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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.
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1 Introduction

The space environment has a significant impact on 
spacecraft launches and operations. During geomagnetic storms, 
thermospheric neutral density can fluctuate by several orders of 
magnitude (Qian and Solomon, 2012), causing instabilities in the 
orbits and attitudes of spacecraft and space debris. This phenomenon 
increases the risk of spacecraft collisions and poses a serious threat 
to the safety of spacecraft operations in orbit (Richmond et al., 
1992; Thirsk et al., 2009; Berger et al., 2023). Historically, in 1979, 
the Skylab space station failed to maintain orbital stability and 
re-entered Earth’s atmosphere 2 years earlier than expected due to a 
severe underestimation of the space environmental effects (Sivolella, 
2022). The CSS, completed in November 2022, serves as a crucial 
platform for long-term human space habitation and future space 
exploration (Gu, 2022). It is designed for a lifespan of up to 15 
years, with an orbital altitude of 380–400 km, lower than that of the 
International Space Station (ISS), resulting in more significant drag 
effects (DeLucas, 1996). Therefore, analyzing the orbital decay of 
the CSS during geomagnetic storms is essential for safeguarding its 
operational safety (Briden et al., 2022; Lechtenberg et al., 2013; Dang 
et al., 2022).

The thermospheric environment is a major factor influencing 
the prediction of spacecraft drag. In aerospace engineering, 
thermospheric models provide parameters such as density, 
temperature, and composition to predict aerodynamic drag on 
satellites and space debris (Oliveira and Zesta, 2019; Zhang et al., 
2022). Thermospheric models developed in recent decades are 
broadly classified into two categories: first-principle physical models 
and empirical models (Bruinsma et al., 2021). Physical models solve 
the fluid equations numerically to describe the coupled ionosphere-
thermosphere (IT) system (Ren and Lei, 2023). Empirical models, 
also known as statistical models, represent the statistically averaged 
behavior of the thermosphere using parameterized mathematical 
formulations. Several studies have investigated the application of 
thermospheric models to satellite orbits. Ya-Ying and Zhao (1995) 
analyzed the effects of various thermospheric models during periods 
of high and low solar activity on the orbital lifetime and propellant 
fuel consumption of a space station. Liu, (2015) adopted the Naval 
Research Laboratory Mass Spectrometer Incoherent Scatter Model 
(NRLMSIS) to reveal the correlation between the drag coefficient 
of Tiangong-1 and space environment parameters using wavelet 
transform analysis.

In the 1980s, Gaposchkin, (1994) conducted a comparative 
analysis of various thermospheric models and concluded that no 
single model could satisfy all satellite missions. To date, this 
issue remains unresolved, despite the development of additional 
models (He et al., 2018). Li et al. (2014) explored the differences 
between modeled and observed values of thermospheric density 
during various geomagnetic disturbances. Their findings indicate 
that thermospheric models perform poorly during geomagnetic 
storms and require further improvement. Emmert (2015) examined 
the construction principles of various thermospheric models and 
analyzed their advantages and characteristics. Therefore, employing 
multiple models for density estimation may be an effective approach 
when addressing strong space weather events (Elvidge et al., 2016). 
In this study, we employ one first-principle physical model, the 
Thermosphere-Ionosphere-Electrodynamics General Circulation 

Model (TIEGCM 2.0; Roble et al., 1988; Richmond et al., 1992), 
together with one empirical model, the Naval Research Laboratory 
Mass Spectrometer and Incoherent Scatter Model (NRLMSIS; 
Picone et al., 2002), and two semi-empirical models, the Drag 
Temperature Model (DTM-2020; Bruinsma and Boniface, 2021) and 
the Jacchia–Bowman Model (JB-2008; Bowman et al., 2007), to 
estimate thermospheric density.

During intense space weather events, such as severe 
geomagnetic storms, substantial electromagnetic energy flows 
into the ionosphere-thermosphere (IT) system, causing rapid 
thermospheric heating and vertical expansion due to collisions 
between ions and neutral particles (Prölss 2011; Emmert, 2015). 
Accordingly, satellites passing through these regions experience 
increased drag forces, leading to more severe orbital degradation 
or altitude losses (Prieto et al., 2014; Zesta and Huang, 2016). 
Oliveira et al. (2020) examined four historical magnetic super 
storms, showing that, as expected, orbital degradation is more 
severe during stronger storms. Furthermore, the results clearly 
indicate that storm duration is significantly correlated with the 
impact of orbital drag effects and plays a key role in enhancing 
drag. During the 60 h of storm activity in November 2003, the 
CHAllenge Mini-satellite Payload (CHAMP) and Gravity Recovery 
and Climate Experiment (GRACE) satellites experienced orbital 
decays of approximately 160 m and 71 m, respectively (Krauss et al., 
2015). These values are substantially greater than the orbital decay 
expected under quiet-time density conditions, being about 5.63 
and 9.44 times higher, respectively (Oliveira and Zesta, 2019). 
Chen et al. (2014) conducted a statistical analysis to study the 
impact of different types of storms on satellite orbital decay. 
The results indicate that Corotating Interaction Region (CIR) 
driven storms have a slightly larger impact on total orbital decay 
compared to Coronal Mass Ejection (CME)-driven storms, since 
CIR storms significantly affect thermospheric density and satellite 
orbits due to their prolonged duration. Improved understanding 
and management of orbital drag during geomagnetic storms can 
enhance tracking accuracy, increase reentry prediction reliability, 
and prolong satellite lifetimes (Berger et al., 2020).

