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Abstract. We propose and test a method of analyz-
ing ionograms of vertical sounding, which is based on
detecting deviations of the shape of an ionogram from
its regular (averaged) shape. We interpret these devia-
tions in terms of reflection from electron density irregu-
larities at heights corresponding to the effective height.
We examine the irregularities thus discovered within the
framework of a model of a localized uniformly moving
irregularity, and determine their characteristic parame-
ters: effective heights and observed vertical velocities.
We analyze selected experimental data for three seasons
(spring, winter, autumn) obtained nearby Irkutsk with
the ISTP SB RAS fast chirp ionosonde in 2013-2015.

The analysis of six days of observations conducted in
these seasons has shown that in the observed vertical
drift of the irregularities there are two characteristic
distributions: wide velocity distribution with nearly 0
m/s mean and with standard deviation of ~250 m/s and
narrow distribution with nearly =160 m/s mean. The
analysis has demonstrated the effectiveness of the pro-
posed algorithm for the automatic analysis of vertical
sounding data with high repetition rate.

Keywords: lonospheric disturbances, automatic
ionogram processing, ionospheric vertical sounding.

INTRODUCTION

lonospheric plasma is a highly dynamic medium
with natural irregularities of various scales and types
from centimeter thermal irregularities, used for plasma
diagnostics by an incoherent scatter technique, to diur-
nal variations associated with Earth rotation. lonospher-
ic irregularities with lifetimes from a minute and more
have been studied for a long time by various methods
and instruments: GPS/GLONASS networks, ionosondes
and their networks, satellites and radars.

The main mechanisms of formation of large-scale ir-
regularities with periods of tens of minutes and more
include internal atmospheric waves propagating from
various sources mainly in a horizontal direction [Hocke,
Schlegel, 1996; Frissell et al., 2016].

Irregularities with periods 1-15 min are less studied
and are currently being actively investigated [Kozlovsky
et al., 2013]. These irregularities are sometimes associ-
ated with acoustic waves from various powerful sources
and can propagate from a source both horizontally
[Berngardt et al., 2015a] and vertically [Maruyama et
al., 2016a, 2016b; Berngardt et al., 2015b, 2017].

lonosondes have been used for studying the iono-
sphere for a very long time. Regular 15-min modes of
operation of the worldwide network of ionosondes have
been put into operation; networks of ionosondes of dif-
ferent types both with pulsed [Reinisch et al., 2009] and
with continuous transmitted signals (see, e.g., [Ponyatov
et al., 1999; Uryadov et al., 2004] and references there-
in) have been created. Long-term ionosonde measure-

ments form a basis for the development of modern iono-
spheric plasma models at heights below the F2-layer
maximum and are used for constructing models, which
are corrected in real time [Bilitza et al., 2017; Pignalberi
et al., 2018], as well as for selective [Liu et al., 2011,
Maruyama et al., 2011, 2016a, 2016b; Berngardt et al.,
2015b] and statistical studies of ionospheric irregulari-
ties [Kurkin et al., 2014; Berngardt et al., 2017; Givish-
vili, Leshchenko, 2017].

The development of ionosondes in the last few years
is associated in particular with the development of
methods for digital formation of transmitted signals and
direct digital reception of received signals. This has
greatly simplified the development of fast ionosondes
working with a higher time resolution (1 min or less).
The increase in the temporal resolution of ionospheric
processes has shown a significant proportion of short-
lived ionospheric irregularities and has revealed consid-
erable difficulties in interpreting ionograms. The com-
plexity of interpreting ionograms and the large data flow
stimulate the development of ionogram processing tech-
niques aimed at detecting irregularities of different
scales and determining their characteristics rather than
at solving the problem of reconstructing the vertical
electron density profile [Haldoupis et al., 2006; Jiang et
al., 2015]. Further in the paper, we will use a similar
approach.

Manifestations of single irregularities in an individ-
ual ionosonde are often similar [Lobb, Titheridge, 1977;
Golikova et al, 2005; Kurkin et al., 2014] and differ
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mainly in the duration of observation of the effect and in
the observed vertical velocity of a disturbance on an
ionogram. The observed vertical velocity is related not
only to the group or phase velocity of an irregularity,
but also to the drift direction and to the difference in the
actual height, at which the irregularity exists, from the
effective height measured by the ionosonde.

