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Ariane 5 GTO debris mitigation using natural perturbations

Aleix Pinardell Pons, Ron Noomen*

Faculty of Aerospace Engineering, Delft University of Technology, Kluyverweg 1, 2629 HS Delft, the Netherlands

Abstract

GTO objects can potentially collide with operative satellites in LEO and GEO protected regions. Internationally
accepted debris mitigation guidelines require that these objects exit these protected regions within 25 years, e.g. by
re-entering and burning up in Earth’s atmosphere. In this paper, an inventory of the GTO debris generated from Ariane
5 launches in the period 2012-2017 is provided, and it is expected that none of these objects will re-enter within 25
years. For future launches, natural perturbations can be exploited to increase compliance with mitigation guidelines
without the use of extra propellant or complex de-orbiting systems, which is attractive from an economic point of view.
The lifetime of GTO objects is very sensitive to initial conditions and some environmental and body-related parameters,
mainly due to the effect of solar gravity on the perigee altitude. As a consequence, the lifetime of a specific GTO object
cannot be predicted accurately, but its probability of re-entering in less than 25 years can be estimated with proper
accuracy by following a statistical approach. By propagating the orbits of over 800000 simulated Ariane 5 GTO objects,
it was found that the launch time leading to the highest probability of compliance with debris mitigation guidelines
for GEO launches from Kourou corresponds to about 2 PM local time, regardless of the date of launch, which leads to
compliance rates ranging from 60 to 100%. Current practice is to launch at around 5-9 PM, so a change in procedures
would be required in order to reach a higher degree of compliance with debris mitigation guidelines, which was predicted
to be on average below 20% for the objects generated in the period 2012-2017.

Keywords: Space debris; Geostationary transfer orbit; Debris mitigation; Ariane 5; Orbital perturbations

1. Introduction e —, Z = 2000km (LEO)

Low Earth orbit (LEO) and geostationary orbit (GEO)
are two regions of near-Earth space with a relatively high
probability of collisions between man-made objects due to
their higher density of Earth-orbiting bodies. Since both 15
areas are highly attractive, this has led to the definition
of two protected regions around LEO and GEO, as de-
picted in Fig. 1. Debris mitigation guidelines have been
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proposed by the Inter-Agency Space Debris Coordination \ 7/

Committee (IADC, 2007) in order to minimise the gen- BN e

eration of debris in the future, including measures such I~ .o

as passivation of all stored energy after the end of life to

prevent in-orbit explosions and break-ups. Additionally, Fig. 1: Graphical definition of the near-Earth protected regions

non-functional objects should not remain in or cross pro- (IADC, 2007). Region A: spherical region extending from Earth’s
surface up to an altitude of 2000 km. Region B: segment of a spheri-

tected regions beyond 25 years after their end of life. cal shell extending 200 km below and above the GEO altitude (35 786
Objects such as depleted rocket stages used during the km) and with a declination between —15 and 15 degrees.

launch of geostationary satellites typically follow a geosta-

tionary transfer orbit (GTO), with perigee altitude below

2000 km and apogee altitude near geostationary altitude, 2004), which increases the risk of collisions and generation
which crosses both the LEO and GEO protected regions. ~ of additional debris. A prediction for the year 2200 re-
It can take these objects years or even decades to re-enter vealed that the number of total orbital debris larger than
in Earth’s atmosphere by natural means (Sharma et al., 1 mm, 1 cm and 10 cm could be reduced by about 62, 57
and 43%, respectively, only by implementing de-orbiting
strategies for all upper stages launched after 2010 with
*Corresponding author perigee altitude below 2000 km (Anselmo et al., 1999).
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turbations such as those caused by Earth’s irregular grav-
ity field, luni-solar gravity and atmospheric drag can affect
the lifetime of GTO objects significantly (Sharma et al.,
2004). Siebold and Reynolds (1995) found that the lifetime
of GTO objects resulting from launches from Kennedy
Space Center (with an initial inclination of 28.5 degrees)
depends on the initial perigee altitude, the initial right
ascension of the ascending node (RAAN) and the initial
position of the Sun. Potentially, the lifetime of GTO de-
bris could be reduced by wisely choosing these parameters,
leading to a higher rate of compliance with debris mitiga-
tion guidelines. However, the accurate long-term propa-
gation of GTOs poses some challenges, mainly due to the
coupling of the effects of different perturbations when the
semi-major axis of the orbit is close to 15000 km, a phe-
nomenon known as solar apsidal resonance; this can result
in the lifetime being extremely sensitive to initial orbital
conditions and environmental and body-related parame-
ters (Wang and Gurfil, 2017).

Fisher and David (2014) surveyed the GTO debris pop-
ulation generated in the period 2004-2012 resulting from
GEO launches and found that 84% of the objects that are
not compliant with debris mitigation guidelines and cross
both the LEO and GEO protected regions were generated
during Ariane 5 launches. In this paper, the orbital evolu-
tion of Ariane 5 debris in GTO, namely upper stages and
payload carriers, will be studied for different initial con-
ditions, with the aim to determine whether it is possible
to choose initial launch conditions such that the rate of
compliance with debris mitigation guidelines is increased
by exploiting the effects of natural orbital perturbations,
without expending additional propellant and with a mini-
mal impact, if any, on mission planning and design.

2. GTO debris from Ariane 5 launches

On average, more than 32 objects were purposely left in
GTO every year in the period 2004-2012 as a result of geo-
stationary satellite launches. More than 69% of these ob-
jects are non-compliant with debris mitigation guidelines
(Fisher and David, 2014), i.e. they are expected to cross
the protected regions of near-Earth space for more than
25 years. To put these numbers into perspective: there
were only 39 operative satellites in elliptical orbits as of
November 2017 (Union of Concerned Scientists, 2017).

