










Chapter 6 Quasi-continuous meteor head echo survey

Figure 6.1 Density map of the detected meteor head echo radiants for 6 di�erent solar
longitudes. Each map shows the integrated detections over 60° solar longitude. The
white contour lines show the weighted observation times for the di�erent regions in
space. The dashed ellipses in the �rst map mark the region of the observed sporadic
sources. Figure taken from Schult et al. (2017), Fig. 3.

half of the year, up to about 4000 meteors per day at the second half of the year. Also
observed is a large change of the mean ablation heights (97.5 km to 102 km) and the
mean elevation angles (20° to 40°).
The calculation of the masses is done similar to Schult et al. (2013) but due to the

much larger data set (and the more precise measurements) a more detailed overview
is given. Figure 6.2 shows a density plot of the observed mass distribution (x-axis)
with the corresponding relative errors (y-axis). The error does not include assump-
tions on the particle density and shape or on the background density. The fact that
the radar measures in principle only the radial component of the velocity makes the
dynamical mass accuracy highly dependent on the elevation angle and the elevation er-
ror. Furthermore, heavy meteors experience only small deceleration in higher altitudes,
requiring a precise measurement of the deceleration, what is not always achievable with
the desired precision. Therefore all events with masses above 10 milligram have errors
larger than 50% .
By comparing the dynamical masses of the di�erent sporadic sources, it is shown that

the Apex mean detected meteoroid mass is about 10−8.6 kg. The Helion/Antihelion
sources peak at 10−7.7 kg, while the North Toroidal lies in between with 10−7.9 kg.
In the last section of Schult et al. (2017) the MAARSY observations were compared

18



Figure 6.2 Density plot of the relative mass error vs. the dynamical mass. The
horizontal dashed line marks 50% error and the vertical dashed line correspond to
one microgram. The contour line represents the half maximum of the distribution.
Figure taken from Schult et al. (2017), Fig. 10.

with the meteor input function (MIF) developed by Janches et al. (2006); Fentzke and
Janches (2008) and Fentzke et al. (2009). The MIF was a �rst attempt to explain the
observations of di�erent radar systems with a general meteor �ux consisting of the six
sporadic meteor sources. The comparison with other radar systems were done on short
campaigns and often with the lack of interferometric capabilities. The MAARSY data
set is therefore perfect for a comparison since it includes full trajectory information and
covers the whole year cycle. A problem that still remains is the question of which part
of the incoming �ux is observed by the system. Three mainly empirical approaches were
used to correct for elevation, velocity and mass selection e�ects. For the mass selection
an one microgram cut o� was chosen because the count rates decrease signi�cantly
below these mass threshold. Furthermore, for the velocity correction the Jones ion-
ization β-formula (Jones, 1997) was used and the elevation dependence was corrected
with the earlier mentioned ∝ sin(ele)1.5 function. The results are shown in Figure 6.3
a) and b) for di�erent MAARSY data sets. The blue lines represent the MAARSY
observation for di�erent �lters (dotted: only meteors with dynamical masses above
one microgram, dashed: all detections, solid: only events with radiants within the full
width half maxima of the sporadic sources) and the red line shows the MIF prediction.
The observations �t best by comparing only events with dynamical masses above one
microgram. The MAARSY distribution including all detections slightly exceeds the
predicted counts from the MIF. Assuming that the MIF predictions are correct, this
con�rms that a small fraction of the detected dynamical meteoroid masses are below
one microgram. The discrepancies between the slope of the elevation and velocity dis-
tributions in Figure 6.3 can be ascribed to the di�erences in the locations of the meteor
source regions between observation and MIF. While in the MAARSY observations only
41 % of the detections are within the full width half maxima of the six sporadic sources,
the MIF assumes that all meteors originate from one of the six sporadic source regions.
The MIF predicts a mean elevation angle of 40° over the whole year, while the mean

19



Chapter 6 Quasi-continuous meteor head echo survey

of the measurements is about 30°. The velocity distributions have the best agreement
in the high velocity regime (45-70 km/s). Below 45 km/s the MIF underestimates the
observed velocities except for the small peak around 35 km/s. This can be explained
with the fact that in the MIF the Antihelion, Helion and North Toroidal sources have
peak velocities of 35 km/s, while the MAARSY data show a peak velocity of 40 km/s
for the North Toroidal source with a much broader width. The largest relative di�er-
ence in the count rates occurs below ∼25 km/s. Models for the Zodiacal dust cloud
observation indicate that most of the particles should have velocities between 11 to 20
km/s (Nesvorný et al., 2011; Carrillo-Sanchez et al., 2015). In addition, radar obser-
vations have the lowest sensitivity to this part of the meteoroid in�ux due to the low
ionization e�ciency of slow meteors. In general it can be stated that the source regions
of the MIF have to be adjusted and the number of slow meteors has to be increased
to �t the MAARSY observation. Thus it is important to improve the concept of the
radar �ltering by using a radar cross section selection.

