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Abstract On 3 February 2022, SpaceX launched 49 Starlink satellites, 38 of which unexpectedly de-
orbited. Although this event was attributed to space weather, definitive causality remained elusive because
space weather conditions were not extreme. In this study, we identify solar sources of the interplanetary
coronal mass ejections that were responsible for the geomagnetic storms around the time of launch of the
Starlink satellites and for the first time, investigate their impact on Earth's magnetosphere using
magnetohydrodynamic modeling. The model results demonstrate that the satellites were launched into an
already disturbed space environment that persisted over several days. However, on performing comparative
satellite orbital decay analyses, we find that space weather alone was not responsible but conspired together
with a low-altitude insertion and low satellite mass-to-area ratio to precipitate this unusual loss. Our work
bridges space weather causality across the Sun—Earth system—with relevance for space-based human
technologies.

Plain Language Summary Human society is becoming increasingly dependent on satellites at Low
Earth Orbit (LEO) which cater to Earth observations, telecommunications, navigation and defense needs. The
impact of space weather—changing environmental conditions in space governed by the Sun—at Low Earth Orbits
is only beginning to be appreciated. The loss of an unprecedented number of Starlink satellites after their launch
on 3 February 2022, which was attributed to space weather, is a case in point. Surprisingly, solar magnetic
storms and space weather conditions around the time of the launch of the Starlink satellites were quite modest,
making it challenging to establish physical causality. Here we utilize a multipronged approach based on
observations of solar magnetic storms, near-Earth environmental conditions and novel computer simulations to
establish causality between the prevailing space environmental conditions at LEO and the loss of the satellites.
Our comprehensive analysis reveals that the loss of the satellites was due to a combination of factors including
prevalent space weather conditions, an insertion at a relatively high-density LEO and possibly enhanced drag
due to orientation changes of the satellites accentuated by a relatively high drag to inertia ratio.

1. Introduction

SpaceX launched 49 Starlink satellites on 3 February 2022 into an orbit with a perigee of approximately 210 km.
On 4 February 2022, many of these satellites started de-orbiting. Eventually, within a couple of days, 38 of them
were lost, entailing a significant economic loss of millions of dollars (Hapgood et al., 2022).

This incident is a classic example of how human society is becoming more vulnerable to the effects of space
weather with our increasing dependence on technology (Schrijver et al., 2015). Space weather encompasses the
influence that the dynamic conditions of the Sun have on the near-Earth space environment (Nandy et al., 2023). It
is orchestrated by various explosive events on the Sun such as solar flares, coronal mass ejections (CMEs), solar
energetic particle events, and radio bursts (Riley et al., 2018). Among the most significant terrestrial manifes-
tations of such events are geomagnetic storms (Gosling et al., 1991). A primary agent of such storms are Earth-
directed CMEs having a strong southward-pointing magnetic field (J. Zhang et al., 2007). High-speed streams
(HSSs) of solar wind emanating from coronal holes can also drive weak-to-moderate geomagnetic storms
(Tsurutani et al., 2006).
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Table 1
List of Observed CMEs That Contributed to the Geomagnetic Perturbations on 3 and 4 February 2022.

Time of CME appearance ~ CME apex location obtained 3D CME speed  Estimated Earth arrival ~ Expected Earth

in LASCO C2 from GCS (Lat, Lon)" from GCS time from DBEM" arrival speed Probability of reaching
Event no. (UT) “,°) (km 571 (UT) (km s Earth estimated by DBEM
1 2022-01-29 23:36 -6, 329 791 2022-02-01 15:15 573 99% hit
2 2022-01-31 16:10 15,23 357 2022-02-05 02:44 413 99% hit
3 2022-02-01 07:12 17, 19 458 2022-02-05 04:23 439 98% hit

Lat and Lon stand for the latitude and longitude in heliographic Coordinates. "DBEM stands for Drag-Based Ensemble Model (Calogovi¢ et al., 2021).

The solar wind continuously deposits energy and particles into Earth's magnetosphere, but this is amplified during
such storms. Approximately 60% of this energy is transferred into the atmosphere in the form of particle pre-
cipitation and dominantly, as Joule heating. This causes the thermosphere to heat up and expand upwards (Knipp
et al., 2004; Oliveira et al., 2017). This results in an increase in the neutral mass density observed at the altitude of
Low Earth Orbit (LEO) satellites, increasing the aerodynamic drag on them and contributing to enhancement in
their orbital decay (Oliveira & Zesta, 2019).