Launches carried out with Ariane 5 result in the gen-
eration of debris that are purposely left in GTO according
to mission planning. The Ariane debris mitigation policy
allows for up to one piece of debris per launched satel-
lite (Johnson, 2005). Typically, these are the final stage
and, in some cases, additional payload carriers. These ob-
jects are some of the least compliant with debris mitigation
guidelines: 94% of them are non-compliant, 96% of which
cross both the LEO and the GEO protected regions, as
can be seen in Fig. 2. This unarguably makes Ariane 5
the major contributor to the GTO debris population, also
when expressed in absolute numbers.
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Fig. 2: Orbits of upper stages and mission-related debris from GEO
launches in the period 2004-2012 broken down by launch vehicle
(Fisher and David, 2014). Compliant orbit 1: perigee below 200 km
to ensure re-entry within 25 years; compliant orbit 2: between LEO
and GEO protected regions; compliant orbit 3: super-synchronous.

To illustrate how the orbits of Ariane 5 debris evolve
over long periods of time, the apogee and perigee alti-
tudes of an Ariane 5 rocket body used during the launch
of Spainsat in March 2006 is given in Fig. 3, generated
from the two-line elements provided by the Joint Force
Space Component Command (JESCC, 2018). The initial
apogee and perigee altitudes of this object were 32 888 and
255 km, respectively, its initial orbital inclination was 4.53
degrees, and the launch took place at 19:33 local time from
Kourou (JFSCC, 2018; Wikipedia, 2018). After more than
12 years, its perigee altitude is still above 250 km, which
shows that these objects can take very long to re-enter.

An analysis of the satellite-tracking data for the period
2012-2017 provided by the JFSCC (2018) reveals that ob-
jects generated during recent launches are likely to show
a similar behaviour, given that comparable initial launch
conditions hold, leading to the presence of debris in pro-
tected regions over long periods of time, as can be seen in
Table 1. Although only a small fraction of the generated
debris cross the GEO protected region because most have
apogee altitudes below the 35586 km limit, all of them
cross the LEO protected region and have perigee altitudes
above 200 km, which makes it unlikely for them to comply
with debris mitigation guidelines. Previous studies have
used the rough limit of 200 km as a rule of thumb to pre-
dict which GTO objects are likely to re-enter in less than
25 years (Fisher and David, 2014), although this is insuf-
ficient due to the complex dynamics of GTOs. In Subsec-
tion 4.2, it will be shown that the probability of re-entry
in less than 25 years is not above 72% for any of the 39
objects generated by Ariane 5 launches.

In order to determine whether the initial launch condi-
tions can be chosen such that the lifetime of the resulting
GTO debris is minimised, it is convenient to characterise
the orbits of these objects by studying past launches. The
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Fig. 3: Time evolution of the apogee and perigee altitudes of the
Ariane 5 rocket body used during the launch of Spainsat in March
2006 (JFSCC, 2018).

initial two-line elements of the 39 GTO objects generated
in the period 2012-2017 from Ariane 5 launches provided
by the JESCC (2018), as well as the local times of launch
(Wikipedia, 2018), were analysed (cf. Fig. 4). It was found
that the initial values of most orbital parameters cannot
be chosen freely and thus are not prone to being selected as
optimisation variables. The initial argument of perigee is
always close to 180 degrees (cf. Fig. 4e), since it has to be
close to either 0 or 180 degrees for the satellite to be within
the GEO ring when apogee altitude is reached. The range
of possible initial inclinations is bounded by two factors:
the need to use near-equatorial transfer orbits, so that the
use of propellant is minimum when the payload is injected
into geostationary orbit, and the latitude of the European
Spaceport in Kourou, i.e. 5.36 degrees. However, in-orbit
manoeuvres can decrease the initial inclination of the GTO
debris below 5.36 degrees, although most of the objects (20
out of 39) have inclinations above this value (cf. Fig. 4d).

Since Ariane 5 carries out a direct ascent to GEO, the
apogee altitude is typically close to GEO altitude. Except
for one case, all objects had initial apogee altitudes below
GEO altitude, with most of them (87%) below the limit
of 35586 km defining the beginning of the GEO protected
region. About half of the objects had apogee altitudes be-
tween 34 800 km and GEO altitude (cf. Fig. 4c). Although
the nominal perigee altitude of the transfer orbit used in
Ariane 5 launches to GEO is 250 km (Arianespace, 2016;
Fisher and David, 2014), the actual values were found to
range between 209 and 309 km (cf. Fig. 4b).

All launches in the period 2012-2017 took place be-
tween 16:54 and 20:45 Kourou local time (cf. Fig. 4a),
except for one that took place at 2:20. Most of the objects

Table 1: Debris generated during the launch of geostationary satel-
lites with Ariane 5 in the period 2012-2017. An object is said to
be compliant with debris mitigation guidelines if its initial perigee
altitude is below 200 km. Based on data from the JFSCC (2018).
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Total 31 39 0 34 5

(85%) were generated during launches between 17:30 and
19:30. Despite the fact that the range of launch times is
limited, the initial right ascensions of the ascending nodes
of the orbits of the GTO debris were widely distributed
(cf. Fig. 4f), as the orientation of the orbit with respect
to inertial space changes throughout the year for a given
launch time and location.

3. Predicting the lifetime of GTO objects

3.1. Relevant perturbations

GTO objects resulting from the launch of geostation-
ary satellites reach the end of their operational life soon af-
ter launch, typically some ten minutes later (Arianespace,
2016), but can remain in orbit for years, if not decades.
These objects are non-functional, uncontrolled and un-
powered during most of their lifespan, and thus they are
seldom affected by orbital perturbations other than those
of natural origin. Due to their high (initial) eccentricity,
these objects undergo different perturbations at different
positions in their orbit. When close to perigee (200 to 300
km altitude for Ariane 5 debris), the most relevant pertur-
bations are those caused by Earth’s irregular gravity field
(mainly the J; term) and atmospheric drag (Fortescue et
al., 2011). On the other hand, when close to apogee (GEO
altitude), the J; term and the gravitational attraction of
the Sun and the Moon all cause perturbing accelerations
of the same order of magnitude, while atmospheric drag
becomes negligible and solar radiation pressure (SRP) can
become relevant over long periods of time (Armellin et al.,
2015).

