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Abstract. The ECOMA (Existence of Charge state Of me- densities of the MSPs to the changed meteor mass input into
teoric smoke patrticles in the Middle Atmosphere) soundingearth’s atmosphere.
rocket campaign was conducted during the Geminid meteor Therefore, the meteor activity was monitored using stan-
shower in December 2010 in order to explore whether theredard specular meteor radars to determine the source radi-
is a change of the properties of meteoric smoke particles duant activity, the sporadic meteor background and to esti-
to the stream. In parallel to the rocket flights, three radarsmate the particle sizes/masses of the incoming meteoroids.
monitored the Geminid activity located at the launch site in The observations were conducted at two different latitudes
Northern Norway and in Northern Germany to gain informa- to gain more general information about the Geminid meteor
tion about the meteor flux into the atmosphere. The resultshower characteristics. Close to the launch site in North-
presented here are based on specular meteor radar obserean Norway (691° N, 16° E), the new High-Power Large-
tions measuring the radiant position, the velocity and the meAperture (HPLA) radar MAARSY (Middle Atmosphere
teor flux into the atmosphere during the Geminids. Further,Alomar Radar System) and a standard meteor radar were op-
the MAARSY (Middle Atmosphere Alomar Radar System) erated to observe the meteor flux in almost the same volume
radar was operated to conduct meteor head echo experimeniss probed by the rockets. The horizontal distance of the radar
The interferometric capabilities of MAARSY permit mea- from the launch pad is approximately 1 km. The second sta-
suring the meteor trajectories within the radar beam and tdion that was involved in the campaign of the Geminid meteor
determine the source radiant and geocentric meteor velocitygshower is at Juliusruh (58° N, 13.4° E), Germany, which is
as well as to compute the meteor orbit. approximately 1% South of the latitude of the launch site.
Keywords. Atmospheric composition and structure (Mid- The Geminid meteor shower is the most prominent me-
dle atmosphere — composition and chemistry) — Interplane-t_eor stream throughout th_e year for specular rad_ar observa-
tary physics (Interplanetary dust) — lonosphere (lon chem fions in the No”he_”? Herr_nsphere and .ShOWS basically com-
istry and composition) parable pharacter!stlcs with the s_por§d|c_ mgteor background
concerning the altitude and velocity distribution. The shower
has a geocentric velocity of 35 km' (e.g. Dudnik et al,
1959 McKinley, 1961 and typical stream particles form a
) detectable meteor trail at an altitude range similar to most of
1 Introduction the sporadics. Typical Geminids occur in the altitude range
between 85-95km (specular observation). Therefore, one
The ECOMA sounding rocket campaign was conducted duryould expect that this shower provides a significant source of
ing December 2010. The major objective was to providemeteoric raw material that can condense to nanometer sized
guantitative in situ measurements of meteoric smoke parti'particles at the altitude range where most of the MSPs ex-

cles (MSP) before, during and after a major meteor showeist (Megner et al.2006 2008. Specular radar observations
and to relate changes in the chemical structure or number
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474 G. Stober et al.: ECOMA sounding rocket campaign

Table 1. Technical details of the used meteor radars. The abbreviaTable 2. MAARSY system parameters used for the meteor head
tion PRF stands for pulse repetition frequency. experiment. The abbreviations PRF stands for pulse repetition fre-
quency and IPP means inter- pulse period.

Parameter Andenes Juliusruh
Location 601°N. 1€ E  546°N, 134°E Parameter Meteor experiment
Frequency 32.55MHz 32.55MHz PRF 700 Hz
PRF 2094 Hz 2144 Hz Coherent integrations 1
Coherent integrations 4 4 Pulse length 48 us
Peak power 30kwW 15kwW IPP 1.43ms
Antenna crossed dipole crossed dipole Duty cycle 3.36%
Pulse length 13us 13 s Sampling start range 72.9km
Range resolution 2km 2km Sampling end range 148.5km
Sampling resolution 900 m
Sampling rate 6 us
of the Geminids have shown over decades that the shower Range gates . 85
L . o Number of data points 8192
significantly exceeds the sporadic meteor flux and indicates Time resolutionds 143ms

only a weak inter-annual variability comparing previous and
recent works on this meteor shower (elgnes and Mortgn
1982 Brown et al, 1998 Stober et al.2017).

One aim of this study is to infer absolute meteor fluxes2 Radars
for the Geminids using specular radar observations to esti-
mate the mass input in the mesosphere/lower thermospherhe specular meteor radar (MR) observations were con-
(MLT) for the observed particles sizes/masses. Therefore, thelucted using two all-sky SKiYMET radar#i6cking et al,
approach presented @ampbell-Brown and Jong2006), 2001). One radar is situated close to the Andgya Rocket
which is based on Kaiser's theori{diser, 1960 is used to  Range and the second one is a mid-latitude station at the
estimate the effective radar collecting area. The meteor fluBaltic sea coast in Northern Germany. Both radars use an
estimates are compared to the mass fluxes predictéZeby identical software and crossed dipole antennas on transmis-
plecha et al(1998; Love and Brownle€1993 andRietmei-  sion and reception. This ensures an almost symmetrical an-
jer (2000 for particles of the same size/mass interval. tenna patternSinger et al.2004). A detailed list of the ex-

While, it is not intended to derive an absolute mass in-perimental parameters is given in Tatile
put covering a huge particle size range from the specular In addition to these standard meteor experiments both
radar data, the measurements are useful to reduce the largadars were calibrated using the delay line metHaaitéck
uncertainties of the meteoric mass flux into the atmosphereet al, 2008. This permits to directly quantify the observed
The radar observations represent at least a lower boundary @flectron line densities in order to estimate the meteoroid
the meteor mass input into the atmosphere for the detectegize/mass assuming single body meteor ablation. This is of
particles sizesMathews et al(200]) estimated the mete- particular importance for the derived meteor fluxes.
oric mass flux into the atmosphere from Arecibo radar ob- The head echo observations were conducted with
servations (meteor head echo) to be of the order of 5td MAARSY. This radar operates at 53.5MHz and is located
which is significantly lower than the derived meteoric flux of approximately 1 km northeast of the rocket launch site at the
270td"! from Zodiacal dust cloud measuremeriteévorry Andgya Rocket Range. For the meteor head echo experiment
etal, 2010. analyzed in this study, we employed a vertical beam and

