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Preface

Based on the plan of meetings, conferences and workshops approved by the Ministry
of Science and Education of the Russian Federation, the Institute of Cosmophysical
Research and Radio Wave Propagation, Far Eastern Bruch of the Russian Academy of
Sciences (IKIR FEB RAS), Kamchatka, held the XIII International Conference “Solar-
Terrestrial Relations and Physics of Earthquake Precursors” on September 25–29, 2023.

During the opening ceremony of the conference, Yu. V. Marapulets, the Director of
IKIR FEB RAS, welcomed the guests whishing everybody fruitful work. I. A. Larionov,
the Chairman of the Organizing Committee, made some opening remarks reminding of
the time limit for speeches, presentation format and excursion program schedule.

Five plenary reports were presented during the first day of the conference. S.I. Sver-
tilov opened the plenary section with the report in which he described a space project
“SOZVEZDIE-270” of the Moscow University. Within the framework of the project,
a group of CubeSat nanosatellites with an instrument set is developed, providing, in
particular, monitoring of space environment radiation state, control over geo- and helio-
physical state. By the present day, 11 CubeSat satellites have been launched. They send
scientific and telemetric information. At the plenary section, Prof. Chen Tao’s (National
Space Science Center, Chinese Academy of Sciences) report was devoted to the analysis
of atmospheric electric field from three stations (Ganzi, Guzhan and Yanzigou) located
in the same seismic fracture zone near an earthquake epicenter. Possible precursors,
anomalies in atmospheric electrostatic signal, were detected about 2 days before a strong
earthquake at the distances of 11 km, 60 km and 299 km from the epicenter to the three
sites, respectively. Prof. Xu Jiyao (National Space Science Center, Chinese Academy of
Sciences) presented “Chinese Meridian” project that is a network for ground complex
monitoring of space weather. Its architecture, building stages and location of the obser-
vatories, included into this network, were shown. The capabilities of this network were
illustrated. It investigates solar atmosphere, interplanetary space, magnetosphere, iono-
sphere aswell asmiddle and upper atmosphere of theEarth. ShevtsovB.M. in his plenary
speech told about lidar observations aiming at investigating thermosphere optical prop-
erties modification, studying the solar activity impact on ionization and transparency of
the middle and lower atmosphere and developing methods for lidar sounding taking into
account different types of scattering at different atmospheric heights. The considered
observationswere comparedwith analogousworks by foreign colleagues fromChina and
Germany. O. V. Mandrikova presented the final report at the plenary section describing
different methods for ionosphere investigation. Special attention was paid to different
algorithms for the detection of anomalies in the investigated ionospheric parameters,
modeling of the associated processes and data processing by neural networks.

After the plenary section, the “Atmosphere Physics” section began, where 21 reports,
including 1 video speech, were presented. All reports corresponded to the section subject
and were devoted to the disturbance processes of the atmosphere and its upper part, iono-
sphere. The section was opened by the researchers from China. Yuan Wei presented the



vi Preface

results of investigation of plasma density increase using the observations from different
equipment. Li Lei described the changes in the near-ground atmospheric electric field
depending on cosmic galactic ray intensity. I. A. Mironova compared precipitated ener-
getic electrons according to the observations in high-latitudinal atmosphere on balloons
and NOAA POES satellites. In the presentation by V. P. Sivokon, impact of the dust
from Geminids flux on scattering and dynamic characteristics of magnetically oriented
ionospheric inhomogeneities was estimated. It was based on the analysis of electromag-
netic radiation of the EISCAT stand. V. N. Marichev presented analysis of the data of
annual changeability of background aerosol vertical-time structure in the stratosphere.
The data were obtained at a lidar complex of atmospheric height sounding station for
2022. The reporter described stable tendency of stratospheric aerosol accumulation dur-
ing cold period of the year with the maximum content in January and the decrease in
spring to almost its absence during summer months. Then the presentations were made
by E. I. Malkin, A. V. Timchenko, A. A. Toropov, D. M. Podorozhnyy, I. A. Pavlov,
A. D. Mironov, E. A. Kazakov, D. A. Tverdyy, S. A. Tashkun and Yu. A. Kurbatov. The
reports were focused on the development and presentation of the approaches, methods
and observation results to solve the problems of geophysical data analysis. Experiments
on recording the high-energy particles and lightning activity of different nature were
described. Special attention was paid to the changes in ionospheric parameters; new
models for calculation of total electron content were suggested; propagation of elec-
tromagnetic waves with the ionosphere waveguide boundary was modeled. The reports
touched upon the subjects of observations of micron dust particle concentration and
factors affecting its change as well as CO2 variations during seismic events. Updates for
the polar ozone concentration model were suggested, and statistics of electromagnetic
radiation during volcanic activity was illustrated. Yu. V. Balabin continued the section.
He illustrated the results of application of magnetosphere storm Tsyganenko model for
investigation of cosmic rays. Their dynamics and spectra during the event GLE66 were
shown. The section was concluded by the presentations of A. A. Cheremisin, Y. A.
Kurdyaeva and A. Y. Gvozdarev. The presented reports analyzed air mass motion to
determine aerosol layers motion occurred during meteorite fall. Formulas of approxi-
mation of short atmospheric waves, with respect to the vertical variable, in numerical
models of atmosphere global dynamics were shown. Magnetic susceptibility of near-
surface rocks was investigated during different temperatures, and expected effects in
the magnetic field were estimated on models. The possibility of taking into account the
obtained results in real practice of magnetic observatories was estimated. Solodchuk
A. A. showed the results of the experiment on the determination of the distance to
acoustic radiation sources in near-surface sedimentary rocks.

During the section “Geophysical fields and their interactions”, reports devoted to a
wide spectrum of investigations from magnetosphere physics to the mathematical mod-
eling of field interactions were presented. In total, 21 presentations, including 4 video
presentations, were made during the section. Interesting results on the investigations
from the device, unique for our country, for recording geomagnetically induced currents
in Kolenergo electric grid during an intense magnetic storm were presented in the report
by I. V. Despirak. The second report by I. V. Despirak was devoted to the description of
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substorm features on a compressed auroral zone based on the results of PGI investiga-
tions at the magnetic station and all-sky camera in Barenburg together with the analysis
of solar wind characteristics based on ACE data. It was shown that such substorms are
developed during slow flow of the solar wind at southern polarity of the interplanetary
magnetic field. Based on the observation results of Cluster and Double Stars satellites,
Cai Chunlin (National Space Science Center, Chinese Academy of Sciences) described
the results of investigations on the detection of magnetosheath filaments, which were
predicted theoretically earlier and are formed by energetic ions. The presentation illus-
trated three episodes of observations of filament-like structures. In each case, quasiperiod
fluctuations of magnetosheath energetic ions were observed. L. M. Bogomolov with co-
authors described the results of investigations of back seismoelectric effect of the 2nd
kind. It was noticed in the report that current density in the region of acoustic instru-
mentation location reached 1 μA/sqm. Similar magnitudes were observed during the
experiments on seismicity modulation on test field sites in Kirgiziya and Tadzhikistan,
and generated during geomagnetic storms at the regions of deep faults in cases of seis-
mic activity modulation by geomagnetic disturbances. S. Yu. Khomutov showed some
kinds of pulse noises at Novosibirsk magnetic observatory. They were recorded after the
introduction of digital magnetometers in magnetic measurement practice. These pulses
are assumed to be caused by the railway net working on the direct current and located
10 km from the observatory. Complexity of the problem has been noticed. It requires
engagement of railway specialists to be solved correctly. I. A. Solodukhin presented the
history of magnetic measurements on the territory of Belarus Republic, stages of their
development and current state of Pleshchenitsy magnetic observatory operating since
1960. Geomagnetic field elements dynamics was described both in historical perspec-
tive and during the observatory work. At the present time, the observatory undergoes
the stage of software updating. Cooperation with the Paratunka KGFO is planned. M.A.
Mishchenko’s report was devoted to the recording of seismoacoustic and seismoelec-
tric effects in sedimentary rocks at Karymshina site, Kamchatka. Correlation between
hypocentral distances and earthquake energy classes, causing this effect, was shown
by rank correlation methods. N. N. Semakov analyzed the dynamics of virtual pole
location and its equivalent dipole moment, calculated from Novosibirsk observatory
data and cleared from diurnal variations by estimating the moving average in a 24-
hour window during strong earthquakes. Bay-like disturbances for these characteristics
were illustrated in some cases. Then the section was continued by a group of 5 reports by
E.A.Kazakov, R. I. Parovik, L.K. Feshchenko,G.M.Vodinchar andO.VSheremet’eva.
They were united thematically as they discussed mathematical models of geospheric
processes and systems (systems of space dynamo, turbulent systems of geophysical
hydrodynamics, microseismic modes) describing memory or hereditarily effects. Man-
ifestation of such effects is observed in real systems, and consideration of memory in
mathematical models allows one to understand physical nature of the processes better.
Two reports by V. I. Korochentsev were devoted to the development of hydroacoustic
antenna complexes aimed at operating under complicated ice conditions. Both model
and experimental work results were presented. The author has been participating in the
conference for a number of years and presented his work in this field of hydroacoustics.
I. N. Myagkova’s report was devoted to the development of space weather forecast tools
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in NIIYaF during the latest 5 years. During one of the previous conferences at IKIR, the
author already presented the capabilities of the forecast center. The report described the
changes, which have been made. Periodicity of geomagnetic jerks was discussed in the
report by S. A. Ryabkova. Based on the analysis of Moscow geomagnetic observatory
data, it was shown that jerks form a quasi-periodical sequence with the typical period of
3–4 years. Based on these data, the next jerk can be expected in 2024–2025. The authors
also suggested a hypothetic mechanism of this sequence formation. It is associated with
instabilities in geodynamo action. N. S. Khaerdinov presented the results of records
of unique behavior of atmospheric electric field at Baksanskaya neutrino observatory.
Variations typical for thunderstorm phenomena were recorded during fair weather con-
ditions. It was shown that telluric current was the source of the variations. It was formed
as the result of tectonic activity in the form of slow oscillations of the ground surface.
V. V. Bogomolov’s report was devoted to the review of the developments of the scien-
tific equipment for CubeSat satellites. V. I. Osedlo presented the results of operation
of cosmic radiation complex detector launched on board the Monitor-1 spacecraft. The
data were obtained both for geomagnetically calm conditions and during geomagnetic
disturbances caused by helio-activity intensification. Yu. V. Poklad presented the results
of the analysis of very long wave signal at Mikhnevo observatory. Signal parameter
variations during the catastrophic earthquake in Turkey were detected. D. A. Tverdyi
presented a mathematical model describing the process of increase in radon concen-
tration in the near-surface layer under the conditions of activation of geo-environment
stress–strain state. E. V. Liperovskaya suggested a statistical approach to the search of
ionospheric precursors of earthquakes based on Japanese data. The author continued
the paper series on statistical methods in geophysics. N. A. Sycheva investigated the
seismicity of the earth crust in Turkey by the means of Tsallis statistics. B. M. Shevtsov
considered invariant statistical model of anomalous phenomena in hereditary theory of
criticality.

During the section “Physics of Earthquake Precursors”, 7 reports, including 2 video
speeches, were presented. Original information, obtained during the latest years and
attracting the interest of the scientific community, was presented in the majority of the
presented reports. V. V. Bodganov considered the earthquake preparation from the point
of view of non-equilibrium thermodynamics. He formulated a hypothesis that back-
ground earthquakes with the main shock preparation process of several years have the
tendency to group at large space scales approximately at the depth of a preparing great
event. A. V. Pavlov told about the updated method for detection of earthquake iono-
spheric precursors that resulted in the improvement of forecast reliability. V. N. Sychev
showed that Tsallis parameter can be used as an effective instrument for identification of
seismic events. In spite of the similar magnitude of events, Tsallis parameter differs for
natural seismicity and technogenic (bursts) one. E. O. Makarov described a successful
forecast of earthquakes based on radon anomalies and proposed the basis for the model
of earthquake precursor formation. In the video presentation, S. A. Riabova showed
ionosphere response on a strong earthquake, the epicenter of which was at the distance
of 1200–1500 from the site of ionosphere parameter measurements. V. A. Pilipenko con-
sidered the question on the possibility of global geomagnetic disturbance occurrences
during remote earthquakes and pointed out that it was necessary to analyze detected field
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anomalies as a single package and together with the specialists in earthquake Physics
and space weather. B. P. Komitov provided evidences that space weather phenomena
may play the role of triggering mechanisms for the significant part of ground seismic
and volcanic events.

In the course of the conference, 28 posters were presented and during the breaks the
participants discussed them with work authors.

At the end of the conference, the reports were discussed and the conclusions were
made. Yu. V. Marapulets, N. N. Semakov and L. M. Bogomolov made short speeches.
The participants highlighted the following advantages of the Conference: good organi-
zation; compliance with the report subjects and the time limits; high level of scientific
presentations; wide geography of the participants that indicates the topicality of the
Conference themes; active participation of young researchers (30 percent of reports
have young researchers as co-authors), correspondence to the standards of information
resources, databases and archives. The following conclusions were made: importance
and necessity to make complex, both experimental and theoretical, investigations of
the processes, occurring in the lithosphere, atmosphere, ionosphere and magnetosphere
and their interaction; importance of maintenance and development of the observational
(experimental) bases for the researches including long continuous measurements; neces-
sity of active involvement of theoretical groups to interpret experimental data and to
analyze the obtained results; importance of participation of the scientists from other
countries for future development of international cooperation.

Participants of the conference spoke for joining the efforts of scientists from differ-
ent organizations on ground-space monitoring of physical fields and analysis of space
weather parameters especially long-term observation standards at observatories. They
supported the idea to continue the works on unification of the methods for processing
and storage of the data on geophysical fields in the lithosphere, atmosphere, ionosphere
as well as the works in the field of investigation of magnetic disturbances, thunderstorms
with a large number of strokes including powerful strokes affecting technical systems,
volcanic lightning occurrences and their interactions with geodynamic processes. The
ScientificCommittee approved selected reports to be published in “Springer Proceedings
in Earth and Environmental Sciences”.
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Analysis of Ionospheric Parameters During
Solar Events and Magnetic Storms
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Abstract. The paper presents a detailed analysis of the critical frequency data of
the ionospheric F2 layer ( foF2) during magnetic storms in 2022 and 2023. Events
of different intensity that occurred during the winter period were analyzed. To
investigate the foF2 temporal variations, we used the ionosonde data at Paratunka
station (Kamchatka region), registered by IKIR FEB RAS. The analysis was per-
formed using a generalized multicomponent model (GMCM) developed by the
authors. The GMCM is based on the joint application of the wavelet transform,
threshold functions, and ARIMA models. Application of the model allows us
to detect anomalous changes in foF2 variations, to study their spectral-temporal
structure, and to estimate their intensity. In the analyses we performed a compar-
ison with the interplanetary medium parameters (IMF, solar wind), and we also
took into account the geomagnetic disturbance power and the nature of its occur-
rence (CME, CIR, events of mixed nature).The study identifies the typical features
of the ionospheric parameter dynamics during disturbed periods determined by
space weather factors. The analysis shows that strong and moderate magnetic
storms were preceded by positive pre-storm disturbances of foF2.

Keywords: ionospheric disturbances · wavelet transform · autoregressive
models

1 Introduction

The response of the ionosphere to changes in the geomagnetic condition (geomagnetic
storms and substorms, CMEs, and solar flares, and CIR) manifests itself in the form of
ionospheric storms [1–3]. Their timely detection is important to prevent adverse effects
on modern technical systems and to maintain reliable radio communication (for exam-
ple, [2, 3]). Ionospheric storms can include positive (increase of electron concentration)
and negative (decrease of electron concentration) phases, which are caused by different
physical mechanisms [1–3]. The nature of ionospheric storm (the presence of positive
and (or) negative phase, its intensity, duration and spatial extent) depends on geomag-
netic disturbance intensity and local time of its onset, season, solar activity, and other
parameters [1, 3]. Recent studies [4–6] show that ionospheric disturbances of both signs
can be observed during the preparatory phase of magnetic storms. At the same time,

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
A. Dmitriev et al. (Eds.): STRPEP 2023, SPEES, pp. 3–13, 2023.
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the appearance of the pre-increase effect of electron concentration is noted in numerous
papers [4, 7, 8]. In recent years, many papers have been devoted to pre-storm effects in
the ionosphere, however, the question of the nature of their formation remains open [4,
5, 9].

The papers of many authors are aimed at studying ionospheric processes and cre-
ating methods for estimating its condition [2, 8, 10–14]. However, the application of
existing methods (e.g., empirical [10, 14], physical [11, 13], and neural networks [2,
12] approaches, etc.) is not effective enough due to the complex nonstationary struc-
ture of ionospheric parameters and the absence of complete a priori knowledge of the
processes occurring in the disturbed ionosphere. The authors of this paper aim to cre-
ate automated methods for analyzing ionospheric parameters and detecting ionospheric
disturbances [7, 8, 15, 16]. The authors have proposed a generalized multicomponent
model of the ionospheric parameter time series (GMCM) [7, 8, 16]. Model identifi-
cation is based on the joint application of different wavelet transform schemes [17],
threshold functions, and a class of autoregressive-integrated moving average models
(ARIMA, [18]). The GMCM describes three classes of anomalies characterizing strong
(class 3), moderate (class 2), and weak (class 1) ionospheric disturbances. Approbation
of the model on the ionospheric critical frequency data ( foF2) confirmed the possibil-
ity of its application to detect ionospheric disturbances of different intensity, including
low-amplitude short-period ionospheric disturbances [7, 8]. Comparison of the GMCM
with the median method and the International IRI model [10] showed its efficiency and
prospective usefulness for analysis of the ionospheric behavior [8, 16].

In this study, we carried out a joint analysis of the foF2 variations and space weather
parameters during magnetic storms (moderate and strong magnetic storms occurring in
2022 and 2023were considered) using theGMCM. Ionospheric anomalieswere detected
during analyzed events, and their parameters were estimated (intensity, duration and
onset moment). The study identified features of the ionospheric parameter dynamics
during disturbed periods typical for the Kamchatka region (according to the foF2 data at
the Paratunka station). On the eve of the considered magnetic storms, positive pre-storm
perturbations of foF2 were observed, which were given special attention in the paper.
The pre-storm disturbances were analyzed together with the parameters of interplanetary
medium and magnetosphere.

2 Generalized Multicomponent Model of Ionospheric Parameters
and a Method for Detecting Ionospheric Disturbances

Generalized multicomponent model of ionospheric parameter time series proposed by
the authors takes the form [7, 8]:

f (t) = AREG(t) + U (t) + e(t)

=
∑

μ=1,T

∑

k=1,Nμ

jreg

sμjreg b
μ
jreg (t) +

∑

i=1,3

∑

η,n

Pi,η
(
dη,n

)
�η,n(t) + e(t), (1)
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where AREG(t) is the regular component describes typical periodic variations of the
ionospheric parameters, U (t) is anomalous component describes sudden changes of the
ionospheric parameters (disturbances of terrestrial and extraterrestrial nature), e(t) is the
noise component (hardware failures, industrial explosions, etc.).

2.1 Regular Component of the Model and a Method for Detecting Intense
Ionospheric Disturbances

The regular component AREG(t) takes the form (the algorithm of component identifica-
tion is described in the papers [7, 16]):

AREG(t) =
∑

μ=1,T

∑

k=1,Nμ

jreg

sμjreg ,kb
μ

jreg ,k(t) + e(t), (2)

where sμjreg ,k = ∑pμ

jreg

l=1 γ
μ

jreg ,lω
μ

jreg ,k−l −
∑hμ

jreg

n=1 θ
μ
jreg ,na

μ

jreg ,k−n (μ = 1,T is the component

number) is a μ-th component obtained using MRA [13]; pμ
jreg , γ

μ

jreg ,l are the order and

parameters of autoregression of the μ-th component; ω
μ

jreg ,k = ∇νμ
δ
μ

jreg ,k , ν
μ is the

order of difference of the μ-th component, δ1−mreg ,k = c−mreg ,k , δ
μ

jreg ,k = djreg ,k , μ =
2,T ,T is the number of components, c−mreg ,k , djreg ,k are the wavelet coefficients of
MRA components; hμ

jreg , θ
μ
jreg ,n are the order and parameters of the moving average of

the μ-th component; aμ

jreg ,k are errors of the μ-th component model; Nμ
jreg is the length

of the μ-th component; b1−mreg ,k = φ−mreg ,k ; b
μ

jreg ,k = �jreg ,k , μ = 2,T ;φ−mreg ,k(t) is
the scaling function; �jreg ,k(t) is the wavelet function.

A method for detecting intensive ionospheric disturbances is based on the analysis
of residual errors aμ

jreg ,k of the model component AREG(t) (Eq. (2)) [8]. The following
condition is tested:

ε
μ
jreg =

Qμ∑

q=1

∣∣∣aμ

jreg ,k+q

∣∣∣ > Hμ,jreg , (3)

where q ≥ 1 is the data lead step; Qμ is the lead length of the μ-th compo-

nent model; aμ

jreg ,k+q = sμ,fact
jreg ,k+q − sμ,model

jreg ,k+q; s
μ,model
jreg ,k+q = ∑pμ

jreg

l=1 γ
μ

jreg ,lω
μ

jreg ,k+q−l −
∑hμ

jreg

n=1 θ
μ
jreg ,na

μ

jreg ,k+q−n;Hμ,jreg is the threshold value of theμ-th component determining
the presence of disturbances [8, 18]:

Hμ,jreg
(
Qμ

) = uξ/2

⎧
⎨

⎩1 +
Qμ−1∑

q=1

(
ψ

μ
jreg ,q

)2
⎫
⎬

⎭

1/2

σaμ

jreg
, (4)

where uξ/2 is the quantile of the level (1 − ξ/2) of standard normal distribution; σ 2
aμ

jreg

is the variance of residual errors of the μ-th component model; ψμ
jreg ,q are the weighting

coefficients of the μ-th component [8, 18].
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2.2 Anomalous Component of theModel and aMethod for Detecting Shot-Period
Ionospheric Disturbances

Anomalous component U (t) of the model describes sudden shot-period changes of the
parameters of three classes (weak, moderate and strong disturbances) [8]:

U (t) =
∑

η,n

P1,η
(
dη,n

)
�η,n(t)

+
∑

η,n

P2,η
(
dη,n

)
�η,n(t) +

∑

η,n

P3,η
(
dη,n

)
�η,n(t), (5)

P1,η
(
dη,n

) =
{
0, if

∣∣dη,n
∣∣ ≤ T1,ηor

∣∣dη,n
∣∣ > T2,η

dη,n, ifT1,η <
∣∣dη,n

∣∣ ≤ T2,η
,

P2,η
(
dη,n

) =
{
0, if

∣∣dη,n
∣∣ ≤ T2,ηor

∣∣dη,n
∣∣ > T3,η

dη,n, ifT2,η <
∣∣dη,n

∣∣ ≤ T3,η
,

P3,η
(
dη,n

) =
{

0, if
∣∣dη,n

∣∣ ≤ T3,η
dη,n, if

∣∣dη,n
∣∣ > T3,η

,

where dη,n = 〈U , �η,n〉 are the wavelet coefficients;
{
�η,n

}
η,n∈Z is the wavelet basis;∣∣dη,n

∣∣ is the amplitude of wavelet coefficients taken as a measure of disturbance intensity
on the scale η [7], T1,η,T2,η,T3,η are thresholds determining disturbances of weak (class
1), moderate (class 2) and strong (class 3) intensity respectively.

To detect sudden short-period anomalous changes (sharp increases/decreases of
electron density), the adaptive thresholds Pad

i,η, i = 1, 3 are applied (Eq. (5)) and the
coefficients dη,n are taken to be equal:

dη,n =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

d1+
η,n, if P

ad
1,η <

(
dη,n − dmed

η,n

)
≤ Pad

2,η

0, if
∣∣∣dη,n − dmed

η,n

∣∣∣ < Pad
1,ηor

∣∣∣dη,n − dmed
η,n

∣∣∣ > Pad
2,η

d1−
η,n, if −Pad

2,η ≤
(
dη,n − dmed

η,n

)
< −Pad

1,η
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

d2+
η,n, ifP

ad
2,η <

(
dη,n − dmed

η,n

)
≤ Pad

3,η

0, if
∣∣∣dη,n − dmed

η,n

∣∣∣ < Pad
2,ηor

∣∣∣dη,n − dmed
η,n

∣∣∣ > Pad
3,η

d2−
η,n, if −Pad

3,η ≤
(
dη,n − dmed

η,n

)
< −Pad

2,η
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

d3+
η,n, if

(
dη,n − dmed

η,n

)
> Pad

3,η

0, if
∣∣∣dη,n − dmed

η,n

∣∣∣ < Pad
3,η

d3−
η,n, if

(
dη,n − dmed

η,n

)
< −Pad

3,η

(6)

where Pad
i,η = Vi · Stη;Vi is the threshold

coefficient; Stη =
√

1
�−1

∑�
n=1

(
dη,n − dη,n

)2; dη,n and dmed
η,n are the average value
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and the median estimated for each sample within the current day using a moving time
window of the length � (taking into account the diurnal variations of ionospheric data);
the coefficients d i+

η,n(d
i−
η,n) determine the positive (negative) anomalies of class i.

The intensity of positive
(
I i+(n)

)
and negative

(
I i−(n)

)
ionospheric disturbances of

each class i at the specific time t = n is estimated as

I i+(−)(n) =
∑

η

∣∣∣di+(−)
η,n

∣∣∣. (7)

3 Experimental Results and Discussion

This section presents the results of processing and analysis of the foF2 data during
magnetic storms in 2022 and 2023. Events of different intensity that occurred during
the winter period were analyzed. We used hourly and 15-min foF2 data registered by an
ionosonde at Paratunka station (53.00 N, 158.70 E, Kamchatka Peninsula, IKIR FEB
RAS). Identification and estimation of model parameters (Sect. 2) were performed for
the foF2 data recorded duringmagnetically quiet periods and taking into account seismic
activity of Kamchatka region. The models were constructed separately for each season
(winter, summer) and solar activity level. The process of identification and estimation
of the GMCM parameters is described in detail in the paper [8].

The analysis of the foF2 ionospheric critical frequency dynamics was carried out in
conjunction with magnetospheric data and space environment parameters. Geomagnetic
activity was analyzed using Dst- (https://wdc.kugi.kyoto-u.ac.jp/), Kp- (https://wdc.
kugi.kyoto-u.ac.jp/) and K-indices (Paratunka station). Solar wind parameters (https://
omniweb.gsfc.nasa.gov/form/dx1.html) and interplanetarymagnetic field (IMF) (https://
omniweb.gsfc.nasa.gov/form/dx1.html)were also analyzed.When describing events, we
used space weather data (http://ipg.geospace.ru).

Figure 1 presents the results of foF2 data processing during a moderate magnetic
storm that commenced on February 10, 2022. Based on the space weather review (http://
ipg.geospace.ru), an inhomogeneous accelerated flux from coronal mass ejection (CME
on February 5) arrived at the end of February 9. IMF southern component fluctuations
increased to Bz = −6 nT, and SWS reached 450 km/s by February 10. Analysis of
the foF2 behavior shows that a smooth increase of foF2, leading to the formation of a
positive anomaly of moderate intensity (class 2, Fig. 1d, e), occurred at the moment of
arrival of the inhomogeneous accelerated flow. The anomalous threshold was exceeded
6 h before the development of themagnetic storm and lasted about 29 h.Modeling results
(Fig. 1b) confirm the anomalous changes in the foF2 temporal variations on the eve of
the event (the GMCM errors exceed the threshold values Hμ,jreg ; Hμ,jreg correspond to
the 70% confidence interval). During the first hours of the magnetic storm, the anomaly
showed its maximum intensity (Fig. 1e). Analysis of the spectral-temporal structure of
the anomaly (Fig. 1d) shows a sharp shift of the spectrum to high frequencies during
this period (scales on the vertical axis in Fig. 1d). Comparison with the interplanetary
medium parameters shows a significant correlation between the ionospheric anomaly
formation and solar wind data (Fig. 1h, i), indicating its possible solar nature.

During themain phase of the storm,we observed a decrease of electron concentration
to the background level (Fig. 1e), which continued during the recovery phase and led

https://wdc.kugi.kyoto-u.ac.jp/
https://wdc.kugi.kyoto-u.ac.jp/
https://omniweb.gsfc.nasa.gov/form/dx1.html
https://omniweb.gsfc.nasa.gov/form/dx1.html
http://ipg.geospace.ru
http://ipg.geospace.ru
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to the formation of a negative ionospheric anomaly of strong intensity (class 3). At the
beginning of the day on February 11, an inhomogeneous accelerated flux arrived from
two coronal mass ejections (CMEs on February 8), southern component fluctuations
grew to Bz = −13 nT (http://ipg.geospace.ru). In the afternoon of February 11, an
inhomogeneous accelerated flux froma coronal hole arrived. Fluctuations of the southern
component intensified to Bz = −16 nT, SWS (solar wind speed) began to increase
and reached a maximum value of 600 km/s on February 12 (http://ipg.geospace.ru). A
significant increase of disturbances in near-Earth space was accompanied by an intense
decrease of electron concentration (strongly exceedance of class 3 threshold and reaching
up to 3500 conventional units, Fig. 1e). At the end of the day on February 11, at the
background of a sharp increase of SWS (Fig. 1 h) and a southward turn of the IMF
component (Fig. 1j), a short-termpositive ionospheric anomaly is also observed (Fig. 1e).
According to the modeling data, during this period there was a long-term (about 3 days)
change in the foF2 temporal variations: the exceedance of Hμ,jreg was 3.2 SD for the
f−3(t) component (it is shown in Fig. 1b in black) and 3.8 SD for the g−3(t) component
(it is shown in Fig. 1b in green). The moving median data (median is shown in Fig. 1a
in blue) are consistent with the GMCM results.

Figure 2 shows the result of the analysis of foF2 behavior during a strong mag-
netic storm beginning on 26 February 2023. On the eve of the storm, a weak increase
in geomagnetic activity is observed (Fig. 2f). According to http://ipg.geospace.ru, an
inhomogeneous accelerated flux from a coronal mass ejection (CME on 21 February)
arrived at the beginning of the day on 23 February; the IMF southern component fluc-
tuated from Bz = −9 nT to Bz = +7 nT, and SWS increased to 610 km/s by 05.//
UT. The dynamics of ionospheric data on 23 February was typical (Fig. 2d, e). At 07.//
UT on 25 February, an inhomogeneous accelerated flux from a coronal mass ejection
arrived, and further at 12.// UT, an inhomogeneous accelerated flux from a coronal hole
arrived. SWSwas 450 km/s by 07.// UT on 26 February, and the fluctuations of the south-
ern component intensified to Bz = −9 nT. During the period from 24 to 25 February,
according to the results of data processing (Fig. 2d, e), anomalous oscillatory processes
of moderate intensity (class 2) appeared in the ionosphere. These anomalies reached
700 conventional units and more at some time intervals. The GMCM errors exceeded
the 70% confidence interval (3.3 SD for the f -3(t) component, Fig. 2b). Comparison of
the detected oscillatory processes with the near-Earth environment parameters indicates
their possible connection with terrestrial processes. It should be noted that an earth-
quake with magnitude 5.4 (https://sdis.emsd.ru/main.php) registered in Kamchatka on
25 February; the moment of the earthquake is marked with a vertical arrow in Fig. 2a. An
inhomogeneous accelerated flux from two coronal mass ejections (CMEs on 24 Febru-
ary) arrived at 07.// UT on 26 February. SWS began to increase, reaching 770 km/s by
the end of the day on 26 February. During the arrival of the accelerated flux, a smooth
anomalous increase of ionospheric electron concentration was observed. It exceeded the
threshold of class 1 8 h before the event and led to the formation of a positive anomaly
of high intensity (class 3, Fig. 2d, e). The anomalous increase in the pre-storm period is
observed at the background of a sharp increase of the solar wind density (Fig. 2i) and
the southward-directed component of IMF (Fig. 2h). The positive anomaly lasted for
about a day and a half, and during the main phase of the storm its intensity reached very

http://ipg.geospace.ru
http://ipg.geospace.ru
http://ipg.geospace.ru
https://sdis.emsd.ru/main.php
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high values (more than 3000 conventional units, Fig. 2e). During the recovery phase, the
positive anomaly was replaced by a negative one, which also had a very high intensity
(about 4000 conventional units, Fig. 2e). A strong decrease of electron concentration
led to a change in the foF2 temporal course, as indicated by strong deviations of foF2
from the median (Fig. 2a, c) and a significant increase of modelling errors (10 SD for
the f -3(t) component and 4.3 SD for the g-3(t) component, Fig. 2b). Comparison of the
GMCM results with median method during the storm confirms their reliability (Fig. 2a,
c).

Fig. 1. Analysis of the foF2 data during the magnetic storm on February 10, 2022: a), c) recorded
foF2 data (black), 27-day median (blue); b) errors of smoothed (black) and detailing (green)
components (Eq. (3)), dashed lines show the thresholdsHμ,jreg (Eq. (4)); d) detected different-scale
positive (red) and negative (blue) ionospheric disturbances; e) intensity of detected ionospheric
disturbances (Eq. (7)), dashed lines show the class thresholds. Dashed blue line shows themagnetic
storm commencement.
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Fig. 2. Analysis of the foF2 data during the magnetic storm on February 26, 2023: a), c) recorded
foF2 data (black), 27-day median (blue); b) errors of smoothed (black) and detailing (green)
components (Eq. (3)), dashed lines show the thresholdsHμ,jreg (Eq. (4)); d) detected different-scale
positive (red) and negative (blue) ionospheric disturbances; e) intensity of detected ionospheric
disturbances (Eq. (7)), dashed lines show the class thresholds. Dashed blue line shows themagnetic
storm commencement.

Figure 3 presents the processing results of foF2 data recorded from 3 to 12 January
2019. During the analyzed period, as shown by the vertical arrows in Fig. 3a, two
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earthquakes of magnitudes 5.35 and 5.45 were recorded in Kamchatka, according to
information from https://sdis.emsd.ru/main.php. In contrast to the interval of increased
geomagnetic activity (marked with a dotted line, Fig. 3), the quiet periods, similar to
those considered above, are accompanied by oscillatory processes with an intensity not
exceeding the class 1 threshold. During the weak increase of geomagnetic activity from
4 to 7 January 2019, disturbances reaching the class 3 threshold are observed in the
ionosphere. The results are consistent with the paper [19] and indicate a strong influence
of solar processes on the ionospheric dynamics. Therefore, the ionospheric anomalies of
solar nature, in most cases, exceed in intensity the disturbances caused by other factors.

Fig. 3. Analysis of the foF2 data during the period from 3 to 12 January, 2019

Analyzing the foF2 behavior during the events described above, as well as those
presented in the papers [7, 8, 15], we can note a general picture of the response of the
ionosphere over Kamchatka to geomagnetic storms. On the eve of magnetic storms,
we observed a smooth long-term anomalous increase in electron concentration. This
increase was occurred at the background of a quiet or weakly disturbed magnetic field.
The anomalous threshold in intensity was exceeded 3–12 h before the onset of weak
magnetic storms caused by CIR and 1–2 days before the onset of moderate and strong
storms caused by CME or mixed nature (CME+CIR). During the main phase of storms,
the dynamics of ionospheric parameters changed, leading to a significant decrease in
electron concentration at the recovery phase. A detailed analysis of pre-storm iono-
spheric anomalies and comparison with the parameters of interplanetary medium and
magnetosphere indicate their possible connection with solar processes. The formation
of anomalies is observed during quiet or weakly disturbed geomagnetic field, correlates

https://sdis.emsd.ru/main.php
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with southward rotations of the IMF component and increases in solar wind density.
The results of the study are consistent with the papers [5, 6, 9, 16]. However, clarifying
the nature and determining the mechanisms of anomaly formation on the eve of mag-
netic storms require further comprehensive studies involving more statistics, as well as
expanding the set of analyzed environmental parameters and methods of data study.

4 Conclusions

The presented results indicate the complex dynamics of the ionospheric process during
increased solar activity andmagnetic storms. Using theGMCM,we performed a detailed
analysis of the foF2 behavior, allowing us to estimate the parameters of detected iono-
spheric disturbances (onsetmoments, duration and intensity of anomalies) and to identify
typical features of the ionospheric parameter dynamics over Kamchatka. According to
the authors, an important applied result of the investigation is the fact of high frequency
of the pre-increase effect in the ionosphere on the eve of storms. Comparison of detected
pre-storm anomalies with the parameters of interplanetary medium and magnetosphere
allows us to assume their connection with solar processes. The results of the study agree
with the papers [5, 6, 9, 19]. The analysis of events of different intensity confirmed
the efficiency of the GMCM for studying the ionospheric data dynamics and detecting
anomalies, including weak ionospheric disturbances that may precede magnetic storms
and serve as their predictors.
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Abstract. Energetic electron precipitating into the Earth’s atmosphere can sig-
nificantly change chemical compositions and ozone of the upper and middle
atmosphere. Understanding the atmospheric impacts of energetic electron particle
deposition remains challenging and needed quantifying the response atmosphere
to altitudinal profiles of ionization rates. Usually for computation ionization rates
produced at altitudes low thermosphere and mesosphere takes into account pre-
cipitation electrons with energies between 30 keV up to several MeV based on
data of MEPED instrument of NOAA POES satellites. However electrons from
several keV up to tens of keV can also play important role for ionization of these
altitudes. In this paper, we retrieve the ionization rates in the atmosphere caused
by precipitation of energetic electrons taking into account energy from several
keV up to several MeV and show importance of whole electron energy range for
ionization rates of the upper atmosphere.

Keywords: Energetic electron precipitation · electron spectra · ionization rates
induced by electron flux with energy range of several keV up to several MeV

1 Introduction

The number of ions per second or in other words, the ionization rate caused by the depo-
sition of energetic species leads to the formation of odd nitrogen NOx (N, NO, NO2)
and hydrogen HOx (H, OH, HO2) groups, which are important catalysts and participate
in ozone loss reactions from the lower thermosphere to the middle stratosphere [1, 2].
Estimation of ozone losses under energetic electron forcing in polar atmosphere can
reach from 20% up to 80% in the mesosphere during periods of strong geomagnetic
storms [3, 4]. To assess the impact of energetic electrons on the ozone layer, various
chemical-climate models are now increasingly used, covering the altitudinal range from
the ground to the lower thermosphere [e.g., 3, 5]. Where an important source of atmo-
spheric ionization are energetic electrons with energies from about 30 keV to about
1 meV obtained from data from the MEPED instrument of the NOAA POES satel-
lites. However, electrons of not only these energies take part in the ionization of the
lower thermosphere to the middle stratosphere; therefore, for accurate assessments of
the destruction of the ozone layer, it is important to take into account the entire range of
precipitating electrons from energies of several keV to several MeV.
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The analytically calculated formation of ions in the Earth’s atmosphere by ener-
getic primary electrons in the energy range from 1 keV to 300 keV, taking into account
auroral excitation, has a long history [6–15]. The works [8–10] proposed parameteri-
zation models for assessing the impact of medium-energy electrons (30–1000 keV) on
the ionosphere. The collection of articles [11–15] presents a new scheme for calculating
the formation of ions oriented towards energetic electrons in the energy range extended
to tens of MeV, with angular distributions of incidence of primary electrons and sec-
ondary bremsstrahlung. If information about the electron spectra of the auroral belt and
the radiation belt can be obtained from a satellite, then the bremsstrahlung radiation of
energetic electrons can be measured using balloon instruments.

The purpose of this research to estimate characterized ionization rates based on var-
ious assumptions including various electron energy ranges. In this paper, we reconstruct
atmospheric ionization rates caused by energetic electron precipitation, accounting for
energies from a few keV to a few MeV, and show the importance of the entire range of
electron energies for the ionization rates of the upper atmosphere.

2 Ionization Rates Taking into Account Electrons with Initial
Energy from Several of keV Up to Several MeV

The computation of ionization rates induced by energetic particles requires knowledge
of the parameterization of ion production via ionization yield functions [6–15] and
energy spectra of particle flux. In this study, we used modified ionization yield func-
tions for mono-energetic electrons with initial energy from several keV to several MeV.
Both direct ionization by primary electrons as well as the secondary Bremsstrahlung
electromagnetic emissions are considered in this model [14].

Figure 1 presents ionization yield function of monoenergetic electron precipitation
taking into account energies of electrons from several keV till several MeV. Table 1 and
Fig. 2 show four examples of electron spectra that can be observed at different levels of
geomagnetic disturbances.

Each example in Table 1 characterizes an electron flux that includes energies from
3 keV to 1 meV. The difference in the experiments is due to the intensity of the electron
flux, which can vary greatly depending on geomagnetic disturbances. These different
electronic spectra can be observed both using a variety of instruments, from satellites to
balloon observations, and during different levels of disturbance.
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Fig. 1. Ionization yield function of monoenergetic electron precipitation taking into account
energies of electrons from several keV till several MeV.

Table 1. Examples of spectra covering various energy ranges of energetic electron precipitation
from 3 keV up to 1 meV. Flux intensity J in cm−2s−1sr−1keV.

Examples 1 2 3 4

E (keV) J J J J

3 keV 1E9 1E8 1E7 1E6

10 keV 1E8 1E7 1E6 1E5

30 keV 1E7 1E6 1E5 1E4

100 keV 1E6 1E5 1E4 1E3

300 keV 1E5 1E4 1E3 1E2

1000 keV 1E4 1E3 1E2 1E1
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Example 1 can characterize strong geomagnetic disturbances where Example 4 can
characterize quite geomagnetic conditions.

Fig. 2. Examples of spectra covering various energy of electron precipitation into atmosphere,
see explanation in the Table 1. Spectra presented in are fitted by power-low distribution.

Using scheme for calculating ionization rates [14] with yield functions presented
in Fig. 1 and spectra shown in Table 1 and Fig. 2 it is possible to obtain the ionization
rates presented at Fig. 3. Open pattern of Fig. 3 present ionization rates that includes
all energies from 3 keV to 1 meV where shaded pattern of Fig. 3 shows ionization
rates based only on energies from 30 keV to 1 meV, which often used from MEPED
instrument of the NOAA POES satellites. Here one can see the same behavior for all
ionization rates at altitudinal band from about 16 km up to about 100 km. There are
differences in ionization rates at the altitudes higher then 100 km. At altitudinal band
from 100 km till 120 km ionization rates differ by an order of magnitude. This means that
electrons with energies between 3 keV and 30 keV will only be important to ionization
rates and atmospheric chemistry above 100 km.

Comparing ionization rates in different experiments, one can see that for each exper-
iment ionization rates differ by two orders of magnitude for all altitudes from the
stratosphere to the lower thermosphere.
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Fig. 3. Ionization rates induced by electron precipitation. Open pattern presents ionization rates
that include flux with all energies from 3 keV to 1 MeV. Shaded pattern shows ionization rates
are based only on energies from 30 keV to 1 MeV.

3 Conclusions

In thiswork,we reconstructed the rates of atmospheric ionization caused by the precipita-
tion of energetic electrons, which can occur during quiet and fairly strong geomagnetic
disturbances. We have looked at a couple of cases where all energies from 3 keV to
1 meV are used to calculate ionization rates and where we only considered energies
from 30 keV to 1 meV. Ionization rates in the altitude range from about 16 km to about
100 km have the same behaviour regardless of the energies of the particles in the flow,
but will vary greatly depending on the intensity of the flow. Ionization rates will vary
greatly at altitudes above 100 km.

In conclusion, it can be said that for one-dimensional radiation-convective models,
as well as for three-dimensional chemical-climate models covering the altitude range
from the ground to the lower thermosphere it is necessary to take into account electron
energies from several keV to several MeV.
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Abstract. The Studies of active influence on the ionosphere by means of heating
stands have been carried out for quite a long time, using considerable power and
various technologies. However, the expected results, as a rule, appear to be signifi-
cantly over-estimated. Most likely the reason for this discrepancy are unaccounted
natural factors, for example, the presence of dust in the plasma. In the report, based
on the analysis of electromagnetic radiation of the heating stand EISCAT attempts
to assess the effect of dust from the Geminids meteor stream on the scattering and
dynamic characteristics of artificial field-aligned irregularities of the ionosphere
are made.

Keywords: ionosphere modification · dust plasma · Geminids

1 Introduction

The study of dust plasma properties has relevance for solving a number of fundamental
and applied problems [1]. In particular, the paper points out that dust plasma is widely
spread in space, found near artificial satellites of theEarth, in thermonuclear installations.
It is investigated in laboratory conditions. At the same time, the analysis of publications
devoted to the study of the properties of such plasma in the ionosphere, and even more
so in the field of active influence on the ionosphere using heating stands showed their
small number [2, 3], mainly theoretical.

It is assumed in [2] that in the presence of space dust in the region of active influence
on the ionosphere, modulation excitation of inhomogeneities of electron and ion concen-
trations in the ionosphere should be expected. The paper [3] describes the mechanism of
formation of inhomogeneities of electron and ion concentrations in the dusty ionosphere
as a result of the development of modulation instability of electromagnetic pumping
waves, with the participation of dust sound perturbations. Within the framework of the
proposed method, the possible scales of inhomogeneities of the electronic concentration
in the dusty ionosphere resulting from the development of modulation instability in the
case of monochromatic electromagnetic waves from the HAARP heating stand for pos-
itively charged dust particles were determined as an example. However, the magnitudes
of artificial inhomogeneities are small, and in some cases, one should not expect notice-
able formation of inhomogeneities, given that HAARP is the most powerful of modern
heating stands.
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2 Method

In order to assess the influence of space dust on the result of active influence on the
ionosphere, information about its properties in the area of active influence is necessary.
Space dust parameters have been measured for quite a long time, and sensors installed
on spacecraft are used as tools. In the publication [4] it is concluded that the most
informative and reliable are methods based on ionization, flash, and changes in the
electrical conductivity of shock-compressed substances. Of the noncontact methods,
only the method of inducing current by flying a charged particle through some electrode
system has practical application in space conditions. Other methods are unsuitable for
registration of small particles on large areas of sensitive surface or, at best, can be applied
only in laboratory conditions. From the analysis of this material, we can conclude that
it is impossible to obtain data on the parameters of cosmic dust, especially in the field
of a powerful electromagnetic wave emitted by the heating stand. If we consider the
ionosphere as a space plasma laboratory [5], then at this stage it makes sense to set up
an experiment using such a natural phenomenon as a meteorite flux, when in the area of
active influence, the level of space dust is guaranteed to exceed the back-ground value.
Moreover, using the change in the topology of the meteorite flux in time, it is possible to
obtain information about the fact of its influence on the dynamic characteristics of the
processes occurring in the area of active impact.

Since heating technologies are used to solve the problem, it is necessary to explain
the choice of the frequency of the heating wave, since its value is a determinant of the
height at which the effect will be maximized. In turn, knowledge of the exposure height
allows us to analyze the experiment using data from the ionosonde DPS-4, which is
available on the EISCAT heating stand.

In experiments on modification of the ionosphere to improve the effectiveness of
the impact various technologies are used, including the impact on the harmonics of the
gyromagnetic frequency. The use of harmonics is explained by the fact that the gyro-
magnetic frequency depending on the altitude and geomagnetic latitude varies within
1.4–1.5 MHz, which does not allow to realize the antenna devices of the heating stand
with effective directional properties. It is known that the gyromagnetic frequency of the
ionospheric plasma is defined as

ωH = eB

m

where e, m are the charge and mass of the electron, B induction of the Earth’s magnetic
field. In the magnetic induction, which is a function of geomagnetic latitude and altitude
[6]
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ωH = 2πf1(r0/r)
3
√
1 + 3(sinϑ)2

where r0 is the Earth radius, r is the distance from the Earth center to the point under
consideration, is the geomagnetic latitude of this point, f1 ≈ 0.8 MHz. However, the
accuracy of determining ωH using this approach is low, so we use the IGRF-13 model
of the Earth’s magnetic field [7] to determine the heights corresponding to the values of
the heating wave frequency. In some cases, a hybrid frequency is used, which is defined
as the square root of the sum of the squares of the gyromagnetic and plasma frequencies.
Unlike the case when the harmonic of the gyromagnetic frequency is used, it is difficult
to unambiguously determine the height of the maximum efficiency of exposure in this
case.

In the basis of realized by us experimental observations of experiments on active
influence on ionospheres is based on the method [8] using spatially separated Soft
Defined Radio (SDR). SDR receivers have a fundamental difference from conventional
radio receivers, both in terms of implementation and access to them. In this technology,
the signal coming from the antenna is sampled, and its further processing is done dig-
itally. The undoubted advantage of the technology is remote access and control of the
receiver, recording the signal in “wave” format with its subsequent download. In order
to exclude the influence on the parameters of electromagnetic radiation scattered on
the inhomogeneities of the ionosphere heating wave effects of ionospheric propagation
SDR receivers are selected within line of sight of the area of influence on the ionosphere.
Since the Doppler effect is used to estimate the dynamic characteristics of ionospheric
inhomogeneities, the receivers are subject to special requirements for frequency stability,
which is achieved by their preselection and the use of a special mode of their operation.

It is known that the presence of cosmic dust in the ionosphere contributes to the
increase of turbulence in it [9]. Therefore, the Doppler frequency shift and scintillations
index S4 [10] of the heating radiation scattered in the region of active influence on
inhomogeneities of electronic concentration are used as analyzed parameters.

3 Results

InNovember 2021 on thewebsite EISCAT [11] appeared information that the experiment
“Radar detection of meteors from the Geminids meteor shower along with artificial
heating” will be held on December 14, 2021. In the description of the application for
the experiment indicated that the experimenters intend to use VHF radar and heating
stand to observe meteorites from the Geminids meteor shower. It was assumed that the
experiments would be conducted on December 14 from 00 to 06 UTwith a heating wave
frequency of 5423 kHz. It was stated that the heating would be performed during a 2 min
on/off cycle. It was supposed that such an impact should increase the efficiency of VHF
radars at altitudes of 90–100 km. However, if we check the belonging of the frequency
5423 kHz to the harmonics of the gyromagnetic frequency, as we have shown above, it
turns out that this frequency is the fourth harmonic of the gyromagnetic frequency for a
height of 241 km. The belonging of the used frequency 5423 kHz of the heating wave to
the fourth harmonic of the gyromagnetic frequency is confirmed by the publication [12].
Consequently, it can be expected that in the case when the plasma frequency will be
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small or not determined at all, the option of using a hybrid frequency in the experiment
is excluded and there is an impact on the harmonic of the gyromagnetic frequency with
the area of maximum manifestation of the active effect on the ionosphere at a height of
241 km.

Based on the peculiarities of the movement of the Geminids meteor shower, it was
necessary to select observationpoints for oneofwhich themovement of the showerwould
be quasi longitudinal, and for the other quasi transverse with respect to the direction of
the impact area - observation point. In this case, at the moment when the flowmovement
becomes transverse for one of the observation directions, the distribution of the observed
velocities should change dramatically. Information about the direction of motion of
the Geminids meteor shower was provided by the Moscow Planetarium. If the above
conditions are met, at a certain time for one of the observation points the motion of the
meteor shower would be transverse and the effect of its influence on inhomogeneities
of the ionosphere, if present, in the form of the Doppler effect would be minimal. At
the time of the experiment, SDR receivers in Arctic (Norway) and Kokkola (Finland)
were available and optimally located. Figure 1 shows in scale the distance, azimuths of
the observation points and the size of the active impact area according to the half power
level of the an tenement device used on the EISCAT heating stand.

Fig. 1. Topology of the experiment.

The direction of motion of the meteoroid stream in the vertical plane for both obser-
vation points is quasi-longitudinal. In the horizontal plane at a time interval around 01.30
UT for the Tromsø - Kokkola trace should be transverse, and Tromsø - Arctic close to
longitudinal motion of the meteoroid stream relative to these traces.
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When conducting the experiment, it is desirable to minimize the presence of back-
ground perturbations of electron concentration, not caused by the passage of the mete-
orite stream. It follows that the optimal time for the experiment is the period of time
with a minimum of solar activity with a quiet magnetic field of the Earth. If we refer to
ionospheric [13] and magnetic data [14], it appears that these conditions at the time of
the experiment were optimal. On the ionograms of station DPS-4 Tromsø, the plasma
frequencies of none of the ionospheric layers are not determined. The Earth’s magnetic
field is quiet and the planetary magnetic index Kp = 1. In contrast to the stated sched-
ule, the experiment was actually conducted according to the scheme 4 min heating, two
minutes’ pause. The record of the scattered heating radiation was subjected to spectral
analysis with subsequent determination of the Doppler frequency shift distribution and,
accordingly, the velocities of inhomogeneities. The distribution of their velocities at the
beginning of the experiment is shown in Fig. 2. In the figure, the velocity component is
plotted along the horizontal axis, and its probability is plotted along the vertical axis.

Fig. 2. Velocity distribution in Arctic and Kokkola.

The figure shows that the velocity distributions at the observation points are similar
and differ in the direction of motion of inhomogeneities. A completely different picture
is observed in the time interval 01:26–01:42 UT, Fig. 3.
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In the time interval 01:32–01:36, a sharp change in the distribution for the Tromsø
-Kokkola direction is observed, while for the Tromsø - Arctic direction, the character
of the distribution has not changed. This change is most likely explained by a change
in the nature of the movement of the meteor shower relative to the observation routes.
In the time interval 01:32–01:36 for the Tromsø - Kokolla highway, it is longitudinal,
and for the Tromsø - Arctic highway it still remains quasi-longitudinal. Consequently,
our assumption about a significant influence of space dust on the dynamic characteris-
tics of ionospheric inhomogeneities in the region of active influence on it by powerful
electromagnetic radiation is confirmed experimentally.

Fig. 3. Velocity distribution in the experiment 01:26–01:42 UT.

To determine the type of turbulence observed, we use an instantaneous spectrum,
which showed the presence of structures with signs of vortices, Fig. 4.

Based on the shape of the spectrum, it can be assumed that radial-balloon vortices
are observed in this case [15]. The same paper concludes that vortex structures can play
an important role in the process of heat and particle transport and thus serve as structural
elements of strong drift turbulence.
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Fig. 4. Vortex structures in heating cycle 01:02–01:06 UT.

4 Concluding Remarks

1. The presence of space dust in the region of active impact on the ionosphere leads
to a significant change in the dynamic characteristics of inhomogeneity’s of electron
concentration.

2. Turbulence in the region of impact is characterized by the presence of vortex
structures, which most likely lead to additional losses of heating radiation.

The studies were carried out within the framework of the government assignment
under the project AAAA-A21–12101121290003-0.
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Abstract. This article is devoted to the study of behavior of night-
time ozone at altitudes 80–110 km during a geomagnetic storm in Octo-
ber 2015 and nighttime and daytime ozone at altitudes 80–110 km dur-
ing a meteorological disturbance in October 2018. The TIMED/SABER
satellite data in the European mid-latitude region were used to ana-
lyze ozone dynamic. The change in the ozone concentration maximum
at lower atmosphere during different heleo-geophysical factors is shown.
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1 Introduction

The investigation of variability of the mesosphere’s parameters—lower termo-
sphere during different heleo-geophysical processes is actual task of physics upper
atmosphere. It is known that the process of photo-dissociation of molecular oxy-
gen (O2) by solar ultraviolet radiation (λ < 240 nm) effectively proceeds in the
upper atmosphere of the Earth:

O2 + hν −→ O + O (1)

which leads to the formation of increased concentrations of atomic oxygen O
with a maximum at altitudes of about 90–100 km. In triple collisions involving
an atom and an oxygen molecule, ozone O3 is formed:

O + O2 + M −→ O3 + M (2)

there M is molecule of nitrogen or oxygen in the Earth’s atmosphere [1] The
variability of mesospheric ozone parameters is affected by a complex of photo-
chemical and dynamic processes. Previous studies of ozone dynamics in the meso-
sphere and lower thermosphere showed that during geomagnetic storms there is
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a decrease in the concentration of mesospheric O3, this is due to an increase in
the concentration of NOx, which destroy ozone [2]. Also in the work of Hocke,
[3], a study was made of the dynamics of the maximum of the tertiary ozone
layer, which is located at an altitude of about 72 km, in the polar region. In
this work, it is shown that during a solar proton event, the concentration of
odd forms of hydrogen (OH, HO2) increases, which leads to the loss of atomic
oxygen and the disappearance of the tertiary ozone layer. Associate an increase
in the concentration of NOx and HOx with ozone losses both in the mesosphere
and in the stratosphere, in polar latitudes [3–6]. Mironova et al., 2023 [7] con-
ducted a study of mesospheric ozone depletion depending on the season. The
authors showed that the intensity of ozone destruction due to energetic elec-
trons precipitation (EEP) is maximum (∼80%) in the winter season. In spring
and autumn, their effect reaches ∼20%, while in summer the effect of EEP on
ozone is practically absent. This is related to the intensity of solar UV. Those, in
winter, during the polar night, solar ultraviolet is practically absent, and there-
fore EEP become the main source of NOx and HOx formation, which destroy
ozone. Accordingly, in spring, autumn and summer, solar UV becomes larger,
and therefore the influence of EEP decreases.

The aim of this work is to consider the behavior of ozone in the lower thermo-
sphere during a geomagnetic storm in October 2015 and a meteorological storm
in the Baltic Sea in October 2018.

2 Data and Selections of Event

The ozone concentration and temperature data set derived from the SABER
(The Sounding of the Atmosphere using Broadband Emission Radiometry)
instrument onboard the NASA TIMED (Thermosphere Ionosphere Mesosphere
Energetics and Dynamics) satellite analyzed from 80 to 110 km in altitude and
between 40◦ N and 60◦ N latitude, 0◦ E and 30◦ E longitude (Fig. 1) during the
geomagnetic storm of October 8, 2015 and strong severe weather in this region
on October 24, 2018 in night time. The TIMED satellite was launched on 7
December 2001 into a 74◦ inclination orbit to explore the global structure in
the stratosphere, mesosphere, and lower thermosphere. The SABER instrument
measured temperature and several trace species’ profiles extend from 20 km to
110 km in altitude with a ∼2 km vertical resolution [8]. The latitude coverage
ranges from 52◦ in one hemisphere to 83◦ in the other due to the yaw cycle of ∼60
days of the satellite. The local migration time is 12 min every day. The system-
atic temperature instrument bias of SABER is around ±5 K in the MLT region
[9]. The version 2.0 Level B data set was used in this study. An advantage of the
SABER temperature data analysis is that a single observed data source is used
to establish the responses over a wide range of latitudes and heights. There-
fore, differences in temperature variations at different latitudes and altitudes
are more credibly attributed to physical mechanisms, rather than differences in
measurement technique [10].
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Fig. 1. The position in which the measurements of the parameters considered in this
paper were made

To analyze the ozone concentration variability in the mesosphere and lower
thermosphere, 2 events were selected: 1) the geomagnetic storm in October 2015.
On October 7–8, 2015, the Dst-index values fell below −120 nT, the Kp index
reached 7; 2) the meteorological storm in October 2018 in the Baltic Sea region.
During this period, the geomagnetic situation was quiet. A detailed analysis of
this storm and the impact of this event on the state of the upper atmosphere
and ionosphere is presented in [11].

On Fig. 2 shows the indices of geomagnetic activity in October 2015 and
2018 [12].

3 Ozone in the Mesosphere and Lower Thermosphere

O3 height-time variations are derived from the SABER L2A infrared 9.6 µm
emission air-glow channels. Figures 3, 4 and 5 show the height-time variation of
ozone concentration and neutral temperature.

The Fig. 3 shows there is an increase of the mesospheric ozone concentration
during the geomagnetic storm. Such increase begins a day before the beginning
of the geomagnetic storm. The temperature decreases at the same altitudes and
at the same time, which corresponds to the local ozone concentration maximum.
During a geomagnetic storm, the temperature decreases at 90–95 km altitudes
and increases above and below this region.
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Fig. 2. Time variations in the geomagnetic and solar activity indices Dst, Kp, AE, and
F10.7 during 1–10 October 2015 (left) and 16–31 October 2018 (right).

The Fig. 4 presented ozone concentration and neutral component tempera-
tures by altitude during the October 2018 meteorological storm, during daytime.
On one of the first days of the meteorological storm, heating is observed at the
altitudes from 80–88 km and temperature decrease at the altitudes from 93–
104 km. At the same time, the ozone concentration maximum decreases from 92
to 89 km and at the altitudes from 95 to 103 km, an area of strong decrease of
ozone concentration is formed.

The Fig. 5 presented ozone concentration and neutral component tempera-
tures by altitude during the October 2018 meteorological storm, during night-
time. During the first days of the meteorological storm, a small temperature
increase from the bottom (by 10–20 K) is observed. There is also a slight decrease
by altitude of ozone concentration before and during the meteorological storm
and formation of two maxima of ozone concentration at a altitude of about
94 km.

