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PREFACE 

 

The monograph is dedicated to the study of wave-likel variations in the 

electron density in the ionospheric F region as well as aperiodic and quasi-periodic 

disturbances in the ionosphere caused by solar eclipses, by flight and explosion of the 

Chelyabinsk meteoroid, by influence of powerful radio transmission, spaced by 

thousands kilometers from a powerful radio system. 

The goal is investigation of the ionosphere reaction (mainly F region) to the 

impact of high-energy source, as well as diurnal and seasonal variations of electron 

density during growing and declining phases of solar by ionosondes. 

To achieve the goal, the following numerous studies were conducted. Namely, 

study of the reaction of the electron density in the ionospheric F region to the solar 

eclipses on January 4, 2011 and March 20, 2015 over Kharkiv and over Europe; 

study of the reaction of the electron density of the ionospheric F region to the 

explosion of the Chelyabinsk meteoroid on February 15, 2013: study of the 

ionosphere reaction to the powerful radio transmission of the radio engineering 

system spaced from the observation site at a distance of about 1000 km; study of 

diurnal and seasonal variations of the electron density at the ionospheric F2-peak 

during periods of growth and decline of solar activity. 

The subject of the study is regular and irregular variations of the electron 

density in the lower and middle ionosphere during natural and disturbed conditions. 

In order to observe the state of the ionosphere the radiophysical method of vertical 

sounding of the ionosphere was used. For the analysis of the results of the 

observations, methods of mathematical statistics and statistical radio physics were 

used, as well as system spectral analysis, based on the windowed Fourier transform, 

adaptive Fourier transform, and also wavelet transform. 

Investigated natural disturbances for four seasons during the periods of growth 

and decline of solar activity are the background for the disturbations of another nature 

development. Investigation of the ionosphere reaction to two solar eclipses, including 

the ionospheric response over Europe, enables to model the influence of ionospheric 
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disturbances on the conditions of the propag+ation of radio waves transmitted by 

radio engineering systems of various applications. Research of the ionosphere 

reaction and, first of all, wave disturbances caused by the fall of the Chelyabinsk 

cosmic body, allowed determining the propagation range and the amplitude of 

disturbances of the electron density during such a unique event and thus to obtain the 

initial data for the modeling of disturbed ionospheric radio channel. Detecting of the 

magnitude of the reaction and determining range of the ionosphere reaction during 

the ionosphere heating by powerful radio transmission is of practical importance. The 

initial data obtained will enable predicting the effect of the onset of disturbances on 

the ionospheric channels of telecommunications and radionavigation. The quasi-

periodic and aperiodic disturbances investigated in the work ultimately limit the 

potential characteristics of telecommunication radio systems, radionavigation, etc. 
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ABBREVIATIONS 
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VS – vertical sounding 
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INTRODUCTION 

 

Geospace is a combination of the upper atmosphere, the ionosphere, and the 

magnetosphere. At present, thousands of artificial Earth satellites operate in 

geospace, and they provide peoples with data on space weather, atmospheric weather, 

processes under the Earth, on the Earth’s surface and in space using radio signals. 

The geospace environment is the main radio channel for radio- and 

telecommunication, radio navigation and monitoring of processes in various 

environments. In addition to regular variations in the parameters of the ionosphere, 

aperiodic and quasi periodic disturbances exist in the ionosphere limiting the 

potential capabilities of telecommunication and radio navigation due to their random 

time of occurrence, considerable amplitudes and durations. Therefore, the study of 

geospace and, in particular, the ionosphere, as well as variations in the characteristics 

of radio waves caused by the influence of powerful sources of energy on the 

ionosphere, is an important radio physics problem. 

It is known that the ionosphere can be considered as a “mirror” which reflects 

the processes occurring underground, on Earth’s surface, and in space. In other 

words, the ionosphere is a subsystem of Sun – interplanetary medium – 

magnetosphere – ionosphere – atmosphere – Earth system. The ionosphere is also 

responsible for the interaction of subsystems inside this system. Since the processes 

of the interaction are superimposed on each other, there is a need for their separation. 

Solving the problem of separation of ionosphere disturbances caused by a 

particular source of energy (earthquakes, tsunamis, volcanic eruptions, 

thunderstorms, falls of large space bodies, solar flares, coronal mass ejections, solar 

terminator, solar eclipses, gusts and flights, powerful radio transmission, emissions of 

chemical reagents, etc.) requires continuous observations on a global scale. Such 

observations are conducted over the world. An example of such a project is the GIRO 

(Global Ionospheric Radio Observatory) project. Also, maps of total electronic 

content provided by different research teams reflect global variations of this 

parameter. So far, researchers are limited in studying the response of the geospace 
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environment to the source of energy of a given nature. Therefore, the study of the 

geospace and, in particular, the ionosphere, as well as variations in the characteristics 

of radio waves is an important radio physical problem. 

Despite the existing strong achievements in the field of investigation of 

aperiodic and quasi-periodic processes in the ionosphere, there are a number of gaps. 

Thus, aperiodic and quasi-periodic perturbations during such a unique event as the 

explosion of the Chelyabinsk meteoroid, during rare phenomena such as solar 

eclipses, during the action of a powerful radio transmitter 1,000 km away, etc. have 

been poor studied. 

A significant amount of works have been devoted to the study of the ionosphere 

response to solar eclipses. However, the study of the ionosphere reaction remains an 

important problem. The fact is that the ionosphere response depends on the state of 

atmospheric and space weather, place and time of day, as well as on the magnitude of 

the solar eclipse (SE). 

Numerous of works are also devoted to the study of modifying the ionospheric 

plasma by intense radio waves. Usually, the perturbations that occur within the 

antenna pattern are studied, and only the monograph [1] is devoted to the study of 

large-scale (about 1000 km) perturbations. 

The unique effects in the ionosphere that accompanied the fall of the 

Chelyabinsk cosmic body have a special novelty. Since such events occur once in 

about a hundred years, such studies are of great importance. This monograph presents 

studies of the ionosphere response to two solar eclipses, the fall of the Chelyabinsk 

cosmic body, and the effect of powerful radio transmission from a system distant 

about 1,000 km away from the source. 

In addition, natural (background) disturbances in the ionosphere were observed 

for four seasons (vernal and fall equinoxes, winter and summer solstices) during the 

growing and declining phases of the 24th solar activity cycle.  
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Chapter 1 

IONOSPHERE: BASIC MORPHOLOGY AND METHODS  

OF DIAGNOSTIC 

 

The ionosphere is one of the main channels of radio wave propagation. It 

significantly affects the characteristics of radio waves with a wavelength of 

centimeters to thousands of kilometers (see, for example, [2‒6]). Non-stationary 

processes in the ionosphere play a special role. They limit the potential characteristics 

of radar, radio navigation and telecommunications systems (see, for example, [3]). 

Quasi-periodic (wave) processes occupy an important place among non-

stationary processes in the ionosphere. Many experimental and theoretical works are 

devoted to their research. Despite this, the systematic study of such processes is just 

beginning (see, for example, [7‒28]). Radio physical methods play a leading role in 

the study of wave processes and include methods of incoherent scatter technique, 

Doppler method, partial reflection technique, remote sensing, etc. 

Creation of a model of wave processes in the ionosphere requires continuous 

observations on a global scale. So far this is impossible. Therefore, researchers are 

limited to measurements for specific periods like. Vernal and fall equinoxes, as well 

as the summer and winter solstices. 

 

1.1. Remote Sensing  

 

Experimental study of the ionosphere is carried out mainly using radio physical 

methods, i.e. by studying the conditions of propagation, reflection and scattering of 

radio waves in the ionosphere. 

The method of vertical sounding (VS) of the ionosphere is one of the methods 

being employed to obtain operational information about the ionosphere.  

The method is based on the reflection of a radio wave from an inhomogeneous 

plasma, including a random inhomogenities, which is the altitude structure of the 

Earth's ionosphere. The radio receiving equipment allows measuring and analyzing 
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the delay time (or the effective height) of the radio pulses reflected from the 

ionosphere as a function of the gradually changing carrier frequency. 

The dependence of the reflections’ height on the frequency is called the altitude-

frequency characteristic (a digital ionogram) (Fig. 1.1). 

 

 
 

Fig. 1.1. A digital ionogram processed with automatic scaling technique  

 

Ionograms allow retrieving the following parameters in real time: effective 

height of each layer (denoted as h'E, h'F1 and h'F2, etc.) and the frequency at which 

the effective height becomes infinitely large because of the wave reaches the level of 

the maximum electron density in this layer (denoted as foE, foF1 and foF2, etc.) [10]. 



14 
 

The refractive height is always greater than the actual one. This is because of the 

signal propagates at a group speed ʋ which is lower than the speed of light in vacuum 

c. It takes time for the signal to propagate over a certain distance: 

.
s

ds
t   v

 

If the signal propagates upward to the height of reflection z, then we obtain  

'

0

1 z dz h
t

c n c
   , 

where '

0

z dz
h

n
   – a refractive height, n – a refractive index. Since in isotropic plasma 

2 21v = c pn c    will always be less than the velocity of the electromagnetic 

wave in vacuum c, then t  is always larger than the propagation time of the signal in 

vacuum, hence that 'h z .  

The method allows obtaining profiles of electron density N(z) at altitudes from 

about 100 to 350–400 km. 

In the F region of ionosphere, there is a splitting of the waves reflected from the 

F2-layer. This is caused by the fact that two types of waves can propagate along the 

external magnetic field line. The dielectric permittivity for these waves by definition 

is equal to 

o,x ,xx xyi     

where  2 2 21xx p B      and  2 2 2/ ( )xy p B Bi        ‒ components of the 

dielectric permittivity, ωp – the plasma frequency, ωB – the electron gyrofrequiency. 

Substituting εxx and εxy and making the transformation, we obtain:  

 

2

o,x 1 p

B


  

 
. 

Waves corresponding to the indices “o” and “x” are called ordinary and 

extraordinary, respectively. The term of “extraordinary wave” arose from a feature in 

the denominator at B . Physically, the angular velocity of rotation of the vector 

of the electric or magnetic field coincides in magnitude and direction with the angular 
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velocity of electron rotation (gyrofrequency). This phenomenon is called 

gyroresonance. 

The above expression is accurate for the longitudinal propagation of fairly high-

frequency waves in cold plasma without collisions. 

 

1.2. Ionosondes 

 

The largest amount of experimental data on the ionosphere were obtained using 

the radio facilities. The ionospheric stations (ionosondes) are the most widespread 

facilities for ionospheric investigation. 

The basic parts of the ionosonde are the radio transmitting device (RTD), the 

receiving and transmitting antennas, the radio receiving device (RRD), the recorder. 

Ionospheric station is aimed to obtain altitude-frequency characteristics. 

RTD emits radio waves as short pulses, their duration is τ = 10–100 μs, and the 

pulse repetition frequency F = 50–100 Hz. Since τF << 1, there is enough time for the 

emitted pulse to be reflected from a given ionospheric region and to return. The 

reflected pulse is received by the RRD located next to the transmitter. 

The receiving and transmitting antenna of the ionosonde are arranged so that the 

transmission propagates upward. RTD emits short sequences of radio pulses through 

the antenna, and RRD in the mode of receiving (using the receiving antenna) catches 

radio wave, which were reflected by the ionosphere. Therefore, knowing the time of 

the start of the transmission and the time of the signal returning to the receiver, it is 

possible to estimate the reflective hight. 

The ionosonde emits not at a single fixed frequency, but in some frequency 

range. The frequency inside the frequency range can change continuously or 

discretely. In a time of approximately one minute, the frequency range can vary from 

0.5 to 20 MHz. Signals with low frequencies are reflected from the lower ionosphere 

layers (0.5 MHz corresponds to electron density N about 2.5∙109 m–3 and a reflection 

height of about 100 km), and signals with high frequencies are reflected from the 

upper layers, where N ≈ (5‒15)·1011 m–3. 
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Changes in the frequency and height of the reflective layer are recorded using 

different types of equipment. 

When working with ionograms, the international instruction on processing and 

interpretation (the International Unionof Radio Science (URSI) standard) is used 

[29]. The study of altitude-frequency characteristics allows obtaining various 

parameters of the ionospheric layers. 

The location of the ionosonde on the Earth’s surface imposes some restrictions 

on the received information about the ionosphere. It is possible to study only 

bottomside ionosphere located below the main maximum, i.e. up to an altitude of 

200–350 km. 

Currently, there is an international network of 164 ionosondes of different types 

(models), which allows large-scale monitoring of the ionosphere. 

The types of ionosondes, the data of which are used in this work, and their 

geographical position are presented in Table 1.1. 

