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Abstract—In order to understand the effect of geomagnetic
activity on the orbits of LEO satellites with different orbital
inclinations, we establish a model for the influence of atmospheric
drag on the orbital decay of low Earth orbiting (LEO) satellites
and simulate the orbital decay of seven LEO satellites during
geomagnetic storms. In the simulation, the orbital inclinations
of the seven LEO satellites are set to be 30°, 40°,50°, 60°, 70°,
80°, and 88°, respectively. And the initial orbital heights are all
350km. The simulation results show that the seven LEO satellites
are affected to different degrees during the geomagnetic storm,
satellites with smaller orbital inclinations are more affected. The
orbit of the Sat-A satellite with the smallest orbital inclination
decreased by 1.794 km during the entire magnetic storm, while
the orbit of the Sat-G satellite with the largest orbital inclination
decreased by 1.530 km. We compare the local thermospheric
atmosphere density on different satellite orbits and found that the
atmosphere density on the orbits of LEO satellites with smaller
orbital inclinations is greater, which means that LEO satellites
with small orbital inclinations experience greater atmospheric
drag. We deduce that the reason for this phenomenon is related
to the density distribution of the thermospheric background
atmosphere.

Keywords—atmospheric drag, thermospheric atmospheric den-
sity, LEO satellites, orbital inclination, geomagnetic storms, solar
activity

I. INTRODUCTION

In recent years, with the development of Internet technol-

ogy and aerospace science and technology, the field of low

Earth orbiting (LEO) satellite constellation has made leapfrog

*Corresponding author: Bo Chen.
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Province (No. 2022A1515020113).

development. Led by satellite constellation of Starlink and

OneWeb, the number of low Earth orbiting satellite launches

has increased rapidly. In low Earth orbit, atmospheric drag

is the main factor causing the orbital attenuation of LEO

satellites. It is well known that atmospheric drag is violently

perturbed during geomagnetic storms. Therefore, studying the

changes of LEO satellite orbits during geomagnetic storms is

of great significance to satellite orbit determination, satellite

orbit control and satellite collision probability calculation.

Atmospheric drag has an energy-dissipative nature, which

will cause the satellite’s orbit to decay continuously and the

physical life of the satellite to be shortened [1].Atmospheric

drag perturbation is the main non-conservative force pertur-

bation for LEO satellites (orbital altitude <800km). It is

the main factor affecting the orbit change of LEO satellites.

Without human intervention, atmospheric drag will cause LEO

satellites to fall into the atmosphere prematurely. In addition,

atmospheric drag disturbances make LEO satellites and space

debris difficult to identify and track, and satellite lifetimes and

collision probabilities are difficult to predict [2]. The local

thermospheric atmospheric density variation in satellite orbits

is the main factor causing the orbit attenuation of low-orbit

satellites. The thermospheric atmosphere density is mainly

affected by solar activity. Studies showed that the timescales

of variations in thermospheric atmospheric density correlate

with the timescales of solar activity cycles, flare events and

geomagnetic storms [3].

During the geomagnetic quiet period, the solar EUV radia-

tion is the main factor causing the change of the thermospheric
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atmospheric density, which determines the basic structure

of the background atmospheric density in the thermosphere.

Cyclical variations in the density of the thermosphere atmo-

sphere correspond to the solar rotation and solar activity cycles

[4]. Studies showed that during the minimum to maximum

years of a solar cycle, the solar EUV radiation flux and the

temperature of the thermosphere increase by a factor of two,

while the density of the thermosphere can increase by as

much as 10 times [5]. However, Joule heating from strong

geomagnetic disturbances is an important factor in causing

changes in the atmospheric density of the thermosphere during

short-term geomagnetic activity. During geomagnetic storms,

when the Ap index increases from 4 to 80, the increase in

Joule heating can reach 134% [6].In addition, some scholars

have analyzed the impact of geomagnetic storm events on

satellite orbits based on measured satellite data (CHAMP,

GRACE, SWARM, etc.) [7], [8] and numerical simulation data

[9], [10], and deduced methods for calculating Precise Orbit

Determination (POD) data [11].

