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Abstract. We report Geminid meteor head echo observations
with the high-power large-aperture (HPLA) Shigaraki mid-
dle and upper atmosphere (MU) radar in Japan (34.85◦ N,
136.10◦ E). The MU radar observation campaign was con-
ducted from 13 December 2010, 08:00 UTC to 15 Decem-
ber, 20:00 UTC and resulted in 48 h of radar data. A total of
∼ 270 Geminids were observed among∼ 8800 meteor head
echoes with precisely determined orbits. The Geminid head
echo activity is consistent with an earlier peak than the visual
Geminid activity determined by the International Meteor Or-
ganization (IMO). The observed flux of Geminids is a factor
of ∼ 3 lower than the previously reported flux of the 2009
Orionids measured with an identical MU radar setup. We use
the observed flux ratio to discuss the relation between the
head echo mass–velocity selection effect, the mass distribu-
tion indices of meteor showers and the mass threshold of the
MU radar.

Keywords. Atmospheric composition and structure (Mid-
dle atmosphere – composition and chemistry) – Interplane-
tary physics (Interplanetary dust) – Ionosphere (Ion chem-
istry and composition)

1 Introduction

Each year in mid-December, the Earth passes through a
stream of dust giving rise to the Geminid meteor shower.
The Geminid activity is very stable and has been observed
every year in mid-December since 1862 (Jones, 1978). The
discovery of this shower is surprisingly recent, given that the
age of the Geminid meteoroid stream has been estimated to
be of the order of thousands of years, according to several

independent investigations and modelling approaches sum-
marized byRyabova(1999).

The widely recognized parent body of the Geminids is
the asteroid (3200) Phaethon. Despite observational searches
(e.g.Hsieh and Jewitt, 2005; Wiegert et al., 2008), no evi-
dence of current mass loss from Phaethon was reported be-
fore an unexpected brightening by a factor of two that started
20.2±0.2 UTC, June 2009 (Jewitt and Li, 2010). The bright-
ening was interpreted as an impulsive release of dust particles
with a combined mass of∼ 2.5× 108 kg, or approximately
10−4 of the total Geminid stream mass.

Jewitt and Li(2010) suggest that Phaethon is a rock comet
in which dust is produced by thermal fracture at the high
surface temperatures (∼ 1000 K) experienced near perihelion
(q = 0.14 AU). Particles smaller than∼ 1 mm in radius can-
not be held by Phaethon against radiation pressure this close
to the Sun and are removed from the parent body irrespec-
tive of ejection velocity. Modelling work byRyabova(2012)
shows that the observed dust release in 2009 may give rise to
a minor outburst exceeding the usual level of Geminid activ-
ity in 2017 at solar longitudeλ = 262.5◦.

Phaethon’s spectral properties in the visible and near-
infrared are different from the properties of the few comet nu-
clei properly observed at these wavelengths and more similar
to asteroid spectra (Licandro et al., 2007). Nevertheless, the
observed structure of the regular Geminid stream agrees with
the cometary scenario of its origin (Ryabova, 2001, 2007).

Specular meteor radar and visual observations of the Gem-
inids contain abundant observational evidence of decreas-
ing meteor magnitude (increasing meteoroid mass) as the
shower progresses. The first evidence of a Geminid mag-
nitude dispersion was provided byPlavcov́a (1962), us-
ing the Onďrejov radar (49.55◦ N, 14.47◦ E). Subsequent
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investigations have been detailed, e.g. byJones(1978);
McIntosh and Simek(1980); Jones and Morton(1982);
Simek and McIntosh(1989); Uchiyama(2010).

The reason for the Geminid magnitude dispersal is the
mass-dependent radiative dispersal of meteoroid orbits,
mainly due to the Poynting–Robertson (P–R) effect (e.g.Wy-
att and Whipple, 1950; Briggs, 1962; Ryabova, 1999, and
references therein), possibly with an equally large contribu-
tion from the Yarkovsky–Radzievskii effect (Olsson-Steel,
1987).

