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Abstract

Due to ever increasing accessibility, recent years have seen a fast growing number of launches to space, especially to Sun-synchronous
orbit. The spent rocket parts, and eventually non-functioning payloads of these launches remain in orbit. It is well established that this
accumulation of space debris over time is quickly making this the most severe threat to future spaceflight operations. To address this,
international guidelines have been established including a maximum of 25-year remaining orbital lifetime after end of operational life.
This paper evaluates if Sun-synchronous satellites adhere to this guideline. To determine the compliance, the operational status of satel-
lites with orbital control capabilities is established using a maneuver detection algorithm. For satellites without this capability, a model is
created based on mass and design lifetime. The remaining orbital lifetime is determined using semi-analytic propagation. The results
reveal that compliance was poor in the past, with 20 to 40% prior to 2014, but has increased to 95% in 2018. Satellites with a mass lower
than 10 kg have a compliance of 86% compared to 35% for heavier satellites. Analysis shows that compliance is mostly a result of choos-
ing an operational orbit with a sufficient natural decay, and less due to altitude lowering maneuvers near end-of-life. The relative pop-
ularity of SSO may demand re-evaluation of current guidelines to sustain future operations in these valuable orbits.
© 2022 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The spent rocket parts and eventually non-functioning
payloads of spacecraft launches often remain in orbit
around Earth. The accumulation of this space debris over
time and the ever increasing accessibility to space is quickly
making this the most severe threat to future spaceflight
operations. Being uncontrollable, these space debris parts
are creating collision risks with operational satellites and
other space debris. Such a collision would result in new
debris objects thereby increasing the likelihood of even
more collisions, a cascading effect known as the Kessler
syndrome, which could ultimately lead to entire orbits ren-
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dered completely unusable (Kessler and Cour-Palais,
1978).

As early as 1974 concerns were raised regarding the
impact of this debris on spaceflight in the future (Brooks
et al., 1974). Since then a large amount of research was
done on this subject and recommendations and guidelines
were established by multiple bodies, agencies and research
groups to remedy this problem. As of writing there are four
major guidelines in effect internationally: The European
Code of Conduct for Space Debris Mitigation (Anselmo
et al., 2004) established in 2004, the Inter-Agency Space
Debris Coordination Committee Guidelines (IADC,
2002), first issued in 2002 with a revision in 2007, and the
Committee on the Peaceful Uses of Outer Space
(COPUOS) guidelines published in 2007. Furthermore,
whereas the previously mentioned guidelines mainly

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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involve governments and national space agencies, the
International Organization for Standardization (ISO) aims
to promote space debris mitigation and prevention design
in the global space industry (Kato et al., 2013). Formally
first issued in 2010, this top-level standard ISO 24113
involves multiple lower-level standards applicable to space
debris mitigation. For a more in-depth history the reader is
referred to the works of Bonnal (2016, 2019) and Johnson
(2007).

Overall a strong international consensus on the impor-
tance and urgency of space debris regulations can be seen.
Most of the guidelines however are not very directly
worded. In this way it leaves room for interpretation and
no clearly defined points where compliance can be deter-
mined; the major exception being the 25-year lifetime rule.
This protects the low Earth orbit (LEO) region by limiting
the time in orbit, after end-of-life, to 25 years.

The objective of this paper is to investigate the state of
the space environment in Sun-synchronous orbit (SSO)
and to determine if satellite operators adhere to this 25-
year time limit after end-of-life. This will be done by first
showing in Section 2 why SSO is such an important regime
in the space debris problem. Following this, the methodol-
ogy to determine compliance will be discussed in Section 3.
Use is made of a maneuver detection algorithm and a
design lifetime study, to be able to determine the opera-
tional status for satellites both with and without orbital
control capabilities. Both are discussed in Section 4. The
second major part is the orbital lifetime estimation which
can be found in Section 5. These parts are combined to
determine the compliance in Section 6. Finally, conclusions
regarding the aforementioned aspects of the study and their
outcomes, as well as recommendations on improvements
and future studies will be given in Section 7.

2. Inventory of satellites

The majority of payloads in space are within LEO.
Within this region they are not uniformly distributed but
clearly clustered as shown in Fig. 1.

