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Abstract. We analyzed the problems of formation of the outer radiation belt (ORB) taking into consideration the
latest changes in our understanding of the high-latitude magnetospheric topology. This includes strong evidence that
the auroral oval maps to the outer part of the ring current, meanwhile the ORB polar boundary maps inside the
auroral oval. Our analysis also includes the variation of the plasma pressure distribution and the time of the
acceleration of relativistic electrons during geomagnetic storm. It is shown that the maximum of ORB is formed
after the geomagnetic storm in the region of plasma pressure maximum. The position of this maximum agrees with
the prediction of the ORB formation theory based on the analysis of ring current development during storm. We
emphasize the role of adiabatic processes in the ORB dynamics and the importance of the substorm injections
during storm recovery phase for the formation of enhanced fluxes of ORB electrons after the storm.

1. Introduction

The formation of outer radiation belt (ORB) continues to be one of the most intriguing problems of magnetospheric
dynamics and one of the main aims of the Space Weather prediction program. It is directly connected to the solution
of magnetospheric storm and substorm problems. In spite of successive realization of ORB/Van Allen project
[Ripoll et al., 2020] the main problems of ORB formation continue to be unsolved. Their solution requires the
extraction of adiabatic effects produced by the decrease of the magnetic field inside the ring current during storm
and an adequate description of the variation of the storm time magnetic field. Not so long ago it became clear that
the acceleration of electrons to relativistic energies can take place on a time scale of substorm [Foster et al., 2017;
Sotnikov et al., 2019b] which is impossible to explain suggesting the dominant role of “quasilinear” (really linear)
wave- particle interactions solving Fokker-Plank equation with predefined diffusion coefficients [Baker et al.,
2018].

In this report we summarize the main latest results obtained after 2017 and not included in our report [Antonova et
al., 2017] which are important for the solution of ORB problems. We try to show that taking into account the
mapping of the main part of auroral oval to the outer part of the ring current and the validity of the Tverskaya’s
relation, the theory of ORB formation can explain many of observed features of the ORB formation and have
predictions which are now supported by results of modelling and satellite observations.

2. Auroral oval and ORB location

The main difficulty in the understanding the ORB formation processes was the widely distributed point of view
about the mapping of the auroral oval to the geomagnetic tail. Such mapping was based on the use of geomagnetic
field models with predefined geometry of current systems which did not include the high latitude part of the ring
current (CRC - cut ring current) region which produce the disturbance of Bz and Bx magnetic field components at
the Earth [Antonova et al., 2009] and in which daytime current lines are not concentrated at the equatorial plane
(see, the review [Antonova et al., 2018a]). Comparison of plasma pressure at the ionospheric altitudes and at the
equatorial plane showed (see [Antonova et al., 2015, 2018a; Kirpichev et al., 2016] and references therein) that the
equatorial boundary of the auroral oval during quiet time is located at ~7 Re and the polar boundary is located at
~10-13 Re. Such auroral oval mapping is in agreement with many observations including the position of substorm
injection boundary at ~6-7 Re and high level of observed turbulence in the Earth’s plasma sheet (see the latest
review [Antonova and Stepanova, 2021]).

The picture of the ORB formation contains the acceleration of the injected during the storm time energetic
electrons to relativistic energies [Baker et al., 2013]. This required to determine the position of the ORB with
respect to the auroral oval. The ORB electrons have the drift trajectories which surround the Earth and the ORB
outer boundary represents at the same time the trapping boundary of these electrons. A direct comparison between
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the locations of the trapping boundary of the elections with energies >100 keV and of the auroral particle
precipitations made simultaneously during the quiet time, showed that trapping boundary is located in most cases
inside the auroral oval [Riazanseva et al., 2018]. Such location of the trapping boundary is possible to observe
during all studied geomagnetic storms [Sotnikov et al., 2019a, 2021]. It is interesting to mention that in this case the
polar boundaries of the auroral oval and the ORB can be observed at the same latitude [Sotnikov et al., 2019a, 2021].
Figure 1 shows an example of the crossing of the auroral oval by METEOR-M2 satellite during the magnetic storm
19-22 December 2015 [Sotnikov et al., 2019a]. The upper panel in the left part of the figure is the spectrogram of
electrons in the energy range from 0.13 to 16.64 keV. The bottom panel is the energy flux of auroral electrons (blue
line) and the flux of electrons with energies >100 keV (orange line). The vertical dashed lines indicate the trapping
boundary of electrons with energies >100 keV (orange) and the equatorial boundary of the oval (blue). The right
part of the figure shows Dst, AE and AL variations during storm. Red vertical line shows the time interval of the
auroral oval crossing.
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Figure 1. Oval crossing during the great magnetic storm 19-22 December 2015.

The theory developed for description of the ORB formation [Tverskoy, 1997; Antonova, 2006] was initially aimed
to explain the Tverskaya’s relation which connect the minimal value of the Dst index during storm with the position

of the ORB maximum Lmax obtained for all energies of relativistic electrons after storm (|Dst],,,,=2.75x10*/ L,

max)'
Such dependence for the SYM-H index has the same form but with the coefficient 3.00 [Tverskaya, 2011]. In
addition to early findings, recent studies significantly increased the number of events confirming the validity of this
relation [Antonova and Stepanova, 2015; Moya et al., 2017; Boyd et al., 2018; Zhao et al., 2019].

2. ORB and plasma pressure peak during magnetic storms

The existence of Tverskaya’s relation is very difficult to explain by the relativistic electron acceleration due to
wave-particle interactions. However, it can be explained [Tverskoy, 1997; Antonova, 2006] if a very sharp plasma
pressure peak and magnetic field depression are formed and substorm injections to the region of the depressed
magnetic field take place. The formation of the plasma pressure peak is ordinarily observed during storms (see
[Stepanova et al., 2008] and references therein). A sharp plasma pressure peak can be formed due to the adiabatic
radial plasma transport by large-scale electric fields [Tverskoy, 1997] or due to the injections of ionospheric ions
accelerated by the field-aligned electric fields [Antonova, 2006]. But such mechanism can create large fluxes of
relativistic electrons only after beginning of storm recovery phase in the conditions of the symmetric ring current
formation. The support of such scenario requires complex multi satellite observations. As a first step it is necessary
to select sharp increases in the plasma pressure and analyze the value and position of the ring current pressure peak
near the end of the storm main phase. It is difficult to do using data of a high apogee satellite as sharp pressure peaks
could be destroyed by the processes of radial diffusion taking into consideration than the ring current crossing takes
several hours. That is why the formation of sharp pressure peak was first observed using low orbiting DMSP
observations [Antonova and Stepanova, 2015]. Its position corresponds to predictions of Tverskaya’s relation.
However, value of pressure maxima of the peak was much smaller than it was predicted due to limited range of ion
energy observations. Larger pressure peaks localized at geocentric distances in accordance with Tverskaya’s relation
were observed by Kirpichev et al. [2018], Stepanova et al. [2019, 2020].

New generation of magnetic field models using data mining technique (DM) creates a possibility to select much
larger ring current maxima [Sitnov et al., 2020]. Distribution of ring current pressure at the equatorial plane was
obtained by integrating the quasi-static force balance equation with the isotropic plasma approximation (Vp=[jxB],
where p is the pressure, j is the current density, B is the magnetic field). Figure 2a adapted from [Sitnov et al., 2020]
shows plasma pressure distribution at the end of the main phase of 15-16 July 2000 superstorm (Bastille Day with
Sym-H <-300 nT shown on Figure 2b). The vertical red line shows the moment of DM reconstruction. It is possible
to see the formation of sharp pressure maximum equal to 177 nPa in the premidnight sector when SYM-H index had
the minimal value. This value is much larger than earlier observed storm time pressure peaks. Figure 2¢ show the
radial profile of pressure distribution adapted form [Tverskaya et al., 2005] calculated for different values of
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minimal Dst in accordance with Tverskoy [1997] predictions. The thin lines show a plasma distribution for the
storms of |Dst|max = 50, 100, 150, 200 and 300 nT. It is possible to see that the values of pressure maxima in Figure
2a in spite of a number of DM technique errors practically corresponds to theory predictions. The position of
maximum taking into account the accuracy of DM reconstruction was near the predicted.

-10
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Figure 2. Comparison of DM mining picture of pressure distribution for Bastille Day superstorm 15-16 July
2000 with theoretic prediction of pressure peak value.

The position of pressure maximum corresponds to the equatorial boundary of storm time auroral oval and solar
cosmic ray’s penetration boundary [Tverskaya, 2011] which means the great modification of magnetic field at
geocentric distances larger than pressure maximum. Coincidence of the westward electrojet equatorial boundary
with the position of pressure maximum [Tverskaya, 2011; Antonova and Stepanova, 2015] support such
modification. Appearance of relativistic electrons after storm take place only in the case of substorm development
during storm recovery phase (see [Antonova et al., 2018b] and references therein), which also support the theory
predictions. These show that additional steps in the restore of pressure distribution during magnetic storms and
verifications of [Tverskoy, 1997; Antonova, 2006] predictions are very interesting as they can lead to considerable
changes in the understanding of the ORB formation processes and storm time magnetic field dynamics.

4. Conclusions and discussion

Short analysis summarizing the latest finding in the ORB formation shows the great importance of auroral processes
in the relativistic electron dynamics. It was proofed that the trapping boundary of energetic electrons is located
inside the auroral oval. The coincidence of the trapping boundary with the polar boundary of the auroral oval is
observed in a number of storms during auroral oval crossing by METEOR-M No 2 satellite. Such findings support
the early made conclusion about overlapping of ORB and the region mapped to the auroral oval. Theoretically
predicted appearance of sharp pressure maximum in the ring current during storm obtained new supports including
latest results of DM modelling of Sitnov et al. [2020]. Position of the nearest to the Earth during storm equatorial
boundary of the auroral oval coincides with this sharp pressure peak position. Such position coincides with formed
after storm ORB maximum in a rather good agreement with Tverskay’s relation and theoretical predictions of
Tverskay [1997], Antonova [2006]. Results of the study permit to predict the location of formed after storm ORB
maximum and decrease or increase of relativistic electron fluxes in ORB after storm.

However, only small number of events were analyzed till now and the theory needs additional supports and
development especially using analysis of auroral observations and magnetosphere-ionosphere interactions at auroral
latitudes. Additional possibilities of such studies appeared with the particle observations at large altitudes. Such
observations at the altitudes ~30000 km at Arase satellite [Shiokawa et al., 2020] demonstrate the existence of
bidirectional field- aligned electrons in the source region of the expanding auroral arcs which is important as such
beams can be the source of high frequency electrostatic fluctuations relevant to the problem of relativistic electron
acceleration.

References

Antonova E.E. (2006). Stability of the magnetospheric plasma pressure distribution and magnetospheric storms.
Adv. Space Res., 38, 1626-1630. doi:10.1016/j.asr.2005.05.005

Antonova E.E., Stepanova M.V. (2021). The impact of turbulence on physics of the geomagnetic tail. Front. Astron.
Space Sci., 8:622570. doi:10.3389/fspas.2021.622570

Antonova E.E., Kirpichev I.P., Stepanova M.V., Orlova K.G., Ovchinnikov I.L. (2009). Topology of the high
latitude magnetosphere during large magnetic storms and the main mechanisms of relativistic electron
acceleration. Adv. Space Res., 43, 628-633. doi:10.1016/j.asr.2008.09.011

9



Problems of the outer radiation belt formation and topological features of high latitude magnetosphere

Antonova E.E., Stepanova M.V. (2015). The problem of the acceleration of electrons of the outer radiation belt and
magnetospheric substorms. Earth, Planets, and Space, 67, 148. doi:10.1186/s40623-015-0319-7

Antonova E.E., Vorobjev V.G., Kirpichev I.P., Yagodkina O.l., Stepanova M.V. (2015). Problems with mapping the
auroral oval and magnetospheric substorms. Earth, Planets, and Space, 67, 166. doi:10.1186/s40623-015-0336-6

Antonova E.E., Vorobjev V.G., Riazantseva M.O., Kirpichev I.P., Yagodkina O.l., Ovchinnikov I.L., Vovchenko
V.V., Pulinets M.S., Znatkova S.S., Demianov A.l., Sotnikov N.A., Stepanova M.V., Moya P.S., Pinto V.A.
(2017). Auroral oval and outer electron radiation belt. Physics of Auroral Phenomena, 40(1), 6-11.

Antonova E.E., Stepanova M., Kirpichev I.P., Ovchinnikov I.L., Vorobjev V.G., Yagodkina O.l., et al. (2018a).
Structure of magnetospheric current systems and mapping of high latitude magnetospheric regions to the
ionosphere. J. Atmosp. Solar-Terr. Phys., 177, 103—-114. doi:10.1016/j.jastp.2017.10.013

Antonova E.E., Stepanova M.V., Moya P.S., Pinto V.A., Vovchenko V.V., Ovchinnikov I.L., Sotnikov N.V.
(2018b). Processes in auroral oval and outer electron radiation belt. Earth, Plan. Space, 70:127.
doi:10.1186/s40623-018-0898-1

Baker D., Elkington S., Li X., Wiltberger M. (2013). Particle acceleration in the inner magnetosphere. American
Geophysical Union, pp. 73-85. doi:10.1029/155GM09

Baker D.N., Erickson P.J., Fennell J.F., Foster J.C., Jaynes A.N., Verronen P.T. (2018). Space weather effects in the
earth’s radiation belts. Space Sci. Rev., 214 (1), 17. doi10.1007/s11214-017-0452-7

Boyd A.J., Turner D.L., Reeves G.D., Spence H.E., Baker D.N., Blake J.B. (2018). What causes radiation belt
enhancements: A survey of the van allen probes era. Geophys. Res. Lett, 45 (11), 5253-5259.
doi:10.1029/2018GL077699

Foster J.C., Erickson P.J., Omura Y., Baker D.N., Kletzing C.A., Claudepierre S.G., (2017). Van allen probes
observations of prompt MeV radiation belt electron acceleration in nonlinear interactions with VLF chorus. J.
Geophys. Res. Space Phys., 122 (1), 324-339. doi:10.1002/2016JA023429

Kirpichev I.P., Yagodkina O.l., Vorobjev V.G., Antonova E.E. (2016). Position of projections of the nightside
auroral oval equatorward and poleward edges in the magnetosphere equatorial plane. Geomagnetism and
Aeronomy, 56, 407-414. doi:10.1134/S001679321604006X

Kirpichev I.P., Antonova E.E. (2018). Plasma pressure profiles in the dark sector of the Earth’s magnetosphere
during the magnetic storm of May 29, 2010. Geomagnetism and Aeronomy, 58(6), 710-717.
d0i:10.1134/S0016793218060075

Moya P.S., Pinto V.A., Sibeck D.G., Kanekal S.G., Baker D.N. (2017). On the effect of geomagnetic storms on
relativistic electrons in the outer radiation belt: Van allen probes observations. J. Geophys. Res. Space Phys.,
122(11), 11,100-11,108. doi:10.1002/2017JA024735

Riazantseva M.O., Antonova E.E., Stepanova M.V., Marjin B.V., Rubinshtein I.A., Barinova V.O., Sotnikov N.V.
(2018). Relative positions of the polar boundary of the outer electron radiation belt and the equatorial boundary of
the auroral oval. Ann. Geophys., 36, 1131-1140. doi:0.5194/angeo-36-1131-2018

Ripoll J.-F., Claudepierre S.G., Ukhorskiy A.Y., Colpitts C., Li X., Fennell J., Crabtree C. (2020). Particle dynamics
in the Earth's radiation belts: Review of current research and open questions. J. Geophys. Res. Space Phys., 125,
€2019JA026735. doi:10.1029/2019JA026735

Shiokawa K., Nosé M., Imajo S., Tanaka Y.-M., Miyoshi Y., Hosokawa K., et al. (2020). Arase observation of the
source region of auroral arcs and diffuse auroras in the inner magnetosphere. J. Geophys. Res. Space Phys., 125,
€2019JA027310. doi:10.1029/2019JA027310

Sitnov M.1., Stephens G.K., Tsyganenko N.A., Korth H., Roelof E.C., Brandt P.C., et al. (2020). Reconstruction of
extreme geomagnetic storms: Breaking the data paucity curse. Space Weather, 18, €2020SW002561.
doi10.1029/2020SW002561

Sotnikov N.V., Antonova E.E., Ryazantseva M.O., Barinova V.O., Rubinshtein I.A., Mit” S.K. (2019a). Position of
the energetic electron trapping boundary relative to auroral oval boundaries during the magnetic storm on
December 19-22, 2015, based on data from the Meteor-M2 Satellite. Geomagnetism and Aeronomy, 59(2), 136—
146. doi:10.1134/S0016793219020142

Sotnikov N.V., Antonova E.E., Ryazantseva M.O., Ovchinnikov I.L., Rubinstein I.A., Barinova V.O., Mit” S.K.
(2019b). Spectra and pitch-angular distributions of relativistic electrons near the outer radiation belt during the
magnetic storm of December 19-22, 2015. Geomagnetism and Aeronomy, 59(6), 651-659.
d0i:10.1134/S0016793219060124

Sotnikov N.V., Antonova E.E., Ovchinnikov I.L., Vorobjev V.G., Yagodkina O.l., Pulinets M.S. (2021). Formation
of the outer radiation belt during geomagnetic storms and the adiabatic mechanism of the rise and fall of
relativistic electron fluxes. Bulletin of the Russian Academy of Sciences: Physics, 85(3), 309-313.
doi:10.3103/S1062873821030278

Stepanova M., Antonova E.E., Bosqued J.M. (2008). Radial distribution of the inner magnetosphere plasma pressure
using low-altitude satellite data during geomagnetic storm: The March 1-8, 1982 event. Adv. Space Res., 41,
1658-1665. doi:10.1016/j.asr.2007.06.002

10



E.E. Antonova et al.

Stepanova M., Antonova E.E., Moya P.S., Pinto V.A., Valdivia J.A. (2019). Multisatellite analysis of plasma
pressure in the inner magnetosphere during the 1 June 2013 geomagnetic storm. J. Geophys. Res. Space Phys.,
124, 1187-1202. d0i:10.1029/2018JA025965

Stepanova M., Pinto V.A., Antonova E.E. (2021). Adiabatic and non-adiabatic evolution of relativistic electrons in
the heart of the outer radiation belt during the 1 June 2013 geomagnetic storm, Journal of Atmospheric and Solar—
Terrestrial Physics, 212. doi:0.1016/j.jastp.2020.105479

Tverskaya L.V., lvanova T.A., Pavlov N.N., Reizman S.Ya., Rubinstein I.A., Sosnovets E.N., Vedenkin N.N.
(2005). Storm-time formation of a relativistic electron belt and some relevant phenomena in other magnetospheric
plasma domains. Adv. Space Res., 36, 2392—-2400. doi:10.1016/j.asr.2003.09.071

Tverskaya L.V. (2011). Diagnostics of the magnetosphere based on the outer belt relativistic electrons and
penetration of solar protons: A review. Geomagnetism and Aeronomy, 51, 6-22. doi10.1134/S0016793211010142

Tverskoy B.A. (1997). Formation mechanism for the structure of the magnetic storm ring current. Geomagnetism
and Aeronomy (In Russian), 37, 555-559.

Zhao H., Baker D.N., Li X., Jaynes A.N., Kanekal S.G. (2019). The effects of geomagnetic storms and solar wind
conditions on the ultrarelativistic electron flux enhancements. J. Geophys. Res. Space Phys., 124 (3), 1948-1965.
d0i:10.1029/2018JA026257

11



Polar
“Physics of Auroral Phenomena”, Proc. XLIV Annual Seminar, Apatity, pp. 12-15, 2021 @ Geophysical
© Polar Geophysical Institute, 2021 Institute

DOI: 10.51981/2588-0039.2021.44.002

SUPERSUBSTORM ON 28 MAY 2011 - GEOMAGNETIC EFFECTS IN
THE GLOBAL SCALE

I.V. Despirak®, N.G. Kleimenova?, A.A. Lubchich?, P.V. Setsko!, R. Werner?

!Polar Geophysical Institute, Apatity, Russia; e-mail: despirak@gmail.com
2Schmidt Institute of the Physics of the Earth, RAS, Moscow, Russia
%Space Research and Technology Institute, Bulgarian Academy of Sciences, Bulgaria

Abstract. For this analysis, we selected the supersubstorm (SSS) occurred during the strong magnetic storm on 28
May 2011 (SYM/H~100 nT). The ground-based magnetic effects of SSS have been studied basing on the data from
the global SuperMAG, INTERMAGNET and IMAGE magnetometer networks, as well as on the magnetic
measurements by the ionospheric satellite AMPERE system. According to the SML- index behavior, the SSS event
maximum was identified at ~09:00 UT on 28 May 2011 (SML= ~-2600 nT). The SSS occurred during the passage
of the magnetic cloud in the solar wind. Before the SSS, the Bz component of the Interplanetary Magnetic Field
(IMF) was negative, the IMF By component was positive, and the local jump in the solar wind dynamic pressure
was registered. We found that the SSS developed in the magnetosphere in the global scale. A strong westward
electrojet was observed at auroral latitudes from the evening side to the dayside. In contrast to the typical scenario of
a classical substorm, a very intense eastward electrojet was detected in the afternoon-evening sector. That may be a
result of the formation of an additional partial ring current during the supersubstorm.

Introduction

For the first time the term “supersubstorm” was introduced in the study of very intense magnetic substorms from the
data of the SuperMag magnetometers network, the events with high negative values of the SML index (< - 2500 nT)
were called “supersubstorms” [1]. The SML index is calculated across the network of the SuperMAG stations
globally located from 40° to 80° MLat, and therefore contains not only the standard stations of the auroral zone but
also many other stations [2]. First studies of supersubstorms were devoted to the investigations of conditions of their
appearance. So, the seasonal variations and dependence on the solar activity were considered and was shown that
the SSS events can be observed during any phase of the solar cycle, but their highest frequency of the occurrence
observed in the declining phase of the solar activity cycle [3]. The following investigations showed that the SSS
events are not always associated with very intense storms and can be observed also during less intense (—100 nT >
Dst > =250 nT) and moderate magnetic storms (—50 nT > Dst > —100 nT), and even during non-storm (Dst > =50
nT) intervals [3], [4]. It was shown also that the supersubstorms are observed during the definite solar wind types -
magnetic clouds (MC) and SHEATH plasma compression regions ahead of MCs - and practically not observed
during another streams and structures of the solar wind [4]. The initial studies of auroral disturbances showed that
the development of auroras differs significantly from the classical pattern of substorm development. It is not seen
the standard brightening of the equatorial arc in the midnight sector and breakup of auroras. However, there were
intense auroras in the pre-midnight and morning sectors of the magnetic local time (MLT) [5]. Note that it will be
confirmed later by the analysis of the SSS development on 5 April 2010 [6]. The electojets development during the
supersubstorms has been considered in some works [7], [8], [9]. It was shown that the westward electrojet during
two supersubstorms on 8 September 2017 developed on a global scale by the longitude from the prenoon to the
afternoon sector surrounding the Earth. The highest intensity of the electrojet was observed at the auroral latitudes in
the post-midnight time [7]. Similar spatial features of electojets were presented in [8] and [9], where we analyzed
two supersubstorms during the magnetic storm of March 9, 2012 and one supersubstorm during the magnetic storm
of 5 April 2010. It is shown also that the strong eastward current observed from after-noon to evening sector, the
occurrence of the intense eastward electrojet supports the hypothesis of the formation of the additional ring current
in the evening sector during SSS [10].

Here we analyzed the appearance of one more SSS event observed during the magnetic storms on 28 May 2011. It
is one of the few isolated SSS event, which have been observed since 2010. The purpose of this work is to
investigate the features of the global spatial distribution of electrojets during this supersubstorm and to verify the
assumption about the development of a strong partial ring current during SSS.

Data
For this purpose, the ground-based magnetic data from the SuperMAG, INTERMAGNET and IMAGE networks
were combined with the magnetic registrations data of AMPERE satellites and CDAWeb database. The solar wind

12



1.V. Despirak et al.

and IMF parameters were taken from the CDAWeb database and catalog of large-scale solar wind types
ftp://ftp.iki.rssi.ru/pub/omni/catalog. The IMAGE magnetometer data were taken from http://space.fmi.fi/image/.
Supersubstorm onset and its development were determined by using the geomagnetic indexes SML, SMR and
SMR_LT from http://supermag.jhuapl.edu/. The SMR index calculation (as SymH index) is based on the data of the
N component with the baseline removed at available (~100 stations) ground magnetometer stations at geomagnetic
latitudes between -50 and +50 degrees. Four local time sectors are defined with centers at 00, 06, 12, 18 MLT; the
SMR value is (SMR-00 + SMR-06 + SMR-12 + SMR-18)/4/ [11]. The global spatial distribution of electrojets was
determined from the maps of magnetic field vectors obtained on the SuperMAG network, maps of spherical
harmonic analysis of the distribution of magnetic vectors in the ionosphere and field-aligned currents obtained from
the data of the 66 low-apogee communication satellites Iridium of the AMPERE system (Active Magnetosphere and
Planetary Electrodynamics Response Experiment http://ampere.jhuapl.edu).

Results

1. Interplanetary and geomagnetic conditions

Solar wind and interplanetary magnetic field (IMF) conditions for period 02-17 UT on 28 May 2011 are shown in
the Fig. 1a, from the top to bottom: IMF magnitude (Br), the IMF Y- and Z- components (Bv, Bz), the flow velocity
(V), the dynamic pressure (P) and some geomagnetic indexes as the PC, SYMn/H and SML. It is seen that the
features of a coronal mass ejection (CME) are observed in this time period — the SHEATH and magnetic cloud
(MC), whose boundaries are marked by the horizontal arrows. The MC contains a long-lasting interval of negative
values of the IMF Bz, which could have caused the development of a strong magnetic storm (Dst~100 nT). Against
the background of this magnetic storm, at ~08 UT one supersubstorm (SSS) began to develop. The moment of the
SSS onset is shown by the vertical redhead line. It can be seen that the SSS was developed at the main phase of the
storm, during the magnetic cloud (MC). Ahead of the SSS, a local pressure jump was observed; the IMF Bz was
negative, the IMF By was positive, the PC- index has grown very strongly, which indicated a very large supply of
energy from the solar wind.

To describe the global development of the magnetic supersubstorm, we applied the geomagnetic ring current index
(SMR), separated by the MLT sectors (SMR_LT), which is shown in Fig. 1b. The SML and MPB indices are shown
for comparison. Besides, the MPB index representing the power of midlatitude positive magnetic bays was
calculated only for the midlatitude station Panagyurishte (PAG). It is seen that during the supersubstorm, there was a
strong enhancement of the ring current in the evening sector (violet curve), i.e., the strong current asymmetry
appeared. We suppose that it was due to the additional partial ring current development. It can also be seen that a
strong increase in the horizontal power was observed at Panagyurishte station; the power value was comparable in
magnitude to those observed during substorms [12].
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Figure 1. Variations of the solar wind and IMF parameters (B, By, Bz, V, Payn) and some geomagnetic
indexes (PC, SYM/H, SML) from 02 to 17 UT on 28 May 2011 (a) and additional geomagnetic indexes
(SMR_LT, SMU, SML) and horizontal power of midlatitude positive bays (MPB) on the Panagyurishte
station from 06 to 13 UT on 28 May 2011 (b). The boundaries of the solar wind types are marked by the
horizontal arrows and inscriptions: SHEATH and MC. The moment of the SSS onset is shown by the vertical
redhead line.
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2. Geomagnetic observations

Ground-based magnetic disturbances during SSS are shown in Fig. 2. At the top panel, the global maps of magnetic
field vectors by SuperMag data there are shown for 3-time moments, from the onset to the maximal SSS
development (Fig.2a). It is seen that strong disturbances were observed over Alaska, very intense negative magnetic
bays started at ~ 08:30 UT,; the intensity of the negative bays was ~ -1300-2500 nT (Fig.2b). The positive magnetic
bays with the intensity of ~ 70-250 nT were registered at East Siberian and Kamchatka stations (YAK, MGD, PET).
So, the westward electrojet during the SSS developed in the global scale (from before midnight, through the night
and morning, and into the day sector). Besides, the strong eastward electrojet was observed in the evening sector.
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Figure 2. Global maps of the spatial distribution of magnetic field vectors from the SuperMAG network at
08:20, 08:30 and 08:55 UT (a); magnetograms of some stations on Alaska (b) and on Siberian (c) from 06 to
11 UT on 28 May 2011.

3. Field-aligned currents from AMPERE observations and models of SCW

Two panels of the AMPERE maps on 28 May 2011 for different time (at ~ 08:30 UT and ~ 08:55 UT) are shown in
Figure 3a. The AMPERE project represents the results of the magnetic registrations by the 66 satellites at 700 km
altitude, its spherical harmonic analysis (the middle map) and calculated Field Aligned Currents (FAC) distribution.
The upward currents mark by red, the downward ones — by blue. Note, that the westward current was located
between the upward (red) and downward (blue) FAC; the eastward electojet was located between downward (blue)
and upward (red) currents. It is seen the global longitude expansion of the westward electrojet - from the evening
side at auroral latitudes to the day side of the polar area. The AMPERE maps demonstrate also very strong
enhancement of the eastward electrojet in the afternoon-evening sector and its shift to the lower latitudes.

It should be noted that the occurrence of the strong eastward electrojet in the evening sector supports the
hypothesis of the formation of the additional ring current in the evening sector during SSS [11]. Zong et al. [2021]
proposed, that substorm current wedge (SCW) for supersubstorms differs significantly from the classical pattern of
SCW development. Two SCW models are presented in Figure 3b (taken from [11]), left panel shows the SCW
model for “classical” substorm, the right panel - for a supersubstorm. It is seen, that during SSS on 28 May 2011,
the very intense eastward electrojet in the evening sector was detected. In contrast to the typical scenario of the
classical substorm, it may be the result of the formation of an additional partial ring current during the
supersubstorm.

Conclusions

1) We found that during the SSS of May 28, 2011, a strong westward electrojet was observed in the evening and
night sectors globally - from the evening side at auroral latitudes to the dayside of the Earth.

2) During this SSS, an intense eastward electrojet in the evening sector was detected as well. We support that it
could be a result of the formation of an additional partial ring current occurred during a supersubstorm.
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Figure 3. Distribution of magnetic disturbance vectors, their spherical harmonic analysis and field-aligned
current distribution for two moments (at ~ 08:30 UT and ~ 08:55 UT) on May 28, 2011 according to
AMPERE data (a); models of substorm current wedge (SCW) for normal substorm and for supersubstorm

(b).
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Abstract. We investigated an interesting case of the space-time dynamics of substorm activations (AL ~ 800 nT)
on December 24, 2014, when there were simultaneous observations on the THEMIS D satellite in the plasma sheet
(IX] ~ 6.2 Re) and ground-based observations on the Kola Peninsula. The development of the substorm activity in
the interval of ~ 19:00 to ~ 20:00 UT was considered. In this interval, at Lovozero station (LOZ), three peaks in the
PilB pulsations were recorded, associated with the brightening of arcs near LOZ. The first peak was observed in
connection with the appearance of beads structures in the auroras along the growth phase arc to the south from LOZ
latitude. The second and third peaks in PilB pulsations were associated with the expansion phase, when three
dipolarization fronts (DFs) were registered according THD data. DFs and injection of energetic electrons into the
magnetosphere were observed near the moments of sudden intensification of auroras: brightening of arcs, breakup in
aurora. Besides, it was shown that the development of substorm occurs near the Harang discontinuity (HD)
according to the IMAGE magnetometers data. In this case, we can follow the development of aurora around the HD
according to the data of the all sky camera in Apatity. It was shown that the pre-onset auroral forms were moved
accordingly the two-cell ionospheric convection developed during the growth phase of the substorm.

Introduction

Despite a large number of studies, there is significant uncertainty regarding the space-time relations between the
magnetosphere and the ionosphere during substorm expansions. Therefore, further research is needed using
combined satellite and terrestrial data. For this purpose, one interesting event were chosen, on 24 December 2014,
when simultaneous observations of the THEMIS satellites (THE and THD), the ground-based observations of aurora
in Apatity and magnetic disturbances on the IMAGE magnetometers network and Russian Siberian stations (Dixon,
Tiksi and Amderma) were available. Note, that the initial case of substorm activity in this day, during interval from
~16: 00 to ~ 17: 00 UT, was considered in our previous work [1]. During time interval from 14:30 to 20:50 UT on
24 December 2014, THE and THD satellites were located in the midnight sector of the magnetosphere and crossed
over Siberia and Kola Peninsula. Figure 1 shown the geographic map with projections of the THD (red line) and
THE (blue line) and the locations of magnetic stations. The first case of substorm activity (~ 16 ~ 17 UT) marked by
a blue oval and inscription "1)"; the second case (19- 20 UT), marked as "2)".

2) 1)

" \ 7 o
. THEMISE North B Trace in Geegraphi€’Coord.: Time Range 12/24/2014 (358) 14:30 12/24/2014 (358) 20:30

Figure 1. Projections of the THD (red line) and THE (blue line) from 14:30 to 20:50 UT on 24 December
2014. The locations of magnetic stations are marked by stars, the time intervals under study - by blue ovals.
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It was shown, that the onset of disturbances was in the ionosphere near Amderma (~ 16:35 UT) and several
substorm precursors were observed in aurora development over Apatity - small localized auroral arc, which
propagated westward, so-called beads structure in the auroras and the auroral horns [2], [3].

In this work, we considered substorm activity from ~ 19: 00 to 20:00 UT, when THD was at a distance |X| ~ 6.2
Re in the plasma sheet, and its projection crossed the Kola Peninsula. Aurora activity was observed by the MAIN
camera system in Apatity, magnetic disturbances were recorded by magnetometers of the IMAGE network, PilB
pulsations were registered by Lovozero observatory (LOZ). It is interesting event, when the development of
substorm injection occurs near the Harang discontinuity (HD).

Data

For our analysis we used complex ground-based data: the auroras observations on MAIN cameras in Apatity (APT),
the magnetic disturbances at IMAGE magnetometers network and the geomagnetic pulsations in Lovozero and also
the variations of the fields and particle fluxes from THEMIS satellites (THD). To study the substorm development,
we used the keograms and the selected full-frame images from the Apatity all-sky camera (APT, 67°34N; 33°24E).
The camera specifications, their mutual location and the measurement process are described in detail in [4].
Geomagnetic disturbances were observed by analyzing the data of the IMAGE magnetometers network
(http://space.fmi.fi/image/). Geomagnetic pulsations were observed by data from the induction magnetometer
located in Lovozero. The data used here are the spectrograms in frequency range from 0.01 to 16 Hz, where the
whole spectrum of natural pulsations PilB is well seen, if their existed. The variations of fields and particles in the
magnetosphere were studied by THD data. During the time period from 19:00-20:00 UT the THD was located at r ~
8.9-6.1 Rg, in the midnight sector: in 19:30 UT GSM coordinates were (-6.2; 4.1; -1.05) Re.

Results

1. Development of disturbances from satellite data

The data of FGM, EFI, SST, MOM instruments of the THD satellite are shown in the Figure 2a. It is seen that four
dipolarization fronts (DF) were registered by THD data (DF; =19:18; DF, =19:37; DF3 =19:45, DF, =19:54 UT).
DFs were determined by sudden jumps of the magnitude and Bz component of the magnetic field, the strong
variations in the electric field, the growth of the plasma velocity and the increasing of ion and electron fluxes (e.g.
[5]). Four vertical black lines marked the DFs moments. As will be shown below, DF; was observed during the
growth phase of the substorm, the last three dipolization fronts were associated with the development of the
expansion phase of the substorm and connected with brightening of arcs near the THD projection.

In the Figure 2b shown the PilB pulsations (the period t = 0.2-15 sec) observed in Lovozero. Note, that these
pulsations are associated with substorm expansion phase and correlated with precipitations of auroral electrons [6].
Three peaks of PilB pulsations were recorded in Lovozero: 19:22 - 19:25, 19:34 - 19:37 and 19:46 - 19:49 UT. The
first peak was observed in connection with the appearance of beads at the growth phase arc located south of LOZ
latitude. The second and third peaks were associated with the expansion phase of the substorm.
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Figure 2. Data of FGM, EFI, SST, MOM instruments of THD from 19:00 to 20:00 UT (a) and geomagnetic

pulsations at Lovozero from 18 to 21 UT on 24 December 2014 (b). Moments of four dipolarization fronts
(DF) marked by vertical black lines (a), moments of three peaks in Pi1lB pulsations — by red vertical lines (b).
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Observations of substorm activity from the data of MAIN camera system and THD satellite in the plasma sheet

2. Aurora observations

Auroral activity captured by all-sky camera at the station Apatity (APT) is presented in Figure 3. Left three panels of
Figure 3 illustrate the temporal dynamics of the camera field of view as keogram: top panels - the keograms filtered
by the horizontal-time difference and by the vertical-spatial difference; bottom panel - non-filtered keogram for
interval 19:30 - 20:00 UT. Some selected images of all-sky camera are shown in Figure 3b. During growth phase of
substorm were registered "beads" in aurora ~ from 19:18 UT, which are visible both on the arc near the zenith and
on the southern arc (picture not presented here). At this time, THD registered the first dipolarization front (DF;) and
there were some weak disturbances in the ground-based magnetograms (Figure 4a). Note, that the first peak in PilB
pulsations at Lovozero was recorded a little later (~ 19:22 UT), when the auroras approached to LOZ latitude. At the
end of the growth phase (~ 19:31:50 UT) a brightening of the most equatorial from all arcs was observed. Then on
the arc, azimuthally spaced auroral folds are formed, moving from East to the West. This corresponds to the first
phase of the breakup (or pseudo-breakup). At ~ 19:33:50 UT, the equatorial arc again became brighter, ~ 19:34 UT
rapidly expand to the pole. This moment concerns to the onset of the second peak in PilB pulsations in LOZ. At ~
19:37 UT (the maximum of second peak of PilB pulsations) an N-S arc occurred, then this arc moves equatorward
and reaches E-W aligned arcs.

19:31:50 19:32:10 19:33:00 19:34:00 19:34:20

19:34:30 19:35:10 13023 19:37:10 19:39:50

19:30 19:40 19:50 20:00
a) b)

Figure 3. Data of all-sky camera at the Apatity: a) keograms for time period from 19:30 to 20:00 UT: filtered
(top panels) and non-filtered (bottom panel) keograms for 19:30-20:00 UT (a) and some images of all-sky
camera for period 19:31:50-19:39:50 UT (b).

3. Ground-based magnetic observations
Figure 4 shown variations of X-component of geomagnetic field by IMAGE network data. Vertical red lines
corresponded to 3 moments of dipolarization fronts (DFs) registered by THD satellite, solid line DF, marked also
the onset of expansion phase. It is seen that near DF; moment were observed two different regions containing
positive magnetic bays and negative magnetic bays, which marked also as red and blue ovals in the Figure 4b. So,
accordingly IMAGE magnetometers observations, the development of substorm occurs near the Harang flow shear.
X component 2014-12-24
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Figure 4. X- component of geomagnetic field from IMAGE magnetometers, the DFs moments are marked
by red vertical line (a); the map of locations of IMAGE magnetometers, red and blue ovals marked the region
of positive and negative bays accordingly (b).
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Discussion

Crossing the Harang discontinuity (HD) by the earth's rotation, magnetometer observations detect a change in
magnetic perturbations from that dominated by the eastward electrojet to that dominated by the westward electrojet
[7]. In terms of convection flows, flow vectors rotate clockwise from higher to lower latitudes. This configuration is
referred to the Harang reversal (HR) in reference to the plasma convection pattern from eastward flow reversing to
westward flow with decreasing magnetic latitude [8]. Schematic illustration of motion of pre-onset auroral forms
and their relation to nightside ionospheric convection presented in Figure 5 (the picture taken from [9]). The pink
star, NS-oriented pink line, and azimuthally extended wavy lines indicate a PBI, NS-oriented arc and onset arcs,
respectively. Blue arrows illustrate the plasma flow pattern inferred from pre-onset auroral motion. Numbers 1-5
show time evolution of pre-onset aurora.

: Plasma sheef electrons

~and’profons

Latitude
Low —— High

Longitude East

Figure 5. Schematic illustration of motion of pre-onset auroral forms near the Harang discontinuity and their
relation to nightside ionospheric convection. The Figure was taken from [9].

Conclusions

Analysis of substorm activity using THD satellite data on [X| ~ 6.2 Re and ground-based data led to the following

results:

1) The fronts of dipolarization and injection of energetic electrons into the magnetosphere were observed near the
moments of sudden intensification of auroras: brightening of arcs, breakup in aurora;

2) According to the magnetometers data, the development of substorm occurs near the Harang discontinuity;

3) The development of aurora was organized according to the preceding two-vortex pattern of ionospheric
convection observed in the growth phase around the Harang discontinuity.
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Abstract. Geomagnetically induced currents (GICs), arising both on power lines and on pipelines, may have strong
negative impact on the technological networks up to accidents ("blackouts"). Magnetospheric disturbances are one
of the factors in the appearance of GICs, however there is no unambiguous relationship between substorm and
presence of currents. In this paper, we consider two intense cases of GIC (15March 2012 and 17 March 2013),
registered on two different technological networks: 1) on the "Nothern Transit™ power line (Vykhodnoy, Revda and
Kondopoga stations) located in the auroral zone, 2) on the Finnish natural gas pipeline near Méntséla located in the
subauroral zone. Both GIC cases are compared with substorm development in the auroral zone, using data from
IMAGE magnetometers network and MAIN camera system in Apatity. We found a good correlation between the
GIC appearance and variations of geomagnetic indexes: IL — index, which characterized of westward electrojet
intensity on the IMAGE meridian and Wp - index, which describes the wave activity of the substorm. Besides, it
was shown also a good correlation between GICs and the thin spatio-temporal structure of the substorm
development (the appearance and the propagation to the pole of substorm activations), which is appeared both in the
magnetic data and in the all sky camera images.

Introduction

Space weather generally refers to the physical conditions in the Sun-Earth system that can affect the performance of
ground-based technological systems. During geomagnetic disturbances (storms, substorms, supersubstorms,
magnetic pulsations) very strong ionospheric currents can develop, which may lead to substantial interruptions in
terrestrial electrical networks ([1], [2], [3], [4]). Rapid changes of the geomagnetic fields cause geoelectric fields
which can produce intense, low-frequency, quasi-direct currents, co-called geomagnetically induced current (GIC)
in the ground and electrical power systems [5]. The GIC intensity depends both on the intensity of magnetic
disturbances during geomagnetic storms or substorms, and on the configuration of the system, ground conductivity,
coastal effects, etc. [6].

It was shown that geomagnetic field disturbances associated with magnetic storms and substorms are known as the
key factor for the generation of GICs. Recently by study of intense GICs (> 30 A) during 21 years (1999 through
2019) at the Mantséld, Finland (57.9° magnetic latitude) gas pipeline was shown that the most frequent (76%) cause
of all of these GIC events are auroral electrojet intensifications during supersubstorm (SSS: SML < -2500 nT) and
intense substorm (-2500 nT < SML < -2000 nT) [4]. Therefore, probably, strongest GIC events are recorded in the
high geomagnetic latitude zone, where usually registered the large amplitudes of magnetic disturbances associated
with the increasing and the motion of auroral electrojets.

On the other hand, an important part of the task of protecting against the negative effects of space weather is the
monitoring of disturbances in the geomagnetic field and registration of the development of GICs in real power
systems. So, within the framework of the EURISGIC scientific program, the system of continuous registration of the
GIT was created at a number of transformer substations of the power line located on the Kola Peninsula [7]. It
should be noted that system "Northern Transit" is located precisely in the auroral latitudes, where substorms are
usually observed.

The purpose of our work is the study of the connection between the development of a supersubstorms [8] and
intense substorms and the appearance of geomagnetically induced currents (GICs). For observations of GICs
appearance on the different latitudes used data from the system "Northern Transit" and from the Méntséld, Finland
gas pipeline. Using these systems, we could trace the GIC appearance from st. Méntsild, Finland to st. Vykhodnoy,
Russia, from 57.9 to 64.9 degrees of geomagnetic latitude and could compare their appearance with the space-time
development of the substorms, with substorm expansion to the pole.

We selected cases where the GICs on the st. Méntsdld exceeded 30 A, and there were observations along the
“Northern Transit” chain. In this article, we consider two events of intense GICs (March 15, 2012 and March 17,
2013) recorded in two different technological networks during the observation of the substorm on the Scandinavian
meridian.
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Data
Geomagnetically inducted currents (GICs) were registered by two different technological networks:
1) on the "Nothern Transit" power line located in the auroral zone, on Vykhodnoy (68.8°N and 33.1°E geographic),
Revda (67.9°N and 34.1°E geographic) and Kondopoga (62.2°N and 34.3°E geographic) stations.
2) on the Finnish natural gas pipeline near Méntsild, located in the subauroral zone (57.9°N geomagnetic).
Fig. 1 shows location of the points of registration of the GIC and the location of magnetometers.

Figure 1. The layout of the measuring devices: red circles - the registration of the GIC, blue circles - the
location of magnetometers.

Substorm development was determined both by magnetograms from global networks: IMAGE magnetometers
network http://space.fmi.fi/image/ and the SuperMAG network http://supermag.jhuapl.edu/ [8] and by geomagnetic
IL- and Wp-indexes. The Wp (wave and planetary) index is related to the power of the Pi2 pulsation wave at low
latitudes [9], and the IL index shows the variation of the magnetic field at the selected IMAGE stations, that is, in
essence, it is similar to the AL index, which is associated with the auroral electrojet [10]. The global spatial
distribution of electrojets was determined from the maps of magnetic field vectors obtained on the SuperMAG
network. The active auroras were observed by Multiscale Aurora Imaging Network (MAIN), by all-sky camera
located in Apatity (http://aurora.pgia.ru). The solar wind and IMF parameters are taken from 1-minute OMNI data
(https://cdaweb.sci.gsfc.nasa.gov/) and the catalog of large-scale solar wind phenomena (ftp:/ftp.iki.rssi.ru/omni/).

Results

1. First event on 15 March 2012

In the period on 7-17 March 2012, solar wind and interplanetary magnetic field (IMF) conditions were very
complicated, it is one of the most disturbed periods during the ascending phase of Solar Cycle 24. Four consecutive
magnetic storms were developed, occurred on 7, 9, 12, and 15 March, respectively [11]. Very intense GIC (~30 A)
was recorded on Mintséld station at ~ 17 UT during the fourth storm (S4) (SYM/H = -80 nT) and may be associated
with a solar wind spike of density [4]. In Figure 2a shown the GIC registrations on st. Méantsild and on Norther
Transit station (Vykhidnoy, Revda, Kondopoga) from 14 to 18 UT on 15 March 2012. It is seen, that small GICs
were registered at ~15 UT on both networks, then at ~17 UT were observed very intense GIC on st. Méntséld (~39
A) and intense GIC at st. Vykhidnoy (~18A), at that moment GIC were also registered at st. Revda (~2A) and st.
Kondopoga (~7A). According to IMAGE magnetometers data, the substorm occurred at ~17 UT on Nurmijarvi
(NUR) and propagated to the NyAlesund (NAL) (Fig. 2b). At the same time substorm development from subauroral
to high latitudes has a good agreement with appearance of GICs both on Norther Transit stations and on st. Ménts&la
station. It is seen also that these GICs also have a good correlation with two geomagnetic indexes: Wp and IL (top
panels of Fig. 2a). Three maps of SuperMAG magnetometer vectors (Fig. 2c) demonstrated that it was isolated
substorm and disturbances occurred precisely over Kola Peninsula, where all our GICs detectors are located. Note,
at the Fig.2b are schematically marked the two time moments of solar wind shock wave and spike of density. At the
moment of the shock wave arrival, the disturbances were observed only at high latitudes stations and the GICs were
not intense (>10 A). While the intense substorm and GICs developed after the density jump in the solar wind.

21



GICs in the main transmission line “Northern Transit” in Russia and in the Mdntsdld Finland pipeline: a case study

2. Second event on 17 March 2013

On 17.03.2013 a CME passed by the Earth, which included two intervals of the negative Bz IMF observed during
SHEATH and during the magnetic cloud (MC), and a two-stage magnetic storm with Dst ~ -140 nT was develop.
GICs registrations on st. Méntséld and on Norther Transit stations from 15 to 21 UT on 15 March 2012 are
presented in Fig.3a. The shock wave coming led to the development of a small substorm at high latitudes ~ 15:50
UT (Fig 3b), which manifested itself in the appearance of intense GIT on Vykhodnoy (~27 A) and small GITs on
Revda (~3 A), Kondopoga (~4 A), on Mintsild (~12 A) stations.
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Figure 2. First event on March 15, 2012: GIC registration on Méntsdld station and on Norther Transit
stations (a); X- and Z- components of geomagnetic field from IMAGE magnetometers (chain TAR-NAL),
red oval shows the substorm for the study (b); three maps of magnetic vectors from SuperMag network (c).

As seen from Fig.3b, at ~18 UT, the second more intense substorm began, which consisted from three
intensifications (18:00 UT, 18:20 UT, 18:40 UT) - three negative bays at the low-latitudinal IMAGE stations and, as
a result, the GICs appeared at the on Méntsila (~32 A), Kondopoga (~11 A) and Revda (~2 A) stations. The second
and third intensifications are detected on keogram from all-sky-camera in Apatity (red vertical lines) (Fig. 3.c) as
well as on magnetic vector maps SuperMAG (Fig. 3.d).

On Vykhodnoy GIC data, we see the spike (~27 A) at ~19.30 UT that a little bit later than second substorm
happend, this spike occurs due to the third substorm. Third substorm are marked by third red oval on magnetometers
data from IMAGE stations (Fig 3b). This substorm disturbance propagated from OUL to SOR stations, where
station Vykhodnoy located.

It is seen a good correlation between GICs appearance and behavior of IL- and We- indexes (Fig 3a). But it should
be noted, that in the Wp index profile seen only two substorms, it’s related to the nature of this index — it’s
calculated on low latitudinal and equatorial magnetometer stations, when IL index calculated on high latitudinal
magnetometer stations so all three substorm seen in its profile.

Conclusions

1) It is shown a good correlation between the GIC appearance and increasing of geomagnetic indexes: IL — index
(westward electrojet intensity on the IMAGE meridian) and Wp — index (the wave activity of the substorm).

2) It was possible to trace the development of GICs on the meridional profile (from Mintsild to Vykhodnoy) in
accordance with the thin spatial - temporal structure of the substorm (the appearance and the propagation to the
pole of three substorm activations).
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Figure 3. Second event on March 17, 2013: GIC registration on Méntséld station and on Norther Transit
stations (a); X- and Z- components of geomagnetic field from IMAGE magnetometers (chain TAR-NAL),
red oval shows the substorms for the study (b); the keogram of all-sky camera in Apatity from 18 to 20 UT
(c); maps of magnetic vectors from SuperMag network (d).
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DAY BY DAY BEHAVIOR OF GNNS POSITIONING ERRORS
AND TEC FLUCTUATIONS ASSOCIATED AURORAL DISTURBANCES
OVER MARCH 2015
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Abstract. We analyzed the occurrence of TEC fluctuations and an impact of auroral disturbances on the Precise
Point Positioning (PPP) errors in European sector using GPS measurements of EPN network. Index AE was used as
indicator of auroral activity. The fluctuation activity was evaluated by indexes ROT and ROTI. The positioning
errors were determined using the GIPSY-OASIS software (http://apps.gdgps.net). The Precise Point Positioning is
the processing strategy of the single receiver for GNSS observations that enables the efficient computation of the
high-quality coordinates. For quiet conditions the algorithm provided for TRO1 stations daily average PPP errors
less than 4-5 sm. The analysis indicated regular increasing positioning errors around MLT (22 UT) during March
2015. While raising the auroral activity it was observed increasing TEC fluctuation as well as positioning errors. In
the report we discus also behavior PPP errors during super storm 17 March 2015. During storm at TRO1 the PPP
errors reached more than 20 m. The increasing errors were observed on latitudes low than 52-54°N.

Introduction
The electron density irregularities occurred in the high latitude ionosphere may be experience the rapid of phase and
amplitude fluctuations (scintillations) of the GPS signals The intensity of the fluctuations increases during
geomagnetic storms and substorms. Many publications are devoted to the study of the occurrences of GPS signals
fluctuations in the different regions of high latitude ionosphere [Cherniak et al., 2015; Prikryl et al., 2015; Jin et al.,
2018]. The strong ionospheric fluctuations of the GPS signals registered in the auroral oval and associated with the
auroral disturbances [Chernouss et al., 2015]. The fluctuations are frequently observed near the magnetic midnight.

Low frequency fluctuations of the GPS phase may be directly due to the electron density changes along the radio
ray path or to the fluctuations of the total electron content (TEC). Strong TEC fluctuations can complicate the phase
ambiguity resolution, can increase the number of the undetected and uncorrected cycle slips. Therewith,
scintillations of the GPS signals can lead to the loss of the lock on the receiver tracking, and thereby to the
disrupting of the performance of the satellite navigation system [Juan et al., 2018]. Much attention has been paid on
the impact of the geomagnetic disturbances on the PPP in the recent years [Jacobsen and Andalsvik, 2016; Marques
et al., 2018; Shagimuratov et al., 2018]. The direct comparison the fluctuations intensity and the positioning errors
at the auroral stations make it clear that the accuracy of the point positioning at the high latitudes is worse during
geomagnetic storms.

In this work the analysis of TEC fluctuations and positioning errors over auroral region during March 2015 were
presented. We particular attention give to the super storm of March 17, 2015. It was evaluated maximal PPP errors
which we can be expected during geomagnetic storms.

Data
In this paper we used data from following GPS stations:

station | latitude | longitude | CGL | MLT, midnight
NYAL | 78.9° 11.9° 76.6° 21.12UT
TRO1 | 69.7° 18.9° | 66.9° 21.54 UT
MAR6 | 59.0° 17.3° 57.4° 21.96 UT
KLG1 54.7° 54.7° 50.9° 21.88 UT

Geomagnetic conditions
Figure 1 shows the variability of Dst during March 2015. Most days of March were quiet, super strong storm took
place on March 17. During storm AE index exceeded 2000 nT.

24



Auroral activity and TEC fluctuations

I.1. Efishov et al.

)

oL
=100 - q
-200 - Bl

Figure 1. Dst over a period of March 2015.
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The fluctuation activity was evaluated by the ROT (Rate of TEC) at 1-minutes interval. On their base was formed
the pictures which demonstrates the behavior of the ROT over the single station for all satellite passes on 24-hour
interval. In figure 2 the response of the ionosphere to auroral activity, as example, for single events is presented. The
picture demonstrates occurrence TEC fluctuations (ROT) depend on intensity and time developed of auroral activity
at different latitudes. The intensity of fluctuations decrease towards low latitudes. The analysis shown that
remarkable fluctuations occurred at auroral stations when auroral intensity exceeded 500 nT. During storm day of
March 17 the fluctuations were observed even at midllatitudes stations of Kaliningrad. We associate it with behavior

of the irregularity oval which represent dynamic auroral oval [Chernouss et al.,

2018]

During the storm the

irregularity oval expanded equatorward and poleward in response to disturbed geomagnetic activity [Shagimuratov

et al., 2012].
a)
2n M b " -
i I m i I
1500 1500 ]
1000 o L {’ r
AE =0 ‘ AE @ L3 il A A
i § A L
0 — \ ! 0 1B ).,‘::;[ Y.
S0 % 7 ] ) m-mw . . i ”‘ 0y 5 i : i o
uT i i
[Created at 2015-04-08 03:14UT)
[oresd & MG OEMAAT)
S
3 30 i s 305 s ‘ * 20
£ | W ‘ R e | Wt B
€25 e 251 e m_ﬂ"“q 25
=] W i e ! '
E20E, T W*W 2045 | jw»"”ﬂ tht T 20
g 15 [t MMW 15 e O Hﬂ%m s 15
= m it
=10 o M 10 + % ) 10
= | : : :
F i R S 517 g b= 5
‘S 0 e IR i o 0 et [T :. H 0 H E
3 6 9 12 15 18 21 24 0 3 6 9 12 15 18 21 24 3 9 12 15 18 21 24
9.03.2015 NYAL (78.86, 11.87) 17.03.2015 NYAL (78.86, 11.87) 22.03.2015 NYAL (78.86, 11.87)
8 30 e et 30 i R
=D T —_— - [ = A —
€25 3 S 25 : o e
3 ; ; ; —— 1 e b
gaonfi | — : Wi e -
1 [ S e fr— e T [S——— -
@ 15770 = P— 155 == m— ‘
| | e | | e
E 10 ; :3 3 10 3 . . ot 3 3
[} | B it e
5 e — ] b 54 R (C—
5 = a . S —— bl f
n 0 3 6 9 12 15 18 21 24 0 3 6 9 12 15 18 21 24 3 6 9 12 15 18 21 24
9.03.2015 TRO1 (69.54, 18.94) 17.03.2015 TROL (69.54, 18.94) 22.03.2015 TROL (69.54, 18.94)
b)
)
@ 30 T e A 30 30 A e
o : ‘ : i T
€25 4—. y 25 25 G ‘
: — - 3 B i i i
:207 ‘:’;t 207 20— -+ ——— o o
— i »—«-w—Mm i .
157 M:’WM 155 55— — -
o ‘ o o
=10 10 0 T f—— |
85 i) 5 5) - e e
S0 BT il ‘ : 0 il T . F
”n 0 3 6 9 12 15 18 21 24 0 3 6 9 12 15 18 21 24 0 6 9 12 15 18 21 24
17.03.2015 VAAS (62.81, 21.77) 17.03.2015 MAR6 (60.43, 17.26 ) 17.03.2015 KLGL (54.53, 20.47)

Figure 2. Development of the TEC fluctuations (ROT) at NYAL and TROL1 stations on 9, 17 and 22
March 2015 (a) and VAAS, MARG6 and KLG1 stations for storm day of March17 (b).

In figure 2 the some events are presented when auroral disturbances developed during morning (March 9), post
noon (March 17) and near noon (March 22). For all cases TEC fluctuations at TRO1 are followed by AE indexes. It
is interesting that fluctuation were registered even in day time of March 22, though this day was not too disturbed
one. Diurnal occurrence of TEC fluctuations at NYAL station differ essential from lower latitude TRO1 stations.
The reason such behavior associated with station location. The NYAL located near cusp, but TRO1 over auroral
zone. At the same development fluctuations corresponds well with the variations of the AE index at both stations.
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During low auroral activity at lower than subauroral latitudes fluctuations were very weak (data not shown). During
storm fluctuations were registered even at midlatitude station of Kaliningrad.

Analysis GPS positioning errors

The PPP errors were calculated using the GIPSY software of the NASA Jet Propulsion Laboratory in the kinematic
mode (http://apps.gdgps.net). On the base the 3D position errors were computed with 5-min interval. The 3D
position error (Psp) was defined as the offset of the detrended coordinate from its median value (Xo, Yo, Zo) and it was
calculated for each epoch [Jacobsen and Déihnn, 2014]:

P3D (i): \/(X(i)_ Xo )2 + (y(i)_ Yo )2 + (Z(i)_ Z )2

The high correlation between the positioning errors and the ROTI for year 2012 at the latitudes 59°-79°N was
found by Jacobsen and Ddéhnn [2014], it was found also for European sector in the study of geomagnetic storm on
17 March 2015. Positioning errors increase exponentially with the increasing of the ROTI. Figure 3 illustrate the
diurnal distribution PPP errors over March 2015 dependence of severe errors. The low values errors which are
registered all day characterize accuracy used PPP algorithm for quiet geomagnetic conditions for TRO1 station.
Position errors >1 m occurred corresponding to the development of ionospheric irregularities within the auroral
oval. Their maximum occurrence is mostly at the equatorward edge of the nightside irregularities oval around
magnetic midnight.
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Figure 3. Diurnal distribution the PPP errors over March 2015 for TROL1 station.

It is well known that positioning errors essentially increase during geomagnetic disturbances. Maximal PPP errors
over March 2015 are registered during severe storm of March 17. The storm time errors can are considered as
indicator of extreme PPP errors at the high latitude ionosphere.

F‘SOO : 16 March E_ZOOO E 17 March
- = ]
c 1000 -
g _ Qm: =
0 I I I ' 0 : T T T 1
£0.2 g
- NYAL ~ 201 NYAL
; \ MMJ‘I il \Nq“hqyr;“k\ it A\M ; . h}
- 0 W {:r\j | j WY *r’ A I a 0 l | ’ rm |
=02+ &
s R <= 201 TRO1
£01] E 10
- ; R 5 8 y
a0 ‘“’W“u“““'“’.'"W""”"““M.M I’“’“}L“f“"’*'”w'\%‘, a — r\,mJ ,\l.l\‘\qdb\i
2027 s 20 -
3 MARG P MARG6
(=] | =
50-17 X £ 10+ q
- P
a 0 W".“"“w‘w‘tATM~MLMI»AL)\‘\M‘J“IJ '”:ﬁ‘nxlg-‘l.\h;}/y”r] 1 g 0 T T ! J‘[JI n | A L
0.2 - 5
E— KL.G1 ’_E: 4 KLGI
,§_0.1 . ; -
; i e J 1l M AM il ; |
« 0 ' wAMle g MAJJ‘?’, Wi\m VI/'M i ] - 0 T T A ‘—AI bty
0 6 12 18 24 0 6 12 18 24
UT, wuacel U, “aen

Figure 4. The 3D positioning errors at different stations for 16 (quiet day) and 17 (storm day) March 2015.
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Figure 4 illustrate that storm time error errors are more than an order of magnitude higher than quiet time. At
auroral latitude maximal errors exceed 20 m. At subaural latitudes errors reached 8-10 m, middle station of
Kaliningrad errors exceed 4 m.

Summary

We analyzed the occurrence of the TEC fluctuations and the positioning errors associated with the auroral
disturbances over Europe during March 2015. These disturbances occurred at the evening time. The maximal
intensity of the TEC fluctuations took place at the auroral ionosphere. Weak fluctuations were observed over
subauroral stations. The effects were related with the dynamics of the auroral oval. We analyzed also an impact of
the geomagnetic disturbances on the Precise Point Positioning errors. The positioning errors were determined using
the GIPSY-OASIS software (APS-NASA). Statistics shown under normal conditions, a centimeter - to decimeter -
level PPP accuracy were registered. During the geomagnetic storm on March 17, 2015 positioning errors dramatic
increased. At auroral stations errors are exceed more than 20 m. Even at middle station of Kaliningrad PPP errors
are reached 5 m.
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Abstract. The purpose of this work is to study the midlatitude effects during substorms observed in different
interplanetary conditions over Scandinavia. To identify the substorm disturbances, data from the magnetometer
networks IMAGE, SuperMAG and INTERMAGNET in the range 31.8° - 75.25° CGMLat and 92° - 104° CGMLon
were used. To verify the interplanetary and geomagnetic conditions, data from the CDAWeb OMNI
(http://cdaweb.gsfc.nasa.gov/), the catalog of large-scale solar wind phenomena (ftp://ftp.iki.rssi.ru/fomni/) and from
the WDC for geomagnetism at Kyoto (http://wdc.kugi.kyoto-u.ac.jp/index.html) were taken.

Two isolated substorms were chosen, with different intensity: ALmin values ~ -270 nT and ~ -1300 nT,
respectively. The first substorm occured on 6 February 2018, at 21:25 UT, under quiet conditions: during slow solar
wind streams. The second substorm, at 19:10 UT on 27 September 2020, originated under moderately disturbed
conditions: during a high-speed stream (HSS) in the solar wind, just after the passage of EJECTA by the Earth.

It was found out, that the latitude of the bay sign conversion from negative to positive values in the case of quiet
solar wind conditions, appeared at latitude, 7° higher than the one in the case of disturbed conditions. In both cases,
the amplitude of the positive bays, after a maximum near the sign conversion latitude decreased gradually towards
the lower latitudes, with a difference between the minimal and maximal amplitude of about 50%. The magnetic bays
kept their duration throughout the whole latitudinal range, ~115 min. for the first case and ~ 60 min. for the second
one. It was ascertained, that the mean positive bays amplitude in the case of disturbed conditions was 4 times higher
than the amplitude during quiet conditions.

Introduction

The main magnetic disturbances in the Earth's magnetosphere are associated with the development of substorms,
which occur more often than magnetic storms. It is known that substorms are a typical phenomenon in the auroral
latitudes (~ 60°- ~ 71° MLAT) [1] but depending on the conditions in the solar wind and the magnetic activity, the
substorms can reach both very high latitudes (>70° MLAT) (e.g. [2,3,4]) and can propagate to middle (~ 50°
MLAT) latitudes [5]. Note, that magnetic substorms at auroral latitudes are observed as negative X bays, and vice
versa, at middle latitudes they are expressed by positive bays in the X-component of the ground-based magnetic
field (midlatitude positive bays, MPB) [6]. The first studies of positive bays considered this effect to be low latitude
reverse currents of the western electrojet [7]. Subsequently, the emergence of positive bays was explained by
ascending field-aligned currents [8]. But then it was discovered that the positive mid-latitude bays, which are usually
observed during the expansion phase of a substorm. Currently the generally accepted view is, that the positive bays
are associated with a substorm current wedge (SCW) [6].

It is worth noting that substorms, which occurred during different conditions in the solar wind can differ
significantly from each other (e.g., [9,10,11]). So, depending on the large-scale structures in the solar wind we can
see various categories of substorms: “limited” and “extended” [12], “localized” and “normal” [13], “substorms on
the contracted oval” and “normal” [14], "polar" and "usually” [15], “high latitude” and “normal” [4], “expanded”
and “polar” [16]. Hence, the development of positive bays at midlatitudes during substorms should also have some
diverse characteristics, according to the different conditions.

In this context the basic aim of this study is to evaluate the mid-latitude effects of substorms occurred over Europe
during different solar wind conditions. Two isolated substorms were chosen, which developed during quiet and
disturbed conditions: on 6 February 2018 and on 27 September 2020.

Data
To identify the substorm disturbances, and to study the further development, data from the magnetometer networks

IMAGE, SuperMAG and INTERMAGNET in the longitudinal band 90° - 104° GMLon, which is round the
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longitude of the Bulgarian station Panagjurishte (~97° GMLon), and the largest possible interval of GM latitudes:
31.8° - 75.25° GMLat were used. To ascertain the interplanetary and geomagnetic conditions, the OMNI data base
(http://cdaweb.gsfc.nasa.gov/), the catalog of large-scale solar wind phenomena (http://www.iki.rssi.ru/omni/) and
the WDC for geomagnetism at Kyoto (http://wdc.kugi.kyoto-u.ac.jp/index.html) have been used.

Interplanetary and geomagnetic conditions
Two isolated substorms were winnowed out for the study.

The first substorm, at 21:25 UT on 6.02.2018, occurred under quiet solar wind conditions. A slow stream was
observed for this day, Vx increased gradually from ~ -320 km/s to ~ -420 km/s before the substorm, the IMF Bz was
~ -4 nT. According Kyoto WDS, the values of the main geomagnetic indexes were moderate: the AL index was
about -270 nT, SYM/H~-5 nT, Kp=1-.

The second event, at 19:12 UT on 27.09.2020 occurred under comparatively disturbed conditions, against an
interplanetary background of a high-speed stream (HSS), just after a small Coronal Mass Ejection (CME),
consisting of Sheath and Ejecta. An interplanetary shock was registered after Ejecta. Before the substorm onset Vx
was about -580 km/s and was on the decrease, the IMF Bz, after fluctuations around 0, jumped down by 8 nT, and
then keeped to -8 nT for more than one hour. The AL index value was ~ -1300 nT, but a magnetic storm did not yet
develop in this time (SYM/H~-25 nT), the general disturbance of the ground-based magnetic field was moderate
(Kp=5-).

Substorms development
The IMAGE magnetometers chain (PPN-NAL) data have shown that more than 3 hours before the substorms there
weren’t perceptible disturbances. The substorm on 6.02.2018 began at 21:25 UT at ~67° GMLat (stations MAS-
SOR), and the center of the westward electrojet was at ~69.7° GMLat (between SOR and BIN) (determined by Z —
component variations).

The substorm on 27.09.2020 started at 19:12 UT at ~67° GMLat (SOR), and the center of the electrojet propagated
to ~75° GMLat (HOR-LYR).

The substorm appearance at midlatitudes

To study the appearance of the selected substorms at midlatitudes, the magnetic field disturbances from auroral to
midlatitudes were examined in more detail by data from 20 stations situated in the following longitudinal and
latitudinal ranges: from 92° to104° GMLon and from 65° to 31° GMLat. This longitudinal range is located close to
the IMAGE meridian (NAL-NUR) and the Panaguriste station (PAG, Bulgaria).

In Fig.1 the variations of X-component of the magnetic field at chosen stations for both substorm events are
shown. The approximate time of the midlatitude positive bays (MPB) onset is marked by red vertical lines. The
MPB are observed in both cases below the negative bays at auroral latitudes. As it is seen from Fig. 1, the bay sign
conversion latitude for the substorm on 06 February 2018 was at about 63° GMLat, between the stations SOD
(Sodankyla) and LYC (Lycksele). The conversion latitude for the substorm on 27 September 2020 was at about 56°,
between the stations UPS (Upsala) and TAR (Tartu). Thus, the latitude of the bay sign conversion in the case of
quiet solar wind conditions appeared at latitude of about 7° higher than the one in the case of disturbed conditions.

From Fig.1 it is seen that the MPB amplitudes in both cases are different. Furthermore, they changed with the
decreasing of the latitude. A difference of about 50% between the minimal and maximal positive amplitude at
different latitudes for each of the cases was obtained.

In Fig.2, the dependence of the MPB amplitude on the geomagnetic latitude for the event on 6.02.2018 (left panel)
and the one on 27.09.2020 (right panel), is presented. In order to reveal better the dependence, in view of the strong
dependence on the geomagnetic longitude, as well, the longitudinal band was divided into three narrower strips
(90°-95°, 95°-99°, 99°-104° GMLon). The data grouped in this way, are indicated by different symbols. The
amplitude of the MPB initially increased towards the lower latitudes and after a maximum at about 50° GM latitude
decreased gradually. It is seen also, that the MPB amplitude during the substorm in disturbed conditions is larger
than the one during quiet conditions. The mean MPB amplitude for the event on 6.02.2018 was ~13.7 nT, and for
the second event on 27.09.2020 - ~55 nT. So, the mean positive bays amplitude in the case of disturbed conditions
was about 4 times higher than the MPB amplitude during quiet conditions.
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X component at chosen stations on 06.02.2018

X component at chosen stations on 27.09.2020
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Figure 1. Variations of the X magnetic component by chosen stations of the INTERMAGNET
magnetometer network observed during both substorms: on 06 February 2018 (left panel) and on 27
September 2020 (right panel). The station name abbreviations are shown at the left side of the graphs, and
their geomagnetic latitudes — at the right side. The approximate time of the MPB onset is indicated by red

vertical lines.
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Figure 2. The dependence of magnetic positive bays (MPB) amplitude on the geomagnetic latitude for the
substorms on 06 February 2018 (left panel) and on 27 September 2020 (right panel). The results for the
examined longitudinal intervals are marked as follows: 90°-95° GMLon — by triangles, 95°-99° GMLon — by

circles, and 99°-104° GMLon — by diamonds (shown in the right part of the panels).

Summary

This study has investigated the effect of two substorms, occurred during different interplanetary and geomagnetic
conditions, namely the substorms at 21:25 UT on 6.02.2018 and at 19:12 UT on 27.09.2020, at midlatitudes. The

following results have been obtained:

1) The latitude of the bay sign conversion from negative to positive values in the case of quiet solar wind conditions

appeared at latitude of 7° higher than the one in the case of disturbed conditions;

2) The amplitude of the positive bays initially increased towards the lower latitudes and after a maximum at about

50° GM latitude decreased gradually;
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3) A difference of about 50% between the minimal and maximal positive amplitude at different latitudes for each of
the cases was obtained,;

4) The mean positive bays amplitude in the case of disturbed conditions was about 4 times higher than the amplitude
during quiet conditions.
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HEFIPOCETEBA{{ KJIACCUPUKAINA HPHYUHHO -
CJEIACTBEHHOMU CBA3U CYBBYPEBOU AKTUBHOCTH C
IMAPAMETPAMU MATHUTHBIX OBJIAKOB COJIHEYHOI'O BETPA

H.A. Bapxatos!, B.I'. Bopo6seB?, E.A. Peynosa®, O.1. SIronkuna?, U.C. Yunanosal

YHuscezopoockuii 2ocyoapcmesennviii nedazouveckul ynusepcumem um. K. Mununa
2PI'BHY «Ilonsapuuiii 2eousuueckuti uncmumympy, 2. Anamumul
$Huoice20poockuii 20cy0apcmeenblil apXumeKkmypHo-cmpoumenbHolii yHueepcumen

AHHOTAIMA

B pabore mpezcraBieHsl pe3ysbTaThl Pa3BUTHA METOJa KiaccH(HUKauu 00pa3oB MPUIMHHO-CIECICTBEHHOHN CBA3M
cy00ypeBOi aKTHBHOCTH 1O MHJIEKCY AL ¢ mapameTpamMu COJIHEYHOTO BETpa M MEKIUIAHETHOTO MarHUTHOTO OIS
JUISL COJIHEUHBIX IIOTOKOB THIa MarHuTHoe obnako (MO). Knaccudukarus BBINOMHAIACE HCKYCCTBEHHBIMHU
HelpoceTsiMu Tumna ciosi KoxoHeHa. YCHEIIHOCTh BBISBICHUS KOHKPETHBIX NPHYMHHO-CIIEACTBEHHBIX KIIACCOB,
COJIepIKaIX COBMECTHBIC apaMeTphl MPUUUH CyOOypeBOil aKTUBHOCTH U €€ Pa3BUTHS, YKa3bIBaeT HA HEJIMHEWHbIC
XapaKTepUCTUKY CBs3M AnHaMuKu AL mHjekca ¢ mapamerpamu B Tenie MO. BaxHbIM sIBiIseTCS TO 0OCTOSITENBCTBO,
YTO pE3yJIbTaThl HEWPOCETEBOM KIacCU(MKAIMKM BIOJHE COIJIACYIOTCS € (U3MYECKUMH MpPEACTaBICHUSIMU O
mpolieccax pa3sBUTUSA CyOOypb.

BBenenue u pa3zBuTHE METOa MPUYUHHO-CJIEACTBEHHON KaaccupuKanuu

MaruuTheie obnaka (MO) COJIHEYHOro BETpa COIJIACHO COBPEMEHHBIM MPEACTABICHUSAM BBI3BIBAIOT HamOoiee
VMHTEHCUBHBIC T€OMarHUTHbIE OypH. DTUM OOBSCHSAETCS MHTEPEC K M3YYEHHIO MarHUTHBIX OOJIAKOB Pa3lMuHBIMH
Hay4yHbIMM Tpynmamu [1]. B 3aBucumocTH OT cKOpocTH 00jilaka OTHOCHUTEIBHO CONHEYHOTO BETpa Ha MepeqHeM
(GpoHTe ero Tema MoXKeT OOpa30BBIBATHCA yIapHas BOJHA, 33 KOTOPOH ciieqyeT TypOyleHTHass 00JacTh, 4acTo
Ha3bIBaeMasi 00010uKoi obaka. MccieqoBanus MOKa356IBAOT, YTO )i OOJILIIMHCTBA MAarHUTHELIX 00JIAKOB HAYajIo
COOTBETCTBYIOIIMX MM TI'COMarHUTHBIX BO3MYLICHHH IIPUXONUTCS Ha YHApHYK BONHY H 00omouky [2-3].
YHOMSHYTBIE HCCIICIOBAHMUS KacalOTCS M3YYCHUs] KOHKPETHBIX COOBITHII BO3ICHCTBHSI MarHWTHBIX OOJAKOB Ha
TE€OMAarHUTHBIC SBJICHUS. YCTAHOBJIEHO, YTO MarHutocepHsle cy0Oypu HecyT B ceOe MH(POPMAIHIO O IMHAMUKE
MapaMeTpoB IIa3Mbl COJTHEYHOTO BETPa M MEXIUIAHETHOro MarHutHoro moiisi. IIpn stom Hambonee 3ddexTrBHON
JUIl TeHepauuu cy0Oypb cuuraercss Bz kommoHeHTa MexmiaHeTHoro MarautHoro moist (MMII). Ilpu stom
VICTOYHMKOM SHEPIUH Cy60yph ABJIAOTCA CKOpocTh (V, KM/C) U moTHOCTS miazMbl (N, cM ™) COJIHEUHOTO BETpa.

Ham noaxon x wm3y4aemMoil mpoOieMe 3akiioyacTcs B TOATBEPKICHUM OTMEUYEHHBIX paHee (U3NYECKHUX
3aKOHOMEPHOCTEH HEHpOCEeTEeBBIMU METOJaMH IPUYMHHO-CIICACTBEHHON Kiaccu(UKalUN CBsI3U CyO0OypeBoit
aKTUBHOCTH C TIapaMeTpaMH MAarHUTHBIX 00yakoB. [IpmHHMMas BO BHHMAaHHE CKOPOCTh M IUIOTHOCTBH IIJIa3MBI
COJTHEYHOT'O BeTpa HaM YJaJloCh BBIITOJHUTD YCTICIIHBIA HeHpoceTeBON MPOrHO3 TUHAMUKN AL -HHAEeKca MarHUTHOM
aKTUBHOCTH B TMEpPHOJBl H30JUPOBAHHBIX cyOO0ypsr [4]. Ilpenmaraemslii MaTeMaTHYeCKMH TIPOLIECC HMEET
¢usmueckoe 00OCHOBaHHME, KOTOpPOE O3HAa4yaeT, 4YTo INpH (HOPMHPOBAHMH CyOOypH NPOUCXOIUT MEPEXOn
HaKOIUICHHON KMHETHYECKOH SHEPTUH COTHEYHOI'0 BETPA B €€ SHEPTHUIO MPH yYaCTHH BO3MYIIEHUS! Bz KOMIIOHEHTHI
MMII. Haubonee s3¢dextuBHBINA mporHo3 Bapuanuii AL wHIekca ObUT peanm3oBaH, €CIM B Ka4eCTBE BXOIHBIX
MocJe0BaTebHOCTEH Al UCKyccTBeHHOW HelpoHHOH cetn (MHC) wucmonmp3oBasicss MHTETPANBHBIA MapaMeTp
2[NV?], yuuTHIBAIOMIMI PEABICTOPUIO MPOLECCA HAKAYKM KMHETMYECKOH SHEPrUM CONHEYHOrO BETpa B
MarHuTOCepy, a Takke Bapuanuio Bz komnonentst MMII [4]. HoBble BO3MOXHOCTH TOWCKAa HPUYHHHO-
CIIEZICTBEHHBIX CBSI3eH MTUHAMUKH IapaMeTpOB MarHUTOC(hEpsl M MEXIUIAHETHOW Cpeibl MCIONb30BaHBI B paboTe
[5], rme HeidpoceTeBass TEXHOJOTHS MpPUMEHEHA Uil KiIacCH(DUKANMU CO3JaBacMbIX 00pa30B MPUUHHHO-
CIIEZICTBEHHON CBsI3M CyOOypeBOil aKTHMBHOCTH C BO3ACHCTBHEM KPYNTHOMACIITAOHBIX COJHEYHBIX ITOTOKOB THIIA
MarHuTHOe 00JaKko Ha 3eMHylo Marautochepy. I[losydeHHBIE TpH 3TOM KITacCU(UKAIMOHHBIE PE3yIbTaThI
JIEMOHCTPHUPYIOT OTOXIECTBIICHHE BBIACICHHBIX KJIacCOB CyOOyph C BO3MYIICHHAMH IapaMETPOB COJHEYHOTO
BETpa U MEXIUIAHETHOT'O MAarHUTHOTO T10JIs, OTBEYAIOINX TEJIaM MarHUTHBIX 00JIAaKOB.

Krnaccudukanms npuanHHO-CIIEACTBEHHOHN CBSI3M CyOOypeBOil aKTUBHOCTH C MAarHUTHBIMHU OOJIaKaMH COJTHEYHOTO
BETpa BBINOJIHSIACH MCKYCCTBEHHBIMH HelpoceTsiMu Tuna cios KoxoneHa. M3yuaemble o0pasbl IpeacTaBIsUIH
co0Oif COOTBETCTBYIOIIME MHHYTHBIE [JaHHBbIE, OTBEYAIOIIMEe HWHTepBataM HaOmoaeHnid MO Bo Bpemst HX
BO3JICHCTBHSI Ha 3€MHYI0 MarHutocdepy. OTH coOBITHS B [S5] moABepranuch pas3iesbHON KilacCU(HUKALUM 10
napameTpaM IpUYuH (mapaMmeTpsl, oTHocsamuecs k MO) u nocnencTsuit  (mapameTpsl, OTHOCAIIMECS K
TEOMarHUTHOMY OTKJIHMKY Marautochepsl). IlomydeHHbIe KIacChl COMOCTaBILUINCH CIENHAIBHBIM aNroputMom. B
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cllyyae COBHAJCHHUS Kjlacca KOMOMHAIMH NPUYMHHBIX IapaMeTpoB C KJIaccoM CyOOypeBOro CieacTBHs, Kilacce
OOBSBIAIICS YCTaHOBIEHHBIM. Bcero Opmio oOHapykeHO 3 Kiacca cyOOypeBOW aKTHBHOCTH. TakuM oOpazom,
MIOKa3aHO, 4YTO WCCIeAyeMble KOH(UIypanuun AnHaMuUKH AL-uHIOeKca cozepxaT B cebe HMHPOpPMAIMIO O
XapaKTepUCTHKaX KPYMHOMAcTaOHOTO IUIA3MEHHOTO MOTOKA THIA MAarHUTHOE O0JIaKo, B KOTOPOE INOTpPY’KaeTCs
3eMHas MarHuTochepa.

