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Abstract—This study presents an analytical solution for the

electric current formation in the lower ionosphere as a result of

charged aerosols being ejected from the ground before the earth-

quakes. The impact of ionosphere-related processes on radio wave

propagation through the atmosphere is explored by investigating

the resulting energy losses of electromagnetic waves traversing this

ionospheric layer. Theoretical considerations suggest that these

processes may generate detectable electromagnetic signals, offer-

ing insights into seismic precursors. The effects of electron density

inhomogeneities in the upper ionospheric layers on electromagnetic

wave properties such as group delay, Faraday rotation, and Doppler

frequency shift are examined. Understanding these effects aims to

improve ionospheric monitoring techniques to detect pre-earth-

quake disturbances. To validate the theoretical findings, a

comparison is made with the empirical data from various sources,

including VLF transmitters and GPS-TEC measurements. This

comparative analysis underscores the potential of electromagnetic

phenomena as credible indicators of impending seismic events.

Keywords: Earthquake precursors, Atmosphere, Ionosphere,

Electromagnetic waves, Faraday rotation.

1. Introduction

The study of ionospheric precursors has garnered

considerable attention for earthquake prediction.

Recently, the issue of how earthquakes might affect

the ionosphere’s characteristics was debated by

numerous authors. Although some theories have been

put forth that involve direct coupling from the Earth’s

surface to the lower ionosphere through electric

currents (Pulinets & Boyarchuk, 2004; Sorokin &

Yaschenko, 2000) or the triggering of atmospheric

gravity waves by gas releases or thermal anomalies.

However, the precise mechanism linking ground-

level electromagnetic signals with ionospheric

anomalies remains elusive (Molchanov & Hayakawa,

2001; Shvets et al., 2004).

The theoretical structure for anticipating precur-

sor signals remains unknown due to the complexity of

the underlying physical processes. This complexity

makes it challenging to differentiate precursor signals

from those generated by other activities. Currently,

empirical studies of ionospheric precursor signals

provide our primary means of investigation. Of par-

ticular significance is the release of soil aerosols into

the atmosphere concurrent with seismic activity,

which plays a special role in ionospheric disturbances

preceding earthquakes. The transit of charged aero-

sols vertically alters the global atmosphere–

ionosphere electric circuit, resulting in external cur-

rents in the lower atmosphere.

Sorokin et al. (2001) provided a model of the

coupling between the lower and upper ionospheres,

offering insights into the causal relation underlying

seismo-ionospheric interactions. Similarly, Rapoport

et al. (2006) proposed a 3D model for the production
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of an electrostatic field in the lithosphere, atmo-

sphere, and ionosphere system in the presence of

external currents. Several studies have investigated

the production of DC electric fields over seismic

zones in the mid-latitude ionosphere (Sorokin, 2007;

Sorokin & Yaschenko, 2000; Sorokin et al.,

2005a, 2005b, 2006a, 2006b). Additionally, Sorokin

(2007) and Sorokin et al. (1998) have described the

development of small-scale, geomagnetic field-

aligned plasma density inhomogeneities in the upper

ionosphere, providing a physical model for their

generation.

In recent years, seismic disturbances in VLF radio

signals have been observed (Biagi et al., 2005, 2007;

Hayakawa, 2007; Hayakawa et al., 2006, 2007; Horie

et al., 2007a, 2007b; Kasahara et al., 2008; Molcha-

nov & Hayakawa, 2008; Rozhnoi et al., 2007). These

disturbances seem to arise from variations in the

lower atmosphere/ionosphere of the area where the

propagation of the radio signals happens. According

to recent models, these variations stem from turbulent

atmospheric gravity waves of low amplitude gener-

ated near the ground surface by pre-seismic and

postseismic processes, such as gas and water releases

in seismic active regions (Mareev et al., 2002; Mol-

chanov et al., 2006).

For instance, in Tashkent Uzbekistan, an earth-

quake struck on August 22, 2008. The Ulugh Beg

Astronomical Institute’s VLF receiver, located a few

kilometers from the epicenter, detected anomalies in

the TEC concentration before, during, and after the

earthquake (Tojiev et al., 2013). In the region of the

earthquake’s epicenter, the routes of the VLF radio

signals picked up by the Tashkent Pass VLF receiver

were compiled. The findings of the investigation into

potential seismic impacts on the VLF radio signals

captured at the Tashkent station are also provided

here (Tojiev et al., 2014).

The paper is organized as follows. The first sec-

tion focuses on the study of how seismic processes

influence electromagnetic wave propagation through

the ionosphere by modifying its properties.

Phenomena such as plasma density inhomogeneities

in the upper ionosphere can induce modulations of

wave parameters, which may be seen during radi-

olocation, satellite observations, etc. Section 2 delves

into the influence of DC electric field generated in the

mid-latitude ionosphere by external electric currents

originating from earthquakes on electromagnetic

waves. This section explores electromagnetic wave

propagation through the horizontal distribution of the

ionosphere scalar potential caused by seismic activ-

ity. In Sect. 3, plasma density inhomogeneities

aligned along the geomagnetic field are examined.

Three measurable effects on electromagnetic wave

propagation resulting from inhomogeneities approx-

imated as periodic functions are discussed: the group

delay of the wave in Sect. 3.1, Faraday rotation in

Sect. 4.1, and Doppler shift in Sect. 4.2. Subse-

quently, the application of the obtained results to GPS

monitoring of ionospheric disturbances produced in

the earthquake preparation period is considered. In

Sect. 5, VLF radio signal anomalies associated with

the Tashkent earthquake that occurred on 22 August,

2008 are discussed. In the final section, the paper

highlights and discusses the key findings obtained

throughout the study.

2. Energy Losses Due to Lower Ionosphere Currents

The equations in Sorokin et al. (2006b) for the

horizontal scalar potential distribution in the mid-

latitude ionosphere layer are investigated. Potential

distribution is assumed to be connected with the

presence of external currents near the ground.

