
P
os
te
d
on

4
A
p
r
20
23

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
gh

ts
re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
es
so
ar
.1
68
05
68
17
.7
18
53
19
3/
v
1
—

T
h
is

a
p
re
p
ri
n
t
an

d
h
a
s
n
o
t
b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

Estimation of the lower ionosphere ionization caused by X-class

solar flares, based on VLF observations

Ilya A. Ryakhovsky1, Yury V. Poklad1, Boris Gavrilov1, and Susanna Bekker1

1Sadovsky Institute of Geospheres Dynamics of Russian Academy of Sciences

April 4, 2023

Abstract

We present the results of the analysis of the measurements data of amplitudes and phases of signals from GQD (19.58 kHz) and

GBZ (22.1 kHz) VLF transmitters in the geophysical observatory of IDG RAS “Mikhnevo” (GO MIK) to assess the impact

of solar flares of different classes that occurred in June 2014 on the height profile of the electronic concentration $Ne$ in the

lower ionosphere. The use of two-channel data from the GOES satellite (0.05-0.4 nm and 0.1-0.8 nm) allowed us to estimate the

fluxes of X-rays in harder spectral ranges. The analysis of the dynamics of the $Ne$ height profile and X-ray fluxes in different

wavelength ranges allowed us to estimate the ionization and recombination rates and determine the spectral ranges of radiation

that have the greatest influence on the dynamics of the electron concentration at considered heights.
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Key Points:5

• The dynamics of the lower ionosphere during solar flares were estimated from pa-6

rameters of VLF signal on the two-frequency path7

• The GOES data made it possible to estimate the source brightness temperature8

and the radiation dynamics in a wide X-ray wavelength range9

• The ionization and recombination rates and spectral ranges of radiation with great-10

est influence on the ionization processes were determined11
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Abstract12

We present the results of the analysis of the measurements data of amplitudes and phases13

of signals from GQD (19.58 kHz) and GBZ (22.1 kHz) VLF transmitters in the geophys-14

ical observatory of IDG RAS ”Mikhnevo” (GO MIK) to assess the impact of solar flares15

of different classes that occurred in June 2014 on the height profile of the electronic con-16

centration Ne in the lower ionosphere. The use of two-channel data from the GOES satel-17

lite (0.05-0.4 nm and 0.1-0.8 nm) allowed us to estimate the fluxes of X-rays in harder18

spectral ranges. The analysis of the dynamics of the Ne height profile and X-ray fluxes19

in different wavelength ranges allowed us to estimate the ionization and recombination20

rates and determine the spectral ranges of radiation that have the greatest influence on21

the dynamics of the electron concentration at considered heights.22

Plain Language Summary23

The state and dynamics of the lower ionosphere (D region), which change strongly24

during solar flares, largely determine the conditions for VLF radio wave propagation. At25

the same time, analysis of these radio wave parameters, together with data on solar flare26

parameters obtained from satellite measurements, makes it possible to study the changes27

taking place in the ionosphere. The main source of flare data is the GOES satellite, which28

measures the X-ray flux at two frequency bands only: 0.05-0.4 nm and 0.1-0.8 nm. How29

radiation at other wavelengths affects the ionosphere remains unknown. We were able30

to determine the brightness temperature of the source (the selected solar flare) from the31

GOES data and calculate the dynamics of the radiation flux at other wavelengths. Our32

studies resulted in data on spectral ranges of radiation having the greatest influence on33

the processes of ionization of the lower ionosphere, which, in turn, allowed us to estimate34

the rates of ionization and recombination of the lower ionosphere during solar flares.35

1 Introduction36

Electromagnetic radiation caused by solar flares of various classes has a significant37

impact on the height profile of the electron concentration of the entire ionosphere. The38

D-region is the most difficult for experimental and theoretical study (Bekker et al., 2021,39

2022). During solar flares flux of X-ray radiation of the Sun penetrates into D-region and40

increases electron concentration by several times due to additional ionization (Mitra, 1974;41