This study is structured as follows. The second section detransmitted pulses of 48 us without applying pulse coding.
scribed the radars that were used during the campaign an@n reception, 8 channels of the multi-channel recording sys-
provides the information about the relevant experiment patem were used. One channel was reserved for the complete
rameters. The third section focuses on specular radar datavailable array. The remaining 7 channels were connected to
and the measurement of the radiant activity, meteor velocitysmaller sub-arrays, which each consisted of 49 antennas and
and mass determination as applied in this study. The fourttare further called “anemones” within this paper. A summary
section is attributed to the conducted MAARSY head echoof the experiment parameters is listed in Tahle
observations, which includes the description of the interfer- The positions of all 7 sub-arrays are shown in Fid.
ometric capabilities of MAARSY and the characteristics of All antennas with the same color code (“anemone”) are con-
the Geminid meteor shower based on the two different radanected to the same receiver channel. Each “anemone” con-
methods concerning vector velocity, altitude and source rasists of 49 antennas. The xy position is defined by the cen-
diant measurements. In Sect. 5 we present the main concluer coordinates of each sub-array. All antenna cables are
sions that we derived from these observations. phase matched and agree withif. The grey rectangles

at the perimeter of the system indicate the position of the
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equipment buildings hosting the transceiver modules and the
labels A—F stand for the MAARSY antenna sub-structures to
ensure an equal length of all phase matched cables. The ag- ~ /w(T -Rydg . (1)
tenna groups of seven antennas that are not color coded were

not in use during the campaign. MAARSY was operated us-

ing the second stage of expansion, which consisted of 343he trial radiantT can be any vector defined by the unit
TRx modules [atteck et al. 20123. Hence, the total peak circle. Here we used a°Z 2° grid to compute the scalar
power of the system was approximately 680 kW. This secondoroduct. The weighting functiow is composed of one ac-
stage of expansion lead to a beam width ¢4 Although ceptance and two rejection bands in such a way that the
there is a distance of 28 m between all sub-arrays, the ambintegral over the complete hemisphere vanistiemés and
guity zones are still larger than the main beam width. Theselones2006. The introduction of two rejections bands in the
ambiguity zones (green) and the minimum in radiation pat-direct vicinity of acceptance band removes the diffuse halo,
tern between the main beam and the first side lobe are showwhich is created by just having one acceptance band (e.g.
in Fig. 12a). The red lines in this view graph represent min- using a “top-hat” function). The weighting function used in
ima in the radiation pattern and separate the main beam frorthis work is a composite of three Gaussian functions with a
the first side lobe, which is almost symmetric. More details standard deviation of = 4°, which corresponds to a width
about the head echo experiment are given in Sect. 4. of the acceptance band of.2n Fig. 1 a three-band-top-hat

weighting function is compared to three-band Gaussian.
i Applying such a three band function leads to two effects.

3 Specular radar observations Firstly, this weighting function suppresses all sources that are
Omuch larger than the used convolution width. The smaller

fhe width of the acceptance band the stronger the filter ef-

fect of all diffuse meteor sources. Hence, such a small ac-

ceptance band is ideal to identify meteor streams. The more

Campbell-Brown and Jone00§ Sto'ber et al. 201]).' diffuse sporadic meteor sources are suppressed by the rejec-
Nowadays, specular meteor observations together with th%on bands. Secondly, the overall sum of the activity map re-

recent generation of meteor radars are mainly designed to . : .
: mains zero, which means that there are areas on the celestial
measure upper atmosphere winds and temperatures (e.

Hocking et al, 2001 Singer et al,2003 2004. However, the gphere with negative radiant activity. These negative values

potential of these meteor radars to investigate astrophysucaeilre cons@ered as pmsﬁ;@es and JoneB006.

. . The radiant activity maps presented here are computed on
meteor parameters has been also an important task since the . S : ) ;

o . the basis of a 2x 2° grid structure of trial radiants in ce-
beginning of the observations. These radars have proventohe _. . . )
. ; éstial coordinates covering the complete hemisphere. How-

a valuable tool to study meteor source radiants (dogking ever, to remove the GC ambiguity only meteor trial radiants
et al, 200L Campbell-Brown and Jong2006 Jones et al. ' guity only

i . above the horizon are accumulated into the radiant activity
2005 Jones and Jong2006 and entry velocity and masses ) L :
map. The shown radiant activity maps are computed using
(e.g.Baggaley et a).1994 1997 Brown et al, 1998 Hock- : : :
ing, 200q Baggaley2002 Stober et a.2011) all available meteor detections at the appropriate day.
g ggaley ' ' In Fig. 2 the radiant activity for all three ECOMA sound-

ing rocket flights are shown. The color bar on the right side
indicates an arbitrary intensity and does not allow estimating

The radiant activity during the Geminid meteor shower wasthe absolute number of meteors, which originated from a cer-
monitored by applying a single station radiant mapping tain source radiant. Further, these plots are created using the
method presented ifones and Jongg006). This technique ~ complete ensemble of meteors during 24 h of observation.
basically utilizes the geometry of the specular meteor obserHence, the graphs shown in Fig.represent average daily
vation by computing the radial radar vect®r which is de-  radiant activities.
fined as the vector from the radar towards the specular point The first rocket was launched on 4 December 2010. At
of the meteor trail. The source radiant for this meteor trail this time the sporadic meteor background was still dominat-
must lie within a great circle (GC), which is defined by all ing the radiant activity map. However, it is already possible
vectors perpendicular to the radar veckr to see also some weak activity generated by the Geminids.
Jones and Jonqgooa Suggested to compute a Weighted The second flight was conducted on 13 December shortly be-
scalar product between a set of trial radiants with the radafore the Geminids reached their absolute peak activity. The

vector for each meteor trail. The basic idea of this methodradiant activity map for this flight is completely dominated
is that for all trial vectorsT', which are close to this GC the by the Geminid meteor shower. The final ECOMA sounding

weighted scalar product vanishes rocket flight lifted off on 19 December. During this time the
Geminid shower had already vanished. The remaining radi-
ant activity is mainly generated by the sporadic background.

