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Abstract Large constellations of small satellites will significantly increase the number of objects orbiting
the Earth. Satellites burn up at the end of service life during reentry, generating aluminum oxides as the main
byproduct. These are known catalysts for chlorine activation that depletes ozone in the stratosphere. We present
the first atomic‐scale molecular dynamics simulation study to resolve the oxidation process of the satellite's
aluminum structure during mesospheric reentry, and investigate the ozone depletion potential from aluminum
oxides. We find that the demise of a typical 250‐kg satellite can generate around 30 kg of aluminum oxide
nanoparticles, which may endure for decades in the atmosphere. Aluminum oxide compounds generated by the
entire population of satellites reentering the atmosphere in 2022 are estimated at around 17 metric tons. Reentry
scenarios involving mega‐constellations point to over 360 metric tons of aluminum oxide compounds per year,
which can lead to significant ozone depletion.

Plain Language Summary With ongoing plans for many constellations of small satellites, the
number of objects orbiting the Earth is expected to continue increasing in the foreseeable future. At the end of
service life, satellites are disposed into the atmosphere, burning up during the process and generating aluminum
oxides, which are known to accelerate ozone depletion. The environmental impacts from the reentry of satellites
are currently poorly understood. This paper investigates the oxidation process of the satellite's aluminum
content during atmospheric reentry utilizing atomic‐scale molecular dynamics simulations. We find that the
population of reentering satellites in 2022 caused a 29.5% increase of aluminum in the atmosphere above the
natural level, resulting in around 17 metric tons of aluminum oxides injected into the mesosphere. The
byproducts generated by the reentry of satellites in a future scenario where mega‐constellations come to fruition
can reach over 360 metric tons per year. As aluminum oxide nanoparticles may remain in the atmosphere for
decades, they can cause significant ozone depletion.

1. Introduction
The ongoing development of extensive in‐space infrastructures, such as satellite constellations, is expected to
triple the count of tracked objects in low‐Earth orbit (LEO) over the next century (ESA, 2023). The increasing
number of satellites and launch vehicles remaining in Earth's orbit leads to an ever‐growing need for post‐mission
disposal. International guidelines recommend that reentry occurs up to 25 years after mission termination
(IADC, 2021), while the Federal Communications Commission (FCC) currently enforces a 5‐year decom-
missioning obligation to limit orbital cluttering (FCC, 2022b). Concerns have been raised over the potential
environmental impacts caused by the large number of reentering objects from LEO (FCC, 2021; FCC, 2022a).

Spacecraft burn up during atmospheric reentry, loosing an average of 51%–95% of their mass in the process
(Anselmo & Pardini, 2005; Pardini & Anselmo, 2019). Aluminum is one of the most prevailing materials in
satellites and launch vehicles by mass. Aluminum reacts with oxygen upon reentry in the atmosphere, generating
aluminum oxides (Plane et al., 2021). Aluminum oxides have been recognized as a potential pollutant because
they can interfere with stratospheric ozone chemistry. The chlorine activation reaction is catalyzed on the surface
of aluminum oxide particles, with a reaction probability of 2% that boosts ozone depletion (Hanning‐Lee
et al., 1996; Molina et al., 1997).

In situ measurements showed evidence of a 1,000% increase in stratospheric aluminum levels from 1976 to 1984
(Zolensky et al., 1989), which was associated with the emission of hundreds of tons of such particles from solid
rocket motors (SRM) during atmospheric ascent (Brady et al., 1994). Few observation campaigns have been
carried out for vehicles reentering from LEO, and none covered the reentry of satellites. The cargo resupply
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vehicle ATV‐1 was studied during its mesospheric reentry using remote sensing through spectroscopy. Several
instruments resolved spectroscopy peaks at 395 nm, which corresponds to aluminum (Lips et al., 2010), and in the
460–520 nm range, corresponding to aluminum oxide (Winter, 2014), right before the main explosion and
breakup. A later study covering the reentry of the Cygnus OA6 spacecraft detected the presence of aluminum
oxide at the same wavelength band after ablation in the mesosphere (Löhle et al., 2017). On‐ground experimental
studies were carried out to develop reentry breakup models for components made out of aluminum alloys (Beck
et al., 2019; Bonvoisin et al., 2023). While these studies were able to replicate some byproducts of reentry and
identify them through spectroscopy, they were not able to quantify the amount and resolve the size of such
byproducts.

