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Measurement of a lithium plume from the
uncontrolled re-entry of a Falcon 9 rocket

Check for updates
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A 10-fold enhancement of lithium atoms was detected at 96 km altitude by a resonance lidar at
Kühlungsborn, Germany, approximately 20 hours after the uncontrolled re-entry of a Falcon 9 upper
stage. The upper-atmospheric extension of the ICON general circulation model, nudged to ECMWF,
was used to calculate winds. Backwards trajectories, including wind variability as measured by radar,
traced air masses to the Falcon 9 re-entry path at 100 km altitude, west of Ireland. This study presents
the firstmeasurement of upper-atmospheric pollution resulting fromspace debris re-entry and the first
observational evidence that the ablation of space debris can be detected by ground-based lidar. The
analysis of geomagnetic conditions, atmospheric dynamics, and ionospheric measurements
supports the claim that the enhancement was not of natural origin. Our findings demonstrate that
identifying pollutants and tracing them to their sources is achievable, with significant implications for
monitoring and mitigating space emissions in the atmosphere.

The increasing frequency of satellite and rocket re-entries is an emerging
societal and scientific concern. While the risks to people and infrastructure
from falling debris are widely discussed, less attention has been paid to the
environmental consequences for Earth’s atmosphere. In particular, the
upper atmosphere is now subject to the injection of exotic atomic and
molecular species not typically found in large quantities in natural meteoric
input. Between 03:44 and 03:52 UTC on 19 February 2025, the upper stage
of a SpaceX Falcon 9 rocket made an uncontrolled re-entry over Europe,
producing a visible fireball and a persistent high-altitude plume of lithium
vapour. This event provides a rare opportunity to examine the upper
atmospheric signature of space debris re-entry using a suite of advanced
remote sensing instruments and atmospheric models. Here we show that
this re-entry event injected sufficient atomic lithium into the Mesosphere
and Lower Thermosphere (MLT) that the plume was detectable over
NorthernGermany, having advectedapproximately 1600km, fromthewest
coast of Ireland over approximately 20 hours. This is the first observation of
MLT pollution by re-entering space debris made by a lidar, and the first use
of the upper-atmospheric extension of the Icosahedral Nonhydrostatic
circulation model (UA-ICON) winds to calculate back trajectories in the
upper atmosphere. It also represents thefirst observational evidence that the
ablation process begins as high as 100 km altitude. This finding supports

growing concerns that space traffic may pollute the upper atmosphere in
ways not yet fully understood. Continued growth in satellite launches and
re-entries may lead to cumulative effects, with implications for long-term
atmospheric composition and climate interactions.

The so-called “New Space Age" is characterised by the rapid deploy-
ment of commercial mega-constellations in low Earth orbit (LEO) con-
sisting of tens of thousands of satellites. This development represents not
only a dramatic increase in satellite numbers but also a significant rise in
total orbital mass.

For example, the Starlink constellation is planned to consist of over
40,000 satellites, each with a mass of between 305 and 960 kg, yielding a
cumulative mass exceeding 10,000 tonnes1. Given their typical operational
lifetimes of five years and the NASA/ESA requirements for deorbiting
satellites after their regular use, these satellites are expected to re-enter
Earth’s atmosphere through uncontrolled decay within the next several
years. The serendipitous measurement of the Falcon 9 decomposition
presented in this case study exemplifies what is expected to happen going
forward, as some fraction of mega-constellation satellites re-enter the
atmosphere each day.

Projections suggest that within the next decades, the mass flux from
artificial satellite re-entries could exceed 40% of the natural meteoroid
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influx2.However, the significance of this trend lies not only in the increasing
total mass but also in the compositional differences between natural
meteoroids and re-entering spacecraft. Unlike the elemental composition of
chondritic meteoroids3, satellites, and rocket stages introduce engineered
materials such as aluminium alloys, composite structures, and rare earth
elements from onboard electronics, substances rarely found in natural
extraterrestrial matter4.

