
!"#$"%&' ()*+"%$,+ (-.$/00/12.%34350.426.,2/3/47.#805730

942.:8/00.;<+&#=>.:8/.?/4(%8@4A/21.;B"&&=>.426.3C8.+"%$,+(-.'84D

#"$ (%&!.,#":E.:1@F0C1G
H870/2IJ@>.K82D4@F

%8G38DL8@.MN>.-OMN



!"#$%&'

! (%))%*&+*,'-,%'.+/&0+)#/#")
! 1&%#%/$+&'"#-/$+/#2*)34'-'+-')"$#)
! 1&%#%/$+%*&*)34'-'+-')"$#)

! 5'"#-/$+/#2*)34'-'+ 6/$7,/$
! 8"22/-9

:



!"##"$%&'()*(")+

! ,'-!'./0 1234'.!54 16&74'.!54168&469&:$;;$+#&$%&
<=)&#>??)##:>;&4'.!541@&A"##"$%&;B>%?=)C&"%&6DDE

! ."F&#B<);;"<)&?$%#<);;B<"$%&B*$>%C&<=)&)G>B<$*&76H&
C)I*))&"%?;"%B<"$%&;$+&JB*<=&$*K"<9

! L&M)B*&A"##"$%&;":)&<$&N*$("C)&HDDDO&*BC"$&$??>;<B<"$%&
#$>%C"%I#&N)*&CBM&:$*&"AN*$()C&%>A)*"?B;&+)B<=)*&
N*)C"?<"$%8&#NB?)&+)B<=)*&A$%"<$*"%I8&<*)%C"%I&$:&
?;"AB<)&?=B%I)

! /;;&+)B<=)*8&>%":$*A&?$()*BI)&$()*&$?)B%#&B%C&;B%C&
+"<=&PD&A"%&A)C"B%&CB<B&;B<)%?M&

! JB?=&#B<);;"<)&=B#&P&NBM;$BC#&N*$("C)C&KM&Q./,
" 0*"&RS..&-BC"$1$??>;<B<"$%&.M#<)A&70R-.9&T N*"AB*M&

NBM;$BC
" 5$%&U);$?"<M&!)<)*&75U!9&T#)?$%CB*M&NBM;$BC
" -,&V)B?$%&T#)?$%CB*M&NBM;$BC

6



!"#$%! &'(%)*+,-./)+*

0

12,/(3"(4)+/))5
67,282*89/,/:

4;+(3"(4)+/))5(
67,282*89/,/:

7,<=(=>##
3/?/<@/,

12,/(A"B(
4)+/))5

6%2)2*89/,/:

4;+(A"B(
4)+/))5

6%2)2*89/,/:

!"#$ %&' #()

'*++*,-.
/012,03

!"#$.4!5*6"7$$.#03*,.,8892:0:*,-.
$1+:;<=

!, <;0+95;.:>;.0<?2*:93;.0-3.?>0+;@A5,9?.3;201.,B.
"7$$.+*A-02+

$8*;-8;.
/012,03

%&'.4%,-.&;2,8*:1.';:;5= !,.<;0+95;.*- 6+*:9.*,-.3;-+*:1C.35*B:+.4D2;8:5*8.B*;23+=C.
:;<?;50:95;.E.8,<?,+*:*,-

#().4#03*, (5;F9;-81.);08,-= !,.<;0+95;.:,:02.;2;8:5,- 8,-:;-:.0-3.*,-,+?>;5*8.
+8*-:*220:*,-G



!"#$%! &'()*(#+, &'(#-./0

12(,3)-)(/)45-678()9(#:./6;(<



!"#$%%&#$'()$*)&$+'",-'!./01'2"3,45
! 6(!786 01'%"3,45$-'93,$'1:;'1<=>'"?'@"*#'AB'#5$'C!DE'

!@"4$'.$?#'/*AF*"G01'H!./ 01I'G&??&A,

:Falcon Heavy STP-2 launched from CCAFS LC-39A (Photo credit: NASA)

!"#$%! &'

()*+,-#.//01 '&2345-6,47+-5)02,-2,,21

8)61 649+:54):5 ;<<-3-;'=-3-;'=->9 ?

