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ABSTRACT

This paper explores the concept of space sustainability and its interconnections using systems thinking
approaches. This is done by highlighting the importance of multi-disciplinary perspectives when creating
policies aimed at addressing the complex challenges of sustainability for space-related activities. Causal
loop diagrams are employed to highlight the presence of feedback loops and causal relationships that are
typically absent in space debris models and are treated as separate systems. A systems representation of
the space environment is presented along with a discussion of its role in furthering research relating to
the impact of large satellite constellations on factors important for holistic sustainability. This study inves-
tigated one example feedback between the space environment and the atmosphere and found that CO,
emissions specifically emitted from launches and re-entries have no significant impact on atmospheric
density below 500 km.
© 2024 International Association for the Advancement of Space Safety. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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1. Introduction

The recent decade has seen a substantial rise in launch fre-
quency and satellite spatial density in Low Earth Orbit (LEO) as
large constellations of commercial satellites providing a range of
services have entered the market. This growth has sparked con-
cerns about the long-term sustainability of space activities, partic-
ularly regarding space debris and its potential impact on the safe
operation of such a substantial and varied population in the orbital
environment.

Multiple international bodies exist to provide research, polices
and guidelines to address the growing concern of space debris and
promote sustainable practices in space activities. One of the key
challenges in space sustainability is the need for informative mod-
els and simulations to inform policy decisions regarding space de-
bris mitigation strategies. Many current space debris models pri-
marily focus on either broad-population collisional assessments
within the orbital environment, or single-mission-specific life-cycle
assessments and demise analysis. Most consider the launch and
re-entry of objects to be input and exit points for the model
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and neglect the existence of feedback loops between environments
such as the orbital and atmospheric environments and how that
may impact debris assessments and other markers for sustain-
ability. Approaches that ignore feedbacks connected to but exist-
ing outside of the space environment are limited in their abil-
ity to fully identify and capture the complex dynamics that may
drive non-linear behaviour in the wider system. The significance
of considering feedbacks has been demonstrated in other sustain-
able management scenarios such as sustainable water management
[1].

To ensure the long-term sustainability of space activities, it is
important to consider space debris alongside other environmen-
tal metrics. Concerns over the impact of increased space activi-
ties on the astronomical community through light pollution in-
terference has led to numerous recent research studies focused
on understanding and mitigating these impacts for both terres-
trial [2-4] and orbital observatories [5]. The increase in space ac-
tivities has prompted the establishment of international working
groups such as the Satellite Constellation working group (SATCON)
as well as international policy discussions to address this issue ef-
fectively outside of previously established communities concerned
with space sustainability assessment.

Additionally, there has been an increase in research assessing
the terrestrial environmental impacts of increased space activities.
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Fig. 1. Causal loop diagram outlining the connections and polarity of relationships between a wide variety of factors linked to the space environment. Colour coding in
this figure signifies the predominant grouping for the connections shown. Red signifies the space environment, green signifies the atmospheric environment, purple signifies

economics, blue signifies polices and orange signifies sensor systems.

Concern over the consequences of incomplete and uncontrolled
object re-entry for human life [6,7], land-based ecosystems and
the ocean [8,9], launch emission concerns both locally and atmo-
spherically for disposable and reusable rockets [10,11], ionospheric
recovery due to launches [12], ozone layer impacts [13,14] and
impacts on stratospheric chemistry [15] have been highlighted in
direct relation to the significant upscaling of space activities.

Anthropogenic activities on Earth have also been shown to im-
pact the space environment through reduced atmospheric drag due
to atmospheric contraction caused by increasing atmospheric car-
bon dioxide (CO,) concentrations [16]. Following potential future
increases in ground-level CO, due to anthropogenic CO, emissions,
[17] reports that the resulting atmospheric density reductions will
decrease the projected re-entry rate of objects in orbit. Such con-
siderations are important for appropriate planning for post-mission
disposal strategies, particularly for spacecraft employing passive
decay mechanisms such as drag sails.