A large part of the objects in LEO are in SSO with an
inclination of about 98°. In this study SSO is defined as
having an inclination between 96.5 and 102.5 degrees and
a perigee altitude of less than 2000 km. Other visible bands
can be attributed to the Cosmos-3 M and Vostok stages
and the Parus and Meteor satellites for i ~ 82°, and the
International Space Station at i= 52°(de Luca et al.,
2013). Note the log scale and thus high popularity of these
specific inclination bands. Clearly visible as well are the
bands corresponding to the Baikonur Cosmodrome at
45.6°, Guiana Space Centre at 5.2°, Kennedy Space Center
at 28.6° and the Molniya satellites at 63°.

As can be seen more clearly in Fig. 2, the objects in SSO
represent a large fraction of the total number of objects in
LEO.

SSO has seen an enormous increase in launches from
2017 onwards, as shown, grouped by mass, in Fig. 3.
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Fig. 1. Object distribution within LEO on January 1, 2021. Based on
available TLE data provided by Space-Track (2021) at https://www.
s.pace-track.org/.
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Fig. 2. Percentage of LEO satellites in SSO. Based on available TLE data
provided by Space-Track (2021) at https://www.s.pace-track.org/.

During the past four years combined, as many objects have
been launched as in all earlier years together (812 versus
817).

These increasing numbers are primarily driven by the
very large increase of small satellites with a mass of less
than 10 kg, made possible by modern technological minia-
turization advancements. This popularity can be explained
by the many advantages these orbits provide. First of all,
due to the nature of the orbit, satellites pass over a partic-
ular part of the Earth with the same lighting conditions.
These time-constant conditions are of benefit for many
research and observation missions. This is combined with
a relative low altitude providing excellent ground
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Fig. 3. Payload launch traffic into SSO over time for different mass
categories. Based on available mass and launch date data provided by
ESA (2021) at https://discoswe.b.esoc.esa.int/.

resolution and high inclination providing almost global
coverage. The combination of its relative popularity and
the advantages these orbits provide demand SSO’s to be
looked at in-depth, separate from the entire LEO regime.
Strictly speaking, when a satellite (compliant or not) drops
to a lower altitude, it will no longer satisfy the SSO condi-
tions on the precession of the ascending node exactly. Still,
the altitude and inclination will remain such that regular
(twice per revolution) crossings with the orbits of real
SSO spacecraft can be expected. Therefore it remains a
potential threat to such satellites, and in principle the full
duration of the lifetime needs to be taken into account
for risk analyses. The orbital parameters of any satellite
while operational are taken as the criterion to consider
them as Sun-synchronous satellite or not.

3. Methodology

The method used to determine the compliance rate of
Sun-synchronous satellites with the 25-year lifetime guide-
line can be split up in two main segments. As this 25-year
lifetime countdown only starts after the operational phase
is ended, first the operational status of the satellite needs to
be determined. Afterwards, the remaining orbital lifetime
in the protected region needs to be predicted. These can
then be combined to determine the compliance of the satel-
lite. This is done for the entire population of Sun-
synchronous satellites to determine the overall compliance
rate.

The determination of the operational status of a satellite
is crucial to assess its compliance with the space debris mit-
igation guidelines. Most companies and institutions do
publish extensively on their satellite launches. Unfortu-
nately, they do not report it when a spacecraft is put out
of service, or stops functioning because of a technical prob-
lem. There is also not a regulated central registry to look up
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this information. Therefore it was decided instead to use
the long-term orbital behaviour of a spacecraft for reliable,

unbiased classification.

For satellites with orbital control capabilities, first a
long-term data set of the orbital parameters was obtained
from Space-Track (2021). This data then has to be filtered
to determine non-natural behaviour which would corre-
spond to active control and therefore an active and opera-
tional satellite. How this was done will be shown in
Section 4.1. If after a few years such a satellite would stop
showing this active behaviour it can be assumed that the
satellite has stopped functioning. For satellites without
orbital control capabilities, such as many of the smaller
satellites, this will of course not work. These two groups

were therefore treated separately.

Using the methods described it can be determined if and
when a satellite has become non-operational. From that
point, as stated in the space debris guidelines, a satellite
has a maximum of 25 years to leave the protected region.
This can be done by a direct re-entry, but the most com-
monly chosen method is using natural orbital decay. Some-
times a small maneuver is also performed to lower the orbit

to hasten this process.

By combining the information from the operational sta-
tus determination using maneuver detection with the decay
date obtained from the orbital lifetime prediction, the com-
pliance of the satellite can finally be determined. The result-

ing algorithm is shown in the flowchart in Fig. 4.
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Fig. 4. Flowchart of the compliance rate determination algorithm.

