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ABSTRACT

The main new features in the Space Debris Mitigation
long-term analysis program (SDM) recently upgraded to
Version 4.0 are described. They include new or up-
graded orbital propagators, two new collision probabil-
ity algorithms, upgraded mitigation scenarios and new
post-processing routines. The results of a set of simu-
lations of the long term evolution of the Low Earth Orbit
(LEO) environment are decribed. A No Future Launches,
a Business as Usual and a Mitigated scenario are simu-
lated, showing the need to adopt all the feasible proposed
mitigation measures, in order to reduce the proliferation
of orbiting debris. In particular, the mitigation measures
proposed in this study appear capable of strongly reduc-
ing the growth of the 10 cm and larger population, but not
enough to fully stabilize critical regions, such as the shell
in the 800-1000 km altitude range.

1. INTRODUCTION

Originally developed in the early 90’s under an ESA Con-
tract [8] [1], the Space Debris Mitigation long-term anal-
ysis program (SDM) has been recently fully revised, re-
designed and upgraded to Version 4.0. SDM 4.0 is now
a full 3D LEO to GEO simulation code, including ad-
vanced features that make it perfect for long term stud-
ies of every orbital regime, with particular attention to
the MEO and GEO regions. The structure and main
assumptions of SDM were profoundly changed passing
from Version 3.0 to Version 4.0, due to the increasing ac-
curacy requirements in the modeling of the environment
and thanks to the advancements in CPU power. The main
characteristics of SDM, up to Version 3.0, can be found
in [8] [1] [9]. A complete description of SDM 4.0 can be
found in [10].

2. THE NEW FEATURES INSIDE SDM 4.0

The main change in the overall structure concerns the
handling of thehistorical populationand the collision

probability evaluation. Up to SDM 3.0, thehistorical
populationwas propagated only once (in a loop exter-
nal to the main code) and was then handled only in terms
of densities for the collision probability evaluation. The
new, more sophisticated, collision probability evaluation
algorithms are pair-wise processes working on actual tar-
get and projectile orbits, so the densities are no more suit-
able for this purpose. Therefore, in SDM 4.0, the ob-
jects in thehistorical population(i.e., the objects already
present in space at the beginning of the run) are treated
just like those in therunning population(i.e., everything
the is injected in space during the run) and their orbits
are integrated within the run. The main physical quantity
identifying an object in SDM 4.0 is the diameter (it used
to be the mass up to SDM 3.0). This change was mainly
dictated by the need to consistently adopt and implement
the NASA breakup model [3], that is intrinsically based
on object diameter. Area and mass are therefore now de-
rived quantities.

The new or improved models added to the software are: i)
a new orbital propagator (LEGO); ii) a revised versions of
the Debris Cloud Propagator (DCP) and of the Fast Orbit
Propagator (FOP); iii) two new algorithms for the colli-
sion probability evaluation (̈Opik and CUBE); iv) new,
advanced mitigation options and scenarios (including a
new active removal algorithm); v) new post-processing
routines, including a novel tool for the analysis of the
collision risk for a spacecraft moved to a given disposal
orbit.

