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Abstract. The paper considers the implementation 
of algorithms for automatic search for signals scattered 

by meteor trails according to EKB ISTP SB RAS radar 

data. In general, the algorithm is similar to the algo-

rithms adopted in specialized meteor systems. The algo-

rithm is divided into two stages: detecting a meteor echo 

and determining its parameters. We show that on the 

day of the maximum Geminid shower, December 13, 

2016, the scattered signals detected by the algorithm are 

foreshortening and correspond to scattering by irregular-

ities extended in the direction of the meteor shower ra-

diant. This confirms that the source of the signals de-
tected by the algorithm is meteor trails. We implement 

an additional program for indirect trail height determi-

nation. It uses a decay time of echo and the NRLMSIS-00 

atmosphere model to estimate the trail height. The 

dataset from 2017 to 2019 is used for further testing of 
the algorithm. We demonstrate a correlation in calculat-

ed Doppler velocity between the new algorithm and 

FitACF. We present a solution of the inverse problem of 

reconstructing the neutral wind velocity vector from the 

data obtained by the weighted least squares method. We 

compare calculated speeds and directions of horizontal 

neutral winds, obtained in the three-dimensional wind 

model and the HWM-14 horizontal wind model. The 

algorithm allows real-time scattered signal processing 

and has been put into continuous operation at the EKB 

ISTP SB RAS radar. 

Keywords: meteor trails, HF radar, atmosphere 

dynamics, automatic detection.

 

 

INTRODUCTION 

Studies of meteor showers are relevant for dealing 

with asteroid and comet impact hazards. The study of 

meteor showers and individual meteors allows us to 

examine the relationship between meteor showers and 

parent bodies (asteroids and comets), and thus to study 

the dynamics of small bodies in the Solar System. In 

terms of upper atmosphere physics, meteors are consid-

ered to be sources of disturbances of the background 

atmosphere and provide insight into the generation of 

small-scale irregularities, as well as into their dynamics 

under the influence of background processes in the up-

per atmosphere. One of the most common methods of 

using meteors for diagnosing the upper atmosphere is to 

study the neutral wind speed. Meteor ablation occurs at 

altitudes of 60 to 150 km, depending on the meteoroid 

mass, its velocity, etc. [McKinley, 1961; Briczinski et 

al., 2009]. Attendant processes — from airglow and 

ionization (for small meteors) to electrophonic effect 

and shock wave (for large fireballs) — are multiple and 

complex [Janches et al., 2009; Berngardt et al., 2013] 

and are under study [Zhu et al., 2016]. Massive meteor-

oids can ablate only partially, reaching Earth’s surface. 

Smaller meteors ablate in the atmosphere almost com-

pletely, allowing us to determine the meteoroid mass 

from the ablation dynamics. 
One of the popular methods for observing meteors 

are radar observations. In radar observations, two types 
of scattered signal are identified according to the form 

of a scattering object: scattering by increased ionization 

zone near a meteoroid (head echo) [Li et al., 2020] and 

scattering by meteor trail (trail echo). Meteor trails are 

extended ionized irregularities in the lower ionosphere 

(at altitudes below 150 km), scattering by which is as-

pect [McKinley, 1961], therefore their observation re-

quires a relatively low potential of a radar. Geometry of 

these observations is presented in Figure 1, a. 
Scattering by a near-meteoroid region is more iso-

tropic, its scattering cross-section is smaller than that of 

the scattering by a meteor trail, hence the need for suffi-
ciently high-potential radars to study the head echo. 

Among such high potential radars are the radars MU 

[Kero et al., 2012], ALTAIR [Close et al., 2002], as 

well as most incoherent scatter radars (Millstone Hill 

[Erickson et al., 2001], EISCAT [Szasz et al., 2008], 

Arecibo [Mathews et al., 2003]). Head-echo studies 

facilitate the solution of the trajectory problems related 

to meteor showers and their sources. In this case, we can 

experimentally determine the body trajectory, atmos-

pheric entry speed, and deceleration rate [Mathews et 

al., 2003, 2010; Szasz et al., 2008], which allows us to 

estimate its mass and the radiant direction. 
Another method of analyzing the radiant deals with as-

pect characteristics of the meteor trail [Lovell, 1954; Jones 

et al., 2005; Campbell-Brown, 2008]. According to the 

ratio of plasma frequency of ionized meteor trail to sound-

ing frequency, meteor trails are generally classified as un-

derdense and overdense [Parris, 2003], with less massive 

meteoroids in the former group and more massive meteor-

oids in the latter. There is also an intermediate type of me-

teor trails, usually omitted by SuperDARN radars.  
Obviously, there are a larger number of less massive 

meteors and therefore they are more often used in ap-
plied tasks of the upper atmosphere research. The trail 

formed after ablation of such a meteor is an elongated 
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Figure 1. Scheme of backscattering by meteor trail MT (a): α 
and β are the elevation angle and the azimuth respectively. EKB 
radar radiation patterns (b): A and B are for scanning by any pos-
sible beam; C is for radiation exactly perpendicular to the antenna 
array. The EKB radar field of view (c); numbers indicate ordinal 
numbers of beams  
 

ionized region that, on the one hand, recombines and, on 
the other, spreads out due to ambipolar diffusion [Jones, 

Jones, 1990], therefore the electron density in the trail 

decreases with time. As a result, this scattering by the 

underdense trail is characterized by an exponential de-

cay of the received signal power. The decay rate is re-

lated to the diffusion coefficient, which allows this coef-

ficient to be measured directly. Furthermore, the trail is 

in a sufficiently dense atmosphere, therefore it is carried 

away by the neutral wind due to ion-neutral collisions. 

