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ARTICLE INFO ABSTRACT

Keywords: Quantitative analyses of transverse scatter meteors to derive physically consistent solutions of the ambipolar
Meteors diffusion coefficient, electron line density, and initial trail radius have been rare. In this manuscript, we
Transverse scatter meteor radar present simulations using a full-wave scatter treatment of the transverse scatter meteor echo profiles for
Polarization

different background collision frequencies to account for the increase in ion-neutral and electron-neutral
collisions over the typical specular meteor layer between 75-110 km. The altitude dependency of the ion-
neutral collision frequency was adapted from recent multi-frequency radar observations by the European
Incoherent Scatter Scientific Association (EISCAT). We generate look-up tables with parallel and transverse
reflection coefficients for various collision frequencies in order to investigate how this quantity alters the
meteor echo profile observed at different altitudes. We analyze 33 specular meteor observations collected
with the Southern Argentina Agile Meteor Radar Orbital System (SAAMER-OS). Typical detections provide
information about the meteor trajectory, enabling computation of both scattering angles, as well as the
determination of precise meteoroid velocities. However, with the addition of two recently installed antennas
which receive each polarization direction separately, we were able to also determine the ambipolar diffusion
coefficient, electron line density, and initial trail radius, by performing a qualitative fit to the collected data.
Finally, we demonstrate that utilizing the polarization information of a given echo produces a similar result
to that of the triple-frequency observations made using the Canadian Meteor Orbit Radar (CMOR).

Ambipolar diffusion
Electron line density
Full-wave scattering model

1. Introduction

Meteoroids entering the Earth’s atmosphere are heated and deceler-
ated by the impinging ambient atmospheric atoms and molecules, and
those with sufficiently high kinetic energy are vaporized forming an
ambipolar diffusing plasma trail. Most of the meteoroids are vaporized
at the mesosphere/lower thermosphere (MLT) at altitudes between 70—
120 km. Transverse scatter meteor radar observations of such trails
have been carried out for decades to study the near Earth meteoroid
environment and source characteristics of the meteor influx (McKinley,
1961; Jones and Jones, 1990; Webster et al., 2004; Campbell-Brown
and Jones, 2006; Janches et al., 2015; Bruzzone et al., 2021) as well
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as using their line of sight Doppler velocity to determine atmospheric
winds or decay time for temperatures (Hocking et al., 2001; Holdsworth
et al.,, 2004) leveraging the reflection of transmitted electromagnetic
waves from these cylindrical plasma columns. Although meteor radars
have been deployed all around the world, there are still open ques-
tions related to the specular observation geometry and the scattering
behavior, and how this scattering affects the derived parameters such
as Doppler velocity, electron line density, ambipolar diffusion, initial
trail radius, or the ambient collisions frequencies (Stober et al., 2021a,
2022).

By the late 1940s the first theories had been developed to under-
stand the physics of electromagnetic wave scattering from cylindrical
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plasma columns (Lovell and Clegg, 1948; Herlofson, 1951; Kaiser and
Closs, 1952b). These results were summarized in McKinley (1961)
and describe the signal at the receiver by radar-specific parameters
such as frequency, antenna gain, transmitting power, and the classical
electron scattering radius, as well as the meteor trail parameters of
electron line density, initial trail radius, and the ambipolar diffusion
coefficient. Furthermore, the trail reflects a characteristic oscillation,
which can be described by the Fresnel integrals (McKinley, 1961),
which also provides a possibility to measure precisely the velocity of
the meteoroid (Hocking, 2000; Elford, 2004; Holdsworth et al., 2007;
Stober et al., 2013; Mazur et al., 2020).

Later, Poulter and Baggaley (1977) proposed a full-wave scattering
solution for transverse scatter assuming a Gaussian radial plasma distri-
bution for meteor radar observations. They performed qualitative simu-
lations and demonstrated that the scattering depends on the scattering
angle between the incident electromagnetic wave (E-field vector and H-
field vector) and the trail alignment and the gradient in the electron line
density, thus indicating a strong polarization dependence of the derived
reflection coefficients. The two polarizations were denoted parallel and
perpendicular reflections, corresponding to their observation geometry.
Furthermore, the full-wave scattering equations describing the plasma
inside the meteor trail are derived from Maxwell’s equations in cylindri-
cal coordinates (Kaiser and Closs, 1952a; Poulter and Baggaley, 1977;
Stober et al., 2021a). These equations show a singularity in the complex
permittivity for transition echoes from overdense to underdense for the
transverse scattering case, giving rise to significant resonance effects.
Such resonances were discussed in Greenhow and Hall (1960) and are
expected when the critical radius leads to a vanishing real part of
the complex dielectric function. In the past, the difference between
overdense and underdense was defined by a threshold electron line
density of ¢ = 10'*e~/m, which is more an instrumental effect rather
than a true physical threshold (Poulter and Baggaley, 1977; Baggaley,
2002).

