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The increasing number of anthropogenic space objects (ASOs) in lowEarth orbit (LEO) poses a threat to the safety

and sustainability of the space environment. Multiple companies are planning to launch large constellations of

hundreds to thousands of satellites in the near future, increasing the probability of collisions and debris generation.

This paper analyzes the long-term evolution of the LEO ASO population with the goal of estimating LEO orbital

capacity. This is carried out by introducing a new probabilistic source–sinkmodel. The developed source–sinkmodel

is a multishell multispecies model, which includes different object species, such as active and derelict satellites, and

debris. Furthermore, debris are divided into the following two subgroups: trackable andnontrackable debris, the last

ones representing a significant hazard for active satellites. In addition, the proposed model accounts for collision

events and atmospheric drag effects, which include the influence of solar activity. Indeed, the Jacchia–Bowman 2008

thermospheric density model is exploited. The results prove that considering untracked debris within the model

produces more collisions, and therefore a smaller population of active satellites affecting the safety of LEO and its

orbital capacity.

Nomenclature

A = area of an object, m2

B = ballistic coefficient, m2∕kg
Bn = bandwidth, 1∕s
b = object diameter, m
_C = number of objects removed/added per year due to a

collision
_Cadd

= gain in derelicts and debris per year due to a collision

cD = drag coefficient
D = derelict
d = thickness of shell, km
_F = flux due to atmospheric drag, objects/year

Fmax = maximum value of solar flux
Fmean = mean value of solar flux
Fmin = minimum value of solar flux
Gt∕r∕p = transmitter/receiver/signal processing gains, dB

h = altitude of shell, km
Kij = matrix containing number of fragments generated from

a collision
k = Boltzmann constant, m2 ⋅ kg ⋅ s−2 ⋅ K−1

LC = characteristic length, m
LP∕S = propagation/system loss, dB

M = mass of objects involved in a catastrophic collision, kg
Mp = mass of projectile in a noncatastrophic collision, kg

m = mass of a generic object, kg
N = trackable debris
Ns = number of species considered
Pdet = probability of detection
Pfa = probability of false alarm
PM = probability of success of postmission disposal

Pt = peak power, W
Q = generic species
R = radar-object distance, km
Rorb = distance from center of Earth, km
r = radius of an object, m
S = active satellite
TS = system noise temperature, K
T0 = noise temperature, K
U = untrackable debris
V�h� = volume of orbital shell, km3

v = change in semimajor axis, km/s
vc = orbital speed at average population altitude, km/s
vimp = impact velocity in a noncatastrophic collision, km/s

vr�h� = average relative velocity, km/s
x = dimensionless diameter
z = dimensionless radar cross section
α = fractions of collisions that an active satellite fails to

avoid (only with derelicts and tracked debris)
αa = fractions of collisions that an active satellite fails to

avoid (only among active satellites)
αsu = fractions of collisions that an active satellite fails to

avoid (only with untracked debris)
Γ = matrix of coefficients
γn = loss of custody of tracked debris
γn;% = fraction related to γn
Δt = satellite operation life, years
δ = ratio of density of disabling to lethal trackable debris
δsu = ratio of density of disabling to lethal untrackable debris
ηn = fraction of successful tracking of untracked debris
ηn;% = fraction related to ηn
λ = annual launch rate, objects/year
λw = signal wavelength, m
μ = Earth gravitational parameter, km3∕s2
ξ = ratio of untracked debris generated from a collision
ξ% = fraction related to ξ
ρ = atmospheric density, kg∕m3

σij = impact parameter, m2

σRCS = radar cross section
τ = transmitted pulse width, s
ϕij = intrinsic probability of collision matrix, 1/year

Subscripts

c = catastrophic collision
i, j = species of a model
nc = noncatastrophic (damaging) collision
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I. Introduction

R ECENTLY, many companies have planned to launch large
satellite constellations with hundreds or thousands of satel-

lites, especially in lowEarth orbit (LEO). Among them, there are the
SpaceX Starlink constellation, with 4408 currently authorized sat-
ellites and a potential final number of about 42,000 satellites [1]; the
Amazon Kuiper constellation, with about 3236 satellites authorized
and a final number of about 7800 satellites [2]; and Astra Space
constellation of about 13,000 satellites [3]. This high number of
satellites will lead to an anticipated growth in the LEO anthropogenic
space object (ASO) population. Consequently, the higher number
of collisions and the corresponding debris creation will produce a
significant environmental impact, causing LEO to be a more complex
environment to operate. Understanding the evolution of the space
environment and the sensitivity of that evolution to different variables
is essential to ensure long-term sustainability and to inform work by
operators to ensure kinetic space safety. Indeed, new constellations
require reliable collision avoidance control, such as satellite slotting,
and postmission disposal (PMD) procedures, to minimize the number
of new derelicts created.
The current paper investigates the evolution of the ASO popula-

tion in LEO by exploiting a new probabilistic source–sink model
with the objective of estimating the LEO orbital capacity. This is
carried out through the long-term propagation of the proposed
source–sink model, which is part of the so-called Massachusetts
Institute of Technology Orbital Capacity Assessment Tool
(MOCAT), which globally considers different object species, such
as active satellites, derelict satellites, and debris. In this new model,
the debris species are divided into the following two subgroups:
trackable and nontrackable debris (also referred to as untracked
debris), the last ones representing a significant threat to active
satellites. Indeed, the inability to track some debris leads to more
unexpected catastrophic events (i.e., collisions) because active
satellites cannot perform collision avoidance maneuvers in time.
In addition, solar activity and geomagnetic storms, which affect the
natural decay of objects through the atmospheric drag flux, are
included within the proposed model. This is carried out by
employing the Jacchia–Bowman 2008 (JB2008) thermospheric
density model [4]. Once introduced, the model will be propagated
for long-term predictions of ASO evolution. Subsequently,
an estimation of the LEO orbital capacity is provided accor-
ding to standard metrics.
The orbital capacity can be defined according to the following

two approaches: intrinsic capacity of slotted spacecraft and risk-
based capacity [5]. Intrinsic capacity correlates the orbital capacity
to the number and configuration of active ASOs that can be placed
in a region of space to avoid collisions with other active ASOs. On
the other hand, risk-based capacity relies on estimating ASO evo-
lution and distribution over time [5]. Even though there is not a
commonly accepted metric to measure risk-based capacity, some
metrics have been introduced in the literature, such as the number–
time (NT) product [6], associated with the trend of the number of
fragments; the Criticality of Spacecraft Index (CSI) [7], which is an
analytical index measuring the threat of large intact objects to the
environment in terms of possible debris cloud generated in case of
fragmentation; and the indices based on the Environmental Conse-
quences of Orbital Breakups index [8] reported in Refs. [9,10]. In
particular, these two works also consider some trackability mea-
sures within their indices to assess its effect on collision probability,
with the result of shifting the most critical regions to higher alti-
tudes. The evolution of ASOs in a specific time frame is usually
required to compute the risk-based capacity. In particular, two
methodologies can be identified to estimate the evolution of ASOs.
The first method exploits a deterministic approach based on the
propagation of the ASOs forward in time according to reasonably
accurate physical models of spacecraft dynamics. Generally, to
reduce computational efforts, semi-analytic propagation techniques
are employed for long propagation times. Many perturbations
(oblateness of Earth, third-body perturbations, atmospheric drag,
solar radiation pressure, and space weather) are modeled as well as