These currents consist of charged aerosol injec-

tions and vertical convective motions of gases in the

lower atmosphere, on electromagnetic wave energy

losses. These currents are integral components of the

Earth’s atmosphere–ionosphere electric circuit, as

depicted in Fig. 1, a commonly referenced graphical

model in the literature. In Sorokin et al. (2006b),

numerical solutions were derived for scalar potential

under the assumption of a large-scale axial symmetric

external current. However, the focus lies in an ana-

lytical solution for the scalar potential through a

specialized formulation of the the electric current

expression.

Using the continuity equation rðJþ JeÞ ¼ 0 and

Ohm’s law for ionosphere electric current

J ¼ rE ¼ �rr/, one can obtain the following

equation for the atmosphere scalar potential /

H. Eshkuvatov et al. Pure Appl. Geophys.



d

dz
rðzÞ d/

dz
� jeðx; y; zÞ

� �
¼ 0; ð1Þ

which after choosing corresponding boundary con-

ditions for the atmosphere

/jz¼0 ¼ 0;

r1
d/
dz

jz¼z1�0 ¼ 2RP
1

sin2a

o2/1

ox2
þ o2/1

oy2

� �
� /1

q
ð2Þ

looks like

1

sin2a

o2/1ðx; yÞ
ox2

þ o2/1ðx; yÞ
oy2

¼ � 1

2RPq

Z z1

0

jeðx; y; zÞ
rðzÞ dz; ð3Þ

q ¼
Z z1

0

dz

rðzÞ :

It is assumed that the thin conductive ionosphere

layer is located at a height z1, above Earth’s surface.

Here jeðx; y; zÞ is the extraneous electric current, rðzÞ
is the altitude dependent atmospheric conductivity,

RP is the integral Pedersen conductivity of the

ionosphere. In chosen Cartesian coordinates ðx; y; zÞ,
the z-axis is directed vertically upward, with the

origin located on the Earth’s conductive surface.

Ahomogeneous magnetic field B is assumed to be

directed at the angle a with respect to the x-axis.

For simplicity of analytical calculations, we will

assume external electric current jeðx; y; zÞ to be as

jeðx; y; zÞ ¼ je0exp � z

hj

� �
exp � x

l

� �
exp � y

l

� �
ð4Þ

and

rðzÞ ¼ r0exp
z

h

� �
; ð5Þ

where l is the characteristic horizontal scale of the

process, hj and h are vertical scalers of external

current and atmosphere conductivity changes,

respectively. In assumption of the Eqs. (4) and (5),

the Eq. (3) for scalar potential will look like

1

sin2a

o2/1ðx; yÞ
ox2

þ o2/1ðx; yÞ
oy2

¼ bexp � x

l

� �
exp � y

l

� �

ð6Þ

with parameter

b ¼ � je0
2RPqr0

Z z1

0

exp �z
1

hj
þ 1

h

� �� 	
dz

¼ je0
2RPqr0

hjh

hj þ h
exp �z1

1

hj
þ 1

h

� �� 	
� 1

� �
: ð7Þ

Exact solution of Eq. (6) can be written as

/1 ¼
bl2sin2a

1þ sin2a
exp � x

l

� �
exp � y

l

� �
: ð8Þ

The dependence of the scalar potential in the

solution (8) from the angle a and from the maximum

value of the external current is presented in Figs. 2

and 3. The following are typical parameters for

ionospheric plas-

ma:RP ¼ 1012 cm=s,r0 ¼ 2� 10�4s�1,h ¼ 5 km,-

,z1 ¼ 10 km,l ¼ 100 km. For Fig. 2,

je0 ¼ 4� 10�10 A=cm2 and for Fig. 3 a ¼ 45� were

used. From Fig. 2, one can see that potential signifi-

cantly enlarges when angle a goes to p=2, reaching its
maximum value at this point. Additionally, Fig. 3

demonstrates that the potential linearly increases with

the amplitude of the external current.

Now, knowing the exact expression for scalar

potential /1 one can find the distribution of electric

field through the relation E ¼ �r/ and then using

Figure 1
Scheme of the model used for the calculations of current and field

in the atmosphere–ionosphere electric circuit: 1. Earth’s surface; 2.

Conducting ionosphere; 3. Zone of upward convection of charged

aerosols and external electric currents formation; 4. Conductivity

current in the atmosphere; 5. Conductivity current flowing along

the ionosphere; 6. Field-aligned electric current

Exploring Electromagnetic Wave Propagation Through the Ionosphere



Ohm’s law the vector of electric current, which will

have the following nonvanishing components:

jx ¼ jy ¼
RPblsin

2a

1þ sin2a
exp � x

l

� �
exp � y

l

� �
: ð9Þ

Given that the electric current distribution plays a

role in external forces for propagating electromag-

netic waves, the presence of such currents will induce

power losses of waves. These losses can be deter-

mined by:

P ¼
Z

V

jEdv; ð10Þ

where V represents the volume in which the electric

currents are localized, in our case, we choose this

volume to have horizontal scales 2l and a height of

Dz. Assuming that the components of electric vector

Ex and Ey in the wave do not depend on coordinates x

and y, one can derive the integral for energy losses as:

P ¼
Z l

�l

Z l

�l

Z z1þDz

z1

ðEx

þ EyÞ
RPblsin

2a

1þ sin2a
exp � x

l

� �
exp � y

l

� �
dxdydz

¼ �RP4bl
3sin2a

1þ sin2a
sh21ðEx þ EyÞDz; ð11Þ

And inserting b from Eq. (7), we finally obtain the

correlation between the energy losses of electro-

magnetic waves propagating through the mid-latitude

ionosphere and the external current arising before

earthquakes as:

P ¼ 2je0l
3sin2ash21

qr0ð1þ sin2aÞ
hjh

hj þ h
exp �z1

1

hj
þ 1

h

� �� 	
� 1

� �
ðEx

þ EyÞDz:
ð12Þ

The detailed analysis of a very large daily dataset

received from GPS may potentially reveal isolated

evidence for anomalous signals, particularly in

changes in radio signal intensity in the days preced-

ing an earthquake. The quality and spatial density of

the GPS dataset obtained from daily monitoring at

GPS stations provide an opportunity to effectively

test for such situations.