The relevant perturbations that cannot be neglected
when propagating the orbit of GTO objects are low-degree
zonal terms of the spherical harmonics expansion of Earth’s
gravity field —at least Jo—, lunar and solar gravity, and at-
mospheric drag (Lamy et al., 2011; Morand et al., 2012;
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Fig. 4: Characteristics of the debris generated during the launch of geostationary satellites with Ariane 5 in the period 2012-2017: (a) Kourou
local time of launch (one object omitted), (b) initial perigee altitude, (c) initial apogee altitude, (d) initial orbital inclination, (e) initial
argument of perigee (one object omitted) and (f) initial right ascension of the ascending node.

Wang and Gurfil, 2016, 2017). Additionally, some authors
have also included some dedicated tesseral harmonics and
solar radiation pressure —optionally accounting for occul-
tations of the Sun by Earth’s shadow— in their acceleration
models (Morand et al., 2012). In the current paper, zonal
terms are included up to degree 7, tesseral terms are ne-
glected and solar radiation pressure is considered but with-
out taking occultations into account. It has been verified
that the contribution of tesseral terms and occultations is
negligible for GTO lifetime assessments.

8.2. Solar apsidal resonance

A very important aspect of estimating the lifetime of
GTO objects is a coupling between orbital perturbations,
namely those caused by Jy and solar gravity, which, in
combination with the effects of atmospheric drag, can lead
to very different lifetimes for slightly different initial con-
ditions (Sharma et al., 2004). An exhaustive study of this
phenomenon, known as solar apsidal resonance, was re-
cently carried out by Wang and Gurfil (2017).

The only perturbation causing secular variations on the
semi-major axis of GTOs is atmospheric drag. Thus, the
initial perigee altitude should be expected to be the domi-
nant factor determining the lifetime of GTO objects. The
Sun causes long-period variations on the value of the ec-
centricity, and thus on the perigee altitude. The mean

rate of change of the perigee altitude over one orbital rev-
olution due only to solar gravity, Agrh,, is given by the
expression derived from Morand et al. (2012):

3
1
Aorhy = —57r'u—s (i> aey/1 —e2cos® Asin2A (1)

2 wpup \rs

with pg and pg the Sun and Earth standard gravitational
parameters, respectively, a the orbit semi-major axis, rg
the distance to the Sun, e the orbit eccentricity, and A and
A the Sun declination and azimuth angles, as defined in
Fig. 5.

The main perturbation causing variations in the value
of the RAAN, Q, and the argument of perigee w, is Js.
The mean drift of the perigee due to Js is defined as (Vinti,
1998):

. ~ 1
Q4+ w=Jomn —cosi+§(50052i—1) (2)

with n the mean motion, ¢ the orbital inclination, and

~  3.1R%
h=52

(3)

with Jo = 1.0826357 x 10~% (Tapley et al., 2005), Rg
Earth’s reference radius, and p = a(1 — e?) the orbit semi-
latus rectum.



Fig. 5: Definition of the Earth-centred perifocal reference frame, with
the X-axis towards the perigee and the Z-axis in the direction of the
orbital angular momentum. The relevant angles for modelling the
effects of solar gravity on the perigee altitude are: the Sun azimuth
angle A, measured in the orbital plane from the X-axis to the projec-
tion of the Earth-Sun line, and the Sun declination angle A between
the orbital plane and the Earth-Sun line. The Sun causes the perigee
altitude to increase when it is in quadrants I or III and to decrease
when it is in quadrants IT or IV.

When the value of the mean drift of the perigee gets
close to Earth’s mean motion, i.e. about 0.986 degrees
per day, the Sun azimuth angle remains constant for long
periods of time, causing quasi-secular variations (i.e. per-
turbations with periods of several years) on the perigee
altitude according to Eq. (1), which can lead the GTO
object to undergo very different drag accelerations. For
a GTO with a perigee altitude of 250 km and an incli-
nation of 6 degrees, the resonance condition is met when
the semi-major axis becomes roughly 15300 km, as can be
seen in Fig. 6. Resonance cannot happen for GTOs with
inclinations above 43 degrees, since the resonance condi-
tions would only be met after the object has re-entered in
Earth’s atmosphere. For inclinations above 46.4 degrees,
resonance conditions are never met, as the term between
square brackets in the right-hand side of Eq. (2) becomes
negative.

The apsidal solar resonance does not only have the po-
tential to lead to very different lifetimes for slightly differ-
ent initial conditions, but can also be the cause of coun-
terintuitive effects on the orbital evolution. For instance,
an increase of atmospheric drag (by considering larger at-
mospheric densities, area-to-mass ratios and/or drag coef-
ficients) can lead to longer lifetimes, as observed in Fig. 7.
This is due to the fact that an increase in drag causes
the semi-major axis to decrease initially at a faster rate,
and as a consequence the solar apsidal resonance condi-
tions are reached at a different epoch for which the orbit-
Earth-Sun geometry is different. Thus, claiming that a
GTO object will re-enter with certainty in less than e.g.
25 years, based on simulations showing that for the most
unfavourable conditions of low atmospheric drag it would
do so in 25 years, is misleading.

16 T T T T T
i=6deg

15 7
E‘ 14t 20 deg |
~
% 13 8
=
g 12 8
@© 30 deg
S 11r T
©
g 10 1
E
[}
0 gt ]

8 40 deg |

7 | | | | |

100 150 200 250 300 350 400

Perigee altitude [km]

Fig. 6: Combinations of perigee altitudes and semi-major axes for
which the mean drift of the perigee due to Ja coincides with Earth’s
mean motion for different orbital inclinations, potentially triggering
solar apsidal resonances.