A comprehensive evaluation of the interconnecting elements re-
lating to the long-term viability of the orbital environment is chal-
lenging because of the broad scope. An initial attempt to capture
some of these connections is presented in Fig. 1, which shows a
causal loop diagram emphasising the interdependencies amongst a
selection of factors in the space sustainability system. The factors
chosen in Fig. 1 aim to offer insights into the varied relationships
and elements involved in a holistically sustainable space system.
While not complete, it provides a baseline system framework for
future expansion and analysis and highlights key feedbacks in the
system. Fig. 1 illustrates various interconnected variables includ-
ing space debris, launch activities, re-entry events and risks, sen-
sor capabilities, atmospheric considerations, economics and their
connections to mitigation policy formation. In this study, a spe-
cific feedback relating CO, emissions from launches and re-entries
in the space environment to the atmospheric environment is ex-
plored using this systems thinking approach.

2. Model framework
2.1. Systems models

Very few examples of systems analysis being applied to the
space environment exist in the current literature. Reference [18]
is one existing example that explores the use of causal loop dia-
grams to analyse the behaviour of the space system beyond orbital
debris factors including links to policy, social and economic fac-
tors. However, [18] does not include any links to atmospheric feed-
backs, light or radio pollution, or links to sensor system capabili-
ties. This study presents an extended causal loop diagram, shown
in Fig. 1, capturing further interdependencies and feedbacks within
the space domain. In Fig. 1, the arrows represent causal relation-
ships between the identified factors in the diagram. These arrows
represent an equation or system of equations linking the two vari-
ables whereby the polarity symbols '+’ and ’-’" indicate the over-
all connection behaviour. Connections with positive polarity iden-
tify reinforcing behaviour, whereby an increase in the leading vari-
able will elicit an increase in the following variable, and vice versa.
Closed reinforcing loops, denoted by ‘R’ in Fig. 1, describe an esca-
lation of behaviour over time. In contrast, connections with nega-
tive polarity indicate that an increase in the leading variable will
result in a decrease in the following variable, and vice versa. Bal-
ancing feedbacks, denoted by ‘B’ in Fig. 1, exist when one or many
of the variables act to limit the growth of a stock within that loop
and influence it to tend to a state of equilibrium. The 'R/B’ loop
present in the atmospheric section of the causal loop diagram in-
dicates that connection pathways within the closed atmospheric
feedback loop can either result in a balancing or reinforcing effect
depending on the strength of each connection and the influence of
delays in these pathways. Numerical analysis and determination of
the equations that govern the behaviour within this type of loop
is needed to determine the overall behaviour caused by the feed-
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Fig. 2. Diagram displaying the space environment and atmospheric CO, feedback loop and the interconnecting equations.

back. This is discussed further in Section 2.2. For the analysis per-
formed in this study focussing on the impacts of CO, specifically
on atmospheric density, this feedback loop is assumed to be rein-
forcing and is represented in more detail in Fig. 2. Delays in the
system are denoted by double parallel lines in Fig. 1 and indicate
that there is a time delay between the occurrence in the change of
a leading variable and the impact on the following variable. These
delays can influence the behaviour of the system by introducing
complex interactions and non-linear relationships that require nu-
merical modelling to understand their long-term impact.

Fig. 1 can be used as an initial framework to build a systems
analysis model to investigate complex and non-linear behaviour
due to feedbacks and delays that are not currently included in ex-
isting models. An example model and discussion of the method-
ology used to formulate this model from a section of the causal
loop diagram is shown in Section 2.2, with the findings presented
in Section 3.

2.2. Implementation

The numerical framework for this model analysis is derived
from the connections identified in Fig. 1. An equivalent equation-
based version of the atmospheric-orbital environment subset for
CO, emissions is presented in Fig. 2. In Fig. 2, each connection rep-
resents a differential equation showing a stock’s change over time,
which has been used to simulate the behaviour of the system in
accordance with orbital propagation techniques outlined by [19].
The model in [19] provided the foundation for the implementation
of the systems dynamics modelling approach in this study.

In Fig. 2, Argents Bratenr and Crgens are the coefficients from the
model in [19], L(t) represents the launch function and is described
in Eq. (1), and p(z t) is the function for atmospheric density and
is outlined in Eqgs. (2-4), with parameter t representing time, z rep-
resenting altitude, and y; and y, representing integers. N(t) rep-
resents the number of objects in orbit, m(t) the average mass of
all objects in orbit, r(t) the average radius of all objects in orbit,
1(t)comp is the combined radii of the colliding objects, CO,,(t) and
CO,, (t) are the CO, contributions from re-entries and launches re-
spectively, CO,(t) is the ground-level CO, concentration, and asy, is
the semi-major axis of a representative object in the model. Con-

stants in Fig. 2 are Rg for the radius of the Earth, u is the Earth’s
gravitational constant, CO,, . is the ground-level CO, concentra-
tion in the year 2000 (taken to be 370 parts per million in this
study), Reo, is the amount of CO, released per object re-entry, Lco,
is the amount of CO, released per launch, v, is the relative veloc-
ity of objects in orbit (taken to be 10 kms~! in this study), F is the
number of fragments generated from a collision (taken to be 10 in
this study), CRFngss and CRFgreq are the collision reduction factors
for the mass and area of objects due to collisions respectively, and
S is the average number of satellites delivered to orbit per launch.
Variables zmax and z,,;, represent the maximum and minimum al-
titudes in the altitude band under consideration.

