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ARTICLE INFO ABSTRACT

Keywords: Meteor spectroscopy is a key method for probing the composition of meteoroids, providing insights into
Meteors both their overall composition and the relative abundances of individual species. In this study, we present
Meteoroids a comparison of meteor spectra recorded simultaneously from multiple observing sites within the Australian
Spectroscopy

segment of the AMOS (All-sky Meteor Orbit System) network. We examine the origins of spectral discrepancies
between the respective systems, considering factors such as focusing, spectrum extraction geometry, calibration,
and observing geometry. This work represents one of the few detailed examinations of such effects. Our
results show that factors like observing geometry, focusing, calibration procedures, instrument characteristics,
and specific data-processing approaches can introduce uncertainties in relative line intensities that are
typically unresolved in conventional single-station observations. The four case studies presented in this work
demonstrate that the sources of discrepancies in relative line intensities can be identified and potentially

Observational techniques

accounted for, ensuring that meteoroid composition estimates based on these intensities remain robust.

1. Introduction

Meteor spectroscopy represents the most direct and accessible
method for constraining the composition of meteoroids. When com-
bined with complementary approaches, such as meteorite fall stud-
ies (as recently demonstrated in the case of the Ribbeck meteorite
by Spurny et al. (2024)) and laboratory experiments simulating me-
teoroid ablation (comprehensively described by Téth et al. (2024)
and Matlovi¢ et al. (2024)), spectral observations provide unique
insights into both the elemental makeup and the overall compositional
classification of meteoroids. These insights can be obtained either
through detailed modelling of meteor spectra to derive quantitative
relative elemental abundances (e.g., Borovicka 1993, Trigo-Rodriguez
et al. 2003, Jenniskens 2007, Ferus et al. 2018, Drouard et al. 2018) or
by assigning meteoroids to material groups recognised in meteorite tax-
onomy based on the specific relative intensity ratios of specific emission
features (Borovicka et al., 2005 or Matlovic et al., 2026). The modelling
of meteor radiation is typically performed by fitting observed spectra
with synthetic profiles generated using radiative transfer models that
assume local thermal equilibrium and account for self-absorption in
the radiating plasma (Borovicka, 1993). Approaches based on direct
comparison of multiplet intensities, such as the scheme of Borovicka

et al. (2005), which employs the relative intensities of Mg I-2, Fe I-15,
and Na I-1 to evaluate meteoroids’ correspondence with a chondritic
composition, likewise depend directly on the observed intensities of
spectral lines. Because these approaches are inherently direct and in-
volve certain simplifications and limitations, several important factors
must be considered in their application.

One such factor is that the composition of the radiating plasma
envelope surrounding a meteoroid during its atmospheric flight does
not exactly correspond to the elemental composition of the meteoroid
itself. This discrepancy is particularly evident for refractory elements
such as aluminium, calcium, and titanium, whose underrepresentation
in the plasma is most likely a consequence of their incomplete evap-
oration (Borovicka 1993, Trigo-Rodriguez et al. 2003, Kasuga et al.
2005, Matlovi¢ et al. 2024). Additional influences on the resulting
spectra arise from the observational conditions, the characteristics of
the instruments employed, the calibration procedures applied during
data reduction, and the overall quality of the observations.

Instrumental factors and calibration have been examined in detail
by Segon and Borovi¢ka (2023) and, most comprehensively, by Segon
et al. (2024). Both studies described cases of meteors, whose spec-
tra were recorded from multiple observing sites, revealing differences
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Fig. 1. Spectral response curve of the AMOS-Spec-HR spectrographs.

in relative line intensities despite the expectation that proper cali-
bration should yield nearly identical results. In Segon et al. (2024),
the authors identified the causes of these discrepancies, showing that
relative line intensities depend both on the position of the spectral
features within the field of view (FOV) and on their wavelength. These
dependencies arise from the combined effects of wide-angle optics,
dispersive elements, detector response, and atmospheric transmission.
Consequently, identical spectral features observed at different positions
in the FOV may exhibit varying intensities due to vignetting, distortion,
and angle-dependent throughput. Furthermore, the overall sensitivity
of the optical system and detector is strongly wavelength-dependent,
with shorter wavelengths attenuated more severely by both the instru-
ment’s response curve and atmospheric extinction. The magnitude of
these effects depends on the specific observational setup used during
spectra acquisition.

The influence of observing geometry on meteor spectroscopy was
examined in detail by Kubelik et al. (2022). Through complex plasma
radiation modelling, the study demonstrated that both the viewing
geometry and the non-homogeneous structure of the radiating plasma
surrounding ablating meteoroids affect the recorded spectra, as illus-
trated by the case of a bright Leonid bolide. Spatial inhomogeneities
in plasma temperature and electron density had already been sug-
gested by Borovicka (1993), implying that different lines of sight
intersecting distinct regions of the plasma can produce spectra that
vary with the relative position of the meteor and the observer. As
shown by Kubelik et al. (2022), as the angle between the meteor’s
velocity vector and the observer’s line of sight decreases, the line of
sight progressively traverses hotter plasma near the meteor shock wave,
thereby enhancing the contribution of the high-temperature spectral
component (Borovicka, 1994). This effect is expected to be most pro-
nounced in meteors observed in a head-on orientation relative to the
observing instrument.

Although the topic is not entirely unexplored, relatively few stud-
ies have examined in detail the differences between meteor spectra
recorded simultaneously from multiple observing sites. The AMOS net-
work, designed and operated by researchers at Comenius University in
Bratislava, currently comprises 17 all-sky systems and 19 spectrographs
deployed worldwide (Téth et al., 2026), enabling relatively frequent
observations of meteors with spectra captured simultaneously from
several locations. The AMOS spectral database now contains approx-
imately 200 such observations, spanning a wide range of properties
including observing geometry, FOV position, spectral resolution, and
brightness. This dataset therefore provides an excellent opportunity for
qualitative studies of spectral variability under different observing con-
ditions. In this paper, we illustrate these differences and the complexity
of the problem through four meteors, chosen to form a small but diverse
set of case studies with distinct characteristics.
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Section 2 provides a brief description of the AMOS instrumentation
and the spectral processing pipeline used for meteor spectra reduction.
Section 3 presents the four case studies in detail. Finally, Section 4
summarises the findings from these case studies, reviews all plausible
sources of discrepancies observed in multi-station spectra, outlines
possible mitigation measures, and assesses their impact on meteoroid
composition estimates based on relative line-intensity ratios for the
AMOS-Spec-HR instrument.

2. Instrumentation and data processing

All meteor spectra presented in the following sections were acquired
using spectrographs of the AMOS network. The analysed spectra come
from the high-resolution AMOS-Spec-HR slitless spectrographs, each
equipped with a 6 mm f/1.4 lens coupled to a DMK 33UX252 digital
camera operating at 20 fps. This setup provides a pixel resolution of
2048 x 1536 (1.76arcmin px~!), FOV of 60° x 45°, and is supple-
mented with a 1000 grmm~' holographic grating with a dispersion
of 0.5nmpx~!, which corresponds to a resolving power of R = 550.
The AMOS-Spec-HR enables observation of higher-resolution meteor
spectra with typical full width at half maximum (FWHM) values around
1.2 nm in the visible range. The limiting stellar magnitude of the setup
is approximately +4, while the limiting magnitude required for the
detection of first-order meteor spectra is approximately —1.5.

