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1. Introduction

ABSTRACT

We present an improved technique for calculating bulk densities of low-mass (<1 g) meteoroids using a
scattering model applied to the high-density plasma formed around the meteoroid as it enters Earth’s
atmosphere. These plasmas, referred to as head echoes, travel at or near the speed of the meteoroid,
thereby allowing the determination of the ballistic coefficient (mass divided by physical cross-section),
which depends upon speed and deceleration. Concurrently, we apply a scattering model to the returned
signal strength of the head echo in order to correlate radar-cross-section (RCS) to plasma density and
meteoroid mass. In this way, we can uniquely solve for the meteoroid mass, radius and bulk density inde-
pendently. We have applied this new technique to head echo data collected in 2007 and 2008 simulta-
neously at VHF (160 MHz) and UHF (422 MHz) at ALTAIR, which is a high-power large-aperture radar
located on the Kwajalein Atoll. These data include approximately 20,000 detections with dual-frequency,
dual-polarization, and monopulse (i.e. angle) returns. From 2000 detections with the smallest monopulse
errors, we find a mean meteoroid bulk density of 0.9 g/cm® with observations spanning almost three
orders of magnitude from 0.01 g/cm? to 8 g/cm>. Our results show a clear dependence between meteor-
oid bulk density and altitude of head echo formation, as well as dependence between meteoroid bulk
density and 3D speed. The highest bulk densities are detected at the lowest altitudes and lowest speeds.
Additionally, we stipulate that the approximations used to derive the ballistic parameter, in addition to
neglecting fragmentation, suggest that the traditional ballistic parameter must be used with caution
when determining meteoroid parameters.

© 2012 Elsevier Inc. All rights reserved.

While low-power radar have been used to collect meteor data
since the late 1940s, during the past 20 years the use of high-

A meteoroid is defined as a solid object moving in interplane-
tary space, of a size considerably smaller than an asteroid and con-
siderably larger than an atom. Smaller particles are termed “dust”
and larger particles are termed “asteroids”. Though this definition
is often used loosely, it has defined a research area that has been
active since people began counting shooting stars, or meteors, that
form in our atmosphere. These meteors, which are the plasmas
formed in our atmosphere when meteoroids collide with the back-
ground atmosphere, are the primary measurement for meteoroid
research. A small subset of meteoroid research results from direct
measurements of the meteoroid through impacts with spacecraft
(Love and Brownlee, 1993). The primary observing tool for meteors
includes ground-based optical and radar systems.
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power, large-aperture (HPLA) radar have become an equally impor-
tant instrument for meteor observations. HPLA radar data have pro-
vided new insights into the field of meteor physics (Chapin and
Kudeki, 1994; Wannberg et al., 1996; Zhou et al., 1998; Janches
et al., 2000; Close et al., 2004; Oppenheim et al., 2008; Mathews
et al,, 1997; Sugar et al., 2010). In particular, HPLA radars routinely
detect the head echo, which is the plasma that surrounds a meteor-
oid and is believed to travel at its velocity. In this way, one of the
key observables of the meteoroid (i.e. the velocity) is immediately
determined and can be used in conjunction with other observables
to determine meteoroid properties. This somewhat simplifies the
very difficult problem of correlating the observed plasma proper-
ties to the desired, but inferred, meteoroid properties.

When studying meteoroids, it is often desirous to obtain (in addi-
tion to the velocity) the mass of the meteoroid. This often proves to
be a difficult problem, however. If we conserve momentum between


http://dx.doi.org/10.1016/j.icarus.2012.07.033
mailto:sigridc@stanford.edu
http://dx.doi.org/10.1016/j.icarus.2012.07.033
http://www.sciencedirect.com/science/journal/00191035
http://www.elsevier.com/locate/icarus

