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Abstract

Plasma formed in the immediate vicinity of a meteoroid as it descends through Earth’s atmosphere enables high-gain radars such as thos
found at Kwajalein, Arecibo, and Jicamarca to detect ablating meteoroids. In the work presented here, we show that these head echo mea
surements preferentially detect more energetic meteoroids over less energetic ones and present a method of estimating the effects of this bic
when measuring the velocity distributions. To do this, we apply ablation and ionization models to estimate a meteoroid’s plasma production
rate based on its initial kinetic energy and ionization efficiency. This analysis demonstrates that, almost regardless of the assumptions made
high-gain radars will preferentially detect faster and more massive meteoroids. Following the model used by Taylor (1995, Icarus 116, 154—
158), we estimate the biases and then apply them to observed meteoroid velocity distributions. We apply this technique to observations of the
North Apex meteoroid source made by the Advanced Research Project Agency Long Range Tracking and Instrumentation Radar (ALTAIR)
at two frequencies (160 and 422 MHz) and compare results from the Harvard Radio Meteor Project (HRMP) at High Frequency (HF, 40.9
MHz). Both studies observe a peak in the distribution of North Apex meteoroids at approximately 58 kifter correcting for biases
using Taylor's method, the results suggest that the mass-weighted peak of the distribution lies near 26okrath studies. We attribute
these similarities to the fact that both radar systems depend upon similar ablation and ionization processes and thus have a common mas
scale.
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1. Introduction 1997; Pellinen-Wannberg and Wannberg, 1994; and Zhou et
al., 1998).
This paper presents a study of the nature and effects of the

High-gain radars have sufficient sensitivity to detect bi inh i ing head ech to determine th |
plasma created at the head of a meteoroid’s path during its at- lases Inherent In using head echoes to ee:rmme € veloc-
y distribution of meteoroids entering Earth’'s atmosphere.

mospheric descent. Meteor head echoes were first observed? .
using a VHF (65 MHz, 4.6 m wavelength) radar by Hey ince head echo measurements result from radio wave re-
et al. (1947). In the last decade, head echo measurementgecu.On .Oﬁ glectrons sub;equent to meteoroid mass ablation
made by narrow-beam, high-power radar systems have beer‘?md ionization, meteoroids that produce the greatest num-
applied to meteor astronomy. The high sensitivity and reso- ber of electrons often create the strongest signal returns. The

lution of these systems enables the collection of high-quality gweteorzldvt:/ody |tdselfr|]s tdoo sm.all (radluslob m) LO Pe h
data (Fig. 1), which provides the direction of origin, veloc- etected. We study the detection process by modeling the

ity, and deceleration of a meteoroid (Close et al., 2000: Hunt production of ionization for a meteoroid with a given initial
et,al 2001: Janches et al.. 2000a. 2000b: Mé'thews, et gl Mass and velocity. We show that, almost regardless of the
h ’ B ’ ’ “assumptions made, high mass and high-velocity meteoroids

will produce strong head echo reflections while slower, less
* Corresponding author. massive meteoroids will produce so little ionization that
E-mail address: hunt@Il.mit.edu (S.M. Hunt). radar cannot detect a head echo. We present data from the
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116 S e (Opik, 1958). Therefore, faster meteoroids heat more quickly

R R - s because they undergo a greater number of collisions per unit

- Meteor Head Echoes - - time. The collisional processes include grazing surface im-

i Y oy A pacts, which scatter material, and surface penetration of the
Ve S meteoroid body by impinging air particles, which increases

the meteoroid’s thermal temperature (Whipple, 1950). The
initial meteoroid mass and velocity, prior to atmospheric en-
try, determine the amount of kinetic energy available for the
creation of heat, light and ionization. Other sources of en-
ergy, such as Earth’s gravity, are negligible by comparison.

Early on, most radar observations of meteoroid plasma
were collected with low frequency Yagi antenna systems,

: S et M o D such as the one used for the HRMP (VHF-40.92 MHz,
0.4 0.8 0.8 7.3 m wavelength). Unlike head echoes, these observations
Time (sec) are based on specular reflection from large segmentsw
kilometers) of the ionized meteor trail (Baggaley et al.,
Fig. 1. Range-time-intensity image of ALTAIR VHF head echo data. These 1994). These observations typically have higher signal de-
data are an example of unprocessed digital samples_ used to determine Metection thresholds and lower spatial resolution than high-
?Legogshfad t_echo parameters. They were co]lected using ALTAIR durlng the gain radar head echo observations. Therefore, most early
eonid meteor shower at the equatorially located Reagan Test Site. . . . :
radio-meteor observations consisted of specular meteor trail
echoes. These only occur when the radar line of sight is ori-
ented perpendicular to the flight path of a meteoroid. Under
ideal conditions, the ionization trail behind a meteor reflects
in phase along a large segment of the trail, producing large
returns making high signal-to-noise meteor trail observa-
tions possible.

