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Abstract. During the flight of a meteoroid through the neu- tilucent clouds and polar mesospheric summer echivkapf

tral atmosphere, the high kinetic energy is sufficient to ion-and Thomas2006, which are useful tracers for the dynam-
ize the meteoric constituents. Radar echoes coming fronical properties and climate trends in the mesosphRepp
plasma irregularities surrounding the meteoroids are callecind Liibken2004. For a better understanding of these phe-
meteor-head echoes, and can be detected by HPLA radar sysemena, it is essential to quantify the meteoric mass input.
tems. Measurements of these echoes were conducted witFhis quantification varies strongly with different measure-
MAARSY (Middle Atmosphere Alomar Radar System) in ment methods (5—-270 ton per day) (€Cgplecha et al1998
December 2010. The interferometric capabilities of the radaiLove and Brownleg1993 Nesvorny et al.201Q Mathews
system permit the determination of the meteor trajectorieset al, 2007) and is therefore not well understood.

within the radar beam with high accuracy. The received data In recent years the detection of meteor-head echoes with
are used to gain information about entry velocities, sourcehigh power and larger aperture (HPLA) radars gained more
radiants, observation heights and other meteoroid parameand more acceptance (eSato et al.200Q Close and Hunt
ters. Our preliminary results indicate that the majority of 2000 Chau and Woodmar2004 Pellinen-Wannberg et al.
meteors have masses betweenm0and 103kg and the 2004 Chau and Galindo2008 Sparks et a).201Q Kero
mean masses of the sporadic meteors and Gemenids meteasal, 2011). This technique uses the fact that the ablation
are~10-8kg. process forms a detectable plasma around the meteoroid. The

Keywords. Atmospheric Composition and Structure (Mid- backscgttered si.gnal is called the meteor-heac_j ec ho. The. use
of multiple receiver systems offers the possibility to gain

dle Atmosphere — Composition and Chemistry) — Interplan- . ) )
P P Y) P much more information from a single meteor evestiober

etary Physics (Interplanetary Dust) — lonosphere (lon Chem- .
iStryyandyComE)ositign) g : P ( et al. (2013 shows an overview of meteor-head echo mea-

surements with the new radar system MAARSY in compatri-

son with measurements of a standard meteor radar during the

ECOMA campaign on the Geminids in 2010. In this paper

1 Introduction we present a more detailed description of the used meteor-
head echo experiment and the data analysis process. The

When meteoroids enter the earth’s atmosphere, they typicallyjetection threshold parameters are slightly different and in
ablate at the altitude range between 70-140 km and have gegggition a calculation of the dynamic mass is involved.

centric velocities of 11-72knTs. The deposited meteoric

material influences the atmospheric physics at the height of

the mesosphere—lower thermosphere (MLT). Through recon2 MAARSY

densation processes of the ablated material, meteoric smoke

particles Megner et al.2006 and metal layers evolve (e.g. The Middle Atmosphere Alomar Radar System (MAARSY)
Hoffner and Friedmanr2004 Rapp and Strelnikoy&009 was installed in 2010 on the Norwegian island Andgya
in the altitude range of 80—105km. Furthermore, these par{69.30' N, 16.04 E). MAARSY is a monostatic HPLA radar,
ticles are considered to be relevant for the formation of noc-consisting of 433 Yagi antennas. The aperture is nearly
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Table 1.Meteor-head echo experimental set-up during the ECOMA
campaign in December 20104dtteck et al. 20128; Pulse Repeti-
tion Frequency (PRF), Inter-Pulse Period (IPP).

