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JOULE HEATING: HALLOWEEN STORM ON 29-31 OCTOBER 2003
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Abstract

Estimation and prediction of Joule heating is essential for studying the satellite drag, which causes a malfunctioning
or complete loss of the satellite. This paper focuses on the production and enhancement of Joule heating and its
dependence on the AE (Auroral electrojet) index during a Carrington-like event that occurred from 29" October to
31% October 2003. Simulated Joule heat from the global Magneto-Hydro-Dynamic model- Space Weather Modelling
Framework (SWMF) is compared with Joule heating values obtained AE based empirical models. This analysis shows
a similar spatial and temporal variation in both the Joule heating values and a similar magnitude with a moderate
correlation. No other solar wind or plasma parameters show significant influence on Joule heating values during this
extreme geomagnetic storm.

Introduction

Two processes deplete energy in the ionosphere: Joule heating due to the closure of field-aligned currents and the
precipitation of magnetospheric electrons, which also induces auroral displays [Palmroth et al., 2004]. Precipitating
electrons heat thermalised electrons while Joule heating heats up ions. The global consequences of Joule heating are
more significant even if the particle energy deposition rate can surpass the Joule heating rate as the electric fields span
vast portions of the earth and have a long lifetime [Vickrey et al., 1982]. Estimation and prediction of Joule heating
rate is important because it has major space weather effects. Joule dissipation heats up and expands the ionosphere,
which in turn increases the ion outflow and causes satellite drag. Therefore, it should be quantified.

Time variations of the Joule heat can be significantly different in an individual event because it depends on different
solar wind parameters. Joule heating enhances and shows drastic time variations during major ionospheric
disturbances such as geomagnetic storms and substorms. Joule heating in the ionosphere is expressed as J - E, which
represents the current and electric fields perpendicular to the magnetic field B [Zhou et al., 2011]. Particles with lower
energy generate ionisation at elevated altitudes when Pedersen conductivities surpass Hall conductivities, and Joule
heating assumes increasing significance [Galand and Richmond, 2001; Vasyliiinas and Song, 2005].

Different studies report the variation of Joule heating during ionospheric disturbances; we focus on an extreme
geomagnetic storm that happened from 29 to 31 October 2003 because it caused a blackout and temporarily disabled
and saturated some space instruments [Skoug et al., 2004]. This is evident as data gaps on the OMNIWeb data set of
the interplanetary magnetic field vertical component (BZ), the solar wind velocity (VSW). This is due to the saturation
of the Solar Wind Electron Proton Alpha monitor of the ACE satellite. This was a Carrington-like geomagnetic storm
observed in the 21% century [Cid et al., 2015], so studying this event may lead to an interpretation of the Joule heating
on the 1859 Carrington event also.

An accurate estimation of Joule heating is not possible till now. Many studies have been carried out to estimate the
rate of Joule heating by different methods [Ahn et al., 1983; Foster et al., 1983; Baumjohann and Kamide, 1984;
Richmond and Lu, 2000]. We can estimate an average Joule heating rate either by AE-based empirical models or by
using global Magneto-Hydro-Dynamic (MHD) simulations. In this paper, we use Joule heating from three AE-based
empirical models and simulated Joule heating from one MHD model.

Data
Since there are big gaps in the OMNIWeb (https://omniweb.gsfc.nasa.gov/) data set of the interplanetary magnetic
field components and plasma parameters, data from the Advanced Composition Explorer (ACE) satellite is used
(http://www.srl.caltech.edu/ACE/). The data has a time lag of 40 min with respect to the OMNIWeb data. Sym-H data
and AE index are also from the OMNIWeb database. Because of more coverage and the number of stations, we use
the 1-minute SME index produced by SuperMag (https://supermag.jhuapl.edu/indices/) instead of the AE index for
empirical calculations.

For an average estimation of Joule heating on 29 to 31 October 2003 (runnumber=Ewelina_Florczak 011421 2),
we used the MHD simulation model Space Weather Modeling Framework (SWMF). Community Coordinated
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Modeling Center (CCMC) gives us the simulated results from their database. The solar wind input for this simulation
is provided by CDAWeh. We used the v20180525 version of SWMF.

AE-based empirical models are used in this study so that we can compare simulated Joule heating with Joule heating
calculated from the observed AE index. We calculate the Joule heating using different empirical models that use the
AE index. Models 1 and 2 are from other reported studies. Model 3 has an empirical model derived from our own
studies of storm-time Joule heating during the autumn season. Model 1 gives empirical relation as Uy (GW) = 0.32AE
[Baumjohann and Kamide, 1984], and Model 2 gives Uy (GW) = 0.28AE + 0.9 [Dstgaard et al., 20024, b].

Results and Discussion

Extreme geomagnetic storms occur during the October — November months and are often referred to as Halloween
storms. One such extreme geomagnetic storm with a longer duration occurred from the 29t of October to the 31% of
October 2003. According to Bravo et al. [2019]. this event was characterised by the presence of intense solar coronal
mass ejections that followed the solar flares on 28 October at 11:10 UT and on 29 October at 20:49 UT. Figure 1.
shows the variation of the Sym-H component (top panel) and the AE/SME index (bottom panel). The shock associated
with solar flares on October 28 and 29 reaches satellite at 06:00 UT and the second shock at 16:00 UT on October 30,
as shown in Figure 2. The southward turning of IMF Bz, which is essential for inducing variation in the AE index, is
clearly seen. Corresponding sudden storm commencement (SSC) and variation in AE index are observed at 06:12 UT
on October 29 and 16:20 UT on October 30 (Figure 1.). Drastic variations in the AE index denote that there is a chance
of high dissipation of Joule heat.

100
o
-0
200 %
=
300 &

— —400

5000 +¥——+—+——+—+—+—+—+—+—+—+—+—+—+—t—+—+—+—+—+—+—+—+——F——+—+— 300

_ 4,000 AE
£ —— SME
& 3.000 H
<
& 2,000
-
w

1,000 -

T T T T | T T T T T T T | T T T T T T | T T T
06:00 UT 23 OCT 2003 06:00 UT 31 OCT 2003

UT(MIN)

Figure 1. Variation of SYM-H component (top panel) and the AE/SME index (bottom panel) from 06:00 UT
of 29" October to 31% October 2003.
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Using the MHD model SWMF, we got a simulated rate of Joule heating for the above-mentioned time period. These
simulation results are available on the CCMC website
(https://ccmc.gsfc.nasa.gov/results/viewrun.php?runnumber=Ewelina_Florczak_011421 ). The simulated Joule
heating rate is shown in Figure 3. When we compare the time variations of simulated Joule heating with SYM-H and
AE/SME. There is a time lag between the two data sets because both are projected to two different regions [Bagheri
and Lopez, 2023]. As we expected, there is an increased production of Joule heating during this extreme storm time.
We studied the correlation of both quantities to check whether we can quantify the simulated Joule heating with the
AE/SME index.

2,000

SWMF
06:00 UT 23 OCT 2003- 06:00 UT 31 OCT 2003|

1.500
1,000

500

JOULE HEAT(GW)

0

SYM-H(nT)

[
} B 06:00 UT 31 OCT 2003
06100 UT 29 OCT 2003 UT(MIN)

Figure 3. Simulated Joule heating from SWMF- CDA Web (top panel) and SYM-H and AE/SME index on
06:00 UT of 29" October to 31 October 2003.

We calculated the correlation coefficient between the simulated Joule heating obtained from SWMF and the
observed SME index, which is represented in Figure 4. A moderate correlation coefficient of R = 0.53 is obtained.

— 16004 R=0.536
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Figure 4. Simulated Joule heating from SWMF- CDA Web as a function of simulated SME index for the
06:00 UT of 29t October to 31% October 2003.

To know how much these simulated values agree with the values obtained from AE-based empirical models, we
computed Joule heating using three AE-based empirical models mentioned above and plotted along with the simulated
Joule heating obtained from SWMF as represented below (Figure 5).
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Figure 5. Simulated Joule heating from SWMF- CDA Web (top panel) and Joule Heating obtained from AE-
based empirical models on 06:00 UT of 29" October to 315 October 2003.

The observations from all three models are moderately consistent with the spatial and temporal variations. Figure 5
clearly shows the variation of the AE index prior to the enhancement of Joule heating. This suggests an increase in
auroral currents and, consequently, in Pedersen conductivity, which raises the rate of Joule heating production. The
magnitude of Joule heating is comparable to that predicted by Models 1 and 2; however, Model 3 underestimates the
magnitude of Joule heating. Correlation investigations between these AE/SME-based models and simulated Joule
heating yielded a correlation coefficient of 0.536, as depicted in Figure 6. All three empirical models have identical
correlation coefficients to 14 decimal places. When compared to the aforementioned results as empirical models
simulated Joule heating shows a fair dependency on AE/SME index.
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Figure 6. Simulated Joule heating from SWMF - CDA Web as a function of Joule Heating obtained from
AE-based empirical models on 06:00 UT of 29™ October to 31 October 2003.

Inference

The Carrington event was the greatest known magnetic storm in Earth's history, and it took place on September 1 and
2, 1859 [Tsurutani et al., 2003]. According to Tsurutani et al. [2003], the main phase decrease of the H component of
the magnetic field was -1600 nT. A superstorm of that magnitude now would have disastrous effects on the ground
and space technology systems that modern society depends on. The rapid expansion of the ionosphere caused by the
energy released in the atmosphere during strong magnetic storms causes additional drag on low-Earth orbiting
satellites, which can shorten their lives or even cause them to explode. Moreover, data loss, satellite communication
failure, navigational problems, significant inaccuracies in GPS measurements, and potential threats for both astronauts
and passengers on aeroplanes because it causes malfunctions or even irreversible damage to spacecraft [Lakhina et
al., 2006]. Studying and predicting the characteristics of such extreme events will help us take remedial measures for
their worst effects. Through this paper, we studied one such Carrington-like extreme geomagnetic storm that occurred
in the 21% century, especially focused on the production and enhancement of Joule heating and its dependence on the
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AE/SME index. Empirical models of Joule heating are compared with the findings of SWMF simulation for this study.
The simulations predict an almost similar or lesser value of Joule heating relative to empirical assessments utilising
the AE/SME index, and the correlation is only 0.53. Also, we examined the relationship between correlation
coefficients and solar wind characteristics, including velocity, proton density, temperature and interplanetary magnetic
field (IMF-Bz), during extreme storms. Our findings indicated that there is no substantial evidence to suggest that
these parameters influence the connection between SWMF and empirical models. This agrees with studies of Bagheri
and Lopez [2023]. Therefore, in extreme storm events, the AE index alone cannot be used as an indicator of Joule
heating enhancement. Also, SWMF simulation can be used for real-time predictions with moderate accuracy since it
agrees with the available AE-based empirical models.
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MID-LATITUDE AURORAS OF THE SOLAR CYCLE 25 ACCORDING
TO OPTICAL INSTRUMENTS OF THE NATIONAL
HELIOGEOPHYSICAL COMPLEX
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Institute of Solar-Terrestrial Physics SB RAS, Irkutsk, Russia

Abstract

Mid-latitude auroras (MA) are a rare geophysical phenomenon, however, according to some researches subvisual MA
are observed more often. In addition, the observation of stable red auroral arcs (SAR arcs) in mid-latitudes was
previously considered an extremely rare phenomenon. During regular observations at the Geophysical Observatory
ISTP SB RAS (103°04'31" E 51°48°38" N) within the solar cycles 23 and 24, SAR arcs were recorded only for the
four geomagnetic storms.

Optical instruments of the National Heliogeophysical Complex (NHC) at the beginning of the cycle 25 of solar
activity (from April 2021 to March 2024 inclusive) registered 34 MA. Of these, 21 cases, structures corresponding to
SAR arcs were observed in the airglow. It is worth noting that in at least one case, a SAR arc was observed with
additional weak emissions at 557.7 nm and 427.8 nm. In addition, one of the recorded events was observed on two
all-sky cameras separated in space. Thus, it is already possible to provide primary statistical data on the MA frequency
and their structures registration, similar in spatial and spectral characteristics to SAR arcs observed during the
increasing solar activity phase.

Keywords: upper atmosphere, geomagnetic storms, airglow, mid-latitude auroras.

Introduction

At present, quite a lot of midlatitude auroras (MA) studies in different longitude sectors have been conducted, but
there is no generally accepted concept of MA in the literature. Numerous articles and monographs (see, for example,
[Chamberlan, 1961]), devoted to ordinary polar auroras, the midlatitude auroras are devoted to separate sections. A
number of authors use the concept “low-latitude aurora”, with which they associate auroral emissions observed during
magnetospheric storms (MS) at geomagnetic latitudes < 50°. At the same time, other authors use the term “mid-
latitude aurora”, using as distinguishing features the peculiarities of the mechanisms of mid-latitude emissions
amplification during the MS period, the presence of N2+ in the emission spectrum and/or a high ratio of emission
intensities [Ol] 630.0 and 557.7 nm [Rassoul et al., 1993]. During the periods of large MS, the auroral oval shifts to
mid-latitudes synchronously with the movement of the plasmasphere boundary and other boundaries depending on
the magnetosphere structure [Lazutin, 2015]. At mid-latitudes, powerful MSs are accompanied by a significant
intensification of the forbidden line of atomic oxygen [OI] 630.0 nm. This intensity, being a relatively weak
component in the mid-Ilatitude luminescence of the upper atmosphere, within a few hours can increase tens of times,
transforming into the MA phenomenon. The main dominant MA emission is the atomic oxygen doublet [Ol] 630.0-
636.4 nm, which may be one of the distinguishing features from the auroras at high latitudes, in which the most intense
line is usually the [OI] 557.7 nm emission. This is due to different projections of magnetospheric structures onto the
upper atmosphere and ionosphere during a magnetic storm, and, consequently, different energies of the excitation
particles and different heights of the auroras airglow.

Stable red auroral (SAR) arcs are rather rarely observed large-scale structures at subauroral and mid-latitudes. A
number of highly dynamic processes related to the convection electric field, interaction of trapped energetic particles
and thermal plasma occur in the subauroral ionosphere, causing the formation of different types of optical features in
this region [Frey, 2007]. Interest in SAR arcs has recently been renewed due to the discovery of new optical
phenomena such as Strong Thermal Emission Velocity Enhancement (STEVE), “green fence”, etc., while interest in
other types of MAs during large magnetic storms such as October-November 2003 has been maintained. The interest
is intensified with the development of the new solar cycle 25, an increase in the level of geomagnetic activity, and the
forecasting of large geomagnetic storms and their optical manifestations in the MAs form.

Optical Instruments

The optical instruments (Ol) of the National Heliogeophysical Complex (NHC) include all-sky cameras, Fabry-Perot
interferometers, photometers and spectrometers of visible and infrared ranges [Vasilyev et al., 2020]. Two all-sky
cameras “KEO Sentry 4” provide registration of the spatial distribution of the main atmospheric lines intensity. The
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field of view of the cameras is 180°. The spectral range is selected using an automatic filterwheel. The exposure time
for the channels with a narrow spectral range is 55 seconds, and for the broadband OH-channel - 7 seconds. Fabry-
Perot interferometers are designed to measure temperature and wind speed at the heights of the main emissions glow
of the Earth's upper atmosphere. The visible spectrometer “KEO Spectrograph::VISIBLE” (field of view ~10°,
spectral range 400 - 1000 nm, exposure time of one spectral interval is 120 s) and infrared spectrometer “KEO
Spectrograph::-INFRARED” (field of view ~13°, spectral range 950 - 1650 nm, exposure time of one spectral interval
is 20 s). The two-channel photometers “KEO Arges-VF”, providing measurement of fast variations of the main
emissions of the mid-latitude upper atmosphere, use photomultipliers in the photon counting mode. The field of view
can be adjusted from 1° to 10° using a software-controlled input lens. The temporal resolution is 10 ms.

Figure 1 shows the night airglow spectrum in the 400- 900 nm spectral range obtained with the KEO
Spectrograph::VISIBLE spectrometer and all-sky camera spectral channels with example frames.
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Figure 1. Spectrum of the night sky luminosity in the range 400 - 900 nm (lower panel, averaged spectrum for
23.01.2023), obtained with the KEO Spectrograph::VISIBLE. The spectral channels of the ASIO and ASI1 all-
sky imagers are depicted in color. The upper panel exhibits examples of all-sky imager frames for certain
spectral channels (indicated by arrows).

Results

At present, the search for manifestations of geomagnetic activity in the airglow of the upper atmosphere using all-sky
camera data is carried out in manual mode. To improve the accuracy and facilitate the work on the detection of
disturbances, statistical data on the MAs registration by all-sky cameras depending on the geomagnetic condition were
obtained. The Kp and Dst indices were chosen as indicators of geomagnetic perturbation. In addition, attention was
paid to the presence of structures similar in spatial characteristics to SAR arcs. On the basis of these data, the threshold
geomagnetic indices were obtained, at which the operator in the manual mode on the all-sky cameras frames in the
630 nm channel distinguished MAs, including spatial structures similar by their characteristics to SAR arcs.

Figure 2 shows the obtained distribution of midlatitude auroras visibility (red markers). Further, using the obtained
threshold geomagnetic indices, the favorable periods for registration of MAs using the all-sky cameras were estimated.
That is, the periods in which the all-sky cameras were in the operational monitoring mode and the previously obtained
conditions by geomagnetic indices (Dst<=-25 and Kp>=4.3) were met, but the aurora was not registered (shown by
yellow markers in Fig. 2). The auroras absence on the all-sky camera frames for these periods, among others, may be
due to the presence of cloud cover or unfavorable observing conditions associated with the Moon's luminosity. We
further obtained the seasonal course of the recorded MAs per month (Fig. 3, red curve) and the number of “favorable”
periods for the development of MAs (Fig. 3, yellow curve).

Despite the low statistics, the annual dependence shows a tendency towards an increase in the number of auroras in
the spring and autumn periods. This corresponds to the Russell-McPherron effect of seasonal variation in geomagnetic

activity [Russell and McPherron, 1973].
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Figure 2. The distribution of recorded MA events as a function of the Dst and Kp indices is shown in the figure
on the right (in red). MA with structures similar to SAR arcs are indicated with a plus marker. Yellow markers
indicate possibly favorable geomagnetic conditions for MA during the operation of optical instruments (the
MA were not registered on the cameras). A total of 34 events were registered, 21 of which had structures
similar to SAR arcs. There were 43 "favorable" periods for the MAs occurrence.
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Figure 3. The figure displays the time course of the averaged number of registered MAs per month from 2021
to March, 2024 (in red). The averaged number of "favorable" periods per month for the occurrence of MAs is
shown in yellow (upper panel). Averaged time course for 2021-March, 2024 of the number of registered MAs
per month in relation to the number of optical observations hours (in red). The average number of favorable
periods per month per hour for the occurrence of MAs is shown in yellow (bottom panel).

Conclusion

Midlatitude auroras are a rare geophysical phenomenon [Krakovetsky et al., 2009]. However, according to [Shiokawa
et al., 2005], subvisible MAs are observed more frequently. In addition, the observation of SAR arcs in midlatitudes
was previously considered to be an extremely rare phenomenon. According to [Yadav et al., 2020], the probability of
SAR arcs decreases in Athabasca at subauroral latitudes during higher geomagnetic activity, but at the same time
increases at lower latitudes. Moreover, [Mendillo et al., 2016], based on an analysis of 27 years of all-sky camera
observations at Millstone Hill (42.6°N, 288.5°E), reported that the frequency of SAR arcs was minimal in solar
minimum years and maximal in solar maximum years, in contrast to what is observed at Athabasca (subauroral
latitudes). That is, according to [Yadav et al., 2020; Mendillo et al., 2016], one can assume a high probability of
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registering SAR-arc-type structures during observations at the midlatitude Geophysical Observatory (GPO) of the
ISTP SB RAS in the years of high solar activity. During the periods of high activity of the solar cycles 23 and 24, the
GPO did not have highly sensitive instruments with good spatial resolution.

The high number of registered MAs in the solar cycle 25 can be related to the high intensity of the solar cycle and
is undoubtedly connected with the commissioning of highly sensitive optical instruments of the NHC. Ol NHC allow
us to detect and record optical manifestations of geophysical and geomagnetic perturbations in the upper atmosphere
in the range of geographic latitudes ~46-58 N. The example of multispectral observations in 2021-2024 of MAs and
SAR arcs shows the high spatial, temporal and spectral characteristics and efficiency of the optical equipment used.
A detailed analysis of individual geomagnetic storms and peculiarities of their optical manifestations is still in
progress.

The work was financially supported by the Ministry of Science and Higher education of the Russian Federation
(Subsidy No. 075-GZ/C3569/278). Experimental data were obtained using the equipment of the Angara Shared Use
Center (ISTP SB RAS) http://ckp-angara.iszf.irk.ru/.
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Abstract. The midlatitude positive bays (MPB) represent a mark of the development of substorms at auroral latitudes.
To have a knowledge of their parameters could serve as a tool to obtain more information about the magnetospheric
substorms onset and progress. In the purpose to enable the study of the various phenomena related to the substorm
disturbances and their propagation to mid-latitudes, an original catalog of the variations of the magnetic field at
midlatitudes at the Bulgarian station Panagyurishte (PAG) was created for the period 2007 - 2022. The MPB
parameters are part of this catalog. To estimate the MPB parameters, a special methodology was worked out. The
beginning and end of the MPB’s were determined, based on smoothing by moving average and by inspection of the
consecutive minima before and after the MPB maximum, calculated by the first derivative of the X component of the
magnetic field variations. Criteria to choose the minima of the beginning and end of the MPB have been discussed
and set. For each specified case, a graphic of the positive bay with some parameters marked in it, and a file with the
determined parameters and some flags, giving information about the concrete positive bay, have been created. These
results can be accessed in the Catalog of the magnetic variations at the Panagyurishte station, located on the website
of the Space Research and Technology Institute, BAS, Bulgaria (http://space.bas.bg/Catalog_MPB/).

Introduction
Magnetospheric substorms, as one of the basic characteristics of the space weather, govern a range of disturbances in
the Earth magnetosphere. The modern understanding is, that during magnetospheric substorms, a current system
forms, namely the so-called Substorm current wedge (SCW) [e.g. McPherron, 1972; McPherron et al., 1973a], by the
deviation of the tail current along the magnetic field lines through the ionosphere and the formation of auroral
electrojets, in the east and west direction. The auroral electrojets have been studed since the 1970s [e.g. McPherron
et al., 1973b; Kisabeth and Rostoker, 1974]. The substorm current wedge produces the main disturbances in the Earth
magnetic field. At the Earth surface, negative bays of the X-component at auroral latitudes and positive bays of X at
midlatitudes, called midlatitude positive bays (MPB) are observed. These disturbances arise during the expansion of
the magnetospheric substorms [e.g. McPherron, 1972; Kepko et al., 2014]. The magnetic disturbances at the Earth
surface have been used in a number of studies of the magnetospheric substorms. The midlatitude magnetic variations
can serve as a powerful tool in the investigation of magnetospheric substorms. By way of example, the midlatitude
positive bays are a good indicator of the substorm onset [McPherron and Chu, 2017], and the sign of the Y component
was used to appreciate the direction of the field aligned currents at a given longitude [Meng and Akasofu, 1969].
Due to the possibility of using mid-latitude magnetic disturbances in the study of magnetospheric substorms for an
even better understanding of the ongoing phenomena and determination of substorm parameters, a catalog of the
magnetic variations at the Bulgarian Panagyurishte station was created for the time interval 2007 — 2022 [Guineva et
al., 2023a; 2023b; 2023c]. The parameters of the detected midlatitude positive bays are part of the catalog. The purpose
of this work is to describe the methodology developed to determine the MPB parameters and to present some
examples.

Description of the methodology of the MPB parameters estimation

To assess the MPB parameters, a special methodology has been developed. It covers several steps: determination of
the minima and maxima in the vicinity of the MPB maximum, determination of the MPB beginning and end,
determination of some additional parameters, concerning the MPB’s, and determination of several flags, releted to the
peculiarities in the estimation of the MPB parameters.

Determination of the minima and maxima in the vicinity of the MPB maximum

The first step of the determination of the MPB parameters is the determination of the extrema around the MPB
maximum. This is the preliminary process needed to estimate the MPB beginning and end. It was described in Guineva
et al. [2023]. First, a smoothing of the daily X data series by 5 points moving average is accomplished in order to
avoid some small false minima and maxima and to facilitate the procedure. After that the first derivative is computed
to obtain the extrema positions. Minima in the time interval 290 min. from the MPB maximum have been taken under
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consideration. This time interval was obtained experimentally with the data from 2013 and 2015. In case if to the end
of the day there were less than 90 min., the minima search continues in the next day data.

Determination of the beginning and end of the midlatitude positive bays
To determine which minima before and after the MPB maximum can be accepted for beginning and end of the MPB,
two criteria have been developed and applied, described in detail in Guineva et al. [2023a].

Criterion (1) concerns two consecutive minima: n'" and (n+1)™. To presume that the n'" minimum is not the beginning
or end of MPB, the following condition has to be satisfied: the ratio of the X drop from the maximum to the current,
(n+1)" minimum to the X drop to the previous, n' minimum, is greater or equal to a constant c:

ration = (Xmax-Xemin n+1)/(Xmax-Xminn) > ¢, (1)

where Xmax is the value of the MPB maximum, Xmin is the n" minimum earlier or later from Xmax time, Xminn+1 is the
(n+1)™ minimum and ¢ is a constant. This criterion was introduced by McPherron and Chu [2017]. They used ¢ =
1.25. Based on tests of the MPB’s registered at PAG, we have chosen 1.20 for the ratio boundary. If condition (1) is
met, the n™ minimum is not accepted as the beginning or end of the MPB, and the check-up continues.

When criterion (1) is no more satisfied, but Xminn > 0, the second criterion, Criterion (2) is applied. It consists in the
following check: whether the ratio of the n minimal value to the maximal one is greater or equal to 0.4:

Xmin,n/Xmax > 0.4 2

This criterion was accepted based on empirical studies of the PAG data.

If this condition is satisfied, the n™ minimum is not taken as the beginning or end of the MPB, and the search
continues.

In the MPB data files, the beginning and end times of the MPB were included in two formats: in min., and in hh:mm,
UT, as well as the values of X at these moments (Xbegin and Xend).

Other parameters, included in the MPB data file

In order to get a more complete picture of each particular midlatitude positive bay, in addition to the MPB beginning
and end times, several other parameters concerning the MPB, are included in the data file. These are the value Xmax
and the time of the maximum, the value of Y at the time of Xmax, the amplitude of the MPB, equal to the difference
Xmax-Xbegin, the base duration time (the MPB duration at the base, equal to end time-beginning time in min.), the 2c
value, computed for the whole day data, and the MPB duration at 2c level.

Flags about the peculiarities in the MPB beginning and end determining
To get an idea at a glance, from the MPB data files, about the peculiarities of determining the MPB beginning and
end, several flags have been introduced that are included at the end of the files. The flags concern the determining of
the MPB beginning (flagbegin), the determining of the MPB end (flagend), and the stability of the MPB maximum
(flagxcheck). The flags have the following meanings:

flagbegin=0 — the beginning meets the conditions set;

flagbegin=1 — there is not found a minimum in the 90 min. interval before the MPB maximum; as MPB beginning
the boundary of this interval is taken;

flagbegin=2 — only one minimum was found before the maximum and it is taken as MPB beginning;

flagbegin=3 — the last ratio (Xmax-Xmin,n+1)/(Xmax-Xminn)<1.2, but Xminn/Xmax>0.4. In this case the last minimum
Xminn+1 time is taken as MPB beginning;

flagbegin=4 — the last ratio (Xmax-Xminn+1)/(Xmax-Xminn)>1.2. Then the time of the last minimum Xpinn+1 iS taken
as MPB beginning.

The meaning of the values of flagend is the same as for flagbegin:

flagend=0 — the end meets the conditions set;

flagend=1 — there is not found a minimum in the 90 min. interval after the MPB maximum; as MPB end the
boundary MPBmax+90 is taken;

flagend=2 — only one minimum was found after the maximum and it is taken as MPB beginning;

flagend=3 — the last ratio (Xmax-Xminn+1)/(Xmax-Xminn)<1.2, but Xminn/Xmax>0.4. In this case the last minimum
Xminn+1 time is taken as MPB end;

flagend=4 — the last ratio (Xmax-Xmin,n+1)/(Xmax-Xminn)>1.2. Then the time of the last minimum Xmin,n+1 is taken
as MPB end.

The flagxcheck flag gives information about the stability of the MPB maximum or whether there are two consecutive

maxima at less than 30 min. from each other.

flagxcheck=0 — the maximum keeps its position after the smoothing;

flagxcheck=1 — the maximum moved from its initial position.

17



A methodology to estimate the MPB parameters

It is seen, that a given case is “normal”, is the flags values are 0 or 2, i.e. the MPB boundaries meet the conditions
set, or there is only one minimum in the searched interval, respectively. Otherwise, there were some peculiarities in
the assessment of the boundaries, which have to be taken into account when considering such cases.

Presentment of the midlatitude positive bays in the created catalog

In the catalog of the variations of the magnetic field at midlatitudes at the Bulgarian station Panagyurishte, the
midlatitude positive bays are presented by a file, containing the parameters and flags, described above, and by a
graphic, in which some parameters have been indicated. In Fig. 1a, b, an example of MPB data file and graphic is
presented. The example is for the MPB at 22:34 UT on 15.07.2022. From the data file it is seen, that all flags are 0.
So, the accepted beginning and end satisfy the applied criteria. In this case, the first minima before and after the MPB
maximum coincide with the beginning and end of the MPB. The substorm meridian is not far from PAG, at little
distance to the East. In Fig. 1b, the variations of the X component of the magnetic field are drawn by blue continuous
line, and the first derivative of X is drawn by a red line. The 26 level is given by a dotted black line with inscription
“206” over it. The MPB maximum location is shown by dark red vertical line. The locations of the beginning and end
of MPB are given by green continuous vertical lines. The locations of all detected minima are also shown, by green
dotted vertical lines. The maximum, beginning and end of the MPB are indicated by inscriptions, as well. The time
interval, in which the graphic is constructed, covers all detected minima in the time range £90 min. from the MPB
maximum.
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Figure 1. Appearance of a MPB parameters data file (2) and of a MPB graphic (b). Example for the MPB at
22:34 UT on 15.07.2022.

In Fig. 2a, b, an example, when there was a peculiarity in the determining of the MPB end occurred. This is the
substorm on 10.02.2022 at 20:14 UT. In this case flagend = 4 (Fig. 2a). This means that the last ratio (Xmax-
Kmin,n+1)/ (Kmax-Xmin,n)>1.2. The last minimum was taken as MPB end and it is seen that this decision was correct (Fig.
2b).
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Figure 2. MPB data file (a) and MPB graphic (b) during the substorm on 10.02.2022 at 20:14 UT. In this
case there were a peculiarity in the determining of the MPB end.

Results and conclusions

A methodology to determine the parameters of the midlatitude positive bays has been worked out. A program tool to
compute automatically the MPB parameters, registered at Panagjurishte station was developed, including application
of the criteria to locate the beginning and end minima of the midlatitude X positive bays. The program was tested and
adjusted on different cases of MPB from 2015 and 2013. The provided visual inspection showed that the MPB
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parameters were set correctly. The content and design of the MPB graphs and the MPB parameters files were specified.
Special flags have been included in the data files in order to give an idea about the peculiarities in the determining the
parameters of the relevant MPB.

The yearly lists from 2007 to 2022 were processed and the MPB images and data files were uploaded in the Catalog
of the magnetic variations at Panagjurishte (http://space.bas.bg/Catalog_ MPBY/).

The obtained MPB beginning times were compared with the substorm onsets determined from the SML index by
Newell and Gjerloev [2011], Forsyth et al. [2015] and Ohtani and Gjerloev [2020]. It was found out that in most of
the cases the other authors detected also a substorm presence over Europe. The MPB beginning times are close to the
onsets of the corresponding substorms, determined from the SML index. Some of them are later than the substorm
onsets, and the others are earlier than the substorm onsets.

The obtained differences may be due to some distance of PAG station from the substorm meridian, but this cannot
explain these differences in all cases. We suppose that sometimes the discrepancy between the obtained MPB
beginning times and the substorm onsets by the SML index can be due to the complicated conditions, when some
smaller magnetic perturbations just before the sharp decrease of X are related to the beginning of the global
magnetospheric disturbances. We came to the conclusion, that the substorm onsets are more easily and accurately
determined by the midlatitude positive bays data from a global or regional set of midlatitude magnetic stations.
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Abstract. Here we analyzed four very intense substorms with the AL-index reached ~ -1500 nT and recorded in the
main phases of the strong magnetic storms on 27 February and on 23-24 March 2023. The global dynamics of the
considered very intense substorms have been studied basing on the AMPERE satellite data provided the maps of the
ionospheric and field aligned currents (FAC) distributions in the planetary scale. These maps are constructed by
analyzing the magnetometer measurements from the Iridium constellation of 66 simultaneous low-altitude (780 km)
communication satellites. The common features of the considered intense substorms have been established. It was
found that in the substorm intensity maximum, there was the strong morning-side magnetic vortex with clockwise
rotation, indicating an intensification of the downward FACs, probably associated with the enhanced magnetosphere-
ionosphere convection. The strongest westward electrojet was observed in the early morning sector and it was
accompanied by the significant increasing of the post-noon eastward electrojet as it was found by [Despirak et al.,
2021, 2022] to be typical for the supersubstorms. The large-scale eastward electrojet with intensity comparable to the
westward electrojet, occurred at lower latitudes in huge longitudinal area - from the afternoon to the late evening. The
latitude area between westward and eastward electrojets can be referred to the conventional Harang region.

Introduction

The very strong substorms with intensity, estimated by SML-index (this index is described in [Newell and Gjerloev,
2011]), as SML values < -2500 nT, have been classified as supersubstorms (SSS) [Tsurutani et al., 2015] basing on
the analysis of the SML-index in the Solar Cycly 23 (1996 to 2009), that is in the era of increased solar activity.
However. still now this selecting criterion does not have clear physical justifications. Later on in some papers, the
SML values defining a SSS events were not so strong. For instance, Despirak et al. [2019] attributed the substorms to
the SSS-type with SML < -2000 nT. In another paper, Zong et al. [2021] focusing on interplanetary shocks response,
used the AE-index (AE = AL+AU) values as the criterion of the SSS definition and termed the intense substorms with
1000 < AE < 2000 nT the “strong substorms”, and substorms with AE > 2000 nT called the “supersubstoms”. Thus,
the quantitative criteria defining a SSS propose by Tsurutani and Zong are very different, and there were no clear
morphological and physical definition of SSS.

According to statistical study by Zong et al. [2021], the “strong substorms” and supersubstorms could be triggered
by sudden changes of solar wind dynamic pressure, most likely under the southward interplanetary magnetic field
(IMF). They found that the most intense substorm didn’t occur during the main phase of a storm but during the initial
phase of the strong magnetic storm, which corresponding to the sheath region just behind the interplanetary shock.
SSSs are usually observed during interplanetary magnetic cloud or Sheath passage [Hajra et al., 2016; Despirak et al.,
2019].

Probably, with coming the era of decreased solar activity, the intensity of magnetic storms and substorns as well as
the number of SSS events significantly reduced. Really, in the Solar Cycle 24, only several SSS events have been
recorded.

The aim of this paper was an analysis of spatio-temporal features of several storm-associated intense substorms with
AL index values in order of 1500 nT, recorded during the main phases of the strong magnetic storms on 26-27 February
2023 and on 23-24 March 2023.

Observations and Discussion

Our analysis of the global dynamics of these very intense substorms has been studied basing on of the AMPERE
project (https://ampere.jhuapl.edu) data provided the planetary maps of the ionospheric and field aligned currents
(FAC) distributions, at 10 min averages with the 2 min cadence [e.g., Anderson et al., 2014]. The maps are constructed
by using magnetometer observations from the Iridium constellation of 66 low-altitude (780 km) globally distributed
communication satellites.
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Here we analyzed the intense substorms during the strong magnetic storms in February and March 2023. Figure 1
demonstrates the variations of AL-index values during these storms and shows the generation, at least, of four intense
substorms with the AL-index ~ -1500 nT or little higher. These data are taken from World Data Center for
Geomagnetism, Kyoto (http://wdc.kugi.kyoto-u.ac.jp). Unfortunately, in the present time, the World Data Center has
not yet provided users with digital index data, and the presented in Figure 1 graphics of row AL-index data can include
impulsive noise and spiks.
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Figure 1. The variations of AL-index values during the main phases of the strong magnetic storms (a) - on 27
February 2023 (SymH ~ -150 nT), (b) — on 24 March 2023 (SymH ~ -170 nT). The very intense substorms are

shown by yellow arrows.

The substorm intensity of the substorms No 1 and No 2 was higher than the intensity of the substorms No 3 and No
4 despite the ring current (Dst-values) was stronger in the second storm. The maximal values of AL-index during the
substorms No 3 and No 4 (March magnetic storm) were almost similar, however, the substorm No 3 has been
developed under Dst ~ -70 nT, and the substorm No 4 — under Dst ~ -140 nT. Thus, there was no linear relationship
between the substorm intensity and the symmetric ring current intensification (SymH/Dst values).

The global distributions of the ionospheric electrojets (green color) and FACs (blue and red color correspondently
to the downward and upward FACSs) are shown as the AMPERE maps in the time interval correspondent to the maxima
of the expansion phases of the considered intense substorms No 1-4. The maps are presented in Figure 2 (27 February
2023 magnetic storm) and Figure 3 (23-24 March 2023 magnetic storm).

We compared the global distributions of the ionospheric electrojets and FACs in the maximum of the expansion
phase of the studied intense substorms (Figure 2 and Figure 3) with the same feature of another intense storm-time
substorm recorded on 17 March 2015 (see Figure 4). We found that all maps in Figures 2-4 are looking very similar.
Each considered event demonstrates the presence of the large morning vortex with the clockwise rotation indicating
an enhancement of the morning downward Field Aligned Currents (FACs) marked by blue on the AMPERE maps.

At the westward edge of the vortex, the westward electrojet shifts poleward to the evening side. Simultaneously the
strong large-scale eastward electrojet with intensity comparable to the westward electrojet, occurs at lower latitudes
in huge longitudinal area - from the afternoon to the late evening. The large latitude area between them can be referred
to the conventional Harang discontinuity. The strongest eastward electrojet values are observed in dusk (~17-20
MLT). It is interesting to note that the strong enhancement of the eastward electrojet was typical for supersubstorms
[e.g., Fu et al., 2021; Zong et al., 2021; Despirak et al., 2021; 2022] and can be a result of the formation of an
additional current wedge structure around dusk [Fu et al., 2021], suggesting a linkage between intense substorms and
the ring current. The ionospheric eastward dusk current located at the inner magnetosphere is closed by the partial
ring current.
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The morning magnetic vortex can be explained by the model of the double current wedge formation [Gjerloev and
Hoffman, 2014] presented in Figure 5, included a poleward shift of the westward electrojet connecting the post-
midnight and pre-midnight components.

Substorm No 1 27 February 2023 Substorm No 2
11:30-11:40 UT . 17:00-17:10 UT

Figure 2. The ionospheric electrojets (shown by green) and the FAC distribution (the downward FACs are
shown by blue, the upward FACs are shown by red) after the AMPERE data in maximum of the expansion
phases of two intense substorms (Nol and No 2) on 27 February 2023.

23-24 March 2023

Substorm No 3 Substorm No 4
21:46-21:56 UT 00:46 - 00:56 UT

Figure 3. The ionospheric electrojets (green) and the FAC distribution after the AMPERE data in maximum
of intensity substorms No 3 and No 4 on 24 March 2023.
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AL -500

&0, 1000

-1500

~2000¢ 18 06
uT
23:30-23:40UT

Figure 4. The ionospheric electrojets (green) and the FAC distribution after the AMPERE data in the maximum
intensity of another strong storm-time substorm on 17 March 2015.

At ionospheric altitudes, the key difference between the two wedge configurations (see Fig. 5) lies in the midnight
region. Gjerloev and Hoffman [2002] found a distinct region of very low fields in the pre-midnight region referred to
the conventional Harang discontinuity, which separates poleward fields at lower latitudes and equatorward fields at
higher latitudes. This Harang region effectively suppressed convection [Gjerloev and Hoffman, 2002] and pre-
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midnight westward electrojet. The two-wedge current system [Gjerloev and Hoffman, 2014] for the westward
electrojet links the ionosphere to the magnetosphere: a bulge current wedge located in the pre-midnight region just
equatorward of the open-closed field line boundary and another three-dimensional current wedge system located in
the post-midnight region well within the auroral oval.

Double Wedge System

Figure 5. The schematic-configurations of two current wedge systems shifted in local time and latitude, only
the net field-aligned currents and the ionospheric Hall currents are shown [after Gjerloev and Hoffman, 2014].

Summary

Here we analyzed four very intense substorms with the AL-index reached about -1500 nT and recorded in the main
phases of the strong magnetic storms on 27 February and on 23-24 March 2023. The global dynamics of the considered
intense substorms have been studied basing on the AMPERE satellite data provided the maps of the ionospheric and
field aligned currents (FAC) distributions in the planetary scale. It was found that the common features of the
considered intense substorms were very similar each other.

It has been established that in the substorm intensity maximum, there was developed the strong morning-side
magnetic vortex with clockwise rotation, indicating an intensification of the downward FAC, probably associated with
the enhanced magnetosphere-ionosphere convection.

The large-scale eastward electrojet with intensity comparable to the westward electrojet, occurs at lower latitudes in
huge longitudinal area - from the afternoon to the late evening. The latitude area between westward and eastward
electrojets can be referred to the conventional Harang region.
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Abstract. The paper presents an analysis of reference responses of regional electron content to strong geomagnetic
events identified by the AE-index. As an ionospheric characteristic, we used the regional electron content (REC),
which is the average total electron content (TEC) for five latitude zones in the corrected geomagnetic coordinate
system: the mid-latitude zones in both hemispheres, the high-Ilatitude zones in both hemispheres, and the equatorial
zone. The relative (percentage) deviation of observed values from the 27-day running average REC was used to
calculate disturbances of REC (AREC). The reference response was calculated by averaging AREC using the
superimposed epoch method with key moments corresponding to the AE maximum for the winter, spring, summer
and autumn storms. The paper discusses storm-time behavior, seasonal dependence and interhemispheric asymmetry
of the REC responses to strong geomagnetic events.

Introduction

Solar, geomagnetic and meteorological activities contribute to the overall variability of the ionosphere. Statistical
analysis of ionospheric responses to geomagnetic storms [Ratovsky et al., 2018] showed that even in the case of
isolated storms occurring in the same seasons and at approximately the same time of day, ionospheric responses can
differ significantly from each other. Such differences can be caused by ionospheric disturbances of meteorological
origin that have sources in the lower atmosphere, as well as the uniqueness of the scenario of each geomagnetic storm.
Within the framework of the statistical approach to the study of ionospheric responses to geomagnetic events, we
expect that the average ionospheric response will be mainly due to the effects of the geomagnetic event itself, while
the influence of solar activity and processes in the lower atmosphere will be reduced due to averaging.

Data analysis method

In this paper, we used geomagnetic activity indices and global ionospheric total electron content (TEC) maps for 1999-
2018. The year 1999 was chosen because this year is the first year of complete global TEC maps. The year 2018 was
chosen because the AE-indices in open databases are available only for 2018. In the further analysis, the hourly
average AE was used. The method for identifying geomagnetic events based on the AE index is described in detail in
[Ratovsky et al., 2024]. The criterion for a strong geomagnetic event identified by the AE-index was the fulfillment
of two conditions: (1) AE(t0) is the highest AE value over the time interval t0 + 12 hours; and (2) AE(t0) > 1280 nT,
where t0 is the time corresponding to the AE maximum. Using the above criteria, 103 strong geomagnetic events were
identified. These events are geomagnetic storms (usually strong or moderate) according to the Dst-criterion, with the
exception of three winter, two summer and one autumn event. Hereinafter, the strong geomagnetic events identified
by the AE-index are designated as the strong AE-storms. To study the seasonal dependence of ionospheric responses,
the strong AE storms were divided into seasons centered relative to the solstices and equinoxes in the Northern
hemisphere: winter (Nov 07 — Feb 05, 21 AE-storms); spring (Feb 06 —May 07, 21 AE-storms); summer (May 08 —
Aug 07, 35 AE-storms) and autumn (Aug 08 — Nov 06, 26 AE-storms).

The regional electron contents (REC), which are weighted average TEC values for the selected latitude and longitude
region, were used as ionospheric characteristics. The TEC values were obtained from the global ionospheric maps of
the CODE laboratory [Schaer et al., 1998]. Five latitudinal zones in the corrected geomagnetic coordinate system
were selected for calculating REC: mid-latitude zones in both hemispheres (30-60°), high-latitude zones in both
hemispheres (60-90°), and the equatorial zone (+30°). The relative (percentage) deviations of the observed values
from the 27-day moving average of REC were used to calculate REC disturbances (AREC). Using the superimposed
epoch method with key moments corresponding to the AE index maximum, the averaged AREC behavior as the
function of storm-time relative to the AE maximum (<AREC), reference ionospheric response) was calculated for the
strong winter, spring, summer and autumn AE storms.
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Analysis and interpretation of reference ionospheric responses to strong AE-storms

Figure 1 shows the AE-index averaged behavior for 4 seasons and the reference ionospheric responses for 4 seasons
and 5 latitude zones. In all cases, the season is understood as winter, spring, autumn, and summer in the Northern
hemisphere.

AREC) (%) Equatorial latitudes
1600 AE (0T) U _ af ) (%) Eq
1400 1 Winter ‘ Spring
1200 ] Summer “ 10 {Summer
1000 | 5
800 \
600 - }\ 0 \MWN
400 v M )
200 Shehddiod” " NApbG -5
5-4-3-2-10123145 5-4-3-2-10123145
Days from AE maximum Days from AE maximum
%REC) (%) North mid-latitudes égREC) (%) South mid-latitudes
254 Winter Spring - 254 Winter Spring
20 20 Summer
%gisummer M %8’ u
5 - A 5 AAadi
54 54
-10 -10
-15+ -15+
-20 1 -20 1
25—+ 2B+
5-4-3-2-1012 345 5-4-3-2-1012345
Days from AE maximum Days from AE maximum
%%REC) (%) North high latitudes g%REC) (%) South high latitudes
504 Winter Spring 504 Winter Spring
40 {Summer 40+ Summer

-40 — T
5-4-3-2-1012
Days from AE maximum Days from AE maximum

T T 1 '40 T v v J T T T T T 1
3 45 5-4-3-2-1012 345

u u

Figure 1. Averaged AE-index behaviors (top left) and reference ionospheric responses for equatorial zone (top
right), mid-latitude zone (middle, Northern hemisphere on the left — Southern hemisphere on the right) and
high-latitude zone (bottom, Northern hemisphere on the left — Southern hemisphere on the right). Winter is

shown in blue, spring in magenta, summer in red and autumn in green.

As seen from Figure 1, the averaged AE-index behaviors for different seasons differ insignificantly, which allows
us to ignore the seasonal differences in AE storms when interpreting ionospheric responses. The response behaviors
and after the AE maximum shows that they can be divided into three types: A-type, N-type, and V-type. A-type
responses have a well-defined maximum and a weakly-defined minimum. V-type responses have a well-defined
minimum and a weakly-defined maximum. N-type response is characterized by both a well-defined maximum and a
well-defined minimum. Table 1 presents the maximum and minimum values of the AE index and the <AREC»
reference responses, as well as the times of their maxima and minima relative to the AE maximum. As shows Table
1, A-type responses are seen in the Equatorial zone and only for local winters in the mid- and high-latitude zones, V-
type responses are seen only for local summers and spring in the mid- and high-latitude zones, N-type responses are
seen in all zones, the autumn responses are always of this type except for the equatorial zone. All well-defined maxima
are in the narrow interval: 1-4 hours after the AE maximum. Mainly, the well-defined minima are in the narrow
interval: 14-17 hours after the AE maximum, the exceptions are mid-latitude winter (35 hours) and high-latitude
summer (7 hours) in the Northern hemisphere.

According to the thermospheric storm concept [Mayr et al., 1978; Field and Rishbeth, 1997; Ratovsky et al., 2018],
the following seasonal dependence of electron density (Ne) disturbances is expected in the mid-latitude zone: the most
negative disturbances in local summer and the most positive disturbances in local winter with intermediate
disturbances at equinoxes. As seen from Figure 1 and Table 1, the seasonal structure of the mid-latitude response in
the Southern hemisphere is fully consistent with the thermospheric storm concept, whereas in the Northern hemisphere
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the spring response is as negative as the summer one. Note that in the Southern hemisphere, the spring response is
much more negative than the autumn response. The reason for such negative ionospheric storms in the spring is
currently unclear. According to the thermospheric storm concept [Mayr et al., 1978; Field and Rishbeth, 1997;
Ratovsky et al., 2018], high-latitude ionospheric responses should be negative, but Figure 1 and Table 1 show huge
positive responses in the high-latitude zone.

Table 1. Maximum (Max) and minimum (Min) values of AE-indices and <AREC)> reference responses. The
sign after season indicates the response type, the Hours show the times of the maximum and maximum relative
to AE-index maximum. Weakly-defined extremes are marked in italics.

AE-index (nT) (AREC> (%), Equatorial zone
Season Max Hours Min Hours Season Max Hours Min Hours
Winter(A) 1593 0 129 -92 Winter(A) 11.5 4 -6.1 49
Spring(A) 1483 0 153 84 Spring(A) 11 4 -4.8 100
Autumn(A) 1615 0 109 -84 Autumn(A) 14 2 -2.4 -96
Summer(A) | 1462 0 163 62 Summer(N) | 10.2 3 -7.9 17

<AREC> (%), Mid-latitude zone of Northern hemisphere | <AREC> (%), Mid-latitude zone of Southern hemisphere

Season Max Hours Min Hours Season Max Hours Min Hours
Winter(N) 24.8 3 -16.2 35 Winter(V) 7.7 -12 -23 16
Spring(V) 7.4 -47 -25.2 14 Spring(N) 13.7 4 -18.8 14

Autumn(N) | 20.1 3 -13 16 Autumn(N) | 22.5 2 -11 16
Summer(V) 8.6 -66 -22.6 14 Summer(A) 29.8 3 -11 33

<AREC> (%), High-latitude zone of Northern hemisphere <(AREC)> (%), High-latitude of Southern hemisphere

Season Max Hours Min Hours Season Max Hours Min Hours
Winter(A) 36.6 2 -13.2 74 Winter(V) 9.8 -16 -25.9 16
Spring(V) 6.7 109 | -30.6 12 Spring(V) 17.1 -73 -34.4 17

Autumn(N) 12 1 -235 16 Autumn(N) | 28.9 2 -20.6 15
Summer(V) 9.6 -32 -17.4 7 Summer(N) 60 2 -17.9 17

The high-Ilatitude responses show the need to take into account the mechanisms for the formation of positive
disturbances, which are absent in the thermospheric storm concept. Changes in Ne within the thermospheric storm
concept primarily relate to heights near the ionospheric F2 layer maximum. As the height increases, the influence of
changes in the neutral thermospheric composition weakens, and the influence of the electron temperature increases.
An increase in the electron temperature leads to an increase in the scale height of the topside ionosphere, which can
lead to a positive disturbance of TEC (which is proportional to the scale height of the topside ionosphere) under a
negative disturbance of Ne near the F2 layer maximum. This version is confirmed by the results of [Astafyeva et al.,
2015; Klimenko et al., 2017; 2018], where they demonstrated that the responses of the bottomside and topside
ionosphere to a geomagnetic storm can have opposite signs. The seasonal structure of responses in the high-latitude
zones of the Southern and Northern hemisphere can be explained as follows. In winter conditions, the background
scale height of the topside ionosphere is minimal relative to other seasons, and, accordingly, the effect of increasing
scale height s leads to the largest positive TEC. In summer conditions, the background scale height of the topside
ionosphere is maximal, and, accordingly, the effect of increasing scale height is minimal.

The differences between the Northern and Southern hemispheres are manifested primarily in the much larger
positive response in the high-latitude zone of the Southern hemisphere. The differences in the peak of the positive
response are 60 and 37% for local winter and 29 and 12% for autumn. In the mid-Ilatitude zone, the differences are
somewhat smaller: 30 and 25% for local winter and 23 and 20% for autumn. Comparing the most negative responses,
we note that the mid-latitude response is more negative in the Northern hemisphere (due to the strong negative spring
response), while the high-Ilatitude response is more negative in the Southern hemisphere (due to the strong negative
spring response again). A similar (but not completely coinciding) interhemispheric asymmetry was reported by
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Titheridge and Buonsanto [1988]. Titheridge and Buonsanto [1988] attributed the interhemispheric asymmetry in the
ionospheric response to interhemispheric difference in the background neutral composition of the thermosphere. This
explanation does not explain why the interhemispheric asymmetry is more pronounced at high latitudes. An alternative
explanation is that the electron and thermospheric density responses are more sensitive to geomagnetic storms in the
Southern hemisphere than in the Northern hemisphere [Ercha et al., 2012].

Conclusion
A statistical study of regional electron content responses to strong AE storms at high, mid, and equatorial latitudes,
obtained by the epoch superposition method using the AE index, yielded the following main results.

The regional electron content responses can be divided into three types. A-type responses have a well-defined
maximum and a weakly-defined minimum. V-type responses have a well-defined minimum and a weakly-defined
maximum. N-type response is characterized by both a well-defined maximum and a well-defined minimum. All well-
defined maxima are in the narrow interval: 1-4 hours after the AE maximum. Mainly, the well-defined minima are in
the narrow interval: 14-17 hours after the AE maximum, the exceptions are mid-Ilatitude winter (35 hours) and high-
latitude summer (7 hours) in the Northern hemisphere.

The seasonal structure of the responses fully corresponds to the concept of a thermospheric storm only in the mid-
latitude zone of the Southern hemisphere.

An increase in electron temperature, leading to an increase in the scale height of the topside ionosphere and in
corresponding increase in the total electron content, is proposed as the cause of positive responses in the high-latitude
zone. The greatest effect is achieved in winter conditions, when the background scale height of the topside ionosphere
is minimal relative to other seasons.

The differences between the Northern and Southern hemispheres are manifested primarily in the much larger
positive response in the high-Ilatitude zone of the Southern hemisphere. In the mid-latitude zone, the differences are
somewhat smaller. The peak negative mid-latitude response is more negative in the Northern hemisphere (due to the
strong negative spring response), while the peak negative high-latitude response is more negative in the Southern
hemisphere (due to the strong negative spring response again).
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SPATIOTEMPORAL CHARACTERISTICS OF THE DECEMBER 1, 2023
GEOMAGNETIC STORM ON DATA FROM THE NHC OPTICAL
COMPLEX AND THE IRKUTSK REGIONAL ASTRONOMICAL
SOCIETY

T.E. Syrenova, A.B. Beletsky, R.V. Vasiliev, S.V. Podlesnyi
Institute of Solar-Terrestrial Physics SB RAS, Irkutsk, Russia

Abstract

The results of the December 1, 2023 strong geomagnetic storm studies are presented using images from citizen
scientists in the Irkutsk region. Based on the method of frames georeferencing and stereometry, the spatial parameters
of mid-latitude auroras were determined. The prospect of joint use of citizen scientists photographs and specialized
optical instruments data for studying geomagnetic storms is discussed.

Keywords: auroras, geomagnetic storms, atmospheric glow, georeferencing, citizen scientists.

Introduction

Today there are many amateur photographers with a passion for astronomy who observe stars, planets, auroras and
other events. One of the world's first known “citizen scientists” was farmer Bentley of the United States, who observed
and cataloged over 700 auroras over a hundred years ago [Silverman et al., 1983]. Relatively new optical phenomena
in the upper atmosphere, such as STEVE [Macdonald et al., 2018; Gallardo-Lacourt et al., 2018] or “dunes”
[Palmroth et al., 2020], were originally discovered by citizen scientists. It is also worth mentioning Russian amateur
scientists who have made significant contributions to the history of discoveries and observations in astronomy. For
example, Engelhardt V.P., who built his own observatory with the largest telescope in the XIX century and described
more than a dozen comets, asteroids and hundreds of nebulae [Trifonov and Trifonova, 2022].

Due to the solar activity approaching the maximum of the 11-year cycle, a sufficiently large number of geomagnetic
storms accompanied by both polar and mid-latitude auroras (MAs) are observed on the Earth. The latter phenomenon
was considered to be quite rare [Mikhalev, 2019], but since more sensitive instrumentation has appeared, it can be
assumed that subvisual MA is a frequent geophysical phenomenon. And, most likely, it does not belong to the
extremely rare observable ones, as it was supposed earlier [Mikhalev, 2019]. This is evidenced by the statistics of MA
registration in the south of Eastern Siberia, in the Geophysical Observatory (GPO) of ISTP SB RAS (103°04’E,
51°48'N) from 2021 to the present. In 2021, the Optical Instruments of the National Heliogeophysical Complex
(NHC), which includes Fabry-Perot interferometers, spectrometers, photometers, and all-sky cameras, were
commissioned. From the moment of putting into operation to March, 2024, 38 MAs have been registered using the
all-sky cameras of the GPO ISTP SB RAS. This amounts to an average of about 12 cases per year.

The paper considers the geomagnetic storm December 1, 2023, caused by the solar flare of M9.82 class, occurred
on November 28, 2023. The averaged planetary index was Kp=7, which relates to the G3 level - a strong geomagnetic
storm. The minimum Dst-index value was equal to -107 nTL (Fig.1). Meteorological conditions for optical
observations were quite favorable on the night of 01.12.2023: mostly clear, with slight variable cloudiness, the Moon
was waning. The authors in [Mikhalev, 2019] showed that there is dependence of the MA registration in the 630 nm
auroral emission on the Dst-index. Figure 1 shows that the minimum value of Dst-index value was observed at 12.00-
13.00 UT and the brightest red airglow at mid-latitudes was observed during the same time. In conformity with the
classification adopted in [Rassoul et al., 1993], MAs of this type can be attributed to type “d”. Heavy particles with
energies of 1-100 keV precipitating from the ring current during recharging cause at geomagnetic latitudes < 40° low-
latitude and at geomagnetic latitudes > 40° mid-latitude auroras. Electron fluxes with energies < 10 eV cause a
phenomenon such as SAR arcs, and electron precipitations with energies ~10-1000 eV lead to MA of type “d” [Rassoul
etal., 1993].

The midlatitude aurora on December 01, 2023 was observed with all-sky cameras of the Ol NHC. All-sky cameras
are designed to record the spatial pattern of various emissions airglow intensity of the upper atmosphere. Brief
technical characteristics: the FOV is 180 degrees, the direction is zenith. The cameras use interchangeable filters to
register main emissions - OH, atomic oxygen with lines 557.7 nm, 630 nm, 427 nm, 865 nm, 589.3 nm. The
transmission half-width of each interference filter is ~ 2 nm (except for the OH band), the exposure time is 55 s, for
OH - 8s.
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Figure 1. Dst, Ap, Kp indices behavior during geomagnetic storm December 1, 2023.

Representatives of the Irkutsk Regional Astronomical Society (IRAS) and citizen scientists performed observations
with digital cameras and smartphones at several locations within the Irkutsk region and Primorsky Krai. Figure 2a
shows the locations of the amateur and GPO ISTP SB RAS (Tory) observations. For the following analysis images
with precise location information taken in one time interval were selected. Figure 2b demonstrates these observation
points - Nikolskoye and Goryachiy Klyuch. The distance between them is about 72 km.
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Figure 2. a) all observation points of the geomagnetic storm December 1, 2023; b) points for further
analysis.

Some instructions for aurora imaging were developed by representatives of IRAS and ISTP SB RAS. The place of
observation should be chosen far away from settlements and any illumination. It is also necessary to record the exact
location and shooting time. The direction of sight should be chosen to the North. Among the important
recommendations is the correct choice of sensitivity and exposure time. Fig. 3 shows examples of frames obtained
during the geomagnetic storm December 1, 2023 at different observation points.

Discussion

The use of two or more spatially separated optical instruments makes it possible to obtain spatial parameters of the
phenomena registered in the atmosphere. Since the geographical coordinates and exact time of the images are known,
this made it possible to carry out a joint analysis of the images coinciding in time using stereometry. Additionally, the
geographic image georeferencing technique [Syrenova et al., 2021] was applied in the analysis to display the matched
images and estimate the height of the aurora. Projections on the Earth's surface for the frames from Nikolsk and
Goryachiy Klyuch were made for some set of heights. Then, the comparison was made by the stereovision method,
when for some region of auroras there is a complete match at a certain altitude. Thus, it was determined the height of
about 500 km, on that for the different images, the coincidence of the same “pillars” of airglow is observed. This is
consistent with the altitude range of “a” or ““d” type red auroras, which tend to be highlighted at much higher altitudes
than the usual forms of polar lights [Mikhalev et al., 2019]. The upper boundary of these MAs can reach a height of
~550 km [Mikhalev et al., 2019].

For further analysis, all-sky camera images of the NHC were selected. Fig. 4a shows the projection of the NHC all-
sky camera frame onto the Earth's surface. The aurora occupies about half of the frame with the southern boundary
reaching about 54 degrees N. Fig. 4b shows the image of the camera with which observations were made in Nikolsk
(Fig. 3h). It can be seen that the radiant structure of the aurora is clearly visible. In the meantime in Fig. 4a, the aurora
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Figure 3. Images of the northern horizon December 1, 2023 by citizen scientists at different observation points:
a) - Maloe Goloustnoye - Y. Shevtsova, b) - Nikolsk - P. Nikiforov, E. Skaredneva, c) - Goryachiy Klyuch -
Turkov, d) - Pivovarikha - M. Yakhnenko, €) - Pervomaysky - P. Kosarev, f) - Murino - E. Provilkov, g) -
Luchegorsk - S. Yashnova, h) - Nikolsk - P. Nikiforov, E. Skaredneva.
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Figure 4. a) projection of the NHC all-sky camera frame on the Earth's surface for a height of 500 km.
December 1, 2023, 13:41:00 UT, b) frame of the Nikolsk survey (by P. Nikiforov) at the same moment of time.
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has the appearance of a broad diffuse band (homogeneous luminescence of the “veil” type). This difference between
images in fig.4a and 4b in the aurora structure can be explained by the difference in the exposure time of the frames.
At long exposure time, as on the all-sky camera - 55 seconds, such structures, changing in time, overlap each other
and finally present a homogeneous glow. It should be noted that the southern boundary of the aurora coincides quite
well in both images. It is clearly visible at the segment of 100-110 degrees East longitude.

The joint analysis of the obtained images showed that the digital camera data from citizen scientists are sufficiently
informative for studying the events occurring in the atmosphere at different altitudes. Further involvement of more
amateur photographers will make it possible to use more spatially separated observation points and, consequently, to
improve the accuracy of the resulting MA characteristics and to get the latitudinal dependence of the aurora oval
distribution.

Conclusion

With the growing interest in polar and mid-latitude auroras, citizen science observations can undoubtedly make a
significant contribution to the study of space weather events. With real-time advance notification of upcoming MAs
from space weather forecast sites (for example, https://wdc.kugi.kyoto-u.ac.jp/dst_realtime/index.html,
https://xras.ru/magnetic_storms.html, https://www.swpc.noaa.gov/products/wsa-enlil-solar-wind-prediction) and
from academic institutions such as ISTP SB RAS, it is possible to cover a larger observing space. The joint analysis
of events with the data of observatories conducting monitoring observations seems to be relevant for improving the
accuracy of determining the accuracy of characterizing the manifestations of geomagnetic storms.

Images of midlatitude auroras were obtained with the help of representatives of the Irkutsk Regional Astronomical
Society and citizen scientists.

The work was financially supported by the Ministry of Science and Higher education of the Russian Federation
(Subsidy No. 075-GZ/C3569/278). Experimental data were obtained using the equipment of the Angara Shared Use
Center (ISTP SB RAS) http://ckp-angara.iszf.irk.ru/.
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YYET IMPOIECCA 3ATPY3KH KHHETUYECKOM SHEPT U
COJIHEYHOI'O BETPA MOJIIPHON MATHUTOC®EPHI B 3AJIAUE
KIIACCU®PUKALIUN U3O0JIUMPOBAHHBIX CYBBYPb
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YHuoicecopodckuii 2ocyoapcmeennuiii nedazocuueckuti ynueepcumem um. K. Mununa
2Huoice20po0cKutl 20Cy0apCcmeeH bl apXUmeKmypHo-CImpoumenbHblil YHUGepcument
$Tonapnwiii 2eousuueckuti uncmunmym, Anamumot, Poccus

AHHOTAIIUSA

Bremonrena xmaccudukanus 106 coOBITHI W30THUPOBAHHBIX MAarHUTOC(EpHBIX CyOOyphr IO BpEMEHHBIM
XapakTepucTuKaM (a3 cyOOypH COBMECTHO C JaHHBIMH O MHapaMeTpax COJHEYHOrO BETpa M MEKIUIaHETHOTO
MarHUTHOTO ToJsl. PesynpTaThl KiacCH(pHUKAMU IEMOHCTPUPYIOT NPHYHHHO-CIICACTBEHHBIC CBS3H CyOOypeBoii
AKTUBHOCTH C XapaKTEPHCTHKaMH IIOTOKA COJHEYHOrO BETpa, HATEKAIOIIEro Ha 3eMHYI0 MarHuTochepy. [lpu stom
UCIIONB3YIOTCA KOMOMHALMK ITapaMETPOB COJHEYHOTO BETPa, YYUTHIBAIOLIME MNPOLECC 3arpy3KH KHHETHYECKOW
9HEPrMH COJIHEYHOIO BeTpa B HOJSIpHYE0 Marautochepy. HeldpoceTeBble SKCIIEpUMEHTHI MOKA3alH, YTO
JUHAMHYECKHE IapaMeTpbl CcyOOypeBOW aKTHBHOCTH colepkaT B cebe HHGOpPMAIMI0O O XapaKTepHCTHKAX
TUIa3MEHHBIX IIOTOKOB. JTO BBIPA3WJIOCh B OOHAPYKEHUH KJIACCOB M3y4YaeMbIX 00pa3oB, OTBEUAIONNX (HU3UUECKUM
NPE/ICTABICHUSIM O T€HEepalnH BEICOKOIIMPOTHON I€OMarHUTHOH aKTHBHOCTH.

Brenenne

Knaccudukanus reomMarHUTHBIX CyO0Oyphb, a Takke pasBUTHE (yHIAMCHTAJIBHBIX TEOPHUH HX BO3HMKHOBCHHS,
MPE/ICTABISIET HAYYHBIH MHTEPEC, TaK KaK 3TO CIIOCOOCTBYET JIydIlleMy MOHUMAHHUIO B3aUMOACHCTBHUS COIHEYHOTO
BeTpa ¢ Mmaraurochepoii 3emiu. B padote [1] mo pe3ynpTaraM BU3yaIbHOTO aHAIKM3a BapHaIldil TEOMArHUTHOTO TIOJIS
B BBICOKHMX IIMPOTAX MPEATI0KEHO pasziesieHne cyO0yph Ha 5 THIIOB B 3aBUCHMOCTH OT 3Ha4eHUH BZ-KOMIIOHEHTHI
MMII no u B mepuox Hawana (a3bl pa3BUTHS CyOOypu. ABTOPHI yIEISTIOT OCHOBHOE BHUMaHHE cyOOypsiM, dasa
pa3sBUTHA KOTOPBIX IPOXOAWIAa IpH IoKHOW opueHTarmu MMII (tunm 1) u cy60ypsM, Hagamo KOTOPBIX
acCCOITMMPOBAJIOCH C MOBOPOTOM Ha ceBep Bz- xommnonentst MMII (tun 3). B umccnenoBanum [2] BBIOJHEHA
aBTOMAaTH4ecKas HelpoceTeBas KiacCH(UKALUS aHAIOTMYHOTO Habopa HM30JMPOBAHHBIX cyOOyph Takxke Ha 5
KJIACCOB, C YYETOM IPU3HAKOB, XapaKTEPU3YIOUIMX OCOOCHHOCTH IeHepalMy pa3In4YHbIX cy00ypeBbix (a3. AHanu3
MOJIyYEHHBIX KJIACCOB MO3BOJIMI C(HOPMYIIMPOBATH UX OCOOCHHOCTH U caeiaTh (u3nueckue BbIBOABL. OHAKO, MpH
UCTIONIb30BAaHUN B KauyecTBE KIACCH()MKAIMOHHBIX IPH3HAKOB TOJBKO NMPOMOIDKUTENHbHOCTEH (a3, X MPUIMHHO-
CJIC/ICTBEHHBIE CBSI3H C ITapaMeTpaMu coHewHoro Berpa 1 MMII, yuuTeiBaanch KOCBEHHO.

B HacrosimieM wHcclieIoBaHUM HeWpoceTeBas KiaccH(HKalus BBIIOJHEHA C MPSIMBIM YYeTOM MapaMeTpoB
COJTHEYHOTO BETpa M IMO3TOMY TaKOM MOAXOM JODKEH OTpakaTh CYLIECTBYIONIYIO B cyOOypeBOM Ipoliecce HX
MPUYUHHO-CIIC/ICTBEHHYIO (hU3MUECKyI0 CBs3b. [Ipn 3 TOM paccMoTpeHne TuHaMHUKK cy00ypu 1 Beex e€ a3 KpaiiHe
3aTpyIHHUTENILHO, €CJIM YYUTHIBATh TOJBKO MIHOBEHHBIE 3HAYECHHUS OCHOBHBIX [apaMeTPOB MEXIUIAHETHOTO
MarHUTHOTO TOJIA M IUIa3Mbl coimHeyHoro BeTtpa (Bz, N, V), Tak Kak mpoliecc MOCTENEHHOTO HAKOIJICHHS B
MarHurocepe MarHUTHOH 3HEPIMH COJHEYHOTO BETPa NMPOTEKAET B YCIOBHUSIX HENPEPHIBHOIO MOCTYIUICHUS B
marauTocepy KuHeTHuecKOH sHeprun yactuil (NV2) conneunoro Betpa (N — IIIOTHOCTb, @ V - CKOPOCTb COJTHEYHOTO
BeTpa). Panee B pabote [3] anst onuvcanus nporecca GopMupoBaHus cyo0ypHr U MPOTHO3UPOBAHUS €€ THHAMHUKH OBLIIO
TIPEVIOKEHO HUCTIONB30BAHNE UHTErPAILHOTO MAPAMETPa B BUJIE KYMYJISTUBHON cyMMbl Y NV?2 HapaBHE ¢ JIpyTMMH
reod((heKTUBHBIME NapaMeTpamMH COJIHEYHOro Berpa. OJHAKo, JAaHHBIA IapaMeTp MOXET OBITh HCIIOJb30BaH He
TOJIBKO JJIsI IPOTHO3MPOBAHUS, HO M AN KiaccHpUKanuu MarHuTochepHsix cyo0yps. Takum oOpa3oM B JaHHOU
pabote KIaccupuUKanys H30IMPOBAHHBIX CyOOyph BRITOTHACTCS P yUeTe MPOJIOJDKUTEIBHOCTH (has3bl 3apoKaeHNS,
(ha3sl pa3BuTHS U (ha3bl BOCCTAHOBJIEHUS CyOOypH, AIUTEILHOCTH Beel cyO0ypH, a Takke 3HaYeHUI Bz-KOMIIOHEHTHI
MEKIUTAHETHOTO MArHUTHOIO TI0JIsl, KYMYJISTHBHOIO mapaMeTpa  NVZ, aMIUIMTYIHbIX 3HaueHui unjaexca AL u
anexTpudeckoro noist E B moToke comHegHoro Betpa. Llens mccnenoBanus 3aKimrodaeTcs B JEMOHCTPAIUU TOTO, 9TO
cy00ypeBass nuHamuka 1o AL-MHIEKCY cOlepXHT B cebe HH(MOpPMALMIO O XapaKTepHCTHKaX HaTEKaloIeTo
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IUIa3MEHHOT0 IOTOKA. BrInonHeHHOe Kiaccu(puKalMoOHHOE HEHPOCETEBOE CCIIEA0BaHNE 00pa30B, IPEICTABISIONINX
c000if BpeMEeHHBIE XapaKTePUCTHKH CyOOypeBHIX (a3 U mapaMeTpoB COHETHOTo BeTpa 1 MMII, neMoHCcTpHpYyeT 3T0.

