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Abstract

Forecasting of localized debris congestion in the geostationary (GEO) ring is performed to formulate and investigate methodology for
identifying the debris objects that pose the highest risk to operational satellites in this ring. Proximity and speed relative to GEO during
near-miss events detected under a torus intersection metric are translated into a combined risk factor that is accumulated during prop-
agation. This accumulated risk is then used to identify the objects that have the highest risk contributions, either globally or in the vicin-
ity of one of the two gravitational wells at 75°E and 105°W. Results show that nearly 60% of the total risk surrounding the Western well
is attributed to 10 derelicts alone, which has critical implications for active debris removal (ADR) target selection for attenuating risk

levels in this ring.
© 2015 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The geostationary (GEO) regime is a unique commodity
of the terrestrial satellite industry that is becoming increas-
ingly contaminated with orbital debris (Johnson, 1999;
Jehn et al., 2005), but is heavily populated with high-value
assets (Chrystal et al., 2011). As the lack of atmospheric
drag effects at the GEO altitude renders lifetimes of these
debris essentially infinitely long, conjunction assessment
must be performed to safeguard operational GEO satellites
from potential collisions with the uncontrolled derelict field.
GEO satellites must maintain a specified longitude slot, and
cannot simply shift in phase to evade debris. Therefore,
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studies of the macroscopic behavior of the GEO debris pop-
ulation are required to describe debris fluxes through partic-
ular GEO longitude slots, and forecast how frequently
operational assets in these regions must potentially perform
maneuvers to mitigate conjunctions. Rather than presenting
the high-precision analysis demanded by risk assessment
and mitigation measures, this study builds upon the meth-
ods of Anderson and Schaub (2013), which illustrates a
one-year, macroscopic congestion forecast for debris at
GEO, to determine which localized regions of the GEO ring
are, in general, most susceptible to rising levels of debris
congestion. As overcrowding of this ring is growing into a
serious concern for owners and operators internationally,
knowledge of debris flux patterns—termed debris
weather—is critical for space situational awareness activi-
ties at GEO. Of a significant interest is determining which
classes of uncontrolled derelicts contribute the most to
congestion and risk levels, both globally and locally, over
a specified time frame. Assessing if subsets of the debris
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population contribute homogeneously to congestion and
risk levels across GEO is imperative information for active
debris removal (ADR) initiatives seeking to attenuate local-
ized risk in particular longitude slots to sustain slot utilization.

Existing debris analysis tools (Lewis et al., 2001;
Klinkrad, 2006) rely upon inertially-fixed cells to detect
debris cell passage events (CPE), such that densities are
often averaged over cell right ascension, and provided as
a function of altitude and declination (Klinkrad, 2006).
Following Anderson and Schaub (2013), this study har-
nesses a toroidal cell configuration in the GEO ring to
investigate the impact of various classes of large-scale,
uncontrolled objects on congestion and risk levels from a
longitude-dependent  perspective.  Small-scale  debris
sources such as explosion and collision events, although
considered recently in Hansen and Sorge (2013) and
Oltrogge and Finkleman (2008), are not considered in this
study, nor are other growth mechanisms such as ejection of
solid rocket motor (SRM) slag or shedding of multi-
layered insulation (MLI) (Wegener et al., 2004).

Using publicly-available U.S. Strategic Command
tracking data and an orbit classification system established
by the European Space Agency (Flegel et al., 2009; Flohrer,
2014), this paper will illustrate a five-year debris forecast in
the GEO ring for large-scale, trackable, and unclassified
resident space objects (RSOs) with up-to-date two-line ele-
ment (TLE) sets. The results of this five-year debris simula-
tion—which performs parallel propagation using 4 x 4
EGM-96 gravitation, luni-solar perturbations, and a nom-
inal solar radiation pressure effect—are used to character-
ize which classes of uncontrolled debris objects contribute
the most to longitude-dependent risk levels, globally and
over a defined subset of longitude slots. In particular,
methodology for identifying the objects that contribute
the largest percentage to the total risk level accumulated
either globally or locally during the forecasting period is
presented. For ADR initiatives geared towards slot
clean-up at particular longitudes, information such as that
determined from debris simulations harnessing the torus
intersection metric to evaluate longitude-dependent risk is
especially useful in helping to determine which individual
objects should be removed to maximize reduction in risk,
either globally or across a defined subset of longitude slots,
namely, in the vicinity of the high-impact and debris-
critical gravitational wells positioned at 75°E and 105°W
(Anderson and Schaub, 2013).

The results of this work may thus be harnessed in tan-
dem with long-term debris prediction studies, such as that
performed in Anderson and Schaub (2014), to provide rec-
ommendations for architecture and design of potential
ADR demonstration missions in the GEO regime. Studies
led by the NASA Orbital Debris Program Office use the
product of a debris object’s mass and its probability of col-
lision at a desired epoch as the ADR target selection crite-
rion for identifying the top ADR targets in the LEO regime
(Liou, 2011). ADR target selection studies for the GEO
regime have received less attention than equivalent LEO

ADR target studies (Liou, 2011; Peterson, 2012; Quinlan
et al., 2011). This study seeks to begin filling this void in
the literature by formulating methodology for identifying
the top ADR targets at GEO, based on the torus intersec-
tion metric and independent of the statistical probability of
collision measure often used in conjunction assessment, a
computation that requires position covariance informa-
tion. Note that this torus intersection metric—which is use-
ful for gauging localized congestion at GEO—does not
claim that the identified ADR targets might actually collide
with specific operational satellites at GEO. The source of
orbital data for this study is the publicly-available TLE
sets, which are not accurate enough to forecast conjunction
events over the long-term, and do not include covariance
information. Rather, instead of evaluating satellite-
specific probabilities of collision against the large-scale
debris population, this study seeks to identify the specific
GEO debris objects in this population that contribute the
highest levels of macroscopic risk to the GEO regime in
general, both globally and in the vicinity of the gravita-
tional wells. In this sense, potential conjunction events with
high-macroscopic-risk objects are more threatening in that
these derelicts are routinely passing through particular lon-
gitude slots at GEO with non-trivial, potentially catas-
trophic velocities relative to GEO.