Parameter Meteor-head exp.
PRF 700 Hz

Wave form mono

Pulse length 48 us

IPP 1.43ms

Duty cycle 3.36 %

Sampling start range 72.9km
Sampling end range 148.5km
Sampling resolution 900 m

Sampling rate 6 Us
Range gates 85
Number of data points 8192
Time resolution 1.43ms

circular with a diameter of 90m. The fact that every an-
tenna has its own transceiver module makes it very flexible in
phase control and power output. The operational frequencyig. 1. MAARSY receiver constellation during the ECOMA cam-
of MAARSY is 53.5 MHz; most of the important technical paign.

details and first results are shown inafteck et al. 201Q

2012 ). The experimental set-up for the measurement durs, . o0 r6ximation and is done in accordance Wattentic
ing the ECOMA campaign in 2010 is listed in Taldle bp

The receiver separation for the interferometric analysis is:et al.(1997 andLau et al.(2009. Forn receiver constella-

shown in Fig.1. Receiver Rx1 contains the combined s:ignalstlons the following matrix equation is obtained:

of all antenna subgroups Rx2—Rx8 and has therefore the besy 1 o dicos(y1) disin(y1)
signal-to-noise ratio. One colour coded subgroup in Eig. == : : (‘égs("‘)(;?fﬂ)), 1)
contains 49 antennas and is hereafter called “anemone”. The, ¢, A dyy COS) dyy SIN(y) M

w

distance {) between the outer anemones Rx2—Rx7 and theT

. . M
inner anemone Rx8 is 28 m.

with the phase difference vectaob], the radar geometry ma-
trix (M) and the angle vectoru), which contains the az-
3 Interferometric Analysis imuth and elevation angles(«). M consists of the radar
] ] ] ) wavelength ) and the distances/] and polar anglesy)
The first step in the meteor-head echo analysis requires thgenyeen the correlated receivers. In this analysis all receiver

search for potential meteor-head echo events. Therefore thg; mbinations with the inner anemone Rx8 are usa=(
signal-to-noise ratio (SNR) of a full measurement section Of[CDs_z. .. dg_7])

8192 IPPs (11.7 s) of receiver Rx1 is calculated. Although

all sampling points of an event with a SNR7 dB were

used for further calculations, only events with a threshold of ® =M - w. 2

SNRyres > 10 dB where selected. The second filtering mech-p e\ riting Eq. @) by using a least square solution of the over-

anism includes a range-time fit of the detected events, whic etermined system obtains the angle veator

provides the radial velocity;ag. This parameter allows us to

distinguish between meteor-head echoes and likely meteoj, _ (w1> =M™M)"MT®. 3)

trails. While meteor trails stay on a constant range level, most w2

meteor-head echoes approach the radar over time. As a COR¢ getection anglegs(«) are given by

sequence, events slower thad km s 1 were rejected. One

example for a typical meteor-head echo is shown in Eig. —tan! (ﬂ) ’ (4)
The next step is the interferometric analysis of the meteor- w1

head echo. A cross correlation between the signals of dif-

ferent receivers provides the phase differences and therefore 1 1

information about the position of the echo within the radar ® = €0S (@) ®)

beam. The calculation of the target position involves a plane
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) . Fig. 3. Measured phase differences between receiver Rx8 and the
Fig. 2. Example of a typical meteor-head echo, Fiyb are related oy ierior receiver Rx2 and Rx4.

to the same echo.

o)

[RAT242.3° 100

An averaging over all range gates and four successive DEC: 25/6°
pulses was performed to improve the accuracy of the posi- | Velogfty: 43.1kmls 99
tion, especially for weak signals. FiguBeshows the phase 4|Ajitude: 1002 - 9 98
differences of the meteor event in Fig between the inner
receiver Rx8 and the two exterior receivers Rx2 and Rx4. 197
Figure 4 visualizes the trajectory with a colour coded alti- x
tude of the event. The red circles indicate minima of the radi- .o F 196 8
ation pattern, while the green hexagon shows the ambiguity 2
area due to phase jumps. The hexagon structure is a result of -2 195 <
the geometrical arrangement of the receiver anemones. There 04
are always two interferometric baselines with different signs  —4[
(e.g. Rx8-Rx4 and Rx8—Rx7), which generate the same two 93
opposing ambiguity lines of the hexagon. To avoid jumps in I
the meteor trajectory near the ambiguity lines, a phase un- 92

wrapping was performed. -5 0. 5
Every space coordinate y andz is fitted separately over O,/
t'me and reveals th_e velocity components Uy, andv.. The Fig. 4. Trajectory of the meteor in zenith distance angh (vith
azimuth ), ?levat'on ¢) and vector velocity ) of the colour coded altitude, right ascension (RA), declination (DEC) ve-
meteor-head is given by locity and begin/end altitude parameters are located in the left cor-
ner.
0= T_ arctar(v—y>, (6)
2 Uy
error of less than 3 The velocity standard error is for over
87 % of the detected meteors less than 3 ki &vents with
) ) standard errors greater thahib direction or 5kms? in ve-
’ locity were neglected.
The deceleration of the meteor-head echo is calculated

performing a pulse-to-pulse phase correlation (€ltau and
Woodman 2004 Kero et al, 2012 of the signal of receiver