The spatial distribution of meteor plasma and the size of
ﬁﬁe incident radar wavelength determine the radar wave re-
flection coefficient (Close et al., 2003). Specular radar trail
observations become attenuated at heights where the ini-

Height (km)
a iy

-
=)
‘i:l

ALTAIR radar corroborating this picture. We then apply the
techniques used by Taylor (1995) to approximate and cor-
rect for the bias in velocity distributions from HRMP meteor
trail observations to ALTAIR head echo observations.

Both systems show a measured North Apex distribution
peak near~ 56 kms 1. The application of the techniques
used to estimate the observational biases, suggests that th
mass-weighted peak actually resides near 15-20 Rnfics
both datasets. While these two radars use substantially dif-
ferent techniques to estimate the velocity of meteoroids, the : ; X )
biases appear quite similar due to the physics of meteort'al trail rgdlus, corresponding to some multiple of the at-
ionization which is dependent on meteoroid kinetic energy MOSPheric mean free path, becomes roughly the same or
(Hawkins, 1956). We conclude by arguing that high-gain grgater than the radar Wayglength. This sets a maximum
radars detect a greater segment of the meteoroid populatio'€1ght, called the meteor ceiling, where meteors can be eas-
than the low gain specular trail meteor radars, but these ob-ilY 0bserved using specular radar (Ceplecha et al., 1998).
servations are similarly biased by the physics of ionization ~ 1he contributions of the radio meteor detection bias can
production and radar sensitivity. be separated into components of initial mass and velocity

Section 2 provides background on radio meteor observa-(Bronshten, 1983; Taylor, 1995). The mass of each mete-
tion, physics and biases. Section 3 describes observation®roid is unknown and therefore can only be bounded by a
made with the ARPA Long Range Tracking and Instru- minimum detectable value (for each velocity), dependent on
mentation Radar (ALTA'R), and the Harvard Radio Meteor radar SensitiVity. The observational Velocity bias is a func-
Project (HRMP) system. Section 4 outlines the techniques tion of the ionization efficiency} (Jones, 1997} is defined
used to determine meteor velocity from meteor trail and head as the fraction of neutral atoms that travel at veloditythat
echo data. Section 5 compares modeled meteor line densitywill ionize. Experiments and theory show thatscales as
with values measured by high-gain radars. Section 6 present& power ofV, g oc V¥, wherey spans approximately 3.0—
the bias correction technique and applied it to observations5.50 (Bronshten, 1983). Both specular trail and head echo
made by the high-gain ALTAIR radar. observations are affected by this dependence of ionization

production on velocity.
The detection rate of radio meteors depends upon the
2. Radio meteors
(1) density and spatial distribution of the meteoroid plasma

As meteoroids enter Earth’s atmosphere, they are heated coupled with the corresponding radio-signal reflection
by collisions with atmospheric constituents. The rate at processes,
which collisions take place depends upon a meteoroid’s (2) radar sensitivity, and
physical cross-section, velocity and atmospheric density (3) radiant distribution of sporadic meteors.
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HRMP Trail D i i
, rail Data ALTAIR is one of several observing systems located at

the Reagan Test Site (RTS) on the Kwajalein Atofi (9,
»0.8 167 E) in the Republic of the Marshall Islands. ALTAIR
8 has a 43-m diameter, mechanically steered, parabolic dish
=0.6f and simultaneously transmits a peak power of 6 MW at two-
"c:> frequencies (VHF-160 MHz, 1.86 m wavelength, UHF-422
804 MHz, 0.71 m wavelength). We used a 10 dB signal-to-noise
£ (S/N) ratio to identify head echo detections. The ALTAIR
Z0.2; observations presented here are enriched in faster moving
North Apex meteoroids. North Apex particles are primarily
% 20 40 60 80 in retrograde solar orbits, causing their observed velocities
Velocity (km/s) to be near 60 kms! (Brown et al., 2001). Using the most

sensitive waveforms available, ALTAIR can detect radar
Fig. 2. Observed HRMP meteor velocities from meteor trail measurements crogss-sections (RCS) as small a34 decibels-relative-to-
obtained during the 1968-1969 synodic year. a-square-meter (dBsm) at VHF-80 dBsm at UHF) at a

