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Abstract. In this paper, we examine the features of 

RSDN-20 signal propagation in a high-latitude Earth–

ionosphere waveguide during solar proton events, using 

computational experiment methods. We have analyzed 

two proton ground-level enhancement (GLE) events of 

December 13, 2006 (GLE70) and September 10, 2017 

(GLE72). Electron density profiles were constructed 

using the Global Dynamic Model of Ionosphere 

(GDMI) and the RUSCOSMICS model, developed at 

PGI. We present estimated phase and amplitude changes 

in RSDN-20 signals during precipitation of high-energy 

protons in the high-latitude region of the Earth–

ionosphere waveguide. From the results of computa-

tional experiments and the analysis of the electromag-

netic signal attenuation based on analytical Maxwell’s 

equation system solution in magnetized ionospheric 

plasma, we have found a pattern in the signal attenua-

tion frequency dependence associated simultaneously 

with the signal reflection height, electron density pro-

files, and the collision frequency of electrons with neu-

tral particles and ions. We discuss limitations of the 

computational experiment method and compare simula-

tion results with data from Lovozero and Tuloma ob-

servatories. 

 

Keywords: numerical modeling, radio wave propaga-

tion, ionosphere, high latitudes, GLE, VLF, RSDN-20, 

GDMI. 

 

 
 

 

INTRODUCTION 

Solar proton events (SPEs) are ejections of very 

high-energy particles (MeV–GeV) from the Sun's sur-

face, which are driven by solar flares. Most (90 %) 

high-energy particles are protons, the remaining part 

includes helium nuclei and elements with Z>2, as well 

as electrons with positrons. Solar proton events that 

cause an increase in the count rate of ground-based neu-

tron monitors are called Ground Level Enhancement 

(GLE) events [Meyer et al., 1956]. Such events are quite 

rare: only 73 GLE events have been observed on record. 

SPEs lead to an increase in radiation levels in near-

Earth orbit and at aircraft altitudes.  

Penetration of solar protons into Earth's atmosphere 

causes the electron density in the lower layers of the 

ionosphere (D-region) to increase; therefore, the quality 

of radio communications, radar, and radio navigation 

can significantly deteriorate in polar regions. For exam-

ple, Knipp et al. [2016] have shown that the absorption 

of American radar signals caused by SPE in May 1967 

almost caused a nuclear war between the United States 

and the USSR. The ionospheric response to penetration 

of solar protons as absorption of radio waves (10–50 

MHz) was called polar cap absorption (PCA).  

Clilverd et al. [2006] using a receiver on the Sval-

bard archipelago have detected significant absorption of 

very low-frequency (VLF) signals during a SPE event in 

October–November 2003. There were also noticeable 

VLF signal amplitude fluctuations.  

In the recent past, VLF signals were widely used all 

over the world to provide long-distance communication 

and navigation. The VLF band (3–30 kHz) is well suited 

for such tasks due to the effective locking of a signal in 

the Earth–ionosphere waveguide. In an undisturbed ion-

osphere, this allows VLF signals to propagate with low 

attenuation (about 2–3 dB/Mm) [Marshall et al., 2017]. 

Currently, ground-based long-range navigation and 

communication systems using VLF signals have been 

supplanted by satellite data transmission and navigation 

systems, yet some of the VLF transmitters are still ac-

tive. Their signals can be employed for sounding the D-

region [Inan et al., 2010; Dowden, Adams, 1989]: since 

the dominant source of signal change for a static path is 

a change in the ionosphere, transmitted signal amplitude 
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and phase measurements facilitate direct measurement 

of the ionospheric variability. In such studies, it is im-

portant to understand the relationship between signal 

variations and the changes in the ionosphere that cause 

the variations. 

Over the past few years, the Polar Geophysical Insti-

tute (PGI) has been using numerical simulation to study 

the influence of ionospheric conditions on propagation 

of infra- and very low-frequency signals in the high-

latitude region of the Earth–ionosphere waveguide. 

Akhmetov et al. [2019] have analyzed signals with a 

frequency of 1500 Hz. Then, signals with frequencies 

corresponding to the frequencies of signals from the 

RSDN-20 long-range navigation radio system (11, 12, 

14 kHz) [Akhmetov et al., 2021a] and the frequencies of 

signals from the Beta exact time system (20, 23 kHz) 

[Akhmetov et al., 2021b] were examined. The above 

works allow a conclusion that among the signals con-

sidered the RSDN-20 signals are most strongly affected 

by density variations in the D layer.  

In this paper, we present estimated RSDN-20 signal 

phase and amplitude variations during precipitation of 

high-energy protons in the high-latitude region of the 

Earth–ionosphere waveguide. We discuss changes in sig-

nal amplitude attenuation caused by GLE events depend-

ing on their frequency and height of reflection from the 

ionosphere. We compare the results obtained in computa-

tional experiments with the results of observations made at 

the PGI observatories Lovozero and Tuloma. 