collisions and explosions. The advantage of this approach is the
exact information that can be obtained about each single ASO.
Moreover, this methodology is often used in combination with
Monte Carlo (MC) procedure to include uncertainties and stochas-
tic input variables to study the stability and sensitivity of the space
environment to different inputs. This allows for the computation of
general statistics and probability density distributions for critical
parameters. These models propagate single objects with high accu-
racy, thanks to high-fidelity dynamic models. However, they are
computationally expensive and time-consuming to run, which does
not allow us to analyze long prediction horizons. In addition, they
are not generally publicly available. Examples of models employ-
ing this approach are LEO-to-GEO Environment Debris [11],
Debris Analysis and Monitoring Architecture to the Geosynchro-
nous Environment [12], and Debris Environment Long-Term
Analysis [13]. The second methodology is based on source–sink
models. These models rely on systems of coupled ordinary differ-
ential equations (ODEs) describing the evolution of the different
species of ASOs involved, such as payloads, rocket bodies, and
fragments [14]. Several discretizations can be introduced within
those models, for example, in terms of species, orbital altitude,
physical characteristics, and mass. Moreover, many phenomena
can be modeled, like the orbital decay due to the atmospheric drag,
new launches, collisions, explosions, and PMDs. The main draw-
back of these models is that information about single objects is
missing because objects are propagated as species. However, these
models are computationally fast and can provide essential informa-
tion about the projected future distribution of ASOs in the space
environment for a long prediction horizon. Although these debris
models represent a typical approach employed to study the long-
term evolution of the LEO population, some simplifying assump-
tions are often carried out, thus leaving room for further improve-
ments tomake thesemodels more realistic and reliable and calibrate
them against either truth data or data from MC simulations. Many
works in literature have already employed source–sink models to
study the LEO population. As an example, Kessler and Cour-Palais
developed a model that considered the primary source and sink
terms to study the evolution of the satellite population, predicting
the significant growth of space debris due to collisions [15], with
follow-on work by Kessler and Anz-Meador studying the stability
of LEO using these modeling techniques based on empirical data
and new breakup models [16]. Afterward, the results of that work
were revised and investigated again with more recent data and new
models [17], examining alternatives for controlling the future
orbital debris environment. Furthermore, Talent [18] proposed a
simple model based on one first-order ODE to describe the evolu-
tion trend of the objects in orbit. Finally, Somma et al. [19] intro-
duced a feedback controller within a statistical source–sink model
to investigate adaptable debris control strategies. The model devel-
oped by Somma [14] and called Model for Investigating control
Strategies for Space Debris (MISSD) constitutes the baseline of
the model exploited by Trozzi et al. [20] to study the evolution of
the LEO region and analyze space environment capacity (including
NT and the CSI). None of the works mentioned previously con-
sidered the presence of untracked debris among the objects species
and a high-fidelity thermospheric density model as the JB2008.
This paper is organized as follows. First, the proposed source–

sink model is introduced together with the employed approach
to consider the JB2008 thermospheric density model and the
computation of some coefficients appearing in the model based
on radar performances. Then, numerical analyses, including the
spatial density and LEO orbital capacity, are presented and dis-
cussed. Finally, concluding remarks and future research direc-
tions are given.

II. Space Environment Model

The long-term evolution of ASOs is studied here through a multi-
shell multispecies source–sink model. This model considers the
subdivision of the LEO region into orbital altitude shells, assumed
to be spherical, and takes into account three species ofASOs, namely,
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active satellites (S), capable of performing collision avoidance
maneuvers; intact derelict satellites (D), which include disabled
satellites and inactive satellites that fail to meet the PMD guidelines;
and debris. The debris species is further divided into the following
two groups: trackable (N) and untracked (U) debris. (Note that
S;D;N;U are generally used throughout the paper to indicate the
number of objects belonging to each specific population. However,
when they appear as lowercase subscripts, they are just meant to be
identifiers of each specific population.) The reason behind these
subdivisions is related to the fact that our sensing capabilities are
limited, both in terms of the number of sensors (optical telescopes and
radars) and the technology. Therefore, tracking all the debris gen-
erated from collisions is impossible. For this reason, they represent a
significant threat to the entire ASO population, especially to the
active satellites, which are not always able to perform rapid collision
avoidance maneuvers due to the nontrackability nature of untracked
debris. Rocket bodies are not actively distinguished as its own
species, and they are included as derelicts. Throughout the paper,
the developed source–sink model will be referred to as MOCAT-4N,
and it represents an improvement of the MOCAT-3 baseline model
[21]. In particular, the number 4 indicates the number of species
involved in the model, whereas N is related to the subdivision of
debris into two subgroups. This is done to distinguish the different
versions of the MOCAT models that the authors are currently devel-
oping. As already mentioned, source–sink models are based on a
system of ODEs that describe the evolution and interactions of the
species through time. Because the proposed model is multishell,
the LEO is assumed to be divided intomany altitude shells; therefore,
the ASO population is computed for each altitude shell. Before
introducing the equations, the assumptions considered to build the
model are listed as follows:
1) Because spherical shells are considered, the model is valid for

ASOs in near-circular orbit. Moreover, a nonrotating atmosphere is
considered.
2) The model does not account for any perturbation but the

atmospheric drag, which represents the only natural sinking mecha-
nism of the model. This means that the semimajor axis is the only
orbital element of ASOs that can change.
3) New active satellites are assumed to be directly injected into

their final altitude orbit. They are not subject to drag decay effects
because they are assumed to be able to perform station-keeping
maneuvers.
4) Explosions are not modeled, as future technological improve-

ments are expected to decrease their occurrences. Even when mod-
eled, using a stochastic approach for the explosion rate as in [10,22],
fragments are added such that the characteristics of past fragmenta-
tions are unchanged. Moreover, their occurrence is modeled as a
monotonically decreasing probability after launch, which makes it
hard to fit in source–sink models.

5) The current guideline of 25 years for PMD is not considered in
this work, and active satellites are removed from the simulation after
Δt years of operational life. This assumption corresponds to a favor-
able scenario; indeed, some companies are suggesting dismissing
their constellation satellites within one year after their operational
life [23].
6) Theminimum size of both tracked and untracked debris that can

disrupt an intact object is considered to be 10 cm. This value corre-
sponds to the space surveillance network sensor historical detection
limit [24]. Moreover, the physical characteristics of tracked and
untracked debris are the same. One can note that, in this work, the
adjective “untracked” or “nontrackable” is not linked to the size of the
debris that is too small to be easily tracked (i.e., smaller than 10 cm),
as commonly referred to in the literature. Indeed, untracked debris is
used here to identify the debris that is not tracked because of the lack
of sensor availability. As debris smaller than 10 cm can still represent
a mission-ending hazard for small satellites, the threshold size
assumption here assumed best fits the trackability analysis. Indeed,
smaller untracked debris can be added to the model, at the cost of
much higher computational cost, with the realization that they will
probably never be detected by the sensors.
7) The number of fragments generated from the collisions is