Multiple studies have analyzed the solar eruptive events (e.g., Dang et al., 2022; Fang et al., 2022; Gopalswamy
etal., 2023; Kataoka et al., 2022; Pal et al., 2023), Joule-heating-mediated changes in thermospheric conditions as
a result of their interaction with Earth's magnetosphere (e.g., He et al., 2023; Laskar et al., 2023; Lin et al., 2022;
Lockwood et al., 2023), thermospheric drag and orbital decay of the Starlink satellites (e.g., Berger et al., 2023;
Guarnieri et al., 2023; Y. Zhang et al., 2022), as well as magnetospheric and ionospheric effects (e.g., Duann
et al., 2023; Gulyaeva et al., 2023; Tsurutani et al., 2022; Tsyganenko et al., 2022) due to the geomagnetic storms
of 3—4 February 2022. This is the first study that employs data-driven magnetohydrodynamic (MHD) modeling of
Earth's magnetosphere, alongside detailed investigations of the near-Sun and near-Earth environments concurrent
with the loss of the Starlink satellites, to interpret the physical processes that led to this mishap. In addition, we
conduct empirical modeling of the satellite orbits, which illuminates the accentuation of atmospheric drag on the
satellites due to certain satellite properties and low-altitude orbital insertion, elucidating how multiple factors
together caused the Starlink satellites to re-enter the atmosphere. With more and more satellites being deployed at
LEO for supporting humanity's space-based societal infrastructure, our findings are expected to inform the design
and operational strategies of these space assets.

2. Solar Sources of the Moderate Geomagnetic Storms That Impacted the Starlink
Satellites

We use coronagraph data from the Large Angle Spectroscopic Coronagraph (LASCO; Brueckner et al., 1995) on
board the Solar and Heliospheric Observatory (SOHO; Domingo et al., 1995), and the COR2 telescope on the
Sun-Earth Connection Coronal and Heliospheric Investigation (SECCHI; Howard et al., 2008) on board the Solar
Terrestrial Relations Observatory Ahead (STEREO-A; Kaiser et al., 2008) for identification of possible Earth-
directed CMEs that might have erupted from the Sun 1-5 days before the onset of the geomagnetic perturba-
tions that impacted the Starlink satellites. During the period under investigation, STEREO-A was located ~35°
east of the Sun—Earth line. Consequently, we search for corresponding activity on the solar disc using extreme
ultra-violet imagery from the Atmospheric Imaging Assembly (AIA; Lemen et al., 2012) instrument on board the
Solar Dynamics Observatory (SDO; Pesnell et al., 2012) to locate the associated source regions.

Three CMEs have been distinctly identified whose estimated Earth arrival times fall between 1 and 5 February
2022. The kinematic and morphological details of the CMEs, determined using the Graduated Cylindrical Shell
(GCS) model (Thernisien et al., 2006), are reported in Table 1. All three CMEs were associated with NOAA
active region 12936, which was located at ~17° North (in the Heliographic coordinate system) of the visible solar
disk during the period under scrutiny. The first CME (henceforth CME1)—which accompanied an M1.0-class
solar flare and erupted on 29 January 2022 at around 23:30 UT—was a halo event with a complex structure and
was deflected southward toward the heliospheric current sheet. This can be observed in the separation between the
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Figure 1. Remote-sensing observations of CMEL. (a) The top row shows CMEI in the LASCO/C2 and STEREO/COR2-A fields of view, while the bottom row displays
the Graduated Cylindrical Shell (GCS) wireframe fitted on CMEL. (b) AIA 193 A running-difference image of the CME1 eruption. The yellow box marks the coronal
mass ejection (CME) source region, while the red cross indicates the projected propagation direction of the CME apex inferred via the GCS technique.

solar source signature of CME1 and the CME apex projected by the GCS model based on coronagraphs in the AIA
194 A difference image of Figure 1. It was expected to arrive at Earth on 1 February 2022.