To further analyze the ozone dynamics in the mesosphere during a geomag-
netic storm and a meteorological storm, we have constructed plots of the change
in the ozone concentration maximum and the change in the height of the ozone
concentration maximum with time (Fig. 6).

Figure 6 clearly shows that on the first day of the geomagnetic storm (marked
in red) there is a sharp increase of the ozone concentration maximum and a
smooth decrease on the subsequent days. The increase of the ozone concentration
maximum altitude occurs smoothly and with a small delay, and after reaching the
highest altitude, a sharp decrease is observed. The simultaneous increase of the
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maximum height and the increase of the maximum concentration of mesospheric
ozone indicate the dynamic nature of such changes rather than photo-chemical.

Fig. 3. The height-time variation of ozone concentration (up) and neutral temperature
(down) in October 2015

The day before and the day after the 2018 weather storm (day marked in
red), there is a sharp increase in the ozone concentration maximum, when on
the day of the weather storm itself, the ozone concentration maximum is at a
local minimum. The altitude changes smoothly during this period and reaches
a minimum during the meteorological storm. Such specific behavior of these
parameters suggests the convection nature of such changes.
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4 Discussion

As shown above, the variation of ozone concentration at different altitudes from
different heliogeophysical sources differs significantly [13–17]. This appears to
be due to the different effects of different heliogeophysical sources on the prop-
erties and characteristics of the middle atmosphere. For example, [18] proved
that during periods of geomagnetic storms at altitudes of 75 km there is an
effect of increasing nitrogen oxides and probably chlorine, which leads to a more
pronounced destruction of the ozone layer. However, the behavior of ozone at
different altitudes may differ significantly. The physical mechanism of ozone
changes at altitudes of 90–100 km during geomagnetic storms remains incom-
pletely understood. Most likely, this behavior of ozone concentration is related
to the change of NOx during geomagnetic storms. The physical interpretation
of this phenomenon requires a separate and detailed study.

Fig. 4. The height-time variation of ozone concentration (up) and neutral temperature
(down) in October 2018. Daytime data

The characteristics and properties of the mesosphere and lower thermosphere
are significantly influenced by turbulence and atmospheric waves. Turbulent for-



34 A. Timchenko et al.

mations play a significant role in the processes of atmospheric heating, redistri-
bution of chemical components of atmospheric aerosol, in the destruction and
weakening of internal gravity waves (IGWs), and in the dissipation of free atmo-
sphere jet streams [19]. Internal gravity waves (IGWs) propagating from the
region of convective processes in the lower atmosphere, in particular, a weather
storm, can amplify turbulent processes at the altitudes of the upper mesosphere
and lower thermosphere. The amplitude of the IGW increases as the atmospheric
density decreases with height. When a certain threshold value is reached [20,21],
the wave becomes unstable and breaking, forming turbulent regions “moving”
with it.

Fig. 5. The height-time variation of ozone concentration (up) and neutral temperature
(down) in October 2018. Nighttime data

In works [22–24], a review of methods is given and the results of experimen-
tal studies of turbulent motions and determination of turbulence parameters at
altitudes of 80–110 km are presented. In particular, in [24] new results of the
study of atmospheric dynamics are presented, which complement the previously
obtained data on turbulence and dynamics of the lower ionosphere. The turbo-
pause level in the 88–110 km altitude interval is subject to both fast and slow
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changes. The altitudinal and temporal variations of the parameters of the neutral
component have convincingly demonstrated a significant influence of wave pro-
cesses on them. The changes of the parameters in time occur with a periodicity
characteristic of the IGW.

Vertical transport by turbulent mixing and horizontal transport by winds
redistribute constituents such as atomic oxygen, hydroxyl and ozone. Thus,
long-term change in trace constituents cannot be fully explained in isolation
from studies of corresponding change in temperature and neutral dynamics [23].
Vlasov et al. [22] suggest the development of localized turbulence, which can
develop as a result of strong winds with mean wind shear in narrow turbulence
layers bounded by boundaries with undisturbed gas.

Fig. 6. Changes in the ozone concentration maximum and the height of the ozone
concentration maximum from time to time in October 2015 (left) and in October 2018
(right).

Gabriel [25] observe strong effect of ozone-gravity wave coupling in the upper
stratosphere/lower mesosphere (USLM) what leads to a stronger increase in
gravity wave (GW) amplitudes with height during daytime than during night-
time and estimate the sensitivity of the amplification of the GW amplitudes in
the upper mesosphere on changes in the ozone background.

5 Conclusion

In this work, was considered the height-time ozone variations in the lower ther-
mosphere during a geomagnetic storm in October 2015 and a meteorological
storm in the Baltic Sea in October 2018. The mid-latitude region in Europe
(40–60◦ N, 0–30◦ E) was considered. Ozone concentration height-time variations
were taken from experimental data of the SABER instrument on the TIMED
satellite.
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During the geomagnetic storm on October 7–8, 2015, there is an increase
in the mesospheric ozone concentration. Such increase begins a day before the
beginning of the geomagnetic storm. The temperature decreases at the same
altitudes and at the same time corresponding to the local ozone concentration
maximums.

According to the daytime data, at the altitudes of about 85 km, there is a
significant heating of the neutral atmosphere during a meteorological storm. At
the same time, a region of decreased temperature is formed at the altitudes of
95–100 km. At nighttime, a simultaneous increase in temperature and decrease
in ozone concentration are observed at an altitude of 85 km. At the same time
there is an increase of ozone concentration at an altitude of 100–105 km.

Propagating from the meteorological storm region, the IGW in the lower ther-
mosphere becomes unstable and breaking, forming local areas of increased tur-
bulence that affect the temperature and redistribution of chemical constituents
at mesospheric and lower thermospheric altitudes.

Acknowledgement. The work was supported by the MegaGrant of the Ministry of
Education and Science of Russia, agreement No. 075-15-2021-583.
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16. Laštovička, J., Mlch, P.: Is ozone affected by geomagnetic storms? Adv. Space Res.
24(5), 631–640 (1999)

17. Kilifarska, N., Peqini, K.: Impact of for bush decreases and geomagnetic storms on
the atmospheric ozone profiles. Earth Space Sci. 10(7), 2023–002954 (2023)

18. Grankin, D., Mironova, I., Bazilevskaya, G., Rozanov, E., Egorova, T.: Atmospheric
response to EEP during geomagnetic disturbances. Atmosphere 14(2), 273 (2023)

19. Belyaev, A.: The mechanism of formation of mesoscale pulsating jet streams in the
earth’s atmosphere. Izv. Atmos. Ocean. Phys. 58(3), 295–301 (2022)

20. Walterscheid, R., Schubert, G.: Nonlinear evolution of an upward propagating
gravity wave: Overturning, convection, transience and turbulence. J. Atmos. Sci.
47(1), 101–125 (1990)

21. Fritts, D.C., Bizon, C., Werne, J.A., Meyer, C.K.: Layering accompanying turbu-
lence generation due to shear instability and gravity-wave breaking. J. Geophys.
Res.: Atmos. 108(D8) (2003)

22. Vlasov, M., Kelley, M.: Specific features of eddy turbulence in the turbopause
region. In: Annales Geophysicae, vol. 32, pp. 431–442. Copernicus Publications
Göttingen, Germany (2014)

23. Hall, C.M., Holmen, S.E., Meek, C.E., Manson, A.H., Nozawa, S.: Change in tur-
bopause altitude at 52 and 70◦ n. Atmos. Chem. Phys. 16(4), 2299–2308 (2016)

24. Bakhmetieva, N., Grigoriev, G., Vinogradov, G., Zhemyakov, I., Kalinina, E., Per-
shin, A.: Parameters of atmospheric turbulence and the dynamics of the lower
ionosphere in studies at the SURA facility. Geomag. Aeron. 61, 871–887 (2021)

25. Gabriel, A.: Ozone-gravity wave interaction in the upper stratosphere/lower meso-
sphere. Atmos. Chem. Phys. 22(16), 10425–10441 (2022)

https://omniweb.gsfc.nasa.gov/form/dx1.html
https://doi.org/10.1007/978-94-009-2913-5_1


Observations of the Meteoric Aerosol
in the Stratosphere Above Tomsk in August 2013

I. I. Romanchenko1, A. A. Cheremisin1(B), P. V. Novikov1,2, V. N. Marichev3,
and D. A. Bochkovsky3

1 Laboratory of Dispersed Systems, V.V. Voevodsky Institute of Chemical Kinetics and
Combustion SB RAS, Institutskaya st., 3, Novosibirsk 630090, Russia

aacheremisin@gmail.com
2 Department of Train Traffic Support Systems, Krasnoyarsk Institute of Railway Transport,

Lado Ketskhoveli st., 89, Krasnoyarsk 660028, Russia
3 Laboratory of Lidar Methods, V.E. Zuev Institute of Atmospheric Optics SB RAS,

Academician Zuev sq, 1, Tomsk 634055, Russia
{marichev,moto}@iao.ru

Abstract. According to the data obtained in lidar measurements of the backscat-
tering ratio in the atmosphere above Tomsk, aerosol was recorded at the strato-
spheric altitudes in August 2013. The most intense aerosol scattering peak was
detected at the altitude of 29 km on August 22. The meteoric origin of this aerosol
is assumed in the work. Backward trajectories of air masses were calculated, and
the data on stratospheric aerosol recorded by the space lidar CALIOP and by
the satellite limb sensor OMPS-LP were involved, which allowed us to deter-
mine approximate location of the region in which the meteor body burned in the
atmosphere: a region of the Sea of Okhotsk near Kamchatka peninsula.

Keywords: aerosol · stratosphere · lidar · backward trajectories · satellite
sounding

1 Introduction

Aerosols in the stratosphere are essential for radiation exchange processes in the Earth’s
atmosphere. Stratospheric aerosol is not so thoroughly studied as the tropospheric
aerosol. Carbon aerosol is detected in the stratosphere as a result of pyrocumulonimbus
injection arising during forest fire events [1], for example, in Canada [2] and in Siberia
[3], and volcanic aerosol is detected after eruptions [4], e.g. that of Raikoke volcano [5].
Polar stratospheric clouds are often observed in the stratosphere in winter [6].

Another phenomenon resulting in the formation of aerosol in the stratosphere and
mesosphere is meteors. While coarse meteors fall on the Earth, aerosol originating
from these meteors is most frequently formed in the upper atmosphere [7] and less
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commonly in the middle and lower stratosphere [8]. The most thoroughly studies case
of meteor aerosol formation in the past had been the fall of meteorite near Chelyabinsk
on February 15, 2013 [9]. A dust ring, formed at an altitude of 25–45 km after the
meteorite fall, filled the stratosphere of the Northern hemisphere over 50–70°N latitudes
[10]. After the Chelyabinsk meteorite, unique information has been obtained with the
help of land-based lidar instrumentation (Obninsk, Moscow, Yakutsk) on the aerosol
layers propagating in the stratosphere; the data on the trajectories of air masses in the
stratosphere were involved [11].

According to the data of lidar measurements of the backscattering ratio in the strato-
sphere above Tomsk in August 2013, intense peaks of aerosol scattering were detected.
The most intense peak was observed at the altitude of 29 km. In the present work, the
assumption concerning the meteoric origin of the recorded stratospheric aerosol is ana-
lyzed. For this purpose, the data obtained in the calculation of backward trajectories of
air masses, the satellite data from the limb sensor OMPS-LP and from the space lidar
CALIOP have been also considered.

2 Experimental Data and the Procedure of Trajectory Analysis

The starting point of the investigation was in the land-based measurements of the aerosol
backscattering ratio. The measurements were made using the lidar station situated in
Tomsk at the Institute of Atmospheric Optics SB RAS. The aerosol backscattering ratio
was calculated frommeasurement results:R(H ) = (βπm(H )+βπa(H ))/βπm(H ), where
βπm(H ), βπa(H ) are the volumetric coefficients of molecular and aerosol backward
scattering at the altitude H, respectively. In the presence of aerosol at a definite altitude
R(H ) > 1, while in its absence R(H ) ≈ 1 to the accuracy within measurement error.
The major characteristics of this lidar station were reported in [12].

An essential part of the investigation is the use of OMPS-LP instrument (Ozon
Mapping Suite Profiler – Limb Profiler), which is intended for recording the profiles
of ozone and aerosols by measuring scattered solar radiation within the spectral range
of 290–1000 nm. In each survey point, limb sensor OMPS-LP records the profile of
aerosol extinction at the altitudes from 0.5 to 40.5 km above sea level [13]. The limb
sensor measures three limb profiles spaced approximately 250 km in the cross-track
direction. In particular, this instrument was used to study the dust belt that was formed
after the explosion of the Chelyabinskmeteorite [10], and to study several aerosol clouds
left by smaller bolides and rocket launchings [14].

The data from the space lidar CALIOP at the CALIPSO satellite on the altitudinal
distribution of aerosol in the atmosphere were also involved in the study. This lidar uses
three receiving channels, one at 1064 nm and the other two at 532 nm with orthogonal
polarization [15].

Aerosol transport was analyzed on the basis of the method that includes tracing the
backward isentropic trajectories, implemented using the software developed by us for
plotting air mass trajectories. In these calculations, we used the data fromUKMet Office
on wind velocities in the Northern hemisphere [16]. The procedure showed excellent
performance in the calculations of aerosol transport after volcanic eruptions and after
the Chelyabinsk meteorite fall [11].
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3 Results of the Lidar Observations of Aerosol Above Tomsk
in August 2013

Aerosol layers at the stratospheric altitudes were recorded above Tomsk in August 2013
(Fig. 1). The thickest aerosol layer was observed on August 22 at the altitude of 29 km.
The value of backscattering ratio R reached 24.

Fig. 1. The altitudinal profiles of the backscattering ratio R(H), obtained on the basis of the results
of lidar measurements above Tomsk in August 2013.

These layers were formed while Perseids meteoroid flux was passing, which is
observed every year since about July 17 till August 24 [17]. The peak intensity of this
flux falls within August 11–13. It was assumed that the observed aerosol layers were
formed as a result of combustion of meteor bodies in the stratosphere.

As a rule, the meteor bodies of this flux burn at the altitudes from 60 to 120 km
above the Earth’s surface. It may be assumed that the observed aerosol layers appeared
at the stratospheric altitudes as a result of sedimentation of this aerosol ofmeteoric origin.
Attention shouldbepaid to the fact that the observed aerosol layers are verynarrow,which
does not agree with the assumption that they originated as a result of aerosol particles
sedimentation from high altitudes. However, after the fall of the Chelyabinsk meteorite
on February 15, 2013, narrow aerosol layers were detected in Obninsk, Moscow and
Yakutsk [11] at an altitude above 30 km. The origin of the observed layers of meteoric
aerosol was confirmed by the results of air mass trajectory analysis. The aerosol cloud
formed during meteorite burning was decomposed into narrow layers as a result of wind
distribution in the stratosphere.

In addition, sporadic meteors that do not belong to any meteoric fluxes are observed
every year in the atmosphere. In the lower part of their trajectories, they reach an altitude
of 25–35 km [18]. The existing monitoring systems in the USA and Canada [19, 20], as
well as some other countries, mainly contain the data on the brightest meteors recorded
in these countries is populated areas. Thus, the falls of middle-sized meteor bodies in
sparsely populated areas may remain unnoticed.

In the present work, we made an attempt to reveal the origin only of the most intense
aerosol peak that was observed at an altitude of 29 km above Tomsk.
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4 Results of Trajectory Analysis Involving the Satellite Data

The backward isentropic trajectories of air masses were calculated for 16 days before
these air masses arrived to Tomsk at het altitude of about 29 km on August 22. The
trajectory corresponding to the maximum of aerosol peak showed in Fig. 1 for August
22 is presented in Fig. 2. Points on this trajectory mark 12:00 UTC moments of each
day. Air circulation in the stratosphere over West Siberia is slow, so a fragment of the
trajectory above Tomsk is shown in the insert on an enlarged scale. During 16 days, air
masses at an altitude of about 29 km had passes from Chukotka to Tomsk since August
6 to 22 within the 55–65°N latitudes.

Then the satellite data were engaged for the analysis of aerosol filling. Along the
obtained trajectory of air mass motion, the tracts of Suomi NPP satellite were found,
crossing this trajectory within themeso-scale accuracy in the points where a survey point
and themoving airmass occurred simultaneously. Therefore, the aerosol, carried by these
air masses and later recorded at the altitude of 29 km above Tomsk on August 22, could
be detected from the satellite. These tracks are shown in the Figure as bold segments,
with numbers near the segments indicating the dates when the track crossed the air mass
trajectory. Near Tomsk, the satellite tracks synchronously crossed the trajectory of air
mass motion several times: on August 21, 22, 23, and 25. These tracks turned out to be
spatially close to each other, so they are shown in Fig. 2 as one continuous line marked
with the dates 21–25. The search for synchronous crossings between air mass trajectory

Fig. 2. The trajectory of air mass motion (a thin continuous line with points) that reached Tomsk
on August 22, 2013 at the altitude of 29 km, and its synchronous intercrossings with the tracks
of satellites: Suomi NPP (bond continuous lines), and CALIPSO (a grey dash line). Points on the
trajectory indicate air mass shifts with a step of 24 h (corresponding to 12:00 UTC of each day).
Near satellite tracks, the dates of their crossing by the air mass trajectory are indicated. A fragment
of the trajectory near Tomsk is shown on the enlarged scale in the insert. Tomsk is marked as a
grey square. A dash line in the region of Kamchatka encircles the site where the meteorite was
assumed to fall.
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and CALIPSO satellite tracks was carried out similarly. One track that crossed the air
mass trajectory synchronously on August 12 has been found.

According to the data from the OMPS-LP instrument, mounted on Suomi NPP, the
vertical profiles of aerosol extinction ratio (at 869 nm) in the points of nearly synchronous
crossing with the air mass trajectory near Tomsk since August 21 till August 25 are
presented in Fig. 3. No data from OMPS-LP on August 24 are available.

Fig. 3. The sequence of vertical profiles of the aerosol extinction ratio in the stratosphere above
Tomsk in August 2013 according to the data from OMPS-LP.

According to the data, on the 21th of August, a day before lidar measurements,
the aerosol content at the altitude of about 29 km was the lowest over the available
observation data. On August 22, a noticeable broad peak of the aerosol extinction ratio
appears around the altitude of 29 km. The appearance of this peak corresponds to the
data of lidar observations in Tomsk (Fig. 1). The features of OMPS-LP probing cause
broadening of the aerosol peak in comparison with the data of lidar observations. Later
on, on August 23 and 25, increased aerosol extinction ratio was observed at the altitude
of about 29 km near Tomsk. This may be connected with the extension of the aerosol
layer that had travelled to Tomsk, and the features of atmospheric circulation at this
altitude near Tomsk during those days.

In Fig. 4, the vertical profiles of the aerosol extinction ratio in the points of syn-
chronous intercrossing with air mass trajectory on August 15, 12, 8, and 7 are shown it
the similar manner. These profiles are given separately for each day as continuous black
lines. For comparison, grey lines depict the vertical profiles of aerosol extinction ratio in
the same spatial points but a day before the aerosol-carrying air masses reached Tomsk.

According to these data, the peak at the vertical profiles of aerosol extinction ratio
with a maximum at 29–30 km appeared on about August 9, while no peak was observed
on August 7 and 8. According to the formulated assumption, the meteor was to fall
within this time interval and produce the observed aerosol. In Fig. 2, the assumed region
ofmeteorite fall and the formation of recorded aerosol aroundAugust 9, 2013 is encircled
with a dash line: it is above the Sea of Okhotsk to the north-west from Kamchatka.
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Fig. 4. A sequence of the vertical profiles of aerosol extinction ratio according to the data from
OMPS-LP in the points of synchronous intersections of satellite tracks with the air mass trajectory
towards Tomsk in August 2013, shown in Fig. 2 as a thin continuous line with points, and at the
same geographic points a day before.

The presence of aerosol at the altitude of 29 km on August 12, in the point of air
mass trajectory intersection with the track of CALIPSO satellite, is also indicated by the
data on the aerosol filling of the stratosphere, obtained from the satellite lidar CALIOP.
Aerosol was detected by the limb sensor of OMP S-LP at the same site and at the same
time at the altitude of 29 km (Fig. 5).

The question concerning possible artificial origin of the aerosol cloud moving to
Tomsk at the altitude of 29 km was also considered in the investigation.

It is known that aerosol at the altitude of 35–65 km may arise as a consequence of
rocket launching [21]. Therewere three rocket launching evens inAugust 2013 that could
lead to the formation of aerosol at the altitude indicated above: the rockets were launched
from Tanegashima Space Center on August 3 at 19:48 UTC, from Cape Canaveral on
August 8 at 00:29 UTC, and from Yasny cosmodrome on August 22 at 14:39 UTC
[22]. The direct isoentropy trajectories were calculating using the data of UKMO and
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Fig. 5. A vertical section of the aerosol filling on the atmosphere along the track of CALIPSO,
shown with a grey dash line in Fig. 2, according to the data from space lidar CALIOP. The arrow
indicates aerosol at the altitude of 29 km, in the point where CALIPSO track crosses the air mass
trajectory.

ECMWF. The former two launching sites are situated at the latitudes of 28–30°, and in
summer 2013, in both cases, the air masses were moving at the altitude of 25–31 km
from launching sites to the west almost in parallel to the equator within a band of 25–
35° N and could not be source of the aerosol observed on August 22 above Tomsk.
Yasny cosmodrome is situated at 51°N, 56°E and, as evidenced by calculation results,
air masses at the altitude of 25–35 km could not reach Tomsk to the moment of lidar
observation. So, aerosol from rocket launching bears no relation to stratospheric aerosol
detected above Tomsk on August 22.

5 Conclusion

According to the data of lidar measurements of the backscattering ratio, aerosol was
recorded at the stratospheric altitude in the atmosphere above Tomsk in August 2013.
The most intense peak of aerosol scattering was detected at the altitude of 29 km on
August 22.

The assumption concerning the meteoric origin of this aerosol is considered in the
work. Isoentropic backward trajectories of air mass motion were calculated using the
original software package and the data on wind velocities from the UK Met Office. In
addition, the data on the stratospheric aerosol obtained from the space lidar CALIOP
and the satellite limb sensor OMPS-LP were involved, which allowed us to determine
approximate region of meteor body combustion in the atmosphere.

The peak of aerosol scattering, observed on August 22, 2013 above Tomsk at the
altitude of 29 km, is most probably due to the aerosol formed as a result of meteor body
fall in the region of the Sea of Okhotsk near Kamchatka.
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Abstract. Mechanisms of the influence of solar activity on optical char-
acteristics of the thermosphere and the possibility of studying them,
using lidar observations and monitoring the glow of the night sky, are
considered. The need for an integrated approach to remote observations
is substantiated by the example of the dynamics of spectral lines of opti-
cal emission over Kamchatka, which arises as a result of changes in the
state of the thermosphere, and which can be used for remote lidar sensing
in adaptive mode.

Keywords: optical characteristics of the thermosphere · dynamics of
optical emission spectra · complex remote sensing methods

1 Introduction

One of the reasons for climate change is associated with the influence of solar
activity on optical properties of the atmosphere via the increase in ionization,
which causes the increase in the scattering coefficient of the atmosphere. In the
upper layers, this is due to the spectral properties of excited ions, and in the lower
layers, with the formation of aerosols at condensation centers, which are created
by ions. Both of these mechanisms have been studied using lidar observations in
the middle and lower layers of the atmosphere for a relatively long time, and in
the upper layers only in recent years [1–5].

Lidar studies of the upper atmosphere are methodically related to the obser-
vations of a thin layer of metal vapors in the altitude range of 100–120 km using
resonant scattering [6–10]. The proposal to create a thermospheric He lidar [11],
despite the difficulties with the IR receiver, was implemented [3]. At the same
time, three thermospheric O+, N+ and Ca+ lidars have already been created.
This circumstance is in favor of ion spectral lines when choosing a probing target.
And this choice remains a big problem.

The fact that excited ions have a wider spectral line than their neutrals can
be understood if we compare them according to the hydrogen-like model. The ion
has twice the charge and four times the energy levels. Ions move under the action
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of electric fields, receive additional energy and transfer it to neutrals in collisions.
It is obvious that ions and neutrals differ in their excitation mechanisms, it
means that they interact differently with radiation. And this should be taken
into account in lidar observations.

With increasing solar activity, sun thermodynamic state deviates even more
from equilibrium, and its thermodynamic distribution from exponential, which
manifests itself in the increase in short-wave radiation, which, acting on the
earth’s thermosphere, increases the excitation of its components, and this leads
to the increase in the scattering coefficient.

In the middle and lower atmosphere, ionization, promoting the formation of
aerosol, also causes the increase in scattering. In this scheme of the influence of
solar activity on the atmosphere, the decisive role is played by ultraviolet and
x-ray radiation, which is converted into longer wavelengths through the process
of ionization and recombination.

We must not forget that there are other factors associated with volcanic
activity, fires, dust storms and cyclones, but their contribution must be assessed
integrally, then it will be quite comparable with the constantly acting low level
influence of solar activity. The anthropogenic factor can be estimated at a hun-
dredth of a percent of energy production in relation to solar heat flow. This is
also comparable to the influence of solar activity. From the point of view of a
systems approach, all factors can be interconnected, and their synchronization
can lead to catastrophic consequences.

The excited state of the thermosphere is determined by the population of
energy levels and the set of spectral lines of plasma components, and the dif-
ferences in the population of levels determine the resonant conditions for the
radiation propagation. Therefore, to carry out lidar observations, it is necessary
to monitor optical emission spectra, the characteristics of which will be consid-
ered using the example of the results of spectral analysis of the night sky glow
over Kamchatka.

2 Glow Spectra of the Night Sky

The results of spectral analysis of the night sky emission are presented in Fig. 1
and 2 (local time). Data were obtained over Kamchatka on February 28, 2012
using a SP-2500i spectrophotometer with a PicoStar HR 12 picosecond camera
and a telescope aimed at the zenith with a mirror diameter of 60 cm and a
focal length of 2 m, the coordinates are 52◦58′23′′N, 158◦14′50′′E, in a quiet
geomagnetic environment, all K-indices were equal to 1. The observation time
was 1 h 50 min with two signal accumulation sessions of 20 min each, at the
beginning and at the end of this period.
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Fig. 1. Luminescence specter of the night sky on February 28, 2012, at the beginning
of observations.

Fig. 2. Luminescence specter of the night sky on February 28, 2012, at the end of
observations.

We should note the significant changes in the spectral characteristics of the
glow of the night thermosphere over an observation period of 1 h and 50 min. The
beginning and end of the observations are presented in Fig. 1 and 2 by different
groups of spectral lines. The results of the search in the NIST Atomic Spectra
Database for the yellow and red lines in Fig. 1 are shown in Fig. 3.

Grotrian diagrams of these lines are presented in Fig. 7a. In addition to the
oxygen lines Fig. 1 illustrates yellow nitrogen lines N 571.3 and 572.9 nm, their
data are shown in Fig. 4a, Grotrian diagrams are presented in Fig. 7b.
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Fig. 3. Yellow and red lines of atomic oxygen.

Fig. 4. Yellow (a) and green (b) lines of atomic nitrogen.

Atomic nitrogen was highlighted at the beginning of observations with yellow
lines, and at the end it was marked with green lines, data is in Fig. 4, diagram
is in Fig. 7b. At the end of the observations, lines of atomic oxygen ion (Fig. 5)
and atomic hydrogen (Fig. 6) appear.

Fig. 5. Atomic oxygen ion lines.

During the observations, the spectral lines shifted from the yellow-red region
to the blue-green region, indicating changes in the state of the thermosphere.
This should be taken into account during lidar observations.

Atomic nitrogen appeared both at the beginning and at the end of the obser-
vations, but in the second case it was in a shorter wavelength range of radiation.
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Fig. 6. Atomic hydrogen lines.

The shift of spectral lines N to the short-wavelength part of the spectrum
and the appearance of lines H and O+ instead of lines O indicates movement
of the excitation region of the thermosphere upwards that is quite natural for
midnight, when the sun goes far below the horizon.

At the end of the observations, a rise in the spectrum continuum occurred
between the H 486 nm and N 534 nm lines. Moreover, it increased in the short-
wavelength part of the spectrum and ended at the hydrogen line. The spectrum
interval between the H 486 nm and N 534 nm lines is an emission line cluster. This
spectral range and the one to the left of the hydrogen blue line H 486 nm are of
interest for studies of the resonant propagation of both solar and laser radiation.
This is of particular interest when the atmosphere is strongly influenced by solar
activity.

3 Discussion

The scattering coefficients of the thermosphere in individual spectral lines are
very small. They increase during strong disturbances. It is interesting to estimate
the integral impact of solar activity by spectrum, height and strength of a dis-
turbance. This may be the subject of further lidar observations. In this regard,
it is promising to use sufficiently excited levels with transition lines in the blue
region of the spectrum. Photodetectors have high sensitivity in this area.

There are not many spectral lines that have natural line width of at least
100 MHz and are suitable for use in resonance scattering. With a narrow reso-
nance line, vibrations increase slowly, and collisions of atoms interfere with this.
In case of sudden disturbances, the loss of the resonant signal is possible. And
this effect should also be taken into account.
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Fig. 7. Grotrian diagrams of atomic oxygen (a), atomic nitrogen (b), atomic oxygen
ion (c) and atomic hydrogen (d).

4 Conclusion

Based on the results of spectral observations, it was shown that thermosphere is
significantly restructured even under calm conditions, and this should be taken
into account during lidar observations, which must be carried out in adaptive
mode.
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Abstract. Based on the data of the global Automatic Whistler Detector
and Analyzer Network (AWDANet), World Wide Lightning Location
Network (WWLLN) and the VLF direction finder of IKIR FEB RAS,
statistical analysis was carried out to detect whistler generation sources.
Stroke pairs with repetition interval of less than 100 ms and the distance
between them of less them 40 km were selected from the WWLLN data
base. The obtained time series showed high correlation degree with the
time series of the recorded whistlers in AWDANet data.

Keywords: lighting stroke · whistler · sprite · ionosphere

1 Introduction

Lightning strokes are the main natural source of pulse radiation in the very low
frequency range (30 Hz–30 kHz). These radio pulses propagate at long distances
with low attenuation in the Earth-ionosphere waveguide and have the established
name, atmospherics. Atmospherics can also propagate into the ionosphere and
magnetosphere. According to the paper [1], electromagnetic radiation undergoes
frequency dispersion in the result of propagation through the ionospheric and
magnetospheric channel. At first, signal high-frequency components arrive, then
lower frequencies arrive with increasing delay. Such signals are called whistlers
(whistling atmospherics).

It is known that lightning strokes and whistlers have casual relationship.
Whistlers, recorded at a certain point on the Earth surface, are initiated by
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lightning strokes in magnetically conjugated regions [2]. About 20% of cloud-
ground (CG) positive strokes cause sprites [3].

Sprites, as a class of separate lighting strokes, were discovered not long ago.
First documentary confirmations of their existence were received with highly-
sensitive video cameras in 1989 within the framework of “SKYFLASH” program
realized by Minnesota University.

Horizontal dimensions of a sprite lie in the range from several kilometers to
50 km. Vertical dimensions reach the values of 90 km with the intensive illumi-
nation region at the height of about 60–70 km. As long as oxygen concentration
at this height is insignificant, nitrogen is responsible for the maximum radiation
intensity in the spectrum that determines red color of the stroke in a sprite.
Photometric measurements show that sprite illumination duration is about 3
ms. Mainly, it occurs after an initiating stroke of a CG positive lightning [3].

Apparently, all cloud-ionosphere (CI) strokes require a CG stroke trigger, and
they occur about 3 ms after this trigger. With few exceptions, the trigger CGs
are identified by the National Lightning Detection Network (NLDN) as positive
strokes, which may be situated up to 50 km lateral distance from the CI central
region. Triggers and CIs are sometimes multiple, several occurring within 1 s.

This fact was confirmed by many papers, for example [4].
Sprite triggering CG stroke occurs at the ionosphere lower boundary, that

is why the possibility to initiate a whistler should be higher than that of other
types of lightning strokes.

2 Atmospherics Initiated by Sprites

The delay times between the initiating strokes and sprites triggering CG strokes
reaches 70 ms and the distances are up to 40 km. It was mentioned in the paper
[3] that in 96% of cases, the second stroke in a pair of CG positive strokes is a
sprite. Based on these statements, paired strokes, corresponding to the described
criteria, are distinguished in WWLLN data. We can assert that these strokes
have initiating strokes followed by sprites triggering CG strokes. To test the
truth of the latter statement, paired strokes, detected in WWLLN data base,
and the pulses, recorded by the VLF direction finder of IKIR FEB RAS, were
analyzed [5].

The criterion for selection of paired events in WWLLN data were the remote-
ness of lightning strokes from the VLF direction finder location. The distance
should be less than 1000 km. The time interval, for which the comparison was
carried out, was six years, from 01 January 2015 to 31 December 2021. We
selected 27511 paired strokes over the whole period of comparison, 82% (22519)
from them were positive stroke pairs (+CG, +CG). An example of such pairs,
recorded at the VLF direction finder electric component output, is illustrated in
Fig. 1.
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Fig. 1. Examples of paired strokes selected from WWLLN data base and recorded by
the VLF direction finder

It was interesting that paired negative strokes (–CG, –CG) were observed
only in 7% of cases and negative stroke - positive stroke (–CG, +CG) pairs
were observed in 9%. Positive stroke - negative stroke (+CG, –CG) were not
observed. In about 2% of cases, no atmospheric strokes or only one was observed
at the VLF direction finder output. We can state from the analysis that paired
strokes, selected from the WWLLN data base and corresponding to the criteria
of time delay up to 70 ms, spaced by not more than 40 km, are really pairs of
cloud–ground (+CG) positive strokes and a sprite triggering CG stroke.

3 Whistlers and Sprites

To show the presence of statistical relation between whistlers and sprites trig-
gering CG strokes, we used the data obtained at Karymshina station (53.0◦N ,
158.7◦E), for the period from 14 July 2015 till 27 September 2021 and at Dunedin
station (45.7◦S, 170.5◦E) for the period from 01 January 2017 till 31 December
2020. The stations are the nodes of AWDANet. Lightning activity parameters
were taken from the data base of the WWLLN network. At Karymshina station,
1.3 · 106 whistlers were recorded during the period under analysis. The number
of lightning strokes, occurred during that period, was 1, 28 · 109, 2, 8 · 108 from
them corresponded to the criteria of paired strokes. At Dunedin station, 2.8 ·106

whistlers were recorded. The total number of strokes for that period was 8.4·108,
the number of paired strokes was 1.9 · 108.

The relation between whistlers and lightning strokes can be illustrated by
constructing delay time distributions. This relation is calculated as a difference
between whistler recording times and the times of lightning stroke occurrences.
If events are not associated with each other, the distribution should be uni-
form. Figure 2a shows the obtained distribution, from which the maximum of
∼ +1.1 ± 0.2 s is clear. It indicated the fact that whistlers are really associ-
ated with atmospherics of casual lightnings. Having marked all the locations of
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recorded lightnings, included into the distribution, on the map, we obtain that
the lightnings are spread all over the Earth, but the certain structure of their
surface density is evident (Fig. 3).

Fig. 2. Distribution of the number of coincidences in delay times between whistler
recording times and lightning stroke occurrences times. The series is centered with
respect to the whistler recording times (a). Distribution of delay times: + between
whistler recording times and recording times of the sprites triggering CG strokes; –
between whistler recording times and the recording times of all the strokes but sprites
triggering CG strokes (b).

Based on the evident structure of lightning stroke distribution density, shown
in Fig. 3, we can join all the locations of recorded lightnings into 11 clearly
distinguished clusters. Using the k-means clustering method (the most appro-
priate simulation with the least sum of distances is chosen), the region centers
of whistler possible sources are obtained. In order to define whistler sources
unambiguously, we estimated the delay time distributions for separate regions
illustrated in Fig. 4. Graph numbers coincide with the region center numbers in
Fig. 3.



58 E. Malkin et al.

Fig. 3. Map of lightning stroke density distribution, the numbers denote the centers of
the clusters entering the maximum of the distribution illustrated in Fig. 2a.

Fig. 4. Distribution of the number of coincidences in delay times between the whistler
recording times and the times of lightning strokes occurred in the regions located at
the distances of not more than 1400 km from its centers. Graph numbers correspond
to the region center numbers shown in Fig. 3.
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It is clear from Fig. 4 that the clear maximum in the distribution is main-
tained only for region 2, which coincides with the magnetically conjugated region
for Karymshina station. Thus, we repeated the results published in the paper
[2]. All further samplings of initiating lightning strokes are limited by the mag-
netically conjugated region.

As for the mechanism of whistler formation, it is generally accepted that
a powerful lightning stroke generates a wide-band pulse capable of penetrating
through the ionosphere into the magnetosphere where it turns to a whistler when
dispersing as the result of its propagation along the magnetospheric channel [1].

Whistler excitation by an electromagnetic wave is one of the evident mech-
anisms. The second one consists in the direct change of electron density by the
basis of a magnetospheric channel. This mechanism can be realized as the result
of lightning stroke impact at the basis of a magnetospheric channel. Sprites,
being strokes, occurring between the upper edge of a lightning cloud and the
ionosphere lower boundary, neutralize negative extra charge of a lightning cloud
[6]. In this case, an atmospheric generated by a sprite has positive VLF pulse
(Fig. 1).

As it was shown above, there is a clear sign to determine sprites in WWLLN
data. Based on that, we compared two distributions of delay times:

– between whistler recording times and recording times of the sprites triggering
CG strokes (second stroke in a pair);

– between whistler recording times and the recording times of all the strokes
but sprites triggering CG strokes.

The both distributions are illustrated in Fig. 2b.
If we compare the delay time distributions obtained by taking into account all

the strokes (Fig. 4.2) and obtained by taking into account only sprites triggering
CG strokes (Fig. 2b), occurred in the magnetically conjugated region, we obtain
that the difference is less than 10% in absolute magnitude. The second distri-
bution, shown in Fig. 2b, was obtained not taking into the account sprites trig-
gering CG strokes (second strokes in pairs). That confirms the assumption that
just second strokes of paired lightnings are the causes of whistler occurrences.
Thus, based on the papers [2,3,7], it is possible to state with high confidence
that sprites triggering CG strokes are whistler sources.

We made analogous estimations for AWDANet data, obtained at Dunedin
observation site (45.7◦S, 170.5◦E). The results are shown in Fig. 5 where the
time delay distribution more clearly demonstrates the statement that just second
strokes of paired lightnings are the whistler sources [8].
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Fig. 5. a) Distribution of delay times between whistler recording times and lightning
stroke occurrences times. The series is centered with respect to whistler recording
times (Dunedin). b) Distribution of delay times: + between whistler recording times
and recording times of the sprites triggering CG strokes; – between whistler recording
times and the recording times of all the strokes but sprites (Dunedin).

4 Conclusions

Statistical analysis was carried out to detect the sources of whistler generation
based on the data of the global Automatic Whistler Detector and Analyzer Net-
work (AWDANet), World Wide Lightning Location Network (WWLLN) and the
VLF direction finder of IKIR FEB RAS. As the result of the work we obtained:

• distribution of the number of coincidences in the delay times between whistler
recording times and the lightning stroke occurrence times for Karymshina and
Dunedin stations;

• distribution of the number of coincidences in the delay times between whistler
recording times and recording times of the sprites triggering CG strokes for
Karymshina and Dunadin stations;

• statistical data describing paired strokes recorded by VLF direction finder.

On the basis of the papers [6,7] and analysis of paired strokes, recorded by
the VLF direction finder, we can state with high confidence degree that paired
strokes are the positive cloud-ground strokes and ionosphere-cloud strokes. In
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this case, the second stroke is formed by a noncompensated negative cloud
charge, which remained after +CG, thus the second stroke in this pair can be
considered as sprite. Comparative analysis of the obtained distributions was
carried out for all the strokes occurred in the magnetically conjugated region as
well as taking into account only the strokes associated with sprites triggering CG
strokes. The analysis showed that there is statistical relation between the two
phenomena, in particular, the triggering lightning strokes of sprites accompany
whistlers.

Acknowledgments. The work was carried out within the framework of realization
of the State Task № AAAA-A21-121011290003-0.
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Abstract. The paper presents the analysis of monitoring of natu-
ral pulse electromagnetic radiation (PER) in VLF range (3–30 kHz)
accompanying dirty thunderstorms, which occurred during Shiveluch and
Bezymianniy volcano eruptions. Lightning activity in ash-gas clouds dur-
ing a volcano eruption is traced by radio technical monitoring devices
located in the region of Karymshina river. Satellite data confirm the
information on the motion of eruptive clouds accompanied by successive
lightning strokes tracing the trajectory of their propagation. More than
40 eruptions of Shiveluch volcano were analyzed during the investiga-
tions over the period of data collection from 2017 to 2023. More than
75% from the eruptions caused lightning generation whereas during the
Bezymianniy volcano eruptions over the indicated period, all the events
were accompanied by PER increases typical for dirty thunderstorms.
It was demonstrated that two-stage scenario of event development was
characteristic for all the cases. The first stage of PER increase is accom-
panied by eruptive column formation and it depends on burst power and
ash ejection height. The second stage depends on eruption power and
eruptive cloud interaction during the process of its propagation with
meteorological clouds (that can be indicated by the increase of the num-
ber of cloud-cloud strokes). The mechanism of thunderstorm formation
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in eruptive clouds, explaining their two-stage regime, was shown. We
also give preliminary description of Bezymianny and Shiveluch volca-
noes events occurred in April 2023 and accompanied by ash ejections of
the height up to 20 and 30 km, respectively.

Keywords: Lightning discharge · pulse electromagnetic radiation ·
remote methods · satellite images

1 Introduction

Investigation of electrostatic electricity in eruptive clouds by remote methods is a
promising direction for obtaining the information on eruptive cloud development
and the processes of their electrification. Charge separation, causing lightning
occurrences, is observed not only in meteorological, rain or hailstorm clouds but
also in eruptive clouds (EC) during volcano eruptions with high lightning activ-
ity (“dirty thunderstorms”) [1–7]. Monitoring of EC propagation from “dirty
thunderstorms”, carried out by different methods, makes it possible to take pre-
ventive actions to decrease consequences. Reliable remote methods of observation
of volcano explosive activity are seismic, infrasound methods and monitoring of
lightning activity. The first one provides the information on explosive process
intensity and duration. The second one indicates the degree of its nonstationar-
ity and the intensity of ash ejection in the atmosphere. The third method traces
ash cloud motion based on lighting stroke data. In the paper, we focus on the
first and the third methods and apply satellite data for analysis reliability.

Shiveluch (56◦47
′
N, 157◦56

′
E) and Bezymianniy (55.98◦ N, 160.59◦ E) vol-

canoes of the Klyuchevskaya Volcano Group have been the most active volcanos
from 2016 to 2023.

2 Instrumentation and Observation Method

A direction finder of very low frequencies (VLF direction finder, f ≈0.5–60 kHz)
is used to record pulse electromagnetic radiation (PER) at the Institute of Cosmo-
physical Research and Radio Wave Propagation (IKIR) FEB RAS (Karymshina).
The hardware-software complex for PER recording is described in the paper [8].

Besides the VLF direction finder, installed at Karymshina River observa-
tion site, IKIR FEB RAS records PER from volcanic lightning with the time
accuracy up to several microseconds by a segment of the World Wide Light-
ning Location Network (WWLLN, http://wwlln.net), located in Paratunka [9].
It provides excellent results for the monitoring of eruptive cloud propagation in
cases of optimal arrangement of the network sites. The network data were used
to check the presence of lightning activity in the region [10]. The VLF direc-
tion finder of IKIR FEB RAS, based on one-point direction finding method,
is used in this work as the main source of information. This method consists
in the determination of the azimuth of transverse electromagnetic (TEM) wave
arrival from fields components recorded separately. Base station is an antenna

http://wwlln.net
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system including two mutually perpendicular frame magnetic antennas (oriented
in north-southern and east-western directions) and one pole electric antenna,
a system for signal transmission and processing. The frame 100-coil antennas
have the dimension of 4 by 8 m, and the six-meter pole antenna is installed on
a building roof. Electromagnetic pulses in the range of 0.5–60 kHz, exceeding
the threshold level of 1 V/m, are recorded. The VLF direction finder allows us
to record electromagnetic radiation from regional lightning and to locate the
azimuth of its arrival.

3 Analysis of Electromagnetic Radiation During
Shiveluch and Bezymianniy Volcano Eruptions

A large data volume has been collected for the period from 2016 up to the
present time. The data show the efficiency of remote observation methods during
volcano eruptions. Preliminary review of the Shiveluch and Bezymianniy volcano
eruptions, accompanied by PER, for that period was presented in the paper [1].

3.1 Examples of Records of Lightning Strokes Accompanying
Explosive Eruptions of Kamchatka Volcanos Until 2022

Based on the data of Kamchatka Bruch of the Federal Research Center “Geo-
physical Survey, Russian Academy of Sciences” (KB GS RAS), http://www.
emsd.ru/∼ssl/monitoring/main.htm, a catalogue of the strongest events on Shiv-
eluch and Bezymianniy volcanos was composed for the period of 2016–2022.
Sixty-nine eruptions of Shiveluch volcano and thirteen eruptions of Bezymianniy
volcano were selected, 75% from which caused the formation of “dirty thunder-
storms”, radiating electromagnetic pulses recorded by the direction finder.

For example, during the eruption of Shiveluch volcano at 22:31 on 16 Decem-
ber 2016, based on KB GS RAS data, the eruptive cloud height, estimated from
seismic signal intensity, was 5.6 km.

In HIMAWARI–8 satellite images (http://rammb.cira.colostate.edu/), the
eruptive cloud moved under wind effect with the azimuth of ∼75◦ and the veloc-
ity of ∼17 m/s that corresponded to the wind azimuth and velocity in the height
interval of 6.5–8.0 km according to atmosphere stratification [1].

Based on VLF direction finder data, eruptive cloud formation was accompa-
nied by PER from the azimuth to Shiveluch volcano of 25,6◦ ± 10◦.

The most interesting event of Shiveluch volcano eruption, from the point of
view of PER monitoring, occurred at 16:26 on 14 June 2017, when EC at the
height of ∼12 km moved near the KLY and KZY sites (http://www.emsd.ru/
∼ssl/monitoring/main.htm).

It is clear from the HIMAWARI-8 satellite images, that 34 min after the
eruption beginning, almost round EC with the diameter of ∼70 km was formed
at the height of 9 km.

According to wind stratification of balloon sounding data, the EC began
to move to Klyuchi settlement with the velocity of 12 m/s. EC formation and
propagation was recorded by a video camera at KLY. Almost one hour later, the

http://www.emsd.ru/~ssl/monitoring/main.htm
http://www.emsd.ru/~ssl/monitoring/main.htm
http://rammb.cira.colostate.edu/
http://www.emsd.ru/~ssl/monitoring/main.htm
http://www.emsd.ru/~ssl/monitoring/main.htm
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EC covered the KLY settlement where 100 g/m2 of ash fell. Then it continued
to move in the direction of Klyuchevskoy volcano. At 21:33 the eruptive cloud
reached KZY, where very weak fall of finely dispersed ash was observed [1,4].

During the eruptions of Bezymianniy volcano on 20 January and 15 March
2019, the VLF direction finder recorded PER from the azimuth of 23.6◦ ± 0.4◦

to the volcano. The pulse radiation intensity of ∼20 pule/min was close to the
strongest events of Shiveluch volcano.

3.2 Mechanism of Lightning Formation in Eruptive Clouds

Two-stage development of PER is characteristic for all “dirty thunderstorms”
recorded by the VLF direction finder of IKIR FEB RAS. It was earlier detected
for the Augustine and Redoubt volcanos eruptions in Alaska [11]. The mecha-
nism, explaining the two-stage process on the example of Kamchatka explosive
eruptions, is described in the papers [1–7].

In order to illustrate the two-stage mechanism of thunderstorm formation in
eruptive clouds, we consider three events of Shiveluch and Bezymianniy volca-
noes.

Table 1 shows conditional characteristics of the two stages for the three most
intensive “dirty thunderstorms”, occurred during Shiveluch volcano eruption.

Table 1. Parameters of the three most vivid events during the Shiveluch volcano
eruptions.

date time time 1

phase,

mim

max counting

rate,

pulse/min

pulse

number

pulse

time 2

phase,

min

max counting

rate,

pulse/min

pulse

number

pulse

WWLLN

11.05.2017 18:24 4 16 47 28 14 183 4

23.07.2017 17:43 4 3 10 26 18 205 0

21.10.2019 12:17 5 18 45 – – – 0

Table 2 illustrates the parameters of three events during Bezymianniy volcano
explosions. The differential peculiarity of the Bezymianniy volcano eruption on
15 March 2022 was the burst at 12:50 that was reflected in the dynamics of “dirty
thunderstorm” development in the form of two-stage process with clearly defined
fist (I) and (II) stages. Owing to the atmosphere inhomogeneous stratification
at the time of the eruption, the eruptive cloud became stretched with observed
azimuthal angle size of 22.5◦ relative to the Karymshina River site. Analysis of

Table 2. Parameters of the three most vivid events during the Bezymianniy volcano
eruptions.

date time time 1

phase,

mim

max counting

rate,

pulse/min

pulse

number

pulse

time 2

phase,

min

max counting

rate,

pulse/min

pulse

number

pulse

WWLLN

20.12.2017 03:39 3 5 9 54 37 781 7

15.03.2019 12:17 – – – 40 83 1138 11

15.03.2022 18:24 4 11 32 50 21 159 4
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VLF direction finder data confirmed the presence of a thunderstorm source in
the azimuthal angles from 8.2◦ to 27◦.

According to the paper [12], bipolar particle charging depend on their size
during triboelectrization. In this case, negative charge is characteristic for small
particles and positive charge is typical for larger ones. During the gas-ash injec-
tion, due to the hydrodynamic resistance and sedimentation, fractional separa-
tion of ash particles takes place. This process causes clustering of larger and,
consequently, positively charged particles at the bottom of an eruptive column.
In its turn, that should initiate positive polarity lightning occurrences. After EC
development, due to great amount of water (up to 7% of ejected material mass
and up to 97% of gas weight content), classical mechanisms of charge separa-
tion, typical for meteorological clouds, should work. The data, obtained during
Shiveluch volcano eruption, is illustrated in Table 1.

It is clear that the majority of the first phase strokes have positive polarity,
that means that the initial dipole moment of a radiating dipole is directed upward
(39 cases for the event on 11 May, 2017, 7 cases on 23 July, 2017 and 37 cases
on 21 October, 2019). During the second stage, the greater part of charges have
negative polarity, 98% from the total number of recorded charges in average.
That, in its turn, indicates opposite direction of the initial dipole moment and,
as a sequence, inversion of the EC electric field.

Azimuthal distribution of the recorded lightning events and their polarity
during Bezymianniy volcano eruption on 15 March 2022, demonstrates clearly
the general pattern of filed orientation.

Thus, the volcanic thunderstorm first phase, lasting for 5–7 min, accompanies
eruptive column formation. High density of positive charges at the bottom part
of the column is determined by fractional separation of ash particles (large+,
small–). The pause between the phases is determined by charge separation in the
eruptive cloud upper part. Separation into phases of a volcanic thunderstorm was
observed in 43 cases that is 75% of the analyzed events. According to the paper
[1], aerosols in the floating zone carry the positive charge and, as a sequence,
generate a field opposite in the direction to the field in the eruptive column.
During a long eruption, aerosol number increases. Thus, the volumetric charge
value rises that results in the generated field inversion. The atmosphere naturally
has over 1000 ions per cm3 at these altitudes, with near equal numbers of positive
and negative ions, maintained by cosmic ray flux, however the trigger for dirty
thunderstorm formation is the charged tefra that was illustrated in the paper [2].

3.3 Remote Methods for Observations of Shiveluch
and Bezymianniy Volcano Eruptions in April 2023

The two volcanoes became active in April 2023. Based on the data of volcano
video observation of the KB GS RAS, a series of surface events, lasting for 3–
6 min, was occurring on Bezymianniy volcano from 00:11 till 5:00 UTC on 7
April 2023. They were accompanied by steam-gas emission with ash content and
ash ejections to the height up to 3000–4500 m above the sea level. According to
the atmosphere stratification, the ash-gas plume propagated to the south-east.
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At 5:34 UTC a paroxysmal explosive eruption began. The eruptive cloud
raised to the maximum height of 14 km above the sea level at 5:42 UTC. Half an
hour later, from 06:00 untill 24:00, a series of surface events followed. According
to the HIMAWARI-9 satellite data, they were accompanied by gas-ash ejections
to the height of 5000 m ± 660 m above the sea level.

Based on the data of monitoring remote methods, sudden increase of seis-
mic activity was observed at BZM seismic station. The VLF complex recorded
PER increase from the direction to Bezymianniy volcano (Fig. 1). According to
satellite data, the maximum height reached 20000 m (Fig. 2a).

Fig. 1. Azimuthal distribution of PER direction finding in the range of 0◦–60◦ (a).
The counting rate of PER, azimuthally arrived from Bezymianniy volcano direction,
during the eruptions (b). Record of explosive earthquakes at BZM seismic station
during Bezymianniy volcano eruption on 7 April 2023 (c)

The two-stage process of the volcanic thunderstorm development was also
observed.

Shiveluch volcano became active on 10 April. Based on HIMAWARI-9 satel-
lite data, an aerosol cloud appeared at 10:10 UTC, raised to the height of 6 km
above the sea level and propagated to the north-north-west. From 12:10 UTC on
10 April, ash ejection from the volcano in the form of a steam-gas plume began
to move in the direction of the north-west (Fig. 2b).
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Fig. 2. Propagation of the eruptive cloud from Bezymianniy volcano eruption on 7
April 2023 (a) and from Shiveluch volcano eruption on 10 April 2023 (b) based on the
HIMAWARI-9 satellite image data

At 13:07 UTC on 10 April, the explosive eruption of Shiveluch volcano began.
The lava dome in its crater was significantly destructed. An ash cloud was
observed at 13:20 UTC in the HIMAWARI-9 satellite image. It moved in the
direction of west-north-west from the volcano.

Based on HIMAWARI-9 satellite data, the eruptive cloud raised to the height
of about 10 km above the sea level at 13:20 UTC on 10 April. According to the
satellite data, the maximum height reached 30000 m (Fig. 2).

Scientists from KVERT gave the volcano observatory notice for aviation
(VONA) for Shiveluch volcano changing the aviation color code from orange
to red at 19:29 UTC on 10 April. The explosive eruption lasted continuously for
3 days from 10 to 13 April.

A powerful cyclone, covering the whole Kamchatka peninsula, stretched the
EC to the south-west, then to the north and directed it to the east from the
volcano.

The dynamics of ash and aerosol cloud development for this eruption is illus-
trated on animations, developed on the basis of HIMAWARI-9 satellite data for
the period from 08:00 UTC on 10 April to 07:50 UTC on 14 April. The eruption
is described in detail in the paper [13].

Based on the remote observations by WWLLN, the first notification on the
explosive eruption arrived at 13:06 UTC.

In Fig. 3, according to the VLF direction finder data, lightning activity begin-
ning coincides with the HIMAWARI-9 satellite data. The first stage was traced
from 13:10 until 13:35. The second stage of the two-stage lightning process was
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Fig. 3. Azimuthal distribution of PER direction finding in the range of 0◦–60◦ (a). The
counting rate of PER, azimuthally arrived from Shiveluch volcano direction, during the
eruptions (b). Record of explosive earthquakes at BDR seismic station during Shiveluch
volcano eruption on 10 April 2023 (c)

observed from 13:50 until 20:35. Sudden increase of lightning activity corresponds
to the explosions at 17:44, 18:46, 19:14 recorded by the BDR seismic station. The
total number of strokes during the Shiveluch volcano eruption reached 26101.

4 Conclusions

The Kamchatka volcano group is located near international aviation routes. Due
to that fact, eruptions are a serious threat for air communication safety. In
order to decrease the risks, online systems for eruption detection are required.
Remote observation methods, such as tracing of accompanying thunderstorm
sources, make it possible to receive the information at the stages of formation and
fragmentation of eruptive clouds when electrification processes develop the most
intensively. Lightning strokes give the information on eruptive plume formation
and trace its motion during the eruption initial period.
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Abstract. The article discusses the “MODULATION” project, which
is supposed to be implemented aboard the Russian space station ROSS.
The purpose of the space mission is to study the solar modulation
of galactic cosmic rays (GCR) in the heliosphere. A new approach is
presented to obtain accurate long-term measurements of GCR parti-
cle fluxes, as well as solar cosmic rays (SCR), with energies from 30
to 1500 MeV/nucleon in the wide charge range Z = 1 − 26. The project
describes a new method for measuring the energy of cosmic particles,
which makes it possible to create a lightweight and compact but preci-
sion instrumentation that will allow measuring not only the energy but
also the direction of arrival of cosmic rays. The project involves the cre-
ation of a data bank of GCR and SCR data for the entire solar activity
cycle. Such a bank is necessary to improve numerical models of the fluxes
of energetic heliospheric particles.

1 Introduction

One of the main goals of the proposed MODULATION experiment is to study the
solar modulation of galactic cosmic rays (GCR) in the heliosphere. The objective
of the experiment is to obtain precision measurements of protons and nuclei from
He to Fe of GCR in the solar modulation energy range ≈30–600 MeV/nucleon
outside the region of the Earth’s magnetic field for a long time spanning periods
of low and high solar activity. In the inner heliosphere, GCR fluxes with energies
of less than a few GeV/nucleon are subject to “Solar modulation” – the solar
wind partially “blows” less energetic GCR particles further away from the Sun.
In the region of the Earth’s orbit, the modulation effect is most pronounced for
particles with energies less than 600 MeV/nucleon. At the same time, the GCR
fluxes in the modulation energy region depend on solar activity.

Accurate measurements of GCR particle fluxes with energies less than
600 MeV/nucleon are quite difficult because of the significant impact of more
c© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
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energetic GCR particles penetrating through the spacecraft body and the side
walls of the instrument. In a large number of previous experiments measuring
the fluxes of energetic heliospheric particles, the “side background” screening
was absent or did not work properly. Therefore, long-term precision measure-
ments of the energy spectra of protons and nuclei from He to Fe of GCL in
the energy range 30–600 MeV/nucleon with screening of the “side background”
by the MODULATION instrumentation will allow us to obtain a more accu-
rate numerical description of the shape of the GCR spectrum in the modulation
energy range and its dependence on solar activity.

To date, measurements of proton and nuclei fluxes of GCR in the modulation
energy range of tens – hundreds of MeV/nucleon have been obtained mainly with
instruments on several U.S. high-orbit satellites and automatic interplanetary
stations (AIS):

– GME/IMP-8, 1973–2002, orbit at ≈22–45 Earth radii – protons, He; ≈50–
500 MeV/nucleon [1] (some channels are incorrect);

– CRIS/ACE, 1997-ongoing, L1 Sun-Earth libration point – Z ≥ 5 nuclei; ≈50–
500 MeV/nucleon [2];

– EPHIN/SOHO, 1995–2014, L1 Sun-Earth libration point – protons, He
<50 MeV/nucleon; protons 0.3–1.5 GeV (modelling) [3];

– COSPIN/Ulysses, 1990–2009, elliptical heliocentric orbit – protons, He 5–320
MeV/nucleon [4].

Also, measurements of proton and He GCR fluxes with energies >80 and
>200 MeV/nucleon, respectively, were performed with the PAMELA massive
calorimeter/magnetic spectrometer developed jointly by Russian and foreign
specialists on the Russian Resurs-DK1 spacecraft in low polar orbit in 2006–
2014 [5]. In addition, single short-term measurements were performed on polar
stratospheric balloons: BESS series [6,7] and others.

On the basis of these experimental data, as well as measurements of higher
energy GCR fluxes by massive instruments on stratospheric balloons and low-
orbit satellites and ground-based neutron monitors, a number of numerical mod-
els of GCR have been developed. Two groups of models are available. The first
are “physical” models based on the numerical solution of the equations of particle
transport in the heliosphere and using data from experimental GCR measure-
ments as boundary parameters, such as the Badhwar& O’Neill [8,9] model and
others. The second one is more applied empirical models of R.A. Nymmik [10,11]
and N.V. Kuznetsov [12], and foreign ones: CREME-96 [13], DLR [14] and oth-
ers. At present, in particular, the Skobeltsyn Institute of Nuclear Physics of
Moscow State University is developing these models using the latest data from
experimental measurements: PAMELA, AMS-02, measurements of Voyager-1, 2
outside the heliosphere, and others.