S. Close et al./Icarus 221 (2012) 300-309 301

the meteoroid and the air molecule, we can derive a quantity called
the ballistic parameter, which is the meteoroid mass divided by the
cross-sectional area. By assuming a meteoroid bulk density, we can
then infer a meteoroid mass (Close et al., 2000; Janches et al., 2000).
However, besides the obvious need to guess a density, this approach
also assumes “‘single-body theory” whereby the meteoroid impacts
air molecules through a series of independent collisions. It also does
not include effects such as fragmentation and differential ablation
(Janches et al., 2009), both of which are further obscured by
poorly-understood plasma processes such as polarization-depen-
dent scattering mechanisms (Close et al., 2011; Wannberg et al.,
2011). An alternative method is to use the signal strength, or ra-
dar-cross-section (RCS) of the scattered plasma to determine me-
teor plasma density (Close et al., 2004; Dyrud and Janches, 2008;
Szasz et al., 2008). Plasma density can then be directly correlated
to meteoroid mass loss rate by assuming an ionization probability,
which is determined primarily from laboratory measurements. This
method relies on a scattering model that incorporates head echo
size and shape, but does not require the assumption of a meteoroid
mass or radius.

In this paper, we present a technique that incorporates both the
conservation of momentum together with electromagnetic scatter-
ing from plasmas in order to uniquely determine not only the
meteoroid mass, but the meteoroid bulk density and radius as well.
Our method refines the technique of Drew et al. (2004) by employ-
ing a new ballistic mass model and incorporating higher quality ra-
dar measurements and signal processing (Loveland et al., 2011) to
provide the most accurate meteoroid bulk densities yet observed
for the small, fast meteoroids detected by HPLA radar.

Section 2 gives a brief review of the high-resolution, multi-fre-
quency ALTAIR head echo data set. In Section 3, we provide an
overview of our models, including the spherical scattering model
and a modified ballistic parameter model. Section 4 contains an
overview of our analysis and a discussion of our results. Section 5
summarizes and expands upon future work.

2. ALTAIR head echo data

ALTAIR is an HPLA radar that resides in the central Pacific at 9°N
and 167°E (geographic) on the island of Roi-Namur in the Kwaja-
lein Atoll, Republic of the Marshall Islands. This site is named the
“Reagan Test Site” and is host to various instruments used for
monitoring space surveillance activities as well as ballistic re-entry
tests. The Reagan Test Site is also used for dedicated scientific
experiments funded by agencies such as NASA. The data described
herein were collected under this last umbrella.

ALTAIR transmits a peak power of 6 MW simultaneously at the
two frequencies with right-circularly (RC) polarized signal energy
in a half-power beamwidth of 2.8° and 1.1° at VHF and UHF,
respectively. The typical operating frequencies include 160 MHz
and 422 MHz. ALTAIR receives both right-circular (RC) and left-cir-
cular (LC) energy and has four additional receiving horns for the
purpose of angle measurement. This monopulse feed system uses
a form of amplitude-comparison in order to correct for the object’s
location within a range gate and provide the object’s position,
speed, and deceleration in three dimensions.

Radar meteor data were collected simultaneously at VHF and
UHF at ALTAIR in 2007 and 2008 and include approximately 30 h
of data. Both head echoes and trails were observed throughout
the year-long collection period, which included sporadic data col-
lects typically centered around 6 AM local time in order to span
the time-frame of Earth’s orbit. Amplitude and phase data were re-
corded for each frequency and four receiving channels for altitudes
spanning 80-140 km. The two ALTAIR waveforms used to collect
the data were a 100 ps VHF chirped pulse (“V7100”) with 15-m

range spacing, and a 150 pus UHF chirped pulse (“U7100”) with
15-m range spacing. These waveforms were chosen because of
their high-sensitivity and high range resolution. A 115 Hz pulse-
repetition frequency (PRF) was utilized due to ALTAIR system
requirements associated with these two waveforms. Using these
waveforms, ALTAIR can detect a target as small as —50 decibels-
relative-to-a-square-meter (dBsm) at VHF and —65 dBsm at UHF
at a range of 100 km (Janches et al., 2008).

We used a head echo detection method based on the Delaunay
triangulation in order to automatically search through the 30 h of
data, a period of time corresponding to roughly 10° head echoes.
The head echo range rates and 3D speeds were derived by applying
a new phase-derived matching technique, described in Loveland
et al. (2011). This new technique reduced the error in the range
rate to on the order of 1 m/s.

3. Methodology

We implement two models in order to uniquely solve for mete-
oroid mass, bulk density, and radius as a function of altitude. The
first includes a plasma scattering model of the head echo, first de-
scribed in Close et al. (2004). The second is a modified version of
the familiar ballistic parameter that now includes terms related
to the ablated atom. These models are described in this section.