 

Table 1.1. Types of ionosondes and their geographical location  

 

Ionosonde Latitude Longitude Types of ionosondes 

Tromsö 69.6°N 19.2°E DPS-4 

Fairford 51.7°N 1.5°W DISS 

Dourbes 50.1°N 4.6°E DGS-256 

Juliusruh 54.6°N 13.4°E DPS-1 

Pruhonice 50.0°N 14.6°E DPS-4 

Rocuetes 40.8°N 0.5°E DGS-256 

El Arinosillo 37.1°N 6.7°W DGS-256 

Moscow 55.5°N 37.3°E DPS-4 

San Vito 40.6°N 17.8°E DISS 

Kharkiv 49.6°N 36.3°E NDI 

Athens 38.0°N 23.5°E DGS-128 
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1.3. Morphology of Quiet Ionosphere at Mid-latitudes  

 

For the first time in 1878, Stewart generated hypothese on the existence of a 

conductive layer in the upper atmosphere to explain the peculiarities of perturbations 

of the geomagnetic field. Appleton, Bright, Barnet, and Tue [4] were the first to 

experimentally prove the presence of radio-reflecting layers. They also became the 

founders of the systematic study of ionospheric regions. 

The ionosphere is an ionized region of the Earth's atmosphere located from 

altitudes of about 60 km to more than 1,000 km. The ionosphere is a weakly ionized 

plasma which motion is controlled by the Earth’s magnetic field. The ionosphere 

exists because of influence of electromagnetic and corpuscular radiation of the Sun 

on the atmosphere of Earth. 

It is known that the electron density in the ionosphere is irregularly distributed 

over altitude. There are regions where the density reaches a maximum (Fig. 1.2). 

D region of the ionosphere is located below 90 km. It almost absent disappears 

in the mid-latitudes at night. At high latitudes D region is present almost all the time. 

The reason os that ionization at altitudes less than 100 km in the high-latitude 

ionosphere is maintained by the penetration of corpuscles into the atmosphere. This 

process is called particle precipitation. At these altitudes, the role of the magnetic 

field is increased and there is a strong plasma turbulence. 

The E region is located in the altitude range of 90–140 km. At these altitudes, 

sporadic layer Es occurs occasionally. Ionization is mainly provided by ultraviolet 

radiation. In this layer, the influence of the geomagnetic field is relatively weak and 

the strongest currents exist. The E region of the ionosphere is the most stable. 

The F region of ionosphere is located above the E region. At night, the F region 

extends to altitudes of 250–400 km, and during the day (mainly in summer) it splits 

into layer F1, located at altitudes of 150–200 km, and layer F2 which is located at 

altitudes of 200–1000 km. The main ionization maximum is observed at altitudes of 

200–400 km. Shortwave solar radiation is the main source of the ionization there. In 

this region, the magnetic field influence enhances, the charged particle diffusion and 
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other electrodynamic processes are more pronounced. The ionospheric F region is 

unstable in contradistinction to the E region. 

 

 

 

Fig. 1.2. Typical vertical distribution of the electron density N in the ionosphere: 

solid line – day-time variations, dashed line – night-time variations. The positions of 

different layers are marked with letters 

 

Altitude stratification of ionospheric layers is due to changes in the conditions of 

the layers formation at different altitudes. Up to the maximum of ionization, electron 

Te and ion Ti temperatures as well as the electron density N increase rapidly. In the 

upper part of the ionosphere (at the altirudes of F region) the increase of temperatures 

Te, Ti and density N slows down. Above the F region, the density N decreases first 

gradually to altitudes of 15–20 thousand km (so-called plasma knee) and then N 

moves to low densities more sharply and transits to the the interplanetary medium. 

Ionosphere characteristics change with latitude. It’s distinguished the mid-latitude, 
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equatorial, auroral and polar ionospheres. The mid-latitude ionosphere is more 

regular. 

The structure of the quiet ionosphere changes regularly over time: during the 

day, season, and 11-year solar cycle. From the minimum to the maximum of the solar 

cycle, the electron density changes from Nmin to Nmax, the electrons and ions 

temperature increases, the altitude range of ionosphere layers increases too, the 

recombination coefficient α decreases. The average values of ionospheric parameters 

are given in the Table 1.2 [30]. The ionosphere is a system which is controlled by 

chemical and dynamic processes. Free electrons are produced in the ionosphere under 

the action of electromagnetic and corpuscular radiation. The speed of electron 

production qе is ~(107–1011) m–3s–1. Simultaneously with the electron production, the 

electron disappearance with the speed qr takes place. The change in density N over 

time is described by the equation of electron density balance (continuity equation) 

which takes into account the vertical plasma transfer velocity vz:  

 z e r

dN N
N q q

dt t z

 
   
 

v .    (1.1) 

 

Table 1.2. Values of ionospheric region parameters for mid-latitudes [30] 

 

Region 
(layer) 
of the 

ionosphere 

Layer peak 
altitudes, km 

Ti, K 
Day-time Night-time 

N, 
m–3 

α, 
 m3s–1 

Nmin, m
–3 Nmax, m

–3 

D 70 220 108 2·108 107 10–12 

E 110 270 1.5·1011 3·1011 3·1010 10–13 

F1 (summer) 180 800–1500 3·1011 5·1011 – 3·10–14 

F2 (winter) 220–280 1000–
2000 

6·1011 25·1011 ~1011 2·10–16 

F2 (summer) 250–320 2·1011 8·1011 ~3·1011 10–16 

 

The transport of plasma should be taken into account only at altitudes higher 

than 250–300 km. 

Similarly, the balance equations for positive N+ and negative N– ions are 
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introduced, and the law of charge conservation is preserved, i.e. N+N‒ = N+.  

At low altitudes, electrons disappear in the reaction of radiative recombination 

with heavy molecular ions. In this case, the following equation is valid: 

2
rq N  . 

In the F region, electrons disappear in the reaction of radiative recombination 

with heavy molecular ions too. However, at this altitudes, the recombination rate 

directly depends on the density of neutral molecules and the following equation is 

valid: 

qr = βN. 

Dynamic processes also take place in the ionosphere. The reasons for their 

occurrence are the same as in the neutral atmosphere. At z ≤ 400–500 km, the ionized 

component, which is a small constituent, is dragged by the neutral medium. 

Also, at altitudes of more than 100 km electrodynamic processes begin to have a 

significant effect. 

In the ionosphere, diffusion, thermodiffusion and thermal conductivity take 

place. Dynamic processes are primarily related to moving electrons, but they moves 

together with ions because of Coulomb forces. Therefore, we can talk about 

ambipolar diffusion and ambipolar thermodiffusion. 

Electrodynamic forces lead to the currents and drift of charged particles. 

Electrodynamic processes can exist because of the presense of the Earth’s magnetic 

field and the electric fields of ionospheric-magnetospheric origin. 

 

1.4. Sources of Disturbed Ionosphere  

 

Sources of ionospheric perturbations can be classified by source, energy, way of 

impact on the ionosphere, etc. The most important and most “influential” source is 

the Sun, other sources have less effect on the ionosphere. The parameters of the 

perturbations sources are described in more detail in [31]. 
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1.5. The Results of the Study of Disturbances in the Middle Ionosphere  

 

The vertical sounding method is successfully used to observe processes not only 

in the quiet ionosphere, but also in the ionosphere disturbed by solar flares, coronal 

mass ejections, solar eclipses, falling large space bodies, rocket launches, powerful 

radio radiation, etc. 

 

1.5.1. Effects of Ionospferic Storms  

 

Ionospheric storm is one of the components of geospace storm [31]. It represents 

rather fast and essential deviations of ionospheric parameters from their undisturbed 

values typical for a quiet ionosphere. 

Ionospheric storm is an irregular phenomenon. The rise time of the storm can 

vary from a few minutes to several hours, its duration is 1‒7 days. Approximate 

characteristics of magnetic disturbances and classification of magnetic storms are 

given in Tables 1.3, 1.4. 

Decreasing of the critical frequency value of the F2-layer is one of the main 

effects manifested in the ionosphere during a storm. A decrease in the critical 

frequency value for the F1-layer is less frequent effect. 

The phenomenon of electron density decreasing is called the negative phase of 

the ionospheric storm, and the electron density increase is called the positive phase of 

the storm [31]. 

In some cases, the development of storms lead to the appearance of the layer 

with strong radio waves absorption below the E region. Frequently, such a layer 

shields the reflection of radio waves from the ionosphere. 

Occasionally, there may be a “powerful” sporadic Es-layer during weak 

magnetic storms. This effect predominates at high latitudes. 

There is an increase in the minimum height of the F2-layer in the course of 

further evolution of the storm. 
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Table 1.3. Classification of negative ionospheric storms (NIS) and their main 

parameters [55] 

 

Kind of 

ionospheric 

storm 

Name of 

NIS
 

0

min

m

m

N

N
 Ist, dB 

0

e

e

T

T
 

0

i

i

T

T
 

Duration of 

ionospheric 

storm, 

hours 

Number of 

ionospheric 

storms per 

cycle of solar 

activity 

NIS5 Extreme >10 >10 3–4 2–2.5 70–100 2–4 

NIS4 Severe 4–10 6–10 2–3 1.5–2 50–70 50–150 

NIS3 Strong 2–4 3–6 1.5–2 1.3–1.5 30–50 150–300 

NIS2 Moderate 1.4–2 
1.5–

3.0 

1.2–

1.5 
1.1–1.3 20–30 400–800 

NIS1 Minor 1–1.4 0–1.5 1–1.2 1–1.1 5–20 1000–2000 

 

Observed storms have different morphology [32]. The results of observations of 

the same storm at different stations may differ significantly. The differences are 

caused by the differences in geographical location of the stations, the differences in 

local time, moments at sunrise or sunset, etc. 

An ionospheric storm, which is a response to a geomagnetic storm, has a set of 

distinguishing characteristics. There is a classification of ionospheric storms by the 

intensity [31]. 

 

1.5.2. Effects of Solar Eclipses 

 

Solar eclipse (SE) provides to researchers a unique opportunity to study the 

dynamics of the Earth – atmosphere – ionosphere – magnetosphere system over a 

period of several hours [33]. Disturbances in this system caused by different SE differ 
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significantly. The parameters of those perturbations depend on the time of the SE, on 

the space weather conditions, season, phase of the cycle of solar activity, 

geographical coordinates and on the magnitude of the coverage of the Sun’s disk 

[33]. 

 

Table 1.4. Characteristics of positive ionospheric storms (PIS) in the F and E 

regions of the ionosphere 

 

Kind of 

ionospheric 

storm 

Name of 

PIS
 Effects of PIS 

Index of 

PIS, dB 

Number of 

ionospheric 

storms per cycle 

of solar activity 

PIS5 Extreme 

Total electron content may 

increase up to 2–3 times, the 

frequency capacity of the decameter 

radio channel increases, the absorption 

coefficient of hectometer, decameter 

and meter radio waves may increase 

up to 1.5–2 times 

>4.8 1–3 

PIS4 Severe The same 4.0 ~100 

PIS3 Strong The same 3.2 ~200 

PIS2 Moderate The same 2.3 ~600 

PIS1 Minor 

Total electron content, the 

frequency capacity of decameter radio 

channel, the absorption coefficient of 

hectometer, decameter and meter radio 

waves may increase by tens of percent  

1.0 1000–2000 

 

The study of the effects of SE in the ionosphere has a century-long history. The 

first radio physical observations of SE effects were made in 1912 [34]. Initially, the 

effect of eclipses on the propagation of radio waves in the ionosphere was studied. 
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Since the SE on August 31, 1932, the dynamic processes in the ionosphere 

accompanied eclipses have been studing. The most common method of observation is 

the method of vertical sounding which uses ionospheric stations (ionosonde) [35‒40].  

The arsenal of methods espaned considerably in the 1960s. Satellite and rocket 

methods [41–45], incoherent scattering technique [46–54], and a number of other 

methods (see, for example, [55–67]) are widely used. The mentioned works describe 

the decrease in electron density in all layers of the ionosphere, decrease in electron 

and ion temperatures, change in plasma drift velocity, plasma and heat fluxes, 

generation of wave-like perturbations in the upper ionosphere and other effects 

accompanying SE with different phases in different regions of the globe. 

The results of ionosonde observations during the previous years are presented in 

[35‒40]. Recent studies are analyzed in [49‒53]. 

Ionosonde observations shown that SEs are accompanied by a number of stable 

effects: a decrease in the electron density N, an increase in the effective reflection 

height, a delay in the N decreases relative to the moment of the maximum eclipse 

phase, and the generation of quasi periodic (wave) disturbances in the ionosphere. At 

the same time, it should be borne in mind that each eclipse has its own, individual, 

features. 