The first quantitative reflection coefficients, covering typical meteor
radar frequencies using the full-wave scattering model, were presented
more than 40 years later by Stober et al. (2021a). The authors included
a comparison of different radial plasma models, which analyzed for a
three-dimensional finite difference time domain (FDTD) model (Mar-
shall and Close, 2015; Marshall et al., 2017). Later analytical and
numerical calculations for meteor head echo plasmas showed that the
radial distribution appears to be dependent on the observation geome-
try as well (Dimant and Oppenheim, 2017a,b; Sugar et al., 2018). Sugar
et al. (2019) performed numerical simulations of meteor head echoes
investigating how the radial plasma distribution changes depending on
the viewing geometry relative to the flight path, which also included
the specular geometry. Later, these solutions for the radial plasma
distribution were used in the full-wave scattering model and resulted
in a very close resemblance to the analytical solution of the cylindrical
diffusion equation, which is given by a Gaussian radial plasma distribu-
tion (Stober et al., 2021a). Thus, the analysis presented herein is based
on simulations using the Gaussian model putting a strong emphasis on
the importance of the collisions on the obtained reflection coefficients.
We also will show a vertical profile of ion-neutral collision frequencies
derived from multi-frequency EISCAT data (Grassmann, 1993; Nicolls
et al., 2014).

The Southern Argentina Agile Meteor Radar (SAAMER) at Tierra
del Fuego (TDF) is located at the southern tip of Argentina (53.7
°S, 67.7°W), and the system has been widely used for atmospheric
observations to investigate gravity waves generated over the Andes
and the Drake passage (Fritts et al., 2010; de Wit et al., 2016; de
Wit et al., 2017; Liu et al., 2020, 2022; Stober et al., 2021c, 2022).
The meteor radar has remote receiver sites at distances between 8 to
13 km around the core antenna array that enables the precise orbit
determination of the detected meteors. This configuration is called
SAAMER-OS (SAAMER-Orbital System) (Janches et al., 2014; Janches
et al., 2015; Bruzzone et al., 2021; Panka et al., 2021). Another update
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to SAAMER was made during the 2022 southern hemispheric winter
season: two antennas were installed next to the main receiver array,
each one receiving data from each polarization separately. In this work,
we use these observations together with the orbital data to estimate the
scattering angle and to perform a qualitative fit to the observations to
determine the electron line density (g), initial trail radius (r,), and the
ambipolar diffusion coefficient (D).

The manuscript is structured as follows. Section 2 contains informa-
tion about the radar calibration applied in this study. The importance of
collisions for calculating reflection coefficients is outlined in Section 3
and the full-wave scattering results are shown in Section 4. The re-
sulting implications for the diffusion measurements using the classical
theory are given in Section 5. The observational results are shown in
Section 6. The results are discussed and summarized in the last two
Sections 7 and 8.

2. Observation and calibration

In this study, we analyze data by making use of the full capabilities
of SAAMER-OS. A detailed description of the initially deployed instru-
ment is found in Fritts et al. (2010). Later the system was upgraded by
adding passive remote receiver sites at distances between 8 to 13 km to
determine the meteor trajectories (Janches et al., 2015; Bruzzone et al.,
2021), which is called SAAMER-OS. The capabilities of the radar were
continuously enhanced by adding more passive receiver stations a few
kilometers away from the main site and software developments (Panka
et al., 2021).

During the southern hemispheric winter in 2022, two new receiving
antennas were installed next to the main receiver array that is set
up using a modified Jones cross (Jacobs and Ralston, 1981; Jones
et al.,, 1998). The new antennas measure each polarization plane in-
dependently to a separate receiver located in the main electronics hut
(Janches et al. (2015), Fig. 3). Thus, in total we record 7 complex raw
voltages for each detected meteor. The 5 antennas that are part of the
initial Jones array are circularly polarized (Fig. 1). For the transmis-
sion, a single circularly polarized Yagi antenna is used, instead of the
originally deployed transmitting array for momentum flux observations
consisting of 8 Yagi antennas arranged in a circle (Fritts et al., 2010).

The SAAMER-OS receiver chain was calibrated using two methods,
which were already applied in previous studies on different radars
(Swarnalingam et al., 2009; Stober et al., 2011). The first calibration
approach is based on a calibrated noise generator signal that is directly
fed into the receivers. By tuning the noise generator through differ-
ent but well-defined noise powers, it is possible to characterize the
receivers. The second method leverages a natural noise source given
by the cosmic radio noise background. De Oliveira-Costa et al. (2008)
compiled a Global Sky noise Model (GSM) merging several calibrated
radio noise observations, which provides a sky noise temperature in the
frequency range between 10 MHz to 100 GHz and sufficient angular
resolution. The GSM is accurate within 1%-10% over a wide range of
frequencies and certain areas of the sky. During the course of the day,
the receiver antenna beam points towards different parts of the sky and,
hence, to regions in the sky with different sky noise temperatures. The
QDC (Quiet Day Curve) that is required for the calibration is obtained
by convolving the antenna pattern of the circularly polarized Yagi
antennas over the computed noise map for different sidereal times.

The cosmic noise calibration was done similarly to the Collm
radar (Stober et al., 2011). We calculated a QDC for the SAAMER-OS
location convolving the circularly polarized beam with the GSM sky
noise temperature map to obtain our calibration reference QDCg;gy,-
The SAAMER-OS QDC was derived using the meteor-position-data-files
(MPD) to estimate the noise power for each meteor. This data was
then binned in solar longitude and sidereal time, the UTC time was
documented, and we computed a median value of the noise power
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Fig. 1. Meteor signal received by the main receiver at the main site of SAAMER-OS. The first five raw voltages show the signal strength of the meteor received by each of the
five antennas that form the interferometer. The last two rows show the signal strength on each polarization received by the two new antennas.
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Fig. 2. Correlation and comparison of the GSM-derived QDC and the cosmic noise calibrated SAAMER-OS observations.

in digitizer units (du) for each bin and a corresponding standard
deviation. The resulting noise time series has a resolution of 10° in
sidereal time.