8.8. Semi-analytical propagation

The lifetime of GTO objects is very sensitive to sev-
eral factors that cannot be known with sufficient accu-
racy, such as the solar activity levels and instantaneous
cross-sectional area throughout their lifespan, and some
initial orbital conditions, especially the initial perigee al-
titude and RAAN. Morand et al. (2012) and Sharma et
al. (2004) found that a small deviation in the values of
these parameters, which would have negligible effects for
the propagation of LEO and GEO spacecraft, can change
the lifetime of GTO objects by an order of magnitude in
some cases, mainly due to the presence or absence of solar
apsidal resonance. Thus, they decided to follow a statisti-
cal approach when predicting the lifetime of GTO objects,
in which many orbits with slightly different (initial) condi-
tions are propagated. In this way, it is possible to estimate
the probability of complying with debris mitigation guide-
lines, i.e. re-entering in Earth’s atmosphere in less than
25 years.

Since the orbits of GTO objects may have to be propa-
gated for several years (decades in some cases), the statis-
tical approach becomes computationally unfeasible when
a fully-numerical propagator (such as Cowell or Encke)
is used. In order to obtain the results presented in this
paper, a propagator based on the semi-analytical satel-
lite theory described by Danielson et al. (1999) has been
used. This semi-analytical propagator uses equinoctial el-
ements, which are non-singular for GTOs. By averaging
the effects of orbital perturbations over one orbital revo-
lution, it is possible to integrate the mean elements of the
GTO instead of its osculating elements, allowing the use of
much larger integration step-sizes (in the order of one day).
Recently, Wang and Gurfil (2016) used Milankovitch ele-
ments for the long-term propagation of GTOs, with similar
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advantages.

The effects caused by zonal terms of Earth’s geopoten-
tial, luni-solar gravity and SRP (neglecting Solar occul-
tations) can all be averaged analytically over one orbital
revolution using the expressions provided by Danielson et
al. (1999). Thus, the only relevant perturbation that can-
not be averaged analytically is atmospheric drag. It was
found that most of the computation time was spent solving
the averaging integrals of atmospheric drag:

A4_dai_1/“(7)2 da;
At 2mv1—e2 ), \a or

where

: q) dL  (4)

e A, are the mean element rates due to atmospheric
drag;

e @, are the mean equinoctial elements:

al a
as esin (w + Q)
| a3 | _ | ecos(w+Q)
G ay | T tani/2 sin ) (5)
as tani/2 cos )
ag M+ w+Q

with M the mean anomaly;

o L= f+w—+ is the true longitude, with f the true
anomaly;

e 1 is the position vector of the orbiting body in an
Earth-centred inertial reference frame; and

e g is the perturbing acceleration caused by atmo-
spheric drag:

1 CpA_, V.
a=—5r— iy (6)
with p the atmospheric density, Cp, A and m the
drag coefficient, cross-sectional area and mass of the
orbiting body, and V,. = » —wg X r the relative veloc-
ity of the orbiting body with respect to Earth’s atmo-
sphere, with wg Earth’s rotational velocity, which
can be assumed to be constant and equal to [0, 0, wg]?,
with wp = 7.292115 x 107° rad/s. To obtain the re-
sults presented in this paper, p was determined using
the NRLMSISE-00 model (Picone et al., 2002), and
Cp and A were assumed to be constant and equal to
2.2 and 15 m?, respectively (Fisher and David, 2014;
Morand et al., 2012).

The averaging integrals of drag in Eq. (4) can be solved
numerically using a Gaussian quadrature. The integration
limits are L1 = —f +w+ Q and Ly = f +w + (), where f
is the critical true anomaly:

a(l—e?) _1

f = arccos % (7)

where Rp is Earth’s radius and h is a critical altitude
above which the effects of atmospheric drag can be ne-
glected. It was found that this limit could be set as low
as 300 km and an odd number of at least 11 quadrature
nodes was required to obtain accurate results, i.e. each
integral had to be evaluated at at least 11 points close to
perigee passage.

In order to speed up orbital propagation, it was investi-
gated whether it was possible to derive a pseudo-empirical
expression relating the mean element rates A; due to atmo-
spheric drag and the values of some instantaneous param-
eters, so that numerical integration could be avoided. By
using the orbital and body characteristics of 673 GTO ob-
jects put into orbit between January 2010 and April 2017
provided by the JFSCC (2018), the following expression
was derived:

Ay~ { [(}Z’ + B) (Fio7 — C)D} + E} [Ai], (8)

with A = 3.65 x 105 m, B = 0.152, C = 45.3, D = 0.07
and E = 0.011. The value of the solar 10.7-cm radiation
flux, F'g.7, is identical to the input for the NRLMSISE-00
atmosphere model. The mean element rates [4;], are ob-
tained from Eq. (4) by solving the integrals by evaluating
them just at one node (at perigee, i.e. for L = w+ Q) and
assuming A = 600 km in order to find L; and Lo. This
makes the estimation of the effects of atmospheric drag
about ten times faster and the overall propagation process
about twice as fast, while keeping proper accuracy levels.

In the semi-analytical propagator, short-period terms
were neglected. Consequently, the re-entry condition (de-



fined as h, < 100 km) was evaluated using the mean el-
ements, i.e. the mean semi-major axis and the mean ec-
centricity. The amplitude of the short-period variations of
the perigee altitude was estimated to be about 5 km for
a characteristic GTO with a perigee altitude of 200 km
(or around 2.5%). Although short-period terms were ne-
glected during propagation, the short-period terms caused
by J2 were taken into account at the beginning of the prop-
agation in order to convert the initial osculating elements
to mean elements.

The semi-analytical propagator was verified and bench-
marked against the accurate (but slower) fully-numerical
Cowell propagator. It was found that the root-mean-square
(RMS) deviation of the lifetime predictions of the semi-
analytical propagator compared to those of the Cowell
propagator was about 4.1%, whilst the overall computa-
tion times were reduced to just 2 to 2.5%.