The three events studied in this paper are all extreme space 
weather events caused by coronal mass ejections (CMEs). It is widely 
accepted in the space weather research community that intense 
geomagnetic storms, particularly extreme events, are typically 
caused by CMEs (Balan et al., 2014; Kilpua et al., 2019). Notably, 
the frequency and intensity of extreme events during Solar Cycles 22 
to 24 gradually declined, which may be attributed to the Gleissberg 
Cycle approaching its minimum phase. The Gleissberg Cycle is a 
long-term solar activity cycle with a period of approximately 80–100 
years (Gleissberg, 1965). It is superimposed on the more familiar 
11-year sunspot cycle and modulates the overall intensity of solar 
activity. Feynman and Ruzmaikin, (2014) noted that the minimum 
phase of the Gleissberg Cycle nearly coincided with Solar Cycle 
24. They also observed a gradual decline in the F10.7 solar flux 
peak from 1980 to 2021, marking Cycle 24 as the weakest in a 
century. According to Adams et al. (2025), proton flux variations 
in the South Atlantic Anomaly region may indicate the end of the 
Gleissberg minimum. Currently, sunspot numbers are increasing, 
solar ultraviolet output is strengthening, and overall activity during 
Solar Cycle 25 has exceeded earlier predictions. As the Gleissberg 
cycle is rising again, the probability and intensity of extreme space 
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weather events are expected to increase greatly over the next 
few decades, making the impact of the space environment on 
spacecraft more severe. Several studies suggest that LEO mega-
constellations such as Starlink, OneWeb, and GuoWang (GW) will 
expand significantly in the coming years (Oliveira et al., 2021; 
Zhang et al., 2022). Therefore, it is urgent to improve the accurate 
estimation of neutral density variations in low Earth orbit (LEO) and 
enhance high-precision orbit determination for spacecraft under 
extreme space weather conditions. Additionally, orbit maintenance 
strategies must be strengthened to address the potential impacts of 
extreme space weather events, such as the 1859 Carrington storm 
(an estimated minimum Dst index of −1760 nT), on spacecraft 
operations (Lakhina and Tsurutani, 2017).

The CSS is a crewed space station system independently built 
by China, consisting of the Tianhe Core Module, the Wentian 
Experiment Module, and the Mengtian Experiment Module. In 
November 2022, the Mengtian Experiment Module successfully 
docked with the Tianhe Core Module, forming a basic “T” 
configuration with the Wentian Experiment Module, marking the 
completion of the in-orbit assembly of the CSS. It operates in a near-
circular orbit with an inclination of 41.42°. When fully assembled, 
it has a total mass of approximately 180 tons and can support 
three astronauts for long-duration missions, with accommodation 
for six astronauts during crew rotations.CSS serves as a national-
level space laboratory with scientific objectives including supporting 
frontier scientific exploration, advancing space technology research, 
and promoting the development and utilization of space resources 
for the benefit of humanity. Considering that the design lifespan of 
CSS is 10–15 years (approximately one solar cycle), it will inevitably 
experience multiple severe space weather events.

In this study, we select the most geomagnetically intense storm 
events in 22, 23, and 24 solar cycles to evaluate the potential impacts 
of extreme storm events on CSS, which are the 2015 St. Patrick’s Day 
storm, the 20 November 2003 storm, and the 1989 Quebec blackout 
storm. Although CSS was not operational during these events, 
the storms produced thermospheric density perturbations whose 
mechanisms are similar to those possible in future extreme events. 
Themospheric density values derived by the Jacchia-Bowman 2008 
(JB 2008), NRLMSIS 2.0, the Drag Temperature Model 2020 (DTM-
2020), and the Thermosphere-Ionosphere-Electrodynamics General 
Circulation Model 2.0 (TIEGCM 2.0) models are used as the 
input of the orbital propagator to estimate orbital decays. Section 2 
introduces the models used in this study, while Section 3 presents 
the experimental settings. Results are discussed in Section 4, with 
the summary provided in the final section. 