range of 100 km (Close et al., 2000). A target with a RCS of

Factor 3 relies on the fact that the flux contribution of shower 100 square metersis equivalent to 20 dBsm on a logarithmic

meteors distributed across the celestial sphere is small relaSca/e- o
Rigorous calibration procedures executed at ALTAIR

tive to the sporadic population. MY
Taylor (1997, 1998) identified the radiant distribution of Maintain the range, angle and RCS measurement accuracy

sporadic meteors from bias-corrected HRMP observations.©f the system. The details and frequency of the calibration
Jones and Brown (1993) analyzed radar and optical Sur_procedurewlll not be covere'd here. The ALTAIR system ac-
veys of the sporadic background and reconciled a consis-CUracy relative to a known independent source bounds the
tent multi-frequency view of the sporadic distribution with expected accuracy of the measured results (Coster e.t al.,
greater detail. They found the sporadic meteoroid back- 1992; Hunt etal., 2000). ALTAIR measuremer_n errors going
ground seen at Earth consisted of six major sources, sym-b.aCk to 1983 gh.ow staple average rms tracklng errors.rela—
metric about the ecliptic plane. Each source had a particletlve to the precision orbits for earth orbiting satellites of (i.e.,

. L TS Experimental Geophysical Payload)-b15 milli-degrees in
opulation with its own characteristic distribution of or- :
pop angle and+=6 m in range (Hunt et al., 2000). The meteor

bital elements. The relative apparent strength of these spo- . )
radic sources was further examined by Brown and Jones.head echo analysis of ALTAIR data show that the fit error

(1995), who found that the helion and anti-helion source in angle and range are of comparable magnitude. ALTAIR

contributed 33% (each) of the sporadic flux, the North and ;squsohcalllbrgted to tEe Rctﬁ of;\ kr:ci[wnRt(a:\get, a uniform t
South toroidial source contribute 5% (each), with the re- -Inch aluminum Spnere, the absolute measuremen

: ... capability of ALTAIR is +0.5 dB.
mainder due to the Apex sources. Taylor breaks the distri- F\)Ne co);Iected ALTAIR meteor observations on November
bution of the sporadic meteor population into the following 18, 1998 during a 4-hour period chosen to span the pre-
components (weighted by mass): helion (33%), anti-h.elion dic;ted peak of the Leonid shower (07:30 AM local time).
(36%), North Apex (4%), South Apex (4%), North toroidal The peak detection rate reached approximately 1 head echo
(6%), and South toroidal (6%). The remainder of the spo-

radic meteor population originates from regions in between 'Y 2 seconds. ALTAIR did not detect any Leonids mete-
Pop 9 9 ors. Statistically, the likelihood of detecting stream meteors

these apparent sources. Figure 2 illustrates the HRMP me- . ¥ L ) .
teor trail observations~ 14,000) from all of these sources with narrow-beam high-gain radar is very small. Analysis of

: . : this head echo detection rate shows that it equates to a min-
takeq dqrmg the 1968-1969 sypodlc year. The qommamimum detectable visual meteor magnitude4efl at UHF
contribution from the slower moving helion and anti-helion

¢ determine th K of th t distrib and +12 at VHF (Brown et al., 2001). The radar sample
meteor sources cetermine the peak ot the apparent distiblyindow encompassed slant-ranges corresponding to heights

tion near 32 kms?, spanning 70 to 140 km at VHF and 90 to 110 km at UHF.
We used 40 us (VHF) and 150 us (UHF) pulsed waveforms.
_ The range sample spacing used to collect the majority of the
3. Observations data was 7.5 m at UHF and 30 m at VHF.
Linear frequency modulation (LFM) of the transmit sig-
The ALTAIR and HRMP systems offer different capabil- nal coupled with pulse compression of the received signal
ities for application to radio meteor astronomy. This section defines the attainable range resolution. The waveform band-
outlines basic features of both systems. The application of widths, B, are 1 MHz (VHF) and 3 MHz (UHF). After pulse
ALTAIR to meteor astronomy (Close et al., 2000) is rela- compression upon the reception of the signal, the attainable
tively new. The HRMP system characteristics are covered range resolution isR = c¢/(2B)), wherec is the speed of
by Hawkins (1963). light. Finally we correct the meteor range for range-Doppler



50019-1035(03)00258-6/FLA AID:7186 Vol.eee(eee) i P.4 (1-9)
ELSGMLTM(YICAR) :m5 2003/12/08 Prn:16/12/2003; 14:14 ylcar7186 by:Jurgita p. 4

