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ABSTRACT

The Post-Mission Disposal (PMD) of rocket stages is a
crucial aspect in the efforts towards the sustainability of
space operations. This paper gives an overview of the
main results of the ASCenSlon (Advancing Space Ac-
cess Capabilities - Reusability and Multiple Satellite In-
jection) project on different aspects related to the PMD of
rocket stages. The aim was to get a better understanding
of current PMD practices and of the uncertainties present
in current methods to assess the orbital lifetime, and in-
vestigate methodologies to improve these predictions.

The results provide an insight of different factors that af-
fect the accuracy of orbital lifetime predictions in Low
Earth Orbit (LEO). Moreover, it was shown that the esti-
mation of the ballistic coefficient of rocket stages on-orbit
from their Two-Line Elements (TLEs) can help to im-
prove orbital lifetime predictions of future similar stages.
Finally, the PMD practices of different launcher families
were analyzed in regard to their compliance with current
space debris mitigation guidelines.

Keywords: Rocket body, Post-Mission Disposal, orbital
lifetime, ballistic coefficient.

1. INTRODUCTION

This paper aims to summarize some of the results of the
AScenSlon project related to the Post-Mission Disposal
(PMD) of rocket stages. Some of these results have al-
ready been presented by the authors in past conferences
and journal papers [14, 13, 12]. The current work pro-
vides a general picture of the analyses performed, as well
as additional insights, which are detailed in each section.

The PMD of spacecraft and rocket stages, once their mis-
sion has concluded, is an essential aspect of space debris
mitigation measures. It aims at reducing the risk of fur-
ther creation of space debris caused by on-orbit explo-
sions or collisions. An integral part of PMD is the clear-
ance from the protected regions, as stated in the IADC
(Inter-Agency Space Debris Coordination Committee)

space debris mitigation guidelines [8]. More specifically,
these guidelines establish that objects crossing the Low
Earth Orbit (LEO) region should re-enter into Earth’s at-
mosphere within a maximum of 25 years after the end of
their mission. Moreover, the Zero Debris policy reduces
this limit to 5 years orbital lifetime after the end of the
mission and adds one further requirement: the cumula-
tive collision probability (CCP) of an object with respect
to the 1cm population, from the end of its mission until
its re-entry, should not exceed 1 in 1000 [10].

The analyses presented in this paper aim to analyze the
compliance with these requirements by current rocket
stages, to gain a better understanding of the uncertainties
to be considered when assessing this compliance, and to
investigate methodologies to improve such assessments.

The scope of these analyses focuses on the study of rocket
stages, which will be called rocket bodies (RBs) through-
out this paper. RBs are a very distinct type of space ob-
jects for several reasons: firstly, their mission typically
ends very shortly after reaching orbit. Moreover, they
tend to have a cylindrical shape (often with a ”cone” at-
tached). These shared characteristics make the RBs a
suitable target group for this study. Additionally, many
of the heaviest objects among the space debris popula-
tion are RBs, and they are also the main source of on-
orbit fragmentations [15]. This highlights the importance
of assessing space debris mitigation practices for RBs.

Furthermore, the focus is on objects that cross the LEO
region, which is defined by a 2000 km limit in altitude.
Two different orbital regimes will be distinguished: or-
bits which are contained in the LEO region, thus the
apogee altitude is below 2000 km; and Highly-Eccentric
Orbits (HEO), which in this work are defined as orbits
with a perigee altitude below 2000 km and apogee al-
titude above 2000 km. For simplicity, objects in each of
these orbital regimes will be called LEO objects and HEO
objects respectively.

The driving perturbation leading to the re-entry of objects
in the LEO region is the drag force. Due to the large ec-
centricity of HEO orbits, other forces become also rele-
vant, such as gravitational third-body perturbations com-
ing from the Moon and the Sun, and solar radiation pres-
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sure. These complex dynamics represent a big challenge
for the estimation of the orbital lifetime of objects in these
orbits, as they are very sensible to changes in the initial
conditions [19, 21].

The physical characteristics of an object that determine
its susceptibility to drag can be consolidated into a sin-
gle parameter known as the ballistic coefficient B =
m/(A - cp), where A is the cross-section of the object
that faces drag, thus in the direction of the velocity, cp
is the drag coefficient and m is the mass of the object.
This parameter will be extensively studied in this paper,
as well as different ways of estimating the future solar and
geomagnetic activity, due to their high impact on orbital
lifetime estimations.

For the studies in this paper, the tool OSCAR (Orbital
SpaceCraft Active Removal) from the DRAMA 3.1.0
(Debris Risk Assessment and Mitigation Analysis) soft-
ware suite was used, which is the standard tool of the
European Space Agency to assess PMD strategies and is
freely available online . OSCAR allows to assess the
remaining orbital lifetime of an object considering dif-
ferent solar and geomagnetic activity scenarios. It uses
a semi-analytical propagator, FOCUS (Fast Orbit Com-
putation Utility Software), which takes singly averaged
orbital elements and uses a variable-step multi-step pre-
dictor/corrector integrator. In the version used in OS-
CAR, FOCUS considers geopotential terms up to the 6th
order, atmospheric drag using the thermosphere model
NRLMSISE-00, third body perturbations caused by the
gravitational forces of the Moon and the Sun, and solar
radiation pressure (SRP) considering a cylindrical Earth
shadow.

This paper is structured in the following way: first, the
accuracy of orbital lifetime predictions with OSCAR for
rocket bodies is analyzed, using the recommended solar
and geomagnetic activity scenarios and testing two differ-
ent hypotheses for the drag coefficient cp. Subsequently,
the tool RACER (Radiation and Atmospheric Drag Co-
efficient Estimation Routine) is used to estimate the bal-
listic coefficient of a group of stages, and the results are
used to improve the orbital lifetime predictions of similar
stages. Finally, an analysis of the PMD practices of the
main rocket families is presented, including their orbital
lifetimes and CCP with respect to the 1 cm population, in
accordance to the Zero Debris policy.