However, unfortunately, measurements of GCR particle fluxes in the region of
modulation energies, performed over the last few decades, have incompleteness
and noticeable errors. This is partly due to objective reasons: the difficulty of
debugging the operation of the equipment in space and transferring to Earth a
large volume of measurement data from instruments on autonomous spacecraft.
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Thus, in the part of completeness of measurements of proton and nuclei fluxes
of GCR in the region of modulation energies:

– GME measurements of the IMP-8 spacecraft (1973–2002) cover the required
energy range of 30–500 MeV/nucleon only for protons and He nuclei; for
heavier nuclei (C, N, O, Ne, Mg, Si, Fe) only the range of 8–40 MeV/nucleon
have been covered;

– CRIS ACE measurements (1997–present) cover only nuclei with Z ≥ 5;
– proton fluxes of GCR with energies 0.3–1.5 GeV/nucleon from the SOHO

EPHIN instrument – actually represent annual averages calculated from mod-
elling of lateral particle passages in the instrument using the GEANT4 trans-
port code;

– measurements from the PAMELA instrument of the Resurs-DK-1 spacecraft
are very accurate, but cover only protons with E > 80 MeV and He nuclei
with E > 200 MeV/nucleon, and in time – only the solar minimum and the
growth branch of cycle 24.

A specific problem in measuring GCR fluxes with energies less than
600 MeV/nucleon is the counting of higher energy particles penetrating the
walls of the instrument, the fluxes of which are significant due to the shape
of the GCR energy spectrum. An “anti-particle loop” – a massive scintillation
detector surrounding the main “telescope” or strip or matrix detectors to deter-
mine the direction of particle arrival – can be used to screen out lateral particle
passages. However, in many experiments to measure heliospheric particle fluxes,
the registration of lateral particle passages in the instruments was absent – for
example, on the geostationary GOES and Electro-L series satellites, in the pro-
ton channels on the ACE satellite, etc.; or did not work correctly, for example,
on the IMP-8 satellite. Thus, the He GKL proton fluxes in a part of the GME
channels of the IMP-8 spacecraft, despite the presence of its anti-collision loop,
clearly have an account of lateral particle passages and, as a consequence, cannot
be used for the development of models. Measurements of He GCR fluxes by the
GME IMP-8 and SIS ACE instruments with energies of tens of MeV/nucleon
have significant differences in the periods of solar activity minima.

These drawbacks of the currently available measurements of proton and
nuclei fluxes of GCR with energies of 30–600 MeV/nucleon determine the rel-
evance of the development of new techniques and new experimental measure-
ments. On the basis of the analysis of the experiments performed and the data
obtained by them, the requirements for the MODULATION experiment were
formulated:

– Main measured parameter: fluxes of heliospheric protons and nuclei up to Fe,
with separation by chemical and energy composition.

– Energy range: 30–600 MeV/nucleon.
– Determination of energy spectra of the fluxes with sufficient accuracy (achiev-

able accuracy should be specified at the stage of instrument development, it
is reasonable not worse than 10% for all types of particles).
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– Determination of the trajectory of each incoming particle – to ensure accurate
separation of particles by chemical composition and energies, and to screen
out side passages of particles through the walls of the calorimeter.

– Separation of the lepton component (gamma quanta and electrons/
positrons).

– Ensuring that the maximum particle flux is not less than 103 1/(cm2·s·sr),
preferably 104 1/(cm2·s·sr).

– Conducting measurements in regions of space where there is no shielding
effect of the Earth’s magnetosphere on these fluxes: near-Earth orbit of the
future manned station – near-polar regions; near-lunar orbit – all flight time.

– Carrying out measurements in the main stage – near-lunar orbit for a long
time: 10 years.

– Measurement data in full volume, containing parameters of each particle reg-
istration, can be sent to Earth with a delay, including delivery on a solid-state
drive by a transport ship. It is desirable to be able to receive reduced data
(energy spectra with some step in particle energy and measurement time)
with the least realisable delay through telemetry channels.

The MODULATION experiment should provide precision measurements of
proton and nuclei fluxes up to Fe in solar proton events (excluding, possibly,
extreme SPEs) in the energy range of at least 30–600 MeV/nucleon over a long
period of time covering periods of low and high solar activity, which will be
further used to improve numerical models of GCR and to study the physics of
the heliosphere.

2 Methodology for Registration of Nuclei from Protons
to Iron in the MODULATION Project

2.1 Instrument Design

One of the important advantages of the MODULATION project is that the
main part of the scheme of the detecting part of the MODULATION instrument
and the corresponding technical solutions are inherited from the NUCLEON-2
project developed earlier and tested in prototypes [15,16]. The MODULATION
tool from the NUCLEON-2 project fully inherits the idea of particle energy
measurement in the full energy absorption regime (Bragg regime), but in order
to extend the energy range of the instrument it is proposed to supplement the
method with a new method, which is related to the dE/dX(E) method [17],
but differs from it in a number of essential details (see below). It should also
be noted that the NUCLON-2 instrument was designed primarily to measure
the charge and isotopic composition of superheavy cosmic ray nuclei, while the
MODULATION instrument is designed primarily to measure the energy spectra
of nuclei from protons to iron, up to energies on the scale of 1 GeV/nucleon,
although it will still be able to solve all the problems for which NUCLON-2 was
designed.
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Fig. 1. Schematic of one tower of the MODULATION spectrometer. T1 and T2 – two
double-layer silicon strip trackers at the top of the instrument, T3 and T4 – two of the
same trackers at the bottom of the instrument (red lines). F1 and F2 – two thin-layer
silicon calorimeters (300 mkm layer thickness). Cal – basic silicon calorimeter with
1mm thick planes. The total thickness of the calorimeter F1+Cal+F2 is 60 mm.

The MODULATION instrument has a modular design and consists of indi-
vidual “towers”, of which there may be from one to several dozens depending
on the operating conditions. A schematic diagram of one spectrometer tower is
shown in Fig. 1. In the figure, T1 and T2 – two double-layer silicon strip trackers
at the top of the instrument, T3 and T4 – two similar double-layer trackers at
the bottom of the instrument (red lines). The trackers are designed to recon-
struct the initial trajectory of the particle. The tracker should give a zenith
angle accuracy of about 0.01 rad for a zenith angle of 45◦, which means that
the ratio h/d should be about 1/50, where h is the width of the tracker strip,
d is the distance from the outer tracker to the calorimeter. If d = 50 mm, then
h = 1 mm, if d = 100 mm, then h = 2 mm, etc. F1 and F2 – two thin-layer
silicon calorimeters (300 mkm thick planes). Calorimeters F1 and F2 are needed
specifically to extend the energy range of the instrument towards lower ener-
gies (tens of MeV/nucleon, the exact minimum energy depends on the nucleus,
see below). Each of the F1 and F2 calorimeters should contain 10 to 20 silicon
planes. Cal – a basic silicon calorimeter with each silicon plane 1 mm thick. It
is assumed that the total thickness of calorimeters F1+Cal+F2 is 60 mm sili-
con. If, for example, calorimeters F1 and F2 each contain 10 planes of 300 mkm
thickness, the main calorimeter Cal will contain 54 planes of 1 mm each. The
instrument modelling (see below) was carried out under this assumption. The
schematic of the instrument in Fig. 1 assumes that the spectrometer is exposed
on both sides, top and bottom. It is assumed that the entrance of the instrument
is exposed to outer space. It is for this case that the minimum energy thresholds
are calculated below. In the case where the instrument will be placed in a con-
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tainer, it will of course be necessary to take into account the ionisation energy
losses in the container walls to obtain the correct lower energy limits.

2.2 Mathematical Modelling of the Spectrometer

Below we will give an overview of the techniques for charge separation of nuclei
and determination of their energy in the MODULATION spectrometer. These
techniques are developed on the basis of mathematical modelling of the spec-
trometer. Note that the simulation of electromagnetic and nuclear interaction of
charged particles with matter for moderate energies (tens of MeV – units of GeV
per nucleon) is considered to be a relatively simple and well-studied task tested
in numerous practical applications, so the results of the mathematical modelling
of the device are sufficiently reliable for further development of the details of the
device design. Nevertheless, it should be noted that before using the proposed
solutions, it is mandatory to calibrate the corresponding techniques in beam
experiments with the prototype instrument.

The FLUKA [18,19] software package with the nuclear interaction generator
dpmjet was used to simulate various aspects of the MODULATION spectrom-
eter. Actually, there was no need to build a complete mathematical model of
the spectrometer exactly corresponding to the device scheme in Fig. 1. For the
search for minimum thresholds of energy determination it was enough to limit
ourselves to the part of the spectrometer T1+T2+F1, and the trackers were
effectively replaced by 300 mkm thick silicon planes, since the strip structure of
the trackers did not play a role in the calculations. For the remaining problems,
it was sufficient to replace the entire combination of F1+Cal+F2 calorimeters
with a single effective calorimeter consisting of 60 silicon planes of 1 mm thickness
each. In the following we will use a suitable model without further explanations.

2.3 Full Energy Absorption Mode. Minimum and Maximum Energy
Thresholds of the Full Absorption Mode

In the regime of complete energy absorption the nucleus is completely braked in
silicon due to ionisation losses. The braking process ends with a characteristic
Bragg peak of ionisation losses, which takes place when the nucleus becomes
strongly nonrelativistic. The characteristic curve of the nucleus deceleration is
clearly visible in the cascade curve that is recorded by the spectrometer. In
Fig. 2 (left panel), the simulated cascade curve for the full absorption mode of a
carbon nucleus with vertical incidence and an initial energy of 180 MeV/nucleon
is shown. For other nuclei and energies in the full absorption regime, the cascade
curves have a similar appearance.

It is very important that, in the case of total energy absorption, the accu-
racy of the energy measurement is determined solely by the intrinsic accuracy
and noise of the apparatus; the physical fluctuations of ionisation losses do not
contribute to the measurement error. However, it is not always only ionisation
losses caused by the electromagnetic interaction of the nucleus with matter that
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Fig. 2. Left: carbon, 180 MeV/nucleon, vertical drop from above, total energy absorp-
tion event (Bragg event). Right: the same, but there was a nuclear interaction.

slow down the nucleus. Nuclear interactions can also occur, resulting in frag-
mentation of nuclei, mass birth of π0-mesons, due to which the energy release
in the calorimeter becomes unpredictable. However, nuclear interaction events
are easily filtered out of the total flux of events, and the efficiency loss due to
such events is easy to estimate. In Fig. 2 (right panel), a typical nuclear inter-
action event (simulation) is shown. The effectiveness of the filtering algorithms
for inelastic interaction events was practically demonstrated in beam tests of the
NUCLEON-2 prototype [15,16].

The minimum energy threshold of the MODULATION instrument was deter-
mined from the following considerations. For nuclei coming from above, it was
required that for all particles with zenith angles starting from 45◦ and less, the
position of the Bragg peak of the cascade curve should be located no higher
than in the seventh, counting from above, plane of the thin calorimeter F1
(plane number 6, since the planes are numbered starting from zero). In this
way the lower threshold is determined with some redundancy, since for nuclei
with smaller zenith angles the condition for the location of the Bragg peak in the
seventh layer is realised for lower energies, and the condition of the seventh layer
itself can be somewhat relaxed due to a stricter filtering of nuclear interaction
events. The lower energy thresholds for all nuclei from protons to iron (for the
main stable isotopes) were determined in this way. These thresholds are given in
Table 1 (column Emin). In the same table, the registration efficiencies of nuclei
at the minimum energy threshold relative to the nuclear interaction (column
Eff(Emin)) are given.

For each nucleus and for each zenith angle, there is a maximum energy at
which the nucleus is completely retarded in the calorimeter only due to ionisation
losses. In Table 1 (column Emax (fa)), the maximum energy thresholds at which
the nucleus registers in the full energy absorption regime are given. The energies
tabulated are determined from the following considerations. It is required that
the full absorption mode be realised for a nucleus falling vertically (zero zenith
angle). If the total absorption regime at some energy is realised for a vertically
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Table 1. Energy thresholds and efficiency of the MODULATION spectrometer. Emin

– minimum energy threshold (MeV/nucleon); Emax (fa) – maximum energy threshold
for detection of nuclei in the full absorption mode; Eff(Emin) – efficiency of detection
of nuclei at minimum energy (per cent, statistical error of calculation varies from 0. 13%
for protons to 0.23% for iron); Eff (1 GeV) – detection efficiency at 1 GeV/nucleon
(per cent, statistical error varies from 1.0% for protons to 2.2% for iron).

Nucleus Z A Emin Emax (fa) Eff(Emin) Eff (1 GeV)

p 1 1 29 121 98.4 89.7

He 2 4 29 121 97.1 77.3

Li 3 7 33 140 96.6 76.0

Be 4 9 39 170 96.6 74.3

B 5 11 45 196 96.5 71.6

C 6 12 53 231 96.4 73.5

N 7 14 58 255 96.2 70.2

O 8 16 63 276 96.1 66.8

F 9 19 65 286 96.1 65.4

Ne 10 20 70 317 95.5 66.6

Na 11 23 73 326 95.9 64.5

Mg 12 24 78 355 95.7 63.3

Al 13 27 81 364 95.8 61.9

Si 14 28 85 391 95.8 59.8

P 15 31 88 400 95.3 58.7

S 16 32 92 426 95.4 57.1

Cl 17 35 94 435 95.4 57.9

Ar 18 40 93 430 94.7 55.4

K 19 39 99 467 95.4 54.0

Ca 20 40 104 491 95.3 56.2

Sc 21 46 103 477 94.7 56.4

Ti 22 49 104 487 94.5 52.2

V 23 51 106 505 94.5 51.3

Cr 24 52 109 526 94.5 52.4

Mn 25 55 112 532 95.0 52.8

Fe 26 56 115 558 94.9 48.8

falling nucleus, it is all the more realised for non-zero zenith angles and the same
energy.

The column Eff (1 GeV) Table 1 shows the calculated efficiency of the device
for the vertical fall of nuclei with energies of 1 GeV/nucleon, which is substan-
tially above all thresholds of total absorption. At this energy, the particle com-
pletely passes the entire device if there were no nuclear interaction. Since the
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Fig. 3. Towards charge separation of nuclei in the full energy absorption regime. On
the left is the separation of protons and helium for vertical incidence and total particle
energy of 100 MeV, on the right is the separation of manganese and iron at total energy
of 27500 MeV per particle, also for vertical incidence. The figures show the average
cascade curves (averaged over several hundred events) for each nucleus.

nuclear interaction cross sections depend weakly on energy, approximately the
same efficiencies (to within 1–2%) are also characteristic for energies Emax (np).
All these efficiencies are noticeably less than 100%, including even the efficiency
for protons, and fall to about 50% for nuclei near iron.

In the full absorption regime the charge separation of nuclei is not a difficult
problem. As it was shown experimentally in beam experiments with the proto-
type spectrometer NUCLEON-2, in the full absorption regime not only nuclei are
easily charge-separated, but for a given charge isotopic resolution up to Z = 54
[16] is possible. In the charge-isotope separation problem, it is important to
realise that the energy and zenith angle of the particle are precisely known, so
the charge separation problem is set at a fixed total energy of the particle and
a fixed zenith angle. The Fig. 3 illustrates the neighbouring charge separation
in proton-helium and manganese-iron pairs for vertical particle incidence. It can
be seen that the cascade curves of protons and helium have nothing in common
at all, while the cascade curves of manganese and iron differ very well.

2.4 Full Ionisation Loss Method in the Incomplete Energy
Absorption Regime

The full energy absorption mode discussed in Sect. 2.3 provides a precise mea-
surement of the energy of nuclei, but only in a very limited energy range.
The upper energy limit of about 120 GeV/nucleon for protons and helium (see
Table 1) is insufficient to fulfil the objectives of the MODULATION project. The
same is true for all other nuclei.

To solve this problem, the MODULATION project proposes to use a new
method, which is a close relative of the well-known method dE/dX(E) [17]. The
essence of the method dE/dX(E) in the simplest variant consists in the following.
Each nucleus and each substance is characterised by its own dependence of the
specific ionisation energy in the substance dE/dX on the particle energy E.
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Therefore, if the specific ionisation energy is measured for a known nucleus,
the energy of the nucleus can be found from the curve dE/dX(E). The idea
of using this method in the MODULATION project should have been that for
nuclei with energy greater than the limiting energy of total absorption in the
calorimeter, which leave only a part of their energy in the calorimeter, by the
measured cascade curve, calculating plane by plane the experimental specific
ionisation energy dE/dX, by the known dependence dE/dX(E) to restore the
initial energy of the falling nucleus, i.e. to measure its energy. However, such a
straightforwardly formulated idea faces some problems.

The first difficulty is that in the original formulation of the method the value
dE/dX describes the specific energy loss for ionisation, which is purely local in
nature, but the release of this lost energy in the detectors is nonlocal, so the
value dE/dX is not directly measurable. The ionising particle creates an intense
stream of delta electrons around it, which are absorbed by the detectors quite
differently from where they were emitted. The difference in specific ionisation
losses and specific density of absorbed ionisation energy in sufficiently precise
experiments, to which the MODULATION project can be attributed, matter,
so the dE/dX(E) technique in its original simple formulation does not strictly
make sense.

The second difficulty is that calculations of dE/dX values for specific absorbed
ionisation energy, if we really wanted to consistently use only directly measur-
able differential quantities, present a difficult computational problem. Analytical
estimates for precision experiments cannot be used because they give specific ion-
isation losses but not the specific density of the absorbed ionisation energy, and
when calculating the specific density of the absorbed ionisation energy by the
Monte Carlo method, even if the position of a small layer of matter relative to
the rest of the detector is accurately taken into account (nonlocality effect), large
statistical errors arise, especially for light nuclei and for energies on the scale of
1 GeV/nucleon and above. The large magnitude of the errors is due to the fact
that, by implication, the matter layer must be thin to estimate dE/dX, and the
relative magnitude of fluctuations in it will therefore be large.

In principle, a neat application of the dE/dX method for determining the
energy in events with energies beyond the maximum total absorption energy,
for the MODULATION project, would be as follows. Cascade curves of different
nuclei should be simulated for all nuclei, all ranges of energies of interest, with
sufficiently small energy steps, and for zenith angles corresponding to all cases
of complete tower passage from the top to the bottom base in steps of about
one degree. From these simulated cascade curves for each zenith angle, surfaces
in the space “core energy – plane number – plane energy release” are plotted
using interpolation. The experimental cascade curves are then approximated by
reference curves from these surfaces, giving for each event both the charge of the
nucleus and its initial energy. However, such an extreme programme involves
huge amounts of Monte Carlo calculations and generally involves a rather com-
plex and not very transparent methodology (multiple families of surfaces, com-
plex interpolations, etc.).
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Both mentioned problems can be solved in the following way. Instead of using
directly detailed simulated cascade curves, one can take advantage of the simple
fact that to each initial energy of a nucleus with a certain zenith angle there will
correspond a quite definite average energy release ΔE(E) in the whole calorime-
ter. Then, if the nucleus is known, the initial energy E of the falling nucleus
is immediately determined by the total energy release ΔE in the calorimeter
and the measured zenith angle (determined by the trackers). For this purpose,
only the ΔE(E) dependence needs to be calibrated for each angle, which can
be done by simulating the experiment and then making corrections (if it really
turns out to be necessary) based on the results of testing the technique in beam
tests. In such a technique, firstly, one does not have to deal with sets of complex
mathematical surfaces and the problems of interpolation along the cascading
curves that form these surfaces; secondly, the problem of numerical errors of the
Monte Carlo method disappears, since we now deal only with energy release in
a very thick piece of silicon (6 cm in the MODULATION spectrometer) in which
the total relative fluctuation of ionisation losses is small. At the same time, the
method accurately accounts for all the subtle features of nonlocal energy release
in the calorimeter substance.

The Fig. 4 shows the ΔE(E) curves for nuclei from protons to oxygen for
vertical particle incidence on the calorimeter calculated by the Monte Carlo
method with the FLUKA system (see Sect. 2.2).

The curves are shown only for energies above the maximum threshold of
total absorption when the total energy absorption method (Sect. 2.3) fails. 10000
Monte Carlo trials were sufficient to calculate each point of each curve. The red
dashed line in the figure illustrates the method for determining the initial total
energy E of a nucleus from the total energy release in the calorimeter. Although
Fig. 4 is plotted for vertical particle incidence, the methodology for non-zero
zenith angles is no different, since the zenith angle will be known with sufficient
accuracy to make no appreciable errors in the methodology. It makes sense to
call the proposed method the total ionisation loss (TIL) method to contrast it
with the differential loss method dE/dX(E). In the following, we will consider
all the peculiarities of the TIL method on the example of the vertical incidence
of particles, implying that the methodology can be transferred to all non-zero
zenith angles without significant changes. The Fig. 5 shows the ΔE(E) curves
for heavy Cr, Mn, and Fe nuclei.

In order to discuss the TIL method, we note first of all that the events
corresponding to purely ionisation energy losses by the nucleus in the calorime-
ter substance, without nuclear interactions, are distinguished as reliably as in
the total energy absorption regime (Sect. 2.3) simply by the appearance of the
cascade curve. In Fig. 6, the left column of the histograms shows examples of
cascade curves for boron and carbon nuclei with ionisation losses only, and the
right column shows events with nuclear interaction. It can be seen that events
with nuclear interaction differ sharply from events with ionisation losses by their
irregular shape, despite the presence of ionisation fluctuations in purely ionisa-
tion cascade curves.
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Fig. 4. Curves ΔE(E) for nuclei from protons to oxygen for a vertical fall of particles
on the calorimeter. The red thin dashed line illustrates the method of determining the
initial total energy E of a nucleus from the total energy release in the calorimeter.
The blue thick dashed line illustrates the reason for the interference of the spectra of
lithium and helium (see text). (Color figure online)

In Fig. 4 it can be seen that more than one type of nuclei with different initial
energies can correspond to the same energy release ΔE in the calorimeter. From
Fig. 5, which shows the ΔE(E) curves for Cr, Mn, and Fe, it can be seen that
this situation is particularly characteristic of heavy nuclei. Consequently, the
problem of determining the type of nucleus at a given energy release ΔE arises.

In Fig. 6, in the left column of the histograms, examples of the cascade curves
of boron (upper histogram) and carbon (lower histogram) are shown for the same
average energy release in the calorimeter ΔE = 1000 MeV. One can see by eye
the difference in the slopes of the cascade curves. Hence, for the same ΔE one
can try to distinguish nuclei from each other by the slope of the cascade curves.
To do this, the calorimeter can be divided into upper and lower halves (planes
numbered 0 to 29 and numbered 30 to 59), calculate the total energy releases L
for the upper half and R for the lower half, and consider the value B = R/L−1.
For an average horizontal curve there will be B ≈ 0, for a curve with a positive
slope there will be B > 0, with the larger B the steeper the curve.

If different initial energies E are considered for some nucleus, then on the
plane [ΔE(E), B(E)] each nucleus will be characterised by its own trajectory of
mean values ΔE(E), B(E). In addition, for each energy E there will be a char-
acteristic spread (standard deviation) σΔE(E), σB(E). To understand how well
different nuclei will separate from each other in the TIL method, it is convenient
to study the trajectories of different nuclei on the plane [ΔE,B].
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Fig. 5. Curves ΔE(E) for Cr, Mn, and Fe nuclei for the vertical fall of particles on the
calorimeter. It can be seen that several different nuclei with different initial energies
can correspond to the same energy release ΔE in the calorimeter.

The Fig. 7 shows the trajectories of nuclei from protons to oxygen on the
[DeltaE,B] plane. First, it is seen that protons cannot be confused with helium
nuclei, since the trajectory of protons does not intersect with the trajectory of
helium, even taking into account the statistical fluctuations of ΔE and B. More-
over protons do not intersect with any other trajectory, therefore measurements
of the proton spectrum by the TIL method will be clean at any energies.

With helium nuclei, the situation is a little more complicated. Although the
helium trajectory itself does not intersect with any other trajectory, the part of
the helium trajectory within one standard deviation is overlapped by statistical
fluctuations in the trajectory of the next element, lithium. However, the amount
of lithium in cosmic ray spectra is negligible compared to helium, so the very
small contamination of helium spectra by lithium can be completely neglected.
Consequently, the helium spectrum can also be measured by the TIL technique
without problems.

It is important to deal with the cause of the potential problem for the helium
nucleus, since the same cause will cause a similar difficulty for other nuclei.
The area of overlap between the errors in the determination of the B coef-
ficient of lithium and the [ΔE,B] trajectory of helium occurs in the region
where, on the ΔE(E) curves, the nearly horizontal high-energy section of the
lithium curve is projected to the left onto the helium curve section (blue thick
dashed line in Fig. 4). Ionisation fluctuations in the nearly horizontal high-energy
section of the lithium curve are large, much larger than fluctuations in the steep
low-energy section, so errors in the determination of the B coefficient are also



84 V. V. Kalegaev et al.

Fig. 6. Left column of histograms: Examples of cascade curves of boron (upper his-
togram) and carbon (lower histogram) for the same average energy release in the
calorimeter ΔE = 1000 MeV. The difference in the slopes of the cascade curves can be
seen by eye. Right column: examples of boron (top) and carbon (bottom) events with
nuclear interaction.

Fig. 7. Trajectories of nuclei from protons to oxygen on the plane [ΔE,B] (on the
ordinate axis on this graph, as well as on other graphs, the value of B is expressed in
per cent, i.e. the value (R/L− 1) × 100 is shown).
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Fig. 8. Trajectories of Cr, Mn, Fe nuclei on the plane [ΔE,B].

large here, because of which the nearly horizontal spectrum sometimes gives a
markedly positive B value, making the lithium cascade curve indistinguishable
(in slope) from the steeper helium curve on average. The superposition of lithium
on helium occurs over a rather narrow range of helium energies, from about 180
to 220 MeV/nucleon. In other words, the entire helium spectrum is measured
without potential problems, except for the narrow “forbidden range” of energies
(however, this does not matter for helium, because of the very low flux of lithium
nuclei compared to the helium flux). The same situation will be reproduced for
all other nuclei, as can be clearly seen in Fig. 7 and 8. A potentially problematic
place is the neighbourhood of the intersection point of the leftward extrapolation
of the horizontal high-energy portion of the ΔE(E) curve of some nucleus to the
steep low-energy portion of the ΔE(E) curve of the previous charge nucleus.

The trajectories of Cr, Mn, and Fe nuclei in the plane [ΔE,B] are shown
in Fig. 8. It can be seen that nothing fundamentally new arises in the region of
heavy nuclei compared to lighter nuclei (Fig. 7).

The question arises whether, having in hand the experimental cascade curve,
it is impossible to find any other measurable parameter in it, by which it would
be possible to distinguish between high-energy events of one nucleus and low-
energy events of the previous nucleus? If we compare the cascade curves of boron
and carbon in the left column of the histograms in Fig. 6, which correspond
to the same energy release ΔE in the calorimeter, it is easy to see that, in
addition to the difference in the slopes of the cascade curves, the ionisation
fluctuations are noticeably stronger in the carbon cascade curve corresponding to
high energy than in the boron cascade curve corresponding to lower energy. Thus,
the magnitude of the fluctuations is another parameter that is available directly
in the measurements. The magnitude of the fluctuations can be accounted for in
different ways, and the method we have chosen is as follows. First, to make the
parameter structure uniform for all types of nuclei and all energies, the cascade
curve is normalised by the energy ΔE, so that the area under the curve becomes
equal to one. The curve is then multiplied by the number of calorimeter planes
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Fig. 9. Trajectories of nuclei from protons to oxygen on the plane [ΔE,C] (see text
for explanation of the meaning of the parameter C).

(60 in the present study), so that the mean amplitude corresponding to one
plane on the curve becomes equal to one. After this, the sum of squares C of
the second derivatives of the cascading curve for the whole curve is calculated
for all points from the second plane from the top to the penultimate one, where
the i-second derivative is calculated using the standard numerical differentiation
formula

Di = Si+1 − 2Si + Si−1.

Here Si is the i-th value of the cascade curve amplitude obtained after the nor-
malisation described above. Obviously, the larger the fluctuations of the cascade
curve, the larger will be the sum of squares of the second derivatives of C.

Using the sum of squares of the second derivatives of C, we can construct
trajectories for each nucleus in the plane [ΔE,C] in the same way as we did
earlier for the steepness parameter B. The Fig. 9 shows the trajectories of the
nuclei from protons to oxygen on the [ΔE,C] plane. It can be seen that protons
are easily separated from helium already by only one parameter C, without using
the parametre B.

What is new in comparison with Fig. 7 is that the problem of the separation
of He, Li, Be, and B nuclei is completely solved. There is a complete separation
on the parameter C in the region where there is an overlap on the steepness
parameter B, and, although in the low energy region there is no complete sep-
aration of trajectories on the parameter C alone, this is not necessary for the
separation of nuclei, since in the low energy region there is a complete separa-
tion on the parameter B. However, for heavier nuclei the complete separation
of trajectories does not occur in the three-dimensional space [ΔE,B,C], so for
them the “forbidden intervals” of energies discussed above are preserved.

The most important question for the TIL method is the energy resolution
that this technique gives for different nuclei at different energies of the incident
nucleus. We determined the energy resolution by the Monte Carlo method. Par-
ticles with a certain energy are thrown at the instrument at a certain angle, for
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Table 2. Energy resolutions (in per cent) for some nuclei, for the vertical incidence of
particles on the instrument.

Energy, MeV/nucleon protons He C O Si Fe

200 2.7 1.4 0 0 0 0

400 7.2 3.7 1.0 0.6 0 0

600 12.0 6.8 2.0 1.4 0.6 0

800 19.8 11.1 3.4 2.4 1.2 0.5

1000 30.3 17.3 5.4 4.9 1.9 0.9

1200 – 25.5 7.8 5.9 3.0 1.4

1500 – – 15.5 12.1 5.8 2.6

2000 – – – 15.1 11.1 7.6

each event number i the value of the ionisation energy release in the calorimeter
ΔEi is determined, then, by numerical solution of equation

ΔE(E) = ΔEi

energy Ei is searched for, and the distribution of the found energies is used to
determine their spread in terms of standard deviation, which is interpreted as
the expected measurement error.

The calculated energy resolutions for p, He, C, O, Si, Fe nuclei for the vertical
incidence of nuclei on the device for several initial energies are shown in Table 2 as
an example. For non-zero zenith angles, the effective thickness of the instrument
will be slightly larger, so the resolution will be slightly better. In other words,
Table 2 gives the worst-case resolution constraints.

The table cells containing zeros indicate that this nucleus at a given energy is
in the full absorption regime, when the energy is measured accurately, if one does
not take into account the noise of electronics. The cells of the table containing a
dash mean that at this energy for this nucleus the TIL method does not work.
This occurs when the curve ΔE(E) fits the energy E too close to the flat section
dΔE(E)/dE ≈ 0 (see Fig. 4 and 5). It can be seen that the TIL method provides
proton energies up to 1 GeV and iron energies up to 2 GeV/nucleon. According
to Tables 1 and 2, the energy range of the MODULATION spectrometer fully
satisfies the requirements for all nuclei from protons to iron.

The task of analysing the isotopic composition of heavy and superheavy
nuclei for the NUCLEON-2 experiment, including beam tests with the proto-
type instrument, was investigated in [15,16]. The practical possibility of isotope
separation was demonstrated on argon (Z = 18) and xenon (Z = 54) nuclei. All
heavy isotope separation techniques developed for the NUCLON-2 project are
transferred to the MODULATION project without any changes. We note here
that isotopic analysis for lighter nuclei, including hydrogen isotopes, is a simpler
task, so it will also be handled by the MODULATION project.
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3 MODULATION Spectrometer Design Image

The registration of abundant, Z = 1 − 26, nuclei (born mainly in the nucleosyn-
thesis of main-sequence stars) of cosmic rays in the energy region 30–1000 MeV
has a number of peculiarities. First of all, it is connected with the difference of
the range of nuclei of different charges, which creates certain difficulties in the
creation of the apparatus. These difficulties have been overcome by the devel-
oped new approach of nuclei measurement in the TIL method, see Sect. 2.4.
In modelling the presented approach, a spectrometer scheme was used, which
almost completely repeats the STIKL spectrometer of the NUCLEON-2 project
[15,16]. Thus, the project is based on the ideology of the same general layout of
both spectrometers, STIKL and the spectrometer tower of the MODULATION
project, with the only significant difference in the amplitude range of the reading
electronics.

Functionally, one tower of the MODULATION spectrometer is a silicon ion-
isation calorimeter. The main recording elements of the calorimeter are 60 lay-
ers of silicon calorimetric detectors each 1 mm thick and 20–40 layers of silicon
detectors each 300 mkm thick (these figures may be slightly modified in the final
implementation of the apparatus.). In addition to the calorimetric detectors, the
tower has 8 strip silicon detectors each 300 mkm thick. These detectors provide
information not only on the energy loss of the particle, but also on its coordinate
(by the number of the triggered “strip”). Information on the coordinates of the
particle from several layers of strip detectors allows to specify the angle of its
entry into the calorimetric detectors.

Readout of pad and strip detectors is performed by charge sensitive ampli-
fier (CSA) circuits. Then the signal is filtered from noise by RC-CR frequency
filter circuit and digitised by ADC (at the moment of reaching the maximum
amplitude). For strip detectors circuits and filters are implemented in specialised
multichannel chips (one channel of the chip serves one strip detector), for pad
detectors, the path “SNC-filter-ADC” is implemented on separate DUTs and
serves a pair of detectors.

The fact of an “interesting” particle hitting the spectrometer tower is deter-
mined by the simultaneous operation of comparator circuits that monitor the
signal level at the output of the four dedicated incident detectors.

The main structural element of the MODULATION spectrometer tower is the
pad silicon detector, which has the shape of a regular hexagon inscribed in a circle
with a diameter of 141 mm. Accordingly, the spectrometer tower has the shape
of a regular hexagonal prism. The design appearance of one MODULATION
spectrometer tower is shown in Fig. 10. In different variants of design the whole
spectrometer can contain from one to several dozens of such towers arranged
in a dense honeycomb structure. In the honeycomb structure it is possible to
reconstruct events in which the trajectory of the incident particle passes through
more than one tower. This allows us to increase the geometric factor of the whole
device compared to the simple sum of geometric factors of single towers.
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Fig. 10. Exterior view of one tower of the MODULATION spectrometer.

4 Conclusion

In conclusion, we note that the MODULATION project makes it possible to
solve the main problems associated with the measurement of cosmic ray particle
fluxes subjected to solar modulation and to provide measurements in a wide
energy range for all cosmic ray nuclei, not only from protons to iron, which
is the main objective of the mission, but, in fact, for superheavy nuclei up to
actinoids, if circumstances allow including several dozens of spectrometer towers
in the instrumentation and using electronics providing sufficient dynamic range.
It can also be noted that in the minimum configuration (one spectrometer tower
plus reading electronics) the mass of the equipment will be only about 20 kg,
which will allow the first versions of the spectrometer to be sent into space in
different ways, on different platforms, without significant costs.
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Abstract. Continuous observations of the geomagnetic field elements have been
carried out at the Pleshchenitsy Geophysical Observatory in Belarus since 1960
in order to study the annual mean values of the magnetic field components. The
paper presents the secular variations of the geomagnetic field elements D, H, Z,
F within the period of 1960–2020 in comparison with the results of the earlier
investigations (starting from 1875). A significant long-term increase of some geo-
magnetic field components was revealed suggesting a continuous movement of
the Earth’s magnetic pole. So, during the last 63 years the magnetic declination
has been increased on the average with a gradient about 4 arcmin/year, along with
this during the last 14 years its increase became faster and exceeded 8 arcmin/year.
The total geomagnetic field vector modulus has been also tending to increase with
time, namely, from 49621 to 51485 nT for the period under consideration. In addi-
tion, the periodic change of the degree of the geomagnetic field disturbance was
determined, which may be due to the solar activity variations within the 11-year
cycles.

Keywords: geomagnetic field elements · geomagnetic field disturbance · solar
activity cycle

1 Introduction

Data obtained by instrumental measurements suggest that the annual mean values of the
geomagnetic field elements are continuously changed [1–4]. Such long-term variations
are called secular variations. The secular variations of the geomagnetic field components
are essentially influenced by the position of the Earth’s magnetic pole in the Northern
Hemisphere under the effect of three independent sources: twomajormagnetic anomalies
(the Canadian and Siberian ones) and the main (dipole) field of the Earth [5]. As it was
estimated for the years of 2015–2018, a speed of the magnetic pole movement was not
uniform and varied within 37–72 km/year [6]. However, the magnetic field sources are
located not only inside the Earth, but also in the circumterrestrial space. These sources
are responsible for regular (diurnal, seasonal, 11-year) variations as well as irregular
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variations due to the solar activity influence upon the magnetosphere and ionosphere of
the Earth [3, 7]. Just these irregular variations cause the geomagnetic activity.

The geomagnetic activity is formed as a response of the processes occurring in the
magnetosphere to the changes of the character of the solar wind streams, i.e., in fact,
reflects the solar corona structure transformation during the solar activity development.
The most pronounced manifestations of the solar activity (magnetic storms) are asso-
ciated with the influence of coronal mass ejections and high-speed solar wind streams
[8]. So, the next peak of the solar activity is expected to occur at the beginning of 2026
[9]. The geomagnetic disturbances in many cycles reach their maximum frequency not
near the maximum of the sunspot numbers, but some years later [10, 11]. This is due to
the fact that the maximum number of storms with a gradual beginning, that are caused
by high-speed solar wind streams flowing from the coronal holes, takes place 2–3 years
after the solar activity maximum. While the storms with a sudden beginning caused by
the coronal mass ejections are well correlated with the curve of the sunspot numbers.
Numerically, a degree of the geomagnetic disturbance is usually described by K-indexes
[1, 12, 13].

The effects of the impact of the space environment which aremostly pronounced dur-
ing magnetic storms can cause the problems with the positioning of navigation systems,
satellite electronic circuit failures, interference to radio communications, appearance of
extra currents in power lines, induced currents in pipelines, damage of power systems
like transformers [9, 14]. The storms are caused by an intensification of the ring current
(magnetospheric electrons and ions with an energy of 10–300 keV) and its movement
closer to the Earth, which results in the depression in the geomagnetic fieldH-component
[15]. Therefore, the study of the magnetic field variation pattern still remains a topical
problem as it serves as a basis of the surrounding outer space investigations.

2 Historical Investigations of the Earth’s Magnetic Field in Belarus

The characteristics of the magnetic field of the Earth was measured in Minsk for the first
time in 1875 by I.N.Smirnov, an Associate Professor of the Kazan University (Russia),
who was among the pioneers of the magnetic survey in Belarus [16]. Later, the deter-
minations of the values of geomagnetic elements in Minsk were repeated by the staff
of the Main Geophysical Observatory (St. Petersburg, Russia) in 1904, 1924 and 1927.
Subsequent measurements of the geomagnetism elements were carried out at the base
observation station of the secular variations in Minsk, which was created by the Insti-
tute of Terrestrial Magnetism (now Institute of Terrestrial Magnetism, Ionosphere and
Radio Wave Propagation or IZMIRAN) [16]. The Earth’s magnetic field measurements
were made there in 1938, 1945, 1947, 1948, 1949, 1954, 1959. Since 1960 the absolute
and variational measurements of the geomagnetic field elements are performed at the
Pleshchenitsy Geophysical Observatory located in Pleshchenitsy settlement near Minsk
[17], which will be described in the next section.

All the above-mentioned measurements make possible an analysis of the changes,
that were experienced by individual Earth’s magnetic field elements during the period
from 1875 to 1960, i.e., for 85 years. For this purpose all the data of observations made at
the Minsk station were reduced to the values obtained at the Pleshchenitsy Geophysical
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Observatory on the basis of simultaneously determined values of the geomagnetic field
elements at both stations in 1959 and 1960 [16].

The curves of the annual mean values of the field elements D, H, Z, F (Fig. 1)
show that the magnetic field of the Earth in the region of Minsk changed considerably
since 1875 till 1960. So, during this period the magnetic declination D changed from
the western one equal to 3°2′ in 1875 to the eastern one about 1913 and reached 4°55′
till 1960. Hence, the overall change of the magnetic declination made up more than 8°.
The vertical component Z and an absolute value of the full vector of Earth’s magnetic
field strength F have increased for the above-mentioned period by 2520 and 1980 nT,
respectively (Fig. 1).

Fig. 1. Changes in the annual mean values of the magnetic declination D, horizontal H and
vertical Z components, as well as of the full geomagnetic field vector modulus F during the period
of 1875–1960

The established increase in annual mean values of the geomagnetic field elementsD,
Z, F is mostly stipulated by the physical and chemical processes in the Earth’s interior
that result in the continuous migration of the Earth’s magnetic poles [4–6]. In addition,
the field secular variations are influenced by even faster processes due to the solar activity.
The solar activity may either increase or decrease, to some extent, the secular variations
of the geomagnetic field elements [2]. A combination of these two major impacts is
responsible for the secular variation behaviour in certain region of the Earth’s surface.

3 Description of the Pleshchenitsy Geophysical Observatory

The complex Pleshchenitsy Geophysical Observatory for investigation of geomagnetic
field and seismic activity was created in 1958 within the framework of the participation
of the Academy of Sciences of the Belarusian SSR in investigations for the International
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Geophysical Year program and in the further international and national geophysical
projects and programs. This was the first similar scientific institution in the territory
of Belarus, which until 1963 was a part of the Institute of Geological Sciences of the
Academy of Sciences of the Belarusian SSR. Scientific investigations in physics of the
Earth as new field of research in Belarus have started at the Pleshchenitsy Observatory.

The research activity of the observatory contributed to scientific communications
with the leading geophysical institutes of the former USSR. At present, the Pleshchen-
itsy Geophysical Observatory is a part of the Center of Geophysical Monitoring of the
National Academy of Sciences of Belarus.

The Pleshchenitsy Geophysical Observatory (MNK code) is situated 65 km away
fromMinsk, on the northwestern outskirts of the Pleshchenitsy settlement, Logoisk dis-
trict,Minsk region,Republic ofBelarus. Its geographical coordinates areϕ=54.4186°N,
λ = 27.7958°E.

The observations of the geomagnetic field variations since 2002 till 2009were carried
out using an automated digital magneto-variation station (manufactured by the Institute
of Terrestrial Magnetism, Ionosphere and Radio Wave Propagation, Russia) which con-
tinuously recorded the time changes of the horizontal H, vertical Z components and of
the angular component, namely, declination D.

Since 2010 the main measuring instrument is a three-component fluxgate magne-
tometer LEMI-022 (manufactured by the Lvov Center of the Space Research Institute
of the National Academy of Sciences of Ukraine and the National Space Agency of
Ukraine), which serves to measure the northern X, eastern Y, vertical Z components of
the Earth’s magnetic field strength and their variations in the frequency range from 0 to
0.3 Hz.

To determine the base-line values of the geomagnetic field elements D0, H0, Z0 and
F0, the absolute observations are carried out with a fluxgate fDI magnetometer LEMI-
204 based on a nonmagnetic theodolite 3T2KP-NM, as well as with a scalar Overhauser
magnetometer MINIMAG (manufactured by Scientific Production Enterprise “Geolo-
gorazvedka”, St. Petersburg, Russia). The mean squared error of angle measurement is
2′′, and the resolution of the magnetometer MINIMAG is 0.03 nT. The absolute values
of the D, H, Z components and full geomagnetic field vector modulus F are regularly
measured. These are used to monitor the operation of the magnetic variometer and to
determine the base-line values of the field elements.

At present, a three-component digital magneto-variation station “Quartz-7” (man-
ufactured by the Institute of Terrestrial Magnetism, Ionosphere and Radio Wave Prop-
agation, Russia) to perform variational measurements, as well as fDI-magnetometer
MinGeo based on a nonmagnetic theodolite Theo-020B (MinGeo Ltd, Hungary) and
a scalar Overhauser magnetometer POS-1 (Institute of Physics and Technology of the
Ural Federal University, Russia) for absolute observations are adjusted with an aim to
put them into operation.
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4 Observations of the Geomagnetic Field Elements
at the Pleshchenitsy Geophysical Observatory

Continuous variational observations of the geomagnetic field elementsD,H,Z are carried
out at the PleshchenitsyGeophysical Observatory since 1960 in order to study the secular
variations of the geomagnetic field in Belarus.

For processing data obtained with a fluxgate magnetometer LEMI-022, a software
has been developed at the Center for Geophysical Monitoring of the National Academy
of Sciences of Belarus and permits the following procedures to be performed:

• visualization of obtained data on display;
• formation of a daily table of the geomagnetic field variations with minute data;
• formation of a monthly table of the geomagnetic field variations with hourly data;
• determination of daily three-hour K-index values;
• determination of characteristics of the magnetic storms;
• input of new corrections to base-line values;
• export of the data processing results into the database.

Data are processed according to the standard procedure. The average values of the
field elements for a day, month, year are determined from their average hourly values.
So, according to the observation data, the annual mean values of the magnetic field
components in 2022 were as follow: D = 9.271°, H = 17749 nT, Z = 48329 nT, F =
51485 nT.

During thewhole year of 2022 an increase of theD,Z,F element valueswas observed,
like as in the previous years [2]. The secular variations of the geomagnetic field elements
are calculated as a difference between their annual mean values for two selected years
(Table 1).

Table 1. Secular variations (last column) of the annual mean values of the geomagnetic field
elements between the years of 2022 and 2021

Elements Year: 2022 Year: 2021 Difference

D (in ang. Values) 9
◦
16′12′′ 9

◦
08′09′′ 0

◦
08′03′′

H (nT) 17749 17766 –17

Z (nT) 48329 48258 71

F (nT) 51485 51423 62
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The annual mean values of the D, H, Z, F elements of the Earth’s magnetic field
according to data obtained at the Pleshchenitsy Geophysical Observatory within 1960–
2022 are plotted in Fig. 2.

Fig. 2. Changes in the annualmean values of themagnetic declinationD, horizontalH and vertical
Z components, as well as of the full geomagnetic field vector F during the period of 1960–2022

Secular variations of the annual mean values of the geomagnetic field elements
between the years of 2022 and 1960 are as follow:

– 253.56 arcmin (4
◦
13′34′′) for the geomagnetic field declinationD; the average annual

variation is 4.09 arcmin (4′5′′), though since 2009 the secular variation averages 8′34′′
per year, which is almost 2.1 times the average long-term variation for 63 years of
observations;

– 7.4 nT for the horizontal component H of the geomagnetic field; the average annual
variation is 0.1 nT;

– 1991.2 nT for the vertical component Z of the geomagnetic field; the average annual
variation is 32.1 nT;

– 1864.5 nT for the full geomagnetic field vector F; the average annual variation is 30.1
nT.

An increase of the annual mean values of the observed geomagnetic field elements
D, Z, F is indicative of the continuing displacement of the Earth’s magnetic poles.
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5 Analysis of the Geomagnetic Field Disturbance Carried Out
at the Pleshchenitsy Geophysical Observatory

Monthly reviews of the magnetic field state composed at the Pleshchenitsy Observatory
describe the magnetic field disturbance using three-hourly values of the K-indexes (9-
scores scale) and the magnetic storm characteristics. The following scale of K-indexes
reflecting the deviation of the most disturbed component of the geomagnetic field was
adopted at the Pleshchenitsy Observatory (Table 2).

Table 2. Scale of K-indexes adopted at the Pleshchenitsy Geophysical Observatory

K-index value 0 1 2 3 4 5 6 7 8 9

Upper limit (nT) 5 10 20 40 70 120 200 330 550 >550

Magnetic storms are described by their duration (beginning and end), as well as by
an amplitude of the D, H, Z element variations in accordance with the scale presented
in the Table 3.

Table 3. Scale of magnetic storms adopted at the Pleshchenitsy Geophysical Observatory

Storm type D (arcmin) H (nT) Z (nT)

minor storm 19–26 80–125 40–90

moderate storm 27–38 126–200 91–140

major storm 39–55 201–270 141–250

severe storm >55 >270 >250

As it is known, the impact of the solar plasma stream (solar wind) on the Earth’smag-
netosphere, the internal magnetospheric changes and the magnetosphere and ionosphere
interaction influence the geomagnetic field disturbance which manifests itself as irregu-
lar magnetic field variations [3, 7, 8]. In this context, the dynamics of the geomagnetic
field disturbance determined from the data obtained at the Pleshchenitsy Observatory
were analyzed in comparison with the solar activity within four adjacent 11-year cycles:
21st (1976–1986), 22nd (1986–1996), 23rd (1996–2008), 24th (2008–2019) (Fig. 3).
The solar activity is usually described by theWolf numbers (W ) that are sunspot relative
numbers. The annual meanWolf numbers are taken in accordancewith the Solar Bulletin
published by the American Association of Variable Star Observers (AAVSO) [18].

Long-term variations of the magnetic storm number suggest that phases of storm
reduction are followed by phases of increasing number of storms (Fig. 3). Themaximum
value (62) of the magnetic storm number was observed in 1989 and the minimum one
(2) was recorded in 2009. The period between the minimum values is 11–12 years that
coincides with the current period of solar activity. At the same time, the maxima of
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Fig. 3. Dynamics of the geomagnetic field disturbance

the magnetic storm number do not coincide with the maxima of Wolf numbers, but are
shifted toward the phase of decreasing solar activity that is reported by other authors too
[10].

It should be also noted that an increase of the geomagnetic field disturbance is
observed in 2021–2022 simultaneously with and an increase of the solar activity. So, 61
magnetic storms were recorded and processed in 2022, which exceed by 32 the number
of storms recorded in 2021 (29) and is 1.86 times the average value (32.8) of long-term
observations over 52 years (1970–2021). During the 2023 first half-year 24 storms were
recorded, which is indicative of a high degree of the geomagnetic field disturbance in
the current year.

How does the frequency of solar storms correlate with the solar activity? The number
of solar events in the years near the solar cycle maximum is really larger than that at the
solar cycle minimum. So, up to several solar flares per day can be observed sometimes
at the cycle maximum. However, it was noted that the solar flare activity and mass
ejections are not rare events [19] and they are sometimes characterized by extreme
parameters in the years near the solar cycle minimum, especially, in the phase of the
solar activity decrease [10, 11]. Therefore, a question about a connection between the
cycles of the solar activity and its manifestation in the interplanetary environment like
such high-energy processes as solar flares and coronal mass ejections requires further
study.

So, in the 21st cycle of the solar activity themaximumof annualmean relative number
of sunspots was observed within 1979–1980. In the subsequent years the intensity of
the solar activity was decreasing and reached its minimum in 1986. Nevertheless, the
geomagnetic activity during the solar activity decrease phase remained rather high and
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even slightly increased in 1983 as it follows from the number of recorded magnetic
disturbances. The similar phenomenon was observed in the next cycles, namely, in 1995
(22nd cycle), 2003 (23rd cycle), and 2015 (24th cycle) in the solar activity reduction
phase.

This phenomenon was discussed both in the earlier [20], and more recent [9, 13]
works, where it was indicated that the maxima of the geomagnetic field disturbance
appeared in the W decrease phase are mainly associated with recurrent perturbations
which have gradual beginning, but the maxima of the geomagnetic field disturbance
observed near the solar activity maxima should be associated with flare magnetic storms.
This assumption is confirmed by long-term observations carried out at the Pleshchenitsy
Geophysical Observatory.

Long-term variations of the annual mean values of total K-indices show the more
complicated pattern, these are also subject to fluctuations, but their period is less than the
11-year solar activity period (Fig. 4). Nevertheless, in the years when the Wolf numbers
W have the minimum values (1976, 1986, 1996, 2008, 2019), the annual mean values of
K-index also tends to the minimum values. In addition, with the solar activity increasing
the annual mean values of K-index also rises, but, in most cases, with one year lag
(Fig. 4). Such a delay is also noted in some other works [8, 13]. However, after the early
growth stage a decrease of the annual mean values of K-index is observed. This drop
could be sufficiently great in some cases, like in 1980 and 2001, though the solar activity
in these years still remained high.

Fig. 4. Time series of the annual mean values of the total K-indices during 1971–2022
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The maximum values of the annual mean total K-indices (>23) were recorded in
2000 and 2005, the minimum ones (<13) were observed within 2009–2010. In 2021–
2022 a growth of the annual mean values of the totalK-indexwas outlinedwhich testifies
to the onset of the next activation period within the 25th solar cycle.

Therefore, it may be concluded that a definite correlation between such a parameter
of the geomagnetic field disturbance as K-index and the activity of the Sun takes place.
However, like as in the case with the quantity of the magnetic storms, there is one or
two years lag between a stage of growth and a stage of decrease with respect to the
analogous phases of the11-year solar cycles, as well as more than one maximum of the
K-index annual mean values within one solar cycle (see Figs. 3 and 4). These facts point
once again to a contribution of the recurrent magnetic disturbances, which have gradual
beginning, into geomagnetic activity along with the flare magnetic storms [8].

6 Conclusions

The main result of the work of the Pleshchenitsy Geophysical Observatory (Minsk,
Republic of Belarus) is the continuous determination of the secular variations of the
Earth’s magnetic field elements D, H, Z, F on the basis of data from variational and
absolute observations carried out since 1960. Annual reviews of the geomagnetic field
state are composed and the annual mean values of the geomagnetic field elements D,
H, Z, F are calculated. An increase in the geomagnetic field elements D, Z, F values
observed is indicative of the continuing displacement of the Earth’s magnetic pole in the
Northern Hemisphere.

A periodic character of the change of the geomagnetic field disturbance which cor-
responds to the solar activity cycles with a shift towards the solar activity decrease phase
is observed. In the average, the geomagnetic activity level in 2022 was determined to
be higher than that in the previous year and the geomagnetic field was considered to be
rather disturbed.
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Abstract. Within theframeworkof theMoscowUniversityproject“Constellation-
270”, scientific instruments for thecubesat formatsatellitesweredeveloped, includ-
ing the universal detectors of cosmic radiation DeCoR, DeCoR-2, and the KODIZ
instrument, which is a combined detector of cosmic rays and other space parti-
cles. TheDeCoR andDeCoR-2 instruments are designed to study fast variations in
electron fluxes, as well as gamma-ray bursts of various nature. The DeCoR instru-
ment is a scintillation spectrometer of gamma rays and electrons, its energy range
is 0.05–2.0 meV, effective area is about 18 cm2. It successfully operated on satel-
lites of the cubesat format SiriusSat-1,2, AmurSat, VDNKh-80, Norbi, DEKART,
etc. TheDeCoR-2 instrument is amodified version of theDeCoR instrument, char-
acterized by an increased sensitive area up to ~60 cm2 and a wider energy range
of 0.03–3.0 meV. The KODIZ instrument is designed to test equipment designed
to detect radiation-dangerous fluxes of solar cosmic rays. The instrument includes
a Cherenkov detector for detecting relativistic protons, semiconductor detectors
and neutron detector. All mentioned devices are now operating in space. Modified
instrument with pixelated detector based on GAGG:Ce scintillators is planned for
launch in the next year

1 Introduction

The study of ionizing radiation fluxes in outer space is one of the most important areas
of space research. These studies are extremely relevant both from the point of view of
studying the physical patterns of formation and spatio-temporal variations of energetic
particle and gamma radiation fluxes, and from the point of view of determining their
influence on the functioning of spacecraft. According to available expert estimates, more
than half of the failures and malfunctions in the operation of onboard spacecraft systems
occur due to adverse effects on materials and equipment elements of spacecraft of the
space environment, the main role among which is played by radiation effects [1].
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Physical processes associated with changes in the radiation situation in near-Earth
space are determined primarily by energetically active processes in the Sun and, for the
most part, are the trigger for the development of geophysical phenomena in the Earth’s
magnetosphere. The question of the role of acceleration in the pulsed phase of flares in the
formation of the longest andmost intense events in solar cosmic rays (SCR), in particular,
solar proton (SPE) and electron events, remains open. The appearance of energetic
particles on the Sun in the post-flare phase can be explained within the framework of
various models, and there are no problems with the acceleration of electrons, although
the conditions for acceleration, motion and loss of energy by electrons in loops after the
flare differ from the case of protons and nuclei. The indisputable evidence of electron
acceleration, which is the detection of electromagnetic radiation in the source, is not yet
a guarantee of the effective release of particles into interplanetary space.

The interrelation of physical processes on the Sun and near the Earth is not unam-
biguous due to the peculiarities of the processes of transfer, acceleration and death of
charged particles under various conditions characteristic of electromagnetic processes
inside the Earth’s magnetosphere and beyond. For example, active processes in the Sun
can lead to the generation of powerful coronal emissions of solar plasma and energetic
particles, but not all such phenomena necessarily lead to dangerous disturbances of
radiation fields in near-Earth space. On the other hand, “invisible” manifestations of the
Sun’s activity on its reverse side can lead to “unexpected” radiation threats. In this regard,
monitoring the flows of charged particles in near-Earth space, as well as patrolling solar
flare activity in the hard range of the electromagnetic spectrum are extremely necessary
for early warning of radiation hazards.

Further progress on this issue requires correlated observations of hard X-ray bursts
and energetic solar particles, which can be implemented within the same space experi-
ment. As follows from the above, the space weather forecasting experiment should pro-
vide constant monitoring of solar flare activity through observations in the hard range
of the electromagnetic spectrum, as well as the detection of energetic charged particles
(primarily electrons and protons) of solar cosmic rays. The scientific goals of such an
experiment are determined by the relevance of studying the solar flare activity, since it
is this activity that ultimately determines the properties of interplanetary and near-Earth
space. In particular, measurements of energetic particle fluxes in the polar regions of
the Earth, where particles can freely penetrate without being deflected by the Earth’s
magnetic field, will allow us to estimate particle fluxes in interplanetary space outside
the magnetosphere.

From the point of view of radiation exposure, the flows of energetic charged particles
in near-Earth space, capable of penetrating into the spacecraft body and destroying its
electronic components, play a decisive role. Basically, these are streams of energetic
electrons and protons from theEarth’s radiation belt, captured, quasi-captured and spilled
out, as well as short-term intense streams of energetic particles from powerful solar
flares. It is also necessary to take into account the possibility of the appearance of
relativistic and subrelativistic energy electrons in low orbits, accelerating at high-altitude
electromagnetic discharges.

It should be noted that real flows of charged particles near the Earth, even in geomag-
netically calm conditions, are subject to significant medium- and long-term fluctuations



106 V. Bogomolov et al.

associatedwith solar and geomagnetic activity, including changes in theEarth’smagnetic
field and changes in the density of the upper atmosphere. Even more significant changes
in the flow can occur briefly during disturbances of the magnetosphere. For example,
variations in the fluxes of relativistic electrons of the outer belt according to measure-
ments on board the GOES and CORONAS series satellites from 1994 to 2011 [2] and
variations in radiation doses according to measurements on the GLONASS spacecraft,
whose orbit is also located in the area of the outer radiation belt, from 2006 to 2010 [3]
showed that that the variations in the values of electron fluxes and doses measured on
these satellites are more than 2 orders of magnitude.

In addition, significant streams of energetic particles emitted during powerful solar
flares can penetrate into the region of the Earth’s orbit. During such events, proton fluxes
with energies of tens and hundreds of MeV, capable of penetrating beyond the protective
shield of the spacecraft, can exceed the background values of proton fluxes of galactic
cosmic rays by 3–4 orders of magnitude or more for up to several days. Such events are
even less predictable, so the existing models of energetic particle fluxes SCR [4, 5] are
probabilistic.

Thus, the actual flows of energetic charged particles in the orbits of satellites may
differ significantly from the model values. For this reason, new experimental measure-
ments are needed that can provide information about the radiation situation in the orbits
of operated satellites at the current time. To predict the radiation situation, it is necessary
to observe the activity of solar flares in the hard range of the electromagnetic spectrum
simultaneously with monitoring measurements of charged particle fluxes in near-Earth
space. The corresponding instruments can also be used to observe transients in X-ray
and gamma radiation, both of astrophysical and atmospheric origin.

When planning measurements, it should be taken into account that particles of atmo-
spheric, ionospheric, magnetospheric, solar and galactic origin are observed in a wide
range of energies and intensities; spectra of electrons, protons, neutrons and gamma rays
in various energy ranges - from low-energy ionospheric plasma particles to particles of
cosmic rays of solar and galactic origin, as well as electromagnetic radiation (in the
gamma range) of solar, atmospheric and astrophysical origin. To implement these tasks,
it is necessary to develop and manufacture a complex of new generation devices with
high temporal and spectral characteristics, as well as sensitivity.

