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ABSTRACT

Following the re-entry of the Chinese Long March (CZ-
3B) launcher upper stage in 2020, Astros Solutions s.r.0.,
in collaboration with Comenius University in Bratislava,
has embarked on an ambitious project to reconstruct the
event and refine physical re-entry models using this ex-
traordinary dataset. A major focus of this effort is validat-
ing the ESA’s DRAMA toolkit—a sophisticated statisti-
cal re-entry modeling tool capable of simulating re-entry
trajectories, parent body fragmentation, and assessing on-
ground risk.

Leveraging their expertise in meteor physics and dynam-
ics, Comenius University conducted an in-depth physical
analysis, adapting their modeling tools to account for ar-
tificial materials. This enabled them to reconstruct the
event with remarkable precision and extract critical pa-
rameters characterizing the re-entry. In parallel, Astros
Solutions employed minimal initial data to set up input
parameters for DRAMA, using its statistical models to
generate a comprehensive event reconstruction.

This work presents both methodologies in detail, show-
casing a comparative analysis of DRAMA’s statistical
reconstructions alongside the physical modeling results
from the analysis of the event observations. Our find-
ings highlight the strengths and limitations of DRAMA
through validation against purely physical methods,
marking a significant step forward in re-entry event mod-
eling and impact prediction.

Keywords:  Re-entry events, DRAMA, Modeling,
AMOS, Space Debris.

1. INTRODUCTION

Re-entry events are caused by artificial objects such as
defunct satellites, upper stages, fragmentation debris,
cargo ships, etc. These objects, after losing altitude due
to atmospheric drag, re-enter the Earth’s atmosphere at

high velocities, undergoing intense heating, ablation, and
potential fragmentation. The physics behind these events
is similar to that of meteors, which are commonly tracked
by astronomers using all-sky cameras equipped with wide
field-of-view lenses. The primary distinction between
natural meteoroid entries and artificial object re-entries
lies in their velocity, material composition, and expected
survival of fragments upon impact.

Ground-based optical systems play a crucial role in mon-
itoring and analyzing re-entry events. All-sky cameras,
initially designed for meteor detection, have proven to
be highly effective in capturing artificial object re-entries
due to their ability to continuously survey large portions
of the sky. The data collected from these systems enable
precise trajectory reconstruction, fragmentation analysis,
and impact location prediction. The AMOS (All-sky
Meteor Orbit System) network, operated by Faculty of
Mathematics, Physics and Informatics, Comenius Univ.
Bratislava (FMPI), is among the few ground-based astro-
nomical systems capable of detecting and characterizing
both meteoroid and artificial re-entry events. By lever-
aging multi-station observations, these systems provide
valuable insights into the dynamics of uncontrolled re-
entries, contributing to the improvement of re-entry mod-
els and risk assessment strategies.

On October 25th, several services, including Space-
Track.org, operated by the US 18th Space Defense
Squadron (18th SDS), and the European Union Space
Surveillance and Tracking network (EUSST), operated
by the EUSST Consortium at the time, predicted that
the CZ-3B (COSPAR no. 2008-055B, NORAD 33415)
would decay that day, most likely above the Pacific
Ocean. Later, the 18th SDS confirmed that the re-entry
occurred on 2020-10-25 at 08:02:00 UTC, with the re-
entry point at 19.6° North latitude and 161.4° West lon-
gitude, which corresponds to a location a few hundred
kilometers west of the Hawaiian Islands.
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Figure 1: AMOS sensors which captured the re-entry
event CZ-3B on Manuakea (left) and Haleakala (right)
observatories in Hawaii.

1.1. AMOS recordings

The primary data source for this study consisted of
video recordings that captured the re-entry event over the
Hawaiian Islands. The CZ-3B re-entry event on October
25th was recorded by three cameras of the AMOS (All-
Sky Meteor Orbit System) network (Figure 1). These ob-
servations provided crucial optical data for trajectory re-
construction, fragmentation analysis, and impact location
estimation.

AMOS operates as a ground-based optical network de-
signed primarily for meteor detection. AMOS cameras
are fully automated and do not require human interaction
during the detection of meteors, as they utilize an event-
based triggering system optimized for transient luminous
phenomena. However, the detection of artificial re-entries
presents unique challenges. Due to their often slower
angular velocity, varying brightness, and extended lumi-
nous phases compared to meteors, human-in-the-loop in-
tervention might be required to ensure successful tracking
and classification of artificial objects.