Despite the important role Earth’s upper atmosphere plays in shielding
terrestrial life, the consequences of increasing pollution from re-entering
space debris on radiative transfer, ozone chemistry5, and aerosol micro-
physics remain largely unknown6,7. Recent aircraft-based measurements
have already detected signatures of space-debris-derived material in the
stratosphere,with approximately 10%of sulphuric-acid particles larger than
120 nm containing metals in ratios consistent with spacecraft alloys8.
Whole-atmosphere and process-resolvingmodelling indicates that alumina
and co-emitted metals from re-entry can accumulate and persist for years,
with injections expected to grow as re-entry frequency increases; these
burdens may perturb stratospheric ozone, aerosol size-composition dis-
tributions through alumina andothermetal-oxide formation, temperatures,
winds, and radiative balance5,7,9. Of particular concern are metal elements
not highly abundant in meteoroids, which may introduce novel pathways
for heterogeneous chemistry, aerosol nucleation, and catalytic ozone
depletion. The potential influence of these metals on the formation and
radiative properties of stratospheric and mesospheric aerosols, including
polar stratospheric clouds, represents a critical knowledge gap. This gap
limits our understanding of how anthropogenic materials may perturb
climate-relevant processes operating in the upper atmosphere7,10, and it
motivates the present event-scale observations as an essential constraint on
emission inventories, altitude-time ablation profiles, and chemical
pathways5,7–9. These processes and their interactions are summarised
schematically in Fig. 1.

Why measure lithium?
Metals such as aluminium (Al), copper (Cu), lithium (Li), titanium (Ti),
niobium (Nb), molybdenum (Mo), silver (Ag), tin (Sn), hafnium (Hf), and

lead (Pb) are considered effective tracers of space debris pollution. These
elements are commonlyused in aerospace components, but arenot typically
abundant innaturalmeteoroids8. In contrast, elements such as sodium(Na),
magnesium (Mg), potassium (K), chromium (Cr), iron (Fe), and nickel (Ni)
are either not present in significant quantities in spacecraft, or occur in both
anthropogenic and meteoric sources, making them more ambiguous as
indicators of artificial material input into the atmosphere.

Lithium was selected as the initial target metal for detecting space
debris signatures due to its ultra-trace abundance in chondritic meteoroids4

and its well-documented applications in spacecraft, including lithium-ion
batteries and lithium-aluminium (Li-Al) alloy hull plating1,2. Lithium
vaporises quickly during the ablation of a Li-Al structure, appearing in the
atmosphere as the aluminium matrix melts at 933 K. Using the Leeds
ChemicalAblationModel11, we derive estimates for the altitudes atwhich an
Al-Li hullwill begin tomelt (seeMethods inSect. 5). For thehull thickness of
the Falcon 9, 4.7 mm, melting and vaporisation of lithium is expected to
begin at approximately 98.2 km.

The strong atomic resonance fluorescence line of lithium at 670.7926
nm(air) enables thedetectionby lidar of very trace amountsof lithiumin the
MLT12, allowing altitude- and time-resolved measurements of lithium
number density during and after re-entry events.

The chondritic Li/Na elemental abundance ratio is 9.8 × 10−4 13. The
daily injection rate of Na is estimated to be 0.27 tons day−1 14. Assuming Li
and Na ablate with similar efficiencies from cosmic dust particles entering
the atmosphere, the estimated natural Li input is 80 grams per day. A single
Falcon 9 upper stage is estimated to contain about 30 kg of lithium from the
Al-Li AA 2198 alloy used in the tankwalls15. The large disparity between the
natural meteoric lithium influx and the lithium content of a single rocket
stage makes lithium a sensitive tracer of anthropogenic inputs from space
debris re-entries.

Results
Falcon 9 uncontrolled re-entry
The Falcon 9 upper stage re-entered Earth’s atmosphere on 19 February
2025, around 03:42UTC, at an altitude of ~ 100 km, off thewestern coast of
Ireland (52∘N, 12∘W). The re-entry produced a spectacular fireball as the
stage disintegrated over Central Europe and was observed by numerous
people, cameras, and radar systems between about 3:44 and 3:52 UTC. The
event garnered international attention when debris fragments, including a
fuel tank, were recovered near the Polish city of Poznań.

