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Abstract Meteoroids entering the Earth's atmosphere produce ionized trails, which are detectable by
radio sounding. Cylindrical underdense (and partly overdense) trails form a great majority of meteor
echoes received by meteor radars (MRs). Additionally, the long‐lived nonspecular (LLNS) meteor echoes are
received from irregularities of ionization generated along tracks of relatively large meteoroids. At high
latitudes where the magnetic field is nearly perpendicular to the Earth's surface the LLNS echoes are
possible only from non‐field‐aligned irregularities. The occurrence and height distributions of LLNS echoes
are studied using MR observations at the high‐latitude Sodankylä Geophysical Observatory (SGO, 67°22′N,
26°38′E, Finland) during 2008–2019. Two parameters are analyzed: the percentage and height
distribution of LLNS echoes. These LLNS echoes constitute about 3% of all MR detections. However, during
certain meteor showers (i.e., the Geminids, Perseids, Quadrantids, Arietids or/and Daytime ζ‐Perseids,
and Lyrids) the percentage of LLNS echoes is noticeably higher (about 10%, 8%, 7%, 7%, and 4%,
respectively). Typically, the LLNSs occur ∼1–2 km higher than other echoes (in June–July the height
difference is reduced to ∼0.5–1 km). Moreover, during the Lyrids, η‐Aquariids, Perseids, Orionids, and
Leonids the LLNS echoes occur noticeably, up to 3–5 km, higher than the echoes from other types of trails.

Plain Language Summary Meteoroids entering the Earth's atmosphere produce the ionized
trails, which are detectable by radars. Majority of such radar detections are the echoes from cylindrical
ionized trails, which occur if the radar beam is perpendicular to the trail; that is, the reflection is specular.
Typically, such echoes last less than one second. However, sometimes meteor radars observe unusually
long‐lived meteor echoes and these echoes are nonspecular (LLNS echoes). At high latitudes where
magnetic field is nearly perpendicular to the Earth's surface the LLNS echoes are possible only from
non‐field‐aligned irregularities. The LLNS echoes are received from trails of bright meteors, and it is believed
that key role in their generation belongs to the aerosol particles arising due to fragmentation and burning
of large meteoroids. We found that usually about 3% of all meteor radar detections are LLNS echoes;
however, during peaks of some meteor showers (Geminids, Perseids, Quadrantids, Arietids or/and Daytime
ζ‐Perseids, and Lyrids) the percentage is larger, up to 7–10%. On average, the LLNS echoes occur ∼2 km
higher than other echoes, and even higher (up to 3–5 km) during Lyrids, η‐Aquariids, Perseids, Orionids, and
Leonids. These meteor showers are identified in the height distributions and/or occurrence of LLNS trails.

1. Introduction

According to the International Astronomical Union, meteoroid is a solid natural object of a size roughly
between 30 μm and 1 mmoving in, or coming from, interplanetary space. The high‐speed entry of a meteor-
oid from space into the atmosphere produces a meteor, which is the light and associated physical phenom-
ena (heat, shock, and ionization). Particles of mass larger than 1 μg entering the atmosphere at a speed of a
few tens of kilometers per second ionize the ambient atmospheric gas and leave cylinder‐shaped ionized
trails which can be detected by radars (Bronshten, 1983). Below that mass, the heating is limited by thermal
reradiation (e.g., Popova et al., 2019). The majority of the ionized meteor trails detected by very high fre-
quency (VHF) radars occur at heights between 70 and 110 km with a maximum near 90 km.

This altitude range belongs to the mesosphere‐lower thermosphere (MLT) region of the atmosphere. The
mesosphere is that region between the temperature maximum near 50 km (the stratopause) and the
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temperature minimum near 85–90 km (the mesopause). The thermosphere is situated above the meso-
sphere. The MLT height range corresponds to the ionospheric D region (60–90 km) and the lower part of
the ionospheric E region (90–140 km). Perhaps, this is the least explored of all regions of the Earth's
atmosphere. Effects of magnetospheric processes from above (electric fields and particle precipitation) are
manifested here (e.g., Mironova et al., 2015), and atmospheric waves propagated from below (from middle
atmosphere) are important as well (e.g., Vincent, 2015). Gravity waves propagating upward break at
altitudes between 80 and 100 km forming a layer of turbulence (e.g., Lukianova et al., 2015). Investigation
of the MLT region relies essentially on remote sensing techniques. Direct measurements based on rocket
delivered instruments are rare. Remote sensing includes passive (natural airglow) and active (lidar) optical
techniques as well as the radar techniques that make use of the ionized component of the atmosphere as a
tracer for the neutral motions in the MLT (e.g., Reid, 2015). Important sources of ionization in the MLT
are meteors.

The height of meteor trails is primarily determined by the air density and speed and size of themeteoroids. In
addition, generation and evolution of meteor trails may depend on atmospheric composition and properties
of meteoroids, which will be discussed in section 4. Annual and year‐to‐year changes of the meteor height
distributions were presented by, for example, Lima et al. (2015) and Batubara et al. (2018), who studied data
from meteor radars (MRs) located at low latitudes to look for effects of solar activity. Lukianova et al. (2018)
investigated annual variations of the height of ionized trails using 9 years (2008–2017) of data from the
high‐latitude MR located at Sodankylä Geophysical Observatory (SGO, Finland). They analyzed the median
height of meteor trails and corresponding upper and lower quartiles and found that meteoroids of some
showers produce ionization trails at altitudes noticeably exceeding those of sporadic meteors. Thus, major
Northern Hemisphere meteor showers, namely, the Quadrantids, Lyrids, η‐Aquariids, Arietids (or/and
Daytime ζ‐Perseids), Perseids, Orionids, and Geminids, were identified as a sharp increase of the height of
ionized trails at peak dates of the showers. It was suggested that the shower meteor trails originate at higher
altitudes likely due to higher speed and probably lighter or less dense meteoroids belonging to the showers.

