
Planetary and Space Science 238 (2023) 105796

A
0
n

Contents lists available at ScienceDirect

Planetary and Space Science

journal homepage: www.elsevier.com/locate/pss

A novel methodology to estimate pre-atmospheric dynamical conditions of
small meteoroids
Erin C.M. Dawkins a,b,∗, Gunter Stober c, Juan Diego Carrillo-Sánchez a,b, Diego Janches a,
Robert Weryk d, Jose Luis Hormaechea e,f, Juan Sebastian Bruzzone g, John M.C. Plane h

a ITM Physics Laboratory, NASA/Goddard Space Flight Center, Code 675, 8800 Greenbelt Rd., Greenbelt MD 20771, USA
b Department of Physics, Catholic University of America, 620 Michigan Ave., N.E. Washington, DC 20064, USA
c Institute of Applied Physics & Oeschger Center for Climate Change Research, Microwave Physics, University of Bern, Bern, Switzerland
d Physics and Astronomy, The University of Western Ontario, 1151 Richmond Street, London, ON, N6A 3K7, Canada
e Facultad de Ciencias Astronomicas y Geofisicas, Universidad Nacional de La Plata, Argentina
f Estacion Astronomica Rio Grande, Rio Grande, Tierra del Fuego, Argentina
g Facultad de Ciencias, Universidad de la República, Iguá 4225 Montevideo, Uruguay
h School of Chemistry, University of Leeds, Leeds, UK

A R T I C L E I N F O

Keywords:
Meteors
Meteor radars
Cosmic dust
Detection

A B S T R A C T

Recent observations using the Wind and Ulysses spacecrafts and the Solar Occultation For Ice Experiment
(SOFIE) during the period between 2007 and 2020 indicate a total cosmic dust influx at Earth ranging from
22 to 32 tonnes per day. Much is still unclear about the formation, evolution, and propagation of this cosmic
dust throughout our Solar System, as well as the transport and chemical interaction of such particles within our
own atmosphere. Studying meteoroids, which are particles small and fast enough to ablate in the Earth’s upper
atmosphere producing meteor plasma detectable by meteor radars, offers an opportunity to better understand
these processes. While meteor radars provide a powerful tool to detect meteoroids, they are limited to detecting
particles that produce a sufficient amount of plasma within the instrument’s field-of-view, and thus most of
their trajectory remains undetected. In this work, we report a novel methodology, using new polarization
measurements as well as two state-of-the art models, to determine the pre-atmosphere dynamical characteristics
of the detected particles, before they suffer any significant ablation or deceleration. We present the results for
20 meteor detection case studies, and find that for the majority of particles, at least 80% (typically 95%) of
the particle mass has already been lost at the time of detection. In addition, while all particles experienced
deceleration by the time of detection, this was typically small (≤4% of their initial velocity). Future work
will implement this new methodology to automatically determine the initial mass and velocities of individual
meteors. This will help provide more precise meteor orbits and characterization of parent source populations,
as well as the identification of potential interstellar particles.
1. Introduction

Meteoroids with small enough diameters (between 100–1000 μm),
and with sufficiently high entry velocities (11–72 km s−1), burn up,
or ablate, entirely in the Earth’s upper atmosphere (80–120 km) due
to friction with ambient air molecules (Öpik, 1958; McKinley, 1961;
Plane, 2003). While some of the incoming meteoroid input is asso-
ciated with meteor showers, the bulk is from a sporadic background
not thought to be associated with any known meteor showers (Jones
and Brown, 1993; Janches et al., 2009). Nevertheless, this sporadic
meteoroid background can be assigned to astronomical dust source pop-
ulations (radiant sources) traveling from six distinct directions relative
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to the Earth: the Helion and Anti-Helion, North and South Apexes, and
the North and South Toroidal source populations (Jones and Brown,
1993; Campbell-Brown and Jones, 2006; Fentzke and Janches, 2008).
The Helion and Anti-Helion sources are thought to primarily comprise
of low-inclination and slower velocity Jupiter Family Comets (JFCs)
traveling to or from the Sun’s relative position (Nesvorný et al., 2010).
The Apex sources primarily comprise of dust particles with much higher
relative velocities (around 55 km s−1 Fentzke and Janches, 2008;
Schult et al., 2017) from the Oort Cloud Comet (OCC), Halley Type
Comets (HTC) and Asteroid (AST) populations [i.e., (OCC; Nesvorný
et al., 2010, 2011; Pokorný et al., 2014)]. Finally, the North and South
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Toroidal sources comprise of meteoroids at high ecliptic latitudes also
originating from HTCs (Pokorný et al., 2014).

In previous decades, several authors provided a wide range of the
total amount of cosmic dust entering the Earth’s atmosphere from this
sporadic background (between 3 and 270 t day−1) (Plane, 2012). How-
ever, more recent work by Carrillo-Sánchez et al. (2020b) estimated
that the global mass influx into the Earth’s atmosphere is 28 ± 16 t
day−1, with contributions from JFCs, ASTs, and HTCs of 70%, 9%, and
21%, respectively. They found that JFCs are the main mass contributor
to the total accreted mass, which is consistent with previous esti-
mates (Zook, 2001; Nesvorný et al., 2010; Rowan-Robinson and May,
2013). Recently, observations using the Wind and Ulysses spacecrafts
and the Solar Occultation For Ice Experiment (SOFIE) on board the
AIM (Aeronomy of Ice in the Mesosphere) spacecraft, during the period
between 2007 and 2020 (Hervig et al., 2022) indicate a total meteoric
influx at Earth ranging from 22 to 32 t day−1, in good agreement with
the modeling results reported by Carrillo-Sánchez et al. (2020b,a) and
other ground-based observations (Dunker et al., 2013).