To implement the systems dynamics modelling approach, a rep-
resentative population of orbiting objects and launch characteris-
tics was used to simulate the population of a single constellation
of satellites in LEO. All objects were given an average area and
mass of 30 m? and 300 kg respectively to approximate SpaceX’s
V1.5 satellites [20] operating at around 500 km, with 200 km act-
ing as the limiting object re-entry altitude. The launch vehicles
used in each simulation case were given a fixed average number of
satellites per launch of 45, based on historical SpaceX launch data
between May 2019 to October 2023.! These launch vehicles each
released a fixed amount of CO, per launch matching emissions re-
ported from SpaceX’s Falcon 9 rocket? and Starship rocket with all
6 engines.?> Specific values for CO, outputs per launch from each
rocket vary in the literature. However, this study aims to evaluate
trends on an order of magnitude level, so this variation does not
impact the final conclusions. It was also assumed that launchers
only deposit satellites into the environment and discarded rocket
bodies were not considered in this model. This is because, as dis-
cussed later in this section, data relating to CO, inputs into the
atmosphere due to re-entries was derived from studies assessing

1 Jonathan McDowell’'s Space Pages, https://planet4589.org/space/con/star/stats.
html, accessed 30 October 2023.

2 https://championtraveler.com/news/one-spacex-rocket-launch-produces-the-
equivalent-of-395-transatlantic-flights-worth-of-co2-emissions/,  accessed 30
October 2023.

3 https://www.theecoexperts.co.uk/blog/elon-musk-rocket-emitted-358-tonnes-
of-co2#:~:text=Elon%20Musk’ s%20SpaceX%20Starship%20SN15, the%200ffice%20for%
20National%20Statistics, accessed 30 October 2023.
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satellite re-entries only. Additionally, it was assumed that objects
are inserted directly into their operational altitude after launch,
with no orbit-raising phase as is typical of current constellation
operations. The population of objects at the start of the simulation
was assumed to be zero to allow for clearer analysis of the impact
of the constellation of objects only. This study aimed to illustrate
the impact of atmospheric feedbacks on modelled results, rather
than making precise predictions about future population trends.
As such, this simplified and averaged population and launch treat-
ment was deemed appropriate for this analysis. Furthermore, the
use of population and launch characteristics resembling SpaceX'’s
vehicles was solely driven by data availability.

The A coefficient in [19]'s model represents a launch rate. In
this study, the Gompertz function represents this variable launch
rate. This mathematical function, known for its sigmoid shape, is
frequently employed for modelling population growth dynamics,
especially when considering the presence of a maximum growth
capacity. The generalised Gompertz function is described in Eq. (1),

L(t) = d+ (a—d)e™ (1)

where a is the asymptote, b is the displacement in time, c is the
growth rate of the profile, d is the initial baseline value andt is
time. The Gompertz function has also been used by SpaceWorks
Enterprises when making predictions of trends in the small satel-
lite market [21]. In this context, a sigmoid launch profile repre-
sents a launch company’s ability to optimise their launch frequency
up to a limiting maximum number for a given launch vehicle.
The maximum launch rate used for this study was 144 launches
per year, which was based on SpaceX’s projected launch numbers
for the year 2024, representing an average of approximately one
launch every 2.5 days. As such, to approximate the launch profile
seen by SpaceX up until present day, the coefficients used were
a=144,b = 0.9, c = 1.1, d = 0, with the growth profile most vari-
able between 2018 and 2024. The coefficients b and c can be varied
without significant influence on the overall model. This is because
the simulation timescale is much larger than the profile growth pe-
riod. Therefore, the most influential coefficient is the peak launch
rate, as it remains at its maximum value for a majority of the time
during a 100-year simulation.

