=C.=-!-'!#+$5#-!$,!
*+-+=%0!-#+!#$%-'5=.*!$,&+C+,&+,-!D.=$.H2+A!V='*!6Sb;0!L+!(., !('*C)-+! EY!.%!.,!$,D+=%+!
V')=$+=!-=.,%@'=*0!F-16!;!'@!-#+!=.-$'!'@!F6E, ; !.,&! F6EU;0!

! EYn F-16F6E, ;/F6EU;; ! 6S\;!

"#+!C='H2+*!L$-#!-#$%!.CC='.(#!$%!-#.-!-#+=+!$%!$,D.=$.H2J!,'$%+!$,!-#+!=+(+$D+&!%$5,.2!
#$%-'5=.*0!E, H!-#.-!C='&)(+%!%$5,$@$(.,-!D.2)+%!$,!F6E, ; !.-!L.D+,)*H+=%!L#+=+!F6EU;!#.%!
%*.22!D.2)+%!'=!^+='%A!"#$%!*.J!#.D+!%'*+-#$,5!$,!('**',!L$-#!C='H2+*!'@!(',&$-$',$, 5!'@!
-#+!*.-=$O!$,!-#+!*.-=$O!$,D+=%$',!-+(#,$B)+A!/,!.,J!+D+,-0!-#+%+!),=+.2$%-$(!('*H$,.-$',%!
*.c+!-#+!$,D+=%+!V')=$+=!-=.,%@'=*!),%-.H2+A!"'!.(('),-!@'=!-#+!,'$%+!$,! E, 0!L+!(',%$&+=!
d$+,+=!&+(',D'2)-$',0 !$,!L#$(#!$-!$%!.%%)*+&!-#+!=+(+$D+&!#$%-'5=.*!$%!(',-.*$,.-+&!L$-#!
,'$%+0!Z0!.,&!6S:;!.,&! 6Sb;!H+('*+ !

! E, !n!EU!}!EY!]!I ! 6:W;!

.,& !L#+=+!EUZ8[LF6EU;!H!EYZ8[nF6EY;0!E, Z8[!LF6E, ;0!.,&!IZ8[ !L F6I ;0!

! E, 68[!n EUZ8[EYZ8[!oIZ8[ !! !6:S;!

F, !+%-$*.-+!EYZ8[!@'=!EY#'(Z8[!'@!-#+!@'=*!

! EY#'(68[n!- 68[!E, 6c;/EU6c;! 6::; !

$%!%')5#-!%)(#!-#+!+OC+(-+&!D.2)+!'@!6EY6c;9EY#'(6c;;: !$%!.!*$,$*)*A!"#$%!$%!@'),&!@'=!

- 68[n F6EU; : /[F6EU; : o F6I5&'#; : f F6EY; : m!g!F6EU; : /[F6EU; : o F6I5&'#; : f F6E, ; : m!!!!!6:`; !

.,& !

! EY#'(n F-16EY#'(68[[nF-16- 68[F6E, ;/F6EU;; ! 6:Y;!
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! !! 6:T; !
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=.-$'0!? &H!

!

! ! !
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! !! 6:b; !
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f (x \ µ1,2,3,4 )
µ1,2,3,4 x1,x2,x3......xm

L µ1,2,3,4 \x1, x2, x3......xm( ) =
i=1

m

∏ f (xi \ µ1,2,3,4 )

f (xi \ µ1,2,3,4 ) = maNa (xi \ µa1,2) +mbNb (xi \ µb1,2)

ma +mb =1

� 

E X ! µmix( ) j[ ] =
j!

k! j ! k( )!k=0

j

"
i=1

2

" µi ! µmix( ) j ! k
miE Xi ! µi( )k[ ]

µmix = m1µ1 + m2µ2
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W7X7X! S.a$I1I(:$O"-$A&&>(!"#%1%(9aL"HB.B$&'(S.a$I$U.B$&' (
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&$%()%%$',!'@!-#+!&+D+2'C*+,-.2!('&+!=+%)2-%!.,&!+O.*C2+%!$,!8+(-$',!T0!L+!L$22!=+@+=!-'!
7OC+(-.-$',!I.O$*$^.-$',0!H)-!/,%-+.&!'@!7OC+(-.-$',!I.O$*$^.-$',0!-#+!F8F8!V'=-=.,!('&+!
&+D+2'C+&!@'=!F"3S:!)%+%!-#+!I.O$*)*!3$c+2$#''&!.CC='.(#!'@!F"3WX!FCC+,&$O!7!6%#'L,!
$,!FCC+,&$O!1!'@!-#$%!F"GE;!-'!&'!-#+!:9U.)%%$.,!I$O-)=+!@$-A!V'=!%J,-#+-$(!-+%-!&.-.!-#+!
V'=-=.,!I.O$*)*!3$c+2$#''&!C='&)(+&!+B)$D.2+,-!=+%)2-!-'!-#+!I.-2.H!7OC+(-.-$',!
I.O$*$^.-$',!.CC='.(#0!.,&!@'=!(',%$%-+,(J!L$-#!F"3WX0!F8F8!F"3S:!L$22!)%+!I.O$*)*!
3$c+2$#''&A!!
!

\Z\ ( 8.-H1-.B$&'(&)(<'H"#B.$'B2 (

d +!#.D+!@'),&!-#+!L.D+!+,D$=',*+,- 0!=.-#+=!-#.,!$,%-=)*+, -.2!@.(-'=%0!$%!C='H.H2J!-#+!
H$55+%-!(',-=$H)-'=!-'!),(+=-.$,-J!$,!+%-$*.-+%!'@!-#+!*+.,!884A!"#$%!$%!$22)%-=.-+&!HJ!')=!
.,.2J%$%!'@!*)2-$C2+!'(+.,!%+5*+,-%!$,!-#+!%')-#+=,!C.=-!'@!-#+!(+,-=.2!Z'=-#!<.($@$(A!"#+%+!
%+5*+,-%!%#'L!D.=$.H$2$-J!$,!-#+$=!*+.,!%+.!%)=@.(+!#+$5#-%!'@!.CC='O$*.-+2J!z!WAS:0!*)(#!
5=+.-+=!-#.,!L+t&!+OC+(-!@='*!$,%-=)*+,-.2!@.(-'=%A!"#+!%-.,&.=&!+=='=0!! N0!$,!-#+!+%-$*.-+%!
'@!-#+!*+.,!.=+!5$D+,!HJ!
! !!

where ! h is the standard deviation of the population and Ndf is the number of degrees of freedom. 
If every one of the ~ 8,000 photon heights were independent, even with a SWH = 2.5 m (! h = 
.625 m), the uncertainty in estimates of the mean would be less than 1 cm. The problem is that 
owing presence of long large waves, successive photon heights are far from independent. The 
fact that the underlying wave signal is periodic makes the estimate of the effective degrees of 
freedom in terms of correlation length scale more problematic. As a worst case if we set Ndf equal 
to the number of wave periods in the ocean segment, 15 in the case of long waves crossed at an 
acute angle, the uncertainty0!! N0!$,!-#+!+%-$*.-+!'@!-#+!*+.,! +B).2%!WASR!*0!(2'%+!-'!-#+!*+.,!
884!L+!%++!'D+=!*.,J!%$*$2.=!'(+.,!%+5*+,-%A!"#$%!C='H2+*!$%!,'-!$,%-=)*+,-.2e!$-!$%!>)%-!
*.&+!.CC.=+,-!HJ!-#+!.H$2$-J!'@!/178.-9:!-'!=+%'2D+!L.D+%A!"'!2'L+=!-#$%!),(+=-.$,-J0!L+!.=+!

! mix
2 = m1 µ1 " µmix( )2

+! 1
2( )+ m2 µ2 " µmix( )2

+! 2
2( )
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+OC2'=$,5!)%$,5!#.=*',$(!.,.2J%$%!'@!%)=@.(+!#+$5#-!'D+=!+.(#!'(+.,!%+5*+,-!.,&!)%+!'@!-#+!
^+='!L.D+9,)*H+=!.*C2$-)&+!-'!=+C=+%+,-!884!6EA!<+=($D.20!C+=%',.2!('**),$(.-$',0!
:WS\;!.%!.!L.J!'@!=+*'D$,5!2.=5+!C+=$'&$(!D.=$.-$',%!$,!#+$5#-!.%!.!(.)%+!'@!),(+=-.$,-JA!F!
@)=-#+=!.&D.,-.5+!'@!-#$%!.CC='.(#!L$22!H+!-#.-!$-!L$22!.&&!.!*+.%)=+!'@!L.D+!%C+(-=.2!
C='C+=-$+%!-'!F"3!S:A!/,!.,J!+D+,-0!L+!L$22!#.D+!-'!&+=$D+!*+.%)=+%!'@!-#+!+@@+(-$D+!,)*H+=!
'@!&+5=++%!'@!@=++&'*!.%!.,!F"3S:!')-C)-!@'=!+.(#!'(+.,!%+5*+,-!$,!'=&+=!-'!C='C+=2J!
.(('),-!@'=!),(+=-.$,-$+%!$,!-#+!F"3S\!5=$&&+&!884!C='&)(-A!

!

\Z] ( *J:56M(P#$>>$'@(BA"(=;J(.'>(++? (

"#$%!C='&)(-0!H.%+&!+,-$=+2J!',!<='&)(-!F"3S:f3`F!L$-#!,'!+O-+=,.2!&+C+,&+,(+0 !(',-.$,% !
5=$&&+&!*',-#2J!+%-$*.-+%!'@!%+.!%)=@.(+!@='*!.22!/89:!-=.(c%!@='*!-#+!H+5$,,$,5!-'!-#+!+,&!
'@!+.(#!*',-#A!G+2'L!RWjZ!.,&!.H'D+!RWj80!-#+!&.-.!.=+!*.CC+&!',!-#+!()=D$2$,+.=!5=$&!'@!
-#+!"?<7if<'%+$&',! L$-#!%C.($,5!+B)$D.2+,-!-'!WA:Tj!'@!2',5$-)&+A!FH'D+!RWjZ!.,&!H+2'L!
RWj8!-#+!5=$&!data are mapped onto a planimetric grid using the SSM/I Polar Stereographic 
Projection equations at a grid spacing of about 24 km. The exact spacing of the Polar 
Stereographic grid should be adjusted to match the longitudinal spacing of the TOPEX/Poseidon 
grid at 60¡S and 60¡N, and the latitudinal spacing adjust to have an integer number of grid cells 
between 60¡N (S) and the North (South) Pole.!

!
V$5)=+!S`A!G2'(c!&$.5=.*!@'=!-#+!F"3S\!5=$&&$,5!C='(+&)=+!-.c$,5!F"3S:!'(+.,!C='&)(-%!.%!
$,C)-A!µ0!! 0!&0!.,&!' !&+,'-+!*+.,0!%-.,&.=&!&+D$.-$',0!%c+L,+%%0!.,&!c)=-'%$%!=+%C+(-$D+2JA!
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]Z4( *:P;,7J?S(7SF:9S9XJ* J7;X (

U:&'!'#B(&5$!7#'B>&@#'!(:#!'=#B&.&B!&?=*#?#$()(&5$!5.!(:#!)*O5>&(:?!.5>!=>5O>)?!7#V#*5=?#$(+!

]Z5( ;1B-$'"(&)(F#&H">1#" (

S;! V$,&$,5!-#+!%)=@.(+9=+@2+(-+&!C#'-',!#+$5#-%!$,!-#+!C#'-',!(2')& !
.; ! 1'.=%+!8+2+(-$',!.,&!8+--$,5!'@!8+5*+,-!3+,5-#Q!

s%+!.!*+&$., 9H.%+&!%+2+(-$',!(=$-+=$',!-'!.(()*)2.-+!.!2.=5+!,)*H+=!'@!%)=@.(+ 9
=+@2+(-+&!C#'-',%A!

H;! V$,+!4$%-'5=.*!8+2+(-$',Q!
s%+!.!*+&$., 9H.%+&!%+2+(-$',!(=$-+=$',!-'!&+=$D+!.!C=+2$*$,.=J!%)=@.(+!#+$5#-!
#$%-'5=.*0!('*C)-+!-#+!*+.,!.,&!-=+,&!$,!%)=@.(+! #+$5#-0!=+*'D+!-#$%!-=+,&!@='*!
.22!#+$5#-%0!.,&!=+C+.-!-#+!*+&$., 9H.%+&!%+2+(-$',!(=$-+=$',!-'!&+=$D+!.!@$,.2!%)=@.(+!
#+$5#-!#$%-'5=.*!

:; ! s%$,5!-#+!.2',5!-=.(c!%$5,.2!C#'-',!#+$5#-%!@='*!-#+!@$,+!#$%-'5=.*!%+2+(-$',!%-+C!.,&!
%$5,.2!C#'-',!=+-)=,!=.-+!-'!+%-$*.-+!%+.!%-.-+!H$.%!.,&!%)=@.(+!L.D+!C='C+=-$+%A!

`; ! 1'==+(-$',!.,&!/,-+=C=+-.-$',!'@!-#+!8)=@.(+!4+$5#-!E$%-=$H)-$',!!
.; ! 8+C.=.-$,5!-#+!s,(+=-.$,-J!&)+!-'!/,%-=)*+,-!$*C)2%+!=+%C',%+!

s%+!d$+,+=!&+(',D'2)-$',!-'!&+=$D+!-#+!%)=@.(+!#+$5#-!#$%-'5=.*!L$-#!-#+!
),(+=-.$,-J!&)+!-'!-#+!$,%-=)*+,-! $*C)2%+!=+%C',%+!=+*'D+&A!

H;! 1#.=.(-+=$^$,5!-#+!K.,&'*!8+.!8)=@.(+!
1#.=.(-+=$^+!-#+!%)=@.(+!#+$5#-!#$%-'5=.*!.%!.!*$O-)=+!'@!-L'!,'=*.2!&$%-=$H)-$',%!
.,&!(.2()2.-+!)C!-'!Y -#!*'*+,-!'@!-#+!*$O-)=+ A!

(; ! 1'*C)-+!-#+!*+.,0!D.=$.,(+0!%c+L,+%%0!.,&!c)=-'%$%!@'=!-#+!.55=+5.-+!U.)%%$.,!
*$O-)=+!)%$,5!7B).-$',!SXe!-#+!@$,.2!&+-+=*$,.-$',!'@!884!@'=!F"3S:!$%!-#+!*+.,!'@!
-#+!.55=+5.-+!*$O-)=+!&$%-=$H)-$',!('*C)-+&!)%$,5! 6:b; !.,&!-#+!884!D.=$.,(+!$%!
5$D+,!HJ!6:\; A!

]Z/ ( 7'L1B(F.#.I"B"#% (

L7A7K! F.#.I"B"#%(,"c1$#">()#&I(789+.B D/(=.B. (

8++!".H2+%!: !.,&! ` A!V'=!F"3S:0!-#+!C=$*.=J!$,C)-%!L$22!H+!C#'-',!#+$5#-%!$,!-#+!&'L,2$,c!
H.,&!.,&!.%%'($.-+&!-$*+0!5+'2'(.-$', 0!-#+!5+'$&!61"-,3 ;0!'(+.,!-$&+%!64,3"/-5"$6 0!
4,3"/"78,#,9+,8: ;0!.,&!&J,.*$( !.-*'%C#+=$(!('==+(-$', !!63$5;!$,@'=*.-$',!@='*!F"3W`0!
C2)%!-#+!(2')&!@2.5!6#$."+/0#$1!$,!F"3W\; !+D+=J!YWW!2.%+=!C)2%+%!@='*!F"3W\!.,&!'(+.,!
&+C-#0!3";4</-56 0!@='*!$,-+=C'2.-+&!@='*!U7G1?9:WSY!5=$&&+&!'(+.,!H.-#J*+-=JA!
Z'=*.22J!'D+=!-#+!'C+,!'(+.,!6'=!%+.!$(+;!=+5$',%!,'-!'D+=2.CC$,5!L$-#!-+==+%-=$.2!'=!$(+!
%#++-!=+5$',%0!-#+!&'L,2$,c!H.,&!L$22!H+!z!ST!*!(+,-+=+&!.H')-!-#+!%$5,.2!.=+.!$&+,-$@$+&!
HJ!-#+!F"3F8!', 9H'.=&!@2$5#-!%'@-L.=+A!/,!-#+!'(+.,!=+5$',%!'D+=2.CC$,5!L$-#!2.,&!.,&!$(+!
%#++-!=+5$',%0!-#+!&'L,2$,c!H.,&!L$22!+OC.,&!-'!*.-(#!-#+!H.,&!@'=!-#'%+!=+5$',%A!F2%'!@'=!
F"3F8!%C+($.2!'C+=.-$',%!%)(#!.%!'(+.,!%(.,%!.,&!"=.,%*$--+=!7(#'!<)2%+!&.-.!('22+(-$',!
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-#+!-+2+*+-=J!H.,&!$%!+OC.,&+&A!V'=!-#+!C)=C'%+%!'@!F"3S:0!-#+!7UI:WWb!5+'$&!%)CC2$+&!
L$-#!F"3W !̀6f5-Of5+'C#J%[('==f!C'%-+&!.-!-#+!:W*!.2',5 9-=.(c!=.-+!@'=!+.(#!H+.* !$,!
F"3[W` ; !L$22!H+!)%+&!-'!+%-.H2$%#!-#+!,.=='L+=!zST9*!H.,&!L$-#$,!-#+!+OC.,&+&!&'L,2$,c!
H.,&!'@!-#+!'D+=2.C!.,&!%C+($.2!'C+=.-$',%!=+5$',%A!F%$&+!@='*!-#+!z!ST9*!H.,&!.H')-!-#+!
5+'$&0!,'!C=$'=!(2.%%$@$(.-$',!.%!-'!%)=@.(+f,',9%)=@.(+!C#'-',%!$%!(', %$&+=+&!@='*!-#+!
F"3W`!'(+.,!=+%)2-%A!"#+!SY!5+'9H$,!6YWW9C)2%+;!'(+.,!%+5*+,-!%#')2&!H+!.2$5,+&!%'!-#.-!
-#+!',(+!C+=!SY!5+'9H$,!6YWW9C)2%+;!(2')&!@2.5!6#$."+/0#$1&$,!F"3W\; !=+C=+%+,-%!-#+!(2')&!
(',&$-$',%!&)=$,5!-#+!'(+.,!%+5*+,-A !
!

Table 2 Input parameters (Source: ATL03) 

3.H+2!! E+%(=$C-$',!! 8J*H'2 !
7#*()P(&?#! 72.C%+&!%+(',&%!%$,(+!@$=%-!&.-.!C'$,-!$,!5=.,)2+! 4,:"/,6,4,$# !

:P*)(! 2.-$-)&+!'@!+.(#!=+(+$D+&!C#'-',! #$4/,6,4,$#0!

:P*5$! 2',5$-)&+!'@!+.(#!=+(+$D+&!C#'-',! #-6/,6,4,$#!

:P=: ! #+$5#-!'@!+.(#!=+(+$D+&!C#'-',! <4/,6,4,$#!

dist_ph_along F2',5!-=.(c!&$%-.,(+! !

sigma_along! s,(+=-.$,-J!$,!.2',5 9-.(c!&$%-.,(+! !

dist_ph_across F(='%%9-=.(c!&$%-.,(+! !
sigma_across! s,(+=-.$,-J!$,!.(='%%9-=.(c!&$%-.,(+! !

'#O?#$(P^_! U+'9H$,!/E! #$4/,6,4,$#0!

'#O?#$(P*#$O(:! 8+5*+,-!2+,5-#!'@!+.(#!5+'9H$,! #$4/,6,4,$#0!

'&O$)*PB5$.P=:!

1',@$&+,(+!2+D+2!.%%'($.-+&!L$-#!+.(#!C#'-',!+D+,-!%+2+(-+&!.%!%$5,.2A!
r+='!+B).2%!,'$%+A!?,+!*+.,%!.&&+&!-'!.22'L!@'=!z!ST9*!H)@@+=!.='),&!
#$5#!(',@$&+,(+0!H)-!.25'=$-#*!(2.%%$@$+%!.%!H.(c5='),&A!"L'!+B).2%!2'L!
(',@$&+,(+A!"#=++!+B).2%!*+&$)*A!!V')=!+B).2%!#$5#A!

%,16$#/5-60
/;< &

@#)?P)%&?/(:!

"#+!&$=+(-$',0!+.%-L.=&%!@='*!,'=-#0!'@!-#+!2.%+=!H+.*!D+(-'=!.%!%++,!HJ!
.,!'H%+=D+=!.-!-#+!2.%+=!5='),&!%C'-!D$+L$,5!-'L.=&!-#+!%C.(+(=.@-!6$A+A0!
-#+!D+(-'=!@='*!-#+!5='),&!-'!-#+! %C.(+(=.@-;A!d#+,!-#+!%C.(+(=.@-!$%!
C=+($%+2J!.-!-#+!5+'&+-$(!^+,$-#0!-#+!
D.2)+!L$22!H+!\\\\\!&+5=++%A!YW!4^A!

!

@#)?PB5#*V! 1' 9+2+D.-$',!617;!$%!&$=+(-$',!@='*!D+=-$(.2!'@!-#+!2.%+=!H+.*!.%!%++,!HJ!
.,!'H%+=D+=!2'(.-+&!.-!-#+!2.%+=!5='),&!%C'-A! !

'5*)>P)%&?/(:!
"#+!&$=+(-$',0!+.%-L.=&%!@='*!,'=-#0!'@!-#+!%),!D+(-'=!.%!%++,!HJ!.,!
'H%+=D+=!.-!-#+!2.%+=!5='),&!%C'-A! !

'5*)>P#*#V)(&5$!

8'2.=!F,52+!.H'D+!'=!H+2'L!-#+!C2.,+!-.,5+,-!-'!-#+!+22$C%'$&!%)=@.(+!.-!
-#+!2.%+=!%C'-A!<'%$-$D+!D.2)+%!*+.,!-#+!%),!$%!.H'D+!-#+!#'=$^',0!L#$2+!
,+5.-$D+!D.2)+%!*+.,!$-!$%!H+2'L!-#+!#'=$^',A!"#+!+@@+(-!'@!.-*'%C#+=$(!
=+@=.(-$',!$%!,'-!$,(2)&+&A!"#$%!$%!.!2'L!C=+($%$',!D.2)+A!

!

@B8O>7P>)(#! G.(c5='),&!('),-!=.-+ !6@)B8O>7P)(*)'T@B8O>7P>)(#;0!%$*C2J!.D+=.5+&!
'D+=!-#+!%+5*+,-! !

(>)B8P(;=#P.*)O!
V2.5!&+%(=$H$,5!$@!-#+!-=.(c!$%!$,!,'=*.2!$(+!%#++-0!-+==$.,0!'(+.,!%(., 0!
-.=5+-!'=!'-#+=!,', 9,'=*.2 !C'$,-$,5!(',-='2 ! !
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.=@P=)>?Z$[! C.=.* +-+=!,++&+&!-'!('*C)-+!@$=%-9C#'-',!H$.%!('==+(-$',!-'!.!*+.,!
#+$5#-!

"GE!

O7P:(! "#+!#+$5#-!'@!-#+!5+'$&!.H'D+!-#+!+22$C%'$&! !

7)B! E,.*$(!.-*'%C#+=$(!('==+(-$',!6EF1;!$, (2)&+%!$,D+=-+&!H.='*+-+=!6/G;!
+@@+(-!6z!:W!(*; !

!

(&7#P#)>(:! 8'2$&!7.=-#!"$&+%!6z`W!(*0!*.O;! !

(&7#P#S/&*&@>&/?! 7B)$2$H=$)*!2',59C+=$'&!-$&+! !

(&7#P*5)7! 3'.&!"$&+!9!3'(.2!&$%C2.(+*+,-!&)+!-'!?(+., !
3'.&$,5!69R!-'!W!(*; !

!

(&7#P5BP=5*#! ?(+.,!<'2+!"$&+!93'.&$,5!&)+!-'!(+,-=$@)5.2!+@@+(-!'@!C'2.=!*'-$',!',!
-#+!'(+.,%!6!:!**0!*.O; ! !

(&7#P5B#)$!
?(+.,!"$&+%!$,(2)&$,5!&$)=,.2!.,&!%+*$9&$)=,.2!6#.=*',$(!.,.2J%$%;0!
.,&!2',5+= !C+=$'&!-$&+%!6&J,.*$(!.,&!%+2@9(',%$%-+,-!+B)$2$H=$)*;!6zY!
*; !

!

(&7#P=5*#! <'2+!"$&+!9K'-.-$',.2!&+@'=*.-$',!&)+!-'!C'2.= !*'-$',!6 9SAT!-'!SAT!(*;! !

(5(PO#5! -'-.2!'@!-#+!5+'C#J%$(.2!=.,5+!('==+(-$',%!.CC2$+&!-'!('*C)-+!#+$5#-A ! !

(>5=5P7>;! E=J!"='C'%C#+=+!=.,5+!('==+(-$', ! !

(>5=5PX#(! d+-!"='C'%C#+=+!=.,5+!('==+(-$', ! !

'/>.P(;=#!
V$D+9+2+*+,-!.==.J!$,!-#+!5+'2'(.-$',!5=')C!$,&$(.-$,5!-#+!%)=@.(+!
*.%c%!-#.-!.CC2J!-'!-#.-!%+5*+,-! !

! ! !
!

Table 3 Input parameters (Source: ATL09) 

3.H+2! E+%(=$C-$',! 8J*H'2 !