This enables measurements of neutral wind at heights of 

observation of meteor trails [Nakamura et al., 1991; 
Hall et al., 2006] and, when using dense networks of 

instruments such as meteor radar networks [Deegan et 

al., 1970] or SuperDARN radars [Hall et al., 1997], real-

time monitoring of the motion of the upper atmosphere 

in a large spatial region. 
An important task of monitoring meteor studies is to 

develop algorithms of automatic detection and determina-

tion of meteor echo parameters. Algorithms for examining 

scattering by meteor trails usually involve analyzing the 

variation of received signal power and searching for sharp 

peaks with an exponential decay, which is a signature of 

the underdense echo [Tsutsumi et al., 1999]. SuperDARN 
radars can detect the meteor echo both from mean correla-

tion characteristics of the signal [Jenkins, Jarvis, 1999] and 

by analyzing the time dependence of amplitude of single 

pulse in the high sampling rate mode [Parris, 2003] or IQ-

components of the scattered signal representing a complex 

pulse sequence [Yukimatu, Tsutsumi, 2002]. 
This paper delves into the implementation of the al-

gorithm for automatic meteor detection by the EKB 

ISTP SB RAS radar from signal IQ-components; ad-

dresses the inverse problem of reconstructing the neutral 

wind velocity vector from the findings, and validates 

these algorithms. 
 

EKB ISTP SB RAS RADAR 

The EKB ISTP SB RAS radar is a CUTLASS-type 

decameter over-the-horizon radar, designed and manu-

factured at the University of Leicester (UK), analogous 

to SuperDARN radars. The radar is located in the 

Sverdlovsk Region, Russia (56.5° N, 58.5° E). The ra-

dar’s field of view ~52° wide in azimuth is divided into 

16 directions (beams) 3°–6° wide, depending on sound-

ing frequency. The central axis of its field of view has a 
19° azimuth. The radar’s field of view and orientation of 

its beams are shown in Figure 1, b. The radar works in a 

frequency range 8–20 MHz, ensuring a range resolution 

15–45 km in standard modes and a maximum range 

3000–4500 km. The EKB radar is a stereoradar, i.e. it 

can run at two spaced carrier frequencies and different 

beams simultaneously. Its antenna array is linear and 

has a significant back lobe in the most commonly used 

frequency band 10–12 MHz, so the radiation pattern of 

each beam can be regarded as a cone surface. The char-

acteristic radiation pattern for different beams is shown 

in Figure 1, b. 
The standard operating mode of the radar is radiation 

of multipulse (Golomb) sequences [Berngardt et al., 

2015], providing both high spatial and spectral resolution. 

Subsequent autocorrelation signal processing, autocorre-

lation function (ACF) integration time (about 4–6 s) for 

each selected beam, and the analysis of the amplitude-

phase structure of the averaged ACF allow us to identify 

average characteristics of signals scattered by both iono-

spheric and ground surfaces [Ribeiro et al., 2013]. 
The most common meteor echo data processing ap-

proach in SuperDARN is to analyze characteristics of 
averaged ACFs: power, range, Doppler velocity along 

the line of sight, and spectral width. The selection is 

made by statistical thresholds of these parameters, de-

termined experimentally from joint measurements with 

meteor radars. Time resolution of these techniques cor-

responds to the ACF integration time and is typically 4–

6 s [Arnold et al., 2003]. There are also algorithms that 

use raw IQ-components for complete cycle of detection 

and identification of scattering parameters [Yukimatu, 

Tsutsumi, 2002], or for preliminary selection of trail-

echo with subsequent determination of the scattering 

parameters from FitACF data [Parris, 2003].  
 

ALGORITHM FOR SEARCHING  
AND ESTIMATING METEOR-

ECHO PARAMETERS 

General description of the algorithm 

As previously indicated, the radar performs standard 

measurements, using multipulse complex sounding se-

quences allowing it to be regarded as a pulse radar with 

0.3 µs duration of sounding signal and with non-

periodic pulse repetition. Time resolution of the radar is 

variable with a minimum repetition period of 2.4 µs 

(minimum interpulse interval) in standard modes. Scat-
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tered signal IQ-components are recorded after the be-

ginning of each sounding sequence with a sampling 

period of 0.3 µs, thereby ensuring a range measurement 
resolution of 45 km. 

The pulse mode of radar operation and the large 

range of distances pose a problem of cross-range inter-

ference (CRI) occurring when a power signal from a 

greater range from one pulse overlaps a signal of the sub-

sequent pulse, and vice versa [Yukimatu, Tsutsumi, 2002]. 

The method of CRI rejection, described in detail in 

[Yukimatu, Tsutsumi, 2002], has been adopted in our algo-

rithm to further refine the findings. 
Processing of meteor signals involves two sequential 

tasks: 1) detecting a scattered signal and determining the 

distance to the scatter; 2) identifying scattered signal pa-
rameters: amplitude, decay time, Doppler velocity. Discuss 

the implementation of these tasks with the EKB radar. 
 