2.1. Orbital Propagators

In SDM 4.0 three orbital propagators are implemented
that can be selected according to the different orbital
regimes and to the accuracy required. The Debris Cloud
Propagator, is a very fast and efficient orbital propagator.
Originally it included only the effect of the air drag. It
allows an extremely fast propagation of a reduced set of
orbital elements (semimajor axis, eccentricity and incli-
nation) [1]. DCP was updated in SDM 4.0 so that it now
propagates also the right ascension of ascending nodeΩ
and the argument of perigeeω under the effect of the
Earth oblateness,J2.
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The FOP orbital propagator was added to SDM 3.0. FOP
(Fast Orbit Propagator) was originally developed as a
stand alone code for the first SDM contract [1]. It is a
very accurate propagator including all the relevant grav-
itational and non gravitational perturbations: geopoten-
tial harmonics, third body perturbations, solar radiation
pressure (including shadows) and atmospheric drag. FOP
uses the variation of parameters theory based on the in-
tegration of the Lagrange planetary equations of the or-
bital elements for geopotential, luni-solar perturbations
and solar radiation pressure. In order to save CPU time,
an analysis of the performances (in terms of accuracy vs.
computing time) of FOP in different orbital regimes was
performed. The aim was to optimize the choice of the
parameters that control the accuracy of the orbital prop-
agation, for every orbital regime. Therefore, in SDM 4.0
an ad-hoc set of control parameters is applied to every
integrated orbit. Moreover, the possibility to run FOP in-
tegrating the whole set of 6 orbital elements (a, e, i, Ω, ω,
M ), or a reduced set of 5 elements, excluding the mean
anomalyM , was introduced. In the last case the value of
M is randomly drawn at the end of the FOP integration.

A third orbital propagator was added to SDM 4.0 to han-
dle the orbits in, or close to, the geostationary regime. It
is the LEGO (Long-term Evolution of Geostationary and
near-geostationary Orbits) orbit propagator developed at
ESOC. LEGO is based on averaging techniques by J.C.
Van Der Ha [12]. It takes into account the perturbations
due to the geopotential, the luni-solar gravitational attrac-
tion and the solar radiation pressure. Compared to the full
integration of the motion equations taking into account
the short-period terms, this orbit propagator gives a quite
accurate orbit evolution within a very short computer-
time.

2.2. Collision Probability Evaluation

SDM 4.0 uses two different approaches to calculate the
collision rate between the orbiting objects. The user can
select at the beginning of the run the desired algorithm.

The first method is based on̈Opik’s theory [11] and is
a fully analytical algorithm that allows to evaluate the
collision probability between objects in Low Earth Or-
bits (LEO).Öpik’s theory makes basic assumptions that
pose some caveats for its global application to the whole
region of space considered by SDM 4.0. TheÖpik ap-
proach is exact only if the target orbit is circular. It can
be shown that it is still a good representation of the actual
collision probability if the target eccentricity is below few
percents. In SDM 4.0, due to the statistical nature of the
process analyzed and to the approximations necessarily
introduced in the simulation process, theÖpik approach
can be applied to all targets whose eccentricity is below
0.1. Moreover,Öpik’s theory assumes that the argument
of perigeeω of the projectile orbit, evaluated using as ref-
erence plane the orbital plane of the target, is randomly
distributed between 0 and2π. This means, for instance,
that the theory is not applicable to situations in which a

resonance is constraining the distribution ofω, as is the
case, for example, of the Molniya orbits. Nonetheless, in
LEO, the randomization induced by the drift ofω due to
the Earth’s quadrupoleJ2 is so effective thaẗOpik’s the-
ory can be safely applied without significant loss of accu-
racy. This does not apply to high Earth orbits (e.g., at the
GPS altitude) where the precession ratesω̇ is about two
orders of magnitude smaller than in LEO. This slower
evolution prevents the direct application of our original
method to Medium Earth Orbit (MEO). For this reason,
in SDM 4.0 theÖpik approach can be applied only to
orbits whose semimajor axis is less than10 000 km.

The other collision probability evaluation algorithm
implemented in SDM 4.0 is CUBE, developed at
NASA/JSC [5]. It estimates the long-term collision prob-
abilities by means of uniform sampling of the system in
time and can be applied to any kind of orbit.

2.3. Mitigation Options

Since the first version of SDM a great effort was devoted
into the design of a detailed traffic and mitigation model.