GC

Specular meteor observation have been conducted f
decades (e.gOpik, 1958 McKinley, 1961 Jones and
Morton, 1982 Brown et al, 1998 Hocking et al, 2001,

3.1 The radiant activity
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Fig. 1. Comparison of two three band radiant weighting functions.
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Fig. 3. Radiant position of the Geminid meteor shower for the An-
denes and Juliusruh MR, IMO and MAARSY head echo observa-
tions.

declination
intensity / arbitrary units

highest intensity. The basic idea of the tracking algorithm is
now to compute the auto-correlation function of the intensity
right ascension profiles along the declination-axis and the right ascension-
Radiant acivty 2010112119 200 axis and to fit a second order polynomial to each of the auto-
correlation functions to estimate the displacement from the
zero lag. The displacement corresponds to two times the off-
set from the pixel coordinate of the initial guess. The imple-
mentation of this algorithm provides an at least one order of
magnitude better measurement accuracy of the position than
the actual pixel resolution of the image, which is hete 2
In Fig. 3the radiant position for the complete time of Gem-
inid activity for the Andenes and Juliusruh meteor radar is
shown. The shown positions are apparent source radiants and
Fig. 2. Radiant activity maps during all three ECOMA sounding are not corrected for zenith attraction. The error bars given in
rocket flights measured with the Andenes meteor radar. Fig. 3 represent the width (extension) of the source radiant
in right ascension and declination, which is defined by the
applied weighting function and the measurement errors. The
The radiant activity maps were also analyzed to determinewidth of the weighting function is based on the MR inter-
the radiant position and the apparent motion of the Geminidferometry, which provides an angular resolution of approx-
source radiant due to Earth’s revolution around the Sun. Admately 2 for a single specular meteor position. Therefore,
reference epoch we used J2000. The position of the sourcthese error bars cannot become smaller tHanTBe actual
radiant was derived by applying a sub-pixel accuracy track-center position of the meteor shower shown in Hgs de-
ing algorithm. This algorithm was adopted fra@osse and termined with a much higher accuracy than 1
Croquette(2002 and Otto et al.(201J). In a first step an However, this error is compensated by measuring a large
initial position of the Geminid shower is determined by the ensemble and applying the sub-pixel accuracy fitting, which
pixel coordinate where the radiant activity map shows theresults in an error of a fraction of a degree for the centroid
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-
2

o
o
3
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o
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Table 3. Comparison of IMO reference source radiant positionto | 120
the meteor radar observations. The Juliusruh and Andenes radiant £ 4 Andenes i
" . . 2 115+ e Juliusruh i
positions are not corrected for zenith attraction. s % IMO : § *§ *
£ 110- ; : '
Solar longitude  Right ascension  Declination % 105 ; *i : $ *
o 1l
IMO 262.2° 112 33 8 100. { 1 i
Juliusruh 262° 1131° 339° S T : : : T T .
Andenes 262° 1136° 337° = 250 252 254 256 258 260 262 264

solar longitude / degree

[}
position of the meteor source radiant. Another systematic £ 36 1] {
error related to the interferometry are phase differences be- § 34' L] E ; % } E E } }
tween the phase matched cables. To estimate the impact of g i * % }*E LE

these biases the source radiant is determined using a sec-8 3, | : ?;?ues?ﬁﬁ 1
ond meteor radar at Juliusruh. The comparison clearly in- ¢ {1 x |vo

dicates that both radars are in reasonable agreement and thaf’ 30250 s ota  ae obs om0 2o ota
the Geminid meteor shower position differs by less than 1 ‘

In Table 3 the radiant position of the Geminids is com- solarlongitude / degree
pared to the data published by the International Meteor Or-ig. 4. Geminid radiant position for the Juliusruh and Andenes me-
ganization (IMO) for the peak activity period of the shower. teor radars for different solar longitudes.
The data can be found using the unktp://www.imo.net/
calendar However, the IMO radiant position is only given
for some days during the shower, which is not sufficient for
a detailed comparison. The radar data shows a small off

set of about 1 in right ascension and declination for both ) . o
radar locations. The meteor radar radiant position as well'n€re have been several different velocity determination al-

as the meteor head echo data is not corrected for zenith ag0rithms developed to estimate the meteoroid velocity from
traction Pubyagg 1961). The contribution of the Poynting— SPecular meteor observations (for a summaggaley and
Robertson effectiyatt and Whipple1950 is difficult to be ~ Grant 2005ab,c; Holdsworth et al. 2007. Most of these
estimated comparing the photographic observations by th&nethods make use of t'he typical S|gnal'ch§1ractenstlcs.due
IMO with the radar measurements. However, a final analysig© the specular observation geometry, which is well described
about the reason for these discrepancies are beyond the scoP%a Fresnel diffraction pattern (eMcKinley, 1961 Bagga-
of this paper. ey, 2002 Elford, 2004. However, the achievable accuracy
In Fig. 4 the radiant position of the Geminids for the com- ©f thg veIocity estimates is fairly variable depending on the
plete campaign period as function of solar longitutig)(is ~ @Pplied technique. . .
shown. The radar measurements clearly indicate that the ap- !N the present study a prg-approach is used to estimate
parent motion of the Geminid source radiant for the right as-the meteoroid velocity-ocking (2000 derived a method us-
cension angle can be well described by a linear trend modefnd @ modified Fresnel transform to estimate the change of
In contrast to this behavior is the apparent motion of the dec{requency of the Fresnel oscillations before the meteor passes
lination angle with solar longitude. Before the peak of the the specular point along its flight path. On the basis of this
meteor shower (solar longitude, = 2622°) the declination ~ @PProachStober et al(201]) estimated the meteor shower
angle shows a weak linear trend towards lower angles. AfVelocity of the Geminids with high accuracy from the radar
ter the peak of the shower there is a clear breakpoint visiblglata. The success rate of this method is about 5-7 %, but as
and the weak trend changes to a much more rapid tendenc'oWn |nStober£2009 the achievable accuracy is approxi-
towards smaller declination angles. As a reference IMO co mately 0.2kms= for meteors with an signal-to-noise-ration
ordinates are given for both celestial coordinates. At the moPetter than 10dB. The accuracy was estimated by perform-
ment one can only speculate about the physical reason fof'9 sever_al S|mulat|on§ and evaluatlng these computer exper-
this behavior. A likely reason might be different ejection time Iments with the analysis software, which allowed comparing
and, therefore, ages of the Geminid particles, which shouldhe measured velocity to the simulated meteoroid velocity.