Kumar & Kumar, 2018). The results of numerous studies have shown that changes in42

the electron concentration in the lower ionosphere affect the parameters of VLF electro-43

magnetic signals propagating in the Earth-ionosphere waveguide (Thomson, 2010; Thom-44

son et al., 2011). Establishing the mechanisms of this influence makes the study of VLF45

electromagnetic radiation parameters an effective tool for assessing the state and dynam-46

ics of the lower ionosphere under calm and perturbed conditions (Gavrilov et al., 2019).47

In Gavrilov et al. (2019) a method of reconstruction of ionospheric parameters us-48

ing the two-parameter Wait-Ferguson model (Ferguson, 1995) was tested using data of49

radio signal parameters on a two-frequency mid-latitude VLF path formed by GQD and50

GBZ transmitters in United Kingdom and VLF receiver in GO MIK (54°57‘ N, 37°46‘51

E). Within the framework of this model, the high-altitude profile of the electron concen-52

tration is given by the equation:53

Ne(h) = 1.43 · 107exp(β − 0.15)(h− h′)exp(−0.15 · h′) (1)54

where h′ (km) is the effective reflection height of the radio signal and β(km−1) is the rate55

of increase in electron concentration (cm−3) with height.56

The use of a two-frequency path made it possible to assess not only the dynam-57

ics of the ionosphere during a flare, but also its state before the flare.58
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The main processes influencing the state and dynamics of the ionosphere (with-59

out taking into account the processes of diffusion and plasma drift) are the ionization60

of neutral components and recombination of charged particles. This paper presents the61

results of the analysis of the ionization and recombination processes of the lower iono-62

sphere during the C, M, and X-class solar flares that occurred on June 10 and 11, 2014.63

2 Statement and Results of the Experiment64

Since 2014, GO MIK has been continuously monitoring the amplitude and phase65

characteristics of signals from VLF radio transmitters located around the world (Fig-66

ure 1.) (Ryakhovskii et al., 2021). The signals are recorded by a Metronix-ADU07 high-67

frequency measuring complex on horizontal magnetic antennas oriented in the North-68

South and East-West directions. The obtained waveforms of magnetic field variations69

with a sampling frequency of 132 kHz allow us to study the time course of the ampli-70

tude and relative phase of the signals of the VLF transmitters with a frequency resolu-71

tion of 1 Hz.72

Table 1 shows the temporal characteristics of solar flares (start, time of maximum73

of radiation flux, and end of flare) recorded in the GO MIK in June 2014, for which the74

processes occurring in the lower ionosphere were estimated from the data of variations75

in the amplitude and phase characteristics of VLF signals.76

The use of data from the two-frequency GQD/GBZ - GO MIK paths and the Wait-77

Ferguson model (Gavrilov et al., 2020) allowed us to estimate the electron concentration78

(Ne) dynamics at different heights. The results of calculations of signal amplitude and79

phase variations on the GQD/GBZ - GO MIK path are shown in Figure 2, which also80

shows X-ray emission fluxes at wavelengths of 0.05-0.4 nm and 0.1-0.8 nm recorded by81

the GOES satellite during the X2.2 flare on 10.06.2014. It is characterized by a steep82

leading edge and short duration. For the range 0.1-0.8 nm, the flux rise time from 0.183

level to the maximum was 2 min, and the total duration of the flare at 0.1 level from the84

maximum was 7.5 min. For the 0.05-0.4 nm range, these values were 1.5 min and 5.5 min,85

respectively. The same figure shows the results of calculations using the Wait-Ferguson86

model of the dynamics of Ne values for heights of 52, 56, 60, and 64 km.87

Since the altitude profile described by equation (1) is exponential, the question arises88

about the limits of applicability of this equation for estimating the electron concentra-89

tion. The Wait-Ferguson model is radiophysical and is based on the analysis of data on90

the propagation of VHF radio signals. That is, the model, correctly describes the range91

of electron concentration, which affects the reflection parameters of radio waves of this92

frequency range. We used the concentration range from 10 cm−3 to 3500 cm−3. Its up-93

per boundary is marked in Figure 2d with a horizontal dotted line. Smaller concentra-94

tion have no significant effect on the parameters of the VLF electromagnetic wave, and95

at higher values of electron concentration the VLF radio waves experience a complete96

reflection.97

The dynamics of Ne in the D region of the ionosphere can be described with a sim-98

ple scheme of the ionization-recombination cycle presented on Figure 3.99

Within this model, the ionization rate is determined by the radiation flux I with100

the coefficient Ki. The coefficients K1 and K2 describe the processes of electrons attach-101

ment to the neutrals and recombination of electrons on the positive ions, respectively.102

