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ABSTRACT

Since the beginning of the 90’s the Pisa-based space
debris research group has studied the long term evo-
lution of the debris population. We briefly describe
the models developed in the last four years, outlin-
ing the innovations introduced in this field of study.
Three new powerful software tools have been devel-
oped under an ESOC contract and then upgraded
and exploited in the framework of an agreement with
the Italian Space Agency (ASI). With these tools a
number of research results have been obtained. In
the paper we summarize the main findings of our
work, with particular emphasis on the parameter
sensitivity analysis.

1. INTRODUCTION

The space debris research group at the CNUCE In-
stitute of CNR and the Department of Mathernatics
of the University of Pisa started working on issues
related to the evolution of the space debris popula-
tion at the end of the 80’s. The models developed in
the first stage of our work were based on a set of first
order nonlinear differential equations taking into ac-
count the main source and sink rmechanisims acting
on the debris population (Refs. 1 to 3). On the basis
of this experience, in 1992 our group was selected by
ESOC to carry out research and software develop-
ment work under a contract named “Study on the
Long Term Evolution of the Space Debris Popula-
tion”.

In the framework of this contract, three complex

comnputer prograins were developed. Two of thermn,
nained SDM (Semni Determninistic Model) and STAT

(STochastic Analog Tool) are comprehensive codes
for a realistic sinulation of the time evolution of the
space debris population over a vast range of masses
and orbits, under various source and sink mecha-
nisms; they were based upon very different modelling
approaches, in order to allow for detailed cornpar-
isons and to assess the robustness of the simulation
results. The third code, called CLDSIM (CLoud De-
bris SIMulator), is aimed at predicting the outcomes
of single fragmentation events, caused either by col-
lisions or explosions; it was used mainly to sirnulate
all the known fragmentation events occurred in the
past, in order to provide a reliable initial population
of objects with mass greater than 1 mg for the long

term evolution runs to be performed with SDM and
STAT.

In the following section we will briefly describe these
codes with a particular emphasis on the main inno-
vations we introduced with them in the space debris
modelling field (for an extensive description of thern
see Ref. 4). Then we will surnrnarize the main results
obtained in the past few years with the prograrms.

2. LONG TERM EVOLUTION CODES

Although based on different concepts, the two codes
for the long term evolution, STAT and SDM, contain
the samne physical models for the source and sink
mechanisrns.

STAT is the logical unfolding of the models described
in Refs. 1 and 3. A division in discrete bins of semi-
major axis (from 6378.14 to 46,378.14 km), eccentric-
ity (from O to 1) and mass (from 1 mg to 10,000 kg) is
introduced. The variables used represent the nurnber
of objects contained in each bin; the time evolution is
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carried out by means of a set of finite-difference equa-
tions, which take into account launches, retrievals,

explosions, collisions and orbital propagation:
dﬂ,i .
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dt 1 1
+ Z{ (explosions)j__}i (propagation) i }
J
+ > _(collisions) ., .
jk

n; being the number of objects in the i*" semima-
jor axis—eccentricity—mass bin. The action of STAT
is not merely the numerical integration of such dif-
ferential equations; in fact, if this were the case, we
should have introduced quantities like the average
number of explosions/collisions at every time step
and, due to the very low occurrence rate of this kind
of events, these quantities (which may be much less
than unity) would have had a poor physical mean-
ing. In order to avoid such problems, we have in-
troduced as fundamental quantities not the rates of
explosions/collisions, but their occurrence probabil-
ities at each time step; then an integer number is
extracted from a Poisson distribution whose mean 1is
just the probability of the event.

It is worth stressing that, differently from Ref. 3,
in STAT we introduced semimajor axis—eccentricity
bins (instead of altitude shells), in order to cor-
rectly take into account orbits with any possible ec-
centricity; moreover, the time evolution is obtained
with a rigid displacement, in the sernirnajor axis—
eccentricity two-dimensional space, of the rectangle
representing a bin and not only with a mean orbital
decay of the representative point (Ref. 4). This in-
novative concept was later adopted and extended, to
take into account also the inclination, by other au-

thors (Ref. 5).