4. Mitigation of Ariane 5 debris

4.1. Methodology

In order to determine the optimal launch conditions
leading to the shortest lifetimes for the GTO debris re-
sulting from Ariane 5 launches, some parameters will be
fixed and others will be set to vary within a range of inter-
est with constant step-sizes, leading to the generation of
a set of GTO objects (following different orbits) referred
to as study domain. This domain will be characterised by
propagating the orbits of all objects therein until the re-
entry condition —mean perigee altitude below 100 km— is
met. The time difference between the re-entry epoch and
the initial epoch is defined as the lifetime of the object. In
case re-entry had not happened within 30 years for any of
the objects in the study domain, the propagation of that
object’s orbit would be terminated, thus obtaining a lower
limit for its actual lifetime.

The variable parameters were chosen to be the epoch
of injection into GTO, tg, and the initial RAAN, Qg, due
to three reasons: they were identified as two of the three
parameters the lifetime of GTO objects is most sensitive
to (Siebold and Reynolds, 1995); their values are not con-
strained by Ariane launch procedures (Arianespace, 2016),
leading to a widespread distribution in comparison to other
parameters (cf. Fig. 4); and they can be easily changed
at late stages of the mission with little or no impact. The
remainder of the relevant parameters were set to have a
constant nominal value because they did not fulfil these
three conditions.

The epoch of injection into GTO is defined as the epoch
at which the rocket engines are turned off and the payload
separated, beginning a period of unpowered flight. Since
Ariane 5 performs a direct ascent to GEQO, the time dif-
ference between the epoch of injection into GTO and the
actual launch epoch is small, typically about ten minutes
(Arianespace, 2016). Thus, since the step-size for sam-
pling this variable will be larger than ten minutes, this

Table 2: Values of the variable parameters.

Parameter Mininum Maximum Step-size
Launch date 1 Jan 1985 31 Dec 1985 4 days
Initial RAAN 0 deg 360 deg 4 deg

Table 3: Values of the fixed parameters.

Parameter Nominal 1-o0 uncty.
Initial perigee altitude [km] 250 25
Initial apogee altitude [km] 34700 900
Initial inclination [deg] 6 1
Initial argument of perigee [deg] 178 5
Initial true anomaly [deg] 0 -
Object mass [kg] 3000 30
Object cross-sectional area [m?] 15 5
Object drag coefficient [-] 2.2 -

time difference can be (and will be) neglected, and ¢y will
be referred to as launch epoch (or launch date) hereinafter.

As discussed in Section 3, it is necessary to perform a
statistical analysis of the study domain, given the extreme
sensitivity of the lifetime of GTO objects to initial orbital
conditions and environmental and body-related parame-
ters. As a consequence, instead of performing a single
propagation for each (to,€y) pair (or case) in the study
domain, 100 propagations (or subcases) were studied for
each, by varying the value of the fixed parameters through
the introduction of pseudo-random, normally-distributed
noise to account for deviations from the nominal values.
This effectively increases the number of objects in the
study domain by two orders of magnitude and lets us ob-
tain statistical indicators for each case in the study do-
main, such as the mean/median lifetime or the probability
of the lifetime being shorter than a given number of years.

The variable parameters were changed within the ranges
and with the step-sizes specified in Table 2. The nominal
values for the fixed parameters are provided in Table 3.
The standard deviation ¢ of the normally-distributed noise
(with zero mean) is also provided for a subset of these pa-
rameters, while for the rest it is assumed to be zero (i.e.
no noise). The values presented in Table 3 were selected
based on the characterisation of the Ariane 5 GTO debris
generated in the period 2012-2017 (cf. Fig. 4), Ariane 5
mission procedures and launch constraints (Arianespace,
2016), and previous studies on the propagation of GTOs
(Fisher and David, 2014; Morand et al., 2012). Invalid
subcases (e.g. objects with negative cross-sectional area)
were excluded, leading to some cases with less than 100
subcases. Invalid subcases were extremely rare: 1109 out
of 837200, or 0.13%.

The initial true anomaly was set to zero for all prop-
agations, consistent with the assumption that the period
of time from launch until injection into GTO is negligible.
As a consequence, the ground track of any GTO object
starts from the European Spaceport in Kourou. Under
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Fig. 8: Simplified geometry for converting between RAAN and local time of launch. The launch site is denoted as Kourou and its latitude and
longitude as ¢ and Ak, respectively; the projection of the orbit’s descending node on Earth’s surface as DN, and its longitude as Apy; and
the orbit initial inclination as i¢g. The spherical triangle defined by the GTO ground track, Earth equator and the meridian passing through
the launch site is used to determine App, from which the RAAN can be derived for a given epoch.

this assumption, and assuming no further manoeuvres, the
launch time is uniquely defined by the day of launch and
the initial RAAN, i.e. it is not possible to choose an ar-
bitrary launch time on a given day if the target RAAN is
fixed. In practice, the initial RAAN of the GTO is not
chosen but derives from the choice of the launch date and
time, and the orbit inclination and argument of perigee.
As a consequence, any pair of launch day and initial RAAN
values can be converted to a pair of launch day and launch
time values. This transformation was carried out using the
expressions provided by Wertz (2001), and assuming the
initial ground-track geometry in Fig. 8. Clearly, this is
only valid for objects with orbital inclinations larger than
Kourou’s latitude, i.e. 5.36 degrees. Half of the GTO
objects generated in the period 2012-2017 from Ariane 5
launches had smaller inclinations (cf. Fig. 4d), presum-
ably because of inclination-correction manoeuvres taking
place before injection into GTO. The RAAN-time conver-
sion expressions were validated using the data from the
Ariane 5 GTO debris with initial inclinations of at least
5.36 degrees provided by the JFSCC (2018). For these
objects it was assumed that no inclination-correction ma-
noeuvre had taken place. It was found that the RMS de-
viation of the RAANs estimated using the aforementioned
expressions compared to the actual RAANSs from satellite-
tracking data is 8.6 degrees, which is considered to be suf-
ficiently small taking into account all the assumptions that
have been made and possible measuring errors in the two-
line elements data.

