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ABSTRACT

Between 2010 and 2024, the risk posed by uncontrolled orbital re-entries of spacecraft, upper stages, and large
debris to people on the ground and commercial aviation was assessed using realistic models for the number and
casualty area of surviving fragments, as well as for the latitudinal distribution of population and air traffic. Each
re-entered object was analyzed individually, taking into account its dry mass and actual orbital inclination.
Furthermore, the effects of complete atmospheric demise were evaluated for objects with a re-entry dry mass of
less than 300 kg. The nominal estimates obtained with the various approaches are expected to be affected by
uncertainties of a factor of 2 or 3. Throughout the decade from 2010 to 2019, the risk levels remained relatively
stable. However, from 2020 onward, there was a significant increase in risk, primarily due to the intensification
of space activities. In 2024, the estimated collective casualty probability for people on the ground ranged be-
tween the nominal values of 5 % and 10 %, depending on the assumptions and models adopted. In the same year,
the likelihood of a commercial aircraft being struck by re-entry debris capable of causing catastrophic failure was
assessed to be between the nominal values of 3.7 x 107> and 1.5 x 10~*. This equates to an average of one
aircraft impact every 27,000-6700 years, respectively. For passengers aboard commercial aircraft, the nominal
collective casualty probability ranged from 0.44 % to 1.82 %. Although the overall re-entry risk remains rela-
tively low, a notable upward trend was observed between 2019 and 2024. Specifically, the number of uncon-
trolled re-entries increased by a factor of 7, the cumulative re-entered mass increased by a factor of 3, the ground
casualty probability rose by a factor of 3-4, and the casualty probability for commercial aircraft passengers
increased by a factor of 3-6. This marked escalation highlights the urgent need for timely and effective miti-
gation strategies to prevent risks from exceeding thresholds deemed unacceptable from both operational and
societal perspectives.

1. Introduction

aviation sector, the latter being subject to particularly stringent safety
standards and operational constraints. Furthermore, the selected time-
frame (2010-2024) is of relevance, as it covers the transition phase from
traditional space operations in the early space age to the emergence and

Although still very low in absolute terms, the risk associated with the
uncontrolled re-entry of artificial space objects is increasing rapidly,
both individually and collectively, due to the qualitative and quantita-
tive evolution of space activities [1-5]. The primary objective of this
study is to extend and refine the risk evolution estimates presented in
several previous publications by the authors. This was achieved through
a comprehensive analysis of uncontrolled re-entries of satellites, orbital
stages, and large debris that occurred over the 15-year period between
2010 and 2024. Specifically, building on the methodology and findings
outlined in Ref. [5], this study presents updated and enhanced estimates
of the risk evolution for both the global population and the commercial

rapid proliferation of nanosatellites and mega-constellations.

The objects considered included satellites and orbital stages classi-
fied as “medium” and “large”. According to the US Space Surveillance
Network [6], medium objects are defined as having an RCS between 0.1
m? and 1 m?, whereas large objects are characterized by RCS values
greater than 1 m2. As for debris, those classified as “large”, then with
RCS >1 mz, were taken into account. For each re-entered object, the
final orbit before decay, along with other re-entry information, was
obtained from the Space-Track website [6], while the returned mass was
acquired from the ESA's DISCOS database [7].
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Acronyms/abbreviations

CNR Consiglio Nazionale delle Ricerche

COPUOS Committee on the Peaceful Uses of Outer Space

DISCOS Database and Information System Characterising
Objects in Space

ESA European Space Agency

FAA Federal Aviation Administration

HTG Hypersonic Technology Gottingen

IAASS International Association for the Advancement of Space
Safety

IADC Inter-Agency Space Debris Coordination Committee

ISO International Organization for Standardization

ISTI Istituto di Scienza e Tecnologie dell’Informazione

JAXA Japan Aerospace Exploration Agency

LEO Low Earth Orbit

NASA National Aeronautics and Space Administration

RCS Radar Cross-Section

SCARAB Spacecraft Atmospheric Re-entry and Aerothermal
Breakup

UN United Nations

us United States

In addition to considering all re-entering objects regardless of their
mass, the analyses were also repeated for the subset of bodies with re-
entry masses greater than 300 kg. This threshold was chosen because
manufacturers of space objects below this mass generally claim that
their spacecraft fully demise during descent into the atmosphere, pre-
venting any fragments from reaching airspace and the ground. For
instance, by setting the threshold at 300 kg, all first-generation Starlink
satellites, with masses of 227 kg and 260 kg, were excluded, along with
many other small satellites, orbital stages, and debris.

For the risk assessment concerning people on the ground, both the
orbital inclination of the re-entering objects and the time-varying lat-
itudinal distribution of the global population were taken into account.
To estimate the expected number of casualties for each event, four in-
dependent relationships were employed, each relating the dry mass of
the re-entering object to the estimated casualty area of surviving frag-
ments on the ground. Concerning the likelihood of direct impact with
commercial aircraft, three distinct relationships from two independent
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sources were used to estimate the number of fragments per re-entry
event capable of inducing catastrophic failure to aircraft in flight.

2. Uncontrolled re-entries: number and mass

From the beginning of 2010 to the end of 2024, 2355 artificial space
objects - including satellites and orbital stages classified as “medium”
and “large”, and debris classified as “large” — re-entered the Earth's at-
mosphere without control (Fig. 1). Of these, 60 % were satellites, 32 %
were orbital stages, and 8 % were large debris. During the five years
from 2020 to 2024, the objects that re-entered uncontrolled were 1632,
of which 71 % were satellites, 22 % were orbital stages, and 7 % were
large debris.

The total mass returned without control from 2010 to 2024 was
around 2281 metric tons (Fig. 2), with annual and weekly averages of
about 152 and 3 metric tons, respectively. 55 % of this mass was
concentrated in orbital stages, 39 % in satellites, and 6 % in large debris.
During the five years from 2020 to 2024, the total re-turned mass was
about 1221 metric tons, with a contribution of 66 % from orbital stages,
27 % from satellites, and 7 % from large debris. The annual average was
244 metric tons, corresponding to more than 5 metric tons per week.

Table 1 reports the number of uncontrolled re-entries with masses
exceeding 1 metric ton, categorized by mass threshold, that occurred
over the 10-year period from 2010 to 2019. On average, there were
approximately 36 such re-entries per year, with around 3 events per year
involving objects with masses exceeding 5 metric tons. During the final
five years of the reporting period (2020-2024), the average rate of high-
mass uncontrolled re-entries increased significantly, as shown in
Table 2. This period saw an average of 60 re-entries per year for objects
above 1 metric ton and 6 for those exceeding 5 metric tons.