Hcnonb3yemblie JaHHbIC U TEXHOJOTHS KIACCH(PUKALNT

B nccnenoBanuu paccmorpeno 106 m30nupoBaHHBIX CyOOYpeBBIX COOBITHI pa3Nu4HON MHTEHCUBHOCTHU B MIEPHOJ C

1995 mo 2012 rr. mo manusM Katamora NASA (http:/cdaw.gsfc.nasa.gov). Ot6op cy0Oyps mo BapuanusMm 1-mMuH

3HaueHnil AL nHAekca BeImoiHeH B padore [1]. Kimaccudukanmonnsie HelipoceTeBbIe SKCIIEPUMEHTHI IIPOBOAMIHCH

C HMCIOJIB30BaHUEM HEWPOCETH paHee yke 0Oy4eHHOH Ha 4YeThIpeX KJIacCH(HMKALMOHHBIX NpH3HAKax cyooypu [2]:

MIPOAOIDKUTEIBHOCTE (a3l 3apokaenus (P1), ¢assr passutust (P2), ¢aser BoccranoBienus (P3) cy60ypu u

JUTATENEHOCTE Bcelt cyOOypu B memom (P4). Ilpm coxpaHeHHHM YHWCIIa YYUTHIBAEMBIX NPU3HAKOB MBI TEIEpPb

NpUBJIEKAEM M PsJ APYTHX MapaMeTpOB, a WMeHHO, Bz-kommonenty MMII, KymynsTuBHBIN napamerp Y NV2

(BBIUMCIICH 3a 2 yaca 10 Hayaja pa3BUTHs cyOOypu), aMIuiuTyay uHuekca Almax ¥ amekTpuueckoro moist Emax

COJTHEYHOTro BeTpa. IIpuMensieMast HepoceTh COIEPKUT 3a(UKCHPOBAaHHbIE U HEE paHee ONTHMAabHBIE BECOBBIC

KOX(QQUIHEHTHI Ha BXOAax M B €€ CIIosIX. 3a1ada 1mo oOHapyKeHHUIO K1accoB cyO0yph B CiIydae MPUMEHEHHUS APYTHX

NIPU3HAKOB JIOJDKHA, KaK M paHee OTBeYaTh CIEAYIOMINM KPUTEPUSIM/OTpaHUuCHUSIM:

1. KonmdecTBo BX0J0B HEHpPOCETH (KIacCH(PHUKAIIMOHHBIX ITapaMETPOB) TOJDKHO OBITH BCETAa PaBHO 4;

2. KonmyecTBO KI1accoB, Ha KOTOPbIE HEWPOCETh MBITACTCS Pa3/eNIUTh BBIOOPKY M3 MMEIOIINXCS COOBITHH BCeraa
paBHO 5;

3. IlpuMeHeHWe WCXONHBIX KiIaccCHpUKAIMOHHBIX mapameTpoB (P1, P2, P3, P4) mno3Bomser mnOIy4IHuThH
STAJIOHHYIO/pePEPEHCHYI0 KapTUHY KiIacCU(BUKAIMKH, C KOTOPOW CIEAYeT CpPaBHHBATH KJIACCHU(PHUKAIIMOHHBIC
HCXO/BI IIPU APYTHX HabOpax MapamMeTpoB;

4. 3amMeHy MCXOIHBIX KiaccupukannoHHbix napameTpos (P1, P2, P3, P4) knaccudukannonnsiMu npusHakamu (Bz,
YNV?, AL, E) opranusyem 1ocieioBaTeNbHo, C LebI0 BRIACHEHHS BKIaa Ka)/J0ro HOBOTO apaMeTpa;

5. Pe3yiprarhl KaXJI0r0 KIacCH(PUKAMOHHOTO SKCIEPHMEHTA C ONpPEICIEHHBIM HA0OpOM IIapaMeTpOB CPAaBHUBAEM
¢ pedhepeHCHOM KapTHHO# KiIacCH(DUKALINY U JeSIaeM COOTBETCTBYIOIIHE BBIBOIBI.

HeiipoceTeBble pe3yabTaTbl YMCICHHBIX KIaCCH(PUKALMOHHBIX IKCIIEPUMEHTOB

JleMOHCTpanus MOJydeHHBIX PE3yJIbTaTOB BBHIIIOJIHEHA C IOMOIIBIO pa3paboTaHHOTO B [4] anropuT™Ma BU3yaIU3alnN
naHHbIX. OH MO3BOJISIET MPEACTABISTh rpadMuecKUM 00pa3aMH CYIECTBYIOLINE TPUYUHHO-CIICICTBEHHbIE CBSI3H.
Ha pucynkax 1—5 geMoHCTpupyeTcsl JaHHbIE JIyYILIero SKCIePUMEHTa, Ul KOTOPOTO HaOJII0AaeTcss MaKCUMaJIbHOE
COBIIAJICHUE pE3yJIbTaTOB KiIacCH(UKAIIMK TPHU KCIIONB30BaHMU HaOopa mapamerpoB (P1, P2, P3, Bzmax) c
pedepencHoit kapTuHO# Kiaaccubukarum (84 u3 106 cobwrtuii wiu 79%). BusyanbHyr0 OLEHKY MOXHO BBIITOJHHUTH
IO IIBETOBOM KOAMPOBKE KJIACCOB: KylacC | — Gerblif B uepHOM pamke (CyO0ypH ¢ MpPOAOIKUTEIBHBIM Pa3BUTHEM U
BOCCTaHOBJICHHEM M C YKOPOUEHHOH (ha30i 3apo’kaeHHs), Kiacc 2 — TeMHO-Cephlii B 4yepHOi pamke (cyOOypu c
MIPOIOIDKUTEIBHOM (pa30ii 3apoxIeHus ), Kiacc 3 — Oeblii B cepoii pamke (cyOO0ypH ¢ paBHOBEITHKUMU (pa3aMu), KIIacc
4 — yepHBbIH B cepoit pamke (Cy00ypH ¢ POIODKUTENBLHOM (a30i pa3BUTHS ), KIACC 5 — CBETIIO-CEPhIN B YEPHOU paMKe
(cy00ypu ¢ xopoTkoii (azoit BoccTaHoBIeHHsT). [log KaxabM rpadudeckuM oOpa3oM yka3zaH HOMep cyOO0ypeBoro
coObiTus. IlorpeniHocTd B - ONpeneNieHMH KJIacCOB 10 HOBOMY HA0Opy JaHHBIX OOHApy>KHBAIOTCS TPH
NepeMeIInBaHuU COOBITHH U3 Pa3HBIX KIIACCOB.

O0cy:xkaeHue pe3yjbTaTOB

Kak noxasaju 5KCIepUMEHTBI, yUeT KUHETUYECKOM SHEPIUU COTHEYHOTO BETPA Yepe3 KyMyIATUBHbIH napametp NV?2
SIBJISIETCSI KITFOUEBBIM 3JIEMEHTOM JUIS BBISIBIICHUS OCOOCHHOCTEH BO3JCHCTBHSI KOCMUYECKUX IIa3MEHHBIX OTOKOB
Ha BBICOKOLIMPOTHYIO MarHutocdepy. Mcrnonp3oBanie HHTErpajbHOTO Mapamerpa B BUJE KyMYJSITUBHON CyMMBI
Y NV? napasHe ¢ apyrumu reod3GQeKTHBHBIMH NApaMETPAMHU COJIHEYHOTO BETPA MO3BOJISET TOUYHEE MOJIETHPOBATH
9TH BO3JEHCTBHS U pa3padaThIBaTh METOABI 3aALIUTHl OT UX HETaTHBHBIX NOCJIEACTBUN. DTO BaXKHO AJIsl 0OecTIeYeH s
0€30MacHOCTH KOCMHYECKHX MOJIETOB, 3aIlUThl COTOBBIX CETEW M JPYTMX CHCTEM CBS3H, a TAKKe COXpPaHEHHs
paboTOCIIOCOOHOCTH KOCMHYECKHX allllapaToB B YCJIOBHUAX IOBBIINIEHHOW COJIHEYHOH akTHUBHOCTH. [lpm
UCTIONIb30BAHUHU Pa3HBIX HAOOPOB MapaMeTpoB, MPOJIEMOHCTPUPOBAHO, YTO HCCIIelyeMble KOH(PUTYpaluy THHAMHUKH
AL-unzmekca conepkaT B cebe HMHOOpPMAIMIO O XapaKTepUCTHUKaxX IUTa3MEHHBIX IOTOKOB. [lokazaHO, 4TO B
KOMOHMHAIMAX KJIaCCU(HKAMOHHBIX MapaMeTpOB Bcerja (GpUrypUpPYIOT MPOJODKUTEIBHOCTH (Pas3bl 3apOkKISHUS U
¢asbl pa3BuTHs CyOO0ypb.
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COBBITUSA SKCTPEMAJIBHOI'O POCTA TEOMATHHUTHO-
WHAYIIUPOBAHHBIX TOKOB HA KOJILCKOM ITOJIYOCTPOBE 3A
11 JIET HABJIOJEHUN

B.B. Benaxosckwuiil, B.A. ITnnmunenko?, B.H. Cenusanos®, 51.A. Caxapos!

Ylonapuwiii 2eousuveckuii unemumym, 2. Anamumet, Poccus

2HHcmumym dusuxu 3emau um. O.1O. lImuoma PAH, 2. Mockea, Poccus

31 Jenmp puzuxo-mexnuueckux npobnem snepeemuxu Cesepa, punuan @PUIL] “Konvckuii nayumviii yenmp
PAH”, Anamumui, Poccus

AO0cTpaKkT. [IpoaHanu3upOBaHbl CIIy4Yal ¢ HKCTPEMaIbHBIMHU 3HAYCHUSIME T€OMAarHHUTHO-HH/IYIHPOBAHHBIX TOKOB
(TUT) B muausx snexrpornepenad (JIDIT) ma KombckoMm momyocTpoBe 3a KBazucoimHEUHBIH mukia 2012-2022 rona.
Ucnonp3oBanbl ganHbie mojcrannui Beixoguo#t (VKH). M3 93 skcrpemanshbix coObituit Ha cranuun VKH ¢
T'nT>20 A 46 (49.5%) 6bUtn BBI3BaHEl CME MarautHBIMH Oypsivu, 41 (44.1%) npoucxoguno Bo Bpems CIR
MarHuTHbIX Oypb U 6 (6.4%) mpoucxoamuino 6e3 MarHUTHBIX Oypb. DKcTpeManbHble Bemuiecku [ T Habmoganucs kak
B IIPEAIIOIYHOYHOM, TaK M MOCIENOIyHoUHOM cekTopax MLT. He HaOmogaeTcs cTporoi CBsI3M MEXIy BEIUYINHOMN
I'T v cCKOPOCTHIO COTHEYHOT'O BeTpa, mapamerpom V*Bs, mapamerpom Akacody €. Tarxke He HAOIIOACTCS CTPOTOM
3aBUCHMOCTH MKy BennunHoi ['UT u uHAeKcaMu reoMaruuTHOM aktuBHocTH |E, AE, Benmuuunoit TUT u dB/dt.

Beenenune

I'eomarautHO-nHAYIHpoBaHHEIEe TOKU (I'YT) npencTaBisitoT cOO00# TOKH, TEKYIIHE B MOBEPXHOCTHBIX CIOAX 3eMITH,
OHH BBI3BaHBI TEIUTyPUICCKUMHU SICKTPUICCKAMH IOJSIMH, WHIYLUUPOBAHHBIMA W3MEHEHHSIMH MAarHUTHOTO IIOJIS
3emim. Hanboee HHTEHCHBHBIE TOKH (10 COTEH aMIiep) U dJeKTpuueckue mois (>10 B/M) Bo30yKIaroTcst B BRICOKHX
MIMPOTaX B MEPUOJ] TEOMArHUTHBIX BO3MYIICHHI, HO IIEPHOJI CHIIBHBIX MarHUTHHIX Oypb 3HaunTenbHeie [ UT MoryT
PETUCTPUPOBATECSA HA CPENHUX W HU3KHUX muportax [[lurunenxo, 2021]. Hanbonpmmx 3HadeHwnid ckauku [UT
JocturaloT Bo Bpemsi cy00yph [Belakhovsky et al., 2019]. Beuio nokasano, uto Bo Bpemsi 6ojnee ciadbix CIR
(Corotating Interaction Regions) MarHUTHBIX Oypb MOT'YT POUCXOIUTH OoJiee Bbicokue ckauku [ UT, uem Bo Bpems
6omnee cumpabix CME (Coronal Mass Ejection) marautHbIX Oypb [ beraxosckuii u op., 2022].

B manHO#t paboTe MpOBeNeH CTATUCTHYECKHHA aHammu3 3KcTpeManbHbix 3HadeHuid [UT 3a 11 mer (2012-2022).
Paccmorpens! cienytonye Borpockl. Bo BpeMs Kakux THIIOB MarHUTHBIX Oypb 4alle HaOJII0Aal0TCs SKCTpeMallbHbIe
sHaueHusi [ UT? Kak cBszanbl skcrpemanbHble BennuuHbl [T ¢ mapameTpaMu COJHEYHOrO BETpa, MHIEKCAMM
TEOMarHUTHOM aKTUBHOCTH, JTOKaJIbHBIMH BapPHAIIUSIMHA MarHUTHOTO TIOJIS.

Pucynok 1. Kapra pacnonoxenust ctanuuit ['UT
(VKH, KND) na Konsckom m-oBe u B Kapenun,
MarHuTomMeTpoB Ha Koibckom m-oBe H B
CkaHIMHABUH.

Hcnonb3yemble 1aHHBIE
B paGore ObIIM HCTIOJIB30BAaHBI JAHHBIE 110 PErUCTPALUH
I''T B nuHusx anextponepenad Kombckoro nomayocrposa
n Kapemun (Puc. 1.). Cucrema perucrpanum co3gaHa
LenTpoM (HU3UKO-TEXHUUECKUX MPOOIEM 3SHEPreTHKU
Cesepa ©UI[ KHI] PAH wu IonspHeM reodpu3ndecKum
nactutyToM (ITT'N) u sBsieTcs eanHCTBEHHOM B Poccum.
Cucrema Bkiodaet cebst 4 cranmuii (BerxogHoit — VKH,
Turtan — TTN, Jloyxu — LKH, Konmonora — KND) Ha
muaun 330 kB u oy craniuio Ha nuauu 220 kB (Pesna
—-RVD).

Peructpauust TUT Benercst HenpepbiBHO ¢ koHua 2011
roga, ¥ k 2022 rogy copmupoBaicsi “KBa3UCOIHEYHbIH
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ki’ perucrpanuu [UT, Brmovaromuit B ce0st 24-25 1ukibl conHeuHoi aktuBHocTU [Cenusanos u op., 2022].
JlaHHBIN VKT U3MEPEHHI ABIISIOTCS YHUKAIBHBIMU IJISI MEPOBOH HAayKH, IIOCKOJIBKY HE TaK MHOTO MECT B MHpE, I'lIe
poBOIATCS Mo00HBIe m3Meperns B JIDII Ha MpoTsHKeHUH IUTNTETFHOTO BpeMeHHOTo nHTepBana (11 jer).

HWcnonp3oBansl nanHele MarHuToMeTpoB [T B obcepBatopmsax "Jloosepo", "Jlomapckas", a Takxke HaHHBIC
MarauToMeTpoB cetd IMAGE (Puc. 1.). [Insg XapakTepUCTUKH MapaMEeTPOB COJHEYHOTO BETPa M MEKIUIAHETHOTO
MarHUTHOTO IT10JISI UCIIOJIBE30BaHbl JaHHbIE O0a3sl OMNI.

MeTtoauka
B kauecTBe SKCTpeMaNIbHBIX COOBITHI O0TOMpanuck cirydan, koraa BennunHa ['UT va cranmmn VKH npessimana 20
Awmmnep. [Topor skcTpeMansHOro 3HaUeHHsT BHIOUPAJICS UCKIIIOYUTEIHHO C TOYKHM 3PEHUsI CTATHCTHKH, a HE C TOYKH
3peHus OTKIMKa sHeprocucteMsl. Ha Bonpoc noporosoro 3HaueHust I UT 11 3HEProcucTeMsl, BbIIIE KOTOPOTO MOTYT
HaOmromaTecs HeraTHBHEBIC 3((eKTH m KaTacTpouUuecKue MOCIEACTBHSA, HET OJHO3HAYHOTO OTBeTa. [Ipm 3ToM
HY>KHO OTMETHUTB, YTO MIPOJOIDKHTEIHHOCTD 3KCTpeMaIbHbEIX cKadkoB [ YT miast pa3sHBIX cOOBITHI OBIIa Pa3IMIHON: B
KaKHX-TO CITy4asX OHa COCTaBJIsJIa HECKOJIBKO MUHYT, B KAKUX-TO — HOPsIKa 9aca. [Ipo1omKUTEIbHOCTD BO3AEHCTBHS
TaK)Ke MOYKET MIPaTh BaXKHYIO POJb C TOYKH 3PEHHS BO3ACHCTBHS HA SHEPTrOCUCTEMBI, XOTS 3TOT BOIPOC MOKA HE
HMeEET OJJHO3HAYHOTO OTBETA.

3a 11 ner nabmroxenuit (2012-2022 r.r.) 66u10 0TOOpaHO 93 3KCTpeMaNbHBIX cOObITHN i craHimu VKH (He
mokazano). Habromaetcest CBsi3b MOSIBIICHUSI SKCTpeManbHbIX coObiTui [ UT ¢ 1uKIIoM COHEYHO# akTUBHOCTH. Tak B
2019, 2020 roaax, B roJpl MUHIMYyMa COJTHEYHON aKTUBHOCTH, SKCTPEMAIbHBIX CIy4acB HE ObLIO 3a()UMKCHPOBAHO.
Jlanee nns gaHHBIX COOBITMH paccMaTpUBAIUCH MapaMeTphl COTHEUHOro BeTpa U MMII, uHAEKCH TeOMarHUTHOM
aktuBHOCTH (SYM-H, AE, IE), Bapra0eabHOCTh T€OMarHUTHOTO OIS 1o AaHHbIM ctanimii LOP u LOZ. 13 naHHBIX

6a3p1 OMNI oTOupanuch napamerpbl MEXIIAHETHOW CPEJIbl, PETUCTPUPYEMbIE TPUMEPHO B OJTHO BPEMSI CO CKAUKOM
I'uT.

Knaccudpukanus MAarnHuTHbIX 0ypb

JIng XxapakTepuCTHKY TUIIAa COJTHEYHOTO BETpa U COOTBETCTBEHHO THIIa MAarHUTHON OypH MCIONIb30BaNachk Takxke 6asza
JIaHHBIX HHuctutyTa KOCMHUYECKHX HCCIICIOBaHUH, COCTaBJICHHAs rpymnIon EpMornaeBa
[www.iki.rssi.ru/pub/omni/catalog], [Epmonaes u op., 2023]. Maruuthsie Oypu pazaensuuch Ha asa tuna: CME u
CIR. CME 0ypwu Taxxe pa3aensiiuch Ha OypH, BbI3BaHHbIE MarHUTHBIM o0nakoM (MC — magnetic cloud) u Oypu,
Bbi3BaHHbIe 00macThio EJECTA. Crnyuan 0e3 MarHUTHBIX Oyph 0003Havanuch kak “No”. B kadecTBe mopora s
UACHTU(HUKAIIMA MATHUTHOH Oypu BeiOupanack Benuyraa SYM-H unnekca B -40 HTa. PaccmaTpuBaiuch 3HauCHUS
SYM-H unnekca He Tonpko B MOMeHT ckauka [T, Ho 1 HanMeHbIne 3HaueHns SYM-H B mepro Bceld MarHUTHOM
Oypu (MarHUTHOTO BO3MYyIIEeHHU:). HyKHO OTMETHTH, YTO MOPOI HAOIIOAAETCS JOCTATOYHO HEOOINbIIas pa3HUIA B
Bapuanusax SYM-H unanekca s CIR MarHUTHBIX Oyph 1 HHTEpPBAIOB O3 Oypb.

3aBUCHMMOCTH OT MECTHOI0 MAarHuTHOT0 Bpemenun (MLT)

Pacnpenenenne Benmmuuasl [UT B 3aBucumoct or MLT (Puc. 2) mns cranmumit VKH mnokxassiBaeT, uTO
skcTpemanbHble 3HaueHui ' UT MoryT HaGmoqaThes Kak B IPEANOIYHOUHOM, TaK M B MOCIETIONYHOUYHOM CEKTOpax
C IPUMEPHO OJUHOKON BEPOSITHOCTHIO. PaHee ObIIIO MOKa3aHO, YTO OCHOBHBIM HCTOYHHUKOM [ UT sBisitoTcst cy60ypu
[Belakhovky et al., 2019]. B aueBrom cekrope (12-16 MLT) He HaOmromaercsi SKCTpeMajibHbIX 3HaueHuil [UT.
HICKITIO4eHHIO COCTABIISIOT COOBITHSI, BBI3BAHHBIE CKAYKOM IFIOTHOCTH COJTHEYHOTO BETPA.

T

Pucynox 2. 3aBUCUMOCTh
BenuuuHel [T or MecTHOro
CIR : MarauTHoro BpemeHn (MLT) mns
No sKcTpeManbHBIX coObiTHit [UT Ha
crannun VKH. KpacHeM 1BeTOM
0003HaYCHBI COOBITHS T'UT,
Bei3BaHHble CME  (MarHuTHBIE
% : obuaka); 3€JIEHBIM I[BETOM
0003HaYCHBI COOBITHS T'UT,
E Bei3BanHble CME (oGmacts Ejecta);
CHHUM I[BETOM 0003HaYEHBI

; ?nﬂéﬂ coopitnss T'UT, Be3Bannbie CIR;

YepHBIM ~ IIBETOM  OOO3HAYEHEI
0 4 8 12 16 20 24 COOBITHS, HPOM30LIEIIHE B

MLT OTCYTCTBHE MarHuTHO Oypwu.

BOF VKH

CME, MC

GIC, A
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Cobbimust sKCmpemanbHO20 poCma 2eoMAZHUMHO-UHOYYUPOBAHHBIX MOK06 Ha Konbckom nonyocmpose 3a 11 nem nabniooenui

CBs3b ¢ HHAEKCAMHU F€OMArHUTHOM AKTHBHOCTH

BonpmuHCTBO 3KCTpeMaIbHBIX COOBITHH MPOMCXOIIIIO BO BpeMs MarHuTHBIX Oyph (Puc. 3, BepxHue maHemm).
Heckompko COOBITHII MPOMCXOTIIIO TPU MOJIOKUTEeNHOM 3HadeHHH SYM-H manekca. Ilo Bceld BUIUMOCTH, 3TO
COOBITHS, BBI3BAHHBIE CKAYKOM IUIOTHOCTH COJIHEYHOTO BeTpa. He HabmomaeTcs cTporoi 3aBUCHMOCTH BEITHIHHBI
IT'T xak ot AE-unzaekca, Tak u ot jokanpHOro IE mHmekca (Puc. 3). DTo TOBOPHUT O CIIOKHOCTH OJHO3HAYHOTO
nporHo3a ['UT Ha ocHOBe mpornoctudeckux 3HadeHuit AE, IE unnexcos.

Amnanu3 nokasbiBaet, yTo i craniun VKH 46 skcrpemanbibix ckaukoB [UT (~49.5%) Obumn Be3Bansl CME
MarHUTHBIMH OYpsIMHU, U3 HUX 25 cCOOBITHIT OBIJIO BBI3BAHO BO3JCHCTBHEM MAarHUTHOTO 00Jlaka Ha MarHUTocepy H
21 cobsitue 65u10 BeI3BaHO 00sacThio EJECTA. 41 akctpemanbraoe coObitre (~44.1%) mpoucxoamio Bo Bpems CIR
MarHMTHbIX Oypb U 6 coObITHH (~6.4%) Mporcxoanio 6e3 MarHUTHHIX Oypb — Puc. 2.

VKH
70 Pk T wuE A x ;
I 3% ¥ I X X
60 F | X E 60 F | * 3
| | X
< 50f [ i s0F 1 E
S I X I
C 40 %! o f‘;@* i 40f | x}& & 3
I I % X%
X i 30F ! N x¢ R * *
* o
o % _ o 20 E || TSR AR R K, | X
50 0O —50 —100—150 50 0 —-50-100-150-200
SYM—H, nT SYM—H (max), nT
70 X T R0 B = :
b3 ¥ I X X
60 X i 60F | x 3
* | X
< s50f ; | ]
(@]
= *
o 40 F E §% b3 X E
30 ¢ ] _ H?'( * ]
20 b RKEEE MR I 9 "
300 400 500 600 700 800 0 -10 —-20 -30
V, km /s Bz, nT V*Bs
70t = 3
*K
60 | x ]
X
< s50f ]
= X X
X
30 F 1
20 o X 4 X, AR x % KA K ¥
1010 101°10% 101" 10%%101° 0 200 400 600 800 0 500 1000 1500 2000
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Pucynox 3. 3aBucumocts BenmurHbel ' UT Ha cranunn VKH B nepuon skcTpeManbHbIX coObITHi: 0T SYM-H
nH7eKca, MakcuMaibHoro SYM-H unpekca B nepuon Oypu; AE-uHIEKca; CKOPOCTH COTHEUHOTO BeTpa V, Bz-
kommoreHTel MMII, mapamerpa V*Bs, mapamerpa Akacody (€), BapuabenbHOoCcTH MarauTHOTO ToJist dB/dt,
|E-unnekca.

CBs3b ¢ mapaMeTpaMu coJIHe9HOro BeTpa u MMII

PaccMmoTpeHsl Hanboee BaXKHBIC XapaKTePUCTUKU MEXKILIAHSTHOW CPEIbl, BIHSIONINE HA TUHAMUKY MarHUTOC(EPHI:
CKOPOCTh COJIHEYHOTro BeTpa, Bz-kommonenta MMII, mnpoBojwics pacdyer 3HEPreTUYECKOM XapaKTepUCTHKHU
MarauTochepsl — V*Bs, e Bs — roxHas kommonerta MMII. Takke paccyuThiBaIach 3aBUCUMOCTD IKCTPEMAaTbHBIX
snayenudd [ UT ot mapamerpa Akacody (&):
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B.b. benaxosckuil u Op.

4,0
& =10’ -V-Bz-lj-3|n4(§), 1)
rae B =,/ Bf + By2 + BZ2 , V — cKopocThb comHeyHoro BeTpa, |, =7-Re, Re = 6400 km — panuyc 3emiy,

f=tan™* (i) , ecmn B;>0; 9=180—tan™* (i) , ecin B,<0,

BZ BZ
[MpakTnyeckn Bce skcTpeManbHble coObitust [MT mpoucxonsr npu ortpunatensHoil Bz-kommonente MMII,
UCKJIIOUEHHE COCTaBIISAIOT COOBITHS, BEI3BAaHHBIE POCTOM IIJIOTHOCTH COJIHEUHOTO BeTpa. AHAJIN3 MOKA3bIBAET, UTO HE
HaOmonaercs cTporod cBs3u Mexay BenumuuHo [MT u ckopocThio conmHeuHoro Berpa, a Takke [UT u
xapakrtepuctukoit V*Bs (Puc. 3), mapamerpom €. To ecth omHOMY ¥ TOMY ke 3HaueHuI0 [ UT MOTyT COOTBETCTBOBATH
pasHble 3HaueHus V, V*¥Bs, ¢. 910 ToBOpUT 0 citoxxHocTH nporno3a BennurHbl [ YT B JIDII Ha TOIBKO OCHOBE JaHHBIX
0 IapaMeTpax COJIHEYHOIr'o BETpa.

CBs13b ¢ JIOKaJbHbIMM Bapuanusavu dB/dt
HpOI/I3BOZ[Ha$[ Bapnaunﬁ MArdHuTHOTI'O I10JIA I10 BpeMeHI/I paCC‘II/ITLIBaJ'IaCL 110 @opMyne:

dB/dt=(B ,—B._)/2At, @

rae | — Homep 3HaueHus,  — Bpemsi. [Ipu 3TOM paccMaTpUBAIKCh TOJIbKO TOPHU30OHTAIBHBIE KOMIIOHEHTHI MATHUTHOTO
moisa X, Y:

dB /dt =/(dX / dt)? +(dY/ dt)? . @)

Brrbupanuce 3nadenus dB/dt mMeHHO B MOMEHT 3KCTpeManbHBIX 3HaueHUH 'Y T. BombIIMHCTBO SKCTpeMalbHBIX
coOrrtuit mpoucxonst mpu dB/dt> 100 #Tn/mus. Ho oTnenbHee caydan OpBatoT u nipu dB/dt< 100 aTn/mun (Puc.
3.). AHanu3 MOKa3bIBaeT, YTO HET OJHO3HAYHOW 3aBHCHMOCTH Mexay BenmmunHamu [UT u Bemmumnamu dB/dt.
JlaHHbIe HAOJFOJICHUS TAKXKE TOBOPSIT O ciioxkHOCcTH nporHo3a ['UT Ha ocHoBanuu nporHosza BennyuH dB/dt. [leno B
ToM, 4to Ha BennunHy ['UT Bimsier nensiit psg ¢akropos. [lomumo BapuabensHocTH MarautHoro noss dB/dt, ato
HaJIMYMe MEIKOMACIITaOHBIX TOKOBBIX CTPYKTYp B moHocdepe [Belakhovsky et al., 2019], mpoBomuMoCTh 3eMHOi
KOPBI, KOHQHUTypanus TEXHOJIOTHYECKHUX JIMHUH, PeKUM PaOOTHI TEXHOJIOTHIECKUX CHCTEM.

BriBoabI

[IpoaHamm3upoBaHbl HKCTpEMaNbHBIC 3HAYCHHSI T'€OMAarHUTHO-HHAYIUPOBaHHBIX TOkoB (I>20 A) 3a 11 mer
HabOmoxeHuit (2012-2022 roga) B nmuHMUK 31ekTporepenad Ha ceBepe Poccnn (Kombckuit momyoctpoB). [To qanHBIM
cranmu VKH u3 93 skerpemanbabix coObiTHid 46 ciydaes (49.5%) O6butn Be3Banbl CME mMarHutHbIME Oypsimu, 41
ciy4ait (44.1%) npoucxoani Bo Bpemst CIR marHuTHBIX Oypb 1 6 (6.4%) nponcxoanno 6€3 MarHUTHBIX Oypb. AHAITN3
MOKa3bIBaeT, YTO HE HAOJII0AaeTCsl CTPOro cBsa3u Mexy BennunHoit ['YT u ckopocThio COJTHEUHOTO BETpa, a TaKkKe
I'NT u >HepreTMUecKMMH XapakTepUCTUKaMu MarHutochepsl V*Bs, mapamerpoB Axacody & Takxke He
HabJroaeTCsl CTPOroit 3aBUCUMOCTH Mex Ty BenumuuHoOi I'UT u mHaexcamu reomarautHoi aktuBHOcTH (IE, AE),
BenmunHoit ['UT u dB/dt.
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AHHOTAIIUS

[IpuBogsTCs pe3ynabTaTHl HCCIEAOBAaHIT HOHOC(hEpH 12 ceHTs0ps 2023 T. CHCTeMO# CpeIHEIUPOTHBIX CHHXPOHHO
paboTaromMX CTaHIMH HAKIOHHOTO M HOHO30HIOB BEPTHUKAJIHLHOTO 30HIMPOBAHMS HA TJIABHOH (haze pasBHTHS
reomarauTHoi Oypu kinacca G1l. Ha Qone perynspHbix oTpakeHHil OT F-cios noHocdepsl ObUIM OOHApPY>KEHBI
cunbHble IU((Qy3HBIE OTpPaXKEHHs OT JUHAMHYECKUX CTPYKTYp aBpopajbHOW HoHOchepsl. [lokazaHo, dTo
NPUMEHEHNE IBYX METOAOB DPAIMO30HANPOBAHUS HOHOC(EPH ITO3BOJIMIIO 3apETHCTPUPOBATh OTPAKEHUS OT
Pas3IMYHbBIX KPYITHOMACIITAOHBIX CTPYKTYP aBPOPAIbHOM M Cy0aBpOpabHON HOHOC(EPHI: MOJSIPH3aLIMOHHOTO JIKETa
W/unu  cTabWIIbHBIX KPacHBIX Iyr (METOJOM BEPTHKAIBHOTO 30HJMPOBAHUS) M MOJSPHOH CTEHKH TIJIABHOTO
HMOHOC(EPHOTO NpoBata (METO0M HAKIIOHHOTO 30HUPOBAHNA).

Beenenune

ba3zoBbIMK CpeiCTBAMHU JIMAarHOCTUKM W MOHHMTOPHHIA COCTOSIHMSI MOHM3MPOBAHHOW 4YacTu arMocgepbl 3emin
SBJISTFOTCS CTAaHIMU BepTuKanbHoTOo (B3) 1 HakmonHoro (H3) paxnozonnupoBanus HoHOC(HEPHL. Y CIIOBUS OTPaXKEHUS
JUISL 30HANPYIONINX PaJMOBOIH OT MOHOC(EPHBIX HEOAHOPOJHOCTEH B ATUX METO/AX CYIIECTBEHHO pa3jIMyaroTcs,
9TO MOXET JaTh B CJIy4aeé WX COBMECTHOTO NPHUMEHEHHS paCIIUpeHHbIE AKCIEpUMEHTAIbHBIE JaHHBIE 00
0COOCHHOCTSIX 3BOJIOLMM KPYITHOMAacIITaOHBIX JAWHAMUYECKHX CTPYKTYp HOHOC(Eepsl. ABpopaibHas 4YacTb
BBICOKOIIMPOTHOI HOHOC(EPHI XapaKTepH3yeTcsl HATMYHUEM KPYITHOMACIITaOHBIX TUHAMHYECKNX HEOJHOPOJHOCTEH:
MOJIIPHOTO OBana, riaaBHoro uoHocdeprnoro mposana (I'UII), aBpopambubix D- u E-cnoeB, koropsie npu
MOHOC(EPHBIX BO3MYILICHHSX, 00YCIOBICHHBIX MarHUTHBIMH OYypPSIMH, MOTYT CMEIIAThCsl B 00J1aCTh CPEAHUX IIUPOT
W TIPOSIBISATECS B JAaHHBIX PaAMO30HIMPOBaHMSA HOHOC(epsl. Takue 3((PeKTbl HOHOC(HEPHBIX BO3MYIICHUH
HaOJIOIaIHMCh M B KOMITJIEKCHBIX JaHHBIX M3MepeHui 12 centsops 2023 r. B yCIOBHAX YMEPEHHON T€OMarHUTHOM
Oypu.

Panee B pabore [1] ObM mpencTaBieHBl pe3yNbTAaThl MPOSIBICHUS ciaboi HoHOC(epHOH Oypu Ha
TpaHCaBPOPaAIbHON paguoTpacce MEPUANOHANBHOM HanpaBiaeHHOCcTH Hopuibck-MpKyTck B JaHHBIX BEPTUKAIBHOIO
W HaKJIOHHOTO DPaguo30HIMpoBaHUS MOHOC(hepsl. llenpro maHHOM pabOTHI SBISAETCS Pa3BUTHE PETUCTPAIIMOHHBIX
BO3MOYKHOCTEH 3THX METOJOB B 3a/ady€ IWAarHOCTHKHA IWHAMHYECKHX KPYIMHOMACIITAOHBIX HEOIHOPOIHOCTEH
MOHOC(EPHOH IIIa3Mbl IIPH JIOKATM3ALUK U3MEPUTEIbHBIX CPEACTB B IIMPOTHOM HampasieHud. Hike npuBoanTces
OTIHCaHME HKCIEPHMEHTA, TeTHOre0(pH3NIECKUX YCIOBUH, TOMYYCHHBIX Pe3yIbTaTOB U UX 00CYKIEeHHE.

Onucanue IKCNIEPUMEHTa U yCJI0BHIT HA0TI0aeHHIA
B naHHOM OSKCIepHMEHTe ObLIM 3a/leHCTBOBAHBI JKCIICPHMEHTANbHBIE CpeicTBa HaydHO-McclieoBaTeNnsCKOro
pamnodmsmngeckoro mHctutyra HHI'Y mm. H.U. JlobaueBckoro, Kazauckoro (IIpmBoimkckoro) demepansHOrO
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@.U. BvibopHos u op.

yauBepcurera 1 USMHWPAH (MockBa, Tpouuk). ['eomerpust Tpacc cetn IUAarHOCTUKH HOHOCheps! (cM. puc. 1)
JIMHEHHO-9acTOTHO-MOAyIupoBaHHbIMA (JIUM) curHamamMy W ONMCAHWE aNmapaTypbl B OCHOBHOM MOBTOPSET
npuBenenHoe panee B [2]. JIUM-cranmm H3, pacrionoxennsie B Tpontike n Hmwkaem Hosropome paboTani ToIpKo0
Ha mpueMm, B Bacumbcypcke Tonpko Ha mepefady, a B KasaHu momepeMeHHO - Ha IpHeM M Ha Iepenady.
JlommomHUTEIRHO PabOTaI HOHO30H B BEPTHKAIBHOTO 30HAupoBanusa B Bacunscypcke (CADI ¢ mepuoamaHoCThIO
B 6 mmHyT) U B Tpommke (Ilapyc-A B cTaHmapTHOM IATHAANATHMHHYTHOM pexnMme). Cxema B3aWMHOTO
pacrnosiokeHHsl HOHO30HA0B npuBeAeHa Ha puc. 1. JIIM-cranuuu B Bacunscypcke, Kazanu u Huxxuaem Hosropoae
6bLTH 0AHOTHITHBIE (Ipou3BocTBa Gupmbl SITCOM LLT, Momkap-Oia) ¢ MakcHMasIbHOM H3Ty4aeMOi MOIHOCTBIO
100 Br.

12 centsa6ps 2023 r. TUM—cranmmu padoranu Ha nepenaqy ¢ 15:00 mck; n3nydenne u3 Kazanu ocymecTBIsIOCh
IO YCTHBIM MUHYTaM, a U3 Bacunbcypcka — mo HeueTHbIM. 13 centsops JIUM cranmmu padbotanu Ha nepenayy ¢ 17:30
MCK IJUKJIaMU 10 3 MUHYTHI (B HyJIEBYIO MUHYTY HE N3JIydalH, B IEPBYI0 MUHYTY BKmMoganack JIYM crannus Kaszann,
Bo BTOpyto - JIUM cranums Bacmibcypcka, 3aTeM muki moBTopsuics). CKOpoCTs mepecTpoiku padoueil 4acTOThI
coctapmsia 110 x['/c B amanazone ot 4 MI'm no 12 MI'n. Ha mpuem JIUM-nznyuenns cranumu B Hikaem
Hogropone u Tpowunke pabotanu exeMHHYTHO, a B Kazanu u Bacuibcypcke npreM ocyIecTBIISUICS B HHTEpBalax
IIUKJIOB, TI€ CTAHIUH HE W3Ty4Jallu.

MaruuTHas Oyps kinacca G1 Hauanace 12 cenrsi0ps 2023 rona ¢ yBenudeHus: MarHutTHoro nHjaekca Dg B 00:00 UT,
HavanbHas (asa npomoivkaitack 10 12:00 UT 12.09.2023, a 3aTtem ¢ pe3Koro yMeHbIIICHUS uHACKca Dy Havdamach
rmaBHas (asza Oypwu, kotopas mpomomkmiack 10 23:00 UT, xkorma Oputo mocturHyTo 3HaueHue —85 HTa. 3arem
Hadanack (paza BoccraHoBneHus [3, 4]. IHOEKC reoMaranTHON Bo3MyteHHOCTH Kp B Hadase cyTok 12 centsiopst 2023
rojfa Haxowics Ha ypoBHe 0-1, a mocine 9:00 UT nauan yBeauuuBatbcs, ocTurays ¢ 12:00 UT o 18:00 UT ypoBHs
5+. Jlanee unaexc Kp Hauan cHmkatbes. ['eomarautHast Oypsi cOmpoBOXIanach ONTHIECKUMH SBICHUSIMH — B HOUb C
12 Ha 13 cenrs0ps 2023 1. Ha Teppuropun Hmxeroponckoir obmactu (B ToM umcie Ha momurone HUPOU —
Bacunbscypck) perucTpupoBaiuch NOJISPHBIE CUSTHUS C IPKO-BBIPAYKEHHOH 3€JI€HON KOMIIOHEHTOH.

BcenplmeyHnast conHeyHass akTUBHOCTH 3a 10-12 ceHTs0ps B LesioM okasajach Hu3KOW. Hawmboree BeposTHOM
MIPUYAHON TeOMarHUTHOW OypH, HawaBmieics 12 ceHTAO0ps, MOo-BUANMOMY, OBUT KOPOHAJIBHBIN BBIOpoC Macchl 11
ceHta0ps B 22:35 UT, compoBoKIaBIINIICS YBETHMUSHIEM CKOPOCTH BBICOKOCKOPOCTHBIX IIOTOKOB COJTHEYHOTO BETpa
(CP HSS — Coronal Hole High Speed Streams) ot 340 o 450 xm/c.

Kasanp

4 E:37°30! : '
: E'38130" 1 "£°39°30"+ 1 40305

Pucynok 1. CxeMa B3aMMHOTO PacIoJIOKEHUs MOHO30HI0B.

Pe3yabTaThl Ha0MI01eHU

Haxnounoe 3ondupoeanue uonocgepul

JIUM-ctanmmnu H3 Hawanmu paboTy mo cormacoBaHHoM mporpamme 12 centsops 2023 roma ¢ 16:00 mck. Ha Bcex
Tpaccax 30HJAMPOBAHMS YBEPEHHO PETUCTPUPOBAIUCH JTUCTAHIIMOHHO-9acTOTHBIE XapakTepuctuku ([IUX) F-cios
noHocgeps! 10 19:00, THIMYHBIX JUI HEBO3MYILIEHHOH CPEIHEIINPOTHONH HOHOC(HEPHI.

Ha tpacce Bacmiscypcek — Huoxnuii HoBropos (cM. puc. 2) TONOJIHUTENbHBIE TPEKN HAa HoHOrpamMax H3 — cnabble
paccestHHbIE OTpaKeHUS MOSBUITHCH B 18:55 MCK ¢ BpeMeHamu 3a7epkek 6-8 Mc, KoTria MakCHMalibHasl IPUMEHUMAs
gacrora (MITY) 1F monocdepsr (onpenernsiiace Be3ie MO OOBIKHOBEHHOW KOMITOHEHTE) cocTaBistia 7.5 MII u
XOpoIIo peructpupoBanuck ciensl Mox 2F-4F. luddysHoe oTpakeHwe B amama3oHe 4actor 7-9 MI'm B Bume
JIBOMHOTO 00J1aKa PETUCTPUPOBATIOCH € 3aJIepKKaMu 6-6.5 u 7-7.5 Mc.
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Hauanvnas gpasza ymepennou macnummou oypu 12 cenmsbps 2023 2. no oannvim cpeonewupomnoti cemu JIYM-cmanyuil

B 18:59 Mck 3a1ep>KKi yMEHBIIIACK JI0 5-6 MC U 6.2-8 Mc ¢ Arana3oHoM 4acToT 6.8 — 11 MI'. O6nacTtu paccessHus
CTaJI| JOCTAaTOYHO KOHTpacTHEIMU. B 19:01 Mck 3amep KK yMEHBIIIIIACK 10 5-7.5 MC ¢ muama3oHoM gacToT 7.5 — 11
MI'n. O6macTh paccesHUS cTala eInHON ¢ KOHTYpaMH, IIOXOKUMHE Ha Gopmy Tpeka 1F.

B 19:07 mck 3amepkku yMmeHbIwiach a0 3.5-6.5 mc. Hawamock (opMupoBaHHE BTOPOTO TpeKa pPacCEsHUS C
3anmepxkoi 4 mc U HIkHed dactotor § MI'm. MITY 1F ysenmmumnace g0 8 MI't. [lo 19:17 Mck MHTEHCHBHOCTH
(xouTpacTHOCT Ha JJUX) paccesaHoro curaana yBemmauBaercs, MIIU 1F ocraercs Ommskoif k 8 MI'mt. [amee mo
19:29 MCK MHTEHCHBHOCTH paccessHHOro curHana ociadesaer, MITY 1F ymensmaercs qo 7.8 MI'w.

. . . 10 12

Pucynok 2. JUX nonocheps! Ha Tpacce Bacuscypck — Hikauit Hosropog.

IMosenenue JJUX nonochepst Ha Tpacce Bacunbcypck — Kasanp B 11e/10M HAlIOMHHACT TUHAMUKY moBeaeHus JJTUX
Ha Tpacce Bacmmecypck — Hmkuuit Hosropon. IlosBienue paccesHHOi oOmactu otmedaercs ¢ 18:59 mck B
nuamnasoHe 7.5 — 10 MI'n ¢ 3agepxkamu 5- 7.5 Mc. 3HaUUTENBHO CHIIbHEE MposBisieTcs hopma nuddysHoro ciena,
XapaKTEePHOT'O JUIsl HAKJIIOHHOTO OTPa)KEHHs OT CHIILHO HEOJTHOPOIHOM 00nacTy.

Iosenenue JJUX monochepsl Ha Tpacce Bacunbcypck — Tpouik umena ps ocodeHHocTeil. Bombiiue, yem Ha
ocTanbHBIX Tpaccax 3HaueHnss MIIY (ot 8.5 MI'ny B 18:55 ¢ yBemmaernuem 10 9.3 MI'n B 19:11 Mck ¢ mocneayromum
ymenbienneM B 19:29 MCK no 8.5 MI'n). Obxactpb paccesHust nosiBuiach B 18:59 Mck ¢ 3aepxkaMu 0oabIuMu 7
Mc (Bcs IUX orpanmyena 10 MI'm) u B auamaszone 4actotr 9.5-10.5 MTI'm. Ve B 19:05 mck chopmupoBaics
Juddy3HBINA CIION, XapaKTEePHBIN JUIS HAKIOHHOTO OTPaXKeHHWs ¢ AMAIa30HOM 3ajiepkek 4.5 - 6.5 Mc B anamna3oHe
yactot 7-11 MI'1.

Ha tpacce Kazanb — Huwxnuii HoBropoa nse nuddysssie odiactu nosiBuinck B 19:04 mck Ha yacrorax 7 —9 u 10.5
— 11.5 MI'u ¢ nuana3zonamu 3aaepxkek 4 — 5 u 4.5 — 6.5 mc. MHY B 310 Bpemst Obi1a okosio 8 MI'm, B 19:14 mck
yBenuumnach 10 8.1 MI'n, a k 19:24 mck ymenbimiack 10 7.5 MI'n. C 19:30 Mck paccesiHue He perucTpupoBaioch.

Ha tpacce Kazanps — Tpomnuk B ceance 19:02 mck MHUY cocrasmsina 9.7 MI't. B 19:14 mck yBenmumnacs g0 10.3
MTI1, a B 19:24 Mck ymenbmmiachk 10 10.0 MI'. O6nacts paccesuust nosisuiack B 19:06 mMck Ha yactotax 10.5 —
11.5 MI'u ¢ muamazoHOM 3amepxek 5 — 7 Mc, a 3areM B 19:08 Mck mpuoOpena muddy3Hyr0 HaKIOHHYIO (hopMy
PETYISIPHOTO OTPaXXEHUsI ¢ HAMMEHBIIEeH yacToTol 8 1 HanbonbIei yactoroit 12 MI'nt ¢ nnana3zonom 3azxepxex 4.5
— 6 mc. K 19:24 mck obmacth paccesiHus ciiabo peructpupyercs Ha vacrorax 10.5 — 11.5 MI'u ¢ puamasoHOM
3anepxek 4.5 — 5.5 mc u Ha cnenyromux JJUX He HabmomaeTcs.

Bepmuxkanvnoe 30nouposanue uonocgepot
Honorpammbr noHozonaa CADI (n. Bacuiscypck Hwuxeropopckoi obmactu) npuBeneHbl Ha puc. 3. Obnacth
paccesiaust BozHUKIIA B 19:36 mck (16:36 UT) Ha doHe perynspHBIX OTpaXEHHH ¢ KpUTHUYECKOH 4acToToil F-cios
noHocdeps! 7.8 MI'. O6macTh paccessHus HaOJrOAaNach B Auama3oHe 4actot 3.5 — 6.5 Ml u ¢ neiicTByrommmMu
BeicoTamu 400 — 750 kM. Bmecte ¢ ymeHbpmeHneM Kputudeckoil wactotsl 10 5 MI'm B 20:00 MCcK MeHSAIHCH
napaMmeTpsl 001actu paccesaus (2.2 — 4.4 MI'n, 420 — 700 km).

Honozonp IMapyc-A (M3MHUPAH) duxcuposan pa3Butue o0sacTi paccessHus ¢ orctaBaHueM Ha 40-50 MUHYT OT
nonozouma CADI B . Bacunbcypek (cM. puc. 4).
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@.U. BvibopHos u op.

CADI VAS Sep 12 16:24:00 2023 CADI VAS Sep 12 16:36:00 CADI VAS Sep 12 17:30:00 2023

Height, km

Frequency, MHz Frequency, MHz Frequency. MHz

Pucynok 3. Hororpammer nonozonna CADI (. Bacuscypck Hmxeropoackoit o6macT).

PARUS-A ionogram PARUS-A ionogram PARUS-A lonogram
Moscow (34502) 5548 N 3729 E 2023-09-12 17:30:00 UT Moscow (34502) 55.49 N,37.20 £ 2023-09-12 18:15:00 UT Moscow (34502) 55.49 N,87.29 E 2023-09-12 19:15:00 UT
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Pucynok 4. Nonorpammer nonozonaa [apyc-A (M3SMUPAH).

O0cy:kaeHne pe3yJibTaTOB H BBIBOJbI

N3BectHO [5], uTo 3¢p(hexTh reOMarHNTHON aKTUBHOCTH IIPOSIBISIOTCS CHavyajla B BHICOKMX LIMPOTaX B Pe3yJsbTaTe
MarHuToc(epHO-MOHOC(HEPHOTO B3aUMOJACHCTBUSL B YCIOBHAX YCHJICHHS COJHEYHOTO BETpa M BBICHIIAHUA
3apsDKEHHBIX 4acTHLl. B o6iacTu aBpopasibHOI HOHOC(hEPhI MOYKHO BBLICIUTH TPU KPYITHOMACIITAOHbIE CTPYKTYPHI,
KOTOpBIE MOTYT TIPOSIBISAATBCA B JIAHHBIX PaJHO30HIMPOBAHUS MEXaHM3MOM pPe(PaKIMOHHOTO OTPAKEHUS
(reomerpuueckoil onTuku): mossipHas crerka U, monspusanmonnsiii ket (SAID — SubAuroral lon Dridts) u
aBpopaubHblii E-cioii. Ha Bpems 12.09.2023 r. 17:30, 18:15 1 19:15 UT (noHorpammsl B3 npueneHs! Ha puc. 3 u 4)
MOJISIPHBIN oBal u nossipHas crenka I U1 Haxoaarcs Ha mupoTe CankT-IleTepOypra ¢ HEKOTOPOH AMHAMMKOMH K IOTY
(pacdeT BBIIIOJHEH MO METOAWKE [6]), 4TO COCTaBIAeT yIaleHHOCTh OT noHo3oHAa M3MUPAH ~ 500 xm (5° mo
Mepuauany). Ecin oleHnTh yaaneHHOCTh OT MOHO30HAA HEKOeH KpYITHOMACIITaOHOH CTPYKTYpPBI aBpOpasIbHOM
noHOC(hEepHsI,Aatoel ToMoNTHUTENbHBIN auddy3HbIH cneq mexay ciaenamu 1F2 u 2F2 na nonorpamme B3 (puc. 4),
TO C YYETOM M3MEpEHUH JAeHCTBYIOUIEH BBICOTHI OHAa cOCTaBUT Ha yactore 3 MI'm Tombko ~ 250-300 kM, yTO
HEJIOCTATOYHO Uil OOBSICHEHMSI TAKOro OoTpakeHus: moisipHoi creHkoi I'MII. Ilostomy HambGosee BepOSTHBIM
HCTOYHHKOM (OPMHMPOBAHUS JOIOJHUTEIHHOTO cliefa Ha 3THX noHorpammax B3 cr. U3SMUPAH u Bacumbscypck
MOKHO pacCMaTpHBaTh MOJSIPU3ANMOHHBIN /KeT [7] 1 comyTcTByromue nporeccs B Bume SAR (Stable Auroral Red)
nyr [8] — 061acTy ¢ MOBBIIEHHOH TEMITEpaTypoi IIa3Mbl, JIOKaJIM30BaHHBIX I0KHee nossipHoit crenku [UII. Taxoke
cleyeT OTMETHTh U HEOOBIYHBIN XapakTep clieia — OH HaXOJUTCS BHYTPH YaCTOTHOTO JHana3oHa 0a30BOTo ciena,
chopmupoBaHHOTO Ha dKBaTopuanbHO (ponosoit) yactu [ UII. Takas ocoGeHHOCTH cliefia coriacyetcs (1o KpaitHei
Mepe, Ka4eCTBEHHO) ¢ OTHOCHTENBHO CJIA0bIM NOHMKEHNEM 3JIEKTPOHHOH IJIOTHOCTH B ITOJIIPU3AIIMOHHOM JIKETE U
SAR nyrax u ©X OTHOCHTEJILHO MaJbIM pa3MepoM nonepednoro ceyenus (~ 100 km).
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Hauanvnas gpasza ymepennoii macnumnoi 6ypu 12 cenmsabps 2023 2. no oannvim cpednewupomnoui cemu JIYM-cmanyuii

JUis pe3ynbTaToB HAaKJIOHHOTO paJUO30HAUPOBAHUSA B JOJTOTHOM HAlNpaBIECHUH 3ama3/blBaHUE CHUTHAJIOB
JIOTIOTHUTEIBHBIX OTPAKEHHUI CYIIeCTBEHHO OOJIBIIE U COCTABISIET B cpeHeM ~ 2 Mc (600 kM) (HaxomsTcs Ha ypOBHE
ciiefila BTOPOTO KPaTHOTO OTPaKeHMS OT perynspHoro F-cimost). Taxke ciiemyeT OTMETHTh BEChbMa 3HAUMTENLHOE
NpeBBIICHHE B MaKCUMaJbHOW HaOmomaemoil yacrore — MHY, B cpennem ~ 2 MI', 4To BIOJIHE COOTBETCTBYET
xapakrepy oTpaxenus ot moysipaoil crenku ['MII, HO mpoTtmBopeunt pesynsrataM B3 (puc. 4). Takum oOpazom,
MOXHO MPEAIOI0KHUTb, YTO B IBYX METOJaX PaJH030HANPOBAHNS HOHOC(HEPHI OBIIHN 3apPETUCTPUPOBAHEI OTPAKECHUS
OT Ppa3IMYHBIX KPYHMHOMACIUTAOHBIX CTPYKTYp aBpOPaIbHOH HOHOC(EPBhl: MNONSIPU3ALHMOHHOTO JKETa WM
cTaOMIBHBIX KpacHbIX aAyT (B3) u nonspuoit crenku ['UIT (H3).

3axiroueHue

BriepBeie mpeiCTaBICHBI PE3yNbTaThl HKCIEPUMEHTAIBHBIX HCCIEIOBAaHUN CPEIHEUIMPOTHOW M CyOaBpOpasibHOM
noHochepsl MeToaamu HakiIoHHOro JIUM u  BepTHKaJbHOTO HWMITYJBCHOTO 30HIMPOBAHUS KOMILIEKCOM
panro(U3HIECKUX CPEACTB NHATHOCTUKHM INPU HMX JIOKAJHM3allM{d B IIUPOTHOM HampaBieHHH. [lokazaHo, 4ro 12
ceHtsaops 2023 1. BO Bpems TiIaBHOW (ha3bl MarHWTHOH OypH Ha ceTH CHHXPOHHO pabortarommx JIUM-craHmmii
HaOJII0aIMCh HHTEHCUBHBIE JOIOHUTENBHBIE CUTHAJIBL, KOTOPBIE, IIPEIIOIOKHUTENLHO, CHOPMUPOBAHBI CIIOKHBIMU
MEXaHH3MaMH OTPaXKEHHS OT KPYITHOMACIITaOHBIX HEOAHOPOJHOCTEH aBpOpaIbHON HOHOC(HEPHI: MOISAPU3ALUOHHOTO
JDKETa U MOJISIPHOM CTEHKH IITaBHOTO HOHOC(EPHOTo MpoBaa.

ABtopbl 6narogapsat rHe HemunoBa M.I'., KapnayeBa A.T. (M3MUPAH) 3a oOcyxaeHue pe3ynbTaToB, a BHC
[Ty6una B.H. (M3MHWPAH) 3a momomis B pabore.
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3KCTPEMAJIBHBIE 3HAYEHUSI CKOPOCTH U3MEHEHUS
TEOMATHUTHOTI'O ITOJISI HA AJITAE ITO JAHHBIM MAT'HUTHOM
CTAHLIUU «BAUTA3AH»

A.1O. I'BozmapeB

T'opHo-Anmaiickuii 2ocydapcmeenHblil yHugepcumen,
Hnemumym kocmoghusuueckux ucciedosanuii u pacnpocmpanerus paouosonn [BO PAH

Annorauusi. [lo ganHpIM MarHuTHOW cTaHumu «bairazan» HpoBeaeHa OLEHKA CKOPOCTH HW3MEHEHUS
TOPU30HTAJIBHO OPUEHTUPOBAHHBIX KOMIIOHEHT reoMarHuTHoro nosst dB/dt na Anrae. [TokaszaHo, 4to st
MHUKPOIMyJbcaIuii Kimacca PC5 ontumanbHbIi 1mrar mis pacuéra dB/dt MeTooM HEHTpaIbHBIX pa3sHOCTEH
cocrapisier 5-10 c. Pacnpeneneaue dB/dt siBisiercss OrHOpMaIbHBIM, HO MMEET TSDKENBIA «XBOCTY,
CBSI3aHHBIM C TEOMarHUTHBIMHA BO3MYIIEHUSMU. Bhienens! amm3oa6l npeBbimeHus nopora 30 #Tn/mun
CpenHeMUHYTHBIME 3HaueHussME 0B/dt 3a 2012 1. — OHU B OCHOBHOM CBSI3aHbI CO BHE3aITHBIMH HayaaM{
Oyps. [Topor B 20 HT1I/MHH MPEBBIIIACTCS TAKXKE B CIydac Pa3sBUTHs MUKPOIyJIbcaluii kiaccoB PC5/Pi3 u
Pc3.

Beenenue

B mocnenHue roapl MOSIBHIOCH OOJNBIIOE KOJIMYECTBO pabOT, IOCBAIICHHBIX HCCIIEAOBAaHUIO TI'€OMAarHUTHO-
naaynupoBaHHEIX TOKOB (I'UT) B cpemamx m Hu3kux mmpotax [1,2]. CKOpOCTh M3MEHEHHS TOPH30HTAIBHO
OpHEHTHPOBaHHO# KommoHeHTHI Toist dB/dt cunpree Beero ckoppenuposana ¢ [UT [3], m03TOMY IMEHHO H3yYCHHIO
9TOTO IoOKa3aTesl MpuAaeTcst Oobloe 3HaueHue. B mpuOmmkeHnu OJHOPOIHON HPOBOIMMOCTH 3€MHOM KOPHI
T'€03JIEKTPUIECKOE MOJIE MPSMO MTPOIIOPIMOHAIBEHO BPEMEHHON ITPOU3BOIHON MarHUTHOTO 1oJIsl. beuto mokaszaHo, 94To
dB/dt mogumHsIeTCS TOrHOPMATEHOMY pactpeeneHuro [3]. B cpeiHHX MHUPOTaX CTATHCTUYECKHE CBOWCTBA CKOPOCTH
W3MEHEHHs TOPU3OHTAJIBHOM COCTaBISIONIEH M3yuyanuch B [4] Ha OCHOBE JAaHHBIX MarHUTHBIX 0OCEepBATOpHIA
HoBocubupck, Upkyrck u Anrma-ATa 3a ceMb MHTEPBAJIOB BBICOKOW reomarHuTHON aktuBHOcTH B 2003-2005 rr.
ABTOpamMH OBIJIO MOKA3aHO, YTO MaKCHMallbHbIE 3HAYE€HHE CKOPOCTH HM3MEHEHHs II0Jisi HaOJIIoJanoch BO BpeMs
BHE3alHbIX Havyajd MarHuTHbIX Oypb (SSC). B kauecTBe MOpPOroBOro 3HAY€HHs, CIHOCOOHOTO HEraTHBHO
BO3/IeiiCTBOBaTh HA TEXHUYECKHE CHCTEMBI, 33/1aBajIach CKOPOCTh n3MeHneHus nosist 30 HTn/mun. [IpeBsiieHne 3Toro
mopora Ha0II0aoCh TOIBKO TpH 8-0ambHBIX Oypsx U B okTs10pe 2003 r. mpu 9-0anbHOi Oype, BpeMs MPeBhIMICHAS
cocraBmiio 445 munyT B HoBocuOupcke u 148 MunyT B AniMa-ArTe.

B Hacrosimeit pabote npUBOIATCS Pe3yJIbTaThl UCCICAOBaHMS 3TOTO mokasatess (dB/dt) mo maHHBIM MarHUTHOU
crannmu ['opHO-AnTaiickoro yauBepcutera «baiirazan» Ha Tepputopun PecryOnmku Aunrail. MarauTHas cTaHIAS
pacIiojokeHa Ha OJHOMMEHHOM KOpAOHE AJNTAHCKOTO 3alOBEAHUKA, YTO MO3BOJISIET OOECIeUNTh HU3KHH YPOBEHb
ITyMOB (CpeAHeKBaJpaTHYHOE OTKIOHEHHE AJIS CeKyHIHOU BeIOOpKH He 6onee 0.01 HTm).

MeTonunka uccjieloBaHUil U pe3yJIbTaThl AaHAJIU3A

Jnst aHanmu3a KCMOJIB30BAJUCh JAaHHBIE KBapleBOTO BapUOMETpAa, YCTAHOBIEHHOrO Ha craHuuu «bairazam», c
gacTtoToil peructparuu 5 ' [S5]. CkopocTh M3MEHEHUSI KOMITOHEHT IOJISI paCCYUTHIBAIach Kak KOHEUHasl pa3HOCTbh,
HanpuMmep, 7Sl TOPU30HTAIbHON KOMIOHEHTHl H

dH __ H(t+6t/2) — H(t — 6t/2)
Fra 5t

rae 6t — mar ceTkd. IIpu 3TOM yuuThIBajICsS TOT (akT, YTO HOrPENIHOCTE A B onpeeaenun npoussoauoi dH/dt u3
3HAUEHHI KOMIIOHEHThI reoMarauTHOro nosist H(t) Ha ocHoBe pacuéra HeHTpaIbHOM Pa3HOCTH OMPEIEIIIeTCS TPEThel
HPOU3BOJIHOI OT 3HadYeHui komnonenTsl d3H/dt3, marom ceTku §t U MOrpemHOCTHIO CEKYHIHBIX cpenHux 0H [6]

d3H §t> 26H s St?  26H
= — =w —

e 6 ot T
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3Kcmp€ﬂla}lbl~lbl€ SHAYEHUsl CKOpOCMU USMEHEHUS 2eOMACHUNNHO20 NOJisL HA Anmae no 0aHHbIM MACHUMHOU cmanyuu «baticazan»

[MocnenHee BEIPAKEHUE 3AMUCAHO TS CITydYas MUKPOITYJIbCAIMH, KOTOPHIE ¢ JOBOIBHO OOJBIION TOUHOCTHIO MOKHO
OIKMCHIBATH KaK FAPMOHMYECKHE KOJMEOAHUs ¢ aMIUIMTYIOW A M IMKIMYEeCKON yacToToil w. Torma onTuManbHOE
3HAYCHHE Iara CeTKH s pacuéra mpousBoaHoit dH/dt [6]

100 , .

; A=10HTRN
3| 68H 13|66H | T=300¢
Sty = THE "o | 4 80} | H=0.01wTn
IIpu norpemrnoctu 0.01 5T, nepuone 300 ¢ u ammutyzae 10 © 60

HTa nonydaem Oty = 8.6 c. 3aBUCHMOCTH MOTPEIIHOCTH IE

pacuéTa OT INara CeTKW IMOKa3zaHa Ha puc.l. Ecnu B3sATh B <40} i _ ]

KayecTBe Imara ceTkd 10 ¢, TO MOIpemHOCTb pacyéra :

NPOM3BOJHOM TPH  PACCMOTPEHHBIX  BBIIE  MapameTpax - N\ A=3.5 nTnlc / |

cocraBut 4 mln/c, To ecTb 0KoiI0 2% OT aMIUTUTYABI CUTHANA \\5//

(OTHOIIEHNE CUTHA/TIOTPEITHOCTH cOCTaBUT 18 1b). ‘

Jnst pac4€TOB MCHONB30BAIHMCH YACOBBIE OTPE3KU JIAHHBIX, 0 0 1 2
npu nomomy komanasl MATLAB reshape() u3 kaxmoro 10 10 10 10
otpeska popmupoBanack Matpuna u3 360 crondmnos. [Ipu s3Tom
CTONOIBI OTCTOSIM APYT OT Jpyra mo Bpemenu Ha 10 cek.
3arem npu mnomomu komaHawl diff(), paccumTeiBaNMCH
KOHEYHBIC PA3HOCTH MEXIy coceIHMMH croibmamu. [locie
00paTHOTO MPeoOpa30BaHMs MATPHUIIBI TOTYYAIICS PS U3 OLEHOK mpou3BoaHoi kommnonent (dH/dt, dD/dt, dZ/dt) ¢
MHHUMAaJIBHOW MOTPENIHOCTBIO, HO C ILIaroM II0 BPEMEHH, PaBHBIM IIary 3arpykaeMblx JAaHHbIX. [lo HuM
paccuuThIBaJach CKOPOCTh M3MEHEHUSl TOPHU30HTAILHON OpPUEHTHPOBAHHOW KOMIOHEHTHl mons dB/dt =

Pucynok 1. 3aBHCHMOCTb MOTPEIIHOCTH
pacuéra dH/dt ot mara ceTku.

\/ (dH/dt)? + (dD/dt)?. BpeMs IpUBA3KU 3THX JAHHBIX HAYMHAIOCH C 5# CEKYHIBI Yaca 1 3aBEPIIANoch 3a 5 CEKYHT
JI0 KOHIIa yaca, T.K. pu omnepanuu diff() hopmupoascs maccus u3 359 cTonbIoB — To ecth psijx Obu1 HA 10 cexyHT
KOpOYE UCXOMHBIX JaHHbIX.

PaspaGoTaHHBIN aJrOPUTM MO3BOJSET Hanbojee TOYHO OIEHHTh CKOPOCTh HM3MEHEHHS IO B YaCTOTHOM
nuanasoHe HambOonee s¢ddextrBHO Bo3Oyxnarommx ['MT wmuxpomynbcaumii. Kak Buano u3 puc. 1, oreHkwy,
MOJTydeHHBIE Ha MUHYTHOW WM CEKYHIHOM ceTke, OyayT MeHee TOYHBIMHU (IPUMEPHO Ha MOPSIOK), PACUETH Ha
HCXOMHBIX JAHHBIX OYIYT HMETH MOTPEITHOCTD, COMOCTABUMYIO C CUTHAIIOM.

s kax0ro yaca pacCUUThIBAINCH CPEHEMUHYTHBIE

3HaueHus moxayieit dB/dt, dH/dt, dD/dt, motom u3 Hux c . 12 gm0 19, 5708
¢dopmupoBanucy marpuisl 24x60 3HaueHHH, KOTOpHIE a5l : : : ]
COXPAHSITUCH B CielranbHble Qaitnel. [loTom aTH (haiinb Al i
AKKyMyJMpOBaJIMCh M HAa HX OCHOBE CTPOWJIKCH sl _ _ : ]
pacrpeneneHus: ucciaedyeMbIX BeITUUMH 3a rof. Ilpumep I | | I —
pacnpenenenus 3a 2012 r. noka3aH Ha pucyHke 2. Ilpu Z2s) ' | 1
mapameTpax JIOTHOPMAJTEHOTO pacripeeneHus, Tl i
MPUBEICHHBIX B 3aroJIOBKE pHUCYHKA, BEPOATHOCTD 1sl i
CKOpPOCTH W3MeHeHus moyiss Bbime 30 HTi/MuH | |
(lg(dB/dt)=1.48) cocrasiser 0sl |
erfc (1'48 + 0'19> =866-10"11 s -1 05 i 05 1 15 2
0.36 Ig/dB/dt|
TO €CTh OJJHO COOBITHE MOJKHO IPOHUCXOIUTH pas3 B 367 IerT. Pucynox 2. Pacnpenenenne lg(dB/dt) 3a
OpmHako, KaKk MBI BHIUM, TaKas CKOPOCTh HaOIrOAanach B 2012 r. ma Amrae. CpenHee 3HaYeHHE H

teuenne 8 munyT 3a 2012 rox Bo Bpemsa SSC 24 smpaps, 8 AUCTIEPCH TTOKA3AHBI B 34T OJIOBKE.

MapTa, 16 uIOHS (a2 TaKKe MOCIEAYIOmEel reoMarHUTHOM
aKTHBHOCTH), 14 utons. CreoBaTenbHO, IMIMPUYECKOE 3HAUSHNE BEPOSITHOCTH TaKOro coObITusi cocrasiusier 1.5 -
107°, yTo Ha 5 MOPSAAKOB BhILIE OXKKAaEMOro. TakuM 06pa3oM, pacipesieieHHe X0Th U TIOXO0Ke Ha JJOTHOPMAbHOE,
HO 00NajmaeT «TSHKETBIM XBOCTOM», KOTOPBIH (opMupyeTcs BO BpeMs BHE3aNHBIX Hadal MarHUTHBIX Oype W,
BO3MOJKHO, BHE3AITHBIX UMITYJICOB.

Taxke oTOMpaCh MOMEHTHI BPEMEHH CO CKOPOCTSMHU M3MEHEHHsS] MarHWUTHOTO mouis Bbime 20 HTn/muna 1 30
HTn/Mua (cM. Tabmmmy). Jlns kaxmoro daca, COAEpIKaIlero TakWe COOBITHS, CTPOWIHCH TpaduKyu BapHalHi
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komrnoHeHT I'MII, BpeMEeHHBIX NPOM3BOJAHBIX U CHEKTPHl MO Y34y OT BPEMEHHBIX NPOU3BOAHBIX. [IpumMepst
[IPUBEACHBI HA pHC. 3.

Tao6auma. MomenTtsl Bpemenu B 2012 r., xorma cpegHEMUHYTHas CKOPOCTh M3MEHEHHUS MO Ha AjTae
npeBbicuia 20 HTn/mMuH. JKupHBIM mprudTOM BBIICICHEI clTydan npeBbimenus mopora 30 HTn/mMuH.

Tog/mecsin | Bpems | dB/dt | dH/dt | dD/dt | npumeuanune | Tog/mecsn | Bpems | dB/dt | dH/dt | dD/dt | npumeuanue
/neHb /neHb
12/01/22 | 0836 | 20.51 | 18.77 | 8.26 12/06/16 | 2240 | 27.70 | 25.41 | 11.03
12/01/24 | 1504 | 42.31 | 41.06 | 10.23 | SSC 15:03 2242 | 20.82 | 15.76 | 13.61
1505 | 40.23 | 33.07 | 22.91 2243 | 22.07 | 14.60 | 16.56
1507 | 23.63 | 9.34 | 21.70 2247 | 27.66 | 24.99 | 11.87
12/03/08 | 1103 | 32.23 | 28.19 | 15.62 | SSC 11:03 2249 | 3296 | 31.78 | 8.72
1125 | 20.01 | 16.56 | 11.25 2250 | 37.67 | 30.93 | 21.51
1130 | 20.52 | 16.46 | 12.26 12/06/17 | 0846 | 29.60 | 28.36 | 8.47
1313 | 20.99 | 20.27 | 5.47 12/07/05 | 1152 | 20.78 | 20.32 | 4.35
12/03/09 | 1523 | 20.76 | 10.07 | 18.16 Pc5 12/07/14 | 1810 | 30.18 | 2954 | 6.21 SSC 18:09
12/03/12 | 0916 | 28.31 | 27.60 | 6.31 SSC 09:15 1811 | 36.45 | 36.35 | 2.72
12/03/15 | 1308 | 22.75 | 16.59 | 1557 | SSC13:07 | 2012/07/15 | 0113 | 20.08 | 16.59 | 11.32 Pc3
12/04/26 | 0315 | 20.03 | 14.25 | 14.08 0325 | 20.17 | 13.37 | 15.11
12/05/22 | 0344 | 20.14 | 7.86 | 1854 0514 | 20.30 | 11.59 | 16.66
12/06/16 | 2115 | 2240 | 21.88 | 4.81 SSC 21:15 0532 | 20.04 | 16.42 | 11.50
2216 | 30.87 | 27.63 | 13.77

Kak BupHO M3 Tabmuibl, cKOpocTH u3MeHeHus moist Bbime 30 HTi/MuH oObiyHO HaOmopamuch npu SSC
(uHpOpMAarMs 00 SSC Opanach B MexayHapoIHOM LEHTpe JIAHHBIX B Mockse
http://www.wdcb.ru/stp/data/sudden.com/ssc.dat). Ilpu 3ToM OTMedaeTcs OBICTpPOE H3MEHEHHE TOPHU3OHTAIBHOU
KOMITOHEHTBI, KOTOPO€ JOJDKHO NMPUBOAMTH K reHepanmu [T B mMMPOTHO-OPHEHTHPOBAHHBIX JHHUX. OfHAKO,
3a4acTyIO CIIYCTsI HEKOTOPOE BPEMsI 3a CUET Pa3BUTHSI BOJHOBBIX MPOIIECCOB B MarHutocgepe, BHICOKHE CKOPOCTH
N3MEHEHHs] HaOIII0Aal0TCs yxKe B 00enx KoMroHeHTax. OcoOeHHO MoKa3aTeseH npumep 16 uroHs, Korja peakiys Ha
SSC 6b1a HEe 0OUeHb CHIIBHOH, a caMble BHICOKHE CKOPOCTH M3MEHEHHsI oIS HabIrofamich cirycTst yac nocie SSC
(cM. Tabnuiy).