Fig. 2 shows a linear regression and comparison of the QDC derived
from the GSM and SAAMER-OS. The calibration coefficient was esti-
mated from the long noise record for periods with no radio interference.
We compiled a monthly averaged QDC from the observations corre-
sponding to about 30° in solar longitude but rejected all observations
that showed an anomalously large standard deviation or a deviation
of more than 75du from the median value for that bin. We did not
remove the solar contribution for the calibration as the solid angle of
the corona is considerably smaller than our beamwidth and thus is
not critical for the calibration. The presented QDC corresponds to the
southern hemispheric winter season of July-August 2021.

3. Collision dependence of polarization strength full-wave scatter-
ing

The full-wave scattering theory developed by Poulter and Baggaley
(1977) describes the scattering of radio waves from infinitely long
cylindrical plasma trails. This theoretical framework indicated that
the scattering depends on the angle between the incident radio wave
and the alignment of the meteor trajectory. As such, the reflection
coefficients are separated into transverse/perpendicular and parallel
components with respect to the meteoric plasma column. However,
due to computational limitations at the time, only qualitative estima-
tions were shown. Recently, the proposed full-wave scattering model
was used to perform quantitative simulations of reflection coefficients
for the triple frequency meteor radar CMOR (Canadian Meteor Orbit
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Radar) (Stober et al., 2021a) to derive a physically consistent solution
for the ambipolar diffusion coefficient, the electron line density, and
the initial trail radius. These quantitative simulations were performed
for various plasma distributions that were originally proposed to better
describe the scattering from meteor head echoes such as Gaussian,
parabolic exponential, 1/r, 1/r2, and the 1/r3 model (Marshall et al.,
2017; Sugar et al., 2019).

Meteor trails are assumed to form instantaneously and start to dif-
fuse in a radial direction along the meteoroid flight path. The released
ions and electrons form an ambipolar plasma that diffuses quickly into
the ambient atmosphere. The electrostatic force between the ions and
electrons ensures that the electrons diffuse effectively with the ions,
although the mobility of the electrons is much higher compared to
the ions. As the electron density in the plasma column corresponds to
the ions density (n, = n;), it is sufficient to solve the radial diffusion
equation just for the electron density;

on_Donf on) o
ot r or\ or

Here r denotes the radial distance from the trail axis, D describes the
ambipolar diffusion coefficient and » is the radial electron density. The
analytical solution of the above equation assuming a Gaussian function

for the electron density distribution normalized to the electron line
density q is given by;

2
n(r, 1) = i2 e, %)
Ta

The temporal dependency of the Gaussian plasma distribution is ex-
pressed by the simple relation;

&= r% +4Dt. 3

Here r( is the initial trail radius and a denotes a generalized trail radius.
However, we can omit the time-dependent part and use only the radius
for the full-wave scattering model. Computing the reflection coeffi-
cients for different radii a is equivalent to the time-dependent expan-
sion of the trail without the need to explicitly solve the time-dependent
radial plasma distribution.

The electron motion inside the column is governed by the complex
dielectric constant (Poulter and Baggaley, 1977);

I’le2

x=1- € mo?(1 +iv/w)

4
Here e is the elementary charge and m is the electron mass, ¢ is the
free space permittivity, w denotes the incident wave angular frequency,
and v are collision frequencies. The collision frequencies used in the
full-wave scattering solution are derived as proposed in Marshall and
Close (2015). The electron-neutral collisions are estimated to be in the
order of v,, ~ 6-10* s~! at 100 km altitude assuming an MSIS-E-90
background atmospheric temperature (Hedin, 1991). Above 100 km the
electron-neutral collision frequency crucially depends on the O,/N,-
ratio. Below 100 km the electron-neutral collision frequency is mainly
a function of the neutral density and the electron temperature (Schunk
and Nagy, 2009). Furthermore, Marshall and Close (2015) emphasized
the importance of the Coulomb collisions between electron—electron
and electron-ion collisions pairs, which are estimated following the
relations presented in Callen (2006) and can be derived from the
meteor plasma properties.

Ion-neutral collisions are also important for the evolution of the trail
in the radial direction from the trail axis. Increased ion-neutral colli-
sions result in a slower ambipolar diffusion and vice versa. Ion-neutral
collision frequency profiles can be directly or indirectly measured
using Incoherent Scatter Radars (ISRs) such as the ones operated by
the EISCAT Scientific Association (Nygrén, 1996; Oyama et al., 2012;
Nicolls et al., 2014). Fig. 3 shows a vertical profile of the ion-neutral
collision frequency derived from dual-frequency ISR observations ap-
plying the data analysis proposed by Grassmann (1993). The data were
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Fig. 3. Vertical profiles of ion-neutral collision frequencies. The measurement profile
(blue) is derived from dual-frequency EISCAT observations on 27 September 2021
between 8-12 UTC with error bars indicating the interquartile range. A climatological
collision frequency profile (orange) is calculated from the NRLMSISE-00 model neutral
particle density.

recorded during a campaign on 27 September 2021 between 8-12 UTC
involving the TromsgEISCAT VHF (Very High Frequency) (224 MHz)
and UHF (Ultra High Frequency) (930 MHz) radars (at geographic
coordinates 69.58°N, 19.22°E). The figure shows the median profile of
all measurements during the four-hour observation window from 08-12
UTC. The analysis follows the difference spectrum method as described
in Grassmann (1993). The ion-neutral collision frequencies based on
NRLMSISE-00 are obtained from the idealized relation of Chapman
(1956), which involves a mean atomic mass as well as neutral and
ion volume number densities. We found that the ion-neutral collision
frequency changed by two orders of magnitude across the meteor layer
region (80-110 km). Similar behavior is also expected for the electron-
neutral collision frequency. Expressing the electric and magnetic fields
inside the column by Maxwell equations in cylindrical coordinates as
parallel P, and transverse T,, components corresponding to the plane
of the oscillation of each of the field vectors of the incident electromag-
netic wave leads to two second-order differential equations. The field
inside the meteor trail for parallel geometry, which corresponds to an
electric field oscillating in the plane of the meteor trajectory, is given
by;

d’P,, L1 dP,,

dr? rodr

+ <k2K' - ’"—2>Pm =0. )