Detection of a candidate for meteor scattering 

A received signal is recorded as quadrature compo-

nents, however, because we examine amplitude (peak 

power, decay time) and phase (Doppler velocity) signal 

parameters independently, it is more convenient to turn 

to amplitude A(Rk,t) and phase φ(Rk,t) time dependences, 

where Rk is the k-th radar range (in the receiving mode, 

the radar accumulates signal for a time (100–300 µs), 
thereby breaking the time discrete (15–45 km) correspond-

ing to the spatial resolution of the radar); t is the time. 
The meteor trail observation time may be as much as 

several seconds [Tsutsumi et al., 1999], therefore we 

have to examine several consecutive sounding sequenc-

es, the typical length of a sequence being 0.1–0.2 s. We 

also have to account for non-equidistance of the applied 

pulse sequence. Thus, the time dependence is conven-

ient to represent as a discrete sequence tl,n, where l is the 

pulse number within the sequence; n is the sequence 

number. For example, A(R10, t3,4) is the amplitude of the 

response from the third pulse of the forth sequence at 
the 10th range. 

In order to be selected as a candidate for meteor 

scattering, a signal must satisfy the following conditions 

(test stages): 
Stage 1. Sharp increase in amplitude. Meteor trails 

are relatively rare, comparatively short-lived and quasi-

stationary-in-space objects. We are interested in sharp 

increases in amplitude from which we can confidently 

determine the other meteor-echo parameters — decay 

time and mean velocity, therefore our search will invoke 

a simple excess of the increase over the noise level. The 
radar range Rk being independent of time tl, n  within the 

trail decay time, we can search for a meteor scattering for 

each fixed range gate Rk independently, given that the 

signal amplitude shortly exceeds the noise level by 6 dB: 

0,
( , ) ,

k n
A R t M  (1) 

where M is the noise level measured by the radar before 

starting the scan cycle +6 dB. 
All the points A(Rk, t0,n) that satisfy (1) are relatively 

sharp increases in amplitude and pass to the next stage 
of the analysis. 

Stage 2. High spatial localization. Meteor trails are rare 

and highly spatially localized objects. That is why, for each 

sharp increase in amplitude found at Stage 1 we monitor 

fulfilment of the latter condition — spatial localization of 
the sharp increase in amplitude. To do this requires that the 

average level at ranges adjacent (Rk–1 and Rk+1) to the de-

sired one (Rk) , should not exceed the threshold value M: 

1 0, 1 0,( , ) ( , )
.

2

k n k nA R t A R t
M

 
  (2) 

All the points A(Rk, t0, n) satisfying (2) are spatially 

localized sharp increases in amplitude and pass to the 

next stage of the analysis. 
Stage 3. Monotonic decrease in signal amplitude. As 

already mentioned above, the main feature of the scat-
tering by underdense trails is an exponential decrease in 

signal amplitude with time. Accordingly, when detect-

ing the meteor echo, we are looking for a number of 

increases with amplitude monotonically decreasing with 

time. The presence of noise and random amplitude vari-

ations hinder the work of this algorithm, therefore we 

analyze the points that are separated by a sufficiently 

large period of time in which the noise-like effects are 

much weaker than the main monotone decreasing. This 

characteristic gap in our algorithm is taken to be equal 

to the length of the sounding sequence, which is from 
100 to 200 µs, depending on the type of sequence. We 

thus select by time t0,n +l the responses from the first 

pulses of the sequences following the sharp increase in 

amplitude detected at the previous stage. Of those se-

quences for which the amplitude of the signal from the 

first pulse satisfies condition (1) and whose first read-

ings decrease with time every 100–200 µs (we do not 

check satisfaction to condition (2)): 

0, 0, 1( , ) ( , ), 0... 1k n m k n mA R t A R t m s     ,  (3) 

we form a set of s sequences S(Rk, t0,n , s) used for further 

analysis as candidates for meteor scattering. 
The formation of the set is completed if either condi-

tion (1) or condition (3) does not hold any more. 
During the scanning, several such sets S(Rk, t0,n , s) can 

be formed, each then processed separately. In the current 

implementation of the algorithm, the sequences that fell 

into a set at this stage are not excluded from the analysis of 

the rest of the data and can then create another set. 
To reduce the noise effect, from the resulting set 

S(Rk, t0,n , s) we exclude points not satisfying 

,
( , ) .k l nA R t M  (4) 

Figure 2, a gives an example of an isolated ampli-

tude sequence A(Rk, tl, n ) for the fixed range gate Rk cor-

responding to the meteor echo. 

Determination of scattered signal parameters 

The main parameters of underdense scattering by me-

teor trails are scattering point coordinates, the decay 

time, and the Doppler velocity along the line of sight. 