 

1. EVENTS OF INTEREST 

GLE70, the last event of solar cycle 23, occurred on 

December 13, 2006 at 02:40 UT. The active region A930 

with coordinates S06W24 produced an X3.4/2B solar flare, 

which was accompanied by type II, IV radio bursts and a 

halo-type coronal mass ejection. As recorded by neutron 

monitors, the event lasted for ~5 hrs. While GLE70 oc-

curred during the descending phase of the cycle, it was 

quite a powerful event (the third most intense in cycle 23). 

The greatest increase in cosmic ray intensity was observed 

at the Oulu station (92 %). The fact that the maximum in-

tensity was not detected by polar stations suggests that the 

source of cosmic ray anisotropy was near the ecliptic plane 

[Mishev, Velinov, 2015]. 

During cycle 24, only two proton events were rec-

orded — GLE71 (May 17, 2012) and GLE72 (Septem-

ber 10, 2017). GLE72 was initiated by an X8.2 flare 

with coordinates S08W83, started at 15:35 UT, peaked 

at 16:06 UT. The GLE72 amplitude as measured by neu-

tron monitors (NMs) of the global network did not exceed 

6 % according to 5-min data [Perez-Peraza et al., 2020]. 
 

2. MODELS EMPLOYED 

Propagation of RSDN-20 signals has been calculated 

using an electromagnetic signal propagation model de-

veloped at PGI. It is based on numerical integration of a 

system of Maxwell's equations together with the equa-

tion closing this system (the linearized equation of elec-

tron motion in the atmosphere and ionosphere), and 

Ohm's law in the lithosphere [Akhmetov et al., 2023].  

The ionosphere, atmosphere, and lithosphere in the 

model are considered horizontally homogeneous. The 

vertical profile of the rate of ionization q, generated by 

high-energy protons penetrating into the high-latitude 

atmosphere, has been calculated using the RUSCOS-

MICS model developed at PGI. We have determined the 

primary spectrum of solar cosmic rays from the world-

wide ground-based neutron monitor network's data by 

the method of solving the inverse problem and from 

GOES data by a unique technique developed with the 

participation of co-authors of this paper [Maurchev, 

Balabin, 2016].  

For GLE70, the solar cosmic ray spectrum was di-

vided into Prompt Component (PC) and Delay Compo-

nent (DC). PC is observed during the amplitude increase 

phase, it is characterized by strong anisotropy and ex-

ponential spectrum. DC usually appears near the maxi-

mum and is then observed until the end of the event; it 

features moderate anisotropy and exponential spectrum 

[Maurchev, Balabin, 2016].  

The electron density profiles for quiet conditions and 

for conditions with GLE have been calculated using the 

Global Dynamic Model of Ionosphere (GDMI) [Shubin, 

2017; Deminov et al., 2021; Shubin et al., 2021]. 

The geomagnetic field for experiments correspond-
ing to the coordinates of Apatity and Barentsburg and 
the dates of GLEs have been calculated by the 13th gen-
eration IGRF model [Alken et al., 2021]. 

The vertical conductivity profile of the lithosphere was 
given by the model presented in [Korja et al., 2002]. 

 

3. ELECTRON DENSITY PROFILES 

DENSITY CALCULATIONS 

Electron density profiles are shown in Figure1: 
GLE70 and GLE72 in Apatity (a, b); GLE72 in Bar-
entsburg (c).  

The electron density profiles for quiet conditions at alti-

tudes above 60 km have been calculated by the GDMI 

model. Near the Earth surface, the density was assumed to 

be Ne_0=10
2
 m

–3
; from h0=0 km to a minimum height 

hGDMI, it was interpolated by a power-law dependence 
(1

e_0-GDMI e_0 e_GDMI

) ;X XN N N  
2

0 GDMI/ .X h h  

We have not use the parametric profile proposed in 

[Wait, Spies, 1964] and developed by other scientists 

because if such a profile is combined with the GDMI 

model profile, the electron density in the troposphere is 

lower than 1 m
–3

.  

The electron density profile for disturbed conditions 

has been found by adding an electron density, caused by 

penetration of high-energy solar protons during GLE, to 

the profile for quiet conditions. The additional density 

was recovered from the ionization rate profiles obtained 

by the RUSCOSMICS model. The additional electron 

density ne(h) during SPE was calculated by the well-

known formula      e αn h q h h  [Hargreaves, 

1979], where q(h) is the ionization rate, and α(h) is the 

effective recombination coefficient [cm
3
 s

–1
]. According 

to the empirical dependence obtained by Gledhill [1986] 

from experimental data for heights 50–100 km, 

 α 0.501exp( 0.165 ),h h  where h is the height [km]. 
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Figure 1. Vertical electron density profiles: Apatity, GLE 70, December 13, 2006, 04:00 UTC (a); Apatity, GLE 72, Septem-

ber 10, 2017, 16:15 UTC (b); Barentsburg, GLE 72, September 10, 2017, 16:15 UTC (c)  

 

The model spectrum of cosmic ray protons in the 

RUSCOSMICS model for GLE70 contains prompt (PC) 

and decay (DC) components that differ in energy spec-

trum and are separated by time (Figure 1, a). For 

GLE72, the cosmic ray proton spectrum was not divided 

into the two components (Figure 1, b, c).  