Brown et al.(2008, 2010); Blaauw et al.(2011) present re-
sults from the long-term observation programme conducted
with the Canadian Meteor Orbit Radar (CMOR). CMOR
has provided specular trail echoes in single-station operation
since 1999 and multi-station orbit data since January 2002.
Several million meteoroid orbits have been detected, and the
radar data are continuously evaluated by several other meth-
ods including high-resolution optical measurements.Brown
et al. (2010) found that the Geminid stream is broader and
longer-lived at small radar particle sizes than had previously
been appreciated (Sekanina, 1970). It extends from solar lon-
gitude 225◦ to 282◦; or roughly from 7 November to 2 Jan-
uary each year.Blaauw et al.(2011) investigated meteor
shower mass distribution indices and found for the Geminids
an index of 1.65 at peak shower activity.

Of the five major showers investigated byBlaauw et al.
(2011), the Quadrantids and Geminids consistently had the
lowest mass distribution indices, whereas the South Delta
Aquariids, Eta Aquariids and Orionids had slightly higher
ones. The mass indexs is related to the cumulative number
Nc of meteors with massm or larger according to

Nc ∝ m−(s−1). (1)

A mass index of 2 would imply that there is approximately
the same mass in each size bin, whiles < 2 indicates that
there is more mass in larger particles.

In this paper we present Geminid meteor head echo ob-
servations using the Shigaraki middle and upper atmosphere
(MU) radar in Japan (34.85◦ N, 136.10◦ E). The observations
were conducted in support of the ECOMA (Existence and
Charge state Of Meteoric dust particles in the Middle At-
mosphere) sounding rocket campaign (Rapp and Robertson,
2009; Rapp et al., 2012) at the Andoya Rocket Range in Nor-
way (69.29◦ N, 16.02◦ E). The aim of ECOMA is to quan-
tify the effect of the Geminids on the properties of meteoric
smoke particles.

Section2 gives a brief overview of meteor head echo ob-
servations. The MU radar was operated from 13 Decem-
ber 2010, 08:00 UTC to 15 December, 20:00 UTC in the me-
teor head echo mode outlined in Sect.3.

Section4 describes the MU radar Geminid observations.
Section4.1focuses on the velocity and initial altitude, while
Sect.4.2 summarizes the activity and estimated flux. Sec-
tion 4.3 expands upon the effects of observing biases and
mass indices on the observed rate by comparing the Geminid

flux with the previously reported flux of the 2009 Orionids
(Kero et al., 2011).

2 Meteor head echo radar observations

A meteor head echo is caused by radio waves scattered from
the dense region of plasma surrounding and co-moving with
a meteoroid during atmospheric flight. The signal Doppler
shift and/or range rate of the target can therefore be used
to determine meteoroid velocity. The first head echoes were
particularized byHey et al.(1947) from observations using
a 150 kW VHF radar system, conducted 7–11 October 1946,
covering the anticipated 1946 Draconid meteor outburst.

Since the 1990s, head echo observations have been con-
ducted utilizing most high-power large-aperture (HPLA)
radar facilities around the world (e.g.Pellinen-Wannberg and
Wannberg, 1994; Mathews et al., 1997; Close et al., 2000;
Sato et al., 2000; Chau and Woodman, 2004; Mathews et al.,
2008; Malhotra and Mathews, 2011). However, only a few
observations of shower meteors have hitherto been published
(e.g.Chau and Galindo, 2008; Kero et al., 2011, 2012a).

3 MU radar experimental setup

The 46.5 MHz MU radar has a nominal transmitter peak
power of 1 MW and comprises a circular, phased-array an-
tenna with a diameter of 103 m. The antenna field consists
of 475 crossed Yagi antennas with one transmitter/receiver
module each (Fukao et al., 1985), and has a one-way−3 dB
full beam width of 3.6◦. The beam width is similar to that of
The Middle Atmosphere Alomar Radar System (MAARSY;
Latteck et al., 2010) but is wider than for most other HPLA
radar systems. This gives a comparatively large observing
volume and, consequently, a larger possibility of observing
longer meteor trajectories.