2. ACCURACY OF LIFETIME PREDICTIONS

This analysis aims to investigate the accuracy of current
methods used for orbital lifetime predictions applied to
rocket stages. To do so, the initial orbits of 770 rocket
bodies were propagated using OSCAR. The rocket bod-
ies chosen for the study have already re-entered, which
provided an objective reality to compare with. The prop-
agations were performed using different solar and geo-
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magnetic activity scenarios as well as different assump-
tions for the estimation of the drag coefficient, as both
are parameters that can greatly influence orbital lifetime
predictions. The content of this section was presented in
detail in [14]. The current paper adds the latest predic-
tion scenario for the solar and geomagnetic activity, and
an analysis of the impact of the ballistic coefficient on
the accuracy of the predictions in LEO and of the Sun-
synchronous resonance on the predictions in HEO.

2.1. Dataset and Methodology

The dataset used was extracted from the DISCOS
(Database and Information System Characterising Ob-
jects in Space) database. In order to select the objects
relevant for the study, the following characteristics had to
be met:

1. Object type is Rocket Body (RB).
2. The perigee of the object is below 2,000 km altitude.
3. The object has already re-entered.
4. The object had been orbiting Earth for at least 1 year.

5. The object has information about its mass, cross-
section, and initial orbit registered in DISCOS.

6. The object did not undergo a fragmentation.

7. Atleast 10 Two Line Elements (TLEs) of the object
are available.

These requirements resulted in a dataset of 770 objects,
which were separated in 340 LEO objects and 430 HEO
objects.

The initial orbits of the objects of the dataset were
propagated with OSCAR until their re-entry in order to
compare the estimated orbital lifetime with the actual
orbital lifetime of the objects. For the LEO objects, the
initial orbits registered in DISCOS were used for the
propagation. These registered initial orbits include the
semimajor axis, the eccentricity, and the inclination of
the orbit, as well as the argument of periapsis for some
of them. However, the right ascension of the ascending
node (RAAN) is typically not included. This is an
important parameter for HEO orbits, which are highly
influenced by third-body perturbations originated by the
Sun and the Moon (also called lunisolar perturbations).
Therefore, the first TLE of each of the HEO objects was
used as the initial orbit for the propagation. The TLEs
used in this study were extracted from [4]. It is also
important to note that TLEs include doubly-averaged
orbital elements, while OSCAR takes singly averaged
ones. The appropriate conversions were performed with
the CState tool, also available in DRAMA.



Also important for the propagation are the physical prop-
erties of the propagated objects. In this case, the mass and
the average cross-section of the rocket bodies registered
in DISCOS were used for the propagation. Furthermore,
two different cases were used for the drag coefficient, cp,
of the objects:

1. Using a default cp = 2.2 for all the rocket bodies.
This is a very common assumption, as well as the
default in OSCAR.

2. Considering that rocket bodies can be approximated
as cylinders. The drag coefficient of a randomly
tumbling cylinder in a free molecular flow can be
calculated as [18]:

D
cp = 1.57+0.785 - T (1)

Where D is the diameter and L is the length of
the cylinder. In this case, the cp of each rocket
body was estimated individually, using the dimen-
sions available on DISCOS.

When the predicted lifetime of an object differed very
strongly from the observed one, both the initial orbit and
physical characteristics of the stage were checked in or-
der to detect and correct errors in the database or in the
TLE used that could be affecting the propagation. This
process reduced significantly the number of outliers in
the results. However, it is important to note that the re-
sults are still susceptible to underlying errors in the data.

An important factor when the orbit of an object is propa-
gated into the future is the solar and geomagnetic activity
considered. Both parameters are important inputs in at-
mospheric models, strongly influencing the atmospheric
density and, therefore, the drag that is experienced by an
object. Four different scenarios were chosen for this anal-
ysis. Three of them are recommended in [7, 17], while
the fourth one simply makes use of the recorded solar and
geomagnetic activity taking advantage of the fact that the
propagations in this analysis take place in the past:

1. Reference: uses the observed solar and geomag-
netic activity. This is not possible when missions
are planned into the future but allows us to identify
the uncertainties in the model that remain even when
the solar and geomagnetic activity is known. This
was done in OSCAR by simply running the propa-
gations with the latest prediction scenario, as it takes
the known activity when there is one.

2. Monte Carlo: the solar and geomagnetic activity
used corresponds to an equivalent day of the cycle
within one of the preceding five solar cycles, which
is randomly selected [16].

3. ECSS cycle: this approach consists of repeating the
2374 solar cycle as many times as appropriate for the
propagation span, considering the position within
the solar cycle at the start of the propagation [16].

4. Latest prediction or best guess: the future behavior
is estimated based on the current sunspot cycle and
based on sampled past cycles [16]. To achieve this
behavior, the solar activity files were modified for
each propagation so that only the solar and geomag-
netic activity before the launch date was known.

The outcome of the propagation with OSCAR is a tra-
jectory until re-entry for each object, which leads to a
predicted re-entry epoch and an estimated orbital life-
time. The error in the prediction of the orbital lifetime, is
defined as the difference between the predicted re-entry
epoch and the observed one. Thus, a negative error will
indicate an underestimation of the orbital lifetime, while
a positive error indicates an overestimation of the orbital
lifetime. Moreover, the relative error was defined by nor-
malizing the resulting error with the observed orbital life-
time of the objects.

2.2. Resultsin LEO

The histograms in figure 1 show the comparison of the
relative error distribution for the two ¢p for all the solar
and geomagnetic activity scenarios. The results with the
default cp = 2.2 show a skewness towards negative val-
ues for the first three scenarios, which shows a tendency
to underestimate the orbital lifetime confirmed by aver-
age errors of around -15%. The avergage error for the
latest prediction scenario was on the positive range, with
~8%, but this is highly influenced by some strong out-
liers. The median, on the other hand, remained negative,
and the standard deviation was close to a 60% while for
the other three scenarios, it remained around 30%.