The profiles of frequency of collisions of elec-

trons with neutrals and ions were calculated from 

electron density profiles and NRLMSISE2000 model 

data, using formulas on page 109 of the book 

[Schunk, Nagy, 2009]. 

Numerical calculations were carried out in a Carte-

sian coordinate system with the Z-axis pointing vertical-

ly upward. Thus, the modeling region for numerical 

experiments was a parallelepiped, including a segment 

of the Earth–ionosphere waveguide. The level of the 

Earth surface corresponded to the plane  0 .z   

Numerical experiments used a horizontally homogene-

ous ionosphere and a region 256×1000 km in horizon, 125 

km in height in the atmosphere and ionosphere, and 25 km 

in depth in the lithosphere. The grid spacing vertically 

above the Earth surface Δz=0.25 km, in the lithosphere 

Δz=0.125 km, and horizontally Δx=Δy=0.5 km. The cen-

ter of the signal source was at a distance of 64 km from 

three lateral faces of the resulting parallelepiped. 

The source signal was a sum of sinusoids at RSDN-20 

signal frequencies of 11905, 12679, and 14881 Hz. At a 

distance of 64 km from the left vertical boundary of the 

rectangular modeling region on a part of the vertical plane 

128 km wide parallel to this boundary at altitudes to 60 km 

from the Earth surface, we set a horizontal magnetic field 

of an RSDN-20 signal. This allowed us to define a plane 

wavefront in the first approximation. 

 

4. ANALYSIS OF  

RESULTS OF COMPUTATIONAL 

EXPERIMENTS 

The paper has analyzed two GLE events in terms of 
propagation of RSDN-20 VLF signals in a high-

latitude region. Analysis of amplitudes of magnetic 
and electric components of an electromagnetic signal 
and its propagation velocity during the arrival of DC 
of the strong GLE70 event has shown an increase in 
signal attenuation more than five times and a noticea-
ble decrease in its propagation velocity, which cause 
phase errors (Tables 1 and 2). Presumably, during 
strong GLE events at high latitudes, the use of the 
RSDN-20 system as intended might be impossible. At 
the same time, such significant amplitude and phase 
variations can be a good indicator of the electron den-
sity profile on a high-latitude radio path. The weaker 
GLE72 event and PC of the GLE70 event also have a 
noticeable effect on RSDN-20 signals (see Tables 1 
and 2) — it is likely that the range of confident recep-
tion will decrease and positioning errors will increase 
if a receiver is located at high latitudes.  

Figure 2 plots signal Pointing vector attenuation as 
function of frequency on the Earth surface as a percent-
age per 1 km of radio path during GLE70 (Apatity, pan-
el a) and GLE72 (Barentsburg and Apatity, panels b, c).  

Table 1 and Figure 2 show that under quiet condi-
tions and with a relatively weakly disturbed ionosphere 
for GLE72 in Apatity the decrease in the signal Pointing 
vector at 12679 Hz is noticeably greater than at 11905 
and 14881 Hz, i.e. the frequency dependence of attenua-
tion is nonmonotonic. In the case of a strongly disturbed 
ionosphere for GLE70 in Apatity, a linear decrease in 
attenuation with frequency is observed. In the case of a 
moderately disturbed ionosphere for GLE72 in Bar-
entsburg, this dependence decreases monotonically, yet 
it is not linear. 

A violation of the monotonicity of the signal attenu-
ation dependence on its frequency is associated with 
peculiarities of radio wave propagation in magnetized 
collisional and highly inhomogeneous ionospheric 
plasma and can be explained as follows.  

In the high-latitude ionosphere, where the geomag-
netic field is nearly vertical, for signals whose electric 
field is also nearly vertical there are two height regions 
with significantly different signal attenuation modes. 
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Table 1 