B Hacrosimem uCCIeIOBaHWM pa3BUBACTCS YIMOMSHYTHIM BBINIE MeTOX [5] Kmaccuduranuu oOpa3oB MPUIWHHO-
CIIEICTBEHHOW CBA3M CyOOypeBOW aKTHBHOCTH MO HWHACKCY AL ¢ mapamerpamu CONHEYHOTO BeTpa M
MEXXIUIAaHETHOTO MarHUTHOTO TOJISt JUISl COJTHEYHBIX TIOTOKOB THIIA MarHUTHOE 00J1aKo. /IJIst 3TOTO BBIIOJIHSETCS yKe
COBMECTHas NPUYMHHO-CIIE/ICTBEHHAs HeWpocereBas KiaccuduKaiys mapaMeTpoB cosnHedHoro Berpa 1 MMII B
tenie MO c BbI3bIBaeMOi MM cy0OypeBOil akTUBHOCTBIO. [IpM 3TOM CTaBWIOCH NEIbIO YCTaHOBUTH CTEIEHb
COTJIACOBAHHOCTH MOJY4aeMbIX KJIACCOB C KJIacCaMH, YCTAHOBJIEHHBIMHU B [5]. M3yuaemble oOpasbl mpeacTaBIisuig
co00if  COOTBETCTBYIOIIME MHHYTHBIC JaHHBIC, OTBCYAIONIME MHTepBajam HaOmomeHwit 23 MO,
3aperucTpupoBaHHbIX B 1998-2012 rr. B mHTEpBasibl MX BO3ACHCTBUS Ha 3eMHYI0 MarHuTochepy. DTH COOBITHS
MOJIBEPTaIUCh Pa3[eNbHON KIACCH(PHUKAMK [0 TapaMmeTpaM MNpHYuH (TmapaMerpsl, oTHocsmuecs k MO) u
MOCJIEACTBUH (TTapaMeTpPhl, OTHOCSIIMECS K TCOMAarHWTHOMY OTKJIMKY MarHutocdeps!). IlomydeHHBIE KIacchl
COIOCTABILUINCH CHENNANBHBIM alTOPUTMOM. B ciydae coBnageHus kiacca KOMOMHAIMN MPUYMHHBIX [TapaMETPOB
¢ KJ1accoM Cy0OypeBOTO CIIEICTBHSA, KIIACC OOBSABILIICS YCTAHOBICHHBIM.

AJIroputMbl HeiipoceTeBO# Kilaccupukannu

ITpoBepka cIpaBeIMBOCTH IIONYYeHHOH B [5] kmaccudukamum oOpa3oB BKIIOYAOMNX B ceOs MapaMeTpsl
comHeyHoro Berpa © MMII ms Ten MO, a Takke TeOMarHUTHOTO OTKIIMKA B BHJE BEI3BIBAEMOU MMHU CyOOypeBoit
AKTHBHOCTH, BBITIOJHSAETCS COBMECTHOH NPHYMHHO-CIICICTBEHHOM HeifpocereBol kiaccupukamuu. [Ipu sTom
YCTaHABIHMBACTCS CTENCHb COTVIACOBAHHOCTH MOJTYYaeMbIX KIACCOB C KIIACCAMH, OMNPEICICHHBIMI HaMH paHee B [5]
JUIl MHTEPBAJIOB BO3/ACHCTBUS Ha 3eMHYI0 MarHuTocdepy 33 MarHMTHBIX oOsakoB. TakuMm oOpa3om B padote
HCIONIb30BaHbI TE K& MUHYTHBIC NaHHBbIE B3sThie ¢ y3ia http://cdaweb.gsfc.nasa.gov u oreuaroiiie nHTEpBaTamMm
HaOJIOZICHUI 3THUX MEXIUIAHETHBIX MAarHUTHBIX OOJAKOB, 3aperucTpupoBaHHbBIX B 1998-2012 rr. [lns kaxmoro
uHTepBasia MO aHaIM3UPOBAJKCH IapaMeTphl COJIHEUHOTO BeTpa: KOHIEHTpauus N U CKOPOCTh IUla3Mbel V U
KOMIOHeHTHl BekTopa B(Bx, By, Bz) mexmnanernoro marautHoro noist B GSM cucteme KOOpIMHAT, a Tak ke
sHadeHuss SYM/H u AL MHIEKCOB MarHUTHOW aKTHBHOCTU. IHTEpBasibl B3SATHI C Pa3HOU MPOIODKUTEIBHOCTHIO,
omnpejesieMoll NapaMeTpaMyd MarHWTHBIX oOsakoB. Hawano u koHen kaxaoro coObithss MO ompeaeisiuch 1o
00IIeIOCTYITHBIM KaTajoramM. DKCTPEMYMBbl U MHTETPAJIbHBIE 3HAUSHUS! (PU3NUECKUX MEPEMEHHBIX BBIYMCIUIMCH 32
BECh AaHAIM3UPYEMBbI MHTEPBAJ, MHIAMBUAYaIbHBINA A1 Kaxkaoro MO.

CoBMecTHas Knaccu(UKanus IpeanoiaraeT MoITBEpKACHIE MTOTyIeHHBIX paHee B [5] pe3yapTaToB, HO HE MyTEM
COTIOCTaBJICHHUS Pe3yIbTaTOB paboThl AByX HezaBucuMBIX MHC, a Ha emuHO# HeilipoceTn trma ciost Koxonena. s
9TOM LenMM TPEeATokKEeH alroOpUTM MOWCKa KOMOWHAIMHM TapaMeTpoB MJIsl HAWIydIleH COTIAaCOBAaHHOCTH
YCTAQHOBJICHHBIX paHee KJIacCoB W KJIACCOB MOJYYEHHBIX COBMECTHOW kiaccudukanueid. CyTh anropurma
3aKJII0YaeTCsl B KOJMIECTBEHHOM aHAJIM3€ HEHPOCETEBBIX PE3yJbTAaTOB KJACCH(HUKALUK OJHOTO U TOTO ke Habopa
COOBITHI. AJTOPUTM TIOJICYUTHIBAET MPOIIEHTHOE COOTHOIICHUE IIOTAIaHUI» OJJTHOTO U TOTO K& Habopa coObITHIA B
onuH kiacc. Eciin B paHee yCTaHOBJICHHBIN CTapbIi KiIacc MOMAIH BCE COOBITHS, MONyUYeHHBIE B pe3yIbTaTe HOBOH
COBMECTHOHM KJaccuuKalyu, To Takas curyanus cootBercTByeT 100% ¥ Hamiyuineii KoMOMHAIMK TIapaMeTpoB
JUIsl COTJIACOBAaHHOCTH YCTAaHOBIICHHBIX PaHee KJIACCOB M KIACCOB, ITOJIyYeHHBIX COBMECTHOH KiaccuuKaiumeii.

Ha mpakTike oka3anoch, YTO MoJoOpaTh BXOJHbIE KOMOMHAIIMU MapaMeTpoB M IOJYYUTh IPHU 3TOM BBICOKHIA
MIPOLIEHT COTTIACOBAHHOCTH — CIIOXKHas 3a7a4a. KpoMe Toro, B Tpex paHee IMOJydeHHBIX KJIAccaX COIEPIKUTCS pa3Hoe
KOJIMYeCcTBO COOBITHIA. Tak, B mepBoM Kiacce — 4 coObITHA (YCIOBHEIA Bec Kakaoro coOwrtus 1/4), Bo Bropom — 13
coOrrtHit (1/13), B TpetbeM — 6 coObrTHii (1/6). [Tocme mepedopa BceX BOZMOKHBIX KOMOMHAITUH TapaMeTpoB U IpH
ydeTe IepeMelINBaHus COOBITHH B HOBOW KJIacCH(HMKALMHM YJIAlOCh MOJYYHUTh TaKUE MaKCHMalIbHO BO3MOXKHBIC
MPOIICHTHI COTJIACOBAaHHOCTH: JUIA TepBoro kiacca 1/4*4 (Bce coOwbiTMs W3 craporo kiacca) muHyc 1/13%*3
(mobGaBmimch Tpu coOBITHA W3 cTaporo BToporo kmacca) mroro 0,77 (77%); mnst Broporo kmacca 1/13*8 (Bce
coObITHsT M3 cTaporo kiacca) utoro 0,62 (62%); mis TpeTbero kiacca 1/6*6 (Bce COOBITHS M3 CTapoOro Kiacca)
Munyc 1/13*2 (106aBrIHCh ABa COOBITHS M3 CTAPOro BToporo kiacca) utoro 0,85 (85%).

B pesynprate paboTH 3TOTr0 anropuTMa OBIJIO MOKa3aHO, YTO HamboJiee yCHeNIHass COBMECTHAs KIacCHU(pHUKAIHS
BO3MOJKHA TPH BKIIIOYEHHWH B pacueT CIEAYIOIMX IapaMeTpoB: SKcTpeMyM Bz, skctpemym NV2, mHTErpanbHbIN
NV2, unrerpansaeiit SYM/H, skctpemym AL, mHTerpampHbiii AL. Yder 3THX mapaMeTpoB IO3BOJIMII JTOCTHYb
HauOOJIbIIIEH COTIIACOBAHHOCTH C pe3yabTaTaMH [5] U TpeX paHee YCTaHOBIEHHBIX KiaccoB. Kiace 1 mposBisieTcst
B JMHaMUuKe MHIeKkca AL B BUJE yeIMHEHHBIX ciabbIx cyOOyph ¢ MEAJIEeHHO M3MeHsIoleiics Bz-koMnoHeHToi B
tesie MO ¢ Tounoctsio 77%. Knace 2 — ymepeHHble IposiBiieHNs1 cyOO0ypeBol akTHBHOCTH B AMHAMUKe MHaekca AL
B BUJI€ YEJMHEHHBIX WM Ccepuii cyOOyph, BHI3BIBAEMBIX MHTEHCUBHBIMU U3MeHEHHsIMH Bz B Tene MO ¢ TOYHOCTBIO
62%. Knacc 3 — skcTpeMalibHbIe TIPOsIBIEHHUS CyOOypeBOi akTUBHOCTH B BHJE CepHil CyOOyph C AKCTpeMalIbHBIMU
3Ha4eHUsAMH HHJeKca AL, OTOXAECTBIIAEMBIE CO 3HAUUTENIBHBIM POCTOM UMHTErpanbHON BennuuHsl NV2 B Tene MO
¢ TouHOCTBIO 85%. Kaxmprii BeIJENEHHBIN KilacC MPEICTaBIsIeT COOOH NPHYMHHO-CIIEACTBEHHYIO CBS3b THIIOB
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Hetipocemesas knaccugpuxayus npuuunHo-ciedcmeeHHou céa3u cyooypesoli akmugHOCMU ¢ NApamempamu MazHUMHbIX 061aK08...

cy00ypb C KOHKPETHBIM THIIOM BO3MYIIEHHH MMapaMeTpoB coiHeuHoro Betpa 1 MMII B Tene MarHUTHOTO o0JaKa.
PesynpTaTel HelipoceTeBoi KiaccH(UKAMN BIOJHE COINIACYIOTCA ¢ (QU3MYECKUMH IPECTaBICHHIMH O MPOLeccax
pa3BuTtHa cyOOypb. OHH TpencTaBieHBl Ha pHC. | B BHIE AWArpaMMbl THIIA «pamap», TA€ KaXAbIA YTOl
OTCUMTHIBACTCA OT LIEHTPAa Ha PAcCTOSHUE, COOTBETCTBYIOIEE YPOBHIO IapamerpoB. OTcyeT mapameTpoB
Ha4YMHACTCS CIpaBa M JaJiee 0 KPYry IPOTUB YaCOBOH CTPEIIKH.
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Pucynok 1. Pe3ynbTaThl COBMECTHOW KiIacCH(UKAIMH COOBITHHA, acCONMUPOBAaHHBIX ¢ Temamu MO.
OnMHAKOBBIM LBETOM B KaxIOH Tpymme (CHHWMH — kimacc 1, 3ermeHBIi — Kiace 2, KpacHBI — Kiacc 3)
MOKa3aHbI COTJIACOBAHHBIE C MPEABIAYIINM pe3yabTaToM B [5] ciryuan. Yucnamu yka3aHbl HOMepa COOBITHHA
MO wu3 Tabmuusl 1. [Topsgok mocTpoeHus JaHHBIX: 3KcTpeMyM Bz, skctpemym NV2, nnterpanbhbiii NV2,
unterpaibHelii SYM/H, akctpemym AL, nnterpanbshbiii AL.
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/
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3akiIoueHne M BHIBOJILI

UuncneHHbIE HKCIIEPUMEHTHI IOKa3and, 4TO HauboJiee yCIellHas COBMECTHAs KiaccH(uKalms BO3MOXHA HpH
BKJIIOUEHUH B PacueT CIEAYIOIMX NapaMeTpoB: skcTpemyM Bz, skctpemym NVZ, unrerpansubii NV2, skcrpemym
AL, urTerpansHeit AL. B uncio ucmons3yeMbeIX mapaMeTpoB JUIS HOBOW KiaccH(UKAIUM ObUT BKIIFOYEH HWHACKC
r106aJbHOM T€OMArHUTHOW AKTHBHOCTH BBIYMCIsieMO Ha ocHoBe SYM/H. Ydyer storo mapamerpa MO3BOJIHI
JIOCTUYb HaMOOJIBIIEH COTIIACOBAHHOCTH C PE3y/IbTaTaAMHM TI0 OTIPEIESIICHHIO TPEX paHee YCTaHOBJICHHBIX KIIACCOB.
Krnacce 1 mposiBasiercst B tuHaMuke nHAEKca AL B Bujie yeIWHEHHBIX CIa0BIX CyOOyph ¢ MEUIEHHO M3MEHSIOMIEHCs
Bz-komnonenroit B Tenne MO ¢ TouHOCTBIO 77%; Klacc 2 — yMepeHHBIE NPOSBICHUS CyOOypeBoil akTUBHOCTH B
JMHAMMKe UHJeKkca AL B Buie yeAMHEHHBIX WIN Cepui CyOO0ypb, BBI3BIBAEMBIX HHTEHCUBHBIMH N3MEHEHHUsIMH Bz B
tenne MO ¢ ToyHOCTBIO 62%); Kilacc 3 — BKCTpeMalibHBIE INPOSBICHUSI CyOOypeBOH akTHBHOCTH B BHIE CEpUH
cyoOypp C DOKCTpeMalbHBIMM 3HadeHUSIMH HHAEKca AL, oTokmecTBisieMble €O 3HAYUTENBHBIM POCTOM
MHTETpaJIbHON BEJTUYHHBI NV2 B tere MO ¢ TouHOCThIO 85%. Kasknplil BbIIEICHHBIH HAMH KIACC TIPEJCTABISAET

34



H.A. bapxamos u op.

cO0OH NPUYMHHO-CIICJICTBEHHYIO CBSI3b THUIIOB CyOOyphb C KOHKPETHBIM THIIOM BO3MYILCHHH IapaMeTpoOB
comHeyHoro Berpa © MMII B Tene MarHUTHOTO OOJaKa.

YCnemHoCTh BBISABICHHSI KOHKPETHBIX IPHYMHHO-CIICICTBEHHBIX KIIACCOB COJEPIKAIINX COBMECTHBIC IApaMeTPhI
IpUYMH cyOOypeBOH aKTHBHOCTH M €€ Pa3BUTHUS yKa3bIBACT Ha HENMHEHHBIE XapaKTEPUCTHKH CBA3M NUHAMHKHA AL
nHAekca ¢ mapamerpamMu MO. BaxHBIM SBIAeTCS TO OOCTOATENBCTBO, HUTO pPE3YNbTaTHl HelpoceTeBon
KJIacCH(UKAITUH BIIOJTHE COTIIACYIOTCA ¢ (PH3MUECKIMH MPEICTABICHUSIMH O IIPOLIECCaX Pa3BUTHS CyOOypb.
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CYIHEPCYBBYPA 20 AEKABPA 2015 TO/JIA:
MAT'HUTHBIE DOPEKTbHI HA PAZHbBIX HIMPOTAX

A.A. JTrio6unat, U.B. J>crmpak?, H.I'. Kneiimenosa?, P. Bepuep®

Y\@I'BHY «llonapuviii 2eopusuueckuii uncmumymy, 2. Anamumoi, Poccus
2H}Ltcmumym Qusuxu 3emnu (MDP3 PAH), 2. Mockea, Poccus
SUncmumym Kocmuueckux Hceneoosanuti u Texnonoeuii (MKUT), BAH, 2. Cmapa 3azopa, Boneapus

AOCTPaAKT. Amnanusupyercs cynepcyOOyps (odeHbp WHTeHCHMBHas cyOOyps ¢ SML unmexkcom ~2100 uTx),
HaOmonaBmasicst 20 nexadpst 2015 roma (¢ Hawasom B 16:13 UT) Bo BpemMsi MHTEHCHBHOI MarHMTHO# Oypw,
BBI3BAaHHOH BO3/IEHCTBHEM Ha MarHUTOC(Epy MAarHUTHOTO OOJlaka ¢ yCTOWYHMBHIM IOKHBIM HampaBieHuem MMIL.
IToxa3aHo, 9TO0 HOHOC(EpPHBIE TOKH, COOTBETCTBYIOIIHE 3TOH Cynepcy00ype, pa3BHBANIKCE B ITo0aNbHOM MaciiTabe
— OT NO3JHE-YTPEHHETO [0 BEYEPHEro CEKTOpOoB. Bo BpeMs ee pa3BUTHS HaOMOAajics OYEHb WHTEHCHBHBIN
3amajHblil ANEKTPO/DKET C MakCHMyMOoM B yTpeHHem cektope (~06 MLT). B Beuepuem cextope (~18 MLT)
HaOoasIcs BOCTOUHBIN 3IIEKTPOpkeT. Bo Bpems B3pbIBHOW (as3pl cyOOypHu B BEUEpHEM CEKTOpE HAOIIONAINCh
BapHaldy MarHUTHOT'O TOJS, COOTBETCTBYIOIIHME IOSBICHUIO JIOTIOJHUTEIHHOTO TOKOBOTO KIMHA OOpPaTHOTO
HampaByieHus. Pa3ButHe CyO0OypH CONMPOBOXKIAIOCH TIOSBICHHUEM OOJBIIONW IOJIOKUTCIBHON BapHaluud X-
KOMIIOHEHThl MAarHMTHOTO IO Ha TEOMarHuTHBIX MHIMpoTax oT ~60° mo ~50°, yTOo MOIVIO MPHUBECTH K
HaOmogaemMomy ummyiascy MPB-unaekca (Midlatitude Positive Bay index).

Beenenne

Cxema pa3BuTHs cy0Oypu BIiepBBIC OBITa pa3paborana Ooiee momyBeka Hazan (Axacogy, 1971, Cmapkos u
Denvowmenr, 1971; Hcaes u Ilyooskun, 1972). 3a mpomeanze roasl MHOTOKPATHO MPOBOIMIACEH KIIacCU(UKAIUSL
cyOOyph TO pasnMYHBIM XapaKTepPHbIM TPH3HAKaM, BBIICJSUINCH HX OTHCNbHBIE THIIB, pa3pabaThIBaINCh
¢usmueckne mMonenu cyOOyph, B 0OIIEeM, MPOMUCXOAMIO HAKOIUIEHHE M aHalHM3 HOBHIX (PAaKTOB. DTHM BOIpOCAM
MOCBSIILIEH OIPOMHBIH IUTacT juTeparypsl. He Oyzem ero 3aech BCKpHIBAaTh, a cpasy IepeiieM K HHTEPeCcyIoeMy
Hac Bompocy. OTHOCHTEIBHO HEAaBHO B OTACIBHBIH KIacc ObLTH BIACICHBI cynepcyo0ypu (Tsurutani et al., 2015).
Cynepcy060ypsimu (SSS) ObUH Ha3BaHBI HHTEHCHUBHBIE CYyOOYpH, BO BpeMsi KoTopbix SML uHaekc omyckasics Huxe
-2500 uTn. HamomMHuM, 4TO M3HA4YalIbHO JUIS OIEHKA T'€OMarHUTHOW aKTUBHOCTH ObLT mpemnokeH AL-uHpexc,
paccunThIBaEMbIil 110 T€OMAarHUTHBIM CTAHIHSAM, DAaCIOJIOKEHHBIM B aBpOpalibHOW 30He. OJHaKO, B O4YEHb
BO3MYILEHHBIE TEPHO/bI, HANpPHMEpP, BO BPEMs MarHUTHBIX Oypb, I'€OMarHUTHas aKTHBHOCTb MOXET CHIJIBHO
CMelIaThcs MO IINPOTE, OTHANSSICH OT «TPAJUIMOHHBIX» aBPOPAJBbHBIX cTaHUWi. UTOOBI, B 4acTHOCTH, JIydile
ydecTb TakKMe CMelleHus Obul mpemnoxkeH SML wmHAekc, paccuuThiBaeMblii 1o OoOJNbIIEMYy YHCIY CTaHIHH
SuperMAG, Bkitouasi CTaHIIUH, PACIIOJIOKEHHbIE YKBATOpUabHEE U moJisipHee aBpopanbHbix mupot (Newell and
Gjerloev, 2011; Gjerloev, 2012). OtmeTum, 4TO BBIOpaHHBIN KpuTepHii cynepcyo0yps SML < -2500 uTn He umeer
YeTKUX (U3MYECKNX OOOCHOBaHWH, TO €CThb, SBISETCS, B HEKOTOPOM CMBICIE, IPOM3BOJIBHBIM. VHorma
cynepcyOOypsiMH Ha3bIBAIOT M YyTh MEHEEe HWHTEHCHBHbIe coObiTHs. Hampumep, [ocnupax u op. [2021]
HCIIONB30BaNK Oostee Msrkuil kpurepuit SML < -2200 uTn. Zong et al. [2021] cy66ypu ¢ 1000 < AE < 2000 nT
Has3bIBaIM CWibHBIMH, a Juia SSS — AE > 2000 nT. YcraHoBieHo, uto SSS 00bIYHO HaOMIONAIOTCS BO BpeMs
MPOXOKACHUsT MarHUTHEIX 00s1akoB (MC) conreuynoro Berpa (CB) minu npemiecTByoIed uM nepexoqHoi 00acTu
(Sheath), mpu BBICOKHX mMIOTHOCTSAX conHedHoro Betpa (CB) u GonblIMX OTPHIATENBHBIX 3HAUCHHAX Bz-
KOMIIOHEHTBI MeXIUTaHeTHoro maruutHoro nosst (MMII) (Hajra et al., 2016). o cux mop ydYeHbie CIODSAT,
ABISIOTCS 1 SSS MPOCTO OYEeHb HWHTEHCHBHBIMH CYOOypsSIMH WM OHH OONagaroT CIenU(pHISCKAMHI
0COOCHHOCTSIMH, OTIUYAIONINMHA UX OT OOBIYHBIX CyOOYph, WK ake MPEICTABISIOT cOO0M BOOOIIEe 0COOBII Kiacce
SIBIICHUH.

Eme Ha 3ape uccienoBanus cyoOypb MpeArnosaraiy, 4T0 ¢ HOIMH CBS3aHbl CBOM HOHOC(EPHbIE TOKOBBIE CHCTEMBI
(manpumep, [1yooskun u dp. [1977]). TokoByto cucremy cy60ypu DP1 pasmensimu na nse wactu - DP1y u DPyo.
Cuctema DP1» siBIIsSIeTCSI OTHOCHTENBHO CTAaOWIIBHOM, CYIIECTBYIOIIEH Ha BceX (azax cy0Oypw, cucremoit. C Hel
CBSI3aHBI 3aIaHBIN (B yTPEHHEM CEKTOpE) M BOCTOUHBIHN (B BEYEPHEM CEKTOpE) AIIEKTPOKETH. Ee MOoXXHO Ha3BaTh
peasbHON TOKOBOM CHCTEMOM, TaK KaK ¢ Hell CBsI3aHbI pealibHble HOHOC(HEPHBIE TOKH, HAIIPUMEp, TOKH PacTeKaHusl,
TeKyliue B HoHochepe CPeHUX MIMPOT U ToisipHOM manku. TokoBas cucrema DPi1i, B cBoto ouepens, cBsizaHa ¢
B3pBIBHOM (a3oii cyOOpM M OOBIYHO NPHBOAWT K YCHJICHHIO 3alaHOTO JJIEKTPO/KeTa B HOYHOM cekTtope. Ee
CYMTAIOT SKBHUBAJIEHTHONH TOKOBOW CHCTEMOM, TaK KaK OHa OOBIYHO HE CBs3aHA C PealibHbIMU TOKAMH, a SIBISETCS
JIIByMEPHBIM OTPaXCHHEM TPEXMEPHOH MarHUTOC(hEepHO-HOHOC(PEpPHOH TOKOBOHM cucTeMol. Takyio TpexmepHYyIo
CHCTEMY 4acTO Ha3bIBAIOT TOKOBBIM KIMHOM cy60ypu (SCW) (McPherron et al., 1973). Zong et al. [2021], Fu et al.
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[2021] mpuuutk K BBIBOAY, YTO BO BpeMs cynepcybOypb, B OTIMYUHE OT OOBIYHBIX CyOOYph, B BEUCPHEM CEKTOpE
oOpasyeTrcs IOMONHUTENbHBIN TOKOBBIH KJIMH OOpaTHOTO HampaBICHUs (BTEKAIOMIMH TOK PAcIONOXKEH 3amajHee
BBITEKAFOIIETO), IPUBOASIINN K YCHICHHIO BOCTOYHOTO 3JIEKTPOIKETA.

CrencTBueM pa3BUTHS TOKOBOTO KIMHA CyOOYpH SIBISICTCS MOSIBICHUE MOJOXKUTEIBHONH OyXTHI B X-KOMIIOHEHTE
TeOMarHuTHOTO Toyisi Ha cpemamx mmporax (McPherron et al., 1973). B passutue 3TOH Waew HEJABHO ObLT
npemtoxkxed MPB (Midlatitude Positive Bay) urmexc (Chu et al. [2015], McPherron and Chu [2016, 2018]). Ha
JTAaHHBI MOMEHT METOJMKA €TI0 BBIYHMCICHHS NMPOAODKaeT nundonarscs. CymecTBYIOT [1Ba CIIETKa OTINYAOIINXCS
cnucka MPB unzaekca 3a nepuon npumepHo ¢ 1982 roxa. MIx MOXXHO HalTH B JOMOJHHUTENBHON MH(pOpPMaUu K
unrepuet-Bepcun cratbu McPherron and Chu [2018]. Pasnuums B MeTOAMKaxX pacdeTa OMHCAHbBI, HAPUMED, B
pabore McPherron and Chu [2016]. T'maBroe mis Hac pasnuuue: cmucok McPherron monyden mo panubiM 36
CTaHIHUI C TEOMATHUTHOM IMUPOTOH Amag MeXkIy -50° u 50°, Torma kak cmmcok Chu coctaBnen mo maHHBIM 41
CTaHIMY CEBEPHOT'O M F0XKHOTO moiymmapuii ¢ 20° < [Amag| < 52°.

Msl npoananuzupyeMm cynepcy00ypro, Habmopasuryrocs 20 nexabpst 2015 roma. Ompenenum, MMeEeT JIM OHa
0COOCHHOCTH B Pa3BUTHH, OTIMYAIOLINE €€ OT TUIMYHOH cyO0O0ypH. 3a0HO PacCMOTPHUM, KaKkue BO3MYILEHHS OHA
CO3J1aeT HA CPEJHUX MIUPOTaX.
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Pucynox 1. Moxnyns MMII, By u Bz xomnonentst MMII (B cucreme GSM), CKOpOCTh M JUHAMHYECKOE
nasnenne CB, reomarauthsie unaexkcsl MPB, PC, SYM/H u SML 3a nepuog ¢ 12 UT 19 gexabps mo 24 UT
21 nexadps 2015 roma (cieBa) u ¢ 12:00 mo 23:00 UT 20 nexabps (crpasa).

Onucanue coObITUSA

ITocmotpum Ha Puc. 1, roe nokazano nosenenne MMII, HexoTopsie nmapaMeTpsl CB U reomMarHUTHBIE MHIIEKCHI 3a
untepsai ¢ 12 UT 19 nexabps no xonmna 21 nexadps 2015 rona (ciesa). Jleranpreit mokaszan nepuoj ¢ 12 mo 23 UT
20 nexabps (cripaBa). MBI BUAMM NMPOXOKIEHHE MUMO 3€MJIM MarHUTHOTO 00JaKa, mepel KOTOPBIM pacIojaraeTcs
nepexonHas obnacts (Sheath). CB siBnsieTcs OTHOCHTENIBHO MEJICHHBIM, €0 CKOPOCTh MAKCUMANbHA B IEPEXOIHOM
obmnactu n He npeBbimaer 505 km/C. B aToM coObiTiH HaOIrOIaeTCsl OYEHB BBICOKAS IDIOTHOCTH COJIHEYHOT'O BETpa
(mo ~50 wactu B cM® B mepexonHoOl 06mactu U 10 ~70 gacTui B cM® B Havane MC), 3a C4ET 4ero HMEEM BBICOKOE
nuHamudeckoe nasienne CB. B marHutHOM oOnake HaOiromaeTcsi yCTOHUMBO oTpuuarenbHas Bz xommoneHTa
MarHuTHoro mnois (omyckaercst 1o -19 uTun). 3a cuer Beicokoit mumotHocTH CB 1 oTpunarensHOl Bz-KoMIIOHEHTHI
MMII HaGimonaeTcst OONBIION MPUTOK SHEPTUH B MarHuTocdepy. B pesynbrare Ha 3emiie paspirpajiach MarHUTHas
Oyps (Dst wmupmexc mocruran -155 uTa, SYM/H omyckancs o -170 uTi, 4TOo COOTBETCTBYET HHTEHCUBHOM
MarHuTHOM Oype cornacHo, Hampumep, Hajra et al. [2016]). Bo Bpemst MarHuTHO# Oypr HAOIIOAATOCH HECKOIBKO
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cy060ypb. Bo Bpemst omnoit u3 Hux, B 16:13 UT, SML-unnekc omycrmics no ~-2100 uTn, B atoT MomenT AE-
uHAekc Obul paBeH 1946 HTn. OTO COOBITHE YYTH-UyTh HE NOTATHBACT NIO CYNMEPCYOOYPH COTIIACHO «MSTKOMY»
kputeputo [Jocnupax u op. [2021] (SML < -2200 uTim) u momamaet MOYTH TOYHO HA TPAHHUILY MEKIY CHIBHBIMH
cyo0ypsimu u SSS cormacHo Zong et al. [2021] (AE = 2000 nT). He Gyem 3/1ech 3aHUMATBCS «KPIOYKOTBOPCTBOM)
W OTHECeM 3TO coObITHe K cymnepcy0Oype. Bo Bpems marHuTHOH Oypu HaOIIOHAIOCH HECKOJBKO BCIICCKOB
cpenuenmporHoro MPB-unnekca. Bo Bpems cymepcy00ypu, B 16:23 UT, sTOT MHIEKC, SBISIONIMIACA CpeaHEH
CYMMOH KBaJIpaTOB BapHallMii FOPU30HTAJILHBIX KOMIIOHEHT MarHHTHOTO IOJS Ha CTaHIMAX B HOYHOM CEKTOpE,
nocruran ~ 4000 uTn? 3nech Mbl ucnonb3oBamu crucok Chu (McPherron and Chu [2018]). Makcumym GbL
JIOCTHTHYT B OCHOBHOM 3a CUET Bapuanuii 5X? (3eneHas quHus Ha mpasoM rpaduke). Habmronaemoe 3nauenue MPB
MHJIEKCA HAMHOTO TIPEBBINIAET MUHUMAIBLHOE TIOpOroBoe 3Hadenue (25 HT?%), UCrosb3yeMOoe MpH 0TOOpE COOBITHIA
OpH aHaNu3e CBA3M MHICKca ¢ cyOOypeBoit akTuBHOCThIO (MCPherron and Chu [2016, 2018]). OtMetuM, 4TO BO
BpEMsI IPOXOYKIEHHS. MAaTHUTHOTO obJiaka ObLIM U Apyrue Beriecku MPB unziekca, Bruiots 10 6600 HTn?; npsamoit
cBsi3u Mexxay BeinunHod MPB mHzaekca n amrummTyznoii Bapuanun SML uHaekca 3aech He HabroaeTcst.
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PucyHnok 2. Maraurorpammsl ctaniuii cetd SUPerMAG ¢ 10:00 mo 20:00 UT 20 nexabps 2015 ropa. a) Ha
TEOMarHUTHBIX MHpoTax ~65 - 70° (reOMarHUTHBIE MUPOTA U TOJTOTA YKa3aHbl HA rpadukax) Uil CTaHIUN
Andenes (AND), Jlosozepo (LOZ), Amaepma (AMD), Jukcon (DIK), Tukcu (TIK), Barrow (BRW) u
Norman Wells (C07) [auama3on m3menenuii mo ocu Y ot -2200 mo +2200 uTi]; 6) Ha reoMarHUTHBIX
mupoTax ~56 - 60° s cranmmii Lerwik (LER), Dombas (DOB), Solund (SOL), Uppsala (UPS), Nurmijarvi
(NUR) u Kiumogckas (KLI) [munanason mo ocu Y ot -1000 mo +1000 uTin]; B) Ha cranimu Mocksa (MOS)
[mranazon mo ocu Y ot -200 no +400 uTx].
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Bapnamm MArHUTHOI'O I0JIsl HA 3eMHOM MOBEPXHOCTHU U HA HHU3KO0Ii 0K0J103eMHOMH opﬁnTe
Paccmorpum CesepHoe momymapue. Bo Bpems cymepcyo0ypu (Muammym SML mHAekca OBUT 3aperuCTpHUpPOBAH B
16:13 UT) nenouka crannuit IMAGE pacnonaramaces B Beueprnem cekrope, MLT ~ 17-18 wacos. Hax Kananoii u
Ausckoit 6610 yTpo, MLT ~ 5-7 wacos, B Cubupu O0puta HOUb. AHanu3 gaHHBIX Hernoukn |IMAGE moxaszam, 9o Ha
ceBepHbIX cTaHusax, oT Ny-Alesund (Amag #75.3°) 10 OUlUjarvi (Amag #61.0°), HaGMIODATACH OTpHIATENbHAS OyXTa
B X-KOMIIOHEHTE€ MarHUTHOTO ToJisi (camas riryookas Oyxra ~ -850 HTn Opura 3apeructpupoBaHa B Ranua, Amag =
62.1°). B arto Bpems toxHee, o1 Mekrijarvi (Amag #59.1°) no Birzai (Amag #52.3°) BumHA MOJOKHUTEIbHAS OyXTa,
HMeIoIas MakCUMyM Takxke ~850 HTI Ha Amag ~ 57°. Ilenouka cranmuii IMAGE (http://space.fmi.fi/image/) nmeer
BBICOKYIO IUIOTHOCTH MarHHTOMETPOB, XOpollee BpeMeHHoe pasperierne (10 ¢), HO orpaHHYeHa B NPOCTPAHCTBE.
s ananmsa MoBeeHHUsS MarHUTHOTO TIOJS Ha Pa3HBIX TOJTOTax ymoOHee MCIONb30BaTh 0a3y maHHBIX SUPErMAG
(http://supermag.jhuapl.edu/). Ha Pucynke 2 moka3aHsl MarHUTOTPaMMBI Ha pasHbIX jgoiarotax. OT BedepHero Jo
yIpeHHEro cextopoB, oT ceBepa Hopsermu (AND) uepes Cubupp mo ceepo-3amaga Kawanmer (C07), moutu
OJTHOBPEMEHHO BH/HA OTpHUIaTeNIbHasl OyxTa B X-KOMIIOHEHTe. Bo3MyIleHHss MakCUMalbHEl B YTPEHHEM CEKTOpE,
Ha Ansicke (BRW). B ato ke Bpemst Ipu Amag ~56 - 60° BuiHa nooKUTENbHAs OyXxTa B X-KOMIIOHEHTE OT ceBepa
ornanmuu (LER) uwepes ror CkanmmHaBum no tora Apxanrensckod obsactu (KLI). Bupna mm srta Oyxra
BOCTOYHEE, 32 YpaloM — HEHM3BECTHO, HET NaHHBIX HA HY)XHBIX IMHMpOTax. [IpyM NBIKEHWH Ha 3amaJi UMITYJIbC
pacmpseTcs, a BpeMsi perucTpalii HEMHOT'O Bo3pacTaeT. [1010KHUTeNnbHbIH UMITYJIbC BUAEH M Ha MIMPOTax ~52°, B
Mockge, Kazanu u oxono ExarepunOypra. B Mockse ammumTyna ummnysnbca npessimiaer 100 HTn. Otmerum, 4To
MockBa momazaeT B Auamna3oH mmpoT, ucrnonbdyembiii Chu (McPherron and Chu [2018]) mns pacuera MPB-
MHJEKCA, XOTS U HE BXOJHT B €ro CIHCOK MCIONb3yEeMbIX CTaHIIUH.

C noMoUIpI0 JaHHBIX MarHUTOMETPOB ceTH SUPErMAG MOXHO HOJIyYHTh NPOCTPAHCTBEHHYIO KapTHHY BapHaluil
marautHoro mnoms. Ha caiite http://supermag.jhuapl.edu/, wucnons3yst u3MepeHUs: MarHUTHOTO TONSL  C
OJHOMHHYTHBIM Pa3pelIeHHeM, CTPOST MTHOBEHHYIO KapTy BekTopoB B CeBepHOM w/uin FOxkHOM mouyrapun. Ml
UCIIONB30BAM KAapTy BEKTOPOB MAarHUTHOTO IIOJs, MOBEPHYTHIX Ha 90° rpaxycoB IO YacoBOW CTpenke, B
T€OMarHUTHBIX KoopauHatax st CeBepHOro moiyiiapus. B mpeanosnoxeHuu, 4To Bapualdyd MarHUTHOTO IOJIS
CO3JIAF0TCSl TOKAMH pacTeKaHusi B HOHOc(epe, TaKUe MOBEPHYTHIE BEKTOPA YKa3bIBAIOT HAIIPAaBIEHHE HOHOC(HEPHOTO
TOKa. J[MMHa BEeKTOpa COOTBETCTBYET BEJIMUMHE BapUallMii MarHUTHOTO MOJIs (MM IUIOTHOCTH TOKa). BHauane, Ha
npeABapuTeNbHON (haze cyOOypH, MBI BUIUM 3alaiHbIi (B yTPEHHEM CEKTOpE) U BOCTOYHBIN (B BEYEPHEM CEKTOPE)
aNeKTpopKeThl. Ha puc. 3a cieBa 3J1eKTpOKETHl CXeMaTHYeCKH IOKa3aHbl KpacHOM M cuHell crpenkamu. Ha
B3pBIBHOH (aze cyOOypH CHUIIBHO BO3pacTaeT BEJIMYMHA 3aIaJHOTO 3JIEKTPOKETa, BOCTOUHBIN dJICKTPOKET TaKKe
ycumuBaercs. Ha puc. 36 (1 3B) cieBa BOCTOUYHBIHN AIICKTPOIKET CXeMATHICCKH ITOKa3aH CHHEH CTpelKod. 3aTeM B
BCUCPHEM CEKTOpe HauynWHAeT HaOJIIONAThCS BpalleHHe BEKTOPOB BOKPYI BOCTOYHOIO 3JIeKTpokera. HOxkHee
(ceBepHee) 3IEKTPOIXKETa MOBOPOT OCYLICCTBISCTCS 110 (IIPOTHB) YacoBol crpenku. Ha puc. 3B obnactu moBopora
BEKTOPOB CXEMAaTHYECKHM OTMEUCHBl CHHHMH OBaJaMH C YKa3aHHEM HX JOJNTOTHBIX pa3dMmepoB. HaOmronmaemas
KapTHHA COOTBETCTBYET IMOSBICHUIO B BEUCPHEM CEKTOpPE [OMOJHHTEIBHOIO TOKOBOTO KIMHA CyOOpH, dYTO
noaTBepkmaet BbiBoasl Zong et al. [2021] u Fu et al. [2021]. 3arem, Ha ¢aze BOCCTAHOBICHHS, BO3MYIICHHSI
HAYMHAIOT 3aTYXaTh.

Cerp SuperMAG paer, Tak ckasaTb, B3IJIsLI Ha HWOHOC(eEpy CHU3Y, C 3€MHOH moBepxHocTd. Ho MoxHO
MOCMOTPETh Ha HOHOC(EpPy M CBEPXY, C HHU3KOH OKOIO3eMHOW OopOuTHL. Takyro BO3MOXXHOCTH IPEIOCTABIISIET,
nanpumep, npoekt AMPERE (Active Magnetosphere and Planetary Electrodynamics Response Experiment).
Hcrnonbk3yss u3MepeHusi MArHUTHOTO TMOJISL HA CITyTHHKax CBsi3u Iridium, uMeronmx KpyroByr MOJSIPHYIO OpPOHUTY
BBICOTOH OK0JI0 780 KM, IONYYaroT KapTy paclpelesieHHs BapHalui TOPH30HTAJBHBIX KOMIIOHEHT MarHHTHOTO
noyisi Ha 3Toil BbIcoTe. Pemas oOpaTHYI 3amady, BOCCTAHABIMBAIOT BEPTHKAIbHBIC TOKH, CHOCOOHBIE CO3IaTh
HaOmonaemMple Bapuanuu. lcmonedyemass MaTeMaTHyeckas NpoLeaypa M ONHCaHHE CO34aBaeMOr0 HAay4HOIO
MpoJyKTa IpUBE/ICHBI, HanpuMep, B padborax Anderson et al. [2014], Waters et al. [2020]. Kaptsl pacnpeneneHust
BapHalMii MarHUTHOTO MOJSI M BEPTHKAJIbHBIX TOKOB AOCTYIHBI Ha caiite http://ampere.jhuapl.edu/. [Tns tpex
pPacCMOTPEHHBIX BBILIC MOMEHTOB BPEMEHH KapThl SKBHBAJIICHTHBIX BEPTHUKAJBHBIX TOKOB IOKa3aHbl Ha pHC. 3 B
npaBoil  KoyioHKe. KapThl NMPOCTPaHCTBEHHOTO paCHpeleCHUs] BTEKAIONIMX M BBITEKAIOUIMX TOKOB, B IIEJIOM,
HEIUIOXO COTNIACYIOTCS CO CXEeMOM, mokasaHHo# B pabote lijima and Potemra [1978]. B BeuepHem cektope, B
00J1acTy TOSIBJICHUS JTOMOJIHUTEIBHOTO TOKOBOTO KJIMHA, Ha KapTe TOKOB IOSIBISIETCS JOMOJHUTENbHAs 001acTh
BTEKaromero Toka (mpaBas 4acTh PHUC. 3B). DTOT JOMOJHWUTEIHHBIM BTeKarommii TOK Ha kaprtax AMPERE
Habmonaercs B unTepBaie 16:00 — 16:30 UT (kapTsl cTpositces 3a 10-MHHYTHBIH HHTEpBall) Ha mupoTax ~50-55°.

Pe3yabTaThl 1 HX 00CYKIEHUE

IMonsenem nrorn ananmsa cynepcy60ypu, HaOmoxasieiics 20 nexadpst 2015 roga B ~16:13 UT. Cymepcy60ypst
Ha0mo1anack BO BpeMsl NMPOXOXKACHUS MUMO 3€MJIM MarHMUTHOTO 00Jlaka MPH yCTOWYMBO IO’)KHOM HaIlpaBlICHUH
MEXKIUIAHETHOr0 MarHuTHOro mnoist (B Moment SSS Bz MMII ~ -15 wTn). B 310 Bpems Ha 3emuie ObLia
3aperucTpUpOBaHa HHTEHCUBHAs MarHuTHas Oyps. CormacHo pesynsraTam paboter Hajra et al. [2016] komOunarmst
ycnoBuii (rosknoe MMIIT, MC u marauTHast Oypst) ObliIi OJ1aronpusITHBI 111 BOSHUKHOBEHHS CynepcyO0ypH.
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Pucynoxk 3. CrneBa noka3aHa kKapTa Bapualnuii MarHMTHOTO ITOJIsl 1o JaHHBIM cetd SUperMAG. Ha kapre
BEKTOPa MarHUTHOTO I10JIsI TOBEPHYTHI Ha 90 110 4acoBOii cTpenKe, MOKa3bIBast HAlpaBJICHUE YKBUBAJICHTHBIX
noHocepHbIX TokoB. CripaBa MOCTPOEHA KapTa BTEKAIOIIUX (CHHHUH IIBET) M BHITEKAIOMINX (KPAcHBIH LIBET)
noHoc(epHBIX TOKOB 10 JaHHBIM npoekTa AMPERE. KapTsl mocTpoeHbI B reOMarHUTHBIX KOOPIAMHATAX JUIS
CEBEPHOTO MOJYIIApHs ISl TpeX MOMEHTOB BpemeHu: 15:35 (a), 16:05 (6) m 16:25 UT (B). Hauanbnas
mmpota - 40° rpagycos. Ilongens BBepXy KapThl, HOTHOYb — BHU3Y, 06 MLT — cipaBa n 18 MLT — cnesa.



A.A. Jo6uuy u op.

B nonocdepe cynepcy60ypst pazBuBajiach B Ii100aIbHOM MaciuTade: OT I03/IHe-yTPEHHET0 10 BEYEPHEro CEKTOpa.
Bo Bpems ee pa3BUTHs HAOTIOJAJICS OUEHh HHTEHCHBHBIN 3allaHBIN 3JEKTPOIKET, MAKCUMYM KOTOPOTO OTMEUAJICS
B yrpeHHeM cektope (~06 MLT). B Beuepuem cexrope (~18 MLT) nHabmromancs BOCTOUHBIA 3IIEKTpOmKeT. Bo
BpeMsl B3pBIBHOW (a3sl cyOOypH B BEUEpHEM CEKTOpe HaOIogaiach TOKOBAas CTPYKTYpa, COOTBETCTBYIOIIAS
MIOSIBIICHHUIO JIOTIOJTHUTEIHHOTO TOKOBOTO KJIMHA OOpAaTHOTO HAmpaBIeHUS. DTH (QakTOpHl (TT00ANBHBINA MacITad u
JTOTIONTHUTEBHBI TOKOBBIM KJIIMH B BEYEpPHEM ceKTope) oTinudaroT SSS oT oOpraHON cyO0ypm. HaGmromaembrit
XapakTep pasBUTHA CymepcybOypu cornacyercs ¢ pesynsTatamu Zong et al. [2021], Fu et al. [2021], Jocnupax u
op. [2021].

Bo Bpems cymepcyOOpu Habmrofancs MHTEHCHBHBIN mmmynsc MPB-umpekca (~ 4000 uTn?). B 310 Bpems
HaOJII0aNCs MOJI0KUTENBHBIA UMITYJIbC B X-KOMIOHEHTE T€OMarHUTHOTO IT10JIs1 Ha TEOMAarHUTHBIX IIUpoTax oT ~60
10 ~50°. B MockBe, Ha mupoTe ~52°, aMIIMTyJda Bapuanuu X-KOMIOHEHTH! mpeBblmana 100 HTn. MoxHo
TIPEATIOII0XKUTh, 4TO OoJbInas aMIuuTy1a MPB-uHekca MOKeT OBITh CBsI3aHA CO CMEILEHUEM K DKBAaTOpPY BO BpeMs
MarHuTHON Oypu MOHOC(HEPHBIX HMPOEKLMH MHOTMX MarHUTOC(EpHBIX CTPYKTYp, TAKHX KaK aBpOpalbHBIN OBal,
IU1a3Monays3a u Apyrue. B 3To Bpems cTaHIMs, OOBIYHO HaXOIAIIAsiCd Ha CPEIHMX IMIMPOTax (B T€OMArHUTHOM
CMBICIIE), MOKET TIOTACTh B CyOaBpOpabHBIE WK JJaKE B aBPOPAIIbHbIC IIUPOTHI.

baaromapuoctu. ITapamerpsr MMII, mina3mbl COTHEYHOrO BETpa M MHICKCA MATHUTHOW aKTHBHOCTH B3SITHI Ha
caiire http://cdaweb.gsfc.nasa.gov/. KapTel pacnpeeseHus: BTCKAIONMUX U BRITCKAKOIIUX HOHOCHEPHBIX TOKOB B3SATHI
¢ caiita http://ampere.jhuapl.edu/. ABTopsl OnaromapHbl co3maTesisiM 0a3 MaraHuTHeIX gaHHbIXx |IMAGE
(http://space.fmi.fi/image/) u SuperMAG (http://supermag.jhuapl.edu/). PaGora BbImoNHEHA NpH MOIIEPIKKE
Poccuiickum ¢ormoM ¢yHEaMeHTanbHBIX uccremoBaHmit, mpoekT NO. 20-55-18003_Bonr a m HannonaapHBIM
Hayunemm ®onrnom bonrapun (NSFB), mpoexT Homep KI1-06-Pycus/15.
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CE3OHHBIE UBMEHEHUSA TEOMATHUTHBIX UTHAUKATOPOB
MATHUTOC®EPHOI'O KOJBIEBOI'O TOKA
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AHHOTanusl. ViccnenyroTcs BApUaIlii CPeIHECYTOUHbBIX 3HAYEHUH reOMarHuTHbIX uHaekcos Dst, SYM-H u ASY-
H. Vcranosneno, uto SYM-H u ASY-H nuneliHo pacTyT mo mMomymo ¢ pocToM Moxayis Dst u B TedeHue roaa
HUMEIOT BO3PACTaHUsI B TIEPHO/IbI pPaBHOAEHCTBUI. Moayns otHomeHus (SYM-H)/(ASY-H) pacter ¢ poctom mMomyist
Dst u npubnmkaercs K 1, 4To 03Ha4aeT CPaBHUMOCTh CUMMETPHYHOTO U aCUHMMETPUYHOI'0 KOMITIOHEHT KOJIbIIEBOTO
TOKA.

1. BBenenne

Wnpexcel Dst, SYM u ASY SBISIIOTCS T€OMarHUTHBIMHM XapakTEPUCTHKAMH MarHUTOC(EPHOrO KOJBLEBOTO TOKa,
Dst oTpajkxaeT HHTEHCHBHOCTH KOJIbIleBOro Toka [Sugiura and Kamei, 1991], SYM u ASY naroT uH(pOpPMAIHIO O
CUMMETPHYHON M aCHMMETPHUYHOM KOMIIOHEHTax KoJblieBoro Toka [ lyemori et al., 2010].

HccnenoBanus Ce30HHBIX U3MEHEHUI MHIeKca Dst He moTepsuln akTyaJlbHOCTH IO ceil AeHb. VX paccMoTpeHue
ObLTO MpoO/bKeHO B pabdoTax [Mayaud, 1978], [Cliver et al., 2001], [Takalo and Mursula, 2001], [Hakkinen et al.,
2003], [Temerin and Li., 2006], [Maxapos, 2020] u ap. OObIYHO OOBACHEHWS NPUYUH CE30HHBIX BapHALlUif
OCHOBAHBI HAa MI3MCHEHUH OPHUEHTAIIUN TEOMATHUTHOTO TUTIOJS OTHOCHTEIEHO TOIIOJIOTHH TeITHOC(EPHI.

W3zyuas Bapuanuu unaekcoB SYM, ASY u Dst, aBropsr padot [lyemori et al., 2010] u [Weygand and McPherron,
2006] BEIABIIIN, YTO B HAX COJIEPIKATCS CMEIICHHS, OTPAXAIOIIUE TOT (PaKT, YTO I3TH MHICKCH OTIIMYHBI OT HYJIEBBIX
3HaYCHHH B CIOKOHHOE BpeMs. bBBUIO BBICHEHO, YTO CMEIICHHS MPEICTABIIOT COOOH CyMMapHBIH BKIana
HECKOJBKIX TOKOBBIX CHCTEM, IIPUCYTCTBYIOIINX B MarHUTOC(EPE B CIIOKOWHBIC OT MATHUTHBIX OyPh ITEPHOJBL.

Agstopsl paboter [Kalegaev and Makarenkov, 2008] ompeaenuinn OTHOCHTENbHbBIC BKJIAbl KOJBIEBOTO TOKA U
MarHuToc(epHOro XBOCTOBOrO TOKa B DSt M ycTaHOBMIIM, YTO KOJIBLIEBOMl TOK CTaHOBHUTCS IOMHHHPYIOIIMM
uctouHukoM DSt Bo Bpemst CHIIBHBIX MarHUTHBIX OYpb, HO BO BPeMsi yMEPEHHBIX Oyph ero Bkian B DSt conoctaBum
CO BKJIaJOM XBOCTOBOro Toka. B pabore [Dubyagin et al., 2014] ¢ ucrmonbp30BaHHEM SMITUPHUECKUX MOJENEH
MarHutocepsl ObUT HM3ydeH OTHOCUTENBHBIM BKJAJ PAa3JIMYHBIX TOKOBBIX CHUCTEM B HHAECKCHI SYM u ASY:
CUMMETPHYHOTO KOJIBLIEBOIO TOKA; TOKa IONEPEK MAarHUTOC(HEPHOr0 XBOCTA; MOHOC(HEPHBIX TOKOB 3aMBIKaHHS
CHUCTEMBI YaCTHYHOTO KOJBIIEBOI'O TOKA M IMIPOIOIBLHBIX TOKOB 30H 1 M 2; YUCTO HOHOC(EPHBIX TOKOBBIX CHCTEM.

KomnbieBoii Tok ABIsICTCS BaKHBIM 00pa3oBaHUEM B MarHUTOc(hepe 3eMIIM U UTPaeT KIIOYEBYIO POIb B Pa3BUTHH
TEOMarHUTHBIX Oypb. MccremoBaHWS CONHEYHO-3EMHBIX CBSI3€ WM TPOSBICHHH KOCMHUYECKOHW IOTOIBI YacTo
OCYILIECTBIIICTCS TIOCPEACTBOM CTAaTHCTUYECKUX paboT, B YACTHOCTH, C UCIIOJNB30BAaHUEM CPETHECYTOUYHBIX
3HAYCHUH 3eMHBIX, MEKIUIAHETHBIX M COJIHEYHBIX MapaMeTpoB. [Ipy CyTOYHOM OCpPETHCHHH 3EMHBIX ITapaMeTpoB
pasHble (pa3pl TEOMarHUTHBIX Oyph MOTYT HaKiIaaeiBaThCcs, WHPopMamus o Oypsax (¢as3pl, WHTEHCUBHOCTD,
JUIMTENIHOCTE | 1Ip.) OyneT B 3HAUMTENbHON Mepe HUBEIHPOBATHCA. B 3TOH CBA3M, MpeacTaBiseTCs MHTEPECHBIM
WCCIIeIOBaTh U3MEHEHUs CPETHECYTOUYHBIX 3HAYeHH TeoMarHuTHeIX MHAekcoB SYM-H u ASY-H. Lenbio paGoThl
SIBIIIETCSI PACCMOTPEHUE CE30HHBIX Bapuanuii nHjaekcoB SYM-H, ASY-H nmo ux cpeqHecyTOUHBIM TaHHBIM.

2. Bapuauuu unaexkcoB Dst, SYM-H u ASY-H

B pabore ncnonp3yrorcs reomarauTHbie HHACKCH Dst, SYM-H u ASY-H 3a mepuox 1981-2016 rr. Jannasie 06
MHJIEKCaX, MOJMy4YeHHble u3 MupoBoro ieHtpa mo reomarsHerusmy B Smonuu (http://wdc.kugi.kyoto-u.ac.jp/),
yCpeIHEeHBl TTOCYyTOYHO o BpeMeHHoi mkane UT. Beero atoT mepuos cogepxut 13149 nneid, B TOM umcie THEH,
korga Dst>0 uTix, os110 2307, Dst=0 uaTin — 321 u Dst<0 aTxa — 10521.

Ha puc. 1 moxa3aHbl Ce30HHBIE M3MEHEHHUS CPEAHECYTOUHBIX 3HaueHW nHaekcoB Dst, SYM-H un ASY-H,
OCpEeIHEHHbBIE 3a BECh IIEPHOJ HACTOAIIETO aHajn3a. BWaHO, 4TOo Bce 3 HMHIEKCA MPETepHeBAIOT M3MEHEHUS C
3aMETHBIMH TIOJYTOJOBBIMH BO3PACTaHMUSAMHU aOCOJIOTHBIX 3HAYEHWH B IEPHOABI PAaBHOJACHCTBHI, NPH 3TOM
cpennue 3a roxa 3HadeHuss uHjaekcoB Dst, SYM-H u ASY-H paBubr —15.5 vTn, —14.0 uTn u 21.1 #Tn
cootBeTcTBeHHO. [loBenenue unaekcoB Dst 1 SYM-H momo6Ho, uto panee 6bu10 otmedeno B [lyemori, 2010;
Weygand and McPherron, 2006]. F'apMoHnYecKuii aHaIU3 CE30HHBIX M3MEHEHHH all CICAYIOIINE Pe3yabTaThl: AJIs
unHjekca Dst ammmtyna nepsoit rapmonnkn R1=2.82 uTux, ¢gaza ¢1 MUHMMaNbHBIX 3HAYEHUH NPUXOIUTCS Ha ~ 6
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MapTa, aMIUIUTy/a BTopoi rapMonnku R2=4.98 uTun, ¢asza ¢p2 MUHUMAaNIbHBIX 3HAYEHUH NTPUXOIUTCs Ha ~ 17 MapTa
u 17 centa6ps; mis naaekca SYM-H R1=0.62 uTm, ¢l ~ 28 mapta, R2=2.89 uTmn, ¢2 ~ 23 mapTa, 23 ceHTs0pst; s
nanekca ASY-H R1=0.74 uTn, ¢l MakcuMmanmpHBIX 3HaueHWH mnpuxomurcs Ha ~ 18 mas, R2=1.75 uTm, @2
MaKCHMAaJIbHBIX 3HaYeHWH mpuxonuTcs Ha ~ 11 mapra, 11 ceHTsOps. ¥ Bcex Tpex MHIEKCOB IEPBBIC TAPMOHUKH
Bapuanuii MMEIOT HE3HAYMTENbHBIE AMIUIMTYABI, a BTOPHIE TapMOHHKH OTJIMYAIOTCS JOCTATOYHO 3aMETHBIMH
ammuuTygamu — y Dst R2 mourtu B 2 pasa 6omsie, ueM R1, y SYM-H 310 cootHomenne noutu B 5 pa3, y ASY-H B
2.5 paza. @a3pl (@2 BCeX WHICKCOB INPAKTHYECKH COBIANAIOT M HAOIIONAIOTCA B MEPHOABI PAaBHOACHCTBUIL.
OTHOIIEHUS aMIUTUTYA BTOPBIX FTAPMOHUK CE€30HHBIX BapHallil HHACKCOB K UX CPEIHEr0J0BBIM 3HAUCHUSAM PABHBI:
y Dst =0.3, y SYM-H -0.2 u y ASY-H 0.1. DTto roBopur 0 TOM, YTO MOJYroJOBbIE BapHalu¥ HHIEKCOB
cymecTBeHHbI, ocobenHo Dst m SYM-H. Orcrona MOXXHO NpeIoNIOKHTh, YTO CHMMETPUYHAs KOMIIOHEHTa
MarHuToc()epHOrO KOJBLEBOTO TOKA JOBOJBHO 3aMETHO IIOJIBEPKEHA CE30HHBIM H3MEHEHMSM, B OTJIMYHE OT

aCHMMeTpPI‘-IHOﬁ KOMITIOHCHTHEI.
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Pucynok 1. Ce3oHHble H3MEHEHMS HHJIEKCOB
Dst, SYM-H u ASY-H 3a BECH
paccMaTpuBaeMblii mepuon, Index — omuH wu3
9THX WHJICKCOB.

IlepBblc TapMOHUKH BcCeX 3-X HWHACKCOB HMEIOT
HeOOJIbIINE AMIUTATYIBI H, MO-BUANMOMY,
00yCJIOBICHBI  HEOTHOPOTHOCTHIO CETH  CTaHIMHA
[Mayaud, 1978; Januros u Makapos, 1992; Hakkinen
et al., 2003]. eiicTBuTensHO, 6oJiee OTHOPOIHAS CETh
craamuii maAekcoB SYM-H um ASY-H mpaktudeckn
UCKJIIOUaeT oOpa3oBaHUWE TOMOBBIX BOJH Yy OTHX
HMHJIEKCOB.

OO6pa3oBaHue BTOPBIX TapMOHHUK Yy HHAEKCOB,
BEPOSTHO, CBSI3aHO C YIJIOM MEXIY HalpaBIeHUCM
COJIHEYHOI'O BE€Tpa M T€OMarHUTHOM 3KBaTOPUAIBHOU
mwiockocteio. Korma yrom mpunumaer 90°, To B
MarHuTocepe CO3MAI0TCS OJNIATOIPHUSATHBIC YCIOBHSA
JUIL MHKEKIUH 3apsDKCHHBIX YACTHIl M3 IUIA3MEHHOTO
ciost B 007acTh KoIbIleBoro Toka. B pabdore [Cliver et
al., 2001] moayueHo, 4T0 ce30HHas MOAyyslus Dst
COCTOUT Kak u3 OypeBoit COCTaBIISIIOIIEH,
BO3HHUKAIOIIEH B pe3yibTaTe OBICTPHIX HM3MEHEHUH

KOJIBLIEBOTO TOKa M JPYTMX TOKOB, TaK M M3 MEUICHHO MeHsoleiicas He OypeBoil cocraBmsomeil. Cremano
3aKJII0YEHHUE, YTO KJIACCHYECKUI PaBHOJCHCTBEHHBIH 3 (eKT, M0-BUANMOMY, TOMUHHUPYET B OypeBOl KOMIIOHEHTE,
coctaBisist 20-40% amrumTyabl 6-mecsqHoi BosHbl B Dst mpotuB ~ 10% i KOMOMHHMPOBAHHOTO MeEXaHU3Ma,
BKJIIOUAIONIET0 aKCHaubHbIH 3(dekr u sddext Paccena-Mak®eppona [Russell and McPherron, 1973].
[peamnonaraercs, 4to He OypeBasi cocTaBIsiOIIas 6-MecsYHON BoJHbI B Dst 00yciioneHa aexkTom, onrMcaHHbIM B
[Malin and Isikara 1976] u cBsi3aHHBIM C [OJIYTOOBBIM U3MEHEHUEM CPEIHEH MIMPOTHI KOJIBIIEBOTO TOKA.
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Pucynok 2. Ce30HHBIE W3MEHEHUS HHIIEKCOB
Dst (a), SYM-H (6) u ASY-H (B) npu pa3HbIx
3HaueHusax Dst.

B pab6ore [Hanunos u Maxapos, 2006] BOZHUKHOBEHUE
MOJIyTOJXOBBIX Bapuanuit Dst 00OBSICHIETCS
MepeMeIIeHHeM  IUIa3MEHHOTO  CJI0S  OTHOCHTEIIBHO
IUIOCKOCTH TEOMarHUTHOTO JKBaTropa IIPpH TOJO0BOM
obpamennn 3emin Bokpyr CoNHI@ W TOCIETYIOMINAM
W3MEHEHHEM WHTEHCHBHOCTH YacCTHYHOTO KOJBLEBOTO
Toka. HanbGosnbInasi BEpOSTHOCTh TOCTYIUIEHHUS YacTHIl B
MarHurocepy UMeeT MecTO B IIEPHO/bl PaBHOJICHCTBHH,
HaWMEHbIIass — B Nepuoabl coiHnectosHud. ITomoOHoe
o0bsiCHEHHE TIpeiokeHo B pabore [Mayaud, 1978], B
KOTOpPOIl IPOUCXOXKJIEHUE I0NYyrofoBoi Bapuauuu Dst
csizpiBaeTcsi ¢ addexkrom Manmna — Hcukapel: mpu
rooBoM obOpamieHnn 3eMiau BOKpyr COJHIIA KOJIBIEBOH
U XBOCTOBOI TOKM CMEIIAIOTCA Ha CeBep 3UMOH
(CeBepHOe monymiapwie) W Ha IOT JIETOM B pe3yJbTaTe
CKaTHs MarHutocepbl CONHEYHBIM BeTpoM. OddekT
Mamuaa — Hcukapel OBIT THpPUMEHEH Takxke Juis
0oOBsSCHEHUSI TOM0BOM W  cyrouHoit Dst-Bapuanmii
[Mayaud, 1978; Cliver et al., 2001; Takalo and Mursula,
2001]. Pazmuume cxeM, NPEIOKEHHBIX B padoTax
[Aanunos u Maxapos, 2006] u [Malin and Isikara, 1976],
COCTONT B TOM, 4YTO MBI YYHTHIBaEM CMEIICHHE
OTHOCHTEIIFHO TEOMAarHWTHOTO 3KBaTopa INIa3MEHHOTO
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CJIOS KaK WCTOYHHMKA YacTHUIl KOJBbLIEBOI'O TOKa, TOIZa KaKk BO BTOpOW paboTe paccMaTpuBaeTcsi M3MEHEHHE B
TEYeHUEe ToJia CPeIHeH INMPOTHI KOJbLEBOro Toka. [IpenmonoxeHus o0 M3MEHEHHUH PACIIOIOKECHUS 4aCTUYHOTO
KOJIBIIEBOTO TOKA OTHOCHTEIBHO IUIOCKOCTH T€OMAarHWTHOTO dKBatopa [Hanunoe u Maxapos, 2006; Malin and
Isikara, 1976], Ha Ham B3rJIsiz, TIOATBEPXkIAIOTCS pe3ynbraTamu pabotsr [Liu et al., 2019], B koTopoit 10 AaHHBIM
koimraboparmu SuperMAG OBIIO MOTYYSHO IMOJIOKEHHE KOJBIIEBOTO TOKA 10 MarHUTHOHM MIMPOTE IPH Pa3sBUTHU
MHTCHCHBHBIX T€OMarHUTHBIX Oypb.

3. 3aBHCUMOCTH HHEKCOB OT YPOBHSI MATHUTHOH BO3MYIIIEHHOCTH
PaccmoTpuM BiMsiHME YpOBHS BO3MYLIEHHOCTH Ha MHAEKCH. Ha puc. 2 npuBeneHsl CE30HHbIE X04a UHAEKCOB Dst,
SYM-H u ASY-H s pazsbix 3nauenuit naaekca Dst: Dst>0 uTmn, Dst=0 #Ta u Dst<0 aTo.

Ha puc. 2 MOXHO 3aMeTHTBh, YTO BO BCEX CIydasx 3 HMHIEKCAa HM3MEHSIOTCS B TEYEHHE Toja, HO Hamboiee
BolpakeHHO mpu Dst<0 #Tx. IIpm Dst<0 ®HTa u3MEHEHHS WHAEKCOB MOJOOHBI WX CE30HHBIM BapHaIlUiIM,
MPEICTABICHHBIM Ha pHC. |, ¥ TaKkke UMEIOT PaBHOJCHCTBCHHBIC MAaKCUMYMBI. AOCOIOTHBIC 3HAYCHUS HMHICKCOB
IIPU CIIOKOMHBIX YCI0BUAX, Korga Dst>0 uTa u Dst=0 HTJ1, HE cUIIBHO U3MEHSIOTCS B TEUEHUE TOAA, HO BO3PACTAIOT
o Mepe M3MeHeHHs 3Haka Dst ¢ momoxurensHoro Ha oTpunarensHelii. Muaexcsl Dst u SYM-H mnposBistoT
MoJIO0HBIC MEXIy co0oi u3MeHeHus, ogHako npu Dst=0 HTx Bumnsel oTkionenuss SYM-H Benuunnoi o +3 HTn
OTHOCUTENIBHO cpenHeronoBoro 3HadeHus —1.23 HTin. OTMeTUM NpakTUYeCKH OAMHAKOBOE IOBEICHUE HHAEKCA
ASY-H npu Dst>0 uTn n Dst=0 uTxa, npuuem ASY-H B aTux ycioBusix npumepHo paBeH 14.6 HTi. JtoT dakr
MOXHO PaccMaTpuBaTh Kak MOCTOSHHOE HAJIMYUE aCHMMETPHYHOTO KOJIBIIEBOIO TOKa B MarHurocdepe, naxe B
criokoiiHbIX ycrnoBusix [lyemori et al., 2010; Weygand and McPherron, 2006], B Tom uucne npu_Dst>0 uTn, niu kak
BiusiHUEe noHocdepHsix TokoB [Dubyagin et al., 2014].

Ha puc. 3 mpuBenens! koppensuuoHHbie rpadpuku Mexxay Dst 1 SYM-H (a) u Dst u ASY-H (0), cocraBnenHbIe 10
CPEeJHECYTOUHBIM 3HAUEHHAM HHJIEKCOB II0 BCEMY MAacCHBY JaHHBIX. BHOHO, 4TO cBA3M o4yeHb TecHble, SYM-H mo
Moxymo 1 ASY-H pacTyT ¢ poctoM Moxyinst Dst, 4To MOKHO MHTEPIIPETUPOBATh KaK OMHOBPEMEHHOE YBEIHUYECHHE
CUMMETPHUYHOTO M ACHMMETPUYHOTO KOMIIOHEHTOB KOJIBLEBOIO TOKAa 10 MeEpe YCUIEHUS MarHUTHON
BO3MYIICHHOCTH. 3aMETHO, YTO CUMMETPHUYHBIM KOMIIOHEHT HapacTaeT CUJIbHEe, YeM aCUMMETPUUHBII KOMIIOHEHT.

CooOTHOIIIEHUSI MEXIy HHIEKCaMU MOXHO BbIpasuth ypaBHeHus MU SYM-H = 0.86'Dst — 0.60 c BenmuunHO#
JIocToBepHOCTH JHHelHo# ammpokcumaruu 0.88 u ASY-H = -0.43'Dst + 14,40 ¢ BenMYMHONW TOCTOBEPHOCTH
nuHelHoU anmnpokcuManu 0.61. OTMeTHM, 4TO YpaBHEHHUS COJEpKAT CBOOOHBIC WICHBI (MM CMEIICHHS): B ape
nnaekcoB SYM-H u Dst cmemenue paBao —0.60 HT1, a B mape ASY-H u Dst 14,40 uTn. CymecTBeHHOE CMElIeHHEe
y uHnekca ASY-H Taxke MoxeT OBbITh yKa3aHHEM Ha IOCTOSHHOE HallMYMe YacTUYHOI'O KOJIBIEBOTO TOKa B
MmarHuTochepe, Aaxe B CIOKOMHBIX yeaoBusx [lyemori et al., 2010] u [Weygand and McPherron, 2006].
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4. O noka3artejie CHMMETPHH KOJIbLIEBOT0 TOKA

INokasareneM cTerneHr CUMMETPUH KOJbIIEBOro Toka mo onpexaenexuto [Weygand and McPherron, 2006] sisisiercst
otHotrerne (SYM-H)/(ASY-H). Ha puc. 4 nokasansl ce3oHHble n3menenus otHourenust (SYM-H)/(ASY-H) npu
pa3HbIX 3HaueHMsAX wHjAekca Dst. Bumnbl crnenyromnme ocobeHHOCTH: BO-TepBbiX, otHomeHue (SYM-H)/(ASY-H)
pacTteT 1o abCOOTHOH BeNIMYHHE TOcieoBaTebHO oT ciaydaeB Dst>0 HTn u Dst=0 uTx k ciaywaro Dst<0 vT; Bo-
BTOpHIX, mpu Dst<0 HTn oTHOmeHne mpubmmkaeTcs K 1; B-TpeTbUX, BapHallMi OTHOIICHUS UMEIOT BBIPA)KCHHBIC
BO3PACTaHMs B PaBHOJCHCTBEHHBIE Mepuoabl. CienyeT 3aMeTHTh, YTO MPH HAIIEM PAacCMOTPEHHH, KOTAA 33 CYTKH
ycpenusitorcss 3¢¢dekTel Bcex (a3 Oypu, a Takke 3PQPEeKThl CHOKOWHBIX TEPHUOJI0B, TOKa3aTelb CHUMMETPHUH
KOJIBIIEBOTO TOKa, BO3MOJXKHO, TepseT (PU3MYEecKWid CMBICT, HO T€M HE MEHee KauyeCTBEHHBIE BBIBOJIBI MOXKHO
noyuuth. [lepBas 0COOEHHOCTh, BEPOSTHO, OTPAXKAET MOIYUYSHHOE IIPU PACCMOTPEHUH BapHaiuii naaexca ASY-H
Ha pHUC. 2 yKa3aHWE O MOCTOSHHOM HAJMYUHM YAaCTHYHOTO KOJBIIEBOTO TOKAa B MarHuTocepe, Jake B CIIOKOMHBIX
ycnoBusix. [IpubnmxeHne OTHOIIEHHS MOIYJIEeH MHAEKCOB K 1 MOXXHO OOBSCHHTH TEM, YTO B OypeBble IHU 00e
KOMITOHEHTB! KOJIBLIEBOTO TOKa YCHIIMBAIOTCS, OJJHAKO B CHIIy TOTO, YTO (paza BOCCTAHOBIICHHSI OypH 3HAYUTEIHEHO
MPOJIOJDKHUTENIbHEE, YeM OCHOBHas (aza Oypu, mpumepHO B 3 U Ooyiee pa3, CUMMETPUYHBIA KOJBLEBOW TOK
COXpaHseTCSs B TeUeHHe OOJNBIIEr0 BPEMEHH W IPH CYTOYHOM YCPETHCHHU CO3/acT BKIAJ B T'€OMarHUTHBIC
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U3MCHCHMUA, CpaBHI/IMHﬁ CO BKJIAAOM YaCTUYHOTO KOJIBIIECBOTO TOKa BO BpEMs OCHOBHOM (1)8.351, Korjga
HUHTCHCHUBHOCTH OTOI'0O TOKa 3HAYUTCIIPHO CHJIBHEC. TpeTBH 0COOEHHOCTD OTpaXa€T HaAJIN4YNE PABHOACHCTBEHHBIX
MaKCUMYMOB B CE3OHHOM XOI€ MarHUTHON aKTUBHOCTH.

04 - 5. OcHOBHBIE pe3yJIbTAThI
02} A"A ekeia & “ae ey 1. Tloka3zaHo, YTO CpEIHECYTOYHbBIC 3HAUCHHS COMArHUTHBIX
R “ua g o ungekcos Dst, SYM-H u ASY-H wumeror ce3oHHBIE
x ) o 0 W3MCHCHHS C TOJOBBIMH U TIONYTOJOBBIMH BO3pPacCTaHUAMU
2'0‘2 [ ke Bl a0COJIFOTHBIX 3HAuUCHU, (Da3bl TEPBOW FAPMOHUKU CE30HHBIX
% U ) il xonoB y uHaekcoB SYM-H u ASY-H Onusku k mepuony
B o6l-. PN . JIETHETO COJIHLECTOSIHUS, a y HuHAekca Dst — K 3uMHeEMY
.o.a-'\\'iil“/ ’/o\ /.\,\\+_‘+ / " COJTHIIECTOSHUIO, (a3pl BTOPOH TapMOHHKHA Yy _BCex 3-x

B . g WH/IEKCOB HAOIIIOIAIOTCS B TICPHOBI PaBHOCHCTBUH.
% 4 5 8 7 & 8 90 97 15 2. Ilo cpenHecyTOYHBIM IAHHBIM T€OMArHUTHBIX HHICKCOB
Mecau: SYM-H u ASY-H oOnapyxeHO, 4YTO CHMMETpHYHAS
KOMIIOHEHTa MAarHUTOC(EPHOTO KOJBIIEBOIO TOKAa 3aMETHO
Pucynox 4. CesonHple  M3MCHCHHS MOJBEPIKEHA  CE30HHBIM  H3MEHEHHWsM,  TOTAa  Kak
orHOwIeHHs nHAeKcoB (SYM-H)/(ASY-H) aCHMMETPHYHAs KOMIIOHEHTA MeEHee MOJBEP)KEHAa TaKUM
NIpU pa3HbIX 3HaUeHUsX Dst. H3MEHEHISIM.

3. YcraHOBIEHO, YTO  CPEOHECYTOYHbIE  3HAYCHUS

reoMarHuTHBIX UHAEKCOB SYM-H u ASY-H nuneiiHO pacTyT mo MOAYNIO ¢ pOCTOM MOIyJs uHAekca Dst, 4to
MOXHO paccMaTpuBaTh KaK OJHOBPEMEHHOE YCUJICHHE CHUMMETPUYHOTO M ACUMMETPUYHOTO KOMIIOHEHTOB
KOJNBIEBOTO TOKAa B MarHurocepe, MpH 3TOM CHMMETPHYHBI KOMIIOHGHT HapacTaeT CHJIbHEe, YeM
aCUMMETPHUIHBIH.
4. Tlo cpemHECYTOYHBIM JaHHBIM YCTaHOBIICHO, UTO MOKA3aTEeNb CTEIICHH CHMMETPHH KOJBIIEBBIX TOKOB, OTHOIIICHHE
reoMarHuTHBIX HHAEKCOB (SYM-H)/(ASY-H), pacter mo Momy:io mocieoBaTelnbHO OT ciaydaeB, korga Dst>0, k
ciydato, koraa Dst<O uTn; mpu Dst<0 oTHomieHne npuOIImKaeTcs K 1, 4TO O3HAa4YaeT CPaBHUMOCTH BKIIAZIOB B
HWHICKCH CHMMETPHYHOTO 1 aCHMMETPHYHOTO KOMITOHEHT KOJIBIIEBOTO TOKA.
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AHHOTAIIUS

[Tokazano, uro Ha opbure 3emuu 22.12.2015 r. B3aummojeicTBue nuaMarHuTHOW cTpykTyphl (HIC) mMemneHHOTO
COJIHEYHOTO BeTpa C MarHurocepoil mocie IpOJOJDKUTENBHOW CEeBEpHOH opueHTaunu Bz reHepupyer
H30JIUPOBAHHYIO CyOOYpIO, IITUTETHHOCTh KOTOpOH ompexpersercs mmutenbHocThio JIC. CyO00ypsi HaumHaeTcs B
OKOJIOMIONYACHHBIE Yackl mpoxoxkaeaneM JIC B MarHuTOC(epy M paclpocTpaHseTcs K BOCTOKY. B TedeHme AByX
yacoB HaOmromaroTcst Bce (azbl cyOOypH — IOATOTOBHTENBHAsS, B3pbIBHAasS W BoccTaHoBUTeNbHas. [Iporonsl [JC,
TeHEepPHUPYACh B 00JaCTH MCTOYHHUKA, TOCTUTAIOT OPOUTHI 3eMIIM W, B3aUMOJCHCTBYS C YaCTHIAMH paJHaIlHOHHBIX
MOSICOB, BEI3BIBAIOT TeHepaluio konebannii [IPDP B okonomonyneHHbIe 9ackl B OOJBIIOM IMUPOTHOM JHAaIa30He.

Beenenne

OnuH U3 TIaBHBIX BOIPOCOB (DM3MKH MarHuTocdepsl - 0 (GakTopax, KOHTPOIUPYIOINX MOCTYIUICHHE 3HEPTHU B
MarHurocepy ¥ HHTCHCHBHOCTh CyOOypb, B HACTOSIIEC BPEMsS OCTACTCS OTKPHITHIM. Y CTaHOBJICHO, 4TO
HCTOYHMKOM 3HEPTHH MarHuTocepHsIX cyOOyph siBisiercsi coiHeuHbIH Betep (CB) M MeXIulaHeTHOE MarHUTHOE
none (MMII). Hambonee pacmpocTpaHeHa TOUYKa 3pEHHUS, CUMTAIOMIAS TJIABHBIM MapamMeTpOM, OIPEEISIONIIM
HaKOIUICHNWE PHEPTHH B XBOCTE MAarHUTOC(EPHI, BBLACIAEMON B Xxoae cy00yps, sapisercs Bz xommornenra MMIL.
ITapameTpsl CONHEYHOrO BETpa - CKOPOCTh M KOHIGHTpalus Iuia3Mbl CB oThoensHO He paccMaTpHBalOTCA Kak
CaMOCTOSTENIbHBIC MCTOUYHUKU IHEPTUU CYOOypEeBBIX BO3MYILEHHH, HO BXOIAT B paziINuHble KOMOMHHPOBAHHBIC
uHekcH [ 1-4].

B paborax [5] BBemeHO mnoHsTHe Ia3mMounoB. Takue CTpyKTypsl B [6,7] ompeaeneHbl Kak AWaMarHUTHbIC
wia3mennbie cTpykTypbl (JC). CTOIKHOBEHHE AMAMATHUTHBIX CTPYKTYp ‘“‘MemieHHoro” CB ¢ marHurocdepoit
MOXET BbI3bIBATh CYOOYypernoJoOHble MarHUTOC(epHble BO3MYIICHUS M, B 4YaCTHOCTH, TaK Ha3bIBaeMbIe,
mioobpasHeie cyo0ypu (Sawtooth substorms) [6-9]. B mux 6buto nokaszano, uto JIC, xortopsie BOmm3u CoiHia
BUIHBI KaK JIy9d IOBBIIICHHOW SPKOCTH, COCTABISIFOT OCHOBY “MeIICHHOTO” KBasucTanuoHapHoro CB Ha opOure
3emin. Ucrounukamu “meuieHHoro” kBasucranuonapuoro CB wa Connne sBistiorcs nosic [10] u uemouku
crpumepoB [11] unu nceBnoctpumepst [12]. Ha opbure 3emin “meanennbiii” CB xapakTepu3yeTcs MOBBIIICHHOM
KoHIeHTpaued miasmel N> (10+£2) cm-3 u oTHOcHTenpHO Hebombmmoi ckopocthio CB V= 250 + 450kmM/c mo
cpaBHeHHIO ¢ “ObicTpbiM” CB, McTekarommuM 13 KOPOHATBHBIX JBIP, CKOPOCTh KOTOPBIX cocTaBiser V= 450 + 800
kmM/c [13,14].

Ilemmouku cTpuMepoB B KOPOHE B OEIOM CBETE BBHIMIAAT, KaK M IOSIC CTPUMEPOB, B BHAE MOCIEAOBATEILHOCTH
JMydel TOBBIMICHHON SPKOCTH (KOHIEHTpAaIMH Tia3Mmel). B Hux Teduer “memneHHsiii” CB, mpuMepHO, ¢ TEMH ke
CBOMCTBaMH, YTO U B mosce cTpumepoB. OIHAKO IETTOYKH OTJIMYAIOTCS OT IOsica TeM, YTO Pa3/eidioT B KOPOHE
001aCTH C OTKPBITHIMH MarHUTHBIMH CHJTOBBIMHE JINHUSIMA, UMEIOIIIUME OJMHAKOBYIO TIOJSIpHOCTH moutst [ 10].

[Ipu sTOM myuW IETIOYEK CTPHMEPOB, KaK M I0sica CTPHMEPOB, TPEICTABISAIOT COOOW KBa3MCTAI[MOHApHBIE
TUaMarHUTHBIE CTPYKTYpbl “MemieHHoro” CB, KoTopble ONpenensioTcss MO HAIWYHI0 OTPHIATEIHFHOTO
Ko dumerTa Koppesnun Mexay ckaukamu koHeHaTpannd CB N u moxynst MMII -B.