3.1. Scattering mass

In order to derive a scattering mass, we model the interaction of
the electromagnetic wave with the head echo plasma and calculate
the plasma density and then use an ionization model to correlate
the plasma density to a mass loss. This approach is described
herein.

3.1.1. Spherical scattering model

We have slightly modified the scattering model described in
Close et al. (2004) and Close et al. (2005) for application to the
2007 and 2008 ALTAIR data. This model calculates the scattering
from head plasma and assumes the following: (1) the reflecting
component of head plasma can be approximated as spherically
symmetric; (2) the head plasma’s radius depends upon altitude
and scales with the atmospheric mean free path and meteoroid
speed; (3) the head plasma cl_e)nsity behaves as a Gaussian function;
(4) we ignore both the ¥ x B component of the Lorentz force due
to the motion in the geomagnetic field, as well as any collisional
terms in the ionosphere, since both the gyrofrequency and the col-
lisional frequency in the E-region are negligible compared to the
VHF and UHF frequencies, and the field is not high enough to drive
electrons to relativistic speeds. Our goal is therefore to take the
measured ALTAIR head echo RCS data and determine peak head
plasma density.

Head echo RCS depends upon the peak plasma density, plasma
density profile, and the size of the head plasma. Our approximation
of the head plasma density, n(r), is a Gaussian function of radius,

n(r) = Nmax exp(*(r/rmax)z) + Ny (1)

where N,y is the maximum plasma density for each head plasma
(near the meteoroid’s position at the center of the head plasma), r
is the radial distance from the center of the head plasma, rpy.x de-
fines what we call the “physical size” of the head plasma and n,
is the background plasma density at the altitude of formation. We
expect the size of the head plasma to scale approximately with
the atmospheric mean free path for two reasons. First, the meteor-
oid ablates and sheds particles, some of which ionizes after colliding
with neutral molecules, freeing the electrons principally responsi-
ble for the radar echo (Popova, 2004). Hence, as the mean free path
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decreases, so will the size of the ionized region. Second, the gas and
plasma released from a meteoroid expands largely without inhibi-
tion until it reaches, on average, a distance roughly equaling the
mean free path; at this point, it will expand at a slower diffusive
rate. The transition distance is called the initial radius and has been
used extensively by researchers examining specular trails. As in
Close et al. (2004), we choose our head radius, ryax, to be .023 times
the Jones formula (Jones, 1995) or

max = (023) * (2.845) x 10" %8 /n) )

where v is the 3D speed of the head echo in km/s and n is the back-
ground number density at the head echo detection altitude in m—>.
The scaling factor of .023 was determined empirically from our
dual-frequency observations: we iterate on the radius until the
two plasma densities output from the scattering model match at
both frequencies. We refer to Eq. (2) as the modified Jones formula.
In order to determine the correlation between the reflection coeffi-
cient, R,,, and the plasma density, we derived a formula based on
electromagnetic scattering from a sphere. This model used an elec-
trostatic approximation to the full-wave solution for scattering
from a diffuse plasma and is described in Close et al. (2004). For a
head plasma with a size defined by Eq. (2), the reflection coefficient
is given by

— l o 2 _ nhﬁ(kr).Aan”“ (3)
Ry (n+ 1)j, (kr)By

where A, and B, are the coefficients determined by boundary con-
ditions, j, is the nth order Bessel function of the first kind, and hﬁ
is the nth order Hankel function of the second kind. Eq. (3) provides
a link between the head echo peak plasma density and the reflec-
tion coefficient that is received by the radar. After performing
numerical integration to calculate R,, we relate R, to a possible
RCS, g, such that

2 2
o0 g @

where / is the radar wavelength (Jackson, 1975; Morse and
Feshbach, 1953). Since we do not know the peak plasma density,
we choose values from a range of possible plasma densities and cal-
culate ¢ for each of these possibilities. We then compare our mea-
sured RCS, after correcting for position within the beam, for each
head echo as a function of altitude against the full range of possible
RCS. The best fit provides the plasma density of that head echo. The
beam pattern of the radar dominates the RCS dependence on time
and altitude; it is therefore crucial that the beam pattern be re-
moved from the head echo RCS. This model was validated using
head echoes detected simultaneously at two frequencies since
RCS is dependent upon radar frequency but plasma density is not.
Because each separate radar frequency produces the same or a sim-
ilar plasma density, we conclude that the model is self-consistent
and the plasma densities are trustworthy.

