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Abstract A coded long pulse is applied to the Jicamarca 50 MHz high power large aperture radar to study
meteor head echoes. We develop a probabilistic detection model, which finds 25% more meteors than the
commonly used signal-to-noise threshold method. The long code and the probabilistic approach allow us to
detect over 180 meteors per minute during the dawn hours, which is several times higher than reported
previously. The typical mass of the meteoroids is estimated to be about 10™° kg, slightly smaller than
other sensitive very-high-frequency and ultrahigh-frequency high power large aperture radars except the
Arecibo radar. The high sensitivity allows us to observe numerous meteors in the presence of the strongest
equatorial electrojet. We report and discuss the characteristics of meteor flux rate, ablation height, and
velocity with a constant noise power for the first time for the Jicamarca radar. The highest average detection
height is found to be near 2 a.m., instead of near 6 a.m. when the largest average velocity is observed. This is
likely due to the combination of the relative large atmospheric velocity and the substantial atmospheric
entry angles around 2 a.m. The observed characteristics suggest that many meteors are detected 8° off zenith
despite that the full beam width is only 2.4°.

1. Introduction

High power large aperture radars (HPLARSs) have been extensively used for meteor studies since the 1990s
(Chapin & Kudeki, 1994; Pellinen-Wannberg & Wannberg, 1994; Zhou et al., 1995). HPLARs at very-high-
frequency (VHF) range (<30-300 MHz) typically see both head echoes and spread trail echoes when the
radar is pointing perpendicular to the B-field while ultrahigh-frequency radar (0.3-3 GHz) can only observe
head echoes (Zhou et al., 2001). The combination of the operating frequency, transmitter power and larger
aperture, and pointing direction allows the Jicamarca 50 MHz to observe a large number of head echoes
and the range spread trail echoes (RSTE). Chapin and Kudeki (1994) focused on the long duration RSTE
echoes and explored their potential for neutral wind measurements. Observational and theoretical studies
on RSTE and the plasma instabilities occurring within include those of Oppenheim et al. (2003), Malhotra
et al. (2007), and Sugar et al. (2010). Head echoes at Jicamarca were first studied by Chau and Woodman
(2004) using the interferometer mode. The abundance of meteor head echoes allows Chau et al. (2007) to
determine the radiant distributions of sporadic meteors using 90 hr of observations. Gao and Mathews
(2015) report meteors observed at altitudes well above 130 km.

The objective of the current report is to study meteor characteristics with a much improved sensitivity.
Practically all the observations done at Jicamarca are carried out with pulse durations shorter than 65 us.
While a short length in the transmitter pulse allows the determination of meteor velocity from the elapsed
range over flight time, it does not provide enough frequency resolution to make Doppler measurement with-
out velocity aliasing. A longer pulse will provide a much better sensitivity allowing fainter meteors to be
detected. The coded long pulse (CLP) technique has been frequently used at Arecibo (Li & Zhou, 2019;
Sulzer, 2004). In this study, we apply the CLP technique to the Jicamarca observation. More importantly,
we develop a novel probabilistic detection model that lowers the meteor detection threshold. The combina-
tion of the CLP and the probabilistic model allows us to detect a flux rate several times higher than hitherto
reported. In the following, we describe our detection method after summarizing the experimental setup. We
show that despite the presence of strong equatorial electrojet (EEJ), a significant amount of meteors can be
still detected. After presenting the detection model, we discuss meteor characteristics that are otherwise
difficult to obtain without the improved sensitivities.
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Table 1 2. Experiment Setup
Experiment Parameters
- Meteor observation in this study was carried out at the JRO using the 288 x
Parameter Value Unit . .
288 m phase array on 19 September 2017. In this experiment, the JRO
Interpulse period 10 ms main phase array was divided into four equal sections (144 X 144 m).
RF pulse duration 450 = The West (W) section is used as the transmitter and North (N), East (E),
Transmitter baud length 1 us . . . .
S L and South (S) sections as receivers. The three receiver sections record
ampling interval 1 us ) h
Transmitter peak power 1 MW complex voltage (raw data) independently and form two baselines for

interferometry. The main beam is pointed 2.2° off zenith to the north to
avoid EEJ contamination. Radar parameters and pulse configurations
are shown in Table 1.

