
1.  Introduction
The understanding of the Earth's space environment has grown exponentially over the centuries since the step into 
space age (Jacchia, 1959). The so-called space weather, which describes the “weather” changes in solar-terrestrial 
connections, has shown broad influences in civilian life, commerce, and national security, including commu-
nication, navigation, electric grids and satellite operations (Anthea et al., 2021; Emmert, 2015; Malandraki & 
Crosby, 2018; McNamara, 1991; Montenbruck & Gill, 2000; Skone & Yousuf, 2007; Zhang et al., 2019). Due to 
the existence of Earth's upper atmosphere, a large number of satellites and space debris operating between 100 
and 600 km altitude are significantly affected by space weather via atmospheric drag (Chen et al., 2012, 2014; Li 
& Lei, 2021a; Qian & Solomon, 2012). The ever-increasing amount of space objects thus calls forth the urgent 
requirements to accurately understand and predict the four-dimensional spatial-temporal variation of the upper 
atmosphere as well as the space weather system (Krauss et al., 2020).

Abstract  On 4 February 2022, 38 Starlink satellites were destroyed by the geomagnetic storm, which 
brought significant financial, aerospace and public influences. In this letter, we reveal the space weather 
process during 3–4 February 2022 geomagnetic disturbances, from the Sun all the way to the satellite orbiting 
atmosphere. Initiated by an M1.0 class flare and the following coronal mass ejection (CME), a moderate 
geomagnetic storm was stimulated on 3rd February by the CME arrival at Earth. Subsequently, another 
moderate storm was triggered on 4th February by the passage of another CME. Model simulations driven 
by solar wind show that the first geomagnetic storm induced around 20% atmospheric density perturbations 
at 210 km altitude on 3rd February. The unexpected subsequent storm on 4th February led to a density 
enhancement of around 20%–30% at around 210 km. The resulting atmospheric drag can be even larger, since 
the regional density enhancement was over 60% and the satellite orbits were continuously decaying. This event 
brings forth the urgent requirements of better understanding and accurate prediction of the space weather as 
well as collaborations between industry and space weather community.

Plain Language Summary  The operating satellites in low-Earth orbit give the rapid information 
transfer between the satellites and the Earth. At the same time, these satellites are continuously slowed down 
and affected by the dense atmosphere of the Earth, which is referred to as the atmospheric drag. This effect 
can be greater during space weather events such as geomagnetic storms. Over the past years, thousands 
of Starlink satellites have been deployed by the SpaceX company into low-Earth orbit. However, on 4th 
February, 38 Starlink satellites were destroyed before they were lifted to a higher Earth orbit, which brought an 
economic loss estimated to be several tens of millions of dollars. Geomagnetic indices indicated two successive 
geomagnetic storms, which could warm the upper atmosphere and increase the atmospheric drag. In this work, 
we provide a comprehensive review on the process of space weather during this event from the Sun all the way 
to the terrestrial atmosphere. We have illustrated the solar eruption, solar wind propagation, and atmospheric 
density enhancement, using both observed data and model simulations. This study calls for more accurate 
modeling and better understanding of space weather as well as collaborations between industry and space 
weather community.
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At 18:13 UT on 3 February 2022, the Falcon 9 rocket launched 49 Starlink satellites of SpaceX to the low 
Earth orbit, with a perigee of around 210 km above the Earth. 38 Starlink satellites were destroyed before they 
were lifted to a higher Earth orbit, which led to an economic loss expected to be several tens of millions of 
dollars (Hapgood et  al.,  2022). The geomagnetic indices suggested that two successive geomagnetic storms, 
which could warm the upper atmosphere and increase the atmospheric drag (Emmert, 2015; Prölss, 2011; Qian 
& Solomon, 2012), were ongoing during the satellite launch and operation. To better understand the possible 
influence of consecutive geomagnetic storms on satellite orbital decay, in this study, we reveal the space weather 
process during this event from the source Sun, to the interplanetary solar wind propagation, and to the upper 
atmosphere, based on observations and numerical simulations.