Y= arctar(sin(w)k
v

X

V= v%—l—v%—i—vzz. (8) 4 ) - :
Rx1, which provides the radial velocity
. . . do A
The standard error for the fitted trajectories depends orny = vy 9)
TT

the SNR, number of independent samples and the geometry
of the flight, therefore the accuracy of the meteor-head trawhere db is the phase difference of the pulses and the time
jectories differ. For over 79 % of the trajectories presentedstep d (dt =1PP). With the knowledge of the meteor tra-

here, the azimuth angle (83 % in elevation) has a standargectory the apparent deceleration can be corrected for the

www.ann-geophys.net/31/1843/2013/ Ann. Geophys., 31, 184351, 2013
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Fig. 5. Deceleration of the meteor-head echgip is the velocity

calculated due to phase differences of different pulses; subtracted is
the.theoretlcal yelomty changetﬁ? due to thezqeometrlgal .cc.Jntrl- The noise temperature is strongly radar and direction de-
?h“t'?)” (gef_’me“f'iﬁ' accelz:reglo(;q.llsl.gfa krglg_ ): gg_:ecatnt#ne. fg atf " pendent. To get the absolute sky noise temperature at differ-
© (.egmnmg 0_ 1€ even (0-0.18s); red line: fit at the end o €ent times, a convolution of the MAARSY antenna gain pat-
event; black line: fit of the whole event. . . . .
tern with a cosmic sky model is useti(Oliveira-Costa et al.
2008 Stober et al.2011h Renkwitz et al. 2012. Figure6
geometrical contribution. At the end the absolute velocity SNOWS the SNR, the antenna gain and the RCS of the meteor-
shift of the meteor is reproduced. An averaging of four head echo at different time §teps. The meteor-head echo ex-
time steps is performed. Figuteshows the velocity shift @mPle shows a constant slight decrease of the RCS after a
for our chosen example. The curve exhibits a clear knee afi'St Small peak during the flight through the radar beam. It
0.18's, where the deceleration enhances by 19KmEhis has to be mentioned that two effects negatively influence the
enhancement in the deceleration might be a result of a stronf§fCS calculation. The first one is a consequence of the polar-

mass loss due to a fragmentation of the meteoroid or a chang&€d antenna system and the occurrence of Faraday rotation
of the ablation regime. The occurrence of fragmentation or{Chau et al.2013. During the propagation through the ion-

differential ablation during the heating process is also con-2€d atmosphere, the transmitted polarized radio wave can

sidered by other authors (e@ampbell-Brown and Koschpy be rotated out of the detection plane of the antenna system,
2004 Janches et 312009. which reduces the received SNR of the meteor-head echo

A further step in the analysis algorithm is the determi- (Elford and Taylor 1997). The Faraday rotation especially

nation of the radar cross section (RCS) of the meteor-headfluénces the measurement of higher meteors. The second
by using the radar equation for hard targets (Baggaley problem lies in the ambiguity limitations of the radar system.

2002 Kero et al, 2008 Strong meteor events in the first or second side lobes are in-
trinsically projected in the ambiguity area of the main beam.

