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Abstract

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 on 19 February 2025. The upper

atmospheric extension of the ICON general circulation model nudged to the

ECMWF operational analysis was used to calculate winds. Backwards trajecto-

ries, including wind variability as measured by a radar network, traced air masses

to the Falcon 9 re-entry path at approximately 100 km altitude, west of Ire-

land. This study presents the first measurement of upper atmospheric pollution

resulting from space debris re-entry and the first observational evidence that the
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ablation of space debris can be detected by ground-based lidar. The analysis of

geomagnetic conditions, atmospheric dynamics, and ionospheric measurements

strongly 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.

Keywords: Lithium, Mesosphere, Space debris, Falcon 9

1 Introduction

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 atomic lithium
into the Mesosphere and Lower Thermosphere (MLT), enough that the plume was
detectable over Northern Germany, having advected, approximately 1600 km, from
the west 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 the first 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 deployment of com-
mercial mega-constellations in low Earth orbit (LEO) consisting 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 satel-
lites, each with a mass of between 305 and 960 kg, yielding a cumulative mass exceeding
10,000 tonnes [1]. Given their typical operational lifetimes of five years and the
NASA/ESA requirements for deorbiting satellites after their regular use, these satel-
lites are expected to re-enter Earth’s atmosphere through uncontrolled decay within
the next several years. The serendipitous measurement of the Falcon 9 decomposition
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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 influx [2]. 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 meteoroids [3], 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 matter [4].

Fig. 1 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.

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 chemistry [5], and aerosol microphysics remain largely unknown [6, 7].
Recent aircraft-based measurements have already detected signatures of space debris-
derived material in the stratosphere [8]. 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
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of these metals on the formation and radiative properties of stratospheric and meso-
spheric 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 atmosphere [7, 9]. These processes
and their interactions are summarised schematically in Fig. 1.

2 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 con-
sidered effective tracers of space debris pollution. These elements are commonly used
in aerospace components, but are not typically abundant in natural meteoroids [8]. 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 meteoroids [4] and its well-documented
applications in spacecraft, including lithium-ion batteries and lithium–aluminium
(Li–Al) alloy hull plating [1, 2]. Lithium vaporises quickly during the ablation of a
Li–Al structure, appearing in the atmosphere as the aluminium matrix melts at 933 K.
The strong atomic resonance fluorescence line of lithium at 670.7926 nm (air) enables
the detection by lidar of very trace amounts of lithium in the MLT [10], allowing
altitude- and time-resolved measurements of lithium number density during and after
re-entry events.

3 Results

3.1 Falcon 9 Uncontrolled Re-entry

The Falcon 9 upper stage re-entered Earth’s atmosphere on 19 February 2025, around
03:42 UTC, at an altitude of ∼100 km, off the western 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.

3.2 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 measurement. A sudden increase in signal
by a factor of 10 was detected just after midnight UTC on 20 February (see Fig. 2).
The plume appeared at 00:21 UTC and was detected for a total duration of about 40
minutes and persisted 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
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until the end of the lidar operation. Lidar operation ceased at 00:48 UTC when the
supply of prepared laser dye was exhausted.
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Fig. 2 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 atoms cm−3, observed at about
96 km. The maximum lithium density observed in the plume is 31 atoms cm−3, recorded at 2025-
02-20 00:30 UTC 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 ∆z = 200m, and the observation is smoothed with a Hanning window having a Full
Width at Half Maximum (FWHM) of ∆zsmooth

= 620m. Temporal integration is ∆t = 80 s, with
boxcar smoothing to FWHM ∆tsmooth

= 400 s.

Based on the arrival time of the lithium plume in the lidar observation, and sup-
ported 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 the lithium plume back trajectory intersect the Falcon 9 re-entry trajectory?
2. How much mass does the observed lithium plume contain? Is this consistent with

the expected ablation?
3. Can we exclude natural processes as the source of the elevated lithium?

