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Temporal variation and spatial distribution of the thermospheric density
can change signifcantly during geomagnetic storms. These variations in
thermospheric density enhance atmospheric drag, posing risks to Low-Earth-
Orbit (LEO) spacecraft. Therefore, studying the characteristics of intense storm-
time thermospheric density perturbations and orbit decay is crucial for practical
applications. In this study, neutral density was simulated for the strongest
magnetic storm events of solar cycles 24, 23, and 22, corresponding to minimum
Dst indices of —234 nT (2015 St. Patrick's Day storm), =442 nT (20 November
2003 storm), and -598 nT (1989 Quebec blackout storm). Four representative
thermospheric models (DTM-2020, JB 2008, NRLMSIS 2.0, and TIEGCM 2.0)
were employed to evaluate their performance during extreme geomagnetic
storms by comparing simulated densities with satellite observations from Swarm,
CHAMP, and GRACE during the November 2003 and March 2015 storm events.
The results indicate that the errors of all models exhibit larger errors in the
main and recovery phases, with a bias toward underestimation of density during
the main phase. It is important to note that no thermospheric model is perfect
and each model has its own limitations, especially dealing with extreme space
weather events. Although JB2008 performs relatively well, it does not maintain
the best performance across all phases, and its predictions still deviate from
observations by at least 20%. Therefore, combining multiple model outputs is
recommended for extreme cases. Furthermore, these thermospheric models
were coupled with the High-Precision Orbit Propagator (HPOP) to examine the
orbital decay of the China Space Station (CSS, 0380—400 km altitude) during
these events. The efects of drag on CSS during the strongest magnetic storm
events in the 24th, 23rd and 22nd solar cycles were simulated. The orbital decay
is about 233%, 300% and 266% higher than that in the quiet period, respectively.
The reults of this study might serve as a reference for spacecraft for possible
upcoming extreme magnetic storm events.
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1 Introduction
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2 Methodology

2.1 Thermospheric density models

]800 0 A A R
0I000T 000000 Doooor OO0 oot 004oooooroorbooar obodoo
0 0
00 0000000000000 D00 0000 000000000 j0ol [0 0000i000n DoB0m0D
000! 00000000000 001 0000a0 bl 00000080 b000I0i 00l D000 UhomoooT
00000D 07 Dooo toiooomon boNoROo0o 0ol 000000000an o000l COooioon
00000 0007 000m0D 01 C0oon Deo booooooioon booon booomon boodo

Frontiers in Astronomy and Space Sciences

100000000000 bOnomoaD 000 (C000000 Cob0o00an On oo 0o0ooooOo0n

(00000 OO0 O 0ono0 07 Dinooion b OO0 00N 000 0iocoiommn oo oo

000000007 0O00n 0000000 b oool cb0000mon0r ool 000N 00 oeon
0 0 0 A

Lodoo0oooiooommooOimeoroioorhoniobo Cooonon

O8I 0 A M W W W

1000000 O0IOoDECoobooD Mon OO0 O0000o00l 0000000000

100 D000 0000 0BD! bO000 D000 0ob00 I07 000Dt 0000000l 0o000meo0

0000000 00 007 Oooooo COO0OD0IoD 0o 0oO0O0o 00 Dt 000000

O 0T W

0 T 0 A [

000000000000 Io0IbonbCD CoC0DooomO: 0oomooo 40 ioo 1000 Oomiboo0n

|

I

I

I

I

I

I

I
I
I
0000I000DI000 DO0o ioo0n 000! 000000 0000000000 0oor 000001
I
I
I

(0000 DnO0000000 OoDIoOr OboibOod bo0CinnooCo0onD toooboo0oo
000mIooIoOn booCnoo 000 Di0b0ioon 0000mooo0Om 0boool 0oooIoaD
0000 0oie0Oonotn Om 00000000000l I0Ohoo0io0o? ool 080 bibOooomo
I 0 B R O A W RO
N A L A W I W R W Y WA
0 0 . T
O O M T (o U A
000I0CO 00 100000