2587


https://discoswe.b.esoc.esa.int/

M. Schild, R. Noomen

The entire TLE database is first filtered for all satellites
in a Sun-synchronous orbit. For each satellite it is deter-
mined when the last orbital maneuver was made in order
to determine the operational status. A satellite is classified
as active when it has made a maneuver within the past two
years, but setting a different time limit would not change
the outcome significantly.

If it has done maneuvers in the past but it stopped doing
so, it is classified as not operational and the date of the last
maneuver is used for the end of the operational phase. If it
never performed an orbital maneuver a statistical based
model is used to determine the operational status. From
this date, if the satellite has not already left the protected
region, it is propagated in order to predict the remaining
time in that region. The eventual compliance of a satellite
is a binary event (it either is or is not compliant), and
can only truly be determined after the 25 years have passed.
Therefore before that time, for an individual satellite the
result can only be interpreted as a current best estimation.

3.1. Development cases

Two satellites were used during the development of the
algorithm. This was done to immediately test and tune
the settings and performance of the implemented methods.
The two satellites chosen were Envisat and SARAL; some
of their relevant properties are shown in Table 1.

These two satellites were chosen as the development
cases for a combination of reasons. First, the satellites
are both in SSO. Secondly, in order to develop the maneu-
ver detection algorithm the date of the actual maneuvers
has to be known. For both these satellites the International
Laser Ranging Service (ILRS) publishes this data provided
by the International DORIS Service (IDS). Finally,
SARAL is much lighter than Envisat, allowing the algo-
rithm to be developed for two different mass categories
or better said: two different sensitivities to surface forces
like aerodynamic drag.

3.2. Data sources

In this study use was made of different datasets provided
by different sources. For orbital information use was made
of Two Line Element (TLE) data provided by the United
States Space Command (USSPACECOM) at https://
www.space-track.org/ (Space-Track, 2021). For the

Table 1
Properties of the two development cases SARAL and Envisat. Obtained
from ESA (2021) at https://discosweb.esoc.esa.int/.

Property Satellite

Name SARAL Envisat
SATCAT 39086 27386
Launch Year 2013 2002
Launch Mass [kg] 400 8200
Semi-Major Axis [km] 7163 7143
Inclination [deg] 98.5 98.1
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maneuver detection algorithm validation use was made of
maneuver data provided by the IDS. These data are pub-
lished by the ILRS at https://ilrs.gsfc.nasa.gov/ (ILRS,
2021). Spacecraft information and descriptions were
obtained from the Database and Information System
Characterising Objects in Space (DISCOS). This database
is maintained by ESA’s Space Debris Office and provides
information for all trackable unclassified objects in space
at https://discosweb.esoc.esa.int/ (ESA, 2021) (Flohrer
et al., 2013).

4. Operational status determination

As the 25-year lifetime countdown only starts after the
end of the active phase, the operational status of the satel-
lite needs to be determined first.

4.1. Maneuver detection

The detection of potential maneuvers allows the deter-
mination of the operational status for spacecraft with orbi-
tal maneuver capabilities. The developed detection
algorithm is primarily based on the TLE Time Series Anal-
ysis (TTSA) algorithm by Lemmens and Krag (2014) and
has been taken a step further by some additions and mod-
ifications, such as a user-set global threshold acting as a
sensitivity setting and a “grace period” during event detec-
tion preventing counting a single maneuver multiple times.
For a more detailed mathematical description of the algo-
rithm, the reader is referred to this particular reference. The
procedure followed can be summarised in the following
steps, which will be discussed more in-depth individually
in the next sections:

1. Using a moving window, the semi-major axis is cor-
rected for natural trends by a line fitted using repeated
median regression with a Theil-Sen-Siegel estimator.

. Based on the interquartile range (IQR) of this corrected
series, a global lower and upper threshold is determined
for the entire series.

. In a moving window, a local lower and upper threshold
is generated per epoch based on the IQR.

. Using a Lomb-periodogram the presence of harmonics
within each window is assessed. The amplitude of this
is then added to the local threshold. The final threshold
used for each epoch is the largest of the global and local
threshold and a set minimum value.

. Maneuvers are detected by checking the corrected series
for events exceeding the thresholds.