Observational and modelling overview
This study employs a suite of observational and modelling techniques to
investigate lithium number density, atmospheric circulation, geomagnetic
activity, and rocket ablation.Mesospheric lithium is detected by a resonance
fluorescence lidar in Kühlungsborn (54∘N, 12∘E). Local mesospheric
dynamics were obtained from the SIMONe Germany meteor radar, while
global circulation was provided by the Upper Atmosphere ICON (UA-
ICON)model. Sporadic E activitywasmonitoredwith ionosonde data from
Juliusruh (55∘N, 13∘E), geomagnetic variations were quantified using a local
K-index, and the Leeds Chemical Ablation Model was applied to simulate
the re-entry ablation of the Falcon 9 rocket stage. A full accounting of each
observational and modelling tool is available in Sect. “Methods”.

Measurement of a lithium plume by lidar
The resonance fluorescence lidar operated for six hours on the night of 19-
20 February, measuring lithium atom number density profiles. The peak
lithium layer density was below 3 atoms cm−3 during most of the mea-
surement.A sudden increase in signal by a factor of 10wasdetected just after
midnight UTC on 20 February (see Fig. 2). The plume appeared at 00:21
UTCandwas detected for a total duration of about 40minutes andpersisted
until the end of the sounding. The plume was tightly confined in altitude,
with sharply defined boundaries between 94.5 and 96.8 km, and was
observed until the end of the lidar operation. Lidar operation ceased at 00:48
UTC when the supply of prepared laser dye was exhausted.

Fig. 1 | A schematic overview for the measurement of pollution from space.
Natural metal layers form in the upper mesosphere due to meteor ablation and are
measured by lidar. Additional mass and elements are now being introduced via the
burn-up of artificial satellites. This new type of pollution has unknown consequences
for the upper atmosphere and ozone layer.

https://doi.org/10.1038/s43247-025-03154-8 Article

Communications Earth & Environment |           (2026) 7:161 2

www.nature.com/commsenv


Based on the arrival time of the lithium plume in the lidar observation,
and supported by coincident measurements of the local three-dimensional
wind field from our Spread spectrum Interferometric multistatic Meteor
radar Observing Network (SIMONe-Germany), we hypothesised that the
plume might be linked to the Falcon 9 re-entry event. To support this
hypothesis, we sought to answer the following questions:
1. Does a lithium plume back trajectory intersect the Falcon 9 re-entry

trajectory?
2. Canwe exclude natural processes as the source of the elevated lithium?

Does the Li plume back trajectory intersect Falcon 9?
We usedUA-ICON to simulate the possible back trajectories of the lithium
plume. We ran 8000 randomly perturbed back trajectories using the mea-
sured wind variability from the radar to introduce realistically scaled per-
turbations in each of the three wind components of the UA-ICON output.
The set of calculated trajectories (blue) is shown in Fig. 3 with a probability
density heatmap showing the region over the UK and Ireland where the
lithiumplume likely originated. The re-entry trajectory of Falcon 9provided
by the European Space Operations Centre (black) passed through this
region. One example back trajectory (filled circles, colours indicate altitude)
begins above Northern Germany at 97.1 km at 00:21 UTC, near the peak
lithium density observed by the lidar at Kühlungsborn, and terminates off
the west coast of Ireland at 100.2 km at 52.5∘N, 12.38∘W, consistent with the
Falcon 9 re-entry time of approximately 03:42 UTC. The temporal inter-
section between the UA-ICON back trajectory and the Falcon 9 re-entry
path has a spatial separation of less than 2 km vertically and less than 10 km
horizontally.

Back trajectories starting at other altitudes in the thermosphere and
lower mesosphere do not terminate over the UK and Ireland. The air
sampled by the lidar between 96 and 97.5 km did not originate from else-
where in Europe or experience large vertical advection.

Can natural sources for the Li plume be reasonably excluded?
Metallic ion layers are a natural feature of the ionospheric E-region (90–130
km) and are frequently observed in association with sporadic E-layers (Es).
These Es layers are thought to form through the wind shear-driven con-
vergence ofmetallic ions such as Fe+, Mg+, andCa+. The formation of an Es
layer via vertical shear of the horizontal wind, followed by downward

transport by the diurnal tide, and higher harmonics, to below 100 km, and
subsequent neutralisation of themetal ions, canproduce a layerof enhanced
neutral metal atoms16.