be checked by simulating the orbital evolution of the Gemi- However, it has to be considered that this approach still as-
nid stream. but this will be left for future works. sumes that the received meteor signature is completely de-

scribed by a Fresnel diffraction pattern with signal attenua-
tion caused by ambipolar diffusion. A more detailed discus-
sion about likely biases related to this procedure is given in
Baggaley and Grar{2005ab) or Stober et al(2011).

3.2 Velocity measurement

www.ann-geophys.net/31/473/2013/ Ann. Geophys., 31, 448% 2013
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Fig. 5. Meteor velocity histograms for different periods during the ECOMA campaign for the Andenes MR (top panels) and Juliusruh MR
(bottom panels).
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Fig. 6. Meteor altitude versus velocity distribution for the Andenes
and Juliusruh MR during the peak period of the Geminid shower.

for meteors faster than 40 kmis significantly decreased.
This is due to the employed effective PRF, which defines the
threshold for the fastest resolvable Fresnel oscillations that
can be analyzed from the time series of the raw data.

In Fig. 5 the velocity histograms for different periods dur-
ing the ECOMA campaign are shown for both MR. The
left panels relate to the peak period of the shower and the
right panels indicates the velocity distribution for the spo-
radic background. The different success rates for the veloc-
ity measurements between the two radars are compensated
by merging different days together, which resulted in similar
counts for the histograms. The detailed periods are given in
the upper right corners.

The velocity of the Geminid meteor shower can be easily
estimated from the histograms (left panels of F&y.Both
radars show a significant and relatively narrow peak around
35kms 1, which is the expected velocity of a Geminid me-
teoroid. The width of the peak is approximately 6 knts
The sporadic meteor component shows velocities reaching
from 10-40kms?! with a peak around 20-25km Me-
teors with velocities above 40 km$ are under represented
due to the difficulty to resolve such very fast oscillations in
the raw data. Therefore, a successful velocity determination

To ensure the best possible accuracy and comparabilityyith an acceptable accuracy is hardly achieved for the fastest
of the meteor velocity measurement an off-line analysis of eteors.

the raw data was performed. In particular, the slightly lower

However, the quality of the algorithm still allows esti-

effective PRF of the Andenes MR compared to the Julius-mating the deceleration of the meteors at least in a statis-
ruh MR resulted in a reduced success rate of “good” meteokjcq| sense. A closer inspection of the altitude vs. velocity

velocity measurements. Further, it is evident that due to the|ot shown in Fig6 reveals a cluster between 30-40 km s
lower PRF the number of successful velocity determinations

Ann. Geophys., 31, 473487, 2013

www.ann-geophys.net/31/473/2013/



G. Stober et al.: ECOMA sounding rocket campaign 479

which is generated by the Geminids. This cluster is a com- 20

. . . o @ Andenes
mon feature at both radar locations. Obviously there is a g sporadic
altitude—velocity dependence, which is caused by the in- § 15- G"eminid radiant +/-5°
all meteors

creasing density the deeper the meteor penetrates into thes
atmosphere. Meteors are already decelerated if they are de-2 107
tected at lower altitudes. Although this effect is small, it is
an evident feature and has to be considered for estimating >

the upper atmospheric properties of the partiSkeber et al.

meteor count

o

(2017 demonstrated these characteristic by simulating me- 4 6 8 10 12 14 16
teors with similar upper atmosphere properties concerning December 2010
mass, velocity and entry angle. Another interesting feature  2° T @ Juiusran
of the Geminids is the altitude distribution. The stream par- 5 Sépeor;?giig ot +1.5°
ticles burn up at almost the same altitude than the typically M
observed sporadics.

—

Finally, it has to be noted that all 4 velocity histograms
in Fig. 5 show at the left edge velocities below 11.1 knt s
which should be the slowest possible meteor velocity for a
stable orbit around the Sun. This slower particles can either : : : :
be considered as space debris or simply are caused by the 4 6 8 10 12 14 16
meteors that are already significantly decelerated and maybe December 2010
have reached the end of their flight path.

meteor count (day) / #/1000
[
o
Y

|

o

Fig. 7. Daily meteor count rate separated for sporadic activity and
potential Geminids using source radiant for the Andenes and Julius-
3.3 Meteor count rate and meteor fluxes ruh. The x-tickmarks indicate 00:00 UTC for each day.

Before one can derive a meteor flux for the Geminid meteor

shower, it is necessary to separate potential Geminids from

the sporadic meteor background. A priori the most suitablemately 1.7 km away from the MAARSY raddd(inker et al.
criterion seems to be the source radiant. The position of th&013. As shown inDunker et al(2013, this weak trend of a
shower is known from the computed radiant activity maps.decreasing meteor count rate is in qualitative agreement to a
Therefore, it is possible to determine for every single meteordecreasing Na-column density and to a reduction of the col-
whether its GC intersects (for details sé@nes and Jongs umn charge density of the MSPs measured during the three
2006 the Geminids source radiaat5°. Every meteor ful-  rocket flights.

filling this requirement is considered as a potential Geminid. The total Geminid activity is given by the red line in Fify.
However, there is still some contamination due to sporadicThe meteor count rate is computed using a 24 h time window,
meteors, which have a different velocity than the Geminidswhich is shifted by 30 min and centered at the time period.
or may have a different source radiant, but their GC is closeThe time is always given in UTC. The contamination due
to the Geminid origin on the hemisphere. to sporadic meteors that are unintentionally considered to be

In Fig. 7 the result of this filtering for the Andenes (top Geminids is estimated by introducing a baseline activity us-
panel) and Juliusruh (bottom panel) MR is shown. The blueing the same filtering method on times before and after the
line represents the total observed meteor count rate. Thehower. The baselines are given by the grey lines in Fig.
black line indicates the sporadic meteor contribution and theThese background activity generated by the filtering is con-
red line shows the number of potential Geminid meteors.sidered as noise. We intentionally did not subtract this base-
This meteor count rates were computed using a 24-h runnindjne to demonstrate the degree of contamination of sporadics
window. that are considered as potential Geminids.