3.3 Does the Li Plume Back Trajectory Intersect Falcon 9?

We used UA-ICON to simulate the possible back trajectories of the lithium plume.
We ran 8000 randomly perturbed back trajectories using the measured wind variabil-
ity from the radar to introduce realistically scaled perturbations 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
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and Ireland where the lithium plume likely originated. The re-entry trajectory of Fal-
con 9 provided 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 approxi-
mately 03:42 UTC. The temporal intersection 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 meso-
sphere do not terminate over the UK and Ireland. The air sampled by the lidar between
96 and 97.5 km did not originate from elsewhere in Europe or experience large vertical
advection.
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45°N

50°N

55°N

60°N

65°N

70°N
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Fig. 3 A set of randomly perturbed back trajectories of the lithium plume from Kühlungsborn,
calculated using winds from the UA-ICON model. The probability density heat map shows endpoints
of many 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 03:42 UTC on 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).

3.4 How Much Mass does the Lithium Plume Contain?

The chondritic Li/Na elemental abundance ratio is 9.8×10−4 [11]. The daily injection
rate of Na is estimated to be 0.27 tons day−1 [12]. 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 tank walls [13].
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A lower limit of 9.9 mg is estimated for the mass of lithium which was advected
through the lidar beam during the observation. The small amount of measured atomic
lithium at 96.1 km, compared to the total lithium mass in the Falcon 9, suggests
that we are measuring the initial stages of ablation, which occurred near 100 km. We
expect that the majority of the Falcon 9 ablated, releasing a larger amount of lithium,
at lower altitudes in the mesosphere.

Using the Leeds Chemical Ablation Model [14], we derive estimates for the altitudes
at which an Al-Li hull will reach 933 K and begin to melt (see Methods). For a
hull thickness of 0.5 cm, melting and vaporisation of lithium is expected to begin at
approximately 98.1 km. The hull thickness of the Falcon 9 is reported as 0.47 cm, so
ablation should start slightly higher, fitting the modelled back-trajectories that cross
the entry path around 100 km.

3.5 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 convergence of metallic ions such as
Fe+, Mg+, and Ca+. 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 the metal ions, can produce a layer
of enhanced neutral metal atoms [15].

Sporadic E layers are routinely measured using a nearby ionosonde at Juliusruh
(54.6◦N, 13.4◦E), approximately 116 km east of the lidar and radar at Kühlungsborn.
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 the magnetic-eastward wind at the ionosonde, as measured by
SIMONe-Germany. Negative vertical shear (orange) of the magnetic-eastward wind
corresponds to positive vertical ion convergence, which is a favourable condition for
the formation of Es layers [16].

The middle panel of Fig. 4 provides additional context for the lithium observation
by presenting concurrent wind shear measurements at the lidar location. In this case,
the lithium plume is situated within a region of weak positive wind 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 from observations 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
electric field. Such disturbances can impact neutral dynamics and may promote the
formation of convergent shear layers, as discussed above [17]. 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.
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In summary, the three panels of Fig. 4 show no enhanced foEs preceding 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.

Fig. 4 Composite figure containing data from the meteor radar (orange-blue filled contours),
ionosonde (coloured circles), lithium lidar (red-green filled contours), and geomagnetic activity indices
(lower panel). The figure shows no enhanced foEs preceding the observation of the Li plume, rela-
tively 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.