2 Methodology

2.1 Thermospheric density models

In this study, four thermospheric models are used to provide the 
global neutral density, which are DTM-2020, JB 2008, NRLMSIS 
2.0 and TIEGCM 2.0. The Drag Temperature Model (DTM) is 
a semi-empirical model that describes the temperature, density, 
and composition of Earth’s atmosphere (Bruinsma and Boniface, 
2021). It was originally developed to accurately predict satellite 
drag and orbits. The model was constructed using density data 

derived from acceleration measurements obtained by the CHAMP, 
GRACE, and Gravity field and Ocean Circulation Explorer (GOCE) 
satellites. DTM-2020 provides two configurations, an operational 
mode and a research mode. The operational mode is driven by 
the daily F10.7 solar flux index and the 3-h Kp geomagnetic 
index, while the research mode employs the daily F30 solar proxy 
index together with the hourly geomagnetic index ap60 for more 
precise results (Yamazaki et al., 2022). In this study, the research 
mode is adopted.

The JB2008 model applies the Jacchia diffusion equation in 
atmospheric dynamics to compute thermospheric temperature and 
density across altitudes ranging from 90 to 2500 km. It incorporates 
acceleration data from the CHAMP (2001–2005) and GRACE 
(2002–2005) satellites to improve accuracy. A key advancement 
is its use of extreme ultraviolet (EUV) and far ultraviolet (FUV) 
radiation data instead of the conventional F10.7 index, combined 
with geomagnetic disturbance parameters (Dst and ap indices).

The NRLMSIS series is an empirical global reference model of 
the thermosphere, covering Earth’s atmosphere from the surface up 
to 1000 km. It was released by the U.S. Naval Research Laboratory 
in 2000 and has been widely used in space weather operations 
(Picone et al., 2002). NRLMSISE 2.0 (Emmert et al., 2020), 
released in May 2020, is a significant reformulated upgrade of the 
previous version, NRLMSIS-00. This model incorporates physical 
constraints, including hydrostatic equilibrium in the well-mixed 
lower atmosphere (below ∼70 km), species-specific hydrostatic 
equilibrium (similar to diffusive equilibrium) above ∼200 km, 
and relaxation of thermospheric temperature to an asymptotic 
exospheric temperature. In subsequent experiments we employ the 
NRLMSIS 2.0 version, which takes as inputs the day of year (DOY), 
Universal Time (UT), altitude, latitude, longitude, local solar time, 
the 81-day average of F10.7, the daily F10.7 of the preceding day, and 
the 3-h ap index.

The Thermosphere Ionosphere Electrodynamics General 
Circulation Model (TIEGCM, Dickinson et al., 1981; Roble et al., 
1988; Richmond et al., 1992; Qian et al., 2014) is a coupled 
thermosphere-ionosphere physical model developed by the National 
Center for Atmospheric Research (NCAR). It employs finite-
difference techniques to solve the kinetic, thermodynamic, and 
continuity equations, considering the roles of particle deposition 
in the polar regions, high-latitude electric fields, and tides from 
the lower atmosphere. In this study, the TIEGCM 2.0 is run with a
5° × 5° spatial resolution (longitude × latitude) and 5-min temporal 
resolution. For the 2015 and 2003 storm events, Weimer05 model 
(Weimer, 2005) is used to provide the high-latitude electric potential 
patterns, while for the 1989 storm event, Heelis model (Heelis et al., 
1982) is used as the high-latitude driver due to lack of Interplanetary 
Magnetic Field (IMF) data.

These four thermospheric models mentioned above are used to 
provide the variations of neutral density along spacecraft tracks. 

2.2 Orbit propagator model

In this study, the High-Precision Orbit Propagator (HPOP) 
model is used to estimate the orbit of CSS. HPOP calculates the 
change of orbital state elements, such as position and velocity, 
by using acceleration in the equations of motion (Refaat et al., 
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2018). The numerical integration algorithm approximates the 
spacecraft’s motion over a single integration step using a series 
of force model evaluations, which account for a wide range of 
complex drag forces. It incorporates an Earth gravity model, 
solid tide and sea tide models, a solar radiation pressure model, 
solar and lunar gravitational field models, and a thermospheric 
drag model, enabling accurate simulation of the satellite’s orbital 
state. To determine the orbital decay rates, the mean orbital 
elements are computed using Eckstein-Ustinov-Kaula’s (EUK) 
method (Spiridonova et al., 2014). The EUK method is an analytical 
algorithm that combines Eckstein-Ustinov’s and Kaula’s analytical 
theories to convert osculating orbital elements into mean orbital 
elements (Eckstein and Hechler, 1970; Kaula and Street, 1967). The 
input parameters for the HPOP include the initial orbital elements, 
total propagator time, step size, drag coefficient, solar radiation 
coefficient, effective area of the spacecraft for solar radiation and 
drag, and the mass of spacecraft. The HPOP model combines various 
orbital perturbation terms based on these initial parameters, using 
the Runge-Kutta Fehlberg 7 (8) integrator, and outputs the position 
and velocity of a spacecraft at each time step. 