3. Wave Effects Due to Plasma Density

Inhomogeneities

Seismic activity often triggers the formation of

ionospheric plasma density irregularities. In particu-

lar, according to COSMOS-1809 satellite data

(Chmyrev et al., 1997), electron density inhomo-

geneities with spatial scales � 10 km arise in the

upper ionosphere before an earthquake. Analysis of a

number of observational data has revealed that these

seismic-related plasma density irregularities typically

exhibit characteristic spatial scales of l� 4� 10 km

and magnitudes dNe=Ne � 4� 10%. As it is assumed

by Sorokin et al. (1998), ionospheric plasma density

irregularities are produced as the result of the for-

mation of the field-aligned currents with transverse

scales � 10 km, which are excited in the lower

Figure 2
The dependence of the maximum value of scalar potential, arising

in the lowest ionosphere, from the angle a between the magnetic

field and x axis. (a changes from 0 to 90�)

Figure 3
The dependence of the magnitude of the scalar potential, arising in

the lowest ionosphere, from the magnitude of external current

H. Eshkuvatov et al. Pure Appl. Geophys.



ionosphere. These currents, in turn, originate from

small-scale conductivity variations. A graphical rep-

resentation of upper ionospheric inhomogeneities is

depicted in Fig. 4 (adapted from the paper by Sorokin

et al. (1998)).

Plasma density inhomogeneities in the ionosphere

have the potential to significantly impact the param-

eters of radio waves propagating through it. In this

study, we will consider some of these parameters and

approximate the effects of field-aligned inhomo-

geneities associated with acoustic-gravity waves

instability as:

DN ¼ DN0 � sin2 2p
l
x; ð13Þ

where x axis is chosen to be horizontal, l is the spatial

scale of inhomogeneities. The electron density profile

of the unperturbed ionosphere is available at http://

www.ngdc.noaa.gov/. It is assumed that DN0 being
about 5% from the unperturbed value of electron

density depends on the height in the same way.

3.1. Group Delay of the Radio Wave

The first effect which will be considered is the

‘‘group delay’’ of radio waves propagating through

the ionosphere. Inhomogeneities in the propagation

medium trigger changes in the group velocity of the

radio signal, deviating from the speed of light in a

vacuum. This deviation becomes significant in radi-

olocation scenarios, as the apparent distance from the

object (referred to as the group path) differs from the

real distance. In isotropic plasma, the apparent

distance is defined by the equation.

L ¼ c

Z sðRÞ

0

ds

g
; ð14Þ

where g ¼ dx=dk is the group velocity of the signal

which in the isotropic plasma is equal to

g ¼ c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4pe2N=ðmx2Þ

p
: ð15Þ

In cold isotropic plasma electron concentration N

is connected with the parameter m ¼ e� 1 containing

the dielectric permittivity e through the relation

m ¼ � 4pe2

mx2
NðrÞ: ð16Þ

Taking into account Eq. (16) and extending

expression (14) in a series in the approximation of

small inhomogeneities N, one can find the following

expression for the group way as below.

L ¼ L0 þ L1 þ ::: ¼ R� 1

2

Z R

0

mðs0Þds0 þ :::: ð17Þ

The R is the absolute value of the vector R which

connects radio wave emission and detection points.

Now choose the z axis to be directed upward

having 0 in the lowest point of inhomogeneities

formation and zh in its highest point. Then choose an

axis x0 having the same zero point as z directed along

plane wave propagation and the angle between x0 and
z axis is b. The spatial scale of inhomogeneities in

this direction will be equal to l=sinb. One can

approximate the unperturbed electron density as N ¼
Nme

�x0cosb=H where Nm is the value of the electron

density in the lowest point of inhomogeneities

formation H is the characteristic vertical scale. To

find the first correction to group way in x0 direction
one should integrate corresponding m along this line.

Figure 4
The scheme of GPS monitoring of plasma density inhomogeneities:

1. Earthquake; 2. Plasma density inhomogeneities along geomag-

netic field; 3. Field-aligned electric currents; 4. Ground-based GPS

receiver; 5. GPS satellite
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The value of the frequency m given by (16) and

expression (13) (when DN0 ¼ 0:05N) can be inserted

into the integral (17) as the following.

L1 ¼ � 1

2
� 4pe2

mx2

� �
0:05Nm

Z zh
cosb

0

e�
x0cosb
H sin2

2psinb
l

x0
� �

dx0:

ð18Þ

Averaging (18) in space and taking integral, one

could get finally the result.

L1 ¼
pe2

mx2

H

cosb
0:05Nm 1� e�

zh
H

� �
; ð19Þ

which is in good agreement with the assumption that

the wave will go through the inhomogeneities

approximately half of the wave’s path.

The dependence of L1 from zh is graphically

represented in Fig. 5 for the following set of typical

parameters: Nm ’ 106 cm�3,

f ¼ x=2p ¼ 1:22� 109 Hz, b ¼ 45� and

H ’ 100 km. In fact, the effect of ionospheric

perturbation adds a contribution of the order of

several percent to the unperturbed case. As is seen

from the Fig. 4, the effect grows logarithmically with

the height of the satellite motion.

4. Pre-Ionospheric Phenomena Associated

with a Strong Earthquake in Afghanistan

from GNSS Data

Historically, ionosondes were successfully used to

register ionospheric parameters, including the iono-

spheric plasma frequency. A local ionosonde is

capable to provide information about electron density

at a certain height of the atmosphere. However, in

recent years, ground-based GPS receivers have

emerged as alternative and in many respects, prefer-

able tools for monitoring the ionosphere. This shift is

attributed to the widespread deployment of GPS

stations, surpassing the number of ionosondes glob-

ally by at least one order of magnitude. GPS receivers

are not only easier to operate but also provide highly

reliable information.

GPS receivers measure the slant Total Electron

Content (sTEC), which is the integral of electron

concentration along the ray path from the ground-

based station to the satellite. Thus, sTEC measure-

ments are closely related to the group delay of the

wave. sTEC measurements can then be converted to

vertical Total Electron Content (vTEC).