Ciyuan co cKOpOCThIO n3MeHeHus nosis Beiure 20 HTII/MUH yke naneko He Beerja npuBsizanbl K SSC, U 371ech Mbl
HaOmozaeM Oosiblliee pazHoOOpaswe clieHapueB. B wacTHOCTH, Oojblias aMIUIUTyJa HaOJIOAAeTCs B CKOPOCTH
M3MEHEHHUsI BOCTOYHON KOMIIOHEHTHI TOpa3fo uamie u ObiBaloT cinydau (24 sHBaps, 9 mapra, 22 Mas), KOrjaa oHa
npeobiagaer. B aToM ciy4ae nomkHel reHepupoBaTbes [ YT B THHUSIX, OPHEHTHPOBAHHBIX BIOJIb Mepuauana. Kpome
cityyaeB BO30YXJICHHS BBICOKMX CKOPOCTEH M3MEHEHUsI oISt 3a CYET BOJIIHOBOM akTuBHOCTH Pc5/Pi3 (cm. puc. 36,B),
OINMCAaHHBIX B JHTeparype [7], Takke BBHICOKHE CKOPOCTH W3MEHEHMS IOJsI MOTYT JOCTHraThes 3a cuér Pc3-BomH
(puc.3r). [eiictButensHo, npu dactore 30 mlm, mocraToyHo aMrumTyAasl 3 HTJ, 94TOOB MOIYYHTH CKOPOCTH
W3MEHEHHs TIOJIs C aMILTUTY 0

dB/dt = 2rfA = 6.28 - 0.03T'y - 3uTxa = 0.565uT/cex = 33.9uTn/Muu

EcrecTBeHHO, npH aHann3e JaHHBIX Ha OCHOBE MHUHYTHBIX CPEIHHX, aKTMBHOCTHb PC3-myibcanuii HEBO3MOXKHO
OIIEHUTHh — BUAMMO, TTO3TOMY B JINTEpaType HET YIIOMHHAHWHA 00 3TOM THIIE MpOoIieccoB. V3BECTHO, UTO BBICOKHE
CKOPOCTH COJIHEYHOT'O BETPa HAXOJAT CBOE OTPAKEHUE B BHICOKOAMIUIUTYIHBIX Pc3-mynbcanusax. 3ametuM, uto 15
ntonst 2012 1. 3TO IPUBOIUT K JOBOJBHO JUIMTEILHOMY IE€pHUOJY BBICOKHX 3HaueHui dB/dt — okoso 5 wacos. Ha
pHucyHKe 3T BHIHO, 4TO cKopocTh B 0.5 HTu/c mocTuraercst B TeUeHHE Yaca MHOTOKPATHO, OJJHAKO JUIUTEIbHOCTD
TaKOTO BO3JICHCTBUS Ha 3JIEKTPOCETH OTHOCUTEIBHO KOPOTKAS.
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3KCmp€Ma/lebl€ SHAYEHUsl CKOpOCMU USMEHEHUS 2eOMACHUNNHO20 NOJisL HA Anmae no 0aHHbIM MACHUMHOU cmanyuu «baticazan»
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Pucynoxk 3. [IpuMeps! npu4rH BO3SHHKHOBEHHS BEICOKHAX cKopocTeill m3meHeHus noist: a) SSC 14.07.2012 6)
SSC u B030yXneHme BomHOBOH akTmBHOCTH 24.01.2012 B) BONHOBOW aKTUBHOCTH B Pc5-muamazone
09.03.2012 r) BostHOBOI akTUBHOCTH B Pc3-aunamazone 15.07.2012.

3aki0ueHue

ITo maHHBIM MarHWTHOH cTaHIMK «baiirazaH» MpoBeZieHa OIlEHKa CKOPOCTH U3MEHEHHsI TOPU30HTAIBHO
OPHMEHTHUPOBAHHBIX KOMIIOHEHT TreoMaruutHoro mnons 0B/dt wa Ausrae. IlokaszaHo, YTO ISt
MUKpOTyJbcaluii knacca PCS ontumanbHblid mar s pacuéra dB/dt MeTo0M HEeHTpalbHBIX pasHOCTEH
cocraBisieT 5-10 c. Pacmpenenenne dB/dt sBiasieTcss TOTHOPMANBHBIM, HO WMEET TSDKEIBIA «XBOCTY,
CBSI3aHHBIN ¢ TEOMAarHUTHBIMU BO3MYIIEHHSAMH. Bbiienensl snu30/p! npeBbiieHus nopora 30 HTn/Mun
cpeaHeMUHyTHbIME 3HadeHussMu 0B/dt 3a 2012 1. — OHM B OCHOBHOM CBSI3aHBI CO BHE3AITHBIMH HavaTaMu
Oyps. [Topor B 20 HTJI/MHH NMPEBBIIIAETCS TAKXKE B CIydae Pa3BUTHS MUKPOITyJibcaluii kimaccoB PC5/Pi3 u
Pc3.

BaarogapHocTH
Pabora BeImosiHeHa 3a c4éT cpeacts rpanta PH® 23-27-10055 u MunucTepcTBa 00pazoBaHus 1 Hayku PecryOnmku
Adnraii.
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ClIOCOb MOHUTOPUHI'A TEOMHAYIHNUPOBAHHOI'O TOKA "
YIPABJIEHUSA PEXKUMOM 3A3EMJIEHUSI HEMTPAJIA CHJIOBOI'O
TPAHC®OPMATOPA ITPH NOBBIINEHHON TEOMATHUTHOM
AKTUBHOCTH

A.A. Kysuunos, B.B. Baxuuna*, A.H. Yepnenko, [I.A. Kpetos, O.B. ®easii, P.H. [IynoBunHIKOB
Tonvammunckuii 2ocyoapcmeennbiil ynugepcumem, 2. Tonvsaimmu, Poccus
*E-mail: VVVahnina@yandex.ru

AHHoTanusi. PaspaGoran crmoco6 MOHHUTOpHWHTa TeoWHmyIpoBanHoro Toka (I'MT) B HeHTpamw CHIOBOTO
TpaHchopMaToOpa U YIpPaBICHUS PEKUMOM 3a3eMJICHHA Yepe3 MapajlielbHO COCAUHEHHBIC TOKOOIPAHHYMBAIOMIUIL
PE3UCTOp M TUPUCTOPHBIM KIIOY C JABYXMO3ULIMOHHBIM THUCTEPE3UCHBIM YIPABICHHUEM COCTOSHUN «BKIIOYCH-
BBIKJIFOYCH), KOTOPBIN 00ECIICUNBAET HCXOAHOE COCTOSHHUE «BKJIFOUCH» THPHCTOPHOTO KITFOYA MOIadeH yIPaBIIAIONINX
UMITyJIbCOB, KOHTPOJMPYET TOK HEHTpalMm JIaTYuKoM TOKa Ha 3¢dexre Xomra, (GHUKCHPYST IOSBICHUE
TeOMHIyIMPOBaHHOTO TOKa (MIBTPOM HWIKHHMX 4YacTOT, HMIECTOH TrapMOHHMKHM TOKAa HaMarHMYMBaHHS I0JIOCOBBIM
(uUIBTPOM M TpeKpamaeT IoAady YNpaBIAOMMX HMITYJIBCOB, MEPEBONS THPHUCTOPHBIH KIHOY B COCTOSHHE
«BBIKIIIOUCH». [IpeioKeHb! KOTHMIECTBEHHBIC KPUTEPUH, TIO3BONISIOIINE BEIOMPATh CONPOTUBICHNE 3a3EMIISIOIIETO
pesucropa, odecneuuBatomiee orpannuyeHne I'MT ngo GesomacHoOro i CHIOBOTO TpaHc(opMaropa ypoBHS, He
BBI3BIBAIOIIEE HACBILIIEHUE MarHUTHOW cucTeMbl. [loka3aHo, 4To (POTOTUPUCTOPHI C UHTEIPUPOBAHHOM B KPEMHHEBYIO
CTPYKTYpy BHYTPEHHEH CaMO3aIIMTOM OT Mpo0Os NpH TPSIMBIX TNEPEHANPSIKEHUSX W CHIIOBBIE KPEMHHEBBIE
PE3UCTOpPBI B Ka4eCTBE CHUJIOBBIX KOMIIOHEHTOB II03BOJISIOT PEAM30BaTh Pa3pabOTaHHBIA CIIOCOO MOHHUTOPHHIA
TeOMHIyIMPOBaHHOTO TOKa B HEUTpalu CHIIOBOTO TpaHc(opmaropa M yNpaBieHHs PEXHMOM 3a3eMIeHHs 0e3
JIOTIOJTHUTENBHOTO  3JIeKTpooOopynoBaHusa. ONpenesieH OXHAAeMbl SKOHOMHYECKMH 3(QEKT OT BHEAPECHUS
pa3paboTanHoi cucreMsl MoruTOpHHTa ['UT.

Beenenne

D¢ dexTHBHO 3amMTUTE 3j1eKTpodHepreTndeckue cucteMbl (99C) OT MOBBIIEHHOW I€OMarHUTHOH aKTHBHOCTH
BO3MOJKHO IIPEAOTBPATUB NPOTEKaHNWE T€ONHyIMPOBAHHBIX TOKOB Yepe3 HEHTpallll CHIOBBIX TPAaHC()OPMATOpPOB, B
MEepBYIO ouepeib OJIOYHBIX TPAHC(HOPMATOPOB JIEKTPOCTAHLIME M TpaHC(HOPMATOPOB TYIHMKOBBIX MOACTAHLUHA. Jlist
3TOTO0, HANpHUMeEp, 3a PyOeKOM HCIIONB3YIOTCS TaK Ha3bIBaeMble «OJIOKHPATOPEI», KOTOPHIE HAa BPEMS MOBBIIIEHHON
TEOMarHUTHOM aKTHBHOCTH Pa33eMILIIOT HEHTpall CHIIOBEIX TpaHcopmaropos [1]. B Hamieit cTpane BKiItOYeHHE
pesuctopa (5 — 10) Om B HeiiTpans cuioBbix TpanchopmaTopoB (CT) MpakTHKYIOT Uil OrpaHUYECHUS] TOKOB
onHoda3zHbIX kopoTkux 3ambikanuil (K3) [2]. Jomyckaercs make 4acTUYHOE pa33eMIICHHE HEWTpalield CHIIOBBIX
TpaHchopmaropoB HampsbkeHHeM 110 kB m 220 kB, HO ¢ 00s3aTenbsHBIM TpeOOBAaHHEM 3AIIUTHI Pa33eMIICHHOMN
HEWTpaJIM OTPaHHYHUTENIEM NEPEHANPSDKEHHS C AOIyCTUMBIM pabounM HampspkeHreM dactotsl 50 ' He Gonee 0,6
(hasuoro Hanpsbkenus [3]. B 1r000M ciiyyae He JO/DKHO HapyIIaThCst yCIOBHE 3D (HEKTUBHOCTH 3a3EMIICHHUS HEUTPAJIH,
KOTOpOE ONpeeIIIeTCs] BEIMIMHON KOdPQHUIIEeHTa 3a3eMIICHUS

K, = -t <08, @)

Usom

rae Uy, — HampsbkeHWe Ha HeNoBpekxIeHHOW dase npu oanodasuom K3; U,oy — HOMHHAIBHOE HANpPSKEHUE
3JIEKTPUUECKOM CeTH.

CootHomenne (1) mokasbiBaeT, YTO BKIIOYEHHE 3a3€MIBIIOIIETO pe3ucTopa He HapymaeT 3¢dQexkTHBHOCTH
3a3eMIICHUS HEHTpalH, ecii HalpsHKeHHe Ha HeTOBPeXAeHHOH (aze npu onHodasHoM K3 Ha 3eMitto He mpeBbIIIaeT
80% muneitHOTO (MM 1,4 (a3HOr0) HOMHHAIBHOTO HANpsOKeHHA. [1OBBIMIEHNE HANPSDKEHUS HAa HETOBPEKACHHOU
(haze 00yCIIOBIICHO CKAYKOM HAIPSDKEHHUS HA HEHTpaj CHIIOBOTo TpaHchopMaTopa

Uy = kyy - (R + 7‘3y) 'Ii(éa)'
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A.A. Kysuwunos u Op.

BCJIMYMHA KOTOPOT'O MaKCUMaJibHa Ipnu «ommskom» K3

_ \/E'kyﬂ'UHOM'(R+T3y)

Uvmax =—— _—— (2)

XxT

rae 11531)

— TEpHOJMYECKas COCTABIAIOMAs Toka oxHodasnoro K3; ky, — ynapubiii ko3dpHHUIMEHT TOKa KOPOTKOTO
3aMBIKaHUS; X7 — WHIYKTUBHAS COCTABIIONIAsA COTIPOTHBIEHHU KOPOTKOTO 3ambikanus CT; 7,, — cONpOTHBIEHHE
3a3eMIISIOIIETO YCTPOHCTBA.

ComnpoTHBieHrE 3a3€MIIAIONIETO YCTPOKCTBA 73y, HE NOJDKHO TpeBbimatk 0,5 Om B moboe Bpems roma [4], a
HarnpspKeHHE Ha 3a3eMIISIOIIEM YCTPOHCTBE MpH cTeKaHuu Toka K3 Ha 3eMiIr0 He JOIDKHO, KaK IPaBuIlo, NPEBHIIIATH
10 xB. Hampspkenue Boime 10 kB nmomyckaercst Ha 3a3eMIIIOIIMX YCTPOMCTBAaxX, ¢ KOTOPBIX MCKJIIOYEH BBIHOC
MTOTEHIIMAJIOB 3a IPeIeIbl 3AaHNH U BHEITHUX OTPaXICHIH JIEKTPOYCTAaHOBOK [5].

B nanHOI craTthe paccMmarpuBaercsi pa3paboTaHHbId B TOJNBITTHHCKOM TOCYIapCTBEHHOM YHHUBEPCHTETE CIIOCO0
Monuropunra ['UT u ynpaBieHus: pe:xKMMOM 3a3eMIICHHsI HEHTpay CUIIOBOT0 TpaHc(opMaTopa, KOTOPIH yUYUTHIBAECT
YKa3aHHBIC BBIIIC OTPAHMYCHHS M MOKET OBITh PEKOMEHAOBAH K MPAKTHYECKOMY HCIIOIb30BAaHMIO HA CHJIOBBIX
TpaHc(hopMaTopax HOMHHAIBEHONW MomHOCTHIO cBbime (80-100) MBA nsmektpoctranmmii 1 moactanmuit 99C,
pacIOJOKEHHBIX B pallOHaX C IOBBINICHHOH T'€OMarHUTHOW akKTHUBHOCTHIO [6]. B paspaboranHom crocobe
¢uxcupyercs nosisinenne I'UT GuabTpOoM HU3KHX YacTOT, a TAKXKE BEACTCS MACHTH(UKAINS TEKYIIETO COCTOSHUS
MarHuTHOHM CHCTEMBI CHIIOBOTO TpaHc(opMmaTopa no 6-i rapMOHHUKE TOKa HAMar HIYMBAHUS IIOJIOCOBBIM (DHIBTPOM U
1o uHTepdencaM «TOKOBas METIs» OCYLIECTBISETCS Nepeiaya B JUCIETUYSPCKUH IyHKT JIOTMYECKOTO CHUTHAlIA O
pexxume 3a3emierus Heitrpanu CT.

Baok-cxema u npuHUUI padoThl pa3padOTAHHOIO YCTPOiicTBA
Ha pucynke 1 uszobpaxena 0J0K-cxeMa yCTpOICTBa, peau3yoIIero Mpe/yiaraeMblii Crioco0.
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Pucynok 1. brok-cxema pa3paboTaHHOTO cIT0c00a MOHHTOPHHTA T€OMHIYIIUPOBAHHOTO TOKA M YIIPABICHHS
peXUMOM 3a3eMJIeHUs] HeHTpalu cuiioBoro Tpanchopmaropa. 1 — cuinoBoit Tpanchopmarop, 2 — CUIOBOM
670K, 3 — KaHAJI MOHUTOPHHTA TOKA B HEHTpaiu, 4 — OJIOK ympaBlIeHIs pSKUMOM 3a3eMJICHUs HelTpany, 5 —
JIMHUM UHTep(PEICOB «TOKOBAs METIS», 6 — MUCHETYEPCKUH ITyHKT.

B HeliTpasb 00MOTOK BBICOKOTO HAIpPSDKEHUSI CHIIOBOTO TpaHchopMaropa | BKIIIOUEH CHIIOBOM OJIOK 2, B COCTaB
KOTOPOTO BXOJST TOKOOTPAHWYMBAIONINKA pe3uctop R m ympaBisiembrii kmod YK, coequHEHHBIE MEXIy cOOO0M
napajuleNbHO.  YmpaBinsemblii  kimod YK o0pa3oBaH  BCTpedHO-NApajuIeNIbHO — COEAWHEHHBIMH — CHIIOBBIMHU
TupucTopamu. B Heilirpamm cuioBoro tpancgopmaropa 1 mis monuropunra I'UT ycranosien matumk toka [T Ha
spdekre Xomra. Curnan Toka HedTpanu, nomydaemerii ot [T, mocine oOpaboTkM B KaHaie MOHMTOPHHTA TOKa
HeWTpanmn 3 mocTynmaeT Ha BXOj OJOKa yNpaBlICHHS PEXHMOM 3a3eMileHusi HelTpanu 4. IIpoBonHbBIE JHHUH
HHTEPGEHCOB «TOKOBAS METII» 5 CITy’KaT IS CBSI3M KaHajla MOHUTOPHHTA 3 C JUCIETYEPCKUM ITyHKTOM 6.

B ucxogHoMm coctosiHuM, KOrjaa B HeWTpanu cuiioBoro Tpancopmaropa 1 orcyrctByer I'UT, cunoBoii 6ok 2
obecrieunBaeT pexHM IIyX03a3eMIICHHON HelTpanu cuitoBoro Tpanchopmatopa 1. [Ipu nosienenun I'UT B HeliTpanu
CHJIOBOTO TpaHCc(opMaTopa 1 IPH BHIIOITHEHUH yCIOBHSA
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IFI/IT(J_) >[yCT.cp., (3)

KOIZa MarHWTHas CHCTEMa CHJIOBOTO TpaHcopmaTtopa | OyaeT HaXOIUTBCS B COCTOSHHM HACBHIIICHUS, OJIOK
YIOpaBIEHUS PEKUMOM 3a3eMJIeHHs HelTpanu 4 mojaeT curHaid Ha BbIkIodeHHe YK, KoOTopblil mpekpaiaer
IIYHTHPOBAaHHE TOKOOTPAHMYHMBAIOIIET0 pe3rcTopa R, M CHIIOBOI OJIOK 2 NEpeBOJUTCS B PEXHM DPE3UCTUBHOTO
3a3eMJICHHUs] HEWTpau cuioBoro tpanchopmaropa 1. B Beipakenu (3) Iycr.cp.. — yCTaBKa cpabaThiBaHus yCTPOUCTBA,
KOTOpast BEIOMpAeTCs U3 YCIOBHUS:

IyCT.Cp. = \/i Ly, (4)

rae I, — melicTByrolIee 3HaYCHUE MACOPTHOTO TOKA CHUJIIOBOrO TpaHC(popmaropa 1, BEIpakeHHOE B MMECHOBAaHHBIX
eIMHUIIAX.

Bri6op ycnoBust (4) CBsA3aH € TEM, YTO JJIsl CHIIOBBIX TPaHC(POPMATOPOB ¢ OPOHEBOM M OPOHECTEPIKHEBOW MATHUTHOM
cucremoii mpu Bo3neiicteun [ YT, ymoBneTBopsromiero yciaoBuio (3), T.e. Ipu MPEeBhIIICHAN aMIDIUTY JHOTO 3HAYCHHS
TOKa XOJIOCTOTO XO0J/a, XapaKTepUCTHKAa HAMAarHUYWBAHUS XOJOJHOKATAHHON AIEKTPOTEXHHMUYECKOW cTamu Oyner
CMEIIaThCs B 00JaCTh TEXHUUECKOTO HACBIIICHHSI.

Haubonee xapakTepHbIM MHIWKATOPOM HACHIIEHU MarHUTHOHM cucteMbl CT ciykaT yeTHbIe TApMOHHUKH TOKA, U3
KOTOPBIX HanOojee 3HAaYUMBIMU SIBISIOTCS 2, 4 1 6. OgHako 2 u 4 TapMOHHUKH TOKa HAMAarHMYMBAHUS B HEHTpann
CHJIOBOTO TpaHcdopMmaropa 2 He NpoTekaloT. B HelTpanu cuioBoro Tpanchopmartopa | MpOTEKaroT TapMOHHUKH
HYJIEBOH MOCJIeI0BaTeNbHOCTU. B pesynbrare B MEpHOIbl T€OMArHUTHBIX BO3MYIIEHHH W MPU OJHOCTOPOHHEM
HaCBILEHUU MarHUTHOU cuctemsl B Heiitpanu CT 1 npoTekaeTt Tok:

Iy = 3~ Ururw) + 2=k Luao): (5)

rj1€ I, () — AMIUTMTY/1a TADMOHUK TOKa HyJseBoi mocnenosarenbuoctu (kK =1,2,3,...).

dopmuposanue curnana «llyck» Ha BeikiaroueHne YK — mepeBoma cuiaoBoro 0joka 2 NMEpPEeBOJUTCS B PEXHM
PE3UCTUBHOTO 3a3€MIICHHS HEHTpalIu CHIOBOTO TpaHchopmaropa 1 oCyIlecTBISeTCA IO COBIAJCHHUIO YCIOBHH —
YBENMYEHUIO /IO 3a[IaHHBIX 3HAYECHUH Iryr(1y U Ly (6)-

OneHka BeJIMYUHBI CONPOTUBJICHUS 3a3eMJISIIOLEr0 Pe3UCcTOpa
IToxazareneM >(QeKTHBHOCTH PE3UCTHBHOIO 3a3eMIICHUS HeTpann B uacté orpaHudeHuss [UT sBusercs
OTHOIIICHHE

Irymr) _ v _ 1 (6)
II‘I/IT(L) Trs+R 1+R*’

rae Iryregry — Bemmunba ['UT npu pe3sucTMBHOM 3a3eMIEHMHM HEWTpanu cuiioBoro tpanchpopmaropa 1; Iryrcyy —
BenuuuHa ['UT npu riyxo3a3eMiIeHHON HeHTpaiu cuiioBoro Tpancdopmaropa 1; R — CONMPOTHBIICHHE 3a3EMIISIOIIIETO
PE3NCTOPA; Ty — CYMMapHOE aKTUBHOE COIIPOTHBIIEHHE OOMOTOK BBICOKOTO HAIIPSIKEHHSI CHIIOBOTO TpaHc(opMmaTopa
1, ¢a3HBIX MPOBOIOB TpUMBIKaroIux JIDII, 3a3eMISOIEr0 yCTpoicTBa; R* = R /15 — OTHOCHTENbHAS BEIMYHHA
COIIPOTHUBJICHHS 3a3eMJISIFOLIIETO PE3UCTOPA.

B obmem ciyuae, kak cuexyer u3 (6), yxxe mpu R* = (3 —4) nmocturaercs BIOJHE NPHEMIIEMBIH 3(QQeKT
orpanundeHus [T ¢ momoripio pe3sucTHBHOTO 3a3eMieHus HeWTpamu — Gonee 80%. Bemnumna I'HT B pexunme
PE3UCTUBHOTO 3a3eMJICHUS] HEUTPaNIH T0JDKHA YMEHBIIATHCS 3a3eMJIISIOIIMM PE3UCTOPOM R 110 3Ha4eHHs, OJIM3KOTO K
aMIUIMTYZE TTACHOPTHOTO TOKA XOJIOCTOTO X0/1a CHIIOBOTO TpaHchopMaTopa 1 1 onpenensieMoro COOTHOLIEHHEM

~ — V2 Suom _ Ix%
Iryrry V21, = N o0’ (7)

rae Iy, - macnopTHOE 3HAYCHHE TOKA XOJI0CTOr0 X018 CHIIOBOTO TpaHcdopMaropa 1, BEIpaKeHHOE B IPOLICHTAX.

Cu10BbI€ KOMIIOHEHTHI U CEPBHCHBIE (PYHKIIUM YCTPOiicTBA

B cocrage ynpasnsiemoro kimtoua YK Hanbosnee yno6Ho ncrons3oBath GpotoTrprctops! tuna Td nmpoussoactea OAO
«ONEKTPOBBIIPSIMUTEINDY [7], a B COCTaBE 3a3eMJISIIOIETO PE3UCTOPA CUIIOBbIE KpeMHUEBBIE pe3ucTopsl Thna PK [8],
OCHOBHBIE MTapaMeTphbl KOTOPBIX MpeIcTaBIeHbI B TabmuIe 1 1 Tabmauie 2 COOTBETCTBEHHO.

BriOpanHbie TpUOOpPHI  MMEIOT TaOJETOYHYIO KOHCTPYKIMIO, HaumOoJjiee yHOOHYIO ISl W3TOTOBJICHHS
BBICOKOBOJIBTHBIX KOHCTPYKLHMH Ha JII000e HEO0OXOJMMOE HalpspKeHHe, OIperelisieMoe BhIpakeHueM (2), myTem
MIOCJIC/IOBATENILHOTO COEIMHEHHsI HECKOJbKHX HpuOopoB. OCHOBHasi 0coOEHHOCTH (OoTOTHpUCTOPOB THHAa TO
3aKJIFOYaeTCs B TOM, UYTO B KPEMHHEBYIO CTPYKTypy HWHTETPHpOBaHa 3aluTa OT MPo00sS TPH IMPSIMBIX
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A.A. Kysuwunos u Op.

NepeHanpsHDKEHUAX, KoTopas (OpMUpPYET BHYTPEHHHH CUTHal YNpPAaBICHHS W BKIOYaeT (OTOTHUPHCTOP IPH
YBENIMYCHHU TPSAMOTO HampspkeHus 10 ypoBHS 6500 B (tabmuma 1). Ecnmm B cocraBe ympaBisieMoOro KIroda
UCIIONB3YIOTCS 10 OJJHOMY BCTPEYHO-TIAPAIUISIIBHO COSANHEHHOMY (DOTOTHPUCTOPY, TO aMIUIUTYa HANPsHKECHHS Ha

3a3eMIISTIOIEM PE3UCTOPE U HEHTpaJk CHIIOBOTO TpaHC(hOopMaTopa He MpeBbIcUT 6,5 KB.

Ta6auna 1. OCHOBHBIC XapaKTEPUCTHKH GOTOTHPHCTOPOB [7].

3HaueHne
ITapamerp
Td353-600 T®173-1000 Td183-2000
Hanpspxenne nepexmouerns, B 6500 6500 6500
[MoBTopstomeecs UMITYJILCHO® obpaTHOE 2000 2000 7000
HamnpsbkeHue, B
MakcuManbHO JOMYyCTUMBIA CpEIHUH TOK B
OTKPBITOM COCTOSIHUH TIPU TeMIlepaType Kopiyca 773 1406 2268
70°C, A
Y napHbIi TOK B OTKPBITOM COCTOSIHUH, KA 12 24 40
Onrtuyeckas MOLTHOCTh yNpaBiieHus, MBT 40 40 40
Taoauna 2. OCHOBHBIC XapaKTEPUCTUKH CUIOBBIX KPEMHHUEBBIX PE3UCTOPOB [8&].
3HayeHue
ITapametp

PK143 PK173 PK273
Juamerp xopiyca, MM 58 105 105
Jmana3oH HOMUHAJIBHBIX COTIPOTUBICHUH, OM 0,39-24 0,15-56 0,22-1,6
OTKIIOHEHNE OT HOMHHAJIBHOTO CONPOTHUBIICHUS,

+5 +5 +5

%
HomunanbHast MOLIHOCTH paccestHusi, Bt 1000 4000 6000
Tur BO3AYIIHOTO OXJTaUTENS 0143-150 0173-150 0173-150

Kpome Toro, ymapHBIi TOK B OTKPBITOM COCTOSHHH (POTOTHPHUCTOPOB 3HAYHTEIBLHO IPEBBIIIACT AMILIHTYLY
MIEPUOTNIECKON COCTaBIIONMIEeH ToKa «Omm3kux» K3, kotopas Haxoautes B muamaszoHe (1,42 —25,4) kA 11 mupokoit
HOMEHKJIATYPBl CHJIOBBIX TPAaHC(HOPMATOPOB HOMHHAIBHOM MomHOCTHIO (40 — 1250) MBA u HOMHUHAJIBHBIM
HanpspkerneM (110 — 500) kB. YuursiBas, 4to uepes Kaxapiid GOTOTHPUCTOP OYAyT MPOTEKATh MOTYBOIHBI TOKa K3
TOJIBKO OJHOM TOJAPHOCTH, ympaBisieMblil kirod YK mpu BeIOOpe KOHKPETHOTO THIA ()OTOTHPHCTOPOB C YIECTOM
HOMHUHAJILHOW MOIIIHOCTH CHJIOBOTO TpaHC(HOpMATOpa BIIOJIHE CIIOCOOEH BBIACPIKAThH MPOTEKAHUE TOKA 0IHO(A3HOTO
K3 B Teuenue (4 — 5) nepuoos.

B paspaboranHoM criocobe MoruTopurra [T B HelTpanu cuitoBoro TpanchopMaTopa U yIpaBIeHHS PEXUMOM
3a3eMJICHHsT U1 ymoOCTBa pabOThHl MEpCOHANAa MPEeIyCMOTPEHA JOMOJHUTENBHAS BU3yaldbHAs WHIUKALIUS
«cBeroopHOTO» BHAA: «3eneHslity — I'UT B HeWTpanu 3ammimaeMoro TpaHcGopMaTropa OTCYTCTBYET, «KEIThII» -
I'MT menocTaTodHO OONBIION JIS HACHIIICHUS MArHUTHOW CHCTeMBI; «KpacHbIi» — [T BEI3BIBacT HACHIIICHUE
MarHUTHOHM CHCTEMBI CHJIOBOTO TpaHC(popMarTopa.

O:xunnaemblii I9koHOMUYeckHil I3PdeKT OT BHeAPeHUsI pa3padoTaHHoili cucTeMbl MoHMTOpUHTa I'HT
OxxuiaeMblii SKOHOMHYCCKUH 3P(EKT OT BHEAPEHHsS pa3pabdOTaHHOrO YCTPOMCTBA IO MPEIBAPUTENBLHOI OLCHKE,
HalpuMep, HIpH EJUHHYHOM HCIONB30BAHHU B CIIydae HPENOTBPAILCHUS KAaTacTPO(UUECKHX MOBPEKICHHH OT
BozneiicTBust [ UT, TpeOyromux 3aMeHbl CHIIOBOTO TpaHCHOpPMAaTOpa, OMPEAEsIETCs] CTOMMOCTBIO paboT 10 3aMeHe
CHJIOBOTO TpaHC(OpMAaTOpa, CTOMMOCTBIO CHJIOBOTO TpaHC(HOPMAaTOpa U CTOMMOCTBIO CPEACTB, IIOTEPSHHBIX U3-3a
HEJIOOTITyCKa DIEKTPHUCCKON BHEepruu (ompenensercs TUIIOM TpaHchopMmMaTopa M, HANPHMEp, OIS CHIOBOTO
tpaHcdopmaropa Tuna T/11-125000/220 cocraBut npumepHo (1682,46 — 4740,55) mMiH. py0., CPOK U3TOTOBIICHUS
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CHJIOBOTO TpaHc(hopmaropa cocTaBisieT HpuMepHo 11 MecsleB); B cilyyae MPOBEICHUS PEMOHTHBIX paboT —
OTIpeNIeNAeTCs] CTOMMOCTBIO PaboT IO PEMOHTY CHIIOBOTO TpaHChopMaTopa (HanpuMmep, IpH MOBPEKICHIH 00MOTOK
cunoBoro TparchopmaTopa tuma T/LI-125000/220 coctaBut ~3,27 MuH. py0.).

3akiirouenue

B paspaboranHOM cnocoGe MOHHTOPHHIA T€OMHIYIIMPOBAHHOTO TOKAa B HEHTpalM CHIOBOTO TpaHC(hOpMaropa U
YIpaBICHUST PEKUMOM 3a3emieHus Qukcupyercs nossaerne [UT, a Taxke Bemercss HACHTH(UKAINSA TEKYIIETO
COCTOSIHMSI MarHUTHOM CHUCTEMBI CHIJIOBOTO TpaHC(OpMaropa 1o 6-i rapMOHHMKE TOKa M 10 MHTepdeiicaM «TOKoBas
METIISD OCYIIECTBIIETCS Mepeiada B JUCIICTIYCPCKHUN IMyHKT JOTHYECKOTO CHUTHAIA O PEXXKUME 3a36MIICHHSI HEWTpann
CHJIOBOTO TpaHCc(opMaropa.

[TpumeHeHne 3a3eMIISIIOIIEr0 pe3rcTopa MO3BONUT orpaHnduBark BenuunHy [T no Ge3zomacHoro st cuiioBoro
TpaHcopMmaTopa YpOBHS, ONPENENIIEMOT0 TACHOPTHBHIM 3HAYEHHWEM TOKa XOJOCTOTO XOAa CHJIOBOTO
TpaHcopmaTopa, a yIpaBIsIEMOr0 THPHUCTOPHOTO KIOYa — aBTOMAaTHYECKHH MEPEX0] B PEXHUM PE3UCTHBHOTO
3a3eMJICHHS IIPY HACBILEHUU MarHUTHOM cucteMbl oJ Bo3aekictBueM I'UT u Bo3Bpar B peskuM INIyX03a3eMJICHHOU
HEWTpaIu NMpPU CHIXEHHUHM '€OMAarHUTHOW aKTMBHOCTH M OOECIEYMBATh BBINOJHEHHE TPeOOBaHUs 3((HEKTUBHOCTH
3a3eMJICHHS TIPH OJHO(A3HBIX KOPOTKHUX 3aMBIKaHUSX.

Hcnionp30BaHne B COCTAaBE IIYHTHPYIOIIETO THPUCTOPHOTO KITI0YA MOIIHBIX (DOTOTHPHCTOPOB C MHTEIPUPOBAHHON
B KPEMHHEBYIO CTPYKTypY BHYTPEHHEH CaMO3aIUTOH OT MpOo0Osi MpH NPSMBIX HEPEHANpPSDKCHUSX, a B COCTaBe
3a3eMJISIOIIET0 PE3UCTOPa CUIIOBBIX KPEMHHEBBIX PE3UCTOPOB MO3BOJIAT pEajM30BaTh CHIIOBOM OJIOK yCTpOWCTBA B
€IMHOM KOHCTPYKTHBE, C CIMHOW CHCTEMOW BO3AYIIHOTO OXJQXICHUSI M 0e3 JIONOJHHTEIHHOTO
AIEKTPOOOOPYIOBAHHMS.
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I'EOMATHUTHBIE XAPAKTEPUCTUKU MATHUTOC®EPHOI'O
KOJIBIIEBOT'O TOKA Y IIVIASMEHHBIN TIAPAMETP g
COJIHEYHOTI' O BETPA

I'.A. Makapos

Hnemumym kocmoghusuueckux uccnedosanuii u asporomuu um. FO.I'. lagepa CO PAH, Axymck,
Poccus, e-mail: gmakarov@ikfia.ysn.ru

AHHOTANUs. [To cpeaHEroA0BEIM 3HAYEHUAM PACCMOTPEHBI CBSA3HM T€OMAarHUTHBIX uHaekcoB Dst, SYM-H u ASY-H
C TJIa3MEHHBIM TIapaMeTpoM S coHeyHoro BeTpa B nepuoa ¢ 1981 mo 2015 rr. [TonydeHo, 4To ¢ pOCTOM COJTHEYHOM
AKTHUBHOCTH yMEHBIIIAETCS MapaMeTp f, 4TO O3HA4YaeT MOBBINICHHE MArHUTHOTO JABIICHUS COJNHEYHOrO BETpa W,
COOTBETCTBEHHO, YBEIMUYCHNE T€OMArHUTHON aKTUBHOCTH BCJICACTBHE POCTA YPOBHS TypOYJICHTHOCTH COIHEYHOTO
BeTpa. YCTaHOBJICHO, YTO MHCKCHI 3aBHUCAT OT MapameTpa ff: ux aOCOIIOTHBIC BEIHYMHBI YMEHBIIIAIOTCS C POCTOM f3
HE3aBHCUMO OT 3HAKa CEBEPO-I0KHON KOMIIOHEHTHI MEXIUIAHETHOTO MarHUTHOTO MOJIsl. YMEHbBIICHUE HHIIEKCOB C
pocToM [ TMPOMCXOAUT, BEPOSATHO, H3-3a MEpPEeXofa MarHuTocepbl B CIOKOWHOE COCTOSIHUE BCIEICTBHE
BO3pAaCTAIOIIEro Mpeo0IIa aHus B COTHCUHOM BETPE TEIUIOBOTO TABJICHHSI HAJl MATHUTHBIM JTABJICHUCM M YMCHBIIICHUS
YPOBHSI TYpOYJICHTHOCTH COJTHEYHOT'O BETpa.

1. BBenenne

I'eomaruutheie uHAeKCH DSt, SYM-H u ASY-H pa3spaGotanbl s XapaKTepUCTUKH MarHUTOC(HEPHOTO KOJIBIIEBOTO
Toka. DSt oTpaxkaeT MHTEHCHBHOCTH KonbIleBOoro Toka [Sugiura and Kamei, 1991], unmexcet SYM-H u ASY-H
MO3BOJISAIOT BBIIEITE CHMMETPHUYHYIO W aCHMMETPHYHYIO KOMIIOHEHTH! KojblLieBoro Toka [lyemori et al., 1992].
IMoapo6Ho MeToauKa onpeenenus unaekca Dst npuBenena B pabore [Sugiura and Kamei, 1991], a unaekcos SYM-
H u ASY-H B pa6ote [lyemori et al., 2010]. B HacTosiiiiee Bpemst BbISBICHBI BKIabl B HHACKCH DSt, SYM-H u ASY-
H, KxpoMe KOJBLIEBOTO TOKA, TAK)KE TOKOB MarHUTOMNAy3bl, XBOCTA MarHUTOC(Epbl M NPOAOJIbHBIX TOKOB [Alexeev et
al., 1996; Maltsev et al., 1996; Kalegaev et al., 2005; Tsyganenko and Sitnov, 2005].

Csi3b Mexay nnaexcamu SYM-H, SYM-D, ASY-H, ASY-D u MexIuiaHeTHbIMH IIapaMeTpaMu 10 OJHOMHUHYTHBIM
JIaHHBIM paccMmoTpeHa B pabortax [Weygand and McPherron, 2006] u [lyemori et al., 2010], aBropsl KOTOpBIX
BBISIBWJIN, YTO B 3HAYEHHIX WH/IEKCOB HAaOIMI0oMatoTcest cMenieHus. CorslacHo OIpezieIeHuIo, JaHHOMY B 3THX padoTax,
CMeEIIeHHEe — 3TO HEeHyJIeBOE 3HAUeHHE MHJEKCa IPU MarHUTHO-CIIOKOHHBIX YCJIOBUSIX. BBIJIO Mpe/nonokeHo, 4To
CMELICHUsI PEJICTaBISIOT cO00M CyMMapHbIi BKJIaJI KOJIbIIEBOTO TOKA U TOKOBBIX CHCTEM MarHMTOMNAay3bl U XBOCTa,
MPUCYTCTBYIOIINX B MAarHUTOC(Epe B CIOKOMHBIE OT MArHUTHBIX Oypb niepuosl. B [Singh et al., 2013] uccnenoBano
BJIMSIHHE IUIABHO U PE3KO M3MEHSIONINXCS yCIOBUH ceBepo-10kHON KoMIToHeHTs! MMIT Ha HU3KOIMPOTHBIE HHIIEKCHI
ASY-H u ASY-D Bo Bpemst MmarauTHBIX cy00yps. B [Shi et al., 2006] o6HapyskeHO, 4TO MPH OTPUIIATETBHOMN CeBEPO-
10)kHOH KoMnoHeHTe MMII noBbIeHne IMHAMUYECKOTO JaBJICHNS COJTHEYHOTO BETPa JOTIOJIHUTEIIFHO YBEITHIMBACT
ACHMMETPHIO KOJIBLIEBOTO TOKa. Pe3yIbTaThl TakKe MOKa3bIBAIOT, YTO BOSMYIIICHHUS TOPU30HTAIBHON COCTaBIISIOIICH
T€OMAarHUTHOTO MOJIsi HA CPEIHKUX IIUPOTaX BOKPYT MECTHOTO MOJIYIHS WITH TI0JIyHO4H, a Takke uHaekca ASY-H gacto
coJiepKaT 3HAYUTEIIbHBII BKJIaJl IPOAOJIBHEIX TOKOB. B [Makapos, 2022] Ha G0NBIIOM CTaTHCTHYECKOM MaTepHaie
ObuTH paccMoTpeHbl 3aBuUcuMOCTH nHIekcoB SYM-H u ASY-H or kimoueBBIX MEXKIUIAHETHBIX IapaMeTpOB H
MOJTy4eHO, uTo npu onrcanuy cBsizu ASY-H u SYM-H c ceBepo-toxHoii kommnoneHToit MMII He06X0ANMO yUUTHIBAT
BKJIag Moyt MMIL.

V3MeHeHNs T'€OMarHUTHBIX BO3MYIIEHMH W MEXKIUIAHETHBIX IapaMETPOB B ILHMKJIE COJHEYHOH AaKTHBHOCTH
MHOTOKPATHO OBLIM ITPEAMETOM HCCIIECI0BAHUH, U NX OCHOBHBIE 3aKOHOMEPHOCTH XOPOIIIO U3BECTHBI (CM., HAIIpUMeEp,
[Obpuoxo u op., 2013; Richardson et al., 2000; Yermolaev et al., 2018]). B pa6ore [Kypaoickosckas, 2020] oGparieHo
BHUMaHHE Ha pOJib f-Tlapamerpa COJIHEYHOIro BeTpa B Pa3BUTHM reoMarHuTHoW Oypu. Ilapamerp S npejcrasiser
co00if OTHOILICHHE TEIUIOBOTO JABJICHHS B COJHEYHOM BeTpe K MarHuTHoMY. B [Kypaowckosckas u op., 2021]
YCTaHOBIICHa HENMHEWHas CBsA3p WHAekca DSt or cpemHelt BenmwuuHBI f B XOJe Pa3BUTHS MarHUTHHIX Oypb. B
[Epmonaes u op., 2009] mpemioxeHO HCIOIB30BATh mapaMeTp P Ui MACHTH(PUKAIIMK PasHBIX THIIOB MOTOKOB
COJIHEYHOT'O BETpa.
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B Hacrosmieli pabote paccmarpuBaercs 3aBucUMocTh nHaekcoB SYM-H u ASY-H, a taioke DSt ot ceBepo-toxHOM
komroHeHTsI MMII 1 mapametpa f o CpeAHErogOBBIM 3HAUCHUSM.
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Pucynok 2. U3menenus mapametpa f
(a), n uncia conHeunsix maTeH Ri (6) B
nepuon 1981-2015 rr., xorma Bn<0
(croiommHble NMHMM), W korma Bn>0
(TyHKTHpHBIE JTUHHUN).
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2. Ucnosb3yeMble IKCTIEPUMEHTAIBHbIE TaHHbIE

B pabote paccmaTpuBaroTCs BapHAlWH CPEIHETONOBBHIX 3HAYCHHUN
reomarHuTHBIX uHAekcoB Dst, SYM-H m ASY-H u Mexmma"HeTHBIX
mapameTpoB B nepuon ¢ 1981 mo 2015 romer. Cenenus 06 mMHAEKCAX
B3ATHl M3 MHpPOBOrO IEHTpa JaHHBIX [0 T'€OMarHeTu3My
(https://wdc.kugi.kyoto-u.ac.jp/index.html), a o comHeuHOM BeTpe u
YHCIIe COJHEYHBIX IsITeH M3 lleHTpa JaHHBIX KOCMHUYECKOW (U3UKH
HACA (http://omniweb.gsfc.nasa.gov/). KoMIIoHEHTB MEKILIAHETHOTO
marautHoro noist (MMII) B aToli 6a3e naHHBIX MPECTaBICHBI B CUCTEME
koopauHaT RTN.

3. Pe3yabTaThl U MX 00CYxKAEHHE
Ha puc. 1 npuBeneHsl HW3MEHEHUS CPENHErOJOBBIX 3HA4YECHUUN
FeOMArHUTHBIX wuHACKkcoB Dst, SYM-H wu ASY-H s cioygaes
MIPOTUBOMOJIOKHBIX 3HAKOB CeBepo-10xkHON Bn-xomnonentst MMII —
koraa Bn<0 u xorna Bn>0. OruetnuBo BuaHO, 4To npu BN<0 3HaveHus
BCEX 3-X MHJIEKCOB 10 a0COIIOTHO BEINYMHE 3aMETHO OOJIbLIe, YEM TPH
Bn>0 B Teuenue Bcero nepuozaa. IToT hakT 6obiei reo3h) HeKTUBHOCTH
MeXIDIaHeTHOro MarHuTHOTO Toist (MMIT) ¢ Bn<0 xopomio u3BecTeH.
CpaBHeHHE BapHalyii K&KI0T0o HHIEKca 1 ciaydaeB Bn<0 u Bn>0 Ha
puc. 1 oKa3bIBaET, YTO OHU MOJOOHBI U KOIPPHUIIMEHTH! HX KOPPEIALUH
Beicokn: g Dst r = 0.871, SYM-H r = 0.863, ASY-H r = 0.943.
AHaJOrM4HO NpH pa3HbIX 3Hakax Bn MMII n3MeHstoTcst cpeiHEroJoBbIE
3HAYEHMS KIIFOUEBBIX ITapaMeTPOB colHedHoro Betpa V, B, Bn. Ucxoas u3
9TOT0, BEPOSTHO, YTO MOJ00KME BapHallMii MHIEKCOB NPU Pa3HBIX 3HAKaX
Bn 00yciioBieHO UX CBSI3bIO C YUCIOM COJHEYHBIX ISITEH.
ComnocTaBiieHHE F'OJJOBBIX H3MEHEHUI FeOMarHUTHBIX HHAEKCOB (puc. 1)
M 4KClia COJHEYHbIX msaTeH Ri (puc. 2, 6) mokaseiBaet, yro Dst, SYM-H u
ASY-H mensitoTcst OTHOCHTENBHO Ri 0MMHAKOBBIM 00pa3oM, TO €CTh UX
HanOOoJIbIIINE BOSMYIICHUS HAOIIOAAI0TCS B TOJIl MAKCHMYMa COJTHEYHOU
aKTHBHOCTH. Kpocc-KOppemsnuoHHBIA aHaJIM3 0 BBISBICHHUIO CIIBUTOB
MEXIy BPEMEHHBIMH PsilaMH T€OMarHUTHBIX MHAEKCOB 0€3 pa3zeneHus
JIaHHBIX 110 3HaKy Bn-kommonentst MMII oTHOCHTENBHO psifa YHcel
COJIHEYHBIX IsITeH Ri mokaszan, 4to, IefCTBUTENEHO, H3MEHEHHS BCEX
TpeX HMHJACKCOB W Ri NPOHCXOIAT NpaKkTHYeCKH CHHXPOHHO. Tak,
HarpuMmep, Npu cABWre psga uHAekca Dst Ha | Tom BieBO
oTHOCHTENBHO psiga Ri koadpuument koppessuuu r = —0.638, Ge3
casura I = —0.637, va 1 rox Brpaso I = — 0.380, Ha 2 roja BpaBo I =
—0.122; npu casure psga SYM-H monyuarotes cnegyromiue r: —0.762,
—0.762, —0.520, —0.224 cootBeTcTBEeHHO; mpu casure psga ASY-H
nmeem 0.642, 0.703, 0.576, 0.322 coorBeTcTBEHHO. PaHee CBs3b
uHjgekca DSt ¢ cosHeyHOH akTHBHOCTBIO ObUIa  MOAPOOHO
uccienoBana B paborax [Echer et al., 2011; Yermolaev et al., 2013]
[pY U3YYEeHUH pa3BUTHUsI reoMarHuTHBIX Oypb. B [Echer et al., 2011]
MOJy4eHO, YTO TE€OMarHuTHeIe OypH HMEIOT JBYXIHMKOBOE
pacrpezieneHye: OWH MUK OJM30K K COJIHEYHOMY MakKCHUMyMy, a
Jpyroii — B Hauane ¢asbl criaga, B [Yermolaev et al., 2013] moka3zaso,
9TO BO3HMKHOBEHHE MAarHUTHBIX Oypb OIpEnenseTcs Pa3IMnIHBIMU
TUTIAMH MEXIUTAHETHBIX CTPYKTYP.

Ha puc. 2 npencraBieHsl Takxe W3MeHeHHs mnapamerpa f (a),
XapaKTEepU3YIOIIEro COOTHOIICHHUE TETNIOBON U MArHUTHOW SHEPTUI B
COJIHEYHOM BETpE MpH pa3HbIX 3Hakax Bn MMII. MoxHo BHIIETh, YTO
W3MEHEHHUs f MPaKTHIeCKH COBIAAIOT M KOA(PPHUINEHT UX B3aUMHON
koppemsitun I = 0.946. [lapamerp f TECHO KOPpPEIUPYIOT C YUCIOM
CoNHeYHbIX maTeH Ri, npu cpaBHeHHH m3MeHeHnit Mexay S u Ri BHe
3aBUCHUMOCTH OT HampasieHus MMII r = —0.828, To ectb f u RIi
M3MEHsI0Tcs B TnpoThBodaze. [lolydyeHO ypaBHEHHE perpeccuu



I A. Maxapos

=—0.013-Ri + 2.755: ¢ pocTom yicna COMHEYHbIX MATeH Ri mapamerp f yMeHblIaeTcs. YMEHBILICHHUE f§ OTpaxkaeT
POCT MarHWUTHOTO JABJICHHUS B COJNHEYHOM BETPE M, COOTBETCTBEHHO, POCT YPOBHS T'€OMAarHUTHON aKTHBHOCTH.
OTMeTnM, 9TO 3HaueHMs [ Oonbmie | M 3TO, BEPOATHO, YKa3bIBACT Ha INPEBBIIICHHE TEIUIOBOTO IABICHUS HaL
MarHuTHBIM JaBJICHUEM IIPU JOJTOBPEMEHHOM OCPEIHEHUH XapaKTCPHUCTHK COJIHEYHOTO BeTpa. B roapr GombImoi
COJTHEYHON aKTHBHOCTH pacTeT B 1, COOTBETCTBEHHO, YMCHBINACTCS MHapaMeTp f. YMeHbIIeHHe [ oTpakaeT
BO3pacTaHWE MarHUTHOTO JIABJICHUS M, COOTBETCTBEHHO, MAKCHMAJbHYIO TypOYyJICHTHOCTH IIa3Mbl COJIHEYHOTO
Berpa. Takast 3aKOHOMEPHOCTH OmucaHa B pabdortax [Kypaswckosckas u op., 2021, Kypaoswckosckaa u Kypaockoeckuil,
2023].

Ha puc. 3 mokaszaHbl 3aBUCHMOCTH HMHIEKCOB OT Iapamerpa [ Ipu IMPOTHUBOIOJIOXHBIX 3Hakax Bn MMII un
NpUBeIeHbI KO3 (OUIMEHTHI KOPPEIALMH I MEK/Iy HHIAEKCaMu | 5. BUIIHO, 4To Bce Tpu MHAeKca IpH oxxHOM MMIT
3aMeTHO OoJblIe 1O BEIWYMHE, YeM IpPH CEBEPHOM. BHIHO TakKe, YTO aOCOJIOTHBIE BEIMYMHBI HMHIEKCOB
YMEHbIIAIOTCSI 1T0 a0COJIIOTHOM BEIMYMHE C POCTOM [ He3aBHCUMO OT 3Haka Bn MMII. HaubGosnee tecHsie cBsi3u ¢
nposiBisiroT SYM-H n ASY-H unnexcsr, npu stom SYM-H cunsree 3aBucur ot S npu Bn<0 (r = 0.744), yem nipu Bn>0
(r=10.677), a ASY-H, mao6oport, 6oiiee BEIpakeHHO cBsizaH ¢ f mpu Bn>0 (r = —0.741), uem mpu Bn<0 (r = -0.719).
Wupexc Dst, ananornano SYM-H, HO B MeHBIIe# cTenenn, 3aMeTHO Koppenupyer ¢ £ mpu Bn<0 (r = 0.629) u cnabee
npu Bn>0 (r = 0.456). YMeHbIIIeHHE HHAEKCOB MO a0COMIOTHOM BETMIMHE C POCTOM f3, BEPOSITHO, TIPOMCXOIUT HU3-3a
BO3pACTAIOIIETO NpeodIaJaHns B COTHEYHOM BETPE TEIUIOBOTO JAaBIICHUS HaJl MArHUTHBIM JaBICHHEM.

I'paduxu Ha puc. 3 MOKHO aNMMPOKCUMHUPOBATH JIHHEHHBIME QyHKIsiMu: ipu Bn<0 Dst = 6.59-4 — 31.45, SYM-H
=6.29-4—29.46, ASY-H = -4.44-f+ 31.71, npu Bn>0 Dst=3.69-5 — 18.92, SYM-H =3.47-5— 17.14, ASY-H = -3.34-5
+25.45. Koaddurments! perpeccuu B ypaBHeHUsIX uHAekcoB SYM-H u Dst mpu Bn<0 npumepso B 1.8 pa3sa Goubiire,
yeM npu Bn>0. Takoe cooTHomeHne k03(h(HUIMEHTOB PErpeccMd MOXKHO MOHMMATh KaK TO, YTO CHUMMETPUYHAs
KOMITOHEHTA KOJIBLIEBOT'O TOKA MPH Mepexo/ie OT BO3MYIIEHHOTO COCTOSIHUS MarHUuToc(epsl B Hanbosee CIIoKoiHoe,
TO €CTh IIPH HOBBIIEHHUH [, ociabeBaeT cuibHee mpu Bn<0, vem npu Bn>0. B ciiyyae nnnekca ASY-H cootHoleHue
ko3(¢punnenTos paznuyaercs B 1.3 paza u npu Bn<0 acumMmmeTprdHas KOMIIOHEHTA KOJIBIIEBOTO TOKA IIPH MEPEX0E
Marauroc(epsl B CHOKOWHOE COCTOSTHHE TaKke ociabeBaeT ObIcTpee, 4eM npu Bn>0, HO ¢ MeHbIIeH CKOPOCThIO, YeM
CUMMETpHYHAsl KOMITOHEHTa. [10/100HbIE COOTHOIIECHHS MOTYYal0TCS U ATl CBOOOJHBIX YJICHOB YPaBHEHUH PErpeccuu
WH/ICKCOB 1 f3.

[lomyuennass B Hactosimie pabore 3aBucumocts DSt or S B obmem Buae cormacyercs ¢ pe3yibTaToM
[Kypasckosckas u Op., 2021], y4uTbiBast TO 0OCTOSITENBCTBO, YTO MBI ONEPUPOBAIN CPETHETOJOBHIMU 3HAYCHUAMH
JIAaHHBIX, KOTJa TIPH CYMMHPOBaHUH HUBEIUPYIOTCS (G HEKTHI (ha3 Oypu U MEKIUIAHETHBIX TOTOKOB Pa3HBIX THIIOB. B

a 6 LUTUPYEMO paboTe MO CpeAHEYaCOBBIM JIAHHBIM
0 - : yCcTaHOBJICHO moaoOue aunamuku DSt u f B mporecce
Sa B pa3BUTHSI TEOMAarHUTHBIX Oyph C MOCTENEHHBIMH U
BHE3aITHBIMH HadaJlaMH M TI0Ka3aHo, 4To Mexxay Dst u 5
1 CBSI3b UMEET HEJIMHEUHBIN XapaKTep.
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of . SYM-H u ASY-H o ux cpeiHeromoBbIM 3HaYEHHSM C

napaMeTpaMM COJTHEYHOTo BeTpa B mepuox ¢ 1981 mo
2015 rr. moxasaio, 4TO OHH COOTBETCTBYIOT H3BECTHBIM
1 3aKOHOMEPHOCTSM: IIPH I0KHOM HampasieHuu (Bn=0)
MEXIUIAHETHOIO MAarHuTHOIO oJIst (MMIT)
CpE/IHEr0JIOBbIE 3HAUEHUS T'€OMArHUTHBIX HMHIEKCOB
40 (= 0719 r= 0741 ] Dst, SYM-H u ASY-H no a0comroTHOW BelMYHMHE
3aMeTHO OoJbllle, YeM IpH CEBEPHOM HAlpaBJICHUU

SYM-H, uTn

20

S0 r=0.744 r=0677

E * (Bn>0) MMII B TeuyeHHEe BCEro PaCCMOTPEHHOTO
5T 1 nepuona. OtoT Qakr Oonpmeld Teod3pPeKTUBHOCTH
= ol | MMII ¢ Bn<0 xopou1o u3BecTeH. 31ech NOIY4eHO, YTO
mpu Bn<0 munekc Dst no Benmuune B cpexaneM B 1.8

o= s : e s . 2 paza, uanexc SYM-H B 1.7 paza, a unnexc ASY-H B 1.2

P g pasa, Oompmie, yem npu Bn>0; kak W 0XHUIAIOCH,

Pucynoxk 3. 3aBucumoctu uanexcos Dst, SYM-H u CpeaHerofoBele 3HaueHus uuaekca SYM-H, nopo6Ho
ASY-H ot napamerpa A npu Bn<0 (a) u Bn>0 (6), r Dst, W3MEHSIOTCS OTHOCHTENBHO HYHCIA CONHEYHBIX

mireH Ri B mpormBodaze, a ASY-H cuudpasno —
9KCTPEMYMBI ~ MHJICKCOB HAaOIIONAIOTCS B TOJBI
MaKCUMyMOB ¥ MHHHMYMOB Ri; ¢ pOCTOM COJHEYHOH aKTHBHOCTH YMEHbIIACTCs MapameTp [, 4TO O3HayaeT
MOBBIILICHHE MATHUTHOTO JABJICHHS COJIHEYHOTO BETPa M, COOTBETCTBEHHO, YBEIMYCHNUE T€OMAarHUTHOW aKTHBHOCTH
BCIIC[ICTBHE POCTa YPOBHsI TYPOYJCHTHOCTH COJHEYHOrO BETpa.

OCHOBHBIE pe3yJIbTaThl HACTOSLICH PabOTHI:

— KO3 PUITMEHTHI TMHEHHON KOPPEJISIHN.
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[omyuyeHo, 4TO BapHaIlMK CPEIHETOJOBBIX 3HAUCHUH Kaxaoro u3 uHaekcoB Dst, SYM-H u ASY-H mpu roxHOM 1
ceBepHOM HampasieHIIX MMII momo6Hb! 11 K03 PuImeHTH nX Koppesaun BeIcokw: st Dst r=0.871, qms SYM-H
r=20.863, mis ASY-H r = 0.943. [lonoOue Bapuanuii HHIAEKCOB IPH Pa3HBIX 3HaKaX BN o0ycioBneHo, BEPOSATHO, HX
CBSI3BIO C YHCIIOM COJTHEYHBIX IISATCH.

YcranosneHo, uto mHIeKcH SYM-H u ASY-H 3aBucsar ot mapamerpa [ CONHEYHOrO BeTpa M MX aOCOIIOTHBIC
BEJINYMHBI YMEHBINAIOTCS C POCTOM [ HE3aBHCHMO OT 3HAaKa CEBEPO-IOKHOM KOMIIOHEHTHI MEXIUIAHETHOTO
MarHUTHOTO MOJsI. Y MEHbIICHHE WHIEKCOB C POCTOM [ MPOHUCXOINT, BEPOSITHO, M3-3a MEPEX0Ja MarHUTOC(EPHI B
CIIOKOWHOE COCTOSIHHE BCJIECTBHE BO3PACTAIOIIErO MpeoOiajaHusl B CONHEYHOM BETpE TEIJIOBOTO IABJICHUS HA
MarHMTHBIM JaBJIEHUEM U YMEHBUICHUs yPOBHS TypOYyJCHTHOCTH COJTHEYHOTO BETPA.

Pa6oTa BBIMOMHEHA B paMKax rocyIapcTBEHHOTO 3aaanus (Homep rocpeructparmu 122011700182-1).
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BBICOKOIINPOTHBIE CUHUHTUJJISALIUN GPS CUT'HAJIOB HA
PA3JIMYHBIX JOJII'OTAX BO BPEMS BYPU 7 HOABPA 2022 'OJA

W.U. larumyparos?, .. E¢pumos’, M.B. ®unaros?

Kanununepaocrkuii puruan U3BMHUPAH, Kanununzpad, Poccus
2[Tonapuwiii 2eopusuveckuti uncmumym, Anamumeot, Poccus

AHHoTaumsi. B paGore mpexcrasien aHanus ocobenHoctei mpossieHnss TEC-(ayKkTyaluii B BBICOKOIMPOTHOM
noHocepe Ha Pa3TUMYHBIX JOJTOTAaX BO BpeMs reoMarHUTHOW Oypu 7 HOsOps 2022 r. Hafimeno, uto pa3BuTHE
q)ﬂyKTyaL[I/II‘/’I Ha pa3HbIX JOJIroTax BECbMa MMOX0XKE U MPOUCXOAUT B COOTBECTCTBUU C reOMarHMTHOM aKTMBHOCTBHIO U
JMHAMHKOI aBpOpalbHOTO OBajla, KaK C €ro INUPOTHBIM IOJIO)KEHHEM, TaK U €ro MHTEHCHBHOCThIO. Hamboiee
MHTEHCHUBHBIE HOHOC(EPHBIE HEOTHOPOIHOCTH OBUIN 3apeTUCTPUPOBAHEI B aBPOPAIBHOMN 30HE M Ha IIMPOTAX BBIIIE
80°N, KoTOpBIe HAMHU OBLITN aCCOIUMPOBAHEI C TPOSIBIICHIEM s13bIKa noHM3anuu (TOI).

Beenenue

HonocdepHple  HECOTHOPOIHOCTH  Pa3IMUHBIX ~ MacmTaboB HAa  BBICOKMX  MIMPOTaX  0OyCIaBIMBAIOT
GITyKTyaruuu/ COUHTIW AN aMIDIATY A6l B Ga3sl (aMIUTUTYAHBIe, (a3oBele (IyKTyalnu) HABHTAIIHOHHBIX
curHanoB [Kintner et al.,, 2007]. Ha BBICOKMX IIMPOTAaX JOMHHUDPYIOUIMMH SBIAIOTCS  (Da3oBbIe
GuryKTyanuu/CHUHTHUIIAN. DIyKTyanny MOTYT BBI3bIBaTh COOM HAaBUTAIIMOHHBIX CUTHAJIOB, CPBIBBI, CKauKH (ha3bl
U B KOHEYHOM HUTOTE MOT'YT IPUBOIUTH K HAPYIICHUSIM pabOThl HAaBUTaMOHHBIX cucteM [Fabro et al., 2021; Follestad
et al., 2021; Llaeumypamos u Op., 2022]. HeomHOPOAHOCTH CTPYKTYpPHPOBAHBI MO HIMPOTE B COOTBETCTBHHU C
paszielieHHeM BBICOKOIIMPOTHON HOHOC(epsl Ha cy0aBpopalbHYI0, aBpOPalbHYIO, MOJSIPHYIO MIAIKy, Kacll.
BeicokouactoTHble (OBICTpPBIC) (IYKTyally, HOCSIINE HA3BaHWE CHMHTWIULALMN, OOyCIOBIeHB audpaxumeit
CHUTHAJOB Ha MEJIKOMACIITaOHBIX HEOJHOPOJHOCTSX, pa3Mepbl KOTOPHIX CpaBHUMBI C 30HOW @penens.
HuskouactoTHbie (MeuieHHBIE) (aykTyanuu oOOYyCIOBICHBI pedpakiueil CHrHaga Ha KpPYMHOMACIITAOHBIX
HeoHOpOoAHOCTIX pasmepamu Oonee 300 m [Kintner et al., 2007] Meanennble (GuyKTyaruu XapakTepH3YIOT
¢duykryaiuu moaHoro anektponHoro coxaepxanusi (TEC — Total Electron Content) Bmonbs siyya cnyTHHK —
MIPUEMHHUK.

B Hacrosiiee BpeMsi B MHpE HACUUTBHIBAETCs OOJIBLIOE KOJMYECTBO CTAHIMH, O0ECIICUMBAIOLIMX PEryJIspHbIE
craagaptaeie GPS/TJIOHACC-HaOnroieHust, AOCTYNHBIE Ui BCeX Ioib3oBaTeneil. CTaHTapTHBIE H3MEPCHHS
no3BoisitoT noiy4dath nanHele 0 TEC ¢ 30 cex uHTepBasom. Haubosee IIMPOKO HCHOJIB3YEMBIM HHIMKATOPOM
¢bnykTyannonHoi akTuBHOCTH siBisitorcst mapametrp ROT (Rate of TEC change) m WHIEKC HHTEHCHBHOCTH
¢urykryarmii ROTI. MHxekc mo3BossieT 1eTeKTHPOBaTh HAINYNe HOHOC(EPHBIX HEOXHOpoAHOCTeH [3axapenkosa u
dp., 2018, Makareivich et al., 2021] JlocTynHOCTb, IIUPOKOE MOBCEMECTHOE HCIIOIb30BaHHE CTaHIApTHHIX 30 cex
H3MEpEeHNi BO MHOT'OM OIPEIEIIMIIO €ro CIOJIb30BaHUe B paccCMaTpUBaeMoi pabore.

B BBICOKOIINPOTHON HOHOC(EpE HHTEHCHUBHBIE (DITYKTYallMU aCCOLUUPYIOTCS C MOJSIPHBIMHU M THAMH ITOBBIILIEHHON
nonm3anuu (polar patches), BbichimaHusME 4YacTUI] B aBpopainbHOM oBaje u Kacre [Belakhovsky et al., 2021;
Benaxosckuti u op., 2022, 2023; [llacumypamos u op., 2022]. B aBpopanbHoii 06acTu (ha3oBbie QIyKTyauyd 00bIYHO
HaOJII0IAl0TCSI B TIEPHO/IbI aBPOPAJIBHBIX BO3MYILEHUI BOIU3M MECTHOM MarHUTHOM MOJYHOYM M TECHO CBS3aHBI C
JMHAMUKOI aBpopansHoro osana [ Yeproyc u dp., 2018]. B pabote [LLlacumypamos u dp., 2021] nokasaHo, 4To mpu
MIPOXOXJICHUN CHUTHAJIOB 4epe3 O0JacTH JTUCKPETHBIX (DOPM TOJSIPHBIX CHSIHUM MHTEHCHBHOCTH (PIyKTyauuid u,
COOTBETCTBEHHO, OIIMOKM  IO3MIMOHMPOBAHMS  CYHIECTBEHHO  yBEJIMYHMBAIOTCA.  JIMCKpETHbIE  CHSHHS
XapaKTepu3yoTcst OONBIION NUHAMHUKOH. Ha KOpoTkOM MHTEpBaie BpEMEHH IOJIOKEHHE W pOpMa CHSHUH MOXKET
CYIIECTBEHHO M3MEHSTHCS, YTO BIMSET HAa BEMUUHY U TUHAMHKY OIINOOK.

B paccmarpuBaeMoil paboTe MpeACTaBICH aHAIM3 OCOOEHHOCTEW TPOSIBICHUH (a30BBIX (QUIYKTyalmid B
aBpopalbHON W MOJIsIpHOU noHOc(hepe Ha gonrotax EBpomsl, 'pernanmun n Ansacku. [IpoBeneHo comocTaBieHue
JMHAMHKH aBpOPAJIBHOTO OBaJIA € (IIYKTyalMOHHOW aKTUBHOCTBI0O GPS-curHanoB Ha aBpopajibHBIX HIHPOTaX.
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JdanHble M MeTOX

Jns anHanmu3a MIMPOTHO-AOJTOTHBIX BapualMii MOHOCHEPHBIX HEOJHOPOAHOCTEH NPHUBIECKAINCH PpEryJIsIpHbIE
Habmronenust GPS-crannmit EBporer, I'pernanmim n Ansicku. B eBporeiickoM CeKTope MCIIONb30BAINCH CTAHIIHH,
pacnosio’keHHble Ha fonarote okono 20°E B nuanazone mupoT 79°-60°N (reomarHuTHble MHUPOTHL:76°-58° MLAT).
Cetp ['pennanauu B OOJIbILEH YacTH BKJIFOYAET MOJISIPHBIE CTAHIIMH, PACIIONOKEHHbBIE B Kacle W MOJISIPHOM LIamKe.
Ha monrorax ANsCKH CTaHIMM PacIIONIOKEHBI B Auama3zoHe mupoT 71°-59°N, (70°-57° MLAT). Kaxnas craHims
nocTaBisieT u3MepeHus ¢ 30 cek WHTepBalIoOM (CTaHIapTHBIE HAOMIOACHNUS). JJOCTyITHOCTE, MHUPOKOE TIOBCEMECTHOE
UCIIOJIb30BaHKUE CTaHAAPTHBIX 30 cek M3MEepeHHi BO MHOT'OM OIPEJEIIHIIO €ro MCIOJIb30BaHNE B PACCMAaTPUBAEMON
pabore. B kadecTBe wWHAWKaTOpa HEOAHOpPOAHOCTeW wncmoip3oBaimmchk wuHAEKcsl ROT/ROTI. Mumekc ROT
npezcTaBisieT co0oif ckopocTh m3MeHeHws 3HadeHnd TEC 1 ucmonb3yeTcs Kak Mepa OLeHKH aKTHBHOCTH (pa30BBIX
¢yxryanmit. Ungeke ROTI (Rate of TEC Index) npencrasisier co6oit ctanaaptHoe oTkioHeHue 3Hauennid ROT nHa
orpezieIeHHOM BpeMeHHOM uHTepBaie. Munekc ROTI xapakrepusyer uHTEHCUBHOCTH (ha3oBbIX ¢urykryanuii GPS-
curnanos. OcHoBsl MeToa orteHkd TEC diykTyaruii mpeacTasieHs! B padbore [3axapenxosa u op., 2018].

OCHOBHBIE XapaKTEPUCTUKH T€OMarHuTHOM Oypu 7 HOs10ps 2022 1. mpeacTaBieHs! Ha puc. 1.
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Pucynok 1. 'eomarantHast ooctanoBka 6 u 7 HosOps 2022 roxa.

IIInpoTrHoe nposiBjieHue QJIYKTyan i

Ha pucynke 2 npexcrasiensl Bapuauuu uHjaekca ROT aust BceX CIyTHHKOB, HaOJNIOJAeMBIX HaJ| CTaHIMEH
HaOmroneHus, 1 uHTeHCHBHOCTH (urykTyarwii (ROTI) B koopnuratax MLAT-UT (kpyrn). [lokasaHs! GurykTyanum Ha
MOJISIPHBIX, aBPOPAIIBHBIX U Cy0aBpOpAJIbHBIX CTAHIMIX, PACIIONI0KEHHBIX Ha 1oirotax EBpomnsl n Ansicku. B nemnom
noBejieHHe (UIyKTyaluii Ha pasHbIX JOJITOTaX IOX0XKE M COOTBETCTBYET MX I€OMarHHUTHOMY DAacCIOJIOKECHUIO.
Paznuuwue nposiBisiercst Ha nossipabix craniusix NYAL u SG27. Cranius NYAL (MLAT, 75°N), no-BuaumMomy, st
JIAHHBIX Te0(QHU3UYECKUX YCIOBHH, HAXOMUiIach B 00iacTu kacmha, B To Bpemsi kak SG27 (MLAT, 70°N) Gumxke
MOJISIPHOW TpaHMIle aBpopalbHOro oBania. DIyKTyaluu Ha MOJSIPHBIX LIMPOTAX OTPAXKAIOT MPOSBICHHE JHEBHBIX
BEICHITaHUH [benaxosckuii u op., 2022], nposeinenue Guykryarnuii Ha SG27 moxosxe Ha MOBeACHUE (IIyKTyaIllil Ha
aBpopanbHO cTanu AB27. IHTeHCHBHOCTD (pIIyKTyaruii yMEeHbIIAeTCS C MOHKEHUEM IIUPOTHI. DKBaTOpHAIbHAS
rpaHuiia OpOSIBJICHUS (QIyKTyaluid Ha O0CHMX JOJTrOTax MPUXOAUTCS HAa MIMPOThI 57-59°N MarHWTHON IIUPOTHIL.
WurepecHo, 4TO 1O BPEMEHHU Havaia U OKOHYaHHs Pa3BUTHs (IyKTyanuit Ha pa3HbIX JOJTr0oTax HaOMI0AaeTCs CABUT
1o BpeMeHH oKkojo 3* waco. Ilonaraem, 4To 3TO OOYCIOBIEHO OCOOCHHOCTSMH Pa3BHTHs paccMaTpHBacMON
MarHUTHOH OypH.