3 Experimental setting

To evaluate the impact of geomagnetic storm events of different 
intensities on the China space station, three events are selected 
for analysis, and four thermospheric models (JB 2008, NRLMSIS 
2.0, DTM-2020, and TIEGCM 2.0) are used to provide the neutral 
density to the HPOP model. The three geomagnetic storm events 
selected are the 2015 St. Patrick’s Day storm, the 20 November 
2003 storm, and the 1989 Quebec blackout storm, with minimum 
Dst indices of −234 nT, −442 nT, and −598 nT, respectively, 
as shown in Figure 1. These geomagnetic storm events are well 
known for causing serious hazards to spacecraft and ground systems, 
making them suitable cases for assessing the orbital impacts of the 
space station under intense space weather conditions.

Based on the discussion above, the experimental flow is designed 
as shown in Figure 2, with the experimental parameters provided 
in Table 1. The spacecraft's thermospheric drag acceleration 
is given by Equation 1:

{{
{{
{

adrag =
1
2

Cd
A
m

ρV2

Bc = Cd
A
m

(1)

adrag  represents the atmospheric drag acceleration, Cd is the 
drag coefficient, A denotes the spacecraft’s cross-sectional area 
facing to the air, m is the spacecraft mass, ρ presents the 
thermospheric density, and V is the velocity of the satellite relative 
to the atmosphere. Bc stands for the Ballistic Coefficient, which 
characterizes the true aerodynamic properties of a target. The 
ballistic coefficient can be categorized into three types: constant, 
physical, and fitted. The constant ballistic coefficient assumes both 
the drag coefficient (Cd) and the area-to-mass ratio are fixed 
parameters. A common approach is to use a nominal Cd value of 
2.2, derived from 1960s laboratory simulations of compact targets 
with clean surfaces, multiplied by the spacecraft’s area-to-mass 
ratio. However, this method is unsuitable for complex spacecraft 
geometries.

When making operational decisions for CSS, the physical 
ballistic coefficient is determined from the interaction mechanisms 
between the atmosphere and the target surface. It incorporates 
factors such as atmospheric escape temperature, surface 
temperature, relative velocity, atmospheric composition, gas-surface 
interaction models, as well as the target’s geometry and attitude. 
Nevertheless, this method cannot be applied to the CSS in this study 
due to the lack of essential parameters.

The fitted ballistic coefficient is obtained through orbit 
determination inversion. With sufficient observational data, both 
the orbital parameters and Bc are treated as state vectors in 
a batch least squares estimation process, which minimizes the 
residuals between modeled and measured observations. Following 
this approach and using official CSS orbital ephemeris data 
(https://www.cmse.gov.cn/gfgg/zgkjzgdcs/) combined with different 
thermospheric density models, the following ballistic coefficients 
are derived: DTM (0.0056), NRLMSIS 2.0 (0.0067), TIEGCM 
2.0 (0.0079), and JB 2008 (0.0068). Based on the above ballistic 
coefficients, our experimental process is as follows: 

1. The initial state and parameters of the spacecraft are provided 
to the HPOP Ephemeris Computation module. The time and 
position are calculated using the RadauIIA integrator, and the 
results are forwarded to the thermosphere model.

2. The thermosphere model calculates the neutral density 
according to the given time, position, and space environmental 
parameters.

3. Next, perturbing forces (including thermospheric drag, the 
Earth’s harmonic gravity field, solid Earth tides, etc.) are 
computed using the HPOP drag module based on the given 
density and spacecraft state.

4. The obtained acceleration is re-entered into the Ephemeris 
Computation module for the next calculation. Finally, the 
osculating orbital elements are processed using the EUK 
method to derive the mean orbital elements.

4 Results

4.1 Geomagnetic storm on 17 March 2015

The intense geomagnetic storm on 17 March 2015, known as 
the St. Patrick’s Day storm, was the strongest storm of solar cycle 
24. During this event, sudden storm commencement occurred in 
the early hours of March 17th when a fast-moving CME struck 
the Earth’s magnetic field. Initially, the CME impact produced only 
a minor G1-class disturbance (Kp = 5). As the Earth moved into 
the CME’s strongly magnetized wake, the storm intensified to a 
G4-class (Kp = 8) event, with a minimum Dst value of −234 nT 
at 22:00 UT on March 17th. Figure 3 illustrates the thermospheric 
density distribution at 400 km from four different models in the 
various phases of this geomagnetic storm. Clear enhancements of 
the global density during the storm main phase are noticed from 
the simulated results of all four models. Moreover, during the main 
phase, the largest density is found in the DTM-2020 simulation, 
whereas the smallest enhancement is found in the TIEGCM 2.0 
result. Subsequently, the recovery phase began on March 18th and 
lasted for a few days. Analysis of the 2015 geomagnetic storm 

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).

indicates that the global mean thermospheric density increased by 
92.3% in DTM-2020, 109.2% in JB 2008, 76.4% in NRLMSIS 2.0, 
and 48.1% in TIEGCM 2.0 when comparing the main phase with 
quiet-time conditions.