2



G. Stober et al.

The transverse case leads to the following differential equation;

d*T dT 2
m+[1_1d_r<] m+<kzx_m_>Tm=o. ©

dr? r kdr| dr r2

Here k is the wavenumber of the incident electromagnetic wave, r is
the radial distance from the trail axis, and m describes the order of
Fourier components and the cylindrical Bessel and Hankel functions.
Following Poulter and Baggaley (1977), Stober et al. (2021a) the fields
outside the plasma column of the incident wave are described by
cylindrical Bessel functions, and the reflected waves can be expressed
by the Hankel functions of the first kind. Finally, we obtain reflec-
tion coefficients p,, and ¢, after integrating Eq. (5) and 6 until the
boundary matching radius for each order of the Hankel and Bessel
functions. Adding all the complex reflections coefficients results in the
total reflection coefficient g for the parallel and g, for the transverse
geometry;

g = Y, P cos(mep) @)

Z —t,, cos(m¢)

m

&1

In this study, we only consider backscatter geometry ¢ = 180°. Al-
though, the derivation was performed assuming a plane incident wave
the solutions can be generalized to arbitrary geometries and circular
polarization (Poulter and Baggaley, 1977). Thus, the reflection coeffi-
cient g for an arbitrary alignment between the incident plane wave and
the meteor trajectory is given by;

g=g" cos*(§) + g - sin®(). (8)

Here 6 describes the angle between the electric field of an incident
plane wave and the meteor trajectory.

4. Calculation of reflection coefficients for different collision fre-
quencies

Reflection coefficients are obtained by solving the two differential
equations for P, and T,, for each order m of the cylindrical Bessel
function as outlined in Stober et al. (2021a). The integration starts at
the trail axis with » = 1071 m until the boundary matching radius r,,
which is defined as the distance from the trail axis where the dielectric
function of the meteoric plasma equals the free space permittivity e, =
1. We consider that this is achieved when the real part approaches
k = 0.99999. The numerical integration is performed with a 5th order
Runge-Kutta scheme (Cash and Karp, 1990) calculating the first 19
orders of the cylindrical Bessel function starting by m=0.

In this study, all results refer to a meteor radar operating at 32.55
MHz, but use the collision frequencies that were given in Marshall
and Close (2015), Marshall et al. (2017), Stober et al. (2021a) as a
reference. These collision frequencies are representative of the altitude
region between 100-110 km and match the peak height of meteor head
echo observations (e.g. Janches et al., 2003, 2008; Schult et al., 2017;
Kero et al., 2013, 2012). Specular or transverse scatter meteors are
often observed at lower altitudes with an observational peak around 90
km (e.g. Hocking et al., 1997; Stober et al., 2012; Dawkins et al., 2023)
and, thus, we adopted the collision rates to account for the increased
atmospheric density at these lower altitudes by increasing them.

Fig. 4 compares parallel g, and transverse g, reflections and their
polarization for the standard reference case and a Gaussian plasma
distribution. The polarization p is obtained from the ratio of the trans-
verse and parallel reflection coefficient (p = g, /g;). The lower panels
show the same but for a tenfold increased total collision frequency
which corresponds approximately to 85-90 km altitude. The polariza-
tion ratios shown in the right column only contain data for reflection
coefficients that are larger than 10~%. A polarization value of 1 corre-
sponds to circular polarization or to the case that the scattering is more
isotropic. However, due to the specular geometry, isotropic scattering
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is rarely achievable independent of the collision frequencies. However,
increased collision frequencies reduce the resonance effect that occurs
at the critical radius r, in the transverse scatter case (g;) when the
real part of x is essentially zero. These resonance effects are typical
for the transition from overdense to underdense scattering (Kaiser and
Closs, 1952a; Poulter and Baggaley, 1977; Stober et al., 2021a). The
simulations also confirm that increased collision frequencies lead to an
even stronger polarization ratio for small trail radii and electron line
densities above 10'2e~ /m.

We also compare individual profiles for different electron line den-
sities ¢ =9-10'2, g =9-10'3 and g =9 - 10'* ¢~ /m. These line densities
correspond to a typical underdense, a transition, and an overdense
specular meteor echo. However, we want to emphasize that the terms
underdense and overdense always refer to a certain initial radius and
an electron line density. In principle, even a lower electron line density
leads to overdense scattering characteristics when the meteor plasma
remains confined in close proximity to the meteor trail axis (a few
millimeters to a few centimeters corresponding to the 1-c width of
the Gaussian plasma distribution). This is more likely to happen at
altitudes below 85 km where the mean free paths reaches such scales.
Fig. 5 visualizes all three cases as a function of radial distance from
the trail rather than its temporal evolution due to ambipolar diffusion.
Each of the panels contains the profiles for our reference collision
model and for the 10x increased case for the parallel and transverse
reflection coefficients. These profiles again support that the transverse
scattering geometry is more efficient compared to the parallel case. In
general, it is obvious that increased collisions result in smaller peak
amplitudes and, hence, smaller reflection coefficients. In contrast, the
resonance effects for the overdense meteor electron line densities are
much less pronounced for the transverse geometry. These profiles also
underline that the polarization is most significant during an earlier
stage of the trail formation corresponding to smaller radii and becomes
less important as the trail radially expands from the trail axis.

