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Abstract

The Schumann resonance (SR), the source of which is the global thunderstorm activity is constantly observed in the Earth-

ionosphere waveguide. Changes in the parameters of SR signals caused by geophysical disturbances make it possible to study

the state and dynamics of the lower ionosphere. When calculating the SR parameters, there are problems associated with the

impact of electromagnetic interference of natural and anthropogenic origin. The main natural sources of interference are signals

associated with the radiation of nearby lightning discharges, as well as the influence of the AlfvÃ©n ionospheric resonator. The

paper presents a new method for calculating the SR parameters,which significantly reduces the impact of these interferences.

The developed technique significantly increased the temporal resolution of the obtained data on the frequency and amplitude

of the SR. Due to this, it became possible to study the influence of fast heliogeophysical disturbances (such as solar X-ray

flares) on the lower ionosphere and, as a consequence, on the parameters of the SR. An analysis of the experimental data made

it possible to establish a linear dependence of the SR frequency on the logarithm of the X-ray flux in the range up to 0.2 nm

during a class X solar flare.
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Abstract16

The Schumann resonance (SR), the source of which is the global thunderstorm activity17

is constantly observed in the Earth-ionosphere waveguide. Changes in the parameters18

of SR signals caused by geophysical disturbances make it possible to study the state and19

dynamics of the lower ionosphere. When calculating the SR parameters, there are prob-20

lems associated with the impact of electromagnetic interference of natural and anthro-21

pogenic origin. The main natural sources of interference are signals associated with the22

radiation of nearby lightning discharges, as well as the influence of the Alfvén ionospheric23

resonator. The paper presents a new method for calculating the SR parameters,which24

significantly reduces the impact of these interferences. The developed technique signif-25

icantly increased the temporal resolution of the obtained data on the frequency and am-26

plitude of the SR. Due to this, it became possible to study the influence of fast helio-27

geophysical disturbances (such as solar X-ray flares) on the lower ionosphere and, as a28

consequence, on the parameters of the SR. An analysis of the experimental data made29

it possible to establish a linear dependence of the SR frequency on the logarithm of the30

X-ray flux in the range up to 0.2 nm during a class X solar flare.31

1 Introduction32

Schumann resonances (SR) are electromagnetic radiation (EMR) that constantly33

exists in the Earth’s atmosphere, the spectrum of which is characterized by the presence34

of pronounced and fairly stable frequency maxima. In 1952, Schumann (Schumann, 1952)35

theoretically predicted the existence of resonant modes at frequencies close to 8, 14, 20 ... Hz36

resulting from interference of low-frequency EMR in the Earth-ionosphere waveguide.37

Due to their global nature, SR can be reliably recorded in any region on the Earth’s sur-38

face (Sentman & Fraser, 1991) and are an indicator of global thunderstorm activity on39

the planet (Clayton & Polk, 1976; Heckman et al., 1998), since the exact values of the40

frequency of peaks of the SR spectrum are associated with the spatiotemporal distribu-41

tion and intensity of thunderstorms (Ogawa et al., 1969; Nickolaenko et al., 1998; Prácser42

et al., 2019; Pizzuti et al., 2022).43

SR signals excited by lightning discharges propagate in the Earth-ionosphere waveg-44

uide and carry information about both the sources and the propagation parameters of45

electromagnetic radiation in the Hz range determined by the properties of the upper wall46

of the waveguide, the D region of the ionosphere. This means that strong heliogeophys-47

ical disturbances, such as solar flares, magnetic storms, precipitation of high-energy par-48

ticles (Schlegel & Füllekrug, 1999), leading to a change in the state of the lower iono-49

sphere, can affect the SR parameters.50

The possibility of a correct description of changes in the properties of the waveg-51

uide allows, in principle, to solve the inverse problem: determining the effective height52

of the lower ionosphere, coordinates and intensity of global thunderstorm centers (Sentman53

& Fraser, 1991; Sentman, 1996).54

The main problems arising in the analysis of variations in the amplitude-frequency55

spectrum of the SR are associated with the noise level of the EMR in the frequency range56

of the SR. The main sources of electromagnetic noise in this range are noise associated57

with industrial network radiation at a frequency of 50 Hz and pulse signals associated58

with atmospheric radiation caused by near lightning discharges. Also, in the frequency59

range up to 15-20 Hz, effects associated with the ionospheric Alfven resonator can be ob-60

served (Demekhov, 2012).61

The creation of a technique that makes it possible to reliably clear the SR signals62

from interference caused by radiation from other sources and to investigate variations63

in the parameters of the SR signals during geophysical disturbances is the task of this64

work.65
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2 Instrumentation and Observation66