3. Hemispheric distribution

The geographic distribution of the uncontrolled re-entries that
occurred between 2010 and 2024 was derived from post-event estimates
provided by the US Space Force [6]. Only events characterized by a
re-entry window uncertainty of +1 min were considered. For satellites,
53 % of re-entries occurred in the northern hemisphere and 47 % in the
southern hemisphere. For orbital stages, 54 % of re-entries took place in
the northern hemisphere and 46 % in the southern hemisphere.

Fig. 1. Number of uncontrolled re-entries, from 2010 to 2024, of satellites, orbital stages, and large debris.
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Fig. 2. Mass associated with uncontrolled re-entries, from 2010 to 2024, of satellites, orbital stages, and large debris.

Table 1
Uncontrolled high mass re-entries in 2010-2019.
2010-2019
Object mass Number of re-entered Mean number of annual re-
[kgl objects entries
> 1000 361 36
> 2000 256 26
> 3000 69 7
> 4000 51 5
> 5000 27 3
> 10,000 0 0
Table 2
Uncontrolled high mass re-entries in 2020-2024.
2020-2024
Object mass Number of re-entered Mean number of annual re-
[kgl objects entries
> 1000 300 60
> 2000 223 45
> 3000 89 18
> 4000 81 16
> 5000 29 6
> 10,000 4 1

4. Re-entry risk on the ground

For an uncontrolled re-entry, the primary factors affecting the risk of
human casualties include the number and area of debris expected to
reach the surface of the Earth, the kinetic energy of each surviving
fragment, and the amount of the world's population potentially exposed
to risk. The latter depends on the orbital inclination of the re-entering
object and the year in which the re-entry occurs. In this paper, the
evolution of the risk was assessed based on the recommendations from
the US Range Commanders Council Standard 321-23 [8] and NASA
Technical Standard 8719.14C [9], as outlined in Refs. [5,10].

For each uncontrolled re-entry, the human casualty expectancy for
people on the ground (Ecg), defined as the expected number of human
casualties (fatalities or serious injuries) resulting from the re-entry
event, was estimated as follows:

(€8]

Ecr =Ac X Ec_unitArea

where A¢ is the total debris casualty area, and E¢_ynitareq i the expected
number of human casualties per unit of debris casualty area in the
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latitude band overflown by the re-entering object, which depends on the
orbital inclination. The cumulative expected number of human casu-
alties per year (E¢) was calculated by summing the individual casualty
expectancies (Ecg) associated with all re-entry events (Ng) occurred in
that year:

Nr
Ec=) Ec
1

The annual casualty probability P(k), defined as the probability that
k human casualties occur worldwide within a one-year period, where k
is the number of people injured or killed, was obtained from the annual
casualty expectancy (E¢) using the following Poisson distribution:

(2)

_Eck x e Ee
K

Then, the annual probability of having no casualties (k = 0) was
given by:

P(k) ®3)

P(0)=e @

while the annual probability of having one or more casualties was
obtained by:

Pk>1)=1—-¢* 5)
4.1. Total debris casualty area
The formula adopted in Ref. [9] to compute A¢ is:
Np 9
Ac= (VAr + VA ©

i=1

where N, is the number of surviving fragments with impacting kinetic
energy greater than 15 J (the threshold for any human injury found in
Ref. [10]), A, =0.36 m? is the average cross-sectional area of an exposed
person, taken as the linear average of three distinct projected areas
(standing, seated, prone) of an average human [9], and A; is the average
cross-sectional area of each fragment surviving re-entry.

To obtain realistic estimates of Ac, detailed information on the ob-
ject's design and materials is required, along with advanced software
tools capable of modeling its fragmentation during re-entry. However,
such information is often limited to a small subset of objects and is
frequently not publicly disclosed by object owners or data providers.
Furthermore, it should be emphasized that, even when using state-of-
the-art software, uncertainties in the estimation of the casualty area



C. Pardini and L. Anselmo

remain significant.

In the present study, A¢ had to be evaluated for a very large number
of re-entry events — on the order of thousands. Performing detailed
simulations for each object would therefore have been impractical, even
if complete design and material information were available and frag-
mentation could be modeled accurately. For this reason, alternative
estimation methods were necessary. A viable approach consisted of
using empirical relationships, obtained by interpolating A¢ values as a
function of dry mass for a limited set of objects, and applying these re-
lationships to estimate A¢ for the entire population.

It is essential to note that this approach is influenced by several
sources of uncertainty. Detailed analyses using sophisticated tools are
available for only a few dozen objects, and even these results are subject
to non-negligible errors. Moreover, even assuming perfect accuracy, the
results are intrinsically noisy, as they pertain to specific objects and
depend on multiple parameters, while being fitted solely as a function of
re-entering dry mass. As a result, two objects with identical mass may
yield substantially different casualty areas.

To further complicate the analysis, Ac represents only one of the
factors contributing to the estimation of the human casualty expectancy,
through Eq. (1) and following the process recommended by the stan-
dards [8,9]. The other factors involved and the underlying assumptions
are affected by even larger uncertainties, some of which increase and
others decrease the estimated risk. However, a complete and rigorous
formal uncertainty analysis of the entire casualty evaluation process was
not possible.

Consequently, the results presented in the following of this article
should be interpreted as the consistent application of the standard
methodology of NASA-STD-8719.14C [9], implemented using the best
and most complete information available to the authors.

Four empirical relationships for A¢c were applied in this study. The
first was derived by the authors in Ref. [1] and later also used in Refs.
[2-5]. Identified from now on as the ISTI formula, it can be expressed as:

Ac =0.05627M07563 @

where M is the dry mass of the re-entering object in kg and A¢ is given in
m?2. Five interpolating relationships were derived in Ref. [1], with Eq.
(7) providing the closest approximation to their mean, exhibiting a
relative standard deviation of 12 %. When Eq. (7) was applied to the
sample of objects in Ref. [1], the mean absolute percentage error in the
estimated casualty area was approximately 60 %.

The second relationship, identified from now on as the ESA1 for-
mula, was adopted by ESA in Ref. [11] and can be expressed as:

Ac=1458+14591In M (8)
where A¢ is given in m?, but M in metric tons. The third relationship as
well, referred to in the following as the ESA2 formula, was adopted by
ESA [12] and can be expressed as:

Ac=56xM/*—15 9
where Ac is measured in m? and M in kg. For both ESA formulas,
quantitative information on the goodness of their data fits was not
available.