7#*()P(&?#!
72.C%+&!U<8!%+(',&%!%$,(+!%-.=-!'@!-#+!5=.,)2+A!
s%+!-#+!*+-.&.-.!.--=$H)-+!5=.,)2+[%-.=-[%+(',&%!
-'!('*C)-+!@)22!5C%-$*+A!

!

*)(&(/7#! 3.-$-)&+0!dU8bY0!Z'=-#no0!3.-!'@!%+5*+,-!(+,-+=! !

*5$O&(/7#! 3',5$-)&+0!dU8bY0!7.%-no03',!'@!%+5*+,-!(+,-+=! !

B*5/7P)'>P=>5@! 12')&!C='H.H$2$-J!H.%+&!',!FCC.=+,-!8)=@.(+!K+@2+(-$D$-J! !

B*5/7P.*O! 12')&!C=+%+,-!@2.5! DB!

B*5/7P.*OPB5$.!

(2')&!C='H.H$2$-J!Cn6S9.%=f-;}SWW!
@2.5[D.2)+%Q!!
W!n!(2+.=[L$-#[#$5#[(',@$&+,(+!
S!n!(2+.=[L$-#[*+&$)*[(',@$&+,(+ !
:!n! (2+.=[L$-#[2'L[(',@$&+,(+!
`!n!(2')&J[L$-#[2'L[(',@$&+,(+ !
Y!n!(2')&J[L$-#[*+&$)*[(',@$&+,(+ !
T!n!(2')&J[L$-#[#$5#[(',@$&+,(+!

!

#>7P.*O! V2.5!-#.-!$,&$(-+%!C='H.H2+!.-*'%C#+=+!$,&)(+&!=.,5+!
&+2.J!

!

)'> ! FCC.=+,-!8)=@.(+!K+@2+(-$D$-J!6:T4^; ! ) '>PQ!̀

)'>PS! F8K!P).2$-J!V2.5! )'>P@PQ`!

@O>! G.(c5='),&!('),-!=.-+0!.D+=.5+&!'D+=!-#+!%+5*+,- ! @O>[:T !
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B)@! 1.2$H=.-+&!F--+,).-+&!G.(c%(.--+=!61FG;!C='@$2+%!@'=!-#+!K"!%-=',5!H+.*!
'=!.,&!.!%)*!'@!-#+!`!H+.*%!('D+=$,5!6,'*$,.22J;!S`!-'! 9S!c*!.-!:T!4^ !

!

B*5/7P=>5@! 12')&!<='H.H$2$-J!H.%+&!',!FCC.=+,-!8)=@.(+!K+@2+(-$D$-J! !

L7A7A! F.#.I"B"#%(,"c1$#">()#&I(;BA"#(+&1#H"% (

G.-#J*+-=J! u!G+(.)%+!-#+!'(+.,!*.%c!+O-+,&%!$,-'!,', 9'(+.,!.=+.% !L+!,++&!.!L.J!-'!
&+-+=*$,+!L#$(#!C.=-%!'@!-#+!'(+.,!&.-.!.=+!'D+=!L.-+=!@'=!L#$(#!')=!.,.2J%$%!C='(+&)=+!$%!
.CC='C=$.-+A!V'=!-#$%!L+!L$22!-.c+!-#+!'(+.,!&+C-#0!3";4</-56 0!@='*!-#+!U+,+=.2!
G.-#J*+-=$(!1#.=-!'@!-#+!?(+.,%!6U7G1?;!:WSY!5=$&&+&!&.-.!%+-!
6#--C%QffLLLA5+H('A,+-f&.-.[.,&[C='&)(-%f5=$&&+&[H.-#J*+-=J[&.-.f! ;!+D.2).-+&!.-!-#+!
5+' 9%+5*+,-!#$4,483"!.,&! #-61,483"A!
!

L7A7X! 8&'B#&-(F.#.I"B"#%()&#(*J:5/(F#&H"%%$'@(

G.-#J*+-=J! u!"#+!(')=%+!%)=@.(+!@$,&$,5!&+%(=$H+&!$,!TA`AS!L$22!$5,'=+!&.-.!('22+(-+&!$,!
'(+.,! L.-+=%!L$-#!.!&+C-#0!3";4</-56 0!2+%%!-#.,!.!&+C-#0&3";4</%<-+"0!&+@$,$,5!-#+!
+@@+(-$D+!%#'=+2$,+!'@!L.-+=!@'=!L#$(#!')=!.,.2J%$%!C='(+&)=+!$%!.CC='C=$.-+A!"#+!&+@.)2-!
D.2)+!@'=!3";4</%<-+"0!L$22!H+!SW!*A!
!
12')&!('D+=!u!/,!-#+!(')=%+!%)=@.(+!@$,&$,5!&+%(=$H+&!$,!TA`AS!L+!*.J!,++&!-'!$5,'=+!&.-.!
('22+(-+&!$,!'(+.,!L.-+=%!L#+=+!.,&!L#+,!-#+!(2')&!('D+=! $%!#+.DJ!.%!$,&$(.-+&!HJ&
#$."+/0#$10!+B).2!-'!SA!"#+!(',-='2!C.=.*+-+=! #$."+/%=45<!!L$22!%C+($@J!$@!-#+!(2')&$,+%%!-+%-!
$%!-'!H+!.CC2$+&A!/@!(',-='2!C.=.*+-+= !#$."+/%=45<!$%!+B).2!-'!S!.,&!#$."+/0#$1!$%!+B).2!-'!S0!
C#'-',!#+$5#-%!L$22!,'-!H+!$,(2)&+&!$,!-#+!F"3S:!C='(+%%$,5A!d#+,!#$."+/%=45<!+B).2%!-#+!
&+@.)2-!D.2)+0!W0!-#+!%'@-L.=+!L$22!$5,'=+!-#+!(2')&!('D+=!$,!.((+C-$,5!&.-.!&)=$,5!('.=%+!
%)=@.(+!@$,&$,5A!

]Z[ ( F#&H"%%$'@(F#&H">1#"(

L7X7K! 8&.#%"(+1#).H"(Y$'>$'@(.'>(+"BB$'@(&)(+"@I"'B(:"'@BA (

"#+!C='(+%%!$%!H.%$(.22J!-'!@$=%-!+%-.H2$%#!.!D.=$.H2+!2+,5-#!6+A5A0!)C!-'!X!c*;!'(+.,!%+5*+,-!
L$-#!+,')5#!6+A5A;!C#'-',!#+$5#-%!-#.-!L$22!J$+2&!.!#$%-'5=.*!L$-#!=+.%',.H2+!*'*+,-%!)C!
-'!Y -#!'=&+=A!d+!%-.=-!L$-#!SY!5+'9H$,!6YWW9C)2%+;!%+5*+,-%!'@!F"3W`!C#'-',!#+$5#-%!6%++!
TA:AS;!
!!

(A)!  Ocean Data Selection and Basic Geophysical Corrections 

999999999999999999999999999999999!
S;! 8-+CC$,5!-#=')5#!SY95+'H$,!%+5*+,-%0!+O.*$,+!'(+.,!&+C-#!.,&!(2')&!C.=.*+-+=%!

.5.$,%-!(',-='2!C.=.*+-+=%!-'!-+%-!@'=!%)$-.H$2$-J!@'=!'(+.,!C='(+%%$,5A If ocean depth, 
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depth_ocn, is less than a depth, depth_shore, specifying the effective shoreline of water 
for which ocean processing is appropriate,!-#+,!C='(++&!-'!,+O-!SY!5+'9H$,!6YWW9C)2%+;!
%+5*+,-A The default value for control parameter depth_shore will be 10 m.!

8$*$2.=2J0!$@!(',-='2!C.=.*+-+= !layer_swtch!$%!+B).2!-'!S!.,&!*);#>P.*)O!is equal to 
1,!-#+,!C='(++&!-'!,+O-!SY!5+'9H$,!6YWW9C)2%+;!%+5*+,-A When layer_swtch equals the 
default value, 0, 
the software will 
ignore the cloud 
cover in 
accepting data 
during coarse 
surface finding. 

2)! Correct for 
photon heights 
for short period 
and long period 
ocean tides 

(gtxx/geophys_corr/tide_ocean and tide_equilibrium), the inverse barometer effect and 
the modeled dynamic response to the atmosphere (dynamic atmospheric correction, 
gtxx/geophys_corr/dac), 

3)! Select only photon heights for which the signal confidence (gtxx/signal_conf_ph) is 
greater than or equal to 1. This will select photons in the likely surface ± 15-m buffer 
window. Also delete any photon heights outside the band defined by geoid plus or minus 
half the height of the ocean downlink window (presently geoid ±15-m, to become geoid ± 
20-m). (Is the height of the downlink band reported in ATL03 and if so, what is the 
variable name?) 

4)! To narrow the range of variability, subtract the EGM2008 geoid height 
(gtxx/geophys_corr/geoid), varying over meters to tens of meters, from the photon 
heights so that we are dealing dynamic ocean topography varying over centimeters to 10s 
of centimeters. from photon heights to reference all heights to the geoid. Note that 
EGM2008 includes a correction for the permanent or mean tide. 

 
(B)! Establish a Working Histogram Array  
!999999999999999999999999999999999999999!
7%-.H2$%#!.,!$,$-$.2!('.=%+!#$%-'5=.*!.==.J0!> 50!%C.,,$,5!z!ST!*!L$-#!H$,!%$^+!?@&6"GE0!+A5A0!
WAWS!*;!.,&!.!&.-.!.==.J0 !) 5-$+%"4!@'=!)C!-'!SW0WWW!C#'-',!#+$5#-%!.,&!.%%'($.-+&!

Table 4 Control parameters Ð  Coarse surface finding 

C$%$9*0*%& ?*8)%-(0-"2 & N$,B*&
KB! G$,!%$^+!'@!('.=%+!#$%-'5=.*! T!(* !

U:PIBPB!
Z)*H+=!'@!C#'-',%!-$*+%!*+&$.,!
=+B)$=+&!-'!(2.%%$@J!.%!%)=@.(+!H$,! S!-JC$(.2!

U:PD'!
I$,$*)*!,)*H+=!'@!(.,&$&.-+!
%)=@.(+!C#'-',%!C+=!%+5*+,-!

b0WWW!

0#O?)6!
I.O!,)*H+=!'@!YWW9C)2%+!
%+5*+,-%!$,!.!%)=@.(+!@$,&$,5!
%+5*+,-!

:T !

*);#>P'X(B:!

V2.5!&+-+=*$,$,5!$@!2.J+=[@2.5!L$22!
6*);#>P'X(B:nS;!'=!L',t-!
6*);#>P'X(B:!nW;!H+!+&$-$,5!C#'-',!
#+$5#-%A!

E+@.)2-!n!
!W!

7#=(:P':5>#!
<=+%(=$H+&!&+C-#!&+@$,$,5!!
67#=(:P5B$q7#=(:P':5>#;!
H'),&.=J!'@!'(+.,!C='(+%%$,5!

E+@.)2-n!
SW!*!

!
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$,@'=*.-$',!6$,&+O0!5+'2'(.-$',0!-$*+;!C2)%!,'$%+!C#'-',!('),-%A!"#$%!L$22!H+!C'C)2.-+&!
L$-#!&.-.! .%!L+!%-+C!-#=')5#!SY95+'H$,!%+5*+,-%!%+.=(#$,5!@'=!.,!.&+B).-+!,)*H+=!'@!
%)=@.(+!C#'-',!(.,&$&.-+% A!
!

(C)! Step Through 14-Geo-bin Segments 
!99999999999999999999999999999999999999999999999999!
F55=+5.-+!C#'-',!#+$5#-%!'D+=!SY!5+'9H$,%!6YWW9C)2%+%;!.,&!(',%-=)(-! .!-+*C'=.=J!SY!5+' 9
H$,!6YWW9C)2%+;!#+$5#-!#$%-'5=.*!%C.,,$,5!z!ST!*!L$-#!H$,!%$^+!?@!6+A5A0!WAWS!*; A!"#$%!$%!
)%+&!-'!+%-$*.-+!.!=),,$,5!-'-.2!,)*H+=!'@!%$5,.2!.,&!,'$%+!C#'-',%A!d+!%)55+%-!.!H$,!%$^+!
'@!WAWS!@'=!(',%$%-+,(J!L$-#!2.-+=!%-+C%!$,!-#+!C='(+%%$,5A!"#+!SY!5+'9H$,!6YWW9C)2%+;!
%+5*+,-!%#')2&!H+!.2$5,+&!%'!-#.-!-#+!',(+!C+=!SY!5+'9H$,!6YWW9C)2%+0!.CC='O$*.-+2J!:bW!
*!.2',5!-=.(c!&$%-.,(+;!(2')&$,+%%!@2.50!#$."+/0#$1!$,!F"3W\0!=+C=+%+,-%!-#+!.55=+5.-+!
+@@+(-!'@!(2')&$,+%%!.,&!H.(c5='),&!=.&$.-$',!&+=$D+&!@='* !%'2.=!^+,$-#0!5#-83/0#$1[)A! !
05#-83/0#$1/$4:0!.,&!9%6-=/5-6 0!&)=$,5!-#+!:bW9*! %+5*+,-A!!

(D)! Test for Surface Photons 

!999999999999999999999999999999999999999!
<#'-',%!$,!-#+!SY!5+'9H$,!6YWW9C)2%+;!#$%-'5=.*!H$,%!L$-#!5=+.-+=!-#.,!-#+!B</C5/5!-$*+%!
-#+!*+&$.,!,)*H+=!'@!C#'-',%0! C:"3,$6 0!.=+!(.,&$&.-+!%$5,.2!C#'-',%!.,&!C#'-',%!$,!-#+!
H$,%!L$-#!-#+!*+&$.,!,)*H+=!'@!%.*C2+%!'=!2+%%!.=+!(',%$&+=+&!,'$%+!C#'-',%M&B</C5/5&$%!
"GE0!H)-!L+!#.D+!H++,!)%$,5!B</C5/5!!n!S!$,!')=!-+%-%!L$-#!+.=2J!/178.-9:!&.-.A!Z'-+!-#.-!
L$-#!@+L!%)=@.(+!=+-)=,%!C+=!C)2%+!.,&!%$5,$@$(.,-!L.D+!#+$5#-%!*)(#!2+%%!-#.,!`W!*0!-#+!
*.>'=$-J!'@!-#+!'@!-#+!H$,%!L$22!(',-.$,!',2J!,'$%+!C#'-',%!%'!-#.-!-#+!*+&$.,!L$22!+B).2!-#+!
,)*H+=!'@!,'$%+!C#'-' ,%!C+=!H$,A!/,!+O-=+*+!(.%+%!L#+=+!/178.-9:!+,('),-+=%!%$5,$@$(.,-!
L.D+!#+$5#-%!.CC='.(#$,5!`W!*0!L+!*.J!#.D+!-'!.&'C-!.!%2$5#-2J!&$@@+=+,-!-#=+%#'2&!%)(#!
.%!-#+!('),-!D.2)+!+B).2!-'!'=!+O(++&$,5!:W{!'@!-#+!H$,!C'C)2.-$',A 

(E)! Increase the Count of Surface Photons 
!999999999999999999999999999999999999999!
F&&!-#+!,)*H+=!'@!%)=@.(+!=+@2+(-+&!C#'-',%!-'! C1--3 0!-#+!=),,$,5!-'-.2!'@!(.,&$&.-+!%)=@.(+!
C#'-',%!.,&!,'$%+!C#'-',%A !

(F)! Add All Photons to Data Array 
!999999999999999999999999999999999999999!
F&&!-#+!.22!-#+!C#'-',%0!%$5,.2!.,&!,'$%+0!.,&!-#+$=!.%%'($.-+&!5+'2'(.-$',!.,&!-$*+!
$,@'=*.-$',!@='*!-#$%!SY!5+'9H$,!6YWW9C)2%+;!%+5*+,-!-'!-#+!&.-.!.==.J! >B,6A!

(G)! Test Counter for Sufficient Surface Photons 
!999999999999999999999999999999999999999!
/@!-#+!-'-.2!,)*H+=!'@!(.,&$&.-+!%$5,.2!C#'-',%!$%!5=+.-+=!-#.,!'=!+B).2!-'!.!9-2-9B9&
2B93*%4&B</*%&6b0WWW;0!'@!C#'-',%!'=!$@!-#+!,)*H+=0!C%"1D'' 0!'@!SY!5+'9H$,!6YWW9C)2%+;!
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%+5*+,-%!('22+(-+&!=+.(#+%!A"1:$E &6+A5A0!:T!+B)$D.2+,- !-'! g X!c*; ;0!5'!',!-'! TÀA:!Processing 
Procedure for Classifying Ocean Surface Photons, Detrending, and Generating a Refined 
Histogram of Sea Surface Heights!L$-#!-#+!&.-.!.==.J0!>B,6A!"#+!-'-.2!,)*H+=!'@!C)2%+%!@'=!
-#+!%+5*+,-0!6/;#%/%"10!+B).2%!YWW!O!C%"1D'' A!/@!-#+!-'-.2!,)*H+=!'@!(.,&$&.-+!%)=@.(+!
=+@2+(-+&!C#'-',%!$%!2+%%!-#.,!B</*%0!$,-.c+!.,'-#+=! SY!5+'9H$,!6YWW9C)2%+;!%+5*+,-!.,&!
=+C+.-!%-+C%!TA`AS!F9U!.H'D+A!

L7X7A! F#&H"%%$'@(F#&H">1#"()&#(8-.%%$)2$'@(;H".'(+1#).H"(FA&B&'%3(="B#"'>$'@3(
.'>(P"'"#.B$'@(.(,")$'">(?$%B&@#.I(&)( +".(+1#).H "( ?"$@AB%(

"#+!C='(+&)=+!H.%+&!',!&+D+2'C*+,-!'@!I.-2.H!<='5=.*Q!
F"GE&=.@-IFG73[=+.&+=[<#'-',12.%%$@Ji:1#.,,+2RG[,'C=$,-A*A!
!
d+!%-.=-!L$-#!-#+!.==.J!'@!C#'-',!#+$5#-!&.-.!$,!>B,6!@='*!TA:AYA!"#+%+!.=+!(.,&$&.-+!
#+$5#-%!.(()*)2.-+&!'D+=!.!%+5*+,-!'@!%)@@$($+,-!2+,5-#!-'!C='D$&+!.,!.&+B).-+!,)*H+=!'@!
%$5,.2!C#'-',%A!/,!D$+L!'@!-#+!2'L!=+@2+(-.,(+!'@!-#+!'(+.,!%)=@.(+!-#$%!*.J!=+B)$=+!.%!*.,J!
.%!SW0WWW!2.%+=!C)2%+%A!V'22'L$,5!-#+!&+D+2'C*+,-.2!('&+!)%+&!',!IFG73!L+!H=+.c!>B,6!

$,-'!.!D+(-'=!'@!$,$-$.2!
C#'-',!#+$5#-%0!
<4/,6,4,$#0!.!D+(-'=!'@!
$,$-$.2!-$*+%0!
4,:"/,6,4,$# 0!.,&!
D+(-'=%!'@!$,$-$.2!
2'(.-$',0! #$4/,6,4,$#!
.,&! #-6/,6,4,$#A!V'=!
F"3F8!L+!L')2&!.2%'!
.&&!.!D+(-'=!'@!.2',5!
-=.(c!&$%-.,(+0!
4+$5F3,%4/,6,4,$#A!

!
6F;!7%-.H2$%#!'=!8)**',!-#+!G$,!7&5+!x+(-'=!
!999999999999999999999999999999999999999!
8+-!)C!@'=!-#+!%)=@.(+!@$,&$,5!#$%-'5=.*0!C0!HJ!+%-.H2$%#$,5!-#+!D+(-'=0!G31"%0!6L$-#!.!2+,5-#!
',+!5=+.-+=!-#.,! C;!'@!#$%-'5=.*!H$,!+&5+%!L$-#!H$,%!?0!L$&+!H+-L++,!9ST!*!-'!oST!*A!F2%'!
+%-.H2$%#!-#+!D+(-'=0!H64+;40!'@!H$,!(+,-+=!C'$,-%!6L$-#!2+,5-#!+B).2!-'!Ce!@'=!')=!-+%-%!
H64+;4!D.2)+%!+B).2!G31"%!D.2)+%!C2)%!?0f:0!&+2+-$,5!-#+!2.%-!.,&!2.=5+%-!D.2)+;A!F2%'!
+%-.H2$%#!.!D+(-'=!.==.J0!?,6?0!.%!2',5!.%!<4/,6,4,$#!@'=!H$,!.%%$5,*+,-%A!
!
6G;!1'*C)-+!/,$-$.2!4$%-'5=.* !.,&! k++C!"=.(c!'@!G$,!F%%$5,*+,-!@'=!7.(#!<#'-',!4+$5#-!
999999999999999999999999999999999999999!
<'C)2.-+!-#+!#$%-'5=.*!.==.J!C!%)(#!-#.-!+.(#!+2+*+,-!+B).2%!-#+!,)*H+=!'@!D.2)+%!@='*!
<4/,6,4,$#!-#.-!.=+!$,!-#+!('==+%C',&$,5!H$,!H'),&.=$+%!'@!G31"%A!F2%'0!@'=!+.(#!D.2)+!$,!

Table 5 Control parameters Ð Fine surface finding and analysis 

K.& G$,!%$^+!'@!@$,+!
#$%-'5=.*&

T!(*0!IFG73 !
S!(*0!/178.- 9: !
&

U:PIBP.! 8)=@.(+!B).2$@$+&n!
%*''-#!#$%-!q!
U:PIBP.!}!-.$2!,'$%+!!

SAT0!/178.-9: !

=('Q@&$! G$,%!$,!H'O(.=!
%*''-#+= !

:S0!/178.-9: !

!
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<4/,6,4,$#0!C'C)2.-+!-#+!D+(-'=!?,6? !L$-#!-#+!H$,!,)*H+=!-'!L#$(#! <4/,6,4,$#!$%!.%%$5,+&!
@='*!',+!-'!-#+!2+,5-#0!IC 0!'@!C!6$,!I.-2.H0!lZ0G$,Gmn#$%-(6#-[$,$-$.207&5+%;A!
!
61;!V$,&!I+&$.,! '@!/,$-$.2!4$%-'5=.*!
999999999999999999999999999999999999999!
V$,&!-#+!*+&$.,0!:"3,$6C 0!'@!CA!
!
6E;!8*''-#! /,$-$.2!4$%-'5=.*!L$-#!G'O(.=!8*''-#+= !
999999999999999999999999999999999999999!
9! 1=+.-+!.!%*''-#+&!D+=%$',0!%:--4<C 0!'@!-#+!#$%-'5=.*0!C0!L$-#!.!H'O(.=!%*''-#+=!
$,(=+*+,-+& !$,!',+ 9H$,!%-+C%!'D+=!;4%(9,6!L#+=+!;4%(9,6!$%!.!(',-='2!C.=.*+-+=!$,!".H2+!
TA!/-!%#')2&!+B).2!69,6!oS!L#+=+!69,6!$%!.,!+D+,!,)*H+=A!d+!#.D+!(#'%+,!69,6%n:W!.,&!
;4%(9,6!%+-!.-!:S!H.%+&!',!%)((+%%!L$-#!-#+!&+D+2'C*+,-.2!('&+A!/,!-#$%!F"GE!L$-#!S9(*!
H$,!%$^+0!L+!=+@+=!-'!-#$%!,'*$,.22J!.%!-#+!M:W9(*!%*''-#+=N!.2-#')5#!$-!.(-).22J!%*''-#%!
'D+=!:S!H$,%A!!6/,!-#+!F8F8!TAS!('&+!)%+&!@'=!/178.-9:!K+2A!WWS0!69,6!+B).2%!SWW!
('==+%C',&$,5!-'!;4%(9,6!n!SWS!.,&!.!SWW9(*!%*''-#+=;A! !
9! /@!,++&+&0!C.&!-#+!+,&%!'@!-#+!%*''-# +&!#$%-'5=.*!-'!*.-(#!2+,5-#!'@! ZA!V'=!
+O.*C2+0!.!%*''-#+=!-#.-!%-.=-%!69,6f:oS!C'$,-%!$,!@='*!-#+!H+5$,,$,5!'@!-#+!'=$5$,.2!.==.J!
.,&!%-'C%!.-!.,!+B).2!,)*H+=!'@!C'$,-%!H+@'=+!-#+!+,&0!L$22!H+!69,6!C'$,-%!%#'=-+=!-#.,!-#+!
'=$5$,.2!.==.JA!/,!-#$%!(.%+!.&&!69,6f:!C'$,-%!+B).2!-'!-#+!@$=%-!%*''-#+&!D.2)+!-'!-#+!
H+5$,,$,5!'@!-#+!.==.J!.,&!.&&!69,6f:!C'$,-%!+B).2!-'!-#+!2.%-!%*''-#+&!D.2)+!-'!-#+!+,&!'@!
-#+!.==.JA!
!
67;!V$,&!3$*$-%!'@!x.2$&!4$%-'5=.*!
999999999999999999999999999999999999999!
"#+!F8F8!TAS!@$,&%!-#+!2$*$-%!'@!-#+!#$%-'5=.*!.H'D+!6J#-=;!.,&!H+2'L!6J<,1<;!@'=!L#$(#0!
%+.=(#$,5!@='*!-#+!$,&+O!'@!-#+!*.O$*)*!$,!-#+!:W9(* !%*''-#+&!#$%-'5=.*! %:--4<C 0!-#+!
D.2)+!$,!%:--4<C !$%!5=+.-+=!-#.,!*+&$.,!'@&%:- -4<CA!

