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ABSTRACT

On September 8, 2024, the first of four CLUSTER-II
satellites named Salsa re-entered the Earth’s atmosphere
approximately 2000 km west of Easter Island. The re-
entry was the target of an airborne observation campaign
conducted by an international team of scientists. Two
hours before re-entry, the team took off aboard a Falcon
900 aircraft, equipped with 26 instruments distributed
across six observation stations. This paper provides first
results of the airborne observation campaign. Ten of the
26 instruments successfully detected the satellite for up to
20 seconds, with one infrared tracking camera capturing
for even a longer time. The recorded intensity profiles
reached their peak simultaneously at 18:47:10.7 UTC.
Comparing this instant in time with the predicted frag-
mentation sequence, this bright flash corresponds to the
main break-up event. Subsequently, there are three more
flashes identified, which have led to the disintegration of
the spacecraft.
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1. INTRODUCTION

After the operational phase of spacecraft such as satel-
lites, the primary objective is their re-entry into the
Earth’s atmosphere to mitigate the accumulation of space
debris [1]. Consequently, a rapidly increasing number of
objects in space, especially in the Low Earth Orbit (LEO),
will result in a respective increase in re-entry events [2].
Every event poses a potential ground risk for goods and
people. Therefore, ensuring ground safety requires an
improved understanding of the demise process, allowing
for enhanced prediction tools to minimize the casualty

risk.

The European Space Agency (ESA) coordinates the
destructive re-entry research efforts through the Clean
Space Initiative and Design for Demise (D4D) activi-
ties [3] in order to reach the international regulation re-
quirements. The D4D activities intend to realize mod-
ified satellite structures to ensure complete demise dur-
ing re-entry. This is supported by simulations using
re-entry prediction tools and experimental ground test-
ing [4]. However, only re-entry observations allow for
the collection of real flight data on atmospheric entries.
These data are crucial for validating numerical simula-
tions and ground test facility testing. Due to the very re-
mote locations of controlled re-entries, which are inten-
tionally realized over uninhabited areas, airborne obser-
vation campaigns are deployed for re-entry observation
over the ocean.

In the past, there have been several successful airborne
observations. Three re-supply spacecraft for the Interna-
tional Space Station (ISS) have been observed over the
South Pacific already: The European Automated Trans-
fer Vehicle (ATV-1) in 2008 [5, 6], CYGNUS OA6 [7]
ATK in 2016 and most recently CYGNUS-NG20 in
July 2024 [8]. Furthermore, an unknown object named
WT1190F was observed in 2015 [9]. Analysis of the
data contributed to its identification as a trans-lunar injec-
tion stage from the 1998 Lunar Prospector mission [10].
The High Enthalpy Flow Diagnostic Group (HEFDiG) of
the Institute of Space Systems (IRS) at the University of
Stuttgart participated in all of these missions, as well as
the University of Southern Queensland (UniSQ), except
for the observation of ATV-1.

These missions provided valuable data and helped build
necessary capabilities in this field of research. How-
ever, there is still a lack of flight data on destructive
re-entries for the validation of prediction tools. The
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four satellites of the Cluster-II mission offer the unprece-
dented opportunity to observe very similar re-entry events
within a comparatively short time. Cluster-II was a mis-
sion designed to study the Earth’s magnetosphere [11].
The highly eccentric orbit with an apogee of around
130000 km allows for a relatively accurate determination
of the entry location and time, making it beneficial for
airborne observation. Only the atmospheric density influ-
ences the behavior on the last orbit and thus the exact en-
try location. The re-entry of the Cluster-II satellite named
Salsa took place on 8 September 2024 at 18:47 UTC over
the South Pacific, approximately 2000 km west of Easter
Island. The second satellite will re-enter the Earth’s at-
mosphere in October 2025, followed by the last two satel-
lites at the end of 2026.

As part of an ESA-coordinated effort, an international
team conducted an airborne observation of the Salsa re-
entry. The project was led by the Slovakian company AS-
TROS Solutions s.r.o., with numerical predictions pro-
vided by Hyperschalltechnologie Goettingen (HTG). The
scientific strategy was led by HEFDiG, in collaboration
with UniSQ and Comenius University Bratislava. UniSQ
was responsible for the mission execution. The primary
objective was to detect the main break-up event and its
altitude. Most spacecraft that experience a controlled re-
entry experience their main break-up at an altitude of
70-80 km [12]. The reason for this phenomenon is not
yet fully understood. Additionally, the project aims to
reconstruct the spacecraft’s trajectory and analyze frag-
ment dispersion including fragment identification, which
is crucial for validating prediction tools. A major chal-
lenge was the entry during daylight: The bright sky made
the use of spectroscopic systems with transmission grat-
ings almost impossible since it produces continuous over-
lapping spectra.