computed using the NASA standard breakup model [25]. For sim-
plicity, we assume that the collision between intact objects, such as
S − S, S −D, and D −D, generates a catastrophic collision. In
contrast, the collision with debris (both tracked and untracked) gen-
erates a noncatastrophic collision.
8) Any collisions involving untracked debris only produce

untracked debris. Because of the lack of knowledge on how and
when the collision involving the untracked debris occurred, it is
assumed that the initially generated debris cloud due to these inter-
actions is not tracked.
9) Average physical characteristics (mass, area, and diameter) are

considered for each species, according to themedianvalues proposed
in Ref. [14].
A schematics representing the qualitative interactions among the

species is illustrated in Fig. 1. As can be seen, the only source of
the active satellite population is represented by the new launches.
Therefore, the term that regulates the new launches is the annual
launch rate, indicated with λ. At the same time, following the PMD
guidelines, active satellites are removed from the simulation after Δt
years of operational life. However, it is also likely that not all the
active satellites succeed in performing PMD, thus becoming dere-
licts. This transition is considered by modeling the probability of
success PM of PMD. The other modeled phenomena are the colli-
sions, the natural orbital decay caused by the atmospheric drag, and
the interaction between tracked and untracked debris, which depend
on the sensing capabilities. These three phenomena are explained in
detail in the following subsections.

Fig. 1 Qualitative schematics of the MOCAT-4N model.
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A. Collisions

To model the collision between the species involved in MOCAT-

4N, some coefficients need to be introduced. The fractions of dis-

ruptive collisions with derelicts and tracked debris that an active

satellite fails to avoid is referred to as α. On the other hand, the

fractions of collisions with active satellites that an active satellite fails

to avoid is represented by αs. In particular, αs < α because collisions

among active satellites are less frequent due to the collision avoidance

capability of both the objects involved in the collision. Finally, δ is the
ratio of the density of disabling to lethal debris; this term considers

the possibility that disabling collisions can generate new derelicts.

Instead, when the untracked debris are involved in the collision, the

coefficients αsu and δsu are employed. These last two coefficients are

assumed to be higher than the respective counterparts, α and δ,
because of the unpredictability of untracked debris. As already stated,

collisions involving untracked debris produce only untracked debris

(not tracked debris). For each pair of colliding ASOs, we can define

the following variable related to the intrinsic collision probability

[14]:

ϕij � π
vr�h�σij
V�h� (1)

where the subscripts i and j refer to the ith and jth species,

respectively; vr�h� is the average relative velocity; V�h� is the

volume of the orbital shell; h is the altitude; and σij is the square
of the impact parameter, and it is a function of the radius of the

objects [14]:

σij � �ri � rj�2 (2)

One can note that even though vr�h� is a function of the altitude, it is
often considered equal to vr �

���
2

p
vc, as it is done in this work, with

vc being the orbital speed at the average population altitude, with a
value of 10 km∕s for LEO [14]. Moreover, as it can be seen from

Eq. (2), Eq. (1) is symmetric in the indexes i and j. Finally, the
number of fragments generated from a collision between species i
and j (Kij) can be computed according to the NASA standard

breakup model [25]. The following two different types of collisions

are considered: catastrophic and noncatastrophic/damaging colli-

sions:

Kij;c � 0.1L−1.71
C �Mi �Mj�0.75 (3)

Kij;nc � 0.1L−1.71
C �Mp ⋅ v2imp�0.75 (4)

where LC is the characteristic length of the minimum size of

generated debris (assumed to be 0.1 m),Mi∕j is the mass associated

to the colliding species i∕j,Mp is the mass of the projectile (i.e., the

mass of the lessmassive object,Mp � min�Mi;Mj�), and vimp is the

impact velocity (assumed to be equal to 10 km∕s). As mentioned

before, collisions between intact objects are considered cata-

strophic, whereas collisions with debris are noncatastrophic.
To have a more compact form of the terms related to collisions, let

_C be the vector expressing the terms related to collisions for each

species:

_C � � _Cs; _Cd; �1 − ξ� _Cn ⋅ K; ξ _Cn ⋅ K � _Cu ⋅ K� (5)

whereK is the number of fragments generated by the collision, which

is different for each pair of colliding species, and ξ is the fraction of
untracked debris generated from a collision, and it will be explained

more in detail in the next subsections of this paper. One can note that

the terms _Cs; _Cd; _Cn; _Cu include both the additions and removals of

objects related to each interaction event among the species for each

ODE of MOCAT-4N. The components appearing in Eq. (5) can be

expressed as

_Ci �
XNs

j�1

ΓijϕijQiQj � _Cadd;i (6)

where Qi∕j represents the number of objects of the generic species;

_Cadd;i represents the gain in derelicts and debris and will be intro-

duced later in this subsection;Ns is the number of species considered

(in this work Ns � 4), i; j � 1; : : : ; Ns are the subscripts indicating

each species; and Γij are the coefficients of the matrix Γ:

Γ �

2
666664

−αs −�δ� α� −�δ� α� −�δsu � αsu�
�δ −1 −1 −1

�α �1 �1 0

�αsu �1 �2 1

3
777775

(7)

The matrix Γ identifies the coefficients involved in all the pair

interactions among the species of objects, which indicates the

fractions or the number of objects that are added/removed to/from

each population. For example, the coefficient Γ11 regulates the

interaction S − S, Γ12 the interaction S −D, and so on. Hence, each

row ofΓ refers to the coefficients included in the interaction terms of

each ODE of the MOCAT-4N model. (The first row of Γ refers to _S,

the second row to _D, the third row to _N, and the fourth row to _U.)

The values of the coefficients are reported in Sec. III. Finally, the

additional terms _Cadd;i are the components of the following vector
_Cadd:

_Cadd � �0;� ϕsnδSN � ϕsuδsuSU;� ϕsdαSD� ϕddD
2

� αsϕssS
2; 0� (8)

where the terms ϕ are computed through Eq. (1). It is worth to

mention again that the subscripts s; d; n; u are used in Eq. (8) as

identifiers of the interactions considered.

B. Atmospheric Drag Effects

The atmospheric drag affects ASO semimajor axis, which contin-

uously decreases, causing the natural orbital decay. This leads to a flux

of objects decaying from the current shell to the shell immediately

below. IndicatingwithQ the number of objects of a generic species, the

flux due to the atmospheric drag _Fd;Q can be written as

_Fd;Q � −
Q�v�
d

�Qv

d
(9)

where d is the thickness of the shell, and v � _a is the rate of change of

the semimajor axis caused by the atmospheric drag. The subscript �
indicates the quantities computed based on the values in the shell right

above the one currently under analysis. The first term of Eq. (9) is

related to the positive flux of objects entering the current shell, while

the second term refers to the negative flux of objects leaving the current

shell. Please, note that Eq. (10) has a minus sign. Moreover, the ratio

d∕v represents the residence time of the objects in the shell under

analysis. Assuming near-circular orbits, for which a ≈ Rorb (thus

_a ≈ _Rorb), with Rorb being the distance computed from the center of

Earth, andconsidering the orbital specific energyE � −�μ∕2a�,where
μ � 398;601 km3∕s2 is Earth’s gravitational parameter, a the semi-

major axis,m the mass of the spacecraft, v the spacecraft velocity, and
FD the atmospheric drag force, the time derivative of the specific

energy yields:

_E � μ _a

2a2
� 1

M
FD ⋅ v � −

1

2m
ρv3AcD � −

1

2
ρv3B

Hence
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_a � −
ρv3a2

μ
B

The rate of change of the semimajor axis, considering v � ���������
μ∕a

p
, is

finally expressed as [14]

v � _a � −ρB
������
μa

p
≈ −ρB

�����������
μRorb

p
(10)

where B � cD�A∕m� is the ballistic coefficient, with cD, A, and m
being the drag coefficient, the area, and the mass of the object,
respectively, whereas ρ is the atmospheric density. In this work, we
are assuming cD � 2.2, which corresponds to the drag coefficient
evaluated for a flat-plate model, an assumption usually carried out
in literature [19]. Frequently, the atmospheric density is modeled
with a static exponential model [20]. However, the atmospheric
density is highly dynamic and can be strongly affected by time-
varying factors, such as solar activity and geomagnetic storms. This
is why the JB2008 thermospheric density model [4] is employed in
this work.
The JB2008 thermospheric density model is a current state of

practice for thermospheric mass density prediction. The JB2008
model has been validated via comparisons with accurate daily
density drag data collected from satellites in orbit and has shown
significant improvement compared to previous atmospheric density
models. The JB2008 model uses a set of solar fluxes measured at
different wavelengths and the temperature change due to the Dis-
turbance Storm Time (DSTDTC) index as the main drivers for
thermospheric density prediction. The set of solar fluxes captures
the effects of the solar activities; meanwhile, the DSTDTC index
captures the effect of the geomagnetic activities on the thermo-
spheric density field.
One of the main challenges with the usage of the JB2008 atmos-

pheric model for long-term prediction are the difficulties in accu-
rately predicting the long-term solar and geomagnetic indices. In
this work, the future solar and geomagnetic indices for the JB2008
density model are modeled based on the COSPAR International
Reference Atmosphere 2008 [26]. The CIRA-08 provides the sta-
tistics of solar indices over a solar cycle with an average space
weather activity. A solar cycle corresponds to the cycle that the sun’s
magnetic field goes through approximately every 11 years, which
strongly influences the activity on the surface of the sun. The level
of solar radiation, number of sunspots, solar flares, and coronal
loops has shown periodic variation with the solar cycle. Using the
mean, minimum, and maximum values within the CIRA-08
guideline, we fitted the following two Gaussian distributions

to the solar flux indices: a conservative low-variance model
[3σlow � min�Fmean − Fmin; Fmean − Fmax�] and a less conservative
high-variance model [3σhigh � max�Fmean − Fmin; Fmean − Fmax�].
The solar flux indices are assumed to evolve independently,
sampled as independent Gaussian variables from one another at
each time step. Meanwhile, the historical long-term mean value for
the DSTDTC index of 58 K is used. For the analysis of this paper,
the high-variance model has been employed. This assumption of a
continuously moderate solar cycle over 200 years can result in
inaccurate density predictions, as the solar cycle can alternate
between periods of low activity and high activity. However, includ-
ing the influence of the different solar activity levels still represents
a better approximation of reality with respect to the static exponen-
tial model regarding atmospheric density.
The atmospheric density field can vary depending on the longi-

tude and latitude; however, the MOCAT-4N model does not pre-
cisely propagate the space object in the three-dimensional (3-D)
space and only models the population in distinct altitude shells.
Thus, a mean density value is computed for each altitude shell
using the JB2008 model and is then used to evaluate the mean drag
force acting on all populations within the same altitude shell. The
atmospheric density is computed by evaluating the JB2008 model
over a 3-D grid with the spatial and temporal resolutions shown in
Table 1. An average density for each altitude is then calculated by
taking the mean over the two-dimensional latitude and longi-
tude grid.
Figure 2 shows the variation in density at 600 km for different

solar cycles (from 2020 to 2224) using the high-variance model.
These estimated density variations better reflect the behaviors of the
actual thermosphere under the different space weather conditions
across the various solar cycles. Figure 3 shows the differences
in predicted densities between the JB2008 density model and
the static exponential atmospheric model. Under the different
levels of space weather activity, the JB2008-predicted densities
could vary by orders of magnitude. On the other hand, the static

Table 1 Spatial and temporal resolution of the
JB2008 atmospheric density data

Domain Resolution

Longitude, rad [0; 2π] 0.0698

Latitude, rad [−0.49π; 0.49π] 0.0684

Altitude, km [200; 2000] 50
Time March 2020 to Feb. 2224 Monthly

051001050
Months since the start of the solar cycle
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Fig. 2 Variation in predicted atmospheric density at 600 km over a solar cycle of approximately 11 years using the higher-variance model; the different
colors of the plots represent different solar cycles.
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exponential atmospheric model assumes a static atmospheric den-
sity regardless of the space weather activity [27]. The static atmos-
pheric density overestimates the drag force under low spaceweather
activity and underestimates the drag force under high spaceweather
activity.

C. Interaction Between Tracked and Untracked Debris

To describe the interactions between tracked and untracked debris,
three coefficients are introduced. The first one is ξ�h� and represents
the amount of untracked debris (with respect to the total number of
fragments) generated from collision events. This is because we cannot
track some debris because of poor coverage and sensor availability. In
addition, it is altitude dependent, as the sensing capability of ground-
based sensors generally decreases as the distance between the sensor
and the objects increases. The other coefficients are γn�h� and ηn�h�,
representing the loss of custody of tracked debris and the successful
tracking of untracked debris, respectively. These last two coefficients
are also altitude dependent and related to the sensing capability; they
describe how tracked debris can become untracked and vice versa.
Because of the connection with the sensing capability, all three coef-
ficients are estimated according to the probability of detection Pdet,
which is then further reducedby apercentage to consider that not all the
objects detected are actually tracked. To retrieve the probability of
detection, the signal-to-noise ratio (SNR) associated with radar has to
be computed.The chosen reference radarmodel usedhas the character-
istics reported in Table 2, whose parameters are taken from Ref. [28].
The SNR can be computed as [28]

SNR�R� � PtGtGrGPλ
2
wσRCS

�4π�3R4kTsBnLsLp

(11)

where the system noise temperature is Ts � T0 ⋅ NF, Bn � 1∕τ, R
represents the radar-object distance, and the other parameters are

introduced inTable 2.The only parameter that still needs tobeobtained
is the radar cross section σRCS. To estimate σRCS as a function of the
object’s size, the scattering regimemust first be identified. The follow-
ing three regimes exist: the optical regime, where the size of the object
is much greater than the wavelength; the Rayleigh regime, where the
size of the object is smaller than the wavelength; and the Mie or
resonance regime, which is intermediate between the first two regions.
In theMie region, the radar cross section is oscillatory with frequency.
By defining x � b∕λw, where b is the diameter of the object, and

z � σRCS∕λ2w, the three regimes can be defined as

x �

8>>>>>><
>>>>>>:

�����
4z

π

r
if z ≥ 5; optical regime

��������
4z

9π5
6

r
if z ≤ 0.03;Rayleigh regime

g�z� if 0.03 < z < 5;Mie regime

(12)

where for theMie regime the smooth functiong�z� can be obtained via
numerical interpolation. In this last case, data from tables 3–6 of
Ref. [29], reported in the Appendix and illustrated in Fig. 4, could
be used for interpolation. Because we are interested in obtaining the
radar cross section as a function of the object’s size, Eq. (12) has to be
inverted, and the regime is actually identified in terms of the
circumference/wavelength ratio. If this value is smaller than 1, the
object is within the Rayleigh regime; if it is higher than 10, the optical
regime; and the Mie regime lies in between [30]. For example, if we
consider debris with diameter b � 0.3149 m and the wavelength in
Table 2, the value of the circumference/wavelength ratio is about 1.57,
which indicates a Mie regime. Therefore, by performing a linear

interpolation of Fig. 4, we obtain σRCS � 0.0835m2.
Once the σRCS is evaluated, it can be substituted into Eq. (11).