Solar events including high-speed solar streams (HSS),

coronal mass ejections (CMEs), solar flares and corotating

interaction regions (CIRs) can affect the intensity and duration

of geomagnetic storms [12]. The plasma carried by CME and

CIR interacts with the Earth’s magnetosphere, causing distur-

bance of the Earth’s magnetic field and forming global-scale

geomagnetic storms [13]. Some investigation show that CIR-

induced geomagnetic storms may have much larger changes

in thermospheric atmospheric density and satellite orbit atten-

uation than CME-induced geomagnetic storms. CME-induced

geomagnetic storms cause larger thermospheric atmospheric

density perturbations that lead to larger orbital decay rates

for satellites, but shorter durations. Although CIR-induced

geomagnetic storms cause less perturbation in thermospheric

atmosphere density, duration of CIR phase is longer [14].

The effects of CIR and HSS on changes in thermospheric

atmospheric density and satellite orbits during the decay phase

of the solar cycle are important because CIR and HSS are the

main drivers of induced geomagnetic storms during this phase

[13]–[15].

To sum up, many scholars have analyzed the influence

of solar activity and geomagnetic activity on satellite orbits

in the form of measured satellite data or simulated data.

However, there are few studies on the influence of atmospheric

drag on the orbit attenuation of LEO satellites with different

orbital inclinations during geomagnetic storms. As the number

of orbits and satellites occupied by low-orbit constellations

increases, the probability of collision between satellites will

increase, and the orbital changes of a single satellite may affect

the function of the entire satellite constellation. It is of great

significance to study the satellite orbit changes with different

orbit inclinations for the collision warning and life prediction

of low-orbit constellation satellites. In addition, our research

provides a reference for calculating the collision probability of

LEO satellites in different orbits during magnetic storms, and

for orbit prediction and orbit adjustment of LEO satellites.

II. MODELING LEO SATELLITE ORBITAL DECAY

In order to complete the simulation experiment, we need to

establish a satellite orbit dynamics model under the action

of atmospheric drag. The process of numerical simulation

is shown in Fig. 1. In this work, our model mainly con-

sists of three parts: orbital perturbation module, atmospheric

model module and numerical integration module. Inputs to

the model: simulation time, geomagnetic index, F10.7 index,

satellite surface-to-mass ratio, drag coefficient and satellite

initial orbital elements. The output of the model: semi-major

axis, semi-major axis decay rate, atmospheric density change,

aerodynamic drag on LEO satellites, etc.

A. Satellite orbit perturbation

The perturbations of satellites in orbit include: perturbations

caused by the non-sphericity of the earth and uneven mass,

atmospheric resistance perturbations of the upper atmosphere,

solar light pressure perturbations, sun-moon gravitational per-

turbations, tidal force perturbations, and earth radiation pres-

sures perturbation etc. Under the action of the perturbation

force, the orbital parameters of the satellite are constantly

changing and no longer follow the two-body orbit. The main

perturbations of LEO satellites are the Earth’s aspherical

perturbation and atmospheric drag perturbation. Therefore,

only these two main perturbing forces are considered in the

modeling.

The equation of motion of the satellite in the earth’s

gravitational field [16]:

r̈ = − μ

r3
r + a (1)

where r is the position vector of the satellite, a is the

acceleration of various perturbation forces and μ is the Earth’s

gravitational constant.

For atmospheric drag perturbation, the drag acceleration

caused by the atmosphere to LEO satellites [17]:

aD = −1

2
CD

A

m
ρvv (2)

CD, A,m,v, v, ρ represent the drag coefficient, Cross-section

of the satellite in the direction of velocity, the satellite mass,

the satellite motion velocity vector, the satellite motion ve-

locity scalar, and the atmospheric density, respectively. The

drag acceleration of a satellite is related to its drag coefficient,

surface-to-mass ratio, atmospheric density, and velocity.

B. Atmospheric Model and Numerical integration methods

In this work, the atmospheric model used in our modeling

is the NRLMSISE-00 Thermospheric Neutral Atmosphere

Empirical Model [18]. There are two types of methods for

solving differential equations, one is the analytical method

and the other is the numerical integration method. For com-

plex orbital dynamics perturbation equations, it is difficult to

solve the derivation by analytical methods, and the accuracy

requirements cannot be guaranteed [17], [19]. Therefore, we

use the Runge-Kutta numerical integration method to solve the

orbital perturbation equation.