The fourth relationship was derived from HTG based on the analysis
of thirty years of re-entry fragmentation modeling conducted using the
sophisticated spacecraft-oriented simulation software tool SCARAB
[13]. The relationship, referred to in the following as the SCARAB for-
mula, can be expressed as:

log,,(Ac ) =0.7527 log,, (M) — 1.2253 (10)
where, again, A¢ is measured in m? and M in kg. Herein, the standard
deviation of the residuals in logarithmic space was found to be 0.1958.
In practice, 68 % of the data fall within log;(Ac ) = 0.1958. When
expressed in linear space, this corresponds to multiplicative factors of
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10791958 ~ 0.64 and 10%1%°8 ~ 1.57 for the lower and upper bounds,
respectively. Consequently, the casualty area calculated using Eq. (10) is
typically uncertain by approximately —36 % to +57 %, independent of
the object mass.

The behavior of the four relationships as a function of the mass of the
re-entering object is shown in Fig. 3. A notable feature is the close
agreement between the ISTI and SCARAB formulas, despite their inde-
pendent development using quite different datasets. For the ISTI for-
mula, only one in four of the objects used for the fit had previously been
analyzed with SCARAB.

Another commonality between these two formulas is the absence of a
lower mass threshold, i.e., they do not impose a minimum mass below
which A¢ = 0. In contrast, both ESA-derived relationships include such
a limit: approximately 370 kg for ESA1 and about 50 kg for ESA2.
Overall, the four equations demonstrate a consistent level of agreement,
with the ESA-derived formulas tending to produce higher A estimates
across the mass range encompassing the majority of significant uncon-
trolled re-entries.

In conclusion, the four formulas provide convenient stochastic tools
for estimating the total debris casualty area as a function of the dry mass
of re-entering objects. Their independent derivation from separate teams
and non-overlapping datasets also allows for effective cross-validation
of the results. Moreover, the differences among the estimates offer
valuable insight into the uncertainties inherent in the data-fitting
process.

4.2. World population at risk

The world population potentially at risk depends on both the orbital
inclination of the re-entering object — which determines which regions
are overflown — and the date of the re-entry, as population distribution
evolves over time. If the expected number of human casualties per unit
debris casualty area (Ec_ynitareq) is known as a function of orbital incli-
nation and year, then Eq. (1) can be solved by multiplying this value by
the total debris casualty area, as estimated using any of Egs. (7)-(9) or
(10).

The data for Ec_pnitarea in 2020 were kindly provided by Akira Kato
from JAXA [14]. Using that year as a baseline and accounting for annual
changes in the global population [15], year-by-year variations of
Ec_unitarea @s a function of the orbital inclination of re-entering objects
were derived for the period 2010-2024, as shown in Fig. 4. These plots
clearly indicate that the potential risk associated with an uncontrolled
re-entry — given the same total casualty area — varies significantly with
orbital inclination and, consequently, with the range of latitudes over-
flown due to the geographic distribution of the global population. Spe-
cifically, Ec_unitarea reaches its maximum at an orbital inclination of
approximately 35° and remains in the upper half of the variation range
between ~22° and ~57°. It is important to note that Fig. 4 also applies to
retrograde orbits (i.e., those with inclinations greater than 90°). How-
ever, in such cases, the supplementary angle should be used for
geometrical reasons. For example, in terms of latitudes overflown, an
inclination of 100° is equivalent to one of 180°-100° = 80°.

4.3. Casualty expectancy for people on the ground

Using the A¢ formulas introduced in Section 4.1 and the E¢_ynitarea
distributions described in Section 4.2 and illustrated in Fig. 4, Egs. (1)
and (2) were applied to compute the evolution of the casualty expec-
tancy for people on the ground, from 2010 to 2024, due to the uncon-
trolled re-entries of satellites, orbital stages, and large debris outlined in
Section 2. Before discussing the results in detail, it is important to note
that the values presented below are the nominal estimates obtained
using the four formulas, and that the differences among them should not
be interpreted as a measure of the uncertainty of the overall estimation
process. Regarding the uncertainty of the results, some considerations
are provided at the end of Section 4.
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Fig. 3. Total casualty area as a function of the mass of the re-entering objects obtained with the ISTI, ESA1, ESA2, and SCARAB formulas.

Fig. 4. Expected number of human casualties per unit of debris casualty area (Ec_yniureq) as a function of orbital inclination and re-entry year, from 2010 to 2024.

4.3.1. All re-entering objects, regardless of their mass

The results obtained are summarized in Fig. 5 for all 2355 artificial
space objects considered in Section 2, and in Fig. 6, which shows the
separate contributions from satellites, orbital stages, and large debris.

Throughout the analyzed period, the results obtained using the four
Ac relationships showed excellent agreement for both orbital stages and
large debris, as shown in Fig. 6. This consistency was also observed for
satellites up to 2019. However, starting in 2020, a divergence emerged

between the ISTI and SCARAB formulas, whose results remained nearly
identical, and the ESA1 and ESA2 formulas, which began to produce
systematically lower or higher values, respectively. This discrepancy can
be attributed to the increasing number of first-generation Starlink sat-
ellites re-entering the atmosphere, with masses between 200 and 300 kg.
The ESA1 formula excluded these objects due to its 370 kg threshold,
while the ESA2 formula included them, but assigning a significantly
higher casualty area compared to the other models (see Fig. 3).

Fig. 5. Annual global casualty expectancy for intact objects (satellites + orbital stages) + large debris with the four formulations used to compute A¢
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Fig. 6. Annual global casualty expectancy for satellites, orbital stages, and large debris with the four formulations used to compute A¢

Between 2010 and 2020, the total annual casualty expectancy
remained approximately stable, at or below 0.020 (Fig. 5). On average,
the primary risk was posed by uncontrolled re-entries of orbital stages,
which accounted for over 73 % of the casualty expectancy. This was
followed by satellites, contributing more than 23 %, while large debris
accounted for less than 4 %, according to ISTI and SCARAB models.

Starting in 2021, the casualty expectancy began to increase signifi-
cantly, although the magnitude of this rise varied depending on the
model used. This upward trend was driven by an increase in re-entries
across all three object categories (see Figs. 1 and 2): a modest rise in
large debris, a notable increase in orbital stages, and a substantial
growth in satellite re-entries. As a result, over a span of just four years,
the global casualty expectancy more than tripled. In 2024, the contri-
bution from satellites was dominant when using the ESA2 formula,
comparable to that of orbital stages according to both the ISTI and
SCARAB formulations, and approximately half the orbital stages

contribution as per ESA1.