Lemnpto nmaHHON pPabOTHI SBISETCS NPOIODKEHHE HCCICIOBAHUSA MPHPOABI MAarHUTOC(EPHBIX BO3MYIICHHMH,
CBSI3aHHBIX C BO3JIEHCTBHEM Ha Marautocdepy 3emun auamarHuTHOM cTpyktypsl (JC) 22.12.2015 r., HCTOYHHKOM
koTopoil Ha ConHIE ABIsSETCA LENOUKa CTPUMEPOB. | TaBHOE BHUMaHUE YAEISIEeTCs aHaIU3y MepeJadun SHEPTHH OT
JC B marHuTochepy 1o XapakTepy MarHUTOC(EpHBIX NMPOLECCOB, CTUMYIUPOBaHHBIX [IC, B pa3inu4HBIX JOJTOTHBIX
CEKTOpax MarHuTocdepsl.
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I[allﬂble U METOAbI aHAJ/IN3Aa

Jus ouenku auHamuku JBwkenust JIC B CONHEYHOM BeTpe W MarHUTocepe HCIOIb3YIOTCS pPe3yabTaThl
Habmonennit Ha crytaukax ACE, Wind, THEMIS, GOES-13, GOES-15, RBSP A, B (puc. 1). MaraurocdepHbrit
OTKJIMK 10 HaOIJIONCHHUSAM B YeThIPEX MOJTOTHBIX CEKTOpax (IMOJIyJCHHOM, BEeYepHEM, MOJYHOUYHOM. U YTPEHHEM)
aHANM3UpyeTCs N0 JaHHBIM HaseMHBIXx wmarHuTomeTpoB cereii INTERMAGNET, THEMIS, IMAGE u
MHIYKIIMOHHBIX MarHUTOMeTpoB obcepBatopuii MBano (IVA, ©=68°.56, A=27°.29), JloBozepo (LOZ, ®=67°.97,
A=35°.08), Uctok (IST, ®=69°.35, A=88°.19), ITaparyuka (PET, ®=52°.94, A=158°.25) u Ministik Lake (MSTK,
®=53°.35, A=247°.03).
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Pucynoxk 1. [Tonoxenne ciyTHUKOB BHYTpH MarHuTocgepsl B GSE koopaunarax B miockoctH (XY) ¢ 09 no
13UT 22.12.2015 1. Touku — Hayano ABUIKEHHUS.

[Ipexne Bcero, mpuBenéM AOKa3aTeNbCTBO M30iMpoBaHHOCTH JIC, KOTOpast ompeaenseTcs 10 aHTUKOPPEISIHN
kpuBelx B m N Ha puc. 2, B uHTepBase BpemeHu ~ 09:00-12:00 UT 22.12.2015 (BeimeneHO BepTHUKAIBHBIM
npssmMoyronbHuKoM). JIC BBI3Basia MarHutoc()epHOE BO3MYIIEHHE B BHJE W30JMPOBAaHHOW cyo0ypu (AE makc =
1076 uTn ), koTopast HabmoHanack Ha (ase 3aryxanus Oonpioit marautHON Oypu (Dst max 20.09.2015 = 155 #Tn
B 20 UT). JleiicTBUTENBHO, HECMOTPS Ha CYIIECTBCHHbIC Bapuanuu KoHueHtpanuun CB W BepTHKAIBHON
kommoHeHTel Bz MMII B Teuenue 7 yac n0 Havaia cyoOypw, cBszanuou ¢ JIC, cpeiHHe 3HAUCHHSI HHICKCOB
aBpOPANbHOM MarHUTHOH akTUBHOCTU AEc, = 146 uTn, AL = -50.4 HTn U3MEHAIOTCSA HE3HAUUTEIBHO U CyOOyph

KpoMe uccieayeMoit He HaOmomaercs (puc. 2). T.e. cyOOypsi sIBISETCS H30JIMPOBAHHON COTJIACHO alrOpHTMa
OIpe/IeNICHHUsI H30JIUPOBAHHOCTH [3].
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Pucynok 2. Bapuamum cocrasmsiommx B, By, Bz
MMII, napameTpoB 11a3msl coiHedHoro Betpa V, N,
P, m wunpgexkcel reomMarHuTHOW aktuBHOCTH AL u
SYM-H o JTaHHBIM OMNI
(http://cdaweb.gsfc.nasa.gov/cgi-bin/eval2.cgi).
IIpsimoyronsHukoM BeiaeneHa JIC.

cpennuM 3Hadenuem 2.3 HTun, a ¢ 07:10 go 09:36
cpennee 3HaueHue Bz cocraBmino 6.1 HTn. BaxknHo
oTMeTHTh, 4TO0 By wm BX Takke wuMeroT
MOJIOXKHUTEIBHBIC 3HAYCHUS, CKOPOCTh MajgaeT oT 470
mo 420 xM/c, a JaBleHHEe W KOHIEHTPAIHS
COJIHEYHOT'O BETpa OCTAIOTCS Ha OJHOM YPOBHE C
07UT. DT0o ykassiBaeT Ha TO, 4YTO HAKOIUICHHUS

SHEpPIruy B MarHUToc(depe 3a CUET mepecoeIMHeHNsT MarHUTOC(epHOro MarHuTHOTo mojisi 1 MMII He mpoucxomuT.
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I'nodanbHbBIH reOMarHUTHBINH OTKJIMK MarHuTocdepsl Ha B3aumoneiicreue ¢ C 22.12.2015 r.
l'eomarmutHeIi oTKIMK Ha B3ammopehctBue JIC ¢ marEmTOocepodl paccMOTpHUM B BapHANHAX HHICKCOB

reoMarHuTHO#H aktuBHOCTH AL 11 SML (puc. 3a, 0) 1 JONTOTHBRIX 0COOEHHOCTSIX PEKMMA TEOMArHUTHBIX ITYJIbCAITHHA
(Puc. 3e).
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Pucynoxk 3. Bapmammm wazekcoB AL (a) mw SML (6), Bz MMII (B), miotHoct CB (r) moxmyns
HanpsokéHHocTH MMIT mo wm3mepenmsm Ha Wind (1), crekTporpaMMmbl T'€OMAarHUTHBIX IMyJbCAllUdil B
Pa3UYHbIX JOJITOTHBIX CEKTOpax (€), MarHUTOrpaMMbl 00CepBaTOPHii, COOTBETCTBYIOIIME YacaM MECTHOTO
BpeMeHH crektporpamMm (k). [OpH30HTaNIBHBIM MpIMOyrojbHUKOM oOo3Hauena JIC. CrmoriHas

BepTUKaIbHas TUHUA - Hadao B3anmoneiicteus ¢ JJC. Ctpenkoii moka3ano Havano cyooypu no [15], dassr
OTMEUYCHBI PUMCKHMH IU(PPaMH.

Havano cy60ypu cBsizaHo co cMeHoi 3Haka Bz (puc. 3B), 4To mpeamnoiaraeT 3TOT MOMEHT Kak BKIIOUYEHHE
TPUITEPa, OTKPHIBAIOUIErO MOCTYIUIEHHE dHEPruu BHYTph Marautocdepsl. [lo Bapuanmsm (Hawaay BO3pacTaHUs
BenuyuHbl) AL HHAEKCAa aBpOpaNbHOW MAarHUTHOM akTUBHOCTH (puc. 3a) u muaekca SML (puc. 36), Hagano
cy00ypu Moxxkno ompeaenuts B 09:38 UT (mokazaHo BepTHUKaIbHOW KpacHOW nuHHeEW). [To BapuanusiM WHAEKCOB
MOKHO BBIENHTH TpU (a3el cyOOypu, oOo3HaueHHBIE puMcKumu nuppamu. B mepoit ¢aze 09:38-10:14UT
Bo3pacranne AL mazaekca ot -60 mo -360 HTn (puc. 3a) m SML unzmekca ot -170 go -480 uTx (puc. 36) coBmamaet ¢
Bo3pacTanueM koHuenTpauud CB ot 5 10 10.6 cm™ (puc. 3r) u usmenenuem Bz ot 0 o -10 5T (puc. 38). Bropas
(aza cy66ypu HAYUMHAETCS PE3KMM CKAUKOM KOHIeHTpauuu oT 9 10 31 cm 3, nmagenuem momyns MMII ¢ 11 go 5
HTn n usmenernus Bz ot -10 no +10 #Tin. MakcumanbHOe 3HaYCHHE UHIEKCOB coBmaaaeT mo Bpemenu (11:27UT) u
BenmumHe (1036 HTd), mocite Jero 3HaYeHHWE WHACKCOB PE3KO BO3BpAaIlaeTcs K HEBOSMYIIEHHOMY ypoBHIO. Takum
00pa3oM, IPOTOIDKUTENIFHOCTE Cy00ypH 1 e€ SHepreTHKa ONpeNeNsioTcs JUINTeabHOCThI0 B3anmoseiicteusa JIC ¢
MarHuTochepoi nnn nocryrienuem sHeprun CB, BHOCcuMOit JIC B marHuTOChEDYy.

Jpyras BaxkHas JieTallb — JAMAMAarHUTHAs CTPYKTypa NMPOHHKAET B MArHUTOCION M MarHUTOC(epy U MpUMEpPHO
yepe3 15 muH mocnenoBaTtensHo HabmogaeTcst Ha cnyTHukax THB, THC B marauTocnoe u Ha cmyTtHukax THA,
THH, THE B nedbopMupoBaHHOM BHE B TUTA3MEHHOM CJIO€ XBOCTa MarHUTOC(Epsl Ha paccTosHUsIX ~ 44.5 u~ 11.4
Re, coorBercTBeHHO. JnHamuka akenus JIC neranpHO IoKa3zaHa Ha puc. S.

Bomnpexku cnoxuBmmMest npeacTaBieHusM, B3aumoaeiictBue JIC ¢ MmarHutocdepoll NPUBOAMT K TI'eHEpalMu
cy00ypH, KoTOpast HAUMHAETCS HE Ha HOYHOM, a Ha JTHEBHOW CTOPOHE aBPOPaJIbHOM 30HBI, M paclpocTpaHeHus e€ B
XBOCT MarHurocgeps! o mepe apmwxenus JIC, npomreameil B MaruuTocdepy, YTo OTpakaeTcsi B CMEHE PEKHMOB
TCOMArHUTHBIX MYJIbCAUH B Pa3IMYHBIX JOJTOTHBIX CEKTOpax (puc. 3¢) W BapHalUsAM HOHOC(HEPHBIX TOKOB.
PaccMoTpuM cMeHy pEeKMMOB OT IOJYAEHHBIX K IOJYHOYHBIM M YTPEHHHM dYacaM. B OKOJIONOJIy/IeHHOM ceKTope
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(ob6cepBaropust JloBozepo — LOZ H) nabmronarorcst konebanust ¢ HectaroHapusiM criektpoM (IPDP) u ycunenue
3amagHoOTO TOKa, OTpasuBIIeecss B Bo3pactaHmu |L mHAekca, ompenenseMoro mo BapuanusiM H-KOMIOHEHTHI Ha
MEpHUINOHATBFHON ceTH MarHUToMeTpoB, 1o -200 vTn (puc. 3x). B Beuepnem cexrope 16-18 MLT mpowncxoaut
KpaTKOBpPEeMEHHasi MHTEHCH(HUKANNS aBpOPaIbHOTO TOKa (OTpHmaTenbHas Oyxta Ha oOcepBaTopun ukcoH H ~ -
(600) HT1) ¥ perUCTPUPYETCS IMUPOKOIIONIOCHBIN BCIUIeCK myinbcaruii Pil-2 (o6cepsaropust Hcrok — IST D) (puc.
3%, €). B OKOJIOTIOJIYHOYHOM CEKTOpE PE3KO BO3pacTaeT MHTEHCHBHOCTD 3amanaHoi snexkrpoctpyu (H ~ -(700) uT)
M PETUCTPUPYIOTCS MMOCIIEN0BATENBHbIE MMPOKOTOIOCHEE Beruiecku Pi 1-2. B mocnenonynognom cexrope (02—06
MLT) nabaromaercst OObIYHBIE SIBJICHUSI, COCTaBisronre cyoOypro — MouHbelid 3ananubidi Tok (H = -500 vTm),
MyJbCAllMH, CBOWCTBEHHBIC BOCCTaHOBHTEIBHON (aze cyOOypu, (Ha obcepBatopusx cetu CARISMA) u PiC
nyibcaunu (Ha obcepsaropusix MSTK, ATA). 3aBepmaromiedi ¢as3oii amHamuku B3aumonerctBus [IC c
MarHurocepoil MoKeT OBbITh IOCIIEA0BATENEHOCTh CMEHBI PEXMMOB ITyJIbCAIIMK M Hayasla YCHIICHUS] HOHOC(EPHBIX
TOKOB K BOCTOKY OT IOJIYAEHHOTO MepHIHaHa. JTa 3aKOHOMEPHOCTh IPOTHBOPEYUT KIIACCHYECKUM pe3yJbTaTaM
[1,2], yTBepkmarommm, 4TO HECMOTpS Ha pasidyie Mojenell Havama MarHutocdepHoit cyOOypH, Bce OHH
BKIIFOYAl0T OCHOBHBIE 3JIEMEHTHI TOKOBOTO KIIMHA CyOOypH, KOTOPBIM MEpeMeInacTcsl K 3amany OT MOJYHOYHOTO
MepUIHaHa W OOECIEeYMBAET OCHOBHOM IyTh M CBS3M PEKOH(PHUIYpamuyu MarHutocepsl ¢ ITUHAMHKOM
HOHOC(]EPHL

JlononHuTENbHBIE TIOATBEPIKICHHUS ATOTO BBHIBOAA MIPEACTABICHBI HA pHC. 4, IZle IpeAcTaBIeHs! napamerpsl CB n
MMII u tnHAMHWYECKHiA CTIEKTP TeOMarHUTHBIX ITyJIbcanuii Ha o0c. iBano. Kak BumHO Ha puc. 4, B HI3KOYaCTOTHOM
YaCTH CIIEKTpa HAOIIOMAeTCsl HECKOIBKO BCINIECKOB myJsbcanuii Pi2 (¢ mepromom mopsiaka 150 ¢). Hamomuum, 9to
Pi2 mynbcanmu sBIAIOTCS OOLIENIPU3HAHHBIM HHIMKATOPOM Hadaia cy00ypu. Ho paccmartpuBaemasi KapTHHA
Ha0JII01aeTCs B OKOJIONOIY ICHHBIE Yachl Ha Cy0aBpOpaJIbHBIX MIMPOTaX. BHIHO, YTO KaKAbIi BCIUIECK COBIAIACT C
MOMEHTOM nepexona Bz uepes 0 u ¢ peskumu nukamu Bz.

B BepxHell 4yacTH pHCyHKa IOKa3aHbl IyJbCallMd C HeCTallMOHapHBIM criektpoM tuma Pcl. Kak BuaHO, oHM
CBsI3aHbI C Bapuanusamu notoka nporoHos CB B JIC. HanpammBaeTcst BBIBOA 0 pa3ienbHOM BosnedcTBuu MMII u
KOHLCHTPAILlMM IIPOTOHOB HA pPEXHM T'€OMArHUTHBIX IHyJibcanuil. BZ reHepupyeT BCIUIECKHM ITyJIbCAIHH,
MIPEATION0KUTEIBHO BeeAcTBHE epecoeanHernss MMII 1 reoMarHUTHOTO 1OJIt HA MarHUTONAay3e. B 310 ke Bpems
MPOTOHBI (WM alb(a-qacTHIbl) NPOHUKAIOT B MAarHuTocdepy M BBI3BIBAIOT HEYCTOWYMBOCTH B PAJHAIIOHHBIX
MOsICax M TEHEPUPYIOT EKTPOMArHUTHBIC HOHHO-IIMKJIOTPOHHBIE BOJIHBI, HAOMOAaeMble Ha 3eMie KaK M3JIydeHUS]
C HECTAI[MOHAPHBIM CIIEKTPOM, MO0 MOP(OIOrHIecKuM npu3Hakam Oiu3kuM K kosebanusim tuna IPDP [16]. Takue
KoJIeOaHMsI COMPOBOXKAAIOT CyOOypH, HAOIIONAIOTCS OOBIYHO B IIPEATIOIYHOUHBIC Yachl M CBA3AHbBI C IUKIOTPOHHOMH
HEYCTOIYMBOCTBIO MPOTOHOB, HHXKEKTHUPYEMBIX B PaJHAIMOHHBIA TOsiC BO BpeMs cybOypu. B [17] ucrounukom
MOJOOHBIX KOJICOaHMH TaK)Ke paccMaTpHUBallaCh LUKJIOTPOHHAs HEYCTOHYMBOCTH, HO HMOHOB KOJIBIIEBOTO TOKA,
CTHMYJIMPOBaHHAs UMITYJILCHBIM C)KaTHEM MarHuToc(epsl ckaukamu naieHus CB.

Pucynox 4. Cy00yps B T'C€OMarHUTHBIX

nyinecauusix, reHepupoBanHas [JC, B

OKOJIOTIOJTYZICHHBIC Yachl: a)
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25 IIpuMedaTenbHBIM (PAKTOM SBJIAETCS
o 20 coxpaneane cTpykTypel  JC, ee
5 18 BPEMEHHBIX MaciTaboB u
5 anTHKOpperinus npoduieit B u N npu
0 memkeand ot WIND k 3emne u
- 16 npoHuKHOBeHHH JIC B MarHUTOCIIOMH 1O
L 12 JIaHHBIM CITyTHHKA THB Ha
v 8 paccTosiHUAX BILIOTH 10 ~44.5 Re (puc.
4 5, 6). B  obmactu  xBocTa
MmarHutocgeps! Ha paccrostHuu ~ 10 Re

12
i (THE) KapTUHA KapIUHAIBHO
'5 0.8 MeHsieTcsl. HaOuogaemble CTPYKTYpHI
0.4 yxke He saBistores [C, T.K. OTCYTCTBYeT
" aaTuxoppemsinust B u N (puc. 58). [Ipu

sToM BenmdunmHa N yMeHbIIaercs
npaktuaeckd B 10 pa3 (o cpaBHEHHIO
C Mar"mrTociioeMm), a BenuuuHa B
BO3pacTaeT IPUMEPHO B 5 pa3. Bee 310,
MO-BUAMMOMY, OTpakaeT IPOSBICHUE
JIUCCUIIATUBHBIX IPOLIECCOB, KOTOPHIC
uHUIUUpytoTcs Bo3aekcteueM JIC Ha
3aMarHM4€HHyl0 IUiasMy B XBOCTE
MarHuTocgepsl.

9:00 10:00 11:00 12:00 UT, gyac

Pucynok 5. Bapuanuu Moy HalIpsoKEHHOCTH MArHUTHOTO T10JIS
B (uépnas kpuBas) M KoHIEHTpauuu mHpoToHOB Np (KpacHas
KpHBasi): a) B COJJHEUHOM BeTpe 1o JanHbM ciiytHuka WIND; 6) B
MarHuTOCNOE M0 JaHHbIM cnyTHHKa THB; B) B MarauTocdepe mo
JnaHHbIM criyTHHKAa THE.

BuiBoabI

1. Bzaumopeiicteue JIC ¢ wmarHuTocdepoil Tmocie JUIMTEIbHOW CeBEpHOW opueHTalmu Bz reHepupyet
U30JIMPOBAHHYIO CyOOypIO, MPOJODKUTEIBHOCTh KOTOPOU ormpeaessiercs mpoaonkurenbHocthio JIC. Cy00yps
HAYMHAETCS B OKOJIONOIYICHHBIE Yackl poxoxaeHueM JJC B MarHuTocdepy 1 pacrpocTpaHseTcsi K BOCTOKY.

2. B TedeHue n1Byx 4acoB HabmoaatoTcs Bee (hazbl Cy0OypH — HOATOTOBUTENbHAS, B3PbIBHAS U BOCCTAHOBHUTEIIbHAS.

3. IIporonsl JIC, reHepupysch B 00JaCTH MCTOYHHKA, TOCTUTAIOT OPOUTHI 3eMJIH U, B3aUMOJCHCTBYsSI C YaCTUI[AMU
paauaIOHHBIX TIOSICOB, BBI3BIBAIOT TeHepamuio Kkomebanuit IPDP B okojomodymeHHBIE Yackl B OOJNBIIOM
IIMPOTHOM JIHATIa30HE.

4. IC npoxonut B MarHUTOC(epy U HAOIOIaeTCs B MATHUTOCIIOE ¥ TUTa3MEHHOM CIIO€ XBOCTA.

BaarogapuocTn
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«CHCTEeMHBII aHAJIU3 U METO/bI 00pabOTKH UH(HOPMALIMH B KOCMHUYECKUX UCCIICIOBAHUIXY.
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HEMPOCETEBOM AHAJIN3 OCOBEHHOCTEN T'EHEPALINIU
BBICOKOIINPOTHBIX TEOMATHUTHBIX BOSMYIIIEHUN,
BBI3BIBAEMBIX OBOJIOUKAMU MATHUTHBIX OBJIAKOB
COJIHEYHOT' O BETPA

C.E. Perynos!, B.I'. Bopo6ses?, O.M. Bapxarosa®, O.1. SIronxuna?, A.A. 3y6opepa®

YHuocezopoockuii 2ocyoapcmesennviii nedazouveckui ynusepcumem um. K. Mununa
2DI'BHY «Ilonapuuiii 2eousuueckuti uncmumympy, 2. Anamumul
$Huoice20podckuii 20cy0apcmeenblil apXumeKmypHo-CmpoumensHolii yHueepcumen

AHHOTAIMA

B wuccnenoBaHMHM paccMOTPEHBI OCOOCHHOCTH TI'eHEPAlUH BBICOKOIIMPOTHBIX T'€OMAarHUTHBIX BO3MYIICHHI,
BBI3BIBACMBIX 00OJIOYKaMH MarHUTHBIX 00nakoB (MO) cOJHEYHOro BeTpa HPEICTAaBIIOIINX COOOH TOpSAYyI0 H
IJIOTHYIO TYpOYJICHTHYIO IIa3My ¢ CHUIBHBIMU (IIYKTYalHsIMH KOMIIOHEHT MEKILTaHETHOTO MarHUTHOTO moutst. st
9TUX UeJied BBINIOJIHEHbl HEHpOCEeTeBble KIACCU(UKALMOHHBIE SKCIEPUMEHTBHI 110 COIOCTABICHHIO JAMHAMUKHU
napaMeTpoB 000J0YEK MAarHWTHBIX OOJIAKOB C JMHAMHKOI aBpopanbHoro AL-mHzaekca eme a0 pa3BUTHS
TJ100aTbHOTO TEOMarHUTHOTO BO3MYIIIEHHS. Pe3ynbTaThl, HOIy4eHHbIE HCKYCCTBEHHBIM HHTEIUIEKTOM, COTJIACYFOTCS
¢ (M3MYECKUMH TPENCTAaBICHUSIMH O IPOIECcCax Pa3BUTUS BBHICOKOUIMPOTHOW TI'€OMarHMUTHOW aKTUBHOCTH II0J
JeiicTBreM TypOyJIEHTHOM cpe/ibl 000JI0UeK MarHUTHBIX 00JIAKOB Ha 3eMHYIO MarHurocgepy.

Beenenune

Ucnonp3oBaHne HeHpoceTeli B pelleHHH (QyHAAMEHTANBHBIX 3aj]ad TeIHOTCO(PH3UKH OTKPHIBAET HOBEIC
BO3MOKHOCTH TTOWCKA MPUIMHHO-CIICCTBCHHBIX CBS3¢H TUHAMUKH MapaMeTpOB MarHuToc(epbl U MEKIDIaHSTHON
cpensl. M3BectHo [1, 2], uTo uccnenyembie KoHpUryparmu nuHaMuku AL nHaekca comepkaT B ceOe HHPOPMAIIUIO
0 XapaKTePUCTHKAX KPYIMHOMACIITA0OHOIO IUIa3MEHHOro mMmotoka tuma MO, B KOTOpPOE MOIPYXKaeTcs 3eMHas
MarauTocdepa. B 3aBUCHMOCTH OT CKOPOCTH 00J1aka OTHOCHTEIBHO COJIHEYHOTO BeTpa Ha mepefaHeM (poHTE ero
Tela MOXKET 00pa30BBIBATHCS yaapHas BOJHA, 3a KOTOPOW ciemyeT TypOyJeHTHas 00J1acTh, 4acTO Ha3bIBacMast
o0osoukoii obnaka. HcciaemoBaHus IIOKa3bIBAIOT, YTO JJIs OONBINMHCTBA MATHHMTHBEIX OOJIAKOB HAYaso
COOTBETCTBYIOITMX KM T€OMAarHUTHBIX BO3MYIICHMH TPUXOAWUTCS HA YAApHYI0 BOJHY M o00omouky [3, 4].
HcToyHHKOM »SHEpruM MarHUTOC)EpHBIX cyOOyph SBISETCS IIa3Ma COJHEYHOTO BETpa M MEKIUIAHETHOE
MarHUTHOE ToJie, cojepxkamieecs B Tenax MO. B Hacrosimem wuccliemOBaHHM TNPUMEHEH KIIACCH()HKAIMOHHBIN
HEHUpOCeTEBOM TMOAXOJ, KOTOPBIA MCHONb30BAJICA HaMH paHee [l] npu aHamuze KOMIUIEKCA SIBJICHUM
BBICOKOIITMPOTHOW T€OMAarHUTHOW aKTUBHOCTH (IMHAMUKA MHACKca AL), BBI3BIBAGMBIX TEIIOM MarHUTHOTO OOJlaka
COJTHEYHOTO BeTpa. B KadecTBe BXOAHBIX MapaMeTpoB I HEUPOCETEBBIX IKCIEPHMEHTOB OBUIH HCIIONB30BaHBI
HHTErpaibHble KoMIOHeHTE MMII, mokasaBmmue cBoio 3¢ (GeKTUBHOCTh paHee. OIHAKO B HACTOSIICH padOTe MBI
oOpamaeM BHMMaHHE Ha BO3MOXHOCTh YYacTHs B JAWHaMHKe cyO0Oyps TypOyneHTHBIX ob6onodek MO.
TypOyneHTHbIE 000JOYKM MarHUTHBIX OOJIAKOB, COMPOBOXKIAEMBIX YAapHBIMU BOJIHAMH, SIBJISIOTCS Ba)KHOM
MPUYMHONW BO3HHUKAIONIETO cy0OypeBoro mpoiecca [2]. 3aech A7 oucKa MPUIHHHO-CIIEICTBEHHBIX XapaKTEPUCTUK
00pa3oB 3TOM CTPYKTYpHOHN 4acTH MarHUTHOTO 00JaKka M JUHAMHUKH BBICOKOIIMPOTHOW T€OMarHUTHOW aKTUBHOCTH
npumensiercss THC tuna cios Koxonena.

Hcnonn3yemble JaHHbIE H METOABI 00Pa0OTKHU

B pabore ncnonb30BaHbl JaHHBIC, OTBEYAIOIINE HHTEPBaJIaM HAOIIOICHNH 33 MEXIIJIaHETHBIX MarHUTHBIX 00JIaKOB
¢ oOosoukamu, 3apeructpupoBaHHBIX B 1998-2012 rr. MHpOpMamus o paccMaTpUBacMbIX HaMH MarHHUTHBIX
o0akax COAEPXKUTCS B KaTajorax, OmyOJIMKOBaHHBIX B pabotax [3, 4]. JlaHHBIE 3THX KaTaJOroB NPOBEPEHHI C
MOMOIIIBIO0 CO3JJAHHOW HAMM TIPOTPaMMBI MOWMCKAa MAarHWTHBIX OOJNIAKOB B COJTHEYHOM BETpPE, OCHOBAHHOW Ha
crienuaibHO pazpadboranHoM Metone [3]. Kpome Toro, yacTh JaHHBIX B3ATa M3 HAIIETO KaTayora [4], comepxkaiiero
JIOTIONTHUTEIFHO OOHApYXEHHBIE MarHUTHBIE obnaka. [lisg kaxmoro mHTepBana MO aHaIM3MPOBAINCH MapaMeTpPhI
COJTHEYHOTO BeTpa: KOHLEHTpamwss N W CKOpOCTh Ia3Mbl V W KOMIOHEHTH BekTopa B(Bx, By, Bz)
MEXIUIAHETHOTO MarHutHoro mons B GSM cucreme KoopauHat, a Tak ke 3HaueHuss SYM/H u AL wuHnmekcos
MarHuTHOM akTUBHOCTH. MHTepBasibl B3ATbI C pa3sHOM MNPOJOKUTENBHOCTBIO, OIpEAEIsieMOll MapamMeTpamu
000JI049€K MarHUTHBIX 00JIaKOB. DKCTPEMYMBI U MHTETpaJIbHbIC 3HaYCHUS! (PU3NUECKUX MEPEMEHHBIX BBIUYHCIIUIICEH
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3a aHaJIM3UPYEMBIH MHTEpBaJ, COJEpXKalluii 000J04Ky Kakmoro paccmarpuBaemoro MO. Bce naHHbBIE B3SITHI C
MHUHYTHBIM pa3pelinenueM ¢ y3ia http://cdaweb.gsfc.nasa.gov.

B nccnenoBaHMM TpPHMEHEH METO[ KJIACCH(HUKALMOHHOTO HEHPOCETEBOrO IMOAXOAAa K AaHalIW3y KOMILIEKca
SIBIICHUI BBICOKOITMPOTHOW T€OMarHUTHOM aKTHBHOCTH, (PUKCHPYEeMOro Mo IWHaMUKe MHAeKca AL, BBI3BIBAEMBIX
MarHUTHBIMH O0JIaKaMU COJTHEYHOTO BeTpa. B KadecTBe BXOIHBIX MapaMETPOB JJI HEHPOCETEBBIX 3KCIICPUMEHTOB
UCTIONB3YIOTCS. MHTETpasIbHbIe KOMIOHEHTHI MMII, nmokasaBmmme paHee cBOXO 3G(QEKTUBHOCTD JJISI BOCCTAHOBIICHUS
nanekca AL [1]. KnaccudpukanmoHHble 3KCIEPUMEHTH POBOAMINCH C pa3feibHBIM MPUMEHEHHEM KOMOWHAITHN
IapaMeTpoB, OTBEYAIOLIMX TOJBKO MPUYMHAM BO3HHUKHOBEHHs CyOOyph M TOJNBKO JUHAMHKE pa3BUTHS CyOOypb,
cornacHo Meroxuke [1]. Jlyst aToro ObUTH CO3/aHbI IBE pa3HbIe KiIacCHU(HKAIMOHHBIE NCKYCCTBEHHBIE HEHpOCETH
(MHC). TlepBas HelipoceTs KiaccuduipoBalia mapaMeTpsl, oTHOcsIuecss K obonouke MO M Bblensia Kiacchl
NPUYUH, BTOpas - KiacCH(UIMpPOBaja MapaMeTpbl, OTHOCSIIMECS K T'€OMarHUTHOMY OTKJIHMKY MarHUTOC(EpHl U
BBIJIEISIET KJIACChl MOCHENCTBHH. UMCIIO KilaccoB, KOTOpOE JKeNaTelbHO IOJYYHTh C IOMOIIbIO Heipocerw,
3aJ1aBaJIoCh MOJIb30BATENIEM TaKUM 00pa30M, YTOOBI JIydllle BCEr0 COOTBETCTBOBATh MH(OPMALIUH, COAEpIKaICHCs B
UCTIONIb3YEMBIX BXOJHBIX JaHHBIX.

PesyabTaTsl KiIaccu(puKanuu

BrimonHsemas 31ech paszgenbHas Kiaccu(UKanus MOApasyMeBaeT HE3aBUCHMYIO THIH3ALMIO HCIIOJIB3yEeMBIX
JTAaHHBIX B MPOCTPAHCTBE BXOAHBIX NPU3HAKOB 3ajaud (MapamMeTpbl IPUYMH) U B IPOCTPAHCTBE BBIXOIHBIX
npu3HaKkoB 3a1aun (mapamerpsl cneactuit). MHC Nel kiaccuduumpyer mapamerpbl, OTHOCSIIHECS K 000JI0YKaM
MO, nonygaet xiraccsl nprmaul, MTHC No2 xiraccudumupyeT mapameTpsl, OTHOCAIIAECS K TEOMarHUTHOMY OTKJIHKY
MarHuToc(epsl, MOIyJaeT KIAcChl MOCIEACTBUH. [IONCK BBINOMHSICS Cpeny MapaMeTpOB IPUYNH, OTHOCSAIINXCS K
obonouke MO, mmas MHC Nel: skctpemym Bz, unTerpanbhbeiii Bz, skcrpemym NV?2, unTerpanbhbiii NV?Z,
MHTETpalbHbIi BZ B MUHYTY, HHTerpanbHblii NV2 B MUHYTY M TapaMeTPOB F€OMAarHUTHOTO OTKJIMKA MAarHUTOC(EPHI
s MHC Ne2: uaTerpanpubiit AL, skctpemyMm AL, gncio cy00yps, Hammane SSC, nHTErpaidbHbId AL B MUHYTY.
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Pucynox 1. Pesynbrartel cornacoBanHoit 10 80% kiaccudukanum coOOBITHH, acCOUMMPOBAHHBIX C
obomoukamu MO Ha aByx He3zaBucuMmbix MHC. a) MHC Nel, pesympraT KiaccHpuKamuy MapaMeTpoB
HPUYHH, OTHOCAIIMXCS K 060504ke MO, NOPAI0K NOCTPOEHHUS JJAHHBIX: HHTErpalbHbil NV?2, HHTerpabHbli
NV? B wmunyry; 6) MHC Ne2, pesynbTar KinaccupMKalUMM I1apaMETPOB TE€OMArHUTHOTO OTKIIMKA
MaraHuTocepsl, MOPSIOK IIOCTPOCHWS MAaHHBIX: HWHTErpanbHeli AL, wHTerpampHeii AL B MHHYTY.

OIMHAKOBBIM [IBETOM B KaXHOH Tpymme (CHHMHA — Kiacc 1, 3eleHblii — Kiacc 2, KpacHBIM — Kiacc 3)
ITOKa3aHbI COTJIACOBAHHEIC CiTy4au. YHCIaMu YKa3aHbI YCIOBHBIE HOMEPA aHATHU3UPYEeMbIX coObITHIE MO.
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HOJ’Iy‘ICHHHe KJIaCChl COINOCTABJIAJIUCH AJITOPUTMOM, HU3JIOKCHHBIM B [1] B Cjlydac€ COBIIaJICHUA KJlacCa
KOM6I/IH&IIPII¥I MNPUYUHHBIX MapaMeTpOB C KJIAaCCOM cy66ypeBor0 CJICACTBHA, KJIaCC OOBSIBISICS YCTaHOBJICHHBIM.
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Heﬁpocemeeoﬁ anauz ocobeHnocmei cenepayun 6bICOKOUWUPOMHbIX c€EOMACHUNIHbIX 803/11}/“48}’-[1411.“

ANTOpPUTM yCTaHaBIMBAJI YUCIO W COOTBETCTBUE KIJIACCOB, NPU KOTOPBIX cojepikamiascs B HUX WH(opmanms
HaWIydIIuM 00pa3oM COOTBETCTBYET HPUYMHHO-CIICACTBEHHBIM CBs3siM. KiaccuukannoHHBIE pe3ynbTaThl IBYX
nesapucumbix MTHC Haubosee 61U3KH TP MCHOJIB30BAHMH IAPAMETPOB: HHTErpajibHblil NV?2, uaTerpanbublii NV2 B
muayTy (MHC Nel) wm wmmTerpameHbiii AL, wmaTerpamsabii AL B mumayry (MHC Ne2). IlokazaHo, 9TO
KIacCH()MKAIIMI0O MMEET CMBICH BBINONHATE Ha TpH Kiacca. OOHapyXeHHbIE HPH 3TOM KIIACChl KOMIUIEKCOB
BO3MYIICHHBIX TapaMETPOB OTBEYAIOT pAa3HbIM COOBITHSAM KOCMHYECKOW TMOTOMABL, KaXIbli M3 KOTOPBIX
COOTBETCTBYET KOHKPETHOH cy0O0ypeBoil akTwBHOCTH. [Ipm 3TOM cOTrNacoBaHHOCTh KiaccoB nocturaeT 80%.
Pesynprarel knaccupukanuy IpencTaBiIeHbl Ha puc. 1. B BHIE AWarpaMMbl THHa «pamap». IlepBblii mapamerp
IyOnMpyeTcst U HOCTPOSHUS INIOCKOCTH IMarpaMMbl, T.K. IapaMeTPOB MEHbIIIE TPEX.

Bcero 0Ob110 00HapykeHO 3 COMOCTABISAIONIMXCS Kilacca cy00ypeBoit aktuBHOCTH. Kitacc 1 oTBeyaeT B3pHIBHOMY
pocty uHTerpansHoro NV?2 (Gonbluue 3HadeHUs MHTErpaibHoro NVZ2 B MHUHyTY, 3HAYUTENBHO MPEBBILIAIOIIHE
MHTETpajJbHble 3HaYeHUs] NV2), B3ppIBHOMY pocTy MHTerpanbHoro AL (Gosbiime 3HaueHust nHTerpansHoro AL B
MHHYTY, 3HAUUTEIBFHO NPEBBIIAIONINE HHTErpaibHble 3HaueHns1 AL). Kitacc 2 — BbICOKHE 3HaueHUsI HHTETPAIbHOTO
NV?, BbIcOKHE 3HAYEHUsS MHTErpanbHOro AL mpu HU3KOM CKOPOCTH pocTa UHTerpaibHoro AL (HM3KHe 3HAYEHMS
uHTerpatbHoro AL B MunyTy). Knace 3 — GbICTpBIH pocT UHTerpaabHoro NV2, BHICOKUE 3HAYEHHS MHTErPaibHOIo
AL. Kaxneii BBIAETICHHBIH KITacC MPEICTABISET COOOH IPUIMHHO-CICICTBCHHYIO CBS3b THIIOB CyOOyph C
KOHKPETHBIM THIIOM BO3MYIICHHUI ITapamMeTpoB comHedHoro Berpa 1 MMII B TypOyneHTHOH 000109Ke MAarHUTHOTO
obnaxa.

3akJil0ueHue U BbIBO/IbI
[pmmeneane MHC mist xinaccudpukamuu o0pa3oB MPUYNHHO-CICACTBEHHON CBS3M CyOOypeBOW aKTUBHOCTH C
BO3ACUCTBHEM KPYITHOMACIITA0HBIX COJIHEUYHBIX MOTOKOB THIIA MArHUTHOE O0JIAaKO Ha 3eMHYIO0 MarHutochepy aaet
BO3MOKHOCTH BBISIBISITH COOTBETCTBYIOIIYIO PEAKIIHIO BBHICOKOIIMPOTHOTO T€OMAarHUTHOTO IOJNIST B BHJEC WHACKCA
AL. Bu3yampbHO Ha AmarpaMMe THIIA «pajap» KaXKAoe COOBITHE MOXKET OBITh OJHO3HAYHO OTHECCHO K
OTIpeNleICHHOMY KJIacCy, a COBOKYITHOCTH OJHOTHITHBIX TUarpaMM ¢GopMmupyeT (opMaibHBIA 00pa3 kimacca. 3a
3TUMHU 00pa3aMH CTOSAT KOMIUIEKCHl IPHYMHHO-CJICACTBEHHBIX IIApaMETPOB, KOTOPBIE HHTEPIPETHPYIOTCS
KOHKPETHBIM THIIOM BO3MYIIEHHM MapaMeTpoB COJHEYHOIO BETPa M MEXKIJIAHETHOI'O MAarHUTHOTO IO B
MarHUTHBIX O00JaKaxX COJHEYHOTO BETpa U COOTBETCTBYIOUICH CyOOypeBOH aKTHBHOCTBhIO. B pesynbTare
HEHpOCeTeBBIX HKCHEPUMEHTOB IPOJEMOHCTPUPOBAHA YCHEUIHOCTh OIPEAETICHHUS KOHKPETHBIX MPUYMHHO-
CJIC/ICTBEHHBIX KJIACCOB, COJEPKAIMX COBMECTHBIE ITapaMeTpbl NPUUUH CyOOYypeBOW aKTHBHOCTH M €€ Pa3BHUTHS,
KOTOpas yKa3bIBaeT Ha HETHMHEHHYIO CBA3b AMHAMHUKHN AL MHIeKca co CTpyKTYpHBIMHU dnieMeHTamMu MO.
BrImoHeHHOE HCCIIeIOBaHUE MPOIEMOHCTPHPOBAIO BO3MOXHOCTH KIACCU(PHUKANNUA CyOOypeBOH aKTUBHOCTH
(MHTCHCHBHOCTH W JHMHAMHKH) Ha OCHOBE y4YeTa MHTETPALHBIX MapaMETPOB COTHEYHOTO BETpPa M MEKIIAHETHOTO
MarHUTHOTO ToJs. [lapaMeTpsl MEeXIUIAaHETHON cpellbl MATHUTHBIX 0OJIAKOB U JHHAMHUKHU CyOOypeBoil akTHBHOCTH,
(dhopMmupyromue oOHapy)KHBaeMbIe KIACCHI, MOTYT OBITH HCIIOJNIB30BaHBI JJIS YTOYHCHUS (PU3UUECKUX MOJEIeH
BO3ACUCTBHUS Ha MarHUTOc(epy 3eMIIH TOTOKOB COJNHEYHOW IUIa3Mbl OT KOHKPETHBIX COJHEYHBIX HCTOYHHKOB.
Co3ngaBaeMble HEUPOCETEBBIE MOJEIN MOTYT YCIEIIHO NMPUMEHSTHCS, KaK U YCTAHOBJICHUS HENOCPEICTBEHHOU
cBsa3u nuHamMuku AL wmHnekca ¢ snemeHtamMu MO, Tak M JUIs BOCCTaHOBJIEHHUS camoro AL WHIEKca B HEepHOJBI
H30JIUPOBAHHBIX MarHUTOC(HEPHBIX CYOOYph MU CepHii CyOOypbh, BHI3BIBAEMBIX BO3CHCTBHEM MarHUTHBIX 00JaKOB
pa3IMYHbIX TUIIOB Ha 3eMHYIO0 MarHuTocdepy.
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AHHOTAIUSA

B pabore naHo comocraBieHne nposiBiieHus (a3oBeix GurykTyanuii GPS-curHanoB u ux BO3IEHCTBHS Ha TOYHOCTH
no3unroHupoBaHus Ha moisipHoil NYAI u aBpopampHOif TRO1 crammmsax mms HosOps 2012r. IlpeacraBnex
JIETAIBLHBIN aHAN3 OCOOCHHOCTEH M pasnuyuii MOHOC(EpHBIX d(P(HEKTOB HA 00CYKAAEeMbIX CTAHIHMSIX BO BpeMs
KOHKPETHBIX Te0(U3NUECKHUX YCIOBUIA.

Beenenue

Onykryannun GPS/TJIOHACC curranoB B BBICOKMX HIMPOTaX OOYCIOBICHBI TPHCYTCTBHEM B HOHOC(epe
pa3IMyYHBIX MaclmTaboB HEOJHOPOJHOCTEi. VIHTEHCHBHOCTh M 4YacTOTa MOSBJICHHS (IyKTyauud CyIIEeCTBEHHO
YCUIIMBAIOTCSl BO BpEMsI I'€OMarHUTHBIX BO3MYILeHHH. MoHOcdepHble HEOAHOPOIHOCTH CTPYKTYPUPOBAaHBI IO
LIMPOTE, U XapaKkTep MX MPOSBICHHUS COOTBETCTBYET JAWHAMHUKE TaKUX CTPYKTYp, KaK aBpOpajbHBIA OBall, Kacrl,
noJspHas manka. Oco0blil HHTEpeC K HcclieoBaHUAM (MIIyKTyanuii 00yCIOBJIEH TEM, YTO OHU SIBJISIIOTCS OJHUM M3
OCHOBHBIX ()aKTOPOB, BIMSIOIIMX Ha (YHKIMOHMPOBAaHHWE KOCMHYECKUX HAaBHI'ALIMOHHBIX CHCTEM B ApKTHKe. B
MoCJIe/IHEe BpeMsl MHOTO paboT IMOCBAIIEHO MposiBieHHI0 (Ga3oBbix GPS-duykTyaumit B paznuuHbeix o0nactsix
nonocoepst [Cherniak et al., 2015; Prikryl et al., .2015]. Yamuie Bcero ¢a3oBsie GuaykTyanuu TpaHCHOHOCHEPHBIX
CHT'HAJIOB HAOIIONAIOTCA B pailoHe MAarHUTHOTO IMONYIHA W B paiioOHe MarHUTHOW MoiyHO4H. OCOOCHHO CHIIBHBIC
GIyKTyanuu, acCOLUUPYEMBIE ¢ aBPOPAILHBIMH BO3MYIIICHUSIMU, PETUCTPUPYIOTCS B aBpOpabHOM oBajie [ Yeproyc
u Op., 2015]. NaTencuBHble (a3oBble Quykryanun GPS-curHamoB, BEI3BaHHBIC aBPOPAIbHBIMH BO3MYIICHHSIMH,
CYIIECTBEHHO YXY/IIAIOT TOYHOCTh HABUTAIMOHHBIX M3Mepenuii [Jacobsen and Ddhnn, 2014; Yang et al,. 2019].
IIpu 3TOM 1O CPAaBHEHHUIO CO CIIOKOMHBIMU YCIOBHAMH OLIMOKM MO3UIIMOHMPOBAHUS MOTYT YBEJIHYMBATHCSA Oojiee
yeM Ha mopsaok. DIyKTyalun BBI3BIBAIOT CKadyku (as3pl curHanos (cycle slips) u moryr mpuBomuTs K moTepe
CIIe)KEHHs NPUHUMAEMbIX CHTHAJIOB, YTO B KOHEYHOM MTOI€ YXYHIIAET TOYHOCTh HABHUTAI[MOHHBIX W3MEpEHUil
[Shagimuratov et al., 2018]. TTo komrmiekcHsIM HabmOaeHUsAM cTaniu NY-Alesund mpoBemeHbl uccieq0BaHus
nposiBIIeHUST BITYKTyaluii B MOJSIPHO# HOHOC(Epe, 00yCIOBICHHBIX MOMIpHbIME TaTdamu (polar cap patches) u
possipabiME  cy60ypsimu [Jin et al., 2014; Belakhovsky et al., 2020]. B pa6ore [Belakhovsky et al., 2021]
NPE/CTAaBJICH aHAIU3 BIHMSHUS PAa3IMYHBIX THUIIOB BO3MYILIEHHWH B TMOJSIPHOW HOHOC(heEpe Ha HaBHIallMOHHBIC
cUrHaNBI. VcciemoBaHHsl KacaroTCsl NPOSBICHHS (PA30BBIX M aMIUIMTYIHBIX CHUHTHUIALHMNA, OOYCIOBICHHBIX
JHEBHBIMH BBICBIIIAHUSAMH B Kaclie, BBICHIIAHUSIMU BO BpeMsi cyOOypeBOH aKTMBHOCTH B TOJSIPHOW HMOHOC(epe, a
Tak)Ke BBI3BAaHHBIX BIMSHUEM MOJSIPHBIX Mardeil. B maHHO# padore mo GPS-nabmonennsm mo cranmusm NYAL u
TROI npencrabieHa jgeTanbHas KapTHHA NpOsBIeHUS (a30BBIX (GIyKTyaluid M OIIKOOK IMO3HIMOHUPOBAHUS BO
BpeMsi KOHKPETHBIX re0(pU3NIECKUX YCIOBHH.
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B pabote ncnonszoBanucs GPS nabmonenus noisapaoit NYAL u aBpopanshoii TRO1cranuuii 3a nnrepsan 11-14
HOs10pst 2012 1. m mammsie cetu marauromerpoB IMAGE (http://www.space.fmi.fi/IMAGE).B kauectBe Mepsb
GyKTyannoHHON akTHBHOCTH Hcmoib3oBaics mapamerp ROT (Rate of TEC) na 1 muH. uaTepBane. B kauectse
enununbl usmepenus TEC ucnombsyercs TECU (1 TECU cootserctyer 106 sn/m?). TeoMarHuTHBIE YCIOBMS
(puc. 1) Bxmroganu ymepeHayio Oypro 14 Hos0ps, MuHIManbpHas BenmauHa DSt mocturamo -108 nT B 00:08 UT.
MaxkcumanbsHas aBpopaibHas akTHBHOCTH 14 Hos0ps 2012 r. mpuxoamnacs Ha 00-10 UT.

2. Pe3ynbTaThl M 00Cy:KIEHHE
2.1. Coovimue 11 noaops 2012 200a
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Pucynok 2. Maruurorpammsl 1 Bapuaiu ROT no Bcem mposeraM CIyTHUKOB 3a 24 4acoBOM MHTEpBAJI MO
cranimsM NYAL u TROI1 (Bepxusas naunens); TEC Bnons nposnera CiyTHUKA M OIIMOKY TTO3ULIMOHUPOBAHUS
(HMKHSIS TTaHEeTIh).

o

Bapuanuu MarHuTHOrO mojs Ha o0eux crTaHuusax mo maHHbiM cetd IMAGE mokassiBator, uto 11 HOSOps ObuLI
cnokoitapiM mHeM. Crmaboe Bo3mymenue Ha ctannuud NYAL perucrpupoanocs B paiione 08-16 UT. Ha stom
HHTepBalie HaOmoaanock ycuieHne Ga3oBbix ¢urykryaruii (ROT) Ha Bcex CIyTHUKOBBIX MPOJIETaX HAll CTAHITUCH
NYAI, xoTopast B 3TOT IIepHOJ pacroiaraiach paiione kacna. Ha aBpopanproii cranmmu TRO1 ¢aykryannn 6pumm
oueHb crabbMu (Ha ypoBHe (ona). Kak BugHO Ha pucyHke 2, mus cnytHHKa Nell mabmogamucs TEC Bapuanuu B
BHUJIC BCIUICCKOB MOBBIICHHON HOHHU3ALMHU, KOTOPbIE MOXXHO HHTEPIPETUPOBATh KaK MPOSBICHUE «IIaTY» CTPYKTYP.
AMIUTUTYJa BCIUIECKOB gocTHrana dakropa 1,5 otHocutensHO (oHa. {1 OUECHKH BIUSHUS (a30BBIX (IIyKTyauui
Ha OIIMOKM MO3UIIMOHUPOBAHUSI OBbLI UCIIOJIL30BaH aJITOPUTM BHICOKOTOYHOTO MTO3MIIMOHUPOBAHMUS [UIsi KOHKPETHOM
CTaHIMK, Toy4YuBLINi HazBaHue Precise Point Positioning (PPP). Metox ocHoBaH Ha ctpareruu oopadbotku GPS-
HaOJIOZIGHUI OJTHOTO IPUEMHHKA M TO3BOJSIET 3(P(PEKTUBHO ONPENeNsTh C BBICOKOH TOYHOCTHIO KOOPAMHATHI
notpebutens. Jlis pacuera ommbok wucrons3oBanack nporpamma GIPSY (http://apps.gdgps.net), 3D-omubku
MO3UIMOHUPOBAHUS ONPEACISUINCh KaK JETPEHIUPOBAHHbIE KOOPAWHATBHI OT CpelHUX 3HaueHud (Xo, Yo, Zo) Ha

| Py )= )+ )=y + -2

Ownbku no cranuuu TRO1 we mpesbianu 15cm. Mo craniun NYAL MakcumanbHas omibka cocTaBisiia OKOJIO
IM u peructpupoBanack B paiione 13UT. XapakTepHo, uTo HaOJIIOJa€TCs SIBHOE BPEMEHHOE COOTBETCTBUE MEXKTY
dbaykTyanusmMu 1 ommOKaMu MO3UITUOHUPOBAHUSIMH.

2.2. Coovimue 12 nosaopsa 2012 zo00a

Bapuanuu marautTHOTO TOJNS Ha 00ewmx craHImax mo naHHeM cetd IMAGE mokassiBatot, uto Ha cranmuua NYAL
HaOmonanace HeOonbmIas monokutenbHas Oyxrta mocine 21 UT. Ha aBpopanbHbeix cranHmmsx nocime 20 UT
perucTpupoBaIoCh MHTEHCUBHAs cy00ypeBast akTuBHOCTh. Ha craniun TRO1 mmeHHO Ha 3TOT MepHOJ NPHILIUCH
MHTEHCUBHBIE (a3oBble (urykTyauuu. MHTEpecHO, uTto B 3T0 ke BpeMst Ha ctaHumu NYAI Tarke HaOiopanuch
cuibHble (uiykTyanun. HeOospmoe ycuienue ¢uiykTyanuii HaOdIroqanoch B JTHEBHOE BpeMs. DIyKTyal[IOHHYIO
akTuBHOCTH Tociie 20 UT MBI MOKeM acCOIMMpPOBATh C MPOSIBICHHUEM IaTd CTPYKTYpP, KOTOpble HAOIIOJAINCh B
Bapuanusix TEC (kak mnpumep) Ha mnpojere crnyTHuka Ne8, korma ¢QuykTyauuu B TpH pasza IPeBbILIATIH
oTHOCHTENBHO (hoHA. Ha 00enx cTaHIMsIX OMHOKY HO3UIIHOHUPOBAHHS PETUCTPHPOBAIICH MPUOIN3UTENHFHO B OTHO
1 TO Xe, BeuepHee Bpems. 1o cranium TRO1 omubku Obutn O0Jiee yeM B aBa pasa Oosbine, ueM Ha NYAL,
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Pucynok 3. Maraurorpammsl 1 Bapuariu ROT mo BceM mponeraM CITyTHHKOB 3a 24 9acoBOi MHTEpBAJ MO
craanusaM NYAL u TRO1 (Bepxuss manens); TEC BOoip mposnera cyTHHKA M OMIHOKH MO3HIIMOHUPOBAHUS
(HYDKHSS TIaHEJb).

2.3. Coovimue 13 noaopa 2012 z2o0oa

- X KOMIIOHEHTa NYAI (78,86° N, 11,87° E) TROI1 (69,54° N, 18,94° E)
= T T T ©30 HH%HM\ T 1 30 HHM\LLL\WHM
. Z20 st el e
E, P S — i .,
510 s d10- — %
ol #ﬂ;@“ P
| ] | ZO \T"T‘O H\WHWH\%\H
0 6 12 18 24 0 6 12 18 240 6 12 18 24
NYAI, PRN 22 NYAI1 (78,86° N, 11,87° E) TRO1 (69,54° N, 18,94° E)
IREEE BRREE BRRAN §5 rrrrrprrrrrerr T T T 6 rrrrrprrrrrerr T T T
30 g 4 51
> S 2 4
020~ 2 3 3-
||'|_J10_ 3 24 2
L 2 14 N 14
LM o 0- ) o I

0 o 1 2 6 12 18 2470 6 12 18 24
yacel (UT) yacbl (UT) vyacbl (UT)

Pucynok 4. Maraurorpammsl u Bapuariu ROT o BceM mpoetaM CITyTHHKOB 32 24 9acOBOI MHTEPBAI O
craanusaM NYAL u TRO1 (Bepxuss nanens); TEC BOoip mpoiera ciyTHUKA U OMTHOKA MTO3HIIMOHUPOBAHUS
(HYDKHSS TIAHEb).

o

IMo gauueiM cetu IMAGE (puc. 4) ma cranimun NYAIL B mocienoiyJeHHOE BpeMs HaOoanach Cyo0yps
yMmepeHHo# uateHcuBHocTH. Ha cranimun TRO1 peructpupoBanuchk cyoOypu B yTPEHHEM U BEUCPHEM CEKTOPAX.
ITo uHTEeHCHBHOCTH BeyepHsis cyOOyps npesbiiiana yrpenHior. Ha craninun TRO1 Ha 3TH nepruopl NpUXoIuioch
ycuieHue Gpa3oBbix (GayKTyanui, npudeM aMIuiuTyaa Obiia Oosbine B BeuepHee Bpems. Ha craniuun NYAL Taxoke
Habmomanoce ycwieHne GIyKTyaluii B OTH TNEpHOABL. YcCUIeHHe QUIYKTYaIllii XOpOIIO COOTHOCHIOCH C
BPEMEHHBIM IIEPHOJIOM, KOoTJa Habmonanace cyooyps. [loBenenne ommoOOK MO3MIMOHMPOBAHMS B 1IEJIOM XOPOIIO
coracyercsi ¢ mposiBieHHeM (a30BbIX Quykryanuid curHanoB GPS. B 1o xe Bpemss Ha cranmmm NYAL
MaKCHMaJIbHasl OMINOKA IPUXOJMIACH Ha YTPEHHUE Yachl. DTO MOXXHO OOBSICHUTH MPOSBICHUEM NATd CTPYKTYP (CM.
Bapuanuu TEC s ciytHuka Ne22) B pazoBbIX GIyKTyalusx U UX BIMSHHEM Ha OIIMOKN MTO3UIMOHUPOBAHMS.

2.4. Coovimue 14 noaopa 2012 z200a

ITo mauubiM cetu IMAGE Buzano, uto Ha cranimu NY AL B mocienoryieHHOe BpeMst Ha0Iro1amach cyooypst Maioi
uaTeHcuBHOCTH. Ha ctanmuun TRO1 perucTpupoBainch HHTEHCUBHBIC (DIYKTyallnd MarHUTHOTO TIOJIL B YTPEHHHE
gackl. B KOHEUHOM HWTOre 3TO TPHUBEIO K OYEHb OONbIINM ommbOkaM mosunmoHupoBanusa. Ha cranmmn NYAL
cnabple (IyKTyaluu HaONIONANNCh B Te4eHHME BceX CyTOK. OmuOKM Majol BeIMYMHBI PETHCTPUPOBAINCH B
OKOJIOTIONYZICHHOE BPEeMSL.
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Pucynok 5. MaraurorpamMmser u Bapuarmd ROT mo Bcem mposreTaM CITyTHHKOB 3a 24 4acOBOM MHTEpPBAJ MO
craamusaM NY AL u TRO1 (Bepxusist marens); TEC Bonp mposera COyTHHKA W OIMIHOKA TO3HIIHOHUPOBAHHS
(HYOKHSISI TTAHENb).

3akiouenne

[IpoBeneH neranbHBI aHaNM3 TPOSBICHHUS (QIYKTYallMOHHOW aKTUBHOCTM W OINMOOK IO3UIIMOHUPOBAHUS Ha
nomsipHoii NYAL u aBpopamprOoit TRO1 cranmmax na uaTepBane 11-14 HosOps 2012 r. 3a »3TOT mepuon
PETHCTPUPOBATUCH PA3IMYHOTO XapakTepa reoMarHuTHble BosMmylneHus. [1o cranmnu TRO1 kak ¢uykTyanun, Tak
U OIIMOKM ITO3MIHOHUPOBAHUS XOPOIIO COTJACYeTCsl C BPEMEHHBIM pa3BUTHEM aBpOpajbHON ¥ cyb6OypeBoit
akTUBHOCTH. [IposiBeHUs (QIyKTYaUHMOHHONW akTUBHOCTH 1O cTaHIMH NYAID HOCHT IOCTaTOYHO CIIOXKHBIH
xapakTep. Habmronaercst cBA3b QIIyKTyallid Kak C MOJSAPHBIMH CyOOypsIMH, TakK W IOJISIPHBIMHU MaT4aMH. MOXHO
NPEIIIONI0XUTE, YTO 3TO OOYCIIOBICHO 3aBUCHMOCTHIO OT T'€OMAarHWTHON BO3MYIIEHHOCTH ITOJIOKCHHUS CTAHIMU B
KacIie Wik B aBpopajbHOil noHOchepe. B obOmem, ommbku mosuiponupoanus mo NYAlMeHbIe, YeM 1Mo CTaHIUH
TROL1.

BaarogapHocTu. PaGoTa BeInoHEHA IpH YacTHYHON (huHAHCOBOU mopaepxkke PODU: rpant Ne 19-05-00570.
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JTABJIEHUE HOHOB B HOYHOM ABPOPAJIBHOM 30HE ITPU
SKCTPEMAJIBHBIX 3HAUEHUSIX JTUHAMMWYECKOI'O JIABJIEHU S
COJIHEYHOI'O BETPA

B.I". Bopo6ses!, O.U. SIroakuna’, E.E. Antonosa®®, U.I1. Kupnuues®

Y\@I'BHY “Honapubwiii 2eogpuzuueckuii uncmumym”, 2. Anamumot (Mypmarnckas o61.)

2Hayuno-uccnedosamenvckuti uncmumym soeproti pusuxu umenu JI.B. Crobenvywina Mockosckozo
eocyoapcmeennozo yHusepcumema umenu M.B. Jlomonocosa, 2. Mockea

3H}Ltcmumym Kocmuyeckux uccieoosanuil, 2. Mocksa

AHHOTanus. [aunbie cnytHukoB cepur DMSP wcronb30Banbl [t HCCIEOBAHMSA HOHHOTO IaBJICHHUS B HOYHOM
CEKTOpe aBpOpalbHON 30HBI B MarHUTOCHOKONHBIC MEPHOABI MPU SKCTPEMANbHBIX 3HAUEHHUSIX AMHAMHUYECKOTIO
naBieHust comHedHoro Berpa (Psw). IlokaszaHo, YTO MpU SKCTPEMANbHO BBICOKHX YPOBHSAX JUHAMHYIECKOTO
JIaBJICHUS] COJIHEYHOT'O BETpa JaBJIeHHE MOHOB Ha rpanuie usorpormsanuu (I'M) ysemumuuBaercsa ¢ poctoM PSw u
MOXeT gocTturath ypoBHs 4-6 Hlla npu Psw = 20-22 ulla. [Tony4yens mmpoTHbIE NPO(UIN HOHHOTO aBICHUS IPU
CpeIHMX YPOBHSIX AWHamuuyeckoro aaeieHus paBHbeix 0.5 ulla, 2.1 ulla u 16.3 ulla, yka3siBaromime Ha TO, YTO
yBenmueHne PSW conpoBokaaeTcs He TOJIBKO POCTOM JABJICHHUS IUIA3Mbl B aBPOPAIBHOM 30HE, HO M paclInpEeHHEM
o0JacTn aBpOpaNbHBIX BBICHIIAHUH, TTIaBHBIM 00pa3oM 3a cuet cmemteHus [V B 6onee Hu3KHe mupoTsl. [IpoBeneHo
MIPOELHPOBAHNE IIMPOTHOTO NMPOGMIS HOHHOTO JIABJICHHMS Ha HKBATOPHAIBHYIO INIOCKOCTH MAarHUTOc(epsl HpH
Psw~2.0 ulla.

1. BBenenne

B sxBaTopHanbHOM IIOCKOCTH MarHUTOC(epbl Ha PacCTOSHHAX, NMPHU KOTOPHIX THPOpaIUyC HOHOB CTaHOBHTCS
OonbIle pajauyca KpPUBH3HBI CHJIOBOM JIMHUH, HPOWUCXOJUT HW30TPONHU3ALMSA MHHUTY-YIJIOBOTO paclpeneIcHuUs
SHEPTrHYHbIX YacTHL. PaguanbHOe paccTOsSHHE, HAa KOTOPOM BO3HHUKAET HM30TPOIM3AalMs, 3aBHCHT OT JHEPTUH
YAaCTHIl: YeM MEHBIIE 3HEprus, TeM Aalblle OT 3eMJIHM HPOUCXOIAWT H30Tpomm3anus. B obmacTu m30TpoIHOM
IUIa3MBbl €€ CBOWCTBA OCTAIOTCS MOCTOSHHBIMU BJIOJIb TEOMAarHUTHOM CHIJIOBOH JIMHUH, YTO IO3BOJISICT ONPENEISATH
XapaKTEPUCTUKH MarHUTOC(EPHOH IIIa3Mbl IO HAOIIOJEHUSM BBICHINAIOIINXCS YaCTHIl HA BBICOTaxX HOHOC(epsl. B
pabotre [Newell et al., 1996] nmo maHHBIM HH3KOOPOWTANBHBIX CryTHHKax cepud DMSP Beimenena rpanwiia,
Ha3BaHHasI rpaHuileil D2i, Ha KOTOPOI MOTOK SHEPTHHU BBICHIMAIONIMXCSA HOHOB qocTHraeT Makcumyma. B [Newell et
al., 1998] cratucTuyueckn MokasaHo, 4To mojokeHue h2i xopormo cooTBeTcTByeT rpanmile u3orponusanuu (I'M)
1oHOB ¢ 3Heprueii 30 kIB.

OnmHuM W3 HauOoJiee BaXXKHBIX MapaMeTpoB MarHUTOc(epbl SBISETCS MAaBJICHHE IUIa3Mbl, KOTOpOE B
3HAUMTEJBHOW Mepe ONpeseNsieT paclpeseleHle NPOJOJIbHBIX TOKOB M YCTOMYMBOCThH IUIa3MEHHBIX JIOMEHOB B
MarHurocgepe. YcperHeHHOe paclipeeleHie AaBIeHNUs IUIa3Mbl B OKPYKalolleM 3eMITIO IUIa3MEHHOM KOJIbIE Ha
reoreHTpuyeckux paccrosiHusx ot 6 Re no 10 Re monyueHo B pabote [Kupnuuee u Anmonosa, 2011] no naHHsIM
cnytaukoB npoekra THEMIS. B pa6ore [Tsyganenko and Mukai, 2003] nabmoaenus crnytauka GEOTAIL Ha
paccrostamsx oT 10 Re no 50 Re B HoOuHOI MarHUTOC(Epe HCIOTB30BAHKI T co3manus 2D Monenu pacnpeneneHus
JIaBJICHUS TUIA3MBbl. Pe3ynbTaThl 3TOr0 HCCIEIOBAaHMS YKa3blBAIOT HAa 3HAYMTENbHBIH POCT AABICHHS IUIa3Mbl B
9KBATOPHATBHON MIOCKOCTH MAarHUTOCGHEPHI ¢ YBEIMICHHEM JHHAMHYECKOTO JABICHHUS COJHEYHOTO Betpa (PSw).
o mauupM ciiyTHHKOB DMSP naBieHre MOHOB B MPEIIIONYHOUYHOM CEKTOPE aBpOpajbHOM 30HbI Ha TpaHuiie b2i B
3aBUCHMOCTH OT PSW wmcciienoBanock B pabore [Bopobwves u op., 2019], rne obHapykeHa (paKTHUECKH JTMHEHHAS
CBSI3b 9THX MAPAMETPOB.

Pe3ynbTaThl HIUTHPYEMBIX BBIIIE UCCIIECIOBAHUMN, ObIIIM MOJTY4EHBI ITyTeM 00pab0TKM OOJIBIINX MAaCCUBOB JJaHHbIX,
B KOTOPBIX CTATUCTHYECKH 3HAYMMbIe HAOOPBHI AaHHBIX MPE/ICTABICHBI, IJIABHBIM 00pa3oM, B uHtepBaie Psw ot 1.0
10 6.0 nlla. Llenbro HacTosIEel pabOTHI SIBISIETCS ONPE/IEICHHE BEIMUMHBI HOHHOTO aBieHus Ha [’ u mmpoTHOTO
pacripeeneHus JaBiIeHHs HOHOB IIPH 3KCTPEMajbHBIX 3HAUYEHHSIX JAMHAMHUYECKOTO NABJICHUS! COJHEYHOTO BETpA.
Mo sxcTpeMabHBIMM 3HAYESHUSIMH AMHAMUYECKOTO aBiieHns OyeM nmoHumars 3Hadenust Psw<1.0 ulla n Psw>6.0
ulla. Takue uccienoBaHusi BO3MOXKHBI TOJBKO B pe3ysbTaTe aHaJIW3a OTICNBHBIX, CIIEHUAIBHO OTOOPAHHBIX IS
9THX LTIl COOBITHIA.

2. Ucnonb3yemble JaHHbIE
B pabore ncnosnszoBansl gaHHble ciiyTHUKOB DMSP F6 n F7 3a nmonnbiit 1986 r. M naHHbBIE CIlyTHHKOB 3TOH K€
cepuM 3a OTAEJNbHBIE, CIIEUaJIbHO BbIOpaHHBbIe nepuoabl. CrnyrtHukn cepun DMSP  kaxnyio cexynmy
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PEruCTPUPOBAIM CIIEKTPHI BBICHINAIOMIMXCS MOHOB B auamnaszoHe sHepruil ot 30 sB no 30 xkoB. Jlns onpenenenus
MOHHOTO J[aBJICHHUS IO HM3MEPEHHSM XapaKTEPUCTHK BBICHIMAIOMINXCSA YaCTHI[ ObUIA HCIIOIb30BaHA METOIMKA,
npemtoxkeHHas B pabore [Stepanova et al., 2006]. YtoOsl u30exaTh 3HAYUTENHHOTO BIHUSHHS CyOOypeBBIX
MPOLIECCOB Ha PE3YJIBTATHl HCCIIEAOBAHUS, BAXKHBIM KPHUTEPHUEM IPH 0TOOpPE AAHHBIX M MHTEPBAJIOB MCCIEAOBAHUS
SIBIISUICS HI3KUH YPOBEHb MarHUTHOM aKTHBHOCTH B aBpopaiibHO 30He, AL>-200 HT.

Jnst M3y4eHus BIMSHUS 3KCTPEMAIbHO OOJBIINX ypOBHEH PSW Ha BEMTMYMHY HOHHOTO JAaBIICHUS OBLIH OTOOPaHBI
MarHuTHele OypH, Tepel HadaloM TIJIaBHOW ()a3bl KOTOPHIX NPH IOJOXKWTEIbHBIX 3Ha4deHUsX DSt wmHzmekca
Habmoaamuchy Oombiie 3HaueHus PSW. Takue nHTEpBaibl Kiaccuuecku umenyrorcst kak ¢aser DCF (disturbance of
corpuscular flux) maruutHbIx Oypb. [IpH yCIOBHHM HH3KOTO YPOBHS MATHHTHOI aKTHBHOCTH B aBPOPAJbHOIl 30HE
TaKUM MHTepBajaM cooTBeTcTBoBanU (azel DCF mMarautHbIX Oyph 13-14 urons 1998 r., 16-17 anpens 1999 r., 18-
19 mapta 2002 r., 19-20 HOs16pst 2007 1. m 31 mas 2013 r. MarautHeM Oypsim 31 mast 2013 1. u 18 mapra 2002 r.
MPE/IIECTBOBAIN MarHUTOCIIOKOWHBIE TEPHOJIbI JUTUTENBHOCTBIO Oojiee 24 4, KOTOpbIE OBLIM MCHOJB30BAaHBI JUIs
W3y4EHUsI LIMPOTHOTO PacTIpeieJICHUs JaBJIeHUS] HIOHOB NIPU HU3KUX M HKCTPEMAIbHO HU3KUX 3HaUeHUIX PSw.

3. Bansinne PSW Ha BeJTHUMHY HOHHOTO AaBJeHUs HAa rpanuue ndorponusanuu (F'N)

Iotoku suepruu uoHOB (Ji) M ux cpemuue suepruu (Ei) B HOUHOM cekTOpe aBpOpambHON 30HBI MOCTEICHHO
YBEJIMYHMBAIOTCS C YMEHBIICHWEM IIMPOTHI, JOCTHras MakCUMyMa Ha SKBAaTOpHalbHOM Kpae BbIChIMaHWW. B
coorBercteuu ¢ [Newell et al., 1996], monoxkenue wmakcuMmyma Ji OOpenesyioch B KauecTBE TPAHHUIIBI
n3orponu3anuu. JkBatopuanbHee ' MOTOKHM SHEPriM BBICHINAIOLIMXCS MOHOB OBICTPO NajaroT. Takum o0pa3om,
I'M pacmomaraercss B 00nacTW MakKCMMyMa HOHHOTO IaBIEHHUs, a €€ IMpoTa OyAeT OmpenensaTh Hanbosee
9KBaTOPHAIIBHYIO 00JIacTh MOHOC(EPHI, HOHHOE IAaBICHHE B KOTOPOH MOXKHO NPOEIUPOBATH B HKBAaTOPHAIBHYIO
MarHuTocdepy.

Uz-3a cnenmpukn Tpaekropuii ciiyTHHKOB DMSP MakcmManbHOE YHCIIO CITyTHHKOBBIX IEepecedeHHid o0lacTh
aBPOPAIbHBIX BBICBHIIIAHUH B IIEPHOJIBI OTOOPAHHBIX ISl HCCIIEIOBAHMSI COOBITHH pacnonaraiock B cekrope 18:00 —
21:00 MLT. Ha puc. 1 mo cratuctiueckoMy HabOpy MaHHEIX 3a 1986 r. moka3aHa 3aBHCUMOCTh HOHHOTO JTaBIICHHS
Ha M OT AMHAMHUYECKOTO NABJEHUS COJHEYHOro BeTpa B 3ToM cekrope MLT (nmuums 1). Tak kak rpaHuiia
M30TPOIU3AIMY HE SBIAETCS n300apoil, BenuauHa HoHHOro AasieHusd Ha I'U 3aBucut ot MLT. [lns cpaBHeHUs Ha
puc. 1 (crutomHas JUHUS 2) MPEACTABICHBI aHaJOrW4yHbie aaHHbie B cekrope 21:00-24:00 MLT wu3 paboTs
[Bopobwes u op., 2019]. PucyHok mokassiBaet, uto Ha I'U naBnenue B cekrope 21-24 MLT HecKOJBKO BbIIIE, YEM
naenenue B cektope 18-21 MLT. Dro HarnsgHo oToOpa)caeTcs LITPUXOBOHM JIMHMEH, NMPOBEACHHOH Ha ypOBHE
Psw=6 ulla, npu koTropom naBinenne MoHOB B cektope 18-21 MLT cocrasnsier ~1.0 ulla, a B cexkrope 21-24 MLT
~1.3 ulla. CpexHekBagpaTHUHOE OTKIOHCHHE NaHHBIX Ha puc. 1 cocraBmier ~0.2-0.3 ulla u Oomee merambHO
obcyxaaercs B pabote [Bopobwes u dp., 2019].

P, HMa P, vMa
27 ‘ 10 — .
1.6 — 5
n ] &
1.2 4 6 — °
<
- _ -
0.8 — 4 - K
- _ ¢S 378
0.4 - 2 - °“§f/3/ oo
k4 3
— — <
0 0 TT T T T T T [TT1]
0 0 6 12 18 24
Psw,HI_la
Pucynoxk 1. JlaBneHue HOHOB Ha TpaHULE Pucynoxk 2. JlaBnenue nonos Ha ['l B cekrope
mzotponm3anmu (') B 3aBUCMMOCTH  OT 18-21 MLT B mepuo/ibl 3KCTPEMAIBbHO OOJBIINX
JUHAMUYECKOTO JIaBJICHUS COJHEYHOTO BeTpa 3HayeHui Psw.
(Psw): 1 - B cextope 18-21 MLT, 2 - B cextope
21-24 MLT.

Ha puc. 2 noka3zano nonHoe nasinenue Ha ['U B cekrope 18:00-21:00 MLT ¢ npuBiieueHreM JIaHHBIX 32 TIEPHOJIBI
¢a3sr DCF, oToOpaHHBIX HAMHM MarHUTHBIX Oypb. CIUIONIHAS JMHKS OKOJIO Hayaja Ocei KOOPJIUHAT COOTBETCTBYET
JIaHHBIM, TTOKa3aHHBIM Ha puc.l, muaus 1. LlTpuxoBas IMHUS COOTBETCTBYET YPAaBHEHHUIO JIMHEHHON perpeccuu 1o
To4YKaM Ha rpaduke. Pa3dpoc Touek 3HaUMTENbHBIH, HO OYEBHUAEH OJM3KHH K JINHEHHOMY POCT HOHHOTO JIaBJICHHS C
yBenmueHueM Psw. OtaensHO crosimast Touka npu Psw=19.3 ulla yka3piBaeT Ha TO, 4TO JaBieHHE MOHOB Ha I'M
MO>KET JIOCTUTaTh BeTnunHbI ~10 HIa.
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B.I'. Bopo6ves u op.

4. lllupoTHbie po¢uIu HOHHOTO J1aBJIeHUS NMPH Pa3HbIX YPOBHAX PSw

B cobprrum 18 mapra 2002 r. HaOmomancs pe3KWid CKa4oK IJHHAMHYECKOTO ABJICHHS COJHEYHOTO BETpa,
3apeructpupoBanHeiii kak SSC B 13:22 UT, mocie KOTOpPOrO AWHAMHYECKOE IaBIICHWE COJHEYHOTO BETpa
0CTaBaJIOCh OYCHH BBICOKNM B TeueHue ~10 4, Bappupyscsk B uaTepBane 14-20 ulla. Jannsie ciryrankoB DMSP 3a
3TOT TNEPHOJ WCIONB30BAHBI JUIA W3Y4YCHUS INUPOTHOTO DACIpPEIEICHUS AABICHHS HOHOB IIPH 3KCTPEMAaTbHO
BBICOKHMX YpoBHAX PSw. Ha puc. 3a (BepxHsis KpuBas) NpeicTaBlieH IIHUPOTHBIA NMPOQIb UOHHOTO IaBIICHUS,
MOJy4eHHBIH ycpenHeHueM 1o 10 mepecedeHussM crmyTHUKOB DMSP 30HBI aBpopanbHbIX BbIchImaHuil. Ilo
TOPU3OHTAJBHOW OCH Ha pHUCYHKE OTJIOKeHa wuchpaBieHHass reomarauTHas mmpota (CGL). VYcpennenue
MPOBO/IMIIOCH METOJIOM HAJIOXKEHUsI 310X OTHOCHUTEIBHO TPAHHIBI M30TPONM3ALUH, CPEAHEE MOJIOKEHUE KOTOPOM
coctaBmio <@'> = 64.6° CGL, <MLT>=20.4 npu <AL> = -44 HT. Ilpn BenuuuMHEe TUHAMHYECKOTO IaBIICHUS
comHeyHoro Betpa <Psw>=16.3 ulla, noHHOe naBieHNe Ha TpaHUIle m3oTponm3anuu <Pmax> = 5.1 ulla.
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Pucynok 3. Cpenaue npoduiit HOHHOTO TaBieHus B cektope 18-21 MLT. a - mpu 3KkcTpeMaIbHO BEICOKOM
(BepxHsA KpHUBas) U «CpelHEe» HU3KOM YpOBHE PSW; 6 - mpu «cpeiHe» HU3KOM (BepXHAs KpHUBas) U
9KCTPEMaIbHO HU3KOM ypoBHE PSW. BepTukasibHbIe IITPUXOBBIE JIMHUK — TPAHUIIA H30TPOITU3ALINH.

[Tpu CrOKOMHBIX YCIOBUSX AMHAMUYECKOE JIaBJICHHE COJIHEYHOTrOo BeTpa oObIuHO He mpesbimiaeT ~3 Hlla. Tak B
pabore [Tsyganenko and Mukai, 2003] cpennee Psw~2.2 ulla, a mo ganubiM 3a 1986 r. ~2.4 ulla. Jlo Hauama
BO3MYIICHHUI B COJIHEYHOM BeTpe B coObiTHHM 18 Mmapra 2002 r namHaMH4ecKoe AaBICHHE COJHEYHOTO BeTpa
JUINTEIBHOE BPEMsl OCTAaBAJIOCh HA ypoBHe okono ~2 HIla. Ha puc. 3a (HmKHSS KpuBas) NMpEACTAaBICH CPEIHUI
MIAPOTHBIN NPO(IIIF HOHHOTO JABJICHMS 3a 3TOT Iepuo. B yBenmmueHHOM MacmTade 3TOT e MIMPOTHBIH Mpoduib
moKa3aH Ha puc. 30 (BepxHsist kpuBas). [Ipu «cpenHe» HU3KOM nuHaMudeckoM aaBieHun <Psw>=2.1 ulla naBieHue
noHoB Ha I'U coctasuno <Pmax> = 0.7 ulla; cpennee monmoxxerne I'U: <P™> = 68.6° CGL, <MLT>=20.0 mpu <AL>
=-49 5T

B cnokoitabrit nepuoa g0 Hadana MarHuTHO#M Oypm 31 mast 2013 1. HaOmronmancs o4eHb HU3KHHA YpOBEHBb PSw,
BennunHa Kotoporo Obuta menee 1 ulla. Ha puc. 36 (HikHss KpuBas) HOKa3aH CPEAHUH MIMPOTHBIA MPOGHIb
noHHoro nasnenus aust <Psw>=0.5 ulla. Yposens nonnoro aasienust Ha ['U cocraBun Tosbko <Pmax> = 0.1 ulla;
cpennee nonoxenue ['N: <P™> = 72.2° CGL, <MLT>=20.4 npu <AL> = -26 uTmn.

CorocraBiieHne JaHHBIX, PECTABICHHBIX HA PUC. 3 YBEPEHHO JAEMOHCTPHPYET, YTO KaK BEIMYMHA MaKCHMyMa
HMOHHOTO JIaBJICHUS B aBPOPAIbHOM 30HE, TaK W LIMPOTHOE IMOJIOKEHHE TPAaHUIIBI M30TPOIU3AINH CYIIECTBEHHBIM
00pa3oM 3aBUCAT OT AMHAMHUYECKOTO AABICHMA COJNHEYHOro BeTpa. C pocToM PSW ypoBeHb MOHHOTO IaBICHHS
yBennumuBaeTcs, B To BpeMs kak ['M cmemaercs B Oonee Hu3kue mupothl. Tak mpu <Psw>=16.3 ulla mupora '
cocraBisieT ~64.6° CGL, mpu <Psw>=2.1 ulla - 68.6° CGL, a mpu <Psw>=0.5 ulla yxe 72.2° CGL.

5. TloryyeHHbIE Pe3yabTaThl, KPaTKoe 00CyKIeHne

Jannbie cnyTHUKOB cepur DMSP ncrionb30BaHbl sl MCCIICAOBaHUS HOHHOTO JaBieHus B cexkrope 18-21 MLT

aBPOPAILHOM 30HBI NPU IKCTPEMAIBHBIX 3HAYCHUSX JWHAMUYECKOTO JaBJICHUS COJHEYHOro Berpa. OCHOBHBIC

Pe3yJbTaThl MOXKHO COPMYJIHPOBATh CIEAYIOLUIMM 00pa3oM:

1. JlaBnenue moHoB Ha rpanuie uorponusanuu (') B cekrope 18:00 - 21:00 MLT cocrapnsier ~ 0.8 ot nonHOTO
nmasieHus B cexkrope 21:00 - 24:00 MLT.

2. Ilpu 3KCTpeMasbHO BBICOKMX YPOBHSX JUHAMHYECKOTO JABJIECHHS COJHEYHOIO BeTpa JaBieHue MoHOB Ha U
YBEIMYHMBAETCS C pocToM PSW 1 MosxeT nocturath ypoBHs 4-6 Hlla npu Psw = 20-22 ulla.