 

1.5.3. Effects of the Chelyabinsk Meteor  

 

The explosion of the Chelyabinsk space body over the settlements, accompanied 

by a bright flash and roar, found a resonant response in the minds of many people. 

Buildings and mainly windows, doors, walls and ceilings were partially damaged. In 

Chelyabinsk, the explosion knocked out about 20 000 m2 of windows. More than 1.6 

thousand people suffered from minor injuries in Chelyabinsk Region. Fortunately, 

there were no casualties. The damage exceeded 30 million US dollars. 

The initial data on the Chelyabinsk space body effects are presented on the 

website [68]. 
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The meteoroid entered the Earth’s atmosphere on February 15, 2012 at 

03:20:26 UT. The cosmic body moved approximately from east to west (azimuth was 

about 270°) at an angle to the horizon of about 20°. The initial body mass m0 ≈ 11 kt, 

the initial velocity v0 ≈ 18.5 km/s, and the initial body diameter d0 ≈ 18 m (see, for 

example, [68]). Found fragments of the meteorite indicate that it was a stone, or 

rather, the cosmic body was a chondrite type LL5, which consisted of metallic iron, 

olivine and sulfites. The remains of the body fell into Lake Chebarkul and near it.  

The physics of meteor phenomena is discussed in a large number of studies (see, 

for example, [69‒71]). 

Features of the fall of large cosmic bodies are described in a number of works 

(see, for example, [70‒75]). A fundamental feature is the generation of a strong shock 

wave by large bodies. 

The main physical effects, that accompanied the fall of the Chelyabinsk 

meteoroid, were theoretically estimated in works [76‒79]. This used the theory 

presented in the books [69, 70, 72, 75, 76, 78]. In books [76, 78], it was shown that 

the main energy release of about 0.2 Mt TNT (trinitrotoluene) took place near an 

altitude of 25 km, where the rate of mass loss was of the order of 10 kt/s, the energy 

of optical radiation reached several hundred TJ. In works [76, 78] it was substantiated 

that the fall of the body should have led to the disturbance of not only the lower but 

also the upper atmosphere, as well as the ionosphere at a distance of at least several 

thousand kilometers from the place of falling. 

The results of the first observations of a number of effects, that accompanied the 

fall of the Chelyabinsk meteoroid, in the ionosphere and geomagnetic field are 

described in papers [77, 80, 81]. 

The search for perturbations in the atmosphere and ionosphere at considerable 

distances from the place of the Chelyabinsk meteorite falling has an absolute interest. 

It is known that its invasion of the Earth’s atmosphere came as a surprise. Therefore, 

purposeful measurements of the whole complex of the physical effects of the space 

body fall in all environments (in all geospheres) turned out to be impossible. Some 

effects are registered by “regular” instruments. These include a network of 
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ionosondes, which allows almost continuous monitoring of the ionosphere on an 

almost global scale. 

The fall of the Chelyabinsk space body caused a response in the ionosphere. The 

magnitude of the effects, recorded by various radio physical means of observation, 

depended on the place of registration. 

The closest source of information about the impact of the flight and explosion of 

a meteoroid is the radar YeKB (Yekaterinburg) of Institute of Solar-Earth Physics 

(Siberian Branch of the Russian Academy of Sciences (ISEF SB of RAS)) and 

ionosonde “Sail” of Institute of Geophysics (Ural Branch of the Russian Academy of 

Sciences (IGF UB of RAS)). The radar and ionosonde are approximately 200 km 

from the place where the meteoroid fell [82‒90]. The perturbations had a high 

amplitude and dynamics, but in the first hours it did not cause changes in the average 

ionosphere parameters above the center of perturbation.  

The main effects were recorded at distances from 200 to 1500 km. The fall and 

explosion of the meteoroid caused a surge of electron density at altitudes of 

80‒120 km. The time of irregularity formation roughly coincided with the moment of 

the meteoroid falling [90]. 

In the F region, the experimentally estimated velocities of the disturbances were 

250, 400 and 800 m/s. The increase in electron density was about 15%. The scale of 

the disturbed area was about 200 km. The radial nature of the disturbances was 

observed for 80‒100 min. 

Large-scale observations taken at stations far from the falling place of large 

space bodies allow determining the degree of impact of their flight and explosion on 

the Earth’s atmosphere on the ionosphere. The fall of the Chelyabinsk meteoroid, 

observed at stations approximately 200, 1400, 1700 and 1900 km away, caused a 

response in the ionosphere. It was concluded in the change of the electron density and 

the height of the maximum of the F2-layer hmF2. Disturbances were recorded at 

ionospheric altitudes from 100 to 250 km [90‒108]. The first response of the 

ionosphere was recorded in Sverdlovsk (200 km) and had the appearance of a 

powerful sporadic Es-layer about an hour after the meteoroid falling. At a distance of 
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about 1400 and 1700 km, the Es-layer appeared after 4.5 and 6 h, respectively. There 

are no data on the presence of a sporadic layer over St. Petersburg. 

In the F region, the response of the ionosphere was expressed in the change of 

the critical frequency foF2. It consisted of superimposing of critical frequency’s 

oscillations from 1.2 to 3.9 MHz with the regular variation of the frequency. There 

was a sharp increase in the values of foF2 to the maximum level, a deep reducing after 

that, and following return to the initial frequencies. 

The change in the electron density at the maximum of the F2-layer reached 

2.7 times within 1–1.5 h. Given the fact that the ionosphere response to the fall of the 

meteoroid was recorded at a station located in St. Petersburg (1900 km), it can be 

argued that the disturbances spread over a distance of at least 2000 km [90–108]. 

The most complete information about the Chelyabinsk meteoroid is given in the 

works [85–91]. 

 

1.5.4. Effects of Powerful Radio Transmission  

 

Many articles and scientific works are devoted to the study of the influence of 

powerful radio transmission on the ionosphere, for example [107‒121]. There is a 

single monograph that describes large-scale (~1000 km) disturbances in the 

ionosphere [1]. 

Plasma disturbances caused by the influence of powerful radio transmission 

within the irradiated region are called localized [1]. The horizontal size of such 

disturbances is 10‒100 km. The main determining factors are the width of the 

antenna pattern and the processes of particle and heat transfer. Localized disturbances 

are caused by heating, striction and ionization mechanisms of nonlinearity. In 

addition, the influence of powerful radio transmission in geospace causes effects 

associated with the interaction of subsystems in the system Earth ‒ atmosphere ‒ 

ionosphere ‒ magnetosphere (EAIM), with the transfer of disturbances over long 

distances. Such disturbances are called large-scale [1]. They are characterized by a 
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horizontal size of about 1–3 thousand km. Powerful radio transmission acts as a 

stimulator of natural processes. 

The effects stimulated by powerful radio transmission of the hectometer range 

were first discovered in September 1972 (see, for example, [1]). 

In 1983, a heating stand of the decimeter range “Sura” was put into operation at 

the landfill of the Science and Research Radio Physical Institute (SRRPhI) 

(Vasilsursk, Russia). This allowed the author [1] conducting systematic experimental 

studies of large-scale disturbances near Kharkiv. Diagnostic of large-scale 

disturbances was carried out using the equipment of the Radio Physical Observatory 

(RPhO) of V.N. Karazin Kharkiv National University (the distance between the 

SRRPhI test site and the observatory is about 960 km). 

In the course of research it was established that the influence of powerful radio 

transmission on the ionosphere leads to the emergence of a whole complex of 

geophysical and radio physical effects in the near-Earth environment (geospace) [1]. 

The identified manifestations of geophysical effects include the following: 

– formation of ionization layers at altitudes z  70–100 km with horizontal scale 

of at least 1000 km; 

– generation or amplification of the sporadic Es-layer (z  100 km); 

– strengthening of the irregularity structure in the lower, middle and upper 

ionosphere (L  1000 km); 

– generation and propagation of wave disturbances of plasma density in the 

middle ionosphere (z  150–300 km) with a speed of 0.3–0.6 km/s and a period of 

10–60 min (L  1000 km); 

– increase in electron temperature by 200–500 K in the outer ionosphere with 

L  1000–2000 km; 

– increase in electron temperature and density by approximately 200 K and 

10%, respectively, in the magnetically coupled region for the heating stand; 

– increase by 1–4 nT of the level of the geomagnetic field registered on the 

Earth’s surface ( L not less than 500 km). 



  29 
 

Examples of stimulated radio physical effects are: 

– variations in the level of electromagnetic noises in the frequency range not less 

than 1–20 MHz, recorded on the Earth’s surface; 

– amplification of the level of extremely low-frequency (ELF) and very low-

frequency (VLF) radiation in the outer ionosphere (L  500‒700 km); 

– generation of quasi-constant electric fields with a voltage of about 30 mV/m in 

the outer ionosphere (L  1000 km); 

– an increase the frequency of whistling in approximately three times. 

From the listed complex of effects it is necessary to highlight the phenomena in 

the magnetic flux tube and in the magnetically conjugate region, and also wave 

disturbances with v  0.3–0.6 km/s [1]. The first phenomenon is related to the 

transfer of heat and energy of low-frequency radiation (whistles, etc.) along the flux 

tube. The second phenomenon is related to the propagation of density waves (along 

the ionosphere) from the location of the source of the perturbation. The remaining 

effects belong to the group stimulated by powerful radio transmission. The 

mechanism of their generation and transfer is not so obvious and still requires 

detailed study. 

In favor of the fact that these effects are stimulated processes, the following 

arguments exist [1]. The disturbances developed 1–10 min after the powerful radio 

transmission was switched on. After cessation of exposure, the perturbation could 

disappear or continue (even intensify), i.e. the effect of exhaustion was observed. 

Disturbances could not occur during the first cycle of periodic plasma heating, i.e. 

there was an effect of accumulation or the effect of inertia of the system. Switching 

off the source could lead to effects similar to those that occurred when it was turned 

on, i.e. there was a switching effect. Disturbances were observed at distances up to 

R  1000–2000 km from a powerful radio system. The magnitude of disturbances 

and the frequency of their occurrence significantly depended on the geophysical 

conditions (space weather conditions). These facts indicate that powerful non-

stationary radio transmission acts as a stimulator of natural processes. 
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Based on observations for the period from 1972 to 2012, the author [1] 

experimentally established and theoretically explained the previously unknown 

phenomenon of large-scale (about 1000 km) disturbances in the lower ionosphere, 

accompanied by variations in geomagnetic field and quasi-periodic processes in the 

middle ionosphere, which were stimulated by the influence of powerful non-

stationary radio transmission of the decameter and hectometer ranges on the 

ionosphere. 

 

1.5.5. Effects of Rockets Launches and Flights  

 

The effects that occur in the ionosphere during the launches and flights of 

powerful rockets, have been studied for about 60 years. The observed effects depend 

on the space weather conditions, distance from the launch site, type of rocket, etc. 

Thus, the response of the ionosphere to the launch of two identical rockets will be 

different. A special place in these studies is devoted to investigation of large-scale 

and global disturbances. They are characterized by horizontal dimensions of about 

1000 and 10000 km, respectively. 

The ionosonde method is actively used to study the effects of rocket launches 

[122–128]. These works show that powerful rockets launch can cause not only 

localized (~10‒100 km), but also large-scale (~1000 km) and even global 

disturbances in the ionosphere. Ionosonde [129‒132] and Doppler [129] methods, as 

well as the method of incoherent scattering [129, 133‒135] were used for their study. 

The main effects of rocket launch are summarized in monographs [129, 

136‒138]. 

On the example of the study of the responses to the “Proton” and “Soyuz” 

rockets launches, the main effects can be identified, which are expressed in the 

generation of disturbances of different nature [130, 131, 135]. They are characterized 

by a velocity of disturbance propagation of 1.5–3.5 km/s and 375–440 m/s. Such 

velocities are inherent to slow magnetohydrodynamic (MHD) and internal gravity 

waves (IGW), respectively. The period, wavelength, and relative amplitude of the 
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wave perturbations of the electron density associated with IGW were 90 min, 2000–

2400 km, and 2.5–5%, respectively. During the launch of the “Soyuz” rocket, two 

groups of disturbances were detected, with velocities of about 2 km/s and 600 m/s. 

Such velocities, which have been repeatedly observed before, are characteristic of 

slow MHD waves and IGW, respectively. The relative amplitude of electron density 

disturbances reached 5–7%, and the value of the quasi-period was about 2–3 h. 

 

1.6. Investigation of Aperiodic and Wave Disturbances in the Ionosphere: 

Instruments and Methods 

 

1.6.1. Ionosonde  

 

In this work, observations of the ionosphere were carried out using a modified 

ionosonde “Basis” with digital registration of the reflected signal parameters. The 

ionosonde is located in Ionospheric Observatory of Institute of Ionosphere (49.63ºN, 

36.33ºE) near Kharkiv. 