Potential environmental impacts were first assessed for SRM and focused on the direct injection of pollutants
during the phase of ascent. Ross, Ballenthin, et al. (1997) addressed the short‐term ozone depletion from chlorine
directly exhausted by SRM. In situ measurements showed that nominal levels were recovered in about one hour
after launch (Ross, Benbrook, et al., 1997), but the long‐term impacts driven by aluminum oxides created in SRM
exhaust plumes were not investigated. The contribution of aluminum from reentering satellites to ozone depletion
was deemed to be negligible based on spacecraft reentry data from the 1990s although it was also acknowledged
that larger deposition rates can have a significant impact in the ozone column density (Lohn et al., 1994). The
aluminum oxidation process was studied for the ablation of meteors (Hunten et al., 1980; Plane et al., 2021),
which have a much lower aluminum mass fraction and higher relative speed than anthropogenic objects reen-
tering from LEO. Recently, Murphy et al. (2023) deployed a similar method to that of Ross, Ballenthin,
et al. (1997) and found aluminum particles and other compounds of anthropogenic origin in stratospheric
aerosols. The authors concluded that the mass from spacecraft reentry compounds exceeded that of cosmic dust,
and that about 10% of large stratospheric sulfuric acid particles contain aluminum or other elements from
spacecraft reentry.

One notes that the number of tracked human‐made objects in the mid 1990s was estimated to be 7,000—around
20% of today's (ESA, 2023). In 2022, the total mass of reentering objects was estimated to be 332.5 metric tons
(ESA, 2023), a 21% increase from the previous year, with 93% of that mass originated from LEO. More than one
million radio‐frequency spectrum allocation requests were made for planned satellites over the last 5 years (Falle
et al., 2023). Forecasts point to future reentry rates of 800–3,200 metric tons per year for satellites, and up to 1,000
metric tons per year for launch vehicles (Organski et al., 2020). The engineering approach of design‐for‐demise
(Kärräng et al., 2019; Waswa & Hoffman, 2012) and the deployment of active debris removal solutions may
further exacerbate the aforementioned trend. As for natural sources, meteoroids enter the atmosphere at an
average rate of over 11,750 metric tons per year (Drolshagen et al., 2017).

In view of the aforementioned forecasts, several modeling studies have been carried out to estimate environmental
impacts of spacecraft demise in the atmosphere. Bekki et al. (2021) carried out computational fluid dynamics
modeling for non‐equilibrium chemically reacting flows (Scott et al., 2004) and concluded that nitrogen oxides
and chlorine are expected to be created upon reentry and long‐term ozone depletion is expected to be located over
Antarctica at high altitudes. Bianchi et al. (2021) used the Gibbs energy minimization procedure (Park
et al., 2021) to estimate the non‐equilibrium generation of aluminum and titanium oxides. Both studies started
from an average satellite composition and reentry scenarios to infer the mass fraction lost as a function of altitude.
However, the size of particles emitted to the atmosphere was not resolved and the byproducts were not clearly
quantified, preventing a clear understanding of the long‐term impacts driven by aluminum oxides generated from
reentering satellites. It is theorized that the planned increase in LEO satellites can contaminate up to half of
stratospheric sulfuric acid particles with metals from reentry (Murphy et al., 2023).

This paper studies the demise process of satellites through thermal ablation during atmospheric reentry and the
accumulation of aluminum oxides in the mesosphere. The focus is on potential environmental impacts such as
ozone depletion. We present, to our knowledge, the first atomic‐scale molecular dynamics (MD) simulation study
of the relevant aluminum oxidation process. This method resolves the reaction byproducts, quantifies the
aluminum oxide yield, and determines the size distribution of the resulting particles. The MD simulation results
are then extrapolated to estimate the long‐term accumulation of aluminum oxides in the atmosphere which can
potentially interfere with stratospheric ozone.
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2. Methodology
2.1. Approach