3. [Tomy4eHs! MMPOTHBIE MPOGUIN HOHHOTO IABJICHUS NPU CPEITHHUX yPOBHAX IuHamuyeckoro aasienus 0.5 Hlla,
2.1 ulla u 16.3 =lla, yka3siBaronue Ha TO, YTO yYBeIUUEeHHE PSW COMPOBOXKIAETCS HE TOJBKO POCTOM JIaBIICHHS
IUIa3Mbl B aBPOPaJIbHOM 30HE, HO U paclIMpPeHUeM 00JIacTH aBpPOPANIbHBIX BBICHIIIAHUI, TTIAaBHBIM 00pa3oM 3a cuer
cmeutennss [ B Oomee Hu3kue mMpOTHL. [Ipu yKa3aHHBIX BbIIE YPOBHSAX PSW rpaHMiia H30TpONM3aliu
pacrosiarajgach Ha UCIPABICHHBIX TeOMarHUTHBIX mmpoTax 70.2°, 68.6° u 64.6° COOTBETCTBEHHO.

ABpOpaHBHBIe BBICBIIIAHUA HAa IMHUPOTax BBIIIC I'PAHUIBI U30TPOIMU3AIIUN PACCMATPUBAIOTCA KaK MU30TPOITHBIC. B
obnactu N30TPOITHBIX BBICHITIAHHUI B YCJIOBUAX MArHUTOCTATHUYCCKOI'O PABHOBECHUA MABJICHUE ILIA3MbI ITOCTOSHHO
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BIIOJIb JIMHUM MarHUTHOTO IOJISL M €r0 MOKHO MCIIOJIb30BaTh B KaUueCTBE “Mapkepa’ NP CpaBHEHHH M3MEPEHHH Ha
OONBIIMX M MAaNBIX BBICOTAX. Takoil MeTOX Ha3bIBACTCS METOJNOM «MOP(OIOTHYECKOrO HMPOCHUPOBAHMAY, I
UCIIOJIB30BAaHMS KOTOPOTO HEOOXOAWMBI 3HAHUA Kak O LIMPOTHOM paclpeleNieHHH JaBJICHUS Ha BBICOTAX
HOHOC(EepHl, TAK U O paclpelelieHHMH JAABICHUS IUIa3MBl B DKBAaTOPHAIBHOH IUIOCKOCTH MarHuTocdepsl. [t
OTIpeNeNIeHHs] WOHHOTO JaBJCHHS B MarHutocdepe OBUTH HCIOIB30BaHB HaOmoneHWs crmyTHHKoB THEMIS.
PagmansHOE pacmpeznienieHre JaBleHHs B 9KBaTOpranbHOU mockoctd (Zsv = 0 £ 1 Re) na mepuanane MLT = 20 £+
1 nokazano Ha puc. 4a. [Ipodwas maBieHUs MOTydeH Ui MarHUTOCTIOKOWHBIX yemosmid (AL > -200 T, Dst> -20
HT, Psw = 2.0 = 0.2 ulla), KoTOpble WAEHTUYHBI YCIOBHSM, NPH KOTOPBIX OBUI MOJYYEH INUPOTHHIH Npoduib
MOHHOTO JaBJICHUs], TIOKa3aHHBIN Ha puc. 30 (BepXHssl KpUBasi) ISl CPEHErO CIIOKOWHOTO YPOBHS PSW.

a 7]

P,HPa P,HlMa 2 CGL
17 0.9 —f
0.8 — _ |
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E 0.3 — —
0.2 — 4 |
. i 4

1 T 1T T 1T T T T 1 LA I o e e

5 6 7 8 9 10 11 12 13 14 15Re
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PucyHnok 4. PaguanpHoe pacmpenencHne MOHHOTO aaBieHus Ha mepuauane 20 £ 1 MLT (a). Tlpoekuus
HIUPOTHOTO mpoduias HOHHOrO JaBieHus npu <PSw>=2.1 Hlla Ha 3KBaTOPUANBHYIO IUIOCKOCTh
marautochepsi (6).

Ha puc. 40 mokasaHa mpoeKknusi LIMPOTHOTO NPO(WISL HOHHOTO J[aBJICHHS B JKBAaTOPUAIBHYIO IUIOCKOCTh
MarHutocepsl IpHU YCIOBUM PABEHCTBA JaBICHUH BJOJIb TE€OMAarHUTHBIX CHJIOBBIX JIMHUHA. BepxHss
TOPU30HTAJIbHAS IIKaJla Ha pHUC. 40 NMOKa3bIBAET UCIPABJICHHBIC T€OMAarHUTHBIE IIHPOTHI, & HWXKHAS — PagHaIbHOE
paccTosiHHe, Ha KOTOPOE 3TH IIUPOTHI MPOEKTUPYIOTCS. PUCYHOK MOKa3bIBaeT, 4TO NMPH CPEIHUX CIHOKOMHBIX
YCIOBUSIX TpaHHWIa HM30TPOIM3ALMU B OJKBATOPUAIBHOM IUIOCKOCTH pacrojiaraetcst Ha paccrosHun ~7.0 Re.
IIpunonrocHas rpaHULa MOHHBIX BBICBIIAHUM CTaTUCTUYECKHU COBIAJAET C IPUIIOIIOCHOM IPaHULICH JIEKTPOHHBIX
BBICHIMIAHUIT 1 onpezeneHa kak rpanuia bb5i B [Newell et al., 1998]. TTonoxeHue 3TO¥ rpaHMUIBI B SKBATOPHAIBHOM
IUIOCKOCTH MO PHC. 40 MOXXHO ONpenenuTh AByMs crocobamu: (1) mo ypoBHIO AaBIEHHS Ha 3TOH TpaHHLE —
3B&3mouka Ha 13.3 Re u (2) mo cpegHet mupoTte rpaHUIbl -38E¢3109ka Ha 14.8 Re. Takum 00pazom, IpHITOITFOCHAS
TpaHUIAa aBPOPANBHBIX BBICBIMAHMNA B MAarHUTOCIIOKOWHBIE IE€PHOABI IPH CPEIHEM CIIOKOMHOM ypOBHE
JMHAMHYECKOTO JIABJICHHS COJIHEYHOTO BETpa HaXOIUTCS B HKBATOPHAIBHON INIOCKOCTH Ha paccTosiHMsAX 13-15 Re.

[Nomyuennsie B paboTe pe3yabTaThl CBUAETENBCTBYIOT O TOM, YTO B MarHUTOCIIOKOHHBIE NEPUOIBI ANHAMUIECKOE
JIaBJICHWE COJIHEYHOTO BETPAa B 3HAYMTEIBHOW Mepe OIpelessieT CTPYKTYPY MarHHTOC(epsl U pajnaibHOe
pacmpezeneHue JaBlIeHusl MarHUTOC(EPHOIl MIa3MBl.

BaarogapuocTu. Janusie ciyraiukoB DMSP B3siter Ha crpanunax http:/sd-www.jhuapl.edu, napamerpsr MMII,
UIa3Mbl COJTHEYHOI'O BETPA M MHJEKCHI MArHUTHON aKTHMBHOCTH B3sThI Ha cTpanuiax http://wdc.kugi.kyoto-u.ac.jp/
u http://cdaweb.gsfc.nasa.gov/.
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Abstract. The physical nature of Pg (pulsation giant) pulsations, which were observed in the magnetosphere by the
Japanese satellite Arase, geostationary satellites GOES, and ground stations of the THEMIS and CARISMA
networks, was investigated in this work. Pg pulsations belong to the Pc4 frequency range and are characterized by a
very monochromatic shape. For the event on 5 June, 2018, according to the data from the Arase satellite, the Pg
pulsation wave packet was recorded in the dawn sector during 3 hours. The pulsations are most pronounced in the
radial component of the geomagnetic field, their frequency was about 11 mHz. Pg pulsations observed in the
magnetosphere were accompanied by pulsations with the same period according to data from a number of ground-
based magnetic stations located near the conjugate point. According to the data of ground stations, the pulsations
were most strongly expressed in the Y-component of the geomagnetic field. Pg pulsations were accompanied by
pulsations in electron and proton fluxes according to the Arase, GOES satellite observations. There are no clear
phase relationships between geomagnetic pulsations and pulsations in charge particle fluxes. Pg pulsations were
excited under quiet geomagnetic conditions (SYM-H = -10 nT, AE = 100-400 nT) on the recovery phase of the
small geomagnetic storm. It is assumed that the expansion of the plasmasphere at low geomagnetic activity leads to
an increase in the plasma density in the region of the geostationary orbit, which creates favorable conditions for the
excitation of Pg pulsations due to the drift-bounce resonance of protons with the geomagnetic field lines oscillations
in the magnetosphere.

Introduction

There are many types of ULF waves in the Earth magnetosphere, which differ by their periods (Pc3-5, Pg, Pi2-3),
waveforms (broadband or monochromatic), polarization structure (poloidal, toroidal, or compressional), etc
[Anderson et al., 1990]. ULF waves have two types of energy sources: external and internal. External sources, such
as the Kelvin-Helmholtz instability and compression of magnetosphere by solar wind, excite large-scale
perturbations on the magnetopause. ULF waves excited by external sources generally have a small wave number in
the azimuthal direction (m-number), for example, |[m| < 10. By contrast, internal sources, such as plasma instability
and wave-particle resonance, excite perturbations with a large m-number, for example, |m| ~ 100.

Giant pulsations (Pgs) are a special class of ultralow-frequency (ULF) waves observed on the ground most often at
auroral latitudes [Birkeland, 1901] with periods usually around 100s but at times as short as 60s or as long as 200s
[Brekke et al., 1987]. Pgs are characterized by a highly sinusoidal waveform, a strong magnetic field perturbation in
the east-west direction, strong latitudinal localization, westward propagation, and an azimuthal wave number (m) in
the range of 16-35 [Takahashi et al., 1992].

An outstanding and unexplained feature of Pgs is that they occur most often during years of minimum solar
activity and almost exclusively on the morningside [Chisham and Orr, 1991].

In this study we try to examine Pg pulsations and its connection with the fluxes of energetic particles in the
magnetosphere by the Arase satellite.

Data used

The Arase (ERG: Exploration of energization and Radiation in Geospace) satellite was developed by the Institute of
Space and Astronautical Science of JAXA (Japan Aerospace Exploration Agency) for the study Earth radiation belts
(Miyoshi et al., 2018a). The apogee is about 5.0 Re (L~6.0, 32 110 km), and the perigee is about 460 km. It was
launched at 20 December 2016. In this study, we have used the data from MEPe (S. Kasahara et al., 2018), MGF
(Matsuoka et al., 2018), and PWE (Y. Kasahara et al., 2018).

The GOES geostationary spacecrafts was used for the registration of the geomagnetic field variations, variations of
the electron and proton fluxes. CARISMA network stations are used for the registration of geomagnetic field
variations in conjugate to the satellite regions.

MGF data of Arase satellite are transformed to the mean field-aligned (MFA) coordinate system. The magnetic
field averaged over a 5-min moving window is defined as the background field and gives the direction of the b||
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(parallel) component, the direction of a (azimuthal) component is defined as b, = b|| x r, where r is the satellite
position vector from the center of the Earth, and the direction of b, (radial) component is given by b, = b, x b]|.

The event 5 June 2018

Pg pulsations were excited under quiet geomagnetic conditions (SYM-H = -10 nT, AE = 100-400 nT) on the
recovery phase of the small geomagnetic storm, solar wind speed according to the OMNI database was about 550
km/s.

The wave packet of monochromatic pulsations was observed on GOES-14 spacecraft at time interval 09.30-14.00
UT (Fig. 1) in MFA coordinate system. The Pc4 pulsations were mostly seen in radial (he) and azimithal (hn)
components with amplitude about 2-4 nT. Weaker pulsations can be seen also in the field-aligned component hp and
in the total field intensity ht. This polarization indicates on the poloidal-type transverse wave structure. The wavelet
spectrum (Fig. 2) shows that the pulsations were excited by the different wave packets in frequency range 8-15 mHz
with the spectrum maximum near 10-12 mHz.

The pulsations on GOES-14 satellite were accompanied by the pulsations with the same frequency on the ground
stations (Fig. 1). But on ground stations the Pg pulsations are seen only during some moments due to damping of the
waves in the ionosphere. The pulsations are mostly evident in Y-component of the geomagnetic field at GILL
station located near the conjugate point according to the GOES-14 satellite (Fig. 1). This fact testifies about the
rotation of the polarization ellipse of the waves on 90 degrees during the propagations through the ionosphere.

There is no change of the frequency of the Pg pulsations with the change of the latitude. So the considered
pulsations are generated not due to the field-line resonance (FLR). It is hard to determine the azimuthal wave
number m of Pg pulsations with using longitudional pair of stations RABB-GILL due to low coherence between the
pulsations.
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Figure 1. The geomagnetic field variations on Figure 2. wavelet spectrum of the radial and
GOES-14 spacecraft (radial, azimuthal and field- azimuthal components on GOES-14 spacecraft,
aligned component), goemagnetic field variations wavelet spectrum of X, Y, Z components on
in GILL station (X, Y, Z components). GILL station.

At the moment of the Pg pulsations excitation the GOES-14 satellite was located at the early morning sector (see
the map on the Fig. 3). Near the GOES-14 the Arase satellite was located (Fig. 3). The GOES-15 satellite was
located in 1.5 hours of MLT from the GOES-14 satellite.

The similar Pc4 pulsations were also observed in variations of the electric and magnetic field on Arase satellite
(Fig. 5). The pulsations are better seen in electric field variations. But the wave forms of Pc4 pulsations are not well
correlate on GOES-13 and Arase satellites. It means that the observed waves have small-scale structure.
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Because we have magnetic and electric field measurements on Arase satellite we have calculated the Poynting flux
for considered Pg pulsations (Fig. 5, last three panels). It is seen that the energy of the waves are mostly transferred
in field-aligned direction which confirms the Alfven nature of these pulsations.

The geomagnetic Pc4 pulsations according to the GOES-14 and Arase data were accompanied by the pulsations in
electron and proton fluxes with the same frequency in wide energy range. The Pc4 pulsations in electron fluxes at
some wave packets are in phase with the geomagnetic pulsations while Pc4 pulsations in proton fluxes are in anti-
phase with the geomagnetic pulsations (Fig. 6).
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Conclusions

It is considered the Pg pulsations with using data of Arase, GOES satellites and ground stations of the THEMIS,
CARISMA networks for the event on 5 June, 2018. The pulsations are most pronounced in the radial component of
the geomagnetic field, their frequency was about 11 mHz. Pg pulsations observed in the magnetosphere were
accompanied by pulsations with the same period according to data from a number of ground-based magnetic stations
located near the conjugate point. According to the data of ground stations, the pulsations were most strongly
expressed in the Y-component of the geomagnetic field. There is no change of the frequency of the Pg pulsations
with the change of the latitude. So the considered pulsations are generated not due to field-line resonance.

Pg pulsations were accompanied by pulsations in electron and proton fluxes according to the Arase, GOES
satellite observations. The analyze indicate that the Pc4 pulsations in electron fluxes at some wave packets are in
phase with the geomagnetic pulsations while Pc4 pulsations in proton fluxes are in anti-phase with the geomagnetic
pulsations.

It is assumed that the expansion of the plasmasphere at low geomagnetic activity leads to an increase in the plasma
density in the region of the geostationary orbit, which creates favorable conditions for the excitation of Pg pulsations
due to the drift-bounce resonance of protons with the geomagnetic field lines oscillations in the magnetosphere.

Acknowledgment. Science data of the ERG (Arase) satellite were obtained from the ERG Science Center
operated by ISAS/JAXA and ISEE/Nagoya University (https://ergsc.isee.nagoya-u.ac.jp/index.shtml.en, Miyoshi et
al., 2018b).
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MOJIEJTUPOBAHUE MPOIIECCA PACIIPOCTPAHEHUSI CUTHAJIOB
PAJIJMOTEXHUYECKOI CUCTEMBI JTAJILHE HABUTALIMM PC/IH-
20 «AJJb®A» B YYACTKAX BOJTHOBO/IA 3EM.JISI - MOHOC®EPA C
TOPU3OHTAJIBHO HEOJHOPOJIHBIM PACIPEJIEJEHUEM
KOHIEHTPAIIMM DJEKTPOHOB

O.U. Axmeros, 1.B. Munranes, O.B. Munranes, B.b. benaxosckuii, 3.B. CyBopoBa
DI'FHY «llonapubii eeoghusuyeckui uncmumympy, e. Anamumot, Poccus

AHHOTAuUsA. IIpeacTaBieHbl pe3yabTaThl MOIEIUPOBAHUS PACIPOCTPAHEHHUs DIEKTPOMArHUTHBIX BosiH OHY
JMarna3oHa B TOPHU30HTAJIbHO HEOIHOPOJIHBIX Y4YacTKaxX BBICOKOLIMPOTHOI'O BOJIHOBOAA 3eMiisi-uoHOCdepa mpu
Pa3TMYHBIX TPOPHUIAX KOHIICHTPAIIUH JIEKTPOHOB. [IpOQHIN KOHIICHTPAUH 3JICKTPOHOB M YaCTOTHI CTOJKHOBCHUI
9JIEKTPOHOB C HEWTpallaMu, KOTOpbIe ObLTM MCIOJIb30BaHBI COOTBETCTBOBaIM cOOBbITHsAM 24 stHBaps 2012 r. B ato
BpeMsl TIPOMCXOJAWIM BBICHIAHHMS BBICOKOPHEPICTUUCCKUX YACTHI[ B NOJSIPHYIHO HOHOChEpy B pe3yiabTare
B3aMMOJICHCTBHS MEXKIUIAHCTHOW YJapHOW BOJHBI C MarHuTocepoil M mMmochenyromieli MarHUTHOH CcyOOypeit.
YacToTel MOAETHHOTO HCTOYHHWKA CHTHAJAa COOTBETCTBOBATIHM YAaCTOTaM PAJHOTCXHHYECKOW CHCTEMBI IalbHEH
Hapurarmn PCIIH-20 «Aneda» mnocrosHHO Bemjaomeil B aumamazone OHY Ha Tepputopuu Poccumiickoit
Oeneparnyn. [TokazaHo, YTO M3MEHEHHS aMIUIUTYABI CHTHAIIOB PATUOTEXHHUYECKOW CHCTEMBI MAlbHEW HABHTAIUU
PCIH-20 «Anbday BEI3BaHHBIC ICHCTBHEM T€OMAarHUTHOT'O TOJSI ¥ TOPU30HTAIBHBIMH HEOJHOPOTHOCTSIMH 3aBHCAT
OT HAaINpaBICHHUS PACIPOCTPAHEHHS CHTHalla OTHOCHUTEIFHO BEKTOpPAa TEOMAarHWTHOTO IOJII W HE MOTYT OBITH
0oOpaIleHsl B CiTyvae I3MCHEHHUS HAIIPaBIICHUS PaCIPOCTPAHEHHUS Ha TIPOTHUBOIIOIOKHOE.

Beenenue

HccnenoBanns panyioCUTHANOB JHana3oHa o4deHb HU3KHX 4dacToT (OHY) He TepsroT akTyaabHOCTh B TEUEHHE
MHOTHX JeT. [lepBoHAaYanbHO NAaHHBIA OWAINla30H TPEJCTABISI WHTEPEC C TOYKM 3PEHHS CBA3M M HABUTAUU
0COOCHHO B YCIIOBHSX BO3MYILCHHMH 3JIEKTPOHHOM IUIOTHOCTH B HIDKHEH HOHOCdepe, a B IOCIEAHEE BpeMs
MOSIBIIINCH KOJUIEKTHUBBI aBTOPOB HCIIONB3YIOMME CUrHaibl auamazoHa OHY anst mosmydeHnst DOTONHUTENBHBIX
CBEJICHHH O COCTOSHMM HOHOC(epbl Ha MyTH MX pacnpocTpaHeHus. B kadecTBe Xopoliero mnpumepa MOKHO
paccMaTpuBaTh MEXIYyHAPOIHYIO CETh MPHEMHHKOB M TepemaTdukoB Antarctic-Arctic Radiation-belt (Dynamic)
Deposition - VLF Atmospheric Research Konsortium (AARDDVARK) [1]. HecMoTpst Ha TO, 9TO Ha TEPPUTOPHU
Poccuiickoii deaepain OTCYTCTBYIOT HCCIIEIOBATENbLCKUE TPYIIbI, OPUIHAIBHO COTPYAHUYAIOIIUE C JaHHBIM
KOHCOPIIMYMOM, pabGoThl B JaHHOM HampaBieHHH mpoBoasTcsa. Tak B paborax [2] u [3] ans muarHocTukm
HMOHOC(EpBl UCTIOINIB3YIOTCS (ha30BbIe M aMILUIUTYIHBIE TAPAMETPhl CUTHAJIOB PAJIMOTEXHUYECKON CUCTEMBI JajibHEl
napurauu (PCJIH-20 «Anbda») [4]. Mcnonp30BaHue aHTPOMOTEHHBIX CTAOMIBHBIX MOCTOSHHO JAEHCTBYOIIMX
HCTOYHHMKOB paJUOCHTHAla B CPaBHEHHWH CO CIIyYalHBIMH CHUTHaJlaMH €CTECTBEHHOW NPHPOABI JETaeT 3ajgady
WCCIIEeJOBAaHNS HIDKHEW MOHOC(EpHI 10 pe3yiabTaTaM HazeMHOW perucrpanuu curHanoB OHY Heckonbko mpoine.
CoBpeMeHHbIE METOAbl YHCIICHHOTO MOJICIIMPOBAHMS PACIPOCTPAHEHUS! PAAMOCHUTHAIIOB IIO3BOJISIOT IOIYYUTH
CBOOOIHBIE OT BIMSHUS IIOCTOPOHHHMX (DAaKTOPOB M3MEHEHHWsS] AaMIUIMTYIHBIX W (a30BBIX XapaKTEPUCTHK
00yCIIOBIICHHBIE M3MEHEHUAMHU MTPOQHIIEH 3IIEKTPOHHON KOHIeHTpauu B D 1 yactuuHo B E o6nacTsix nonocdepsl.
ITomy4yenHble TakuM 00pa30oM aMIUIUTYAHBIE U (Pa30Bble XapaKTEPUCTUKH AJIS PA3HBIX 4acTOT, M Pa3sHBIX BHIOB
npoduieil  ANEKTPOHHON  KOHIEHTPAlMM, [O3BOJST BBIABUTH HauOojee HMH(MOPMATHBHBIC IapaMeTphbl
palMOCHTHANIOB JUIS HWCCIENOBaHHWs HIDKHEH HWOHOC(epbl M CBsA3aTh HMX C BWJAOM MPOQHIS DIEKTPOHHOMN
KOHIIEHTPAIUH [TpeobIalaloiuM Ha IyTH CIIeI0BaHMS PaIHOCUTHAA.

Lenpto mpexncraBineHHONH pabOTHI SBISETCS JBYX OTAllHOE MOJAEIMPOBAHHE CHTHAJIOB CHCTEMBI JalbHEil
HaBurarun «Ansday. Ha mepBom stame MmoaenupyeTcss HCTOYHHK CUTHAJIOB CHCTEMBI JalbHEH HaBUTAIH «AJb(hay
B O6mm3u ropona Kpacuomap (45°24" N 38°09" E), a Ha BTOpPOM HCIIOIB3YIOTCS PE3yJbTAThl NIEPBOIO 3Tara JUIs
MOJIETIMPOBAHMSl aMIUIMTYAHBIX M (Pa30BBIX XapaKTEPUCTUK CHTHAJIOB HAa HECYIIMX YacTOTax CHCTEMBI JajibHEH
HaBHUTalUK «Anb(}a» B 0071aCTH NOISAPHBIX LIMPOT NPHU Pa3IMUHBIX COCTOSIHUSX HOHOC(EPHI.

[Mpoduan »3JIeKTPOHHOH KOHUEHTPALUMH, YACTOTHI CTOJKHOBEHHII HMX ¢ HeHTpaJlbHBIMU
YaCTULAMU M MOHAMH MCINI0JIb3yeMble B YHCJIEHHBIX IKCIIePUMEHTaX

I[J'IH MOACIUPOBAHUA TI0JId UCTOYHHUKA HCIIOJb30BAJIUCh AAHHBIC O KOHHLCHTPAUHWU DJICKTPOHOB W YaCTOTBI HUX
coy,uapeHI/Ii/i C HeﬁTpaJIBHBIMPI MOJICKYJIaMU W HOHAMH B paﬁOHe PacCIoJIOKECHUS NepeaAaTihuKa OKOJIO ropoaa
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Kpacnoznap (45°24' N 38°09' E) nonyuennsie u3 OCT P 25645.157-94. Ilepenaruuk, pacrojoXeHHbIH B paiioHe
ropona Kpacronmap, Ob11 BEIOpaH U1 MOAETHPOBAHUS H3-32 €r0 reorpaduieckoro mojoxenus. CUTrHAI OT HETO B
HarpaBieHNH KoOJIbCKOTO IOIyOCTpOBa PpACIpOCTPAHSACTCA C OYCHb MAJCHBKUM YIJIIOM K TOPHU3OHTAIbHOU
COCTaBJIAONIEH T€OMarHUTHOTO IMOJs. B mpencTaBieHHBIX YHCICHHBIX 3KCHEPHMEHTaX Ha JTale MOACIUPOBAHUS
WCTOYHHMKA T€OMAarHUTHOE IIOJIE TMPHHUMAIOCh T'OPHU30HTAIbHBIM HANpaBICHHBIM BIOJNb BOJIHOBOTO BEKTOpa H
HOPMAIbHO K BOJHOBOMY BEKTOPY. MoJy/h F€OMAarHUTHOTO MOJsS BO BCEX CIy4asX NPUHUMAICS PaBHbIM 5,3-107
T

[Mpodunm 31eKTPOHHON KOHLEHTPALMH, HCIOJIB3yeMble Ha BTOPOM OJTale Uil MOJACIUPOBAHUS Pa3IMYHBIX
COCTOSIHUH BBICOKOLIMPOTHOW HOHOC(EpHI, MOJYyYeHbI HAa OCHOBE YCPEIHEHHBIX 3a 5 MHHYT JaHHBIX pajaapa
HekorepeHTHoro pacceuBanusi VHF EISCAT (r. Tpomce) Bo Bpemst coObitusi 24 sHBapst 2012 roma u aBYX
IKCMOHCHIMAIBHOW MOIenH HoHOCheph Yaiita [5]:

N,(h)=1.43 107 e-0-150) gl(B-0.15)(h-h)] .

rae h’ u B — nBa mapamerpa B KM W KM-1 0003Ha4aromux BBICOTY D ciiosi U pe3KOCTh HOHOC(EPHOTO Mepexona
COOTBETCTBeHHO. [lombop mapamMeTpoB MPOM3BOIIICS TaKUM 00pa3oM, 4TOOBI Mpo¢uis YaiTa COeAWHSUICS C
npodunem EISCAT.

YacroTa CTONKHOBCHHH C HEWTpalaMH W MOHAMH Ve paccUUThIBajach Ha ocHoBe HNaHHBIX EISCAT um maHHBIX
mozenn NRLMSISE2000 o popmysam us3 [6].

IIpodwis mpoBOTUMOCTH JUTOCGhEpPhl ObLT 3aZaH C YyYETOM PE3YJIbTATOB HCCICAOBAHHMA, MOJYYCHHBIX
HECKOJIbKUMH HayYHBIMH TPYINAMH U OMyOIMKOBaHHBIX B pabore [7], mo ¢popmysie

o, (2)=2 .10° .10¢7022222..) o

rie z 0003HavyaeT riryorHy B KM.

OobsacTb MOIEJIMPOBAHUS U HCTOYHUK CHTHAJIA

UYucneHHbIe pacdeThl MPOBOAMINCH B AEKaPTOBOW CHCTEME KOOPAMHAT, INIe OCh Z pacroiarajach HOPMaJbHO K
noBepxHocTd 3eMiu. TakuM o0pa3oM 00JacTh MOJICTUPOBAHMSA A YHCICHHBIX OSKCIEPUMEHTOB OblIa
napaJulesIeIMIeIOM, BKITIOUAIOIIUM y4acTOK BOJHOBO/A 3eMIIsI—-HOHOC(epa.

B u4ncieHHBIX SKCIepHMeHTax, Mojenupyromux nosne anteHHsl PCJ/IH-20 pasmep oOmactu MoAeNUpOBaHWUS,
coctaBun 192x600 kM mo ropuzonrany, 100 kM nmo Beicote B aTMoctepe u moHochepe u 20 kM B TiIyOUHY B
murocdepe. Hlar cetkn Hax moBepxHOCTHIO 3emin — 200 M 1o BepTHKainy, 750 M IO TOPH30HTAINH, B TUTOCHEpe —
100 M o BepTukamu. VICTOYHHUK MpeacTaBIsuT COO0H BEepTHKAIBHBIN AUTIONG ¢ TOKOM BhicoToM 400 M (2 y31ma ceTkn)
B OMMKaWIINX OKPECTHOCTSX KOTOPOTO 3aJaBajloCh MarHUTHOE Ioyie 1o 3akoHy bmo-Casapa-Jlammaca. [{umons
pacrionarajics Ha pacCTOSHUHM 96 KM OT TpeX OImKalImmx rpaHei MoaenbpHo# obmactu. Tok B TUITONE MPeaCTaBIIsIT
co0oif CyMMy TapMOHHYECKHX KoJeOaHW Ha YacTOTaX PaJHOTEXHHUYECKOW CHCTeMBI nambHei Hapuranmu PC/IH-
20, a umenno 11905, 12679, 14881 I'u; [8;4].

B 4ncneHHBIX AKCMEPUMEHTaX C TOPU30HTAIBLHO HEOJHOPOIHOM MOHOCHEPON pazmep MOJENbHON 00JacTH ObLT
512x1650 xm 200 kM o BbicoTe B armochepe u noHochepe u 50 kM B riayouny B autocdepe. Illar ceTku Haxn
noBepxHocThI0 3emiin — 1000 M o BepTukanu, 2000 M mo ropusonTtanu, B jutochepe — S00 M M0 BepTHKAIH.
IleHTp HMCTOYHMKA CHUTHAJIa pacrojiarajics Ha pacCTOSsHUM 256 KM OT Tpex OOKOBBIX TpaHed MOJy4eHHOTO
napajenenuneaa. B obmactu mupuHoi 250kM Ha BBICOTAaX OT MOBepXHOCTH 3emid a0 60 KM OBUIO 3a1aHO
TOPU30HTAIHHOE MarHUTHOE I10JI, TOJyYeHHOE NPH MOAEIMPOBAHUH UCTOYHHUKA CUTHAJIOB CUCTEMBI «AJbdhay. IT0
MIO3BOJIMJIO B IIEPBOM IPHOIMKEHUHN 3a/1aTh IUIOCKUH ()POHT BOJIHBI, CO3/1aBaeMOi BOJIM3M UCTOUYHHKA.

Jnst Bcex BHEIIHUX CTOPOH OOJIACTHM MOAENMPOBAaHUS, KPOME CTOPOHBI MCTOYHMKA, MCIOJIB30BaJIOCh YCIIOBHE
CBOOOIHOTO yX0/a BOJIHBI BMECTE C aJalTHPOBAaHHBIMU NOTJIOMAMMMU ciaosMu PML u mpoduiem mnorepb
Bepenrepa [9], aHanoru4HO TOMY, Kak 3TO ObUIO peanu3oBaHo B padore [10]. DTo MO3BONMIO CHU3UTH YpPOBEHD
OTpaKeHMIA CUTHAIIOB OT IpaHul odxactu 1o 0.1%.

B npencraBieHHOM HCCIeI0BaHUN OBLIa HCIOIB30BaHA MOJENb PACIIPOCTPAHEHHUS IIEKTPOMArHUTHBIX CUTHAJIOB,
OCHOBAaHHAs Ha YHCIIEHHOM HHTETPHPOBAHUHU IO BPEMEHH CHUCTEMBI ypaBHEHHH MakcBenja M ypaBHEHHUS JUIA
TUIOTHOCTH TOKA C Y4€TOM MHEPIMH 3JIEKTPOHOB B HOHOChepe. Monudukanum 3Toi MOAEIH TaK)KE UCIIOJIb30BaNIACH
B paborax [10-11]. YucneHHble CXEMBbI MOJEIHM ObLIM OMPOOOBAHBI HA M3BECTHBIX AHAIMTHYECKUX PEIICHUAX H
MIPOIEMOHCTPUPOBAIN XOPOIIIee COOTBETCTBHE PACUYETHBIX BOJIHOBBIX XapaKTEPUCTHK, M3BECTHBIX U3 JUTEPATYPHI
[12-13], mas Ttakux oddexToB, KaK TMONAPH3AIMS BOJH HOHOCHEPHOTO WCTOYHHKA B BBICOKOUIMPOTHOM
3aMarHMYeHHOW HOHOC(epHOH miaszme [14].

Pe3yabTaThl 3KCIEPUMEHTOB U UX 00CY KAeHNE

MoaernpoBanne HCTOYHHKA CHTHAJIOB PAJHOTEXHHYECKOH cHcTeMbl AaabHer Hapuragnn (PC/IH-20 «AJibgay)

B pabore uccienoBano moyie aHTEHHBI CUCTEMBI “AJbda” Ha paccTosiHUIX Oosyee 10 AJMMH BOJNH OT Mepeaaromie
aHTeHHB. KOHIIEHTpays 1 9acToTa CTOJIKHOBEHHH BBIOPAHBI COTIIACHO MOJeNn crokoiHoi nonocdepsr [OCT P
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25645.157-94 nns nepenaTyuka, pacroyioxeHHoro Bosmsu ropoaa Kpacnonap, Poccuiickas denepamust (45°24' N
38°09" E). [lnsa ciydaeB, koraa (JPOHOBOE T€OMAarHUTHOE IIOJIC HAIIPABIICHO BOJb HAIIPABICHHS PACIIPOCTPAHCHUS
CHTHaJa B BBIYMCIHUTEIHFHOM OJKCIICPUMEHTE IOIY4eHO, 4TO B Onm3m aHTeHHBI npeobmamaer TE moma, a Ha
paccrostann Gomee 300 kM OCHOBHOH craHOBUTCI TM Moma. B BBEUMCTUTENHHOM SKCIEPUMEHTE C BEKTOPOM
()OHOBOTO TEOMAarHWTHOTO TIOJIS, HANpPaBICHHBIM HOPMAJbHO K HANPABJICHHWIO PAaCIPOCTPAHEHUS] CHUTHANA,
HaOMoaeTcs aHANOTUYHAs KapTHHA, HO BONHOBOAHAat TM Mona BBIAEISIETCS HECKONBKO MezeHHee. OqHaKo
XapaKTep 3aTyXaHUs MO3BOJSIET MPEAIoaraTh, 9YT0 B 00OMX CIIydasX Ha 3HAUYUTEIBHOM paccTostHnu 6onee 500 km
JI0 ICTOYHHKA, OCcTaHeTcst Toyibko TM mopa.

IIpoxoicoenue cuznanos cucmemuvl «Anvgha» yuacmea 601H0600a 3emMaa-uoHocPepa ¢ 20pu3oHMANbHO CUTbHO
HeOOHOPOOHOIl KOHYeHmpayueil I1eKMPOHO8

B namHOM moppaszene oOCYXMAIOTCS Pe3yJbTaThl YCTHIPEX OKCICPUMEHTOB B KOTOPBIX MOJICIUPYETCS
MPEOJIOJICHIE CHUTHAJIAMU PAJUOTEXHUYECKON CHUCTEMBl «Alb(ha» 00IacTH OBICTPOM3MCHSIOUICHCS IIEKTPOHHOM
KOHIICHTPAITUH.
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Pucynoxk 1. BosHOBOe cONpOTHBIEHHWE B Pucynok 2. BonHOBOE CONpOTUBIEHHE B
3aBHUCUMOCTH OT pAacCTOSIHMA JO HWCTOYHHKA 3aBHCUMOCTH OT PACCTOSHUSA OO0 HCTOYHHKA
CUTHalIa BO BpeMs B3aUMOJEHCTBUS curHaja BO BpeMs cyOO0ypu 24 suBaps 2012
MEXKIUIAHETHOU yAapHOU BOJIHBI u roua.

MarHutocepsl ¢ MOCIEAYIONMM BbICBIIAHUEM
3apsDKEHHBIX 4YacTul] B HOHochepy 24 siHBaps
2012 ropna.

B nepBoM 3KCTIEpUMEHTE CUTHAJ U3 CIIOKOMHOW MOHOC(EPHI MONaaaeT B 001aCTh C HOBBIIICHHOH KOHIEHTpaLuen
JIEKTPOHOB B HOHOC(EPHOH TIIa3Me BBI3BAaHHOW B3aMMOJIEHCTBHEM MEXIIAHETHOW YHApHOH BOJHBI M
MarHuToc(epsl! ¢ MocIeayIOINM BEICHIIIAHUEM 3apsDKEHHBIX YacTull B noHocdepy. Bo Bropom, curnan, Haobopor,
13 00JIaCTH C MOBBIIICHHON KOHIEHTpALMel 3JIeKTPOHOB IOMafaeT B 001acTh CIIOKOHHOM HoHOChepsl. B Tpetrem
9KCTIEPUMEHTE CHTHAJI M3 00JIaCTH CIIOKOHHOW MOHOC(hEpHI MonajaeT B 00JacTh ¢ MOBBIIICHHON KOHIIEHTpanuei
JIEKTPOHOB BBI3BaHHON CyOOypei mocieioBaBIIeii 3a IPUX0J0M MEXIJIAHeTHOW yJnapHOH BONHBEL B uerBepToM,
CUrHaJ M3 O0JACTH C MOBBINIEHHOIN KOHIIEHTpAlMe# SJIEKTPOHOB IIOIANaeT B OOJNACTh CIIOKOMHOW HMOHOC(EpPHI.
OKCHEepUMEHThI OKa3ajH, YTO IIEPEeXOJ CUTHajla M3 HEBO3MYILEHHOW 00JiacTH HOHOC(EpPhl B BO3MYILEHHYIO
BBI3bIBAET, HE3HAYUTEIIHOE CHIDKEHUE BBICOTHI OTPAXKCHUSI CUTHANIA OT HWXKHEH MoHocdeps! ¢ 70 kM 10 68 KM B
clydae MEXIUIAaHETHOH yJIapHO# BOJHBL B ciyuae mepexojia cUrHajga w3 HEBO3MYIIEHHONW obmacTu noHochepsl B
00J7acTh TOBBIMICHHON KOHIIEHTPAIMM 3JEKTPOHOB, BBHI3BAHHON BBICHITAHHWE BBICOKOPHEPTETHUECKHUX YACTHIl B
noHocdepy BO Bpems cyOOypH BBI3BIBAE€T 3aMETHOE CHM)KEHHE BBICOTHI OTPaKEHUS CHTHaJa OT HMOHOC(heEpHl ¢
BBICOTBI 76 KM /10 BBICOTHI 70-68 kM. VIHTEpeCHO OTMETHTbH, YTO BO BpeMs O0OOMX COOBITHII KaK MEXIUIaHETHOM
yZIapHOH BOJIHBI, TaK W MOCJIEAyIoNel cyO0ypH B cirydae repexojia U3 BO3MYLICHHON 00/1acTH B HEBO3MYIIEHHYIO,
BBICOTA OTPAYKEHUS] BOCCTAHABIIMBAETCSI HE ITOJTHOCTHIO 0COOEHHO BO BpeMsi cyOO0ypH.

Ha pucynkax 1 m 2 mnoka3aHO BOJHOBOE CONPOTHBIIEHHE JUIi PAacCCMOTPEHHBIX paHee BBIYMCIMTEIBHBIX
9KCIIEPUMEHTOB, Ha puc. 1 coOBITHE C MEXIUIAaHETHOH yIapHOW BOJIHOM, a Ha puc. 1 ¢ cyOOypel. BomHoBoe
COTIPOTHBIICHUE, TOKa3aHHOE Ha TpaduKax, pPaCCUNTHIBAIOCH KaK OTHOIICHWE aMIUINTYZ HamnpshKeHHOCTEeH
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JJIEKTPUUECKOTO MOJIsl K MArHUTHOMY 3apErHCTPHPOBAHHBIX HA YPOBHE OBEPXHOCTH 3eMiH. [ padiky MOKa3bIBaIOT
CYILECTBEHHYIO PAa3HUILy JJIS CIIydasi paclpOCTPaHEHUH CHTHAJIOB CHCTEMBI «AJb(a» ¢ HeBO3MYLIEHHONW 00JIacTH B
BO3MYIICHHYI0 M Hao0OpOT M3 BO3MYIICHHOH B HEBO3MYLICHHYIO, KaK BO BpeMs COOBITHS C MEXKIUIAHETHOU
yIapHOil BOJHOI, Tak 1 BO BpeMs cy00ypu. BuaHo, uTo Biamssane cy00ypu Oosiee 3aMETHO BO BCEX PACCMOTPEHHBIX
IKCIIEPHMEHTAX.

BriBoabI

1. Ha ocHOBe BBIYMCIAMTENBHBIX 3KCIEPUMEHTOB II0 MOJCIUPOBAHHUIO CHUTHAJIOB MpEAAIoLIel aHTEHHBI
paanoTexHudIeckoil cucteMbl nansHel HaBuranuu PC/IH-20 «Anbda» oOHapykeHa CyIIeCTBCHHAs 3aBHCHMOCTH
XapakTepa 3aTyXaHUs aMIUTUTYbl B 3aBUCHMOCTH OT HaIPaBJICHHs TeoMarHUTHOro moist 3emmu. IlokaszaHo, 4to
BOM3M anTeHHHI peobmanaet TE Moma, a Ha paccTosHIm 60s1ee 300 kM ocHOBHOM cTaHOBUTCS TM Mona.

2. BrpluucnuTeNnbHBIE 3KCHEPUMEHTHl C CHJIBHO TOPU30HTAIbHO HEOIHOPOAHOM 3JEKTPOHHOM KOHLIEHTpaLMen
noHocepsl mmoiMydeHHOW Ha ocHOBe nmaHHBIX panmapa EISCAT mns cobprrmit 24 smBaps 2012 roma -
B3aMMOJICHICTBHE MEKIUIAHETHOW yHapHOI BONHBEI ¢ MarHUTOc(epoit m mocienyromei cyo0ypr MOoKasajd, 9To
W3MEHEHMs] aMIUIMTYAbl CUTHAJIOB pPaIMOTEXHHYECKOH cucrtembl nanbHed HaBurammum PCJIH-20 «Anbda»
BBI3BaHHbIE JIEMCTBUEM I'€OMAarHUTHOTO MOJSl U TOPU3OHTAIBHBIMU HEOJHOPOJHOCTSIMU 3aBUCIT OT HalpaBlICHUS
ux pacnpocrpaHeHus. Takum oOpa3om, B cilydae MPOXOXJICHHSI CHUTHAJIOB CHUCTEMBI «Anb(ha» depes3 HONsIpHbIE
y4acTKH BOJHOBOJA 3eMilsi-noHOC(hEpa BO BPEMS CIIOKHBIX I'elIMOre0(U3NUECKUX YCIOBHI HA OCHOBE HA3E€MHBIX
1/13MepeH1/1171 AMIUIATY ] OTACJIbHBIX KOMIIOHCHT 3JICKTPOMArHuTHOI'O MOJIA JOCTOBEPHOEC BOCCTAHOBJICHUC HpO(bI/IJ'I)I
JJIEKTPOHHON KOHLEHTpAIMM HOHOC(Ephl Ha OSTHX YydYacTKax Oe3 NpenBapUTEIbHBIX CBEICHHH O e&
TOPU30HTAJIBHON CTPYKTYpPE HE MPEICTABIACTCS BOZMOKHBIM.
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TPEXMEPHOE MOJIEJIMPOBAHHUE IMPOILIECCA
PACITPOCTPAHEHUS DJIEKTPOMATHUTHBIX BOJIH
KHY-IMATIA3BOHA OT KOHTPOJIUPYEMOI'O UICTOYHUKA B
BBICOKOIINPOTHBIX PAMOHAX 3AIIATHO-APKTUYECKOU
KOHTUHEHTAJIbHON OKPAUHBI HA [IPUMEPE
MOJIYOCTPOBOB PbIBAUNI U CPEJTHUI

B.A. JIroOumg
@I'BHY «llonapuwiii 2eopusuueckuti uncmumymy, 2. Anamumei, Poccus, e-mail: lubchich@yandex.ru

AHHOTaNUsl. B craThe paccMOTPEHbI Pe3yibTaThl TPEXMEPHOIO MOJIEIMPOBAHKS MPOIECCa PACIPOCTPAHEHUS B
36MHOW KOpe OJEeKTPOMAarHUTHBIX BOJH KpaiHe Hu3kowactoTHoro (KHY) sguanma3oHa, H3Iy4YeHHBIX
KOHTPOJIMPYEMBIM UCTOUYHHUKOM, B paiioHe monyocTpoBoB Pribaunii u Cpeanuil. MojenbHble 3HaYeHU ST KOMIIOHEHT
3JIEKTPOMArHUTHOTO TOJII COOTBETCTBYIOT 3KCIIEPHMEHTAJIBHO H3MEPEHHBIM 3HAYCHHAM, MOJIYYCHHBIM B paMKax
mnpoekta FENICS-2019 mo snekTpoMarHuTHOMY 30HAupoBaHuio (OM3) 3emHOll kopsl bantuiickoro mwura c
UCIIONIb30BaHUEM IPOMBILIUICHHBIX JMHUK anektporepenad (JIDII). Mo pesynpraTamM MopenupoBaHHs ObLIO
MI0Ka3aHo, YTO CYLIECTBEHHOE BIIUSHHE HAa PAacHpOCTpaHEHHUE deKTpoMarHuTHeIX BoH KHY-auana3zona B jaHHOM
pailoHe OKa3bIBaeT HAJIWYKE 30H TEKTOHHMYECKUX PA3IOMOB C MOBBIIMIEHHON 3JEKTPOIPOBOIHOCTBIO, PA3AEISIOIUX
Bantuiickuii muT u 3anmagHO-ApKTHYECKYIO IUIATGOpPMY, M TIPUCYTCTBHE MOPCKOW BOXBIL, OKpPYKalOIIeH
noyocTpoBa Cpennuii u Peibaunii ¢ Tpex cropoH. Takas koH(UTrypanus 3JIeKTPOIPOBOISIINX OOBEKTOB IIPUBOIUT
K 00pa30BaHMI0 MaKpOMAacIITAOHBIX 3aMKHYTBIX 3JIEKTPHYECKUX KOHTYPOB, B KOTOPBIX T€HEPUPYIOTCSI BTOPHUYHBIE
3JIEKTPOMArHUTHBIE MO, HAIPABJICHHBIE IPOTHUBOIOJIOKHO NEPBUYHOMY THOIIO OT KOHTPOIMPYEMOT0 HCTOYHHUKA.

KiroueBble ci1oBa: QJICKTPOMArouTHOC 30HANPOBAHUC, TEKTOHUYCCKHUI Pa3iaoM, TPEXMEPHOC MOACIMPOBAHHC.

Onucanue 3xcnepuMenTa. B 2019 roxy 6sur nposenen sxcriepument FENICS-2019 mo snexkTpoMarHuTHOMY
30HIMPOBAHMIO 3eMHON Kopbl BanTuiickoro mura ¢ moMomisio npomeinuieHHbIX JISII. B pamkax 3Toro mpoexra
rpynna corpyanukoB [lomsipHoro reodwusuueckoro wuncturyta (III'M) mnpoBena wusMmepeHuss B mpexenax
mosiyoctpoBoB Peibaumii u Cpemuuii. OCHOBHOW 3ajaveid MCCIIEOBaHUS OBLJIO HM3yUYEHUE BIUSHUS MOIIHOTO
HHU3KOOMHOTO OCaJI0YHOT0 4YeXjJa M KPYMHOMACHITaOHBIX TEKTOHWYECKMX HapymIeHHH Ha 3aKOHOMEPHOCTH
pactpocTpaHeHHs TeKTpoMarHuTHEIX BomH KHY-nnamasona B 3emHo#t kope. [TomyoctpoBa Pribaunii u Cpennuit
PAacIoIOKEeHBI B 30HE Iepexoa OT MOPOoJl KPUCTAININYECKOro banTuiickoro muTa K 0caJoO4HbIM IOpoAaM 3anagHo-
Apktnueckod 1argopmbl. JlaHHas 30Ha Tepexoja XapakTepu3yeTcsl HalMYHMeM KPYIHBIX TEKTOHHYECKHX
pasnomoB. Tak momyoctpoB Cpemamii otaeneH oT banrtwiickoro mmura cOpocom KapmuHCKOro, a MEXIy
noxyoctpoBamu PriGaunii m CpenHui NpoOXOJUT TEKTOHMYECKAas CHCTeMa CABHIO-HAaABHTOB Tpoiutedbopa—
Pe16aunii—Kunpaua (TPK).

B xadecTBe OTHOM U3 aHTEHH KOHTPOJIMPYEMOTO WCTOYHHKA D3JIEKTPOMArHUTHBIX BOJH HCIIOJIH30BaJIach
npomsinuierHas JIOI — JI-403 gnunoit 130 kM. B nuHUM reHepHpoBaINCh AJIEKTPOMArHUTHBIE MO B JHANa30He
gactoT 0.194 - 94.22 I'. B xauecTBe KOHTPONHPYEMOT'O HCTOYHHMKA HCIIONB30BANICS SKCIIEPUMEHTAIBHBIN 00pasert
MOIITHOTO TeHepaTopa, pazpabdoranusiii B III'N [1]. MI3MepeHns 37eKTPOMarHUTHBIX MOJIEH MPOM3BOIMIOCE B JIBYX
ITyHKTaX, PacHoJ0KEHHBIX B I0XKHOH "acTu mosryocTpoBa PriGaumit n Ha momyoctpoBe CpenHuil B OKpPECTHOCTH
OypoBoii ckBaxkuHbI «Ilorpannynas-1». C moMoIIbI0 HHIYKIIHOHHOTO MarHUTOMeETpa ¢ IM(POBOH cuctemoit cbopa
1 00paboTKu mH(pOpMAIMK, OCHOBAaHHOH Ha IIecTHKaHambHOM 22-OutHoM ALIIl ¢ wacroroit muckperuzamuu 1024
I'm [2], u3mepsAnuch TOPU3OHTAIBHBIE MATHUTHBIE U AJIEKTPUYECKHE KOMIOHEHTHI Nojis. JlIMHa NpUEeMHBIX
JNEKTPUUYECKHX aHTEHH cocTaBisana 100 m.

OKCIEepUMEHTAIbHO U3MEPEHHBIE 3HAUCHHS OTHOLIEHUSI AMILIUTY bl IOJHOTO FOPU30HTAIBHOTO 3IEKTPHUECKOrO
NOJIS K TIOJIHOMY TOPHU30HTAJIBHOMY MarHHTHOMY HOJIO OBUIM NEpecYMTaHbl yepe3 KpPHBble HOPMAIBHOTO MOJS B
3HAYCHUS KaXYIIEroCs COMPOTHBICHHUSA CPEOBl pPk. OKCIEPUMEHTANbHAs KpHUBas 3aBHCHMOCTH KaXKyIIETOCS
COTNPOTHBIICHUS CPEIBI Pk OT YACTOTHI DIEKTPOMATHUTHOTO TIOJIS f ISt TOYKM U3MepeHus Ha TIOIyoCTpoBe Pribaunit
COOTBETCTBYET TPEXCIOHHON cpefe ¢ HaJMYHUEeM IPOBOJAIIETO CIIOS, PACIIONOKEHHOTO MEXIY BBICOKOOMHBIM
KPHUCTAJUTUYECKUM (PYHIaMEHTOM U CJIOEM C OTHOCHTEIFHO IOBBIIICHHBIM YJEIBHBIM COMPOTHUBICHNEM B BEpXHEH
gacT paspesa. B 1o jxe Bpems, Tpad K KaXKyImIerocsi CONPOTUBIICHUS Pk ISl TOYKH U3MEPEHUS HIIEKTPOMATHUTHOTO
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nois Ha mnoiyoctpoBe CpenHuil Gosiee COOTBETCTBYET JABYXCIOWHOM cpezie, e BEPXHHUIl CIIOH C MOBBILICHHOW
3JIEKTPOIIPOBOAHOCTHIO PACIIONIOKEH HaJ| IIIOXO MPOBOAAIINM (pyHIAMEHTOM.

Onucanue Moaeau. B cooTBETCTBUH ¢ MOXOOHBIM CTPOCHHEM JIUTOCHEPHI MOMYocTpOBOB Pribaunii u Cpenuuii
ObLTa BEIOpaHa MOJIENIb OCAIOYHOTO YeXJia JUId JaHHOW YacTh 3anagHo-ApKTHYECKON IaT(opMbl IPH MPOBEJCHUH
TPEXMEPHOTO MOJENUPOBaHUS Ipolecca paclpoCTpaHeHHs diekTpoMarHuTHbIX BonH KHY-nuamazona B
uccieayeMom paifoHe. Mojens COOTBETCTBOBajia UETHIPEXCIONHONH cpefe ¢ YHACIBHBIM AIIEKTPUYECKUM
CONPOTHUBJICHHEM KpHcTajutndeckoro ¢pynnamenta 10000 Om*M. o pesynbraram mHTEprpeTanuu AaHHBEIX OM3 ¢
KOHTPOJIHPYEMBIM UCTOYHUKOM [3] A 0CaIOYHOTO YeXJia CeBepHEe CUCTeMBI TeKTOHnYecKnX pasziaomos TPK Orira
BEIOpaHa CIeayromas MOAeTh: BEPXHUH CIIOH, COOTBETCTBYIOUIMI MOPOAaM COOCTBEHHO MOJyoCTpoBa Prroawmid,
MomrHocThi0 200 M ¢ comporuBnenueM 2 OM™*M, OTHOCHTENBHO BBICOKOOMHBIM ciioif mMomHocTeio 1000 M ¢
compotusieHreM 5000 OmM*M, CIIOH ¢ OTHOCHTENBHO MOHIKEHHBIM compotuBieHneM 1000 OM™M MOIIHOCTBIO
5000 m. [ns obmacti mexmy cOpocom Kapnmackoro u cucremoit paznomo TPK monens 3eMHO# KOpHI cocTosia
TaKXKe U3 BepXHero cjos MomHocThio 200 M ¢ conpoTuBieHrEM 2 OM*M, COOTBETCTBYIOIIET0 IOPOAaM COOCTBEHHO
nonyocTtpoBa CpegHuii, BTOPOro cJos, OTHOCAIIErOCSs K OCaAO4YHBIM MopojaM, MouHocThio 1000 M ¢
conpotusiieareM 500 OM*M u Tperbero cinost MoiHocThio 5000 M ¢ conporusinenueM 5000 OmM*M, oTHOCsIETOCS
K BEpXHEH YacTW KpUCTAIMYecKoro (yHAamMeHTa. JTa MOAENb 0a3MpyeTcsl Takke Ha pe3yibraTax OypeHus
ckBaxuHbI «[lorpannunas-1» [4]. Y aenbHast 21€KTPONPOBOAHOCTh MOPS B Mozenu Oblia npuHsta 2 Cm/M, riryOuHa
cnost Mopckoit Bombl — 200 M. Texronmdeckue 30HBI cucteMbl TPK u cbpoca Kapmumuckoro, pasgensomniue
Bantuiickuii mmTt, momyoctpoBa Pridaumit m CpemHuil, MOIETUPOBATUCH Y3KUMH JIMHCHHBIMH 3JICMCHTaAMHU
mmprHoi 1000 M ¢ ynensHBIM conpoTuBieHreM | OM*M, riryOnHa morpykeHus pa3noMoB Obuta npuHaTa 10000 M.
Ha puc. 1 nmpencraBineH TopH30HTANBHBIHN IUIaH IIOCTPOCHHON MOJIEIH, COOTBETCTBYIOIINH 36MHOH OBEPXHOCTH.

11-08 Pribauunii

+ Touka 1

Touka 2 . TekTonuueckas cucrema capnro-Hanenros TPK

-0 Cpennuii

Copoc KapnHekoro

Hsnyuaiowas anteHsa

Pucynok 1. T'opm30oHTaNmbpHBIN TUIAH MOJENH padoHA IMOIyoCTpoBOB Pribaumii m Cpenmumit. Kpectamu
0003HaYCHBI TOYKH, IJISI KOTOPBIX PACCUUTHIBAIMCH MOJCIBHBIC 3HAUEHHUS TOPU30HTAJIBHBIX KOMIIOHEHT
3JIEKTPOMArHUTHOTO TOJIsI. Y3KHE 3aIITPUXOBAaHHbIE O0JIACTU COOTBETCTBYIOT MOJOKEHHIO B MOJEIH 30H
TEKTOHUYECKHX Pa3IOMOB.

HpI/I MOI[eJ'II/IpOBaHI/II/I HUCIIOJIB30BaJICI MCETOL CeTO‘IHOﬁ aHHpOKCHMaHI/II/I ypaBHeHI/Iﬁ JJISL BeKTOpHOFO n
CKaJ'IFIpHOFO IIOTEHIIKMAJIOB QHCKTpoMaFHI/ITHOFO T10J11 [5] B 3TOM METOJAEC 3H€KTpH‘IeCKI/IC U MAar"HuTHBIC I10JIA
MPEJCTAaBICHE B BHAEC CYMMBI HOPMAalbHOTO (NEpBHYHOTO) 1ot Eo, Ho, OOYCIIOBIEHHOTO KOHTPOJIHPYEMBIM
HCTOYHHUKOM, U aHOMAJIbHOI'O IIOJIA E, H, CBSI3AHHOT'O C I/I36BITO‘IHOﬁ SHGKTPOHPOBOHHOCTBIO AO’ B HeKOTOprX
OrpaHI/I‘ICHHLIX O6J'IaCTHX Cpe,Z[I)I. Z[J'IH AHOMAJIBHOI'O SHCKTpI/I‘-ICCKOFO I10JI1 BBOOSTCSA BeKTOpHBIﬁ A nu CKaJ'IHpHI;Iﬁ ®
IIOTCHIINAJIBbI:

E=A+Vop.
3Ha‘leHI/I5{ AHOMAJIBHOI'O MAarHUTHOT O I10JIA H OHpeHeHHIOTCﬂ BeKTOpHLIM IIOTEHIHAJIOM A:
H = (ion) 1VxA.
Z[J'IH OJHO3HAYHOTI'O OHPGHCHCHI/UI BeKTOpHOFO IIOTCHIIKaJ1a I/ICHOJ'II)SYGTCH KaHI/I6p0BKa KyJ'[OHa. TOFZ[EI ypaBHeHHe

I'enpMroneia A7 aHOMANBHOTO JJIEKTPUYECKOTO MO MOXKHO IIpeoOpa3oBaTh B cHCTeMy Iu(GepeHIIHaIbHbIX
YpaBHEHHH AJIS1 BEKTOPHOTO 4 M CKAJSIPHOTO ¢ TIOTCHIIHAJIOB!
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v2

A+iouc(A+Ve)=-Sg
,
Vo (cA) +V o (cV) = —(iop) LV e SE
rae
SE =iopu(c-op)Ep,
0-00 — N30BITOYHAS 3JIEKTPONIPOBOJHOCTh B aHOMAJIBHBIX 30HAX CPENBI, 4 — MAaTHUTHAS TPOHHUIIAEMOCTH CPEBI, (0 —
KPYToBas 4acTOTa 3JIEKTPOMArHUTHOTO TIOJIS.

Jannas cuctema auddepeHnnanbHbIX ypaBHEHHH yIOOHa TeM, YTO IIOCIE CETOYHOM AamlIpOKCHMalud MBI
MONyYNM CHCTEMY JIMHEHHBIX YpaBHEHHH ¢ JICHTOYHON MaTpHIlel, KoTopas OyIeT obiamaTh CBOHCTBOM CHIIBHOU
JIMaroHaJbHOW JOMHHAHTHOCTH, YTO 3HAUYUTENIBHO YNPOIIAET penieHne cucreMbl. CucTeMa JIMHEHHBIX yPaBHEHHH C
JIMaroHaJbHO JOMHHAHTHON MaTPHIEH penanack ¢ HOMOIIBIO HTEPAIMOHHOTO MeToAa 3eiaens.

Jns ceToyHOW ammpoKCHMalMu CHCTeMBl Au(p¢epeHIUaTbHbIX YpaBHEHUI Oblia BbIOpaHa TpexMmepHas
NPSIMOYTOJIbHAS CeTKa ¢ JIMHeHHbIMH pa3Mepamu staeek 2000 x 2000 x 500 M (3a UCKITIOYEHUEM BEPXHETO CJI0s, Iie
riyOouHa Mops Obita npunsita 200 M, ¥ 30H TEKTOHHYECKUX HapyIIeHHH, e pasmep siaeek cocrasisut 2000 x 500 x
500 m). MonenupoBaHie MPOBOIIIOCH Ul YaCTOT FeHEpHpyeMoro anekrpomarnuTHoro momst f = 0.642, 6.422,
64.22 Tu. PesynpTaThl NpPOBEAEHHOTO MOJEIMPOBAHMS IS TOYEK W3MEPEHHUS JJIEKTPOMAarHUTHOTO IMOJS Ha
noxyoctpoBax Cpenuuii u Peibaunii npeacrasiens! B tabnuue 1. Kak BuaHO n3 TaOnuipl, MOJETbHbIE 3HAUCHHS
aMIUIUTYJ] KOMIIOHEHT 3JEKTPOMAarHUTHOTO TIOJIs, B II€JIOM, COBHAJAlOT C OKCIEPUMEHTAJIbHO H3MEPEHHBIMH
BEJIMYNHAMHU.

Ta6auma 1. MogenpHBIE ¥ OKCIIEPUMEHTATFHO HW3MEPCHHBIC 3HAYCHHSA aMIUIATYJ KOMIIOHEHT
AIEKTPOMArHUTHOTO TIOJIS B TOUKAX HAOIOICHUS Ha MoiyocTpoBax Pribaumnii m CpenHuil.
Pesynbrarhl MOJICTTUPOBAHHUS st | Pesynbratsl MO/ICIAPOBAHHUS JUTst
nosyoctpoBa Peibauwnii (Touxa 1) nonyoctpoBa Cpenauii (Touka 2)
f=0642, |f = 6422, |f = 6422, |f = 0642, |f = 6422, |f = 64.22,
I'm I'm I'm I'm I'n I'm
Hx skcnepumenransieie | 6.21E-07+ | 7.35E-08+ 1.27E-08+ 3.35E-07+ 1.05E-07+ 9.48E-09+
3Ha4YeHUA, A/M 1.84E-07 | 1.3E-08 2.11E-09 1.64E-07 5.91E-08 2.72E-09
Hmx MozienbHBIC 5.12E-07 | 1.42E-07 2.65E-08 4.22E-07 1.91E-07 3.32E-08
3HaYeHus, A/M
Hy sxcniepumenTanbable | 1.06E-06+ | 3.74E-07+ 1.13E-07+ 1.54E-06+ 5.45E-07+ 1.54E-07+
3Ha4YeHUsA, A/M 6.1E-07 2.64E-08 6.29E-09 1.07E-07 1.02E-07 2.61E-09
Hmy MonenpHBIC 2.34E-06 | 8.62E-07 1.77E-07 3.18E-06 1.17E-06 2.30E-07
3HaueHus, A/M
Ex sxciepumenransubie | 6.07E-09+ | 1.09E-08+ 1.31E-08+ 6.79E-08+ 2.08E-08+ 8.14E-09+
3Ha4YeHus, B/m 1.95E-11 | 6.86E-11 7.36E-10 2.46E-10 1.65E-10 1.32E-10
Emx MoniensHBIC 2.91E-08 | 1.26E-08 6.16E-09 3.41E-08 1.71E-08 8.01E-09
3Ha4yeHus, B/m
Ey sxkcnepumenTaneHble | 7.23E-08+ | 1.10E-08+ 9.85E-10+ 4.36E-08+ 1.25E-08+ 1.89E-09+
3Ha4YeHus, B/m 3.28E-10 | 6.53E-11 3.36E-10 1.6E-10 1.03E-10 1.37E-10
Emy MonensHBIC 1.20E-08 | 1.68E-09 9.23E-10 2.15E-08 2.77E-09 1.15E-09
3Ha4yeHus, B/m

Pe3syabTaThl MoaenupoBanus. HabmonaemMbie HEKOTOPbIE PACXOKICHHS MEKIY MOJEIbHbIME 3HAYCHHSIMH H
9KCTIEPUMEHTAILHO N3MEPEHHBIMU BEJIMYMHAMU MOKHO OOBSICHUTH CleAyromM obpasoM. [IpucyrcTBue Mopckoii
BOJIBI C BHICOKOH 3JIEKTPOIPOBOTHOCTHIO, OKpYsKaromei noiyoctposa Cpeanuil n Pei6aunii ¢ Tpex CTOpPOH, a Takxe
HAJIMYHME BBHICOKOTPOBOISNINX 30H TEKTOHHYECKHUX PA3JIOMOB IPHUBOIUT K 0OpPa30BaHMIO 3aMKHYTHIX KOHTYPOB, B
KOTOPBIX TEHEPHPYIOTCA BTOPWYHBIC 3JIEKTPOMArHUTHBIE TIOJSA, HAIpPABICHHBIE MPOTHBOIOJIOXKHO MEPBUYHOMY
IOJIF0 OT KOHTPOJIUPYEMOTO UCTOUHUKA. B Tabnwme 2, 111 mpuMepa, MpUBeIeHb MOISIbHBIE 3HAYSHUS! KOMIIOHEHT
HOPMAJIFHOTO TI0JIS, OOYCJIOBJICHHOTO KOHTPOJNMPYEMBIM HCTOYHHKOM, M aHOMAJBHOTO IIOJIS, CBSI3AHHOTO C
N30BITOYHOM AJIEKTPOIPOBOAHOCTHIO B aHOMAJIBHBIX 30HAX, B TOYKE HaOMIONEHWH Ha MoyocTpoBe CpemHwid Ui
YaCTOTHI HJIEKTPOMArauTHoro mojs f = 64.22 T'.
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Tadauua 2. MojenbHbIe 3HAYCHUS] KOMIIOHEHT HOPMAJIbHOTO M aHOMAJBHOTO 3JEKTPOMATHUTHBIX MOJIeH B
TouKe HabMoAeHus Ha moiyocTpoBe Cpennuii asst yactoTsl moiist f = 64.22 T'u.

HOpMainbkHoe 1noje Egx, B/M -8.52E-07-i7.89E-10 aHomasibHOE T10J1e Eqx, B/M 8.46E-07-i4.23E-09

HOpMainbkHoe 1noje Eqy, B/M -1.20E-07-i8.32E-11 aHomasibHOE T10J1e Eqy, B/M 1.19E-07-i6.45E-10

HopMainbsHoe 1oje Hox, A/M -3.79E-08-i3.74E-08 aHoMainbHoe mojie Hax, A/M | 2.04E-08+i9.20E-09

HopMazbHoe none Hoy, A/M 2.71E-07+i2.64E-07 aHomansHoe none Hay, A/M | -1.47E-07-i7.02E-08

[Tono6HbIl 3ddekT 00pazoBaHMs MakpoMacHITaOHBIX 3aMKHYTHIX JJIEKTPUUECKHX KOHTYPOB IIPH IIPOBEICHHU
3JEeKTPOMAarHUTHBIX 30HAUpOBaHUMN Ha KoibckoM MONyOCTpOBE C HCHOJIB30BAaHHUEM MOIIHBIX KOHTPOJIHPYEMBIX
UCTOYHHMKOB paccMmarpuBaics B pabore [6]. HToroBble MojenbHbIE 3HAYCHMS MOJIY4YarOTCs Kak pPa3HOCTb
MNEepBUYHOTO U BTOPUYHBIX SJEKTPOMArHUTHBIX MOJIEH M 1O aMIUIUTYJE€ MOJENbHBIE 3HAYEHMsS Ha OJMH — JBa
MOpsiAKA MEHBINE, YeM aMIUIUTYbl NEpBUYHBIX W BTOPUUYHBIX Moned. B Takoil curyanuu cioxxHO I0OUTHCA
UJICAIbHOTO COBNAJACHHUS MOJICNBHBIX 3HAYCHHWH C OKCIEPUMEHTAIbHO H3MEPEHHBIMH BEJIMYMHAMH IIPH
HCIIOJIb30BAaHUH JOCTATOYHO TPy0OH MO 3eMHOM KOPHI B paifoHax moyocTpoBoB Peibaunit u CpenHuii.

BbiBoa. Takum 06pa3oM, MOXHO CHOETaTh BBIBOJ, YTO HAJIMYHAE MOIIHBIX 30H TEKTOHHYECKHX Pa3IOMOB,
00ajaroluX MOBBIIICHHON AJIEKTPONPOBOAHOCTBIO, U MPUCYTCTBHE MOPCKOH BOJBI OKa3bIBAIOT CYLIECTBEHHOE
BIMSHUE Ha pe3ynbTaThl OM3 ¢ KOHTPOJIHPYEMBIM HCTOYHHKOM B paifoHe momyocTpoBoB Cpemnuit u Pribaunii,
PAcIONOXKEHHBIX B 30HE IEpexoja OT IOpoJ KpUCTAIIMYecKoro banTuifickoro murTa K OCaJOYHBIM IOpPOIaM
3anmanHo-ApKTHYECKOH IUIaTGopMbl. BO3HMKHOBEHHE 3aMKHYTBIX MaKpOMAacIITaOHBIX KOHTYPOB, B KOTOPBIX
TEHEPUPYIOTCSI BTOPUIHBIE aHOMAIBHBIC 3JIEKTPOMATHUTHBIE T10JISI, HANPaBICHHBIE MTPOTHBOIIOIO0KHO IEPBHIHOMY
MO0 OT KOHTPOJHPYEMOTO WCTOYHMKA, NPUBOAWT K TIOHWKEHHIO AaMIUINTYA M3MEPEHHBIX KOMIIOHEHT
3JIEKTPOMAarHUTHOTO OIS,
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AHHOTALMA

B pabote mpezacTaBieHsl pe3ysIbTaThl aHAIH3a BCIIECKOB aBPOPATIBHOTO XUCCA, 3apPETUCTPUPOBAHHBIX B IEPHOA C 7
HOs10ps 2018 roma mo 9 ¢espans 2020 roma Ha ABYX MPOCTPAHCTBEHHO Pa3HECEHHBIX TOUKax - JloBozepo (Poccust) u
Kannycaexto (Ounnsaans). Beero 3a Bpems: HaOmroneHnid BEIOpaHo 22 coObITHA. Peructpupyemsle BCIuteckd ObBLTH
pa3OuThl 1O OOIIMM NpPU3HAKAM Ha YeThIpe TUMa: 1) 00JacTh paccesHHs MMEeT pa3Mepbl, Majble OTHOCHTEIBHO
PACCTOSIHUS MEKIY CTaHIUSIMHE; 2) 00JIaCTh paccesiHUs IepeMeIacTCs 1Mo J0JT0Te; 3) 001acTh pACCesIHUS BBITIHYTA
no ponrore; 4) cmewaHHelii THn. [logpoOHO paccMOTPeHBI NPUMEPHI PErHCTPAlMK aBPOPAIBLHOTO XHCCa,
COOTBETCTBYIOIINE TOMY WJIM HHOMY THITY ¥ C(OPMYJIHUPOBAHBI UX OTINYUTEIbHBIE OCOOCHHOCTH.

1. BBenenne
ABpoOpansHBIi XHCC - OWH U3 THIIOB €CTECTBCHHBIX 3JeKTpoMarHUTHEIX OHY (oueHp HH3K049acTOTHBIX 3 - 30 k['m)
H3Iy4EeHUH, JOCTAaTOYHO YacTO PETUCTPUPYEMBIX HAa 3€MHOHM MOBepXHOCTH. ['eHepamus Xucca MPOMCXOOUT Ha
BeicoTe 10 - 20 TBIC. KHJIOMETPOB B pE3yibTaTe Pa3BUTHA YCPCHKOBCKOH HeyctoitumBocté [1]. HaOmomenus
aBpOPANBHOTO XHCCA Ha 3€MJIE M Ha CIYTHUKaX JOCTaTOYHO YAaCTO CBS3aHBI C BO3HMKHOBEHHEM IIOTOKA
BBICBINAIOIIUXCS 3JEKTPOHOB C 3HeprusaMu < 1 k3B [2, 3]. BonHoBasg HOpManb T€HEPUPYEMBIX BOJH JIEKHUT Ha
PE30HAHCHOM KOHYCE, KOTOPBIH IJISl SJIEKTPOHOB C ManbiMu dHeprusiMu (< 1 kaB) 6mm3ok k 90°. Takue BONHBI
MIPUHATO CYUTATh KBA3MAIEKTPOCTaTHUECKUMH. KBa3manekTpocTaTHdeCKHe BOIHBI HE CIOCOOHBI BBIMTH K 3€MHOU
MOBEPXHOCTH, MOCKOJIBbKY OHH HCIIBITBIBAIOT ITOJHOE BHYTPEHHEE OTpakeHHe B HWXKHeH moHocdepe. Kpome Toro,
OTpa’keHHE MOKET HACTYyIaTh U B BEpXHeH HOHOC]epe, I/ie YacTOTa BOJIHBI CTAHOBUTCS PaBHOU JIOKAIBHOM YacToTe
HIDKHE-TUOpHIHOTO pe3oHaHca [4]. OOLIENpUHATHIM MEXaHW3MOM BBIXO/Ia KBa3HAJIEKTPOCTATHYECKUX BOJIH K
36MHOW MOBEPXHOCTH SIBJIAETCS UX paccesHHe Ha MEIKOMACHITa0HBIX (C AJIMHON BOJHBI OT JECATKOB JO COTEH
METPOB) HEOJHOPOJHOCTSX 3JICKTPOHHOW KOHIICHTpAIMH B BepxHel moHocdepe [4]. B padorax [5 - 7] mokasaHo,
yro o00JacTe B BepxHEH HOHOc(epe, 3aHATAs HEOJHOPOJHOCTSAMM (Jajiee OoO0JIacTh paccesiHus), JIOKajbHa.
Hcnonbp3oBanue NaHHBIX Ha3zeMHBIX HaOmonennii OHY aBpopanbHOro Xmcca ¢ IPHUBICUYCHHEM MOJCINPOBAHUS
pacIpocTpaHeHusl aBpOpalibHOTO XHcca OT 00JacTH TeHepaluH 10 Ha3eMHOro HaOmoparens [5, 7] mo3Bosser
OLIEHHUTH ITOJIOXKEHHE 00JIaCTH PacCesTHUSL.

[lomoxxeHne W AWHAMHMKAa OOJACTH pAcCesTHUSA MPENCTABISIIOT OCOOCHHBIM MHTEpec Al HCCiIeqoBaTelei.
Vcnonp3ys HakorieHHbIH onblT HabmoaeHns OHY aBpopanbHOTO XHcca, B JaHHOW paboTe IpearpuHaTa HOMBITKA
pacnpenenuTh THIBI 00IacTel paccesHus Mo OOIIKUM MpU3HAKaM.
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2. Annmapartypa 4 06padoTKa TaHHbIX

B manHoOi#f paboTe mpencraBieHsl pe3ynapTaTsl HaseMHBIX OHY HaOmronenwii B Toukax JloBosepo (LOZ, Poccus) n
Karnycnexto (KAN, OuHnsHONA), pasHECEHHBIX 10 NOATOTE Ha pacctosare okomo 400 kM (puc. 1). Peructpamms
BEIETCS C HCIIOIBb30BAaHWEM HACHTUYHBIX IPHUEMHHKOB, CIIOCOOHBIX H3MEPSTh TOPH30HTAIBHBIE KOMIIOHEHTHI
marautHoro moist Hx Hy m BepTukanpHy!0 KOMHOHEHTY 3ieKkTpudeckoro noss E;. OcoOeHHOCTSMH HMpHEMHHUKA
SIBJISIFOTCSL HU3KMH YpPOBEHb COOCTBEHHBIX IIYMOB W NPEIM3MOHHAs INMPHBSA3KAa JTaHHBIX K MHUPOBOMY BPEMEHH C
omuOKkoi He 6onee 1 Mkc. bonee moapoOHO YCTPOUCTBO MPHEMHUKA OMUCAHO B pabote [8]. AHTCHHBI IPUESMHHUKOB
TIIATEJIBHO OTKAINOPOBAaHbI, YTO MO3BOJSIET MPOBOJIUTH CPAaBHEHHE PE3yJIbTATOB HAONIOACHUH HA JABYX CTAHILMUSX.
KannbpoBka MarHUTHBIX aHTEHH BEAETCS C MCIOJb30BaHUEeM Topouaa. C ero moMompio 4epes II0CKOCTh aHTEHH
CO3/1aeTCsI MarHUTHBIA TOTOK W3BECTHOHM BENMYMHBI, mocie 4dero oueHuBarorcss AUX m ®UX u3amepuTenbHBIX
kaHamoB. ®UX syrekTpudecKoll aHTEHHBI OIICHWBACTCA C HCIOJIh30BaHMEM HSKBHBaNeHTa aHTeHHBL. OneHka AUX
MPOU3BOJUTCS W3 CUTHAJIOB aTMOC(EPHKOB HAa YACTOTE HIKE IONEPEYHOrO PE30HAHCAa BOJHOBOJA 3eMIIs-
nonocepa ~ 1,8 xlm. s obecrieueHUs CTaOMIBHOCTH M TOYHOW CHHXPOHW3AIMH (a3l CHHYCOMIATHLHOTO
KaJIMOPOBOYHOTO CHTHAJIA HCIOJB3YETCSI YCTPOHCTBO IUISi KAMMOPOBKM PETHCTPATOPOB 3IIEKTPOMArHUTHOTO OIS
[9].

B nmanHoO# paboTe BegeTcst aHANIN3 Y3KOIOJIOCHBIX CUTHAJIOB, TIOJyYEHHBIX MOCHE (GUIBTPAIIH UCXOIHBIX 3aMucen
TIOJIOCOBBIM (PMIIBTPOM C LEHTPAIBLHON YaCTOTON B OKPECTHOCTH MAaKCHMyMa HHTEHCHBHOCTH aBPOPAJIHOTO XHCCa -
8 k['u, n mmpunoit momocer 1 kI'm. [{ns aHanu3a M3aydeHWH B JaHHOW paboOTe HCIIONIB3YIOTCSI MHAEKC KPYroBOH
MoJIApUu3alliii MaruuTHOTO MOJIA Pc, OTHOLICHHC EZ/H[, rac Ht - TOPU3OHTAJIbHAsA KOMIIOHCHTA MarHuTHOT'O IOJIA, U
INIOTHOCTh TOTOKa dHepruu. MHmekc Pc paccumtan B coorBercTBuH ¢ pabotoit [10]. Bemmumusr Pc u E /Hq
OTHOCHUTEJIFHO CTa0MJIbHBI BO BPEMEHH, MO3TOMY B JIAHHOH pabOTe MBI paccMaTpuBaeM TOJBKO MX YCPEAHEHHBIC
3HaveHus. [IIOTHOCTh MOTOKA JHEPTUH MpPEJCTaBlICHa B BUJE PACIpPENENCHUs 110 00paTHOMY a3UMYTy BEKTOpa
[NotirTnHTra p(¢). Pacuer p(¢) mponsBoamiIcs B MPEAIOIOKEHUH 00 3pTOJMYHOCTH IIIyMa, IPH 3TOM pacIipeaeiIeHIe
0 aHCaMOITIO pean3annii 3aMEeHsIIOCh paclipeieIecHueM o BpeMeHH [5,7].
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Pucynok 2 (cBepXy BHHU3) CHEKTpajlbHas IUIOTHOCTH MOIIHOCTH MAarHUTHOTO TIONSA, WHAEKC KpPYroBOH
MOJSIPU3AINY, OTHOIIEHHE BEPTHKAIBHONH KOMIIOHEHTHI JJEKTPHYECKOr0 TMONIi K TOPH3OHTAIBHON
KOMIIOHEHTE MarHUTHOTO, PacIpeielIeHus INIOTHOCTH MOTOKAa 3HEPTUH 10 a3UMYTAIBHBIM yTiaM BEKTOpa,
obpatHoro Bekropy lloitarunra, mia cranunit KAN u LOZ B ciyuae a) o01acTu paccessHUSI C pa3MepamH,
MaJIbIMH OTHOCHUTEJIBHO PAcCTOSHHS MEXIY CTAaHIUSIMH b) repeMernieHus 001acTH paccestHus 10 J0JIToTe C)
o0JiacTu paccestHus, BBITSHYTOH 110 10JITOTE.
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A.C. Huxumenko u op.

3. HaémoneHust

B pabore paccMaTpuBaroTCs BCIUIECKH aBPOPAJIBHOTO XHCCa, 3aperucTpupoBaHHble Ha craHIUIX KAN u LOZ B
nepuon ¢ 07 Hos0ps 2018 rona mo 9 derpans 2020 roxa, xorma Ha ctaHnud KAN (QyHKIIHOHHPOBAN perucTpaTop
BEPTHUKAJIHHOI KOMIIOHEHTHI 3JEKTpHUecKoro moiisi. Beero 3a atot mepuox Ha cranunu LOZ otmeweno 104 s,
KOT[Ia pETUCTPUPOBAINCH BCILIECKH aBpopaibHOro xucca. B KAN - 88 mHeill. ABpopaibHBIH XHCC PETHCTPHPOBAICS
Ha 3THX CTaHIMAX B BUJAE IOCIEIOBATEIbHOCTH KOPOTKHX IO JUIMTEIBHOCTH BCIUIECKOB MM H30JUPOBAHHBIX
BcIuieckoB. CpeHsIsl IPOJJOIDKUTENILHOCTh TAKUX COOBITHIT cOCTaBMIIa OKOJIO 15 MUH /i1st 00eMX CTaHIMH.

U3 Bcero Habopa coObITHi ObLIIM 0TOOpAHBI 22 WHTEPBaNa, B TE€YEHHE KOTOPHIX Ha 00EMX CTaHUMAX HAOMIOAINCh
BCIUIECKH aBPOPAIBHOTrO xucca. [Ipu 3TOM BBIOMpanuch ciaydad ¢ OTHOIIEHHEM cHrHaj/mym He Menbmie 10 ab.
BriOpanHbie coOBITHS OBLIM paclipeaesieHbl o O0IMM MpHu3HaKaM Ha 4 Tuma. PaccMOTpuM 0COOEHHOCTH Ka)10ro
THUIIA.