4 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 the coming decade
and an excellent test of our ability to monitor 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 pollu-
tion after re-entry of space debris. The timing, altitude, 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
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plume to the ablation of engineered materials during atmospheric re-entry. This work
represents the first demonstration of back trajectory calculations using upper atmo-
spheric horizontal winds from UA-ICON, supported by measured variances from the
radar. The success of these back trajectory calculations 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 sig-
nificant middle-atmospheric pollution to space debris [2, 6, 8]. Mass estimates of 9.9
mg for ablated lithium at 100 km are 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 Northern Germany. We also expect that the majority of the 30 kg of
lithium present in the Falcon 9 is vaporised at altitudes well below 100 km where mea-
surements are not possible because the Li atoms are immediately oxidised to LiO and
LiO2. However, measuring trace amounts of lithium from space debris pollution in the
MLT, 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 down-
ward transport from metallic ion layers associated with sporadic E events, appear
unlikely. Ionograms from the nearby Juliusruh ionosonde show no significant enhance-
ment in electron density in the hours surrounding the lidar detection, and meteor radar
measurements do not reveal shear structures consistent with Es-related convergence at
the relevant altitudes. Furthermore, geomagnetic conditions remained relatively quiet
during the observation window, reducing the likelihood of storm-driven neutral layer
formation.

Environmental concerns about re-entering space debris 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 techni-
cally 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 atmo-
spheric dispersion. The detection of lithium presented here highlights the diagnostic
potential of resonance fluorescence lidar, especially when combined with other atmo-
spheric 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.

5 Methods

5.1 Lithium Resonance Fluorescence Lidar

Observations of mesospheric lithium were conducted using a metal resonance flu-
orescence lidar system tuned to the ground-state atomic transition of lithium at
670.9778 nm (vacuum), 670.7926 nm (air). The system employs a 50Hz xenon–chloride
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(XeCl) excimer laser to pump a dye solution, specifically 4-(Dicyanomethylene)-2-
methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM), dissolved in propylene carbon-
ate. The resulting 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 energy was approximately 5mJ and the beam divergence
is 0.5mrad. 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. Narrowband optical filtering is
achieved with an interference filter centred at 670.8 ± 0.5 nm (air), used to suppress
sky background.

Detection is performed using an avalanche photodiode (APD). The signal is inte-
grated with 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 observa-
tions of calcium [18] and nickel [19], demonstrating its applicability to multi-element
mesospheric metal detection.

5.2 Radar Wind Measurements

To investigate wind dynamics in the Mesosphere and Lower Thermosphere (MLT),
we used a radar-based technique that detects the motion of meteoric 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 u⃗ onto the Bragg wave vector k⃗,
plus a random measurement error ξ [20, 21]:

2πf = u⃗ · k⃗ + ξ (1)

By combining Doppler measurements from multiple viewing geometries, it is possi-
ble to reconstruct the full three-dimensional wind vector u⃗, typically expressed in an
east–north–up (ENU) coordinate system as zonal (u), meridional (v), and vertical (w)
components. This decomposition is particularly useful for studying atmospheric phe-
nomena with strong directional structure, such as tides, planetary waves, and gravity
waves.

For this work, wind measurements were obtained using the SIMONe-Germany
system [22], a coherent multi-static system operated by the Leibniz Institute of Atmo-
spheric Physics and centred near Kühlungsborn (53◦N, 12.5◦E). The network operates
at 32.55 MHz and consists of two transmitting 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
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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 Reconstructor; [23]), a
physics-informed neural network that infers four-dimensional wind fields (latitude,
longitude, altitude, and time). HYPER incorporates both mass and momentum con-
servation 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 accu-
racy of the UA-ICON model and to define perturbation amplitudes in the ensemble
back-trajectory simulations described in Section 3.3. In addition, the wind fields were
analysed for the presence of vertical wind shears, as shown in Figure 4.

5.3 UA-ICON Global Circulation Model

The Upper Atmosphere ICON (UA-ICON) model is a high-top extension of the ICON
general circulation model, developed to simulate the dynamics of the entire atmosphere
from the surface up to the lower thermosphere. In this study, we use UA-ICON out-
puts with a horizontal resolution of 20 km and a vertical domain extending to 150 km,
providing 10-minute wind fields suitable for trajectory calculations in the mesosphere
and lower thermosphere (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 parameterisa-
tions for gravity wave drag and eddy diffusion, enabling a reliable representation of
atmospheric circulation up to ∼150 km [24].