In SDM 4.0 the possibility to simulate new dedicated mit-
igation strategies was implemented to handle specifically
the constellations of satellites and in particular the Nav-
igation constellations in MEO. At end-of-life the satel-
lites can be moved to a generic disposal orbit specified
by a set of orbital elements (e.g., a graveyard orbit above
the operational one). In the case of MEO constellations
it was shown that the long term eccentricity growth of
the disposed satellite can bring them back into the opera-
tional zone. Therefore, a disposal orbit whose argument
of perigeeω minimizes the eccentricity growth can be tar-
geted, by choosingω in such a way thatsin(2ω + Ω) ≃
+1, that is(2ω + Ω) ≃ 90◦ [2].

The possibility to actively remove objects from space was
already implemented in SDM 3.0. However, the algo-
rithm implemented there was acting on the objects den-
sity, so it was no more suitable for SDM 4.0. The new
algorithm allows the removal of specific objects based
on a pre-defined criterion. Currently the criterion imple-
mented is based on the size of the objects. A user-defined
number (nr) of the largest uncontrolled objects in LEO
can be removed every year. The objects that can be re-
moved must conform to the specifications described by
the input parameters mentioned above and must be non-
operational. Therefore, a preliminary check is done on all
the objects in the run to identify all the non-operational
objects. Then the non-operational objects are sorted by
diameter and thenr largest objects are removed (assum-
ing a direct reentry in the atmosphere). It is worth stress-
ing that the forced reentry of all the upper stages can
be simulated by simply choosing appropriately the input
variables of the launch routines.
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Figure 1. Relative∆V required by a coplanar Hohmann
transfer, as a function of the relative change in orbital radius.

2.4. Analysis of the Disposal Orbit Collision Risk

An analysis of the collision risk faced by a spacecraft
once it is moved to a desired disposal orbit can be per-
formed with SDM 4.0. This post-processing option
works on the population files given in output by the differ-
ent SDM 4.0 Monte Carlo runs and is designed to allow
a preliminary understanding of the best disposal orbit in
terms of residual collision risk for a given spacecraft.

In case of LEO or MEO, two disposal maneuvers are
always simulated: a Hohmann transfer to a circular or-
bit with different altitude (performed with two impulsive
burns) or a single burn disposal to an elliptic orbit with
lower perigee. In Geostationary Earth Orbit (GEO) (or
near GEO) the disposal maneuver is always a rising of
the spacecraft to a circular orbit at the altitude dictated by
the IADC Mitigation Guidelines.

The ∆V needed to change the altitude of an orbit with
a two impulse Hohmann transfer (coplanar case) is given
by:

∆VTOTAL = ∆V1 + ∆V2 =

= Vc

(
√

2(rf/r1)

1 + (rf/r1)
− 1+

+
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1
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−

√

2

rf/r1 [1 + (rf/r1)]

)

where:

VC circular velocity in the initial orbit;
rf radius of the final orbit;
r1 radius of the initial orbit.

Fig. 1 shows the behaviour of∆VTOTAL/Vc as a func-
tion of rf/ri. The user has to provide a maximum∆V
and, from this input value, the maximum attainablerf/ri

is calculated within the code. In order to do so, the plot
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Figure 2. Polynomial fit to the function shown on Fig. 1. In
the upper panel the blue dots are the values given by Fig. 1 and
the red curve is the fitted polynomial. In the lower panel the
residuals of the fit are shown.

in Fig. 1 is fitted with a9th degree polynomial:

rf/r1 = p1x
9 + p2x

8 + p3x
7 + p4x

6 + p5x
5 +

p6x
4 + p7x

3 + p8x
2 + p9x + p10 (1)

wherex = ∆VTOTAL/Vc and the coefficientspn are
the polynomial coefficients. Fig. 2 shows, in the upper
panel, the fitting function (in red) and in the lower panel
the residuals of the fit, giving a clear indication that the
polynomial fit adopted is extremely accurate.