0100 OJoooooooood hooooopodr Oiotoioboooconl Oooooom
Oiooto DobonitibobOrOmooeooo oo brroooonbooo 0o orm
00000 0Ibo0O0o0 00 0o 0ooom 0o 00 0o 0oooo oon 00 0ocooooo
O 0 0
0000000 Io0 boO0eooooior 0ooooooo! 0oCODo 07 0O0ihoo bomoo
0000000007 ie00000000z 0o boooo! Iooe bi0a0ny IohnOo0o00000n toon
0 A A A W W W
(00 0000 00000 foCIo0oonD 0iobooito00 bioooomt Oioo 0000 oo tnba
O 0 T 0 0
OlOI0moOOoONooDoIOMOOIIDOOMO00IOnCmO 0oIboOIb OO0 OO000m
0000I0IC0r00000I000010000000010it0al o000 CtiO0000 0000
0 .
8 A A A
0 A
C000000i0ioiomn O 0o 00oan

0 0 T
0000IoonCOnooome0nonoiooio0ooinooniotoo0000 Doo0oa

2.2 Orbit propagator model
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4 Results
4.1 Geomagnetic storm on 17 March 2015
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FIGURE 1

Temporal variations of space weather indices during the three most geomagnetically disturbed storms in solar cycles 22, 23, and 24. The left column
shows geomagnetic indices (Dst and ap), while the right column presents solar activity (daily F10.7 fux and 81-day averages).
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FIGURE 2
Experimental fow design.

TABLE 1 Dynamics Models and CSS orbit elements.
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FIGURE 3

Global thermospheric density distributions at 400 km during the 17 March 2015 magnetic storm from diferent models. The rows correspond to
DTM-2020 (top), JB 2008 (second), NRLMSIS 2.0 (third), and TIEGCM 2.0 (bottom), shown across the quiet, main, and recovery phases.
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4.2 Geomagnetic storm on 20 November
2003
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FIGURE 4

Comparison of the along-track density observed by satellites (Swarm-A and GRACE-A) and predicted by DTM-2020, JB 2008, NRLMSIS 2.0, and

TIEGCM 2.0 models between March 15th and 19th, 2015. Error 0 00, e 0 Dgpservation Cobservation:
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FIGURE 5

respective models.

Orbital decay of the Chinese Space Station from March 15th to 19th, 2015, predicted by the HPOP using neutral densities from diferent thermospheric
models (DTM-2020, JB 2008, NRLMSIS 2.0, and TIEGCM 2.0). The left column shows the along-track densities from each model, the middle column
presents the SMA and its mean variations under each model, and the right column displays the corresponding decay rates predicted by the
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FIGURE 6

Global thermospheric density distributions at 400 km during the 20 Nov 2003 magnetic storm from diferent models. The rows correspond to
DTM-2020 (top), JB 2008 (second), NRLMSIS 2.0 (third), and TIEGCM 2.0 (bottom), shown across the quiet, main, and recovery phases.
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FIGURE 7

Comparison of the along-track density observed by satellites (CHAMP and GRACE-A) and predicted by DTM-2020, JB 2008, NRLMSIS 2.0, and TIEGCM

2.0 models between March 18th and 23rd, 2003. Error 0 00 o ice U Dopeervation
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FIGURE 8

respective models.