3.1.2. Line density and mass loss

In order to determine the meteoroid mass from the scattering
equations, we convert the peak plasma density of each head echo
that is output from the scattering model, 1., to a plasma line
density, g. For meteor trails, g is constant at a constant altitude.
For head echoes, however, q depends strongly on r and varies as
a function of r up to its maximum radius, ryn.x. We therefore use
an average line density (q) for subsequent use in our calculations,
which is approximated by the discrete sum

1 T'=I'max

q=y > nnmre (5)

where n(r) is the plasma density at radius r, .y is given by Eq. (2),
and N is the number of steps between r=0 and r = 1y ax.

The ALTAIR line densities, calculated using the spherical
weighting, are then input into the standard meteoroid mass loss
equation to determine meteoroid mass
dmn, quv
O f (6)
where dm,,/dt is the meteoroid mass loss, i is the mean molecular
mass, which is approximately 20 for cometary meteoroids domi-
nated by 60% oxygen and 25% silicon (Jones, 1997), v is the head
echo speed and p is the ionization probability which depends upon
the velocity and is given by Jones (1997). By summing the mass loss
along the entire head echo streak, we can estimate the total mass as
well as the mass loss as a function of altitude.

3.2. Ballistic mass

We begin with a derivation of the ballistic parameter using the
conservation of momentum between the air molecule and the
impinging meteoroid. While the ballistic parameter (meteoroid
mass divided by cross-section) has been routinely used in the liter-
ature in order to determine meteoroid mass loss by assuming a
meteoroid density, it often creates confusing results when evalu-
ated over the length of the head echo/meteoroid streak (Bass
et al., 2008; Close et al., 2005; Janches et al., 2000). We believe that
the ballistic parameter must be used with caution for ablating
meteoroids where the mass loss can be both differential and ex-
treme, especially at the end of the meteoroid’s life (Vondrak
et al., 2008; Janches et al., 2009). To this end, we derive the ballistic
parameter equation in order to explicitly show the assumptions
and where we can relax these assumptions in this and future work.

The meteoroid and air molecule collide and conserve linear
momentum, such that

MaVq + My Uy = (Mm — dMp) (Vm — dvm) + Mv, + dMp vgp (7)

where the terms describing the system before the collision include
my,, the meteoroid mass, mg, the air mass, v, the meteoroid veloc-
ity and v, the air velocity. Immediately after collision the meteoroid
loses some mass, dm,,, as well as some velocity, dv,,, and the ab-
lated particle, dm,,, travels at an unknown velocity, v,,. Addition-
ally, the air molecule’s velocity and mass after collision is denoted
by v, and m,,. This equation is often analyzed in the reference frame
of the air (7, =0) and simplified according the following assump-
tions: (1) m, = mg, (2) v, = yv,, where y is the drag coefficient,
(3) Uap = Um, and (4) dm,,, » dv,, is small and can be ignored. Further-
more, if the amount of air mass that the meteoroid encounters per
time (dt) is written as

mg

—=0pv 8
it = TPUn ®)
where ¢ is now the physical cross section of the meteoroid
(0 =mr2) and p is the air density, then the ballistic parameter
(mass over cross section), often quoted in literature, is simply

Mn _ )P25, ©)

o i
Two primary issues with this equation arise when dealing with
meteoroid mass loss. First, we do not know the speed of the ablated
particle, vy, and second, the term often neglected (dm,, * dv,,,) can
become comparable to the size of the meteoroid at the end of its life
or when undergoing differential ablation. If we replace assumption
(3) with g = v, and remove assumption (4), we are left with

dm,, _ yopvZ

My — dmpy — o, Um(n—1) (10)

dom
dt
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This equation shows that even for # close to 1, the additional two
terms may make the more simplistic ballistic parameter invalid
over the entire life of the head echo streak, as will be shown in
the following sub-sections.