The “Mikhnevo” Geophysical Observatory (GO) of the Sadovsky Institute of Geo-67

spheres Dynamics of the Russian Academy of Sciences (IDG RAS) is located about 10068

km south of Moscow (54.96 N, 37.76 E). The observatory is located at a considerable dis-69

tance from large settlements and industrial facilities. Since 2011, it has been continu-70

ously registering electromagnetic signals in the ELF/VLF frequency range (Ryakhovskii71

et al., 2021). Induction magnetometers Metronix MFS-06 oriented in the direction of mag-72

netic North-South and West-East are used as sensors. For the Mikhnevo Observatory,73

the local magnetic declination is 9 degrees. Registration is carried out on a 10-channel74

24-bit Metronix ADU-07 logger with a digitization frequency of 256 Hz. Time binding75

is carried out by means of GPS with an accuracy of 30 ns. The equipment is located at76

a distance of about 500 m from the nearest sources of the power grid. MFS-06 magne-77

tometers have a low intrinsic noise level. The graph of the dependence of the noise level78

of the MFS-06 magnetometers on the frequency is shown in Figure 1.79

The low level of industrial noise in the GO ”Mikhnevo”, high sensitivity and a wide80

dynamic range of equipment allow you to receive ultra-weak signals. All the source data81

for the period from 2011 to the present are stored in the wave forms on the server of the82

IDG RAS.83

An example of the frequency spectrum in the frequency range from 0 to 50 Hz ob-84

tained by processing the daily recording of the signal of the Hy magnetic field compo-85

nent (East-West) for September 10, 2017 is shown in Figure 2. The first five or six Schu-86

mann resonances are well traced. After 16 hours, characteristic ”ascending” maxima as-87

sociated with the ionospheric Alfven resonator are visible in the range of 1-15 Hz. Start-88

ing from 18 UT, they begin to overlap the first mode of the Schumann resonator.89

One of the main obstacles in determining the parameters of Schumann resonances90

are spherics, which are signals from lightning discharges. This is due to the fact that the91

spherics spectrum is broadband and is also present at Schumann frequencies. Their char-92

acteristic duration ranges from units to tens of milliseconds. In Figure 2 (lower panel),93

close spherics are visible as bright vertical lines.94

3 Method of Calculation95

Usually, the Lorentz functions are successfully used to restore the parameters of96

Schumann resonances (Sentman, 1987; Roldugin et al., 2003). To minimize the influence97

of signals from lightning discharges and other interference, we have developed a new al-98

gorithm for calculating the parameters of Schumann resonances, the results of which are99

shown by the example of processing the recording of the Hy component of the magnetic100

field for 10.09.2017.101

To obtain the amplitude spectrum, the Welch method is used (Welch, 1967). This102

procedure is described in detail in Rodriguez-Camacho et al. (2018). We are working with103

a time window of 16 seconds and a time swapping between adjacent windows time equal104

to 3 seconds. To smooth the effect of abrupt end we use Hann window.105

The degree of distortion of the spectrum by spherics signals was estimated by com-106

paring them with the ”reference” spectrum. The reference spectrum was obtained by av-107

eraging the spectra calculated from short samples over a four-hour time period. The re-108

sults of calculating the ”reference” spectrum of the first three Schumann resonances for109

the time period from 08:40 to 12:40 UT are shown in Figure 3. This figure shows that110

the 1st Schumann resonance occupies the frequency band from 6.3 to 9.6 Hz. Table 1111

shows the frequency ranges occupied by the first four modes of Schumann resonances.112
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Table 1. Valid Ranges for the Fitting Parameters Under Regular Behavior

SR Number SR bands, Hz Valid SR frequency, Hz

1 6.3-9.6 6.8-9.1
2 12.2-16.3 12.9-15.6
3 18.0-22.8 18.9-21.9
4 23.5-29.5 24.6-28.4

In these frequency bands the approximation of experimental data was carried out113

by a polynomial of the fourth degree:114

Y (f) = af4 + bf3 + cf2 + df + e (1)115

The results of approximation of the first SR are shown in Figure 3 of the red curve. Based116

on (1), the frequency value f0 of the first SR is determined from the following conditions:117 {
Y ′(f0) = 0