SDM is instead closer to the philosophy underlying
EVOLVE (Ref. 6); in fact it aims to follow, as much
as possible, the actual orbital evolution of the objects
between 0 and 40000 km of altitude. The main con-
cept is that the population of debris is divided into
two main classes: historical population and running
population. The former represents all the objects
larger than 1 mg present in space at the beginning of
the simulation; this group of objects was propagated
only once for the desired time span (e.g. 100 years)
and then stored in terms of objects density, as a func-
tion of altitude, time and mass bin. The second one
is comnposed by everything that goes into space after
the beginning of the simulation: launched objects,
explosion and collision fragments. Among these par-
ticles the largest ones are individually propagated us-
ing a fast Debris Cloud Propagator (DCP); DCP car-
ries out the time evolution of a large nurnber of par-
ticles with an analytical method taking into account

the influence of air drag (with a time dependent at-
mospheric density). Since the nurnber of small de-
bris can becorne very large, a user-defined sampling
method is introduced for them so that only a subset
of orbits is propagated. The background population
obtained adding the historical and running objects
densities, is instead used to compute the collision
probability at each step.

The codes are suitable for the same applications,
but the CPU time required by SDM depends on the
number of objects sirnulated during a run, so it in-
creases year after year (when the population is grow-
ing). On the other hand, the CPU time required
by STAT is almost constant for each tirne interval
and is independent of the total numnber of objects.
For a 100-year sirnulation, the cornputation times of
STAT and SDM are comparable (with SDM being
slightly faster), but for longer time spans STAT be-
comes more efhcient.

In the design phase, a particular attention was de-
voted to developing highly modular codes. This al-
lowed us to easily introduce a large number of options
for the main physical processes. In particular, STAT
and SDM contain six area vs. mass relations, three
velocity models for the collision ejecta, two models
for the mass distribution after a collision (one of
thern depending on the ratio of the impact energy
to a selectable fragmentation threshold), two mod-
els for the mass distribution after a high-intensity
explosion and one for low-intensity explosions; like-
wise it is easy to add new rmodels if required (Ref.
7). This feature allowed us to perform a detailed
sensitivity analysis to investigate the dependence of
the evolution upon the main physical parameters.
The two codes make use of a very versatile traffic
model, which can simulate in a straightforward way
the routine space activity, the launch of constella-
tions of satellites and the building of large structures
in space (Ref. 4). For all the launches we take into
account the rass and orbital elements of the payload
and upper stage; in particular the upper stage can be
deorbited or not, and in the latter case we can place
it either on the same orbit as the payload or in a
transfer orbit. For the constellations we also specify
the number of satellites cornposing them, along with
their planned lifetime. All these features clearly lead
to many different scenarios for the future traffic; this
has also been an innovation in the modelling field

and stirnulated similar efforts by other groups (e.g.
Ref. 8).

The models developed for STAT and SDM were also
used inside CLDSIM. With CLDSIM it is possible to
sitnulate an explosion or a collision and to propagate
the cloud of resulting debris either with DCP or with
a more accurate orbital predictor (FOP) taking into
account all the relevant perturbations (Earth grav-



ity field harmonics, radiation pressure with eclipses
and luni-solar perturbations in addition to air drag).
With this tool we have simulated all the past frag-
mentation events in order to obtain a reliable initial
population for the long term evolution runs (Ref. 9).

3. SUMMARY OF THE MAIN RESULTS

During the developing phase and after the comple-
tion of the rnodels a large amount of research work
has been conducted. In the following we will outline
the main results obtained so far.

Before starting the long term propagations of the
whole debris population, we analyzed the eflects of
single fragmentation events and the evolution of the
resulting clouds of debris (Ref. 10). An interesting
result of this work was that high intensity explosions
in circular orbits could inject significant amounts of
small debris in high eccentricity orbits. Due to this,
we may expect more particles in high eccentricity tra-
jectories than those produced only by fragmentation
events occurred in GTO and Molniya type orbits.