Orbital decay of the Chinese Space Station from March 18th to 23rd, 2003, predicted by the HPOPusing neutral densities from diferent thermospheric
models (DTM-2020, JB 2008, NRLMSIS 2.0, and TIEGCM 2.0). The left column shows the along-track densities from each model, the middle column
presents the SMA and its mean variations under each model, and the right column displays the corresponding decay rates predicted by the
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FIGURE 9

Global thermospheric density distributions at 400 km during the 11 March 1989 magnetic storm from diferent models. The rows correspond to
DTM-2020 (top), NRLMSIS 2.0 (second), and TIEGCM 2.0 (bottom), shown across the quiet, main, and recovery phases.
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FIGURE 10

Orbital decay of the Chinese Space Station from March 11th to 16th, 1989, predicted by the HPOP using neutral densities from diferent thermospheric
models (DTM-2020, NRLMSIS 2.0, and TIEGCM 2.0). The left column shows the along-track densities from each model, the middle column presents
the SMA and its mean variations under each model, and the right column displays the corresponding decay rates predicted by the respective models.

TABLE 2 Along-track density enhancements relative to quiet-time conditions, derived from diferent thermospheric models and observations for
Swarm-A, CHAMP, and GRACE-A during the March 2015 and November 2003 storm events.

Event/Satellites DTM-2020 JB2008 NRLMSIS 2.0 TIEGCM 2.0 Satellite
observation
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TABLE 3 [ SMA and maximum ODR of the Chinese Space Station during geomagnetic storm events predicted using diferent thermospheric models.

Event DTM-2020 ‘ JB2008 NRLMSIS 2.0 TIEGCM 2.0 Average
Q000oI0000NO000I00D oono oomoo oono oomno 00000
ani W QIoIno0000 OIOInO0000 uimia i 0I000I000000
0000000000000 oomno oomoo oono oo oo
0IOInO0000 QIOIno0000 OOInO0000 QOInO0o00 01000000000
C0000I000000000I000 oono oono oomno 0oono
0IOIoOI000o 0IOInOI0000 QOIO0000 QIO0I0O000D

Frontiers in Astronomy and Space Sciences

14

frontiersin.org



https://doi.org/10.3389/fspas.2025.1644152
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org

Zhang et al.

8 A W W [
0000 boDOD bOon booO! 010000 tobo0 joooan 0o 0oon 0000 Doooooo
O 0 R
1 A A A M R M R M R IR
0000000000000 00000000 D0I000 00010001 000000 0oi000m b0o7 000000 om
(100000 00000000 boonon bo0oo oo 0OBR0oon0a! Oobon 00i0ooO000 boioo1 bOao
0000000000 DOoO0B000] 0oooC0oon 000000t Lol bOooo 0o 0oo! CeCoom
0 A W A WM M VR
0 Y M
000IoDioCrbooon foCoColC ool oo O oo botritn o0 ooooooon
00000000007 b0 fo0Iombon Domo b0 Dotibool 0o oo oo
C10000100000000000 000000080 0000 0000001100 O 000000 ioib 0000
00000l CionEo0n 000000l 00l Cooi o o0 0 Bo00mnI bob0 00000 bO000
00 A
T 0 A A R A M W A AN
O 0 0 A O
0o00O00O boooo

Data availability statement

D 0 R A M A
(000000I000D0DID O bootiod ConoioroodoiroOCtnooooioiotoan
I0In00I0000000000I0c 0oIoom

Author contributions

I o A
0 T A M M [
0 O OO A [
N0 0 0 0 A )
0000000000 DO0R000moO0  [C0miool 00 0oomod0 DOoO0 oomocon 0cm
00000000000TCOT OobO0000o 00000000 Cininioon O foomdn ooon
N T

10.3389/fspas.2025.1644152

0000000000 0o 000t 000000 Dooi0 0o0otoot! bhoO0Ommoon bOopoon
I T
8 O I A A
8 A

Acknowledgments

10 o
0 0 T 8 M A T T
0000000000000 000080 0om i0idD C0000 4Nl 10000 0100 00000 0ooooooon
0000000 000 Coboioor OObO0or oo 000 [ Dieto 0ooooeio;
00

I
I
I
I

O A A A
00Ib00n Menobo coomonn co O oom Coooinibor DO 00000 D000
(00000001 000000 00 1000007 008 i000 00007 0000000 010000000
0 1 W A M
O A A B W A A S N MR N W WA