Measurements of group delay variations of GPS

signal associated with earthquakes have been

Figure 5
The dependence of the first correction to the group path of the wavepropagating through the inhomogeneities of the highest layer of the

ionosphere as a function of height

H. Eshkuvatov et al. Pure Appl. Geophys.



conducted. For example, in the paper of Calais et al.

(1998), group delay changes during the Northridge

earthquake of 1994 and a space shuttle launch were

analyzed. During the earthquake, observed group

delay variations were less than 1 cm, whereas during

the shuttle launch, they ranged from 6� 10 cm. The

order of L1 variations obtained in our study is in

agreement with these observations. Precise values of

L1 can be obtained using precise characteristics of

ionosphere and disturbances. The accuracy of group

delay measurements at GPS frequency is typically 5

and10 mm, making variations on the order of several

centimeters easily detectable. In the paper of Liu

et al. (2004), data from a GPS ground-based receiver

were analyzed, and anomalies in Total Electron

Content (TEC) before 20 strong earthquakes

(M� 6:0) were identified. It was observed that within

1–7 days before these earthquakes, both lower and

upper quasiperiodic anomalies in the Total Electron

Concentration were detected.

In our previous papers (Eshkuvatov et al., 2023;

Tojiev et al., 2012, 2013, 2014), we identified

anomalous TEC signals and observed a significant

temporal correlation between these TEC anomalies

and the occurrence of earthquakes in Tashkent on 22

August, 2008. The amplitude of the maximum TEC

value over Tashkent reached a deviation of * 20

30% compared to the nondisturbed initial monthly

mean background value one day before and after the

earthquake. Notably, at the precise time of the

earthquake occurrence, TEC drastically dropped by

returning to near-typical value after * 5 h. One

could attempt to correlate anomalies detected by GPS

ground-based stations (described in the paper of Liu

et al. (2004)) with those detected by satellite (Sor-

okin, 2007; Sorokin et al., 1998). In Sorokin et al.

(1998), satellites cross the ionosphere at heights on

the order of 800 km, while GPS stations measures

vTEC, which integrates electron density from the

Earth to the GPS satellite at heights around

20; 000 km. It seems to be quite possible that

anomalies in electron content detected by ground-

based stations result from periodic plasma density

inhomogeneities slowly drifting in the upper

ionosphere.

A rough analysis can be performed to assess this

point of view. The characteristic scale of plasma

inhomogeneities measured by crossing satellite is

l� 4� 10 km, while the duration of anomalies

recorded by the GPS system is typically several hours

(Ahmedov et al., 2015; Tojiev et al., 2013). For cal-

culations, a duration of 5 h can be considered. This

implies that for correlation between observations, the

inhomogeneities should drift through the ionosphere

with a velocity vdf � 10 km=5h ¼ 54 cm=s. The

obtained velocity is of the same order of magnitude

as the vertical mass transfer velocity, which is

� 10 cm=s. The magnitude of the effect measured by

crossing satellites is on the order of 10 %. In the

graphs presented in Liu et al. (2004) for variations of

vTEC observed in September 1999, deviations from

the upper and lower boundaries of normal vTEC have

the same order of magnitude. The time of crossing

satellite observations is about several hours before the

earthquake. GPS observations reveal anomalies

within several days before earthquakes, but Liu et al.

(2004) considered rather strong earthquakes

(M� 6:0) for such variations. A rough analysis sug-

gest the possibility of a correlation between the

phenomena described in these two cases. Even if an

exact correlation can not be established, it is rea-

sonable to assume that GPS observed anomalies share

the same origin as those detected by crossing satel-

lites (Sorokin, 2007; Sorokin et al., 1998).

The new results obtained from the GNSS device

installed in Maidanak and Maidantal GPS stations for

the Afghanistan M = 6.0 EQ of June 21, 2022 are

presented in Fig. 6 and strongly support our previous

findings. Similarly, statistical observations indicate

that the strong local earthquakes are preceded by

ionospheric precursors. The TEC time series were

calculated at both sites, revealing anomalous TEC

deflection and mostly positive/ negative differential

Total Electron Content (dTEC) anomalies using a

few days of continuous data associated with the

occurrence of earthquakes. However, it is important

to note that these anomalies can not be conclusively

considered ionospheric precursors of the earthquake

due to the high geomagnetic index observed during

that period (Shah & Jin, 2015; Shah et al.,

2018, 2019a, 2020, 2020a, 2022; Shah et al.,

2019b, 2020b, 2021a, 2021b, 2021c, 2023a). The P

indicates that the ionospheric precursors were iden-

tified 4 days before the Afghanistan earthquake.

Exploring Electromagnetic Wave Propagation Through the Ionosphere



Accordingly, anomalies were not identified as iono-

spheric precursors of earthquakes if the Kp index

exceeded 4.

4.1. Faraday Rotation

Analogous calculations for the group delay can be

performed in order to find the Faraday rotation angle

of the polarization plane of the propagating wave due

to the inequality of the speeds of propagation of left-

polarized and right-polarized wave components. The

angle of Faraday rotation is determined by the

difference of real parts of refractive indexes for left

and right polarized waves. The sign of the rotation

angle is dependent on the collision frequency of

plasma particles. The main contribution to Faraday

rotation gives the upper part of the ionosphere, where

collision frequency is not large and the angle of

rotation has a positive sign. The expression for

Faraday rotation Dw angle on the ray path interval Ds
looks like

Dw ¼ 2pe3

cm2

NBcosh

x2 � X2
ecos

2h
Ds; ð20Þ

where Xe ¼ ðe=mcÞB is the gyrofrequency of the

electrons in plasma, and h is the angle between the

directions of the wave propagation and magnetic

field. For the radio wave frequencies x 	 Xe, one

Figure 6
Vertical and Differential TEC variations above Maidantal on top and Maidanak on the bottom for Afghanistan EQ on June 21,2022 in

comparison with the monthly mean. P character denotes the precursor day. The Red line denotes the Kp index

H. Eshkuvatov et al. Pure Appl. Geophys.



can find an expression for the resulting angle of

Faraday rotation as the integral

w ¼ e3

2pcm
1

f 2

Z
s

NBcoshds

¼ 2:365� 104f�2

Z
neBcoshds: ð21Þ

The dependence of Faraday rotation angle on

height is the same as of L1. But in application to GPS

monitoring, the effect is too small due to the great

values of used frequencies. For example in assump-

tion that the geomagnetic field is directed upward and

for parameters f ¼ 1:57� 109 Hz, B� 100 G the

maximum value of Faraday rotation angle is of the

order of 10�5. Faraday rotation of the polarization

plane of the wave could be significant for experi-

ments with smaller frequencies.