The coefficient B in [19]'s model is the inverse of an object’s
orbital lifetime and represents the perturbing effects that decrease
its semi-major axis. In this study, the only perturbing effect act-
ing on the orbiting objects is atmospheric drag from Earth’s at-
mosphere. The calculation of atmospheric density variability did
not consider solar cycle or geomagnetic variability. Any variabil-
ity in the atmospheric density was due to CO, inputted into the
model from launches or re-entries. Atmospheric density variation
trends with altitude at 100 km intervals were derived from [16]
and are outlined in Eqgs. (2-4). Although this model does not ac-
count for solar cycle or geomagnetic variability, the results in [16]
were obtained from models that accounted for low solar activity
Fip7 = 70sfu and Kp = 0.33 geomagnetic conditions when de-
riving trends of atmospheric density variability. As such, to remain
consistent and ensure that any variations in the modelled popu-
lation numbers were the result of CO, variations from launches
and re-entries, baseline atmospheric density values for low solar
activity from the MSISE-90 model [22]° were used. To calculate
the lifetime of an object across the full orbital region, the region
was split into 100 km bands and the time for an object to decay
through each of these bands was calculated. For each band, the

4 https://arstechnica-com.cdn.ampproject.org/c/s/arstechnica.com/space/2023/10/
next-year-spacex-aims-to-average-one-launch-every-2-5-days/amp/, accessed 30
October 2023.

5 http://www.braeunig.us/space/atmos.htm, accessed 30 October 2023.

[m5G;June 8, 2024;23:37]

Journal of Space Safety Engineering xxx (XXxx) xXx

mid-altitude atmospheric density value was used as an approxi-
mation. For the baseline population case, this atmospheric density
was considered constant for each band throughout the simulation.
However, for the CO, variable case, a reduction factor (described
through Egs. (2-4)) was applied to scale the atmospheric density
for each band. An atmospheric contraction factor corresponding to
the maximum band altitude was used, which resulted in an over-
estimation of the atmospheric reduction of the mid-altitude den-
sity for each band. The orbital lifetimes for each band were then
summed and the inverse was taken to obtain the coefficient B.

P500km = L500kmyge, 202875 CO4(£) 2083 2)
P100km = P400kmsg0000937C02 (t)~1:842 (3)
P300km = P300kmsg0, 7220.9CO; () 1492 (4)

No active lifetime delay was applied so any object added into
the environment began to decay immediately. This removal of the
delay due to an object’s active lifetime allowed for the investiga-
tion of the most extreme impact of re-entering objects on the at-
mosphere, which was the objective of this study. In reality, this
delay would have an impact on the system.

To consider a contribution of CO, for re-entries, results from the
Atmospheric Re-entry Assessment (ARA) study [23] were used. This
study used nominal and worst-case simulation scenarios, with the
worst-case scenario using a population of constellation satellites.
As such, data from this worst-case scenario was selected as it bet-
ter represents the scenario used in this study. From [23], a value
of 1100 kg of CO, per re-entry event was identified. The character-
istics of the satellites used in this study and in [23] differ, likely
leading to an overestimate of CO, per re-entry for this study. Fur-
ther analysis is required to determine the specific contribution of
CO, from re-entering spacecraft into the atmosphere. However, the
value of 1100 kg of CO, per re-entry was used to illustrate the con-
cept in this study.

The coefficient C represents the collisions that occur within the
orbital environment. The equations driving this collisional assess-
ment come from a simplistic Particles In a Box (PIB) evaluation
whereby objects with similar characteristics are treated similarly
to gas particles colliding in an enclosed space.

The atmospheric drag and number of collisions within the
population are also influenced by the objects’ masses and cross-
sectional areas. As such, changes in these characteristics due to
collisional events were considered by implementing weighted av-
erages throughout the population. For each collision event it was
assumed that a fixed number of 10 fragments were produced and
that each fragment was 10 % of the mass and cross-sectional area
of the original objects. This method produces fragments with the
same area-to-mass ratio as the original objects, which is unlikely in
reality, but is sufficient for the analysis in this study. The weighted
average scaling was calculated using the number of new objects in-
troduced with the original characteristics, the number of decayed
objects with reduced characteristics and the number of new col-
lisional fragments with reduced characteristics for each time step.
The new weighted average mass and area values were then used
to calculate the coefficients C and B in the next time iteration.