The launch date has been chosen to range from the first
to the last day of 1985. At first, one may be tempted to
believe that this choice would make the obtained results
unusable, as it would be interesting to know what the life-
times of GTO debris generated in the period 2012-2017
would have been if different launch conditions had held,
and what the optimal launch conditions will be for fu-
ture launches. Thus, it would appear reasonable to choose
the launch date to range from 2012 onwards. However,
since the propagations are typically carried out over tens
of years before re-entry takes place, predictions about the
solar activity levels would be needed, which can introduce
significant errors in the lifetime predictions (Morand et
al., 2012). Solar flux heats up the atmosphere, making
it expand, which causes lower, denser layers of the atmo-
sphere to raise, leading to the debris experiencing more

atmospheric drag when solar flux is near maximum. The
solar activity cycle has a period of 11 years, and the most
relevant parameter, Fjg7, can range from around 50 so-
lar flux units (sfu) at solar minima up to 250 sfu at solar
maxima (Tapping, 2013). This is clearly the long-period
perturbation with the longest period. The other relevant
long-period perturbations have much shorter periods, such
as the ones caused by the gravity of the Sun and the Moon,
with periods of 6 months and 2 weeks, respectively (Wertz,
2001). This means that, if the effects of the solar activ-
ity levels on the lifetimes of Ariane 5 GTO debris were
small, the results for 1985 would also be applicable to any
year in the future (and in the past). During the discus-
sion of the results, it will be shown that, although the
lifetime of GTO debris can change significantly depending
on whether the launch takes place close to a solar mini-
mum or a solar maximum, the optimal launch conditions
remain rather constant throughout the whole solar cycle.
Thus, when presenting the results, the year of launch will
be omitted, so the first variable parameter will effectively
be the day of the year at which launch takes place.

4.2. Results

The characterisation of the study domain defined in
Tables 2 and 3 was carried out by completing a total of
836 091 orbit propagations. For each case in the study
domain, the probability of re-entry in less than 25 years,
i.e. the probability of compliance with debris mitigation
guidelines, was determined by assessing the lifetimes of all
of its subcases, leading to the results provided in Fig. 9.
As can be seen, the actual GTO debris generated in the
period 2012-2017 correspond to cases with relatively low
compliance probabilities, ranging from 0 to 72%, and with
a mean compliance rate of a mere 18%. The same results
are provided in Fig. 10 after performing the RAAN-local
time conversion discussed in Subsection 4.1 according to
the geometry assumed in Fig. 8. It can be seen that the op-
timal launch times, i.e. leading to the highest compliance
probabilities, remain rather constant throughout the year.
Two bands of interest are identified: one at around 2 AM
and another one at around 2 PM (Kourou local time), both
with similar compliance probabilities. Since most launches
in the period 2012-2017 took place well after noon (cf.
Fig. 4a), the (local) optima around 2 AM will not be con-
sidered further, and only the optimum launch conditions
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Fig. 9: Probability of compliance with debris mitigation guidelines
for GTO debris from Ariane 5 GEO launches as a function of day of
launch and initial right ascension of the ascending node. Debris from
actual launches in the period 2012-2017 are marked with crosses.

centred around the 2 PM band will be discussed.

The optima in the 2 PM band are provided in Fig. 11
(top) as a solid line. As already stated, the launch time
leading to the highest rate of compliance with debris mit-
igation guidelines remains rather constant, ranging from
12:15 to 16:00 in the studied domain. However, the high-
est compliance rate does change significantly throughout
the year, as shown in Fig. 11 (bottom). For launches in
the months of March or October, the probability of com-
plying with debris mitigation guidelines cannot be higher
than about 60%. Launches from May to August are bet-
ter, with compliance rates above 90%. As seen in Fig. 11
(top), the actual launches in the period 2012-2017 mostly
took place around 6-7 PM. Only one of the launches (late
April) has a compliance probability of more than 50%.
By bringing forward the launch time by about four hours,
compliance rates could be improved significantly. Since
geostationary satellites co-rotate with Earth, a change in
the launch time would have little or no impact on the mis-
sion, since the same slot in the GEO ring (or phasing or-
bit) would be reached regardless of the launch time. The
main limitation when choosing the launch time has to do
with the preparatory operations that have to be carried
out at the launch site before launch. If anything were to
go wrong during these preparations, and the launch time
would be delayed by a few hours, this could have severe
consequences from a debris mitigation perspective. Thus,
it may seem reasonable to target a launch time slightly be-
fore the optimum launch time (e.g. 20-30 minutes earlier
than the optimum, depending on the season of the year),
which would still lead to a high probability of compliance
with debris mitigation guidelines in case the launch was
postponed by no more than one hour. However, the de-
termination of the right time offset is highly dependent
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Fig. 10: Probability of compliance with debris mitigation guidelines
for GTO debris from Ariane 5 GEO launches as a function of day and
time of launch. Debris from actual launches in the period 2012-2017
are marked with crosses.

on the historical launch delays of Ariane 5 launches and
the confidence with which the targeted launch time can be
met. Ariane launch procedures specify a launch window of
one hour, within which launch should take place as soon
as possible (Arianespace, 2016).

As already mentioned in Subsection 4.1, the results pre-
sented in this paper correspond to launches in 1985, which
have been assumed to be generalisable to any year. The
validity of such assumption was investigated by repeating
the study for the same objects and orbits but for 1980. In
1985, solar activity levels were close to a minimum (which
took place in 1986), while in 1980 they were at a maximum
(Tapping, 2013). The predicted probability of compliance
with debris mitigation guidelines can vary significantly de-
pending on the studied year, as shown in Fig. 12. The
deviation in the predicted rate of compliance ranges from
—35 to 35 percentage points (pp), with an RMS deviation
of 8.5 pp and a mean deviation of about 2 pp, i.e. the av-
erage rate of compliance is slightly higher when launching
at a solar activity maximum, but it can become smaller
for certain launch dates and times because of the counter-
intuitive effects introduced by the apsidal solar resonance.
A larger atmospheric drag during the first years can lead
to reaching solar resonance conditions at a different ge-
ometry (cf. Fig. 5), which can have a big impact on the
long-term evolution of the perigee altitude (cf. Fig. 7).