The 25-channel digital receiver system of the MU radar
is described byHassenpflug et al.(2008). In our meteor
head echo observations, the output from 25 subgroups of
19 Yagi antennas were each stored as the data of separate
digital channels. The receiver system was upgraded from a 4-
channel setup in 2004. Meteor head echo observations prior
to the upgrade have been reported bySato et al.(2000) and
Nishimura et al.(2001).

We have developed improved analysis algorithms (Kero
et al., 2012c) and collected an extensive set of data (> 500 h)
between June 2009 and December 2010.Kero et al.(2012b)
give an initial overview of the whole data set including radi-
ant density and orbital properties of sporadic meteors.Kero
et al. (2011, 2012a) describe investigations of head echoes
associated with comet 1P/Halley dust of the 2009 Orionid
meteor shower and comet 21P/Giacobini–Zinner dust of the
October 2011 Draconid outburst.

During the Geminid observation, the MU radar was
configured to run with settings identical to those in the
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Fig. 1. The radiant distribution of∼ 8800 meteors plotted in ecliptic latitude and Sun-centred ecliptic longitude. Geocentric velocity is
colour-coded. The Geminid (GEM) shower radiant is marked by an arrow. Solid lines map the equivalent time in zenith for different regions
of the celestial sphere. One hour in the plot corresponds to one hour in zenith. The region of the celestial sphere below the line marked
“Horizon” was always below the Shigaraki local horizon.

previously reported measurements. The MU radar beam was
pointed in the direction of zenith. Head echoes were detected
in the height range of 73–127 km, limited by the experi-
mental settings being adapted to the maximum data rate of
20 GB h−1. We transmitted 13-bit Barker-coded pulses with
a total pulse length of 156 µs and an interpulse period (IPP)
of 3.12 ms to use the 5 % duty cycle.

The received data were stored as 85 range values from
each transmitted pulse, sampled at 6 µs intervals. The sam-
pling corresponds to a range resolution of about 900 m. Nev-
ertheless, using a novel range interpolation technique (Kero
et al., 2012c), the ranges of meteor targets are determined
with a precision of the order of 10 m, or to within about one-
hundredth of a range gate.

Meteor targets are searched for within 15◦ from the nom-
inal beam direction (zenith). The 25-channel setup enables
unambiguous directionality and the possibility of distin-
guishing head echo targets in the main lobe region from head
echo targets in the side lobes.

There are no unintentional gaps in the data set. The radar
is, however, stopped and restarted every full hour to reboot
the system and avoid memory buffer overflow, an occasional
consequence of the data rate being close to the system limit.
Because of this procedure we have no data for the first 1–
2 min of every full hour.

4 Geminid observations

Figure1 gives an overview of the MU 2010 Geminid data set.
The radiant distribution is displayed in Sun-centred ecliptic
coordinates. The Sun is in this coordinate system always lo-
cated at 0◦ Sun-centred ecliptic longitude, regardless of time
of year. The direction of the Earth’s apex is located at 270◦

Sun-centred ecliptic longitude.
The MU sporadic meteor distribution is dominated by the

north and south apex apparent source regions, further dis-
cussed inKero et al.(2012b). Solid lines mark the equivalent
time in zenith for different regions of the celestial sphere, es-
timated according to the procedure described inKero et al.
(2012b). One hour in the plot corresponds to one hour in
zenith. The line marked “Horizon” represents the Shigaraki
local horizon.

A compact radiant enhancement appears at the expected
radiant region of the Geminids (GEM) and consists of about
270 meteors. Figure2 shows the radiant density near the en-
hancement in equatorial coordinates, reduced to solar longi-
tude 261.0◦ by taking into account the radiant drift reported
by Brown et al. (2010). The mean Geminid radiant is lo-
cated at right ascensionα = 112.8◦

± 0.5◦ and declination
δ = 32.6◦

±0.3◦. The errors represent the standard deviation
of the mean, calculated using the individual radiants and their
estimated uncertainty margins.

www.ann-geophys.net/31/439/2013/ Ann. Geophys., 31, 439–449, 2013
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Fig. 2. Geminid radiant density plot in equatorial coordinates, re-
duced to solar longitude 261.0◦.