The use of the estimated cp caused significant changes
in the distributions. In the reference scenario, it seems
to “correct” the skewness of the distribution, leading to a
seemingly “normal” distribution centered closely around
0. The distribution of the error for the Monte Carlo and
ECSS cycle scenarios also shifted towards more positive
values, which also led to mean values closer to zero while
keeping a similar standard deviation. However, there is
no clear improvement in the results for the latest predic-
tion scenario.

As the results in the reference scenario showed a clear im-
provement, correcting the tendency to underestimate the
orbital lifetime, it can be concluded that the assumptions
made to estimate the drag coefficient with equation (1)
seem valid, or lead to more accurate results than the de-
fault 2.2, for the RBs in the studied dataset. This conclu-
sion is based on the fact that the reference scenario uses
the observed solar and geomagnetic activity, while other
scenarios are affected by the errors in the predictions of
the solar cycle.

There are, however, many parameters that influence the
accuracy of orbital lifetime predictions. For instance, the
launch year has a strong effect as it influences how ac-
curate the solar and geomagnetic scenarios used were in
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Figure 2: Distribution of the relative error for ECSS cy-
cle scenario, using the estimated cp, of objects launched
before and after the 1st of August 1996.

comparison to the actual ones. An example of this effect
is shown in figure 2, where the distribution of the error on
the orbital lifetime predictions of objects launched before
August 1996 is compared to objects launched afterwards,
using the ECSS cycle scenario for the predictions. This
date was chosen because it marks the start of the solar
cycle number 23, which is the one used on the ECSS cy-
cle scenario. Two very distinct distributions can be ob-
served, where the objects launched after the start of cycle
23 suffer a strong underestimation of their orbital life-
times, while the objects launched before present a slight
overestimation. This is due to the fact that the solar cy-
cles before cycle 23 were on average more active, leading
to higher atmospheric density and a faster orbital decay,
while cycle 24 was significantly weaker than cycle 23,
leading to longer orbital lifetimes than expected.
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Figure 1: Comparison of the distribution of the relative
error for the two cases for the cp for each solar and geo-
magnetic activity scenario.

Relative error (%)

Figure 3: Comparison of the distribution of the relative
error for long and short-lived objects in LEO, using the
estimated cp and for the latest prediction scenario.

Another aspect influencing the accuracy of the predic-
tions is how long the objects actually stayed on orbit.
Figure 3 shows the distribution of the error for long- and
short-lived objects using the latest prediction solar and



geomagnetic activity scenario. Long-lived objects were
defined as those which were on orbit for more than 10
years, while short-lived objects re-entered faster than 10
years. The distribution of the long-lived objects appears
to be more spread, almost random, and with a very high
proportion of objects with errors above 100%. This effect
was originated in the underestimation of the solar and ge-
omagnetic activity for several solar cycles, leading to a
build-up in the error.

Moreover, the ballistic coefficient B of the objects being
analyzed also has an impact on the accuracy of the pre-
dictions, as it determines how affected the objects are by
drag, and therefore also how affected they are by these
uncertainties. Figure 4 shows the distribution of the error
for objects with a ballistic coefficient below 50 kg/m? or
above. The objects with a low B present a more spread
distribution, as they are more sensible to small errors on
the predictions of the solar cycle, errors on the atmo-
spheric model, etc.
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Figure 4: Comparison of the distribution of the relative
error for objects with high and low ballistic coefficient in
LEO, using the estimated cp and for the reference solar
and geomagnetic activity scenario.

It can be noticed that there are many nuances in the ef-
fects of these factors, that also change for the different
solar and geomagnetic activity scenarios. It is therefore
recommended to read [14] for a more complete picture.

2.3. Results in HEO

Figure 5 shows the results obtained for the objects in
HEO, comparing the two cp cases for each solar and ge-
omagnetic activity scenario. The distribution of the error
for these objects is significantly more spread than for the
objects in LEO, featuring also a notably high number of
outliers. This resulted in huge standard deviations, which
were well above 100% for all the scenarios. Moreover,
the distribution of the error appears to be very similar for
all solar and geomagnetic activity scenarios. This is due
to the smaller effect of the atmospheric drag on HEO ob-
jects, and therefore smaller differences between scenar-
ios. For the same reason, the use of the estimated cp

did not provoke any important changes in the distribution
compared to the default cp.

These results were not unexpected for HEO, and are
caused by the high sensitivity of these orbits to initial
conditions. One main reason for this sensitivity is the
so called Sun-synchronous resonance, originated by the
coupling between the drag force and third-body gravity
attraction from the Sun.

The orientation of the orbit with respect to the Sun, de-
scribed by the Sun angle «, determines how the third-
body gravity attraction from the Sun modifies the orbit.
More specifically, the altitude of the perigee will increase
when 0° < o < 90° or 180° < o < 270°, and it will
decrease when 90° < o < 180° or 270° < a < 360°.
During the natural evolution of HEO orbits, as the drag
makes the semimajor axis decrease, Sun-synchronous or
near Sun-synchronous conditions can be reached. When
this happens, the Sun angle remains nearly constant for
a long time. If Sun-synchronous conditions are reached
when « is such that the altitude of perigee decreases,
the re-entry is simply accelerated. However, if Sun-
synchronous conditions are reached when « is such that
the perigee altitude increases, the perigee can be raised
to altitudes where the drag has almost negligible impact,
drastically increasing the orbital lifetime. Moreover, as
Sun-synchronous conditions are a result of the specific
combination of eccentricity, inclination and semimajor
axis, the rise of the perigee also delays the evolution
of the semimajor axis so that the Sun-synchronous con-
ditions will be maintained for a longer period of time,
which in turn means that the perigee will keep rising for
longer.