4 SM. Hunt et al. / Icarus eee (seee) soe—osee

coupling. Range-Doppler coupling is a property of a LFM
pulse (Skolnick, 1980). A Doppler shiftNfpoppie) Of the

transmitted LFM pulse occurs because of the observed me- 0.8 HRMEEE

teor range-rate. Following pulse compression, the meteor |
range incurs a slight range offset that is a function of the 0.6 1
observed range-rate. The relationship between target range TR |
rate and the range-Doppler coupling range offset is 0.4 UHF 1

CTAfDoppIer i T fovradial
B B
wheresrangeis the range offsetl is the pulse width fj is
the radar frequency, anghgial is the target radial velocity. 20 40
The HRMP specular meteor trail radar was located in Velocity (km/s)
Havana lllinois (40 N, 27C° E) and consisted of a single

ERange= 0.2r

Normalized Number of Meteors

60

; : ; : Fig. 3. Normalized number of North Apex meteors versus observed velocity
transmit antenna with several Yagi receive antennas. It oper-. '9 p
ans anenna Several yagireceive antennas. 1t ope from the HRMP study and ALTAIR. These data from both systems show a

ated at 40.92 MHz V\_"th.a peak tra_nsmlt power ra”g'”g from consistent velocity peak near 56 km's The HRMP results were obtained
0.6 to 4.0 MW (Verniani, 1973). Simultaneous multi-station  from specular meteor trail observations while the ALTAIR result was ob-
measurements of meteor trails enabled the determination oftained from head echo measurements. These plots illustrate that the two
three-dimensional position as a function of time (Hawkins, systems provide a consistent assessment of the North Apex meteor velocity
1963). The HRMP radar provided broad sky coverage and distribution. The differences in these distributions are mainly attributable to

. S . the weaker statistics of the ALTAIR head echo data360, UHF) versus
dgdlcated availability that allowed for ang periods of OPEr- e HRMP trail observations<( 14,000).
ation. Therefore the HRMP study provided a broad spatial
and temporal sample of the sporadic meteoroid population
(Taylor, 1997) that revealed a non-uniform directionality to
the meteoroid flux distribution at Earth. The collection of an
equivalent dataset with narrow-beam high-gain radar does

not yet exist. ) e .
y subpopulation of the total meteoroid distribution. The differ-

Unlike the ALTAIR dataset, the HRMP sporadic meteor i the ob i bet th wo rad ;
observations spanned several years and provided a more unihees In the observations between these two radar systems

form sampling of the overall population. ALTAIR observa- arige from thgir differing sensiti'viti.e.s a.nd velocity. dgtermi-
tions were made with the beam pointing within the North ngthn techniques, though variability in meteor |on|za.\t|o.n
Apex meteor source, which is approximately 20 degrees in W|II.I|ker have a far greater effect on the measured distri-
radius and centered at the longitude of the Earth’s direction PUtioNs-:

of motion and at approximately 30 degrees North ecliptic lat-

itude (Jones and Brown, 1993). In this paper, HRMP North

Apex meteors are analyzed to provide a sample that is con-
sistent with the ALTAIR (North Apex) observations.

Both HRMP and ALTAIR measure a consistent veloc-
ity distribution of North Apex meteors as shown in Fig. 3.
The similarity of these velocity distributions implies that
both methods preferentially measure a similar high-velocity

5. Modeling line density and comparison with data

This section presents two forms of single-body meteor
ablation theory used to predict the maximum meteor ion-
4. Radio meteor velocity deter mination ization produced as a function of initial meteoroid mass
and velocity. We compare these predictions with a sample
For the HRMP observations, meteor velocity was com- Of ALTAIR head echo observations and conclude from this
puted from the oscillation rate measured in the received comparison that radars measuring head echoes preferentially
signal amplitude (Baggaley et al., 1997). As the meteor tra- detect faster and more massive meteoroids. The ALTAIR
verses the atmosphere, the signal oscillates due to changingiadar, like all radars, has a sensitivity cutoff which precludes
constructive and destructive interference patterns producedobservations of smaller, slower meteoroids.
by the ionized trail Fresnel zones (Ceplecha et al., 1998).
The greater sensitivity of high-gain systems (versus me- 5.1. Sngle-body mass ablation models
teor trail radars) such as ALTAIR, Arecibo, the European
Incoherent Scatter (EISCAT) radar, and Middle and Upper  In the first model we apply single-body meteor the-
atmosphere (MU) radar, facilitate the calculation of meteor ory developed by Opik (1958). As a meteor descends
velocities directly from the precise range and Doppler mea- through Earth’s atmosphere it encounters an air naass
surements of head echoes (Close et al., 2001; Janches et algqual to ApairV df. Where A is the meteoroid’s physical
2000a). We use the pulse-by-pulse time rate of change ofCross-section:(rr%eteomidfor a sphere), the empirical Mass
head echo position along its flight path to compute meteor Spectrometer and Incoherent Scatter Radar (MSIS-90) at-
velocity and apply the monopulse angular measurements tomospheric model (Hedin et al., 1983, 1987, 1991) defines
determine the meteor’s three-dimensional position. the mean atmospheric mass density, andV is the veloc-
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ity. Ignoring any fragmentation of the meteoroid body, this The atmospheric collisions result in the sputtering and va-