The meteor activity during the December is characterized In the following we are just focusing on the meteor ac-
by a weak trend of a decreasing sporadic meteor backgroundivity caused by potential Geminids. In particular, the daily
Superimposed to this sporadic activity are the Geminids.pattern of the observed meteor count rate will be of interest
This meteor stream has a distinctive shape with a slowly into estimate the effective radar collecting area (A). At An-
creasing activity at the beginning (before 10 December 2010enes the Geminid source radiant never descends below the
and a significant peak period from 11 until 15 December.horizon, which means that one can expect to observe a con-
During the peak period the total activity of observed mete-tinuous Geminid meteor flux. In Fi@ the elevation of the
ors increases by almost 50 %. Geminid source radiant and the observed meteor count rate

The tendency towards a decreasing sporadic meteor activare compared to demonstrate this effect. There is obviously
ity in December 2010 is also supported by Na-Lidar mea-a clear dependence between the elevation of the source ra-
surements conducted at the Alomar observatory approxidiant above the horizon and the observed meteor activity.
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exaggerating and tends to overestimate the flux caused by the
Geminids.
0 T T The validity of the equation is checked by comparing the
4 5 6 30 min meteor count rate with the effective collecting area
December 2010 using the elevation of the Geminid source radiant above the
: , , . horizon for each time interval. To evaluate the effective col-
Fig. 9. Comparison of effective radar collecting area and observed . . . .
meteor count rate for the Juliusruh MR. The x-tickmarks indicate IeC_tlng area equation and its properties, we fpcused on_ the
00:00 UTC for each day. Juliusruh MR to demonstrate how the effective collecting
area changes with time.
Figure 9 compares both quantities. The effective collect-

The reason for this diurnal pattern at Andenes is given by thd"d area as well as the meteor activity have two prominent

dependence of the variation of the effective radar collecting™inima in the time series. The meteor count rate was com-
area during the day. puted using a 4-h running window shifted by 30 min. We also

First estimates of the effective radar collecting area gc,tried to estimate the meteor count rate using shorter time win-
back toKaiser (1960. In principle the effective radar col- dows of 1 h and 2h, but it turned out that the data becomes

lecting area is described by a vertical trail length and the lingl©0 “Noisy” to still perform this comparison. The effective

integral of the echo line weighted with the antenna gain pat-cOllecting area was computed always for the center time of
tern. each period, which explains some of the observable differ-

ences. However, the minimum that occurs every day around
12:00 UT is related to the time when the Geminid source
radiant is below the horizon or has only a very low eleva-
tion angle. The second minimum corresponds to times when
Here x is the zenith angleH is the vertical trail length  the source radiant reaches its highest elevation angle, which
(Fleming et al, 1993 Brown and Jonesl995 Brown et al, is during the early morning hours UT. However, the meteor
1998, G is the antenna gair, is the cumulative mass in- count rate and the effective meteor collecting area are in rea-
dex andd! is an infinitesimal short piece along the echo line. sonable agreement and both show a similar behavior, which
Assuming a cumulative mass indexsof 2 (Blaauw et al. demonstrates that it is possible to relate variations of the ob-
20113, a model for the vertical trail lengthl (s) (Fleming served meteor count rate with a variation of the effective me-
etal, 1993 Brown et al, 1998 and solving the equation nu- teor collecting area.

merically leads to an estimate of the effective radar collecting Finally, an attempt is made to derive absolute meteor
area for a given meteor radiant with a zenith distapc€on-  fluxes using the computed effective radar collecting area. To
sidering the empirical equation Brown et al.(1998 results  avoid any difficulties with singularities due to an effective
in a vertical trail length of approximately 4.8 km assuming collecting area close to zero only a daily mean area is consid-
s = 2. In fact, the Geminids tend to have a cumulative massered, ignoring any times where the Geminid source radiant is
index smaller than the sporadic meteor populationsfl1.7 below or close to the horizon. In Fig0the absolute meteor
(Blaauw et al.20118, which could lead to an approximately fluxes for the Andenes and Juliusruh MR are shown. Both
two times larger effective collecting area integrating over all radars observe the same meteor flux, which reaches a peak in-
possible elevation angles. The assumption ef2 is for the  tensity of 2.5 meteors knt d after subtraction of the baseline
comparison with the sporadic meteor population a bit moreactivity due to the sporadics. However, the contamination due
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to sporadic meteors is taken from the meteor count rate andheteoroids, but requires assuming a mean impact velocity
is already subtracted. Another important error source is theof particles. The curve frorRietmeijer(2000 has its origin
variation of the cumulative mass indexwhich has a direct  from meteorites collected on earth’s surface, which likely did
impact on the effective collecting area. The error bar shownundergo some ablatiofCeplecha et al(1998 inferred the

at 12 December is representative for the analysis and botimeteor influx using various methods. The difficulty in com-
radars and was computed by an variation @f the compu-  paring all these curves is how the meteors ablate and how
tation of the effective collecting area. Due to the unknown much meteoric material is ablated. It is rather complex to es-
uncertainty of the vertical trail length, this error was not in- timate the upper atmospheric properties (e.g. mass) of a me-
cluded in the computation of the error bar. teorite and requires some assumption of the ablation process.