CLPs are generally used to improve SNR and frequency resolution while maintaining range resolution. This
technique has been used very frequently at Arecibo but not often at Jicamarca (Li & Zhou, 2019; Sulzer, 2004).
At the time of observation, technical difficulties prevented us from changing the transmitter pulse, a fixed 450
bits quasi-optimal code was used. This code has a maximum sidelobe of 6.7% of the main lobe. Due to trans-
mitter duty cycle limitation, our code needs a 10 ms interpulse period, which is longer than those typically
used at Jicamarca for meteor observations. Although a long interpulse period scheme may miss meteors
when they travel through a pencil beam such as the Arecibo radar, JRO's main beam full-beam width at
—10 dB is about 2.2°, yielding a (3.8 km)2 field of view at 100 km, making it much less likely to miss meteors
between pulses than at Arecibo. Figure 1 shows the antenna gain pattern. The 1 us sampling rate allows
determination of Doppler velocity +1,500 km/s without suffering any aliasing effect. With the typical
signal-to-noise ratio (SNR) at Jicamarca, Monte Carlo simulation shows that the Doppler velocity can be
obtained with an accuracy of 0.3 km/s for a single pulse. Because of the high pulse compression ratio, the
CLP allows detection of much weaker meteors than before.

3. Method of Meteor Detection Based on Probability

Detection of meteors is typically done by first calculating the fast Fourier transform of the raw data and
then applying a SNR threshold to the power spectrum to determine the presence of a meteor (e.g., Li &
Zhou, 2019). In the method described here, we use a joint probability threshold instead of SNR. In our
method, we first find the power spectra of all heights of interest in every pulse. We select the largest spec-
tral peak at every height as a potential meteor candidate. Assuming the average SNR in a power spectrum
is u, the probability density function, f (x), for a random noise process to generate a spectral peak having a
SNR of x is

g0 = P (1) e, )

where N is the number of data points to select the largest power from (Zhou et al., 1999). Equation (1)
applies to either time or frequency domain if the N data points are independent. In many applications,
however, the power spectra are zero padded from N data points to L points to improve the frequency reso-
lution. In our case, N = 450, corresponding to the samples of the transmitter pulse and L is chosen to be
1,024. We are not aware of an exact theory for the probability density function shown in equation (1) in the
case of zero padding. Although zero padding does not increase the number of independent points, addi-
tional sampling points in the frequency domain make the peak spectral power larger than without zero
padding. The net effect is that N in equation (1) is increased. By normalizing the average SNR to 1 for con-
venience, we model the probability density function with zero padding as

FO)RNa + 1)(1—e) Ve, @)

where « is an expansion factor to account for zero padding. The value of « decreases with increasing N and
approaches 1 when N approaches L. Its value can be estimated from Monte-Carlo simulations. For N = 450,
a is found to be 2. With the probability density function given in equation (2), the cumulative probability for
random noise to generate a SNR exceeding x is conveniently expressed as
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Figure 1. Antenna gain pattern for the experiment configuration.

F(x) = 1-(1—e*)N*~Nae™. 3)

For Na = 900, F(7.17) is 0.5, and the approximation in equation (3) has an accuracy better than 0.1% when x
is larger than 10. Comparison of equations (2) and (3) with simulations and observations are shown in
Figure 2, which can be seen to agree with each other very closely.

The geocentric velocity of an intrasolar meteoroid encountered by Earth is between 11 and 72 km/s, while
the bandwidth of the power spectrum accommodates a much larger velocity range (+1,500 km/s). A
necessary condition to associate a spectral peak to a meteor echo is for the spectral peak to fall within the
frequency range corresponding to the meteoroid velocity range. Let us say that at ith pulse and jth height,
the largest spectral peak has a SNR of x occurring at frequency index k. Assuming the frequency index range
corresponding to the allowable velocity range be [k, k], the probability that random noise generates a
spectral peak larger than x within the meteor frequency range is

k —k 1 ..\ Na k _k 1 .
P(i,j, [kr, ka]) = % [1_ (1-e9) } z% N— @

If we classify a SNR of x as a meteor echo, equation (4) is the probability of false detection (PFD) for a single
pulse at a single height. If the allowable meteor velocities is 5-72 km/s, the coefficient W is about 2.5%.
(The lower limit is smaller than the escape velocity because the velocity we use is the line-of-sight velocity.)