Although the highest rates of compliance with debris
mitigation guidelines can change throughout solar cycles,
the optimal launch times stay rather constant regardless
of the year in which the launch takes place. It was found
that the optimal launch times around the 2 PM band for
launches in 1980 differ between —112 and 112 minutes,
with a mean difference of just one minute and an RMS
deviation of 42 minutes. All optimal launch times were
within 12:30 and 16:00. Thus, even though solar activity
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Fig. 11: Launch times leading to the highest probability of com-
pliance with debris mitigation guidelines throughout the year (top),
and corresponding highest probabilities of compliance (bottom). The
shaded area in the top plot represents the launch times leading to
a probability of compliance of at least 50%. Actual launches in the
period 2012-2017 are marked with crosses (a launch at 2:20 has been
omitted).

levels do have some impact on the rate of compliance with
debris mitigation guidelines, the results presented in this
paper for 1985 and the conclusions deriving therefrom can
be said to be generalisable to any year at the expense of
a limited loss in accuracy. For the determination of the
optimal launch times for future Ariane 5 GEO missions it
is recommended to use the results presented here just as
a first, rough estimate, and to carry out propagations of
the orbits for the targeted day or possible days of launch
starting in the actual year of launch. However, predic-
tions about solar activity levels will be needed, which may
also introduce significant inaccuracies in the lifetime pre-
dictions. Yet, seriously improved compliance rates are to
be expected.

5. Conclusions

It has been shown that the rate of compliance with
debris mitigation guidelines for objects generated from
the launch of geostationary satellites using the Ariane 5
launcher can be significantly increased by choosing a launch
time close to 2 PM local time. It was found that the de-
pendence of the optimal launch time on the date of launch
is small, as it was found to always range from 12:15 to
16:00, regardless of the day of year and of whether the
launch takes place at a solar maximum or minimum.

However, the highest probability of compliance, i.e. of
re-entering in less than 25 years, was found to vary signifi-
cantly throughout the year, with rates ranging from about
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Fig. 12: Difference in the probability of compliance with debris mit-
igation guidelines for launches in 1980 (close to a solar maximum)
compared to launches in 1985 (close to a solar minimum). Best
launch times are marked with dots for launches in 1980 and with
empty squares for launches in 1985.

60% for launches in March and October, up to probabili-
ties above 90% from May to August. The rates of compli-
ance depend less strongly on the solar activity levels: when
comparing predicted compliance rates for launches in 1980
(close to a solar maximum) to those for launches in 1985
(close to a solar minimum), it was found that, on average,
they were just about two percentage points higher.

It was found that all Ariane 5 launches of geostationary
satellites in the period 2012-2017 took place outside of
the launch window leading to high compliance rates with
debris mitigation guidelines, with 30 out of 31 launches
between 16:54 and 20:45 Kourou local time. Only one of
the generated GTO objects is likely to re-enter in less than
25 years. By bringing the launch time close to 2 PM, the
rate of compliance could be increased from a mean value of
18% to values raging from 60 to 100%. Since geostationary
satellites co-rotate with Earth, changing the launch time
would have little or no impact on the payload and mission
development, and the only foreseeable consequences would
be for the logistics of preparatory procedures at the launch
site.

References

Anselmo, L., Rossi, A., and Pardini C. (1999). Updated results on the
long-term evolution of the space debris environment. Adv. Space
Res. 23 (1), 201-211. https://doi.org/10.1016/S0273-1177(99)
00005-8.

Arianespace (2016). Ariane 5 User’s Manual. Issue 5 Revision 2. Oc-
tober 2016.

Armellin, R., San-Juan, J. F., and Lara, M. (2015). End-of-life dis-
posal of high elliptical orbit missions: the case of INTEGRAL.
Adv. Space Res. 56 (3), 479-493. https://doi.org/10.1016/j.asr.
2015.03.020.

Danielson, D. A., Sagovac, C. P., Neta, B., and Early, L. W. (1995).
Semianalytic Satellite Theory. Naval Postgraduate School. http:
//faculty.nps.edu/bneta/papers/SST Theory.pdf.

Fisher, S., and David, E. (2014). Debris creation in geostation-
ary transfer orbits: a review of launch practices 2004-2012. In:
65th International Astronautical Congress, Toronto, Canada, 29
September — 3 October.

Fortescue, P., Swinerd, G., and Stark, J. (2011). Spacecraft systems
engineering. John Wiley and Sons.


https://doi.org/10.1016/S0273-1177(99)00005-8
https://doi.org/10.1016/S0273-1177(99)00005-8
http://www.arianespace.com/wp-content/uploads/2011/07/Ariane5_Users-Manual_October2016.pdf
http://www.arianespace.com/wp-content/uploads/2011/07/Ariane5_Users-Manual_October2016.pdf
https://doi.org/10.1016/j.asr.2015.03.020
https://doi.org/10.1016/j.asr.2015.03.020
http://faculty.nps.edu/bneta/papers/SST_Theory.pdf
http://faculty.nps.edu/bneta/papers/SST_Theory.pdf
https://swfound.org/media/187620/iac-14_scott_fisher.pdf
https://swfound.org/media/187620/iac-14_scott_fisher.pdf
https://swfound.org/media/187620/iac-14_scott_fisher.pdf
https://swfound.org/media/187620/iac-14_scott_fisher.pdf

Inter-Agency Space Debris Coordination Committee (2007). IADC
Space Debris Mitigation Guidelines. TADC-02-01 Revision 1,
September 2007.

Johnson, N. L. (2004). Space debris mitigation strategies and prac-
tices in geosynchronous transfer orbits. Adv. Space Res. 35 (7),
1328-1234. https://doi.org/10.1016/j.asr.2004.11.037.