The “Basis” ionosonde transmitter operates in frequency range of 0.3–20 MHz. 

The output power is 10 kW, the duration of the emitted pulse is 100 μs. The pulse 

repetition frequency can vary from 3.125 to 25 Hz. 

The receiving equipment of ionosonde “Basis” is based on a superheterodyne 

with frequency conversion: in the frequency range from 0.3 to 2.3 MHz with double 

conversion, from 2.3 to 40 MHz with triple conversion. 

The receiving and transmitting ionosonde antennas are identical and 

orthogonally arranged. Each of the antennas consists of two broadband vertical 

rhombuses. The small rhombus operates in the frequency range 6–20 MHz, and the 

large rhombus operates in the frequency range 0.3–6 MHz. 

Ionogram registration rate is one ionogram every 15 min. Frequency estimation 

error is 25 kHz. 
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1.6.2. Methods of Analysis 

 

For the spectral analysis of quasi-periodic variations in the electron density, the 

windowed Fourier transform (WFT), the adaptive Fourier transform (AFT), and the 

wavelet transform (WT) were used [139–142]. In addition to spectrograms, energy 

diagrams (distribution of energy of oscillation by periods) were also analyzed. The 

format of data analysis is the same as in [142]. 

Before spectral analysis, the trend was first determined using a moving average 

in the range of 120 or 180 min. The sliding step was equal to 1, 5 or 15 min 

depending on the rate of ionograms’ recording. Since we were interested in the 

periods of more than 10–30 min, the distortion of the spectrum due to the use of a 

rectangular window was insignificant. 

After eliminating the trend, spectral analysis was performed using window and 

adaptive Fourier transforms, as well as wavelet transforms [142]. The purpose of 

spectral analysis was to obtain spectrograms and energy diagrams. Hereinafter, the 

spectrogram means the dependence of the intensity of the spectral components on the 

period and time, and the energy diagram means the dependence of the normalized 

energy of the spectral components on the period. 

The limitations of spectral analysis are as follows. The minimum period 

according to Nyquist’s theorem is determined by two ionosonde samples (2, 10 or 

30 min in different measurement campaigns). The maximum period is determined by 

the sliding average window of 120–180 min. 

The following expressions are used for WFT and AFT, respectively [142]: 
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where twS is window width for WFT; 2T     and 2T a    are quantities that have 

the physical meaning of period of oscillation. 
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In this work Hamming window g(t) is used for WFT and AFT: 

 ttg H  cos46.054.0)( , 

where 12.1  – normalizing multiplier, t – dimensionless time. 

Continuous WT functions f(t) were created out on the basis of the expression: 
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where the symbol * denotes a complex combination, and the decomposition is based 

on wavelets  
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where a is a scaling pameter (a > 0), b is a shift parameter.  

Morle’s wavelet was used as (t) for WT. 

In addition to functions ),~( TPS , ),~( TPA  і ),~( TPW , energy diagrams were 

also used in the work [173]: 
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We add that the expediency of use of all the three integral transformations 

(windowed and adaptive Fourier transforms, as well as wavelet transform) is 

substantiated in works [142, 143]. The first of them has the best localization by time, 

the second – by period. The wavelet transform shows the dynamics of the spectra 

better than other transforms. 
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Chapter 2 

THE MIDDLE IONOSPHERE OF UKRAINIAN REGION UNDER 

QUIET CONDITIONS 

 

The purpose of the chapter is to study the diurnal-seasonal variations in electron 

density and wave disturbances in the maximum of the F2-layer of the ionosphere 

under quiet conditions during the period with low solar activity (2011). 

 

2.1. Space Weather Conditions  

 

The space weather conditions was analyzed using the Wolf numbers W, index 

F10.7, and magnetic indices Kp, Dst, AE (Table 2.1). Table 2.1 shows that Sun was 

quiet during the observational campaigns. Magnetic activity was relatively quiet. 

Therefore, variations of the electron density described below are considered as 

caused by diurnal and seasonal changes of the ionosphere and by wave-like processes 

in the ionosphere. 

 

2.2. Regular Variations in the Electron Density  

 

During the vernal and fall equinoxes, the temporal variations of the electron 

density N at the maximum of the F2-layer were generally similar (Figs. 2.1a and 

2.1b). In the time interval 00:00–04:00 LT (hereinafter local time), N ≈ 2∙1011 m–3. 

After sunrise at the heights of the F2-layer, the electron density gradually increased to 

(6–7)∙1011 m–3 for the vernal equinox and to (1.0–1.1)∙1012 m–3 for the fall equinox. 

The maximum of N took place in the time intervals 12:00–13:00 and 10:00–12:00 for 

the fall and vernal equinoxes, respectively. A slow decrease of N to (5‒7)∙1011 m–3 

was observed by the sunset. After sunset in the ionosphere, the electron density 

increased. At 22:00, the minimum value of N was reached (2–3)∙1011 m–3. 

During the summer solstice, the sun does not set at altitudes of 300 km and 

above at all. 
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Table 2.1. Space Weather Conditions 

 

Data W F10.7 
Kp Dst, nT AE, nT 

max min max min max min 

March 22, 2011 32 100 3.3 0 13 –17 345 23 

March 23, 2011 30 105 3.3 2 8 –12 587 51 

March 24, 2011 39 108 1.7 0.7 6 –3 89 22 

June 20, 2011 26 96 2.7 1 12 –13 472 49 

June 21, 2011 33 95 2.7 1 9 –5 445 64 

June 22, 2011 33 93 4 1.3 9 –10 552 64 

September 19, 2011 92 141 1 0 1 –20 107 17 

September 20, 2011 80 144 3 0.7 –2 –16 280 29 

September 21, 2011 70 144 2 0 4 –11 417 18 

December 20, 2011 72 137 2.7 0.7 4 –11 359 23 

December 21, 2011 73 145 2.7 0.3 5 –20 470 20 

December 22, 2011 69 146 2.7 0.3 –7 –21 157 25 

 

There was a fall of the density N approximately from (3–4)∙1011 m–3 to  

(2–2.5) 1011 m–3 during the time interval 00:00–04:00 (Fig. 2.1b). Then, the density 

increase to (5–6)∙1011 m–3 was observed in the time interval 09:00–10:00. After 

10:00–12:00, there was a short-term decrease of the density N to 4∙1011 m–3. Then, the 

evening increase of the dnsity took place. The maximum values of the electron 

density in the evening reached 5.5∙1011 m–3 at about 20:00. 

Also, we analyzed the diurnal variations in the electron density during the winter 

solstice (Fig. 2.1d). In the time interval from 19:00 to 05:00 (the next day), the values 

of N were close to 2∙1011 m–3. From 06:00 to 10:00–11:00, the density increase to the 

values (8–10)∙1011 m–3 was observed. After 11:00–12:00 N was decreasing to night 

values (2∙1011 m‒3) during 6 hours. 

 



36 
 

 

 

 

Fig. 2.1. Temporal variations of the electron density in the maximum of F2-layer 

on March 23, 2011 (a); June 21, 2011 (b); September 20, 2011 (c); December 21, 

2011 (d). The dashed line is the result of averaging over 3 hours. Here and below, the 

vertical lines show the moments of sunrise and sunset at altitudes of 300 and 0 km 

 

The temporal variations of the electron density N were generally similar during 

adjacent days and for the equinoxes and solstices. 

Quasi-periodic perturbations were superimposed on regular changes of the 

density N(t). 
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2.3. Wave Disturbances of the Electron Density  

 

During the vernal equinox, the disturbances of the electron density ΔN were 

quasi-periodic (Fig. 2.2a, top panel). At night, the amplitude ΔNa was about  

(1–2)∙1010 m–3. During the day, it was (5‒6)∙1010 m‒3 3–10 times larger (Fig. 2.2a, top 

panel). 

Near the summer solstice, the disturbances of the density ΔN(t) were quite 

chaotic, but they also had quasi-periodic oscillations. Their amplitudes were 

practically independent of the time and were (2–5)∙1010 m–3 (Fig. 2.2b, top panel). 

During the fall equinox, nighttime ΔNa was (1–5)∙1010 m–3, daytime  

ΔNa ≈ (1.0–3.5)∙1011 m–3, i.e. 3–10 times larger (Fig. 2.2c, top panel). 

Near the winter solstice, density disturbances ΔN also depended significantly on 

the time. At night, ΔNa ≈ 2∙1010 m–3, during the day ΔNa ≈ 2∙1011 m–3 (Fig. 2.2d, top 

panel). The difference in ΔNa reached an order of magnitude. 

Temporal variations of relative disturbances of the electron density NNN  , 

where N (t) are regular variations of the density N, are shown on the upper panels of 

Fig. 2.3. It is seen that δN(t) follows the key features of ΔN(t). 

During the vernal equinox, the maximum values of δN occur during the day-

time. They reached 0.15 but the average amplitude of δNa was about 0.1 (see  

Fig. 2.3a). 

At the end of June fluctuations of δN did not exceed ±0.15, on average their 

amplitude was 0.1 (see Fig. 2.3b). 

During the fall equinox, the variations in δN(t) were similar to the variations 

during the vernal equinox. On average, δNа ≈ 0.1 (see Fig. 2.3c). 

During the winter solstice, δN fluctuations reached ±0.4 (see Fig. 2.3d). On 

average, δNa ≈ 0.2. 
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2.4. The Results of Spectral Analysis  

 

Hereinafter, spectral analysis was performed for both time variations of the 

primary parameters of ionograms and absolute and relative disturbances of the 

electron density. Since the frequency spectra of absolute and relative disturbances of 

electron density differ, there was a need for spectral estimation of absolute and 

relative disturbances of electron density separately. 

 

2.4.1. Spectral Composition of Diurnal-Seasonal Variations of Absolute 

Electron Density Disturbances  

 

Spectrograms calculated for the vernal equinox show the oscillation period 

values T from 140 to 230 min and duration ΔT ≈ 10‒12 h prevailed. Oscillations with 

T ≈ 40 min and ΔT ≈ 1‒2 h were also observed sporadically (see Fig. 2.2a). In the 

evening, there were also fluctuations with T ≈ 60–100 min. 

Near the summer solstice during the day and night, oscillations with 

T ≈ 200 min prevailed (see Fig. 2.2b). Their duration ΔT is 5 h. In addition to those 

oscillations, processes with T ≈ 100–150 min were observed, and their amplitude was 

approximately 2 times smaller than the predominant oscillations. Fluctuations with 

T ≈ 40 min and ΔT ≈ 1–2 h also occurred sporadically. 

During the fall equinox, fluctuations with a period of T ≈ 170–210 min were 

pronounced in the morning and afternoon (see Fig. 2.2c). Their duration were at least 

10 h. In the evening and at night, the main oscillations were with T ≈ 230–300 min 

and ΔT ≈ 6–7 h. 

During the winter solstice, fluctuations with a period T of 120–160 and 180–

220 min prevailed in the morning and in the afternoon (see Fig. 2.2d). Their duration 

was 5–6 h. In the evening and at night, the period of predominant oscillation was 

close to 180–220 min, ΔT ≈ 5–6 h. 
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Fig. 2.2. Dependence of ΔN(t) for March 23, 2011 (a), June 21, 2011 (b), 

September 20, 2011 (c) and December 21, 2011 (d). Additional bottom panels in each 

figure shows the results of spectral analysis using WFT, AFT and WT (from top to 

down). The corresponding energy diagrams are shown on the right on small sub-

panels 
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2.4.2. Spectral Composition of Diurnal-Seasonal Variations of Relative 

Electron Density Disturbances 

 

The results of the spectral analysis of relative disturbances δN(t) are presented in 

Fig. 2.3. Fig. 2.3a shows that during the vernal equinox in daytime, the period of the 

main oscillation was close to 120–160 min. During the pre-sunset hours and at night, 

two oscillations with periods close to 60–70 and 180–220 min were clearly 

distinguished. 

Near the summer solstice for almost the whole day on June 21, 2011, 

fluctuations with T ≈ 150–240 min prevailed. In addition, fluctuations with periods of 

100–120 and about 300 min occurred sporadically (see Fig. 2.3b). Their duration 

ranged from 4 to 6 hours. 

During the fall equinox, fluctuations with T ≈ 140–190 min prevailed in the 

morning and in the afternoon. Their duration reached 10 hours (see Fig. 2.3c). At 

night, the main oscillations were with T ≈ 230–300 min and ΔT ≈ 6–7 h. 