interaction causes the meteoroid to decelerate as: porization of meteoric atoms. Sputtering is the shedding of
material from grazing surface impacts while vaporization is
v -1 2 i . . .
o= — (AT pairV?), (1) due to the meteoric material being raised to the heat of va-
m

. _ _ porization leading to the subsequent boiling off of individual
where[" is the aerodynamic drag amd is the mass of the  atoms resulting in an increased mass loss rate. During the va-
meteoroid attime. Less than 10% of the ALTAIR head echo  porization stage, meteoric particles depart the surface at the

observations indicate fragmentation is taking place, there- thermal velocity and subsequently collide with atmospheric

fore the assumption appears reasonable. particles (Whipple, 1950). For a meteoroid with an average
The meteoroid mass loss equation atomic mass of 23 atomic mass units, the thermal velocity is

dm approximately 1-2 kms'. Since the thermal speed is smalll

7= —AT pairo V2 (2) relative to the speed of a meteoroid, the meteoroid speed

is used for the collision speed of a meteoric atom with at-
describes how mass is ablated as a function of time, wheremospheric particles (Ceplecha et al., 1998). The meteoroid
the ablation parameter, = 1071?s*cm™2, istaken as con-  speed defines the amount of collisional energy available to
stant (Opik, 1958; Bronshten, 1983; Verniani, 1973). Ver- jonize meteoric and atmospheric constituents.

niani determined that the ablation parameter varied from  The meteoroid temperature as a function of time is de-
10104 to 107!2° from the analysis of radio meteors. scribed by the energy equation

A value of 1012 corresponds to meteoroid masses of ap-

) . : 5SS 3 4_ 74
proximately 10 g. This ablation parameter simplifies the 47 _ _ApV (A—Ag)— 4Aosp(T" — Ty)

characterization of how kinetic energy is converted to heat d¢ 2C3 Cs
by the meteoroid and the rate at which material is ablated off 4AC10 ot

- 72°¢ ’ (3)
the body. C3TY

The ablation parametes,, used with the two-equation  yhere 1 is the temperature of the meteoroid is its
model approximates the details of the energetic Processesyqyilibrium temperature at atmospheric entty, = 0(6 x
that define meteor ablation. A more physically detailed for- 10-16),7/2%0s the sputtering efficiency that defines the rate
mulation (Whipple, 1950) later presented by Lebedinets ot gpation due to individual surface collisions. The con-

(1973) and Grebowski (1981) is outlined here for compar- giants appropriate for stony meteoroids &re= 6.92 x
ison. In this three-equation model, a spherical, stony mete- 110 gem2s1KY2 ¢, = 57800 K, C3 = 1 x 10

oroid still decelerates without fragmentation as defined by grgsg1k -1, 0 = 7 x 101 ergss?, and oss = 5.68 x
Eg. (3) but the ablation rate and temperature are now gov- 1 -5 ergscn2s~1K# (Lebedinets, 1973).

erned by a more sophisticated model. The meteoroid mass loss equation,

Initially meteoroids are assumed to enter the atmosphere
at an equilibrium temperature equal to the ambient back- d_M _ _%e—cz/T _ AspairAV3 4)
ground at approximately 270 degrees Kelvin (Whipple, dt T2 20

1951, 1966). The energy required to break the solid bonds ofdescribes how mass is ablated as a function of time. The
a gram of meteoroid substance is the latent heat of vaporiza-oss rate of meteoric atoms and the ionization efficiency of
tion, Q (Bronshten, 1983). For this model, the aerodynamic each meteoric constituent determine the number of electrons
drag,I’, latent heatQ, and the heat transfer coefficient, produced by the meteor along its flight path.