The coefficient Kn describes the process of recombination ion-ion recombination.103

These processes can generally be described by a system of equations:104 {
dN−

dt = K1Ne −KnN
−(Ne +N−)

dNe

dt = KiI −K1Ne −K2Ne(Ne +N−)
(2)105
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where Ne and N− are concentrations of electrons and negative ions respectively, con-106

centration of positive ions was calculated as N+ = Ne + N−.107

Assuming that the source of radiation during an X-ray flare is a black-body (Levine108

et al., 2019; Gavrilov et al., 2022), its spectral density obeys Planck’s law:109

I(λ, T ) =
2πh̄c2

λ5

1

exp( h̄c
λkT )− 1

(3)110

where h is Planck constant, c is the speed of light, k is Boltzmann constant, λ is the wave-111

length, T is the brightness temperature of the black body.112

Then the data of radiation flux measurements by the GOES satellite allow us to113

estimate the brightness temperature T of the source, i.e., the temperature for which the114

condition is satisfied:115 ∫ 0.8

0.1
I(λ, T )dλ∫ 0.4

0.05
I(λ, T )dλ

=
F2

F1
(4)116

where F1 is the radiation flux in the range 0.05-0.4 nm, and F2 in the range 0.1-0.8 nm.117

Using the brightness temperature calculated from GOES data makes it possible to118

estimate radiation fluxes in other spectral ranges.119

Figure 4 shows experimental data on X-ray fluxes detected by the GOES satellite120

during the X2.2 flare on 10.06.2014 at 0.05-0.4 nm and 0.1-0.8 nm, as well as calculated121

fluxes at wavelengths 0.01-0.3, 0.01-0.26 and 0.01-0.22 nm.122

Note that as the upper limit of the range decreases, the flux decreases, and the steep-123

ness of the leading and trailing fronts increases.124

Figure 2b,c shows that 50 min after the onset of the flare, the amplitude and phase125

of the signals have not returned to the pre-flare state, i.e., the characteristic times of re-126

combination processes are significantly longer than the rise time of the front. In this case,127

the system of equations (2) can be reduced to the form:128

dNe(h, t)

dt
= Ki(h, λ) · I(λ, t) (5)129

By integrating (5) over time, we obtain:130

dNe(h, t) = Ki(h, λ) · E(λ, t) (6)131

where E is the radiation energy. It follows from formula (6) that at the leading edge of132

a short flare, the concentration of electrons must be proportional to the energy of the133

radiation.134

Figure 5 shows the dependencies of electron concentration on the energy of X-ray135

radiation at heights of 52, 56, 60, and 64 km calculated using the Wait-Ferguson model136

(1) for different spectral ranges. When calculating the energy of radiation, the value of137

the zenith angle of the Sun was taken into account.138

Figure 5 shows that the dependence of the electron concentration on the radiation139

energy at the flare front is close to linear, which corresponds to model (6).140

Further calculations were performed for spectral ranges, where the lower bound was141

0.01 nm, and the upper bound varied from 0.18 nm to 0.32 nm. To calculate the coef-142

ficient at the considered heights, Ne values (calculated by the Wait-Ferguson model) were143

taken for the time period from the flare onset to the moment when 95% of the emission144

maximum in the spectral range of 0.05-0.4 nm was reached (the red rectangle in Figure 2).145
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The Kn coefficient describing the process of ion-ion recombination was estimated146

using the ratio presented in (Sentman et al., 2008):147

Kn = 2 · 10−7
(300

T

)0.5

(7)148

The temperature distribution by altitude was taken from the model NRLMSISE-00. The149

values of temperature and Kn coefficients for the considered heights are presented in Ta-150

ble 2.151

To estimate the coefficients K1 and K2 (equation 2), the Ne values at the flare back152