3.1 Obnacms pacceanus c pazmepamu, MaabIMU OMHOCUMETbHO PACCIMOAHUA MeEHCOY CHAHYUAMU

W3 paccMaTpuBaeMbIX COOBITHH OTMEYEHO TIATh, U KOTOPHIX IMapaMeTphl MOl MMEIH CXOXYI TUHAMUKY,
BBI3BAHHYIO, Ha HAIl B3TJISAZ, CYIIECTBOBAaHHEM OONACTH pAacCesHHS C pPa3MepaMH, MalbIMH OTHOCHTEIHHO
PACCTOSIHHSL MEXIY CTAaHIUSAMH. PaccMOTpHM OTIHYHTENbHBIE OCOOCHHOCTH 3TOH MUHAMHKH. B kadecTBe mpumepa
Ha pPHUCYHKe 2a TIpPEJCTaBIEHBI CIEKTpajbHAas IUIOTHOCTh MOIIHOCTH MAarHWTHOTO TOJSI, WHIEKC KPYTroBOM
nonspusanuy, otHouieHne E./Hy u pacnpenenenus mioTHOCTH MOTOKA 3HEPTHU MO OOPAaTHOMY a3MMYTY BEKTOpa
IloiinTHHTa, paccunTanHele A ctanuuit KAN n LOZ Bo BpeMst perucTpalii BCIUIECKOB aBpOpajbHOTO xucca 20
nexabps 2018 roga B unaTepBane 19:17 - 19:37 UT. Ilpu cyiiecTBOBaHHH 00JACTH PACCESIHUS C OTHOCHTEIIBHO
MaJbIMUA pa3MepaMH MOIIHOCTh MAarHUTHOT'O MOJIA HAa OMHOM W3 cTaHuui (B manHoM ciydae LOZ) B 3 - 5 pa3
6onpme, gem Ha apyroi craHmmd (KAN). Uanekc Pc Ha cranmmm ¢ GompmmMu 3HadeHmsMH MoutHoctH (LOZ)
MPUHUMAET 3HAYCHHA, ONM3KHe K 1. DTO O3HadaeT, YTO Ha JTOW CTAHIMH PETUCTPUPYIOTCS BOJHBI C IIPaBOii,
ONMM3KO K KpyroBoi, momspmzanueil [5]. B mamHOM cirydae To4uka HaONIONEHWA HAaXOIHWTCA B OKPECTHOCTH
MPOCSKINH OOJIACTH PACCESHMs Ha 3€MHYI0 MOBEPXHOCTH (Hajiee MpOeKIms oOyiacTu paccesHns). Ha cocemHeit
craanmu (KAN) manexc Pc menpme Ha 0,5 - 0,8, T.e. HabmOogaeMble BOJHBI HCHBITAN OTPAXKCHHS OT CTEHOK
BOoNMHOBOAa 3emusi-moHocepa. Ha cranmmu ¢ OONbIIMM 3HaYeHHEM MOUIHOCTH MarHutHoro moinst (LOZ)
Habmomaetcs ymeHsinenue napamerpa E;/H:. [To-BuanmMomMy, 3T0 03HaYaeT HOPMAIBHOE MaJICHHE PETHCTPHPYEMBIX
BOJIH. B aTOoM ciydae 11t coOmrofeHus] TpaHUYHBIX YCIOBHUI BEPTHKAJIbHAsI KOMIIOHEHTA 3JICKTPUYECKOTO I0JIs
OyleT TeM MEHbIlle, YeM BBILIE NMPOBOAMMOCTh OTpakarolel moBepxHocTu. Ha cocenneii cranuum HaOironaercs
yBenuueHne otHomuieHus E/Hi. 3To MOXKHO OOBSICHUTH TEM, YTO B 3TY TOUYKY MPEUMYIIIECTBEHHO MPUXOIAT BOJIHBI C
YIJIOM MaJIeHHs] OTIIMYHBIM OT HyJisl. B Touke, pacnosoX€HHOW B OKPECTHOCTH MPOEKLUH OOJACTH PACCESHUs,
(LOZ) nabaromaetcst IIIOTHOCTh TIOTOKA SHEPTUH, PACIIPEICICHHAS 10 BCEMY JHMana3oHy 00paTHOro asumyTa - 360°
(puc. 2a). Ha mocratodnHo OONBIIOM yJalieHMH OT TIPOCKIWH MaKCHMyM pachpeneleHus p(¢) yKa3blBaeT
MPUOIM3UTENFHO Ha IIEHTP MPOCKINU 00JIaCTH paccestHus [ 5, 7).

3.2 llepemeuienue obnacmu paccesanus no 0oazome

Ha pucynke 2b mnpeacraBieHbl CEKTpalibHas IIOTHOCTh MOIIHOCTH MarHWTHOTO MO U mapamerpsl Pe, Ex/H: u
p(®) BO BpeMsI peruCTpaIiy BCIUIECKOB aBPOPaIbHOTO Xucca Ha ctaHimuax KAN u LOZ 5 mapra 2019 roma 21:29 -
21:36 UT. PaccmarpuBaemoe coObITHE, Ha HAlll B3TJIs, SBJISETCS IPUMEPOM IepeMelleHns: obnactu paccesiaus. 13
22-x coOBITHIT OBLIO OTMEYEHO TOJBKO TPH TaKuX ciydas. [1o Mepe npuOimxeHus: 0071acTH paccessHusI K OTHOHN U3
cranuuit Ha Hell (KAN) HaunHaeTcs yBeTHUeHHEe MOITHOCTH MarHUTHOTO TOJIST M HHAEKca P¢, a Taxoke yMEHbIIEHUE
napamerpa E /H:;, mpu Majibix M3MEHEHHSIX 3THX MapaMeTpoB WM IOJHOM HX OTCYTCTBHHM (B JaHHOM CIydae) Ha
apyroii crannumd (LOZ). 3aTeM HauyMHAETCSA IUIABHOE BO3BPAINECHHWE MOIMHOCTH W mapameTrpoB P¢, E/H: x
UCXOJHOMY YPOBHIO, COOTBETCTBYIOIEMY ITOJCTHJIAIONIEMY IIYMY BOJHOBOJAA 3emisi-moHoctepa. [Ipu sTom Ha
npyroit cranimun (LOZ) mpoucXomsT aHAJOTWYHBIE W3MEHEHHS BO BPEMEHM 3THX IIapaMETPOB € HEKOTOPOI
BPEMEHHON 3alep>KKoH. BenmmumnHa 3a1epXKH ONpenensercs, Mo-BUANMOMY, CKOPOCTBIO MepeMEIIeHUsT 00JIacTh
paccestHus. B paccmarpuBaeMoM IpuMepe Hpolecc MepeMenieHuss Hanboliee SIPKO OTPaKaeTcsi BO BPEMEHHOM
W3MEHEHHH paclIpeie]IeHUs] IFIOTHOCTH MTOTOKA SHEPTHHU 10 00paTHOMY a3uMYyTy BekTopa [loWiHTnHra (cM. puc. 2b).
Bo Bpems BozuukHOBeHus1 Bemutecka B 21:31 UT B KAN Ha ¢oHe BbICOKOT0 3Ha4eHUs MHIEKca Pe M yMeHbIIeHUs
otHotrenus E,/H: HaGmonaercs «mupokoe» pacnpenenenue p(¢). BolHbl MPUXOIAT B TOUKY HAaOJIIOAEHHH CO BCEX
HaTpaBJIeHUH, YTO, BEPOSITHO, CBUICTEIBCTBYET O PACIIONOKEHHUH NMPOEKINU OONACTH paccesHusl OJIM3KO K TOYKE
peructpanuu. 3ateM pacmpeaeneHue p(@) cykaercs, a ero MakKCUMyM YyKa3bIBaeT Ha BOCTOK, B HalpaBlICHUH
craunuu LOZ. Takne nuaMeHeHus pacrpeneneHns p(¢p) ¥ COMPOBOXKIAIONINE X U3MEHEHHs mapametpoB Pc u E,/H;,
M0-BUAMMOMY, YKa3bIBalOT Ha NepeMeIlleHre O0JIACTH paccesHus B BOCTOYHOM HampasieHnu. B LOZ Bo Bpems
BO3HMKHOBeHHs Bcrurecka (~ 21:31 UT) makcumym pacripeneneHus p(¢p) ykasblBaeT Ha 3alaj B HalpaBICHHH
cranuuu KAN, rae Bo3HHMK aBpopanbHbeld xucc. Ilo Mepe yBennueHuss MOIIHOCTH BCIUIECKa, MHJAeKca P¢ u
yMeHblIeHnH oTHouieHus E,/H: pacnpenenenue p(@) M3MeHseTCS OT «y3KOro» Ha «IIHUPOKOE». BeposTHO, B 3TO
BpeMsi 00JacTb paccesHHs cMemaercss M craHoBurcst Hajx toukod LOZ. B 21:33 UT pacnpenenenue p(o)
«CyXKaeTcs», MPUYEM ero MaKCUMyM YKa3bIBaeT Ha BOCTOK. [IpoucxXoauT cmemnienne o0nacTu paccesiHusl K BOCTOKY.
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3.3 Obnacmes pacceanus, 6bimanymasn no 00120me, U CMEUWIAHHBLI IMUN

Ha pucynke 2c¢ mpeacTaBieHBI mapaMeTpsl Moy BO Bpems peructpamuu Ha ctaHmusx KAN n LOZ Bcmieckos
aBpOpANbHOTO XHCCAa TPU CYIIECTBOBAHWM BBITSHYTOM MO goinrore obmacté  paccestHus.  CoObiTHE
3apeructpupoBano 5 staBaps 2019 roma B 20:06 — 20:12 UT. Bcero orMedeHo miects Takux coObThil. Bo Bpems
CYILIECTBOBAHMS BRITSHYTOM 0Onactu paccesiHusi HHAEKC P 1 otHomeHne E,/H; npuHuMaroT Giu3kne 3HadeHus Ha
obenx craHmusax (puc. 2¢). MakcuMyMmBl pacupeneneHus p (¢) yKa3slBalOT B HAIpaBIICHHH coceqHell craHimn. B
paccMarpuBacMOM IpUMepe, MO-BHIMMOMY, LIEHTP CUMMETPUH 00JIacTH paccenBaHMs HeckKoyibko Onmke kK KAN,
yeM K LOZ. DTUM MOXHO OOBSCHHUTH Pa3IUUYMsi MOIIHOCTH BCILIECKOB HA 00EMX CTaHLUIX.

Yame Bcero (8 ciaydaeB u3 22) MOSIBISIFOTCS 00JIACTH PACCESHUS CMEIIAHHOTO TUNA. B OCHOBHOM TOSBISIIOTCS
HECKOJIbKO obJiacTeil pa3nuuHbIX pazmepoB. B pabore [7] paccmoTpeH mpumep takoro coowitus. Takxke B padbote
NpOBEZieHa HWHTEPIpPETalusl JaHHBIX Ha3eMHBIX HAOJIOJCHUH C HCIOJIb30BAHHMEM MOJENIN PACHPOCTPAHEHUS
aBpPOPAJILHOTO XKCCa OT 00JIACTH TeHEpaluy 0 Ha3eMHOro HabIoAaTeNs.

BoiBoabI

B pabote npencraieHsl pe3ybTaThl aHaIM3a JaHHBIX Ha3eMHBIX HaOMIOAEHUH aBpOPaIbHOTO XHCCa B IBYX TOUKAX
- JloBozepo (Poccus) u Kannycnexro (Ounisinaus). Mcrnonb30BaHbl JaHHBIE, TOTYyYSHHBIE 32 MIEPUOA C 7 HOSOPs
2018 roga o 9 ¢espans 2020 roga. Peructpupyemble BCIUIECKH pa3/iesieHbl Ha YEThIpe TUIIA M0 IPOCTPAHCTBEHHON
CTPYKType obnactu paccesHus: (1) 00acTh paccesiHUs UMEET Pa3Mephl, Majlble OTHOCHUTEIBLHO PACCTOSHHS MEKIY
cTaHOusAMHE, (2) 00JacTe paccesHus mepeMemaeTcs o xonrote; (3) o0macTh paccesHUS BHITAHYTA MO H0iToTe; (4)
CMEIIaHHbIH THIL.

Jns xaxkmoro THma chOPMYIHPOBAaHBl OTIMYUTEIBHBIE OCOOCHHOCTH IIOBEACHHUS CIIEKTPAJIbHOH IIOTHOCTH
MOIITHOCTH TOPWU3OHTAIBHOW KOMIIOHEHTHI MAarHWTHOTO TIIONIS, WHAEKCAa KPYroBOW MONSPHU3AlldH, OTHOIICHHUS
BEPTUKAIBHON KOMIIOHCHTHI JIIEKTPUIECKOTO IOJI K TOPH30HTAIFHOW KOMITOHEHTE MAarHUTHOTO M PacHpeaeICHUs
TUIOTHOCTH TIOTOKA YHEPTUH 110 a3MMYTaJIbHEIM yTIaM BeKTopa, o0paTtHoro BekTropy [loHTHHTa.
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Abstract. Cosmic rays are modulated by solar and geomagnetic activity. In addition, the flux that arrives to the
Earth is sensitive to the inner geomagnetic field through its effect on the geomagnetic cutoff rigidity, Rc. This field
has been decaying globally at a rate of ~5% per century from at least 1840. However, due to its configuration and
non-uniform trend around the globe, its secular variation during the last decades has induced negative and positive
Rc trends depending on location. In the present work, the database from the World Data Center for Cosmic Rays
(WDCCR) is used to analyze long-term trend variations linked to geomagnetic secular variations. This database
includes more than 100 stations covering, some of them, almost seven decades since the 1950’s. Those stations
spanning more than 20 years of data are selected for the present study in order to adequately filter solar activity
effects.

Introduction. The Earth’s magnetic field of internal origin has been decaying at a rate of ~5% per century, at least
since the 1840’s, with evidences suggesting that this decay began much earlier. This behavior led us to think of an
undergoing reversal or excursion, even though the possibility of a recovery without the occurrence of these extreme
events is feasible as well (Panovska et al., 2019; Brown et al., 2018). Nevertheless, the intensity of the global field
will most likely continue to decrease in the near future with consequent changes in our planet’s magnetic shield
(Tarduno, 2018).

The cutoff rigidity (Rc) can be thought of as a quantitative measure of this shielding since it corresponds to the
minimum energy needed by a charged particle coming from outer space to reach a given location at the Earth. This
parameter can be obtained calculating charged particle trajectories in the Earth’s magnetic field, which requires
numerical solutions of differential equations due to the field complexity. There are also analytical approximations
considering that 80% of the field can be described by a pure dipolar component using Stérmer theory (Stormer,
1955).

Considering Rc tabulated values by Gvozdevskii et al. (2016), obtained from trajectory calculations based on the
equation of motion of charged particles in the geomagnetic field given by the IGRF (Thebault et al., 2015), Comedi
et al. (2020) obtained the secular variation spatial pattern of Rc for the period 1900-2020 in a 5°x15° latitude-
longitude grid by estimating the linear trend o at each grid point from

Rc=at+p @)

where t is time, and regression coefficients a and 3 are estimated with least squares. Negative, as well as positive Rc
trends are obtained according to location.

A decrease in Rc would imply that particles with energies that before were not enough to enter the atmosphere,
now they do. This could suggest a flux increase, like for example in cosmic rays’ case. With this assumption, cosmic
ray time series are analyzed in order to detect long term trends and its possible association with the geomagnetic
field secular variation effects on Rc.

Data and methodology. Cosmic ray flux (CR) from the World Data Center for Cosmic Rays (WDCCR,
http://cidas.isee.nagoya-u.ac.jp/WDCCR/) database is used, which includes more than 120 stations covering, some
of them, almost seven decades since the 1950’s. 74 stations were selected according to their time span (2 to 3 solar
cycles minimum, ~20 to 30-year), data completeness and homogeneity. These CR time series were checked for
outliers, and even though their number in percentage was low they were eliminated.

CR is modulated by solar activity level being weaker for low levels and vice versa. Using the sunspot number, Rz,
as a solar activity proxy, the linear correlation coefficient between CR and Rz results higher than -0.8 in almost all
the cases. This means that most of CR variance is explained by solar activity, which turns necessary filtering its
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effect before estimating the trends we are looking for. We do this by estimating the residuals from the linear
regression between the 12-month running means of CR and Rz, through

CRyesidual = CR — (a Rz + b) 2

where a and b are the least square coefficients of CR vs. Rz.
Finally, the linear trend o’ of these residuals was assessed through the linear regression

CRyesidual =’ t + B, (3)
where regression coefficients o’ and B’ are estimated with least squares as in the case of Rc in Equation (1).

Results. As a preliminary result we present the o’ sign (positive or negative) in Figure 1 of all stations analyzed
without discriminating the period over which each trend value is estimated. It should be noted that the period
covered by each station included in this analysis is different and in many cases there is not even overlap. In addition,
although we performed a linear estimate for the whole period 1900-2020 in the case of o (shown also in Figure 1) it
is not strictly linear for all locations.

R trend [102 GV/year]

(@) (b)
Figure 1. (a) Cosmic ray trends according to their sign: negative (red) and positive (blue) for 74 stations
from the World Data Center for Cosmic Rays (WDCCR) database (http://cidas.isee.nagoya-
u.ac.jp/WDCCRY/). (b) Rc trends obtained from trajectory based estimations from Gvozdevskii et al. (2016)
(black dashed line indicates a=0) (figure from Comedi et al., 2020).

Discussion. The expected result for o’ is: positive values (blue dots in Figure 1a) in regions where o, is negative
(green-blue areas in Figure 1b), and negative values (red dots in Figure 1a) in regions where . is positive (yellow-
red areas in Figure 1b). There seems to be limited global agreement between CR and Rc long-term trends. However,
there is a hint of consistency around the strong positive and negative patches in the western hemisphere, which may
be due to the actual rotation and displacement of the Earth’s dipole axis with a stronger effect due to rotation
(Comedi et al., 2020).

Several reasons could be mentioned to explain our results, and the main are regarding our methodology, which
will be considered in a future work: trends are not entirely linear and trend periods are not homogeneous in the first
place, and secondly bad filtering of solar activity effect, taking into account that estimating the residuals from a
linear regression with Rz for the whole period may not be enough. The effect of additional trend sources may be
thought of as well.

Acknowledgements. We acknowledge the contribution of the WDC for Cosmic Rays, Solar-Terrestrial
Environment Laboratory, Nagoya University, for full and open access to cosmic ray data.
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Abstract. Simulation of energy evolution for magnetosphere having infinite number of energy links with solar
wind in assumption that all links are executed by energy continuity equation is conducted. Found closed form
solution Y'is a function of magnetosphere’s energy exchange rate y and in its physical meaning it is an integral
efficiency of energy exchange. It is shown that quantity Y is confined by the rate y. As a result, Y and the total
exchange energy E can take on certain discrete levels, as a result the spectrum for Y'and E is quantized.

1. Introduction

In terms of system science [1], a magnetosphere of the Earth (MJE) is an open thermodynamic system (OTS)
maintaining the permanent energy exchange with its environment where solar wind (SW) takes the main role. To
highlight this fact, below we will call an environment of MoE as SW.

Because the energy sources and sinks (energy agents) of MoE are widely scattered in space and time, the research
of an energy budget for MJE causes serious issues. That is why usually the list of the accounted energy agents
reduces to just a few ones which make the most significant contribution (based on experimental results and
preliminary consideration) to MoE dynamics.

Meanwhile, achievements of modern data science demonstrate an essential dependence of the obtained results on
the quality of data [2]. In particular, it assumes consideration of contribution from all available data agents irrelevant
of the prejudgement on its relative importance for the given problem. So, accounting of as many energy agents as
possible becomes the necessity for accurate evaluation of energy budget of MoE as well.

Also, considering the ever-changing character of agents it is scarcely possible to adequately describe MoE in the
terms of deterministic quantities. In this sense, use of a stochastic approach is regarded more warranted.

So, purpose of this report is to apply the model of energy evolution for stochastic system with infinite number of
the random energy agents [3] to simulation of the energy spectrum of M,E.

2. Approach substantiation

Follow [3], in the further text, we abstract from the real nature of the various energy fluxes between M.E and SW. It
is thought that the physical quantities involved into description of an energy exchange are not attributed to any
specific process likewise electromagnetic, thermal, optical, mechanical and so on. Instead, as soon as any energy
transportation which affects energy balance of MqE upon arrival has occurred, it falls under our consideration.

Then, it is possible to unify all above energy exchange processes on the same mathematical basis. Use of an
infinite number of energy links guarantees that every single exchange process will be accounted.

So, we take an energy continuity equation as a unified mathematical abstraction of a single energy link between
MoE and SW

Oe

o DivJ Q)
where ¢ is an energy volume density, t is time, J is energy flux, Div is a divergence operator. We consider an infinite
multitude of similar independent links as an energy image of MoE. And SW is simulated by an energy bath of
unlimited capacity.

Though at every moment, all energy links are available for an energy transfer inwards or outwards ME, however
only one link will be picking up and this link will take a role of the instant energy agent. It is believed that the
random energy transfers dQin (inward MoE) and 6Qou: (outward MoE) cannot coexist at the same time, i.e., general
energy flow 6Q = 06Q,, @ 6Q,,, , where @ denotes exclusive disjunction.

3. Mathematical formalism
So, based on (1), concisely the mathematical model for energy evolution of M.E is

{% =-DivJ, 2
at

81



Eigen energy exchange modes of magnetosphere at long-lasting stochastic coupling with solar wind
which at counter i — oo converts to
—=-"x, ©)
y

integration of (3) yields
SY(Xy)=X-Iny (4)

with the closed-form solution for an integral efficiency of energy exchange
1 y
Y(y):—j SY(x,y)= —I dx-JInydy
-1 0

D
which after applying of boundary conditions is

Y(y)=y-ylny ®)
and the total energy of exchange
0 3y’ Y
E(y):JY(z)dz:T—?lny (6)

where x = cos g is continuous random quantity, y = J/Jo - unitless energy rate, U is internal system energy,
normalizing constant Jo > 0, QO = J-dSa dt, Sa is area, f = dJ ™ n, n is a unit normal oriented in the direction of

incoming energy flux, D < R? is phase space for all microstates of 6 Y.
Now, find y satisfying condition X{y) = 0. Then, resolving (5) in respect of y

Y
y, = exp[L+W, (-1,-—)] =0 (7.a)
e

Y
y, =exp[l+W (0,-—)] =e (7.b)
e
where Wy is a Lambert function, W.(0) is the upper branch and W.(-1) is the lower one [4].

4. Boundary problem for function ¥
Solution 1y) is bounded within the range [0, €] (7.a,b) and, formally, we have a two-point boundary value problem
on the finite interval [0, €]

Y(0)=Y(e)=0 8
For (5), to meet (8) should hold

1=+#niny, 9)
so, at |lny| <1, i.e., in the y-range [1/e, €]

1

Yo = e><|0[iH] (10)
with appropriate non-trivial harmonics

Y =y -yliny (11)

wheren =1, 2, ....
So, the y-points (10) are the nodes of the discrete spectrum (Fig. 1).

Figure 1. Discreteness of spectrum for integral
efficiency of energy exchange Y.

The discrete spectrum for ¥, formed during
evolution of MoE is shown. In the plot, by an
T abscissa axis, a unitless energy exchange rate y =
J/Jo is indicated, by an ordinate axis the integral
efficiency of energy exchange 1 (a). A few first
harmonics of », are schematically shown by thick
vertical segments in the range I//e <y < e. The
harmonic rn(y=e) =0, so it is not visible.
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Note that formally, (6) allows to define its own discrete y-set for the total exchange energy E. However, that y-set
does not have so remarkable features as the y-set for ¥ (10) does [3], so we do not consider discretization of (6)
here.

5. Results and discussion

The first thing to highlight here is that the found y-discreteness of MqE calls to the rate of an energy exchange y. We
mean that it does not appeal to the well-known magnetospheric cavity modes and field-line resonances usually
appearing in the Pc5 range [5] or the modes caused by the changes of dynamic pressure in SW [6]. Instead, it comes
from the limitation imposed on the y-range with the positive value of energy efficiency ¥. Consequently, we could
conclude that y-discreteness of MoE emerges as a result of an energy scaling of an energy exchange process. The
scaling norm is the one full lifetime cycle (positive ¥) with the with the y-length equal to e. In other words, scaling
in [5] stems from the limitation of the state (for ex. magnetosphere cavity), but discovered scaling stems from the
limitation of the process (energy exchange).

During the first y-segment with continuous spectrum (y < OP), McE accumulates an energy and all modes of an
energy exchange have the same priority. However, if the rate y achieves OP, situation changes, and some (infinite
but counted) energy exchange modes receive the higher priority. As an example of such high priority energy
exchange mode could be a magnetosphere substorm which typically follows the time period of the less or more quiet
(energy accumulation stage) magnetospheric conditions [7].

It is worth to note that the discrete spectrum at OP <y < TS still keeps some noise-like background, i.e., actually it
is a quasi-discrete one. It looks reasonable as the bounds (7.a) and (7.b) are not tough. Actually, at these points,
efficiency of energy exchange Xy) changes its sign from negative to positive and vice versa. Hence, the bounds
(7.a) and (7.b) are rather the singular points where the qualitative leap in ME functioning happens.

On the other hand, the quasi-discrete form of spectrum means that the backstage physical mechanism dominating
while in the continuous spectrum does not totally disappear, it is still there but its influence has reduced. So, the
discrete and continuous segments of spectrum overlap in some extent. As a result, all above said leads to the not
perfect discrete pattern.

Note that the meaning of the y-segment with the continuous spectrum is twofold. Firstly (0 <y < OP), it is to
supply energy of random variations in an amount sufficient to support the more advanced and complicate discrete
segment on the qualitatively different level of MoE operation. Secondly (TS <y < TP), is to provide suitable
dissipation of the accumulated energy before completely flushing it out.

Compare the y-dependence of efficiency ¥ (Fig. 1) and total exchange energy E (Fig. 2 (a)). We see that visually
the discrete spectrum for ) ends much earlier (at y = e%?) versus the spectrum for E (at y = ). However, it is
accurate result as 1{y =€) = 0 and the last visible harmonic is Y (at y = e'?) in contrast to the total energy E as it is
of zero only at the one point y = 0. So, we conclude that the quantization of disappears once Y"becomes negative.

Note that from (10) the “condensing” of the spectral lines E, at y — [ should be observed (Fig. 2.a). It is agreed
with the meaning of SP (y = 1) as a stationarity point where energy exchange acquires the smoother character
without the drastic changes between individual energy harmonics.

ar, v E

©) T T

Figure 2. Solution for an energy evolution of the MoE — total exchange energy E (a), integral efficiency
of energy exchange Y'(b), instantaneous efficiency of an energy exchange é Y'(c).

In the plot, by an abscissa axis a unitless energy rate y = J/Jo is indicated. The quasi-quantized spectrum is
between the points OP and TS, the range with positive Y"is between the points 0 and TS. The quasi-discrete
energy levels E, are shown by the thick vertical segments in the upper panel (a). It is seen that levels E, tend
to “condense” around the stationarity point SP. The point TS marks termination of the quasi-quantized
spectrum, TP — termination of the whole MoE’s energy evolution. Phase space D for all possible microstates
of 6 r'is shown in the light grey, area of positive Y'in the dark grey.
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Summarizing, based on the model of OTS with an infinite number of energy agents, we investigated evolution of
energy spectrum of MoE and discovered presence of an interleaving between the continuous and quasi-quantized
form of a spectrum. Such theoretical effect could be useful in explanation of some global impulse-like processes in
Earth magnetosphere.

This work is done within the project of MINOBRNAUKA RF “Development of mathematical model for
simulation of coupling between diamagnetic structures of slow solar wind with the Earth magnetosphere”.
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Abstract. In addition to the well-known 11-year cycle, longer and shorter characteristic periods can be isolated in
variations of the parameters of helio-geophysical activity. Periods of about 36 and 60 years were revealed in
variations of the geomagnetic activity and an approximately 60-year periodicity, in the evolution of correlation
between the pressure in the lower atmosphere and the solar activity. Similar periods are observed in the cyclonic
activity. Such periods in the parameters of the solar activity are difficult to identify because of a limited database
available; however, they are clearly visible in variations of the asymmetry of the sunspot activity in the northern and
southern solar hemispheres. In geomagnetic variations, one can also isolate oscillations with the characteristic
periods of 5-6 years (QSO) and 2-3 years (QBO). We have considered 5-6-year periodicities (about half the main
cycle) observed in variations of the sunspot numbers and the intensity of the dipole component of the solar magnetic
field. A comparison with different magnetic dynamo models allowed us to determine the possible origin of these
oscillations. A similar result can be reproduced in a dynamo model with nonlinear parameter variations. In this case,
the activity cycle turns out to be anharmonic and contains other periodicities in addition to the main one. As a result
of the study, we conclude that the 5-6-year activity variations are related to the processes of nonlinear saturation of
the dynamo in the solar interior. Quasi-biennial oscillations are actually separate pulses related little to each other.
Therefore, the methods of the spectral analysis do not reveal them over large time intervals. They are a direct
product of local fields, are generated in the near-surface layers, and are reliably recorded only in the epochs of high
solar activity.

1. Introduction

Solar activity is a complex of many processes. Therefore, even a well-established periodicity itself does not tell us
much about the physical mechanism. In particular, there is no doubt that the main periodicities on the Sun are the
rotation period and the 11-year cycle. However, these periods can change over time both in duration and in phase.
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Figure 1. Monthly mean sunspot numbers SSN vs. time. The
blue curve represents the smoothing with a 22-year window.
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Solar activity is usually characterized by the so-called sunspot number (SSN). In fact, this is not the real number of
spots on the solar disk, but a certain index calculated following a certain procedure. This procedure has been
changed more than once, and the values have been revised. The version of the SSN index officially adopted today is
available on the website of the Royal Observatory of Belgium http://sidc.oma.be/silso/datafiles.

Figure 1 represents the time dependence of the monthly mean sunspot numbers SSN. The blue curve shows
smoothing by a 22-day window. One can see both the 11-year cycle and long-term variations. The grand minima
were recorded during 1645-1710 (Maunder minimum, not shown in this figure), 1710-1830 (Dalton minimum), and
a long-lasting decrease at the beginning of the XX century sometimes called the Gnevyshev grand minimum). There
is some reason to believe that the next grand minimum (or several relatively low cycles) will be observed at the
beginning of the XXI century.
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The main cycle of activity with the magnetic-field sign variations taken into account is ~20 years. Accordingly,
the SSN variations determined by the energy of the magnetic field (i.e., its square intensity) have a half period
(about 10 years). These cycles are determined by a large-scale dynamo process.

In this brief review, we will focus on secondary variations. These are short-term (1-4 years) quasi-biennial
oscillations (QBO), medium-term (4-8 years) quasi-sexennial oscillations (QSO), and long-term variations (over 50
years). The origin of these variations is not completely clear. They are apparently associated with the turbulent
decay of large-scale magnetic structures, nonlinearity of the dynamo process, and fluctuations of parameters. We do
not intend to provide here a comprehensive review of the data available. Rather we are going to outline some
possibilities and difficulties of explaining the generation of such variations on the Sun.

A special note (which is appropriate at a geophysical conference) is that many variation periods of the solar
activity were first established in variations of geophysical parameters. In this sense, the Earth turns out to be in itself
an observational instrument for studying solar activity.

2. Quasi-sixty-year variations
In this Section, we will briefly describe the results obtained by Veretenenko and Ogurtsov (2014) and Veretenenko
et al. (2020).

Quasi-periodic fluctuations with periods of about 36 and 60 years are known to exist in geomagnetic activity. An
approximately 60-year periodicity has been discovered in the evolution of correlations between the pressure in the
lower atmosphere and characteristics of solar activity. Similar periods are observed in cyclonic activity.

In the epochs of a strong polar vortex, one can observe an enhancement of the arctic anticyclones and mid-latitude
cyclones associated with an increase in GCR fluxes at the minima of the 11-year solar cycles. The results obtained
indicate that the mechanism of the influence of solar activity and cosmic rays on the circulation of the lower
atmosphere involves changes in the evolution of the stratospheric polar vortex.

The Northern Annular mode (NAM) in the stratosphere of the North hemisphere is the measure of the vortex. On
the surface, this phenomenon manifests itself as the Arctic Oscillation (AQO). The positive phase of AO is
characterized by abnormally low pressure in the polar region and abnormally high pressure at subtropical and mid
latitudes.
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Figure 2. The Fourier spectra of the sea level pressure (a) and temperature (b) anomalies in the Arctic region,
the frequency of occurrence of the C-type meridional circulation (c) and correlation coefficients R(SLP,Rz)
between SLP at high latitudes (60-85N) and relative sunspot numbers (d). Confidence levels are calculated for
a red noise with AR(1) coefficient a=0.3 (a), 0.65 (b) and 0.4 (c).

Figure 2 represents the Fourier spectra of sea level pressure and temperature, anomalies in the Arctic region, the
occurrence rate of the C-type meridional circulation, and the correlation coefficients R(SLP, Rz) between SLP at
high latitudes (60-85N) and relative sunspot humbers. The confidence levels are calculated for red noise with the
AR(1) coefficient a equal to 0.3 (2), 0.65 (b), and 0.4 (c).

Long-term periods in the characteristics of solar activity are difficult to identify because of the limited set of data;
however, they are clearly visible in the varying asymmetry of the sunspot production activity in the northern and
southern solar hemispheres. Besides that, they are readily revealed in the characteristics of magnetic storms of
different types, especially, in the occurrence rate of the storm gradual commencements, which are mainly
determined by fluxes from solar coronal holes. Since the solar coronal holes are one of the indices characterizing the
large-scale fields, the relationships obtained definitely indicate to generation of the large-scale dynamo. The
possibility of simulating such generation processes is described below in Section 5.
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Figure 3. Local and global Morlet wavelet power spectra of annual occurrence frequencies for major (a, b)

and moderate (c, d) magnetic storms with gradual commencements after the removal of polynomial trends.

The spectra are normalized by variance.

3. Quasi-biennial oscillations (QBO)

Quasi-biennial oscillations are known almost as widely as the 11-year cycle. Some authors considered them even a
more fundamental phenomenon than the 11-year cycle (lvanov-Kholodny et al., 2006; Ivanov-Kholodny and
Chertoprud, 2009). There is a vast bibliography devoted to QBO. Suffice it to mention a fundamental review by
Bazilevskaya et al. (2014), which contains about 170 references. We will focus here only on a few milestones in the
history of the QBO studies.

3.1. The history of the discovery and study of QBO

Quasi-biennial oscillations were first reported by Reed (1960) as 26-month oscillations in the system of tropical
atmospheric winds. All works published during seven years after that concerned QBO only in the Earth's
atmosphere (references can be found in (Maeda, 1967)). It was Maeda who first, in 1967, drew attention to the fact
that QBOs were also observed in cosmic rays He showed that atmospheric variations had a reflection in cosmic ray
variations; however, in that work, he did not discuss the existence of QBOs on the Sun. Moreover, there is still no
certainty that QBOs on the Sun and Earth are directly related (Baldwin et al., 2001; Petrick et al., 2012).

The next important step was taken in the works by Karin Labitzke and Van Loon (Labitzke, 1987; van Loon and
Labitzke, 1988; Labitzke and van Loon, 1989). They showed that there was a relationship between the polar
stratospheric temperature in the northern winter and the solar cycle in the winters when equatorial 50 mb winds were
blowing from the west: the fewer sunspots in such winters, the lower the temperature. During these winters, there
were no major warmings in midwinter when the sunspot number was below 100. Such relationship is absent in the
easterly phase of QBO. In this phase, the temperatures are usually higher than in the westerly phase, and significant
warmings in midwinter occur regardless of the state of the solar cycle.

Only in the early 1990-ies is was suggested that similar quasi-biennial oscillations could also occur in the Sun
(Djurovic and Pdquet, 1990; Hoeksema, 1991; Obridko and Gaziev, 1992).

In 1991, a National Symposium on Quasi-Biennial Solar Variations (From the Core of the Sun to the Earth's
Magnetosphere) was held in the USSR (Pushchino Observatory). Unfortunately, the full Proceedings of this
symposium were never published. Only extended abstracts in English are available in the Solar Data Bulletin,
February 1991.

In 1995, Elena Benevolenskaya published a very important work, which is sometimes mistakenly referred to as the
first work on solar QBOs (Benevolenskaya, 1995). In fact, the importance of this work is that she proposed
interpretation of QBO as a manifestation of a double dynamo cycle. Later, Benevolenskaya (1998) formulated the
concept of two spatially separated dynamos - at the base of the convection zone and immediately below the surface.
The model of two dynamos was widely discussed subsequently, for example, in (Beaudoin et al., 2016; Yushkov et
al., 2018, 2019) as the interaction of a mean-field dynamo at the tachocline level and a turbulent small-scale
dynamo. The works by Benevolenskaya made a great impression. They were referred to hundreds of times and
stimulated multiple attempts to detect QBO directly on the Sun.

3.2. So, what do we know about QBO today?
Quasi-biennial oscillations are actually separate impulses poorly related to each other. They are a directly produced
by local fields in the near-surface layers and are reliably recorded only during the periods of high solar activity.
Figure 4 shows by way of example the squared magnetic field on the photosphere surface averaged over a
Carrington rotation as a function of time. One can see that the pulses do not form a quasi-periodic process;
individual pulses are not phase-related. The spectral methods do not detect them over large time intervals because of
the chaotic nature of the phase shifts.
The analysis of sunspot areas carried out by Wang and Sheeley (2003) also revealed periods ranging from 0.2 to
2.6 years with none of the periods prevailing.
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To understand the origin of quasi-biennial oscillations, it is important to find out what scale of the large-scale field
they are associated with. Such an analysis was performed in (Obridko and Gaziev, 1992; Shelting and Obridko,
2001; Obridko and Shelting, 2003; Obridko et al., 2006). It turned out that QBOs are associated with structures that
are even with respect to the equator. This was shown by constructing long-term synoptic maps based on direct
measurements of the Wilcox Solar Observatory, WSO (Hoeksema, 1991) and on a long series of reconstructed solar
magnetic data (Obridko and Gaziev, 1992). The amplitude of fluctuations in the range of the periods of 1.5-2.5 years
was identified on the synoptic maps using the wavelet analysis (Obridko et al., 2006) (see Figure 5).

The magnetic field pattern on the latitude-time diagram looks like a set of bands running from the equator to the
poles. The width of the bands is approximately 2 years. The bands drift towards the poles. The duration of the drift
of each band is also several years. One can clearly see enhancements in the vicinity of the solar maxima.
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Figure 4. Squared magnetic field on the Figure 5. Synoptic diagram of the amplitude of
photosphere surface averaged over a Carrington the magnetic field component even with respect
rotation as a function of time. to the equator.

When expanding the photospheric magnetic field into Legendre polynomials, we naturally see the even harmonics
in the QBO spectrum best of all. There is also another particularity: the QBO are revealed mainly in the relatively
low-order harmonics with 1=2 and I1=4. This is visible on the wavelet diagram (Fig. 6). In addition, one can clearly
see these oscillations intensify at the cycle maxima (Figs. 5 and 6). Since the 1980-ies, they have been gradually
weakening in accordance with the general trend of decreasing solar activity.

T

Years

Figure 6. Wavelet diagram of the photospheric magnetic field in the range of 2-6 years. Shown are the
harmonics with 1=2, 4, 6, 8.

Besides that, Wang and Sheeley (2003) observed a periodicity in the range of 1-3 years in the photospheric
parameters of the equatorial dipole. It had to be expected because the equatorial dipole with I=m=1 also forms an
even structure relative to the equator.

Indeed, QBO are visible in the spectrum of the equatorial dipole (Fig. 7), while in the spectrum of the axial dipole,
one can see oscillations of different type (QSO).

4. Quasi-sexennial oscillations(QSO)
The analysis of the global magnetic field carried out in these papers, revealed the existence of quasi-sexennial
oscillations, i.e., variations with a period of about half an 11-year cycle.

A smoothed butterfly diagram for the spectral band of 5.5-7.5 yr is shown in the Fig. 8 (Obridko et al., 2006).
Note that the stripes that represent amplitude oscillations in this band are anti-symmetric relative to the equator, i.e.,
they form an odd system.
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Figure 8. Smoothed butterfly diagram for a
spectral band (5.5-7.5 yr).

The difficulty is that the wavelet analysis of sunspot data (Frick et al., 1997) does not recognize 7-year (and 2-
year) fluctuations. Obridko et al. (2006) tried to overcome this difficulty by considering the presence of a subcritical
dynamo with a period of about 7 years between the modes. This regime corresponds to a strong toroidal field
emerging from the lower part of the convection zone.

The existence of QSO was confirmed in a number of subsequent publications. Gavryuseva (2006) isolated this
period in the differential rotation of the photospheric magnetic field and Deng et al. (2020), in the rotation of the
corona. Le Mouél et al. (2019) analyzed the periodicities of sunspots, polar plumes, aa and Dst geomagnetic indices
and showed that only the periods of 22, 11, and 5.5 years were present in all realizations.
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Figure 9. (a) Fourier spectrum for the monthly mean sunspot data for the time interval 1749-2019. P is the
amplitudes of the Fourier harmonics normalized to the sum of their moduli. The harmonic of the maximal
amplitude corresponds to the 25th harmonic, i.e. 126 months. The spectral resolution in the calculated
spectrum is about five months. (b) Integral wavelet spectra for sunspot data. (c) The wavelet plane for the
real part of the modulus of the sunspot wavelet coefficients (color version online).

Figure 9 is a result of the spectral analysis of sunspot numbers (SSN) for the period from 1750 to 2021. Fig. 9a
illustrates the spectral Fourier analysis. One can readily see QSO, while QBO are virtually absent. Figs. 9b and 9c
illustrate the results of the wavelet transform. Here, the QSO are clearly visible, too. Besides that, one can see that
oscillations in the range of 5-7 years disappear completely in the epochs of the Dalton and Gnevyshev secular
minima, as well as in the present time.
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time
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Figure 10. Wavelet plane for the real part of the
modulus of the axial dipole wavelet coefficients
based on WSO data.

The same is seen from the wavelet transform for the axial dipole based on WSO data for 1976-2020 represented in
Fig. 10 (the equatorial dipole is not given here, because it does not show QSO). Since the late 1990-ies, the overall
activity has been decreasing and, accordingly, QSOs disappear.
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5. 2D dynamo model

Now, compare the results of the spectral analysis based on observational data with the data derived from the mean-
field dynamo model. A preliminary analysis shows that QSO in the axial dipole can be reproduced in terms of
different mean-field dynamo models, e.g. the 1D models proposed by Brandenburg et al. (1991) and Moss et al.
(2008) and the recent 2D model proposed by Pipin and Kosovichev (2020). We have found that the presence of the
non-linear dynamo saturation effect is sufficient for the emergence of QSO, both in the parameters of the toroidal
magnetic field and in the axial dipole. For our study, we need the parameters of both the axisymmetric and non-
axisymmetric large-scale magnetic fields. For this reason, we use the simplified version of the non-axisymmetric
dynamo model. The model simulates the dynamo process in a thin layer deep within the convection zone. The effect
of magnetic buoyancy seeds the bipolar active region at a random position within the large-scale toroidal magnetic
field. This effect accounts for the escape of magnetic energy from the dynamo region, as well. Magnetic buoyancy
(Kitchatinov and Pipin, 1993) occurs at an arbitrary longitude, at a random time (correlation time of about 0.01 of
the dynamo period), and in a randomly selected hemisphere (Pipin and Kosovichev, 2018).

To clarify the nature of QSO periodicity, we have followed the evolution of the magnetic field starting with a tiny
seed magnetic field (Sokoloff et al., 2020). It is found out that the 11-year periodicity starts at the very beginning of
the magnetic field evolution. Quasi-sexennial oscillations gain considerable power when the dynamo cycle becomes
stationary as the magnetic energy reaches the nonlinear saturation state. This means that QSO can be considered a
non-linear effect. Note that the non-linear saturation in the model is due to the magnetic buoyancy effect. The time
evolution of the axial and equatorial dipoles is discussed. The latter looks like noise, while the time evolution of the
axial dipole seems to be almost sinusoidal. Also, we have found out that the maximum power of the axial dipole
QSO is observed at the rise and decline of the axial dipole cycle. This result of the dynamo-model agrees
qualitatively with our observational findings. The integral wavelet spectra for the axial and equatorial dipole in our
dynamo model are shown in Fig. 11 (compare with experimental graphs in the Fig. 7).
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dipole (dotted lines).

Variations in the period of the axial dipole cycle and QSO in the dynamo model output are shown in Fig. 12. We
see that a shift of the cycle period results in a corresponding shift of the QSO period.

This agrees qualitatively with the results shown in Figs. 9¢ and 10 above. The model shows that the period of the
dipole cycle increases to about 15 years during the grand minimum. The corresponding QSO almost disappear
during this period. The model shows similar behavior of the long-term evolution of QSO in the mean flux density of
the toroidal magnetic field. Bearing in mind our mechanism for QSO, we suggest that the analysis of longer
observational time series of the axial dipole may reveal saturation of the QSO power in the case of strong variations
in the axial dipole cycle.

The dynamo model suggests that QSO reflect the nonlinear shape of the cycles of the activity parameters. The
model results are reproduced for different types of nonlinearity. The anharmonic form of the cycles of the toroidal
field was discussed earlier in the context of variation mechanisms in stellar cycles (e.g., Baliunas et al., 2006). The
nonlinear dynamo is generally used to explain the parity mode interactions. These mechanisms have a long
relaxation time, in contrast to the B2 anharmonicity effect. In the fast rotation mode, the distortion of the cycles
becomes comparable to the amplitude of the cycle (Pipin, 2021); therefore the signals associated with magnetic
energy have twice the frequency relative to the main period.
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Abstract. Primordial release of solar flare energy high in corona (at altitudes 1/40 - 1/20 of the solar radius) is
explained by release of the magnetic energy of the current sheet. The observed manifestations of the flare are
explained by the electrodynamical model of a solar flare proposed by I. M. Podgorny. To study the flare mechanism
is necessary to perform MHD simulations above a real active region (AR). MHD simulation in the solar corona in
the real scale of time can only be carried out thanks to parallel calculations using CUDA technology. Methods have
been developed for stabilizing numerical instabilities that arise near the boundary of the computational domain.
Methods are applicable for low viscosities in the main part of the domain, for which the flare energy is effectively
accumulated near the singularities of the magnetic field. Singular lines of the magnetic field, near which the field
can have a rather complex configuration, coincide or are located near the observed positions of the flare.

Introduction

The primordial release of flare energy high in the solar corona (at heights of 1/40 - 1/20 of the solar radius [1]) is
explained by the mechanism of S.I. Syrovatsky [2], according to which the flare energy is accumulated in the
magnetic field of the current sheet. In the course of quasistationary evolution, the current sheet transfer into an
unstable state [3]. As a result of the instability of the current sheet, a rapid release of magnetic energy occurs with
the observed manifestations, which are explained by the electrodynamical model of the flare proposed by I.M.
Podgorny [4]. According to the electrodynamic model, the hard X-ray emission from the flare in the lower dense
layers of the solar atmosphere is explained by the acceleration of electrons in field-aligned currents caused by the
Hall electric field in the current sheet. An electrodynamic model of a solar flare is proposed on the basis of the
results of numerical MHD simulation and observations; analogies are used with the electrodynamic model of a
substorm proposed by the author based on measurements on the Intercosmos-Bulgaria-1300 spacecraft [5]. The
study of the physical mechanism of a solar flare is impossible without MHD simulation of the flare situation above a
real active region, in which the magnetic field measured in the photosphere is used to set the boundary conditions,
and the calculation begins several days before the flare, when the flare energy has not yet been accumulated in the
magnetic field of corona. When setting the problem, no assumptions were done about the flare mechanism.

Method for the numerical solution of MHD equations

An absolutely implicit upwind finite-difference scheme which is conservative relative to magnetic flux has been
developed; it was implemented in the program PERESVET. Methods for approximating MHD equations by finite-
difference equations are used to ensure that the scheme remains stable at the maximum possible time step in order to
speed up the calculation. The scheme is solved by the iteration method. To obtain the correct development of
physical processes in time, it is necessary to carry out MHD simulation in the real scale time. Despite the use of
specially developed methods, the calculations are slow. There is a need to use parallel computing. Parallelization
of computations was carried out using CUDA technology on modern graphics cards V100 (Volta-100), P100
(Pascal-100), Titan-100. The use of the modern language Fortran PGI (Portland Group - Fortran, created specifically
for parallelization using GPU graphics cards) made it possible to apply the special methods of optimizing the
parallelization. The time of calculation of evolution of the field and plasma in the solar corona above the active
region is determined by the size of the time step (at which the scheme remains stable), by the number of iterations
and by the time of calculation of one iteration.

Choice of parameters of MHD equations. Stabilization of instabilities arising near the boundary

Due to the difficulties in matching the solution in the computational domain with the values specified at the
boundary, a calculation in the real scale time can lead to the development of a strong instability that has time to
develop during a long time interval, both near the photosphere and non-photospheric boundaries. The strongest

92



A.l. Podgorny et al.

instabilities arise at low viscosities. The problem of stabilization of instabilities arising at the boundaries of the
computational domain was almost completely solved [6, 7], for which artificial limitation of the rate of plasma
inflow into the computational domain through the non-photospheric boundary, the setting of artificial viscosity near
the non-photospheric boundary, and other stabilization methods were used. The viscosities were set in accordance
with the principle of limited modeling [8], according to which much larger or much smaller units, dimensionless
parameters remain much larger or smaller than units when simulated without their exact preservation.

Computational domain
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Figure 1. Viscosity and artificial viscosity for two calculation variants.

For the active region AR 10365, two calculations were carried out for two sets of parameters corresponding to
relatively high and low viscosities within three days (see Fig. 1.). In both calculations near the non-photospheric
boundary, to stabilize the numerical instability, sufficiently large artificial viscosities were taken, their
dimensionless values (inverse to the Reynolds numbers) are var=vmar=10"+102. In the first variant, the viscosities
were taken equal to vm=0.3x10"% (Rm=3x10%); v=10* (Re=10%), the artificial viscosity near the boundary was taken
relatively highvar pn, vm at pn=0.3x102. With these parameters, due to the suppression of the perturbation
propagating from the photosphere by the artificial viscosity, a sufficiently intense accumulation of the flare energy
does not occur in the region; therefore, a calculation with the second set of parameters with significantly lower
viscosities was required. The calculation results with these parameters are given in [6, 7]. In the second variant of
the calculation, a set of parameters was selected vm=10° (Rm=10°); v=10"7 (Re=10"); Vart ph, Vm art pn= 107, the
simulation results with these parameters are presented in the next chapter. If instabilities did not arise at the
boundary, then, proceeding only from the need to obtain a stable solution inside the region, it is possible to make the
following estimate of the computation time of one day of evolution in the solar corona above the active region. The
time step from the Courant condition tx=h/(Vmv+Vwma) in the calculations is tx = 10+ 107 days. To estimate the
computation time with a step 1« : the computation time of one iteration on graphics cards using the CUDA
technology is 2x10°2 sec, for 5 iterations the computation time of one step is 0.1 sec, so that (day ~ 105 sec) the
computation time of one day of evolution in the solar corona is 10 - 100 days.
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Figure 2. Superposition of X-type magnetic field and diverging magnetic field.

At low viscosities, strong disturbances arise in some places of the computational domain. These disturbances are
propagating towards the boundary. The perturbations are so strong that, despite setting a large artificial viscosity
near the boundary and using other special methods of stabilization, they cause numerical instability. For this set of
parameters to stabilize the instabilities, it is also necessary to decrease the step (less than 108 days) and increase the
number of iterations (in the calculations, their number reached 60 and more). As a result, the calculation time is
greatly increased, reaching several months.
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Choice of conditions for MHD simulations above the active region, allowing the study of the solar flare mechanism
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Figure 3. Examples of superposition of X-type and diverging magnetic field obtained from MHD simulation.

MHD simulation results. Complex singular line field configuration. Flare M1.4 27.05.2003 at 2:43
MHD simulation above AR 10365 showed the appearance of singular lines in which a diverging magnetic field is
superimposed on the configuration of the X-type magnetic field (Fig. 2, 3, 4). Magnetic forces in X-type
configuration collect disturbances into current sheet and for diverging magnetic field cause rotation of plasma
around the singular line (Fig. 2). The diverging magnetic field can be large, it can dominate the X-type field,
fundamentally distorting its configuration. However, even in this case, the presence of the X-type configuration
leads to the accumulation of perturbations with the formation of a current sheet, in the magnetic field of which the
flare energy is accumulated. In this case, even with a significant dominant diverging magnetic field, a sufficiently
powerful current sheet may appear (Fig. 3, J Max 4), leading to the appearance of not only a weak flare, but also a
flare of medium power.
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Figure 4. Field configurations near singular lines. Flat magnetic lines, three-dimensional configurations,
projections of field lines on the plane of configuration.

When the X-type field and the diverging field are superimposed (Fig. 2), the magnetic lines of the resulting field
have the form y = Cx*, where o = A2/\1, A1 and A, are the eigenvalues of the matrix (VB) [9]. If the X-type field
dominates, then the magnetic lines have the form of hyperbolas (a< 0, Aiand Azhave different signs). If the
diverging field dominates, then the magnetic lines have the shape of parabolas (o> 0, A1 and A, of the same sign).
Most often, the three-dimensional configuration of the magnetic field in the vicinity of the singular line is complex
(examples are shown in Fig. 4), from this configuration it is impossible to determine that the line is singular.
Therefore, a specially developed system for finding points through which singular line pass is required [10, 11].

In Fig. 5 shows the configuration of the magnetic field in the computational domain of corona at the time of the M
1.4 flare on May 27, 2003 at 2:43 am, which corresponds to 2.24 days from the beginning of the calculation. The
current density maxima found by the graphical search system through which singular magnetic field lines can pass
are indicated by green dots. The positions of the current density maxima in the region are shown, their projections
onto the central plane, which passes through the central point of the computational region and is located
perpendicular to the photosphere and parallel to the solar equator. Many of the current density maxima in the picture
plane are the located close to the thermal X-ray source. The 193rd maximum of the current density is located in the
central region of the source (all the maxima are numbered in decreasing order). The 4th maximum near the source of
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thermal X-ray radiation has the most powerful current sheet. The field configurations near the 193rd and 4th current
density maxima (Fig. 6) show the dominance of the diverging magnetic field over the X-type field. MHD simulation
showed the coincidence of the positions of some current density maxima with the position of the source of the flare
thermal X-ray radiation; the maximum of the current density with a sufficiently powerful current sheet is located at a
distance of ~ 10" from the source. In the future, it will be necessary to try to more accurately select the parameters
for a more precise calculation.
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Figure 5. Three-dimensional configuration of the magnetic field in the computational domain, projection of
magnetic lines on the central plane and flat magnetic lines at the time of the M 1.4 flare. The 4" and 193
maxima of the current density are marked; other current density maxima are shown by green points. In the
picture plane: magnetic field configuration, current density maxima and the distribution of soft X-ray
emission of 3-6 keV, received by the RHESSI spacecraft during the M 1.4 flare on May 27, 2003
(http://rhessidatacenter.ssl.berkeley.edu) are superimposed. Magnetic field configurations and fields of
velocity near the 193rd and 4th current density maxima.

Conclusion

1. To understand the physical processes causing the flare situation, simulation in the real scale of time is necessary,
and the calculation should begin several days before the flare. An absolutely implicit upwind finite-difference
scheme was developed, which is conservative with respect to the magnetic flux. A technique has been developed
for the numerical solution of MHD equations in the solar corona in real scale of time, which is impossible without
the use of parallel computations. Methods for stabilizing instabilities have been developed.

2. The simulation performed above AR 10365 showed the formation of local maxima of the current density on
singular lines of the magnetic field. The field near some singular lines has complicated structure with
superimposed diverging magnetic field, but even in such configuration sufficiently powerful current sheets appear.
Coincidence of current sheet positions with positions of flare emission sources support the flare mechanism based
on flare energy accumulation in the magnetic field of current sheet.
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Abstract. In the present work, we propose an extrapolation method, developed on the basis of spectral analysis,
digital filtering, and the principle of demodulation of a complex signal, for predicting the beginning of cycle 25 of
solar activity. The Wolf number and other measured characteristics of solar activity have a very complex spectral
composition. The Sun, by the nature of its radiation, contributes a significant stochastic component to the
observational data. The experimental data are known only up to the present, and the prediction is about bridging the
gap in our data set. Mathematically, the prediction problem boils down to extrapolation of discontinuous functions,
which leads to a Gibbs phenomenon that occurs at the point of discontinuity and makes prediction into the future
impossible. To overcome this discontinuity, additional physical models describing a continuous process are most
often used. This paper uses only the Wolf series of numbers from 1818 to 2020. The authors developed an original
forecasting technique using Fourier series, digital filtering and representation of the complex process as modulated
and subsequent demodulation. As a result of decomposing the complex signal by Fourier series into separate
components, the spectral ranges characteristic of the Wolf number were singled out. Taylor's series was used for
construction of prediction or extrapolation algorithms. The extraction of spectral ranges, characteristic for the
investigated process, is carried out by means of sequential digital filtering methods and information compression in
accordance with the cut-off frequency of the digital filter. For example, when selecting eleven-year cycles of solar
activity, we have to compress the information by a factor of 160. With such a processing scheme, the forecasting
starts with the ultralow-frequency component with a period of more than 11 years, successively moving to the
ranges of higher frequencies. The use of spectral analysis and Chebyshev filtering showed the possibility to predict
the low-frequency component for the full cycle period. The eleven-year component forecast obtained by the authors
is in good agreement with the data of the Brussels Royal Center.

Keywords: solar activity, forecasting, Fourier series, spectral analysis, Gibbs phenomenon, Chebyshev filtration,
Wolf number.

Based on spectral analysis and Chebyshev filters, a prediction of Wolf numbers for the years 2021-2022 is
obtained. The results are consistent with those of the Brussels Royal Centre.

The prediction of solar activity is of natural interest to near-Earth space explorers. According to [1] the sun is
moving into a new mode of minimum activity, which was observed more than 100 years ago. The reduced regime of
solar activity is supposed to last several solar cycles.

According to [2] the next solar cycle is characterized by minimum, duration and form. There are 1-3 year
variations of minima and maxima, which complicate the forecast of the form and main maximum. The tentative
prediction of cycle 25 according to the characteristics of the large-scale interplanetary magnetic field 2-3 years
before the cycle start and the emission intensity F10.7 cm suggest that the average number of sunspots does not
exceed 50, F10.7 is expected to be about 87. At the maximum of cycle 25, F10.7 = 115. The cycle itself is expected
to be extremely low. It is predicted in [7] that cycle 25 is 40% of cycle 24 and 26 is 60% of cycle 24. Long-term
sunspot forecasts are very difficult due to stochasticity. Figure 1 shows the well-known solar cycles.
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Figure 1. Measured values of Wolf number variations for 1818-2020.
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It is not difficult to see what complex processes are reflected in these cycles of solar activity. It is known that
periodic processes are better predicted. Use of spectral analysis [3-5] makes it possible to distinguish them from
such complex processes. Using spectral analysis and Chebyshev filtering [3-5], we isolated individual components
of the solar cycle and obtained smoothed variations of cycles from data up to the end of November 2020 (Fig. 2).
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Figure 2. Smoothed solar cycles. The numbers denote the numbers of solar cycles.

Fig. 2 shows smoothed solar cycles with no daily variations. Here we can trace the height of the maximum and the
duration of individual solar cycles. Further separation of the spectral components yielded the sum of the sinusoidal
components. In Fig. 3 . we can clearly see the rapidly changing sinusoidal component, characteristic of individual
cycles, and the slowly changing one, reflecting long variations in solar activity.
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Figure 3. Sum of sinusoidal components in solar cycles.

Further separation of the solar spectra has yielded the secular variation of solar activity. The Sun's solar constant,
or solar constant, where the 11-year component is no longer present.
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Figure 4. The secular component of solar activity over 200 years.
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Spectral analysis and forecasting of the 25th solar cycles

The prediction of such a complex signal as solar activity can only be made for the individual components. The
prediction itself is currently an unsolved problem of approximating the discontinuous functions that are the series of
measured data. At the ends of such a series fluctuations arise due to the discontinuity [5]. These fluctuations lead to
errors which make the prediction meaningless. Researchers make various adjustments based on some a priori
information about the process under study and on methods of mathematical statistics [2,6,7].

The following results are based on spectrum bounded forecasting. Prediction is most adequate when the process is
represented as a sum of harmonic components and random noise. Thus, we should predict individual spectrum-
limited components of the process for which spectral analysis is applicable [3-5]. Fig. 5 shows the forecast of the
secular component of the solar activity for 25 cycles or for 13 years. In Fig. 5 on the abscissa axis the scale of
readings with a division value of 160 days is plotted.

Forecast of the secular componeny of solar cycles for 13 years (dotted line)
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Figure 5. Forecast of the secular component of solar cycles for 13 years.

The current forecast of the low-frequency component obtained in this paper for the next 2 years and the current
13-month forecasts of solar activity provided by WDC-SILSO [6] based on the moving average methods and using
the Kalman filter for extrapolation, are shown in Fig. 6.
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Figure 6. The assumed forecast in the time domain of the low-frequency component for the next 2 years ()
and the current 13-month forecast of solar activity according to the WDC-SILSO data [6].

The comparison shows that the projected curves coincide in terms of steepness and assumed maximum. However,
the descending branch of cycle 24 obtained using weighted averaging methods (Fig. 6b) and Chebyshev filtering
(Fig. 6a) differ in terms of the mean values and the 2020 minimum.

The Gaussian approximation of 25 solar cycles given in [2] shows that the increasing phase will last 5.3 years. The
probability of F-scattering is expected to be maximizing, according to [8], since F-scattering is associated with
ionospheric irregularities at different spatial scales.

Radio transmissions for frequencies above 10 MHz are expected to be difficult because the maximum critical
frequency will not exceed 10 MHz, but the lifetime of orbiting satellites may be longer due to reduced atmospheric
density and drag. Low electron concentrations will reduce the energy loss of radio waves as they pass through. All
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this information was obtained long before Cycle 25 began. The use of spectral analysis and Chebyshev filtering
allows us to predict the low-frequency component for 1-2 years and the secular component for several cycles. The
data we obtained are in agreement with long-term studies and can be used for operational forecasting of solar
activity. This forecast is also useful for solving problems of the ionosphere state [4,5].

The authors are grateful to the Chief Researcher, Professor M.G. Deminov for helpful advice and information that
we used in our work.
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Abstract. Solar-terrestrial environment is manifested primarily by the physical conditions of solar interior, solar
atmosphere and eruptive solar plasma. Each parameter gives unique information about the Sun and its activity
according to its defined characteristics. Hence the variability of solar parameters is of interest from the point of view
of plasma dynamics on the Sun and in the interplanetary space as well as for the solar-terrestrial physics. In this
study, we have analysed various solar transients and parameters to establish the recent trends of solar activity during
solar cycles 21, 22, 23 and 24. The correlation coefficients of linear regression of F10.7 cm index, Lyman alpha
index, Mg Il index, cosmic ray intensity, number of M & X class flares and coronal mass ejections (CMES)
occurrence rate versus sunspot number was examined for last four solar cycles. A running cross-correlation method
has been used to study the momentary relationship among the above mentioned solar activity parameters. Solar
cycle 21 witnessed the highest value of correlation for F10.7 cm index, Lyman alpha index and number of M-class
and X-class flares versus sunspot number among all the considered solar cycles which were 0.979, 0.935 and 0.964
respectively. Solar cycle 22 recorded the highest correlation in case of Mg Il index, Ap index and CMEs occurrence
rate versus sunspot number among all the considered solar cycles (0.964, 0.384 and 0.972 respectively). Solar cycle
23 and 24 did not witness any highest correlation compared to solar cycle 21 and 22. Further the record values
(highest value compared to other solar three cycles) of each solar activity parameters for each of the four solar
cycles have been studied. Here solar cycle 24 has no record text at all, this simply indicating that this cycle was a
weakest cycle compared to the three previous ones. We have concluded that in every domain solar 24 was weaker to
its three predecessors.

Keywords: Solar cycles; Solar activity; Sunspot numbers; Solar transients.

1. Introduction

In order to study the characteristic features of solar activity, we need to have some suitable parameters that can be
used to depict the various forms of solar output. Several features of solar activity considering different indices have
been studied on the basis of two major distinctions between them (White et al., 1998; Goode and Pallé, 2007; Kopp
and Lean, 2011; Singh and Tonk, 2014; Singh and Bhargawa, 2017; 2019; 2020; Bhargawa and Singh, 2021). First
aspect deals with the frequency time aspect of solar activity involving the consideration of a set of time variation in
different solar activity indices. The second one is spatial aspect which implies the study of spatial distribution of
solar activity phenomena and degree of homogeneity or inhomogeneity in the characteristic features of solar activity
indices according to their heliographical position (Goode and Pallé, 2007; Turner et al., 2013).

Variety of solar activity phenomena represented by various indices is coded in a compact numerical form (DeLand
and Cebula, 1994). These indices are classified in different ways and can be subdivided into basic physical indices
and derived indices. Basic indices represent numerical characteristics of solar activity observed and measured
directly such as; sunspot numbers, sunspot area, flare brightness etc (Egorova et al., 2004). All other indices are
derived from the processing of basic indices or their combinations, for example, Wolf number, flare indices,
fluctuation indices, etc (Roeckner et al., 2006). Thus, the indices for which determination and computation of active
region area, lifetime, and intensities that are considered will predominantly reflect the behaviour of these indices.
Frequency indices represent the similar number of observed active region formations during specified period
(Egorova et al., 2004).

Space weather indices include sunspot number, geomagnetic indices, solar wind parameters (density and speed),
flare index, solar x-ray flux and many more (Papaioannou et al., 2016). As our knowledge of space weather
progresses new indices will undoubtedly arise and old indices will be consolidated. Two of the most used space
weather indices are smoothed sunspot number (SSN) and the geomagnetic planetary A index (Ap) (Menvielle et al.,
2011). The other most important solar index is solar ten centimetre radio flux (F10.7). This is closely related to SSN.
Both SSN and F10.7 give an indication of the overall level of solar activity (Hanuise et al., 2006). SSN ranges from
zero to over 300. Although this value is said to indicate solar activity, it does not always mean activity with regard
to flares and coronal mass ejections (Gaidash et al., 2017). It might be regarded as similar to a space weather
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temperature, but we must be careful with such analogies. The Ap index, and its logarithmic cousin Kp, give a
measure of the storminess of the Earth's magnetic field (Menvielle at al., 2011; Gulyaeva and Gulyaev, 2020).

In the present paper, we have attempted to study the relative merits of various solar indices (F10.7 cm flux, Lyman
alpha index, Mg Il index, cosmic ray intensity and Ap index) in relation to SSN and their interrelationship. The
observed peculiarities/abnormalities, particularly in the relationship between SSN and solar flare / coronal mass
ejection have also been discussed. It is quite new approach to analyze and correlate the characteristic features of
different solar activity parameters in relation to sunspot numbers.

2. Data sources

The time series data for sunspot number (version 2), F10.7 cm flux (F10.7 index), Lyman alpha index, Dst index,
proton events and Ap index are taken from NASA's Space Physics Data Facility website (https://spdf.gsfc.nasa.gov).
Mg Il index data are taken from LASP Interactive Solar Data centre (http://lasp.colorado.edu). The Cosmic ray
intensity and Ground Level Enhancements (GLE) data has been adopted from Cosmic Ray Station of the University
of Oulu (https://cosmicrays.oulu.fi). The solar flare data are taken from the NOAA's website
(fttp://fttp.ngdc.noaa.gov/STP/SOLAR_DATA) available in public domain and the CMEs occurrence data has been
taken from ARTEMIS catalogue (http://cesam.lam.fr/lascomission/ARTEMIS/). All the considered time series data
of different solar parameters covers the time period of four recently observed solar cycles 23&24.

3. Results and discussion

Solar cycle 24 has already approached its minimum and many studies have declared it the weakest cycle since past
100 years (Singh and Bhargawa, 2017, 2019; Pesnell, 2020). In the present study solar cycle 24 has been compared
to the three previous cycles (solar cycle 21, 22 and 23) covering more than 40 year’s data in total. The solar cycles
are evaluated on the basis of highest and lowest activity periods, the correlation between the parameters and the
record values of solar parameters. The parameters used in this analysis include the sunspot number, the 10.7 cm
radio flux, the number of extreme solar flares (X-class flares), proton events (particle energy > 10 MeV), Ground
Level Enhancements (GLE), and geomagnetic indices such as Kp and Ap indices which are the measure of
geomagnetism. To compare this poor performance of solar cycle 24 (SC24) to the previous solar cycles 21-23, we
have used the famous NOAA-scales which link objective solar parameters such as the x-ray flux to all kinds of
practical space weather effects such as on radio communication.

Table 1. Different level of solar events: radio blackouts (R-scale), solar radiation storms (S-scale) and
geomagnetic storms (G-scale).

> Geomagnetic storms
Scale X-ray Scale Pfu* Scale Kp
Extreme X20 100000 9
Severe X10 10000 8
Strong R3 X1 S3 1000 G3 7
Moderate R2 M5 S2 100 G2 6
Minor R1 M1 s1 10 G1 5

The scales given in table 1 describe three types of environmental disturbances: radio blackouts (R-scale), solar
radiation storms (S-scale) and geomagnetic storms (G-scale). For these, three physical parameters have been used
respectively: solar flares (x-ray flux), proton storms (pfu: particle flux unit; number of protons with energies greater
than 10 MeV), and the Kp-index. All scales consists of 5 levels (1 to 5), conveying the intensity of the event (minor
to extreme). Table 1 provides a summary of scales and intensities. For example, an X 6.9 flare would be rated as an
R3 event, a proton flare with a peak flux of e.g. 350 pfu would be rated as an S2 event (between 100 and 1000 pfu),
and a severe geomagnetic storm (Kp==8) as a G4 event.

101



Establishing solar activity trend for solar cycles 21 — 24

800

700
[z
E 600 = —
o
=
o
2 50 i 11 S — R5
o |
8 — R4
0
o 400 — ¢ - — R3
2
@ R2
= _
S 300 - yp o Ty L R1
8 ISN
£
=
= 200 - E-- 4l = . e
2.. -
©
] - A
>_ lm 4 ¢ A o e s  _ ____2a ____ 5 B

U rrrrrrrrrrrrrrrrrrrrrrrrrrr1rrrrrrrrrr1r 11111 1 11T

1976 1982 1988 1994 2000 2006 2012 2018

Year

Figure 1. Number of radio blackout events during solar cycles 21 — 24.

Figure 1 shows the yearly accumulation of the radio blackout events, with the yearly International Sunspot
Number (SILSO) superposed on it as the gray dashed line. For the year 2014 which was the year of SC24 maximum,
the number of radio blackouts amounted to 222, consisting of 183 minor (R1), 23 moderate (R2), and 16 strong (R3)
events as already shown in Table 1. This is clearly lesser in comparison to previous solar cycles. Figure 2 has
showed the number of X-class flares, here solar cycle 24 produced only 49 extreme events, or about a third
compared to solar cycle 21 and 22 (~150 extreme events). Also the strength of these flares was lower, with no flares
above the X10 level during solar cycle 24. The X9 level flare on 6 September 2017was the strongest flare of the
solar cycle 24, standing in the shadow of the spectacular X28 that was observed during solar cycle 23 on 4
November 2003. A 6 X-class flares during the maxima of solar cycle 24 in October 2014 was observed, which was a
good result but again a bit meagre compared to the 11 X-class flare event observed during solar cycle 22 in March

1989.
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Figure 2. Yearly variation of X class solar flares from 1976 to 2020.
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Figure 3. Yearly variation of number of proton events and ground level enhancements for cycles 21 to 24.

Figure 3 has shown the yearly variation of number of proton events for solar cycles 21 to 24. Here the solar cycle
24 has shown relatively well results. The number of events is not that much lower than solar cycle 21 (42 and 59
respectively), and it tops solar cycle 21 when it comes to the intensity (in particle flux units; 1 pfu = particles per
square cm per second per steradian) of strongest proton events (6530 pfu vs. 2900 pfu). Solar cycle 22 holds the
record of strongest proton event since 1976 (43000 pfu), and solar cycle 23 produced the most proton events in one
solar cycle (94, or more than double of what we have seen during solar cycle 24). The solar cycle 24 shows very
lower level observations when it comes to ground level enhancements (GLE). These occur during a proton event
that is associated with particles having energy well above the regular 10 MeV, rather in the neighbourhood of
around 1 GeV (Gopalswamy et al., 2012; Asvestari et al., 2017). When these particles collide with particles in the
Earth's upper atmosphere, they can create a shower of secondary particles which can be detected by neutron
monitors on ground (Gopalswamy et al., 2012). Several conditions (number of stations, percentage increase above
background) need to fulfill before an increase in the observed neutron counts is validated as a genuine GLE (Mishev
and Velinov, 2018). Since the start of the measurements in the 1940s, only 72 such events have been recorded
(Usoskin et al., 2011). For solar cycle 21 to 23, about 13-16 events per solar cycle have been recorded. For solar 24,
the count stops at 2: one on 17 May 2012, and the other on 10 September 2017 which was associated with the 2nd
strongest flare of solar cycle 24 (X8 level).
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Figure 4. Number of solar radiation storms occurred during solar cycles 21 — 24.
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Concerning the number of solar radiation storms (proton storms), it is no surprise that SC24 is again the least
active (Figure 4). Interestingly, it is not that much lower in number (39 vs. 59) and intensity (max. S3 events) than
SC21 despite the large difference in maximum yearly sunspot number (220 vs. 113). Also remarkable is that 2012 is
the year with the most and most intense radiation storms during SC24, and not 2014, the year of solar cycle

maximum.
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Figure 5. Yearly variation of number of days with Kp = 8 or 9 during 1976 to 2020.

We can see the depressing statistics continue also in case of geomagnetic disturbances. When counting the days
with severe or extremely severe geomagnetic disturbances (Kp = 8 or 9), the counter for solar cycle 24 stops already
at 3: 9 March 2012, 22 June 2015 and 8 September 2017. So far, no days with Kp= 9 have been recorded during
solar cycle 24. For the 3 previous solar cycles, there were always between 27 and 31 days with (extremely) severe
geomagnetic disturbances. Figure 5 clearly shows how absent strong geomagnetic activity has been during this solar
cycle. Intensity wise, only during the geomagnetic storms of 17 March 2015 and 22 June 2015 reached the Dst index
(Disturbance storm-time index) values below -200 nT. The Dst index is often used for gauging the intensity of a
geomagnetic storm. Compared to the previous solar cycles, there have been much more intense cases such as on 13-
14 March 1989 (Dst = -589 nT) when the province of Québec in Canada experienced a power grid failure that lasted
for several hours (Stauning, 2013).
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Figure 6. Number of geomagnetic storm days per year during solar cycles 21 — 24.

The plot of the geomagnetic storm days (Figure 6) bears much less resemblance with the evolution of the sunspot
number than in the previous two charts given in figures 1 and 4. This is because minor to strong geomagnetic
disturbances can also be caused by the high speed solar wind streams (HSS) from coronal holes, hence distorting the
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familiar outlook of the sunspot cycle. Nonetheless, even then it is very clear that SC24 has been quite disappointing
when it comes to the number and intensity of geomagnetic storms, with no extreme storms (G5) so far and precious
few severe events (G4). Worse, the numbers even get depressingly low when one compares to other years such as
e.g. the 120 storming days in 2003. Interestingly, the number of geomagnetic storm days is peaking in 2015-2016,
so after the SC24 maximum in 2014. This is particularly due to the HSS from numerous coronal holes, and is a well-
known aspect of this stage of a solar cycle.

Considering the highest solar activity phenomena involving different parameters for each of the four solar cycles
21-24, the highest value of monthly sunspot number was recorded in Jun 1989 (SC 22) which was about 284.5. The
highest monthly sunspot area was observed in Feb 1982 (SC 21), which was about 3719.0 MH. The highest monthly
10.7 cm radio flux value (~247.2) was recorded during SC 22 in Jun 1989. The strongest solar flare of type X28 was
observed on 4 Nov 2003 (SC 23) while solar cycle 21 have largest number of total number of X class flares.
Strongest proton event (43000 MeV; in pfu) was occurred on 24 March 1991 (SC 22) while solar cycle 23 recorded
the largest number of such proton events (~94). Here solar cycle 24 has no largest record values at all, this simply
indicating that this cycle was a weakest cycle compared to the three previous ones. So, in every domain solar 24 has
been outperformed by its three predecessors. The solar cycle 24 activity is most likely comparable to the solar cycles
in the late 19™ and early 20™ century, but most of the above mentioned parameters were not available at that time,
preventing definite conclusions.

The correlation coefficients for various solar activity parameters from solar cycle 21 to 24 have been calculated in
the study. The statistical analysis and numerical calculated values presented in study implies that the SSN and F 10.7
cm solar index, Lyman alpha index and Mg II index was highly correlated and the correlation coefficient is high (>
0.9) for solar cycles 21 to 23 and was ~0.7, 0.8 and 0.9 for solar cycle 24 respectively. Therefore for any correlative
study any one of these parameters can be used for finding the solar terrestrial relationship. The correlation
coefficient between SSN and Ap index was not as high as found between the SSN and F 10.7 cm index. The
correlation coefficient is ~0.384 (highest) for solar cycle 22 and the lowest (~0.112) for solar cycle 24. Anti-
correlation between SSN and cosmic ray intensity were almost similar for solar cycles 21 and 24 (-0.810 and —
0.895) and —0.639 (lowest) for solar cycle 23. The correlation coefficients between SSN and number of solar flares
(M+X) were high during the period of solar cycles 21, 22 and 23 (= 0.90) and ~0.845 for solar cycle 24 yields the
lowest correlation coefficient. We have found that the peak values of CMEs rate were large for odd cycles (21 and
23) in comparison to even cycles (22 and 24). The correlation coefficient between SSN and CMEs occurrence rate
were maximum for solar cycle 21 and 22 (0.945 and 0.972). For solar cycle 24 this correlation was weakest (0.871).

4. Conclusions

Understanding the complex nature of solar cycle remains one of the most important issues in solar physics. In this
study several key parameters of the solar cycles have been analysed. Summary of highest solar activity phenomena
involving various parameters for each of the four solar cycles (21 to 24) have been presented. The highest value of
sunspot number among all the solar cycles was observed during solar cycle 22 and the largest monthly sunspot area
was witnessed during solar cycle 21. Highest monthly value of 10.7 cm radio flux (1 AU; in sfu) was recorded
during solar cycle 22. The most extreme solar flare of the level of X 28 was occurred in solar cycle 23 and the
largest number of such extreme flares was observed during solar cycle 21. The Strongest proton event (>10 MeV)
was witnessed in solar cycle 22 and largest sun of these strongest proton events was recorded in solar cycle 23. Solar
cycle 23 witnessed the largest number of ground level enhancements (GLE) while solar cycle 21 witnessed the
strongest geomagnetic storm.

We found out the correlation coefficients of linear regression for F 10.7 cm index, Lyman alpha index, Mg Il
index, cosmic ray intensity, number of extreme flares and CMEs rate versus SSN during solar activity cycles 21, 22,
23 and 24. We showed that correlation sunspot humber and F 10.7 cm index was highest during solar cycle 21 and
during solar cycle 24 its value was lowest. The correction of sunspot number and Lyman alpha index was also
highest during solar cycle 21 and lowest during solar cycle 24. In case of the correlation of sunspot number versus
Mg 11 index solar cycle 22 got the highest value of correlation coefficient while solar cycle 24 was assigned lowest
value. The correlation between sunspot number and cosmic ray showed some interesting results, here the value of
anti-correlation was highest for solar cycle 24 and it was lowest for solar cycle 23. Perhaps the correlation
coefficient between sunspot number and Ap index was small for each of the four solar cycles but it was highest in
case of solar cycle 22 and lowest in case of cycle 24. The correlation between Sunspot Number and number of M-
class and X-class flares was highest during solar cycle 21 and it was lowest in case of solar cycle 24. The CMEs
occurrence rate showed high correlation with sunspot number in solar cycle 23 and it was lowest in case of solar
cycle 24. From discussions, we can observe that solar cycle 24 has no red text at all, this simply indicating that this
solar cycle was a weakest in every domain compared to the three previous solar cycles. The solar cycle 24 activity is
most likely comparable to the solar cycles 12 and solar cycle 14 observed in the late 19" and early 20" century. This
may be an indication that, in particular, all observed indices are approaching to the “Quiet Sun Level”.
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CBs13b HAIIPABJIEHUA ITPUXOJIA ®PPOHTA
MEXIIUIAHETHOU Y IAPHOH BOJIHBI CO BPEMEHEM SC
1O AHAJIN3Y OTAEJBbHbBIX KBM-COBBITUU

C.B. I'pomos, FO.C. 3araiinosa, JI.U. I'pomoBa

Hnemumym 3emnoeo maznemusma, uonocghepuvl u pacnpocmparnenus paouosoin PAH, 2. Mockea,
Tpouyx, e-mail: sgromov@izmiran.ru

AHHoTauMs. [Tpy B3anMOICHCTBUH MEKIUTAHETHBIX KOPOHAIBHBIX BEIOPOCOB Macchl (KBM), COTPOBOKIAIOIIHECS
yIApHBIMH BOJTHAMH, C 3eMHOI MarHuToc)epoil B MArHUTHOM II0Jie 3eMJIM MOTYT OBITH 3aperUCTPUPOBAHBI CKAUKH
pa3HOH HMHTCHCHBHOCTH, KOTOpBIE B HEKOTOPBHIX CIydYasXx MOTYT WHHIMHPOBATh Pa3BUTHEC MArHUTHBIX Oypb,
npencrabisis coboit ee BHesanmHoe Hayamo (Storm Sudden Commencement - SSC). B pabore mpencraBieH mepBbie
pe3yIbTaThl OLCHKU 3aBUCHMOCTHU BpeMeHH mosBiIeHus: SSC Kak (YHKIUH [UPOTHY/ IOIATOTH © MEPOBOTO BPEMEHH,
C LEJbI0 JaJbHEWIero MCCICIOBAHUA CBSA3M HaNpaBleHHS Npuxoda (poHTa ymapHOH BONHBI CO BpeMEHEM
nosienierns SSC. J{st anamm3a O0butn BEIOpaHs! 1Ba KBM ¢ ncrounnkamu GpopmupoBanus B CeBeprom (21.06.2015,
02:36 UT) u lOxnom (14.07.2017, 01:25 UT) nonyumapuu Connua. ITpu monxone x 3emie oHu Bbi3Bamu SSC
22.06.2015 B 18:33 UT 1 16.07.2017 B 05:59 UT ¢ nocienoBaBmMMy 32 HUMH MarHUTHBIMU Oypsimu. Bpems crapra
SSC omnpenensinach 1Mo CeKyHAHBIM JHaHHbBIM, JnocTynHeiM B cetd INTERMAGNET (okosno 40 obGcepBaTopwmii
ceBepHOTro ¥ 20 00CepBaTOPHI 10XKHOTO MOJyIIapHii). st 3THX COOBITHI BBHITIONHEHA OlleHKa mosiBieHus SSC kak
(bYHKIUS TeOMAarHUTHOM MIMPOTHI M JOJNTOTHI OT BCEMUPHOTO BpeMenu. [lokasaHo, uto ¢ mpuxogoM KBM k 3emie
crapr SSC Ha Ha3eMHBIX MAarHHTHBIX O0OCEpBAaTOpPHAX, PACHOJNIOKEHHBIX Ha IIUPOTAaX, OT BBICOKUX [0
9KBATOPUAJIBHBIX, HE ABISECTCS OIHOBPEMEHHBIM - BpeMs cTapta SSC Ha pas3HBIX MIMPOTAaX OTIMYAOTCS HA JACCSTKH
cekyHI. Kpome 3toro, B paccMOTpeHHBIX coOBITHAX SSC CHayaja perucTpupyeTcs Ha 0OCepBaTOPHUIX HOYIIApHs
3emun, ocBsieHHOro COJHIIEM, U, B CPEIHEM, HOSIBISIETCS paHblle B HIDKHUX IIUPOTAX, YeM B BHICOKHX.