Sporadic E layers are routinely measured using a nearby ionosonde at
Juliusruh, approximately 116 km east of the lidar and radar at Kühlungs-
born. In the upper panel of Fig. 4, no pronounced electron enhancement
(foEs) is visible in the 4.5 hours preceding the observed lithium plume.
Sporadic E layers earlier on 19 February were weak and unremarkable. The
coloured contours in the figure represent the vertical shear of themagnetic-
eastward wind at the ionosonde, as measured by SIMONe-Germany.
Negative vertical shear (orange) of themagnetic-eastwardwind corresponds
to positive vertical ion convergence, which is a favourable condition for the
formation of Es layers17.

The middle panel of Fig. 4 provides additional context for the lithium
observation by presenting concurrent wind shearmeasurements at the lidar
location. In this case, the lithium plume is situated within a region of weak
positivewind shear (blue), which does not favour ion convergence and layer
formation.

The lower panel of Fig. 4 displays the geomagnetic activity, as indicated
by the local K index derived fromobservations of the Juliusruh geomagnetic
station. Periods of high geomagnetic activity (K > 5) could signal a storm of
sufficient intensity to perturb the MLT through Joule heating, particle
precipitation, or variations in the electricfield. Suchdisturbances can impact
neutral dynamics and may promote the formation of convergent shear
layers, as discussed above18. In the present case, there is no indication of a
significant geomagnetic storm that could enhance the likelihood of forming
a neutral atomic lithium layer via downward convergence of ionic Li+ from
the thermosphere.

In summary, the three panels of Fig. 4 show no enhanced foEs pre-
ceding the observation of the Li plume, relatively weak vertical shear in the
horizontal winds, and no geomagnetic activity that would likely lead to the
formation of the observed neutral Li layer at 96 km. Quantitative climato-
logical support for this claim is presented in Fig. 1 of the Supplementary
Information.

Discussion
The Falcon 9 case study on 19 February 2025 is both a harbinger of the
expected increase in the number of satellite and rocket re-entry events over

Fig. 2 | Measurement of lithium plume by lidar. Lithium observation on the night
of 19/20 February 2025. Maximum lithium density before the plume arrival (2025-
02-19 19:00 to 2025-02-20 00:21 UTC) is 3.0 ± 1.1 atoms cm−3, observed at about 96
km. The maximum lithium density observed in the plume is 31 ± 8.3 atoms cm−3,
recorded at 2025-02-20 00:30UTC at an altitude of 96.1 km. The plume has a vertical
extent from 94.5 to 96.8 km, and lasted from just after midnight UTC to the end of
lidar operations at 00:48 UTC. The vertical grid spacing is Δz = 200 m, and the
observation is smoothed with a Hanning window having a Full Width at Half
Maximum (FWHM) of Δzsmooth

¼ 620m. Temporal integration is Δt = 80 s, with
boxcar smoothing to FWHM Δtsmooth

¼ 400 s.

Fig. 3 | Plausible back-trajectories linking Falcon 9 to lithium observation. A set
of randomly perturbed back trajectories of the lithium plume from Kühlungsborn,
calculated using winds from theUA-ICONmodel. The probability density heatmap
shows endpoints ofmany trajectories (blue) terminating in the region corresponding
to the most likely origin of the lithium plume. One plausible back trajectory
(coloured circles, colour indicates altitude) began at 00:21 UTC on 20 February over
Kühlungsborn (54∘N, 12∘E) at an altitude of 97.1 km, and terminated at the Falcon 9
re-entry time, 03:42UTCon 19 February, west of Ireland at (52.5∘N, 12.38∘W)and an
altitude of 100.2 km. The best estimate for the Falcon 9 re-entry trajectory (courtesy
of the European Space Agency) is plotted for comparison (black).
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the coming decade and an excellent test of our ability tomonitor and detect
the pollution which results from the re-entry of artificial satellites.

The lidar observation of a transient, high-density lithium plume at 96
km over Kühlungsborn represents the first time- and altitude-resolved
measurement of pollution after re-entry of space debris. The timing, alti-
tude, and density of the observed lithium plume, combined with the back
trajectory analysis using UA-ICON winds and the known re-entry of the
Falcon 9 upper stage, provide strong evidence linking this plume to the
ablation of engineered materials during atmospheric re-entry. This work
represents the first demonstration of back trajectory calculations using
upper atmospheric horizontal winds from UA-ICON, supported by mea-
sured variances from the radar. The success of these back trajectory calcu-
lations from Kühlungsborn to the rocket re-entry point is a milestone
achievement for upper-atmospheric modelling.