As the next step toward the diagnosis of meteor echoes during meteor showers, we need to investigate in
more detail the height distributions and properties of the different types of meteor trails. An example of a
meteor echo detected by the SGO VHF monostatic MR is shown in Figure 1a, where the amplitude of the
signal received at one of the antennas is presented versus time. This is a typical example of an underdense
meteor trail, and a great majority of the MR echoes are from this type of trails, which are produced by rela-
tively small meteoroids. The underdense trails are characterized by a line electron density much less than
2.4·1014 m−1 (e.g., Bronshten, 1983). The amplitude of such echoes sharply increases up to a maximum value
and then immediately starts to decrease quasi‐exponentially. Durations of such echoes detected by the SGO
radar are typically less than 0.2 s.

More dense trails having a line electron density of the order of 2.4·1014 m−1 or larger are classified as inter-
mediate or overdense. In most cases their duration is up to 1 s (for the SGO radar). An example of an over-
dense trail is given in Figure 1b. Radio wave reflection (backscattering) from both the underdense and
overdense trails is specular; that is, it occurs when the radar beam is perpendicular to the trail. The process
of scattering radio waves from the trails was described by, for example, Baggaley (2002).

Besides the specular echoes, VHF radars sometimes detect nonspecular echoes, when the radar beam is not
perpendicular to the meteor trail (e.g., Kero et al., 2019). In such cases the radar echo occurs due to Bragg
backscatter from the electron density irregularities at a spatial scale of half the radar wavelength generated
within the ionized meteor trail. As ionospheric plasma structures tend to be stretched along the magnetic
field, the nonspecular echoes were explained by field‐aligned irregularities, which likely can be generated
by the gradient‐drift instability (e.g., Chapin & Kudeki, 1994; Dyrud et al., 2011; Oppenheim et al., 2003).
This explanation is suitable for low or middle latitudes where radar detections at right angle to the magnetic
field are possible. The majority of the studies of nonspecular meteor echoes have beenmade at low or middle
latitudes, although several cases have been reported from high latitudes (Chau et al., 2014; Kelley et al., 1998;
Kozlovsky et al., 2018; Röttger, 2000). The high‐latitude nonspecular echoes look very similar to low‐latitude
ones, but they cannot be explained by field‐aligned irregularities because the magnetic field is nearly vertical
at the high latitudes and, hence, the VHF radar beam direction cannot achieve perpendicularity to the mag-
netic field at meteor altitudes.
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Examples of such high‐latitude nonspecular (LLNS) detections obtained by the SGOMR during the Perseids
on 13 August 2018 are given in Figures 1c–1e. These echoes were received nearly simultaneously (at
14:15:49 UT) from different ranges (heights) and lasted longer than 3 s exhibiting irregular oscillations of
the amplitude. TheMR raw data for this event are presented in Figure 2 as a range‐time‐intensity (RTI) color
plot. This plot shows that the meteoroid was descending and moving away from the radar, so that the echoes
were received from distances between 182 and 192 km; that is, there was spread in range.

A suitable mechanism explaining LLNS echoes from non‐field‐aligned irregularities may be the neutral tur-
bulence in the presence of charged meteor dust (Chau et al., 2014; Kelley, 2004), which is similar to the polar
mesosphere summer echo (PMSE) where a key role belongs to charged ice particles (e.g., Rapp &
Lübken, 2004). (More details of mechanisms which form LLNS echoes will be discussed in section 4.1.)
After the observations at high latitudes it was found that LLNS meteor echoes from non‐field‐aligned irre-
gularities could be detected at low latitudes as well (Close et al., 2011).

In contrast to the specular echoes, the scattering mechanism of LLNS echoes is not as well understood, even
for field‐aligned irregularities at low latitudes (Kero et al., 2019). As to the non‐field‐aligned irregularities at

Figure 1. Amplitude of the signals received at one of the five MR antennas versus time (zero time approximately
corresponds to the time of meteor detection in routine MR operation): (a) typical example of underdense trail, (b) an
overdense trail, and (c–e) long‐lived nonspecular echoes.
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high latitudes, only several cases were described so far. In the first two studies by Kelley et al. (1998) and
Röttger (2000), the mesosphere‐stratosphere‐troposphere radars occasionally detected LLNS echoes
during observations aimed on PMSE. Then, Chau et al. (2014) presented detailed description of four cases
of LLNS echo observed with the high‐power large‐aperture Middle Atmosphere Alomar Radar System
(MAARSY). After that, Kozlovsky et al. (2018) presented 16 cases when SGO MR detected LLNS echoes
associated with bright meteors observed by colocated optical camera. These observations allowed the
authors to propose reasonable hypothesizes on the nature of the echoes, although much more extensive
statistics are needed to make further progress in understanding the LLNS meteor echoes from non‐field‐
aligned irregularities.

In the present paper we use 11 years of data from the high‐latitude MR to study statistics of the LLNSmeteor
echoes from non‐field‐aligned irregularities. We show annual variations of the occurrence and height of the
echoes. Comparison is made of the occurrence and height distribution of LLNS echoes during the major
meteor showers and the nonshower times, when the sporadic meteors dominate. To some degree, the pre-
sent paper is a continuation of the study of Lukianova et al. (2018). This is the first study of the statistics
of the LLNS echoes.

2. Methods
2.1. Instrument

We use data from the MR at SGO (67°22′N, 26°38′E, Finland). The radar is an all‐sky interferometric MR
SKiYMET operating at a frequency of 36.9 MHz. The power of the radar transmission is 15 kW (upgraded
from 7.5 kW in September 2009). The pulse repetition frequency is 2,144 Hz, while the width of each pulse
is 13 μs, which gives a range resolution (size of the range bins) of 2 km. The five‐antennae receiving array is
arranged as an interferometer, and phase differences in the signals arriving at each of the antennae of the
interferometer are used to determine an unambiguous angle of arrival, that is, allows the determination
of meteor echo azimuth and elevation angles to an accuracy of about 1° (Jones et al., 1998). Also, the receiv-
ing system determines the Doppler velocity of the selected targets. Details of the SKiYMET radar system and
algorithms of the radar signal processing are described in the paper (Hocking et al., 2001).