For a disposal to an elliptic orbit, with a single maneuver
lowering the perigee, the required∆V is given by:

∆V =
√

GM⊕ ·

(

√

2
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−
1
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−

√

2
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−
1
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)

(2)

where:

ra apogee radius of the initial orbit;
ai semimajor axis of the initial orbit;
af semimajor axis of the final orbit;
GM⊕ gravitational constant times Earth mass.

and therefore the maximum change in eccentricity attain-
able with a given∆V is:

∆emax =

(

ra

af

− 1

)

− ei (3)

whereei is the eccentricity of the initial orbit.

Once the values of the attainable maximum changes,
∆hmax = ri ± |rf − ri| (the plus or minus signs refer
to a raising or lowering maneuver, according to the or-
bital regime explored, e.g., GEO re-orbiting or LEO de-
orbiting) and∆emax are calculated, the software divides
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Figure 3. Sample plots of the disposal orbit collision risk
analysis tool showing the time evolution of the cumulative
collision probability for the two disposal orbits with the
minimum final value in the cases of circular (blue curve)
and elliptic disposal orbits (red curve). The horizontal
line highlights the maximum allowed collision probabil-
ity selected by the user, for ease of analysis.

the intervals in altitude and eccentricity in a given num-
ber of sub-intervals (10 as a default)∆hn and∆en with
n = 1 . . . 10. For every value of∆hn and∆en a disposal
orbit is identified and is propagated for the desired time
span (given in input) with FOP.

For every disposal orbit generated, the collision probabil-
ity between the disposed spacecraft and the whole popu-
lation of objects is calculated with the use of the CUBE
algorithm. The timestep for the evaluation of the collision
probability is set to 5 days.

At the end of the run, the disposal orbits (both in the case
of elliptic and Hohmann transfer disposal) with the min-
imum collision probability, cumulated over the investi-
gated time span, is plotted (see Fig. 3; note that the el-
liptic disposal orbit re-enters after 20 years and therefore
the corresponding curve is truncated). Moreover, a num-
ber of plots showing the evolution of the collision proba-
bility is displayed. Fig. 4 shows the cumulative collision
probability, as a function of the applied disposal maneu-
ver ∆Vn with n = 1 . . . 10 (corresponding ton values
of ∆en and∆hn) for the case of elliptical disposal orbit,
compared with the case of circular disposal orbit.

3. LONG TERM EVOLUTION STUDIES

The long term evolution of the space debris population
in LEO was studied with the new SDM 4.0 package. The
initial population adopted in all the scenarios described in
this Section is MASTER 2005. Since the publication of
the MASTER 2005 model, the major Feng Yun 1C colli-
sion profoundly modified the LEO environment. There-
fore it was decided to add to the original population the
fragments produced by this collision, as generated sim-
ulating the event with the same models adopted for the
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Figure 4. Sample plots of the disposal orbit collision risk
analysis tool showing the value of the cumulative col-
lision probability, as a function of the applied disposal
maneuver∆V in the case of elliptical disposal orbit (red
curve) compared with the case of circular disposal orbit
(blue curve).

MASTER population. This population of fragments was
kindly provided by H. Krag, (ESA/ESOC), and includes
about59 000 particles larger than 1 cm. The EVOLVE 4
explosion and collision models, and the CUBE collision
probability algorithm were used. The orbits were propa-
gated with FOP. The lower limit for the particles included
in the simulations was 1 cm. The default explosion sce-
nario includes an average number of 4.6 explosions per
year. The number and the type of the events are taken
from an analysis of the past 5 years. Each scenario was
modeled with 20 independent Monte Carlo runs. In the
following, the plots show the average from all the Monte
Carlo runs, along with one standard deviation from the
mean.

3.1. No Future Launches case

The No Future Launches (NFL) scenario is a typical
study case to investigate the stability of the current de-
bris environment. First devised in the early 90s’ (see e.g.
[7]) it came back to fashion recently after the publication
of a few papers by Liou and Johnson [6].