The Sun-synchronous resonance represents one of the
biggest challenges in the prediction of orbital lifetime
of objects in HEO orbits, due to the complex nature of
this coupling between the drag force and the third-body
gravity attraction from the Sun, the high sensitivity to en-
try conditions on the resonance, and the intrinsic chal-
lenges of drag modelling, which include the prediction
of the solar cycle and the modelling of the atmosphere.
However, not all HEO orbits are bound to reach the Sun-
synchronous resonance. As it is possible to determine
whether Sun-synchronous conditions are met from their
orbital parameters, it is possible to divide the HEO ob-
jects into those that reach Sun-synchronous conditions at
some point of their orbital evolution and those which do
not. The results obtained for the reference scenario are
shown in figure 6, with very similar results obtained for
all the other scenarios as well.

The results show a remarkable difference on the distribu-
tion of the error between the HEO objects that reach res-
onance conditions and those which do not. Those which
reach resonant conditions show a distribution of the er-
ror that is rather random with a standard deviation above
150%, meaning that there is little to no confidence on the
orbital lifetime predictions. However, the objects that do
not reach the Sun-synchronous resonance show a clear
distribution centered around zero, with a strong peak and
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Figure 5: Comparison of the distribution of the relative
error for the two cases for the cp for each solar and geo-
magnetic activity scenario.
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Figure 6: Comparison of the distribution of the relative
error for the resonant and non-resonant cases using the
estimated cp and the reference solar and geomagnetic ac-
tivity scenario.

thin tails resulting on a standard deviation below 50% for
all scenarios.

3. IMPACT OF THE BALLISTIC COEFFICIENT

The goal of this section is to investigate a methodology
to estimate the ballistic coefficient B of a rocket body
and how orbital lifetime predictions can be improved
using this estimation. These results were presented at
[13] and are included as a summary for their contribu-
tion to the overall picture. The tool used for the estima-
tion of B is RACER, which was provided by the Euro-
pean Space Agency. RACER uses Particle Swarm Op-
timization (PSO) to estimate the B of a body based on
real orbital data in the form of TLEs. In real-time opera-
tions, it is common to use previous TLEs (or more precise
ephemeris data) to estimate the ballistic coefficient of a
spacecraft, in order to be used for the orbit propagation
required for the operations. In this analysis, however, the
goal is to analyze the ballistic coefficient estimated for
objects of the same family of stages, thus stages that are
expected to be similar, and investigate whether the infor-
mation obtained from other stages can improve orbital
lifetime predictions of other stages from the same family.

3.1. RACER

There are five parameters that can be estimated with
RACER: the drag coefficient cp, the drag cross-sectional
area Ap, the mass of the object m, the reflectivity co-
efficient cg and the cross-sectional area exposed to the
solar radiation pressure Ag. All these parameters can be
chosen to be fixed to a specific value or to be estimated
by the PSO, setting an upper and lower limit for each of
them. For this results, the cy was fixed to a default of
1.3 for all the objects and the Ar was fixed to the aver-



age cross-sectional area registered in DISCOS for each
object. To analyze the results, the resulting cp, Ap and
m were always combined into the ballistic coefficient B.

RACER takes a set of TLEs to be analyzed. Different par-
ticles are generated at the epoch of the first TLE available,
each one using a different value of the parameters to be
estimated. These particles are propagated until the end of
the analyzed time period, and their performance is evalu-
ated in terms of the Root Mean Square error (RMS) and
of a score depending on the global RMS of the trajectory,
and the RMS of the semimajor axis and of the perigee al-
titude. The particle with the best score is then chosen and
perturbed again to generate a new set of particles. The
process is repeated until a solution is found which scores
below previously established thresholds. RACER, as OS-
CAR, uses the semianalytical propagator FOCUS.

A moving time window is implemented in RACER to se-
lect the TLEs that are analyzed at each time. The width
of the time window can also be chosen, and it was set to
1 month for the simulations in this study.

3.2. ORION 38: ballistic coefficient estimation

The stage family chosen for the analysis was ORION
38. Within this dataset, this stage was used as upper
stage of both Pegasus XL and Minotaur I launch ve-
hicles. Moreover, it has also been part of the Taurus,
Taurus XL, Taurus Lite, Minotaur-C, and Minotaur IV
launch vehicles [6]. It is a small stage, with a dry mass
of 216 kg, a diameter of 0.97 m and a length of 1.76
m [9, 3]. From these dimensions, the cp can be calcu-
lated using equation (1), resulting in ¢p = 2.0, and the
minimum, average and maximum area can be calculated
using the tool CROC (CROss-section of Complex bod-
ies) of the DRAMA software tool-suite, which results in
Apmin = 0.73 m?, Agpy = 1.70 m? and A,pqp = 1.86
m?2. Three different ballistic coefficients can be calcu-
lated from these three cross-sectional areas, which in this
paper are named B,;,;p,, Bayg and By, in relation to the
cross-sectional area that they correspond to. Thus, B,
does not correspond to the minimum value of the ballistic
coefficient, but to the ballistic coefficient calculated using
the minimum cross-sectional area A,,;,,.

Figure 7 shows the results obtained for each ORION 38
stage in a different color (the legend shows the satno of
each object), with each dot representing the result for
a one-month window. The theoretical ballistic coeffi-
cients, calculated with the minimum, average and maxi-
mum cross sections, are shown as horizontal dotted black
lines. The results contained a few outliers, which were
removed to improve the readability and quality of the re-
sults. The outliers were defined as an estimated ballistic
coefficient that deviated by more than three standard de-
viations from the average value of the ballistic coefficient
of an object. A total of 12 outliers were removed out of
668 data points.

It can be observed that there are two objects, with satno
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Figure 7: Estimated ballistic coefficient with RACER for
the ORION 38 objects. The horizontal dotted lines repre-
sent the theoretical ballistic coefficients for reference.

25235 and 39409, that have a very different ballistic co-
efficient from the others. It can be assumed that both ob-
jects had a different stage configuration than the others.
The other objects all seem to have ballistic coefficients
which stay close to the theoretical B,y,q, and B,y most
of the time. However, there is a peak after 2008, where
the estimated B approaches more the value of the B,,,;y,.