IIposiBiienne gpuaykryanuii Ha xoarorax I'pensanann

Ha pucynke 3 npencrasiensl Bapuaunu ROT Ha otnenphbix cranimsax ['pennananu. Cranuus JWLF (MLAT85N)
HaxOJMTCSI B IOJISIPHON MOHOC(eEpe, Tl 4acTo, BO BPEMs T€OMAarHUTHBIX Oypb, HaOII0laeTcsl KpyImHOMacIuTaOHast
ctpykrypa — s36ik monm3armu (TOI — tongue of ionization). f3bIk XapakTepu3yercs Kak 0OJAcTh MOBBIIICHHOM
MOHM3ALIMH, KOTOpas B pe3yJibTaTe KOHBEKLMH ITepEeMEIaeTCs C JHEBHOW CPeHEIIMPOTHON HOHOC(EPHI Yepe3 Kacl
B NOJBIpHYTO WAnKy [[llaeumypamos u dp., 2024]. S3bIk aBHO nposiBisieTcst B u3MepeHusix TEC Ha BBICOKOIIMPOTHBIX
cranmuax. Hamm wccnenoBanust mokasanu (paboTa B TedaTd), 4TO BO BpeMsl OypH SI3BIK PETHCTPUPOBAJICS Hal
I'pensnanaueii B 14-16 UT. B okpecTHOCTH 53bIKa MOTYT (DOPMUPOBATHCS PA3IMYHBIX MAaCIITa00B HOHOC(HEpPHbBIE
HEO/IHOPOJHOCTH, KOTOpble npuBoaaT K TEC ¢aykTyanusm HaBUralMOHHBIX CHTHAJOB B IOJSIPHOM HMOHOC(epe
[Meeren et al., 2015]. Ha craurmu JWLF uaTencuBHBIe BiykTyannu Habro1ar0Tcs B okpectaoctr 15 UT. Craniun
RINK(MLAT) u SENU (MLAT64°N) pacmosoxkeHbl B 06J1aCTH aBpOpaIbHOTO OBajiad. B MIMPOTHOM MOBEACHUH
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ROTI BblmenstoTcst 1Ba MakcuMyMa 00JIaCTH OBajia M OoJiee MHTEHCUBHBIM Ha mHpoTax okoyio 85-88°N B obnactu
SI3bIKa HOHU3ALIHH.

Joarornoe nposisjienne TEC ¢uykryanmii 1 ZHuHAMHKA aBPOPAJIBLHOr0 0Bajia

AHanu3 HIMPOTHOTO MpOsBIEHHSA (QIIYKTyalMid ToKasal, 4To Haubosiee sipko (uykTyauumu HaOmrojaroTcss Ha
CTaHIUAX, PACHOJI0KEHHBIX Ha aBpOpallbHBIX mmpoTax. Ha pucynke 4a mokazans! Bapuariu ROT Ha Bcex mposerax
CIIYTHHUKOB Ha aBpopanbHbIX cTaHIsIX VARS u AB27 u nHTEeHCHBHOCTE (QUIyKTYaIwid (KpyTH) H UX COTIOCTABIICHHE
aBpopaJibHbIM OoBaJIoM. Ha pucyHke 40 moka3zaHo CTPYKTypa aBpOpajibHOTO OBajla BO BpeMs Oypu Juist pasnuuHbix UT
(mozmens Ovation). THTeHCHBHOCTD M CTPYKTypa OBalia IPEACTABICHBI B KOOPAMHATAX MarHUTHAS IIHPOTA-MECTHOES
MarauTHoe BpemMs (MLAT-MLT). Ctanmun pacmooyKeHbl Ha OJMHAKOBBIX MarHUTHBIX mupotax (MLAT~66°N) Ha
noarotax EBpomsr u Ansicku.
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Pucynox 3. Ilposienenue TEC duykryaunit (ROT) na craHumsx ['peHnaHiuy W IIUPOTHBIA XOn
uHTeHCUBHOCTH (urykryarmit (ROTI).
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Pucynok 4.

OnykTyaluu NposiBISIOTCS Ha 00EMX CTaHIMSAX B JAHEBHOe Bpems. HaOiromaercst Xopollee COOTBETCTBHE MEXKIY
pazBuTHeM QUIyKTyauuil W aBpopanbHOW akTUBHOCTBIO (AE mHzekc, puc.l). Ha pasHBIX CeKTOpax HpOsBICHUE
(hiaykTyanmuii perucTpupyrTCS NPUOTU3UTEIHHO B OTHO W, Toke MupoBoe Bpems (UT addexr). MakcumanpHas
MHTEHCUBHOCTbH (MIyKTyauuii IPUXOAUTCS HAa HAUOOJIBIIYI0 HHTEHCHBHOCTh OBajla (MHTEHCU(UKALINH BBICHIITAHHH).
B nenom nHTeHCHBHOCTH (piykTyanmit Ha cranimn AB27 Heckonpko Himke, yeM Ha VARS. Ha ponrorax EBporsr
(GIyKTyanuu NPUXOAMINCH Ha MOCHCNONIyICHHOS MAarHHTHOE BpeMs, a Joyrotax AJickd ao moiynHs. Tak Ha
craunun VARS unnexc ROTI nocturan 2.1 TECU/min. ua Bpemenax 20-22 MLT ¢ nonoxenuem okono 64°N MLAT.
Ha cranmun AB27 ROTI mocturan 1.5TECU/min. Ha Bpemenax 03-04 MLT ¢ monoxenuem okono 67°N MLAT.
CyIecTBeHHO, YTO Ha9allo MposBIeHUS Giykryarmii craHmnn AB27npuxonmmocs Ha Bpems okono 10 UT, va VARS
okono 13 UT. ITomoOHbIi cABHT KacaeTcsl U OKOHYaHMS (IIyKTYyallMOHHOW aKTHBHOCTH. MOXXHO OTMETUTB, 4TO B
CTPYKType aBpOpalbHOIO OBajla HaOIIOJAETCs HEKOTOPas aCUMMETPHYHOCTh OTHOCUTEIBHO MAarHUTHOTO MOJTYAHS.
3710 oTpaxkaeT 0COOCHHOCTh Pa3BUTHUS PacCMaTPUBAEMOI T€OMarHUTHO# OypH.

3axinoueHue

Jdns anHanuza npocTpaHcTBeHHO-BpeMeHHbIX 3¢ ¢extoB TEC-¢nykryaumit Bo Bpemsi Oypu 7 HosOps 2022
WCIIONB30BAMCE HaOMIoAeHus: eBpomneiickoit (60°-76° MLAT), amepukanckoit (Aimscka, 60°-70° MLAT) u
rpernanackoit (62°-85° MLAT) cetn GPS-cranumii. HaiineHo, uto pa3sutne QiyKTyanuii Ha pa3HBIX JOJITOTaX
BeChbMa IOX0KEe U Pa3BUBAIOTCS B COOTBETCTBUU C T€OMAarHUTHON aKTHBHOCTBIO M THUHAMUKOM aBpOPaIbHOTO OBaja,
KaK C €ro MIMPOTHBIM IIOJIOKEHUEM, TaK M €ro HHTEHCHBHOCTBIO. BpemeHHOe pa3BuTHE (UIyKTyaluii Ha JOJITOTax
EBporisl 1 AMEpUKH TPOUCXOANT NMPAKTHUECKH OJTHOBPEMEHHO, C BPEMEHHBIM C/IBUTOM OKOJIO TpéX yacoB. Ha Becex
JIONTOTaX MAaKCHMalbHas WHTEHCUBHOCTh (uykTyamuid mnpuxommiack Ha 14-18 UT, Bo Bpems HauOombIuei
aBPOPAIBHOI BO3MYIIIEHHOCTH. JDKBaTOpHANIbHAs TPAaHHIIA IPOSBICHUS QUIyKTyaIlii Ha pa3HbIX JOJT0TaxX JOCTHrala
mmpoT 57°-59° MLAT. OdeHs MHTEHCHBHEIC (DIYKTyallMyd PEerHCTPUPOBANach Ha muportax Beime 80°N, KoTopsie
accOIMHMPOBAHBI HAMH C IIpOosiBIIeHNEM s13b1ka noHn3anmu (TOI cTpykTypsr).
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BBICBIITAHUSA PEJSITUBUCTCKUX AJIEKTPOHOB, CBSI3AHHBIE
C OCJIABJIEHUEM HANPSI)KEHHOCTU MATHUTHOTI'O MOJIS B
PAMOHE IO KHO-ATJIAHTUUECKOW AHOMAJINU, BO BPEMSI
TEOMATHUTHOM BYPH 10 — 17 OKTSBPS 2017 I.

T.A. SIxuuna, A.I'. Iemexos, T.A. I[Tomosa, A.A. JIto6umy
QI'BHY «llonaphulii ceousuyeckuti uncmumymy, 2. Anamumul, Poccus

AnHoTanus. B pa6ore no nanubiv ciytHrKoB cepur NOAA POES u3y4aroTcst BRICHIIAHUS PENATUBUCTCKUX (>800
k3B) anekrponoB (BPD) Habnronaemble B BepxHel noHOC(epe 3eMid, CBS3aHHBIE ¢ OciallIeHHeM HalpsHKeHHOCTH
MarHuTHOTO 1oJjs B paiione HOxxHo-Atnantuueckoit (bpasunbsckoit) anomanuu. BPD peructpupoBaiuck BO BpeMs
reomaruutHo Oypu 10 — 17 oktsi6pst 2017 r., KOTOpas COMPOBOXKIATACh MHOTOYUCICHHBIME Cy00ypsmu. [Tokaszano,
YTO HECMOTPS Ha MEHBLIYI0 MAKCUMAIIbHYI0 MHTEHCUBHOCTS (toToku 102 - 10 (cm? ¢ cp)™) o cpaBHenuro ¢ gpyrumu
BEICHITaHUAMHE (CBs3aHHBIME ¢ DMUL] 1 cBUCTOBBEIMH BOJIHAMH, a TaK)Ke C MUTY-YTIOBOH muddysueit B odmactu
60JIBIIION KPUBHU3HBI CHIIOBBIX JIMHUI T€OMarHUTHOTO MOJIST), MX BKJIA] B OMyCTOIICHNE PAJANAlIOHHOTO MOsICa MOXKET
OBITH cymecTBeHHBIM. OTYaCTH 3TO OOYCIOBICHO UX OOJNBIIEH MPOAOILKUTENbHOCTEIO (20-220 ¢). [TpoBeneH aHanmms
BIIHSIHUS CyOOypeBOM aKTHUBHOCTH Ha YacTOTY IMOSBICHUS Takux BPD.

Beenenne

Beiceinanus pensituBuctckux (>800 kaB) anextponos (BPD), Habnronaembie B noHocdepe u Maruurochepe 3emiu,
JIeTSITCS. Ha TPU TPYIIIBI, KaXJIasi U3 KOTOPBIX MMEET CBOW MEXaHW3M 00pa30BaHMS M XapaKTepPHbIE OCOOCHHOCTH
[Yahnin et al., 2016, 2017]. Beicbimanust 1# rpymmsl cBA3aHbI ¢ HAPYIICHHEM 1-T0 anuHabaTHYeCKOr0 WHBapHaHTa
BCJIE/ICTBHE MAJIOTO pajinyca KpUBU3HBI CHJIOBBIX JMHUI B HOUHOM cekrope [Sergeev and Tsyganenko, 1982; Imhof
et al., 1991]. Drtu BhicbIMaHksT HAOTIOJAIOTCS BOJIM3H TPAHUIBI H30TPOMUHU TIOTOKOB SHEPTUYHBIX 3NEKTPOHOB. BPD
2if Tpynmsl Bceraa HaOIOAAIOTCS OJHOBPEMEHHO C MHTCHCHBHBIMH BBICHINTAHUAMH SHEPTUYHBIX 3JIEKTPOHOB. [lo-
BUAMMOMY, OHH CBSI3aHEI C BO30YKIIeHHEM o4eHb Hu3kodacToTHBRIX (OHY) BotH. BPD 3if rpymmsl, conpoBokaaeMbie
BBICHITIAHMSIMH  JIOKQJIIN30BAHHBIX JHEPTUYHBIX MPOTOHOB (>39 K3B), CBA3aHBI C 3JIEKTPOMATHUTHBIMH HOHHO-
uukinotporusiMu  (OMMUL]) Bomnamu [Yahnin et al.,, 2016]. Bce stu BPD sBusitoTcst JIOKaqM30BaHHBIMHU
(IPOAOIHKUTENBHOCTH NPOJIETa HU3KOOPOUTAIBHOTO CIIyTHHKA Yepe3 Ux 00mactb 6-30 ¢) U J0BOJIBHO HHTEHCUBHBIMHU
(c MakcumanbHbIME ToTokamu 10 108 (em? ¢ cp)?). Kpome npesicraBieHHbIX Bhllle Habmoatoress BPD, cBsa3aHHbIe
¢ ocnabJeHreM HamnpsKEHHOCTH MarHUTHOTO Mojs B paifoHe FHOxHO-ATtnaHnTndeckoil aHoMmanuu. ITockonbky 3Ta
aHOMAaJIHs CYIIECTBYET Bceraa, To BPD, peructpupyemsle HaJ HeH, TOXKe JODKHBI HAOIIOAATHCS BCETJa IPU HANUYHUN
SHEPTUYHBIX YaCTHIl B MarHuTochepe. B manHo# pabore n3ydarorcs Takue BPD Bo Bpems reomarunutHoi 6ypu 10 —
17 oxTs10pst 2017 1., KOTOpas COMPOBOXKIAIACH MHOTOUHUCIICHHBIMU Cy00ypsiMu. PaccMoTpeHo BiusiHue cyO0ypeBoit
AKTMBHOCTH Ha 4acTOTy nosBieHus BPD, cBsi3aHHBIX ¢ OCi1abiIeHHeM HANPSHKEHHOCTH MarHWTHOTO TIOJISl B palioHe
IOxHO-ATnaHTHUECKON aHOMAJTU Y.

JdanHble

Jlisa ompeneneHns MOTOKOB BBICHIMAIOMIMXCS M 3aXBa4YeHHBIX (C muT4-yriaamu BOmm3u 0° u 90°, COOTBETCTBEHHO)
3JIEKTPOHOB HCIOJIB30BAaHBl JTaHHBIE HHU3KOOPOHTANbHBIX cHyTHHKOB NOAA POES, ocHaleHHBIX IETEKTOPOM
MPOTOHOB U 3JIEKTPOHOB cpenneii sueprun (Medium Energy Proton and Electron Detector, MEPED) [Evans and
Greer, 2004]. TToToku 31eKTPOHOB ¢ 3Heprueii ~1 MaB onpeaensuiucs 10 JaHHBIM KaHajia P6 MPOTOHHOTO TEIECKOTIA,
M3HAYAIIBHO TIPEIHA3HAYEHHOTO [UTSl PETUCTPAIMH IPOTOHOB C dHEPrusiMu >6,9 MaB. Kak mokasano B pabore Yando
et al. [2011], atoT kaHan uMeeT ONU3KYI0 K HOMHHAJBHOI Y4yBCTBHTEIBLHOCTD K 3JIEKTPOHaM ¢ sHepruei >800 k3B,
T.€. OH MOXXET OBITh MCIIOJIB30BAH JUISI M3MEPEHHs 3THX YaCTHIl B OTCYTCTBHE NMPOTOHOB C 3Heprueit >6,9 M»sB.
OTcyTcTBHE TakuX NPOTOHOB KOHTPOIMPYETCS MO MAaJOCTH MOTOKAa B KaHaie PS5, KOTOpBI HEUyBCTBHUTENEH K
JneKTpoHaM. MarHuTHOE 1ojie, paccuuTaHHOe Ha opOure cryTHUKOB 1o Monenu |IGRF, Takke B3STO M3 JaHHBIX
NOAA (https://cdaweb.gsfc.nasa.gov/).

Ha0nronenust u pe3yabTaThl

Bapuanuu noToKoB BBICHINAIOMIMXCS M 3aXBAYEHHBIX dHEPTUYHBIX AJIEKTPOHOB B 3aBUCHMOCTH OT MHTEHCHBHOCTH
HAIPSHKEHHOCTU MarHUTHOTO TI0JISL B OKPECTHOCTH CIyTHHKA, Haa FO’KHO-ATIaHTHYECKOH aHOMaJIMel oKa3aHbl Ha
puc. 1 u puc. 2 Ui BeUEpHETO U YTPEHHETO0 CEKTOPOB MECTHOTro JiokanbHOro Bpemenu (MLT), coorBeTcTBEeHHO.
Hab6mosiaemble Bbichinanus (puc. 1, cnpasa) nMeroT manyr uHTeHcuBHOCTH (motokm 10% - 10* (cm? ¢ cp)?) u

64



T.A. Axnuna u op.

OOJIBILYIO MIPOJIOIKUTENBHOCTH (10 3 MUHYT). [10-BHAMMOMY, OHM BO3HHUKAIOT Oylarofapst monagaHuio SHEPTUIHBIX
YaCTHII B IPEH(POBEIN KOHYC ITOTEPh B HCKakeHHOM MarHuTHOM Tioiie [Blake et al., 2001]. Ha puc. 1 creBa HakIOHHO#M
JHMHUEH MMOKa3aHO W3MEHEHHE MarHWTHOTO IIOJII B OKPECTHOCTH CITyTHHKA B IOJKHOM HONyIIapud. BepTuxaibHas
JIMHUS COOTBETCTBYET IMMPOTE MAKCHMAIBFHOTO ITOTOKA KAK BBICBHITAIONIINXCS, TAaK U 3aXBaYCHHBIX PEISATHBUCTCKHX
AJIEKTPOHOB, MMOKa3aHHBIX Ha puc. | crpasa i TpEX mocnenoBaTenbHBIX IpoiieToB CrryTHHKa NOAA-15 B BeuepHeM

cexrTope mpu OMu3KuX 3HaueHusAX MLT.

Magnetic field S/h E. ~ 800 keV 2017-10-09
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Magnetic field S/h E, ~ 800 keV 2017-10-15
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MIPOUCXOXKACHHEM aHOMAJIWU MarHuTHoro mois. Ilockonbky 3TH
BPD umeror kak o0l MEXaHU3M, TaK U CXOJIHBIE XapaKTEePHUCTHKH,
HX MOKHO OTHECTH K OTACTHHOH (4i1) Tpyrme.

Ha puc. 3 nokazaHbpl: KOIMYECTBO (OTAGIBHO IO TOJYIIAPUSIM U
obmee) (puc. 3a), mmpoTa (puc. 30) ¥ HHTCHCUBHOCTH (ITOTOK PHC.
3B) BbIChINaHuil Bo Bpemst ymeperHoit (SYM-H=-65 nT) marautHoi
Oypu. Illupora ompenensuiach Kak cpejiHee 3HAYEHUE 32 CYTKH IO
BCEM COOBITHSIM BBIODAaHHOTO MHTEpBaja, MPH JFOOBIX 3HAYEHHUSX
MLT u HanpspKeHHOCTH MarHUTHOTO ITOJIS.

VIHTeHCUBHOCTH BBICHITAHUI ONpenensaiach MO JAHHBIM TOJBKO
onHoro crnytHuka — MetOp-1. TlocTossHCTBO OpOMTHI CIIyTHHKA B
T€OIEHTPUYECKOH CONHEYHO SKIUNTHYECKON CcHCTeMe KOOpAWHAT
MIO3BOJISIET TIPOBOJUTH M3MEPEHHE MOTOKA B ONPEJENEHHOM MECTe
IIPOCTpaHCTBa, B oanHakoBoe Bpems cyTok (UT), mpu oluHaKOBBIX
3HAYEHUSAX MarHuTHOro mnons Byt m mmporst AACGMLat. Oto
Ba)KHO, TOCKOJIbKY BEJIMUMHA MarHUTHOT'O TI0JIsl B 00J1aCTH aHOMaJINN
OKa3bIBaeT OOJIBIIOE BIMSHIE HA MHTEHCUBHOCTE BPD 4 rpynmst (M.
puc. 1 u2).

B cootBerctBHM co cBoiictBamm opOutel MetOp-1, motox B
ytperHeM cektope (7,3-7,5 MLT) ompenensiicst okono 07:30 UT,
MOTOK B BeuepHeMm cekrtope (21,1-21,6 MLT) — oxkoumo 21:30 UT.
VIHTeHCHBHOCTh BBICHIIIAHWN H3MEHSUIaCh OJWHAKOBO B 00OWX
cekropax (puc. 3B).

B nauase rnaBHoi dasbl (10 12 oxrsa6pst 2017) Bce nepedncieHHbIe
napameTpsl yMeHbianucs. Hampumep, komuuectso BPO 4 rpymnmer
ymeHsmmiioch B 4 pasza. Illupora HaOmomenus BPD, Taroke

BugHOo, dYTO  yMEHBIIEHHE  MIMPOTEHI
MaKCUMaJbHOTO MOTOKAa, WM3MEPEHHOro Ha
CIOYTHHKE, COOTBETCTBYET YMEHBIICHUIO

BEJIMYMHBI MATHUTHOTO TOJS.

UeM MeHblIIE BETUIMHA MATHUTHOTO MOJIS B
OKPECTHOCTH CITyTHHKA, TeM OOJbIIE TOTOK
BPO.

TupoTHEIii pa3Mep 001aCTH BBICHIIAHIH HA
cnytanke NOAA-15 B 1907-1914 UT
coctasui ~10 rpanycos.

INonoOnast kapThHa HaOMIOZAaeTcs W BO
BpeMs Tpex mposeroB cuyTHuka MetOp-2 B
I0KHOM TNOJyIIapHd B YTPEHHEM CEKTOpe
(puc. 2).

BennmuuHa MaxkcHUManbHOTO TIOTOKAa OT
IpoJieTa K IPOJIETy cMelaeTcs Ha OoJbIine
IIMPOTHl, MArHUTHOE TIOJIe TIPH  3TOM
yYBEJIMYMBAETCS, a MHTEHCUBHOCTH BPO
YMEHBIIAETCS.

WsBecTHO,
TPy
YCHIICHHU
PaccmoTpum
BBICHITTIAHUH,

YTO PpaHEC MU3YHUCHHBIC TpU
BBICHITIAHHMA Ha6J'IIO,I[aIOTCH npu
reOMarHUTHOM AKTUBHOCTH.
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Buicvinanus PeIMuSUCMCKUX ITIEKMPOHO6, C8A3AHHble C ocnabneHuem HANpANCEeHHOCMU MACHUMHO20 NOJIAL ...

yMeHbIIMIack 10 MUHUMyMa 12 oktsa6ps (puc. 36). I1oTok 3a 3TO ke BpeMsi YMEHBIIWICS Ha MOPsIOK (puc. 3B).
ITocne 12 oKTAOpS KOAMYECTBO, MHPOTA M MHTEHCHUBHOCTE BPD 4 rpymmsl HEMpEephIBHO YBEIHIHBAINCH U K KOHITY
COOBITHS OCTHTIIH O0JIce BRICOKMX 3HAUCHUH, YeM B Hadase. DTO yBEINIECHHE HAYaI0Ch CIlIe BO BPEMS YMECHBIICHHS
uanekca SYM-H, T. e. o okoHuanwus rIaBHOM (assl Oypu.

ITockonbKy BBICBIIAHUE BCEX YMOMSHYTBIX TPYIII

© 1 a—2 o—3 &4 YaCTHUI[ OCYIIECTBIIOTCS U3 «OJHOTO pe3epByapay

100 — BHEIHETO DaJUallMOHHOTO II0sca, NPEICTaBIsICT
80 HHTEPEC CPABHUTH UX KOJUYESCTBO M MHTEHCHBHOCTD

8 g a) B paccMaTpuBacMoM HHTepBaie (puc. 4). s
E 8 KomnuiecTBO 3aperiucTpUPOBaHHBIX BBICHITTAHUHN 41
2 40 7 IpyNIbl TOKa3aHO Ha puc. 4a, a Ha puc. 40 —
20 OCTaNBHBIX TpEX Tpymnm (0003HAYEHHS TPYIII

O T T 717 1T T T T T MoKa3aHbl BBepXy). B TO Bpems, Korma pacrter

_ 80 konuuectBo BPD 2 u 3l rpynm, HMeromux
S 60 6) MaKCHMallbHyl0 ~ WHTEHCHBHOCTH  (puc.  4r),
é 40 — konmuecTBo BPD 4if rpynmisl ymensImaercs (puc. 4a)
20 KaK M IIOTOK BBICHIMAFOLIMXCS YacTUL. B0O3MOXHO,

] 3TO  NPOUCXOAUT 32 CYET  BBICHINABIIMXCS

SHEPTHYHBIX 3JIEKTPOHOB B MEPBBIX TPEX IpyIMaXx,

;1317251 !\éLr\;LT YTO MPUBEJIO K YMEHBUICHHIO OOIIEro KOJIW4ecTBa
% B SHEPrHYHbIX YacTHI[ B pPaMAIMOHHOM IIOSICE M,
COOTBETCTBEHHO, K YMEHBIICHUIO YHCJIA YaCTHI,
NOTaIAloNIKX B Aper(oBbIii KoHyc noteps. [Tocne 12
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day of October 2017 Ha4dalie MarouTHOH 6ypI/I BepO}ITHO, 9TO
Puc. 4 00ycioBieHo ocnabieHueM KOJbIEBOTO TOKa B
BEUEpPHEM CEKTOpe, TIe TeHepHUpYIOTCs Haumboiee
nHTeHCUBHBIe DOMMUI] BOJHBI, OTBETCTBEHHBIE 3a
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Oo6cy:kaeHne U BbIBOJbI

B pabote uccnenoBaHbl BBICBIIAHWS PEISATHBUCTCKUX DSJICKTPOHOB, PETUCTpUpyEeMble Haja oOmacTeio HOskHO-
ATIaHTHYECKOW MAarHWUTHOW aHOMAJIWHM B TedeHHe mHTepBaia 8-18 okrsadps 2017 r., BKIIFOYAIONIETO MarHUTHYIO
Oypro. Oto nennrencusHbie (10° - 10* (cm? ¢ cp)? u mpooikuTenshbie (10 3 MunyT) BPD. Ux 06muii MeXaHU3M U
CXOJIHBIE XapaKTEPUCTHKU MJAIOT OCHOBAHME OTHECTH WX K OTAEIbHOW 41 rpymme, omIMYaroleics oT paHee
u3ydeHHbIX TpEX rpymn [Yahnin et al., 2016, 2017]. [lockoneky BPD 4 rpynmbl cBS3aHbl ¢ MATHUTHON aHOMaJIHeH,
PacIoNOoKEeHHONW B 10)KHOM ITOJIYIIAPUH, TO M HAOJIIOAAIOTCS 3TH BBICHIIIAHUS, B OCHOBHOM, 37IECh XK€, B FO’KHOM
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noxymapuu (puc. 3a). BaxHo, yTO OHM MOryT HaOJIOJAThCS HE TOJBKO BO BPEMsl YCHJICHHUS T'€OMarHUTHOM
aKTHBHOCTH, HO W B CIIOKOMHBIC TEPHOMBI, MMEsI TPU 3TOM MEHBINYI0 WHTEHCHBHOCTEH [Hxnuna u op., 2023].
CpaBHEHHE KOJIMYECTBA 3apErHCTPUPOBaHHBIX BPD 4ii rpymnmsl B 0AKH U TOT e IEPHOJI BPEMEHH 110 JAHHBIM OJHHX
U TeX e CI[yTHUKOB C KOJIMYECTBOM paHee n3ydeHHbIX BPD 1if, 2if u 311 rpymn nokasaio siBHOE IPEUMYIIESCTBO (B
passr) BPD 4ii rpynmsl. D10 nmpeobiaaganne 1mo CyTOYHOMY YHCITY HaOJIOICHUH COXPaHAETCs JaKe BO BpeMs TTIaBHOM
(a3e1 OypwH, KOTAa KOJIMIECTBO U HHTEHCUBHOCTH BPD 4if TpymITel CHIDKAIOTCA.

Hpyroit ocobernocTsio BPD 4if rpynmsl sBisieTcst uX O0bIIas MPOTSHKEHHOCTD 0 MIHPOTE (TIPOIOIDKATEITFHOCTD
NpoJIeTa CIyTHUKA Yepe3 00J1acTh BBICHIIAHUH JI0 3 MUHYT) B OTJIMYUE OT JOKann3oBaHHBIX BPD 1#, 2, 3ii rpymm,
JUI KOTOPBIX MPOJOJIKUTENIBHOCTD poJieTa cocTaBisieT 10 30 ceKyH/.

WurencuBHocTs BPD 4 rpynmsl ocraercst HEBBICOKOW Ha MPOTSHKEHUU BCETO PACCMOTPEHHOTO MHTEpBaja, HO IPU
9TOM OHa CpaBHUMaA cO cpefHed MHTeHCUBHOCThI0O BPD 1 m 2 rpymm. OTMmeruMm, 4TO B KOHIIE BO3MYIIEHHOIO
HHTEpBaJa, KOTJa U KOJIWYEeCTBO, U MHTEHCUBHOCTh BPO 1, 2, 3 rpynn cuiibHO yMeHbIIMIUCh, A1 BPO 4 rpynmnst
9TH MOKAa3aTeNu OCTAINCh BEICOKUMH (pHcC. 4a, B).

Mexanusm popmupoBanust BPO 4 rpynms! nmpeanonaraet Haludue J0CTATOYHOTO KOTHYIECTBA SHEPTHIHBIX JaCTHI
B PaJHMAaIlIOHHOM Hosice. B MCKaXE€HHOM MarHUTHOM MOJI€ SHEPTHYHBIE YACTHIB NMONAagaroT B APeH(OBEIH KOHYC
MOTEPH M BBICHINAIOTCS. OTMETHM, YTO 3arlOTHEHHE Apeii(oBOro koHyca MoTeph MOXKET MPOUCXOIUTH 33 CUET BCEX
MEXaHU3MOB, OOYCIIABIHMBAIONINX BBICHIMAaHUA 1#, 2if m 3¥ Tpynn. YBemWdeHHE KOJIMYECTBA M WHTCHCHUBHOCTH
BBICBITIAHNH 4-f TPYINIBI B KOHIIE TJIABHOH M BO BpPEMs BOCCTAHOBHTENIHHOH (ha3bl OypH MOTJIO OBITH CBS3aHO C
JIOTIOJTHUTEJIBHBIM YCKOPEHHEM DJICKTPOHOB JI0 PENSTUBUCTCKUX DHEPTHH 32 CUET pa3sHbIX (J)aKTOPOB M, B YACTHOCTH,
3a CUeT MOBBIIICHHOH Cy00ypeBOi aKTHBHOCTH.

Ha ocHOBaHMU MOJTyYEHHBIX PE3yJIbTATOB MOYKHO CIIEJIaTh BBIBOJ, YTO BBICHINAHUS PEISTUBUCTCKUX 3JEKTPOHOB,
CBSI3aHHBIE C OCJIa0JICHNEM HANPSHKEHHOCTH MAarHUTHOTO 1OJIsl B pailoHe FOKHO-ATIaHTHYECKOH aHOMAlTMH, MOTYT
BHOCHUTH CYIIIECTBEHHBIH BKJIaJ B TIOTEPH YaCTHUIL U3 PaJAHAI[IOHHOIO IOosca.

bnazooapnocmu. Pabora mopmepxana Poccuiickum HaydyHsiM QonmoMm, rpaHt Ne 22-62-00048. ABrOpsI
OmaromapAT 3a CBOOOIHEIH HOCTyT K AJaHHBIM cIyTHUKOB NOAA POES n nHpopManuu o mapameTpax COTHEYHOTO
Berpa, 00 wmHAekcax aktmBHOCTH AE wm SYM-H w3 6a3er gamHeix OMNI, monmydeHHBIX Ha caiite
https://cdaweb.gsfc.nasa.gov/
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IHNNPOTHOE PACHHPEJAEJIEHUE XAPAKTEPUCTUK HOYHbIX
ABPOPAJIBHBIX BHICBIIIAHUM B IEPUO/bI HAYAJIA CYBBYPb

B.I". Bopo6ses?, O.U. Sdroaxunal, E.E. Auronosa®®, .I1. Kuprnnues®

Yonapuenii ceopusuueckuii uncmumym, 2. Anamumer (Mypmanckas o61.)

2Hayuno-uccredosamenvckuti uncmumym sioeproti gusuxu umenu JI.B. Crobenvyvina Mockoéckozo
eocyoapcmeennozo yHusepcumema umenu M.B. Jlomonocosa, 2. Mockea

3HHcmumym Kocmuyeckux uccreoosanuil, 2. Mockea

AHHOTauus. B pabote pacCMOTPEHBI LIMPOTHBIE IPOQHUIH XapaKTEPUCTHK aBPOPAIBHBIX BBICBIIAHHI Ha BHICOTAX
noHocdepsl, moydeHHbIe 0 HabmroneHmsM ciryTHuka DMSP F7, u paguanpHOe paciipeneneHie HOHHOTO TaBICHUS
B DKBATOPHAIBHON IIOCKOCTH MO JaHHBIM CIyTHHUKOB muccun THEMIS B crniokoiiHble mepuoabl 1 B MOMEHTEHI
Omi3KMe K aBpopalbHOMY Opelikamy. OmpenencHsl cpeJHHEe MIMPOTHBIC MPO(MIN MOHHOTO JaBICHUS Ha HU3KHX
BBICOTaX M IPOBEAEHO HX COIIOCTABICHHE C YCPETHEHHBIMH DPACHPEICICHHUSAMH JaBICHHUS B HKBaTOPHAIBHOU
TUIOCKOCTH TIpH OJM3KMX CpEIHHX 3HAYEHHSAX I1apaMeTpOB COJHEYHOIO BETPAa M T'€OMAarHUTHOW aKTHBHOCTH.
[TokazaHo, 4TO, €CIIM B CIIOKOWHBIX TEOMarHUTHBIX YCIOBUSX MAKCUMYM JaBJICHHS HAa HU3KHUX BBICOTAX MPOESLUPYETCS
Ha TEOLEHTPHUIECKHE paccTosHus B ~7-8 Re, To mepex Hauyanmom (asel pa3BuTus cyOOypH OH Npoenupyercst Ha
paccrosinue ~5-6 Re. TIpoBeneHbI OLIEHKH SPKOCTH aBPOPAIBLHOTO CBEYEHHS B OMUCCUU 557.7 HM, pacCYMTaHHBIE T10
HaOJIOZCHUSIM CpEIHEeH DHEPTHU M TIOTOKA SHEPTUH BHICHINAIOIIUXCS JIEKTPOHOB CITyTHUKOM F7.

1. BBenenne

IupoTHOE pacmpeie/icHHe MOTOKOB BBICHITIAIOIIMXCS 3JIEKTPOHOB U HOHOB B aBPOPAIBHO# 30HE KpaitHe H3MEHUYHBO
1 3aBHCHT KaK OT COCTOSTHHS MEKIUTAHETHOU CPEJIBI, TAK M OT YPOBHS BO3MYIICHHOCTH MarHUTOC(HEPhI K HOHOC(EPHL.
YcpenHeHHbIe XapaKTepUCTUKH aBPOPATBHBIX BBICHIIAHUH 10 J7aHHEIM DMSP MOryT 1aTh HEKOTOPOE PEACTABICHUE
00 0COOSHHOCTSIX ITUPOTHOTO paclpeieNICH s BBICHITAHUI B Pa3IMYHBIX TeODU3HISCKIX CUTyalusX. JJyis nonyyeHns
CPEeMHUX XapaKTePUCTHK BBICHITAHUI HEOOXOIMMO BBIICIHTH HEKYIO 0COOYIO MM PEMEPHYIO YepTY BBICHITAHHIA,
KOTOPYIO MOYHO OBUTO OBI OTIPEACIUTh B KAXXIOM MEPECEUCHUH CIIyTHHKOM aBPOPAIBHOM 30HBI M OTHOCHUTENHHO
KOTOPOi ¢ (U3NUECKON TOUYKH 3pEHUsI LeIeco00pa3Ho ObUIO OBl ONPEAENATh XapaKTePUCTHKU BHICHIIaHUN. Takoi
perepHoOii TOYKO#l Ha MIMPOTHOM MO HIIe BEICHIMAHN MOXeT ObITh mupoTa rpanuiel b2i, [Newell et al., 1996], na
KOTOPO¥ HaGJIF01aeTCSI MAKCHMYM TIOTOKA BBICHITIAOIIIXCst HOHOB ¢ sHeprueii 0.3 -30 kaB. TTonoxenue rpanuipt b2i
BOJIM3H NOJIYHOYH OJIM3KO coBranaet (koddduuunent koppesuun I = 0.92) ¢ noyioxkeHneM rpaHULbl K30TPONU3ALUH
(T1) unonoB ¢ aueprueit ~30 k3B [Newell et al., 1998]. Cuuraercs, 4To WKUPOTa ITOM I'PAHHUIIBI XAPAKTEPUIYET
BBITSHYTOCTh MATHHUTHBIX CHJIOBBIX JIHHHA HOYHOW MAarHUTOC(Ephl B AHTHCOJHCYHOM HAMpaBieHWH. Takyio
BBITSHYTOCTb OOBIYHO CBS3BIBAIOT C POCTOM IIONIEPEYHBIX TOKOB XBOCTa MAarHUTOC(EPHI BO BPEMs IIPEIBAPHTEIILHON
(asbl cyOOypH, HO OHA MOXKET OBITh O0YCIIOBIICHA TAKIKE U POCTOM YaCTHYHOTO KOJIBLEBOTO TOKA.

ABpOpaibHbIe BBICBITIAHHS, PETHCTPUpyeMble ciryTHHKamMu DMSP Ha mupoTax Bbimre b2i, xapaktepusyroTces kak
H30TPOIIHBIE. B yCIOBHAX MAarHUTOCTATHYECKOTO PABHOBECHS B M30TPOITHOM MIa3Me ¢ XapaKTePUCTHKU OCTAIOTCS
NOCTOSTHHBIMH BJIOJIb CHJIOBOI JIMHUH F€OMarHUTHOroO nouisi. Takum 00pa3oM, ¢ OJJHOW CTOPOHBI, MOXKHO IOJYYUTh
XapaKTepPUCTHKH MArHUTOC(GEpPHON IUIa3Mbl, TPOEKTUPYs [aHHbIE, MONYYECHHBIE Ha BBICOTAX HOHOCHEpHl B
OKBATOPHAJIBHYIO TIOCKOCTH MarHUTOC(HEPHI C UCIONB30BAHHEM KaKOH-Ti60 Moaend MarHuTHOTO moiist. C mpyroit
CTOPOHBI, yCJOBHE PABEHCTBA XapaKTEPHCTHK HOHOB B MOHOcepe M MarHuTocdepe MO3BONSET MPOCLHUPOBATH
IIMPOTHBIC MPO(UIN aBPOpaJbHBIX BBICHIIAHUHA, [OMYYCHHbIC HAa BBICOTAX HOHOC(EPHI, B IKBATOPUATBHYIO
TUIOCKOCTh ~ MarHutochepsl 0e3 UCMOJb30BaHUS  KAKUX-TUOO MoOjeNneld MarHUTHOTO TOJS  METOJIOM
“MOpP(HOJIOrHIECKOT0 TPOEIIMPOBAHUS” B COOTBETCTBUH ¢ Kiaccuukanuei [Paschmann et al., 2002].

Llesnplo HacTosIIEeH PabOTHI SIBISETCS H3YYEHHE [IUPOTHOTO PACIPECICHHs XapaKTePUCTUK HOUHBIX aBPOPATbHBIX
BBICHITIAHUI B CTIOKOIHBIE TIEPHO/IBI M B ITEPHOIBI HAYATa MATHUTOC(HEPHBIX CyO0yph, H3yUeHHE TIPOCTPAHCTBEHHOTO
pacrpesieNieHus] ¥ JAHAMHUKA MPOTOHHBIX M DJICKTPOHHBIX BBICHIIAHUNA B TEPHO (a3bl 3apOXICHHsS CyOOypH u
OIPeNIeNICHHE METOOM «MOP(HOIOTHIECKOr0 MPOCHUPOBAHUS» O0JACTH JOKAJIHM3AlMU aBpOpPAIbHOrO Opelikama B
9KBATOPUATIBHOHN MIOCKOCTH MarHUTOC(EPBL.
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2. JlaHHBIE M1 METOAUKA

Jlyist aHaM3a XapaKTepUCTUK aBPOPAJIbHBIX BBICBITIAHUI HCIIOIb30BAIKCH JaHHble criyTHHKa DMSP F7 B 3-x yacoBom
uaTepBae 21:00- 24:00 MLT. CoyTHHK UMEI TIOYTH KPYTOBYIO MOJIPHYIO OPOUTY € BBICOTOM ~835 KM H MEPHOIOM
obpamenust ~101 muH. Kaxknyro cekyHAy CIyTHHK PErMCTPHPOBAJI CIIEKTP BBICHIAIONIMXCS YAacTHIl B JHAana3oHe
sHepruii ot 32 3B go 30 k3B B 19-m kaHamax, pachpeieleHHbIX IO JHEPrusiM B JIOrapu(pMHYECKOI
MIOCJIEI0BATENLHOCTH.

B xadecTBe mepBHYHOTO MaTepuana B paboTe MCroip30BaHa 0aza nanHex ciyTHHKa DMSP F7 3a 1986 1. Kpome
XapaKTEePUCTHUK BBICHINAIOIINXCS YaCTHIL M CBEJICHUIH 00 YPOBHE MarHUTHOM aKTUBHOCTH, 0a3a JaHHBIX JJIS KaXKJIOTO
IpoJIeTa CIYTHUKA 4Yepe3 30HY AaBPOPATBHBIX BBICHIIAHUI COIEPKUT HEOOXOAMMBIC ISl IENeH HACTOSILIETO
HCCIIeIOBaHMA CBeeHUS o (pa3ax MarHUTHON cyO0ypu. Kaxmas u3 ¢a3z cyOO0ypu HONOITHUTENBHO Pa3OUTHI HA TPHU
PaBHBIE IO BPEMEHHOMY MHTEPBaJIbI 110J1(ha3bl, COOTBETCTBYIONIME HAYAIbHOM, CPEAHEH U 3aKIIOYUTENLHON CTaJANN
Kaxaod u3 ¢as. J[nsg xkakaoro MHAMBUAYaIbHOTO IEPECeUeHUs] CIYTHHKOM aBpOPAJbHOW 30HBI, BEIOPAHHOTO M3
COOTBETCTBYIOIIEH KaTeropuu 0a3bl JaHHBIX, COCTOSHHE T€OMarHUTHOH aKTHBHOCTH M (a3bl MarHUTOC(hEepHOM
cy00ypH OTpeeSUINCh TOMOIHUTENBHO JCTANBHBIM aHaau30M 1-muH 3HaueHnit AL-, SYM/H - u PC — unmekcos
MarHuTHOHM akTHBHOCTH. Bapuaumu Bz-xommonenTst MMII u quHaMHYecKkoro IaBlieHHs! COJIHEYHOTO BeTpa Psw
TaKKE  KCIOJB30BATUCH NPH  HAIMYUM  COOTBETCTBYIOIIMX JaHHbIX Ha crpanuiax  OMNI  Web
(http://cdaweb.gsfc.nasa.gov/).

[Tpn aHanmu3e XapaKTEPUCTUK aBPOPajbHBIX YacTHIl MO JAHHBIM CIlyTHUKa F7, KpoMe HMX CpeiHUX SHepruil u
MOTOKOB JHEPrHH, MJS BBICHIMAIONIMXCS HOHOB HWCIIOAb30BAHBl 3HAueHUS HOHHOrO napienus (Pi), a s
BBICBITIAFOLIMXCS ANIEKTPOHOB |s577 - MHTEHCHBHOCTDE cBedeHust B smuccun (Ol) 557.7 aM. MeTonuka onpenencHus
HOHHOTO JIABJICHHS 10 n3MepeHusM cryTHukoB DM SP onyGnnkoBana B pabore [Stepanova et al., 2006]. ITpu pacuere
uHTEeHCUBHOCTH cBedeHus smuccuu (Ol) 557.7 HM npuHUMach BO BHUMaHUE IPOLIECCH 00pa30BaHMUs AIEKTPOHHO-
B03Oyxaennoro aroma O('S) B pesynbrare mepeHoca SHEPTHH BO3OYKIEHHA M3 METACTAOMIBLHOTO COCTOSHHS
N2(A3Z,*), Bo36yxaenue O(°P) nepBUYHBIMHM M BTOPHUHBIMH 31EKTPOHAMH U JUCCOLUATUBHAS PEKOMOMHALIMSL.

3. XapakTepuCcTUKH HOYHBIX ABPOPAJbHBIX BHICHINAHUI B MATHUTOCNIOKOHHbIE MEPHOABI

K crnokoiiHbIM meprojaM ObUIM OTHECEHBI MPOJIETHI CIYTHHKA, HaOJIOJaeMble NMPU HU3KOM YPOBHE MarHUTHOM
aktuBHOCTH (AL>-100 HTN) U pH OTCYTCTBHHM MAarHWTHBIX BapHwanuil amrumatynoi 6omee 50 HTm Bo BpeMeHHOM
MHTEpBaJIe IPUMEPHO 2 U [0 U TOCTIe PETHCTPAIMN CITy THUKOM BBICBIIAHUH aBpOpaIbHOM 30HBI. Takol IeTalbHbIH
aHaJN3 I03BOJISET OTIENUTh «HCTUHHO» MAarHUTOCIOKOHHBIE MEpHOJBl OT HMHTEPBAJIOB C HU3KHUM YPOBHEM
MarHUTHOM aKTUBHOCTH, HO OTHOCSIINMCS B (hasze 3aporkieHnst cyOO0ypH WM K MHTepBajaM HE3HAUYUTEIbHOIO POCTa
MarHUTHOH aKTUBHOCTH, 00YCIJIOBJICHHBIX KPaTKOBPEMEHHBIMHU ITOBOPOTaMH Ha tor Bz-xkommnonenTst MMIT.
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Pucynok 1. Cpegarie UPOTHEIE pacTIpeieNIeH sl HOHHOTO JaBJICHHS (a) U MHTEHCHBHOCTH CBEUCHHS IMUCCHUU
557.7 um (6) B mepuoabl pa3nuyHbIX (a3 cyoOypH: BEpXHss MaHEe b — MAarHUTOCTIOKOWHBIN MTEPHO/I, CPETHSS
MaHeIb — 3aKIFOYUTENbHAS cTanus (as3bl 3apOKICHHS, HUKHSS MTaHe)b — HadallbHasi CTaausl (a3bl pa3BHTHS
cy00ypu.
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Lllupomnoe pacnpedenenue Xapakmepucmux HOYHbIX ABPOPATLHBIX BbICLINAHULL 8 NEPUOObL Hauala cyooype

CpeznHee MIMPOTHOE paciipeeieHe HOHHOTO JIaBJICHUS B CIIOKOWHBIE TIEPHO/IbI TIOKa3aHO Ha BEPXHEH MaHeN! puc.
la. KpuBas monydeHa METOOOM HAJOXEHUS SIIOX OTHOCHTEIBHO D2i, cpemussi mmpoTa KOTOpOH B CIOKOWHBIE
nepuos! coctaBisieT @'= 68.3° + 0.6° CGL u o603HaueHA BepPTUKAIBHOM MTPUXOBOW JiHMEH. CpeqHne 3HaYCHUS
MHJIEKCOB MarHUTHOW aKTUBHOCTH U MapaMeTPOB MEXIUIAHETHOM Cpe/ibl B IEPHO/IBI TPOJICTOB CIIyTHHKA YKa3bIBAIOT
Ha OYeHb HU3KWI ypOBEHb TeOMarHuTHOH akTuBHOCTH: <AL>= -12 HTn, <Dst>= -2 uTn, <IMF Bz> =+2.3 aTn u
<Psw>= 2.5 ulla.

3HaueHHe CPeIHEH SHEPTUH BBICHITAIOIINXCS DJIEKTPOHOB B Hana3oHe sHepruit 1-10 k3B ci1abo Biusiet Ha ypoBeHb
CBeUeHUs] SMuccud 557.7 HM, TO3TOMY INMPOTHBIA XOJ OSMHCCHHM HPUMEPHO COOTBETCTBYET IIUPOTHOMY
PacIpeeeHNI0 IOTOKA SHEPTUH BEICHIIAIOIIUXCS IEKTPOHOB. CorylacHO BepXHell maHenH puc. 16, SIeKTpOHHBIE
BBICHINIAHUS PETUCTPUPYIOTCS TaXkKe B «IKCTPEMAabHO» CIIOKOWHBIE TMeproabl. CUSHUS HAOIIOAI0TCS K IIOJIOCY OT
rpanuipl b2i Ha muporax npumepHo 68° - 72° CGL. CBeueHne B 3TOT MEPUO MOKHO OTHECTH K CyOBHU3YalIbHBIM
WM OYeHb CIa0bIM IMOJAPHBIM CHSHHSAM, MCKIIOYAas JTOBOJIBHO PE3KHE JIOKAIBHBIC YBEIWYCHHS [IOTOKA DHEPTUH
BBICHIITAIOTIXCS DJIEKTPOHOB Ha mmpoTax 70° — 72° CGL, xoTopsie, o Bcelt BEpOSTHOCTH, CBA3AHBI C IyTaMU CHUSTHIHA
CIIOKOWHOTO aBpOPAILHOT'O OBaJIa.

[IupoTHOE pacnpeneneHne XapakTePUCTHK BBICHIIAHUN B CIIOKOHHBIE MEPUOIBI MOIYYEHO YCPEJHEHHEM AaHHbBIX
no 20 mpoJyieTaM CIyTHHKA Yepe3 30Hy BBICHIIAHUN. Y BEJIMYCHHIE YHCIIA IIPOJICTOB CITyTHUKA JUIS IOy YCHHUS CPETHUX
XapaKTEePUCTUK HE MPUBOJAUT K CYLIECTBEHHOMY M3MEHEHHIO MIMPOTHOTrO MpoQuiisi HOHHOTO AaBieHus. OqHAKO B
o0acTu JUCKPETHBIX DJJCKTPOHHBIX BBICBITTAHUH MNpUBEACT K CUJIBbHOMY CIJIa)KMBAaHUIO IIOTOKOB OHEPTUU
BBICBHINAIOLIHMXCS QJICKTPOHOB U, COOTBETCTBEHHO, K YMCHBIICHUIO CPETHUX 3HAYCHHUH SPKOCTH CBEYCHHSI.

4. XapaKkTepUCTUKU ABPOPAJTbHBIX BLICHLINAHNUI B EPUOABI 10 U MOCJe HaYaaa (a3l pa3BUTHS
cyooypu

Cpennee pacrpezielieHUe HOHHOTO JaBJICHHS B 3aKIIIOUUTEIBHYIO CTaauio (asbl 3apoxkeHus: cyoO0ypu, IPUMEPHO B
uHTepBanie 15-u mMmH no Hadanma ¢Qasel paszButHs (To) mokasano Ha cpemHed manemn puc. la. IlupoTHOe
pacnpezieneHre MOHHOTO JaBJICHUS TOJYyYEHO YCPEIHEHHEM NaHHBIX Mo 18 mpojeraMm CIyTHHKA 4Yepe3 30HY
BbIChIManuii. CpeqHue mapaMeTpbl MArHUTHON aKTHBHOCTH M MEKIUIAHCTHOW CpPEIbl B 3THUX MPOJIETaX CIyTHUKA
cocraBsioT: <AL>= -65 T, <Bz MMII> = -1.4 uTn, <Psw>= 3.3 ulla. PrucyHOK mOKa3bIBaeT, YTO IO OTHOIICHUIO
K CIIOKOWHBIM YCIIOBHSM B Mepro (hassl 3aposkaeHus cyo0ypu rpanuna b2i cMecTuiach kK 9KBaTopy H mepel caMbiM
HayvaioM (asbl pa3BUTHsI CyOOYypH B CpelHeM pacroiaraercs Ha mupote @'= 65.4° £ 0.7° CGL. Bennunna HOHHOTO
nasnenust Ha b2i yBennuusaercst ot <Pi> = (0.6 £ 0.1) ulla B cnokoiinsie nepuojst 10 <Pi> = (1.1 £ 0.1) ulla B
3aKITIOYHUTENBEHYO CTaAUI0 (ha3bl 3apOKICHUS.

CpenHee IMMPOTHOE pacHpeieleHne HOHHOTO [aBJIEHHS B HAdaJdbHBIM mepuon ¢as3sl pa3BUTHS CyOOypH
WUTIOCTPUPYET HWKHSISI TaHedb puc. la. YcpeaHeHue mpoBoawiIock mo 16 mposeram F7, koTopble MpoOXOoauiiv B
MEPBYIO TPETh 00IIeTo meproaa ¢as3sl pa3BUTH CyOOypH, UTO COOTBETCTBYET MHTEpBAIy ~15 MUH, YIUTBIBAsI, YTO
cam MOMEHT To 1Mo MarHUTHBIM JaHHBIM OMPEHEISETCS C TOYHOCTBIO B HECKOIBKO MUH. PHCYHOK TEMOHCTPHUpYET,
YTO HIMPOTHOE TOJIOKEHHUE TpaHuIlbl D2i 10 1 mocie Havana (hassl pa3BUTHsA CyO0ypH (PaKTHUECKH HE U3MEHHUIIOCH U
cocraBisier @'= 65.4° + 0.7° CGL, HO BeqM4YMHA MOHHOTO JAaBICHUS yMeHblmnach o <Pi> = (0.8 + 0.1) ulla,
BO3MOJKHO, H3-3a BO3pacTaHUS Iocie Hadana ¢as3bl pa3BUTHS CyOOypH NpPOTOIBHOTO TOKA, HPUBOIIIECTO K
YBEJIMYCHUIO TPOJOJHHON PAa3HOCTH MOTCHIIMATIOB, POCTY 3JCKTPOHHBIX BBICHIIAHUA W TOPMOYKEHHIO HOHHBIX
BBICHITIAHU .

IupoTHBIE XapaKTEPUCTUKU SJIEKTPOHHBIX BBICHITAHUHA TPEACTaBICHBI Ha pUC. 16. PUCYHKHM HILTIOCTpUPYIOT
CpelHHe MIUPOTHBIE MPOQHIN CBEUEHHUSI dMHUCCUU 557.7 HM, TIOMyUeHHBIC TIO0 HAONIOJACHUSM CPETHUX DHEPTUN H
MOTOKOB YHEPTHH BBICHIIAIOLIMXCS 3JIEKTPOHOB B COOTBETCTBYIOLIMX pUC. 1a nponerax cnytHuka F7. B nenowm, puc.
16 moxa3bIBaeT, YTO OCHOBHBIC 3JICKTPOHHBIC BBICHIIIAHUS PETUCTPUPYIOTCS B OOJIACTH W3OTPOITHBIX BEICHITIAHUN K
nomocy ot b2i. K sxBaropy ot b2i no Hauyaina ¢assl passutus cy60ypu (CpeqHss maHens puc. 16) cyliecTByeT 04eHb
y3kas ~0.5° mmpoTel 06nacte ciaboro cyoBusyanpbHoOro muddysHoro cBeueHus. Ilocne Hadanma ¢asel pa3BUTHA
cy00ypu (HMKHss MaHenb puc. 16) IpKOCTh CBeUYCHHUs dKBaTtopuanbHee D21 yBenuuusaercs 1o 4-8 kP, a mmpuHa
obJiacTu cBe4YeHHs 10 ~2° MIMPOTHI.

5. IIpoexkuuu rpaHubl D2i B 3IKBATOPHAILHOM MJI0CKOCTH MATHUTOC(EPHI

B HSOT‘pOHHOﬁ IJjia3Me€ B YCJIOBUAX MArHUTOCTATUYCCKOI'O paBHOBECHUS JABJICHUC IJIA3Mbl OCTACTCA MOCTOAHHBIMHA
BIOJIb BCEH CHJIOBOH JIMHUM I'€OMarHUTHOIO I10JIs1, UCKJIro4Yas obnactu MMPpOAOJBHOI0 YCKOPCHUSA DJICKTPOHOB. 2710
OTKPBIBAET BO3MOXHOCTH MCIIOJIB30BATh YCJIOBHUE paBCHCTBA HOHHOTO [JAaBJICHHUA, IIOJYYCHHOI'O 110 JaHHBIM
HU3KOBBICOTHBIX CIIYTHHUKOB, U U3BMCPCHUA MOHHOI'O JABJICHUA B 3KBaTOpI/IaJ'[BHOI71 INIOCKOCTH MaFHI/ITOC(bepBI JUIs
npoeuupoOBaHUA I/IOHOC(bepHI)IX JAHHBIX B OKBATOPUAJIBHYIO IJIOCKOCTbH 0e3 O6paIlICHI/ISI K KaKuM-1u00 MOACIAM
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reomarHuTHOTO moJts. [Tonoxenue b2i B noHocdepe GIU3KO K MONOKEHHIO MAKCHMYMa U3MEPSEMOT0 CIIYTHHKOM
MOHHOTO JIaBJICHHs, a €€ IMHMPOTa YKa3plBacT HaHOOJee IKBATOPHAIBHYIO 4acTh MOHOC(EPHI, HOHHOE TaBICHUE B
KOTOpPOH MOKHO MPOETIMPOBATH B HKBATOPHAIBHYIO MarHUTOCHEDY.

Jns ompezneneHusl paadalibHOTO paclpeliefieHus] MOHHOTO JaBieHHs B MarHuTocdepe ObLIM HCIOIb30BaHBI
Habmonenus crytHukoB Muccun THEMIS. TIpoduns norHOTO NaBneHus Ha puc. 2a (BEpXHAS NaHENb) TOIyIeH IS
MarHuToCcnoKoiHbIX ycnmoBuit (AL > -200 uTn, Bz MMII= 2.0 + 1.0 #Tn). Ha HmkHe# maHenu puc. 2a moxa3aH
poQHIIb HIOHHOTO JaBJICHUS IIPH CIIOKOMHBIX YCIOBHAX, HO IIPH OTPULIATEIbHBIX 3HaUeHUsAX Bz-komnonentst MMII,
B YCIIOBUSAX, HanboJiee OM3KKX K (asze 3apoxacHus CyOoypH.

PesynpraTel MOpdosornieckoro mpoenrupoBaHus (TOHKas CIUIONIHAS KPHUBas) M COIOCTABICHHSA C PaJUaIbHBIM
npoduem gasneHus no faHEeM THEMIS (xpuBast ¢ Toukamn) npencraBieHsl Ha puc. 26. BepxHss ropiu3oHTaIbHAs
IIKaja Ha PUCYHKE IOKa3bIBaeT MCIIPABJICHHbIE T€OMAarHUTHBIC IIMPOTHI, & HIKHAS — PagualbHOE PacCTOsHUE, Ha
KOTOpO€ 3TH IIMPOTHl MHPOEKTHPYIOTCS B 3KBATOPHAIBHYIO IUIOCKOCTh MarHutochepsl. BeprukambHBIMH
MITPUXOBBIMHU JIMHUSIMH Ha pUC. 26 OTMEUECHO TOJIOKEHHE TpaHuIits! h2i.

PucyHok 26 (BepXHsis MaHeNb) MOKAa3bIBaeT, YTO B MATHUTOCIIOKOWHBIX YCIOBHsAX TpaHuia b2i mpoektupyercs B
9KBaTOPHAJIBHYIO IJIOCKOCTh Ha paccTostHus ~7.5 Re. Puc. 26 (HwxHss aHesb) NOKa3bIBaeT cpaBHEHHE npoduiteit
JIAaBJICHUS B 3aKITIOYMTENBHYIO CTaIuIo (ha3y 3apoxeHus cyo0ypu. 13 aToro pucyHka ciemyer, 9To MO CPaBHEHHUIO
CO CIIOKOIHBIM TepHOIOM B (ha3y 3apoxacHus cyOo0ypu rpanuna b2i cMemnaercst K 9KBaTOpy M PETHCTPUPYETCS Ha
paccrosiHuu okosio 5 Re mepen Hauanmom ¢asel pasButus cyOOypu. OTpe3kaMu >KMPHOW CIUIOMIHOW JIMHUM Ha
TOPU30HTAJIBHON IIKaJie pUcC. 26 MOKa3aH MHTEPBAJ PACCTOSHHUM, COOTBETCTBYIOMINI CpeIHEKBAAPATHIHON OIIHOKe
BBIYHCIICHUSI CPEAHETO HOHHOTO JIABJICHUS.

a 7]
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] 1l T ‘
i - I
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14 E 0.6 ,
i T B |
1 & 04| !
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B |
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1 g 087 1
1 1 T 06 - :
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4 6 8 10 12 14  16Re 4 6 8 10 12 14 16Re

Pucynok 2. PammanpHoe pacmpenesieHHEe HOHHOTO [aBJC€HHS B OKBATOPHATIBbHON miockocTH ().
[MpoennpoBanue MHUPOTHOTO MPOQMIST MOHHOTO JABJICHHWS B HMOHOC(EpPE B IKBATOPHAIBHYIO IIOCKOCTD
MarHuroc(epsl B CIIOKOWHBIE IEPHOIbI. BepXHsis MaHelb — MOJI0KUTEIbHAs OIAPHOCTD, HIKHSAS TTaHEeNb -
oTpHIaTenbHas noisapHocts Bz MMIL.

6. OcHOBHBIE pe3yaIbTAThI PA00THI

HaGmonenust ciytHuka F7 B cekrope 21:00-24:00 MLT ncnionb30BaHbI ISt OTNPEIENICHNs] CPEIHUX XapaKTEPUCTHK
BBICHITAIONTIXCS AIEKTPOHOB ¥ HOHOB. [107TydeHbI cpeHre MINPOTHBIE PO UM HOHHOTO AAaBJICHHS M aBPOPAIEHOTO
CBEUCHHUS Ha BbICOTaX MOHOC(EPHI. It onpeieNieHnst CPeIHETO PAUalbHOTO PAcTIpeeNIeHNs] HOHHOTO JaBIICHUS B
9KBaTOPHAJIBHON IUIOCKOCTH MarHurocdepbl ObUIM HMCHOJIb30BaHbl HabmrogeHust cryTHUKOB Mmuccun THEMIS.
[TpoBeneHo cpaBHEHHE MIMPOTHOTO pacIpeAeICHHs IaBJICHHS IUTa3Mbl HA BEICOTaX HOHOC(EPHI C JIaBICHUEM IIIa3MBbl
B 3KBATOPHAIBHOHN MIOCKOCTH. OCHOBHBIE PE3yIbTAThI:

1. Ilo nabmoaenusim crmytHukoB THEMIS nomyuensr cpennue paauanbHble npoduin AaBieHUs IUa3Mbl B
MIPEATIOIYHOYHOM CEKTOPE B MarHUTOCHOKOWHBIX YCIOBUSIX M B NEPUOBI IO TapaMeTpaM MEXIUIAHETHON Cpesibl U
YPOBHIO T€OMarHUTHOM aKTHBHOCTH HanOosee OJIM3K0 COOTBETCTBYIONINE (Daze 3apoxkIeHHs CyO0ypH.

2. ComocTraBlieHHe HOHHOTO JIaBJIeHHs B HOHOC(Epe C JaBICHHEM B HKBATOPUAIBHON IUIOCKOCTH yKa3bIBaeT Ha
TO, YTO B MarHUTOCIIOKOMHBIX yCIOBUSX TpaHua D2i mpoenupyeTcs Ha reoleHTpuYeckoe paccrosuue ~7.5 Re. ITo
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Lllupomnoe pacnpedenenue Xapakmepucmux HOYHbIX ABPOPATLHBIX BbICLINAHULL 8 NEPUOObL Hauala cyooype

CPaBHEHHUIO CO CIMOKOWHBIM IMEpHOIOM B (a3y 3apokacHus cyoOypu rpanmia b2i cmemaercs k 3emie Ha Gonee
Omm3kme paccTosHuA 10 5-6 Re.

3. TlokazaHO, YTO B CIIOKOWHBIC TIEPHONBI M TEpea HadaloM CyOOypH CHSHHS PETUCTPUPYIOTCS B OOJIACTH
M30TPOIHBIX BBICHIIAHUI K MOIOCY OT rpaHuilbl b2i. B HavanbHbIi mepruoa ¢assl pa3BuTHs CyO0ypH CTATHCTHYCCKH
MOKa3aHO CYLIeCTBOBAaHHE JIOKAJIBHOTO, Y3KOI'0, YETKO BBIPAXKEHHOTO ITMKA AJICKTPOHHBIX BBICBIIAHUN Ha I'paHULE
b2i, acconmupyemoro ¢ SpKoii Iyroi CHSHUS CO CpeIHE HHTCHCUBHOCTRIO B 3¢IeHOM JuHuH lss7.7 ~ 30 kP

[MonoxeHne MaKCHMMAIbHO SPKOW Ayrd CHAHHSA mocie Hayana (asbl pasBuTHs cyOOypu Ha rpanune b2i, mo-
BUJIMMOMY, CBUJICTEIBCTBYET O TOM, YTO aBPOPAIBHBIA Opelikan HaunHaeTcs B 00JacTH MaKCHMalbHOTO MOHHOTO
JaBJICHHUS Ha MOHOC(EpHBIX BbICOTaX. [loiydyeHHBIE pe3yNbTaThl JAlOT OCHOBAaHUE HPEIIIOJIOXHUTH, YTO O0NACTh
aBpOPAIBHOTO Opeiikama MpoerupyeTcs B MarHuTochepy 3eMITi Ha TeoleHTpUIecKre paccTosHuA ~5-6 Re.

HUccremoBanus, BeImonHeHHBIe Bopo6beBbiM B.I'., momnepxans poramom PHD (mpoekt 22-12-20017).

Haunsie cnythuka DMSP F7 B3stel Ha ctpanunax cnytauka DMSP F16 http://sd-www.jhuapl.edu, mapamerpsr
MMII, ma3Mbl COJTHEYHOTO BETPa U MHICKCHI MAarHUTHON aKTMBHOCTH B3ATHI Ha cTpanuiax http://wdc.kugi.kyoto-
u.ac.jp/ u http://cdaweb.gsfc.nasa.gov/.
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AHHOTALMA

B Hacrosimei paboTe MpeACTaBICHBI Pe3yJIbTATHI IJA0OPaTOPHOrO 3KCIEPUMEHTA MO PasjieTy IUIa3MEHHOro obJiaka
BO BHCIIHEC MAarHUTHOE IOJIE, BIEPBBHIC JEMOHCTPUPYIOIIETO MOJABICHHE XapaKTEPHBIX XOJIOBCKHX 3((eKTOB
npucyTcTBiueM (oHOBOH IiasMbl. [lokazaHo, YTO yBennMYeHHE KOHLEHTpaluH (DPOHOBOI IUIa3Mbl MPUBOJUT K
CHI)KCHHUIO BEIMYMHBI XOJUIOBCKMX MarHUTHBIX IOJIEH H COOTBETCTBYIOIMX TOKOB, YTO, B CBOIO OYEpPEIb, H3MEHSCT
XapakTep NpPOTeKaHHs KoJUIanca AMAaMarHUTHOW KaBepHBI. Ilpu mopaBieHHH XOJUIOBCKUX 3()(EKTOB IHHAMHKA
KaBepHBbI MPOTEKaeT OoJjee MIIaBHBIM 00pa3oM M 3a/IePXKHBAeTCs 1O BpeMeHH. [loiyueHHBbIE NaHHBIE HE TOJBKO
00OHapy XUBAIOT BIHMsAHUE (DOHOBOI IJTa3MbI, HO U IIOJYEPKUBAIOT B3aUMOCBS3b MEXKAY XOJUIOBCKUMH 3D PeKTaMu 1
AQHOMAJILHO OBICTPOIl AMHAMHKOM MarHUTHOTO ITOJISL Ha (has3e KoJularca JHaMarHUTHOH KaBEepHBI.

Beenenue

3ajgaya pasnera oOnaka IUIa3Mbl B MarHUTHOE MOJE C pa3pekeHHOW (OHOBOIl cpenoil B pexume ciabo-
3aMarHUYEeHHBIX HOHOB CTaja OTAEJILHOM 00JIaCThIO HCCIIEIOBAHUM TTOCTIEe TIPOBEACHUS Psiia AaKTUBHBIX UCIIBITAHUN B
OKOJI036MHOM KOCMHYecKoM npoctpancTBe B 60-80-x romax mpouutoro Beka, takux kak Tordo [1], AMPTE [2,3],
CRRES [4]. OxcriepuMeHTSHI 10 BRIOPOCAM IUIa3MBbl IIAHUPYIOTCS B Oyaynmx Muccusx, Hanpumep, SMART [5], B
CBSI3U C BO3MOXXHOCTBIO IIE€pe/iaBaTh 3HEPIUIO HA OOJBIINE PACCTOSHUSA M T'€HEPHPOBATh PA3IMYHBIE BO3MYIICHUS,
CIOCOOHBIE BIMATH Ha CITyTHHUKOBBIE CHCTEMBI (CBsI3b, HaBHraumus u npodee). HecMoTps Ha TO, YTO HaTypHBIE
9KCTIEPUMEHTHI C IUNIA3MEHHBIMH BHIOPOCAMH U MOCIIEI0BABIINE MHOTOUUCIICHHBIE JIAOOPATOPHBIE MO/ICIbHBIE OITBITHI
¢ Jla3epHO# 11a3Moii Ha psjae ycranoBok B Snonuun, CIIIA, CCCP u Poccuu [6] mo3Bosiniu 0OHAPYKUTh HOBBIE
SIBJICHUS ¥ 3HAYUTEIILHO NPOJBUHYTHCS B MX ITOHUMAHHUH, HEKOTOpPbIe (pyHIaMeHTaIbHbIe BOIPOCH TaK U OCTAIHCH
HeperieHHBIMHE [7]. OHAM U3 TAKHUX TPOIIECCOB SBISETCS KOJUTATC AUAMATHUTHOW KaBePHBI, KOTOPHIH MPOUCXOIUT
C aHOMAaJIbHO BBICOKOM CKOPOCTBIO U HE MOXXET ObITh 0OBSICHEH Muddy3ueil MarHUTHOTO TOJIS, PACCUUTAHHON U3
KYJIOHOBCKUX CTOJIKHOBEHHH 3JIESKTPOHOB ¢ MOHaMu [8], mwin Jake aHOMAaNbHBIM paccesHHeM Ha TypOYyJICHTHBIX
MyJIbCalusaX HIKHErnOpuaHoi npeiidosoit HeycroiunBoctu (LHDI) [9].

B mpemsiaymmx skcnepumenTtax aBTopoB [10], BBIMOJIHEHHBIX HA KPYMHOMACIITAOHOM J1a3epHO-TUIA3MEHHOM
creane KU-1 (MJI® CO PAH) Obuto mokaszaHo, 4To TpH CyO-ATb(PBEHOBCKOM pasiieTe oONlaKa Ja3epHOU TIa3Mbl
(OJII) Bo BHemIHEE MarHUTHOE moJie By B peskume cnabo-3amarauueHHbIx HOHOB (Ma=Vo/Va << 1; RLi/Ry = 1; 31ech
Vo cKOpOCTh paziera obmaka, Va — ckopocTh AnbBeHa B OKpYIKaroliel miazme, Ry i— JlapMopoBckuii pagnyc HOHOB

obmaka, R, = }/3E, /B’ — paauyc TopMoxeHus 0biaka ¢ sueprueii Eo), KoJanc ImaMarHuTHOH KaBEpHBI IPOMCXOTUT

HE TIPOCTO aHOMAJIBHO OBICTPO, a B BUJE TepeHoca cO CKOPOCThio V¢ ~V, ¢ mojiepKaHueM BBICOKOTO TpaJHeHTa
MarHuTHOrO Toins. B pabore [11] Obuto oOHapyxeHO, 4TO mpu pasiere chepudecku-cummerpudnoro OJIII B
OJTHOPOJTHOE MAarHUTHOE IM0J€ B TOKOBOM CIIO€ JHMAaMarHUTHOW KaBepHbI T'€HEepHpYeTCs KpyHmHOMaciiTabHoe
a3UMYyTaJIbHOE MarHUTHOE T10JIe, MMEIOIIee KBaPYOJIbHYIO MPOCTPAHCTBEHHYIO KOH(PHUTYPALIUIO B MEPUAMOHAIBHON
IUIOCKOCTH. DTO MOJie SBJISETCS NpOsBIeHHEM TpexMmepHoro sddexr Xomna (wieHom JxB/ne B 3akone Owma),
BBI3BAHHOT'O PA3JIMYHMEM B TPACKTOPHSIX ABHKEHUS M CKOPOCTSIX HOHOB M 2JIEKTPOHOB IIJIa3MEHHOTro 00iaka. B ciyuae
RLi/Rp = 1 noHHO-TITa3MEHHAS IIHHA ¢/Wpi OKA3BIBAETCS CPABHUMOM C PaanycoM 00Jaka IpH ero paciiupeHud 10 Ry,
YTO SIBJISETCS JIOCTATOYHBIM YCJIOBHEM JJISI MPOSIBICHUS XOJUIOBCKHX 3ddekToB. B skcrepuMeHTax Tarke ObUIO
00HapyXEHO, YTO MMEHHO JJIEKTPOHHBIE TOKH, CBSI3aHHBIC C XOJUIOBCKMM MAarHUTHBIM IIOJIEM OTBETCTBEHHBI 32
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Xonnosckue sgpgpexmut u Konanc QuamazHumMHoU KagepHvl npu pasneme 001aKa 1a3epHOL NAA3MbL 8 3AMACHUYEHHbIT POH

AQHOMAaJIBHO OBICTPHIM KOJUIANIC JMaMarHUTHON KaBepHBI. Pe3ynbTaThl IKCIIEPUMEHTOB HAlUIM KadeCTBEHHOE U
KOJIMYECTBEHHOE MOATBEPKACHNE B YUCICHHBIX pacdeTax THOPHAHBIM KomoM [12]. OtMeTrnm, uTo 0OHApYKEHHOE
SBJIICHHAE UMEET NMPAMYIO GH3HYECKYIO aHAJIOTHIO ¢ M3BECTHOM 3a1aueli MAarHUTHOTO NIEPECOSANHEHHUS B OKPECTHOCTH
X-Toukd Ha MaciTabe MOHHOW MiasMeHHO# mmuHbl [13,14], roe addexr Xomma Takke NPUBOAUT K OBICTPOIt
JMHAMUKE MarHUTHOTO II0JISl B OTPBIBE OT ABH)KCHUS HOHOB.