$255 @?<<-AB-C/+,-52D+004D+E

!)99.:4>2D4):5-
!2/2F404D4+5

#-F2:6G-./0)26-5/++6-?'AF/5G-
6)*:0)26-5/++6-'-$F/5

(210)26-#.//),D
H2D2-5D),2B+->2/2>4D1-'IF4D5G-
9255-?JKL-ABG-/)*+,-5.//01-

J=M

! 8,#$F*"#$-'/"J%A"-'!#"4K'H8/!I'
" !&L'6(!78601'!@"4$4*"B#
" M$GA,?#*"#&A,'",-'!4&$,4$'

NL@$*&G$,#'HM!OI'
" !&L'D3L&%&"*J'/"J%A"-?
" M&?@$,?$*?'@%3?'P"%%"?#
" N&F5#'//(M?'+&#5'.+$%)$'

63P$?"#?



!"#$%&'()*)+#%',"-.+)/-)$"/

! 0+%/'&#1%2+%3'4)*)+#%4'/%*52/'"*6+&'&/2+7/"8'#9'
&*)*')#'&*)*'6"#-/44+%:'-/%)/"4';<('=>?'*%&'
@*+1*%'=>?A

B



!"#$%&%#'()*+,,-./#0+.&+(
! 1+23.2%.&4#/+)/(%56-*%778#,+5%(%&+#

5()*+,,-./#*+.&+(,
! 9)237%(#:(%;+<)(=#<-&6#>()%2#*%5%>-7-&-+,#-.#

?@""#1AB1#5()*+,,-./4#'A$4#%&;),56+(-*#
(+&(-+C%7,4#,*-+.*+#%.%78,-,

! DE&+.,-C+#2%&%#;%.%/+;+.&#,8,&+;
" 0))(2-.%&+,#2)<.7-.=#,*6+237-./4#&+7+;+&(8#

2%&%#&(%.,:+(4#5%87)%2#*);;%.2-./
! FG"9H#GI#,+*3(-&8
! J)<#7%&+.*8#5()*+,,-./#&)#;++&#KL#;-.3&+#

;+2-%.#(+M3-(+;+.&
! G).#C+7)*-&8#;+&+(#5()*+,,-./#%.2#5()23*&#

/+.+(%&-).#N<-&6#!I#$%77%,O
! 1+23.2%.&#%(*6-C+#,8,&+;,#%&#!0H1B@0H1#

P'""#%.2#@AHH#@0DG
! $-(+*&#5()23*&#2+7-C+(8#&)#)5+(%&-).%7#

<+%&6+(B,5%*+#<+%&6+(#*+.&+(,
! G.#3,+#:)(#)5+(%&-).%7#QA9'"HIRS#%.2#'HT#1A#

5()*+,,-./
U



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

! '+),-,.)/(&,0-,1$*(&2*%-&34&5 2*67&849&,$:+6-(-
! ')(-66"(-&+)76$);&),("<)("$%=,0-,1$*(&2*67&8>&5 389&

,$:+6-(-
! ?).67@$.A"(&,0-,1$*(&$/&)66&8B&"%#(.*:-%(#9&,$:+6-(-
! C$&0).;D).-&"##*-#&$%&EFG'&)%;&HI!
! GJ&K-),$%&,0-,1$*(&"#&,$:+6-(-&)%;&)66&*%"(#&).-&