9! First find the index, imax, where smoothN(imax) equals the maximum in smoothN. 
9! Increment the index, i, downward from imax until smoothN(i) is less than the  

median of smoothN.. At this point jlow = i+1. 
9! Increment the index, i, upnward from imax until smoothN(i) is greater than  the  

median of smoothN. At this point jhigh = i-1. 

!
F%!'@!RfYf:WS\0!-#+!&+D+2'C*+,-.2!('&+!@$,&%!-#+!2$*$-%!'@!-#+!#$%-'5=.*!.H'D+!.!
C=+2$*$,.=J!J#-=!.,&!H+2'L!.!C=+2$*$,.=J!J<,1<!@'=!L#$(#0!%+.=(#$,5!@='*!-#+!$,&+O!'@!-#+!
*.O$*)*!$,!-#+! :W9(* !%*''-#+&!#$%-'5=.*! %:--4<C 0!-#+!D.2)+!$,!C!$%!5=+.-+=!-#.,!
*+&$.,!'@&CA!

9! First find the index, imax, where smoothN(imax) equals the maximum in smoothN. 
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9! Increment the index, i, downward from imax until N(i) is less than the  median of N.. 
At this point preliminary jlow = i+1. 

9! Increment the index, i, upnward from imax until N(i) is greater than  the  median of 
N. At this point preliminary jhigh = i-1. 

9! Then the average counts in all the bins above the preliminary Jhigh are calculated and 
set equal to tailnoisehigh and 

9!  The average counts in all the bins below the preliminary Jlow are calculated and set 
equal to tailnoiselow. 

9! Increment the index, i, downward from imax until smoothN(i) is less than the  
Th_Nc *  tailnoiselow. At this point jlow = i+1. 

9! Increment the index, i, upnward from imax until smoothN(i) is greater than  
Th_Nc_f * tailnoisehigh. At this point jhigh = i-1. 

!
6V;!1#''%+!V$=%-!1)-!8$5,.2!<#'-',%!
999999999999999999999999999999999999999!
"#+!@$=%-9()-!%$5,.2!'=!%)=@.(+!C#'-',%!. =+!-#'%+!$,!-#+!H$,%!'@!#$%-'5=.*!C!H+-L++,!J#-=&
.,& &J<,1<A!"#+!,'$%+!C#'-',%!.=+!-#'%+!@='*!H$,%!H+2'L!-#+!J#-=!H$,!.,&!.H'D+! -#+!J<,1<!
H$,A!"#+!D+(-'=!?,6? !2$%-%!-#+!H$,!.%%$5,*+,-!@'=!+.(#!C#'-',!+2+D.-$',A!"#+=+@'=+0!-#+!
$,&$(+%!,,!@'=!L#$(#!?,6? K,,L!$%!2+%%!-#.,!'=!+B).2!-'!J<,1<!.,&!5=+.-+=!-#.,!'=!+B).2!-'! J#-=0!
.=+!-#+!$,&$(+%!'@!-#+!%)=@.(+!=+@2+(-+&!C#'-',!#+$5#-%!$,!<4/,6,4,$#A!!
9! <'C)2.-+!-#+!D+(-'=!'@!%)=@.(+!C#'-',!#+$5#-%0!<4/,6,4,$#/%8+00!L$-#!-#+!#+$5#-%!.-!
$,&$(+%!,,!$,!<4/,6,4,$#&!6$,!I.-2.H!-#+%+!%)=@.(+!#+$5#-%!L')2&!H+!
#-[$,$-$.2[%)=@n#-[$,$-$.26$$;e!L#+=+!$$!$%!-#+!D+(-'=!'@!%)=@.(+!C#'-',!$,&$(+%;A!!
9! /&+,-$@J!-#+!('==+%C',&$,5!-=.(c!&$%-.,(+%0!4+$5F3,%4/,6,4,$#/%8+00!$,!
4+$5F3,%4/,6,4,$#&.-!-#+!$,&$(+%!$,&,,A!
!
6U;!E'!.!3$,+.=!V$-!'@!4+$5#-!x+=%)%!"=.(c!E$%-.,(+!
999999999999999999999999999999999999999!
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d+!,++&!-'!&' !.!2$,+.=!@$-!-'!%)=@.(+!#+$5#-%!D+=%)%!-=.(c!&$%-.,(+!H+(.)%+!-#+!-=+,&!$,!
%)=@.(+!#+$5#-!(',-=$H)-+%!%)H%-.,-$.2!D.=$.,(+!-'!-#+!#$%-'5=.*0!L#$(#!(.,!(2')&!-#+!
%)=@.(+!@$,&$,5!.25'=$-#*A!"#+=+@'=+0!C+=@'=*!
.!2+.%-!%B).=+%!2$,+.=!@$-!'@!-#+!@'=*!
*@!O!4+$5F3,%4/,6,4,$#/%8+0o&*' !-'!
<4/,6,4,$#/%8+0M&
!
64;!8)H-=.(-!8)=@.(+!"=+,&!!
999999999999999999999999999999999999999!
d+!*.c+!.!,+L!D+(-'=!.==.J!'@!&+-=+,&+&!
#+$5#-%0!<4/,6,4,$#(0!HJ!%)H-=.(-$,5!-#+!2$,+.=!
%)=@.(+!-=+,&!&+=$D+&!.H'D+!.-!%-+C!TA:AY!6U;!
@='*!<4/,6,4,$#0!
!$A+A0!
<4/,6,4,$#(n<4/,6,4,$#!9!*@!O!4+$5F3,%4/,6,4,$#o&
*' A!!
!
99999999999999999999999999999999999999999999999999999999999
99999999999999999999999999999!
K7<7F" !8sKVF17!V/ZE/ZU!FV"7K!
K7I?x/ZU !"K7ZE !
!99999999999999999999999999999999999999999999999999999999999
99999999999999999999999999999!
!
6/;!K+C+.-!8-+C%!6G;!"#=')5#!6V;!F(-$,5!',!-#+!
E+-=+,&+&!72+D.-$',%!8-.=-$,5!d$-#Q!1'*C)-+!/,$-$.2!4$%-'5=.*!.,&!k++C!"=.(c!'@!G$,!
F%%$5,*+,-!@'=!7.(#!<#'-',!4+$5#-!
999999999999999999999999999999999999999!
<'C)2.-+!-#+!#$%-'5=.*!.==.J!C!%)(#!-#.-!+.(#!+2+*+,-!+B).2%!-#+!,)*H+=!'@!D.2)+%!@='*!
<4/,6,4,$#(!-#.-!.=+!$,!-#+!('==+%C',&$,5!H$,!H'),&.=$+%!'@!G31"%A!F2%'0!@'=!+.(#!D.2)+!$,!
#-[$,$-$.2:0!C'C)2.-+!-#+!D+(-'=!G$,G!L$-#!-#+!H$,!,)*H+=!-'!L#$(#! <4/,6,4,$#(!$%!.%%$5,+&!
@='*!',+!-'!-#+!2+,5-#0!IC 0!'@!C!l$,!I.-2.H0! lZ0G$,Gmn#$%-(6#-[$,$-$.2:07&5+%;mA!
!
6];!V$,&!I+&$.,!'@!/,$-$.2!4$%-'5=.*!
999999999999999999999999999999999999999!
V$,&!-#+!*+&$.,0!:"3,$6C 0!'@!CA!
!
6k;!8*''-#! -#+!/,$-$.2!4$%-'5=.*!L$-#!G'O(.=!8*''-#+= !
999999999999999999999999999999999999999!
9! 1=+.-+!.!%*''-#+&!D+=%$',0!%:--4<C 0!'@!-#+!#$%-'5=.*0!C0!L$-#!.!H'O(.=!%*''-#+=!
$,(=+*+,-+&!$,!',+ 9H$,!%-+C%!'D+=!;4%(9,6!L#+=+!;4%(9,6!$%!.!(',-='2!C.=.*+-+=!$,!".H2+!
TA!/-!%#')2&!+B).2!69,6!oS!L#+=+!69,6!$%!.,!+D+,!,)*H+=A!d+!#.D+!(#'%+,!69,6%n:W!.,&!

!
V$5)=+!SYA!1'.=%+!6H2)+;0!%*''-#+&!6(J.,;0!
.,&!@$,.2!C='&)(-!6*.5+,-.;!#$%-'5=.*%!'@!
&+-=+,&+&0!SW!*$,)-+%!'@!FC=$2!:WS:!
IFG73!&.-.!'D+=!1#+%.C+.c+!G.JA!"#+!
*.5+,-.!#$%-'5=.*!$%!)2-$*.-+!')-C)-!'@!
-#+!%)=@.(+!@$,&$,5!C#.%+!'@!-#+!'(+.,!
.,.2J%$%!%-+C%!`9R!'@!YA:ASA`A!"#+!
('==+%C',&$,5!@$5)=+!L$-#')-!-=+,&!
=+*'D.2!$%!%#'L,!$,!V$5)=+!S:A!
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;4%(9,6!%+-!.-!:S!H.%+&!',!%)((+%%!L$-#!-#+!&+D+2'C*+,-.2!('&+A!/,!-#$%!F"GE!L$-#!S9(*!
H$,!%$^+0!L+!=+@+=!-'!-#$%!,'*$,.22J!.%!-#+!M:W9(*!%*''-#+=N!.2-#')5#!$-!.(-).22J!%*''- #%!
'D+=!:S!H$,%A!!6/,!-#+!F8F8!TAS!('&+!)%+&!@'=!/178.-9:!K+2A!WWS0!69,6!+B).2%!SWW!
('==+%C',&$,5!-'!;4%(9,6!n!SWS!.,&!.!SWW9(*!%*''-#+=;A! !
!
9! /@!,++&+&0!C.&!-#+!+,&%!'@!-#+!%*''-#+&!#$%-'5=.*!-'!*.-(#!2+,5-#!'@!ZA!V'=!
+O.*C2+0!.!%*''-#+=!-#.-!%-.=-%!69,6f:oS!C'$,-%!$,!@='*!-#+!H+5$,,$,5!'@!-#+!'=$5$,.2!.==.J!
.,&!%-'C%!.-!.,!+B).2!,)*H+=!'@!C'$,-%!H+@'=+!-#+!+,&0!L$22!H+!69,6!C'$,-%!%#'=-+=!-#.,!-#+!
'=$5$,.2!.==.JA!/,!-#$%!(.%+!.&&!69,6f:!C'$,-%!+B).2!-'!-#+!@$=%-!%*''-#+&!D.2)+!-'!-#+!
H+5$,,$,5!'@!-#+!.==.J!.,&!.&&! 69,6f:!C'$,-%!+B).2!-'!-#+!2.%-!%*''-#+&!D.2)+!-'!-#+!+,&!'@!
-#+!.==.JA!
!
63;!V$,&!3$*$-%!'@!x.2$&!4$%-'5=.*!
999999999999999999999999999999999999999!
"#+!F8F8!TAS!@$,&%!-#+!2$*$-%!'@!-#+!#$%-'5=.*!.H'D+!6J#-=;!.,&!H+2'L!6J<,1<;!@'=!L#$(#0!
%+.=(#$,5!@='*!-#+!$,&+O!'@!-#+!*.O$*)*!$,!-#+!:W9(* !%*''-#+&!#$%-'5=.*! %:--4<C 0!-#+!
D.2)+!$,!%:--4<C !$%!5=+.-+=!-#.,!*+&$.,!'@&%:--4< CA!

9! First find the index, imax, where smoothN(imax) equals the maximum in smoothN. 
9! Increment the index, i, downward from imax until smoothN(i) is less than the  

median of smoothN.. At this point jlow = i+1. 
9! Increment the index, i, upnward from imax until smoothN(i) is greater than  the  

median of smoothN. At this point jhigh = i-1. 

!
F%!'@!RfYf:WS\0!-#+!&+D+2'C*+,-.2!('&+!@$,&%!-#+!2$*$-%!'@!-#+!#$%-'5=.*!.H'D+!.!
C=+2$*$,.=J!J#-=!.,&!H+2'L!.!C=+2$*$,.=J!J<,1<!@'=!L#$(#0!%+.=(#$,5!@='*!-#+!$,&+O!'@!-#+!
*.O$*)*!$,!-#+! :W9(* !%*''-#+&!#$%-'5=.*! %:--4<C 0!-#+!D.2)+!$,!C!$%!5=+.-+=!-#.,!
*+&$. ,!'@&CA!

9! First find the index, imax, where smoothN(imax) equals the maximum in smoothN. 
9! Increment the index, i, downward from imax until N(i) is less than the  median of N.. 

At this point preliminary jlow = i+1. 
9! Increment the index, i, upnward from imax until N(i) is greater than  the  median of 

N. At this point preliminary jhigh = i-1. 
9! Then the average counts in all the bins above the preliminary Jhigh are calculated and 

set equal to tailnoisehigh and 
9!  The average counts in all the bins below the preliminary Jlow are calculated and set 

equal to tailnoiselow. 
9! Increment the index, i, downward from imax until smoothN(i) is less than the  

Th_Nc_f * tailnoiselow. At this point jlow = i+1. 
9! Increment the index, i, upward from imax until smoothN(i) is less than  Th_Nc_f * 

tailnoisehigh. At this point jhigh = i-1. 
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!
6I; !1#''%+!8+(',& 91)-!8$5,.2!<#'-',% !
999999999999999999999999999999999999999!
"#+!%+(',&9()-!%$5,.2!'=!%)=@.(+!C#'-',%!.=+!-#'%+!$,!-#+!H$,%!'@!#$%-'5=.*!C!H+-L++,!J#-=&
.,& &J<,1<A!"#+!,'$%+!C#'-',%!.=+!-#'%+!@='*!H$,%!H+2'L!-#+!J#-=!H$,!.,&!.H'D+!-#+!J<,1<!
H$,A!"#+!D+(-'=!?,6? !2$%-%!-#+!H$,!.%%$5,*+,-!@'=!+.(#!C#'-',!+2+D.-$',A!"#+=+@'=+0!-#+!
$,&$(+%!,,!@'=!L#$(#!?,6? K,,L!$%!2+%%!-#.,!'=!+B).2!-'!J<,1<!.,&!5=+.-+=!-#.,!'=!+B).2!-' !J#-=0!
.=+!-#+!$,&$(+%!'@!-#+!%)=@.(+!=+@2+(-+&!C#'-',!#+$5#-%!$,!<4/,6,4,$#(A!!
9! <'C)2.-+!-#+!D+(-'=!'@!%)=@.(+!C#'-',!#+$5#-%0!<4/,6,4,$#(/%8+00!L$-#!-#+!#+$5#-%!.-!
$,&$(+%!,,!$,!<4/,6,4,$#(&!6$,!I.-2.H!-#+%+!%)=@.(+!#+$5#-%!L')2&!H+!
#-[$,$-$.2:[%)=@n#-[$,$-$.2:6$$;e!L#+=+!$$!$%!-#+!D+(-'=!'@!%)=@.(+!C#'-',!$,&$(+%;A!!
9! /&+,-$@J!-#+!('==+%C',&$,5!-=.(c!&$%-.,(+%0!4+$5F3,%4/,6,4,$#/%8+00!$,!
4+$5F3,%4/,6,4,$#&.-!-#+!$,&$(+%!$,&,,0!l$A+A0!$,!I.-2.H!('&+!4+$5F3,%4/,6,4,$#/%8+00n&
4+$5F3,%4/,6,4,$#K,,LmA!!
!
<4/,6,4,$#(/%8+0&$%!-#+!*.$,!C='&)(-!'@!-#+!%)=@.(+!@$,&$,5!=')-$,+A!/,!.&&$-$',0!-#+!%+(',&9
C.%%!%)=@.(+!$,&$(+%!$,!,,!.=+!-#+!$,&$(+%!@'=!-#+!-$*+0!5+'2'(.-$',0!-=.(c!&$%-.,(+!.,&!.22!
'-#+=!&.-.!('==+%C',&$,5!-'! <4/,6,4,$#&/%8+0A!F,!+O.*C2+!'@!-#+!%+(',&!C.%%!.,&!-#+!
#$%-'5=.*!'@!%)=@.(+!#+$5#-%!@'=!IFG73!&.-.!.=+!%#'L,!$,! V$5)=+!SYA!
!
6Z;! 1.2()2.-+!Z)*H+=!'@!<#'-',%0!I+.,!"$*+0!.,&!U+'2'(.-$',!@'=!8+5*+,- !
999999999999999999999999999999999999999!
"#+!,)*H+=!'@!%)=@.(+!=+@2+(-+&!C#'-',%!$,!-#+!%+5*+,-0!6/;<-4-6% 0!$%!-#+!2+,5-#!'@!-#+!
$,&+O!D+(-'=!,,M!"#+!-$*+0!5+'2'(.-$',0!.,&!-=.(c!&$%-.,(+!'@!-#+!%)=@.(+!=+@2+(-+&!C#'-',%!
.=+!+B).2!-'!-#+!D.2)+%!$,!-#+!D+(-'=%!4,:"/,6,4,$# 0!#$4/,6,4,$#0!#-6/,6,4,$#0!.,&!
4+$5F3,%4/,6,4,$#!.-!-#+!$,&+O!C'%$-$',%!5$D+,!HJ!,,!6+A5A0!4,:"/,6,4,$#K,,L;A!1'*C)-+!-#+!
%+5*+,-!-$*+0!4/%"10!.%!-#+!*+.,!'@!4,:"/,6,4,$#K,,L0!.,&!-#+! &)=.-$',!'@!-#+!%+5*+,-0!
3"#4/%"10!.%!-#+!2.%-!D.2)+!'@!4,:" /,6,4,$#!9!-#+!@$=%-!D.2)+!'@!4,:" /,6,4,$#A!1'*C)-+! -#+!
%+5*+,-!2.-$-)&+0!#$4/%"10!.,&!%+5*+,-!2',5$-)&+0!#-6/%"10!.%!-#+!*+.,%!'@!#$4/,6,4,$#K,,L&
.,&! #-6/,6,4,$#K,,L2!.,&!-#+!%+5*+,-!2+,5-#0!#"614</%"10!.%!-#+!2.%-!D.2)+!'@!
4+$5F3,%4/,6,4,$#K,,L!9!-#+!@$=%-!D.2)+!'@!4+$5F3,%4/,6,4,$#K,,LA!
"#+!-'-.2!,)*H+=!'@!C#'-',%0! 6/44#/;<-4-6 0!+B).2%!-#+!2+,5-#!'@!4,:"/,6,4,$# 0!.,&!.%!.H'D+0!
-#+!,)*H+=!'@!C#'-',%!=+@2+(-+&!@='*!-#+!%)=@.(+!+B).2%!6/;<-4-6% !+B).2!-'! -#+!2+,5-#!'@!
,,A!"#+!%)=@.(+!=+@2+(-+&!C#'-',!=.-+0!+%8+00!$%!+B).2!-'!6/;<-4-6% &&$D$&+&!HJ&3"#4/%"12&.,& !
-#+!,'$%+!C#'-',! =.-+0!+6-,%"0!$%!+B).2!-'!-#+!&$@@+=+,(+!'@!6/44#/;<-4-6!*$,)%! 6/;<-4-6% !
&$D$&+&!HJ!3"#4/%"1A&&
!

L7X7X! F#&H"%%$'@(B&(8A.#.HB"#$U"(:&'@(N.T"-"'@BA(N.T"%3(="L"'>"'H"(&)( +.IL-"(,.B" (
&'(: &'@(N.T"(=$%L-.H"I"'B 3(.'>( !"#$%&$%(+".(+B.B"(K$.%(9%B$I.B"(

U;!<='(+%%$,5!8-+C%!-'!7%-$*.-+!8+.!8-.-+!G$.%!
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/,!-#$%!C.=-!L+!('*C)-+!-#+!8+.!8-.-+!G$.%!C='C'=-$',.2!-'!-#+!('D.=$.,(+!'@!C#'-'!=+-)=,!=.-+!.,&!
%)=@.(+!#+$5#-!$,!SW9*!.2',5 9-=.(c!H$,%A!"#$%!(',%-$-)-+%!L#.-!$%!('**',2J!=+@+==+&!-'!.%!-#+!
72+(-='9I.5,+-$(!'=!7I!H$.%!-#.-!$%!+OC+(-+&!-'!&'*$,.-+!/178.-:!88GA!"#+!%-+C%!.=+Q!
!

SA! F&&!:"$6-00,4( !-'! <4/,6,4,$#(/%8+0A!
:A! 1',D+=-!4+$5F3,%4/,6,4,$#/%8+0!-'!*+-+=%!$@!,+(+%%.=J!
`A! ?D+=!'(+.,!%+5*+,-%!.,&!%'=-!#+$5#-!&.-.!$,!.%(+,&$,5!'=&+=!'@!.2',5!-=.(c!

&$%-.,(+0!4+$5F3,%4/,6,4,$#/%8+02&!-'!.22'L!(.2()2.-$',!'@!C#'-',!=+-)=,!=.-+!C+=!*+-+= !
YA! E+@$,+!E!.%!-#+!%'=-+&!4+$5F3,%4/,6,4,$#/%8+0!.,&!-#+!.%%'($.-+&!#+$5#-%!@='*!

<4/,6,4,$#(/%8+00!.%!<4.A!
TA! 1'*C)-+!&.-.!%C.($,50! E%0!.%!&$@@+=+,(+!$,!%)((+%%$D+!E!D.2)+%A!
RA! /@!E%!$%!,+5.-$D+0!('==+(-!-'!-#+!*+.,!'@!,+.=+%-!,+$5#H'=!&.-.!%C.($,5!D.2)+%A!/@!-#+!

,+5.-$D+!&.-.!%C.($,50!E%0!$%!-#+!@$=%-!'=!2.%-!D.2)+!$,!-#+!'(+., !%+5*+,-!6gbWWW!
C#'-',%!'=!X 9c*;! %$*C2J!=+C2.(+!$-!L$-#!-#+!,+.=+%-!,+$5#H'=!D.2)+A!

XA! FD+=.5+!H+-L++,!.&>.(+,-!<4.!+2+*+,-%!-'!('==+%C',&!-'!E%A!"#+!2+,5-#!'@!<4.!L$22!
H+!=+&)(+&!HJ!',+!-'!*.-(#!-#+!2+,5-#!'@&E%M!

bA! E'!-#+!@'22'L$,5!.,.2J%$%!@'=!+.(#!SW9*!H$,!$,!-#+!'(+., !%+5*+,-!6gbWWW!C#'-',%!
'=!X9c*;!'(+.,!%+5*+,- Q!
.; ! 8+-!E9,6!-'!*$&&2+!'@!SW9*!H$,A!
H;! 8+-!<4.9,6!-'!*+. ,!'@!<4.!$,!+.(#!SW9*!H$,A!!
(; ! FD+=.5+!&.-.!%C.($,50!E%!.,&!%+-!-'!E%9,63A!
&;! 1'*C)-+!-#+!C#'-',!&.-.!=.-+!C+=!*+-+=0! E+9,632!HJ!$,D+=-$,5!SW9*!H$,!.D+=.5+!

&.-.!%C.($,50!E%9,63!A!/@!E%9,63!$%!^+='0!%+-!E+9,63!+B).2!-'!Z.ZA!
+;! 7%-.H2$%#!%#-;"9,60,4!Q!!

/A! n!Z.Z!$@!',2J!',+!C#'-',!$,!.!SW 9*!H$, !
//A! n!(#.,5+!$,! <4.!'D+=!(#.,5+!$,!E!$@!',2J!-L'!C#'-',%!$,!.!SW9*!H$, !

///A! n!2$,+.=!@$-!$@!-#=++!'=!*'=+!C#'-',%!$,!.!SW9*!H$, !
\A! E+2+-+!&.-.!@='*!SW9*!H$,%!$@!-#+=+!.=+!,'!C#'-',%!$,!-#+!H$,!'=!$@!-#+!&.-.!=.-+0!

E+9,63!$%!Z.Z!
SWA!1'*C)-+!('D.=$.,(+!'@!H$,!.D+=.5+&!#+$5#-!.,&!&.-.!=.-+0!9,6HNO>4P+0!.%!-#+!

.D+=.5+!'D+=!.22!SW9*!H$,%!'@!-#+!C='&)(-!'@!-#+!&+-=+,&+&!H$,,+&!#+$5#-%0!!<4.9,60!

.,&!-#+!&+-=+,&+&!H$,,+&!&.-.!=.-+0!E+9,63A!
SSA!1'*C)-+0! 9,6)OQ/P+0&-#+!.D+=.5+!'@!H$,,+&!&.-.!=.-+0!E+9,63A!
S:A!1'*C)-+!-#+!%+.!%-.-+!H$.%0!9,6AA?,$%0!.%!9,6HNO>4P+!&$D$&+&!HJ!9,6)OQ/P+A!
S`A!/@!-#+=+!.=+!*'=+!-#.,!',+!SW9*!$,!.!:bWW9*!%+5*+,-!L$-#!.!D.2$&!%#-;"9,60,4Q!

.; ! 1'*C)-+! %#-;"P+"48+6!.%!-#+!C='&)(-!'@!-#+!&+-=+,&+&!%2'C+0!%#-;"9,60,40!.,&!
-#+!&+-=+,&+&!H$,,+&!&.-.!=.-+0!E+9,63A!