(47)3r* Pr This space offset has a small influence on the trajectory pa-

RCS= 20,002 (10)  rameters, but leads to an underestimation of the RCS and an

incorrect calculation of the deceleration.

with r the range of the meteor-head ecticthe antenna gain

at the meteor position (zenith distance angles andy di-

rection®, ,), » the radar wave length an@ the transmit- 4 Results

ted power of the radar. The antenna gain is calculated with a

numerical e|ectromagnetic code (N EC) which revealed goodTO Categorise the detected meteors, it is efficient to transform
experimenta| results in a passive scan mmWn:z et aL_ the horizontal Coordinate@(ﬁ) into e”|pt|Ca| heliocentric
2012 2013. Pg is the received power which is calculated coordinatesJones and Browrl993. In Fig. 7 a normalized
from the SNR, the Boltzmann constaaf, the bandwidthys meteor radiant density map is shown. The darkest red spot

and the noise temperatufg (208 Long., 12 Lat. in Fig. 7) corresponds to the Gemi-
nid meteor shower, which was active during most of the ex-
PR = SNR- Thkg f. (12) periment. Only about 5% of the detected meteors belong to

the Geminid shower, but these meteors originate from a nar-
row spot on the sky. As is expected from HPLA meteor-head

Ann. Geophys., 31, 18431851, 2013 www.ann-geophys.net/31/1843/2013/
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with colour coded velocity. =
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a 5 "?
echo observations (e.danches et gl.2003 Chau et al. 3_30“«\ 1..00:%
2007 Kero et al, 2008a Pifko et al, 2013, most of the 0.75 =
meteors are related to the fastest group of sporadic meteors. 0.50 »
The North Apex source is widely spread in the centre of the 8(2)8 ‘_g
map. The Antihelion and Northern Toroidal sporadic sources ' <g(’

(20 Long., O Lat. and 270 Long., 60 Lat. in Fig.7) are

represented very weakly in the measurements. Fig. 10. MAARSY's time integrated angular sensitivity for the ob-
In Figs. 8 and 9 the velocity d'St”bUt'O_n 1S ShOWh.'It servation time during the ECOMA Geminid campaign in accor-
spreads over the whole spectrum of possible meteoroid vegance withChau et al(2007).

locities. In the map of Fig8 the fast meteors are located

in the apex direction, which corresponds to the peak at

60kmst in the velocity histogram of Fig9. The sec- meteor-head and offered good results in the comparison of
ond peak at 35kmg is a result of the two other sporadic symmetrical sources (i.e. Helion and Anti Helion). The an-
sources, which in contrast to the meteor-head echo measurgular sensitivity function for MAARSY during the ECOMA
ments of several HPLA radars that also see the peak in theampaign is plotted in FiglO and is in a good agreement
low velocity regime: Jicamarc&Zhau and Woodmai2004), with the map in Fig.7. Only the three observed sporadic
MU radar Kero et al, 2011, ALTAIR (Close et al.2007) — sources (North Toroidal, Anti Helion, North Apex) lie within
the part of slower meteors in this measurement is proportionthe detectable regime during the campaign. The fact that the
ally higher. Probably the deviations can be explained by theSouth Apex is located outside of the detectable area and the
different radar locations and measurement times in connecNorth Apex lies in a more or less insensitive regime, explains
tion with the atmospheric filtering and earth blocking. For the the differences in the velocity distributions in comparison
detection of meteors with HPLA radar systems these effectsvith other radar systems. In agreement with previous meteor-
have been simulated hjanches et a[2006); Fentzke and head observations (e.Ghau et al.2007 Close et al.2007,
Jancheg2008. Chau et al.(2007) chose a time-integrated Kero et al, 2011 Pifko et al, 2013, the Apex source is the
angular sensitivity function to normalize the different spo- dominant sporadic source.

radic meteor sources in the measurements. The angular sen-The altitude distribution of the detected meteor-head
sitivity function simply depends on the elevation angle of the echoes in Figll is spread from 80 to 130 km and has its

www.ann-geophys.net/31/1843/2013/ Ann. Geophys., 31, 184351, 2013
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Fig. 11.Histogram of the mean meteor-head echo altitudes. nids: light blue: sporadic meteors.