2.  Methods
2.1.  Coronal Observation

We investigate all the Coronal Mass Ejections (CMEs) that may arrive at Earth observed by the Large Angle 
and Spectrometric Coronagraph (LASCO) C2/C3 (Brueckner et al., 1995) on board the Solar and Heliospheric 
Observatory (SOHO) and the Sun Earth Connection Coronal and Heliospheric Investigation (SECCHI) COR2 
(Howard et al., 2008) on board the Ahead Solar Terrestrial Relations Observatory (STEREO-A or STA). Between 
Jan 30 and Feb 1 in 2022, the SOHO was near the first Lagrange point of the Sun-Earth system while the STA 
traveled on the Ecliptic plane at a heliocentric distance of 0.97 AU with the separation angle of 35° upstream 
of the Earth. SOHO/LASCO C2/C3 and STA/SECCHI COR2 have sun-centered circular field of view with 
half-angle of 1.6° (6 Rs) and 4° (15 Rs). The difference coronagraph images were generated to highlight the coro-
nal transients, including CMEs, from background long-lived coronal streamers and spike-like noises. With the 
two coronagraphs of SOHO/LASCO C2/C3 and STA/SECCHI COR2 from two perspectives almost at the same 
time, we apply Graduated Cylindrical Shell (GCS) modeling (Thernisien, 2011), an extensively used flux-rope 
like CME model, to fit the manually identified CME front in the coronagraph images and derive the CME 
geometric parameters of the GCS model. Based on the CME front positions at different times, we may further 
infer the velocity (v) of the CME front by using linear-fitting. For the two CMEs of interest in this study, the 
derived parameters are summarized in Table 1.

2.2.  Atmospheric Density From Swarm-C Satellite

Swarm satellites were launched on 22 November 2013 and operated by European Space Agency. Swarm-C flew 
at an initial altitude of 462 km, with an inclination angle of around 87.35°. In this study, the atmospheric density 
derived from the Swarm-C accelerometer was used, and the retrieval from accelerometer to neutral density can 
be found in Doornbos (2012) and Li and Lei (2021b).

2.3.  TIEGCM Model

The National Center for Atmospheric Research Thermosphere Ionosphere Electrodynamics General Circu-
lation Model (TIEGCM) is a three-dimensional, self-consistent, and physics-based model of the coupled 
ionosphere-thermosphere system (Richmond et  al.,  1992; Roble et  al.,  1988). It also solves the ionospheric 
electrodynamics associated with the neutral wind dynamo (Richmond, 1995). The convection pattern at high 
latitudes is specified by the Weimer empirical model (Weimer,  2005), which is driven by the realistic solar 
wind and interplanetary magnetic field (IMF). In this study, the TIEGCM has a horizontal resolution of 
1.25° × 1.25° in geographic longitude and latitude (Dang et  al.,  2021) and a vertical resolution of 1/4 scale 
height. This relatively high-resolution grid resolves the dynamic evolution of large and meso-scale structures in 
the ionosphere-thermosphere coupled system.

3.  Results
At about 23:00 UT on Jan 29, an M1.0 class flare occurred in the solar active region numbered 12936. It was 
accompanied by a coronal mass ejection (CME) captured by the coronagraphs (Brueckner et al., 1995; Howard 
et al., 2008) onboard SOHO and the STEREO-A spacecraft from two perspectives (see the inset of Figure 1) on 
the beginning of Jan 30 (Figures 1a and 1b). Through fitting the coronagraph images of the CME with the GCS 
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model (Figures 1e and 1f, see Methods for details), we derive that the CME 
propagated toward 34°E, 7°S in the Heliocentric Earth Equatorial (HEEQ) 
coordinates with a velocity of about 777 km/s.

This CME passed the Earth with a speed of about 500  km/s during 2nd 
February 23:03 UT–3rd February 10:53 UT, when Wind spacecraft clearly 
recorded the signatures of a magnetic cloud, including a strong magnetic 
field with a smooth rotation, a low proton number density, and a low plasma 
beta value (the first shaded region in Figure 2). The magnetic cloud provided 
a nearly 10-hr interval of southward magnetic field with a minimum value 
close to −20 nT, which led to the geomagnetic storm on 3rd February. On 
the next day of the CME launch, the active region 12936 generated another 
CME into a similar direction (Figures 1c and 1d). The GSC modeling result 
(Figures 1g and 1h) indicates that its propagation direction was about 25°W, 
12°N and the speed was about 420 km/s. The CME magnetic cloud, followed 
by the fast solar wind from the coronal hole around the solar equator, crossed 

the Earth on 4th February between 02:55 UT and 20:14 UT (the second shaded region in Figure 2). It consists of 
two long-lasting intervals of southward magnetic field with the minimum value of about −10 nT, causing another 
moderate geomagnetic storm with two notable peaks on the same day.