The threshold mass of meteoroids detected by SKiYMET is about 10−8 kg corresponding to particles with
diameter about 0.3 mm (Pokorný & Brown, 2016).

2.2. Data

An important task of the standard SKiYMET real‐time signal processing is selecting meteor echoes and
rejecting other signals, such as echoes from satellites and aircrafts, lightning, and sporadic ionospheric

Figure 2. The range‐time‐intensity (RTI) color plot showing meteor radar raw data for the event of long‐lived
nonspecular echoes.
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layers. The characteristic features used to distinguish meteor echoes from other signals include their rapid
onset, relatively short duration (typically less than 0.3 s), and quasi‐exponential decay. In routine MR
operation for each echo accepted as a meteor (i.e., “detection”) a short 4‐s record of the signals (real and
imaginary components) received at five antennas is analyzed and archived. Examples of such records are
shown in Figure 1, where the amplitude of the signal received at one of the antennas is presented versus
time (zero time corresponds to the time of meteor detection obtained in the routine MR operation). Only
echoes with signal‐to‐noise ratio larger than 2 dB are accepted by the system.

For the targets selected by the system as meteors, their position (azimuth, elevation, range, and height),
Doppler velocity of the scatter from these targets, and the decay time of the scatter from the targets are deter-
mined. The interpulse frequency of MR transmissions is 2,144 Hz, so that the range may be determined with
a 70‐km ambiguity. To reduce the range ambiguity, the MR data analysis algorithm assumes that meteor
trails are preferably at heights between 70 and 110 km, so that about 70% of meteors are located unambigu-
ously. For the height distributions in the present paper we use only unambiguous detections. Uncertainty in
the height is ±1 km (or better for low elevation), which is determined by the 2‐km‐range resolution.

In the present study we use the MR data from 2 December 2008 to 31 December 2019. Blue dots in the top
panel in Figure 3 presents the number of meteor trails detected during a day, which include all kinds of the
targets selected by the radar software. There is an annual variation with a maximum in each summer (more
than 15,000 meteors per day) and a minimum in each spring (of the order of 4,000 detections in a day). On
some days, for example, 13 August and 13 December there are sharp peaks (up to 20,000 detections in a day),
which are associated with meteor showers. Sharp minima (down to zero) indicate dates of breaks in the
radar operation. Another possible reason for a decrease in meteor count is an enhanced background noise
level during strong ionospheric disturbances associated with geomagnetic storms and auroral substorms.
The count increase in September 2009 is due to a radar power upgrade from 7.5 to 15 kW.

2.3. Method

Following Lukianova et al. (2018), we use only the unambiguous detections at an elevation angle higher
than 30° with a Doppler velocity less than 100 m/s to reject nonmeteor targets associated with auroral

Figure 3. (top) Daily number of meteor echoes detected by the meteor radar (blue) and number of the echoes used in the
study: unambiguous detections at elevation higher than 30° with the Doppler velocity less than 100 m/s (red). Count
enhancement in September 2009 is due to the radar power upgrade from 7.5 to 15 kW. (bottom) Daily median (M) and
upper (Uq) and lower (Lq) heights of meteor detection. The black line depicts a smoothed curve.
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activity. The number of such detections during a day is shown in the top panel in Figure 3 by the red dots.
These detections, which constitute about 50% of all detections, were used to study the height distribution of
meteor trails.

We developed a simple algorithm to separate the LLNS echoes such as shown in Figures 1c–1e.We have ana-
lyzed the 4‐s amplitude records and calculated the ratio (R) of the median amplitude (A2) between 0.5 and
3.0 s after the onset of meteor detection to themedian amplitude (A1) between 1.0 and 0.5 s prior to the onset.
The valueA1 corresponds to a noise level before the onset. In the cases of specular echoes lasting less than 1 s
(like these in Figures 1a and 1b), the noise level before and after the meteor echo is expected to be about the
same, so that A1 ≈ A2 and R ≈ 1. For the LLNS echoes (such as Figures 1c–1e) the ratio is larger than 1. For
automated recognition of the LLNS echoes one needs to choose a certain threshold value, Rtr, such that, if
R > Rtr, the echo is identified as LLNS.

For choosing the Rtr value independent of possible annual variations, we analyzed distributions of R on the
thirteenth days of all months, from January to December in the Year 2018. In June, August, and December
these days are near peaks of major meteor showers, Arietids or/and Daytime ζ‐Perseids, Perseids, and
Geminids, respectively (indicated by the red curves in Figure 4). Figure 4a shows the number of detections
(in percent) that the ratio R exceeds a certain value from 0.8 to 2, and Figure 4b shows the distribution of R
value for the selected days. From the data presented in Figure 4 we conclude that for non‐LLNS echoes R is
within the interval 1 ± 0.15, where the scattering ±0.15 is due to random variations of the noise level. After
that we choose Rtr = 1.2 for LLNS echo selection. Thus, if A2 was 1.2 times larger than A1, the detection was
identified as LLNS. In practice it means that the power of identified LLNS echoes exceeds the noise level by
about 7 dB, at least. In section 3.2 we present an example to show that the algorithm distinguishes correctly
LLNS from others trails.

Figure 4. Ratio of the median amplitude of MR signal between 0.5 and 3.0 s after the onset of meteor detection to the
median amplitude between 1.0 and 0.5 s prior to the onset (R) on the thirteenth days of all months in the Year 2018:
(a) number of detections (in percent) for which the ratio R exceeds certain value from 0.8 to 2 and (b) distribution of R
value for the selected days.
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3. Results
3.1. Height Distribution of Meteor Trails

In this section we present height distributions of meteor echoes with no separation of LLNS echoes. The
bottom panel in Figure 3 presents the time series of daily median (M) and upper (Uq) and lower (Lq)
quartiles heights of the detections selected accordingly to Lukianova et al. (2018). The black curve shows
the smoothed variations obtained by applying a 30‐point fast Fourier transform filter. One can see the

Figure 5. The 11‐year composite histograms representing averaged height distribution for each day of year (color coded,
normalized by maxima for the day of year). Red curves show median and upper and lower quartiles of the distribution.
The numbers in the red circles correspond to the first column of Table 1. The white curves show the levels of
constant atmospheric density (in 10−10 g/cm3) calculated for the Sodankylä Geophysical Observatory site using the
NRLMSISE‐00 model.
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quasi‐periodic seasonal variations and also short (a few days) increases of the meteor height. The latter are
usually associated with regular meteor showers, such as the Perseids on 13 August or the Lyrids on 22 April.
As was stated in the Introduction, such increases are the main subject of the present study.