RSDN-20 signal attenuation expressed in terms of 1 km of radio path 

Computational experiment 
Pointing vector attenuation, 

%/km 

E attenuation, 

%/km 

H attenuation, 

%/km 

Apatity, GLE70, December 13, 2006, 04:00 UTC 

GDMI 11905 Hz 0.294 0.15 0.157 

GDMI 12649 Hz 0.420 0.224 0.232 

GDMI 14881 Hz 0.364 0.196 0.192 

GDMI + GLE PC 11905 Hz 0.649 0.365 0.364 

GDMI + GLE PC 12649 Hz 0.66 0.372 0.371 

GDMI + GLE PC 14881 Hz 0.569 0.314 0.314 

GDMI + GLE DC 11905 Hz 1.408 1.01 1.01 

GDMI + GLE DC 12649 Hz  1.385 0.982 0.981 

GDMI + GLE DC 14881 Hz  1.287 0.874 0.873 

Barentsburg, GLE72, September 10, 2017, 16:15 UTC 

GDMI 11905 Hz 0.283 0.149 0.143 

GDMI 12649 Hz 0.321 0.169 0.165 

GDMI 14881 Hz 0.27 0.142 0.14 

GDMI + GLE 11905 Hz  0.786 0.456 0.456 

GDMI + GLE 12649 Hz  0.779 0.452 0.451 

GDMI + GLE 14881 Hz 0.674 0.38 0.38 

Apatity, GLE72, September 10, 2017, 16:15 UTC 

GDMI 11905 Hz  0.252 0.132 0.124 

GDMI 12649 Hz  0.295 0.155 0.149 

GDMI 14881 Hz 0.268 0.141 0.14 

GDMI + GLE 11905 Hz 0.568 0.314 0.313 

GDMI + GLE 12649 Hz 0.586 0.325 0.324 

GDMI + GLE 14881 Hz  0.502 0.273 0.272 

Disturbed conditions are marked in gray. 

Table 2 

RSDN-20 signal phase delay expressed in terms of 1 km of radio path relative to propagation in vacuum 

Computational experiment Energy flux phase delay, rad/km 
Phase delay E, 

rad/km 

Phase delay H, 

rad/km 

Apatity, GLE70, December 13, 2006, 04:00 UTC 

GDMI 11905 Hz 0.0096 0.018 0.0169 

GDMI 12649 Hz 0.0051 0.0089 0.0079 

GDMI 14881 Hz 0.0082 0.0087 0.0085 

GDMI + GLE PC 11905 Hz 0.0083 0.0141 0.0134 

GDMI + GLE PC 12649 Hz 0.0062 0.0082 0.0079 

GDMI + GLE PC 14881 Hz 0.0087 0.009 0.008 

GDMI + GLE DC 11905 Hz 0.1229 0.0755 0.0738 

GDMI + GLE DC 12649 Hz  0.0827 0.0537 0.0521 

GDMI + GLE DC 14881 Hz  0.0239 0.0151 0.0159 

Barentsburg, GLE72, September 10, 2017, 16:15 UTC 

GDMI 11905 Hz 0.0145 0.0214 0.021 

GDMI 12649 Hz 0.0115 0.0189 0.0181 

GDMI 14881 Hz 0.0077 0.0106 0.0104 

GDMI + GLE 11905 Hz  0.0122 0.0183 0.0168 

GDMI + GLE 12649 Hz  0.0091 0.0102 0.011 

GDMI + GLE 14881 Hz 0.0074 0.0081 0.0084 

Apatity, GLE72, September 10, 2017, 16:15 UTC 

GDMI 11905 Hz  0.0157 0.0244 0.0222 

GDMI 12649 Hz  0.0129 0.0183 0.0185 

GDMI 14881 Hz 0.0075 0.0108 0.0107 

GDMI + GLE 11905 Hz 0.0075 0.015 0.0149 

GDMI + GLE 12649 Hz 0.0055 0.0092 0.009 

GDMI + GLE 14881 Hz  0.009 0.0082 0.0078 

Disturbed conditions are marked in gray. 
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Figure 2. Energy loss as a percentage per 1 km of radio path as function of frequency at ground level: Apatity, GLE 70, 

December 13, 2006, 04:00 UTC (a); Barentsburg, GLE 72, September 10, 2017, 16:15 UTC (b); Apatity, GLE 72, 10 Sep-

tember 2017, 16:15 UTC c   

 
The boundary between these regions is a surface that is 
approximately described by the equation  

   e pe2ω ,v r r   

where ve(r) is the frequency of collisions of electrons 

with neutral atoms and ions (decreases with increasing 

height);      pe e 0 eω / εe n mr r  is the plasma fre-

quency in the SI system (increases with increasing 

height); ne(r) is the electron density. Below this bounda-

ry is a region in which the condition    e pe2ωv r r  is 

met and one attenuation mode of a weak signal takes 

place; above it is a region in which    e pe2ωv r r , 

hence another attenuation mode of a weak signal takes 

place. 

Under quiet conditions, signals of the three frequen-

cies in the ionosphere over Apatity and Barentsburg are 

reflected in a layer ~15 km thick, which approximately 

covers in half the top of the lower region (determined by 

e pe2ωv  ) and the bottom of the upper region (defined 

by e pe2ωv  ). Under disturbed conditions due to the 

increased electron density in the ionosphere, the signal 

reflection layer is significantly shifted downward and 

lies completely in the lower region determined by 

e pe2ωv  . This explains the different signal attenuation 

in quiet and disturbed conditions. 
To substantiate these statements, we examine the 

process of signal attenuation at the upper boundary of 
the Earth–ionosphere waveguide in the case of closure 
of the system of Maxwell's equations by the linearized 
equation of momentum flux for electrons in a collisional 
plasma in the presence of the external magnetic field, 

which is traditionally used to describe propagation of 
weak signals in the Earth–ionosphere waveguide. 