The spectral reduction process is carried out on flat-field corrected
video recordings with background subtraction to reduce noise levels
and suppress additional illumination sources. Time-integrated spec-
tra are obtained by manually scanning all individual video frames
containing the spectrum, converting the scale from pixel coordinates
to wavelengths, summing the signal across all relevant frames, and
calibrating the resulting profiles for camera sensitivity and atmospheric
extinction. Calibration is performed by dividing each spectral profile
first by an appropriate instrumental response curve (Fig. 1) and sub-
sequently by an atmospheric transmittance function provided by the
TAPAS! online service (Bertaux et al., 2014; Lallement et al., 2025).
The resulting spectra are fitted with synthetic spectral profiles using
the damped least-squares method (Levenberg-Marquardt algorithm)
implemented in the FITYK software (Wojdyr, 2010). Line intensities
are derived by integrating the profiles of selected spectral lines, with
multiplet numbers assigned according to Moore (1945).

The atmospheric trajectories of the majority of the discussed mete-
ors were determined from data obtained by AMOS-Cam all-sky cam-
eras. Each AMOS-Cam system comprises a fisheye lens, an image in-
tensifier, a projection lens, and a digital video camera with a pixel
resolution of 1600 x 1200, a FOV of 180° x 140° (6.8 arcminpx~!), and
a frame rate of 20 fps. The limiting stellar magnitude of AMOS-Cam
is approximately +5 mag for single-frame detections and about +4 mag
for moving objects, as a result of trailing losses. The specific trajectories
were estimated using an updated version of the MT (Meteor Trajectory)
software, developed for the processing of AMOS data and previously
described in Kornos et al. (2018). Further details on the AMOS instru-
mentation and reduction procedures are provided in Téth et al. (2026).
An example of a typical AMOS system and the AMOS-Spec-HR spectrum
can be found in Fig. 2.

3. Study cases

The study cases presented in the following sections originate from
the subset of AMOS network deployed on Australia’s Nullarbor Plain,
which presently hosts three all-sky AMOS-Cam systems and eight spec-
trographs: one at Kybo (KY), one at Mundrabilla (MU), and six at
Forrest (FO), as illustrated in Fig. 3. All AMOS spectral observations
in Australia are carried out in collaboration with the Desert Fireball
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Fig. 2. Upper panel: typical configuration of the AMOS system, comprising the
all-sky AMOS-Cam and the AMOS-Spec-HR spectrograph (shown in the lower
left corner). Lower panel: composite image of meteor M20240725_140350
recorded by the AMOS-Spec-HR located on Mauna Kea, Hawaii.

Network (DFN) (Devillepoix et al., 2022). In addition to multi-station
detections across all three Australian sites, the number of AMOS-Spec-
HR spectrographs at Forrest provides near full-sky coverage, making si-
multaneous recordings of individual meteors by multiple spectrographs
at Forrest fairly common. The four meteor case studies presented in this
paper were specially selected to exemplify diverse observing geome-
tries, variable spectral resolution, brightness and saturation levels that
typically affect the observations of meteor spectra. In all analysed study
cases, the relative line intensities are derived from time-integrated
spectra constructed from frames sharing identical timestamps across
all observing stations, ensuring that all spectra correspond to the same
altitude interval along the meteor trajectory. This approach explic-
itly avoids mixing spectral data originating from different ablation
regimes or dynamical phases of the flight, which would introduce
inconsistencies in the integrated energy and compromise the physical
comparability of the measurements across multiple cameras.

3.1. M20231017.172212

M20231017_172212 was a sporadic meteor of absolute magnitude
—6.9 mag originating from a Jupiter-family comet (JFC) trajectory, with
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initial speed of v, = 24.2kms~!. It was recorded by three AMOS all-sky
systems and four spectral instruments: Spec-MU, Spec-KY, Spec-FONW,
and Spec-FOSW, yielding four spectra from three distinct observing
sites, presented in Fig. 4. The dominant spectral features observed
across all profiles correspond to emission of Fel, MgI, Nal, Crl, and
Mnl (Fig. 5). Their presence and relative intensities are consistent
with emission spectra of typical asteroidal meteoroids of chondritic
composition. This interpretation is further supported by the detection
and relative intensities of Til and Nil lines in all spectra (Matlovi¢
et al., 2024). Notably, all available M20231017_172212 spectra show
no detectable calcium lines.

Although broadly similar, the M20231017_172212 spectra displayed
in Figs. 4 and 5 reveal notable differences in quality and characteristics.
The faintest yet relatively sharp spectrum recorded by Spec-MU exhibits
a weak near-UV region, with spectral lines having FWHM values
ranging from approximately 1.1 nm in the green to 1.6 nm in the near-
UV. Instrumentally, AMOS-Spec-HR systems achieve higher resolution
in the near-UV than in the visible/red, and this opposite trend is most
likely a consequence of imperfect focusing. The FOV position of Spec-
MU spectrum is close to that of Spec-FOSW, whose spectrum, while
displaying a clearly defined near-UV region, is the lowest quality of the
four, with some lines broadened to as much as 3.5 nm FWHM. The spec-
trum captured by Spec-FONW was recorded under a large inclination
angle relative to the horizontal dispersion direction, which complicated
the scanning process and produced considerable line broadening, up
to 2.0 nm FWHM across the entire wavelength range. The Spec-KY
spectrum has a resolution comparable to Spec-MU, but differs in other
important aspects. Unlike the other three spectral observations of
M20231017_172212, it exhibits significant saturation throughout the
spectral profile. Additionally, its initial phases occurred outside the
spectrograph’s FOV, so the earliest stage of ablation is missing. The
time-integrated spectra of M20231017_172212 in Fig. 5 were therefore
obtained by combining 15 representative profiles taken from recording
frames with the lowest saturation. These frames were selected primarily
from the middle portion of the meteor trajectory to avoid the early and
late stages of ablation, where differential ablation (Borovicka, 1993;
von Zahn et al., 1999; Abe, 2009; Matlovi¢ et al., 2020) and the early
release of volatiles may significantly influence the resulting relative line
intensities.

The most significant factors influencing the line profiles and intensi-
ties of M20231017_172212 spectra are most likely related to focusing,
spectrum extraction geometry, and calibration. The overall quality and
spectral resolution of the individual profiles are illustrated in Fig. 5,
where the resolving power ranges from R ~ 400 for Spec-FONW to R ~
800-900 for the Spec-MU and Spec-KY profiles. A decrease in resolving
power is occasionally observed in AMOS spectra recorded near the
edges of the FOV, where off-axis rays are subject to stronger aberra-
tions and focus errors. These effects broaden spectral lines and reduce
resolution relative to the optical axis. Such distortions may be further
amplified under extreme weather conditions, when strong winds typical
for this region induce slight vibrations of the spectrographs and distort
the spectra.? Although for M20231017_172212 no clear correlation
is evident between spectrum quality and FOV position (the Spec-KY
spectrum, recorded at the very top of the FOV, exhibits significantly
higher quality than the Spec-FONW and Spec-FOSW spectra recorded
closer to the centre of the FOV), the windy conditions prevailing
during the observations may have contributed to the reduced quality of
the Spec-FONW and Spec-FOSW spectra. Furthermore, the Spec-FONW
profile is affected by non-ideal extraction and diffraction geometry
— the acute angle at which this spectrum was recorded produced a
notable signal overlap and line broadening, despite the use of a narrow
scanning aperture.