The data reduction process was carried out using avail-
able meteor processing software and established method-
ologies. This involved background subtraction, astromet-
ric calibration, and trajectory triangulation, followed by
brightness curve analysis to assess ablation and fragmen-
tation characteristics. By leveraging multi-station obser-
vations, the extracted data were used to refine re-entry
modeling and validate predictive simulations [3].

The observing conditions and location of the re-entry
event were very suitable for the AMOS stations on
Hawaii (Table 1). Particularly, the re-entry light trajecto-
ries crossed through the zenith of Haleakala station (Fig-
ure 2, left). The event moved closer to the horizon of the
Manuakea station (Figure 2, right). A section of the flight
also moved throughout the FOV of the higher-resolution
spectral camera at the Manuakea station.

The different perspectives of the event presented a chal-
lenge for the geometric reconstruction of the re-entry
fragment cloud and identification of individual fragments
from both stations. The first main goals of our analysis
of the all-sky images of the re-entry event was to mea-

Table 1: AMOS network sensors installed at Hawaii and
their geographical locations.

Station code HK SPEI,‘V(I:I_(MK
Station name Hﬁ::vl:;;a’ Maunakea, Hawaii
Longitude [deg] -156.256 -155.477
Latitude [deg] 20.707 19.824
Altitude [m] 3068 4126
Operation start [m/y] 09/2018 09/2018

Figure 2: Left: Composite image of the CZ-3B reentry
event of October 25th 2020 in the FOV of the AMOS
camera at the Haleakala station in Hawaii. Right: Com-
posite image of the CZ-3B reentry event of October 25th
2020 in the FOV of the AMOS camera at the Manuakea
station in Hawaii.

sure the trajectories, beginning and terminal heights and
speeds of the observed fragments.

Approximately one minute before the light trajectories of
re-entry fragments were observed an explosion, which
appears to be linked with the event, was captured by
AMOS system on Haleakala. Therefore, an effort was
made to extrapolate the re-entry trajectories back to the
explosion point and measure the position of the upper
stage explosion. The AMOS spectrograph additionally
captured a faint emission spectrum of the brightest frag-
ment.

2. DATA REDUCTION

AMOS-Capture software (Figure ??), a custom program
originally developed for the efficient detection and track-
ing of meteors captured by the AMOS network, was used
for detecting and tracking the fragments created during
the CZ-3B re-entry. The software requires precise in-
formation about the camera’s exact location, its field of
view, and various parameters such as resolution, frame
rate, pixel size, and pixel saturation levels.

Detection, positioning, and intensity calculations of
background stars are performed using a similar approach.
The rectangular positions and intensities of these stars are
essential for the astrometric and photometric reduction of
the recordings. Since each fragment of the re-entry must
be tracked individually, and in this case, the fragments
were clustered in a relatively compact structure (Figure
2), it was essential to mask other fragments out of the



Figure 3: Changing perspective of the CZ-3B re-
entry cluster captured by the all-sky AMOS camera at
Haleakal’s in three different chronologically ordered mo-
ments in time. The colored circles mark three fragments
whose apparent position within the cluster changes.
While the red and blue fragments stay close to each other,
changing their relative position a little, the green one
crosses from the center of the cluster to the front. This
is caused by the change of perspective, not because it has
a higher velocity.
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Figure 4: Illustration of direct triangulation approach to
reconstruction of non-linear trajectory of an object mov-
ing through the Earth’s atmosphere.

video recordings, leaving a single fragment visible to pre-
vent undesired detections.

Since at least two-station position measurements are
needed for the trajectory estimation to exploit the trian-
gulation, each fragment with measured positions must
be associated between two recordings obtained from two
different locations. It turned out that the best tool for the
association so far is the human eye, trained to recognize
the spatial character of a moving object from changing
perspective. This is known as the effect of parallax. Fig-
ure 3 depicts the scenario, when the fragments are asso-
ciated within the same recording.

Custom methods for trajectory estimation in meteor
physics assume linear trajectory, which may not be the
case for re-entering artificial objects, as the gravitational
pull is more pronounced for geocentric velocities. Hence,
adirect triangulation approach was utilized for the CZ-3B
re-entry fragments as shown in Figure 4.

Finally, seventeen fragments have been associated within
the same recording and between two recordings acquired
from two different stations. For these the 3D trajec-
tory was constructed. In Figure 5 is plotted side view
of the seventeen fragments, which were associated with
the relative downrange to fragment FO-FO as a function
of elevation. For the time of observation 2020-10-25
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Figure 5: Side view of the fragments’ relative positions
in respect to the front fragment FO-FO at 2020-10-25
08:02:02.000 UTC. Circles sizes corresponds to mean ab-
solute magnitude of the fragments. Marker size is in-
versely proportional to the mean absolute magnitude of
the given fragment (lower magnitude — higher bright-
ness). The pair F1-F1 has the lowest mean absolute mag-
nitude (1.392 mag).