Further, we will examine irregularities that appear as
essential quick additional tracks on ionograms or signif-
icant distortions of the main track whose characteristic
lifetime (i.e., the time during which the disturbance of
the track shape may be considered to have constant
shape and height) is 1-15 min.

We propose and test a method of analyzing vertical
ionograms, which is based on the identification of devi-
ations of the shape of an ionogram from its regular (av-
eraged over 15 min) shape. The increased temporal res-
olution of the ionosonde allows us to consider the back-
ground ionosphere at the averaging period to be station-
ary and to persistently find tracks of 1-15 min iono-
spheric irregularities on ionograms. Using the proposed
method and data from the ISTP SB RAS fast chirp iono-
sonde, located near Irkutsk [Podlesny, 2017; Naumen-
ko, Podlesny, 2017], we have obtained the statistics of
the distribution of irregularities by observed velocities
for a given region; we have shown that there is an ap-
preciable number of 1-15 min irregularities moving
downward with a characteristic observed vertical veloci-
ty of ~160 m/s, which in the first approximation does
not depend on season.

METHOD OF IDENTIFYING
SHORT-LIVED
IONOSPHERIC
IRREGULARITIES

ON IONOGRAMMS

The proposed processing method is based on the
identification of the average shape of an ionogram dur-
ing an averaging period (hereinafter, 15 and 30 min),
which includes features whose lifetimes are of the order
of and more than this period. Among these features may
be regular features of an ionogram associated with the
well-studied reflection from a smoothly inhomogeneous
layer, as well as irregular features of ionospheric plasma
with a lifetime comparable to the averaging period
(multiple reflections from the ionosphere, scattering by
sporadic long-lived structures — F scattering, scattering
by the sporadic E layer, etc.).

To eliminate slow (quasistationary) effects, two-
stage filtering is used. The initial ionogram A(f, hes),
taken at moment t, is the dependence of the amplitude A
on the effective height he (group delay) of received
(reflected and scattered) signals and on the sounding
frequency f. In the analysis, it is represented as a matrix
along the vertical axis of which is the group delay of a
signal (the effective height of reflection he); along the
horizontal axis, the sounding frequency of a signal f;
and the matrix element is the amplitude of a received
signal A. A frequency spacing of the initial matrix is
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0.02 MHz, and a height spacing is 1.2 km. We record
one ionogram per minute, thus obtaining a sequence of
1440 matrices (ionograms) per day.

A typical time scale of regular ionospheric variations
is ~15 min. This temporal resolution underpins the func-
tioning of most ionosondes and their networks. There-
fore, the ionogram averaged over 15 min can be consid-
ered to reflect the result of sounding of the undisturbed
background ionosphere. Significant deviations of each
ionogram from such an “average” ionogram are associ-
ated with short-living (or traveling) ionospheric irregu-
larities of different nature. To detect them, we filter the
sequence of ionograms.

At the first stage of the filtration, we use the initial
ionogram to construct a mask of a stationary ionogram
with a stationarity time of 5 min to leave only short-
living details including both irregularities and noise.
The mask is constructed on a grid with a step of 0.1
MHz in frequency and 10 km in height as follows. Each
element of the mask is set equal to 1 if there is at least
one ionogram point with a significant amplitude (ex-
ceeding the average radio noise level in the receiver
band estimated at the primary processing stage) in this
element. If in k of m cases (3 of 5) this mask element
remains equal to 1, then all parts of the ionogram, which
the element covers, are assigned 0 in the final ionogram,
thereby removing permanent tracks from the ionogram.
Qualitative estimates show that such a filtration corre-
sponds to the elimination of reflections from irregulari-
ties traveling with vertical phase velocities less than 30
m/s.

At the second stage, from the resulting ionogram we
remove the spot noise. In this stage of filtration, we use a
cellular automata principle [Toffoli, Margolus, 1987].

From the ionogram, we remove all noise points that
are not centers of regions of the points with significant
amplitude. An ionogram point is taken to be a regular
signal and is further considered in the analysis of irregu-
larities if the significant amplitude is observed more
than three times in eight neighboring cells and in the
central cell. Otherwise (the significant amplitude is
fixed in less than three neighboring cells), this point is
considered to be noise and its value is ignored in the
analysis of irregularities.

As a result of the two-stage filtration, the obtained
ionograms A(f, hess) contain only short-living variations
without permanent or noise tracks. The frequency inte-
gration of the obtained ionogram for each height allows
us to estimate the heights at which irregularities are ob-
served at a given time.