2. Current RSO population at GEO

The RSO population in the GEO regime is categorized
using the orbit taxonomy applied in the European Space
Agency’s DISCOS database (Database and Information
System Characterising Objects in Space) (Flohrer et al.,
2013). For GEO objects, seven categories are selected to
classify the types of orbits exhibited — two controlled classes
and five uncontrolled classes (see Table 1). Note that only
the uncontrolled objects are assumed to contribute to local-
ized debris congestion in this study. GEO RSOs are selected
according to the orbit element bounds used in the European
Space Agency’s Classification of Geosynchronous Objects
reports (Flohrer, 2014): eccentricity less than 0.2
(e < 0.2), inclination less than 70° (i < 70°), and mean
motion between 0.9 and 1.1 revolutions per sidereal day
(0.9 < n < 1.1), corresponding to the semi-major axis range
—2596 km < a — aggo < 3068 km relative to GEO. Per
these element bounds, launch vehicle upper stages are only
included in the congestion forecast if they exhibit GEO-like
orbits. As a result, rocket bodies in highly-eccentric geosta-
tionary transfer orbits (GTOs) are not considered, even
though these trajectories are closely approaching—or cross-
ing through—the GEO altitude at or near apogee.

Orbital data is obtained from the publicly-available two-
line element (TLE) sets provided by U.S. Strategic Com-
mand (USSTRATCOM).> For this study, a reference

2 Publicly-available TLE data sets are available for bulk download from
https://www.space-track.org/.
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Description

Longitude/inclination control (E-W/N-S control)
Longitude control only (E-W control only)
Circulating above/below/through GEO altitude
Libration about Eastern stable point at 75°E
Libration about Western stable point at 105°W
Libration about Eastern and Western stable points
Unknown status (e.g., recent TLE not available)

contribute the most to risk levels across this arena, both
globally and in the vicinity of the two gravitational wells.
Furthermore, as risk to operational satellites at GEO is
the core focus of this study, debris-debris collision risk
among the 745 uncontrolled objects in Fig. 1 is not treated.
This type of collision risk—which can be mitigated strictly
by ADR since no maneuverable objects are involved—is
another dimension of the debris challenge at GEO that
should be considered in a dedicated paper addressing this
concern. It is therefore important to note that the
highest-risk objects identified in this study are not
necessarily those that exhibit the highest debris-debris col-
lision potential, which could be accounted for by addi-
tional terms in the risk metric introduced in Section 3.2.

Table 1
Orbit categories applied to geosynchronous objects extracted from 02/28/2014 TLE set.
Class Type
Cl Controlled
2 Controlled
D Drifting
L1 Librating
L2 Librating
L3 Librating
IN Indeterminate
East/West
Indeterminate/ Lﬂ;réatinfo /[L3]
Unknown [IN] (1.4%) Western
1 (0.1%) Librating [L2]
\ _——40(35%)
Longitude/Inclination b Fastern
Control [C1] . .
318 (27.7%) Librating [L1]
o 105 (9.2%)
Longitude
Control [C2]
82 (7.2%)
Drifting [D]
583 (50.9%)

Fig. 1. GEO orbit class distribution for 02/28/2014 TLE set.

TLE set obtained on February 28, 2014 is employed; the
class distribution for the 1145 objects extracted from this
set is shown in Fig. 1. TLE data are provided in the form
of doubly-averaged Keplerian elements with mean motion
instead of semi-major axis (Klinkrad, 2006), transformed
into Cartesian states in the true equator, mean equinox
(TEME) frame (Vallado, 2007) with SGP-4 theory
(Hoots and Roehrich, 1980).3 Note that because of the lim-
ited accuracy of TLE sets, these data are not intended for
studies that require highly-precise orbit prediction capabil-
ities. As the purpose of this paper is to identify “high-risk”
debris objects via localized congestion metrics on a macro-
scopic scale—not on a specific, satellite-to-satellite basis—
the accuracy of these data is sufficient.” Furthermore, as
only objects larger than approximately 0.8—-1.0 m in effec-
tive diameter are actively tracked at the GEO altitude
(Flohrer, 2014), only objects at least of this size are consid-
ered here. Since this study only incorporates the trackable,
catalogued, and unclassified GEO population with recent
TLE sets, the findings of this study serve to illustrate a
lower bound of the actual debris congestion and risk situ-
ation at GEO. This congestion and risk information is then
harnessed to identify which large-scale objects at GEO

3 ANSI-C implementation of merged SGP-4/SDP-4 theory is available
from http://www.sat.dundee.ac.uk/psc/sgp4.html (Vallado et al., 2006).

4 Numerical justification for using TLE data sets in a similar GEO
debris congestion study is provided in Anderson and Schaub (2014).

The Eastern librating (L1) and Western librating (L2)
objects oscillate within the Earth-fixed frame around their
respective gravitational wells with a libration period of
816 days at minimum for small amplitudes (Klinkrad,
2006). Using tabulated data in Flohrer (2014) in tandem
with the analytic libration theory from Allan (1963), a his-
togram of the libration periods for the 145 L1/L2 objects
included in this study is shown in Fig. 2. The median of this
libration period distribution is approximately 2.6 years,
such that a five-year time frame is used for this study to
capture two mean cycles of the libration motion. In this
manner, any bias introduced in global and local risk results
towards a particular orbit class is minimized.

3. Methodology for forecasting localized GEO risk
3.1. Overview of near-miss events metric

The following metric for quantifying longitude-
dependent orbit debris congestion at GEO is discussed in
detail in Anderson and Schaub (2013), and is summarized
in this section for convenience. ‘“Near-miss events” for
the GEO longitude slots are determined by formulating a
GEO-encompassing torus with major radius rggo =
42164 km and minor radius 7, partitioned into longitude
increments of A1 =1.0° (Anderson and Schaub, 2013).
The minor radius 7 is equivalent to the radius of the circu-
lar torus cross-section, and provides a means to evaluate
debris congestion levels occurring within various distances
of the GEO longitude slots — a larger minor radius captures
more near-miss events. For this study, a representative
minor radius 7 = 50 km is considered, as this proximity
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Fig. 2. Libration periods for L1/L2 objects included in study.

to GEO is a rough upper bound for distances at which
conjunction assessment could be considered for opera-
tional GEO assets.” Further, this torus formulation is a
natural choice for evaluating near-miss events for these
non-inertial GEO slots, as torus geometry is invariant as
seen by both Earth-centered inertial frame (i.e., J2000)
and Earth-centered, Earth-fixed frame, in which these
GEO longitude slots are stationary (Anderson and
Schaub, 2013).

Near-miss events are detected during propagation of an
object by checking for the transversal of this GEO torus
boundary at each time step during numerical integration;
if finer resolution is desired, an interpolation algorithm
can be employed to check for torus intersections between
integration time steps. Mathematically, a near-miss event
occurs if (Anderson and Schaub, 2013)

2
(rGEO—\/rf(—Fr%,) —|—r§—7’2<0 (1)

is satisfied, where (rX,ry,rZ)T is the RSO position vector
expressed in inertial frame components. The longitude of
intersection Acpg 1s thus determined as:

Acpe = arctan <r_y> —og (2)
rx

where o is the right ascension of Greenwich (Greenwich
sidereal time) (Curtis, 2005). When a torus-intersection is
detected with Eq. (1), the longitude of intersection is deter-
mined with Eq. (2), and the total near-miss count for the
corresponding cell is updated. To ensure that equivalent
intersections are not accounted for more than once during
near-miss event detection, counting logic is called before a
cell intersection counter is updated to screen the event for
redundancy. The full algorithm for quantifying congestion
via near-miss events with the GEO torus formulation is
detailed in Anderson and Schaub (2013).