We consider a generic satellite reentering the mesosphere from LEO. The satellite structure is taken to be entirely
aluminum, and the relevant ambient gas is molecular oxygen (COESA, 1976; Plane et al., 2021). In this study, we
first carry out an atomic‐scale MD simulation—a first‐principle informed method for modeling physical and
chemical interactions between atomic particles (Rahman, 1964)—to simulate the bond breakage between
aluminum atoms (Al‐Al bonds) due to the impact of oxygen molecules (O‐O bonds) and the formation of
aluminum oxides (Al‐O bonds) during the ablation stage of reentry. The byproducts generated during the
oxidation process are defined as clusters of aluminum oxides (AlO cluster) and aluminum (Al clusters). We then
extrapolate the mass of byproducts for the entire population of satellites reentering from LEO from 2016 to 2022
(ESA, 2017; ESA, 2023) and estimate the clusters' gravitational settling time in the atmosphere. Finally, we
present an estimation of the long‐term accumulation of these byproducts in the mesosphere along with a com-
parison against natural levels.

MD simulations have been extensively used to model the oxidation process of metals, including aluminum (Li
et al., 2013; Vashishta et al., 2006). An MD model utilizes empirical force fields to describe the behavior of a
given set of atoms. This study applies the reactive force field (ReaxFF) to model chemical bond breakage and
formation (Van Duin et al., 2001), and the RXMD framework (Nomura et al., 2020) recently developed for high‐
performance parallelized MD simulations. The ReaxFFMDmodel was previously applied to study hypervelocity
impacts on aluminum (Zhang et al., 2008), silver and gold erosion by atomic oxygen in LEO (Morrissey
et al., 2019), and water formation by meteoroid impacts on the Moon (Huang et al., 2021). The force fields used in
this ReaxFF MD model were generated for an aluminum‐oxygen system (Hong & van Duin, 2015):

Esys ( {r⃗ij},{r⃗ijk},{qi}) = Ebond + Eover + Eunder + Elp + Eval + Etors + EWaals + ECoul (1)

where the total energy within the system (Esys) is a function of the interatomic distance for a pair of atoms (rij),
triplets (rijk), and the atomic charge (qi). The valence interactions comprise the bond energy (Ebond), over‐
coordination (Eover), under‐coordination (Eunder), lone‐pair (Elp), valence angle (Eval), and torsion angle (Etors)
energy terms. The non‐covalent interactions include the Van der Waals (EWaals) and the Coulomb (ECoul) energy
terms. The explicit definition of each energy term can be found in Van Duin et al. (2001).

The MD simulation runs until the number of Al‐O bonds stabilizes, and the output is used to determine the size of
byproducts generated during reentry from LEO. To calculate the gravitational settling time of such clusters of
particles in the atmosphere, an atmospheric model is deployed based on the U.S. Standard Atmosphere model
(COESA, 1976). Here, the viscous force (Fv) is modeled according to Stokes' Law as a function of the atmo-
spheric kinematic viscosity (μ), the cluster's aerodynamic diameter (da) and velocity (v), and the Cunningham
correction factor (Cc):

F⃗v = −
3πμda
Cc

v⃗ (2)

where

Cc = 1 + Kn (1.100 + 0.570e− 1.144/Kn) (3)

is an empirical factor applied to Stokes' law which accounts for the effects of non‐continuum flow impacting
small particles (Cunningham, 1910). This allows resolving viscous forces until the mesopause (Davies, 1945;
Knudsen &Weber, 1911). The Knudsen number (Kn= 2λ/da) compares the altitude‐dependent mean free path (λ)
and the aerodynamic diameter.

Assuming steady state conditions and no further mass loss after the thermal ablation stage emulated in the MD
simulations, the gravitational force (Fg) on the cluster is defined in Equation 4. We take the aerodynamic diameter
da to be the characteristic length of a unit density sphere (ρ0= 1,000 kg/m3) that has the same shape and mass (mc)
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as the cluster. This provides the diameter of a water sphere with the same settling velocity as the cluster (Thomas
& Charvet, 2017).