5. Implications of scattering results for ambipolar diffusion mea-
surements

Meteor radars are also valuable to obtain a mean MLT tempera-
ture (Hocking et al., 2004; Stober et al., 2008, 2017; Sarkar et al.,
2021). There are two established methods, which are based on the
measured decay time of underdense meteors and an empirical temper-
ature gradient model (Hocking et al., 1997; Hocking, 1999) or by using
an empirical pressure model together with the ambipolar diffusion
coefficient obtained from the decay time (Holdsworth et al., 2006) to
derive a mean temperature from the data. However, both methods rely
on the assumption that the meteor decay time is directly proportional
to the ambipolar diffusion coefficient D,. The classical meteor theory is
based on a rather simple relation for the echo profile of an underdense
meteor (Herlofson, 1951; Kaiser, 1953), which is still used today;

3222D,

P(t)= PO)e 2 . 9

Here P denotes the backscatter power, 7 is the time, and 1 is the radar
wavelength. Thus, the ambipolar diffusion coefficient can be obtained
by measuring the decay time of the fading meteor signal as long as
the meteor is “underdense”. Considering the results from the full-wave
scattering such a classification is not as straightforward as it appears
and is not just given by a simple threshold of the electron line density
as it was done previously;

_ 222
322D,

Furthermore, due to the high collision frequencies between the ions
and neutral atmosphere in the MLT and for a vanishing electric field,
we can use the Einstein relation for the ionic diffusion (Chilson et al.,
1996);
kgT . 10°

B ( T )(1.013 10 Pa) K,

bi= =716k »

712 10)

1D
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Fig. 4. Parallel (left) and transverse (center) reflection coefficients for typical specular meteor observations and corresponding polarization (right). The lower row shows the same

but for a 10x increased collision frequency corresponding to lower altitudes.

Where D; is the ionic diffusion coefficient, K|, is the zero-field reduced
ion mobility, k5 is the Boltzmann constant, e is the elementary charge,
p is the total atmospheric pressure and 7 denotes the local thermal
equilibrium temperature of the neutral gas. The above equations re-
main valid only for highly collisional meteor plasmas, for which it is
reasonable to assume D, = 2. D; (Kaiser, 1953). Neglecting electron—ion
collisions, we can then approximate the ambipolar diffusion coefficients
using the following expression (Jones, 1975, and references therein);
Te
DazDi<1+f_). (12)
Here T, and T, are the electron and ion temperatures, respectively. Jones
(1975) noted that the assumption of 7, = T, is not always satisfied
within the MLT, and attributed some of these deviations at lower alti-
tudes below 90 km to oxidation and dissociative recombination effects.
The terms lower and higher altitudes refer to the typical meteor layer
extending from 70 to 110 km. However, it is not possible to specify
absolute altitude thresholds due to the high atmospheric variability,
which also affects neutral density and, thus, the collision frequencies.
Observations of the neutral density or neutral density proxies indi-
cated a variability of about 20% corresponding to 1-3 kilometers in
altitude (Stober et al., 2012; Vida et al., 2021; Dawkins et al., 2023).
At lower altitudes of the meteor layer below 90 km, the ambipolar
diffusion is slow enough for some echoes that such effects start to
become relevant. At higher altitudes, the appearance of secondary
reflection points caused by wind shears becomes important as well.
However, many previous studies did not account for a potential effect
or difference between transverse and parallel reflection coefficients and
the resultant diffusion coefficients (Chilson et al., 1996; Hocking et al.,
1997; Laskar et al., 2019; Lee et al., 2016). Furthermore, previous
studies reported that ion—electron collisions (Coulomb collisions) and
electron—electron collisions are important during the initial trail forma-
tion for the meteoric plasma (Marshall and Close, 2015) and, thus, are
included in the full-wave scattering simulation (Stober et al., 2021a).
Considering the results from the full-wave scattering model for the
transverse and parallel scattering coefficients, we estimated a potential
deviation of the T,/T;-ratio using the parallel case as a reference to
estimate the asymmetry in the scattering between both geometries.
We computed the 7, ,-decay time for both reflection coefficients from
the auto-correlation function (ACF). Fig. 6 shows the corresponding
T,/T;-ratios that are required to obtain the same ambipolar diffu-
sion coefficient for the transverse scattering geometry when we apply

Eq. (10). The white line indicates a deviation of 1%. Apparently, the
ambipolar diffusion coefficient would be systematically overestimated
for the transverse scatter case and typical underdense meteor echoes.
The ‘apparently’ increased ambipolar diffusion is mainly caused by a
‘hotter’ electron gas compared to the ion temperatures as the electrons
start to coherently respond to the incident radio wave. Although, the
electrons show a strong resonance effect in the transverse scatter case,
the space charge field still ensures that the ions and electrons diffuse
with the same velocity (Jones, 1975).