5 The terminology “near-miss event at 50 km” could also be interpreted
as a sub-50 km conjunction event. It is important to emphasize, however,
that the near-miss event metric is a measure of localized congestion only,
and is independent of the probability of collision or other risk metrics
applied in operational conjunction scenarios. Thus, the “risk” functions
introduced in Section 3.2 are intended to be for heuristic purposes only.

3.2. Risk functions for GEO-relative position and velocity

To begin identifying the particular uncontrolled
objects responsible for the highest levels of both global
and localized risk in the GEO regime, the GEO-relative
position and velocity for an object at torus intersection
must be translated into a risk metric that can be applied
to categorize and rank the GEO debris population based
upon levels of globally- and locally-contributed risk. It is
important to note that the number of near-miss events
for each object over the duration of the forecasting per-
iod is an insufficient measure for evaluating both global
and localized risk, since the proximity of these near-
miss events to the GEO altitude—and the GEO-relative
velocity with which these near-misses occur—are not
explicitly taken into account. For this study, each near-
miss event is assigned a level of combined risk that is
based on the GEO-relative state of the responsible debris
object at the time of torus intersection. Position and
velocity risk factor functions are employed to individually
weight (a) how close the object comes to the GEO alti-
tude, and (b) how fast the object is translating relative
to the local GEO orbit velocity vector. Specifically, the
position and velocity risk functions selected for this study
are as follows:

R(r) = <’;r>2, 0<r <7 (3)

R(w)=1—e¥" >0 (4)
The position risk factor function in Eq. (3) is of quadratic
form, rising smoothly from R,(7) = 0 at the torus boundary
to R,(0) = 1 at the GEO altitude. The velocity risk function
in Eq. (4) is of an exponential form, selected to rapidly sat-
urate to R,(v) — 1 when the GEO-relative velocity sur-
passes a defined threshold, beyond which collision
velocities are considered catastrophic. In this manner, all
relative velocities beyond this critical threshold are
weighted nearly equally — collisions with uncontrolled
objects traveling with catastrophic relative speeds have
serious and likely mission-ending consequences, regardless
of where these relative speeds lie above the catastrophic
threshold. The position and velocity risk factor functions
defined in Eqgs. (3) and (4) are illustrated for reference in
Fig. 3.
The GEO-relative position r is given by

2
r:\/<rGEO—\/r§(+r§,> +I’% (5)

The GEO-relative velocity v is computed by differencing
the object’s inertial velocity vector at torus intersection
with the local, two-body orbit velocity vector at the longi-
tude of intersection, expressed in Earth-centered inertial
frame (i.e., J2000) components as




608 P.V. Anderson, H. Schaub| Advances in Space Research 57 (2016) 604-619

508
Q
w \
506 N
he)
z AN
< 04 N
Z 02 \
o, Y N
0.0 \\
10 20 30 40 50

Distance from GEO Altitude [km]

(a) Position risk function in Equation (3).

1.0

o
=)

o
——

Velocity Risk Factor
o
=
]

o
o

<o
o

0.0 0.5 1.0 1.5 2.0
Relative Velocity [km/s]

(b) Velocity risk function in Equation (4).

Fig. 3. Functions selected for computing combined risk factor of each near-miss event.
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The GEO-relative velocity is scaled by the time-constant-
like parameter 7 in the velocity risk function in
Eq. (4), such that when v =7, the risk function
R,(7) =1—e?~0.950 and begins saturating.” For this
analysis, the parameter v is derived from the NASA Stan-
dard Breakup Model (Johnson et al., 2001), which was
developed for NASA’s long-term debris environment soft-
ware EVOLVE 4.0, and has been validated against cata-
logued debris clouds and ground-based experimental
results for particles larger than 1 mm (Klinkrad, 2006). In
particular, v is selected as the relative speed threshold
above which on-orbit collisions become ‘“‘catastrophic”
(complete disintegration of both objects), assuming equal
masses m; and m, for the target and impactor objects in
the collision event, respectively (Johnson et al., 2001):

- 1 2E*m
E= (M2)8 = 5= /22 ~ 0283 km/s (7)
22 \my mp

where E; = 40 kJ/kg is the specific energy threshold for a
catastrophic collision (Klinkrad, 2006). Hanada et al.
(2005) compare the predictions of the NASA Standard
Breakup Model against low-velocity impact experiments
performed at a velocity range less than 0.3 km/s, and con-
clude that the hypervelocity collision model in the NASA
Standard Breakup Model can be applied to lower-
velocity collisions, with minor modifications that do not
affect Eq. (7). An alternate catastrophic collision threshold
introduced by McKnight (1991) is 10t°m, > m, on a qual-
itative basis — applying m, = m, as before, v ~ 0.316 km/s,
close to the catastrophic collision threshold of 0.283 km/s
in Eq. (7) per the NASA Standard Breakup Model.

After the GEO-relative position and velocity for the
near-miss event are computed, the corresponding risk fac-

VGEO = [— sin(Acpe + 0G),

¢ More generally, the parameter # in an analogous function of the form
1 — e /" can be selected to adjust the value of the velocity risk factor at
v =7 explicitly, i.e., for a desired velocity threshold risk R,(?), then
n=—In(1—R,(?)).

tor functions defined via Egs. (3) and (4) are evaluated,
such that the combined risk factor given by the product
R,(r)R,(v) is evaluated. This combined risk factor for the
near-miss event is on the interval [0, 1] and provides a met-
ric for gauging how “threatening” the near-miss is for a
hypothetical GEO satellite stationed on the longitude of
intersection. Under this metric, uncontrolled objects that
closely pass the GEO altitude—and have catastrophic-
collision-inducing relative speeds when doing so—will, in
general, have a higher combined risk for near-miss events
detected during propagation. Note that both close proxim-
ity and sufficient relative speed must be present in order for
a near-miss event to be considered high-risk under this met-
ric, e.g., higher-speed events near the torus boundary and
lower-speed events closer to the GEO altitude are both
de-weighted in the combined risk factor.