Figure 8 shows the same results as in figure 7, but the
outlier objects have been removed and the ballistic coeffi-
cient of each object has been smoothed by taking the cen-
tered 5-months rolling average in each epoch. Further-
more, the observed solar activity for the analyzed epochs
was plotted as a dotted blue line. The results show a
strong correlation between the estimated ballistic coeffi-
cient and the solar activity, obtaining higher ballistic co-
efficient for low solar activity periods. Indeed, the afore-
mentioned peak is now much clearer, and it can be related
to the solar minimum around 2009.

While the ballistic coefficient does not depend on the
solar activity, what RACER is really estimating is how
strong the effect of drag was in order to lead to a certain
evolution of the orbital parameters. Atmospheric drag
is also proportional to the atmospheric density, which is
very challenging to model and depends on the solar and
geomagnetic activity. Therefore, even though the ballistic
coefficient does not directly depend on the solar activity,
the estimated ballistic coefficient is absorbing the error
in the modeling of the atmospheric density, which does
depend on the solar activity. The ballistic coefficient es-
timated by RACER is equivalent to:

Pmodel
Preal

2

Bracer =B -

Where p,0der 1S the atmospheric density estimated by the
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Figure 8: Five-months rolling average of the estimated
ballistic coefficient with RACER for the ORION 38 ob-
jects. The black horizontal dotted lines represent the the-
oretical ballistic coefficients for reference. The blue dot-
ted line shows the observed solar activity.

model and p,.q; is the real one. The results therefore
show that the error of the atmospheric model is not con-
stant for all levels of solar and geomagnetic activity.

3.3. ORION 38: Orbital lifetime estimation

The goal of this section is to analyze if and how the re-
sults obtained with RACER can be used to improve the
orbital lifetime estimations. In order to assess whether
an improvement on the orbital lifetime predictions can be
achieved using the results obtained with RACER, a refer-
ence prediction without RACER is needed. The chosen
reference scenario is using the observed solar and geo-
magnetic activity values, in order to remove any uncer-
tainties related to inaccurate predictions of these param-
eters. The propagations were performed with OSCAR
using the theoretical Bg,, = 63.53 kg/m?, and the ini-
tial orbit corresponding to the first TLE of each object,
performing the appropriate transformations with CState.

The evolution of the semimajor axis for the real case plot-
ted from the TLEs (dotted line) and the predicted case
(solid line) is shown in figure 9. It can be observed that,
even though the predictions seem to work really well for
the first four objects, they differ a lot from reality for the
others, especially for objects 26415 and 29053. Going
back to the results shown in figure 8, these objects are
on orbit mostly during a low solar activity period, and
their estimated B reaches values that deviate far from the
Bvg- The average error for this scenario was -1.42 years,
and the average relative error was -17%, showing a ten-
dency to underestimate the orbital lifetime.
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Figure 9: Evolution of the semimajor axis for the ana-
lyzed ORION 38 stages using the observed solar and ge-
omagnetic activity and the estimated cp.

The need for an improvement of the orbital lifetime esti-
mation for these objects is clear. The simplest approach
would be to compute the average of all the values ob-
tained for the ballistic coefficient and use this value for
the propagations. The data corresponding to the object
to be propagated should be excluded from the dataset to
compute this average ballistic coefficient, in order to re-
move any bias introduced by using data from the same
object and to make the methodology applicable also when
there is still no TLE data from the object.

The resulting average coefficients, after removing the
outliers for each object and the outlier objects (25235
and 39409), ranged between 65.62 kg/m? and 68.69
kg/m?. As OSCAR does not take any value of the
ballistic coefficient, but rather the individual quantities
(namely mass, drag coefficient and cross-sectional area),
the cross-sectional area and mass were kept to the same
values used before, and the ¢p was modified to match the
calculated value for the ballistic coefficient. The obtained
results are shown in figure 10.

The tendency with this method was to overestimate the
orbital lifetime, with only one object showing a slight un-
derestimation. The general results improved in terms of
the absolute error, which was now on average 0.81 years.
However, the relative error remained in a very similar
magnitude, with an average of 20.87%. This was due
to the worsening of the results of the short-lived objects,
while the long-lived objects improved.

As the previous results showed a strong correlation of
the ballistic coefficient to the solar activity, the second
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Figure 10: Evolution of the semimajor axis and the
perigee altitude for the analyzed ORION 38 stages us-
ing the latest prediction scenario and the average ballistic
coefficient from RACER.

method that was tested was the use of a ”dynamic” bal-
listic coefficient, which changes value depending on the
solar activity level. In order to do this, the propagation
was performed in small steps, each with a duration At
years. In each step, the observed F10.7 is checked and the
value of the ballistic coefficient is chosen accordingly.

Only two categories were defined for the solar activity
level, high or low, separated by a threshold that was cho-
sen to be at 90 SFU. One ballistic coefficient is calculated
for each category, Bp;qn and Bje,, corresponding to the
average of the estimated ballistic coefficients during pe-
riods of high or low solar activity respectively. Further-
more, the RACER results corresponding to the object to
be propagated were removed from the data used to calcu-
late the ballistic coefficients.

The process followed for the orbital lifetime estimation
was as follows: a short propagation span At is chosen,
which here was set to 0.1 years. Once an object is se-
lected, the ballistic coefficients By,;4, and By, corre-
sponding to this object are calculated. This is done by
excluding the results corresponding to this object from
the dataset of ballistic coefficients estimated by RACER,
dividing the data into two categories depending on the
solar activity level during the analyzed period, and calcu-
lating the average B of each category. It should be noted
that the outlier values of B for each object have already
been excluded before, as well as the two outlier objects.

When the By,;4p, and B, have been calculated, the prop-
agation process is initiated. Starting from an initial orbit

at an initial epoch ¢, the observed F10.7 at the epoch
is checked. If it is above the threshold, the average B
for high solar activity Bp;gp, is chosen. Otherwise, the
average B for low solar activity B, is selected. The se-
lected B is then used for the propagation with OSCAR,
for a propagation span At. The results are then checked
to see if a re-entry occurred during the propagation. If it
did, the propagation stops and the results are recorded. If
a re-entry didn’t occur, the orbit at the last propagation
epoch becomes the initial orbit for the next propagation.
The process is repeated as many times as necessary until
a re-entry is found.
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Figure 11: Evolution of the semimajor axis and the
perigee altitude for the analyzed ORION 38 stages us-
ing the latest prediction scenario and the estimated cp.

