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ABSTRACT 

As more infrastructure becomes concentrated in orbit (particularly in the geosynchronous belt), maintaining the safe 

and stable functioning of this infrastructure becomes more critical.  Recent history, including the failures of AMC-9, 

Telkom-1, and Intelsat 29e, shows that incidents will still occur from time to time, although being able to make full 

and accurate attribution of the causes of these incidents will allow satellite owner/operators and other stakeholders to 

mitigate future events by understanding and acting to prevent their causes. 

In this paper, analytical techniques which allow for processing remote sensor data (particularly EO/IR imagery) such 

that insight into the evolution and probable causes of an on-orbit incident can be obtained are described.  These 

techniques are demonstrated where feasible via application to actual incidents (including data from the three 

incidents named above), and hypotheses for the most likely courses of events and feasible root causes of these 

incidents are provided.  Particular attention is paid to assessing the possibility of events being attributable to natural 

causes (such as micrometeorite strikes) or to artificial causes (such as accidental debris shedding or internal 

mechanical failure). 

Discussion of techniques utilizing data derived from other sources, including radar and passive RF observation, is 

provided, as is analysis of techniques whereby telemetry may be matched to external observation data.  Finally, 

some assessment of the minimum data needs for feasible incident analysis are made, and recommendations for 

evolving best practices in geosynchronous satellite anomaly attribution are given. 

1 INTRODUCTION 

Evaluating risk associated with future on-orbit infrastructure is increasing in complexity.  The past decade has seen 

an increase in the number of satellite anomalies in the geosynchronous Earth orbit (GEO) region, which has 

motivated a completely new market for satellite servicing operations.  It was estimated in 2013 that the roughly 300 

spacecraft at GEO represented a $110B market and this market has only grown since persistent commercial 

observation of space traffic at GEO began in the same year.  With the emergence of mega-constellations in Low 

Earth Orbit (LEO) and renewed vigor in returning to the moon, space is experiencing a renaissance within which 

GEO can expect to continue to be a significant fraction of the predicted trillion-dollar space economy. 

In the past three years alone, there have been more than a half a billion dollars in losses associated with GEO 

spacecraft experiencing anomalies [1].  While spacecraft insurance covers a portion of the satellite cost/value, it 

does not help cover the lost revenue, which could be significantly more when downstream services are considered.  

With these spacecraft only being observed occasionally to prevent the potential collision between two large objects 

at GEO, there is little evidence outside of on-board telemetry and the data collected by commercial persistent 

observation services (which can be used to forensically analyze what may have occurred during the timeframe of the 

spacecraft anomaly) regarding what the potential cause may have been, and thus a lessened ability to update risk 

calculus associated with investment in future infrastructure in the same ecosystem.  Until on-orbit inspection is 

routine, ground-based observation of spacecraft anomalies and the application of remote sensing techniques 

represents an important option in supporting a continuing understanding of the GEO environment and the systems 

operating therein. 

In this paper, we will describe a few such known incidents at GEO, and will discuss analytical techniques that can 

be applied to ground-based observations of the Resident Space Objects (RSOs) which experienced such anomalies 

and offer supported explanations for the observed events where feasible. 
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In general, we assume in this paper that events wherein a spray of pixels or dispersion of pixel tracks from a central 

visible body in a location corresponding to a known RSO, especially when coupled with unexpected behavior from 

the central visible RSO and/or reports of satellite service outages or failures, represent a failure including some 

element of fragmentation, wherein the pixel spray and tracks are smaller physical pieces of a spacecraft moving 

away from the parent body after some energetic event impels them to do so. 

2 EXEMPLAR INCIDENTS 

In addition to other possible/known breakups, there are recent incidents for which ExoAnalytic has extensive data.  

These incidents are briefly described in this section, and included incidents affecting the geosynchronous 

communications satellites AMC-9, Telkom-1, and IntelSat-29E. 

2.1 AMC-9 

The geosynchronous communications satellite AMC-9 experienced a substantial failure in June/July 2017.  The 

timeline is elucidated in greater detail in [2]; essentially it experienced a period of tumbling and then suddenly, on 

01 July, dispersed multiple fragments from itself.  Figure 1 shows a still frame with AMC-9 (at center) and 

fragments drifting away. 

 

 

 

Figure 1.  AMC-9 event, July 2017. 

2.2 Telkom-1 

TelKom-1 experienced an anomaly later in the summer of 2017.  Although initially presented as an antenna-pointing 

anomaly [3], deeper analysis (initially presented in [2]) showed that the incident was a short and energetic event, 

probably due to a catastrophic failure of a containment vessel onboard. 
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Figure 2.  Telkom-1 event, August 2017. 