The absolute meteor flux including all meteors during the The mass range covered by the MR observations are
time interval reached a value of 6 meteorsiéd at both  hardly accessible by other methods. In addition, the radar
radar locations. This means that 40 % of the observed memeasurements provide a direct insight into the meteor ab-
teors originated from the Geminid meteor shower. However Jation physics, which is a key element to understand the me-
one essential point deriving absolute meteor fluxes is to esteoric mass deposit in the MLT or to estimate the upper at-
timate the particle size range of the observed particles. Thisnospheric meteoroid properties. One issue that is not com-
particle size range was determined by applying the method apletely solved yet is the ionization efficiencyohes 1997,
described irStober et al(2011) using a single body meteor which relates the amount of ablated meteoric matter to the
ablation model. In a first step the meteoroid mass is inferrechumber of electrons/ions in the meteor trail or plasma around
at the specular point by solving the equations of single bodya meteor head echo.
meteor ablation using all the measured parameters (e.g. elec- Apart from the absolute meteor flux estimates of the Gem-
tron line density, altitude, entry angle, velocity). By solving inid meteor stream, we also compared the sporadic meteor
the model equations we compute the meteoroid deceleratiorgount rate, the sounding rocket measurements of negatively
the meteoroid surface temperature and the meteoroid particleharged meteoric smoke particlé&pp et al.2012 and Na-
mass at this stage of its flight path. The upper atmosphericolumn density observation®ynker et al. 2013. Dunker
properties of the meteors are inferred by performing a back-et al.(2013 showed that the weak trend of a decreasing spo-
ward integration. The Geminid upper atmospheric meteoroidradic meteor activity seen by the MR is at least in qualitative
mass was in the range 06&10-3-10° g at both radar sites. agreement with a decreasing Na-column density in Decem-
The 10°° g represents the lower mass limit to be detected byber 2010 and a decrease of the MSPs charge column density
the system for Geminid entry velocity. comparing the three sounding rocket flights.

Estimating the meteor flux and referring this flux to the  According toDunker et al(2013, the Na-column density
complete Earth surface as reference area allows comparingan be used to infer the total meteoric mass input, which is
the results with the mass input functions@éplecha et al.  mainly given by particles in the mass range between®10
(1998 andRietmeijer(2000. The estimated MR meteor flux 10~*g. Further,Rapp et al.(2012 showed that the MSP
for particles with mass: = 1-* g reaches an almost one or- properties are rather determined by the sporadic meteor flux
der of magnitude higher mass flux than the predictio@ef inthese particle size range than by meteors in the mass range
plecha et al(1998, but remains still 2 orders of magnitude of 10-4-10-3g. In so far it is interesting that the sporadic
smaller than the mass flux froRietmeijer(2000 or Love meteor activity observed by the MR indicates this reasonable
and Brownleg1993. The MR indicates at least for the in- qualitative agreement to the Na-column density and MSP
vestigated mass range that the curv€eplecha et a{1999 measurements, which are related to the total meteoric mass
tends to under estimate the meteoric mass input at this spénflux.
cific particle size. However, the estimated MR fluxes are still  This further indicates that, at least in this comparison, the
below the meteoric mass input that can be inferred for thisGeminid meteor shower can be ruled out to be of significant
particle size range using the curveRittmeijer(2000. Con- relevance for the MSP properties or to deposit a significant
sidering an even smaller mass distribution index ef 1.7 amount of meteoric material in the MLT region. However, as
(Blaauw et al.2011h for the Geminids would even further suggested byon Zahn(2005 there is a need to measure the
decrease the observed meteor flux by a factor of 2 to smallemeteor influx for particles in the size range between®0
values, which still could not explain the orders of magnitude 10~ g, which should be possible by observing meteor head
difference to the reference curves. echoes.

To understand the differences between these meteor flux
estimates, one has to consider the different methods how
these fluxes are derived. The most useful quantification o4 Meteor head echoes
the meteor influx is to estimate how many meteors exist at
a certain mass range before these meteoroids enter Earth@ver the past decade meteor head echo observations us-
atmosphere and undergo a likely mass loss. The mass inpurng High-Power Large-Aperture HPLA radars have become
from Love and Brownle€1993 is based on such free space a vital field of research (e.gVlathews et al. 2001 Chau
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and Woodman2004 Pellinen-Wannberg2004 Chau et al. = 98
2007 Janches et gl2009 Sparks et a).201Q Kero et al, 96
2011). However, meteor head echo experiments are often g4
conducted as short campaigns and contain usually only afew g2
hours/days of observations, which makes it hard to derive a 0 0.1 02 03 0.4 0.5 0
meteor climatology of the sporadic meteor background or to time /s

investigate rr]neteor Shov(\;ers Iasr:mg Zeveral darl]ys. b Fig. 12. (a)Projection of a meteor head echo in the 2-D plane after
Among the HPLA radars, phased arrays have become 4n interferometric analysigb) Range-time SNR plot of the same

powerful tool to investigate this type of echo due to the inter- jateor head echo.
ferometric capabilities of these systems (Jicarmarca, PFISR,
MU radar), which permits the determination of the meteoroid
trajectory within the beam volume (e@hau and Woodman  ground noise level for all height gates and the complete raw
2004 Sparks et a)201Q Kero et al, 2017). The meteor head data sample (one raw data sample contained 12 s) was deter-
echo results presented from here on are based on MAARSYnined. On the basis of this background power level a SNR
measurements using 8 receiver channels. One channel waslue for each raw data point was computed. This SNR time
assigned to record the signal of the complete available arrageries was than searched for enhanced SNR areas to detect
and is used to detect head echo signatures. The remainingrobable head echoes. If a likely head echo was found a sim-
seven channels were connected to sub-arrays each of whidlar procedure was applied to the receiver channels 2—8 and
consisted of 49 antennas. The receiver configuration is showan interferometric analysis was performed.
in Fig. 11. The phase difference between the phase matched In Fig. 12a an example of a detected head echo is shown.
cables was approximately {Latteck et al.20128. The red lines in this panel denote minima of the antenna ra-
The MAARSY meteor head echo experiment was con-diation patternl(atteck et al.2012h. The green lines repre-
ducted continuously, but interleaved with several other expersent ambiguity areas due to the given baseline length of 28 m.
iments monitoring atmospheric winds and polar mesospheridhese ambiguity areas are computed in analog$parks
winter echoes. This led to an total observation time of 28 h,et al. (2010. The trajectory of the head echo started right
which were distributed in such a way that it is still possible in the center of the main beam and moved outwards, dis-
to measure the daily pattern of the meteor activity as well asappeared and showed up again in the first side lobe. The
to cover the complete period of the Geminid activity. color code indicates the altitude of the meteoroid according
For the analysis of the meteor head data an automated softe the interferometric analysis. In this case it is easy to re-
ware tool was developed. In a first step the cosmic back-smove the phase ambiguity by simply unwrapping the signal
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Fig. 13. Top: MAARSY radiant intensity plot normalized to Gem-
inid source radiant. Bottom: head echo radiant distribution with