The mean value of the uncertainty of individual radiants is
0.8◦ in local horizontal coordinates (azimuthal and zenithal
distance uncertainty). When these uncertainties are propa-
gated through the conversion to equatorial coordinates (α,δ),
the mean radiant measurement error is 1◦. This value is com-
parable to the full width at half maximum of the radiant den-
sity (Fig.2). The measured width of the shower is, therefore,
likely defined by the measurement errors.

The mean Geminid heliocentric orbit as measured with
MU is summarized in Table1, together with other reported
radar orbit results and the orbit of Phaethon. Error margins of
the MU orbit parameters are estimated according to the un-
certainty calculations detailed in Appendix A ofKero et al.
(2012a). The mean semi-major axis of the MU radar Gemi-
nids is 1.32±0.06 AU and the mean period is 1.49±0.06 yr.
These numbers are similar to the values derived in other stud-
ies, presented in Table1 and further summarized byJen-
niskens(2006).

4.1 Geminid velocity and initial altitude

Figure 3 is a scatter plot of meteor initial detection alti-
tude versus geocentric velocity, corrected for Earth focus-
ing (zenith attraction) and Earth rotation followingSzasz
et al. (2008) andSzasz(2008). The Geminids are plotted in
a contrasting colour and compared to a linear least squares
fit (black line). The fitted Geminid geocentric velocity is
34.9 km s−1 at an altitude of 109.5 km and decreases with
0.11 km s−1 for each kilometre of lower initial height. The
value of the observed velocity (before correction for Earth
encounter) at 109.5 km was 36.6 km s−1.

The trend means that some particles have likely experi-
enced deceleration (and ablation) before detection. If so, their
initial detection altitude is not equal to the true beginning
height of the meteor. In the orbit calculation, we have used
the velocity found for the highest altitude Geminids as rep-
resentative of the atmospheric entry velocity of the Geminid
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Fig. 3. Scatter diagram of initial detection altitude versus geocen-
tric velocity of sporadic meteors (black) and the Geminids (red).
The solid line is a linear least-squares fit to the Geminid geocentric
velocity, giving 34.9 km s−1 at 109.5 km altitude.

shower. A backward integration of the observed velocity pro-
files to the top of the atmosphere using an ablation model
(e.g.Kero, 2008; Stober et al., 2011) is an alternative way to
find accurate entry velocities.

The Geminid initial velocity and altitude trend is very sim-
ilar to the trend found for the 2011 October Draconid mete-
ors (Kero et al., 2012a). On the other hand, while the initial
detection altitudes of the Geminids are comparable to the al-
titudes of sporadic meteors of the same velocity, the initial
altitudes of the MU radar October 2011 Draconids were sys-
tematically higher.

The difference in initial altitudes is likely a manifestation
of the different material properties of Geminid meteoroids
originating from 3200 Phaethon and fresh dust from comet
21P/Giacobini–Zinner giving rise to the Draconid shower.
Geminid meteoroids do not only come from a very differ-
ent parent body, but have also frequently been exposed to
intense solar radiation near perihelion at 0.14 AU, a possible
consequence of which may be loss of volatiles (Wetherill,
1986; Jenniskens, 2006). Geminid fireballs have been found
to be more fragile than fireballs of asteroidal meteoroids of
the same size, but more cohesive than other cometary shower
ones (Jenniskens, 2006, and references therein).

When comparing showers that occur during different times
of the year, it is important to remember that the background
neutral atmospheric density varies according to a distinct sea-
sonal pattern. Atmospheric waves also give rise to a density
modulation. As shown by e.g.Younger et al.(2009); Stober
et al.(2012), the density can be as variable as 10–20 %.