Let us introduce the following notations: r=(x, y, z) is 

the vector of Cartesian coordinates in space 3; t is time; 

E(r, t), D(r, t), H(r, t), D(r, t) are the vectors of intensity 

and induction of signal electric and magnetic fields; j(r, t) 

is the signal current density; B0(r) is the induction vector of 

a given external geomagnetic field;    0 0B r B r  and 

     0 0 0/ Bb r B r r  is its magnitude and the unit vec-

tor along it. For an arbitrary vector field a(r, t), we intro-

duce its longitudinal  ,a tr  and orthogonal  ,a t r  

components, as well as longitudinal  , ta r  and  , ta r  

parts with respect to the external geomagnetic field, which 

are found from the formulas 

 0 0, , .a a    ab a b a a a  (1) 

Maxwell's equations for induction in the case of 

plasma have the same form as in vacuum [Lifshits, Pi-

taevsky, 1979], and in the SI system take the form 

div 0, rot , div 0, rot .
t t

 
    

 

B D
B E D H  (2) 

In plasma, the material equations [Lifshits, Pitaevsky, 

1979] in the SI system have the form 

   

     

0

0

, μ , ,

, ε , , ,

t t

t t t



 

B r H r

D r E r P r
  

where ε0 and μ0 are the electric and magnetic constants; 

P(r, t) is the polarization vector related to the plasma 

current density j(r, t) and its charge density ρ(r, t) by 

the relations 



Influence of strong solar proton events 

35 

   

 
 

div , ρ , ,

,
, .

t t

t
t

t

 






P r r

P r
j r

  

We deal with sufficiently high-frequency signals with 

frequencies by orders of magnitude higher than the cy-

clotron frequency of ions, with a low amplitude, and a 

wavelength by orders of magnitude greater than the 

Debye radius of electrons in the ionosphere. For such 

signals, it can be assumed that the signal current density 

is created only by electrons, i.e. j≡je. System of Max-

well's equations (2) is closed by the linearized equation 

of momentum flux for electrons, written in terms of the 

density of their current produced by the signal field: 

 
     

       

e ce

2

0 0 pe

,
, ω

, ε ω , ,

t
v t

t

t t


  



    

j r
r j r r

b r j r r E r

 (3) 

where    ce 0 eω /eB mr r  is the gyrofrequency of 

electrons in the external geomagnetic field. As a result, 

the system of equations that determines the signal field 

and is numerically solved in the model will take the 

form 

 

2

0

0

2

e ce 0 0 pe

1
rot ; rot ,

ε

ω ε ω ,

c
t t

v
t

 
   

 


    



B E
E B j

j
j b j E

 (4) 

where 0 0 01 ε μc  is the speed of light in vacuum.  

To analyze signal attenuation, we can drop spatial 

derivatives in equations (4) since they describe spatial 

signal propagation. As a result, we have a system of 

linear ordinary differential equations with first-order 

time derivatives and the coordinate r as a parameter: 

 

0

2

e ce 0 0 pe

1
,

ε

ω ε ω .

t

v
t


 




    



E
j

j
j b j E

 (5) 

Substituting the first equation in (5) into the second 

yields a linear homogeneous system of second-order 

differential (in time t) equations with respect to the elec-

tric field E(r, t): 

 
 

 

   
 

   

2

e2

2

ce 0 pe

, ,

,
ω ω , 0.

t t
v

tt

t
t

t

 
 



 
    

 

E r E r
r

E r
r b r r E r

 (6) 

For system of equations (6), we can obtain an analytical 

solution of the Cauchy problem with the initial condi-

tion 

       0 0 0 0, , , .t t E r E r j r j r  (7) 

To derive the analytical solution, it is necessary to di-

vide Cauchy problem (6), (7) into two independent 

problems for longitudinal and orthogonal parts of the 

electric field. Apply decomposition (1) into longitudinal 

and transverse parts to E(r, t) and j(r, t): 

       

       

0

0

, , , ,

, , , .

t E t t

t j t r t





 

 

E r r b r E r

j r r b r j
 (8) 

Substituting expressions (8) into equations (5) and 

(6), as well as into initial condition (7), gives Cauchy 

problems for the longitudinal part of the electric 

field: 

 
 

 

   

2

e2

2

pe

0

, ,

ω , 0,

ε ,

E t E t
v

tt

E t

E

t

 
 



 


 



r r
r

r r

j

 (9) 

       0 0 0 0, , , ,E t E j t j r r r r  (10) 

and also for its orthogonal part: 

     

 

2

ce 02

2

pe

0

ω

ω ,

ε ,

v
t tt

E
j

t

  







   
       

 


 



E E E
r r b r

r E 0  (11) 

       0 0 0 0, , , .t t    E r E r j r j r  (12) 

The first equation in (9) for  ,E tr  at each fixed r is the 

well-known equation of harmonic oscillator with attenua-

tion, which has the standard form 

   
 

2

2

0 02
2γ ω 0,

d x t dx t
x t

dtdt
     

where the  0 eγ / 2,v r  0 peω ω . r Solution of Cau-

chy problem (9), (10) for longitudinal components depends 

on the sign of function 

     2 2

e pe4ωQ v r r r  (13) 

and is given by the following formulas, which use the 

notations 0τ t t  and 

       2 2

e pe4ω :q Q v  r r r r   

for   0,Q r  i.e. when    e pe2ω ,v r r  

  e

0

0 e

0

τ
, exp

2

2τ τ τ
ch sh sh ;

2 2 ε 2

v
E t

jvq q q
E

q q

 
   

 

       
                 

r

 (14) 

for   0,Q r  i.e. when    e pe2ω ,v r r  

 
 

 
 

 

e

e0 0

0

τ
, exp

2

τ 1
1 τ ;

2 ε

v
E t

v
E j
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for   0,Q r  i.e. when    e pe2ω ,v r r  

  e

0

0 e

0

τ
, exp

2

2τ τ τ
cos sin sin .