F⃗g = mcg⃗ =
π
6
ρ0d3ag⃗ (4)

We then resolve the one‐dimensional dynamics of the clusters by iteratively solving Equation 5. This provides the
cluster velocity, which can then be used to retrieve the geometric altitude as a function of time. The initial altitude
is the same as that of the reentry event, and we assume null initial velocity for byproducts of thermal ablation.

F⃗g + F⃗v = mc
dv⃗
dt

(5)

2.2. Simulation Setup

We consider a typical small satellite, representative of a mega‐constellation node, with a total mass of 250 kg and
volume of 3.2 × 1.6 × 0.2 m3. The typical range of structural mass fraction for satellites is 15%–40% (Schulz &
Glassmeier, 2021; Wertz et al., 2011), with most structural elements made of aluminum alloys (SpaceX, 2020).
We assume 30% of the total mass of the satellite to be made of aluminum (Bonvoisin et al., 2023). Past studies
have shown that thermal ablation is the dominant method for energy transfer during atmospheric reentry for large
bodies such as satellites. This is in contrast to sputtering (or vaporization) that prevails for low‐mass and high‐
speed entering bodies such as micrometeoroids which demise before the temperature reaches 2,200 K (Ceplecha
et al., 1998). Therefore, it is considered that sputtering plays a negligible role in the mass loss process for satellites
(Guttormsen et al., 2020).

As the satellite reenters from LEO in a high‐temperature process dominated by thermal ablation at 2,200 K, we
consider a worst‐case scenario: 90 s at constant attitude coinciding with the largest wetted area. The altitude is set
at 86 km where the molecular oxygen number density is 3.0 × 1019 m− 3 (COESA, 1976). Such a scenario is
supported by previous observations of the ATV‐1 reentry for duration, altitude, and maximum temperature (Lips
et al., 2010, p. 3).

The MD simulation initial configuration is depicted in Figure 1a. MD simulations are carried out in a domain with
periodic boundary conditions, comprising 960 to 1,360 aluminum atoms and 100 to 300 oxygen atoms. The
aluminum crystal is structured in a face‐centered cubic ( fcc) lattice with the (111) surface exposed to the
incoming oxygen molecules as it is the closest‐packed, most stable configuration in an fcc crystal (Eberhart &
Horner, 2010). The lattice constant for the aluminum structure is 0.404 nm (Jette & Foote, 1935).

In the simulation, the aluminum and oxygen samples are first heated from 100 K (Figure 1a) to 2,200 K. Then,
molecular oxygen impinges onto the aluminum surface along the normal direction at 2 km/s. This endures for up
to 144,000 time steps with a variable time step ranging from 0.01 to 0.25 fs in duration (Ferreira et al., 2023a).
Such duration must be at least one order of magnitude lower than the highest vibrational frequency of each bond
(Hong & van Duin, 2015)—criterion met in our case for the most restrictive condition of the molecular oxygen
double bond (Huber & Herzberg, 2013). The averaged atomic position of the last time steps (Figure 1b) is used to
group atoms into clusters made of solely aluminum (Al) or aluminum oxides (AlO). The massmc of each cluster is
then defined by accounting for the atomic mass of each species, then used to compute the aerodynamic diameter
da as depicted in Equation 4.

The simulation cases are summarized in Table 1a. Cases I to IV are validation cases, and are performed for a
cross‐sectional area of 2.2 × 1.9 nm2. Case V is the extrapolation case, covering an area of 4.9 × 2.5 nm2. The
domain size in the normal direction is of 88 nm.

To scale up the MD simulation results, two similarity parameters are defined to ensure comparability between
macro‐ and atomic‐scale scenarios. The molar ratio is defined as the ratio between oxygen and aluminum, which
is constant in both macro‐scale (RmO/Al) and atomic‐scale (RaO/Al) scenarios. As for the scaling factor, it is defined
as the ratio between reactants of the same species in both scenarios for aluminum (SAlF ) and oxygen (S

O
F ) , which is

invariant for both species. The amount of macro‐scale reactants can be computed by equating the aluminum mass
fraction, and by accounting for the reentry duration, velocity, altitude, and wetted area for oxygen. Atomic‐scale
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values are derived from the MD simulation and presented in Table 1a as NO and NAl. Therefore, the macro‐scale
molar ratio RmO/Al is 0.130, and the scaling factor is approximately 1024 for both species (Ferreira et al., 2023b).