Using the height data from the whole 11‐year period of observations, we have obtained composite histo-
grams representing the averaged height distribution for each day of year. These histograms binned in 1‐
km‐height bins are presented in Figure 5 as a color‐coded plot. The histograms were normalized by maxima
for each day of year. Red curves on the plot show the medians and quartiles of the daily distributions.
Numbers from 1 to 8 indicate the meteor showers identified in Lukianova et al. (2018) and listed in
Table 1. White curves show the levels of constant atmospheric density (in 10−10 g/cm3) calculated for the
SGO site using the Mass‐Spectrometer‐Incoherent‐Scatter NRLMSIS‐00 model (Picone et al., 2002).

In Figure 5 one can see that the annual variation of the meteor height distribution agrees, to some extent,
with the seasonal variations of the atmospheric density, which was earlier studied by Stober et al. (2014)
and also shown in (Lukianova et al., 2018). The other factor affecting seasonal change of meteor trails is
the annual variations of radiant of sporadic meteor sources (Kero et al., 2012). These two factors cause a gra-
dual variation of the height, whereas sharp peaks of a few days are associated with the meteor showers.

Figure 5 shows that a larger percentage of trails is detected above 95 km during certain meteor showers. The
most prominent such feature is seen for the Perseids in August (identified as 6). In the following section, we
consider in more detail the properties of radar echoes from the Perseids meteor trails observed at altitudes
above 95 km and compare them with the detections at 89–91 km, which corresponds to the maximum of
the height distribution of meteors.

3.2. Example: MR Echoes During Perseids 2018

Examples of LLNS detections obtained during Perseids on 13 August 2018 are given in Figures 1c–1e, and
the MR raw data for this event are presented in Figure 2. The RTI plot in Figure 2 shows that the meteoroid
was descending and moving away from the radar, so that the echoes were received from at least six ranges

Table 1
Characteristics of the Meteor Showers: Ordinal Number Since the Beginning of the Year, Date of the Maximum, Name of the Shower and Parent, Percent of LLNS
Trails, Height Differences of LLNS and Other Trails for Quartiles (ΔLq and ΔUq) and Medians (M), Type of the Shower (See Section 4), Zenithal Hourly Rate
(ZHR), Geocentric Velocity (VG), Right Ascension (RA), Declination (D), Mass Index, Porosity (p), and Density (ρ)

#
Date of
maxa Shower and parentb %

ΔLq
(km)

ΔM
(km)

ΔUq
(km) Type ZHRa

VG
a

(km/s)
RAa

(deg)
Da

(deg)
Mass
index

pc

(%)
ρc

(g/cm3)

1 3 Jan Quadrantids
2003 EH1 and
96P/Machholz1d

6.7 2 2 1 P — 120 29 230 +49 1.65e 44c 1.9c

2 26 Jan Unknown 3 1 1 2 ——

3 22 Apr Lyrids
C/1861 G1 (Thatcher)

4.3 4 4 5 P H 18 47 272 +33 1.93f

4 6 May η‐Aquariids
1P/Halley

3.6 3 3 4 — H 55 65 337 −1 1.85e

5 9 Jun Arietids
P/1999 J6

6.6 1 1 0.4 P — High 39 45 +24 1.7e

Dayside ζ‐Perseids
2P/Encke

High 26 63 +26 —

6 12 Aug Perseids
109P/Swift‐Tuttle

7.7 3 4 4 P H 100 61 48 +57 1.5–1.6g 45c 1.2c

7 22 Oct Orionids
1P/Halley

3.2 3 3 5 — H 23 65 96 +16 1.65–1.8e 62c 0.9c

19 Nov Leonids
55P/Tempel‐Tuttle

3.4 2 2 4 — H 15 67 154 +22 1.7h 83c 0.4c

8 14 Dec Geminids
(3200) Phaethon

9.5 2 1 0 P — 120 35 113 +32 1.55e 0c 2.9c

22 Dec Ursids
8P/Tuttle

4.0 2 2 2 P — 10 36 217 +75 —

Sporadic 3 1–2 30–60i 2.17j 40c 1.8c

aKronk (2014). bIAU Meteor Data Center (https://www.ta3.sk/IAUC22DB/MDC2007/index.php). cBabadzhanov and Kokhirova (2009). dJenniskens
(2006). eBlaauw et al. (2011b). fPorubcan et al. (1997). gSchult et al. (2018). hBrown et al. (2002). iCampell‐Brown (2008). jBlaauw et al. (2011a).
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between 182 and 192 km. However, in the given case the MR detection system identified echoes as meteor
trails only at three ranges, 186, 188, and 190 km, which correspond to heights 101.7, 100.9, and 98.9 km,
respectively (indicated on the right in Figure 4 and presented in Figures 3c–3e). At the last ranges the
radar reflections lasted about 40 s.

We now compare the percentage of the LLNS echoes at two different altitudes, 89–91 and 95–105 km, during
Perseids in 2018. During the whole day 13 August 2018 there were 1,329 meteor echoes obtained from 95–
105 km and 1,013 detections at 89–91 km. Their 4‐s power records are presented in Figures 6a and 6b as
color‐coded plots as functions of the record duration time (horizontal axes) and time of detection (vertical
axes). The LLNS echoes are manifested as horizontal lines continuing from 0 to 3 s. It may be noticed by
eye that the relative number of the LLNS echoes is larger above 95 km (Figure 6a), compared to heights
between 89 and 91 km (Figure 6b).