CME2 erupted on 31 January 2022 around 16:00 UT with weak low-coronal signatures (shown in Figure 2).
Hence, we use image differencing over long time scales (10 hr) as they have proven to be useful in revealing such
elusive eruptions (Nitta et al., 2021; Palmerio, Nitta, et al., 2021). The CME propagation direction estimated via
the GCS technique is consistent with the location of a weak coronal dimming (often a signature of an erupting
CME; e.g., Jin et al., 2022; Thompson et al., 2000), suggesting that CME2 did not experience significant de-
flections in the solar corona. It was slow and faint, with a near-sun speed of about 357 km/s. CME3 erupted on 1
February 2022 around 07:00 UT. Coronagraph imagery, GCS reconstructions, and source region for CME3 have
been shown in Figure 3. A coronal dimming is identified as the source signature for this event. This event had a
higher speed (458 km/s) than CME2, hence, it is likely that the two CMEs interacted during their interplanetary
propagation. A recent study by Pal et al. (2023) analyzed the dynamics and interactions of CME1, CME2, and
CMES3 in the interplanetary medium in detail. They approximated the heliocentric distance where CME2 and
CMES3 possibly merged to be around ~0.4 au. We calculate the Earth arrival times of the three CMEs using the
Drag-Based Ensemble Model (DBEM; Calogovi¢ et al., 2021), a simple yet powerful tool for associating near-
Sun CME observations with corresponding interplanetary coronal mass ejection (ICME) signatures. We use an
ambient solar wind speed of 450 km/s to estimate the Earth arrival time of all three CMEs, apriori making no
assumption on the merger of CME2 and CME3. The typical error in arrival time estimation with DBEM for
isolated CMEs is around 12 hr. We remark that DBEM is not efficient in providing arrival time information for a
merged CME when the merging occurs in the path of CMEs' propagation toward Earth, but it is still useful for
understanding the sequence of solar activities during the concerned period. Nonetheless, the predicted arrival
times of CME2 and CME3 are ~1.5 hr apart which is a much smaller time interval than the error range of +12 hr;
this is not inconsistent with the inference of merger based on in-situ observations. We also note that the challenges
of predicting CME arrival times are manifested in CME 1 arriving 6 hr later than predicted, and CME2 and CME3
arriving a day earlier than predicted (discussed in Section 3). The earlier arrival of CME 2 and CMES3 is possibly
related to interactions with a HSS, which the DBEM model cannot account for.
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Figure 2. Remote-sensing observations of CME2. (a) The top row shows CME2 in the LASCO/C2 and STEREO/COR2-A fields of view, while the bottom row displays
the Graduated Cylindrical Shell (GCS) flux rope wireframe fitted on CME2. (b) STEREO/EUVI-A 195 A difference image showing the dimming resulting from the
eruption. The yellow box marks the coronal dimming indicative of a coronal mass ejection (CME) eruption, while the red cross indicates the projected propagation
direction of the CME apex inferred via the GCS technique.
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Figure 3. Remote-sensing observations of CME3. (a) The appearance of CME3 in LASCO C2 and STEREO-A COR2 field of view is depicted in the top row and the
bottom row describes the fitted Graduated Cylindrical Shell (GCS) flux rope structures on the coronagraph images. (b) A difference image obtained from the STEREO/
EUVI-A 171 A and 195 A channels. The yellow box indicates an erupting coronal loop as the source signature for the eruption. The red cross indicates the estimated
coronal mass ejection source location inferred from the GCS fitting.
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SDO/AIA-193 2022-02-02T02:30:05

In fact two coronal holes, shown in Figure 4, were also observed on the visible
solar disk at the time of these eruptions. Streams of fast solar wind emanating
from these regions, especially from the equatorial coronal hole (outlined in
orange in Figure 4)—could have expedited the propagation of the CMEs,
resulting in earlier-than-expected Earth arrivals. It is well known that the push
“from behind” exerted by a HSS can result in acceleration and compression,
and sometimes in enhanced geoeffectiveness, of a preceding CME (e.g.,
Palmerio et al., 2022; Y. Wang et al., 2016).

3. Near-Earth Observations of the Geomagnetic Storms
That Impacted the Starlink Satellites

Figure 5 shows the solar wind properties near Earth observed by the Wind
(Ogilvie & Desch, 1997) and Advanced Composition Explorer (ACE; Stone
et al., 1998) spacecraft at the Lagrange L1 point, as well as geomagnetic
indices (Dst and Kp) during 1-6 February 2022. The space-based data are
obtained from the Magnetic Field Investigation (MFI; Lepping et al., 1995)
and Solar Wind Experiment (SWE; Ogilvie et al., 1995) instruments on board
Wind, and the Electron, Proton, and Alpha Monitor (EPAM; Gold
etal., 1998) onboard ACE, while the ground-based data come from the World
Data Center for Geomagnetism, Kyoto (Dst) and NOAA's National Centers

Figure 4. The presence of two coronal holes observed by the SDO/AIA for Environmental Information (Kp). A sudden enhancement in the magnetic
193 A channel on 2 February 2022 is marked with orange and blue contours. field, plasma, and particle parameters was observed around 21:30 UT on 1
The high-speed wind coming out of the coronal hole close to the solar February, indicating the arrival of the shock driven by CME1 at L1 (“S1” in

equator (marked in orange) is likely to have increased the speed of the
observed coronal mass ejections (CMEs), resulting in significant reduction
in the CME travel times relative to estimates based on near-Sun kinematics.