3. Results and Discussions
3.1. Validation

The consistency of the methodology is first validated for different molar ratios, where the initial number of
oxygen atoms (NO) and aluminum atoms (NAl) varies in Cases I through IV (Table 1a). The impingement of
molecular oxygen onto the aluminum structure causes the dissociation of the former and the formation of Al‐O
bonds (NAl− O), equivalent to the snapshot of Figure 1b. Metrics for comparison are defined by the ratio of O‐O
bonds broken and Al‐O bonds formed (RO− O/Al− O), and results are shown in Figure 2a depicting the bond count as
a function of time. Similar slope values during the impingement period denote equivalent chemical reaction rates,

Figure 1. Snapshots from the simulation process of Case V at (a) t = 0 ps, and (b) t = 28.7 ps. The sample aluminum structure (gray atoms) is impinged by oxygen
molecules (red atoms), with visualization sourced by OVITO (Stukowski, 2009). The atomic structure is depicted at the start of the heating process, at 100 K (a). The
molecular structure is altered once the oxygen molecules impact into the aluminum slab with velocity v, at 2,200 K. By the end of the simulation, AlO clusters (red and
gray atoms) and Al clusters (gray atoms) can be observed (b). The corresponding particle size distribution is exhibited in the histogram (c) for the aerodynamic diameter
of AlO and Al clusters (red and black bars).
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and the asymptote achieved toward the end of the simulation proves that
steady state had been reached. Similar RO− O/Al− O values showcased in
Table 1a support the scalability of the methodology.

Results also show that aluminum oxides formed during atmospheric reentry
are on the verge of liquid state. An applicable validation tool lies on
computing the pair distribution function (PDF) to map interatomic distances
for Al‐O and Al‐Al bonds. As such, the molecular structure of the clusters
(Figure 2b) is validated against literature where the PDF at 2,400 K for Al‐O
bonds peaks at 0.178 nm, and at 0.280 nm for Al‐Al bonds (Skinner
et al., 2013). This strongly agrees with results obtained for Cases I through IV
at 2,200 K with a cutoff radius of 1 nm and 200 data bins as showcased in
Figure 2b: the average position of each atom over the last 24,000 time steps is
used to compute a partial PDF that peaks at 0.183 and 0.288 nm for Al‐O and
Al‐Al bonds respectively.

3.2. Atomic‐Scale Simulation

Having validated the compatibility of our MD simulations with experimental
results for molten aluminum oxide, we now focus on Case V where the

atomic‐scale molar ratio RaO/Al approximates that of macro scale. We also observed similar reaction rates in Cases
I through IV where the thickness of the aluminum core varied. Case V presents a higher thickness while
approaching the width‐to‐length ratio of the satellite.

The number of Al‐O bonds shown in Figure 2a is defined as the summation of individual bonds between
aluminum and oxygen atoms, meaning that the number of O‐Al bonds would be reciprocal. However, to resolve
byproducts from the oxidation reaction, one needs to account for the central atom of each pair and quantify the
number of bonds established. Here, the number of Al‐O bonds is broken down into bond pairs of Al‐Oa and O‐Alb,
where a,b∈N. This allows quantifying the aluminum atoms partaking in AlO and Al clusters, that is, the
byproducts observed in Figure 1b.

At steady state, the position of each atom is retrieved and clusters of AlO and Al are defined, resulting in 31
conglomerates ranging from a massive AlO cluster of 831 atoms to a single, monoatomic Al cluster. The detailed
bond count analysis of Case V is summarized in Table 1b. All non‐zero a and b indices present the atomic count
for central atoms partaking in AlO clusters, whereas the remaining zero index accounts for the atoms not involved
in the oxidation reaction. This allows concluding that 436 aluminum atoms and 176 oxygen atoms constitute
different AlO clusters, whereas Al clusters are comprised of 924 aluminum atoms. It is worth noting that all
oxygen is consumed in the oxidation reaction as suggested by the decreasing number of O‐O bonds in Figure 2a
and confirmed by the null O‐Alb bond count for b = 0. Moreover, the surplus of aluminum atoms leads to the
creation of several Al clusters, confirming that this reaction occurs in an oxygen‐deficient environment as pre-
viously suggested by the low molar ratio.