Authorized licensed use limited to: University Town Library of Shenzhen. Downloaded on September 04,2025 at 01:50:07 UTC from IEEE Xplore.  Restrictions apply. 



Fig. 1. The process of numerical simulation.

III. METHOD AND SCOPE

In order to study the orbital changes of LEO satellites

with different orbital inclinations during geomagnetic storms,

we need to find a classical geomagnetic storm event and set

appropriate orbital parameters of LEO satellites for simulation

experiments.

A. Geomagnetic storm event selection

Thermospheric atmospheric density is affected by both solar

radiation and geomagnetic storms. In order to control variables

as much as possible and analyze the impact of geomagnetic

storms on satellite orbits, we should select magnetic storm

events with small changes in solar radiation flux and relatively

large intensity of magnetic storms to highlight the impact of

geomagnetic activity on satellite orbit changes. Based on the

above principles, the geomagnetic storm event on March 16,

2015 was selected for simulation experiments. During this

magnetic storm, the F10.7 index of solar radiation flux did not

change much, and the minimum geomagnetic index reached

-223nT, which belonged to the type of super magnetic storm.

The space weather parameters from March 16, 2015 to March

20, 2015 are shown in Fig. 2. It can be seen that the F10.7

index remains stable throughout the storm. The day before

the occurrence of the magnetic storm, the speed of the solar

wind increased slowly, and other space weather parameters

fluctuated slightly, which was not enough to form a global

geomagnetic disturbance. During March 17, a brief southward

component of the interplanetary magnetic field(IMF) appeared,

at which time there was an obvious peak in the solar wind

dynamic pressure, which promoted the entry of solar particles

into the Earth’s magnetosphere and formed a geomagnetic

disturbance. After that, a persistent north component of the

interplanetary magnetic field appears, and the northward inter-

planetary magnetic field will have magnetic reconnection with

the Earth’s magnetosphere, causing geomagnetic disturbance.

It can be seen from the geomagnetic index that a strong

geomagnetic storm occurred after March 17.

B. Satellite orbit parameter settings

To study the effect of geomagnetic storms on the orbital

attenuation of LEO satellites with different orbital inclinations,

we simulated the attenuation of 7 LEO satellites (Sat-A, Sat-B,
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Fig. 2. Solar wind speed (VSW), proton density(PD), solar wind dynamic
pressure(P), Bz component of the interplanetary magnetic field, F10.7 index,
Dst index and Ap index during 16-21 March, 2015.

Sat-C, Sat-D, Sat-E, Sat-F, Sat-G) with different orbital incli-

nations during geomagnetic storms. To control for variables,

we make the surface-to-mass ratio and drag coefficient the

same for each LEO satellite, and the satellite orbital altitude

is 350km. The parameters of the LEO satellites are given in

Table I.

TABLE I
INITIALIZATION PARAMETERS OF THE LEO SATELLITES

H(km) Inclination(°) A/m(m2/kg) Cd

Sat-A 350 30 0.008461 2.2
Sat-B 350 40 0.008461 2.2
Sat-C 350 50 0.008461 2.2
Sat-D 350 60 0.008461 2.2
Sat-E 350 70 0.008461 2.2
Sat-F 350 80 0.008461 2.2
Sat-G 350 88 0.008461 2.2

IV. RESULT AND DISCUSSION

A. Effects of Magnetic Storms on LEO satellites
After a magnetic storm, both the density and temperature of

the thermospheric atmosphere are perturbed. The simulation
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Fig. 3. Dst index and Ap index, Thermospheric Atmosphere Density and
Temperature, orbital semi-major axis and orbital decay rate (ODR) for Sat-A
during 16-21 March, 2015.

results of the Sat-A satellite during March 16-21, 2015 are

shown in Fig. 3, which shows the orbital semi-major axis

variation of the Sat-A satellite, the orbital decay rate, and

the thermospheric atmosphere density and temperature on

the satellite orbit during the magnetic storm. On March 16,

the local thermospheric atmospheric density and atmospheric

temperature in the satellite orbit remained relatively stable.