Ground-based meteor radars offer a powerful tool with which to
detect meteoroids entering the Earth’s upper atmosphere. In this work
we focus on specular meteor echos which are the radar signatures of the
cylindrically diffusing plasma that is released from meteoroids along
their trajectory as they undergo ablation. Such measurements have
been performed since the late 1940s (Herlofson, 1947; Kaiser, 1953;
Greenhow et al., 1982; Jacobi et al., 2007; Fritts et al., 2010a,b; Andri-
oli et al., 2013; Liu et al., 2013; De Wit et al., 2014; Chau et al., 2020;
Stober et al., 2022). Meteor radars operate by transmitting shaped radio
waves, which can reflect off a target with the returning echo detected
by the radar receiver antenna. Arrays of receiver antennas can be used
to apply interferometry to geolocate the echo and determine the time
and altitude at which it is detected (Hocking et al., 2001). In some
cases, using a Fresnel-diffraction pattern, the velocity of the particle can
also be determined but not its direction of motion. With the addition
of remote receiving stations separated from the transmitter by several
km, spatio-temporal lags in the reflected signal from a single moving
target can be detected, and from this, measurements of the particle
trajectory can also be obtained (Webster et al., 2004; Janches et al.,
2015; Bruzzone et al., 2021; Mazur et al., 2020).

However, a key limitation of meteor radars is that they can only
detect particles which produce a sufficient amount of electrons while
moving within the radar field-of-view, which implies that the particle
has already undergone significant mass loss and deceleration at the
time of detection. This requires a correction for deceleration to be
applied to the measurements in order to obtain the initial velocity of the
particle prior to entering the Earth’s atmosphere. Current methodolo-
gies to perform such corrections use meteor shower knowledge and are
difficult to apply to sporadic meteors on a case-by-case basis (Bruzzone
et al., 2020; Stober et al., 2011; Schult et al., 2015). Obtaining accurate
initial conditions of the particle at 500 km, prior to it entering the atmo-
sphere, is critical to estimate precise orbital information. In addition,
radars cannot provide meteoroid mass information, which is one of the
most fundamental physical quantities, but still poorly constrained.

In this work, we present a new methodology that utilizes radar
observations using the Southern Argentina Agile Meteor Radar Orbital
System (SAAMER-OS) (Janches et al., 2019). This system provides
altitude, velocity, and trajectory information for each meteor at the
time of detection. In addition, with the introduction of two new anten-
nas, the radar provides polarization measurements for each detected
meteor. We use these observations in combination with two state-of-
the art models: (1) a full-wave scattering model to determine, from
the observations, a physically consistent solution to the electron line
density 𝑞 of the particle at the time of detection that satisfies Maxwell’s
equation, without additional assumptions or approximations based on
analytical solutions of the radial cylindrical diffusion equation, and
(2) a chemical ablation model that uses the measurements and 𝑞 to
2

estimate the initial conditions of each particle at 500 km altitude. g
In the following section, we will describe the SAAMER-OS system
and the new polarization measurement capability, as well as outline
both models and describe how they are used in conjunction with the
measurements to obtain each particle’s initial conditions. Finally, we
apply the methodology to 20 individual meteor detections as case
studies.

2. Materials and methods

2.1. The Southern Argentina Agile Meteor Radar Orbital System (SAAMER-
OS) meteor radar system

SAAMER-OS is located and hosted by the Estacion Astronomica Rio
Grande in Tierra del Fuego (53.8◦S, 67.8◦W), at the southernmost tip of
Argentina. First deployed in 2008 to measure winds in the mesosphere
within one of the most atmospherically dynamic geographic regions on
the planet, the system has been widely used to investigate mesospheric
gravity waves within the southern Andes and Drake passage area (Fritts
et al., 2010a; De Wit et al., 2016, 2017; Liu et al., 2013, 2017; Stober
et al., 2021, 2022). In 2010 the SAAMER-OS system was initially
augmented with two additional remote sites to determine meteoroid
velocity and thus trajectories (including entry angle) (Janches et al.,
2015), evolving over time to five passive remote receiver stations,
each located at distances between 8–13 km from the transmitting
station. From these measurements, meteoroid orbital determination is
possible, and results from these observations, as well as a description
of the system, can be found in Janches et al. (2015), Bruzzone et al.
(2020), Bruzzone et al. (2021), and Panka et al. (2021). The system
transmits 64 kW of peak power at 32.55 MHz and all antennas are three
element crossed Yagis. The specular meteor observations are conducted
using a single Yagi antenna for transmission with a full-width half
maximum of 109𝑜. A full description of the SAAMER beam pattern can
e found in Fritts et al. (2010b), although it should be noted that for
his work, we have only used a single antenna.

In May 2022, another significant upgrade was made to the SAAMER-
S system, which is critical for this work: two additional passive

eceiver antennas were deployed next to the interferometer array at
he main station. The antennas are wired to the receivers in such a
anner that each one receives a separate polarization direction from

he meteor trail backscattered electromagnetic wave, in contrast to
he rest of the antennas which receive in a circularly polarized mode.
wo examples of these new measurements are displayed in Fig. 1
howing the perpendicular degrees of polarization. With this addition,
he system now provides orbital and polarization information for each
f the 7000–15000 meteors detected daily.