The mass mc of each cluster is then computed by accounting for the atomic count and mass of each chemical
species depicted in Table 1b. This allows retrieving the aerodynamic diameter da as per Equation 4 for both
clusters, presented in the histogram of Figure 1c. Aluminum clusters are smaller in size due to the direct high‐
energy impingement of oxygen molecules into the aluminum surface, while AlO clusters grow larger as they
derive from the oxidation reaction. Note that the dash‐contoured AlO cluster found at the upper end of the
aerodynamic diameter range in Figure 1c is mostly made out of aluminum, although containing few oxygen atoms
enclosed. It is the result of the aforementioned oxygen‐deficient reaction, being the remnant of the thermal
ablation process. This large cluster can be spotted in the upper portion of Figure 1b.

Based on the cluster size distribution, an estimation of the gravitational settling time for such particles is carried
out by resorting to the balance of gravitational and viscous forces as per Equation 5. The aerodynamic diameter is
used as the characteristic length for viscous force calculations. The variable of interest is the residence time in the
atmosphere before triggering putative ozone‐depleting reactions. Data show that 90% of Earth's ozone is located
in the stratosphere, with concentrations peaking between 20 and 30 km of altitude in spite of seasonal and
geographical variations (Weidmann, 2021). During the Montreal Protocol era, most of the ozone depletion due to

Table 1
Atomic and Bond Count for Different Simulation Cases, With Steady‐State
Values Averaged for the Last 24,000 Time Steps of the Simulation

(a) Overall picture of initial and steady‐state bond counts.

Case NO NAl RaO/Al NAl− O RO− O/Al− O

I 100 1,024 0.0977 375 0.133

II 134 1,024 0.131 506 0.132

III 200 1,024 0.195 775 0.129

IV 300 960 0.313 1,185 0.127

V 176 1,360 0.129 654 0.135

(b) Detailed Al‐O and O‐Al bond count for steady state in Case V.

Bond pair Index 0 Index 1 Index 2 Index 3 Index 4 Index 5

Al‐Oa 924 250 157 26 3 0

O‐Alb 0 0 4 40 131 1
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FERREIRA ET AL. 6 of 11

 19448007, 2024, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024G

L
109280, W

iley O
nline L

ibrary on [16/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



anthropogenic chlorine took place at 15 and 40 km, at an average rate of − 7.3% per decade (Randel et al., 1999).
Therefore, given that aluminum oxides catalyze chlorine activation, the cluster settling time is defined as the
shortest period between the byproduct generation in the mesosphere and the closest altitude of concern, at 40 km.

The differential equation is iteratively solved for a null initial velocity at a geometric altitude of 86 km. The
settling time is computed for clusters such as the ones presented in Figure 1c, with aerodynamic diameter ranging
within 0.4–4.2 nm. At macro scale, the expected value for the aerodynamic diameter is estimated to be 4.1 nm
(Ferreira et al., 2023b), taking up to 30 years to reach the altitude of 40 km.

We emphasize that all clusters presented are classified as nanoparticles. At this length scale, particles are known
to be dominated by nucleation processes and tend to condense with one another to grow into larger clusters.
Although coagulation is a widely studied tropospheric process wherein nanoparticles have a relatively short
existence and rapidly grow into larger clusters, its effects in the mesosphere are poorly understood. Additionally,
the dynamics of nanoparticles within the homosphere is highly influenced by diffusion through turbulent mixing
and Brownian motion. Previous studies suggested that turbulence‐induced diffusion is efficient for clusters in the
90–95 km altitude range (Hunten et al., 1980) but negligible below 80 km. Although our results match those from

Figure 2. Results for Cases I through IV. (a) Time history for the O‐O bond breakage and Al‐O bond formation. (b) Partial
pair distribution function for aluminum oxides at 2,200 K resulting from the reentry scenario.
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Lohn et al. (1994) for stratospheric settling of reentry byproducts, further three‐dimensional atmospheric
modeling is recommended to resolve both vertical and quasi‐horizontal dynamics.