Oxkcmepuments [10,11] 6sun peann3oBaHsl B BAKYYMHOM MarHHTHOM TIOJIe, T.€. (JOHOBas IIa3Ma, CBA3aHHAS C
MOHM3aLMed OCTaTOYHOTO rasa, Oblla OuYeHb HU3KOW KOHIEHTpaluu. B HacTosieil pabore BrepBbIe HUCCIEoyeTCs
KOJUIATIC IMaMarHUTHOW KaBepHBI IIpH paziere cpepryeckoro OJII B pa3zpexkeHHYy0 3aMarHi4eHHyo 1iazmy ((oH),
YTO SBISACTCS CIEAYIOIINM Ba)KHBIM LIATOM B IIOCTPOCHHH IOJHONH KApTHUHBI XOJUIOBCKHX S((EKTOB B IaHHOI
npobieme. PesynpraTtel paboThl HEOOXOIMMBI Ul COBEPLICHCTBOBAHUS yXKE HMEIOLIMXCS WM ITOCTPOCHUS HOBBIX
a/ICKBAaTHBIX TEOPETHYECKUX U YHCIEHHBIX IIPOrHO3HBIX MOJIENICH BEIOPOCOB 1a3Mbl B MarHutochepe 3eMiH.

CxeMa 4 mapaMeTpbl IKCIIepUMEHTAa

OmnsiTel poBoamiHck Ha creHae KU-1 ¢ BakyymHO# kamepoil nuamerpom 1.2 M. W [UIMHOH 5 M C OCTaTOYHBIM
nasinenueM He xyxe 2-10 Topp. BHyTpu kameps! co3qaBanoch OJHOPOJHOE MarHMTHoe mone Bo = 45+100 Ic.
MHAyKIMOHHBIN TeTa-TIHY 3aNI0JIHSIT BeCh 00beM (DOHOBOM IITa3MO M3 MPOTOHOB C BaphbHPYEMOH KOHIICHTPAIIUEH
B quanasone Ny = 101%+10%° cm® ¢ xapakrepubim Bpemenem 100 mkc. TTocie 9TOro co3naBanoch 06Iako MIasMbl ¢
ucnonb3oBanueM m3nydenus CO; nazepa ¢ ATUTEIBHOCTRIO HMITyJbca ~100 He u 3ueprueit ~300 Jx, pasaencHHOE
Ha YeThIpe Jy4a Juis oOJdydeHHsl 0 CXeMe TeTpadapa mapoodpa3Hoil MuiieHn auameTpoM 4 mMm. JlazepHble mydKu
(hOKyCHpPOBAIKCH B IIATHA TUAMETPOM 12 MM H IIOTHOCTHIO TOKPEIBAITN. MUIICHB, PACTIOJIOKEHHYIO B IICHTPE KaMepHI.
B kadecTBe Marepuana MUIICHH Hcmonb3oBancs monudTmwieH (CoHs), 1 OJII coctostia u3 mpotoHoB HY, 1 HoHOB
yIJIepoia ¢ pa3HoOli CTeNeHbI0 HOHU3ALNUH, IpeuMyIecTBenHo C*3,

Jiisi  perucTpamyii MarHUTHBIX BO3MYIICHHHA WCIIONB30BAIACH 3-X KOMIIOHGHTHBIC MAarHUTHBIC 30HABI C
s deKkTuBHON Momanpo S = 1 cM? Kak/aas, SKPaHUPOBAHHBIE OT IEKTPOCTATHYECKMX HABOJOK M 3alUIIEHHBIE OT
BO3JICHCTBUS SHEPTUYHBIX 3aPsHKEHHBIX YaCTHI] TUTa3Mbl. [[J1s1 mpsiMOTO M3MEPEHHUs SJIEKTPHUUECKUX TOKOB B TJIa3Me
ucnonp3oBaics mosic Porosckoro. KoHneHnTparus mia3Mel m3Mepsiiach 30HAamMu JleHrmiopa. ['eomerpus momneit u
pacrioyio’)keHre JHarHOCTHKH MoKa3aHo Ha puc. 1. Bomee moapobHoe ommcanne ycraHoBku KM-1 MOXHO HalWTH B
[11,12].

Toxn Xomwna

Iosnc Poroeckoro
Z=-10cmM o

MaraHTHEI

JOH/TEI

R~

Pucynok 1. [lonoxeHue na3epHOW MHIIEHH (CHHMM) M JMaMarHWTHas KaBepHA C CHJIOBBIMH JIMHUSIMH
BHEITHETO MarHuTHOTO moiisi Bo mpum pasmere mmmasmenHoro o6maka. Takxke cxeMaTHYHO H300pakeHa
TeOMETpPHUSl XOJJIOBCKMX MArHUTHBIX MOJeH Brai (4epHBIM) W COOTBETCTBYIONIIMX TOKOB 3JIEKTPOHOB CO
CKOpOCTBIO Ve (KpacHBIM), PacIOJIOKEHWE MarHWTHBIX 30HJIOB M mosca Porosckoro (3emeHbiM). Rp -
MaKCUMAaJIbHBIN pasinyc AMaMarHUTHON KaBepHBI, B TAHHBIX OIBITaX MPHUMEPHO paBHBIN 15 cM.

Pe3yabTarhl 3kcniepuMeHTa

C moMouIbl0 CHCTEMBI M3 YEThIpEX MArHUTHBIX 30HA0B M3, M2, RM1, RM2, nomMmemeHHbIX CHUMMETPUYHO
OTHOCHUTEIILHO KBATOPHUATBHOMN MIIOCKOCTH B YETHIPEX PA3IMYHBIX KBaJIpaHTax, ObLIa M3MEPEeHa IMPOCTPAHCTBEHHAS
KOH(UTYpaIysi MarHWTHBIX TOJIEH MpHW pa3HON KOHIEHTparuu (OHOBOW IUIa3Mbl, CO3/aBa€MOU TeTa-TUHYOM.
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PucyHok 2 neMOHCTpHpYeET, Kak IPUMEPHO B MOMEHT BpeMeHH 1-2 MKkc opMHpyeTcsl JuaMarHuTHast KaBepHa, a B 7-
8 MKC IpOHCXOAUT ee 00paTHBIN BHOC. XO0JUIOBCKOE MarHUTHOE TI0JIe HabmogaeTcs Ha (as3e KoJulanca U JOCTHTacT
BenmauHbI 10 40% ot Bo. [Ipy 5TOM 0OHO MEHSET 3HaK OT OJHOTO KBaJpaHTa K APYTOMY, a TAKKE MPH MEPECCUCHUH
(¢poHTa IMaMarHUTHOM KaBepHBI. XOpOIIas KOPPEJsLUs BPEeMEHH HPOXOXKICHUS oOpaTHOro ()poHTa KaBEPHBI C
MaKCUMAQJIbHOW BEJIMYMHOW a3MMyTalNbHOH KOMIIOHEHTHI M €€ PEe3KHMM H3MCHEHHEM 3HaKa JONOJIHUTEIHHO
MOATBEPIKIACT CBS3HOCTH 3THX (DM3MYECKHUX INPOLECCOB. DTOT IPOLECC IPOTEKaeT, ¢ HEKOTOPHIMH BapHaLUsAMHU,
MIPUMEPHO OJMHAKOBO JUISl 4-X 30HOB, PACHIOJIOKEHHBIX B Pa3HBIX KBaJIPaHTaX OTHOCHTEIEHO MUIICHH.
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Pucynok 2. JlunamMuKa a3uMyTaIbHOW KOMIIOHEHTHI MarHUTHOTO TIoJst By mipu paznere OJIII B mone 100 ['c u
(OHOBYIO IUIA3My pa3IMYHON KOHLEHTpAalUuM (IOKA3aHO pa3HBIM [BETOM) B pa3HBIX KBaJpaHTax
CHUMMETPUYHO OTHOCHUTEIHHO MHIICHHM (CHHHUII Kpyr B LIEHTpPE, TOYHOE IOJO0KEHHE 30HAOB YKa3aHO Ha
pucyHkax). [IlyHKTHpHAs JTHHHS AEMOHCTPHPYET AUHAMHUKY BO3MYIICHHS OCHOBHON KOMITOHEHTHI OISt By, ¢
yKa3aHHOW 4YepHOW CTpenkoil (a3oil (opMHpOBaHWS TUAMATHUTHOW KaBEpHBI M ee¢ Kojuarca. KpacHbie
CTpPEJKH YKa3bIBAIOT Ha a3UMYTaJIbHBIE BO3MYIIEHHS, COOTBETCTBYIOIINE XOJIOBCKMM MAarHUTHBIM IIOJISIM,
OTBETCTBEHHBIM 3a KOJUIAIC AMaMarHUTHOH kaBepHbI. HyneBol MOMEHT BpeMEHH COOTBETCTBYET CO3IaHHUIO
OJIIT ummysibcoM Jlazepa.
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PucyHnox 3. OcuusuiorpaMMbl INIOTHOCTH TOKA, H3MEPEHHbIE MOsIcOM POrOBCKOTO Ha MOJIIOCE OTHOCUTENBHO
nazepHoi mutienu (Z = -12 cm) npu paznere OJII Bo BHemHee marHuTHOE Tojie Bo = 100 I'c u poHOBYIO
IUTa3My pa3HOW KOHIEHTpanuu. [Ipu oTpHIaTeIbHOM CUTHAJIE C TIosica POrOoBCKOro TOK HaIpaBJICH B CTOPOHY
murieHd. CepbIMH TOYKAMU ITOKa3aHa TUHAMUKA BO3MYIICHUS! OCHOBHOW B; KOMIIOHEHTEI.
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[IpenBapuTensHOE 3aM0HEHIE BAKyyMHON KaMepbl (DOHOBOM IIa3Moi C Pa3sIUYHONW KOHICHTPAIUEH MPUBOIUIO
HE TOJIBKO K YMEHBIICHHUIO XOJUIOBCKUX MOJIEH, HO U K YMEHBILICHUIO BETMYMHBI COOTBETCTBYIOIINX TOKOB (PHCYHOK
3), KOTOpBIE U3MEPSUTHCH TTOSICOM POTOBCKOTO Ha OHOM M3 TTOJIOCOB (Ha ocH Z) (cM. pucyHOK 1). OTMETHM, UTO TOKH

ObLIM HANpaBjeHBl B CTOPOHY JIA3€PHOW MUIIEHH, B COOTBETCTBUM C TEOPETHYECKHM aHAIM30M M YUCIECHHBIMH
pacueramu (puc.1, [11]).
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Pucynok 4. A - BosmymeHns ocHOBHOH B, KOMIIOHEHTHI (CILIOIIHBIE KPHBBIC), JIEMOHCTPUPYIOIICH
JWHAMHKY JHaMarHHTHOM KaBepHBI U a3MMYTaJIbHOTO MarHUTHOTO Touist By (Toukamu) npu paznere OJII B
BaKyyMHO€ MarHuTHoe mnoje Bo = 45 I'c (uepHbIM) U 3aMarHM4YeHHYI0 ()OHOBYIO IJIa3My C KOHLIEHTpaIHeH
Ny = 5.5-10" ¢m3 (kpacHbIM), u3MepeHHble Ha paccTosHMU R = 10 ¢M oT nasepHoil mMuumenu. b -

3aBHCHMOCTh BPEMEHH Hadaja Kojularca KaBepHbl T¢ (YEpHBIM) M BEIMYMHBI a3UMYyTalIbHOTO 1o By
(KpacHBIM) OT KOHIIEHTpalXu (pOHOBOH ILIa3MBl.

Ha pucynxe 4A OT4YeTIMBO BHIHO, KaK NPHCYTCTBHE (OHOBOW IJIa3Mbl HE TONBKO 3HAYUTEIHHO yYMEHBIIAET
XOJIJIOBCKOE MarHUTHOE T10JIe, HO M BJIMSET HA XapaKTep IPOTEKaHUs KOJUIAIca JHaMarHUTHON KaBEpHBI, KOTOPBIH
MPOUCXOJUT TEIeph 3HAYMTENBHO MO3XKe, MEJICHHee W 0e3 3aMeTHBIX ()a3 BHOCA MAarHUTHOTO IOJISI C KPYTBIM
rpaauenToM. IIpu NoBbIeHnH KOHIeHTpauK GoHoBoi masmsl ¢ 0 10 3-10%! cm® Habmoaetcs nponopLroHanbHoe
YMEHbILEHNUE aMIUTUTYAbl XOJUIOBCKOTO MarHUTHOTO MOJIS U 3a/iep)KMBaHue Havyaia (as3bl Kojuiarnca AuaMarHUTHOM
KaBepHBI. JlabHelinlee MoBbIIEHNE KOHIEHTPai (oHa BILIOTH 10 Ny = 9.5-10 ¢cm® npakTuueckyn He OkasbiBaeT
BIMSIHUSL HA JIaHHBIC BenuuuHBl. OTMETHM, YTO CKOpocTh Ajb(dBeHa mamaet 10 Benuuuabl 100 kMm/C mpu

xoHueHTpauuu dona 10'? cm3, u Takum o6pasom, B3auMOECTBHE OBLIO BO BCEX PACCMOTPEHHBIX YCIOBHUAX JI0-
AnpdseroBckuM Ma<<1.

3aKkiIoueHne

B xoje mpoBeneHHOro J1abOpaTOPHOrO SKCIEPUMEHTa BIEPBbIE ObLI MPOAEMOHCTPUPOBAH A(GQEKT MoJaBICHUS
(boHOBOIT Mm1a3Moil XowIoBckuX 3((deKToB mpu pasnere obliaka IUIa3Mbl B MarHWTHOE MOJIE B peXHME ciabo-
3aMarHMYCHHBIX HOHOB. YBEIHYCHHE KOHLEHTPAHU (OHOBOW IIa3Mbl MPUBOAUT K MOCTEIIEHHOMY YMEHBIICHHIO

A3UMYTAJIbHBIX MAarHUTHBIX noJieit u COOTBETCTBYIOIIUX TOKOB 3JICKTPOHOB, BHOCAIINX OCHOBHOC MAarHMTHOC I10JIC€

Ha (1)336 KoJuialica ,Z[HaMaFHHTHOﬁ KaBCPHBI. VYMeHbIIIeHHe XOJUIOBCKHX TOKOB TaKXKe COITPOBOXKAACTCA

KapJMHAJILHBIM M3MEHEHHMEM XapakTepa KoJulanca KaBepHbl. Bo3BpalieHne KaBepHBI B NPUCYTCTBUHM (DOHOBOI
IUIa3MBI TIPOTEKaeT Oosee IUIaBHO M 3aMETHO IO3XKE IO BPEMEHH. JTO JONOJIHUTEIBHO IMOATBEPIKAACT CBSI3b
QHOMAJIBHO OBICTPOTO KOJUTAaliCa KaBepHBI C XOJUIOBCKIMH MAarHUTHBIMH TOMAMH. DH3WYECKHA MEXaHHU3M
noxasienust sddekra Xomra B 3amaue pasnera cdepudyeckoro OJIII B 3aMarHMUEHHYIO Cpeay NPUCYTCTBHEM
(hoHOBOW TIA3MBI, TO-BHAWMOMY, CBS3aH C BIUSHHEM (DOHOBBIX JJIEKTPOHOB Ha Tpouecc (GopMupoBaHHS
a3MMYTaIbHBIX MATHUTHBIX MTOJIEH 1 TpeOyeT HaabHEeHIIero NCCieI0BaHMts.

PaGoTa BbInonHeHa npu noaaepxke rpanta PHO Ne 24-62-00032, https://rscf.ru/project/24-62-00032/.
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NUMERICAL MODELING OF THE GENERATION ALFVEN WAVES BY
LASER PLASMA IN A MAGNETIZED BACKGROUND PLASMA AT
ALFVEN-MACH NUMBERS LESS THAN ONE

A.G. Berezutsky, V.N. Tishchenko, I.B. Miroshnichenko, A.A. Chibranov, I.F. Shaikhislamov

Institute of Laser Physics of the Siberian Branch of the RAS, 15 B, Ac. Lavrentieva ave., Novosibirsk,
Russia, 630090; e-mail: a.berezuckiy@yandex.ru

Abstract. The paper presents a comparison results of numerical simulation of the generation the Alfven and slow
magnetosonic wave created by periodic laser plasma bunches in a magnetized background plasma in the pre-Alfvenic
bunch expansion (Ma=0.2) and Ma=1. It is shown that, regardless of the mode, Alfven wave localized in a magnetic
flux tube of radius Rq~1, and the efficiency of converting plasma bunches into an Alfven wave at Ma= 0.2 is several
times higher than the value obtained at Ma = 1.

Introduction
The wave merging mechanism (WMM) is a method of resonant interaction of periodic laser plasma bunches with
surrounding environment has been experimentally confirmed for gases [1], magnetized plasma [2] and in a magnetic
field [3]. In a gas, periodic plasma bunches generate an extended wave that has characteristic frequencies in the
infrasonic range. In a magnetized plasma, merging mechanism forms a low-frequency wave, the length of which
linearly depends on the number of laser pulses that create the bunches.

Previously, using numerical modeling and laboratory experiments on the Kl-1 facility, the relationships linking the
parameters of laser plasma and surrounding background for the generation of intense and extended Alfven and slow
magnetosonic waves were determined [2,4]. The main criterion of the WMM is the dimensionless repetition frequency

of plasma bunches: w = Zﬁ ~ wy is approximately equal to the “resonance” value wg, Which depends on the type of
A

excited waves. Here f is the physical repetition frequency of the bunches, Ca is Alfven velocity, and Ry is the braking
radius of the laser plasma bunches by the magnetic field, which depends on the bunch energy:

1 1
_ (23 _ 8mQ \3
Ra = (p) - (Bg(1+5)) '
For low-frequency Alfven waves for different plasma expansion conditions (Ma~0.2+1), the resonant frequency lies
in the range wr ~ 0.2 — 0.3. To form an intense Alfven wave, the main criterion is supplemented by the following
conditions:

1. The ratio of the Larmor radius of the source ions to the ion-inertial length of the background satisfies the following
inequality:

m;zy

a=MA‘ >5,

moZz;
where mj, Mo, zj u 2o are the mass and charge of the ions of the bunch and background, respectively. In the region o <
5, the Alfvén wave is unstable and its amplitude is small. At o> 5, the wave amplitude increases with increasing o.
2. The Larmor radius is approximately equal to the braking radius of the magnetic field: R, = r;/R;~0.5 =+ 1.5,
where 1 is the dimensional Larmor radius of the ions of the plasma bunches.
3. The ratio of the ion-inertial length to the dynamic radius of the plasma bunch:

_ lpi[cm] _ c/wp;

bi = o = a2 ~01+ 0.3,

At Lpi > 0.3, the amplitude of the Alfven wave decreases and whistlers predominate in the environment.
4. The ratio of the thermal pressure of the background plasma to the pressure of the external magnetic field:

8rk((1+ Zyny )T,
_ (( 2o) o)o<1
B;

’

where ng, To, Zo are the density, temperature and charge of the background plasma. Depending on the value of B, the
properties of the generated waves change.
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Thus, when all relations are satisfied, extended Alfven, slow magnetosonic waves and whistlers of maximum
amplitude are generated in magnetized plasma, and the efficiency of converting plasma bunch into waves becomes
maximum. Waves transfer energy, momentum and angular momentum [2-4]. This paper presents the results of
numerical modeling for the generation of Alfven and slow magnetosonic waves by a train of laser pulses in magnetized
background plasma at different Alfven Mach numbers.

Numerical model

To study the generation of low-frequency Alfvén and slow magnetosonic waves, the electron MHD model is used in
calculations. Its detailed description is given in [5], so below we will give a brief main point. The model is three-fluid,
the first fluid describes the source ions, the second — the background plasma ions, and the third —the common electrons.
The source of disturbances is periodic bunches of laser plasma with ions having mass mi and charge z;. Each plasma
bunchs expands and interacts with the background plasma and the external magnetic field. The background is
considered as a collisionless, magnetized and completely ionized plasma with its own concentration, masses mo and
charges zo. The parameters of the problem were normalized to the concentration of the background plasma, magnetic
field and Alfvén velocity. The dynamic radius was used as a characteristic spatial scale of the problem. The geometry
of the problem is cylindrical.

The expansion of plasma bunches leads to the displacement of the magnetic field and the formation of a cavity,
which creates an electric field, which in turn sets the ions of the background plasma in motion. Then, the background
plasma interacts with the plasma of bunches due to the adhesion of liquids through the Lorentz force and twists,
compressing along the axis of symmetry, which leads to an increase in pressure and the outflow of plasma along the
magnetic field lines. In a periodic process formed a plasma flow, containing Alfven and slow magnetosonic waves,
which propagate along the magnetic field lines. The waves transfer energy and momentum (magnetosonic waves), as
well as the angular momentum (Alfven waves). The formation of extended and intense waves occurs due to the
resonant interaction of periodic plasma bunch with the background plasma and magnetic field.

Results

Figure 1 shows the spatial structure of low-frequency waves generated by N=5 laser plasma bunches in the pre-
Alfvenic expansion mode of bunches propagating in magnetized hydrogen plasma. As was shown in [6], Alfven wave
consists of two parts: the front part (1), which is formed after the bunches cease to act, and extended tail formed by
radial pulsations of the bunches. A slow magnetosonic wave (3) propagates behind the Alfven wave, containing the
main share of the source energy.

Figure 1. Spatial structure of waves in the Ma=0.2 mode: 1 - Alfvén wave; 2 - extended "tail" of Alfvén wave;
3 - slow magnetosonic wave; 4 — source that generates a sequence of laser plasma bunches.
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Figure 2. Distribution of the longitudinal current Jz of the Alfvén wave (left) and longitudinal pulse of the
slow magnetosonic wave (right) for the Alfvén-Mach number Ma=0.2 and 1.
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Figure 2 shows the distributions of the azimuthal current of the Alfven wave and the longitudinal pulse of the
magnetosonic wave at Ma=0.2 and 1. At Ma=1, the Alfven wave consists only of the front part, due to the energy
expenditure of the bunches not only on wave generation, but also on the plasma flow. Simulation parameters: number
of pulses N=5, Mach number Ma=0.2, bunch pulsation frequency o= 0.33, p=0.01, L =0.1, m;=207. The ions of the
bunches and the background are ionized once. The center of the bunches is localized at the point R=0, Z=0. The spatial
boundary of the computational domain along is AZ=0+120, AR =0+10.

Figure 3 illustrates the radial distribution of the azimuthal magnetic field of the Alfvén wave in the Ma=0.2 and 1.
As in the case of Ma=1 [7], the wave localized in a magnetic flux tube of radius ~ Rd. The amplitude of the
disturbances reaches of AB/Bo~ 0.2.

0,25
Bo —M,=1

0,20\ M,=0.2
0,15 \\
o] \

ool \
N

1 2 3
R

Figure 3. Radial distributions of the azimuthal magnetic field of Alfvén wave for the Alfvén-Mach number
Ma=0.2 and 1.

0,00

Figure 4 shows the dependence of the thermal B efficiency of Alfvén wave generation at Mach numbers Ma=0.2
and 1. At Ma~1, the efficiency of Alfvén wave generation is approximately 7 %, while in the regime pre-Alfvénic
expansion, the efficiency of converting bunches into an Alfvén wave reaches of 40 %.
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Figure 4. Efficiency of conversion plasma bunches into an Alfvén wave depending on thermal 3 at values of
the Alfvén-Mach number Ma=0.2 and 1.

Descussions

Thus, the wave merging mechanism allows generating an extended plasma flow, Alfven and magnetosonic waves of
large amplitude. In the pre-Alfven interaction plasma bunches with magnetized plasma (Ma=0.2), the Alfven wave
length increases several times, and the efficiency of converting bunches into a wave reaches 40% (at Ma=1, the
efficiency is ~7%). Regardless of the generation mode, the waves propagate in a magnetic flux tube of radius Rd.
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AHHOTAIIUS

B crathe paccMaTpuBarOTCs 0COOCHHOCTH MAarHUTOC(EPHOrO OTKIMKA HA BO3JCHCTBHE AMAMArHUTHON CTPYKTYPHI
COJIHEYHOTO BETPa, BHI3BABIIIETO TEHEPAIMIO TE€OMAarHUTHBIX MyJbcanuid Pcl Tuna meBpoH, 3aperucTpupoBaHHBIX Ha
cet MarauToMeTpoB CARISMA u ciytaukax THEMIS 07.09.2023. MccnemoBansl UX CBsI3b ¢ CyOOypeid, IIUPOTHO-
JIOJITOTHBIE W 4YaCTOTHBIE XapaKTepUCTUKH. Ha OCHOBE MPOCTPaHCTBEHHO-BPEMEHHBIX 3aKOHOMEpPHOCTEH B
pacmpocTpaHeHUH MyJbcaluii U 0cOOEHHOCTEN CBs3M C Cy0Oypei, mpeljioxkeHa TUIOTe3a WX MPOUCXOXKICHHUS B
pe3yabTate BhIOpoca cyOOypeBOro Iia3MouIa U3 XBOCTa MAarHUTOC(EPHI U €ro JBHKCHHUSA B CUCTEME KOHBEKIIHU
MarHuTOC(Ephl 3alaJHOM HAIIPaBJICHUN.

KuroueBble cJ10Ba: reoMarHuTHBIE Mynbcaluu Pcl Tuma meBpoH, JuaMardHuTHas CTPYKTypPa COJHEYHOrO BETPa,
cy00ypeBoil mIa3MouI.

Brenenne

'eomaraurtHbie myabcanun (f =5+ 0.002 I't) ABISOTCS BaXKHBIM Te0()H3MIECCKUM SBICHUEM, TaK KaK OHH OTPaXKAIOT
TIPOIIECCHI B3aUMOJICHCTBUS COJTHEYHOTO BeTpa ¢ MarHuTocdepoit 3emmu [1 yavervmu u Tpouykas, 1973; I'irvenvmu,
1978]. Ilynbcanuu pasfensroTcss Ha HECKOJBKO THIIOB B 3aBHCUMOCTH OT YaCTOTHBIX JUANAa30HOB U YCIOBHM
reHepanuu. B cratee paccMarpuBaroTcst Mopdoiornieckne 0coOCHHOCTH ¥ BO3MOYKHAS ITPUPO/IA OTHOTO U3 HEIaBHO
oOHapyXEHHBIX THIIOB IyJbcaruu Pcl, mpencraBmsiomux co0oil KpaTKOBpEeMEHHbBIE BCIUIECKH ¢ Apel¢oM 1o
4acTOTe U paclieIUICHHEM CIeKTpa B quamnasone 4yactoT oT 0.2 5o 0.07 ', KoTopble MOoTyYriIn Ha3BaHUE «IIEBPOH»,
Omaromapst MX YHHKQJBHOW CIEKTporpaMMme, HallOMHHAIONICH IIeBpOH (HAIIMBKY) Ha pyKaBe BOCHHOH Qopme
odunepos [Parkhomov et al., 2023]. Ilynscaruu acCONMUPYIOTCS ¢ JUHAMHYECKUMHU TIPOIECCAaMU, IPOUCKOISIIUMH
B MarHuTocdepe Mo BO3AeHCTBHEM BO3MYIIIEHHUIH, BEI3BAaHHBIX COJIHEUHBIM BeTpoM. B wacToTHOM nmamnaszone Pcl mo
THITy JAHAMHYECKHX CIIEKTPOB BBIIENCHO Oonee 25 BuaoB m3mydenuii [Saito, 1979; Fukunishi et al., 1981;
TI'ynvenvmu, 1979]. Oanako vu B Mouorpadusx [[yneervmu u Tpouykas, 1973; IN'vavenomu, 1978], Hu B 00630pax
[Saito, 1979; Fukunishi et al., 1981], MbI He HaILTH YITIOMHHAHHU#T O BCIUIECKAX TAKOTO BH/IA.

[Mynascatmmm Pcl oObrdHO HaOmromaroTcsi B CyO0aBpOpalIbHBIX MIMPOTaX W HMMEIOT CBS3b C H3MEHCHHSIMH B
MarHurocgepe, BbI3BaHHBIMHU IUIa3MOWAAMH, JUKETAMH M 3JIEKTPOCTPYSIMHU, MOPOXKICHHBIMH COJIHEYHBIM BETPOM.
Henaeaue uccnenoBanus mynbcarmii Pcl, mpoBenerHbIe Ha OCHOBE cIyTHHKOBBEIX HaHHBIX CHAMP [Cagapeanees
u Tepewenro, 2019] mokaszany, 4TO MX YACTOTHBIE M HMPOCTPAHCTBEHHBIC XAPAKTEPUCTHKU MOTYT M3MEHSATHCS B
3aBUCHMOCTH OT COJIHEUHBIX SIBICHHH M Treorpaduyeckoil mmpoTsl. OmHAKO MEXaHM3MBl T'€HEpallMd TaKHX
MyJnbcalni, KaKk M WX HPOCTPAHCTBEHHO-BPEMEHHBIE 3aKOHOMEPHOCTH, OCTAlOTCAd HEACHBIMH W TpeOyloT
JlaNIbHEHUIIETO U3yUEHUSI.

JlanHble HA0JI0eHUIT U MeTOIbI AHAJIU3Aa

B craTbe paccmarpuBaroTCs reoU3NIECKUE YCIOBHS, IPOCTPAHCTBEHHO-BPEMEHHBIC 3aKOHOMEPHOCTH M BO3MOXKHAs
npuuMHa reHepanuu meBpona Pcl, 3aperuncrpupoBannoro 07.09.2023 na cerm marmuromerpoB CARISMA
(https://www.carisma.ca/) (Ta6mn. 1,2) n cnyraukax THEMIS (http://themis.ssl.berkeley). Mcnonp3oBanucey nanHble
ceru Intermagnet (https://imag-data.bgs.ac.uk/GIN_V1/GINForms), a Taxxe 3amicu HHIYKIMOHHOTO MarHUTOMETpa
obcepBaropun Ilaparynka http://www.ikir.ru. lHaekcsl MarHuTHOM akTHBHOCTH M BEKTOPHBIE AMArpaMMbl TOKOB
3aMMCTBOBaHBI ¢ caifiToB https://supermag.jhuapl.edu/indices u https://space.fmi.fi/image/www/index.php?
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Tadaunua 1. Cets marauromerpoB CARISMA.

Ne ObcepBaropust Kon Mupota Honrora L re
1 Taloyak TALO 69.54 260.45 29.96
2 Rankin Inlet RANK 62.82 267.89 12.44
3 Fort Churchill FCHU 58.76 265.45 8.18
4 Gilliam GILL 56.57 265.32 6.66
5 Island Lake ISSL 53.35 265.34 5.40
6 Pinawa PINA 50.19 263.36 4.25
7 Fort Chipewy FCHP 58.77 248.89 6.25
8 Rabbit Lake RABB 58.22 256.32 6.57
9 Fort Smith FSMI 60.01 248.05 6.81

Ta6auna 2. Magnetic observatories.

Ne Ob6cepBaropust Kon Tupota Jonrora
10 Abisco ABI 51.61 100.81
11 Lerwik LER 60.13 358.81
12 Jan Mayen JAN 70.90 351.31
13 ITapaTyHka PET 52.94 155.25

Jnst 06paboTKH 3anucei HHIYKIMOHHBIX MATHUTOMETPOB HCIIOJIBb30BAIHUCH IIPOTPaMMEI CIIEKTPAIbHO-BPEMEHHOTO
ananu3a CBAH u y3kononocHoit nuHelHo# ¢unbrparuu no anroputmy Mapmé [Marmet, 1979].
OpOuTHI CITyTHUKOB, JaHHBIE KOTOPBIX HCIOJIB30BaHbl B paboTe, pHBeieHE! Ha Puc. 1.
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Pe3yabTaThl Ha0 10 eHUIT

Ha Puc. 2 mama criektporpamMma HCCIeoyeMOoro MEBpOHa U ero cpaBHenue ¢ meporoM Pcl B [Parkhomov at al.,
2023]. B mpuBeréHHOM IIpHMepe BHIHA OONBIIAs Pa3HAIA B YACTOTHBIX ITOJIOCAX HAOMIOACHUS mynscammid: 1.6 + 0.3
I'n B mepBoMm mpumepe u 0.2 + 0.07 I'; Bo BropoM. BeposiTHO, Takas 9acTOTHas pa3HAIA MOXKET yKa3bIBaTh Ha COPT
MOHOB, ONPENCIIOINX YacTOTy TCHEPUPYEMBIX BOJIH B Pe3yJIbTaTe LUKIOTPOHHOW HeycToHdumMBoCTH [[yvenvmu,
1979; Kangas et al., 1998]. ['eomarauTHbIC Mynbcalui THna Pcl, B TOM 4mcne peakue myabCallii THIa MIEBPOH,
BO3HMKAIOT IpU B3aUMOJEHCTBHMM MarHuTochepbl 3eMiIM C CONHEYHBIM BeTpoM. OCHOBHBIM (bakTopoMm,
OTIPEIEIISIONIMM T'eHEPALHIO ITyJIbCALIUH, SBISETCS PE3KOE YCUIICHHUE aBPOPAIbHOM 3JIEKTPOCTPYH, YTO YacTO CBSI3aHO
¢ BbIOpocamu cy00ypeBbIX I1asMounoB. [Inazmounasl, apeiidys B aHTUKOHBEKIIMOHHOI CTpye Ha 3amaj] K JHEBHOM
CTOpOHE MarHuToc(epbl, CO3AAI0T yCIOBHS AJIsl BO30YKACHHS yJIbCaLnii.

CornacHo HCCIIeOBaHMUIM, TIPOBEeIeHHBIM Ha ocHOBe HaHHBIX ciryTHHKOB CHAMP 1 AMPTE/CCE [Cagapeanees
u Tepewenro, 2019], rerepanus Pcl-mynscarnmii darie BCero MpoNUCXOIUT B YCIOBUSIX OTHOCHTEIBHO CIIOKOWHOTO
TEOMarHUTHOrO (pOHA, KOTAA BO3MYIUCHHS MArHHTHOTO IIOJII B OCHOBHOM BBEI3BaHBI M3MCHCHHSMH CKOPOCTH H
IUIOTHOCTH COJIHEYHOTO BETPa, a He KPYIHBIMH MAarHUTHBEIMU OypsiMU. OZJHAKO HHOTJa TAKHe ITyJIbCallii BO3HUKAIOT
U B YCIIOBHSAX BBICOKOI T€OMarHUTHON aKTHBHOCTH, YTO YKa3bIBAET Ha CIIOKHYIO IIPUPOLY HX BO3OYKIACHUSL.
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Pucynox 2. IIpumeps! mespoHoB Pcl, At — nHTEpBaI MOCTOSHCTBA YaCTOTHI, JKEJIThIE MPSIMOYTOJILHUKH —
Y4YaCTKHU ONpEJIeNICHNs] TOHKOI CTPYKTYpBI Ha pUCYHKE 6.

TI'eoduszuyeckue ycjaoBusi BO30Y:KIEHUS
I'enepanus neBpoHa Pcl cBsizaHa ¢ pe3kuM KpaTKOBPEMEHHBIM YCHJICHHEM aBPOPAIBbHBIX TOKOB (BO3HHMKHOBEHHIO
BUXpS. Ha OKOJIONIOJIYHOYHOM MepuauaHe) Puc. 3a. VIMIynbCHBIE YCHJIGHHE JJIEKTPOJDKETa MPOSBILIIOTCS BO
BCIUieckax uHaexca SME u conpoBosKIaeTcsi reHepalieil BCIUIECKOB TeOMarHiTHBIX mysnbcanuii Pi2 (Puc. 3a, 6).

B paccmarpuBaeMOM COOBITHH, YCHJCHHE aBPOPAJIBHOTO JIIEKTPOJIKETa, BO3MOXKHO BBI3BAHO DHEPTUCH
JMaMarHUTHOW CTPYKTYPBI, KOTOpas MOCTYIIJIA B MATHUTOC(hEPY MPH KOHTAKTE C HEH.
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Pucynok 3. a) Bexktopras nuarpamma Toxos. Ha nmonynounom mepumuane (IMAGE) BugHO pe3koe ycuieHne
ToKOB; 0) Bapnanuu ungexcoB SME u SML. Ctpenkamu yka3ansl MOMEHTBI peructpaiuu Pi2.

Ha pucynke 4a mpexncrtaBieHBl BapHallMd MOIYJS MEXKIUIAHETHOTO MAarHUTHOTO IO (CHHAA KpuBas) M
koHueHrpaiuu CB (kpacHast kpuas) Ha ciiytHukax Wind u THEMIS — C, cocrapinsironye fuaMarHiTHYIO CTPYKTYpY
(o0BeneHo npsimoyrosibHuKOM DS). XapakrepHble JeTalid BapualMii Ha CIyTHUKAX U Ha3eMHbIH OTKIMK COEJIMHEHBI
OpsAMBIME THHUSAME. [Ipoxoxkaenne sHeprun DS BHYTph MarnHutoc(hepbl BBI3BIBAECT TCHEPAIHIO BCIUIECKOB Pi2
(ctpenkun), Havyajso cyOOypH M pe3Koe YCHICHHE 3alafHOro JJIEKTpojkeTa ¢ ero Opockom Ha cesep. Jlertann
MarHuToc()epHOro OTKIMKA Ha KOHTAKT ¢ DS mane! Ha Puc. 40, B: - MOJCIbHBIN PacyEéT TOKOBOM CUCTEMBI T10 JTAHHBIM
nenouku MarauToMeTpoB IMAGE (Puc. 4B) u IE - uHAeKc 1o maHHBIM nenoykun MarantomerpoB IMAGE. Peskoe
BO3pacTaHWEe ABPOPAIBHON aKTHBHOCTH, CBSI3aHHOE C TPOXOXKACHHEM IHaMarHUTHOH cTpykTypsl CB BHYTpH
maraurocdeps! [[lapxomos u dp., 2021], MOXKHO CUNTATh KPAaTKOBPEMEHHOI CyO00ypei.

CrnekTpajbHble XapaKTePUCTUKHU meBpoHa Pcl
Kax wu3BectHo [Axacoghy, 1971; Kangas et al., 1998], marautocdepHbie cyOOypH COMPOBOXKIAIOTCS TEHEpAIHiA
BCIJIECKOB T€OMArHUTHBIX Myibcanuii Tuma Pi 1-2 Ha mepuamane cy60ypu u IPDP (mynbcannu ¢ yMeHbIIEHHEM
Meproa) K 3amnajay oT Mepuaiana cyooypeBoit aktusuzanuu. IPDP, xapakTepHoit 0COO€HHOCTHIO KOTOPBIX SBISIETCS
pe3Koe HapacTaHHME YacTOTHI B TeUEHIE HECKOJIBKUX MUHYT, CBA3aHBI C MH)KEKIIKEH TIIa3MBI M3 XBOCTAa MAarHUTOC(EPHI
n apeiipoM minasMomja Ha 3aman. B paccMmatpuBaeMoM coOBITHH BCIUIECKA ITyJIbCAllMil K 3amajgy OT JOJTOTHI
cy00ypeBoil aKTHBHM3AIlMM, HAa JMHAMHYECKHX CIEKTpaXx MepuanoHanbHOW cetm MarautomerpoB CARISMA,
npe/cTaBIeHHBIX Ha Puc. 5, nabmonaercs meBpoH Pcl, B KOTOPOM MPOMCXOAUT U POCT, ¥ NaJIeHNE YaCTOTHI.
leBpon Pcl naunbonee otuérnus Ha obcepBaropun FCHU. Ha ciekrporpamme BuiHBI YCHIICHHBIE 110 aMILTUTY €
aJIeMeHThl (KENTasi cTpenka), KOTOpble pa3BEPHYTH IO aMIUIMTyJe — dactore Ha Puc. 6. Ha stom pucyHke
CHEKTpalbHasi MOIIHOCTh ONpefeNseTcs rpajanueil nseta. MaxkcuManbHas MOIIHOCTh — U€pHBIA 1BET. Mexny
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[[BETAaMM CIICKTpaJbHash MOLIHOCTh yObIBaeT B € pa3. MOXXHO OTMETHTb, YTO JMCHEPTUPOBAHHBIC 3JIEMEHTHI
mo00HEIe, eMeHTaM Pcl oTCyTCTBYIOT.
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Pucynok 4. a) Bapnanuu MomyJisi MEeXIUIAHETHOTO MarHMUTHOTO NOJIs (CHHSASL KpUBas) n KoHueHTpanun CB
(xpacHas kpuBas) Ha cnytHHKaX Wind u THEMIS-C u ropu3oHTaIbHONH KOMIOHEHTE T€OMarHUTHOTO TTOJIS B
aBPOPATBHHOI 30HE B OKOJIOTIOTYHOYHBIEC Yachl. Pi2 — MOMEHTHI peruCTpalii TeOMarHUTHBIX ITyJIbcanuii, DS
— JMaMarHUTHBIE CTPYKTYPBI, ONPEACIsAeMBbIe 0 OTPHLATEILHOMY Ko3(hduruenty koppensuuu (B,N ~-0.7);
0) MOZENBHBINA PacyéT TOKOBOH CHCTEMBI IO AaHHBIM Henodyku marautomeTpoB IMAGE; B) |E mazmekc mo
JTAaHHBIM 1ero4ku MarautometpoB IMAGE.

Ha camoii cesepnoii cranuuu TAJIO, cunoBas JTMHUS KOTOPOH MPOEKTHPYETCSI B MAarHUTOCIOH, B YaCTOTHOM
nmuana3zoHe 0.2 + 0.07 I'm perucTpupyrorcsi KojlebaHHWs C IIyMOBBIM CIEKTPOM C XAOTUYHBIMU YCUJICHUSIMH
MHTEHCHUBHOCTHU (TEMHBIE BKPAIICHHUS B CIIEKTPOTrpamMme).

Ha obcepBaTopusix MepuIraHa F0KHEee B MOMEHT, COBIAIAFOMINI ¢ TEPBBIM BCIIECKOM Pi2 Ha Mepuauane cy60ypH,
HauMHAETCsl HIIyMOBO€ U3ilyueHue B nojoce ~ 0.12 + 0.29 I'u, HuxkHss yactota kotoporo cmemaercs A0 0.07 I'n. Ha
obcepBaropun FCHU (30Ha MakcnMyMma aBpOpalbHOTO 3alafHOTO JIEKTPOPKeTa) GopMa CIeKTpa M3MEHSETCS U
nosieisieTcss Hapactatomasi o 0.2 I'm BerBr. Ha oOcepBaropusx k tory ¢opma cHekrpa He MEHSEeTCs, HO
WHTEHCUBHOCTHh yMeHbInaercsa. Ha oocepBaropun THRF (48°) kxonebanus orcyrcTByroT. Takum 00pazom, MIEBPOH
Pcl peructpupyercs n1okajlbHO B IIUPOTHOH nosoce ~ 62° +50°.

IIpocTpancTBeHHbIE XapaKTePpUCTHKH meBpoHa Pcl

Jnst ompezneneHus IIMPOTHO-AOITOTHBIX OcOOCHHOCTeH ImeBpoHa Pcl ucmosp3oBaHa Y3KONOJOCHAs YHCIOBAs
¢unpTpanus B mosioce nepruoaos 3 -15 ¢ punsTpoM, cozganHoM no anroputmy Mapme [Marmet, 1979]. Pesynbsratsr
¢unpTpanuy HabIOAEHUH BIOIb MepUIaHa IpeacTaBieHbl Ha Puc. 7a Pacipenenenue HHTEHCUBHOCTH KoleOaHUM
BJIOJb LIIMPOTHI OKa3aHO Ha Puc. 760. Pe3ynbrarsl GUIbTpalMu yCUNIUBAIOT apryMEHTAIMIO B HOJIb3Y JOKAJIbHOCTU

pacrnpocTpaHeHHs IEBPOHA HE TOJBKO MO IUPOTE, HO U 1Mo Joirore. Cxema Jiokanu3amuu mespoHa Pcl nmokasana Ha
Puc. 8.
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Pucynoxk 5. [lunamudeckue criekTpsl meBpoHa Pcl Ha Mepunnonansraoi nemouke CARISMA. Illespon Pcl
Haubonee oTyérTnmBo BuUJeH Ha obceparopun FCHU. 31ech Takke BHIHBI YCHIICHHBIE 10 aMILIUTYIE

3MEeMEHTHI (KENTas CTpesKa), KOTOpPBIE pa3BEPHYTHI IO aMIUTUTY/Ie — 9acToTe Ha Puc. 6.
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Pucynok 6. Tonkas crpykrypa yuactka wmeBpoHa Pcl 07.09.2023, BbIgeneHHOTO IKENTHIMHU
MPSIMOYTOJHPHUKAMHU Ha PHCYHKE 20.
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Pucynok 7. 8) Bapuanuu X- komrnonenTsl Ha cetu obcepBaropuiit CARISMA. a) puiibTporpaMMbl IHPOTHOM
KOMITIOHEHTHI X Ha MEPHIUOHAIBHON IIeTIouKe; 0) GuiIbTporpaMMBbl MysIbcaliii Ha o0cepBaTOPHsIX BIOIb L
o6ooukn ~6 Re; B) IUPOTHBII X04 OTGHUIBTPOBAHHON aMIUTUTYIBI IO X-KOMIIOHEHTE; I') JOJTOTHBIN XOx
AMIUTUTYBI.
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Pucynok 8. Jlokanu3zanus mespoHa Pcl (ammurc).

IMapaMeTpbl NOTOKOB IJIA3MBI M T€OMATHUTHOTO M0Jisi HAa cnyTHuKe THEMIS - D Bo Bpemsn
Ha0JII0/IeHNs [IeBPOHa HA 3eMJe

Bo Bpems peructparuu mespoHa cimyTHUkH THB u THC maxonunmuch B COTHEYHOM BETpE M 3aperucTpUpOBaIN
napamerpsl CB u MMII anamorudHpie HapameTpaM, perucTpupyembiM Ha crmytHuke Wind, uto mosBosmser
OTOK/IECTBUTH JHAMarHUTHYIO CTPYKTYpPY, COXPaHSIOIIYIOCS NPHU pacrpocTpaHeHuu ot opoutsl Wind 1o opOHTHI
3emin (Puc. 3a). Cnytauku THA, THB u THC naxounuck BHyTpH MarHUTOC(Ephl ¥ AIBUTAIUCH C HOYHOW CTOPOHBI
Ha aHeBHYyI0 (Puc. 1). Ha Puc. 9 nano comocraBieHne perucTpanny HOTOKOB U TEMIIEPaTypbl HOHOB, T€OMarHUTHOTO
TIOJIA, pacTpeielIieHUe CIIEKTPaIbHON 3HEpTHy HOHOB Ha ciyTHHKe TH/I, KOTOpBIH HaXoAWICs HAa BeYepHEN CTOPOHE
Marauroc(eps! B 001acT O1M3K0H K 00/1aCTH peruCTpaliy MIEBPOHA. BEICOKOYACTOTHOHM MOTeHIMan cimyTHuKa THA
(a) u muHAMUYecKui ciekTp meBpoHa Ha oocepBaTopun FCHU (0). AHanH3 CIiy THUKOBBIX JaHHBIX, PEICTABICHHBIX
Ha Puc. 9, mo3BOJseT 3aKIIOUUThH, YTO BO BpPEMsI HAa3eMHOM perucrpauuu wmweBpoHa Pcl, mmasmounn, BbI3BaBIINMN
cy00ypro, JOCTUTAET MEPHIMIaHa PETHCTPALIMHI ILIEBPOHA, O YEM CBHECTEILCTBYIOT M3MEPEHUS IIIa3Mbl, MATHUTHOTO
W 3jeKkTpuueckoro noseit Ha ciytHukax THA u TH/I. B unrepsane 20 — 22 UT (kpacHbIil IpsiIMOYToJIbHUK) Ha Puc.
9 BUIHO BO3pACTaHHE KOHLEHTpanuu HoHoB (0T ~ 0.04 1o 14 cm®) (a), najeHuI0 HOHHOM TemmepaTypsl oT ~ 7000°
1o 700° (0), Bo3pacTaHue MOTEHIIMANA CITyTHUKA Ha ~ 2B 1 pe3koe nmagenue 10 3.5 B (B), pe3koe Bo3pacTaHuE MOTOKA
sHepruu (T) ¥ Bapuanus MarautHoro noiis (e). Ha cmytanke TH/ B paccmaTpuBaeMoM HHTEpBaJe Pe3KO BO3PACTAIOT
no ammutyae (0.05 B mo ~ 7 B) BeicokouacToTHBIC KoJieOanus siektpudyeckoro moist [Bonnell et al., 1981].
Pe3ynbTaThl CITy THUKOBBIX HAOJIOICHNH, BEPOSITHO, MOTYT CITy>KHTb IOATBEPKICHUEM TIPEIIOJIOKEHNUS O JIOKAITEHOM
BO3MYILEHUH MarHuToc(ephl, COBIAAAIOIIEM 110 BPEMEHH ¢ HaOuoaeHneM mespoHa Pcl.

OO0cy:kaeHHe U OCHOBHBIE Pe3yJIbTAThl

Bosgeiicteue auamarautHoil cTpykTypbl (JIC) comHeunoro Berpa (CB) na wmarautocdepy, BbI3BIBAIOIICE
kpaTtkoBpeMmeHHoe (~ 10 MunyT) 1 pe3koe (~ 100 HT11/MUH) yCUIIeHHE aBpOPATbHON 3IEKTPOCTPYH C PE3KHM OPOCKOM
TOKa K CeBepy, MPUBOAUT K TeHEpAIMU BCIJIECKAa M€OMAarHUTHBIX Mylbcanuii Tuna Pcl meBpoH Ha 3amaaHbIX,
OTCTOSIIHX TI0 KoJroTe Ha ~ 100° oT 1eHTpa cyo0ypH, obcepBaTopusx. M3nydueHne HaYUMHACTCS HA CPEIHEH YacToTe
~ 0.15 T'm 1 ocTaéresd Ha 3TOM ypoBHE B TedeHue ~ 60 MUHYT, a 3aTeM IIPOUCXOIUT OJHOBPEMEHHOE HapacTaHHE 0
~ 0.2 T'u u nagenue 10 ~ 0.06 I'u. DTOT YaCTOTHBIN IHANa30H HUXKE XapakKTepHbIX yacToT Pcl u oTiauyaercs ot
YacTOTHI IEBPOHOB, mnpejacTaBieHHbix B [Parkhomov et al., 1923]. OrmeueHHOe pacXOKA€HHE B YaCTOTHBIX
JTUaIa30Hax MEBPOHOB MOXKET CIYKHTh OCHOBAHHEM JIJIsI MIPEIIOI0KEHUS 00 OJMHAKOBOM MEXaHH3ME T'€HEepaIiH
LIEBPOHOB B pe3yJIbTaTe UKIOTPOHHON HEYCTOMUMBOCTH HOHOB paJlallMOHHOTO nosica. OIHAKO YacTOTa U3JIyYEeHHUS
3aBHCHUT OT COPTa HOHOB. [|JI1 MPOTOHHOW BETBH HIDKHUI AHana3oH 4acToT cocraiset 0.2 ', a mis Oonee TSHKENBIX
noHoB (He+ n Oz +) HikHss rpaHuLa 4acToTsl MoxeT qocturats 0.1 'y [Park et al., 2016].

Ha ocHoBannm mono6ust meBpoHOB Ha Puc. 2, MOXKHO TpearoiaraTb, 4TO BO3MOXKHOW MPUYMHOW TeHEpanun
meBpoHa Pcl sBmsercs BBIOpoc cyOOypeBOro Immia3MoWaa M3 XBOCTa MarHutocepbl W ero npeiid B
AHTHKOHBEKIIMOHHOW CTpye Ha JHEBHYIO CTOpoHYy. OJHaKo, yYMTHIBas YaCTOTHBIM IHMANa3oH, CJeIyeT Ha3BaTh
SIBIIEHUE «IIEBPOH Pcl-2».
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Pucynok 9. CpaBHeHHe Ha3eMHBIX M CIyTHHKOBBIX naHHbIX. llleBpon Pcl na obcepBaropuu FCC (®Dopt
Yepuwiib) 1 qanHble co cyTHukoB THEMIS - A, -D (kpacHsblii npsiMmoyronsHuK). CBepXy BHH3:

a) BapHaIlKs MMOJIHOW KOHIICHTPAIMH HOHOB MarHUTOC(HEPHOH M1a3Mbl; 0) BapHalus 00IIei SHEPTUH HOHOB;
B) IOJIHBIY TIOTCHIIUA CIIyTHHKA B V; T') SHEPreTUYecKas CIICKTpOorpaMMa IMOTOKa HOHOB;

€) BapHalusi MOAYJISI TeOMarHUTHOTO TOJISl B CITYTHUKOBOM CHCTEME KOOPIUHAT;

K) BapHaIluy MOTEHIIMAJA AIEKTPHYSCKOro Mot ciyTHUKa THA B gactotHOM nuanazone 0 — 1 kI';

3) CIeKTporpamma meBpoHa Ha o0cepBaTopru @opt Uepuris.
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AHHoTanus. Huskoopouranphbiii criyTHuk CSES (BbicoTa opOouTHI ~500 KM) 0OHAPYKHII KpaliHe-HU3KOYaCTOTHBIH
(KHY) curman xpymHoMmaciitabHoro mepenmatduka 3EBC, pacmomoxxenHoro Ha KombckoM moiryocTpose.
Y3komonocHoe n3inydeHne Ha gactore 82 I'ii ObUIO 3apernCTpHUpPOBaHO NMPH CONMMKEHUH TOACIYTHUKOBOH TOYKH C
ycranoBkoit 3EBC no 400 kM. Omekrpudeckwe m MmarHuTHBIe matumku CSES 3adukcupoBanmm u3mydeHue co
cpenuumu amruutynamu |E| = 1.2 mxB/M u [B| = 0.4 nTn. Pe3ynbTarel u3MepeHHil COTJIACYIOTCS C pe3yJIbTaTaMu
MOJICIIUPOBAaHMUSA TIPOCTpaHCTBeHHOW cTpykTypsl KHY mons B BepxHedl mHEBHOH uoHOc]epe, BO30YyKTaeMOro
MIEPEMEHHBIM TOPH30HTAIBHBIM TOKOM ¢ UIMHON 60 kM M mHTeHCHBHOCTH 70 A. PesynpraThl HaOMOOCeHUNA MOTYT
OBITh HUCIIOJIL30BAHBI JUIS OLEHKH JS(PQEKTUBHOCTH AaKTHBHBIX OKCIEPUMEHTOB Mo Bo30yxnenuto KHY-YHY
BO3MYILIEHHUIT B OK0JI03eMHOH cpene ycranoBkamu tuna FENICS.

Brenenne

Yucno CBUICTENBCTB aHTPOIIOTEHHOTO 3IEKTPOMAarHUTHOTO BO3JICHCTBHS Ha IPUPOIHBIC TIPOIIECCH B OKOJIO3EMHOM
MPOCTPAHCTBE TIOCTOSIHHO HapactaeT [[lununenwxo u Op., 2021]. DneKkTpoMarHUTHBIA OTKIMK HOHOC(hepsl Ha
€CTECTBEHHBIE SIBIICHUS (IPO3bI) M HCKYCCTBEHHbIE BO3/ICHCTBUS (pagroNepeaTINKH) XOPOIIO N3yUYeH B JHAIa30He
oueHb HM3KkHX "actorT (OHY) (>1 k['1). 3HaunTelbHO MEHBIIE BHUMAHHS YACISUIOCH THANA30HY YIbTPaHH3KUX
gactot (YHY), pacrmonoxeHHOMY HI)KE 9acTOTHI ITyMaHOBCKOTO pe3oHaHca ~8 I, u nuamazoHy KpaiHe HHU3KHX
gyactoT (KHY) ot necstkoB no coren I'i. Onnako 3ameTHO# ¢ dexktuBHOCTH M3nydenus B YHU-KHY nuanazone
MOXHO OXHJAaTh TOJBKO MJsI Ype3BblYAHO KpyHMHOMAcIITaOHBIX wu3Mydatomux cucreM. Takume YHY-KHY
MepeaTINK JEHCTBUTENHHO CYIIECTBYIOT — B HacTosIee BpeMs niepenatauk 3EBC paboTaeT Ha HecyIei 4acToTe
82 't Hemanieko ot mobepexbst bemoro mops [ Bzaumoodeticmsue..., 2014]. [Tomumo 3toro, Ha KoabckoM mosiyocTpoBe
npoBogsitces akcnepumenTsl FENICS ¢ ympaBnseMbIMH HCTOYHMKAaMH AJeKTpoMarHuTHbIX nosed YHY/KHY
JINaIa3oHOB C HCIIOIB30BaHKUEM JIMHUH tekTponepenad (JIDII) B kauecTBe rOpU30HTAIBHON U3ITydaroied aHTeHHBI
[PKamaremounos u op., 2015]. Dnekrpomaraurtasie Y HU-KHY BosHbI Giiaromapst pe30HaHCHOMY B3aUMOJICHCTBUIO
BOJIHA-YaCTHUIIA, MOTYT HMPUBOIMTH K BBICHIIIAHHIO 3JIEKTPOHOB BHEITHETO PAJAMAIMOHHOTO Mosica B atMochepy U
TaKUM 00pa3oM CHMXXKaTh YPOBEHb MOTOKOB 3JIEKTPOHOB-«YOHHID) O 6€30MacHOTO IJIS CITyTHUKOBOW 3JIEKTPOHUKH
ypoBHs. EcTecTBeHHO, BO3HUKAET HIes MCIONB30BaTh ycraHOBKY Tuma FENICS nms Bo3OyxmeHus B noHocdepe
MCKYCCTBEHHBIX M3ITy4eHHH. TeopeTnueckoe MOJENIMpOBaHHME IOKa3alo, YTO Takas yCTaHOBKa ¢ TokoM >140 A
MOXET 00eCTIeUnTh PN ONArONPHUATHBIX YCIOBUSAX B HOUHBIE YaChl CTUMYJISILIMIO M3JIyYEHHUS B TEPLIOBOM JHAIa30HE
¢ MakCHMallbHbIMU aMIuTyjamMu >1 nTn u >10 MxB/M, XapakTepHbIMU U151 €CTECTBEHHBIX CUTHAJIOB uarna3oHa Pcl
B BepxHel moHocdepe [[Tununenxo u dp., 2024]. Iloatomy ycranoBka FENICS na mmpore, coorBeTcTBYylOIIEH
HEHTPAJBFHON YacTH BHEIIHETO PAJAHMAIlIOHHOTO T0sica, MOXKeT 3((GEKTHBHO HCIIONB30BATHCA KaK MHCTPYMEHT ISt
OIyCTOIICHHS paJuallnoHHOro nosica. Takum obpasom, ycranoka tTuna FENICS moxer ObITh 3HauMTENILHO OOJIEe
JemeBod ¥ 3(h(GeKTUBHON aJbTepHATUBOW PaIHOHATPEBHBIM METOIaM BO30Y)XKIEHHS MCKYCCTBEHHBIX HM3ITyYCHHH
nuranasoHa Pcl.

UT0oOBI MPOBEPHUTH AICKBATHOCTH TEOPETUIECKOM MOJIETH U BOBMOXHOCTh OOHAPYKEHHUSI CUTHAIOB HazeMHBIX KHY
MEepeAaTINKOB B JIaHHBIX HHU3KOOPOWTAIBHBIX CIyTHUKOB, HAMH IPOAHAJU3UPOBAHBI CIIydad MPOJIETOB
HHU3KOOpOUTaJIBbHOrO MTano-Kuraiickoro ciytHuka CSES-01 BOmm3m Konbeckoro mosmyoctpoBa. B nmanno# paborte
UCIIOJIb30BaHa TIOCTPOECHHAst B craTtbe [@Pedopos u dp., 2022] teopus Bo3Oyxaenus YHU-KHY Bonn B nonochepe
JUHEHHBIM 3a3eMJIEHHBIM TOKOM KOHEYHOMU /UINHBI L. C TOMOIIIBIO OCHOBAaHHOK Ha 3TOH TEOpHUU YHCIECHHONW MOJICTH
(c peanmncTUYHBIM TOPH3OHTAIBLHO-CIOUCTBIM TPOQMIEM HOHOC(EPHI) pacCUUTaHa OKHIaeMas aMIUTUTya
n3Ty4eHul Ha cmyTHUKOBBIX BbicoTax At KHY nepenatuuka tuna 3EBC ¢ yueToM ero peanbHOro pasmepa.
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Pe3yabTaThl HAO 100 HMIT
B skcnepumenTe nemons30BaHbl curHasl yctanoBkd 3EBC, pacmonosxennoit Ha Komsckom momyoctpose (68.7°N u
34.5°E). 3EBC cocTouT U3 ABYX MapauICIbHBIX TOPU30HTAIBHBIX MPOBOTHUKOB (aHTeHH 1o Tuiry JIOII) mmmHO
oKo110 60 KM, IPOJI0’KEHHBIX HAa PACCTOSHAM | KM JpyT OT APYTa B HANPABJICHUH C BOCTOKA Ha 3araJ, KOHI[bI KOTOPBIX
3a3eMJICHBI Uepe3 KOHTaKTHEIE CKBaXKHUHBL. B mpoBoHuKax co3mgaercs nepemeHnHbIi Tok 200-300 A ugactoToii 82 I'm.
O011ast MOITHOCTB YCTaHOBKHM gocturaet 2.5 MBT. KauectBennas cxema ycranosku 3EBC npusenena Ha Puc. 1.
[epBbiii kuTaiickuii ceiicmo-anekrpomarautheiii cmytHrk CSES-01 (China Seismo-Electromagnetic Satellite), 611
3amymieH B ¢espaie 2018 roga Ha COJIHEYHO-CHHXPOHHYIO MOJSIPHYIO OpOHUTY BbICOTOH ~500 KM C HakIOHEHHEM
97.4° u nepuosoM obOpauieHus 95 MUHYT JUIs U3Y4YEHHs NPUPOIHBIX CEHCMOTEHHBIX AJIEKTPOMArHUTHBIX SIBICHUH
[Diego et al., 2021]. B cocrase o6opyaoBanus umeetcs 4.5-metpopas anrenna (Electric Field Detector — EFD) mns
HM3MEPEHUs AIIEKTPHYECKOTo Mol B 9acToTHOM muamazoHe or DC no 3.5 MI'u. EFD peructpupyer cnekTpanbHYIO
mrotHOCTh MomHOcTH We [(MB/M)?T1]. B cocras 000pyIOBaHUS TaKKe BXOTUT MHIYKINOHHBIH MarHUTOMETP
SCM, xoTopslii U3MepseT Bapuallid MarHUTHOTO moig B auama3oHe oT 10 I'm mo 20 k[, W BhImaeT 3HAYCHHSA
CIEKTPasbHOM muoTHocTH MomHocTd Wg [HTn%/T1]. JJaHHbIe OpecTaBieHbl B CIIyTHUKOBOM CHCTEME KOOPAMHAT
(Xs, Ys, Zs), e Xs — HampaBIlieHAE TIOJIeTa CITyTHHKA, Zs — HATIPaBJICHHE OT CITy THUKOBOM TIaTGOPMBI K 3emite, a Ys
JIOTIONTHSIET OPTOTOHAIBHYIO TIPaBOCTOpOHHIOK Tpoiiky (http://www.leos.ac.cn). B oObIYHOM pekuMe H3MEpEHHS
MIPOBOIATCS Ha MMpoTax Huxe 65°N, uToObI HE eperpykaTh BRICOKOUYBCTBUTENBHYIO CITyTHUKOBYIO anmnaparypy,
W JMLIb M3pe/iKa U3MEPEHHs IPOBOJATCS Ha OoJiee BBICOKMX IIMpOTax. B kauecTBe mpuMmepa TakuX U3MEpEHH Ha
BBICOKHX HIMPOTax NpHUBEJEM AaHHbIE Tposera cinyTHuka 11 Hos0ps 2019 r. BOim3u ot Kojbckoro moiyocTposa.
TpaexkTopust ABHKEHUsI OJICITy THUKOBOM TOYKH BO BPEMsi 3TOr0 cOOBITHsI ITOKa3aHa Ha Puc. 2.

CSES 2019/11/11 orbit 98381
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Pucynok 1. Cxema ycranoBku 3EBC (me B PucyHnox 2. Tpaexropust JIBUKECHUS
Macuiraoe). noacnyTHukoBoit Toukn CSES orHOcuTensHO

YCTaHOBKH 3EBC u IPaHULBI 30HBI
JIETEKTHUPOBAHUS AJIEKTPHYECKOTO ¥ MarHUTHOTO
curHaioB 82 I'm martumkamu EFD (kxpacHbrit
nyHkTHp) 1 SCM (cuHUH yHKTHD).

ITpn nponere 11 HosOpst 2019 r. Hazemuas npoekius opoutel CSES npudmmsunack k 3EBC Ha MuHHManIbHOE
paccrosiaue Omin = 406 kM. B Teuenue Bpemennoro matepBama 12:11:22-12:13:34 UT npubop EFD oGHapysxu
y3KomojocHoe m3nmydeHne ¢ dactoroil 82 I'm. Ha Pumc. 3 moka3aHbl CHEKTpOrpaMMBI MOITHOCTH ITOTIEPEYHBIX
KOMIOHEHT 3J1eKkTpuueckoro monst Weyx n Wey (1Be Bepxuue nanenn). CripaBa OT COHOTPaMM IOKa3aHO M3MEHEHHE
paccrosiauss d Mexmy mnpoekiuel crnyTHHka Ha 3emuo u mosiokenneM 3EBC. BujgHO, 4TO HMHTEHCHBHOCTH
PETHCTPUPYEMOTO H3IYUCHHUSI BO3PACTAET IO Mepe yMeHbIeHus d 1 JoCcTHraeT MaKCUMAaJIbHBIX 3HaueHuit mpu d~400
kM. Ha HIDKHEH maHenu npuBeeHb! rpad UKy YCPEIHEHHBIX 110 BPEMEHH 3HAYCHUH TNIOTHOCTH MOIITHOCTH (KPaCHBIN
U CHHUH rpadukn).
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Ha Puc. 4 moka3zaHsl CIIEKTpOrpaMMbl MOIITHOCTH TONEPEYHBIX KOMIOHEHT MarHutHoro noms Weyx u Way (aBe
BepxHHe NMaHenn). Ha HiKHel maHeny npuBeIeHs! 1Ba TpaduKa yepeIHeHHBIX 110 BpEMEHH 3HAUCHHH CIIEKTPaTbHON
MOIIHOCTH. JlaHHbBIE M3MEPEHUH JaHbl B CUCTEME KOOPANHAT, B KOTOPOH 0Ch Z HAaNpaBJeHa OT CIyTHUKA K LEHTPY
3emin. B paccMaTprBaeMoM Iuana3oHe MIMPOT HAKIIOHEHWE BEKTOpa MarHUTHOTO OISt 3EMIIH BapbHUpYeT oT 75° 1o
80°, TakmM 00pa3zoM, B IIEPBOM NPHOIIKEHUN, MOKHO CUHTATh, YTO OCh Z HAIpaBlIeHa BIOJb JMHUN MarHUTHOTO
nons. [Ipononsabie koMmoHeHTH! We; 1 WE; OKa3aiich Majsl 10 CPaBHEHUIO C MTOTIEPEYHBIMHU U HE TIPHBOIATCS.

CrexTpajibHash MOIIHOCTh SIEKTPMYECKON U MArHUTHON KOMIIOHEHT u3aydenus Ha 82 I gocturaer We~9x107
(MB/M)%T1u Wg~10"7 (uTn)T'11, COOTBETCTBEHHO. AMILIUTY 2 CUTHAJIA MOKET ObITh oLieHeHa o gopmye |E, B| =
JWe pAf, roe Af — nonoca nporyckanus npuHaToro curtaina. [llupuHa nonocs! NpoIycKaHus ObUla pacCYUTaHa Ha
YpOBHE ITOJIOBUHBI aMIUTUTYIBI CHTHaJa (CBETIIO-CEPHI IMMyHKTHP Ha pHC. 3,4) OTHOCHUTEIHHO (OoHA (TEMHO-CEepBIH
MYHKTHP Ha puCyHKax 3,4). CpemaHsst aMIUIUTY/Ia SJIEKTPUIECKOM KOMIIOHEHTHI CUTHaNA paBHa |Ex| = 1.2 MxB/M tipu
Af = 1.6 Tu. Cpennsist aMIUTITyTa MATHATHON KOMITOHEHTHI paBHa |By| = 0.4 n'Ta pu Af = 1.9 ' [lpuansa momexu
Ha 56 't m 101 I'p Mo MarHMTHOM KOMITOHEHTE HESICHA.
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aNeKTpUUecKkoro nosis npudopom EFD crytHuka nosst npubopom SCM criyrauka CSES.

CSES.

YncjeHHOE MOJIeTUPOBAHME

Jns mHTepnperany HaOMIONEHWH ObLIa MCIIOJIB30BaHA YHWCIICHHAs MOJIENb, pa3paboTaHHAs paHee Ul OLECHKH
OTKJIMKa HOHOCdephl Ha JuHUK 3MekTpornepenayn [Fedorov et al., 2020,2021], B KOTOpoii B KayeCTBE MCTOYHUKA
KHY curnama paccMaTpuBancs JIHHEHHBIH NPOBOJHMK C IIEPEMEHHBIM TOKOM KOHEYHOH anmmHbl L=60 kM,
PacroNoKeHHbI Haj 3emiell ¢ KOHEYHOH NpoBoAMMOCThIO Gg=10° Cwm/m. Ha ocHOBaHMM Mojenu Oblia
MpOaHAJIM3UPOBAHA MPOCTPAHCTBEHHAS CTPYKTYpa COCTABILIOMIMX 3JIEKTPHYECKOTO W MAarHUTHOTO TIOJI,
reHepHpyeMOro HCTOYHUKOM Ha yactote 82 ' loHochepHble napaMeTpbl BRIOpaHbI COOTBETCTBYIOIUMH YCIOBUSIM
HaOmozeHus. Pe3ynbTaTel pacueToB Juisi CHiIbl TOKa B 1 A TIpUBEJICHBI Ha pUC. 5 U 6.

HopmupoBaHHbIE aMILIMTYJbI KOMIIOHEHT MarHuTHOro mnoJist |By| u |By| B BepxHel nonocdepe, Hai HCTOYHUKOM
W3Ty4eHus1, MOryT focturats 3HaueHuit 0.1 nTn mpu cune Toka B ucrounuke 1 A (Puc. 6). MarautHas cocTaBisomas
B;, opueHTHpOBaHHAs BAOJIb TEOMArHUTHOTO MOJIA, HA 1-2 TOpsIka MEHbIIE MONepedHoi cocTapisiomeld. Ha
ynanernn p = 440 kM, paccuUMTaHHOE BO3MYIIEHHE MAarHUTHOTO MOJS yMeHbWUTCA 0 |By| = |By| = 6x10° nTu.
CoOOTBETCTBEHHO, YTOOBI CO3/1aTh BO3MyIleHHe ¢ KomroHeHtamu |E|=~1.2wmkB/M u |B|~0.4nTn B TOuKe
pacrosoXeHus CIlyTHUKa BeiandnHa Toka B anTeHHe 3EBC nomkHa ObiTh He MeHee 70 A. DTa BeIMYMHA BIIOJIHE
peaiibHa, T.K. 3asBIICHHBIC MakcuMaibHble TOKH B yctaHOBKe 3EBC coctasmstor 200-300 A [Bzaumooeticmesue...,
2014].