*%;-.L$"%L&,$::"##"$%"%L&D"(0&MD)N)6-"%&L.$*%;&
#()("$%

! O.A"(&+0)#"%L&2*67&33&5 3P9&,$:+6-(-

! ')(-66"(-&J'QR8&6$D-."%L&($&:"##"$%&$.A"(&ST44R&1:U&
2*67&3V&5 W*L&8>9&,$:+6-(-

! X)76$);&,$::"##"$%"%L&2*67&3V&5 O,(&849&"%&+.$L.-##
B



!"#$%$&#'()*+,(&-.%+(/!(#(-,

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

0&12(/34(2(-5% 62+#4/778/9./
:&12(/#,/:'/
3-;-,(/<=

>?7/9./2+2(2#4/:&12(

!"#$%$&#'(/
!(#(-,

@-&&%+(4A/
+:.2+#4/

:"%&#(2:+

@-&&%+(4A/
+:.2+#4/

:"%&#(2:+
B?/,#'%/.:5%/

%C%+(,D

@-&&%+(4A/
+:.2+#4/

:"%&#(2:+
B?/,#'%/.:5%/

%C%+(,D

@-&&%+(4A/
+:.2+#4/

:"%&#(2:+/
BE/,#'%/.:5%/

%C%+(,D

@-&&%+(4A/
+:.2+#4/

:"%&#(2:+
B</,#'%/.:5%/

%C%+(D

@-&&%+(4A/
+:.2+#4/

:"%&#(2:+
B</,#'%/.:5%/

%C%+(D

FGH! CIJEJ?/
!:'(K#&%

CIJEJ?/
!:'(K#&%

@:..2,,2:+2+; @:..2,,2:+2+; @:..2,,2:+2+; @:..2,,2:+2+;

*LM @:..2,,2:+2+; @:..2,,2:+2+; @:..2,,2:+2+; @:..2,,2:+2+; @:.. 2,,2:+2+; @:..2,,2:+2+;

H6N F&#+,.2(/
.:5%/%+#14%5

F&#+,.2(/
.:5%/%+#14%5

F&#+,.2(/
.:5%/%+#14%5

F&#+,.2(/
.:5%/%+#14%5

F&#+,.2(/
.:5%/%+#14%5

F&#+,.2(/
.:5%/%+#14%5

O

344/!"#$%$&#'(/$-&&%+(4A/+:.2+#4
*+,(&-.%+(,/2+/$:..2,,2:+2+;
642;P(/,)K/':&/FGH!/</-"5#(%5

H%.#2+2+;/FGH!/-"5#(%,/2+/"&:;&%,,
H6N/(&#+,.2(/.:5%/:+



!"#$%&'

! (%))%*&+*,'-,%'.+/&0+)#/#")
! 1&%#%/$+&'"#-/$+/#2*)34'-'+-')"$#)
! 1&%#%/$+%*&*)34'-'+-')"$#)

! 5'"#-/$+/#2*)34'-'+ 6/$7,/$
! 8"22/-9

:;



!"#$%&'(%)*+,-%./012.34%5+67*#8,
! 96":%;"<-%=+6>"?8>%@&&A%<8"-+B#%B-C6,=D8+*?%

6??"#-B-*6<,%E*-D*<%F%D6"+,%67%+8?8*G*<:%-D8%7*+,-%#8G8#%A%
>B-B%7+6C%)1,%&%B<>%FH
" I<>8>%"=%E*-D%J%4AA%=+67*#8,%-DB-%>B$

&&K%L8,"#-,%B,%6M-B*<8>%6<%!"#$%&'%,D6E<%N



!""#$%&%'()*+,(#)%*
! -.(/')0+1(*% 23,+"(#)%*+*')"4+')*%5#64)%+&"%'7&%'()+

()+8#$9+:;
! <474$+:+54=#'5464)%+'*+>???@+*.(#$A+.&74+)(+'**#4*+

644%')0+%.'*+/.4)+&$$+')*%5#64)%*+*%&B$4

:C

!5B'%+1.&*')0

D54)A')0+
%(/&5A*
E+>???+(""
145+A&9



!"#$%&'()*+,*-.*+/0(1&2(

34

! !"#$%&'()*+,*/55$%'&'"/67*"6*'8"7*9"2$1(



!"#$%&'()'*+'(,-./%0.'12'3%2

45



!"#$%&'()'*+'(,-./%0.