Using the algorithm described above to separate the LLNS echoes, we have analyzed the 4‐s amplitude
records presented in Figure 6. We compared the median amplitude between 1.0 and 0.5 s prior to the onset
of a meteor detection and the median amplitude between 0.5 and 3.0 s after the onset of a meteor detection
(i.e., the zero time obtained in routine MR operation). If the second was 1.2 times larger than the first one,
the detection was identified as LLNS.

Figure 7 presents the same data as Figure 6, although the data were reordered in such a way that the identi-
fied LLNS detections are placed in the bottom of each plot and other detections are above. Between 95 and
105 km 291 of 1,329 detections (i.e., 22%) were LLNS, whereas at 89–91 km they were only 7%. This indicates
a possible role of LLNS echoes in the height distribution of Perseids. Figure 7 also shows that the algorithm
identifies correctly the majority of LLNS trails. In the following we apply this method to the whole database
of the SGO MR for a more rigorous analysis.

Figure 6. Color‐coded plots showing power of the signals received at one MR antenna during 13 August 2018 as functions of the record duration time (horizontal
axes) and time of detection (vertical axes): (a) echoes obtained from 95–105 km and (b) echoes obtained from 89–91 km.
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3.3. Statistics of the Long‐Lived Trails

Routinely, the 4‐s records of the signals received at five antennas are to be archived for all detections.
However in 2010 and during April 2013 to March 2014 the data were lost, so that the 4‐s records exist only
for about 80% of all detections. All these data were analyzed to separate LLNS echoes and other trails.
Altogether, about 107 echoes were analyzed and about 4·105 of them were identified as LLNS.

Characteristics of the detections averaged over a day of the year are presented in Figure 8. Figure 8a shows
the percentage of the LLNS detections as a function of the day of year. Numbers 1–8 indicate the meteor
showers distinguished in the height distributions of meteor echoes (Lukianova et al., 2018) and presented
in Table 1. Typically, about 3% of the detections are LLNS, but during some showers, notably the
Geminids, Perseids, Quadrantids, Arietids/Daytime ζ‐Perseids, Lyrids, and Ursids the percentage is notice-
ably higher by up to about 10%, 8%, 7%, 7%, 4%, and 4%, respectively.

Figure 8b shows medians and quartiles of the height distributions of the LLNS (red) and the other echoes
when LLNS are excluded (blue). The former are typically detected ~2 km higher than the latter (except
June–July when the height difference is about 1 km). During some showers, namely, the Lyrids (3),
η‐Aquariids (4), Perseids (6), and Orionids (7), the upper quartile of LLNS echoes is up to 4–5 km higher than
that of the other trails. A remarkable peak in the upper quartile of LLNS echoes is seen on 19 November. This
date corresponds to the peak of the Leonids meteor shower, although the median and quartiles of all echoes
on this day (Figure 2) show a very small increase so that this shower was not identified in Lukianova
et al. (2018). Nevertheless, because of the prominent peak in the upper quartile of LLNS echoes we decided
to add the Leonids shower to Table 1.

The height of LLNS echoes in December during the Geminids does not show a peak associated with this
shower. Moreover, the upper quartile and median at that time are nearly the same as these of non‐LLNS
echoes. Indeed, the height distribution of LLNS trails in December is rather variable. However, there is a
small increase, up to 4%, in percentage of LLNS trails on 22 December. This date corresponds to the peak

Figure 7. The same data as Figure 6, however, the data were reordered in such a way that the identified LLNS detections are placed in bottom of the plots and
other detections are above.
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of the Ursids meteor shower, which was not identified in the height distribution of meteors by Lukianova
et al. (2018). This shower is also added to Table 1.

Green lines in Figure 8b show the height distributions (median and quartiles) of all echoes, same as in
Figure 5. One can notice that the signatures of the Perseids meteor shower presented in the height distribu-
tion of all echoes (green line) are less prominent in the heights of echoes when LLNS echoes are excluded
(blue curves in Figure 8b). Hence, larger heights of meteor detections during Perseids are to some degree
due to LLNS echoes.

4. Discussion

Above we present statistics of the occurrence and height distributions of LLNS MR echoes observed during
11 years at the high latitudes where such echoes may be received only from non‐field‐aligned irregularities
generated along tracks of meteoroids. The first key finding of the paper is that LLNS echoes typically consti-
tute about 3% of all meteor echoes, whereas in the peaks of some meteor showers (e.g., Geminids, Perseids,
and Quadrantids), the percentage is essentially larger, up to 7–10%. The second important finding of the
paper is that typically LLNS echoes are detected 1–2 km higher than other meteor echoes, whereas during
certain meteor showers (Lyrids, η‐Aquariids, Perseids, and Orionids) the height difference is noticeably lar-
ger, up to 4–5 km. These results are presented in Table 1. Also, this table presents characteristic parameters
of the meteor streams such as geocentric velocity VG, right ascension RA, and declination D according to
Kronk (2014), and physical characteristics of meteoroids such as mass index (s), porosity (p), and density (ρ).

Figure 8. Characteristics of the detections averaged over a day of the year: (a) percentage of the LLNS detections as a
function of the day of year; (b) medians and quartiles of the height distributions of the LLNS (red) and others (blue)
echoes, green lines show the height distributions (median and quartiles) of all echoes, same as in Figure 5; and (c) annual
distribution of the meteor count in 2010–2019. Numbers 1–8 indicate the meteor showers presented in Table 1.
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In the following we discuss, first, the possible mechanisms for the LLNS echoes and, second, how the
obtained peculiarities of LLNS echoes during meteor showers might be connected with known parameters
of the meteoroids and meteor streams. Finally, we discuss some open questions, which arise from the pre-
sent study and may be subjects for future research.

4.1. Properties and Possible Mechanisms for the LLNS Detections

Cases of LLNS meteor echoes observed at high latitudes have been reported in several papers (Chau
et al., 2014; Kelley et al., 1998; Röttger, 2000). Using data from collocated optical, radar, and ionosonde
observations at SGO, Kozlovsky et al. (2018) studied bright meteors creating dense ionization trails
with an initial line electron density between 1014 and 1016 m−1. They have shown that in many cases
meter‐scale irregularities of electron density are formed along the tracks of such bright meteors, so that
the MR detects nonspecular reflections from them. At low latitudes nonspecular meteor echoes can ori-
ginate from magnetic‐field‐aligned irregularities of electron density (e.g., Dyrud et al., 2011; Oppenheim
et al., 2003), but it is impossible at the high‐latitude SGO site where the magnetic field lines are close
to the vertical. Hence, we deal with LLNS meteor echoes from non‐field‐aligned irregularities of elec-
tron density.