(a) Figure taken from Schult et al. (2017), Fig. 14. (b) Figure taken from Schult et al. (2017), Fig. 15.

Figure 6.3 Elevation and velocity distributions as observed with MAARSY and
predicted by the meteor input function.
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Chapter 7 Simultaneous radar and optical
meteor measurements

Summary of :
Brown, P., G. Stober, C. Schult, Z. Krzeminski, W. Cooke and J.L. Chau, Simultane-

ous optical and meteor head echo measurements using the Middle Atmosphere Alomar
Radar System (MAARSY): Data collection and preliminary analysis, Planetary and
Space Science, 141, 25-34, 2017.

Figure 7.1 Meteor event observed simultaneously with a WATEC camera and as a
head echo in the MAARSY data. Figure taken from Brown et al. (2017), Fig. 6 top,
left.

In Brown et al. (2017) the initial results of simultaneous radar-optical meteor ob-
servations are shown. For that purpose the MAARSY head echo measurements (as
shown in Schult et al. (2017)) were accompanied by camera systems located at the
ALOMAR observatory and ∼ 15 km south of MAARSY. At each site one wide �eld
(Watec Ultimate H2,768·508 pixels, 14° · 11° �eld of view) and one narrow �eld (AVT
Prosilica GX1050, 1000·1000 pixels, 6° diameter �eld of view) camera was installed,
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Chapter 7 Simultaneous radar and optical meteor measurements

with limiting meteor magnitudes of about +5 and +7. The cameras were pointed to
overlap in the altitude range of 100 km within the MAARSY main beam, where most
of the MAARSY head echo detections occur. Figure 7.1 shows the trajectory of a si-
multaneous optical-radar event detected in September 2015. The picture displays the
stacked meteor image from the WATEC ALOMAR camera with the interferometric
solution (green dots) of the MAARSY detection. The blue circles indicate the 3dB line
and the �rst minimum of the MAARSY radiation pattern. The �gure shows that the
optical and radar trajectories are parallel with a small positional o�set. These small
o�sets seem to be random and are most likely caused by small phase errors between
the MAARSY receiving channels.
The �rst analysis of 105 head echo- optical events shows a very good agreement in

radiants and velocities with a median deviation of about 1.5° and 0.5km/s. For one
third of the events the deviation in radiants is even less than one degree. The velocity
di�erence between optical and radar observations is shown in the bar plot in Figure
7.2 a). This deviation correlates with the observed initial detection heights, which is
in the case of MAARSY on average 1.3 km higher. Therefore, signi�cant deceleration
took place before the meteors are observed with the cameras. In most cases with earlier
optical detection, the ablation started outside the main beam, where the sensitivity of
MAARSY is orders of magnitude lower.

(a) Observed velocity di�erence between radar
and optics.

(b) Peak radar cross section vs. absolute mag-
nitude at the same heights with color coded
altitude in km.

Figure 7.2 Meteor event observed simultaneously with a WATEC camera and as a
head echo in the MAARSY data. Figures adapted from Brown et al. (2017), Fig. 7
and 9.

During times with suitable weather and daylight conditions, only about two percent
of the MAARSY detections were observed by the narrow �eld camera systems. Using
the limiting meteor magnitude of the narrow �eld camera and the magnitude-speed
relation of Verniani (1973) leads to a mass threshold for MAARSY in the order of
10−9 − 10−10 kg for meteoroid velocities of 30 to 60 km/s.
Figure 7.2 (b) shows the peak radar cross section (RCS) versus the absolute mag-

22



nitude at the same height. The altitude is color coded and the dot size indicates the
observed velocity (larger dots for higher velocities). As expected, it can be seen that
brighter meteors correlate with larger radar cross sections. In addition, it is also shown
that events with similar absolute magnitude have larger radar cross sections for higher
velocities, which can be explained with the strong velocity dependence of the ionization
e�ciency. The scattering in Figure 7.2 b) is in the order of magnitudes (RCS varia-
tion for speci�c absolute magnitudes or vice versa) indicating the complex processes
on ablation (chemistry, fragmentation, di�erential ablation) and the underlying meteor
plasma scattering. A detailed interpretation of this data requires the simulation of the
plasma scattering similar toMarshall and Close (2015) but for the MAARSY frequency
of 53.5 MHz in addition with ablation modeling.
For a signi�cant amount of events, the RCS curves show large oscillations and jumps,

while the light curves show a smooth behavior. It is an open question if this behavior is
caused by fragmentation, resulting in multiple target scattering, or by the di�erential
ablation of various species, which do not show up in the optical data.
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Chapter 8 Meteor head echo shower sur-
vey with MAARSY

Summary of :
Schult, C., P. Brown, P. Pokorny, G. Stober and J. L. Chau, A meteoroid stream

survey using meteor head echo observations from the Middle Atmosphere ALOMAR
Radar System (MAARSY), 2018, submitted manuscript, Icarus