AMIUTITYIBI TIONIEPEYHBIX KOMITOHEHT diiekTpuueckoro moist |Ex(y)| u |Ey(y)| mpakTHueckd OJMHAKOBBI, YTO
yKa3bpIBae€T Ha KPYTOBYIO MOJSPU3AINIO M3Iy4eHHs B BepxHeil monochepe (Puc. 5). HopmupoBanHas ammiuTyna
JIOCTUTaeT MakcuManbHOU BenmmuuHbl =~ 0.3 MxB/M Hag nctournkom (p = 0). OcnabieHne HOis MpH yIAIEHUN OT
HCTOYHHKA IPOUCXOANT TOBOJIBHO MEUIEHHO: Ha paccTosHuu 400 KM aMIUHTy1a magaet npuMepHo B 15 pa3. [Ipu p
= 440 km, |E4 = |Ey| = 1.7x10°2 MxB/m.

[IpeoOpa3oBaHue JIMHEHHO-TIOJSIPHU30BAHHOTO CUI'HAJIA, TEHEPUPYEMOT0 Ha3eMHBIM HPOTSHKEHHBIM TIEPEAaTINKOM,
B BOJIHY C KPyroBOHM MOJIsipU3alueil B BepXHeld HOHOC(epe HHTepIpeTHpyercs chaeaytoumm obpasom [Pilipenko et
al., 2019]. JluHe#HO MNONAPU3OBAHHBIA CHUTHAJI MOXXHO IPEJCTABUTh, KaK KOMOWHAIMIO JABYX CHIHAJOB C
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NIPOTUBOIIOJIOXKHON KpyroBoi nosspuszanueid. [Ipu Bxoxe B noHocdepy curnai ¢ neBoi noispuzanueid LH (roHo-
moT00HOE BpallleH!e) CIIIFHO TOTIIONIAeTCs, IO3TOMY B BepXHel noHochepe HabIrogaeTcs TOIBKO CUTHAI C TIPaBOi
nonsipuzanueit RH (3nexTpono-mogobHOE BpaieHue).
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MOMEPEYHbIX  KOMIIOHEHT  3JIEKTPUYECKOTO MONEPEYHbIX KOMIIOHEHT MAarHUTHOIO IOJISI HaJ
nepenatarka 3EBC. nepenatarikom 3EBC.
3akiir0ueHue

IIpoBeneHo uucieHHOEe MojeaupoBanue npoHukHoBeHus KHY u3nydeHuss B BEpXHIOI HOHOCHEPY OT HA3EMHOIO
TOPU30HTAIBFHOI0 UCTOYHUKA JIHHON 60 kM. MoienupoBaHie OKa3bIBaeT, YTO CUTHAJIBI Ha yacToTe 82 I'11 oT Takoro
HCTOYHHKA MOTYT OBITh OOHAPYKEHBI AIEKTPHUSCKUMH ¥ MATHUTHBIMHU JaTYMKaMH Ha OOPTy CIyTHHKa Ha HU3KOU
opOuTe Ha TOPH3OHTANBHBIX PACCTOSHHUAX [0 HECKONBKHX COTCH KM. Pe3ympTaThl MOAEIMPOBAaHUS XOPOIIO
moaTBepxknatoTcs HabmoneHusamu Ha crrytHuKe CSES (BbicoTa opOuthl 500 kM) BOmm3un KHY mepenarumnka 3EBC.
DKCIIEpUMEHTAFHO HW3MEPEHHBIC AMIUIUTYIBI JJIEKTPHUSCKUX M MATHUTHBIX KOMIIOHEHT W3IYUYCHHS B BEpXHEH
THEBHON WOHOcepe Ha TOPH3OHTANBHBIX pAcCTOSHHAX Tmopsaaka 400 KM coriacyroTcss ¢ pacdeTaMd Ipu

npeanonaraeMoM Toke B manyuatene 70 A. Ilonmsipusanus usimyueHust O1M3Ka K KPyroBOi, Kak M MpeACKa3blBaeT
MOJETIb.
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EXTENDED SURFACES WITH INCREASED CURRENT DENSITY AND
MAGNETIC FIELD CONFIGURATIONS IN THE VICINITY OF
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Abstract. The fast energy release in the solar corona is explained by solar flare mechanism of S.I. Syrovatsky,
according to which the energy for flare is accumulated in the magnetic field of the current sheet. The observed
manifestations of the flare are explained by the electrodynamic model of the solar flare proposed by I. M. Podgorny.
To study the mechanism of a solar flare it is necessary to carry out MHD simulation above the active region, which is
initiated several days before the flare. Here is the first attempt is make to solve the problem of coincidence of solar
flare position obtained by MHD simulation with observed one using extended surface of magnetic lines, passing
through the chain of current density maxima, which is found as result of MHD simulation.

Introduction

The primordial release of energy during solar flare in the solar corona above the active region at altitudes of 15 - 70
Mm is explained by solar flare mechanism of S.I. Syrovatsky [1], according to which the energy for flare is
accumulated in the magnetic field of the current sheet. The numerous observations ([2] and others) show appearance
of flares at such altitudes, which corresponds to results of MHD simulation above the active region. The observed
manifestations of flare, appeared as result of fast magnetic energy release in the current sheet, are explained by the
electrodynamic model of the solar flare proposed by .M. Podgorny [3]. The model is based on observations and
results of MHD simulation and uses analogies with the electrodynamic model of a substorm, previously developed by
its author [4]. Since it is impossible to obtain the configuration of the magnetic field in the corona from observations,
to study the physical mechanism of a solar flare it is necessary to carry out MHD simulations in the solar corona.
Herewith, calculations must begin several days before the flare, when magnetic energy for the flare has not yet
accumulated in the corona. When setting the problem, no assumptions were made about the mechanism of the solar
flare. All conditions were taken from observations.

Methods of MHD simulation and search for solar flare positions using magnetic field configuration
obtained by MHD simulation

MHD simulation is carried out above the active region AR 10365 in the computational domain in the corona in the
form of rectangular parallelepiped 1x0.3x1 (the length unit was chosen Lo = 4x10%° c¢m). The lower boundary of the
computational domain y=0 (XZ) is located on the surface of the Sun and contains the active region. For the numerical
solution of MHD equations, the absolutely implicit upwind finite-difference scheme, conservative relative the
magnetic flux, has been developed [5]. Special methods were developed with the aim of constructing a scheme that
remains stable for the maximum possible time step. The scheme was realized in the computer program PERESVET.
Parallelization of calculations was carried out by computational threads on GPU using CUDA technology.

The magnetic field configuration obtained by MHD simulation is so complex that it is often impossible
to determine directly the positions of singular lines and the current sheets appearing near them. For this
purpose, a graphical search system [6] was developed, based on determining the positions of the current
density maxima, which are achieved in the centers of the current sheets.

Results of MHD simulation: Arcade of magnetic lines passing through the chain of current density
maxima

The comparison of the results of MHD simulation above the active region AO 10365 at 02:32:05 on May 26, 2003,
three hours before the M 1.9 flare, with observations of microwave radio emission at a frequency of 17 GHz obtained
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with the Nobeyama radioheliograph, started in [7], is continued. In this moment the energy for solar flare is
accumulated in the magnetic field and plasma of solar corona is heated by currents which creates this magnetic field.
The magnetic field configuration is represented by lines passing through the current density maxima with numbers
145, 147, 194, 179, 4, 73, 105, 41, 12, 205, 123, 82, 84, 182 (Figure 1).

The magnetic field configurations at the selected points of the current density maxima indicate promotable
conditions for the occurrence of flares at some maxima located in the region of bright flare emission. There is no
significant dominance of the diverging magnetic field in the vicinity of these maxima. At the same time, maxima with
such properties also occur outside the bright region of flare emission, and there are not many such maxima in the
bright region compared to their total number.

ON THE DISC OF THE SUN
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Figure 1. Positions of current density maxima in the computation domain of the corona in space, and their
projections onto the central plane of the computation domain and onto the picture plane (perpendicular to the
line of sight). The distribution of microwave radio emission at a frequency of 17 GHz, obtained on the solar
disk using the Nobeyama radioheliograph, is superimposed on the picture plane. The magnetic field
configuration is represented by magnetic lines passing through the selected current density maxima, and their
projections onto the planes.

The problem of coincidence the regions of bright flare emission with the flare positions found from the MHD
simulation results can be solved by the occurrence of a surface of increased current density passing through a chain
of current density maxima. The maxima of this chain with numbers 145, 149, 148, 150 and 147 are shown in Figure
1 as green points. Magnetic lines on the solar disk passing through the maxima of this chain are shown separately on
an enlarged scale.

Figure 2 shows the plane and three-dimensional configurations near the chain maxima in a square and a cube of
12,000 km in size. The two-dimensional region is a square of 12,000 km in size with the center at the point of the
selected current density maximum, with the plane of the square being perpendicular to the magnetic field vector at the
point of the selected maximum. The three-dimensional region is a cube of 12,000 km in size with the center at the
point of the selected current density maximum, so that the two-dimensional region is the central plane of this cube,
i.e. the plane passing through the center of the cube parallel to two faces of the cube and, accordingly, perpendicular
to the other four faces of the cube. These configurations do not have properties that could significantly promote to the
flare release of energy. In plane configurations, the divergent magnetic field dominates the X-type field, although not
very strongly, and in three-dimensional configurations, the field lines do not diverge much along the singular line,
which means a relatively large longitudinal component of the magnetic field, stabilizing the explosive instability.

The maxima of chain are located close to each other and the field configurations in their vicinity are very similar,
so that an assumption arises that all the chain maxima belong to the same current sheet of considerable width (~50,000
km), i.e. an extended surface with increased current density. This assumption is confirmed by the study of plane and
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three-dimensional configurations in a square and in a cube with a larger size of 80,000 km with the center in the 148th
maximum located in the middle of the chain (Fig. 3, second row). The square is the central plane of the cube. Magnetic
lines in the cube passing through the maxima of chain form an arcade (Fig. 3, last figure of the second row).
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Figure 2. Plane and spatial configurations in regions of 12,000 km in size with centers at the points of the
chain of maxima.

The current density maxima are not located at the top of loop. It is necessary to construct a magnetic configuration
at the top of loop, where there should be practically no diverging field superimposed on the X-type field and where
solar flares are most likely to occur. Such a construction is also necessary to verify the coincidence of the surface of
the magnetic lines passing through the chain of current density maxima with the surface of increased current density.
In the upper row of Figure 3, the chain maxima points are marked in green, and the points lying at the tops loop are
marked in yellow. These points at the top of arcade lie in the central plane of a large cube which center is located at
the top of arcade. They are situated in the region of increased current density, as can be seen from their location in the
central plane onto which the current density level lines are plotted (Fig. 3, first pictures of the second and third rows),
which confirms the coincidence of the surface of arcade lines with the surface of increased current density.

The plane maxima in the central plane at the top of arch are marked in red. The points of intersection of the magnetic
lines passing through these plane maxima with the central plane of the chain of maxima are also marked in red in the
upper row of Figure 3.

Eight lines, five of which pass through the maxima of the chain and three through the plane maxima of the current
density, represent an arcade, which is presented in a large cube (80,000 km) with the center at the point at the top of
the arcade (Fig. 3, last figure of the third row).

Magnetic field configurations (Fig. 4) in the vicinity of the loop top points in the central plane of 12,000 km in size
have properties that promote the development of flare instability. In most of these small regions, the X-type field
dominates, while in other regions, the diverging field dominates very weakly. In the three-dimensional configuration,
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the field lines diverge significantly in the direction along the singular line, which means that the longitudinal
component of the magnetic field is relatively weak, so that it will not be able to stabilize flare instability.
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Figure 3. Plane and spatial configurations in large regions of 80,000 km. In the central part of one of these
regions there is a chain of maxima. In the central part of another region there are points at the top of an arch
located on magnetic lines coming out from the points of the chain of maxima.
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Figure 4. Plane and spatial configurations in regions of 12,000 km in size with centers at the points at the top
of the arch located on magnetic lines coming out of the points of the chain of maxima.
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Comparison of two-dimensional and three-dimensional configurations in small regions of 12,000 km in size for the
points of the chain of maxima and the points at the top of the arcade (Fig. 2 and Fig. 4) shows a much more promotable
situation for the occurrence of flare instability at the loop tops, rather than at the points of the chain maxima. The same
result is obtained by comparing the magnetic field configurations in large regions (80,000 km in size) at the location
of the chain of maxima and at the top of the arch (Fig. 3).

Conclusion

Occurrence of arcade of magnetic lines with increased current density can solve the problem of coincidence regions
of bright flare emission with the positions of flares found from the results of MHD simulation. The instability leading
to the main energy release of the flare can begin at the top of the arcade, where the properties of the magnetic field
configuration promote to the occurrence of instability of the current sheet. Further, the instability can spread to the
entire region of the current sheet, which is confirmed by the location of the entire arcade with an increased current
density in the region of bright flare emission.
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ANALYSIS OF THE RELATIONSHIP BETWEEN SOLAR ACTIVITY
AND TEMPERATURE CHANGES IN THE CONSTANT TEMPERATURE
ZONE OF UHLOVITSA CAVE AND THE CITY OF SMOLYAN,
BULGARIA

L. Raykova

Space Research and Technology Institute (SRTI) — Bulgarian Academy of Sciences,
Stara Zagora Department, Bulgaria

Abstract. The study presents an investigation of the impact of the solar activity on the temperature regime of the
cave atmosphere in the zone of constant temperatures in the Uhlovitsa karst cave, located in the central part of the
Rhodope Mountains. The course of the ground-level atmospheric temperature in Smolyan, a city located closest to the
cave entrance, has also been studied. For the work, databases for the temperatures in the cave and in Smolyan, and
solar activity indices from public databases for the number of sunspots (Sn), the total solar irradiance (TSI), and the
solar radio emission F10.7) have been used for the period 1968 — 2022. The analysis of the temperature regimes in the
specific underground environment and the area adjacent to the cave shows significant correlations between the solar
activity and the temperature regime in Uhlovitsa cave. The study is an attempt to establish links and a physical
understanding of the complex interactions between solar activity and the ground-level atmosphere.

Introduction

The study of temperature conditions in caves is of crucial importance in paleoclimatic scientific research, as it was
highlighted by Dominguez-Villar et al. [2013]. Such research encompasses a broad range of aspects, including detailed
monitoring of daily, monthly, and annual temperature variations [Sanderson et al., 2002], and the analysis of
temperature differences based on altitude [Dragusin et al., 2019]. Understanding the role of airflow and ventilation in
the climatic conditions of caves is also of paramount importance [De Freitas et al., 1987].

Furthermore, an important aspect of these studies is examining the mechanisms by which changes in surface
atmospheric temperature are reflected in the cave microclimate. This helps in assessing whether caves mirror the
global warming trend [Dominguez-Villar et al., 2015; Badino, 2004]. Studies of small and relatively isolated cave
systems are critical for understanding the mechanisms governing temperature variations in these environments [Liu et
al., 2017].

Stoeva et al. [2006] explore another significant element in the study of cave climate: the influence of short-term and
long-term changes in solar activity, which manifest even in the stable microclimate of karst caves. These studies
underscore the importance of solar activity for climate patterns in cave environments [Stoev et al., 2019].

Uhlovitsa Cave, located in the Rhodope Mountains near the town of Smolyan, at geographical coordinates 41° 34’
40" north latitude and 24° 41’ 40" east longitude, is a geological site of exceptional interest. The entrance to the cave
is situated at an approximate elevation of 1040 meters above sea level.

Data Used
In the present study, annual average temperature values for the period from 1968 to 2022 for the constant temperature
zone of Uhlovitsa Cave have been used. These data were provided by the Bulgarian Tourist Union (BTU).

As indicators of the solar activity, annual average values of the sunspot numbers (Sn), the radio emission F10.7, and
the Total Solar Irradiance (TSI) have been used. Information about Sn from 1968 to 2022 was obtained from the
International Sunspot Number Service (SILSO) via the website: https://www.sidc.be/SILSO.

The values of radio emission F10.7 have been provided by the Laboratory for Atmospheric and Space Physics at the
University of Colorado, accessible through their website https://lasp.colorado.edu/lisird/data/noaa_radio_flux. The
study includes annual average values of radio emission F10.7 for the period from 1968 to 2018.

Data for Total Solar Irradiance (TSI) are available on the website of the National Center for Environmental
Information (NCEI) of NOAA. We use the annual average values for the period from 1968 to 2022, available at the
following address: https://www.ncei.noaa.gov/data/total-solar-irradiance/access/yearly!/.

The data concerning the average surface air temperature (annual average value) for the town of Smolyan for the
period 1968-2020 were obtained on January 25, 2024, from:
https://climateknowledgeportal.worldbank.org/country/bulgaria/trends-variability-historical.
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Data Processing Methods

Various statistical and analytical data processing methods were applied within this scientific study. Initially, a
comprehensive graph was created to visualize the temporal dynamics of the examined parameters—temperature, radio
emission F10.7, total solar irradiance (TSI), and the sunspot numbers (Sy), tracking their changes over time.

A statistical analysis was conducted to evaluate the correlation between temperatures in the constant temperature
zone (TUhI) and Sn, TSI, and F10.7. The Pearson correlation coefficient (r) is a statistical indicator that measures the
strength and direction of the linear relationship between two variables. The standard error of the correlation coefficient
(Sr) provides an estimate of the accuracy of the correlation coefficient r, and the values of the t-statistic are used to
test the statistical significance of the Pearson correlation coefficient.

Fourier analysis allows the examination of periodic fluctuations and patterns in time series. This method provides
detailed information and contributes to understanding the complex interactions within the climate system and their
potential impact on Earth processes.

Results

A comparison between the temperature trends in the city of Smolyan and Uhlovitsa Cave reveals interesting
differences. Temperatures in Smolyan are characterized by significant variability and a general upward trend over the
study period, while the values in Uhlovitsa Cave remain considerably more stable. This stability highlights the cave
environment's ability to insulate itself against external atmospheric influences.

Temperature Comparison between Uhlovitsa and Smolyan

| T Uhlovitsa
1057 T T T | ===eeeeas TSmolyan

Temparature
-

1990 1995 2000 2005 2010 2015 2020
Year

1960 1965 1970 1975 1980 1985

Figure 1. Amplitudes of the maximum and minimum temperatures measured in Uhlovitsa Cave and Smolyan.
Table 1 presents correlation coefficients 0.744 for Sn/Tyn, 0.692 for TSI/Tyn, and 0.719 for F10.7/Tun, indicating

a strong positive correlation between these astrophysical and temperature parameters.
The standard error of the correlation coefficient

where r is the Pearson correlation coefficient, and n is the number of observations. For the three analyzed relationships,
the standard errors were calculated to be approximately 0.092, 0.099, and 0.095, respectively, indicating moderate
accuracy of the correlation coefficients.

The t-statistic values

£ = T
=5
for each correlation are sufficiently high (8.11 for Sn/TUhl, 6.98 for TSI/Tyn, and 7.53 for F10.7/TUhl), suggesting
that the correlations are statistically significant and the likelihood of the correlation being a random occurrence is low.
This supports the hypothesis of a strong relationship between the cave temperatures and the parameters

S, X 2.01(T,y = 2.01).

We can expect the true value of r to fall with a 95% confidence in the interval r £ Sr *tcrit, With terie=t(oerit, df), where t
ist he value oft the Student‘s distribution, for the two side test the critical significance level o = 1 —p = 0.05 and the
degree of freedom df=n-2, in our case that means df=53. The critica t-value is obtained to be about 2.01.

For Sn/Tuni, the interval is 0.744 + 0.184, or TSI/Typ it is 0.692 + 0.199, and for F10.7/Typ it is 0.719 £ 0.190,
allowing for the estimation of r values with a higher degree of confidence (Table 1).

Spectral Analysis of F10.7, Sunspot Number (Sn), and TSI
The analysis of Sn (Fig. 2a) reveals a distinct peak at periods around 10-12 years, corresponding to the characteristic
period of the solar cycle. Similarly, the graph for F10.7 (Fig. 2b) also shows a pronounced peak in the same range,
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with F10.7 (radio emission at a 10.7 cm wavelength) serving as a proxy for solar activity. Sunspots are direct indicators
of solar activity, further confirming the synchronization of these measurements with the solar cycle. Additionally, the
TSI graph (Fig. 2¢) shows increased amplitude within the same period range, suggesting that variations in TSI may
also be influenced by the solar cycle.

Tablel. Pearson’s correlation coefficient r.

Person’s
correlation r+Sr¥2.01
coefficient r Sr t (Terie = 2.01)
Person’s
correlation
coefficient r
So/Tum 0.744 0.092 8.11 0.744 £ 0.184
Person’s
correlation
coefficient r
TSI/Tum 0.692 0.099 6.98 0.692 + 0,199
Person’s
correlation
coefficient r
F10.7/Tum 0.719 0.095 7.53 0.719 £ 0.190
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Figure 2. Original Data vs. Year, Data with Linear Trend Removed, Data with Quadratic Trend Removed,
Amplitude spectrum.

In the spectral analysis of the temperature data for Smolyan (Fig. 3), we observe a pronounced peak with a magnitude
around 7.5 years. There is no clear peak within the 11-year range, but there is an indication of increased amplitude
over longer periods. This might suggest that although temperature variations are related to the solar cycle, they could
also be influenced by other factors and interactions that are more complex and not directly synchronized with the 11-
year solar cycle.

The spectral analysis of the temperature data for Uhlovitsa (Fig. 4) shows a clearly pronounced significant peak
associated with the 11-year solar cycle.
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Figure 3. Original Data vs. Year, Data with Linear Trend Removed, Amplitude spectrum, Normalized power
spectrum.
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Figure 4. Original Data vs. Year, Data with Linear Trend Removed, Amplitude spectrum, Normalized power
spectrum.

Conclusions

The present study of temperatures in the constant temperature zone of Uhlovitsa Cave and their associated solar
parameters reveals significant correlation coefficients, highlighting the close relationship between solar activity and
climatic conditions in the cave environment. The spectral analysis of surface air temperature in the Smolyan region
shows a clearly pronounced and statistically significant peak around 7.5 years, likely reflecting the influence of the
North Atlantic Oscillation on surface temperature. On the other hand, the temperature records from Uhlovitsa Cave
show a distinct and significant peak around 11 years, corresponding to the 11-year solar cycle, emphasizing the
potential impact of solar activity on cave temperatures.

The discovery of a pronounced 11-year cycle in the temperatures of Uhlovitsa Cave lays the groundwork for further
research that could clarify the reasons behind this apparent correlation. Long-term meteorological observations at
various locations within the cave are necessary to provide additional evidence and help deepen our understanding of
the interactions between solar activity and climatic conditions in the subterranean world. This research lays the
foundation for future scientific developments in paleoclimatology and geology, promising intriguing discoveries for
the future.
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Abstract

Forecasting by extrapolation of Wolf numbers (W) in the 25th solar activity (SA) cycle from a series of measurements
up to and including 2023 was carried out. The forecasting technique is based on the method of approximate
transformation of the finite-time forecasted process into an infinite function, or a finite function on the spectrum. Such
an operation was performed by ordering the spectrum of the finite-time function using digital Chebyshev filters in the
time domain and filters based on frequency discretisation using Chebyshev window functions. Approximating the
initial conditions to the desired prediction region yields a more accurate prediction and shape of the 25th cycle curve.
The calculations show that if we use the numerical series starting from 2009, the maximum of about 100 is expected
in 2025, and the cycle itself turns out to be rather short, ending in 2027. Forecasting a numerical series starting in 2015
or 2017 results in a more gentle start to the cycle, i.e., a longer minimum, which was observed at the beginning of
cycle 25, an increase in cycle length to 2030, and a double-humped maximum similar to cycle 24. Extrapolation of
the eleven-year component showed an average maximum value of 150 for Wolf numbers in cycle 25. The use of data
on Wolf numbers for 2020-23 allowed us to refine the forecast. A comparison of the obtained forecast with data from
the Royal Observatory of Belgium and Boulder is presented.

Keywords: solar activity cycle, forecasting method- extrapolation, Fourier series, spectral analysis, Chebyshev
filtration, Wolf numbers.

Introduction

Due to the stochastic nature of processes taking place on the Sun, each solar cycle is unique and has its own
characteristics. Forecasting solar cycles is a difficult task, and scientists have been studying the Sun for more than 200
years. The paper [1] describes the characteristics of solar cycles, including the variety of forms, duration, slope of the
ascending and descending branches, and maximum and minimum values. The first reliable forecasts for the 25th solar
cycle were made in 2016 [2-5] with a three-year lead, but the start of the cycle was unexpectedly delayed by another
year. The generally accepted start date for the 25th cycle is defined as the beginning of 2020. In 2019, we obtained a
forecast for the start of the 25th solar cycle using the spectral analysis method [6, 7]. The forecast was in good
agreement with that of the Royal Society of Belgium [8]. The forecast was preceded by a study of long-term sunspot
data, from 1818 to the present day. We extracted individual components from these data using digital filtering, and
identified the longest-period, or secular, component. This was the most interesting for predicting future solar activity,
as it showed that the minimum level was ending and a slow increase was imminent at the end of the cycle. However,
we also identified other harmonic components, including an 11-year cycle. The long-term trend showed that the
average maximum number of Wolf number was not expected to exceed 100 for the 24th and 25th cycles SA.

The peculiarities of the 25th solar cycle

Refinement of the forecast based on Wolf number data for the last two years suggests a relatively quiet development
of the 25th solar cycle, with an average maximum up to 120 in a period of 10.5 years. The maximum is expected to
occur in 2025, and the cycle is expected to end in 2030. Figure 1 shows 11-year solar cycles, starting with cycle 19
and ending with cycle 25. Cycle 25 was obtained by extending filtered Wolf number data up to 2019. The red line
also shows a narrower 11-year spectral range projected over a longer time horizon. Note that non-zero minimum
values were observed in cycles 19, 20, 21 and 22; zero minimum values were observed in 23, 24 and 25. It has already
been noted that during cycle 24 a zero value was observed for one year, typical of the current cycle.
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Figure 1. Eleven-year cycles for solar cycles 19-25 with various filter parameters [6,7].

Figure 2 shows a comparison between our forecast using data up to and including 2023 and the Cycle 25 forecast
provided by the Royal Observatory of Belgium. The green, orange, and red color’s represent extrapolation results for
curves with different filtering parameters, which are similar to the blue and red curves in Figure 1.
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Figure 2. Comparison forecasts of cycle 25 for the 11-year component by extrapolation (red, orange and green

curves) obtained by authors, and the improved 12-month ahead forecast of Royal Observatory of Belgium,

obtained by method (ML).

Figure 2 shows the forecast for the beginning of 2024 obtained by the McNish and Lincoln method from WDC-
SILCO [9], improved by applying the adaptive Kalman filter. The solid coloured areas marked in Fig. 2 characterize
the magnitude of possible uncertainties of this forecast. The results obtained by the authors are in satisfactory
agreement with the forecasts of the Royal Observatory of Belgium. Note that the authors' forecasts presented in Fig.
2 refer only to the 11-year spectral component of the solar cycle.

In Figure 3, the purple curve shows the smoothed curve of eleven-year cycles from the end of cycle 23 and the
forecast for cycle 25, refined by Wolf numbers, including February 2024.

A smoothly varying broad cycle is obtained, which is shown in Fig.4. It compares the authors' refined forecast based
on data from 2023 with the Belgian Observatory forecast for data as of March 1, 2024.
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Figure 4. Comparison of the forecast for the 25th solar cycle obtained by the authors (blue curve) with data
from the Belgian observatory as of March 1, 2024.

Another comparison, the resulting forecast of cycle 25 is shown in Figure 5. Here is a comparison of forecasts with
monthly average data from Boulder. There is satisfactory agreement of the data presented.

The satisfactory comparison of forecasts for the 25th solar cycle indicates the potential of spectral analysis and
extrapolation methods in studying complex processes in natural environments. Using only experimental data, it is
possible to identify and study individual components of complex processes and to obtain forecasts for both rapidly
changing and long-term components responsible for slowly changing global variations. The slightly underestimated
values for the Wolf numbers in our forecast compared to more recently measured values are due to the fact that an
eleven-year component was forecast. In a full forecast, taking into account higher-frequency components, the values
of Wolf numbers may increase by 20-40%, and the curve will be more indented.
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Figure 5. Comparison of the predictions of monthly average data Wolf numbers according to Boulder [10] and
the author's predictions (bold curve).

Conclusion

The refinement of the forecast for the 25th solar cycle, based on spectral analyses of data from 2022 to early 2024, is
mainly concerned with the mean value of the maximum. The originally proposed Wolf number value of around 100
was underestimated, and we can now confidently say that this value will exceed 150. As noted back in 2020, the peak
of the 25th solar cycle is expected in 2025, and the cycle itself will last until 2030. A key characteristic of the observed
cycle is the long period of zero values at the beginning of the cycle, but after 2023 there is a sharp rise in Wolf number
values that will correct the late start, resulting in the average maximum of the 25th cycle exceeding that of the 24th
cycle. Thus, the 24th solar cycle will remain the lowest in the last 100 years.
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Abstract. The geomagnetic effects of a meteor explosion on December 19, 2014 at high latitudes over the Kola
Peninsula, Russia are considered. The response of the geomagnetic field was considered based on data from the
magnetometer (Loparskaya Geophysical Observatory of the Polar Geophysical Institute) and stations of the
International Monitor for Auroral Geomagnetic Effects (IMAGE). It was shown that the meteor explosion caused
changes in the values of the geomagnetic field components. It is assumed that the sharp changes are caused by the
impact of the shock wave from the explosion on the auroral electrojets, and the subsequent wave-like variations of the
components are caused by the modulation of ionospheric currents in the dynamo region of the ionosphere by acoustic-
gravity waves. For the first time, it was suggested that sudden changes in the geomagnetic field are caused by the
impact of the shock wave from the meteor explosion on auroral electrojets.

Introduction. The processes that occur in the Earth’s atmosphere during the passage of meteoroids, as well as the
generation and propagation of waves recorded after the invasion of celestial bodies into the atmosphere, are of interest
and are constantly being studied [Edwards et al., 2006; Glazachev et al., 2021; Spivak and Riabova, 2019]. The
invasion of meteoroids of various scales occurs constantly, however, the response of the geomagnetic field is still not
fully understood.

The flights of meteoroids are accompanied by various processes: heating, combustion and destruction of the
meteoroid, the generation of various types of waves, including shock, acoustic-gravity and slow
magnetohydrodynamic waves, as well as the ionosphere and the geomagnetic field disturbances. The study of the
reaction of the geomagnetic field to the intrusion of meteoroids makes it possible to classify their response to this
phenomenon and assess the degree of their changes in various cases.

Observation methods and explosion location. On December 19, 2014 a trace of a meteor fall was recorded
using optical monitoring of the state of the environment (all-sky cameras of the Polar Geophysical Institute in the
Verkhnetulomsky Observatory, 68.60° N, 31.75° E, and the city of Apatity, 67.6° N, 33.41° E). The destruction of
this meteor over the Kola Peninsula at 19:03:07 UT was followed by the bright flash (68.6° N, 31.1° E).

The response of the geomagnetic field was considered using the geomagnetic field components H, D and Z of the
magnetometer of the Loparskaya Geophysical Observatory of the Polar Geophysical Institute (68.25° N, 33.08° E).
Relative to the location of the meteor explosion, the Observatory was at a distance of about 90 km to the east. A
description of the magnetometer and the obtained data can be found on the Polar Geophysical Institute website.
According to data from the Observatory, planetary indices Kp and data from the GOES satellite, the geomagnetic
situation on December 19 during the meteor explosion was quiet.

Data processing was performed using the MATLAB programming language application package. To define periodic
components, a digital Cauer elliptic bandpass filter was used. Its feature is a steep decline in the amplitude response,
which allows for more effective frequency separation than when using other linear filters. The cutting periods were
specified in each considered case. For wavelet analysis of the spectral components of the data, the Morlet wavelet of
the MATLAB application package was used.

Geomagnetic effects of the meteor explosion. The geomagnetic field is an indicator of many processes
occurring on the Earth, in the surrounding space and on the Sun. Changes in the geomagnetic field are caused by
natural causes: solar flares, processes in the ionosphere and the magnetosphere of the Earth, as well as various artificial
phenomena: powerful explosions of chemical and nuclear weapons, missile launches and flights, modification of the
ionosphere by powerful radio waves, etc. An extensive network of magnetic stations, located throughout the globe,
allows continuous and high-precision measurements of variations in the geomagnetic field. Thus, this makes it
possible to monitor simply and effectively processes in the near-Earth plasma caused by the influence of various
sources on it, including the fall of celestial bodies.

Geomagnetic field variations are the superposition of various geomagnetic field disturbances. Their identification is
sometimes quite a difficult task. The task is easier if the parameters of the phenomenon that caused the disturbance
are known (place, time, characteristics, etc.) However, the response of the geomagnetic field to various natural and
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artificial processes has not been fully studied. All this also applies to those flying into the Earth's atmosphere of
meteoroids, the flight of which is accompanied by various processes: heating, combustion and destruction of the
meteoroid, the generation of various types of waves, including shock, slow magnetohydrodynamic and acoustic-
gravity waves, as well as disturbances of the geomagnetic field [Bronshten, 1981; Catastropjic, 2005].

The first works devoted to the influence of flights and explosions of cosmic bodies in the Earth's atmosphere on the
geomagnetic field examined its reaction to the explosion of the Tunguska meteorite on June 30, 1908. For many years
and to this day, the Tunguska catastrophe has attracted the attention of researchers, including the impact of the
explosion on the Earth's magnetic field [Bronshten, 2002; Ivanov, 1961; Rakhmatulin et al.; 2013; Shaidurov, 2015].

Since the flights of meteoroids are recorded by environmental monitoring tools, they can be described quantitatively
and, thus, get an idea about the characteristics of the source of possible variations in the geomagnetic field (time,
place, energy, light and acoustic manifestations, etc.). Despite the fact that observation and analysis of changes in the
parameters of the geomagnetic field is a simple and effective method for studying the physical processes
accompanying the fall of celestial bodies, nevertheless, the effect on the geomagnetic field of flights and the
destruction of meteoroids has not been sufficiently studied. There are still various mechanisms for generating
geomagnetic disturbances. Each of the proposed mechanisms may be responsible for the manifestation of certain
disturbances in the geomagnetic field. Some of them can be distinguished: modulation of the system of ionospheric
currents in the dynamo region of the ionosphere by disturbances coming from a meteor explosion [Chernogor, 2014;
Ivanov, 1964, 2002], the formation of a dipole moment in the plasma trace [Bronshten, 2002], magnetic disturbance
caused by a shock wave [Bronshten, 2002; lvanov, 1964; Siber et al., 2018], the appearance of a ballistic shock wave
when a meteoroid enters more dense layers of the atmosphere [Savchenko, 1975], magnetohydrodynamic plume effect
[Catastrophic..., 2005; Chernogor, 2018; Kovalev et al., 2006], the appearance in the atmosphere of an additional
magnetic moment formed by particles of a destroyed meteoroid [Shaidurov, 2015], the occurrence of various
oscillations [Chernogor, 2011]. Another mechanism for the appearance of geomagnetic disturbances from the passage
of a meteoroid may be its interaction with the Earth’s plasmasphere [Rakhmatulin et al., 2013]. Each of these
mechanisms can make one or another contribution to the magnetic disturbance with its own spatio-temporal scales.

Let us consider the features of the behavior of geomagnetic field components and the possible reasons for their
appearance. Figure 1 shows variations in the H, D and Z components of the geomagnetic field during a meteor
explosion. The abscissa shows the time in UT, the vertical line shows the time of the meteor explosion. According to
the all-sky camera data, the meteor flash was recorded at 19:03:07 UT. After approximately 110 s, a sharp change was
noted in all components. At the same time, the nature of these measurements was different: in the H-component there
is a sharp peak, in the D-component there is an N-shaped change, which in ionospheric studies is associated with the
passage of a shock wave through the ionosphere, in the Z-component a W-shaped change is visible. The total change
in the H-component was about 40 nT, in Z-component was about 60 nT, and in the D-component - about 80 nT.

19.25 19.5
UT, hour

Figure 1. Variations of the geomagnetic field during a meteor explosion.

At the site of the explosion, an increased gas pressure is created by an order of magnitude and more superior to the
pressure in the environment. Due to this, a shock wave appears with a significant initial amplitude, which propagates
at a speed exceeding the speed of sound at ionospheric altitudes. As a rule, the shock wave weakens during
propagation, generating acoustic, acoustic-gravity and slow magnetohydrodynamic waves.

Unlike middle and low latitudes, where meteoroid destruction processes are mainly considered, in high latitudes,
meteor destruction occurs near a system of auroral electrojets. Let's consider the impact of the meteor explosion on
this system. According to the MIRACLE monitoring system of the Finnish Meteorological Institute (The
Magnetometers - lonospheric Radars - Allsky Cameras Large Experiment) on the quicklook-plot of electrojets
[Miracle, 2024; Tanskanen, 2009], during the meteor explosion, auroral electrojets were in the area of the Loparskaya
Geophysical Observatory (Fig. 2). Therefore, as a first approximation for calculating the speed of propagation of the
modulating effect from a meteor explosion on the current stream, you can choose the distance from the place of the
meteor explosion to the height at which currents flow, creating variations in the geomagnetic field. According to
estimates [Zaitsev et al., 2022], it can be taken equal to 115 km. If we assume the height of the explosion to be 20 km,
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then the total distance from the explosion site to the current jet can be estimated at 95 km. In this case, the speed of
propagation of the impact from the meteor explosion on the current jet with a reaction time of 110 s is approximately
860 m/s. Such velocities correspond to the propagation velocities of shock waves in the ionosphere. Note that after
the meteor explosion, the quicklook graph clearly shows a sharp narrow change in the two eastern and western
electrojets.

E(+) and W(-) electrojet at 22.06° longitude E and W electrojet at 22.06° lon, 59°-80° lat
1000 T 1 80 100

ECLAT QuickLook plot provided by FMI EEJ

ECLAT Qu1ckL00k plot provnded by FMI
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=

Figure 2. Behavior of equivalent eastern (E) and western (W) auroral electrojets at longitude 20.06°E (left)
and the integral ionospheric equivalent current calculated separately for the eastern (EEJ) and western (WEJ)
components (right) during the meteor explosion.
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Figure 3. Variations in the geomagnetic field during the meteor explosion recorded at the Loparskaya
Geophysical Observatory.

The clearly pronounced pulsed nature of the reaction of the geomagnetic field components at the Loparskaya
Geophysical Observatory (Fig. 1) can be explained by the fact that this is a reaction to the impact of the shock wave
from the meteor explosion on auroral electrojets. Thus, it can be argued that for the first time the impact of a shock
wave from a meteor explosion on auroral electrojets has been discovered.
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Let us consider variations in the components of the geomagnetic field recorded at the Loparskaya Geophysical
Observatory during the meteor fall. Figure 3 shows the variations of components H (top picture), D (middle picture)
and Z (bottom picture). The components are indicated along the ordinate axes. The abscissa shows the time in UT. In
the figures, the vertical line shows the time of the meteor explosion.

The presence in the spectra of variations of period components that correspond to periods of acoustic-gravity waves
in the E-region of the ionosphere speaks in favor of the hypothesis expressed in [Chernogor, 2014; Ivanov, 1964,
2002]. According to their assumptions, the wave-like change in the components of the geomagnetic field is explained
by the fact that this is a reaction to the impact of acoustic-gravity waves on the system of ionospheric currents in the
dynamo region of the ionosphere.

Conclusions. The behavior of the geomagnetic field after the meteor explosion over the Kola Peninsula is
considered. The explosion is shown to have caused abrupt changes in the environment. The most likely mechanism
for the manifestation of the changes in the geomagnetic field is the passage in the atmosphere of shock and acoustic-
gravity waves generated during the explosion of the meteor. It was shown for the first time that a shock wave in the
geomagnetic field had an impact on the auroral electrojets and caused sudden changes in their state. This in turn caused
sharp changes in the components of the geomagnetic field. Subsequent wave-like changes are caused by the influence
of acoustic-gravity waves on the system of ionospheric currents in the dynamo region of the ionosphere.
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AHHOTAIUSA

ITpennoxeHs! METOAWKM AWArHOCTUKM IApaMETPOB IIOTOKA BBICHIMAIONINXCA BO BPEMS IOJSPHBIX CHSIHUH
9JIEKTPOHOB MO JaHHBIM (pOTOMETpUUECKHX M3MepeHHH WHTeHcuBHOCTeH m3nmydenus LBH mosoc monekynspHoro
a3ota N, II0JI0C IEPBOi OTPHIATENFHON CHCTEMBI HOHA MOIEKYIISPHOTO a3oTa N u smuccuu 630.0 HM aTOMapHOTO
KHCJIOPOZA, a TaK)Ke METOJMKAa BOCCTAHOBJICHHUS CIIEKTPA DHEPTMYHBIX O3JIEKTPOHOB IO BBICOTHOMY IPOQHIIIO
SHEProBBIICICHUS C MCIOJIB30BAHUEM [AHHBIX 110 MHTEHCUBHOCTH M3JIyY€HHs MOJISIPHOTO CHSHHUSA B LIUPOKOM
Jara3oHe JAIuH BoJH. [loka3aHbl pe3ysbTaThl OLEHOK TapaMeTPOB aBPOPANIbHBIX JIEKTPOHOB 110 ()OTOMETPHYECKUM
JTaHHBIM, MIOJTyYEHHBIM B XOZI€ 3KCIIEPUMEHTOB, poBeaeHHbIX B [IT'H.

BoccraHoBiieHHe JHEPreTHYECKOro0 CHEeKTPa TMOTOKAa BbICHIMAKIIUXCH  3JEKTPOHOB 10
BEPTHUKAJIBbHBIM NPO(PUIAM 3HEProBblIeIeHUs

DHEPreTHYCCKUA CIEKTP BBICHIIAIONIUXCSA 3JCKTPOHOB OMPEACISIET XapaKTep MOJSPHOTO CHSHUSA, U B IEPBYIO
ouepe/b BHICOTHBIN MPOQIIIL BRIACTUBIICHCS MPU MPOXOXKICHUH JJICKTPOHOB 3HEPTHH. BhICOTHOE pacmpeseicHue
BBIICNIMBIICHCA B aTtMocdepe SHEPrUd NpPU WHXKEKIUHU 3JICKTPOHHOTO IMOTOKA MOXKHO IPEJICTaBUTh B BHUJC
¢byukimonana [HMeanos u Kozenos, 2001]:

E

W) = p(h) j mer A ) E)E, ©

rie W (h)-sHeprus, BeiienuBasics Ha Boicote h , 2B-cvc; p(h)-nnotHocth atMocdepsl Ha Boicote h, 2en; E -
SHEPIUs 3JIEKTPOHA B UCTOUHHUKE ,2B; R(E) - nnTerpanbHas aiuHa npobera, 2-cv?; M(h,E) — Ge3pasmepHas QyHKIus
nuccunanuu >Hepruu, f(E)-sHepreTHueckuii CeKTp BBICHITIAIOMIMXCS dIEKTPOHOB, 9B cv? ¢,

Pemas wHTerpansHoe ypaBHenue (1) otHocutensHO (yHkimu f(E), momydaem 3aBUCMMOCTh BEIMYMHBI HOTOKA
JIEKTPOHOB OT SHEPTHM 3JIEKTPOHOB — IH(p(PEepeHINaTbHBIA SHEPreTHYecKuii crnekrp. TakuM oOpa3oM, 3HaHHE
BBICOTHOTO TPOGWIS SHEPTOBBIICICHHS B TOJSIPHBIX CHSHMSAX, BO3HUKAIONIMX BCIICACTBHE 3JIEKTPOHHBIX
BBICBITIAaHNH, TIO3BOJISIET BOCCTAHOBHUTH ITapaMeTPhl SHEPTETHIECKOTO CIIEKTPa BBICHITIAIONINXCSI HJICKTPOHOB.

[pencraBum uHTerpan B ¢popmyiie (1) B Buie cyMMbl uepe3 GopMyty Tpareimii:

[K (h, Ex)Fy + K(h, Ex—1) Fie—1][Ex — Ex—1]
2 )

w(h) = p(h) z":

k=2

(2)
E
rne K(h,E) = 2®

[ocne NpUHATHS TOMOJHUTEIBHBIX OTPAHHYCHUN B TOM, YTO Fy TOIKHBI OBITH MOJIOKUTENBHBIMY, a uckomas f(E)
— AO0CTAaTOYHO IUTaBHOM (byHKHHCﬁ B 3aBUCHUMOCTH OT DHEPTHUH, MPUXOJUM K 3a1a4€ O MUHHUMH3AIUHN CICAYIOUICTO
(¢yHKINOHANA:

A(h, E) , N—KOJIMYECTBO TOYEK HA BLICOTHOM TIPOQHUIIE YHEPTOBBIICIEHHS.

m n n
— 9KC 2 2
6= Y > W) =W +y ) (Fe—Fee?t, (3
IR k=2

rae W (h;)- uarerpan (3), mpeacTaBieHHBIA B Buge cyMMbl, W *“(h;)- sKcriepuMeHTaIbHO M3MEpEHHABETNYMHA
BBIICIUBLICHCS DHEPTUM, Y - PETYSIPUUPYIOIUN HmapaMeTp, M — KOJIWYECTBO AKCIEPUMEHTAIBHBIX TOYEK Ha
BBICOTHOM INpo(iie 00beMHON MHTEHCUBHOCTH U3JTy4ICHUSI.

OOBIYHO B pealbHBIX ASKCHEPUMEHTaX H3MepseTcssi He MpoQIIb YHEPTOBBIACICHHSA, a BBICOTHBIE NpOoduiIH
MHTEHCUBHOCTEH aBpOPANbHBIX 3MHUCCUM. Tak, B TPUaHTYISLMOHHOM 3KCIIEPUMEHTE, NpoBeAcHHOM B [lomsipHoM
reopmugeckom uHCTUTYTE B 2011-2021 rr. ¢ momomnipio kamep MAIN, perucTpupyomux u3IydeHrne MmoJIspHOTO
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ﬂuaznocmuka napamempog nomoka aepopajibHblX 3J1€eKmMpoHO8 no OaHHbIM tj)omo/wempultecxux MS’M@pEHHlZ

CHSIHUSL B IIIMPOKOM JIMAIa3oHe JUIMH BOJIH, OBUTH ITOJTY4€HBI BHICOTHBIE TIPO(QUIN HHTEHCUBHOCTH B nana3one 380-
580 um st 11 cayuaeB IyaucTsIX GOPM MONSPHBIX cUstHui [Kosenos u op., 2021].

[Ipu u3BeCTHOM cOCTaBe JIMHUH U MTOJIOC CBEUCHUH B PETUCTPHPYEMOM CIIEKTPE MOKHO OIPENEITHUTE CBSA3b MEXKIY
CyMMapHOit 00beMHOM MHTEHCUBHOCTHIO CBeueHNUs B auanasone 380-580 HM 1)3g0_sg0 (M) ¥ BEMMUUHON CyMMapHOTO
SHEPTOBBIICIICHUS:

W(h) = k(h) - n350-580 - 4

rne W (h) - sHeprusi, BBIIENMBLIASACSA HA BBICOTE N B emuHMIax spe-cym>c, 1359 sg0- 00BEMHAS HHTEHCHBHOCTH
M3JTyueHus B eMHULax omon -cm>cl, k(h)- kodpQUIMEHT B3aMMOCBA3H B €MHULAX 9p2 -(homon™t,

s pacueToB KO3 QUIMEHTa B3aUMOCBSA3M MOICIUPOBAIUCH
BBICOTHBIC TIPOGHIN HHTEHCHBHOCTEH IMUCCHI U MOJIOC, JISKAIHX
B JIMara30He PErUCTPaliy Kamep. PacyeTsl IpoBOAMIIICE B paMKax
MOJIEI  aBpOpANbHOW HWOHOC(Eps, OmMcaHHOH B paboTe
],O6 [HJawxesuu u op., 2017] ¢ y4eToM YYBCTBHTECIBHOCTH

peructpupytomeit matpuisl [Kozelov et al.,, 2013]. [aee,
104 UCIIONB3ysl cooTHoIeHue (4) u 3HaueHus koddduimenta k(h),
BEICOTHBIC TPOQHIM OOBEMHOH HHTECHCUBHOCTH H3ITy4YCHHS
103 380580, IOJYYCHHBIC M3 JKCICPUMEHTAIBHBIX JAHHBIX, OBUIH
npeoOpa3oBaHbl B BBHICOTHBIE MPOQMIN SHEPTUH, BBIICIUBILIEHCS
OpH MPOXOXKACHUU aBpopaibHbiX dnektpoHoB W(h). Hcmonb3yst
AIITOPUTM BOCCTAHOBJICHHS YHEPreTUYECKHUX CIIEKTPOB MOTOKOB
BBICHINAIONIMXCS  JJIEKTPOHOB IO  BBICOTHOMY  NPO(MIIIO
BBIACIUBLICHCS ~ SHEpPrHH,  OBUIM  TOJYYEHBI  CIICKTPBI
BBICBHINAIONINXCS IEKTPOHOB Uil 11 cilydaeB JTyYHCTBIX CTPYKTYP
Pucynok 1. ITpuMep BOCCTaHOBJIEHHOTO HOJIAPHOTO CHSHMSA. [IpuMep BOCCTaHOBICHHOTO YHEPreTHYECKOTO
CIIEKTPa BBICHINAIOLIUXCS JJIEKTPOHOB criekTpa foxe(E) A1 Ty9UCTHIX MONAPHBIX CHSHUI IPHBENICH Ha PHC.
JUISL Ty9UCTHIX (POPM IOJIAPHOTO CUSHHUS. 1. Moapo6bHo 00 mpoueaype BOCCTAHOBJIEHHS CIEKTPOB M HX
XapaKTepPUCTHKAX MOXHO MPOYHTaTh B padore [[Jawkesuu u op.,

2021].

108

Fy, oB'emic!

B ] ]
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JHeprIud. 3B

OneHka XapaKTepPUCTHK MOTOKA BbICHINAKIIUXCH 3JEKTPOHOB MO0 OTHOUIEHMI) MHTEHCUBHOCTHU
amuccum 630.0 M u 427.8 um
doToMeTpUYECKHEe H3MEPEHHs H3IY4YE€HHH MOJSIPHBIX CHUSHUNA HCIONBb3YIOTCS B OCHOBHOM Ui  OIIEHKH
XapaKTEPUCTUYECKON SHEPTHHU BBICHIMAIOIINXCS YACTUI] HA OCHOBE ajrOPUTMa, MPEJI0XKEHHOro B pabote [Rees and
Luckey, 1974], rae 6bUI IpeIIOkKEH HCIOIB30BaTh HHTEHCHBHOCTH sMuccHi 427.8 um ING NI 1 630.0 mm.

OTHOIIIEHHE HHTEHCUBHOCTEH l630.0/1427.8 IMEET OIHO3HAYHYIO 3aBUCUMOCTH OT CPEHEH YHEPTHUH BBICHIIAFOIIETOCS
MOTOKA 3JIEKTPOHOB. ITO OTHOIICHHUE CJ1a00 3aBHUCAT OT MTAPAMETPOB MOTOKA BICHIMAIOIIMXCS SJICKTPOHOB U COCTaBa
atMocdepbl, B YaCTHOCTH, OT KOJMYeCTBA B aTMocdepe OKHCH a30Ta W aTOMapHOro KHCIIOpOJa, YTO
MPOJEMOHCTPUPOBAH Ha PHUC. 2.
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Pucynok 2. Biusiaue Ha oTHOIIEHHE l630.0/1427.8 pa3THYHBIX TApaMETPOB: a) MOTOKA SHEPTHU BBHICHITAIOIIAXCS
3JEKTPOHOB; 0) QOPMBI CIEKTpa BBICHIIAKIIUXCSA JIICKTPOHOB; C) KOHICHTPAIMM OKHCH a30Ta; 1)
KOHIICHTPAIIIH aTOMapHOTO KHCIOPOAA.

OmnpeneneHHBI XapakTep 3aBHCHMOCTH OTHOWICHHS le30.0/l4278 OT cpemHell HSHEPTHM MONTBEPKIACTCS |
sKCIepuMeHTaIbHbIMU HanueiMu [Christensen et al., 1987; Jawxesuy u op., 2006]. Takoe HMOBeIEHHE OTHOIIEHHS
MHTEHCUBHOCTEH KpacHOM M CHHEW aBpOpPaJbHBIX JIMHUKM JAET BO3MOXKHOCTb BOCCTAHOBJICHHS XapaKTEPUCTHK
MOTOKOB aBPOPAIBHBIX 3JIEKTPOHOB.

Kax BumHO 13 pucyHka 20 Ha oTHOmeHHE ls30.0/1227.8 PopMa dHEPreTHUECKOTO CHEKTPa DJIEKTPOHOB HE BIUSET
CyIIIECTBEHHBIM 00pa3oM. MakcuMalbHBIE OTKJIIOHEHHUS OT CpeqHeN KpUBOHM 3aBUCHMOCTH COCTABIIAIOT MeHbIe 10%.
Takum o0Opa3oM, MNpH ONpEeNeNeHHH MapaMeTPOB 3JIEKTPOHHOTO TIOTOKA SBISIETCS KOPPEKTHBIM [eNaTh

114



JK.B. /lawresuu u B.E. Heanos

F E
OPEIIMONOKEHHE O MAKCBEIUIOBCKOM PACIPEICICHNN BBICHINAIONINXCS EKTpoHOB f(E) = ﬁexp (— E—). Torma
M M

CpEeIHsIs SHEPIUsl BBICHINAIOIINXCS YacTUIl OyAeT onpenensithes Kak Eqp=2E,, rne Ey—xapakrepuctudeckas sHeprus
BBICBITIAIOIINXCS  JJIEKTPOHOB, OMpEAeNsAeMas MO HKCIEPUMEHTAIbHO W3MEPEHHOM BEJIMYMHE OTHOIICHHS
WHTEHCUBHOCTEH l630.0/l4278 M3 TeopeTHueckoil KPHBOH, MONYyYSHHOH IUII KOHKPETHBIX aBPOPAJBHBIX YCIOBHIL.
3aBUCHMOCTh XapaKTEpPUCTUIECKON sHepruu Ey oT Benm4auHbl oTHOIIEHHUS l630.0/1427.8 TOKa3aH Ha puc. 3.
AOcomoTHas BeMYMHA MOTOKA dHepruu |Fy| ompenensercs
W3 YCIOBHS HOPMHUPOBKM HHTCHCHUBHOCTH, IOJTyYEHHOW B
9KCIIEPUMEHTE [355 g, K PACCYMTAHHOM [UIsl €JMHUYHOTO ITOTOKA
SHEPTrHHM MAaKCBEIUIOBCKOTO PAaCIpPECICHUSI BBICHIIAIOMINXCS
JJICKTPOHOB ~ TEOPETHUYECKOH WHTEHCHBHOCTH B  CTOJOE

XapakTepHCTHYECKas YHeprus, KaB
o

TIONAPHOTO CUAHMS [ 5or:
. p 4278
3KC . jT€eop
2 13355 = |Fgl 14-27.8 ' ®)
0 T T T
01 1 T VYuuteiBas popmyiy (1), momydaem:
l630.0/1427.8 1255
|Fg| = Ee;(p(_E/E ) : (6)
B[, [. K(hE)y——=—"dEdh
PucyHok 3. 3aBUCHUMOCTB h °E ER
XapakTepucTHiIecKoit oneprun E, ot Bennunna notoka sHeprun Fy CBs3aHa ¢ BEMYHHON IOTOKOB
BEMIHHbI OTHOMIEHHUS l630.0/l427.8. BBICHINAIONIMXCS DIIEKTPOHOB Ny COOTHOIIEHUEM

FE = N()Ecp ' (7)

Takum o00pa3oMm, uMes OSKCIEPHUMEHTAIbHO W3MEpPEHHbIE WHTEHCHBHOCTH OSMuccud 427.8 HM nepBoi
OTPHIIATEILHON CHCTEMBI HOHA MoneKylsapHoro azora ING NI u smmccru 630.0 HM aromaprOoro kuciopona Ol,
MOJKHO OTIPEIEIIATh:

1)  cpenHIO PHEPTHUIO BBICHITIAIOIINXCS yacThIl Ecp, ncmomnb3yst puc. 3;
2) TOTOK YHEPTUH BBICHINAIONIUXCS SIESKTPOHOB, HCIONB3Ys hopMyiy (6);
3)  MOTOK YacCTHII BBICHIMAIOIINXCS 3JIEKTPOHOB, UCIIONB3Ys Gopmyiy (7).

[Ipomenypa OLEHKM MapaMeTpOB CIIEKTPa BBICHIAIONIMXCS 3JEKTPOHOB OblIa TPHMEHEHa B  XO#e
TOMOTrpaMIecKOro SKCIepuMeHTa, MpoBoauMoro B [lomspHOM reousnieckoM HHCTUTYTE B 3UMHHHI neprox 1999
r. UaTencuBHOCTH SMuccnii 427.8 HM, 557.7 #M 1 630.0 HM BHYTpH AYTH MOJSPHOTO CHSTHUS OBLIA BOCCTAHOBJICHBI
ToMorpaduyeckuMu Metoaamu sl nossipHoro cusiaust 10-11 ¢eBpanst 1999 r. IlogpoOHOCTH dKCIIEpUMEHTa U
ToMorpapMueckux PeKOHCTpyKIui onmcanbl B paborte [Dashkevich et al., 2007]. Bbuti mojy4eHbl OTHOUIEHUS
WHTEHCUBHOCTEH B cTOJIOE mosisspHOTO cusiHus smuccuii 630.0 uM u 427.8 HM. Mcnonb3ys ONMUCAaHHYIO BBIIIE
MIpoIeTypy, HAWICHBI H3MEHEHHS TapaMeTPOB MOTOKA BHICHITAIONIUXCS 3JIEKTPOHOB BJIOJIb TyTH MOJIIPHOTO CUSHHUSL.
Ha puc. 4 npeacraBieHsl H3MEHEHHUS BJIOJb MEpHAMAHA CpPEAHEH HSHEPrMM M BEJIUYMHBI IOTOKA SHEPIUU
BBICHIMAIONTUXCS 3JIEKTPOHOB.
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& ] ]
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Ju E 5 54 3 3
s | |
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Pucynok 4. MepunnoHansHOE MTOBECHHUE TTAPAMETPOB TIOTOKA BBICHITTAOIIIXCS 3JIEKTPOHOB BHYTPH
OTIEIbHBIX IYT.

OueHka cpeaHeil JHEPrUM MOTOKA BBHICHINAIOIIMXCS JIEKTPOHOB M0 OTHOLIEHUI0 HHTEHCUBHOCTE
H3JIyuyeHusi mojioc cucremMbl LBH, umenmux pa3jinyHylo cTeneHb MOIJIONIEHHS B KOHTHHYyMe
Illymana-Pynre

Wsnydenne monoc cucrteMbl Jlaiimana-bepmka-Xondwina (LBH) wonekymspHoro aszora HaOmomaeTcss B
yibTpaduoneToBoit oomactu cnekrpa 125-180 M. B 3T0ii 065acTy ciekrpa u3iydeHue NOoraomaeTcsi KOHTHHYYMOM
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ﬂuaznocmul«z napamempog nomoka aepopajibHblX 3J1€eKmMpoHO8 no OaHHbIM tj)omo/wempultecxux MS’/W@pEHHlZ

IITymana-Pynre MonekynspHOro kuciopofa. BemuunHa cedenust mnorsyomieHus B O, KOHTUHyyMe H3MEHSETCS
MPUMEPHO B cTO pa3 B uHTepBaie 125.0-150.0 am. C yBenmmdeHneM SHEpTHHA BTOPTAIOIIAXCA B aTMOC(epy YacTHII,
YBEIHMYHMBACTCA TITyOMHA X IPOHUKHOBEHHS B aTMOC(EpY, TOITOMY BBICOTa MAKCHUMyMa OObEMHON HHTEHCHBHOCTH
m3nyuenuss LBH tem menspmne, yem Oomblme cpenmHsas >Heprus dactull. Ho ¢ yMeHBIIEHHEM BBICOTHI MaKCHMyMa
yBenmuuBaetcs TommuHa Oz nornoturtens i1 LBH m3nydenus. Yem Gosbine MOTIONICHUE, TEM CHIIBHEE BBIPAKEHA
3aBUCHMOCTh MHTCHCHUBHOCTH OT J3HEPTHH. Takoe IOBEIEHWE WHTEHCHBHOCTH IIOJOC AAET BO3MOXHOCTB IS
JVarHOCTHKH MapaMeTPOB BBICHIMAIONINXCS AJICKTPOHOB. XOPOIIMM HHANKAaTOPOM CpPEIHEH 3HEPTHU CIYXKHUT
OTHOIIIEHHE MHTEHCUBHOCTEH M3IydeHus AByx nosioc LBH, nmeromux pasHyto crenens nornomeHus B O2. B padore
[Dashkevich et al., 1993] 6s1510 moKa3aHO, YTO TAKOE OTHOIICHUE C1a00 3aBUCHUT OT COCTaBa aTMOC(HEPHI.

[Tockonbky QopMa CcHEeKTpa BBICHITAIONINXCS 3JIEKTPOHOB
OYEBHAHO He OyAeT HW3MEHATh CYIIECTBEHHBIM 00pa3oM
OTHOIIICHHE HHTeHCHBHOCTe# aByX monoc LBH [Jawxesuu u
Heanos, 2022], MOXHO HCIOIB30BaTh MAKCBEJUIOBCKOE
pacupenenenye 31eKTpoHOB 1o sHeprusM. Ha puc. 5 nokazano
OTHOIIIEHHE MHTEHCUBHOCTEN KOPOTKOBOJHOBOW mosiocsl LBH,
Ui KOTOpoil  cedeHwe mornomeHus Oz BEIWKO, W
JUTMHHOBOJTHOBOH TIOJIOCHI, T/I€ TIOTJIONICHHUS HET, B 3aBUCUMOCTH
OT XapaKTepUCTHYeCKOW sHepruu. Kak MOXHO BHIETS,
— OTHOIIICHHE HHTEHCUBHOCTEH monoc LBH, wucobeITBIBarommx
Pa3IMIHYIO CTCIICHDb MOTJIOMCHUA MOJICKYJIAPHBIM KHUCJIOPOI0OM,
O4Y€Hb YYBCTBUTCJIBHO K HW3MCHCHUIO XapaKTepHCTH‘IeCKOﬁ
sHepruu. [IpuHuMas Bo BHMMaHue cooTHouieHue E,,=2E,, mo
€ro BEJINYMHE MOKHO OJHO3HA4YHO CYAUTH O CPEIHEU dHEpruu
BBICBINTAIOIINUXCA DJICKTPOHOB.
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Pucynok 5. OTHOlIEHHE WHTEHCUBHOCTH
nByx LBH monoc oT sHeprun 31eKTpOHOB.
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PE3YJIbTATHI TPEXIIO3UIIMOHHBIX U3MEPEHUI
HUCKYCCTBEHHOI'O OITUYECKOI'O CBEUEHUSA B KPACHOM
JIMHUU ATOMAPHOT'O KNCJIOPOJA HA HATPEBHOM CTEH/IE
CYPA

IO.K. Jlerocraera, A.B. lllunnun, C.M. I'pay, B.P. Xamies
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AnHoTanms. IlpencraBieHbl pe3yJbTaThl aHANW3a JaHHBIX JKCIEPUMEHTOB [0 HMCCIEIOBAHUIO BO3JEHCTBUS
MolIHOro panvousnydenust crenga CYPA Ha cBoiicTBa ONTHYECKOTO CBEYEHHsS HOYHOTO HeOa (MOHOChephl) B
KpacHO# JMHHU aToMapHoro kuciopoma (A=630 Hwm), BeImodHEHHBIX B 2022 r. Permcrpamus HCKyCCTBEHHOTO
cBeueHus B TUHUH A = 630 HM nipu Bo3aeiicTBuu MoutHbeM KB pagnomsydennem crenna CYPA npoBoamince B Tpex
pasHecéHHBIX MyHKTax Habmromenus — cteHnq CYPA (reorpaduueckue koopaumHaThl 56.15°c.mr, 46.10°B.1.),
MarnutHas obcepBaropus Kazanckoro yHuBepcutera (55.56°c.m1., 48.45°8.1.) u nepeBHs 3aximrouHas ([lepeBo3ckuii
paiion Hmxkeropozackoit 061., 55.54°c.m., 44.53°8.1.), Ha pacctosHMIX ~ 120-170 kM apyr ot apyra. Perucrparms
CBEUCHHUS U TMepBUYHAs 00paboTKa AaHHBIX npoBoawInch cotpyanukamMu HHI'Y, KII(®)Y u UC3d CO PAH. Ilpu
TPEXMO3ULMOHHBIX HAOIIOACHUSIX TIOJyYEHHbIE CHUMKH HOYHOTO He0a MO3BOJISIIOT ONPEAENATh BHICOTY U pasMmep
o0nacTu reHepaluy CBEUYCHHS, a TAaKKE€ BOCCTAHABIMBATH KPYMHOMACIITAOHYIO CTPYKTYpy OOJIaCTH TEHEpalUH
CBEYEHUS.

Beenenue

B F-o6nactn moHocdeps! HaOIr01aeTCsl HCKYCCTBEHHOE CBEUEHHE 10/ BO3JEHCTBHEM MOIIHOTO PaJHOM3ITYUIEHUS,
KOTOpOE€ BO3HHKAeT B pe3yibTaTe psia IOCIeAoBaTeIbHBIX MporeccoB. IlepBoHauansHO BonHa Hakauku (BH)
OOBIKHOBEHHOM Toysipu3aluu Ha yactote fo B3anmomeiicTByeT ¢ moHochepHOi miua3sMoi, o0ecrieunBasi TEHEPALIHIO
IUIA3MEHHBIX BOJIH. OJIEKTPOHbI, NPHOOpETaloIe B pPE3yJbTaTe YCKOPEHHS HEOOXOAMMYIO SHEPTHIO, IIpH
CTOJIKHOBEHHSAX BO30YXAIOT ONpe/esIEHHbIE SHEPreTHYEeCKUE YPOBHH HEHTPAIbHBIX aTOMOB HMOHOC(EpHOro rasa
(xucnoposa); B mpoliecce peslakcaliy Bo30yKIEHHOTO aToMa 0 OCHOBHOTO COCTOSTHHS ITPOUCXOIUT BHICBEUHUBAHHE
¢doroHa.

Kpome storo, cymectByer KOHKypHpyromuii 3pdekT, KOTOpbIii CBsI3aH C IOAaBIEHHEM (POHOBOTO CBEUCHHUS
noHocdepsl. OH BO3HUKAET BCIEACTBHE YMEHBIICHUS KOI(PPHUIUCHTa TUCCOLMATUBHON PEKOMOWHALIMK C POCTOM
TEMIIEpaTyphbl AJIEKTPOHOB MPH HarpeBe IUIa3MEHHBIMHM BOJIHAMM, YTO IMPUBOJHUT K YMEHBIICHUIO KOHIIEHTPALUH
BO30Y’K/IEHHBIX aTOMOB, CJI/IOBATEILHO, YMEHBIIEHHIO SIPKOCTH (POHOBOTO cBedeHMs. Hanbosee HU3KMM 1moporom
BO30Y:x1eHus (1.96 5B) obnamaeT kpacHas quHUA aroMapHoro kuciaopoga O(*D) (A = 630 uM, pazuaTUBHOE BpeMs
*u3nu T = 107 ).

B 2021-2024 rr. skcnepUMEHTHl IO pErucTpaly HUCKYCCTBEHHOI'O CBEUYEHMs] IpU Bo3jaencTBUU MoIIHbIM KB
panuonsnydenueM crenaa CYPA B quaum A = 630 HM IPOBOJMIINCE B TPEX pa3HECEHHBIX IyHKTaX HAOIIOICHUS —
creanq CYPA (reorpadmueckne koopamHaTsel 56.15°c.mr., 46.10°B.n.), MarautHas o6GcepBatopus KasaHckoro
yHuBepcurera (55.56°c.am., 48.45°B.1.) m nepeus 3axmrounas (IlepeBosckmii paiioH Hwmkeroposackoit o06i.,
55.54°c.m., 44.53°B.1.). PaccrosHue mexnay myHkramm coctaBisiio: CYPA — Marautka 167 kM, CYPA — 1.
Saxumrounas — 119 xwm, a. 3akmrounas — Marautka 270 kM. Bo3aeiicTBre Ha HOHOC(Epy OCYIIECTBIISUIOCH C TOMOIIBIO
KB paanonsnydeHuss 0ObIKHOBEHHOW MOJISIPU3ALMK TIPH BEPTHKAILHOW OPHEHTA[H JUArpaMMbl HAPaBJICHHOCTH
CTeH[a, JU0O0 MPU HAKJIOHE AWarpaMMbl Ha IOT Ha 12° B IUIOCKOCTH MarHUTHOTO MepuauaHa Ha yactorax fo = 5380
kl'm, 5200 kI, 4785 k', 4300 k', a3 pexTrBHAS H3TydaeMast MOITHOCTh cocTaBirsiia Pag ~ 80 - 100 MBT. Yacrora
fo BBIOMpanach B 3aBUCHMOCTH OT KPHUTHYECKOW 4acTOThI HOHOC(hepsl. Bo3neicTBie OCyIecTBISLIIOCh B pexume 3
MHUHYTHI — HETNIPEPBIBHOE M3Ty4Y€HHE, 3 MUHYTHI — nay3a. MeToJuKa perncTpanuy 1 aHain3a MOpTPETOB HOYHOTO
ue6a B yuanu O(*D) omucana B [1, 2].

C moMOIIbI0 PErUCTpalii MCKYCCTBEHHOTO CBEYEHHS B HECKOJBKHX PA3HECEHHBIX IYHKTaX MOXKHO OLICHHTb
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Pe3yﬂbmambl mpexnosuyuOHHbLX MSJWEPEHMIZ UCKYCCMBEHHO020 ONMUYECK020 C6e4eHUsl 6 Kp(lCHOﬁ JAUHUU amOMAPHO20 Kuc/wpoda“.

CTPYKTYPY U POCTPAHCTBEHHBIE XapAKTEPUCTUKHM BO3ZMYIIIEHHOH 00Js1acTh HOHOC(epHI. 113-3a 60IBIIOro paccTosHUS
MEXIy perHCTparOHHBIME IMyHKTamMu (>100 kM) BO3MOXHOCTPH 3a(HKCHPOBATH CBEUCHUE B Pa3HBIX MecTax (M3-3a
o0agHOTO MOKpOBa) OBLTA Jajeko He Bcernma. B Tedenue nByx kammanuit 2021 roma He OBUIO HHM OJHOTO CEaHca,
KOT'/1a CBEUYEHHE WM NoAaBjIeH)e (JoHa HaOII0AaIuCh OTHOBPEMEHHO B TpeX MyHKTax. B 2022 rony OnaronpusTHbIe
HOTOJHBIC YCIIOBUS MO3BOJIMIIN 3apeTrHCTPUPOBATH CBEUCHUE BO BCEX TPEX IIYHKTAX, XOTS APKOCTH W300pakeHHI
MoOTJ1a OBITh PA3IMIHON N3-3a MPO3PAYHOCTH aTMOC]EPHI.

Pe3yabTarhl n3mMepeHuit

B GospmmHCTBE CiTydaeB, KOT/1a CBEICHHE HHTEHCHBHOE, BO3HHKAET OHO MATHO, 3aHUMAIOIIIee BCIO 00I1acTh Harpesa.
Ho Op1BaeT, 4To BO3HUKAIOT MOJIOCHI (CTPATHI), IO TPEITIOIOKEHUSIM BBITSIHYTHIE BJIOJIb MarHUTHOTO Houtst. [Ipumepst
KaJIpOB HOYHOT'0 Heba co cTpaTaMu NpUBeeHbI Ha puc. 1 u 2.