4.3.2. Objects with a re-entry mass exceeding 300 kg

As mentioned in Section 1, the analysis was repeated with a focus on
the 1057 objects whose re-entering dry mass exceeded 300 kg. This
approach was adopted to reflect the likelihood that typical low-mass
bodies may completely demise upon re-entry, thereby preventing any
fragments from reaching the airspace and the ground. In this context, it
is worth noting that the results obtained using the ESA1 formula
remained unchanged, as this relationship includes an intrinsic lower
mass threshold of about 370 kg. This was not the case, however, for the
ISTI and SCARAB formulas — which do not impose a lower mass cutoff —
nor for the ESA2 formula, which includes objects with masses as low as
approximately 50 kg.

The results are summarized in Fig. 7, which includes all objects with
a dry mass exceeding 300 kg, and in Fig. 8, which presents the separate

Fig. 7. Annual global casualty expectancy for intact objects (satellites + orbital stages) + large debris exceeding a dry mass of 300 kg with the four formulations used

to compute A¢
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Fig. 8. Annual global casualty expectancy for satellites, orbital stages, and large debris exceeding a dry mass of 300 kg with the four formulations used to compute A¢

contributions from satellites, orbital stages, and large debris. The four
models exhibit strong agreement throughout the period analyzed, both
in terms of overall values and individual component contributions. This
consistency is not surprising, considering the previous discussion and
the fact that the large number of first-generation Starlink satellites re-
entering the atmosphere in recent years did not affect the casualty ex-
pectancy, as their mass remained below the applied threshold.

From 2010 to 2020, the total annual casualty expectancy remained
relatively stable, staying at or below 0.020 (see Fig. 7). All components
contributed to the increase observed from 2021 onward, leading to
roughly a threefold rise in casualty expectancy in 2024 compared to
earlier years. Throughout this period, orbital stages consistently
remained the dominant contributor across all models, followed by sat-
ellites and large debris (Fig. 8). Notably, after 2022, satellite re-entries
exhibited the steepest growth in casualty expectancy among all four
Ac formulas.

4.4. Casualty probability for people on the ground

After calculating the cumulative expected number of human casu-
alties per year (E¢), Eq. (5) was applied to compute the corresponding
annual probability of one or more casualties. Fig. 9 presents the results
obtained for all uncontrolled re-entries described in Section 2, while
Fig. 10 displays the results for re-entering objects with a dry mass
exceeding 300 kg.

From 2010 to 2020, the global annual casualty probability remained
relatively stable, staying at or below approximately 2 %. All four for-
mulas used to estimate A¢ yielded consistent results. However, during
the last four-year period (2021-2024), a significant increase in casualty
probability was observed, driven by a marked rise in uncontrolled re-
entries of satellites, orbital stages, and large debris (Figs. 1 and 2).
When examining all re-entries (Fig. 9), the three most recent relation-
ships (ISTI, ESA1, and SCARAB) showed very close agreement. For the
subset of objects exceeding 300 kg (Fig. 10), the ESA2 formula also

Fig. 9. Global casualty probability per year associated with the 2355 uncontrolled re-entries of satellites, orbital stages, and large debris that occurred from 2010

to 2024.

318



C. Pardini and L. Anselmo

Acta Astronautica 242 (2026) 312-327

Fig. 10. Global casualty probability per year associated with the 1057 uncontrolled re-entries of satellites, orbital stages, and large debris that occurred from 2010 to

2024 with a dry mass exceeding 300 kg.

closely aligned with ESA1 and the other models. Additionally, the results
from ISTI and SCARAB were nearly identical in all cases.

In 2024, excluding the ESA2 formula, the global annual casualty
probability was estimated to be between 5 % and 7 %. This represents a
threefold increase compared to the estimates from 2010 to 2020. Over
the entire 15-year period from January 1, 2010 to December 31, 2024 —
again excluding the ESA2 formula - the cumulative global casualty
probability ranged from 24 % to 28 %. This means that the likelihood of
experiencing no human casualties on the ground during this period was
between 72 % and 76 %.

As noted at the beginning of Section 4, it is important to reiterate that
the differences among the estimates obtained using the four formulas do
not fully reflect the uncertainties inherent in the process. Unfortunately,
given the available information and the methodology employed, a
complete and rigorous quantification of these uncertainties was not
possible.

As a rough indication, the authors consider the results to be accurate
within a factor of 2 or 3. Specifically, it is possible — but unlikely - that
the upper bound of the casualty expectancy could exceed the estimated
values by a factor of 2 or 3. Under such scenarios, the probability that no
individual has been injured or killed during the entire space age would
be less than 5 % for a factor of 2 increase, and less than 1 % for a factor of
3 increase. These probabilities would be even lower when using the
ESA2 formula.

5. Risk assessment for commercial aviation

For aircraft in flight, which typically travel at speeds of several
hundred kilometers per hour, even collisions with nearly stationary
debris in the atmosphere can represent a serious hazard to onboard
safety. The consequences of such impacts can vary widely, ranging from
negligible to catastrophic, depending on several factors: the mass, shape,
and material properties of the fragments; the relative impact velocity;
the type of aircraft; and the location and geometry of the impact [8].
According to vulnerability models endorsed by the US Range Com-
manders Council, any impact involving a fragment with a mass greater
than 300 g, regardless of where it strikes the airframe, is considered to
have catastrophic potential. Such an event could lead to an uncontrolled
descent, with the possibility of multiple fatalities and the total loss of the
aircraft [16]. Furthermore, even much smaller fragments —such as 0.5 g
of tungsten or 1 g of steel or aluminum — can critically damage engines or
windshields, occasionally leading to the loss of the aircraft [8].

Since 2008, several studies have investigated the risk posed by fall-
ing debris to aircraft [17-23]. The IAASS has also dedicated a chapter in
Ref. [24] to this topic, presenting methodologies for risk assessment,
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evaluating aircraft vulnerability, and outlining mitigation strategies
related to launch and re-entry operations. A landmark analysis con-
ducted by Patera in 2008 [18] examined data from 17 widely used
commercial aircraft operating on routes to and from the United States.
The study incorporated flight time statistics for each aircraft type in
2006 and assumed an annual rate of 100 re-entries involving large ob-
jects, with each re-entry generating 100 hazardous fragments. This
yielded a total of 10,000 potential debris threats per year. Based on these
assumptions, the estimated global annual probability of a commercial
aircraft being struck by re-entry debris was approximately 3 x 10~
corresponding to an expected frequency of one event every 3300 years.