3.3. Full‐Scale and Long‐Term Extrapolation

We next extrapolate the results of the atomic‐scale simulations to the macroscopic scenario using the similarity
parameters for a small satellite. As the molar ratio between reactants in atomic‐ and macro‐scale scenarios ensures
interchangeability, one may infer the macro‐scale byproduct's mass by equating the scaling factor in the mass of
AlO and Al clusters retrieved from MD simulations. Such is achieved by accounting for the atomic count of
aluminum and oxygen atoms in AlO clusters, and aluminum atoms in Al clusters available in Table 1b.

It is then possible to infer that a single reentry event of a 250‐kg satellite with a 30% aluminum mass fraction
yields approximately 29.8 kg worth of AlO particles and 51.0 kg of Al after thermal ablation, in the higher
mesosphere. Solely 24.0 kg of the initial aluminum mass is oxidized into AlO particles, leading to a 68% mass
fraction of non‐oxidized aluminum. This can be interpreted as the remnant of the satellite structure that does not
get oxidized during the thermal ablation stage of reentry, which is consistent with the aluminum‐rich AlO cluster
of Figure 1c acknowledged in the previous section as a consequence of the oxygen‐deficient oxidation reaction.
Conversely, the remaining clusters in that same histogram are interpreted as the byproducts of thermal ablation
during atmospheric reentry. One should note that surface oxidation will occur as aluminum‐rich conglomerates
settle in the atmosphere.

To extrapolate the one‐satellite results to the entire population of reentering satellites, data from the yearly ESA's
Annual Space Environment Report are used since its first issue (ESA, 2017; ESA, 2023). As LEO spacecraft
make up for the majority of reentering objects and the atomic‐scale simulation was carried out for conditions of
LEO reentry, we only utilize reentry data related to LEO spacecraft for this extrapolation. Note that each yearly
report summarizes the reentry activity from the previous year, ranging from 2016 to 2022, and that reentered
satellite‐related data cover the categories defined in the reports as Payload, Payload Fragmentation Debris,
Payload Debris, and Payload Mission Related Object. Moreover, a future mega‐constellations scenario is also
included to provide an estimation of forthcoming reentries accounting for mega‐constellations (Organski
et al., 2020).

In this long‐term assessment, we first analyze the mass fraction of aluminum at the top of the atmosphere (TOA)
—that is, before thermal ablation—and compare anthropogenic against natural sources. For satellite‐related
objects, a 30% mass fraction of aluminum is used, in line with the atomic‐scale simulation assumptions. The
contribution of natural sources to the overall TOA aluminum can be assessed by analyzing the micrometeoroid
flux density. Both are compared through the excess ratio, defined as the ratio of aluminum mass of anthropogenic
to natural sources.

Studies have shown that the meteoroid flux averages at 32.2 metric tons/day considering the largest object sta-
tistically expected to hit the Earth every day has a diameter of 0.5 m (Drolshagen et al., 2017). However, objects of
such size in a hypervelocity entry (Hunt et al., 2004) and excitation temperatures around 4,400 K (Jennisk-
ens, 2004) are expected to fully demise (Guttormsen et al., 2020). Further, a comprehensive analysis of historic
meteorite surveys as to chemical composition points to a mean aluminum mass fraction of 1.2% (Schulz &
Glassmeier, 2021). The TOA aluminum injection from micrometeoroids is 141.1 metric tons/year, and it is taken
to be time‐invariant. As for anthropogenic contributions, satellite‐related objects reentering from LEO totaled
121.8 metric tons in 2016 (ESA, 2017) and 308.9 metric tons in 2022 (ESA, 2023). Concerning the future mega‐
constellations scenario, the worst‐case estimation of Organski et al. (2020) is taken, with up to 3,200 metric tons
of satellites reentering each year.

We then estimate an increase in TOA aluminum compounds (and excess ratio) originated from satellites, from
5.36 metric tons in 2016 (3.8% in excess of natural sources) to 41.7 metric tons in 2022 (excess of 29.5%). The
future mega‐constellations scenario of increased reentry rates would lead to 912.0 metric tons per year of TOA
aluminum from satellites only (excess of 646%).