To explain nonspecular long‐lived echoes from meteor trails at high latitudes, Chau et al. (2014) suggested
that “… echoes could be qualitatively explained by the presence of charged dust forming from the meteoric
material immersed in a turbulent flow. This can lead to a high Schmidt number plasma that can sustain
meter‐scale turbulence just as it does for the polar mesospheric summer echoes. These rare events require
relatively large meteoroids.” Thus, a mechanism of LLNS echoes may be analogous to the PMSEs provided
that meteor smoke particles play the role of ice particles. The meter‐scale structures of electron density may
be formed due to the neutral turbulence as Chau et al. (2014) suggested. An alternative mechanism may be
the instability, which is due to the chargedmeteor smoke particles moving downward under the influence of
gravity, so that they move relatively to the background plasma. This relative motion leads to the dissipative
instability, a mechanism which is analogous to that of the resistive beam‐plasma instability. As a result,
meter scale irregularities (electrostatic waves) are generated. Trakhtengerts (1994) suggested this instability
for explaining PMSE, and later Kozlovsky et al. (2017) used this model to explain MR echoes from the meso-
spheric plasma irregularities caused by the missile destruction in December 2009. This instability requires
relatively large (of the order of 40 nm) aerosol particles. Irrespective of the particular mechanism, turbu-
lence, or instability, we believe that the aerosol particles along trajectories of large meteors are the main fac-
tor responsible for the meter‐scale electron density irregularities causing nonspecular echoes. These
particles presumably occur due to fragmentation and burning of large meteoroids.

One more important role of the aerosol particles is that they slow down diffusion (e.g., Kelley et al., 1998;
Shalimov & Kozlovsky, 2015, 2019), so that the irregularities of electron density decay over a longer period
making possible long‐lived radar echoes. The competing mechanisms of deionization, which may increase
decay of the electron density irregularities, are recombination and attachment (Baggaley, 1978). The deioni-
zation is more important below 90 km and depends on season and composition of the atmosphere (Lee
et al., 2013; Younger et al., 2014). This effect can be manifested in the duration of LLNS trails. However,
in the present study we only have record of the first 3 s of these echoes, such that the duration of LLNS trails
cannot be studied with this data set.

4.2. Mass of Meteoroids Causing LLNS Echoes

It is assumed that LLNS echoes are caused by relatively large meteoroids (Chau et al., 2014) and it is known
that they are associated with bright meteors (Kozlovsky et al., 2018), but there have been only a few attempts
to estimate the mass of meteoroids for particular cases (Close et al., 2011; Kelley et al., 1998). The statistical
results obtained in the present paper allow, with some reasonable assumptions, to estimate a minimal mass
of the meteoroids responsible for LLNS echoes. It is typically assumed that the number of meteoroids, dN,
which have mass between m and m + dm, follows a distribution

dN ∝ m−sdm; (1)

where the exponent s is the mass index, for which experimental values are given in Table 1 for the meteor
showers and sporadic meteors. Integrating (1), we obtain
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N ∝ m−s þ 1; (2)

where N is the total cumulative number of meteoroids with mass larger than m.

We obtained that, for sporadic meteors LLNS echoes constitute 3% of all detections accepted by the
SKiYMET system as meteor trails. However, a single meteor may cause several detections. For instance,
in the case presented in Figure 2 there were three simultaneous detections at different ranges. Whether or
not a signal is accepted as a meteor trail depends on the characteristics of the signal. In particular,
long‐lasting echoes of nearly constant power may be treated as reflections from aircrafts or sporadic E layers
and rejected by the system. Kozlovsky et al. (2018) studied 28 cases of bright meteors signatures of which
were observed also in ionosonde data. However, only 16 of them were accompanied by MR detections (from
1 to 5 in each case) and 19 of themwere long‐lived echoes. Thus, wemay assume that, on average, one bright
meteor causes an order of 1 LLNS echo and the largest sporadic meteoroids constituting about 3% of total
number produce such echoes. After that, taking the mass index of sporadic meteors s = 2.17 (Blaauw
et al., 2011a) and minimal detectable mass of the SKiYMET system mmin ≈ 10−8 kg (Pokorný &
Brown, 2016), we obtain from (2) that the mass of the meteoroids producing LLNS trails is larger than m0

given by

m0 ¼ mmin
100%
3%

� �1= s − 1ð Þ
≈ 2 · 10−7 kg: (3)

This does not contradict Close et al. (2011) who estimated the mass of the meteoroid producing LLNS trail in
their case as 4·10−6 kg. Following the analysis of specular echoes by Stober et al. (2011), the mass 2·10−7 kg at
an altitude about 90 km corresponds to an initial mass about 0.02 kg. This minimal mass agrees with Kelley
et al. (1998) who investigated one case of LLNS trail associated with bright meteor and concluded that the
incident meteoroid producing the trail was the order of 0.1 kg.

Mass indices of shower meteors are given in Table 1. For all the showers the mass index is less than 2,
whereas for sporadic meteors it is larger than 2. Smaller mass index indicates that there is more mass in lar-
ger particles; that is, there are a larger number of heavier particles in the stream. This may explain the larger
percentage of LLNS echoes in peaks of intense meteor showers, like Geminids, Quadrantids, and Perseids,
which are accompanied by prominent sharp peaks in the percentage of LLNS trails. Figure 8c presents
the annual variation of the daily meteor count at SGO (median over years 2010–2019). From the ratio of
meteor count in the peaks of showers to that apart from the peaks, we obtain that in the maxima these
shower meteors make 57%, 43%, and 34% of total daily counts for Geminids, Quadrantids, and Perseids,
respectively.