These unique measurements demonstrate that ablation of spacecraft
components, particularly those containing aluminium, begins as high as 100
km altitude. This conclusion supports recent work, conducted in the lower
stratosphere, attributing significant middle-atmospheric pollution to space
debris2,6,8. Our observations of lithium at 96 km should be interpreted as a
lower limit, since some fraction of lithium atoms will be converted to
molecular forms below 95 km, and Li+ ions above 100 km en route to
NorthernGermany.We also expect that themajority of the 30 kg of lithium
present in the Falcon 9 is vaporised at altitudes well below 100 km where
measurements are not possible because the Li atoms are immediately oxi-
dised to LiO and LiO2. However, measuring trace amounts of lithium from
space debris pollution in theMLT, using remote sensing by lidar, can inform
estimates of atmospheric metallicity at lower altitudes. In this way, lithium
may act as a sentinel or tracer element, signalling the broader presence of
other metallic species descending into the stratosphere.

Alternative explanations for the formation of a neutral lithium layer,
such as downward transport from metallic ion layers associated with
sporadic E events, appear unlikely. Ionograms from the nearby Juliusruh

ionosonde showno significant enhancement in electrondensity in thehours
surrounding the lidar detection, and meteor radar measurements do not
reveal shear structures consistent with Es-related convergence at the rele-
vant altitudes. Furthermore, geomagnetic conditions remained relatively
quiet during the observation window, reducing the likelihood of storm-
driven neutral layer formation. Climatological data for both the ionosonde
and radar are given in Figs. 2 and 3 of the Supplementary Information and
show that the lithiumobservation occurred under climatologically expected
conditions.

Environmental concerns about re-entering spacedebris have primarily
focused on potential catalytic effects of aluminium and other metals on the
stratospheric ozone layer. However, detecting and quantifying pollutants in
this region is technically challenging and expensive. The upper atmosphere,
as the first part of the Earth’s environment impacted by re-entry, offers a
valuable opportunity to observe ablated materials close to their source,
before they undergo chemical transformation and atmospheric dispersion.
The detection of lithium presented here highlights the diagnostic potential
of resonance fluorescence lidar, especially when combined with other
atmospheric measurements and supported by model analysis. Expanding
such observational capabilities, both in geographical coverage and to other
elemental species, will be essential for assessing the long-term consequences
of space debris pollution on the Earth’s atmosphere.

Beyond this single event, recurring re-entries may sustain an increased
level of anthropogenic flux of metals and metal oxides into the middle
atmosphere with cumulative, climate-relevant consequences. After oxida-
tion and heterogeneous uptake on alumina and othermetal-oxide particles,
aluminium and co-injected species could perturb stratospheric ozone
chemistry, modify high-altitude aerosol microphysics through new particle
formation, growth, and coagulation, and thereby influence radiative bal-
ance. Key unknowns include emission inventories for rockets and satellites,
lack of a systematic observational survey of mesospheric metals, altitude-
time ablation profiles, chemical lifetimes, particle size-composition

Fig. 4 | Ionospheric observations supporting the
anthropogenic origin of the lithium plume. The
upper panel shows the SIMONe-observed wind
shear at Juliusruh (54.6°N,13.4°E) overlayed with
the co-located ionosonde observations, the middle
panel shows the SIMONe-observed wind shear at
Kühlungsborn (54.0°N,11.8°E) overlayed with the
lidar measurements.
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distributions, and transport pathways into the lower stratosphere.
Addressing these uncertainties will require coordinated, multi-site obser-
vations (including resonance-fluorescence and elastic lidars, in situ sam-
pling, and satellites), together with whole-atmosphere chemistry-climate
modelling to connect event-scale injections to long-term impacts.