H;! 1'*C)-+!-#+!('D.=$.,(+!!'@!-#+!C#'-',!=.-+!.,&!-#+!%2'C+0!9,6HNO%#-;"/P+0!.%!
-#+!%)*!'@!-#+!%#-;"P+"48+6!&$D$&+&!HJ!-#+!,)*H+=!'@!SW9*!H$,%!L$-#!.!D.2$&!
%#-;"9,60,4A!
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(; ! 1'*C)-+!-#+!%+.!%-.-+!%2'C+!H$.%0!9,6A#-;"?,$%0!.%!-#+!('D.=$.,(+!'@!-#+!$,D+=-+&!
&.-.!=.-+!.,&!-#+!%2'C+0!9,6HNO%#-;"/P+0!&$D$&+&!HJ!-#+!*+.,!'@!-#+!$,D+=-+&!
&.-.!=.-+A!!

SYA!8.D+!D+(-'=!.==.J%!E9,60!<4.9,60!.,&!E+9,6!@'=!%+5*+,-!')-C)-!A!
!
8$,(+!-#+!=.-$',.2+!@'=!%'*+!'@!-#+%+!%-+C%!*.J!,'-!H+!'HD$')%0!L+!C='D$&+!-#+!@'22'L$,5!
+OC2.,.-$',%!@'=!-#+!%-+C%Q!

"'!&+-+=*$,+!-#+!88G!)%$,5!7BA!SS!=+B)$=+%!-#.-!L+!c,'L!-#+!('D.=$.,(+!'@!-#+!
%)=@.(+!=+-)=,!=.-+!.,&!-#+!#+$5#-!.,'*.2J!.%%'($.-+&!L$-#!-#+!&'*$,.,-!%)=@.(+!L.D+%A!"'!
&'!-#$%!L+!*)%-!+%-.H2$%#!-#+!#+$5#-!D.=$.-$',%!.,&!C#'-',!=+-)=,!=.-+!$,!+D+,2J!%C.(+&!SW9
*!H$,%!.2',5!+.(#!'(+.,!%+5*+,-!@'),&!&)=$,5!-#+!('.=%+!%$5,.2!@$,&$,5!%-+CA!8+(-$',!OMJMPA!

!
7%-$*.-$,5!%+.!%-.-+!H$.%!'D+=!'(+., !%+5*+,-%!
F-!-#$%!C'$,-0!$@!,'-!+.=2$+=0!H+(.)%+!L+!L.,-!-'!+%-$*.-+!-#+!C='C+=-$+%!'@!L.D+%!-JC$(.22J!
#),&=+&%!'@!*+-+=%!2',50!$-!L$22!H+!,+(+%%.=J!-'!.55=+5.-+!<4/,6,4,$#(/%8+0!.,&!
4+$5F3,%4/,6,4,$#/%8+0!!.2',5!+.(#!'(+.,!%+5*+,-!@'),&!&)=$,5!-#+!('.=%+!%$5,.2!@$,&$,5!
%-+CA!8+(-$',!OMJMP!
!
F&&!*+.,!@='*!&+-=+,&$,5!)%+&!.@-+=!@$=%-!()-!%)=@.(+!@$,&$,5!
"#+!*+.,%!@='*!-#+!@$=%-!()-!'@!%)=@.(+!@$,&$,5!.=+!('*C)-+&!@='*!C#'-',!#+$5#-%!'D+=!
%)=@.(+!L.D+%!.,&!.=+!-#+=+@'=+!(',-.*$,.-+&!HJ!-#+!('==+2.-$',!'@!C#'-',!=+-)=,!=.-+!
L$-#!#+$5#-!'@!-#+!%)=@.(+!'D+=!%)=@.(+!L.D+%A!/@!-#+%+!.=+!,'-!.&&+&!H.(c!$,-'!-#+!#+$5#-!
=+('=&0!-#.-!(',-.*$,.-$',!HJ!88G!L$22!H+!2'%-A!"#+=+@'=+0!L+!.&&!:"$6-00,4( 0!-#+!*+.,!'@ &
*'& o!*@!O!!4+$5F3,%4/,6,4,$#/%8+0!6-#+!.2',5 9-=.(c!C'%$-$',!'@!:,& !$-+=.-$',!%)=@.(+!C#'-',%;0!
H.(c!$,-'!-#+!C#'-',!#+$5#-!=+('=&0!<4.&n<4/,6,4,$#(/%8+0!o:"$6-00,4( !
!!
1.2()2.-+!&.-.!%C.($,5!
!E+@$,$,5!E!+B).2!-'! 4+$5F3,%4/,6,4,$#/%8+0&-R"+&4<"&(S''T:&%"1:"642!('*C)-+!-#+!.2',5 9
-=.(c!%C.($,5!%)((+%%$D+!C'%$-$',%!$,!E0!E!&!u!E!&M2!'=!$,!-#+!C.=2.,(+!'@!I.-2.H0!J$+2&!.,!.==.J!
'@!%C.($,5%Q!E%!n&E!6:Q+,&;9&E!6SQ+,&9S;A!FD+=.5+!'D+=!,+5.-$D+!%C.($,5%!L#+=+!6J&!u!J&M2!;pWA!
/,!')=!+OC+=$+,(+!L$-#!IFG73!.,&!F"I!&.-.!$@!-#+=+!$%!.!,+5.-$D+!D.2)+!E%H!$-!(.,!H+!
=+C2.(+&!HJ!-#+!.D+=.5+!'@!-#+!C=+D$')%!.,&!%)((++&$,5!D.2)+%A!/@!-#+!,+5.-$D+!&.-.!%C.($,50!
E%0!$%!-#+!@$=%-!'=!2.%-!D.2)+!$,!-#+!:bWW9*!%+5*+,-!%$*C2J!=+C2.(+!$-!L$-#!-#+!,+.=+%-!
,+$5#H'=!D.2)+A!
!
F2$5,!.2',59-=.(c!&$%-.,(+!.,&!#+$5#-!L$-#!%.*C2+!%C.($,5A!
"#+!&.-.!=.-+%!$,!),$-%!'@!*+-+=9S!.=+!-#+!$,D+=%+%!'@!-#+!%.*C2+!$,-+=D.2!E%&!n!6E&!u!E&M2;9SA!

4'L+D+=0!$@!%C.($,5!D.=$+%!%$5,$@$(.,-2J!.,&!',+!-=$+%!-'!$,-+=C'2.-+!H+-L++,!'=!.D+=.5+!-L'!
=.-+%!-'5+-#+=0!-#+!=+%)2-!L$22!H+!H$.%+&!.L.J!@='*!-#+!-=)+!.D+=.5+!6$A+A!:f6E&]2 !u!E&M2;9S!

-'L.=&! -#+!#$5#+=!=.-+A!d#+,!*.,J!$,&$D$&).2!=.-+%!.=+!.D+=.5+&!$,!-#$%!L.J!-#+!=+%)2-!$%!
5=+.-+=!-#.,!-#+!,)*H+=!'@!C#'-',!%)=@.(+!=+-)=,%!&$D$&+&!HJ!-#+!-'-.2!&$%-.,(+A!"#+!
C='H2+*!$%!+2$*$,.-+&!HJ!.D+=.5$,5!%.*C2+!$,-+=D.2%!.,&!HJ!$,-+=C'2.-$,5!#+$5#-%!.,&!
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C'%$-$',%!-'!-#+!*$&C'$,-!H+-L++,!%.*C2+%!=.-#+=!-#.,!$,-+=C'2.-$,5!%C.($,5!'=!%.*C2+!
=.-+!H.(c!-'!%.*C2+!C'%$-$',A!1',%+B)+,-2J0!L+!,+O-!$,-+=C'2.-+!#+$5#-!.,&!.2',5 9-=.(c!
&$%-.,(+!-'!-#+!*$&&2+!'@!+.(#! %.*C2+!$,-+=D.2!('==+%C',&$,5!-' !-#+!C'%$-$',!'@!E%!!HJ!
.D+=.5$,5!H+-L++,!.&>.(+,-! <4.!+2+*+,-%!.,&!.D+=.5$,5!H+-L++,!.&>.(+,-!E!+2+*+,-%A!"#+!
2+,5-#%!'@!<4.!.,&! E!L$22!-#+, !H+!=+&)(+&!HJ!',+!-'!*.-(#!-#+!2+,5-#!'@&E%A!
!!
P).,-$@J!%)=@.(+!#+$5#-!.,&!%2'C+!.,&!=+-)=,!=.-+!$,!SW9*!.2',5 9-=.(c!H$,%A!
V$=%-!&$D$&+!-#+!'(+.,!%+5*+,-!$,-'!I @&$23!!SW9*!H$,%A!F%%$5,!+.(#!%.*C2+!$,-+=D.2!6&&;!$!-#+!
$,-+=D.29.2$5,+&!E%,H!E&0!.,&!<4.&0!-'!',+!'@!-#+%+!H$,%!L$-#!.!H$,!$,&+O!&@&$!L#+=+!
&@&$Z&&[n='),& 9)C!6EZ&&[9*$,6 E;;fSW;!.,&!()*)2.-$D+2J!.&&!-#+!<4.Z&&[!-'! <4.9,6 Z&@&$Z&&[[H!!
()*)2.-$D+2J!.&&!-#+!E%Z&&[!-'! E%9,63Z&@&$Z&&[[0!.,&!$,(=+*+,-!.!H$,!('),-+=0! $@&$BZ&@&$Z&&[[0!
HJ!',+!@'=!+.(#!.&&+&!%.*C2+A!!
!
V$,&!.D+=.5+%0!C#'-',!=+-)=,!=.-+ !.,&!%-=.$5#-92$,+!@$-%!$,!+.(#!SW9*!H$, !
V'=!&@&$!+B).2!-'!S!-#=')5#! I @&$23!('*C)-+!H$,!.D+=.5+%Q!
1'*C)-+!-#+!H$,!.D+=.5+%!'@!#+$5#-!.,&!&.-.!%C.($,5Q!
<4.9,6 Z&@&$[n&<4.9,6 Z&@&$[T!$@&$BZ&@&$[!.,& !
E%9,63Z&@&$[n&E%9,63Z&@&$[T!$@&$BZ&@&$[+!!
8+-!-#+!H$,!.2',59-=.(c!C'%$-$',0!E9,62!-'!*$&&2+!'@!SW9*!H$, A!!
" #+!H$,9.D+=.5+!%.*C2+!=.-+!$%!-.c+,!+B).2!-'!-#+!$,D+=%+!'@!-#+!H$,!.D+=.5+&!%.*C2+!
$,-+=D.2Q!
E+9,63Z&@&$[LZE%9,63Z&@&$[[ M20!H)-!$@!E%9,63!$%!^+='0!%+-!E+9,63!+B).2!-'!Z.ZA!
!
F2%'!('*C)-+!@$-%!'@!%)=@.(+!#+$5#-!%2'C+0!%#-;"9,60,40!$,!+.(#!H$,!
9!/,!-#+!(.%+%!L$-#!',2J!S!C'$,-!$,!.!H$,0!%#-;"9,60,4!L$22!H+!%+-!-'!Z.Z!6,'-!.!,)*H+=;A!!
9!/,!-#+!(.%+!'@!-L'!C'$,-%!$,!.!H$,0!a%#-;"9,60,4 &L$22!H+!+B).2!-'!-#+!(#.,5+!$,! <4.!'D+=!
(#.,5+!$,! E!!
9!/@!-#+!,)*H+=!'@!C'$,-%!$,!.!H$,!$%!5=+.-+=!-#.,!'=!+B).2!-'!`0!%#-;"9,60,4!L$22!+B).2!-#+!
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!
1'*C)-+!$,-+=D.2!B).,-$-$+%!@'=!-#+!'(+.,!%+5*+,- !
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!
1'*C)-+!8+.!8-.-+!G$.%!)%$,5!.22!D$.H2+!H$,%A!
1'*C)-+!('D.=$.,(+!'@!H$,!.D+=.5+&!#+$5#-!.,&!&.-.!=.-+0!9,6HNO>4P+0!.%!-#+!.D+=.5+!'D+=!
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H$,,+&!&.-.!=.-+0!E+9,630!$A+A0!-#+!%)*!'D+=!D$.H2+!H$,%0!&&&0!@='*!S!-'!I@&$23!'@!
6&+-=+,&+&6<4.9,6!Z&&&[[ !}&+-=+,&+&6E+9,636$$$;; ;f I@&$23A!
!
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!
1'*C)-+!- he bin average sea state bias estimate according to Equation X7,: 
9,6AA?,$%!+B).2%!9,6HNO>4P+!&$D$&+&!HJ!9,6)OQ/P+A!
!
1'*C)-+!8$5,$@$(.,-!d.D+!4+$5#-0!8d4!!
1'*C)-+!%$5,$@$(.,-!L.D+!#+$5#-!6AU> ;!+B).2!-'!@')=!-$*+%!-#+!%-.,&.=&!&+D$.-$',!'@!-#+!
H$,9.D+=.5+&!%)=@.(+!#+$5#-%!$,!.22!-#+SW9*!.2',5 9-=.(c!H$,%!$,!-#+!%+5*+,-A!!
!
1'*C)-+!C#'-',!=.-+!% 2'C+!('==+2.-$',A!
"#+!H$,!.D+=.5+!%2'C+!H$.%!+%-$*.-+!$%!.,!+OC+=$*+,-.2!C.=.*+-+=!-#.-!$,&$(.-+%!$@!C#'-',%!
.=+!H+$,5!C=+@+=+,-$.22J!=+-)=,+&!@='*!-#+!H.(c%$&+%!'=!@=',-!@.(+%!'@!L.D+%A!!
!
/@!-#+=+!.=+!*'=+!-#.,!',+!SW 9*!$,!.!:bWW9*!%+5*+,-!L$-#!.!D.2$&!%#-;"9,60,40!('*C)-+!
%#-;"P+"48+6!.%!-#+!C='&)(-!'@!-#+!&+-=+,&+&!%2'C+0!%#-;"9,60,40!.,&!-#+!&+-=+,&+&!H$,,+&!

&.-.!=.-+0!E+9,63A!

"#+,!( '*C)-+!-#+!('D.=$.,(+!'@!
-#+!C#'-',!=.-+!.,&!-#+!%2'C+0!
9,6HNO%#-;"/P+0!.%!-#+!%)*!'@!-#+!
%#-;"P+"48+6!&$D$&+&!HJ!-#+!
,)*H+=!'@!SW9*!H$,%!L$-#!.!D.2$&!
%#-;"9,60,4A 
8.D+!D+(-'=!.==.J%!E9,60!<4.9,60!
.,&! E+9,6!@'=!%+5*+,-!')-C)-!A 

L7X7W! F#&H"%%$'@(F#&H">1#"(
)&#(8&##"HB$&'(.'>(
7'B"#L#"B.B$&'(&)(BA"(+1#).H"(
?"$@AB(=$%B#$Q1B$&'(

"#$%!%+(-$',0!TA`AY0!&+%(=$H+%!
C='(+%%$,5!%-+C%!-#.-!.,.2J^+%!-#+!

#$%-'5=.*!'@!=+(+$D+&!%)=@.(+!C#'-',!#+$5#-%0!I !@='*!8+(-$',!TA`A:A!"#+!C='( +&)=+!#.%!H++,!-+%-+&!
$,!.!&+D+2'C*+,-.2!I.-2.H!('&+!6 d$+,+="+%-[U.)%%I$O.,&Z'$%+:A*;A!I.-2.H!+O+()-.H2+!2$,+%!
#.D+!H++,!=+C2.(+&!HJ!&+-.$2+&!-+O-!&+%(=$C-$',%A!

!
F%!&+%(=$H+&!$,!8+(-$',!TAR0!-'!$22)%-=.-+!.,&!D.2$&.-+!-#+!C='5=.*!%-+C%!$,!-#+!

&+D+2'C*+,-.2!('&+!L+!(',D'2D+&!.!=+.2!$*C)2%+!=+%C',%+!&$%-=$H)-$',!-.c+,!@='*!IFG73!&.-.!
6V$5A!ST;!L$-#!.!%J,-#+-$(!%+.!%)=@.(+!#+$5#-0!:9U.)%%$.,!*$O-)=+!&$%-=$H)-$',!L$-#!.!%C+($@$+&!
%-.-$%-$(.2!C='C+=-$+%!6V$5A!SR;A!F!=+C=+%+,-.-$D+!.*'),-!'@!,'$%+!L. %!-#+,!.&&+&!-'!-#$%!-'!J$+2&!
=+(+$D+&!%$5,.2!C#'-',!#+$5#-!&$%-=$H)-$',!6V$5A!SX;!L$-#!.!c,'L,!-=)+! C.=+,-!%)=@.(+!&$%-=$H)-$',A!

!
V$5)=+!STA!/,%-=)*+,-!$*C)2%+!=+%C',%+!#$%-'5=.*!
6i*$-4$%-WW;!
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4+=+!C.=-%!6F;!-#=')5#!6U;!5'!-#=')5#!-#+!.,.2J%$%!C='(+%%!&+%(=$H+&!$,!C.=-!YA`AS!-'!&+-+=*$,+!
-#+!-=)+!%)=@.(+!&$%-=$H)-$',0!,.*+2J! d$+,+=!&+(',D'2)-$',!-'!=+*'D+!-#+!$,%-=)*+,-!$*C)2%+!
=+%C',%+!&$%-=$H)-$',A!"#$%!$%!L#+=+!-#+!C='(+%%$,5!'@!F"3W`!#$%-'5=.*%!H+5$,%A!<.=-!64;!$,!TA:AT!
61#.=.(-+=$^$,5!-#+!K.,&'*!8+.!8)=@.(+;!H=+.c%!-#+!C='(+%%+&!#$%-'5=.*!$,-'!.!U.)%%$.,!I$O-)=+!
.,&!('*C)-+%!-#+!.55=+5.-+!&$%-=$H)-$',!%-.-$%-$(%!@'=!F"3S:!)%$,5!+B).-$',!SXA!!

!

]Z[Z\Z5( +"L.#.B$'@(BA"(<'H"#B.$'B2(>1"(B&(7'%B#1I"'B($IL1-%"(#"%L&'%" (

<.=-%!

6F;!8-.=-$,5!L$-#!#$%-'5=.*!'@!=+(+$D+&!C#'-',!#+$5#-%!@='*!-#+!C=+D$')%!%+(-$',0!('*C)-+!
.!(',%-.,-!%$5,.2!-'!,'$%+!=.-$'!68ZK(;! !

6G;!/*C)2%+!K+%C',%+!E$%-=$H)-$',!

61;!V')=$+=!-=.,%@'=*!'@!-#+!=+(+$D+&!#$%-'5=.*!!

6E;!V')=$+=!-=.,%@'=*!'@!-#+!$,%-=)*+,-!$*C)2%+!=+%C',%+!#$%-'5=.*!

67;!1'*C)-+!-#+!d$+,+=!@$2-+=!

6V;!FCC2J!d$+,+=!E+(',D'2)-$',!-'!~$+2&!-#+!V')=$+=!"=.,%@'=*!'@!-#+!8)=@.(+!E$%-=$H)-$',!

6U;!1'*C)-+!-#+!8)=@.(+!4+$5#-!E$%-=$H)-$',!

!
V$5)=+!SRA!3+@-!9!<='H.H$2$-J!&+,%$-J!@),(-$',!'@!-#+!8J,-#+-$(!884!.%!.!U.)%%$.,!
*$O-)=+0!YWWW!%.*C2+%!@='*!Z6W00S;!.,&!YWWW!@='*!Z6S0:;A!K$5#-!u!8.*+!H)-!L$-#!bWW!
C#'-',%!@'=!L#$(#!-#+!=.L!%J,-#+-$(!<EV!$%!@.$=2J!,'$%J0!H)-!-L'!C+.c%!.,&!%c+L,+%%!
.=+!@.$,-2J!&$%(+=,.H2+A!
!
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1"#*&'0*(8 &

(A)!Noise Ratio Determination 

9999999999999999999999999999999999999999999999999999999999999999!

( ! Start with the histogram of surface reflected photons heights, N, from section (5.3.2 (M)) versus the 
sea surface height vector, sshx, with height bin size equal to Bf (e.g., Bf= 0.01 m). Convert the 
histogram to a vector array of probability density function (pdf) values, rechist. The dimensions of 
rechist and sshx are the same. 

( ! Smooth the received pdf with a   12th order, low-pass Butterworth filter with cutoff wavenumber 
corresponding to 0.1/binsize. Run the filter forward and backward over rechist to yield the smoothed 
histogram, smoothrechist. Figure 17 shows rechist in blue and snoothrechist in red for an 8000 
photon sample (left) and 800 photon sample (right) 

( ! Compute a signal to noise ratio (SNRc) equal to the standard deviation (std) of smoothrechist divided 
by the standard deviation of the difference between the received histogram and the smoothed 
histogram, SNRc= std(smoothrechist)/std((rechist-smoothrechist).  
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(='%%+%!.!C.=-$()2.=!.*C2$-)&+!-#=+%#'2&!6*+.%)=+&!$,!D'2-%;A!"#+!"7<9H.%+&!&.-.!',!-#+!
'-#+=!#.,&!$%!.!#$%-'5=.*!'@!('),-%!'@!.!*.%%$D+2J!.--+,).-+&!D+=%$',!'@!-#+!-=.,%*$--+&!
2.%+=!C)2%+A!F%!%)(#!.!B).,-$-.-$D+!('==+%C',&+,(+!H+-L++,!D'2-.5+%!.,&!('),-%!$%!
C='H2+*.-$(A!F!=+2.-$',%#$C!(')2&!C'%%$H2J!H+!*.&+!H+-L++,!-#+!%-.,&.=&!&+D$.-$',!'@!-#+!
-#=+%#'2&!(='%%$,5!-$*+%!.,&!-#+!.CC.=+,-!L$&-#!'@!-#+!"7<9H.%+&!#$%-'5=.*!.-!%+D+=.2!
C'$,-%!.2',5!-#+!C='@$2+A!"#$%!*.J!.22'L!.!)%+=!-'!H+--+=!C=+&$(-!#'L!-#+!-=.,%*$--+&!C)2%+!
$%!(#.,5$,5!H+-L++,!=+.2$^.-$',%!'@!-#+!"7<A!
!
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!
!

!
!!!
61;!V')=$+=!"=.,%@'=*!'@!K+(+$D+&!4+$5#-!E$%-=$H)-$',!
999999999999999999999999999999999999999999999999999999999999999999999999999!

( ! V$,&!2+,5-#!'@!=+('=&!6CWWB;!+B).2!-'!-#+!,+O-!C'L+=!'@!-L'!5=+.-+=!-#.,!-#+!2+,5-#!'@!
+5R<,%4A!"#$%!%#')2&!('D+=!-#+!2',5+%-!'@!-#+!$*C)2%+!=+%C',%+!&$%-=$H)-$',0!
P:,4>,%4''' 0!.,&! +5R<,%4A!

( ! <.&!-#+!+,&!'@!+5R<,%4!L$-#!^+='%!-'!+O-+,&!$-!-'!2+,5-#!CWWB!
( ! 1'*C)-+! -#+!@.%-!V')=$+=!-=.,%@'=*0!!00!'@!-#+!=+(+$D+&!#+$5#-!&$%-=$H)-$',0!+5R<,%4!!!!

( ! 7,%)=+!(',%$%-+,-!%(.2$,5!%'!-#.-!+,+=5J!
$%!C=+%+=D+&!6+A5A0!L$-#!I.-2.H !VV"0!L+!*)2-$C2J!
-#+!=+%)2-!HJ!-#+!H$,%$^+!-'!=+@2+(-!$,-+5=. -$',!$,!
-#+!%C.(+!&'*.$, !
( ! "#+!#$5#+%-!L.D+,)*H+=!6(J(2+%!C+=!
*+-+=;!$%!-#+!ZJB)$%-!L.D+,)*H+=!+B).2!-'! #.2@!
-#+!%.*C2$,5!L.D+,)* H+=0!=R6%0!L#$(#!+B).2%!
-#+!$,D+=%+!'@!9,6%,V"!6=R6%nSf9,6%,V";A!s%$,5!
-#$%0!L+!('*C)-+!-#+!L.D+,)*H+=!D+(-'=!6=R6;!
('==+%C',&$,5!-'!-#+!V')=$+=!-=.,%@'=*!'@!-#+!
=+(+$D+&!#$%-'5=.*A!7O.*C2+%!'@!!0 !C2'--+&!
D+=%)%!=R6!.=+!%#'L,!$,! V$5)=+!SbA!

6E;!V')=$+=!"=.,%@'=*!'@!/,%-=)*+,-!/*C)2%+!K+%C',%+!
9999999999999999999999999999999999999999999999999999999999999999!

( ! <.&!-#+!+,&!'@!P:,4>,%4''' !L$-#!^+='%!-'!+O-+,&!$-!-'!-#+!2+,5-#!CWWB!

!
V$5)=+!SbA!8$,52+9%$&+&!.*C2$-)&+!%C+(-=.!'@!-#+!=+(+$D+&!<EV%!6V$5A!SX;A!"#+!
-=.,%@'=*!@'=!bWWW!C#'-',%!$%!',!-#+!2+@-!.,&!bWW!C#'-',%!$%!',!-#+!=$5#-A!Z'-+!
-#+!#$5#+=!L.D+,)*H+=!D.=$.H$2$-J!@'=!bWW!C#'-',%A!

!
V$5)=+!S\A!8$,52+9%$&+&!.*C2$-)&+!
%C+(-=)*!'@!-#+!$,%-=)*+,-!$*C)2%+!
=+%C',%+!<EV!6V$5A!ST;A!
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( ! 1'*C)-+!-#+!@.%-!V')=$+=!-=.,%@'=*0!B00!'@!-#+!$*C)2%+!=+%C',%+!&$%-=$H)-$',0!
P:,4>,%4''' !