In meteor detection, it is important to limit the false alarm rate (FAR), defined as the number of false
meteors detected per unit time, to a desirable level. The FAR is the PFD in equation (4) multiplied by the
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Figure 2. Comparison of probability density functions using observation data, numerical simulation, and theoretical
equation. The dashed line is the theoretical complementary cumulative distribution function.

number of pulses and heights per unit time. In 1 s, we have 100 pulses and 600 height samples from 75 to 135
km. In order to have a FAR of less than 1 meteor per hour, the probability in equation (3) needs to be 1077,
which corresponds to x = 22. If we choose a SNR threshold of 22, we may miss many meteors. In order to
detect faint meteors, it is important that we consider that a meteor appears in more than one pulse. When
the same meteor appears in the next pulse, the height of detection and Doppler velocity may slightly be
reduced. Given that at ith pulse and jth height, the spectral peak k occurs within the allowable range; in
the (i + 1)th pulse, we search [jy, j,] heights to see if any spectral peaks fall around spectral peak k. This
probability is equation (4) multiplied by (j, — j; + 1), which is chosen to be 3. In subsequent pulses, the
range of frequency is more restrictive. With both the height and frequency taken into consideration,
the multiplication coefficient w in equation (4) is replaced by 15/1,024. The joint PFD (JPFD) is the
product of the PFD from the ith pulse and all subsequent pulses. The search process ends when a spectral
peak is not found in the expected range. An event is classified as a meteor if and only if the JPFD is less
than 3.85 x 10™°. (This threshold produces an expected FAR of 8 meteors per hour for the parameters
used in this study.)

After identifying an event using JPFD, an additional filter that compares the Doppler velocity with that
calculated from range and time elapsed was applied to further reduce false alarms. If the two velocities differ
by more than 5 km/s, the event is excluded as a meteor. This filter is effective in removing false echoes
produced by the sidelobes of the transmitter code. It is only applied to echoes appearing in four or more
pulses, which are needed to determine the range-time velocity to a reasonable accuracy.

Although typical meteoroid speed ranges from ~10 to 72 km/s, we choose the speed range between 5.7 and
87.9 km/s. The lower boundary is to account for the fact that the line-of-sight velocity in our observation is
lower than the vector velocity. Although the line-of-sight velocity can be as low as zero, it is set to 5.7 km/s
to block false alarms due to scattering from irregularities caused by EEJ. The upper boundary is set higher
than 72 km/s to provide a means to estimate the FAR realistically. Echoes with a velocity faster than
72 km/s are considered as false alarms. Using the criteria mentioned above, only 17 out of 36,111 events
are found to have a velocity between 72 and 88 km/s, yielding an equivalent error rate of 0.2% for velocities
between 9 and 72 km/s for all meteors, or a FAR of 5 meteors per hour on average. Using a false detection
probability of 3.85 x 107%, 100 transmitted pulses per second, and 600 detection heights per pulse, we expect
8 false meteors per hour. The lower FAR in the actual observation is due to the additional filter that
compares the range-time and Doppler velocities.
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above selection technique during the dawn hours. In comparison, Chau
and Woodman (2004) report a meteor detection rate of 25 per minute with
twice of our transmission power using an automated search algorithm
although their rate is doubled when a manual search process is carried
out (Chau et al., 2007). Figure 3 shows an example meteor echo in the pre-
sence of EEJ. Although this echo is hardly discernable from the range-
time-power plot, it is readily detected by our algorithm. Statistically, the
effectiveness of our method is seen from the distribution of the largest
SNR for each meteor event. If the detection is based on the largest SNR,
then the SNR has to be above 20 in order to have the same FAR. As seen
from Figure 4, about 25% of the meteors will be missed, and most of them
60 will be during strong EEJ. We note that the SNR in Figure 4 is based on
60 the noise level in each pulse and each height. The noise power itself, how-
ever, varies with time and height.

dB

4. Time and Height Distribution of Meteor Flux Rate
90 and Velocity

Scattering from EEJ dominates the power return and presents a major pro-

85 blem for meteor detection at JRO because it varies strongly with time and
height. For this reason, no consistent diurnal and height variations have
80 been reported from JRO despite meteor studies have been carried out for
@ over two decades. Figure 5 shows our meteor detection rate along with
75 ° noise level, which varies according to the strength of the EEJ. The detec-
tion count is clearly anticorrelated with the noise power. Previous studies
70 largely ignore the periods when EEJ is strong. The greater sensitivity in our
approach allows the detection of a large number of meteors in the presence

65 of very strong EEJ, such as around 1:00 a.m.