The basic idea is to exclude the complex simulation of a
credible future launch traffic (and explosion pattern) and
let the system evolve, starting from the current popula-
tion, having as the sole source of debris the mutual colli-
sions between the objects already in orbit. The outcome
of this simulation clearly gives an indication of the sta-
bility of the current environment with respect to the so-
calledcollisional cascade, first predicted by Don Kessler
[4].

The NFL scenario assumes that no mitigation measure
is applied to the spacecraft already in orbit (i.e., no de-
orbiting is ever performed). Some residual explosions are
allowed until the year 2015, at a rate of 4.6 events per
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Figure 5. Number of LEO objects larger than 1 cm in the
NFL case. The thin blue curves are the number of objects
plus or minus1σ.

year. In the year 2015 a complete stop to the explosions
is applied. The simulation time span is 200 years.

Fig. 5 and Fig. 6 show the number of objects larger than
1 cm and 10 cm, respectively, as a function of time. Af-
ter a short period of steady growth, due to the residual
explosions, the population starts to decline, in both size
regimes. The decline is much more pronounced in the 1
cm size regime, due mainly to the lack of slag particles
that account for a considerable percentage of the MAS-
TER 2005 initial population. On the other hand, for the
10 cm particles, after the initial decline, the population in
LEO looks nearly stable, with a moderate increase toward
the end of the simulation.

This is due to the increasing number of collisional debris
as shown in Fig. 7. Fig. 8 shows the breakdown of the
LEO population of objects larger than 10 cm, showing
that the collisional debris become dominant in LEO after
about 120 years.

Note that the collisional activity shown in Fig. 7 is well
consistent with the one found by Liou and Johnson (see
[6], Fig. 2). The majority of the collisions happens in
the crowded altitude shell between 800 and 1000 km. It
should also be noted how a significant number of colli-
sions happens between large objects. Actually about 60%
of the fragmentations involve intact spacecraft from the
historical population. On the other hand, about 16% of
the targets of all the fragmentations are fragments from
previous collisions. It is also interesting to note that, on
average, about 1 collision in every Monte Carlo run in-
volves a fragment from the Feng Yun 1C event. In Fig. 9
the same breakdown of the population shown in Fig. 8 is
plotted for the region between 900 and 1000 km, showing
how in this region the collision debris become dominant
already around the year 2060 and keep steadily increas-
ing.
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Figure 6. Number of LEO objects larger than 10 cm in
the NFL case. The thin blue curves are the number of
objects plus or minus1σ.
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Figure 7. Cumulative number of collisions between LEO
objects larger than 10 cm in the NFL case. The thin blue
curves are the number of objects plus or minus1σ.
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Figure 10. Density of objects larger than 10 cm in LEO
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simulation time span.

Finally, Fig. 10 shows the density of objects larger than
10 cm in LEO at the beginning and at the end of the sim-
ulation time span. The significant increase of the pop-
ulation in the region between 800 and 1000 km can be
noticed.

In summary, it can be concluded that the LEO population
appears moderately unstable. I.e., even in the absence of
new launches, in some regions of the LEO space the fu-
ture collisions will continue to produce fragments that are
increasing the overall number of objects and will sustain
the collisional chain reaction. With respect to the results
of [6], our simulations show a more moderate increase
in the population. Nonetheless, it should be noticed that
the MASTER 2005 population contains many more ob-
jects than those considered in [6], mainly in the size range
very close to the 10 cm diameter. That is, while the over-
all collisional cross section in orbit is similar (leading to
a comparable number of collisions over 200 years), our
initial population is more difficult to “sustain” without
launches, explosions and solid rocket motors slag injec-
tions. This partly accounts for the steeper pace observed
in the Liou and Johnson plots.

3.2. Business As Usual and Mitigation Cases

In the last years the awareness of the space debris prob-
lem increased within the space operators. Some kind of
mitigation measures became therefore widespread prac-
tices. These measures include, for example, the de-
orbiting or re-orbiting of spacecraft, the explosion pre-
vention, the limited release of Mission Related Objects
(MRO), etc.