( ! 7,%)=+!(',%$%-+,-!%(.2$,5!%'!-#.-!+,+=5J!$%!C=+%+=D+&!6+A5A0!L$-#!I.-2.H!VV"0!L+!*)2-$C2J!
-#+!=+%)2-!HJ!-#+!9,6%,V"!-'!=+@2+(-!$,-+5=.-$',!$,!-#+!%C.(+!&'*.$,!

( ! 7O.*C2+%!'@!B0!C2'--+&!D+=%)%!=R6!.=+!%#'L,!$,! V$5)=+!S\A!

!
67;!1'*C)-+!-#+!d$+ ,+=!V$2-+=!
9999999999999999999999999999999999999999999999999999999999999999!
( ! 1'*C)-+!-#+ !d$+,+=!@$2-+=0!U,"6"+ W0!+B).2!-'!B0&O!B055!f!6B0!O!B055!oAC!5TS;0!L#+=+!

%)H%(=$C-!((!&+,'-+%!('*C2+O!(',>)5.-+A !
( ! Z'-+!-#.-!)2-$*.-+2J0!L+!*.J!('*C)-+!-#+!d$+,+= !@$2-+=!L$-#!.!%$5,.2!-'!,'$%+!D.=$.-$',0!

AC!00!-#.-!D.=$+%!L$-#!L.D+,)*H+=!L.D+,)*H+=0!+A5A0!AC!0!+B).2!-#+!.H%'2)-+!D.2)+!'@!
-#+!V')=$+=!-=.,%@'=*!'@!-#+!=+(+$D+&!&$%-=$H)-$',!6!0 ;!&$D$&+&!HJ!-#+!C+=(+$D+&!,'$%+!
6C-,%"!"5 ;0!H)-!-+%-%!%'!@.=!)%$,5!-#+!(',%-.,-!AC!5!#.D+!L'=c+&!L+22A!

( ! 7O.*C2+%!'@!U,"6"+ W!C2'--+&!D+=%)%!=R6!.=+!%#'L,!$,! V$5)=+!:WA!

!
6V;!FCC2J!d$+,+=!E+(',D'2)-$',!-'!~$+2&!-#+!V')=$+=!"=.,%@'=*!'@!-#+!8)=@.(+!E$%-=$H)-$',!
9999999999999999999999999999999999999999999999999999999999999999!

( ! 1'*C)-+!-#+!V')=$+=!-=.,%@'=*!'@!-#+!%)=@.(+!&$%-=$H)-$',0!X00!.%!-#+!d$+,+=!
&+(',D'2)-$',!'@!-#+!$,%-=)*+,-!$*C)2%+!=+%C',%+!&$%-=$H)-$',!.,&!-#+!=+(+$D+&!#+$5#-!
&$%-=$H)-$',A!/,!V')=$+=!6L.D+,)*H+=;!%C.(+!-#$%!$%!-#+!d+$,+=!@$2-+=0!U",6"+ W0!
*)2-$C2$+&!-$*+%!-#+!=.-$'!'@!-#+!-=.,%@'=*!'@!-#+!=+(+$D+&!&$%-=$H)-$',0!K@0!.,&!-#+!
-=.,%@'=*!'@!-#+!$*C)2%+!=+%C',%+0!B00!$A+A0!X0nU",6"+ W!O!!0 f B0A!

!!!!!!!! !!!!!!!!! !
V$5)=+!:WA!8$,52+9%$&+&!.*C2$-)&+!%C+(-=.!'@!-#+!d$+,+=!@$2-+=%!('*C)-+&!@='*!-#+!V')=$+=!
-=.,%@'=*!'@!-#+!$,%-=)*+,-!$*C)2%+!=+%C',%+!<EV%!6V$5A!S\;!.,&!-#+!%$5,.2!-'!,'$%+!=.-$'!
+%-$*.-+&!@='*!-#+!=+(+$D+&!#+$5#-!<EV%!.,&!%*''-#+&!D+=%$',%!'@!-#+*!6V$5A!SX;A!?L$,5!-'!
.!2'L+=!%$5,.2!-'!,'$%+!=.-$'0!-#+!d$+,+=!@$2-+=!@'=!bWW!C#'-',%!6=$5#-;!#.%!.!,.=='L+=!2'L!
@=+B)+,(J!C.%%!H.,&!-#.,!-#+!bWWW!C#'-',!@$2-+=!62+@-;A!!
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( ! 7O.*C2+%!'@!X0!C2'--+&!D+=%)%!=R6!.=+!%#'L,!$,! V$5)=+!:SA!

!
U;!1'*C)-+!-#+!8)=@.(+!4+$5#-!E$%-=$H)-$',!
/,!-#$%!C.=-0!L+!('*C)-+!-#+!&$%-=$H)-$',!'@!%)=@.(+!#+$5#-!.%!.!C='H.H$2$-J!&+,%$-J!@),(-$',!6<EV;!
%-.=-$,5!L$-#!-#+!V')=$+=!-=.,%@'=*!'@!-#.-!<EV!')-C)-!HJ!-#+!d+$,+=!&+(',D'2)-$',A!"#+!%-+C%!
.=+Q!

SA! 1'*C)-+! X0,0!.%!-#+!$,D+=%+!V')=$+=!"=.,%@'=*!'@!X0!&$D$&+&!HJ!9,6%,V"!
:A! E+-+=*$,+!-#+!O9.O$%0!3"+,R"3%%<EA!@'=!-#+!%)=@.(+!#$%-'5=.*!

.; ! 8+-!3"+,R"3%%<E!+B).2!-'!-#+!O9.O$%!@'=!-#+!=+(+$D+&!#$%-'5=.*0!E+"5<,%4A!
H;! V$,&!V9,60!-#+!(+22!,)*H+=!L#+=+!E:,4<,%4!+B).2%!^+='A!
(; ! K+*'D+!-#+!@'22'L$,5!,)*H+=!'@!D.2)+%!@='*!-#+!+,&!'@!3"+,R"3%%<EQ!

2+,5-#6E:,4<,%4;!*$,)%! V9,6!oS!!
&;! K+*'D+!-#+!@'22'L$,5!,)*H+=!'@!D.2)+%!@='*!-#+!@=',-!+,&!'@!3"+,R"3%%<EQ!V9,6!

*$,)%!SA!"#+!2+,5-#!'@!3"+,R"3%%<E!%#')2&!,'L!H+!+B).2!-'!-#+!2+,5-#!'@!XA!
`A! 1'*C)-+! 3"+,R"3#%%<<,%4!+B).2!-'!2+,5-#!'@!-#+!=+(+$D+&!%)=@.(+!#$%-'5=.*!

6E+"5<,%4;!*$,)%!2+,5-#!'@!$*C)2%+!=+%C',%+!6#E:,4<,%4;!C2)%!SA!
YA! 1'*C)-+! X0!HJ!-=),(.-$,5!X0,0!-'!-#+!@$=%-!3"+,R"3#%%<<,%4!D.2)+%A!
TA! Z'=*.2$^+! X0!HJ!&$D$&$,5!X!HJ!-#+!%)*!'@!-#+!C='&)(-!'@!X0,!.,&! 9,6%,V"A!!
RA! 1'*C)-+!-#+!*+.,!'=!(+,-='$&!'@! X0!:"$6X 0!HJ!%)**$,5!-#+!C='&)(-!'@!X!.,&!

3"+,R"3%%<E!.,&!&$D$&$,5!-#.-!%)*!HJ!-#+!%)*!'@!XA!
XA! 1'*C)-+!-#+!%-.,&.=&!&+D$.-$',!'@!X0!%43XQ!!

.; ! %B).=+!3"+,R"3%%<E!*$,)%! :"$6X !!
H;! I)2-$C2J!.;!HJ!X!
(; ! ".c+!%)*!'@!H;!

!
V$5)=+!:SA!8$,52+9%$&+&!.*C2$-)&+!%C+(-=.!'@!-#+!-=)+!%)=@.(+!<EV!+%-$*.-+&!.%!
-#+!d$+,+=!@$2-+=!6V$5A!:W;!-$*+%!-#+!V')=$+=!-=.,%@'=*%!'@!-#+!=+(+$D+&!<EV%!
6V$5A!Sb;!&$D$&+&!HJ!-#+!V')=$+=!-=.,%@'=*!'@!-#+!$,%-=)*+,-!$*C)2%+!=+%C',%+!
<EV%!6V$5A!S\;A!"#+!=+%)2-!@'=!bWWW!C#'-',%!$%!',!-#+!2+@-!.,&!bWW!C#'-',%!$%!',!
-#+!=$5#-A!
!
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&;! E$D$&+!(;!HJ!%)*!'@!X!
+;! ".c+!%B).=+!=''-!'@!&;!

bA! 1'*C)-+!-#+!%c+L,+%%!'@!~0!%F"=6"%%XQ!
.; ! 1)H+!3"+,R"3%%<E!*$,)%! :"$6X !!
H;! I)2-$C2J!.;!HJ!X!
(; ! ".c+!%)*!'@!H;!
&;! E$D$&+!(;!HJ!%)*!'@!X!
+;! E$D$&+!&;!HJ!-#+!()H+!%43XA!

\A! 1'*C)-+!-#+!c)=-'%$%!'@!XQ!!
.; ! 1'*C)-+! 3"+,R"3%%<E!*$,)%! :"$6X !-'!-#+!@')=-#!C'L+=!
H;! I)2-$C2J!.;!HJ!X!
(; ! ".c+!%)*!'@!H;!
&;! E$D$&+!(;!HJ!%)*!'@!X!
+;! E$D$&+!&;!HJ!-#+!%43X&-'!- #+!@')=-#!C'L+=!
@;! 8)H-=.(-!-#=++!@='*!+;!
!

8$,(+!-#+!=.-$',.2+!@'=!%'*+!'@!-#+%+!%-+C%!*.J!,'-!H+!'HD$')%0!.,&!-#+!%-+C%!*.J!#.D+!-'!H+!
*'&$@$+&!&+C+,&$,5!',!-#+!&$@@+=+,(+%!H+-L++,!-#+!I.-2.H!6)%+&!$,!-#+!&+D+2'C*+,-.2!('&+;!.,&!
V'=-=.,!6)%+&!$,!-#+!F8F8!('&+;0!L+!C='D$&+!-#+!@'22'L$,5!+OC2.,.-$',%!@'=!-#+!%-+C%Q!

( ! !1'*C)-+ !X0,0!+B).2!-'!-#+!$,D+=%+!V')=$+=!-=.,%@'=*!'@!-#+!')-C)-!'@!-#+!d$+,+=!@$2-+=$,5!
C='(+%%0!X0A!7,%)=+!-#.-!-#+!=+%)2-!$%!,'=*.2$^+&!-'!(',%+=D+!+,+=5J!.,&!&$*+,%$',.2!
(',%$%-+,(JA!V'=!+O.*C2+0!-#+!')-C)-!'@!-#+!I.-2.H!$,D+=%+!V')=$+=!-=.,%@'=*!6$@@-A*;!*)%-!H+!
&$D$&+&!HJ!9,6%,V"!@'=!&$*+,%$',.2!(',%$%-+,(JA!

1'*C)-+!O 9.O$%!&+=$D+&!@='*!E+"5<,%4!.,&!(#.=.(-+=$%-$(%!'@!$,%-=)*+,-!$*C)2%+!=+%C',%+A!!
1',D'2D$,5!',+!@$,$-+!%+=$+%!'@!2+,5-#!Z!L$-#!.,'-#+=!'@!2+,5-#!I!=+%)2-%!$,!.!%+=$+%!'@!
2+,5-#!ZoI 9SAd+!c,'L!@)=-#+=!-#.-!$@!-#+!$,%-=)*+,-!$*C)2%+!=+%C',%+!#$%-'5=.*!#.%!̂ +='!
*+.,!L$-#!-#+!^+='!H$,!.-!$,&+O!C'%$-$',!V9,6&-#$%!L$22!&$(-.-+!L#+=+!-#+!C'$,-%!.=+!.&&+&!
-'!-#+!-=)+!#+$5#-!#$%-'5=.*!-'!2+,5-#+,!-#+!=+(+$D+&!#+$5#-!#$%-'5=.*A!/@!-#+!$*C)2%+!
=+%C',%+!&$%-=$H)-$',!L+=+!%J**+-=$(0!+B).2!C'$,-%!L')2&!H+!.&&+&!-'!+.(#!+,&0!H)-!-#$%!$%!
,'-!5+,+=.22J!-=)+A!/,!@.(-!0!.%%)*$,5!2+,5-#!-#+!2+,5-#!'@!-#+!$*C)2%+!=+%C',%+!#$%-'5=.*!$%!
#E:,4<,%40!.,&!-#+!^+='!C'$,-!$%!.-!$,&+O0!V9,60!V9,6TP&C'$,-%!L$22!H+!.&&+&!-'!-#+!H+5$,,$,5!
'@!-#+!-=)+!%)=@.(+!#+$5#-!#$%-'5=.*!.,&&#E:,4<,%4TV9,6&C'$,-%!L$22!H+!.&&+&!-'!-#+!+,&!'@!
-#+!%)=@.(+!#+$5#-!#$%-'5=.*!-'!C='&)(+!-#+!(',D'2D+&!=+(+$D+&!#$%-'5=.*A!!

( ! /,!C='(+%%$,50!L+!=+D+=%+!-#$%!-'!-=$*!-#+!2+,5-#!'@!-#+!D+(-'=!O9.O$%!'@!-#+!=+(+$D+&!
#+$5#-!#$%-'5=.*0!E+"5<,%40!-'!-#+!.CC='C=$.-+!O9.O$%!@'=!-#+!),&+=2J$,5!%)=@.(+!#+$5#-!
#$%-'5=.*0!HJ!&+2+-$,5!-#+!@$=%-!V9,6TP!C'$,-%!.,&!-#+!2.%-!#E:,4<,%4TV9,6!C'$,-%!@='*!
E+"5<,%4!-'!J$+2&!-#+!D+(-'=!'@!O9.O$%!'@!-#+!%)=@.(+!#$%-'5=.*2&3"+,R"3%%<E2&L$-#!2+,5-#0!
3"+,R"3#%%<<,%4!+B).2!-'!2+,5-#6E+"5<,%4;96#E:,4<,%49S;A!

"=$**$,5!-#+!D+(-'=!'@!%)=@.(+!#$%-'5=.*!D.2)+%!$%!('*C2$(.-+&!HJ!-#+!,+(+%%$-J!'@!C.&&$,5!
=+(+$D+&!#$%-'5=.*!L$-#!^+='%!-'!.!2+,5-#!+B).2!-'!.!C'L+=!'@!-L'!@'=!('*C)-.-$',!'@!$-%!@.%-!
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V')=$+=!-=.,%@'=*A!F%!.!=+%)2-0!.-!2+.%-!$,!-#+!C='-'-JC+!I.-2.H!('&+0!-#+!$,D+=%+!V')=$+=!-=.,%@'=*!
'@!-#+!')-C)-!'@!-#+!d+$,+=!&+(',D'2)-$',!C='(+%%0!X0,0!.2%'!#.%!.!2+,5-#!+B).2!-'!-#$%!%.*+!C'L+=!
'@!-L'!.,&!%#')2&!H+!-=),(.-+&!-'!-#+!.CC='C=$.-+!2+,5-#A!

( ! 1',%+B)+,-2J0!-=),(.-+! X0,!c++C$,5!',2J!-#+!@$=%-!,)*H+=!'@!C'$,-%!$,!-#+!'=$5$,.2!=+(+$D+&!
#$%-'5=.*!2+%%!6#E:,4<,%49S;0!$A+A0!%+-!3"+,R"3#%%<<,%4!+B).2!-'!2+,5-#6E+"5<,%4;96#E:,4<,%49S;A!
"#$%!J$+2&%!-#+!%)=@.(+!#$%-'5=.*0!X2&&+@$,+&!'D+=&3"+,R"3%%<E2&!-#.-!L$22!#.D+!-#+!,)*H+=!'@!
C'$,-%!(',%$%-+,-!L$-#!&+(',D'2D$,5!-#+!$*C)2%+!=+%C',%+!@='*!-#+!=+(+$D+&!#$%-'5=.*A!

( ! "'!5$D+!-#+!%)=@.(+!#+$5#-!C='H.H$2$-J!&+,%$-J!@),(-$',0!X0!,'=*.2$^+!-#+!X0,!-'!*.c+!)C!@'=!
+,+=5J!2'%-!$,!-#+!d$+,+=!@$2-+=!.CC2$(.-$',A!"#+!$,-+5=.2!'@!X!%#')2&!+B).2!),$-J0!%'!-.c+!X!+B).2!
-'! X0,!&$D$&+&!HJ!-#+!$,-+5=.2!'@!X0,0!$A+A0!X!n!X0,!f!6%)*!'@!X0,!O!9,6%,V";A!!

( ! F%!.!(#+(c!',!-#+!&+(',D'2)-$',!('*C)-.-$',0!-#+!(+,-='$&!'@! +"5<,%4!.,&! X!%#')2&!H'-#!H+!,+.=!
^+='!',!.(('),-!'@!-#+!&+-=+,&$,5!'@!-#+!%)=@.(+!#+$5#-%!.,&!-#+!.%%)*+&!^+='!*+.,!'@!-#+!
$,%-=)*+,-!$*C)2%+!=+%C',%+!('*C)-.-$', !

( ! 7O.*C2+%!'@!X!.,&!-#+!&$@@+=+,(+!H+-L++,!X!.,&!-#+!%J,-#+-$(!%)=@.(+!+O.*C2+%!-#.-!L+!%-.=-+&!

L$-#!.=+!5$D+,!$,!V$5)=+!::!@'=!bWWW!C#'-',%!.,&!V$5)=+!:`!@'=!bWW!C#'-',%A!
( ! V'=!%)H%+B)+,-!)%+!$,!-#+!&+=$D.-$',!'@!-#+!F"3S\!5=$&&+&!C='&)(-0!-#+!%)=@.(+!C&@0!X2!L $22!.2%'!

H+!')-C)-!@'=!+.(#!%+5*+,-!.2',5!L$-#!-#+!-'-.2!,)*H+=!'@!%)=@.(+!C#'-',%0!C0!.,&! H$,!%$^+0!
9,6%,V"M!

( ! X!$%!&+@$,+&!'D+=!.!D+(-'=!'@!H$,!(+,-+=%0!%%<E2!H)-!~!L$22!H+!')-C)-!.%!.!SWWS!+2+*+,-!D+(-'=!@'=!
+D+=J!%+5*+,-!L$-#!-#+!TWS%-!(+,-+=!H$,!H+$,5!@'=!#+$5#-!^+='0!H$,!TWS9X#-=PY9,6%,V"!H+$,5!-#+!
2'L+%-!H$,!L$-#!,',^+=' &X!.,&!H$,!TWSoX#-=PY9,6%,V"!H+$,5!-#+!#$5#+%-!H$,!L$-#!,',^+='&XM!

!
V$5)=+!::A!V'=!-#+!bWWW!C#'-',!=+.2$^.-$',Q!?,!2+@-!$,!=+&0!-#+!<EV!'@!-=)+!884!6V$5A!SR;!L$-#!
.!U. )%%$.,!()=D+!@$-!6&.%#+&9=+&;A!F2%'!$,!H2)+!-#+!<EV!'@!884!(.2()2.-+&!HJ!-#+!d$+,+=!
&+(',D'2)-$',!C='(+%%!6$,D+=%+!-=.,%@'=*!'@!V$5A!:S ;!L$-#!.!U.)%%$.,!()=D+!@$-!6&.%#+&9
H2)+;A!?,!-#+!=$5#-!$%!-#+!&$@@+=+,(+!H+-L++,!-#+!-=)+!884!.,&!-#+!(.2()2.-+&!884A!
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( ! F%!.!%$*C2+!(#+(c!',!-#+!'C-$*)*!U.)%%$.,!I$O-)=+!&+-+=*$,.-$',!'@!-#+!#$5#+=!*'*+,-!'@!-#+!
%+.!%)=@.(+!&$%-=$H)-$',!L+!L$22!('*C)-+!.,&!')-C)- !-#+!*+.,0!D.=$.,(+0!%c+L,+%%0!.,&!+O(+%%!
c)=-'%$%!6X:"$62&XR$+2&X%F"=2&XF8+4;!=+2.-+&!-'!-#+!#$5#+=!*'*+,-%!'@!X&&$=+(-2JA!

( ! !

! !! 6`W;!

! !! 6`S;!

! !! 6`:; !

! !! 6``; !

!

]Z[Z\Z/( 1/ .#.HB"#$U$'@(BA"(,.'>&I(+".(+1#).H" (

"#$%!C.=-!5'+%!-#=')5#!-#+!.,.2J%$%!C='(+%%!&+%(=$H+&!$,!C.=-!YA`A:!-'!&+-+=*$,+!-#+!-=)+!
%)=@.(+!&$%-=$H)-$',0!,.*+2JQ!I.O$*)*!2$c+2$#''&!.,.2J%$%!-'!&+-+=*$,+!-#+!*+.,%0!
D.=$.,(+0!.,&!*$O$,5!=.-$'!'@!-#+!-L'!C.=+,-!,'=*.2!&$%-=$H)-$',%A!

64 ;!1'*C)-+!-#+!: 9('*C',+, -!U.)%%$.,!*$O-)=+!7B)$D.2+,-!'@!-#+!8)=@.(+!E$%-=$H)-$',!
999999999999999999999999999999999999999999999999999999999999999999999999!

( !  At this point we have the probability density function, Y, of detrended DOT over height bins with 
centers at sshx. The detrending process used in surface finding removed an average, meanoffit2, 
from the original heights. Once we have determined the mean and higher moments of Y, we could 
add meanoffit2 to the mean of Y to learn the mean DOT over the ocean segment. However, 
preliminary analysis suggests if we add meanoffit2 back into the distribution before the optimal 
Gaussian Mixture determination, the resulting higher moments are less noisy over many ocean 
segments. This can be done by shifting sshx by adding meanoffit2 to each value in sshx. Then the 
true average DOT will be a derived as the aggregate mean of the optimally derived Gaussian mixture. 
For the developmental Matlab code a slightly different but equivalent approach was used.  

( ! While the Matlab development code used a maximum likelihood approach (Matlab function 
gmdistribution.fit) to compute the 2-component Gaussian mixture corresponding to the observed 
surface height distribution, Y. The ASAS code will use an iterative Maximum Expectation approach 
from ATBD ATL07 Appendix E.  
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( ! For the development code using the Matlab gmfitdistribution.fit routine, we first created a sea surface 
height spatial series with the height distribution Y. This is accomplished by first multiplying Y by 
10,000, rounding and deleting zeros to produce an integer distribution, YI. A series, XY, is assembled 
by concatenating for each value of YI(i)  for index i corresponding to height sshx(i), YI(i) values 
equal to sshx(i). The shift to heights including meanoffit2 was accomplished in this case by adding 
meanoffit2 to each value in XY. Although it is not strictly necessary, the values of XY are randomly 
permutated to produce a realistic distribution of heights with the probability density function Y on 

heights given in sshx shifted by adding meanoffit2. 
( ! We then compute the 2-compnent Gaussian mixture variables, of the two-Gaussian mixture using 

GMfit=gmfitdistribution.fit (XYÕ,2).  
( ! The result is Gaussian mixture distribution with 2 components: 

9!d$-#!+O.*C2+!')-C)-!@'=!bWWW!C#'-',%!
U.)%%$.,!*$O-)=+!&$%-=$H)-$',!L$-#!:!('*C',+,-%!$,!S!&$*+,%$',%!
1'*C',+,-!SQ !
I$O$,5!C='C'=-$', 0!:@ !n!WAYTXW:R!
!I+., 0!: 8@!n!SAWYbb!!
8-.,&.=&!E+D$.-$', 0!A,1@&n!:AWWR:!
1'*C',+,-! :Q!!
!I$O$,5!C='C'=-$', 0!: (&n!WATY:\XY!
I+., 0!: 8( !n!WAWWbS!
8-.,&.=&!E+D$.-$', 0!A,1(&n!SAWT``!
!
!9!V'=!-#+!bWW!C#'-',!(.%+!-#+!=+%)2-%!.=+Q!

!
V$5)=+!:`A!V'=!-#+!bWW!C#'-',!=+.2$^.-$',Q!?,!2+@-&$,!=+&0!-#+!<EV!'@!-=)+!884!6V$5A!S`;!L$-#!.!
U.)%%$.,!()=D+!@$-!6&.%#+&9=+&;A!F2%'!$,!H2)+!-#+!<EV!'@!884!(.2()2.-+&!HJ!-#+!d$+,+=!
&+(',D'2)-$',!C='(+%%!6$,D+=%+!-=.,%@'=*!'@!V$5A!:S;!L$-#!.!U.)%%$.,!()=D+!@$-!6&.%#+&9
H2)+;A!?,!-#+!=$5#-!$%!-#+!&$@@+=+,(+!H+-L++,!-#+!-=)+!884!.,&!-#+!(.2()2.-+&!884A!
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U.)%%$.,!*$O-)=+!&$%-=$H)-$',!L$-#!:!('*C',+,-%!$,!S!&$*+,%$',%!
1'*C',+,-!SQ !
I$O$,5!C='C'=-$', 0!:@ !n!!WAT``W`!̀
I+., 0!: 8@!n!WAbY`W!
8-.,&.=&!E+D$.-$', 0!A,1@&n!:AWTT\!!
1'*C',+,-!:Q !
I$O$,5!C='C'=-$', 0!: ( !n!WAYRR\RX!
I+., 0!: 8( !n!9WAWTT`!
8-.,&.=&!E+D$.-$', 0!A,1(  n!SAWT``!
!
6/;!1'*C)-+!-#+! F55=+5.-+!I +.,0!x .=$.,(+0!8c+L,+%%!.,&! k )=-'%$%!'@!8+.!8)=@.(+!4+$5#-!
999999999999999999999999999999999999999999999999999999999999999999999999!