Meaningful meteor flux rate as a function of time needs to be determined
600 800 at a constant noise level. As our method is sensitive enough to detect
meteors even in the presence of strong EEJ, we can artificially add a noise

Figure 3. (a, left) Example of the largest spectral peaks as a function of ~ t0 bring the noise to a nearly constant level. The dashed red line in Figure 5
pulses and heights. The strong echoes at 93 and 103 km are due to EEJ. shows the meteor detection rate when an artificially higher noise level is
(right up) A close up of a weak meteor head echo. (right down) The meteor  ysed. The minimum noise level we choose is 10° (arbitrary unit), which

echo in the upper right panel is pseudocolored as red to indicate where it is
detected. (b) Examples of strong meteor head echo. Some of the strong
echoes are followed by range spread trail echoes.

selects 10.9% of the meteors having the largest power. This threshold
allows a constant noise power for most of the observing period. The
detection rate at a constant noise power in Figure 5 is characteristic of
the typical diurnal variation observed at other HPLARSs (e.g., Li & Zhou,
2019; Zhou et al., 1995).

Although EEJ regions are confined to narrow layers, the noise distribution from EEJ after decoding extends
to the range corresponding to the transmitter pulse, that is, 67.5 km in our case, above and below the EEJ
height. This effectively evens out the noise power in altitude range. The red solid curve in Figure 6 shows
the relative noise power as a function of range. The highest noise power at 100 km corresponds to the height
of the strongest EEJ, while the altitude profile is largely determined by the code. The solid blue line in
Figure 6 shows normalized distribution of all meteors detected without adding artificial noise, while the
dotted blue curve shows the meteors detected by making the maximum noise power for all the heights in
each pulse. The two curves do not differ too much statistically because the noise powers at different heights
in the same pulse differ only by a factor of 2 in the most extreme case. The relative reduction in meteors
detected by adding noise to those without is shown in the dashed red curve. This curve follows the trend
of the background noise power. Comparison with the Arecibo height distribution (e.g., Janches et al.,
2003; Zhou & Kelley, 1997) shows that the detection height at Jicamarca is noticeably higher. If we assume
that meteors are mainly detected in the mainlobe, the 2.2° off zenith beam center direction can lower the
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altitude distribution by less than 0.2 km, which is far from sufficient to
account for the altitude profile difference with Arecibo. As discussed later,
meteors detected by the Arecibo radar are much smaller than those
detected by the Jicamarca's. For a smaller meteor to be detected by a radar,
its atmospheric entry velocity needs to be larger, which ablates at a higher
altitude. Thus, there is an inconsistency between the expected detection
height of the Arecibo and Jicamarca meteors. One reason for this inconsis-
tency is that a large fraction of the Jicamarca meteors is outside the main-

lobe, which is discussed more quantitatively in the following.

To further explore the altitude distributions, we plot in Figure 7 the nor-
malized detection rate as a function of range at several time intervals.
As shown in Figure 6, the blue curve in each plot is for all the meteors
detected without adding any artificial noise, while the dotted blue curve
is for the meteors detected with a constant noise power for all the altitude. As an echo typically appears at
several range gates, the range for each meteor echo is the average of the beginning and ending range.
Shown in Figure 7 is also the average velocity and its standard deviation as a function of altitude for the three
time intervals. Around dawn hours from 5 to 7 a.m., the large average velocity suggests that most of the
meteoroids are on retrograde orbits. Meteors detected around midnight may be either on retrograde or pro-
grade orbits, and they have a shallow atmospheric entry angle. The radiant direction is discussed in detail by
Chau et al. (2007). We focus on the ablation characteristics here.

In Figure 7c, we also plot the height distribution of the Arecibo meteors using the CLP from December 2011,
during which the antenna was pointed vertically (Li & Zhou, 2019). The range distributions at the two sites
are very similar except that the peak range at Jicamarca is about 2 km higher than at Arecibo. The first null
in the Jicamarca antenna pattern is at most 4.4°, which accounts for only 0.18 km in range-altitude differ-
ence. While there may be other factors contributing to the difference, Arecibo-Jicamarca difference can be
explained by the possibility that many Jicamarca meteors are detected outside the mainlobe. The range-
altitude difference of an echo 11.5° off zenith is 2 km, while the difference is 1 km at an 8° zenith angle.
The center of the nth sidelobe of the Jicamarca antenna is less than 3.4 + 2.4n degrees off zenith by account-
ing for the 2.2° offset in beam center, where n is the order of the sidelobe. If a significant amount of meteors
is detected at the third and fourth sidelobes, it can help to explain the difference. In fact, Vierinen et al.
(2014) demonstrated that the EISCAT radar can detect meteors more than 45° off the main-beam direction.
As seen in the beam pattern presented in Gao and Mathews (2015), the theoretical relative antenna gain for
our configuration in the third sidelobe is —20 dB, and the actual sidelobe level can be much higher. Meteor