During the winter solstice, the largest variations in relative disturbances δN(t) 

occurred during the passage of solar terminators and for 4–5 hours after that (see 

Fig. 2.3d). The period of the main oscillation was 180–240 min. In addition to this 

oscillation, oscillations with periods of 60–110 and 280–330 min were also observed 

sporadically. For them ΔT is equal to 6–10 h. 

 

2.5. Discussion  

 

Regular diurnal-seasonal variations of N  fully correspond to the theory of 

physical and chemical processes in the ionosphere (see, for example, [31–56]).  

Let us dwell on quasi-periodic variations in the electron density in more detail. 

Generalized information about these variations are given in the Table 2.2. The table 

shows that the largest values of ΔNa occurred in winter, slightly smaller values of 

ΔNa occurred in autumn. At night (except for the period close to the summer 

solstice), the amplitude ΔNa is 3–10 times smaller than during the day. 
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Fig. 2.3. Dependence of δN(t) for March 23, 2011 (a), June 21, 2011 (b), 

September 20, 2011 (c), December 21, 2011 (d). Additional bottom panels in each 

figure shows the results of spectral analysis using WFT, AFT and WT (from top to 

down). The corresponding energy diagrams are shown on the right on small sub-

panels 
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The relative amplitudes of quasi-periodic changes in the electron density during 

the day were close to 0.1. During the winter solstice, it reached 0.2. At night, the 

values of the relative disturbances δN in all seasons were about 2 times smaller than 

during the day. 

The period of predominant oscillations for different seasons was 140, 180, 175 

and 200 min (see Table 2.2). Such value is close to the period of the third harmonic 

of tidal processes in the atmosphere (180 min). Occasionally, there were also 

oscillations with smaller relative disturbances δN and periods of about 60, 100, 220, 

and 300 min. It is possible that these periods are the periods of harmonics of a single 

process with a period of about 300 min. Wave processes with the specified periods 

and amplitudes are inherent in IGWs. 

 

Table 2.2. The main parameters of quasi-periodic processes during the day 

(night) time 

 

Season 
Amplitude of 

oscillations, m–3 

Relative 
amplitude of 
oscillations 

The period of 
predominant 

fluctuations, min 

The duration of the 
quasi-periodic 

process, h 

Vernal 
equinox  

(5–6)∙1010 
((1–2)∙1010) 

0.1 
(0.05) 

120–160 
(60–70, 180–220) 

15 

Summer 
solstice 

(2–5)∙1010 
0.1 

(0.1) 
150–240 

(100–120, 300) 
24 

(4–6) 

Fall 
equinox 

(1.0–1.5)∙1011 

((1–5)∙1010) 
0.1 

(0.05) 
140–190 

(230–300) 
10 

(6–7) 

Winter 
solstice 

2∙1011 

(2∙1010) 
0.2 

(0.1) 
180–240 

(60–110, 280–330) 
5–6 

(6–10) 

 

The duration of the predominant oscillations was significant: from 5–7 to 24 h 

(during the summer solstice). 

It turned out that the diurnal variations in ΔN(t) and δN(t) mainly tracked the 

daytime changes of N (t). The coefficients of cross correlation for the amplitudes of 

ΔNa and N , as well as for 
aN  and N  were 0.6–0.8 for different seasons. 
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The obtained data on quasi-periodic processes in the maximum of the F2-layer 

in 2011 and 2016 are generally in good agreement with the results of our 

observations in the same region by the Kharkiv incoherent scatter radar (see, for 

example, [26–28]). 
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Chapter 3 

EFFECTS OF SOLAR ECLIPSES IN THE MIDDLE IONOSPHERE 

 

This chapter presents the results of investigation of ionospheric effects of solar 

eclipses (SE) occurred on January 4, 2011 and on March 20, 2015.  

 

3.1. General Information About the Solar Eclipse on January 4, 2011 

 

3.1.1. Brief Information About the Eclipse 

 

The SE was observed after sunrise in North Africa. Thus, the main phase (0.37) 

in Morocco took place at about 07:38 (hereinafter universal time UT). The shaded 

area crossed all of Europe and part of Asia. The SE ended at about 10:25 over 

Pakistan (phase 0.09). The width of the area of the full SE was about 200 km, and its 

speed was about 700–800 m/s. 

At the measurement site (located 50 km south-east from Kharkiv, near the city 

of Zmiiv), the coverage of the Sun’s disk diameter was about 0.78. The maximum 

shaded area of the disk Аmax ≈ 0.71. The SE started at 07:30 and ended at 10:29, the 

main phase took place at 08:59. 

 

3.1.2. Space Weather Conditions 

 

Let’s briefly describe the space weather conditions during the period from 

January 1 to January 5, 2011 which is convenient to represent in terms of temporal 

variations of density, speed, temperature and dynamic pressure of the solar wind, 

induction of interplanetary magnetic field (IMF), energy function Akasofu εA, and 

indices of geomagnetic activity (Kp and Dst). 

During the period of January 1–5, fluctuations in the density, speed, temperature 

and dynamic pressure of the solar wind did not exceed 1.5·107 m–3, 420 km/s, 

1.3·105 K and 4 nPa, respectively. The bursts of energy function εA reached 6 GJ/s. 
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The eclipse was preceded by a very minor magnetic disturbance (the Kp index varied 

from 0 to 3). The Bz-component of IMF varied chaotically within ±(5–6) nT. 

Fluctuations level of the By-component were insignificant (about ±(4–6) nT).  

The values of the Dst index also fluctuated chaotically within ±(10–15) nT. 

It can be argued that the day of the eclipse, January 4, 2011, and the reference 

day, January 5, 2011, were quiet. This circumstance facilitated significantly the 

identification of disturbanes caused by the response of the middle ionosphere to  

the SE. 

 

3.2. Variations in Ionosphere Parameters During the Solar Eclipse on 

January 4, 2011 

 

3.2.1. Temporal Variations in Critical Frequencies 

 

In these studies, ionograms were recorded with a data sampling rate of one 

ionogram per 15 min. 

In Fig. 3.1, temporal variations in the critical frequencies of the ionosphere F 

region fоF2 are presented. The solid thin line in the figures indicates the variations of 

the parameters processed by the moving average over 60 min interval. The moments 

of the beginning, the main phase, and the end of the SE are marked by three vertical 

lines in all figures. The eclipse near Kharkiv began in the morning when a rapid 

increase in fоF2 was in progress. 

Fig. 3.1 shows that before the eclipse, the frequency fоF2 increased from 3.5 to 

6.4 MHz. A slight decrease in fоF2 began approximately 20 min before the onset of 

the SE. As the Sun’s disk was covered, the values of fоF2 decreased from 

approximately 6.2 to 4.3 MHz. They corresponded to a decrease in the electron 

density from N ≈ 4.71011 m–3 to Nmin ≈ 2.31011 m–3. The maximum value of the 

decrease of the critical frequency of the F2 layer foF2  1.9 MHz. 

 

 



46 
 

 

 

Fig. 3.1 Temporal variations of the critical frequency fоF2: a – on the day of the 

eclipse on January 4, 2011 (1 – initial dependence, 2 – smoothed by the moving 

average on time interval of 90 min), b – the same but for the reference day January 5, 

2011. Vertical lines here and below are the moments of beginning, main phase, and 

end of the eclipse 

 

The decrease in the electron density N = 2.41011 m–3, NminN ≈ 0.48 and 

N = NN  52 . Note that the minimum value of fоF2, and, consequently, the 
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electron density at the maximum of the layer F2, was observed at 09:15, i.e. with a 

delay of about 16 min relative to the moment of the main phase of the SE. 

Almost immediately after the onset of SE, the values of fоF2 varied according to 

the quasi-periodic law. The magnitude of the quasi-periods T was 30 and 60 min, and 

their amplitude fоаF2 = 0.2 and 0.4 MHz. The relative amplitude of quasi-periodic 

disturbances can be estimated from the following formula: 

F2

F2
2

o

o

f

f

N

N a
Na





 ,     (3.1) 

where fоF2 is average value of the critical frequency for the considered period. 

Assuming fоF2 = 5 MHz, from (3.1) we obtain that for T equal to 30 and 60 min, Na 

was 8 and 12%, respectively. The duration of this process was about 2 h.  

On the reference day, such a decrease in the values of fоF2 (and electron density 

N) was not observed. Note that the data of fоF2 measurements before the beginning of 

the SE and after the end of the critical frequency reaction to the SE are close to the 

values of fоF2 obtained at the appropriate time points on the reference day. 

It is advisable to compare the decrease in fоF2 on the day of the SE with the 

reference day. Around 09:15 on the reference day, the average of the frequency fоF2 

was 6.2 MHz. Then the decrease in fоF2 on the day of the SE was 1.9 MHz. This 

value agrees with the value of δfоaF2 above. 

Let’s describe briefly the variations in the critical frequency of the Es-layer on 

the day of the SE and on the reference day (Fig. 3.2). It is seen that on January 4 and 

5, the frequency fоEs fluctuated strongly. Its value varied from approximately 2.5 to 

8.5 MHz on the day of the SE and from 2.3 to 8 MHz on the reference day. In 

general, the values of fоEs were larger on the day of the eclipse. The Es-layer was 

more powerful and significantly shielded the E region. 

Temporal variations of the critical frequency of E region are shown in Fig. 3.3. 

In the time interval 05:00–07:30, the temporal variations of the critical frequency fоE 

increased from approximately 1.8 to 2.3–2.6 MHz. On the reference day, the 

frequency fоE continued to increase until approximately 08:30. 
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Fig. 3.2. Temporal variations of the critical frequency fоEs on the day of the 

solar eclipse on January 4, 2011 (a) and on the reference day January 5, 2011 (b) 

 

Over the next half hour, the critical frequency fоE decreased from 2.7 to 

2.6 MHz. During the next hour, fluctuations of the fоE remained in the range of 2.5–

2.6 MHz. 

On the day of the eclipse, E-layer was observed sporadically. Near the main 

phase of the SE, the fоE was approximately equal to 2.2 MHz, i.e. its value decreased 
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by approximately 0.4 MHz (by 16%) compared to the value that would have been in 

the absence of the eclipse. After the onset of the main phase, the frequency fоE 

gradually increased from 2.2 to 2.8 MHz. 

 

 

 

Fig. 3.3. Temporal variations of the critical frequency fоE on the day of the solar 

eclipse on January 4, 2011 (a) and on the reference day January 5, 2011 (b) 
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3.2.2. Temporal Variations in Effective Heights 

 

Fig. 3.4 shows the temporal variations in the effective heights near the 

maximum ionization of the F2-layer on the day of the SE on January 4, 2011 and on 

the reference day January 5, 2011. 

The figure shows that as the solar disk is covered, the effective height h′(fоF2), 

the value of which was approximately 350 km before the beginning of the SE, 

increased to almost 420 km at the time of the main phase of the SE (08:59). The rapid 

increase of h′(fоF2) occurred from 07:35 to 07:50. During the period from 07:50 to 

08:05 the value of the minimum effective height decreased slightly and was 

382‒387 km during the main phase of the SE. 

From 09:45 to 10:30 (i.e. after the end of the eclipse) there was a decrease in the 

values of h′(fоF2) to the level corresponding to undisturbed conditions. Note that on 

the reference day January 5, 2011, the minimum effective height underwent 

insignificant changes (average h′(fоF2) ≈ 365 ± 15 km). 

 

3.2.3. Temporal Variations in Reflection Height  

 

Temporal variations in the height hr(F2) are presented in Fig. 3.5. Since F1-layer 

was not registered, F2-layer can be approximated by a parabolic layer. The values of 

the height hr(F2) are approximately equal to the effective height of the maximum 

electron density of the layer. Recall that the height hr(F2) is from the equation 

hr = h'(fr), where fr = 0.834∙fоF2. 

Consider first the reference day January 5, 2011. The height hr decreased from 

05:30 to 06:30, and it increased in the time interval 06:30–07:45. From 07:45 to 

09:25, there was a gradual decrease in hr(F2). Next, by about 11:45, there was an 

increase in hr. In addition to such regular changes in hr(t), there were fluctuations. 

Their relative value reached 4%. 
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Fig. 3.4. Temporal variations of the effective height h´ of reflection near the 

maximum of the F2- layer ionization: a – on the day of the eclipse – January 4, 2011 

(1 – initial dependence, 2 – smoothed by the moving average on the time interval of 

90 min), b – the same but for the reference day January 5, 2011 

 

On January 4, 2011 before the beginning of the SE, there was a decrease in 

hr(F2) and its value before the eclipse (07:30) was about 230 km. In the period from 

07:30 to 08:30, there is a tendency to increase the hr, which is typical for nighttime.  
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From 08:30 until the end of the SE (10:30), the average value of hr(F2) was about 

 

 

 

Fig. 3.5. Temporal variations in the reflection height hr near the maximum 

ionization of the F2-layer: a – on the day of the eclipse January 4, 2011 (1 – initial 

dependence, 2 – ones smoothed by the moving average on a time interval of 90 min), 

b – the same but on the reference day January 5, 2011 
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237 km, i.e. the value of height increased by almost 10 km. After 11:20, the hr values 

were closer to the values of this parameter preceding the eclipse. The main difference 

between the temporal variations on January 4 and 5 was that on the day of the SE, 

there were strong fluctuations in hr. The amplitude of fluctuations reached 21 km, or 

9%. The period of oscillations was close to 60 min. 