From these new measurements, we obtain and utilize for this work
he following quantities: (1) the altitude and time of detection, 𝑧𝑆
nd 𝑡𝑆 , determined with the SAAMER-OS main station and its inter-
erometer receiver array; (2) the velocity at the moment of detection
nd entry angles, 𝑣𝑆 and 𝛼, derived from the trajectory obtained
ith the remote sites for orbital determination; and (3) the polar-

zation information measured from the two new antennas described
arlier. We then use these values as input to the full-wave scatter-
ng model first described by Stober et al. (2021), where quantitative
nalyses of transverse scatter meteors, detected using simultaneous
riple-frequency meteor observations utilizing the Canadian Meteor
rbit Radar (CMOR), are made to derive physically consistent solu-

ions of the ambipolar diffusion coefficient 𝐷, electron line density 𝑞,
nd initial trail radius 𝑟0, along a cylindrical trail. In a companion
aper to this manuscript, Stober et al. (2023) presented additional
imulations of the transverse scatter meteor echo profiles for different
ackground collision frequencies to account for the increase in ion-
eutral and electron-neutral collisions over the altitude range where
pecular meteor trails are observed by radars (∼75–110 km). Stober
t al. demonstrated that utilizing the polarization information of a

iven echo produces a similar result to that of the triple-frequency
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Fig. 1. Two examples of the new polarization measurements using the noise generator calibration and the cosmic noise calibration (CNC) described in the companion paper by
Stober et al. (2023). The first five rows of each panel show the received power by each of the five interferometer antennas. The last two rows show the received signal in each
polarization direction (North–South, East–West). As can be seen in these examples strong polarization effects are often present: in the first example there is a larger N–S component
while in the second there is a much larger E–W component shown.
observations made using CMOR. Here, we simultaneously fit the full-
wave scattering model to the circularly polarized SAAMER-OS return
signal, as well as to the transverse and parallel polarized returns in
order to derive 𝐷, 𝑞𝑆 , and 𝑟0 for each detected meteor for which we
have orbital information.

The final step of our methodology involves estimating the mass of
the meteoroid at the moment of detection (𝑚𝐸𝑆𝑇 ), and using it in com-
bination with the measurements and the estimation of 𝑞𝑆 to correct for
deceleration and obtain the pre-atmospheric (i.e., at 500 km altitude)
3

meteoroid mass, 𝑚𝐼𝑁𝐼𝑇 and velocity, 𝑣𝐼𝑁𝐼𝑇 , on a case-by-case basis.
For this purpose, we utilize the most recent version of the University
of Leeds Chemical Ablation Model (CABMOD) (Carrillo-Sánchez et al.,
2020a).

2.2. The University of Leeds Chemical Ablation Model (CABMOD)

CABMOD simulates the ablation profile (as a function of altitude)
of a meteoric particle of a particular composition, with an initial mass,
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Fig. 2. Dependence of the Biot number, Bi, on the particle temperature for two masses 0.8 μg (in blue) and 2774 μg (in red), and both compositions, CI chondrites with inclusions
of Fe–Ni metal grains (solid lines) and pure Fe–Ni bodies (dash-dotted lines). The filling in of pores and irregularities in the silicate phase may lead to a dramatic reduction of
the particle diameter and, consequently, a decrease of Bi – this effect is illustrated by the dashed curves.
Fig. 3. Electron production rates, 𝑞𝐶𝐴𝐵 , as a function of the altitude for an initial
mass of 50 μg, an entry velocity of 51 km s−1, and a zenith angle of 35◦, and for two
compositions — CI chondritic with metal Fe–Ni grains (solid black line) and pure Fe–Ni
(dashed black line). In the case of a CI chondritic composition, volatile species such
as Na (in blue) contribute to the electron production rates at higher altitudes than the
main constituents, such as Fe (in orange) and Mg (in red).

velocity, and entry angle for a given season and latitude. The model
extends across the altitude range 0–500 km, and results from the
interpolation of the MSIS90 dataset (MSIS90) using altitude steps of
0.1 km. We produce a CABMOD library for 11 latitude bins (90◦N to
90◦S, in 20◦ intervals), across four seasons (March, June, September,
and December), and for zenith angles between 0◦ and 90◦ (5◦ inter-
vals). Initial pre-atmosphere geocentric velocities vary from 11 km s−1

(i.e., with the escape velocity of the Earth) to 72 km s−1 (Solar System
escape velocity), with velocity steps of 2 km s−1. We use a range of
different initial meteoroid diameters (10, 20, 30, 50, 100, 200, 300,
400, 500, 600, 800, 1000, 1200, and 1500 μm), which correspond to
4

particles with initial masses of 0.0008, 0.007, 0.02, 0.1, 0.8, 7, 22, 53,
103, 178, 421, 822, 1420, and 2774 μg, respectively, assuming a bulk
density of 1570 kg m−3 (Flynn et al., 2018).