are assumed constant throughout the flight path of the me- The aplation theories estimate the loss rate of meteoric
teor. The heat transfer coefficient defines the fraction of the gtoms. These mass loss rates, combined with an estimate of
kinetic energy per unit time, KE 3 ApairV 3, of the imping-  the jonization efficiency, predict the amount of the plasma

ing air molecules that heat the meteoroid. detected by radar, namely the electron line dengit@pik,
Most meteoroid kinetic energy is given off as heat; lesser 1958), of the meteor trail in electrons cm,

amounts produce ionization and visible light (Ceplecha et

al., 1998). For meteoroids approximately 1 cm and larger, 4 = B (d_M> (5)
the existence of an interaction layer at the front of the me- MV \ di

teoroid will likely influence the local number density of the whereg is the ratio of the neutral meteoric atoms (due to
electrons and the corresponding signal strength observed bysputtering and vaporization) traveling at velocity, that
radar. Since meteoroids that produce the bulk of head echowill ionize (Bronshten, 1983)M,, is the mass of a typical
detections are small relative to the mean free path of escap-meteoric atom.

ing meteoric atoms, no interaction layer is modeled in this  For the purposes of the work presented hetds as-
analysis. The lack of an interaction layer means that mete-sumed to have & power law dependency (Massey and
oroid heating and the corresponding ablation is defined by Sida, 1955; Hawkins, 1956; Hawkins et al., 1964). Lebe-
individual collisions with atmospheric particles (free molec- dinets (1973) value of = S0V 3®, wherefo = 4.0 x 10-2°
ular flow). (cms1)=35 provides results consistent with observation
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Fig. 4. lonization efficiency from Jones (1997) and Lebedinets (1973). For Electron Line Density (cm™)

the work presented here the value from Lebedinets was chosen since it pro-

vides electron line density values most consistent with ALTAIR head echo Fig. 5. Electron line density versus height above Earth for a stony micro-

observations. meteoroid pmeteor= 2.5 gcrrr3, initial mass= 104 g). This plot con-
tains electron line density values from the two- and the three-equation

: models (Section 5). The differences in the two models are attributable to
<m< L . . o :
for our expected range of meteoroid masses%i@ SIS the variability of ablation with temperature that exists in the three-equation

10_4 g) and velocities (11 km—sl <V <72 km S_l)' For model; a constant value ef, = 1011 was used with the two-equation
comparison, Fig. 4 illustrates values of ionization efficiency model.
using the Lebedinets and Jones models. The Jones (1997)
model of ionization efficiencyg; = K1 (Vi — VAV, lation theory and radar observations and therefore defines the
contains factors dependent on each meteoric constituent. |rbhys|ca| basis of the mass and Ve|0city bias experienced by
this equationK is a constanty; is the velocity associated  radar. Within the approximations of single-body meteor the-
with the ionization energy for each meteoric species®nd  ory, this result applies directly to both meteor head echo and
is the meteoroid velocity. meteor trail RCS observations. Conveniently, the modeled
We perform numerical integration (4th order Runge— ... corresponds to the point of greatest signal to noise dis-
Kutta) on these single-body meteoroid ablation theories and cernable by radar head echo observations (maximum head
illustrate the relation between the initial mass and velocity of echo RCS), which the model predicts to occur at approxi-

meteoroids and their corresponding ionization production in mately 103 km for ALTAIR VHF for meteoroids traveling at
Earth’s atmosphere. Using a constant meteoroid mass densg km s with masses near 16 to 104 grams.

sity of 2.5 gcn3 and a mass of 10" g, the results from the
numerical integration of the two- and three-equation single- 52 Measured and modeled electron line density
body ablation theory are plotted in Fig. 5.
The major dissimilarity between the two models is that To solve for maximum electron line density using AL-

the three-equation (Lebedinets, 1973) model attempts ata|R head echo data, we employ a spherical three-dimensio-
more accurate treatment of the meteoroid temperature withy 5 full-wave scattering solution (Close et al., 2003). The