BBeaenne
BsaumoneiictBre ¢ MarHuTochepoil 3eMITd MEKIUIAHETHBIX KOPOHAJIBHBIX BRIOPOCOB MAcChl, COMPOBOKIAIOIIHECS
MCXKIUIAHETHBIMHU y,Z[apHLIMI/I BOJIHAMH, l'IpI/IBOZ[I/IT K BOSMyH.[eHI/IIO MArHuTHOI'O I1OJIA 3€MJ'II/I 3TOT npouecc

OTpaXkaeTcss B PE3KOM CKadyke W3MeHeHun reoMarautHom moms (Sudden Commencement - SC) pasHoit
MHTEHCUBHOCTH, KOTODBI B HEKOTOPBIX CIyYasx MOJKET MPHBECTH K Pa3BUTUIO MAarHUTHOM Oypu, IPEACTaBIIss
coboii ee BHesamHoe Hadano (Storm Sudden Commencement — SSC). Hanpasnenume mnpuxona ¢GpoHTa

MEXIUIAHETHOW yOapHOW BOJHBI [5], Tak ke, KaK M ee CKOPOCTh M IMHAMHYECKOE JABJICHHUS COJHEYHOIo BETpa,
OKa3bIBaCT BIISHHE Ha aMIDIMTYyXy W Bpemst Hapactanus SC. BuesamHoe Hauwamo Oypp (SSC) ¢ukcupyercs B
katanore SC, TpencTaBIsIeMOM MEXIYHAPOIHON CIyxObl reomMarHuTHbIX uHAekcoB (International Service of
Geomagnetic Indices - http://isgi.unistra.fr).

IIpo6sieMbl OICHKH BpeMEHH HapacTanus, aMmmuiutyasl SSC u omHoBpemeHHOcTH SSC Ha pasHbIX Ha3eMHBIX
T€OMarHUTHBIX 00CEpBaTOPHUAX, a TaKKe 3aBUCHMOCTh BpeMeHM Hayana SSC OT HMIMPOTHI M AOJTOTHI CTAHIMI
HaOJIOICHUS, pacCMaTPHUBAINCh JOCTaTOYHO MaBHO [2, 4, 6]. Ho pe3ymbTaTel «cTpajgaquy H3-3a HETOYHOCTH
PETHCTpalMy JAaHHBIX M MOTPELIHOCTH MX HPHBA3KH K MUpOBOMY BpemeHH [1]. TlosBIeHHe OrpoMHOro mMaccuBa
CeKyHIHBIX MaHHEIX, 1ocTynHBIX B ceTrt INTERMAGNET, maet Bo3MOXHOCTE BEpHYThCA K paboTaM MPOILIBIX JIET
Y MIPOBECTH UCCIICOBAHMUS Ha 00Jiee COBPEMEHHOM YPOBHE.

Lenp npencrapisgemMoii paboThl - Ha IpUMepe OTAeNbHBIX KBM OLICHUTH 3aBUCHMOCTh BpeMeHH HosiBieHus SSC
KaK (yHKIMU DIMPOTHI/IOJATOTHl 1 MHPOBOTO BPEMEHH, C LEBIO JAIbHEHIIEro UCCIIeIOBAHUS CBSI3H HAIpaBIICHHS
npuxoja (HpOHTA yIAPHOU BOJHBI CO BpeMeHeM mosBieHus SSC.

Onucanue TaHHBIX
Ha mnepBom »sTame Hammx wuccienoBanuit B katamore KBM (https://cdaw.gsfc.nasa.gov/CME_list/HALO/),
COCTaBJIEHHOM 110 1aHHBIM KopoHorpagdoB LASCO obceparopun SOHO 3a nepuoxn nHabmronennit 2011 — 2017 rr.,
HaMmu ObLIa 0ToOpaHa napa KBM, ynoBIeTBOPSIIOLIAs CISAYIOIIUM KPUTEPHUSIM:

(i) sBstoTCs ObIcTpHIMEH KBM, T.€. X JuHEHas ckopocTh Viin > 1500 km/C,

(il) OTHOCATCS K THITY «TaJioy,

(ilf) wmcrouHMKH POPMHUPOBAHHMS TOIDKHBI OBITh B Pa3HBIX modymmapusx CoHia,

(iv) wuHHMIMEpOBaHWE Ha 3eMIile MATHUTHBIX OYph C BHE3AITHBIM HAYAIOM.
K TakuM cOGBITHS OTHOCSTCS:
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(1) KBM ot 21.06.2015 ¢ ucrounnkom B CeBepom mosyuiapud COJHIA, KOTOPbIHA BIEpBbie HAOMIOOAJICS B TOJC
3perust kopororpagoB LASCO B 02:36 UT, xoopmuHaTel obmacTu-ucTouHuKa (opmupoBanus KBM Ha mucke
Comama - N12E16, ckopocts Ha opourte 3emun - 610 xm/c,

(2) KBM ot 14.07.2017 ¢ ucrounnkom B tOxuoM momymapwn CONHITA ¢ BBIXOJIOM B IOJIE 3peHHsT KOpoHOTpadoB
LASCO B 01:25 UT, xoopauHaThl oOnacTH-HCTOYHHKA (opmupoBanus KBM Ha amcke Comama - SO06W209,
CKOpoCTh Ha opoute 3emiu - 520 km/c.

Bpems mosBiernss SSC (pukcHpoBanioch MO MarHWTHBIM JaHHBIM C CEKYHIHBIM BpPEMEHHBIM pa3pelIcHHEM,
npenocraBisieMbiM  cethio  INTERMAGNET  (https://www.intermagnet.org). Ilpu  B3aumoneicTBUH  C
marHuTocgepoii 3emin onu BbizBas SSC 22.06.2015 B 18:33 UT u 16.07.2017 B 05:59 UT ¢ nmocnexoBaBuinmMu 3a
HUMHM MAarHUTHBIMH OypsIMH COOTBETCTBEHHO. BHezamuHoe Hauano Oypu (SSC) ompemensercs mo pe3KoMy
YBEIMYCHUIO H-KOMIIOHEHTHI T€OMarHUTHOTO IOJIsI, KOTOPOE MPOUCXOJMUT Ha BCEH 3emiie U OTpa)kaeTcs Pe3KUM
CKa4yKoM B WHAEKce OypeBoit aktuBHOCTH SYmH [3]. DTo Bpewmst ompeaensercst mo umiynbcy SC Ha HECKOIBKUX
nprdKBaTopuanbHeix craniuax (Honolulu - HON, San Juan - SJG, Tamanrasset - TAM, Alibag -ABG, Kanoya -
KNY) u ¢puxcupyercs B katanore SC (http://isgi.unistra.fr). Oxnako, nu3secTHO, 4TO UMITYIIBEC SC YaCTO TOSIBISIETCSA
B BBICOKHX TeOTpa)MuecKUX IIMPOTax Ha OJHY MM HECKONBKO MHHYT (WJIM CEKyHI) paHbIE, YeM Ha HU3KHX
mmpoTax. HapacTanne mojisi HaunHAeTCsl BHE3AITHO, HO €r0 BpeMs MOXKeT cocTaBisiTh oT 150 ¢ mo 300 ¢ u 3aBucHT
OT MECTHOTO BPEMEHH HAOIIOACHHS, €r0 aMIUIUTYyJa MOXKET ObITh Pa3IMdHON M 3aBUCHT OT YCIIOBHI B COJTHEYHOM
Betpe. [l kaxkmoro coOwiThst ObutM 00paboTaHBI IaHHBIE 00CEpBATOPHA, KaK CEBEPHOTO, TaK M FOKHOTO
nonymrapuii 3emimu. Hubke mpencTaBiieHbl pe3y/ibTaThl OICHKUA 3aBUCHMOCTH BpeMeHH mosiBiieHHs SSC kak
(YHKIMH IIUPOTHI/A0NTOTH 1 MUPOBOTO BPEMEHH JJISI 3TUX JABYX OTOOpPAHHBIX COOBITHIA.

Oo6cyskaenne pe3yjbTaToB

Ha Puc. 1 mpencraBneHsl yclioBus B MEXIUTaHETHOM MarHUTHOM moie (MMII) u B comHEYHOM BeTpe, a TaKke
OypeBast akTHBHOCTb Ha 3eMJle, BEIpayKCHHast HHAEKCOM SYMH, KOTOPBIN SBISIETCSI MUHYTHBIM aHAJIOTOM 4acOBOTO
uangekca Dst. (basza manubix mapamerpoB MMII u comHeyHOro BeTpa C OJHOMHHYTHBIM pa3peIlCHHEM -
https://omniweb.gsfc.nasa.gov) st 22.06.2015(a) u 16.07.2017(6), xorga Ha 3¢MHOW MOBEPXHOCTH HAOJIOIATHChH
SSC, BbI3BaHHBIE NPHUXOJOM MEXKIUIAHETHOW YyIapHOW BOJIHBL Bpems mnpuxona yAapHOW BOJHBI, OTMEUEHHOE
KpPacHBIMH CTpEJIOYKaMHM, TaK ke, Kak W rpaHuipl obmactu cxartus (SHEATH) u marautHeix o6makoB (MC),
nocjaenoBaBmux 3a KBM, yka3aHbl COTJIACHO KJIACCH(HKAIUU COOBITHIA B COJHCYHOM BeTpe B Kartamore [2],
Haxosmerocs B cBobomHoM noctyme Ha caite ftp:/ftp.iki.rssi.ru/pub/omni/catalog. Buesannoe wauamo Oypu
OTPaKCHO PE3KMM CKAauKOM B HHJEKce OypeBoil aktiuBHOCTH SYmH (cMm. manens SymH).

a) 22.06.2015 SSC - 18:33 UT 6) 16.07.2017 SSC - 05:59 UT
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Pucynok 1. XapakTepuCTHKA MEXIUTAHETHOTO MArHUTHOTO TOJIst (MOLyJ1b T101st |B|, kommonenta Bz(GSE)) u
coHewyHOTOo BeTpa (ckopocts — Speed, mmotHocTh — Proton density, mportonsas temmeparypa - Proton
temperature) u 6ypeBoii akTuBHOCTH Ha 3emie (SYymH - oqHOMHUHYTHBIH aHagor uHaekca DSt) mis coObrTuii
22.06.2015 (a) u 16.07.2017 (6).

B wuccnenyembix ciyuasx ammintyaa SC pocrurana ~ 80-90 HTi, 4TO COOTBETCTBYET BBICOKOMY YPOBHIO

TJIOTHOCTH COJTHEYHOTO BeTpa (cM. Puc. 1).
st BBIOpaHHBIX cOOBITHH ObUTH npoaHanu3upoBansl, B3sThie U3 cetn INTERMAGNET, cekynnubie nannsie 58
craHnmi aas coowitus ot 22.06.2015, u 68 craniuii mis coobitus ot 16.07.2017. ITo 5TUM JaHHBIM UIS KaXKIOM
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C.B. I'pomos u op.

oOcepBaTopun OBIIIO ONpeEeIeHo BpeMs (B CEKyHJax) Hayajla BHE3AITHOTO HapacTaHWs TE€OMarHUTHOTO IOJIs, Kak
Bpemst Hagana SSC.

Ha Puc. 2 (SSC-cobprtue ot 22.06.2015) u Puc. 3 (SSC-cobritie ot 16.07.2017) moka3aHsl: (a) pacupeneieHne
BpemeHn Hadana SSC kak (yHKOWH IIMPOTHI — MUPOBOTO BpeMeHH; (0) JONTOTH - MHPOBOTO BPEMEHH, TIOe @ —
TEOMAarHUTHAs IINPOTa CTAHIWU, A — 3HAYCHHE IOJTOTHI CTaHIUH, OTCUYUTHIBAEMOI OT JOJTOTHI, HA KOTOPOH B
MoMeHT npuxona KBM (nadano SSC) ObII MONICHS IO MECTHOMY BpeMeHH, A = (0 COOTBETCTBYET «IIOYICHHOI
IONITOTE, Ha KOTOPOW B MOMEHT mpuxona KBM Habmromancs monnmeHb mo MectHomy Bpemenu (12:00 LT). B
npezacTaBiasieMoM ciydae - cranius KOU. luanazon A = [-90°; 90°] COOTBETCTBYIOT 3HAYEHHSM IOJITOTHI A ISt
CTaHIMH, PacIOOXKEHHBIX Ha ocBeleHHOM CoiHueM nonmymapuu 3emian. OTpULaTeIbHble 3HAUSHUS JONTOTHI A
OTHOCSTCS K CTaHIUsIM, Tie MoMeHT nosiBiicans SSC Haomogancs B 00:00-12:00 LT mectHOTO BpeMeHH (BOCTOUHEE
MOJIYIGHHOTO MEPH/IMaHa); IIOJIOKHUTENBHBIH - B epuox 12:00-24:00 LT (3anagHee nogyaeHHOTO MEpUINAHA).

22.06.2015
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Pucynox 2. SSC-co6ritre ot 22.06.2015 (KBM ot 21.06.2015), (a) - 3aBucuMOCTh BpeMeHH Hadaia SSC kak
(GYHKIMS IIUPOTHI U BCEMUPHOTO BpeMeHH, (0) - 3aBucMMOCTh BpeMeHH Havyana SSC kak (GyHKIMS JOITOTHI
1 BCEMHPHOTO BPEMEHHU.

Bo Bpems SSC-coGbitust ot 22.06.2015, nHMIMHpoBaHoro npuxonoM k opbure 3emmu KBM ot 21.06.2015 ¢
ncrounnkoM B CeBepHoM nomymapuu CojHIA, Ha NPUXOA YAApHOHW BOJHBI IEPBOM OTpearupoBajia CTAHIMS B
Cesepraom momymapun 3emun - Kourou (KOU, mmpota/monrora 5°/307°), pacmonoxeHHast B JOITOTHOM CEKTOPE OT
—135° no 0°.

16.07.2017
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Pucynox 3. Toxe, uro u Ha Puc.2, Ho s SSC-coGbitus ot 16.07.2017 (KBM ot 14.07.2017).
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Ces3b Hanpasienust npUxXooa Gponma medxicnaanemHoll yoapHou 8oanvl co epemerem SC no ananuzy omoenvuvix KBM-cobvimuil

Bo Bpemst SSC-cobbiTus ot 22.06.2015, 3aukcupoBaHHOTO B pe3ynbTare npuxona kK opbure 3emiuu KBM ot
16.07.2017 ¢ ucrounuxom B FOxaOoM mosrymapuu CornHITa, TepBoii oTpearnpoBaia ctaHIus B KOxHOM nomymapin
3emumn - cranmus Port-aux-Francais (PAF: mupora/nonrora —49°/70°) 8 monrotHoM cektope ot 0° 1o 90°.

3akiouenne
Amnanu3 Bpemenn Havyana SSC kak (QyHKIUM IIUPOTHI/JONTOTHl U BCEMUPHOTO BPEMEHH 10 JJAHHBIM C CEKYHJIHBIM
BPEMEHHBIM paspernieHueM st 1ByX SSC-cobpituit (22.06.2015 B 18:33 UT u 16.07.2017 B 05:59 UT), BRI3BaHHBIM
OPUXOJOM MEXIUIAaHETHBIX KBM ¢ ymapHOW BOJHOHM, 00JACTH-UCTOYHHKUA KOTOPBHIX 3a()HKCHPOBAHBI B Pa3HBIX
nonymapusx Conxna (Juist KBM ot 21.06.2015 B 02:36 UT — B CeBeproM nontyniapuu, a aist KBM ot 14.07.2017 B
01:25 UT - B IOxHOM mosymiapuu) mokasait:
(i) ¢ mpuxomom KBM k opbute 3emin Hauano SSC Ha Ha3eMHBIX MarHUTHBIX 00CEPBATOPUSAX, PACIIONOKEHHBIX
Ha pasHBIX IIUPOTAX, OT BBICOKHMX 10 YKBATOPUAIBHBIX, HE SBIIAETCS OJHOBPEMEHHEIM;
(if) Bpemst perucrpanuu nosiBiaeHus SSC Ha pa3HBIX IMUPOTAX OTIHYAIOTCS HA JECITKU CEKYHI;
(ili) B paccmoTrpeHHBIX coObITHSIX SSC perucTpupyercsi CHadama Ha 0OCEepBaTOPHUIX TONYIIApHs 3eMIIH,
ocBsimeHHOro CoJTHIeM, M TOSIBIISASTCS PaHbLIe B HIDKHUX IIHPOTaX, YeM B BHICOKHX.
Jainee ruiaHupyeTcsl MPOJOIKUTE HCCIIEIOBaHHE 3aBUCHMMOCTH BpeMeHH Hadasa SSC B CBS3M NMPUXOJOM rajo—
KBM kak (GyHKUHH HIMPOTHI/MOJATOTHI M BCEMHPHOTO BPEMEHH C LEMbI0 JalbHEHIIEro HCCICTOBAHHUS CBA3H
HarpasJeHUs npuxoJa (hpoHTa yAapHOH BOJIHBI cO BpeMeHeM nosiBieHus: SSC Ha Oosbliieii BEIOOpPKE COOBITHI.

BaarogapuocTu. PabGora Beimonnena B pamkax locymapcrBenHoro 3amammst Ne 012009488, mpu wacTudHOl
nognepxke Poccuiickum hormoM hyHIaMeHTaNbHBIX HecienoBanuii, mpoekt Ne 20-02-00150.
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KOHTPOJIb )KECTKOCTHU OBPE3AHUSI KOCMUUYECKHUX JIYUEN
ITAPAMETPAMU MATHUTOC®EPBI U COJIHEYHOI'O BETPA BO
BPEMS CUJIbHOM MATHUTHOM BYPU B HAUAJIE CEHTSBPS 2017 T,

O.A. anunosa®, H.I'. ITtuneinal, M.U. Tacro!, B.E. Cno6HoB?

Y Canxm-Ilemepbypeckuii puruan MU3MHUPAH, e-mail: md1555@mail.ru
2Uncmumym Conneuno-3emnoii pusuxku CO PAH

AHHoTaumsi. KocMuueckre Iyuu sBISIOTCSA OJHNM M3 BAKHBIX (DAKTOPOB, OTPEACIAIONIMX KOCMHIECKYIO TTOTO/TY.
Ux sxecTkocTH 0Ope3aHHs CWIBHO W3MEHSIOTCA TIOA BO3ACHCTBHEM COCTOSHHA MarHUTOc(epsl 3emim u
MEXIDIAHETHOTO KOCMHYECKOTO IPOCTpaHCTBA. B maHHOW paboTe mpencTaBieHBl W3MEHEHHS TI'€OMAarHUTHBIX
MOPOTOB, PACCUMTAHHBIC UISI TEepHoJga CHIIBHOW TeoMarHWTHOW Oypm 7-8 ceHtsaOps 2017 r.. MopenbHbIe
BEepTUKAJbHBIC A(P(PEKTUBHBIC TCOMAarHUTHBIC IMOPOTH OBUIM MOJMYYEHBI METOIOM TPACKTOPHBIX pacueToB B
MarHuTHOM T0Jie Bo3MyIieHHoM MarHuTocdeps! (L{piranenko TS01) mis psina craniuii. [IpoBeeHO cpaBHEHHUE UX C
KECTKOCTSAMH 00pe3aHus, HOIy4YSeHHBIMH METOJIOM CIIEKTPOrpaduuecKoi rodasbHON CheMKH MO JaHHBIM MHPOBOH
CeTU HEUTPOHHBIX MOHUTOPOB. [IpoBenieH aHaTu3 BpeMEHHBIX BapHalliii TeOMarHUTHBIX MOPoroB AR u xoppensuuu
UX C MapaMeTpamMH MeXriaHeTHoro marHutHoro moist (MMII) u conneunoro Betpa (CB), kKoTopas pa3inyHa Ha
pasHbIX (azax OypH U OTIHYACTCS OT KOPPEJIIMHU, MOCUYMTAHHON Ha Macmitabe Bcedl Oypu. Ha riaBHO#t daze
npeBanupyet Biausaue MMII, B yacTHOocTH Bz KOMIOHEHTHI, 2 HA BOCCTAHOBUTEIBHOW (pase — MUHAMHYCCKHX
mapameTpoB CB, a mMenHo, naBieHus P u mmotHoct N. DTO CBA3aHO ¢ TeM, YTO BO BpeMs OypH B OTBET Ha
n3MeHeHns mapametpoB CB 1 MMII pa3BuBaroTcs rio6ambHbIC TOKOBBIE CHCTEMBI, KOTOPBIE SBOIOIHOHUPYIOT BO
BpemeHH. [Ipu 3ToM opMupoBaHUe, MHTCHCU(PHUKALINSA U JaTbHEHUIIHIA pacmaj] STHX TOKOBBIX CHCTEM MPOUCXOIUT
HE OJHOMOMEHTHO, a Ha Pa3IMYHBIX BPEMCHHBIX MacIITa0ax.

1. Beenenne

JKecTKkoCTh TEOMarHWTHOTO OO0pe3aHus, WM ToporoBas >kecTKocTh (R) kocmmdeckux sydeit (KJI), T.e. camas
HU3Kas )KECTKOCTh, KOTOPOH MOJDKHA 00JamaTh 4acThIa, YTOOBI MPOHUKHYTH B 33JJaHHYIO TOYKY B MarHurTocdepe,
OTIpeNeNsIeTCs] MarHUTOCEepHBIM MArHUTHBIM TTosieM. CBO¥CTBAa T€OMAarHUTHOTO 3KpaHa MEHSIOTCS BO BPEMCHHU B
3aBHCHUMOCTH OT JWHAMHYECKOTO B3aUMOACUCTBUS MarHUTHBIX M AJIEKTPHYIECKUX IoJieii comHeuHoro Betpa (CB) ¢
BHYTPHUMAarHUTOC()EPHBIMH MOJSIMH M TOKaMH. Pe3yibTaThl MPEABIIyIUX HCCISIOBAHUH 3aBUCUMOCTH MTOPOTOB OT
ME)XIDTAHETHBIX TTApaMETPOB U TE€OMAarHUTHOW aKTHBHOCTH JOCTaTOYHO IPOTHBOPEUUBEL.

Heab paGorhl: BoisiBUTE NapaMeTpbl Telno- U MarHUTOc(epbl, KOTOpble KOHTPOJIMPYIOT BapHallMK MOPOTOBBIX
xectkoctedl (AR) Bo Bpemst momrHo# O6ypu 7 — 8 centsOpst 2017 r. OpH MOMOIIM pacdera COOTBETCTBYHOLIMX
KOppesiuil.

Oco0oe BHUMaHWE MBI yJEIHIN aHAIN3y KOPPEeJSUNA N3MEHEHHH MOPOTOBBIX JKECTKOCTEH C MEXIJIaHETHBIMHU
rapaMeTpamMH M MHIEKCAMHU I'€OMarHUTHOW aKTMBHOCTH BO BPEeMs KaXI0i M3 Tpex (a3 pa3BUTHS aHAIU3HPYEMOit
Oypu: Ha TpeJBapUTEIbLHOM dTare (mepen Oypei), B TJIaBHON M BOCCTAHOBUTEIBHOM (hasax OypH, UMesi B BUIY, YTO
KOHTPOJb BapHalWi IMapaMeTpaMu TelMo- M MarHuToc(hepbl Ha Pa3HBIX (a3ax MarHUTHOW OypH OYECHb Malo
H3YYeH.

2. JlaHHbIE M METObI
XKecrroctu reomarautHoro oopezanust (JKI'O) BEIYHCIIAINCH C UCTIOIb30BAaHUEM JIBYX METOJIOB!

(1) Metomom cnekrporpaduueckoit riaodanbHoi cheMk [ 1], mpu kotopoit onpenenenue XKXI'O (Rcrc) 6asupyercs
Ha HaOJII0JaTeNIbHBIX TAaHHBIX CETH HEUTPOHHBIX MOHHTOPOB;

(2) u meronom, nipu kotopoM st onpeneneHus JKI'O (R,y) 4MCIeHHO pacCUMTHIBAIOTCS TPAEKTOPUHU YaCTUI] B
MOJIEIbBHOM MAarHuTHOM 1ojie MarHutocdepsl [2]. B kadectBe Mozmenu BbIOpaHa SMIHMPHYECKas MOJETb
marautocteps! Lipiranenko TS01 [3-5]. Bribop monenn TS0l mis pacueToB OCHOBaH Ha TOM, 4To Mozens 1501
XOPOIIIO ONKCBHIBAET CPETHIOI0 MarHuTocepy BO BpeMs CHIIBHBIX BO3MYIIIEHHUH.

PacyeTsl poBOAMIKCH [T CTAHIMH, PACIIONOXEHHBIX Ha pa3HbIX mupoTax: ESOI (33°.30 N, 35°.80 E), Anmars!
(43°.20 N, 76°.94 E), Pum (41°.90 N, 12°.52 E), Upkyrck (52°.47 N, 104°.03 E), Mocksa (55°.47 N, 37°.32 E) u
Kunrcrosn (42°.99 S, 147°.29 E), noporobie )%eCTKOCTH KOTOPBIX B CHOKOWHOE BpeMsl OXBaThIBAIOT 00J1acTh OT ~10
o 2 I'B. Bapnanuu xecTKOCTH reoMarHUTHOTO oOpe3aHust AR,y u ARcc Ompemensnuce Kak pa3HOCTH MEXIY
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KOHmpOJlb Hcecmkocmu 06pe3cmuﬂ KoCMu4eckux J'lyllelj napamempamu }Waé‘HMmOC¢€pbl U COJIHeYHo20 eempa ...

paccunTaHHBIMU 3HAUYCHHUSIMH >KECTKOCTH 00pe3aHust (TEOPETHYECKUMHU U SKCIIEPUMEHTAJIbHBIMHU) U )KECTKOCTSIMH B
CHOKOIHEIN epron epen Ooypeit (6 centsiops 2017 1.).

Mpbl paccuuTanyd KOPPETANUH BapHalli IIOPOTOBBIX J>KECTKOCTEH C H3MEHEHMSAMH OOIIEr0 MEXIUIAHETHOTO
MarauTHOTO 110s11 MMII B 1 ero komnonerTamu Bz u By, Ey — KOMIOOHEHTOH 3JIeKTpHYECKOTO MO, apaMeTpaMu
CB: mmotHOCcThIO N, CKOpocThIO V 1 muHaMudeckuM naBieHueM P, a Taioke ¢ Kp i DSt naaekcaMu reoMarHUTHOM
AKTUBHOCTH, 3HAYCHUSA KOTOPBIX OpLTH B3STHI u3 6a3bl OMNI Ha caifre
https://omniweb.gsfc.nasa.gov/form/dx1.html.

3. Pe3yabTaThl M UX 00Cy:KAeHHE
PesynbraThl pacueToB NpHUBEACHH Ha pUCyHKax 1-3.

1) Honuoicenue srcecmrxocmeti obpesanus 6o epems oypu 7—8 cenmsaops 2017 e.
Ha pucynke 1 mpuBemeHB HEKOTOpBIE IMapaMeTpbl reo— u renmmocdeps, a Takke AR,y m ARge mIs OByx
BBICOKOIIMPOTHBIX cTaHImi Kuarcton u Mocksa mist 7—8 centsiops 2017 r.

Kak BuIHO M3 pucyHka 1, MakCMManbHOE ITOHM)KEHHE I'€OMarHUTHBIX IOPOroB AR,¢, MONYyYeHHBIX Ha OCHOBE
MOJIeIH, HabronaeTcsl Ha r1aBHOM (ase, B MakcuMyMe OypH, B TO BpeMs Kak st ARcrc, MOJy4eHHBIX Ha OCHOBE
JIAaHHBIX HAaOJIIOICHUH, — Ha BOCCTaHOBUTENBHOH (a3e.

MakcumasnbHOe CHIKEHUE T€OMAarHUTHBIX MTOPOroB AR CYIIECTBEHHO MEHBIIE JUIsl HanOoee BHICOKOIINPOTHON
ctanuuu Kunrcros (~ 0.5 I'B), yem st Mockssl (~0.7 I'B).

o AR(B)

-0.1
-0.3
-0.5

-0.7

N
o1 AR(TB) 6
-0.3 —
-0.5 —

20 — Bz(HT)

-20

-30

Pdyn

o N B O ®

Dst (HTn)

-100

-150

0 6 vacb!
7 8 OHU

Pucynoxk 1. Bpemennbie m3ameneHust ARy u ARcre (AR»y — 0, ARcre — %3 a — Kunrcron, 6 — Mocksa) u
napametpoB Bz, P u Dst B Teuenue Oypwu.
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O.A. anunosa u op.

2) Kosgguyuenmor koppensyuu ua macuimabe ecei Oypu. CpaeHenue pe3yibmamos, NOJYYEHHbIX O08YMs

Memodamu.
a 6

1K PR
0.8 - B ESOI 08 B ESOI
0,6 B Anvatbl 0,6 - B Anvartbl
0,4 1 @ Pum 0,4 1 @ Pum

24 i
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Dst Kb Ey Bz By B v P Dst Kp Ey Bz By B v N P

Pucynok 2. Koppemsinus mapaMeTpoB CONHEYHOIO BETpa M I'€OMAarHUTHOIH aKTUBHOCTH C BapHalHsIMH
MozenbHO AR,y (a) n HabmromaTensHOU ARcre (0) jkecTKOCTH oOpe3aHus Uit 6 pa3HOIIMPOTHBIX CTaHIIHN

KJIL

W3 paccMoTpeHus pUCYHKa 2 MOKHO CJIENaTh CIEAYIOIINE BHIBOIBI:
a) Koppensus AR ¢ mapamerpamu CB 1 Maraurocepbl CHIIbHO 3aBUCHT OT IIHPOTHI, B TO BpeMst Kak st AR
IAPOTHBIN 3 PEKT NPaKTHIECKH He HAOJII01aeTCsl.
0) KoapdummenTs! koppensunu K 11t HabmonatenbHbIX AR 3HAYNTENEHO MEHBILE, YeM I MOIEIBHBIX ARy,
6) Hanboiee tecHas cBsA3b Kak it AR,p, Tak 1 it ARc.c oOHapyxeHa ¢ DSt-uHmeKcoM, 111 KOTOpOro K JIexur B
npexnenax 0.80-0.95. Kpome Toro, n1st ARy 1 AR BuIHa cyImecTBeHHas cBsi3b co ckopocThio CB V.
2) Hexoropast koppensuus AR ¢ MarHUTHBIM | 3JeKkTpudeckuM nosieM (B, Bz u Ey) BunHa Tonmbko 101t ARy,
[Mo-Bunmmomy, momenb TS01, koTOpast ormmpaeTcst Ha OMHUCAaHNEe MarHUTOC(EPHBIX TOKOBBIX CHCTEM, OCHOBAaHHOE
Ha CTAaTUCTHYCCKUX MAaHHBIX O ~70 CHJIBHBIX OypsiX, HEIOCTATOYHO XOPOIIO OTPakaeT MPOCTPAHCTBEHHYIO
KOH(UTypaIMio BO3MYIIEHHOW MarHUToc(hepsl BO BpeMsi MArHUTHON OypH, B YACTHOCTH 3aBHCUMOCTH OT IIIUPOTHI
JUTS MHAWBUAYAIBHBIX COOBITHI, 110 KpaitHel Mepe, it Oypu 7—8 centsops 2017 r. [6].

3) Koppensyuu onss AR,y na pasnvix gpasax (cm. Mockea).

ARgp M, (TB)

ARogp M (1B)

011
02
03]
041
051
061

0,7

0,14

0,04

k = 0,91+0,03
k1 = 0,46£0,03
k3 = 0,960,05
k3 = 0,79£0,08 +

k1 =0,68+0,01
k2 = 0,81£0,07
k3 = -0,52+0,02

ARqgp M, (B)

01 6 0,1+ 8
00 001 7% k = -0,89+0,05
01 0.1 k1 = -0,24%0,07
@ -02{k=-0,83%0,06 & 02 k2 = -0,94+0,09
s 03 = 034 2k3 =-0,67+0,1
£ 0a % ol . §
€ "1 ky=-080£0,03 5. 5
%1 ko = -0,82:0,18 . o8
081 k3 =-0,30£0,13 43 . 087
-0,7 T T T T T T T -0,7 T T T T 1
20 30 40 50 60 70 80 10 15 20 25 30
Kp B
017 k = 0,63+0,03 [¢] 01 k =-0,63+0,16 e
00+kq = 0,51+0,03 00 % k1 =-0,04+0,25
-014ko = 0,96+0,05 N 01 kp =-0,88%0,32 .
@ -02{k3 =0,09+0,04 = a g 02 k3 = 0,65+0,60 A
= 03 .’f—}/ ; 0,3 - . a *
f 0,4 N + f 04 a
1 <
-0,54 -0,5
-0,6- a 3 06
07 0,7
-30 -25 20 -15 -10 -5 0 5 10 450 500 550 600 650 700 750 800
Bz \%
k=-0,26+0,09 01 3
k1 =-0,51%0,03 00 —
ko =-0,81:0,15 o1 .
k3 =0,91+0,0 0z

ARgp M (TB)

B k1 = -0,54+0,04

a

. ko = -0,04+0,65
. k3 = 0,87+0,04
3 4 5 6 7

Pucynoxk 3. Koadduunents: koppensunu mexay AR,y 1 mapamerpamMu reoMarHuTHOH akTuBHOCTH, MMII 1

CB.
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KOHmpOJZb Hcecmkocmu 06pe3anuﬂ KoCMu4eckux J'lyllelj napamempamu }Vldé‘HMmOC¢€pbl U COJIHeYHo20 eempa ...

B aroM maparpade Mbl OpOBenH aHAU3 Koppemsiuuid AR ¢ MeXIIaHeTHBIMH HapaMeTpaMd H HHACKCAMH
TEOMarHUTHOM aKTUBHOCTH BO BpeMs KaIoi U3 Tpex (a3 Oypm — Ha mpeasaputensHoM dtare (1) (mepen Oypeit
— 7 cents6pst ¢ 11:00 go 18:00 UT), B rmaBHo#t (2) (¢ 19:00 7 centsadps mo 01:00 8 cenrsops) u
BoccraHoBuTensHOH (3) (c02:00 mo 11:00 UT 8 centsaops) hazax.

BunHo, 9TO cuTyamus CylmIeCTBEHHO MEHAETCS, €CIIM pacCMaTpUBaTh KOPPEIILUIO He Ha MacmTade Bceil OypH, a
OTHENBHO Ul pasHBIX (a3 ee pa3BUTHA. PHUCYHOK 3 JEMOHCTpHUpYeT, 4TO Uil OOJBIIMHCTBA HaHeJel
KOPPEJSILMOHHBIE TPeHAbl HMEIOT IPOTHBOINOJOXKHBEIM 3HAK Ha pasHbIX (aszax, H3-3a 4ero Kod(hQGHIHEHT
koppensiiuu K Ha MaciTabe Bceilt Oypu MOXKET ObITh OUYeHb HU3KHM. B 4acTHOCTH, Ha pUC. 3K BHIHO, YTO JaBJICHHE
P, okaseiBaer Gonbioe BimsHue Ha AR, Ha BoccranoButensHOM (ka= 0.91) u rmaBho#t (ko= —0.81) ¢azax, HO
MOCKOJTbKY KOPPEISILUSI UMEEeT MPOTHUBOMOIOXKHBIH 3HAK, TO JUIsl BCel OypH 3TO BIHMSHHE OTCYTCTBOBano. Ha Bcex
¢dazax Oypu Dst cymiecTBeHHBIM 00pa3oM KoHTpodupyeT Bapuaumuu AR,y ko= 0.94, u ks:=0.79. D310
CBHCTEIBCTBYET O TOM, YTO BapHAaI[i T€OMArHUTHBIX MOPOTOB BO BPEeMsl HCCIEIYeMON OYeHb HHTCHCHBHOH OypH
KOHTPOJIUPYIOTCSI B OCHOBHOM KOJIbIIEBBIM TOKOM. Kpome Dst HanGonbimit Bkiag B AR,j Ha r1aBHOH (aze BHOCUT
MMII, a umeHHO oTpunaTenbHas kommnonenta Bz (ko= 0.96) u o6muiee mose B (ko= —0.94), a Ha BocCcTaHOBUTENBHOM
— nuHamuYeckue mapamerpbl coineuroro Berpa P (ks= 0.91) u N (ks= 0.87). Bompoc 0 ToM, Kakas MMEHHO
TOKOBasi CHCTEMa BHOCHT IIPEUMYLICCTBEHHBIN BKJIaJ B KOPPEIALMOHHBIE COOTHOLIEHWsS Mexay AR wu
HCClleIyeMBIMH [TapaMeTpaMy B KaXKIOM KOHKPETHOM Iepuoae OypH, TpeOyeT NanbHeHIIIX Heclie IOBaHUH.

4. BbIBOABI M 3aK/II0YEHHE

B nanno#i paGore AByMs HE3aBHCHMBIMH METOAAMH PacCUUTaHBl FeOMarHUTHBIE MOpPorH AR,y 1 ARc B mepuon
WHTCHCUBHON TeoMarHuTHOW Oypm 7-8 ceHtsaOps 2017 r. W MpoBeAeH aHANW3 3aBHCUMOCTH HX H3MEHEHUH OT
IapaMeTpOB MEKIIAHETHOW cpebl 1 reoMarauTocdepsl. Hanr aHanns mo3BoJIII cAeaTh CIACAYIOIINE BEIBOIBL:

1. Koppemstuust AR¢rc ¢ mapamerpamu CB 1 MarauTocepsl CHIBHO 3aBUCHUT OT IIHPOTHI, B TO BpeMs Kak s AR,g
MUPOTHBIA 3G dekT npakTudecku He Habmogaercs. Koadduimentsr koppessuun K mist HaGmogatenbHbiX ARcr
3HAYUTEIHHO MEHBIIIE, YEM JUISI MOAETBHBIX ARsq.

2. Haubonee cuibHas xoppeinsiiusi HaOmronaercss Mexxay AR m DSt-mHIEKCOM reoMarHUTHON aKTHBHOCTH, YTO
CBHJIETEILCTBYET O TOM, YTO KOJIBIIEBOM TOK MIpaeT INIaBHYIO POJIb B KOHTPOJIE BapHaluii )KECTKOCTeH 00pe3aHus
KOCMMYECKHX JIy4deil BO BpeMsl 3TOT0 CHJIBHOTO BO3MYILEHHS.

3. UyscrButensHOCTh AR K JMHAMUYECKUM ¥ MarHUTHBIM IapaMeTpaM MEXKIUIAHETHOM Cpeabl pa3jinyHa Ha
pa3HbIX (azax Oypu U OTIIMYAETCs OT YyBCTBUTEILHOCTH, TIOCYMTAHHON Ha MaciiTabe Bcel Oypu. Ha riaBHo# daze
npeBanupyeT Biusane MMII, B yacTHocTH BZ KOMIOHEHTHI, @ HA BOCCTAaHOBHUTENLHOH (asze npeobiagaeT BIUsSHHAE
JUHAMHYecKuX mapameTpoB CB, a umenHo, nasnenns P u motHocTtH N.

4. Cnenuduyecknii OTKIHMK >KECTKOCTH T€OMarHUTHOIO OOpe3aHusi HAa M3MEHEHHUS NapaMeTpoB remuocdepsl u
MarHuTocgepsl Ha pasHbIX (hazax MarHUTHOH OypH, MO-BHIMMOMY, ONPENENACTCS Pa3IMIHBIM OTHOCHUTEIHHBIM
BKJIaJIOM MarHUTOC()EpHBIX TJIOOAJIBHBIX TOKOBBIX CHCTEM B 3TH MepHOIbl. Pasnmuynas dyBcTBHTENBHOCTH AR K
napamerpam CB, MMII 1 reoMarHUTHONH aKTHBHOCTH Ha Pa3HBIX 3TAallaX MarHUTHOH OypH CBs3aHa C TEM, YTO BO
BpeMsi Oypu B oTBeT Ha M3MeHeHus: mapamerpoB CB m MMII pasBuBaioTcs I00aJIbHBIE TOKOBBIE CHCTEMBI
(konBIIEBOM TOK BOKPYT 3eMJIM, TOKM Ha MarHMUTOIay3e, TOKH XBOCTAa MarHUTOC(HEPHI, TOKH B BBICOKHX IIHUPOTAX),
KOTOpPBIE 3BOJIIOIIMOHUPYIOT BO BpeMeHH. [Ipu aTom popmupoBanue, nHTeHCH(UKALKS U TATbHEHIIN pacnal 3TUX
TOKOBBIX CHCTEM ITPOUCXOIUT HE OJJHOMOMEHTHO, a Ha PAa3JIMYHBIX BPEMEHHBIX MacIITabax.

3HaHUE KOPPEIAIHOHHBIX COOTHOIICHHH MEXIy BapHalMAMHU >KECTKOCTeH oOpesanus u mapamerpamu CB u
T€OMarHUTHOW aKTUBHOCTH BO BPEMS CHJIBHBIX MAarHUTHBIX BO3MYIICHMI BaXKHO JUIS y4eTa MOCIIEACTBUI «ILI0XO0»
KOCMHYECKOH MOTOpbI, Ui KOCMOHABTUKH W I OYpHO Pa3BHBAIOIIMXCS B MOCJIEAHUE 15 JIeT BRICOKOIIMPOTHBIX
aBHAIICPEBO30OK.
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CPABHUTEJIbHBIN AHAJIM3 2D 1 3D MOJAXO0/10B K YPABHEHUIO
MOAYJALINU I'KJ: TEOPUA U ITPAKTHUKA

M.C. Kanunun, M.b. Kpaiines, A.K. Ceupxesckas, H.C. CBupxxeBckuit
Quzuueckuii uncmumym um. I1.H. Jlebedesa PAH, 2. Mockea, Poccus, e-mail: kalininms@Iebedev.ru

ADCTpaKT
B pabore momyueno 2D ypaBHeHmWe myTéM pemymmpoBaHHOTO 1O agonrote 3D ypaBHEHHS MOZYISALIUH I
TaTaKTHYECKHX KOCMHYECKHX JIyded, KOTOpoe, BCIICICTBUE HAJIWYUs Iped(oBOro MexaHH3Ma, HE CBOIHUTCS K
OOBIYHOMY OCECHMMETPHYHOMY ypaBHEHHIO. B pesynbraTe cHOpMyIMpOBAaHO OCECHMMETPHYHOE ypaBHEHHE CO
CpemHell 1O JOJNroTe CKOPOCTBhIO Jpelda, MONOJHEHHOE ClaraeMblM, HMEIIUM (GopMy HCTOYHHKA H
MIPOIIOPIMOHATBHEIM JpeiihoBoMy KOIDHUITHCHTY.

Ha npumepe umcienHoro perierus 3D ypaBHEHUsI MOAYISUUH JUIS TaJaKTHYECKUX MPOTOHOB JeNaeTcsl OLCHKa
ToyHOCTH McTo4YHMKa 2D ypaBHenus. [IpoBoanTcs oOCykIeHHE pe3ysIbTaTOB M MEPCIEKTHBEI 0ojiee aJleKBaTHOTO
yuéta B 2D ypaBHeHuH BKiIaa npeiioB BIOIb resinocepHoro TokoBoro cios B 3D ypaBHeHuU.

Beenenue

Bomnpoc cpaBrmTenmsHOro aHamm3za 2D w 3D  pemenuit ypaBHeHmss woxpymsmum (TPE) mna  caywas
JIOJTONIEPHOANYECKIX BapHallii, KOT/la PEeIIeHHE PacCMaTpUBAETCsl HA BPEMEHaxX, OONBIINX MEPHO/a COJHEYHOTO
BpallleHHUsd, KOTJa MOXKHO MHCIOJb30BaTh CpPEJHHME IO JOJrore 3a 000pOoT MOIYJSAIMOHHBIE IapaMeTphl,
MIPECTaBIsIET HHTEPEC MO ABYM IPUUHUHAM:

1) BciencTBue BO3MOXKHOCTH paszaeneHus ciioxHoit 3D 3amaum Ha Gosee MpOCTyIO C TOYKH 3PEHUSI PELICHHS U
aHanu3a 2D ypaBHeHHS M ypaBHEHHs IEpBOrO INOpAAKa Uil TPEXMEpHOH M00aBKH, PELICHHE KOTOPOIO TaKXke
IpOIIE;

2) BTOpas NMpUYMHA 3aKIII0YAETCs B CPABHUTENBHOM CIIOKHOCTH 4HCiIeHHOro perieHus 3D 3amauu, TpeOyrorero
Gonpioro oObEMa MaMATH W pacyéTHOTo BpeMeHH (pacuérHoe Bpemsa 3D 3amaum kak MUHMMYM Ha TOPSIOK
IpeBOCXoIUT BpeMs penteHus 2D 3amaun). K sTomy ciiexyer 100aBUTh MallOCTh aMIUIUTYABI IOJATOTHBIX Bapuanuii
npu ko3¢ Punuenrax TPE He 3aBHCAIINX OT TOMTOTHI.

Bcé BrlmeoTMeUeHHOE B CHIIBHON CTENEHW HHUBENMpYyeT mpenmymniectsa 3D moaxonoB, Korja Bce MEXaHH3MBI
Moy, BkimouéHHble B TPE paboTatoT «B MoIHYIO CHITY».

Hecmortps Ha To, uTo K03pdumeHTsl TPE B 3D MonenpHBIX 3aa9ax ONMHUCAHUS JOJTONEPUOTUICCKAX BapHaIHA
HE 3aBUCAT OT JIOJTOTHI, BCIEACTBHE HAIMYUS MPOCTpaHCTBEHHOro renmuocheproro toxoBoro cios (I'TC) ero
permieHne OyAeT 3aBUCETh OT BCEX MPOCTPAHCTBEHHBIX MIEPEMEHHBIX.

B oroit pabore mnpuBomsTcs pesynsTarel penykuuu 3D TPE B 2D ypaBHeHHMe B YacTHOM cCilydae
0CECHMMETPHYHBIX KOA(PHHUINEHTOB. Pe3ynapTaTel peIyKIuy IPOBEPSIOTCS Ha IpuMepe pelieHus MozaensHoro 3D
ypaBHenus. Tema peaykuuu 3D TPE B 2D Gbuta BriepBbie 3aTpoHyTa B padore [1].

1. YpaBHeHue MOaYIILMHA
3D ypasuenue moayisiun I'KJI B cOBpeMEHHOM MpeACTaBICHUH HMeeT BUA [2]:

ON/ot -V -(K®-.VN)+(V+V,)-VN —(V-V/3)(@N/dInp) =0, (1)
rie N(r,p,t) sBustercst anddepeHnHanpsHON IUIOTHOCTHIO YHMCIA YACTHIl C BEIMYHHOM HMIyiIsca P, a
unTencusHocTs vactuny J(r,T,t) = N(r, p,t)p®, T — kuHeTHueckas sHeprus yacTuil. Bee Apyrue mepemMeHHbIE MbI
onpenenuM kpatko. K cummerpuunbii temsop muddysunm B nokansHoil cucteme koopmumar (JICK) ¢ ockro
N, =%B/B, rne B — Bexrop Hanpsmxéunoctn I'MII, npeacraBisieTcsi IBYMsl HE3aBUCHMBIMU KO3 (PHIIMEHTaMI
Ky=K;, Ky=Kgiz=K,, ckopocts comneunoro Berpa (CB) V=V(r,0,t)e., ckopocts npeiida
V, =[V,3(S)K;n,], rne 3(S) — 3naxoBas (pyHKIHMsA, IPUHUMAIONIAs 3HAUEHHE | IIPH MONOKUTELHOM apryMeHTe
u —1 npu orpunarensaom, K; =sign(gA)-(pv/30B) — npeiidossiii kodddumment, A==+l — 3mak TMII B
ceBepHOM Housymapuu renuocdeps;,  — e€ 3apsa. ApryMeHT 3HAKOBOM (DYHKIMU MOXHO B3STh ypaBHEHUE
nosepxHocti S(r,t) =0 I'TC, kotopas B renuocdepe onpeaenseT HOBEpXHOCTh, Ha kKoTtopoid ['MII menser 3Hak. B

npocTeiiiell MoAesH, MOIyYUBILIEH Ha3BaHHE «MOJIeNb HaKkJIOHHOTo TokoBoro cios» (HTC) dopma 'MII 3amaéres
ypaBHEHHEM
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Cpasnumenvhwii anamuz 2D u 3D nooxodos k ypasnenuio moodynsyuu I'KJ1: meopus u npaxmuka

r—g)

cosa cosé —sinasinfsing =0, p=p—@, —o(t - v

@ — YIJI0Basi CKOPOCTh COJHEYHOI'O BpallleHusl, I, — paJuyc IOBEPXHOCTU UCTOYHMKA reTMoc()epHOrO0 MarHUTHOTO
noist ( I, =2.5-3 conneunbIx paauyca).

B HEKOTOpHIX cIy4asx HCHOIB3yeTcs Oojee makoHMYHas (Gopma 3ammcu ypaBHeHHs (1), ocoOeHHO ymoOHas mpu
AHAJIM3€ OTHOCUTENBHBIX BKJIAI0B pa3HbIX MexaHU3MoB Moyisiuu ['KJT:

ON/ot-V-(K-VN)+V-VN—(V-V/3)(0N/0In p)=0, K=K O+ K@ (1.1)
rae K ® — antucummerpuunbIi TeH30p ¢ HeHy eBbIMH KoMmoHeHTaMH Ko, = —Kg, = K, .

OkBuBasieHTHOCTH (opMm (1) u (1.1) ciexyer U3 U3BECTHBIX BEKTOPHBIX TOXKIECTB
~V(K®VN) = V(K [n,,VN]) = ([V, K; n,],VN) = (V,,VN).

2. PenyuupoBanHoe ypaBHeHUE MOIYJIS LI
[pencraBuB TpEXMEPHOE PEIIEHNE B BHIE

N(r,0,¢,t) =U(r,0,t) +u(r,0,p,t),VN=VU +Vu
1 ycpenHHUB ypaBHEHHE (1) 10 MOIHOMY NEpHOIy IEPEMEHHON ¢ TPUXOAUM K PaBEHCTBY

oU 1ot —V-(K® .vU)+(V+V?).vU —(V-V/3)(8U /8In p)+Q(r,6, p,t) =0, )
+277
rae Vja) :i¢ JIV.3(S(r,t))K;n,Jdp'=[V,F K;n,] — mnomHas cpemusis CKOpOCTh JApeiida, BKIOYAOMmIas
T e

+27
CPEIHIO0 CKOpoCcTh  Jpeiipa B I'TC [3,4] F=(/ 27r)w [3(S(r.t))de= 2 arctan(ctgactgd),
p T

1, S(r)>0
3(Sr))=10, S(N=0, Q(r.6,p.H) =V [K:n,£1, £ =" Vude/z, £, = Vudp/x.
~1, S(r) <0 " ”
K ypaBHenuto (2) cnemyer 100aBUTh paBEHCTBO
{(K,VN)* —(K,VN)"},nz)q)k =0, k=12, (2.1)

K=K +K , — monssiii Tensop nupdysun, N, — HopMasns k nosepxuoctu ' TC B Touke ¢, . PaBenctBo (2.1)
BO3HMKaeT M3-3a paspeiBHOCTH Ha ['TC mmudpdysnoHHO — npeiioBBIX NMOTOKOB IMOJ 3HAKOM IMBEPICHIMH B
ypaBueHnn 1.1. HambGonee pacmnpoctpanénnas ¢opmynupoBka paBeHcTBa (2.1): pasHOocTh HOpManbHBIX K ['TC
I y3MOHHBIX IOTOKOB B JII000i TOuke ¢, paBHa ApelidoBomy notoxy Broas I'TC.

(Ks -[(Vu)* = (Vu)1)-n, ==2K (VU + (V)" +(Vu) ). (2.2)
Bripaxkenue (2.1) ucnonb3yercs st onpeseneHds HensBecTHOW (yHkuuu f* B BhIpaKEHMU Ui MCTOYHHUKA B
ypaBHeHHH (2). CrioxxuB BeIpaxeHus (2.2) ans touek nepecedeHust [ TC 1 u 2 1 mpOMHTETpHPOBAB MO CEKTOpPaM ¢

JIeJICHUEM Ha MHTEPBAJl MHTErPUPOBAHUS, IPUXOIUM K ypaBHeHuo st !

'+ F[n < ]=1-F?)n[n,xVU], 7, = K; K5, i =1-3. (2.3)
PeHIeHI/Ie 3TOTO ypaBHeHI/Iﬂ, HOHy‘IeHHOC METOAOM I/ITepaHI/Iﬁ pa(e} BTOpOI‘O nopﬂmca TO‘IHOCTI/I, I[aéTCSI BI)Ipa)KeHI/IeM
' =(1-F?)p, {1-nF[n,}[n, VU], f =—f". (2.4)

B 3axmoueHnn 3TOrO pasjena OTMETHM, YTO KaK MCXOJHOE paBeHCTBO (2.1), Tak u ypaBHeHHe (2.3) MOTYT OBITh

3alMCaHbl B DKBHBAJIEHTHOW (hOpME, €CIIM BOCIIOJIB30BATHCS IMpEJACTaBieHueM BekTopa f*, ciemyromem u3 ero

oTpeJIeNIeHuUs
Q+2m

+ 1
fr= V¢+[(Uln2)¢l + (u2n2)¢2]|VS| , §=¢(r,0,p,t) :; JUd¢7 )
2]
rae U, u U, 3HadeHus Bapuanuu U Ha I'TC:
f*.VF = 1= F2)p{[n, VU]-VF +n, [V, ']}, (2.5)

VpaBHeHueM (2.5) MbI BOCIIONb3yeMcs B CIIEAYIOIIEM pa3zielie npy oueHke nucrounuka Q(r,, p,t).

3. OneHka HCTOYHUKA Ha npuMepe pemenus 3D ypaBHenus

3uanue pemenus s Bekropa f* mossossier BbpasuTh MCTOYHMK Q B ypaBHeHuH (2) 4epe3 yCPENHEHHYIO
¢dynkuio pacnpenenennss U u 3aMkHYTh ypaBHeHue (2). PacnucaB BbeIpakeHHE IS WCTOYHHKA B BUJIE
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M.C. Kanunun u op.

Q=V-(K;nxf") =V -f* —K.n,-[V,f] u, sepasus K. n, -[V,f*] u3 cootHomenus (2.5), 3anuuieM pesyabrar
B Buge: V" -f* +{KOFf* —(1-F?)K,[n,,VU]}- VF . Jlns Hammx nesieif 10CTaTOYHO MEPBOrO MPUOTMAKEHUS s
f". Torma

Q=(-F*) Vg’ ~VF (K" ~K)}Hny, VU, (3.0)
Ecnm ncxomuts n3 onpeneneHust HICTOYHUKA B porenype ycpenaenust TPE, to Q'= <[Vd ~V@VN - VU]>:/)’ rie

KBaJpaTHBIE CKOOKH OOO3HAYAIOT YyCpeIHEHHE 10 xoiroTe. J[pyroi, moaxomsmed Uil NMPOBEPKH BEIHMYUHOM,
sersieTcs [1'= <VdVN>¢, KOTOpas MOKET cpaBHUBaThCs ¢ BeuunHoit 11=Q+V®.VU , e U = <N>¢. B pabore

[5] Ha ocHoBe 3D Momenu, mpeacTaBieHHON B crathe [6] ¢ MommdunMpoBaHHBIM coriacHO [7] remmochepHBIM
MarHuTHBIM TosieM. O0e 3TH BENMYHMHBEI CPABHUBAIUCH ¢ UX TEOPETHYECKMMM 3HAYEHMAMH Ha BCEH pacuéTHOIM
cetke. ITockonbky IT' m Il mOpencTaBiusiOT CyMMY CPEIHHMX CKAIAPHBIX MPOM3BEACHUN I W 6 KOMIIOHEHT,
KOTOPBIE CUMTAINCH OTIENBHO, TO MX 3HAYEHHUS I IEPBOM KOOPAMHATHI TOJILKO KAUECTBEHHO COIIACYIOTCS APYT €
IPYTOM, ISt € — KOMIIOHEHTHI HET HE TOJBKO KOJMIECTBEHHOTO, HO W KAYECTBEHHOTO COTJIACHSI.

[IIpumeuanue. Bexmop "¢ pabome [5] omauuancs om codepoicawezocs 8 svipadcenuu (4) u 3adasancs 6 gude
f* =v1-F?arcsinF - VU]. Omo evipasicenue 6vino nonyueno uz pewenus ypasuenus (2.5) npu 0OnOTHUMENbHOM

yenosuu K- =0, 20e K — noanwiii mensop ougpgysuu.]

CpaBHenue BbipaxkeHus it Q, 3amaBaemoro B (3.1), ¢ Q', momydyeHHbiM M3 peuienust 3D 3amaum moka He
MIPOBOAMIIOCE BeieAcTBue HecooTBeTcTBUS BenmmuuHbl K; B (3.1) m coorBercTByromiero koddduimenta B 3D
MOJIeNH (CM. CICTYFOITUI pa3ae).

4. O0cy:k1eHue U 3aK/JII0YeHne

Pacxoxxnenne BkianoB B apeiidsl B 2D monmenn W ycpenHEHHOM mo nosrote BkiagoM 3D Monenn MOKHO
00BSCHUTH (BO3MOKHO YaCTHYHO) TEM, UTO IIPU ycpenHeHuH ypaBHeHHMs (1) 3HakoBas ¢yHKIMA I BbIOMpayiach B
BUJIE «CTYNECHBKU», OHAa CKauKOM M3MeHs1ach OoT 1 10 -1 u Haobopot (cM. B pasa. 2). IIpu pacuérax B 3D mMoxmenu
BCJIECTBHE KOHEUHOCTH JIApMOPOBCKOTo paguyca R, mpeiid gactur Brons I'TC HaunHaeTcs Ha paccTosHuu 2 R

Mo 00€ CTOPOHBI OT HEro, U CKOPOCTh JApeiida Bo3pacraet mpu mpubnmxkennd K ['TC (Ha koTopoM I paBHO HYJIIO).
Orto npuaaét renuocGepHOMy TOKOBOMY CJIOK0 KOHEYHYIO TOJIIMHY, 3aBUCSIIYI0 OT XECTKOCTH YacTuil. [loatomy
3HaKoBas (yHKUUs, crodmas mepen aperdoBeiM kodddunuenrom K; u 3amaromas ckopocts apeiida B I'TC,

V) =[V3,K.n,], Beibupaetcs B Bume mnasHoil ¢bymkmuum ~tanh(x,/2R.), tae X, — HopmambHas k I'TC
KOOpAMHATA. 3HAUUT, B IoJIoce MUPUHOH 4 R, 3HakoBas ¢yHkimsa I Oyner 3aBUCETH OT JONTOTHL, U B JIEBOH 4acTH
paBeHcTBa (2.1) mpu ycpennenuu mo poirote nepen K, Oyner croste MHOXuUTeNb ~ tanh(X, / 2R, ), uto cepbé3Ho

yCIokHAeT Tpouenypy ycpennenus (3.1). Muterpuposanume mno mo6oMy cektopy JjgacT kpome f° cymmy
HHTETPAJIOB:

(/)Ik N Pk+1 N

[Ttanh(x,(¢)/2R)-1](Viu)"d o+ [[tanh(x()/2R ) -1](Vu)"d ¢,

3 P17k

rae ¢\ u ¢\, , K=1,2 — 3nadenns mpoirot, npu kotopsix tanh(x,(¢)/2R,) npunumaer 3nauenue 1. Kaxnsiii u3

9TUX UHTErpajioB HeoOXoauMmo npencrasuth B Buge [C(r,0, p)—((p'k -0, )If, . B 3D Mozensx WHTerpajsl Takoro

poJia OLIEHUBAIOTCS YHCICHHO B IPOLECCE PEIICHHs, a Ui HAaIlUX LeJed OHM JOJDKHBI OBITh M3BECTHBI HA dTare
ycpenaenus TPE u B qaHHOH paboTe MOTHOCTHIO HTHOPHPOBAJHCH.

OTMmeTuM Takke, 4To Oojee oOmmid cirydail JONTOTHOH 3aBUCHMOCTH KoddduuueHToB TPE, opueHTHpOBaHHEIH
Ha omnucaHue 27-ITHEBHBIX BapHallMi KOCMHYECKHX JIy4eH, Takxke IMoJIaéTcsi pEHICHHI0O B paMKax KpaTkKo
ONMCAaHHOTO BhIIE (opMann3Ma. B aTom ciyuae ycpennenne ypaBHeHus (1) He MOXKeT OBITH NPOBEJEHO TOYHO,
OJIHaKO PaBeHCTBO (2.2) W COOTBETCTBYIOIIEE €My Tocie ycpeaHeHus: ypaBHenue (2.5) octarotcst B cuiie. OHAKO

napametp 7, = K; K Temeps nomkeH GbIT 3aMEHEH Ha CPEJTHHE M0 CEKTOPAM 3HAYEHHSL.
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THE FEATURES OF PRECIPITATING ELECTRON SPECTRA
IN THE RAYED AURORAS

Zh.V. Dashkevich, V.E. lvanov, B.V. Kozelov
Polar Geophysical Institute, Apatity, Russia

Abstract. The features of auroral electron fluxes, which form rayed structures in auroras, are investigated. The
experimental study was the results of triangulation measurements with equipment recording radiation in a wide
wavelength range (380-580 nm). It is shown that the spectra of the precipitating electron flux can be approximated
by the sum of two electron fluxes having a power-law energy spectrum and a Maxwellian energy distribution.

Introduction

One of the approaches to studying the mechanisms leading to the formation of structured forms of auroras is to
study the energy spectra of precipitating electrons. And, while the nature of the energy spectra of auroral electrons,
which cause auroras in the form of arcs and stripes, is well known, the spectral characteristics of the electron fluxes
that form particular rayed structures have not been practically studied.

Fast spatial dynamics and fluctuations of auroral rayed structures make them difficult to access for direct research
on spacecraft. An alternative approach to the study of rayed structures can be ground-based recording of auroras
with simultaneous observation from separated points. Such observations make it possible to obtain height profiles of
dissipation energy in auroral structures, the nature of which is determined by the form of the energy spectrum of the
precipitating electron flux.

Experimental data
Two identical cameras Guppy-1 and Guppy-2 of the MAIN system recorded auroras in Apatity during the 2011-
2020 seasons. [Kozelov et al., 2012]. Distance between cameras 4.12 km, angular resolution 0.038 degrees per pixel.
The chambers are equipped with the same glass filters to suppress the red part of the optical spectrum. As a result,
the spectral bandwidth of the cameras is limited to the range of 380 - 580 nm.

Eight pairs of images of auroral rayed structures forms were selected for processing. These images are presented in
Figure 1. The positions of the magnetic zenith in the images are marked with crosses and connected by dotted lines
with the corresponding epipolar line. Solid lines mark the images of the auroral ray.

Auroral intensity

The processing of selected pairs of images using epipolar geometry is described in detail in [Kozelov et al., 2021].
At the first stage, the altitude distribution of the integral intensity along the line of sight of the camera was restored.
The obtained altitude profiles were recalculated into the altitude distribution of the volume emission rate using the

formula:
A'gfffcsin(f fx2 +_"L"2)
. \
1, =1 Kerrle - - €)
YTIT T 2d 2d
sinv

where: | - surface intensity cm=2 s?; I. - recorded intensity, count s; ke - effective calibration coefficient, cm
count?; L - the effective length of the path of the line of sight; d - half-width of the cross-section of the auroral ray,
cm; v - the angle between the line of sight and the direction to the magnetic zenith; x, y - position of the pixel on the
image relative to the projection of the magnetic zenith; f= 0.038 degrees - angular resolution of cameras.

In formula (1) the effective calibration coefficient ke determines the relationship between units of the CCD
matrix and the value of the surface intensity: | = Kest ..

When calculating kesr, the spectral components included in the recording range of the device are taken into account.
In the general case, it can depend on the parameters of the precipitating electron flux. In [Kozellov et al., 2021], the
behavior of ket Was investigated for a wide range of parameters of the precipitating electron flux. It was shown that
for Guppy chambers ket can be considered a constant equal to 9 x 108 cm™ count L.

The obtained height profiles of the volume emission rates for selected eight cases of auroral rayed structures are
shown in Fig. 2. The solid and dashed lines correspond to the profiles reconstructed from the data of the Guppy1 and
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Guppy2 cameras. As can be seen, the profiles reconstructed from the data of both cameras coincide both in shape
and in absolute values with the error not exceeding 10%.

12.1X.2014 21:05:02 UT 12.1X.2014 21:05:05UT

Guppy-1

Guppy-2

14.X.2014 16:51:22 UT 17.111.2015 20:41:10 UT
Guppy-1

17.111.2015 20:46:59 UT 17.111.2015 20:47:57 UT

Guppy-2 Guppy-1 Guppy-2 Guppy-1
‘ i =

11.111.2016 20:19:44 UT

Guppy-2 = Guppy-1

Figure 1. The images recorded by the MAIN cameras for eight cases of rayed forms of auroras.
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Figure 2. The obtained height profiles of the volume emission rate for eight selected cases of rayed structures.

Estimation of the energy spectra parameters

The energy spectra of flux electric f(E) can be found from the equations for the altitude distribution of the energy
released in the atmosphere [Ivanov, Kozelov, 2001]:

W(h):p(h)ljzm%x(h,E)f(E)dE’ )

where: W(h) - the deposition energy released at the height h , erg-cm™3s'1; p(h) - the density of the atmosphere at a
height of h, g-cm™; E - the energy of an electron, eV; R(E) - integral path length, g-cm™; A(h,E) - dimensionless
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energy dissipation function describing the fraction of the electron energy released at the height h; f(E) is the energy
spectrum of precipitating electrons, cm2 eV-1s™.
The relationship between the volume emission rate and the deposition energy released at the height h

W(h)=k(h)-|v(h) 3
where: W(h) is the energy released at height h, I,(h) is the volume emission rate,
k(h) is the coupling coefficient. h, km
Calculations of k(h) carried out in [Dashkevich et al., 2021] showed that k(h) hasa | ]

very weak dependence on both parameters of energy spectrum of precipitating 280
electrons and the concentration of nitric oxide. Figure 3 shows the height 260
dependence of the coefficient k(h). It also shows the standard deviations of this
parameter at several heights. It can be seen that the error for the coefficient k(h) less
that 10%.Thus, the use of this coefficient opens up the possibility of using the ]
observations of auroras by cameras with a wide spectral interval to reconstruct the 200
altitude profiles of energy release. 180 4

Using formula (3) the height profiles of volume emission rates Iy,(h) were
transformed into the height profiles of the depaosition energy release W(h). In Figure

240

220 4

160

4 these profiles are shown in the right panel with a thick line. By solving equation 1407

(2) with the energy spectra of precipitating electron fluxes were reconstructed. The 120

obtained energy spectra f(E) are shown in Figure 4 on the left panel with a thick 100

line. Two characteristic features can be noted in the behavior of the energy spectrum dr——r——————
f(E). In the energy range £ =500 +1000 eV, a local maximum is observed, while in 12 *ka 2 2428
the energy range E<200 eV the value of the differential electron flux demonstrates a 107 ers

sharp increase with decreasing energy, close to the power-law dependence E. Fig. 3. Height profile k£ (h)

This behavior of the f(E) curve allows one to approximate the reconstructed
energy spectra by the sum of the following functions:

F(E) = Ny E™ + N2Eoexp(-E /Eo)/Ec?, ®

where: Eq is the characteristic energy.

Figure 4 shows an illustration of the results of approximation of the reconstructed energy spectra by the functional
(4) with a thin line. Direct calculations of the deposition energy W(h) using the approximation formula show thin
line. These calculated deposition energies demonstrate good agreement with the deposition energies reconstructed
from the experimental data (thick line).

Figure 5 shows the partial contributions to the deposition energy W(h) of electron fluxes with a power-law energy
spectrum and Maxwellian energy distribution for selected cases of rayed. It can be seen that at altitudes above 250
km the electron fluxes with a power-law energy distribution forms a significant vertical extent of the deposition
energy, and, therefore, the vertical extent of rayed structure intensity. This is a fundamental difference from the
altitude distribution of deposition energy in quiet arcs and bands of auroras.

Conclusion
Based on the data of triangulation observations, the features of the energy spectra of precipitating electrons f(E),
which form rayed structures in auroras, have been reconstructed and studied. Eight events are considered in the
work. It is shown that the behavior of f(E) exhibits two characteristic features. In the energy range £ =500 +1000
eV, local maximum is observed, while in the energy range E<200 eV, a the value of the differential electron flux
demonstrates a sharp increase with decreasing energy close to the power-law dependence E.

It is shown that the obtained distributions f(E) are well approximated by the sum of two functions having a power-
law character and a Maxwellian energy distribution.
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Figure 4. Left panel - reconstructed energy spectra f(E) (thick line), approximation of reconstructed energy
spectra by the formula (4) (thin line). Right panel - reconstructed height profiles of the deposition energy
W(h) (thick line); calculated altitude profiles W(h) for fluxes described by an approximation formula (4) (thin

line).
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electron fluxes with a Maxwellian energy distribution (shot dashed line) and a power-law distribution (long
dashed line).
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THE SIMULATION OF VIBRATIONAL POPULATIONS OF
ELECTRONICALLY EXCITED Nz IN TITAN’S UPPER ATMOSPHERE
DURING PRECIPITATIONS OF HIGH-ENERGETIC PARTICLES

A.S. Kirillov!, R. Werner?, V. Guineva?

!Polar Geophysical Institute, Apatity, Murmansk region, Russia
2Space Research and Technology Institute of Bulgarian Academy of Sciences, Stara Zagora, Bulgaria

Abstract. We study the electronic kinetics of singlet molecular nitrogen in Titan’s upper atmosphere during
precipitations of high-energetic particles. Both radiative processes and processes of electron excitation energy
transfer during inelastic collisions with N, and CH4 molecules were considered in the calculation of vibrational
populations of electronically excited singlet states a'*Z,~, a'llg, w*A, of molecular nitrogen in the upper atmosphere
of Titan. It is shown that the calculated volume emission intensities of the Lyman-Birge-Hopfield bands correlate
with the profiles of the ion production rate in the atmosphere of Titan during the considered cases of electron
precipitation for considered interval of the energies 30-1000 eV of magnetospheric electrons. This fact is explained
by the negligible contribution of collisional processes to the vibrational populations a'ITg(v'=0-6) in the considered
range of heights above 900 km.

Introduction

Molecular nitrogen N is the major molecular gas in the atmospheres of Titan, Triton and Pluto. The interaction of
high-energetic solar UV photons, magnetospheric particles and cosmic rays with atmospheric molecules causes the
production of fluxes of free electrons in their atmospheres during processes of ionisation [Campbell and Brunger,
2016]. Produced free electrons excite different singlet states of N in the inelastic collisions:

e + No(X1Zg*v=0) — No(aZ,, alllg, WAy v>0) +e. 1)
Spontaneous radiative transitions from the excited state a'Ilg to the ground state X'Z4* in the nitrogen molecule
N2(alTlg,v") — Nao(X!Zg* V") + hvign 2)

cause the emission of the Lyman-Birge-Hopfield (LBH) bands, which are located in the far ultraviolet region (120-
200 nm) of the emission spectrum of Titan’s atmosphere. Experimental measurements of the emission spectra of the
upper atmosphere of Titan [Ajello et al., 2008; Stevens et al., 2011; Ajello et al., 2012; Weat et al., 2012] have
shown the presence of Lyman-Birge-Hopfield bands in the far ultraviolet region.

The main aim of this work is to study the main processes related with the kinetics of singlet electronically excited
states a'%,, a'Tly, WA, of molecular nitrogen in the upper atmosphere of Titan, as well as to calculate the volume
and column intensities of the Lyman-Birge-Hopfield bands 146.4, 138.4, 135.4, 132.5 nm of molecular nitrogen
during the precipitation of electrons with energies of 30-1000 eV from the magnetosphere of Saturn into the
atmosphere of Titan.

The electronic kinetics of singlet electronically excited N; in Titan’s atmosphere
In addition to spontaneous transitions (2) with emission of LBH bands it is also necessary to take into account the
emission of infrared bands of two McFarlane (McF) systems [Gilmore et al., 1992]

Na(WHAL, V') <> No(alTlg V") + hvwee , (3a)
N2(a™Zy V') <> Na(alllg,v") + hvmer (3b)

as well as spontaneous transitions (with the emissions of the Ogawa-Tanaka-Wilkinson-Mulliken (OTWM) bands)
[Casassa and Golde, 1979]
Nz(all'[g,v') — Nz(XlZg+,V") + hvotwwm . (4)

When we calculate the vibrational populations of electronically excited singlet states of molecular nitrogen in the
atmosphere of Titan at altitudes where the radiative and collisional lifetimes of the states are comparable, it is
necessary to take into account both intramolecular and intermolecular processes of the transfer of electronic
excitation energy in inelastic molecular collisions with N> molecules:
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N2(@Zy, WALV + N2 — Na(alTlgv") + No, (52)
N2(alllg,V') + N2 — Na(aZy, wiAyv™) + N2, (5b)
Na(Y,V) + Na(X1Zg* v=0) — Na(X1Z4*v*>0) + Na(Z,v") , (6)

where Y and Z mean any singlet state from the a%,", alllg, w!A, states. The results of the calculation of the
quenching constants for different vibrational levels of the singlet states in inelastic interactions with N, molecules
(5a, 5b, 6) was presented in [Kirillov, 2011a; Kirillov, 2011b] where Landau-Zener and Rosen-Zener quantum
chemical approximations were applied.

In addition to the collisions with nitrogen molecules (5a, 5b, 6), it is necessary to take into account the inelastic
interaction with CH4 methane molecules, since the relative concentrations of methane at altitudes in the upper and
middle atmosphere of Titan is about 1.5% [Vuitton et al., 2019]. Therefore, when we consider the electronic kinetics
of the singlet states, it is necessary to take into account the quenching in collisions with CH4 molecules

No(a'*Zy, alllg, WA,;v') + CHy — products . )

Moreover, as shown by measurements in [Umemoto et al., 2002], the dominant channel of inelastic interaction (7) is
the process of dissociation of the CH4 molecule with the formation of H atoms. In this case, the rates of interaction
of singlet molecular nitrogen with methane molecules are close to gas kinetic values. In the calculations, we assume
for an even (“gerade”) state the constant kz(alllg)=5.2-10"° cm3s, measured in [Marinelli et al., 1989] for
N(a'Tlg,v'=0), for odd (“ungerade”) states aX, and WA, constants kz(aZ,)=kz(W'A,)=2.4-10"2° cm3s7, similarly
measured in [Umemoto et al., 2002] for N»(aX,,v'=0) and consistent with the results of measurements in [Piper,
1987] 3.0-107%° cm3sL. Interaction with other small components as H, and CO can be neglected, since their
concentrations are much lower than the concentrations of methane CHa4. Moreover, the rates of the interaction of the
minor components are less than gas-kinetic values.

The calculation of the emission intensities of the Lyman-Birge-Hopfield bands
To calculate the emission intensities of the Lyman-Birge-Hopfield bands in the Titan’s atmosphere, we apply the
solution of the system of equations:

QU al + 3 ANN + YK W NAIN, 1+ Y K NEIN, T+ Y K N AN, ]
v" v zN" V" , (8a)
= {Z T A+ S KNG T KV N, T+ ST N, ]+ 2.8~10‘1°[CH4]} N
v" v" zN" v
QX + S AN + K VNN, 1+ KW NLIN, T+ S K NN, ] =
Y,V Y, Y, v" v
' ' ‘ (8b)

- {Z ¥ Zk*i‘l--[Nz]+Zk**3$--[N2]+Zk**3-3--[N2]+5.2-1o1°[CH4]} NZ
Y ,V" Y ,V" Y ,V'I v

where Y and Z mean the odd states a'Z,” and w!A,; QY, Q2 are the rates of the excitation of Y, a'lly states,
respectively; A is the Einstein coefficient for all mentioned spontaneous transitions; k™ and k™ mean the rate

constants of intramolecular (5a, 5b) and intermolecular (6) energy transfer processes, respectively; Ay is equal to
the emission probability for transitions with emission of the Ogawa-Tanaka-Wilkinson-Mulliken bands in the case

of the a''x, state [Casassa and Golde, 1979] and A" =0 for the wlA, state. In addition, for the lower vibrational
level v'= 0 of the a3, state, it is necessary to take into account the quenching in collisions with N, molecules with
the formation of the BRI, triplet state and the interaction rate constant equal to 2.0-107*3 cm3s* [Kirillov, 2011b;
Umemoto et al., 2002].

The data of the Titan’s ionosphere obtained from the Cassini spacecraft on October 26, 2004 and April 16, 2005
are analyzed in [Cravens et al., 2005; Agren et al., 2007]. The authors of [Cravens et al., 2005; Agren et al., 2007]
have presented the rates of ion production in the atmosphere of Titan during the precipitation of electrons from the
Saturn’s magnetosphere. We use the data from [Cravens et al., 2005; Agren et al., 2007] for electron energies of 30
eV - 1000 eV. To calculate the rates of the excitation of electronically excited states of molecular nitrogen during
the precipitation of high-energy electrons from the magnetosphere of Saturn, we will use the method of degradation
spectra of electrons in molecular nitrogen N, [Konovalov, 1993].

Figure 1 shows profiles of volume emission intensities of the Lyman-Birge-Hopfield bands at 146.4, 138.4, 135.4,
and 132.5 nm calculated according to (8b) for electrons with energies E=30 eV and flux F=7.9-10° el/cm?:s. The
emission of these four bands is associated with spontaneous radiative transitions (2) v'=1—-v"=1, v'=2—-Vv"=0,
v'=3—v"=0 and v'=4—v"=0, respectively. The results of similar calculations for E=200 eV, F=1.3-10° el/cm?'s and
E=1000 eV, F=2.4-10% el/cm?'s are shown in Figures 2 and 3, respectively.
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It is seen from the presented figures, the energy losses of electrons precipitating into the Titan’s atmosphere are
mainly at altitudes above 900 km, where concentrations of molecular nitrogen [N2]<10%* cm 3. Since the radiative
lifetimes of all vibrational levels v'=0-6 of the a'Il, state are of the order of 60 microseconds [Gilmore et al., 1992],
collisional processes can be neglected at the altitudes of the upper atmosphere of Titan in the calculations of the
concentrations a'Tly(v'=0-6). Similarly, for all the considered levels of the w'A, state, the radiative lifetimes are less
than 1 millisecond [Gilmore et al., 1992]. Therefore, collisional processes in the considered interval of heights can
also be neglected for the w'A, state. For the lower two vibrational levels v'=0,1 of the a''X, state, the radiative
lifetimes are of the order of 20 milliseconds [Casassa and Golde, 1979; Gilmore et al., 1992], but the quenching rate
constants have low values [Kirillov, 2011a, 2011b]. Therefore, the quenching processes become effective at altitudes
less than 800 km, this means for the precipitation of more energetic electrons or other charged particles. It is seen
from Figures 1-3, the profiles of volume emission intensities of all four Lyman-Birge-Hopfield bands practically
correlate with the profiles of the ion production rate in the atmosphere of Titan for all considered cases of electron
precipitation [Cravens et al., 2005; Agren et al., 2007].
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Figure 1. Profiles of volume emission intensities of the Lyman-Birge-Hopfield bands at 146.4, 138.4, 135.4,
132.5 nm calculated according to (8b) for electrons with energies E=30 eV and flux F=7.9-10° el/cm?-s.
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Figure 2. Profiles of volume emission intensities of the Lyman-Birge-Hopfield bands at 146.4, 138.4, 135.4,
132.5 nm calculated according to (8b) for electrons with energies E=200 eV and flux F=1.3-10° el/cm?-s.

Conclusions

Calculations of the volume and integral emission intensities of the Lyman-Birge-Hopfield bands at 146.4, 138.4,
135.4, and 132.5 nm of molecular nitrogen in the upper atmosphere of Titan during the precipitation of electrons
with an energy of 30-1000 eV from the magnetosphere of Saturn have been made. Both radiative processes and
processes of electron excitation energy transfer during inelastic collisions with N, and CH. molecules were
considered in the calculation of vibrational populations of electronically excited singlet states a'*x,", a'Tlg, WA, of
molecular nitrogen in the upper atmosphere of Titan. It is shown that the calculated volume emission intensities of
the Lyman-Birge-Hopfield bands correlate with the profiles of the ion production rate in the atmosphere of Titan
during the considered cases of electron precipitation [Cravens et al., 2005; Agren et al., 2007] for considered
interval of the energies 30-1000 eV of magnetospheric electrons. This fact is explained by the negligible
contribution of collisional processes to the vibrational populations alTlg(v'=0-6) in the considered range of heights
above 900 km.
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Figure 3. Profiles of volume emission intensities of the Lyman-Birge-Hopfield bands at 146.4, 138.4, 135.4,
132.5 nm calculated according to (8b) for electrons with energies E=1000 eV and flux F=2.4-10* el/cm?s.
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Abstract. Data of three all-sky cameras in Kiruna and Tjautjas (Sweden) were used for estimation of altitude of
pulsating arc-like forms and investigation of so-called internal modulation (2-3 Hz) during the ON-phase of a few
second pulsations. It is found that for two closely spaced arcs, internal modulation took place only in the lowest arc.
Based on this finding, an explanation is proposed due to the pulsations of anomalous resistance in the field-aligned
current associated with a pulsating structure appart to the traditional mechanism of particle scattering by VLF
waves.

1. Introduction

Pulsating aurora (PsA) is referred to as a kind of diffuse aurora that appears, in general, as irregular patches or more
regular arc/segment structures with quasi-periodic on-off switching of its intensity. One of the types of PsA is
characterized by a mixture of two distinct periodicities that coexist hierarchically. One periodicity is the “main
pulsations” which is the primary periodicity component ranging from a few to a few tens of seconds. The other is
the so-called “internal modulation” which is quicker luminosity scintillation (a few Hz) embedded in a single pulse
of the main pulsations (Fig.1,b). Royrvik and Davis (1977) showed that internal modulation appears in more than
50% of all PsA events.
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Figure 1. (a) Location of pulsating arc relatively Kiruna (KRN) and Tjautjas (TJA) observatories shown with
white squares. (b) keogram showing the temporal variation in auroral brightness sampled along south to
north cross section. Series of bright patches reveals the main pulsations, vertical strips inside the patches are
the signature of internal modulation.