4.2. Doppler Frequency Shift

The next effect we examine is the Doppler

frequency shift. When an object or any other source

of waves moves in space, the frequency of the

detected signal differs with the frequency of the

emitted signal. This phenomenon, called as the

Doppler frequency shift, is further amplified by

inhomogeneities in space. The emitted and detected

frequencies will differ on a value XD, which can be

also expanded in a series by degrees of the small

parameter mm ¼ maxjmj as

XD ¼ X0 þ X1 þ X2 þ :::: ð22Þ

Here X0 is the Doppler frequency shift in vacuum

which is equal to

X0 ¼ x0vk=c; ð23Þ

where vk is the radial velocity of the source and x0 is

the emitted wave frequency. The general expression

for X1 looks like

X1 ¼
x0

2c
mðR; tÞvk þ

v?
R

Z R

0

rmðs; tÞsdsþ
Z R

0

omðs; tÞ
ot

ds

� �
;

ð24Þ

where v? is the transversal with respect to undis-

turbed ray component of the source velocity. X1

consists of three parts: (1) first is determined by the

local value of m in the point of source (satellite)

location; (2) second appeared because in close

moments signal propagates through close but differ-

ent points of inhomogeneous space; (3) the third part

is connected with dependence of space parameters on

time. Since the velocity of the inhomogeneities are

rather small and much smaller than the speed of

sound one can neglect the third part of the X1. The

first part and a non-vanishing component of the sec-

ond part after averaging in space and with the help of

the Eqs. (13) and (16) can be written as

X1 ¼ X1k þ X1?

¼ � pe2

cmx
0:05Nm vke

�zh
H þ v?

zh þ H

zh
e�

zh
H � H

zh

� �� �
:

ð25Þ

Assuming angle b to be small one can neglect vk
in comparison with v?, which in this case is

approximately equal to the satellite velocity. X1? as

a function of zh is graphically presented in Fig. 7.

The graph has a maximum at the point zh ¼ 200

km, it corresponds to the height of approximately

600 km from the surface of the Earth. The value of

x� 107Hz. For GPS measurements, the effect is

typically negligible due to the high frequencies used

and the high altitude of the satellite’s motion.

5. Possible VLF Radio Signal Anomaly Associated

with the Tashkent Earthquake on 22 August 2008

5.1. The Stanford University VLF Receiver

at Tashkent Station and Transmitters

The VLF receiver is located at the Ulugh Beg

Astronomical Institute in Tashkent (Geographic Lat.

(N) 41� 190 542700, Long. (E) 69� 170 767100).

Operating since May 2008, the equipment used is

the Stanford VLF radio receiver, also known as the

Atmospheric Weather Electromagnetic System for

Observation, Modeling, and Education (or AWE-

SOME), designed to capture natural and man-made

signals in the frequency range between 500 Hz and

47 kHz (Barr et al., 2000; Cohen et al., 2009;

Scherrer et al., 2008; Zhu et al., 2022).

The data is recorded with two orthogonal air-core

wire loop antennae, each sensitive to one component

of the horizontal magnetic field, enabling for

Exploring Electromagnetic Wave Propagation Through the Ionosphere



directional information extraction (Dai et al., 2023;

Du & Wang, 2013; Yin et al., 2023; Zhou et al.,

2022a, 2022b). VLF signals induce voltages in the

wire loop antennae, albeit at extremely small mag-

nitudes (ranging from 100 s of femtovolts to

picovolts). Consequently, low-noise amplification is

required in order to extract these signals effectively.

To achieve this, a preamplifier, depicted adjacent to

the loops in the accompanying figure photograph, is

positioned outdoors alongside the antenna.

Following amplification, the signal travels along a

cable to a line receiver box, which is typically

indoors next to a computer. Within the line receiver,

an anti-aliasing filter is aplied, and the signal is

synchronized with GPS timing to ensure absolute

timing accuracy of 100–200 ns. Using a phase-locked

loop, the 1 PPS GPS signal is used to generate a

100 kHz sampling signal, which is fed into a PCI

card inside the computer which digitizes and stores

the data from both antennae. Software developed by

Stanford sets the schedule for recording. On the basis

of the best reception at the receiver and taking into

account the most convenient radio paths, the follow-

ing transmitters were selected in the year 2008: GQD

(f = 22.1 kHz, United Kingdom), HWU

(f = 20.9 kHz, France), DHO (f = 23.4 kHz, Ger-

many), NRK (f = 37.5 kHz, Iceland), NAA

(f = 24 kHz, USA), ICV (f = 20.27 kHz, Italy) and

NSC (f = 45.9 kHz, Italy). The transmitters-receiver

distance ranges from 500 to 3500 km. A number of

nations currently operate large VLF transmitters.

Most of the energy radiated by such VLF transmitters

is trapped between the ground and the lower iono-

sphere, forming the Earth-ionosphere waveguide.

Subionospheric VLF signals reflect from the D-re-

gion of the ionosphere, probably the least studied

region of the Earth’s atmosphere. These altitudes

(70–90 km) are too far for balloons and too low for

satellites, making in-situ measurements extremely

rare. The only possible method of probing this D

region is VLF sub-ionospheric radio signals (Fig. 8).