Figure 1 presents the results of January 01, 2015
sounding derived from fast chirp ionosonde data (ISTP
SB RAS Geophysical Observatory, the village of Tory)
from 05:40 to 05:47 UT. There is (Figure 1) a vertical
drift of the ionospheric irregularity encircled by a
dashed line.

Figure 2 shows ionograms obtained by applying the
above filtering algorithm to the ionograms of Figure 1.
The comparison of Figures 1 and 2 indicates that the
filtration effectively removes regular traces, leaving
unaltered rapidly changing traces, which correspond to
traveling irregularities (05:40-05:47 UT).
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For further analysis, we use maps of integrated am-
plitude B(hes, t) within the frequency range of the iono-
gram analysis [fiin, fmax:

1 fmax ~
B(heﬂ’t)zT ‘ At

fmax min

(f,hy )df. L)

The analysis of the B(he, t) maps allows us to de-
termine heights at which the amplitude of a signal
reflected from an ionospheric irregularity is maximal.
Assuming that the position of the B(hes, t) maxima
corresponds to the effective height and time of ap-
pearance of irregularities, we can perform their quali-
tative analysis.

The method of identifying irregularities has been
tested using data on three seasons, excluding summer
(32 days in total): February 13-15, 2013, April 15-17,
2013, April 19-21, 2013, May 23-25, 2013, September
23-25, 2013, October 24-26., 2013, April 24-26., 2015,
May 11-13, 2015, November 13-15, 2015, December
06-08, 2015. Figure 3, a—f shows the B(he, t) maps for
different seasons derived from ionograms. The qualita-
tive analysis has shown that the observed irregularities
differ significantly in their lifetimes. The preliminary
analysis has revealed that the irregularities can be divid-
ed into isolated (area Il in Figure 3, b) and quasiperiodic
(area | in Figure 3, b) disturbances. Examples of the
quasiperiodic and isolated ionospheric irregularities are
given in Figure 3, g and h respectively.

OBSERVED
VERTICAL VELOCITY
OF IRREGULARITIES
One of the obvious parameters that can be estimated

from such ionograms is the observed vertical velocity of
irregularities. It is apparent that determining the ve-
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locity as well as the height of an irregularity is an inac-
curate operation, especially at large heights, where the
group delay of a signal is not proportional to height. In
addition, the estimated velocity differs significantly
from the group velocity of irregularities in case of their
non-vertical drift and from the phase velocity in a verti-
cal direction because we analyze the effective height of
radio wave reflection rather than the real one.

However, to qualitatively evaluate the dynamics of ir-
regularities in the first approximation, it is worth study-
ing such observed vertical velocities.

We use the integrated amplitude maps for detecting
irregularities and determining parameters of their drift.
Assuming that the observed vertical velocity is constant,
we can estimate these parameters.

Supposing the irregularity in a period [Ty, To+ATg] to
be localized in height and to be single, we can deter-
mine the velocity V, and the initial height of the irregu-
larity het o from the condition of functional maxima:

Q(Ty)
_1
AT, T

2

To+ATy

B (o +Vo (t=T,),t) dt = max.

The average moment of observation of an irregularity
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and its lifetime
[T B (g o +Vo (t-T, ) ) (t =T, )"
AT = |22 4)

J‘ To+ATy
To

are determined by standard statistical moments.
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Figure 1. lonograms from the chirp ionosonde (ISTP SB RAS Geophysical Observatory, the village of Tory) for the period
from 05:40 to 05:47 UT on January 01, 2015 in the presence of an ionospheric irregularity (dashed line)
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Figure 2. lonograms obtained after filtering the ionograms presented in Figure 1
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Figure 3. Manifestation of ionospheric irregularities on daily ionograms in different seasons: a, b is winter (February 13,
2013, December 07, 2015); c, d is spring (April 16, 2013, May 11, 2015); e, f is autumn (September 24, 2013, October 26, 2013);
areas | and Il on panel b are quasiperiodic and isolated disturbances respectively. Disturbances of different types: g is a qua-
siperiodic disturbance (area | on panel b); h is an isolated disturbance (area 11 on panel b)
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Figure 4 exemplifies the testing of the method us-
ing a sequence of manually and automatically pro-
cessed ionograms with the above algorithm.