Ann. Geophys., 31, 439–449, 2013 www.ann-geophys.net/31/439/2013/
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4.2 The Geminid activity and estimated flux

Figure4 displays the hourly rate of MU meteor head echoes
with precisely determined orbits detected during the Geminid
campaign. The sporadic hourly meteor rate (grey) is given for
each half-hour interval. Because of the relatively low number
of MU radar Geminids, the Geminid hourly rate (green) is
presented for every two-hour interval. Error bars (black) cor-
respond to the estimated Poisson uncertainty. The elevation
of the Geminid radiant above the local horizon is plotted as a
curve (red).

The MU Geminid count rate drops near both shower ra-
diant culminations (at∼ 17:00 UT) covered during the ob-
servation. We find that the strengths of the minima depend
on how the data are binned. These count rate minima are
therefore partly explained by statistical fluctuations due to
the relatively low number of Geminids (about 10 per hour).
Another contributory factor is the variation of the Geminid
activity. In Fig.5, we have compensated the count rate for ra-
diant elevation (explained below) and plotted the scaled rate
together with the visual zenithal hourly rate (ZHR) reported
by the International Meteor Organization (IMO). The latter
was calculated by G. Barentsen from 6801 visually observed
Geminids collected by the IMO. Both of the dips in the MU
scaled rate near radiant culmination coincide with dips in the
visual activity. The MU radar activity dips are deeper, which
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served Geminids collected by the International Meteor Organization
(IMO). The vertical bars represent Poisson-distributed statistical er-
rors of the meteor counts.

may indicate a greater decrease of low-mass Geminids than
of visual Geminids.

An additional effect may arise from the effective collec-
tion area of the vertically aligned MU radar beam pattern.

www.ann-geophys.net/31/439/2013/ Ann. Geophys., 31, 439–449, 2013
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Table 1. Mean heliocentric orbit (J2000.0) of MU, CMOR, HRMP and the Kharkov radar Geminids, as well as the orbit of parent body
3200 Phaethon (1983 TB): semi-major axis (a), eccentricity (e), perihelion distance (q), longitude of the ascending node (�), inclination (i),
argument of perihelion (ω), period (P ), and number of detected orbits (Norb). For MU,� denotes the range of the Geminid ascending node
(in solar longitude) covered during the observation. For CMOR, HRMP and Kharkov, the value of� refers to ascending node at maximum
activity.

a [AU] e q [AU] � [◦] i [◦] ω [◦] P [yr] Norb

MU 1.30± 0.02 0.899± 0.002 0.132± 0.004 261.0–263.5 25.0± 0.5 326.1± 0.7 1.49± 0.04 272
CMORa 1.35 0.898 0.1373 261.0 23.2 324.95 1.57 10 381
HRMPb 1.306 0.139 262.1 23.2 325.2 1.49 118
Kharkovc 1.31 0.89 0.14 260 24 326 1.5 401
Phaethond 1.271 0.8901 0.1397 265.281 22.234 322.132 1.43

a Brown et al.(2010)
b Sekanina(1976)
c Kashcheyev and Lebedinets(1967)
d JPL Small-Body Database, Orbital Elements at Epoch 2456200.5 (30 Sep 2012)

For Orionids and sporadic meteors,Kero et al.(2011) found
count rate (and, consequently, the effective collection area)
to follow sinγ el, where the radiant altitude exponent isγ ∼

1.5, and “el” is the radiant elevation. For visual meteors,
γ is generally determined to have a value in the range of
1 < γ < 2, depending on meteor shower, varying slightly be-
tween different investigations (Jenniskens, 1994, and refer-
ences therein). Interestingly,γ ∼ 1.5 found for MU 2009
Orionids agree well with the theoretical exponent found by
Jenniskens(1994) for visual Orionids and the empirical value
of γ = 1.47± 0.11 in the pioneering work ofZvolankova
(1983).