3. Results and discussion
3.1. Case 1 - Single constellation launch scenario

The population of objects and launch profile in this simulation
adhere to those described in Section 2.2, with 336,552 kg of CO,

emitted per launch (representative of SpaceX’s Falcon 9 launch ve-
hicle). In Case 1, a single launch profile is active with a maximum
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satellites over time. (Right) Atmospheric density at various altitudes with variable CO, concentrations considered over time.

1e—5 CO2 Inputs (SpaceX Starship)

8 -
Eq
& 6
.5 —— Additional Launch CO2
§ 4 1 Additional Re-entry CO2
<
o~
S 21
0-+— T T T T

20 40 60 100

Time (years)

80

Mid-band Atmsopheric Density (kg/m~3)

Atmospheric Density

10~°
—— Density Variable CO2 250km
—— Density Variable CO2 350km
10710 4 ——— Density Variable CO2 450km
10-—11 -
10—12 _

40 60
Time (years)

T

20 80 100
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satellites over time. (Right) Atmospheric density at various altitudes with variable CO, concentrations considered over time.

launch rate of 144 launches per year, each delivering 45 satellites
per launch. The simulation period spanned 100 years and the CO,
contributions in parts per million (ppm) and influence on the at-
mospheric densities are shown in Fig. 3.

Fig. 3 shows that this population and launch scenario has no
significant impact on ground-level CO, concentrations, with over-
all additions on the order of 1 x 1076 ppm (contributing to an
overall CO, concentration change over 100 years for this scenario
on the order of 1 x 10~% ppm). This also has a negligible impact
on the atmospheric density at all mid-altitude bands considered
below 500 km.

3.2. Case 2 - Extreme launch scenario

The population characteristics for Case 2 match Case 1 except
for the modification of the number of active launch profiles and
the launch vehicle emissions. In this simulation case, 5 identical
constellations are launched to 500 km altitude and are populated
simultaneously (i.e. 5 identical launch profiles are active at the
same time). Additionally, each launch emits the same amount of
CO, as SpaceX’s Starship (716,000 kg). This vehicle still only de-
livers 45 satellites into orbit per launch. Whilst many other large
satellite constellations have been planned, SpaceX is currently the
only launch provider with such high launch rate capabilities, with
many other satellite companies using SpaceX’s launch services to
populate their own constellations. As such, 5 companies launching
at the same rate as SpaceX was taken as a reasonable but extreme
launch scenario.

Even in this extreme launch case scenario, as shown in Fig. 4,
CO, inputs from launches and re-entries are small on the order
of 1 x 10~> ppm (contributing to an overall CO, concentration
change over 100 years of this scenario on the order of 1 x 10-3
ppm). This also has a negligible impact on the atmospheric den-
sity at all mid-altitude bands below 500 km and a negligible im-
pact on the number of objects in orbit compared to the constant
CO, concentration case.

With this implementation of a PIB collision calculation and a
CO, per re-entry, the CO, contribution from re-entries is likely an
overestimate. This is because the PIB calculation overestimates the
collision rate by assuming random movement of objects within the
volume, no collision avoidance abilities, that every collision results
in the fragmentation of 10 new fragments and that these relatively
large satellites are all populating a 300 km band of space (partic-
ularly dense in the extreme launch case scenario). This leads to
an overestimated increase in the number of objects in the model
which, due to a fixed assignment of CO, per object, each contribute
the same amount of CO, upon re-entry despite their differences
in mass. Studies investigating the CO, contribution per unit mass
would help to reduce this overestimate, but this was outside the
scope of the current work.

This study only assesses the impacts on atmospheric density
levels below 500 km. Reference [16] demonstrated that the im-
pacts of atmospheric contraction due to CO, concentration in-
creases with altitude, with higher altitudes experiencing more con-
traction for the same change in CO, concentration. Given that
many future constellations are planned above 500 km, extension
of this study to higher altitudes may provide additional useful in-
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sights into whether launch and re-entry CO, emissions may impact
the modelling of these higher altitude constellations.

This study also only estimates the atmospheric contraction due
to CO, contributions from launches and re-entering objects. This
is just one example of a feedback outlined in Fig. 1 that is linked
to the overall sustainability and environmental impacts of future
large satellite constellation related activities. Many other emissions
of substances from launches and re-entries have been identified
as requiring further research by the existing literature. By using
frameworks that consider launches as entry points and re-entries
as exit points, existing models cannot be used to investigate the
potential impacts of these other substances.