Figure 4 presents the comparison between thermospheric 
density predictions from four empirical and physical models 

(DTM-2020, JB 2008, NRLMSIS 2.0, and TIEGCM 2.0) and 
measurements from Swarm-A (upper) and GRACE-A (lower) 
during the geomagnetic storm event of March 15–19, 2015. The left 
column shows the modeled and observed densities, while the right 
column illustrates the corresponding percentage errors, separated 
into quiet, main, and recovery phases of the storm.
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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)

Gravity field of the Earth GGM03C (Tapley et al., 2007) J2: 10−3

Others: 10−9∼10−6

N-body JPL DE440 (Park et al., 2021) 10–7

Ocean tide From Fundamentals of Astrodynamics and 
Applications (Vallado, 2001)

10–9

Solid tide and pole tide International Earth Rotation and References 
Systems Service Conventions 2010 (IERS 2010; 

Petit and Luzum, 2010)

10−12∼10−8

Solar radiation pressure Cylindrical Shadow Model 10–8

Atmospheric drag DTM-2020, NRLMSIS 2.0, JB2008 and TIEGCM 
2.0

10−5∼10−7

Relativity General relativity IERS Conventions2010 10–9

Initial orbit elements Eccentricity:0.000496; Inclination:41.423°; Right Ascension of the Ascending Node (RAAN):198.575°; Arg of 
Perigee:85.148°; True Anomaly:226.375°; Mean Anomaly:226.416°

For Swarm-A at an altitude of approximately 450–480 km, 
all models except DTM-2020 show good fitting with the 
observations during the quiet period, with mean errors ranging 
from 9.4% to 13.6%. However, during the main phase, all models 
underestimated the density enhancement, with TIEGCM 2.0 
exhibiting the largest deviation (46.8%) and DTM-2020 the 
smallest (19.7%). In the recovery phase, JB2008 maintains a 
comparatively lower error (∼11.9%) compared to the other 
models, whereas NRLMSIS 2.0 and TIEGCM exhibit significant
deviations.

For GRACE-A (altitude 390–420 km), a similar pattern is 
observed. JB2008 again provides the best overall performance, 
with the lowest mean errors across all storm phases (11.2%, 
19.8%, and 21.3%, respectively). DTM-2020 and NRLMSIS 2.0 
show moderate accuracy, with noticeable underestimations during 

the main phase (errors exceeding 20%). In contrast, TIEGCM 
2.0 persistently underestimated the density enhancement at 
the onset of the storm, with an error exceeding 37% during
the main phase.

Obvious density underestimation is demonstrated in the 
results of NRLMSIS 2.0 and TIEGCM 2.0 during the main 
phase of 2015 magnetic storm event. And JB2008 shows the 
most consistent performance for both Swarm-A and GRACE-
A satellites during the whole storm, whereas TIEGCM 2.0 
exhibits the largest deviations from observations. The relatively low 
densities simulated by TIEGCM 2.0 are likely due to the lack of 
high-latitude energy input during the geomagnetically disturbed 
time, which might underestimate Joule heating and particle 
precipitation heating for this specific event. Additionally, biases in 
simulated thermospheric composition (e.g., O/N2 ratio) can further 
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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.

reduce the modeled densities at mid- and low-latitudes during
disturbed time.

Figure 5 depicts the orbit decay of the CSS predicted by the 
HPOP model using different thermospheric models during the St. 
Patrick’s Day storm. The green lines in the first column represent 
the atmospheric density along the CSS trace for each model. 
The blue lines in the middle column depict the Semi-Major Axis 
(SMA). As the SMA exhibits oscillations, the EUK method is 
used to derive the mean SMA, which is represented by the red 
line. The total orbit decay over the 5-day period is shown in 
the second column, with values ranging from 0.8 km to 0.9 km 
between March 15th and 20th. The orbital decay rates (ODRs), 
shown in the third column as burgundy lines, were approximately 
0.15 km/day during quiet conditions. During the main phase of the 
geomagnetic storm, the maximum ODR of the CSS increased to 
about 0.5 km/day, which is more than twice the rate observed during
the quiet period.

4.2 Geomagnetic storm on 20 November 
2003

During October and November of 2003, record-breaking solar 
flares and coronal mass ejections were witnessed, which led to severe 
disturbances in the upper atmosphere and ionosphere of the Earth. 
This event stands as the most intense geomagnetic storm in solar 
cycle 23. During this event, the Dst index dropped to −442 nT, 
and the F10.7 index increased to 171 sfu. Figure 6 illustrates the 
global distribution of the thermospheric density derived from the 
four models during different stages of this storm. Analysis of the 
2003 geomagnetic storm shows that the global mean thermospheric 
density increased by 233.8% in DTM-2020, 302.7% in JB 2008, 79.9% 
in NRLMSIS 2.0, and 153.9% in TIEGCM 2.0 when comparing the 
main phase to quiet-time conditions.