Figure 11 shows the results for the orbital lifetime predic-
tions, compared with the actual TLEs, for the solar ac-
tivity dependent ballistic coefficient approach explained
above. The predictions for objects 23941, 25014, 25120,
25737 and 25987, which had a very small error before,
show a worse performance as before, with a tendency to
overestimate the orbital lifetime. However, the magni-
tude of this error still remains small, with a maximum
of 0.93 years for object 23941. On the other hand, the
predictions of the second half of the objects significantly
improved. The case of objects 26415 and 29053 can be
highlighted, which initially presented an underestimation
of 7.27 and 3.08 years respectively, being the largest er-
rors in the dataset. The predictions with the current ap-
proach turned the error into a 0.09 and 0.32 years over-
estimation respectively. Indeed, all the errors obtained
with this approach remain below 1 year. The average er-
ror with this approach was 0.31 years, and 11.36% aver-
age relative error. This approach therefore significantly
improved the results both from the reference and the con-
stant average estimated B methods.



4. CURRENT PMD PRACTICES

The aim of this section is to analyse the current imple-
mentation of PMD practices in rocket stages. A previ-
ous analysis was performed in [12], which has been up-
dated with more recent data, and the analysis of the CCP
has been added. This analysis considers both the cur-
rent IADC space debris mitigation guidelines and the new
policies introduced by the Zero Debris charter. For more
details on current PMD practices, ESA’s environment re-
port is recommended to the interested reader [11].

The dataset used for this analysis was extracted from
ESA’s DISCOS database [2], and the TLEs for each ob-
ject were extracted from spacetrack [4]. The dataset in-
cludes 945 rocket stages which were launched into orbits
crossing LEO between 2016 and 2023. It includes infor-
mation about launch and re-entry epochs, initial and des-
tination orbits, mass and dimensions of the stages, as well
as the launcher and launcher family that they correspond
to. The latest orbits of non-re-entered objects, required
for the propagation for this analysis, were extracted from
the TLEs of the object.

The study aims to analyze the orbital lifetime and CCP
of the objects in the dataset. For the objects which have
already re-entered, this implied the computation of their
orbital lifetime and CCP based on their TLEs, while ob-
jects that have not yet re-entered had to be propagated.
OSCAR was used for the propagation, using the latest
prediction solar and geomagnetic activity scenario. The
propagation span in OSCAR was set to a maximum of
300 years. The available mass and average cross-section
were used for the propagation, and the cp for each ob-
ject was estimated using equation (1) and the dimen-
sions available for each object. When information on
the dimensions of a stage could not be found, a default
cp = 2.2 was used. Moreover, the destination orbits of
objects that performed PMD were also propagated in or-
der to approximate their behavior if they would not have
performed PMD.

4.1. Cumulative Collision Probability

The approach used to calculate the CCP uses the data
from the MASTER (Meteoroid And Space debris Terres-
trial Environment Reference) model and is based on the
spatial density of the orbital shells that the objects pass
through.

MASTER provides the spatial density of objects above
a specific size for each orbital shell. These orbital shells
are spherical shells around Earth delimited by a lower and
maximum altitude. During this work, the population of
objects larger than 1 cm in diameter was used, as it is the
one used in the requirements of the Zero Debris policy.

The collision probability of an object orbiting in a circu-
lar orbit contained entirely in a specific orbital shell can

be calculated as:

P.=1—exp(—pvAAt) 3)

Being p the spatial density in the orbital shell, v is the im-
pact velocity, even though the orbital velocity of the ob-
ject was used in this model for simplicity, A is the cross
sectional area of the object and At the time interval for
which the collision probability is calculated. This for-
mula is derived by assuming a Poisson distribution with
N = pvAAt being the expected rate of occurrences (col-
lisions). The collision probability is then calculated as
the conjugate of the probability of zero collisions, result-
ing in equation (3).

When an orbit is crossing several orbital shells, however,
the calculation becomes a bit more complicated. The first
step then would be to calculate crossings of the orbit with
the altitude boundaries between shells. Then, the average
velocity in each shell and the time spent in each of them
can also be calculated. The collision rates of each shell
can be added up, which in the end turns into equation (4)
for the calculation of the cumulative collision probability
due to the contribution of each shell.

P.=1—exp (AZpiviAty',) “)
i=1

When the cumulative collision probability has to be com-
puted for the trajectory of a decaying object, the idea is
the same: the time spent in each orbital shell is calcu-
lated, as well as the average velocity in each shell. Then,
the collision rates are added and the cumulative collision
probability can be calculated using equation (4).

The trajectories used in this work corresponded, in the
case of re-entered objects, to their processed TLEs, and
in the case of objects which did not re-enter yet, to the
aggregation of their processed TLEs and the propagated
trajectory with OSCAR.

This approach was chosen due to its computational speed,
which was needed to process a large dataset. It comes,
however, with two major limitations that should be dis-
cussed. Firstly, it takes into account only the average
spatial density on each orbital shell, but reality is more
complex. The biggest impact of this assumption corre-
sponds to the lack of consideration of the inclination of
the orbit, which strongly influences the distribution of the
space debris population. The collision probability will
therefore be underestimated for inclinations that tend to
be especially crowded, such as Sun-synchronous inclina-
tions. Secondly, the use of the orbital velocity instead of
the impact velocity will lead to a general underestima-
tion of the orbital lifetime, as the mean impact velocity in
LEO is around 10 km/s.



4.2. Processing of the TLEs

In order to make sure that errors on the TLEs did not in-
troduce mistakes which could significantly affect the re-
sults, they had to be processed. It is first important to
note that, for our application which is the computation of
the CCP, deviations that are not lasting on time, or small
deviations on the semimajor axis, would not have a great
impact on the calculated CCP. A real impact would come
from long-sustained significant deviation of the semima-
jor axis or eccentricity.