2 2 ε 2

v
E t

jvq q q
E

q q

 
   

 

       
                 

r

 (16) 

Note that solution (14) for the lower region decays ex-

ponentially with time as  
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and solution (16) for the upper region decays with time 

as  e

τ
exp ,

2
v

 
 
 

r  i.e. much faster.  

The analytical solution of Cauchy problem (11), (12) 

for orthogonal components does not depend on the sign 

of function (13), i.e. it is the same for both 

   e pe2ωv r r  and    e pe2ω .v r r  This solution has 

a form similar to (16) and a rather cumbersome linear 

combination of four terms as a product of a damped ex-

ponent and a harmonic function 

   1 1exp α τ cos ω τ ,     1 1exp α τ sin ω τ ,   

   2 2exp α τ cos ω τ ,     2 2exp α τ sin ω τ ,   
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In the experiments considered, even at a waveguide 

segment far from the source, waves do not propagate 

strictly parallel to the Earth surface, but at a small angle 

relative to the horizon. The magnetic field is also di-

rected at a small angle relative to the vertical to the 

Earth surface, so the main part for the electric field and 

for the current is their longitudinal part. This configura-

tion of the fields approximately corresponds to that ex-

isting in the high-latitude region of the Earth–

ionosphere waveguide for VLF signals from a remote 

source, and allows us to analyze the processes occurring 

during signal reflection from the ionosphere. 

It follows from the above solution that there are re-

gions with different attenuation patterns of the main 

longitudinal part of the signal and the vertical position 

of the boundary between them depends on the ratio of 

electron collision frequency to plasma frequency.  

The dependence of signal attenuation on its frequency 

obtained for a horizontally homogeneous ionosphere 

can be explained by the behavior of the q(z) function, 

whose vertical profile is shown by the red dashed line in 

panels a of Figures 3–5, as well as in panels a and c of 

Figures 6 and 7. In the same panels, the black line indi-

cates the electric field strength vertical component 

modulus averaged over space at a distance of 100 km 

along the wave normal  
100 кмzE z .  This profile 

represents the height of signal reflection and character-

istic signal electric field values in the waveguide at alti-

tudes from 0 to 80 km. 

In panels b of Figures 3–5, the red line shows the 

vertical profile of the frequency of collisions of elec-

trons with neutral atoms and ions ve(z); the blue line, the 

vertical profile of the doubled plasma frequency 2ωpe(z). 

The intersection point of these plots, marked with a cir-

cle in panels a and b, z0, such that    e 0 pe 02ωv z z  

and  0 0q z ,  defines the boundary between regions 

with different signal attenuation patterns. The deriva-

tives of function      2 2

e pe4ωq z v z z   from 

below and from above at this point are seen to be close 

to infinities of different signs. 

The panels c in Figures 3–5 illustrate vertical distri-

butions of the electric field strength (Ez-component) 

modulus, which can be used to determine RSDN-20 

signal reflection heights. 

Analysis of Figures 3–5 shows that under quiet 

conditions the point z0, where    e 0 pe 02ωv z z  

and  0 0q z ,  is in the lower part of the region of 

signal reflection from the ionosphere (see Figure 3). 

Under conditions of electron density enhancement of 

moderate intensity during the arrival of GLE PC, this 

point z0 appears to be inside the signal reflection re-

gion (see Figure 4), and during the arrival of GLE 

DC when the density increase was significant, the 

RSDN-20 signal reflection height decreased so much 

that z0 was found to be higher than the reflection re-

gion (Figure 5). 

In Figures 6, 7 in panels a and c, the red dashed line 

indicates the vertical profile of the function q(z); the 

black line, the vertical profile of the electric field 

strength vertical component modulus averaged over 

space at a distance of 100 km along the wave normal 

 
100 км

.zE z  Panels b and d present vertical distribu-

tions of the electric field strength (Ez-component) modulus. 