Figure 7 presents a comparative analysis of thermospheric density 
predictions from four atmospheric models (DTM-2020, JB 2008, 
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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 = (ρpredict − ρobservation)/ρobservation.

NRLMSIS-2.0, and TIEGCM 2.0) against in situ measurements from 
the CHAMP and GRACE-A satellites during the November 2003 
geomagnetic storm. At the CHAMP satellite altitude (380–410 km), 
all models show significant deviations during the storm’s quiet period, 
with NRLMSIS-2.0 and TIEGCM 2.0 showing particularly large mean 
biases (>35%). During the main phase, all models exhibit substantial 
errors reaching up to 200% in some cases, with error magnitudes 
comparable to those reported for JB2008 by Oliveira et al. (2020). 
Among these models, DTM-2020 and JB2008 demonstrate relatively 
better predictive performance, achieving mean errors of 23.8% and 
27.1% respectively, while the other two models maintain consistently 
high error levels. Consistent with Oliveira et al. (2021) findings of 
JB2008s systematic underestimation (average 20%) during storm main 
phases, our results show DTM-2020 and JB2008 have relatively better 
performance (23.8% and 27.1% respectively). In the recovery phase, 

DTM-2020 and JB2008 retained their comparative advantage, though 
all models still exhibited errors exceeding 20%. 

For GRACE-A (475–510 km), JB2008 and DTM-2020 
consistently outperformed the other models, particularly during 
the main phase, where their errors remained near 25% and 
captured the density perturbations more accurately. In contrast, 
NRLMSIS 2.0 systematically underestimated thermospheric density 
throughout the event, with errors exceeding 50% during the 
recovery phase. TIEGCM 2.0 maintaining errors of about 30% across 
all storm phases.

In general, all tested models exhibit obvious density overestimation 
during the recovery phase at both CHAMP and GRACE altitudes as 
shown in Figure 7. The percentage error during the recovery phase is 
less than 25% for DTM 2020, while that for NRLMSIS 2.0 is over 40% 
for this particular event. This persistent density overestimation could 
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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.

be due to the lack of NO molecules, which is an important cooling 
agent (Knipp et al., 2017; Oliveira et al., 2021). 

Figure 8 depicts the orbit decay of the CSS predicted by the 
HPOP model using different thermospheric models during the 
20 November 2003 storm. The total CSS orbit decay over the 5-
day period is shown in the second column, ranging from 0.7 km 
to 1.1 km between November 18th and 23rd. The ODRs, shown 
as burgundy lines, were approximately 0.15 km/day during quiet 
conditions. During the main phase of this geomagnetic storm, the 
maximum ODR of the CSS increased to 0.4–0.6 km/day, which is 
more than twice the rate during the quiet period.

4.3 Geomagnetic storm on 14 March 1989

The March 1989 storm event, which is the most severe 
geomagnetic storm of the space age, is renowned for its dramatic and 
unprecedented impact on Earth’s technological systems. It caused 

a blackout of the Hydro-Québec power grid in Canada, lasting 
several hours, and resulted in significant economic losses (Bolduc, 
2002; Kappenman, 2006; Pulkkinen et al., 2017). From March 6th 
to 18th, 1989, the rotation of the Sun brought active region 5,395 
facing the Earth. During this period, the Sun erupted multiple X-
class flares, including an X15-class flare on March 6th. These flares 
were accompanied by several coronal mass ejections. On March 
13th at 01:27 UT, ground-based magnetometers recorded a sudden 
jump in the magnetic field, signaling the arrival of an interplanetary 
coronal mass ejection. Over the next 2 days, a large magnetic storm 
and multiple substorms occurred with the Dst index dropping to 
−598 nT. As shown in Figure 9, among the density models, the 
results from NRLMSIS 2.0 show the largest density changes. It 
should be noted that the required indices for JB2008 are not available 
for 1989, and therefore this model is not included in the analysis 
of this event. Compared to the empirical models, the result from 
TIEGCM 2.0 model does not exhibit much enhancement during 
the recovery phase. Analysis of the 1989 geomagnetic storm reveals 

Frontiers in Astronomy and Space Sciences 09 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 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.

that the percentage increases of the global mean thermospheric 
density between main phase and quiet time are 144.1% (DTM-2020), 
169.3% (NRLMSIS 2.0) and 115.5% (TIEGCM 2.0). Due to the lack 
of observational data, it is impossible to evaluate the performance of 
each model during this event.

The drag effect on the CSS during the 1989 event, based on 
different density models, is shown in Figure 10. The total mean 
SMA decay is estimated to range from 1.8 km to 2.6 km between 
March 11th and 16th. The ODR during the quiet period was 
0.3 km/day, much higher than the value of 0.15 km/day in the 
previous two storm events. This difference is probably due to 
enhanced solar background radiation. The 81-day averaged F10.7 
index for this event was about 200 sfu, much higher than the 
140 sfu in the 2003 event and 130 sfu in the 2015 event. During 
the main phase, the maximum ODR for the CSS was estimated 
by various models to be between 0.8 and 1.1 km/day. This level 
of decay poses a significant threat to the on-orbit safety of the
space station.