Lamy, A., Le Fevre, C. and Sarli, B. (2011). Analysis of geostation-
ary transfer orbit long term evolution and lifetime. In 22nd In-
ternational Symposium on Space Flight Dynamics, San José dos
Campos, Brazil, 28 February — 4 March.

Morand, V., Le Févre, C., Lamy, A., Fraysse, H. and Deleflie, F.
(2012). Dynamical properties of Geostationary Transfer Orbits
over long time scales: consequences for mission analysis and life-
time estimation. ATAA/AAS Astrodynamics Specialist Confer-
ence, Minneapolis, Minnesota, 13-16 August. https://doi.org/10.
2514/6.2012-4968.

Picone, J. M., Hedin, A. E., Drob, D. P., and Aikin, A. C.
(2002). NRLMSISE-00 empirical model of the atmosphere: Sta-
tistical comparisons and scientific issues. Journal of Geophysical
Research: Space Physics, 107(A12). https://dx.doi.org/10.1029/
2002JA009430.

Sharma, R. K., Bandyopadhyay, P., and Adimurthy V. (2004). Con-
sideration of lifetime limitation for spent stages in GTO. Adv.
Space Res. 34 (5), 1227-1232. https://doi.org/10.1016 /j.asr.2003.
10.044.

Siebold, K. H., and Reynolds R. C. (1995). Lifetime reduction of
a geosyncronous transfer orbit with the help of lunar-solar per-
turbations. Adv. Space Res. 16 (11), 155-161. https://doi.org/10.
1016,/0273-1177(95)98767-1.

Tapley, B., Ries, J., Bettadpur, S., Chambers, D., Cheng, M., Condi,
F., Gunter, B., Kang, Z., Nagel, P., Pastor, R., Pekker, T., Poole,
S. and Wang, F. (2005). GGMO02 — An improved Earth gravity
field model from GRACE. Journal of Geodesy 79 (8), 467-478.
https://doi.org/10.1007/s00190-005-0480-z.

Tapping, K. F. (2005). The 10.7-cm solar radio flux (F10.7). Space
Weather 11 (7), 394-406. https://dx.doi.org/10.1002/swe.20064.

Vinti, J. P. (1998). Orbital and celestial mechanics. Progress in As-
tronautics and Aeronautics (Vol. 177). ATAA.

Wang, Y., and Gurfil P. (2016). Dynamical modeling and lifetime
analysis of geostationary transfer orbits. Acta Astronautica 128,
262-276. https://doi.org/10.1016/j.actaastro.2016.06.050.

Wang, Y., and Gurfil P. (2017). The role of solar apsidal resonance
in the evolution of geostationary transfer orbits. Adv. Space Res.
59 (8), 2101-2116. https://doi.org/10.1016/j.asr.2017.01.038.

Wertz, J. R. (2001). Mission geometry: orbit and constellation de-
sign and management: spacecraft orbit and attitude systems. El
Segundo, CA; Boston: Microcosm: Kluwer Academic Publishers.
Space Technology Library; 13.

Internet references

Joint Force Space Component Command (2018). Space-Track.org
Database. Available online: https://www.space-track.org. Last
accessed: April 2018.

Union of Concerned Scientists (2017). UCS Satellite Database.
Available online: https://www.ucsusa.org/nuclear-weapons/
space-weapons/satellite-database/. Last accessed: January 2018.

Wikipedia (2018). List of Ariane launches. Available online: https://
en.wikipedia.org/wiki/List _of Ariane launches. Last accessed:
April 2018.

11


http://www.unoosa.org/documents/pdf/spacelaw/sd/IADC-2002-01-IADC-Space_Debris-Guidelines-Revision1.pdf
http://www.unoosa.org/documents/pdf/spacelaw/sd/IADC-2002-01-IADC-Space_Debris-Guidelines-Revision1.pdf
http://www.unoosa.org/documents/pdf/spacelaw/sd/IADC-2002-01-IADC-Space_Debris-Guidelines-Revision1.pdf
https://doi.org/10.1016/j.asr.2004.11.037
http://issfd.org/ISSFD_2011/S1-Orbit.Dynamics.1-ODY1/S1_P2_ISSFD22_PF_056.pdf
http://issfd.org/ISSFD_2011/S1-Orbit.Dynamics.1-ODY1/S1_P2_ISSFD22_PF_056.pdf
http://issfd.org/ISSFD_2011/S1-Orbit.Dynamics.1-ODY1/S1_P2_ISSFD22_PF_056.pdf
http://issfd.org/ISSFD_2011/S1-Orbit.Dynamics.1-ODY1/S1_P2_ISSFD22_PF_056.pdf
https://doi.org/10.2514/6.2012-4968
https://doi.org/10.2514/6.2012-4968
https://dx.doi.org/10.1029/2002JA009430
https://dx.doi.org/10.1029/2002JA009430
https://doi.org/10.1016/j.asr.2003.10.044
https://doi.org/10.1016/j.asr.2003.10.044
https://doi.org/10.1016/0273-1177(95)98767-I
https://doi.org/10.1016/0273-1177(95)98767-I
https://doi.org/10.1007/s00190-005-0480-z
https://dx.doi.org/10.1002/swe.20064
https://doi.org/10.1016/j.actaastro.2016.06.050
https://doi.org/10.1016/j.asr.2017.01.038
https://www.space-track.org
https://www.ucsusa.org/nuclear-weapons/space-weapons/satellite-database/
https://www.ucsusa.org/nuclear-weapons/space-weapons/satellite-database/
https://en.wikipedia.org/wiki/List_of_Ariane_launches
https://en.wikipedia.org/wiki/List_of_Ariane_launches

	Introduction
	GTO debris from Ariane 5 launches
	Predicting the lifetime of GTO objects
	Relevant perturbations
	Solar apsidal resonance
	Semi-analytical propagation

	Mitigation of Ariane 5 debris
	Methodology
	Results

	Conclusions