Ha pucynke 1 moka3zaH CHUMKH HOYHOTO HeOa, CIETaHHBIC B pa3HBIX MPHUEMHBIX MYHKTaX, B JUHAU A = 630 HM,
cnenannsie 1 aBrycra 2022 roga B 19:39:30 UT ¢ skcmosummeid 25 cekyHn, depe3 2.5 MUHYTHI TIOCIIE BKIFOUCHUS
crenna CYPA. Bpemsi Hauana chbeMKH M MECTOIOJIOKEHHE IYHKTa PErucTpalvy yKa3aHbl BBepXy mnanenu. s
MOCTPOCHHSI TPEXMEPHOH MOJENH 00JacTH CBEYCHUS Ha BHIMMbIE CHUMKE ITHA CBEYEHHs HaKJaJbIBAINCh
MOJIeTIbHBIE KOHTYpa 00JacTH B ()OpME IUIMICOB. DTH 3IUIMIICH 0003HAUCHBI KPACHBIMA W CHHUMH KOHTYpPaMH,
npe/cTaBIeHHBIME Ha puc.l. KoopanHaThl 1eHTpa 3JUTUIICOB M Ppa3Mephl ero mojryoceil moJoupannch Tak, YToOblI
obecreuyuTh BO3MOXKHO ONM3KOE COBMAACHHUE JJUIMIICOB C O0JNACTBIO ISATHA, 3aPErHCTPUPOBAHHON B TPEX PaszHBIX
MYHKTaX B OJHO M TO )K€ BpeMs, M OJHOBPEMEHHO IPEJCTABIBIIN COO0H MPOEKINH TPEXMEPHONH MOJEIH 00JIacTh
cBeueHHUs (CM. puc.2) Ha IUIOCKOCTh KaJpOB KaKAOW M3 PETHCTPUPYIOUINX KaMep, PAcCHOIOKCHHBIX B IMPHEMHBIX
nyHKTax. [lomydeHHble mapamMeTpbl KOHTYPOB JUIS pa3lIMuHbIX oOjacTell cBeueHMs (KpacHbIW/CHHUIT) Ha puc 1
cocraBsIoT: 56.10°/56.14° c.m., 46.36°/45.93° B.11., BeIcoTa 250 kM/255 M, Oombmast moryocs summmnca 9 km/11 km,
Manast Horyoch 7 kM/8 kM. OpaHKeBbIe IMHUN COOTBETCTBYIOT IIPOESKINAM CHIIOBBIX JTHHHH T€OMarHUTHOTO MOJS Ha
TUIOCKOCTh n300pakeHus. Ha cHUMKax Takke OTMEYEHBI HAlpaBJeHUS] CTOPOH cBeTa (Oesble JIMHUN), paJHaibHble
JUHUM W a3uMyTajJbHble KpyrH (IyHKTUpHblE Oesible JIMHMM), W CXEMaTUYHOe H300paKeHHue auarpamMmbl
HarpaBieHHocTH crenna CYPA (6exbiif smmmrc). [Ipu 3ToM OombIoe 105)KHOE «IIATHO» Ha MaHEN! a) COOTBETCTBYET
00J1aKy BO BpeMsl pETHCTpPallii CHIMKA IIPOJIETaBIIEMY HaJ pETUCTPHUPYIOIEH KaMepoii.

a) SURA, 19:39:30 UT 01.08.2022 0) Kazan, 19:39:30 UT 01.08.2022

05 B) Zakluchnaya, 19:39:30 UT 01.08.2022
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Pucynok 1. OOpaboTanHble onTH4eckue u3oOpaxeHus, 3aperucrpupoBannbie 01.08.2022 B 19:39:30 UT.
[Manens a) crenx CYPA, nmanens 6) MarautHas obcepBaropust Kazanckoro yHuBepcuTeTa, aHelb B) ITYHKT B
J. 3aKIIOYHas.

Ha pucynke 2 mpencraeneH pe3ynbrar 3D-momenmpoBanHus obnactu ceueHws. [lanenu a), 0), B) Ha puc.2
COOTBETCTBYIOT BHJy Ha 00JIaCTh CBEUCHHSI CO CTOpPOHbI MarHutHOH oOceparopun KOV (nmpubimsurensHo c
BOCTOKa), cHU3y co crteHaa CYPA u ¢ roro-zamajgHoi CTOpPOHBI J. 3aKiIo4yHOW. MoJenupoBaHue MPOBOAUIIOCH C
UCIIOJIb30BAaHUEM CIIELHAJIBHO pa3padOTaHHOTO NporpaMMHOro obdecriedeHusi. Ha ocHoBe Hamboiee IOIXOISAIINX
mapaMeTPOB KOHTYPOB C PHCYHKa 1 OBLTH MOCTPOCHBI 00BEMHBIC CEPOUIBI, BHITSIHYTHIC BIOJb MATHUTHOTO TTOJIS.
CTpenku yKa3bIBaIOT HAMpaBJICHHE MAarHUTHBIX CUJIOBBIX JMHHUI B cTOpoHBI cBeTa. [1o mogenu IGRF 2022 r. Hag
creanom Cypa Ha BbicoTe 250 KM MarHuTHO€ CKJIOHeHHe coctaBisier 12.119°, a marauTHOE HakiIoHeHHe — 72.19°.
[MapameTpbl MOAETHPOBaHUS BBHIOMPATNCH, OISATH JK€, IUISI JOCTYDKCHHUS HAWIYYIIETO0 COBIAJCHUS MPOCKIHA
TPEXMEPHBIX C(HEpOHIOB Ha INIOCKOCTH KaJIPOB paziaW4yHbIX Kamep. [IyHKTHpHBINA KpyT Ha puc. 2 0003HA4aeT KpyT
KOMIIaca, TJie KpacHas JIMHUS COOTBETCTBYET CEBEpPY, CHHSS — IOTY, 3€JIeHas — BOCTOKY, a PO30Basi — 3amajy.
BuprozoBast TUHHS MPENCTAaBIAET COOOM MPOEKINI0 MATHUTHBIX CHJIOBBIX JIMHHUHA HA TOPU30HTAIBHYIO ILUIOCKOCTD,
COOTBETCTBYIOIILYI0O MArHUTHOMY Mepuanany. Cepblii KOHyc 0ToOpaXxxaeT AuarpaMmy HarpasiieHHOCTH cteHaa Cypa.
Ha ocHoBe mony4eHHBIX JaHHBIX U JalTbHEHIIero aHaIn3a MIIaHUPYETCS ONPEAeTUTh PeaTbHOE PACIIOI0KEHUE MIATCH

118



IO.K. Jlecocmaesa u Op.

CBCYCHUS B IPOCTPAHCTBE U UCCIICAOBATL IPOCTPAHCTBCHHYIO CTPYKTYPY obnactu BO3MYIICHU.
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Pucynoxk 2. [Tanens a) Bua ¢ Boctoka (co ctoponsl Kazann); nanens 6) Bun cHusy Ha crena CYPA; manens
B) BHJI C IOT0-3ama/ia (IepeBHs 3aKIF0uHas).

3akiaoueHue

B 2021-2024 rr. ObLI HAKOIUICH 3HAYUTEIBHBIA O0BEM SKCIHCPUMCHTANBHBIX JAHHBIX 110 TPEXMMO3UIIMOHHOMY
HCCIICIOBAHHUIO 00JIACTH MCKYCCTBEHHOTO cBedeHMs1 noHocheps! Han creHnoM CYPA. Ha ocHoBe BeIpaboTaHHOTO
aNTOPUTMA ITOCTPOCHUS MOJACIH TPEXMEPHOU 00JIaCTH CBEYCHUS U MIPOBEACHHBIX TPEXTTOUIIMOHHBIX N3MEPEHUH OBLIT
MPOBE/ICH aHAJHM3 YETHIPEX O-TH MHUHYTHBIX CCAHCOB BO3ICHCTBHS, MPHUYEM OOIIEEe YKHCIO CEaHCOB, TPEOYIOIIMX
aHallN3a, COCTABISIET HECKOJNBKO COTeH. B mpencTaBieHHOM COOOIICHHU MPOIEMOHCTPHUPOBAH PEe3yNbTaT aHAIU3a
OJIHOTO W3 CEaHCOB, TIe HAOIIOIANIOCh UCKYCCTBEHHOE CBeUCHHE MOHOC(eEpHl. M3 YeThIpex MmpoaHaTu3UpOBAHHBIX
CEaHCOB, B TPeX HalOIIONAIOCh HCKYCCTBEHHOE CBEYEHHE MOHOC(EpPBl, U B OJHOM HaOII0JaloCh OJHOBPEMEHHOE
moJlaBJieHUue (POHOBOTO CBEUYCHHUS HOHOC(EPHI U IreHepaIys HCKYCCTBCHHOTO CBEYCHUSI HOHOC(EPhI OTHOBPEMEHHO B
pasHBIX OONACTSIX CHHUMKAa. B manmpHeWImeM mpenmojaraeTcs IMPOBECTH aHAJ W3 BCETO HUMEIomerocs o0bEMa
HAKOIJICHHBIX JAHHBIX W KCCIICIAOBAHHUS 3aBUCHMOCTH CTPYKTYpPhI OOJIaCTEeH CBCUCHHUS HOHOC(EPBI OT YCIOBHUS
JKCIIEPUMEHTA.

ABTOpHI BBIpaXarT OnarogapHocTs corpyaankaM K@Y U.A. HaceipoBy, J.A. Korormay u B.B. EmenssHoBy,
corpynaukam HMC3® CO PAH A.b. benenxomy u W.JI TxauéBy, corpymumue HHI'Y K.K. I'pexneBoil u
TexHH4YecKoMy repconaity creHna CYPA 3a yyactue B IpoBeIeHNH SKCIIEPUMEHTA.

Pabota BbInONIHEHA TpH HHHAHCOBOM moepxke rpanta PH® Ne 20-12-0019711.
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UCCJIEJOBAHUE 3AKOHOMEPHOCTEM MOSIBJIEHUS
F-PACCESIHMS ITO JAHHBIM HOHO30H/IA DPS-4 (MOCKBA)
B 24-OM LIUKJIE COJTHEUHOI AKTUBHOCTH

B.A. Tenerun!, I'.A. XX6ankos?, B.A. [Tanuenko*

YUncmumym semnozo maznemusma, uornocgepol u pacnpocmparnenus paouooH
(U3MHUPAH) um. H.B. Ilywkosa PAH, Mocksa, Tpouyx

2Hayuno-uccredosamenvckuti uncmumym gusuxu FOdxucnoz2o gedepanvhozo ynusepcumema
(HUH pusuku FODY), e. Pocmos-na-/{ony

AHHOTAIMA

HonocdepHas miazma MmpeacTaBiseT co00M HEpaBHOBECHYIO Cpefy, COAEPIKallyl0 HEOJHOPOIHOCTH Pa3INYHBIX
MacmTaboB OT HECKONBKHX METPOB 1O COTEH KHJIOMeTpoB. HeomHopomHOCTH, 0OYyCIOBJIEHHBIE Ppa3INdHBIMU
NpoLeccaMy, IPOTEKAIONIMME B HOHOC(EPE, BBI3BIBAIOT MOSBICHUE HA HOHOTPaMMaX JOIOJHUTENbHBIX CIEI0B, T.H.
«CEpIIOBY» U «KPIOUKOBY, YIIUPEHHS CIIEA0B IO BBICOTE U yacToTe. [locnennee momyumso Ha3BaHue F-paccesHus. B
paboTe MTpOBENCH aHalIM3 XapaKTEPHBIX OCOOCHHOCTEH MOsBICHUS F-paccessHus B 24-0M IHKJIC COJTHEYHOMN
aktuBHOCTH (CA) Ha HoHOrpamMmax noHo30H1a DPS-4 npu perynsipHOM BepTUKAJILHOM 30HIUPOBAHUN HOHOCHEPHI.

Beenenune

Hammame B noHOCdepe HEOTHOPOTHOCTSH MPHUBOAUT K PACCESHHIO AIEKTPOMArHUTHBIX BONH. Ha moHOrpamMmax
BEPTUKAIBHOTO 30HANPOBAHHS HAJMYKE T.H. CpEAHEMACIITAOHBIX HEOTHOPOIHOCTEH MPOSBIACTCS B BUAC YIIHUPCHUS
OTpaKEHHBIX CHTHAJIOB, KOTOPOE OIICHMBACTCS HaMU IO OOIIenpuHATON 4-X OampHOM mikame (tunsl 0, 1, 2, 3) [1].
Tun 0 cooTBeTCTBYET yupeHuto ciena meHee 0.25 MI'n, T.e. cimydaro, KOTrJa paccessHue NPakTUIECKH OTCYTCTBYET,
nanee tunsl 1, 2 u 3 ¢ marom 0.25 MI'n. beiio npoBeaeHo ocpeHEeHHe CYTOYHOTIO X0/1a BEPOATHOCTH MOSABICHUS
TunoB F-paccesnus mo rogam B 24-M LUKJIE COTHEYHOMN aKTUBHOCTH. PacueTsl BeposATHOCTH NOsABICHU F-paccesHus
MIPOBOIMIIKCH IO MIPOTPaMMe, allTOPUTM KOTOPOH MOAPOOHO omucaH B paboTe [2], ¢ KOHTPOJIEM py4HOH 00paboTKOM
B TEX CIIy4asiX, KOrJia He cpabaThiBajio NITATHOE MPOorpaMMHOe obecrieuenne nono3ounaa DPS-4.

AnnapatrypHoe H NIporpaMMHoe o0ecriedeHue uccjaeJ0BaHus

Honozonn DPS-4 — 310 mprubop ¢ BBICOKOH CTENEHBIO aBTOMATH3AaLUH ONPEIeNICHUs] HOHOC(EPHBIX apaMeTpoB,
CO3JAfONINN 6a3bl 0aHHbLIX B PA3IMYHBIX (popMaTax, NMEIONMHA Majblii YPOBEHb CO37aBaeMbIX IoMeX. Brinenenne
OJTHOW TMOJIPU3ALUHN M M3MEpPEHHEe YIJIOB MPHUX0Ja OTPaXEHHBIX PAJHOBOJH MO3BOJISET JIeTde MHTEPIPETUPOBATH
pe3yIbTaThl 30HANPOBAaHHUA. BO3MOKHOCTH BBICTABICHHMS HOHOTpPaMM, HapameTpoB moHochepst ' MIIY Tpacc B
HMHTEPHETE C 3aJePKKOoil Bcero 2-4 MUHYTHI OU€Hb YJ00HO AJIS MPUKIAJHBIX Leneld. DHepronoreHnuan 3ouaa DPS-
4, 6naroaps NPUMEHEHHIO JOIUIEPOBCKON (QHIBTPAIIMH U CBEPTKU CUTHAJIOB, BBIIIE, YEM Y TIPEABIIYIINX TOKOJICHUN
HMOHO30HIOB, Ha KOTOPBIX OBIIM MOJTy4YeHBl OCHOBHBIE JaHHBIE 10 F-paccessHuio. 9T0 HEOOXOIUMO yUUTHIBATh, IPU
CpaBHEHHH COBPEMEHHBIX M 0ojee paHHMX pe3yibpTaToB. CollocTaBleHHE JAHHBIX B IBYX MakCHMyMax COJTHEUHON
akTuBHOCTH 1979-1980 m 2012-2013 rr. mokasano, YTO KAa4ECTBEHHO KpPHUBBIE OYEHb MOXOXH U UMEET MECTO
yBEepeHHast KOppemsuus mosiBiaeHust F-paccesHus, HECMOTPS Ha HCIIOIb30BaHNE pa3uyHoi armapatypsl [3]. Tem He
MEeHee, 0TMEUEeHO, YTO Ha HoHorpammax DPS-4 BepositHOCTh mosiBiieHust F-paccestHust HHOTAA CYIIECTBEHHO BBIIIIE,
yeM Obwto momydeHo panee Ha AVIC. IlpuuawnH, Bunumo, nse. [lepBast — pa3nudne B COTHEYHOW aKTUBHOCTH B 1979-
1980 rr. m 8 2012-2013 rr. Bropas — pa3nuune anmnapatypHbix xapakrepuctik AVIC n DPS -4. bonbiast BeposiTHOCTb
yBHIeTh F-paccesnue Ha noHorpammax DPS-4 oruactu onpenensitores teM, uto y DPS-4 oTHOCHTENBHBIN MOpOr
OTOOpaXeHHs PACCESIHHBIX CHIHAJIOB HIDKE, YeM Yy NPEABIIYyIINX IOKOJIEHHH HOHO30HIOB, IO3TOMY JaXke
OTHOCHTENIFHO cia0ble HeogHOpoaHocTH y DPS-4 BeI3bIBalOT ymmpeHHe ciena, TpakTyeMoe Kak TosBieHue F-
paccesinusi. Kpome Toro, CBOM BKJIaJ B KaXYIIYIOCS IIUPUHY cliena 1o 4actote y DPS-4 nmaér nuckperHsiii miar
MEPECTPOUKH CTAHITUU TI0 9acTOTe — 00bIIHO 3T0 50 KI'1I.

CraTucTHYeCKNii aHAJIN3

Ha puc. 1(a) npuBenen rpaduk n3menenus uucen Bonbda c nepsoro stHBaps 2009 rona mo 31 nexadps 2019 rona.
Ha puc. 1(6) npuBenens! ycpeJHeHHbIE IO rojjaM 3HaueHus yucen Bonbda. Ha puc. 1(B) 24-ii nukn CA pa3out Ha 4
MHTEepBaa 1o 3 roja ka1l [IepBeIii HHTEpBaI — 3TO POCT OT MUHMMYMa K Hadally MakcumyMma. Bropoii — Hagaso
MaKCHUMyMa M caM MakcuMyM. TpeTuil — caM MakCUMyM M Hadajo cnaaa. YeTBepThl — claJl K MUHUMYMY U CaM
MUHHMYM. B KaXTOM U3 3THX HHTEpBAJIOB BBIJICIIEHBI TPH I'0Jla, B KOTOPHIX ycpenHeHHbIe 3HaueHns CA OTMedeHBl
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TpeMsl [BETAMH: KPACHBIM, JKEITHIM U 3eJICHBIM. DTO ClIeNIaHo IS y100CTBA paCCMOTPEHUS AaHHBIX 10 F-paccestHuio
Ha PHUC. 2, TaK KaK HCHOIB3yETCs MPUHINI «CBETO(OPay, KOTOPHIH XOPOIIO BCEM N3BECTEH: I[BETA KPACHBIH, XKENITHIN
U 3€JIEHBIN pacHoiaralTcs CBepXy BHM3. Takoi Mmoaxos oOyierdaeT BOCHPHUITHE PUCYHKOB Ha KaXJIOM MHTEpBAJe,
IZle TPUBOAWTCA 3aBUCHMOCTh B CYTOYHOM XOJ€ YCPEOHEHHBIX 3a TOJ[ 3HAUCHHWH BEPOATHOCTH PACCESIHUS
OTPaXEHHOTO OT HOHOC(EPHI CUTHATIA.
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Pucynok 1. (a, 6, B) Uncna Bonbda B 24-M 1uKIe COTHEYHOH aKTHBHOCTH.

J11s1 BBISIBICHNS CTATHCTHYECKUX 3aKOHOMEPHOCTEH M MCCIIeJOBAaHMS BapHallMii KPUTHUECKOM JacToThI ciost F2 3a
nepron 24-ro conHevnoro rukia (2009-2019 rr.) npoBeieH TIIATEIbHBIN aHAIN3 MATHAALATUMHHY THHIX HOHOTPaMM.
Jnst ynopsinoueHus: BeJIM4uH yiuupeHus no yactote AfoF2 mpumenena uyetsipex6anpHas mkana (ot 0 go 3) ans
onpeeseHus ymupenust ioHorpammsl ot 0.25 o 1 MI'n.

Ha puc. 2 1o ropnu3oHTaIM OTJIOKEHBI BPeMsI CYTOK JUIsl 4-X BBIOPaHHBIX MHTEPBAJIOB, O BEPTUKAIIN OTIOXKCHBI,
COOTBETCTBEHHO, BEPOSTHOCTH IOBeieHUs THTIOB F-paccesnus (0, 1, 2, 3). Buano, 9To rpaduku noBeaeHNs I BCEX
THTIOB PacCesSHUSI CHIILHO OTIWYArOTCs B nHTepBasie |. Oto cBsa3ano ¢ Tem, uro B 2009 romay (3eeHblit nBeT) OBLIO
MHOTO TEXHHYECKMX OCTaHOBOK B pabore moHo3oHma DPS-4. OO6mas npomonKUTEIbHOCTh PabOTHl HOHO30HIA B
teuenre 2009 rojma He MPEBBIIIAIO IBYX MECAIEB (MOHO30H] paboTal TOJNBKO B siHBape u (deBpaie). B 2010 roxy
HOHO30H paboTan 6osree cTabmIBHO (Ha rpaduke MOKa3aHO JKENTHIM I[BETOM), HO Hayajl pabOTy TOJIBKO BO BTOPOM
noxyronuu. B 2011 roxy (kpacHslii 11BeT) nepedon B paboTe HOHO30H/1a ObIIIM Ha YPOBHE CPEAHETO It Bcero 24-ro
mukia CA. Tem He MeHee, Mbl PEIIMIM COXPAHUTh JAHHYIO IOCIE0BATEIbHOCTh MIPEACTaBICHNS JTaHHBIX, YTOOBI
COXPaHMTh NPEEeMCTBEHHOCTD IS aHAJIM3a IIOBEJICHNSI CyTOYHOTo Xo/a F-paccesaus B 24-M nukie CA.
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Hccneoosanue saxonomeprocmet noasnenus F-paccesmus no oannvim uonozonoa DPS-4 (Mockea) 6 24-om yurie conneunoi akmugnocmu
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Pucynoxk 2. CyTouHBIi X0/ BEPOSTHOCTHU TOSABJICHUS THIIOB F-paccesHus, ycpeIHeHHOI 110 roaMm.

Paccmorpum moapoGree puc. 2. Hauném ¢ Bepxueii manenu a). B I u IV unrepsanax (manas CA) uem menbiie CA,
TEM BBIIIE BEPOSTHOCTH OTCYTCTBUs paccesHust (tun 0) B qHeBHOE BpeMs. B Hounoe Bpems B I u IV unTepBanmax
kaptuHa obparHas. Bo II u IIl unTepBanax (Bokpyr makcumyma CA) HOYHBIE BEPOSTHOCTH MNOsBIEHHs THa 0 He
3aBucsT oT CA, a nHem ueM Boiie CA, Tem BepositTHee Tuil 0.

[Manens 6), Tumn 1, oTHOCUTENBHO citaboe paccesiuue. B untepBansl [ n IV (otHOCHTenbHO ciaboit CA) uem HuKe
CA, TeM HIKE B LI€JIOM BEPOSTHOCTh NMOsiBIeHUs paccesHus tumna 1. Bo I u III unTepBanax, T.e. BOKpyr MakCUMyMa
CA, BeposATHOCTh TUTIAa | HOYBIO MpaKTUYECKH HE 3aBUCHUT OT CA, a THEM 4YeM BBIIIE COTHEUHAs aKTHBHOCTh, TEM

122



B.A. Teneeun u op.

MEHBIIIE BEpOSATHOCTh paccestHus Tuna 1. OOpaijaeT BHUMaHUE MOBBILIEHHAs! BEPOSITHOCTh Halu4us Tma 1 cpasy
TOCJIe 3aKaTa U BIUIOTH 10 Bocxoaa COJHIIA, B OTIMYNE OT MaHeIeH B) U I).

[Tanens B), Tun 2, ymepeHHoe paccessHue. B muTepBansl 1 um 4 (otHocuTenmsHO cimaborr CA) HauMeHbIIAs
BEPOSATHOCTP HOSBJICHUS TUMIA 2 B TOJBI MUHUMAJIFHON aKTUBHOCTH (3esieHast muHus). B naTepnais [11 u IV B HOuHOE
Bpemst, ueM Beime CA, TeM BeposiTHee MosBIIcHHS THIa 2. B mHeBHOE Bpems B nHTepBase 11, (T.e. mepes MakcCUMyMoM
CA) npakTHYeCKH OTCYTCTBYET 3aBUCHMOCTH BeposiTHOCTH Trma 2 ot CA. A Ha stane crnaga CA mocie MakcuMyMa
(mepuop I11), B qHEBHOE Bpems, ueM Bhiie CA, TeM MEHBIIIE BEPOSATHOCTD PacCesHIS THIA 2.

ITanens r), Tun 3, cuneHoOe paccesHue. B tHeBHOE BpeMs BO Bce HHTepBaibl [-IV BepoITHOCTL CHIIBHOTO paccestHUs
Mana 1 3aBUcUMOCTH 0T CA mpakTHUecKH HeT. A B HOUHOE BpeMs ecTh pa3nuuud. Tak npu manoit CA, (untepBais! |
n IV) uem Boitie CA, TeM BIIIEe BEPOSTHOCTH CHIILHOTO paccestHust (tun 3). B nportuBononoxkuocts 3ToMy Bo 11 1 111
MHTEpBaNaxX, MAKCUMYM BEPOSITHOCTH THIa 3 HabOironaercs B rojbl ¢ MeHblield CA (3enieHast JIMHUS), 8 MUHUMYM
BEPOSITHOCTH IOSIBJICHUS PAcCESTHUS THIA 3 HaOJII0AaeTCs B FObI, KOra Obuta cpeaHss akTHBHOCTh ConHIa (kenrast
JIUHUSA).

3axkimo4yeHue

AHanmu3 MOMyYEHHBIX JAHHBIX MOKAa3all, 4TO B TOJ MHUHMMYyMa COJIHEYHOW aKTHBHOCTH BCE THIBI F-paccesHus He
HMEIOT SIBHO BBIPAXKEHHOT'O CYTOYHOTO X0/1a. BeposaTHoCTh nosiBiieHus paccessHus Tuma 0 mprOJIMKaeTCs K eJMHULIS
wim 6mm3ka Kk 100%. MoxHO cka3aTh, YTO B TOJl MHHUMyMa COJHEYHOW aKTHBHOCTH HOHOC(epa SBISETCS
MPaKTHYECKU CIIOKOHHO. C pOCTOM COJIHEYHOH akTHBHOCTH Juisi F-paccestus Tuna 0 HaOIr01aeTcst CyTOYHBIN X0/,
nomo6ueii xomy fOF2 mist 3uMHHX MecsIeB CpeIHEITUPOTHOTO citost F2.

Tunsl F-paccestaust ot 1 10 3 ¢ pocTOM CONHEYHOI aKTUBHOCTH MMEIOT CYTOUYHBIH X0 0OpaTHBIH 10 OTHOLIEHHUIO
K oOmenpunsitomy cyrounomy xoay foF2. [losenenus F-paccesnust Tuna 1 u 2 paBHOBEPOSITHBI, a paccessHue 3-ero
TUNA NOSBISIETCSA HA NOPSAAOK pexke. C poCTOM COJTHEUHON aKTHBHOCTH A0 MaKCHUMAaJIbHOTO 3Ha4EHUsS BCE TPH THUIA
F-paccesHust coXpaHsIOT CyTOYHBIH XOJ, PHYEM CYTOYHBIH Xox Tuma ( MOBTOPSET CYTOYHBIH XOX KPHUTHYCCKOH
gactoThl ciost foF2, a paccessHue THUMOB 1-3 mMeeT CYyTOUYHBIH XOZ HMPOTHUBOIIONOXKHBIA. BeposATHOCTH paccesHus
TUNOB 1-3, B HEIOM, COXpaHsET CBOU 3HAYECHHUS.

Ha Hucnaparomedl BeTBU COIHEYHOM aKTUBHOCTH BCE 4YeThIpe THIA F-paccesHHs COXpaHSIOT CyTOYHBIH XOZ,
XapakTepHbI 11 (pa3el pocTa CONHEYHOH AKTUBHOCTH. BepOATHOCTHBIC 3HAYEHHS BCEX THIIOB PACCESTHUS
Pa3IMyuaroTCsl HE3HAYUTENBHO TP COJHEYHON akTUBHOCTH Oonee 40.

IIpu mapenun comnHeuHoil aktuBHOCTH 0T 20 1m0 0 paccesHue Tuma 0 TepsieT CyTOYHBIM XOJ, CTaHOBSCH
HE3aBUCHMBIM OT BPEMEHHU CyTOK. BepoATHOCTh MOSABICHUS APYTHX THUIOB paccesHus yMmMeHsiaercs ot 32 go 20%
it TinoB 1 u 2, u 1o 0% mist tuna 3, 0cOOSHHO B THEBHBIE YaChl.

BrrsBIIeHHBIE 3aKOHOMEPHOCTH TOSIBIEHUS F-paccestHus MOTyT NMPEICTaBIATh HHTEPEC Ha 3Tale MPOESKTHPOBAHUS
CJIO>KHBIX PaHOTEXHUYECKHX CHCTEM.

Pabota BhITIONIHEHA B paMKax rocyaapcTBeHHoro 3aganust ['P Ne 01201356396 (UBMUPAH) u '30110/23-10-UD
(IoDYV).

ABTOpHI BEIpaXkaroT Omaronapaocts Korcrantunooit T.M., Istko H.A. u KoderoBy U.B. 3a yuactue B 00padboTKe
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CIIOCOBb 30HANPOBAHUSA I'PAHUIL ABPOPAJIBHOI'O OBAJIA U
COCTOSAHUA MATHUTHOT O 1OJISA 3EMJIM C HCITOJIBb3OBAHUEM
KOCMHNYECKHUX MACC-CIIEKTPOMETPOB

A.B. TepThIIHUKOB

Hucmumym npuxnaouoii eceogpusuxu umenu axademura E.K. @edoposa, Mocksa, Poccus;
e-mail: atert@mail.ru

AHHoTanus. [lpusenéu o630p paspaborannsix B ®I'BY «UI» (PocruapoMeT) TEeXHHUECKHX pPEIICHHUH JUis
30HIMPOBAaHMS ABPOPAIBHBIX OBAJOB M COIYTCTBYIONMX WM pemeHHd. IlocrnenHee TeXHHYECKOE peIICHHE IS
JIMarHOCTHKH XapaKTEPUCTHKU aBPOPATIbHBIX OBAJIOB IIOCTPOCHO HAa OCHOBE 30HANPOBAHUS HOHHOT'O COCTAaBA BEPXHEH
aTMoc(epbl KOCMHYECKHMH pPaJHOYacTOTHBIMHM aHAIN3aTOpaMH Macc-CIIEKTpa Ta30BOTO COCTaBa BEpPXHEH
atMocdepsl Ha opoute KA. B aHann3e ucnons30BaHo pacnpeneseHiHe OCHOBHOrO noHa kuciiopona O Ha BeICOTaxX
opouter KA «MeTteop», a Tarkke pe3yibTaThl MOJACITHPOBAHUS aBPOpPaIbHOTO oBajga mo MomemsiM SIMP-2 u
I'.B. Crapkosa.

Brenenne

B xocMmmyeckux uccienoBaHUsSX PocruapoMera MHOTO BHUMAaHUS yIeNseTcs pa3paboTKe TEXHUYECKUX pEIICHUI
MOHUTOPHHTA aBPOPaJbHOTO oOBaya, BHcsAmero Hajg CeBepHBIM MOpPCKAM IyTéM. I[lomydeHHBIE pe3yIbTaThI
HCCIICIOBAaHU 3aKpEIUICHBI B Psijie TATCHTOB Ha M300pETeHHE, KOTOPBIE OMPENEISTIOT BO3MOKHOCTh MX PeaTH3alii
1 HCIIONB3YIOTCS B (POPMHUPOBAHNH HAYIHO-TEXHIUSCKOW NOIUTHKU Pocrugpomera.

[ocnemHuM TEXHHYECKUM pemIeHHeM Pocrumpomera 1o MOHHTOPHHTY aBpopanbHOro oBama cran «Crocob
30HIUPOBAHUSI TPaHUI[ aBPOPAIBHOTO OBajla M COCTOSIHMSI MarHuTHoro mojis 3emiu» [1] Ha OCHOBE JaHHBIX
30HIUPOBaHMs IUIOTHOCTH HOHOB OOpTOBBIM Macc-criektpomerpoM KA «Meteopy». [ns paspaborku [1]
HCIIOJIB30BAIOCh HECKOJIBKO TEXHUYECKUX PEIICHUH, TOJTyYeHHBIX paHee.

IIpexmecTByomme TeXHUYECKHE PelIeHUsI

Juis pa3paboTKu TEXHOJIOTHH 30HAMPOBaHMs aBpopainbHOro oBana B ®I'BY «UII» HCcHonb30BaNuCh pe3yabTaThl
MOPCKHX dKcreanuii B CeBepHOM JIEIOBUTOM OKeaHe, I/ie MPOBOIMINCH HKCIIEPUMEHTHI TI0 PaANOIIPOCBEYHBAHHIO
CeBepHOTO aBpOPANBHOTO OBaja CHTHajJaMH [J100anbHBIX HaBUTAIMOHHBIX cyTHHKOBHEIX cucteM (CHCC) [2]. B
cXeMe SKCIIEpUMEHTOB npoBoawica npueM u pacmmudposka curHanoB KA 'HCC T'JIOHACC/GPS ¢ momomibto
npodeccuoHanbHOTO reoaesnueckoro npuemunka curaaioB [HCC («Trimble 5700»). Uckaxenue curnamos T'HCC
B 30HE OBaJjIa OBIJIO MOATBEPHKAECHO MPH paAHONpocBednBaHNH KOKHOT0 aBpOpabHOTO OBaJla IPU CAHHO-TYCEHUYHOM
nepexoze 1mo AHTapkTuzae K cranimu «Boctox» §8-19.01.2015 r. mo mporpamme 60-i Poccuiickoit AHTapKTHUECKOH
skcnenuuu [3]. Ilpu 3ToM OBLIM TONMy4eHB! HMOJOOHBIE APKTHYECKHM CIEIBl 30HBI aBPOPAIBHOTO OBajla HaJ
AHTapKTH0} B IINPOTHOM pacmpezeneHny nonochepHsix 3anepxek cursanos KA 'HCC. [Ipu orieHke mosrydeHHbIX
pe3ynbpTaToB ucnonb3oBatuck Moaenu SIMP-2 [4] u I'.B. CrapkoBa [5]. Bee crmoco0sl 30HIMPOBaHUS HOHOCHEPHI
curHanamMu KA THCC 0Obumn 3akperieHsl B TEXHHYECKOM pernreHnn [6]. brura moka3zaHa HeOOXOIMMOCTb CO3AaHMUs
MOJIETIM aBPOPAIBHOTO OBAJIA 10 MOJHOMY IEKTPOHHOMY conepxkaHuio HoHocheps! (I1DC).

B npaxtuke pacum¢pposku curranoB HCC, nepecekaromux NONSpHBIA KPYT B 00J1aCTh BBICOKHX LIMPOT, OBLIO
OTMEUEHO: CUTHaJl Ha OoJiee IIMHHON paboueil BOJIHE NPUXO/IHI paHbllle, YeM CUTHAJI Ha KOPOTKO# paboueil BosHe.
OOBsICHEHHE 3TOTO SBJICHUS YBS3BIBAJIOCH C TOPOMAAIBHBIM (HEe C(EpHUecKH CHMMETPHYHBIM) IpEACTaBlICHUEM
noHoc(heps! 3eMIIN U yBeTHYEHHEM HOHOC(HEPHBIX HEOJHOPOMAHOCTEH B BRICOKHMX MIMPOTaxX M B 30HE aBPOPAITBHOTO
oBaJa.

Bo BTOpOM TEXHHYECKOM pEIIEHHH HWCIIOJIh30BATINCH IAHHBIE IO BBHICHIMAHMUAM HHU3KOSHEPTHMYHBIX YaCTHII,
¢uxcupyemsrx ¢ KA [7], a takxe pe3ynbrarsl uccienoBannidi B.I'. Bopo6rsea u O.J. SIrogxuHO#M MO CTaTUCTHKE
JAHHBIX O TOTOKAaX DJHEPrUYHBIX YacTull ¢ amepukaHckux KA DMSP (http://sd-www jhuapl.edu). Xoporras
WHTEPAKTHBHAs KOMIBIOTEPHAs MOAETh JJIS IPOTHO3a WM AaHAIHW3a TOJSIPHBIX CHUSHHUM, KOTOpas IPEBBIIIAET
Bo3MokHOCTH Moziesin «OVATION Prime» [8, 9], pazpabotana A.B. Bopo6sessim u I'.P. Bopo6beBoii [10].

IlepeceueHne aBpOpalbHOrO OBaja MPOSBIAETCS B OSKCTPEMYyMax MHTEHCUBHOCTU IIOTOKOB 3JIEKTPOHOB,
(MKCHpYyeMBbIX CHEKTPOMETpOM OopToBOro reiuoreodusnydeckoro kommiekca KA «Mereop» [7]. I'pannimt
aBpPOPAJbHOTO OBala CBSI3aHBl C pA3IM4YHON OSHEpruel BBICHIMAHUM 4YacTUI[ M3 BHENIHETO U BHYTPEHHETrO
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panuaMoHHbEIX MOsicOoB 3eMun (xBocta MarHutocdepst). LleHTpanbHas 30Ha aBpOPaIILHOTO OBaJla HPOSIBISETCS B
MOBHIMIEHHOH TUIOTHOCTH HMoHOChepsl [11]. DxBaropmanpHas TpaHHIla HOYHOTO aBPOPAIBHOTO OBana OOBIIHO
CBs3aHA C JKBATOPHAIBGHOW Myrod TONAPHBIX CHSHHAH, B paliOHE KOTOPOHW MPOMCXOAAT BCIBIIKHA Operkara.
BeIchITIaHNS 37IEKTPOHOB U BTOPKEHHE TIOTOKOB TIa3MBbl IIPUBOIST K HEOJHOPOIHOCTAM HOHOC(HEPHOH IITa3MBl.

CriekTpoMeTpsl SHEPTUYHBIX YaCTHI] PETYIBIPHO IIEPECEKal0T aBPOPATBHBIN OB IO MOJISIPHON MIIN OJM3KOM K HEH
op6ute B OKII. I'eorpaduueckoe monoxkeHne SKCTPEMyMOB B PETHCTPUPYEMBIX TOTOKAX HJICKTPOHOB B IHANIa30HAX
6onpmmx sHEprHit 10 10 k3B 1 MansIx srepruii 1o 300 3B cooTBeTCTBYET rpaHUIIaM 30HBI IKBATOPHUATEHOM TPAHUIIHI
aBpPOPATILHOTO OBaJa.

B umcne comyTCTBYIOIMX PELICHWH Ul OLEHKH IOJIOXKEHHs MarHUTHoro mnosoca 3ewu (st mozenu [.B.
CrapkoBa [6]) 0bU1 paspabotan Crioco0 ompesecHUs MOJIOKEHHST MarHUTHOTO Tojtoca 3emid [12] mo gaHHBIM
n3MepeHnii MarHUTHBIX CKJIOHeHHH B HO)kHOM okeane. D heKTHBHOCTH criocoba Oblia MOATBEPIKACHA B HABUTALHIO
2021 r. B Tpex MOpPCKUX dKcneauusax B CeBepHOM JIEIOBUTOM OKEaHe, B pe3yJIbTaTe KOTOPhIX MOATBEPUIOCH, YTO
CeBepHbIil MarHUTHBII NOJIOC HaxoauTcs B PoccuiickoMm cekTope ApKTHKU.

3oHMpoBaHHe AaBPOPATBHOIO 0Baa 0OPTOBBIM Macc-cieKTpoMeTpoM KA
C 2005 . Ha KA «DMSP-6)» 0BT ycTaHOBJICH MacC-CIEKTPOMETP TSI MCCIIEIOBAHUS Ta30BOTO COCTaBa aTMOc(hepsl.
KA «DMSP-6» sBnsietrcs ananorom KA cepun «MeTeop». X opbura peryispHo mepecekaeT aBpopaibHbIA OBaJL.
HakonneHHbIH ApXWB JaHHBIX 30HAUPOBAHUA KOHHCHTpaHHﬁ HOHOB PaJUOYaCTOTHBIMU MAacCC-CIICKTPOMETpaMu
(PUMC) na KA tuna «Meteop» [13] u mpoekt ycosepiuerctBoBanHoro PUMC B [14] mo3Bonuiu pazpaboTath
TEXHUYCCKOC PCHICHUC 11 30HAMPOBAHUA aABPOPAJIBLHOIO OBajla MO JaHHBIM 30HAWPOBAHUSA OCHOBHOI'O HOHA
noHocheps! Ha BbicoTax opouthl KA «Meteop-2M». J{iist BBICOKHX U CPEAHUX MIUPOT — 3T0 HoH OF.
[pumep THMOBOH 3ammicu namepeHuii [O*] B yCIOBHBIX eIMHUIAX TOKA PEICTABICH Ha puC. 1.

—[O+], y.e

350 375 400 425 450 475 500 525

Bpewms, yac

Pucynox 1. PesynbraTsl m3MepeHHH KOHLEHTPAIMM HOHA KHUCIIOPOJa B YCIOBHBIX €IMHMIAX 32 YTPCHHUH
BHTOK Ha COJIHEYHO-cHHXpOHHOH opbute KA « METEOP-2M» 05.01.2022 .

Amnanuzatopsl HOHOB PUMCa opreHTHpOBaHbl HABCTPEUy HOHHOMY IIOTOKY BJ10JIb Tpackropuu KA. JIuckpeTHOCTh
n3mepennii 20 cekyn. Ha mmpuHy 30HBI aBpOpaIbHOTO OBana MPH CHIIBLHBIX MarHUTHBIX OYpsAX MpuUXoxurTcs 10 5-6
HU3MEpEeHuil.

Ha BepxHem ¢parmenrte puc. 1 mokazano pacnpeneneuue [O*] Ha BUTKE OpOMTHI BOKPYI YIPOIIEHHOTO
n300paxeHus 3eMHOTO 1apa. OKpy>KHOCTH BOKPYT 3eMHOTO Illapa COOTBETCTBYIOT YCTAHOBICHHBIM ypoBHsaM [O*] B
VCIIOBHBIX €IMHHUIAX TOKa merekropa. OTHocuTenpHas exunuma toka [O*] coorBercTByer mpumepro 80 moHam
kuciopoza B cM®. Ha HukHeM ()parMeHTe MpejICTaBleHbl T€ XKe JaHHbIE, HO B JPYroil IPOEKIUU C MPHUBA3KOM MO
mupoTe opOUTHl 1 BpeMeHu. ['eomaranTHas BosamynieHHocTs 05.01.2022 . 6bi1a HuskoH, (K-nnnexc=1-- [15]), kak
U COJTHEYHAs! aKTUBHOCTH (110 ypoBHIO m3myuenus F10,7 cm [15]).

B o6mmproii KOxHOI nossipHOIt anke rpaHuIbl aBpopaibHOTo oBaa (1-1%) 1 tokaibHbI MUHUMYM B €70 LICHTPE
TIPOSIBIIINCH JTyuine. ITo 00ycioBieHo nporpesoM FOskuoro nosyniapust. [Tonosxerne ContHIA TOKa3aHO Ha BEpXHEM
¢parmenre. [Tuku [O*] BHYyTpH MOJSPHOM IIANKHK CBA3aHBI TAKXKE C BHYTPEHHEW 30HOI MOJAPHBIX CHAHMIA, KOTOpas
CO3JIaeTCsl CyTOYHBIM BpaIlleHHWEM JIHEBHOW 4acTu aBpopaibHoro osana [11]. CnoxxHocts mMopdonorun FOxHO
MOJISIPHOM INANKK M ee OonbIias Iuiomanb o0yclIOBICHA Takke TeM, 9To FOKHBIH MarHUTHBIA TOJIOC BBIMIEN C
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MaTepuKa B IpUOPEIKHBIE MOPS U 3aTOPMO3HJIICS B CBOEM JIBI)KCHHUH, YTO COOTBETCTBYET KOHIETIIUH «T€OMarHUTHBIX
TDKEPKOBY.

B 3umneit CeBepHoii TOMSIPHOI manke KoHIeHTparws nona O Menbiie, 4eM B ocsemmernoi Comaitem FOxHOM
noJsipHO# mamnke. [TonmsgpHas mamka MeHspie. [Toatomy u rpannia gudQy3HEIX CHSIHUHN BBIIIE TOJSIPHOTO KPyTa Ha
YTPEHHEM BHTKE BBIP@XEHbI Xyxke. Ho B IPHUIOMIOCHON TOYKE TaKKe MHPOSBUICSA JIOKATBHBIH MHHHMYM,
00yCIIOBIICHHBIH TNOJISIPHBIM HOHOC(HEPHBIM ITPOBAJIOM.

AHOManbpHOE pacrpeeNeHue KOHLCHTPAH HOHA KICIOPOo/ia Ha/l TIOJIIPHBIMHE IIANIKaM{ Ha pUC. 1 COOTBETCTBYET
pe3ysbTataM MarHUTORJIEKTPOANHAMUYECKOTO M XUMHUYECKOTO MOJEIMPOBAHMS MOP(OJIOTHH IMOJSIPHOM IIAaNKH B
[16] u mposBneHuro aBpopansHoro osama B [O*]. Ilpu mopmemupoBanun B [16, 17] GbUIO YCTAHOBICHO, YTO
MOPQOIIOTHS TTOJIIPHOMN LIAMKK 3aBUCHT OT MarHUTHOM aKTMBHOCTH, COJTHEYHOW aKTUBHOCTH (10 YPOBHIO M3JTy4EHHS
F107 cM), XapakTepHCTHK COJHEYHOTO BETpa, ce30Ha. Ho 30Ha aBpopaibpHOro omajia Bceraa mposBisiercs B [O7].
IosToMy, mepeceuyenue aBpopaibHOoro oBana PUMCoM mposiBiseTcs B JIoKadbHOM 3kctpemyme [O*]. T'panurist
aBPOPANBHBIX OBAJOB MPOSBISIFOTCS U B Bapuanusx noHa N*. Ho ero mano.

VHTEHCHBHOCTH aBpOPAIBHOTO OBaja XapaKTEPHU3yeT OTHOCUTENbHAS, IO CPABHEHHIO C CE30HHBIMH 3HAYCHUSIMH,
aMIuTITya 3KcTpeMymoB (1, 1%, 2, 2*). TlonoxeHne cepequHbI KyImoa000pa3Horo Bemiecka nuTeHcnBHocTH [OF] Ha
ydacTKe OpOHTHI C TOBBIMICHHBIM YPOBHEM ITOBTOPSIEMOCTH IMOSBICHUS MOJSIPHBIX CHSHHH (IO CTaTHCTHYECKOM
MOJIETIM M TI0 THUIAaM CHsIHHI) OyIeT COOTBETCTBOBATh SKBATOPHAIBLHOHM TpaHHIE aBPOpPaJbHOTO oBaia. [lomomBa
BCIUIECKA (B CTOPOHY HHM3KHX IIUPOT) — IpaHune Au(py3HBIX CUSHHH, a yJaJeHHe OT 3KBAaTOPHAIbHOW T'PaHUIIBI
BHYTpPb OBaJia B CTOPOHY JIOKanbHOro Muumyma [O*] Ha 2-4 rpagyca reorpadHyecKoi MHPOTHI MEK/IY JTOKaTbHBIM
MUHUMYMOM B IOJISIPHOM LIAINIKE U 3KBaTOPUAJILHOM I'PaHMIIEH OBaJla — IPUIIOJIIOCHOM IPaHULIE aBPOPAILHOTO OBaja
(B ctopoHy mottoca). Yka3aHHble 2-4 rpajyca reorpagu4eckoi IUPOTHI JOCTATOYHBI IS (PHKCAMH TPHUIIOIIOCHOM
TPaHUIIBI, YYUTHIBAs CIOXKHYIO MOP(OJIOrHi0 oBana no [6], 0coOeHHO BOJIM3M TpaHHIl TEPMHHATOpA, IIe BHYTPU
BHEIIIHETO aBPOPAIbHOIO OBaja MPOSIBIIAETCS CI1a00BBIPaKEHHBIH BHYTPEHHUI HOUYHOH OBall.

ITocTosiHHOE 30HAMPOBAaHHE TPAaHHUI] ABPOPATBHBIX OBAJOB II03BOJIET HCIIOJIB30BATh INPEABIIYIIHE aHHbIC
M3MEPEHUH U PacuyeToB B KaUeCTBE HAUYAILHOTO MPUOIIKEHUs. [IJ11 BOCCTaHOBIICHHS TPAHMI] BHE NIEPECEICHUSI 30HBI
oBaia opouroit KA MoxeT McIonap30BaThCsi MOJENb (CTaTUCTHYECKAs! MM aHAINTHIECKAs) aBpOPATBHOTO OBajla 1
JOCTYTIHBIE JTaHHBIC 30HANPOBAHUS.

TengeHuun

H3mepeHus TUIOTHOCTH HEHTPaJIbHOTO COCTaBa BepXHEH aTMoc(epbl MPOBOJUINCH MacC-CIIEKTPOMETpaMHU Ha psilie
cinytHHKOB (AE-B, Ogo 6, San Marco 3, Eros A u AE-C u np.), a ¢ 2005 r. Hra KA DMSP-6 u KA cepuu «Meteop».
g BepuduKanun U3MEpEeHHH HCIOJIb30BaJINCh PAaKETHbIE HKCIEPUMEHTHI M Pagapbl HEKOT€PEHTHOI'O pacCesHUs
(Apecubo, Xwuxamapka, MmuictoyH u ap.). CHyTHHKOBBIE W Ha3eMHbIE M3MEPEHHS MPEIOCTABISAIOT
JIOTIOJTHUTENBHYI0 HH(YOPMALIHIO O CTPYKTYpe TepMochepsl U Ul 30HANPOBAHUS aBPOPAILHOTO OBAJIA.

OOmmas TeHAeHINS Pa3BUTHS TEXHOJIOTHH 30HIMPOBAHNS aBPOPAIILHOTO OBasla cBs3aHa ¢ KocMocoM. [TloaTomy Ob10
aKTyaJM3MPOBAHO BOCCTAaHOBJICHWE M Pa3BUTHE HAYYHOM IIKOJBI KOCMHYECKOH MacC-CIEKTPOCKOIHMU MO
pyxoBonctBoM A.1O.Penmuaa (OI'BY «UIIIM»): ycoBepmeHcTBOBaHHEIH poekT PUMCa [14] dpynxmmonupyer Ha KA
«Meteop-2-3» u «Meteop-2-4». Ilpum STOM 30HIMpyeTCs HWOHHAs KOMIIOHEHTa BepXHEH armocdepsl, d9To
cooTBeTcTBYeT TeHmeHIHH Macc-criektpomerpa KA DEMETER (IAP) [18], ero amamora China Seismo-
Electromagnetic Satellite (CSES) c¢ npu6opom PAP [19]. TlpuHIMIBI Macc-CHEKTPOMETPHUH OJMHAKOBBI U
HCIIONB30BaHbl, Hampumep, U ansd npubopa PITMS B [20]. Ananuzatops! (IAP u PAP) moHOB mpHuromHs! s
PETYISIPHOM TUArHOCTHKH aBpOPaILHOTO OBasia, HO MX, OOBIYHO, BBIKJIFOYAIOT B 30HaX MOJSApHBIX manok. IAP u PAP
— 3TO MOHO30H/IBI, TAK KaK JHATHOCTUPYETCS KOHIIEHTpaLKs HOHOB 1o opoute KA.

[ToTeHmuanpHbIe NEPCIEKTHBEI 30HANPOBAHHS aBPOPATBHOTO OBajia Mo mpoekty PAH cBA3aHBI C JOPOTOCTOAMNMHU
MPOEKTaMU aBPOBH30pa. BO3MOXKHBI TEXHHYECKHE PEIICHHs HAa OCHOBE 30HIMPOBAHUS JIPYTHX XapaKTEpUCTHK B
OKII. Hanpumep, B [21] npeacrapieHa cTaTUCTHKA FPAHULL aBPOPAJILHOTO OBaja, OJy4YeHHasi HA OCHOBE U3MEpPEHUil
TOKOB M JaHHBIX O MmarHuTHOM mone ¢ KA CHAMP (CHAllenging Minisatellite Payload) 3a 2000-2010 r.r.
OTMeueHO, YTO rPaHUIbl HOJSIPHBIX CHSTHUH MTPAKTHYECKH HE 3aBUCAT OT YPOBHS COJIHEYHOTO IIOTOKA YJIbTpadroeTa
M OT BpeMeHH roaa. EcTe orpaHnueHys Ha 30HANPOBaHUE B OCBeLIeHHBIX COHIIEM Y4acTKax OpOUTHI M3-3a JIOKHBIX
cpabaTbIBaHUI TPUOOPOB.

BriBoabl

IIpuBenén 0630p TeXHMYECKHX pemeHuii Pocrmapomera mo 30HAMPOBAHHIO aBPOPAIBHBIX OBanoB. [loapoGHO
PaccMOTPEeHO TEXHHYECKOE pEIIeHHe Ha OCHOBE 30HIUPOBAHMS HMOHHOTO COCTaBa BepxXHEW arMocheps
KOCMHMYECKHMHU PaJUOYaCTOTHBIMU aHATU3aTOPaMU Macc-CIEKTpa HOHOB. B aHanu3e ucnonb30BaHO pachpenencHue
OCHOBHOrO HWOHa kuciopoga O Ha BeicoTax opbutel KA «Meteopy, a Takke pe3ylbTaTbl MOICIHPOBAHHS
aBpopanbHOro opana o moaenu SIMP-2 u I'.B. Ctapkosa.
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IBOJIOLUA CTPOEHUA MOJIIPHOU NIOHOC®EPHI B XO/IE
NAPEU®A MATTHUTHBIX ITOJIFOCOB 3EMJIN

B.M. VBapos
Ilemepbypackuii 2ocyoapcmeennblil yHugepcumem nymeti cOooujeHus

AnHOoTauusi. C 1esnpio BBUICHHTh M3MCHCHHS B CTPOCHHH MOJSIPHOM HOHOC(Ephl B xoxae apeiida MarHHUTHBIX
TIOJIFOCOB 3€MITH TIPOBEACHBI pacdeTh AIeKTpoHHON KoHIeHTpanu# Ne st 1955 1 2024 romos. PesynsraTsr pacueron
MPOMUTIOCTPUPOBAHBI IBYyMEPHBIMH pacTpeieneHusMu 3HaueHni Ne B MakcumywMme ciost F, I'paduku uzommamii Ne
max F2, mpuBenenHsle monmapHo st 1955 m 2024 romoB i 4eTHIpeX MOMEHTOB MHPOBOTO BPEMEHH, HATIIITHO
CBHJIETEIBCTBYIOT O TOM, YTO BIECUYATIIAIOMINHN Apeii() MarHUTHBIX MTOJIFOCOB HE BBI3BAN OKHIAEMBIX OYEHb OOJBIINX
W3MEHEHHH B CTPOCHUH NOJIIPHON HOHOC(EpHI. [laHo 00BsICHEHHE TaKOH OTHOCHTENEHON yCTOHYNBOCTH HOHOC(HEPHI
K M3MEHEHHIO TOJIOKEHHUSI MAaTHUTHBIX TIOJIFOCOB 3eMIIH.

Brnieuatsnstronuii apeiid) MarHUTHBIX MOJTIOCOB 3€MJIH 32 HECKOJIBKO MOCICIHUN ACCATUICTHI CTUMYJIMPYET MOUCK
COOTBETCTBYIOIIUX M3MECHEHUI B cTpoeHur noHOCheps! 3emin. C 3TOH 1e/bio OBUTH TPOBEICHBI pacueThl HA OCHOBE
YHUCIICHHOW MOJenu moJisipHoH noHoc(epsl [1]. YkazaHHas Monens paHee Oblia BepHUUIMPOBAHA KakK IyTeM
COTIOCTABJICHUS C ONyOJIMKOBAaHHBIMHU JBYMEPHBIMH PACHpEACICHUAMHU JIEKTPOHHONH KOHIIEHTpAllMd B MaKCHUMyMe
cios F2, B yacTHOCTH, TIOJTy4YCHHBIMH C UCTIOJIB30BAHUEM JAHHBIX HOHO30H/IOB B CEBEPHOM MOIYIIApHH, TaK U IIyTeM
COIIOCTABJICHUSI PACCUUTAHHBIX BBICOTHBIX Mpoduiteii Ne ¢ TaHHBIMI HEKOT'€PEHTHOTO PACCESHHA.

C menbio MPOMLTIOCTPUPOBATH HBOJIOIMIO CTPYKTYPbI MOISIPHON HOHOC]EpHI OBUIH ITPOBEICHBI pacueTsl At 1955
1 2024 rog0oB Ipu OAMHAKOBBIX TETHOT€O(PU3NIECKUX YCIOBUAX.

CormocTaBneHne MOMYYCHHBIX KapTUH M30JIMHUHN 3JIEKTPOHHOM KOHIEHTPALMK B MakcUMyMe citost F2 He BBIIBIIIO
OKHJAEMBIX 3HAYUTENIBHBIX KAaYEeCTBEHHBIX M KOJHMUYECTBCHHBIX PACXOXKICHHI HECMOTpPS Ha 3HAYUTEIHHOE
nepeMelleHre MarHUTHOTO TI0JIFOCa 32 3TOT NEPHOJL BpeMeHH (ero reorpaduueckasl KOIMPOTa U3MEHWIach ot 14.7
1o 4.0 rpagyca, a reorpagdudeckas noarota ot 101.1 mo 142.0 rpaaycos).

[Mony4eHHBIH pe3ysbTaT OOBSCHAETCS TEM, YTO IPH YHCICHHOM MOJEIUPOBAHMU HCIIOJIb3YETCs JHMIOJIbHAS
anMpoKCUMAIMsl MarHUTHOTO moiyii. B naHHOM ciydae ciiefyeT NPUHATH BO BHUMAaHME JIpel( He MarHUTHBIX
TMIOJIFOCOB, a Jpeiid Tak Ha3bIBAEMBIX T€OMAarHUTHBIX MOJIIOCOB, XapaKTEPU3YIOMINX MOJI0KEHHE MarHUTHOTO JTUTIOJS,
KOTOPBIH BBIpaXeH KyJja MEHEee 3HAaUNUTeNIbHO (ero reorpaduieckas KommpoTa u3MeHmwnack ot 11.5 1o 9.2 rpanyca, a
reorpaduueckas goiarora ot -69.5 mo -72.6 rpamycos). Xoja npeiia MarHUTHOTO W TEOMArHUTHOTO IOJIOCOB
MPOWIIIOCTPUPOBAH Ha pHUC. 1, KOTOPBIH OITyOIMKOBaH Ha caiiTe AroHCKoN obcepBaropun B Knoro.
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Pucynoxk 1. Tpaextopun apeiipa MarHUTHOTO ¥ TEOMAarHUTHOTO MOJIOCOB COTJIAcHO [2].
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B mopnenu monspHON uoHOcheps! [1] HUCHONB30BANKCH pe3yNbTaThl METOAMYECKON paboTsl [3]. B mocnmenmueit
YKa3bIBaJIOCh, B YaCTHOCTH, Ha [EJIECOOOPa3HOCTh BBEICHHUsS, HAPSIY C HCIOJIb30BAHHEM reorpaduueckux u
TEOMAarHUTHBIX KOOPIUHAT, €Ile OJHOW CHCTEMbl KOOPJHMHAT, C LEJNbI0 0OJiee TOYHOrO OMHMCAHUS KOHBEKIIUH
HOHOC(EPHOIT TIa3MBbl, & TAKXKE JaHO OIHMCAHUE MOJISI KOPOTAIMHU C YIETOM 3aBUCUMOCTH OT MHPOBOTO BPEMEHH.

Pacuer TpaekTopuii KOHBEKIIMH IIa3MBl B paMKax MOJENH TOJSIPHON MOHOC(epH! [1] mpon3BOINTCS Ha OCHOBE
YHUCIICHHOTO PEIICHUs CHUCTEMbl [BYX AWHAMHYECKMX ypaBHEeHHW [4] MpH HCHONB30BAHUKM HEMPEPHIBHOM
AHATNTHYECKONW MOJENHN pacmpeneneHus snekTpudecknx moseii [5]. (Ha ocHoBe mocmennedt ObUTH HE TOJBKO
BOCIIPOM3BEICHBl BCE HM3BECTHBIE Ha TO BpPEMs THUIBI PACIpeeCHUs 3JIEKTPUYECKUX MOJeH BAOJIb YTPEHHE-
BEUEPHEr0 MepuauaHa, HO M IPEACKa3aHO HECKOJIbKO HOBBIX THUIIOB, KOTOpPbIE MO3[HEE OBIIM BBISABICHBI IO
CIIYTHUKOBBIM JIAHHBIM).

Hwxe, Ha prcyHKe 2, IpUBEACHBI IByMEPHbIE KAPTHHBI PACIPEICIICHHS JIEKTPOHHON KOHLIEHTPAIIMN B MAKCUMYMe
cnost F2 nnst 1955 rona (cnea) u 2024 rona (crpasa) Ui CISAYIOUINX TeTHONC€OMArHUTHBIX YCIIOBH: JICHb rojia —
355, UT = 18, Fio7 = 220, K, = 0,3. (OTH yciI0BHs UCIIONB30BAINCH paHee [6] MpH CONMOCTABICHUH PE3yJIbTaTOB
pacueToB C IKCIIEPUMEHTOM).

BunmHo, uto 3a mepuon ¢ 1955 mo 2024 rT. KadyeCTBEHHBIX W3MEHEHHU B CTPYKTYpE M30JMHHUI HE TMPOU3O0ILIO, a
KOJIMYECTBEHHbIC M3MEHEHHs HE3HAYWTEIbHBI. B pacrpeseseHun 3JeKTPOHHON KOHIIEHTPALUH C BBICOTOM TaKkKe
HU3MCHEHHS He3HAUUTEIIbHBIL.

Pucynox 2. Mzomuann Nemax F2 1ot 1955 (cnesa) u 2024 . i 3Havennit Muposoro Bpemenn UT = 00
(BepxHsist napa n3onunui) u 06, 12 1 18 11 HKe e)amux nap U30JMHUH.
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Deonioyus cmpoenus NoIApHOU UOHOCHePbI 8 X0Oe Opeligha MAZHUMHBIX NONIOCO8 3emau

JlaHHBIE MICCIIEOBAHUS CIIEYET MPOJOJDKUTD TIPH yUeTe OoJiee AeTalbHOW MOJIENN F€OMAarHUTHOTO I10JIST 3eMIIH.
OpHako, 3TO TOTPeOyeT U COOTBETCTBYIOIIEH pa3paboTKH METO/Ia yueTa MoJIsi KOPOTAITHH, OUEBUIHO O0JIee CII0KHOTO
10 CPaBHEHHIO C NIPEAJIOKEHHBIM B [3], Te HCII0Ib30BaIACh JHUIIOJIBHAS alIPOKCUMALIHS.
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AHHOTAUA

B pabote paccMOTpeHBI 3KCTIEpUMEHTAIBHEIC TaHHBIE, XapaKTepU3YIOIIKe KPacHbIe MYTH B 00JIACTH Cy0aBpOpaIbHBIX
IIMPOT. YCTAHOBJICHO, YTO OHH HMEIOT JPYTyH (HU3UUCCKYH0 MPUPOAY IO CPaBHEHHUIO C XOPOIIO H3BECTHBIMU
«KJTACCHYCCKHMM» KPAaCHBIMU JyraMH, KOTOpPbIC HAOJIOAIOTCA HA CPEIHHMX INHPOTaX W BBI3BIBAIOTCS HOHHO-
OUKIOTPOHHOW HEYCTOHYNBOCTHIO SHEPTHYHBIX HOHOB KHCIOPOAa M BOJIOPOJA KONbIEBOro Toka. «Kimaccnueckuey
KpacHbIC Jyr'd HAOJIOIal0TCS Ha BOCCTAHOBUTEIBHOM (a3e OOJBIINX MATHUTHBIX OYPb.

Cy0aBpopaibHbIe KpacHbIC AyTH BO3HUKAIOT IPU CyOOypeBOi aKTHBHOCTH U MOTYT HaOJII0aThCs Ha J1r000i (ase
MarHUTHOH Oypu. DTH AyTH pa3BUBAIOTCS B TIOJIOCE IMOJIPH3AIMOHHOTO JHKETa. B HUX, B OTIIMYHE OT «KIACCHICCKHUX)
KpacHBIX OYT CYIIECTBYET CHIIFHOE AJIEKTPHUYECKOE IT0JIe, HAalpaBIieHHOe Ha ceBep B cpeqHem 20-40 MB/M, koTopoe
pa3orpeBacT cpey U MOPOXKAACT OBICTPHIH MPOOIBHBIN U MOMEPEUHBIH apeiid m1a3Mbl o ckopocTsMu a0 1.5 - 2.0
KM/C, COTJIaCHO M3MepeHusiM ciryTHUKOB DMSP Ha BbicoTe 850 kM.

ITo mapamrakTH4ecCKHUM CKaHEPHBIM H3MEPEHHUSM BBICOTA MAaKCUMyMa CBEUCHHS CyOaBpOpalbHON KpPacHOW IyTH
cocrapisger 180-200 kM. MuTepdepoMeTpuuecKkue H3MEpPEHHs IMOKa3bIBAIOT, YTO B IMOJOCE KPAacHOW MAyru
TemmepaTrypa He#TpampHON armocdepsl [Tn] mossimeHa mo 1200-1450 K OTHOCHTENIBHO CpEIHETO YpPOBHS,
ONPEJEIIEHHOr0 110 HEBO3MYILEHHBIM AHAM Mecsiua [okono 1000 KJ.

Beenenue

Kpacubie nyru cBedeHus: BepxHed atMocdepsl OBUTH OTKPHITH (PpaHIly3cCKHM acTpoHOMOM B mepuon MI'T 1957 -
1959 rr. [Barbier, 1958]. Ceuenue armocdepsl, o0HapyKeHHOE UM B JHHUU 630 HM, ObLIO OECCTPYKTYPHBIM U
CTaOMJIBHBIM B T€YE€HHE MHOTHX YacOB M OXBAaThIBAJIO JIOJTOTHI OT TOPH30HTA 10 ropu3oHTa. IIpu 3TOM 0OBIYHEIE
(OpMBI TIOJIIPHBIX CHSHHUK HaAOMIOJANKCh JTAIEeKO K CEBEpPY OTHOCHTENHFHO KPAacHBIX JAyr. BbUTH BBIIOIHEHEI
MHOTOYHCICHHBIE U3MEPEHHUSI, KOTOPbIE MOKAa3aldH, YTO MHTEHCUBHOCTb cBeueHHs cocTasisuia 300 — 3000 Px, HO
MOTJIa JOCTHTaTh JecaTKoB KPi. CBedeHne 3e1eHON IMHUT aTOMapHOTO KUCIOPOa PETUCTPUPOBATIOCH, HO OBLIO Ha
JIBa MOPsI/IKa MEHEee MHTEHCHBHBIM.

B crnenyromeM UK€ COMHEYHOW AaKTHBHOCTHM IMOCIEIOBANHM TapajUIaKTHUYECKHE M HHTep(hepoMeTpHUECKHe
M3MEPEHHUs KPACHBIX YT, KOTOPBIC MIOKA3ali, YTO MAKCUMYM CBEYEHHs pacmoyioxkeH Ha Beicote 450 kM. [Roach and
Roach, 1963], u Temmeparypa HeiliTpanpHOi atmocthepst [Tn] mox myroit He m3mensiercss [Roble et al., 1970].
Wzmepenus Ha ciiytauke OGO-4 [Reed and Blamont, 1968] He 00Hapy uiu 3JIEKTPHUYECKOTO OIS B [IOJIOCE KPACHOM
nyru. Bee 3TM m3MepeHUst ObUTH BBINOJIHEHBI Ha CPEAHUX IIMPOTax W COOTHECEHBI C (ha30d BOCCTAHOBIICHUS
MarHuTHBIX Oypb Oonbmroit mHTeHCHBHOCTH. B UK®UA cBedenme HOYHOTO Heba Ha Cy0aBpOpANBHBIX IMIHPOTAX
uccnenyercs ¢ Hadana 70-x romoB. B pabote [Arexcees u Op., 1975] mpoaHaam3upoBaHBI HapaIaKTHYCCKHE
NU3MEpPEeHNsI C TPEeX M YEThIpeX ITyHKTOB CKaHEPHBIX HAOJIOJEHWH M YCTaHOBJIEHO, YTO BHICOTHI MAaKCUMyMa B
nuddysHoit monoce cBedenus B muHuM 630.0 HM coctaBsiior 180-200 kM. B obGcepBatopun Maiimara (L = 3.2)
IIPOBOIMIINCH HHTEP(hEepOMETpHUECKIE H3MEpEeHHUs Tn, KOMIUIEKCHBIE ONTHIECKIE U HOHO30H/IOBBIE H3MEPEHHSI.

B nmerampHOM HCclenoBaHWN CyOBH3YalbHOTO (POHOBOTO CBEUCHHS aTMOC(Ephl Ha Cy0aBpOpANbHBIX IIUPOTAX
[@ervowmeiin u op., 2012] o6ocHOBaHA TOYKA 3PEHUSI, YTO HCTOYHUKOM CBEUCHHS CyOaBPOPAIBbHBIX KPACHBIX JyT
SBJISIFOTCSL OCTATOYHBIE BBICHIIIAHUS AJIEKTPOHOB M3 CHJIOBBIX TPYOOK Ha 3KBATOPHMAIBHOW T'PaHHIE 3JIEKTPOHHOTO
TUIA3MEHHOTO CII0sl. MexaHu3M 06pa30BaHust KIIACCHIECKOH KpacHo# xyru ObL1 pazpaboran B cratse [Cornwall et al.,
1971]. DHepruyHble HOHBI KOJBIIEBOIO TOKA B IMPUIKBATOPHATBHON 001acT MarHuTocheps! Bo30yKAaI0T HOHHO-
LUKJIOTPOHHBIE BOJIHBI, KOTOPBIE YCKOPSIOT 3JIEKTPOHBI CPe/ibl BCIEICTBUE ASHCTBUS MeXaHu3Ma 3aTyxanus Jlannay.
BosHukmas nomyssiys CBEpXTEILIOBBIX 3JICKTPOHOB MEPEIaeT 3HEPTHI0 B aTMocdepy, MOpoXk/asi KpacHyIo AyTy.
BBIICHMIIOCH, YTO 3TOT MEXaHM3M JIEHCTBHTENILHO paboTaeT, Habro1aeMasi HHTEHCUBHOCTh MOHHO-IIMKIOTPOHHBIX
TapMOHHK CIIOCOOHA CO3aTh CBEUYCHHE KPACHOM JIMHUK MHTeHCHBHOCTHIO 0.5 - 3.0 kPn [Kozyra et al., 1987].
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JKcnepUMeHTATbHbIE Pe3yJbTaThl

HuaTepdepomerprueckie naMeperns Th B 00macTi KpacHOH Tyru OBLUTH IIPOBEICHEI BO BpeMs OONBIION MarHUTHOM
Oypu 30 okTs0ps - 1 HOsIOpst 1968 ronma Ha cpegHMX mMHUpPoTax. MakcuManbHOE 3HaYeHHe uHAekca Dst = -224 uTm.
WNuTercuBHOCT cBedeHns TuHIH 630.0 HM U3MEHsIIach Ha MIPOTsDKEHIH BpeMeHH n3MepeHus B npexenax 100-600 R
[Roble et al., 1970]. CkanepHble CHEKTpOMETPHUCCKAE HAONIOACHNUSA HE PETHCTPUPYIOT TMOJbeMa WHTEHCHBHOCTH
3eJIeHOl MuHUM kuciaopoaa 557.7 HM B kpacHoi ayre. Ha Puc. 1 moka3ansl Bapuanuu TemiepaTypbl HeHTpanbHOM
aTMoc(epbl B Mpejenax KpacHOH Jyrd (3aloJIHEHHBIC KPYXKKH) M BHE 00acTu Ayru (He3aroJHEHHbIE KBaJIpaThl).
Kpecrrkamu 0603HaueHbl U3MepeHust 1N 3a npyroi neproja 310kTsOps — 1 HOSOps, Korja Takke HaOJoaanach
KpacHas nyra. Kak MO)HO BUIETh TeMIlepaTypa HeHTpanbHON aTMoc(ephl B IOJI0CE JTYyTH HE U3MEHSETCS. ABTOPHI
JIeNaloT BBIBOJ, YTO B CIIyyae pa3orpeBa Cpebl CHIBHBIM JJIEKTPHYECKUM MOJEM M CEJIEKTUBHBIM TEIUIOBBIM
BO30Y’KICHHEM CBEUYEHHMS, Kak TO ObLIO mpemiokero B padore [Megill et al., 1963], nomkHo ObLTO HAGTIONATHCS U
TIOBEIIIICHIE TeMIIEpaTyphl HEUTpaIbHOH aTMocdepsl. B apyrom coObITHH KpacHOW AYyTH HA CPEAHUX MIMPOTaX IO

n3MeperusiM cryTHiHka OGO-4 He OGbTO OOHApPYXEHO IEKTPHUUECKOTO MOt B mosioce kpacHoi ayru [Reed and
Blamont, 1968].
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Pucynoxk 1. aTephepomerprueckie H3MepeHus TeMIIepaTypbl HEUTpaabHOI aTMochepsl B kKpacHoi ayre 30
- 31 oxts16ps 1968 . [Roble et al., 1970].

PaccMoTpuM pe3ybTaThl KOMIUICKCHBIX H3MEPEHHUl B cyOaBpopaibHOil HMOHOc(hepe BO Bpemsi CyOOypeBoro
Bo3myIeHus 25 pespasst 1990 r. (Puc. 2). HabmroneHus OblIM BBITIONHEHBI Ha Teodu3nueckoM nojurone Skyrck (L
= 3.0) u Maiimara (L = 3.2).