After the geomagnetic storm occurred on March 17, the

density of the thermospheric atmosphere gradually increased,

reaching a peak around 12:00. The orbital decay rate varies

with the density of the atmosphere in the thermosphere. It can

be seen from Fig. 2 that the intensity of the geomagnetic storm

was the greatest on March 17, and both the orbital decay rate

and the decay of the semi-major axis of the orbit reached the

maximum on this day.

B. Comparison of the orbital decay during magnetic storm

In order to study the orbital attenuation of LEO satellites

with different orbital inclinations during geomagnetic storms,

we compared the semi-major axis changes of different satel-

lites during March 16-20, 2015, as shown in Fig. 4. It is

obvious that the smaller the orbital inclination, the greater the

attenuation of the semi-major axis of the LEO satellite. The

daily orbital attenuation and total attenuation of the seven LEO

satellites are summarized in Table II. The visualization of the

orbital attenuation of each satellite is shown in Fig. 5. It can be

seen that the orbital attenuation of each satellite is the largest

on the 17th. Among them, the Sat-A satellite has the largest

orbital attenuation, which is 416m/day. The Sat-G satellite has

the smallest orbital attenuation, which is 373m/day. During the

entire magnetic storm, the total orbital attenuation of the Sat-A

satellite was the largest (1794m), and the Sat-G satellite was

the smallest (1530m).

To explore the difference in the orbital attenuation of satel-

lites with different orbital inclinations, we compared the local

Fig. 4. Orbital semi-major axis variation of Sat-A, Sat-B, Sat-C, Sat-D, Sat-E,
Sat-F, Sat-G during 16-20 March, 2015.

TABLE II
ORBITAL DECAY FOR MARCH 16-20

Satellite Orbital Decay(m)
Name 16,Mar 17,Mar 18,Mar 19,Mar 20,Mar Total
Sat-A 312 432 376 338 336 1794
Sat-B 302 416 363 326 325 1732
Sat-C 291 401 350 316 314 1672
Sat-D 280 389 339 307 304 1619
Sat-E 271 380 330 299 297 1578
Sat-F 265 376 323 292 291 1547
Sat-G 262 373 319 289 286 1530

Orbital decay for March 16-20

16 March 17 March 18 March 19 March 20 March Total
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Fig. 5. Orbital decay of Sat-A, Sat-B, Sat-C, Sat-D, Sat-E, Sat-F, Sat-G during
16-20 March, 2015.
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Fig. 6. Comparison of the density of the thermospheric atmosphere on the
Sat-A and Sat-G orbits on March 17, 2015

thermospheric atmosphere densities on the satellite orbits of

Sat-A and Sat-G on March 17, as shown in Fig. 6. Obviously,

the Sat-A experienced greater atmospheric drag than the Sat-

G. This difference may be due to the fact that satellites with

smaller orbital inclinations spend longer traversing times at

low and middle latitudes than satellites with larger orbital

inclinations. The thermospheric atmosphere is denser at mid-

low latitudes than at high latitudes, so satellites with smaller

orbital inclinations experience greater orbital attenuation dur-

ing magnetic storms.

V. CONCLUSION

The simulation results show that LEO satellites with dif-

ferent orbital inclinations are all affected by the geomagnetic

storm from March 16 to 21, 2015, and each LEO satellite

has the largest orbital attenuation on the day of the strongest

magnetic storm. The Sat-A satellite with the smallest orbital

inclination is most affected by the geomagnetic storm. The

average orbital decay rate of the Sat-A satellite over the

entire storm period is 358.8 m/day, while that of Sat-G is

306 m/day. Through comparative analysis, we found that

the LEO satellite with a smaller orbital inclination has a

larger local thermospheric atmosphere density when orbiting,

which causes satellite to experience more atmospheric drag.

We speculate that the reason for this phenomenon may be

related to the structure of the background atmosphere of

the thermosphere. The orbital planes of LEO satellites with

smaller orbital inclinations are located at lower latitudes.

Due to the thermosphere is denser in the mid-low latitudes

than in the high latitudes, LEO satellites with smaller orbital

inclinations are more affected by atmospheric drag during

magnetic storms. Our research could be useful for calculating

the collision probability of LEO satellites in different orbits

during the magnetic storm, and provides a reference for the

orbit prediction and orbit adjustment of LEO satellites.
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