height. This has a direct effect on the mass ablation rate. Theneed for a full-wave solution arises when the electric per-
meteoroid temperature, ablation rate and corresponding ion-mjttivity changes appreciably in one wavelength. In other
ization production of the three-equation model exceeds thatyords, the gradient scale size for the index of refraction is
predicted by the two-equation model (Fig. 5). _ similar to the radar wavelength. In order to calculate the ra-
The evaluation of the electron line density equation at gjg signal reflection coefficients of head echoes the plasma
the point of maximum density for each meteor provides a gistribution is assumed spherical with a density that de-
quantity that can be readily compared to head echo obser-creases exponentially with distance from the meteoroid cen-
vations. A relation was first deduced by Herlofson (1948) to g
determine electron line density relative to the point of max- Figures 6 and 7 illustrate the modeled and observed max-
imum line density along the meteoroid trajectory. Herlofson jum electron line density as a function of initial mete-
assumed an isothermal atmosphere, that the meteor paramegsroid mass and velocity. We compute the modeled max-
tersA, I', 0, O, pmeteor@re constant, and that the derivatives jmum line density values by numerically integrating the
dm/dt anddpqir/dr are small at the point of maximumline  three-equation mass ablation model and then selecting the
density, such that maximum line density for each initial mass-velocity para-
meter pair. Both distributions demonstrate the dependence
of maximum electron line density on velocity. The dashed
whereC is a constantMp, Vo are the initial mass and ve- line illustrates the observed detection cut off for the ALTAIR
locity of the meteoroid angt is the power of the ionization  North Apex head echo observations. The ALTAIR head echo
efficiency. This equation is derived directly from meteor ab- observations show little or no detections below the modeled

gmax(Pair = Pair max) X CMOVS/, (6)
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Max Electron Line Density lcm,ql Fig. 7. (@) Maximum electron line density derived from the three-equation

ablation model and (b) maximum electron line density from ALTAIR head
echo observations. In contrast to Fig. 6, these data are all plotted as a func-

Fig. 6. (@) Maximum electron line density derived from the three-equation ) .
g 6. (2) vy 9 tion of height above Earth and meteor velocity.

ablation model and (b) maximum electron line density from ALTAIR head
echo observations. These data are all plotted as a function of height above

earth and meteor velocity. The model results show physically consistent . . .
characteristics to the ALTAIR observations shown in (b). The dashed line plasma dgnsﬂy anq me_teor plasma size at. appro-X|mater
illustrates the detection threshold for ALTAIR North Apex meteor ob- 103 km altitude, which give the largest reflection. This qual-

servations. The maximum line density observations are obtained by the jtative description assumes the meteor is traveling “directly
application of the 3D full-wave scattering theory to the ALTAIR RCS mea- toward” the radar. Using this geometry the observed meteor
surements. . S .

head plasma appears spherically distributed. Off axis meteor
head observations are on non-spherically distributed plasma

micro-meteoroid z_;\blatlon I|m|t (mass threshold of 8¢ that establishes another level of complexity with regard to its
for stony meteoroid). The differences between the measured . - : .

. : . . scattering characteristics and is not considered here. We as-
and modeled values are likely due to an inconsistency in thesume the diffuse upper limit and the constrained lower limit
model calibration with ALTAIR. A future area of work is to bp

better calibrate the mass ablation model using ALTAIR head affect the ability of hlgh-gam radar to detect mgteor head
: plasma. The modeling of the dependence of this effect on
echo observations.

L L observing meteor head echoes is left for future work. This
The similarity of the model and measured distributions head echo observation artifact is similar to the meteor ceil-
indicates a surprising level of consistency for the single-

body meteor theory applied to these very small meteoroid ing bias experienced by specular meteor trail radars.
masses. A simple explanation for this consistency might be
that fragmentation in the ablation process is not significant ] )
for these very small meteoroids. 6. Biascorrection

The RCS of the meteor, which represents the reflection
coefficient from the meteor plasma, will be maximizedwhen  The dependence of ionization on the initial meteoroid
the meteor achieves the best balance between the electromass and velocity must be addressed to estimate the absolute
plasma density and the radius of the meteor head. At highnumber of meteoroids at Earth as a function of velocity. The
altitudes, the meteor head plasma has a large radius but igemoval of the mass dependence is problematic since we do
more diffuse, similar to meteor trails, so the reflection co- not know the mass of each meteoroid a priori. Therefore,
efficient will be small. At low altitudes, the plasma density a lower limit for the minimum detectable mass for each ve-
will be high but the highly collisional atmosphere spatially locity (bin) is calculated and is then normalized on the basis
restricts the meteor head plasma size so the reflection coeffi-of ALTAIR’s minimum sensitivity. For the sake of compar-
cient is again small. For the mass and velocity range detectedson, the HRMP minimum detectable mass at 30 kihis
by ALTAIR, the meteors show the best balance between 10~* g and for ALTAIR VHF itis 107 g.