The back trajectories were calculated on an interpolated UA-ICON dataset using
a Runge–Kutta integration scheme. The measured 1σ variability 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 measured wind variabilities of 18m/s for the zonal wind,
26m/s for the meridional wind, and 0.5m/s for the vertical wind.

5.4 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 iono-
spheric plasma frequency and is part of a long-term monitoring effort of ionospheric
variability in Europe [25].

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 10MHz,
with the upper end corresponding to strongly ionised layers.
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5.5 Geomagnetic indices

The K index is a 3-hourly index of local geomagnetic activity [26]. We use the K
index derived from geomagnetic field measurements at Juliusruh (54.6◦N, 13.4◦E).
The index ranges from 0 to 9 in increments of 1. Values larger than 5 may be regarded
as possible geomagnetic storms.

The auroral electrojet (AE) index represents the strength of the auroral electrojet
[27]. The index is based on geomagnetic field measurements around the auroral oval.
The AE index has a temporal resolution of 1 minute, which allows it to capture shorter-
period variations than the K index. Values exceeding 1000 nT may be considered as
strong geomagnetic substorms [28].

5.6 Leeds Chemical Ablation Model

The ablation model describes a sheet of material 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 sheet, with a radius r (typically r = 400µm)
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 [29]), 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 0.1 [30].

The classical meteor equations used in the Leeds Chemical Ablation Model [14]
are modified to treat the entry of the cylinder. Conservation of momentum yields:

dV

dt
= −Γπr2V 2 ρa

m
+ g (2)

where V is the velocity of the sheet, ρa is the mass 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
= γpAlπr

2

√

mAl

2πkBT
(3)

where γ is the uptake coefficient (set to 1), pAl is the equilibrium vapour pressure
of Al [29], and mAl 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:
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1

2
πr2V 3ρaΛ = πr2εσ(T 4

1 − T 4
env) + (πr2∂z)ρmC

dT1

dt

+ L
dm1

dt
+ κ

T1 − T2

∂z
(4)

The left-hand side describes collisional heating, where Λ (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 = 200K), thermal heating, ablation, and
thermal diffusion.

The additional parameters are:

• ρm = 2700 kgm−3

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

• Specific heat capacity, C = 893 JK−1 kg−1 [29]

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
=

κ(Ti−1 − Ti+1)dz

C(πr2∂z)ρm
(5)

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

dt
is computed similarly, but without the collisional heating term.
Figure 5 shows the expected ablation altitudes for rockets with aluminium hulls of

various thicknesses.

5.7 Lithium Mass Calculations

To estimate the amount of measured lithium associated with the Falcon 9, we inte-
grated the measured lithium densities over volume and time, accounting for the
advection of the plume through the laser beam and background lithium levels. In
detail, the very minor directional change of the horizontal winds throughout the time
interval of plume detection (23:48 until the end of measurement) allows the calcula-
tion of an average plume length of 182 km (averaged over altitudes from 90 to 100 km).
We assume the plume to be half as wide. Due to very low vertical winds, the verti-
cal advection of the plume can be neglected. A background lithium profile from 90 to
100 km has been calculated using the time interval from 19:00 to 21:00 and subtracted
from the plume data. Thus, we reach a total lithium mass of 9.9mg detected by lidar.
This has to be seen as a lower limit of the actually ablated lithium at the initial parts
of re-entry, as atomic lithium might be lost to other chemical species on the way to
Kühlungsborn and the lidar measurement ended before the whole plume was sampled.
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Fig. 5 The expected ablation profiles for rockets with aluminium hulls of various thicknesses. Derived
using the Leeds Chemical Ablation Model. The Falcon 9 is reported to have a hull thickness of 0.47
cm and should reach 933 K between 98.1 and 101.7 km. Back trajectories from UA-ICON indicate
the lithium plume could have originated at 100.2 km.
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