08:02:02.000 UTC the fragmentation cloud’s length was
about 40 km long, its height was around 15 km and it
covered 0.35 deg in geodetic longitude and 15 deg in lat-
itude.

3. EVENT MODELING AND RECONSTRUC-
TION

To get a reasonable impact area estimate, the luminous
trajectory was followed up by dark phase simulation, us-
ing software presented and described in [14]. Input pa-
rameters and initial conditions (terminal point) for indi-
vidual fragments were set as presented in Table 2. The
terminal velocity v = 3km/s is the same for each frag-
ment, as it is assumed that the terminal point is reached
when the speed drops under this value.

For meteoroids, only objects with mass over 1.5x 10~ 8kg
(~ 100pm, approximately the size of a dust grain) are
usually considered. In this case, the final masses of the
fragments resulted to be either more than 1072 kg or less
than 10~° kg, which implies the fragments essentially
burned up and did not survive the ablation. The simu-
lation was terminated when the object’s altitude reached
zero (impact).

Fragment BO-BO is a special case. Due to the low value
of the ablation coefficient resulting from the optimization
using the triangulated trajectory, basically no mass loss
is simulated and thus the fragment reaches the terminal
point and impacts the surface. However, in AMOS-MK
video recording, this fragment seems to shatter with a
bright flare (Figure 6) after which the main sub-fragment
seems to continue falling. The flare can be seen in the
fragment’s light curve (Figure 7). Unfortunately, since
this was not observed with AMOS-HK, the triangulated
trajectory does not reach this part and therefore cannot
be compared with the simulation. Moreover, the model
used for the simulation assumes a non-fragmenting sin-



Figure 6: Flare of fragment BO-BO as seen in the AMOS-
MK video recording.
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Figure 7: Apparent magnitude of fragment BO-BO mea-
sured from AMOS-MK station.

gle body. The results presented in Table 8 should be taken
with caution.

Fragments FO-FO and F1-F1 most probably did not
demise, at least not at the time as simulated. Regard-
ing the fragments surviving in the simulation, there are
two large and heavy pieces: F2-F2 and F3-F3, with high
kinetic energies at the impact. Total surviving mass adds
up to approximately 152 kg, which is around 5% of the
dry mass (2800 kg) of the CZ-3B third stage.

In Figure 8 and Figure 9 are shown dark flight paths of all
seventeen fragments. Figure 8 depicts evolution of alti-
tude as a function of time, while Figure 9 depicts altitude
as a function of downrange.

A decelerated, non-ablating object can stay in the atmo-
sphere for many minutes and travel a significant distance
from its terminal point. It closely follows the original ob-
served direction of the flight. Fragments impacting the
surface are generally distributed according to their mass
(more massive objects decelerate less and reach further).
The width of the impact area is affected by the wind and
less significantly by the Earth’s rotation. Geodetic posi-
tions of the impacting fragments are shown in Figure 10
(colored filled circles) together with projections of the lu-
minous and dark flight trajectories onto a world map and
the locations of the observing stations. The simulated im-
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Figure 8: Simulated dark flight altitude evolution against
time. Thicker lines belong to the observed portions of the
trajectories. Thinner lines depict how trajectories con-
tinued after observations until the terminal points (v = 3
km/s). Dashed lines belong to the dark flight data.
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Figure 9: Simulated dark flight altitude evolution against
downrange. Thicker lines belong to the observed portions
of the trajectories. Thinner lines depict how trajectories
continued after observations until the terminal points (v
= 3 km/s). Dashed lines belong to the dark flight data.
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Figure 10: Simulated luminous and dark flight trajecto-
ries projected onto world map and impact locations of
the surviving fragments (circles). Thicker lines belong to
the observed portions of the trajectories. Thinner lines
depict how trajectories continued after observations until
the terminal points (v = 3 km/s). Dashed lines belong to
the dark flight data.

pact area is approximately 720 km long. The fragments
impacted into the Pacific Ocean around 430 km northwest
of the Hawaiian Islands.