Schult et al. 2018 is a study on meteor showers detected within the MAARSY
meteor head echo data set. In contrast to previous meteor head echo shower obser-
vations, where dedicated measurements were conducted for speci�c and established
meteor showers, the continuous observation with MAARSY o�ers the possibility to
run an independent meteor shower search. Therefore, a 3D wavelet algorithm, which
was so far used for specular meteor data (Galligan, 2000; Brown et al., 2008; Pokorný
et al., 2017), is used to search for local maxima in the ecliptic longitude, latitude and
geocentric velocity space. This is done for every bin in solar longitude. In a second step,
the identi�ed maxima are linked to get an idea of the apparent motion and duration of
the potential showers. This procedures results in a list of potential showers (the list can
be found in the supplementary material of (Schult et al., 2018)), which was afterwards
checked manually. The manual check is necessary because in some cases showers are
not linked successfully due to a low number of meteor detections of the shower or a
large scattering in the radiant position. At the end, 33 showers were identi�ed in the
data set. The list of all identi�ed showers is shown in Table 8.1. Listed is the shower
name (IAU code), the corresponding shower numbers (No.), start, maximum and end
time in solar longitude (λs,λm,λe), the duration, the radiants (αg,δg), radiant drift
(∆αg,∆δg), radiant errors (±∆α,±∆δ), wavelet coe�cient at the maximum (Wcmax),
sigma above the background (σwave) and the geocentric velocity (Vg). Information and
plots of the linked shower numbers can be found in the supplementary material of
Schult et al. (2018). The location of the showers in sun-centered ecliptic coordinates is
shown in Figure 8.1.
In contrast to the shower surveys of specular meteor radar, the number of detected

showers is lower. Brown et al. (2010) reported the detection of 117 meteor showers
with the CMOR system, while Pokorný et al. (2017) found 58 shower in the data of
the southern Argentina radar SAAMER. The discrepancies can partly be explained by
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Figure 8.1 Radiant positions of all showers observed with MAARSY. The geocentric
velocity is color coded and the marker size represents the strength of the shower
above the background. The location of the sporadic meteor sources are marked with
dashed ellipses.

the di�erences in the statistical quantity of the data sets (one million meteors in the
SAAMER data, three million with the CMOR system). Another important aspect is
the geographical latitude of the MAARSY radar. Only the northern part of the celestial
sky is observed with the radar system during the whole year, while the southern part
below ∼ −30° is completely missing (see Figure 3 in Schult et al. (2017)). On the other
side there is also a physical reason for the lower number of meteor showers in the head
echo survey compared to the specular radars. Meteor streams are supposed to be richer
in larger particle (Jenniskens, 2006) since smaller particles are more e�ciently removed
from the stream due to radiation pressure (Burns et al., 1979). The higher sensitivity
of the MAARSY radar (10−9 to 10−10kg (Schult et al., 2017; Brown et al., 2017) in
contrast to 10−7 kg at 30 km/s for CMOR) leads to the detection of smaller particles,
which might already passed to the sporadic background.
Although meteor showers below a geocentric velocity of 27 km/s exist, none of these

showers are visible in the MAARSY data set. Due to the strong decrease in the ion-
ization e�ciency at slow velocities, only larger meteoroids can produce a su�cient
ionization to be detected by the radar system. Furthermore, the small observation
volume of the system makes it less likely to detect a su�cient amount of these larger
objects. In contrast to that, MAARSY seems to be a good tool for the observation of
faster meteor showers. This is also the case for the sporadic meteors, where the fast
Apex sources dominate the observations (e.g., Janches et al., 2006; Chau et al., 2007),
while for specular systems the Helion/Antihelion complex has a stronger relative sig-
nal (e.g., Campbell-Brown and Jones, 2006). Specular radar systems show a reduced
detectability for faster meteors, which typically ablate at higher altitudes, due to the
initial trail radius e�ect.
Figure 8.2 shows the comparison of the observed shower durations between the

MAARSY and the CMOR systems in solar longitudes. In some cases the di�erences
are very large and reach up to several weeks. The largest discrepancies are observed for
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Chapter 8 Meteor head echo shower survey with MAARSY

low velocity showers. Again, this observation underlines the aspect that the systems
observe di�erent parts of the particles within the meteoroid stream.
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Figure 8.2 Comparison of the meteor shower duration as observed with MAARSY
and the specular meteor radar system CMOR.