2.2.1. Assumed composition of meteoric particles
By default, the CABMOD model assumes that the elemental abun-

dances of meteoric metals are defined by a Carbonaceous Ivuna (CI)
composition (see Table 1, Lodders and Fegley, 2011), and it accounts
for the ablation rates from both the silicate bulk (Vondrak et al., 2008)
and the Fe–Ni metal grains (Carrillo-Sánchez et al., 2020b; Bones et al.,
2019). Additionally, we have created a second library to model the
ablation process of metallic grains with a purely Fe–Ni composition
with 91.4 wt% in Fe and 8.6 wt% in Ni (Berger et al., 2016; Harries and
Langenhorst, 2013), and with a bulk density of 7440 kg m−3 (Nawaby
and Rochette, 2016). As discussed below, metallic bodies may ablate
significantly lower than stony meteoroids within the upper atmosphere,
and may also be detectable by the meteor radar beam. Note that both
libraries are created only for particles with masses ≤ 2774 μg to ensure
that the meteoroids heat isothermally, and to avoid differences in the
composition and the chemical states of elements between the core and
the skin of the particle. As discussed in Vondrak et al. (2008), if the
dimensionless Biot number, Bi, is <0.1 (Kakac and Yener, 1985), an
impinging meteoroid may be treated as isothermal. For a spherical body
Bi is given by:

𝐵𝑖 = ℎ𝑅
3𝑘

where h is the heat transfer coefficient in W m−2 K−1, R is the radius in
m, and k is the thermal conductivity in W m−1 K−1. The heat transfer
coefficient h can be expressed as:

ℎ = 𝜎𝑇 3

where 𝜎 is the Boltzmann constant, and T is temperature in K. Fig. 2
shows the dependence of Bi on the particle temperature for two masses
0.8 μg (in blue) and 2774 μg (in red), and both compositions, CI chon-
drites with inclusions of Fe–Ni metal grains (solid lines) and pure Fe–Ni
bodies (dash-dotted lines). In this study, we assume a value of k of
1.21 W m−1 K−1 for CI chondrites – k for a Carbonaceous Vigarano type

https://kauai.ccmc.gsfc.nasa.gov/instantrun/nrlmsis/
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Fig. 4. All CABMOD velocity, 𝑣𝐶𝐴𝐵 , versus electron line density, 𝑞𝐶𝐴𝐵 , data points (black) at a given altitude best matching the altitude at which SAAMER-OS detected the particle.
The red circle corresponds to the q𝑆 and v𝑆 estimated from SAAMER-OS. The red box indicates the subset of CABMOD simulated profiles that would be selected due to their
vicinity to the SAAMER-OS estimate.
Table 1
Elemental atomic abundances normalized to Si and oxide mass in wt% for CI chondrites and measurements from the Cometary Sec-
ondary Ion Mass Analyzer/Rosetta mass spectrometer of dust particles, with diameters ranging from 50 to 1000 μm for the comet
67P/Churyumov-Gerasimenko.
Metal oxide Carbonaceous Ivuna (CI) Comet 67P/Churyumov-Gerasimenko

Elemental abundance Oxide mass wt% Elemental abundance Oxide mass wt%

SiO2 1 34.8 1 67.5
FeO(𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒) 0.60 25.1 0.29 23.1
Fe(𝑚𝑒𝑡𝑎𝑙) 0.27 8.6 – –
MgO 1.03 24.0 0.11 5.2
CaO 0.060 2.0 5.43 × 10−3 0.3
Al2O3 0.083 2.4 0.017 1.0
TiO2 2.5 × 10−3 0.11 – –
Na2O 0.057 1.0 0.08 2.8
K2O 3.7 × 10−3 0.10 2.11 × 10−3 0.1
Ni 0.048 1.6 – –
P2O5 8.2 × 10−3 0.34 – –
3 (CV3) meteorite – and 10.97 W m−1 K−1 for a Fe–Ni composition –
iron meteorites III AB - (Soini et al., 2020). According to Fig. 2, particles
with masses of 2774 μg stay isothermal for temperatures approximately
up to 2000 K for a stony composition, whereas large metal bodies may
be considered isothermal up to a very high temperature. Note that
the ablation process may lead to a reduction of Bi for temperatures
above 2200 K because of loss of the main chemical constituents (Gómez
Martín et al., 2017). Additionally, once stony meteoroids melt during
thermal ablation, the filling in of pores and irregularities in the silicate
phase may lead to a dramatic reduction of the particle diameter and,
consequently, a decrease of Bi – this effect is illustrated by the dashed
curves in Fig. 2, assuming a spherule density of 3200 kg m−3 (Kohout
et al., 2014).

2.2.2. Estimation of vertical profiles of electron line density
The CABMOD model can be used to estimate the vertical profiles of

the electron line density, 𝑞𝐶𝐴𝐵 . The ionization probability of meteoric
metals for ionizing collisions with air molecules has been discussed in
several studies (DeLuca et al., 2018; Janches et al., 2017), where the
5

ionization efficiency for a given metal X, 𝛽0𝑋 (𝑉 ), can be expressed as a
function of the impact velocity V :

𝛽0𝑋 (𝑉 ) =
𝑐𝑋

(

𝑉 − 𝑉0𝑋
)2 𝑉 0.8

1 + 𝑐𝑋
(

𝑉 − 𝑉0𝑋
)2 𝑉 0.8

where 𝑉0𝑋 is the threshold velocity needed to start the ionization of
metal 𝑋, given by:

𝑉0𝑋 =

√

2
(

𝑀𝑋 +𝑀𝑎
)