A further limitation in this study was the simplification of the
altitude insertion of CO, emissions from launches and re-entries.
The model directly inputted any released CO, into the ground-
level concentration during the 1-year timestep, which does not
accurately represent realistic mechanisms. Future studies should
consider the varied injection height of substances associated with
launches and re-entries, as this can have an impact on the atmo-
spheric dynamics at different altitudes [11].

4. Conclusions

Consideration should be given to this systems approach for fu-
ture assessment of the sustainability of space activities. The use
of systems thinking models allows for the identification of feed-
backs that may exist outside of the boundaries of current debris
models and introduces pathways to address questions that exist-
ing models are unable to investigate. The literature indicates that
achieving sustainability in space goes beyond space debris man-
agement alone. Developing models to assess the interdependencies
and feedbacks between currently isolated domains would allow for
a more holistic evaluation of the overall sustainability of space ac-
tivities. With this work, there is an opportunity to connect with
broader efforts to tackle emissions, to reach net zero, and work to-
wards developing a circular economy.

This study found that, even in the extreme launch scenario
where 5 identical constellations were being populated simultane-
ously, with a CO, release per launch of 716,000 kg and a CO, input
of 1100 kg per object re-entry, no significant influence due to these
factors on atmospheric density or total number of satellites in orbit
below 500 km was identified.

Further work to reduce the limitations present in this study
and to further validate these results is needed. Further research
to quantify the impact of CO, from object re-entries on the at-
mosphere compared to launches should include the identification
of CO, input per unit of re-entry mass. The data used to inform
the re-entry CO, contribution in this study were limited to CO,
per re-entry, which likely resulted in an overestimate in the spe-
cific CO, contribution of re-entries. Nevertheless, the contribution
of CO, from re-entries is still expected to be significantly smaller
than the emissions from launches. Furthermore, this study did not
investigate the potential effects of other environmentally harm-
ful substances that are released during launch or upon re-entry
into the atmosphere. As highlighted in the existing literature, sub-
stances such as black carbon and aluminium oxide have the poten-
tial to impact stratospheric chemistry, the ozone layer, and atmo-
spheric radiative forcing. Additionally, this study only considered
altitudes up to 500 km. Previous studies have identified that as al-
titude increases, the atmospheric reduction caused by ground-level
CO, concentration becomes more significant. Conducting further
research in this area would contribute towards a more compre-
hensive understanding of the holistic environmental impacts asso-
ciated with rocket launches and satellite re-entries during the age
of large satellite constellations. This improved understanding will
allow for further quantification of the holistic impacts on Earth’s
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environment and aid in addressing long-term sustainability aims
for space activities.

Funding

Anthony Wright PhD Studentship and EPSRC DTP 2022
(EP/W524621/1)

Declaration of competing interest

The authors declare the following financial interests/personal
relationships which may be considered as potential competing
interests: Megan Perks is a PhD student at the University of
Southampton, UK, and also a member of the UK Space Agency del-
egation to the Inter-Agency Space Debris Coordination Committee.
She receives funding from EPSRC and a University of Southampton
Anthony Wright PhD Studentship to fund her PhD. Hugh Lewis is
a Professor of Astronautics at the University of Southampton, UK.
He is a also a member of the UK Space Agency delegation to the
Inter-Agency Space Debris Coordination Committee. Nina Vaidya is
an Assistant Professor in Astronautics and Spacecraft Engineering.
There are no other interests to declare.

CRediT authorship contribution statement

Megan E. Perks: Writing - review & editing, Writing - original
draft, Methodology, Formal analysis, Conceptualization. Hugh G.
Lewis: Writing - review & editing, Supervision, Methodology, For-
mal analysis, Conceptualization. Nina Vaidya: Writing - review &
editing, Supervision.

Acknowledgments

During the preparation of this work the first author used Jen-
niAl in order to make minor language and grammar edits only. Af-
ter using this tool/service, the first author reviewed and edited the
content as needed and takes full responsibility for the content of
the publication. The scientific content and results of the paper are
the authors’ original ideas and work.

References

[1] A. Mijic, et al., A meta-model of socio-hydrological phenomena for sustainable
water management, Nat. Sustainab. 7 (1) (2024) 7-14.

[2] O.R. Hainaut, A.P. Williams, Impact of satellite constellations on astronomical
observations with ESO telescopes in the visible and infrared domains, Astron.
Astrophys. 636 (2020) A121.