The following sections provide an overview of the mis-
sion planning and execution phases. Additionally, the
initial results of the observation campaign are presented.

2. MISSION PREPARATION

The observation campaign was preceded by a four-month
preparation phase, which included numerical predictions,
the definition of a scientific strategy and the organization
of logistics.

2.1. Numerical simulations

HTG provided numerical simulations using their in-
house software SCARAB (Spacecraft Atmospheric Re-
entry and Aerothermal Break-up) based on trajectory pre-
dictions using orbital data from ESA. SCARAB is a
spacecraft-oriented tool, meaning that the entire space-
craft is discretized in detail, and the analysis is conducted
for the complete structure [13]. An accurate prediction
of the entry time and location was needed to calculate

a flight path for the aircraft that fulfilled the scientific
objectives. During the last perigee pass before re-entry
the spacecraft experienced significant deceleration due
to the atmosphere. The uncertainty in the atmospheric
density distribution caused a corresponding uncertainty
in the drag force experienced by the spacecraft. There-
fore, an accurate prediction to within a few seconds was
only achievable after the last perigee pass, one orbital
period (52 hours) before the actual re-entry. Figure 1
shows the latest prediction of the spacecraft’s trajectory
on-ground in geodetic coordinates starting at 120 km al-
titude. The satellite enters the atmosphere northwest of
Easter Island and continues its trajectory westward. The
blue crosses indicate predicted impact locations of sur-
viving fragments.

Figure 1: On-ground path of the re-entry trajectory of
Salsa in geodetic coordinates.

The altitude of the fragments over time is depicted in Fig-
ure 2. The red curve represents the spacecraft’s trajec-
tory until fragments begin to form, after that, it marks the
center of the fragment cloud. Fragment trajectories are
shown in blue. It can be seen that the fragment cloud
does not disperse significantly.

Figure 2: Fragment altitude over time.

The cluster satellites have a cylindrical shape with a di-
ameter of 2.9 m and a height of 1.3 m [14]. Four antenna
masts are mounted on the outside and the empty mass is
about 550 kg. According to the prediction shown in Fig-
ure 2, the antennas will break off at an altitude of approx-



Figure 3: Determined aircraft flight path (blue curve). Numbers indicate the altitude of the satellite along the trajectory.

imately 82 km, followed by the main break-up at 78 km.
The duration of the whole re-entry, starting from 120 km,
is roughly four minutes. However, the satellite was ex-
pected to be visible during a significantly shorter period,
in the order of one minute. Further details on the predic-
tions can be found in [15].

2.2. Flight-path determination

The numerical simulations of the spacecraft trajectory are
used to determine the flight path of the aircraft. Typically,
the aircraft follows the trajectory by flying a turn with a
constant bank angle, maximizing the section that remains
within the field of view. Factors limiting the duration of
the spacecraft visibility period are light intensity, which
is affected by the distance between the aircraft and the
spacecraft, the size of the optical window, and the air-
craft bank angle. The turn’s position is determined by the
mission objectives, based on which part of the trajectory
is of greatest interest. This requires a trade-off. When a
specific event in the re-entry trajectory, such as the main
break-up event, is of particular interest, the aircraft can
be positioned closer to its predicted location. However,
this increases the distance to the rest of the trajectory, po-
tentially causing it to fall out of sight or become too weak
to detect.

Figure 3 shows the flight path as determined for this ob-
servation campaign. The blue curve represents the flight
path over ground, while the gray lines indicate the view-
ing direction toward the spacecraft at respective time
points. The aircraft executes a clockwise turn north of the
trajectory as the satellite passes the aircraft westwards.

Since the re-entry occurs in the Southern Hemisphere and
the local entry time is around noon, the sun is shining
from the north. The flight path was optimized to capture
the main break-up event while also focusing on the sub-
sequent fragmentation process. This results in the closest
distance to the spacecraft of about 270 km at an altitude
of approximately 63 km.