Hence, the probability of detection as a function of the range can be
calculated as [28]

Pdet�R� � 0.5 ⋅ erfc�
���������������������
− log�Pfa�

p
−

������������������������������
SNR�R� � 0.5

p
� (13)
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Fig. 3 Variation of density under different models and space weather
activities.

Table 2 Radar parameters

Parameter Value

Peak power Pt 100 kW

Transmitter antenna gain Gt 40 dB

Receiver antenna gain Gr 40 dB

Signal processing gain Gp 13.3 dB

Wavelength λw 23.08 cm (L band)

Transmitted pulse width with unmodulated
waveform τ

1 ms

Noise temperature T0 290 K

Noise figure 3 dB
System loss Ls 5 dB

Propagation loss Lp 1.2 dB

Boltzmann constant k 1.38 ⋅ 10−23 m2 ⋅ kg ⋅ s−2 ⋅ K−1

Table 3 Interactions among the species of the MOCAT-4N model

Species S (active satellites) D (derelicts) N (tracked debris) U (untracked debris)

New launches _Λ —— λ 0 0 0

Postmission disposal
_CPMD

—— −
S

Δt
�1 − PM�S

Δt
0 0

Drag _F —— 0 _Fd;D
_Fd;N

_Fd;U

Collision source _C S −αsϕssS
2 ϕsdδDS�ϕsnδSN �1 − ξ��KnsϕnsαSN�KdsϕdsαSD

�KssαsϕssS
2�

ξ�KnsϕnsαSN�KdsϕdsαSD
�KssαsϕssS

2��KnuϕsuαsuSU

D −ϕsd�δ� α�SD −ϕddD
2 �1 − ξ��KddϕddD

2�KdnϕdnDN� ξ�KddϕddD
2�KdnϕdnDN��KduϕduDU

N −ϕsn�δ� α�SN −ϕdnDN �1 − ξ��KnnϕnnN
2�−γnN ξ�KnnϕnnN

2�2KnuϕnuNU�γnN

U −ϕsu�αsu � δsu�SU ϕsuδsuSU−ϕduDU �ηnU KuuϕuuU
2−ηnU
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where erfc is the complementary error function, and Pfa represents
the probability of false alarm. Note that, in this work, the range R
coincides with the altitude h. As an example, considering the values

in Table 2, σRCS � 0.0835 m2 andPfa � 0.25 ⋅ 10−3, the probability
of detection as a function of the altitude Pdet�h� is represented in
Fig. 5. As expected, the probability of detection decreases as the
altitude increases. However, for high altitudes, Eq. (13) could fail to
provide a result because of the small SNR. For these altitudes, a small
positive threshold forPdet�h� can be set to avoid numerical issues. As
already mentioned, it is likely that not all the detected objects are
successfully tracked. For this reason, the three coefficients required
for the tracked and untracked debris interactions are formulated as

ξ�h� � 1 − Pdet�h�ξ% (14)

γn�h� � 1 − Pdet�h�γn;% (15)

ηn�h� � Pdet�h�ηn;% (16)

where ξ%, γn;%, and ηn;% are values within the range (0,1) to decrease

the value of Pdet and relate detectability to trackability. Figure 6
provides better visualization of the interactions between tracked
and untracked debris and the related coefficients. The coefficients
ξ%, γn;%, and ηn;% are related to the efficacy of the tracking technol-

ogy,meaning that the higher the values of those coefficients, themore
confidence and the better sensor capabilities we assume to have. The
reader can choose the values of ξ%, γn;%, and ηn;% according to the

confidence in the technology (considering various aspects, such as
sensor availability and sensor accuracy) and the instruments they

consider. In addition, those coefficients could be related to the ratio of

successfully tracked vs detected objects. However, the particular

choice of the instrument is out of the scope of this work.

D. Final Model

To summarize, the final MOCAT-4N model, whose interactions

are represented in Table 3, can be written in its explicit form as

_S � λ − S∕Δt − ϕsd�δ� α�SD − ϕsn�δ� α�SN − αsϕssS
2

− ϕsu�αsu � δsu�SU (17)

Table 4 Parameters employed for
the simulations

Parameter Value

hmin 200 km

hmax 2000 km

Nshells 36

d 50 km

Δt 11 years

vr 10 km∕s
α 0.2

αs 0.01

δ 10

PM 95%

cD 2.2

LC 0.1 m

ξ% 0.6

γ% 0.8

η% 0.8

Table 5 Average physical characteristics
of the ASOs (massm, diameter b, and areaA)

ASO m, kg b, m A, m2

S (active satellites) 1771 1.8512 4.5458

D (derelicts) 1771 1.8512 4.5458

N (tracked debris) 2.7 0.3149 0.6987

U (untracked debris) 2.7 0.3149 0.6987

Table 6 Comparison of the results with other source–sink models (the total numbers of fragments of Refs. [14,20] are the sum of collision
and explosion fragments)

MISSD [14] (final population) Trozzi et al. [20] (final population) MOCAT-3 (final population) MOCAT-4N (final population)

Intact objects 5,103 3,478 6,328 6,345
Fragments 19;216 �14;973� 4;243� 19,730 �15;952� 3;778� 15,347 15,730

Total 24,139 23,208 21,675 22,075

0.1 0.15 0.2 0.25
b/

-30

-25

-20

-15

-10

-5

R
C

S/
2  [d

B]

Fig. 4 Normalized radar cross section σRCS as a function of the nor-
malized object size.
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Fig. 5 Probability of detection as a function of the altitude for σRCS �
0.0835 m2 and Pfa � 0.25 ⋅ 10−3.

Fig. 6 Interactions between tracked and untracked debris.
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_D � �1 − PM�S
Δt

� ϕsdδDS� ϕsnδNS − ϕddD
2 − ϕdnDN

−
D�v�
d

�Dv

d
� −ϕduDU� ϕsuδsuSU (18)

_N � �1 − ξ��KnsϕnsαNS� KdsϕdsαDS� KndϕdnND

� KdϕddD
2 � KsϕssαsS

2 � KnϕnnN
2� − N�v�

d
� Nv

d

� ηnU − γnN (19)

_U � �ξKns�ϕnsαNS� �ξKds�ϕdsαDS� �ξKnd�ϕndND

� �ξKd�ϕddD
2 � �ξKs�ϕssαsS

2 � �ξKn�ϕnnN
2 −

U�v�
d

� Uv

d
� KsuϕsuαsuSU� KduϕduDU� 2KnuϕnuNU

� KuϕuuU
2 − ηnU� γnN (20)

where the dependence on the altitude and time has been removed
from thevariables to simplify the notation.Note that the factor 2 in the
N −U interaction term of the last equation appears because the two
collision events N −U and U − N are considered probabilistically
different.