Knowing the scattering point coordinates is important for 
studies of diffusion processes in the upper atmosphere 

and the atmospheric wind fine structure at ablation 

altitudes. The time dependence of amplitude of back- 

scattering by the underdense trail is primarily associated 
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Figure 2. Time dependence of signal amplitude (a), phase (b), and IQ-components (c, d) for the fixed range gate Rk in the 

presence of meteor scattering. Black triangles denote the first pulses of the sequences identified in task 1; black circles mark the 
first pulses of the other sequences within the scan cycle; circles indicate a signal from all the rest of pulses 

 

with the trail spreading out due to ambipolar diffusion, 

and hence the characteristic time of the exponential 
echo decay may be directly related to the diffusion coef-

ficient [Jones, Jones, 1990]. The meteors observed by 

the EKB radar ablate at altitudes below 110 km, where, 

on the one hand, the neutral component is dense enough 

to cause the ablation and, on the other hand, ions are 

not magnetized and their motion is generally con-

trolled by the neutral wind. At altitudes above 110 km 

we omit, where the ionospheric plasma is magnetized, 

the drifts are determined by crossed electric and mag-

netic fields in the ionosphere. It is assumed that during 

the existence of the echo the speed and direction of the 

neutral wind cannot change significantly and the Dop-
pler signal phase variation in a first approximation is 

linear, thereby allowing us to directly measure the wind 

speed along the line of sight [Tsutsumi et al., 1999] 

from the received signal phase change in the series of 

sounding sessions. Thus, the sequence of scattered sig-

nals satisfying requirements (1)–(3) is used to solve the 
inverse problem – to determine meteor echo characteris-

tics. The problem is solved by the least squares method 

separately for the amplitude A(Rk, t) and phase φ(Rk, t) 

time dependences. 
To simulate a signal, we employ the well-known 

model [Parris, 2003] of exponential amplitude decrease 

and linear phase variation: 

τ
0

0

( ) θ( ) ;

( ) θ( )( ).

t

m

m

A t t A e

t t st


 

  

 (5) 

Here, A0 is the initial amplitude of a scattered signal; τ is 

the decay time; s is the linear phase shift corresponding to 

the Doppler freque`ncy shift; φ0 is the initial phase; θ(t) is 

the Heaviside step function (unit step function). 
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Nonetheless, the sequences within one scan cycle 

are not time aligned, i.e. the delay between radiation of 

the last pulse of the preceding sequence and the first 
pulse of the subsequent one is a random variable and 

cannot be found by the existing control system of the 

EKB radar. As a result, between adjacent sequences that 

fall into the fitting set there is a phase shift undetectable 

by the system, which in the case of a set of two or more 

sequences leads to a dramatic deterioration in the quali-

ty of estimation of the Doppler velocity and to distortion 

in determining the decay time. Compensating for the 

hardware and software features of the EKB radar re-

quires the model function to be updated. Since the delay 

between sequences is not defined, we can use only the 

mean value of the delay in the scan cycle. 
Variations in the delay between the sequences being 

low, we ignore them when calculating the signal ampli-

tude. To facilitate further calculations of the decay time, 

we logarithm the received signal amplitude, which al-

lows us to find the amplitude from the known linear 

regression equation. 
The phase under the assumption of linear phase in-

cursion can be represented as a piecewise-defined set of 

lines of equal inclination with undefined initial phases. 

The modified signal model looks like: 

,

, 0

, ,

ln( ( )) ln( ) ;
τ

( ) ,

l n

m l n

m l n l n n

t
A t A

t st


 


   

 (6) 

where l∈ 0 ... Np is the pulse number within the se-

quence; n∈ 0 ... Ns is the sequence number in the candi-

date set; Np is the number of pulses in the sequence; Ns 

is the number of sequences in the candidate set. 
The model parameters τ and (s, φn) are searched us-

ing the method of least squares as an independent min-

imization of residual functions: 

  

a 0

2

,

0 ,

0 0

( , τ)

ln( ) ln , min,
τ

p s
N N

l n

k l n

l n

A

t
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 

 

   
 (7) 
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s

st R t



 

   

   
 (8) 

Due to the linearity of the model, from the desired 
parameters (initial amplitude A0 and initial phases of 

segments φn, decay time τ, and phase slope s) the prob-

lem is solved analytically. 
 

MODEL ADEQUACY 

Important issues are the adequacy of the model to 

experimental observations and the effect of noise on the 

accuracy of determining the parameters. A characteristic 

value allowing us to evaluate the adequacy of the model 
to experimental data is a residual between the model 

and the experiment. We have separately analyzed the 

distribution of the model residual by amplitude and 

phase from the dataset collected in 2016. 
The normalized amplitude error in the solution was 

found from the standard deviation of the amplitude, 

obtained from the experimental data, from the model 

amplitude, normalized to the maximum amplitude of the 
signal scattered by the meteor trail, according to the 

expression 

 
,

0,0

σ
σ ,

,

A

A r

k
A R t


  

where σA is the standard deviation of the experimental 

amplitude from the model value: 

 
    

2

2

, ,

0 0

1
, .

1

p s
N N

A m l n k l n

l np s

t R t
N N  
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
   

The phase error in the solution was found from the 

standard deviation of the experimental phase from the 

model one: 

 
    

2
2

, ,

0 0

1
, .

1

p s
N N

m l n k l n

l np n

t R t
N N



 

   

   

The σA,r and σφ distributions experimentally meas-

ured from the data collected over 16 days corresponding 

to the passage of maxima of six meteoric showers be-

tween January and August 2016 are shown in Figure 3, 

a and b respectively. Selection of the meteor showers 

for the analysis allows us to effectively estimate the 

number of erroneously identified meteors and be more 

confident about the model validation results. 
Referring to Figure 3, we can use two qualitative 

thresholds for further evaluation of the data validity: 

, 0.5;

0.7.