Methods
Lithium resonance fluorescence lidar
Observations of mesospheric lithium were conducted using a metal reso-
nancefluorescence lidar system tuned to the ground-state atomic transition
of lithium at 670.9778 nm (vacuum), 670.7926 nm (air). The system
employs a 50 Hz xenon-chloride (XeCl) excimer laser to pump a dye
solution, specifically 4-(Dicyanomethylene)-2-methyl-6-(4-dimethylami-
nostyryl)-4H-pyran (DCM), dissolved in propylene carbonate. The result-
ing laser wavelength is monitored continuously using a wavemeter from
Bristol Instruments (model 871A) to ensure frequency stability, better than
0.0001 nm throughout the measurement period.

The average laser output energywas approximately 5mJ and the beam
divergence is 0.5 mrad. A beam expander is used to reduce divergence so
that the laser illuminates a spot of approximately 100 m diameter at an
altitude of 100 km. The transmitted beam is directed vertically.

Backscattered photons are collected by a receiving telescope with an
aperture of 78 cm and guided by quartz fibre to the detectors. Spectral
filtering is achieved with an interference filter centred at 670.8 ± 1.3 nm
(air), used to suppress sky background. The filter is on an optical table in a
climate-controlled room.

Detection is performed using an avalanche photodiode (APD). The
signal is integratedwith a vertical resolution of 200m and smoothed using a
Hanning window with FWHM of 620 m. Temporal integration is 80 s per
profile with a boxcar smoothing window with FWHM of 400 s.

The lidar system has previously been used for resonance fluorescence
observations of calcium19 and nickel20, demonstrating its applicability to
multi-element detection of mesospheric metals. Further technical details,
uncertainty budgets, and initial measurements of lithiumwith our lidar can
be found in ref. 21.

Radar wind measurements
To investigate wind dynamics in theMesosphere and Lower Thermosphere
(MLT), weused a radar-based technique that detects themotion ofmeteoric
trails formed as interplanetary dust particles ablate upon entering Earth’s
atmosphere. These short-lived plasma trails act as coherent reflectors of
radio waves, enabling remote sensing of neutral winds at altitudes between
approximately 80 and 100 km.

The fundamental observable is the Doppler shift f of the backscattered
signal, which reflects the projection of the local wind vector~u onto the Bragg
wave vector~k, plus a random measurement error ξ22,23:

2πf ¼~u �~kþ ξ ð1Þ

By combiningDopplermeasurements frommultiple viewing geometries, it
is possible to reconstruct the full three-dimensionalwindvector u!, typically
expressed in an east-north-up (ENU) coordinate system as zonal (u),
meridional (v), and vertical (w) components.

For this work, windmeasurements were obtained using the SIMONe-
Germany system24, a coherent multi-static system operated by the Leibniz
Institute of Atmospheric Physics and centred near Kühlungsborn (53∘N,
12.5∘E). The network operates at 32.55 MHz and consists of two transmit-
ting sites (each with six antennas) and seven remote receiving stations. Five
of the receivers use a single dual-polarised antenna, while two are equipped
with arrays of five dual-polarised antennas. This configuration enables high
meteor detection rates and precise multi-angle triangulation of meteor trail
positions and velocities across northern Germany.

To derive continuous wind fields from these sparse detections, we
applied the HYPER framework (HYdrodynamic Point-wise Environment
Reconstructor25), a physics-informed neural network that infers four-

dimensional wind fields (latitude, longitude, altitude, and time). HYPER
incorporates both mass and momentum conservation as soft constraints
and employs spatial regularisation to ensure physical consistency. This
approach is especially effective in regions with sparse sampling, yielding
dynamically coherent wind estimates.

The resulting wind fields span 19-20 February 2025, with a temporal
resolution of 15 minutes, vertical resolution of 1 km, and horizontal grid
spacing of approximately 0.2∘ in latitude and 0.3∘ in longitude. These data
were used to evaluate the accuracy of the UA-ICON model and to define
perturbation amplitudes in the ensemble back-trajectory simulations
described in Section “Measurement of a lithium plume by lidar”. In addi-
tion, thewindfieldswere analysed for thepresence of verticalwind shears, as
shown in Fig. 4.