To get an estimation of the masses of the detected stream meteoroids, the dynamical
masses are calculated using the equations in Schult et al. (2013, 2017). All events
within 3° of the calculated wavelet radiant position (corrected for radiant drift) and 3
km/s in speed are assumed to be shower meteors of the same stream. Furthermore,
only meteors with uncertainties in the dynamical masses of less than 50% are used
(compare Figure 10 in Schult et al. (2017)).
The selected meteors are used to calculate the mass indices of the four strongest

meteor showers in the data set. The mass index s is the exponent of the assumed power
law dN = Cm−sdm with dN , the number of meteoroids with masses between m and
m+ dm and C a normalization constant (Ceplecha et al., 1998). The index s indicates
if the majority of the mass of a population of meteoroids is concentrated in larger or in
smaller particles. Smaller values of s indicate that more mass is accumulated in larger
particles (s = 2 represents an equally distribution of mass). The cumulative mass
index is �tted using the Multi-Nest algorithm described in Pokorný, P. and Brown, P.
G. (2016). For a comparison with the shower mass indices, the mass indices for the
sporadic background (all meteors) and for speci�c velocity regimes (33-38, 40-45 and
63-68 km/s) of the sporadic backgrounds are also examined. For the total data set of
the sporadic background a value for s of -2.07 is obtained, which is similar to the values
of the model of Grün et al. (1985). The values for sporadic velocity bin data are smaller:
-1.701 (33-38 km/s), -1.686 (40-45 km/s) and -1.988 (63-68 km/s). These values are
slightly lower than the values of the showers with similar speeds: Orionids (s = −1.95),
Geminids (s = −1.64), Quadrantids (s = −1.56) and Perseids (s = −1.45). At larger
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sizes the values for shower indices are typically higher (s > 1.6, Blaauw et al. (2011)).
The Orionids are the exception with a very high mass index of -1.95. Kero et al. (2011)
observed a similar mass index for the Orionids of about 2 using the radar cross section
of the shower meteors. The Orionids, as a Halleyid meteor shower, seem to be richer
in smaller particles.
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Chapter 9 Summary and outlook

The observation of meteor head echoes requires HPLA radars, which are very large and
expensive. These HPLA systems are often build to meet various scienti�c goals like
atmospheric phenomena or astronomical sources. Therefore, dedicated and continuous
experiments are rare and often done on a campaign basis for the duration of several
hours or days. In this thesis the �rst and so far unique quasi continuous meteor head
echo observations with the HPLA radar MAARSY for a period of more than two years
are presented.
In Schult et al. (2013) a campaign based meteor head echo experiment during the

time of the Gemenids, within an early stage of the MAARSY radar, was presented. The
observation showed that MAARSY is sensitive enough to detect a su�cient amount (∼
2900) of meteor head echoes. Due to the interferometric capabilities of the radar, three
sporadic sources and the Geminid meteor shower could be identi�ed in the data set.
The limited receiver constellation during this early measurements and the speci�c

head echo experiment mode was still a limiting factor for meteor studies. To overcome
the issue of the limiting observation time, an experiment mode was implemented, al-
lowing the observation of several di�erent mesospheric echoes at the same time. Out of
these data set the meteor head echoes were extracted and a full year meteor climatology
was presented in Schult et al. (2017). The high northern latitude of the radar results
in a strong seasonal behavior of the meteor count rate, varying from 1200 events in the
�rst half of the year to up to 4000 in the second half. Then the Apex sporadic meteor
source dominates the observations. The seasonal e�ect is also visible in the ablation
heights (varying from 97.5 to 102 km) and in the corresponding elevation angles (20° to
30°).
A mass estimation for the detected meteoroids was done by using a dynamical ap-

proach that involves the measured quantities of speed, deceleration and altitude in
combination with assumptions on particle density, particle shape and atmospheric den-
sity. These mass calculation gives a good overview of the observed masses in a statistical
sense, but generally su�ers from large errors, especially for low elevation angles or high
mass events. Due to the di�erent mean velocities of the sporadic sources, MAARSY de-
tects the lowest meteoroid masses in the Apex direction (10−8.6 kg). The mean masses
of the Helion/Antihelion complex is nearly one order of magnitude larger (10−7.7 kg).
The North Toroidal meteoroid masses are in between (10−7.9 kg).
A comparison of the radar measurements with the meteoroid input function devel-

oped by Fentzke and Janches (2008) showed a good agreement in the overall count
rates by �ltering masses below one microgram. The measurements showed that a sig-
ni�cant part of the observed meteors are coming from outside of the sporadic source
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regions (only 40% are within the full width half maxima of the de�ned sources). These
events are so far not included in the MIF. Furthermore, the locations and widths of
the sporadic sources in the MIF need to be adjusted to reproduce the MAARSY ob-
servations. It is shown, that for high latitude meteor observations the low elevation
meteors have the main contribution to the meteoroid in�ux. These low elevation me-
teors were neglected in a previous study of Pifko et al. (2013) to �t the prediction of
the MIF to the MU radar observations. This assumption does not hold in the case of
MAARSY. Another important aspect is the fast decrease in the predicted count rates
for the slowest meteors. In this velocity regime the MIF underestimates the observed
meteoroid �ux.
The quasi continuous head echo observations made it possible to realize the �rst