Monitoring observations of rapid changes in hard X-ray radiation fluxes, including
during solar flares, as well as measurements of charged particle fluxes in near-Earth
space can also be carried out on small cubesat spacecraft. In this case, the DeCoR
device (cosmic radiation detector) and its improved analog DeCoR-2 were designed to
study short-term variations of various components of cosmic radiation, primarily high-
energy electrons and gamma quanta caused by dynamic processes in the magnetosphere
(acceleration and deposition of electrons) in the atmosphere (high-altitude electrical
discharges leading to generation so-called electromagnetic transients, including in the
gamma-ray range), hard X-ray and gamma-ray radiation from solar flares, as well as
gamma-ray bursts of astrophysical nature.

Within the framework of the Moscow University space project “Constellation-270”
in 2023, on June 27, several nanosatellites were launched into a sun-synchronous orbit.
Among them is the Avion satellite, made in the cubesat-6U standard, and a number of



Advanced Instruments for Geo and Helio Environment Monitoring 107

satellites in the cubesat-3U standard: Monitor-2, 3, 4, Sirius-SINP-3U, UTMN2. All of
these satellites were equipped with one or more instruments developed at the Moscow
State University designed to study the temporal and spectral parameters of electrons and
gamma rays. The subject of the study will be cosmic gamma-ray bursts, solar flares,
electron precipitation and variations of particle fluxes associated with solar activity.

2 Instruments for Radiation Monitoring on Cubesats

2.1 The DeCoR Instrument

The devices of the DeCoR family (Detectors of Cosmic Radiation) are designed for
spectral and temporal measurements of gamma radiation and electrons in the energy
range from tens of keV to several MeV. They are scintillation spectrometers using a
combination of plastic and crystal scintillators for separate registration of charged par-
ticles and gamma radiation. Devices of this type, developed at the Nuclear Research
Institute of Moscow State University, were launched in 2018 as a payload of scientific
and educational nanosatellites SiriusSat-1 and SiriusSat-2 in the Cubesat-1U format,
which successfully operated in orbit until December 2020 [6]. The equipment of these
small satellites combined monitoring measurements, during which the counting rates in
several channels were transmitted to Earth with time resolution of 1 s, with the possibil-
ity of an event-by-event recording, during which the amplitude characteristics and the
exact time of all interactions in the detector are recorded. Taking into account the sig-
nificant limitations on the data amount that could be transmitted from orbit, the option
of conducting a space experiment was chosen, when the recording of event-by-event
data in the non-volatile memory of the device was activated at a pre-selected point of
the orbit. The amount of memory allowed to store the results of detailed measurements
for approximately 5 orbits. The most interesting data sections selected after viewing the
results of monitoring conducted at the same time, were transmitted to Earth during a
number of subsequent communication sessions. This mode of operation made it possi-
ble, in particular, to study the characteristics of fast variations of subrelativistic electron
fluxes in the region of the gap between the belts [7].

The device, called DeCoR (Cosmic Radiation Detector), was modified for a number
of cubesats launched in subsequent years. Its detector element is a combination of a
plastic scintillator ~3 mm thick and a CsI (Tl) crystal ~10 mm thick with a sensitive area
of 18 cm2, viewed by two miniature PMT. Figure 1 shows a block diagram explaining
the operation of the DeCoR device. The electronics of the device analyzes the shape
of the pre-amplified pulse from the output of the photodetectors, determining the type
of scintillator in which the interaction occurred. To do this, separate integration of the
initial part of the signal (for the first ~0.5µs from the moment of interaction) and its
subsequent part is done, and signals of the so-called fast and slow components are
formed, separately for each PMT. These generated signals are digitized using the ADC
of the microcontroller, which conducts their further processing.

Similarly to SiriusSat satellite instruments, the output data are generated both in the
monitoring format (the counting rate in several channels corresponding to a certain type
of particles and energy) and in the form of a detailed recording in an event-based format,
when a set of amplitudes and an exact timer time with a resolution of ~1µs are recorded
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Fig. 1. Block diagram of the DeCoR device

for each interaction in the detector. The data are stored in the non-volatile payload
memory, then they can be transmitted either directly to the satellite radio transmitter or
to the on-board computer memory. Thus, during a space experiment, it is possible to
select the most important sections of data to be transmitted to Earth in primary form. The
particle detectors in theDeCoRdeviceswere supplementedwith a triaxialmagnetometer,
which allows taking into account the orientation of the device relative to the Earth’s
magnetic field when analyzing electron flux variations. With the help of DeCoR devices,
near-Earth electron fluxes have been studied for several years on the VDNKH-80, Norbi
satellites and several other Cubesat format nanosatellites [8, 9]. Since these satellites
were launched into polar orbit, the DeCoR instruments observed cases of solar cosmic
rays coming to Earth and electron precipitations in polar region.

In June 2023, a number of Cubsat-3U (Monitor-2, Monitor-3, Monitor-4, UTMN-2,
Sirius-SINP-3U) and Cubsat-6U (Avion) spacecraft equipped with DeCoR-2 instru-
ments optimized for detection and study of the gamma-ray bursts of various nature were
launched into a solar synchronous orbit. This device has an effective area increased to
~64 cm2, which is necessary both to increase sensitivity when searching for weak bursts,
and to improve the time resolution, which is determined primarily by the statistics of the
recorded gamma quanta. A composite scintillation detector consisting of a 3 mm thick
plastic scintillator and a 9 mm thick CsI (Tl) in the shape of a square with a side of 8 cm
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is viewed by an assembly of silicon photomultipliers (SiPM). The use of a combination
of a plastic scintillator with which gamma quanta practically do not interact, and a crys-
tal with a high efficiency of gamma quanta registration provides separate detection of
gamma radiation and electrons in the energy release range from 20 keV to 1 meV. This
makes it possible to distinguish between cases of increased readings caused by cosmic
gamma-ray bursts and electron precipitation, which is very important when conducting
an experiment to study gamma-ray bursts in polar orbit.

DeCoR-2 devices use two identical electronics boards that register events in half of
the scintillation detector. Each of these boards contains its own chips of analog elec-
tronics and power converters, as well as its own microcontroller that processes signals,
accumulates data and transmits it to on-board systems via the CAN interface. This archi-
tecture of the device not only increases reliability, but also increases the dynamic range of
the device, and also allows one to compare the flow variations observed by independent
parts of the detector.

2.2 The KODIZ Instrument

The complex radiation detector KODIZ is designed for use on small spacecraft, includ-
ing cubesat format satellites. In the device, due to the use of semiconductor detectors
and a Cherenkov detector, both the registration of the cosmic radiation dose rate and the
registration of proton fluxes with an energy greater than 330 meV are provided. A dis-
tinctive feature of the device is the small dimensions and weight of the device compared
to traditional Cherenkov detectors. The device can be used to detect the appearance of a
stream of particles of solar cosmic rays capable of creating an additional radiation load
on board high-altitude aircraft.

A distinctive feature of this device is the registration of light that occurs in the
Cherenkov detector simultaneously by both the PMT and the SiPM detector. This is
done in order to be able to compare the results of Cherenkov light registration by various
photodetectors and evaluate the possibility of switching, in the future, to SiPM detectors.
The device provides registration with a time resolution of 10 s of the dose rate of cosmic
radiation (electrons, protons and heavier nuclei) in the range from 10–8 to 10–5 Gy/s.,
flows of protons and nuclei with Z > 1 with energy greater than 30–50 meV/nucleon in
the range from 101 to 104 particles/cm2, flows protons and nuclei with Z> 1 with energy
greater than 330 meV / nucleon in the range from 101 to 103 particles/cm2s, as well as
fluxes of thermal and epithermal neutrons in the range from 101 to 103 neutrons/cm2s.

The detector system of the device includes:

• two silicon ion-implanted semiconductor detectors with a thickness of 0.3 mm and
an area of 1 cm2;

• Cherenkov detector - plexiglass with a diameter of 38 mm and a thickness of 20 mm
(an area of 11.34 cm2) viewed, as well as a SiPM detector;

• two neutron detectors based on lithium glass (BC-720) with a diameter of 38 mm, a
thickness of 20 mm and 5 mm, viewed by the HAMAMATSU R5611A.

• Neutron detectors can also be used to register Cherenkov radiation, actually tripling
the effective area of registration of high-energy protons.
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3 Examples of Radiation Measurements with DeCoR Instruments

The first experience of using the DeCoR device in the configuration described above
took place within the framework of the “Universat-SOCRAT” project of Lomonosov
Moscow State University, during which the AmurSat and VDNKh-80 nanosatellites
were launched in 2019 [8]. With the help of these satellites and the Norby and DEKART
satellites launched a year later, also equipped with DeCoR devices, space weather was
monitored, in some cases solar cosmic rays were observed from DeCoR [9].

In June 2023, several new nanosatellites equipped with one or more DeCoR devices
of various configurations were launched. The Monitor-3, Monitor-4, Sirius-SINP-3U
and UTMN2 satellites are equipped with the DeCoR-2 device installed in the end of
the cubesat 3U as the only payload. Control and data acquisition from these spacecraft
is carried out in the amateur VHF frequency range (~435 MHz). The average volume
of scientific information from these satellites is ~0.5 MB per day per receiving station.
The Avion and Monitor-2 satellites, made on platforms developed in Kaluga, have a
radio module that transmits data in the S-band, which allows increasing the volume of
transmitted scientific information to ~100MBper day. Their payload includes a complex
of several DeCoR detector nodes of various configurations complementing each other. In
particular, a spectrometric module based on a large-sized CsI(Tl) crystal is installed on
these satellites, which allows expanding the energy range of measurements of gamma-
ray spectra, which is very important when studying various gamma transients, such as
solar flares and cosmic gamma-ray bursts.

In Fig. 2 an example of the readings of the DeCoR device installed on the Avion
satellite is presented. One can see variations in the detector counting rate corresponding
to both the satellite’s passage through the inner radiation belt (South Atlantic Anomaly)

Fig. 2. Readings of the DeCoR device installed on the Avion satellite
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and the outer radiation belt, as well as the zones of existence of quasi-captured particles
at L~2.2.

4 Next-generation Space Radiation Detectors for Nanosatellites

The improvement of the cosmic radiation detectors developed at the Moscow State
University, Skobel’tsyn Institute for Nuclear Research should, while maintaining the
mass and dimensional characteristics of the device, improve its capabilities for spectral
and temporal analysis, as well as for determining the nature of the observed particle
flux or gamma radiation. One of the areas of development is the creation of position–
sensitive detectors based on an assembly of 50–100 small scintillation crystals viewed
by semiconductor photodetectors. A sketch of such a detector is shown in Fig. 3. The
sensitive area is about 60 cm2, similar with the DeCoR-2 device. Scintillation crystals
GAGG:Ce are supposed to be used as detecting elements having a high density of
6.6 g/cm3, a relatively short illumination time of ~90 ns and energy resolution of 5%–
6% for 662 keV [10]. As in the DeCoR devices of previous generation, a combination of
a thin layer of plastic scintillator with crystals will be used, while the place of interaction
will be determined by the shape of the pulse at the output of the photodetectors.

Fig. 3. Sketch of a position sensitive gamma-ray spectrometer.

5 Conclusion

Anumber of universal instruments have been developed at theM.V. LomonosovMoscow
State University, D.V. Skobeltsyn Institute of Nuclear Physics for the study of the tempo-
ral and spectral characteristics of cosmic radiation. The DeCoR, DeCoR-2 and KODIZ
devices were successfully launched into orbit in 2018–2023 as payload of several cube-
sat format satellites. The measurements carried out with their help are important both
for fundamental studies of the dynamics of radiation belts, solar-terrestrial physics, etc.,
and for developing a methodology for monitoring the flux of solar cosmic rays and
other energetic particles on small satellites, which is important from the point of view
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of radiation safety in orbit. In the near future, an advanced device of the DeCoR family
is expected to be launched into space, having a pixelated detector based on promising
GAGG:Ce scintillators.With its help, aswell as by comparing the results of simultaneous
measurements on several satellites, new important scientific results will be obtained.

Acknowledgements. Authors from Moscow State University and Belarus State University are
grateful for the support of the Russian Science Foundation Project No. 23–42-10005 and the
Belarus Foundation for Fundamental Research F23-RSF-074.

References

1. Novikov, L.S., Panasyuk, M.I.: Study of space radiation and its influence on spacecraft
materials and equipment. Voprosy atomnoy nauki i tehniki. Seria: Physika radiatcionnogo
vozdeystvija na radioelectronnuy apparaturu, no. 4, pp. 3–13 (2002). (In Russian)

2. Mjagkova, I.N.: Solar wind influence on the outer radiation belt dynamics and structure –
experiments on satellites of KORONAs series. In: Sixth every year conference Plasma physics
in Solar System, 14–18 February 2011, Moscow. Space Research Institute RAS. Abstracts,
p. 68 (2011). (in Russian)

3. Tverskaya, L.V., Balashov, S.V., Vedenkin, N.N., et al.: Outer radiation belt of relativistic
electrons in the minimum of 23 cycle of solar activity. Geomag. Aeron. 52(6), 740–745
(2012)

4. Nymmik, R.A.: Model of particle fluxes and averaged energy spectra of solar cosmic rays.
Cosm. Res. 31(6), 51–59 (1993)

5. ISO/DTR 18147. Space environment (natural and artificial) — The method of the solar
energetic protons fluences and peak fluxes determination. 2013

6. Bogomolov, V.V., et al.: A scientific and educational space experiment on the siriussat-1,2
satellites. Mosc. Univ. Phys. Bull. 75, 665–675 (2020). https://doi.org/10.3103/S00271349
20060077

7. Prokhorov, M.I., et al.: Analysis of fast variations in electron fluxes in the gap region using
the normalized range method based on measurement data on the siriussat-1 satellite. Cosm.
Res. (English translation of Kosimicheskie Issledovaniya) 60(4), 241–253 (2022). https://doi.
org/10.1134/S0010952522040062

8. Bogomolov, V.V., et al.: A first experience of space radiation monitoring in the multi-
satelliteexperiment of moscow university in the frameworkof the universat-socrat project.
Mosc. Univ. Phys. Bull. 75, 676–683 (2020). https://doi.org/10.3103/S0027134920060089

9. Bogomolov, A.V., et al.: Space weather effects from observations by Moscow university
cubesat constellation. Universe 8, 282 (2022). https://doi.org/10.3390/universe8050282

10. Bogomolov, V.V., et al.: The timing and spectral characteristics of detectors based on a
Ce:GAGG inorganic scintillator using photomultiplier tubes and silicon photodetectors.
Instrum. Exp. Tech.Exp. Tech. 63(5), 633–640 (2020). https://doi.org/10.1134/S00204412
20050097

https://doi.org/10.3103/S0027134920060077
https://doi.org/10.1134/S0010952522040062
https://doi.org/10.3103/S0027134920060089
https://doi.org/10.3390/universe8050282
https://doi.org/10.1134/S0020441220050097


Oscillator Associated with One
Two-Mode Dynamo Model with Memory

Gleb Vodinchar(B)

Institute of Cosmophysical Research and Radio Wave Propagation FEB RAS,
Mirnaya Str., Paratunka 684034, Kamchatka, Russia

gvodinchar@ikir.ru

Abstract. Real cosmic dynamo-systems are complex oscillatory sys-
tems. They demonstrate complex dynamic regimes, including regular and
chaotic inversions, bursts, and vacillations. Dynamic memory effects play
an important role in these systems. In this paper, we study the heredi-
tary oscillator, which can be considered as a simple model of a two-mode
dynamo with memory. The model implements hereditary feedback in
the quenching of the alpha-effect by the field energy. Numerical simula-
tion of dynamic regimes for two types of kernels was carried out. These
kernels correspond to two fundamentally different quenching options. In
the first case, quenching is determined by the current and past values
of the phase variable and its derivative. This means that quenching is
activated instantly. In the second case, quenching depends only on past
values. This corresponds to a delay in quenching. The dynamic regimes
observed in the simulation are interpreted from the point of view of the
theory of oscillators.

Keywords: dynamo-systems · oscillators · system with memory ·
heredity

1 Introduction

The magnetic fields of space objects: planets, stars and galaxies are created
by the action of hydromagnetic dynamo mechanism [1–3]. For the real mag-
netic fields regular and chaotic oscillations, vacillations, bursts, excursions (short
changes in polarity after which the polarity is restored) are observed [4–6].

The physical idea of αω-dynamo for space objects was proposed by [7]. The
quenching of field generation (feedback) is important in this type of dynamo –
a large-scale magnetic field affects the turbulent generator (α-effect), providing
a self-consistent nonlinear mechanism for generating a finite field. An important
property of this feedback is spatial non-locality and memory [8–11].

Thus, the real dynamo systems are complex oscillatory systems with memory.
Therefore, we can try to describe the dynamo systems as the oscillators with
memory (hereditary oscillators). One of these oscillators was studied in [12],
where α-quenching was ensured by the helicity of the field. An oscillator with
the quenching by the field energy is studing in this paper.
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2 Two-Modes αω-Dynamo with Memory as Hereditary
Oscillator

For the two-modes approximation of a large-scale magnetic field, the αω-dynamo
with memory can be described by the equations [12]:

dBT

dt
= ωBP − ηTBT ,

dBP

dt
= α0(1 − w)BT − ηPBP ,

w(t) =
1

TK

∫ t

0

K

(
t − τ

TK

)
Q

(
BT (τ), BP (τ)

)
B2

0

dτ,

(1)

where BT (t) and BP (t) are the amplitudes of the toroidal and poloidal modes;
1/ηT and 1/ηP are the decay timescale of the modes; α0 – measure of the helicity
in the absence of a strong magnetic field; ω – differential rotation measure; B0 –
typical value of the field; K (·) – some dimensionless memory kernel; TK – kernel
timescale; Q(·, ·) – is some quadratic form. In this paper, it is considered that
Q

(
BT , BP

)
= |BT |2 + |BP |2, i.e. the quenching is provided by field energy.

Now let’s make the system (1) dimensionless. Let’s decay time of the poloidal
field 1/ηP is the time unit. The new dimensionless variables

BT = B0η
P

√
TK

α0
x(t), BP = B0

ηP ηT

ω

√
TK

α0
y(t), w =

ηT ηP

α0ω
z(t),

and to the new dimensionless parameters:

D =
α0ω

ηT ηP
, σ =

ηT

ηP
, p = TKηP , s =

ω

ηT
.

These parameters: D – is the dynamo-number; σ−1 – is the dimensionless time
of toroidal field decay; p – is the dimensionless timescale of the kernel; s – ratio
of toroidal and poloidal modes scales.

Then the model (1) takes the form:

dx

dt
= σ(y − x),

dy

dt
= (D − z)x − y,

z(t) =
∫ t

0

K

(
t − τ

p

)(
sx2(τ) +

1
s
y2(τ)

)
dτ.

(2)

The system (2) has only one stationary point: x = y = z = 0. It is easy to
show that it will be stable if and only if D < 1. It is clear that field generation
will occur in case D > 1. Exactly in this case small initial values of the field
will increase. In what follows, only this case of a “working” dynamo will be
considered.
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The system (2) can be reduced to the following equation:

d2x

dt2
+ (1 + σ)

dx

dt
+

1
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K(0)x3 − x

[
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1
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(3)
where
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σ(1 + s2)
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1
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K ′(·),

x0 = x(0).

(4)

So, the two-mode dynamo model (2) with the initial conditions x(0) =
x0, y(0) = y0 are equivalent to the Eqs. (3, 4) with the initial conditions
x(0) = x0, x

′(0) = σ(y0 − x0). For planetary and stellar dynamo systems it
is reasonable to assume that x0 = 0. It is related to the fact that a small exter-
nal field, which is poloidal, is required to start the dynamo system at the initial
moment [1]. Therefore, we always assume in the future that x0 = 0.

The Eqs. (3) can be considered as a oscillator. The potential

U(x) = Ax4 − Bx2,

4A =
K(0)

s
, 2B = σ(D − 1) − u(t) − w(t).

(5)

Representing the dynamo model in the form of an oscillator allows us to study
various dynamic modes from the general physical point of view of the theory of
oscillations. It seems that such a view will allow us to better understand the
physical processes in dynamo systems. Next, we will consider some results of
numerical simulation and their interpretation from the point of view of oscillator
theory. To solve the integro-differential equation, we used the difference scheme
described in paper [12]. It has been modified for the oscillator studied in this
paper.

3 Simulation Results

In the numerical simulation we shall use the value σ = 3.37. This value of the
σ is determined by the ratio of the eigenvalues of the largest-scale toroidal and
poloidal modes of free decay of the field. Also, the value of s = 1 was always
used in the simulation.
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The form of the potential (5) graph is determined by the signs of the coef-
ficients A and B. The coefficient A is fixed, but the coefficient B is determined
by the current and previous values of the phase variable x. Therefore, it is the
B(x) that determines the memory in the system.

It is important to note that for the E energy of the oscillator

dE

dt
= − (1 + σ)

(
dx

dt

)2

− 2x2 dB

dt
. (6)

The potential U(x) degree is 2 or 4 depending on the value of K(0). If
K(0) �= 0, then potential U(x) degree is 4. This corresponds to the case of
instantaneous response in α-quenching. If K(0) = 0, then potential U(x) is
quadratic. This corresponds to the case of response delay in α-quenching.

In this paper we consider two types of kernels with exponential asymptotics.
In the first case, the kernel is K(r) = exp(−r) and the α-quenching is switched
on instantly. In the second case, the kernel is K(r) = r exp(−r) and there is a
delay in the α-quenching.

3.1 Instant α-Quenching: K(r) = exp(−r)

In this case A = 1/(4s) > 0. When B > 0 the potential has two potential
wells. These wells correspond to stable generation of the field of two polarities.
If B > 0, the potential has one well x = 0. However, such a stable regime is
impossible for D > 1, because x = y = 0, will be the unstable stationary point
of the system (2). Therefore, one can expect either a change in polarity or bursts.
In this case, a change in polarity or a bursts should be accompanied by B going
into the negative area.

The some simulation results are shown in Figs. 1 and 2. For small values of
the dynamo-number D, the regime of a field generating of fixed polarity is set.
In this case, the coefficient B is set to a positive value. The system is in one of
two potential wells. Such a regime is shown in Fig. 1. It can be noted that the
only change of polarity in the transition mode (t ∼ 4) was accompanied by a
short excursion of B into the negative area. In this case, two potential wells were
connected. Then they parted again, but x managed to change sign.

For large values of the dynamo-number D, the oscillator is in a chaotic regime
of dynamics, similar to the dynamics of the Lorenz system. Such a case is shown
in Fig. 2. There are growing vacillation around a fixed value of one sign, then a
reversal and fluctuations around a fixed value of another sign. It is important
to note, however, that these are not vacillations near stationary points. The
oscillator has no non-zero stationary points. It is clearly seen that each inversion
is accompanied by a short-term excursion of B into the negative area. In this
case, the merging of potential wells occurs – the possibility of field reversal.
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Fig. 1. Results of simulation: K(r) = exp(−r), D = 10 – asymptotically stationary
regime.

Fig. 2. Results of simulation: K(r) = exp(−r), D = 30 – chaotic vacillations and
chaotic reversals.
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3.2 Delay of α-Quenching: K(r) = r exp(−r)

In this case U(x) is quadratic. When B < 0 the potential has one potential wells
x = 0. However, it was already noted earlier that for D > 1 the oscillator cannot
be stable in zero position. When B > 0 the potential has one peak x = 0. Then
x can roll in any direction, but the feedback should stop this drift. Therefore,
oscillations around the zero level or bursts (regular or chaotic) can be expected.
These oscillations must be accompanied by a sign change of B. Such dynamics
in the form of bursts is shown in Fig. 3.

Fig. 3. Results of simulation: K(r) = r exp(−r), D = 10 – regular dynamo-bursts.

At small values of the dynamo number, another unexpected regime was dis-
covered. It is shown in Fig. 4. These are the approximation of x to a stationary
nonzero value and the approximation of the potential to a rectilinear form. We
can interpret this mode in this way. The variable x rolls over one parabola
branch. As the branch rises, x approaches zero. When it goes down, x goes
away from zero. It turns out balancing, which leads to asymptotic stabiliza-
tion.
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Fig. 4. Results of simulation: K(r) = r exp(−r), D = 2 – asymptotically stationary
regime.

4 Discussion

In this article:

– A two-mode αω-dynamo model with hereditary α-quenching by field energy
has been obtained. The general idea of building such a model was previously
described in the work of the author [11].

– The model is convert to the form of an oscillator with a memory. The potential
of the oscillator is determined, by the current and previous values of the
squares of the phase variable and phase velocity.

– Numerical simulation of oscillators dynamic for two type kernels is carried
out. These kernels correspond to the instantaneous quenching and quenching
delay in the dynamo system. It is shown that the simulations results are well
interpreted from the oscillators point of view.

It should be noted that the modes of oscillator dynamics that we observed in
this paper are very similar to those in [12]. In this work, feedback was provided by
helicity, not energy. It can be assumed that they are determined by the fact that
the α-quenching is provided by the quadratic expression of the field components.
The specific form of this expression (helicity or energy) does not qualitatively
change the situation.

In the author’s opinion, the description of the dynamo system as an oscillator
will make it possible to better comprehend the processes in this system from a
general physical point of view.
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Abstract. Comprehensive data analysis of atmospheric and cyclonic activity
based on worldwide meteorological and oceanology data as well as the compari-
son with tilts and strains precise measurements by far distanced instruments have
beenperformed.The earlier proposedmodel of earthquakes triggeringdue to atmo-
sphere, ocean and lithosphere interaction was confirmed. The interaction develops
as successively arising hurricanes (typhoons) activity in form of spatial-temporal
swings of the lower pressure areas over the tectonic plates. The process started
1–2 months before the 2023 Mw 7.8 Turkey earthquake and after some cyclones
reduction, it resumed. It was at this time that a major seismic shock occurred.
This study considers the cyclones interaction in the Indian Ocean, North Atlantic
Ocean and Mediterranean Sea during December 2022–January 2023. Excitations
of Indo-Australian, African, Eurasian and Arabian tectonic plates progressed as
NW-SE spatial and temporal swings over seismogenic area and were accompa-
nied by tilt-baric and strain-baric disturbances detected by instruments installed
in Central and East Europe and Far East regions. Tilt-baric effects of 1.2 mas/hPa
and strain-baric events were observed for the most intensive cyclones 2–7 weeks
before the earthquake.

Keywords: Tiltmeter · Strainmeter · Tropical Cyclone · Earthquake Triggering

1 Introduction

Temporal and spatial correlations between the strongest tropical cyclones (typhoons,
hurricanes) and earthquakes were detected and discussed during recent decades. Dif-
ferent physical mechanisms of relationship between these two main natural disasters,
which are similar in order of realized energy in the environment, has been considered in
a number of publications [1–4].
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The connection of major earthquakes and typhoons in the northwestern part of the
Pacific Ocean was demonstrated by means of satellite images of cloud covers accom-
panying the earthquakes occurring [1]. The intra-annual analysis of cyclogenesis in this
most active basin allowed the seasonal dynamics of seismicity to be proposed [2].

The triggering of slow earthquakes as well as common earthquakes due to typhoons
passage similarly to the passage of teleseismic waves from large regional events has
been shown in [3] and [4].

Another model of a physical link between the two hazard types suggested the rocks
erosion induced by very wet tropical cyclones [5]. Although this approach required the
long time delays (from a few months up to few years) between tropical cyclone passage
and earthquake happening [5].

Most of the studies mentioned above [1, 2, 5] are based entirely on statistical com-
parison of seismic catalogues data and typhoons (hurricanes) services information. The
applying instrumental methods, such as the borehole strain-meters [3], laser interferom-
eters [4] and tiltmeters [6] to detect accompanying earth deformations, promoted the
observed phenomena investigation sufficiently.

The results of many years of experimental searching [7–9], and [10] allowed uncov-
ering a physical entity of the interrelated processes. The proposed model assumes an
atmosphere, ocean and lithosphere interaction to be a possible drive of triggering mech-
anism of major earthquakes [11]. We have described this process as successive devel-
opment of cyclonic activity and arising hurricanes (typhoons) in form of a specific
spatial-and-temporal motions of lower pressure areas over the Earth’s tectonic plates.

The process starts 4–7 weeks before an earthquake and after some cyclonic activity
descending it resumes wherein it was at this time that occurring a power seismic shock
becomeshighly probable. Investigationof the decade1997–2007major earthquake series
showed that duration of the above period of cyclones system swinging within earthquake
preparation continuance can increase up to 1–2 months for the strongest M 8–9 seismic
events.

This study considers the initiation of powerful Turkey earthquake (6 February 2023)
that could be a result of tropical cyclones interaction in the Indian Ocean and extra
tropical windstorms in North Atlantic Ocean and Mediterranean Sea.

2 Earthquakes and Tropical Cyclones Interrelation Background

There are distinct physical justifications for coupling these two most terrible disasters
on the globe.
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Solar irradiation amounts the substantial part of atmosphere-ocean interactive energy
releasing in tropical cyclones activity. We have shown [10] the daily energy outcome of
a powerful tropical cyclone (Category 5 SSHWS) can reach the value about 1.5 · 1019 J,
which is equivalent to the energy released by a strong earthquake of MW > 8.3.

An active zone of this rotating geophysical “engine” can spread over 103 km that
is an order of size of a preparation zone of large regional earthquake. Lower pressure
disturbs earth crust and being at vicinity of fault zone close to failure can trigger an
earthquake.

A common period of tropical cyclone development including its highest activity
phase alternates from a few days up to a few weeks. It is just the period, which charac-
terizes the time scale of short-term earthquake precursors. Disturbances in atmosphere
and lithosphere caused by powerful tropical cyclone (typhoon, hurricane) in the World
Ocean are spread over wide areas.

In this way, typhoons and hurricanes are usually accompanied by a variety of
earthquake precursory phenomena, including abnormal behavior of ultra-wideband
(0.002MHz–3Hz)Earth’s oscillations,which are available to be recorded at far distances
up to 1,000–10,000 km.

Although not all of these phenomenamay be due to earthquake preparation processes
in the Earth’s crust or mantle, at the same time, they are detected and studied for a long
time included classic authors [12] and our earlier publications [8, 9].

3 Analysis of the 2022–2023 Tropical Cyclogenesis Preceding
the 2023 Mw 7.8 Turkey Earthquake

Tropical cyclones transition from the Northern Hemisphere to the southern one in the
end of November and the beginning of December 2022 was characterized by the calm
condition period in one and a half weeks duration that was observed in atmosphere and
World Ocean [13–15] and [16]. This was about two months before 06.02.2023 Turkey
earthquake.

Meanwhile, tropical cyclones activity moved from NW Pacific to the Indian Ocean
and sometime later, to the Southern Pacific. Last system of the 2022 Eastern and Central
Pacific hurricanes dissipated onOctober 23 and last systemof the 2022Atlantic hurricane
season dissipated in the northeastern Caribbean Sea on November 11. A series of extra
tropical cyclones of the 2022–2023 Europeanwindstorm seasons succeeded the cyclonic
activity in North Atlantic Ocean (Table 1).

Severe tropical storm MANDOUS, which developed in the Bay of Bengal on 6
December 2022, was the first notable system (after tropical cyclone ASANI, 7–12 May
2022) for this round of cyclonic activity in the North Indian Ocean [14]. Arising of the
succeeded low pressure events have progressed as NW-SE spatial and temporal swings
of cyclonic disturbances between Atlantic and Indian Ocean basins during December
2022–January 2023 (see Fig. 1).

Extra tropical cyclone EFRAIN fromNorthAtlantic hitting the Iberian Peninsula and
Francewas themost intense, strongest storm of the 2022–2023 Europeanwindstorm sea-
son (955 hPa ~ C2, SSHWS). Cyclone EFRAIN came after tropical storm MANDOUS
in the Indian Ocean. Tropical storm PAKHAR (the last system of the 2022 NW Pacific
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Fig. 1. Atmospheric pressure variations in Moscow Region (a) and Central Europe (b) during
December 2022–January 2023; 1…7 – tropical cyclones in the Indian Ocean and European wind-
storms in North Atlantic (see Table 1), circles denote the time intervals in the lowest pressure of
cyclones

typhoon season) succeeded the cyclone EFRAIN, GAIA came after PAKHAR and so
on, as shown in Fig. 1 and Table 1.

These spatially and temporary swinging the lower pressure systems excited the Indo-
Australian, African and Eurasian tectonic plates bordering around the Arabian tectonic
plate (Fig. 2). It is important that spatial distribution of cyclones active zones formed
triangular patterns having the epicenter of impending earthquake near their medians
(marked by star in Fig. 2).

This period of cyclonic activity has ended by swinging between tropical cyclone
DARIAN (C4 SSHWS) and tropical storm ELLIE excited the eastern part of the Indo-
Australian tectonic plate [15]. The atmospheric condition was featured by stochastic air
pressure variations without any sign of synchronizing or correlation of signals recorded
at spatially distanced observational points (Fig. 1).

Some cyclonic activity weakening happened in 9–13 January 2023. This pause was
fulfilled by very rare subtropical cyclone in the Southern Atlantic that moved from the
Brazilian coast toward the African tectonic plate.

The next round of cyclones development started 14.01.2023 (Table 1). Extra tropical
cyclone FIEN occurred in Northern Atlantic and tropical storm IRENE in Southern
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Table 1. Tropical cyclones in the World Ocean and European windstorms in North Atlantic and
Mediterranean Sea during December 2022–February 2023 [13–15] and [16]

No Name Category
(SSHWS)

Duration Basin

1 MANDOUS TS1 06–10 December North Indian Ocean

2 EFRAIN ETC21 10–17 December Northern Atlantic

3 PAKHAR TS 10–12 December NW Pacific

4 GAIA ETC 10–17 December Northern Atlantic

5 ARB 03 TS 14–17 December North Indian Ocean

6 DARIAN C4 13–21–30 December SW Indian Ocean

7 ELLIE TS 20 December–8 January Aust. Indian Ocean2

8 HALE TS 07–08 January Southern Pacific

9 Subtropical ccl STC 07–10 January Southern Atlantic

10 FIEN ETC1 14–20 January Northern Atlantic

11 IRENE TS 14–19 January Southern Pacific

12 GE’RARD ETC2 15–17 January Northern Atlantic

13 CHENESO C2 16–29 January SW Indian Ocean

14 HANNELORE ETC1 19–28 January Mediterranean

15 DINGANI TL(C2)1,3 27 January–9 February Aust. Indian Ocean

16 FREDDY C1 04–14 February…4 Aust. Indian Ocean

17 BARBARA ETS1 05–08 February Mediterranean

18 GABRIELLE C2 05–10 February…5 Aust. Indian Ocean
1 TS – Tropical storm; ETC(S)–Extra tropical cyclone (storm); TL – Tropical low
2 Australian region cyclone
3 DINGANI – Tropical Low; 9 – 15 February– C2 SSHWS, SW Indian Ocean
4 FREDDY –C1; 14 February–15 March – C5 SSHWS, SW Indian Ocean
5 GABRIELLE – 10–11 February, Southern Pacific

Pacific basin. Another cyclone – European windstorm GE’RARD developed next day
and tropical cyclone CHENESO (C2 SSHWS) formed 16.01.2023 in SW Indian Ocean.

The above swinging of three tectonic plates (I, II, III) surrounding the Arabian
plate (IV) resumed. This process became more severe when Mediterranean “hurricane”
[16] – Medicane HANNELORE was involved on 20.01.2023 (see left Fig. 3). The
HANNELORE’s competition with tropical cyclone CHENESO in SW Indian Ocean
was their alternate impacts up to the end of January 2023. The less intensity of cyclone
HANNELORE (C1 SSHWS equivalent) was more than compensated by its proximity
(Mediterranean and Balkans) to the region of upcoming disaster – epicenter location
was near 37.2° N and 37.0° E. The next tropical cyclones DINGANI, FREDDY and
GABRIELLE arising in the Indian Ocean went to the eastern part of the Indo-Australian
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Fig. 2. Tracks and spatial distribution of active zones (1…7, see Table 1) for tropical cyclones in
the Indian Ocean and European windstorms in North Atlantic. The lower pressure areas (bright
circles) excite tectonic plates: I – Indo-Australian, II – African, III – Eurasian and IV – Arabian
on 10 and 14 December 2022

Fig. 3. The same as Fig. 2 on 20 January and 5 February 2023

tectonic plate in the very beginning of February (Fig. 3, right).Meanwhile, the Mediter-
ranean storm BARBARA affected directly the area of the 6 February 2023 Turkey
earthquake, preceded for tens hours the main Mw 7.8 shock (t0 = 01 h 17 m 35 s UTC)
and accompanied all the strong aftershocks.

4 Tilt-Baric and Strain-Baric Processes Preceding
and Accompanying the 2023 Mw 7.8 Turkey Earthquake

The Earth’s deformations (tilts and strains) and atmospheric pressure variations were
monitored at three observational points: in Central Europe (Geophysical Observatory
Pribram), Moscow Region (testing site Fryazino) and Kamchatka peninsula (observa-
tional site Karymshina). Instruments installations, measuring techniques and precision
characteristics were described in detail in our previous publications [6–8, 10] and [11].

As noted above, atmospheric pressure variations were random during December
2022 without any sign of coherency between the signals recorded at the observational
points Pribram and Fryazino spatially distanced by 1600 km. That was the period when
the windstorms and tropical cyclones started the NW-SE swinging between Northern
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Atlantic (European areas) and Indian Ocean basin. That was 1.5–2 months before the
2023 Mw 7.8 Turkey earthquake.

A different situation developed 2–3weeks before this earthquake. The high degree of
correlation and even signs of synchronizing could be distinguishedbetween thewideband
tilt-baric and strain-baric processes recorded at observational points being1600–8100km
apart (Fig. 4, Fig. 5, and Fig. 6).

Fig. 4. Ultra-long period tilt-baric variations in Pribram (a, b), Fryazino (c) and Karymshina (d)
1–2 weeks before the 2023 Mw 7.8 Turkey earthquake (denoted by arrow)

Fig. 5. Long-period tilt-baric and strain-baric variations in Pribram (a, b), Fryazino (c) and
Karymshina (d, e) 1 h before the 2023 Mw 7.8 Turkey earthquake

Strong correlation (RP ~ 0.8–0.9) was observed between NS component of tilts
and atmospheric pressure variations with characteristic periods about 20–100 h that
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recorded in Pribram (Fig. 4 a, b). The value of tilt-baric variations reached the level
of a few tidal amplitudes wherein tilt-baric coefficient was near 1.2 mas/hPa. Good
conformity of baric variations at ultra-long periods up to 400 h was seen under 1600 km
distance (observational points Pribram and Fryazino) and kept in part up to 8100 km
in Karymshina point (Fig. 4 c, d). The direct estimations of correlation coefficient are
hugely intricate due to wave shapes blur under their propagation at far distances.

The long period 5–20 min tilt-baric and strain-baric variations appeared by less clear
correlation features 1–1.5 h before earthquake though some consistency of recorded
baric strokes were noted at distanced points (Fig. 5 a-e). The strain-baric coefficient for
strainmeter in Karymshina point was evaluated to be about (2–3) · 10–8 hPa–1 (Fig. 5 d,
e; the linear thermal trend 2.4 K/h was removed).

Fig. 6. Micro-seismic oscillations in Fryazino (a) and Karymshina (d) and their time-frequency
diagrams 1 min (b, e) and few seconds (c, f) before the main Mw 7.8 shock (t0 = 01 h 17 m 35 s
UTC) of the 2023 Turkey earthquake

A special behavior of micro-seismic oscillations in 1–10 Hz band were recorded by
the two distanced laser strainmeters (Fryazino andKarymshina) just before the 2023Mw
7.8 Turkey earthquake (Fig. 6 a-f). The synchronization phenomenon of high frequency
microseisms, which we observed before strong seismic events earlier [7, 10], appeared
this time clearly. The speckle structure of time-frequency diagram (2–4 Hz, Fryazino)
and spectral pick splitting (0.4–1.2 Hz, Karymshina), which were seen 1 min before
earthquake (Fig. 6 b, e), collapsed into narrow bands in 3.1 Hz (Fryazino) and 0.4 Hz
(Karymshina) respectively a few seconds preceding the main shock (Fig. 6 c, f).
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5 Conclusion

The comparative analysis of atmosphere condition, cyclonic activity in theWorld Ocean
and wideband Earth’s deformations (tilts and strains) reveal the three geospheres inter-
action could be a trigger of the 2023 Mw 7.8 Turkey earthquake. The newly developed
methods and original techniques have been applied in this study. The spatially distributed
at distances 1600–8100 km tilt meters and laser strainmeters allowed the ultra-long peri-
ods up to 400 h variations andmicro-seismic oscillations in 1–10Hz band to be analyzed.
Their behavior has been connected with time intervals preceding earthquake for one
minute and up to the hundreds hours. The obtained result will be useful in earthquake
prediction application.
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Abstract. The dynamics of cosmic ray (CR) variations during magnetic storms
of different strength was under investigation. Neutron monitor data from high-
latitudinal and polar stations were used. Events of 2019–2022 were analyzed. The
analysis was based on the hybrid method developed by the authors. It includes
application of the SSA (Singular Spectrum Analysis) of nonlinear schemes in
a wavelet bases. The investigation showed the presence of anomalies (Forbush
effects) of complicated form in CR variations beforemagnetic storms. The anoma-
lies were generated during CME arrivals and increase in IMF southern compo-
nent fluctuations. During low-strength events, local increases in CR intensity were
observed. During moderate magnetic storms, long anomalous decreases (Forbush
decreases)were observed.CRvariation components having strong correlationwith
Dst index were also detected during the study. The results confirm the importance
of taking into account the CR dynamics in magnetic storm forecast methods.

Keywords: space weather · cosmic rays · geomagnetic storms · data analysis

1 Introduction

Scientific and technical development extends the possibilities of investigation of the
environment and the processes in the near-Earth space (NES) making them an important
research object. One of the problems of the NES investigation is the problem of its inho-
mogeneity. It is known that the less a subject is investigated, the more homogeneous
it is from the point of view of a researcher. In the course of investigation of a sub-
ject, its inhomogeneities are revealed that is reflected in the complexity of continuously
improving models and methods for investigation of natural processes. The problem of
inhomogeneity is associated with the problems of information obtaining and prelimi-
nary processing. This problem becomes more complicated by a wide spectrum of its
application in different spheres of science and activities (in Astrophysics, Geophysics,
space weather forecasting, Medicine, industries etc.) and during solution of completely
different tasks (positioning, tele- and radio communications, global and local monitor-
ing, ecology and so on). Thus, the problems of investigation of NES processes are solved
by applying different methods, such as physical, statistical, spectral, and the means of
artificial intelligence and hybrid approaches.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
A. Dmitriev et al. (Eds.): STRPEP 2023, SPEES, pp. 131–140, 2023.
https://doi.org/10.1007/978-3-031-50248-4_14

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-50248-4_14&domain=pdf
https://doi.org/10.1007/978-3-031-50248-4_14


132 O. Mandrikova and B. Mandrikova

The object of this investigation is cosmic ray (CR) intensity variations recorded by
neutron monitors. Anomalous phenomena and processes on the Sun are reflected in non-
periodic variations of cosmic rays (Forbush effects andGLEevents).Anomalous changes
in CR flux, preceding and accompanying magnetic storm development, were described
in the papers by the researchers from different scientific teams [1–3]. For example, in
the paper [1], the impact of a space weather extreme event (on 6 September 2017) on
the ionosphere and primary cosmic rays was under the study. The authors [1] estimated
cross-correlation between hourly time series of CR secondary flux from several sites,
geomagnetic activity indexes and between the parameters of the interplanetary magnetic
field and the solar wind (SW speed, Dst Index, Proton Channel 16–20 meV). The inves-
tigations [1] confirmed the correlation between geospheric and geomagnetic parameters.
The paper [2] analyzes radiation background time series (measured inside a multilayer
structure), geomagnetic activity and CR intensity. The investigations were carried out
on the basis of linear correlation analysis and a new correlation measure based on a
one-dimensional cumulant component of the fourth order. The results [2] showed that
there is direct (as well as indirect) relation between geomagnetic activity data and CR
data. Analysis, carried out by other authors [3], showed the correlation between CR
changeability and Dst with Dst delay by 3–4 h. The obtained delay of several hours
confirms the importance of taking into account the CR in space weather.

In the paper, we investigated cosmic ray (CR) flux dynamics during magnetic storms
of different strength. Events of 2019–2022were under analysis. The analysis was carried
out on the bases of the hybrid approach developed by the authors. It implies application
of nonlinear wavelet schemes and singular spectrum analysis («Caterpillar» method).
It is known that wavelets make it possible to study the structure of nonstationary data
in detail, to detect informative components and to suppress noise. The papers [4–6]
present the examples of effective application of wavelet analysis for investigation of
natural data, including space environment parameters. Singular spectrum analysis (SSA)
method, which was first suggested by the Russian researchers [7], allows us to analyze
nonstationary time series. The SSA makes it possible to detect different components
in an initial time series such as trend, periodic variations and noise. In this case, one
does not need to define a priori the parametric form. The basis is formed from the inner
structure of the series under investigation. In view of the mentioned advantages, the SSA
method is successfully used to investigate geophysical monitoring data. For example,
using the SSA, it was shown in the paper that variations of the global pressure at the
sea level contain many quasi-periodic or periodic components besides the trend. The
periods, obtained by the authors [8], are typical for the space-time evolution of the Earth
rotation.

This work continues the investigations of the paper [4]. High sensitivity and adapt-
ability of the developedmethod allowsus to detect anomalies inCRvariations of different
intensity and duration. The authors of the paper considered weak andmoderate magnetic
storms and investigated CR variations dynamics during disturbed periods. The analysis
showed formation of anomalous structures of complicated form in CR variations before
magnetic storm development. Application of the method also made it possible to detect
cosmic ray variation components having strong correlationwith Dst index. The observed
delay of several hours confirms the investigation results of the paper [3].
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2 Description of the Methods

2.1 Singular Spectrum Analysis

On the basis of the Singular spectrum analysis we transform the recorded F data of a
ground neutron monitor [9] into a matrix that is followed by singular decomposition,
grouping and transition to its detected components [10]. The algorithm of the method
[10] realization is described below:

1. Transformation of the recorded F into a trajectory matrix

X = [X1, . . . ,XK ] =
⎡
⎣

f1 . . . fK
. . . . . . . . .

fL . . . fN

⎤
⎦,

where fi is the initial series element, L is the window length, N is the initial series
length.

2. Singular decomposition of the trajectory matrix X .
Assume that S = XX T , λ1, . . . , λL are eigen values of S, taken in nonincreasing

order (λ1 ≥ · · · ≥ λL ≥ 0), and U1, . . . ,UL is the orthonormalized system of eigen
vectors of the matrix S.

We assume that d = rankX = max{i : λi > 0}(d = L) and Vi = X TUi/λi(i =
1, . . . , d). Then the singular decomposition of the matrix X is represented as

X = X1 + · · · + Xd ,

where Xi = √
λiUiV T

i are elementary matrixes,
√

λi is the singular number, which
serves as data dispersion measure; Ui and Vi are the left and right singular vectors of
the matrix X .

Thus, the trajectory matrix X can be represented as

X =
∑
i

√
λiUiV

T
i .

3. Grouping of the set d of elementary matrixes from item 2 on m of non-overlapping
subsets XIi , Ii ∈ {I1, . . . , Im}:

X = XI1 + ... + XIm .

4. The matrixes XIi of the grouped decomposition are hankelized (averaged over anti-
diagonals).Using the correspondence between hankelmatrixes and time series, recov-
ered series F̃ (k) = (f̃ (k)

1 , . . . , f̃ (k)
N ) are obtained. The initial series F = (f1, . . . , fN )

is decomposed into the sum m of recovered series where each value of initial series
equals

fi =
m∑

k=1

f̃ (k)
i , i = 1, 2, . . . ,N .
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This decomposition is themain result of SSA algorithm for the analysis of cosmic ray
variations (of any analyzed time series on the whole). Taking into account the presence
of diurnal variations, we used the window length L = 1440 counts (corresponds to a day,
neutron monitor data with minute sampling were used). Figure 1 a and i show the NM
data at Oulu station [9] for two different time intervals containing both calm days and
periods of geomagnetic disturbances. Figure 1 b-h, j-p shows the corresponding seven
components obtained on the basis of the SSA (item 2 of the SSA algorithm). Analysis
of Fig. 1 a-p shows that NM initial data have nonsationary structure and contain high
level of noise. The detected components included the trend, periodic components, local
features and noise variations (Fig. 1 b-h, j-p).

Matrix grouping in the SSA algorithm (item 3 of the algorithm) was based on the
estimate of confined dispersion fraction [11]. The graph of the first 30 eigen values is
illustrated in Fig. 1 q. The dashed line in Fig. 1 q separates eigen values corresponding
to the components used in the analysis. The confined dispersion fraction was estimated
by the formula

σ 2
1 + σ 2

2 . . . + σ 2
p

σ 2
1 + σ 2

2 . . . + σ 2
p + . . . + σ 2

d

.

Results of the estimates of confined dispersion fraction for the time intervals under
consideration, 8–28 March 2023, 29 October–4 November 2022, are presented in
Tables 1–2. The component with the 1st eigen value determines the trend and the compo-
nents with the 2nd-4th eigen values include diurnal periodicities of CR data. The results
obtained after the addition of these components were used in the investigation.

Fig. 1. Investigation of NM data by the SSA method

Results of the estimates of confined dispersion fraction:
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Table 1. March 2023

Component Confined dispersion fraction

com1 0.8942

com1 + com2 0.9288

com1 + com2 + com3 0.9501

com1 + com2 + com3 + com4 0.9607

com1 + com2 + com3 + com4 + com5 0.9655

com1 + com2 + com3 + com4 + com5 + com6 0.9681

com1 + com2 + com3 + com4 + com5 + com6 + com7 0.9703

Table 2. 27 October–4 November

Component Confined dispersion fraction

com1 0.7508

com1 + com2 0.8490

com1 + com2 + com3 0.9074

com1 + com2 + com3 + com4 0.9291

com1 + com2 + com3 + com4 + com5 0.9395

com1 + com2 + com3 + com4 + com5 + com6 0.9470

com1 + com2 + com3 + com4 + com5 + com6 + com7 0.9526

2.2 Adaptive Algorithm for Anomaly Detection

The adaptive algorithm for anomaly detection (AAAD) was proposed for the first time
by the authors in the paper [12]. The algorithm includes the following operations:

1. We represent a discrete time series F[n] in the form of a series [13, 14]:

F[n] =
J∑

j=0

K∑
k=1

WF

(
1

2j
,
k

2j

)
Ψjk [n],

where Ψjk = 2
j
2 Ψ

(
2jn − k

)
are basic wavelets, j, k ∈ N , WF

(
1
2j

, k
2j

)
= 〈

F, Ψjk
〉

are the coefficients of function F decomposition into a series, J is the largest scale of
decomposition into a wavelet series, K is the series length.

2. We apply a threshold function

PTl
j

[
WF

(
1

2j
,
k

2j

)]
=

⎧⎨
⎩
WF

(
1
2j

, k
2j

)
, if

∣∣∣WF
(

1
2j

, k
2j

)∣∣∣ ≥ T l
j ,

0, if
∣∣∣WF

(
1
2j

, k
2j

)∣∣∣ < T l
j ,
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where T l
j = t1− α

2 ,l−1σ̂
l
j , tα,N are the α-quantiles of Student’s distribution [15], σ̂ l

j is
the root-mean-square deviation of the coefficients, it is estimated in a moving time

window of the length l, σ̂ l
j =

√
1

l−1

∑l
m=1 (WF

(
1
2j

, k
2j

)
−WF

(
1
2j

, k
2j

)
)2.

We obtain the series representation as

F̂[n] =
J∑

j=0

K∑
k=1

PTl
j

[
WF

(
1

2j
,
k

2j

)]
Ψjk [n].

3. For the detected anomalies, their intensity at the time t = k can be estimated as

Ek =
J∑

j=0

PTl
j

[
WF

(
1

2j
,
k

2j

)]
,

which is positive in case of function values anomalous increase and negative in case
of function values anomalous decrease.

3 Results of Data Processing

Neutron monitor (NM) minute data from the high-latitudinal Oulu, Inuvik and Tule
stations and the polar Sopo station (www.nmdb.eu) were applied in the experiment.

Figure 2 shows the processing results of NM data from Oulu station (Fig. 2 e) for
the period 8–24 March 2022 [9]. Red color in Fig. 2 indicates the SSA component of
CR intensity, blue color is the Dst index data [16]. The times of geomagnetic activity
increase are marked by the orange vertical line. The time of the moderate magnetic
storm commencement is illustrated by the red vertical line. According to space weather
data [17], the NES state on 8 and 9 March was characterized as very calm. Southern
component fluctuations were about Bz = ±3 nT. Based on the processing results, CR
intensity on 8 and 9 March was within the background values (Fig. 2 d, f, g). By the end
of the day on 10 March an inhomogeneous accelerated flux from coronal mass ejection
(CME on March 6) arrived. Southern component fluctuations grew up to Bz = −9 nT.
The results of processing show anomalous changes (Forbush effects) in CR intensity
data during the CME arrival (Fig. 2 d, f, g, blue color shows CR intensity decrease,
yellow color shows the increase). We should note that formation of Forbush effects on
10–12 March correlates with sudden increase in solar wind (SW) density (Fig. 2 b) and
intensification of IMF southern component fluctuations (Fig. 2 c). At the end of the day
on 11 March, at 23:00 UT, weak magnetic storm was observed. Dst index decreased to
–51 nT (Fig. 2 d). According to the processing data (Fig. 2 d, f, g), sudden anomalous
increase in CR intensity occurred at that period. CME (on 10 March) arrived the next
day on 13 March. IMF southern component fluctuations were intensified to Bz = −24
nT, SWW increased to 600 km/s. A moderate magnetic storm (minimum Dst = −85)
was recorded at 10:48 UT [16]. Anomalous decrease in CR intensity (Forbush decrease)
was observed at that period (Fig. 2 d, f, g). It occurred at the time of the magnetic storm
observation. During the period, preceding and accompanying the moderate magnetic
storm (on 8–23 March 2022), strong correlation of the CR component, detected on the

http://www.nmdb.eu
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basis of the SSA, (red color in Fig. 2 d) with geomagnetic activity Dst index (blue color
in Fig. 2 d) was observed. This result also confirms the importance of taking into account
the CR parameters for space weather forecasting.

Fig. 2. a) SW velocity data; b) SW proton density; c) Bz data (GSM); d) blue color is the Dst
index, red color is the result of SSA method application; e) NM data at Oulu station; f) and g)
results of AAAD application to the NM signal approximated by the SSA. (Color figure online)

Figure 3 illustrates the results of processing of the NM data at Inuvik, Tule and the
South pole stations for the period 24–29 May 2019 [9]. Two weak magnetic storms
occurred on 27 May 2019. The times of magnetic storm commencements are indicated
by orange lines in Fig. 3. Based on space weather data [17], NES was calm on 24 and
25 May. Based on the processing data, CR intensity was within the background level
(Fig. 3 h-q). At the end of the day on 26 May, an inhomogeneous accelerated flux from
a coronal mass ejection (CME on 21 May) arrived. SE velocity increased to 400 km/s
(Fig. 3 a), Bz component fluctuations grew to Bz= –9,5 nT (Fig. 3 c). Sudden increase in
SW density was also observed (Fig. 3 b). Results of the processing show Forbush effect
occurrences at all the stations under analysis during that period (Fig. 3 h-q). General
clearly expressed dynamics in CR was observed (Fig. 3 h-q). It confirms the results
validity and the method sensitivity. According to IZMIRAN data [18], at the end of the
day on 26 May, Forbush effect of amplitude 1.1 was recorded. Then, on 28 May, CME
arrived [17], SW velocity and density increased (Fig. 3 a, b), Bz component fluctuations
increased to Bz = -8 nT. Based on the results of the processing, anomalous decrease in
CR intensity (Forbush decrease) was observed at Inuvik and Tule stations (Fig. 3 h, i, k,
l, o, p). According to the data [17], Forbuch effect of the amplitude 0.5 was recorded at
15:00 on 28 May, the magnetic storm occurred at 19:00 [17].
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Fig. 3. a) solar wind velocity; b) SW proton density; c) data of interplanetary magnetic field Bz
component; d) Dst index data; e), f), g) are the initial signals of INVK, THUL, SOPO stations,
respectively; h), i), j) signal, detected by the singular spectrum analysis method at INVK, THUL,
SOPO stations, respectively; k)-q) results of AAAD application to NM signals approximated by
the SSA.

4 Conclusions

The work results confirmed the complicated dynamics of CR during disturbed periods
and proved the efficiency of the method developed for the investigation. Event analy-
sis showed anomalies of complicated form in CR variations before magnetic storms.
Anomaly occurrences were observed during CME arrivals to the Earth region and they
correlatedwith the increases in solarwind density and intensification of the IMF southern
component fluctuations. During the events of low strength, local increases were detected
in CR dynamics. During the moderate magnetic storm, long anomalous decrease in CR
intensity (Forbuch decrease) was recorded. Application of the method also made it pos-
sible to detect CR variation components having strong correlation with the Dst index.
Similar to the paper [3], Dst delay by several hours was observed. The obtained results
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agreewith the investigations [3, 19, 20] and confirm the importance of taking into account
the CR dynamics in the tasks of space weather.
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Abstract. In this paper we analyze the critical frequency of the ionospheric layer
F2 (foF2) during magnetic storms from 2018 to 2022. The structure of the iono-
sphere is dynamically changing. It contains local inhomogeneities of different
character and intensity. Anomalous changes in the regular course of ionospheric
parameters have negative impact on various aspects of life, functioning of space-
crafts and the stable operation of radio communications. The foF2 data were ana-
lyzed using the method of adaptive threshold wavelet filtering developed by the
authors. The results showed the presence of anomalies of different intensity and
duration in foF2 variations during magnetic storms. The comparison of the results
from different stations revealed significant dependence of ionospheric dynamics
on the parameters of interplanetary medium and the magnetosphere, as well as on
local factors. The effects of anomalous increase and anomalous decrease before
magnetic storms of different intensities were detected.

Keywords: Ionosphere · Wavelets · Magnetic storm · Data analysis

1 Introduction

Many studies of ionospheric parameters are related to its global influence on human life.
A number of important tasks related to theoretical calculations and practice of radiowave
propagation can be solved only with the help of knowledge of current ionospheric pro-
cesses. Moreover, significant volume of information on the ionosphere state is presented
space weather forecasting and description. At the same time, the ionosphere is a complex
combination of physical processes that are not always can be theoretical calculated or
approximated. The quality and efficiency of natural data processing can be improved by
applying modern mathematical tools with elements of artificial intelligence.

The parameter of the ionospheric layer critical frequency F2 considered in this paper
is used in various fields of geophysics or taken into account in the operation of technical
systems. Observations of foF2 allow us to estimate the state of the atmosphere. For
example, the review [1] shows that analysis of foF2 made it possible to conclude that
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the amount of atomic oxygen in the thermosphere decreased and turbulent diffusion
increased in the turbopause region. Studying the dynamics of foF2 is also of great interest
in solving space weather problems [1–6]. The behavior of foF2 during magnetic storms
is described in many papers, for example, the reviews [4, 5]. Ionospheric perturbations
associated with electron concentration increase and decrease usually occur after the
magnetic storm onset. However, a number of papers show that ionospheric anomalies
can occur before magnetic storms [4–7]. The nature of such events is currently under
investigation [5, 8]. Detection and interpretation of such anomalies is a difficult task,
requiring analysis of large statistics of events [5, 6].Moreover, complex internal structure
of ionospheric data and low efficiency of traditional methods for studying the time series
make the procedure of their analysis difficult [1].

The foF2 parameter includes regular daily and seasonal variations, long-term trend
changes [1], fluctuations related to solar activity, etc. Analysis of foF2 time series faces
the problem of significant nonstationarity of the data. For example, in [2], the median
database [3], the linear regression method, and the EMMD method [2] were used to
construct trend changes of foF2 and hmF2. The modeling results showed the difference
between the actual and predicted trends for different ionospheric stations. According
to the authors [1], this is due to daily and diurnal variations of ionospheric parameters,
which were not considered in [2].

In this work, the behavior of foF2 during disturbed periods is studied in detail using
the method developed by the authors. The method is based on the combination of thresh-
old functions with wavelet processing. Wavelets are a set of filters that allows one to
extract structures of different complexity and duration from the data [9]. Wavelet pro-
cessing has a wide range of applications in different spheres associated with noisy data
processing and information retrieval [9–11]. The advantages of wavelets are also a set
of flexible constructs that make it possible to adapt the tool to a particular task. They
also allow one to decompose a time series into informative components.

In this work, we analyzed data from Paratunka (53.0° N and 158.7° W, Russia,
Kamchatka region) and Wakkanai (45.16° N and 141.75° W, Japan, the resource [12])
stations, which make foF2 observations. The data under analysis were obtained during
storms in 2018–2022. The developed method allowed us to study in detail the behavior
of foF2 time series for different stations, and identify anomalous changes in the iono-
spheric variation before and during the events. Special attention was paid to ionospheric
parameters preceding magnetic storms.