Figure 4 shows the predicted viewing angles to the satel-
lite during the mission, with the xy-plane of the aircraft
and the center of the window as 0 degree elevation and
azimuth. As a result, the aircraft’s change in inclination
at the beginning of the turn appears as a vertical line. For
the observer, the satellite is slowly moving to the top left
of the window reaching 70 km altitude. As the satellite
passes the aircraft, it rapidly shifts toward the top right
of the window. However, this curve does not reflect the
temporal progression of the viewing angles.

Figure 4: Predicted viewing angles in azimuth and eleva-
tion.
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Figure 5: Normalized emission lines of the visible and near-infrared spectrum, Rayleigh-scattered sun spectrum and
transmission curves of the selected bandpass filters.

2.3. Instrument selection

In general, the objectives were tackled by a combina-
tion of imaging cameras and spectrally resolving instru-
ments to detect emission lines of relevant species. Fig-
ure 5 shows normalized emission lines of elements and
molecules that could occur during the re-entry. These el-
ements are mostly part of the satellite’s material or the
Earth’s atmosphere. The thick lines represent the ele-
ments selected for detection: Aluminum, as the primary
structural component, titanium for the fuel tanks, and car-
bon to detect fiber-reinforced plastic materials. Cadmium
serves as a marker for the batteries, while oxygen, potas-
sium and sodium are included due to their presence in the
atmosphere and their frequent detection in prior observa-
tions. It was shown that the emission of lithium appears
to be a spectral marker for the failure of the aluminum
alloy Al 6060 and is therefore of major interest [16]. Sil-
icon emission is an indicator for the early break-up phase
as it is mainly part of the solar arrays. However, the
team faced the severe challenge of observing under bright
daylight conditions around local noon. This significantly
impacted the feasibility of applying typical optical mea-
surement techniques, such as spectroscopic imaging us-
ing cameras equipped with gratings. The background
emission in the visible range, primarily due to Rayleigh-
scattered sunlight (shown in Figure 5), leads to overlap-
ping spectra, making spectral calibration extremely diffi-
cult. Entry slits can prevent this issue, but make object
tracking extremely challenging. Instead, monochromatic
cameras in combination with bandpass filters with a full
width at half maximum (FWHM) of 10 nm were used to
isolate single emission lines. This allows for the corre-
lation of the intensity of a certain camera-filter combi-
nation to the abundance of the respective emission line.
The transmission curves of the selected bandpass filters
are depicted in Figure 5. A total of 26 instruments, dis-

tributed over six windows, were installed onboard the air-
craft. Furthermore, a ground station (GS) was operated
on Easter Island. The assignment of the instruments to
the windows (stations), including their operator, is listed
in Table 1. Three stations were operated by UniSQ,
one by HEFDiG, and two by Comenius. Four of the
six stations were manually tracked (t) and two remained
static (s). An additional tracking camera was used for all
tracked stations. Longpass filters were used to block the
majority of the background radiation. Filter assignment
was based on a trade-off between redundancy and inde-
pendence amongst the stations, in case the recording or
tracking of a station failed. Therefore, each station had at
least one camera for pure imaging. The bandpass filters
were assigned to ensure that the most relevant elements
were detectable from at least two stations. In addition,
three cameras equipped with transmission gratings and
long pass filters were used in case the emission of the
satellite would have been strong enough to record full
spectra. A detailed list of all instruments can be found
in [15].

All cameras run by a computer were connected to a GPS
time server for accurate time synchronization. The re-
maining cameras were synchronized by an audio signal,
generated by a microcomputer, and fed directly into the
microphone input of the cameras. The microcomputer
was synchronized using the time-server as well. This en-
sured that all systems were time-synchronized.

3. MISSION EXECUTION

The observation campaign started on the 8th of Septem-
ber 2024 from Easter Island. Figure 6 shows the top view
of the aircraft, a Falcon 900, together with the assigned



Figure 6: Top view of the aircraft with the assignment of the Stations.

Table 1: Overview of the flown instrument assignment
during the mission.