𝑒𝜓𝑋
𝑀𝑋𝑀𝑎

where 𝑀𝑋 and 𝜓𝑋 are the mass and first ionization potential of the
meteoric chemical species (𝑋 = Na, K, Fe, Mg, Si, Ca, Al, Ti, P, Ni, and
O), respectively, e is the electronic charge, and 𝑀𝑎 is the molecular
weight of the air at typical ablation altitudes. According to the MSIS90
model, the ratio (atoms N2):(atoms O2) is practically constant below
100 km of altitude and, therefore, in this study we consider a constant
value of 𝑀𝑎 of 0.02896 kg mol−1. Finally, 𝑐𝑋 is a fitted parameter which
is calculated relative to that for the collisional ionization of Fe (for 𝑋
= Na, K, Mg, Si, Ni, P, and O) and Al (for the more refractory species,



Planetary and Space Science 238 (2023) 105796E.C.M. Dawkins et al.
Fig. 5. Example of 3-D interpolation between a subset of CABMOD profiles (v, q, z) that are in the vicinity of the SAAMER-OS detection. Panels (a–c) present three different
views of the 3-D interpolation between the subset of CABMOD profiles (blue circles). The SAAMER-OS estimate is indicated by the red filled circle, and further highlighted by
the red arrows. Panel (d) shows the full interpolated profile that best corresponds to the SAAMER-OS estimate. For the sake of illustrative clarity, only an altitude range between
90–120 km is presented.
that is, 𝑋 = Ca and Ti), respectively:

𝑐𝑋 = 𝑐𝐹𝑒∕𝐴𝑙

[𝜓𝐹𝑒∕𝐴𝑙
𝜓𝑋

]2

For Fe in air, 𝑐𝐹𝑒 = 1.95 × 10−4 ± 0.03 × 10−4 (km s−1)2.4 and
𝑉0𝐹𝑒 = 8.94 km s−1; and for Al in air, 𝑐𝐴𝑙 = 1.60 × 10−4 ± 0.03 × 10−4

(km s−1)2.4 and 𝑉0𝐴𝑙 = 9.09 km s−1 (DeLuca et al., 2018). Jones
(1997) introduces a correction to 𝛽0𝑋 (𝑉 ) to consider the possibility that
ionization does not occur on the first collision and, instead, it may occur
on a subsequent collision:

𝛽𝑖𝑝𝑋 (𝑉 ) = 𝛽0𝑋 (𝑉 ) + 2∫

𝑉

𝑉0𝑋

𝛽0𝑋
(

𝑉 ′)

𝑉 ′ 𝑑𝑉 ′

According to DeLuca et al. (2018), the ionization efficiency for a
metal 𝑋, 𝛽𝑖𝑝𝑋 (𝑉 ), can be fitted with the following equation:

𝛽𝑖𝑝𝑋 (𝑉 ) =
𝑐𝑋

(

𝑉 − 𝑉0𝑋
)𝑛 𝑉 0.8

1 + 𝑐𝑋
(

𝑉 − 𝑉0𝑋
)𝑛 𝑉 0.8

where 𝑛 = 1.6. Fig. 3 shows the electron production rates, 𝑞𝐶𝐴𝐵 , as a
function of the altitude for an initial mass of 50 μg and an entry velocity
of 51 km s−1 for two compositions — CI chondritic with metal Fe–
Ni grains (solid black line) and Fe–Ni (dashed black line). In the case
6

of a CI chondritic composition, volatile species such as Na (in blue)
contribute to the electron production rates at higher altitudes than the
main constituents, such as Fe (in orange) and Mg (in red), with Mg
being the main contributor to the overall electron production rates. It
is important to note that the CABMOD model predicts that the pure
Fe–Ni meteors peak 10 km lower.

There are three main sources of uncertainty in the CABMOD model
which may affect the value of 𝑞𝐶𝐴𝐵 . Firstly, as discussed above, the
CABMOD model considers the elemental atomic abundances of CI chon-
drites for all the chemical constituents (see Table 1; Lodders and Fegley,
2011) and, therefore assumes the stony bodies are mineralogically
and compositionally equivalent to the primitive nebular condensate.
However, in reality, cometary particles may exhibit relative enrichment
or depletion of the elemental atomic abundances compared to primitive
CI chondrites. The Cometary Secondary Ion Mass Analyzer/Rosetta
mass spectrometer analyzed dust particles with diameters ranging from
50 to 1000 μm from 67P/Churyumov-Gerasimenko (67P), quantifying
the elemental abundances for a wide number of samples (Bardyn
et al., 2017). For example, Table 1 shows that the content of MgO
in meteoroids from cometary origin is 5.2 wt%, that is, a factor of
∼4.6 lower than for CI chondrites. A second source of uncertainty is
the ionization efficiency of the meteoric metals: as discussed above,
in the present study we have used the experimental parameters 𝑐
𝐹𝑒
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Fig. 6. Diurnal variation in the mean altitude of the meteor ablation distribution at the SAAMER-OS location for July and October. The data points (black circles) represent
multi-year mean meteor ablation altitudes. The red profile is the fit to this data including diurnal, semidiurnal, and terdiurnal terms. The red square indicates the time at which
CABMOD simulations are performed (12 UTC).
and 𝑐𝐴𝑙 to extrapolate the ionization yields for the remaining chemical
compounds. Nonetheless, further studies are necessary to constrain the
ionization yields of main constituents such as Mg. Finally, according to
the University of Leeds Meteor Ablation Simulator (MASI) experimental
results (Gómez Martín et al., 2017), the CABMOD model satisfactorily
reproduces the measured peak ablation pulses from silicate – Fe, Na,
P, and Ca – and metal Fe–Ni phases (Gómez Martín et al., 2017; Bones
et al., 2019; Carrillo-Sánchez et al., 2020b,a). Nevertheless, although
the CABMOD model can reproduce most of the ablation features of the
Mg pulses measured by the MASI, it does not entirely capture the width
of the Mg ablation profiles, due to the presence of different mineral
phases which melt inhomogeneously. Consequently, the injection rate
profiles of Mg estimated by the CABMOD model should be slightly
broader to match the MASI observations (Bones et al., 2018).