Generation of LLNS trails may depend not only on the mass of meteoroids but also on other their character-
istics such as velocity, density, porosity, and chemical composition. In addition, density and composition of
the atmosphere may play a role. Thus, the minimal mass of the shower meteoroids creating LLNS echoes
may be different from that of sporadic meteoroids. Simple calculations show that for Geminids,
Quadrantids, and Perseids the minimal mass is, respectively, 1.7, 1.4, and 1.3 times larger than them0 calcu-
lated above for sporadic meteoroids. To summarize, a minimal initial mass of meteoroids producing LLNS
trails may be estimated as order of 0.02–0.03 kg. Initial size (diameter) of such particles is of the order of
2–3 cm.

Comprehensive study of the entry to the atmosphere of centimeter‐sized meteoroids was performed by
Moreno‐Ibáñez et al. (2018), and detailed description of the processes accompanying entry of different
sizes meteoroids is presented in, for example, (Bronshten, 1983) or (Popova et al., 2019). The regime of
ablation of a meteoroid depends on the Knudsen number, which is the ratio of the mean free path of
the gas molecules (which primarily depends on the gas density) to a size of the meteoroid. Hence, larger
meteoroids ablate at higher altitude. As LLNS trails are generated due to larger meteoroids, their altitude
is higher. Due to this, the height of LLNS echoes is always larger than that of others echoes (Figure 8b).
The heights of both LLNS and other echoes show an annual variation, which generally follow the lines of
a constant air density (Figure 5); however, there are outstanding short‐time (few days) height peaks
associated with meteor showers. Obviously, these peaks are due to peculiarities of the meteoroids of
the streams.
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4.3. LLNS Echoes in Association With Meteor Showers

Analyzing the 11‐year statistics of LLNS detections by the high‐latitude MR, we have found that such events
are not too rare. Indeed, LLNS make typically about 3% of all MR detections, that is, about 300 echoes every
day, whereas during the Geminids or Perseids number of such detections may be up to 7–10%, that is, up to
1,500 in a day.

Table 1 summarizes the data of percentage of LLNS echoes during meteor showers and also gives the height
differences between LLNS and other echoes (ΔLq,ΔM, andΔUq). As was shown in Figure 8a, typically about
3% of the detections are LLNS, although during certain showers the percentage is noticeably larger, and
these showers (Geminids, Perseids, Quadrantids, Arietids/Daytime ζ‐Perseids, Lyrids, and Ursids) are indi-
cated by a letter “P” in “Type” column in Table 1. A letter “H” indicates the showers during which the height
difference between LLNS and other echoes stands out. Such showers are the Lyrids, η‐Aquariids, Perseids,
Orionids, and Leonids. For them, LLNS echoes are detected 3–5 km higher than other meteor echoes.
Apart from these showers the height difference is about 2 km, except in June and July when the difference
is smaller (about 1 km) obviously due to a lower temperature and, respectively, larger air density in the polar
summer mesosphere. In Table 1 we notice that the unknown shower on 28–29 January is manifested neither
in the height difference nor in the percentage of LLNS trails. We believe it may be associated with the anti-
helion sporadic meteors source rather than a specific meteor stream. Due to this, the event on 28–29 January
is excluded from further consideration.

In the characteristics of the showers listed in Table 1, we notice some regularity. One of the columns in the
table presents the geocentric velocity of meteoroids in the streams, VG, according to Kronk (2014). Looking
at the data, we have noticed some correspondence between the type of meteor shower and velocity of the
meteoroids entering the atmosphere. Namely, the P‐type shower meteoroids (Quadrantids, Arietids or/and
Daytime ζ‐Perseids, Geminids, and Ursids) have the lowest velocity, 29–39 km/s, for the PH‐type (Lyrids
and Perseids) the velocity is higher, 47–61 km/s, and the highest velocity, 65–67 km/s, is during the H‐type
showers (Orionids and Leonids). It is known that meteoroids entering the atmosphere at higher speed
ablate in less dense air, hence, at a higher altitude (e.g., Campell‐Brown, 2019). For instance, modeling
shows that intensive evaporation of meteoroids larger than 0.2 cm with entry velocity 70 km/s starts at
an altitude of about 115 km, whereas similarly sized meteoroids with a velocity 30 km/s evaporate below
95 km (Popova et al., 2019). This agrees with the result of the present paper that showers of larger speed
meteors (47–67 km/s) are manifested as larger altitude of LLNS trails (H and PH types). P‐type streams
have a smaller mass index and, hence larger percentage of massive meteoroids, which was discussed in
section 4.2.

Two last columns on the right in Table 1 present porosity and bulk density of meteoroids according to
Babadzhanov and Kokhirova (2009). The bulk density ρ is related to mineralogical density δm by the
expression

ρ ¼ ρm 1 − pð Þ; (4)

where p is the porosity. One can see that larger porosity is attributed to H‐type streams, Leonids, Orionids,
and η‐Aquariids (the latter two have the same parent, Halley comet, so that we assume that they have
similar properties, although the data for η‐Aquariids were not found in the literature). This result is
expected (e.g., Campell‐Brown, 2019). Less dense (crumbly and porous) meteoroids may be more easily
disrupted in less dense air at higher altitude into a swarm of smaller particles (aerosols), which is neces-
sary for LLNS echoes.

The Geminids is a unique stream where the meteoroids possess zero porosity. In distinction from the major-
ity of meteor streams originating from comets, the parent body of Geminids is an asteroid (3200 Phaethon).
During the Geminids peak (14 December), the height of LLNS echoes is almost the same as that of the other
meteor trails, although the Geminids show the highest percentage (9.5%) of LLNS trails. The Geminid
shower is observed between 6 and 19 December (Kronk, 2014), which coincides with the clear drop of the
upper quartile and median heights of LLNS echoes down to these of the other echoes. This is different from
other meteor showers and even sporadic meteor sources, for which the height of LLNS echoes is higher than
that of other (underdense and overdense trails). This indicates specific properties of the Geminids
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meteoroids, which are also manifested in the height‐lifetime distributions of meteor trails (Kozlovsky
et al., 2016). Both the low porosity and low velocity of meteoroids are favorable for a lower altitude of abla-
tion. However, a larger amount of heavy particles (indicated by the low mass index) provides the large per-
centage of LLNS trails.