Confict of interest

8 T A M Y WA

0t
100 0000 DOD0000] O b0ool b00 C0000e0 O 00800000 000000000000 00000
T A W

Generative Al statement

(100 000000000 DORR000 0000 boo 00000000 Ao Ooo 0ooo oo
0 A

0007 botC000ooD bobm ool jooo 0oooioe00 tiboooioo 0oooom 1o
00000 D000 D00 00600 0000000000 000 0000010000 o i00! booboom oo
000000000 [000no0000l 0007 0o000000i! 0000000 D000 DOo0? Oo0on o

ONCoooooOooonCmooNo oo morotrtCroonomornoo o0
I 0 A
00IIO0NOOMNO00R000000 000 O 0o0no Do0 D0mio0m

Funding

100 000000000 00010000 0000 DO00Di0 0000000 0000 beooit0on oo
1000 000000000 000000 00000000 0o 00000 0oioion 0 Cooon oo
(0000007 0OOO0oIN0D 0ol Coomooor 0ool 0o0oooott boor 0oonoooom
0o0ooban oo O0ioon bOooon OO bo00otooo0ooeooD Joo! Comooom
0000000 boIbob0r 0ooboomoon bo Do boootn GO Goooooooo

References

0000071 0 000000 0 000000 [ 000001 0 0000 000000001 00 hooo0oN oooo00oan
(00 01000000000 BO0007 0eC00000000 O [o0od 0o00! 0000007 D00l 00000 Cooioom: 0o7 0o

000000D000000n000N00I00000000000000000

000000 O 000000 o 00i00T 00000 00oion ol 01 000000 on O Cii000n nan 0
1000000 OO 01000000 0001 0000000 100001 00000001 0 00000000 0000 000000 000000 000000000
R )

D0000m IO O0I0I0o0m O NIio00m0orn0n 0000 O 000mm miiooooiN oioioonoeoooan
0000000I0I0N00000000000mo01000000 0 000CCoNbonooi000000000 000000

Frontiers in Astronomy and Space Sciences

I
I
I
A A A W W
(o0OmoCooooOorhootmnonecOebOn0D oo

Publisher’s note

0] 00000300 0O00000000 bO0 fO000 Cooioooo 0007 boooodo foooar o 0ol
000000 boon 0o 0o 0000Ch00ml oCCO00C0D bb000! 0o 0o bOmooo0
0000DI00ICO0n 000 000000 00 000 0O0InCon 0000 00meoo 0000 0oan

I
I

0 A A A A R
O T R M M ML [ A A
0omomoComnooom

00000 N O00OINIDO0N OmOoo0o Om Omoiom O O0o o0 000D O0mon 0motooo0mn
10000000 0000000]100000000ni00lCo00l 00000 0I000i0000000I00ICob0N Cnoo0 000000000

000DOI01 0010000 DO000D 0000l CO0000 00000000000 00C00! O00000m 0010000 000000 0000001
00000I0000000000 000000
0 0 0 1 o
000000 0Io00O00000I00Io o000 0Io00Do00000CCHNDOn0CIn0000000000000000000000000
00000000N0MNO00000NmOnOoirannon000Or0Ono0000Mi0 00000 i08no0en

000010C00000000Ib0non D 0000I0bO 0000 OI00INIotobol00I0000 bo00Ic00I0000m:

frontiersin.org


https://doi.org/10.3389/fspas.2025.1644152
https://doi.org/10.1029/2024sw004238
https://doi.org/10.1002/2014JA020151
https://doi.org/10.1029/2019SW002373
https://doi.org/10.1029/2022SW003330
https://doi.org/10.1016/S1364-6826(02)00128-1
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org

Zhang et al.