A more recent study, sponsored by the FAA and conducted by The
Aerospace Corporation, evaluated the risk posed by falling debris from
LEO satellite constellations to both individuals on the ground and pas-
sengers aboard aircraft [21]. The analysis projected risks through 2035,
considering the anticipated deployment of large satellite constellations
and global air traffic forecasts. It was assumed that any fragment capable
of causing harm on the ground could also potentially inflict fatal damage
on an aircraft. Under these assumptions, the probability of an aircraft
being struck by a hazardous fragment was estimated at 8.4 x 107% in
2021, increasing to 7.0 x 10~* by 2035.

The analysis presented in this paper builds upon several general as-
sumptions adopted in the study by The Aerospace Corporation [21],
with particular emphasis on the aircraft collision expectancy per debris
object estimated for the year 2021, as illustrated in Fig. 16 on page 29 of
[21]. This collision expectancy — defined as the expected number of
collisions between surviving re-entry debris and aircraft in flight — was
expressed as a function of the re-entering object's orbital inclination and
year of re-entry. It was derived in Ref. [21] by multiplying the mean
aircraft exposed area by the latitude-dependent air traffic density, while
accounting for the latitude band overflown by the re-entering object
according to its orbital inclination. The average vulnerable surface area
of commercial aircraft susceptible to debris impact, referred to as the
mean aircraft exposed area, was previously estimated at 1150 m? based
on a statistical analysis of representative aircraft in flight [25]. For both
[21] and the present study, this value was rounded to 1000 m2.

5.1. Aircraft impact expectancy per debris object

To estimate the expected number of commercial aircraft strikes per
debris object over the 15-year period from January 1, 2010 to December
31, 2024, the collision expectancy for 2021 provided in Fig. 16 (page 29)
of [21] was scaled using a factor reflecting variations in commercial
flight volume across those years. According to Ref. [26], global com-
mercial air traffic increased steadily from the early 2000s, reaching a
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peak of 38.9 million flights in 2019. In 2020, flight numbers dropped
sharply to 18.3 million due to the COVID-19 pandemic, before beginning
a gradual recovery. By 2024, traffic volumes had nearly returned to
pre-pandemic levels (Fig. 11).

The aircraft impact expectancy per debris object (E4_pepris) Was then
derived as a function of the re-entry year and the orbital inclination of
the re-entering object, as shown in Fig. 12. For instance, for an object re-
entering from an orbit with a 50° inclination, the collision expectancy
was 1.46 x 107 for a re-entry occurring in 2020, approximately
doubling to 3.08 x 1072 for a re-entry in 2024. For an inclination of 80°,
the corresponding values were 9.17 x 10~ in 2020 and 1.94 x 108 in
2024. These results are consistent with the simplified analysis presented
in Ref. [19].

5.2. Aircraft impact expectancy

Each re-entry event can generate multiple fragments that are capable
of surviving, crossing the airspace, and reaching the ground. Any frag-
ment with a mass greater than 300 g that impacts an aircraft is
considered large enough to potentially cause a catastrophic failure,
which could result in the loss of all passengers on board. In this paper, to
compute the aircraft impact expectancy per re-entry event (Eag), Eq. (1)
was replaced by the following expression:

Ear =Np X Ea_pebris (€8]
where Nj, is the total number of fragments lethal to aircraft generated by
the re-entry event. It is worth noting that Eq. (11) accounts for the fact
that the average vulnerable surface area of commercial aircraft — 1000
m? in this study — is typically much larger than that of fragments pro-
duced during re-entry breakups. Then, following Eq. (2), the cumulative
aircraft impact expectancy per year (E,) was calculated as:

Nr
Ex= En
1

where Ny is the total number of re-entry events occurred in that year.

(12)

5.3. Number of dangerous fragments per re-entry event

To estimate the number of fragments that could have been poten-
tially lethal to commercial aircraft (Np) for each uncontrolled re-entry
occurred between 2010 and 2024, three different relationships were
employed in this study. The first two were derived by the authors at
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ISTI/CNR [5], while the third was obtained at HTG based on the results
of 30 years of simulations conducted using SCARAB [13].

The first ISTI-derived relationship, hereafter referred to as the LIN1
formula, is as follows [5]:

Np=0.0068 x M 13
where M is the dry mass of the re-entering object (in kg). It was char-
acterized by a mean absolute percentage error of approximately 50 %.
The second ISTI-derived relationship, hereafter referred to as the LIN2
formula, is given by Ref. [5]:

Np =0.0046 x M a4

It was characterized by a mean absolute percentage error of
approximately 40 %. The HTG-derived relationship, hereafter referred
to as the SCARAB formula, is instead expressed as follows [13]:

log,,(Np) =0.3761 log,,(M) — 0.0148 (15)
where again the dry mass M of the re-entering object is given in kg.
Herein, the standard deviation of the residuals in logarithmic space was
found to be 0.3305. This implies that, in practice, 68 % of the data fall
within the range log;,(Np) & 0.3305. When converted to linear space,
this corresponds to multiplicative factors of 107339 ~ 0.47 for the
lower bound and 10%33%5 ~ 2.14 for the upper bound. As a result, the
number of dangerous fragments per re-entry event, as calculated using
Eq. (15), typically has an uncertainty of approximately —53 % to +114
%, irrespective of the object's mass.

As a function of the dry mass of the re-entering object, Fig. 13 shows
the number of fragments that could potentially be lethal to commercial
aircraft (Np) estimated using the three Egs. (13)-(15). When comparing
the results to the two ISTI relationships, the SCARAB formula predicts a
higher number of fragments for re-entry dry masses under approxi-
mately 2750 kg for LIN1 and 5300 kg for LIN2. For dry masses ranging
from 2750 kg to 5300 kg, the SCARAB estimates fall between those of
LIN1 and LIN2. Instead, for re-entry masses exceeding 5300 kg, the
SCARAB predictions are lower than both ISTI estimates.

Again, the differences among the three formulas, as well as their
statistical properties, do not provide a measure of the uncertainties
affecting the estimation of the cumulative aircraft impact expectancy.
Similar to the ground casualty expectancy, a complete and rigorous
quantification of these uncertainties was not feasible. However, a
reasonable guess suggests that the cumulative results for all re-entries
occurring each year — rather than for individual events — may be inac-
curate by a factor of 2 or 3.