The steps used for the processing of the TLEs were:

1. Corrected TLEs were discarded. Sometimes, a sec-
ond TLE is published shortly after the publication
of another one which intends to correct the first one.
Therefore, when two TLEs are spaced in less than
half an orbital period, the first one was discarded
[20].

2. A simple filter was set up to discard single aber-
rant TLEs when a sudden significant increase of the
semimajor axis was detected. This was based on
the fact that all the analyzed objects are decommis-
sioned rocket stages which are not expected to ma-
noeuvre.

3. A sliding backwards window was used to filter the
first TLEs, as they are known to be prone to mis-
takes. This sliding window was applied on the semi-
major axis of the TLEs, using a linear regression
of the TLEs within the window to estimate the ex-
pected value of the semimajor axis of the next TLE.
The deviation of the next TLE from the predicted
value is then evaluated with preset tolerances to de-
cide whether it is an outlier. This was based on the
described filter in [20].

4. Similarly, a forward sliding window was used to
analyse the last TLEs of the objects which needed
to be propagated, thus those which did not re-enter
yet, in order to make sure that the propagation was
not started from a faulty TLE.

5. When there were big gaps of time with no TLEs,
these were filled with a linear approximation be-
tween the two TLEs on the edges of the empty in-
terval. While the orbital evolution is obviously not
linear, this was found to be enough to complete such
periods for the current application.

4.3. Results orbital lifetime

We will first look at the results obtained regarding the or-
bital lifetime of the stages. The results are divided by
launcher family. The analysis shows only the launcher
families which performed more than 5 launches during
the studied period. Figure 12 shows the proportion of ob-
jects from each launcher family which fall within a spe-
cific lifetime interval, with those intervals being defined

in years. Thus, the dark green bars represent the pro-
portion of objects of each family with lifetimes between
0 and 1 year, the light green between 1 year and 5 years,
and so on. This figure allows to assess the level of compli-
ance of each family with the 25-years guideline, as well
as with the new 5-years standard of the Zero Debris pol-

icy.

The positive note comes from families such as Antares
200, Atlas V, Ceres-1, or Delta IV, whose stages all re-
enter in less than 5 years. Moreover, Epsilon, Kuaizhou,
Long March 7, and Vega complied with the 25-years rule
for all their stages. On the other hand, the lowest compli-
ance rates come from the Ariane 5 and the Rokot fami-
lies. Both rockets were designed before the IADC guide-
lines were established, and they were therefore not de-
signed to perform a PMD. The Rokot launchers, however,
have been performing manouvres aimed at reducing their
orbital lifetime, but they were far from being sufficient.
The Ariane 5 launchers do not have reignition capability,
and they tend to launch to Geostationary Transfer Orbits
(GTO) which often have long orbital lifetimes. It is in-
tended that the Ariane 6 launcher will solve this problem.
While it failed to perform a correct PMD on its maiden
flight in July 2024, the disposal was successful on its sec-
ond flight in March 2025 [1].

It is also worth to note the performance of the Fal-
con launchers, as they launched far more than any other
launcher during this period, with a total of 257 stages reg-
istered in this dataset. A total of 209 of these stages per-
formed controlled re-entries, with the objective to also re-
duce the risk on-ground. However, some of the remaining
stages present significantly large orbital lifetimes, with
10 of them showing expected orbital lifetimes above 50
years and 15 not being compliant with the ITADC 25-years
guideline.

Figure 13 shows the number of objects that were
launched by each family, with the dark green bar repre-
senting those which performed a controlled re-entry, the
light green those which performed an uncontrolled PMD
manoeuvre and the red those which did not perform any
PMD manoeuvre. Moreover, the average orbital lifetime
of the objects launched by each family is represented by
a blue solid line, and the purple dashed line represents
the orbital lifetime that the stages would have had if they
would not have manoeuvred, which was calculated by
propagating their destination orbits.

The number of stages is significantly dominated by the
Falcon family, which corresponds to over a 25% of the
objects in the database. Despite their high percentage of
PMD manouvres, the 43 non-manouvred Falcon stages
are still more than most families launched during that pe-
riod. Their average orbital lifetime remains however low
with about 7.5 years, due to the high percentage of ob-
jects that re-entered almost immediately after their orbit
insertion.

The largest reduction of the orbital lifetime achieved by
the PMD manoeuvres corresponds to the Delta I'V family,
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Figure 12: Proportion of objects by each launcher family in a specific lifetime interval, which is defined in years.
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whose average orbital lifetime without PMD was around
175 years, which got reduced to virtually no orbital life-
time, as all Delta IV stages performed a controlled re-
entry. On the other hand, the Ariane 5, H-II, Long March
4, Long March 6, Long March 11, Polar SLV and Rokot
families all had average orbital lifetimes above the 25-
years limit. With Rokot being the clear outlier with over
180 years of average orbital lifetime, the Long March 4
and 6 families can also be highlighted, both with average
orbital lifetimes above 80 years. The comparison with the
average lifetime without manoeuvre, however, shows the
effectiveness of the measures taken to reduce the orbital
lifetime, as only 8 out of the 23 studied families would
have had average lifetimes below 25 years without any
PMD. It can be noted that the average lifetime of the
Rokot launchers is underestimated due to the 300 years
limit on the propagation span, as several Rokot stages
reach this limit even after PMD. In the scenario without
PMD, propagating the destination orbits, all Rokot stages
reach the 300 years propagation span limit.

In view of the newly established requirements by the Zero
Debris policy, however, it is important to note that only
10 out of the 23 families analyzed here had an average
orbital lifetime below 5 years. These were Antares 200,
Atlas V, Ceres-1, Delta IV, Electron, Epsilon, Kuaizhou,
Long March 7, SLV-P and Vega.