UA-ICON Global Circulation Model
The Upper Atmosphere ICON (UA-ICON) model is a high-top extension
of the ICON general circulationmodel, developed to simulate the dynamics
of the entire atmosphere from the surface up to the lower thermosphere. In
this study, we use UA-ICON outputs with a horizontal resolution of 20 km
anda vertical domain extending to 150 km,providing 10-minutewindfields
suitable for trajectory calculations in the mesosphere and lower thermo-
sphere (MLT). The large-scale dynamics were specified by nudging to
ECMWF operational analyses up to an altitude of 50 km, ensuring the
model remains as close as possible to the observations in the troposphere
and lower stratosphere. The model includes non-hydrostatic dynamics,
realistic orography, and parameterisations for gravity wave drag and eddy
diffusion, enabling a reliable representation of atmospheric circulation up to
~ 150 km26.

The back trajectories were calculated on an interpolated UA-ICON
dataset using a Runge-Kutta integration scheme. The measured 1σ varia-
bility at 90 km in the radar wind field during this time is used to scale the
random perturbations in the UA-ICON back trajectories. The radar mea-
sured wind variabilities of 18 m/s for the zonal wind, 26 m/s for the mer-
idional wind, and 0.5 m/s for the vertical wind. A comparison of horizontal
winds inUA-ICON andwindsmeasured by the SIMONeGermanymeteor
radar is shown in Figs. 4, 5, and 6 of the Supplementary material.

Juliusruh ionosonde measurements
Sporadic E layer activity was monitored using data from the Juliusruh
ionosonde, located at 54.6∘N, 13.4∘E on the Baltic Sea coast of Northern
Germany. The station provides continuous (5-minute integration), high-
resolution measurements of ionospheric plasma frequency and is part of a
long-term monitoring effort of ionospheric variability in Europe27.

In this study, foEs denotes the maximum plasma frequency (in MHz)
at which radio waves are reflected from the Es layer, serving as a proxy for
electron density and hence sporadic metal layer formation. Typical foEs
values range from 2 to 10 MHz, with the upper end corresponding to
strongly ionised layers.

Geomagnetic indices
TheK index is a 3-hourly index of local geomagnetic activity28.Weuse theK
index derived from geomagnetic field measurements at Juliusruh (54.6∘N,
13.4∘E). The index ranges from0 to 9 in increments of 1.Values larger than5
may be regarded as possible geomagnetic storms.

The auroral electrojet (AE) index represents the strength of the auroral
electrojet29. The index is based on geomagnetic field measurements around
the auroral oval. TheAE index has a temporal resolution of 1minute, which
allows it to capture shorter-period variations than the K index. Values
exceeding 1000 nT may be considered as strong geomagnetic substorms30.

Leeds chemical ablation model
The ablationmodel describes a sheet ofmaterial entering the atmosphere in
a direction orthogonal to the plane of the sheet, and with no significant
rotation. The thickness of the sheet is much smaller than its planar
dimensions. The model treats a small cylindrical unit in the middle of the
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sheet, with a radius r (typically r = 400 μm) and length equal to the sheet
width (set to between 0.1 cm and 5 cm). One end of the cylinder is at the
leading side of the sheet, where collisions with air molecules cause heating
and ablation. The opposite end of the cylinder does not undergo collisional
heating, but can radiate heat conducted through the cylinder from the
leading edge, and also undergo ablation.

The model assumes a negligible temperature gradient, and hence
negligible heat transfer, between the cylinder and the rest of the sheet
(because the planar dimensions of the sheet are large compared with its
thickness, minimising edge effects). Because the thermal conductivity of Al
is unusually large (κ = 237Wm−1 K−1 31), there is rapid heat transfer along
the axis of the cylinder from the leading to the trailing side of the sheet. This
means the heating of the cylinder is close to isothermal: even for a thickness
of 50 cm, the Biot number remains below the threshold of 0.132.

The classical meteor equations used in the Leeds Chemical Ablation
Model11 are modified to treat the entry of the cylinder. Conservation of
momentum yields:

dV
dt

¼ �Γπr2V2 ρa
m

þ g ð2Þ

whereV is the velocity of the sheet, ρa is themass density of the atmosphere,
m is the mass of the cylinder, and g is gravitational acceleration. The
dimensionless free-molecular drag coefficient Γ, describing momentum
transfer efficiency, is typically set to 1.

The rate of ablative mass loss from a pure Al surface is:

dm
dt

¼ γpAlπr
2

ffiffiffiffiffiffiffiffiffiffiffiffiffi

mAl

2πkBT

r

ð3Þ

where γ is the uptake coefficient (set to 1), pAl is the equilibrium vapour
pressure of Al31, andmAl is the atomic mass of Al.