Fig. 11. Number of commercial flights from 2010 to 2024.
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Fig. 12. Expectancy of aircraft impact per debris object (Ex_pepris) from 2010 to 2024 as a function of the re-entry orbital inclination.

Fig. 13. Number of re-entry breakup debris capable of causing a catastrophic failure of a commercial aircraft, derived using the three relationships LIN1, LIN2, and
SCARAB, as a function of the re-entering dry mass.

5.4. Lethal fragments from uncontrolled re-entries 5.4.1. All re-entering objects, regardless of their mass
Fig. 14 shows the annual number of fragments potentially lethal to
From 2010 to 2024, the annual number of fragments from uncon- commercial aircraft, computed for all 2355 uncontrolled re-entries
trolled re-entries potentially hazardous to commercial aircraft was ob- considered in this study (see Section 2). Over the 15-year period, the
tained by applying Egs. (13)-(15) to the uncontrolled re-entries of annual estimates obtained using the SCARAB formula consistently
satellites, orbital stages, and large debris outlined in Section 2. exceeded those derived from the ISTI formulas, since the vast majority of

Fig. 14. Annual number of debris potentially lethal to commercial aircraft computed with the LIN1, LIN2, and SCARAB formulas for the 2355 intact objects
(satellites + orbital stages) and large debris re-entered uncontrolled from 2010 to 2024.
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uncontrolled re-entries involved objects with a dry mass below 2750 kg
(see Fig. 13). This also explains the sharp increase and divergence in the
SCARAB-based estimates starting in 2020, coinciding with the rapid rise
in re-entries of first-generation Starlink satellites, each with a dry mass
of less than 300 kg.

All three models show similar trends: a period of relative stability
from 2010 to 2020, followed by rapid growth between 2021 and 2024.
In 2024, the annual number of fragments potentially lethal to com-
mercial aircraft was nearly four times higher than the 2010-2020
average according to the ISTI formulas. The increase was even more
pronounced in the SCARAB estimates, which indicated a more than
sixfold rise.

Regarding the contributions of different types of re-entering objects
over the entire period considered, the ISTI formulas attributed roughly
70 % of lethal fragments to orbital stages, 25 % to satellites, and 5 % to
large debris. The SCARAB formula, on the other hand, assigned about
49 % to orbital stages, 43.5 % to satellites, and 7.5 % to large debris,
underscoring the significant influence of low-mass objects on the overall
number of lethal fragments.

5.4.2. Objects with a re-entry mass exceeding 300 kg

By restricting the analysis to the 1057 objects with a re-entry dry
mass greater than 300 kg — accounting for the likelihood that typical
low-mass bodies may fully demise during re-entry — the results shown in
Fig. 15 were obtained. As expected, the agreement between the SCARAB
estimates and those derived from the ISTI formulas — particularly LIN1 —
improved significantly, since many low-mass objects, especially satel-
lites, were excluded from the calculation. Aside from this difference, the
trend of the curves remained consistent with that shown in Fig. 14,
exhibiting a decade-long phase of stability followed by a sharp increase
in recent years. Notably, in 2024, the annual number of fragments
potentially lethal to commercial aircraft more than tripled compared to
the 2010-2020 average.

With regard to the contributions of different types of re-entering
objects over the entire considered period, the ISTI formulas attributed
approximately 75 % of lethal fragments to orbital stages, 20 % to sat-
ellites, and 5 % to large debris. In the SCARAB case, the corresponding
proportions were 65 % for orbital stages, 26 % for satellites, and 9 % for
large debris.

5.5. Debris collision expectancy for commercial aircraft

At this point, all the elements necessary to calculate the debris
collision expectancy for commercial aircraft were available.
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5.5.1. All re-entering objects, regardless of their mass

Using Eq. (11), the collision expectancy for commercial aircraft was
calculated for each uncontrolled re-entry event described in Section 2
that occurred between 2010 and 2024. Eq. (12) was then applied to
compute the cumulative annual collision expectancy E4. The results
were obtained using all three relationships for estimating the number of
potentially lethal fragments — namely, Eqs. (13)-(15) - and are sum-
marized in Fig. 16 for all objects combined, and in Fig. 17, which shows
the individual contributions of satellites, orbital stages, and large debris.

As illustrated in Fig. 16, the trends closely align with those discussed
throughout the article. Specifically, a relatively stable phase occurred
from 2010 to 2020, followed by a sharp increase in subsequent years.
But this pattern was mainly driven by changes in the amount and dis-
tribution of lethal debris generated by uncontrolled re-entries, despite
the fact that the number of commercial flights, after steadily increasing
from 2010 to 2019, more than halved in 2020 as a consequence of the
COVID-19 pandemic, then taking until 2024 to climb back to pre-
pandemic levels (see Fig. 11).

During the 10-year period from 2010 to 2019, characterized by
steadily increasing commercial air traffic, the mean annual collision
expectancy for commercial aircraft E4 was 1.4 x 1075 with LIN1, 9.7 x
107 with LIN2, and 1.8 x 107> with the SCARAB formula. These values
corresponded, on average, to one aircraft impact every 56,000 to
103,000 years. In 2020, due to the sharp decline in flight numbers
caused by the COVID-19 pandemic, E, decreased to 9.8 x 107° with
LIN1, 6.6 x 10~° with LIN2, and 1.6 x 10> with SCARAB, equivalent to
one aircraft impact every 63,000 to 152,000 years.

In the following years, however, the rebound in flight activity, along
with the increasing number of lethal fragments generated by re-entries,
resulted in a sharp rise in E,. In 2024, compared to the 2010-2019
average, E, increased fivefold with LIN1 (7.0 x 107>) and LIN2 (4.8 x
10’5), and by more than a factor of 8 using the SCARAB formula (1.5 x
10~*). These values indicate that an aircraft impact could occur once
every 6700 to 21,000 years, on average.

Regarding the uncertainties of these results, a rigorous quantification
was not possible; however, a reasonable guess is that the values are
likely accurate within a factor of 2 or 3.

Over the 15-year period from 2010 to 2024, the contributions of the
various sources of lethal re-entry fragments to the cumulative collision
expectancy for commercial aircraft were also analyzed (Fig. 17). Ac-
cording to the LIN1 and LIN2 formulas, the contributions were as fol-
lows: 28 % from satellites, 66.5 % from orbital stages, and 5.5 % from
large debris. Using the SCARAB formula, the corresponding contribu-
tions were 48.4 % from satellites, 44.7 % from orbital stages, and 6.9 %

Fig. 15. Annual number of debris potentially lethal to commercial aircraft computed with the LIN1, LIN2, and SCARAB formulas for the 1057 intact objects
(satellites + orbital stages) and large debris re-entered uncontrolled from 2010 to 2024 and exceeding the dry mass of 300 kg.
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Fig. 16. Annual collision expectancy between commercial aircraft and potentially lethal re-entry debris.