3.3. Meteoroid bulk density

We have two equations that can be used to solve for mass: the
scattering mass (Eq. (6)), and by assuming a physical cross-section
or a meteoroid bulk density, the ballistic mass (Eq. (10)). From the
density relation for an object, we have a third equation for a spher-
ical mass, namely

My = gnr?ﬂé (11)
where § is the meteoroid bulk density and r, is the meteoroid ra-
dius. We can also modify this to include a shape factor to account
for non-spherical meteoroids; this factor has been shown to be
irrelevant for all but the largest meteoroids. We now have three
equations (Egs. (6), (10), and (11)) and three unknowns, including
the meteoroid mass (m,;,), radius (r,;) and bulk density (5), allowing
us to uniquely solve for all meteoroid parameters for the first time.

4. Analysis and discussion

In this section we provide the results of the ALTAIR data analy-
sis by highlighting our methodology, as applied to a single head
echo streak, followed by the statistics over approximately 20,000
meteoroids. The data contained herein include only VHF detec-
tions, which provide higher overall RCS values as well as a longer
duration due to the wider beam. A discussion on the dual-fre-
quency events is provided in a forthcoming paper.

4.1. Single head echo streak

The ALTAIR radar has a 4-horn monopulse feed system, which is
the critical element for determining scattering and ballistic mass.
Specifically, we not only use the monopulse data to correct for
the head echo’s position within the range gate, thereby providing
a 3D position, velocity, and deceleration of the meteoroid, but we
also use the monopulse to correct for the beam pattern that is evi-
dent in the RCS data. We provide an example of our methodology
for determining meteoroid mass, radius and density by using a sin-
gle head echo streak/meteoroid.

Fig. 1a shows the path of the head echo in azimuth and eleva-
tion, color-coded for LC RCS. The angles are relative to radar beam
center, with 0° corresponding to the center of the ALTAIR beam.
The RCS appears to be strongest closest to 0° elevation, suggesting
that the primary contribution to the RCS dependence on altitude
arises not from the plasma, but from the plasma’s position within
the beam. Fig. 1b shows a clearer example of the RCS, including
both the LC and RC returns, as a function of altitude. The radar
beam pattern is evident, with a slight dip near 105 km in both
polarizations. Since RCS is calculated from the target signal-to-
noise ratio using a conversion factor based on the antenna gain
at the center of the beam, the measured RCS varies according to
the beam pattern and is incorrectly lower for signals not in the cen-
ter of the beam. However, because we know the radar beam pat-
tern through calibration testing and the meteor position within
the beam through monopulse measurements, we can correct the
RCS data so that each measurement represents the true RCS. It is
from the corrected RCS data that we calculate the scattering mass.
We note that although this correction could introduce additional
RCS error due to errors in monopulse measurements, we neverthe-
less expect a net gain in RCS accuracy over the uncorrected mea-
surements. Fig. 1c shows the speed of the head echo/meteoroid,

including both the range rate (RR) as well as the monopulse-cor-
rected range rate using the interpulse Doppler method of Loveland
et al. (2011), which we call 3D. Note that since this particle was
traveling primarily “down-the-beam”, or parallel to the ALTAIR ra-
dar boresite, the difference between 3D speed and range rate is
minimal. Next we apply the scattering model to calculate meteor-
oid mass (Eq. (6)) as a function of altitude, which is shown in
Fig. 1d. This mass, including the mass loss term, is input into Eq.
(10) to calculate the meteoroid radius, which is shown in Fig. 1e,
and then both the mass and the radius are used to calculate the
meteoroid density, using Eq. (11). The meteoroid density as a func-
tion of altitude is shown in Fig. 1f. Both the radius and the density
appear to have a slight non-physical curvature, but this level of er-
ror is reasonable given the approximations of the model and the
accuracy of the radar measurements. Many head echoes display a
constant density with altitude, which given the physics of meteor-
oid ablation is to be expected, while some show a dramatic (factor
of 2-3) change in meteoroid density as a function of altitude. Nev-
ertheless, we believe that these represent the highest accuracy
HPLA radar measurements yet made of a meteoroid’s mass, radius
and density.

4.2. Detection statistics

We applied the method just described to a subset of the 2007/
2008 data set, which includes approximately 20,000 head echoes
detected at VHF. As noted earlier, these data were collected pri-
marily centered on 6 AM local time in order to maximize the num-
ber of detections (Janches et al., 2006). The pointing of the ALTAIR
beam, color-coded for local time, is contained in Fig. 2.