To treat thermal diffusion along the cylinder axis z, the cylinder is
divided into n segments of width ∂z. For segment 1 at the leading edge,
energy conservation yields:

1
2
πr2V3ρaΛ ¼ πr2εσðT4

1 � T4
envÞ þ ðπr2∂zÞρmC

dT1

dt

þ L
dm1

dt
þ κ

T1 � T2

∂z

ð4Þ

The left-hand side describes collisional heating, whereΛ (set to 1) is the
heat transfer coefficient. The right-hand side terms represent radiative loss
(with ε = 1, σ the Stefan-Boltzmann constant, and Tenv = 200 K), thermal
heating, ablation, and thermal diffusion.

The additional parameters are:
• ρm = 2700 kgm−3

• Melting point = 933 K
• Latent heat of sublimation, L = 1.09 × 107 J kg−1

• Specific heat capacity, C = 893 J K−1 kg−131

Equation (4) can be rearranged to yield the rate of temperature change
of segment 1. For an intermediate segment i, the temperature evolution is:

dTi

dt
¼ κðTi�1 � Tiþ1Þdz

Cðπr2∂zÞρm
ð5Þ

For the final segment, which undergoes heat loss through ablation and
radiation, dTn

dt is computed similarly, butwithout the collisional heating term.
Figure 5 shows the expected ablation altitudes for rockets with

aluminium hulls of various thicknesses. This figure uses a re-entry
angle of 88.8∘ from zenith, as estimated from the Falcon 9 trajectory.
A shallow re-entry angle increases the path length through the
atmosphere, resulting in a slower heating rate because there is a lower
rate of collisions with air molecules, and the object has more time to

lose heat through radiation. Nevertheless, the melting point of the
material is still reached at a higher altitude, producing an extended
near-horizontal ablation trail. In contrast, a steep re-entry angle
produces rapid deceleration and intense heating, but the ablation
occurs at lower altitudes with less lateral dispersion of debris.

Communication with SpaceX
Prior to publication of this manuscript, we contacted Space Exploration
TechnologiesCorp. (SpaceX) andprovided the full article, a summaryof our
analysis, and the underlying data, inviting comments and corrections. No
response had been received at the time of acceptance.

Generation of Figure 1
Figure 1 was generated using the KDE Marble33 virtual globe (Atlas
theme), which utilises Micro World Data Bank II34 coastline and
boundary data and Shuttle Radar Topography Mission (SRTM) ele-
vation data35. SRTM data are courtesy of the National Aeronautics
and Space Administration (NASA) and the National Geospatial-
Intelligence Agency (NGA). The final layout and annotations were
produced in LibreOffice Draw36. The satellite and combustion-plume
symbols were illustrated by João Maia, PhD.

Data availability
All data used in the production of the figures in this study is stored in a
repository with the following DOI: 10.22000/gdp71mh7gm8ufks6.

Code availability
TheUA-ICON source code for version ua-icon-2.1 is published on Zenodo
(Kunze et al., 2024), £ https://doi.org/10.5281/zenodo.13927891. It is based
on the ICON open source release (ICON partnership (DWD, MPI-M,
DKRZ, KIT, and C2SM), 2024), ICON release 2024.01.World Data Center
for Climate (WDCC) at DKRZ. https://doi.org/10.35089/WDCC/
IconRelease01, which is available under a BSD 3-clause license (see
https://www.icon-model.org, accessed June 2025). The code to calculate the
ensemble back-trajectories is publicly available at https://github.com/
deterministic-nonperiodic/lagrangian_trajectories.git. The HYPER code is
publicly available on GitHub via Zenodo: https://doi.org/10.5281/zenodo.
12671264.

Received: 22 July 2025; Accepted: 19 December 2025;

Fig. 5 | Ablation profiles for aluminium rockets. The expected ablation profiles for
rockets with aluminium hulls of various thicknesses. Derived using the Leeds
Chemical Ablation Model, assuming a shallow re-entry angle of 88.8∘ to zenith. The
Falcon 9 is reported to have a hull thickness of 4.7 mm and should reach a melting
temperature of 933 K at 98.2 km.
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