. Fig. 14. Top: Meteor head echo velocity histograms for the meteor
color coded velocity. 9 p ty 9

head echo and specular meteor observations. Bottom: Altitude ver-
sus velocity distribution during the ECOMA sounding rocket cam-
paign.
considering the range where the head echo occurred. The
SNR plot (Fig.12b) also indicates the minimum of the ra-
diation pattern. The head echo SNR decreases between 0.2&st to the MR radiant activity maps there is a second pro-
and 0.38 s and appears again in the side lobe. However, thermunced activity region mainly caused by the sporadic me-
are only a few events that occur both in the main beam andeor background. In particular, the north apex source seems
in the side lobe. to provide a significant contribution to the observed sporadic
Further, we computed the errors of the interferometric meteors. The main reason for this difference of the radiant ac-
analysis for each meteor. We only accepted meteor heatlvity maps is given by the observed velocities (see E#).
echoes with a vector velocity error smaller tha kms 1, The bottom panel shows the source radiant for each head
which was achieved in 99.7 % of all analyzed meteor eventsecho. The absolute value of the vector velocity is given as
91 % of all azimuth angles and 97 % of all elevation anglescolor code. The Geminid source radiant is highlighted by a
were determined with an accuracy better thanthe largest  black circle. Inside the black circle almost all meteors show
error we found in the analysis was.However, typically the  velocities close 35 kmg.,
vector velocity was determined to better than 1 krhand To separate potential Geminid meteor head echoes from
the average angular error was smaller thamloth angles. the sporadic meteor background, we considered all mete-
The accuracy of the head echo trajectories are good enougbrs within 10 in right ascension and°5n declination of
to separate Geminid meteors from the sporadic backgrounthe Geminid source radiant and a vector velocity between
due to their entry velocity and source radiant with a better30—40 km s as Geminid meteoroids. By applying this filter
precision than for the MR. we were able to identify 118 Geminid meteoroids during the
The complete period was analyzed using an automatedomplete sounding rocket campaign period. Compared to the
routine. In total 1560 meteor head echoes were found. Fospecular radars the ratio between sporadic meteors and Gem-
all of these head echoes it was possible to measure a radialid meteors has significantly decreased. However, there are
velocity and to determine a reliable trajectory as well as thebiases related to the head echo observations such as the mass-
vector velocity. In Figl3two source radiant maps of all head velocity selection effectGlose et al.2006 and the altitude
echoes are shown. The top panel indicates an arbitrary ineut-off (Westman et al.2004). The presented results permit
tensity similar to the radiant maps derived from the MR at deriving a tendency about the cumulative mass index. Our
Andenes. A common feature of head echo and MR radiantmeasurements of the Geminid meteor shower support that the
maps is that the Geminid source radiant is still dominating.stream contains more mass in the larger particles (specular
The source radiant of the Geminids was determined to have aeteors) than in the smaller meteoroids (head echoes). This
right ascension o = 1125° and a declination of = 32.5° is consistent wittBlaauw et al (20118 and implies a cumu-
for the peak activity period (reference epoch J2000). In condative mass index smaller than= 2. Based on the present
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analysis it is not yet possible to quantify the valuesaind origin of this altitude difference is likely caused by the dif-
to derive a robust estimate of the cumulative mass index covferent particle sizes of the observed meteoroids, but also con-
ering the mass range fromx310-3-10~7 g. This requires tains effects caused by the radar method. In particular, above
a more detailed analysis and to determine the mass/size dfo0 km the decay of the meteor trails becomes so fast that
meteor head echoes. these meteors are hardly detected by specular radars. The plot
There are several unsolved difficulties that have to be takeshows a clear tendency that faster meteors burn up at higher
into account before one gets reliable meteor head echo masdtitudes than slower meteors. Further, it is evident that the
estimates. In particular, the meteor trajectory through thebulk of the head echoes is detected at altitudes between 95—
radar volume has to be determined with the highest possibld10 km. The Geminid meteor shower is still seen in this plot
accuracy to avoid errors estimating the RCS and deceleratioas a dense area around 35 kn.sAll potential Geminid me-
of the meteoroid, which will directly lead to huge uncertain- teors are indicated as blue (specular) and cyan (head echoes)
ties of the scattering or dynamical meteor ma@o$e et al. dots. Similar to the specular observations one can identify
2006. Measuring all of these meteoroid quantities permitsthe deceleration of the meteors with the altitude. Obviously,
solving the equations of single body meteor ablation modelthe difference between the peak structures of the Geminid
and computing much more realistic upper atmospheric metein the velocity histograms is created by the difference of the
oroid properties similar to the method givenStober et al.  detection altitude.
(2011. There is also a relevant group of objects showing veloc-
In Fig. 14 a comparison of the measured velocity distri- ities below 11.1kms!, which is the escape velocity from
butions is shown. Both distributions are normalized to ac-Earth’s gravitational field. These objects are likely related to
count for the different number of events. The red columnsspace debris or already decelerated meteors. The reason for
represent the velocity distribution of the head echoes and théhe slightly increased altitudes compared to the meteor pop-
black columns belong to the Andenes MR. The red histogranulation faster than 11.1 knt$ is not yet understood.
bars are shifted by 0.5 knt$ to higher velocities to avoid an Taking this altitude difference into account leads to an
overlapping of both histogram data sets. The red histograneven better agreement of the velocity measurements for both
clearly shows a double peak structure. There is a rather broadbservation techniques. In particular, the effect of stronger
peak around 60 knTg, which belongs to the sporadic me- deceleration the deeper the meteoroid penetrates into the at-
teor background. These fast meteors mainly have their origimosphere is visible comparing the specular and head echo
in the north apex source and revolve around the Sun on retebservations. However, from simulations it is known that the
rograde orbits. The second peak at 35 krhbelongs to the  deceleration remains small until the meteoroid comes close
Geminid meteor shower. to its complete vaporizatiorPgllinen-Wannberg et aR004)
Comparing the specular meteor (black bars) with the me-termination of flight path).
teor head (red bars) observations indicates the well-known The major difference between the specular and head echo
effect that the systems seem to observe different parts ofmeteor observations concerning the Geminids is the relative
the total meteor population. However, one should keep incontribution of the stream meteors to the total observed me-
mind that the specular velocity distribution is biased to goodteor flux. The relative number of Geminid meteors is about
signal-to-noise-ratio leading to an under-representation of7 % of all detected particles with MAARSY, which is signif-
fast meteors* 40 kms1). It is much harder to resolve the icantly less than for the MR reaching a relative contribution
fast Fresnel oscillations of the faster meteors with the em-of about 40 %.
ployed effective PRF. On the other side are the head echo
measurements biased due to a cut off altitude given by the
required plasma density to observe the head ed¥es{man 5 Conclusions
et al, 2004 Pellinen-Wannberg et al2004. The efficiency
of the plasma production depends on velocity and massPuring the ECOMA sounding rocket campaign, radar mea-
which makes it harder for meteoroids traveling at “slower” surements to monitor the Geminid meteor shower were
velocities « 30 kms™1) to reach the critical plasma density performed. Therefore, two MR at polar and mid-latitudes