4.1.1. Theil-sen-siegel estimator

The semi-major axis of a satellite in SSO will decrease
over time in absence of any maneuvers. To separate this
natural decay from maneuvers, a correction is made by
fitting a line and subtracting this from the original data.
Although the actual observed long-term effect of this
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natural decay is not linear, it was found that over short
timeframes it is sufficient to model it as one. This was done
by making use of repeated median regression using the
Theil-Sen Siegel Estimator by Siegel (1982) to determine
the slope and intercept of the regression line y = mx + b,
as shown in Eq. 1:

m = median (median {yj — y,}) (1)
i =X —x
with intercept b determined by Eq. 2 (Siegel, 1982).
XiV: — XiV;
b = median <medz’an {u}> (2)
i i) Xj—X;

The effect of this repeated median variation can be seen in
Fig. 5, where these two methods are shown together with a
linear fit using a least squares estimator. Here random
points were generated with a standard normal distribution
variation along the line y = x and outliers were added near
the start and end of the series.

It can be seen that the Theil-Sen-Siegel method manages
to best ignore the outliers and produce the most accurate
slope and intercept and was therefore chosen as the
estimator.

4.1.2. Threshold generation

The threshold generation is based on a user-set mini-
mum and the IQR of both the global and local data points.
It is therefore dynamic, allowing the thresholds to remain
constantly low when the data is consistent and expand
when the data is more noisy, as in the case of SATCAT
15427 in 2001 shown in Fig. 6. It was seen that this increase
in noise is related to the solar cycle, this will be discussed
more in Section 4.2.

4.1.3. Test cases

The maneuver data of two SSO satellites, Envisat and
SARAL, were used for tuning and validation by compar-
ison with their actual maneuver data as reported by the
ILRS. The semi-major axis of Envisat in 2011 and 2012,

10.0

—=—- Theil-Sen Estimator R
—— Theil-Sen-Siegel Estimator
Least Squares Estimator

7.5 1

7.5 10.0

Fig. 5. Comparison of a line fitted using three different regression
methods.
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together with detected and actual maneuvers is shown in
Fig. 7.

Multiple small-magnitude maneuvers can be observed,
however after April 2012 these maneuvers suddenly stop,
and will not reappear in the following years. This matches
exactly with reported communication by ESA: ”Just weeks
after celebrating its tenth year in orbit, communication
with the Envisat satellite was suddenly lost on 8 April. Fol-
lowing rigorous attempts to re-establish contact and the
investigation of failure scenarios, the end of the mission
is being declared” (ESA, 2012). It is exactly this moment,
when the operational phase of the mission is over, that is
of interest and it shows that for maneuvering satellites this
can be determined by detecting these maneuvers.

It also shows that the algorithm manages to detect the
date of the latest maneuver with sufficient accuracy. Sec-
ondly, when the orbital maneuvers are large, such as signif-
icant orbital lowering end-of-life maneuvers, the algorithm
has no problem detecting them. However, when maneuvers
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Fig. 7. Detected and actual maneuvers of Envisat as reported by the ILRS
(ILRS, 2021).
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are very small in magnitude, and especially when these are
done in rapid succession, the algorithm struggles to detect
all of them. This is because it is very difficult to distinguish
this from being just noisy data. The ultimate purpose of
this algorithm should also be kept in mind as it affects
the required accuracy. It does not matter if the last detected
maneuver date is a day, a week or even a month off; this
will be discussed more in the next section.

4.1.4. Parameter tuning

The performance of the implemented algorithm was
compared with the TLE Time Series Analysis (TTSA)
and the TLE Consistency Check (TCC) algorithms by
Lemmens and Krag (2014) and actual observed maneuvers.
In their study 30 meteorological satellites operating in SSO
were manually checked for existing maneuvers in 2011. The
performance of the implemented algorithm was tested
using three different sensitivity settings by changing the
user-set global minimum threshold. The results can be
found in Table 2; shown are only the satellites that were
found to have actual maneuvers, or where one of the algo-
rithms detected one.

The results can be categorised in maneuvering and non-
maneuvering satellites, and have two types of errors: false
positives, where a satellite is falsely concluded to have per-
formed a maneuver, and false negatives, where the algo-
rithm has falsely classified a satellite as not maneuvering.
This classification is shown in Table 3.

The number of false positives decreases, and the number
of false negatives increases as the limit is set to higher val-
ues. This is as expected, as this limit value can be inter-
preted as a sensitivity setting below which the data, and
thus possible small maneuvers are ignored. Furthermore,
it shows that the implemented algorithm performs better
than the TCC and on-par with the TTSA algorithms.
Finally, when going from 7.5 m to a limit of 10 m the first
false negative appears. This means that using such a large

Table 2

Advances in Space Research 72 (2023) 2585-2596

limit creates the risk that a satellite that is actually maneu-
vering might not be detected as such.