350 et al. (2009 found a side lobe detection rate of 15 % for the
300} i HPLA radar PFISR; this demonstrates that the effect should
not be neglected. At the moment for MAARSY no com-
250+ . parable estimation exists, although we expect a lower side
n lobe detection rate. The remaining deceleration distribution
S 200r 1 is plotted in Fig.13 and separated in Geminid shower mete-
% ors (dark blue) and sporadic meteors (light blue). Due to the
s 1507 i large part of fast meteors (Apex source), the sporadic me-
100! | teor distribution includes proportionally more meteors with
00 stronger decelerations. While the light blue histogram con-
50+ i tains meteoroids with different velocities and compositions,
the distribution of the Geminid shower histogram is mainly a
0 result of different meteor masses.
-40 -20 0 20 40 The altitude vs. deceleration plot in Fiy4 shows no clear
Acceleration / km/s” statistical dependance between the two parameters for spo-

Fig. 12. Histogram of the observed meteor accelerations; the Iight.radlc met.eo(l;s, vvlhere_as thghCijemlnld _metelqrsdshowha_ll S“ght
grey part (positive accelerations) is ignored for further calculations.'ncre_as_e in deceleration with decreasing altitude. While t e
Geminid meteors probably have nearly the same physical

properties (e.g. velocity, density and chemical constituents),

maximum around 106 km, which is mainly controlled due to the pr(_)pgrties Of_ sporadic meteors varies substantial between
the measurement frequency and the neutral air density (e. 'nd within the different sporadic sources. Therefore the plot

Westman et al2004 Stober et al.2012). Another aspect is n Fig. 14 underlines the differences between sporadic and
the sensitivity to the sporadic sources in connection with theShower meteors: .
To get an estimation of the detected meteor masses, the

source velocity distributions. Faster meteors appear at higher i "
altitudes, which influences the altitude statistichu et al. mean dece!eratlon%’; and ve_IocmeSU are further useql for
2007. This effect is also shown in the altitude vs. decelera—the calculation of the dynamical meteor masses {daKin-
tion plot in Fig. 14, where the black marks indicate meteors ley, 1961 Sparks et a].2009 Stober et a/.20113
with geocentric velocities greater than 50 kn¥sNote that  dy CwA )
these meteors occur at higher altitudes and mainly belong tqy, — ?pairv :
the Apex source. m=p

Figure 12 shows the calculated mean accelerations of theA is the dimensionless shape factor and is set to 1.21 assum-
detected meteors. The light grey part of the histogram indi-ing a spherical bodyMcKinley, 1961). The detection alti-
cates the part of positive accelerations4d5 %). This part  tudes and small particle sizes lead to the assumption of a free
is neglected in the further calculations/figures and has itflow regime, which is discussed in detail@ampbell-Brown
cause in likely ambiguous side lobe detections or to noisyand Koschny(2004. As a consequence of the free flow
phase shifts and subsequent unwrapping probledigu regime, the drag coefficient,() of the detected meteoroids

(12)

Ann. Geophys., 31, 18431851, 2013 www.ann-geophys.net/31/1843/2013/
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400 80

is set to 1. The air densityp§ij;) at the mean ablation al- f
titudes are taken from the NRLMSISE-00 mod®&iqone
et al, 2002. The particle densityd) is set to 2350 kg m3
for Geminid meteors as a result of the spectral analysis of
the parent body asteroid (3200) Phaethbitdndro et al.
2007 Stober et al.20113. Most of the detected sporadic
meteors have strong elliptical orbits and therefore very likely
a cometary origin with lower densities. Hence the density for ® 100y
sporadic meteors is set to a lower valpe= 1000 kg n 3.

The resulting histogram of the dynamical masses is plotted
in Fig. 15. For the chosen density values the mass histograms -40 -30 -20 -10 0
of the sporadic and Geminid meteors have the same shape RCS /dBsm

and are centred around 1¥kg. This might be an indicator Fia. 16. Hi ¢ RCS: dark blue: Geminids: liaht blue:
for a well-chosen density ratio between the two meteor pop- '9: 10 Histogram of mean RCS; dark blue: Geminids; light blue:
- o sgoradm meteors.
ulations. Furthermore, the radar systems seem to be sensitiv
in the mass region from 18 to 10~ 1%kg and only a small
fraction of the detected events have lower masses. These Iog/ .
Conclusions

masses (smaller than 18 kg) might not be quite realistic

andiare prc_)bably aconsequence of the a;sumptions made IiH December 2010 meteor-head echo measurements were
t_he dy?\a}m'gal I:nassl (Z((q)gatmnallpnﬂt(he ab:at2|gr11 moder: lcalcu'a'conducted with the new MST radar system MAARSY. The
tions ofvondrak et al(2008 andPitko et al.(2013 such low analysis of the radar echoes of over 2900 meteor-heads show