III. Numerical Results

In this section, numerical results are presented. For all the simula-
tions, the probability of detection is computed considering the values
of the radar illustrated in Table 2. The orbital altitudes analyzed in this
work vary within the range 200–2000 km, divided into 36 orbital
shells, each having a thickness of 50 km. The propagation time for the
simulations is set to 200 years. The other coefficients employed to run
themodel are reported inTable 4, where a 95%success rate for PMD is
assumed, and the operational lifetimeΔt is 11 years. The reasonbehind
the choice of this last value ismainly due to a compromise between the
actual value of operational lifetime (usually 5–8 years) and the 25 year
PMD guideline, because the reduction of ASO semimajor axis due to
the PMD orbit reentry is not explicitly modeled in this work. The
values of the other coefficients in Table 4 are taken from Ref. [31].
Moreover, αsu � 2α and δsu � 2δ. The average physical character-
istics of the ASO species are shown in Table 5, where the values are
taken fromRef. [20]. To compare the results of theMOCAT-4Nmodel
with respect to other source–sink models available in the literature,
several simulations are carried out. The yearly launch rate, taking into
account a business-as-usual scenario (i.e., no significant changes in
the launch activities), and the initial distribution of the population
are considered the same as in Refs. [14,20], where data have
been extracted from the Meteoroid and Space Debris Terrestrial

Environment Reference (MASTER) 2009 data set [32] with a

reference epoch of 9 May 2009 and illustrated in Fig. 7. In particular,
90% of the initial number of satellites have been considered inactive
satellites, thus derelicts, and 10% active satellites. This assumption is

mainly carried out for compliance and comparison purposes with
Ref. [14], where pre-constellation launch trafficwas considered. How-

ever, the ratio of activevs inactive satellites has significantly changed in
recent years due to the high presence of mega-constellation; thus, this
assumption does not reflect the current population scenario. The initial

distribution of debris for theMOCATmodels is assumed to be the sum
of collision and explosion fragments from Ref. [14]. Three different

analyses are performed and presented as follows. The first analysis is
useful to compare theMOCAT-4Nmodel with the baselineMOCAT-3

model introduced in Ref. [21]. This allows us to understand the
differences in the evolution of ASOs if untracked debris are consid-
ered. The second analysis compares the results of MOCAT-4N with

the ones obtained from theMISSDmodel employed inRefs. [14,20] to
test the fidelity of the proposed model. Hence, the last analysis is

related to the prediction of the space environment evolution employing
an updated initial population, which is the reference population of

2016 taken fromMASTER-8.0.3 [33].Moreover, estimation of orbital
capacity is provided according to the metrics mentioned previously
(NT product and CSI).

A. Comparisons with Other Source–Sink Models

To compare the MOCAT-3 andMOCAT-4Nmodels, with the latter
differing from the former just for the division of the debris species into

tracked and untracked debris, the JB2008 thermospheric density
model has also been implemented in the MOCAT-3 model, instead

of the static exponential density model [27], to perform a fair com-
parison. In particular, the initial debris population adopted for
MOCAT-3 is split into 80% of tracked debris and 20% of untracked

debris for the MOCAT-4N model. By doing so, we can understand
what happens to the final ASO population if we consider part of the

initial population of debris as untracked. The coefficient ξ% is consid-
ered a fixed value equal to 0.6, meaning that each collision generates
60% of tracked debris. (This value can be further studied in future

works according to the confidence of our sensing capabilities.) How-
ever, this value is compliant with the approach employing the Henize

factor considered in theESA-MASTERv8.0.0. final report [34].While
ξ% is considered a fixed value, a sensitivity analysis is performed to

understand how the coefficients γ% and η% affect the results. A grid
γ%–η% has been created with the following parameters: [0.5; 0.9] ×
[0.5; 0.9] with step 0.05. The results of this test are shown in Fig. 8,

where the difference between the total number of debris of MOCAT-
4N [�N �U�4] andMOCAT-3 (N3) is plotted as a function of γ% and

η%. As can be observed, if untracked debris are considered, the final
population of debris is higher than if only tracked debris are consid-

ered. This proves the necessity of considering this species within
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Fig. 7 Initial conditions taken from Ref. [14].

8 Article in Advance / D’AMBROSIO ETAL.

D
ow

nl
oa

de
d 

by
 U

N
IV

. O
F 

A
R

IZ
O

N
A

 o
n 

Fe
br

ua
ry

 1
, 2

02
3 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I: 
10

.2
51

4/
1.

A
35

57
9 



source–sink models not to underestimate the debris population. More-

over, a greater difference between the predictions of the two MOCAT

models occurs for lower values of those coefficients. Indeed, the low

value of γ% indicates that there is a higher loss of custody (higher γn),
whereas a low value of η% means that the sensing capability of our

technology is not good enough todetect and track the untracked debris.

For the rest of the analysis of this paper, it has been chosen

γ% � η% � 0.8. More studies regarding the influence of these coef-

ficientswith respect to the capability of the current or future technology

will be performed in future works.

With the chosen values of the coefficients describing the inter-

actions between tracked and untracked debris, the results of the

propagation of the MOCAT models are illustrated in Figs. 9 and 10

and Table 6. Figure 9a shows the trend of the orbital density, consid-

ering all theASOs, as a function of time and for each altitude shell. As

shown in Fig. 7a at the beginning of the propagation, two peaks of the

orbital density can be identified in the altitude shells around 800 and

1500 km. Indeed, the first peak is due to the fragments produced by

the collision between Iridium 33 and Cosmos 2251 satellites, which

occurred on 10February 2009.Meanwhile, the second peak ismainly

due to an explosion that occurred about four decades ago [20]. After

200 years of propagation, the first peak decreases, thanks to the

atmospheric drag, whereas the highest peak shifts to higher shells

where the decay effects are not strong and objects tend to accumulate,

causing collisions and debris generation. This explanation is also

supported byFig. 10b,where the peak in the debris around 1500km is

clearly visible. Moreover, it is possible to observe from Fig. 10b that,

even though the total numbers of both tracked and untracked debris

globally increase (see the results of the propagation in Fig. 10a), at the

end of the simulation time the number of untracked debris is greater

than the number of tracked debris in high altitude shells. This

behavior is expected due to the limitation in the sensing capabilities,

which worsen with respect to the increasing altitude. The results

illustrated in Fig. 10a also show that the evolution of untracked debris
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Fig. 8 Sensitivity analysis of the MOCAT-4N coefficients for the
tracked–untracked debris interaction.
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Fig. 9 Orbital density obtained via the MOCAT-4N propagation.
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Fig. 10 Results obtained via the MOCAT-4N propagation.
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does not present an evident oscillatory trend, as instead perceived by
the tracked debris evolution, because untracked debris mainly reside
in high altitude shells where the atmospheric drag does not play a key
role for the orbital decay. (Thus, it is not significantly affected by the
space weather.) From the comparison with MOCAT-3, it can be seen
that it is important to consider untracked debris because the total
number of debris is greater for MOCAT-4N, thus causing a greater
probability of collisions with more debris and derelict generation and
a lower number of active satellites (decreasing the overall available
capacity).
To test the predictions of MOCAT-4N with respect to previous