A r



 

 

 (9) 

The threshold for σA,r restricts most distribution of the 

errors in approximation by the experimental amplitude 

model. The threshold for σφ has been chosen for reasons 

of allowable error in determining the Doppler velocity: 

the deviation of 0.7 rad/s corresponds to an error in de-

termining the meteor trail velocity of ~2 m/s for a fre-

quency of 8 MHz, which is crucial for observations of the 

wind whose velocity is about ±20 m/s. The observations 

having σφ greater than the threshold do not meet our re-

quirements to the accuracy in determining the velocity 
and are discarded. Figure 3, b shows that the introduction 

of the second threshold significantly (by 57 %) reduces 

the number of cases suitable for the interpretation. We 

omit the meteors corresponding to σφ>0.7.  
The qualitative analysis has shown that the use of such 

confidence intervals can (due to excluding the cases when 

the model of  underdense-trail scattering is inadequate for 

the experimental data) further limit the reliable identifica-

tion of meteoric echo parameters by increasing the degree 

of confidence in the data acquired.  
Examples of records satisfying both conditions (1)–(3) 

and qualitative fitting condition (9) are shown in Figure 4: 

a, e and c, g are signal amplitude and phase respectively; b, 

f and d, h are signal IQ-components. Black dots in the 

Figure represent a signal recording used for the fitting; 

circles show the points omitted as noise by criterion (4); 
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Figure 3. Distributions of a normalized amplitude error in 
the solution σ,r  (a) and a phase error σφ (b). The dashed line 
indicates threshold values 
 

solid lines indicate the model that has, according to the 

fitting results, a minimum deviation from the experi-

mental data. 
One of the main geophysical parameters identified 

from the meteor-trail scattering is the diffusion coeffi-

cientthat can be estimated from the echo decay time 

[Jones, Jones, 1990]. For the underdense echo, the trail 
decay time in a first approximation is directly related to 

the diffusion coefficient at the height of ablation [Tsu-

tsumi et al., 2009]: 
2

2
,

32 D


 


 (10) 

where τ is the decay time; λ is the probing signal wave-

length; D is the diffusion coefficient for this height. This 

expression is valid in the altitude range 85–95 km [Kam 

et al., 2019], which we will analyze below. In turn, the 

diffusion coefficient can be defined as follows: 
2 26.39 10

,
KT

D
p


  (11) 

where T is the absolute temperature; p is the pressure; 

K is the zero field mobility of meteor ions (in such 

problems it is usually taken as 2.2·10−4 [m2s−1V−1] 

[Tsutsumi et al., 2009]). 
The scattering altitude is calculated iteratively by the 

NRLMSIS-00 model, using the function of calculation 

of atmospheric parameters for given time, coordinates, 

and altitude. Figure 5 presents the distribution for scat-

tering altitudes for each meteoric echo detected from 

January 01, 2017 to August 20, 2019. The results are 

based on the assumptions that the altitude of all meteor 
trails detected is related to the decay time by Equations 

(10), (11) and the error in determining the altitude is 

caused exclusively by inaccuracies in determining the 

diffusion coefficient. The simulation has shown that the 

error in determining the diffusion coefficient of ± 25 % 

leads to an error in determining the altitude of about ± 2 

km, which determines the accuracy of the results ob-

tained in the first approximation. The decay time of 

some meteor trails may, however, be related to neutral 

atmosphere parameters in a more complicated manner 

— it is, for example, typical of the meteor trails of in-

termediate type or the meteor trails at altitudes above 
95–100 km or below 85 km. In future, to further data 

validation we may therefore apply other methods, e.g., 

elevation observations and observations of diurnal and 

semidiurnal variations in the neutral wind velocity. 
Figure 5 indicates that the distribution is mostly in 

the range 80–100 km, with a maximum at around 89 

km, which is consistent with the results obtained in 

[Tsutsumi et al., 2009]. Although in the data there is an 

altitude distribution cutoff due to the low potential of 

the radar, the meteor distributions obtained enable fur-

ther analysis of the data in the altitude range 85–95 km. 
 

Verification of aspect characteristics of the me-

teor scattering in terms of maximum Geminid 

(2018) and Perseid (2019) showers 

To check the correctness of the interpretation of a 

scattered signal as scattering by an underdense meteor 

trail, we have examined aspect scattering. The current 

concept is that the meteoric echo during heavy meteor 

showers features a certain point on the celestial sphere, 

the radiant. Radiants of most showers can be calculated 

accurately enough for the day of maximum of shower 

and are published in astronomical calendars. The upper 
atmosphere being far above the height of meteor abla-

tion, having a low density, and having little effect on the 

trajectory of meteors, their movement to the height of 

complete evaporation can be regarded as straight with a 

known direction, which can be calculated from the me-

teor radiant. Elongation of irregularity along the meteor 

trajectory and aspect characteristics of scattering by this 

elongated irregularity produce the known aspect de-

pendence of meteor scattering [McKinley, 1961]. 
To make sure that the signals we detected are in fact 