front were taken for each height, starting from the moment when the radiation flux in153

the spectral range of 0.05-0.4 nm became less than 30% of the maximum value. This time154

range is marked with a green rectangle in Figure 2.155

In the last step, we corrected the Ki, K1, and K2 values so that the dependence156

of the electron concentration on time calculated by equation (2) corresponded best to157

the time course of the electron concentration calculated by the Wait-Ferguson model (1)158

for each of the heights. A comparison of the results of the calculation of the Ne dynam-159

ics for different spectral ranges with the Ne data calculated by the Wait-Ferguson model160

is presented in Figure 6.161

Figure 6 shows that for different spectral ranges it is possible to select the values162

of Ki, K1, and K2 so that the curve qualitatively describes the Ne dynamics calculated163

using the Wait-Ferguson model at any of the heights under consideration. To resolve the164

uncertainty in the choice of Ki, K1, and K2 coefficients and to estimate the contribu-165

tion of different spectral bands at each of the heights in question, we additionally used166

the X 1.5 flare that occurred on the same day at 12:50 UT. Figure 7 shows the concen-167

tration calculations at different heights for both flares. Thus, the use of experimental data168

on the variation of the amplitude-phase characteristics of VLF-band signals during two169

X-class solar flares allowed us to estimate:170

- The ionization and recombination rate coefficients that most effectively describe171

the dynamics of Ne at considered heights, and spectral ranges of radiation that have the172

greatest influence on ionization processes for the heights in question;173

- Figure 7 shows that at each altitude the spectral range of X-ray radiation that174

has the greatest influence on the dynamics of Ne can be distinguished.175

The results of these assessments are presented in Table 3. They allowed us to es-176

timate the Ne dynamics during flares of M and C classes that occurred on June 10 and177

11, 2014 (Table 1). High-altitude Ne profiles of the lower ionosphere obtained for these178

flares were further used to calculate possible amplitude-phase characteristics of signals179

measured in GO MIK from GQD transmitter and compared with the results of measure-180

ments (Figure 8). The qualitative coincidence of the calculated values with the results181

of experimental measurements testifies to the correctness of the proposed methodology.182

3 Conclusion183

Many works have been devoted to the study of the impact of X-ray radiation from184

solar flares on the ionosphere and, in particular, on its lower layers. Nevertheless, the185

question of the wavelength range that has the greatest influence on the electron concen-186

tration profile in the lower ionosphere has not been sufficiently investigated. This is due187

to the limited amount of data on the radiation spectrum of solar flares. The present work188

attempts to elucidate this question. To this end, the radiation flux in wavelength ranges189

beyond the limits of GOES satellite measurements was calculated for a number of known190

flares.191
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In this work we use the methodology of restoration of ionospheric parameters within192

the framework of the two-parameter Wait-Ferguson model from data of radio signal mea-193

surements on a two-frequency mid-latitude VLF path, formed by GQD and GBZ trans-194

mitters in United Kingdom and VLF receivers in GO MIK. Note that the Waite-Ferguson195

model is radiophysical, and it correctly describes only the range of electron concentra-196

tion that affects the parameters of VLF radio wave propagation.197

This paper presents the results of an assessment of the ionization and recombina-198

tion processes of the lower ionosphere during the C, M, and X-class solar flares that oc-199

curred on June 10 and 11, 2014. For convenience and to formalize the results of the study,200

we introduced K coefficients describing the processes of electrons attachment to the neu-201

trals and recombination of electrons and negative ions on the positive ions.202

The study of the ionization efficiency of the lower ionosphere by radiation with dif-203

ferent wavelengths is carried out by calculating the brightness temperature of the source,204

assuming that the source of radiation during the flare in the X-ray range is a black-body205

and its spectral density obeys Plank’s law. After making the necessary calculations of206

the electron profile of the ionosphere during the X2.2 flare (10.06.2014), the values of K207

coefficients were corrected so that the dependence of the electron concentration on time208

best suited the time course of the electron concentration calculated by the Wait-Ferguson209

model for each of the heights. Uncertainties in the determination of the ionization and210

recombination coefficients were eliminated by analyzing data from the X1.5 flare, which211