2.3. Determination of pre-atmospheric dynamical parameters of detected
particles

We initially select CABMOD vertical profiles of 𝑣𝐶𝐴𝐵 , 𝑞𝐶𝐴𝐵 , and
𝑚𝐶𝐴𝐵 , which correspond to the latitude, season and entry angle 𝛼 of
the particular SAAMER-OS case study measured values. We then select
a further subset of these CABMOD library files for where 𝑣𝐶𝐴𝐵 and 𝑞𝐶𝐴𝐵
lie within the vicinity of the SAAMER-OS 𝑣𝑆 and estimated 𝑞𝑆 , at the
altitude at which SAAMER-OS detected the particle, 𝑧 . An example
7

𝑆

of all CABMOD 𝑣𝐶𝐴𝐵 and 𝑞𝐶𝐴𝐵 values at an altitude consistent with
𝑧𝑆 is presented in Fig. 4 (black data points), along with the SAAMER-
OS estimated 𝑣𝑆 and 𝑞𝑆 (red circle). The data points within the red
rectangle represent the subset of CABMOD profiles that are selected due
to their proximity with the SAAMER-OS estimates. As discussed above,
given the uncertainties of the CABMOD model, it may be necessary to
reduce 𝑞𝐶𝐴𝐵 by a certain factor such that there is overlap between 𝑞𝐶𝐴𝐵
and 𝑞𝑆 at 𝑧𝑆 .

Using this subset of CABMOD profiles, we perform a three-
dimensional (3-D) interpolation across these parameters in order to
produce a best estimate of the full vertical profile that matches the
measurements at the altitude at which SAAMER-OS detected the par-
ticle, 𝑧𝑆 . An example of this 3-D interpolation is provided in Fig. 5;
panels (a–c) show three different views of the same 3-D interpolation.
The subset of CABMOD profiles are shown as the blue circles as a
function of 𝑣 (ms−1), 𝑧 (m), and 𝑞 (el m−1). The SAAMER-OS estimate
is indicated by the red filled circle, emphasized by the red arrows.
Panel (d) shows the full interpolated profile that best corresponds to
the SAAMER-OS estimate. Following this, we can use this interpolated
profile (and similar ones for the mass profile, not shown) to track
the meteor flight to the top of the atmosphere and estimate its initial
conditions, including its initial velocity and mass. The derived initial
meteoroid velocity (𝑣𝐼𝑁𝐼𝑇 ) and mass (𝑚𝐼𝑁𝐼𝑇 ) can then be used for a
more accurate estimation of meteoroid orbits.
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Fig. 7. Interpolated v, q, and m profiles for an example SAAMER-OS case study. Panel (a) presents the interpolated v profile as a function of z. The red filled circle corresponds
to v𝑆 , the magenta diamond indicates z𝑑𝑒𝑐𝑒𝑙 , the blue triangle indicates the estimated velocity at z𝑎𝑑𝑗 , denoted v𝐸𝑆𝑇 , and the initial velocity v𝐼𝑁𝐼𝑇 is also noted. Panel (b) presents
the interpolated q profile, where the x-axes are on a log scale. The red filled circle corresponds to q𝑆 , while the blue triangle depicts the estimated q𝐸𝑆𝑇 at z𝑎𝑑𝑗 . Panel (c) shows
the interpolated particle mass profile. The blue triangle indicates the estimated mass, m𝐸𝑆𝑇 at z𝑎𝑑𝑗 , while the mass at the top of the atmosphere, m𝐼𝑁𝐼𝑇 is also noted. All panels
include a subset panel which depicts the respective profile between 90–110 km. In each panel, the blue shaded region represents the 95% confidence interval.
3. Results and discussion

In order to develop and test our methodology we use 20 SAAMER-
OS observations obtained between July 23rd–27th 2022, and October
20th–22nd 2022. These 20 case studies represent meteoroid particle
detections from a range of detected velocities (between 21.11 km s−1

and 65.82 km s−1) and local times. The CABMOD simulated profiles
are determined at 12 UTC, but the time at which the 20 SAAMER-OS
case studies were detected varies. Preliminary work has indicated that
local time and seasonal variation does occur in the mean altitude of
the bulk meteor ablation distribution at SAAMER-OS (see Fig. 6). The
mean altitude is determined by producing a histogram of all SAAMER-
OS individual meteor altitude detections for a given month, in order
to find the peak maximum defined as the altitude at which the bulk
of all individual meteors ablate (further described in Dawkins et al.,
2023). It is important to consider this diurnal and seasonal variation
when comparing each of the 20 SAAMER-OS case studies (all obtained
8

at different UTCs) and CABMOD simulations (12 UTC, indicated by
red filled square in Fig. 6). We thus correct the SAAMER-OS measured
altitude to that which would correspond to 12 UTC. The corrected
altitude is given by 𝑧𝑎𝑑𝑗 = diurnal fit(𝑡𝑆 ) ∕ diurnal fit(𝑡𝐶𝐴𝐵) × 𝑧𝑆 , where
𝑡𝑆 is the UTC hour of the SAAMER-OS detection, 𝑡𝐶𝐴𝐵 equals 12 UTC,
and 𝑧𝑆 is the SAAMER-OS detection altitude. We obtained 𝑧𝑎𝑑𝑗 values
for each of the 20 SAAMER-OS case studies (mean altitude adjustment
of 0.70 km, with maximum of 2.85 km).