Figure 5). It was followed by a turbulent sheath region, characterized by high
magnetic field, density, and temperature fluctuations, succeeded by a smooth
rotation of the magnetic field components denoting a flux rope (Burlaga
et al., 1981; Lepping et al., 1990). This flux rope-like ejecta arrived at L1
between 15:30 UT on 2 February and 10:30 UT on 3 February (“E1” in Figure 5). The increasing speed and high
temperature within the flux rope suggest that it was compressed by a trailing solar wind HSS that arrived right
after the passage of CMEI1 (e.g., Vandas et al., 2015). The Dst index peaked at a moderate value of —66 nT and the
Kp index peaked at 5+ on 3 February due to the impact of CME1.

The Starlink satellites were launched at 18:13 UT on 3 February, about 6 hr after the passage of CMEI at L1,
when the near-Earth space environment was still engulfed in the following HSS. Approximately 6 hr after the
launch, a second significantly weaker interplanetary shock (“S2” in Figure 5) impacted near-Earth space. The
turbulent sheath region downstream of the shock was followed by another ejecta (“E2” in Figure 5), succeeded by
signatures of CME-CME interaction (“I123” in Figure 5) with the last ejecta in the series (“E3” in Figure 5). The
CME-CME interaction region features irregular magnetic fields as well as elevated temperatures and densities,
conforming to the characteristics of “merging CMEs” often described in the literature (e.g., Lugaz & Farru-
gia, 2014; Palmerio, Nieves-Chinchilla, et al., 2021; Y. M. Wang et al., 2003). We attribute the entire structure
(shock—sheath-merged ejecta) to the interacting CME2 and CME3. The merged ejecta is also followed by a
CME-HSS interaction structure (“H2” in Figure 5) and again by the HSS, suggesting that the complex ICMEs
were fully embedded in the fast solar wind—a feature that is not particularly common but has nevertheless been
reported in existing studies (e.g., Heinemann et al., 2019; Palmerio et al., 2023). The Dst index on 4 February
peaked at a moderate value of —56 nT in response to the arrival of the CME2 ejecta and further enhanced to
—62 nT upon the arrival of CME3. The Kp index peaked at 5+ approximately in between the two dips in the Dst
index.

It is noteworthy that both geomagnetic storms could be classified as moderate according to, for example, Loewe
and Prolss (1997), and not extreme by any standards.

4. Modeling the Storm-Impacted Magnetosphere

Joule heating resulting from space weather conditions during solar storms, manifests in the thermosphere and
ionosphere layers of Earth's atmosphere. Typically, these upper atmospheric regions are heated by two primary
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Figure 5. Solar wind conditions observed at L1 by the Wind and ACE spacecraft during February 1-6, 2022. (a) Total
magnetic field magnitude. (b) Magnetic field components in the Geocentric Solar Ecliptic coordinate system. (c) Elevation
(0) and (d) azimuthal (¢») components of the magnetic field. (e) Solar wind speed. (f) Proton density. (g) Proton temperature.
(h) Plasma f. (i) Suprathermal ion fluxes. (j) Geomagnetic indices (Dst and Kp). The expected temperature in (g) is
calculated according to Richardson and Cane (1995). Vertical lines and shaded regions indicate the various structures
identified in the data, where “S” is used for interplanetary shocks, “E” for ICME ejecta, “H” for CME-HSS interaction
regions, and “I” for CME-CME interaction regions. The blue dash-dotted line marks the launch time of the Starlink satellites.

mechanisms: energetic particle precipitation and Joule heating. Under quiet-time circumstances, these two
processes tend to be of similar magnitude, but during geomagnetic storms, Joule heating dominates (for detailed
understanding, refer to Chappell et al., 2016). The process of atmospheric Joule heating entails the conversion of
kinetic energy into thermal energy through collisions between moving charged particles and relatively stationary
neutral gas molecules. The cumulative impact of this frictional heating across all particle types, along with the
subsequent transfer of heat from warmer to cooler areas, contributes to the overall heating in the thermosphere
(see Richmond, 2021; Vasyliinas & Song, 2005, and references therein). Owing to a higher concentration of
neutral species in the thermosphere relative to charged particles, a majority of the Joule heating energy ultimately
raises the temperature of the atmosphere, leading to an expansion of the gas density scale height. We note that
there are other processes in the ionosphere which may also contribute to storm time response, such as increased
ionization, changes in charged particle density in different ionospheric layers in different latitudes due to top-
down response to a storm impact, the “Dusk Effect,” etc (for a detailed understanding see Buonsanto (1999)
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Figure 6. The impact of CMEI on Earth's space environment on 3 February

and references therein). In this study we primarily focus on the impact of
geomagnetic storm induced Joule heating, consequent neutral density
changes in the upper atmosphere and its impact on satellite drag.