Naturally one wants to keep both false positives and
false negatives to a minimum. However, often one is vastly
preferred over the other. In this case it is more unclear, as
one could favour either one depending on the exact pur-
pose. If one wants to detect every maneuver a satellite
makes, it would make sense to make the algorithm very
sensitive by making use of a low minimum threshold. This
would come at the cost of detecting some maneuvers that
have not actually happened.

For the purposes of this study the goal is to detect if a
spacecraft has ever maneuvered and when it stopped
doing so. Because there is such a long timeframe to anal-
yse and detect possible maneuvers, the chance is increased
that maneuvers are being detected somewhere. It is there-
fore beneficial to use a higher minimum threshold and
accept the risk of missing some small maneuvers. It does
not matter if one maneuver that was performed in a
month is missed, if two others in the same month are
detected.

4.2. Maneuver-based operational status

The maneuver detection algorithm was applied to all
satellites in SSO. For each satellite the detected maneuver
dates were recorded. An overview of the result of this can
be found in Fig. 8. Shown here in the bottom part are
the satellites that maneuvered in a given year, grouped by
their launch year. Above that the solar flux intensity at
10.7 cm wavelength for the same period is given. Do note
that spacecraft that perform orbit corrections with contin-
uous low-thrust techniques will be harder to be identified
by this algorithm as operational. However, the time
domain covered by this study essentially runs from 1970
until 2020, and it is expected that the number of Sun-

Detected maneuvers for different minimum threshold limits compared to literature and the actual performed maneuvers as manually identified.

SAT Lemmens and Krag (2014) Algorithm Performance

CAT Human TCC TTSA Sm 7.5m 10 m
15427 0 2 0 0 0 0
18123 1 1 1 3 3 3
19531 0 2 0 0 0 0
21263 1 1 1 1 1 1
21574 0 0 0 1 0 0
22739 0 4 0 2 1 0
23710 12 12 10 16 14 11
25682 16 15 11 26 28 25
25730 0 0 4 4 4 0
25994 8 8 7 17 18 17
26536 0 7 1 0 0 0
26620 3 3 3 6 3 S
27386 19 8 6 10 4 0
27421 6 7 7 9 10 9
27424 13 16 17 22 24 21
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Table 3

Advances in Space Research 72 (2023) 2585-2596

Performance and errors classified by type of the maneuver detection algorithm for different minimum threshold limits compared to literature.

Lemmens and Krag (2014)

Algorithm Performance

Human TCC TTSA Limit = 5 m Limit = 7.5 m Limit = 10 m
Total Satellites 30 30 30 30 30 30
Maneuvering 9 13 11 12 11 9
Not Maneuvering 21 17 19 18 19 21
False Positives 4 (13.3%) 2 (6.7%) 3 (10.0%) 2 (6.7%) 0 (0.0%)
False Negatives 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 1 (3.3%)
gm To prevent these false positives during these cycles, a fil-
52 ter was applied to the detected maneuvers. If a satellite has
o maneuvered in the past two years, this filter classifies the
2020- 100 satellite as active. If at one time, the satellite has not per-
4 = formed a maneuver in the past two years, it is classified
2010- _‘_r % % as inactive. Once inactive, the satellite can not be reclassi-
= = B fied, even if a maneuver is detected for instance 10 years
. ] " % later.
g e =1 £ 4.3. Design lifetime model
3 ﬁ | — - a0 £
1980- - 2 The methods using the TLE data to detect orbital
T maneuvers, and therefore an operational status of a satel-
1070- SIEg == 20 g lite, only work if such an orbital control system is present.
ne s g = Therefore for satellites without such a system, as is the case
-y Emm Em = - for many of the small satellites in LEO, an alternative

1960~

1960 1990 2000 2010 2020

Year

1970 1980

Fig. 8. Top: Solar flux intensity at 10.7 cm wavelength. Bottom: Maneu-
ver matrix grouped by launch year colored by percentage of satellites that
maneuvered in a given year.

synchronous spacecraft using such techniques is limited
(still).

One would expect that the diagonal in this figure would
show the highest percentage. As time goes by, this would be
the horizontal direction in the figure, and as satellites stop
functioning and maneuvering, one would expect to see a
slow fade to the right, to eventually zero maneuvering
satellites for a given launch year.