12

! +""$&#%#3,4'&,"%#3,45',4'!$0'))6')718
" 9112'#,#%&'%:#./';(':/,<'2'5%#.&&3#.56'=30=.5#'",$4#'5,':%/



!"#$%&#'())*+,%,-./'0123

! 45'./'+#6,7'48'./'$-&9,':-/)+*;#3'48<'%/;'48=>
" 0-&/-6-)%/,+?'9-&9#$',9%/'%"#$%&#'45'012'.6'@ABB'CDC'

6.$'<(0EF<G5

5H



!"#$%!&'&()&(*)
! !"#$%()%&+,%)&'-.'/.%.,0('&(1-%12%&+,%.(22,/,-*,%3,&4,,-%

*5(6'&1517(*'5%3,-.(-7%'-75,%'-.%89%3,-.(-7%'-75,%3,&4,,-%:;<=;%
>6
" "+()%'5&(&?.,%/'-7,%()%*+1),-%&1%'01(.%31&+%'&61)@+,/(*%'-.%

(1-1)@+,/(*%,22,*&)%&1%6,')?/,%&+,%(-+,/,-&%-1(),%12%&+,%89%.'&'
! 8,)?5&)%21/%*1-)&,55'&(1-%)+14-%3,514

" A,/%)'&,55(&,%/,)?5&)%*1-)()&,-&%4(&+%10,/'55%)&'&()&(*)

BC

90,/'55%6,'-D
BEF%6(*/1/'.



!"#$%&'(%)'*+,-./%!01

! ,-./2(%!01%3425(46%-78('92:%!"#$
! !"#$%725;%(5<-':%&'(%4'*+/-./%!01

" =>!%?@AB%=)C%?@D%E/-./%&(2F<(5;:7-<<2(%34'3G%
95(-5<-';:%H'7-;5<2I

?J

K92(5.2%)?%!01%L%MNN%$+$ K92(5.2%)?%!01%O%?JNN%$+$



!"#$%#&'(#&)"'*+,-./%0+#'1+'2*345

! ())'$.1.'6+/'/"7"#1'8""9
" :"0;)10'<"/='/".0+#.>)"

?@

!"#$#%&'(
)*+,

!-. /'01(
!""()2,

!-. 3#&4'-(
!""()2,

A'B?A BACD @CE

?A'BFA BAC? ?CG

FA'BHA AC? ?CD

HA'BEA ACD FCH



!"#$%#&'(#&)"'*+,-./%0+#'1+'2*345

! 6789'6:;<(88'$.1.'0"-./.1")='>+/'/"?"#1'@""A
" B"0C)10'D"/='0%,%)./'>+/'E+1F'6<88

GH

!"#$#%&'(
)*+,

!-. /'01((
234()5,

!-. 4#&6'-(
234()5,

H'I JH IHKL MKN

JH'I GH IHKJ JKO

GH'I PH HKJ JKO

PH'I NH HKQ GKG

!"#$#%&'(
)*+,

!-. /'01((
278()5,

!-. 4#&6'-(
278()5,

H'I JH IHKO MKN

JH'I GH IHKJ JKO

GH'I PH HKJ JKL

PH'I NH HKQ GKN



!" #$%&'()*&+),%-'./01%&+2/3'*/'(%4+/2/34)2

! (%4+/2/34)'4%*%
" 5.67' 7&)189:&
" ;9%-+*<'=/3*&/->'&)21)=*'5.67';.'?:)@'2*)12'21)=+:+='*/'

5.67'/&'"A'/,)&*9&3)4B
" A44+*+/3%-'?CD8#E%2)4'%34'1F<2+=%-B';.'%11-+)4'G)HIH>'

21+J)2'?291)&%4+%E%*+=B>'291)&2%*9&%*+/3'?K'!LMNB>'
F<4&/2*%*+='=/32+2*)3=<'E)*@))3'O'%34'P'&)1/&*2Q

! ./01%&+2/3'1)&+/4R'LM!SH!ST#LUM'?V9-'!W'XA9I'LYB
! "&+:*2'/:'E/*F'E%--//3'%34'*%3I)3*'1/+3*'%&)':9--<'