Finally, we tested the general applicability of the classical theory
to determine the ambipolar diffusion coefficient from the decay time
of a meteor echo for various collision frequencies. Assuming the full-
wave scatter solution as a reference, we can compute by how much
the T,/T;-ratio has to change to obtain the same ambipolar diffusion
coefficient. Fig. 7 shows the T, /T;-ratio that is required to get the same
ambipolar diffusion coefficient as it was used for the simulation of the
meteor echo of the full-wave scattering model. The dark bluish part
indicates that the theory from Kaiser and Closs (1952a) holds and the
meteor echo is underdense. The white line separates the underdense
from the transition-type and overdense meteor echo region. Essentially
a meteor becomes overdense when the dielectric function is zero, which
is equivalent to the plasma frequency for a specific radar wavelength.
The term transition-type meteors refers here to the full-wave scattering
model solution to meteor trails that would be classified as underdense
from their signal morphology, but that show signs of resonance effects
leading to deviations in the derived ambipolar diffusion coefficients
when analyzed with the classical theory.

Comparing the parallel and transverse reflection coefficients in-
dicate that resonance effects in the transverse scatter geometry lead
to a lower threshold electron line density for the transition between
underdense and overdense. This transition was usually assumed to be at
a fixed electron line density (g = 2.4-10'* m~!) (Kaiser and Closs, 1952a;
Poulter and Baggaley, 1977). However, the most pronounced effect is
caused by changes in the collision frequency. Increasing the collision
frequency shifts the transition threshold to lower electron line densities.
Furthermore, parallel and transverse scatter reflection coefficients show
increasing deviation in the 7, /T;-ratio for the overdense region, which
is caused by resonance effects.

Recently, multi-static meteor radar observations combining monos-
tatic specular radars and passive receivers arrays at distances between
50-250 kilometers have been realized (Stober et al., 2021b, 2022). Full
wave scattering calculations are also of importance for such forward
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electron line densities. The white contour line denotes a deviation of 1.05 T,/T;.

scatter observations (Jones and Jones, 1990), as the electron line Specular meteor observations have become a widely used tool to
density appears increased due to the forward scattering angle and, thus, measure mesospheric winds. Poulter and Baggaley (1978) investigated
multiple reflections can easily arise from different regions around the potential additional errors that can affect the wind measurements for
specular point as the meteor trail appears to be overdense, although a different electron line densities and ambipolar diffusion coefficient and
monostatic or backscatter system would classify it as underdense. outlined mitigation strategies on how to correct the apparent line of
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and the classical decay time approach (Kaiser’s theory).

sight velocities for transition-type and overdense meteors. A similar
effect was already reported in Stober et al. (2022) for forward scatter
networks. These apparent line-of-sight velocities are basically the result
of a motion of the scattering center along the trail due to diffusion, wind
shear, or other distortions.

6. SAAMER-OS observations

SAAMER-OS provides time-of-flight solutions between the central
transmitting station and several receiving-only remote sites from which
meteor trajectory, velocity, and ultimately orbital properties are deter-
mined (Webster et al., 2004; Jones et al., 2005; Mazur et al., 2020;
Bruzzone et al., 2021), which is key in calculating the angle between
the transmitted incident radio wave and the meteor trajectory. The
installation of two new dual polarization antennas next to the main
receiving interferometer array, along with other upgrades to SAAMER-
OS (Janches et al., 2020), now also permits the collection of both
polarizations from the returned signal. In this work, we analyze the
first batch of 33 meteor events for which we obtained a multi-station
time of flight solution.

The data were fitted by extending the reflection coefficient look-up
tables for 32.55 Mhz (Stober et al., 2021a). We added additional re-
flection coefficients with increased collision frequencies by multiplying
them with 2, 3, 4, 5, 10, 15, and 20 using the values from Marshall
and Close (2015) as reference and representative for 105 km altitude.
The remaining analysis procedure is implemented according to Stober
et al. (2021a). However, it turns out that the so-called f#,-time is
more difficult to be determined due to noise and the onset of the
diffusion (Mazur et al., 2020). We found that the best solution is usually
within one pulse from our initial #)-time pick. The reflection coefficients
can be related to the backscattered power in Watts leveraging the well-
known radar equation for transverse scatter observations (Ceplecha
et al., 1998; Stober et al., 2021a);

_ g P GrGrPr . <C2 + S2>

P, = 13)
R 3274 R} 2

Here g denotes the total reflection coefficient, A is the radar wave-
length, Py is the transmitted power corrected for cable losses, which
is nominally 64 kW for SAAMER-OS, and G, and Gy are the an-
tenna gains for transmission and receiving, respectively. R, defines
the range of the specular point and C and .S are the two Fresnel

integrals. The main advantage of this equation compared to the more
common versions presented in McKinley (1961) or Baggaley (2002) is
that the reflection coefficient replaced the classical electron scattering
cross-section and electron line density, which provides a much more
physically consistent description of the time-dependency of the meteor
echoes.

Fig. 8 shows four example fits of a total of 33 analyzed events.
The upper panel always shows the mean backscattered power averaged
from all five circularly receiving antennas of the Jones array. The
lower two panels visualize the received power for each polarization
separately. The label NS denotes the dipole aligned in a North-South
direction, and EW indicates the East-West aligned dipole, respectively.
The amplitude scaling is consistent for all three panels and is normal-
ized to the circularly polarized signal, which shows the highest power.
The black measurements reflect the received echo power using the
noise generator calibration without antennas. The blue measurements
are based on the cosmic noise background calibration considering the 7-
bit Barker code. The red profile indicates the best manually obtained fit
convolved with the SAAMER-OS antenna gain pattern and scaled by the
transmitted power based on Eq. (13). The fit also includes the Fresnel
oscillations leveraging the precise time of flight velocity (McKinley,
1961; Stober, 2009; Mazur et al., 2020). We also use the Fresnel
oscillations to adjust the 70-pick by one or two pulses.