Y ′′(f0) < 0
(2)118

For the convenience of further use, the ”reference” curve of the spectrum of the 1st SR119

can be represented by the following expression:120

Y0(f) = Y (f + f0)− Y (f0) (3)121

The Y0(f) function is shown in Figure 4 as a solid black curve.122

Further, similar calculations (equations 1-3) were carried out for the spectra ob-123

tained from short 16 second samples. The approximation was considered correct and was124

used further if the approximating polynomial I0(f) had only one maximum. Examples125

of such an approximation are presented in Figure 4 by the black dotted curve. Also we126

take into account only such polinomian, for which f0 lies in the valid SR frequency band127

shown in Table 1.128

As a measure of the difference between the approximation of the 16-second spec-129

trum and the reference one, the relative difference in the values of the integrals in the130

range of -0.5 to 0.5 Hz from the maximum was chosen:131

Err =

∫ 0.5

−0.5
I0(f)df −

∫ 0.5

−0.5
Y0(f)df∫ 0.5

−0.5
Y0(f)df

(4)132

To minimize the influence of samples distorted by spherics signals and other noises,133

a weighting factor was assigned to each sample. The dependence of the weighting coef-134

ficient on the Err parameter is shown in Figure 5. The area in which the weight func-135

tion is greater than zero is shown in Figure 4 in gray. Next, all the parameters of the Schu-136

mann resonances were averaged taking into account the obtained weighting coefficients137

W.138

For example, to obtain the time dependence of the SR frequency with a 5-minute139

time resolution, we must average 100 values, because they are taken in increments of 3140

seconds. Averaging was carried out according to equation:141

F0 =

∑
f0i ·Wi∑
Wi

(5)142
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where f0i are the frequencies of the first Schumann resonance calculated from 16 second143

spectra, and Wi are the weight coefficients of these spectra. SR amplitudes are calcu-144

lated in a similar way.145

Figure 6 of the red curve shows the time course of the amplitude (upper panel) and146

frequency (lower panel) of the 1st Schumann resonance on 10.06.2017, obtained from sam-147

ples satisfying equation 4, averaged over 300 seconds. The blue color shows the values148

of these parameters obtained with the same 300-second averaging of spectral data cal-149

culated using the FFT with a sample of 16 seconds and approximated by the Lorentz150

function according to the method described in Rodŕıguez-Camacho et al. (2018). At the151

same time, an increase in noise is observed on the SR frequency graph after 18 hours on152

the blue curve, which is due to the fact that the recording of the frequency variation of153

the first and partially second SR is distorted by the influence of signals at the frequency154

of the ionospheric Alfven resonator. The use of our technique allowed us to correctly re-155

store the amplitude - frequency characteristics of the first SR during this period of time.156

The developed spherics filtering technique can also be applied to the recovery of157

SR parameters using Lorentz functions. To do this, we averaged 16-second spectra cleared158

of spherics at a 5-minute interval, taking into account the weighting coefficients, and then159

the resulting spectrum was fitted with Lorentz functions. The result of such processing160

is shown in Figure 7.161

It can be seen that the application of our technique for excluding spectral data con-162

taining spherics and other noises makes it possible to significantly neutralize the influ-163

ence of the ionospheric Alfven resonator on the calculation of SR parameters.164

4 Results and discussion165

The developed technique significantly increased the time resolution of the frequency166

and amplitude data of the SR. Thanks to this, it became possible to study the influence167

of short-term heliogeophysical disturbances (such as Solar flares) on the lower ionosphere168

and, as a consequence, on the parameters of the SR. Figures 8 and 9 show the reaction169

of the first two SR frequencies to X-ray flashes of X and M class. The upper and mid-170

dle panels show the time course of the frequency of the first two SR modes, and the lower171

one shows the flux of hard X-ray radiation in the ranges of 0.05–0.4 and 0.1–0.8 nm ac-172

cording to the GOES satellite. Thanks to the purification of the original signal from in-173

terference in the form of spherics, it was possible to trace the reaction of the Schumann174

resonator not only to X-class flashes, but also to weaker M-class flashes (Poklad et al.,175