It is important to note that debris object mass is not
considered in this combined risk factor, as it is used in
the NASA Orbital Debris Program Office’s studies to iden-
tify the top active debris removal (ADR) targets for the
LEO regime (Liou, 2011). Mass information is not
included within the publicly-available TLE data source
harnessed in this study. If approximate mass information
is available, an auxiliary mass function can be used to
weight the combined risk factor, or each object’s mass
can be in-built by using a kinetic energy of the form 1muv?
in Eq. (4) directly, i.e., by replacing relative speed risk with
a kinetic energy risk. With these modifications, the com-
bined risk for more massive objects will be emphasized,
in a similar manner that the probabilities of collision for
LEO objects are scaled by object mass in Liou (2011).

3.3. Propagator and implementation

A special perturbations propagation routine imple-
mented in ANSI-C and parallelized with OpenCL is imple-
mented to propagate the uncontrolled RSO population
forward in time and determine torus intersection events.’
A lower-fidelity, representative force model of the GEO

7 The OpenCL 1.2 Specification is available at: http://www.khronos.org/
registry/cl/.
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environment is used for the added benefit of dramatically-
decreased simulation run times. Here, the two-body equa-
tions of motion are numerically integrated under 4 x 4
EGM-96 gravitation, luni-solar perturbations, and solar
radiation pressure (SRP), modeled with the cannonball
assumption described in Vallado (2007), and attenuated
with the occultation algorithm given in Montenbruck and
Gill (2000). The equations of motion are

fZ_%"‘*‘”cD‘*‘“@ + a; + asrp (8)

where the first term denotes two-body acceleration, ag is
the acceleration due to the nonsphericity of Earth, a.
and a. are the third-body perturbations from the Moon
and Sun, respectively, and asgp is the SRP acceleration.
SRP is modeled using the inverse-square diffusion formula-
tion of the solar luminosity L., = 3.839 x 10% J/s, with
coefficient of reflectivity ¢, = 1.5 and GEO-representative
area-to-mass ratio A, /m = 0.04 m?/kg.® This GEO force
model is in agreement with the results by Hansen and
Sorge (2013), which ranks the importance of incorporating
various environmental perturbations in GEO force models
for debris analysis over time scales ranging from 1 week to
10 years.

In higher-fidelity force models, coordinate transforma-
tions between Earth-fixed and Earth-inertial frames use
high-accuracy Earth orientation parameters to account
for precession, nutation, and polar motion; software suites
such as the SPICE toolkit can be harnessed to perform
these complex coordinate transformations.” In this parallel
propagator, however, a lower-fidelity transformation that
accounts strictly for z-axis rotation by Greenwich sidereal
time is used for increased speeds at run time. Further,
instead of extracting Moon and Sun vectors from the
DE-421 ephemerides, this routine uses lower-precision for-
mulas for the geocentric position of these bodies, as given
in the 2013 Astronomical Almanac (USNO and UKHO,
2013). Anderson and Schaub (2014) provides verification
of this lower-fidelity force model by comparing localized
congestion results over a five-year period with those
obtained under higher-fidelity forcing.

The propagator utilizes an eighth-order, predictor—
corrector Gauss—Jackson integrator (Berry and Healy,
2004) initialized with the Prince-Dormand 8(7) algorithm
for integration of the equations of motion in Eq. (8).
During initial propagation of the uncontrolled population
to the forecast start date, and during near-miss event
detection over the prediction span, a 10-min time step is
specified for sufficient fidelity in capturing near-miss events.
To increase resolution without significantly increasing
simulation run times, a Lagrange interpolation method is

8 Schaub and Jasper (2011) indicates that this ratio is representative for
operational and defunct satellites at GEO; this value is thus used in the
SRP computation for all uncontrolled objects considered in this study.

° Jet Propulsion Laboratory’s SPICE toolkits are available at
http://naif jpl.nasa.gov/naif/toolkit.html.

used to detect torus intersections in one minute increments
between primary time steps.

4. Results of five-year localized GEO risk forecast

As a precursor to identifying which classes of objects
contribute the most to both global and localized risk levels
in this regime, a five-year macroscopic congestion forecast
is performed with the minor radius 7 = 50 km, using the
baseline RSO population in the 02/28/2014 TLE set. Con-
trolled assets (C1/C2) are assumed to maintain their spec-
ified longitude slots, while the 745 uncontrolled objects
extracted from this set are propagated forward in time
and incorporated in the near-miss study. Note that this
simulation is only assessing the congestion generated by
the current debris population over a five-year time frame.
Nominal population growth,'? fragmentation events, solid
rocket motor (SRM) slag, multi-layered insulation (MLI)
shedding, and other debris growth mechanisms considered
by Wegener et al. (2004), for example, are not treated in
this simulation. Again, the objective for this paper is to
investigate which classes of large-scale, uncontrolled dere-
licts currently at GEO contribute the most to global and
local risk levels in this regime, and determine the highest-
risk subsets of these classes.

4.1. Localized congestion, velocity, and risk results

The “debris weather forecast” at GEO for the five-year
analysis period is shown in Fig. 4(a), which illustrates the
number of near-miss events per day at 50 km for each of
the longitude slots at GEO. Accumulation of uncontrolled
objects around the gravitational wells at 75°E and 105°W is
a well-known result, as is discussed by Chobotov (2002)
and Luu and Sabol (1998), for example. This is a particu-
larly troublesome notion, as operational GEO assets are
typically inserted into longitude slots near these debris-
critical longitudes (Anderson and Schaub, 2014), and the
probability of collision in the vicinity of these gravitational
wells is seven times larger than in surrounding regions at
GEO (Chrystal et al., 2011; McKnight and Di Pentino,
2013). From Fig. 4(a), controlled GEO satellites in the lon-
gitude slots neighboring the two gravitational wells are
subject to 4-8 sub-50 km conjunctions per day — a factor
of four increase over less congested longitudes (e.g., Atlan-
tic and Pacific Oceans), which experience a maximum of 1—
2 near-misses per day at 50 km. Note that the number of
near-miss events during the forecasting period for any
given longitude slot does not equate to the probability of
collision used in operational conjunction assessment. For
discussions as to the impact of the debris population on
longitude-dependent probability of collision at GEO, see
McKnight and Di Pentino (2013).

10 The effect of nominal launch traffic on longitude-dependent congestion
at GEO is simulated in Anderson and Schaub (2014).
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It is interesting to highlight that although the number of
near-miss events for a particular longitude slot may be rel-
atively benign on a daily basis, the relative velocity—and
combined risk factor—with which these near-misses occur
may not be. Fig. 4 illustrates worst-case GEO-relative
velocities experienced in each 1° longitude slot throughout
the forecasting period. This relative velocity map demon-
strates that even though a particular longitude slot may
experience 1-2 near miss events per day at 50 km, the max-
imum relative speed for these events could be upwards of
0.6 km/s (approximately 1340 mph'!). In general, higher
relative speeds can be attributed to uncontrolled objects
with larger orbital inclinations, such that relative velocities
at the ascending and descending nodes are increased with
respect to equatorial GEO orbit velocity. The objects
extracted from the TLE sets have nonzero eccentricity,
however — each of these Keplerian elements serves to
increase relative velocities at the nodes, rendering near-
miss events with these particular objects more hazardous
to operational assets.