50019-1035(03)00258-6/FLA AID:7186 Vol.eee(eee) i P.8 (1-9)
ELSGMLTM(YICAR) :m5 2003/12/08 Prn:16/12/2003; 14:14 ylcar7186 by:Jurgita p. 8

8 SM. Hunt et al. / Icarus eee (seee) soe—osee
! @ A2 modified the relation through the analysis of 5759 faint radio
0.0 _ meteors. Verniani’'s semi-empirical result is used here and
Grun 3 was derived for meteoroids in the observed mass range of

05 Model 1 2 1076 g < m < 1072 g, with median masses near 10g.

4 06 S Comparing the observed velocity distribution measured by
g ob o ALTAIR (Fig. 8) and the Grun interplanetary meteoroid
° served - : )
S o2 model (1985) illustrates the strong observational velocity
s bias.

3 0 0 For example, to remove the observational dependence
- ) T ) 60 80 . ) . .

£ on mass and velocity, we first normalize the observations
z ! b to ALTAIR's minimum detectable mass at 60 kmisto

? L . ®) meo = 9.7 x 108 g. We selected 60 knT$ since this is

= Weighting function where the peak of the north apex velocity distribution re-
E 35 sides.

2 r== Following Taylor (1995), the number of meteors observed

& in a particular velocity bin igV(m > my), where the mini-

o mum detectable mass at that velocitydg. The normalized
number of meteors with a velocity greater than the detection
threshold at 60 km'st is

40 50 1] .
Velocity (km/s) N(m > megg) = <?> N(m >my). (8)
|4

Fig. 8. Normalized number of meteors observed at earth as a function of
velocity according to the Grun interplanetary model (1985) plotted with
ALTAIR observations (a). The ALTAIR UHF observations, (a), are normal-

The cumulative mass index (slope of the meteoroid par-
ticle distribution function) is set equal to 1.6 (Grun et al.,

ized to ALTAIR’s minimum detectable masa{go(10~8 g), at 60 kms1. 1985). The application of a normalized velocity weighting
The second panel, (b), graphically illustrates the weighting function for the function
dependence of the ionization efficiency on velocity. —y
Vbin
W= Q)
Vimin

Given the estimate for the minimum detectable VHF ra-
dio magnitudeM, for the ALTAIR system of+11, the min-
imum detectable mass (in grams) at a particular velocity can
be calculated using (Verniani, 1973):

to each velocity bin corrects for the velocity bidgn, is the
velocity of each bin spanning 11 kms< V <72 kms';
Vmin is the value of the smallest velocity bin and therefore
normalizesW. y is the exponent of the velocity factor from

_ the ionization efficiency shown in Eq. (6).
=(358—-9.8logVp — M)/2.3, 7 . . .
Mmin = ( Vo~ M)/ ™ Figure 9 illustrates the bias corrected and observed frac-
where Vj is the initial meteor velocity (ms!). Verniani tion of meteors versus velocity from the HRMP and AL-

(1973) derived the relation theoretically and subsequently TAIR. The ALTAIR and HRMP data show an observed peak

{ {
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2 10 10
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ALTAIR VHF 350 head echoes
4 ‘ 4 150 head echoes
107} HRMPHF  eeeeees 1400 trails L Ho-i-i— 1400 trails

0 20 40 60 80 0 20 40 60 B0
Velocity (km/s)

Fig. 9. Fractional number of meteors versus observed velocity from the HRMP study and ALTAIR. The HRMP and ALTAIR North Apex data show a peak
velocity near 56 kmsl. After the removal of the estimate for the velocity selection effect, the two distributions show similar characteristics and are in
relatively good agreement, though differences in absolute numbers at lower velocities are apparent. We attribute this deviation (partadavglatities)

to the statistics of the HRMP data that are much better than the ALTAIR head echo data (as evidenced by the ‘choppy’ ALTAIR normalized curve in places).
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velocity near 56 kms!. After bias correction, the two dis-  Hawkins, G.S., 1956. Meteor ionization and it dependence on velocity.
tributions remain in relatively good agreement. There is al-  Smithsonian Contributions to Astrophysics. o
most no sampling of the lower velocity population from Hawkins, G.S., 1963. The Harvard Radio Meteor Project. Smithsonian Con-

. h ! . tributions to Astrophysics 7, 53.
the helion/anti-helion source in the ALTAIR dataset. Future Hawkins, G.S., Southworth, R.B., Verniani, F., 1964. On the Ablation coef-

high-power radar observations will sample these sporadic ra- ficient of meteors. Harvard Radio Meteor Project. Research Report No.
diants and provide a more uniform directional sampling. 10.
Hedin, A.E., 1983. A revised thermospheric model based on Mass Spec-

trometer and Incoherent Scatter data: MSIS-83. J. Geophys. Res. 88,
10170.
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