2 Method Description

We represent the original foF2 time series in the form y(tn). Application of the discrete
wavelet transform [9] leads to

y(tn) =
∑

j,k
Wy(j, tk)Ψjk(tn) (1)

where Ψjk(tn) = 2
j
2 Ψ

(
2jtn − tk

)
are basic wavelets, j, k ∈ N,Wy(j, tk) = 〈

y, Ψjk
〉
are

wavelet coefficients of y decomposition.
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The obtained sets of wavelet coefficientsWy(j, tk) contain the information about the
anomalous state of the ionosphere. Based on adaptive thresholds, they can be extracted
from the representation (1):

�Tu
j

[
Wy(j, tk)

] =
{
Wy(j, tk), if |Wy(j, tk)| ≥ Tu

j ,

0, if |Wy(j, tk)| < Tu
j .

(2)

where Tu
j = Y σ̂ u

j , σ̂
u
j is the standard deviation of the coefficients estimated in a moving

window of length u, σ̂ u
j =

√
1

u−1

u∑
k=1

(Wy(j, tk) − Wy(j, tk))2, where Y is the threshold

coefficient.
The threshold coefficient is determined based on the local ionospheric state and is

empirically calculated for different observation stations based on the minimization of
the posterior risk [13].

As a result of (2), the original expression (1) is transformed into the following form

y(tn) =
∑

j,k
�Tu

j

[
Wy(j, tk)

]
Ψjk(tn).

The intensity of anomalies in the ionosphere at time t = tk is described by the
absolute wavelet coefficientsWy(j, tk) remaining after applying the adaptive thresholds.
The intensity of an anomaly at a time point can be estimated by the function

Ik =
∑J

j=0
�Tu

j

[
Wy(j, tk)

]
. (3)

The derived expression (3) allows us to represent the anomalous ionospheric
increases (Ik positive) and decreases (Ik negative) in the foF2 data.

3 Results of the Method Application

The foF2data for 2018–2022of theParatunka (IKIRFEBRAS,KamchatkaKrai, Russia)
and Wakkanai (WDC NICT, Japan) stations were used for the analysis. The foF2 data
were obtained by the vertical radiosonde method. The time series have hourly resolution
and contain manual corrections from the data of the initial ionograms. Operations (1)–
(3) were implemented based on a Daubechies wavelet of order 3 [9], which provides the
minimum approximation error in foF2. The time window duration in expression (2) was
u = 168 hours, threshold coefficient Y = 2.5. The interplanetary magnetic field data
(IMF Bz), solar wind parameters (SWS and SWD, obtained from the ACE satellite in
GSM coordinates [14]), and DST index data [15] were used as space weather factors in
the analysis.

During the first analyzed period (Fig. 1) a moderate magnetic storm occurred. Its
sudden onset was registered at 0.22 UT onApril 20, 2018 at Novosibirsk station [16]. On
April 20, the anomalous disturbance of the geomagnetic field was observed at all lati-
tudes. Before the event, an inhomogeneous accelerated flux from the coronal hole (CIR)
arrived at the end of the day onApril 19 [16]. The results of the foF2 data processing show
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a large anomalous increase of electron concentration at the analyzed stations during the
CIR arrival (Fig. 1b, c, e, f). The exceedance of the anomalous threshold was recorded
at Paratunka station several hours earlier than at Wakkanai station. The formation of a
high-intensity positive ionospheric anomaly (in the vicinity of 200 conventional units,
values are indicated on the vertical axis of Fig. 1c, f) was observed in the early hours
of April 20. It occurred on the background of a significant increase in the solar wind
(SW) density (Fig. 1j) and a significant southward turn of the IMF component (Fig. 1h).
According to space weather data [16], on April 20 the SW velocity (Fig. 1i) increased to
650 km/s and the fluctuations of the IMF southern component (Fig. 1h) increased to Bz
= ±19 nT at 08.12 UT. The observed general anomalous dynamics of the ionospheric
process at the analyzed stations (Fig. 1b, c, e, f) indicates the large scale of the dis-
turbance. The positive ionospheric anomaly reached its maximum intensity during the
main phase of the magnetic storm. During the recovery phase, the electron concentration
decreased significantly and a negative ionospheric anomaly of high intensity (more than
200 conventional units) was formed. The recovery of the foF2 time variation lasted for
more than 2 days. The results of the moving median (Fig. 1a, d) agree with the results
of the method, confirming their reliability.

During the next period under analysis (Fig. 2), a strongmagnetic stormwith a gradual
onset occurred on August 25, 2018. Due to the arrival of a heterogeneous accelerated
flux from the coronal mass ejection (CME) occurred on August 20, the disturbance was
registered on August 25 during some hours of the day at mid-latitudes and at some
high-latitude stations [16]. The SW velocity during that period increased to 450 km/s
(Fig. 2i), the fluctuations of the southern component of the IMF increased to Bz =
±11 nT (Fig. 2h). At the Paratunka station, the magnetic storm onset was recorded at
21:40 UT. The results of the foF2 data processing show a smooth anomalous increase
of electron concentration at Paratunka station before the storm (Fig. 2b, c). A positive
ionospheric anomaly of moderate intensity (not exceeding 100 conventional units) was
formed by the end of the day on August 23, the duration of the anomaly was about
2 days (Fig. 2c). The anomaly reached its maximum intensity on August 24 during the
local increase of the SW density (Fig. 2j) and intensification of IMF southern component
fluctuations (Fig. 2h). At the time of the peak of the positive anomaly intensity, according
to space weather data [16], a magnetic storm occurred at high latitudes (at 12:00 UT on
August 24 at Barentsburg station, the storm onset was gradual). At mid-latitudes, the
geomagnetic field was very quiet during that period. It should be noted that the anomaly
in the ionosphere was observed at Paratunka station (53.0° N and 158.7° W) and was
absent at Wakkanai station (45.16° N and 141.75° W).

During the magnetic storm, a general anomalous dynamic of the ionospheric process
was observed at the analyzed stations (Fig. 2). During the initial phase of the storm,
electron concentration of the ionosphere was anomalously decreased. At the beginning
of the day on 26 August, an inhomogeneous accelerated flux from two coronal holes
arrived [16]. The SW velocity started to increase and reached more than 600 km/s on
27 August (Fig. 2i), the IMF southern component fluctuations increased to Bz = ±17
nT (Fig. 2h). During that period, the ionosphere showed a sharp increase in electron
concentration and a moderate positive ionospheric anomaly (about 200 conventional
units, Fig. 2c, f) occurred. During the recovery phase, similar to the event considered
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above, a long (about 2 days) negative ionospheric anomaly was formed at the analyzed
stations (Fig. 2b, c, e, f). At Paratunka station the negative ionospheric anomaly had
higher intensity (more than 200 conventional units) than that at the Wakkanai station
(close to 200 conventional units). The moving median data (Fig. 2a, d) confirm the
reliability of the results of the developed method.

Figure 3 shows the results of foF2 data processing during a moderate magnetic storm
that occurred on October 22, 2022. Before the storm on October 20, the fluctuations of
the IMF southern component increased to Bz= −5 nT, the SWvelocity in the first half of
the day increased to 470 km/s due to IMF fluctuations, and decreased to 400 km/s by the
end of the day [16]. The SW density increased smoothly during that period (Fig. 3j). The
results of the foF2 data processing show general anomalous dynamics of the ionospheric
parameters at the analyzed stations (Fig. 3b, c, e, f). In the second half of the day on
October 20, the electron concentration increased and a positive ionospheric anomaly
appeared, which reached its maximum intensity at the end of the day on October 20 at
both stations.

Against the background of the positive anomaly, a brief decrease in the concentration
was observed in the middle of the day on October 21. It occurred simultaneously at
Paratunka (Fig. 3b, c) and Wakkanai (Fig. 3e, f) stations.

At the beginning of the day on 22 October, an inhomogeneous flux from the CIR
arrived, the fluctuations of the IMF southern component were intensified to Bz = −11
nT, and the SW velocity increased to 415 km/s [16]. The geomagnetic field disturbance
on 22 October was observed during the day at all latitudes [16]. At the time of the
magnetic storm onset, the electron concentration of the ionosphere began to increase
again with a delay of several hours at the Wakkanai station. Furthermore, during the
main phase of the magnetic storm, the electron concentration decreased and was within
the background. During the recovery phase, a negative ionospheric anomaly appeared,
similar to the events above (Fig. 2b, c, e, f). At the Paratunka station, the negative
ionospheric anomaly had higher intensity (more than 200 conventional units, Fig. 2c)
than that at the Wakkanai station (did not exceed 100 conventional units, Fig. 2f).

4 Analysis of Results and Conclusions

The obtained results confirm the complex dynamics of ionospheric parameters during
increased solar activity and magnetic storms. Comparison of the results of data pro-
cessing at Paratunka (53.0° N and 158.7° W) and Wakkanai (45.16° N and 141.75° W)
stations showed significant dependence of ionospheric dynamics on the parameters of
interplanetary medium and the magnetosphere, and on local factors.

The effects of anomalous increase and anomalous decrease of the ionospheric elec-
tron concentration of different intensity were identified before the considered events.
The nature of anomalies formation and the comparison with the parameters of the inter-
planetary medium indicate their possible solar nature. If this hypothesis is confirmed,
the study of such events is of great practical interest in the field of space weather.

During magnetic storms, general dynamics of the ionospheric parameters was
observed according to the foF2 processing data at the stations. The initial phase of
the storm is characterized by an anomalous increase of electron concentration (positive
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Fig. 1. Results of data processing for the period of April 18–26, 2018. In (a) and (d), blue color
shows the registered foF2 data, green color shows the foF2 median values. The red vertical dashed
line is the magnetic storm onset.

anomaly). It is well known that this phase is accompanied by a strong induced electric
field, which penetrates to middle and low latitudes (PPEF effect). The PPEF leads to a
positive ionospheric storm.
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Fig. 2. Results of data processing for the period of August 23–29, 2018. In (a) and (d), blue color
shows the recorded foF2 data, green color shows the foF2 median values. The red vertical dashed
line is the magnetic storm onset.
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Fig. 3. Results of data processing for the period of October 20–26, 2022. In (a) and (d), blue color
shows the recorded foF2 data, green color shows the foF2 median values. The red vertical dashed
line is the magnetic storm onset.

During the recovery phase, long-lasting negative ionospheric storms occurred at the
stations. The occurrences of negative ionospheric storms are probably related to the
increases in the N2/O ratio due to the heating and elevation of the thermosphere and,
consequently, to the increase in the recombination rate and the decrease in ionization.
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Abstract. Seismoacoustic and seismoelectric responses of near-surface
sedimentary rocks, detected earlier in Kamchatka by the authors, are
under investigation. Cases of these responses, recorded from Novem-
ber 2012 to May 2023 at Karymshina site, are considered. Highly sig-
nificant correlation relation between earthquake energies and distances
from hypocenters was discovered in the cases of only seismoacoustic
responses, as well as both seismoacoustic and seismoelectric responses
of rocks. It indicates that manifestation of seismoacoustic and seismo-
electric responses on near-surface sedimentary rocks is determined by
the energy emitted from an earthquake source in the form of seismic
waves and delivered to an observation site by these waves. Rock acoustic
responses during some earthquakes were detected not only at seismic
wave frequencies but also at higher kilohertz frequencies. Such high-
frequency responses were also recorded at Krutoberegovo site located
480 km from Karymshina site. Observation of high-frequency seismoa-
coustic signals at two sites indicates the fact that their generation is
manifested in sedimentary rocks in different near-surface zones of the
earth crust in Kamchatka.

Keywords: near-surface sedimentary rocks · seismoacoustic and
seismoelectric responses · manifestation features

1 Relevance of Research

Geodynamic phenomena and processes, occurring at the earth crust - atmo-
sphere boundary, are the subject of investigation of an intensively developing
new direction in Geophysics, Near-Surface Geophysics [1,2]. It investigates phe-
nomena and processes developing, in particular, in the Earth near-surface layer.
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Rocks are constantly deformed here under the effect of different causes (moon-
solar tides, weather parameter variations, Earth eigen movements etc.). Rock
deformation in seismically active regions also occurs under the impact of seismic
waves from earthquakes of different energy.

Sedimentary rocks are widely spread among the near-surface rocks. They
cover about 80% of the continents surface [3]. Sedimentary rocks are a compli-
cated polydisperse water- and gas-saturated porous medium of low rigidity and,
thus, are easily deformed. Of great interest is the transformation of energy of
these rocks deformations by seismic waves from earthquakes into acoustic sig-
nal energy and electric field variations. Investigation of near-surface sedimentary
rock seismoacoustic and seismoelectric responses, different in genesis but hav-
ing common deformation nature, characterizes the deformation process better
and is topical for investigation of mechanic and electric properties of these rocks.
Moreover, seismic waves affect sedimentary rocks, which are in stress state. That
is why the intensity of transformation of elastic impact energy of seismic waves
into acoustic and electric fields energy will be mainly determined not only by
rocks structure and texture but their stress-strain state as well [4,5]. Thus, when
we record a response of near-surface sedimentary rocks on seismic wave impact
in the form of generation of acoustic and electric signals, we can indicate the
changes of properties, stress state and the deformation pattern of these rocks at
the observation site.

During sedimentary rock deformations by seismic waves from earthquakes,
relative micro displacements of fragments and interactions of their surfaces occur.
That is accompanied by acoustic signal generation in the frequency range from
seismic waves up to the first tens of kHz [6]. Seismoelectric effect of the second
kind, also known in Geophysics and detected on sedimentary complex rocks [7],
appears under the impact of elastic oscillations of these waves. It consists in
the generation of an electric field during displacement of the fluid phase rela-
tively rock solid fragments and distortion of the equilibrium state in the double
electric layer at the fragments-fluid interface. Thus, sedimentary rocks can be
considered as acoustic and electric seismographs simultaneously appearing dur-
ing seismic wave passage. They are formed in the result of collective reaction of
rocks fragments on their elastic deformation.

Simultaneous investigations of seismoacoustic and seismoelectric responses
of near-surface sedimentary rocks were first begun in Kamchatka in 2012 and
are still carried out at Karymshina site (52.83◦ N, 158.13◦ E) of IKIR FEB RAS
[8–11]. This site is located in the region of Verkhne-Paratunskaya hydrothermal
system of the Southern Kamchatka, in the zone of intersection of different-rank
tectonic faults [12]. The main results of the investigations are as follows. Joint
seismoacoustic and seismoelectric response of near-surface sedimentary rocks was
discovered for the first time. Moreover, acoustic signal generation was detected
not only at seismic wave frequencies but also at higher kilohertz frequencies.
The both effects depend on earthquake magnitude and on the distance from a
hypocenter. The dependence of intensity of rock response manifestation on earth-
quake energy was confirmed during two earthquakes having very close location
of sources but different energy. Kilohertz clusters were observed in rock acous-
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tic response on a P -wave during a close and deep strong seismic event. They
were not observed during a remote shallow event almost of the same magni-
tude. Appearance of rock acoustic response in kilohertz frequency range agrees
well with the behavior of vector module of soil displacement velocity and its
spectrum at the observation site. We detected statistically significant relation
between earthquake energies and the distances from hypocenters during joint
acoustic and electric responses of rocks and in cases of presence of kilohertz
frequencies in acoustic responses.

In the present paper, we added 20 cases of joint responses of near-surface sed-
imentary rocks recorded in 2012–2023 to the 18 cases described in [11]. Results of
records of acoustic signals at the frequencies higher than seismic waves at Kruto-
beregovo site, located 480 km to the south-east of Karymshina site, are presented.

2 Observation Method and Data Analysis

A wide-band piezoceramic hydrophone, having the sensitivity together with a
pre-amplifier of about 1 V/Pa, was used as an acoustic signals receiver. It was
hung in an artificial water reservoir of the size 1 × 1 × 1 m3 at the depth of
0.5 m. The hydrophone had a directivity pattern diagram of 60◦, was oriented
vertically downwards and was arranged at the point of intersection of measuring
lines for recording the electric field in rocks. Electric field horizontal components
were recorded by two orthogonal measuring 10-meter lines oriented along the
magnetic meridian (N-S) and perpendicularly to it (E-W). Lead plates with the
size of 0.25 × 1.0 m2 were used as electrodes. They were dug into the ground at
the depth of 1.0 m. The resistance between N-S line electrodes was 10.5 kOhm
and that of the E-W line was 8.7 kOhm. The potential difference between the
electrodes was applied to the pre-amplifier with input resistanse of 1 MOhm.
The pre-amplifier was near the measuring lines. Acoustic and electric signals
were simultaneously digitized by a general 8-cannel 16-bit professional sound
card M-Audio Fast Track Ultra 8R with the sampling frequency of 48 kHz. The
frequency range of the recorded signals was 0.1 Hz–11 kHz.

According to the drilling results, the near-surface rocks at Karymshina site are
sedimentary with the layer thickness of about 50 m [13]. There is a well No. 99-
8 with the depth of 19 m, located 170 m from the hydrophone. Its geological col-
umn is represented by boulder-cobble deposits with sand-clay filler (0–5 m), block-
rubble deposits with clay filler (5–14 m) and boulder-cobble deposits with sand
filler (14–19 m). Based on the estimates from the paper [6], sources of the acous-
tic signals, occurring at the frequencies from the first hundreds of Hz to the first
tens of kHz, are located at the distances up to the first tens of meters from the
hydrophone. Taking all that into the consideration and the distance between the
electrode and their position in the ground, we think that seismoacoustic and seis-
moelectric signals were generated in the near-surface sedimentary rocks.

Seismoacoustic and seismoelectric responses of sedimentary rocks are formed
as follows. In case of the applied installation of the hydrophone, the compressional
P -waves are recorded without significant distortions since seismic wave refraction
can be neglected when the water reservoir is small. Water does not have form elas-
ticity that is why shear S-waves do not propagate in water reservoirs. However,
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when initiating horizontal and vertical motions of soil, they cause rock acous-
tic emission and affect, together with the emission, the hydrophone though the
hanger, manifesting in the obtained data [6]. Taking that into consideration, we
considered acoustic signals occurring only during P -wave passage. These signal
frequencies are determined by the sizes of rock fractions interacting at the given
time. Electric field variations in rocks occur only at the frequencies of seismic wave
mechanic impact.

The recorded seismoacoustic and seismoelectric signals were analyzed in differ-
ent frequency ranges. In the paper [8,9], spectrograms of these signals were under
consideration. A new method for investigation of joint seismoacoustic and seismo-
electric responses of near-surface sedimentary rocks was suggested and applied in
the work [10]. It consists in simultaneous recording of these responses and compar-
ison of the features of their occurrences with the behavior of three displacement
components and soil displacement velocity during P - and S-wave passage from
strong Kamchatka earthquakes. In the paper [11], we considered the correlation
relation between earthquake energies and the distances to hypocenters only for
seismoacoustic responses, as well as for both seismoacoustic and seismoelectric
responses of rocks. Nonparametric correlation Spearman’s analysis was applied.

3 Seismoacoustic and Seismoelectric Responses of Rocks
at Karymshina Site

The paper investigates the correlation relations between earthquake energy and
the distance to a hypocenter for a seismoacoustic response only, as well as for both
seismoacoustic and seismoelecreic responses of near-surface sedimentary rocks.
We considered the cases of response records for the period from November 2012
to May 2023. The energy class Ks was considered as the earthquake energy char-
acteristics. It is the decimal logarithm of the energy emitted from a source in
the form of seismic waves [14,15]. Earthquake parameters were taken from the
catalogue of Kamchatka Branch of the Federal Research Center “Geophysical
Survey, Russian Academy of Sciences” (KB GS RAS) (http://sdis.emsd.ru/info/
earthquakes/catalogue.php). Earthquakes with Ks > 11 and the epicentral dis-
tances up to 600 km were under consideration from this catalogue.

We detected 196 earthquakes, during which rock acoustic responses were
observed. Rock electric responses, that is both acoustic and electric responses
occurred together, were detected during 38 earthquakes from them. Earthquake
epicenter maps for the both cases are represented in Fig. 1a, b, respectively.

The earthquakes, during the passage of seismic waves from which only acoustic
or both acoustic and electric responses were observed, are denoted differently in
Fig. 1. Using the same symbols for all 196 earthquakes as in Fig. 1, Fig. 2 compares
their energy classesKs with the distances from hypocenters to Karymshina siteD.

The correlation relation between Ks and D was considered for the two earth-
quake groups. As it was mentioned above, the first group (No. 1) includes 38 earth-
quakes, during which both seismoacoustic and seismoelectric responses of rocks
were observed. The second group (No. 2, 158 earthquakes) contains the earth-
quakes during which only seismoacoustic responses of rocks without seismoelec-
tric responses were observed. Nonparametric correlation analysis was applied in

http://sdis.emsd.ru/info/earthquakes/catalogue.php
http://sdis.emsd.ru/info/earthquakes/catalogue.php
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Fig. 1. Earthquake epicenter maps during which only acoustic response (a, �) or both
acoustic and electric responses of near-surface sedimentary rocks (a, b, �) were observed;
� - Karymshina site, � - Petropavlovsk-Kamchatskiy

Fig. 2. Comparison of the considered earthquake energy classes Ks with distances from
hypocenters to Karymshina site D. Rock response symbols (�, �) are the same as in
Fig. 1.
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Table 1. Estimates of Spearman’s correlation coefficient rs and its significance level p
between earthquake energy classes and hypocentral distances to Karymshina site for the
first (No. 1) and the second (No. 2) groups of earthquakes

Group/Earthquake number rs p

No. 1/38 0.53 <0.001

No. 2/158 0.37 <0.001

the both cases. Spearman’s rank correlation coefficient rs was considered. It is less
sensitive to spikes and errors in observation results. Moreover, it also allows us to
estimate monotonous nonlinear relations between variables and, that is important
in our case, can be used for sample small sizes [16].

Table 1 represents the estimates of Spearman’s correlation coefficient rs and
its significance level p between Ks and D values for the two specified groups of
earthquakes. According to Table 1, there is a highly significant correlation rela-
tion (rs = 0.53, p < 0.001) between the energy classes of earthquakes, during
which both seismoacoustic and seismoelecreic responses of rocks were observed,
and the distances from hypocenters. In spite of the larger sample size, there is the
same highly significant but weaker relation (rs = 0.37) for the earthquakes, dur-
ing which only seismoacoustic response of rocks was observed. The highly signif-
icant correlation relations indicate the fact that manifestation of seismoacoustic
and seismoelectric responses of near-surface sedimentary rocks is determined by
energy, emitted from an earthquake source in the form of seismic waves and deliv-
ered to the observation site by these waves.

4 High-Frequency Seismoacoustic Responses of Rocks
at Krutoberegovo Site

As it was mentioned above, during the passages of seismic waves from some earth-
quakes at Karymshina site, acoustic signals appear not only at seismic wave fre-
quencies but also at higher kilohertz frequencies. They indicate the transformation
of low-frequency energy of seismic waves to significantly higher energy of acous-
tic radiation of sedimentary rocks close to the hydrophone. We think that such
signals are generated during rock intensive deformations when relative micro dis-
placements and interactions of smallest fragment surfaces occur.

Detection of seismoacoustic signals, including kilohertz ones, at other site in
Kamchatka is of interest. To do that, we organized and began geoacoustic obser-
vations at Krutoberegovo site (56.26◦ N, 162.71◦ E), located 480 km to the north-
east from Karymshina site. An artificial water reservoir of the size 1 × 1 × 1 m3

was set to install a piezoceramic hydrophone. When digging a hole for the water
reservoir, it was discovered that the rocks under the soil layer are sedimentary
(large and fine send, clay band). The measuring-recording complex, observation
and data analysis methods were the same as at Karymshina site.

Three close earthquakes occurred from January 2022 to July 2023. Their
hypocenters were located close to each other. During the passage of seismic waves
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from these earthquakes, acoustic signals were recorded in high-frequency kilo-
hertz frequency range besides the low-frequency one. Earthquake parameters,
taken from the catalogue of KB GS RAS (http://sdis.emsd.ru/info/earthquakes/
catalogue.php), and the distances from hypocenters to Krutoberegovo site are
shown in Table 2.

As an example, Fig. 3 shows a record and a spectrogram of the acoustic sig-
nal which was observed during the passage of waves from the earthquake No. 1
(Table 2). It is clearly seen on the spectrogram of this signal that acoustic energy
was emitted in different frequency clusters during the passage of seismic waves just
like during some earthquakes recorded at Karymshina site [8–10]. The first clus-
ter manifested at the frequencies up to about 100 Hz, the second one manifested

Table 2. Parameters of the earthquakes, during which high-frequency acoustic signals
were recorded besides the low-frequency ones at Krutoberegovo site. D is the distance
from a hypocenter.

No. Date, UTC Time, UTC Lat.◦ N Long.◦ E H, km Ks D, km

1 2022.01.18 22:54:59.2 56.26 163.00 11.3 10.0 21.1

2 2023.06.29 02:24:17.6 56.24 162.97 6.3 10.5 17.3

3 2023.07.04 02:48:19.8 56.25 162.96 7.9 10.6 17.3

Fig. 3. Record (a) and spectrogram (b) of acoustic signal at Krutoberegovo site during
the passage of seismic waves from earthquake No. 1 (Table 2). Arrows indicate the times
of earthquake occurrence T0 and P -wave onset T1.

http://sdis.emsd.ru/info/earthquakes/catalogue.php
http://sdis.emsd.ru/info/earthquakes/catalogue.php
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at the frequencies from 100 Hz to about 10 kHz. The same clusters are observed
on the spectrograms of acoustic signals recorded during the earthquakes No. 2, 3
(Table 2). That all indicates the fact that generation of high-frequency seismoa-
coustic signals manifests in sedimentary rocks in different near-surface zones of
the earth crust in Kamchatka.

5 Conclusions

We considered the cases of records of seismoacoustic and seismoelectric responses
of near-surface sedimentary rocks at Karymshina site in Kamchatka from Novem-
ber 2012 to May 2023. The relation between the energy classes of earthquakes
Ks, during which there was only seismoacoutic or both seismoacoustic and seis-
moelectric responses, and the distances from earthquake hypocenters D to this
site were under investigation. In both cases, highly significant correlation between
Ks and D was discovered. It indicates that manifestation of seismoacoustic and
seismoelectric responses on near-surface sedimentary rocks is determined by the
energy emitted from an earthquake source in the form of seismic waves and deliv-
ered to an observation site by these waves. The high-frequency seismoacoustic
signals were also detected at Krutoberegovo site located 480 km to the north-
east from Karymshina site. They were observed during three close earthquakes,
the hypocenters of which were located close to each other. Observation of high-
frequency signals at two sites shows that their generation manifests in sedimentary
rocks in different near-surface zones of the earth crust in Kamchatka. Observation
of the high-frequency seismoacoustic responses of rocks at Karymshina and Kru-
toberegovo sites confirms the fact that these responses occur during strong and
moderate in energy remote earthquakes and during weak in energy close earth-
quakes.
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Abstract. As part of the Constellation-270 project of Moscow University, on
August 9, 2022, the Monitor-1 spacecraft was launched, on which the KODIZ
device, a combined cosmic radiation detector, was installed as a payload. The
KODIZ device is designed to test equipment for detecting radiation-dangerous
fluxes of solar cosmic rays, as well as high-energy particles in precipitations from
the Earth’s magnetosphere. These particles can create additional ionization in the
ionosphere. The article describes the system of detectors of the device and the
procedure for processing the signals coming from them, as well as the subsequent
transmission of the received information to the Earth.

Keywords: CubeSat · Cherenkov radiation detector · Semiconductor detector ·
Neutron detector

1 Introduction

It is well known that powerful solar flares can have a significant impact on a number
of aspects of human activity [1]. One of the possible negative consequences of such
solar flares is the increased radiation exposure of people on spacecraft and high-altitude
aircraft located in high-latitude regions of the Earth [2–4]. To take measures to reduce
increased exposure, timely information about the appearance in the low Earth orbit
(LEO) of significant fluxes of high-energy protons generated by a powerful solar flare is
needed. In near-Earth space, systems of patrol satellites have been successfully operating
for a long time, monitoring the parameters of radiation conditions [5]. In connection with
the wide development in recent years of the technology of microsatellites of the Cubesat
type, during the development of the Universat-Socrates program, Mikhail Igorevich
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Panasyuk, director of the SINP MGU, proposed to create a device that could further
monitor radiation conditions in the LEO using microsatellites of this type. The task was
set to ensure the registration of particle flux capable of penetrating theEarth’s atmosphere
to the altitudes of aircraft flights. A device was developed that makes it possible to
record fluxes of high-energy particles of both solar and magnetospheric origin, capable
of penetrating to altitudes of 100–20 km and creating additional ionization at these
altitudes. Estimates have shown that for a flight altitude of 15 km, the thickness of the
residual atmosphere is 124 g/cm2 [6], and the energy of protons capable of penetrating
to such a height is about 450 meV. This made it expedient to use a Cherenkov detector
as one of the sensors in order to ensure the registration of particles of sufficiently high
energies [7]. To work out the methodological issues of creating a means for monitoring
radiation conditions in the LEO on the basis of a microsatellite, the KODIZ device was
developed - a combined detector of cosmic radiation, which is described in this article.
The KODIZ device was integrated into the CubeSat 3U OrbiCraft-Pro, developed by
SPUTNIX [8]. This microsatellite, named Monitor-1, was launched on August 9, 2022
by a Soyuz-2.1b launch vehicle with a Fregat upper stage as part of the SPACE-π project
and successfully launched into a polar orbit with an altitude of 500 km and an inclination
of 97.4° [9].

2 KODIZ Design

2.1 Detectors of the Device KODIZ

In accordancewith themain task, theCherenkov detectorwas chosen as themain detector
of the device. A detector in the form of a Plexiglas cylinder with a diameter of 38mm and
a height of 20 mm, viewed by a photomultiplier, was used. The detection threshold of
such a detector for protons is about 330meV. It is technically difficult to obtain a detector
with a higher detection threshold due to the lack of transparent substances suitable for
use on Cubesat with a suitable refractive index. Therefore, to estimate the flux of protons
with higher energies, we decided to use the spectrum extrapolation method. One point
on the spectrum is given by a Cherenkov detector, and to obtain the second point of
the spectrum, it was decided to use a semiconductor detector. This makes it possible to
obtain a point for the energy threshold of 40–50 meV (for protons), which is necessary
for estimating the spectrum parameters. In addition, the semiconductor detector made
it possible to implement the method of dosimetric measurements, which is widely used
on spacecraft for various purposes [10, 11].

Thus, to solve the main task of the device, it should have included a Cherenkov and
a semiconductor detector. The Cherenkov detector was viewed by a photomultiplier, the
operation of which was provided by a high-voltage converter. A bias voltage of 80 Vwas
applied to operate the semiconductor detector. Signal processing from the detectors was
provided using analog circuits and subsequent conversion to digital form. The Milandr
1986BE93U microcontroller was chosen for digital processing.

Elaboration of the device layout and its placement in the microsatellite showed that
the resources of the Cubesat and the selected microcontroller made it possible to install
additional detectors in the device. A thermal neutron detector, a fast neutron detector,
and a scintillation detector based on a CsI crystal were chosen as such detectors.
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The thermal neutron detector is based on a plastic scintillator BC-702 in the form
of a disk with a diameter of 38 mm and a thickness of 6.35 mm, which is made of a
lithium compound matrix enriched up to 95% with lithium-6 (6Li) dispersed in a fine
zinc sulfide phosphor powder ZnS(Ag). The BC-702 detector makes it possible to detect
thermal neutronswith energies up to 1 eVdue to the reaction (6 Li (n,α) 3 H+ 4.79meV).
The fast neutron detector is based on a plastic scintillator BC-720 in the form of a disk
with a diameter of 38 mm and a thickness of 15.9 mm, which is made of transparent
hydrogen plastic with a ZnS(Ag) zinc sulfide phosphor. The BC-720 detector makes it
possible to detect fast neutrons with energies above 1 meV by detecting recoil protons
with zinc sulfide. Each of the neutron detectors, as well as the Cherenkov detector, were
viewed using the same HAMAMATSU R5611A PMT with a tube diameter of 19 mm
and a circular photocathode diameter of 15 mm. The radiator of the Cherenkov detector
is additionally viewed by a silicon photomultiplier SiPM, which was installed opposite
the PMT for simultaneous light collection of radiation in order to subsequently evaluate
the possibility of using SiPM instead of the PMT.

The Cherenkov and neutron detectors are arranged in a separate unit, with its own
analog signal processing board and a high-voltage voltage converter.

The second detector assembly contains two semiconductor silicon detectors and an
experimental scintillation detector based on a CsI crystal. Semiconductor detectors have
sensitive elements based on ion-implanted silicon with an area of 1 cm2 and a thickness
of 0.3 mm. These detectors are made in the form of a classical scheme of a telescope of
detectors installed coaxially under each other at a distance of 18 mm, which provides an
opening angle of about 30°. The detector assembly also includes a detector bias filter and
anAmptekA225F charge sensitive preamplifier. Two signals are formed at the outputs of
each preamplifier: the first one, the S-signal, has an amplitude proportional to the charge
formed in the detector and a duration of about 5–10 μs, and the second, the t-signal, has
a short delay time of less than 0.5 μs from the moment of arrival of the signal from the
detector to the maximum amplitude. The first of the signals is fed to the analog input of
the microcontroller, which allows you to convert its amplitude into digital form, and the
second is used to start the process of digital processing of the incoming pulse.

A scintillation detector based on a CsI crystal is a disk 3 mm thick and 20 mm in
diameter, which is viewed from both sides by SiPM, the signals from which are fed
to the analog processing board. The detector is included in the instrument in order to
evaluate the possibility of using in the future a small-sized solid-state cosmic radiation
sensor based on such a scheme for detecting radiation.

The analog processing boards of both detector units are built in the same way and
contain signal amplifiers and comparators. Each of the signals has its own comparator,
in which two signal discrimination thresholds are set: low and high. The signals from the
analog processing boards are fed to the digital processing unit. For each of the signals
from the detector, a pulse is formed, the amplitude of which depends on the amplitude
of the signal received from the detector, and two pulses of standard amplitude, coming
from the comparator.
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2.2 Digital Signal Processing Unit

The third node of the device contains a Milandr 1986BE93U microcontroller and a
chipset for correct signal processing from detectors. This microcontroller manufactured
by the Russian company Milandr is based on a 32-bit ARM Cortex-M3 RISC core [12].
Also on the board are 2AND-NOT logic circuits, circuits for matching the electrical
parameters of signals received for processing, elements needed for the operation of
the microcontroller, including a quartz resonator and a DC-DC power converter, and
transceivers for UART and CAN channels, connectors for information exchange and
microcontroller programming.

The 1986BE93U microcontroller has two built-in high-speed ADCs that can be
programmatically connected to any of the eight analog signals coming from the detector
nodes.

During the operation of the device, the microcontroller generates two different types
of frames.

The first one - “fluxes and doses” is formed once every 10min and is a standby frame
containing the following information accumulated during this time for all detectors:

1. the number of rises above two thresholds for each of the eight detectors;
2. the number of coincidences for pairs of semiconductor, Cherenkov, neutron detectors

and photodetectors of the scintillation detector;
3. sums of codes of two ADCs with and without coincidences;
4. the total number of interrupts for each pair of detectors.

The second one, “an array of ADC codes” is formed as the array fills up, which
accumulates when interrupts are triggered, caused by registration in particle detectors.
This array is a measurement frame containing data on the signal amplitudes from the
detectors and remains unchanged when switching detectors. This information, during
subsequent groundprocessing, allows not only to build detailed spectra of energy releases
for each of the ADCs and compare them with comparator thresholds, but also to obtain
two-dimensional distributions of coincidence events.

During the operation of the KODIZ device, it is possible to flexibly adjust the inter-
vals for storing detector measurements and request measurement data at any time on
command. The KODIZ device is made in the form of 3 separate nodes, which are inter-
connected by loops. The mass of the device is 0.747 kg. The layout of the units of the
KODIZ device is shown in Fig. 1.

The exchange of information between the KODIZ device and the on-board computer
of the satellite is based on the CAN (Controller Area Network) protocol. Through the
exchange channel built on this protocol, control commands are sent to the device, and
the information generated by it is transmitted from the KODIZ device. The transmission
of measurement data is carried out in two stages. At the first stage, the data arrays
generated by the KODIZ device are transferred to the Raspberry-Pi on-board computer,
where it is written as a file in the file system of this computer. At the second stage, during
communication sessions with the Monitor-1 microsatellite, the accumulated data files
are transferred using the means of interaction with Cubsats of the OrbiCraft-Pro type,
developed by SPUTNIX.
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Fig. 1. Scheme of arrangement of units of the KODIZ device. The top board is for PMT detectors,
the middle board is for semiconductor detectors, and the bottom board is for digital processing.

3 Results

3.1 Evaluation of the Performance of the KODIZ Device in Flight Conditions

After launching and turning on Cubesat Monitor-1, data were received from the KODIZ
device. To process the received information, appropriate software tools were developed,
which we will not dwell on in this article. Figure 2 shows an example of the results in
the form of a change in the count rate of the instrument’s detectors in the period January
17–18, 2023.

On all the graphs presented in Fig. 2, one can see the count rate variations due to the
orbital motion of the satellite.

Figure 3 shows an example of the amplitude spectrum of signals coming from the
Cherenkov detector.
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Fig. 2. An example of the change in the count rate of detectors over time. The top panel shows data
from semiconductor detectors, the second panel shows photoconverter data from a scintillation
detector, the third panel shows PMTCherenkov detector data, and the bottom panel shows neutron
detector data.

Fig. 3. Amplitude spectrum of signals from the Cherenkov detector. The top panel is the spectrum
of signals from PMT, the bottom panel is the spectrum of signals from SiPM.

Thepresented data indicate that all detectors are functioning and the signal processing
system of the device allows obtaining measurement data. A more detailed analysis of
the information received will be the subject of subsequent publications.

4 Conclusion

A device was developed that makes it possible to record fluxes of high-energy particles
of both solar and magnetospheric origin, capable of penetrating to altitudes of 100–
20 km and creating additional ionization at these altitudes. Developed, manufactured
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and integrated into the microsatellite of the Cubesat type, the KODIZ device, designed
to develop methods for monitoring the radiation situation in low Earth orbit. After the
launch on August 9, 2022, the device successfully operates as part of the Monitor-1
microsatellite.

Acknowledgements. This work was done with the support of MSU Program of Development,
Project No 23-SCH01-02.
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Abstract. The paper proposes a new mathematical model for describ-
ing the microseismic modes of interaction of two types of fractures –
seed and fractures that directly generate microseisms. The mathematical
model is a system of two non-linear differential equations with deriva-
tives in the sense of Gerasimov-Caputo of fractional variable orders. The
dynamical system under study is a generalization of the Selkov frac-
tional dynamical system studied earlier. The purpose of the study of
the proposed model is to establish self-oscillatory modes using numeri-
cal calculations. The algorithm based on the theory of finite-difference
schemes serves as a numerical algorithm for studying the problem. The
paper shows that the proposed dynamic system can have different oscil-
latory modes depending on the choice of the dependence of the orders
of fractional derivatives on time, as well as on the values of the model
parameters. Using the numerical method of Adams-Bashfort-Moulton,
oscillograms and phase trajectories are constructed depending on vari-
ous types of functions - orders of fractional derivatives. Regularities of
oscillatory regimes are established.
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1 Introduction

Microseisms are vibrations of the earth’s surface of small amplitude, which occur
as a result of natural and man-made processes. For example, natural processes
can be associated with the processes of formation and passage of cyclones in
the atmosphere, with the processes of the impact of seas and oceans on the
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coast. Technogenic processes associated with human activities, for example, the
construction of buildings and structures, traffic, the operation of power plant
engines, etc.

The condition for the occurrence of microseisms is determined by the presence
of elasticity of the medium, the ability to accumulate stress to a certain critical
value, and on the other hand, the presence of fragility - the ability to collapse
under the action of forces, the level of which is noticeably lower than the yield
point [1]. The fragility of the medium is realized at the macroscopic level due to
the appearance and growth of the length of cracks. The process of multiple crack
formation ends with the destruction of the medium. In this article, we study the
process of crack formation at an early stage of failure.

Note that the growth of the crack length may slow down with time, and
if the medium has viscosity, then the crack length can also decrease until it
is completely closed. In [2], the authors believe that such a process can occur
in the earth’s crust at great depths at high pressure and temperature. Under
such conditions, a diffusion process occurs in the crack tips, which leads to their
tightening.

According to the terminology of [2], there are two types of microseisms:
regular weak oscillations with periods from 2 to 10 s and less regular ones
with long periods of oscillations up to 30 s. The first type of microseisms are
excited by cracks of small length, which cannot be recorded by seismic equip-
ment. We will call such cracks trigger or tr-cracks, which are triggers for larger
cracks. Microseismic signals of the second type are generated by longer fractures,
which are already registered by seismic equipment. We will call such cracks gs-
cracks.

Next, we will investigate the mechanism of self-oscillations microseismic
sources or fluctuations in the concentration of gs-fractures, by analogy with
[2]. The self-oscillatory process here consists in the interaction of tr-cracks and
gs-cracks, which is shown in Fig. 1.

Fig. 1. Self-oscillatory process in the interaction between tr-cracks and gs-cracks [2]

Trigger tr-cracks are seed cracks with lower energy, and when the critical level
is reached, the concentration transforms into gs cracks. Further, according to the
Le Chatelier-Brown principle [3], gs-cracks that generate microseismic signals
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partially disappear after energy release, and partially turn into tr-cracks. Fur-
ther, the process of interaction is repeated, and a self-oscillatory regime occurs.

In the article [2], the authors proposed to use the Selkov nonlinear dynamic
system to describe the self-oscillating process of interaction of tr and gs-cracks in
an elastic-brittle medium. The Selkov dynamic system studied in biology when
modeling self-oscillatory modes of substrates and glycolysis products [4]. The
article [2] studies the equilibrium points of the Selkov dynamic system in order
to determine the conditions for the existence of undamped oscillations. Spectra
of microseismic oscillations are also studied.

A generalization of the results in the article [2] is a series of works by the
author [5,6], in which the memory effects in a self-oscillatory system were taken
into account. The memory effect determines the dependence of the current state
of an oscillatory (dynamic) system on its previous states. From the point of view
of mathematics, the memory effect can be described using integro-differential
equations, in particular, using fractional derivatives. A dynamical system with
derivatives of fractional orders will be called a fractional dynamical system. In
[6] the Selkov fractional dynamical system was studied, a numerical solution
algorithm based on the Adams-Bashfort-Multon method was proposed, the sta-
bility and convergence of the method were studied, and test examples were given.
In [5] the qualitative properties of the Selkov fractional dynamical system were
studied, regular and chaotic regimes were studied. It is shown that a dynamic
system can have different regimes, including chaotic ones.

In this article, we continue to study the fractional Selkov dynamical sys-
tem in the case when the derivatives have fractional variable orders in time. A
numerical algorithm for solving the solution is proposed, the simulation results
were visualized in the Maple computer mathematics environment, oscillograms
and phase trajectories were constructed for cases where the orders of fractional
derivatives are monotonic functions of time, as well as periodic functions of time.

2 Problem Statement and Solution Technique

Consider the following nonlinear dynamical system:{
∂

α1(t)
0t x (t) = −x (t) + ay (t) + bx2 (t) y (t) , x (0) = x0

∂
α2(t)
0t y (t) = v − ay (t) − bx2 (t) y (t) , y (0) = y0.

(1)

where x (t) ∈ C1[0, T ] is a function that determines the concentration of tr-
cracks; y (t) ∈ C1[0, T ] is a function that determines the concentration of gs-
cracks that generate microseisms, t ∈ [0, T ] is the coordinate responsible for
the current time of the process, T is a constant, simulation time; x0, y0, v, a, b
- given positive constants; fractional differentiation operators are understood
in the sense of the Gerasimov-Caputo orders 0 < α1 (t), α2 (t) < 1 and are
determined according to (2) [7].
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∂
α1(t)
0t x (t) =

1
Γ (1 − α1 (t))

t∫
0

ẋ (τ) dτ

(t − τ)α1(t)
,

∂
α2(t)
0t y (t) =

1
Γ (1 − α2 (t))

t∫
0

ẏ (τ) dτ

(t − τ)α2(t)
.

(2)

We will assume that the functions α1 (t) , α2 (t) ∈ C (0, 1).
The dynamical system (1) will be called a fractional Selkov dynamical system

with variable memory. In the works of the author [5,6] the fractional Selkov
dynamical system was considered, when the fractional orders of the derivatives
are constant: α1 (t) = α1, α2 (t) = α2. The properties of fractional derivatives
of constant order are described in detail in the books [8–10]. In the case when
α1 = α2 = 1, then we get the classical Sel’kov dynamical system [4].

To study the Selkov fractional dynamical system (SFDS) (1), we use
the Adams-Bashforth-Moulton (ABM) numerical method from the family of
predictor-corrector methods. The ABM method has been studied and discussed
in detail in [11,12]. We adapt this method to solve SFDS (1). To do this, we
use definitions (2), and on a uniform grid with step we introduce the functions
xp

n+1, y
p
n+1, n = 0, ..., N − 1, which will be determined by the Adams-Bashforth

formula (predictor):⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

xp
n+1 = x0 +

τα1,n

Γ (α1,n + 1)

n∑
j=0

θ1j,n+1

(−xj + ayj + bx2
jyj

)
,

yp
n+1 = y0 +

τα2,n

Γ (α2,n + 1)

n∑
j=0

θ2j,n+1

(
v − ayj − bx2

jyj

)
,

θi
j,n+1 = (n − j + 1)αi,n − (n − j)αi,n , i = 1, 2,

(3)

as well as functions xn+1, yn+1, which will be determined by the Adams-Moulton
formula for the corrector:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

xn+1 = x0 +
τα1,n

Γ (α1,n + 2)

×
((

−xP
n+1 + ayP

n+1 + b
(
xP

n+1

)2
yP

n+1

)
+

n∑
j=0

ρ1j,n+1

(−xj + ayj + bx2
jyj

))
,

yn+1 = y0 +
τα2,n

Γ (α2,n + 2)

×
(

v − ayP
n+1 − b

(
xP

n+1

)2
yP

n+1 +
n∑

j=0

ρ2j,n+1

(
v − ayj − bx2

jyj

))
,

(4)
where the weight coefficients in (4) are determined by the formula:

ρi
j,n+1 =

⎧⎪⎪⎨
⎪⎪⎩

nαi,n+1 − (n − αi,n) (n + 1)αi,n , j = 0,

(n − j + 2)αi,n+1 + (n − j)αi,n+1 − 2(n − j + 1)αi,n+1
, 1 ≤ j ≤ n,

1, , j = n + 1,
i = 1, 2.
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Remark 1. It is known that for the ABM method the error estimate is valid
[13]: max

1≤j≤k
|xi (tj) − xi,j | = O

(
τmin (2,1+αi,m)

)
, αi = min

0<τ<T
αi (τ), x1 (tj) =

x (tj) , x2 (tj) = y (tj) , i = 1, 2.

Remark 2. Note that in the classical case αi = 1, we obtain the classical ABM
method of the second order of accuracy.

Next, using specific examples, we consider various cases when the functions
αi (t) are monotonic, as well as periodic.

3 Results

The implementation of the numerical algorithm (3)–(4) was carried out using
the Maple package.

Example 1. The case of linearly monotonically decreasing functions αi (t)
(Fig. 2):

α1 (t) = 0.8 − 0.01
t

T
, α2 (t) = 0.9 − 0.02

t

T
.

Fig. 2. a) α1 (t); b) α2 (t) for Example 1

We take the remaining parameters for system (1) as follows: v = 0.6, a =
0.03, b = 1.3, x (0) = 1, y (0) = 0.5. For the numerical algorithm (3)–(4), the
parameters have the following meanings: N = 2000, T = 300, τ = 0.15.

Figure 3 shows that in the case when the functions α1(t), α2(t) are monoton-
ically decreasing, then the concentration of trigger cracks and the concentration
of cracks generating microseisms eventually reach a constant level. The phase
trajectory is a trajectory characteristic of the limit cycle.

An important task is the study of limit cycles, in particular, their stabil-
ity. According to the definition of limit cycle stability, there must exist an ε
neighborhood such that all phase trajectories that start in this neighborhood
approach the limit cycle asymptotically at t → ∞.
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Fig. 3. Osillograms: a) fluctuations in the concentration of tr-cracks; b) fluctuations in
the concentration of gs-cracks. Phase trajectory c)

Fig. 4. Phase trajectory for x (0) = y (0) = 1.5

Based on the above, we will construct a phase trajectory for Example 1 in the
case when the initial conditions have other values (Fig. 4): x (0) = y (0) = 1.5.

We see that the phase trajectory is approaching a limit cycle to the same as
in Fig. 4. We see on that the phase trajectory is approaching the limit cycle to
the same one as in Fig. 3c. Therefore, we can say about the possible stability
of the limit cycle. For an affirmative answer to this question, it is necessary to
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substantiate a theorem analogous to the Poincare-Bendixson theorem for the
case of fractional dynamical systems.

The author’s work [6] shows that the limit cycle disappears as α1 = 0.5 tends.
Further, the oscillatory process disappears. Let (Fig. 5)

α1 (t) = 0.8 − 0.3
t

T
, α2 (t) = 0.9 − 0.4

t

T
.

Fig. 5. a) α1 (t) ∈ [0.5, 0.8]; b) α2 (t) ∈ [0.5, 0.9] for Example 1

Fig. 6. Osillograms: a) fluctuations in the concentration of tr-cracks; b) fluctuations in
the concentration of gs-cracks. Phase trajectory c)
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The rest of the parameters will be left unchanged.
From Fig. 6 it can be concluded that, as the values of the functions

α1 (t) , α2 (t) decrease to 0.5, the oscillations decay. It can be given from Fig. 5 an
approximate estimate from which oscillations begin to decay: α1 ≈ 0.675, α2 ≈
0.675.

Let us expand the range of variation of the functions α1 (t) ∈ [0.2, 1], α2 (t) ∈
[0.3, 1]. The rest of the parameters will remain unchanged.

α1 (t) = 1 − 0.8
t

T
, α2 (t) = 1 − 0.7

t

T
.

The simulation results are shown in Fig. 7.

Fig. 7. Osillograms: a) fluctuations in the concentration of tr-cracks; b) fluctuations in
the concentration of gs-cracks. Phase trajectory c)

Here we can see several modes: reaching the limit cycle, damped mode and
aperiodic mode.

Example 2. The case of periodic functions αi (t) (Fig. 8):

α1 (t) = 0.9 − 5 cos (0.3πt)
T

, α2 (t) = 0.9 − 7 sin (0.2πt)
T

.
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We take the remaining parameters for system (1) as follows: v = 0.6, a = 0.03,
b = 1.3, x (0) = 0.01, y (0) = 0.05. For the numerical algorithm (3)–(4), the
parameters have the following meanings: N = 3000, T = 300, τ = 0.1.

Fig. 8. a) α1 (t); b) α2 (t) for Example 2

The simulation results are shown in Fig. 9.

Fig. 9. Osillograms: a) fluctuations in the concentration of tr-cracks; b) fluctuations in
the concentration of gs-cracks. Phase trajectory c)
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From Fig. 9, we see that the oscillograms (Fig. 9a, b) have a multiperiodicity,
which is also reflected in the phase trajectory (Fig. 9c). The presence of loops,
self-crossings is typical for oscillatory processes with memory. Such regimes may
indicate the presence of chaotic regimes.

Example 3. The case of periodic functions αi (t) (Fig. 10):

α1 (t) = 1 − 15 exp (cos (0.4πt))
T

, α2 (t) = 1 − 13 exp (sin (0.4πt))
T

.

We take the remaining parameters for system (1) as follows: v = 0.6, a = 0.03,
b = 1.3, x (0) = 1, y (0) = 1. For the numerical algorithm (3)–(4), the parameters
have the following meanings: N = 2000, T = 100, τ = 0.05.

Fig. 10. a) α1 (t) ∈ [0.6, 0.9]; b) α2 (t) ∈ [0.65, 0.95] for Example 3

Fig. 11. Osillograms: a) fluctuations in the concentration of tr-cracks; b) fluctuations
in the concentration of gs-cracks. Phase trajectory c)
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It can be seen here (Fig. 11c) that a more complex form of the functions
α1(t) and α2 (t) can lead to limit cycles of a different form than those previously
known.

Let’s expand the range of functions α1 (t) ∈ [0.2, 0.8] , α2 (t) ∈ [0.2, 0.8] as in
the previous examples:

α1 (t) = 1 − 30 exp (cos (0.4πt))
T

, α2 (t) = 1 − 30 exp (sin (0.4πt))
T

.

Let’s see how the phase trajectory and oscillograms change compared to Fig. 11.
We see that the phase trajectory in Fig. 12c differs from the phase trajectory

in Fig. 11c. Here the phase trajectory and the limit cycle have a more complex
form. It should also be noted that the phase trajectory reaches the limit cycle
faster.

Fig. 12. Osillograms: a) fluctuations in the concentration of tr-cracks; b) fluctuations
in the concentration of gs-cracks. Phase trajectory c)
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4 Conclusion

The results of the work show the following taking into account the effects of mem-
ory in oscillatory systems using derivatives of fractional variable orders allows for
more flexible mathematical modeling. If the orders of fractional derivatives are
linearly decreasing functions, then we can observe several modes: reaching the
limit cycle, damped and aperiodic. Approximate estimates of the transition or
bifurcation from one regime to another were given in the work. If the orders are
periodic functions, then multiperiodic regimes, limit cycles of various shapes can
arise, which indicates a very rich dynamics of the process. Due to the fact that
it is important for us to study the self-oscillatory regime, which is characterized
by a limit cycle, further continuation of the work is connected with the study of
its stability.

Another line of work is the study of chaotic regimes. Due to the fact that
the methodology of works [14] is not applicable to the study of dynamic sys-
tems of fractional variable order, it is necessary to use approaches related to the
construction of maps of dynamic modes [15]. This approach requires large com-
putational resources, as well as the methodology of parallelization of numerical
algorithms.
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Abstract. The propagation path of the signal from the A1F3 VLF
transmitter received at the Mikhnevo GFO passed in the area of earth-
quake epicenters in Turkey in February 2023. The paper considers vari-
ations in the amplitude and phase of signals before and during seismic
events. It is shown that before the earthquake, there were changes in the
amplitude and phase at the morning terminator. At night, fluctuations in
the amplitude and phase of the signal were observed with characteristic
periods of tens of minutes.

Keywords: Earthquake · Propagation · VLF · Ionosphere

1 Introduction

Electromagnetic radiation of the VLF range propagates in the earth-ionosphere
waveguide with very low attenuation (3 dB per 1000 km). The upper boundary
of this waveguide is the D/E region of the ionosphere ( 70–90 km) [1]. Any helio-
geophysical disturbances (solar flares and eclipses, magnetic storms, lightning
discharges, meteorites, volcanic eruptions, earthquakes) leading to changes in
the lower ionosphere affect the amplitude-phase variations of VLF signals. Thus,
VLF electromagnetic radiation is currently the most effective tool for studying
processes occurring in the lower ionosphere.

The first attempt to use VLF/LF radio sounding to detect seismo-ionospheric
effects was made by [2] and [3]. They managed to detect a significant propaga-
tion anomaly on two long distance paths from Réunion (Omega transmitter) to
Moscow and Omsk a few days before the famous Spitak earthquake [3].

In [4], significant shifts in the terminator time before an earthquake were
found. The morning terminator time (tm) is shifted to the early hours, and te
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is shifted to the later hours. Theoretical estimates [4–6] of this effect show that
the ionosphere descends before an earthquake.

A later study [5] based on 13 years of observations (11 events with a magni-
tude greater than 6.0) showed a relatively high probability of an anomaly in VLF
propagation (in the form of a terminator time anomaly) of the order of 70–80%
for larger (magnitude more than 6.0) earthquakes located relatively close to the
path.

2 Results

In February 2023, a series of earthquakes hit southeastern Turkey. The first
strongest shock with a magnitude of 7.8 occurred on February 6 at 01:17:34 UT.
In total, on February 6, 112 aftershocks with a magnitude greater than 4.5 were
recorded. Of these, 6 have a magnitude greater than 6. Further, seismic activity
began to decrease. On 07.02 there were 19 aftershocks with M > 4.5, the most
powerful of them with M = 5.5. 08.02 - there were 7 aftershocks with M > 4.5,
the most powerful of them with M = 5.4. Later, until the end of February, up
to 3 shocks per day were recorded in this area.

Since 2014, the Mikhnevo geophysical observatory (54◦57′N, 37◦46′51 E) has
been monitoring the signals of VLF transmitters [7]. One of these transmitters
is located in Israel and has the designation A1F3. It operates at a frequency of
29.7 kHz. On Fig. 1 shows a map with the location of the A1F3 transmitter, the
receiver in the Mikhnevo GFO, and the epicenters of the strongest earthquakes.
As can be seen from the figure, the VLF signal propagation path passes at a
distance of 44–212 km from the earthquake (Fig. 1).

Table 1 shows the time, coordinates, magnitude of earthquakes greater than
6, as well as the distance from their epicenters to the A1F3 - “Mikhnevo” path.

Table 1. List of the Earthquakes

Date Time, UT Latitude,
Degrees

Longitude,
Degrees

Magnitude Distance, km

06.02.2023 01:17:34.342 37.2256 37.0143 7.8 127

06.02.2023 01:28:15.784 37.1893 36.8929 6.7 114

06.02.2023 10:24:48.811 38.0106 37.1962 7.5 132

06.02.2023 10:26:46.742 38.0315 38.0984 6 212

06.02.2023 12:02:11.275 38.0582 36.5114 6 74

20.02.2023 17:04:29.747 36.1616 36.0251 6.3 44
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Fig. 1. Map with marks of the A1F3 transmitter (red circle), the Mikhnevo geophysical
observatory (red star) and earthquake epicenters (blue stars).

On Fig. 2 shows the amplitude of the signal from the transmitter at night
and during the morning terminator from February 4 to 8. It can be seen that on
the night of February 5–6, approximately from 21:00 UT on February 5, strong
variations in the signal amplitude begin with a characteristic period of 40–50
min. The next night, on the evening of February 6, they continue, but closer to
midnight they begin to decrease and disappear by 04:00 UT on February 7. We
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also note that on the morning terminator on February 5 at 05:24 the signal level
drops to 0.1 pT, i.e. becomes comparable to the level of natural noise.

Fig. 2. Variation of the signal amplitude of the A1F3 transmitter during the night
hours from 4 to 8 February.

Figure 3 shows the amplitude variation spectra of the A1F3 transmitter sig-
nal received at the “Mikhnevo” geophysical observatory at night. Signals from
16:30 UT to 03:55 UT of the next day were used for spectral processing. The
black curve shows the averaged spectrum of nighttime amplitude variations for
February 1–4. The red curve shows the spectrum of the signal on the night of
February 5–6, i.e. just before the earthquake. We see a characteristic increase
in the signal amplitude at frequencies from 0.26 to 0.35 mHz. The following
night, from February 5 to February 6, when the seismic activity decreased, this
maximum decreased in amplitude and shifted to the range of 0.22–0.26 mHz.

Fig. 3. Spectra of variations in the amplitude of the nighttime signals of the A1F3
transmitter from February 1 to 8.
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Further, up to February 19, no such features were observed in the amplitude
variations. On February 20, there was an increase in seismic activity. At 17:04:29
there was a push with a magnitude of M6.3. The distance from the epicenter
to the highway was minimal - 44 km. Immediately after this shock, with an
interval of 3–5 min, another 2 points occurred with a magnitude of M5.5 and
M4.6. Figure 4 shows the spectra of nighttime variations in the signal amplitude
from February 18 to February 21. It can be seen that on the night before these
earthquakes, we also observe a characteristic increase in the signal amplitude in
the frequency range from 0.2 to 0.3 mHz.

Fig. 4. Spectra of variations in the amplitude of the nighttime signals of the A1F3
transmitter from February 18 to 21.

Figure 5 shows the daily phase variations of the A1F3 transmitter signal
received at the Mikhnevo geophysical observatory.

Fig. 5. Diurnal variation of the signal phase of the A1F3 transmitter during the night
hours from 4 to 7 February.
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It can be seen that on February 5 (red curve) at the morning terminator
(from 04 to 06 UT) there is no “outlier”, which is present almost unchanged at
the morning terminator on September 4, 6, and 7. In addition, on February 5,
during the night hours from 18 to 23 UT, signal fluctuations similar to nighttime
amplitude fluctuations are observed. The same phase fluctuations, but with a
smaller amplitude, are also observed on February 6 at the same time.