5 Disscussion

In this study, various thermospheric models are used to estimate 
the neutral density during the most intense storm events in the 
previous three solar cycles including the DTM-2020, JB 2008, 
NRLMSIS 2.0 and TIEGCM 2.0 models. Table 2 shows the storm 
enhancement in different thermospheric models compared with 
Swarm, CHAMP, and GRACE observations. The results indicate 
that the JB2008 model outperforms other models in reproducing 
thermospheric density enhancements during the extreme magnetic 
storms of 2003 and 2015. Model error comparisons in Figures 4, 
7, based on Swarm, GRACE and CHAMP satellite observations, 
show that DTM-2020 and JB2008 provides the best peak density 
simulation for the 2015 and 2003 events. Other models tend 
to underestimate peak values, which is consistent with the 
conclusions of Bruinsma and Laurens (2024).

DTM-2020 performs better in estimating peak densities during 
extreme events. It is worth noting that the DTM limits the maximum 
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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 = (ρpredict − ρobservation)/ρobservation.

ap60 input to 657. In the 1989 event, ap60 exceeded the DTM-
2020 model’s limit of 657, reaching 705, which caused DTM to 
underestimate density changes relative to other models. Therefore, 
extra caution should be exercised when using DTM for future 
extreme storm events.

Another notable finding is that the TIEGCM 2.0 model 
significantly underestimates thermospheric density during the main 
phase of the 2015 storm. This underestimation was also observed in 
other extreme events (e.g., 10 May 2024) and may have resulted from 
insufficient energy input at high latitudes as well as the influence of 
the nitric oxide (NO) cooling mechanism.

NRLMSIS 2.0 exhibited limited predictive capability for these 
extreme cases. However, according to Bruinsma and Laurens (2024), 
NRLMSISE-00 is the least biased when applied to multiple-peak 
storms. Therefore, it may be a good choice under non-extreme 
magnetic storm events.

In contrast, the JB2008 model demonstrates remarkable 
performance advantages during extreme space weather events. 
Throughout the complete simulation periods of both the 2015 
and 2003 extreme events, the model consistently maintained 
excellent error levels below 30%. Compared to other models that 
exhibit localized accuracy fluctuations, JB2008 shows superior 
robustness.The model’s outstanding performance likely stems from 
its unique input parameter system, which integrates multiple solar 
radiation indices (F10.7, S10.7, M10.7, Y10.7) with geomagnetic 
activity parameters (Dst and ap indices), establishing a coupled 
mechanism for multi-scale energy driving. This multi-parameter 
architecture enables the model to more accurately capture 
disturbance characteristics across different energy layers and to 
effectively respond to nonlinear effects under extreme conditions. 
However, the requirement for multiple input parameters limits the 
applicability of JB2008 for real-time orbit prediction.
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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.

In summary, considering the input parameter limitations of the 
DTM-2020 model and the insufficient performance of TIEGCM 2.0 
in energy input, the increase in thermospheric density presented by 
the NRLMSIS 2.0 model may be more reasonable than other models 
for this specific space weather event in 1989. However, it should 
be noted that current thermospheric models still exhibit significant 
prediction errors under extreme geomagnetic conditions, with error 
levels generally exceeding 20%. A primary factor contributing to 
this limitation is the scarcity of extreme geomagnetic event samples, 
which severely constrains the model optimization process. In 
particular, accurately characterizing energy injection mechanisms 
and the dynamic response during intense magnetic storms remains 
a major challenge.

Table 3 shows the orbit decay (∆ SMA) in 5 days and the 
maximum ODR of CSS during different geomagnetic storms events 
using neutral density from various thermospehric models. The 
average estimations based on four density models are shown in the 

last column. Table 3 demonstrates that the orbit decay and ODR of 
CSS are larger with increasing intensity of the storm on average. It 
is also noticible that the impact of the 2003 storm is comparable to 
that of 2015, but both are significantly less severe than that during 
the 1989 event. This might be attributed to the higher background 
density due to stronger solar radiation during 1989 event, as shown 
in Figure 1. In contrast to the findings of Krauss et al. (2015), 
this study reveals a more significant orbital decay pattern for the 
Chinese Space Station during the same observation period. The 
station’s orbital altitude decreased by 0.7–1.1 km over 5 days, while 
CHAMP and GRACE satellites showed considerably smaller decay 
rates of 160 m and 71 m respectively over 60 h. This difference is 
primarily attributed to variations in the satellites’ surface-to-mass 
ratios. CHAMP and GRACE have relatively small surface-to-mass 
ratios due to their specialized configurations, which are considerably 
lower than that of the Chinese Space Station. These results indicate 
that under extreme space weather conditions, satellites with large 
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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.

area-to-mass ratios, such as communication satellites, are at higher 
risk of significant orbital decay and require particular attention.