Meteor flux
T T T T T T T 75
N —Flux
——=8E Fluxx12
Noise
---------- SE Floor
B o
o
o
o)
B £
()
=z
L= =S =SS SN . : ' 4.5
06:00 08:00 10:00 12:00 02:00 04:00 06:00

local time Sep 19, 2017-Sep 20, 2017

Figure 5. The solid curve is the meteor detection rate corresponding to the noise power shown by the shaded curve. The dashed blue line is the flux rate with the
noise power indicated by the red dotted line, which is made constant most of the time during the observation.
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echoes have a very large dynamic range (more than 60 dB), and strong
echoes often saturate the receiver. It should not come as a surprise that
some meteors are detected in the sidelobes, what matters is at what frac-
tion? We will discuss this further when we compare the range difference
between the strong-only and the average meteor echoes.

In general, we expect meteoroids with higher velocity ablate at higher alti-
tude as dictated by fundamental physics. As shown in Figures 7b and 7c,
this is largely true from 1 to 7 a.m. and below 110 km. However, the aver-
age observed velocity above 110 km decreases with increasing altitude.
Two scenarios may contribute to this characteristic: High altitude meteors
may enter into the beam at a large arrival angle, and/or they may be
detected in the far sidelobes of the antenna. (As the pointing direction in
our experiment is nearly vertical, the arrival angle of a meteor with respect
to the pointing direction is also the atmospheric entry angle.) In the first
scenario, assuming a meteoroid has a velocity of 50 km/s and ablates at
110 km when it comes straight down the beam vertically. The same
meteoroid will ablate at a higher altitude when it comes down with a rela-
tively large arrival angle because the slant path effectively increases the
number of collisions for the same vertical distance traversed. The effect
is that a slant meteoroid will burn at a higher altitude and have a lower
line-of-sight velocity than a meteoroid coming straight down the beam
with the same vector velocity. In the second scenario, a meteoroid with a
vertical trajectory detected close to the beam center has a larger velocity
than a (vertical) meteoroid detected far from the center. Asa 13° angle only

reduces the line-of-sight velocity by about 2.5%, meteors picked up in the sidelobes in general do not change
the average velocity significantly except for those meteors at the highest altitudes around 120 km where the

Speed, km/s

10 20 30 40 50 10 20 30 40 10 20 30 40

a).

5pm - 12am

(b). 1am - 3am (c). Bam - 7Tam

5 1

0

0.5 1 0 0.5 1

Normalized Range distribution

Figure 7. Normalized meteor detection rate and average velocity as a function of range for three time intervals (5 p.m. to 12 a.m., 1-3 a.m., and 5-7 a.m.). The
dashed line is the range distribution at Arecibo from December 2011. The error bars indicate one standard deviation of velocity variation.
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Figure 8. Average meteor echo range (blue lines) and average velocity (green lines) as a function of time. The solid curves are for all the meteors, while the dotted
curves are for the top 10.7% strongest echoes.

flux rate is very low and the potential from far sidelobes is greater. Thus, while there may be a good fraction of
meteors coming from the sidelobes, the fact that the highest average velocity is around 110 km is because
meteors detected above this altitude have a large arrival angle.

In Figure 7a, we see the peak detection rate occurs at 100 km, and there is a flat region around 94 km. The
distribution can be interpreted as the superposition of two “Gaussian” groups with their peaks at 100 and
94 km, respectively. The lower altitude group is mostly associated with meteors around 6 p.m., while the
higher altitude group is mostly associated with meteors around midnight. Meteoroids detected close to
6 p.m. are on prograde orbits, and their atmospheric velocity is only slightly above the escape velocity.
These meteoroids will ablate at the lowest altitude range. Around midnight, the atmospheric velocity can still
be substantial, but the entry angle is small. These meteoroids will ablate at a higher altitude despite of the fact
that their line-of-sight velocity is low. The slant path effect is also the reason for the “shoulder” observed at
115 km in Figure 7b. Such a “shoulder” or secondary peak effect is not in Figure 7c because dawn meteoroids
have small atmospheric entry angles. A quantitative study of the ablation height on atmospheric entry angle
and velocity will be done in the future using the interferometric capability of the Jicamarca radar.