the signals scattered by meteor trails, we checked for the 
aspect effect corresponding to meteor-shower scattering 

with a given radiant. To test the algorithm, we chose 

December 14, 2018 and August 13, 2019, the days with 

intense Geminid and Perseid meteor showers. Pro-

cessing of experimental data from the EKB ISTP SB 

RAS radar revealed 2100 and 5400 reliable recordings 

of meteor scattering per day respectively. 
For each meteor detected, we identified the geograph-

ical position of the scattering point from the observed azi-

muth and range to the meteor. The scattering altitude was 

determined from the decay time by the NRLMSIS-00 

model, as described above. At the geographical scattering  
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Figure 4. Examples of a qualitatively fitted meteor echo signal: a–d — the first example; e–h — the second example; a, e— 
the signal amplitude modulus A (Rk, tl,n); c, g — the signal phase ϕ(Rk, tl,n); b, d, f, h — signal IQ-components I/Q. Dots mark a 
received pilot signal; circles indicate noise measurements. Solid lines show model functions; dot-dash lines, SD 

 

 

Figure 5. Distribution of estimated scattering altitude 
calculated from the decay time by the NRLMSIS-00 model. 
Observations from January 01, 2017 to August 20, 2019 

 

point found, we calculated the direction vector to the me-

teor shower radiant and determined the angle between 

the line-of-sight direction to the meteor trail and the 
direction vector to the radiant. Accuracy in determining 

the azimuth direction to the trail is from 3° to 6°, de-

pending on the sounding frequency. The accuracy in 

determining the elevation angle direction to the trail 

depends on the accuracy in determining the scattering 

altitude and is linked with the accuracy in determining 

the decay time of the trail, the density of the neutral 

atmosphere, temperature, pressure, and many other pa-

rameters. When estimating the altitude determination 

accuracy, we hold that all these variations lead to a dif-

fusion coefficient determination error of less than 20 %. 
This corresponds to an altitude determination accuracy 

of about 2 km and an elevation accuracy not lower than 

0.3°. The simulation we have carried out has revealed 

that in terms of the deviation from the perpendicular to the 

trail direction the error is ±2° for Geminids and ±1° for 

Perseids. When calculating the direction to a meteor, we 

took into account the radiation pattern conicity associated 
with the linear antenna arrangement [Shepherd, 2017]. 

Since at the time of the experiment the EKB radar 

could not measure the scattered signal elevation angle, and 

its radiation pattern (RP) has a pronounced back lobe, this 

meteor might have been observed in the back lobe. When 

estimating the aspect angle, the calculations were therefore 

made for cases of detecting meteors both in the back and 

main lobes. Figure 6, a, b shows angle distributions be-

tween the direction to the radiant and the direction to the 

scattering point under the assumption of scattering in 

the main (green) and back (red) lobes. Figure 6, a 
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indicates that the scattering in the main lobe has essential 

aspect characteristics — most meteors are observed 

when the line of sight is almost perpendicular to the 
direction to the meteor radiant, but there is the second 

peak probably associated with the scattering in the 

back lobe. Accordingly, we estimate the distribution 

at the level of 0.707, which yields a width of 21°. 

Figure 6, b displays a picture suggesting that meteors 

are generally observed in the back lobe, with a sub-

stantially greater width of distribution around 90°: a 

width at the level of 0.707 is 33°. This leads to a pre-

liminary conclusion that the scattering has aspect 

characteristics typical of meteor showers. A more 

detailed analysis requires interferometric observa-

tions made by the radar for effective identification of 
scattering in the front and back fields of view. 
 

Statistics of meteor trail observations with the 

EKB radar 

Figure 7 presents statistics of meteor observations 

made by the EKB radar over the period from late January 

2017 to August 2019. The statistics includes over 6.8 mil-

lion meteor observations, or about 260 meteors per hour, 

which is close to the results obtained by special-purpose 

devices [Premkumar et al., 2019; Korotyshkin et al., 

2019]. Figure 7, a shows the mean number of echo signals 
detected by the algorithm, depending on the local sidereal 

time (LST). We can see that the main peak occurs during 

the dawn hours; the minimum; at 18–19 LST. This distri-

bution is similar to those obtained using both optical meth-

ods [Lovell, 1954] and other radar installations [Thomas et 

al., 1988]. Figure 7, b illustrates the distribution of the 

number of meteor trails by the decay time. The Figure 

shows that the most probable decay time is around 0.6–0.7 

s. Figure 7, d depicts the distribution of the number of me-

teor trails by the Doppler velocity along the line of sight. 

The Figure suggests that the velocity in modulus does not 

usually exceed 150 m/s, thus implying that the search lim-
its for the neutral velocity have also been chosen correctly. 

Figure 7, c shows the distribution of the number of meteors 

by range. It indicates most meteor echo observations are 

centered at distances up to 300 km, which corresponds to 

the known range restriction used for processing meteor 

data from SuperDARN radars [Jenkins et al., 1998]. 
To test the algorithm, we compared the calculated 

Doppler velocities determined by our algorithm and by 

the standard algorithm FitACF [Ribeiro et al., 2013]. 