It can be seen (Figure 4) that the drift of the irregu-
larity is nonlinear — at the top the velocity is higher than
at the bottom. This is due to the fact that in uniform
vertical drift of the irregularity near the F2-layer maxi-
mum, the group delay (effective height) increases non-
linearly with height. Nevertheless, in the lower iono-
sphere (where the effective height on the ionogram is
approximately equal to the real height of reflection and
the observed velocity is equivalent to the phase velocity
in the vertical direction), we can consider the observed
velocity of irregularity to be uniform in the first approx-
imation and take the nonuniformity of the observed ve-
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locity at large heights only as a second-order correction.

To study the distribution of the observed vertical ve-
locities of irregularities, we have automatically pro-
cessed six days for three seasons, two days of winter
(February 13, 2013, December 07, 2015), spring (April
16., 2013, May 11, 2015), and autumn (September 24,
2013, October 26, 2013). The results of this processing
are shown in Figure 5.

As can be seen from the velocity distribution on the
said days, there are two distinctly different distributions
characteristic of all seasons: a wide velocity distribution
with nearly 0 m/s mean with a standard deviation of
about 250 m/s and a narrow velocity distribution with
nearly =160 m/s mean.
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Figure 4. Dynamics of the effective height of reflection from an irregularity as a function of time on January 01, 2015, result-
ing from manual (gray line) and automatic (black line) processing
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Figure 5. Seasonal distribution of irregularities by observed vertical velocities on different days: in winter (February 13,
2013, December 07, 2015), in spring (April 16, 2013, May 11, 2015), and in autumn (September 24, 2013, October 26, 2013).
Colors correspond to filtering windows: black — 15 min; gray — 30 min
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Statistical parameters of velocity distribution after removing the peak at —160 m/s on different days

Data 30 min window, 30 min window, 15 min window, 15 min window,
average velocity, standard deviation average velocity, standard deviation

m/s of velocity, m/s m/s of velocity, m/s
February 13, 2013 —-67.8 234.8 -76.3 264.7
December 07, 2015 -15.6 225.5 -27.8 283.8
April 16, 2013 -89.6 249.8 -89.5 275.5
May 11, 2015 -59.8 184.4 -50.2 246.5
September 24, -30.3 306.2 -62.7 339.1

2013

October 26, 2013 -33.1 261.5 -33.3 299.1

The qualitative analysis of the ionograms confirms the
presence of a large number of irregularities moving down-
ward with close observed vertical velocities (Figure 1).
To find causes for the observed effect, we have compared
distributions of observed velocities of irregularities with
two different maximal lifetimes AT, — 30 and 15 min. The
results of the comparison are given in Figure 5. The
Figure shows that the form of the distributions is largely
unrelated to the maximum lifetime used for estimating
the velocity with our method. The observed features of
the distribution are likely to be real and correspond to
vertical phase velocities of irregularities.

Figure 5 indicates that the estimated velocity of
—160 m/s has a rather narrow distribution with a width
~10-20 m/s. The wide distribution of velocities has an
average displacement of the order of =50 ... -60 m/s and
a standard deviation of the order of 240-290 m/s. The
smallness of the mean value in comparison with the
standard deviation makes it possible in the first approx-
imation to consider this distribution to be symmetric
with zero mean and standard deviation of ~250 m/s. The
results of the statistical processing of the wide peak (af-
ter removing the narrow peak at —160 m/s) for each of
the days considered are presented in Table.

CONCLUSION

In the paper, we have described an algorithm for de-
termining the observed vertical velocity of ionospheric
irregularities with characteristic 1-15 min lifetimes on
ionograms. The algorithm involves eliminating long-
lived (quasistationary) traces from ionograms and ana-
lyzing rapidly changing effects. The integral estimate of
amplitude used in the algorithm and representing the
frequency integration of a filtered ionogram allows us to
evaluate the observed vertical velocity of irregularities,
which in the first approximation may probably be inter-
preted as their vertical phase velocity. The analysis of
six days of observations in different seasons (spring,
winter, autumn) has shown that the observed vertical
velocity of irregularities near Irkutsk features two char-
acteristic distributions: a wide distribution of velocities
near 0 m/s with a standard deviation of about 250 m/s
and a narrow velocity distribution near —160 m/s. The
algorithm is implemented for ionograms obtained with
the ISTP SB RAS fast chirp ionosonde for vertical
sounding, and can be used to analyze data from other
fast ionosondes.
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