Figs. 7 and 8 show two example case studies of our methodology.
In Fig. 7a, the interpolated velocity profile is visualized as a function
of altitude between 70–500 km and the measured 𝑣𝑆 by SAAMER-
OS is shown as a red filled circle. As can be seen from the particle
trajectory, the particle enters the atmosphere at an initial top-of-the-
atmosphere (TOA) velocity of 𝑣𝐼𝑁𝐼𝑇=51.13 km s−1 and continues to
accelerate due to gravitational attraction until it encounters enough
ambient air molecules to cause deceleration (𝑧𝑑𝑒𝑐𝑒𝑙=136.10 km, indi-
cated by the magenta diamond). The particle continues to decelerate at
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Fig. 8. Interpolated v, q, and m profiles for a second example SAAMER-OS case study with a faster velocity. Panel (a) presents the interpolated v profile as a function of z. The red
filled circle corresponds to v𝑆 , the magenta diamond indicates z𝑑𝑒𝑐𝑒𝑙 , the blue triangle indicates the estimated velocity at z𝑎𝑑𝑗 , denoted v𝐸𝑆𝑇 , and the initial velocity v𝐼𝑁𝐼𝑇 is also
noted. Panel (b) presents the interpolated q profile, where the x-axes are on a log scale. The red filled circle corresponds to q𝑆 , while the blue triangle depicts the estimated q𝐸𝑆𝑇
at z𝑎𝑑𝑗 . Panel (c) shows the interpolated particle mass profile. The blue triangle indicates the estimated mass, m𝐸𝑆𝑇 at z𝑎𝑑𝑗 , while the mass at the top of the atmosphere, m𝐼𝑁𝐼𝑇
is also noted. All panels include a subset panel which depicts the respective profile between 90–110 km. In each panel, the blue shaded region represents the 95% confidence
interval.
a significantly increasing rate as it descends to lower altitudes. Fig. 7b
and 7c present the best estimates for the interpolated 𝑞 and 𝑚 profiles
as a function of altitude. One can see that by the time the particle is
detected by SAAMER-OS, it has lost the majority of its initial mass. For
all panels, 95% confidence intervals are provided; these are determined
from Monte Carlo method sampling of the original SAAMER-OS 𝑣𝑆 ,
𝑧𝑆 , and 𝑞𝑆 estimates (1000 iterations), adding normally distributed
artificial noise with 𝜎 values corresponding to ±0.5 km s−1, ±0.1 km,
and ±10%, respectively.

A summary of the results for the 20 individual SAAMER-OS case
studies is presented in Fig. 9. Panel 9a depicts the estimated mass at
𝑧𝑎𝑑𝑗 versus the corresponding estimated initial mass at the TOA for
each of the 20 case studies. One can see the initial particle mass range
for the 20 case studies varies between 6.58 μg and 863.42 μg, fulfilling
the isothermal conditions shown in Fig. 2. Irrespective of the initial
particle mass, one can also see that the majority of particles have lost
considerable mass by the time of detection. Fig. 9b shows that this
9

mass loss is at least 80% (typically around 95%), of the initial mass
for the majority of cases. This is supported by the results of Weryk and
Brown (2012) which showed the radar specular/observation point to be
preferentially offset towards the end of the corresponding video light
curve for simultaneous radar-video meteor observations. Fig. 10 shows
the mass ablated fraction of meteoroids estimated by the CABMOD
model as a function of the initial mass and entry velocity, and with
a fixed zenith angle of 35◦ for the atmospheric conditions of June. The
modeling results indicate that larger particles ablate more efficiently
even at lower velocities.

Panels 9c and 9d show that most particles, despite the significant
mass loss, have only experienced minimal deceleration at the time of
detection. Consistent with the findings of Plane (2003) one can see
that faster particles typically ablate, and thus become detectable by
SAAMER-OS, higher up in the atmosphere, whereas slower particles
ablate at lower altitudes. Similarly, panel 9e shows that for the same
initial mass range, particles with higher initial velocities typically
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Fig. 9. Overview of results for the 20 case studies analyzed. Panel (a) presents the estimated mass of the particle at the respective z𝑎𝑑𝑗 versus the initial estimated mass of the
same particles, while panel (b) presents the percentage of initial mass lost at the time of detection compared to the initial particle mass. Panel (c) presents the detected v versus
the initial v, while panel (d) presents the percentage v lost at detection. Panel (e) presents the initial mass versus initial v, while panel (f) presents the estimated mass versus
estimated v of the particle at the time of detection. For panels (a)–(f), the data points are color-coded according to z𝑎𝑑𝑗 . Panel (g) presents the adjustment factor for which q𝐶𝐴𝐵
must be reduced by to ensure that there is overlap between q𝐶𝐴𝐵 and q𝑆 at z𝑆 versus the initial estimated mass of the particles, while panel (h) presents the adjustment factor
as a function of initial estimated v. For both panels (g) and (h), the data points are color-coded depending upon the likely particle composition: chondritic/CI (black filled circle)
versus pure Fe–Ni (red filled triangle).
Fig. 10. Mass ablated fraction of meteors estimated by the CABMOD model as a
function of the initial mass and entry velocity, with a fixed zenith angle of 35◦ for the
atmospheric conditions of June.