Window Operator Instuments
1 (t) UniSQ 2 x Imaging, Al-396 nm,

Ti/Mg-520 nm, TiO-710 nm,
Si-730 nm, O-777 nm,
C-940 nm, Tracking,

2 (t) UniSQ 2 x Imaging, Ti-450 nm,
Na-590 nm, Cd-647 nm,
Li-670 nm, Al-1310 nm,
Tracking

3 (s) UniSQ Imaging
4 (t) HEFDiG Imaging, Li-670 nm

Tracking, Grating-300 l/mm
5 (t) Comenius Imaging, Grating-500 l/mm
6 (s) Comenius K-770 nm, Grating-500 l/mm

GS (s) Comenius 2 x Imaging

stations. All stations were enclosed with black curtains to
eliminate window reflections. Each tracked station was
operated by two scientists: one responsible for tracking
and the other assisting in spacecraft detection and man-
aging data handling. Stations 1, 2, and 4 were equipped
with encoders to measure the viewing angle in azimuth
and elevation. During the mission, the re-entering satel-
lite was not directly observed by the operators. There-
fore, the tracking was performed according to the pre-
dicted viewing angles shown in Figure 4.

4. RESULTS

The mission was executed as planned. Figure 7 shows
an overlay of the planned flight path (see Fig. 3) and the
flight path during the mission. The mission flight path
deviated only slightly from the planned route. The turn
was initiated slightly earlier, but it concluded at the same
location as predicted. Figure 8 shows the viewing an-

Figure 7: On-ground flight path during the mission.

gles according to Figure 4. The red curve represents the
predicted satellite position, considering the actual aircraft
position and attitude during the mission. The green curve
shows the pointing of the tracked station 2, which aligns
closely with the predicted satellite position. This align-
ment is further supported by Figure 9, which illustrates
the difference between the measured azimuth and eleva-
tion of stations 2 and 4 and the predicted satellite posi-
tion. The dotted line indicates the field of view (FOV)
of one of the cameras used. This demonstrates that the
predicted satellite position remained well within the field
of view during the time frame when the satellite was vis-
ible, shown as the vertical bar. In total, 10 out of 26
cameras onboard the aircraft successfully recorded the re-
entry for up to 20 seconds. Four of the six stations had at



Figure 8: Viewing angles during the mission.
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Figure 9: Viewing angle offset to the predicted position.

least one instrument that detected the satellite. Figure 10
shows the time frame in which the satellite was visible for
8 of the 10 cameras. The SWIR infrared tracking cam-
era of station 2 detected the satellite for the longest time.
This camera was equipped with an 850 nm longpass fil-
ter blocking the full visible wavelength range. The data
shows that cameras that focused on short wavelength re-
gions tend to detect the satellite for a shorter time, due
to a stronger background from the blue sky. All instru-
ments first detected the satellite at a similar time around
18:47:10 UTC.

Figure 11 shows intensity profiles of seven cameras, nor-
malized to their maximum intensity. The left plot shows
the profiles of three tracking cameras equipped with long-
pass filters. The right plot contains the profiles of cam-
eras equipped with bandpass filters for element detection.
All profiles reach their maximum at the same time at
18:47:10.7 UTC right after the satellite becomes visible.
A time shift of 0.75 s was detected for the lithium-filtred
camera at station 4. This is most probably an issue with
the recording computer and has been corrected. Aside
from the first peak, three more intensity peaks are visible
in almost all profiles. These peaks are strong indicators of
fragmentation events. Compared to the predictions (Fig-
ure 2) the timing of the first intensity peak aligns well
with the predicted main break-up at approximately 80 km

altitude. The exact times of the events are logged in ta-
ble 2.

S2-SWIR-trk

S2-Li

S2-trk

S2-Na

S2-Cd

S2-Al1312

S4-trk

S4-Li

time 8th of September 2024, UTC
18:47:00 18:47:10 18:47:20 18:47:30

Figure 10: Time interval for each camera in which the
satellite was detected [15].

Table 2: Event protocol.