Although our search and analysis technique is automated, we
analyzed a subset of the data by hand in order to ensure that our
modeling and calibration of the RCS was representative of the
types of signals. In particular, we examined the dual-polarized
RCS signals to look for trends. Unexpectedly, we could apply no
generalizations to the RCS dependence with altitude over the thou-
sands of head echoes that we analyzed. While the LC RCS was
greater than the RC RCS for the majority of the individually-ana-
lyzed head echoes, there were many instances where the RC RCS
was comparable to the LC. Additionally, very few head echoes were
“smooth”; most contained sharp increases and decreases that were
often, but not always, seen in both polarizations. Some representa-
tive RCS curves are shown in Fig. 3. Fig. 3a shows what we call a
smooth RCS profile with the LC clearly stronger than the RC;
Fig. 3b shows a similar trend but with a sharp jump in both polar-
izations, most likely due to differential ablation (Janches et al.,
2009). Fig. 3c and d show interesting polarization features, with
structure only seen in the RC (Fig. 3¢) or the LC (Fig. 3d). Fig. 3e
and f show returns where the strength is comparable in both polar-
izations with a periodic behavior seen throughout the signal.

We begin a generalized introduction to the properties of these
approximately 20,000 head echoes by showing the histogram of
the LC and RC RCS returns; this is shown in Fig. 4a. As discussed
in Close et al. (2002), more than 50% of the head echoes detected
in 1998 and 1999 show a high polarization ratio with the LC much
stronger than RC - consistent with scattering from an object that
is either sphere-like or plate-like (i.e. equal lengths in both the x
and y directions relative to a wavelength propagating in the z
direction). We perform the same analysis for this data set. Since
the polarization ratio can change along the length of the head
echo streak, we divide the maximum LC signal by the maximum
RC signal of the streak, noting that these maxima could occur at
different altitudes; this approach is preferred since noise at any
one time can cause spuriously high or low polarization ratios.
The normalized polarization ratio, calculated by taking the
maximum polarization difference possible and dividing by the
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polarization difference observed, is shown in Fig. 4b. The mean
normalized polarization ratio for these approximately 20,000 head

echoes is 1.57. The maximum polarization ratio is governed by 2
factors. These include (1) the slight ellipticity of the ALTAIR feed
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Fig. 2. ALTAIR boresite azimuth and elevation pointing for the 2007/2008 data
collect, color-coded for local time.

horn, which makes the maximum polarization 20 dBsm, which
limits the overall maximum polarization ratio, and (2) the sensi-
tivity of the system, which limits the maximum polarization for
head echoes that have SNR near the noise floor. As an example
of this normalization calculation, consider a head echo with a
peak LC RCS of —45 dBsm and a peak RC RCS of —50 dBsm, which
gives a polarization difference of 5 dBsm. Given that ALTAIR’s lim-
iting sensitivity is —50 dBsm (for the waveform used in these
experiments), the maximum polarization difference (assuming
the RC is always smaller) is 5 dBsm; therefore the normalized
polarization ratio is 1. As another example, we consider a head
echo with a peak LC RCS of —20dBsm and a peak RC RCS of
—25 dBsm, which gives a polarization difference of again 5 dBsm.
However since we are not near the noise, the maximum polariza-
tion is now governed by the capability of the system and is
20 dBsm. Therefore the normalized polarization ratio is four.
Therefore, normalized polarization ratios above 1 correspond to
“non-ideal” scattering, meaning those that are returning higher
RC than expected for a perfect reflector. Negative normalized
polarization ratios, which include 89 head echo streaks or less
than 1% of detections, correspond to those with RC higher than
LC. Many factors can contribute to non-idealities, including noise
in the signal, a varying polarization difference with altitude,
fragmentation, etc. These effects are discussed in Vertatschitsch
et al. (2011) and Close et al. (2011).