( ! !s%+!-#+!@$D+!C.=.*+-+=%!'@!-#+!:9U.)%%$.,!*$O-)=+!-'!('*C)-+!-#+!.55=+5.-+!*'*+,-%0!@$=%-!
-#=')5#!@')=-#!'@!-#+!.55=+5.-+!*$O-)=+A!From (27), for a mixture of two Gaussians with a fraction 
m1 (m1) from the first Gaussian with mean mu1 (µ1) and standard deviation sig1 (! 1) and a fraction 
m2 (m2) (note: m1+m2=1) from the second Gaussian with mean mu2 (µ2) and standard deviation sig2 (! 2) 
the jth moment of the mixture is calculated according to: 

!

! ! 6`Y;!

! !!

!
Z'-+!-#.-!$,!('*C)-$,5!-#+!*'*+,-% !6`Y;0!-#+!#$%-'5=.*!&.-.!-#+!+OC+(-.-$',!'C+=.-$',!67l!m;!$%!
,'-! .(-).2!+O+()-+&0!H+(.)%+!'HD$')%2J!L+!&'!,'-!#.D+!-#+!%.*C2+!C'C)2.-$',%!'@!-#+!*$O-)=+!
('*C',+,-% A!"#+!+OC+(-.-$',!'C+=.-'= !.CC+.=%!$,!6`Y;!-'! $,&$(.-+!-#+!*$O-)=+!*'*+,-%!.,&!-#+!
*$O-)=+!('*C',+,-!*'*+,-%!('*$,5!@='*!8+(-$',!TA:ATA:!64;!.H'D+A!"#+%+!.=+!.CC2$+&!
%+B)+,-$.22J!)%$,5!',2J!@$=%-!.,&!%+(',&!*'*+,-%!'@!-#+!*$O-)=+!('*C',+,- %!.,&!-#+!*$O$,5!
C='C'=-$',%!-'!5+-!)C!-'!-#+!@')=-#!*'*+,-!'@!-#+!*$ O-)=+A!!!

9! "#+!@$=%-!*'*+,-!'=!*+.,!'@!-#+!*$O-)=+0! !6:b; !$%!-#+!*+., !'@!-#+!

&+-=+,&+&!%)=@.(+!C#'-',!#+$5#-%!=+2.-$D+!-'!-#+!5+'$&!L$-#!-#+!*+.,!'@!-#+!&+-=+,&$,5!C='(+%%0!
:"$6-00,4( !6+B).2!-'!-#+!*+.,!'@! *' o*@}4+$5F3,%4/,6,4,$#/%8+0&;0!.&&+&!H.(c!$,!C=$'=!-'!-#+!
U.)%%$.,!*$O-)=+!&+-+=*$,.-$',A!"#)%!$-!=+C=+%+,-%!-#+!*+.,!E?"!),('==+(-+&!@'=!%+.!%-.-+!H$.%0!
.2',5!-#+!'(+.,!%+5*+,-A !"#+=+@'=+0!-#+!*+.,!%+.!%)=@.(+!#+$5#-0!AA>0!@'=!-#+!%+5*+,-!-'!H+!
')-C)-!$,!F"3S: !$%!+B).2!-'!-#+!*+.,!' @!-#+!*$O-)=+0!µmix , plus meangdht equal to the mean of geoid 
height, gd_ht,  over the segmentQ!
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! ! !6`T;!

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

9! "#+!%+(',&!*'*+,-!'@!-#+!*$O-)=+!$%!-#+!%+.!%)=@.(+!#+$5#-!D.=$.,(+0!AA>R$+0!@'=!-#+!
%+5*+,-!-'!H+!')-C)-!$,!F"3S: !.,&!)%+&!-'!+%-$*.-+!%$5,$@$(.,-!L.D+!#+$5#-A!4+=+!L+!&',t-!
$,(2)&+!-#+!D.=$.,(+!&)+!-'!-#+!%+5*+,-!-=+,&!$,!%+.!%)=@.(+!#+$5#-!&)+!-'!),&+=2J$,5!-=+,&%!$,!-#+!
E?"!'=!5+'$&!#+$5#-A!V='*! 6:\; 0!-#+!%+(',&!*'*+,- 0!'=!%B).=+&!%-.,&.=&!&+D$.-$',0!! 2

?&6!0!'@!-#+!
*$O-)=+!$%Q!
!

! !! 6`R;!

9! Using (34), compute third and fourth moments, we obtain the sea surface height skewness, 
SSHskew, and excess kurtosis SSHkurt,  

! !! 6`X;!

! ! 6`b; !

.,&!')-C)-!-#+%+!.%!C.=-!'@!F"3S:!-'!H+--+=!(#.=.(-+=$^+!-#+!%+.!%)=@.(+A!4+=+!L+!!&',t-!
$,(2)&+!-#+!%c+L,+%%!.,&!c)=-'%$%!&)+!-'!-#+!%+5*+,-!-=+,&!$,!%)=@.(+!#+$5#-A&

]Z[Z\Z[( 8&'H-1%$&'%()&#(+"HB$&'(]Z[ Z\ M(

?)=!%J,-#+-$(!-=)+!884!&$%-=$H)-$',!L.%!.%%)*+&!-'!H+!.,!+D+,!*$O!'@!#+$5#-%!&=.L,!@='*!
-L'!U.)%%$.,!&$%-=$H)-$',%0!',+!L$-#!.!*+.,!'@!^+='!.,&!.!%-.,&.=&!&+D$.-$',!'@!S!*0!.,&!
-#+!'-#+=!L$-#!.!*+.,!'@!S!*!.,&!.!%-.,&.=&!&+D$.-$',!'@!:!*A !

"#+!=+%)2-!'@!-#+!d$+,+=!&+(',D'2)-$',!'@!-#+!%J,-#+%$^+&!=+(+$D+&!&$%-=$H)-$',0!*.&+!HJ!
(',D'2D$,5!-#+!-=)+!884!&$%-=$H)-$',!L$-#!-#+!$,%-=)*+,-!$*C)2%+!=+%C',%+!&$%-=$H)-$',!
.,&!.&&$,5!,'$%+0!C='&)(+&!L#.-!$%!+%%+,-$.22J!.!%*''-#+&!D+=%$',!'@!-#+!-=)+!884!
&$%-=$H)-$',!6V$5A!:: !2+@-!@'=!bWWW!C#'-',%!.,&!V$5A!:!̀2+@-!@'=!bWW!C#'-',%;A!"#+!U.)%%$.,!
@$-%!-'!-#+!-=)+!.,&!(.2()2.-+&!&$%-=$H)-$',%!*+.,%!.,&!%-.,&.=&!&+D$.-$',%!.=+!D$=-).22J!
$&+,-$(.20!H)-!'@!(')=%+0!H'-#!*$%%!-#+!%2$5#-!H$9*'&.2$-J!.,&!%c+L,+%%!'@!-#+!-=)+!.,&!
(.2()2.-+&!884!&$%-=$H)-$',%A!

s%$,5!-#+!I.-2.H!5*&$%-=$H)-$',A@$-!@),(-$',!',!-#+!(.2()2.-+&!884!&$%-=$H)-$',!.,&!
.%%)*$,5!*$O-)=+!&$%-=$H)-$',!L$-#!:!U.)%%$.,!('*C',+,-%!$,!S!&$*+,%$',!J$+2&%!@'=!bWWW!
C#'-',%!*+.,%!'@!WAWWbS!*!.,&!SAWYbb!*!D+=%)%!-#+!-=)+!D.2)+%!'@!W!*!.,&!S!*A!"#+!
7OC+(-.-$',!I.O$*$^.-$',!67I;!'@!5*&$%-=$H)-$,A@$-!J$+2&%!%-.,&.=&!&+D$.-$',%!@'=!-#+!-L'!
U.)%%$.,!('*C',+,-%!'@!SASYbS!*!.,&!:AWWR:!*!D+=%)%!-#+!-=)+!D.2)+%!'@!S!*!.,&!:!*A!"#+!
5*&$%-=$H)-$',A@$-!D.2)+!*$O-)=+!=.-$'%!.=+!WATY`W!.,&!WAYTXW!D+=%)%!-#+!-=)+!D.2)+%!'@!WATW!
.,&!WATWA!
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V'=!bWW!C#'-',%!-#+!7I!C='(+%%!J$+2&%!*+.,%!'@!9WAWTT`!*!.,&!WAbY`W!*!D+=%)%!-#+!-=)+!
D.2)+%!'@!W!*!.,&!S!*A!"#+!7OC+(-.-$',!I.O$*$^.-$',!'@!5*&$%-=$H)-$' ,A@$-!J$+2&%!%-.,&.=&!
&+D$.-$',%!@'=!-#+!-L'!U.)%%$.,!('*C',+,-%!'@!SAWT``!*!.,&!:AWTT\!*!D+=%)%!-#+!-=)+!
D.2)+%!'@!S!*!.,&!:!*A!"#+!5*&$%-=$H)-$',0@$-!D.2)+!*$O-)=+!=.-$'%!.=+!!WAYRXW!.,&!WAT``W!
D+=%)%!-#+!-=)+!D.2)+%!'@!WATW!.,&!WATWA!

"#+%+!=+%)2-%!L$-#!d$+,+=!(',D'2)-$',!.,&!.,.2J%$%!HJ!@$--$,5!.!:9('*C',+,-!U.)%%$.,!
I$O-)=+%!.=+!C='*$%$,5A!12+.=2J!bWWW!C#'-',%!C='&)(+%!*)(#!H+--+=!@$&+2$-J!-#.,!bWW!
C#'-',%A!"#$%!*'&+2$,5!.CC='.(#!5$D+%!)%!(',@$&+,(+!-#.-!-#+!.,.2J%$%!C='(+&)=+!$%!
(.C.H2+!'@!.,!.(()=.-+!+%-$*.-+!'@!%)=@.(+!%-.-$%-$(%A!V)=-#+=!-+%-$,5!L$-#!%J,-#+-$(!&.-.0!
IFG73!&.-.!.,&!F"3F8!%$*)2.-'=!&.-.!L$22!H+!,++&+&!@)22J!),&+=%-.,&!-#+!(.C.H$2$-$+%!'@!
-#+%+!-''2%A!V'=!+O.*C2+0!.!*'=+!C=+($%+!-+%-!'@!(.C.H$2$-J!*$5#-!H+!-'!)%+!.,!$&+.2$^+&!
%J,-#+-$(!%)=@.(+!#$%-'5=.*!-#.-!L.%!*'=+!,+.=2J!C+=@+(-0!#.D$,5!H++,!&+=$D+&!.,.2J-$(.22J!
'=!&=.L,!.%!L+!#.D+!#+=+0!H)-!@='*!.!D+=J!2.=5+!,)*H+=!'@!%.*C2+%!6+A5A0!bWW0WWW;A!!<)2%+!
,'$%+!L')2&!-#+,!H+!.&&+&!('==+%C',&$,5!-'!D.=$')%!%.*C2+!%$^+%A!!d$+,+=!&+(',D'2)-$',!
=+%)2-%!(')2&!-#+,!H+!('*C.=+&!-'!-#+!C+=@+(-2J!$&+.2$^+&!%)=@.(+!#$%-'5=.*!.,&!+=='=%!
.--=$H)-+&!%'2+2J!-'!-#+!C='(+%%$,5!C='(+&)=+0!L$-#!,'!+=='=!.%%'($.-+&!L$-#!-#+!$,$-$.2!
%J,-#+%$^+&!%)=@.(+A!

/,!=),,$,5!-#+!I.-2.H! d$+,+=!&+(',D'2)-$',!C='-'-JC+!%(#+*+0!L+!@'),&!$-!-'!H+!%-.H2+!
'D+=!.!L$&+!=.,5+!'@!$*C'%+&!,'$%+!D.2)+%!.,&!%+D+=.2!U.)%%$.,!*$O-)=+%A!V'=!D+=J!#$5#!
.%%)*+&!%$5,.2!-'!,'$%+!=.-$'%0!$-!*'=+!(2'%+2J!=+C='&)(+%!-#+!-=)+!884!<EV!6+A5A0!V$5%A!::!
.,&!:` ;!%++*$,52J!.((+C-$,5!.%!%$5,.2!L#.-!2''c%!-'!)%!2$c+!,'$%+!&)+!-'!2'L!%.*C2+!('),-%A!
V'=!2'L!%$5,.2!-'!,'$%+!=.-$'%0!-#+!d$+,+=!&+(',D'2)-$',!%(#+*+!C='&)(+&!.!%*''-#+&!
D+=%$',!'@!-#+!%J,-#+-$(!884!&$%-=$H)-$',0!-#='L$,5!')-!-#+!,'$%+!&)+!-'!2'L!%.*C2+!('),-%A!
d#$2+!L+!-#$,c!-#+!*+-#'&!'@!%$5,.2!-'!,'$%+!+%-$*.-$',!)%+&!#+=+!$%!=+.%',.H2+0!$-!*)%-!H+!
-+%-+&!L$-#!=+.2!&.-.A!/,!L#.-+D+=!L.J!L+!+%-$*.-+!-#+!%$5,.2!-'!,'$%+!=.-$'0!-#+!d$+,+=!
&+(',D'2)-$',!%(#+*+!.CC+.=%!-'!H+!.!='H)%-!L.J!'@!#.,&2$,5!$-A!/-!&'+%!.,!+O(+22+,-!>'H!'@!
=+C='&)($,5!-#+!'D+=.22!*+.,!.,&!D.=$.,(+!'@!-#+!-=)+!884!<EV!6V$5%A!:: !.,&! :` ;A!

V$--$,5!.!U.)%%$.,!*$O-)=+!*'&+2!-'!-#+!&.-.!.2%'!.CC+.=%!-'!L'=c!L+22!H)-!L+!%#')2&!
+OC+=$*+,-!L$-#!2.=5+=!,)*H+=%!'@!%J,-#+-$(!C#'-',!('),-%!-'!%++!L#.-!$*C='D+*+,-%!(.,!
H+!*.&+!-'!-#+!.(()=.(J!'@!-#+!('*C',+,-!*+.,%!.,&!D.=$.,(+%A!d+!.2%'!,++&!-'!%++!#'L!
-#+!*$O-)=+!*+.,%!.,&!#$5#+=!*'*+,-%!67B,A!SX;!$*C='D+!L$-#!#$5#+=!C#'-',!('),-%A!
G+(.)%+!L+!#.D+!-=+.-+&!-#+!I.-2.H!=')-$,+!5*&$%-=$H)-$',A@$-!.%!.!H2.(c!H'O0!L+!.2%'!,++&!
-'!2+.=,!*'=+!.H')-!#'L!-#+!7I!*+-#'&!L'=c%!.,&!L')2&!H+!.CC2$+&!$,!.!%-.,&.2',+!('&+A!
"#+!%(#+*+!(.,!H+!('*C.=+&!-'!-#+!*$,$*)*!%B).=+&!+=='=!.CC='.(#!)%+&!@'=!U3F8!.,&!
L+!(.,!%++!$@!-#.-!+O$%-$,5!=')-$,+!(.,!H+!)%+&!@'=!F"3F8!-'!&+=$D+!U.)%%$.,!*$O-)=+%!
=+C=+%+,-$,5!-#+!'(+.,!%)=@.(+!#+$5#-!&$%-=$H)-$',A!
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L7X7L! *LL-2$'@('"($%&$%(++K(9%B$I.B"(

!"#+!)!=>&5>&!88G!+%-$*.-+!'@!8+(-$',!TA`A`!(.,!H+!.CC2$+&!-'!-#+!*+.,!884!.,&!E?"!6n8849
7UI:WWb!U+'$&;!@'=!('*C.=$%',!-'!$,!%$-)!(.2fD.2!'=!'-#+=!.2-$*+-+=%A!"#+!$*C.(-!'@!-#$%!
88G!',!-#+!'-#+=!*'*+,-%!$%!"GEA!

L7X7_! 9aL"HB">(<'H"#B.$'B$"%($'(S".'%(&)(+".(+1#).H"(?"$@AB ((

"#+!'(+.,!C='&)(-%!'@!F"3S:!.=+!-#+!&$%-=$H)-$',%!'@!%+.!%)=@.(+!#+$5#-!'D+=!'(+.,!
%+5*+,-%!-JC$(.22J!T!-'!X!c*!2',5!.,&!$,(2)&$,5!.H')-!b0WWW!(.,&$&.-+!%)=@.(+!=+@2+(-+&!
C#'-',%A!"#+!#+$5#-!&$%-=$H)-$',%!.=+!(#.=.(-+=$^+&!)C!-#=')5#!-#+$=!Y-#!*'*+,-%!6*+.,0!
%-.,&.=&!&+D$.-$',0!%c+L,+%%0!.,&!c)=-'%$%;!)%$,5!-#+!:9U.)%%$.,!*$O-)=+!.CC='.(#A!/,!-#$%!
%)H%+(-$',0!L+!+O.*$,+!-#+!*.5,$-)&+!'@!-#+!+OC+(-+&!),(+=-.$,-$+%!$,!-#+!*+.,!'@!-#+!
%)=@.(+!#+$5#-!&$%-=$H)-$',A!V'=!-#+!'C+,!'(+.,0!L+!(',%$&+=!),(+=-.$,-J!$,!-#+!*+.,!#+$5#-!
&)+!-' Q!
SA!8$5,.29-' 9,'$%+!(',%$&+=.-$',%!$,!.!&$%-=$H)-$',!'@!C#'-',!#+$5#-%A!
: A!s,(+=-.$,-$+%!$,!-#+!*+.,!$*C)2%+!=+%C',%+A!
` A!8)H%)=@.(+!%(.--+=$,5A!
"#+%+!.=+!H'=='L+&!@='*!.,&!(',%$%-+,-!L$-#!-#+!F"3WX!8+.!/(+!F"GE!+O(+C-!&)+!-#+!2'L!
=.-+!'@!C#'-',!=+-)=,%!6.H')-!S!C#'-',!C+=!C)2%+;!'D+=!-#+!'(+.,!%)=@.(+0!L+!+O(2)&+!@$=%-9
C#'-',!H$ .%A!d+!.2%'!&'!,'-!(',%$&+=!%+.!%-.-+!H$.%!&$%()%%+&!$,!C=+D$')%!(#.C-+=%!H+(.)%+!
L+!.=+!(.2()2.-$,5!88G!&$=+(-2J!.,&!-#+!+=='=%!$,!-#$%!(.2()2.-$',!L$22!#.D+!-'!H+!&+-+=*$,+&!
&)=$,5!-#+!/178.-9:!(.2fD.2!C='(+%%A!
!

L7X7_7K! +$@'.-DB&D'&$%"(H&'%$>"#.B$&'%(.'>(BA"(>&I $'.'B("))"HB(&)(%1#).H"(
W.T"(#&1@A'"%%!

d+!+OC+(-!-#+!2.=5+%-!(',-=$H)-$',%!-'!),(+=-.$,-J!$,!-#+!*+.,!%+.!%)=@.(+!#+$5#-!-'!H+!&)+!
-'!%)=@.(+!=')5#,+%%!.,&!.-!2+.%-!'D+=!%#'=-!.D+=.5$,5!2+,5-#%!$,!&.J-$*+0!H.(c5='),&!
,'$%+A!"#+!-'-.2!,)*H+=!'@!C#'-',% !
6ID (5(;!$,!.!#+$5#-!L$,&'L0!- 0!$%!-#+!%)*!'@!-#+!,)*H+=!'@!%$5,.2!C#'-',%0!-#+!H.(c5='),&!
=.-+!6K' ;!.,&!-#+!,)*H+=!'@!C)2%+%!6!I =/*'#' !;!L$-#$,!-#.-!L$,&'LQ !

ID (5(!n!ID '&O$)*!oID @8O!

G.(c5='),&!C#'-',%!.=+!),$@'=*2J!&$%-=$H)-+&!L$-#$,!-#+!#+$5#-!L$,&'L!.,&!-#)%!-#+!
%-.,&.=&!&+D$.-$',0!b!@8O!0!(.,!H+!L=$--+,!.%0!

b!@8O!n!d!6S:; 9Sf: n!WA:bbX!- 0!

L#+=+!-#+!@.(-'=!A:bbX!$%!-#+!%-.,&.=&!&+D$.-$',!'@!.!),$@'=*!=.,&'*!D.=$.H2+!',!.!),$-!
$,-+=D.2A!"#+!,)*H+=!'@!H.(c5='),&!C#'-',%!ID @8O;!$,!-#+!L$,&'L!6 - ;!$%!.!<'$%%',!
D.=$.H2+!L$-#!.!*+.,!D.2)+!5$D+,!HJQ!
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ID @8O!n!: !I =/*'#' !!K' !!6df( ;!

/@!-#+!&$%-=$H)-$',!'@!-#+!=+(+$D+&!%$5,.2!C#'-',%!$%!.CC='O$*.-+2J!U.)%%$.,0!-#+!D.=$.,(+!
&+C+,&%!',!-#+!-=.,%*$- 9C)2%+!L$&-#!6b=/*'# !;!.,&!-#+!%)=@.(+!=')5#,+%%!6b>5/O:;Q!

b'&O$)*!: !n!b>5/O:!: !o!b=/*'# !: !

"#+!+OC+(-+&!('*C'%$-+!D.=$.,(+!'@!%)=@.(+!#+$5#-!(.,!-#+,!H+!L=$--+,!.%Q!

! !!

7O(+C-!@'=!-#+!=')5#,+%%0!.22!'@!-#+!B).,-$-$+%!$,!-#$%!+B).-$',!(.,!H+!+%-$*.-+&!@='*!-#+!
&.-.Q!-#+!H.(c5='),&!.,&!%$5,.2!C#'-',!('),-%!(.,!H+!+%-$*.-+&!@='*! -#+!-'-.2!,)*H+=!'@!
C#'-',%!.,&!-#+!H.(c5='),&!=.-+A!V'=!.!=+2.-$D+2J!%*''-#!@2.-!%)=@.(+0!-#+!+OC+(-+&!
D.=$.,(+!$,!-#+!+%-$*.-$',!'@!%)=@.(+!#+$5#-!$,!.!L$,&'L!'@!I =/*'#' &(.,!H+!(.2()2.-+&!)%$,5Q!

!

s2-$*.-+2J!/178.-9:!'(+.,!&.-.!L$22!2$c+2J!+O-+,&!$,-'!-#+!*.=5$,.2!$(+!^',+!6I/r;!@'=!L#+=+!
-#+!&.-.!L$22!H+!.,.2J^+&!@'=!%#'=-!.2',59-=.(c!&$%-.,(+%!.,&!%*''-#!L.-+=A!V='*!-#+!F"GE!
@'=!8+.!/(+!6F"3WX;0!'D+=!.!@2.-!2+.&!L$-#!*+.,!=+-)=,%!'@!gS!C#'-', !C+=!C)2%+!@'=!SWW!
C)2%+%!6XW9*!'@!%*''-#!'C+,!L.-+=;!L$-#!.!,'*$,.2!=+@2+(-.,(+!'@!WA:!.,&!,'!H.(c5='),&!
,'$%+0!-#+!+OC+(-+&!),(+=-.$,-J!$%!SAW!(*!&)+!+,-$=+2J!-'!),(+=-.$,-J!&)+!-'!C)2%+!L$&-#A!
d$-#!.!`!I4^!H.(c5='),&!=.-+!-#+!),(+=-.$,-J!$,(=+.%+%!-'!SAS!(*A !7D+,!.-!%#'=-!&$%-.,(+%0!
-#+!(',-=$H)-$',!'@!H.(c5='),&!,'$%+!$%!%*.22A!!

/,!-=)+!'C+,!'(+.,!(',&$-$',%!-#+!&'*$,.,-!%')=(+!'@!),(+=-.$,-J!$,!-#+!*+.,!
#+$5#-!'@!-#+!%+.!%)=@.(+!'D+=!+.(#!'(+.,!%+5*+,-!L$22!H+!-#+!=')5#,+%%!'@!-#+!%)=@.(+!&)+!
-'!L.D+%A!

!

!V'=!.!-JC$(.2!%$-).-$',!L$-#!.!%$5,$@$(.,-!L.D+!#+$5#-!68d4nY!bX)V#' !;!+B).2!-'!:!*0!
bX)V#' !+B).2%!WAT!*0!.,&!'D+=!.!-JC$(.2!'(+.,!%+5*+,-!L$-#!b0WWW!C#'-',%0!-#+!),(+=-.$,-J!
$,!-#+!'(+.,!%+5*+,-!*+.,!%+.!%)=@.(+!#+$5#-0!! 0!L$22!H+!!WATR!(*A!?D+=!b0WWW!C)2%+%0!

.%%'($.-+&!L$-#!%)=@.(+!=')5#,+%%!L$22!=+*.$,!2+%%!-#.,!S!(*!@'=!8d4!2+%%!-#.,!`AR!*A!

V'=!2.=5+=!8d40!'(+.,!%+5*+,-%!L$22!,++&!-'!H+!.55=+5.-+&!-'!*.$,-.$,!S!(*!),(+=-.$,-J!$,!
*+.,!%+.!%)=@.(+!#+$5#-A!!

!