Event No. Time, UTC Predicted Distance, km
1 18:47:10.72 917
2 18:47:12.55 900
3 18:47:15.15 870
4 18:47:16.30 860

Figure 12 shows images of the satellite at the four identi-
fied intensity peaks. The images show only the capsule,
i.e. 41 x 41 pixel, and the contrast has been enhanced.
The area that is observed by one single pixel at the dis-
tance of the lens to the object (i.e. aircraft to satellite)
can be estimated by calculating the width and height of
the pixel at this distance. The size Wp which one pixel
covers at a given distance to the satellite Dsat can be ap-
proximated with:

Wp =
Wsensor ∗Dsat

f ∗Npixel
. (1)

where Wsensor is the sensor width, f the focal length
of the camera lens and Npixel the number of pixels in
the respective dimension. Although this gives a simple
estimate of the area a pixel covers, it neglects the optical
system and its characteristics, which requires the analysis
of the point spread function of the system. This simplified
approach is used here for an initial interpretation of the
captured images, only.

Taking the distances from Table 2, the length Wp for the
SWIR camera results to 268 m to 285 m. For the AV 811
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Figure 11: Normalized intensities over time for three cameras equipped with longpass filters for tracking (left) and four
cameras equipped with bandpass filters for element detection (right).

Figure 12: Image sequence of the satellite at the four intensity peaks for the SWIR tracking camera (top), the AV-811
lithium detecting camera (middle) and the AV-811 tracking camera (bottom).



camera setup, this results in a captured width of 153 m to
143 m. The change in shape of the bright spot might indi-
cate also an orientation of the object. However, the view
angle towards the satellite changes, because the aircraft
is flying a continuous turn.

From 18:47:10 UTC to 18:47:20 UTC the satellite moved
toward the aircraft reducing its distance from 900 km to
800 km. As a result, the viewing angle from the aircraft
to the satellite is primarily from the front relative to its
flight direction.

The first row displays frames captured by the infrared
SWIR camera, which was used for tracking at station 2.
In the first frame, the satellite appears as a single, sym-
metric, circular light source with an approximate diame-
ter of seven pixels. Using Equation 1, this corresponds
to a spatial extent of approximately 2 km. Compared to
the following frames only the intensity decreases slightly,
while the shape remains largely unchanged. The next
row shows the frames of the AV 811 camera at station
4 which was equipped with a bandpass filter to detect
lithium emission at 671 nm. Here, the satellite appears
significantly smaller covering 3 to 4 pixels, correspond-
ing to a spatial extent of approximately 600 m. Since the
SWIR camera records over a broad spectral range in the
near-infrared, a more extended signal is expected. In con-
trast to the SWIR images, minor changes in the signal
shape are visible. In the first two images, the orienta-
tion is more horizontal and appears to be more vertical in
the last two frames. The third row shows images of the
AV 811 tracking camera at station 4 equipped with a long
pass filter at 630 nm. The satellite has a width of five to
six pixels and the shape compares well to the images of
the SWIR camera. However, small features are visible on
the left side, especially in the first and third frame. This is
where, if visible, a trail of fragments would be expected.

5. CONCLUSION

This paper presents initial results of the airborne obser-
vation campaign for the observation of the re-entry of the
Cluster-II satellite Salsa. The re-entry occurred at 12:46
Local Time Easter Island, which is bright daylight. The
selected suite of instruments considered these challeng-
ing conditions. In total, 10 out of 26 instruments recorded
usable data for up to 20 s. These 10 instruments were dis-
tributed over four of the six stations. A combination of
cameras with long-pass filters for imaging and band-pass
filters emission line selection was used, so that the scat-
tered sunlight is blocked. The different element’s emis-
sion was meant to identify occurring break-up events.

In this paper, the normalized intensity profiles are plotted
and show the presence of four distinct peaks, with the first
peak being the maximum across all instruments. Only af-
ter calibration for absolute radiance, these emissions can
be compared and eventually distinguished from potential
continuum radiation of the spacecraft.

The time of the occurring intensity peaks was compared
to numerical predictions of the fragmentation sequence.
This leads to the conclusion that the first peak corre-
sponds to the main break-up event predicted to occurr
at an altitude of approximately 80 km. This aligns with
the observed break-up corridor of 80-70 km altitude for
large spacecraft. The three subsequent intensity peaks
are supposed to correspond to additional fragmentation
events. In the images, the satellite appears as a circular
light source covering 3 to 7 pixels in diameter. The shape
of the satellite does not change significantly across the
four intensity peaks.

Although the object appeared as a faint dot in the obser-
vation data, a successful detection of the fragmentation,
particularly the main break-up has been successfully re-
alized. Given that three more Cluster-II satellites are ex-
pected to re-enter in 2025 and 2026, this study strongly
suggests their observation.
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