To establish this causal link between the identified solar magnetic storms and
their impact, we utilize data-driven simulations employing the CESSI Storm
Interaction (hereafter STORMI) module (Roy & Nandy, 2023). This module
has evolved from the CESSI Star Planet Interaction Module (SPIM; Bharati
Das et al., 2019), which employs a 3D compressible resistive MHD frame-
work provided by PLUTO (Mignone et al., 2007) to solve the geospace
physics under forcing of solar wind and ICMEs. Within the STORMI module,
we simulate the interactions between the three-dimensional magnetic flux

density (nA/sq m)

rope structures of the observed solar storms, based on in-situ measurements at
the Lagrange point L1 (refer to Figure 6), and Earth's magnetosphere. This
simulation brings out the physical processes that occur during the interaction

2022 at 02:25 UT as modeled by the STORMI module. The perturbed of solar transients with the Earth's magnetosphere.

geomagnetic field lines are depicted in multi-colored lines while the
background color depicts the enhanced current density due to the impact of

the storm.

The Birkeland currents, also referred to as the field-aligned currents, are al-
ways present in the auroral regions. They propagate along the magnetic field
lines and play a vital role in connecting the magnetosphere to the ionosphere
(Potemra, 1994). Most importantly, their strength varies significantly in
response to changes in geomagnetic activity, as noted by Anderson
et al. (1993). Within the ionosphere, horizontal Pedersen currents link these field-aligned currents, forming a
closed loop for the flow of electric charge. Since it's the Pedersen currents that are known to mainly lead to the
Joule heating of the upper atmosphere, studies have often used Birkeland field-aligned currents as a proxy es-
timate of the Pedersen current to measure the Joule heating (Anderson et al., 1998).

We adopt a similar approach by utilizing the induced current density data acquired from the STORMI module
surrounding Earth to make a qualitative assessment of Joule heating. We compute both the total induced current,
denoted as J, and the field-aligned current, designated as J, which aligns parallel to the local magnetic field
vector at each grid point. Our calculation involves determining the average value of the squares of these induced
currents, denoted as (/%) and (Jﬁ), over the volume of a geocentric sphere with a radius of 8 Ry within the
magnetosphere, where Ry is the radius of Earth. These estimations, though qualitative in nature, offer a good
approximation of the overarching manifestation of Joule heating within our modeled magnetospheric
environment.

We observe a remarkable surge of nearly 329% in (Jﬁ) and an even more substantial increase of around 628% in
(J*) from the respective global average values across the simulated magnetospheric region in response to the
geomagnetic storm triggered by CME1 on 3 February 2022. Subsequently, there is another significant increase of
around 290% in (J?) and a notable 190% increase in (Jﬁ) due to the combined impact of CME2 and CME3 on 4

February. These findings are illustrated in the top row of Figure 7.

As an independent verification measure, we utilize the Space Weather Modeling Framework's Block Adaptive
Tree Solar wind Roe-type Upwind Scheme code (SWMF/BAT-S-RUS; Gombosi et al., 2021; Téth et al., 2012,
2005) through the NASA Community Coordinated Modeling Center (CCMC). This allows us to calculate the

average of both the square of total induced currents ((J?)) and field-aligned currents ((Jﬁ)) within the same

magnetospheric volume, serving as a validation of the reliability of our findings obtained from the STORMI
module.

As we compare the global temporal profiles of current densities from SWMF with those derived from STORMI, a
notable and robust correlation emerges, as illustrated in panels (a) and (b) of Figure 8, with a Pearson's coefficient
of 0.82 for both comparisons. Furthermore, the ionospheric Joule heating data obtained from SWMF closely
aligns the profile of (J ﬁ) derived from STORMI, demonstrating a particularly strong resemblance with a Pearson's
coefficient of 0.90, as depicted in panel (c) of Figure 8. This alignment reinforces our hypothesis that utilizing the
induced currents from our simulation as a proxy for Joule heating is a valid and well-founded approximation.
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Figure 7. (a) Averaged J* and Jﬁ variation for a geocentric sphere of radius 8 R,. (b) The thermospheric neutral mass density variation at the altitude of the Swarm C