In Figure 6, for the parameters of the ionosphere 

over Apatity both under quiet conditions (panels a and b) 

and in conditions with GLE (panels c and d), the point z0, 

such that the function q(z 0)=0, appears to be inside the 

signal reflection region. In Figure 7, for the parameters 

of the ionosphere over Barentsburg under quiet condi-

tions (panels a and b), the point z0 of the vanishing q(z) 

function is located inside the signal reflection region, 

and under conditions with GLE (panels c and d), z0 is on 

the upper boundary of the signal reflection region. 
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Figure 3. Results of calculations for quiet conditions without regard to ionization by high-energy protons during GLE70 with 

parameters of the ionosphere over Apatity. Panel a: the red dashed line is the q(z) function; the black line is the electric field 

strength vertical component modulus averaged over space at a distance of 100 km along the wave normal  
100 кмzE z . Panel 

b: the red line is the electron collision frequency profile ve(z); the blue line is the doubled plasma frequency 2ωpe(z). Panel c: ver-

tical distribution of the electric field strength (Ez-component) modulus  

 

 

Figure 4. Results of calculation for disturbed conditions with regard to ionization by high-energy protons during GLE70 (PC) 

with parameters of the ionosphere over Apatity. Designations are the same as in Figure 3  
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Figure 5. The same as in Figure 4 during the arrival of GLE70 DC 

 

 

 

Figure 6. Calculation results for GLE72 with parameters of the ionosphere over Apatity. Panels a, c: the red dashed line is 

the q(z) function; the black line is the electric field strength vertical component modulus averaged over space at a distance of 100 

km along the wave normal  
100 кмzE z . Panels b, d: vertical distribution of the electric field strength (Ez-component) modu-

lus. Panels a, b present the results for quiet conditions without regard to additional ionization; panels c, d, with regard to addi-

tional ionization by high-energy protons during GLE72 
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Figure 7. The same as in Figure 6 for parameters of the ionosphere over Barentsburg  

 

Comparing the relative position of z0 of the vanishing q(z) 

function and the RSDN-20 signal reflection region (see 

Figures 3–7) with the plots of Pointing vector attenuation 

as a percentage per 1 km of radio paths as function of fre-

quency (see Figure 2), we can conclude that the attenuation 

dependence on frequency is related to the position of z0. 

When z0 is inside the signal reflection region, the attenua-

tion dependence on frequency is nonlinear. When z0 is 

above the signal reflection region, the attenuation depend-

ence on frequency tends to linear, and then signals at low 

frequencies attenuate more rapidly than signals at high 

frequencies 

 

5. ANALYSIS OF  

MEASUREMENTS  

AT OBSERVATORIES 

Figure 8 plots daily neutron monitor count rate as a 

percentage of the average value on September 10, 2017. 

We have used 5-min averaging for the data. There is a 

noticeable increase in the neutron count rate after 16 

UT. Analysis of ground-based data from Lovozero and 

Tuloma observatories on September 10, 2017 from 

16:00 to 16:40 UT has revealed a marked decrease in 

the amplitude of RSDN-20 signals at all frequencies. 

Figure 9 presents the amplitudes of the magnetic field 

strength of a signal from the Krasnodar transmitter, 

which were recorded at Lovozero (68°02' N 35°00' E) 

and Tuloma (68°49' N 32°42' E) observatories on Sep-

tember 10, 2017 during GLE72. 

Figure 9, a, b depicts a decrease in signal amplitudes 

at all frequencies considered at Lovozero and Tuloma 

observatories. Note that the signal at a frequency of 

14881 Hz during GLE attenuates more rapidly than sig-

nals at frequencies of 11905 and 12649 Hz, which attenu-

ate almost equally. This is attributed to the small differ-

ence (less than 1 kHz) between their frequencies. 

The results of observations at Lovozero and Tuloma 

observatories during GLE72 are generally consistent 

with those of the computational experiment. Signal am-

plitudes decrease at all RSDN-20 frequencies, as well as 

in the computational experiment. At the same time, 

there are differences: in the computational experiment, 

the signal at a frequency of 14881 Hz during GLE at-

tenuates more slowly than the signals at frequencies of 

11905 and 12649 Hz, whereas in the results of observa-

tions the opposite is true (see Table 1 and Figure 9). The 

amplitude attenuation in the computational experiment 

is more rapid. 

At midlatitudes, according to the data from the Geo-

physical Observatory Mikhnevo (54.9° N, 37.8° E) of 

the Institute of Geosphere Dynamics of the Russian 

Academy of Sciences, on the contrary, an increase was 

recorded in the amplitude of VLF signals from transmit-

ters GQD (22100 Hz, 54.732° N, 2.883° E) and GBZ 

(19580 Hz, 54.912° N, 3.278° E), located in the UK 

[Gavrilov et al., 2019]. 

 

6. DISCUSSION 

We should point out limitations of the methods used 

in this work. The results of computational experiments 

using the numerical model of electromagnetic wave 

propagation depend on a given signal source and condi-

tions of propagation media, which is both an advantage 

of this method and its main disadvantage. 