In general, this is also what is observed. However, Fig. §
has some vertical bands where an increase in detected
maneuvers appears. These bands correlate with the 11-
year solar cycle. This can be explained by two possible
causes. The first one is that the increase in drag prompts
satellite operators to perform altitude increasing maneu-
vers. The second one is that this increase causes a change
in the slope of the natural decay. Which is then incorrectly
interpreted as the detection of a maneuver. These bands are
more visible in the earlier cycles than in the recent ones.
This has two reasons; first it can be seen that the past solar
cycle has a distinct smaller maximum magnitude than the
previous three. Secondly, it was observed that over time
the data from the TLE have become more consistent and
less noisy.
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method must be used. A possibility would be making use
of reports published by the operators regarding the opera-
tional state of their satellites. However, as was stated ear-
lier, these reports do not always exist and if they were to
be used for compliance registration might not be accurate
as well. One major indicator of operational status would
be the existence of a radio signal from that satellite. There
could be a system, either on the ground or in space, that
would pick up all these signals and identify them. With this
it might be possible to create an overview of the opera-
tional status for all spacecraft orbiting Earth with a high
temporal resolution.

However, currently such a system does not exist, so for
this group of satellites an alternative method was applied,
based on statistical lifetime models. A variation of this
was used by Morand et al. (2014), assigning different life-
times to different types of satellites. The approach chosen
was to make use of the design lifetime of the satellites.
The information was obtained from literature (Maini and
Agrawal, 2011) (Grimwood, 2020) and is displayed per
mass category in Fig. 9.

It can be seen that satellites with a mass between 100
and 1000 kg show the most varying design lifetime with
3, 5, 8 and 15 years as the most popular choices. The num-
ber of satellites with a mass below 10 kg is relatively small
in this design lifetime dataset, however cross-referencing
the Nanosats Database (Kulu, 2021) shows similar results.
Based on the distribution above, a single operational life-
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Fig. 9. Design lifetime of spacecraft for four different mass categories.

Table 4
Representative operational lifetime.

Mass Category Operational Lifetime [Years]

m<10 kg 2
10<m<100 kg 4
100<m<1000 kg 9
m > 1000 kg 12

time was chosen per mass category. This is shown in
Table 4. This operational lifetime will be used for satellites
without maneuver capabilities.

This does introduce some uncertainty in the results (a
heavy spacecraft can be operational for 15 years for
instance), but this concerns only a smaller part of the
population.

4.4. Combined population

The results of the maneuver-based and non-maneuver-
based operational status determination can be combined
to generate a status overview for the entire population of
satellites in SSO. The combined operational status can be
classified in three different ways:

e Operational, if the satellite has maneuvered within the
last two years or if it never maneuvered and is still
within the design lifetime (Table 1).

o Not Operational, if the satellite has stopped maneuvering
for the last two years or if it never maneuvered and is
outside the design lifetime.

e Unknown, if the satellite has not mancuvered and was
launched in the past two years.
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The resulting combined operational status as a function
of launch year can be found in Fig. 10. For obvious rea-
sons, operational spacecraft are observed for the last
15 years only, non-operational objects are found anywhere
in the time domain.

5. Orbital lifetime estimation

For the entire satellite population in SSO that was clas-
sified as not operational and observed to have decayed, the
post-mission lifetime is straightforward to assess. For those
that are not yet decayed, the remaining orbital lifetime was
determined using the semi-analytical propagation method
STELA, developed by CNES (Le Fevre et al., 2012). The
long-term mean evolution of the orbital elements is solved
numerically and short-period effects have been removed. If
the mean orbital parameters state at date ¢, is represented
by E%, then the state E), | at ¢, is derived using the deriva-

tive € (1,) which is calculated by (CNES, 2019):

diE’? — Ef{‘fl’le’ 4 dEEarlh + dElunisolar dE):]mg + dE);RP (3)
dt dt dt dt dt dt

dE}
where —7 represents the movement due to the non-
perturbed two-point gravitational force and dEE;j”h the per-
turbations due to Earth’s irregular gravitational field.
The term dEIT’ represents third-body perturbations due
to the gravitational forces of the Moon and the Sun.
. dE? x .

Finally, —7* and dEdStR” represent perturbations due to atmo-
spheric drag and solar radiation pressure respectively. This
is solved by a numerical integrator based on a fixed-
timestep sixth-order Runga-Kutta method.

The osculating parameters are then computed in the
integration intervals according to:

0SC __ X shortperiod
En - En + En (4)
250 4 .
m Detected Maneuvers Operational
No Detected Maneuvers Operational
Bl Detected Maneuvers Not Operational
2004 M No Detected Maneuvers Not Operational
Unknown
150 A
o
=
=
o
O
100 A
50 - ||I|
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Launch Year

Fig. 10. Operational status of all satellites in SSO on January 1, 2021.
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where EYrod is solved analytically and includes short-
period effects from irregularities of the gravity field, Solar
and Lunar gravity, atmospheric drag and Solar radiation
pressure.