satellite, derived from accelerometer data and made available at https:/swarm-diss.eo.esa.int/. (c) Estimated orbital decay rate for Swarm C due to the geomagnetic
storm (maroon) with the quiet, non-storm time, decay rate (blue). (d) The Swarm C orbital decay (blue) induced by the geomagnetic storm is marked on the right vertical
axis and the total orbital decay (red) values including the background contribution is marked on the left vertical axis. (e) The thermospheric neutral mass density
variation at the altitude of the Starlink satellites obtained from the JB2008 model. (f) Total modeled orbital decay of the Starlink satellites for likely minimum and
maximum ram areas (1.00 and 4.48 m?), with estimated quiet time decay shown for comparison. The colored backgrounds indicating different in-situ structures are
shifted forward in time with respect to the solar wind measurements in Figure 5 to account for the passage time of magnetic transients from the Lagrange L1 point to
Earth. The time of launch of the Starlink satellites is indicated by the green vertical dashed line.

Nevertheless, our study from the physics-driven simulations conducted by STORMI, bolstered by corroborating
simulations from SWMF, reveal that the region near Earth experienced physical perturbations directly linked to
the solar transients that occurred concurrently with the deployment of the Starlink satellites. We now complement
these modeling results of perturbations in the near-Earth space environment with independent observations and
empirical models of atmospheric drag enhancement and resultant satellite orbital decay concurrent with the
timing of the loss of the Starlink satellites.
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Figure 8. The panels illustrate the correlation between the outcomes derived from SWMF/BATSRUS and STORMIL. Panel (a) and (b) demonstrate the temporal profile
similarity of (/%) and (Jﬁ), respectively. In panel (c), the Ionospheric Joule heating from SWMF/BATSRUS and (Jﬁ) are plotted side by side, using parallel and color-
coded y-axis to visually highlight the qualitative resemblance.

5. Empirical Modeling of Orbital Decay of the Starlink Satellites

We use Precise Orbit Determination (POD) data from the ESA Swarm C satellite (Olsen et al., 2013), located at
approximately 434 km, and satellite orbit simulations to study the impact of the geomagnetic storms on satellite
altitude (as outlined by Chen et al., 2012). The uncertainty in the Swarm C drag acceleration is ~10~7 m/s in the
satellite's in-track direction (Siemes et al., 2016). Since this calculation is performed for comparison to the orbital
decay of the Starlink satellites, we did not attempt to compute the drag coefficient C, for the Swarm C satellite
and assumed it to be unity (which suffices for a comparative analysis). The thermospheric density in the orbit of
Swarm C steeply increased by 125% on 3 February and by 156% on 4 February relative to quiet days due to the
corresponding geomagnetic storms that occurred on these days (Figure 7). Our analysis of thermopsheric density
ehancements during the loss of the Starlink satellites is consistent with previous studies on the event which have
suggested significant atmospheric disturbance on 3 and 4 February 2022. In Table S1 (Supporting Informa-
tion S1) we provide a comprehensive list of thermospheric density enhancements during this epoch gleaned from
previous studies; while there are quantitative variations in individual estimates all studies qualitatively agree on
significant thermospheric density perturbations concurrent with the loss of the Starlink satellites. A maximum
increase in orbital decay rate of Swarm C by 32.5 times the quiet time decay rate is observed following the
geomagnetic storm of 3 February (Figure 7). The second storm that occurred on 4 February spiked up the decay
rates yet again by 40 times in comparison to quiet time values. The total orbital decay for the Swarm C satellite
(Figure 7) from the launch time of the Starlink satellites to 6 February 2022 was 23.08 m (for C, = 1; it will be
proportionately higher for higher Cp).

To relatively estimate the orbital decay of the Starlink satellites, we create 2-D synthetic orbits. The local
thermospheric density used in the calculations has been estimated using the Jacchia-Bowman (JB2008) model
(Bowman et al., 2008). It is well known that thermospheric empirical models can be subjected to significant errors
when computing atmospheric mass densities during geomagnetic storms (He et al., 2018). However, such errors
become significantly high during intense and extreme geomagnetic storms. For example, densities computed by
JB2008 can show errors of up to 35% during extreme geomagnetic storms (Bowman et al., 2008; Oliveira
et al., 2021; Oliveira & Zesta, 2019). A recently identified source of errors in density and orbital decay
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computations by empirical models is the enhancement of nitric oxide (NO) molecules, a cooling agent in the
upper atmosphere that radiates heat back to space (Knipp et al., 2017; Mlynczak et al., 2003). Such effects are
more pronounced during the recovery phase of extreme geomagnetic storms (Oliveira et al., 2021; Oliveira &
Zesta, 2019; Zesta & Oliveira, 2019), which did not occur in February 2022. On the other hand, as shown by
Bowman et al. (2008), density errors during moderate storms, such as the one analyzed in this study, are on
average 15%, which is significantly lower. Therefore, eventual errors introduced by JB2008 in our results have
low to moderate impacts in our conclusions, at least in comparison to extreme geomagnetic storms.