For this reason, the Business As Usual (BAU) scenario
simulated in this study, differently from other past stud-
ies, already includes some mitigation measures. It was
deemed unrealistic to assume that for the next two cen-
turies not even the mitigation measures already adopted
could be applied.

The mitigation measures included even in the BAU case
are: 1) re-orbiting of spacecraft in LEO at end-of-life, in
an elliptic disposal orbit having a residual lifetime lower
than 25 years (the so-called25-year rule), starting from
the beginning of the simulation; 2) in-orbit explosion sup-
pression starting from the year 2025. In the BAU case, all
the upper stages (in every orbital regime) are instead left
in orbit and occasionally a few mission related debris are
released, according to current practices.

The launch traffic includes 45routine launches, i.e.
launches of spacecraft not related to a satellite constel-
lation or to the International Space Station activities. The
number and type of launches are taken from an analysis
of the past 4.5 years of space activity. The maintenance
of two of the currently existing LEO constellations, Irid-
ium and Globalstar, is simulated. In the launch practices
for these constellations, one launch per year is simulated,
carrying 2 satellites in the case of Iridium and 4 satellites
in the case of Globalstar. No constellation upper stage is
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Figure 11. Number of LEO objects larger than 1 cm in
the BAU (magenta line) and MIT (red line) cases. The
thin blue curves are the number of objects plus or minus
1σ.

left in orbit. The lifetime of both the constellations is set
to 20 years.

In the Mitigated (MIT) scenario the following differences
with respect to the BAU case are introduced: the explo-
sions are supposed to stop in the year 2010 and in all the
routine launches no upper stage and no mission related
debris is left in orbit after the year 2010. The simulation
time span is 200 years, for both the analyzed scenarios.

Fig. 11 and 12 show the number of LEO objects larger
than 1 cm and 10 cm, respectively.

From Fig. 12, it can be noticed how the adopted mitiga-
tion measures are able to strongly reduce the growth of
the 10 cm population, with a mere 10% increase over 150
years. On the other hand, the BAU curve displays a more
than linear growth that is a clear indication of the ongoing
collisional activity.

Fig. 13 shows the cumulative number of collisions, re-
sulting in catastrophic fragmentations, occurring in the
two cases. Again the significant collisional activity re-
lated to the BAU case is apparent. The MIT case appears
instead very close to the NFL case, showing how the
comprehensive mitigation measures simulated are able to
keep the debris population at a level similar to the present
one. Fig. 14 shows how the altitude distribution of the
fragmentations in the BAU and MIT cases is quite simi-
lar, despite the difference in absolute values, once more
stressing the fact that the critical region is always the one
between 800 and 1000 km, irrespectively of the simula-
tion scenario adopted. It is worth stressing that whereas
in the MIT case the region between 800 and 900 km and
the region centered on 1000 km appears equally affected
by collisional events, in the BAU case the vast majority
of the events takes place in the lower region, due to many
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Figure 12. Number of objects LEO larger than 10 cm in
the BAU (magenta line) and MIT (red line) cases. The
thin blue curves are the number of objects plus or minus
1σ.

more feedback collisions.
Looking at the breakdown of the population of objects
larger than 10 cm for the two cases under examination
(BAU in Fig. 15 and MIT in Fig. 16), an overwhelming
number of collisional debris in the BAU case can be no-
ticed. In the BAU case the collision debris exceeds the
explosion fragments already after about 50–60 years and
in 130 years the population of collision fragments dou-
bles the current explosion fragments population.

In conclusion, it can be stated that the operational prac-
tices must be revised, adopting all the feasible proposed
mitigation measures, in order to reduce the proliferation
of orbiting debris. In particular, the mitigation measures
proposed in this study appear capable of strongly reduc-
ing the growth of the 10 cm and larger population, but not
enough to fully stabilize critical regions, such as the shell
in the 800-1000 km altitude range.
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