This resulted in a total lifetime after the operational
phase in years, for each satellite in SSO.

6. Compliance

With this total remaining lifetime known, the compli-
ance of each satellite can now be classified as:

o Compliant, if the remaining orbital lifetime after the
operational phase is less than 25 years.

e Not Compliant, if the remaining orbital lifetime after the
operational phase is more than 25 years.

This was determined for all satellites for which no
maneuvers were detected, and are therefore assumed to
be in their ballistic phase. This also includes the satellites
that have already decayed. For these satellites of course
the exact re-entry date is known and no orbital lifetime esti-
mation was needed. An overview of the total satellites anal-
ysed, their operational status and orbital control
capabilities is given in Table 5. The following results will
therefore not include the satellites that have maneuvered
within the past two years, as they would have the potential
to lower or raise their orbits. Also not included are the
satellites that were launched within the past two years as
the operational status could not yet be determined for
those. Remaining are the 980 not operational, of which
110 have already decayed, and the 126 operational satellites
without orbital control capabilities. As for the 278 satellites
that were classified here as ”status unknown”, they were
not included in any of the subsequent evaluations. Also,
it is recommended to (try to) obtain information on their
status by contacting their operators and/or inspecting pub-
lic information available on internet or in any other sources
(although this is recognized to be quite challenging).

The compliance was determined for these 1106 satellites
and is shown, as a percentage of satellites launched in a
given year, in Fig. 11. In this figure an increasing compli-
ance trend can be observed starting around 2010 when
compliance was 20 to 40%, to around 95% compliance in
2017 and 2018.

Table 5
Overview of the number of satellites in SSO and their operational status.
Status Satellites
Not Operational 980
with orbital control capability 332
without orbital control capability 648
Operational 358
with orbital control capability 232
without orbital control capability 126
Unknown 278
Total 1616
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Fig. 11. Compliance of satellites in SSO with the 25-year lifetime rule. The
dotted line shows the results for the entire LEO population as derived by
ESA (ESA Space Debris Office, 2020).

When comparing SSO to the results obtained for the
entire population of LEO satellites by ESA (ESA Space
Debris Office, 2020), it can be seen that the SSO satellites
follow the same trend but have generally been under-
performing a bit in the past. A study done by CNES found
for LEO satellites launched between 2000 and 2013 a com-
pliance rate of 59%, but observed no meaningful trend in
global compliancy with the 25-year lifetime rule (Morand
et al., 2014). Comparing this to the results found in this
study for this period, a lower compliance was observed
here, between 15 and 50%. However, just like Morand
et al. (2014) no trends were visible in this timeframe, with
a positive trend starting later, only from 2014 onwards.

In Geosynchronous orbit (GSO) however, it can be seen
that the positive compliance rate trend already started
much earlier, starting in the late 1970s compared to mid
2010s for LEO (Pallas and Noomen, 2018). The GSO satel-
lites reached a compliance rate of 70% already in the early
90’s and are expected to have an almost 100% compliance
rate since 2010, although their long mission duration intro-
duces an inherit large lag in available data (ESA Space
Debris Office, 2018). Furthermore, since the natural decay
for a satellite in GSO is so small, they have to rely exclu-
sively on end-of-life maneuvers to remove themselves from
the protected region. This capability of maneuvering of
every satellite, combined with the used slotting system in
GSO, may be the reason of this multi-decade lead in com-
pliance. Weeden and Shortt (2008) concluded that such a
slotting system could also provide benefits in long-term
operating safety and sustainability for SSO, but due to
the inherit mechanics in this regime this is much more com-
plicated than the GSO slots.

To determine what is driving the recent increase in com-
pliance in SSO it is useful to group the satellites in different
mass categories. The overall compliance per mass category
is displayed in Table 6. While a large fraction of the
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Table 6
Compliance rate of different mass categories.

Mass Category Compliant [%] Not Compliant [%o]

m < 10 kg 86.4 13.6
10 <m < 100 kg 36.2 63.8
100 <m < 1000 kg 33.2 66.8
m >1000 kg 32.8 67.2

smallest satellites is compliant, a large difference between
this group and the rest of the mass categories can be
observed.