meteor head echo shower survey. In the past meteor showers where observed with
optical or specular radar systems. Meteor head echo observations where only done
for speci�c known showers and not during the whole shower period. Due to the fact
that HPLA radars are more sensitive than specular meteor radars, smaller particles
within the meteoroid stream can be observed. The detection of the smallest particles
within a meteoroid stream is of great interest, since smaller particles should be removed
e�ciently from the stream due to the radiation pressure of the sun (Burns et al., 1979).
The �rst meteor head echo survey is presented in Schult et al. (2018), where it is
shown that the duration and intensity di�er a lot between head echo and specular
observations. 33 meteor showers were found in the MAARSY data set and only about
1% of the overall detections could be associated with shower meteors. In comparison
to that Brown et al. (2008, 2010) had found 109 meteor showers within the CMOR
observations and about 10% of the detection were associated with shower meteors.
Nevertheless, it is shown that HPLA radar observations are able to detect a large
number of meteor showers with particles masses even below 10−9 kg for the faster
showers. The mass indices for the four most signi�cant showers were calculated. The
indices range from 1.5 to 1.6 for the Geminids, Quadrantids and Perseids, while for
the Orionids a mass index of about 2 was observed. The Orionids, as a Halley-type
meteoroid stream, seems to consist of a signi�cant number of smaller particles. Future
speci�c single shower analysis might o�er the possibility to study the orbital evolution
and separation of the particles within the meteoroid stream since the specular and head
echo systems observe di�erent particle sizes.
The most important and necessary future work will be the improvement of the me-

teoroid mass determination in addition with the estimation of further parameters like
particle density, fragmentation and composition. To address this topic several ideas and
plans are in preparation and already partly realized. An alternative mass estimation
can be done by using the measured radar cross section of the meteor (Close et al., 2004;
Marshall and Close, 2015). Unfortunately, at least dual frequency measurements are
needed to get an idea of the plasma density around the ablating meteoroid. In winter
2016/17 dual frequency measurements with the EISCAT and MAARSY radars were
conducted. For this experiment the EISCAT system (929 MHz, located near Tromsø)
pointed in the observation volume of the standard MAARSY experiment. Hundreds
of common meteor head echoes were detected and a precise analysis with a �nite dif-
ference time domain (FDTD) backscatter model is planned. These observation might
help to re�ne the estimated dynamical masses or it might lead to an empirical function
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for the MAARSY single frequency observations. In addition, combined optical obser-
vations were also realized and a �rst overview is shown in Brown et al. (2017). There it
is shown that the observations �t quiet well by comparing the trajectory parameters.
The relation between the optical count rates and the detection by the radar system
suggests a limiting mass for MAARSY in the order from 10−9 to 10−10 kg for velocities
from 30 to 60 km/s. This estimation yields slightly lower masses than what was used
for the comparison with the meteoroid input function. The comparison of the opti-
cal magnitude and the radar cross section of simultaneous events show brighter events
for larger RCS as it is predicted by scattering theory, but the point scattering is very
high and reaches up to tenth of dB. Also shown in the paper is that for a signi�cant
number of events the RCS curves seem to oscillate, while the light curve has a smooth
behavior. The scattering as well as the di�erences in the light/RCS curves might be
a consequence of fragmentation or di�erential ablation. To get an idea of the physical
processes, producing the strange ablation curves, detailed analysis in combination with
ablation modeling is needed.
In Schult et al. (2015) a single body ablation model was used for the bright meteor

event "Maribo". The �reball was observed with a standard meteor radar, a video cam-
era and by naked eyes. In addition some meteorite fragments were found, which gave
an idea of the chemical composition. In combination with the trajectory information
of the radar observation, the ablation process was simulated for di�erent masses. The
model results yield to an estimation of the initial meteoroid mass of at least 250 kg,
which is three times larger than the previous estimation based on an isotope analysis
of the found fragments. The large parameter space and the fact, that the ablation
simulation is a computational time intensive forward model, makes the implementa-
tion for the millions of head echoes of the MAARSY standard experiment ine�cient.
In a �rst step a re�nement of the ablation model by using the combined radar-optical
measurements is planned. Furthermore, the combined observation help to reduce the
parameter space of the model. With an estimation of observed parameters, it is possible
to create a look-up-table for a variety of di�erent meteors, allowing a faster classifying
of the ablation curves.
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Appendix F Meteor head echo data analysis

The radar raw data consists of a matrix with complex voltages (raw = ip+i·qp, in-phase
(ip) and quadrature phase (qp)) in three dimensions (range gates, consecutive pulses,
receiver channels). At the �rst step the direct current is removed by subtracting the
median values for qp and ip for each receiving channel separately. Afterwards a phase
correction for every receiving channel is applied. The corresponding phases ∆φ are
calculated by using radio sources as shown in Chau et al. (2014). The phase correction
is also added to every receiver channel separately: raw · e−i∆φ
The next step is the decoding of the raw data considering the Doppler velocity of

the meteor head echo. Transmitted radar pulses are often modi�ed with phase codes,
which make it possible to increase the signal to noise ratio. The experiment mode
used in Schult et al. (2017)) and Brown et al. (2017) is con�gured to observe multiple
mesospheric targets at the same time, what makes it in the case of volume scatterers
(such as polar mesospheric summer echoes, PMSE) necessary to use complementary
codes. The side lobes of two consecutive complementary codes cancel each other by
summing up the decoded code pairs. In the case of meteor head echoes, which have
very high Doppler velocities and fast range gate transitions, it is necessary to keep both
codes separated and to do the Doppler decoding for each head echo individually. The
code pairs in the experiment are de�ned as:

C1 = [1,−1,−1,−1, 1, 1,−1, 1, 1,−1,−1,−1,−1,−1, 1,−1]

C2 = [−1, 1,−1,−1,−1,−1,−1, 1,−1, 1,−1,−1, 1, 1, 1,−1]
(F.1)

, where -1 and 1 indicate 180° phase shifts in the complex notation. For the usage
of a fast Fourier transformation (FFT) the code vectors are re�lled with zeros to the
length of the range gate numbers (�rst dimension of raw). The Doppler frequency of
a target is calculated using:

fD = 2f0vr/c (F.2)

with fD the Doppler frequency, the f0 radar frequency, vr radial velocity of the target
and c the speed of light. The target shifts, due to the line-of-sight velocity (vr), the
transmitted pulse and the initialized code has to be adapted to �t the received one by
considering the Doppler frequency (Kero et al., 2012):

C1D = C1e
−i2πfDTsk (F.3)

with k = 0, 1, 2...15 (code length) and Ts the sampling time. The raw data is then
decoded with the Doppler corrected phase codes C1D and C2D using a convolution:
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rawdec = ifft(fft(raw) · fft(C1D)∗) (F.4)

with ifft the inverse fast Fourier transformation. To �nd the correct Doppler fre-
quency, an iterative method is used with a maximum velocity resolution of ∆vr = 0.1
km/s. The maximum amplitude of the decoded pulse has to be �ve times larger than
the median background noise to be accepted as a head echo signal. This procedure is
done for every pulse, considering signi�cant deceleration during the time of detection.
After the raw matrix for the �rst receiver is decoded, the same velocity values are used
for the decoding of the other receiving channels.
The decoded raw data matrix rawdec is now used for the further analysis. At �rst,

the signal to noise ratio (SNR) is calculated:

P = |rawdec|2

S = P −N
SNR = 10log10(S)− 10log10(N)− 10log10(16)

(F.5)

with the voltage power P , signal power S and noise power N . The noise power is
determined by the median value of the voltage of range gates where probably no signal
is observed. The value of 16 is subtracted due to the additional SNR of the phase code.

Figure F.1 SNR (of receiving channel one) versus range and time of the same meteor
head echo for di�erent decoded signals: a) undecoded signal (raw); b) decoded
without considering the Doppler velocity; c) Doppler decoded signal (rawdec).

For each time step (received pulse) the voltage of the range gate with the highest
SNR is used for the interferometric analysis. The phase di�erences between di�erent
receiving channels (e.g., rawdec1 and rawdec2)

∆Φ = ]rawdec1raw
∗
dec2 = arctan

(
Re(rawdec1raw

∗
dec2

)

Im(rawdec1raw
∗
dec2

)

)
(F.6)

can be used to calculate the location of the meteor head within the radar beam.
The SNR within one receiving channel as well as the distance (baseline) between two
receivers a�ect the accuracy of the interferometric position. Due to the 2π periodicity
of the phase di�erences, an ambiguity area for the position solution is de�ned. Larger
baselines have higher accuracy but a smaller ambiguity area, while smaller baselines
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result in a lower accuracy with a larger ambiguity area. To combine the advantages of
small and long baselines, the target position is calculated in two steps. At �rst, the
receiving channels with the smallest distances (e.g. receiver constellation B06, B08 and
C02 in Figure 1 in (Schult et al., 2017)) were used to calculate a mean direction for the
integrated head echo signal. The set of equations for smaller baselines (∆ΦS1 ...∆ΦSN

with N the number of receiver pairs) is then solved with a least squares method (e.g.,
Lau et al., 2006):

∆ΦS1
...

∆ΦSN

 = −2π

λ

 dS1cos(γS1) dS1sin(γS1)
...

...
dSN

cos(γSN
) dSN

sin(γSN
)

 · (cos(α)cos(β)
cos(α)sin(β)

)
, (F.7)

with the radar wavelength λ, the receiver distances d and angles γ and the target
azimuth and zenith angles β and α. Afterwards, the solution of the small baseline an-
tenna con�guration is used to calculate the natural numbers n1...nN (for every receiver
pair), which has to be added to the phase di�erences of the large baseline con�guration:

 ∆ΦL1 + 2n1π
...

∆ΦLN
+ 2nNπ

 = −2π

λ

 dL1cos(γL1) dL1sin(γL1)
...