2018).176

The dependences of the frequency variations of the Schumann resonances on the177

radiation flux in different spectral ranges for the X8.2 class flash that occurred on 10.09.2017178

were also obtained.179

According to the ratio of X-ray radiation fluxes recorded on the GOES-15 satel-180

lite in the spectral ranges 0.05-0.4 nm and 0.1-0.8 nm, the brightness temperatures of181

the source were calculated under the assumption of solar radiation as an absolutely black182

body. Using this temperature according to the Planck formula, we calculated the radi-183

ation flux in the ranges 0.01-0.2 nm and 0.01-0.3 nm (bottom panel of Figure 10). To184

calculate the deviation of the frequency of the Schumann resonance from the data cor-185

rect at 2 hours before the start of the solar flare and 2 hours after its end (i.e. during186

the times 13:41-15:41 and 17:55-19:55 UT), a trend was built using a 2nd degree poly-187

nomial. Figure 10 shows the time course of the Schumann resonance frequency as a solid188

curve, and its trend as a dotted line.189

Figure 11 shows the dependences of the variations in the frequency of the SR on190

the logarithm of the radiation flux in different spectral ranges. The thick curve shows191
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the dependencies for the leading edge of the flash. The point at which the radiation flux192

was 0.01 of the maximum value in the same spectral range was taken as the beginning193

of the front. The duration of the leading edge of the flash was from 10.6 minutes in the194

range of 0.01-0.2 nm to 18 minutes in the range of 0.1-0.8 nm, which exceeds the time195

window for calculating the parameters of the SR, which was 5 minutes. The thin curve196

shows the dependencies for the rear edge of the flash. For the range 0.01-0.2 nm, the point197

at which the radiation flux dropped to 0.01 from the maximum (17:10 UT) was taken198

as the end of the front. For the remaining ranges, the end of the flash was considered199

to be the time at 18:00 UT.200

Figure 11 shows that at the leading edge of the flash, the variations in the frequency201

of the SR linearly depend on the radiation flux. For ranges 0.01-0.2 nm regression co-202

efficients at the rear edge of the flash are close to those obtained at the front. From this203

it can be concluded that the X-ray flux in the range up to 0.2 nm is the determining fac-204

tor for calculating the effect of solar flares on the parameters of the SR. The approach205

proposed in this paper to the study of the reaction of SR signals to geophysical distur-206

bances, including an effective method of filtering interference associated with thunder-207

storm atmospherics and other noise sources, allowed us to study the reaction of the Schu-208

mann resonator to a wide range of ionospheric disturbances. In the article, these pos-209

sibilities are demonstrated by the example of solar X-ray flares. Further development and210

application of this technique will make it possible to study the reaction of the Schumann211

resonator to other fast-flowing heliogeophysical disturbances.212
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Figure 1. The Equivalent Magnetic Field Noise of MFS-06 magnetometers
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Figure 2. Daily recording of the EMR variation in the frequency range from 0 to 50 Hz, regis-

tered in the GO ”Mikhnevo” on 10.09.2017 (upper panel), a fragment of the recording from 09:50

to 10:30 UT (lower panel)
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Figure 3. The black curve is the ”reference” spectrum of the first three SR, calculated over a

4-hour period (from 08:40 to 12:40 UT) for 10.09.2017, the red curve is an approximation of the

first SR by a polynomial of the fourth degree in the frequency band from 6.3 to 9.6 Hz

Figure 4. The black curve is the result of approximation of the ”reference” spectrum by a

fourth-degree polynomial Y0(f), the black dotted curve is the result of approximation of the spec-

trum calculated from a 16-second sample by a fourth-degree polynomial I0(f), the area satisfying

criterion (4) is marked in gray
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Figure 5. The dependence of the weight coefficient on the value Err parameter

Figure 6. The time course of the amplitude of the 1st SR (upper panel) and frequency (lower

panel) for 10.06.2017, calculated using the Lorentz functions (blue curves) and using our method-

ology (red curves)
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Figure 7. The time course of the amplitude of the 1st SR for 10.06.2017 (upper panel), cal-

culated using Lorentz functions from spectra cleared from spherics (blue curve) and using our

methodology (red curve). The time course of the frequency (lower panel, calculated using Lorentz

functions from spectra cleared from spherics (blue curve) and using our methodology (red curve)

Figure 8. Frequency response of the first (upper panel) and second (middle panel) SR to a

solar flare of Class M4.2 (lower panel) 12.03.2015.
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Figure 9. Frequency response of the first (upper panel) and second (middle panel) SR to a

solar flare of class X8.3 (lower panel) on 10.09.2017.

–13–



manuscript submitted to JGR: Atmospheres

Figure 10. Frequency variation of the first, second and third Schumann resonances during the

solar flare X8.2. 10.09.2017.
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Figure 11. Dependences of frequency variations of the first three Schumann resonances on the

logarithm of the radiation flux in different spectral ranges
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