At 13:15, the height hr(F2) was approximately 230 km which corresponds to the 

undisturbed ionosphere. 

Thus, an increase in hr by 10 km indicates the effect of SE on the parameters of 

the middle ionosphere. The error of the height estimation from the ionogram is 3 km. 

 

3.2.4. Temporal Variations of the Electron Density in the Maximum of 

Ionization  

 

The dependences of the electron density in the maximum of ionization N(t) on 

the day of the SE January 4, 2011 and on the reference day January 5, 2011 are 

shown in Fig. 3.6. The density values are derived from the values of the critical 

frequencies measured by the ionosonde. Immediately after the onset of SE, there was 

a decrease in the electron density from 4.01011 to 2.11011 m–3. The minimum value 

of the density Nmin was observed around 09:15, i.e. 16 min after the onset of the main 

phase of the SE. 

The maximum value of the density Nmax is equal to 1.91011 m–3. After the main 

phase of the eclipse, the electron density increased and by the end of the eclipse it 

reached values of about 4∙1011–5∙1011 m–3. 

On the reference day, January 5, 2011, the electron density increased from 05:30 

to 08:10. In the time interval 08:10–09:45, the N decreased. From 09:45, there was a 

gradual increase in the density. 

Thus, the temporal variations of the N on the day of the solar eclipse and on the 

reference day differed significantly. 
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Fig. 3.6. Temporal variations of the electron density in the maximum of 

ionization of the F2-layer: a – on the day of the SE January 4, 2011 (1 – initial 

dependence, 2 – smoothed by the moving average on the time interval of 90 min), b – 

the same but on the reference day January 5, 2011 
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3.3. Wave Disturbances  

 

As shown by spectral analysis, the eclipse was accompanied by an increase in 

the amplitude of quasi-periodic oscillations of fоF2 by approximately 0.2 and 

0.4 MHz with a period of 30 and 60 min, respectively. The relative amplitude of the 

oscillations of the electron density Nа was 8 and 16%. Quasi-periodic variations 

intensified approximately 1 hour before the onset of SE. The duration of variations 

with T ≈ 60 min was about 5–6 h, with T ≈ 30 min was about 3 h. 

On the reference day, fоF2 fluctuations were weak, at least in the time interval 

from 07:30 to 08:50. The average amplitude was 0.1–0.2 MHz, i.e. it was about  

2 times smaller. At the same time, Nа ≈ 3.5–7%. The period of predominant 

oscillations varied within 50–90 min. 

The difference in the periods and amplitudes of oscillations on the day of the 

solar eclipse and the reference day suggests that it was the SE that caused the 

amplification of the oscillations of the ionosphere parameters. The increase in wave 

activity during the SE period is also evidenced by quasi-periodic variations in height 

hr with a period of about 60 min. The relative amplitude of these variations reached 

9%. 

The nature of the oscillations in the ionosphere is most likely related to the 

generation of waves in the neutral atmosphere as a result of cooling of atmospheric 

gas and supersonic motion of the shadow region. Waves in the neutral atmosphere 

modulated the electron density in the ionosphere, which was observed by the VS 

method. 

The values of the periods and amplitudes of quasi-periodic oscillations indicate 

that the solar eclipse was accompanied by the generation of internal gravitational 

waves (IGW). 
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3.4. Discussion of Observation Results 

 

3.4.1. Variations in Ionogram Parameters 

 

Analysis of ionograms obtained before, during and after the solar eclipse 

showed that there were significant variations in all their parameters. Of course, the 

presence of the Es-layer made it difficult to observe the effects caused by the eclipse. 

However, a decrease in the critical frequencies of the F2-layer, which reached 

1.9 MHz, was confidently observed. After the eclipse, the critical frequencies 

practically returned to their values that preceded the SE. 

The minimum values of fоF2 were recorded with a delay relative to the time of 

the main phase of the eclipse, with an accuracy of  close to 16 minutes. Here  is an 

error in counting time at the value of the discrete Δt. We know that 12t . If 

Δt = 5 min, we have  ≈ 1.4 min. Thus the delay was 16.0±1.4 min. Simultaneously 

with the variations of fоF2, an increase of approximately 70 km of the effective height 

h′(fоF2) was observed, and then its decrease by the same value. 

As expected, our event which is close to full solar eclipse caused the ionosphere 

to rearrange first from day to night, and then in the opposite direction. 

In addition to those variations, there were quasi-periodic changes in the 

parameters of ionograms, indicating that the SE was accompanied by an increase in 

wave activity in the ionosphere. 

This behavior of ionograms is quite typical for the periods of SE and generally 

corresponds to the results of previous observations (see, for example, [144]). 

 

3.4.2. Diffuse Reflections 

 

During the eclipse from 7:30 to 11:30, altitude-frequency characteristics were 

diffuse in nature. In the whole range of frequencies and heights, there were strong 

violations of the layered structure of the ionosphere. Most likely, the entire space 
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between the maximum of E and F2-layers was filled with intense ionospheric 

irregularities. The reason for their strengthening was apparently hydrodynamic 

instability in the thermosphere [145]. 

 

3.4.3. Variations in Electron Density  

 

Consider in more detail the altitude-temporal variations of the electron density N 

that accompany the solar eclipse. 

Taking into account the processes of producing of electrons and ions, their 

recombination and the plasma drift in the vertical direction with a velocity Vz for the 

middle-latitude ionosphere, the continuity equation for N is the following [179]: 

    LtqNV
zt

N
z 








,    (3.2) 

where q – ionization rate, L – electron loss rate. 

At the rather low solar activity, the maximum of F2-layer height does not exceed 

230–250 km under quiet conditions. If the altitudinal variations in NVz can be 

neglected, the relation (3.2) is reduced to the following equation: 

  Ltq
dt

dN
 ,     (3.3) 

Where     tAqtq  10 ,     0StStA  – Sun disk coverage function, S is the area of 

the shaded part of the Sun’s disk, S0 is the area of the Sun’s disk.  

Since the characteristic time of this solar eclipse te  90 min is much longer than 

the time of recombination processes at altitudes z  250 km, the relation (3.3) can be 

roughly replaced by the following: 

q  L.       (3.4) 

At the maximum of the F2-layer, the rate of loss [146] 

L = N,      (3.5) 

where β – coefficient of loss. Assuming that during a solar eclipse, the coefficient β 

changes insignificantly, from (3.4) and (3.5) we obtain that at a given height 
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.     (3.6) 

Here    tAtB 1 , N0 – value of the density N in the absence of SE. Near the main 

phase Amax  0.71, Bmin  0.29. Then, based on (3.6), the calculated value 

29.00min NN  with 71.01 0min0  NNNN . The value of Nmin/N0 = 0.29 

differs markedly from the experimentally obtained value of 0.48. There are three 

reasons for the discrepancy. First, at altitudes of 230–250 km, it can no longer be 

assumed that Vz = 0. Second, when a solar eclipse lasted for about 3 hours, the 

parameters of the neutral atmosphere changed markedly, which caused a change in 

the coefficient β. Third, the shift of the F2-layer height up during the SE led to a 

decrease in β. 

Consider these reasons in more detail. As shown by synchronous observations 

by the Kharkiv incoherent scattering radar, during the main phase of the eclipse, in 

the altitude range of 200–250 km, the drift velocity Vz(z) ≈ –50 m/s. Near the 

maximum of the F2-layer the density N(z) = const; in addition, in a wide range of 

heights, the drift velocity Vz(z) ≈ const. For this reason, in equation (3.2)  

∂(N Vz)/∂z ≈ 0, i.e. the transfer process could not significantly affect the variations of 

the density N(t) associated with the eclipse. 

It can be shown that variations in the neutral particle density and the coefficient 

β during the transition period of the day at altitudes of 200–300 km are approximately 

described by a linear dependence. With 

)
2

1()( 0 



t

t , 

where τ ≈ 4.5 hour – characteristic time of transients, Δt – time interval after sunset 

(beginning of the eclipse). During the main phase of solar eclipse Δt ≈ 1.5 h. Then 

(1.5) = 0.83 0. 

By reducing the density N, the region of reflection of the radio wave shifts 

upwards by Δz ≈ 10 km. As a result, β decreases by law 

Hzez /
0)(  , 
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where Н is the reduced (geopotential) height of the neutral atmosphere. According to 

the known international models of the neutral atmosphere, near altitudes 230–240 km 

(i.e. near the maximum of the F2-layer height on January 4, 2011) Н ≈ 45 km. Then 

the total decrease in  due to the last two reasons at time Δt ≈ 1.5 hours, given that 

Δz << Н is described by the relation:  

00 61.0)
2

1( 



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H
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. 

In this case, according to (3.5) and (3.6), the calculated value 
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which is very close to the experimentally obtained value (0.48).  

Thus, the solar eclipse led not only to a decrease in the electron density N, but 

also to the ratio decrease of approximately Δt/2τ ≈ 17% of the neutral particle density 

at heights near the F2-layer. 

Based on the altitude dependence of the coefficient , given, for example, in 

[147, 148], we can show that in the F2-layer at an altitude of z = 230 km   10–3 s–1. 

Thus, the time of the electron density producing tN = ‒1  1000 s  16.7 min. The 

value of the time tN is close to what was observed experimentally (16.0±1.4 min). 

The quadratic law of recombination is valid for the E region. Instead of (3.4), 

(3.5), we have the following relations: 

2Nq  , 

where α – recombination coefficient. In the absence of eclipse, 2
000 Nq  . Then  
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
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With Bmin = 0.29 and α ≈ α0 we have 54.00min NN , and 73.0EEmin ff . The 

relative change in fоE should be 27%. From ionograms, it was found that the relative 

change was close to 16%, and 70.00min NN . Thus, experimental 0min NN  

exceeded the estimated value by 16%. This difference may be due to the mid-latitude 

precipitation of electrons from the magnetosphere [149]. 
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Thus, the spatial-temporal variations of the density N during the solar eclipse 

generally correspond to the existing theories on physical chemical processes in the 

middle ionosphere (altitudes of 100–250 km). 

 

3.5. General Information About the Solar Eclipse on March 20, 2015 

 

There was an increase of more than an order of magnitude in the density of solar 

wind particles nsw (Fig. 3.7) during March 16 and 17, 2015. The solar wind speed Vsw 

increased by 1.5 times in the period from March 17 to March 22. On March 17, the 

solar wind temperature Tsw increased by an order of magnitude. The increase in the 

density and the temperature led to an increase in dynamic pressure psw of the solar 

wind. The Bz-component of the interplanetary magnetic field returned to the south, 

i.e. there was a situation when Bz < 0. The minimum value of Bz was –15 nT.  

A magnetic storm began, which was accompanied by an increase of 1–2 orders 

of magnitude in the energy A coming into the magnetosphere from the solar wind as 

well as by significant changes in the indices AE, Kp and Dst. The geomagnetic indexes 

reached 1600 nT, 8, and –230 nT, respectively. 

This storm, which was called St. Patrick's Storm, was the strongest in the 24th 

cycle of solar activity. The storm, gradually subsiding, lasted for a week. On March 

20 and 21, the total index pK  was 27 and 22, respectively. In the afternoon of 

March 20, there was a relaxing ionospheric storm, or rather its negative phase. The 

values of the critical frequency fоF2 were approximately 1–2 MHz lower than on the 

reference day March 21. 