3 Discussion and Conclusions

To date, there are several possible hypotheses describing the mechanisms of com-
munication between the activity of the lithosphere and the ionosphere. Three
main types of interrelation of lithospheric-ionospheric processes can be distin-
guished (Hayakawa, 2007) (1) chemical channel, (2) acoustic channel, and (3)
electromagnetic channel.

The first type - geochemical quantities (such as surface temperature, radon
radiation, etc.) cause perturbation of the atmospheric conductivity, which then
leads to modification of the ionosphere through the atmospheric electric field
[8,9].

The second type is based on the key role of atmospheric oscillations in the
lithosphere-atmosphere-ionosphere connection, and disturbances of the earth’s
surface (such as temperature, pressure) in a seismically active region excite atmo-
spheric oscillations that propagate to the ionosphere [10–12].

The third mechanism is that radio emissions (in any frequency range) gener-
ated in the lithosphere propagate to the ionosphere and change the ionosphere
there by heating and/or ionization. However, this mechanism turns out to be
insufficient due to the low intensity of lithospheric radio emission [13]. Thus, the
1st and 2nd mechanisms are most likely candidates for this relationship [14].

In our case, the most noticeable anomalies were observed at the morning ter-
minator on February 5th - i.e. 20 h before the first shock and the night before the
first shock - i.e. 7 h before the seismic event. These facts make the acoustic mech-
anism of transmission of perturbations from the lithosphere to the ionosphere
unlikely. The most probable mechanism for the transmission of disturbances to
the ionosphere during the preparation of this series of earthquakes is the “chem-
ical” channel.

About a day before the start of a series of earthquakes in Turkey on February
6, 2023, anomalous variations in the amplitude and phase of the signal from the
A1F3 transmitter, received at the Mikhnevo geophysical observatory, began.
The signal propagation path ran 44–132 km from the epicenters of the strongest
shocks.

Acknowledgments. This work was supported by the Ministry of Science and Higher
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Abstract. Solar-Earth relations are the sequences of transformations and energy
impact transfers. The inflow of large amounts of energy into the geospheric shells
leads to the development of magnetic storms. The influence of the southward
component of the interplanetary magnetic field Bz causes increased geomagnetic
activity. This paper proposes to use the SME index obtained in the SuperMAG
project to analyze geomagnetic activity. In this paper, we propose an approach to
forecast the SME geomagnetic activity index based on interplanetary magnetic
field data and joint application of wavelet transform and LSTM neural network
architecture. The effectiveness of the approach for different sets of input data can
be evaluated using the generated neural network models. The constructed neural
network model makes it possible to forecast the SME for the coming hours. The
analysis of the results during calm and disturbed periods of geomagnetic activity
showed the dependence of data approximation quality on the input data set for the
neural network model and the forecast depth.

Keywords: SME · IMF Bz · neural networks · wavelets · data forecast

1 Introduction

Solar-Earth relations are the sequences of transformations and energy impact transfers.
Large-scale processes on the Sun influence the dynamic parameters of the geospheric
shells. These processes have direct and indirect impacts on anthropogenic infrastructure.
Communication and navigation systems, power systems, satellites and high altitude
aircraft, complex electronic devices are among the objects and systems that depend on
space weather.

The inflow of large amounts of energy into the geospheric shells is associated with
the Sun impact. This leads to the development of magnetic storms. The influence of the
southward component of the interplanetary magnetic field (IMF) Bz causes increased
geomagnetic activity [1–5]. The southern IMF Bz leads to the coupling of the IMF
and the geomagnetic field lines. That results in plasma penetration into the inner mag-
netosphere. These processes are characterized by increased magnetosphere-ionosphere
currents, which are estimated using the measurable geomagnetic activity indices Dst,
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AE, Kp. Application of IMF Bz in various approaches to the analysis and assessment of
geoeffective effects is shown in the papers [6–8].

The task of selecting the magnetic index arises due to the possibility of forecasting
and estimating the expected effects of increased geomagnetic activity on anthropogenic
systems. As it was shown in the papers [9–10], the variations of the AE and Kp indices
are influenced by the position of the auroral current relative to the stations for which
the indices are calculated. This paper proposes to use the SME index obtained in the
SuperMAG project [11] to analyze geomagnetic activity. The geomagnetic stations, the
data of which are used for the calculation of the SME index, are located in the band
of geomagnetic latitudes from 40° to 80°. That makes it possible to take into account
the spatial drift of the auroral electrojet towards the equator. The SME index provides
a more accurate assessment of auroral currents and does not decrease values when the
auroral electrojet shifts to lower latitudes that is typical for the AE index due to the
limited number of geomagnetic stations and the narrow band of geomagnetic latitudes
of 65°–70° [12].

In this paper, we propose an approach based on the joint application of wavelet trans-
form and Long Short-Term Memory (LSTM) neural network architecture to solve the
problemof forecasting the SME index data using IMFBzdata. Theflexiblewavelet trans-
form apparatus has been successfully used to analyze data of different nature [13–14].
Various wavelet decomposition schemes allow one to select the required components in
the data. A large number of basic wavelets provides the possibility to adapt the method
to the current research objectives and to a variety of data structures. The effectiveness
of wavelets in the analysis of geomagnetic indices, including the neural networks (NN),
has been demonstrated in the previous work [15, 16]. NN have become widely used in
many fields [17–20]. There is a large number of architectures designed to solve different
problems. The effectiveness of NN depends on the representativeness of the data to be
trained and its nature. Despite their high ability to approximate complex internal depen-
dencies, NN have certain limitations when applied. For example, working with noisy
and non-stationary data reduces the quality of NN training and performance. The input
vectors can be simplified and the quality of NN approximation can be improved by using
wavelet-based data pre-processing. To avoid such problems as long-term dependencies
when dealing with data with long-term relationships, it is necessary to use appropriate
architectures. The author uses the LSTM architecture in order to significantly reduce the
impact of long-term dependencies. Various studies have influenced the development of
the architecture and it is now used for many tasks [19–20].

The approach proposed in this paper allows us to forecast SME data 1–5 h ahead
based on hourly SME index and IMF Bz data. The effectiveness of the approach for
different sets of input data can be evaluated using the generated neural network models.
Application of wavelet transform improves the quality of the forecast and reduces NN
errors. The trained neural networks were used to approximate natural SME data and
showed the possibility to make forecast for the coming hours with a certain error. The
dependence of NN errors on forecast depth was shown by evaluating the approximation
quality of neural network models.
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2 Methodology

Data
This work used IMF Bz and SME hourly data for the period 1999–2022. IMF Bz data
(GSM coordinates) were obtained from the Advanced Composition Explorer spacecraft
and accessed at https://omniweb.gsfc.nasa.gov. SME index data were obtained from the
SuperMAG project at https://supermag.jhuapl.edu.

SME Index and IMF Bz Intensity Estimation
The continuous wavelet transform allows us to decompose the initial data into wavelet
coefficients distributed over scaling levels [13]:

(
WΨ xb,a

) := |a|− 1
2

∫ +∞

−∞
x(t)Ψ

(
t − b

a

)
dt, x ∈ L2(R), a, b ∈ R, a �= 0, (1)

where Ψ is the basis wavelet, a is the scale, b is time. The change in the wavelet coef-
ficients amplitudes at different scale levels depends on the appearance of local features
of the signal corresponding to that scale, and outside the local features the absolute
values of the wavelet coefficients are close to zero [13]. When decreasing the scale a,
the neighbourhood t = b that affects the original function x also decreases. This allows
us to make a multi-scale analysis of the original function. To approximate the analyzed
neighbourhood with the minimum number of signal samples, a minimum carrier wavelet
basis is chosen. In [21], selection of the best wavelet basis for the AE index is shown.
We use the Daubechies wavelet 3, taking into account that the SME index is based on a
similar calculation [11, 12] from geomagnetic station data as the AE index. Using (1),
we obtain the separation of positive and negative values of the wavelet coefficients:

W�xb,a =
{

(W�xb,a)+, if W�xb,a > 0
(W�xb,a)−, if W�xb,a ≤ 0

(2)

The intensity of positive and negative changes at the time b can be determined by
evaluating the values of the wavelet coefficients on the ranges of scale levels [21], where
A is the range of scale levels for which the intensity estimation is performed:

I±b =
∑

A
(W�xb,a)

±. (3)

Construction of a Neural Network Model of the SME Index
SME index time series have a complex non-linear structure, containing local features
of different amplitude and duration. NN allows one to approximate such data [19, 20,
22] and model complex temporal dependencies. The LSTM architecture is an updated
version of the RNN and was originally designed to solve long-term dependency prob-
lems. It solves the vanishing gradient problem and, with additional control mechanisms
for the information propagating across blocks, makes it possible to store it over long
periods [23]. The LSTM architecture is a set of memory blocks that organize recurrently
connected subnets (Fig. 1).

https://omniweb.gsfc.nasa.gov
https://supermag.jhuapl.edu
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Fig. 1. Basic architecture of a long short-term memory network according to Olah [http://colah.
github.io/posts/2015-08-Understanding-LSTMs].

An analytical view of the memory update implementation in the LSTM cell from
Fig. 1 is shown below:

ft = f
(
wf

[
ht−1, xt

] + bf
)

it = f
(
wi

[
ht−1, xt

] + bi
)

c̃t = f
(
wc

[
ht−1, xt

] + bc
)

ct = ct−1ft + it c̃t
ot = f

(
wo

[
ht−1, xt

] + bo
)

ht = otf (ct).

where xt is the input data; wf ,wi,wc,wo are the states of weight matrices; bf , bi, bc, bo
are the biases; ht is the hidden state of the LSTM; ft, it, ot are the values of the forgetting
gate, input gate and output gate, respectively; ct, c̃t are the current and time states of a
cell; f (·) is the activation function.

The LSTM structure consists of an input layer, one or more hidden layers and an
output layer. Figure 2 shows the architecture of the network. In the work we used the
single hidden layer architecture and the number of input vectors varied depending on
the amount of input data. Thus, several neural network models were constructed and
their performance quality was evaluated by the following indicators: Root Mean Square
Error (RMSE) and Mean Absolute Percentage Error (MAPE).

RMSE =
√

1
N

N∑

i=1

(
yi − ŷi

)2

MAPE = 100% 1
N

N∑

i=1

∣∣∣ yi−ŷi
yi

∣∣∣

where N is the sample length, yi is the SME data, ŷi is the NN forecast.

http://colah.github.io/posts/2015-08-Understanding-LSTMs
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Fig. 2. Architecture of the LSTM model.

3 Experimental Results

The correlation between the IMF Bz variations and the AE geomagnetic activity index
was shown in [21].At the same time, theSME is an analogueof theAE index, but obtained
at a larger number of stations. It also depends on the changes in the interplanetary
environment parameters [11, 12]. The joint application of SMEand IMFBzdata in neural
network models can be used to forecast SME variations. In order to obtain adequate
results, input data pre-processing is required. Using wavelet transform, we represented
input data as ranges of wavelet coefficient scaling levels [21] and divided them into
frequency periods corresponding to 1–4, 5–8, 9–16 and 17–24 h variations. The division
into frequency periods is based on the results of [21], which describe the different
durations of the southward turn of the IMF Bz and its correlation with changes in the AE
index. Each frequency period contains information about the duration of the influence of
the negative IMF Bz. This information reflects the processes of energy accumulation in
the electrojet. Furthermore, the obtained scale ranges were fed to neural network inputs
by separate vectors. Figure 3 shows the results of wavelet processing and calculation of
the corresponding intensity ranges (the period from 08:00 UT 06 August 2000 to 08:00
UT 15 August 2000 is shown).

Energy penetrates to the Earth’s magnetic field mainly at the southward turn of the
IMFBz that corresponds to the negative values on the graph in Fig. 3 b. Only the negative
values of the initial time series, reduced to absolute values, were used in the wavelet
processing of IMFBz. A local change in IMF parameters and their shift towards negative
values is shown by the increasing positive intensity I+b for IMF Bz (Fig. 3d, f, i, k). The
significant changes in the amplitude of the magnetic index variations occur are close in
time, as can be seen from the graphs of the initial IMF Bz and SME data (Fig. 3a, b green
ovals). The representation in the form of the wavelet components (Fig. 3c–k) shows early
increase of the IMF Bz to the maximum values compared to the SME, especially for the
significant changes in the intensity amplitude (Fig. 3g–k, green arrows).
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The neural network models were constructed using four sets of input data: SME;
SME and IMF Bz; SME, IMF Bz and intensity of IMF Bz I+b wavelet coefficients; SME,
IMF Bz and intensity of IMF Bz I+b and SME I±b wavelet coefficients. As output data
of the NN, the forecast of SME was given for 2 and 5 readings ahead. The performance
of the obtained models was verified on the test data, which were not used in the training
process. The obtained estimates for RMSE and MAPE are shown in Tables 1 and 2.

The estimation results show that, when adding the IMF Bz data, the network qual-
ity improves, the RMSE values decrease that indicates a decrease in the amplitude of
anomalous spikes in errors (Table 1). Meanwhile, application of the initial IMF Bz
almost does not influence the MAPE percentage errors (Table 2). For both RMSE and
MAPE estimates, the addition of the IMF Bz I+b intensity improves the forecast quality.
In its turn, the additional representation of the SME as the intensity of SME I±b wavelet
coefficients significantly reduces the NN errors in the forecast (Tables 1 and 2).

Analyses of the NN estimates for the two and five forecast readings show that the
RSME for the first two readings is close in both types of models until SME I±b is added
to the input data. When the full input data set is used, the total RSME of networks for
the two forecast readings is lower than that for 5 readings. The analysis of the MAPE
estimates shows a similar picture, but MAPE performance already improves when IMF
Bz I+b is added to the network with two readings.

The results of data processing using the constructed NN are shown in Fig. 4 (the
period from19:00UT11 June 2004 to 18:00UT19 June 2004 is shown).Neural networks
were trained on data from 1999–2003 for the period shown in Fig. 4. The complete set of
SME, SME I±b , Bz, IMFBz I+b vectors were used. TheNN performance graphs (Fig. 4b–
h) show the current SME data for the forecast and the NN forecast. For the NN with the
forecast for 2 readings ahead for the first and second readings, the graphs are introduced
in Fig. 4b, c, respectively. For the NN with the forecast for 5 readings ahead, the graphs
are introduced in Fig. 4d–h. Figure 4 shows the period containing calm and perturbed
states of the SME. During the SME calm state from reading 24 to reading 48, there was
an increase in the index amplitude towards the positive (northward) direction in the IMF
Bz data (Fig. 4a). Typically, such changes have no noticeable effect on geomagnetic
environment that is confirmed by the SME data in Fig. 4 (graphs in blue).

After a calm period, disturbances are observed in the SME data. They are divided
into blocks 1–3 (Fig. 4, purple dashed line). The SME changes occur with a small
delay after the IMF Bz turns to the negative (southward) direction. The moments of
the SME amplitude maxima are in agreement with the forecast of the neural network,
but the performance of the neural network models depends on the forecast depth and
disturbances duration. For the forecasting depth of one reading, the NN allow us to
build a graph close to the SME real values, and the NN with the forecast depth of 2
readings shows better results than the NN with the forecast depth of 5 readings. At the
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Fig. 3. Positive intensities of IMF Bz and SME wavelets ranges.

maximum forecast depth of 5 readings, there is a significant smoothing of the graph.
Single short-term disturbances are not detected by the NN (block 1 in Fig. 4h). As the
disturbance duration increases, the forecast quality for the 5-th reading improves, but
single short-term spikes are not forecasted (block 2, Fig. 4h). Short-term disturbances
of significant amplitude are the most difficult to be forecasted for the maximum forecast
depth (block 3, Fig. 4h). They also contribute significantly to the increase of the MAPE
and especially of the RSME.

Based on the data in Tables 1 and 2 and Fig. 4, it can be seen that application of
preliminary wavelet processing of data makes it possible to reduce the error values of
neural network models, while increase of the forecast depth affects the quality of the
networks performance and worsens the ability to forecast short-term changes in SME.
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Table 1. RMSE estimation of NN.

For 2 forecast readings

Forecast reading number SME SME, Bz SME, Bz, Bz I+b SME, SME I±b , Bz, Bz I+b
1 176 139 134 47

2 200 172 158 78

Total 189 157 146 59

For 5 forecast readings

1 179 143 138 63

2 201 175 161 89

3 209 198 170 98

4 214 208 175 112

5 219 213 183 118

Total 205 189 166 98

Table 2. MAPE estimation of NN.

For 2 forecast readings

Forecast reading number SME SME, Bz SME, Bz, Bz I+b SME, SME I±b , Bz, Bz I+b
1 46 45 36 14

2 52 47 44 19

Total 49 46 40 15

For 5 forecast readings

1 47 48 38 19

2 52 47 50 22

3 54 51 49 27

4 56 54 56 30

5 57 55 56 31

Total 53 51 50 26
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Fig. 4. Results of processing of IMF Bz and SME data with NN. (a) IMF Bz data; (b)–(c) NN
forecast for 2 h ahead from the 1-st to the 2-nd, respectively; (d)–(h) NN forecast for 5 h ahead
from the 1-st to the 5-th, respectively.

4 Conclusions

The analysis of the obtained results showed the possibility of constructing neural network
models of the SME index based onwavelets andNNof theLSTMarchitecture. The use of
wavelet pre-processing of the input data improves the quality of NN approximation. The
modelling of the SME index during calm and disturbed periods showed the dependence
of NN errors on the forecast depth and the level of local disturbances in SME data. The
proposed approach to forecast the SME can be used to analyze space weather effects
on the geomagnetic field. The development of a real-time forecasting system (as data
become available) will be the subject of further studies.
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and lithospheric impact", registration number AAAA-A21-121011290003-0.

References

1. Dungey, J.W.: Interplanetary magnetic field and the auroral zones. Phys. Rev. Lett. 6, 47–48
(1961). https://doi.org/10.1103/PhysRevLett.6.47

https://doi.org/10.1103/PhysRevLett.6.47


SME Geomagnetic Index Data Forecast 195

2. Cowley, S.W.H.: The earth’s magnetosphere: a brief beginner’s guide. Eos. Trans. AGU 76,
525 (1995). https://doi.org/10.1029/95EO00322

3. Burton, R.K., McPherron, R.L., Russell, C.T.: An empirical relationship between interplane-
tary conditions andDst. J. Geophys. Res. 80, 4204–4214 (1975). https://doi.org/10.1029/JA0
80i031p04204

4. Gonzalez, W.D., et al.: What is a geomagnetic storm? J. Geophys. Res. 99, 5771 (1994).
https://doi.org/10.1029/93JA02867

5. Kane, R.P.: How good is the relationship of solar and interplanetary plasma parameters with
geomagnetic storms? J. Geophys. Res. 110, A02213 (2005). https://doi.org/10.1029/2004JA
010799

6. Marques De Souza, A., Echer, E., Bolzan, M.J.A., Hajra, R.: Cross-correlation and cross-
wavelet analyses of the solar wind IMF Bz and auroral electrojet index AE coupling during
HILDCAAs. Ann. Geophys. 36, 205–211 (2018) https://doi.org/10.5194/angeo-36-205-2018

7. Guarnieri, F.L., et al.: A correlation study regarding the AE index and ACE solar wind data
for Alfvénic intervals using wavelet decomposition and reconstruction. Nonlin. Processes
Geophys. 25, 67–76 (2018). https://doi.org/10.5194/npg-25-67-2018

8. Souza, A.M., Echer, E., Bolzan, M.J.A., Hajra, R.: A study on the main periodicities in
interplanetary magnetic field Bz component and geomagnetic AE index during HILDCAA
events using wavelet analysis. J. Atmos. Solar Terr. Phys. 149, 81–86 (2016). https://doi.org/
10.1016/j.jastp.2016.09.006

9. Boroyev, R.N., Vasiliev, M.S.: Substorm activity during the main phase of magnetic storms
induced by the CIR and ICME events. Adv. Space Res. 61, 348–354 (2018). https://doi.org/
10.1016/j.asr.2017.10.031

10. Boroyev, R.N., Vasiliev, M.S., Baishev, D.G.: The relationship between geomagnetic indices
and the interplanetary medium parameters in magnetic storm main phases during CIR and
ICME events. J. Atmos. Solar-Terr. Phys. 204, 105290 (2020). https://doi.org/10.1016/j.jastp.
2020.105290

11. Newell, P.T., Gjerloev, J.W.: Substorm and magnetosphere characteristic scales inferred from
theSuperMAGauroral electrojet indices. J.Geophys.Res.116, 2011JA016936 (2011). https://
doi.org/10.1029/2011JA016936

12. Boroev, R., Vasiliev, M.: Studying auroral activity using the SME index at the magnetic storm
main phase duringCIRand ICMEevents. Solnechno-ZemnayaFizika 7, 19–24 (2021). https://
doi.org/10.12737/szf-74202103

13. Mallat, S.G.: AWavelet Tour of Signal Processing: The SparseWay. Academic Press, Boston
(2009)

14. Mandrikova, O., Polozov, Y., Khomutov, S.: Wavelet model of geomagnetic field variations
and its application to detect short-period geomagnetic anomalies. Appl. Sci. 12, 2072 (2022).
https://doi.org/10.3390/app12042072

15. Polozov, Y.: Analysis of the data of IMF Bz and AE index for the period 1999–2018. In: E3S
Web Conferences, vol. 196, p. 02005 (2020)

16. Polozov, Y.A.: Forecasting the AE index based on neural networks. In: AIP Conference
Proceedings 2910. International Conference on SMARTAutomatics and Energy, pp. 020130-
1–020130-6 (2023). https://doi.org/10.1063/5.0166561

17. Polozov, Y.A.: AE index variations during extreme space weather and its forecast. In: AIP
Conference Proceedings 2910. International Conference on SMARTAutomatics and Energy,
pp. 020131-1–020131-6 (2023). https://doi.org/10.1063/5.0166562

18. Tang, R., et al.: The comparison of predicting storm-time ionospheric TEC by three methods:
ARIMA, LSTM, and Seq2Seq. Atmosphere 11, 316 (2020). https://doi.org/10.3390/atmos1
1040316

19. Perol, T., Gharbi, M., Denolle, M.: Convolutional neural network for earthquake detection
and location. Sci. Adv. 4, e1700578 (2018). https://doi.org/10.1126/sciadv.1700578

https://doi.org/10.1029/95EO00322
https://doi.org/10.1029/JA080i031p04204
https://doi.org/10.1029/93JA02867
https://doi.org/10.1029/2004JA010799
https://doi.org/10.5194/angeo-36-205-2018
https://doi.org/10.5194/npg-25-67-2018
https://doi.org/10.1016/j.jastp.2016.09.006
https://doi.org/10.1016/j.asr.2017.10.031
https://doi.org/10.1016/j.jastp.2020.105290
https://doi.org/10.1029/2011JA016936
https://doi.org/10.12737/szf-74202103
https://doi.org/10.3390/app12042072
https://doi.org/10.1063/5.0166561
https://doi.org/10.1063/5.0166562
https://doi.org/10.3390/atmos11040316
https://doi.org/10.1126/sciadv.1700578


196 Y. Polozov

20. Jiao, F., Huang, L., Song, R., Huang, H.: An improved STL-LSTM model for daily bus
passenger flow prediction during the COVID-19 pandemic. Sensors 21, 5950 (2021). https://
doi.org/10.3390/s21175950

21. Polozov, Y.: Wavelet-based analysis of interplanetary magnetic field and AE-index. In:
Solovev, D.B., Kyriakopoulos, G.L., Venelin, T. (eds.) SMART Automatics and Energy,
vol. 272, pp. 469–476. Springer, Singapore (2022). https://doi.org/10.1007/978-981-16-8759-
4_49

22. Haykin, S.S.: Neural Networks: A Comprehensive Foundation. Prentice Hall, Upper Saddle
River (1999)

23. Hochreiter, S., Schmidhuber, J.: Long short-term memory. Neural Comput. 9, 1735–1780
(1997). https://doi.org/10.1162/neco.1997.9.8.1735

https://doi.org/10.3390/s21175950
https://doi.org/10.1007/978-981-16-8759-4_49
https://doi.org/10.1162/neco.1997.9.8.1735


Observations of Space Weather Effects
from the Moscow University Nano-satellite

Constellation Sozvezdie-270

Sergey Svertilov1,2(B), Vitaly Bogomolov1,2, Andrey Bogomolov1,
Vladislav Osedlo1, Victor Bengin1, Ivan Zolotarev1, Anatoly Iyudin1,

Vladimir Kalegaev1, Irina Myagkova1, Ivan Yashin1, Georgy Antonyuk1,
Karina Zhilchenko1, and Vasilii Sazonov3

1 D.V. Skobeltsyn Institute of Nuclear Physics, M.V. Lomonosov Moscow State University,
Leninskie Gory 1(2), GSP-1, 119991 Moscow, Russia

sis@coronas.ru
2 Physics Department, M.V. Lomonosov Moscow State University, Leninskie Gory,

119991 Moscow, Russia
3 Faculty of Space Research, M.V. Lomonosov Moscow State University, Leninskie Gory,

119991 Moscow, Russia

Abstract. Within the framework of the Moscow University space project
SOZVEZDIE-270, a constellation of cubesat nano-satellites with a set of instru-
ments is being deployed, which, among other goals, provides monitoring of the
near-Earth space radiation environment, control of the geo- and heliophysical
conditions. Along with the space constellation, a network of ground receiving sta-
tions is also being created. During the project implementation, 11 spacecraft of the
cubesat format have been launched to date. Currently, there are 6 such spacecraft
operating in near-Earth orbit, which transmit scientific and telemetric data. During
2023–2024 it is planned to launch at least 8 more such satellites into low circular
polar orbits. Multi-satellite constellation has been implemented, which makes it
possible to carry out simultaneous measurements of particle and quantum fluxes
using the same type of instruments at different points in the near-Earth space.
Suchmeasurements provide unique information about the sub-relativistic electron
flux dynamics, including variations due to precipitation, which is of great impor-
tance for understanding the mechanisms of trapped and quasi-trapped electron
acceleration and losses.

1 Introduction

The term “space weather” is used to refer to a number of natural electromagnetic phe-
nomena occurring in the solar wind - magnetosphere - ionosphere - atmosphere system
and determining the dynamics of radiation fields in interplanetary and near-Earth space
(NES), the state of the ionosphere and the magnetic-wave environment in the NES [1].
The root cause of the phenomena that determine “space weather” is somehow connected
with the Sun, including its flare activity, as a result of which a significant amount of parti-
cles accelerated in flares, mainly electrons and protons, can be ejected into interplanetary
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space, which, penetrating into the Earth’s magnetosphere in the region of the polar caps,
significantly change the pattern of radiation distribution in the NES. In some cases,
so-called coronal mass ejections (CME) occur, which, under certain conditions, cause
strong geomagnetic disturbances, including magnetic storms, as a result of which the
spatial and temporal distributions of fluxes of both trapped and quasi-trapped particles
can also change significantly in the NES, as well as electromagnetic fields.

Thus, some of the main manifestations of the “space weather” effects are energetic
charged particle flux variations in different regions of the NES. In this case, the particle
and quantum flux variations detected by the instruments can be caused both by the satel-
lite crossing a compact area with an increased concentration of particles (the so-called
spatial effects) and by an increase (or decrease) in intensity over time (temporal effects).
In turn, both spatial and temporal effects can be associated both with the acceleration
of particles and with their precipitation from the regions of trapped radiation, as well as
with the penetration into the magnetosphere of particles accelerated in solar flares, i.e.
the so-called solar cosmic rays (SCR).

As for the increases in the fluxes of trapped and quasi-trapped relativistic electrons
associated with their acceleration, they are divided into several types. The first type is
associated with “shock” acceleration and the formation of a “new” radiation belt [2, 3].
The second type is associated with slow increases in fluxes during the magnetic storm
recovery phase. The third type (particle microbursts) has been little studied so far and,
at present, is usually associated with fast acceleration during wave-particle interaction.

One of the popularmechanisms for the acceleration of energetic electrons is the inter-
action with very low-frequency (VLF) waves [4, 5], which can be generated during the
development of the Kelvin-Helmoltz instability at the magnetopause. The mechanisms
of acceleration of energetic electrons by high-frequency waves are also considered [6].
Radiation belt electrons can effectively interact with various modes of plasma waves
in the frequency range 0.1 ΩO+ < ω < 0.8 |Ωe|, where ΩO+ is O+ ion cyclotron
frequency, Ωe is electron cyclotron frequency, including chorus emissions outside the
plasmasphere, whistling hisses and electromagnetic ion cyclotron (EMIC) waves inside
the plasmasphere, auroral kilometer radio emission (AKR). As a result of the resonant
wave-particle interaction, both diffusion along pitch angles and diffusion in the momen-
tum space arise. The non-linear wave-particle interaction can lead to a non-diffusion
character of the occurring processes.

All experimental confirmations of the validity of the proposed mechanisms of rela-
tivistic electron acceleration are indirect, therefore, despite the progress made in solving
the problem of describing the relativistic electron acceleration, a number of key prob-
lems can be identified, the solution of which requires further research. First of all, it
should be noted that the problem of changing the geometry of the magnetosphere during
a magnetic storm has not been largely resolved, which makes it difficult to create an ade-
quate magnetic field model that describes the magnetic fields of a storm. The performed
analysis shows that, despite the available results, the problem of transport, acceleration,
and losses of relativistic electrons is still far from its final solution. The solution of these
problems requires complex studies, including measurements of both the fluxes of the
particles themselves and the magnetic field in various regions of the magnetosphere, as
well as simultaneous observations of ULF-VLF waves in a wide frequency range.
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TheEarth’s radiation belt dynamics is determined not only by acceleration processes,
but also by particle loss processes. The mechanisms for the loss of energetic electrons
can be divided into three groups. The first group includes shadowing by the magne-
topause, which is typical for magnetic storms, i.e., a change in the configuration of drift
trajectories (due to the Dst effect or radial diffusion directed outward from the Earth),
as a result of which closed trajectories become open [7–9]. The second type includes
ionization losses and Coulomb scattering, which play a significant role and determine
the lifetime of electrons in the inner belt by L < 1.5 [10]. As for the outer belt, it is
usually believed that the main mechanism of electron leakage from it is the development
of cyclotron instability due to the interaction of electrons from the radiation belts with
VLF/ELF/EMIC waves [11–16]. Losses of particles from the outer radiation belt can be
quite intense [17], 2002). Electron fluxes can decrease by several orders of magnitude.
Thus, the dynamics of precipitation of relativistic electrons from radiation belts can be
considered as an independent physical problem, directly related to the processes of for-
mation of the space-time structure of electron flows in the region of stable capture, i.e.
the radiation belts themselves.

Precipitating electrons deserve more detailed consideration, since they are regularly
found on drift shells corresponding to regions of trapped radiation (L ~ 1.6–1.9, 3.0–
5.0), but at altitudes significantly lower than those at which the main “population” of the
radiation belts is located, and, respectively, may pose a threat to spacecraft that were not
originally designed to operate in the radiation belts. In addition, precipitation is often
observed near the boundaries of the radiation belts, in particular, in the region close to
the inner boundary of the outer radiation belt, in the so-called “slot”, while observed
as short-lived (observed during one orbit of the spacecraft) irregular increases in the
electron flux, and more time-stable particle fluxes. The most compact regions with an
increased electron concentration can have typical dimensions of the order of tens to
hundreds of meters, i.e., like an electron beams. When the satellite crosses such areas,
variations in the electron detector count rate with duration of tens of milliseconds will be
observed. The temporal effects resulting from precipitation can also be very short-lived,
down to sub-millisecond values of characteristic durations. In this case, precipitation
can lead both to an increase in fluxes, at relatively low altitudes “under the belts” due
to the appearance of precipitating particles on them, and to a decrease in fluxes trapped
radiation areas due to their depletion (drop out) due to precipitation.

Precipitation of relativistic electrons can affect the properties of the upper Atmo-
sphere, change the electrical and chemical properties of the stratosphere andmesosphere,
leading, among other things, to ozone destruction.

As noted above, in addition to energetic protons and electrons of the radiation belts,
SCRs are an important factor in “space weather”. In near-Earth orbits, fluxes of SCR
protons with energies > 5–10 meV are detected in high latitude regions, where there
are no fluxes of protons from radiation belts with such energies. Therefore, SCR proton
fluxes from powerful solar flares should be taken into account when constructing a 3D
picture of the current spatial distribution of energetic charged particle fluxes in the NES.

To construct an adequate dynamic picture of the 3D distribution of energetic radi-
ation fluxes in the NES, it is necessary to take into account their temporal changes,
including short-term variations in high-energy electron fluxes. In this case, the central
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task is to identify the detected variations in particle fluxes as a consequence of spatial or
temporal effects. This problem is difficult to solve using a single spacecraft. This requires
simultaneous measurements on several spacecraft, which can be implemented using a
multi-satellite constellation. Depending on the geomagnetic activity, such problems can
be most effectively solved by a comparative analysis of data from several spacecraft
operating both in close and different orbits. The implementation of such a strategy may
involve options such as:

1) sequential passage of the same area by closely spaced satellites, which will allow the
most reliable separation of spatial and temporal effects;

2) simultaneous measurements on different L-shells, which is necessary to restore the
dynamic picture of the trapped particle flux distribution in a wide range of orbits,
which, in particular, will make it possible to observe the shift of the maxima of the
radiation belts during geomagnetic disturbances;

3) simultaneous measurements at the same height with the same type of instruments
located on several satellites, shifted in longitude relative to each other, which will
allow us to estimate the influence of the local time factor on the particle flux dynamics.

Some of these tasks can be solved by a constellation of several simultaneously
launched spacecraft with identical detectors on board, the other part by joint analysis of
data from one ormore nanosatellites together with data from a larger spacecraft equipped
with a complex of instruments that provides detailed measurements of particle fluxes,
electromagnetic field and other parameters of the magnetospheric plasma. In any case,
such simultaneous multipoint measurements should be carried out on several spacecraft
using the same type of instruments.

It seems that micro and nano satellites of standard format, including cubesats, are
the most suitable spacecraft for implementing the multi-satellite measurement strategy
under consideration. Such devices are relatively cheap, do not require development
stages and special tests. As a rule, they are launched into orbit as by-pass mission,
which also seriously reduces the cost of the mission. At the same time, there is no
need to completely duplicate the functionality of large spacecraft. The advantage of
the constellation of micro and nano satellites lies precisely in the possibility of a more
detailed study of the time variations of different space radiation components in different
regions of near-Earth space.

In recent years, Moscow University has been implementing its own space program,
during which particle and quantum fluxes in near-Earth space are monitored and elec-
tromagnetic transients of various nature are observed. In this regard, the successful
launch of such satellites as Universitetsky-Tatiana [18], Universitetsky-Tatyana-2 [18],
Vernov [19, 20], Lomonosov [21] should be noted. The next step in this direction will
be a new project of the Moscow University “Constellation-270”. Within the framework
of this project, a constellation of cubesat nano-satellites with a set of instruments is
being deployed, which, among other goals, provides monitoring of the near-Earth space
radiation environment, control of the geo- and heliophysical conditions.



Observations of Space Weather Effects 201

2 Multi-satellite Mission of Moscow University

2.1 Scientific and Educational Experiments On-Board Cubesats

The first experience of space radiation monitoring using measurements on a cubesat
satellites was obtained during the implementation of the SiriusSat educational project,
during which, on August 15, 2018, cosmonauts from the International Space Station
launched two 1U cubesats (“SiriusSat-1” and “SiriusSat-2”), which have successfully
worked in orbit for more than 2 years. Schoolchildren were directly involved in the cre-
ation of these satellites payload during the project shift at the Sirius Educational Center.
The deployment of the multi-satellite constellation was started on July 5, 2019, when
3 spacecraft of the 3U cubesat format were successfully launched from the Vostochny
Cosmodrome. Those satellites were SOKRAT, VDNKh-80 and AmurSat (together with
Amur State University). All these satellites were equipped with instruments developed
at SINP MSU for monitoring space radiation and observing transient phenomena in the
Earth’s atmosphere. These instruments are the Detector of Cosmic Radiation (DeCoR)
and the AURA ultraviolet photometer [22]. The MSU space program continued with the
successful launch on September 28, 2020 of three spacecraft, i.e. 2 cubesats of 6U format
DEKART and Norbi, one cubesat of 1.5U format Yarilo-2. Three identical DeCoR-type
instruments were installed on the DEKART satellite in such a way that their axes are
mutually normal to each other, which makes it possible to estimate the angular distri-
butions of the detected particle and quantum fluxes. The DeCoR instruments were also
installed on the Norby satellite of the Novosibirsk State University and on the Yarilo-2
spacecraft of the N.E. Bauman Moscow State Technical University.

As noted above, an important advantage of multi-satellite experiments is the possi-
bility of simultaneous measurements at different points of the near-Earth space, on the
one hand, and measurements in the same areas with successive passage of spacecraft
through them, on the other. The experience of joint operation of the same type instru-
ments on different spacecraft has shown that it is principally possible to carry out the
same type of successive measurements in the same regions of the near-Earth space on
a relatively short time base, which makes it possible to separate temporal and spatial
effects in the detected count rate variations. An example of suchmeasurements is data on
the distribution of electron fluxes of sub-relativistic energies in the outer radiation belt.
Comparison of the output data of the same type instruments obtained on similar orbits
in close time intervals showed the similarity of the main typical features, i.e. counting
rate maxima corresponding to the passage of the outer belt, narrow maxima observed
symmetrically near the inner belt boundary, corresponding to precipitation zones.

In addition, during the experiments on the mentioned spacecraft, information was
obtained on the dynamics of sub-relativistic electron fluxes, including the nature of
short-term (with typical times of the order of 1 ms) flux variations due to precipitation,
which is of great importance for understanding the mechanisms of acceleration and
losses trapped and quasi-trapped electrons [23].

In Sect. 3, the results of observations of various space weather effects, including
the filling of the polar caps with SCR particles and the dynamics of the particle spatial
distribution in the outer radiation belt during a geomagnetic storm, will be considered in
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more detail. Events of similar type, also observed using the Moscow University satellite
constellation, were previously considered in the article [24].

With the use of the multi-satellite constellation of MoscowUniversity, flashes of UV
radiation from theEarth’s atmosphere, aswell as candidates for astrophysical gamma-ray
bursts, were also detected.

The results of the first multi-satellite measurements on spacecraft of the cubsat type
confirm the suitability of small-sized low-power instruments of the DeCoR type for
monitoring space radiation, detecting fast changes in the charged particle and gamma
ray fluxes. Thus, the implementation of a unique multi-satellite constellation has begun,
whichmakes it possible to carry out simultaneousmeasurements of particle and quantum
fluxes, as well as transient atmospheric phenomena using the same type of instruments
at different points in near-Earth space.

2.2 The Project “Constellation-270”

The next step in the development of the multi-satellite constellation of Moscow Uni-
versity will be the new project “Constellation-270”. During the implementation of this
project, it is planned to create a spacecraft system that allows, in a mode close to real
time, to determine the levels of radiation loads caused by ionizing radiation not only
in the region of the orbits of the spacecraft (SC) themselves, but also to determine the
radiation environment in a significant part of the radiation belts, up to the orbits of
global navigation satellite systems (GNSS) or geostationary (GSO). A separate goal is
to study bursts in various ranges of the electromagnetic spectrum of astrophysical and
atmospheric origin.

The main difference between this project and the meteorological and geophysical
spacecraft currently operating on the orbit, one of the goals of which is to control the
radiation environment in the near-Earth space, is the determination of radiation loads and
notification of hazardous situations in near real time. This implies detection of energetic
particle flux changes with times typical for geomagnetic disturbances, from tens of
minutes and hours to several days or even weeks. As observations show, on such time
scales during the main phase of a magnetic storm or substorm, the radiation situation in
the region of the outer edge of the Earth’s radiation belts can change, which corresponds
to the orbits of the GNSS and GSO. In this case, radiation doses, the probability of
internal and external electrization of the satellite, etc. can significantly change. It should
be noted that the variations in radiation fluxes will be different in lower and higher
orbits. For example, in lower orbits, changes in radiation conditions occur more slowly
andwith a delay relative to the onset of a geomagnetic disturbance than in higher orbits. It
is this goal to determine the radiation loads in different spacecraft orbits at time intervals
comparable to the typical times of radiation flux changings in the near-Earth space,
that is central to this project, and this is its difference from existing and planned space
systems, which allow, in essence, to identify only local changes in radiation loads and
which are not able to estimate radiation levels on other spacecraft from these data, on
which radiation monitoring devices are not installed.

It is assumed that within the framework of the “Constellation-270” project, at least 20
cubesat spacecraft will be launched into low circular orbits (altitude ~ 500–800 km), on
which it is planned to install various devices for detecting energetic charged particles,
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gamma quanta, as well as detector-photometers for studying the UV emission of the
atmosphere. In the future, it is planned to expand the scope of experiments, which, along
with cosmophysical and geophysical problems, should cover research in the field of
astrobiology, inter-satellite communications, etc.

Fig. 1. The system of orbital and ground facilities providing control and data reception from
spacecraft of a multi-satellite constellation.

In addition to the deployment of an orbital constellation, this project involves the
creation of a network of receiving stations distributed along the meridians. At the first
stage of the project implementation, it is planned to deploy at least 5 ground receiving
points using antennas operating in the VHF, S and X bands. Thus, a unified system of
spacecraft and ground receiving stations will be created, which should be installed in the
regions from the Kaliningrad region to Kamchatka in such a way as to ensure the control
of the spacecraft, as well as the regular reception of data from constellation satellites
located at different points of the near-Earth space, whichwill allow significantly increase
the amount of transmitted information (see Fig. 1).

The most important goal excluded of the project is the educational component [25,
26]. The educational component of the project is aimed at involving schoolchildren and
students in space research. As part of this work, it is planned to significantly increase the
number of ground reception points that can be installed in schools and other educational
institutions. Schoolchildren and students are expected to participate in the preparation
and conduct of space experiments, the reception and processing of scientific and telemet-
ric information obtained using antennas installed directly on the territory of the schools
participating in the project. Thus, schoolchildren will be involved in the creation of elec-
tronic components of devices, in particular, in their ground-based experimental testing,
in obtaining and systematizing calibration data. Schoolchildren will have to participate
in updating the databases used for space weather forecasting, processing and analyzing
data obtained during the implementation of the space experiment.

As part of the implementation of the “Constellation-270” project, in addition to
the cubesats launched earlier and operating in orbit (VDNKh-80, AmurSat, DEKART,
Norbi), on August 9, 2022, three more cubesat 3U satellites were launched into orbit:
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Monitor-1, Skoltech-b1, Skoltech-b2. As a result of the launch on June 27, 2023, the
MSU multi-satellite constellation was replenished with 6 more satellites: Monitor-2,
Monitor-3, Monitor-4, UTMN2, SiriusSat-SINP and Avion. The Monitor-1 satellite is
equippedwith a new instrument developed by SINPMGU, that is theCombinedDetector
of Radiation (Izluchenii in Russian) KODIZ, whichmonitors proton fluxes with energies
above 300 keV, as well as relativistic electron fluxes. The rest of the newly launched
spacecraft are equipped with improved instruments of the DeCoR type, i.e. DeCoR-2
and DeCoR-3, which are distinguished by a higher sensitivity and a wider energy range,
which allows them to be more efficiently used to detect the hard X-ray and gamma ray
burtss from the Sun and astrophysical sources. Thus, to date, 17 spacecraft of the cubesat
format have been launched with the instruments of the SINPMSU, of which 13 satellites
operate in near-Earth orbit. During 2023–2024 it is planned to launch at least 8 more
such satellites into low circular polar orbits.

3 Results of Space Weather Effects Observations with the Use
of Cubesats

3.1 Solar Cosmic Ray Effects in Near-Earth Space

As examples, we consider an increase in the fluxes of energetic particles in the polar cap
in July 2023 due to the arrival of solar cosmic rays (SCR), as well as changes in electron
fluxes in the outer radiation belt during geomagnetic activity on March 2022.

Solar protonflux increasingwas detected on2023, July 18by theSKIF instrument on-
board geostationary satellite Elektro-L2 satellite. The corresponding time dependence
of flux density of protons with energies from 9 to 110 MeV is presented in the top panel
of Fig. 2. The source of this proton event was a solar flare of M2.7 class according to
the GOES classification. This flare occurred at 22h41m UT on 2023, July 17 (see the
bottom panel of Fig. 2) in the active region AR13363, which was at the time of the flare
at the southern hemisphere practically on the western limb (flare coordinates S25W81).
The maximum proton (Ep > 10 MeV) flux caused by this event (614 pfu according to
the GOES data) was observed on July, 18 at 06 h30m UT.

The time dependences of outputs of DeCoR instrument on board the DEKART satel-
lite obtained for time interval from 2023, July 15 to 2023, July 22 are presented in Fig. 3.
It means the fluxes of electrons with energies >300 keV, which were measured directly
and fluxes of gamma quanta with energies >100 keV caused mainly by bremsstrahlung
of electrons with corresponding energies. It can be seen from this figure that before the
SCR event, i.e. 2023, July 15 and July 17 the electron flux time dependences were typical
for measurements along the low altitude orbit with high inclination. The very intensive
peaks were observed, when satellite crossed the outer radiation belt and South Atlantic
Anomaly regions. The situation was changed drastically on July, 18, when electron
fluxes in polar caps increased so high, that became comparable with values measured in
radiation belts. Then, as particles injected in polar caps dissolved the electron flux time
dependences became the same that they were before SCR event. Although even on July,
21 they were higher than before SCR income.
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Fig. 2. Time dependences of electron flux density measured in different energy ranges by SKIF
instrument on-board Elektro-L2 satellite (upper panel) and X-ray fluxes obtained fromGOES data
(bottom panel).

3.2 The Outer Radiation Belt Dynamics During the Magnetic Storm

The relatively high geomagnetic activity was observed on 2022, March. A solar wind
high-speed stream (SW HSS) with a maximum speed of ~500 km/s and a density of
~10 particles/cm3 came to the Earth’s orbit on 2022, March 13. This stream caused a
magnetic storm with a maximum Kp = 6 and Dst = −83 nT. Data on the solar wind
speed and density for the time interval from 2022, March 11 to March 19, 2022 are
presented in the top panel of Fig. 4. The geomagnetic activity indexes Kp and Dst for the
same time are presented in the bottom panel of Fig. 4. The triangles in Fig. 4 mark the
moments of measurements with the use of décor instrument on-board DEKART satellite
on March 12, 14, 15, 16, and 18.

As it could be seen from Fig. 4, the clear magnetic storm occurred on 2022, March
13. In this time Kp index reached values about 6, while Dst variation was about -75.
Approximately at the same time, the solar wind velocity increased to ~540 km/s, and
solar wind density increased to 20 cm−3, that indicates the arrival of a shockwave, which
actually inspired the magnetic storm.

The outer belt electron flux variations before, during and after the magnetic storm
are illustrated by curves in Fig. 5. There we can see dependences of electron fluxes
Je on drift shell number (McIllwine parameter) L. The top panel of the Figure shows
electron flux value Je, which were obtained from count rates of electrons with energy
more than 300 keV detected in plastic scintillator of DeCoR instrument divided on its
geometry factor. The bottom panel of Fig. 5 presents measurements in another channel
of DeCoR instruments, I.E. gamma quanta with energy >100 keV, caused mainly by
electron bremsstrahlung. Thus, really this channel presents the fluxes of electrons with
corresponding energies. The curves were obtained from observational data for March
12, 14, 15, 16, and 18.



206 S. Svertilov et al.

Fig. 3. Outputs of DeCoR instrument on board DEKART satellite obtained for orbits from 2023,
July, 15 to July, 22 (panels from top to bottom). The time dependences of fluxes of electrons
with energies higher than 300 keV are marked by blue lines, the dependences of fluxes of gamma
quanta with energies higher than 100 keV are marked by brown lines. The dark blue lines indicate
the values of McIllwine parameter L.

As it could be seen from the figure, during the recovery phase of the magnetic storm
(March 14 and 15), the outer belt noticeably expanded, its polar boundary shifted from
L = to L > 15, and its maximum shifted closer to the Earth, to smaller L, i.e. from
L = 4.5 to L = 3.5. The equatorial boundary of the belt began to return to its initial
position, while the polar one remained in its primary place. On March 18, the outer belt,
remaining wide (L values from 4 to 10), shifted further from the Earth, the maximum
was observed at L = 6.5–7.
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Fig. 4. Top panel: time dependences of solar wind velocity (violet line) and density (black line).
Bottom panel: time dependences of geomagnetic activity indexes Kp (blue line) and Dst (red line).

Fig. 5. Dependences on L of fluxes of electrons with energies higher than 300 keV before, during
and after magnetic disturbance on 2023, March 13.
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4 Conclusion

The first experience of joint switching on of identical devices on different spacecraft,
implemented on satellites of Moscow University, showed the fundamental possibility of
carrying out the same type of sequential measurements in the same regions of near-Earth
space on a relatively short time base. Such measurements provide unique information
about the sub-relativistic electron flux dynamics, including variations due to precipi-
tation, which is of great importance for understanding the mechanisms of trapped and
quasi-trapped electron acceleration and losses.

During the experiments on satellites of the cubesat format, already launched into
orbit, information was obtained on the dynamics of fluxes of electrons of sub-relativistic
energies. It is necessary to compare those events associated with the arrival of SCR
particles in near-Earth space, whichwere observed in 2021, October–November [24] and
in 2022, July. Although the increase of solar particle fluxes in July 2022was significantly
more intense than in October-November 2021, their resorption from the polar cap was
much faster. Thus, three days after the start of the event in July 2022, the particle count
rate in the polar caps dropped by almost 2 orders of magnitude (July 21), and on July 22
it reached almost the initial level. In the case of the October-November 2021 event, three
days after it began, the particle count rates in the polar caps fell slightly. This indicates
the influence of specific geomagnetic conditions on the dynamics of solar particle fluxes
in the polar caps, which require a separate detailed analysis.

As for the spatial distribution of sub-relativistic electron fluxes in outer radiation
belt during a geomagnetic storm a comparative analysis of the consequences of two
geomagnetic storms, i.e. December 1, 2021 [24] and March 13, 2022 on the distribution
of sub-relativistic electron fluxes in the outer radiation belt showed that in both cases
there is an expansion of its boundaries, most significantly of its Arctic edge, i.e. from
L ~7 to ~10–11 (in December 2021) [24], to ~20 (in March 2022), see Fig. 5. At the
same time, the internal (equatorial) edge of the belt changed slightly, i.e. from L ~4 to
~3–3.2. Moreover, in the case of the event on March 13, 2023, the slot was also filled
with particles, although the structure of the outer belt remained visible. Thus, it confirm
well-known conclusion about stability of the outer belt equatorial edge as well during
geomagnetic disturbances.

Based on the analysis of flight tests of instrument prototypes installed on satellites of
the cubesat type, amethod formonitoring fast variable processes in space radiation can be
developed and requirements for advanced detecting instruments can be developed. Such
a technique should be based on the choice of the optimal strategy for the implementation
of space missions, including the determination of the required number of spacecraft, the
establishment of suitable orbits and technical parameters of satellites, as well as payload
parameters.

Thus, the implementation of a unique multi-satellite constellation has begun, which
makes it possible to carry out simultaneous measurements of particle and quantum
fluxes, as well as transient atmospheric phenomena using the same type of equipment
at different points in near-Earth space.

Acknowledgements. This work was done with the support of MSU Program of Development,
Project №23-X01-02.



Observations of Space Weather Effects 209

References

1. Getzelev, I.V., Gusev, A.A., Darchieva, L.A., et al.: The model of space-energy distribution
of trapped particle (electron and proton) fluxes inthe Earth radiation belts. MSU, Moscow
(1991). (in Russian)

2. Li, X., et al.: Multi satellite observations of the outer zone electron variation during the
November 3–4, 1993, magnetic storm. J. Geophys. Res. 102(A7), 14123–14140 (1997)

3. Baker, D.N., et al.: A strong CME-related magnetic cloud interaction with the Earth’s mag-
netosphere: ISTP observations of rapid relativistic electron acceleration on May 15, 1997.
Geophys. Res. Lett. 25(15), 2975–2978 (1998)

4. O’Brien, T., McPherron, R., Sornette, D., Reeves, G., Friedel, R., Singer, H.: Which magnetic
storms produce relativistic electrons at geosynchronous orbit? J. Geophys. Res. 106(A8),
15533–15544 (2001)

5. Green, J.C., Kivelson, M.G.: Relativistic electrons in the outer radiation belt: differentiating
between acceleration mechanisms. J. Geophys. Res. 109, A03213 (2004). https://doi.org/10.
1029/2003JA010153

6. Trakhtengerts, VYu., Rycroft, M.J.: Whistle and Alfven Mode Cyclotron Masers in Space.
Cambridge University Press, Cambridge (2008)

7. Ukhorskiy, A.Y., Anderson, B.J., Brandt, P.C., Tsyganenko, N.A.: Storm time evolution of
the outer radiation belt: transport and losses. J. Geophys. Res. 111, A11S03 (2006) https://
doi.org/10.1029/2006JA011690

8. Kim, K.-C., et al.: Numerical calculations of relativistic electron drift loss effect. J. Geophys.
Res. 113, A09212 (2008). https://doi.org/10.1029/2007JA013011

9. Ohtani, S., Miyoshi, Y., Singer, H.J., Weygand, J.M.: On the loss of relativistic electrons at
geosynchronous altitude: Its dependence on magnetic configurations and external conditions.
J. Geophys. Res. 114, A01202 (2009). https://doi.org/10.1029/2008JA013391

10. McDonald, W.H., Walt, M.: Distribution function of magnetically confined electrons in a
scattering atmosphere. Ann. Phys. 15, 44–48 (1961)

11. Tverskoy, B.A.: The Earth’s radiation belt theory. In: Proceedings of 9th ICRC, London, vol.
1, pp. 546–547 (1965)

12. Horne, R.B., Thorne, R.M.: Relativistic electron acceleration and precipitation during reso-
nant interactions with whistler-mode chorus. Geophys. Res. Lett. 30(10), 1527 (2003). https://
doi.org/10.1029/2003GL016973

13. Summers, D., Thorne, R.M.: Relativistic electron pitch-angle scattering by electromagnetic
ion cyclotron waves during geomagnetic storms. J. Geophys. Res. 108, 1143 (2003). https://
doi.org/10.1029/2002JA009489

14. Millan, R.M., Lin, R.P., Smith, D.M., McCarthy, M.P.: Observation of relativistic electron
precipitation during a rapid decrease of trapped relativistic electron flux. Geophys. Res. Lett.
34, L10101 (2007). https://doi.org/10.1029/2006GL028653

15. Thorne, R.M., et al.: Rapid local acceleration of relativistic radiation-belt electrons by
magnetospheric chorus. Nature 504, 411–414 (2013). https://doi.org/10.1038/nature12889

16. Li,W., et al.: Evidence of stronger pitch angle scattering loss caused by obliquewhistler-mode
waves as compared with quasi-parallelwaves. Geophys. Res. Lett. 41, 6063–6070 (2014).
https://doi.org/10.1002/2014GL061260

17. Onsager, T.G., Rostoker, G., Reeves, H.-J., Obara, G.D., Singer, H.J., Smithtro, C.: Radiation
belt electron flux dropouts: local time? Radial and particle-energy dependence. J. Geophys.
Res. 107 (2002). https://doi.org/10.1029/2001JA000187

18. Sadovnichii, V.A., Panasyuk,M.I., Yashin, I.V., et al.: Investigations of the space environment
aboard theUniversitetsky-Tat’yana andUniversitetsky-Tat’yana-2microsatellites. Solar Syst.
Res. 45(1), 3–29 (2011)

https://doi.org/10.1029/2003JA010153
https://doi.org/10.1029/2006JA011690
https://doi.org/10.1029/2007JA013011
https://doi.org/10.1029/2008JA013391
https://doi.org/10.1029/2003GL016973
https://doi.org/10.1029/2002JA009489
https://doi.org/10.1029/2006GL028653
https://doi.org/10.1038/nature12889
https://doi.org/10.1002/2014GL061260
https://doi.org/10.1029/2001JA000187


210 S. Svertilov et al.

19. Panasyuk, M.I., et al.: Experiment on the Vernov satellite: transient energetic processes in the
Earth’s atmosphere and magnetosphere. Part I: description of the experiment. Cosmic Res.
54(4), 261–269 (2016). https://doi.org/10.1134/S0010952516040043

20. Panasyuk, M.I., et al.: Experiment on the Vernov satellite: transient energetic processes in the
Earth’s atmosphere and magnetosphere. Part II. First results. Cosmic Res. 54(5), 343–350
(2016). https://doi.org/10.1134/S0010952516050051

21. Sadovnichii, V.A., Panasyuk, M.A., Amelyushkin, A.M., et al.: Lomonosov” satellite—space
observatory to study extreme phenomena in space. Space Sci. Rev. 212(3–4), 1705–1738
(2017). https://doi.org/10.1007/s11214-017-0425-x

22. Bogomolov, V.V., et al.: A first experience of space radiation monitoring in the multi-satellite
experiment of Moscow University in the framework of the Universat-SOCRAT project.
Moscow Univ. Phys. Bull. 73(6), 676–683 (2020). https://doi.org/10.3103/S00271349200
60089

23. Prokhorov, M.I., et al.: Analysis of fast variations in electron fluxes in the gap region using
the normalized range method based on measurement data on the SiriusSat-1 satellite. Cosmic
Res. 60(4), 241–253 (2022). https://doi.org/10.1134/S0010952522040062

24. Bogomolov, A.V., Bogomolov, V.V., Iyudin, A.F.: Space weather effects from observations by
Moscow University Cubesat constellation. Universe 8, 282 (2022). https://doi.org/10.3390/
universe8050282

25. Osedlo, V.I., Antonyuk, G.I., Bengin, V.V., et al.: Educational project of Moscow univer-
sity “Monitor” based on cubsat constellation. In: Fourth Russian Symposium on Nano-
Satellites, RusNanoSat-2021, Samara, 28–30, June 2021. S.P. Korolev Samara National
Research University (2021). (in Russian). http://volgaspace.org/rusnanosat/

26. Bogomolov, V.V., Antonyuk, G.I., Bengin, V.V., et al.: Scientific and educational project
“Monitor” based on satellites of cubsat format. In: First International Conference on Space
Education “Road to Space”, Moscow, 5–8 October 2021, pp. 53–54. Institute of Space
Research,RAS (2021). (inRussian). https://roadtospace.cosmos.ru/docs/2021/RoadToSpace-
AbstractBook-2021-v2.pdf

https://doi.org/10.1134/S0010952516040043
https://doi.org/10.1134/S0010952516050051
https://doi.org/10.1007/s11214-017-0425-x
https://doi.org/10.3103/S0027134920060089
https://doi.org/10.1134/S0010952522040062
https://doi.org/10.3390/universe8050282
http://volgaspace.org/rusnanosat/
https://roadtospace.cosmos.ru/docs/2021/RoadToSpace-AbstractBook-2021-v2.pdf


Matching the Parameters of Shell
Turbulence Models with the Probabilities

of Interaction of Wave Shells

Gleb Vodinchar and Lyubov Feshchenko(B)

Institute of Cosmophysical Research and Radio Wave Propagation FEB RAS,
Mirnaya Str. 7, Paratunka, 684034 Kamchatka, Russia

gvodinchar@ikir.ru, feshenko.lk@yandex.ru

Abstract. The paper considers shell models of turbulence. These mod-
els make it possible to reproduce realistic distributions of spatial field
spectra. Within the framework of the model, a system of quadratic non-
linear ordinary differential equations with parameters is formed.

The work proposes a computing technology that allows automating
the process of constructing shell models. The technology is based on
symbolic computing. The result is parametric classes of shell models
that have the necessary analytical properties.

After constructing and solving the system, the coefficients of lin-
ear interactions turn out to be linear combinations of a certain set of
free parameters. To numerically study models, it is necessary to fix the
parameter values. This paper describes one formal method for selecting
free parameters in which the interaction coefficients will be maximally
consistent with the interaction probabilities.

Keywords: turbulence · shell models · computer algebra · automation
of model development

1 Introduction

Shell models of turbulence are chains of ordinary differential equations that
describe the processes of energy transfer along a scale spectrum in developed
turbulence. Well-known shell models reproduce realistic distributions of spatial
spectra of fields of real turbulent systems quite well [1–5].

To construct such models, the wave number axis is divided into geometrically
expanding zones (shells). A sequence of wave numbers kn = qnk0 appears. With
a suitable choice of spatial scale when non-dimensionalizing the model, we can
assume that k0 = 1. The denominator of the progression q can be chosen to be
arbitrarily large and greater than one. Often they take q = 2.