The average detection height and line-of-sight velocity as a function of time are plotted in Figure 8 based on
different noise threshold. The solid blue lines are for all the meteors detected, while the dashed lines are for
the stronger echoes with a minimum noise power of 10° (i.e., corresponding to the dashed line detection rate
in Figure 3). The highest average height occurs around 2:00 a.m. instead of 6 a.m. Slant path effect that
accounts for the lower average velocity above 110 km in Figures 7b and 7c explains this characteristic as well.
While there is hardly any difference in velocities between the two groups of meteors, the average height for
the strong echoes is about 1 km lower than that for all the echoes. This characteristic is consistent with our
discussion that a good fraction of Jicamarca meteors is detected in the radar sidelobes. Strong echoes tend
to appear toward the beam center, while weak echoes are more likely picked up in the sidelobes. In order
to account for the 1 km altitude difference, a large fraction of meteors needs to be more than 8° off the zenith
angle. If we make the simplifying assumption that the number of meteors in each sidelobe deceases geome-
trically with increasing order of sidelobe, over 35% of the meteors will have a zenith angle larger than 8.4°. In
our experimental configuration, this implies that more than 35% of the meteors are detected in the second
sidelobe and beyond. If more meteors are close to the beam center, the outside meteors will need to have lar-
ger off-zenith angles to explain the altitude-range difference.

5. Discussion and Conclusion

It is of interest to compare the efficiency of the Jicamarca radar with those of other HPLARSs for meteor head
echo detections. Although the full main beam width is about 2°, many meteors are likely detected as far as 8°
off the center. There is a large range variation of meteor mass detected by the radar with the small ones at the
center and large ones in the far sidelobes. Using the entire main lobe as effective beam width (2.4°) and a
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detection rate of 3 meteors per second, the peak flux rate is 0.22 meteors per s/km? or equivalently 9 x 10
meteors per year over the entire front side of the Earth. Using the flux rate and mass relationship found in
Ceplecha et al. (1998), the Jicamarca flux rate puts the typical mass at 10™° kg. In comparison, Li and Zhou
(2019) report the peak flux rate at Arecibo being 10 meteors per (sekm?) and estimate that the typical Arecibo
meteor mass is at 10> kg. Based on deceleration, Mathews et al. (2001) estimated the Arecibo meteor mass
range being 107**-1077 kg. Close et al. (2005) reported that the mass of the meteoroids detected by the
ALTAIR 166 MHZ and 422 MHZ radars is around 10~° kg. Kero et al. (2008) determined that the typical
mass range of the EISCAT tristatic 930 MHz is 10™° kg. At the lower VHF range around 50 MHz, observa-
tions have been made by MU radar (46.5 MHz) and the Middle Atmosphere ALOMAR Radar System
(53.5 MHz). These two VHF radars are slightly less sensitive than the Jicamarca radar. Kero et al. (2012)
reported that 10 meteors per minute observed by the MU radar. Using deceleration, Schult et al. (2017)
estimated the most prevalent mass observed by the MAASY at about 10~ kg although some of the meteors
may be as small as 10712 kg. Other than Arecibo, the mass of the Jicamarca meteors is similar to but
somewhat smaller than those observed by the VHF and UHF HPLARs.

It is generally believed that head echo is due to scattering from the overdense region, that is, where the
plasma frequency exceeding the radar frequency, around the meteor head. The overdense volume at low fre-
quency is always larger than that at high frequency. However, when the overdense region is smaller than the
radar wavelength, scattering falls into the Rayleigh scattering regime, where scattered power varies with A%,
For the same overdense volume, a radar at high frequency is less affected by Rayleigh scattering than at low
frequency. As the efficiency of head echo detection is largely determined by the gain of a HPLAR, this sug-
gests that reduction to the scattering cross section in the Rayleigh regime for low-frequency radars is fairly
well compensated by its larger scattering cross section. A more careful comparison of the echo rates and sys-
tem parameters can yield a more quantitative description on the overdense volume at different frequency
and yet insight into the evolution of plasma expansion around the head region.

To summarize, we developed a rigorous probability-based model for meteor detection. Coupled with a CLP,
this method allows us to detect a large number of meteors even in the presence of strong EEJ. The detection
rate of about 180 meteors per minute in the dawn hours is several times of that in previous reports. We pre-
sent for the first time the meteor flux rate as a function of time and altitude with a constant noise. The aver-
age detection altitude is highest around 2:00 a.m. instead of around 6 a.m. where the largest average velocity
is observed. This can be explained by the meteors at 2:00 a.m. having a larger atmospheric entry angle, which
effectively increases the collision frequency per unit distance in the vertical direction. The velocity distribu-
tion during the dawn hours shows that most of the meteors are coming from relatively close to the apex
direction. The maximum detection rate occurs at 98 km for dawn meteors, which is about 2 km higher than
at Arecibo. More significantly, the average detection range of the strongest Jicamarca echoes is consistently
1 km above that of all echoes. If we assume the number of meteors detected in consecutive sidelobes as a
geometric sequence, over 35% of the meteors will have a larger than 8° zenith angle, putting them in the
second sidelobe and beyond. Meteors appearing in far sidelobes complicate some of the interpretations
but need to be considered where applicable. The characteristics reported will be useful in understanding
the meteoric ablation process and its relationship to radio wave scattering.