2 This issue has been resolved by reinforcing the construction of the AMOS
spectrographs deployed in Nullarbor.
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Fig. 3. Layout of the AMOS network in Australia, showing the stations MU (Mundrabilla), KY (Kybo), and FO (Forrest). Arrows radiating from each station

indicate the pointing directions of the AMOS spectrographs installed at these sites.

Fig. 4. Composite image displaying the spectrum of M20231017_172212
recorded by four AMOS spectrographs: Spec-MU, Spec-KY, Spec-FONW, and
Spec-FOSW. The layout of these instruments is shown in Fig. 3.

One of the strongest influences on the resulting spectra most likely
arises from the calibration applied on the M20231017_172212 profiles.
As described in Section 2, all AMOS spectra are calibrated for the
spectral sensitivity of the instrument and for atmospheric extinction.
The response curve for AMOS-Spec-HR, shown in Fig. 1, demonstrates
that the largest correction is required in the near-UV, while the max-
imum sensitivity is reached in the green, at approximately 550 nm.
Although grating efficiencies and detectors’ quantum efficiencies may
differ slightly or vary over time among the individual spectrographs,
these effects are considered negligible in case of AMOS spectra. The
most significant correction is introduced through atmospheric extinc-
tion, which predominantly affects the near-UV portion of the spectrum.
Its magnitude depends strongly on the meteor’s position: the closer

the meteor is observed to the horizon, the weaker the atmospheric
transmittance due to the increased optical path length. The overall
impact of these calibrations is clearly visible in Fig. 5. While the region
between 515 — 560 nm appears relatively consistent across the anal-
ysed profiles, with differences arising mainly from spectral resolution,
the near-UV region exhibits more pronounced intensity discrepancies.
While the TAPAS service provides robust model-based transmittance
functions, its accuracy is somewhat limited by the absence of real-
time local meteorological inputs, such as aerosol contents, humidity,
and transient weather conditions. Additionally, differences in the zenith
angle (altitude) of the meteor between the observing sites alter the
effective optical path length through the atmosphere, which may lead
to cumulative discrepancies in the resulting spectra, especially in the
near-UV.

The comparison of the intensities of the Mn I-2 triplet (located at
403.08, 403.31, and 403.45 nm) across all four M20231017_172212
spectral profiles in Fig. 5 reveals a discrepancy that cannot be explained
solely by measurement uncertainties or calibration errors. Although the
varying resolution between the profiles inevitably distorts this part of
the spectrum, in three out of four measured profiles (Spec-FONW, Spec-
FOSW, Spec-MU) the Mn I-2 triplet is either weaker or comparable in
intensity to the adjacent Fe I-43 line at 404.58 nm. In contrast, in the
case of Spec-KY, Mn I-2 clearly peaks above the adjacent Fe I-43 line.
This behaviour may indicate an influence of the observing geometry
on the resulting spectral profiles, since the relative position between
the M20231017_172212 meteor and Spec-KY slightly differed from that
of the other instruments (Fig. 6). Differences in lines of sight between
observing systems can introduce various physical effects that affect
the recorded spectra, as demonstrated by the modelling of Kubelik
et al. (2022). Depending on the viewing angle, lines of sight may
traverse different regions of the radiating plasma, leading to variations
in optical depth, self-absorption, and line-of-sight integration effects for
specific species. Moreover, different viewing geometries may sample
distinct portions of the shock front or ablation zone, which may alter
the apparent line intensities. To further investigate this effect in the
M20231017_172212 profiles, similar behaviour was examined in other
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Fig. 5. Spectral profiles of meteor M20231017_172212 extracted from four AMOS-Spec-HR spectrographs: Spec-FONW, Spec-FOSW, Spec-MU, and Spec-KY. The
layout of these instruments is shown in Fig. 3, and the suffixes attached to the meteor designation in the legend indicate the specific spectrograph from which
each profile was obtained. For clarity, the spectra are divided into two wavelength ranges: 370-480 nm (upper panel) and 480-600 nm (lower panel). All profiles
are normalised to unity at the peak of the Fe I-15 line at 526.95 nm, with several spectral lines of interest highlighted. The noticeable amplitude difference
between the FONW and FOSW spectra in the 380-400 nm region arises most probably from residual uncertainties in the near-UV calibration, as discussed in

Section 3.1.

alt.
87.96 km

Fig. 6. Three-dimensional model of the M20231017_172212 atmospheric tra-
jectory (blue gradient) relative to the AMOS systems at Kybo, Mundrabilla,
and Forrest. The colour coding of these stations follows that used in Fig. 3.
Short white lines radiating from the station positions indicate the orientations
of the spectrographs that recorded the spectrum of M20231017_172212.
The highlighted altitude corresponds to the meteor’s beginning height. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

low-excitation lines such as Fe I-1, Fe I-2, and Na I-1, but the results are
inconclusive. The Na I-1 doublet (588.97 and 589.56 nm) is influenced
by saturation (Spec-KY), line broadening due to spectrum extraction ge-
ometry (Spec-FONW), or focusing effects (Spec-FOSW). The Fe I-1 and
Fe I-2 lines do exhibit some variations among the M20231017_172212
profiles, but they are either too weak or too blended with noise or other

stronger lines to exclude the possibility that these differences arise from
measurement uncertainties.

All of the aforementioned instrumental and calibration effects ulti-
mately manifest as variations in the relative line intensities of meteor
spectra. Since such relative intensities form the basis for deriving me-
teoroid composition, systematic differences introduced by atmospheric
extinction correction, focusing, extraction and observing geometry,
and other related factors may influence the accuracy of compositional
analyses. The relative intensities of selected multiplets extracted from
all M20231017_172212 spectral profiles are shown in Figs. 7-9 and are
discussed further in Section 4.