Applying the single event simulator to 117 cata-
logued fragmentation events, occurred from 1961 to
the end of 1993, and propagating with FOP the re-
sulting debris clouds to the reference epoch of Jan-
uary 1, 1994, we reconstructed the uncatalogued part
of the current debris population (Ref. 11). Together
with the objects contained in the Two-Line Elements
catalogue, it forms the CNUCE 1994.0 Orbital De-
bris Reference Model 5.1. Another Reference Model
(5.1.R) includes the NaK droplets produced by the
Soviet RORSATS, following the distribution given in
Ref. 12. Both provide the initial conditions for the
long term simulations.

The first sirnulations were devoted to the study of the
effects of possible mitigation measures on the growth

of the space debris (Ref. 13).

Initially we defined a business-as-usual (BAU) sce-
nario, with launches and explosions occurring at the
sare average pace of the last 5 years. Then we con-
sidered three alternative scenarios: (z) all explosions
eliminated after year 2000 (NEX); (¢¢) in addition to
this, all upper stages deorbited and no operational
debris released, again after 2000 (NEAD); (u22) in
addition to this, all payloads in LEO and Molniya
orbits deorbited after 10 years of operational life, if
launched after 2030 (NEAD_LIF).

In the BAU case a much larger number of small ob-
jects (< 10 cm) is produced after 100 years, mainly
due to a significant number of catastrophic collisions.
Stopping all the explosions in the year 2000, the nurn-
ber of fragments large enough to shatter a spacecraft
is severely reduced; mainly for this, in the last three
cases the final population of small objects is lower.
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For objects larger than 1 m explosions may be a
source comparable to launches, so the elimmination
of the former significantly reduces the final popula-
tion of this size, consisting at this point mainly of
spacecraft and upper stages. Of course, the deorbit-
ing of upper stages and spacecraft at the end of the
operational life irnproves the situation further. The
sharp reduction of large objects in the last three sce-
narios also reduces the total cross—sectional area in
orbit, resulting in a prominent decrease of the colli-
sion rate.

Apart from the interesting inforrmation about the ef-
fectiveness of different space policies, these prelimi-
nary studies showed that there is a fundamental un-
certainty about the outcomes of explosions. Proba-
bly, most explosions involve only a part of the space-
craft /rocket structure, leaving the remainder almost
unaffected, or at most divided into a few large frag-
ments. In fact, using the commonly accepted explo-
sion models, an explosion rate like that of the past
several years leads to a growth rate of trackable ob-
jects (larger than about 10 cm) of more than 1000 ob-
jects/year; to obtain a rate close to the observations
(about 200 objects/year) it is necessary to rescale the
exploding masses. We found that the rescaled mass
is in most cases the 10 — 30% of the actual mass of
the exploding spacecraft. It is rernarkable that the
possibility of simulating all the events with different
models throughout the time span of the runs allowed
us to implicitly test and validate the models them-
selves, comparing the results with the observations.

In order to gain a better understanding of the future
evolution, we defined the so-called critical density in-
dez. Extending a concept first introduced by Kessler
(Ref. 14), the critical density index is defined, for
each altitude shell, as the ratio between the mean
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Figure 1. Critical density index in the year 2094
for the BAU (solid line), NEX (dashed line), NEAD

(dotted line) and NEAD_LIF (dash-dotted line) sce-
narios.
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number of objects left by collisions and able to pro-
duce new catastrophic impacts and the rnean number
of such objects that might be removed by the air drag
in the same shell during the same timme (Ref. 11). If
this ratio is lower than 1, the density in the chosen al-
titude shell is still lower than the critical density, for
which collisional processes alone are able to replace
all the objects removed by the drag. But where the
index is larger than 1, a collisional chain reaction may
occur in the long term, even if all launches and ex-
plosions were stopped at once. At the starting epoch
of the sirnulation, the year 1994, the density is above
the critical value in two regions: a small one close
to 1000 km and a larger one between about 1400
and 1700 km of altitude. Fig. 1 shows the critical
density index after 100 years for the four scenarios
described above; while the situation becornes worse
in the BAU and NEX scenarios, the remaining two
cases leave the overall picture practically unchanged,
confirming that the debris limitation measures stud-
ied improve the situation, although they do not solve
the problem entirely.