The orbital decay of Swarm C, using the synthetic ephemeris, from the time of launch of the Starlink satellites to 6
February was obtained to be 25.02 m. This is in good agreement with the observed values. We then extend these
calculations for the Starlink satellites in the same time frame, which were launched to an orbit of 210 km altitude
at an inclination of 53.22°, considering two cross-sectional areas: 1.00 and 4.48 m?, and C,, to be unity. The
satellite ram areas are representative of the expected range of cross-sectional areas based on the geometry and
assumed open book and shark fin configurations respectively of the Starlink satellites. Relative to quiet times, the
prevailing geomagnetic storms are estimated to result in a faster orbital decay of the Starlink satellites by 6 hr for a
ram surface area of 1.00 m> The corresponding decay time is 2 hr faster with respect to quiet time conditions
assuming a ram area of 4.48 m? (Figure 7).

Furthermore, for a ram surface area of 4.48 m? (1.00 m?) our calculations indicate that the Starlink satellites would
have decayed to a (near) “unrecoverable” altitude of 100.01 km (203.24 km) by 08:58 UT on 5 February. It is
noteworthy that SpaceX announced the Starlink satellites to have been “significantly impacted” by a geomagnetic
storm on 4 February itself (https://www.spacex.com/updates/). This suggests that the doomed satellites—on
multiple instances—might have assumed orientations that exposed a larger ram area to the storm-perturbed at-
mosphere immediately after orbital insertion, tipping them beyond the point of recovery.

Dang et al. (2022) have also reported thermospheric density observations from Swarm C satellite and simulated
orbital decay of the Starlink satellites for different cross-sectional areas. However, our study computes the orbital
decay of Swarm C satellite as well in addition to reporting the thermospheric density at the altitude of Swarm C
during the period of scrutiny. This analysis of Swarm C is used to validate our empirical model for satellite orbital
decay before applying it to the Starlink satellites.

5.1. Comparative Analysis of the Starlink and Swarm C Orbital Decay

We perform a comparative analysis of the impact of the enhanced thermospheric density at 210 and 434 km on
both the Starlink and Swarm C satellites. To achieve this, we hypothetically place the Swarm C satellite at the
Starlink altitude and correspondingly hypothetically place the Starlink satellite (with ram areas 1.00 and 4.48 m?)
at the Swarm C altitude via generation of a synthetic ephemeris (Figure 9). Our calculations demonstrate that the
Starlink satellites suffer an altitude decay that is about 3 times higher than Swarm C in both instances, suggesting
that the amount of orbital decay a satellite undergoes is influenced by the design of the spacecraft.

This enhanced decay could be attributed to the low ballistic coefficient (low mass-to-area ratio) of the Starlink
satellites relative to Swarm C, denoted by the term C'I'7—’A (de Lafontaine & Garg, 1982). The lower the ballistic

coefficient (lower the mass-to-area ratio), higher is the impact of drag on the motion of the body. The ballistic
coefficient of Swarm C (C, = 1), having a mass of about 468 kg and ram area of 0.7 m?, is approximately 3 times
higher than that of a Starlink satellite (C, = 1), which has a mass of 227 kg, even for the minimum cross-sectional
area of 1.00 m>. Additionally, our conclusions would still hold even if we considered C;, errors of up to ~20%
(Sutton, 2009). This indicates that Starlink satellites have attributes that may have subjected them to enhanced
atmospheric drag forces relative to the Swarm C satellite. This study shows that in addition to a low-altitude
insertion, the low ballistic coefficient of the Starlink satellites may have further compromised their ability to
recover from the impact of the Sun-induced geomagnetic storms.