To study the effects of SE on March 20, 2015, data from 10 European 

ionosondes were used, which are available for free access on the Internet 

[http://umlcar.uml.edu/stationlist.html], as well as the ionosonde near Kharkiv 

(Gaidary village). The list of the ionosondes is presented in Table. 3.1 (hereinafter the 

names of ionosondes will correspond to the names of settlements near which they are 

located). 
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Fig. 3.7. Temporal variations of solar wind parameters during March 16–22, 

2015: particle density nsw, radial speed Vsw, temperature Тsw, and dynamic pressure 

psw; Bz and By-components of the interplanetary magnetic field (provided by ACE 

Satellite); εA – Akasofu function; indeces of geomagnetic activity АЕ (provided by 

WDC Kyoto), Kp (provided by Air Force Weather Agency) and Dst (WDC-C2 for 

Geomagnetism Kyoto University)  
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Table 3.1. Geographic coordinates of ionosondes and general information about 

the position of the Sun and the solar eclipse 

 

Ionosonde 
Latitude 

φ 
Longitude 

λ 

Time of 
occurrence 

of the 
event 

The SE 
phase 

Disk 
cover 

Angular 
altitude of 

the Sun 
above the 
horizon 

Azimuth 
of the 
Sun 

Discreteness 
of ionogram 
registration 

March 20/21, 
min 

“Tromsö” 69.6°N 19.2°E 
09:04:52 
10:08:49 
11:13:19 

0.95 0.95 
17.9° 
19.8° 
20.1° 

152.1° 
168.8° 
186.0° 

15/15 

“Fairford” 51.7°N 1.5°W 
08:24:10 
09:29:54 
10:39:40 

0.88 0.86 
19.3° 
27.7° 
34.5° 

116.8° 
132.3° 
151.1° 

15/15 

“Dourbes” 50.1°N 4.6°E 
08:26:25 
09:33:42 
10:44:48 

0.82 0.78 
23.8° 
32.0° 
37.9° 

122.3° 
138.9° 
159.4° 

0.5/0.5 

“Juliusruh” 54.6°N 13.4°E 
08:41:34 
09:49:53 
11:00:29 

0.82 0.78 
26.9° 
32.5° 
35.1° 

136.2° 
154.8° 
175.8° 

15/15 

“Pruhonice” 50.0°N 14.6°E 
08:36:41 
09:45:36 
10:57:10 

0.74 0.68 
30.1° 
36.7° 
39.7° 

134.4° 
153.5° 
176.1° 

3/15 

“Rocuetes” 40.8°N 0.5°E 
08:08:53 
09:13:58 
10:24:21 

0.70 0.64 
22.6° 
33.5° 
43.0° 

111.5° 
125.3° 
144.2° 

5/5 

“El 
Arinosillo” 

37.1°N 6.7°W 
07:58:27 
09:00:12 
10:07:43 

0.69 0.62 
16.5° 
28.1° 
39.6° 

103.2° 
114.2° 
129.2 

15/15 

“Troitsk” 
(Moscow) 

55.5°N 37.3°E 
09:12:25 
10:19:38 
11:25:57 

0.65 0.57 
34.1° 
33.7° 
30.2° 

172.2° 
192.4° 
211.6° 

3/15 

“San Vito” 40.6°N 17.8°E 
08:30:25 
09:37:23 
10:47:23 

0.54 0.45 
37.4° 
45.4° 
49.1° 

131.5° 
151.2° 
176.6° 

15/15 

“Gaidary” 
(Kharkiv) 

49.6°N 36.3°E 
09:09:25 
10:15:52 
11:21:33 

0.54 0.44 
39.6° 
39.6° 
35.8° 

169.3° 
190.9° 
211.2° 

5/5 

“Athens” 38.0°N 23.5°E 
08:39:15 
09:43:13 
10:49:11 

0.43 0.32 
43.6° 
50.1° 
51.6° 

138.6° 
160.1° 
186.3° 

2/5 

Note: the first, second, and third points in time correspond to the beginning, maximum phase, 

and end of the SE 

 

The Table 3.1 shows that the eclipse took place in the morning and afternoon, 

the angular height of the Sun above the horizon varied from 17° to 51°. The 
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maximum phase and coverage area varied between 0.43‒0.95 and 0.32‒0.95, 

respectively. 

The measurement error of the frequency and effective height for standard 

ionosondes is 25 or 50 kHz and 5 km, respectively. 

 

3.6. Ionospheric Parameters Variations during the Solar Eclipse on 

March 20, 2015 over Europe  

 

3.6.1. Temporal Variations in Critical Frequency foF2 

 

The temporal dependencies of the critical frequency foF2 as well as its smoothed 

moving average in the interval of 120 min values for 11 European ionosondes are 

shown in Fig. 3.8 and Fig. 3.9. 

These figures show that on March 20, 2015, the smoothed critical frequency 

dependencies o F2( )f t  decreased near the maximum phase of the solar eclipse. The 

dashed line indicates the expected variations of foF2(t) in the absence of solar eclipse. 

The vertical lines here and below show the moments of time of beginning, maximum 

phase, and end of the SE. 

For the “Gaidary” ionosonde, the frequency decrease is masked by the positive 

disturbance observed in the time interval 10:00–10:50. In the absence of this 

disturbance, the value of foF2min would be 7.8 MHz, and without solar eclipse 

foF20 ≈ 8.3 MHz. These values were further used in estimating the ratio Nmin/N0 

(Table 3.2). The minimum values of )(F2o tf  were observed with a delay time 

Δt  5–30 min after the onset of the maximum eclipse phase (see Table 3.2). 

Note that similar reducing of )(F2o tf  on the reference day March 21, 2015 were 

absent. 

In addition to the regular behavior of foF2(t), quasi-periodic variations of the 

critical frequency took place. 
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Fig. 3.8. Temporal variations of the foF2 (solid line) and the o F2( )f t  (dotted 

line) for ionosondes: a – March 20, b – March 21, 2015. 
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Fig. 3.9. Temporal variations of the foF2 (solid line) and the o F2( )f t  (dotted 

line) for ionosondes: a – March 20, 2015; b – March 21, 2015. 

 

3.6.2. Temporal Variations in Reflection Height 

 

Temporal variations in reflection height hr for March 20 and 21, 2015 are shown 

in Figs 3.10 and 3.11. The dashed line indicates the expected variations of hr(t) in the 

absence of solar eclipse. 
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Table 3.2. Variations of the main parameters of the observed ionograms, 

parameter Nmin/N0 and calculated parameter (Nmin/N0)cal. foF20 and foF2min are actual 

and expected values of foF2 on the reference day and the day of eclipse near the 

maximum phase of the solar eclipse  

 

Ionosonde 
foF20, 
MHz 

foF2min, 
MHz 

min

0

N
N

 min

0 cal

N
N

 
 
 

 Δhrmax, 
km 

Δt, 
min 

β0/β 

“Tromsø” 8 7.0 0.77 0.05 40 30 15.4 

“Fairford” 5.3 4.1 0.60 0.14 50 15 4.3 

“Dourbes” 5.3 4.25 0.49 0.22 22 15 2.2 

“Juliusruh” 6.8 5.9 0.75 0.22 25 30 3.4 

“Pruhonice” 6.7 5.8 0.75 0.32 25 30 2.3 

“Rocuetes” 6.5 4.8 0.55 0.36 75 5–10 1.5 

“El Arinosillo” 7.9 5.0 0.40 0.38 70 15 1.05 

“Troitsk” 
(Moscow) 

7.8 6.9 0.78 0.43 10 30 1.8 

San Vito 8.2 6.2 0.57 0.55 50 5–10 1.04 

“Gaidary” 
(Kharkiv) 

8.3 7.8 0.88 0.56 25 15 1.6 

“Athens” 8.7 7.2 0.62 0.68 15 20 1 

 

From these figures, it can be seen that for all ionosondes the value of height hr 

during the solar eclipse exceeded by 40–70 km the value of hr on the reference day, 

and it also exceeded by 25–50 km the value of hr, which would have been obreved in 

the absence of the eclipse. In addition to the regular increase in hr observed during the 

eclipse, the height of the hr experienced quasi-periodic variations with an amplitude 

of 15–30 km and a quasi-period of 45–90 min. The values of amplitudes δhra and 

quasi-periods Th on the day of the eclipse and on the reference day differed markedly 

(Table 3.3). 
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Fig. 3.10. Temporal variations of the height hr (solid line) and smoothed moving 

average rh  (dotted line) for ionosondes: a – March 20, b – March 21, 2015 
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Fig. 3.11. Temporal variations of the height hr (solid line) and smoothed moving 

average rh  (dotted line) for European ionosondes: a – March 20, b – March 21, 2015 
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Table 3.3. The main parameters of quasi-periodic disturbances in the ionosphere 

 

Ionosonde 
March 20, 2015 March 21, 2015 

Tf, min Tz, min 
δfa, 

MHz 
δhra, km Tf, min Tz, min 

δfa, 
MHz 

δhra, km 

“Tromsø” 30–40 45–60 0.2 10–15 60 60 
0.15–
0.2 

10 

“Fairford” 80–100 30–45 0.3 25–30 75 60 0.1 15–20 

“Dourbes” 80–100 50–60 0.2–0.4 10–25 60 30–40 
0.15–
0.20 

10–15 

“Juliusruh” 50–70 45–60 
0.15–
0.20 

10–15 60–80 30–60 
0.10–
0.20 

10 

“Pruhonice” 80–90 40–60 0.15 10–20 60–120 45–60 
0.10–
0.20 

10 

“Rocuetes” 60–90 30–60 
0.25–
0.35 

10–15 60 45–60 0.2 10 

“El 
Arinosillo” 

60–90 30–45 0.3–0.4 5–10 90 30–45 
0.15–
0.20 

5–7 

“Troitsk” 
(Moscow) 

50–60 45–60 0.4 20–25 50–60 45–60 0.2–0.3 15 

“San Vito” 40–60 45–75 0.2 10–20 45–75 45–60 
0.15–
0.20 

5–10 

“Gaidary” 
(Kharkiv) 

80–100 60 0.4 20–25 60–70 30–60 0.2 10–15 

“Athens” 60 45–60 0.4–0.6 10–15 60 40–60 
0.15–
0.20 

5–10 

 

3.7. Wave Perturbations during the Solar Eclipse on March 20, 2015 

over Europe  

 

3.7.1. Temporal Variations of Critical Frequency Changes  

 

Temporal variations in the critical frequency changes δfoF2 on March 20 and 21, 

2015 are shown in Figs 3.12–3.14.  

It can be seen that the nature of the quasi-periodic variations on the day of the 

eclipse and on the reference day differed markedly. On the day of the eclipse, the 

temporal variations were more regular, quasi-periodic variations were more clearly 

observed, and the amplitude δfа of these variations was 2–3 times larger than on the 
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reference day (Table 3.3). In addition, the periods of quasi-periodic oscillations Tf on 

the day of the eclipse and on the reference day differed markedly (see also Table 3.3). 

 

 

 

Fig. 3.12. Temporal variations of δfoF2 on March 20, 2015 (solid line) and 

March 21, 2015 (dashed line) for European ionosondes  

 

Temporal variations in reflection height changes δhr for March 20 and 21, 2015 

are shown in Fig. 3.12. It can be seen that the amplitude δhr on the day of the eclipse 
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and on the reference day differed markedly. The amplitude of δhr was on average 

1.5–2 times larger on the day of the eclipse than on the refrerence day (see also 

Table 3.2). The values of the quasi-period Tz on the day of the solar eclipse and 

March 21, 2015 differed slightly (see also Table 3.3). The values of quasi-periods 

calculated from the variations of δfoF2 and δhr were close (see Table 3.3). 

 

3.7.2. Temporal Variations in Reflection Height Changes 

 

3.7.3. Results of System Spectral Analysis  

 

Spectral analysis of δfoF2(t) dependencies. Examples of the results of system 

spectral analysis for δfoF2(t) variations for San Vito and Pruhonice ionosondes are 

shown in Figs. 3.13 and 3.14, respectively. It can be seen that during the solar eclipse, 

the spectral composition and amplitude of oscillations changed significantly. For the 

San Vito ionosonde, the oscillation with Tf ≈ 50–60 min was changed by the 

oscillation with Tf ≈ 75–120 min (see Fig. 3.13).  

The low frequency of ionogram registration (1 ionogram per 15 min), 

unfortunately, did not allow estimating the Tf period more accurately. For the 

Pruhonice ionosonde, the interval between ionogram registrations was 3 min, which 

provided better results of spectral analysis (see Fig. 3.14). From Fig. 3.14, it is clear 

that during the SE the oscillations with Tf ≈ 80–90 min increased. The main results of 

spectral analysis are presented in Tables 3.2 and 3.3. 

Comparison of amplitudes and periods of oscillations for March 20 and 21, 2015 

showed that on the day of the SE, they were significantly different from those that 

were on the reference day. 

Spectral analysis of δhp(t) variations. Examples of the results of system spectral 

analysis of δhr(t) variations for ionosondes “San Vito” and “Trinity” are shown in 

Figs 3.15 and 3.16, respectively. From Fig. 3.15, it is seen that the solar eclipse was 

accompanied by noticeable changes in the spectral composition and amplitudes of 
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oscillations, during the SE the oscillations with Tz ≈ 45–75 min intensified, and their 

amplitudes doubled. 