Pulsating aurora has been studied for decades (see review by Lessard, 2012), but its generation and modulation
mechanisms are still open issues. The still-existing different approaches to the mechanism of pulsating aurora seem
to be conditioned by a lack of in-situ observations. Indeed, the rocket and satellite studies represent a case study.
Beside of this, it is noteworthy that in many studies there is no direct indication of exactly what auroral form is
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under consideration either the difference of pulsating forms is not emphasized. The morphology and nature of
different pulsating forms may be different. In this study we focus on the measurements of internal pulsations in the
arc-like structure as well as the estimation of the structure altitude with pair of closely-located cameras.

2. Instrumentation and some details of the methods used
The data of three all-sky-cameras were used in this study. The EMCCD all-sky camera in Tjautjas (TJA; 67.31°N,
20.73°E), Sweden, that was installed under the PsA research project and PWING project (e.g. Shiokawa et.al., 2017)
gives 100 images per second that allow us to detect both the main pulsations and the internal modulation in PsA.
Two identical sets of all-sky Watec Monochromatic Imagers (WMI) of National Institute of Polar Research, Japan,
installed in Kiruna (KRN; 67.88°N, 20.42°E) and Tjautjas (see Fig.1a) with the north-south base distance ~ 60 km
give the images with the time resolution 1s, and therefore pulsating aurora with a period of main pulsations can be
targeted to study (Ogawa et al., 2020).
The images taken with the WMI cameras were used

Tomo vs Modelling for the reconstruction of the volume distribution of
Lo the auroral emissions. Unfortunately, the 557.7 and
670.0 images were oversaturated during the event.
Following the results by Partamies et al. (2007), we
used the green channel images of the color WMI
camera for the tomography-like reconstruction of the
volume distribution of the auroral emission and
hereinafter we refer to this as the 557.7 nm emission
distribution. The reconstruction was done with a
tomography-like algorithm developed by Gustavsson
(1998). Looking ahead, we note that for event
considered there was no noticeable difference
SN N N N N U SN NN N N NN NS between luminosity altitude profiles inferred from
05 1 15 2 25 3 35 4 45 5 55 6 65 7 green channel data by the method of tomography by
Volume emission rates (sm” ') Gustavsson et al. (1998) and calculated using the
model of the auroral green line by lvanov et al.
(1993) (see Fig.2b).

When it was possible, we also performed the
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Figure 2. The reconstructed (solid line) and
calculated (dashed line) 557.7 emission rate
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105 ; — ‘ ‘ : - neighboring pulsating arcs during the ON
r phase of the pulsations. For the high-speed

camera images, the mean intensities of certain
3x3 pixel areas of the pulsating auroral
structures were calculated.

3. Results of observations
The main results of investigations are the
following:

(1) Main pulsations and internal modulation
represent the localized phenomenon attributed
to the arcs.

(2) Altitude of the arc during the ON phases
is less than that for OFF phases. By regarding
the examined arc as a homogeneous structure,
we have found out the following feature of its
behaviour (see Figure 3). The “arc altitude”,

Altitude, km

5 10 15 20 25 30 35 40 45 defined by us as the position of the maximum

Time after 01:16:00 UT, s of luminosity, was less within the switch-on

—— : : C— intervals than between them. The altitude

1 5 3 4 5 6 changes by 1.5 — 3 km that is larger than the

Volume emission rate, arb. units spatial resolution of the method of optical

tomography (~ 500 m). To the authors’

Figure 3. Altitude vs time diagram. White step-like knowledge, the earlier observations of PsA
line shows the time variation in the altitude of showed no indication of changes in height of
maximum luminosity. the lower border during the lifetime of a single

pulsation (e.g. Brown et al., 1976). Probably,
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this is due to the lower spatial resolution of the triangulation method, which is traditionally used in such
investigations. The decrease of arc altitude means that the energy of precipitating particles increases.

(3) Of two closely spaced arcs, internal modulation of luminosity took place only in the lowest arc. The merit of
optical tomography is an ability to distinguish the fine structure of auroral arc whereas on ordinary all-sky images it
may be masked by neighboring structures. The more careful analysis showed that the structure considered consists
actually of two thin arcs, at least, at the beginning of the interval. This allowed us to calculate the variation of
luminosity in each arc separately (Fig. 4,b). The comparison with tomographic reconstructions showed that internal
modulation appears in that arc of two which altitude is less during the ON phase. Earlier, Whiter et al. (2010)
showed that the energy of flickering electron precipitation was higher than the energy of the non-flickering auroral
electrons.
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Figure 4. Internal modulation takes place in that arc of two, the altitude of which decreases with the
luminosity increase. (a) Fine structure of pulsating arc; (b) luminosity variations in the arcs and background
for switch-on interval; (c) altitude distribution of arc luminosity before (left panel) and during (right panel)
the ON interval.

4. Interpretation of PsA features in the frame of traditional mechanism

The widely accepted a primary process for the PsSA is the pitch angle scattering of electrons at the magnetosphere
(e.g. Lessard, 2012). An other process without wave-particle interactions has been proposed by Sato et al. (2004)
who showed that the time variations of the field-aligned potential drop may cause the pulsating aurora. In what
follows, for brevity, we will refer to these approaches as scattering and accelerating approaches, respectively.

We have shown that the altitude of the emission is lower during the ON phases of PsA that means that the energy
of precipitating electrons is higher at these moments. In the frame of scattering approach, the result can be explained
by the model of Miyoshi et al. (2015). They demonstrated that PsA during the “on” phase is caused by scattering of
electrons due to the lower/upper band chorus. The upper (lower) band resonates with lower (higher) energy
electrons. Both the higher and lower energy electrons are detected during the “on” phase whereas only lower energy
electron precipitations are seen during the OFF phase. Such a precipitation causes the higher altitude emission.

The internal modulation may be explained in the frame of scattering approach, too. Hosokawa et al. (2020) have
demonstrated a direct association between the multiscale temporal variations in chorus wave power detected
onboard Arase satellite and aurora luminosity inferred from the ground optical measurements. Namely, they showed
correlation between chorus bursts and the main optical pulsations, as well as between discrete chorus elements
embedded in a burst and internal modulation embedded in an impulse of main pulsations. Hosokawa et al. (2020)
also noted that the energy of precipitating electrons ranges from a few to several tens keV.

Due to different time-of-flight from the magnetosphere to the ionosphere, significant spreading in time of the
electron flux appears. In such a case, the sub-second modulation in chorus tends to be smeared out and ground-based
optical instrument does not see the corresponding internal modulation in the PSA emission. If the resonance energy
is higher (in our case this means that the corresponding arc is close to the Earth’s surface), the dispersion effect
would be smaller and sub-second (internal) modulation is able to survive in the optical data.
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5. Periodic acceleration as a possible mechanism for internal modulation

By using the Swarm satellite, Gillies et al. (2015) identified upward field-aligned current (FAC) throughout the
interior of the PsA (pulsating patches). It is widely assumed that the aurora brightening is due to the increase of the
flux of precipitating particles that may mean the increase of FAC. In the course of its increase, the FAC can exceed
the threshold of electrostatic ion-cyclotron instability (EIC-instability) due to which the anomalous resistivity
appears and yields the field-aligned potential drop (e.g. Papadopoulos, 1977). The potential drop accelerates the
precipitating electrons along the magnetic field line due to which the altitude of the corresponding arc decrease
during the ON phase. The signatures of electron acceleration were found in FAST satellite data by Sato et al. (2004).

Safargaleev (1996) showed that the value of the EIC-instability threshold inside the area where the anomalous
resistivity is appearing decreases due to the change of some plasma parameters in the course of instability
development. After resistivity appearance, FAC should decrease following Ohm’s law. When FAC becomes less
than the new threshold, then the anomalous resistivity and potential drop turn off, FAC starts to increase again and
the on/off process becomes quasi-periodic. The absence of internal modulation in the upper arc (arc 2 in Figs. 5,6)
may simply mean that the arc-related field-aligned current for some reasons does not achieve the threshold value.

In many papers related to pulsating auroras, there is no direct indication of exactly what auroral form is under
consideration although the generation mechanisms for pulsating patches and pulsating arcs may be different. In
accordance with Sato et al. (2015) the applying the field-aligned electric field modulation model to elongated
pulsating arcs may be more reasonable than the pitch-angle scattering approach if one takes into account the analogy
to ordinary auroral arcs. Ordinary arcs are enhanced via field-aligned electric field accelerations, as is widely
accepted due to in-situ observations.
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Abstract. The paper presents the results of studies of the seasonal variability of statistical relationships between
Magnetoconjugated Points (MCP) of the ionosphere. The analysis is based on the calculation of the correlation
coefficients between the variations in the Total Electron Content (TEC) at points located on the same field line of
the dipole magnetic field on both sides of the geomagnetic equator. Global TEC maps were used as initial data. For
the four seasons of 2009 and 2015, the values of the Pearson’s correlation coefficient between the variations in the
Total Electron Content in the MCP were calculated. For two levels of solar activity, we examined the seasonal
features of statistical relationships between TEC variations at points located on the same field line of the dipole
magnetic field on both sides of the geomagnetic equator. Pearson's correlation coefficient was calculated for the
mean daily TEC variations. It was shown in the work that during the period of low solar activity, the correlation
between the TEC variations in the MCP regions is weak or absent, except for autumn. In 2015, a significant
correlation between magnetoconjugated regions is observed during all seasons, while in winter and summer they are
localized at low latitudes and in spring and autumn at high and middle latitudes.

Introduction

An important source of information on the state of the ionosphere is the Total Electron Content. The availability of
this integral characteristic of the ionosphere for researchers, a large number of receivers providing good spatial
coverage, the high temporal resolution of measurements, made TEC a kind of indicator of the state of the ionosphere
and a convenient parameter for studying the dynamics of ionospheric processes. To study the response of the Total
Electron Content to various disturbing factors, statistical methods are traditionally used, including correlation
analysis. The expansion of the network of ground stations of the Global Navigation Satellite System (GNSS), the
development of satellite observations made it possible to move from measuring the Total Electron Content in local
areas to the construction of Global lonospheric Maps of TEC (GIM TEC). The use of two-dimensional maps made it
possible to move on to the study of large-scale processes in the ionosphere, including the TEC response to
disturbances of various nature. In particular, many researchers have considered the features of the ionospheric
response to strong earthquakes. For example, Li and Parrot, 2018 showed that the response of the ionosphere to an
earthquake is observed not only above its epicenter but also at its conjugate point. Shim Ja, 2009 in his work carried
out a study of the correlation between TEC variations at different spatial points on the GIM TEC. Among the many
pairs of GIM TEC points, a good correlation was observed in MCP. Shuo L. et al, 2018 considered the local and
spatial morphology of daytime TEC variations. They noted the presence of a significant correlation between
variations at Magnetoconjugated Points of the equatorial anomaly. Yue et al, 2007 conducted a study of the
correlation between diurnal TEC variations and incoherent scatter radar data. One of the results of the study is the
conclusion about a significant correlation of variations in the Total Electron Content at high latitudes, which can
exceed 0.8 at Magnetoconjugated Points.

It is clear that due to the existing geomagnetic connections between the sources, which determine the daily TEC
variability, higher correlation values should be expected in MCP. At the same time, the problem of the variability of
this correlation over longer time intervals, in particular, the dependence on the season, remains unexplored.

In this work, we investigated the change in the correlation coefficient between TEC variations at
Magnetoconjugated Points for four seasons in 2009 and 2015.

Data and Method
As data we used GIM TEC set on a spatial grid from —87.5° to 87.5° in latitude, with a step of 2.5° and from —180°
to 180° in longitude, with a step of 5°, with a time resolution of 1 hour. These maps are available on the IZMIRAN
website: https://www.izmiran.ru/ionosphere/weather/.

We have selected TEC maps for 2009 and 2015, corresponding to the minimum and maximum levels of 24 solar
activity cycles. When analyzing the data for the winters of 2009 and 2015, the data for December 2008 and 2014
were also used, respectively. Data preparation for correlation analysis was as follows. The original GIM TEC data is
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generated in a geographic coordinate system, which we have converted to a geomagnetic dipole coordinate system.
For each point of the TEC map in the northern geomagnetic hemisphere with coordinates (84, ¢4), there was a point
in the southern geomagnetic hemisphere (-6 4, ¢ 4). Here 64 and ¢ 4 are geomagnetic latitude and longitude,
respectively. After that, the obtained coordinates were again converted into a geographic coordinate system. Strictly
speaking, not all points selected in this way can be called magnetically conjugated: from their set, those related to
open lines of force should be excluded. Nevertheless, "conjugation” in the extended sense can be justified by the
symmetry of the geophysical factors perturbing the high-latitude ionosphere in the dipole coordinate system.

The GIM TEC values were averaged to daily values, and then the trend and periodic component were removed
from the time series of daily means using window averaging. The window size was 27 days. The Pearson correlation
coefficient was calculated between the TEC variations prepared in this way in the Magnetoconjugated Points, and
the length of the time series was limited to 30 days, and the series itself was centered on the solstices or equinoxes.

ZE(TECG‘. (9r (p)t - (TECd (81 @)))(TECGT (90 (pc)t - (TECd (Hcv qbc)))
VEATEC4(8, ) — (TEC4(6, ©)N*(TEC4(6e, dc)e — (TEC4(6,, pc)))?

R(6,¢,0:, @) =

Where TEC, (0,(p)[ and TEC, (6, .9, )t — are values of the average daily TEC in t-day at the point with geographic
coordinates (6, ¢) and the magnetoconjugate to it point with coordinates (&, ¢¢).

Results and Discussions

The correlation coefficients in the spatial maps form are shown in Fig. 1. The first four maps correspond to the
winter, spring, summer, and autumn seasons of 2009 (a—d), the next four — 2015 (e—h). The maps show the northern
hemisphere of the Earth, against the background of which the isolines of the correlation coefficient are plotted,
taking values from —1 to 1. The scale of isolines is selected in such a way that only significant (from 0.75 to 0.9) and
strong (more than 0.9) the value of the correlation coefficient.

As it could be seen, in 2009, in all seasons, except for autumn, there are no correlations between the hemispheres.
In autumn 2009, a small spatial region appears at polar latitudes with high values of the correlation coefficient. In
2015, areas with significant correlation coefficients are observed during all four seasons. The localization of
correlated zones during equinoxes and solstices is different: in winter and summer, areas of significant correlation
are located in low and equatorial latitudes, and in spring and autumn in polar and high latitudes. Moreover, in the
autumn equinox, areas of high and significant correlation expand to middle and low latitudes.

a

winter 2009 b spring 2009

spring 2015

20°W - 20
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Figure 1. Distribution of the correlation coefficient of magnetoconjugate points for four seasons: winter,
spring, summer and autumn 2009 (a-d) and 2015 (e-h), respectively.

Thus, the results of the analysis of TEC variations showed that under the condition of anomalously low
geomagnetic activity in 2009, there is no correlation in the ionosphere between the geomagnetic hemispheres,
except for the autumn season. On the opposite, high solar activity in 2015 was accompanied by a large humber of
geophysical disturbances. For example, in March and June 2015, there were very strong geomagnetic storms. A high
level of disturbance also led to a significant correlation in MCP of the ionosphere, and during the solstices, TEC
variations correlate at low and equatorial latitudes, and at the spring and autumn equinoxes, a significant correlation
is manifested at high and circumpolar latitudes.
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An important result of the analysis is also a clear predominance of correlations in the autumn period, which took
place both in 2009 and 2015. This seasonal asymmetry requires further research.

Conclusion

The paper presents the results of a study of the seasonal variability of correlations in Magnetoconjugated Points of
the ionosphere for two levels of solar activity, calculated from the data of the GIM TEC for 2009 and 2015. It is
shown that in 2009, which was characterized by anomalously low values of solar and geomagnetic activity, a
significant correlation between MCP was observed only in autumn in a limited longitudinal sector of high latitudes.
In the case of high solar activity in 2015, areas with high values of interhemispheric correlation are observed in all
seasons. At the same time, during the solstice periods, a significant correlation prevails at low and equatorial
latitudes, and during the spring and autumn equinoxes — at high and middle (autumn) latitudes. A common pattern
for two years is the predominance of a high level of interhemispheric TEC correlation in the autumn season.
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AHHOTanusl. Hacrosiee ¥ccienoBaHue SBISETCS MPOJODKEHHEM IHMKJIA paboT, MOCBAIICHHBIX BHEAPEHHUIO
HCKYCCTBEHHBIX HEHPOHHBIX CETeil B aBTOMAaTHYECKYI0 00pabOTKy BBHICOKOIIMPOTHBIX MOHOTPAaMM BEPTHKAIBHOTO
30HIUPOBaHMsl MOHOChEephl. Bo3aMoxHOCTH pa3pabOTaHHBIX paHee HEHpPOCETEeBBIX MoJeield ObUIM OrpaHHYEHBI
ompeznenenueM THnoB ES n F2 nonocdepHbix cnoeB. K HacrosmeMy MOMEHTY ynalloch OOYYHUTh MCKYCCTBEHHBIC
HeWpoHHBIE ceTH pa3nuyath ciou E, ES, F1 u F2, tuner cinos Es, tTun muddysuu cnost F2 (F, P, Q, L) u onpexnensts
UX YHCJIOBBIE MapaMmeTpbl. DPPEKTUBHOCTH MOZEJIEH OLCHUBAIACh C MIOMOILBIO TECTOBON BBHIOOPKH, COJEpIKaIlei
npumepro 60000 noHorpamm. Tounocts onpeaenenus cioéB E, Es, F1, F2 ¢ nomouipto Hanbonee 3¢ pekTnBHOM
MOJIENIM B HACTOSAILINH MOMEHT focturaet 91%.

Beenenue

Ha mporsokennn nocnennux necaruinernit ®I'BY «AAHWUW» Bener HempepbhIBHBIE CETEBble TIeo(pH3UMYECKUE
HAOJIIOICHUS, B COCTaB KOTOPBIX BXOJUT MOHHTOPHUHI COCTOSHHS BBICOKOIIUPOTHOM monHochepsl. Ilopsaka 75%
BCEX HMOHOTPaMM, MOCTYHAOUWMX C 15-MUHYTHBIM paspemieHueM B 0a3y aaHHbIX [lomspHoro I'eodusmueckoro
Hentpa (IIT'L]) ortmena I'eodumsuku, He oOpabaThIBalOTCS HAOMIOAATENSIMH M XPaHATCS B MCXOJTHOM BHJE.
[TockonbKy CYHIECTBYIOIIME IPOrPaMMbl aBTOMATHYECKOH 00pabOTKM MOHOTPaMM HWMEIOT OrpaHUYCHHbIC
BO3MOKHOCTH M HE TPEIOCTABISIOT YIOBICTBOPUTENBHBIH ypOBEeHb TOWYHOCTH [1, 2], HamMu ObuTH pa3zpaboTaHBI
MOJIeN Ha OCHOBE HEHpPOHHBIX ceTel, crocoOHbIe pacmosHaTth ciou Es m F2 m omenuts mx mapamertps! [3]. B
nmaHHO#M pabote k cmosm Es m F2 mpemsimymmx Bepcwii Momeneit Obuti mobamieHsl ciom E m Fl, a tarke
TIOTIONTHUTEbHEBIC XapaKTepucTUku cinoés Es (tum cinos - f, 1, ¢, h, r, a) u tun mudpdys3un cmos F2 (F, P, Q, L).
UucnoBele TMapaMeTphl, OIpeNeNsieMble YIy4YIIEHHBIMH MOZCTSAMH, cienyromue: (1) KpUTH4ecKne YacTOTHI
o0bikHOBeHHO# BouHBI (foE, foEs, foF1, foF2); (2) munumanshbie nelictyromue BoicoTsl (hE, hEs, hF1, hF2); (3)
HAaMMEHbIIIas HAOJr01aeMast 4aCcToTa OTpakeHusI OT noHocheps! (fmin); (4) sxpanupyromas gactora ciios Es (fbEs);
(5) BeicoTa Mmakcumyma ciiosi Esr (hmEs); (6) maunbosnbias yactota orpaxenus or obmactu F (fxI); (7) npenenbHas
4acTOTa pacCessHHOW OOBIKHOBEHHOW KoMmoHeHThI citost F (fol); (8) BeicoTa u yactora mjst koadduuuerra M3000
F1 u F2 cnoes (M3000f F1, M3000h F1, M3000f F2 u M3000h F2).

s oOyueHus (TpEHHPOBKH) HEHpoceTed HCHONB3YIOTCS PE3yNbTaThl pydyHOH 00paboTKM HOHOrpamMM. UTOOBI
JIOCTUYh MaKCHUMAaJIbHOTO pa3Hoo0Opa3ust oOyJaromiel 0a3bl TaHHBIX, OBLTH OTOOpaHBI HOHOTPAMMBI CO BCEX CTAHITHA
IUIA  YeTHIpEX CE30HOB IMPH PAa3IMYHOM YpPOBHE TEOMAarHWTHOH AaKTHBHOCTH. Pacrmo3HaBaHHE HOHOTPaMM
MPOU3BOMUTCA C TIOMOIIBIO TIYOOKMX HEHPOHHBIX ceTed [5, 6], pemarommx 3aaadd  KiaccH(DUKAIIUN
(pacniozHaBanme cnoéB, Tuma cios Es u tuma nquddysun cnos F2) u perpeccun (YnucCiioBble MapaMeTphl, BEICOTHL U
4acTOTH cI0€B). B TekylieM uccieT0BaHUN UCTIONB3YeTCS CBEPTOYHAST HEMPOHHAS CETh C TPEMs CIIOSMHU CBEPTKA U
TpeMs JTUHEHHBIMHU cinosiMu [5]. Bonee moapoOHas mHGOpMAIWS O MPHHIUIAX MOCTPOSHHS MOJAETCH W pEeIICHUH
3a/a4 KIacCU(pHUKAIIMKA U PETPECCUH COEPIKUTCS B padbote [3].

OO0y4eHue MoaeJieil M pe3yJIbTaThl

OOpaboTka HMOHOTPaMMbl OTHOCHTCS K KIACCHMYECKOM 3ajgade paclo3HaBaHUS H300paxkeHHH (3a1a4n
KOMIBIOTEPHOTO 3peHust). Pacro3HaBaHME HOHOTPAMMBI COCTOMT M3 JBYX KIFOYEBBIX JTAllOB — BBIICICHUS
IPU3HAKOB M3 JAHHBIX U Kiaccu(UKanuu (WIM PEerpeccuu) Ha UX ocHoBe. Mojenu o0ydaluch BCeM KiaccaM WK
BCEM UMCIIOBBIM IIapaMeTpaM cpa3y, 0ATOMY ObLI cOOpaH COBOKYIIHbIH 0OydJarolui U TECTOBBIH HaOOp IaHHBIX,
COmepXalMii TPUMEPHO OJMHAKOBOE KOJIMYECTBO HMOHOTPAMM BCEX KIACCOB C  KBa3HPaBHOMEPHBIM
pacrpeie/ieHHeM [0 BCEM OMNpee/sieMbIM BBICOTAM M 4actoTaM. Pa3Mep TPEHHPOBOYHOTO M TECTOBOIO
HabopoB coctaBmi 283901 u 60 626 moHorpamMm cooTBeTcTBeHHO. Ilocie oOydeHHs M TeCTUPOBAaHUS
MojieTiel pa3HbIX KOH(UTYpauii OBUIN MOXYYE€HbI TPY MOJEIH C HAMIYYIINMHU NTOKa3aTeNIIMA TOYHOCTH:
(1) rmobanmpHas kIaccupUKAMOHHAS MOJIENb; (2) perpecCHoHHas MOJAeNb IS BCeX mapameTpoB u (3) Mojenb
KJIaccu(UKAIUN THIIOB CIIOPAANYEecKUX CIo€B ES, ¢ TOYHOCTBIO BHIINIE, YeM y TII00AIBHONW KITaCCU(PHUKAIMOHHOM
MOJEIH.
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[Tokazatenu TouHOCTH Mojeied mpencraBieHbl B Tabmuiax 1-3. [l oueHKM KadecTBa KiacCH(UKAaUMU Ha
Ka)XJTOM 13 KJIAaCCOB OBLITH BBIOpAHBI ClIeAyIOMMe METPHUKH: (1) IO MPpaBUIBHBIX OTBETOB «acCuracy» - OTHOIIICHHUE
MIPaBUJIHHO HAWICHHBIX M HE HaMIEHHBIX SK3EMIUIIPOB KJIacca KO BceMy 00BbeMy JTaHHBIX; (2) TOYHOCTH «precisiony
- OTHOILICHHUE TPaBUIBHO HAIICHHBIX 3K3EMIULIPOB KJIacca KO BCEM HalIEHHBIM 3K3eMILIIpaM Kinacca; (3) momHoTa
recall - oTHOLIEHHE TIPaBIIIFHO HAMIECHHBIX K3EMILUIIPOB KIacca KO BCEM MMEIOLIMMCS dK3eMIULIpaM Kinacca. J{is
OIICHKH Ka4yecTBa PETpecCHy BhIOpaHa cpensis abcomorHas ommoka (MAE). B tabmume | mpuBeneHs! pe3yabTaThl
OLICHKH KaueCcTBa PacliO3HaBaHHUS HOHOTPAMM INI00aIbHON KIacCHU()MKAIIMOHHON W PErPECCHOHHON MOJCISMH.

Kak Obu10 ynomsiHyTo BbIIe, oOy4aroumuii HaOOp JAHHBIX BBIOMpAICS TaKMM 00pa3oM, 4TOOBI 3HAUEHHS BCEX
napamMeTpoB OBbUTH PaBHOMEPHO pacmpeaeneHbl. OMHAKO A HEKOTOPBIX TUIOB criopaaudeckoro cios (I, h u a), a
Taroke THIIOB Juddy3un cnost F2, Habop naHHBIX cOaTaHCHPOBATh HE YAAJIOCh. Tak, HApPUMeEp, J0JIsi HOHOTPaMM C
mudysueit cnos F2 F-tuna cocraBuna 9.93%, P tuma 0.07%, Q tuma 1.27%, L tuna 3.91%, npu stom 84.82%
MOHOTpaMM He coneprkanu ciost F2 nnmn nuddysum cnos F2. Kak BumHO u3 Tabmuusl 2, tunsl quddysun P u Q
MOJICTIbI0 HEe OOHapYKMBAIOTCSl BCIEACTBHE MAaJOro KOJIMYECTBA MOHOTPAMM C TakuM TUNoM auddysuu. B sTom
ClIydae MOJEIh CTPEMHUTCS OTIPENeNnuTh OTCyTCTBHE AU dy3un cios F2.

Jnst HecOanmaHCUPOBAHHBIX HAOOPOB JAHHBIX IPH O0YYCHUH MOETH HCIOIB3YIOTCS METPHUKHU, HE 3aBUCSIINE OT
COOTHOIIICHHSI KJIaCCOB, HampuMep, F-Mepa, cpeqHee rapMOHHYECKoe precision u recall (MakcmManpHOE 3HaYCHHE
1). Ommako wucmonb3oBaHWE F-Mepel TpH OOy4YeHHH TIO00ATBHON KIACCU(PUKAIIMOHHON MOJAENH HE ITOMOTJIIO
JIOOUTBCSL yIOBIICTBOPSIONIEH TOWYHOCTH ompenerneHus tuna aup¢ysun cinos F2 u tuma cmos ES, mostomy mms
pelleHuss 3ajJayd pacro3HaBaHus Tuma cjos ES Obiia paspaboraHa Monenb C OTIAEIbHBIM HAOOPOM JIaHHBIX,
cOanaHCHPOBAaHHBIM 110 BceM KilaccaM. Habop aHHBIX 11 00y4YeHUs! TOH MOJIENN COICPKUT TOJILKO HOHOTPaMMBI
¢ HanmuueM Es, okono 5000 moHOrpaMM Ka)KAOTO OIpeessseMoro Tuma. TecTOBbIM HAa0Op AAaHHBIX COAEPIKUT
nopsiaka 3000 wOHOTpaMM KaXIoro THMA. Pe3ynbTaThl OICHKM KadyecTBa Mojeiu Kiaccubukaruu cios ES
MPUBEJICHBI B Tabnuile 3, U3 KOTOPOH BHJIHO, YTO BBICOKAs TOYHOCTH OMPEACICHUSA UYKHX KJIaCCOB YIIydIlaeT
MoKa3aTesjb accuracy, HO IPU 3TOM MOJENb CTPEMHUTCS BCE KJIAcChl ONpeAeuTh Kak uyxue. Ha pucynke 1
NpUBEJICHA MaTpPUIIa PACIIO3HAHHBIX KJIACCOB TECTOBOTO0 Habopa maHHbIX. UTo kacaercs cimos F2, Ha MaHHBIN
MOMEHT MOJIEJIb JUIS ONIPE/ICNICHHS THIIa ero JU( (Y3 C yIOBIECTBOPSIONIEH TOUHOCTHIO TIOJyIHTh HE YAAIOCh.

[Tpumep ompeneneHus ciI0s U €T0 KPUTHIECKONW YaCTOTHI MPEICTABICH HA PUCYHKE 2.

Tadauua 1. TouHOCT ONpenieNieHNs CII0eB HOHOC(HEPHI M NX OCHOBHBIX ITAPAMETPOB.

Tumn Accuracy | Precision | Recall F- MAE MAEh, | MAE MAE
clos % % % mepa | fo, MI'g KM M3000 f, M3000 h, km
MI'g
E 88 78 67 0.72 0.39 6.2 - -
Es 85 90 88 0.89 0.66 8.25 — -
F1 91 81 65 0.72 0.43 25 0.5 27
F2 89 92 88 0.90 0.4 31 0.4 32

Tadanua 2. TouHOCTB OnpeiesIeHNsT TOTIOTHUTENBHBIX TapaMeTpoB HoHOCheps! U THIIOB MU dy3un cios F2.

[TapameTtp MAE | Tum auddy3uu F2 F-mepa
f min, MHz 0.32 orcyTcTBUE TUGPy3un 0.95
fb Es, MHz 0.47 F 0.34
fol, MHz 0.27 P -
fxl, MHz 0.45 Q -
hm, km 8.5 L 0.05
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Tabauua 3. TognocTs onpeneneHus Tuna cios ES.

Merpuka \ Turt ciost f | C h ; a
Es
Accuracy, % 81 77 82 82 81 81
Precision, % 38 38 46 44 43 47
Recall, % 30 48 46 44 43 47
F-mepa 0.33 0.43 0.46 0.44 0.43 0.47
3000
© - 317 443 132 180
E =
Lo 353 282 116 163 2400 ]
z
g 2
§ -1800 a‘
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8 1200 g
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npeackasaHue Mogenm

PHCyHOK 1. ManI/II.[a PACIIO3HAHHBIX THUIIOB CJIOS Es Ha TecToBOM Ha60pe JJaHHBIX.

3axkioueHue

ABTOMaTHUeCcKast HHTEPIIPETalHs BEICOKOIIMPOTHBIX HOHOTPAMM SIBIISICTCS CIIOXKHOM 3a7adeii, B OTIMYHE OT 3a/1aui
00paboTKM CpeTHEMMPOTHRIX HOHOTpaMM. BHeapeHMe WCKYyCCTBEHHBIX HEHPOHHBIX ceTeil mmeeT OoMbIIoi
MIOTEHIMAJ B BOIIPOCE YIy4IIEHHs Ka4eCTBa PACIIO3HABAHMS XapaKTEPHBIX CTPYKTYpP HA HOHOTpaMMax U MOJy4eHHS
X YHCIOBBIX XapaKTepUCTHK. B maHHOM pabore mnpuBeneHsl pe3ynbraTel 00padotknm 60 626 HMOHOTpaMm
HEWpOCETEBBIMU MOJIEISIMU C PacIIMPEHHBIMH BO3MOKHOCTAMH. Jl0Js NMpaBMIBHBIX OTBETOB (accuracy) HamOoee
a¢dextrBHON Momenu npu onpeneneuun cioés E, Es, F1, F2 cocrasnser ot 85% 10 91%. Metpuka kauectsa (F-
Mepa) onpeaeneHus tumna cnost Es cocrasnsier ot 0.33 o 0.47, ny4mmii pe3ysabraT onpezaesieHus tuna nuddysun
F2 cnos — 0.34. B Hacrosmuii MOMEHT CpeiHsisi aOCOJIIOTHAas OLIMOKAa OMNpEAENEeHHs Pa3HOro THIIA YacTOT
cocrasser ot 0.27 10 0.66 MI'ti; cpeanss ommnbdka onpeseneHus BeicoT E obmactu ot 6.2 10 8.5 kM, F o0nactu ot
25 mo 32 kM.

BaaronapnocTu
Paborta BhINONHEHa B paMKax HAyYHO-MCCIIENOBATEIbCKUX paboT mo Teme 6.1 «Pa3BuTHe W MOJepHHU3AIHA
TEXHOJIOTHII MOHUTOPHHTA reo(ru3ndeckoii 00cTaHOBKM Hax Tepputopuen Poccuiickoi denepanun # APKTHKHY.
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real: Es, fo = 8.7; real: E, fo = 1.8; Es, fo = 2.59; F2, fo = 3.56;
pred: Es, fo = 8.64; pred: E, fo = 1.67; Es, fo = 2.7; F2, fo = 3.4;
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Pucynox 2. IIpumep pacro3HaBaHUS PpeabHOW HOHOTPAMMBL: Pe3yJbTaThl ONpPENENICHUs] CJIoSd U €ro
KpHUTHYECKOH 4acToThl. Real — pe3ynbTaThl 00paboTKM HOHOTPAaMMBI BpYUHYI0, pred — pe3ysbTaT MOJIeIeH.
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«TP UCTOYHUKA - TPU COCTABHBIE YACTHN» .
I'EHEPAIIMU TEPMOC®EPHO-UOHOC®EPHBIX BOSMYIIEHUN

3.I'. MupMoBwHY, K.¢.-M.H., JOLECHT,
T'BIIOY MO «Koaneoac «lloomockoswve», Mockea, Poccus,; e-mail: mirmovich1940@mail.ru

«Ha Bcex BbICcOTax B HOHOC(]EpE AyeT BETep,

Honnslii BeTep, HEUTPaNbHbIN BETED.

3a atoT Betep o Coro3y 5 B OTBETE,

U ¢ HuM s 3a rpaHUIly BBUIETAL. .. »

yTka Ha counnckoi «llIkoae noHochepsy,
nocBsEHHas 1.¢.-M.H., 1pod. |3. C. Ka3I/IMI/IpOBCKOMy|

AHHOTAIMSA

Kak anprepHaTBa TEPMHHY «HOHOC(EPHO-MAarHUTHOE BO3MYIIEHHE» aBTOPOM B KoOHIE 70-X TomoB BBEIEH U
3alMIEH JIUCCEPTALIOHHBIM HCCIIEIOBAHUEM TEPMHUH «TepMochepHO-HOHOC(EepHOe BO3MYyIIEHHE». B crarbe
MPUBOISITCS. apTyMEHTHI B MOJI3Yy NpaBa Ha €ro CyIIECTBOBAHUE KaK OTIEIbHOrO (pyHIaMEHTAILHOTO TEpMUHA B
¢usuke noHoceprl. HauanpHble BO3MyIIeHHs TepMoc(hepbl MOTYT HOPOXKAATHCS Pa3UUYHBIMH HCTOYHUKAMU
HapyIICHUH PEryJsipHOW LUPKYJSIMU U HEHTPaJbHOTO COCTaBa BEpXHeW aTMoc(epbl, KOTOpbIE TPEBpaIaloTCs B
BO3MYILEHUS] HOHOC(EPHI COTHEYHBIM M3JTy4eHHEM H/HIIH APYTrMMHU UCTOYHHKaMU HOHM3aIMu. B nepuox coiHedHo-
BCIBIIIEYHOTO COOBITHS TepMocdepa IOABEpraeTcs HEMOCPEACTBEHHOMY BO3ACHCTBHIO yIbTPa()UOIECTOBBEIM H
PEHTTEHOBCKHM COJIHEUHBIM H3JIyYCHHEM, COJTHEYHBIMU KOCMHYECKUMH JIydaMH U BTOP)KEHHSMH B MarHutochepy
BO3MYIIEHHOTO COJTHEYHOTO BETPA, OTBETCTBEHHOT'O 32 IUTAHETApHYIO T€OMAarHUTHYIO0 Oypro. Hanbonee m3BecTHBIM
U M3y4YCHHBIM IPETCHACHTOM Ha POJb T'eHepaTopa TepMoc(hepHO-HOHOCHEPHBIX 1 MarHUTHO-HOHOC(EPHBIX (a He
NOHOC(EPHO-MarHUTHBIX) BO3MYIIEHHWH B 3TOT IEPHOJ SBISIIOTCS TPH BBICOKOIIMPOTHBIX HMCTOYHHKA: [Ba
aBpPOPANBHBIX ANEKTPOJKETAa U MONAPHBIA Kach. VIMEHHO BBENEHHEM 3THUX HCTOYHHKOB B COOTBETCTBYIOLIHE
T€OMAarHUTHBIC LIMPOTHI MOJIENTM BEpXHEH aTMoc(ephl aBTOp YCOBEPIIEHCTBOBAI €€, pa3paboTal U MPOTECTHPOBAI
JUIL  CPeOHHMX IIMPOT METOJ OTIENBHOTO NPOTHO3UPOBaHHMs BO3MYLICHUIT obmnactn F-noHocdepsr 1O
KOPPEIALUOHHBIM COOTHOLICHHUAM MEKIY BO3MYUICHMSAMM HEHTpPajIbHOIO COCTaBa U ONEPAaTUBHBIMU HHICKCAMU
T€OMarHUTHOM akTHBHOCTH. OTKPBITOE aBTOPOM OIEPEKEHHE HEKOTOPHIMH THIIAMH ITOJIOKUTEIHHBIX BO3MYIIEHUH
noHOC(epsl HaYaja MarHUTHOW OypH TECTUPOBAJIOCH 1O (G PEKTY MOTIIOUICHUS B MOJISPHOM 1IANKe KaK MoKa3aTels
BTOP>KEHUS 3aPSKEHHBIX YaCTHIL B KACIL.

KuaroueBbie ciaoBa: tepmochepa, Bo3myleHue, TepMochepHOE LyHAMHU, UCTOYHUK HMOHM3ALUH, UOHOC(EPHOE
BO3MYIICHHE, aBPOPAITBHBIC SICKTPOHKETHI, TIOJISIPHBIH KaCIL.

1. BBeaenue

Tepmun «repmochepHo-oHochepusie BosmymeHus» (TUB), npencrasnstomuii co6oi pe3ysbTaT NpeBparieHus
MIEPBUYHBIX BO3MYIIEHHUH HEWTPAJLHOTO COCTaBa BEpXHEW aTrMocdepsl B HOHU3AIMOHHO-PEKOMOMHAIOHHOM
LUKJIE B BO3MYIIEHHOE COCTOSHHE HOHOC(HEpPHOH YacTUYHO HOHHM30BAHHOW IUIa3Mbl, ObUI aBTOPOM BBEAEH H
samuién auccepramuei «VccnenoBanue u mporHo3 TepMochepHo-uoHochepHbix Bo3mymieHui» B 1981 roay [1]
KaKk JeTepMHHUPOBAaHHAs aJbTEPHATHBA, BOOONIE TOBOpPs, HE BIOJHE KOPPEKTHOMY TEPMHHY M IIOHSTHIO
«oHOC(hepHO-MarHuTHele  Bo3MymlieHus» (MIMB), sBisitomemycst 0003Ha4eHHEM MarHUTHO-HOHOC(EPHBIX
Bo3mymieHuit (MUB).

OH ObLI BBE/ICH aBTOPOM Ha OCHOBaHMH Iukia pabot 1973—1981 rr. (nanpumep, [2—6]) u moareepxaéu B [7], rae
yka3zaHo, 4To kK MVMB moryT ObITh OTHECEHBI HE BCe BO3MYyIIeHHs noHOCcheprl. Cama wies Beiaeneaus TVB B
OTJENBHBIA 00BEKT MCCICIOBAHMI W IPOTHO3a poaniack npu pacuére u anannze N(h)-npoduneii n Temmeparyps
obmactn F mo Ha3eMHBIM M CHYTHHKOBBIM H3MEPEHHSIM B paMKaX KOMIUIEKCHOTO mpoekra «lccienoBanust B
noHocepe mpu momomu cryTHuka «Kocmoc-378» (17.11.1970 — 17.08.1975 rr.), omybnukoBaHHOW B [8] u
OTMEUCHHOH B COOTBETCTBYIOLIEM pasjene Buxumenuu crarbe. CIlyTHHUKOBBIE JaHHBIE Ha BbIcoTax > hmF2 1o
n3MepeHusiM 30H10M Jlenrmiopa wu cdepudeckuMm 3oHAOM B. AdoHnmHa TmOKa3pIBaIM  HEyCTpaHUMOE
annapaTypHbIMH JIONTyCKaMHM PAacXOXKAEHHE C pSAAOM JHEBHBIX Mpoduiell B BO3MYLIEHHBIX YCIOBHSIX,
paccuMTaHHBIX 110 MOHOTpaMMaM BepTukayibHOro 3oHaupoBaHus (B3M) m momenu IRI s nanbHEBOCTOUHBIX
CTaHIWH, KOHTPOJIMPYIONUX MHUPOTHEIH mosic A ~ 55+45°N.
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«Tpu ucmounuxa — mpu cocmasvie 4acminy 2eHepayuy MepmocHepHo-UOHOCHEPHBIX BO3MYUEHUL

OnHaKko AECATKM JIET /IO HACTOSIIEI0 BPEMEHM TEPMHUH HU y HAac, HM 3a pPyOeXoM He ObUI BOCHIPHHAT H
UCTIONB30BaH. V3 M3BECTHBIX aBTOPY paboT OH ObUT yHnoTpeOnéH nuimb B padore [9], U TO UCKIIOYUTENHHO B €€
Ha3BaHUM, XOTS HAEGH O PONM «KOHKYPEHIMM» MEXIy COOOH BEKTOPOB CIIOKOHHOTO U BO3MYIIEHHOTO
TepMoc(epHOTo BeTpa B reHepanun u pasutuu MUB He mpoTuBOopeyar uxesm asropa [1, 10, 117.

[Tpu4nHO# 3TOMY SBHINCH /IBA aCTEKTa: BO-TIEPBBIX, HEAOOIEHKA NCCIEI0BATEISIMU TEPMHUHA KaK IMPOIYKTHBHON
reHeTuueckoil anprepHatuBsl MHWB u npumenennem Bmecro THB He BHoONHE aAeKBaTHOIO TepMHUHA
«repMochepHO-HOHOC(HEPHOE B3aNMOAEHCTBUEY, @ BO-BTOPHIX, aBTOP HE CyMeEIN JOHECTH CBOIO HMICIO 10 MHPOBOH
Hay4HOH OOIIECTBEHHOCTH Yepe3 3apyOeKHbIC U3/IaHHS.

2. MaTepuaibl 1 HHCTPYMEHTApHid

Marepuanamu JUisi CTaTbU SBUJIMCH OOJiee paHHUE UCCICOBAHUS aBTOPa, OOJNbIIAS YacTh U3 KOTOPBIX OCTA&TCs
aKTyaJbHOH W B HACTOAIIEE BpeMs, XOTS U HE OIyOIMKOBaHHBIX B medaTu craryca SCOPUS. UnctpymenTapmii —
ABTOPCKUX M HHBIX HCTOYHHUKOB IO TEePMOC(EpPHO-HOHOCHEPHBIM HCCIACAOBAaHUAM. B MPOTHBOIMOIOKHOCTD
HEKOTOPBIM HCCJICIOBATENISIM BBIJICICHHE BO3MYIICHUI TepMochepsl M Kak CICICTBHEC MOHOCHEPHI B OTICIBHBIN
BUJ SBJICHUHN, TPEOYIOUIMI JUATHOCTUKH, MCCIICOBAHUS U MPOTHO3UPOBAHMS BHE UYUCIICHHBIX W aHAJUTHYCCKUX
MOJIeNICH PeryspHOU IUPKYJISIUN H COCTaBa C MX CC30HHBIMU U CYTOYHBIMH BapHanusMu. B cBoux pabotax aBTop
CTapayicsi CJIEOBaTh aJCKBATHOMY WMHUTAIIMOHHOMY MojenupoBanuio TUB, oTaenuB WX OT peryssipHOro
HEBO3MYIIIEHHOTO X0Ja IIapaMeTpoB TepMochepHO-HOHOC(HEPHOH cpeabl. A BO3BpaT K TeMe ¢ 3anepkkoi B 40 yet
([1] — 1981) npu 3TOM He ABNSETCS YHUKAIBHBIM CIIy4aeM W BO BCEU Hayke, H B KOCMHUYECKON U TeJHOreo(hH3uKe.
Tak, nanpumep, ¢ 1926 roga Bech MUp MOJB3YETCS TEPMUHOM «HOHOC(Epa», B TO BpeMs KakK 3allUIIEHO €ro
aBTOPCTBO 3a OJJHUM U3 POJOHAYAILHUKOB paauoiokamuu Sir Robert Alexander Watson-Watt nume uepes 43 roaa
nyOnuKanueil ero nuchbma B xkypHaie Nature. M Takux npuMepoB MHOXECTBO.

3. Otiimyue TUB or MUB

[punnunuaneaoe otamuue THB ot MUB 3akmiouaercs B TOM, uYTO «TepMochepHoe IyHamu» B (opme
HEUTPAIBHBIX BUXPEBBIX, IHUKIOHAIBHBIX, COJMTOHHBIX HEOJHOPOJHOCTEH M OOJAKOB MOXET MMETh JOKAJIbHBIH
XapakTep, Apyro reHe3uc, B TOM YUCIIE HE JIEKTPOMArHuTHOro xapakrepa. IIpu THUB takoro pona, kak ImpaBuio,
Huuero He mnpoucxoauT ¢ TEC cpegHmx mmpoT. OTO OTHOCUTCA, HANpHUMEpP, K OTKPBITOH aBTOPOM
KBa3HIICPHOJMYCCKON CTPYKTYphl OHEBHOro xoma mapamerpa foF2 cpemHemmpoTHO#H MoHOC(heEpBl B CIIOKOWHOE
BpeEMs M HCUE3AI0IIEe BO BPEMs MOBBILICHNSI TEOMAarHUTHON aKTUBHOCTH, HHTEPIPETUPYEMON UM B paMKax 3aJadd
o0TeKaHHs KPYITHBIX TOPHBIX crcTeM MacmTadba ['mmanae, Kopanibep u ap. BeTpoBeiMu noToKamu [12, 13]. ABTop
cyuTaer, 4yto 4€rkoe npuMmeHeHne THB kak TepmuHa OymeT crocoOCTBOBaTh Pa3BUTHUIO (HET, HE YHUCIECHHOU
KaJIbKYJSIIMM CUCTEMbl HapacTalOIIero 4YKcia YpaBHEHWH C MHOATOHKOH KOA(QQUIMEHTaMH K 3IMIUPUYECKUM
MOJICTIsIM) TIOHUMaHHsl JMHAMHUKA M (U3MKM BO3MYLICHWH B BepxHed armocdepe, a, 3HAYUT, K UX
JIETEPMHUHUPOBAHHOMY MOJICIIMPOBAHUIO U MPOrHO3Y. B pamMkax 4yHCIeHHBIX MOjeeld HOHOChEPB, aXe JIyUIlInX U3
HuX (Hampumep, mukiaa MSIS — Bapuant NRLMSISE-00, Cu6HUI'MMU, a takxke 6ojee paHHUX) OMHCATh aJIeKBaTHO
¢usnueckne wmexaHusMbl TVIB 10 NOpPOTrHOCTHYECKOrOo IPUMEHEHHS HEBO3MOXHO. OTO, HaKaThIBAIOIIEeeCcs
TepMochepHoe «yHamu» Ha h < F-o06nactu noHochepsl OT 3apoxaeHus ¢ HHKpeMeHToM tg (t) > 1 no muccunanuu
C 3ama3/blBAIOIIMM pEJNAKCAIMOHHBIM 10 3¢dekTy XapcTin [IeKpEeMEHTOM «IIPOKHBAET» CBOIO, HE OYCHb
3aBUCHMYIO OT DETYJSIPHOH TepMOC(EpHOM NHMPKYISIMHU M CTaHAAPTHBIX BapHalMidi HMOHOC(EpHl KH3Hb. A
napaMeTp BO3MYIIEHHOCTH HEUTPAIBHOIO COCTaBa B KAYECTBE MPEANUKTOPA 33a7jaH OTAENBHO JIUIIb B €IMHCTBEHHOU
u3BecTHOH aBTOpy Mogenu — TIEGCM, u To B BU/ie HEKOETO YCIOBHOTO YPOBHS BO3MYILEHUS JUIlb napameTpa O,
a He TUIMYHBIX JUTs BepXHel armMocdepsl, Bkirouast sk3ochepy, O u N2 u/mnun xots 661 ux cootnomenust [O]/] Na].

4. I'enepatop cpennemupoTusix TUB
Ha ocHOBe monysmmnupuvecKkux Mmojenei HeWrpansHON atmocdepst [14] aBropy ynanoch cruenats emé B 80-x
rogax. OcHOBa B MOJAENM aBTOpa — BBOJA 3ala3[bIBaHUSI MEXIY «BKIIOYEHHSIMN» JIByX HCTOYHHKOB
(3MEeKTPOKETOB) B BUJIC BXOJHBIX ITapaMeTpoB (IIPEIUKTOPOB), BEIpaeHHBIX 3amanueM Kp' = Kp (t — 1), tme © =
09.1 + 0%.2 cos @', a Taxke MHIEKCOB aa W YIJa MEKITy BEKTOPAMH CKOPOCTEH CHOKOMHOM UPKYJISALMK 110 MOJIEH
¥ BO3MYILEHHS. DTO TO3BOJIMIIO ITOHATh W MHTEPIPETUPOBATH N3BECTHOE BBIPAXKEHHE JUUII BPEMEHH 3aIla3/IbIBaHuUs
BO3MyILIeHuiT TepMocdeps! u3 mukiaa moxeneit CIRA: T = 7.5 —0.11/®'/, B xotopoe npeBpariaercs popmyiia uis T B
MOJIENIN, €CIH TOJIOKUTHh CKOPOCTh IepememieHus Bosmymieans V' = 300 m/c u 3KBaTOPHATBHYIO TPaHMILy €ro
3aryxanus @' = 68° Ha HOYHON CTOpPOHE aBPOPAIBHOrO OBama. [IpH TAaKOM IOIXOAE ABTOPOM OOBSCHEHBI
MIOJIOXKHUTEIbHBIE BO3MYIICHHS HOHOC(EpHOH mia3mbl, 3aBUCHMOCTh Hadanma TVB oT mecTHOro BpeMeHH, T.H.
«3anpemEnHoe BpeMs» Hadalia oTpunarenbHoi passt MUB B MecTHOE THEBHOE BpeMsi; OBLIO MOKa3aHo, YTO Yepe3
napamMeTpbl BO3MYIIEHHOCTH HEHTPAIbHOTO COCTaBa M TeMIIepaTypbl MOXKHO BBIpasuTh He ToNbko 6fOF; (mapamerp,
BBEJICHHBIN aBTOPOM B [2]), HO U psi APYTUX HapaMeTpoB Bo3MymieHuH HoHocheps! (ONmF2, ShmF2, SMITY).
KauecTBeHHas1 IByXypOBHEBas MOJIENb LUPKYJISLUH B BHUIE BETPOBOTO INEpEHOCa JOMOJIHUTEIBHOIO Marepuala
Ha h > 200 kM (obmacte F), mocrpoeHHas mo MoAM(UIMPOBAHHOW aBTOPOM MOJENU BEpXHEH arMocgepsl
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O.I". Mupmosuy

BBE/ICHHEM B HEE YTPEHHETO M BEUCPHETO IEKTPOKETOB U JHEBHOTO Kaclla B KAUECTBE MCTOYHHUKOB ITOKa3bIBACT,
YTO MOCTYNACT OH, «BTATUBASCH» B 00IACTH Pa3pEXKCHUs IUIOTHOCTH M3 HU3KHX, @ HE BBICOKHX IIUPOT, OTKYyJa MO
ypoBHIO < 150 KM NpUXOOUT HEWTpaJbHBIM MaTepual B CpeJHHE IIUPOTHI;, aJBEKTHBHBIM IEpEeHOC BETPOM
JIOTIOJTHUTEIBHOW KOHIIEHTpalUuu HelTpanoB mpuBoguT K pocty Ne BoznelictBuem coineuHoro Y®U; menkue
nepuaru-ocuwsingi Ne B oonactu F, orBercTBeHHBIE 32 F-paccesiHue, 00bsSCHEHBI BO3AEHCTBUEM HMH(]pa3ByKa
[15] or pa3HBIX (B T.4 , BOBMOXHO, U CEHCMUYECKHX) MCTOYHUKOB. HeT 4YeTKoi, OJHO3HAYHOW CBS3H MEXIY
MOJBEMOM BBICOTHI M YBEJIMUCHHWEM 3JIEKTPOHHOW KOHLEHTPAILMM NPHU TOJIOKHUTENbHOU (ase Oypu. DTOT (akxt
TOBODUT HE B IMOJB3Y OOBSCHEHMS IOJIOKHUTENbHON (a3el noHOochepHOW Oypu Apei(pOBBIM MEXaHU3MOM.
Havanpnass cragmsa pasButuss THB, B 0coOeHHOCTM B JIETHHH MEpHON COIMPOBOXKAAETCS B YTpEHHEEe U
MOCTICTIONTyIEHHOE BpeMs BO3HHKHOBEHHWEM WM ycmieHueM Es-tuma "c¢". [lpm 3tom, emy o00s3aTensHO
npemiecTByeT KparkoBpemenuoe (15-30 mun.} mosBienne ES tuma "h”. DT0 TOBOpHUT O TOM, YTO MepeHOC
MIEPBOHAYAIFHOTO UMITYJIbCAa BOSMYIICHUS B BUJIC BETPOBOT'O CIBHIA IPOUCXOJHUT HA BBICOTAX «IOJIMHBI».

Takum o0pa3oM, OCHOBHEIM reHepatopoM THB B renmmoakTWBHBIA MEpUOJ SBISECTCS 3apOXKICHHE W Pa3BUTHE
BO3MYIICHHUS TepMOC(HEpPHON LUPKYIALNNAN, OTIMYHOW OT pErylsapHOH NHPKYJSAIWHA BepxXHEW aTMocdepsl B
CIIOKOIHOE MOJISIPHO-aBpOpajbHOE BpeMs. Tpemsi UCTOUHUKAMM CIIy>KaT BEYEpHUH M yTPEHHUH JIEKTPOIKETHl B
aBpPOPATIbHOI 30HE KaK AHUCCUIIATUBHBINA pPe3yNbTaT BTOPKEHHS INOTOKOB 3apsDKEHHBIX YacTHUI[ BO3MYLIEHHOTO
COJIHEYHOTO BETPA M PE3KOTO TOBHIIEHHS MHTErPalbHBIX YacTOT CTOJKHOBEHMH Ha BbICOTax ~10° M M JHEBHOM
CUSP — BUXPEBYIO BOPOHKY Ha T€OMarHUTHBIX MOIIOCAX JJISI MATKHUX 3JIEKTPOHOB M MOCJIETYIOLIHE 32 HUM 3D (EKTHI.
OpHako ocTaéres He SICHBIM, IToYeMy paboTa JHEBHOI'O Kacla OIepe)kaeT Hadalo aKTUBHOCTH aBpOPAILHOTO OBaa.
B pabote [16] 6bUT10 OTMEYEHO, YTO OJHA U3 ONEPEKAIOIIUX MTOJOKUTEIBHBIX HOHOC(EPHBIX Oyph HAadanach MOYTH
OIHOBPEMEHHO C 3(dekToM mornomeHus B momsipHoil mamke (PCA) 3a Oomee deMm CyTKH IO Hadajga HEpBOM
cy00ypH, 4ITO IOMycKaeT B KauecTBe e MCTOYHMKA HENOCPEICTBEHHBIC cOoNHeuHble kKocMmudeckue yun (CKJI) ¢
npotonamu (a He kact). [Ipu 3ToM, cKOpOCTh conmHeunoro BeTpa Vey ~ 108 M/C, B To BpeMs Kak 4acTHIIBI BCIUIECKA
CKJI nepemernarotcst Ha nBa nopsiaka oeictpee: Vsor > 108 m/c. He MeHee MHTEpECHOI KakeTCs BO3MOXKHOCTh
TOBBIILICHUS COACPKAHMS 3IEKTPOHOB Ha h > hyF2 32 c4éT mpssMoro Bo3neHCTBUS COMHEYHOTO M3IYYCHUS C AIMHOM
BOJHBI 50+5 HM u 80+5 HM HEMOCPEACTBEHHO BO BpeMs Bemblimikk [16], 4To Takke MOXET OBITh HCTOYHHKOM
MOJIOKHUTEIBHOTO BO3MYIIIEHUS B MAKCUMyM€ Ha THEBHOM CTOpPOHE.

Kpome Toro, mporaocrudeckue pezepBbl 3G deKTa onepexeHus OTACIbHBIM BUIOM MoJ0xuTenbHbIx THUB Hauana
pasBuTHs KojblieBoro Toka (Dst-Bapuaruii), Bcruiecka obOoux 3iekTpomkeToB (AE u aa-mHAmekchl) M Bcex
JIOKaNbHBIX ¥ TUIAHETAapHBIX MarHuTHBIX uHAekcoB (Ki m Kp) [17, 18], Ha B3misa aBTOpa, UMEKOT pPEaTbHBIC
MEPCHIEeKTUBBl B COBEPIIEHCTBOBAHMHM IPOTHO3a T.H. «KOCMHUYECKOM TIOTOAB» M YPEe3BBIYAMHBIX CHTyalui
renuoreopusnieckoro xapakrepa [19]. Bo BcikoM citydae, 9TOT Kiacc BO3MYLICHHH HOHOC(EPH! BO BPEMEHHOM
OTpe3Ke MEXIy HENOCPEICTBCHHBIMHU 3((eKTaMu OT BCHBIMIKK M NMPHUXOAOM IOTOKa BO3MYIIEHHOTO COJIHEYHOTO
BEeTpa ABJISIETCS MaJlo M3Yy4EHHBIM MPEAMETOM B KOMIUIEKCE COTHEUHO-MarHUTOC(hEepHO-HOHOCHEPHOH (DU3HUKH.

5. 3ak/0ueHue

B naHHO# cTaTbe HE TOJNBKO 3alIMIAETCS aBTOPCTBO OOCYXKIAeMOTro TEPMHHA, HO W JOKa3bIBACTCS HAaydHAS
OIPaBJaHHOCTb €r0 BBEJCHUsS JJIs 1IEJI0T0 Kilacca, eclid He OOJIBIIMHCTBA, BO3MYIIEHHH BepxHel aTMocdepbl. 1o
aKkTyalbHO XOTS Obl MOTOMY, 4TO 10 BhICOT ~10° M cosmepkaHue HeHTPasoB, OTBETCTBEHHBIX 3a TEPMUH
«repMmocdepay, MPEBHIIIAeT KOHIIEHTPANIO 3apsHKEHHBIX YacTUI] (JJIEKTPOHOB M MOHOB), OTBETCTBEHHBIX B CBOIO
ouepenb 3a caM TEPMHUH «HMOHOC(epa» Kak KOMIIOHEHTY BepxHel arMocgeps! B ¢opMe miaa3Mbl. Takum oOpazom,
BBE/ICHHE B HAy4YHBIH 0OMXOJl CIIEIMAIFHOTO TEPMHHA «TepMOCc(hepHO-HOHOC(EPHBIE BOZMYIIEHHUS» CIIOCOOCTBYET
MOHMMAHHUIO (U3MYECKHX MEXaHW3MOB HOHOC(EPHBIX BO3MYIIEHHH M BBICTPAMBACT WINW/H KOPPEKTHPYET
JIETEPMUHAPOBAHHYIO IIETIOUKY IPOLIECCOB MX reHepauuu. [IporHo3 noHochepHbIX BO3MYIICHUH, KOTOPBIE JIyYIle
Ha3BaTh MAarHUTHO-MOHOC(EPHHIM BO3MYIICHHEM, a HE Hao0OpOT, MOXKHO OCYLIECTBJISITH IO JAHHBIM O
BO3MYILEHUAX HEHUTPaJbHOM KOMIOHEHTHI TepMOC(Ephl C IMPUBICYEHHEM ONEPAaTHBHBIX MAarHUTHBIX JaHHBIX H
MuHEMYyMa JaHHbIX B3U. Bc€ 3T0 Ba)HO HE TOJBKO M3-3a TPYIHOCTH, a TOPOH HEBO3MOKHOCTH HCIIONB30BaHMS Ha
MIPAKTHKE IPOMO3IKUX YHCICHHBIX MoJeneil. DTo Mo-TpeXHEMY aKTyaJbHO B CIIy>kO€ MOHHTOPHHTA «KOCMUYECKOH
MOTOIBI» AJISL ONEPAaTUBHOIO TNPOTHO3UPOBAHHUS HOHOC(HEPHBIX BO3MYIIEHMH W Oyph, BIHSIONIMX Ha JajbHEe
pacrpocTpaHeHHe KOPOTKHX PaJIMOBOJIH, a TaKKe HA MHOTHE BHABI JKU3HEJCATEILHOCTH Ha 3eMile U B OJIMDKHEM
KocMoce, BKimodast paboty KA u maxe Bo3szeiictBue Ha Oammuctuky MBP B maccuBHOM 4acTH MX TpaeKTOpHH B
MepUoJT HTHTEHCUBHEIX MMeHHO TUB, a He mr00six MUB.
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0 BO3MO’KHOCTH HCCJIENOBAHUS CBA3U NOJIAPHBIX CUSTHUM
N MHAEKCOB CHUHTUJJIAIUUA ITO OITUHYECKHUM
N GNSS JAHHBIM
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A.B. Jlapuenxko', A.B. Ponayrun’, IL.A. Byanukos?

Ydeoepanvroe cocyoapcmeennoe 6100xcemnoe nayunoe yupescoenue
"Honapuwiii eeopusuneckun uncmumym, Anamumst”, Poccus
2Pedepanvioe 2ocydapcmeennoe 6100ACemHoe yupedcoeHue
"Hucmumym npuxnaounot eeoghusuxu umenu axademura E.K.@edoposa", Mockea, Poccus

AHHOTAUA

B nekabpe 2020 roma cotpyanuku MHCTUTYTa NPUKIaaHO#M reodusnku umenn akagemuka E.K. ®&noposa B 3mannu
[onspHOTO Te0U3NIECKOT0 MHCTUTYTA T. ATIATUTH BBEIH B 3KcIuryaTanuto HOBBIH GNSS mpumemuunk Septentrio
PolaRx5S. Cpenu Bo3MOXXHOCTEH JaHHOTO MPUEMHNKA MOYKHO BBIIEIHTH aBToMartmdeckuid pacueT [19C, ¢a3oBeIx
U aMIUTMTYJHBIX WHJEKCOB CHMHTHLIINNN. Tak ke kamepsl Bcero HeOa IomspHOTro reo(mM3mueckoro MHCTHTYTa
paboTaroT B MecTe YCTaHOBKH NPHUEMHHKA B I'. AaTUTHI U B 00c. JIoBo3epo. Jlist obneryenus nenei McciueaoBaHus
CBS3M TOJSPHBIX CHSHUH ¥ WHACKCOB CIMHTWUIANNN peann3oBaH wuHTepakTuBHBI WEB-uHTEepdeiic,
MO3BOJIIOIIMI IPOCMATPHUBATh B KaXKAbIH MOMEHT BPEMEHHM KaJpbl ONTHYECKHUX KaMep C HAHECCHHBIMHM Ha HHX
nosoxkeHUAMU GNSS CIyTHHKOB U COOTBETCTBYIOIIMMHU HHJICKCAMH CIIUHTIIIISIIIUHA.

Beenenue

HeoxHOpoaHOCTH 37IEKTPOHHON KOHLEHTPALMK B HOHOC(Epe MOTYT BIMATH HA HPOXOXKICHUE IEKTPOMArHUTHBIX
CUTHAJIOB M BBI3BIBATh OBICTPBIC KOJEOAHUS aMIUIUTYABI W (a3bl BOJHBL, NpUHATOW Ha 3emie. Takwe sBICHHA
Has3blBaloT cuMHTIWULILUSAMA [1]. IlepBble wuccnenoBaHus HOHOCQEPHBIX CHUHTHULILMEA omucaHel B [2].
[Mocnenyromye uMcciIenoOBaHMS TOKAa3aldM, YTO SIBICHHS CHUHTIUBINMKA HamOoliee YacTo TPOHCXOAAT B
9KBATOPUATIBHON U BBICOKOIUPOTHON obmactsx [1, 3-10]. Bospacraromiasi akTHBHOCTh Y€JIOBEKA B apKTHYCCKHUX
peruoHax mpuBeiia K pocTy CHHHTHULIIHOHHBIX HCCieoBaHuii, ocooenno mpu momornd GNSS (Global Navigation
Satellite System) cucrem [11-19]. Beuto oGHapyxeHO, 9TO ()a30Bble CIMHTHILISIHAK NPEOOJafaloT Haj
AMILTUTYTHBIMH B BBICOKOIITMPOTHBIX 00OmacTsix [20, 21].

Wzyuenne noHOCGHEpPHBIX CUMHTWILUIALUA MOXET I[OMOYb B HCCIICAOBAHUSAX HEOJHOPOIHOCTEH HOHOC(EpHI,
MIOCKOJIBKY OHHM CBSI3aHBI MEXAy co0oi. Beur mpemsoxeH psii 0ObsSCHEHMIT BOSHMKHOBEHHMS! BBICOKOIIMPOTHBIX
HEOIHOPOAHOCTEeH Ha OONbIIMX BbIcOTax [22-25], KOTOpbIe BKIIOYAIOT B ces MIA3MEHHYIO0 TYpOYJIeHTHOCTh [26,
27], npeiidosbie neycroitunBoctn (GDI) [22, 28], neycroituuBocts KenbBuna-I'ensmronsiia (KHI) [23, 29],
HecTabWIIbHOCTH TeMneparypHoro rpaguenta [30], TokokonBekTuBHas HeyctoituuBocts (CCl) [31]. ITo3xke B meTo
GDI 6b11 Brirouen s¢pdexr CCl, KoTOpbIi MPOsBIILETCS, B OCHOBHOM, B 00JacTH MPo0bHbEIX ToKOB [24]. Carlson
[32] npennoxun neyxarannyio KHI-GDI o6pabotky, riae KHI ucnionb3yercst st reHepaiun HEOJHOPOJHOCTEH B
merone GDI, ¢ nenpto yckopenus mporecca oOpabotku. M3mepenust «Ha mecte» (in Situ) mMmeroT penraroriee
3HAUEHME B OLIEHKE TEMITOB POCTA MTa3MEHHBIX HEOaHOpOAHOCTEM [33-36].

CBsi3b MEXy MOJSIPHBIME CHSHUSIMH M CIMHTHIULAIMSMH TIOATBEPXKICHA psamoM ucciaenosanuii. Jin et al. [16]
MOKa3aJli, YTO CHJIbHBIE CHUHTHIUISLNK 3aBUCAT OT IIOJIOKEHHUS] aBPOPAJILHOI 30HBI M CBSI3QJIM ATO C BBICHIIIAHUEM
yactull. Yamie Bcero cuibHble (a3oBble CUMHTHULSIIMM B EBporeiickoM ApPKTHYECKOM PErnoHe HaOJII0AaroTCs
BOJIM3M MarHWTHOMW MOJYHOYH, YeM B JHEBHOE Bpemst [16].

MeXIUlaHETHOE MarHUTHOE IOJIe BIIMSCT Ha MAT4YH B MOJSIPHOM mIanke oT JHsA K Houu [37-40]. Ha npotsoxeHun
TOJIIPHOM HOYM JIBM)KEHHE IaT4eH MOJIIPHON IMIANIKK MOKET OBITh 3a(KCHPOBAaHO NMPH IOMOIIN Kamep Bcero Heda
[7, 41-46]. EcTh HECKOJIBKO HCCIICIOBAHMUH, IOKA3bIBAIOIINX, KAK CBETSLIMECS MATYH BBIXOAAT U3 MOJIAPHOI LIAIKH
Y BXOJISIT B aBpOpajbHYIO 30Hy. Moen et al. [43] nokasanu, urto 60% msTeH BHIXOAT U3 TOJISIPHOM IANKU Mex Ty 22
n 01 MLT (yokansHOe MarHuTHOE BpeMsi), HO nosHoe pacupeneneHue umres ¢ 18:30 MLT nmo 04:50. ITatum
MOJISIPHOM IATIKY TU1a3Mbl F €105t BBIXOAST M3 MOJISIPHOM IIANKKM HOYBIO M BOo3Bpamarorcs qaem [47, 39, 40].

Koraa maTyu, KOTOpBIE BBIXOIST M3 MOJSIPHOM IIANKH, PACIOJaraloTcs BHYTPH aBpOPAJbHOIO OBaja, OHHU
Ha3bIBAIOTCS aBPOPATBHBIMU O500amu. HecMmoTpst Ha TO, 9yTo G100BI OBUTH M3Y4YeHBI 0OJiee, YeM TPHU JECATUIICTHS
nasan [24, 25, 29, 47-50], oHu moJyYMIIM CBOE HAa3BaHWE JIMIIb HeJaBHO. boObl passenens Ha aBa Tuna BT-1 u
BT-2. IlepBslii TN CBSI3aH C BBHICOKOIUIOTHOW IJIa3MOU MOJSIPHOM MIAMKH, KOTOpask BXOJUT B aBPOPATBbHYIO 30HY.
Bropoii cBsizaH ¢ m1a3MeHHBIMH YIFIOTHEHUSIMH, CTEHEPUPOBAHHBIMH JIOKAJIbHBIMU BBICHITTAHMSMH YaCTHII.
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Uccnenosanue C. van der Meeren et al. [18] yrBepkmaer, 4To camble CHIIbHBIE CHUHTHIUIAUHA OBUIA
00Hapy>KEHbI B OBaJIC MOJISIPHBIX CHSHUM B HOYHOE BPEMs, KOT/ja ITaT4 U3 MOJISIPHOH IIANKN BXOIUT B aBPOPAIbHBIN
OBaJL

Beimeyka3aHHble HCCIEIOBaHMS IMOATBEPKAAIOT HAIMYHE IPOCTPAHCTBEHHBIX KOPPETSALNN HHTCHCUBHOCTH
($a30BBIX W AMIUINTYJHBIX CHUHTWIIALKNA C ONTHYECKUMH H300pa)XXEHUSIMH aBpPOPATBbHBIX OMHCCHH B
BBICOKOIIMPOTHBIX 00JACTSIX. OKCIEPUMEHTAIbHBIE PE3YNbTaThl MOATBEPXKIAIOT HEOOXOAMMOCTH MPOAOJDKEHHUH
UCCIIEJIOBAaHWH B pAa3IMYHBIX TEOMAarHUTHBIX YCIOBUSX Ha OCHOBE [aHHBIX [UCTAaHIMOHHBIX W3MEPEHHUH
pacnpesieneHuii MHTCHCHBHOCTH aBPOPAIBHBIX 3MHUCCHI C TOMOIIBIO ONTHYECKHX NPHOOPOB OJHOBPEMEHHO C
MOJyYCeHHEM YPOBHEH CUMHTH/UIALMNA CHUTHAJIOB TJI00QIBHBIX HABUTAIIMOHHBIX CHCTEM. JIJIsl TOCTaHOBKU H
peanu3ali  OKCIIEPUMEHTOB HEOOXOAMMO JajbHEHIlee COBEPUICHCTBOBAHHE CPEACTB JHArHOCTHKH, T.€.
OpOUTAIBHOIO M HA3€MHOTO KOMIUIEKCOB allapaTypbl Ha OCHOBE COBPEMEHHBIX H300paKaroLIUX JIETEKTOPOB M
HOBBIX MeTouK [51].

B 3uMHMI nepros B YCIOBUSAX HOJSPHOW HOYM Ha BBICOKOIMPOTHBHIX craHumsx I1II'M mpoBomsTcs onrthyeckne
HaOJIOIeHUs TIPH MTOMOINM Kamep Bcero Heba, B ToMm uucie Ha 3ganuu 11U, Anmaruter. B mekabpe 2020 roma
WucturyT npuknanHoii reopmsukn nmmern E. K. @énoposa Ha 3manmnu [lomspHOro reopn3nveckoro MHCTUTYTA T.
ATIaTHTBI YCTaHOBWJI HOBBIN COBpeMeHHBIH CcHOUHTWULIHOHHEIE GNSS mnpmemuuk Septentrio PolaRx5S.
Hcnonp3oBaHme CITyTHUKOBBIX M ONTHYECKHUX MPHUOOPOB B OJJHOW TOYKE JAET BO3MOXKHOCTH NCCIIEJOBATh B3aUMHYIO
KOPPEISIHIO PETUCTPUPYEMbIX TaHHBIX.

Oo6opynoBanue
Ontryeckast kamepa Bcero Heba ASB Ha 6aze momynss SONY IMX385 IP u GNSS nprueMHHK pacTonokeHbl psIoM
Ha kpsimie 3nauust [omsaproro I'eodmsndeckoro HHCTHTYTA B T. ATIaTUTH ¢ KoopauHatamu 67.571N, 33.398E.

Kawmepa Bcero Heba ocHoBaHa Ha 6aze Moxyist SONY IMX385 IP u mupokoyronsHoro oobektuBa M12 1,85 Mm
1/1.8" «pwibuii raa3» 185° . LigetHo# marunk nzobpaxenus CMOS IMX385 (1/2°° 1945X1097 2,13MI1) no3sosnser
moiy4ats ToTok 1920X1080 25/30 xaapoB B CEKyHAY.

MHorogacToTHBI ManonoTpeOmstommii 544 kanampHeId GNSS mpHeMHHK TeHepupyeT NaHHBIC, COAeprKaIline
MaJIOUIYMHBIE WHJEKCHl CIMHTHULSIIMN, KOJOBBIE, (ha30Bble M HaBUTAIIMOHHBIE HE(QHUIBTPOBAHHBIC JaHHbBIE C
gyactoToii 10 100 I'm. OcoGeHHOCThIO NpuOOpa SBISETCS MNPEJOCTaBICHHE NOTPEOUTENI0 JAHHBIX O IOJHOM
anexkTpoHHOM cojepxanui (II9C) u MHAEKCOB CHUHTWUIAIMKA B pealbHOM BpeMeHHU. IIpoBepeHHas Ha MpaKTUKe
texuonorust Advanced Interference  Mitigation (AIM+) kommanmm Septentrio mo3Bosmser PolaRxS5
oTGUILTPOBBIBATh KaK IpeIHAMEPEHHbIC, TaK M HENpeIHaAMEPEHHbIE HCTOUYHHKH PaTUONOMEX, OT Y3KOIIOJIOCHBIX
CHTHAJIOB 110 MMIIYJIbCHBIM CHTHaJIaM BBICOKOM MoOIIHOCTH 10 Tiymutenel JIYM-curHanoB u HCTOYHHKOB TOMEX
Iridium. 3amareHToBaHHAs Septentrio TEXHOJOTHS ITOJABICHUS MHOTOIYYeBOTO pacmpoctpaneHus (APME+) -
YHHKaJIbHas BO3MOXKHOCTh YCTPAaHEHUS] MHOTOJYYEBOTO PAacIpOCTPAHEHUs] C KOPOTKOH 3aJep)KKOH 0e3 BHECEHUs
CMEIIEHUs - TapaHTHPYeT NPEeBOCXOJHOE KauecTBO u3MepeHuil. Ilpm HEoOXOAMMOCTH MONB30BATENb MOXKET
AKTHBUPOBATH MJIH eakTHBUpoBaTh APME+ [t nosrydeHns moJIHOCThI0 HEM3MEHEHHBIX N3MEPEHUI.

Case study

Juis ynpomeHus moucka W oTOOpa ciydaeB Koppemsuuu onrtudeckuX . GNSS nmamseix. O6pur co3man WEB
uHTepdeiic. OH MO3BOISACT B SIUHOM MIKalle BpEMEHHU IpocMaTpuBarth naHHple GNSS nmpreMHuKa U Kamepsl BCero
Heba. Ha crpanuie m3oOpakeHa cyTouHas KeorpaMmma IO JaHHBIM Kamepsl Bcero HeOa. Ilon Hell pacmonoxeHo
n300pakeHne ¢ MHIEKcaMH (ha30BbIX CHUHTHIUIALIN C TAKMM K€ BPEMEHHBIM pPa3pelIeHUeM.

Jnst nemoHCTpanuu paboThl CTpaHHMIBI B3SATHI KaApbl IBETHOH Kamepsl o0c. JloBozepo. B pmampHelem
MpeAroaaraeTcs BO3SMOKHOCTD BBIOOpA KaMeEPHI.

CreBa BBepXy — TeKylllee H300paKeHrne KaMephl ¢ HAHECEHHBIMU Ha M300paXkeHue ciryTHUKamu. [1pu yBenndeHnu
MHJEKCAa CHMHTHWULIINN M3MEHSETCS IBET W pa3Mep M300pakeHUsl CIyTHHKA yBenuunBaeTcs. CrpaBa BBEpXy -
cyTouHast keorpamma. CreBa BHH3Y — TeKyIIMH MHAEKC CUMHTIUIANKH. CrpaBa BHU3Y — MHJEKC CIMHTHIUIAIMN 3a
CYTKH.

Crpanvna uHTepakTuBHas. [Ipu KiMKe MBINIBIO HAa W300paXEHHH KEOTPaMMbl MJIM CYTOYHBIX CIMHTHIUISIIMNA
MPOUCXOJUT OOHOBIICHNE TEKYIINX N300paskeHNH KaMephl M MH/IEKCOB CIIMHTHIIISLIUH.

B xauectBe mnpHMepa, B BBIICJICHHOM KpPacHOM IPSIMOYIOJIbHUKE IIOKa3aHO BpeMs, TIJe IPOUCXOMIST
OJTHOBpEMEHHbIE (UIyKTyanuu (a3bl CITyTHUKOBBIX CUTHAJIOB M CHSIHUS, 3apErMCTPUPOBAHHBIE KAaMEPOH Bcero Heba.

3axinoueHue

Jis obmerdeHust 1eneil WCCIENOBAaHUS CBS3M TOJSIPHBIX CHAHMH WM WHAEKCOB CHUHTWUIALUN pearn30BaH
nHTepakTHBHBIM WEB-nuTepdeiic, mo3Bonsromuil npocMaTpruBaTh B KaXIbIH 3aJaHHBII MOMEHT BPEMEHH KaJphl
ONTUYECKON KaMephbl C HAaHECEHHBIMH Ha HUX MON0XKeHUSIMH GNSS CIyTHUKOB U COOTBETCTBYIOLIUE HHICKCHI
cuuHTWULINKMA. B Hactosimee Bpemss WEB-unTepdelic QyHKunoHUpyeT B TeCTOBOM pexume. [IpomsBoautcs
HaKOIUICHNE JAHHBIX MPUOOPOB, OTIIaJKa U KOPPEKIXs pabOThl CTPAHUIIBI.
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NCCIEJOBAHUE NOHOCDEPBI HA/l BAPEHIHEBBIM MOPEM

H.J. Poros, I1.E. bapsimes, A.C. Kanumun, A.B. Hukonaes, C.B. Hosukog, FO.B. YrpiomoB

Apxkmuyeckuti u AHmapkmuyeckuti HayuHo-uccredosamenvckui uncmumym, e. Cankm-Ilemepoype,
Poccus (E-mail: rogovdenis@mail.ru)

AnHoTanus. B nexabpe 2019 roga B n. bapennOypr (apx. [llnuudepres) B TeCTOBOM pexuMe ObLI YCTAHOBJICH
NPUEMHBIH KOMIUIEKC HAKJIOHHOTO 30HIMPOBaHUsS MOHOC(hEphl. JlaHHBIA IMyHKT ObLT BKJIIOYEH B OOLIYIO CHCTEMY
MOHUTOPHMHIA YCJIOBHUIl pacmpocTpaHeHHs paauoBoiH B Poccuiickoil ApKTHUecKoW 30HE, MOIAEP KUBAEMYIO
cnemuanuctamu otaena reopmsukun DPI'BY «AAHUU». IlpeacraBneHsl npuMepbl IaHHBIX M PE3yJIbTaThI
WCCIIEZIOBAaHNS TapaMeTpoB HMOHOC(HEPHl M PACIPOCTPAHEHHS PAJWOBONH HaJ akBaropuel bapeHmeBa mops B
Pa3IUIHBIX TeOPU3NIECKHUX yCIOBHSIX.

Beenenue

B ApkrnueckoMm pernone P® pasBepHyTa ceTh HakJIOHHOTO 30HAMpoBaHus B KB nmamasone wacror [Pocos u
Buvicmasnoti, 2014; Pocos u op., 2020; Poecos, 2020a,0] aas WCCIEIOBaHUS BBICOKOIIUPOTHOW HOHOCHEPHI.
MOHHTOPHHT cOCTOsIHUSI HOHOC(hepbl M yclioBui pacrpoctpaHeHust KB panvoBoiH Han akBatopuell bapenuesa
MOpSI OCYIIECTBIIICTCS METOIOM HAaKIOHHOTO 30HIMpoBaHus noHOochepsl (H3U) ¢ momompsio xomruiekca H3U ¢
nuHeHHO-9acToTHOH Momymsuueit (JIUM) [Mseanos u dp., 2003] B bapenndypre (apx. Immmbepren, 78.07°N
14.23°E).

CeTb HAKJIOHHOI'0 30HAMPOBaHusi HOHOCGepbl HAA akBaTopueil bapeHuesa Mmops

B npuemHoM nyHkre BapeHuOypr npoBojsTcs HaONIOJCHUS Ha CIEAYIOIIUX HCCIEI0BATENbCKUX POCCHUICKUX
tpaccax H3U: Topbkosckast (GRK) — Bapenubypr (2050 km), Jlooszepo (LOZ) — Bapenuoypr (1290 kM), Amaepma
(AMD) — Bapenuoypr (1660 km), Canexapn (SAH) — Bapennoypr (2070 km) u Jukcon (DIK) — Bapenuoypr (1770
KM), a Takke Ha 2X 3apyOexHbix Tpaccax: o. Kunp (CP1l) — Bapenuoypr (4890 km) u Copankioins (SOD) —
Bapenuoypr (1280 xm) - pucyHok 1. BHemHui1 Bua KOMIUIEKca MPEACTaBICH Ha PUCYHKE 2, IPUMEPhl HOHOTPaMM
H3U, nony4yaeMbIx Ha JaHHBIX Tpaccax, IOKa3aHbl HA PUCYHKE 3.