6 Conclusion

The drag impact of extreme space weather events can often lead 
to sudden safety risks for LEO spacecraft. Therefore, it is important 
to study the variation of neutral density in LEO orbits and its impact 
on the orbit decay during extreme storm events. Especially, with 
the increasing number of spacecraft placed in very low orbits, more 
attention should be payed to the maintenance and maneuvering of 
orbits during extreme events. This paper takes CSS as an example to 
analyze the drag impact during the most severe geomagnetic storms 
in the previous solar cycles 22, 23, and 24. The CSS, which was 
completed in 2022, is designed for a lifetime of 10–15 years. With the 
solar maximum approaching in year 2025, CSS is confronting threats 
from extreme space weather events. To estimate the possible drag 
effects due to thermospheric density enhancements, various models 
are used in this study to simulate the density variations along CSS 
tracks. These three events occurred in March 1989 November 2003, 
and March 2015, with minimum Dst indices of −589 nT, −422 nT 
and −234 nT, respectively. Empirical models (DTM-2020, JB 2008, 
and NRLMSIS 2.0) and a first-principle model (TIEGCM 2.0) are 
used to provide the thermospheric density, and the orbital decay is 
using the HPOP model.

The neutral densities estimated from various thermospheric 
models (DTM-2020, JB 2008, NRLMSIS 2.0 and TIEGCM 2.0) 
during these extreme events demonstrate strong enhancement 
during the main phases. The performance of each model varies 
for different extreme events, with no single model consistently 
outperforming the others in all cases. The DTM model performs 
well in capturing peak density values. However, its effectiveness 
is limited by the maximum allowable ap60 input index, which is 
657. Therefore, extra caution should be exercised when using DTM 
for future extreme storm events. The comprehensive performance 
of JB2008 is the best among these models, but it still has at least 
20% error with the actual observation. The NRLMSIS 2.0 model 
exhibits inconsistent performance under extreme geomagnetic 
conditions, occasionally yielding accurate predictions but often 
deviating significantly from observations. TIEGCM 2.0 model might 
have the problem of underestimating the thermosphere density in 
extreme cases, which may be caused by insufficient energy input 
at high latitudes. Therefore, in spacecraft operation management, 
a combination of multiple density models might be considered, 
along with the potential underestimation during the main phase and 
overestimation during the recovery phase.

The drag effects on the CSS during the strongest magnetic 
storm events of solar cycles 24, 23, and 22 are simulated, with 
orbital decay ranges of 0.8–0.9 km, 0.7–1.1 km, and 1.8–2.3 km, 
respectively. The maximum orbital decay rates of the different 
models in the magnetic storms range from 0.4 to 0.5 km/day,
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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 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

March
2015 (−234 nT)

Swarm-A 74.5% 157.9% 100.7% 73.5% 123.2%

GRACE-A 73.4% 110.6% 51.5% 51.1% 179.3%

November
2003 (−422 nT)

CHAMP 190.4% 164.2% 66.2% 152.6% 332.0%

GRACE-A 243.6% 251.4% 75.2% 190.5% 345.6%

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

March 2015 (−234 nT) 0.8 km
0.4 km/day

0.9 km
0.5 km/day

0.8 km
0.4 km/day

0.8 km
0.4 km/day

0.825 km
0.425 km/day

Nov 2003 (−422 nT) 0.7 km
0.6 km/day

0.9 km
0.5 km/day

0.9 km
0.4 km/day

1.1 km
0.6 km/day

0.9 km
0.525 km/day

March 1989 (−589 nT) 1.8 km
0.8 km/day

2.6 km
1.1 km/day

2.3 km
1.0 km/day

2.23 km
0.96 km/day
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0.4–0.6 km/day, and 0.8–1.1 km/day, respectively, which are about 
233%, 300%, and 266% higher than those of the quiet period 
(0.15 km/day, 0.15 km/day, 0.3 km/day). Although some spacecraft 
parameters have certain precision limitations, resulting in deviations 
between their absolute values and the actual values, the trend of 
their relative decay rate still possesses high reference value and 
confidence. Spacecraft operators should be aware of the orbital 
decay rates during quiet periods across years with varying levels of 
solar radiation activity. For example, the decay rate during a quiet 
period in 1989 is approximately 0.3 km/day due to the enhanced 
background solar radiation, while the maximum ODR during a 
major geomagnetic storm in 2015 ranges from 0.4 to 0.5 km/day. 
Extra attention should be paid to geomagnetic storms in years of 
high solar activity, when the increase of the background density will 
lead to stronger orbital decay. This study might serve as a reference 
for possible extreme magnetic storm events in the upcoming solar 
maximum years.
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