This might at first be counter-intuitive: after all the oper-
ational phase of a smaller spacecraft is often significantly
lower than that of a spacecraft with a higher mass, allowing
less time for a satellite to decay. However, the most domi-
nant reason that smaller satellites are more often compliant
is due to the orbits they are initially launched in. This is
shown in Fig. 12, where a distribution of the altitude of
the initial orbit is shown for each of the four mass cate-
gories. Clearly, the smaller spacecraft are launched in lower
orbits, and assuming that the (average) ballistic coefficients
do not vary that much over the entire population, they are
prone to smaller residual lifetimes.

This relationship, between initial orbit and eventual
compliance, is even more visible when dividing the mass
categories in their respective compliance groups as done
in Fig. 13.

This is as expected, after all a lower initial altitude will
expedite the natural orbital decay. To investigate the beha-
viour of satellite operators further, the compliance rate is
grouped by their orbital control capability (OCC). This
was determined by the presence of any detected maneuver
for each satellite.

In Table 7 it can be seen that there is no large difference
and even a slightly higher compliance for satellites without
OCC. Once again, this can be explained by the fact that the
smaller satellites often do not have this capability, and as
was seen, these satellites are launched in lower orbits and
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Fig. 12. Initial orbit altitude distribution per mass category.
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Fig. 13. Initial orbit altitude distribution per mass category and compli-
ance. Altitude here is determined by the semi-major axis minus the mean
equatorial radius of the Earth.

Table 7
Compliance rate for satellites with orbital control capabilities and those
without.

Capability Compliant [%] Not Compliant [%)]
Orbit Control 55.7 443
No Orbit Control 60.3 39.7

are therefore more often naturally compliant. This indi-
cates that in the past the capability of orbital maneuvers
has been minimally used for accelerated de-orbiting.

6.1. Time limit adjustment

With the large number of spacecraft launched every year
one might want to make the regulations more strict. The
effects of reducing this 25-year time limit can be seen in
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Fig. 14. Cumulative distribution of remaining orbital lifetime after the
operational phase. The final bin includes lifetimes higher than 100 years.



M. Schild, R. Noomen

Fig. 14. Of course it should be noted that recent launches
should have been designed with the aim of 25 years, and
older satellites even without any regulations at all. How-
ever, it does give insight on what these compliance rates
currently would be.

The key takeaway here is that the smallest satellite
group achieves a fairly high compliance rate even with
stricter maximum allowed lifetimes: achieving a compliance
rate of more than 60% with a maximum lifetime of 10 years.
This seems to be an interesting possible change in current
requirements.

7. Conclusions

It was seen that the number of objects launched to LEO
has seen a huge increase in the past years, mainly due to
commercial launches. The growing launches by smaller
companies or agencies, made possible due to the increasing
accessibility to space, together with the upcoming satellite
constellations, will lead to the number of satellites in the
near future to increase tremendously. Very noticeable were
the different clusters of satellites in LEO, when grouped by
altitude and inclination. Here especially SSO was seen to be
a very popular choice, with the large increase in satellites
launched to SSO primarily driven by satellites with a mass
below 10 kg.

The compliance with the guidelines has been quite poor
in the past, but has been improving significantly in recent
years starting from 2014. Furthermore, there is a large dif-
ference between the different mass categories. Whereas 86%
of the satellites with a mass less than 10 kg are compliant,
the other mass categories only reach a compliance of
around 35%. It was also observed that there was no large
difference between the compliance of satellites with orbital
control capabilities compared to those without. It was
shown that compliance is mostly a result of choosing an
orbit with a sufficiently low altitude to have a sufficient nat-
ural decay, and less of operators choosing to perform
altitude-lowering maneuvers at the end of the operational
phase to achieve compliance.

A potential follow-up of this study would best be aimed
at the issue of satellites with an “unknown” status: would it
be possible to assess these by contacting individual opera-
tors or publicly available data sources? These sources could
also be used to verify the operational status findings using
orbital behaviour. In addition, in view of the possibility to
use continuous low-thrust for orbit maintenance, also in
SSO, it i1s worthwhile to focus some attention to the orbital
behaviour of such satellites and to investigate whether the
algorithms applied here are able to recognize their status
properly. Finally, a further development of the techniques
to eliminate as many false positives and false negatives as
possible is also welcomed.

The large increase in the number of launches in recent
years does also trigger the question if current guidelines
are sufficient to protect the long-term sustainable use of
space. Looking specifically at the relative popularity of
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SSO, it may need re-evaluation to sustain future spaceflight
operations in these valuable orbits.
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