10.3389/fspas.2025.1644152

000000000000 On 000000000 O 00 0008000 1 0001 Doit00N O O 0000000

[0100000I000ICC0000r 0001 Coo00n 00T 0 O00000 00itb000000n 0oo0i0 0oomoeroon
oo
000 0 T 0 0

O0010000Coo000oI000EC CmanNI0n0000 000N OI0 0000000000000 0000000000010 000
OOMoaNoOO0000O0000I0000/I00000I00000n O 00 D000 Oom 00000000000

000I00C0D O 0OCo 0000000 O b0bo00 300 000000000 0o0? fooooohor 0oOo000an
I000D0000000O0DO0INImOo00D CIn0I00mo000D 0D OnoonoCno0Na0oo0In00000000000

000000000001 0000 bOIoCo 00000C000mDoD Ooihon oboIoioo0 bOUOod0o: 0000 boan
0 0 T R W W

00 0 000 O 000 O 00000 O 0000 000 ) 0000000 0100100000 0i00itooom
000 I000C00000000 00000001 0O0C0000 0000 0000 0000 0000 00000080001 0010000 0000000
000000000 000000000 0000 000O000000] DIooo000o0cnl O0i0n 00 O000000D 000 0o0m
0o0ooeoaar

QODMOOCION O OO0k 00000 0 0000000 CI000000000; 000 OOOOoo oo o S0 o0 O o e O e
000CIO0000D) M00CI0) 000010 D000 00 0O00R (N 000000 L0000 000000 ONCID OO0 00 - :
0 o OnomA0oD

LI0CINIOCI 0 O 00000000, LR DOCK0CN i Ll 0000 0000I000: L 000! L1000 0od0aoor il HIH‘\‘\“H‘lu\‘\ ‘\‘\H\ H\][:ﬁljﬂﬂlﬁ\l\]ﬁ\‘\‘ \‘\‘ \H\\‘\‘\‘l‘\l“\l“\‘l‘ \‘\HH‘:\I\D\H\‘\H\ \I\‘H”H”HI\‘\‘\‘ \‘\‘\:‘Hul:‘ |‘\D|D\D‘|\HHHH‘ \I\‘ :‘\ :‘\H\HI‘_J‘\‘ \I\‘\‘: I\‘\ ‘\‘\”H”\ SRR
[J0000000000000N000t00 0000000 0000000000 OnIN00t0IC00100000000CnOmoon
OOIO0IO0O0000000000000000 00D 07 O 000000 00 000000000 00 0000 0000000) O 0000003 D000

Q00000 D00 00 00000 D000y C00a0No: A0000100 0 00000 00000 D) 000T

00000 Onom 00 D Co00n i 0001 000000 00 O 0000000 01 0000000000 01 0001
000000000000000I0 O 00000000000 O000000I0CIoN0ID0N000O0000000INI000oII00n00D
01000000001 C00u0D jienIton di0 000N X7 Oho000oD 0o 00000l 00000 00010000 0000000000
0000oooooIo0o00a000000

(100007 Con 00 O 0000 00 0 0o 00000 0r 00000 0700 Ol iooooo Oooomto o0
I0000O00C0DO0NOoEo0mIoInODoaNOmEnOoooo0ID00o00N0 D OR000000000000000000
O000000N00I0C0N0o0000 O 000000r00I00I0000000000 000000

O00000mOnmiooo00oioio000CO0ri0o00onoonOn0nIii000mMo0oI0I0000000n
00000I0000I00000000000000000000

I 0 0 A [ T
0000008000 00Iino0D000C 00000000 000000Io0Ii0o00000000Cn 0000000000000
00r000000IDo00I000000000

000D O0O0000IIDE 0 000D N0mo000 000000 oIno0oo000000n000oo0non
000I0C00ID000000000NC00O0000000I00I0000000 00010000000 000000000I000000n0I0000000
0000000000000 00000000001 000000001000001 000000001 Oo000I0tom 0ona0ie0m