The dynamics of each field X of a turbulent system is described by real or
complex variables Xn(t) (collective variables) whose absolute values are inter-
preted as measures of field X pulsations. In scale ranges with wavenumbers from
[kn; kn+1). This description (for integer q) corresponds to the representation of
c© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
A. Dmitriev et al. (Eds.): STRPEP 2023, SPEES, pp. 211–220, 2023.
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a turbulent system as a set of hierarchically nested interacting vortices, when
each vortex of the nth scale contains qα vortices of the (n + 1)th scale. Here α
is equal to the dimension of the physical space of the turbulent system. Each
collective variable then gives a measure of the total intensity of eddies of a given
scale.

For these variables, a system of equations is compiled that is qualitatively
similar to the original equations of the turbulent system. Since the equations of
hydrodynamics are quadratically nonlinear, we are talking about a quadratically
nonlinear dynamic system. The coefficients for the nonlinear terms of such a
system determine in the model the transfer of energy along the inertial scale
interval in developed turbulence. In this work we will consider only complex
variables.

It is known that in the non-dissipative limit in the equations of hydrodynam-
ics there are conserved quadratic quantities (quadratic invariants). Therefore, it
is necessary that the equations of shell models have quadratic invariants, which
are in some sense analogues of these quantities.

The main mathematical task in deriving the equations of shell models is to
calculate the coefficients for nonlinear terms that would ensure the existence of
certain quadratic invariants. We are not talking about a set of specific numerical
coefficients, but about some parameterized sets.

In this paper, we describe a technology for the automated construction of
complex shell models, in which the calculation of nonlinear interaction coef-
ficients is implemented using symbolic computing systems (computer algebra
systems - CAS) [6–8]. We will carry out direct calculations using the Maple
package, although all calculations can be carried out using any CAS.

This work generalizes the results of [9] for the case of complex models of
hydrodynamic turbulence and turbulent convection.

2 Building Shell Models

The general form of the MHD equations has the form

∂v
∂t + (v�)v = − 1

ρ + ν � v + 1
μμ0σ + rot (B × B) + f ,

∂B
∂t = rot (v × B) + μ � B,

�v = 0,�B = 0,

(1)

where f = f(x, t) is the mass density of external forces.
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If both sides of the Eq. (1) are affected by the spatial Fourier transform, then
these equations are transformed into equivalent equations in Fourier space

∂v̂j

∂t = i
∫

R3 dq
∫

R3 dsSjml(k,q, s)δ(k + q + s)v̂∗
m(q)v̂∗

l (s)+

1i
μμ0σ

∫
R3 dq

∫
R3 dsLjml(k,q, s)δ(k + q + s)B̂∗

m(q)B̂∗
l (s)

−νk2v̂j(k)n + F̂ ∗
j (k, t),

∂B̂j

∂t = i
∫

R3 dq
∫

R3 dsWjml(k,q, s)δ(k + q + s)v̂∗
m(q)B̂∗

l (s)−

μk2B̂j(k)n.

(2)

where Sjml(·, ·, ·), Ljml(·, ·, ·),Wjml(·, ·, ·) – some real tensor function, F̂j(k, t) =

k ×
(
k × f̂

)
/k2.

Thus, in the Eq. (2) on the left there is a change in the velocity spectrum,
on the right three processes appear, the first is nonlinear interaction, the second
is dissipative, and the third is the supply of energy. In the nonlinear term, a
certain function is integrated over all possible wave numbers q and s. That is,
there is an interaction of three waves, and there is a δ-function, the argument of
which is the sum k+ q+ s, then only those waves whose vectors can be used to
form a triangle.

The construction of shell models is based on this spectral analogue of the
Navier-Stokes and induction Eq. (2). Shell turbulence models simulate nonlinear
energy transfer between microscales.

In magnetohydrodynamic models, in the limit of zero viscosity and in the
absence of external forces, some field integrals, the so-called conservation laws,
will always be preserved. Parseval’s equality states that there is equality of two
integrals, one in physical space, the other in Fourier space. This equality allows
us to write conservation laws in both spaces. So, when ν = 0 and f (x, t) ≡ 0, the
following quantities are preserved in the Navier-Stokes and induction equations

EK =
∫
R3

1
2

(
v2 (x, t) + B2 (x, t)

)
dx =

1
8π3

∫
R3

1
2

(
v̂ (k, t) · v̂∗ (k, t) + B̂ (k, t) · B̂∗ (k, t)

)
dk,

A2 =
∫
R3 A2 (x, t) dx = 1

8π3

∫
R3 Â · Â∗ dk,

HC =
∫
R3 v (x, t) · B (x, t) dx = 1

8π3

∫
R3 v̂ · B̂∗ dk,

HB =
∫
R3 B (x, t) · A (x, t) dx = 1

8π3

∫
R3 B̂ · Â∗ dk.

(3)

Each of these integrals is a function of time, but is proven to be constant. The
first expression E is the total energy of the turbulent flow. The second expression
is the square of the magnetic potential A2. Third is cross-helicity HC . And the
fourth invariant is magnetic helicity HB . Moreover, energy and cross helicity are
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conserved for any ideal fluid, but the conservation of magnetic helicity and the
square of the vector potential are invariants that depend on the dimension of
the space for which the movement occurs. For three-dimensional flows, the cross
helicity is preserved; for two-dimensional flows, the square of the vector potential
is preserved. All these invariants are quadratic in the velocity field and real.

In the eighties, classes of models were built that describe magnetohydrody-
namic movements within the framework of shell models. Let us consider models
of the GOY type of MHD turbulence (Gledzer–Okhitani–Yamada) in dimension-
less form

dUn

dt = ıkn

∑
i,j SijU

∗
n+iU

∗
n+j + ıkn

∑
ij LijB

∗
n+iB

∗
n+j−

Re−1k2
nUn + fn(t),

dBn

dt = ıkn

∑
i,j WijU

∗
n+iB

∗
n+j − Rem

−1k2
nBn,

(4)

where kn = qn is the wave number of the n-th shell, Sij , lij ,Wij are real coeffi-
cients (matrices of nonlinear interactions), fn(t) – models external energy supply
to the n-th shell. Usually only f0(t) �= 0. Rem – magnetic Reynolds number

Different models within this class differ in their nonlinear interaction matri-
ces. Which are determined by the restrictions introduced into the model. One of
the important restrictions is the limitation on the range of interactions. Because
shells of different sizes cannot interact in any way. Therefore, we strictly enter
Sij = 0 if |i| > P or |j| > P , where the indices i and j are <<distance>>
by wave numbers in logarithmic scale. Here P is the maximum <<range>> of
interactions. Then the summation occurs not from −∞ to +∞, but from −P to
P .

The second limitation is the fundamental possibility of interaction between
shells. Previously, the presence of a δ function in the Eq. (2) was considered.
That is, interaction is possible only when a triangle can be formed from wave
vectors.

3 Invariants

There is a third limitation - this is the need for the existence of invariants. The
time invariance of each equation of quadratic forms of collective variables means
that their time derivatives are identically zero, and any such derivative will be
the sum over all scales of the products of both variables and their derivatives.

Total Energy

E = 1
8π3

∫
R3

(
v̂ (k, t) · v̂∗ (k, t) + B̂ (k, t) · B̂∗ (k, t)

)
dk ∼

1
2

+∞∑

n=−∞
(Un(t)Un(t)∗ + Bn(t)Bn(t)∗) .
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Squared magnetic potential (for two-dimensional flows). The magnetic field
potential has the form Â (k, t) = ık × B̂ (k, t) /k2.

A2 = 1
8π3

∫
R3 Â · Â∗ dk ∼

+∞∑

n=−∞
k−2

n |Bn(t)|2 .

Cross helicity

HC = 1
8π3

∫
R3 v̂ (k, t) · B̂∗ (k, t) ∼

+∞∑

n=−∞
(Un(t)B∗

n(t) + U∗
n(t)Bn(t)) .

Magnetic helicity (for three-dimensional flows)

H = 1
8π3

∫
R3 B ·

(−i

k2
k × B̂∗

)

dk = 1
8π3

∫
R3

1
k2

[
B ·

(
−ik × B̂∗

)]
dk

∼ i
+∞∑

n=−∞
1

kn
Bn(t)B∗

n(t).

Let us consider the structure of equations for the coefficients Sij , Lij and
Wij . For each law, similar groups of homogeneous linear equations are formed.
Formally, there are infinitely many of them in each group. All these equations
contain subscripts ±i,±j,±(i−j). The pair (i, j) defines an equation within one
group. Taking into account the restriction on long-range interaction, each term
of the linear interaction matrices is equal to zero if |i| > P or |j| > P . Then only
a finite number of equations do not degenerate into identities.

Their identifiers (i, j) are given by the predicate

d(i, j) = (|i| ≤ P ∧ |j| ≤ P ) ∨ (|i| ≤ P ∧ |i − j| ≤ P ) ∨
(|j| ≤ P ∧ |i − j| ≤ P ) ,

This predicate identifies a finite subsystem in an infinite, generally speaking,
system of equations.

Thus, using computer algebra tools, equations are automatically entered and
solved. The linear system turns out to be of very large dimension, but since its
construction occurs automatically, no difficulties arise. We performed symbolic
transformations using Maple tools, but you can use any other shell that allows
you to work with symbolic transformations.

So, for GOY type models, equations and conservation laws were considered.
For other models, similar equations are constructed using computer algebra and
solved.

4 Spectral Laws

After constructing and solving the models, the question of choosing free param-
eters arises. Additional considerations could be the introduction of power laws.
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Since it is a known fact in the theory of turbulence that, in homogeneous isotropic
turbulence within the iteration interval, some characteristics have power laws of
distribution over scales, that is, over wave numbers. Let S(k) ∼ kλ be a charac-
teristic of a stationary flow. If we introduce the spectral distribution law, then
the total value of this characteristic in the n-th shell will be

Sn = S
(
qn ≤ k ≤ qn+1

)
=

qn+1∫

qn

S(k) dk ∼
qn+1∫

qn

kλ dk ∼ qn(λ+1).

As an example, consider Kolmogorov’s law for the energy E(k) ∼ k−5/3. Apply-
ing the relations (4) we find that the energy in the n-th scale shell should be
En ∼ q(−2/3)n. Let’s consider what is necessary for the shell model to have a
similar spectral law. Since in the shell model the total energy in the n-th shell is
|Un + Bn|2. Then it is necessary to require that there exist stationary solutions
Un = U0q

−n/3 and Bn = B0q
−n/3. After substituting the solution into the model

equations, we obtain

ıqn
∑

i,j

(
Sij |u0|2q−(n+i)/3q−(n+j)/3 + Lij |U0|2q−(n+i)/3q−(n+j)/3

)
= 0

ıqn
∑

i,j

Wij |B0|2q−(n+i)/3q−(n+j)/3 = 0.

From this equation, using algebraic transformations, we obtain

∑

i,j

(
U0

B0
Sij + Lij

)

q−(i+j)/3 = 0
∑

i,j

(Wij) q−(i+j)/3 = 0.

By adjusting the control parameters if necessary, it is possible to ensure that U0

is equal to B0.
Thus, to introduce spectral laws into the model, it is necessary to add spectral

equations to those equations obtained earlier.
To compile models with coefficients that guarantee conservation laws, fulfill-

ment of the necessary spectral laws, and restrictions on the range of interactions,
the authors developed algorithms based on computer algebra methods. The algo-
rithms are implemented programmatically in the Maple package [10].

The problem of matching interaction probabilities and coefficients was solved
using a specially developed application in C++. This is due to the fact that the
probabilities of interactions are determined using simulation modeling, so carry-
ing out accurate computer algebra calculations becomes pointless. In addition,
floating point calculations in computer algebra systems are very slow. And the
minimization problem presented above requires a very large amount of calcula-
tions.
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5 Probabilities of Interaction

An algorithm for calculating the probabilities of interaction of pij waves from
n, ni and nj shells was described earlier. Thus, a quantitative measure of the
interaction of shells appears based on probabilistic considerations Fig. 1.

Fig. 1. Possibilities of interaction (left) and probabilities of interaction of waves pij
(right) for pairs of indices i and j for q =

(
1 +

√
5
)
/2 – “golden ratio” and P = 5.

On the other hand, the coefficients Sij , Lij and Wij can be considered as
measures of the interaction of the n-th, (n + i)-th and (n + j) shells. How large
they are for fixed values of free variables is a measure of the interaction of shells.
The need to reconcile interaction coefficients with interaction probabilities is
obvious.

Let Sij = Sij(s), Lij = Lij(s) and Wij = Wij(s), where s = [s1, . . . , sk] is a
vector of free parameters. One of the options for determining free coefficients is
as follows. We considered non-zero coefficients that are expressed in terms of free
parameters and considered sums of the following type that need to be minimized
over free variables

∑

i,j

[∣
∣
∣
∣
|Sij(s)| − pij

pij

∣
∣
∣
∣ +

∣
∣
∣
∣
|Lij(s)| − pij

pij

∣
∣
∣
∣ +

∣
∣
∣
∣
|Wij(s)| − pij

pij

∣
∣
∣
∣

]

→ min

From a formal point of view, this is simply an optimization problem. But
since it is not the coefficients themselves that need to be compared, but their
modules, since the probabilities pij are only positive, and the coefficients of
nonlinear interactions can be of any sign. Then the objective function becomes
non-differentiable. In addition, I would like to stay within the framework of ratio-
nal numbers. Therefore, one of the possible options is the brute force option. The
choice of just such an objective function is based only on practical considera-
tions. Since it is this expression that ultimately gives a good agreement between
the interaction probabilities pij and the coefficients of nonlinear interactions.
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6 Computational Experiments

Let us briefly describe the computational algorithm for this minimization prob-
lem. The following files are available: probability file, decision matrix coefficients
file.

Next, various fractions of the form p/q were introduced, where p varied in
the range [−10; 10], and q - in the range [1; 10]. Thus, we have 127 different
numbers, which more than cover the required values of the free parameters. So,
127J combinations of free parameters arise. Errors were calculated for each such
combination. For MHD models, the error was calculated using the formula

O =
∑

i,j

∣
∣
∣
∣
V ERij− | Sij |

V ERij

∣
∣
∣
∣ +

∣
∣
∣
∣
V ERij− | Lij |

V ERij

∣
∣
∣
∣ +

∣
∣
∣
∣
V ERij− | Wij |

V ERij

∣
∣
∣
∣ . (5)

Next, the combination of free variables with the smallest error was selected.
Thus, using this technique, one single model is specified from multiparameter
MHD models.

Let us present some calculation results for MHD models at P = 3, which is
the minimum nonlocality.

Figure 2 shows the logarithms of the ratio of the obtained interaction coeffi-
cients to the interaction probabilities for the two-dimensional case

Fig. 2. Ratios of the resulting interaction coefficients to the interaction probabilities
on a logarithmic scale (2D).

Figure 3 shows the logarithms of the ratio of the obtained interaction coeffi-
cients to the interaction probabilities for the three-dimensional case

The plots show a good interaction between interaction coefficients and inter-
action probabilities.
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Fig. 3. Ratios of the resulting interaction coefficients to the interaction probabilities
on a logarithmic scale (3D).

7 Discussion

Previously, we developed approaches using computer algebra that allow us to
obtain parametric classes of models that provide models of the required conser-
vation laws and spectral laws. In this case, the coefficients of linear interactions
turn out to be linear combinations of a certain set of free parameters. To numer-
ically study models, it is necessary to fix the parameter values. And by varying
these parameters, you can provide large or small values of certain coefficients. It
may turn out that when the parameters are fixed, the coefficient corresponding
to unlikely interactions will be large, and vice versa. It is clear that such a choice
of coefficients is unnatural.

In this paper, we describe one formal method for selecting free parameters
in which the interaction coefficients will be maximally consistent with the inter-
action probabilities.

As a result, we received a comprehensive technology for constructing models
with numerical values of parameters. The generated shell models can be directly
studied further by numerical methods.

Acknowledgments. The work was carried out within the framework of realization
of the State Task №AAAA-A21-121011290003-0.
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Abstract. Small (up to 1 nT) effects in the magnetic field recorded at
the observatories Paratunka (PET, IKIR FEB RAS, Kamchatka, Rus-
sia) and Choutuppal (CPL, CSIR-NGRI, India) are considered, includ-
ing diurnal and seasonal variations primarily in the total intensity field
and baselines. The effects are not related to the technical features of
magnetometers, electromagnetic interference or man-made noise. Inho-
mogeneities in the magnetization of rocks in the pavilions area and its
temperature dependence, as well as induction effects, are considered as
a possible mechanisms. The results of direct measurements of magnetic
susceptibility are presented, the manifestations of its inhomogeneities are
compared qualitatively with model calculations.

Keywords: magnetic observatory · local effects · magnetic
susceptibility · temperature dependence

1 Introduction

Magnetic observatories are one of the most important elements of the Earth’s
magnetic field monitoring system. They provide long continuous homogeneous
data series with high accuracy. The development of magnetic measurement tech-
niques and methods at observatories leads to an increase in the quality of the
results obtained, including field and time resolution, long-term stability, and
resistance to external influences on the equipment [1]. However, this increases
the importance of small effects of natural origin, which do not exceed 0.5–1.0 nT
and which were previously unavailable for research. In addition, the magnitude of
these effects generally lies within the requirements for modern magnetic data [2].
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In this paper, we consider several examples of such effects recorded at the
observatories Paratunka (IKIR FEB RAS, Kamchatka, Russia) and Choutap-
pal (CSIR-NGRI, Hyderabad, India), which are certified magnetic observato-
ries of the INTERMAGNET. Note that the effects under consideration are not
directly related to the problems of measuring equipment, such as, for example,
the direct dependence of magnetometer sensors and electronics on temperature,
electromagnetic interference from other instruments used at observatories, etc.
[3]. These effects are generated by local sources and manifest themselves in a
magnetic field, that is, they represent a natural and objective result of magnetic
measurements. Some aspects of such effects are covered in monographs [4,5].

2 Local Effects in the Magnetic Field at the Observatory
Paratunka

The Observatory Paratunka of the IKIR FEB RAS is located on the Kam-
chatka Peninsula, 30 km from Petropavlovsk-Kamchatsky and is the easternmost
operating observatory in Russia. Magnetic observations have been continuously
carried out since 1967, and vast experience has been accumulated. Since the
beginning of the 2000s, the equipment and infrastructure have been modern-
ized, which allowed obtaining the status of INTERMAGNET observatory in
2013. A detailed description of the equipment, infrastructure and observation
systems is provided in [6].

2.1 Spatial Gradient of the Total Field Intensity in the Pavilion
for Absolute Observations

Modern standards of magnetic service require absolute observations of the com-
ponents of the total field and its intensity. At the Observatory Paratunka, total
field intensity F in the absolute pavilion is measured using the scalar Overhauser
magnetometer POS-1 [7], continuously at a fixed place and during several min-
utes on the main pillar, usually twice a day. The absolute pavilion is a wooden
building with an area of 3.5 × 3.5 m, which does not contain magnetic ele-
ments, raised on asbestos-cement pipes with a filler approximately 1.2 m above
the ground. Inside there are two pillars from glass blocks up to the floor level,
also standing on asbestos-cement pipes.

Figure 1 shows the values of the gradient gradF between the main pillar (point
1) and the place of permanent installation of POS-1 sensor (point 2), obtained
since July 2016. The value of the gradF is estimated as the difference F(2)-F(1)
between points 1 and 2 when moving the sensor there and back. The average
gradF value is about 8 nT at a distance of about 3 m, the height of the points
above the floor is about 1.5 m and above ground level is about 3 m. It should be
noted that only a single scalar magnetometer POS-1 was used for measurements,
so possible systematic errors do not affect gradF estimates. The inaccuracy of
the sensor installation at points 1 and 2 does not exceed 1–2 mm, therefore the
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effect due to the inhomogeneity of the field is expected to be less than 0.01 nT.
The temperature inside the pavilion is maintained stable throughout the year
at +16◦C with extreme short-term anomalies from +8 to +25◦C. Thus, it can
be assumed that the observed seasonal variations in a range of up to 0.5 nT
and a trend of −0.06 nT/year are reliable and are not related to magnetometer
problems or electromagnetic interference.

Fig. 1. Spatial gradient gradF of the total field intensity between two fixed points in
the absolute pavilion at the Observatory Paratunka

2.2 Variations of the Magnetic Field in the dIdD Magnetometer
Pavilion

The magnetometer dIdD GSM-19FD (GEM Systems, Canada), including the
sensor, console and power supply, is installed in a small wooden pavilion mea-
suring 2 × 1 m on a pillar about 20 cm high above ground level (see [6]). The
pavilion has no heating system, only passive thermal insulation. In late winter
and early spring, it can be almost completely covered with snow. DS18B20 digi-
tal temperature sensors are installed inside and outside, the temperature inside
the pavilion varies from −15◦C to +25◦C throughout the year with a range of
daily fluctuations up to 10◦C in summer.

Regular measurements of magnetic field variations using dIdD have shown
that the magnetometer has a temperature dependence, both in the angular com-
ponents declination D and inclination I, and in the total field intensity F. In
general, the temperature coefficients are close to those given in the specifica-
tion for the magnetometer by the developer - up to 0.1 nT/◦C [8]. Figure 2a, b
shows 10-day sets of minute values of the deltaF, that is, the total field inten-
sity F from dIdD measurements in January and August 2021 after the removing
of natural geomagnetic variations using records of the magnetometer GSM-90
installed in the pavilion with a stable temperature conditions. It is clearly seen
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that in August the correlation is quite high, unlike in January. In Fig. 2c shows
the results of estimating the delay between the moving two-week sets of minute
values of deltaF and the temperature in the dIdD pavilion and the temperature
coefficients.

Fig. 2. Temperature dependence of the magnetometer dIdD. (a-b) are sets of minute
values of variations of F and temperature inside the dIdD pavilion in January and
August 2021; (c) is temperature dependence parameters (temperature coefficient and
delay between two datasets) obtained from a two-week moving window.

In general, the reliability of the estimations is not very high, however, it can
be assumed that there is a significant difference in the effect of the temperature
conditions on dIdD measurements during winter and in other seasons. With
a small volume inside the pavilion, it is expected that all components of the
magnetometer are approximately in the same temperature conditions and the
temperature dependence parameters will be maintained throughout the year.
Since this is not observed, we can assume the existence of an additional fac-
tor affecting this dependence. Perhaps the source of the described effect is the
influence of temperature on the magnetic properties of the pillar and/or soil. In
winter, the thermal diffusivity of the soil changes strongly due to the effects of
freezing [9] and this affects the propagation of temperature in the soil.

2.3 Possible Interpretations of Small Magnetic Effects
at the Observatory Paratunka

The seasonal nature of the gradient gradF of the POS-1 magnetometer and
direct comparisons of the dIdD measurement results with the temperature con-
ditions indicate that the primary source of the magnetic effects described above
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are temperature variations. At the same time, the temperature conditions in
which the measuring elements of magnetometers are located do not directly or
partially affect them. An additional and may be main effect is provided by the
external (outroom) temperature and the effect of its changes on some structures
that have ferromagnetic properties and create a permanent additional magnetic
field. For example, the temperature dependence of magnetic susceptibility can
be considered as a physical mechanism.

2.3.1 Investigation of Magnetic Properties of Near-Surface Rocks
in the Area of Pavilions To determine the magnetic properties of near-surface
rocks, samples were taken directly near the absolute pavilion and at a distance of
up to 45 m with the step of 10 m. The magnetic susceptibility χ measurement was
performed using the MS3 Magnetic susceptibility meter [10], at fifteen points for
each sample, followed by averaging. Table 1 presents the results obtained along
the profile. In general, the ground can be characterized as magnetic: with a
vertical component Z = 47.5 μT, the induced vertical field will be μ0J = χZ =
148...211 nT, where μ0 - magnetic constant, J - magnetizification. Consequently,
inhomogeneities in the magnetic properties of the ground or microrelief can
create magnetic anomalies of tens or even hundreds of nT.

The sample taken near the absolute pavilion has a magnetic susceptibility
value χ of 8.3± 1.3× 10−3, which is noticeably higher than the values in Table 1
and indicates the use of magnetized materials in the preparation of the array
for absolute pavilion. In addition, crushed stone with χ of 34.9± 0.5× 10−3 was
found in this sample. It is expected that such inhomogeneities in the magnetic
properties of near-surface rocks will create anomalies in the magnetic field. To
estimate the magnitude of magnetic anomalies the Matlab pdetool package was
used to calculate of the magnetic field vertical component Z in the vicinity of the
embankment along the southern wall of the absolute pavilion with χ of 8× 10−3

and background magnetic susceptibility of the surrounding soil of 3 × 10−3. It
was believed that in the absence of currents, it is possible to enter the magnetic
potential u [11] and use the module for calculating elliptic equations of the
form div(c · gradu) + au = f at a = 0, f = 0, c = (1 + χ)μ0. The calculated
distribution of Z is shown in Fig. 3. It can be seen that under the assumptions
made, a material with increased magnetic susceptibility can create a magnetic
anomaly of more than 15 nT at a height of 1 m.

Another important factor that can produce small local effects in a magnetic
field is the dependence of magnetic susceptibility on temperature. The samples
described above were “frozen” in a freezer, and then standard measurements
of their magnetic susceptibility were carried out. The results are presented in
Table 1. As can be seen, at a temperature below 0◦C, the magnetic susceptibility
decreased to 70–75% of its values at indoor temperature. In the case of cooling
the soil in winter, this should lead to the formation of a “demagnetized” soil layer
that has passed through the freezing point. If freezing occurs inhomogeneously,
for example, due to differences in the thickness of the snow cover at different
points (under the pavilion the snow layer is usually thinner or absent), this can
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Table 1. Magnetic susceptibility χ, 10−3 of soil probes

Probes Distance from
pavilion, m

at indoor
temperature

frozen probes ratio
frozen/room

0 5 3.40 ± 0.60

1 15 3.46 ± 0.14 2.62 ± 0.20 0.757

2 25 3.15 ± 0.17 2.38 ± 0.20 0.756

3 35 3.24 ± 0.12 2.41 ± 0.20 0.744

4 45 4.45 ± 0.39 2.71 ± 0.32 0.609

Fig. 3. Model distribution of the magnetic field vertical component Z in the vicinity
of the embankment near the southern wall of the absolute pavilion. The step between
the isolines is 7 nT. The size of the calculation area (in vertical section) is 2 by 3 m.

lead to the formation of a horizontal gradient of soil magnetization and the
appearance of a field gradient that will depend on the soil temperature.

Structural heterogeneities in the soil can lead to the appearance of anomalies.
Examples of such inhomogeneities are the pits that were dug for the installation
of pillars in the new simplified pavilions for magnetometers dIdD (see Sect. 2.2)
and POS-4. These pits were partially filled with the material of the pillars, but
this does not remove the inhomogeneity in χ. To assess the expected effects under
conditions of increased magnetical susceptibility of the surface layer of soil on
the territory of the observatory, special measurements were carried out: at point
No. 3 (Table 1) a pit of 0.8×1.0 m in size and 1 m in depth was dug. Previously, a
magnetic survey was carried out on an area of 4×4 m at heights of 0.15 and 1.0 m,
which was repeated after digging the pit. Measurements were carried out using
a magnetometer GSM-19W, natural geomagnetic variations were removed using
the records of the stationary scalar magnetometer GSM-90. At the same time,
soil samples were taken at different depths and their magnetic susceptibility was
measured (the results are presented in Table 2). These measurements showed a
noticeable growth of χ with depth.
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Table 2. Magnetic susceptibility χ of soil probes taken at different depths

Probes Depth, cm rock χ, 10−3

1 0 sand 3.24 ± 0.12

2 20 sand 3.99 ± 0.10

3 40 sandy loam of ochre color 4.72 ± 0.39

4 60 sandy loam of ochre color 4.00 ± 0.18

5 80 light yellow clay 8.99 ± 0.46

6 100 light yellow clay 8.28 ± 0.83

The distribution of the change in total field intensity F before and after
digging the pit is shown in Fig. 4. The results show a change in the field in range
of 90 nT at a height of 0.15 m and 10 nT at a height of 1 m. The positive anomaly
is located to the north of the pit, the negative one is located to the south with
the center at the southern edge of the pit.

Fig. 4. Distribution of the difference of the total field intensity F before and after
digging the pit: left panel is at a height of 0.15 m above the surface, right panel is at a
height of 1 m.

2.3.2 The Gradient GradF Changes in the Absolute Pavilions As it
was shown in Sect. 2.3.1, inhomogeneities of the magnetic properties of rocks in
the area of the absolute pavilion can create noticeable anomalies. The magnitude
of these anomalies may vary with temperature variations. Therefore, a magnetic
survey was carried out under the pavilion and outside it at a height of about 1 m
above the ground. The survey dates were close to the extremes of the gradF (see
Fig. 1). The first survey in November 2022 was in conditions of the beginning of
freezing of the soil under the pavilion. The second survey was in April 2023, when
only the surface layer of the soil thawed while maintaining frozen soil at depth.
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The snow and ice conditions allowed measurements to be made only under the
pavilion. The distribution of F is shown in Fig. 5. As can be seen in Fig. 5, the
field is highly heterogeneous, the range of changes over the 5× 4 m area reaches
up to 90 nT. The main anomalies are located at the western wall near the stairs
(negative) and at the southeastern corner (positive). The positive anomaly is
caused by the remains of a concrete blind area buried in the ground, left over
from the old absolute pavilion. A negative anomaly may also be caused by some
undetectable undemounted structural elements of the old pavilion. The load-
bearing and measuring pillars of the new pavilion, apparently, are not noticeable
sources of the anomalous field, although they are a little visible in the results of
the survey carried out in 2012 on the floor inside the pavilion.

The gradF estimation based on the distributions in Fig. 5 at the points 1 and
2 under the pavilion gives values of +42.9 nT in November and +41.4 nT in April,
compared with +7.6 nT and +8.1 nT measured directly at points 1 and 2. The
total error of the survey results due to positioning and interpolation errors does
not exceed 1.5 nT. Thus, our studies show the presence of seasonal variability
in the distribution of the field under the pavilion, but the data collected is
insufficient to prove this mechanism of changing the gradF between points 1
and 2.

Fig. 5. The distribution of total field intensity F (in the nT) at a height of about 1 m
from the ground in the vicinity and under the absolute pavilion according to the survey
results on November 08, 2022 (a) and April 03, 2023 (b). The red rectangle represents
the walls of the pavilion, the labels 1 and 2 show the locations of the POS-1 sensor
during absolute and continuous measurements.

3 About Some Small Effects in Magnetic Field at Low
Latitude Observatory Choutuppal, India

Baseline stability is the most important criterion for judging ground magnetic
observatory data quality, as long as there are no faults in the absolute equipment,



About Some Small Effects in Magnetic Field 229

variometer, or observing method. In practice, temperature variations in the var-
iometer, pier tilts, electrical component deterioration, anthropogenic noise, and
other factors might affect baseline stability over time [12]. Despite the fact that
the observatories are located in a magnetic-free area and are monitored by well-
trained observers, temperature changes over variometers are the primary causes
that result in baseline instability, in addition to other hidden factors. Magnetic
variometer’s sample rate and resolution continue to increase for scientific appli-
cations, while major measurement discrepancies between instruments appear.
As a result, examining data by comparing observations among variometers is
becoming increasingly important and crucial for assessing the data quality of
every observatory [13].

Due to the presence of anthropogenic noise, the data collected at the HYB
observatory at a 1-second interval is compromised. Consequently, the Choutup-
pal (CPL) low latitude observatory was established with the primary objective
of generating high-quality 1-second data while maintaining stable baselines [14].
Both fluxgate installations employ identical instruments, including a DTU space
fluxgate magnetometer, a Bartington Mag-01H, and a GSM-90F1 for measuring
the total field. These installations are situated in underground vaults with a
depth of around 4.5 m.

In this section, we talk about the nature of the data quality at CPL by
comparing it to HYB. We also compare the baseline trends from different mag-
netometers by looking at how temperature affects the recording systems and the
spot values from different magnetometers during the time of absolute observa-
tions at the CPL campus.

Figure 6 shows examples of 1 min dF (difference between the three-component
vector and scalar data) from the CPL and HYB observatories for April 2017 and
May 2020. From Fig. 6, it is evident that the dF at CPL displays a clear diurnal
trend that is more pronounced in 2017 and somewhat subdued in 2020; however,
this trend is not present in the dF of HYB data. In both years the range of dF is
less than 1 nT. The diurnal trend may be explained as the effect of temperature
on fluxgate measurements at CPL; however, in that case, the same trend should
be present in the dF of HYB data as the daily/monthly/annual temperature
ranges in the vaults at both locations are similar.

Fig. 6. Nature of dF at CPL and HYB during April 2017 and May 2020.
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Therefore, to investigate the influence of temperature on variation data at
CPL in greater depth, we performed an experiment in which baselines were
calculated using distinct fluxgate magnetometers operated under identical envi-
ronmental conditions at both CPL and HYB. At 1 sec recording, the variation
data reveal significant variances from different instruments, and Fig. 7 shows an
example of the H component on one quiet day (26 May 2017) and one disturbed
day (29 May 2017), for the CPL observatory. From Fig. 7, it is obvious that the
amplitudes of the disparities in spot values increase significantly on a disturbed
day compared to a quiet day between the variometers.

Fig. 7. Spot variations in the H-component of DFM, GEOMAG (GEO), Magneto
Telluric System (MS) during 26th (quiet day) and disturbed day (29th) May 2017 at
CPL Observatory.
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Figure 8(a, b, d, f) shows that temperature fluctuations in DFM, GEO, and
MS are found to be less than 0.2◦C over a day in different variometer huts at the
CPL campus. Comparing the dF changes and temperature variations in sensors
(DFM, GEO, and MS), no close relationship was found on May 26th, 2017. This
appears to indicate that the observed differences in the dF diurnal trend are
not caused by temperature changes in the variometer huts but by other factors.
Further, we have also noticed that when the Kp index is high, the magnitude of
the dF goes up by 2 nT, occasionally.

Fig. 8. Temperature fluctuations in GEOMAG (GEO) and MS sensors observed
between May 26th-29th, 2017; dF variations in DFM and GEO (c); DFM and MS
(e) with temperature of electronics in DFM (d) and GEO (f) during May 26th, 2017;
(g-i) Observed baselines at CPL from different fluxgate variometers for H, D, and Z
components for the months March-May 2017.

After removing the variations from various fluxgate variometers used at var-
ious variometer huts around campus, the baselines from D-I measurements at
CPL absolute room pillar-1 are shown in Fig. 8(h–i). The highlighted box on the
bottom x-axis indicates the time period of the experiment conducted at CPL,
and baselines between the instruments are observed to be substantially variable
on the days of observation. The spot values of the variometers during these days
were found to be significantly different from the nearby values after analysis.

Our investigations with various fluxgate magnetometers revealed that the
baselines between the fluxgates varied by 0.4 to 3.3 nT in H, −0.19 to −0.95 min
in D, and 1.4 to 3.6 nT in Z, respectively, which is not the case at HYB. Therefore,
the observed deviations in the baselines between the variometers at CPL could
be because of due to other factors, as well as due to the induction effect and this
phenomenon is found to be stronger when the magnetosphere is active.
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4 Discussion

The selection of suitable sites for establishing magnetic observatories are under-
taken with extreme care [4], yet natural and artificial influences cause contamina-
tion in the data. This may lead to long terms drifts on data [12] by accumulation
of errors and increase in data uncertainty. In this work, we have documented the
small effects in magnetic observatory data from a mid latitude observatory PET,
100 km west of the Kurile Kamchatka trench and a low latitude observatory CPL
in the center of the Indian Peninsula.

In the former, i.e. PET, seasonal changes of the gradient of about 0.5 nT
in the total field values inside the absolute pavilion, which cannot be related
to temperature gradients within the pavilion, magnetometer errors or electro-
magnetic interference. Modeling indicates that the significant magnetization of
soil under the absolute pavilion and its temperature dependence and possible
unidentified structural elements of the pavilion create a sharp gradient inside
the pavilion and cause its changes. Additionally total field values from dIdD
measurements in a non-temperature controlled pavilion matches well with the
values from a GSM90 in a temperature controlled pavilion in August, but not in
January, shows seasonal variations in temperature dependence of magnetometer
dIdD that can be caused by the surrounding soil and the pillar magnetization. To
investigate this effect, the temperature dependence of magnetic susceptibility of
ferromagnetic rocks, which may create an additional magnetic field is considered.
For this purpose, magnetic susceptibility of near surface rocks under and around
the absolute pavilion to a distance up to 45 m were measured and a higher value
was found near the pavilion. Modeling shows that a material with increased sus-
ceptibility can create a magnetic anomaly of more than 10 nT at a height of 1 m.
Furthermore measurements have revealed that susceptibility values decreased to
upto 75% of its indoor value, when brought to freezing temperatures; thus it is
inferred that inhomogeneous freezing can create to very localized field gradients.
Similar seasonal effects of the temperature of near-surface rocks to total field
intensity during the study of the volcanomagnetic signals are considered in [15].

At CPL, a diurnal pattern of the dF of range 1 nT (difference between scalar
F and computed F) is noted, which is quite absent at the nearby observatory
of HYB, 50 km away, although both observatories have the same equipment and
identical methods of computation and very similar patterns of daily, seasonal
and annual temperature patterns. Further, for days where Kp > 3, the dF range
increases to nearly 2 nT. Subsequently, with the deployment of a variety of flux-
gate magnetometers from different manufacturers, with different temperature
coefficients in different pavilions in CPL, it was further clear that diurnal tem-
perature changes were not the cause of the diurnal signature in dF. The effect of
the changes in the spot values of the fluxgate magnetometers on instantaneous
values of baselines could be 0.4 to 3.3 nT in H, −0.19 to −0.95 min in D, and
1.4 to 3.6 nT in Z. It may be speculated that very local variations of suscep-
tibility may create transient fields or local variations in soil conductivity, the
flow of groundwater [16,17] may lead to a variable induction effect, enhanced on
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disturbed days. Careful analysis of the correlation of H and Z components, may
shed light on this aspect.

5 Conclusion

For many years, small variations have been observed in the magnetic data
obtained at the Paratunka Observatory (PET, IKIR FEB RAS, Kamchatka,
Russia) and at the Observatory Choutuppal (CPL, CSIR-NGRI, India). These
variations are within the limits defined by the INTERMAGNET standards, but
they are quite obvious and require explanation. Such variations at PET include,
for example, seasonal variations in the gradient of the total field F inside the
absolute pavilion with amplitude up to 0.5 nT and its long-term trend up to 0.1
nT per year, measured by the Overhauser magnetometer POS-1. Other example
is daily variations of F obtained by the magnetometer dIdD GSM-19FD with
amplitude up to 0.8 nT.

Various mechanisms are possible that can create such fields: the magneti-
zation of rocks, soils, pillars basements, the heterogeneity of the distribution of
conductivity in the underlying rocks, and even the flow of groundwater. In partic-
ular, it is shown that the magnetic susceptibility of Kamchatka soils is sufficient
to create anomalies of tens and even hundreds of nT due to the heterogeneity of
magnetic properties and microrelief. A decrease in magnetic susceptibility dur-
ing freezing of the soil has been revealed, it is assumed that this effect can cause
changes in the distribution of the field in the pavilions.

Even though a site with the least magnetic gradient is chosen for an obser-
vatory, preferably with less than 1 nT/m gradient, it is often found that the
magnetic gradient patterns are not permanent and change over time. These slow
gradient changes can distort the data, which can affect the accuracy of long
term data and baselines of a geomagnetic observatory. Based on experimental
measurements and modeling, the observed “small effects” recorded in PET and
CPL could be caused by gradient changes of the local magnetic field arising from
small changes in magnetic susceptibility, depending upon the crustal field con-
tributions, as well as uneven electrical conductivity distribution in the ground,
and magnetized rocks and soil in the area and/or even the flow of groundwater.
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Abstract. We consider the conditions under which the chaotic mode
of magnetic field generation is modeled in the low-mode approximation
of the large-scale αΩ-dynamo model. The intensities of the α- and Ω-
generators are regulated by the Lorentz force. α-quenching is determined
by the influence of the Lorentz force, which is included into the magneto-
hydrodynamic system (MHD-system) on a small scale through a process
with hereditarity properties (finite ‘memory’). The process is defined by
the functional. The behavior of the process is determined by the kernel
of the functional, which sets the damped oscillations, and the strength of
process action depends on the energy of the magnetic field. The variable
parameters of the MHD-system are the Reynolds number, the measure
of the α-effect and the parameters of the functional kernel. Within the
framework of this work, the solutions of the MHD-system are investi-
gated for stability according to the Lyapunov criterion in the vicinity of
the rest point for each set of parameters.

Based on the results of the numerical experiment, the limitations of
these parameters for modeling the chaotic regime of the magnetic field
are determined. A comparison was made with the previously obtained
results, where the characteristics of the quenching process depended on
the exponential kernel.

Keywords: αΩ-dynamo · hereditarity · α-quenching · chaotic
regime · reversals

MSC Classification: 34D08 · 76W05

1 Introduction

In the article [1], a large-scale model of an αΩ-dynamo in a low-mode approxi-
mation was considered and the conditions for generating a magnetic field were
investigated. In this article, we will focus in more detail on the study of the
c© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
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chaotic regime while remaining within the framework of the model proposed in
the paper [1]. As is known, the characteristic properties of an Earth-type dynamo
system are chaotic reversals without a significant restructuring of the nature of
the motion of a turbulent conducting medium [2] and a strong differential rota-
tion of the object [3–6]. The relevance of the problem of studying approxima-
tions simulating a field close to the observed geomagnetic one remains [7]. In the
αΩ-dynamo model used, the intensity of a large- and a small-scale (turbulent)
generators depends on the Lorentz force. Small-scale turbulence generates the
α-effect, therefore the α-effect intensity is changed by the Lorentz force, which
is included in the dynamic αΩ-dynamo model through the process Z(t) with the
hereditary properties [1,8]

Z(t) =

t∫

0

[
e−b(t−τ) cos(a(t − τ))

]
B2(τ)dτ. (1)

In the context of the study, we believe that characteristics of the behavior and
the impact of the process Z(t) at the moment of time t depends on the previous
history on a time interval [0, t] and the influence of history decreases with dis-
tance from the instant of time t. An alternating kernel J(t) = e−b(t) cos a(t) of
the functional (1) satisfies the above conditions. The study uses a rescaled and
dimensionless MHD-system [9]. As a unit of rescaled and dimensionless time, we
take the damping time of the magnetic field in the absence of external influence.
The use of such a time scale makes it possible to simulate the main dynamic
characteristics of the field using low-mode spatial approximations.

The purpose of this work is to find regions of unstable solutions with oscilla-
tions in which chaotic regimes are modeled as an action result of the quenching
process Z(t), and the model parameters values corresponding to these cases.
Comparison of the numerical experiment results with the conclusions of the
studies [1,9].

2 Stability Conditions of the Solution According
to Lyapunov

The full description of the model is presented in the articles [1,9]. Here we will
give only the equations necessary to understand the research carried out in this
paper. We investigate the stability of the solution of a system of differential
equations [1] obtained by applying the Galerkin method to a dimensionless and
rescaled MHD-system [7]

∂u(t)
∂t

= −Pmu(t)
∑
s

α2
sλs + fout +

∑
s, i, j

αsLsijBj(t)Bj(t),

∂Bi(t)
∂t

= Remu(t)
∑
s, j

αsWisjBj(t) − μiBi(t) + (Rα − Z)
∑
j

Wα
ijBj(t),

∂Z(t)
∂t

=
∑
j

B2
j (t) − bZ(t) − aZs(t),

∂Zs(t)
∂t

= aZ(t) − bZs(t),

i, j = {1, 2, 3}, s = {1, 2, 3, 11, 13},

(2)
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where the velocity field amplitude is u(t), the i-th component amplitude of the
magnetic field induction is Bi(t); Reynolds number Rem, measure of α-effect Rα,
damping coefficient b and frequency a are variable parameters of the system (2)
that take values from the intervals Rem ∈ [10−1, 103], Rα ∈ [10−1, 102], a, b ∈
[0.1, 10].

Fig. 1. Distribution of solutions of a linearized system (2) on the phase plane (Rem,
Rα) (on a double logarithmic scale) [1]. Regions of stable solutions are red – without
oscillations and green – with oscillations. Regions of unstable solution are white –
without oscillations and light-gray – with oscillations.

The study of the system (2) for the stability of the solution is carried out
numerically by the predictor-corrector method with initial conditions u(0) = 1,
BT

2 (0) = 0, BP
1 (0) = 1, BP

3 (0) = 0, Z(0) = 0, Zs(0) = 0 [1,9]. In the paper [1],
the results were obtained in the study of the stability of the solution of the
linearized system (2) when the velocity field is constant (u = 1) and without
effect on the turbulent generator (without the α-quenching), which are shown
in the Fig. 1. Based on the research objectives, we are interested in the region
of unstable solutions with oscillations (light-gray region). A divergent magnetic
field is obtained in it for a linearized system. Let’s consider how the distribution
will change if we take into account the α-quenching.

We use the same algorithm as in the article [1]. Namely, at each step of
the numerical scheme, considering the control parameters Rem and Rα fixed
and taking the values u(t) and Z(t) as constant, the stability of the solution
according Lyapunov was calculated. The number of steps, i.e. the volume of the
resulting sample, is 1584620 values. The solution of the system (2) is accepted
as stable if the relative frequency ω of obtaining such a solution in the sample
exceeds the threshold value 0.5. The frequency ω is considered as a probabilistic
characteristic of the solution stability of the system (2) at fixed values of control
parameters.

In the current study, additional conditions have been introduced. Namely, the
range of values ω ∈ [0, 1] is divided into four intervals. If the solution is unstable
(with/without oscillations), i.e. ω < 0.5, then three cases are considered: ω = 0
(light-gray/blue region), ω ∈ (0, 0.25] (gray/light-blue region), ω ∈ (0.25, 0.5)
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Fig. 2. Distribution of stable and unstable solutions of the system (2) according to the
Lyapunov criterion on the phase plane (Rem, Rα) (on a double logarithmic scale).
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(dark-gray/white region). If the solution is stable (with/without oscillations),
i.e. ω ≥ 0.5, then similarly: ω ∈ [0.5, 0.75) (light-green/orange region), ω ∈
[0.75, 1) (green/red region), ω = 1 (dark-green/dark-red region).

The results of numerical calculation of the stability characteristic ω of the
system of differential equations (2) for some values of a and b parameters of
the functional (1) are shown in Fig. 2. In accordance with the research purposes
the regions of unstable solutions with oscillations are of interest. In comparison
with the picture on the phase plane in Fig. 1, the region of unstable solutions
with oscillations (light-gray region, Fig. 1) was divided into two subdomains
(gray and dark-gray regions, Fig. 2). In these regions, a chaotic regime may
appear as a result of α-quenching. Consequently, we obtain primary constraints
on the values of the control parameters Rem ≥ 100 and Rα ≥ 10, determined
by the regions of unstable solutions with oscillations. There is note that when
using the quenching process Z(t), there are no regions with a characteristic ω =
0 for the solutions with oscillations at the specified limitations of the control
parameters. In regions with ω ∈ (0, 0.25) (the gray area in the Fig. 2), there
are no significant changes when changing the values of the parameters a and b.
Significant changes occur in the regions where the stability characteristic belongs
to the interval ω ∈ [0.25, 0.5) (dark-gray region on the Fig. 2). Increasing the
value of the parameter a to one reduces the region due to the appearance of
regions of stable solutions with ω ∈ [0.5, 0.75) (light-green regions) (Fig. 2a,
b). A further increase in the values of a has the opposite tendency (Fig. 2b, c).
If we increase the value of the parameter b (Fig. 2b, d, e), then the regions of
stable solutions with ω ∈ [0.5, 0.75) (light-green regions) disappear inside of
the considered region of unstable solutions (dark-gray). The obtained changes
in the region of unstable solutions with oscillations allow us to declare that the
divergence of the magnetic field is suppressed by the process Z(t), provided that
the stability characteristic ω ∈ [0.25, 0.5) and the values Rα ≤ 50.

We investigate the simulated regimes of the field obtained in the region
under consideration. The magnetic field generation regime is classified as chaotic
according to the Benettin algorithm (positivity of Lyapunov characteristic expo-
nents) [10]. Numerical simulation gives only a divergent magnetic field in the
region with the characteristic ω ∈ (0, 0.25) (gray region in the Fig. 2). In a
region with a stability characteristic ω ∈ [0.25, 0.5] for a kernel function with
parameters a = b = 0.1, the divergence regime of the magnetic field and a
dynamo-burst one were obtaned by numerical experiment. Increasing the values
of the parameter a to one leads to the appearance of either a chaotic regime,
which gradually turns into a steady regime, with small amplitude of oscillations
in the velocity field (Fig. 3a), or a chaotic regime with large amplitude of oscil-
lations (Fig. 3b). A further increase in the a values leads only to an increase in
the oscillations amplitude of the velocity field. Increasing the parameter b val-
ues adds a chaotic regime with minor oscillations amplitude of the velocity field
at b > 5 (Fig. 3d).
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Fig. 3. Some type of magnetic field regimes.

3 Discussion

Investigation of the solution stability of the system (2) divides the region of
unstable solutions with oscillations (light-gray region, Fig. 1) into two subdo-
mains (gray and dark-gray regions, Fig. 2). In the subdomain with ω ∈ (0, 0.25),
the divergence of the magnetic field remains. Chaotic and regular regimes of
magnetic field generation arise in the subdomain with the characteristic ω ∈
[0.25, 0.5). Therefore, this subdomain can be considered transitional between the
regions of stable ω = 1 and unstable ω ∈ (0, 0.25) solutions with oscillations.

The picture on the phase plane vary depending on both the control param-
eters values and the kernel parameters. An increase in any of the parameters
entails an increase in the amplitude of the oscillations in the consideration
fields (Fig. 3). If the a parameter value is close to zero, then the pictures on
the phase planes that obtained in the case of choosing as the kernel one of the
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function J(t) = e−bt cos(at) [1] or J(t) = e−bt [9], differ little. The increase in the
a parameter value from the interval [0.1, 10] leads to an increase in the oscillation
frequency, and at a > 1 also the oscillation amplitude increases (for compari-
son Fig. 3a, c). An increase in the impact of large- or small-scale generators,
expressed in an increase in the values of control parameters, is also accompanied
by an increase in the oscillations amplitude in the velocity field (for comparison
Fig. 3a, b).

Varying the parameters allowed us to obtain a chaotic regime in this model
with small changes in the amplitude of the velocity field (Fig. 3d). In some cases,
the initially chaotic behavior changes to a regular one, as, for example, in Fig. 3a.
For parameters a and b values close to zero with Reynolds number values of the
order of 100, the initially chaotic behavior of the field is changed by a regu-
lar regime. An increase in the Reynolds number leads to the predominance of
the chaotic regime and the transition to the divergence of the field. Increasing
the values of the α-effect measure to 10–30 supports the simulation of regular
regimes (Fig. 3a), but a further increase leads either to a chaotic regime (Fig. 3b)
or to a divergence of the field. This trend persists for all values of parameters a
and b.

In the model under consideration, the simulation of a chaotic regime is often
accompanied by the occurrence of a large amplitude oscillation in the velocity
field at parameters values a > 1 and b > 1, but without changing the sign of
u(t). Consequently, in the model under consideration, reversals are realized in
the absence of changes in the structure of convection.

4 Conclusion

The including into the MHD-system of the process Z(t), which is set by the
functional (1) of the alternating kernel, allowed within the framework of the
αΩ-dynamo model to quench the turbulent α-effect.

The use of the Lyapunov criterion bounded the region of possible localization
of the chaotic regime to the values of the stability characteristic ω from the
interval [0.25, 0.5) (dark-gray region in Fig. 2). The boundaries of this region set
following limits on the values of the control parameters Rem ∈ [70, 1000] and
Rα ∈ [10, 50]. Chaotic regimes were simulated in this region (Fig. 3b), including
those with insignificant oscillations in the velocity field (Fig. 3d), compared with
the previously obtained results [9].
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Abstract. Anomalous changes in the parameters characterizing the
state of the ionospheric layers E and F , observed before the onset of seis-
mic events, can be considered as possible ionospheric precursors of these
earthquakes. In this work, according to the data obtained at the iono-
spheric station of vertical radio sounding, located in Paratunka (52.97◦

N, 158.24◦ E), an analysis of ionospheric disturbances recorded before
the onset of earthquakes with magnitude M ≥ 5.0 that occurred in
the Kamchatka region was carried out. Anomalous values of the lim-
iting reflection frequency foEs, the screening frequency fbEs and the
virtual height h′Es of the sporadic Es layer, as well as the critical fre-
quency foF2 of the F2 layer and the virtual height h′F of the F layer
in the absence of geomagnetic disturbances were considered as possible
ionospheric precursors of earthquakes. The predictive efficiency of the
anomalous behavior of the complex of considered ionospheric parame-
ters for earthquakes with M ≥ 5.0 is estimated.

Keywords: ionosphere · earthquake precursor · earthquake

1 Introduction

The development of methods for short-term (hours-days) forecasting of strong
earthquakes is important scientific task. Searches for short-term precursors of
earthquakes in the atmosphere and ionosphere may be useful for solving this
problem. According to numerous studies, anomalous variations in ionospheric
parameters were observed both before the onset of earthquakes [1–3] and after
them [4–6]. The works [7–9] described the possible physical causes of the for-
mation of disturbances in the ionosphere that precede the onset of earth-
quakes. However, despite the large amount of work carried out on the study
of lithospheric-ionospheric relations, the question of the existence of ionospheric
precursors of earthquakes is still far from its final answer. This is largely due to
the difficulties of unambiguous interpretation of ionospheric data in each spe-
cific case. Seismic-ionospheric effects, as a rule, are small in amplitude, and the
ionosphere itself is highly variable and subject to the influence of various heli-
ogeophysical factors and especially magnetic disturbances. Thus, precursors in
c© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
A. Dmitriev et al. (Eds.): STRPEP 2023, SPEES, pp. 245–254, 2023.
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the ionosphere can be identified only with some probability, because a significant
proportion of ionospheric anomalies, even in calm geomagnetic conditions, are
not accompanied by earthquakes [10]. A more reliable way to identify a possible
ionospheric precursor of an earthquake is to analyze the anomalous values of a
set of ionospheric parameters. The purpose of this work is to identify ionospheric
disturbances in the E and F regions, compare them to the Kamchatka earth-
quakes with magnitudes M ≥ 5.0 for 2014–2022, and evaluate the predictive
efficiency of these ionospheric disturbances.

2 Data Analysis Methodology

As noted in [11,12], in the sporadic Es layer before earthquakes, in addition to
an increase in the limiting reflection frequency, a number of specific effects are
observed: sharp increase in the screening frequency, an increase in the semi trans-
parency range, the appearance of diffuse reflections. But none of these effects
is observed consistently for all earthquakes of a certain class. Typically, the
formation of a sporadic Es layer in mid-latitudes is observed at altitudes of 100–
110 km [13]. However, according to the results obtained, presented in [14,15],
several days before the onset of earthquakes, the formation of sporadic Es layers
can be observed at significantly higher altitudes, exceeding the median values by
tens of kilometers. In addition, high-lying sporadic layers are often accompanied
by an increase in the values of the frequency parameters of the Es and F2 layers
lasting several hours, which are observed during the same daily interval. Thus,
these anomalous variations in ionospheric parameters can be attributed to the
supposed precursors of upcoming earthquakes.

In this paper, anomalous temporal variations of the following ionospheric
parameters will be considered as possible earthquake precursors:

– h′Es is the smallest virtual height of the sporadic Es-layer for an ordinary
wave;

– foEs is the limiting frequency of the ordinary wave of the sporadic Es-layer
of the ionosphere;

– fbEs is the screening frequency of the ordinary wave of the sporadic Es-layer
of the ionosphere;

– foF2 is the critical frequency of the ordinary wave of the F2-layer of the
ionosphere;

– h′F is the minimum virtual height of the ordinary wave reflection trail for
the F region of the ionosphere.

The presented study uses hourly values of ionospheric parameters obtained
from radiophysical observations at a vertical radio sounding station of the iono-
sphere located in the village Paratunka (ϕ = 52.97◦ N, λ = 158.24◦ E). Account-
ing for the level of geomagnetic activity was carried out according to the val-
ues of K-indices measured at the complex geophysical observatory (GPhO)
“Paratunka” (ϕ = 52.97◦ N, λ = 158.25◦ E), which is part of the International
Network magnetic observatories INTERMAGNET.
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To determine seismoionospheric effects in diurnal variations of ionospheric
parameters, it is necessary to obtain background distributions. Also, when ana-
lyzing variations in the ionosphere, an important role is played by the presence or
absence in the considered period of time of significant geomagnetic disturbances
that can affect the ionosphere.

The technique for identifying seismoionospheric anomalies used in this work
is as follows. For each moment of the day of each ionospheric parameter X(ti)
on the previous interval of duration Tmed = 30 days, the median Xmed(ti) was
calculated. At the same time, magnetically quiet days were chosen as the back-
ground, and the median was calculated only for days in which the values of the
geomagnetic index were K ≤ 2 in all three hourly intervals. To determine the
measure of deviation from a quiet background distribution, the parameter of
interquartile range IQR was used [6,16,17]:

Y± = Xmed(ti) ± 1.5IQR (1)

where Xmed(ti) is the median calculated for selected magnetically quiet days,
and IQR = Q3 − Q1 is the difference between the third (upper) Q3 and the
first (lower) Q1 quartiles, which is also calculated for days with low geomagnetic
activity. Then the values of Y± limit the range of values of X(ti), which appear
in this range with some probability due to the influence of a complex of random
factors. If the distribution of X(ti) values corresponds to a normal distribution,
then the value of 1.5IQR will be approximately equal to two standard devia-
tions [18]. Thus, with a 95% probability, the values of X(ti) will appear within
the boundaries of Y± due to the influence of various random factors, and outside
the boundaries of Y± the probability of occurrence of values of X(ti) will be 5%.
Values X(ti) outside the “noise” bands were referred to as anomalous values if
the duration of such a disturbance in time was at least one and a half hours
(taking into account the averaging over three points).

To assess the efficiency of predicting possible ionospheric precursors of earth-
quakes, the following parameters were calculated: the reliability of the precursor
R, the veracity of the precursor V , the efficiency of the precursor JG according
to the method of A.A. Gusev, the effectiveness of the precursor of JM according
to the method of G.M. Molchan. These parameters have already been used by
the authors of the article to assess the predictive effectiveness of other possible
earthquake precursors in the Kamchatka region [19–21].

The reliability of the precursor R is defined as the ratio of the number of
earthquakes N+ for which the precursor was identified to the number of all
earthquakes N [22]:

R = N+/N (2)

The veracity of a precursor V is defined as the ratio of the number of precursor
anomalies n(AE) to the total number of identified anomalies n(A) [22]:

V = n(AE)/n(A) (3)
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The efficiency of earthquake prediction according to the method of A.A.
Gusev is calculated for a specific spatial area and a certain energy range of
earthquakes according to the formula [23]:

JG = N+/Talarm
N/T (4)

where T is the total time of seismic monitoring; N+ is the number of earthquakes
corresponding to a successful forecast over time T ; N is the total number of
earthquakes (having spatio-temporal characteristics similar to those predicted)
that occurred during time T ; Talarm is the total alarm time (the total duration
of all time intervals in which the forecast was valid according to the estimated
method during the total monitoring time). The JG efficiency shows how many
times the flow velocity of predicted earthquakes exceeds the average over the
observation time T , i.e. is the ratio of the probability of an earthquake at the
time of the alarm to their average probability. In the absence of a “precursor-
earthquake” connection, i.e. with random guessing, the efficiency of JG is 1.

The efficiency of earthquake prediction by the method of G.M. Molchan [24]
is determined by the formula:

JM = 1 − ν − τ (5)

where τ = Talarm/T – alarm measure; ν = 1−N+/N – the share of the misses of
the target. For a random prediction JM = 0, and for the ideal (without a miss
target and with zero alarm time) – JM = 1. A diagonal τ + ν = 1 is built on
the error diagrams, which connects the points (0;1) and (1;0) and corresponds
to a random forecast. For this diagonal, confidence intervals are constructed for
different significance levels α. The forecast on the diagram is marked with a
dot with coordinates (τ, ν). If the point lies under the lower boundary of the
confidence interval, then this can be interpreted as a high degree of reliability of
the revealed relationship between the considered precursor and earthquakes of
the considered energy range.