 

 

 

Fig. 3.13. Results of the system spectral analysis of the δfoF2 changes for the 

“San Vito” ionosonde on March 20, 2015. From top to down panels, the following 

parameners shown: δfoF2(t); WFT spectrogram; AFT spectrogram, and WT 

spectrogram. The energy diagrams of the corresponding spectrograms are shown on 

the right panels 
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Fig. 3.14. Results of the system spectral analysis of the δfoF2 changes for the 

“Pruhonice” ionosonde on March 20, 2015. From top to down panels, the following 

parameners shown: δfoF2(t); WFT spectrogram; AFT spectrogram, and WT 

spectrogram. The energy diagrams of the corresponding spectrograms are shown on 

the right panels 
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Fig. 3.15. Results of the system spectral analysis of the δhr changes for the “San 

Vito” ionosonde on March 20, 2015. From top to down panels, the following 

parameners shown: δhr(t); WFT spectrogram; AFT spectrogram, and WT 

spectrogram. The energy diagrams of the corresponding spectrograms are shown on 

the right panels 
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Fig. 3.16. Results of the system spectral analysis of the δhr changes for the 

“Troitsk” ionosonde on March 20, 2015. From top to down panels, the following 

parameners shown: δhr(t); WFT spectrogram; AFT spectrogram, and WT 

spectrogram. The energy diagrams of the corresponding spectrograms are shown on 

the right panels 
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Fig. 3.16 shows that during the solar eclipse, the powerful oscillations with an 

amplitude of about 20–25 km and Tz ≈ 45–60 min split into two oscillations with Tz 

of about 30 and 60 min and amplitudes of about 10 and 15 km, respectively. This is 

evidenced by the comparison of spectrograms for March 20 and 21, 2015. Data on 

amplitudes and periods obtained from the results of the system spectral analysis are 

summarized in Tables 3.2 and 3.3. 

 

3.8. Discussion 

 

The analysis of temporal variations of δfoF2(t) and hr(t) confirmed that the solar 

eclipse led to electron density decrease by tens of percent, an increase in hr by 40–

70 km compared to the reference day, and to the generation of quasi-periodic 

disturbances in foF2, i.e., in the electron density, and in the height hr with periods of 

30–60 min. Larger phases of the eclipse did not necessarily correspond to larger 

disturbances of the electron density. At the same values of the phase, the disturbances 

of the density N could not be the same. 

This applies to the ionsondes “Dourbes” and “Juliusruh”. The decrease of the 

density N for the “Tromsø” ionosonde was much smaller than expected at almost 

total eclipse. This is due to the geographical location of the ionosonde, which is at a 

latitude of 69N. It is known that the high-latitude ionosphere differs significantly 

from the middle-latitude ionosphere, the former is less stable, it is more prone to 

disturbances of natural origin, especially during geomagnetic storms, which was 

observed during this measurement campaign. The decrease in the electron density 

caused by the solar eclipse was largely offset by its increase, most likely as a result of 

the downward movement of the plasma flows from the plasmasphere, and by the 

precipitation of energetic electrons from the magnetosphere. The latter process at 

high latitudes usually accompanies geomagnetic storms (see, for example, [98]). 

The main feature of the SE on March 20, 2015 was that the eclipse occurred on 

the background of a relaxing geomagnetic storm accompanied by a negative 

ionospheric storm. The storm significantly affected the slow variations in the 
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ionosphere parameters. At the same time, the geomagnetic storm did not appear to 

have a significant effect on the quasi-periodic disturbances of the electron density. 

The next feature of the observations of the eclipse effects on March 20, 2015 is 

associated with relatively large values of the relative decrease in the electron density 

min
max

0

1N

N
N

    

for ionosonde “San Vito”.  

With almost the same values of the coverage function of Amax in Kharkiv and 

San Vito (0.44 and 0.45), the values of the relative decrease maxN  were 0.12 and 

0.43, respectively. This difference is due to a noticeable difference in the density of 

the downward plasma flow for mid-latitude and low-latitude ionosondes, as well as 

due to different angular height of the Sun above the horizon at the maximum phase, 

which was about 45° and 50° for ionosondes “San Vito” and “Gaidari”, respectively. 

For all ionosondes, the values of min 0/N N  and maxN  were well described by 

the linear law of recombination and the following quasi-stationary continuity 

equations, which are valid during the solar eclipse and on the reference day, i.e. in the 

absence of eclipse (index “0”): 

0q N q     ,      (3.7) 

0 0 0 0
0q N q     ,     (3.8) 

where q and q0 are ionization rate,  and 0 are linear recombination coefficients, Δq 

and Δq0 are additional sources of plasma caused by its downward drift. Their size 

depend on the geographical location of the ionosonde. Following [146, 150],  

div v vz

d
q N N

dz
    


. 

According to our estimates, Δq ≈ 2·108 m–3s–1 for most of ionsondes, 

Δq ≈ 10·108 m–3s–1 for the high-latitude “Tromsø” ionsonde, and 

Δq ≈ Δq0 ≈ 0.5·108 m–3s–1 for low-latitude ionsondes “El Arinosillo”, “San Vito” and 

“Athens”. 

From the eqations (3.7) and (3.8), it follows that 
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 min 0 min 0 0 max

0 0 0 0 0

1N q q q A q
N q q q q

      
 
     

.   (3.9) 

Here 0 0 0 0q N q    . Near the maximum of ionization, where N0 ≈ (5‒8)·1011 m–3, 

3
0 10   m–1, we have 0N0 ≈ (5‒8)·108 m–3s–1. 

For weak flows, from equation (3.9), we obtain  

 min 0
max

0

1
N

A
N


 


.     (3.10) 

In the general case 0   , when the density N decreases as a result of the solar 

eclipse, the reflection region of the probing radio wave shifts upwards, where the role 

of recombination is smaller. It is this circumstance that prevents a significant 

decrease in N for total or almost total eclipse. The dependence of β on height is given 

by the following equation (see, for example, [146, 150]): 

0

0( ) exp
( )

z

z

dz
z

H z
      
 

, 

where z0 is the height of the radio wave reflection in the absence of SE. H – the scale 

height of the neutral atmosphere. In F2-layer, the height H ≈ 50 km. At altitude 

300 km, 3
0 10   s–1 [146, 150]. When the region of reflection is shifted by 50 km, β 

decreases by approximately 2.7 times. In this case, according to expression (3.10), the 

ratio Nmin/N0 increases by the same number of times.  

The results of calculations 0/ in accordance to (3.10) are given in Table 3.2. It 

is seen that for the low-latitude ionosondes “El Arinosillo”, “San Vito” and “Athens”, 

the ratio 0/ ≈ 1. For high-latitude ionosondes, 0/ > 1. For the “Tromsӧ” 

ionosonde, this ratio is 15.4. In fact, instead of (3.10), it is necessary to use equation 

(3.9) which takes into account the downward flow of plasma. For 

8
0 0 6 10q q     m–3s–1, 810 10q    m–3s–1, we have 0/ ≈ 9.2. These estimates are 

close to the truth. 

The value of the time delay between Nmin Amax occurances is equal to 1t    . 

For a typical atmosphere model at altitudes of 250, 290, and 330 km, the  is about 
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2.7·10–3, 1.2·10–3, and 5.5·10‒4 s–1, respectively. In this case, Δt is approximately 6, 

14, and 30 min. Very close values were obtained in the observations (see Table 3.2). 

The results of (Nmin/N0) calculations in accordance with equation (3.9) are also 

shown in Table 3.2. 

Thus, our study confirmes the conclusion of the work [1]: the processes during 

each solar eclipse, in addition to general patterns, have their own individual 

characteristics depending on the space weather conditions, season, time of day, 

geographical coordinates, etc. 
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Chapter 4 

EFFECTS OF THE CHELYABINSK METEOR  

IN THE MIDDLE IONOSPHERE 

 

4.1. General Information 

 

As it was noted above, the meteor entered the Earth’s atmosphere on February 

15, 2012 at 03:20:26 UT. The cosmic body moved approximately from east to west 

(azimuth was about 270°) at an angle to the horizon of about 20°. The initial body 

mass m0 ≈ 11 kt, the initial velocity v0 ≈ 18.5 km/s, and the initial body diameter 

d0 ≈ 18 m (see, for example, [68]). 

The search for disturbances in the atmosphere and ionosphere at considerable 

distances from the place of the Chelyabinsk meteor fall has an undoubted interest. 

Because its invasion of the Earth’s atmosphere took place by surprise, purposeful 

measurements of the whole complex of the physical effects of the space body fall in 

all environments (in all geospheres) proved impossible. Some effects are registered 

by “regular” instruments. These include a network of ionosondes, which allows for 

almost continuous monitoring of the ionosphere on an almost global scale. 

The state of solar activity was evaluated by Wolf numbers W and index F10.7, 

and indices of geomagnetic activity: Kp, Dst, AE (Table 4.1). Table 4.1 shows that the 

space weather conditions was characterized as calm. This fact facilitated the search 

for the effects caused by the fall of the cosmic body. 

Ionosonde network. To assess the ionosphere state, ionograms of ionosondes 

located to the west of the meteor explosion site (“Troitsk” station (near Moscow), 

geographical coordinates: 55.5° N, 37.3  E) and to the east (“Almaty” station, (near 

Almaty), geographical coordinates: 43.15° N, 76.54° E) were used. The results of 

observations at the stations “Pruhonice” (geographical coordinates: 50.0° N, 14.6° E) 

and “Juliusruh” (geographical coordinates: 54.6° N, 13.4° E) were used to assess the 

possibility of spreading ionospheric disturbances over long distances (R > 3000 km). 

Ionograms are posted on the site [151]. 
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Table 4.1. Space weather conditions (according to [152]) 

 

Date W F10.7 
Kp Dst, nT AE, nT 

max min max min max min 

February 14, 2013 38 100 4 1 –11 –36 944 23 

February 15, 2013 48 100 1 1 1 –19 328 20 

February 16, 2013 54 103 4 1 15 –20 1219 23 

 

 

4.2. Instruments and Methods of Research  

 

The distance along the Earth’s surface from the place of the explosion of the 

space body to the stations “Troitsk”, “Almaty”, “Pruhonice” and “Juliusruh” was 

about 1510, 1730, 3145 and 3020 km, respectively. Ionograms at all stations 

operating in the standby mode were taken every 15 min. Only at the “Almaty” 

station, the time interval δt between ionogram registration was 5 minutes. In this case, 

the statistical error in estimating the delay time of perturbations is 

12

t
 , 

i.e. 3.5 min (for the “Almaty” station 1.4 min). 

Methods of analysis. The main parameter that describes the state of the 

ionosphere near the maximum of ionization is the critical frequency of the 

ionospheric F2-layer 

m

Ne
f

0

2

o 2

1
F2


 , 

where e and m – charge and mass of the electron, ε0 – electric constant, N – electron 

density. Variations of the density N lead to changes in δfoF2 as follows:  

F2

F2
2

o

o

f

f

N

N
N





 .    (4.1) 

This takes into account that foF2 ~ N . 
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Equation (4.1) is valid at δN << 1. In the general case  

1)F2F2( 2
oo  ffN      (4.2) 

where F2of  is smoothed or undisturbed values of foF2. 

Time variations of δfoF2(t) on February 15, 2013 and on the reference days 

February 14 and 16, 2013 were subject to analysis. In addition to δfoF2(t), temporal 

variations of fluctuations were also analyzed 

)(F2)(F2)(F2 ooo tftftf  , 

where )(F2o tf  is trend calculated on a time interval of 180 min with a slip of 15 min 

(for the station “Almaty”, for 5 min). 

Further, the dependencies of δfoF2(t) were subjected to system spectral analysis 

using complementary window, adaptive Fourier transforms and wavelet transforms 

[146, 150]. In the latter case, the Morlet function was used as the basic function. As is 

known (see, for example, [146, 150]), the Morlet wavelet has the form 

t
t

t 







 cos

2
exp)(

2

, 

where t and   – dimensionless time and frequency. This type of wavelet should be 

used to detect oscillation trains [150]. 

Spectral analysis was performed in the range of periods T ≈ 30–180 min. The 

choice of the minimum value of T = 30 min is determined by the frequency of 

ionograms (one ionogram per 15 min). The choice of the maximum value of  

T = 180 min is explained by the fact that such periods belong to the atmospheric 

gravitational waves. At T > 180 min, the daily variations of δfoF2 and tidal 

fluctuations of this parameter, more precisely their higher harmonics, are 

significantly affected (see, for example, [153]). 

 

4.3. Temporal Variations in Critical Frequency  

 

“Troitsk” station. Sunrise at an altitude of z ≈ 300 km was at 03:00, and at 

ground level it was at 04:45 (hereinafter UT). On February 14–16, 2013, the 






























































































































