Fig. 4(c) illustrates worst-case combined risk factors
experienced in each longitude slot throughout the forecast-
ing period. Higher combined risk levels are visible in the
vicinity of the gravitational wells, and exhibit a banding
phenomenon driven by once-yearly oscillations in the mag-
nitude of the eccentricity vector, induced by the SRP per-
turbation (Chao, 2005). Later in this paper, this
combined risk map is used as one method of validation
for an identified subset of high-risk objects, that is, the
combined risk in the neighborhoods of the gravitational
wells is attenuated if this high-risk subset of objects is omit-
ted from the congestion forecast (representative of physical
removal with an ADR technology).

In addition to tracking the number of near-miss events
at 50 km occurring daily for each longitude slot over this
five-year analysis period (cf. Fig. 4), it is of interest to
assess which classes of uncontrolled objects contribute
the most to longitude-dependent congestion for purposes
of recommending which types of objects to remove if a
particular longitude slot is to be cleared of debris. Fig. 5
(a) shows the average number of near-miss events per
day contributed by objects of each orbit class considered
in this study.'” Longitude slots neighboring the debris-
critical gravitational wells at 75°E and 105°W are subject
to 3-4 near-miss events per day, while less congested

I Relative velocities are lower in the GEO regime when compared to the
LEO regime, since (a) orbit velocity is lower at the GEO altitude, and (b)
objects at GEO are in general orbiting in the same direction (Hansen and
Sorge, 2013). Compared to the 2009 Iridium-33/Cosmos-2251 collision,
which occurred at a relative speed of upwards of 24,600 mph (~11 km/s)
(Liou, 2009), 1340 mph is a benign, but still mission-ending collision
velocity, particularly if the debris impactor is large/massive (e.g., rocket
body).

12 The aggregation of near-miss events (or, equivalently, sub-50 km
conjunctions) used in this average serves as a surrogate for slot-specific
spatial densities contributed on average by members of each GEO orbit
class.

longitude slots experience only 0.5 near-miss events at
50 km per day on average. Congestion contributions in
the regions surrounding the FEastern and Western
gravitational wells are dominated by Eastern (L1) and
Western (L2) librating objects, which oscillate in the
Earth-fixed frame around these stable points with the
libration periods shown in Fig. 2. In addition, the drifting
(D) objects contribute an approximate 0.25 near-misses
per day across the entirety of the GEO ring, thereby gen-
erating the background noise observed in the debris con-
gestion forecast in Fig. 4(a). Interestingly, the near-miss
contribution for the drift class peaks at the unstable equi-
librium longitudes 165°E and 15°W — the longitudinal rate

J. induced by the J,, harmonic is at a minimum at these
locations (Allan, 1963), causing drift class objects to linger
longer at these longitudes (McKnight and Di Pentino,
2013).

In summary of the localized congestion, relative veloc-
ity, and combined risk results illustrated in Fig. 4 for the
five-year analysis period, Fig. 5(d) illustrate the average
number of near-miss events at 50 km per day, beneath or
above various relative position, relative velocity, and com-
bined risk factor thresholds, respectively. As an example,
the Eastern well at 75°E experiences an average of four
near-misses per day at 50 km over the five-year forecast
(Fig. 5(a)), two of which are beneath 40 km in GEO prox-
imity (Fig. 5) and greater than 0.75 km/s in relative velocity
(Fig. 5(c)). Although Fig. 5(c) illustrates that approxi-
mately all of the near-miss events occurring at 75°E are
above the catastrophic velocity threshold in Eq. (4), the
combined risk summary in Fig. 5(d) dictates that only
one near-miss event per day at this longitude is above a
combined risk level of 0.2. Therefore, the position risk
function in Eq. (3) is de-weighting the risk of these
higher-velocity encounters, since Fig. 5(b) shows that the
majority of these near-miss events are occurring above
25km in GEO proximity, a distance beyond which the
position risk function R,(r) is beneath 0.25.

For purposes of slot safety assessment, it is useful to
consider not only the mean of the number of near-misses
occurring daily for each longitude slot, but the standard
deviation for these distributions, as well. Fig. 6 illustrates
the 16 number of near-misses at 50 km for every longitude
slot and risk factor threshold in Fig. 5(d), highlighting the
spread of these slot-specific distributions (generated by
tracking the number of near-misses within each longitude
slot, above each risk threshold, on each day over the
five-year period). Near-miss distributions around the two
gravitational wells have a larger lo spread for all risk
thresholds, indicating that these congested regions can
experience many more near-misses on a given day than
the five-year average of approximately 3-4 near-misses
per day shown in Fig. 5(d). In particular, the near-miss
distribution for 75°E extends from 0-13 near-misses per
day at 50km in the analysis period, highlighting the
insufficiency of the mean metric in Fig. 5(d).
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Fig. 4. Three portraits of longitude-dependent congestion in the GEO ring arising from the large-scale, trackable, unclassified GEO debris population in

the 02/28/2014 TLE set.

4.2. Timing of near-miss events

In addition to the number of near-miss events per day for
each GEO longitude slot, and the relative velocities and
combined risk factors with which these near-miss events
occur, it is beneficial to study the time of day at which these
near-misses occur. McKnight and Di Pentino (2013) indi-
cates that the equatorial crossing windows of the GEO deb-
ris population are synchronized such that collision hazard is
episodic and predictable. To illustrate this concept, Fig. 7
provides the distribution mean and 1/2/3¢ corridors for
the local time of all near-misses occurring across the GEO
ring over each day of the first year of the forecasting period,
for near-miss events during the ascending (south-to-north)
equatorial pass in Fig. 7(a), and descending (north-to-

south) equatorial pass in Fig. 7(b). The “tight” distributions
shown in Fig. 7 demonstrate that there exist two predictable
windows relative to local noon during which observational
coverage of GEO can be maximized, regardless of longitu-
dinal location around the GEO ring. The equatorial cross-
ing windows vary nearly linearly over the course of the year,
and the ascending/descending windows occur ~12 h apart
from one another at any point in the year. These time-
varying equatorial crossing windows are the Earth-fixed
representation of the well-known GEO “‘pinch points,”
which are approximately static in inertial right ascension
and declination space, and are leveraged for designing
ground-based observation strategies and optimizing sensor
tasking of space-based space surveillance (SBSS) systems
(Sharma et al., 2002).
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Fig. 5. Average number of near-miss events per day for each longitude slot at GEO.