3 Results of the Analysis of the Predictive Efficiency
of Ionospheric Parameters

When analyzing the predictive efficiency of the anomalies of each ionospheric
parameter separately, they were considered as a possible ionospheric precursor of
earthquakes, provided that their values go beyond the limits of K±. In addition,
within a daily time interval (±12 h relative to the moment of occurrence of
anomalous values), the levels of three-hour values of the geomagnetic activity
index were K ≤ 2. The results of calculations of the parameters V , R, JG and JM

for earthquakes with magnitudes M ≥ 5.0 that occurred over the time interval
T =2014–2022 at depths up to 100 km and at distances up to r = 1000 km from
the location of the vertical radio sounding station of the ionosphere (geographic
coordinates ϕ = 52.97◦ N, λ = 158.25◦ E) in Kamchatka are presented in Table 1.
This table also contains estimates for the following quantities: the expecting time
for earthquakes Texp from the moment of identification of anomalous values of
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ionospheric parameters; the number of predicted earthquakes N+ that occurred
during T ; the total number of earthquakes with M ≥ 5.0 that occurred during
time T ; the number of anomalies of the ionospheric parameter n(AE), after
which, during the expecting time Texp, earthquakes with M ≥ 5.0 occurred; the
total number n(A) of identified anomalies of the ionospheric parameter. The
catalogue of earthquakes compiled by the Kamchatka branch of the Geophysical
Service of the Russian Academy of Sciences (KB GS RAS) [25] was used in this
study.

Table 1. Predictive efficiency of anomalous values of ionospheric parameters for earth-
quakes with magnitude M ≥ 5.0.

Ion. param h′Es foEs fbEs foF2 h′F

Texp (day) 1.99 ± 1.97 2.31 ± 2.26 1.9 ± 2.09 2.74 ± 2.36 2.79 ± 2.63

N+ 320 279 316 253 247

N 482 482 482 482 482

n(AE) 230 204 233 169 162

n(A) 1088 895 1213 600 638

R 0.66 0.57 0.65 0.52 0.51

V 0.21 0.23 0.19 0.28 0.25

JG 1.28 1.2 1.24 1.26 1.26

JM 0.14 0.098 0.127 0.11 0.1

According to the results obtained (Table 1), the values of the predictive effi-
ciency JG for the studied ionospheric parameters are greater than 1 and are in
the range from 1.2 to 1.28. This indicates a connection between these prognostic
parameters and earthquakes with M ≥ 5.0. It follows from this that the forecast
made on the basis of these ionospheric parameters is not accidental. The forecast
reliability R (the relative number of predicted earthquakes) according to these
parameters is in the range from 0.51 to 0.66. At the same time, these prognos-
tic anomalies do not have a sufficiently high veracity V (the relative number of
anomalies after which an earthquake occurred), which takes values from 0.19 to
0.28. Therefore, to increase the efficiency and reliability of the forecast, as well
as to reduce the number of false alarms, it is necessary to use a set of prognostic
parameters.

The method for identifying a possible ionospheric precursor of earthquakes
with M ≥ 5.0 based on a set of prognostic parameters was built according to
the following procedure:

1. On the time interval T , anomalous values h′Es with a duration of Δt ≥ 1.5
hours are identified, which go beyond the background values of Y±.

2. Deviations with a duration Δt ≥ 1.5 hours of additional ionospheric parame-
ters foEs, fbEs, foF2 and h′F from the boundaries of their background Y±
ranges are determined within the daily time interval ΔT (±12 hours relative
to the moment of occurrence of anomalous h′Es values).
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3. The group of ionospheric parameters was considered as a possible short-term
ionospheric precursor of earthquakes with magnitude M ≥ 5.0 if low geo-
magnetic activity was observed in the daily time interval ΔT (all three-hour
values of the geomagnetic index were K ≤ 2) and at least three of the four
additional parameters were anomalous deviations of their values from the
boundaries of the background range Y± were found.

As an example, Figs. 1-2 show the changes in the values of the time series of
the ionospheric parameters under consideration, their median values and the
boundaries of the range of background Y± values that preceded the onset of
earthquakes.

Figure 1 shows that against the background of low geomagnetic activity (from
08.08.2018 to 10.08.2018 the three-hour K-index did not exceed 2), anomalous
values of the parameters h′Es, foEs, fbEs, foF2 and h′F were identified before
the earthquake, occurred on 10.08.2018 18:12:03 (UT) with epicenter coordinates
ϕ = 48.15◦ N, λ = 155.27◦ E, magnitude M = 6.5, hypocenter depth h = 60
km, and epicentral distance r = 575 km to the location of the station for vertical
radio sounding of the ionosphere.

Figure 2 shows the anomalous values of ionospheric parameters identified
on 29.07.2022 before the earthquake that occurred on the same day, 29.07.2022
23:05:43 (UT) with epicenter coordinates ϕ = 51.2◦ N, λ = 161.03◦ E, magnitude
M = 5.9, hypocenter depth h = 68.9 km and epicentral distance r = 273 km to
the location of the ionospheric station. At the same time, the values of the three-
hour index of geomagnetic activity during the day on 29.07.2022 were K ≤ 2.

Fig. 1. Time series of values of ionospheric parameters foEs, fbEs, h′Es, foF2, h′F ,
their median values (dashed lines) and boundaries of the background range of val-
ues (dotted lines) for the time interval 03.08.2018–10.08.2018. Identified anomalies are
marked with a red ‘x’ marker. The earthquake with magnitude M = 6.5 that occurred
on 10.08.2018 is marked on the time axis with a red triangle (Color figure online).
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Fig. 2. Time series of values of ionospheric parameters foEs, fbEs, h′Es, foF2, h′F ,
their median values (dashed lines) and boundaries of the background range of val-
ues (dotted lines) for the time interval 22.07.2022–29.07.2022. Identified anomalies are
marked with a red ‘x’ marker. The earthquake with magnitude M = 5.9 that occurred
on 29.07.2022 is marked on the time axis with a red triangle (Color figure online).

The results of a retrospective estimation of the predictive efficiency of the
method for identifying a possible ionospheric precursor using a set of ionospheric
parameters for earthquakes with magnitudes M ≥ 5.0 that occurred at depths of
up to 100 km and at epicentral distances of up to 1000 km from the ionospheric
observation point in Kamchatka are presented in Table 2 and Fig. 3.

Table 2. Predictive efficiency of the complex of ionospheric precursors.

Texp (day) N+ N n(AE) n(A) R V JG τ ν JM

2.9 ± 2.3 156 482 100 214 0.32 0.47 1.49 0.22 0.68 0.106

According to the results obtained (Table 2), when predicting earthquakes
with a magnitude of M ≥ 5.0 using a complex of ionospheric anomalies, the
reliability of the forecast R was 0.32 (i.e., 32% of earthquakes with M ≥ 5.0
were preceded by a complex of ionospheric disturbances), and the veracity of
the forecast was V = 0.47 ( i.e. after 47% of the detected anomalies during Texp,
earthquakes with M ≥ 5.0 occurred). The expecting time for an earthquake
with M ≥ 5.0 when identifying a complex of ionospheric anomalies was Texp =
2.9 ± 2.3 days. The efficiency value JG = 1.49 indicates that the prediction by
this method is statistically significant and differs from random guessing. Thus,
the probability of an earthquake with M ≥ 5.0 occurring during the waiting
period Texp after the appearance of a complex of ionospheric anomalies is 1.49
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Fig. 3. Diagram of errors for the method of identifying a possible precursor of earth-
quakes with magnitude M ≥ 5.0 based on a complex of ionospheric predictive parame-
ters. Confidence intervals are constructed for significance levels α = 0.01 and α = 0.05.

times higher than during the rest of the time. The total alarm time τ in the
forecast using the method under consideration was 22% of the total observation
time T =2014–2022. On the error diagram (Fig. 3), the forecast point lies under
the lower boundary of the 99% confidence interval, which can be interpreted as a
fairly reliable connection between the identified complex of ionospheric anomalies
and earthquakes with magnitude M ≥ 5.0 that occurred at epicentral distances
up to 1000 km from the ionospheric observation point.

4 Conclusions

Anomalies in the ionospheric parameters h′Es, foEs, fbEs, foF2 and h′F ,
which can be considered as possible earthquake precursors, have been identified.
The predictive efficiency of each parameter was evaluated separately for earth-
quakes with magnitude M ≥ 5.0 that occurred in the Kamchatka region for the
period 2014–2022 at epicentral distances up to 1000 km from the ionospheric
observation point. It was found that the predictive efficiency JG > 1 (i.e. differs
from random guessing), but the veracity V of each prognostic parameter is not
very high and takes values from 0.19 to 0.28.

A retrospective analysis of the reliability and veracity of the methodology
for predicting earthquakes with M ≥ 5.0 based on a complex of ionospheric
parameters showed that 32% of earthquakes were preceded by a complex of
ionospheric disturbances, while seismic events of the considered energy range
occurred within 2.9 ± 2.3 days after 47% of the detected anomalies. An analysis
of the predictive efficiency of complex of ionospheric parameters showed that
the prediction of earthquakes with a magnitude of M ≥ 5.0 differs from random
guessing. The use of a complex of ionospheric prognostic parameters makes it
possible to increase the efficiency of the JG forecast and reduce the number of
false alarms, but does not always increase the reliability of the forecast R.
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Further work related to the identification of ionospheric precursors and
improving the reliability, veracity and efficiency of short-term earthquake pre-
diction with M ≥ 5.0 in the Kamchatka region on the basis of the proposed
approach can be carried out both by introducing additional criteria for the prog-
nostic parameters, and by involving other ionospheric parameters, which could
be considered as the precursors of earthquakes.
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Abstract. The Sakhalin Island earthquake catalog is considered from the stand-
point of non-extensive statistical physics (NESP). The analysis is based on the
concept of entropy, which was introduced in 1988 by Constantino Tsallis as a
generalization of the standard Boltzmann–Gibbs entropy. To describe the distri-
bution functions of earthquakes, amodified stick-slip earthquake sourcemodelwas
used - stick-slip of two plates relative to each other along a fault in the presence
of friction and filling fragments between the fault surfaces and the Tsallis entropy
maximum principle. It is shown that the earthquake flux is a system with memory
and long-range spatial correlations, and the calculated values of the Tsallis param-
eter q ~ 1.5 almost coincide with the values obtained for the magnitudes of the
catalogs of various seismically active regions. At the same time, when analyzing
the flow of events related to technogenic impacts (explosions), it was determined
that the value of the Tsallis parameter q is lower than that calculated from the
earthquake catalog. Such areas where blasting is carried out are characterized by
a low value of the Tsallis parameter q.

Keywords: earthquake · industrial explosion · non-extensive statistical physics ·
energy distribution function of earthquakes · long-range correlations · Tsallis
parameter

1 Introduction

The paper [1] outlines the stages in the development of regional seismology and the
results obtained. In particular, it was found that in the region of the Kuril Islands and
the Sea of Okhotsk, earthquakes are concentrated mainly in the inclined seismic focal
zone (SFZ) with a thickness of about 70 km, extending under the mainland to depths
of about 650 km. Here, seismic activity reaches almost the maximum level on Earth. In
the last 100 years alone, about a dozen earthquakes with M ~ 8 or more have occurred
on the Kuril Islands. The upper edge of the SFZ comes out on the day surface on the
continental slope near the deep-sea trench, 60–70 km east of the islands. The width of
the epicentral region in the area of the outlet of the SFZ is about 100 km. The vast
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majority of earthquakes that cause 7–9 magnitude shaking on the islands are located at
depths up to 200 km. About 55% of earthquakes in the zone occur in the depth interval
of 30–50 km. The hypocenters of the strongest earthquakes are located at a distance of
60–160 km from the Kuril Islands, which weakens the effect of shaking from them to
8–9 points (instead of 10–11 points at the epicenter). Deep-focus earthquakes make up
only about 10% of the total number and release less than 1% of the energy in the sources
of all earthquakes in the zone [1].

In the territory under consideration, technogenic seismicity associated with the
extraction of minerals is also observed. At present, coal mining in the region is car-
ried out in an open way in several areas. The most active mining is carried out at the
Solntsevsky coal mine (SCM) of the Eastern Mining Company [2]. A large number of
explosions can serve as a tool for seismic exploration, as well as act as a trigger mech-
anism for earthquakes or perform the function of stress relief [3, 4]. At the same time,
there is the issue of identifying explosions and separating the natural seismic process
from technogenic seismicity [5].

The purpose of this work is to evaluate the application of an earthquake model based
on the principles of non-extensive statistical physics to the seismic process occurring on
the island. Sakhalin. The task also consists in determining how, within the framework
of the model used, the natural seismic process differs from man-made impacts, namely
from explosions. To solve this problem, thework also considers the catalog of explosions
of the Solntsevo coal mine.

2 Initial Data

The earthquake catalog of the Sakhalin branch of the Federal Research Center “Geo-
physical Survey of the Russian Academy of Sciences” (FRC EGS RAS) since 1997
was used for the study (for example, [6]. The catalog is supplemented annually on the
website of the FRC EGS RAS organization (gsras.ru).

In addition, the catalog of explosions of the Solntsevsky coal mine (SCM) of the
Eastern Mining Company [2] for 2020–2022 was used for calculations. Figure 1 shows
the epicentral positions of earthquakes (8127 events) that occurred from 1997 to 2022.
The inset shows the explosions (560 events) of the Solntsevsky coalmine for 2020–2022.

3 Methods

Time series, which are successive events of recorded earthquakes with magnitude values
in a wide range, demonstrate complex behavior, which is associated with different scales
of ruptures in the earth’s crust. In turn, small seismic movements occur much more often
than large earthquakes. To describe the statistics of the distribution of earthquakes by
energy, the cumulative distribution N(>M) is widely used, which indicates the number
of earthquakes with a magnitude equal to or greater thanM, has an exponential behavior
and is known as the Gutenberg-Richter law [7]:

lgN (> M ) = a − bM , (1)
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Fig. 1. Epicentral position of earthquakes (8127 events) that occurred from 1997 to 2022. The
inset shows the explosions (560 events) of of the Solntsevsky coal mine for 2020–2022.

where N(>M) is the number of earthquakes with magnitudes (or classes) of at leastM, a
and b are the equation constants. The parameter a (a-value) means seismic activity atM
= 0, and the slope of the linear part of the graph b determines the rate of decrease in the
relative number of events with increasing magnitude. For most regions of the earth, the
angular coefficient of the descending linear section of the distribution of earthquakes by
energy is b≈0.9 [8].

It should be noted that dependence (1) is empirical and was obtained without using
the positions of equilibrium (classical) thermodynamics, where the state of the system
is characterized by entropy.

If pi is the probability that the system is in state number i (i = 1, …, N,
N∑

i=1
pi = 1),

then the entropy of the Boltzmann-Gibbs thermodynamic system is calculated as [9]:

S = −k
N∑

i=1

pi ln pi (2)

where k is the Boltzmann constant (k = 1.38·0–23 J/K), N is the number of possible
states of the system. Boltzmann entropy (2) is characterized by additivity, i.e. the entropy
of an equilibrium system is equal to the sum of the entropies of its individual parts, and
the change in the entropy of the entire system is equal to the sum of the changes in its
parts.
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In the case of using the Boltzmann-Gibbs entropy, if the system consists of two
independent subsystems A and B, then the total entropy of the system will be as follows:

S(A + B) = S(A) + S(B) (3)

In statistical physics, entropy is shown to be an additive quantity. However, there
are systems that cannot be described using statistics based on the Boltzmann-Gibbs
entropy formalism. First of all, these are systems with strong correlations, with strong
and long-range interactions between all parts of the system, with memory effects. For
such systems,Boltzmann-Gibbs statistical physics is of limited use, and its generalization
was necessary to consider correlations over all scales between elements of the system,
leading to power-law distributions. The foundations of non-extensive statistical physics,
sometimes referred to in the literature as non-extensive Tsallis q-statistics or simply
Tsallis entropy, were originally introduced by Tsallis in 1988 [10]. The theory is based
on a generalization of the Boltzmann-Gibbs statistics, which makes it possible to study
systems with long-range interactions, long-term memory and/or multifractal structures.
Non-extensive statistical physics is widely used to analyze and describe many complex
dynamic systems, based on the following entropy expression on a discrete number of
microstates of the system under consideration [10–12]:

Sq = k

q − 1

(

1 −
N∑

i=1

pqi

)

(4)

where pi is the probability that the system is in the i-state (
N∑

i=1
pi = 1), N is the number

of system states, k is some positive constant that determines the unit of entropy and in
physical formulas is used to connect dimensions, such as the Boltzmann constant. q is the
so-called entropy index. The entropy proposed by Constantino Tsallis for a composite
system satisfies the property of non-additivity. In this case, for a system consisting of
two subsystems, the total entropy will be determined by the following expression:

Sq(A + B) = Sq(A) + Sq(B) + (q − 1)

k
Sq(A)Sq(B) (5)

The parameter q, in this case, is a measure of the non-extensiveness of the system
under consideration: q < 1 corresponds to superadditivity (superextensiveness), for q >

1—subadditivity (subextensiveness), and the value q = 1 corresponds to the extensive
case. When q = 1, the last term on the right side of the equation disappears, and the
additivity (extensiveness) property is restored [13].

To test the hypothesis of the application of non-extensive statistical physics, at the
first stage we use the q-Gaussian to estimate the series of differences in the magnitudes
of earthquakes adjacent in time. The probability density distribution function can be
described by a q-Gaussian [12, 14] as:

Gq(β, x) =
√

β

Cq
e−βx2
q (6)
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for1 <q <3 Cq =
√

π�
(

3−q
2(q−1)

)

√
(q−1)�

(
1

q−1

)

Expression (6) uses expressions of the so-called q-algebra, in which the following
functions are introduced: q-exponent

exq = [
1 + (1 − q)x

] 1
1−q , (7)

and q-logarithm

lnq(x) = x1−q − 1

1 − q
. (8)

The shape parameter q < 3 controls the degree of non-extensiveness of the system,
and distribution (6) reduces to the Gaussian distribution at q = 1 [15].

Sotolongo-Costa and Posadas in their work [16] proposed to modify the stick-slip
earthquakemodel - “stick-slip” of two plates over each other along a fault in the presence
of friction [17]. Themodel (Fragment-Asperity InteractionModel forEarthquakes, [17]),
based on the principles of non-extensive statistical physics, considers the interaction of
fault walls and rigid fragments filling the gaps between the walls. In this model, the
released seismic energy ε is related to the size of the fragments that fill the space between
the fault blocks.

In [18], the proposed model was improved using the volume dependence between
seismic energy and fragment size instead of linear. Subsequently, in works [19] and [20]
they continued further refinement of the model by introducing the relationship between
the earthquake magnitude and relative energy, according to [21]: M ∝ 2

3 log(ε).
According to these studies, if N(M > Mth) is the cumulative distribution of the

number of earthquakes N with a magnitude greater than Mth, then:

log

(
N (M > Mth)

N

)

=
(
2 − q

1 − q

)

log

⎡

⎣
1 −

(
1−q
2−q

)(
10Mth

a2/3

)

1 −
(
1−q
2−q

)(
10M0

a2/3

)

⎤

⎦ (9)

whereM0 is the threshold magnitude in the catalog, a is the coefficient of proportionality
between the earthquake energy E and the size of the block fragment r3 between faults, q
is the Tsallis parameter from the expression for the Tsallis entropy (4). Equation (9) gen-
eralizes the Gutenberg-Richter relation in a wide range of values [22] and demonstrates
good agreement for various earthquake catalogs [23, 24 and 25, etc.].

The values of the Tsallis parameter q obtained for the seismic catalogs of different
regions of the world [26, 27] are q ≈ 1.5–1.7, which indicates the universality of this
parameter.

Quantitative estimates of the distribution of seismic activity involve the calculation
of the average number of earthquakes in a certain volume for some time, as well as the
calculation of the intensity of seismotectonic deformations (STD) [28].
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4 Results and Discussion

The purpose of this work is to determine how, in the light of non-extensive statistical
physics, the seismic process differs from technogenic impacts, namely from explosions.
Therefore, it was decided to use three data sets: the FRC EGS RAS earthquake catalog,
the SCM explosion catalog, and a summary catalog that combines both data sets. The
latter variant will be used to determine how the seismicity pattern under consideration
will change when the catalog of explosions is “mixed” into the catalog of earthquakes.

It was already shown in [29] that the probability density distribution of the energy dif-
ference between successive earthquakes in real data and in numericalmodels corresponds
to the q-Gaussian distribution given by Eq. (6). Let us construct the probability density
distribution function of the magnitude difference between successive earthquakes, and
then approximate the normal and q-Gaussian ones using expression (6). The result is
shown in Fig. 2.

Fig. 2. Probability density distribution function of magnitude difference between successive
earthquakes and its approximation by Gaussian and q-Gaussian with parameters q = 2.0119
± 0.03, β = 3.1173 ± 0.325.

It can be seen that the approximation of the distribution function by the q-Gaussian
has a more realistic form than by the normal distribution. Moreover, the q parameter
indicates that we are dealing with a non-extensive system in which memory and cross-
correlations are present. Therefore, for data analysis,methods of non-extensive statistical
physics based on the entropy formalism proposed by K. Tsallis are applicable.

Let us construct cumulative distributions of the number of earthquakes by magni-
tude and approximate them using expression (9). We use three catalogs: a catalog of
earthquakes for 1997 - 2022, a catalog of earthquakes + a catalog of explosions, and a
separate catalog of explosions. The result is shown in Fig. 3.

Adding information about explosions to the catalog of earthquakes does not signif-
icantly change the picture. The Tsallis q parameters found by the method of nonlinear
regression for the earthquake catalog and the mixed catalog (q = 1.557± 0.003 and q =
1.554± 0.003) characterize the region under study as seismically active and are close to
the values obtained for other seismically active regions q≈1.5 presented in the papers.
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Fig. 3. Distribution of the relative number of earthquakes with magnitudeM>Mth depending on
the magnitude. a – earthquake catalog, b – earthquake catalog + explosion catalog, c – explosion
catalog.

Interesting, in this case, is the value of the Tsallis parameter q obtained for the catalog
of explosions. It can be assumed that the work related to the explosions at the SCM is
carried out according to a predetermined schedule. However, despite the fact that the
process described by the catalog of explosions is deterministic rather than stochastic,
the obtained value of the Tsallis parameter q = 1.271 ± 0.006 indicates the opposite.
That is, even if there is some mutual correlation between successive explosion events, it
is not as strong as in the case of earthquakes.

Wedefine theTsallis parameter q in anotherway. Inmanyworks, in addition to energy
characteristics, distances or time between successive events are considered [29–32, etc.].
Let us construct cumulative time distributions between successive events. We still use
three catalogs: the catalog of earthquakes for 1997–2022, the catalog of earthquakes +
the catalog of explosions, and the separate catalog of explosions. We approximate the
obtained distributions by the q-exponent of Tsallis, expression (7). The parameters of
the equation will be determined by the method of non-linear regression. The result is
shown in Fig. 4.

Fig. 4. Cumulative distributions of time intervals between successive events:. a – catalog of
earthquakes, b – catalog of explosions.

The obtained values of the Tsallis parameter q for the earthquake catalog (q =
1.604 ± 0.006) differ significantly from the value obtained for the explosion catalog of
the Solntsevo coal mine (q = 0.506 ± 0.009). In contrast to the natural seismic process,
according to the catalog of explosions, it can be argued that there is nomutual correlation
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between individual acts of event-explosions, and individual acts of explosions are in no
way connected with each other.

The calculation of the quantitative distribution of seismic events, the distribution of
the STD intensity and the Tsallis parameter q over the territory was carried out in cells
sized 0.5 × 0.5° with a step of 0.25° with the obtained value tied to the center of the
cell. The results of constructions are presented in Fig. 5. The resulting distribution of
the number of events varies from 0 to 5. A significant part of the number of events refers
to the southern part of the island. Sakhalin, north and central part. The intensity of STD
varies from 0 to 2·10–6 yr–1. Most of the events of moderate magnitude are located in
cells where lgIΣ is 10–8 yr–1. The intensity maxima are also observed in the southern,
central and northern parts of the island. Sakhalin. The areas of increased seismicity that
stand out in Fig. 6 (a) correspond to the maps of the seismic activity of Sakhalin [33].
The values of the Tsallis parameter q vary over the territory of the island. Sakhalin and
are in the range from 1.3 to 1.9.

On the whole, the pattern of the distribution of the Tsallis parameter q coincides
with the distributions of the number of events and the intensity of the STD. The areas
of increased values of the number of events and the intensity of STDs are accompanied
by increased values of the Tsallis parameter q. This can be explained by the fact that
the seismogenic zones are in a metastable state, and an active seismic process is taking
place in areas with an increased value of the parameter q.

Fig. 5. Distribution of the number of earthquakes (a), the logarithm of the STD intensity (b), and
the Tsallis parameter q(c) over the territory.

Despite the fact that the number of events and the intensity of STDs demonstrate
an active seismic process, the Tsallis parameter q has lower values in this region. The
distribution of seismicity characteristics used in the work shows the same effect as in



Nonextensive Analysis of Natural and Technogenic Seismicity 263

Fig. 4 and 5. Despite the determinism and the presence of periodicities in the catalog
of explosions, individual acts of event-explosions themselves weakly or even do not
correlate with each other, and even more so with the catalog of earthquakes.

5 Conclusion

The paper considers the catalog of earthquakes of the Sakhalin branch of the Federal
Research Center “Unified Geophysical Service of the Russian Academy of Sciences”,
8127 events for the period from 1997 to 2022, and the catalog of explosions of the Sol-
ntsevsky coal mine, 560 events for 2020–2023. When analyzing the data, the principles
of non-extensive statistical physics were used, which is based on the entropy formalism
proposed by K. Tsallis. For calculations, a modified stick-slip earthquake model was
used - “stick-slip” of two plates over each other along a fault in the presence of friction,
built on the principles laid down in the description of the Tsallis entropy. It is shown that
the natural seismic process is well described by the proposed model, the obtained model
parameters coincide with similar values for other seismically active regions, and char-
acterize the island. Sakhalin as seismically active. The set of earthquake catalog events
is a process with memory and cross-correlations, where individual events are connected
not only with each other, but with the entire system as a whole. Increased values of the
Tsallis q parameter are observed in areas with an active seismic process and coincide
with areas of increased seismicity, which correspond to the maps of seismic activity of
Sakhalin.

It should be noted that, unlike the natural seismic process, which looks like a stochas-
tic one, explosions occur according to the rules, schedule, and are closer to a deterministic
process. It could be assumed that the Tsallis parameter q, which is an indicator of the
degree of correlation, will be higher than the value calculated for the seismic process.
According to the results of data processing on the explosions of the Solntsevo coal mine,
it can be noted that the catalog of explosions did not reveal such strong correlations
between individual explosion events. Areas where blasting is carried out are marked by
lower values of the Tsallis parameter q.

In addition, it can be assumed that when observing the dynamics of changes in
the Tsallis parameter q in mining areas, an increase in this parameter can increase the
likelihood of an underground shock.

Funding and Thanks. The work was carried out within the framework of the state task of the
Institute of marine Geology and Geophysics of the far Eastern branch of the Russian Academy of
Sciences.
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Abstract. The power-law compound and time-fractional Poisson pro-
cess is considered as a statistical model of anomalous phenomena in the
hereditarian theory of criticality. This model can be useful in studies
of energy-active zones. Regardless of their nature, anomalous phenom-
ena have universal statistical properties, among which, first of all, it
should be noted scale invariance. In the proposed model, the special
role of scaling in the properties of anomalous phenomena is shown tak-
ing into account the heredite effects, the physical meaning of which is
explained by examples of analogies between anomalous phenomena of dif-
ferent nature. Critical process modes and exceptional values of critical
indexes are determined. The structural instability of the process caused
by scaling and catastrophes in its statistical characteristics are discussed.
The obtained results are used to study seismic data and determine the
critical indices of the deformation process.
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1 Introduction

The signs of critical phenomena arising in the form of anomalous modes of the
wave process are scaling and power-law divergence of process characteristics near
critical points. The hereditarity of the process affects the values of critical indices,
slows down the dynamics and causes an increase in fluctuations, the nature of
which indicates coherent effects.

To describe the anomalous phenomenon, consider the critical modes of the
compound Poisson process [1,2] in its fractional representation [3–5] and with
event flow scaling defined by the Guttenberg-Richter law [6,7]. It will be shown
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below that such a statistically scale-invariant and hereditarian process under
critical ratios of scaling and hereditarity parameters goes into a mode charac-
terized by a catastrophic increase in statistical characteristics.

Due to the hereditarity of the process, there is a statistical dependence and
power-law correlations of random events. At the same time, relaxation slows
down and the role of fluctuations increases. If scaling generates divergences at
critical points, then the memory of the process determines the features of its
dynamics.

The applicability of the hereditarian theory of criticality will be considered
on the example of seismicity. The critical indices of anomalous modes of the
geodeformation process will be determined by the peculiarities in the ratios of
scaling and hereditarity parameters.

2 Compound Fractional Poisson Process

Equations of Compound Fractional Poisson Process (CFPP) of order k with
integer random state changes by r = 1, 2, ..., k can be represented as [3]:

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

dpν
0(t)

dtν
= −Λpν

0(t), Λ =
k∑

r=1
λr,

dpν
j (t)

dtν
=

j∑

r=1
λrp

ν
j−r(t) − Λpν

j (t), j = 1, 2, ..., k − 1,

dpν
j (t)

dtν
=

k∑

r=1
λrp

ν
j−r(t) − Λpν

j (t), j = k, k + 1, ...,

(1)

with initial conditions

pν
j (0) =

{
1, j = 0,

0, j ≥ 1,

where ν is the exponent of the fractional derivative [3], 0 < ν ≤ 1.

3 Series of Repeatability Frequencies of Events

The power-law distribution of dislocation changes in the deformation process
can be determined using the Gutenberg-Richter law [6]

N = 10a−bM , (2)

where N = N(m ≥ M) is the number of events with magnitudes m ≥ M , M
is fixed magnitude, m is magnitudes of events, a and b are constants, b ≈ 1,
0.5 < b < 1.5, 1 < M < 9.5, Ntotal = 10a is total number of events.

The Kanamori magnitude is defined as M = (2/3)(lg M0 − C) [7], where
M0 = μSu is the seismic moment, μ is the rock shear modulus, about 30 GPa, S
is the area of the geological fault, u is the average displacement along the fault,
C = lg m0 is the normalization constant, the logarithm of the seismic moment m0
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of the reference (calibration) event, for example, a controlled explosion. Seismic
moment – the work of elastic forces expended on the destruction of rocks, the
displacement of the sides of the fault and seismic vibrations. Only a small part
of the released elastic energy (on the order of a percent) is converted into an
earthquake.

There are other definitions of magnitude, which essentially come down to
renormalization of the energy of an event, but the power-law distribution of
events over energies, which is characteristic of nonequilibrium systems, remains
unchanged under any normalization.

Taking into account that S = L2 and u = εL, where L is the dislocation size
and ε is the relative strain, we get M0 = μεL3.

Then for the dislocation probability distribution function, we obtain P (L) =
1 − N/Ntotal = 1 − 10−bM = 1 − 10−(2b/3)(lg M0−C) = 1 − 10−(2b/3)(lg μεL3−C).

However, if we introduce the minimum dislocation size Lmin using the rela-
tion C = lg με(Lmin)3, then the probability distribution can be represented as:
P (L) = 1−(L/Lmin)−2b. The event with the minimum dislocation size is chosen
as a reference (calibration).

It is noteworthy that the definition of the magnitude in terms of the disloca-
tion size M = 2lg(L/Lmin) in Bells gives the probability distribution of events
without the medium parameters μ and ε, i.e. in this case, the deformation pro-
cess is represented exclusively by geometric characteristics, and in such a way
that there is no dependence on the units of their measurement. The fact that
the resulting distribution is related to the energy of the event remained in the
two in front of the logarithm.

For the probability density, we get p(L) = dP (L)/dL = 2b(L/
Lmin)−2b−1/Lmin. This function is defined on the interval Lmin < L < Lmax,
where Lmax is the maximum size of dislocations, limited by the polygon size
(hundreds of kilometers).

From the relations Mmax = 2lg(Lmax/Lmin) = 9.5 and Lmax ≈ 105 meters
we get Lmin ≈ 1 meter. Note that M = 0 at L = Lmin, however, the magnitude
interval 0 < M < 1 is not considered in seismology, this is the region of geoa-
coustic emission, but since it makes a well-defined high-frequency contribution
to the energy of events, we will consider the extended (consolidated) interval
of magnitudes 0 < M < 9.5 and the corresponding interval of dislocation sizes
Lmin < L < Lmax.

The frequency dependence of the propagation of acoustic oscillations in inho-
mogeneous media leads to the effects of renormalization of the source of oscil-
lations in the range of magnitudes 0 < M < 1 and significant deviations from
the Gutenberg-Richter law. These effects at the left end of the 1 < M < 9.5
magnitude range are called roll-offs.

The energy spectrum of seismoacoustic oscillations is non-stationary and very
dynamic, as it should be for a turbulent process, so the Gutenberg-Richter law
should be considered as an approximation of a real spectral characteristic. We
will use this power law in the magnitude range 0 < M < 9.5 as the average
value of the energy spectrum of seismoacoustic oscillations. Deviations from the



Power-Law Compound and Fractional Poisson Process 269

mean in narrower spectral ranges are treated as non-stationary [8,9]. Below, the
conditions for the instability of the power-law distribution will be determined.

Data in the seismic catalogs are given with a magnitude step of ΔM = 0.1,
i.e. in deciBells, but the division of the region Lmin < L < Lmax into intervals
ΔL will not be equidistant. On the contrary, we will make the partitioning in L
equidistant with the step ΔL = Lmin in order to form a generalized harmonic
series of event recurrence frequencies. With such a partition, we get the number
of intervals k = Lmax/Lmin = 104.75 ≈ 105. The number of events in each
interval with number r will be ΔNr = Ntotal p(rLmin)Lmin = 2b · 10a · r−2b−1.
Dividing this by the observation period T , we obtain a series of event recurrence
frequencies ωr that fall within the ΔLr interval,

ωr = 2bΩ · r−2b−1,

k∑

r=1

ωr = Ω =
Ntotal

T
, (3)

where Ω is the total frequency of events. In our case of large k we can put k → ∞.
Equations (1) are supplemented by a power-law distribution (3) of fre-

quency ωr of random events occurrence with jump amplitude r = 1, 2, ..., k,
which are related to the parameters λr of Eq. (1) (fractional event rates) as
follows:

λr = ων
r =

(
2bΩ · r−2b−1

)ν
, (4)

k∑

r=1

λr = Λ = (2bΩ)ν
k∑

r=1

r−(2b+1)ν . (5)

4 Critical Indexes and Process Instability

Let us consider the role of the nonlocality of the process in time, which is deter-
mined by the fractional parameter ν. The sum of fractional event frequencies

Λ =
k∑

r=1
λr = (2bΩ)ν

k∑

r=1
r−(2b+1)ν characterizes the rate of the process. Accord-

ing to Eq. (1), Λ1/ν = 2bΩ
( k∑

r=1
r−(2b+1)ν

)1/ν

– rate of decay of the initial and

all subsequent states. The dimension and value of this expression is determined
by the total frequency of occurrence of random events Ω, see (3). The probabil-
ity distributions of the waiting times for the first movement for each scale r are
represented by expressions

P (t) = λrt
νEν,ν+1(−λrt

ν), t ≥ 0, r = 1, 2, . . . , k, (6)

where Eν,ν+1(x) is the Mittag-Leffler function [3]. Distributions (6) define cor-
relations in event streams. The fact that the correlations are represented by a
fractional exponent indicates the non-locality of the process in time, memory
effects, statistical dependence of events, and delayed relaxation that arise as a
result of hardening of the medium.
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Three types of process instability are determined by three types of diver-
gences in its statistical characteristics. The first one is related to the divergence

of the partial sum of the generalized harmonic series Sk =
k∑

r=1
r−(2b+1)ν in expres-

sion (5), for which the following is satisfied S∞ = lim
k→∞

Sk = ζ((2b + 1)ν), where

ζ(x) is the Riemann zeta function. For (2b + 1)ν = 1, the zeta function goes to
infinity, which gives a critical relation between the parameters of scaling b and
the time nonlocality ν of the process. If b ≈ 1, then the critical value is ν ≈ 0.33.
If ν is greater than this value, then the process is in subcritical mode, but there
may be divergences in other characteristics of the process.

Consider the first and second moments of distribution (5), which determine
the mean and variance of the CFPP. Note that the sum of the fractional fre-
quency of occurrence of events Λ is the zero moment. If it is finite and far from
the critical value, then we find the conditions for the existence of the other two

moments. Generating moment functions E(t, s) = Eν,1

(
k∑

r=1
λr(er·s −1)tν

)

, t ≥
0, s ∈ R [3], gives for the mean E(t) and variance Var(t) of the CFPP [3]:

E(t) = Sk,1(2bΩ · t)ν/Γ(ν + 1), t ≥ 0,

Var(t) = Sk,2(2bΩ · t)ν/Γ(ν + 1) +
(
Sk,1(2bΩ · t)ν

)2
Z(ν), t ≥ 0,

Sk,p =
k∑

r=1
r−(2b+1)ν+p, p = 1, 2,

Z(ν) :=
1
ν

(
1

Γ(2ν)
− 1

νΓ2(ν)

)

,

(7)

where Γ(x) is the gamma function. The first term of the dispersion Var(t) is
proportional to the average as in the usual Poisson process, and the second is pro-
portional to the square of the average, which can be considered a manifestation
of the coherence of random events, known, for example, as superluminescence in
laser physics. This is a direct consequence of the non-locality (memory) of the
process.

In this case, the limit S∞,p = lim
k→∞

Sk,p = ζ((2b + 1)ν − p) tends to infinity

when (2b + 1)ν − p = 1, which gives the critical relation ν = (1 + p)/(2b + 1)
between the scaling parameters b and the time nonlocality ν of the process.
Critical values ν (critical indices) can be defined as νp = (1 + p)/(2b + 1).
To combine this result with the one obtained earlier for the zero moment of
the power-law distribution of the frequencies of random events, we must set
p = 0, 1, 2.

If the zero moment determines the decay rate of the states, then the first
moment determines the rate of growth of deformations, and the second deter-
mines the rate of energy release (power) of the process. Which of them are finite
for a given power-law distribution of event frequencies is determined by critical
indices. For example, if b ≈ 1, then the critical values νp ≈ 1/3, 2/3, 1, for
p = 0, 1, 2. Using the value of the hereditarity parameter ν, we determine at
what statistical moments instability can occur.
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5 Analysis of Seismic Data

When obtaining the values of critical indices, it is not necessary to proceed
to a geometric description of the process, you can operate directly with the
class or magnitude, in tenths of its fractions (in decibels), as is customary in
seismic catalogs [10]. By the nonlinear regression method we will find the process
parameters b and ν averaged over the intervals of classes or magnitudes of the
catalog in which the power-low distribution of the frequency of recurrence of
random events is performed. According to the real value of the parameter b and
in accordance with the hereditary model discussed above, critical indices νp will
be found, by the value of which and in comparison with ν the state of the seismic
process will be determined.

5.1 Determination of the Parameters of the Distribution
of Repeatability Frequencies

Distribution of the frequencies ωr [day−1] of events repeatability (3) is defined
by the parameters a and b of the Gutenberg-Richter law (2), the logarithmic
form of which is as follows

lg N = a − bM. (8)

The earthquake catalog of the Kamchatka Branch of the Geophysical Sur-
vey of Russian Academy of Sciences for the period from 1 January 1962 to 31
December 2002 for the Kuril-Kamchatka island arc subduction zone was used
to determine the necessary parameters (area 46◦–62◦ N, 158◦–174◦ E) [10]. The
size of the catalog n = 79282 earthquakes, the catalog contains events of 4.1–16.1
energy classes.

The distribution of the number of earthquakes obtained from the catalog
data, depending on their energy, showed that the sample for earthquakes with
energy less than class 8.3 is not representative. The sample size of earthquakes
of energy classes K ∈ [8.3, 16.1] is n = 46917. At this interval, we will find the
best approximation by the exponential function (2) of the empirical Gutenberg-
Richter law (Fig. 1a). In logarithmic form, we obtain an approximation by the
function (8) of the linear part of the empirical Gutenberg-Richter law (Fig. 1b).

The least squares method (LSM) was used to approximate the empirical
Gutenberg-Richter law by the exponential function (2) (nonlinear regression).
Suitable intervals of changing the parameters a and b were determined. The val-
ues of the parameters of the approximating function (2) were found by iterating
over the values from these intervals in increments of 0.001 based on minimiz-
ing the approximation error ε with the accepted constraint 1% < ε < 10%
with sequential exclusion of classes from the beginning and end interval K ∈
[8.3, 16.1] (M ∈ [2.33, 7.53]) and the largest correlation index R. At each inter-
val obtained in this way, statistical characteristics for the logarithmic Gutenberg-
Richter law were also calculated. If the approximation error ε of the logarithmic
law (2) on the considered interval of magnitudes satisfied the minimization con-
dition and the constraints of 1% ≤ ε ≤ 2%, then this interval was chosen as the
approximation interval.
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Fig. 1. The empirical Gutenberg-Richter law: (a) initial, (b) logarithmic. The blue
graph – nonlinear regression, the dot graph – empirical law, where the red dots –
approximation interval.

According to the results of calculations, all the conditions formulated above
are satisfied by the approximation of the empirical Gutenberg-Richter law by an
exponential function on the interval K ∈ [9.2, 12.9] (M ∈ [2.93, 5.40]) (Table 1,
first row). At the selected approximation interval, the closeness of the nonlinear
regression is estimated using the correlation index R = 0.9857, the proximity
of which to one indicates a close relationship. The statistical significance of
the nonlinear regression equation as a whole is estimated using the F -criterion
F (α, k1, k2) at the significance level α = 0.05 with degrees of freedom k1 = m−1
and k2 = nK − m, where nK is the number of classes in the approximation
interval, m – number of regression parameters (m = 2). The empirical value of
the statistics F exceeds the critical value F̃ = F (0.05, 1, 42) = 4.08, therefore, at
a given level α, we recognize the statistical significance of the nonlinear regression
equation as a whole. Note that the statistical characteristics of the logarithmic
empirical Gutenberg-Richter law also allow us to conclude about the statistical
significance of the linear equation (F > F̃ ) as a whole (Table 1, second row).

Table 1. Parameters of the Gutenberg-Richter law and statistical characteristics of
approximating functions

Function of approximation [K1, K2] [M1, M2] nK Ntotal a b R F ε, %

Y = 10a−bX [9.2, 12.9] [2.93, 5.40] 38 22230 6.3815 0.6897 0.9857 1233 1.658

lg Y = a − bX 0.8567 99 1.687
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5.2 Distributions of the First-Passage Times

For each of the classes that fall within the approximation interval K ∈
[9.2, 12.9] (M ∈ [2.93, 5.40]), we find the distribution of times between pairs
of consecutive events (distribution of inter-event times) – distribution of the
first-passage times. The calculation procedure is as follows. We select events of
the class Kr from the catalog, calculate the lengths of time intervals between
neighboring events and find the length of the largest interval Tmax. We find an
empirical cumulative distribution function (eCDF) of the inter-event times by
the values of their length. The time step is one day. The eCDF is approximated
by the probability function P (t) (6) taking into account the expression (4).
The LSM approximation was carried out in two ways. In the first case, the fre-
quency of repeatability ωr [day−1] events of the class Kr were calculated based
on the empirical distribution of earthquakes by energy (classes), and the parame-
ter ν = νr of the approximation function P (t) was found from a suitable interval
by iterating with increment of 0.001, based on the condition of minimizing the
approximation error ε. As an example, some results are presented in the Table 2
(col. 4–7). In the second case, a two-parameter approximation was used, where
both parameters ωr [day−1] and ν = νr of the function P (t) were found from
suitable intervals by iterating with increments of 0.001, provided the approxi-
mation error ε was minimized (Table 2, col. 8–11). It should be noted that the
two-parameter approximation of the eCDF of the first-passage times is more
accurate. In this case the error ε for classes from the approximation interval
does not exceed 7% (Table 2, col. 11), whereas using the empirical value of the
frequency ωr leads to errors exceeding 10% for classes K ≥ 11.7 (Table 2, col. 7).
Therefore, the results of two-parameter approximation were used for further cal-
culations.

Table 2. Parameters of first-passage times distributions

Kr Mr nr
a Approximation by a function P (t)

one-parameter two-parameter

RSS ωr, [day−1] νr ε, % RSS ωr, [day−1] νr ε, %

1 2 3 4 5 6 7 8 9 10 11

9.2 2.93 57 0.102 0.135 0.961 4.71 0.025 0.182 0.891 2.33

11.0 4.13 113 0.331 0.025 0.922 7.19 0.041 0.033 0.865 3.76

11.7 4.6 95 0.505 0.011 0.825 11.18 0.023 0.021 0.784 4.07

12.9 5.4 50 0.428 0.004 0.868 14.85 0.032 0.006 0.883 5.32
anr – number of inter-event time intervals.

5.3 Results

Based on the results of processing experimental data and their regularities, the
parameters characterizing a CFPP (1), (4) of the order of k with integer ran-
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dom state changes by a value r = 1, . . . , k [3] are calculated on the selected
approximation interval. The intensity of this process is determined by a param-
eter Λ [day−ν ] that was calculated using the formula (5) taking into account
the equality (4). As a result of two-parameter approximation of the distribu-
tions of the first-passage times (Table 2, col. 9–10), the value of the intensity
of the process is obtained Λ = 1.8654 day−0.7849 = (2.2129/day)0.7849, where
the average of the exponent of the fractional derivative ν = 0.7849. Then the
process stability parameter (parameter b is taken from the Table 1) takes the
value (2b + 1)ν ≈ 1, 8675.

6 Discussion

From the value b = 0.6897, the critical values νp ≈ 0.4, 0.8, 1.2 are found for
p = 0, 1, 2. And according to the value of the hereditarity parameter ν = 0.7849,
it is determined that the process is in the subcritical mode by the zero moment,
and in the supercritical mode by the first and second moments. And this means
that instabilities can arise in the accumulated deformations and energy, and will
manifest in strong fluctuations.

The nature of these fluctuations can be explained using Var(t) in (7). In this
energy characteristic of the process (dispersion), the second term is proportional
to the square of the mean E(t) (7), and this indicates the presence of coherent
effects in the deformations arising due to the nonlocality of the process in time.
In other words, the memory of the process contributes to the consolidation of
dislocation changes, as a result of which not the energies of events are added,
but the amplitudes of dislocations. In quantum optics, this effect is known as
superluminescence, and in acoustics, on this principle, they tried to create a
generator of coherent radiation using processes in a superheated liquid. This
idea arose in connection with the analogy between the physics of boiling and
lasers.

In a nonequilibrium medium, as a result of the emerging instability, the
process sporadically passes into a nonstationary regime, due to which intense
fluctuations are formed, the description of which using the nonstationary Pois-
son process was considered in [8,9]. Coherence in anomalous phenomena is a
self-organized criticality due to the scaling and hereditary nature of the process.
Collective and time-nonlocal effects arise in systems that are far from thermo-
dynamic equilibrium.

For ν = 1, due to the property of the gamma function Γ(z + 1) = zΓ(z),
the second term of Var(t) in (7) vanishes, and coherent effects disappear. The
variance of the process becomes proportional to its mean, as in the usual Poisson
process.

7 Conclusion

The considered model has three special properties: complexity, power-law scal-
ing, and hereditarity. Each of these properties contributes to the statistical fea-
tures of the model.
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Complexity (compositeness) can take different forms, but a special case gives
power-law scaling, which causes instability and non-stationarity of the process.
In seismology, these are foreshocks, mainshock and aftershocks. In laser physics,
this is a gigantic impulse. In condensed matter physics, this is explosive boiling.
In the infectious sciences, this is an epidemic. In investments, this is a finan-
cial disaster. Scaling through scale consolidation generates divergences in the
statistical characteristics of the process.

But the main feature of the model is its heredity, which generates the consol-
idation of random events in time with an infinite correlation radius, according
to distribution (6). The process slows down, and due to this, the collectivization
of events occurs.

As has been shown, scaling and hereditarity produce a multiplier effect of the
consolidation of events, which results in a catastrophic rather than a gigantic
phenomenon. The second term of the process dispersion is responsible for the
coherence.
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Abstract. The paper provides new information about the occurrence
of anomalous variations in the flow of gamma and beta pulses, as well as
in the atmospheric electric field before the earthquake that occurred off
the coast of Kamchatka on March 16, 2021 with Mw = 6.6. It is assumed
that deformation processes before this earthquake led to increased radon
runoff, which affected the ionization balance of the surface layer of the
atmosphere. The detected short-term anomalous disturbances that pre-
cede an earthquake can be considered as its operational precursors and
evidence of the impact of the upper layer of the earth’s crust on the
surface atmosphere during its preparation and implementation.

Keywords: radon · atmospheric electric field · precursors ·
ionization · earthquake

Introduction

Radon (222Rn), formed as a result of the decay of radium and available for
continuous registration in the subsurface air, is very sensitive to changes in the
geodynamic state of the medium. This makes it possible to consider it as an indi-
cator of changes in the structure of the studied area of the Earth’s crust, porosity,
permeability of gas migration channels, as well as a response of the geomedia to
external influences. Anomalies in the radon field, as a herald of an approaching
earthquake, have been widely studied in recent decades. In order to search for
precursors of strong earthquakes in many seismically active regions of the world,
since the 60 s of the last century, the volumetric activity of radon dissolved in
water and in the air of the subsurface has been recorded. Information about the
informativeness of the radon method for searching for earthquake precursors is
given in a number of papers. The first brief description of radon precursors was
published in [1]. Another article [2] provides a more detailed description of the
geochemical precursors of strong earthquakes, including radon ones, recorded
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before 2009. According to these data, with the involvement of observations of
the dynamics of subsurface radon before earthquakes with M ≥ 5.0 on the Kam-
chatka Peninsula, in the work [3], the dependences of the parameters of radon
precursors on magnitude and distance were calculated. The theoretical substan-
tiation of the possibility of the occurrence of harbinger anomalies is quite fully
described in [4]. Short-term precursors of earthquakes with magnitude M ≥ 4.5
in the field of subsoil radon with a lead time of up to 15 days have been reported
in many parts of the world [3,5]. Observations of the behavior of the radon vol-
ume activity (RVA) over a long period at the Petropavlovsk-Kamchatsky geody-
namic polygon (PKGP) suggest that there is a definite connection between the
RVA and strong earthquakes with a magnitude Mw ≥ 5.5 occurring in the Kam-
chatka region [3]. The impact of the lithosphere on the atmosphere is an integral
part of the interaction of solid and gaseous geospheric shells. It is determined
by the dynamics of lithospheric processes and occurs intensively at the bound-
ary of the contact of geospheres, where radon emanation into the atmosphere
occurs. At the same time, disturbances in the electric field of the atmosphere
are observed. The lithospheric-atmospheric effect is most strongly manifested
in seismically active regions at the final stage of earthquake preparation, when
the deformation of rocks increases. In the works of [6,7] shows the relationship
between high-frequency geoacoustic emission and the electric field of the atmo-
sphere. These results indicate the interaction of geospheric shells, including due
to changes in the radon flux over a large area into the near-surface layer of the
atmosphere [8].

Methodology and Equipment

The network of subsurface gas monitoring points has been operating in one con-
figuration or another since 1998. During the operation of the network in the
radon field, two types of precursor anomalies for subduction earthquakes with
M ≥ 5.5 have been identified. Type A - is recorded at several points in the form
of in-phase bays lasting from 3 to 12 days and reflects the large-scale manifes-
tation of geodeformation processes on the last stage of earthquake preparation.
It is this type of anomalies that precede earthquakes that is supposed to be
associated with the passage of solitary deformation waves in the geomedium
that arise due to the quasi-plastic or cataclastic flow of rock masses at the last
stage of earthquake preparation. Type B - is registered in a single observation
point and is associated with a special state of the hydrogeological system of
the registration point. As shown in the work [3], the mechanism of the type B
precursor is in good agreement with the theoretical model of Rn transport in
an aqueous medium with complete transverse mixing. Currently, the subsurface
gas monitoring network includes 6 points (Fig. 1) and is equipped with modern
hardware and software for collecting, processing and storing the received time
series with data transmission in a mode close to real time. It is distinguished by
uniformity in the conditions of the creation of points and the location of sensors:
all points are located in alluvial-deluvial deposits of river valleys; two sensors
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in the aeration zone at depths of 1 and 2 m from the daytime surface; a large
number of recorded parameters, including atmospheric values. The analysis of
the obtained data and comparison with the seismicity of the region continue
continuously, which makes it possible to identify abnormal changes in the flow
of subsurface radon that precede earthquakes. The network of points is described
in detail in [3]. The data obtained by the subsurface gas monitoring network and
the atmospheric electric field potential gradient (PG) data are used in the work.

Fig. 1. Layout of the registration points for the concentration of subsurface gases at
the Petropavlovsk-Kamchatsky geodynamic polygon.

A network of PG observation points has been implemented in Kamchatka
[9]. For data collection, storage and preprocessing, as well as monitoring the
operability of the equipment, a hardware and software complex based on an
electrostatic sensor of the “EF-4” type has been developed and implemented,
this complex allows transmitting data close to real time [9]. In one of the points
of the radon observation network (PRTR1) located in the valley of the Paratunka
River, in addition to the RVA sensors, β and γ radiation is recorded in the air
at altitudes of 2.5 and 5 m (Fig. 1, 2). This point is equipped with a complex for
recording the concentration of subsurface gases [3].
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Fig. 2. Layout of sensors for monitoring the concentration of soil gases at the point
PRTR1. 1 - gas-discharge counter of β- radiation; 2 - gas-discharge counter of γ -
radiation; VM-8 - pulse generator for recording β radiation as part of the complex [3].

Earthquake on March 16, 2021 with MW = 6.6, Kamchatka

An earthquake with MW = 6.6 occurred in the Pacific Ocean on the traverse of
the Kronotsky Peninsula on March 16, 2021 at a distance of 350 km from INSR
at a depth of 65 km (Fig. 3). The RVA anomalies that preceded this earthquake
appeared at several points of the network, had a bay-shaped form of positive and
negative polarity and a duration of up to 18 days. Details about the development
of anomalies of subsurface gases (radon and hydrogen) and deformations of the
Earth’s crust recorded by tilt meters before this earthquake are described in [10].

In this work, it is concluded that the anomalous variations of radon recorded
in Kamchatka before the earthquake on March 16, 2021 with MW = 6.6 are
associated with the impact on the geomedium of several deformation pulses that
passed through all the registration points, causing changes in the permeability of
the soil, which led to a change in the flow of radon in the sensor installation sites.
The probable area of generation of such pulses is associated with the spatial loca-
tion of the future focus, and the occurrence of deformations in it, similar to the
processes of inelastic deformation (crip) indicates the final stage of earthquake
preparation. Sufficiently long anomaly times (up to 18 days) and anticipations
also indicate that the processes of the final stage of preparation for this earth-
quake were stretched over time and are probably related to the creep of rocks.
In addition to the identified anomalous variations of the RVA, which were men-
tioned above, preliminary analysis and comparison of PG data with variations
of subsurface radon revealed coincident anomalous variations in parameters that
occurred ∼ 13 h before the earthquake on March 16, 2021. Figure 4 shows the
RVA curves of MRZR and PRTR1, β, γ-radiation points at PRTR1, the gradient
of the potential of the electric field of the atmosphere at PETT, and meteoro-
logical parameters for the period March 12–19, 2021. Anomalous variations with
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Fig. 3. Map of the boundaries of areas within which the preparation process for earth-
quakes of corresponding magnitudes can cause anomalies in the field of subsoil radon
with a relative amplitude δmin ≥ 20 minus the lower boundary of the 95% confidence
corridor [3]. The star shows the epicenter of the earthquake on March 16, 2021 with
MW = 6.6.

a duration of ∼ 30 h in RVA (MRZR, PRTR1), ∼ 24 h in β, γ radiation are
clearly visually distinguished on the curves.

Attention is drawn to the increase in the concentration of carbon dioxide
(Fig. 4) in the INSTR point, organized on the basis of the NIS-1 well. Earlier,
anomalous postseismic effects were observed at this point after the Zhupanov
earthquake with M = 7.2 [3]. Probably, minor changes in the permeability of
the upper layer of loose sediments in the aeration zone where the sensor is
located, resulting from the impact of seismic waves, led to a change in the flow
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Fig. 4. Dynamics of the RVA at points MRZR, PRTR1 (a), β and γ radiation at
point PRTR1 (b, c), carbon dioxide at point INSR, PG at point PETT (d), variations
in atmospheric pressure and temperature (f) for the period March 12–19, 2021. The
moment of the earthquake is shown by a black vertical line, anomalies highlighted in
light gray. Post-seismic variations in the concentration of carbon dioxide and PG are
shown by black arrows. The blue color on the PG curve shows the response to cyclonic
activity. (Color figure online)
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of carbon dioxide, which was recorded. The strain impulse of stretching could
also lead to such a result. Similarly, changes in permeability could lead to the
release of some excess radon over a large area in the area of the PETT point
where PG is recorded. Since radon sensors are located in accumulation chambers
and, as a result, register local changes in the flow, as well as are inertial, the
appearance of some insignificant excess volume of radon was not reflected in their
data. However, this radon released over a large area of the earth’s surface, due
to ionization, could affect the electric field of the atmosphere, as demonstrated
by the PG data in the form of a short abnormal bipolar burst that appeared
almost immediately after the earthquake (Fig. 4). Similar anomalies in curves of
RVA were observed on the PKGP before the first of the Simushir earthquakes
doublet, with M = 8.3, which occurred in the area of the middle Kuril Islands
on November 15, 2006 [3].

Conclusions

Based on the weekly analysis of data received from the network of observa-
tion points on March 11, 2021, a standard conclusion on seismic hazard for
the Kamchatka Territory was submitted, made on the basis of the emanation
method described in [3]. According to the conclusion, during the next week it
was possible to have earthquakes with magnitudes greater than those indicated
in the corresponding areas marked in Fig. 3, or earthquakes with M > 6.5 in
the band bounded by latitude 49.5◦N - 56◦N and the axis of the deep-water
trough. The submitted forecast was based on an expert assessment of the devel-
opment of the identified anomaly and was additionally justified using the method
of “aigenoscopy” [3]. The earthquake that occurred in the area of the Kronot-
sky Peninsula on March 16, 2021 with MW = 6.6 is considered as predicted.
The effect of radon and its daughter products on the ionization balance of the
surface layer of the atmosphere is determined by the intensity of exhalation
of subsurface radon and meteorological conditions (convection, turbulence and
stratification of the surface layer of the atmosphere), which was shown on long
time series in [8]. The search for short-period variations of the electric field of
the atmosphere associated with the activation of deformation processes may be
complicated by weather conditions. There is no effective methodology for assess-
ing or compensating the influence of meteorological processes on the recording
of variations in the electric field of the atmosphere. However, in some individ-
ual cases, the identification of anomalies, in comparison with the data of radon
observations, becomes possible. These cases, as a rule, are associated with good
weather conditions, under which it is considered to be such weather conditions
at the observation point, in which the effect of local sources of formation of vol-
umetric electric charges is minimal (wind speed less than 6m/s, lack of clouds
and strong magnetic disturbances). As noted in [8], the choice of days with good
weather for the Kamchatka region, as a rule, corresponds to the nature of anticy-
clonal atmospheric circulation, characterized by cloudless weather and distance
from the registration point of active generators of the electric field of the atmo-
sphere due to the vertical transfer of air masses to the Earth’s surface. Such
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conditions provide the greatest effect of radon exhalation from the Earth’s sur-
face on the electric field of the atmosphere. The detected short-term anomalous
disturbances that precede an earthquake can be considered as its operational
precursors and evidence of the impact of the upper layer of the Earth’s crust on
the surface atmosphere during its preparation and implementation. The ongoing
analysis of continuously received data and comparison with the seismicity of the
region make it possible to identify anomalous changes in the RVA that precede
earthquakes. Detection of in-phase variations at several registration points is
extremely important for expert assessment and identification of anomalies in the
dynamics of subsurface gases preceding earthquakes against the background of
regularly occurring changes associated with other processes. Equally important
is the search for optimal techniques that help reduce the influence of meteoro-
logical factors and ensure reliable network operation without data loss during
long-term continuous registration. The development of an emanation method for
earthquake prediction requires modern digital equipment that allows obtaining
time series of various parameters in time close to real time. The hardware base of
the Kamchatka network of subsurface gas registration points is constantly being
improved and developed in order to provide detailed continuous qualitative data
series for research and meet international standards.

Acknowledgments. The work was carried out according to the RSF project 22-17-
00125 “Physical analysis of seismoelectromagnetic phenomena at the Kamchatka geo-
dynamic test site: modernization of the observation system and theoretical modeling”.
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