occurred on the same day at 12:50 UT.212

The use of experimental data on the variation of the amplitude-phase character-213

istics of VLF band signals during two X-class solar flares allowed us to estimate the dy-214

namics of ionization and recombination rates that most effectively describe the dynam-215

ics of Ne at considered heights and the spectral emission bands that have the greatest216

influence on ionization processes.217

The results obtained were used to estimate the Ne dynamics during the C- and M-218

class flares that occurred on June 10 and 11, 2014, and allowed us to solve the inverse219

problem: calculate the possible amplitude-phase characteristics of the signals for the se-220

lected VLF paths. Their comparison with direct measurement results confirmed the ad-221

equacy of the methods used.222

4 Open Research223

The VLF data set used in the present work was collected in the Mikhnevo obser-224

vatory of the Sadovsky Institute of Geospheres Dynamics of Russian Academy of Sci-225

ences (https://idg.ras.ru/data/calendar VLF 2014.html). The satellite data for the226

radiation flux obtained by the GOES satellite are available on https://www.ncei.noaa227

.gov/data/goes-space-environment-monitor/access/full/. Data of the tempera-228

ture distribution by altitude was taken from the model NRLMSISE-00 (https://ccmc229
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Table 1. List of flares of C, M and X class

Date Class Start Peak time End

2014.06.10 X2.2 11:36 11:42 11:44
2014.06.10 X1.5 12:36 12:52 13:03
2014.06.10 C3.9 08:17 08:25 08:32
2014.06.10 C5.1 09:17 09:31 09:40
2014.06.10 C5.0 10:04 10:17 10:25
2014.06.11 M3.0 08:00 08:09 08:15

Table 2. Altitude distribution of the temperature T and Kn

h, km T,◦ K Kn

52 274.8 2.1e-7
56 264 2.1e-7
60 252.2 2.2e-7
64 239.1 2.2e-7

Table 3. Altitude distribution of the ionization and recombination coefficients

h, km Range, nm Ki, cm
−1s−1/(W/m2) K1, s

−1 K2, cm
3s−1

52 0.01-0.22 3.62 · 104 6.60 · 10−4 1.49 · 10−7

56 0.01-0.23 2.74 · 105 6.53 · 10−5 6.95 · 10−6

60 0.01-0.24 1.83 · 106 2.58 · 10−4 2.51 · 10−6

64 0.01-0.26 4.64 · 106 7.14 · 10−4 7.14 · 10−7
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Figure 1. Location of some transmitters which signals registered in GO MIK since 2014

Figure 2. Dynamics of Ne during the solar flare X2.2 on 10.06.2014. (a) flux of X-rays

recorded by the GOES satellite during the flare in the bands 0.05-0.4 nm (red lines) and 0.1-

0.8 nm (blue lines), (b and c) signal amplitude and phase variations on the GQD/GBZ - MIK

path. (d) calculations of the Ne dynamics by the Wait-Ferguson model for altitudes 52, 56, 60,

and 64 km. The red rectangle shows the time interval of growth of the flare emission flux up

to 95% of the maximum in the spectral range 0.05-0.4 nm. The green rectangle shows the time

interval of emission flux decrease to 30% of the maximum value at the flare trailing edge for the

same spectral range
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Figure 3. Simplified scheme of the ionization-recombination cycle of the lower ionosphere

Figure 4. X-ray fluxes in different spectral ranges during the X2.2 flare on 10.06.2014
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Figure 5. Dependencies of electron concentration on X-ray energy at heights of 52, 56, 60,

and 64 km calculated using the Wait-Ferguson model (1)

Figure 6. Dynamics of Ne during the X2.2 flare (10.06.2014), calculated according to Equa-

tion 2, for different spectral bands at heights of 52, 56, 60, and 64 km
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Figure 7. Dynamics of Ne during flares X2.2 and X1.5 (10.06.2014), calculated according to

Equation 2 for different spectral bands at heights of 52, 56, 60, and 64 km

Figure 8. Experimental data (blue line) and results of calculation (red lines) of signal am-

plitude (a,c) and phase (b,d) variations from GQD station during C- and M-class solar flares on

June 10 and 11, 2014
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