2.3 IntelSat-29E 

IntelSat-29E experienced its own anomaly in April of 2019.  In stark contrast to the anomaly observed with the 

Telkom-1 spacecraft, the debris producing events associated with this anomaly occurred over a period of multiple 

days and were representative of a different failure mode.  Also, of significant note is the spacecraft age, which was 

just over 3 years, a small fraction of its design lifetime.  Explanations as to the cause of this anomaly range from 

unseen debris impact to spacecraft charging causing electrostatic discharge.  Following the observed debris 

producing events, the main satellite body and at least 1 significant piece of debris are still continuously observed as 

they drift throughout the GEO belt. 
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Figure 3.  IntelSat-29E event, April 2019. 

3 POST-HOC ANALYSIS DERIVED FROM ELECTRO-OPTICAL IMAGERY 

A primary method of analysis heretofore performed is post-hoc review of imagery collected by electro-optical (EO) 

sensors.  This approach, if applied to imagery with appropriate cadence and depth, can serve to extract interesting 

features of the event, whence more accurate assessment of the process that led to the event can be supported.  The 

overall method includes a few major steps, which are detailed below.  One main goal is to evaluate the likelihood 

that a collision with an external object, versus an internal failure, caused an anomaly resulting in observed 

fragments. 

3.1 Step 1 – Assess Catastrophicity of the Event 

The first step in this procedure is an assessment of the duration of the fragment-shedding time window and the 

apparent preferred directionality of fragment distribution, as observed transiting away from a parent body after an 

incident occurs.  While fragments may not remain visible for all time after their separation from the parent, if they 

are trackable for a short period of time, their motion may be at least approximately characterized. 

All of the analysis in this paper assumes an event wherein an apparently stable Resident Space Object undergoes an 

event which inhibits its mission performance, and in which small fragments are observed transiting away from a 

parent object.  A parent object is generally understood to be the main body of an RSO which has shed fragments and 

is therefore the brightest and slowest moving of the many objects observed in an energetic event. 

In the case of a fully catastrophic event, wherein the entire RSO is reduced to small fragments and no parent object 

remains, some of the analytical techniques may still be generalized to the event, but the specifics of this case will not 

be directly considered here.  The bulk of recent apparent on-orbit events have not bee fully catastrophic complete 

fragmentation events, and the very visible case of the 2007 Iridium-Kosmos collision notwithstanding, most fully 

catastrophic events in LEO have been the result of anti-satellite strikes.  In fact, it seems probable that, in the 

foreseeable future, any fully-catastrophic event will likely be caused by an impact between like-sized RSOs, and 

partially-catastrophic events will likely be the result of collisions between larger, functional RSOs and smaller 

fragments, if not the result of on-board failures.  That is, if something as large as a fully-functional satellite 

(particularly a geosynchronous communications satellite) can be utterly smashed by a collision, it is highly likely the 

object that causes the collision will be approximately as visible as the fully-functional satellite itself, and the 

proximate cause of the fully-catastrophic fragmentation will not be in doubt. 
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But in the case of events where the only external evidence is a failure of satellite services (or perhaps command-and-

control link contacts, preliminary to service loss), detailed review of available imagery may serve to produce usable 

evidence and aid in failure analysis procedures.  One case where this capability might be of significant interest is a 

case where a small fragment of debris may impact a working satellite and damage or disable it.  In this case, 

questions about whether an event with fragmentation release was caused by external impact (for which a country 

which ultimately produced the debris might be found liable) or internal failures onboard the working satellite (for 

which liability would probably fall to the satellite insurer) would be of especial interest. 

The catastrophic nature of an event can be inferred from paired plots of time dispersion and spatial dispersion of 

observed fragments.  Two examples of these paired plots can be seen in Figure . 

 

 

 

Figure 4. Examples of paired plots for Intelsat 29-E (Top) and Telkom-1 (bottom). 

As Figure  shows, tracking of dispersed fragments during the period immediately after an incident can be used to 

create two plots.  The leftmost plots are time dispersion plots, showing the distance from the parent object over time.  