4.4. Results Cumulative Collision Probability

This section will take a look at the cumulative collision
probability (CCP) of the stages until their re-entry with
respect to the 1 cm population. The process followed to
estimate the CCP was explained in section 4.1. The deci-
sion to perform this analysis with respect to the lcm size
population was based on the new Zero Debris standard,
which sets a requirement of a CCP below 1 in 1000 with
respect to this size population. The CCP with respect to
the 1 cm population will be expressed from now on as
CCP(1cm).

Figure 14 shows the proportion of objects of each
launcher family within each CCP interval. Therefore, the
darkest green represents the objects with CCP(1cm) be-
low 1079, the medium green the objects with CCP(1cm)
between 107% and 10~°, and so on.

It can be seen than no Rokot stage would have been com-
pliant with the Zero Debris requirements, with over half
of the Rokot stages presenting a probability of collision
above a 10%. Moreover, the CCP(1cm) of the Rokot
stages is likely to be strongly underestimated, as the prop-
agation was stopped after 300 years when many of these
stages were still located in very high orbits which are
also less crowded. These stages would in reality keep
accumulating CCP for a long time, before finally making
their way to lower and more crowded orbits which would
also have a strong contribution to the CCP. Additionally,
the Falcon, Long March 2, Long March 4, Long March
6, Long March 11 and Polar SLV families all had stages
with CCP(1cm) over a 10%.

It can also be noted that only one stage out of the 28 Ari-
ane 5 stages in the dataset had a CCP(1cm) below 0.001,
thus compliant with the Zero Debris policy. The fam-
ilies Antares 200, Atlas V, Ceres-1, Delta IV, Epsilon
had all the stages with CCP(lcm) below 0.001. It can
be noted that these are almost the same families whose
stages would have also been compliant with a 5-years or-
bital lifetime, only with the addition of the Epsilon fam-

ily.

Figure 15 shows again the number of objects launched
by each launcher family and whether they manoeuvred
or not. The solid blue line represents the addition of
the CCP(1cm) of all the objects of each launcher family.
Thus, it would represent the expected number of colli-
sions with respect to the 1cm population of all the stages
of each family.

There are 4 families whose cumulative CCP(lcm) is
above one, thus it would be expected that at least one
collision would take place for a stage belonging to that
family. These families are Long March 2, Long March 4,
Long March 6 and Rokot. The most predominant peaks
are clearly those of Long March 2, Long March 4 and
Long March 6 families. The biggest reduction of the
CCP(1cm) was achieved by Falcon, thanks to the con-
trolled re-entry of over 200 stages.

The pie chart in figure 16 represents the proportion of the
total risk introduced to the environment by all the rocket
stages launched in the studied period that correspond to
each rocket family. Thus, from the sum of the CCP(1cm)
of all the stages in this study, which percentage corre-
sponds to each launcher family.

The Long March 2 and Long March 4 families took each
over 30% of the total CCP(1cm) during the studied pe-
riod, and the Long March 6 over a 15%. These are by
far the launcher families which contributed the most to
the total risk during the studied period. Indeed, all the
Long March stages together represented over a 70% of
the total risk introduced by rocket stages during this pe-
riod in terms of CCP(1cm). It can be noted that the Long
March 2 family was originally showing reasonable results
on the orbital lifetime of their stages, with an average be-
low 25 years and almost 90% compliance with the 25-
years rule. However, most of these stages are located in
orbits with apogee altitudes around 800 km, which cor-
responds to very crowded orbital altitudes, in addition
to being rather big stages, which resulted in the massive
30.1% of the total risk. This effect could be even stronger
with an approach that would consider the inclination for
the calculation of the CCP, as these stages are also located
in Sun-synchronous inclinations, which are also the most
crowded around that altitude.

5. CONCLUSION

The paper has presented the results obtained during the
project ASCenSlon in the topic of PMD of rocket bodies.
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The first analysis presented studied the accuracy of cur-
rent methodologies for the estimation of the orbital life-
time, for LEO and HEO objects. Even using the observed
solar and geomagnetic activity, the distribution of the er-
ror showed a standard deviation of around 30%, invit-
ing to think that currently used margins as the 5% rec-
ommended by ISO [5] might not be enough. Moreover,
the use of a specific c¢p for each rocket body, based on
their dimensions and approximating their shape as cylin-
der, proved to be a better approximation than the default
cp = 2.2. Many parameters were shown to affect the ac-
curacy of the prediction in LEO, such as the launch year,
the time in orbit or the ballistic coefficient of the object.

The HEO predictions were shown to be a great challenge.
The distribution of the error obtained showed standard
deviations of over 100% in all scenarios, which leaves
very little confidence on the results of the estimations.
The results did not deviate much between solar and ge-
omagnetic activity scenarios, nor with the use of differ-
ent drag coefficients. However, separating the objects
between those reaching the Sun-synchronous resonance
and those which do not reach it, led to completely dif-
ferent results, suggesting that conventional methods for
orbital lifetime estimation can be applicable for HEO ob-
jects if they do not go through this resonance while sta-
tistical methods are definitely required for HEO objects
which pass through the resonance.

The tool RACER was used to estimate the ballistic coef-
ficient of objects belonging to the ORION 38 family. The
results showed a correlation between the estimated ballis-
tic coefficient and the solar cycle, which can be explained
through the errors induced by the solar activity on the at-
mospheric model. It was shown that using a ballistic co-
efficient that changes depending on the solar activity level
can help to correct for this error and improve orbital life-
time predictions. However, further analysis is required to
assess whether this methodology can be applied to other
stages.

Finally, current PMD practices were analysed for differ-

ent launcher families in terms of their orbital lifetime
and CCP(lcm). While most families performed well
with respect to the 25-years lifetime, an additional effort
will be required to reduce this limit to 5 years. More-
over, the stages that performed the worst in terms of or-
bital lifetime were not necessarily the worst in terms of
CCP(1cm), as this is also dependent on the orbit and the
cross-section of the object. Three single families, Long
March 2, Long March 4, and Long March 11, took to-
gether over 75% of the total risk introduced on orbit by
rocket stages launched during the studied period.
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