5.2. VLF Data Analysis

Any variations on the ionospheric D—region lead

to changes in the propagation conditions for VLF

waves propagating subionospherically, and hence

changes in the observed amplitude and phase of

Figure 7
The dependence of the first correction to Doppler shift of the electromagnetic wave, propagating through the inhomogeneities of the highest

layer of the ionosphere, from height
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VLF transmissions are due to different kinds of

perturbation sources; (1) solar flares, (2) geomagnetic

storms (and the corresponding particle precipitation),

(3) the direct effect of lightning. Subionospheric VLF

measurements are particularly responsive to the study

of this altitude range due to the fact that the nighttime

reflection height is in the vicinity of 85 km altitude.

Measurements of the amplitude and phase of VLF

signals propagating in the earth-ionosphere waveg-

uide have long been used effectively for remote

sensing of the ionosphere (Sorokin et al., 2006a).

Two different primary types of sub-ionospheric

Very Low Frequency (VLF) signatures have been

identified resulting from the lightning activity,

namely (i) the so-called Early/fast VLF conductivity

changes in which the sub ionospheric VLF signal

amplitude/phase changes (Inan et al., 1988 and

references therein) within \20ms of the causative

lightning flash, indicating an immediate effect of the

lightning discharge in the overlying lower iono-

sphere, and (ii) VLF signatures of lightning-induced

electron precipitation (LEP) events, in which the sub

ionospheric VLF signal/amplitude changes after an

onset delay of � 1 s with respect to the causative

lightning flash, consistent with the finite wave and

particle travel times respectively to/from the regions

of maximum cyclotron resonant pitch angle scatter-

ing of the energetic ([ 100keV) radiation belt

particles which causes them to precipitate into the

lower ionosphere (Inan et al., 1988). VLF remote

sensing is a sensitive means for probing the lower

ionosphere (* 40 to 90 km altitude), used to mea-

sure celestial X-ray flares which might be monitored

by observing annual phase variations on long VLF

paths (Fishman & Inan, 1988).

We were the first to report a transient ionospheric

disturbance from a gamma-ray burst, GB830801

which was one of the strongest bursts ever recorded

up to that time. The observation path was from GBR

(16 kHz) in England to Palmer Station in Antarctica.

The more recent and more spectacular transient

perturbation of VLF propagation created by a

gamma-ray flare originating from a magnetar com-

pact highly magnetized neutron star with the surface

Figure 8
The amplitudes of radio signals from the different paths measured by VLF receiver in Tashkent from 08.15 to 08.40 UT on 22-Aug-2008
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magnetic field Gauss, known as a Soft Gamma

Repeater (SGR)—(Inan et al., 1999, 2007). Transient

amplitude changes of more than 20 dB and phase

changes of � 65� were observed on the path from

NPM in Hawaii to Palmer Station in Antarctica. A

gigantic periodic flare from the soft gamma repeater

SGR 1900 ? 14 produced enhanced ionization at

ionospheric altitudes of 30 to 90 km, which was

observed as unusually large amplitude and phase

changes of very low frequency (VLF) signals prop-

agating in the Earth-ionosphere waveguide. The VLF

signals remained perturbed for � 5 min and exhib-

ited the 5.16 s periodicity of the giant flare detected

on the Ulysses spacecraft. Quantitative analysis

indicates the presence of an intense initial low energy

(3–10 keV) photon component that was not

detectable by the Ulysses instrument. In addition to

these solar-terrestrial effects, we can suggest one

more effect of earthquakes (or seismic activity) on

the lower ionosphere.

6. Conclusions

In this study, we investigated the potential for

earthquake prediction and identified several effects

that could serve as earthquake precursors. In this

paper, we analyzed GPS data from the Afghanistan

earthquake and calculated the total electron content in

the F-layer of the ionosphere. Ionospheric precursors

were identified 4 days before the Afghanistan earth-

quake. We also derived an analytical solution for the

scalar potential distribution in the lower ionosphere

by selecting the expression of external upward elec-

tric current by the ejection of charged aerosols from

the ground before earthquakes. This solution enabled

us to uncover additional energy losses of radio waves

propagating through this region of the ionosphere.

Furthermore, we explored periodic inhomogeneities

in electron concentration in the upper ionosphere by

the influence of the propagating waves. By approxi-

mating these inhomogeneities with periodic

functions, we obtained first-order corrections to the

group delay, Faraday rotation angle, and Doppler

frequency shift of propagating waves. We discussed

the potential utility of these corrections in practical

measurements. Notably, our findings suggest that the

first correction to the group delay of the wave holds

significant promise for practical application in

earthquake prediction, particularly through GPS

monitoring of the ionosphere. The theoretical analy-

sis provided measurable values for the group delay

variation of GPS signals propagating through the

upper ionosphere in the context of earthquakes.

Similarly, the correlation is found between electron

density measurements obtained by satellites moving

in the upper ionosphere and variations observed in

GPS observations before the earthquakes. Although

the effects of Faraday rotation and Doppler shift may

be relatively small at GPS frequencies, they could

still be useful in observations involving fewer

frequencies.
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A B S T R A C T   

In this article, we used modern technologies to teach the topic of nanomaterials and nanotechnologies. One of the 
main tasks of the development of modern nanotechnologies and nanomaterials is one of the main tasks of the 
development of nanoscale solid, liquid and gas phase structures and systems.   

1. Introduction 

Therefore, in acquiring knowledge about the basics, objects and 
subject matter of nanophysics and nanomaterials, it is important to 
analyze nanotechnologies in obtaining nano-sized materials, learn about 
the role of nanophysics (Berne et al., 2008; Bryan et al., 2007), and pay 
attention to the following in terms of dimensions (Daly and Bryan, 
2007). Therefore, in acquiring knowledge about the basics, objects and 
subject matter of nanophysics, nanomaterials, it is important to analyze 
nanotechnologies in obtaining nano-sized materials, learn about the role 
of nanophysics (Berne et al., 2008; Bryan et al., 2007; Daly and Bryan, 
2007; Dieter Vollath Nanoparticles-Nanocomposites-Nanomaterials, 
2013; HaнoМaтepиaлы, 2007), and pay attention to the following in 
terms of dimensions (Haнoтexнoлoгии, 2008). 