I00000O0o0000NOOnNoOn00oooo000C000000

Omo0oon On O 000000 0 000D 0 O 000000 00 00 000000 00 00
00000 000000000 I 00 00D 0000000 300 00000000 000000 0000 000000 OonoOiioodn Cm
00000000 000000000000 DOOONO0  DOO0C00000O0000 000000 DO0000C0! 0000
000DO00 Conoomn 010000000 000D Cooi 01 000000000 0000000 08M00i00000000mo000l
0ooooo

00000 O 00 0o000m O O Do C0m @ 00 0000 000000 O O (000000 [0 0000
0I00000000 0000 100001 0000011000 00000 0001 000000 Omi000000007] 0 0000 0000 0001
00000000000000000000000000

8T e T
(0000000 oI [0 ©00000 O 00 D00 O [N 0001 00000 01 0N o000 00000000000
000000000 CoO0 00 0001 00000000007 00000000000 000 000000000 0001 D0J000001 0000w 00

80 A 0 M A
00ooodn Cn O0 D0000000 0o O 0000 00000000 O O0 00 0000000 0000000000

Oo0O000NC0oo0trNO000000aI000a0om

00000000 O 00000000 O 00 000! 0000000 [ [ (000000 000000000 000000000000 o0
0000000000001 000000 Dol OomiO000n 000000000 CoC0dm C000D 00D 07 00D
0000000000000 0IN00000 D 0000000000000

I 0 0
0000000ro0roooo000eomo000I0aoan

OO CI0000 @ O o000 O @D Oibo00Q @ [0 oioinbo On oo i000oD Om Oioo0ooon
[0 O 00 00 0000000 ©O0O0001 00D 00 00000 00000000000 000000000 o000 00
100000000000 0000 0000000 00000000 000700 000000 000000 0000 00 00000000000000
I )

0000O001 0 o0l 0000010000 07 0000000 301 0001000000 Bi000000000 000000 0000 001
00000000001 Ol 00i0C0o00l Oi0i0 00 M D o00000 000N 00000 0000 00010000 0000000000
00000I00000000000000000

0 0 T
000000000

(0000000000 CI000000 [ 00000 00000000000000 000001000 00000000000 00000000 D Roo0m ol
OmO0IoorO00INo0n00000000

00000 OD0O0NO00 D000 0000000 0000 000 OO00Co  O0o0oiooCooNCoooooon
0000In0mog

(O000O0D O CHoooo00 O b00nO 0000000000000 moC0ono O 0000000 o00000]00000
O0000Io0Iomiono Oroooooi M 000m 0000000 COiiDII 00000000 00000I000000000000
0000000000

0000000000 O 00000001 O 000000 O Oimoboo0n O Oitoi0x O bO00i0m am

[0 0Ip00000nO0000000000N0r0C0000100000000ion 00010000 000onne00noomoonoon

[00000000000001000000mMI0000t000000rN00nCoI000000000 0000000
00 0 )

00000 0I0MN0C0I00000N00000I00InO00N000000no000000N0 000 0I0000000000000000000000

I i 0T T o
o o i 1 o o
I0IOCC0DON0000COMNOoOIOnO000b000 O 0000000000 00000000000 0000000000000
080 0 T 0 T M A
0ooonooom

00000 CmO0000 M O O000mM Omoo0I0 Oom Onito00MoC0o00000000IC0o000000an
000010000000I00I00mE0IbomIt0: I 0100000000000 0000000000l 00Ib00m00l Ooo000i00c 000
(000000000 C00000000000M 00N 001 000000Iti0oN00 00001000001 001000000l Cono0omm

00 . 0 O 0001000000000000000000000600 0100000000 D I0000Id000 200000 0uo000I000;
HHE EEE E R e 000 O 0007 000 07 b020000 0000000 Do 00000 080001 00000 000000000 000 000000
(100 O Co0oa0 [ 0 0000m 00 0o0m 0l C0n 0im 00000 ol 0nichooo 0ooonoooan 000000000000000 Q1000000001000 Ci00I0 0000 0O00I0000 000010 DO0M0000DC 00000moan