Fig. 4c contains the histogram of the maximum altitude of
each head echo detected at VHF, which spans the full range win-
dow of 80 km through 140 km. Unlike the 1998/1999 data, there
appears to be a sharp edge to the histogram near 110 km, which
is consistent with a frequency-dependent scattering mechanism
(Close et al., 2005; Mathews, 2004; Westman et al, 1997;
Westman et al., 2004). As the altitude increases, the mean free
path, and hence the “size” of the head plasma increases. At some
point, very similar to the initial trail radius, the size of the head
plasma will exceed the wavelength. At 110 km, the mean free
path is approximately 1 m, or approximately half the radar wave-
length. Above these altitudes, the plasma will begin to look
underdense at this particular frequency, thereby decreasing the
likelihood of detection. Fig. 4d shows the histogram of head echo
velocity angles with respect to the ALTAIR boresite; the mean an-
gle is 33°, which indicates that observations using radars that lack
an interferometric or monopulse system (e.g. Arecibo) contain
only a small error by assuming that meteoroids travel parallel
to the radar beam.

4.3. Meteoroid masses and bulk densities

We characterize the meteoroid masses and bulk densities as a
function of velocity and altitude for 2000 meteoroids with the
smallest errors in azimuth and elevation offset (<0.1¢). As de-
scribed in Close et al. (2007), selection effects that are inherent
to every observing system will bias the detected population to
those with more energy. HPLA radars also suffer from this effect,
although to a lesser degree than low-power, specular radars.
Regardless, each instrument has a limiting sensitivity, which by
definition defines an absolute energy cutoff of the meteoroid; a
meteoroid with energy below that threshold will be undetectable
by the system (Janches et al., 2008).

Fig. 5a shows the maximum LC RCS in dBsm of each head echo
as a function of the maximum altitude of detection, color-coded for
the log;o of the meteoroid mass that was calculated using the scat-
tering model. The size of the circle corresponds to the maximum
3D speed of each meteoroid, such that large circles correspond to
fast meteoroids, while small circles correspond to slow meteoroids.
The meteoroids with the largest masses and highest speeds form
head echoes with large RCS values at high altitudes. Meteoroids
with low masses and large speeds are still formed at the highest
altitudes, but with lower RCS values. The smallest RCS values cor-
respond to low mass, low speed particles. This figure is in agree-
ment with previous results (Mathews et al., 2008; Janches et al.,
2003; Stober et al., 2011) and most notably, shows the ionization
probability scaling with velocity: the highest speed meteoroids
will create head echoes at the highest altitudes.

Fig. 5b shows the same data, now plotted as the log;o of the
plasma line density as a function of altitude, color-coded for the
log,o of the scattering mass; the size of the circle corresponds to
the maximum 3D speed of each meteoroid. This plot reveals an ex-
pected result — namely a velocity selection effect. Once again the
highest-mass meteoroids create the largest plasma line densities,
but only for relatively high speeds. At low altitudes (<100 km),
we can only detect low-speed particles if the masses are high. This
is shown by the far left side of the curve at altitudes below 100 km.
At these altitudes, as the meteoroid speed increases, we can detect
smaller and smaller particles (cyan-green colored meteoroids).
This abrupt distinction near 100 km is only evident when plotting
the head echo altitude as a function of line density and not RCS,
which supports the theory that the RCS results from both the line
density and the size of the head echo. In particular, for a given me-
teor the line density will increase dramatically as it descends be-
fore decreasing over a small altitude extent, whereas the size of
the head echo will continually decrease as it descends - consistent
with the change in the atmospheric mean free path.

Fig. 6a contains a histogram of the meteoroid bulk densities; the
mean is 0.9 g/cm®>. Any non-physical densities, which comprise 5-
10% of the data, were removed. The highest density meteoroids
have densities consistent with the measured meteorites of
McCausland et al. (2011) and relative populations consistent with
the optical meteor measurements of Kikwaya et al. (2011). Once
again selection effects are evident, since compared to these other
methods, our HPLA radar approach allows measurement of mete-
oroids with lower densities that either do not reach the Earth’s sur-
face or do not result in significant optical emission. Fig. 6b shows
the meteoroid densities as a function of 3D speed and altitude. This
plot is most striking and clearly shows that higher speed meteor-
oids form plasma at higher altitudes and that the spread in parti-
cles in altitude at any one speed corresponds to the differences
in meteoroid density. For example, a meteoroid traveling 60 km/s
will form plasma at 120 km if the meteoroid bulk density is small,
however a meteoroid traveling at 60 km/s will not form plasma un-
til 95 km if the bulk density is large. This result makes sense in the
context of a differential ablation model where the higher density
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Fig. 3. Representative plots of the left-circular (LC) and right-circular (RC) RCS head echo curves as a function of altitude. These plots show (a) RCS trending with beam
pattern with the LC signal stronger than RC, (b) a similar RCS trend with a spike in both polarizations, likely due to differential ablation, (c) a strong and smooth LC curve with
the RC signal showing structure, (d) uncorrelated structure in both polarizations with a burst of activity below 90 km in the LC signal only, (e) non-smooth signals in both LC
and RC with the signal strengths being approximately equal, and (f) a very slight difference in the signal strengths of LC and RC with what appears to be periodic behavior.
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Fig. 4. Histograms for approximately 20,000 VHF head echoes showing number versus (a) RCS for both LC and RC, (b) normalized polarization ratio, (c) altitude, and (d)