The word “nanotechnology” is a combination of the terms “nano” 
and “technology”, and the suffix nano is from the Greek “nannos” −
“tiny”, which means one billionth (10–9) of a unit, for example, a meter 
(nanometer − nm). Considering that the size of atoms is 0.1–0.4 nm, a 
structure of 1 nm consists of dozens of atoms. For example, given that 
the diameter of a gold atom is 0.288 nm, the diameter of a cubic gold 
nanoparticle consisting of 13 gold atoms is 0.86 nm. There are three gold 
atoms (0.28 x 3 = 0.86) on each side of the cube, and 12 out of 13 atoms 
(92.3 %) are located on the surface of the nanoparticle. If we continue 
this operation and place the third layer, the size of the nanoparticle will 
reach 2 nm and the total number of atoms will be 147. The share of 
atoms on the surface is 62.6 percent. When the number of layers reaches 
100, the nanoparticle diameter is 29 nm, the number of atoms is 3 

million, and the percentage of atoms on the surface is only 3 percent. 
At the moment, the integrity of nanosciences is expressed as follows: 
Nanomaterials are unique materials formed based on nanosciences 

and nanotechnologies, which differ from traditional materials by their 
surface activity and functional properties. 

This, in turn, indicates that there are differences in the types of 
nanomaterials and can be expressed as follows. 

The fact that nanosciences and nanomaterials are products of 
nanotechnologies requires a deeper understanding of the nature of 
nanotechnologies. Nanotechnology is a set of methods for 
manufacturing products with a certain atomic structure, by arranging 
their atoms and molecules. According to this definition of nanotech-
nology, a natural question arises: can we manipulate (work here) ma-
terials at the level of atoms and molecules? The most beautiful way to 
solve this puzzle was proposed by Eric Drexler in his book “Building 
Machines”. To work with atoms, he created special nanomachines or 
assemblers. 

The direction of sciences based on nanotechnology is focused on the 
creation of nanomaterials (Fig. 1) (Haнoтexнoлoгии, 2008). 

The production of nanomaterials is based on the bottom-up, that is, 
the formation of nanostructures from atomic and molecular structures, 
and on the contrary, the formation of nanostructures from top-down 
microscale structures (Fig. 2). 

The Greek philosopher Democritus can be considered the grandfa-
ther of nanotechnology. He was the first to use the word “atom” 2400 
years ago to describe the smallest particle of matter. Swiss physicist 
Albert Einstein proved in his work published in 1905 that the size of a 
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sugar molecule is approximately 1 nm. 
In 1931, German physicists Max Knoll and Ernst Ruska created the 

electron microscope for the first time to study nano-objects. In 1959, the 
American physicist Richard Feynman announced his work that pre-
dicted the future of miniaturization. The fundamentals of nanotech-
nology were outlined in his famous lecture at the California Institute of 

Technology called There‘s Plenty of Room at the Bottom. Feynman 
scientifically confirmed that things can be made directly from atoms in 
terms of the basic laws of physics. 

At that time, his words sounded like fiction for only one reason: the 
technology to perform operations on certain atoms (that is, to identify an 
atom, take it and put it in another place) did not yet exist. To increase 
interest in this field, Feynman promised $1,000 to the first person to 
write a page of the book on the tip of a needle. This was done in 1964. In 
1968, Alfred Cho and John Arthur, employees of the scientific depart-
ment of the American Bell company, developed the theoretical basis of 
nano-processing of the surface. In 1974, the Japanese physicist Norio 
Taniguchi introduced the word “nanotechnics” to the list of scientific 
terms and proposed to call the mechanisms (equipment) whose size is 
less than 1 μm. In 1981, German physicists Gerd Binnig and Heinrich 
Rohrer created the scanning tunneling microscope. They received the 
Nobel Prize 4 years later. In 1985, American physicists Robert Kerl, 
Harold Croteau, and Richard Smalley created a technology that can 
accurately measure objects with a diameter of 1 nm. 

Fig. 1. Nanotechnology sciences and nanomaterials integration.  

Fig. 2. Obtaining nanomaterials by physical and chemical methods.  

Fig. 3. A Venn diagram based on nanophysics and related sciences.  
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In 1986, unlike the tunneling microscope, an atomic force micro-
scope was created that could interact with all materials. In 1986, 
nanotechnology became known to the general public. American futur-
ologist Eric Drexler published a book predicting the rapid development 
of nanotechnology shortly. In 1989, IBM employee Donald Eigler wrote 
his company name with xenon atoms (Haнoтexнoлoгии. Aзбyкa для 
вcex. Пoд peд. aкaд. Ю.Д.Tpeтьякoвa. M.: ФизМaтлит, 2008). 

In 1998, the Dutch physicist Seez Dekker created the nanotransistor. 
In 2000, the US government announced the National Nanotechnology 
Initiative. At that time, 500 million from the US federal budget. dollar 
was paid. In 2002, this amount was 604 million. increased to dollars. 
710 million by 2003. dollars, in 2004 the US government allocated 3.7 
billion dollars for 4 years to research in this field. allocated dollars. In 
general, the amount invested in the study of this field in the whole world 
is 12 billion amounts to a dollar! In 2004, the US government now 
considered the National Nanomedicine Initiative as part of the National 
Nanotechnology Initiative. This rapid development of nanotechnologies 
has resulted from the public’s desire to absorb large amounts of 
information. 

Modern silicon chips (integrated circuits) will continue to get smaller 
until around 2012 due to various technical requirements. But when the 
width of the passage is 40–50 nm, quantum mechanical distortions in-
crease: electrons begin to pierce the passageways of transistors due to 
the tunnel effect. This means a short circuit. To overcome this, instead of 
silicon, carbon nanochips with dimensions of a few nanometers could be 
used. Currently, great research is being conducted in this direction. 

2. Methodology and results 

Pedagogical educational technologies such as the “Venn diagram”, 
“Cluster”, “Categorization” table, “Fish skeleton”, and “B/BX/B” table 
were selected in this “Fundamentals of nanophysics, nanomaterials and 
nanotechnologies” teaching. The principles of their practical application 
are given below. 