In Fig. 5 we have normalized the 2010 Geminid count rate
usingγ = 1.0. A larger value ofγ produces an activity that
is strongly anti-correlated with the radiant elevation. This is
more likely a sign of an erroneously chosen altitude exponent
than a true variation of the activity.

According to the IMO data (Fig.4), the visual Geminid
activity peaked around 14 December, 03:00 UTC, or at a so-
lar longitude of about 261.8◦. The MU head echo Geminid
activity indicates an earlier maximum activity. Since there
are no data (the radiant was below the local horizon) during
the visual peak, a peak simultaneous with the visual activity
cannot be ruled out.

The MU scaled rate has an average value of about 15 h−1

during the first half of the observation. We have used this
value to estimate the cumulative flux of Geminid meteors
down to the Geminid mass threshold of the MU radar fol-
lowing the procedure described inKero et al.(2011) for the
flux estimation of the 2009 Orionids. To accomplish this we
first binned the Geminid meteors according to their maxi-
mum RCS. As a second step, we calculated the cumulative
flux as a function of RCS using the RCS dependent effective
collection area presented in Fig. 7 ofKero et al.(2011).

The resulting cumulative Geminid flux is in Fig.6 pre-
sented together with the 2009 Orionid flux, adapted from
Fig. 14 ofKero et al.(2011). The 2010 Geminid cumulative
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Fig. 6. Cumulative meteor flux versus RCS for the 2010 Geminids,
and as a comparison the 2009 Orionids adapted fromKero et al.
(2011).

flux is ∼ 0.3 h−1 km−2, or about a factor of three lower than
the∼ 1 h−1 km−2 2009 Orionid flux. The determined values
of the fluxes strongly depend on a correct estimation of the
effective collection area.

4.3 The Geminid to Orionid flux ratio

Meteor head echo observing biases, as the ionization effi-
ciency, are not fully understood yet and introduce signifi-
cant uncertainties in deriving meteoroid masses (Campbell-
Brown et al., 2012). The Geminid stream is the highest flux
visual shower currently visible from Earth (Rendtel et al.,
1995). The lower observed MU radar flux of Geminids than
Orionids therefore requires a digression on the factors con-
trolling the observability of head echoes.
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Fig. 7. Left panel: ratio of the Geminid to the Orionid cumulative fluxes, normalized to the Geminid mass threshold, when their observed
ratio is 0.3. Right panel: ratio of the Geminid to the Orionid cumulative fluxes, normalized to the Geminid mass threshold, if their flux ratio
is 10 at a limiting mass of 2× 10−7 kg.

One such factor is a frequency dependent altitude cut-off.
For specular meteor trail echoes, this is called the initial trail
radius attenuation effect and was first described byGreen-
how and Hall(1960), who compared the altitude distributions
of three radar systems operating at different frequencies. If
the initial train radius is large compared to the radar wave-
length, strong attenuation arises owing to destructive inter-
ference from radio waves scattered at different radial depths
of the train. It is particularly severe for high-speed meteors,
as these ablate at high altitudes. There the atmospheric mean
free path and thus also the initial train radii are large.

In the case of the Orionids,Jones(1983) estimated that
< 3 % of the total number was detected. Such a grave at-
tenuation introduces large uncertainties when converting the
observed number of detections to meteor influx.

Westman et al.(2004) compared meteor observations from
the EISCAT VHF (224 MHz) and UHF (930 MHz) radars.
They found that the detection altitude distributions are simi-
lar, except for the upper part of the UHF altitude distribution
being cut several km below the upper part of the VHF dis-
tribution. The much lower MU radar operating frequency of
46.5 MHz, and its correspondingly longer wavelength, means
that the effects of altitude cut-off are probably weaker. We
have in the remainder of this paper assumed that the altitude
cut-off effect can be neglected in the case of MU. We will ad-
dress the MU altitude distribution and possible cut-off issues
in a subsequent investigation.