Using the observed solar wind and IMF variations as input, the global upper atmosphere model TIEGCM 
(described in detail in the Methods section) provides self-consistent simulations of the ionosphere and thermo-
sphere system for understanding the space weather event. During the storm main phase when the IMF turned 
southward, mass, momentum and energy transfer between the solar wind and magnetosphere is enabled through 
the magnetic reconnection process (e.g., Akasofu, 1981; Dungey, 1961; Gonzalez et al., 1994). A large amount 
of electromagnetic energy heated the upper atmosphere via Joule and Ohmic dissipation processes at ionospheric 
altitudes (e.g., Brekke & Kamide, 1996; McHarg et al., 2005; Thayer et al., 1995), resulting in an expansion of the 
upper atmosphere which exerts more atmospheric drag when satellites pass through these space-weather active 
regions (Knipp et al., 2004; Wilson et al., 2006). Figure 3a shows the time variations of the global Joule heating 
(JH) power. Note that Figure S1 in Supporting Information S1 validates that Joule heating generally converges 
between different TIEGCM spatial resolutions (2.5°  ×  2.5°, 1.25°  ×  1.25°, and 0.625°  ×  0.625°). These JH 
enhancements were well associated with each southward turning of IMF 𝐴𝐴 B𝑧𝑧 as shown in Figure 3b. The global JH 

No. Date 𝐴𝐴 𝐴𝐴 𝐴𝐴 𝐴𝐴 𝐴𝐴 𝐴𝐴 𝐴𝐴 𝐴𝐴 𝐴𝐴 𝐴𝐴  v (km/s)

1 2022 January 30 34°E 7°S 34° 38° 0.7 777

2 2022 January 31 25°W 12°N 17° 11° 0.4 420

 a𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴 represent the longitude and latitude of the CME front leading edge in 
Heliocentric Earth Equatorial (HEEQ) coordinates. They give the propagation 
direction of the CME. 𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴 are the tilt angle and half-angle of the flux-rope 
axis, while 𝐴𝐴 𝐴𝐴 is the sine of the cone half-angle at the flux-rope foot. They are 
geometric parameters of GCS modeling (Thernisien et al., 2006, 2011). The 
front velocity (v) is derived from linear-fitting of the CME front leading edge 
height at different times.

Table 1 
The Graduated Cylindrical Shell Modeling Parameters of the Two Coronal 
Mass Ejections of Interest a

Figure 1.  Two Earth-directed coronal mass ejections (CMEs) observed by coronagraphs. (a and b) The difference images of the first CME observed by STA/COR2 
and Solar and Heliospheric Observatory/Large Angle and Spectrometric Coronagraph SOHO/LASCO-C3 on 30 January. (c and d) The difference images of the second 
CME observed by the same coronagraphs on 01 February. (e–h) The same images of (a–d) with the meshes of the Graduated Cylindrical Shell model overlaid. The inset 
in the lower-left corner of a shows the positions of the SOHO and STA spacecraft.
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power exhibited very dynamic time variations. It reached a maximum of 1040 GW at 08:00 UT during the 3rd 
February storm, as compared to the typical value of Joule heating power of 95 GW (Knipp et al., 2004). On 4th 
February there were two smaller JH peaks at 09:00 UT and 17:00 UT. The JH increase was relaxed rapidly after 
the IMF turned back, while the effects on upper atmosphere would take a longer time to recover. The plot on the 
schematic Earth in Figure 3c gives the JH during the main phase of the 4th February geomagnetic storm (also see 
Movie S1 for dynamic temporal variations). Significant JH over 20 erg/cm 2/s originated from the electromagnetic 
energy input can be seen in the noon, dusk, and nightside sectors.

Influenced by the energy deposition into the atmosphere from the solar wind and magnetosphere, Figures 4a–4c 
display three snapshots of the simulated percentage difference of atmospheric density at 18:00 UT on 3rd Febru-
ary, 03:00 UT on 4th February and 10:00 UT on 4th February with respect to the corresponding UT on 2nd 
February. At 18:00 UT around the launch time of Starlink satellites (Figure 4a), the geomagnetic storm enhanced 
the global atmospheric density in a global scale, with most of the enhancements over 12%. Meanwhile, distinct 
region distributions can be seen, with density perturbations at middle and high latitude much higher than those 
at low latitude, possibly due to the direct energy deposition from the magnetosphere. The maximum of over 
50% percentage was centered at the south pole around 120°E, 80°S. The atmospheric density was then quickly 
recovered to a relatively quiet amount (Figure  4b and Movie  S2), until the subsequent storm occurred. The 
geomagnetic storm on 4th February caused even larger perturbations in the Earth's upper atmosphere, based on 
the preconditioning influence of the 3rd February storm. At 10:00 UT, when the IMF 𝐴𝐴 B𝑧𝑧 was southward, the 
thermospheric density displayed a global enhancement of over 20% (Figure 4c). The regional density enhance-
ment, for example, the southern polar region, could be larger than 60%. Note that the maximum inclination angle 
of these Starlink satellites is around 53.2°, suggesting that the satellites mainly experience the atmospheric drag 
at middle and low latitudes. The first geomagnetic storm was expected by SpaceX as it launched the Starlink 
satellites at 18:15 UT when the storm had been in the recovery phase and almost reached the quiet level. It seems 