Relative to an Earth-fixed observer, the collective
motion of the GEO debris population is similar to a trans-
verse wave (McKnight and Di Pentino, 2013) — this motion
arises from a clustering in right ascension of the ascending
node, driven by luni-solar perturbations dominant at the

GEO altitude. The equatorial crossing windows in Fig. 7
are a physical manifestation of this phenomenon, and can
be leveraged for maximizing observational coverage of
the GEO ring, anomaly correlation, and forecasting of
potential conjunction events. With this knowledge, the
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Fig. 6. Standard deviation of near-miss events per day at 50 km by combined risk factor.

threat of near-miss events with higher combined risk fac-
tors can be mitigated through increased coverage of the
desired slot during the predictable windows relative to local
noon shown in Fig. 7.

5. Identifying highest-risk debris objects at GEO

To begin identifying the classes of uncontrolled debris
objects in the GEO regime that contribute the most to
longitude-dependent congestion—and more importantly,
longitude-dependent risk—the results of the five-year con-
gestion and risk forecast shown in Fig. 4 are partitioned by
debris class. Fig. 8(a) gives a breakdown of the percentage
that each uncontrolled orbit class contributed to the total
number of near-miss events at 50 km occurring globally
over the entire five-year analysis period. Fig. 8(b) provides
a breakdown of the percentage that each class contributed
to the total combined risk of the near-miss events
accumulated globally during the five-year analysis period.
These pie charts are interesting when compared alongside
the TLE orbit class breakdown in Fig. 1. Although drift
objects constitute 50.9% of the large-scale, trackable RSO
population at GEO, they only contribute 26.3% of the
near-miss events at 50 km detected during the forecasting
period, which collectively account for 23.8% of the global
risk accumulated during this period. Librating objects, on
the other hand, contribute a dominating 73.1% of the num-
ber of near-misses—accounting for 76.1% of the global
accumulated risk—even though these objects collectively
make up a mere 14.1% of the RSO population at GEO
(that is, 27.1% of the uncontrolled debris population in
the 02/28/2014 TLE set). Of significant interest for ADR
initiatives are the 105 Eastern librating (L1) derelicts that
contribute 49.9% to the globally accumulated risk over
the five-year forecast — that is, 14.1% of the uncontrolled
debris population is collectively responsible for nearly
50% of global risk accumulated around GEO.

5.1. Global risk accumulation metric

Although Fig. 8 provides a congestion and risk break-
down by debris orbit class, it does not illustrate the contri-
bution of individual objects within each orbit class to the
combined risk globally accumulated during the five-year

analysis period. One measure for identifying the highest-
risk objects at GEO is the global risk accumulation metric,
which utilizes the risk contribution of individual objects to
the total risk globally accumulated around GEO during the
forecasting period to rank the derelict population from
highest to lowest risk level. To compute the global accumu-
lated risk, the combined risk factors for all near-miss events
occurring in all longitude slots throughout the five-year
forecasting period are summed into a grand total. Then,
the risk contributions of the near-miss events for individual
objects to this grand total are applied to sort them into
order of descending global risk contribution. Table 2 lists
the top 10 highest-risk objects from the 02/28/2014 TLE
set, identified using this global risk accumulation metric.
Notably, all of these objects are defunct payloads that
are from the L1/L2 librating classes.'® The semi-major axes
for these high-risk objects are within +15 km of the GEO
radius at the beginning of the analysis period, and their
inclinations are from 13-16° relative to the equatorial
plane. Collectively, these top 10 derelicts are responsible
for 9.39% of the total combined risk factor accumulated
around the GEO ring throughout the five-year analysis
period.

It is critical to emphasize that this top 10 list is in effect
for the next five years only, since it harnesses combined risk
factor data for near-miss events detected during a five-year
forecasting period. A well-known effect of luni-solar per-
turbations on GEO objects is long-term cyclical precession
of the orbit plane, in which the inclination of initially equa-
torial objects will rise to 15° and back with a period of
approximately 53 years (Chao, 2005). Thus, in 26 years,
the objects listed in Table 2 will be in nearly equatorial
orbits, such that the relative speeds of these objects at the
nodes is decreased, leading to diminished combined risk
contributions for the near-miss events triggered by these
currently high-risk derelicts.

13 Since the first-order condition for stable point capture improves as
proximity to the GEO semi-major axis decreases (Allan, 1963), this is an
intuitive result. Librating objects have semi-major axes that are close to
the synchronous radius, such that relative position risk in Eq. (3) is higher,
in general, for the near-miss events triggered by objects from these
librating classes.
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Note that although the GEO-relative position and
velocity at torus intersection are translated into a combined
risk factor, the longitude at which the near-miss event
occurs is not taken into account in the present risk formu-
lation. Since operational GEO satellites are most often
inserted into longitude slots in the neighborhood of the
gravitational wells (Anderson and Schaub, 2014), it is use-
ful to consider weighting the combined risk factor by the
longitude of the near-miss event, to further emphasize
higher-risk events occurring near these critical stable
points, and de-weight higher-risk events occurring at longi-
tudes with lower densities of operational satellites. An
example of one such longitude weighting function is drawn
from the wrapped-normal probability density function fit
to past, present, and projected satellite longitude data in
Anderson and Schaub (2014). This weighting function—
illustrated in Fig. 9—amplifies the combined risk experi-
enced in longitude slots covering the United States and

the Eurasian region, and reduces risk factors over the
Atlantic and Pacific Oceans, where operational satellite
densities are at a minimum.