4. EVENT RECONSTRUCTION AND ANALYSIS
WITH DRAMA

Previous work provided all the necessary datasets, in-
cluding measurements and simulations, which were used
as inputs for the final DRAMA simulations. To refine
the DRAMA simulations, two specific points were se-
lected: video recording and measurements of the initial
CZ-3B breakup (occurring at 2020-10-25T08:00:36.1, as
depicted in Figure 12) and measurements from the in-
tersection of all fragments at 2020-10-25T08:02:02.5 (as
shown in Figure 11), when the highest number of frag-
ments were triangulated.

From the triangulated trajectories obtained from AMOS
measurements, we have access to fragments’ masses, po-
sitions, velocities, and decelerations in Earth-centered
Earth-fixed (ECEF) coordinates. These data were uti-
lized for comparison with DRAMA simulations. The pri-
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Figure 11: Time scales of measured fragments from
AMOS CZ-3B re-entry event observation. Narrower part
of the line shows part, when observations were acquire
from only single camera or cannot be associated with
fragment from second camera; Wider line parts show
parts of the trajectory, when triangulation was success-
full. Vertical line shows the time, which was selected ref-
erence point for further DRAMA simulation finetuning.

Figure 12: Moment of the fragmentation recorded at
2020-10-25T08:00:36 at position azimuth 258.34 deg
and elevation 8.51 deg.

mary objective of the simulations was to optimize the
DRAMA input parameters (primarily orbital elements)
to ensure that simulations align with two selected points
from AMOS measurements to the greatest extent possi-
ble.

As a rapid comparison tool, a polar plot of the composite
locations of DRAMA fragments with the AMOS com-
posite measurement figure as a background (Figure 13,
left) was selected. This visualization demonstrates the
trajectory of the fragments across the local sky during the
AMOS-HK observation. Additionally, Figure 13, right
presents a comparison between the AMOS recorded lo-
cation of the main breakup and the DRAMA simulated
location.

The initial visual inspection (see Figure 13) of the sim-
ulated trajectories of fragments towards the composite
AMOS image reveals a satisfactory alignment between
the DRAMA simulation and the AMOS observation. The
residual angular offset in the primary break-up location in
AMOS-HK horizontal coordinates was 1.6 degrees, and
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Figure 13: Left: Polar comparison of the AMOS compos-
ite image with all fragments’ trajectories generated dur-
ing the run; Right: Comparison of the break-up location
in AMOS-HK horizontal coordinates. Results obtained
using refined DRAMA configuration.
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Figure 14: Drama run simulated fragments and their al-
titude vs. Time dependence compared with altitude of
observed AMOS fragments at 2020-10-25T08:02:02.5.
Color scale depicts the current mass at specific time i.e.,
mass loss is depicted. Results obtained using refined
DRAMA configuration.

the time offset was less than 0.1 second. Assuming that
DRAMA generates the initial fragment positions after
the explosion with a time step of 0.1 second, this repre-
sents the inherent accuracy limit of the DRAMA simula-
tion. These residuals were achieved through refinements
in the input orbital elements and explosion trigger alti-
tude. The explosion trigger utilized for these simulation
runs was set to an altitude of 91,850 km, which is realis-
tic, although 10 km higher than the expected value based
on published literature [12]. Conversely, lower break-up
triggers resulted in the absence of any explosion. In Fig-
ure 14 is shown the resulting simulated fragments distri-
bution, time vs altitude.

Figure 15 and 16 present comparisons between the ve-
locity and deceleration versus altitude dependencies of
DRAMA-simulated fragments in relation to AMOS-
recorded values. As previously reported, these values ex-
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Figure 15: Velocity of DRAMA fragments comparison
with amos observed data. Only observable fragments
(m¢0.51kg) are considered. Results obtained using re-
fined DRAMA configuration.

hibit a good fit with the initial DRAMA simulations. No-
tably, AMOS measurements closely align with the pre-
dicted intervals by DRAMA.

Figure 17 presents the estimated impact regions by
DRAMA and AMOS dark flight analysis. Both re-
gions are centered at the same location. However,
DRAMA generates significantly more fragments, result-
ing in a simulated impact region that is approximately
twice larger than the AMOS impact region. Furthermore,
the longitude and latitude densities between the DRAMA
and AMOS impact regions exhibit a satisfactory correla-
tion.

In accordance with the outcomes of the initial DRAMA
simulation run, the mass distributions are presented in
Figure 18. To facilitate a more precise comparison, we
have established an equal bin size for both histograms.
As evident from the figure, both distributions exhibit an
exponential trend, with the DRAMA case exhibiting a
significantly steeper slope. This indicates that DRAMA
is generating a higher number of fragments with masses
within the interval (0.01-0.1) kg, which are beyond the
detection capabilities of AMOS cameras. Conversely,
there are five fragments with masses exceeding 100kg,
which should be sufficiently compact to be observed in
AMOS recordings. However, AMOS reported the maxi-
mum mass of any fragment as 51.5kg.