Errors in specifying the source occur due to a mismatch 

between the given field configuration and the current con-

ditions of the propagation medium. Ideally matching the 

source with the medium and the model system of equations 

is an enormous challenge, especially if the source is not 

point, but the effect of this mismatch on the results de-

creases rapidly with increasing distance to the source. In 

this paper, we analyze the results of computational experi-

ments for the most remote part of the rectangular modeling 

region at a distance of 850 km from the source. 
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Figure 8. Neutron monitor count rate as a percentage of the average on September 10, 2017. We apply 5-min averaging to the 

data; along the X-axis is UT 

 

Figure 9. Amplitudes of the magnetic field strength of a signal from a Krasnodar transmitter, which were recorded on Sep-

tember 10, 2017: a — at Lovozero Observatory; b — at Tuloma Observatory; along the X-axis is UT 

 
Unlike an imperfectly defined source, inaccurately de-

fined conditions of propagation media cannot be compen-
sated in any way. It should, however, be borne in mind that 
there are regions of propagation media whose effect on the 
computational experiment results is weak. For example, 
the lithosphere structure has little effect on signals of the 
frequency range considered. The waveguide segments with 
a low electron density or a high frequency of collisions of 
electrons with neutral particles and ions, which include the 
troposphere under any conditions and the lower atmos-
phere up to 50–60 km under quiet conditions, have almost 
no effect on the signal either. The signal reflection region, 
on the contrary, is of particular concern, and small devia-
tions in a given electron density profile can have a noticea-
ble effect on signal attenuation. Despite the general trend to 
decrease the signal amplitude observed by both Lovozero 
and Tuloma observatories and the computational experi-
ment, noticeable differences were seen between the simu-
lated and recorded behavior of signals of different frequen-
cies during GLE72. So in the computational experiment, a 
signal at a frequency of 14881 Hz during GLE attenuated 

more slowly than signals at frequencies of 11905 and 

12649 Hz; and in the results of observations the opposite is 

true (see Table 1 and Figure 9). The reasons for this dis-

crepancy between the results may be an incomplete corre-

spondence between the model electron density profile and 

the real profile in the signal reflection region, the presence 

of a strongly horizontally inhomogeneous ionosphere 

[Akhmetov et al., 2023], or both.  

Possible inaccuracies in setting ionospheric parame-

ters do not make the results of computational experi-

ments incorrect since they fully correspond to the elec-

tron density profiles presented in Figure 1, yet the pro-

files per se may not fully correspond to the real condi-

tions that existed during GLE72 on September 10, 2017. 

Unfortunately, it is not possible to perform systematic 

measurements of electron density and temperature in the 

altitude range from 1 to ~70 km; at high altitudes, they 

are very expensive, which makes the network of radars 

and ionosondes extremely rare. In such conditions, there 

is often no alternative to model electron density profiles. 
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For monitoring of ionospheric conditions on high-
latitude radio paths, RSDN-20 signals can be used if the 
distance between measurement points is sufficiently 
small (~200 km) and their significant distance from the 
signal source is more than 1000 km. The limitation of 
the radio path length is due to the significant horizontal 
irregularity of the high-latitude ionosphere, which, as 
shown in [Akhmetov et al., 2023], leads to noticeable 
distortions of RSDN-20 signals. The probability of sig-
nificant irregularities along a short radio path is less 
than along a long one. The requirement for the distance 
from the source is imposed by the interference overlap 
of multiple signal modes in near and middle zones, 
which hampers the interpretation of the results. Thus, 
only the Krasnodar RSDN-20 transmitter (45°24' N 
38°09' E), whose signal goes almost strictly from south 
to north, is well suited for ionospheric studies on the 
Kola Peninsula. Signals from other transmitters go ra-
ther from east to west; and before they are recorded by 
the PGI observatories, they pass a long section of the 
radio path at high latitudes  

 

CONCLUSION 

In this paper, we have explored the features of 
RSDN-20 signal propagation in a high-latitude region of 
the Earth–ionosphere waveguide during the GLE70 and 
GLE72 events, using numerical simulation. From joint 
analysis of part of Maxwell's equations, related to elec-
tromagnetic signal attenuation, and the results of com-
putational experiments, we have found a violation of 
monotonicity in the frequency dependence of signal 
attenuation. We have shown that this is due to the signal 
reflection height and the vertical profiles of the electron 
density and the frequency of collisions of electrons with 
neutral particles and ions.  

We have estimated signal amplitude attenuation and 
phase delay under quiet conditions and under conditions 
with GLE events. The estimates can be used for short radio 
paths 100‒200 km in a high- latitude region to monitor 
ionospheric conditions. 

During the strong GLE70 event at the latitude of 

Apatity, signal attenuation can increase ~6 times; and 

during the weak GLE72 event, ~2 times. At the latitude 

of Barentsburg, the attenuation became three times more 

rapid during GLE72. 

We have found that when the intersection point of the 
vertical electron collision frequency profile ve(z) with the 
doubled plasma frequency profile 2ωpe(z) is inside a sig-
nal reflection region, there is a nonlinear dependence of 
attenuation on frequency. When the intersection point of 
these profiles is above a signal reflection region, the fre-
quency dependence of attenuation is close to decreasing 
linear, and then signals at low frequencies attenuate more 
rapidly than signals at high frequencies. 

The work was financially supported by RSF Grant 

(Project No. 18-77-10018) (Akhmetov O.I., Belakhov-

sky V.B., Maurchev E.A., Balabin Yu.V.) 
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