The comparison was made at the points interpreted by 

the new algorithm as a meteor echo. Figure 8 compares 
Doppler velocity distributions. We can see the two algo-

rithms are consistent, which allows us to use the new 

algorithm to identify neutral wind parameters at meteor 

ablation altitudes. 
DETERMINING THE FULL 
NEUTRAL WIND VELOCITY  
VECTOR 

As shown previously, the new algorithm can deter-

mine the decay time and the Doppler velocity of a me-

teor trail. We have also demonstrated the possibility for 
determining the scattering altitude from the decay time, 

which allows us to find scattering point coordinates and 

location of the line of sight, even absent the interference 

grid, as in the case of the EKB radar until September 2019 
Combination of these factors and the fact that the radar 

field of view is quite wide enable us to solve the problem 

of reconstructing the full vector of the neutral wind velo- 

city under the assumption of wind isotropy in the field of 

view. In this case, we can find the full vector of the neutral 

wind velocity, using the weighted least squares method. 

As such, the mean wind is determined from the ex-
perimental data given that the weighted quadratic resid-

ual functional is minimum: 




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Here Vd,i is the measured velocity along the line of 

sight; Vx, Vy, Vz are the neutral wind projections in the 

horizontal coordinate system that is local for the scatter-

ing point of the i-th meteor and locally parallel to 

Earth’s surface under the approximation of spherical 

Earth (the X-axis is directed to the north; the Y-axis, to 

the west; the Z-axis, vertically upward); kx,i, ky,i, kz,i are 

the unit vector components in the direction of the line of 

sight to the echo, which are recalculated into its local coor-

dinate system; Ri is the range from the radar to the scatter-
ing meteor trail; i is the serial number of the meteor in the 

period of interest; W(Ri) is the weight function. It is neces-

sary to introduce the weight because of the great (up to 45 

km) sounding pulse length, which gives a large error in 

determining the position of the line of sight in space at 

short (<300 km) ranges, and hence a significant error in 

calculating horizontal components of the velocity vec-

tor. Referring to Figure 7, c, such meteor trails prevail. 
The problem of determining the vector components 

by method (12) is a simple analytical problem that reduc-

es to solving a system of three linear equations for Vx, Vy, 
Vz. The only problem to be solved is the correct definition 

of the weight function W(Ri). 
According to the principles of the weighted least 

squares method, at normal distribution of errors the 

weight function W(Ri) is inversely proportional to the 

variance of the corresponding sum element: 
2( ) ( ).i V iW R R   (13) 

Thus, finding the weight W(Ri) requires us to esti-

mate the velocity variance as a function of distance to 
the meteor. In this case, when determining velocity vec-

tor components by a random parameter, the elevation 

angle α (R, h0) remains which is uniquely determined 

from the scattering range R and altitude h0. At the same 

time, we assume radio signal propagation to be rectilin-

ear. Refraction, especially at small ranges and relatively

 

Figure 6. Distribution of angles between the direction to the radiant and the direction to the scattering point under the as-
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sumption of scattering in the main (green) and back (red) lobes: Geminids on December 14, 2018 (a); Perseids on August 13, 

2019 (b)  

 

Figure 7. Statistics of meteor scattering observations with the EKB radar: a — the mean number of meteors per hour, depending 
on the local sidereal time; b — meteor trail decay time distribution; c — distribution of the radar range to the trail; d — distribution 
of the Doppler velocity along the line of sight 
 

 

Figure 8. Comparison between Doppler velocities derived 
from the results obtained by the new algorithm and FitACF. 

The gray dashed line is the line x=y 
 

high elevation angles, can be ignored in a first approxi-
mation, as the plasma frequency of the ionosphere at 

these altitudes is usually quite low — much lower than 

the operating sounding frequency. The parameter influ-

encing the range is spatial resolution δr providing uni-

form distribution of a possible range to a trail from R to 

R+ δr. Thus, we get uniform distribution for 
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from α(R, h0) to α(R+δ r, h0), where RE is the Earth ra-
dius. Since the line-of-sight vector components directly 
depend on the elevation angle, the velocity variance is 
proportional to the elevation angle variance. Then, the 
weight of each point can be found as follows: 
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2
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( ) .

( , ) ( , )
W R

R h R r h


     (15) 

It is Expression (15) that should be used when calcu-
lating the neutral wind velocity by weighted least 
squares method (12). 

 

Verification of the method for reconstructing the 
neutral wind velocity 

To test the method, we compared the findings with 
those obtained by the horizontal neutral wind model 
HWM-14. Observations performed from January 01, 
2017 to August 20, 2019 have shown the mean number 
of 260 meteors per hour. For the analysis, we have used 
data for different seasons. The observations were divided 
into time intervals of 1 hr, used to determine the full 
wind velocity vector. The resulting horizontal compo-
nents were averaged within the hour of interest over the 
entire observation period. In the same manner, we aver-
aged the velocity vector components obtained by the 
HWM-14 model. As an example, Figure 9 shows the 
observational result obtained from January 8 to 25, 2017 
in the altitude range 85–95 km. Panels a and b display 
calculated (black line) and model (gray line) meridional 
and zonal horizontal wind velocity components; panels c 
and d show SD of the meridional and zonal wind velocity 
components (gray line) and the distribution of the mean 
number of meteors per hour (dash-dot line); panels e and 
f compare the wind velocities calculated in three-
dimensional (black line) and two-dimensional (gray line) 
models. Panel g depicts distribution of the vertical veloci-
ty according to the three-dimensional calculation.  