]Z[Z^Z/( <'H"#B.$'B$"%($'(BA"(I".'($IL1-%"(#"%L&'%" (

/, !')=!C='(+%%$,5!L+0!.(('),-!@'=!-#+!$*C.(-!'@!-#+!$,%-=)*+,-!$*C)2%+!=+%C',%+!
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6//<;!',!-#+!&$%-=$H)-$',%!'@!%)=@.(+!#+$5#-%!HJ!&+(',D'2D$,5!@='*!-#+!=+(+$D+&!#+$5#-!
&$%-=$H)-$',%!-#+!$*C)2%+!=+%C',%+!+%-$*.-+&!@='*!-#+!-=.,%*$-!+(#'!C)2%+!6"7<;A!"'!-#+!
+O-+,-!-#.-!-#+!"7<!=+C=+%+,-%!-#+!$*C)2%+!=+%C',%+!-#$%!%#')2&!+2$*$,.-+!),(+=-.$,-J!&)+!
-'!-#+!//<A!s,(+=-.$,-$+%!&)+!-'!.!*$%*.-(#!H+-L++,!-#+!"7<!.,&!-=)+!//<!L$22!#.D+!-'!H+!
$,@+==+&!HJ!+O.*$,.-$',!'@!-#+!"7<!$,!-#+!',9'=H$-!&.-.0!L#$(#!=+*.$,%!-'!H+!&',+A!

]Z[Z^Z[( <'H"#B.$'B$"%(>1" (B&(%1Q%1#).H"(%H.BB"#$'@Z(

G+(.)%+!-#+!H2)+95=++,!2.%+=!'@!F"3F8!C+,+-=.-+%!L.-+=0!-=)+!%)H%)=@.(+!=+-)=,%!
#.D+!.2L.J%!H++,!.!(',(+=,0!.,&!-#+!#$5#+=!%)H%)=@.(+!&+,%$-J!'@!C#'-',%!*.J!H+!&)+!$,!
C.=-!-'!-=)+!%)H%)=@.(+!%(.--+=$,5!$,!-#+!'(+.,A!4'L+D+=0!L+!%++!%$*$2.=2J!+,#.,(+&!
%)H%)=@.(+!&+,%$-$+%!'D+=0!(2+.=!&++C!'(+.,!L.-+=%!.,&!+D+,!'D+=!2.,&!L#+=+!C+,+-=.-$',!
.,&!H.(c%(.--+=!%#')2&,t-!'(()=A!1',%+B)+,-2J!C=+%+,-!-#$,c$,5!+OC=+%%+&!$,!-#+!F"3W`!
k,'L,!/%%)+%!$%!-#.-!-#+!%)H%)=@.(+!,'$%+!2+D+2!$%!&)+!-'!@'=L.=&!%(.--+=$,5!&+2.J%!$,!-#+!
.-*'%C#+=+!'@!%)=@.(+!=+@2+(-+&!C#'-',%A!
d#.-+D+=!-#+$=!(.)%+0!%'*+!%)H%)=@.(+!C#'-',!#+$5#-%!.=+!H+$,5!$,(2)&+&!$,!-#+!%)=@.(+!
#+$5#-!#$%-'5=.*0!(=+.-$,5!L#.-!L+!-#$,c!*.J!H+!.,!'=&+=!S9̀ !(*!H$.%!$,!.D+=.5+!884A!"'!
=+&)(+!-#+!%+,%$-$D$-J!-'!%)H%)=@.(+!=+-)=,%0!-#+!C=+%+,-!&+D+2'C*+,-.2!('&+!@$=%-!*.c+%!.!
%$*C2+!+%-$*.-+!'@!-#+!#$5#!.,&!2'L!#$%-'5=.*!2$*$-%!.,&!-#+,!)%+%!-#+%+!-'!&+-+=*$,+!
%+C.=.-+!.H'D+!%)=@.(+!.,&!%)H%)=@.(+!,'$%+!2+D+2%0!4$,#6-,%"<,1<!., &!4$,#6-,%"#-=A!"#+!
)2-$*.-+!#$5#!2$*$-!$%!-#+,!(#'%+,!L#+=+!-#+!%*''-#+&!#$%-'5=.*!@.22%!H+2'L!.!@.(-'=!
B</C5/0!6+A5A0!B</C5/0!n!SAT;!-$*+%!4$,#6-,%"<,1<!.,&!2'L!2$*$-!$%!(#'%+,!L#+=+!-#+!
%*''-#+&!#$%-'5=.*!@.22%!H+2'L!-#+!%.*+!@.(-'=!-$*+%!4$,#6-,%"#-=A!"#$%!*+-#'&!'@!
=+&)($,5!%)H%)=@.(+!=+-)=,%!L$22!H+!$,!@)-)=+!=+2+.%+%A!d+!.2%'!C2.,!-'!)%+!.!#$%-'5=.*!@'=!
%)=@.(+!@$,&$,5!H.%+&!',!#+$5#-!&+C.=-)=+%!@='*!.!%*''-#+&!#$5#!(',@$&+,(+!C#'-',!
%)=@.(+!-'!+2$*$,.-+!%)H%)=@.(+!=+-)=,%!@='*!),&+=!-#+!(=+%-%!'@!L.D+%A!

]Z\ ( *'H$--.#2(7')&#I.B$&' (

L7W7K! +&-.#(K.HO@#&1'>(FA&B&'(,.B" (.'>(*LL.#"'B(+1#).H"(,")-"HB.'H"(C*+,E (

8++!%+(-$',!`ASASATA!"#+!%'2.=!H.(c5='),&!=.-+!$%!-.c+,!@='*!F"3W`!
6@)B8O>7P)(*)'T@B8O>7P>)(#; !.,&!%$*C2J!.D+=.5+&!'D+=!-#+!2+,5-#!'@!-#+!#+$5#-!%+5*+,-!-'!
C='&) (+!9$5F1+/%"1A!!
"#+!.CC.=+,-!%)=@.(+!=+@2+(-.,(+!%#')2&!H+!!-.c+,!@='*!F"3W\!6wwfwwf$%+;!.-!-#+!:T!4^!=.-+!
.,&!%$*C2J!.D+=.5+&!'D+=!-#+!2+,5-#!'@!-#+!#+$5#-!%+5*+,-!-'!C='&)(+!$%+/%"1A!
!

L7W7A! *>>$B$&'.-(*'H$--.#2(=.B. (

x.=$.H2+%!@='*!-#+!F"3W`!1"-#-5$4,-6 Q!.,&! 1"-;<.%/5-++ Q&5=')C%!L$22!.2%'!%$*C2J!
.D+=.5+&!'D+=!+.(#!'(+.,!%+5*+,- !.,& !%.D+&A!8+5*+,-!.D+=.5+%!'@!-#+!@'22'L$,5!D.=$.H2+%0!
('==+%C',&$,5!-'!-#+!#+$5#-%!%-'=+&!$,!G.&$#!L$22!H+!=+-)=,+&!$,!F"3S:A!"#'%+!D.=$.H2+%!
$,(2)&+!!!
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!
!!!6"84$4/3"#$./4-4$#&
&&&&+"0/$V,:84< &
&&&&+"0/"#"R&
&&&&%"1/3,%4/E&&
&&&&%-#$+/$V,:84<&
&&&&%-#$+/"#"R$4,-6&
&&&&1"-,3 &
&&&&3$5&&&&&&&
&&&&4,3"/"$+4<&
&&&&4,3"/#-$3&
&&&&4,3"/-5/;-#" &
&&&&4,3"/-5"$6 &

4,3"/"78,#,9+,8: &
&&&&4,3"/;-#" &
!
F2%'0!-#+!@$=%-!'@!-#+!5+' %+5*+,-!$&%!6%"1:"64/,3 ;!@'=!+.(#!'(+.,!%+5*+,-!L$22!H+!=+-)=,+&!
$,!F"3S: !.%!0,+%4/1"-%"1A!

"#+!C+=(+,-.5+%!'@!+.(#!%8+0/4.C+!'@!-#+!C#'-',%!@='*!V$,+!8+2+(-!$,!-#+!'(+.,!%+5*+,-!
L$22!.2%'!H+!=+-)=,+&!.%!%8+0/4.;"/;+564M&"#$%!L$22!H+!.!T9+2+*+,-!D.=$.H2+!@'=!+.(#!'(+.,!
%+5*+,-!L$-#!+.(#!+2+*+,-!('==+%C',& $,5!-'!-#+!C+=(+,-.5+!'@!C#'-',%!@='*!+.(#!'@!-#+!T!
%)=@.(+!-JC+%A!
!A!
!
! !
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]Z] ( ;1BL1B(F.#.I"B"#% (

Table 6 ATL12 Output (See Appendix A for full product specifications) 

C%"#B)0&D$3*,& <2-08& ?*8)%-(0-"2 & '693", &

8*$R8B%:$)*R/*-.
/08&

! ! !

#!! *+-+=%! I+., !%+.!%)=@.(+!#+$5#-!=+2.-$D+!-'!-#+!dU8bY!
+22$C%'$&! AA>&

#[D.=!
*+-+=%: ! x.=$.,(+!'@!H+%-!@$-!C='H.H$2$-J!&+,%$-J!@),(-$',!

6*+-+=%: ;! AA>R$+&

#[%c+L,+%%! ! 8c+L,+%%!'@!C#'-',!%+.!%)=@.(+!#+$5#-!#$%-'5=.*! AA>%F"=&

#[c)=-'%$%! ! 7O(+%%!c)=-'%$%!'@!%+.!%)=@.(+!#+$5#-!#$%-'5=.*! AA>F8+4&

?&6P?2! ! V=.(-$',!'@!('*C',+,-!S!$,!: 9('*C',+,-!U.)%%$.,!
*$O-)=+!

: @&

?&6P?/ 2!
*+-+=%! I+.,!'@!('*C',+,-!S!$,!: 9('*C',+,-!U.)%%$.,!

*$O-)=+! :8@ &

?&6P'&O2!
*+-+=%! 8-.,&.=&!&+D$.-$',!'@!('*C',+,-!S!$,!: 9('*C',+,-!

U.)%%$.,!*$O-)=+! A,1@&

?&6P?Q! ! V=.(-$',!'@!('*C',+,-!S!$,!: 9('*C',+,-!U.)%%$.,!
*$O-)=+!

:( &

?&6P?/Q! *+-+=%! I+.,!'@!('*C',+,-!S!$,!: 9('*C',+,-!U.)%%$.,!
*$O-)=+!

:8( &

?&6P'&OQ! *+-+=%! 8-.,&.=&!&+D$.-$',!'@!('*C',+,-!S!$,!: 9('*C',+,-!
U.)%%$.,!*$O-)=+! A,1( &

(P'#O! %+(',&%! I+.,!-$*+!'@! %)=@.(+!C#'-',%!$,!%+5*+,-! 4/%"1&

7#*(P'#O! ! "$*+!&)=.-$', !%+5*+,-! 4/%"1&

*)( P'#O! &+5=++%! I+.,!2.-$-)&+!'@!%)=@.(+!C#'-',%!$,!%+5*+,-! #$4/%"1&

*5$P'#O! &+5=++%! I+.,!2',5$-)&+!'@!%)=@.(+!C#'-',%!$,!%+5*+,-! #-6 /%"1&

*#$O(:P'#O! *+-+=%! 3+,5-#!'@!%+5*+,-!6*; ! #"614</%"1&

$P=/*'#P'#O! ! Z)*H+=!'@!2.%+=!C)2%+%!$,!%+5*+,-! 6/;#%/%"1&

@&$'&%#! *+-+=%! G$,!%$^+!@'=!~!.,&!%%#O! 9,6%,V"&

?#)$5..&(Q!
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C#'-',%! $,!-#+!'(+.,!%+5*+,-!.% !.!T9
+2+*+,-!D.=$.H2+!L$-#!+.(#!+2+*+,-!
('==+%C',&$,5!-'!-#+!C+=(+,-.5+!'@!
C#'-',%! @='*!+.(#!'@!-#+!T!%)=@.(+!-JC+%!
!

%8+0/4.;"/;+564&

!
!

]Z^( +2'BA"B$H(J"%B(=.B.((

"#+!@$=%-!-.%c!$,!-#+!(=+.-$',!'@!-#+!&+D+2'C*+,-.2!%'@-L.=+!#.%!H++,!-#+!(=+.-$' ,!'@!.!
%J,-#+-$(!&.-.!%+-A!"#$%!$%!,'-!C.=-!'@!F"3F8!C='(+%%$,5!C+=!%+0!H)-!$%!.!5''&!-''2!@'=!.25'=$-#*!
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-#+!-.$2%!6o9:%$5!-'!o9̀ !%$5;!!!
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2'.&! i*$-4$%-WWW!
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:;;; !
!
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!
{!C2'- !
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C2'-6i*$-4$%-WWW6Q0S;0i*$-4$%-WWW6Q0:;;!
-$-2+6hi*$-!<)2%+!E+2.J!K+2!-'!I+.,!$,!7B)$D!8)=@.(+!4+$5#-h;!
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!
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2%%#n2+,5-#6%%#;!
!
{!1'*C)-+!#$%-'5=.*!'@!%%#!)%$,5!H$,!%$^+!n!WAWS!*!=),,$,5!@='*!9̀ !8-&!-'!o` !
{!8-&!'@!-#+!%%#!*$OA!"#+!')-C)-!'@!#$%-!$%!.!=.L!#$%-'5=.*!.,&!L+!!(',D+=-!$-!-'!
{!.!C='H.H$2$-J!&+,%$-J!@),(-$',0!-#+!$,-+5=.2!'@!L#$(#!$%!SAW!HJ!&$D$&$,5!HJ!-#+!
{!-'-.2!,)*H+=!'@!C'$,-%!6n2+,5-#!'@!%%#;!.,&!-#+!H$,%$^+!!
{!! !
Z%$5%n`e!
%%#On='),&6*+.,%%#;9Z%$5%}='),&6%-&%%#;QH$,%$^+Q='),&6*+.,%%#;oZ%$5%}='),&6%-&%%#;e!
%%##$%-n#$%-6%%#0%%#O;e!
%%##$%-[@=.(-$',n6%%##$%-f2%%#;e!
%%##$%-n%%##$%-[@=.(-$',fH$,%$^+e!
(#+(c$,-+5=.2884n%)*6%%##$%-}H$,%$^+;!
{ !
*+.,%%##$%-n%)*6%%#OA}%%##$%-;f%)*6%%##$%-;!
%-&%%##$%-n%B=-6%)*66%%#O9*+.,%%##$%-;A}6%%#O9*+.,%%##$%-;A}%%##$%-;f%)*6%%##$%-;;!
-'-.2%%#n%)*6%%##$%-;!
ZH$,%n2+,5-#6%%##$%-;e!
!
{! 999999999999999999999999999999999999999999999999999999999!
{!!6 1;!1'*C)-+!,'$%+!6Z'$%+;!.%!-#+!=*%!&$@@+=+,(+!@='*!-#+!.,.2J-$(!5.)%%$.,!*$O-)=+!
{!!65.)%%@$-;!.,&!%%#$%-!$,!-#+!-.$2%!6o9:%$5!-'!o9̀ !%$5;!
{! 999999999999999999999999999999999999999999999999999999999!
{! 999999999999999999999999999999999999999999999999999999999!
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!
5.)%%@$-n6Sf%-&%%#;}6Sf%B=-6:}C$;;}+OC69WAT}66%%#O9*+.,%%#;A•:;f%-&%%#•:;e!
Z'$%+F22n%-&6%%##$%-95.)%%@$-;!
!
{!H+(.)%+!5.)%%@$-!$%!.!C&@!L+!&$D$&+!#$%-'5=.*!D.2)+%!HJ!H$,!%$^+!@'=!
{!('*C.=$%',A!Z'$%+!D.2)+%!%#')2&!C='H.H2J!H+!*)-2-$C2$+&!HJ!H$,!%$^+!@'=!
{!('*C)-.-$)$',!.%!,'$%+!$,!#$%-'5=.*%!wZ'$%+nH$,%$^+}Z'$%+/,".$2%w!
E$@@V='*Z'=*n6%%##$%-;95.)%%@$-e!
E$@@V='*Z'=*/,".$2%nlE$@@V='*Z'=*6SQ='),&6WAT}ZH$,%fZ%$5%;;0E$@@V='*Z'=*6+,&9
='),&6WAT}ZH$,%fZ%$5%;;me!
Z'$%+/,".$2%n%-&6E$@@V='*Z'=*/,".$2%h;!
!
@$5)=+!
C2'-6%%#O0%%##$%-0!%%#O05.)%%@$-0h995h;!
-$-2+6lh8$*)2.-+&!"=)+!8+.!8)=@.(+!4+$5#-!E$%-=$H)-$',0!:9U.)%%I$O!h0,)*:%-=6ZC-%I$O;0h!
<#'-',%hm;!
J2.H+26h?(()=+,(+%!.%!V=.(-$',!'@!"'-.2!C+=!*+-+=h;!
O2.H+26h4+$5#-!6*;h; !
C=$,-!9&C,5!8$*[884[E$%-=$H)=-$',[UI[bcAC,5!
!
{! 999999999999999999999999999999999999999999999999999999999!
{!6 E;!1',D'2D+!-#+!$,%-=)*+,-!$*C)2%+!=+%C',%+!.,&!%$*)2.-+&!-=)+!#+$5#-!#$%-'5=.*%!
{ !-'!5+-!.!%$*)2.-+&!=+(+$D+&!#+$5#-!%%#!&$%-=$H)-$',!=(D#$%-!
{! 999999999999999999999999999999999999999999999999999999999!
{! 999999999999999999999999999999999999999999999999999999999!
{! 99999999999999!I.-2.H!K')-$,+!(',DA*!!! 999999999999999999!
{!(',D! 1',D'2)-$',!.,&!C'2J,'*$.2!*)2-$C2$(.-$',A !
{!!!!!1!n!(',D6F0!G;!(',D'2D+%!D+(-'=%!F!.,&!GA!!"#+!=+%)2-$,5!D+(-'=!$%!
{!!!!!2+,5-#!IFi6l37ZU"46F;o37ZU"46G; 9S037ZU"46F;037ZU"46G;m;A!/@!F!.,&!G!.=+!
{!!!!!D+(-'=%!'@!C'2J,'*$.2!('+@@$($+,-%0!(',D'2D$,5!-#+*!$%!+B)$D.2+,-!-'!
{!!!!!*)2-$C2J$,5!-#+!-L'!C'2J,'*$.2%A!
{!! !
{!!!!!1!n!(',D6F0!G0!84F<7;!=+-)=,%!.!%)H%+(-$',!'@!-#+!(',D'2)-$',!L$-#!%$^+!
{!!!!!%C+($@$+&!HJ!84F<7Q!
{!!!!!!!h@)22h!!9!6&+@.)2-;!=+-)=,%!-#+!@)22!(',D'2)-$',0!
{!!!!!!!h%.*+h!!9!=+-)=,%!-#+!(+,-=.2!C.=-!'@!-#+!(',D'2)-$', !
{!!!!!!!!!!!!!!!!!-#.-!$%!-#+!%.*+!%$^+!.%!FA!
{!!!!!!!hD.2$&h!9!=+-)=,%!',2J!-#'%+!C.=-%!'@!-#+!(',D'2)-$',!!
{!!!!!!!!!!!!!!!!!-#.-!.=+!('*C)-+&!L$-#')-!-#+!^+=' 9C.&&+&!+&5+%A!!
{!!!!!!!!!!!!!!!!!37ZU"461;$%!IFi637ZU"46F;9IFi6W037ZU" 46G;9S;0W;A!
{! 9999999999999999999999999999999999999999999999999999999999999999999999!
{!Z?"7Q!(',DA*!&'+%!.!=.L!(',D'2)-$',0!$A+A0!%$*C2+!%)*%!'@!C='&)(-%A!"'!
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{!=+C2$(.-+!.!-=)+!(',D'2)-$',!$,-+5=.2!L$-#!C='C+=!%(.2$,50!-#+!=+%)2-%!'@!
{!(',DA*!*)%-!H+!*)2-$ C2$+&!HJ!-#+!H$,!%$^+!%'!-#.-!-#+!%(.2+!'@!-#+!
{!=+%)2-$,5!(',D'2)-$',!$%!'@!-#+!%.*+!'=&+=!.%!-#+!%(.2+!',!-#+!-L'!
{!#$%-'5=.*%!(',D'2D+&A!
{!F2%'!-#+!2+,5-#!'@!-#+!(',D'2)-$',!%#')2&!+B).2!2+,5-#!'@!-#+!%%#!
{!#$%-'5=.*!C2)%!-#+!2+,5-#!i*$-!#$%-'5=.*!*$,)%!S!!
{ 99999999999999999999999999999999999999999999999999999999999999999999999!
!
-$(!
=(D#$%-n(',D6%%##$%-0i*$-4$%-WWW6Q0:;h;}H$,%$^+e!
(2+.,=(D#$%-n=(D#$%-e!
-'( !
!
2=(D#$%-n2+,5-#6=(D#$%-;!
2O*$-#$%-n2+,5-#6i*$-4$%-WWW6Q0:;;!
2%%##$%-n2+,5-#6%%##$%-;!
#.2@L$&-#=(D#$%-n62O*$-#$%-o2%%##$%-9:;f: !
$@!:}#.2@L$&-#=(D#$%-oSnn2=(D#$%-!
!!!!*+%%.5+nlh2+,5-#!'@!=(D#$%-!$%!(',%$%-+,-hm!
+,&!
!
{!/@!-#+!$*C)2%+!=+%C',%+!&$%-=$H)-$',!L+=+!%J**+-=$(!(',DA*!L')2&!C.&!-#+!2+,5-#!'@!-#+!%%##$%-!
HJ!62O*$-#$%-9S;f:!.-!+.(#!+,& A!"#+!i*$-!#$%-'5=.*!$%!,'-!%J**+-=$(A!"#+!*$,$*)$*!O 9.O$%!$,&+O!
'@!-#+!=+(+$D+&!#$%-'5=.*!%#')2&!H+!-#+!*$,$*)*!$,&+O!'@!-#+!-=)+!%)=@.(+!#+$5#-!#$%-'5=.*!C2)%!
{!-#+!*$,$*)*!,+5.-$D+!H$,!$,&+O!'@!-#+!$*C)2%+!=+%C',%+!#$%-'5=.*!.,&!-#+!*.O$*)!O 9.O$%!
{ !$,&+O!'@!-#+!=+(+$D+&!#$%-'5=.*!%#')2&!H+!-#+!*.O$*)*!$,&+O!'@!-#+!-=)+!#$%-'5=.*!C2)%!
{!-#+!*.O$*)!6C'%$-$D+;!H$,!$,&+O!'@!-#+!i*$-!#$%-'5=.*A!
{! "#+=+@'=+0!L+!@$,&!-#+!$,&+O!'@!-#+!^+='!H$,0^H$,0!
{!'@!i*$-4$%-WWW!6L#$(#!$%!-#+!'2&!i*$-4$%-WW!#$%-'5=.*!$,-+=C'2.-+&!-'!+D+,!(*!H$,!$,&$(+%;.,&!!
{!.&&!-#+!H$,%!L$-#!$,&+O!W!-'!^H$,9S!H+@'=+!-#+!@$=%-!H$,!'@!-#+!%%#!#$%-'5=.*!.,&!!
{!.&&!-#+!H$,%!L$-#!$,&+O!^H$,oS!-'!+,&!.@-+=!-#+!2.%-!H$,!'@!-#+!%%#!#$%-'5=.*!!!
!
^H$,n@$,&6i*$-4$%-WWW6Q0S;nnW;e!
O.&&+,&ni*$-4$%-WWW6^H$,oSQ+,&0S;ho%%#O6+,&;}',+%6S02+,5-#6i*$-4$%-WWW6^H$,oSQ+,&0S;;;e!
O.&&H+5$,ni*$-4$%-WWW6SQ^H$,9S0S;ho%%#O6S;}',+%6S02+,5-#6i*$-4$%-WWW6SQ^H$,9S0S;;;e!
O=+(#$%-nlO.&&H+5$,0%%#O0O.&&+,&me!
!!
@$5)=+!
C2'-6O=+(#$%-0=(D#$%-;!
-$-2+6h8$*)2.-+&!1',D'2D+&!8+.!8)=@.(+!4+$5#-!E$%-=$H)-$',h;!
J2.H+26h?(()=+,(+%!.%!V=.(-$',!'@!"'-.2!C+=!*+-+=h;!
O2.H+26h4+$5#-!6*;h; !
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{! 9999999999999999999999999999999999999999999999999999999999999999!
!
!
{! 9999999999999999999999999999999999999999999999999999999999999999!
{! 9999999999999999999999999999999999999999999999999999999999999999!
{!! 67;!F&&!=.,&'*!<'$%%',!6'=! C)2%+;!,'$%+!&)+!-'!&$%(=+-+!,.-)=+!'@!C#'-',!
{!!!('),-%!=+C=+%+,-.-$D+!'@!L#.-!L+!*$5#-!+OC+(-!@'=!.!5$D+,!H$,%$^+!.,&!
{!!!-'-.2!,)*H+=!'@!C#'-',!('),-%!6ZC-%I$O; !
{! 9999999999999999999999999999999999999999999999999999999999999999!
%)*=(##$%-n%)*6=(D#$%-}H$,%$^+;!
,'$%+Jn=(D#$%-e!
{!*.c+!<'$%%',!&$%-=$H)-+&!C#'-',!('),-%!$,!#$%-'5=.*!-'!=+C+%+,-!=+(+$D+&!o!C)2%+!,'$%+!!
@'=!$,'$%+nSQ2+,5-#6=(D#$%-;!
!!!!,'$%+J6$,'$%+;n=.,&C'$%%',[]I6ZC-%I$O}H$,%$^+}(2+.,=(D#$%-6$,'$%+;;e!
+,&!