3.2. M20231024.110038

Reconstruction of the atmospheric trajectory of meteor M20231024_
110038 was impeded by adverse weather conditions at the time of
the event. Nevertheless, data obtained by the DFN stations enabled
a determination of its trajectory and an estimated entry velocity of
v; = 169kms~!. A geometric triangulation combined with a dynam-
ical analysis based on the joint AMOS and DFN dataset indicates
that M20231024_110038 may have produced a meteorite fall, with
a surviving mass potentially reaching up to 50g, although a termi-
nal mass closer to 20g is more probable. The emission spectrum of
M20231024.110038 was recorded by the Spec-KY, Spec-FONW, and
Spec-FOSW spectrographs (Fig. 10). The Spec-FOSW profile was ex-
cluded from further analysis due to its insufficient quality. Across the
two high-quality spectra, the meteor exhibits features characteristic of
asteroidal meteoroids of chondritic composition. The most prominent
spectral features in the observed spectra belong to the Mg I-2, Fe I-15,
and Na I-1 multiplets, all of which exhibit relatively strong saturation
across the captured spectra. Additional notable features include other
Fe I lines, as well as lines of Mn I, Cr I, and Ti L. (Fig. 10). The relative



V. Pazderovd et al.

98¢ M20231017_172211
$383 M20231024 110038
#8;® M20240825_111949
ME3 M20250513_171428

MU

FOSW
FON

FONE

Icarus 455 (2026) 117107

0
0 20 40 60 80 100
Mg I-2 Na I-1
Na
4.0
MWOBE M20231017_172211
35 $8$3 M20231024_110038
T 89 M20240825 111949
WP M20250513 171428 —
3.0' KY 8
o &
(&) I
= 2.5 . 8Fosw
o~ &8
LN FOSW FONW
~ 2.0 %"’
FOS
L 3
1.5]
1.01 FON
BKY%FONE
0.5
0.50 0.75 1.00 1.25 1.50 1.75 2.00
Nal-1/ Mg I-2

Fig. 7. Relative intensities of multiplets Mg I-2, Fe I-15, and Na I-1 extracted from

the spectra of all meteors analysed in this work. Upper panel: ternary diagram

illustrating the relative intensities of these multiplets for all spectral profiles discussed in Section 3. Grey points represent spectra of single-station meteors from
the AMOS spectral database. Lower panel: correlation between the intensities of multiplets Fe I-15 and Na I-1 relative to Mg I-2 across all analysed spectra.

intensities of some of these multiplets are presented in Figs. 7 to 9 and
examined in more detail in Section 4.

The atmospheric trajectory of M20231024_110038 clearly indicates
that the meteor exhibited an almost head-on orientation relative to
the Spec-KY spectrograph. As a result, the object appears as a lumi-
nous, quasi-spherical source rather than an elongated meteor trail in
Fig. 10. Due to the pronounced saturation of the Spec-KY spectrum dur-
ing nearly the entire observational interval, the spectral analysis was

restricted to the initial phase of ablation. The final time-integrated spec-
tra presented in Fig. 11 were therefore computed as the sum of seven
representative frames acquired prior to the onset of strong saturation
in the Spec-KY video recording. Despite this, minor saturation effects
persisted in three of the seven Spec-KY frames, specifically within the
Mg I-2 and Na I-1 multiplets, as well as in the strongest Fe I-15 line
at 526.95 nm. Normalisation of the Spec-KY profile to unity at the Fe
I-15 peak at 526.95 nm consequently caused an artificial enhancement
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diagram displaying the relative intensities of these multiplets across all spectral profiles. For clarity, the stronger Mg I-2 and Fe I-15 intensities have been scaled
by a factor of 0.1 relative to the weaker Cr I-7. Lower panel: correlation between Fe I-15 and Cr I-7 intensities relative to the intensity of Mg I-2.

of the signal intensity across the spectral profile. To mitigate this effect,
the M20231024_110038 spectra shown in Fig. 11 were normalised to
unity at the Fe I-15 peak at 537.10 nm.

Despite the markedly different observing geometries of the Spec-
KY and Spec-FONW spectrographs, the corresponding spectral profiles
exhibit only a few significant discrepancies, as shown in Fig. 11. The
majority of variations in spectral line intensities lie within the margin

of error, as determined by the signal-to-noise (S/N) ratio, and can
largely be attributed to the slightly reduced spectral resolution of the
Spec-FONW spectrum relative to the Spec-KY profile. Representative
examples of this effect include the Mn I-2 and Fe I-43 multiplets at
approximately 403.30 nm and 404.58 nm, respectively, the Mg I-2 near
517.20 nm, and the Cr I-7 at approximately 520.60 nm. Furthermore,
spectral lines in the near-UV region may be influenced by the reduced
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Fig. 9. Relative intensities of multiplets Mn I-2, Cr I-7, and Fe I-15 calculated for meteor spectra analysed in this work. Upper panel: ternary diagram displaying
the relative intensities of these multiplets for all presented spectral profiles. The intensities of multiplet Fe I-15 were scaled by a factor of 0.1 to improve clarity
of the plot. Lower panel: correlation between Mn I-2 and Cr I-7 intensities relative to the intensity of Mg I-2. In comparison with Fig. 7 and Fig. 8, the inclusion
of Mn I-2 from the near-UV region produces a more pronounced dispersion in the case of meteors M20231017_172212 and M20250513_174828.

instrumental sensitivity as well as by uncertainties introduced through
atmospheric extinction correction, as discussed in Section 3.1.
Although the Spec-KY time-integrated spectrum is affected by sat-
uration more severely than the Spec-FONW profile, Fig. 11 reveals
a pronounced enhancement in the Na I-1 intensity within the Spec-
FONW spectrum. This effect is most likely attributable to differences
in observing geometry. A near head-on orientation of Spec-KY may
emphasise emission from the ablation front associated with the meteor

head (Borovicka, 1994; Kubelik et al., 2022), whereas the more oblique
perspective of Spec-FONW could capture a greater contribution from
the wake or trail emission, where low-excitation features such as Na I-
1 are expected to be enhanced. Further discrepancies between the two
profiles are evident in several Fe I lines across the spectrum. While
the intensity variations of the Fe I-15 peak at 526.95 nm are most
likely caused by saturation, differences observed in other, generally
weaker Fe I lines can be attributed to the varying resolution of the
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Fig. 10. Composite image of the spectrum of meteor M20231024_110038
observed by the AMOS spectrographs Spec-KY and Spec-FONW (Fig. 3).

Spec-FONW and Spec-KY profiles. Therefore, even though many of the
Fe I peaks do not visually align between the Spec-KY and Spec-FONW
spectra, their relative intensities are broadly comparable across both
profiles. The discrepancy in Mn I-2 intensity reported in Section 3.1
is not observed in the M20231024_110038 profiles, likely because they
represent only the initial phases of meteoroid ablation. During the early
stages of ablation, the Mn I-2 signal in AMOS spectral data is typically
weak but progressively increases over time, reflecting a gradual release.
Beyond the gradual trend, sharp variations are sometimes observed
during fragmentation events or flares, when localised pockets enriched
in Mn and other refractory elements are ablated (Matlovic et al., 2026).