...
dLN

cos(γLN
) dLN

sin(γLN
)

 · (cos(α)cos(β)
cos(α)sin(β)

)
. (F.8)

For the larger baselines the set of equations is solved for every single pulse to get the
angular evolution of the target motion within the radar beam. In combination with
the target range information (range gate with the highest SNR) and the time (∆t =
1/PRF ) between consecutive pulses, the three dimensional trajectory is obtained. The
spherical coordinates (range,α,β) are transformed into cartesian coordinates (x, y, z)
and �tted over the time (t) to obtain the meteor head mean velocity and entry angle.
A more precise meteor velocity and the deceleration is calculated out of the pulse-

to-pulse phase correlation (e.g., Chau and Woodman, 2004; Kero et al., 2012):

vr = −∆Φ

∆t

λ

4π
, (F.9)

in this case, ∆Φ represents the phase di�erence between consecutive received pulses
of a single receiver (receiving channel one due to the highest SNR). Again, ∆Φ has
multiple solutions of 2nπ due to the large meteor velocities. The natural number n is
calculated using the mean velocity of the interferometric trajectory solution. To obtain
the absolute velocity, for every time step, the radial velocity vr has to be corrected for
the angle (ω) between meteor trajectory (entry elevation (ele) and azimuth (azi)) and
the radial component (α,β):

cos (ω) =

(
cos (α) sin (β)
cos (α) cos (β)

sin (α)

)
·

(
cos (ele) sin (azi)
cos (ele) cos (azi)

sin (ele)

)
vabs =

vr
cos (ω)

(F.10)
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Figure F.2 a) range versus time (range gates with the highest SNR); b) phase dif-
ferences between three large baseline receiver constellations (∆ΦL1 ,∆ΦL2 , ∆ΦL3 in
equation F.8).

Figure F.3 a) trajectory solution of the meteor head echo; red circles indicate minima
of the MAARSY radiation pattern and green lines show the ambiguity area; the �tted
entry angle and velocity is shown in the legend. Note that Θx = cos (α) cos (β) and
Θy = cos (α) sin (β); b) velocity versus time from the pulse to pulse analysis (vabs in
equation F.10).

The last parameter which is calculated directly from the raw data is the radar cross
section (σ). In the case of meteor head echoes, which are not beam �lling targets, the
hard target equation is used (Close et al., 2002b; Kero et al., 2012):

σ =
(4π)3R4PR
GTGRλPT

(F.11)
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with R the range of the head echo, PR the received power, GT ,GR the antenna gain
for transmission and reception and PT the transmitted power. The transmitted power
can be calculated with the number of transmitting antennas (433) and the correspond-
ing power for each transceiver module (2000W ). In addition some corrections have to
be included, due to the fact that not the whole power of the modules is transmitted
through the antenna (factor 0.85) and that some transceiver could be damaged (nd):

PT = (433− nd) · 2000W · 0.85 (F.12)

The received power is determined from the signal SNR, the background noise TN
and the bandwidth (bw = 500kHZ):

PR = SNR · TNkBbw
TN = Tsys + Tsky

(F.13)

with kB the Boltzmann constant. The background noise temperature is a combination
of the system noise temperature (Tsys = 800K) and the sky noise temperature (Tsky =
3300K up to 7700K). Tsky is determined by a convolution of the MAARSY gain
pattern and the sky noise model from de Oliveira-Costa et al. (2008) (see also Stober
et al. (2011b); Renkwitz et al. (2012) and Figure F.4). Figure F.4 b) to c) show the
SNR, antenna gain and RCS of the meteor head echo for the trajectory shown in
Figure F.3 a). Note that the SNR drops down for several dB during the transition
between the range gate. The drop in the SNR is a measurement artifact, which is
removed in Figure F.4 with an interpolation between the maxima.

Figure F.4 a) Sky noise temperature (Tsky) of MAARSY for di�erent local star
times. b) SNR versus time of the meteor head echo. c) MAARSY antenna gain for
the di�erent positions of the head echo in the radar beam. d) Radar cross section
(RCS or σ) of the meteor head echo.

50



Acknowledgements

I would like to thank my �rst Advisor and head of the radar department, Prof. Dr.
Jorge L. Chau, for supervising my thesis and for giving me the opportunity to work
in his department. His ideas, advices and his encouragement on the daily meteor head
echo observation helped me a lot for my thesis. Furthermore, my special thanks goes
to my second advisor Dr. Gunter Stober, for funding my research through the AHEAD
project (grant STO 1053/1-1 (AHEAD) of the Deutsche Forschungsgemeinschaft). I
had a great time during our trips to a variety of conferences and workshops. I would
like to thank Diego Janches for the cooperation and the great time during my stay at
the Goddard Space Flight Center. Also the cooperation with Peter Brown was a great
pleasure for me. We had great discussion during the several stays at the University
of Western Ontario. I also want to thank my great colleagues, Svenja Sommer, Sven
Wilhelm, Heiner Asmus and Vivien Matthias. It were not primarily the science related
discussions with you, which made the time in the o�ce much more joyful. At the end
I want to thank the technical sta� of the radar department of the IAP. Without the
work of Ralph Latteck, Marius Zecha, Jörg Trautner, Thomas Barth and Jens Wedrich,
the wonderful radar system MAARSY would not exist and no meteor head echo data
could have been analyzed.