The window along the time axis during which new fragments appear is of primary interest, as its width indicates 

whether the event occurred comparatively rapidly or was relatively protracted.  In the case of IntelSat-29E, new 

objects continued to appear for a period stretching across at least 60 minutes.  (Note also that the plot shown only 

indicates appearances over one night, and the objects numbered 1 and 3 had in fact appeared on a previous night.) 
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Meanwhile, the time dispersion plot for Telkom-1 shows a window of approximately 5 minutes during which all 

observed fragments appear.  Additionally, the rightmost plots are X-Y spatial dispersion plots, showing the paths 

observed fragments follow across a visible region around the parent body.  Although 3-dimensional plots of spatial 

distribution might also effectively describe the physical evolution of fragment motion, a 2-dimensional plot covering 

a short period of time after the initiation of the event can provide the same general insights and is often easier to 

produce.  The plots in Figure  again show a key contrast.  The spatial distribution for IntelSat-29E shows fragments 

proceeding in all directions, spaced around the entirety of the visible field.  However, the spatial dispersion for 

Tekom-1 shows a pronounced preference for roughly the hemisphere centered on the upper right quadrant.  That is, 

of the visible fragments plotted, those from Telkom-1 seem to proceed primarily into one sector of the sky, while 

those from IntelSat-29 do not. 

Accordingly, we can characterize these two events separately.  The Telkom-1 event was focused, with a short time 

window and a relatively narrow array of dispersion angles.  On the other hand, the IntelSat-29E event was 

protracted, with a longer time window (in fact, multiple time windows over multiple days), and no obvious 

preference for dispersion angles.  We can thus note that there is a punctuality and directionality to the Telkom-1 

event that is not present in the IntelSat-29E event.  It is logical to consider a focused event as more likely to be the 

result of a strike from an external object, and a protracted event as a series of failures that do not all stem from one 

impactful moment, but rather represent a period of increasing onboard problems.  As such, a focused event may be 

suspected initially to be caused by external forces, while a protracted event may be rooted in internal causes.  The 

following sections will detail additional analyses which can assess these tentative conclusions in more detail. 

3.2 Fragment Tracking and Sizing Estimation 

This step entails the tabulation of all observed fragments, along with their directions of motion and brightness.  At a 

basic level, brightness can be used to estimate rough fragment size, and the distribution of visible fragments may 

provide insight on the probable distribution of non-visible fragments.  The overall estimated fragment distribution 

and motion can provide an initial estimate of the amount of kinetic energy bled into fragments, thus roughly 

assessing the energy released in the precipitating event of the anomaly. 

A tool used in this step is a brightness/name list.  This list includes a unique ID for each object and its visual 

magnitude; an example of such a list is shown in Figure , taken from [4].  As detailed more fully in [2], such a table 

can be used to estimate fragment size distribution, in that fragment brightness is generally correlated with fragment 

size, and models of fragment size distribution can be applied to estimate the number of fragments of invisibly small 

size, once a count of visibly large fragments can be made. 

From this assumed size distribution, an estimate of the total mass of fragments can be made, and from the 

assumption that, in the case of an impact’s being the cause of the focused catastrophic failure, the amount of kinetic 

energy imparted to the various fragments must be the same as the kinetic energy originally delivered by the 

impactor, under an assumption of conservation of energy. 

 

Figure 5. Examples of ID-brightness table. 
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One additional assumption allows this insight to become an actionable factor: that any unobserved impactor upon an 

RSO which has been in visible custody during an incident must be invisibly small.  That is, it must be sufficiently 

small (and therefore dim) as to have been not observable by the instruments watching the working satellite at the 

time of impact. 

Thus we can assess a maximum mass for the invisible impactor, based on assessments of the largest possible area 

that would still allow it to be too dim to have been observed during the impact, and the highest feasible densities for 

the impactor, combined with feasible orbital impact trajectories.  Feasible densities may be determined from prior 

studies of spacecraft mass density [9], although it is reasonable to assume that the highest densities encountered will 

be those of solid chunks of common spacecraft construction material, e.g., a solid chunk of aluminum at 

approximately 2700 kg/m3.  Orbital geometries are constrained such that an impactor must be in an orbit crossing 

the working satellite’s orbit.  While the array of crossing angles is much larger for LEO, where inclinations of all 

values are common, more constraints are appropriate at GEO, where most objects move in or close to a single plane. 

Simulating a full array of possible impact geometries with a range of appropriate densities/masses via a Monte Carlo 

scheme results in an array of solutions which could feasibly produce an appropriately energetic impact.  Because 

there are multiple assumptions about the impactor in this analysis chain, it is appropriate to use stochastic methods 

and forego perfect certainty about the outcome.  In cases where a focused event has been indicated, this analysis can 

provide insight into whether an impact is indeed a possibility. 

As described in [4], in the case of Telkom-1, Monte Carlo analysis indicated a chance of approximately 1% that an 

invisible impactor would have been able to cause the damage seen. 