3.3. M20240825.111949

M20240825_111949 was a sporadic meteor with a typical asteroidal
orbit, an initial speed of v; = 19.6kms~!, and a maximum absolute
magnitude of —7.6. Its spectrum was recorded by two AMOS spec-
trographs at Forrest — Spec-FOS and Spec-FOSW (Fig. 3), with both
spectra covering similar portions of the spectrographs’ FOVs (Fig. 12).
As in the cases described in Sections 3.1 and 3.2, the spectrum of
M20240825_111949 is broadly consistent with the profile expected for
meteors originating from meteoroids of chondritic composition. Both
captured profiles are characterised by strong Mg I, Fe I, and Na I
emission, enhanced Mn I and Cr I features, and weak Ti I and Ni I
emission (Fig. 13) and were calculated as sums of 20 representative
frames extracted from the middle part of the meteor trajectory. Satura-
tion affects the Na I-1 feature in both observed profiles, with a relatively
minor influence also evident in the Mg I-2 multiplet recorded by Spec-
FOSW. Saturation is presumably the major effect causing the variations
of Na I-1 intensities extracted from the M20240825.111949 profiles
(Figs. 7 and 13).

To account for the intensity variations observed in other lines
present in the spectral profiles of M20240825_.111949, a detailed ex-
amination indicates two major effects influencing them. First, the lines
located below circa 390 nm are most likely affected by the applied
calibrations, as they fall in the near-UV region where the AMOS-
Spec-HR detector quantum efficiency and atmospheric transmission
both decline steeply, so even small errors in the response function
(Fig. 1) or applied extinction model (discussed in Section 3.1) can
produce evident intensity deviations. Consequently, while the applied
corrections improve the overall reliability of the spectra, they may also
lead to variations displayed in the region below approximately 390 nm
in Fig. 13.
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The second effect is prevalent throughout the entire range of both
M20240825_111949 profiles and arises from the differing spectral res-
olution of the Spec-FOS and Spec-FOSW observations. The average
FWHM of lines in the Spec-FOS profile is 1.1 nm, whereas the average
FWHM of Spec-FOSW lines is 1.4 nm, with several near-UV features
exhibiting FWHM values up to 1.6 nm. The reduced resolving power of
Spec-FOS at that time was most likely due to an unidentified hardware
malfunction, which has since been corrected. As a result, effects such as
line blending, the broadening of the line spread function leading to flux
redistribution between line cores and wings, and the overall increase
in the S/N ratio in lower-resolution spectra, enhanced the differences
between the relative line intensities extracted from Spec-FOS and Spec-
FOSW profiles, as demonstrated in Figs. 7 to 9. The multiplet most
significantly affected by the spectral resolution differences is FelI-15
(Fig. 7), which is consistently stronger in the higher-resolution Spec-
FOSW profile relative intensities (Figs. 7 and 8). A similar effect is
also evident for Spec-FOSW Cr I-7 and Mnl-2, albeit with smaller
variations than in the case of Fel-15 (Figs. 8 and 9). The variations
observed in MgI-2 are more likely attributable to saturation effects than
to differences in resolving power.

The M20240825_111949 case is also suitable for demonstrating the
relevance of the effects described by Segon et al. (2024) for AMOS
instrumentation, specifically the dependence of spectral response on
the position within the field of view and the wavelength-dependent
behaviour of the flat-field correction. To date, none of the AMOS
meteor spectra observed simultaneously from multiple locations have
proven to be strongly influenced by these effects. In all cases, other
factors exerted a more significant impact on the observed spectra, as
shown for the meteors discussed in Sections 3.1 and 3.2. Although the
M20240825_111949 spectra positions significantly overlap in the Spec-
FOS and Spec-FOSW FOVs, there is no indication that the observed
variations in relative line intensities are visibly affected by the effects
described in §egon et al. (2024). To estimate their significance for the
AMOS-Spec-HR setup, laboratory testing was conducted in which an
AMOS-Spec-HR instrument was used to record spectra of a halogen—
deuterium light source. The setup was tested for varying FOV positions
of the source (zero order) and the first-order spectra. Comparing the
normalised spectral intensity observed across different pixel ranges,
i.e., different regions of the AMOS-Spec-HR camera detector plane,
revealed strong consistency in the recorded signal regardless of FOV
position. Coupled with the nearly linear diffraction efficiency of the
AMOS-Spec-HR setup, this indicates that the instrument response is
largely stable across the detector and does not introduce significant
variations in the observed signal based on its FOV position or wave-
length. Consequently, laboratory tests of the AMOS instrumentation
indicated that the diffraction geometry described by Segon et al. (2024)
has only a minor effect on the relative line intensities extracted from
AMOS spectral data. It should be noted, however, that these tests were
conducted on a single AMOS-Spec-HR spectrograph setup. While minor
variations among the AMOS spectrographs deployed worldwide cannot
be excluded, such differences are not expected to be large enough to
introduce significant biases into relative line intensities extracted from
AMOS spectral data.

3.4. M20250513.171428

Meteor M20250513_171428 was identified to be a member of Ep-
silon Scorpiids (EPS, #660) meteor shower, first reported by Jenniskens
et al. (2016). It was the fastest meteor among the four cases dis-
cussed in this work, with an initial speed of v; = 40.3kms™! and a
maximum absolute magnitude of —9.1. Its spectrum was recorded by
the Spec-FON, Spec-FONE, and Spec-KY instruments (Fig. 3), which
captured high-quality spectra with an average FWHM of about 1.2 nm
and almost no saturation (Fig. 14). The individual spectral profiles
of M20250513_171428 shown in Fig. 15 are dominated by the Call-
1 multiplet at 393.37 and 396.85 nm, Cal-2 at 422.63 nm, MgI-2,
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Fig. 11. Spectrum of meteor M20231024_110038 recorded by Spec-FONW and Spec-KY spectrographs (Fig. 3). The profiles are divided into two parts: 330-480 nm
(upper panel) and 480-600 nm (lower panel), and are normalised to unity at the peak of Fe I-15 line at 537.10 nm to avoid the artificial increase of the Spec-KY

signal caused by saturation of Fe I-15 strongest peak at 526.95 nm.

of
M20240825.111949. The spectra occupy very similar positions in the
FOVs of Spec-FOS and Spec-FOSW, resulting in their overlap within the
image.

Fig. 12. Composite image the recorded spectra of meteor

Nal-1, and several strong Fe I lines. Other notable features include
MnI-2 multiplet, MgII-4 at 448.13 nm, and weaker CrI-1 and CrI-7
lines. The profiles also exhibit weak TiI and Nil emission. With almost
no saturation present, the individual profiles were calculated as sums
of all observed frames, meaning that the final time-integrated spectra
encompass all phases of meteoroid ablation from beginning to end.
Fig. 15 demonstrates close correspondence across all three observed
M20250513_171428 spectra, with more pronounced variations in the
near-UV region, a feature typical of meteors observed simultaneously
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from multiple locations, as shown in previous sections. These differ-
ences are likely related to the applied calibration, particularly for
the Spec-KY profile, which was recorded at low elevation (zenith
angles of approximately 77-84°). In this case, the near-UV signal
was strongly adjusted by atmospheric extinction calibration, and the
attenuation below about 420 nm likely reflects absorption effects that
were underestimated. Slight variations in spectral resolution between
the individual observations may also contribute to discrepancies, as
the Spec-FON profile, although of high quality, exhibited on average
a larger FWHM than the other two by circa 0.2 nm. These effects
are evident in the intensity of the MnI-2 multiplet, as displayed in
Fig. 9. Beyond the near-UV, however, all M20250513_171428 profiles
show strong consistency, with differences most likely attributable to
minor variations in FWHM, as illustrated by the CrI-7 multiplet, which
appears enhanced in the lower-quality Spec-FON profile (Fig. 8). Nev-
ertheless, when comparing relative intensities of multiplets located in
the wavelength range where detector sensitivity is highest (Fig. 1) and
atmospheric extinction is weakest — between approximately 550 and
600 nm for the AMOS-Spec-HR — the relative line intensities yield a
very precise match, as demonstrated for the MgI-2, Fel-15, and Nal-1
multiplets in Fig. 7.