00OD00N00N 01 O0miooNit00 O 00000600l O000 bOo0I0l O 0000 booo O00000X 0o0 00am
00000r00N00I000000000000000000I001000

(100000 O O 00000 @ 0o 0000 0o000n O (1 00000 i O0o00 0o 000! fit0ioiinoan
1000000000 0000000000 00mooCr 0D 00000000 Doon 000000 00000 000 0000000000
0070000000I0008I000000000

0000000000 @ O 0000000 Do00dl 000C0000000 bi00man 0000 000ib000 10001000

(00noooo0o0O000000ro0N00noo0Ib0000 000000

0 000 00 0 )
000000 Dii00i0000I DoDbon OOl o000l DUoiit0o0oOto: Coto0o0 Doom DOomI 0o1oo0mD
0000C0ON00ro0en000060000000

000000 O O 0ioiom 0n O 0ioOo0oon O O 0001 00000000 oo o 000000 4o
00001000 00000 00000000000000000] BC000000 bid00I00000] C 000 0000000 OO0 00000 000

000000000007 00000 000000000 000000 00 000 C00I00000 000 0O0000C00I000n 001000000

00

(000000000 0007 000000 000000 00 000 00000 0000 000000 D000 000 0000 00000000
00N00I0000IND0mo000I00I000

(00000 £ (310 0000 0000000 00 00 0000001 3 00001 00 0000000007 00000000 0001000000 00
000000I00JaICC0000IC00mO000Io0IN000n000r00HN00000000I0000000

I8 0 00 0t
[0 DI0000oOaI0oOi0Ooi00C0mNIDo0ni000t00I0 00000000 00NO 000DI000000001000]
01000001 Co000000 OOooioooo! 0000 Doooo 00000000000 000001 000000 00X 0000000000
000000C0o0I00000 000000

000000 0D i 000 O 1 Orto0 O 000 Ol O o000o [ 0 0000 0D O Oi0000o0n
OnOmoo 0moooooD C1000 000000000 C00000] 0000 00000000000 001 00000000 tin0C0n 0ooo0

1 00 0 T
(0000001 00 0000 000000 00000002 Bo0000an DOI0iONROI 000000 000! OINI000 0000 0o000l 000
1000ON00000000000000I0C0N000M00I000o00o000

000000000000 00T O00000m O 0000 CO00000010m (o b0 000D 0O000I0! 0000 oomon
0l 1 0 1 1
A T A W MWW W
IImOImooIoo00000

1 0 0T 00 0
I 0 0

(100001 O DOIo0ooD 0o Co00m O 000! CImooOoD On (o0ooo Ol ioooooman
0000000 O D0I00I0000000I000I00000I000000NbOD0000000 O omE00n000nooo000000m

[000000Io0Nooro000000N00000Ib000IcCooo 000000
0O00000T O 0O D0m O 00tooi0n 010 0obml O 0000 boCO0m O 0000000
1000000000000 0000 000000000001 0000000001001 100000000000001 0000000 D000 000000000

00000000N 001 DOa7 001 000000 00000000 do0000dl [ Bo00000i 000 0001 B000000000

00No0000000O0n000000
[O00I0000 00 O 0000000 000000000000 00 Ooin00000000 0000 Oo0momoo] 000on