6. Discussion and Conclusions

In this work, we have analyzed the solar sources of the moderate magnetic storms concurrent with the loss of the
Starlink satellites in February 2022. We have identified their physical properties and used these as inputs to drive
physics-based magnetohydrodynamic models to explore space weather induced perturbations in the near-Earth
space environment that were experienced by the Starlink satellites. Our modeling indicates that the satellites
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Figure 9. Panels (a) and (b) depict reconstructed orbits initialized at 210 km (Starlink insertion altitude) and 434 km (Swarm C altitude), respectively on 3 February 2022
at 18:13 UT. The left-most panels in (a) and (b) represent the global view of the orbits with the blue dot representing Earth's center. The vertical axis of the figure, y(m),
denotes the orbital altitude of the satellite. The horizontal axis, x(mm), is the distance of the satellite from the center of the orbit perpendicular to y. The second panels from
the left depict zoomed-in views of the orbital passes of the Swarm C satellite at a representative rectangular cross-section. The third and fourth panels from the left show
corresponding orbital passes of the Starlink satellites with assumed ram areas of 1 and 4.48 m?. The time corresponding to the first and last orbital passes, respectively,
are mentioned at the top and bottom of the second, third and fourth panels from the left. The drag coefficient for both the satellites in this analysis is taken to be unity.

were launched into a moderately perturbed space environment which persisted over many days. We note that we
have used two disparate approaches in this study, one based on data-driven magnetohydrodynamic simulations of
current density enhancements in the near-Earth space environment (with the STORMI module) and another based
on empirical estimates of thermospheric density enhancements (based on the JB2008 model). The fact that
physically modeled current density enhancements are found to be roughly concurrent with independent empirical
estimates of density enhancements, reinforces the conclusion that the LEO where the doomed Starlink satellites
were injected, were indeed subjected to solar induced perturbations. Independent investigations of atmospheric
drag enhancement and resultant orbital decay, relying on observations and empirical models, confirm that the
Starlink satellites faced enhanced drag at their orbit of insertion due to the perturbed space environment. We thus
establish causality between the solar sources of space weather perturbations and their impact at LEO.

We reach the surprising conclusion that even moderate space weather events can conspire together with low-
altitude orbital insertions and physical properties of satellites to bring about catastrophic losses. We note that
severe space weather can further compound such hazards by leading to loss of telemetry, orbital positional
knowledge and an uncontrolled re-orientation of satellites. The design and operation of spacecraft meant for LEO
insertion must therefore take cognizance of these cumulative effects for operational mission planning. This in-
cludes space weather awareness and availability of relatively high-thrust propulsion systems that can rapidly raise
satellite altitudes to a region of lower density and thus lower drag when they encounter geomagnetic storms.

We note that 11 of the 49 Starlink satellites that were launched on 3 February survived the low altitude insertion
during the perturbed space weather conditions. Anisotropic thermospheric density variations may have subjected
individual satellites to different drag forces based on their precise orbit of injection and location (Fang et al., 2022;
Lin et al., 2022). Some satellites may have been favourably oriented presenting a lower ram area and thus reduced
drag. We surmise that these two possibilities, in isolation or in tandem, could have resulted in the survival of the
11 satellites.
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Nonetheless, with humanity's ever-increasing dependence on LEO satellites for communication, navigation,
geospatial imaging, defense, and disaster management systems, our findings call for closer synergy and inter-
disciplinary knowledge exchange between space agencies, private satellite operators, satellite engineers, and
heliophysics domain experts including solar physicists, ionospheric physicists, and atmospheric physicists—in
order to fully appreciate and mitigate the impacts of our space environment on human technologies.

Data Availability Statement

SOHO LASCO coronagraph data used in this study can be accessed from the Virtual Solar Observatory (Hill
et al., 2009) by selecting SOHO/LASCO from the list of Source/Instrument for the duration of 29 January 2022,
00:00 UT to 1 Feb 2022, 23:59 UT. STEREO-A COR 2 and EUVI data were obtained from the STEREO Science
Center data archive (Kaiser et al., 2008). SDO AIA Level 1 data of 12s cadence, from 29 January 2022 to 1
February 2022, used for solar source identification have been obtained from the Joint Science Operations Center
(Hapgood et al., 1997). The solar wind in-situ data from 1 February to 6 February 2022 are provided by the Wind
(Koval & Szabo, 2021) and ACE spacecraft (Smith & Ness, 2022), and geomagnetic indices are provided by the
WDC Kyoto (Nose et al., 2015) and NOAA's NCEI via OMNI (King & Papitashvili, 2005), all accessible at
NASA's CDAWeb. We have used the SunPy (SunPy Community et al., 2020) package for analysis of data and the
JHelioviewer (Miiller et al., 2017) software for visualization of solar data. Level2daily POD data and Level2daily
local thermospheric density data was used for satellite drag calculations for Swarm C (Olsen et al., 2013). Refer to
Baruah et al. (2023) for the simulated current density from the STORMI and SWME/BATSRUS modules, as well
as the Joule heating estimated using the SWMEF/BATSRUS tools. Anyone utilizing the data should cite this work,
along with other relevant publications associated with the SWMF/BATSRUS models.
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