The results of the M20250513_171428 analysis further support the
weak influence of the effects studied by Segon et al. (2024) on AMOS-
Spec-HR spectra, as discussed in Section 3.3. Although the Spec-KY
spectrum lies near the edge of the spectrograph’s FOV and occupies
a different portion of the FOV than Spec-FON and Spec-FONE, all
spectra show close agreement in the measured relative line intensities.
The minor differences identified in the profiles can be attributed to
stronger factors mentioned in the previous paragraph. The influence
of observing geometry in case of M20250513_171428 is most probably
minimal. While the meteor was recorded by spectrographs installed
at two separate locations, the relatively large distances between the
meteor and the instruments (approximately 170 km for AMOS-FO and
300km for AMOS-KY), combined with their relative positions and the
nearly vertical atmospheric trajectory of M20250513_171428, ensured
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Fig. 13. Spectral profiles of meteor M20240825_111949 extracted from Spec-FOS and Spec-FOSW instruments (Fig. 3). The profiles are divided into two sections:
360-480 nm (upper panel) and 480-600 nm (lower panel). Both profiles are normalised to unity at the peak of Fe I-15 line at 526.95 nm. The Spec-FOS profile
exhibits a notable reduction in spectral resolution compared to the Spec-FOSW profile.

Fig. 14. Composite image of the M20250513_171428 meteor spectrum
recorded by the Spec-FON, Spec-FONE, and Spec-KY spectrographs. The gap
visible near the middle of the Spec-FONE zero-order image and its first-order
spectrum is caused by a dropped video frame.

that all instruments most likely probed a very similar portion of the
meteor plasma (Fig. 16). This is in accordance with the analysed
profiles, which reveal only small variations among them.

4. Discussion

Although limited to just four events, the meteors described in this
work provide a representative sample, as together they encompass a
majority of the effects causing the relative line intensity variations
in AMOS spectra recorded simultaneously from multiple locations.
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As demonstrated in Section 3, the primary sources of variation in
multi-station spectral observations include:

+ Focusing.

AMOS-Spec-HR multi-station observations occasionally display
variability in data quality, ranging from sharply focused spectra to
those affected by imperfect focusing. Such issues may result from
hardware malfunctions or environmental influences. Under ideal con-
ditions, integrated line intensities derived from Gaussian profile fit-
ting should remain stable, provided the detector response is fully
linear and no flux is lost through excessive line broadening. In
practice, however, several instrumental and processing effects can
modify the measured values. For weak signals, the broadened wings
of defocused lines may merge with background noise, truncating
the Gaussian fit and leading to underestimation of the true flux.
Background extraction may also not fully compensate for local back-
ground intensity variations once the zero-order meteor signal appears
in the FOV, especially in case of very bright fireballs. Moreover, the
choice of extraction aperture (the width of the scanning line used
to isolate the spectrum) and the Gaussian fitting window can affect
accuracy — inappropriate settings may yield either over- or underes-
timates of the actual line flux. These influences can be systematically
assessed through laboratory simulations with controlled light sources.
The impact of focusing in AMOS spectra has been evaluated as low to
moderate, as shown in analyses of meteors M20231017_172212 (Sec-
tion 3.1) and M20240825_111949 (Section 3.3), where focusing was
identified as one of the primary factors contributing to discrepancies
in relative line intensities extracted from the spectral profiles (Figs.
7 to 9).

Spectrum recording geometry.

Spectra recorded by systems installed at different locations are
subject to variations in diffraction geometry. When a spectrum is
observed at an acute angle relative to the grating orientation, par-
tial signal overlap and line broadening can occur during spectrum
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Fig. 15. Spectrum of meteor M20250513_171428 extracted from observations captured by Spec-FON, Spec-FONE, and Spec-KY spectrographs (Fig. 3). For clarity,
the profiles are divided into two sections: 380-480 nm (upper panel) and 480-600 nm (lower panel). All three profiles are normalised to unity at the peak of Fe

1-15 line at 526.95 nm.

alt.
93.33 km

Fig. 16. Three-dimensional representation of the atmospheric trajectory of
meteor M20250513_171428 (blue gradient) with respect to the AMOS in-
struments at Kybo and Forrest. The colours are consistent with the scheme
applied in Fig. 3. White lines extending from each station mark the orientations
of the Spec-KY, Spec-FON, and Spec-FONE spectrographs that captured the
spectrum of M20250513_171428 with almost vertical atmospheric trajectory.
The highlighted altitude corresponds to the beginning point of the meteor
trajectory. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

scanning and extraction. These effects arise from the projection of
dispersed light onto the detector and may introduce distortions in
the measured line profiles. While careful extraction using a narrow
scanning aperture can mitigate the impact of this effect, further
corrective options are limited. The influence of this effect is similar to
the line broadening caused by focusing issues, but its overall impact
is generally considered minor compared to other sources of variation
in relative line intensities. The issues arising from the extraction
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geometry have been illustrated in the Spec-FONW profile of meteor
M20231017_172212 (Section 3.1).

Observing and light path geometry.

Differences in the lines of sight between observing stations can
introduce several physical effects that complicate the interpretation
of spectral observations. First, the path length through the meteor
plasma may vary between multiple systems, leading to differences
in optical depth, self-absorption, and line-of-sight integration effects
for specific species. These processes can alter relative line intensities
depending on the amount of plasma traversed, but their magnitude
is difficult to constrain without detailed radiative transfer modelling.
Second, variations in viewing angle relative to the meteor trajectory
may cause different portions of the shock front or ablation zone to be
sampled. Since these regions can differ in temperature, density, and
composition, the resulting spectra may emphasise different emission
features, as demonstrated in modelling performed by Kubelik et al.
(2022). This effect may be further amplified especially in cometary
meteoroids, whose compositionally heterogeneous aggregate struc-
ture and fragmentation into fine-grained, compositionally diverse
dust during ablation (eg. Rietmeijer 2008, Paquette et al. 2016, Vida
et al. 2024) can introduce small-scale compositional inhomogeneities
within the plasma column. Third, although not yet well understood
in this context, meteor emission can be weakly polarised, and differ-
ences in optical path or viewing angle might cause slight variations
depending on the instrument optics, a possibility that would benefit
from verification in a dedicated future experiment. Finally, although
Doppler shifts are theoretically expected to influence meteor spectra,
they are negligible at the AMOS-Spec-HR resolution of 0.5nmpx~!.
Even a head-on meteor with initial speed of v; ~ 72kms~!, that
should essentially yield the maximum Doppler shift possible for
meteor spectra, would produce a shift of only 0.12nm at 500 nm, and
thus remains below AMOS-Spec-HR resolving power.