*%J)3'+3*/'%==/93*'?-),)-#@+2)'=/--/=%*+/3B
! (/E92*'*/'/9*-+)&2'?)Z=-94)2'-%&I)2*'LN'4)1%&*9&)2'%*'

)%=F'-),)-B
! D+3+090'2%01-)'2+[)'+2'2)*'*/'\M

L!./9&*)2<'OH#]H'^))



!" #$%&'()*&+),%-'./01%&+2/3'*/'(%4+/2/34)2

55

! 6+78-+78*2
" 9*:'4),:';))12'4)<&)%2+37'=+*8'4)<&)%2+37'

2)1%&%*+/3'>):7:'*)01:'3)%&'*&/1/1%?2)@
" (/?78'.5')&&/&')2*+0%*)2'%&)'A:B#!:B'C'+3'

*)01)&%*?&)'%34'B#!AD'/E'/F2)&,)4'0/+2*?&)
./?&*)2G'H:#C:'I))



!"#$%&%'()'*+&#,%-'.#/+0-)(*1+&
! /2#314#5"6$789:;<#6%'+- :8=<$8>#?+(#@+AA+@)'%B#-(+?*A%1#CDEE#F0G#D#.(1G#

HEHDD#-)*(1I

2D

COSMIC2

Other Missions

0 1 2 3 4 5 6 7 8
RO Penetration Depth (km)

0 2 4 6 8

0

1000

2000

3000

4000

5000

6000

7000

R
O

 C
o

u
n

ts
 in

 b
in

0 2 4 6 8
Penetration Depth (km)

0

1000

2000

3000

4000

R
O

 C
o

u
n

ts
 in

 b
in

Mean=0.65 km
Median=0.25 km
Rms= 1.10 km

Mean=1.80 km
Median=0.84 km
Rms= 2.28 km

/+J('%1K#>4#>%&L



!"#$$%&'#($#$)%*+,%-.&*/%0$,"')

! 1$#23$4%#+()'5%$##'#%6"+#+6,$#24,264%742(8%.9%)+,+4$,4%
" :(6;7)$4%5$+47#$5$(,<%#$=#$4$(,+,23$($44<%#+()'5%$##'#4
" >4475$4%('%$##'#%6'##$;+,2'(%?$,@$$(%)+,+4$,4

! A$B#+6,232,C%$##'#%$4,25+,$4%4"'@(

DE

!#'='=+74$%(',%
6+=,7#$)%+4%@$;;%
?C%FGH%;'@$#%
#$4';7,2'(

.&*%I4,25+,$4 H,) 1$3%'B%12BB$#$(6$4

&'7#,$4C%JK%HL'?$#8



!"#$%&'

! (%))%*&+*,'-,%'.+/&0+)#/#")
! 1&%#%/$+&'"#-/$+/#2*)34'-'+-')"$#)
! 1&%#%/$+%*&*)34'-'+-')"$#)

! 5'"#-/$+/#2*)34'-'+ 6/$7,/$
! 8"22/-9

:;



!"#$#%&'()'*+&%$#,+'-.('/%$%

)0

-12'345'-.('6789 -12'3:;<655'-.('6789



!"#$%&'()*%#+,!#-.%/)0)12

"3

¥ We use closely collocated observations from 2 
COSMIC-2 satellites from the initial stages of 
the mission to estimate precision of the LEO 
relative TEC observations

¥ We determine the relative TEC by subtracting 
the TEC value from each arc at the time they 
initially overlap

¥ COSMIC-2 relative TEC arcs are compared for 
YYYY.DDD days 2019.200-202, and 2019.207-
214

¥ The std dev for GPS relative TEC for COSMIC-
2 pairs is 0.14 TECU for GPS, and 0.15 TECU 
for GLONASS

¥ A similar analysis for COSMIC-1 yields ~0.16 
TECU std. dev. for GPS
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