Starting from these conclusions, we have defined a
revised, more realistic BAU scenario. The explo-
sion rate has been maintained similar to the cur-
rent one, only taking into account the preventive
measures already undertaken (e.g., the Ariane IV
third stages, which are now vented of the residual
fuel after burnout, are not supposed to explode any
longer after 1996, and similar hypotheses have been
made about other upper stages which used to ex-
plode in the past). No new source of explosions has
been included, leading to an average rate of 4 ex-
plosions/year. The routine launch rate has been sup-
posed to decrease by 0.5% per year until 2002 and
then to remain constant; superimposed to this trend,
we simulated the launch of 5 large constellations of
satellites: IRIDIUM (66 satellites), GLOBALSTAR
(48 satellites), ODYSSEY (12 satellites), ORBCOM
(18 satellites), and ELLIPSAT (24 satellites). Assem-
bling the constellations, debris prevention measures
have been assurned (e.g. no upper stage left in or-
bit and the satellites deorbited whenever replaced).
Moreover, the building of two large orbiting stations
has been sirmulated during the investigated 100-year
time span (the planned International Space Station
starting in 1997 and a possible replacement start-
ing in 2030). The collisional events were simulated
adopting the fragmentation model described in Ref.
3, assumning a catastrophic fragmentation threshold
at a specific impact energy of 45000 J/kg. As initial
population, both the 5.1 and 5.1.R CNUCE models

were used.

The results obtained with this scenario show that,
in terms of the number of objects, the environment
is dorninated by min-sized particles, created in huge

quantities by collisions between massive objects. The
stochastic nature of these events is illustrated in
Fig. 2, where the solid line represents the number
of objects larger than 1 mg, averaged over 10 runs
with different randorn nurmber generator seeds, while
the small-dashed and dashed lines represent, respec-
tively, the lowest and highest results, out of the ten
runs performed with population 5.1. The difference
between the highest and lowest curve somehow rep-
resents the intrinsic stochastic variability of the evo-
lution process. The same feature is less marked for
particles larger than 1 cm, since their rate of pro-
duction is less affected by collisional events. Finally
the objects larger than 10 cm are mainly generated
by explosions and launches. Fig. 2 also shows the de-
bris evolution, again averaged over 10 runs, using the
initial population 5.1.R (dotted line).

Since a perfect knowledge of the initial population
is not available, especially for mm-sized particles, we
have performed some simulations to assess the de-
pendence of the future environment upon the initial
conditions (Ref. 15). We have used again, as reference
population the 5.1 CNUCE model. This was given
in input to SDM, after computing the corresponding
number densities in a set of 800 50-km wide altitude
shells and 10 logarithmic mass bins. Then we pro-
duced some random clones of the initial population
by multiplying the densities for all the 10 mass bins
and 800 shells by a random number in between 0 and
3. Other multiplicative clones were obtained by mul-
tiplying the densities of some rmass bins, in a selected
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Figure 2. Number of objects of mass larger than 1
mg vs. time. The solid line gives the mean over 10
different runs, whereas the dashed and srnall dashed
lines correspond to the highest and lowest values at
the end of the simulations, respectively. The dotted
line shows the average value for the case where the
RORSAT’s NaK droplets are included in the initial

population.



altitude range, by a specified factor, in between 0.8
and 1.5, to introduce systernatic differences among
the initial populations.

The conclusions drawn from this study have been
that the debris population can be divided into two
rmain classes, as far as the long termn evolution is
concerned: objects larger and smaller than approxi-
mately 10 cin. The evolution of the former is mainly
driven by explosions, so that differences in the ini-
tial populations propagate almost linearly with time,
provided we are far enough from the catastrophic
growth regime (this is true in the next century with
our parameter choices). On the other hand, the evo-
lution of the smaller objects is mainly affected by
catastrophic collisions; therefore typical non-linear
stochastic effects are dominant here. As a conse-
quence, even small initial differences can be highly
amplified (or, on the contrary, reversed) during the
subsequent collisional evolution. The weak or miss-
ing correlation between the final and initial popula-
tions of small objects means that their evolution is
strongly chaotic, in particular in the altitude ranges
where a high concentration of objects larger than 10
cm causes comparatively frequent catastrophic colli-

S10NS.