The influence of observing geometry in AMOS spectra has most
likely been detected in the case of meteor M20231024_110038 (Sec-
tion 3.2), where the head-on orientation of the meteor with respect
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to the Spec-KY instrument appears to have caused a marked decrease
in the low-excitation Na I-1 doublet intensity compared to the profile
obtained under a more oblique geometry. Tentative signs of this
effect were also observed in the Mn I-2 intensity in the Spec-KY
profile of meteor M20231017_172212 (Section 3.1). In summary,
while the effects of observing and light-path geometry are physically
plausible, reported in the literature (Kubelik et al., 2022), and can be
explored through radiative transfer modelling, they remain difficult
to characterise solely from observational data.

Atmospheric extinction correction.

Although the TAPAS service (Bertaux et al., 2014; Lallement
et al., 2025) provides a reliable framework for atmospheric extinc-
tion correction, it is a model whose accuracy can vary with local
atmospheric conditions such as aerosol content, humidity, and tran-
sient weather phenomena. Since models often rely on climatological
averages and global datasets, they may not fully capture short-
term or site-specific variations. In multi-station meteor observations,
differences in zenith angle (altitude) relative to each observing sta-
tion can introduce small but cumulative discrepancies in extinction
correction. These differences affect the optical path length through
the atmosphere, potentially leading to variations in the attenuation
of certain spectral lines across stations. While such errors are gen-
erally minor, they can become significant in cases where spectra
are compared quantitatively across multiple sites. It is important to
note that this issue is especially pronounced for the Australian AMOS
systems, where low site elevations and sparse local atmospheric
data may make the TAPAS model inherently less reliable than at
better-characterised mid-latitude sites.

The impact of atmospheric extinction correction is most pro-
nounced in the near-UV portion of meteor spectra, where extinction
is strongest, and this effect is compounded by the lower sensitivity
of the AMOS-Spec-HR detector in the near-UV. The combined con-
sequence of these two factors has most likely been observed in all
spectra discussed in Section 3. A robust estimation of the magni-
tude of this effect would require local meteorological measurements
(e.g., aerosol optical depth, humidity profiles, or sky transparency) at
each observing station, which is not feasible for the AMOS network.
Overall, this influence is expected to be prominent particularly for
meteors observed at large zenith angles, but is generally assumed to
be weak, especially outside the near-UV.

Flat field and sensitivity drift.

Flat-field corrections are commonly used to compensate for vari-
ations in detector sensitivity and optical throughput across the FOV.
In practice, however, they are inherently imperfect: their accuracy
can degrade over time due to changes in instrument settings, detector
aging, or gradual deterioration of optical components. Moreover, the
optical elements themselves may introduce wavelength-dependent
artefacts that are not fully accounted for in a single flat-field cali-
bration. As a result, small imperfections in the flat fields can affect
certain wavelengths more strongly than others, leading to subtle
biases in the measured line intensities. Addressing this issue is chal-
lenging in routine meteor observations. Ideally, frequent and accurate
sensitivity measurements would be performed, with each instru-
ment recalibrated to track changes in detector response and optical
throughput. In practice, this is difficult because AMOS instruments
are installed worldwide, often in very remote areas. Flat-field images
for the AMOS-Spec-HR are, therefore, acquired for each individual
spectrograph before deployment to the observing location, under
laboratory conditions using a uniformly illuminated white surface,
and during the major camera servicing. An effective approach to
addressing this issue is to characterise the wavelength and incidence-
angle dependence of the flat field using a controlled laboratory setup
as demonstrated by Segon et al. (2024). The required level of detail
in such calibration also depends on the optical configuration and
the diffraction grating used, since many gratings exhibit a strong
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incidence-angle dependence of their diffraction efficiency. This effect
can be particularly important for wide-FOV instruments: in this re-
gard, AMOS systems with their smaller FOV compared to the all-sky
cameras used by Segon et al. (2024) are expected to be less affected,
which is consistent with what has been observed in AMOS spectral
data. Laboratory characterisation performed for the AMOS-Spec-HR
instrument (Section 3.3) supports this expectation, indicating that
these effects most likely have only a minor impact on AMOS spec-
tral data. Nevertheless, more detailed testing would be necessary to
precisely quantify the scale of these effects on AMOS spectra and
to provide corrective measures if required. However, under typical
observing conditions of the AMOS instruments, this effect is assumed
to be minor, based on multi-station spectral observations analysed
to date, including meteors M20240825.111949 (Section 3.3) and
M20250513_171428 (Section 3.4).

Spectrograph throughput differences.

Partially related to the previous effect and to focusing, even when
identical spectrograph setups are deployed at multiple stations, small
differences in throughput are unavoidable. Manufacturing tolerances
can lead to slight variations in grating efficiency or detector quantum
efficiency, and these differences may become more pronounced over
time as optical components age or degrade. As a result, the over-
all sensitivity of each system can diverge subtly, producing minor
discrepancies in recorded line intensities across the AMOS network.

In principle, throughput differences could be corrected by cali-
brating against standard stars with well-characterised spectra. How-
ever, this approach is difficult to implement in practice, since meteor
spectrographs are not typically designed for stellar spectroscopy and
may lack the necessary spectral coverage or calibration routines. An
alternative, as noted previously, would be to perform accurate sen-
sitivity measurements and calibrations on each system on a regular
basis. This would allow wavelength-dependent throughput variations
to be quantified and corrected, but the logistical demands of such
frequent calibrations make this impractical for routine operations.
Although almost certainly present to some extent in all spectra dis-
cussed in Section 3, these effects are assumed to be weak compared
to other sources of variation considered in this work.

User input during processing and fitting.

AMOS spectral profiles are typically extracted and fitted manu-
ally (Section 2), which can introduce a degree of subjectivity into
the analysis. Variations in the choice of extraction aperture width,
background subtraction method, or the FWHM of fitted lines may
accumulate, leading to minor differences in the evaluated relative
line intensities depending on the specific approach adopted by the
analyst. However, the tests conducted to assess the magnitude of
this effect on AMOS spectral data indicate that such differences are
generally very small and have only a minor impact on the overall
accuracy of line intensity measurements.

A concise overview of these effects is provided in Table 1.
One of the central questions in the investigation of multi-station

spectral observations is whether the above-mentioned effects influence
the final relative line intensities to an extent that complicates the
estimation of meteoroid composition. Figs. 7 to 9 show the relative
line intensities of the Mn I-2, Mg I-2, Cr I-7, Fe I-15, and Na I-1
multiplets for all spectra of the four meteors analysed in this work.
These multiplets were selected because they are frequently observed in
meteor spectra and are particularly useful for meteoroid composition
studies, as highlighted in works based on the spectral classification
framework developed by Borovicka et al. (2005) (e.g., Vojacek et al.
(2015, 2019), Matlovi¢ et al. (2019, 2020)) and more recently re-
fined in Matlovi¢ et al. (2024). The relative line intensities of all
meteors with multiple spectral observations are compared against the
remaining high-resolution AMOS spectral catalogue, which currently
comprises 190 meteor spectra. This provides a broader context for the
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Overview of the effects influencing AMOS meteor spectra discussed in this work, including their estimated magnitude and potential approaches to mitigating

their impact.