2.1. Venn diagram method 

This method is highly effective in understanding the commonalities 
and differences of science and its elements and parts with related sci-
ences (Khudoyberdieva et al., 2024). As an example, the difference of 
nanophysics with polymer physics and colloidal physical chemistry is 
analyzed and represented by the Venn diagram presented in Fig. 3. This 
diagram is based on three-ring intersections, and within the rings 
formed at their intersections, general concepts and terms related to 
colloid physico-chemistry, polymer physics, and nanophysics are 
introduced, respectively. In this, the fact that some concepts and terms 
belong to all branches of science, and some are expressed as belonging to 
only two, as well as to only one science, shows how the science of 
nanophysics differs from other sciences. 

2.2. “Cluster” method 

The cluster method is based on the principle of classifying materials 
in a branched manner, which is useful in revealing how the components 
of science and technology are related to each other and integrated. Using 
this method, A. A graphic organizer was used to show how nanoscience 
and nanomaterials are related to nanotechnology, presented in the 
textbook “Nanomaterilovedenie” (Minsk, 2015) published by Vityaz. 
This graphic organizer is presented in its original form, representing the 
essence, roots, bodies and products of nanotechnology (MyкиМoв, 
2016). 

To consolidate the knowledge learned from it, a systematized orga-
nizer graph was created using the “Cluster” method. This graphic 
organizer is shown to the students and they are asked to reconstruct, 
explain and interpret the graphic. The structured “Cluster” method is 
presented below, which represents the basis, roots and products of 
nanotechnology. With the help of this cluster, the principles of inter-
dependence and differentiation of concepts and terms are mastered (see 
Fig. 4). 

Fig. 4. A cluster representing the essence, roots and products of nanotechnology.  
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2.3. “Categorize” table method 

This method analyzes the acquired knowledge about the “advan-
tages”, “uncertainties”, and “dangers” of nanotechnology given during 
the lecture. For this, the graphic material from the above-mentioned 
“Nanomaterialovedenie” tutorial was used. This graphic is shown 
below in its original form and the material in it is translated into Uzbek. 
The essence of this graphic organizer is a comparative comparison of 
positive and negative situations related to nanotechnology (Daly and 
Bryan, 2007). The laws of interaction of electromagnetic wave radiation 
with atoms and molecules in the pyridine molecule are studied in the 
following articles (Otajonov et al., 2023; Xolmuminov et al., 2020). The 
translation of the data in the graph is presented in the table below, and 
students can independently categorize them according to their essence. 
The justifications we encountered can be sorted out in two categories. 
The first one consists of pointing at the looming shortage of nano-
scientists and nanotechnologists. Indeed some authors (XoлМyМинoв, 
2015; Zaynobiddinov et al., 2013; Пoдвигaлкин, 2012) reproduce dis-
cussions involving some of the National Science Foundation members 
that put forward figures assessing the number of nanoscientists that 

would be needed in 2015.  
Principal new technologies, products, services 
Self-healing and self-learning machines out of control 
Effective diagnosis and treatment of diseases, achieving life extension 
Convenient household services, high indicators in spiritual recreation and sports 
Socio-economic development 
A new trend in the arms race 
A sharp decrease in energy and material consumption 
Reducing the need for natural resources 
The environment can improve or deteriorate 
According to the principles of bioethics, what is allowed from technical advances 
Is there a logical limit to the use of nanotechnology? What is the relationship between 

consumption and moral approval? 
Development is likely to be more or less stable 
Orientation and attitude towards values may be lost 
A nanoterrorist outbreak may occur  

2.4. “fish skeleton” method 

In this method, the concept is expressed in the interdependence of 
the basis and essence of the materials. The following graphic organizer 
representing the classification of nanotechnologies was used.  
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The information in the graph is translated and explained in depth 
using the educational technology method called “Fish Skeleton” below. 
In this, the cells on the lower parts of the fish skeleton are filled in and 
explained by the students.  

In the drawing of the “fish skeleton” method, that is, “Nanotech-
nologies” is written on the head of the fish, and “nanomaterial” is 
concluded on the tail of the skeleton. Basic concepts of nanomaterials 
are written in the cells above the ribs of the skeleton. The meaning and 
essence of the above-mentioned concepts are written in the cells at the 
bottom of the skeleton. This process is repeated several times to a certain 
extent, and based on it, the interrelationships between nanotechnologies 
and nanomaterials are revealed, and what to pay attention to when 
obtaining nanomaterials by nanotechnologies is determined. 

To strengthen the acquired knowledge and professional skills related 
to the basics of nanophysics, objects and subjects of nanophysics and 
nanomaterials and nanotechnologies in this lecture lesson, to remember 
and repeat the words, concepts, definitions and terms encountered 
during the lesson, as well as to bring them into a certain order, the 
following “B/BX” /B“ table method was used. It has categories such as 
”B“ − I know, ”BX“ − I want to know, ”B“ − I know, which are presented 
sequentially in a table for convenient comparison. With its help, ques-
tions were prepared based on the materials of the lectures and included 
in the ”B/BX/B“ folder with the following partial changes. 

2.5. “B/BX/B” table method 

A partial modification of this method, that is, the table shows the 
column “Concepts, definition and lesson materials” by lesson. The stu-
dent is required to express his opinion and attitude to the questions and 
opinions presented in this column.  

Concepts, definitions and lesson 
materials 

I 
know 

I want to 
know 

I have 
learned 

Fundamentals of nanophysics    
Objects of nanophysics    
The subject of nanophysics    
Nanomaterials research methods    
Structures of nanomaterials    
Nanomaterials have unique and special 

properties    
Classifications of nanotechnologies    
Nanocomposites    
Nanocoatings    
Nanofibers    
Nanofilms    
Nanosorbents     

3. Conclusion 

This article presents the foundational concepts of nanophysics, 

nanomaterials, and nanotechnologies through the application of 
educational technologies. These technologies are carefully selected to 
align with the specific nature and objectives of the lecture. By employing 
these methods, learners can actively and effectively assimilate knowl-
edge and information on the subject matter. 
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