From these results we can also conclude that, for
long-term predictions, it is very important to deter-
mine well the current population in its large-mass
portion, because its future evolution is strongly cor-
related to the initial conditions, and moreover it
provides the targets for future catastrophic colli-
sions, which dorninate the evolution of small parti-
cles. These, on the other hand, evolve in a stochastic
fashion, so their future abundance has an intrinsic
uncertainty unrelated to the current population in
the sarne size range.

Then, we have tried to test how different model op-
tions can affect the long-term evolution. The revised
BAU case, described above, has been compared with
other sirnulations in which alternative rmodels have
been used for: the debris area/rnass relationship,
the fragment mass distribution, the fragmentation
threshold and the ejecta velocity rmodel following col-
lisional breakup.

As far as the area/mass relation is concerned, us-
ing five different models we have obtained comnpara-
ble results, well within a factor 2. Also the use of
different models for the velocity of the ejecta after
a collision did not produce a significant systematic
variation in the number of particles over the tirne
span considered.

In our nominal collisional model the rmass distribu-
tion of the fragments is based on a power law, whose
exponent depends on the impact energy; this means
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that in highly energetic events a much larger nurnber
of rnm-sized particles are produced with respect to
models, like the one adopted in the EVOLVE code,
in which the exponent has a fixed value. After a 100-
year sirnulation, we have verified that with the nom-
inal relationship the nuinber of objects larger than
1 mm is higher than in the constant exponent case
by a factor 1.6; the number of particles larger than
1 cimn is instead smaller by 30%.

Using an energy dependent relationship, it has also
been possible to test the influence of the strength pa-
rameter of satellites and rocket bodies, namely the
typical specific energy required for breaking them up.
The results of a few laboratory experiments have
indicated a probable value in the range 30,000 —
45,000 J /kg. We have explored the range from 4,500
J/kg to 45,000 J/kg; the thresholds inside the exper-
imental range mentioned above lead to similar evo-
lutions, apart from statistical fluctuations. On the
other hand, a value lower by one order of magni-
tude (4,500 J/kg) leads to a much larger number of
catastrophic collisions, which create a higher num-
ber of small particles. In between, the other thresh-
olds show similar behaviors. While for the mm-sized
particles, due to the stochastic character of the evo-
lution (despite the 10-run average) a few very large
fragmentations produce a huge number of objects in
the 10,000 J/kg case, the abundance of objects larger
than 1 cm is comparable for the 10,000, 20,000 and
30,000 J/kg cases, as shown in Fig. 3.

Another study performed has been devoted to the
effect of the launch, in the next decades, of a number
of LEO satellite constellations (Ref. 16). These will
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Figure 3. Number of objects larger than 1 cm vs.
tirne, with the fragmentation threshold set to 45000
(reference, solid line), 30000 (dashed line), 20000
(small-dashed line), 10000 (dotted line) and 4500
J/kg (dash-dotted line). All curves refer to averages
over 10 rums.



344

represent a considerable increase in the orbiting pop-
ulation. In this context, it is important to model
appropriately the debris prevention policies of the
launching organizations: the upper stages of the rock-
ets used to launch the constellations can be left in
orbit or deorbited, and the same holds for the satel-
lites at the end of their operative life (so that the to-
tal population of the constellation remains constant
throughout its planned lifetime). In the case that the
upper stages are left in orbit there is also the possi-
bility of new explosions, if some residual fuel is left in
the tanks. In the revised BAU case, described above,
all the debris prevention measures were assumed to
have been taken; the other cases included a scenario
where no constellation is launched and two others
were the prevention measures are not adopted (in
the worst case we also assumed one additional ex-
plosion per year, caused by the upper stages left in
orbit). Our conclusion was that, if the debris pre-
vention rneasures are adopted, the LEO population
evolution is not much affected by the launch of the
simulated constellations. There is a growth in the
flux of objects in the already crowded LEQO altitude
bands and a correspondingly higher collision proba-
bility, but, over the investigated 100-year time span,
the evolution is similar in the cases with and with-
out the constellations. On the other hand, the non-
adoption of the mitigation measures causes the ear-
lier onset of collisional events, especially if the upper
stages left in orbit are not passivated and, therefore,
remain prone to explode.
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