ablate (and become detectable by SAAMER-OS) at higher altitudes,
compared to lower velocity particles. Panel 9f is analogous to 9e, but
this time for the detected velocity versus mass. In panel 9b, it should
be noted that there are two case studies in which less than 25% of the
10
initial particle mass has been lost at the time of detection. While both
of these associated particles have the largest initial masses out of the
20 case studies, they also have the slowest initial estimated velocities,
with initial velocities of <26 km s−1 (as in panels 9e and 9f), and thus
we can see that these two slowest particles still preserve most of their
initial mass at the time of detection.

4. Summary and conclusions

In order to determine precise orbital elements of meteoroids from
ground-based meteor observations it is critical to correct for deceler-
ation since, at the time of observation, the particle parameters may
have significantly changed their initial conditions on entry (as shown
in this manuscript). To date, methodologies to correct for deceleration
are mostly limited to meteor showers using empirical methodologies on
a general basis, and not for an individual meteor observation (Stober
et al., 2011). For example, video observations using the Cameras for
All-Sky Meteor Surveillance (CAMS) incorporates a deceleration cor-
rection as part of its reduction pipeline based on empirical equations
reported by Whipple and Jacchia (1957) and Jacchia and Whipple
(1961). Likewise, radar observations with CMOR and SAAMER-OS, use
an empirical deceleration correction first described by Brown et al.
(2004) to obtain an estimate of the true out-of-atmosphere meteoroid
speed distribution. This methodology, also described in detail by Bruz-
zone et al. (2020), uses a large meteor orbit dataset, selecting meteors
belonging to ∼10 strong meteor showers and performing a first-order
fit to the distribution of meteor speeds as a function of height for
each shower selected. They recorded the height at which the linear fit
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pt
matches the reference geocentric speed of the shower, the slope of the
linear fit, and the number of meteors utilized in the fit. The intersection
height is assumed to be the height at which no deceleration has yet oc-
curred. Repeating this procedure for each shower, a list of intersection
heights, slopes, reference geocentric speeds, and the number of meteors
is compiled. A linear fit of the slopes versus speeds and intersection
heights versus speeds weighted by the number of meteors extracted in
each shower is then performed to obtain a general correction factor.
This technique thus has limited accuracy as it generalizes the problem,
and it is only applicable to meteor showers for which the geocentric
velocity is known.

To date, there are no reported methodologies that consider me-
teor observations on a case-by-case basis. In this work, we present
a state-of-the-art methodology to determine the initial conditions of
small meteoroids (i.e., velocity and mass), from both showers and
the sporadic background, at the top of the atmosphere. This method
utilizes a combination of meteor radar orbital and novel polarization
measurements, and the most comprehensive models to date of the
full-wave electromagnetic scattering of meteor trails and the ablation
process. This is possible thanks to the recent upgrades to the SAAMER-
OS system which enable simultaneous measurements of the echo return
polarization, in addition to estimates of the entry angle, velocity and
altitude of every detected meteor.

For this study, we focus on 20 individual SAAMER-OS detection
case studies and we found that, in almost all cases, the particles had
lost >80% of their mass before being detected by SAAMER-OS. All
particles experienced deceleration at the time of detection compared
to their initial velocities at the top-of-the atmosphere, although this
was typically small (≤4%). Although the CABMOD model assumes a
default CI chondrite composition, we found that 3 out of the 20 case
studies could only be explained using the CABMOD model with an
assumed pure Fe–Ni composition, that is, 15% of the total events.
Even though the flux of iron meteoroids represents ∼5% of the overall
cosmic dust input (Zolensky et al., 2006), the CABMOD model estimates
that these bodies ablate around 10 km lower than stony meteors and,
consequently, enable detection by the meteor radar beam and thus
potentially cause an overrepresentation of these cases in our sample
population. Given the uncertainties of the CABMOD model, we found
that it was necessary to reduce 𝑞𝐶𝐴𝐵 for 18 out of the 20 case studies
in order to match 𝑞𝑆 , using factors typically ranging between 2 to
5. A maximum factor of 11 or 12 was used in 3 case studies. This
reduction factor for 𝑞𝐶𝐴𝐵 is probably associated with the depletion
of the elemental atomic abundances of the main metals, such as Mg,
compared to a typical CI chondrite composition and, additionally, an
over-estimation of the ionization yields of some of the ablated meteoric
compounds. Therefore, further future analysis is necessary to constrain
the ionization yields of meteoric metals.

Ongoing work will focus on optimizing the processing code to max-
imize processing efficiency. Currently the altitude correction for the
height of the detected meteoroid is determined according to the mean
data obtained from SAAMER-OS observations. A future improvement
would be to determine this atmospheric altitude correction from a
physical atmosphere model, such as MSIS90, with a time resolution of
an hour or less. Once streamlined, we plan to automate the processing
to allow for rapid and near real-time processing of individual SAAMER-
OS measurements. Once enabled, we will be able to automatically
determine the initial mass and velocities for every meteor for which
we can determine orbits. This will help provide more precise meteor
orbits and characterization of parent source populations, as well as the
identification of potential interstellar particles, and further constrain
the total amount of cosmic dust input entering the Earth’s atmosphere.
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