[3] J.A. Tyson, et al., Mitigation of LEO satellite brightness and trail effects on the
Rubin Observatory LSST, Astron. J. (N. Y.) 160 (5) (2020) 226.

[4] S.M. Lawler, et al., Visibility predictions for near-future satellite megaconstel-
lations: latitudes near 50 will experience the worst light pollution, Astron. J.
(N.Y.) 163 (1) (2021) 21.

[5] S. Kruk, et al., The impact of satellite trails on hubble space telescope observa-
tions, Nat. Astron. 7 (3) (2023) 262-268.

[6] C. Pardini, L. Anselmo, Uncontrolled re-entries of spacecraft and rocket bodies:
a statistical overview over the last decade, J. Space Safety Eng. 6 (1) (2019)
30-47.

[7] M. Byers, et al., Unnecessary risks created by uncontrolled rocket reentries,
Nat. Astron. 6 (9) (2022) 1093-1097.

[8] M. Byers, C. Byers, Toxic splash: russian rocket stages dropped in Arctic wa-
ters raise health, environmental and legal concerns, Polar Rec. 53 (6) (2017)
580-591.

[9] V. De Lucia, V. lavicoli, From outer space to ocean depths: the spacecraft ceme-
tery and the protection of the marine environment in areas beyond national
jurisdiction, Cal. W. Int’l LJ 49 (2018) 345.

[10] E.J. Larson, et al., Global atmospheric response to emissions from a proposed
reusable space launch system, Earth’s Future 5 (1) (2017) 37-48.

[11] J.A. Dallas, et al., The environmental impact of emissions from space launches:
a comprehensive review, ] Clean Prod 255 (2020) 120209.

[12] M.Y. Chou, et al., lonospheric disturbances triggered by SpaceX falcon heavy,
Geophys. Res. Lett. 45 (13) (2018) 6334-6342.

[13] C.M. Maloney, et al., The climate and ozone impacts of black carbon emis-
sions from global rocket launches, ]J. Geophys. Res.: Atmos. 127 (12) (2022)
€2021JD036373.



ARTICLE IN PRESS

JID: JSSE
M.E. Perks, H.G. Lewis and N. Vaidya

[14] R.G. Ryan, et al., Impact of rocket launch and space debris air pollutant emis-
sions on stratospheric ozone and global climate, Earth’s Future 10 (6) (2022)
€2021EF002612.

[15] D.M. Murphy, et al., Metals from spacecraft reentry in stratospheric aerosol
particles, Proc. Natl. Acad. Sci. 120 (43) (2023) e2313374120.

[16] M.K. Brown, et al., Future decreases in thermospheric neutral density in low
Earth orbit due to carbon dioxide emissions, J. Geophys. Res.: Atmos. 126 (8)
(2021) €2021JD034589.

[17] M.K. Brown, et al., Climate change in space: thermospheric density reductions
in LEO and the impact on the debris environment, 8th European Conference
on Space Debris, 8, ESA Space Debris Office, 2021.

[18] Verma, V.K, et al. (2023). A re-examination of the space debris problem using
systems thinking.

[19] D.L. Talent, Analytic model for orbital debris environmental management, ]J.
Spacecr Rockets 29 (4) (1992) 508-513.

mb5G;June 8, 2024;23:37

Journal of Space Safety Engineering xxx (XXXx) XxX

[20] SpaceX FCC Filing For Updated Generation 2 satellites, 2023 https://
planet4589.org/astro/starsim/papers/StarGen2.pdf accessed 30 October.

[21] E. Buchen, SpaceWorks Enterprises, Nano/Microsatellite Market Assessment,
[Conference Paper]. Proceeding of the AIAA/USU Conference on Small Satellites
2014 August, 2014 https://digitalcommons.usu.edu/cgi/viewcontent.cgi?article=
3018&context=smallsat accessed 30 October 2023.

[22] AE. Hedin, Extension of the MSIS thermosphere model into the middle and
lower atmosphere, J. Geophysical Res.: Space Physics 96 (A2) (1991) 1159-1172.

[23] Simone Bianchi, et al., Thales Alenia Space, Atmospheric Re-entry Assess-
ment (ARA), [Conference Presentation]. ESA Clean Space Industrial Days
2021 September 20-24, 2021 https://indico.esa.int/event/321/contributions/
6376/attachments/4334/6537/DESI_Bianchi_CleanSpacelndustrialDays_ARA.pdf
accessed 30 October 2023.