results obtained with other source–sink models introduced in the
literature, a comparison with the MISSD model is performed. This
model, first introduced by Somma [14], has also been exploited with
some modifications by Trozzi et al. [20], employing, however, a sta-
tic density model to study different LEO environmental capacity
metrics. To perform the comparison, the initial population of both
collision and explosion fragments considered in the other works is
here summed up to build the generic family of debris (divided into
80% of tracked debris and 20% of untracked debris). Moreover, the
initial populations of rocket bodies and mission-related objects are
neglected for the analysis. The results are illustrated in Table 6. The
reader has to note that in Table 6, intact objects are meant to be the
sum of active satellites and derelicts for the MOCAT-4N model,
whereas in the other models they are the sum of active payloads,
inactive payloads, rocket bodies, andmission-related objects. For this
reason, a precise comparison cannot be performed; however, the
proposed comparisons are still useful to validate the order of magni-
tude of the total number of objects obtained with the MOCAT-4N
model. It is possible to see that the proposed model predicts a lower
population of ASOs than the other approaches. Between MOCAT-3
and MOCAT-4N, there is a good agreement on the prediction of the
final population, with a difference of 400 objects, but the result can
vary depending on the choice of the coefficients ξ%, η%, and γ%.
Moreover, it is worth highlighting that inMOCAT-4N, the number of
active satellites at the final time is slightly lower than in MOCAT-3,
whereas the number of derelicts is higher. This is expected because
more debris, and thus collisions, are generated. As a last remark, the
difference in the results with respect to MISSD and the model em-
ployed inRef. [20] is due tomany reasons, such as different species of
ASOs, different solar flux data and models, different PMD policy
implementation, different physical characteristics varying according
to both species and altitude that affect collisions and the orbital decay,
and the presence of a corrective factor for the collisions for the case of
the MISSD model.
For the analyzed scenario with MOCAT-4N, the following two

metrics to compute the orbital capacity are considered:

1) The NT product, introduced by Krag et al. [6], relates the total
available capacity to the integral of the curve resulting from the
difference in the trend of fragments produced in two different scenar-
ios over 200years. The first scenario is based on the assumption of a
business-as-usual scenario, and the second one considers no addi-
tional launches.
2) The second metric is an analytical index, called CSI, proposed

by Rossi et al. [7]. This index is associated with inactive large and
abandoned objects, which represent a threat to the space environment
and produce large debris clouds. It is based on many factors, includ-
ing background debris density, orbital lifetime, mass, and orbital
inclination, and it is defined as

CSI � M�h�
M0

D�h�
D0

life�h�
life�h0�

1� kΓ
1� k

(21)

with M being the mass of the object, D the spatial density, life�h�
the altitude-dependent residual lifetime of the object, Γ �
�1 − cos�i��∕2 takes into account the inclination of the object, and
k � 0.6, considering the fact that usually the flux of debris on a near-
equatorial orbit is about 60% of the flux of a polar orbit. All the other
parameters with the subscript 0 refer to normalizing values. The
lifetime of an object can be approximated with the following law

[20]: log�life� � 14.18 h0.1831 − 42.49. The reference values are
M0 � 10;000 kg, h0 � 1000 km, life�h0� � 1468 years, and D0

is themaximum spatial density evaluated using the initial distribution

of the population and the volume of each shell (D0 � 5.2910 × 10−8

for the current test case andD0 � 5.1000 × 10−8 for the next scenario
with the updated initial population [33]. It is also essential to notice
that the greater the value of CSI is for an object, the more dangerous
that object is to the environment. Furthermore, the variation of the
cumulative CSI index over a long-time span can be used as an
indicator of the trend in the use of capacity [20].
The result of the NT metric is shown in Fig. 11a, with a value of

NT � 359;264 (green area), which corresponds to an average annual

capacity of NTy � 1796, displayed with a red line in the figure. This

value is coherent with what was reported by Krag et al. [6]. As

mentioned previously, the NT value comes from integrating the differ-

ence in the number of fragments evaluated considering launches over

the number of fragments calculated considering no additional satellites

are launched into orbit. Looking at the figure, it can be seen that both

curves, blue for the launch-less propagation and magenta for the

predictionwith launches, increase over time.While the second scenario

is expected due to the greater population in orbit, the increasing trend

even without any additional launches is mainly due to the collisions

among derelicts and debris that occur at high altitudes with a conse-
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Fig. 11 Orbital capacity metrics for the MASTER initial population.
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quent increase in the debris population. This can be deducted from the
nonoscillatory behavior of the blue curve because, at high altitudes, the
drag forces acting on the ASOs are minimal because of the low
atmospheric density. The lack of strong oscillations is indeed related
to a null launch rate; without new objects launched at low altitudes,
there are no collisions that produce further derelicts and debris, which
are subject to the strong orbital decay due to the atmospheric drag
influenced by the spaceweather. Figure 11b shows the cumulative CSI
and the two components related to active satellites, in red, and derelicts,
in blue. After a short transient, where the satellite CSI stabilizes, the
total CSI linearly increases due to the increase of derelicts. The CSI
directly correlates to the safety of the LEO space environment, as a
higher CSI value corresponds to a higher risk. Therefore, Fig. 11b
underlines the necessity of active debris removal of derelicts and
rigorous policies for PMD, with the lowest achievable percentage of
failure. Indeed, even with the constant increase of space debris, dere-
licts will continue to be the main source of risk for orbit capacity.

1. Evolution of ASOs Under Different Atmospheric Models

A longer time horizon propagation of 300 years has been carried
out to better study the effect of the different atmospheric models on
the ASO evolution. The same initial conditions as those repre-
sented in Fig. 7 were used for both scenarios. Figure 12 shows the
evolution of the different ASO populations under the static expo-
nential densitymodel and the JB2008 densitymodel. The evolution

of the ASO populations follows a similar trend for both scenarios.

However, the ASO populations under the JB2008 density model

show an oscillatory behavior. In addition, it can be observed that

the difference between the two models increases with propaga-

tion time.
Figure 13 shows the percentage difference between the ASO

populations under the two different atmospheric models. The per-

centage difference is calculated using the following equation:

ΔQ;t � 100
Qexp −QJB2008

Qexp

(22)

whereQexp andQJB2008 are the total number of objects of a generic

species at the current time using the exponential density model and

the JB2008 atmospheric model, respectively. The percentage differ-

ence between the two models can be as high as 20%, which

motivates the need for a time-varying atmospheric density model

to better capture the effect of the solar cycle for orbital capacity

analysis.

B. Evolution of ASOs Under an Updated Initial Population

AfterMOCAT-4Nhas been tested against previousmodels, it is now

employed to study the evolution of the space environment, considering

a new updated initial population corresponding to the year 2016, taken

Fig. 12 Evolution of ASO under different atmospheric models.