Table 3 provides the top 10 highest-risk objects from the
02/28/2014 TLE set, identified using the global risk accumu-
lation metric with longitudinal weighting applied. The first
column provides the rank for each object under longitudinal
weighting, and the number of places that these objects either
rose or fell within the unweighted top 10 list in Table 2 as a
result. The emphasis of the Eastern well over the Western
well in Fig. 9 serves to increase the ranking of Eastern librat-
ing (L1) objects in the ranked derelict population — Aurora
1, the highest-risk L2 object from Table 2, falls three places
in the weighted top 10 list. Furthermore, two L2 objects
from Table 2—ASC 1 and Telstar 4A—fall out of the top
10 completely when longitudinal weighting is applied. Col-
lectively, the top 10 objects under longitudinal weighting
are responsible for 11.53% of the total combined/weighted
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Highest-risk debris objects in GEO regime, based on global risk accumulation (unweighted).
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Rank Object name COSPAR Class Country Slot range Contribution (%)
1 Aurora 1 1982-105A L2 USA 97-110°W 0.968
2 Cosmos 1366 1982-044A L1 USSR/Russia 65-84°E 0.965
3 ASC 1 1985-076C L2 USA 79-130°W 0.961
4 Raduga 1-2 1990-116A L1 USSR/Russia 49-100°E 0.958
5 Insat 1C 1988-063A L1 India 57-92°E 0.949
6 GStar 1 1985-035A L2 USA 100-108°W 0.947
7 GStar 3 1988-081A L2 USA 101-107°W 0.931
8 Telstar 4A 1993-077A L2 USA 97-113°W 0.917
9 Raduga 26 1990-112A L1 USSR/Russia 55-94°E 0.899
10 Cosmos 1897 1987-096A L1 USSR/Russia 49-100°E 0.898
TOTAL 9.39
Table 3
Highest-risk debris objects in GEO regime, based on global risk accumulation (weighted).
Rank Object name COSPAR Class Country Slot range Contribution (%)
1 (71 Cosmos 1366 1982-044A L1 USSR/Russia 65-84°E 1.226
2(13) Insat 1C 1988-063A L1 India 57-92°E 1.198
3(11) Raduga 1-2 1990-116A L1 USSR/Russia 49-100°E 1.183
4(13) Aurora 1 1982-105A L2 USA 97-110°W 1.168
5(11) GStar 1 1985-035A L2 USA 100-108°W 1.149
6(T1) GStar 3 1988-081A L2 USA 101-107°W 1.131
7(12) Raduga 26 1990-112A L1 USSR/Russia 55-94°E 1.125
8 (12) Cosmos 1897 1987-096A L1 USSR/Russia 49-100°E 1.117
9(13) Cosmos 1961 1988-066A L1 USSR/Russia 68-82°E 1.117
10 (13) Luch 1-1 1995-054A L1 USSR/Russia 72-7T7°E 1.116
TOTAL 11.53
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Fig. 9. Longitude weighting function (from probability density function in Anderson and Schaub (2014)).

risk factor accumulated around GEO during the five-year
analysis period, a higher percentage than that in Table 2.
To summarize the effect of the global risk accumulation
metric in identifying the objects with the highest cumulative
risk over the analysis period—that is, the derelicts that con-
sistently come close to the GEO ring at consistently high
relative velocities—Fig. 10(a) provides contributed percent
of global accumulated risk factor as a function of top per-
cent of the ranked debris population, with and without lon-
gitudinal weighting. Recalling that the debris population is
ranked in order of descending global risk contribution,

Fig. 10(a) shows that 60% of the derelicts (453 objects)
do not contribute any risk to the accumulated total, i.e.,
50 km near-miss events for these objects are not triggered
during the five-year period. Without longitudinal weight-
ing, the top 70 ranked objects are collectively responsible
for 50% of global risk experienced during the forecasting
period; under longitudinal weighting, this cumulative trend
line becomes steeper, such that the top 59 objects are
responsible for 50% of global accumulated risk, a result
of increased risk contributions for the top ranked derelicts
(cf. Tables 2 and 3).
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Table 4

Highest-risk debris objects near Eastern well, based on local risk accumulation on [60, 90°E]. Shaded rows indicate debris objects that are both globally

high-risk (cf. Table 2) and locally high-risk.

Rank Object name COSPAR Class Country Slot range Contribution (%)
1 Cosmos 1366 1982-044A L1 USSR/Russia 65-84°E 3.636
2 Cosmos 1961 1988-066A L1 USSR/Russia 68-82°E 3.290
3 Luch 1-1 1995-054A L1 USSR/Russia 72-77°E 3.279
4 SIRIO 1 1977-080A L1 Italy 72-77°E 3.115
5 Comstar 4 1981-018A L1 USA 69-80°E 3.094
6 Cosmos 2133 1991-010A L1 USSR/Russia 67-82°E 2.971
7 Raduga 12 1983-028A L1 USSR/Russia 63-85°E 2.921
8 Raduga 14 1984-016A L1 USSR/Russia 61-87°E 2.637
9 Cosmos 2085 1990-061A L1 USSR/Russia 67-82°E 2.504
10 Raduga 26 1990-112A L1 USSR/Russia 55-94°E 2.490
TOTAL 29.94

5.2. Local risk accumulation metric

If identification of the derelicts that contribute the high-
est accumulated risk to a particular subset of longitude
slots is desired, the local risk accumulation metric can be
evaluated — in contrast to the global accumulation metric,
which sums the combined risk for all near-miss events
occurring across all longitude slots during the analysis per-
iod, local risk accumulation uses the sum of combined risk
for only the near-miss events occurring in a subset of lon-
gitude slots during the analysis period. The local risk accu-
mulation metric is useful for identifying objects that
contribute the highest cumulative risk in the vicinity of
the two debris-critical gravitational wells. Tables 4 and 5
show the top 10 highest-risk contributors to the total accu-
mulated risk in +15° longitude windows centered upon the
Eastern and Western gravitational wells, respectively. Note
that these 10 ranked objects in Table 4 contribute 29.94%
of the combined risk accumulated around the Eastern well
during the five-year analysis period, while these 10 ranked
objects in Table 5 contribute 57.54% of the combined risk

around the Western well accumulated during this period.
This has significant implications for ADR initiatives seek-
ing to attenuate local risk in the vicinity of the Western
well: almost 60% of the combined risk accumulated in lon-
gitude slots in the interval 90-120°W is attributed to the
top 10 objects in Table 5 alone. Note again that this risk
measure is not associated with the probability of collision
metric commonly used in conjunction assessment, and thus
should not be treated as equivalent with this statistical
measure.

Fig. 10(b) illustrates percent contributed to the accumu-
lated risk around each well as a function of the top percent
of the ranked debris population. From this chart, 69% of
derelicts (515 objects) do not contribute to accumulated
Eastern well risk, and 77% of derelicts (574 objects) do
not contribute to accumulated Western well risk. As a
result, these cumulative trend lines for the local accumu-
lated risk in the vicinity of the gravitational wells in
Fig. 10(b) are steeper than those for the global accumulated
risk in Fig. 10(a). In particular, the top 21 highest-risk
derelicts near the Eastern well—and the top 9 highest-risk
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Table 5

617

Highest-risk debris objects by Western well, based on local risk accumulation on [90, 120°W]. Shaded rows indicate debris objects that are both globally

high-risk (cf. Table 2) and locally high-risk.