Fig. 17. Annual collision expectancy between commercial aircraft and potentially lethal re-entry debris, categorized by fragment source.

from large debris.

The overall probability of a commercial aircraft being struck by le-
thal re-entry debris during the 2010-2024 period was determined to be
0.03 % using the LIN1 formula, 0.02 % with the LIN2 formula, and 0.05
% with the SCARAB formula, with uncertainties of a factor of 2 or 3.

5.5.2. Objects with a re-entry mass exceeding 300 kg

By restricting the analysis to the 1057 objects with a re-entering dry
mass greater than 300 kg, the results shown in Figs. 18 and 19 were
obtained. Excluding lower-mass objects — particularly satellites re-
entered from 2020 onward - significantly improved the agreement
among estimates derived from the different relationships, as discussed in
Section 5.4. Moreover, the impact of variations in air traffic, especially
in 2020 and onward, became much clearer due to the substantially
reduced overall number of lethal fragments. However, as noted in the
previous section, the following results should be considered uncertain by
a factor of 2 or 3.

During the 10 years from 2010 to 2019 (Fig. 18), the mean annual
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collision expectancy for commercial aircraft E4 was 1.4 x 107> with
LIN1, 9.6 x 107® with LIN2, and 1.7 x 10™> with SCARAB. These values
are virtually identical to those obtained when considering all re-entering
objects. In 2020, E4 reached its lowest level: 8.1 x 107% with LIN1, 5.5
x 107° with LIN2, and 7.6 x 10~® with SCARAB.

In the following years, the recovery of commercial aviation, com-
bined with an increase in lethal re-entry debris, resulted in a significant
rise in E4. In 2024, E, increased by approximately a factor of four with
LIN1 (5.4 x 107°), LIN2 (3.7 x 107°), and SCARAB (7.2 x 107°)
compared to the average from 2010 to 2019. This means that, on
average, one aircraft is expected to be struck every 14,000 to 27,000
years.

Over the 15-year period from 2010 to 2024 (Fig. 19), the contribu-
tions to the cumulative collision expectancy for commercial aircraft
were 21.2 % from satellites, 73 % from orbital stages, and 5.8 % from
large debris, with LIN1 and LIN2, and 29.1 % from satellites, 62.4 %
from orbital stages, and 8.5 % from large debris, with SCARAB.

The overall probability of a commercial aircraft being struck by
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Fig. 18. Annual collision expectancy between commercial aircraft and potentially lethal debris from re-entered objects exceeding 300 kg.

Fig. 19. Annual collision expectancy between commercial aircraft and potentially lethal debris, categorized by fragment source, from re-entered objects exceeding

300 kg.

lethal re-entry debris during the 2010-2024 period was determined to
be 0.03 % using the LIN1 formula, 0.02 % with the LIN2 formula, and
0.03 % with the SCARAB formula.

5.5.3. Discussion of the collision expectancy results

The results presented in this paper are notably more optimistic than
those reported by Patera for the year 2006 [18]. This difference is likely
due to the estimated number of re-entry fragments that could be lethal to
aircraft. In this analysis, which is based on actual re-entry data and
appropriate modeling of hazardous debris, the estimated number of le-
thal fragments for 2010 ranged from just over 300 to slightly more than
600. This range depended on the formula used to calculate Np and on
whether re-entering objects with masses below 300 kg were included. In
contrast, Patera [18] assumed there were 10,000 dangerous fragments
in 2006, a value significantly higher than those found in this study,
where even in 2024 the figures ranged from approximately 1500 to
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5900.

However, when comparing the results with a more recent analysis
[21], it was found that in 2021 (the year in which the results in Ref. [21]
were also available), the likelihood of an aircraft being struck by haz-
ardous re-entry debris ranged from 1.1 x 10~> (LINZ2, considering only
objects with a mass greater than 300 kg) to 2.7 x 107> (SCARAB,
including all objects), against a value of 8.4 x 10~ reported in Ref. [21].
The higher figures obtained in this study are primarily attributed to the
increased number of dangerous fragments, estimated between 778 and
1934 for 2021, compared to the 700 fragments considered in Ref. [21].
Despite this difference, the overall agreement between the two studies
was very good.

Apart from these comparisons between nominal estimates of
different models, which are useful for verifying the coherence and in-
ternal consistency of the various approaches, it is essential to reiterate
that the results obtained should be considered uncertain by a factor of 2
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or 3.

5.6. Casualty probability for aircraft passengers

Assuming an average of 120 passengers per commercial aircraft in
flight, as in Ref. [21], the annual collective casualty expectancy for
commercial aircraft passengers (Exp) was calculated as:

Epp=120 x E4 (16)

By substituting E4p for E¢ in Eq. (5), the annual collective casualty
probability for commercial aircraft passengers was then computed, as
illustrated in Figs. 20 and 21.

Without repeating in detail what was already highlighted in previous
sections, the most striking aspect evident in Figs. 20 and 21 is the sharp
growth observed from 2020 onwards. Notably, there is a stark contrast
between 2019 and 2024, even though the number of commercial flights
and passengers in both years was nearly identical.

Again, the following nominal results should be considered uncertain
by a factor of 2 or 3. In 2024, the collective passenger casualty proba-
bility varied from 0.44 % (LINZ2, Fig. 21) to 1.82 % (SCARAB, Fig. 20),
depending on the formula used to estimate the number of lethal debris
and the lower mass threshold considered. This represented a three-to
six-fold increase compared to 2019. The significant rise was primarily
due to the rapid growth of space activities and the increase in uncon-
trolled re-entries since 2020, as shown in Figs. 1 and 2. In contrast,
during the previous decade, the mean annual collective passenger ca-
sualty probability had remained relatively stable, fluctuating between
0.1 % and 0.2 %.

From 2010 to 2020, the annual collective casualty probabilities for
aircraft passengers were approximately ten times lower than those for
individuals on the ground when using the ISTI formulas, and about
seven times lower when using SCARAB (see Fig. 9 vs. Figs. 20 and 10 vs.
Fig. 21). In 2024, this trend remained mostly unchanged with the ISTI
formulas. However, when using SCARAB, the difference in probabilities
narrowed to a factor of approximately four to six.