References

Ceplecha, Z., Borovicka, J. 1., Elford, W. G., ReVelle, D. O., Hawkes, R. L., Porubéan, V. 1., & Simek, M. (1998). Meteor phenomena and
bodies. Space Science Reviews, 84(3/4), 327-471. https://doi.org/10.1023/A:1005069928850

Chapin, E., & Kudeki, E. (1994). Plasma wave excitation on meteor trails in the equatorial electrojet. Journal of Geophysical Research,
99(AS5), 8937-23819. https://doi.org/10.1029/93JA03198

Chau, J. L., & Woodman, R. F. (2004). Observations of meteor-head echoes using the Jicamarca 50 MHz radar in interferometer mode.
Atmospheric Chemistry and Physics (ACP), 4(2), 511-521. https://doi.org/10.5194/acp-4-511-2004

Chau, J. L., Woodman, R. F., & Galindo, F. (2007). Sporadic meteor source as observed by the Jicamarca high-power large-aperture VHF
radar. Icarus, 188(1), 162-174. https://doi.org/10.1016/j.icarus.2006.11.006

Close, S., Oppenheim, M., Durand, D., & Dyrud, L. (2005). A new method for determining meteoroid mass from head echo data. Journal of
Geophysical Research, 110, A09308. https://doi.org/10.1029/2004JA010950

Gao, B., & Mathews, J. D. (2015). High-altitude meteors and meteoroid fragmentation observed at the Jicamarca Radio Observatory.
Monthly Notices of the Royal Astronomical Society, 446(4), 3404-3415. https://doi.org/10.1093/mnras/stu2176

Janches, D., Nolan, M. C., Meisel, D. D., Mathews, J. D., Zhou, Q. H., & Moser, D. E. (2003). On the geocentric micrometeor velocity
distribution. Journal of Geophysical Research, 108(A6), 1222. https://doi.org/10.1029/2002JA009789

LI ET AL.

9 of 10

95U90|7 SUOWWIOD 3R 9|qedl|dde ay) Aq peusenob aJe Sajolie YO 8sn JO Sa|nJ Joj ARiqiTaulUO AB[IAA UO (SUOTIPUOD-PUR-SWBW0 AB | IMARe.d 1 [putjuoy/:Sdny) SuonIpuoD pue suse | au 88S *[620z/80/6T] U0 Ariqiaulluo A1 Nisd aueiyood Ad 65/20VI6T0Z/620T OT/I0p/wod &M Akeiqijputjuo'sgndnBe//sdny wouj pspeojumoq ‘T ‘0202 ‘20r669TZ


https://doi.org/10.1023/A:1005069928850
https://doi.org/10.1029/93JA03198
https://doi.org/10.5194/acp-4-511-2004
https://doi.org/10.1016/j.icarus.2006.11.006
https://doi.org/10.1029/2004JA010950
https://doi.org/10.1093/mnras/stu2176
https://doi.org/10.1029/2002JA009789
http://jro.igp.gob.pe/madrigal/
http://jro.igp.gob.pe/madrigal/

~1
AGU

100

ADVANCING EARTH
'AND SPACESCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2019JA027459

Kero, J., Szasz, C., Nakamura, T., Meisel, D. D., Ueda, M., Fujiwara, Y., et al. (2012). The 2009-2010 MU radar head echo observation
programme for sporadic and shower meteors: radiant densities and diurnal rates. MNRAS, 425(1), 135-146. https://doi.org/10.1111/
j.1365-2966.2012.21407.x

Kero, J., Szasz, C., Pellinen-Wannberg, A., Wannberg, G., Westman, A., & Meisel, D. D. (2008). Determination of meteoroid physical
properties from tristatic radar observations. Annales Geophysicae, 26(8), 2217-2228. https://doi.org/10.5194/angeo-26-2217-2008

Li, Y., & Zhou, Q. (2019). Characteristics of micrometeors observed by the Arecibo 430 MHz incoherent scatter radar. MNRAS, 486(3),
3517-3523. https://doi.org/10.1093/mnras/stz1073

Malhotra, A., Mathews, J. D., & Urbina, J. (2007). Multi-static, common volume radar observations of meteors at Jicamarca. Geophysical
Research Letters, 34, L24103. https://doi.org/10.1029/2007GL032104