 

As we can see in Figure 9, the calculated wind ve-
locity components are qualitatively consistent with the 
model ones. Near the daily minimum of the number of 
meteors detected there is a significant increase in SD of 
the calculated velocity (25–60 m/s). We can also see a 
significant SD (15–20 m/s) of the calculated velocity, 
which is likely related to the fact that all the calculations 
are carried out under the assumption of scattering only 
in the front lobe, without elevation angle measurements. 
When testing this algorithm, we found a wide scatter of 
the calculated vertical component (SD 40 m/s), which is 
expected in the experiment due to small elevation angles 
observed. Meanwhile, the mathematical expectation of 
the calculated vertical component was close to zero, 
which is consistent with the known fact that the vertical 
wind velocity is low in this region. We therefore made 
the same calculation, excluding the vertical component 
(i.e. two-dimensional calculation), obtaining on average 
similar results of the 2D and 3D horizontal wind veloci-
ty calculations, which is attributed to the smallness of 
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the mean vertical velocity. 

 

Figure 9. Comparison between the results obtained by the HWM-14 model and during the experiment in the altitude range 85–

95 km: a and b are meridional and zonal wind velocity components (positive values correspond to the northward and westward mo-
tion respectively), averaged by altitudes (85–95 km) and time; black lines indicate the experiment; gray lines, the HWM-14 model; c 
and d— SD of the calculated meridional and zonal velocity components (gray lines) and the average number of meteors per hour 
(dash-dot line); e and f — comparison between 2D and 3D calculations: 3D (black line), 2D (gray line); g— distribution of vertical 
velocities for 3D calculation. Observations from January 08, 2017 to January 25, 2017 

 

CONCLUSION 

The paper delves into the implementation of algo-

rithms for automatic search for signals scattered by me-

teor trails, using the EKB ISTP SB RAS radar data. The 

algorithm consists of two stages: 1) detecting the meteor 

echo; 2) determining its parameters. The first stage in-

volves searching for spatially localized sharp increases 
in amplitude over the average signal level, which mono-

tonically decrease with time. At the second stage, the 

least squares method is used to approximate amplitude 

and phase time dependences by the exponential model 

of amplitude and the linear model of phase; and addi-

tional filtration of meteor trails detected is carried from 

the overall accuracy of phase and amplitude approxima-

tion. In general, the algorithm is similar to the algo-

rithms applied in special-purpose meteor installations 

[Tsutsumi et al., 1999], but takes into account the hard-

ware and software features of the EKB radar. 
Testing the algorithm has shown that during days of 

maximum Geminid shower on December 14, 2019 and 
Perseid shower on August 13, 2019 the signals detected 
by the algorithm are foreshortening (see Figure 6, a and 
b). In the case of Geminids, the aspect scattering corre-

sponds to the assumption that meteor trails are generally 
observed in the main lobe, and the distribution width at 
the level of 0.707 is around 21°. For Perseids, the as-

pect scattering agrees with the assumption that mete-
ors are largely observed in the back lobe, the distribu-
tion width at the 0.707 level is about 33°. It is impos-

sible to separate the back and main lobes from the 
radar data in the reporting period because of the lack 
of sub-antennas in the array. This confirms that the 

source of signals detected by the algorithm with a 
high degree of probability is the scattering by meteor 
trails. We have also compared calculated Doppler 
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velocities determined by our algorithm and by the 
standard algorithm FitACF (applied in SuperDARN 
radars to longitudinal velocity calculations [Ribeiro 

et al., 2013]). The comparison showed on average 
good agreement between the longitudinal velocities 
obtained by these methods. 

The paper addresses the inverse problem of recon-

structing the neutral wind velocity vector from the data 
obtained by the weighted least squares method under the 

assumption of isotropy of the neutral velocity field in 

the local coordinate system of the meteor. From geo-

metric considerations, we have found the weight func-

tion of the method and have implemented the algorithm 

for determining the full vector of the neutral wind ve-

locity under the assumptions described. 
To test the method for solving the inverse problem 

of reconstructing the full vector of the neutral wind ve-

locity from long-term meteor echo measurements (from 

January 01, 2017 to August 20, 2019), we have recon-
structed velocities and directions of neutral winds in 

models of 2D (horizontal) and 3D wind. We have com-

pared the findings with those obtained by the horizontal 

wind model HWM-2014. The computational scheme of 

wind velocity and direction (2D or 3D) have no signifi-

cant effect on the daily average variation of winds. A 

more detailed comparison requires analysis of data on 

the additional (interference) antenna array, put into 

operation only recently, to separate scattering in the 

front and back lobes. 
The algorithm for detecting signals scattered by me-

teor trails and for identifying parameters of these trails: 
longitudinal Doppler velocity and decay time, has been 

put into full time service at the EKB ISTP SB RAS radar. 
The results were obtained using data from the EKB 

ISTP SB RAS radar. The results were obtained using 

the equipment of Shared Equipment Center «Angara» 

[http://ckp-angara.iszf.irk.ru]. The work was financially 

supported by the Ministry of Science and Higher Educa-

tion of the Russian Federation. 
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