The initial trail radii, electron line densities, and ambipolar dif-
fusion coefficients are in a similar range to the analyzed data from
the triple frequency CMOR radar (Stober et al., 2021a). Most of the
events are underdense. However, our subset tends to be biased towards
faster meteors and altitudes above 90 km, due to our selection process.
We searched for meteor events exhibiting Fresnel oscillations and the
typical exponential decay. The Fresnel oscillations were also valuable
to match or correct for potential offsets of the initial 7)-time picks. The
presented examples demonstrate that polarization effects play a signif-
icant role and the amplitude of the same meteor can vary substantially
between the different dipoles of a circularly polarized antenna.

In total, we collected 33 events covering all three echo types (under-
dense, transition, and overdense) and for altitudes between 76-104 km.
In Fig. 9, we present vertical distributions of the derived ambipolar
diffusion coefficients, initial trail radii, and electron line densities. We
color-coded the different echo types blue (underdense), red (transition
type), and cyan (overdense). The initial trail radii and ambipolar dif-
fusion coefficients exhibit the characteristic altitude-dependency which
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Fig. 8. Example fits of four different underdense meteors (a-d). Each of the examples has three panels showing the observations using the noise generator calibration (black),
cosmic noise calibration (blue), and simulated full-wave scattering echo profile (red) for the circular receiver array (upper), the North-South (NS) dipole (center) and East-West

(EW) dipole (lower). The cosmic noise data is only shown for every third point.

was already found in Stober et al. (2021a). This is also supported by
the initial trail radii which indicates a linear trend of larger values
with increasing altitude. However, we found much less scattering at the
same altitudes compared to our initial fits using CMOR data (Stober
et al., 2021a) where we only used a fixed collision frequency, which
was more suitable for higher altitudes. The comparison also supports
that the full-wave scattering solutions with variable collisions are also
applicable to transition-type echoes, which might exhibit signs of reso-
nance effects. The extreme outlier of the ambipolar diffusion coefficient
for the overdense meteor is understandable due to the missing electron—
ion recombination and ozone chemistry for such high-density plasma
trails with a longer lifetime (Jones, 1975; Baggaley, 2002). Thus, the
ambipolar diffusion coefficient is severely overestimated as the loss of
electrons due to the recombination or by ozone is not yet taken into
account (Ye and Han, 2017). In future work, these chemical reactions
can be added to the fits by changing the electron line density over
time to model the loss of electrons due to these reactions for overdense
meteors. A more detailed analysis of all 33 events will be given in a
companion paper.

7. Discussion

While the relative importance of the radiative transfer due to colli-
sions for the scattering coefficients is included in the scattering the-
ory (Poulter and Baggaley, 1977), there have been no studies on
how different collision frequencies can alter the meteor echo profile.
Using the multi-frequency EISCAT observations to estimate an ion-
neutral vertical collision profile, we scaled the implemented collision
models for the full-wave scattering model to also include the typical
specular altitudes down to about 80 km. The model results indicate
that increased collisions reduce the resonance peak that is theoretically

predicted and obvious for overdense meteors (Stober et al., 2021a).
However, it was also possible to show that an exponential decay might
not be sufficient to classify meteor echoes in underdense, transition-
type, and overdense echoes. The simulations demonstrate that the
transition from underdense to overdense meteors depends on the colli-
sion frequency, and not on a fixed electron line density. Considering the
classical underdense meteor theory we estimated the transition from
underdense to overdense by a deviation of the T, /T;-ratio (Kaiser, 1953;
Chilson et al., 1996) between the parallel and perpendicular reflection
coefficient. We found that the electrons respond to a perpendicular
incident radio by a more coherent motion and can get in resonance
for transition-type and overdense echoes, whereas in the parallel case,
some of the energy is absorbed by the collisions within the plasma and,
thus, the resultant reflection coefficient is smaller.

The full-wave scattering model is applicable to Continuous Wave
(CW)- and pulsed radar observations. The fit of the simulated reflection
coefficients to SAAMER-OS observations supports that the peak power
defines the sensitivity of the system rather than the average power.
The often smaller transmit power of CW-radars can be partly com-
pensated by pulse compression. Another important difference between
both experimental techniques is given by the collision frequencies.
Pulsed radar systems use pulse repetition frequencies that are much
lower than the typical collision frequencies in the meteoric plasma and,
hence, the released meteoric ions and electrons can relax to the ambient
atmosphere between successive pulses. It remains unclear whether
resonance effects can cause issues for CW-radars at some altitudes for
the magnetized electronic component and certain geometries (Stober
et al.,, 2021a) or in the presence of other instabilities that can cause
multiple reflection points along the trail and, thus, might lead to
spurious Doppler velocities or more uncertain interferometric solutions.
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Fig. 9. Statistical analysis of all 33 events concerning the ambipolar diffusion, initial trail radii, and electron line density and their altitude-dependency with color codes for

underdense (blue), transition-type (red), and overdense (cyan).