Mathews, J. D., Janches, D., Meisel, D. D., & Zhou, Q. H. (2001). The micrometeoroid mass flux into the upper atmosphere: Arecibo results
and a comparison with prior estimates. Geophysical Research Letters, 28(10), 1929-1932. https://doi.org/10.1029/2000GL012621

Oppenheim, M. M., Dyrud, L. P., & Ray, L. (2003). Plasma instabilities in meteor trails: Linear theory. Journal of Geophysical Research,
108(A2), 1063. https://doi.org/10.1029/2002JA009548

Pellinen-Wannberg, A., & Wannberg, G. (1994). Meteor observations with eh European incoherent scatter UHF radar. Journal of
Geophysical Research, 99(A6), 11,379-11,390. https://doi.org/10.1029/94JA00274

Schult, C., Stober, G., Janches, D., & Chau, J. L. (2017). Results of the first continuous meteor head echo survey at polar latitudes. Icarus,
297, 1-13. https://doi.org/10.1016/J.ICARUS.2017.06.019

Sugar, G., Oppenheim, M. M., Bass, E., & Chau, J. L. (2010). Nonspecular meteor trail altitude distributions and durations observed by a 50
MHz high-power radar. Journal of Geophysical Research, 115, A12334. https://doi.org/10.1029/2010JA015705

Sulzer, M. (2004). Meteoroid velocity distribution derived from head echo data collected at Arecibo during regular world day observations.
Atmospheric Chemistry and Physics, 4(4), 947-954. SRef-ID: 1680-7324/acp/2004-4-947. https://doi.org/10.5194/acp-4-947-2004

Vierinen, J., Fentzke, J., & Miller, E. (2014). An explanation for observations of apparently high-altitude meteors. MNRAS, 438(3),
2406-2412. https://doi.org/10.1093/mnras/stt2358

Zhou, Q., & Kelley, M. C. (1997). Meteor observation by the Arecibo 430 MHz ISR II. results from time-resolved observations. Journal of
Atmospheric and Solar-Terrestrial Physics, 59(7), 739-752. https://doi.org/10.1016/S1364-6826(96)00103-4

Zhou, Q., Tepley, C., & Suzler, M. (1995). Meteor observations by the Arecibo 430 MHz incoherent scatter radar—Results from time-
integrated observations. Journal of Atmospheric and Terrestrial Physics, 57(4), 421-431. https://doi.org/10.1016/0021-9169(94)E0011-B

Zhou, Q. H., Mathews, J. D., & Nakamura, T. (2001). Implications of meteor observations by the MU radar. Geophysical Research Letters,
28(7), 1399-1402. https://doi.org/10.1029/2000GL012504

Zhou, Q. H., Zhou, Q. N., & Mathews, J. D. (1999). Arithmetic average, geometric average and ranking—Application to incoherent scatter
radar data processing. Radio Science, 34(5), 1227-1237. https://doi.org/10.1029/1999RS900062

LI ET AL.

10 of 10

85U8017 SUOLIWIOD BA T80 3|qeo! (dde 8y} Aq pausenob afe Sapie YO 88N JO SajnJ 10§ A%1q1T 8UIUO A8]IA UO (SUOIIPUOD-PU-SWBY/LLID"AB | 1M Afe.q [oul [UO//:SdNLY) SUORIPUOD PuUe SWLB | 8U1 89S *[5Z0z/80/6T] U0 AkeiqiTauliuo A8|iM ‘nied 8UeIyo0D Aq 65220 VL6T0Z/620T OT/I0p/woo A3 |1m Ateiqijputjuosgndnfe;/sdny wouy pepeojumoq ‘T ‘0202 ‘20766912


https://doi.org/10.1111/j.1365-2966.2012.21407.x
https://doi.org/10.1111/j.1365-2966.2012.21407.x
https://doi.org/10.5194/angeo-26-2217-2008
https://doi.org/10.1093/mnras/stz1073
https://doi.org/10.1029/2007GL032104
https://doi.org/10.1029/2000GL012621
https://doi.org/10.1029/2002JA009548
https://doi.org/10.1029/94JA00274
https://doi.org/10.1016/J.ICARUS.2017.06.019
https://doi.org/10.1029/2010JA015705
https://doi.org/10.5194/acp-4-947-2004
https://doi.org/10.1093/mnras/stt2358
https://doi.org/10.1016/S1364-6826(96)00103-4
https://doi.org/10.1016/0021-9169(94)E0011-B
https://doi.org/10.1029/2000GL012504
https://doi.org/10.1029/1999RS900062


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