51



Curriculum Vitae

Personal Data

� Name: Schult, Carsten

� Date of Birth: 06.07.1987

� Place of Birth: Rostock

Scienti�c career

since 12/2012 PhD student at the Leibniz-Institut of Atmospheric
Physics at the University of Rostock, Advisor: Prof.
Jorge L. Chau

10/2010-10/2012 Master of Science in Physics, University of Rostock
Master thesis: Bestimmung von Trajektorien von
Meteor-Kopf-Echos mittels Interferometrie (Trajectory-
determination of meteor head echoes using radar in-
terferometry), Advisor: Prof. Markus Rapp

10/2007-09/2010 Bachelor of Science in Physics, University of Ros-
tock Bachelor thesis: Entstehungsszenarien groÿer
Planeten (Processes of Planet Formation), Advisor:
Prof. Dr. Ronald Redmer

07/2006 Abitur, Goethe Gymnasium Rostock

List of Publications

� G. Stober, C. Schult, C. Baumann, R. Latteck and M. Rapp, The Gemi-
nid meteor shower during the ECOMA sounding rocket campaign: specu-
lar and head echo radar observations, Ann. Geophys., 31, 473-487, 2013,
doi:10.5194/angeo-31-473-2013.

� S. Sommer, G. Stober, C. Schult and R. Latteck, Investigation of horizon-
tal structures at mesospheric altitudes using coherent radar imaging, Adv.
Radio Sci., 11, 319-325, 2013, doi:10.5194/ars-11-319-2013.

52



� C. Schult , G. Stober, J. L. Chau and R. Latteck, Determination of meteor-
head echo trajectories using the interferometric capabilities of MAARSY,
Ann. Geophys., 31, 1843-1851, 2013, doi:10.5194/angeo-31-1843-2013.

� J. L. Chau, I. Strelnikova, C. Schult, M. M. Oppenheim,M. C. Kelley, G.
Stober and W. Singer, Nonspecular meteor trails from non-�eld-aligned
irregularities: Can they be explained by presence of charged meteor dust?,
Geophys. Res. Lett., 41 3336-3343, doi:10.1002/2014GL 059922.

� T. Renkwitz, C. Schult, R. Latteck and G. Stober, Validation of the radia-
tion pattern of the VHF MST radar MAARSY by scattering o� a sounding
rocket's payload, Adv. Radio Sci., 13, 41-48, 2015, doi:10.5194/ars-13-41-
2015.

� C. Schult, G. Stober, D. Keuer and W. Singer, Radar observations of the
Maribo �reball over Juliusruh: revised trajectory and meteoroid mass esti-
mation, MNRAS 450, 1460-1464, 2015, doi:10.1093/mnras /stv614.

� S. Sommer, J. L. Chau, and Carsten Schult, On high time-range resolution
observations of PMSE: Statistical characteristics, J. Geophys. Res. Atmos.,
121, 6713-6722, doi:10.1002/2015JD024531.

� T. Renkwitz, C. Schult and Ralph Latteck, VHF antenna pattern charac-
terization by the observation of meteor head echoes, Atmos. Meas. Tech.,
10, 527-535, 2017, doi:10.5194/amt-10-527-2017.

� P. Brown, G. Stober, C. Schult, Z. Krzeminski, W. Cooke, J.L. Chau, Si-
multaneous optical and meteor head echo measurements using the Middle
Atmosphere Alomar Radar System (MAARSY): Data collection and pre-
liminary analysis, Planetary and Space Science, 141, 25-34, 2017, 10.1016/
j.pss.2017.04.013.

� C. Schult, G. Stober, D. Janches, J. L. Chau, Results of the �rst contin-
uous meteor head echo survey at polar latitudes, Icarus, 297, 1-13, 2017.
http://dx.doi.org/10.1016/j.icarus.2017.06.019

53



54







Selbstständigkeitserklärung

Hiermit versichere ich an Eides statt, die vorgelegte Arbeit selbstständig und
ohne fremde Hilfe verfasst, keine auÿer den von mir angegebenen Hilfsmitteln und
Quellen dazu verwendet und die den benutzten Werken inhaltlich und wörtlich
entnommenen Stellen als solche kenntlich gemacht zu haben.
Die Arbeit wurde bisher weder im Inland noch im Ausland in gleicher oder

ähnlicher Form einer anderen Pfrüfungsbehörde vorgelegt. Weiterhin erkläre
ich, dass ich ein Verfahren zur Erlangung des Doktorgrades an keiner anderen
wissenschaftlichen Einrichtung beantragt habe.

Kühlungsborn, den 16. Februar 2018

(Carsten Schult)
,

57