Therefore, considering all associated uncertainties, the overall global
re-entry risk — including the risk to commercial aircraft passengers — can
still be reasonably assessed using the procedure recommended by the
NASA standard [9] for evaluating risks to people on the ground. How-
ever, while the likelihood of a fatal impact involving an airliner is much
lower, it would be fundamentally different from a lethal impact on the
ground. A ground impact would typically result in a limited number of
casualties, whereas an aircraft strike could lead to the deaths of a hun-
dred or more people, making such an event truly catastrophic. There-
fore, it is reasonable to propose more conservative alert thresholds for
aircraft compared to those currently in place for ground hazards
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resulting from uncontrolled re-entries.
6. Conclusions and recommendations

After a decade of relative stability, the number of uncontrolled re-
entries involving spacecraft, orbital stages, and large debris increased
more than sevenfold between 2019 and 2024, while the total mass that
re-entered tripled. This marked escalation has significantly increased the
risks posed by these events to people on the ground and to commercial
air traffic. In this paper, these risks were estimated with uncertainties of
approximately a factor of 2 or 3 relative to the nominal values provided
by the models.

The annual global probability of casualties for ground population
remained relatively stable from 2010 to 2020, staying below or around
the nominal value of 2 %. However, from 2020 onward, there was a
rapid and pronounced increase in this probability, with nominal esti-
mates for 2024 ranging between 5 % and 10 %, depending on the un-
derlying assumptions and models used.

The risk to commercial aviation and passengers closely followed the
trend observed for ground risk. Between 2010 and 2019, the annual
collision expectancy between commercial aircraft and potentially
dangerous re-entry fragments remained relatively stable, with mean
nominal values ranging from 9.6 x 107 to 1.8 x 107°. In 2020, there
was a notable decline due to the collapse of commercial air traffic caused
by the COVID-19 pandemic. However, from 2021 onward, the annual
collision expectancy increased significantly. In 2024, it reached nominal
values between 3.7 x 107> (equating to one air-craft collision every
27,000 years on average) and 1.5 x 1074 (leading to one collision every
6700 years on average). These estimates varied based on the assump-
tions and models used. Thus, compared to the average during the pre-
pandemic decade, in 2024 the likelihood of a commercial aircraft
colliding with potentially lethal re-entry debris was estimated to be 4 to
8 times higher.

When expressed in terms of risk to passengers on commercial flights,
the mean annual collective passenger casualty probability remained
relatively stable between 2010 and 2019, with nominal values ranging
from 0.1 % to 0.2 %. Following a pandemic-related minimum in 2020,
this probability increased rapidly and substantially from 2021 onward.
In 2024, depending on the model used to estimate the number of lethal
fragments and the lower mass threshold for re-entering objects, the
nominal collective passenger casualty probability ranged from 0.44 % to
1.82 %. This represented a three-to six-fold increase compared to 2019,
despite the number of commercial flights had been nearly the same.

Although still small relative to everyday risks routinely encountered,
the hazards posed by surviving fragments of orbital objects re-entering
the atmosphere without control — both to people on the ground and to

Fig. 20. Annual collective casualty probability for commercial aircraft passengers due to uncontrolled re-entries.
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Fig. 21. Annual collective casualty probability for commercial aircraft passengers due to uncontrolled re-entries exceeding the mass of 300 kg.

passengers on commercial flights — are no longer negligible and are
increasing rapidly. This upward trend is driven by the rapid expansion of
the new space economy, by global population growth, and by the pro-
jected rise in commercial air traffic. Moreover, uncontrolled re-entries
are already causing increasing disruptions to commercial air opera-
tions [22,23], with the associated costs currently borne by airlines,
passengers, and the broader civil aviation system, but this situation
cannot persist much longer.

These developments highlight the urgent need for timely and effec-
tive mitigation measures to prevent the situation from becoming un-
manageable, especially as space activities undergo further substantial
growth at an unprecedented pace. Given the rapidly rising levels of
orbital congestion and increasingly frequent rocket launches, it would
be crucial to adopt, as soon as possible, a coherent and coordinated set of
actions such as those outlined below.

e Implement controlled re-entries as standard practice. Spacecraft and
orbital stages that are not expected to completely demise upon re-
entry should be routinely disposed of through controlled re-entries
into designated uninhabited and safe zones. This practice should
be standard, especially for objects that exceed critical mass thresh-
olds or are made from materials with high survivability [9,27,28],
building on the progress already achieved with orbital stages, for
which the rate of controlled re-entries has in-creased from zero in
2009 to 53 % in 2024 [27].

Promote design for demise. The development and adoption of tech-
nologies that enhance the likelihood of complete disintegration
during atmospheric re-entry should be actively encouraged. This
includes the use of low-melting-point materials, venting systems, and
structural design features that facilitate early fragmentation and
combustion in the upper atmosphere [29-34].

Improve the effectiveness of space debris management to enhance
both international and national regulatory frameworks. Existing in-
ternational guidelines or standards, such as those issued by the IADC
[35], the UN COPUOS [36], and ISO [37], should be updated and
harmonized. Furthermore, they need to be translated into binding
regulations at the national or regional level. These regulations should
include enforceable requirements for post-mission disposal, clearly
defined casualty risk thresholds, technical standards for design for
demise, and mechanisms for verifying compliance.

Enhance airspace coordination and alert protocols. To improve
safety, it is essential to strengthen coordination among space oper-
ators, air traffic control agencies, and civil aviation authorities. This
collaboration will facilitate the timely and accurate sharing of pre-
dicted re-entry trajectories. Additionally, the use of real-time
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NOTAMs (Notices to Airmen) and standardized dynamic airspace
closures should be expanded for high-risk re-entry events [38-43].
Promote transparency and data sharing. The publication and ex-
change of predictions about re-entries, risk assessments, and char-
acteristics of the objects involved should be encouraged through
centralized databases and established international forums.
Increased transparency in these areas would support more accurate
risk modeling, enhance international coordination, and improve
public awareness and trust [35,36].

e Promote research and innovation in re-entry safety. Enhancing re-
entry modeling capabilities, improving the understanding of object
survivability, and developing new materials and technologies to
minimize residual risks are essential research priorities in the field of
atmospheric re-entry. To achieve these goals, it is important to
integrate high-fidelity simulations with empirical validation, utiliz-
ing data from re-entry observations [44,45], on-board telemetry, and
post-event debris recovery campaigns.

The coordinated implementation of these measures is essential to
prevent re-entry risks from escalating as space activities expand, safe-
guarding both airspace and ground populations.
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