B BepxHell maHesu puHCYHKa IIOKa3aHa INUPOTHas JMHAMHKA KPacHOW IyI'W MO JaHHBIM CKaHHPYIOIIEro
cniektpomerpa. JlomaHoii nuHMel 0003HAYEHB! BapHallill MHTCHCHBHOCTH CBEYEHUS B Jyre, KOTOpas BO3HHKIA B
11.30 UT. Ha Bropoii manenmu oToOpaXeHbl H3MEPEHUs ¢ MOMOIIEI0 HHTepdepomeTpa Padpu-Ilepo Temmeparyps
HEUTpampHOH aTMOcdepsl OTHOcHUTEeNbHO cpenHero ypoBHS 1000 K, ompeneneHHOro mo HEBO3MYIICHHBIM JTHSIM
Mecsana. HwkHSS naHeNns WUIIOCTPUPYET HW3MEHEHHS HOHOC(EpHBIX mapamerpoB. Kpyxkkamu IoMedeHbl
KPUTHYECKHE YaCTOThI PEryJIIpHOro ciios F2. TpeyronbHUKH TOKa3bIBAIOT YAaCTOTHI CIIOPAIUYECKOi CTPYKTYpBI F3S,
KOTOpas BO3HHKAaeT B IIOJIOCE MOJSPHU3ALMOHHOTO JpKeTa. Bpems Hawama pocta Tn M BpeMs BO3SHUKHOBEHHS
nosisipu3anmonHoro mkera 10.30 UT omepexaroT Ha OJWH Yac MOSBICHWE KpacHOW Ayru. Ha mpoTshkeHHH BCero
BpEMEHHN M3MEPEHHI TemrepaTypa HedTpanbHOU atMocdeps! noBeimeHa Ha 100-200 K oTHocHTenbHO 3HAYEHUH,
HaOJFOTaeMBIX B HEBO3MYIIEHHBIX yCIIOBHSX.

Ha Puc. 3 nokasaH oJyiH U3 NIpUMEPOB ONTHYECKUX M MOHOC(EPHBIX n3MepeHuit 5 mapra 1989 rona. B Bepxueit
YacTH PUCYHKa NPEJICTaBICHBl (POTOMETPUYECKHE HM3MEPEHMs IOJIOKEHUs M MHTEHCUBHOCTH KpacHOW nyru. B
HIDKHEH 4acTH PUCYHKa IOKa3aHbl 3HAUYCHMS! KPUTHYECKUX YacTOT CHOPaANYecKor CTpyKTypbl F3S u perynsipHoro
cios F2 1 mpuBeeHb! 0Tpe3KH BpeMeHH peructpaunu F3s otpaskennit u F2S HaKJIIOHHBIX OTpaXEHUH OT MOJISIPHOM
cTeHKH npoBasia. KpacHas nayra Oputa obnapyxena B 11.30 UT B 3enute crannum Maiimara cpasy mocie Havyana
Habmoznenuit. B 13.00 UT npounzonuio cMenieHye Iyru B 3KBATOPHAILHOM HAIIPABIEHHUH, CBSI3aHHOE C BO3POCIIUM
ypoBHEM Cy00ypeBoit akTHBHOCTH. 10 HoHOChepHbIM u3mMeperusM B 11.15 UT kpuTryeckue 4actoTsl B obnactu F2
pe3ko ymeHpmmiuch ¢ 6.8 no 3.8 MI'u. u BosHukin F3S orpaxkeHus, XxapakTepHble Uil Pa3sBUTHS CTPYKTYPbI
nossipusanonHoro ukera [Galperin et al., 1986]. B teuenne Bpemenn 13.15 UT - 20.00 UT wHaGmroganuch
HaKJIOHHBIE OTPAYKEHHS OT MOJIIPHON KPOMKH IIPOBaIa M CT. SIKyTCK HaX0AWIach B 00aCTH ITITaBHOTO HOHOC(EPHOTO
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npoBaja BOJM3M €ro MOJSPHOM CcTeHKW. Takue JIeTalbHbIEe CONOCTaBJIEHHS KPacHbIX IYr C HOHOC(HEpPHBIMU
CTPYKTypaMu ObUTH paccMOTpeHsbI 11 23 coObITHid. Bo Bpems 18 cirywaeB pa3BUTHS KpaCHOH AYTH UM COITyTCTBOBAJIO
passutne F3s orpaxennii. [Ipu o4eHP HM3KHMX 3HAYCHUSAX KpHUTHUECKOH dacToTel F2 cmos, F3S ctpykrypa He
pa3BuBanack, a Habmronanacs cuibHas guddysnocts F2 cros.

[NapasmakTiHaeckie H3MEpEHHs BRICOT KIIaCCHUECKOM KpacHOM Xyru mpuBezeHs! B pabote [Roach and Roach, 1963].
HwxHss rpanmma qyru pacronaraercst Ha BeicoTe 350 KM, a MAaKCHMYM CBEUYCHHS JYTH MPUXOIUTCA Ha BeicoTy 400
kM. Ha 1ernouke 4eTpIpex H3MEpHUTENBHBIX MyHKTOB B SIKYTHH NPOBOJHMIINCH IapaIaKTHYCCKHE H3MEPECHHS BHICOTHI
MaKCHMMyMa IIOJIOCHI KPacHOTO CBEYEHMs. BbUI BBINOJNHEH aHajiM3 JaHHBIX MO 59 ciydasMm HaOJIOJNEHUS |
YCTaHOBJICHO, YTO MAKCUMYM pacronaraercs B quamna3zone BeicoT 180-200 kM [4rexcees, 1975].
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u3Mepenus 25 ¢espans 1990 r. Ha cT. Maiimara u usMmepenust 3 mapta 1989 r. Ha ct. Maiimara u
SIKkyTCK. SIkyTck.

O0cyxneHue pe3yabTaToB

Wzmepenuns: ¢ nomoipio uaTepdepomerpa ®adpu-Ilepo B mojoce KpacHOi Oyru Ha cyOaBpOpalIbHBIX MIMPOTAX
MOKa3bIBAIOT BO3pAacTaHWE TeMIepaTypbl HelTpanbHOI atmocdepsl Ha 200 K OoTHOCHTENBHO CpemHEero ypOBHH,
OIPE/ICNICHHOTO 0 HEBO3MYLICHHBIM JHAM Mecsua (Puc. 2). B cimydae Gonee IHMTENBHBIX M HHTECHCHUBHBIX
Bo3MymIeHHH TN Moxet moBsimathes Ha 400 K. Beero mMeeTcs mate cOOBITHI MPH KOTOPHIX UMEIOTCS H3MEPEHHUS
Tn B momoce KpacHOW Iyrum M BO BCeX HaOIIOZaeTcs 3HAYMTENILHOE BO3pAcTaHHWE TEMIIEPaTypbl HEHTpalbHOH
atmocepst [Alexeyev et al., 1994]. B paborax [Okano et al., 1985; Okano and Kim, 1987] Takxe ObLJI0 yCTaHOBIIEHO
TIOBBIIIIEHHE TN B 00JIaCTH KpacHOHM Nyru Ha cy0aBpOpajbHBIX MMPOTaX. [IMOTHOCTH HEWTpanbHON aTMocdepsl Ha
BbIcoTax F-obmactu npepbimaer 108 cM® M HeoOXOAMM NPUTOK DHEPrUM B JIECATKH 5pr/cM2, 4TOOBI BBHI3BATH
HabmoaemMoe noBbimeHue TN. ist BO30YKIGHUs CBEUEHHS B HECKOJIBKO COT Pajieli 10cTaTouHO MOTOKa SHEPTUH B
0.1 spr/cm?. Kak nokazaHo Ha Puc. 1, Temmeparypa HelTpaibHO# aTMocdepsl B 00JNAacTM KPacHOM Jyrd He
n3MeHsieTcsl. [10TOK CBepX TEIUIOBBIX JJIEKTPOHOB B OOJIACTH JMCCHNALIMK SHEPTUH KOJIBIIEBOTO TOKAa CHOCOOEH
TOJIBKO BO30YIUTh CBEUEHHE KPACHOM JIMHUN KUCIOPOa HHTEHCUBHOCTRIO 10 2.5 - 3.0 xPi1.

B pa6ore [Galperin et al., 1986] 6bu1r poBeIEHBI COMOCTABIEHUSI CHHXPOHHBIX U3MEPEHUH TOJIAPHU3A[HOHHOTO
mkera (PJ) co CyTHUKOB U CTPYKTYPbl HOHOC(EPHI [0 PErHCTPALMK HOHOTPaMM Ha CTaHIMAX SIKyTCKOH LenouKu
MOHO30HJ0B. bBIIO ycTaHOBiIEHO, 4TO pazBuTHe PJ mpuBOAUT K (POPMHUPOBAHUIO XapPAKTEPHBIX CIEJOB OTPaKCHUH
F3s Ha moHOTpaMmax, KOTOpBIE UMEIOT KPUTHYECKHE YaCTOTH MEHbIIE, 4eM (POHOBBIH ciiol F2 1 GoNblIyIo BBICOTY.
Ha ocHOBaHMM 3TOr0 MOXKHO C/I€NaTh BBIBOJ, YTO NpHUBeAeHHbIe Ha Puc. 2 u Puc. 3 pe3yibTaThl CBUIETEIBCTBYIOT O
TOM, 4TO cy0aBpopaibHas KpacHas Jyra pa3BHBAeTCs B I10JIOCE ITOJISIPU3AIIMOHHOTO JhkeTra. Jlyra pacroyioxeHa B
o0nacTu npoBajia MOHU3AIINH, K 3KBaTOPY OT 1 dy3HO# aBpOpasibHOI 30HBIL.

BbicoTa MakcHMyMa CBEYEHHS «KIIACCHUECKON» KpacHoi ayru cocrasisier 400 km [Roach and Roach, 1963].
MHOTroYHCIEHHbIE MapaJUIAKTHYECKHE H3MEPEHHUs] BBICOT II0JIOCHI KPACHOTO CBEYCHUs, NMPOBEJCHHBbIE HA CETH
MYHKTOB Ha Cy0aBpOpaJbHBIX IMHPOTaX B SIkytun [Anexcees u dp., 1975], mokasamu, 9To BBICOTA MaKCHMyMa
cBeueHus cocrasisieT 180-200 km.

IIpu cuibHBIX CyOOYpEBBIX BO3MYILEHUX CyOaBpOpalIbHbIE KPAaCHbBIC JyTd MOTYT CYLIECTBOBATH MHOTO YacoB U
nepeMeIiaTbcsl B 9KBaTOPUAILHOM HANpPaBJICHUH B IIOCIE IOJYHOYHBIE Yachl Ha THICAYY KHJIOMETPOB, BIUIOTH JIO
rpaHULBl perucTpauuu cr. Maiimara [Hesenxo, 1993, 1999]. Hcnone3ys TOJIBKO CIEKTPOMETPHYESCKHE CKAaHEPHBIC
HaOJIOZICHUsI M PETUCTPAIlMI0O KaMep Bcero Heba cyOaBpopasibHBIE KpacHbIE OYI'M HEBO3MOXHO OTJIMYUTH OT
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«KIIACCUUYECKHX» KpacHbIX Jayr 0e3 NapaIaKTUYeCKHMX M3MEPEeHHH BBICOTHI CBEYEHHS AYyTH WM
HHTEPPEPOMETPHICCKUX H3MEpPEeHHH TN.

[To m3MepeHusIM BBICHIIAIOIINXCA MATKO-3HEPTHYHBIX 3JIEKTPOHOB co cmyTHHKOB DMSP Hanm cyGaBpopansHOU
KpacHOU Iyroil OBIIO MOKa3aHO, YTO OCTATOYHBIC BBICHIIAHHS JIEKTPOHOB UMEIOT JOCTATOYHYI0 HHTEHCHUBHOCTH U
MOTYT CO3/IaBaTh CYIICCTBEHHBIN BKIIA]] B CBEUCHHE Cy0aBpOpaIbHOM KpacHoi ayru [3sepes u dp., 2012]. Takoii xe
BBIBOA OBUI CHOETaH M IO CKAHEPHBIM CIICKTPOCKONMYECKUM H3MEpEeHHsM co cT. MuxHeBo moj MockBoil u
COTIOCTABJICHUH MX C PETUCTpAIlMel BRICHIMaHM# SIIeKTpoHOB Ha criytHHkax DMSP [Gorely and Karakchiev, 2003].
Conepikaluecs: B HaCTOSILEH paboTe pe3yNbTaThl HOKa3bIBAIOT, YTO CyOaBpopanbHas KpacHas ayra GopMUpyeTcs B
MOJIOCE TOJISIPU3AIIMOHHOTO JDKETa, I/Ie JJIEKTPOHHAs KOHIEHTpAIMs MOHM)KEHa Ha TOPSAIOK M, COOTBETCTBEHHO,
PE3KO TajaeT Ne3aKTUBanus BO30Y)KIEGHHBIX aTOMOB Kuciopoja. CHiIbHOE aJieKTpuyeckoe mnojie PJ mpousBogut
pa3orpeB cpeabl W IMOJBbEM TEMIIEpaTypbl HEWTpanbHOW aTtMocdepbl. Kpome TOro mpoucXomuT CyIIECTBEHHOE
Bo30yxaenue nmuaum 630.0 HMm. [Sazykin et al., 2002]. PaccmorpenHbie (akTOpsl MPUBOIAT K (HOPMHPOBAHHIO
cy0aBpOpanbHON KpacCHOW JIyTH.

BriBoabI

1. CybaBpopanbHas KpacHas nyra GOpMHUpPYETCs B MOJIOCE MOJIIPU3ALHOHHOTO HKETA TIPH Pa3BUTHH aBPOPATEHOTO
BO3MYILIEHHUS.

2. Ilo wm3mepenusm wunTepdpepomerpa @Dadpu-Ilepo Temneparypa HeilTpansHONH arMmocdepsl B obnactu
cybaBpopanbHOil kpacHO! Ayru moBsiieHa Ha 200 - 400 K OTHOCHUTENILHO CPEIHET0 YPOBHS, OMPEACICHHOIO IO
HCBO3MYIICHHBIM JHAM MECAIA.

3. BeicoTa MakcHMyMa CBEUYCHUS Cy0aBpOpaIbHO# KpacHO# nyru coctasisier 180 - 200 kM.
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THE STUDY OF THE INFLUENCE OF METASTABLE NITROGEN ON
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Abstract. The model of electronic kinetics of molecular nitrogen in the stratosphere of Titan is developed. We
consider the collisions of electronically excited molecular nitrogen with N», CHa4, Hz, CO, CxHy gases. It is shown that
inelastic intramolecular and intermolecular electron energy transfers during the collisions influence on vibrational
populations of excited electronic states of N at the altitudes of the stratosphere. Special attention is paid to the
investigation of the role of electronically excited molecular nitrogen in the dissociation processes during collisions
with different atmospheric components. We consider the production of CH; and C;Hs radicals in the collisions with
methane CH, and ethane C;Hs gases. It is shown that metastable molecular nitrogen dominates in the production of
radical atmospheric components at the altitudes of Titan’s stratosphere.

Introduction

Galactic cosmic rays are the source of ionization and produce fluxes of secondary electrons in the ionization processes
in the middle and lower atmosphere of Titan (Molina-Cuberos et al., 1999). Kirillov et al. (2023) have considered the
excitation of triplet electronically excited states of molecular nitrogen by produced secondary electrons at the altitudes
of the Titan’s middle atmosphere and the influence of electronically excited N2 on the production of CoH and C;H3
radicals during inelastic collisions with C,H, and C,Hs molecules. Kirillov et al. (2017) and Kirillov (2020) have
considered the processes of energy transfer from metastable molecular nitrogen N2(A3Z,*) to carbon monoxide in the
atmospheres of Titan, Triton, and Pluto (as a mixture of N>—CH4—CO gases). It was shown numerically for the first
time that the contribution of N2(A3Z,*) to the formation of electronically excited carbon monoxide CO(a®[l) increases
significantly with increasing density in the atmospheres of Titan, Triton, and Pluto, and becomes predominant for the
lower vibrational levels of CO(a®I).

Main aim of the paper is the study of electronic kinetics of N triplet states in the Titan’s middle atmosphere (the
mixture N»-CHa-H»-CO) during the precipitation of cosmic rays taking into account molecular collision processes at
these altitudes. Also we will show the influence of the inelastic collisions of electronically excited N> molecules with
CH, and C;Hs gases on the production of CH3 and C,Hs radicals.

The production and quenching of N triplet states in the Titan’s atmosphere
We consider here the excitation of five triplet electronic states

e+ Na(X1Zg"v=0) — No(A%L,*v'=0-29) + e (1a)
— Np(B®%TIg,v'=0-12) + e (1b)
— Na(WEA,,V'=0-21) + e (1c)
— No(B3%, v'=0-15) + & (1d)
— Np(C[,v'=0-4) + e (1e)

in the collisions of N2(X!Z4*,v=0) with high-energetic secondary electrons produced in the lower and middle
atmosphere of Titan during cosmic ray precipitation. We believe that the rate of the excitation of any vibrational level

v' of the states Y=A3Z,*, B3Iy, WEA,, B3Z,~, CI1, is proportional to the Franck-Condon factor qgﬁ,\.( of the transition

X'z4* v=0—Y,v'. The scheme of vibrational levels of N triplet states of molecular nitrogen is presented in Figure 1.
The electronically excited triplet nitrogen molecules radiate the bands of Vegard-Kaplan (VK), First Positive (1PG),
Wu-Benesch (WB), Infrared Afterglow (IRAG), Second Positive (2PG) systems:
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N2(AZ* V') — Na(X1Zg* V") + hvk (2a)
N2(B3Ig,V') <> No(A3Z, V") + hvapg , (2b)
N2(WEAL,V') <> No(B%IIg,v") + hvwe , (2c)
N2(B3Z, V") <> N2(B3Ig,v") + hvirac , (2d)
N2(C3ITy,V'") — N2(B3[g,v") + hvaee . (2e)

Einstein coefficients for the radiational transitions (2a-2e) are taken according to (Gilmore et al., 1992) in this paper.
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Figurel. The scheme of vibrational levels of N> triplet states.

Moreover, for conditions of high pressure at the altitudes of the lower and middle Titan’s atmosphere it is necessary
to include processes of the electronic quenching of all triplet states in molecular collisions. In the case of the triplet
states of molecular nitrogen we consider the following intramolecular processes:

N2(Y,v') + N2 — N(B3ITg,v") + N, (3a)
N2(B3Ig,Vv') + N2 — Na(Y;v") + N, (3b)
with Y = A3Z,*, WBA,, BX, and intermolecular processes:

N2(Y,v') + No(X'Zg*,v=0) — No(X'Zg*V">0) + No(Z,BTIgv") , (42)
Na(B3ITg,v") + No(X!Zg* v=0) — Na(X1Zg*,v>0) + No(Z,B3IIgv") (4b)
N2(C3ITy,V') + Na(X1Z4* v=0) — Na(X1Z4" V' >0) + Na(Z, B3Iy, C3I1y:;v") (4c)

with Y and Z = A3S,*, WA, BX, for the inelastic collisions with N> molecules (Kirillov et al., 2023). The quenching
rate coefficients for the processes (3a,3b,4a-4c) have been calculated by Kirillov (2016, 2019). We apply here the
calculated constants in those papers.

At the altitudes of the lower and middle Titan’s atmosphere it is necessary to take into account molecular collisions
with CH. molecules. The interaction
N2(A3Z,* v'=1-6) + CHy — No(A3Z,* v'=v"-1) + CH4 (5a)

is the dominating mechanism of the inelastic interaction for vibrational levels v'>0 (Kirillov et al., 2023). The
electronic quenching by CH. with the transfer of the excitation energy on the methane molecule with the dissociation
(Sharipov et al., 2016)

N2(A3Z,*,v'=0) + CHs — Np(X'Zg* V") + CH3 + H , products (5b)

is considered here as the quenching mechanism for vibrational level v'=0.
Also we consider the inelastic interaction

N2(A3Z,*,v'=0) + C;Hg — Np(X1Zg* V") + CoHs + H , products (6)
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according to (Sharipov et al., 2016). Temperature dependence of the rate coefficients for the processes (5b) and (6)
calculated according to (Sharipov et al., 2016) is presented in Figure 2. The calculated constants are compared with
experimental data available in scientific literature (Herron, 1999).

Kirillov et al. (2017) have shown very important role of inelastic collisions with CO molecules in the upper Titan’s
atmosphere for lowest vibrational levels of the A3%,* state. Therefore we take into account the collisions

No(A3E,* V) + CO(XE*v=0) — No(X1Z4* v'=0) + CO(a V") @

with the rate coefficient according to (Kirillov, 2016; Kirillov et al., 2017). We neglect collisions with hydrogen
molecules because the concentrations [H:] are much less than [CH.4] (Bezard et al., 2014; Vuitton et al., 2019) and the
quenching rate coefficients for most N states are of the order of gas-kinetic values. The collisions of N2(A%Z,*) and
H> have very small values of the quenching rate coefficients (Herron, 1999). Therefore we take into account only the
collisions (7) with CO molecules.

Since the concentrations of minor atmospheric components at the altitudes of the lower, middle and upper Titan’s
atmosphere are significantly less than concentrations of N, CH4, H> and CO (Bezard et al., 2014; Vuitton et al., 2019),
in the first approximation we can be consider the collisional part of electronic kinetics of N2 molecules in the frames
of N2"=Na2, N2"~CHa, N2"—H3, N2"~CO collisions, where N>" means electronically excited nitrogen molecules.
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Figure 2. Temperature dependence of the rate coefficients for the processes (5b) and (6) calculated according
to (Sharipov et al., 2016) (solid lines) is compared with experimental data (Herron, 1999) (triangles).

Vibrational populations of electronically excited N> in the Titan’s middle atmosphere

To calculate vibrational populations N of the A3Z,*, B3y, W3A,, B®X,~, CI1, triplet states we apply the equations
from (Kirillov et al., 2023). We assume in our calculations that methane and carbon monoxide concentrations are
related with N, concentrations by the ratios [CH4]=1.5-102-[N] and [CO]=5-10"[N;] (Bezard et al., 2014; Vuitton
et al., 2019). The altitude profiles of calculated ionization rates in the lower and middle Titan’s atmosphere during the
interaction of cosmic particles with atmospheric components have been presented by Molina-Cuberos et al. (1999),
Vuitton et al. (2019). We choose the altitude profile of N ion production rates according to Fig.18 by Vuitton et al.
(2019) in our calculations.

The ionization rate 1(h) (cm=s™) at a given altitude h of the Titan’s atmosphere can be expressed as

I(h) = %Z—f(h) ®)

where OE is the mean energy loss in the atmospheric layer ox at depth x (g-cm2), g'hfrz' = 37 eV is the average energy

necessary for the production of an ion pair in pure nitrogen (Fox et al., 2008). The method of degradation spectra (Fox
and Victor, 1988) was applied in the calculation of average energies ¢ necessary for the excitation of N, triplet states
by produced energetic secondary electrons in pure nitrogen in the processes (1a-1e).
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The study of the influence of metastable nitrogen on the production of radicals in the stratosphere of Titan

The calculated contribution rates of electronically excited N2 in the production of CHs radicals

We will consider here the influence of the interaction of electronically excited nitrogen molecules with methane and
ethane molecules on the dissociation of the target molecules and the production of the CH3 and C;Hs radicals. To
compare the contribution by electronically excited nitrogen molecules with the contribution by the cosmic rays we

assume in the calculations that the cosmic ray energy loss on some minor atmospheric component (MAC) (a—E)
MAC

at the altitude h is related to the total energy loss ok by the ratio
OX

(gEj (h) = %E (. IMACI(D) )
X Juae~ 0% INI()

where [MAC] and [N2] are concentrations of minor atmospheric component and molecular nitrogen.
The results of the calculation for the profiles of production rates of the CH3; and C;Hs radicals in the inelastic
processes

N2(A3Z,*) + CHy — Na(X'Zg*) + CHs + H , products , (10)
Nz(A3zu+) + CoHg — Nz(XlEg+) + CyHs + H, products . (11)

are shown in Figure 3. We have assumed in our calculations that methane and ethane concentrations are related with
N2 concentrations by the ratios [CH4]=1.5-10"2:[N2] and [C2Hs]=2-10-%[N;] (Bezard et al., 2014; Vuitton et al., 2019).
Also the profiles of production rates in the inelastic processes

N2(Y) + CHs — Na(X'Zg*) + CHs + H , products , (12)
N2(Y) + CoHs — N2(X!Z¢*) + C,Hs + H , products (13)

are shown in Figure 3, where Y=B®[Ig, WeA,, B®Z,", C°I1,.
The results of the influence of electronically excited N2 on the CH3; and CzHs production in the processes (10-13)
are compared with the production rates in the dissociation by secondary electrons

e+CHs;— CHz+H+e, (14)
e+CyHg > CoHs +H +e. (15)
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Figure 3. The calculated CH3 and C,Hs production rates at the altitudes 50-250 km: the processes (10), (11)
are shown as red lines, the processes (12), (13) as blue lines, the processes (14), (15) as triangles.

The comparison of contribution rates in Figure 3 shows the domination of the reactions (10), (11) and (12) in the
productions of the CH3; and CzHs radicals. It is seen that the contributions of the processes in the productions of the
CHs and C;Hs radicals exceed the contributions of the processes (14) and (15). Therefore the processes (10), (11) and
(12) have to be taken into account in a study of chemical kinetics in the Titan’s middle atmosphere.
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Conclusions

The electronic kinetics of ASZ,*, B%Ig, WEA,, B®Z,~, C°I1, triplet states of Ny in the Titan’s middle atmosphere during
the precipitation of cosmic rays is considered. Intramolecular and intermolecular electron energy transfers in inelastic
collisions of electronically excited molecular nitrogen with N, CH4, CO molecules are taken into account in the
calculations. The interaction of metastable electronically excited N, molecules with methane and ethane molecules in
the Titan’s middle atmosphere at the altitudes of 50-250 km is studied. For the first time it is shown that there is a
domination of the reactions (10), (11) and (12) in the productions of the CH3z and C;Hs radicals. The contributions of
the processes (10), (11) and (12) in the productions of the CH3 and C,Hs radicals exceed the contributions of processes
(14) and (15) at all altitude range.
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BEHAVIOR OF THE MIDDLE ATMOSPHERE OZONE IN THE WINTER
2023-2024 DURING HEIGHTENED SOLAR ACTIVITY. THE FIRST
OBSERVATION OF DAILY CYCLE OF MESOSPHERIC OZONE
DURING POLAR DAY (MIDNIGHT SUN)
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Abstract

We present data continuous series of microwave observations of the middle atmosphere ozone in winter 2023-2024
above Apatity (67N, 33E). Measurements were carried out with the help of mobile microwave ozonemeter
(observation frequency 110.8 GHz). The instrument allow to measure a spectrum of the emission ozone line for time
about 15 min with a precision of ~ 2%. On the measured spectra were appreciated of ozone vertical profiles in the
layer of 22 — 60 km which were compared to satellite data MLS/Aura. Besides we have executed continuous
observations of ozone content within June, 14-15, 2023. Changes mesospheric ozone (60 km) during a summer solstice
represented a quasi — periodic dependence on time with amplitude about 15%. In too time daily cycle of mesospheric
ozone (altitude 60 km), connected with photochemical processes, and are not observed.

Microwave ground-based equipment used in the experiment

Method ground-based microwave radiometry is based on measurements of thermal atmospheric radiation in vicinity
the ozone line in the range of millimeter and submillimeter waves. Microwave observations are weakly dependent on
weather conditions and the presence of atmospheric aerosols, and this is an advantage compared with observations in
the optical and infrared wavelength ranges. In addition, the microwave ozone observations can run around the clock.
In recent years it is managed to make a significant step forward towards the creation of a new generation of mobile
microwave spectrometers. The device consists of an uncooled heterodyne receiver tuned to a fixed frequency
110836.04 MHz corresponding to a rotational transition of ozone molecules 606 — 61,5, and multichannel spectrum
analyzer. In front of receiver is s module that includes an antenna (scalar horn) and a switch to calibrate accepted
intensity of atmospheric ozone radiation. Information about the content of the ozone is contained in the measured
radio emission spectrum of the middle atmosphere. The error of estimating the vertical distribution of ozone from the
measured spectra by above described device does not exceed 10-15%. A detailed description of the spectrometer and
the method of measuring ozone of the middle atmosphere in the millimeter wavelength range are given in [1, 2].

The temperature variations in the middle atmosphere during winter 2023 — 2024

For a better understanding of the nature of ozone variations, it is necessary to have a data of temperature changes at
altitudes of the middle atmosphere. Temperature changes indicate the influence of the sudden stratospheric warming
(SSW) on the structure of the middle atmosphere. For this purpose, a height level of 10 hPa is usually chosen, at which
remote airborne and ground-based can be compared with contact measurements. In Figure 1, data for two winter
seasons are given for temperature measurements over Apatity by MLS/Aura satellite instrument at a level of 10 hPa,
which approximately corresponds to an altitude of 30 km. In each of these seasons, SSWs were recorded. In this
figure, the bold solid line shows the temperature changes in the winter of 2023 — 2024. In a winter season 2023 - 2024
it was registered two temperature disturbances - in the first decade of January and last decade March.

Influence of proton events in February 2024 on mesospheric ozone

Solar proton events were marked in middle of February, 2024 according to satellite GOES-18. Duration of events
from February, 09 till February, 21. Detectors (10, 50 and 100 MeV) of satellite have registered three burst of proton
flux: 09.02. - 14 UT; 12.02. - 07 UT; 16.02. — 11 UT.
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Figure 1. Time course of the temperature at the level 10 hPa above Apatity according to MLS/Aura for winter

seasons: black solid thick line, October — March 2023 — 2024; red line, November — March 2017 — 2018.

In Table the ozone density are given in mol/cm?, averaged over 4 hours near noon and midnight at an altitude of 60
km in February for three time intervals up to in time and after proton events. The last column of Table shows the
average amplitude of the daily variations ozone density during proton events in February 2024. These amplitudes did
not differ from similar for February in mesosphere over Apatity.

Table. The numerical data of diurnal mesospheric ozone cycle.

Data 10:00 - 14:00 22:00 — 02:00 A
07 —09.02.2024 (6.07 £ 0.04)-10% (7.51 £ 0.12)-10% 24%
12 - 16.02.2024 (5.53 £ 0.20)-10% (6.41 +£0.19)-10% 16%
18 —21.02.2024 (5.84 £ 0.29)-10%° (6.88 £ 0.23)-10% 18%
N 04:45-05:00 = 09:45-10:00 i 14:45-15:00 i 19:45-20:00 . 04:45-05:00 09:45-10:00 14:45-15:00 19:45-20:00 .
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Figure 2. Diurnal variations of mesospheric ozone density (60 km) from MM-measurements during proton
events in February 2024. Left panel (before proton events) — daily cycle of ozone density in February 7 (dark
blue line), 8 (black line) and 9 (red line). The right panel (during proton events) — daily cycle of ozone density

in February 13 (red line), 14 (black) line and 15 (blue line). Also on the left panel the daily cycle O3 for
February, 2018 after major warming is shown.
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Behavior of the middle atmosphere ozone in the winter 2023-2024 during heightened solar activity. The first observation...

In Figure 2 the daily variations of ozone density at altitude 60 km which were obtained from continuous microwave
observations in February 2024 with temporal resolution 15 min are shown. On the basis of the given data follows, that
decreasing of mesospheric ozone (60 km) during proton events has composed (10 + 2)%.

Influence of proton events in March 2024 on mesospheric ozone

Solar proton events were marked last decade March, 2024 according to satellite GOES-18. Duration of events from
March, 23 till March, 21. Detectors (10, 50 and 100 MeV) of satellite have registered burst of proton flux: 23.03. — 04
UT; March 27 — ending of proton events. Geomagnetic storm accompanied by large Forbush decrease in galactic
cosmic ray intensity was recorded in March, 24, 2024. More precisely, on 24 March 2024, a G4 (according to the
NOAA Space Weather Scale for Geomagnetic Storms) geomagnetic storm was registered, with the corresponding
geomagnetic indices K, and Dst equal to 8 and — 130 nT, respectively. On the same day the majority of ground-based
neutron monitor station recorded an unusual Forbush decrease (FD). It is supposed, that FD can cause changes in a
structure of a middle atmosphere ozone [3]. In Figure 3 the daily variations of 0zone density at altitude 60 km which
were obtained from continuous microwave observations in March 2024 with temporal resolution 15 min are shown.
It is necessary to note that last decade March there was a significant SSW (see. Figure 1), which could disguise changes
of ozone because of the charged particles. As we see, there is no changes mesospheric ozone during proton events.
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Figure 3. Diurnal variations of mesospheric ozone density (60 km) from MM-measurements during proton
events and FD in March 2024. Left panel (before proton events and FD) — daily cycle of ozone density in
March 22 (green line) and 23 (short dark blue line). The right panel (during proton events and FD) — daily cycle
of ozone density in March 23 (continuation of a dark blue line), 24 (red line) and 25 (orange line).

Daily variations of mesospheric ozone during a summer solstice

June, 14-15 2023 near to a summer solstice continuous microwave measurements with temporal resolution 15 min of
diurnal variations of mesospheric ozone (60 km) were executed. The amplitude of the diurnal variation of the O3
density on June 14 — 15, 2023 was about zero (see Figure 4). The height of the Sun in midnight had size about + 1°.
Almost periodic changes of ozone density with amplitude about 15 %, which, apparently, are caused by planetary
waves, are well appreciable. For comparison in the bottom part of figure daily changes of ozone near to a winter
solstice are shown (red line for December 25, 2022 and dark blue line for December 25, 2021). In December (polar
night) the amplitude of a daily cycle of the mesospheric ozone in different years made from 6 % up to 20 %.

Conclusion

¢ One of the important results of this paper is the successful use of radiophysical method for diagnosing ozone in the
middle atmosphere, that is, ground-based radiometry in the millimeter wavelength range.

e Changes in mesospheric ozone at altitude 60 km are not found out during proton events in February and March 2024
together with Forbush effect.
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o For the first time MM-measurements of a daily cycle of the mesospheric ozone are executed during a summer

solstice.

Figure 4. The diurnal variation of mesospheric ozone over Apatity is June 14 — 15, 2023 (black line).
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VJIK 535
OCOBEHHOCTU U3JYYEHUSA PAZJIMYHLBIX ITOJIOC B CIIEKTPE

HOYHOI'O CBEYEHUA ATMOC®EP 3EMJIU U MAPCA B
CIIOKOMHBIX TEOMATHUTHBIX YCJIOBUSX

0O.B. Arronenko, A.C. Kupuios
Honapuwiii ceopusunecxutt uncmumym (IIIFH), e. Anamumei, Poccus

AHHOTALINA

B Hacrosieii pabote paccMaTpHuBaloTCs 0COOEHHOCTHU U3Ty4eHHsT ATMOC(EPHBIX MOJI0C MOJIEKYJIIPHOTO KHCIOpoaa
B HOYHBIX atMocdepax 3emin u Mapca. Pacuntansl 3HaYSHUS! HHTETPATILHOM CBETUMOCTH ATMOC(EPHBIX MOJIOC /IS
cpenHux mupoT 3emiu (55.7° c.u1.), A SKBAaTOPUAILHON 30HBI, BKIIOYAs CEBEpHbIe TPOTHKH (23° c.111.), a TaKkKe B
atMocdepe Mapca it 67° car. mus ycnouii ocennero (Ls~180°) paBHOACHCTBUS. 3HAYCHHS CPAaBHUBAIOTCS C
pe3ysbTaTaMy Ha3eMHBIX U3MEPEHHUIA, BBIMOTHEHHBIX criekTporpadom Beicokoro paspemienust (HIRES) Ha teneckorne
Keck 1 B ob6cepBatopu Keka. Ilokasano, 4ro HaOMIOAaeTCs XOpPOIIEE COMNIACHE TEOPETHYECKUX pacyETOB C
9KCIIEPUMEHTAJIBHBIMU JAHHBIMH JJIsl PACCMOTPEHHBIX MHPOT 3eMin. OOCykKIaeTcsl, YTO PaCXOXKICHUE PE3YJIbTATOB
TEOPETHYECKUX PACcCYeTOB sl arMocdepbl Mapca cO 3HAYCHUSIMU M0 JaHHBIM HA3€MHBIX H3MEPEHHH MOXET
00BACHATECS OCOOEHHOCTMY TalIEHUs cOCTOSAHMA b'Eq" Monekymamu Np m CO2.

KnarodeBble ci0Ba: SKCIEPUMEHTANbHBIE JIaHHBIE, 3MUCCUU BO30YXKIEHHOIO MOJEKYJSIPHOIO KHUCIOPOAa,
ATMocdepHBIe TOI0CH, pacYETH HHTErPabHBIX HHTCHCHBHOCTEH TOJIOC, crieKTporpadsl, odcepaTopus.

1. Beenenne

OKCHeprMEHTANbHBIE HCCJICAOBAHUS JTHEBHOTO CBeUeHHMs aTMmocdepbl Mapca Hadanmuch B XOJE IIPOJIETOB
KoCMHYeCKHX JieTaTenbHBIX ammapatoB (KJIA) «Mariner-6» u «Mariner-7» [1]. U3Mepenus ymbTpaduoaeToBoro
CIIEKTpa CBEYEHHs IOKA3aJ0 HAIMYME I10JI0C 3JIEKTPOHHO-BO30YXKICHHOW MOJIeKysbl yrapHoro raza CO u noHa
MoJiekyiibl yriekucioro raza CO;* [1]. B nanbheiiimem ¢ nmomoinsio usmepenuit Ha KJIA «Mars Express» Obutu
OTKPBITHI yIbTpadHOIETOBBIE aBpOpabHbIE CBeUeHNUs B aTMoc(epe Mapca [2], KoTopble aHaJIOTHYHO OBLTH CBSI3aHBI
¢ monocamu CO u COy*. Peructpauusi cBeueHus HouHoro Heba armochepst Mapca Ha KJIA «Mars Express» B
OCHOBHOM IIpOXoAWiIa B HHOpakpacHOM nuanazone [3,4]. W3mepenus mnpoBoxmnucs g MubpakpacHOH
aTMochepHOi T0I0ckl 1.27 MKM, U3JTydaeMOl TIPU CIIOHTAHHOM TEPEX0/1e

02(atAg,V'=0) — 02(X3T4 V") + hv , (A=1.27 MKwm). 1)

B armocdepe Mapca Takxke MOXKHO IIPEANOJIOKUTh M3IydeHue sMuccuii O, BKIIOUAKOUME CHCTEMBI MOJIOC
I'epuoepra I1, 111 u YembepreHa, mockonsKy oHU HabromatoTcs Ha Berepe [5]. CxoacTBo Mex Iy coctaBoM atMochep
Benepsl 1 Mapca Ha BbicoTe MakcumyMa cBedeHuss Op" (IlokazaHo B TaGuuie 1) Mo3BOJIAET MPEION0kKUTh, YTO
M3JIyYeHHUE STHX AIMUCCHH MOXET ObITh M B MapCHAaHCKOW atMocdepe, HECMOTpsI Ha TO, YTO J0JITO€ BPEMsI OHU He
Ob1TH 3apernctpupoBasbl. B 2024 r. Ob1H OyOIMKOBaHBI Pe3yIbTaThl M3MEPEHUH HOYHOTO CBEYECHUS aTMOC(ephI
Mapca, nonmyuyennsie Ha KJIA «Trace Gas Orbiter» B BumuMoM aunamaszone [6]. Kak Obuto mokasaHo aBTOpamu,
PETHCTPUPYEMBIH CIIEKTp COBIAAAET C WU3MEPEHHSIMH B HOYHOW atMocdepe Benepsl, BbmomHeHHbIMH Ha KIIA
«Benepa-9» u «Benepa-10» [7] u «Venus Express» [8], 1 cBI3aH OH CO CBEUCHHEM B BHIMMOM JHAla30HE IOJIOC
I'epubepra II MonekyIsIpHOTO KHCIOPO/a, M3IyYaeMbIX IPH CIOHTAHHBIX IEPEX0Aax ¢ HYJEBOTO KOJeOaTelnbHOro
YPOBHSI CHHTJIETHOTO cocTosHUS [ epribepra

02(C1ZV'=0) — O2(X384~ V") + hv , (A=400-650 1m). )

B armocdepe 3emiin 06pa3oBaHHEe aTOMAPHOrO KHCIOPOJA 3a CYET MPOIECca JTUCCOMHAIMN MOJEKYISIPHOTO
kuciopoaa Oy COMHEYHBIM YIBTPA(UOIETOBBIM H3Iy4YEeHHEM MPOUCXOINUT HA BBICOTAX Bhiie 80 kM, B atMocdepe
Mapca uger oOpa3oBaHHe aTOMAapHOTO KHCIOpPOJAa 3a CYET Tpollecca Auccormanuu yriekucioro raza CO. Ha
BoicoTax Bbie 40 kM. OOpa3oBaHHE 3IEKTPOHHO-BO30YKIEHHOTO MOJEKYISIPHOTO KHUCIOPOJA, H3Ty4YaroIero
SMUCCHHU B PA3JIMYHBIX CIIEKTPAIBHBIX JHANAa30HAaX, POUCXOAUT B TPOMHBIX CTOJKHOBEHUSX C yYACTHEM JBYX aTOMOB
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KHCJIOpOAa M TpeTheidl dYacTuipl. B cBoeM BO30YKICHHOM COCTOSIHMM MOJICKYJIa KHUCIOpPOJA SIBISCTCS
MeTacTabWIbHO 1, COOTBETCTBEHHO, TOPa30 OoJiee peakMOHHOCIIOCOOHOH, YeM B OCHOBHOM.

Tadaunua 1. Cocra armocdep Benepst (z = 95 kxm) 1 Mapca (z = 50 km).

Benepa Mapc
T(K) 150 180
CO2 1-10% em® 810 cm
0] 2:10 em3 1,5-10% cm®

B nHacrosmeit paboTe mpencTaBieHb! Pe3yIbTaThl TCOPETUISCKUX PACICTOB WHTEHCUBHOCTEH II0JIOC, M3TYIaeMbIX
B HOYHOM Hebe aTMOC(l)ep 3eMiu u Mapca Ipu CIIOHTAHHBIX MEpexoaax € 3J'IeKTpOHHO—B036y)KI[eHHOFO COCTOSAHUA
blxy*

02(b*Zg*, V') — Ox(X3Zg—,v") + hv, (A=700-1000 um) A(b—X)=0.087c?, 3)

npuyYeM y cucteMsl (3) Hanbosiee MHTEHCUBHBIE TONIOCH pacnoiaratorest B UK obmactu. B ypaBuennu (3) A(b—X)
— XapaKTepHBIE BEPOSTHOCTH Mepexo0B (ko3 punneHTs DHHITEHHA) 1151 CHCTEMBI ATMOC(EPHBIX MOJIOC.

Llenb naHHO# pabOTHI — CpaBHEHHE TEOPETHYECKU PACCUNTAHHBIX HHTEHCUBHOCTEH CBeUeHUST ATMOC(HEPHBIX MOJI0C
(3), BBIOMHEHHBIX Kak Juisi atMocdepbl 3emin, Tak U sl atMocdepbl Mapca, ¢ aHaJIOTMYHBIMHU Pe3yJIbTaTaMu
Ha3eMHBIX u3Mepenuil (muk Mayna-Kea, ["aBaiis, 19° c.mr.) [9].

2. [Ipo¢uin KOHIEHTPAIMi ATOMAapPHOT0 KUCJI0poAa B atMoc(epax 3emsm 1 Mapca

st atmocdepsl 3eMin SKCIIEpUMEHTANIbHBIE JJAHHBIE O XapaKTepHBIX KoHIeHTpauusax [O] Ha cpeqHHX HIMpOTax
(55.7° c.m.) mpencTaBneHBl Ha pUCYHKE la Ut pa3nmuaHBIX Mecsmes rofa (1 - saBaps, 4 - ampens, 7 - utons, 10 -
oKTsI0pst) B ycnmoBmsax Hu3koit (F10.7=75, 1976 u 1986 r.r.) comHeuHoit aktuBHOCTH [ 10]. 11 cpaBHEHHS HAa pUCYHKE
la Taxke mnpuBeneHbl KoHueHTpaiuu [O], moiydeHHsle corimacHo atMmocdepnoin momenn NRLMSISE-00 nns
YCIIOBHH, OIIMCAHHBIX BBIIIE. DKCIIEpUMEHTANbHbIE JaHHBIC O XapaKTepHBIX KOHIEeHTpalusax [O] B o6iacTu 3xBaTOpa
U Ha CEBEpHBIX Tpomukax (23.5° c.a.) 3emum (3UMHUM, BECEHHUH, JIETHHH W OCCHHHH ce30HBI 1995 1.) [11]
IpeacTaBeHbl Ha pucyHke 16. Tawke Ha pucyHke 10 U1 cpaBHEHHS NPHUBOAATCS JaHHBIC, TOIy4YEeHHBIE COTJIACHO
atMocheproit Mmogenu NRLMSISE-00 aist Tex e yCaoBHid.

Kak BuzmHO U3 pucynkoB la u 16, nanasie cormacao moaenu NRLMSISE-00 pacxonsaTes ¢ SKCIIEpUMEHTATbHBIMA
3HAQUEHHWSMHM, W OHM B pacderax He HCHoib3ylorcsa. s mpoduned TemrepaTyp HCIOJIB30BAINCh JaHHbIC
MHorojetHux (1960—2000 rr.) m3mepenuii Ha BbicoTax 30—110 xm [10]. [ns npoduneit koHueHntpamuii Nz, O
HCITOJb30BaINCh JaHHbIe 3 Moaean MSIS-90.

Bbicora, km
100

BbicoTa, KM BricoTa, km Boicora, km
100 - FA 80 100

98 N I_s~164.5 ol N
\

96 - <evvenen. LS 0 - 3KBTOP “\ )

/ ——--Ls180-3ksatop '\
94 )/
CenT HoaGps.
92 1 /

)
801 __._|518067N R
— s O067N 1
90 4 aenva
88 |
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98
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94
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92
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86 ¥

KoHueHnTpauusa O (cm?10")

Pucynox 1. IIpo¢unn KoHIEHTpanuii aroMapHOTro KHciaoposa aist armocdepsl 3emin (a,0) 1 atMocdepsr
Mapca (B,r). a: TeMHbIe THHUU — naHHbIe [10], cBeibie muann — ganasle NRLMSISE-00. 6: TeMHBIC THHUT
— naunbie [11], cetbie muann — qanasie NRLMSISE-00. B: TeMHbIC THHUN — AaHHbIE [3], CBETIIBIC THHAN —
nanasie LMD-MGCM. r: naanasie LMD-MGCM.
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Ocobennocmu U3NIYYeHUsl pa3iuiHblx nOJI0C 6 CHEKMPe HOUYHO20 C6EeHUeHUs deOCd)Ep Bemnu u Mapca 6 CNOKOUHBIX 2€0MASHUMHBIX ycaosusix

Ha pucynke 1B mokaszansl BeicoTHble npoduim [O] ms atmocdepsr Mapca, nonydennsie ¢ UK-criekrpomerpa
SPICAM mms opoutr Ls=152.1°, Ls=164.5° (mecsan ¢eBpanp, 82° 1o.m1.) [3] u momydeHHBIE M3 MOJENH OOmIei
MUPKYISIIUH (paHiry3ckoit 1aboparopun LMD-MGCM mist Tex e ycinoBuil (cBetible uHNH). Moaens JOBOJIBEHO
XOPOIIO BOCHPOU3BOIUT SMHUCCHOHHBIH citoit O2(alAq), Habmonaembiit SPICAM. 3nauenus konuentpanuu O B 1.3
pa3a HIKEe MOJETBbHBIX 3HaueHWH Ha BbeIcoTax 50—60 kM. HaOmiomeHns MOATBEP)KOAOT CHIIBHBIC BapHAIIMH
COJIEpKaHUs KICIopoaa Ha 3THX BbIcoTax [3]. [ToaTomy mis atmocdepsr Mapca B pacueTax NCTIONB3YIOTCS MPOopIIN
KOHLIEHTpPAIMH aTOMapHOT0 KKCIIOpo/a, moirydeHHbie u3 Mojenu LMD-MGCM, npencraBieHHble Ha pucyHKe 1T s
MIAPOT 3KBaTtopa u it 67° c.ai. Mapca, npudem i ycioBuii BecenHero (Ls~0°) u ocennero (Ls~180°)
paBHOmeHcTBUHA. i mpodmielt kormenTpanmii CO2 U TeMIepaTyp HCIONB30BAIKCH JaHHBIE COTIIACHO MOJCIH
LMD-MGCM [12].

I (em2c?t) I(emc?) I (em2c?t)
10
10 3 1007,
10 109 3
108 : 108 3
107 3 1077 '
10 10
105 105 +—r—r—r
0 2
V
a 8
I(cmc?)
10"
(-]
2 0

Pucynok 2. PaccunTaHHbIle 3HaU€HHUS WHTETPATbHOM CBETUMOCTH ATMOCGEpHBIX IMOJIOC. a: Ui CPEIHUX
MUPOT 3eMJIH. 6. SKCIIepUMEHTAIbHBIC JaHHbIC. B. JJIsl DKBATOPHAIBHBIX MIMPOT 3eMJIH. T: JUIsi aTMocdepsbl
Mapca.

3. CpaBHeHHE PacCYUTAHHBIX MHTEHCUBHOCTEH cBeueHnsi ATMOC(EPHBIX M0JI0C, BHITOJTHEHHBIX IS
atMmocdepsl 3eman U atMochepbl Mapca, ¢ aHAJTOTHYHBIMH Pe3yJabTATAMU HA3€MHBIX U3MepeHuii
(muk Mayna-Kea, I'aBaiis, 19° c.u1.)

B mHacrosmeli pabore Ha puCYHKEe 2 TIIpEACTaBICHbl PAacCUNTAHHBIE 3HAUCHHMs HWHTETPAIbHOH CBETUMOCTH
ATMOCQEPHBIX TIOJIOC € TIEPBBIX TPEX KOJIEOATENBHBIX ypoBHEH v'=0-2 coctosiHus b'Xy". TIpuBeeHb paccunTaHHbIE
3HAYeHHS U cpenHuX mmpoT 3emiu (55.7° c.m) mma 1 mecsima 1986 r. (pucynok 2a). OOmue WHTEHCHBHOCTH
CBEYEHMs TI0JIOC C KojlebaTelbHBIX ypoBHel Vv'=0-2 coctosHus b'Zy’, mosyueHHble CHEKTPOrpadoM BHICOKOTO
paspemenus (HIRES) na Teneckomne Keck I (o6ceparopus Keka, muk Mayna-Kea, 4145 m, ['aBaiin, CLLIA, 19° c.m.)
[9,13] mpencraBnenst Ha pucyHke 26. ABTop [13] oTMeuaeT, 4To C TOr0 BpeMEHH, KaK BHIIIICHa3BaHHBIA KPyMHEHIINH
ONTHYECKUH TENEeCKON BIEpBBIE yBUAENT cBeT B 1993 r., Havamack HOBas 3pa B HCCICAOBAHHUAX CHCTEMBI
ATMOC(]EpHBIX 1OJI0C MOJIEKYJISIpHOTO KHcioposa Oz. MI3MepeHus ¢ MOMOIIBIO 3TOro Teyeckona BeayTes ¢ 1993 r.,
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Oojiee TOYHOrO TEpHOJa IPEJCTABICHHBIX HAa PHCYHKE HW3MEPEHUH HE YyKa3aHO, OJHAKO, aBTOP OIMCHIBAET
HaOIOeHNs, cChUIasich Ha TpyAsl 1994 1., 1996 r. [13]. Pe3ynpTaTs! pacdeToB It SKBaTOPHAIBHOM 30HBI, BKIIIOYAs
ceBepHBIC TpomuKH (23° c.m.), s 3uMHero repuona 1995 r. mokaszansl Ha pucyHke 2B. g atmocdepst Mapca
THCTOTpaMMBI U1t ATMOC(EPHBIX T10JIOC OBUIM pacCUUTaHbl Ui MMPOTHI 67° c.m. mpu Ls~180° T.e. 11 oceHHero
PaBHOICHCTBUS (PUCYHOK 2T).

Kak BumHO W3 cpaBHEHHS PUCYHKOB 2a, 2B W 2r, 4To Ans atMocdepsl Mapca NpOUCXOAWUT H3MECHEHHUE
OTHOCHTENBHBIX HACEJNEHHOCTEH KOJIebaTeNbHBIX YPOBHEH cocTosHus b1Z* 1 ux BKiana B cBeueHne ATMOCHEPHBIX
MOJIOC TI0 CpaBHEHHIO ¢ aTMochepoii 3emin. Tak HACEICHHOCTh KOJICOATEIBHOTO YPOBHS V'=1 H V'=2 OTHOCHUTEIHHO
ypoBHS V'=0 3HAYNTENHHO YBEIMYMBAETCS MO CpaBHEHHIO ¢ atMocdepoil 3emim. OOBACHACTCS 3TO PA3TUIHBIM
XapakTepoM TalleHHsI 3TOro cocTosHus Ha Mojekyinax Nz, O m CO; [14]. OcHOBHOE TramIeHHE MOJICKYIIBI
0,(b'Zg*,v'=0) B aTMOC]epe 3eMIn MPOMCXOAUT Ha MoJleKyax N2, MpUYeM KOHCTaHTa Gojiee YeM Ha J[Ba MOpsIKa
MEHBIIIE, YEM aHAJIOTHYHAss KOHCTaHTa 1 cToykHoBeHuii ¢ CO; [14].

4. 3axi04eHne

[MpoBenensl pacueTbl OOBEMHBIX HMHTCHCHBHOCTEH  CBeUeHHSI ATMOC(EpHBIX IOJOC Ha OCHOBaHUH
9KCTIEPUMEHTAIBHBIX JaHHBIX MO MPOGHISIM KOHIICHTPAlMK aTOMapHOTO KHCIIOPOJAa M TEMIIEpaTyphl B aTMocdepe
3emin Ha cpemHEX MHpoTax (55.7° c.amm.) M B 3KBaTOPHANBHOW 30HE, BKIIOYAs CEBEpHBIC TPOIUKH, B aTMocdepe
Mapca a1 mupoTsl 67° c.111. B TOUKe oceHHero paBHoaeHCTBHs (Ls=180°). PaccunranHble 3HaueHUsI CPABHUBAIOTCS
C aHAJOTMYHBIMH pacyeTaMi IO JaHHBIM Ha3eMHBIX M3MepeHHH. [loka3zaHo, uTo HabrOmaeTcst Xopolllee coriacue
TEOPETHUYECKHUX PacdETOB C 3KCHEPUMEHTAIBHBIMHU JTaHHBIMHU U PACCMOTPEHHBIX IINPOT M CE30HOB 3€MIIH, B TO
BpeMsl Kak I ycinoBuii Mapca HaOnroJaeTcsl JUIIL HEKOTOPOE COOTBETCTBHE TEOPETUUECKHX PacueToB CO
3HAYCHUSAMH 10 JaHHBIM HAa3€MHBIX U3MEpEHUH.
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MOJAEJIUPOBAHUE CBEYEHUA ATMOC®EPHBIX ITOJIOC
MOJIEKYJISAPHOI'O KUCJOPOJIA HA BBICOTAX HOUHOH
ME30C®EPHI 1 HUKHEH TEPMOC®EPHI 3EMJIA

A.C. Kupunnos, }0.H. Kynukos
Honapueiii ceogpusuueckuti uncmumym, Anamumet, Mypmarnckasa obracme

AOcTpakT

Paccuntanbl ko3 QUIMEHTHI ralleHust BO30YKIEHHBIX COCTOSHMIA cuHrieTHoro kuciopoaa Oz(b!Zg*,v), koTopsie
HCIOJIB3YIOTCA [JIs1 ONPEACTICHUSA KoJIe0aTeIbHBIX HACEIEHHOCTEHN MOJICKYJIAPHOTO KHUCJIOPOJa Ha BbICOTAX HOYHOM
Me3ochepsl U HmxkHEH TepMmochepbl 3emin. C MOMOIIbI0 HAWACHHBIX KOA(G(QHUIMCHTOB TalllcHUS PacCUYMTaHBI
OTHOCHTEJILHBIE KOJIEOATEbHbIE HACEIEHHOCTH CHHINIETHOTO kuciopoaa Oz(h'Zg*,v), 06pazoBaHHOrO Kak B ciyyae
BBICBIIIAHUA aBPOPAJIbHBIX 3JICKTPOHOB, TaK U B TpOﬁHLIX CTOJIKHOBCHHAX C Y4aCTHCM JABYX aTOMOB KHUCJIOpOJa.
CpaBHeHI/Ie pacCYUTAaHHBIX HaCCJICHHOCTEH C pe3yiibTaTaMu HMCIOIIUXCA B Hay‘IHOﬁ JiaTeparype
OKCIICPUMCHTAJIbHBIX OLICHOK KaK JId HOHﬂpHOI;‘I I/IOHOCCI)epLI, TaK U JJI1 HOYHOI'O CBCUYCHUA ATMOC(I)epHBIX I10JI0C 02
maeT xopomree cornacue. CpaBHEHHE ABYX PacCMOTPEHHBIX MexaHM3MoB obpaszosanmst Op(b'Zg*,V) ma BrICOTax
HOYHOM Me30c(ephl i HIKHEH TepMOoc(ephl 3eMIIM MOKa3BIBAET, 9TO KOJIe0aTeIbHbIE HACEICHHOCTH cOCToAHn hixy*
Monekynsl Oz B BO3MYIIEHHOH MOJSPHOW HOHOCHEpe W TPH CIIOKOWHOM HOYHOM CBEUYCHHH 3HAYUTEIHHO
pa3In4aroTCs.

BBenenue

Uznydyenue monoc Atmocheproit (AtM) CHUCTEMBbI MOJICKYJISPHOTO KHCJIOPOAa B CIEKTPE CBCUCHHS HOYHON
Me30c(hepsl M HWXKHEH TepMocdepbl NPOUCXOJUT B PE3yNbTaTe CIOHTAHHBIX H3JIyYaTelbHBIX IEPEXOJIOB C
3IEKTPOHHO-BO30YKIEHHOTO COCTOsAHUs 0'Zy" Monexynbl O, Ha ocHOBHOE X3Z4

02(b1Z4* V) — 02(X3g V') + Vam . 1)

Haubomee naTeHCHUBHON M3 ATMOC(EpHOI CHCTEMBI sBISETCS mojloca 762 HM, o0ycioBieHHas mepexomoM (1) ¢
v=0—Vv'=0.

HccnenoBannio BEICOTHBIX poduiteii cBedeHust ATMOC(EPHBIX II0JIOC B HOYHOE BPeMst 1 MEXaHH3MOB 00pa30BaHUs
3JIEKTPOHHO-BO30YkKIEHHOTO CHHIJIETHOTO Mouekysproro kuciopona O2(b'Z¢") B aBpopambHOl MoHOC]EpE
MOCBSIIIIEHO MHOTO 3KCIIEPUMEHTAIbHBIX U TeopeTndyeckux pador (Cartwright et al., 1972; Gattinger and Vallance
Jones, 1973; Deans et al., 1976; Feldman, 1978; McDade et al., 1985; Gattinger et al., 1996; Llewellyn et al., 1999;
Jones et al., 2006; Kirillov, 2014; Kirillov and Belakhovsky, 2021).

Kpome Toro, B TpOHHBIX CTOJIKHOBEHHSIX HEHTPAJIbHBIX COCTABISIFOLIMX aTMOChepbI

0+0+M—-0+M 2)

Ha BbicoTax 80-110 kM oOpasyercst 3JIeKTPOHHO-BO30YKAeHHbIH kuciopon (Llepos u dp., 2006), xoTtopblii B
Pa3IMYHBIX CTOJKHOBHUTENBHBIX W H3IYYaTENbHBIX TMPOIECCcaX TPAHCHOPMHUPYETCS B CHHIJIETHBIH KHCIOPOJ
O2(b'Z¢"), mamyuarommii ATMoc(epHBIe MOIOCH IPH CHOHTAHHBIX mepexonxax (1). Asrops pa6otsr (Slanger et al.,
2000) npeAcTaBUIM CHEKTP CBEYCHHs JaHHBIX MOJIOC, M3Iy4YaeMBIX B HOYHOU Me3ocepe 1 HIKHEH Tepmocdepe ¢
KoJIeOaTeNbHBIX YpoBHeH V=1-15.

Llenpto HacTosimield pabOTBl  SBISETCS HCCICHOBaHHE (DU3MKO-XMMHYECKHX TPOLECCOB  (HopMUpOBaHHUS
B030YXIEHHOTO cocTosHus b'Eg" MosexynsapHoro kuciopojaa B HOUHOM Me3ocdepe U HKHEH Tepmocdepe 3emim
KakK B pe3yJbTaTe BHICHINAHUIT aBPOPAIIBHBIX 3JIEKTPOHOB, TaK U B TPOWHBIX CTOJKHOBEHMIX HEHTPaJIbHBIX YacTHIL (2)
C y4acTHeM JIByX aTOMOB Kuciopoaa. Ocoboe BHUMaHHE YIEISTCs pacyeTy KOHCTAHT CKOPOCTEil B3aUMOICHCTBUS
CHHIJICTHOTO KUCIIOPOJa C aTMOC(EPHBIMU COCTABIISIOIIIMHU.

Kouncrantsl B3aumogeiicreust Oz(b'Xq",V) ¢ mosexynamn O, u N

PacyeThl KOHCTaHT B3auMojeiicTBus cuHreTHoro kucnopona Oz(b'Zq*,v>0) ¢ mMonekynamu O, u N2 BBINONHEHB!
panee B paborax (Kirillov, 2012, 2013). B stux paborax MOKa3aHO, YTO AOMHUHUPYIOIIMM KAaHAJIOM TalleHHs
B030YKIEHHBIX MOJIEKYJI KHCJIOPOIa SIBJISIETCS IEPEHOC HEPTUH HIIEKTPOHHOTO BO30YKICHHUS Ha MOJIEKYJTY -MHUIIEHb
C COXpaHEHHEM YacTH SHEPTUH KoJieOaHWH y H3HAYAILHO BO30Y KJICHHON MOJIEKYJIBL:

02(b'Zg*,v) + 0x(X3Zg~V'=0) — 0x(X3Zg" V") + O2(a'Ag,b'Zg* V") | 3)
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02(b 4" V) + No(X1Zg"v"=0) —> Op(alAg V") + Na(X1Zg" V) . @)

Ha puc. 1 u puc. 2 mpuBejieHbI pe3ynbTaThl pacuetoB pabot (Kirillov, 2012, 2013) ans yposaeit v=0-15 cocTosiHus
b!Zy*. CpaBHeHue pacuéTOB ¢ Pe3yJIbTaATAMH MMEIONIIMXCS SKCIIEPMMEHTAIBHBIX U3MEPEHHUH MOKA3bIBAET XOPOILEE
COTJIacHe B Cllydae CTOJKHOBeHMIT ¢ Monekynamu O2. B ciryuae cronknosennii O2(b'2q*,v=0-15) c mosekynamu a3ota
N2 pacdeTsl cornacyiotcs ¢ 3kcnepuMenTanbHbMu AanabiMu (Dunlea et al., 2005) as v=0, k=2x10715 cm3c?. JTna
ypoBHei#l V=1-3 HaOironaercsi NMPEBBINICHUE SKCIEPHUMEHTAIBHBIX JAHHBIX HaJ pe3yJbTaTaMH TEOpETHYECKOTO

pacuera. Jlna cronknoBenuit Oz2(b!Z4*,v=0) ¢ monekynamu kuciopoaa O, ucrnonszyem koncranty k=4x107 cm3c?
(Kirillov, 2012, 2013).

RN ;
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sKcriepuMeHTaNbHbIMU AanHbIME (Bloemick et al., 1998) (kBaapartsr), (Kalogerakis et al., 2002) (kpectukn),
(Slanger and Copeland, 2003) (kpyr#).
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Pucynok 2. PaccuuTtanHble KOHCTAaHTHI (CIUTONIHAsE JMuHUS) it V=1-15 mpomecca (4) cpaBHUBaKWTCA C
sKcrepuMeHTanbHbIMU nanHbiMU (Bloemick et al., 1998) (ksaaparsr), (Kalogerakis et al., 2002) (kpectuk),
(Dunlea et al., 2005) (kpyxoK).

Pe3yabTaThl pacuéToB /151 BHICOT HOUHOM Me3ocdepnl U HMKHeH TepMocdepbl 3eMiIn

Yro kacaeTcs MexaHm3MoB oOpasoBamus O2(b'Zg") B momapHoii HMoHOC(Epe IPH BHICHIIAHMA aBPOPATHHBIX
OJICKTPOHOB, TO OCHOBHBIM B 3TOM CJIy4dac€ ABJIACTCA NPOLCCC NMEPECHOCA DHEPTHUU DJICKTPOHHOI'O BOSGy)K}IGHI/IS[ B
CTOJIKHOBEHHSX METACTaOMIILHOTO aTOMapHOT0 a30Ta ¢ Mosekyoi kuciopoaa (Kirillov, 2014)

N(2D) + 02(X?Zg v*=0) — N(*S) + O(b'Z,* v=0-5) , )

rze atombl N(?D) B 0OCHOBHOM 00pa3yoTcs 1160 NPy AUCCOUMAIUH (JMCCOLMATHBHON HOHU3AIMK) MOJIEKYJI a30Ta B
pe3yibTare CTOJKHOBCHHM C BBICOKODHEPTHYHBIMH aBPOPAJIbHBIMU TEPBHYHBIMH W BTOPHYHBIMH YaCTHI[AMH
(9J1eKTPOHBI U TPOTOHBI), MO0 B pe3yJIbTaTe IPOIECCOB IUCCOIMATUBHOM pekomOuHamu HoHoB NO*. B paGore
(Kirillov, 2008) Ha OCHOBE YHCIIEHHBIX PACUETOB MOKAa3aHO, YTO B3ammojeicTBrue moHa O2' ¢ HEeBO3OYKIACHHON
moJiekysoit NO He sipisieTcs 3 eKTUBHBIM MeXaHu3MoM obpasosanus Oz(b'Zq*,V) B monspHoii nonocdepe.
PaccuuTanHble OTHOCHTENbHBIE KoHLIeHTpauun O2(b'Zq*,v=1-4) (HopmuposanHsie Ha O2(0'Z4*,v=2)) 1151 BEICOTBI
110 xm ipu T=250 K npencrapiensl Ha puc. 3. Keantosble Bhixoasl O2(b'Zq*,v=1-4) B nipouecce (5) onpenenstorcs
cormacuo (Kirillov, 2014). 3necs Taxxe MpUBEIEHBI Pe3yIbTAThl SKCIIEPUMEHTANBHBIX W3Meperuii (Gattinger and
Vallance Jones, 1976) u (Henriksen and Sivjee, 1990) mis MONSPHBIX CHSHHIMA, KOTOPbIE OBLIH MEPECUUTAHBI W3
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NPUBEJICHHBIX B YKa3aHHBIX paboTaX MHTEHCHBHOCTEH CBEYEHHS! NOJIOC ATMOC(EpHOH CHCTEMBI C YYETOM
ko3 dunmeHToB DMHmTelHa 11 crioHTaHHBIX mepexomoB (Vallance Jones, 1974). Kak Bumno w3 puc. 3,
paccuurannsie koHueHTpauuu Oz(h'Zq*,v=2-4) xopolo cornacyrorcs ¢ SKCIepUMEHTAILHBIMU 3Ha4eHUAMMU. Peskoe
nagenne O2(b!Z¢",v=1) no cpaBHEHHIO C IKCIEPUMEHTAIBHBIMU 3HAYEHUSIMH OOBACHSETCS TEM, YTO B JAHHOM
pacueTe He yYUTHIBAIOTCSA Takue 3(QEKTHBHBIE MexaHu3Mbl obpaszoamusi O2(0!Z¢",v=1), kak Bo30OykaeHHE
02(X3Zg~,v=0) aBpopajbHBIMY EPBUYHBIMY U BTOPUYHBIMH 3JIEKTPOHAMH, a Takxke 00MeH sHeprueii atoma O('D) ¢
HEeBO30Y KIEHHOI MOJIEKYJION KUCIIOpo/a.

HaceneHHoCTb
T T T T
10 = 1
L . . ]
A A m
A
100E A
F = 3
| | | |

0 1 2 3 4 5
KonebaTenbHble ypOBHMU

Pucynok 3. Paccunrannsie otHocuTenbHbe HaceneHnoctd O2(b'Zy*,v=1-4) mna seicotsr 110 kM (T=250 K)
(crutomrHas nuHMsA) B cpaBHenuu ¢ Jandeivu (Gattinger and Vallance Jones, 1976) (TpeyronbHUKH) |
(Henriksen and Sivjee, 1990) (kBaapartsi).

AHAJIOTHYHO, Ha OCHOBAaHMM NPEACTABICHHBIX KOHCTAHT B3aMMOJCHCTBHS pPACCUNTAHBl OTHOCHTEIHHBIC
macenennoctn Oa(b'Zy*,v=1-15) ma BhIcOTax 80-110 KM C ydYeTOM TalleHHs 3JICKTPOHHOTO BO3OYXKICHHSA B
CTIIOHTaHHBIX M3Jy4aTeIbHBIX MTPOIECCaX U HEYNPYTHUX CTOJKHOBEHHUSX ¢ cocTaBisttomuMu Oz, N2, O. IIpu sTom mist
KOHCTaHThI B3aMMOJICHCTBHUS C aTOMAPHBIM KHCIIOPOJIOM MCIOJIb30Baoch 3HaueHue Ko=8x10* cm3c™? — cornmacuo
(LLleghos u op., 2006).

3areM NpOBEAECHO CpPAaBHEHHE PACCUMUTAHHBIX HACEJICHHOCTEH C pe3ysibTaTaMH 3KCIEPUMEHTaJbHBIX OLEHOK
(Slanger et al., 2000) ms v=1-15, BeimonHeHHbBIX ¢ oMoIbio Teraeckona Keck | (puc. 4). CpaBHeHue pe3yibTaToB
pacyeroB HarJIAJHO JAEMOHCTPUPYET, 4TO OMMOJIAJIbHOE TOBE/ICHHE U3MEPEHHBIX HHTEHCHBHOCTEW CBEUSHHMS MOJIOC
ATMmocdepHroit cuctemsl, monydennoe B (Slanger et al., 2000), 06bsicHsIeTCS 0COOCHHOCTSMHU TalIEHHsT COCTOSHHUI
O2(b'Zg*,v=1-15) HeBO30YKIEHHBIMH MOJIEKYJIAMH KHCJIOPOJIA.

100
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Pucynox 4. CpasHenMe paccuuTaHHblX  HacejeHHocTelt  Op(b'Zq*v=1-15) ¢  pesynbTatamu
IKCIIEPUMEHTAIBHBIX omeHOK (Slanger et al., 2000).

3akioueHne

B pabore mpencraBieHbl TEOPETHYECKH pacCUUTAHHBIE KOA(PQUIIMEHTHI TaICHHS AIIEKTPOHHO-BO30YXKIEHHOTO
cocrostnust Op(b'Tg") B cronkHoBeHmsx ¢ monexynamu O, u Na. Pe3ynbraThl pacdyeToB CpPaBHMBAIOTCH C
OKCIICPUMCHTAJIbHBIMUA ~ TAHHBIMHU. I[aHHLIe KOHCTAHTBI HUCIIOJB3YIOTCA JId ONPCACTICHUS KOHC6aT€J’ILHHX
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A.C. Kupunnoe u FO.H. Kynuxoe

HACEJIEHHOCTEH AJIEKTPOHHO-BO30YKICHHBIX YPOBHEH CHHIJICTHOTO MOJIEKYJSIDHOTO KHCJIOpoJa B HOYHOM
Me3ocdepe 1 HIKHeH TepMochepe 3eMI.

BbINOJHEHB! PacuéThl OTHOCUTENIBHBIX HACENEHHOCTeH cuHrieTHoro kucinopoga Oz(b!Z4*Vv), obpasoanHOro B
Clly4ae BBICHIIAHUS aBPOPAIBHBIX 3JIEKTPOHOB U B PE3yJbTAaTe TPOWHBIX CTOJIKHOBEHHMAX C YYaCTHEM JIBYX aTOMOB
kucnopona. CpaBHEHHE pacCUUTaHHBIX HACEICHHOCTEH C pe3ysibTaTaMi HMMEIOIIMXCS B HAydHOH JMTeparype
9KCIIEPUMEHTANBHBIX OLCHOK Kak M BO3MYLICHHOH IOJISIPHOW HOHOC(EpBI, TaK M Ul CHOKOHHOI'O HOYHOTO
cBeueHuss Atmocdepusix moioc Oz maet ynoBIeTBOpUTENbHOE cornacue. OaHako, cpaBHEHHE () (HEKTHBHOCTH 3THX
IBYX MexaHu3MoB o6pasosanus Oz(b'Zy*,V) Ha BbICOTax HOYHOM Mesocdepbl M HuskHell Tepmocdepbl 3emian
TOKa3bIBAET, 4TO KOJEOATETbHBIE HACEIEHHOCTH COCTOSHMS b'Zg" momekynsl O2 B BO3MYIIEHHOH MONSPHON
noHoc(epe U B CIIOKOWHOM HOYHOM CBEYECHHU MOTYT 3HAYUTEIBEHO Pa3INIaThCS.
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