mass meteoroids would not start to ablate or were to small tcE;ood results in the determination of the trajectories. The re-

beFQetec'cleGd.h he hi tth lculated RCSsulting heliocentric ecliptic maps are in agreement with other
Igure16shows the histogram of the calculated mean meteor measurements (edpnes and Brown1993 Chau

o(; th% rT|1eteors. The values "e. Eetweerip and_;fodstm etal, 2007 Kero et al, 2017). Three sporadic sources (North

(hem € Eer square mg}er) c\jN't a maxmlwrg d4 BS”&', Apex, Antihelion, North Toroidal) and the Geminid meteor
The wea est meteors 6f40 dBsm can only be etec.te' N shower could be identified, while the North Apex is the dom-
the middle of the beam, where the highest radar gain is ob-

) i >~ “Inant meteor source in the data set. A known problem in
tained. The decrease of the count rate to higher values is thg, . | o-< rements presented are the appearance of ambigu-
result of the low probability of these big events. For the fu-

. . i . _ous side lobe detections. A meteor with a large RCS can be
ture a more detailed analysis of the RCS in comparison wn%1

w
S
Q
o
o

N
o

radic meteors
Geminids

N
o

h i< ol d. Therefore itis i assed through the side lobe, butincorrectly be projected into
other meteor parameters Is planned. Therefore itis important, ain heam. This has negligible effects on the trajectory

to re_duce the error of side lobe detections by adding Sma”e[)arameters (e.g. entry angle and velocity), but strongly influ-
receiver baselines. ences the RCS and deceleration calculations. In the future the

www.ann-geophys.net/31/1843/2013/ Ann. Geophys., 31, 184351, 2013
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use of further receiver constellations is planned. By addingChau, J. L., Réttger, J., and Rapp, M.: PMSE strength during en-
more baselines with different lengths, the ambiguity area can hanced D region electron densities: Faraday rotation and Absorp-
be extended, which helps us to reduce the ambiguity prob- tion effects at VHF frequencies, J. Atmos. Solar-Terrest. Phys.,
lem. To avoid the effects of Faraday rotation, MAARSY will ~_ d0i10.1016/}.jastp.2013.06.01& press, 2013.
be upgraded to a circular polarized antenna system. A|S(§:Iose, S. and Hunt,_S. M.: Analysis of Perseid meteqr head echo
planned is the implementation of a Doppler-shifted pulse- data collected using the Advanced R(_esearch Projects Agency
. . . Long-Range Tracking and Instrumentation Radar (ALTAIR), Ra-
coding algorithm to improve the SNR threshold and the range dio Sci. 35. 1233-1240. 2000
resolution (g.gChau a”‘?' Woona|2004 Kero_et al,2012. Close, S.,l Br(;wn, P., Canlwpbell-Brown, M., Oppenheim, M., and
After cutting out obvious side lobe detections and events  cqjestocka, P.: Meteor head echo radar data: Mass-velocity se-
with unphysical acceleration curves (meteors with posi- |ection effects, Icarus, 186, 547-556, 2007.
tive accelerations), the calculation of the dynamical meteorde Oliveira-Costa, A., Tegmark, M., Gaensler, B. M., Jonas, J., Lan-
masses show the detection of meteoroids in the range of decker, T. L., and Reich, P.: A Model of Diffuse Galactic Radio
1071001073 kg. Using a less conservative process could en-  Emission from 10 MHz to 100 GHz, Mon. Not. R. Astron. Soc.,
able the possibility to detect even more events in that regime 338, 247-260, dal0.1111/].1365-2966.2008.133762008.
of the dynamical meteor masses. The detection of largefiford, W. G. and Taylor, A. D.: Measurement of Faraday rotation
masses should also be possible but needs larger observationOf radar m_eteor echoes for the modelling of electron densities in
times due to the smaller probability of those meteor events tlhgegl;)wer ionosphere, J. Atmos. Sol -Terr. Phy., 59, 1021-1024,
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