Characteristics of LLNS echoes during the Quadrantids are similar to the Geminids. Indeed, both showers
are of high intensity (ZHR = 120) and have low mass index and low velocity, and one of the Quadrantids'
parents is the asteroid (2003 EH1). However, the other parent of Quadrantids is the comet (96P/
Machholz1), which may explain the larger (44%) porosity of meteoroids.

The Perseids is the most intense meteor stream (ZHR = 100) originating from a comet. Both the high flux
and low mass index provide a prominent peak (7.7%) of the percentage of LLNS echoes. On the other hand,
the high velocity (61 km/s) leads to higher altitude of meteor echoes. In the height distribution of Perseids
LLNS trails play a noticeable role, so that after filtering out the LLNS echoes height distribution of the rest
echoes shows lower peaks inmedian and quartiles. The Perseids is one of the two showers identified as PH in
the list (Table 1).

The Lyrids is the other PH shower showing noticeable peak (4.3%) in percentage and prominent peaks in the
height of LLNS echoes (Figure 8b). However, during the Lyrids peak on 22 April, less than 15% of all echoes
detected by the SGO MR belong to the shower. The mass index of the Lyrids is rather high, 1.93, so that the
calculations presented in section 4.2 give a limiting initial mass for LLNS as small as 0.01 kg, which is 0.5 of
that for sporadic meteors. This is the first peculiarity of the Lyrids. The second one is the prominent height
peak of Lyrids' echoes, although the velocity of meteoroids is not so high (47 km/s) compared with the other
H‐type streams possessing velocity larger than 60 km/s. These two peculiarities of Lyrids might be explained
by a large porosity (small bulk density) of the Lyrids' meteoroids. We have not found in the literature the
Lyrids porosity data, but our data allow us to suggest that the porosity of Lyrids may be as high as 80–90%.

A large percentage of LLNS echoes is observed during the whole of June. There is a broad peak the maxi-
mum of which corresponds to the maxima of Arietids and Daytime ζ‐Perseids. We cannot distinguish which
of these two showers is more responsible for the LLNS echoes. Moreover, there are a number of other June
showers, such as γ‐Delphinids, τ‐Herculids, June Lyrids, and Daytime β‐Taurids (Jenniskens, 2006), which
may contribute to the effect. The velocity of the June streams is not high, and they are weakly manifested in
the height of LLNS echoes.

4.4. Future Research: Atmospheric Conditions

The present paper is focused on the occurrence and height of LLNS echoes during major meteor showers.
The occurrence and height distributions show sharp peaks during the meteor showers, and we discussed
possible dependences of the peaks on characteristics of the meteor streams. However, the results presented
in Figure 8 show not only sharp peaks associated with the showers but also longer‐term annual variations.
Essentially, the annual variation of the altitude of meteor trails follows lines of constant air density, which
was discussed in section 4.2. There are a number of other factors that affect the ablation of meteors and evo-
lution of trails and, hence, may be manifested in the annual and longer‐term variations of LLNS echoes.
Such factors are the chemical composition of the atmosphere, ozone content, temperature, sunlight condi-
tions, annual variation of sporadic meteor sources, atmospheric waves and dynamics of the neutral atmo-
sphere, solar and geomagnetic activity, and others. These issues deserve separate studies using
atmospheric data, which is out of the scope of the present paper.

5. Summary

We present statistics of occurrence and height distributions of LLNSmeteor echoes observed during 11 years
at high latitudes. Such echoes are received from non‐field‐aligned irregularities generated along tracks of
relatively large meteoroids with initial mass of the order of 0.02–0.03 kg (size of the order of 2–3 cm) or lar-
ger. Aerosol particles arising due to fragmentation and burning of the meteoroids play a key role in the gen-
eration of the irregularities. The echoes last up to several tens of seconds exhibiting highly variable
amplitude of the radar return.
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The LLNS meteor echoes constitute about 3% of all MR detections, while during some showers (Geminids,
Perseids, Quadrantids, Arietids or/and Daytime ζ‐Perseids, Lyrids, and Ursids) the percentage of LLNS
echoes is noticeably higher (of the order of 10%, 8%, 7%, 7%, 4%, and 4%, respectively).

The LLNSmeteor echoes typically occur ~2 km higher than other echoes (except June–July when the height
difference is ~1 km). Moreover, during some showers (Lyrids, η‐Aquariids, Perseids, Orionids, and Leonids)
the LLNS echoes occur noticeably (up to 3–5 km) higher than other trails.

Thus, one of two factors, the larger percentage of LLNS trails or the larger height of LLNS trails, or a com-
bination of both are manifested in statistics of LLNS echoes during some meteor showers. The first factor is
essential for slower speed meteor stream (29–39 km/s, the Quadrantids, Arietids or/and Daytime ζ‐Perseids,
Geminids, and Ursids). Also, these streams have relatively small mass index (1.55–1.7). The second one is
important for higher speed streams (65–67 km/s, the Orionids, and Leonids), while both factors play role
for the medium speed streams (47–61 km/s, the Lyrids and Perseids).

To summarize, the most important finding of the present study is that major meteor showers (Quadrantids,
Lyrids, η‐Aquariids, Arietids or/and Daytime ζ‐Perseids, Perseids, Orionids, Leonids, and Geminids) are
identified in the height distributions and/or occurrence of LLNS echoes from the non‐field‐aligned irregula-
rities associated with large meteoroids. On the base of obtained data we estimate the minimal initial mass of
meteoroids producing LLNS echoes as about 0.02–0.03 kg (size of the order of 2–3 cm) and predict high por-
osity (up to 80–90%) of Lyrids meteoroids.

Data Availability Statement

The meteor radar data were collected at SGO (https://www.sgo.fi/Projects/SLICE/). Data used in the paper
are available online (at https://www.sgo.fi/pub/JGR_2019JA027746/). The MSIS model data were obtained
from the website (https://ccmc.gsfc.nasa.gov/modelweb/).
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