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Temporal variation and spatial distribution of the thermospheric density 
can change significantly 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, ∼380–400 km altitude) during 
these events. The effects 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.

KEYWORDS

thermospheric density, geomagnetic storm, orbit decay, space weather, china space 
station 

Frontiers in Astronomy and Space Sciences 01 frontiersin.org

https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org/journals/astronomy-and-space-sciences#editorial-board
https://doi.org/10.3389/fspas.2025.1644152
https://crossmark.crossref.org/dialog/?doi=10.3389/fspas.2025.1644152&domain=pdf&date_stamp=2025-09-29
mailto:huangyanshi@hit.edu.cn
mailto:huangyanshi@hit.edu.cn
https://doi.org/10.3389/fspas.2025.1644152
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fspas.2025.1644152/full
https://www.frontiersin.org/articles/10.3389/fspas.2025.1644152/full
https://www.frontiersin.org/articles/10.3389/fspas.2025.1644152/full
https://www.frontiersin.org/articles/10.3389/fspas.2025.1644152/full
https://www.frontiersin.org/articles/10.3389/fspas.2025.1644152/full
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org


Zhang et al. 10.3389/fspas.2025.1644152

 

1 Introduction
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2 Methodology

2.1 Thermospheric density models
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2.2 Orbit propagator model
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3 Experimental setting

   

   

  

 

 

 

4 Results

4.1 Geomagnetic storm on 17 March 2015

  

Frontiers in Astronomy and Space Sciences 04 frontiersin.org

https://doi.org/10.3389/fspas.2025.1644152
https://www.cmse.gov.cn/gfgg/zgkjzgdcs/
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org


Zhang et al. 10.3389/fspas.2025.1644152

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 flux and 81-day averages).
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FIGURE 2
Experimental flow design.

TABLE 1  Dynamics Models and CSS orbit elements.

Perturbation/Elements Dynamics model LEO perturbations magnitude 
(m/s2)
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FIGURE 3
Global thermospheric density distributions at 400 km during the 17 March 2015 magnetic storm from different 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.

 

 

4.2 Geomagnetic storm on 20 November 
2003

   

Frontiers in Astronomy and Space Sciences 07 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. 10.3389/fspas.2025.1644152

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 predict observation observation.
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FIGURE 5
Orbital decay of the Chinese Space Station from March 15th to 19th, 2015, predicted by the HPOP using neutral densities from different 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 
respective models.

       

 

4.3 Geomagnetic storm on 14 March 1989
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FIGURE 6
Global thermospheric density distributions at 400 km during the 20 Nov 2003 magnetic storm from different 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.

 

   

 

5 Disscussion
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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 predict observation observation.
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FIGURE 8
Orbital decay of the Chinese Space Station from March 18th to 23rd, 2003, predicted by the HPOPusing neutral densities from different 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 
respective models.
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FIGURE 9
Global thermospheric density distributions at 400 km during the 11 March 1989 magnetic storm from different 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.

6 Conclusion

 

 

Frontiers in Astronomy and Space Sciences 13 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. 10.3389/fspas.2025.1644152

FIGURE 10
Orbital decay of the Chinese Space Station from March 11th to 16th, 1989, predicted by the HPOP using neutral densities from different 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 different 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

TABLE 3   SMA and maximum ODR of the Chinese Space Station during geomagnetic storm events predicted using different thermospheric models.

Event DTM-2020 JB2008 NRLMSIS 2.0 TIEGCM 2.0 Average
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