Another controlling factor is the dependence of ionization
efficiency on meteoroid velocity.Close et al.(2007) inves-
tigated mass-velocity selection effects on head echoes de-
tected with the Advanced Research Projects Agency Long-
Range Tracking and Instrumentation Radar (ALTAIR). Their

derived dependence of radar cross section (RCS) on electron
line densityQ is

RCS∝ (−42.4± 1.2)Q1.05±0.04, (2)

whereQ is found to depend on mass (m), velocity (v) and
mean free path (mfp) according to

Q ∝ m1.08±0.08v3.09±0.66mfp−0.11±0.18. (3)

Close et al.(2007) used Eq. (2) and (3) to normalize the AL-
TAIR observations together with an estimated mass index
s = 1.94. These values translate to a velocity-over-mass ratio
(ξ ) of 2.9 for the ionization efficiency.

Previous investigations of the ionization efficiency have
yielded slightly higher values ofξ . Verniani and Hawkins
(1964) found from comparisons of radar trail echo and pho-
tographic studies a value ofξ = 4 andBronshten(1983) re-
portedξ = 3.75 based on laboratory measurements of chon-
dritic atoms. TheJones(1997) model of ionization efficiency
is limited to processes without significant secondary ioniza-
tion or recombination and is therefore in principle valid only
for faint radio meteors withv . 35 km s−1. Jonesestimates
that the primary ionization varies withξ ' 3.4.

Hunt (2007) has utilized ALTAIR data in an effort to de-
rive an ionization coefficient (β) that is more physically rep-
resentative than that of theJonesmodel for highly energetic
collisions.Hunt finds

β = 2× 10−9 (v − 11)v4, (4)

where the meteoroid velocityv should be given in km s−1.
This formulation corresponds toξ ' 5.3 in our velocity
range.
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Szasz et al.(2008) estimated meteoroid masses of tristatic
EISCAT UHF meteors dynamically by comparing the mea-
sured velocity and deceleration to the output of an ablation
model. The procedures are further described byKero et al.
(2008); Kero (2008). The lowest meteoroid mass produc-
ing a detectable meteor as a function of velocity was used
as a crude estimate of the ionization efficiency of the ob-
served particles. A least-squares fit of a linear function to
the EISCAT UHF mass-velocity distribution corresponded to
ξ ' 4.1± 0.4. The regression fit had a curvilinear residual
distribution, which indicated thatξ actually may be velocity
dependent with a larger value ofξ in the low-velocity end of
the observations than in the high-velocity end.

The left panel of Fig.7 shows the ratio of the Geminid
to the Orionid cumulative fluxes, normalized to the Geminid
mass threshold, when their observed ratio is 0.3. The hori-
zontal axis displays the exponent of the RCS velocity depen-
dence (assuming that the RCS mass dependence exponent is
unity and mean-free-path exponent is zero). The vertical axis
visualizes the 2009 Orionid mass distribution index,sOrionid,
while the colour bar shows the estimated ratio. Within the
range of velocity dependence and Orionid mass distribution
index displayed in Fig.7, the ratio of the cumulative fluxes
at the Geminid mass threshold varies between∼ 1–30.

Jones(1983) calculated that a peak visual Orionid ZHR of
22 h−1 corresponds to a flux of∼ 0.004 h−1 km−2 Orionids
brighter than magnitude+4.25 when taking into account the
most appropriate detection probability function of the data
set (Stohl and Porubcan, 1981; Kreśakov́a, 1966). We use
this value as a canonical flux of+4.25 magnitude Orionids.

Brown et al.(1998) investigated the radar flux of Gemi-
nids and found a peak flux of 0.19± 0.2 h−1 km−2 for radio
magnitude+7.7. Except for the very brief peak, the flux of
magnitude class+7.7 was 0.12±0.2 h−1 km−2 for solar lon-
gitude 260.5–261.5◦. Furthermore,Brown et al.(1998) re-
port that the flux of visual Geminids down to limiting visual
magnitude+6.5 had a peak value of∼ 0.04 h−1 km−2.