to be detected by the HPLA. were used. The MR observations were supplemented by
Concerning the Geminid meteor shower both velocity his-MAARSY head echo measurements.
tograms show a peak around 35kmtsIn particular the The continuous specular radar observations provide an

peak positions are within 1 knt$ and hence are in reason- ideal tool to analyze the apparent radiant motion of the Gem-
ably good agreement. A closer look at the Geminid peak arinid meteor shower over a period of almost two weeks. The
eas show a shift between both measurements. This offset igccuracy of the measured radiant position indicates only a
explainable considering the altitude of observation of bothsmall offset between the Juliusruh and Andenes MR. Com-
techniques. An altitude vs. velocity plot is shown in Fig. paring these radiant positions to those of the IMO, indicates
(bottom panel). This plot indicates that there is a systematia tendency of the MR to°lhigher declination angles at the

10 km altitude difference between both radar methods. Théeginning of the shower. The radiant position of meteor head
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echo observations is somewhere in between the IMO referties. This is explained by the different detection altitudes and
ence and the MR. the stronger deceleration of the particles the deeper they pen-
The MR velocity measurement shows for Andenes andetrate into the atmosphere. This is also confirmed by com-
Juliusruh a clear peak structure around 35khand a one  paring the altitude distribution between both techniques. A
sigma width of£3 km s~ for times with a significant Gem-  scatter plot of the velocity vs. altitude shows a denser area
inid meteor activity (10 to 14 December). The shape ofaround 35kms! belonging to the Geminid shower. In the
the histogram combined with the altitude distribution of the overlap region between the head echo and the MR data both
Geminids shows a stronger deceleration of the shower metaneasurements are in excellent agreement.
ors the deeper they are penetrating into the atmosphere. This The head echo results presented in this work are initial
deceleration has to be taken into account before one can dend further efforts are required to estimate the corresponding
termine a reliable “top of the atmosphere” velocity of the me- meteor fluxes, the daily variation of the meteor activity and to
teoroids. The deceleration with altitude also explains why theimprove our automated routine to detect meteor head echoes.
distribution of the Geminid peak in the velocity histogram is  The comparison of the MSP sounding rocket measure-
slightly asymmetric and tends to slower velocities. ments and the Na-column density observations demonstrate
On the basis of the radiant activity maps and the trackedhe potential of meteor radars to infer the total meteoric mass
radiant position of the Geminid meteor shower, we tried todeposit at the MLT. The reasonable agreement should be used
estimate the contribution of this stream to the complete meto constrain the meteoric mass input for the observed particle
teor flux in the observed size/mass range. Therefore, all mesizes. In particular, the specular and head echo observations
teors with a likely source radiant close to the Geminids wereshould be combined to derive a reliable cumulative mass in-
filtered. The contamination due to sporadics and ambigu-dex for the sporadic meteor population covering the particle
ity effects introduced by the statistical method are estimatedsize range from about 16-10-2g.
by monitoring times before and after the shower. The rel-
ative contribution indicates a small difference between An-
denes (almost 50 %) and Juluisruh (almost 44 %), which isAcknowledgementsThe support of the Andgya Rocket Range is
mainly caused by geometrical effects. At Juliusruh the Gemi-acknowledged. We thank Freddy Galindo for his valuable discus-
nid source radiant drops below the horizon, while at Andenessions about the interferometric anzilysis of the meteor heaq echo
it remains above for the complete day. d_ata. The authors also thank Takuji _Nakamur_a for helpful discus-
Using Kaiser's theoryKaiser, 1960) to estimate the effec- sions about meteor head echo gxpenment_s Wlth_ MU ra_da_r. The au-
. - . ., thors want to thank the two reviewers for investing their time and
tive coIIgctmg area for both specular radar locations perrr_msthe valuable discussion improving this manuscript.
computing absolute meteor fluxes for the observed particle  Gyest Editor U.-P. Hoppe thanks M. Tsutsumi and one anony-
size/mass range. The mean daily meteor fluxes do not show,ous referee for their help in evaluating this paper.
any significant difference between the two radar locations.
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