0000oooo0Io0oo0na000000
00T 0000

1 0
[O0O0m Cn 0N 000000D 000000000 (00000000000 0000000000000 Oo0om oo

000000101 CO0ID0i0000 Dooo0I0 JitbO 0N 00000000 0000000l Coo0o00on 00ldoo 00000000n
00000I0000I00000000000000

Frontiers in Astronomy and Space Sciences

0O00IIE00001001 00100000000] 00000 0000000 000007 01 00000000 D00 000000 00000 000000000
00I00oboooboooi0o0otan

frontiersin.org


https://doi.org/10.3389/fspas.2025.1644152
https://doi.org/10.1051/swsc/2021032
https://doi.org/10.1051/swsc/2024027
https://doi.org/10.1051/swsc/2021002
https://doi.org/10.1002/2014JA019831
https://doi.org/10.1029/2022SW003152
https://doi.org/10.1016/0094-5765(96)00056-2
https://doi.org/10.1029/JA086iA03p01499
https://doi.org/10.5194/gmd-9-2279-2016
https://doi.org/10.1016/j.asr.2015.05.038
https://doi.org/10.1029/2020EA001321
https://doi.org/10.1002/2013JA019478
https://doi.org/10.1093/nsr/nwab219
https://doi.org/10.1016/j.paerosci.2018.10.003
https://doi.org/10.1029/JA087iA08p06339
https://doi.org/10.1016/j.asr.2005.08.055
https://doi.org/10.1063/1.3033941
https://doi.org/10.1029/2019SW002217
https://doi.org/10.1002/2016SW001567
https://doi.org/10.1002/2015JA021702
https://doi.org/10.5194/npg-24-745-201
https://doi.org/10.1029/2012SW000848
https://doi.org/10.1016/j.jsse.-2020.07.018
https://doi.org/10.1016/j.jsse.-2020.07.018
https://doi.org/10.1029/2019SW002287
https://doi.org/10.1029/2020SW002472
https://doi.org/10.3389/fspas.2021.764144
https://doi.org/10.3389/fspas.2021.764144
https://doi.org/10.3847/1538-3881/abd414
https://doi.org/10.1029/2002JA009430
https://doi.org/10.1016/j.paerosci.2013.09.001
https://doi.org/10.1016/j.paerosci.2013.09.001
https://doi.org/10.1007/s10712-010-9104-0
https://doi.org/10.1007/s10712-010-9104-0
https://doi.org/10.1002/2016SW001501
https://doi.org/10.1007/s11214-011-9810-z
https://doi.org/10.1029/2023SW003553
https://doi.org/10.1029/92GL00401
https://doi.org/10.1029/GL015i012p01325
https://elib.dlr.de/103814/
https://elib.dlr.de/103814/
https://doi.org/10.1503/cmaj.081125
https://doi.org/10.1029/2004JA010884
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org

Zhang et al.

1 T 0
I O T
00I00ooo0Io0000000000000000000

88 0 T 0 A
A0 00 0 0 0 o
00000I00000000000000000

Frontiers in Astronomy and Space Sciences 17

10.3389/fspas.2025.1644152

000000 O 0000 O0000n O N 0000000 0O00000000 0o0uon Co0om! 000 00C00! O0o000d0
I0000O00I0CNNO000O0I0oro0rNO0meCoooio 0 Oeooodno00000an

(000000 1 Ol O 0000 O 000! 00007 @ io0000w Dol 00010000 0o 0ioot 000000000m
0000 D000C00NaD 0o 00Toooo 0oiooool CoOr Doooo00 0ooooo Ooiooom 0000 00000
000000000000 COo000000000 00 0000 000 0000 DOOO00CD 00M00I0000000000000100000
0oooooo

frontiersin.org


https://doi.org/10.3389/fspas.2025.1644152
https://doi.org/10.1016/0094-5765(94)00155-F
https://doi.org/10.1029/2022GL098860
https://doi.org/10.1080/10095020.2022.-2031313
https://doi.org/10.1080/10095020.2022.-2031313
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org

	1 Introduction
	2 Methodology
	2.1 Thermospheric density models
	2.2 Orbit propagator model

	3 Experimental setting
	4 Results
	4.1 Geomagnetic storm on 17 March 2015

	5 Disscussion