3.3 Correlation with Additional Known Factors 

After prior analysis has been completed, a key final step is often the assessment of connections between observed 

analytical results and other known factors.  For instance, in the case of Telkom-1, it was generally clear from 

analytical methods that the event was focused but not clearly the result of an external impactor.  However, additional 

reporting that the event occurred during a planned maneuver period and that Telkom-1 was an older satellite (past its 

originally expected retirement date) provided the final determining factors: it is most probable that Telkom-1 

ruptured an internal fluid storage tank during a period of stress on internal plumbing, and experienced the resulting 

event due to this rupture. 

While the release of additional factor information for IntelSat-29E has been limited, it can be ascertained that the 

official explanation for that working satellite (“micrometeoroid impact or electrostatic discharge coupled with a 

harness flaw”) cannot a priori be ruled out as an explanation.  While an impact from an invisibly-small 

micrometeoroid could deliver more than enough impact energy to cause fragmentation, it is not necessarily clear that 

it would not also deliver so much as to destroy the satellite – the impact angle is a key factor.  However, the 

protracted nature of the event indicates that a single, momentary impact was not the sole proximate cause, so the 

explanation of an additional harness failure becomes equally plausible, albeit the nature of the suggested harness 

failure is not necessarily precisely defined. 

4 INDICATIONS AND WARNINGS DERIVED FROM OTHER DATA (INCLUDING TELEMETRY) 

Of primary note is the fact that EO sensor data can effectively show the physical motions of RSOs, but are 

somewhat less effective in providing valuable I&W.  If incidents are being tracked by other means, then valuable 

indications and warnings or other factors can be derived from these data sources. 

For instance, data derived from telemetry may support the assessment of Telkom-1 as a fluid tank rupture – while 

this paper was not written with any access to such data, information that e.g., a flow valve experienced a stuck-open 

position, or a pressure sensor gave an inflated reading prior to the failure, would confirm what other available data 

indicates. 

Passive RF collection may be valuable in that it can provide an early warning of communications outages, which in 

turn may presage power or computer failures onboard an otherwise-functional RSO. 

And data derived from infrared imagery, especially if it can be provided at some resolution, may indicate hot spots 

on an RSO.  Hot spots, especially spots which are hotter in time nearer to the energetic event, may indicate a 

growing anomaly in the thermal control or power systems, and thus impending failures caused by internal factors. 
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5 RECOMMENDATIONS AND DATA NEEDS FOR FORENSIC ANOMALY ANALYSIS 

This section summarizes emerging concepts relevant to forensics analysis of on-orbit incidents and provides simple 

recommendations for future methods of assessing their evolution and causes. 

Of primary importance is the collection of dense data.  A detailed description of any event is challenging if limited 

observations of the event are available, wherefore can be assumed fundamental to the ability to comprehend and 

manage space incidents a body of data with sufficient depth and cadence to extract meaningful information about the 

course, causal chain, and outcomes of the event.  In the absence of a detailed theoretical model of spacecraft failure 

modes, the Nyquist criterion can be applied to determine ideal data collection rates. 

Essentially, data collection at roughly twice the rate of change of notable features (or speed of evolution of actions) 

is desirable for any on-orbit incident.  Given that many on-orbit incidents include an episode of apparent debris 

detachment and dispersion, a fundamental feature of a concerning incident might be the motion of debris away from 

the parent object, wherefore the first recommendation for an active management regime of on-orbit incidents is to 

collect data at a rate of approximately one observation every 5 minutes, allowing a first-cut I&W capability for the 

most rapidly evolving debris events.  These events may be observed up to rates of nearly 30 hertz to ensure full 

temporal resolution (astrometric and photometric) can be achieved in forensic reconstruction using commercial-off-

the-shelf ground-based telescopes with 1 arcsecond line of sight accuracies.  If maintaining data associated with the 

upper range of the data collection rate is infeasible for some portion of a covered orbital regime, it may be desirable 

to have this coverage level available to be deployed on short notice, upon cueing from an Indications and Warning 

(I&W) system. 

It is also important to consider that 3rd party observation data represents an important tool for understanding part of 

the story if a spacecraft experiences and anomaly and is likely complementary to the onboard state of health 

information.  In some cases, it may be prudent to enable the initiation of additional collection of this data based on 

observations made in the analysis of spacecraft telemetry.  Waiting for external indicators to initiate a higher 

observation rate service may not be responsive enough to ensure data is collected during critical time periods 

associated with what may be causing observable changes in spacecraft behavior. 

Given the practical demands of full-sphere, all-orbit coverage, it is highly likely that incident-analysis-ready data 

will not always be available, and a scheme for early warning of probable impending incidents needs to be developed 

as well. 
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