Ambipolar diffusion coefficients have been derived from meteor
radar observations for decades, leveraging the theory from Kaiser
(1953). This theory already included resonance effects and the separa-
tion of parallel and perpendicular scattering of the trail, and provided
a simple relation between the exponential decay of the plasma and the
ambipolar diffusion coefficients, which was applied in many observa-
tions of underdense meteor echoes to estimate vertical profiles (Chilson
et al.,, 1996; Holdsworth and Reid, 2002; Lee et al., 2016; Laskar
et al.,, 2019). However, the full-wave scattering model presented here
underlines that it can be more difficult to separate underdense meteors
from all detected meteors. Partly this explains the larger scattering
of the ambipolar diffusion coefficient at the same altitude or decay
times presented in many previous publications (Hocking et al., 1997;
Hocking, 1999; Stober et al., 2008; Kumar and Subrahmanyam, 2012;
Sarkar et al., 2021). The full-wave scattering model also indicates that it
can be challenging to estimate the electron line density from the peak
of the meteor echo profile (McKinley, 1961; Baggaley, 2002), which
adds further complication in classifying underdense meteor echoes.

One of the open questions about specular observed meteor trails is
the relative importance of the Earth’s magnetic field on the ambipolar
diffusion. Kaiser et al. (1969) showed that meteor trails that are closely
field-aligned (to within 1° in the E-region) above 95 km altitude exhibit
an anomalous ambipolar diffusion behavior as the electron motion
is inhibited by the magnetic field. At this height, electrons become
essentially magnetized while the ions are still demagnetized (Stober
et al., 2021a). However, non-specular trails indicate a considerable
dependence on the Earth’s magnetic field as demonstrated by simu-
lations and analytical theory (Dimant and Oppenheim, 2006b,a). The
specular meteor trails analyzed in this study did include events that
were close to being field-aligned and, thus, the magnetic field effect
was not considered and is left for future studies.

8. Conclusions

Collisions between the meteoric plasma and the ambient atmo-
sphere play a crucial role in understanding the echo profile of un-
derdense meteors and how they diffuse. In this study, we investi-
gated quantitatively how the polarization effects change with increas-
ing collision frequencies compared to the typical values presented
in previous studies (Marshall and Close, 2015; Stober et al., 2021a)
and recent EISCAT observations. Full-wave scattering simulations have
been conducted to generate complete sets of reflection coefficients for
various collision frequencies that cover the altitude regions between
76-104 km.

The full-wave scattering simulations as well as SAAMER-OS ob-
servations underline that the signal amplitude is not necessarily a
good quantifier of the electron line density to separate underdense
from transition-type or overdense meteors without taking into account
polarization effects. Furthermore, even transition-type echoes, which
already show signs of resonance effects for the transverse scattering
geometry, exhibit the classical textbook underdense signal morphology
for higher collision frequencies (lower altitudes in the meteor layer),
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which causes larger deviations in the derived quantities of electron line
density or ambipolar diffusion when analyzing these observations with
the classical theory.

Resonance effects are an important aspect of specular meteor obser-
vations. In this study, we introduce a more clear separation of different
meteor echoes based on their signal behavior. Overdense meteors are
characterized by a plasma density inside the column that exceeds the
plasma frequency for the radar wavelength. Underdense meteors have
plasma densities much lower than the corresponding plasma frequency.
Meteor echoes with plasma densities smaller than the plasma frequency
for a defined radar wavelength that show already signs of resonance
effects are considered transition-type meteors. Furthermore, the col-
lision frequencies are crucial for the effective signal. Pulsed radar
systems with pulse repetition frequencies much lower than the collision
frequency will always observe a thermalized plasma in equilibrium
with the ambient atmosphere. CW-radars might be useful for active
target modification through these resonances, which could alter the
diffusion and may cause instabilities along the trail leading to multiple
reflections as seen for overdense meteor trails, in particular, at altitudes
where the electrons are magnetized.

These simulations indicate substantial differences for parallel and
transverse scattering geometry when the collision frequencies are var-
ied, which also results in changes to the theoretically modeled echo
profiles. Thus, altitude-dependent collision frequencies have to be taken
into account when quantitative reflection coefficients are computed.
Currently, there are only limited observational capabilities to deter-
mine ion-neutral collision rates. Unfortunately, with the end of the
dual frequency operation of EISCAT in Tromsg, multi-frequency ISR
observations will be no longer available. However, it might be possible
to indirectly estimate such collision frequencies by fitting full-wave
scattering reflection profiles to meteor observations.

Furthermore, we demonstrate that the calculated full-wave scat-
tering reflection coefficients can be fitted to meteor observations by
SAAMER-OS using the circular total signal of the five receiving an-
tennas forming the interferometer and two additional antennas each
recording separate polarization directions. In doing so, this method be-
comes equivalent to the triple frequency approach of the CMOR radar.
The alignment between the meteor trail and the incident radio wave
was determined from the multistatic receive antennas using the time-of-
flight method (Mazur et al., 2020; Bruzzone et al., 2021), which allows
for accurate and precise trajectory information of the meteor trail. In
total we analyzed 33 meteors by manually fitting the reflection profile
to the observations and obtained physically consistent solutions of the
ambipolar diffusion coefficient, the initial trail radius, and the electron
line density. We tested the consistency to derive ambipolar diffusion
coefficients from the echo profile decay time and extracted deviations
from the classical theory to the full-wave scatter solution as deviations
of the T,/T;-ratio. While we confirmed the general applicability of
the method, we also found significant differences for transition-type
echoes, even though these meteors still show an exponential decay.
The previous assumption of neglecting the electron-ion collisions seems
to be only valid once the meteor trail started to diffuse. Instead, it
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appears that these Coulomb collisions (electron—electron and electron—
ion) play a major role at all altitudes of the meteor layer between
70-110 km at the initial stage of the trail formation when the plasma
density is still high. Later, when the plasma started to diffuse and the
plasma density starts to decrease, the electron-neutral collisions become
a leading order effect at altitudes below 90 km due to the increased
atmospheric density.
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