Fig. 13 Percentage difference in ASO populations under different atmospheric models.
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from MASTER-8.0.3. In particular, collision fragments and launched

objects are directly obtained throughMASTER. The initial population

distribution over the altitude shells is illustrated in Fig. 14. However,

90% of the initial population of satellites is assumed to be derelict. (A

similar assumption was used for the inactive payload population by

Somma [14].) The rest is considered active satellites. For what con-

cerns the subdivision of tracked and untracked debris, 20% of the

initial population of collision fragments is assumed to be untracked

debris, and the rest (80%) is trackeddebris.Theyearly launch rate is the

same as the one employed in the previous simulations and shown in

Fig. 7b, assuming a business-as-usual scenario. The results are pre-

sented in Figs. 15 and 16. For the orbital density, the same consid-

erations made in the previous scenario are still valid. However, an

increase in the total number of ASOs residing in LEO can be high-

lighted, as seen in Figs. 15 and 16a. The increase is mainly due to the

derelicts and debris population. Higher peaks in the debris species at

the final time can be observed in Fig. 16b. This simulation with the

initial population related to 2016, and thus with pre-constellation

launch traffic, proves the already increasing trend of ASOs we would

be facing over the years. Furthermore, considering the more recent

constellations of satellites would lead to an even greater number of

ASOs in orbit, with a higher probability of collision. Indeed, in the

2016 scenario simulation, we reach 24,809 objects after 200 years,

which is higher than the number found in the previous analysis. The

peak of the orbital density around 1500 kmof altitude is also consistent

with the results obtained byTrozzi et al. [20].Even for this test case, the

number of debris from MOCAT-4N (about 17,250) is higher than the

number of debris obtained viaMOCAT-3 (about 16,700), as illustrated

from the comparison in Fig. 16b.

The NTand the CSI metrics are computed and shown in Fig. 17.

The new NT value for the selected time period is NT � 476;725,
which corresponds to an average annual capacity of NTy � 2384.

As can be seen, these results are higher than in the previous case,

and this is due to the higher initial number of derelicts for this

current scenario. However, the NT shows a similar behavior with
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Fig. 14 Distribution of the initial population of 2016 taken from
MASTER-8.0.3.
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Fig. 16 Results obtained via the MOCAT-4N propagation (MASTER-8.0.3).
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Fig. 15 Orbital density obtained via the MOCAT-4N propagation (MASTER-8.0.3).
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respect to the previous case, with a similar pattern among the
curves. The average NT per year is higher than in the previous
case, which is also consistent with the new values of CSI. Indeed,
the cumulative CSI, illustrated in Fig. 17b, is much higher than the
one computed with the previous population. When comparing the
two figures, Figs. 11b and 17b, it can be noted that the CSI
contribution from the derelicts is the main difference between the
two sets of data.
A direct comparison between the initial and the final population is

provided in Fig. 18. The four different families of space objects are
portrayed separately. As predicted and expected, the number of active
satellites drastically increases, especially around the 600–800 km
range, leading to a peak in the derelict population around the same
altitudes. However, the derelict population shows its maximum
around 1500 km. When analyzing the time behavior of each pop-
ulation along the 200 years duration of the simulation, the cause of
such peak is connected to collisions and debris creation. When a
satellite collides at relatively high altitudes, the generated debris do

not decay fast enough to avoid new collisions. As such, a cascade
effect occurs, and that altitude fills upwith either tracked or untracked
debris. Consequently, the number of untracked debris is also particu-
larly elevated around 1500 km because the probability of detection is
lower for such high altitudes. The most informative behavior comes
by looking at the tracked debris family. In the first years of the
simulation, the peak of the initial population, the magenta line,
rapidly decreases due to orbit decay. At the same time, as collisions
start to occur between derelicts, a newmode starts to arise at 1500 km,
and its magnitude constantly increases for the whole simulation. The
number of tracked debris below 1000 km shows a periodic behavior
due to the space weather activity. The red hump in Fig. 18 lowers and
increases its amplitude following the 11 years solar cycle. If wewere
to display the number of debris during a period of high spaceweather
activity, wewould notice the flattening of the hump. On the contrary,
it enlarges in years of low solar activity. This “breathing” phenome-
non of the N population explains the periodic components of the
curves shown in Figs. 16a and 17a.
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Fig. 17 Orbital capacity metrics for the MASTER initial population.

Fig. 18 Initial vs final population for the MASTER initial population.
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C. Evolution of ASOs Under Different Radar Capabilities

A sensitivity analysis of the predictions of the MOCAT-4N
source–sink model was conducted by varying the radar’s peak power
between 90 and 150 kW. It is important to remember that the
previously presented analyses employed a radar’s peak power value
of 100 kW. The increase in the radar’s peak power is a synonym for
improving detection capability, as the detection probability of the
debris is directly proportional to the radar’s peak power. Thus, this
analysis assumes a technological improvement in the near future,
where more powerful radars will be developed for debris detection.
Figure 19 shows the variation of the final population under different
radar capabilities. The increase in the radar’s peak power does not
significantly impact the active satellite population, as most of the
active satellites lie below 750 km,where there is a very high detection
probability in all cases considered. The final population of the
derelicts remains constant across all test cases, as derelicts cannot
conduct maneuvers to avoid untracked debris. However, we can
detect (and track) more untracked debris at altitudes greater than
750 km with increasing radar’s peak power, which causes a decrease
in the number of untracked debris and a corresponding increase in the
tracked debris population, increasing the safety of the overall LEO
environment.

IV. Conclusions

This paper focused on the development ofMOCAT-4N, which is a
multishell multispecies source–sink model, including a dynamic
atmospheric density based on the JB2008 model, to study the evo-
lution of ASOs in LEO. Apart from active satellites and derelicts, a
new species, the untracked debris, has been introduced with respect
to the MOCAT-3 model. Untracked debris represent a significant
threat in the space environment because they are not tracked. For that
reason, it is more difficult for active satellites to perform collision
avoidance maneuvers. The new terms modeling the interactions
between tracked and untracked debris rely on the computation
of the probability of detection based on typical radar parameters.
The results have shown that the population of debris obtained via
MOCAT-4N is generally higher than the one retrieved by the original
three-species MOCAT-3 model, which is reasonable because of the
presence of untracked debris.Moreover, the comparisonwith another
source–sink model in the literature, the MISSD model, shows good
agreement in estimating the population. Thus, the effectiveness of the
proposedmodel in evaluating the evolution of ASOs has been proved
through simulations and comparisons with other approaches in the
literature. MOCAT-4N has also been used to predict the evolution of
the ASOs according to a new updated initial population obtained
through the MASTER database, showing an increasing trend of the
debris population during the years. Furthermore, the orbital capacity,
in terms of theNT productmetric and the CSI, has been computed for
each simulation. A sensitivity analysis performed on the final pre-
dicted population as a function of the radar’s peak power has shown
that a better safety of the overall LEO environment can be achieved
with more powerful radar technology, decreasing the untracked
debris population in favor of the tracked one. Future works will
consider the validation and calibration of the model with MC analy-
sis; the introduction of additional species of objects, especially rocket

bodies; and different discretizations of physical characteristics
of ASOs.

Appendix: Mie Scattering Regime Data

The data expressing the relation between z and x � g�z� for the
Mie scattering regime, as obtained from tables 3–6 of Ref. [29] and
illustrated in Fig. 4, are here reported in Table A1 for completeness.
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