Figure 2.  Solar wind and interplanetary magnetic field conditions near the Earth measured by the Wind spacecraft and the 
Dst index. From top to bottom, the panels show the magnetic field magnitude and components in GSM coordinates, solar 
wind velocity and proton number density, proton temperature and value of plasma beta, and the Dst index. Two magnetic 
clouds are indicated by the shadow regions.
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however that the second geomagnetic storm was not predicted which caused the satellites experiencing longer 
unexpected atmospheric drag.

Figure 4d shows the comparison of atmospheric density from Swarm C observations and TIEGCM simulations 
during 2–4 February 2022. During this event, Swarm C operated at 9.3 and 21.3 local times with an altitude of 
approximately 438 km. The observed density increased prominently during 3–4 February, with two peaks of 
1.5 × 10 −12 kg/m 3 at 12 UT on 3rd February and 1.75 × 10 −12 kg/m 3 at 12 UT on 4th February, respectively. 
The relative enhancement of atmospheric density reached 50% and 75% for the 2 days. As seen by the red lines, 
the TIEGCM generally reproduced the trend of the observed values at both daytime and nighttime, with similar 
relative variations during 3–4 February compared to the quiet values on 2 February. We can also note that the 
TIEGCM has a systematic overestimation of neutral density, which might be associated with the uncertainties of 
the empirical driving from the magnetosphere as well as from the forcings from the lower atmosphere.

We show the simulated percentage difference of global mean atmospheric density, which is averaged in terms 
of area, at different altitudes in Figure 4e. Compared to 2nd February, the atmospheric density greatly increased 
and reached maximum at 12 UT on 3rd February, with global percentage differences of 10%, 21%, 31% and 42% 
at 150 km, 210 km, 300 km and 400 km, respectively. Particularly, the second moderate storm occurring on 4th 
February (Figure 2) made the slightly recovered thermosphere enhance to a higher state again. The atmospheric 
density had two peaks at 12 UT and 18 UT on 4th February, associated with the two southward turnings of IMF 

𝐴𝐴 B𝑧𝑧 in Figure 2. The global density enhancement can be 23% at 210 km and was greater at higher altitudes.

As the satellites were continuously decayed to lower orbits, the accumulative atmospheric drag became increas-
ingly crucial. We have also estimated the decay time of Starlink satellites during storm and quiet time in Figure 4f. 
The calculation is mainly based on the orbital perturbation equation via the mechanical energy decay of the 
satellite (Vallado, 2001). Considering only the central gravitational force and atmospheric drag, the mechanical 
energy decreases under the effect of atmospheric drag. Therefore, during one revolution, the altitude change 𝐴𝐴 ∆𝑎𝑎 
could be approximately calculated:

∆𝑎𝑎 = −
1

2

𝐶𝐶𝐷𝐷𝐴𝐴

𝑔𝑔𝑔𝑔𝑠𝑠𝑠𝑠𝑠𝑠

𝜌𝜌𝜌𝜌
3
𝑇𝑇 (1)�

Figure 3.  Overview of the energy deposition into the Earth's upper atmosphere. (a and b), The temporal variations of the global power of Joule heating (JH) and the 
𝐴𝐴 B𝑧𝑧 component of interplanetary magnetic field (IMF) during 2–4 February 2022. (c), Snapshot of the polar distribution of height-integrated Joule heating at 16:00 

UT on 4th February 2022. The local noon at this UT is around 60°W. The JH was calculated from Thermosphere Ionosphere Electrodynamics General Circulation 
Model based on the equation 𝐴𝐴 𝐴𝐴 = Σ𝑃𝑃𝑬𝑬