velocity angle with respect to boresite.

constituents of a meteoroid tend to ablate at higher temperatures
and thus at lower altitudes; additionally, it agrees well with Fig. 9
in Janches et al. (2003). We believe the spread in the data in Jan-
ches et al. (2003) is actually attributed to the spread in bulk densi-
ties, as opposed to errors introduced by assuming that the
meteoroids travel parallel to the Arecibo beam. Meteoroids with
higher bulk density, containing relatively more high-density con-
stituents, would therefore be expected to ablate and produce sig-
nificant ionization at lower altitudes.

Without the calculation of both scattering and ballistic masses
that we employ to get independent measurements of a meteoroid’s
mass, radius, and bulk density, there is no known way to measure
the density of the meteoroids detected by HPLA radar. Such mea-
surements are vital because HPLA radars can detect meteoroids
in a size and speed regime that is unreachable by other techniques.
In addition, the dependence that we observe between bulk density
and altitude of head echo formation helps constrain theories about
how the head echo is formed. This can only help to clear up the
ongoing debate about effects such as meteor flares (Mathews
et al., 2010) and differential ablation (Janches et al., 2009).

5. Summary and future work

By employing scattering and ionization models (scattering
mass) together with conservation of momentum (ballistic mass)
and a spherical meteoroid assumption, we have developed an im-
proved technique to independently solve for meteoroid mass, ra-
dius, and bulk density from HPLA radar measurements of meteor
head echoes. We have applied our technique to dual-frequency
(VHF and UHF) data collected in 2007 and 2008 at ALTAIR, which
represents approximately 20,000 meteor head echoes. The general
approach of independently calculating scattering and ballistic
masses is the only known way to measure the bulk density of
the small, fast meteoroids detected by HPLA radar, and our density
results improve on the previous work of Drew et al. (2004) that
first demonstrated this technique. We have observed that high
velocity meteoroids tend to create plasma at higher altitudes,
while high mass meteoroids result in higher RCS. For a given speed,
a meteoroid will generally form plasma at higher altitudes if it is
less dense and lower altitudes if it is more dense. Our results are
consistent across both frequencies and with other results
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Fig. 6. These data include 2000 VHF head echoes and (a) a histogram of the meteoroid bulk densities and (b) the 3D speed as a function of altitude, color-coded for the log;o of

the meteoroid bulk density.

previously reported in the literature, lending confidence in our
approach. However, it is also clear that our overall picture of the
meteor head plasma formation and scattering processes is far from
complete. This was most evident with the comparison between the
LC and RC polarization measurements; not only can the polariza-
tion ratio vary greatly between head echoes, but most RCS profiles
contained sharp variations separate from the beam pattern that
were sometimes consistent between polarizations and sometimes
not consistent.

Our future work includes improving the scattering model to ex-
plain and account for differences between the LC and RC polariza-
tions. Further improvements could come from including a more
physically realistic model of the head plasma distribution. Effects
such as differential ablation and fragmentation could also be incor-
porated to explain RCS profile variations. Higher range and range
rate resolution through the theory of compressed sensing (Volz
and Close, 2011), helpful for studying these effects, will also be
an area of future work. All of these would improve the accuracy
of our mass, radius, and bulk density estimates. High resolution,

dual-polarization, multi-frequency measurements are integral to
validation and further development of these models.
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