!

{!Z?"7!{ !
{=.,&C'$%%',[]IA*!$%!.!I.-2.H!%)H=')-$,+!-'!5+,+=.-+!=.,&'*!,)*H+=%!&=.L,! !
{!@='*!.!<'$%%',!&$%-=$H)-$',Q!
!
@),(-$',!i!n!=.,&C'$%%',[]I6,C; !
OnSQ='),&6,CoS;}SWe!
Cn!C'$%%C&@6O0,C;e!
*nSe!
i!n!^+='%6*0S;e!{!<=+.22'(.-+!*+*'=J !
@'=!$!n!SQ*!
!!!!)!n!=.,&e!
!!!!/!n!@$,&6)!p!()*%)*6C;;e!
!!!!$@!$%+*C-J6/;!
!!!!!!!!i6$;nWe!
!!!!+2%+!
!!!!i6$;!n!*$,6/;e!
!!!!+,&!
+,&!
!
{!C'$%%C&@!<'$%%',!C='H.H$2$-J!&+,%$-J!@),(-$',A!
{!!!~!n!C'$%%C&@6i03FIGEF;!=+-)=,%!-#+!<'$%%',!C='H.H$2$-J!&+,%$-J!!
{ !!!!@),(-$',!L$-#!C.=.*+-+=!3FIGEF!.-!-#+!D.2)+%!$,!iA!
{!!!!"#+!%$^+!'@!~!$%!-#+!('**',!%$^+!'@!i!.,&!3FIGEFA!F!%(.2.=!$,C)-!!!!
{!!!!@),(-$',%!.%!.!(',%-.,-!*.-=$O!'@!-#+!%.*+!%$^+!.%!-#+!'-#+=!$,C)-A!!!!!
{!!!!Z'-+!-#.-!-#+!&+,%$-J!@),(-$',!$%!^+='!),2+%%!i!$%!.,!$,-+5+=A!
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{!1',D+=-!H.(c!-'!<EV !
Z'$%+n%-&6,'$%+Jf6ZC-%I$O}H$,%$^+;9=(D#$%-;e!
=(D#$%-n,'$%+Jf6ZC-%I$O}H$,%$^+;e!
%)*,'$%+J=(##$%-n%)*6=(D#$%-}H$,%$^+;!
!
@$5)=+!
C2'-6O=+(#$%-0=(D#$%-;!
-$-2+6lh8$*)2.-+&!K+(+$D+&!8+.!8)=@.(+!4+$5#-!E$%-=$H)-$',!o!<)2%+!Z'$%+n!h0,)*:%-=6Z'$%+;m;!
J2.H+26h?(()=+,(+%!.%!V=.(-$',!'@!"'-.2!C+=!*+-+=h;!
O2.H+26h4+$5#-!6*;h; !
{! 9999999999999999999999999999999999999999999999999999999999999999!
V&=(D#$%-!$%!-#+!%$*)2.-+&!=+(+$D+&!#$%-'5=.*!.-!-#+!#$%-'5=.*!H$,%!!(+,-+=+&!.-!O=+(#$%-A!/-!
$%!%#'L,!$,!H2)+!$,!V$5)=+!SX!@'=!bWWW!C#'-',%!62+@-;!.,&!bWW!C#'-',%!6=$5#-;A!
!

]Z_( X1I"#$H.-( 8&IL1B.B$&' (8&'%$>"#.B$&'%(

UK_!c!)'!$##7#7!'=#B&.&B!B5$'&7#>)(&5$'!5$!?#(:57!5.!B57#!B5?=/()(&5$!

]Z` ( F#&@#.II"#RF#&H">1#.-(8&'%$>"#.B$&'%(

UK_M!=>5V&7#!&$.5>?)(&5$!>#*)(#7!(5!5/(=/(!=)>)?#(#>'!(:)(!X#>#!$5(!&$!(:#!)*O5>&(:?!
7#'B>&=(&5$!

]Z6( 8.-$Q#.B$&'(.'>(!.-$>.B$&' (

"#+=+!.=+!-#=++!-JC+%!'@!'C+,!'(+.,!(.2$H=.-$',!.,&!D.2$&.-$',Q!

1)! Direct comparison of sea surface height or dynamic ocean topography with satellite radar 
altimetry from TOPEX/Poseidon and CryoSat-2. This may be possible to automate so 
that the project personnel can do it, but funding is being sought outside the ICESat-2 and 
NASA Cryosphere program for Cal/Val. 

2)! Comparison of changes in DOT with in situ measurements of dynamic heights from 
hydrography plus ocean bottom pressure from in situ gauges or GRACE-FO. This will 
have to be done for the open ocean perhaps funded outside the Cryosphere program. 

3)! Direct comparison to in situ precision GPS measurements. Buoys are being built with 
NOPP funding to do this as an add-on to similar measurements for NASA 
OceanographyÕs SWOT cal/val effort.  
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^Z4( K,;N+9(F,;=<8J+ ((

U:#'#!@>5X'#!.&O/>#'!':5X!&?)O#'!(:)(!)**5X!/' #>!(5!#)'&*;!#V)*/)(#!&.!(:#!7)()!X5/*7!@#!
/'#./*!)$7! 5.!S/)*&(;!.5>!(:#&>!>#'#)>B:!)$7!X&**!)&7!&$!(:#!S/&B8!)==>5V)*!5>!7&')==>5V)*!5.!
=>57/B('!=>&5>!(5!=/@*&B!7&'(>&@/(&5$+!!

^Z5( =.B.(d1.-$B2(S&'$B&#$'@(

_7K7K! :$'"(L-&B%(Y#3,2!&/-'(4!@#3; Z(

a)! *+.,!%+.!%)=@.(+!#+$5#-!@'=!+.(#!%+5*+,- 
b)! %-.,&.=&!&+D$.-$',!'@!#+$5#-!&$%-=$H)-$',!.,&!.%%'($.-+&!8d4!@'=!+.(#!%+5*+,- 
c)! %c+L,+%%!'@!#+$5#-!&$%-=$H)-$',!@'=!+.(#!%+5*+,- 
d)! c)=-'%$%!'@!#+$5#-!&$%-=$H)-$',!@'=!+.(#!%+5*+,- 

_7K7A! ?$%B&@#.I%(Y#3,2!&/-'(4!@#3;Z(

a)! 3$,+!C2'-%!'@!C.=.*+-+=%!'@!:9U.)%%$.,!@$-!@'=!+.(#!%+5*+,- 
b)! "GE!B).2$-J!*+.%)=+!'@!+.(#!: 9U.)%%$.,!@$- 

!
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_Z4( =*J*(d<*:7Jb (

_Z5( +B.B$%B$H%(

Calculate the following statistics for each open ocean granule and broken down by strong beam 
ground track Ð so there is one set for each ground track. 
¥ Aggregate histogram and mean/standard deviation of each of the following parameters!

O7K7K! F"#(&#Q$B(%B.B$%B$H%(

Table 7 ATL12 Output Variables for Per Orbit Statistics 

C%"#B)0&D$3*,& ?*8)%-(0-"2 & '693", &

8*$R8B%:$)*R/*-./08 & ! !

#!! I+., !%+.!%)=@.(+!#+$5#-!! AA>&

#[D.=! x.=$.,(+!'@!H+%-!@$-!C='H.H$2$-J!&+,%$-J!@),(-$',!
6*+-+=%: ;!

AA>R$+&

#[%c+L,+%%! 8c+L,+%%!'@!C#'-',!%+.!%)=@.(+!#+$5#-!#$%-'5=.*! AA>%F"=&

#[c)=-'%$%! 7O(+%%!c)=-'%$%!'@!%+.!%)=@.(+!#+$5#-!#$%-'5=.*! AA>F8+4&

?&6P?2!
V=.(-$',!'@!('*C',+,-!S!$,!: 9('*C',+,-!U.)%%$.,!
*$O-)=+! : @&

?&6P?/ 2! I+.,!'@!('*C',+,-!S!$,!: 9('*C',+,-! U.)%%$.,!
*$O-)=+!

:8@ &

?&6P'&O2! 8-.,&.=&!&+D$.-$',!'@!('*C',+,-!S!$,!: 9('*C',+,-!
U.)%%$.,!*$O-)=+!

A,1@&

?&6P?Q! V=.(-$',!'@!('*C',+,-!S!$,!: 9('*C',+,-!U.)%%$.,!
*$O-)=+! :( &

?&6P?/Q!
I+.,!'@!('*C',+,-!S!$,!: 9('*C',+,-!U.)%%$.,!
*$O-)=+! :8( &

?&6P'&OQ!
8-.,&.=&! &+D$.-$',!'@!('*C',+,-!S!$,!: 9('*C',+,-!
U.)%%$.,!*$O-)=+! A,1( &

7#*(P'#O! "$*+!&)=.-$', !%+5*+,-! 4/%"1&

*)( P'#O! I+.,!2.-$-)&+!'@!%)=@.(+!C#'-',%!$,!%+5*+,-! #$4/%"1&

*5$P'#O! I+.,!2',5$-)&+!'@!%)=@.(+!C#'-',%!$,!%+5*+,-! #-6 /%"1&

*#$O(:P'#O! 3+,5-#!'@!%+5*+,-!6*; ! #"614</%"1&

D3! 1',%-.,-!'@!2$,+.=!@$-!D+=%)%!.2',59-=.(c!&$%-.,(+!-'!
%)=@.(+!C#'-',!#+$5#-!'D+=!-#+!'(+.,!%+5*+,-!

*' &

'*5=#P'#O! 82'C+!'@!2$,+.=!@$-!D+=%)%!.2',59-=.(c!&$%-.,(+!-'!
%)=@.(+!C#'-',!#+$5#-!'D+=!-#+!'(+.,!%+5*+,-!

*@&

$P=/*'#P'#O! Z)*H+=!'@!2.%+=!C)2%+%!$,!%+5*+,-! 6/;#%/%"1&

?#)$5..&(Q! I+.,!'@!2$,+.=!@$-!=+*'D+&!@='*!%)=@.(+!C#'-',!#+$5#-! :"$6-00,4( &

Y! <='H.H$2$-J!&+,%$-J!@),(-$',!'@!C#'-',!%)=@.(+!#+$5#-! X&

Y?#)$ ! I+.,n@$=%-!*'*+,-!'@!~0!%#')2&!H+!gW!n!: !9*+.,'@@$-:! X:"$6 &

YV)>! x.=$.,(+!n!%+(',&! *'*+,-!6* : ;!'@!Y!! XR$+&



 ICESat-2 Algorithm Theoretical Basis Document for Ocean Surface Height (ATL12) 

!"#"$%"&''( &!

 

   107!
Release Date 01 October 2019 

 

Y'8#X! 8c+L,+%%!n!6-#$=&!*'*+,-!'@!Y;f! YV)>̀f: ! X%F"=&

Y8/>(! 7O(+%%!k)=-'%$%!n!6@')=-#!*'*+,-!'@!Y;f! YV)>: !9̀ !! XF8+4&

@&$00K&)'!
8+.!%-.-+!H$.%!+%-$*.-+&!@='*!-#+!('==+2.-$',!'@!
C#'-',!=+-)=,!=.-+!L$-#!.2',5!-=.(c!SW 9*!H$,!
.D+=.5+&!%)=@.(+!#+$5#-!6YA`AS;!

9,6AA?,$%&

0-E !
8$5,$@$(.,-!L.D+!#+$5#-!+%-$*.-+&!.%!Y!-$*+%!-#+!
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`Z4( J9+J(=*J*( (

This section describes the test data sets that have been used to derive and verify the performance 
of the ATL12 code for surface finding, deconvolution of the instrument impulse response, and 
Gaussian mixture determination. 
 

`Z5( 7'(+$B1(=.B.(+"B%(

Table 8   ATL12 Test Data 

Instrument Date Location 
MABEL April 2012 Fram Strait and Greenland 

Sea 
MABEL July 2014 North Pacific 
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In this section, we list notable constraints, limitations, and assumptions important to ATL12 that 
affect the coverage, quality and interpretation of the sea surface height retrievals and our 
objectives for the ATL12. These topics have been discussed throughout the ATBD. In order to 
compare with other open ocean topography measures, the overarching objective for the ATL12 
product is that it should be a solid description of sea surface height probability distribution over 
each strong beam ground track (and weak beam ground track where available). This objective 
and the constantly changing wave-covered character of the ocean surface impose the primary 
constraint on the ATL12 product. To achieve standard errors in mean sea surface height better 
than 1-cm under typical sea states, we accumulate the distributions over distances of 5 to 7 km. 
This is far longer than the ultimate spatial resolution of the ICESat-2 instrument, which we in 
fact use in the ATL12 analysis for sea state bias estimation. Users can aggregate the ATL 12 
distributions to obtain greater statistical significance, and we do this to produce the ocean 
gridded product, ATL19. Where applicable we and other users can go back to ATL03 photon 
heights and derive specialized ocean products using ATL12 statistics as a guide and benchmark. 

6Z5( 8&'%B#.$'B%(

The following are constraints imposed by the inherent capability of the instrument. 
¥ At 532 nm, clouds will affect visibility of the open ocean. First impressions looking at 
preliminary ICESat-2 data the lidar appears able detect the ocean surface through at least thin 
clouds better than expected.  
¥ The reflectance of the ocean surface is lower than the other surfaces ICESat-2 operates over 
with the result that only on the order of one photon per pulse is returned from the surface. Thus, 
longer path lengths are required to accumulate desired statistical significance of ocean height 
measurements than would be required for other surfaces. On the other hand, we donÕt have to 
worry about detector saturation and first photon bias over the ocean. 

6Z/( :$I$B.B$&'%(

These limitations stem from on our current understanding of the altimetric returns from the sea 
ice cover. 
¥ Subsurface Scattering - Quantification of the impact of subsurface scattering on height 
retrievals due to multiple scattering from bubbles or particles in the water remains to be 
addressed. For the central parts of the deep ocean, these effects are likely reduced by the scarcity 
of scatterers in the water. We might also expect that just as surface waves reduce the reflectance 
of the surface, they may also reduce the transmittance of subsurface returns up through the ocean 
surface, a benefit offsetting the generation of bubbles by wind waves.  Preliminary analysis of 
ICESat-2 deep ocean data suggests long, but low energy negative tails in the raw height 
distribution that are mainly removed in the trimming of the histogram in the fine surface finding 
step. Subsurface scattering will be most important in coastal regions where sediment and 
biological productivity increase the density of scatterers. Gaining a better understanding the 
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subsurface return problem will be a high priority for future ICESat-2 oceanography. 
¥ Sea State Bias Ð ICESat-2 will be unique in estimating what we think will be the main source 
of sea state bias by calculating the correlation of photon return rate and surface height at scales 
resolving the energy containing surface waves. This constitutes what is termed EM-bias in other 
altimeters. Because we donÕt use retracking in the traditional sense or assume a Gaussian surface 
distribution, we anticipate ICESat-2 will not suffer from sea state bias due to these factors, and 
the ICESat-2 sea state bias is wholly due to EM-bias. We will assess this assumption as part of 
the validation process. 
 

6Z[( *%%1ILB$&'%(

These are assumptions made by the retrieval routines that will have to be tested. 
¥ Ocean Surface Height retrievals Ð As discussed above key assumptions are that our fine surface 
finding clips off the negative histogram tail due to subsurface return and that what is commonly 
termed EM-bias is the sole source of sea state bias in our analysis of ICESat-2 over the ocean.  
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File 
ID/Level 

Product Name Concept Short Description Frequency 

00/0 Telemetry Data Full rate Along-
track with channel 
info 

Raw ATLAS telemetry in Packets 
with any duplicates removed 

Files for each 
APID for some 
defined time 
period 

01/1A Reformatted 
Telemetry 

Full rate Along-
track with channel 
info 

Parsed, partially reformatted, time 
ordered telemetry.  Proposed storage 
format is NCSA HDF5.  

Uniform time 
TBD minutes  
(1 minute?) 

02/1B Science Unit 
Converted 
Telemetry 

Full rate Along-
track with channel 
info 

Science unit converted time ordered 
telemetry. Reference Range/Heights 
determined by ATBD Algorithm 
using Predict Orbit and s/c pointing. 
All photon events per channel per 
pulse.  Includes Atmosphere raw 
profiles. 

Uniform time 
TBD minutes  
(1 minute?) 

03/2A Global 
Geolocated 
Photon Data  
 

Full rate Along-
track with channel 
info 

Reference Range/Heights determined 
by ATBD Algorithm using POD and 
PPD. All photon events per pulse per 
beam. Includes POD and PPD 
vectors. Classification of each photon 
by several ATBD Algorithms. 

Uniform time 
TBD minutes  
(1 minute?) 

04/2A Calibrated 
Backscatter 
Profiles  

3 profiles at 25 Hz 
rate (based on 400 
pulse mean) 

Along-track backscatter data at full 
instrument resolution.  The product 
will include full 532 nm (14 to -1.0 
km) calibrated attenuated backscatter 
profiles at 25 times per second for 
vertical bins of approximately 30 
meters.  Also included will be 
calibration coefficient values for the 
polar region. 

Per orbit 

05/2B Photon Height 
Histograms 

Fixed distances 
Along-track for 
each beam  

Histograms by prime Classification 
by several ATBD Algorithms. By 
beam 

Uniform time 
TBD minutes  
(30 minutes?) 

06/L3 Antarctica Ice 
Sheet Height / 
Greenland Ice 
Sheet Height 

Heights calculated 
with the ice sheet 
algorithm, as 
adapted for a 
dH/dt calculation 

Surface heights for each beam, along 
and across-track slopes calculated for 
beam pairs.  All parameters are 
calculated for the same along-track 
increments for each beam and repeat. 

There will be 
TBD files for 
each ice sheet per 
orbit  

 

!
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File 
ID/Level 

Product Name Concept Short Description Frequency 

07/ L3 Arctic Sea Ice 
Height/ Antarctic 
Sea Ice Height 

Along-track heights 
for each beam ~50-
100m (uniform 
sampling); separate 
Arctic and 
Antarctic products 

Heights of sea ice and open water 
samples  (at TBD length scale) relative 
to ellipsoid after adjusted for geoidal 
and tidal variations, and inverted 
barometer effects.  Includes surface 
roughness from height statistics and 
apparent reflectance  

There will be files 
for each pole per 
orbit  

08/ L3 Land Water 
Vegetation 
Heights 

Uniform sampling 
along-track for each 
beam pair and 
variable footpath 

Heights of ground including inland 
water and canopy surface at TBD 
length scales. Where data permits, 
include estimates of canopy height, 
relative canopy cover, canopy height 
distributions (decile bins), surface 
roughness, surface slope and aspect, 
and apparent reflectance. (Inland water 
> 50 m length -TBD) 

Per half (TBD) 
orbit 

09/ L3 ATLAS 
Atmosphere Cloud 
Layer 
Characteristics 

Based on 3 profiles 
at a 25 hz rate.  
(400 laser pulses 
are summed for 
each of the 3 strong 
beams.) 

Cloud and other significant atmosphere 
layer heights, blowing snow, integrated 
backscatter, optical depth 

Per day 

10/ L3 Arctic Sea Ice 
Freeboard / 
Antarctic Sea Ice 
Freeboard 

Along-track all 
beams.  Freeboard 
estimate along-track 
(per pass); separate 
Arctic/ Antarctic 
products 

Estimates of freeboard using sea ice 
heights and available sea surface 
heights within a ~TBD km length scale; 
contains statistics of sea surface 
samples used in the estimates.  

There will be files 
for each polar 
region per day 

11/ L3 Antarctica Ice 
Sheet H(t) Series/ 
Greenland Ice 
Sheet H(t) Series 

Height time series 
for pre-specified 
points (every 200m) 
along-track and 
Crossovers. 

Height time series at points on the ice 
sheet, calculated based on repeat tracks 
and/or crossovers  

There will be files 
for each ice sheet 
for each year  

 

12/ L3 Ocean Height Along-track heights 
per beam for ocean 
including coastal 
areas  

Height of the surface10 Hz/700 m 
(TBD) length scales. Where data 
permits, include estimates of height 
distributions (decile bins), surface 
roughness, surface slope, and apparent 
reflectance 

Per half orbit 

13/ L3 Inland Water 
Height 

 

Along-track height 
per beam 

Along-track inland ground and water 
height extracted from Land/Water/ 
Vegetation product. TBD data-derived 

TBD files Per day 
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surface indicator or mask.  Includes 
roughness, slope and aspect. 

!
File 

ID/Level 
Product Name Concept Short Description Frequency 

14/L4 Antarctica Ice 
Sheet Gridded/ 
Greenland Ice 
Sheet Gridded 

Height time series 
interpolated onto a 
regular grid for each 
ice sheet.  Series (5-
km posting interval) 

Height maps of each ice sheet for 
each year of the mission, based on 
all available ICESat-2 data. 

Per ice sheet per 
year 

15/L4 Antarctica Ice 
Sheet dh/dt 
Gridded/ 
Greenland Ice 
Sheet dh/dt 
Gridded 

Images of dH/dt for 
each ice sheet, gridded 
at 5 km. 

Height-change maps of each ice 
sheet, with error maps, for each 
mission year and for the whole 
mission. 

Per ice sheet for 
each year of 
mission, and for 
the mission as a 
whole 

16/ L4 ATLAS 
Atmosphere 
Weekly 

Computed statistics on 
weekly occurrences of 
polar cloud and 
blowing snow 

Polar cloud fraction, blowing snow 
frequency, ground detection 
frequency 

Per polar region 
Gridded 2 x 2 deg. 
weekly 

 

17/ L4 ATLAS 
Atmosphere 
Monthly 

Computed statistics on 
monthly occurrences 
of polar cloud and 
blowing snow 

Global cloud fraction, blowing 
snow and ground detection 
frequency 

Per polar region 
Gridded 1 x 1 deg. 
Monthly 

18/L4 Land Height/ 
Canopy Height 
Gridded 

Height model of the 
ground surface, 
estimated canopy 
heights and canopy 
cover gridded on an 
annual basis. Final 
high resolution DEM 
generated at end of 
mission 

Gridded ground surface heights, 
canopy height and canopy cover 
estimates  

Products released 
annually at a 
coarse resolution 
(e.g. 0.5 deg. tiles, 
TBD). End of 
mission high 
resolution  
(~1-2km) 

19/ L4 Ocean MSS Gridded monthly Gridded ocean height product 
including coastal areas. TBD grid 
size. TBD merge with Sea Ice SSH 

Monthly 
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20/ L4 Arctic and 
Antarctic Gridded 
Sea Ice Freeboard/ 

Gridded monthly; 
separate Arctic and 
Antarctic products  

Gridded sea ice freeboard. (TBD 
length scale) 

Aggregate for 
entire month for 
each polar region 

!
File 

ID/Level 
Product Name Concept Short Description Frequency 

21/ L4 Arctic Gridded 
Sea Surface 
Height within Sea 
Ice/ Antarctic 
Gridded Sea 
Surface Height 
within Sea Ice 

Aggregate for 
entire month (all 
sea surface heights 
within a grid) 
separate Arctic and 
Antarctic products 

Gridded monthly sea surface height 
inside the sea ice cover. TBD grid 

 

Aggregate for 
entire month for 
each polar region  

E
xp

er
im

en
ta

l 

Arctic Sea Ice 
Thickness / 
Antarctic Sea Ice 
Thickness 

<+=!<.%%!
"#$(c,+%%!
%.*C2+%!6@='*!
SW9SWW*!
@=++H'.=&!*+., %;!
@'=!+D+=J!SW!c*!
6"GE;!%+5*+,-!
6.22!H+.*%;!L#+=+!
2+.&%!.=+!
.D.$2.H2+e!6C+=!
C.%%;!

Sea ice thickness estimates derived 
from the sea ice freeboard product. 
External input: snow depth and density 
for each pass. 

There will be files 
for each polar 
region per day  

E
xp

er
im

en
ta

l 

Arctic Gridded 
monthly Sea Ice 
Thickness / 
Antarctic Gridded 
monthly Sea Ice 
Thickness 

F55=+5.-+!@'=!
+,-$=+!*',-# !
6.22!-#$(c,+%%!
'H%+=D.-$',%!
L$-#$,!.!5=$&;!
C2)%!"#$(c,+%%!
6('==+(-+&!@'=!
5='L-#; !

Gridded sea ice thickness product; 
centered at mid-month.  Include 
thickness with or without adjustment 
for ice growth (based on time 
differences between freeboard 
observation). 

U=$&&+&!*',-#2J!
6.22!-#$(c,+%%!
'H%+=D.-$',%!
L$-#$,!.!5=$&;!@'=!
+.(#!C'2.=!=+5$',!
 

E
xp

er
im

en
ta

l Lake Height Along reference 
track per beam in 
Pan-Arctic basin 
(>50-60 deg N).  

Extracted from Product 08 and 13, for 
lakes >10 km2, with slope and aspect.  
Ice on/off flag. TBD water mask 
developed from existing masks. 

 

Monthly along 
track product, no 
pointing 

E
xp

er
im

en
ta

l Snow Depth Along reference 
track per beam for 
Pan-Arctic basin 
(>50-60 deg N). 
 

Extracted from Product 08 and 13 
along track repeat heights, with slope 
and aspect. Snow detection flag. 

Monthly along 
track product, no 
pointing 

!
!
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! ! 6GS;!
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! !! 6SY9!G`; !
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!
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! !!
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! !!! 6GX;!
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.,&!6GT;!H+('*+%!
!

! !! 6GSW;!
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