Verniani (1973) found that magnitude (M) depends on
mass (m) and velocity (v) according to

M = 63.17− 10lg(v) − 2.5lg(m) (5)

in cgs units (mass given in gram and velocity in cm s−1).
The visual magnitude of a 2× 10−7 kg meteoroid is+4.3
at the Orionid velocity and+6.8 at the Geminid velocity.
These values are close to the above-reported limiting visual
magnitudes.

Using the ratio of the estimated visual fluxes, we there-
fore assume that the flux ratio of 2× 10−7 kg meteoroids in
the Geminid and Orionid showers has a value of∼ 10. The
right panel of Fig.7 displays what the flux ratio (colour bar)
under the discussed assumptions would be at the MU Gemi-
nid mass threshold as a function of the showers’ difference in
mass distribution indices,sOrionid−sGeminid(horizontal axis),
and the MU Geminid mass threshold (vertical axis).

Figure 7 can be seen as a lookup table to study the ef-
fects of velocity dependence and mass distribution indices
on mass threshold estimations. As an example, if the RCS
velocity dependence were 4 andsOrionid = 1.9, looking at the
colour scale in the left panel gives a flux ratio at the MU
Geminid mass threshold of∼ 3. Furthermore, if assuming
e.g. sGeminid= 1.7, the right panel shows that for the given
ratio of ∼ 3 (looking at the same colour as was found in
the left panel), the MU Geminid mass threshold has a value
of ∼ 10−9 kg. The so-determined mass threshold is virtu-
ally independent of whether the MU radar collection area
reported byKero et al.(2011) was correctly determined or
not, as only the ratio of Geminid and Orionid fluxes is used,
whereas the absolute values of the fluxes are not. However,
the mass threshold is very sensitive to small changes in the
assumed shower mass distribution indices and the velocity
dependence.

It is not trivial to convert observed visual, photographic or
radar magnitude distributions to mass distributions, not even
for such a well-studied meteor shower as the Geminids. Ex-
cellent examples of issues that arise when converting magni-
tude to mass are given in the work byCeplecha(1957), who
investigated photographic Geminids.

5 Conclusions

A total number of∼270 Geminids, among∼ 8800 meteor
head echoes with precisely determined orbits, were observed
with the MU radar during a campaign conducted from 13 De-
cember 2010, 08:00 UTC to 15 December, 20:00 UTC. The
fitted MU radar Geminid geocentric velocity is 34.9 km s−1

at an altitude of 109.5 km and decreases with 0.11 km s−1 for
each kilometre of lower initial height. The observed velocity
at 109.5 km is 36.6 km s−1 before compensating for Earth en-
counter. The mean radiant, reduced to solar longitude 261.0◦

by taking into account the radiant drift reported byBrown
et al.(2010), is located at right ascensionα = 112.8◦

± 0.5◦

and declinationδ = 32.6◦
± 0.3◦.

The visual Geminid activity reported to the IMO peaked
around 14 December 2010, 03:00 UTC, at a solar longi-
tude of about 261.8◦. The MU head echo Geminid activity
is consistent with an earlier-occurring maximum. The mean
semi-major axis and period of the head echo meteoroids are
1.32± 0.06 AU and 1.49± 0.06 yr, respectively. These val-
ues agree with observations using other methods and an es-
timated mass range from about 0.5 down to 10−9 kg (Jen-
niskens, 2006).

The observed MU Geminid cumulative flux is
∼ 0.3 h−1 km−2. This value is about a factor of three
lower than the previously reported flux of the 2009 Orionids,
∼ 1 h−1 km−2, measured with an identical MU radar setup
(Kero et al., 2011).

The determined flux values depend strongly on a correct
estimation of the MU effective collection area, while their
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ratio does not. We therefore used the observed flux ratio to
discuss the relation between the head echo mass–velocity se-
lection effect, the mass distribution indices of meteor show-
ers, and the mass threshold of the MU radar. We found that
the mass threshold is very sensitive to small changes in the
shower mass distribution index assumptions as well as in the
assumed dependence of ionization efficiency on meteoroid
velocity.
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