The comparison between break-up velocity distributions
from DRAMA and AMOS is presented in Figure 19.
Both distributions exhibit an exponential trend, with the
DRAMA fragments exhibiting a steeper slope, primar-
ily attributed to the selection bias observed in the AMOS
data. Notably, the maximum delta velocity recorded in
the simulated data is approximately 1.4 km/s. Further-
more, the absolute averaged delta velocity values for the
event reported by DRAMA are significantly higher than
those recorded by AMOS cameras, approximately three
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Figure 16: Deceleration of DRAMA fragments compari-
son with amos observed data. Only observable fragments
(m¢0.51kg) are considered. Results obtained using re-
fined DRAMA configuration.
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Figure 17: Comparison of the impact locations as pre-
dicted by AMOS nominal processing and DRAMA tool.
Results obtained using refined DRAMA configuration.
Side histograms depicts the density of impacting frag-
ments along latitude and longitude.
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Figure 18: Mass distribution comparison between
DRAMA and AMOS observed fragments. Upper row
considers only observable fragments (my0.51kg); bellow
row considers all DRAMA generated fragments. Equal
binning size — 5 kg per bin for the whole interval of
mass for both systems. Results obtained using refined
DRAMA configuration.



Figure 19: Comparison of the velocity vectors after the
break-up event. Depicted are also averaged cartesian
velocities and nominal delta velocity as observed from
AMOS and estimated by DRAMA. Results obtained us-
ing refined DRAMA configuration.

times greater. This discrepancy is likely due to the as-
sumption made by DRAMA that an explosion occurred
during the break-up, as the explosion parameter cannot be
disabled in the DRAMA GUI. These results represent the
most accurate event reconstruction available at present.

5. CONCLUSIONS

Data reduction and fragment estimation have been con-
ducted using AMOS data. Data reduction required sev-
eral changes, mostly toward the fragment association and
trajectory reconstruction. Also, experimental processing
using novel programming methods has been exploited.
Finally, seventeen of the fragments have been associated
between recordings, and almost 60 seconds of the event
have been reconstructed. For these fragments, the esti-
mated values have been: flight duration, initial altitude,
final attitude, distance from the observer, downrange,
downrange average speed, initial velocity, final velocity,
initial deceleration, final deceleration, and mean absolute
magnitude. These parameters have been used to estimate
the ablation coefficient and survivability of each of the
fragments. Furthermore, the results suit as a baseline for
comparison with DRAMA simulations.

The comprehensive analysis of the CZ-3B re-entry
event using DRAMA and AMOS data has signifi-
cantly enhanced our understanding of break-up events.
Through refinement of DRAMA simulations, incorpo-
rating AMOS ground-based observations, we achieved
a high level of alignment (1.6 degree offset in break-
up location and 0.05-degree angular offset of fragments’
cloud COM) with observed data, despite the inherent
challenges of modeling such complex events. The exer-
cise highlighted crucial insights, particularly concerning
the discrepancies in mass and velocity distributions be-
tween the simulated and observed fragments.

The refined DRAMA configuration, developed through
iterative adjustments of input parameters, proved effec-
tive in reconstructing the trajectory and impact regions
of the re-entry fragments. The use of multiple simula-
tion runs facilitated a broader statistical analysis, which

underpinned the development of a more accurate and re-
liable reconstruction of the event.

Lessons learned from this exercise underscore the im-
portance of addressing selection biases in the model-
ing process, particularly in the context of large-scale,
high-fidelity simulations. Future efforts should focus on
enhancing DRAMA’s configuration, especially regard-
ing explosion parameter settings, to better simulate low-
energy break-up events. Furthermore, continued collabo-
ration with observational networks like AMOS is imper-
ative to refine modeling approaches and validate simula-
tion outputs.

Last but not least, we dedicated effort to better under-
stand how to improve the initial conditions which may
contribute to the future events modeling by exploiting or-
bit determination and improvement topics, as well as fo-
cusing on the attitude estimation and attitude evolution
of cylindrical upper stages, common objects re-entering
the atmosphere. Analyzed were several different up-
per stages, their orbits, and attitude. The majority were
present on highly eccentric orbits. The results were re-
ported partially in this report.
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