Cause

Possible effects

Magnitude

Correction measures

Focusing

Recording geometry

Observing geometry

Broadens and distorts spectral lines,
causing flux loss, noise contamination,
and biased fitting that leads to
systematic intensity errors

Introduces projection-related broadening
and line overlap, distorting extracted
profiles and biasing relative intensities

Changes the sampled plasma column
depth and composition along the line of

sight, affecting optical depth,
self-absorption, and relative line
contributions

Atmospheric Biases line intensities in the near-UV due

extinction correction to uncertainties in extinction models and

site-dependent atmospheric conditions

Flat field and
sensitivity drift

Introduces wavelength-dependent biases
from temporal changes in detector
response and optical throughput

Spectrograph Causes wavelength-dependent
throughput discrepancies in measured intensities
differences between stations

User input during
processing

Introduces unpredictable, user-dependent
biases during manual spectrum
processing

Low to moderate

Variable (incident angle
dependent)

Variable (geometry
dependent)

Laboratory tests with
controlled sources and
variable focus settings

Largely unresolvable
due to random meteor
incidence angles

Modelling spectra for
different observing

geometries

Variable (wavelength
dependent)

Improving or
reconsidering new
extinction models,
selecting optimal
observing sites

Low Controlled laboratory
experiments, regular
flat-field updates

Low Calibration using
standard stars, regular
sensitivity monitoring

Low Transition to automated
processing pipelines

dispersion of these ratios within a diverse dataset that includes chon-
dritic and iron meteoroids, along with a small number of achondrite
candidates (Matlovic et al., 2026).

As discussed in Section 3, all four meteors described in this work
most likely originated from meteoroids with chondritic composition,
based on the meteorite-based methodology of composition estimation
proposed by Matlovic et al. (2024). The spectra of nearly all of these
meteors share certain characteristics, such as overall similarity in the
emission lines present in their profiles (Figs. 5, 11, 13 and 15) and
Fe I emission enhancement (most clearly visible in Fig. 7) and their
relative line intensities are generally consistent. A notable exception is
meteor M20250513_171428, in which Fe I emission enhancement was
not observed and the Na I-1 emission appeared diminished compared
to the other three meteors (Fig. 7). This is likely attributable both to
the higher entry speed of M20250513_171428 relative to the others —
which attenuates the Na I-1/Mg I-2 intensity ratio compared to meteors
with lower entry speeds (Borovicka et al., 2005; Matlovic et al., 2019)
— and to the fact that none of its profiles were affected by saturation.

In some cases, however, the differences between relative line in-
tensities extracted from multiple profiles of the same meteor exceed
those observed between different meteors. This is well illustrated in
Fig. 7 for meteor M20231024_110038, whose Spec-KY profile yields
relative line intensities that differ substantially from those of the Spec-
FONW profile of the same meteor, and to a lesser extent for meteor
M20240825 111949 in its Fe I-15 emission. A similar effect can be
seen in Fig. 9 for the Mn I-2 emission of meteors M20231017_172212
and M20250513_171428. Although the differences in Mn I-2 intensities
are relatively significant for this meteor (Section 3.4), it is important
to note that, in general, more consistent results for Mn I-2 would be
achieved if it were expressed in relative ratios with adjacent lines rather
than with more distant ones such as Mg I-2 or Cr I-7. This approach
ensures that all compared lines are affected by similar calibration-
related errors, thereby minimising the influence of these effects on
meteoroid composition estimation.

As discussed in Section 3, a majority of the variations in relative
line intensities extracted from multi-station spectral observations of
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meteors can be explained by the effects described above. Some of these
influences are more pronounced in specific wavelength ranges, such as
non-ideal calibrations in the near-UV, while most can affect the entire
observed spectrum. The origin of certain variations, however, cannot
be clarified until they are observed in a larger sample of multi-station
spectral data. One example is the behaviour of Cr I emission in the
profiles of meteor M20231024_110038. While the intensity of the Cr
I-1 multiplet lines is notably weaker in the head-on Spec-KY spectrum,
the Cr I-7 lines appear unaffected (Fig. 11). To date, this phenomenon
has been observed only in the case of M20231024_110038 and requires
further study to determine whether it represents a real physical effect
or a random fluctuation.

The case of M20250513_171428 demonstrates that if the multi-
station spectral observation is largely unaffected by the sources men-
tioned in this section, the relative line intensities obtained from the
respective spectra exhibit a very good agreement (Figs. 5, 11, 13 and
15). By contrast, if the specific spectra are affected by them, they can
exhibit more or less significant variations. In all meteors presented in
this work, that represent a larger sample of AMOS multi-station spectral
observations analysed so far, these variations have generally been of
low to moderate magnitude for the instrumentation used and most
of the more significant variations between the profiles and resulting
relative line intensities could be attributed to specific effects. It is there-
fore unlikely that these effects would hinder meteoroid composition
estimation, provided they are properly considered in the interpretation
of meteor spectra.

5. Conclusions

This work presents one of the few analyses of meteor spectra
observed simultaneously from multiple observing sites. Using four me-
teors as representative examples of a larger set of multi-station spectral
observations obtained by the AMOS network, we demonstrated the
variations between spectra of the same meteor captured from multiple
observing stations. The most significant effects influencing the multi-
station meteor spectra identified are focusing, spectrum extraction



V. Pazderovd et al.

geometry, observing and light-path geometry, and imperfect flat-field
and atmospheric extinction calibrations. Less pronounced influences
include throughput differences between AMOS-Spec-HR spectrographs
and user-dependent variability introduced by the manual spectral pro-
cessing approach. While these effects are largely specific to the AMOS-
Spec-HR instrumentation, they are expected to occur in other systems,
albeit to different extents. We observed that when the spectra of a
given meteor are largely unaffected by these phenomena, the rela-
tive line intensities extracted from all observations show very good
correspondence. In contrast, when these effects are present, they can
induce variations of differing magnitude. The strongest discrepancies
in multi-station spectral observations were associated with focusing
issues, which tended to over- or underestimate the intensities of nearly
all spectral features, observing geometry, as illustrated by a meteor
recorded head-on with respect to the AMOS-Spec-HR instrument that
exhibited a significant decrease in Na I-1 intensity compared to a more
oblique viewpoint, and calibration errors, particularly imperfect atmo-
spheric extinction corrections, which predominantly affect features in
the near-UV.

Despite these variations, we conclude that careful consideration of
these effects during spectral processing ensures that the precision of me-
teoroid composition estimation based on the relative line intensities is
not compromised. Furthermore, the insights gained from multi-station
spectral observations can be applied to single-station spectra, where
the effects identified in this study can be recognised and accounted
for. This approach has the potential to further improve the accuracy
of meteoroid composition estimates based on relative line intensities
extracted from significantly more frequent single-station observations
of meteor spectra.
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