The long‐term assessment next focuses on reentry byproducts. Note, however, that such analysis is solely per-
formed for anthropogenic objects. Natural sources of aluminum such as micrometeoroids are originated from
unbounded orbits and present high relative entry speeds. Therefore, no assumption can bemade as to the fraction of
aluminum from micrometeoroids that gets oxidized based in this MD simulation. Furthermore, and as previously
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highlighted, up to 95%of the satellite'smass burns up upon reentry. For large satellite constellations, it was reported
by major operators that their satellites' reduced mass and reentry trajectory will lead to a full burn‐up during at-
mospheric reentry (OneWeb, 2016; SpaceX, 2020). As such, a survivability of 5% is assumed across the entire
population of reentering satellites. This is then used to equate the mass fraction of aluminum that gets oxidized.

Based on the TOA influx of aluminum and the one‐satellite aluminum oxide yield discussed above, we estimate
an eight‐fold increase in aluminum oxide compounds originated from satellites took place in the last couple of
years, from 2.13 metric tons in 2016 to 16.6 metric tons in 2022. The future mega‐constellations scenario of
increased reentry rates would yield 362.7 metric tons per year of aluminum oxide compounds.

4. Summary and Conclusions
This paper presents the first atomic‐scale MD simulation of the aluminum oxidation process for a small satellite
during atmospheric reentry. The scenario appreciated is for a satellite originated in LEO and undergoing thermal
ablation at the top of the mesosphere. Results are utilized to estimate the accumulation of reentry byproducts in the
mesosphere, and the settling time of such byproducts until they reach the ozone layer. The atomic‐scale simu-
lation results are extrapolated using similarity parameters that support scalability.

MD simulation results show that the byproducts generated tend to rearrange into aluminum oxide clusters and
aluminum clusters as the reaction takes place in an oxygen‐deficient environment. As a result, aluminum oxide
clusters are created after the impingement of oxygen into the original aluminum structure while large clusters of
unoxidized aluminum may remain. Furthermore, we find that these reentry byproducts may take up to 30 years
to settle from the top of the mesosphere into the stratospheric ozone layer. Upon reaching an altitude of about
40 km, aluminum oxides catalyze chlorine activation which promotes ozone depletion. This suggests that
concentrations of aluminum oxide compounds may start increasing in the mesosphere well before reaching the
stratospheric ozone layer. This would introduce a noticeable delay between the beginning of the injection
process when orbiting bodies are decommissioned and the eventual ozone‐depletion consequences in the
stratosphere.

For a 250‐kg satellite with a 30% aluminum mass fraction at reentry, we find that approximately 32% of the
aluminum content gets oxidized, generating 29.8 kg of aluminum oxide clusters. Extrapolating this to the entire
population of satellites reentering from LEO in 2022, we estimate that 41.7 metric tons of aluminum reentered the
atmosphere, exceeding the natural level from micrometeoroids by 29.5%. Assuming the oxidized material scales
linearly with reentered mass, we find that 16.6 metric tons of aluminum oxide compounds are generated from the
aluminum influx of spacecraft debris to the mesosphere in 2022. Looking into the future by applying reentry
forecasts considering the deployment of mega‐constellations, the aluminum excess ratio at the top of the
mesosphere can reach an yearly excess of more than 640% above natural levels, or over 360 metric tons of
aluminum oxide clusters per year from satellites.

Due to their small size, the byproducts of spacecraft reentry can endure in the atmosphere and remain unnoticed
until ozone concentration levels start decreasing. As reentry rates increase, it is crucial to further explore the
concerns highlighted in this study. This paper only considered aluminum oxidation due to thermal ablation. The
satellite angle of attack during reentry is taken to be constant, thus assuming a controlled reentry profile. Further, the
atmospheric model does not account for diffusive or nucleation processes between byproducts. In the simulation,
themolecular oxygen number density is taken to be constant due to the short duration of reentry and atomic oxygen
is neglected. The MD model does not take into account all chemical species in aluminum alloys and in the air
mixture due to the lack of interatomic potentials between such species. These will be addressed in future studies.

Data Availability Statement
The data on which this article is based are available in Ferreira et al. (2024).
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