2 , where 𝐴𝐴 Σ𝑃𝑃 represents the height-integrated Pedersen conductivity and 𝑬 is the electric field. The JH was summed globally by 
multiplying the surface area of each grid to represent the global JH power. Here the effects of neutral wind on JH are neglected. See Movie S1 for the time variations.
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where 𝐴𝐴 𝐴𝐴 is the gravitational acceleration on the satellite, 𝐴𝐴 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠 is the mass of the satellite, 𝐴𝐴 𝐴𝐴𝐷𝐷 is the satellite drag 
coefficient, 𝐴𝐴 𝐴𝐴 is the cross-section area, 𝐴𝐴 𝐴𝐴 stands for the orbital mean density, and 𝐴𝐴 𝐴𝐴  represents the orbit period. 
We assumed a maximum cross-section area of 25 m 2 of a satellite when its solar panel is fully deployed and a 
minimum of 1–2 m 2. As shown by the black solid line in Figure 4f, in the maximum cross-section area condition, 
the satellite will fall onto the Earth in less than 1 day in this storm case. Considering the minimum condition, the 
lifetime of the satellite could be 3–7 days. It is expected that the storm could lead to an enhancement of the  ther-
mospheric mass density and the orbital decay rate. The difference in lifetime between storm and quiet time is 
about 0.5 days. Here we only concentrated on the orbital decay and did not included the predominant conditions. 
The 0.5-day difference is with respect to the 1–2 m 2 case.

Figure 4.  Global atmospheric density disturbance and the orbit decay estimation by the geomagnetic storms. (a–c), Global distribution of the percentage difference of 
the simulated atmospheric density at 210 km for 18:00 UT on 3rd February (top), 03:00 UT on 4th February (middle) and 10:00 UT on 4th February (bottom) with the 
reference of the corresponding UT on 2nd February. See Movie S2 for the time variations. (d), The atmospheric density observed by the Swarm-C satellite (black lines) 
and simulated by Thermosphere Ionosphere Electrodynamics General Circulation Model (TIEGCM) (dashed lines) from 2 to 4th February, 2022 at altitude of around 
438 km. (e), The percentage difference of globally averaged atmospheric density from TIEGCM simulations during 3rd and 4th February, 2022 at altitudes of 150 km, 
210 km, 300 km, and 400 km. (f), Estimated satellite decay time under cross-section areas of 1 m 2 (red), 2 m 2 (blue) and 25 m 2 (black), with (solid line) and without 
(dashed line) geomagnetic storm considered.
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4.  Discussion and Conclusion
The Starlink satellites were initially launched into a low orbit altitude of 210 km, for the purpose that the incor-
rectly working satellites could be quickly destroyed in the atmospheric drag, rather than becoming space debris. 
As expected, these satellites will be raised up to the 500 km operational altitude by the ion thruster. The low 
altitude of 210 km makes satellites experience significant atmospheric drag, especially during the space weather 
disturbances. From our results, the atmospheric density increased by 23% globally as compared to the quiet 
condition on 2nd February, and could reach the reported 50% atmospheric drag (from https://www.spacex.com/
updates/) if considering the orbit decay to a denser low altitude atmosphere.

In this work, we provide a comprehensive review on the process of space weather during this event from the Sun 
all the way to the terrestrial atmosphere. Two CMEs led to complex geomagnetic activity during 3rd and 4th 
February, including two sequential storms, albeit with only G1 intensity. This event illustrates the complexity and 
difficulty of the space weather prediction, and also indicates that even small storms might induce severe astro-
nautic and financial consequences. The solar activity was very quiet for the last 3 years. However, since 2021, the 
solar activity was starting to ramp up to the next solar maximum in solar cycle 25, and increased geomagnetic 
activity and space weather events are expected (Hapgood et al., 2022; Owens et al., 2021). Koskinen et al. (2017) 
listed three influence pathways on Earth's space environment by the Sun: the direct electromagnetic radiation, 
the interaction of magnetized plasma as discussed by CMEs in this work, and high-energy particles, all of which 
could significantly impact the satellites and other space weather applications (Knipp et al., 2016; Malandraki 
& Crosby, 2018; Mewaldt, 2006; Sato et al., 2019). The importance of space weather has become a growing 
concern, and hence calls for accurate modeling and understanding of the space weather as well as collaborations 
between industry and space weather community. Note that after this event, the SpaceX team had launched the 
next series of Starlink satellites to a higher altitude of 300 km to evade the intense drag (Hapgood et al., 2022).
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