Rank Object name COSPAR Class Country Slot range Contribution (%)
1 Aurora 1 1982-105A L2 USA 97-110°W 8.215
2 GStar 1 1985-035A L2 USA 100-108°W 8.037
3 GStar 3 1988-081A L2 USA 101-107°W 7.902
4 Telstar 4A 1993-077A L2 USA 97-113°W 7.780
5 GOES 3 1978-062A L2 USA 99-109°W 5.449
6 LES 8 1976-023A L2 USA 97-111°W 5.364
7 LES 9 1976-023B L2 USA 99-111°W 4.821
8 ASC 1 1985-076C L2 USA 79-130°W 3.630
9 NATO IIB 1971-009A L2 USA 102-108°W 3.218
10 Solidaridad 1 1993-073A L2 Mexico 100-111°W 3.124
TOTAL 57.54
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Fig. 11. Removal of highest-risk debris objects (Tables 4 and 5) from 02/28/2014 TLE attenuates local risk for operational assets stationed near the

gravitational wells.

objects near the Western well (cf. Table 5)—are responsible
for 50% of the localized risk observed in the 30° longitude
regions centered on each gravitational well, respectively.
To illustrate how removal of the highest cumulative risk
objects in Tables 4 and 5 attenuates localized risk in the
vicinity of the gravitational wells throughout the five-year
analysis period, Fig. 11 shows the mean number of near-
miss events per day at 50 km above various combined risk
levels, with the full GEO debris population from the
02/28/2014 TLE data set (Fig. 5(d)), with the top 5 derelicts
in Tables 4 and 5 removed (Fig. 11(a)), and with all 10
derelicts in Tables 4 and 5 removed (Fig. 11(b)). As

Fig. 11 shows, removal of the highest cumulative risk
objects in the vicinity of the gravitational wells serves to
attenuate localized risk in these critical regions. In particu-
lar, Fig. 11(b) illustrates that removal of the 10 locally
high-risk objects identified in Table 5 not only leads to a
50% reduction in the mean number of near-miss events
occurring around the Western well, but nearly eliminates
any near-miss events with combined risk factors greater
than 0.4 during the five-year period. Again, since
debris-debris collision risk is not considered in this analy-
sis, this 50% reduction in localized congestion via the
near-miss event metric should be interpreted as a reduction
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Table 6

Comparison between top five highest-risk objects, based upon two different risk criteria.
Rank Object name COSPAR Class Events Contribution (%) Worst risk

Accumulated 1 Aurora 1 1982-105A L2 3666 0.968 0.886
2 Cosmos 1366 1982-044A L1 3668 0.965 0.952
3 ASC 1 1985-076C L2 3593 0.961 0.929
4 Raduga 1-2 1990-116A L1 3400 0.958 0.911
5 Insat IC 1988-063A L1 3568 0.949 0.884

Absolute 1 Syncom 2 1963-031A D 1753 0.438 0.993
2 TUS stage 2 1991-054D L3 1293 0.264 0.990
3 LES 9 1976-023B L2 2443 0.568 0.981
4 Raduga 7 1980-081A L2 1960 0.311 0.980
5 Satcom 3R 1981-114A D 2121 0.511 0.979

in potential collision risk to operational satellites from
large-scale derelicts at GEO only, not as a reduction in
total risk associated with particular debris objects colliding
with one another.

5.3. Absolute worst-case risk metric

The global and local risk accumulation metrics use the
sum of the combined risk factors for near-miss events
detected across all longitude slots—or a defined subset
thereof—throughout the analysis period. Although these
two measures are useful for identifying the GEO debris
objects responsible for the highest levels of cumulative risk
experienced either globally or locally at GEO, these metrics
do not guarantee that the derelicts responsible for the high-
est absolute risk near-miss events will be identified in the
ranking scheme. Thus, instead of ranking the debris popu-
lation by risk contribution to a globally or locally accumu-
lated risk total, the absolute worst-case risk metric ranks
these debris objects by the maximum single-event risk fac-
tor each object contributed during the analysis period.

Table 6 compares the top 5 globally highest-risk objects,
identified via (a) the global accumulation metric (cf.
Table 2), and (b) the absolute worst-case metric. Although
these risk contributions for the accumulated risk subset are
the highest of the population, the worst-case risk events for
these objects are not as severe as the worst-case events for
the absolute risk subset. Conversely, the absolute risk sub-
set captures the highest single-event risks observed during
the analysis period, but the cumulative risk contributions
for these objects are far beneath the contributions of the
accumulated risk subset — this is largely a consequence of
the number of near-miss events that each derelict is respon-
sible for during the analysis period (compare the number of
near-misses for the accumulated risk subset with the num-
ber of near-misses for the absolute risk subset in Table 6).

As the longitude interval used for risk accumulation
decreases in length, the percent contribution and worst risk
differences between the accumulated risk and absolute risk
subsets are amplified, i.e., the worst single-event risk for
the highest accumulated risk object in a single longitude slot
could be significantly smaller than the worst single-event risk
in that slot for the highest absolute risk object. Therefore,

depending upon the objectives for a particular ADR initia-
tive—that is, whether the effort is geared towards reducing
cumulative or absolute risk in a particular subset of longi-
tude slots—two different methodologies are presented to
identify the highest-risk target objects for either objective.

6. Conclusions

In this study, forecasting of localized debris congestion
in the GEO ring is performed to determine how many
near-miss events at 50 km occur on a daily basis for each
of the GEO longitude slots over a five-year analysis period.
The GEO-relative position and velocity at torus
intersection for each near-miss event are translated into a
combined risk factor that gauges how threatening the
near-miss is for a hypothetical GEO satellite stationed at
the longitude of intersection. Three methods for identifying
the highest-risk debris objects at GEO are presented to pro-
vide a framework for determining the top ADR targets at
GEO. Two methods use the contribution to a combined
risk total accumulated either globally or over a subset of
longitude slots to rank the debris population from highest
to lowest risk; the third method considers the maximum
single-event risk as the measure for ranking the population.

Simulation results dictate that the librating class
objects—especially those of the Eastern librating class—
are the most responsible for both global and localized risk
levels, especially in longitude slots surrounding the two
gravitational wells at 75°E and 105°W. In the vicinity of
the Eastern well, the top 21 ranked objects account for
50% of the accumulated risk in this region over the five-
year analysis period, and in the vicinity of the Western well,
the top 9 ranked objects are responsible for 50% of the
accumulated risk in this region. Therefore, the results of
this risk study have significant implications for ADR initia-
tives aimed at attenuating orbit debris risk, either globally
or locally, in the GEO ring. Removal of the top 10 highest
cumulative risk objects near the Western well leads to a
50% reduction in the average number of near-miss events
occurring in this region, and nearly eliminates all near-
miss events in this region occurring with significant risk
factors, that is, those that could potentially warrant evasive
action by operators. Ultimately, this study serves to begin a
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dialogue concerned with identifying the highest-risk debris
objects at GEO for purposes of ADR target selection in
this arena.
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