Pucynok 1. Tpaccel HAKJIIOHHOTO 30HAMPOBaHMs HoHOChepw! (preM B bapeHnoypre).

MonuTtopuHr ycjoBuii pacnpocrpadenus KB paxnosoJsin

Jnist onpenienieHys mapaMeTpoB paclipoCTPaHEeHUs paiMoBOIIH, ycinoBuid KB paanocssizn u pexumMoB paboThl Jpyrux
KB pagnoTexHHYecKHX CpeACTB (HAIpHMep, 3aTrOPH30HTHAS pAIMONIOKaIys) ObUIM pa3paboTaHBl ANTOPHUTMEI
aBTOMATHUYECKON 0OpabOTKM MOHOTpaMM (OYMCTKa OT TIOMEX M BBIIEJICHHE TOJIE3HBIX CHUTHAJIOB); OMpPEICICHHS
MakcumanbHbeIX (MHY) m Hammensmmx (HHY) nabmiomaeMbIx wacToT OTAensHO aisi oTpaxkenunid ot F- m E-
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1. Pozog u op.

obnacteit moHochepsr; pasneneHuss orpakenuid ot E-cimos m Es-crmost monocdepsr [Pocos, 20206]. JlanHbIe
IPUEMHOTO IIyHKTa bapeHunOypr BKIIOYEHBI B OOLIYI0 CHCTEMY MOHHTOPHHTA YCIOBHH pPacHpOCTPaHEHHS
pamuoBoiaH B Poccuiickoit ApkTHuyeckoil 30HE (YCIOBUS MHOTOJYYEBOCTH W BEPOSTHOCTH PaIHOCBSI3H Ha
pasnuunbix yacrorax JJKM (KB) nuanasona), paspabarsiBaemyto B otaesne reodusuku @I'bBY «AAHUN».

Pucynoxk 2. [IpreMHBII KOMIUIEKC HAKIIOHHOTO 30HANpOBaHMA HoHOCheps! B BapennOypre.
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Pucynok 3. [lpuMepsl MOHOrpaMM HAaKJIOHHOTO 30HAMPOBAHWS Ha Pa3MYHBIX paguoTpaccax (MpueM B
Bapennoypre).

Ha pucynke 4 npezncrasnensl Makcumanbabie (MOF) 1 munnmanbaeie (LOF) yacToTsl curaanoB oTpaxkeHuit ot
obnacreit E u F nonocoeps! (aBromarnueckast o0padorka) Ha tpacce H3M o. Kunp — bapenu6ypr u Amuepma —
BapeHu0ypr B mepro pa3iiuHOM TeOMarHUTHOM JJ1s1 BpeMEHHOT0 uHTepBaia 16 — 24 oktsaops 2021 r.

Tpacca o. Kunp — bapeHIOypr OTHOCHTCSI K CPEIHEIIMPOTHOMY PErMOHY M XOpOILIO IOKa3bIBaeT II00anbHOE
BIIMSTHAE YPOBHSI TEOMAarHUTHOW aKTHBHOCTH Ha MapaMeTpsl HOHOC(EpHl — HallpUMep, MaKCHUMaJIbHas JJIEKTPOHHAS
KOHIEHTparuss B F-obmactm wWOHOC(EpH yMEHBIIA€TCS B MEPHOJ MArHUTHOH OypH W  TOCTEIIEHHO
BOCCTaHaBJIMBaeTCs 1ociie Hee (riodanpHbIM Kp MHIEKC aisi paccMaTpuBaeMoro IepHojia NPHUBEICH Ha PUCYHKE
4B). D10 Xopouio BUAHO 1o AaHHEIM Tpaccsl H3U o. Kunp — bapenn0ypr aist 18, 19 u 20 okrsiopst 2021 r. (prcyHOK
4a). Taxxxe naHHas Tpacca MMO3BOJISIET YTOYHUTD YCIOBUS «BXO/a» JUIS PAJHOCUTHAIOB B 30HY IO/ TPAHHUIEH 30HBI
TIOTJIOIIEHHS aBpPOPaIbHOTO OBaia, rMokasbiBas ycinosus KB cBsi3u ¢ 1. BapennOypr amist nansHux tpacc. [lapamerpsr
MaKCHUMaJIbHBIX YacTOT OTpakeHUs oT F oOmactu moHOC(ephl Ha Tpacce Amuepma — bapeHnOypr (pucyHok 40)
JIEMOHCTPUPYIOT IMMOXOXKYH TEHACHIMI0, yMeHbmasch 18, 19 u 20 okrsaOps 2021 r. ¥ BOCCTaHABIMBASCH [0
HEBO3MYIIEHHOTO YPOBHS B OCTaJbHBIE JHU. TakKe OTMEYaeM YBEJIMYEeHHE 3HAYCHWH MHUHUMAJBHBIX YacTOT Ha
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Hccnedosanue uonocghepuvt nao bapenyesvim mopem

JIAaHHOM Tpacce B IEPHOJ BOZMYLICHUS. JTO CBSI3aHO C YBEJIIMUCHHUEM IOTJIOLICHUS PaJHOBOJIH B 30HE aBPOPAILHOTO
oBanma. Takxke Tpacce Amaepma — bapeHnOypr (pucyHOK 40) B BO3MYIIEHHBIH MEPHOJ] YaCTO PETUCTPHPYIOTCS
OTPaXeHUs. OT CIOpaguyecKux cioeB ES moHochepsl, cBA3aHHBIX C BBICHIIAHUSAMH YacTHL[ U3 MarHHUTOC(EpEL
OnHako 3TH OTPaKEHHS MHOTZA HAOJIONAIOTCS B HOYHBIC NEPHOIBI M B OTHOCHTEIBHO CIOKOHHBIX YCIIOBHSX
[Rogov, 2019]. IlpuBeneHHBIA IPUMEP MEMOHCTPUPYET BO3MOXHOCTH OKCIICPHMEHTAIBHOTO OIpPEICICHHUS
HapaMeTpoB HOHOCHEPHI U YCIOBUI paclpoCcTpaHSHUS PaIHOBOJIH, YTO I JAaHHOTO pernoHa Oyner Goiee TOUHbIM,
4eM JIF000if BapHaHT MOJISITHPOBAHHS.

Ha naHHBI MOMEHT amnmaparypa yCTaHOBJIEHA B TECTOBOM PEXHMeE, W3-3a Yero HaOJII01al0TCsl He BCEria YCIIOBHS
IpueMa CUTHANIOB. B nanbHelIeM riaHupyeTcsl IPOBECTH MOJICPHU3AIMIO aHTEHHO-(DUAEPHON CHCTEMBI.
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Pucynok 4. MakcumanpHbIle 1 MHHAMANbHBIE YacTOTH curHaioB Ha Tpacce H3U o. Kunp — BapennOypr u
Awmzepma — bapeHuOypr B meproj pa3In4HON reOMarHuTHOI akTUBHOCTH B niepuos 16 — 24 oxtsabps 2021 r.
3axinoueHue

[IpesncTaBneHsl NpUMEPHl AHHBIX M PE3YJbTAaThl MCCIICAOBAHUS MapaMeTpoB HOHOC(EpHl M PacHpOCTpaHEHHs
panuoBONH Hajx akBaTopued bapeHiieBa MOps B Pa3iMYHBIX reo(PHU3MUECKHX YCIOBHUSAX, MOITy4eHHBIE Oiaromaps
pa3BepTHIBAHUIO MIPUEMHOTO ITyHKTA CTAHIMM HAKJIIOHHOTO 30HAMPOBaHWSA MOHOc(heps! Ha apx. lmunbeprexn B .
BapennOoypr. [laHHBI TyHKT OBUT BKIIOYEH B OOMIyI0 CHCTEMY MOHHTOPWHTA YCIOBHH paclpoCTpaHEHUS
pamroBonH B Poccuiickoif ApKTHuecKoW 30HE, MOAJECP)KUBAEMYIO cHenuanucramMu otaena reopusukun OI'BY
«AAHUWy». HabmopeHus MO3BOJSAIOT IOJYYUTh pEANbHBbIE JAaHHBIE B PETHOHE, IJ€ TOYHOCTb HOHOC(HEPHBIX
MoJieTiel CHIIBHO TaJaeT, T03TOMY IPOBOJUMBIE paOOTHl UMEIOT OOJBIIOE 3HAYCHHE B MTPAKTHYECKHUX BOIPOCAX, a
TaKOKe JUISl YITy4YIIEHHUs MOJENEH BEICOKOIINPOTHONH HOHOC(HEPHI.

BaarogapHocTu. Pabora BhINOJHEHa OpH YacTHYHOM momauep:kke Poccuiickum (GoHIOM (GyHIAMEHTAIbHBIX
uccinenoBanuii, mpoext Ne 18-05-80004.
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OLIEHKA I'PAHUL JIOKAJTM3ALUY BO3MY ILIEHHIA
BBICOKOLLIMPOTHON NOHOC®EPHI IO JAHHBIM GPS/TJIOHACC

C.A. CepeOpeHHIKOBA
HC3® CO PAH, 2. Hpkymck, Poccus; e-mail: sova@mail.iszf.irk.ru

AHHOTanus1. OLEHKa TOJ0KEHNS TPAHUIBI aBPOPATBLHOIO OBaja SBJISAETCSA aKTYalbHOW M IIPH 3TOM JIOCTATOYHO
CIOXHOW 3amaueii. B mocnmemuue romasl [oOanmpHBIC HaBHUTAanMOHHBIE cHyTHHKOBBIC cuctembl (ITHCC)
MPEJOCTABIIAIOT OOIIUPHBIN MaTepUal I H3ydeHUs HOHOChepsl 3eMiIH, a IMEHHO JJis1 HaOIroIeHI s HoHOChEpHI U
HOHOC(EPHBIX HEOTHOPOJHOCTEH B INIOOANTBHOM M PErHOHAIBLHOM MacmiTabe. CienoBaTenbHO, KapThl BapHAIMU
[I3C yka3pIBarOT Ha MOCTOSIHHOE MPUCYTCTBUEC HOHOC(HEPHBIX HEOTHOPOTHOCTEH B 00JIACTH aBPOPATBHOTO OBaia, a
JMMHAMUKA 00JIaCTH MOHOC(HEPHBIX HEOJHOPOJHOCTEH COOTBETCTBYET JWHAMUKE aBpopaibHOro opana [1]. Takum
o0pa3oM, B paboTe OBUT MpEUIO’KEH HOBBIA MOAXOX Ui PEIICHWS 3aJadd MPOTHO3a TOJ0KEHUS aBpOPAILHOTO
OBaJia, OCHOBAaHHBII Ha MOJENN MalmuHHOTO 00yuenust Random Forest, ucnosp3ytomue ganusie GPS/TJIOHACC.
B kadecTBe ONOpPHBIX MAHHBIX AJII MAIIUHHOTO OOYYEHHs MCIIONB30BANMCH AaHHBIEe Monxenmn Ovation Prime.
Paspaborannas mozens Random Forest mo3Bosnsier mony4arh MPOTHO3 aBPOPAIbHONW AKTHBHOCTH B BHIE KapT
MOTOKAa DSHEPruM AaBpPOpaNbHBIX BbICHIMAaHUWA. OlLEHKa TpPaHUL BO3MYIIEHWH B aBpOpajJbHOW 30HE, B
BBICOKOIITUPOTHOW 00JacTH ObLIA MOJyYeHA C MOMOIIBI0 COOCTBEHHBIX, Pa3paOOTaHHBIX AITOPUTMOB MAIIMHHOTO
3peHusl.

BBenenue. Msyuenne Bnusuus CoJHIA Ha BHENIHHE CJIOM HOHOC(HEPHI SBISETCS AKTYyalbHOM 3amadedl uis
COBpeMEHHOM Hayku. OIHUM U3 KIIOYEBBIX, BUAUMBIX HEBOOPYKEHHOMY B3IVISIAY IPOLECCOB, NPOUCXOASIIUX B
BBICOKHX ci10siXx MloHOC]EpH! sBIsieTcs 00NacTh aBpOpaNbHBIX BBICHITIaHUNA YacTul] COTHEYHOTO BETpa, Iie OHU
CTANIKUBAsICh C HEWTPaJbHBIMH YACTHLIAMH aTtMoc(epsl HOHHU3HUPYIOT 00acTh, HA3BIBAEMYIO «ABpPOpAIbHBIM
oBaioM». CBeueHHne (MOIIHOCTh) «aBpOpPajbHOTO OBaja» TEM CHUJIbHEEe, YeM BBIIIE YPOBEHb T'€OMArHUTHOM
aKTUBHOCTH, YTO OMMCHIBAETCS reoMarHuTHeIMU uHAekcamu (Kp, Dst u 1.11.).

Tak Ka4eCTBCHHOEC MOJCIMPOBAHHE MPOIECCOB, MPOUCXOAIIMX B aBPOPAIBbHOW 00J7aCTH, BIMSIONUX HA
MOIIIHOCTh M YBEIWYEHHE TPAHULIBI «ABPOPATIHHOIO OBajay» MOXKET MOMOYb MPUOTKPHITH 3aBECY TalHbI MPUPOIBI
noHoc(epHbIX BO3MyleHUH. Ha MaHHBI MOMEHT CYIIECTBYEeT HECKOJBKO MOJENEH, MO3BOJIIIOIIMX IMOJy4aTh
MPOTHO3 MOIIHOCTH W TPaHUIBl aBPOPAIbHBIX BBICHIIAHHWM, OJHAKO, OHHU HCIOJB3YIOT YacOBHIE JIaHHBIC
TEOMAarHUTHBIX ITapaMeTpoB (M3MepeHUs MarHUTHOTO Tolis, Kp mHAekce, maHHbIe coaHedHoro Berpa u T.iw.). THCC
JKe B CBOIO OodYepelb, MMess HH(POPMAIHI0 O TI00ANFHOM paclpeneieHuH Bo3MymleHHocTH [19C moTeHIHaNbEHO
MO>KET OCYIIECTBIISIT MOHUTOPUHT aBpOPaIbHONW aKTUBHOCTH [2] B peKHME PEAIbHOTO BPEMEHHU.

Hcnosb3yemble JaHHbIE M MeTOA. B nccienoBanuy i TOro, 9TOOBI ONPEAEIHTD MMONOKEHHE U MOIIHOCTD
aBpopaibHbIX BbICHINMAHUN 1O gaHHbIM [HCC ObUT MCHONB30BAaH METOJ DEIIEHUS PETPECCHOHHOW 3ajadd C
MOMOIIBI0 MOJIeNM ManmHHOro oOyuenuss Random Forest. Cyts MeToma cocrosia B TOM, YTOOBI OMPEICTHTH
ypaBHeHHe F — cBs3pBatomee Bapuannyu [19C ¢ MOIIHOCTBIO M TpaHUIIEH aBPOPAIBHBIX BBICHIIIAHUH, KOTOPOE ObI
NPU BXOJHBIX Mapamerpax X I'eHepHUpOBao MPOTHO3 Y - IBYMEPHO - MIPOCTPAHCTBEHHOE PACHpE/IesICHHE TTOTOKa
9HEPIHH aBPOPAIBHBIX BBICHIMAHMI. B KauecTBe aTamoHHOro Habopa i oOydeHus monenu Random Forest Ha
nmaaubix 'HCC, ncnons30Banuch JaHHBIE [TOTOKA 3HEPTHU JIEKTPOHOB AU(D(Y3HOTO THIA CHSHHS, ITOJyIEHHBIE C
nomompo Mogeran Ovation Prime. Tak xak monens Ovation Prime moctpoeHa Ha JAHHBIX COJIHEYHOTO BETpa H
MEKIUTAHETHOTO MAarHUTHOTO MOJIsA, TIOTy4YeHHbIe KocMuueckuM arnmaparoM DSCOVER, nanubie coHEYHOTO BETpa
f10.7, wW3MeHEeHHsI MEXKIUIAHETHOTO MArHUTHOTO TOJsl W HMHAEKC TeOMArHUTHOTO BoO3MymeHust Kp Taxke
yuuThIBAIKMCH it Momenn Random Forest B kadecTBe BXOMHBIX MaHHBIX 00yueHuss X. B KkauecTBe OCHOBHBIX
JAHHBIX 00yd4eHus ucmoib3oBainuchk 2-10 muuyTHbIe Bapuammu [I9C B aBpopanbHO 007acTH, MOIYYEHHBIE C
nomonisio THCC, n3o0pakeHHbIX Ha puc. 1.

Omnaxo, st comnocrasieHust [19C u moToka sHeprud 31eKTpoHoB Moaemun Ovation Prime myxHO GBUTO IPUBECTH
UX K OJHOH cHcTeMe KOOpJAMHAT, YTO OBIJIO OCYIIECTBIEHO METOAOM «CKOJB3SMIEro OKHa». «OKHO» OBLIO
OTIIEHTPUPOBAHO TI0 3HAYEHHSIM IIOTOKa SHEPTUH JICKTPOHOB, KaK IMOKAa3aHO Ha PHUC.2, TJe BXOMASIINE B PAMKH
«oxHa» 3HaueHus1 [I9C Opannch, Kak cpeaHee 3HAUYCHHE C COOTBETCTBYIOUIMM BBIYHCICHHEM CTATHCTHYECKUX
XapaKTePUCTHUK, BKIIOYAEMBIX B Habop 00yuenus moxenu Random Forest.
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PeayanaTu aHaJIn3a 3Bp0pa.]'lb]-l0171 AKTUBHOCTH, l'lOJ'Iy'leHHOﬁ MOA€CJbI0 MAIIIMHHOI'O Oﬁy‘-[eﬂl/lﬂ
Random Forest. O6yuenne mozenu mammuHoro o6ydenus Random Forest mpoucxoausno Ha BHIOOPKE JaHHBIX
(maHHBIX O0OydYeHUs), BKIOYammeil mnomHele 96 cyrtok, B mepuoa ¢ 2000 mo 2019 roxm, ¢ paBHOMEPHBIM
pacnpenenenueM no Kp-unaekcy: crokoitasie auu (1-3), Bo3mymieHHbIe JHU (4-0) M CHJIbHBIE MarHuTHbIE OypH(7-
9). Jlns TecTHpOBaHWS MOJENM HCIOJIb30Bajlach HE3aBUCHMBIE OT OOydaromieidl BHIOOPKM [aHHBIE C TEMH e
napamerpamu: cpenauM [19C «okHay, TUcHepcuei, JaHHBIMH MEXIUIAHETHOTO MarHUTHOTO MOJIs, KP-MHACKCOM H
f10.7. Ha maHHBI MOMEHT KapThl aBpPOPaJbHBIX BBICHINAHMIL, MONyIECHHBIC Ha OCHOBE pa3paboTaHHO# Mojenu, ¢
UCIIONIb30BaHHEM MallHHOTO oOydeHnsi Random Forest, maror Xoporryio coriacoBaHHOCTH C JaHHBIMH MOJICIIH
Ovation Prime, uto MOxHO Ha0JIOAaTh HA PUC. 3 U pHC. 4.
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Pucynox 1. Kaptsl Bapuauuu [19C ¢ u3o0paxkennem pabotsl MeTosa «CKONb3sIIee OKHO», MPOXOsIiee
BCIO CHCTEMY KOOPJMHAT € paiycoM 5X5 rpamycoB reorpauaeckoil MupoThY JONTOTHL.
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Pucynok 2. HarmsanHoe npencraBienue padoTsl MeToga «CKOJb3SIIee OKHOY.

MAP OF THE PREDICT OP MODEL 2006_12_15

0.000 0.116 0.232 0.347 0.463 0.579 0.695 0.811 0.926 1.042 0.0000.116 0.232 0.347 0 463 0573 0é95 0.811 0.926 1.042

Pucynox 3. CneBa npejcTaBjieH IPOrHO3 Mojend ovation Prime, staqoHHON MoOIENd s CpaBHEHUS W
CIpaBa MPOTHO3 MOIIHOCTH M TPaHUIl aBPOPaIbHBIX BhICkIIaHm Mogean Random Forest s 15.12.2006.
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MAP OF THE PREDICT OP MODEL 2018 11 9 MAP OF THE PREDICT RF MODEL 2018_11_9

0.000 0.116 0.232 0.347 0.463 0.579 0.695 0.811 0.926 1.042 0.000 0.116 0.232 0.347 0.463 0.579 0.695 0.811 0.926 1.042

Pucynok 4. CneBa mpencraBlieH NPOrHO3 Mojeid ovation Prime, sTajoHHOH Mopenu AN CpaBHEHUS, H
CrpaBa MPOrHO3 MOIIHOCTH U TPAHKII aBPOPAJTBHBIX BhIChIManuii Mogenu Random Forest mis 9.11.2018.

MOXHO OTMETHTb, YTO COTTIACOBAHHOCThH KapT aBPOPAJIbHBIX BBICHIAHHIA, MOTYYCHHBIX MOieNbi0 Random Forest
pacTéT c yBEMMUEHHEM KOJIMYECTBA IHEH OOydYeHHS W yBEIHMYCHHEM TIyOWMHBI OO0ydYeHHs. MHHYCOM NaHHOTO
MOIX0/1a SIBJIAETCS OOJbIIIee MOTPeOICHIE BEIYUCIUTEIHHON MOIIIHOCTH U OTIEPAaTUBHOW aMSTH KOMITHIOTEPA, 94TO B
3HAYUTEIHHOH CTETICHN YBEINYHBACT BpEeMs OOYICHHUS MOICIIH.

FpaHI/IIH)I aBpOpPAIbHBIX BBICBITIAHUH C IIOMOIIIBIO COOCTBEHHOTO AJIropuTMa OTYEPUYUBAIOTCA KPACHBIM IIBETOM H
HaKJIa/IBIBAIOTCSL CBEPXY Ha rpaduk, BO BPEeMsi PHCOBaHHs O0JACTH aBPOPAIBHBIX BBICHIIAHUIM, MPOTHO3UPYEMO
Mmojenpto Random Forest, xkak BHAHO Ha pucC.5. I'paHMIBl HIIYTCS MOBOJBLHO XOPOIIO, B IIEJIOM 3a CYET
OJHOTHUITHOCTU «aBpOpaJIbHOI'O OBaJia) Ha BCEM TECTOBOM Ha6ope JJAaHHBIX, oe3 BHUIUMBIX UCKaKEHUM.

MAP OF THE PREDICT RF MODEL 2018_11_9

0.000 0.116 0.232 0.347 0.463 0.579 0.695 0.811 0.926 1.042

Pucynoxk 5. I'paHuIis! aBpopabHOTO OBajia I TECTOBOTO Habopa maHHbIX aist 9.11.2018.

BoiBoabl. HecMoTpst Ha XOPOIITyIO COTJIACOBAHHOCTD TTOIYYEHHOTO TIPOTHO3a ¢ AaHHBIME Mojaenu Ovation Prime,
€CTh B 3TOM TaK)Xe M MHUHYCHI, TaK Kak Mojess Random Forest korupyeTt Mojienb H3MEHEHHS TPAHHUIT aBPOPATLHOTO
oajia Ovation Prime, pucyst ero «ujaeaabHbIM». JTO CBA3AHO C HCIIOJIB30BAHHUEM JIMIIL OJHOM HEIMIMPHUUYECKOM
MOJIEITH, KaK TaJOHHON. BeenacTBre 3TOro st YiTydIieH s W MPUOIMKEHUS OLCHKH aBPOPAIBHONW aKTHBHOCTH K
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peaspHON Ha3peBaeT HEOOXOANMOCTD MCIIOIb30BaHMs OOJIBIIETO YMCIIa ITAJOHHBIX MOJICIICH /I OTTMCAHKs OBaJa, B
TOM YHCJIe NCIOIh30BaHUE SKCIIEPUMEHTANBHBIX JaHHBIX cryTHIKa DMSP.

B menmom MOXHO cKka3aTh, YTO IIOJYYCHHBIE Pe3yNbTAThl ITOKA3bIBAIOT PabOTOCIOCOOHOCTh NAHHOTO IOIXOAA
onpeeeHdss MOLIIHOCTH M IPAHUIBI ABPOPAJILHBIX BbICBINAHMN MO JaHHBbIM KapT Bapuamuu I19C, ero
HEePCHEKTUBHOCTE U BOSMOXHOCTH JOPAaOOTKH B JaJbHEHIIEM I MONTYyYCHHUsS aKTyaJbHOW OLCHKH aBpOPAILHOM
AKTHBHOCTH B CUCTEMaX PEabHOTO BPEMEHH.
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AHHOTAIMA

[Ipu aHanmm3e sBICHUSA MOTIOMCHHUS THITA TOJSIPHOH manku 10 — 15 centadps 2017 r. oOHapyKeH HOBEIH 3¢ ekt
AQHOMAJIBHOTO TIOHIDKCHMS IOTJIONICHUs B MecTHble yTpeHHue 4dachl (3ddexr YII — yrpennee monmxkenue) 13
CeHTSIOps Ha aHTapKkTHYeckuX cTaniusx Bocrok u I[Iporpecc [ Vaves u op., 2019].

B nmanHO# paboTe mMpoaHaIM3WPOBaHBI BapHallll MHTEHCHBHOCTH IIOTOKOB IIPOTOHOB BO BpPEMS COJHEYHOTO
MPOTOHHOTO coOBITHA ¢ 10 — 15 cenTsa0ps 1 Bapuanuy norionieHns Ha ct. [Iporpecc 3a 3ToT ke nepuon. B atu nan
orpezieieHbl (Ha OCHOBAaHMM JAHHBIX cnyTHUKOB cepun POES ¢ monsipHOll opOHTON) 3HAU€HMS MHTEHCHBHOCTH
[IOTOKOB IIPOTOHOB, IIPOHMKAIOIIUX B YTPEHHUN U BEUYEPHUU CEKTOpa IOJSPHOM IIANKU OTAEIbHO. PaccuuTaHsbl
k03¢ dunneHTsl acuMMmeTpun (yTpo/Bedep) 3alojHEHHs IOXKHOW IOJSPHOM INANKK IIOTOKaMU MPOTOHOB.
YcraHoBneHo, yto 13 ceHTs0ps (nmepuon Habmronenus 3ddexra YII) xospduuueHT acuMmerpun MeHble 1.
[MpennoxeHo pusnyeckoe obocHOBaHMe CBsi3u nosiBieHus YII ¢ peructpauneit nonmxkennoi nureHcusHocty I111 B
yrpeHHeM cekrope [T no cpaBHEHUIO C BEYEPHUM.

Beenenue

B pabore [Vaves u Op., 2019] omucan HoBblil d¢dexr B sBiaenusx I[IIIHI: B nekortopwix IIIII (ocoGenHo
MPOUCIICIIINX B PAaBHOJCHCTBEHHBIC CE30HBI rofa [Vases u op., 2020]) Ha craHIMsIX B IEHTPaIbHON 0b0macTu
NOJISIPHOW INANKK B YTPEHHHME Yachl BIUIOTH JI0 MECTHOTO IOJIYJHS HaOJIIOAaeTCs MOHMKEHHOE IOTJIONICHHUE,
KOTOpOe Ha3BaHO 3(PPEeKTOM yTpEeHHEro MOHIKEHUS MOTJIOoUIeHus Wi yTpeHHUM mnoHmwkeHuem (YII). Oaun u3
OCHOBHBIX Mopdosioruueckux npusHakoB YII 3axitodaercs B TOM, YTO Bapuanusi MOHMXKEHHs IMOTJIOLIEHUS BO
Bpems YII He koppenupyer ¢ TeHaeHuuel usmeHenueMm nureicuBHoctH I1I1 ¢ sneprueit Ep > 10 M»aB, uzmepeHHbIx
BHe MarauTocdepsl Bo BpeMs YII.

B cratre paccmoTpens ganable peructpanuu [1I1 8 mepuon CIIC (TIIII) 10 — 15 centsiops 2017 . Ha ciiyTHHKE
(POES-15) ¢ nonsipHO#i OpOUTON HAJ YTPEHHUM U BEYSPHHM CEKTOPAaMH HEHTPAIHLHON 00IACTH MOJISIPHOM IIAMKH
(ITll). Paccunransr ko3¢ ¢unmentsr acumMeTpun 3amonaeHus [ moTokamMu mpoToHOB yTpeHHero (JMyT) u
Beueprero (JMBu) cekropoB Kys (Kys = Jmyt / JMBu).

Anayn3 Bapuanuii naTeHcuBHOCTH IIII M mornomenust Bo Bpemst CIIC u I 10 - 15 centadps
2017 r.

Ha pucynke la npencrasiensl Bapuanun naTeHcuBHOCTH [T (Jum) (B amamazone sHepruit Ep > 5, > 10, >30, >50,
>100M>5B) B mepuon CIIC 10-15 centsiops 2017 r. [http//satdat.ngtc.gov/sem/goes]. Cornacuo [Richardson and
Cane, 1996; Jiggens et al., 2019] CIIC ¢ mo00HBIMH XapaKTepPUCTHKAMK O0YCIOBIICHBI COJTHEUHBIMHU BCITBIIIKAMH
¢ BeIOpocoM kopoHaibHON Maccel (BKM). Tlepruoa nmpoxoxaenuss BKM mumo 3emin oTMeueH CHMBOJIOM |<—> |
Ha pucynke 10 npeacraBneHs! skcnepuMenTanbablie Bapuarun nornomerus [T (As) 10 — 15 centsops 2017 1. ¢
s¢pdexrom YII (13 centsibps) Ha anTapkTHueckoll cranuuu Iporpecc (A’ = 76.23°% @’= - 74.43%). Bapuauuu
nornomenus I umeroT CyTOYHYIO0 NEpHOJMYHOCTH (MOBBINICHHbIE / TOHW)KEHHBIE 3HAYEHUS B MECTHBIC
JTHEBHBIE/HOUHBIE Yachl) KaK Pe3yJIbTaT CMEHBI OCBEIEHHOCTH HoHOC(epsl. LlITpuxoBoii yepHOl TMHHUEH TTOKa3aHbI
pacueTHbIC 3HAYCHUsI MOTJIOIICHHS, BBIYUCICHHBIC HA OCHOBE AMMUpHYeckoro cooTHourerus [Sauer and Wilkinson,
2008]. BumHo, uto 13 ceHTSAOps B yTpEHHHE Yachl HKCIIEPUMEHTAJbHbIE 3HAUEHMs ITOTJIOUIEHUsS] MEHbIIE, YeM
pacuernbie (A> < Ap). (1) DOro mepBblii w3 mnpusHakoB uaeHtuduxanuu YII. (2) Bropoit — mnposiBnenne
npennonaraemoro YII Ha cpeaneit pasze CIIC (tak Ha3piBaeMmas dasa «Reservoir») ¢ npuxogom BKM. (3) Tperuii —
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nposiBiieHue npennonaraemoro YII Ha ¢ase oueHp MeAJIEHHOTO craja (WM Jaxke IIOCKOTO XapaKTepa U3MEHEHHs
I1IT) Bo Bpems CIIC. Ilepnon nposinerns > dexra YII mokazan 3HauKoM [ A .

OtmetnM, 9to 12 ceHTsadps, kak u 13 centadps (A> < Ap), oxHako 13 uncina uaeHTH(UKAII TPEATIONaraeMoro
VII He ynoBieTBOpsieT BTOPOMY Mpu3HAKY (0TCyTCTBYeT npuxox BKM). 14 ceHTsA0ps ecTh HEOOIBIIOE TOHMKCHHE
A5 110 CPaBHEHMIO ¢ Ap, OJHAKO Pa3IMYUe OYEHb HE3HAUUTEIHHOE.

GOES protons and Progress riometer absorption
fram 10-Sep-2017 00:00:00 o 15-Sep-201 7 00:00:00
. T T
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Pucynok 1. [Totoku nporonoB no nanueiM ciiyTHuka GOES (a) u normomenue Ha ctannuu [Iporpecc (6) ¢
10 o 15 centsiops 2017 r.

Ananu3 pacnpeaenennss unTencusHocTu I1I1 B meHTpanbHO#H 00J1aCTH NOJSIPHON HIATIKU

[Tpu BBIMOTHEHNH TaHHOW PabOTHI ObUIA BBIABHHYTA THIIOTE3a O CBSI3H IMOHIKEHHOTO ToryIomeHus B nepuoa YII (B
HepHOJl MECTHBIX YTPEHHHX 4YacoB) Ha CTaHIUAX B LeHTpanbHol o6mactu [T (@ > 60%) ¢ moHmxkeHHOM
nHTeHCUBHOCTHIO [1I1 B yTpeHHEeM cekTope LeHTpaIbHOW 00IaCTH MOJISPHON IIAIKH.

JUis mOATBEep KIIEHUST 3TOTO TMPENNOI0KEHUS OBUIM MOCTPOCHBI MPOEKIMHM TPACKTOPUIl MPOJIETOB 5 MOJISAPHBIX
cnytHukoB cepuu POES nan roxwoii [, peructpupyrommx NOTOKKM IPOTOHOB ¢ sHeprueid Ep > 6.9 MaB Bo
Bpemst CIIC 11 — 15 cenrsops 2017 r. I'panuisl nosspHO# mianku ompeaenens mo [Dmitriev et al., 2010] s
sHepruu npotoHoB Ep = 6.9 M»aB.

OnpeneneHbl MTHOBeHHBIC 3HaueHHsT nHTeHcHBHOCTH [1I1 (Jrmm) ¢ sreprueit Ep > 6.9 M»aB, 3apeructpupoBaHHbIC
HaJl TPACKTOPUSIMH IIPOJICTOB CIIYTHUKOB. Ha OCHOBe 3TuX Jnm paccuuTaHbl MeAMaHHbIE 3HAYEHHUSI HHTCHCUBHOCTH
II1 pa3mensHO 1O NaHHBIM JOIl Hajx yTpEeHHEH M BedepHEeH 4YacTAMH Tpaekropuu mpoiera crmyTtHuka POES
(cootBercTBeHHO JMyT M JMBY). OmnpeneneHo COOTHOMCHHE JMYT ¥ JMBY U MONyYeH KO3PPHUINSHT aCHMMETPHH
3anosHeHus1 notokamu npotoHos [11Hn (Kys = Jmyt / JMBu). 3Hadenust KyB paccuuraHsl Ui Kaxa0ro Ipojera
crnytHukoM POES-15 30HbI t0kHOM mosisipHoi manku 3emiu B Tedenue CIIC (o 14 3HaveHuit 3a KaKable CYTKH).
Ha pucynke 2a npencrasiena Bapuaiusi CIIC 10 — 15 centsiopst o nanaeiM GOES B HeCKONBKUX AHAana3oHax
sHepruid. KpacHbIMU TUHUSAMH yKa3aHbl MOMEHTHI TposieToB criiyTHuka POES-15, nmoka3aHHble Ha pucyHKax 20 u
2B.

Ha pucynke 26 1 2B mpuBe/ieHbl MIHOBEHHbIE 3Ha4YeHHUs JII MO JIAHHBIM 2-X MPOJIETOB IOJIIPHOTO CITyTHHKA
POES-15. Ha kaxIoM pUCYHKE JIBe 3eJIeHbIe JIMHUM - TPaHHIbl HAXOXKICHUS TPACKTOPUH JBHIKEHHUS CITyTHHKa
BHyTpu Il (rpanuisl paccuntansl mo [Dmitriev et al., 2010]). Opamxkesast munus aenut [T Ha 2 cexkropa:
YTpEHHHH, JIEBBI (OT 3€JICHOH 10 OpaH)KEeBOW JIMHWHW) M BEUSPHUI, MPaBHIH (OT OpaHXEBOH IO 3€JICHOW JIMHHM).
[udps! OKOJIO 3€NEHBIX JMHUI SBISAIOTCS MEIUAHHBIMM 3HAUYEHMSAMH JII JUIl KaXJOro CEeKTopa pasaenbHo. B
JIEBOM BEPXHEM YTIIy YKa3aHbl BpEMEHHBIC HHTEPBAJIbI IposieTa cryTHrKa Haj [T,

Ha pucynke 2r npusenens! 3HaueHus Ky 3a mepuon 10 — 15 centsopsa. BugHo cnenyromee:

a) 11 centa6ps 3Hauenus Kys = 1, T.e. Myt = JMBY. DTO yKa3plBaeT Ha OJHOPOIHOE 3aIOJHEHHEM YTPEHHETO U
BeuepHero cekropoB [T noTokaMu IpOTOHOB.

0) 13 cenrs6ps 3nauenus Kys < 1, T.e. Myt < JMBY (3a HUCKIIIOUeHHEM eproaoB okono 10 UT u 18 — 23 UT).
370 yKa3BIBaeT HAa HEOJHOPOTHOE 3aII0OTHEHUE YTPEHHET0 U BeuepHero cekropos I moTokamMu IpOTOHOB.

dusnyeckoe 000cHOBaHMe CBsI3M Mexay mnosisjienneM YII u mosiaenuem IIII ¢ moHmkeHHOWH
HHTEHCUBHOCTHIO B yrpeHHeM cexTope ITTiy

Ionmxennas maTeHCHBHOCTH [II1 B yrpennem cexrope Il B mepuox 3ddexra YII moxer ObITh 00BsCHEHA
cienyronM obpa3zoM. Bo BpeMsi MOIITHBIX COTHEUHBIX BCIIBIIIEK ITPOUCXOTUT BEIOPOC KopoHanbHOH Maccsl (BKM)
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B MEXIUIAHETHOE IPOCTPAHCTBO BMECTE€ C MAarHMTHBIMHU IIOJISIMH, KOTOpble 00pa3yloT MarHutHoe obiako (MO).
MarauTHOE 00JIAKO COCTOMT M3 3aMKHYTHIX M TaK Ha3bIBAEMBIX «OTKPBHITHIX» MarHUTHBIX TpyOok (MT3 u MTo),
00pa3yIoMmux MEeHTPANbHYI0 W BHemHIol0 dacTiH. B MT3 ob0a xonma maxozmsarcs B atMocdepe CoiHIIA W, TaKUM
o0OpazoM, popmupyeTcs MarHUTHAs TpyOka Tura MaruuTHOH et (MIT). B MTo TopKo 0TMH KOHEII KaK ITPaBHIIO0
«BOCTOUHBII» HaxoauTcs B arMochepe Connia, a apyroil — B MexmianeTHoM mpoctpanctse [Pick and Vilmer,
2008; Malandraki et al., 2001, 2002].

GOEZ = Date: from 10-Sep-2017 00:00:00 to 14-Sep-201 7 23:57.07
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Pucynoxk 2. [Totoku npotoHoB 1o gaHHbM ciryTHHKa GOES (a), Bapuanuu NOTOKOB IIPOTOHOB IO AaHHBIM
cnytHuka POES-15 oxono 18:40 UT 12 cents6ps 2017 r. (6) u oxono 3 UT 13 cenrsadps 2017 r. (B),
K03pduIKeHT acuMMeTpun (YTpo/Bedep) 3amoJHEHUs FKHOI HOJIIPHOH INAaNKW MOTOKaMH HMPOTOHOB IO
nanubM cnytarka POES-15 ().

Bo Bpemst BCHBIIIKK Tak ke reHepupyrorcst noroku npotoHon (I1I1) B ocHoBHoM ¢ sueprueit Ep = 1 — 100 MeV
[Pick and Vilmer, 2008]. Yacts I1I1 oka3siBaeTcs 3axBauennod B MT3 (B MII) Buytpu BKM, pacrnpoctpansiercs
KOHBEKTHBHO BMecTe ¢ MT3 m mpumepHo uepe3 24 — 48 uac mocturaer opOoutsl 3eMiH (B 3aBUCHMOCTH OT
reJIoAoNroTsl Benblmiku). B MT3 (B MII) BO3HMKArOT /Ba MOTOKa IPOTOHOB, HANpaBJIEHHBIX HABCTPEdy APYT
npyry: 3anafaHelid 1 BoctouHblid (I1T13m u I1I1Bc), ecnmu MT3 (MII) pacnionoxkeHa B MIOCKOCTH SKIUNTHKU. [Ipu
9TOM B 3aBUCUMOCTH OT ONIPEJCIICHHBIX YCIIOBUI B COJHEYHON KOPOHE U B MEXIUIaHETHOM IpocTtpaHcTie: I1T13n <
MITec wiu [MI13m > TIT8c. [pu sTom B GonpummucTBe cityyaes ([1I13m < IMITsc) [Richardson, 1994; Richardson and
Cane, 1996], ocobenno B MTo.

Korma MT3 mocturaior opOMTHI 3eMiH, MPOUCXOAHT NEpECOCAMHEHWEe MArHUTHBIX CWIOBBIX JuHHA MT3 c
MarHUTHBIMH CHJIOBBIMH JIMHUSAMH XBocTa MarHUTOcepsl (XM). B atom cimywae Il mHeammabaTmuecku (uepes
MarHuronay3sy) nporukatoT B XM. Ecim MT3 HaxozasTes B rutockoctH sxkiuntuky, To II13n (IT1Bc) nponukaer B
3amajiHyo (BOCTOYHY0) cTopoHy XM U BhIChIMaercs B atMocdepy B yrpenHeM (BeuepHem) cexrope I [Hynds
et al., 1974].

IIIT (Ep = 1 — 100 MeV) Ha BbicoTax HuxHeil noHnochepst (20 — 90 kM) IOMOIHUTENBHO HOHU3YIOT aTMochepy 1
BBI3BIBAIOT BO3pacTaHue moromieHus (A — absorption) KOpOTKHX paarOBOIH TAIAKTHYECKOTO MPOMCXOKICHHS,
KOTOPOE PErHCTPUPYETCS HA3eMHBIMH BEICOKOYYBCTBUTEIBHBIMU KOPOTKOBOTHOBBIMHU MIPUEMHUKAMH - PHOMETPaMH
[Apuayxui, 1974). Ecam I3 < Illlsc, To B yrpenHeM cexrope I mormorieHre OyaeT MeHbIIE, YyeM B
BeuepHeM (AyT < ABY), 4TO M IPOSIBISIETCS HA 3allMCH PHOMETpa KaK YTPEHHee IOHM)KEHHOE IIOTJIOLIEHHUE, T.C.

apdexr YII.
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[IT 3anonustor MT (3axBateiBatoTcs) ¥ 1pu 3ToM popmupyercst annzorponssii 111, cocTosmmii n3 2-X TOTOKOB
MIPOTOHOB: 3aIlaJHOTO U BOCTOYHOTO (cooTBeTcTBeHHO [1I13Mm 1 [1I1BC).

B paBHOJIEHCTBEHHBIE CE30HBI TOMA 3eMJIs HAXOAMTCS MPUMEPHO Ha + 7° BhINIE/HIKE TUIOCKOCTH COJHEYHOTO
skBatopa. Korma B centsiope MO mocturaer opOUTHI 3eMIIM XBOCT MarHUTOC(EpH! IO aeT BO BHEIIHIOIO 00IaCTh
MO, ¢ MTo [Malandraki et al., 2002] B kotopsix I1I13m << I1IIBc. [TosTomMy mpu mepecoeanrernd MTo ¢ XBocToM
MarauTocepsl B yrpeHHHil (BeuepHmit) cekrop [l mpormkator IIII3m (IIIIBc) cooTBeTcTBEHHO MaoOn
(OompIION) WHTEHCHBHOCTH, KOTOPBIC BBI3BIBAIOT COOTBETCTBCHHO Majoe YyTpeHHee / OoJbIIoe BedepHee
norotnenue [Ty < IIIIBs. B pe3ynsrate peructpupyercs 3¢ dexr YII.

3axiroueHue
HccrnenoBana cBs3p Mexay mosisieHueM dddexra YII Bo Bpems I 10 — 15 centsops 2017 r. mo maHHBIM
PHOMETPUYECKIX HAOMIOJCHUH Ha aHTapKTH4ecKoW cTaHmuu [Iporpecc W pacmpenencHneM HHTEHCHBHOCTH
MIOTOKOB MPOTOHOB B IEHTPAIbHON 00JACTH MOISIPHON IIANKH IO JaHHBIM HAOTIONCHUI Ha MONAPHBIX CIyTHHKAaX
POES. Ins 3Toro paccyuTaHbl 3HAYCHHUS KOAPPHUIMEHTa aCHMMETPUH 3aTI0THEHHUS TIOTOKaMU IPOTOHOB YTPEHHETO
U BeuepHero cekropoB leHTpanbHOW obnactu [1In. ComocraBnenue Hammuus YII u 3nayenuit Kys mosBomser
caenath cienyromue BeiBoabL: (1) B TeueHue 13 cenrsnops (Hammuume YII) 3Hayenus Kys < 1; (2) B Teuenue 11
centsiopst (orcyrcrBue YII) 3Hauenus Ky = 1; (3) cBs3p Mexay nosiBnenneM Y11 W MOHMKEHHBIMH 3HAYCHUSIMH
Kys <1 o0ycnoBnena nmonmwxkeHHbMy 3Ha4eHusiMu [111, mpornkatomux B yrpennuid cexrop [T

[MpennoxxeHa Bo3MokHasi (U3UUECKash MOJETb NPUYUHHO-CIIEJCTBEHHBIX (DaKTOPOB, 0OYCIAaBIMBAIOIINX CBS3b
Mex 1y nossiaeHueM Y11 u noHmwkeHHbIMH 3HaueHUsAMH KyB.

baaromapHocTu. Pabora VYiapeBa B.A. BbIONHEHA B paMKaxX HaydyHO-HCCIEAOBaTelbCKux pabor HUY
Pocrunpomera no teme 6.1 «Pa3BuTnHe M MOJCPHU3ALMS TEXHOJIOTUI MOHHTOPHHIA reo(pu3ndeckod 00CTaHOBKU
Haja Teppuropueit Poccuiickoit @enepanuu u Apktukm». Pabora Porosa JI.JI., AGynuna A.A. u AOyaunoit M.A.
BBITIOJIHSJIACH MTPH TToepikke rpanta PH® Ne 20-72-10023.
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MPOTHOCTUYECKAS OLIEHKA KPUTUYECKOM YACTOThBI

CJ10A F2 HOHOC®EPBDI 110 HABJIIOJAEHUAM PAIMON3JTYYEHUA
B IEPUOABI PETUCTPALIMU KOPOHAJIBHBIX BBIBPOCOB MACCHI
HA KOPOHOI'PA®AX

O.A. llleiinep
HUPOU HHI'Y um. H.U. Jlobauesckoeo, 2. Husicnuti Hoseopoo, Poccus

AHHOTaUUsl. BO3MOXHOCTh TOJATOTOBKM M CO3JAHHS MeEp 3allUThl OT MNPHUPOJHBIX AHOMAIWA U OT
reod(HeKTUBHBIX MMOCIIECTBUI MOILIHBIX COJIHEYHBIX SIBJICHHH B OKOJIO3EMHBIX U 3€MHBIX TpOleccax — aKTyajbHas
3a/laya COBPEMEHHON HayKW, OIpefenseTcd IepHOAOM MPOTHO3UPOBAHMSA MOIIHBIX SBJICHUH COJIHEYHOM
aKTUBHOCTH. II0CKONBKY CYIIECTBYIOT METOJBI IPOTHO3UPOBAHUS OTIEIBHBIX ABJICHUH COJHEUHON aKTUBHOCTH, B
TOM 4HCJIE M BBI3BIBAIOUIMX BO3MYILEHHS B OKOJIO3EMHOM IIPOCTPAHCTBE, MOXKHO OBLIO OBl C OIpeAeiIeHHO
CTENCHBIO YBEPEHHOCTH IIPEICKa3aTh BPEMEHHBIE BO3MYIIEHHs B HoHocdepe. Crocod mNporHoza BpeMEHH
perucTpanuy KOPOHAJIBHOTO BBIOpOCAa MAacChl OBUI TPEANIOKEH Ha OCHOBE aHalW3a [aHHBIX COJIHEYHOTO
MHUKDPOBOJIHOBOTO H3IY4EHHs, IOJy4aeMbIX IPH HA3€MHOM KpPYIJIOCYTOYHOM MOHHTOPHHIE€ IPH CPaBHHUTEIHHO
MPOCTHIX YCOBEPIICHCTBOBAHMAX METOMOB 00padOTKH MMeromeicss nHdpopmanun. B To e BpeMs 3a NposiBICHHE
reodpdexrrnBHocTH CME MOXHO TpHHATH JUIMTENBHOE CHWDKCHWE 3HadeHWd nepuauun AfgF2 kputHdeckoit
gactotel foF2 cnmos F2 wmoHocdepsl, W mNporHo3sMpoBaHHE COCTOSHHS HMOHOC(Ephl MOXHO CBf3aTh C
NPOTHO3UPOBAHHUEM KOPOHAIBHBIX BEIOPOCOB Macchl. B maHHO# paboTe NpHBOIATCS MpOrHOCTHYEeCKHE OLUeHKH foF2
Ha OCHOBE JIJAaHHBIX HAOJIOJICHUI COJIHEYHOT'0 PaHOM3ITyYCHHS B IUPOKOM HAana30He 4acToT.

Beenenne

BiusHue CONHEYHBIX MPOLECCOB HAa COCTOSHUE OKOJIO3EMHONM KOCMHYECKOW Cpenbl SBIAETCS NPeAMETOM
UCCIIEIOBAHUI B CBSI3U C €r0 aKTYalbHOCTBIO HJISi COBPEMEHHBIX TeXHOJIOTHi. [Ipn 3TOM ciienyeT uMeTs B BUAY, Y4TO
JUI aHalM3a Pa3IMYHBIX MPOLECCOB, MPOUCXOASIIMX B BEPXHHUX CIOSX aTMocdepbl 3eMiii U B OKOJIIO3EMHOM
KOCMHYECKOM  IIPOCTPAHCTBE, HEOOXOIMMO HCIOJIb30BaTh MOJHYI0 LEMOYKYy (U3WYECKUX IPOLECCOB,
npoucxoqaumx Mexay Comanem u 3emieif. OObIMHO sl MONMY4eHUss MHPOPMAIMU O XapaKTEepUCTHUKAX
MOHOC(EPHBIX BO3MYIIEHHH, BbI3BAaHHBIX COJHEYHBIMHU SIBJICHHUSIMH, UCIIOJB3YIOT MH(OpMALNIO O T€OMarHUTHBIX
nanexcax (Kp, Ap, Dst), paccunTaHHBIX O Ha3eMHBIM HaOMIONEHHSM, M BapHaIlUsIX TaHHBIX OKOJO3EMHOIO
KOCMHMYECKOTO TNPOCTPAHCTBA, M3MEPEHHBIX MCKYCCTBEHHBIMH CITyTHMKaMH (IIOTOK PEHTI'€HOBCKOTO M3Iy4YCHHS,
MOTOK MPOTOHOB). B mocnenHue roapl OONbIIOE BHUMAaHHE YIENSETCS HCCISIOBAaHHUAM Ie0d3()(eKTHBHOCTH
(u3ndecKkux sABJIEHUH, Bo3HHUKaOMMX Ha COJIHIIE M HPOSIBIISIONINXCS B COTHEYHOM BETpE, TAKUX, KaK BCIBIIIKH,
KOopoHaJsbHbIe BBIOpOCcH Macchl (CME), MOTOKH BEICOKOCKOPOCTHOTO COJTHEYHOTO BETPA.

WzBectHo, Hampumep, uyto CME xapakTepusyloTcd MOIIHBIM U3IY4Y€HHEM B IIUPOKOM JUANa3oHe
3JIEKTPOMAarHUTHBIX BOJIH, 0Opa3oBaHMEM YCKOPEHHBIX 3apsDKEHHBIX 4YacTWIl, 0Opa3oBaHHEM yIapHBIX BOJH B
MEXIUIaHeTHOM TpocTpancTBe [1]. Bosmymmenus B maruutocdepe u moHocdepe 3eMid, BHI3BAHHBIC SBICHUIMHU
CME, mnpuBoasAT K HapymICHHSM (QYHKIMOHMPOBAHHUS CHUCTEM OpHEHTAllUW, CBS3W, psina HpHOOpoB Ha OoOpTy
KOCMHYECKHX allapaToB, BBI3BIBAIOT MHOTOYHCICHHBIE COOM B paboTe CBSI3M, HABHTAIMH, OTCIEKHWBAHHSI H
MpeaynpexaeHus Ha 3eMye, MOTYT IPUBECTH K SKCTPEMAIbHBIM CUTYAIMsIM B KPYITHBIX SHEPTeTHYECKUX CHCTEMaX,
YCKOPEHHIO MPOLIECCOB KOPPO3UH B HE(TEra3ompoBoOax, a TAKKe MOBJIUATh Ha MPOLECCh (JOPMHUPOBAHUS MOTO/IbI
H 3JI0POBBS YesioBeKa (CM., Hanpumep, [2-9]).

B03MOXXHOCTh MOATOTOBKM M CO3JAHUS MEp 3allUThl OT MPHUPOIHBIX AaHOMATUN M OT Te0d3(PEeKTUBHBIX
MOCJTEACTBUHA MOIIHBIX COJHEUHBIX SBJICHHH B OKOJO3E€MHBIX M 3€MHBIX IIPOLIECCAX M BO MHOTHX OO0JIACTSIX
JIeSITeIbHOCTH Y€I0BEKa — aKTyaslbHasl 3a/laya COBPEMEHHON HAayKH, U ONpeAesseTcsl MepHoA0M MPOrHO3UPOBAHUS
KOpPOHAJILHBIX BEIOPOCOB MAacCHI.

ITockonbKy CyImIECTBYIOT METOABI IPOTHO3UPOBAHUS OTAENBHBIX SIBJICHUI COIHEYHOI aKTUBHOCTH, B TOM YHCIE U
BBI3BIBAIOIINX BO3MYIICHUS B OKOJIO3€MHOM IIPOCTPAHCTBE, MOXHO OBUIO OBl C OINpPEJENICHHOH CTENeHbIO
YBEPEHHOCTH TIpeJICKa3aTh BpEMEHHbBIE BO3MYILEHHUS B HOHOC(eEpeE.

B kauectBe OomHOro M3 mapaMeTpoB HOHOC(hEphl 3eMiaM OOBIYHO paccMaTpHBAETCSl IOBEJICHHE BO BPEMEHH
KkpuTHueckoit wactots foF2 crost F2 nonocdepst, u3mepsieMoil ¢ IOMOIIBIO CTAHIMI BEPTHKAIBHOTO 30HANPOBAHHMS
nonocgepsl. Kak 66u10 okazano [10,11], a7 TOBBIIIEHUS TOYHOCTH MPEATIOYTUTEIHLHO aHATM3UPOBAThH TIOBEICHUE
BO BPEMCHH BEJIWYHH OTKJIOHEHHS HW3MEPEHHOTO 3HAYEHHs YacTOTBI OT ee cpemnero 3Haudenus AfoF2 mo
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npemioxeHnoi B [10] meroauke. [pu anamuse noBenenus AfoF2 n mapameTpoB KOpPOHANBHBIX BBIOPOCOB MAacCChI
[11] Hamu Oblna OOHapy)KEHA KOPPETSILUS MEXKIY MOBEACHUEM JeBHALMU KpUTHYECKOW yacToThl (AfoF2) cnos F2
HOHOC(Epsl M PErucTpanveil KOpOHAIBHBIX BBIOPOCOB Macchl. PUCYHOK 1 WIUTIOCTpHpYET CyIIeCTBOBaHHUE
OTpHUILATENBHOM HPOU3BOAHON BO BpeMEHHOM moBeaeHUH OTKioHeHus foF2 mocne navama CME Ttuma metiw,
(xpacHbIf KBanmpar) u 0e3 M3MeHEeHHH mocie Hadaia Apyrux TunoB CME (3emeHblit TpeyroisHUK). J[Be TpaBbIe
MaHeN pucyHKa — pasHocTHOe n3o0paxkenne CME tuna Jet (Bepxusas nanens) 1 CME tuma Loop (HWKHSS aHEeTb)
n3 Karamora CME SOHO LASCO [12].

AfOF2, Seplember 06, 2013
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Pucynok 1.

Takum oOpazom, 3a mposiBieHue reodpdextuBHOCTH CME MOXHO TpWHATH UIHTENBbHOE CHIDKCHHE 3HAYCHUN
nesuarn AfgF2 kputnueckoit uactorst foF2 ciost F2 nonocdepst. Toraa mporHo3upoBaHie COCTOSHUS HOHOC(EPHI
MOYKHO CBSI3aTh C IIPOTHO3UPOBAHUEM KOPOHAIBHBIX BEIOPOCOB MacCHl.

B nannHO#l paboTe MPUBOAATCS PE3yIbTATHl HCCICMAOBAHUS BO3MOXKHOCTH NPHMEHEHUS IAHHBIX HAOIIOACHUH
COJIHEYHOT'O PaJMOU3Iy4YeHHs B IIMPOKOM JHMAIa30He YaCTOT JUIS IPOTHOCTUYECKUX OLIEHOK KPUTHYECKOI YacTOThI
foF2 cnost F2 nonocgepsi.

Hcnoab3yemble JaHHbIE M METOJ

Crioco6 mporHo3a BpeMEHH PErHCTPalliil KOPOHAJIBHOTO BEIOpOoca Macchl ObLT mpemioxkeH B [13, 14] Ha ocHoBe
aHaJIM3a MJAHHBIX COJIHEYHOTO MHKPOBOJIHOBOTO H3JIydECHHUS, MOJTYyYaeMbIX INpPH HA3eMHOM KpYIJIOCYTOYHOM
MOHHUTOPHHI€ W pa3MENIaeMbIX B ceTH VIHTEpHET B pEaJIbHOM BPEMEHH, IPH CPAaBHUTENBHO TPOCTHIX
YCOBEPILIEHCTBOBAHUAX METOJJOB 00pabOTKH UMeroLIercss HHPOPMAIHH.

AJNTOPUTM U CXeMa KpaTKOCPOYHOro rnporHozuposanus KBM, pazpaboTaHbl Ha OCHOBE CTAaTUCTUYECKOTO aHAIN3a
3aKOHOMEPHOCTEH COJHEYHOTO PAaJUOM3ITYdEHHUs, HaOII0JaeMOro 10 PETUCTPALUU «H30JIHPOBAHHBIX» CONHEUHBIX
KOPOHAJIILHBIX BBIOPOCOB MAacCChl — 3TO COOBITHS, KOTOPBIE YIOBIETBOPSIOT YCIOBHSM: ONIKalIlIMe MO BPEMEHHU
BBIOPOCHI HE PETUCTPUPYIOTCS B TE€UEHHUE, 1Mo kpaifHe mepe, 8 yacoB IO u 6 wacoB IIOCJIE paccmarprBaemMoro
cOOBITHS. DTO CBS3aHO C TeM, YTO JaHHble MmupoBoii ciayx0bl CosHIIA B paccMaTpuBaeMOM JAHAla30HE 4YacToT,
OBUIH MOJTY4YEHBI C TOMOIIBIO PaHOTENIECKONIOB O€3 MPOCTPAaHCTBEHHOTO paspemenus. [loaTomy HeoOXouMoO OBLTO
OBITH YBEpEHHBIMH B TOM, YTO B TE€UYEHHE paccMaTpHBacMOro MHTEpBaJla BPEMEHHU B II0JIE 3pEHHUSI KOpOHOrpada
perucTpupyercst TOJIbKO OnuH, BHoiHe omnpexenéHusii CME, nm Torma msMeHeHuss B HaOmomaeMoMm 0e3
MIPOCTPAHCTBEHHOTO Pa3peIICHNs] PaJMOU3IydeHHH OyIyT TJaBHBIM 0O0pa3soM COOTBETCTBOBATH AKTHBHOCTH,
CBSI3aHHOM ¢ ()OPMHUPOBAHUEM PACCMATPHBAEMOT'0 KOPOHAIBHOTO BEIOpOCa.

Panee ObuTO MOKa3aHO, YTO UCIOJIB30BAHUE PAIMOACTPOHOMHUYECKUX JAHHBIX KaK AT BBIIBICHHS 0COOEHHOCTEH
Bo3HUKHOBeHUs: KBM, Tak u /11 pa3pabOTKH crmocoOoB mporHo3a napametpo KBM ya06HO U nepcrnekTuBHO [15].
DaKTUYECKH, CHEKTPANbHBIE H3MEPEHUS COJTHEYHOTO PAAMOM3IYYEHHS OXBAaTHIBAIOT BCE BBICOTHI COJHEYHOI
aTMocdepbl; YyBCTBUTEILHOCTh ¥ TOYHOCTh U3MEPEHHH MO3BOJISIIOT PErMCTPUPOBATH Jlake HEOOJIbUINE H3MEHEHHS
sHepruu. Peructpaimuss paguou3IydeHHs — obecreuymBaeTCsd  MPAKTHYECKH  BCEMOTOAHBIMM — HAa3eMHBIMHU
HaOJIOZICHUSIMH, @ OTHOCHTENIbHAsi JElIeBU3HA IIOJIyYEHUS] COOTBETCTBYMOLIeH HH(opManuu 00ycloBiIeHa
pa3paboTaHHOI M BHEIPEHHOW CHCTEMON MOHUTOpUHTA HaOroieHwmid [16].

[Mpennaraemslit MeTOA, KaK METOJ], OCHOBAaHHBIA Ha SMITUPUYECKHX JITAaHHBIX, SBJISETCS KIACCHIECKUM COUETAaHHEM
TOYEYHOTO METOZA NMPOTHO3MPOBAHUS, KOTAA YKa3bIBAETCS, NMPOMCXOAUT COOBITHE WIIM HET, U BEPOSTHOCTHOTO,
TIOCKOJIBKY ONpeJesIsieTcsl BpEeMEHHOM MHTEpBal ISl perucTpaiuu coObiTis. 1o cBoelt cTpyKType METo OCHOBaH
Ha OINO3HABATENBHOM CXeMe, NPOCTEHIINM BapUaHTOM KOTOPOH SIBISETCA CHUHONTHYECKAass cXeMa, Korja Io
NPEABICTOPHHY, O OO0ydaromed BBIOOpKE OmnpenesseTcss TO COYEeTaHWe IIPU3HAKOB, KOTOpoe Hambolee 4YacTo
MIPEIIECTBOBAIO IPOTHO3HPYEMOMY COOBITHIO, HYTO TO3BOJISIET MPEACKa3bIBaTh HATWYME COOBITHS Ha
OTIpe/IeICHHOM BpeMeHHOM nHTepBasie [17].

AHanmu3 JaHHBIX MHKPOBOJHOBOTO H3Iy4YeHHSA, (HOPMHUPYEMOTO B HIDKHHX CJOSX COJHEYHOH arMocdepsl,
aBusieTcss A(PQGEKTUBHBIM METOIOM BBISBICHHS OCOOEHHOCTEW, CBS3aHHBIX C TPOILECCaMH YK€ Ha CTaauu
obOpazoBanusi U HavdanbHOTO pacmpocrpaneHus CME. HeoOXoauMplii MOHHUTOPHHT TO3BOJISIET WACHTH(DHUIIMPOBATH
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ocobeHHOoCTH 3BOJrOIMH 10 dpyruud CME (3BomroIus KOpOHAIbHONW MarHUTHOW TOTIOJIOTHH JIO JAECTaOMIIN3aIiH)
U UX TeHEepanu.

[Ipenpinymye uccieroBaHus MPUBEIN K OTKPBITHIO ABICHUS «paguonpenBecTHIKOBY [18]. beino mokaszaHo, 9To
3HaunTeIbHOMY KonmdecTBy CME B TeueHme IBYX4acoBOTO MHTEpBaja IEpe] WX PErHcTpanueil Ha KopoHorpade
MPEAIIECTBYET CIHOPaANIECKOE PATUOU3IYICHIE, KOTOPOE, T.0. MOXKET OBITh ONPENENICHO KaK PaguoNpEeaBECTHUK
KOPOHAJIBHOTO BBIOPOCA MAacCCHI.

OTo siBIEeHUE OBUIO HMCIIONB30BAHO U YTOYHEHHUS MIPOTHO3UPYEMOTro BpeMeHH perucrpanuu seieans CME. C
9TO# 1enplo naHHble cranuuilt Ciyx0b1 CoJHIIA NOTOKOB paanousiaydeHus oT Bcero CoilHIIAZ B MHKPOBOJHOBOM
nquanasoHe (400 MI'm — 15 I'T'n), noctynHoro B IHTepHETE B BHJIE BPEMEHHON PETUCTPALUU PaJUOU3IyUSHUS UIH
CIEKTPOrpaMMbl B pEaJibHOM BPEMEHH, CpaBHHMBAIOTCS C pAaHHbBIMH KatasoroB CME. Ilpu ananmze
paccMarpuBaeMoro Marepuasia OblJIo OOHapYKEHO, YTO €CIM CHOPaAMYEeCKOe PaIHOM3Iy4YeHHE Pa3IMYHbIX THIIOB
(panmonpensectnuk CME B BHJe MMIYJIBECHOTO, MOCTEIICHHOTO WJIM CEPHU BCIIBIIIEK HU3KOH MHTEHCHBHOCTH C
JUIMTEBHOCTBIO > 3 MMH M TIOTOKOM, II0 KpaiiHed Mepe, 1-3 eauHHIBI Ha ()OHE IMOJHOTO COJHEYHOTO IMOTOKA)
MPOUCXOJUT OAHOBPEMEHHO M B 3HAYMTEIBHOW YacTH AMANa30Ha MHUKPOBOJHOBOTO H3IIyHYEHHs (YTO XapaKTEpHO
JUIL JIOKaJIbHOHM akTuBHOU oOmactu obpasoBanusi CME), To cobeitue CME peructpupyercst Ha KopoHOTpade B
uaTepBasie <200 MUH.

PrcyHOK 2 miumIocTpUpyeT BpeMEHHBIE W3MEHECHHUS B TIOTOKE PaTHON3IYICHUS S B BUE CXEMbI PO uIIeii 3anmceit
COJTHEYHOTO PAJAMONIOTOKA JJIsl Pa3JIMIHBIX CTAaHNUH cIryObI CONHIIA B CIIEKTPaJIbHOM THaa30He HaOMIOACHUH OT 6
no 15 I'T'u mepex peructpanueit CME 12 arycra 1989 r. CME Tuna netiis ObUT 3aperucTPUPOBaH Ha KOPOHOTpade
B 12:59-14:32 UT. Metoa, UCNONb3yeMblid Ul BH3YallbHOTO IIPEACTABICHHS [aHHBIX, MOJPOOHO ONHUCaH B
karajnorax [19,20].
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Pucynok 2.

C mpaBoii cTOpOHBI pUCYHKA MMOKa3aHa yacToTa HabmogeHust B M1 1 cokpallleHHOe Ha3BaHUE COOTBETCTBYIOMIEH
obcepBaTopun (JaHHbIe paguounznydeHus MupoBoil ciyxkObl ConHIa), a ¢ J€BOH — 3Ha4eHHWs] MOTOKOB B
norapupmudeckom Maciutade. Kak munumym 3a 3 4aca no perucrpaunu CME Tuna nerist Ha koponorpape SMM
(wmu 3a 2 yaca 1o CME tuma ob6yiaka) B aHaIM3HUPyEeMOM YacTH MHKPOBOJIHOBOIO JAMAara3oHa HaOIromacTcs
IIMPOKOTIONIOCHOE CIIOPaINIECKOe SIBICHHE.

Pe3yabTarhl anaamn3a HoHOCGEePHBIX JAHHBIX
PaccMoTpuM npuMeHeHne IPeUIoKeHHON MPOUEAypHl Ul aHaJIM3a COCTOSHHS MOHOC(hEphl Ha MpUMeEpe ITaHHBIX
ceHtsops 2017 r. (puc.3).

Ha pucynke 3 mnpuBeneHbl pe3ylbTaThl COBMECTHOTO aHanmu3a JaHHbIX cmyTHUKOB GOES u  maHHBIX
BEPTHKAJIBHOTO 30HIMPOBAaHMS HOHOC(EpHl YEeThIpEX pPa3HbIX HOHOC(HEPHBIX CTAHIMH, PACIOJIOKEHHBIX Ha
PACCTOSIHUU JPYT OT Jpyra, 3a ceHTs0ph 2017 T.; TopU30HTaIbHASI OCh — THU MECSIIa; JIeBasi BEpTUKAJIbHAS OCh JIJIS
AfoF2 — Bpemst cytok (UT). KpacHbIMHU cTperikaMu OTMEUECHBI MOMEHTHI peructparmu reodddexriupasix CME. Kak
BUJIHO M3 PHCYHKa 3, Habmiogaercs ymeHblienue MraoBeHHOro AfoF2 na neckonsko MI'I (cuHMI 1BET) mOCie
peructpanyu ykazaHHelXx CME 8 u 15 centsabps. CremoBaTeslbHO, MOXKHO TPEANOIO0KUTh, YTO UMEHHO JaHHbBIE
CME oxka3bIBaloT BIMSHNE Ha COCTOSHAE HOHOC(EPHI.

C npyroit CTOpOHBI, MOATBEPHKAAIOTCS YCTAHOBIEHHbBIE 3aKOHOMEPHOCTH CYLIECTBOBAHHS PaJHONPENBECTHUKOB
OTMEUYCHHBIX KOPOHAJILHBIX BEIOPOCOB MACCHI.

Koponanbnsiit BeIOpoc maccsl 7 ceHtsiopst 2017 r. 6bu1 3apeructpupoBan B 15:12:08 UT. CornacHo naHHBIM
MOHUTOpHUHIra paauvousnydeHuss ConHIa, Ha J[ABYX 4YacTOTaX MHKpPOBOJIHOBOIO JHamna3oHa OJHOBPEMEHHO
PETHCTPUPYIOTCST BCIUIECKHM NpUMEpHO 3a 2 dvaca no MomeHTa peructpaunn CME (oM. Tabmumy 1). Yto
CBUJICTEIILCTBYET O BBINIOJHEHWH ycioBHsA mnporHozupoBanns CME nHa wunTepBame 2-3 waca. A 3HAYUT, U O
BO3MOKHOM IIPOTHO3MPOBAHUH NU3MEHEHUH B HOHOChEpE.
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KoponanbHelit BEIOpOC Macchl 15 cenTs0ps 0bu1 3apeructpuposad B 12:00:05 UT. Kak cnenyer u3 pucynka 4, 3a
3 gaca mo peructpammn CME Ha kopoHorpade HAOMIOHAIOTCS BCIUIECKH PaTHOM3IYYCHHS B MHKPOBOIHOBOM
IuamasoHe — ycsoBus nporaosupoBanns CME Ha mHTepBane 2-3 daca BBIIOTHEHBI.
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Date | Frequency Type Starting Time of Duration Flux Flux Observatory
(MH2) time maximum (Min) density density
(UT) um Peak Mean
07 9350 22GRF | 1329.7 1331.6 17.97 7.5 - KISL
9350 47GB 1427.6 1433.3 33.77 3100.0 - KISL
6150 46C 1429.9 1433.6 14.71 874.8 - KISL
6150 4S/F 1445.9 1448.5 9.23 184.5 - KISL
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Ha mpumepe coOwituit 7 1 15 centsiopst 2017 r. moka3aHa BO3MOXKHOCTh MPOTHOCTHYESCKON OICHKH HW3MEHCHHN
KPUTHYECKOH yacToTel HOHOChepHOTO ciost F2 (AfoF2) mo moBemeHHIO CONMHEYHOTO PAJHOU3IYUYEHHs B IIHPOKOM
JIUara3oHe 4acToT.

BnarogapnocTu. PaGora BemmonneHa 1o mpoekry Ne 0729-2020-0057 B pamkax 6a30Bod  WacTH
I'ocynapcTBenHoTO 3a7aH1st MUHHCTEPCTBA HAYKH U BBICIIEro oOpa3oBanus PO.
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BJIUSAHUE MATHUTHOM AKTUBHOCTHU U JIABJIEHUSI
COJTHEYHOI'O BETPA HA CPEJHEHIMPOTHYIO HOHOCDEPY
BO BPEMS MATHUTHOM BYPH 22-23 UIOHA 2015 TOJA

O.W. SIroaxunal, B.A. ITanuenko?, B.I'. Bopo6ses!, B.A. Tenerun?, I'.A. )K6ankos®

Y\@BHY [Monspuvii 2eodpusuueckuii uncmunmym, 2. Anamumot, Mypmanckas o6a., Poccus

2DBEHY Hucmumym 3emMH020 Ma2Hemusma, UoHOCHepvl U pacnpocmpanetus paouosoH
um. H.B. Ilywkosa, . Mockea, 2. Tpouyk, Poccus

3Hayuno-uccnedoeamenvckuti uncmumym Gusuku 102cHo20 (edeparbHoz2o yHueepcumema,
2. Pocmog-na-/lony

AHHoTaums. Uccrenosana 3aBucuMocTh BoicoThl HMF2 1 xpuruueckoit wactots foF2 cost F2 cpennemmpoTtHoit
MOHOC(EPB OT MArHUTHOW aKTMBHOCTH M JAMHAMHYECKOTO NABJICHUS COJHEYHOI'O BETpa B TMEPHOJ M30JMPOBAHHOM
MarHuTHON Oypu 22-23 wmions 2015 r. Vcmonp3oBaHBI JaHHBIC, TONYYEHHBIE B pe3yiabTaTeé aBTOMAaTHUCCKOW
00pabotku 15-MuHyTHBIX HoHOTpamMM DPS-4 (MockBa), manaeie crytHuka DMSP F16 u momens aBpopaibHBIX
BEICEITaHUH. [lokazaHo, 4TO BO BpeMs TIaBHOH (a3el MarHUTHOW Oypu MockBa HaxoauiIachk B palilOHE BBICHITIAHHUI
aBpOpAJILHOTO oOBana. PermcrpupyeMble B 3TO BpeMsl HapaMeTpsl ciosi F2 OTIMYHBI OT pETHCTPUPYEMBIX B
npendypeBoil mepuox W Ha (ase BOCCTaHOBIEHHS Oypw, korna MocCKBa HaXOAWTCS BHE 30HBI aBPOPAIbHBIX
BeIchIaHni. [IpeacraBineHbl 3aBUCHMOCTH TapamMeTpoB ciosi F2 0T WHAEKCOB MAarHWTHOM aKTHBHOCTH H
JMHAMHYECKOTO JIaBJICHHS COJIHEUYHOTO BETpPa B EPHO/IbI PA3IMYHBIX (pa3 MarHUTHOH OypHu.

1. BBenenne
Crnott F2 wmonocdeps! - HambOoliee HOHM3HPOBAaHHAS 00NacTb BepxHel aTmocdepsl 3emin. OCHOBHBIMH €O
napamerpamu sBISIOTCS BbicoTa HMF2 u kpurthyeckas dactota foF2. B 3aBHCHMOCTH OT reOMarHWTHOH |
COJIHEYHOH aKTHMBHOCTH OHH MOIBEP)KCHHI 3HAYMTENBHBIM H3MEHCHMSAM. J[MHaMHKa OCHOBHBIX HMOHOC(HEPHBIX
IIapaMeTpOB MPH Pa3HbIX TE€OMarHUTHBIX yCIOBHAX pasnudHa. OcoObIil HHTEpEC IMPEICTaBIIET PEakuus HOHOC(HEPHI
Ha OoJblIME TI'€OMarHUTHBIE OYypHW, IOCKOJBKY OHHM IPHBOJAAT K IUIAHETApHOH ImepecTpoiike HOHOchepbl u
M3MEHEHHIO €€ TTapaMeTpoB. MHOTOUYKCIIEHHBIE IKCIIEPUMEHTAIIBHBIE i TEOPETUYECKUE UCCIIEI0BaHNs HOHOCHEPHI
BO BpEMsI MarHUTHBIX Oypb Pa3HOW WHTEHCHBHOCTH OBLIM IPOBEJIEHBI B TEYCHHUE TOCIEeIHUX AecsaTuieTui [1-5]. B
9THUX paboTax BBISBICHBI OCHOBHBIE (PAKTOPBI, BIMSIOIIME HA MOBE/ICHHE OIPEJEIICHHBIX MTapaMeTPOB HOHOCHEPHI,
OJTHAKO TIOJIy4YCHHbIE JaHHBIC HE JIAIOT MOJHOM KapTUHBI peakiuy HOHOC(Epbl HA TeOMarHUTHBIE BO3MYIIEHHS. JTa
npoOyiemMa 10cTaTOYHO CiIoKHA. M3BecTHO, uTo Mopdonorus Oypp B obmacTu F 3aBHCHT Kak OT MEXIIAHETHBIX
IIapaMeTpoB, TaK U OT MeCTa M BPEMEHHU HaOIroieHHs1. Posib reoMarHuTHOM akTHBHOCTH Ha TMHAMUKY HOHOC(HEPHI B
TIepHO/I MAaTHUTHBIX OYpb JIerde BCErO BBIABUTH IIPU MONAJaHUU HOHO30H/A B 30HY aBPOPAIBHBIX BBICHIAHUN. [is
MoOCKBBI TakO€ BO3MOXXHO TOJBKO BO BPEMsI CHJIbHBIX I'€OMAarHUTHBIX OYpb, IPU KOTOPBIX MOJSPHBIE CHSHHS
HaOMIONAI0TCST Ha CPEeTHUX M, BO3MOXHO, Ha Ooiee HM3KHX IMIMPOTaX. MOHHUTOPHHI MECTOINOJIOKECHHUS ITyHKTa
HaOJIOZICHUs] OTHOCHTEIBHO 30HBI aBPOPAIBHBIX BBICHIIIAHWH BO3MOXEH NPH HCIONb30BaHuMM Monenn APM
(Monenb aBpOpalbHBIX BBICHIMAHUK) [6]. BXOAHBIMH MmapameTpaMu MOJETH CIYXaT HHIEKCHI T€OMarHWTHOM
aktuBHOcTH AL m Dst (SYM/H), reorpadguyeckue KoopAMHATHI MyHKTa HaOmoAeHus U yHuBepcaibHoe UT Bpemst.
Jlist HacTosiiero ucciaenoBaHus ObUTa BRIOpaHa CHIIbHAS M30JMPOBAaHHAS MarHUTHAs Oyps B 24-M IUKJIE COJIHEYHON
akTUBHOCTH 22-23 mtons 2015 r, B mepuos xotopoit Dst mHAEKC B MUHUMYMe cocTaBisul -207 HT.

Lenpto Hacrosiield pabOThl SBISETCS MCCIIENOBaHHE JAMHAMUKHU MApaMETPOB MOHOC(EpHl B MEPUOA 10 Hadania
rJaBHOM (ha3bl MarHUTHOM OypH, Ha ee riaBHO# (a3e u Ha (aze BOCCTAHOBJICHUS M U3YyUYSHHUIO UX CBSI3M C YPOBHEM
T€OMarHUTHOW aKTHBHOCTH M ITapaMeTpaMy COJTHEYHOTO BETpa.

2. UcnoJib3yemMble TaHHbIE

B pabore wncmomp3oBaHBl 15-MuHyTHBIE HaHHBIE, mosydeHHble B MI3MHMPAH B pesynpraTte aBTOMaTHYECKOH
o00pabotku nonorpamm DPS-4 (Mocksa, reorpad. 55.45° N, 37.37° E), u Moaens aBpopaibHBIX BBICHITaHUH APM
[6], pasmeruénnas Ha caiire_http://apm.pgia.ru.

Jlns onpeneneHus MonoKeHUs! SKBaTOPUAIbHON TPaHUIbI aBPOPATIBHOTO OBaJla B YCIOBUSX BBICOKOTO JaBIECHHUS
conmHeuHoro Berpa 22-23 wutoHs 2015 r. ucnons3oBanuchk AaHHble cnyTHuka DMSP F-16, mpexncraBneHHble Ha
nopraie  http://sd-www.jhuapl.edu. [lanHple 10 MarHMUTHOW aKTHBHOCTM OBUIM  B3STBl Ha  caiite
http://spdf.gsfc.nasa.gov.
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HonocdepHnast Oyps oOBIYHO NPOSBISAETCS B BapUalUsAX JJIEKTPOHHON KOHIEHTPALMH B LIMPOKOM HHTEpBaie
BbIcOT OoT mpumepHO 200 mo 800-1000 kM, mOATOMY OCHOBHOE BHHMaHWE B pabote ynmemsercs Beicore HMF2 u
KputHueckoit vactore fOF2 ciost Bo Bpemst BRIOpaHHBIX HHTEPBAJIOB.

3. Cs3b napaMeTpoB HOHOC(hEPHI C TEOMATHUTHONH AKTUBHOCTHI0 M JUHAMMYECKUM JaBJeHHEM
COJIHCYHOI'0 BeTpa

Marnutraas 6ypsa 22-23 wuions 2015 v (Kp=9, Dst =-207 aTn) npoucxonmina Ha (OHE MOBBIIICHHOTO IABICHUS
comHeyHoro Betpa (Psw), peructpupyemoro Bo Bpems riiaBHOU (asel Oypu. Ha cpemnmx mmpoTtax HabmIromaImnch
JIOBOJIBHO MHTEHCHBHBIC MOJISIPHBIE CHAHUS. | €OMarHuTHBIE YCIOBUS U XapaKTEPUCTHKH HOHOC(EPHBIX MapaMeTPOB
B nepuon 22-23 nioHs npencrasieHsl Ha puc. 1. IIITpuxoBsIME BepTHKAIBHBIMU JIMHUSAMH BBIJEICHBI 3 HHTEpBaa:
(a) 1o Hadaa rIaBHOI (pa3pl MarHUTHOH OypH, (6) TaBHas (asa Oypu u (8) haza BOCCTAHOBICHUS.

B aTux uHTEpBanax mccieqyeTcs AMHAMHUKA MapaMmeTpoB HOHOChepsl — BeICOTHI HMF2 1 kputHyeckoi 4yacToThl
foF2. Ha puc. 1 cBepXy BHM3 MOKa3aHbl MHACKCHI reOMarHWTHOW aktuBHOCTH AL, SYM/H u anHamudeckoe
JlaBJieHHe coiHewHOro BeTpa (PSw). Ha nByx HM)KHUX IaHeNsIX IoKa3aHbl OCHOBHBIE MTapaMeTpbl HOHOC(EPHI B CII0E
F2 - Beicota HMF2 u kputrueckas gactota foF2.

AL-unnexc nocruraet Beauuussl -1370 aTn B 18:50 UT 22 urons, makcuMainbHoe 3Hauenne SYM-H unaekca -
207 uTxn B 04:25 UT 23 urons. Me1 ucnosnb3yeM SYM-H unzaexc BMecTo XapakTepHOTo il MarHUTHBIX Oypb Dst
MHJIEKCA, TaK KaK S5-MHHYTHOE pa3pelleHHe IPEINOYTHTENbHEE [UIl W3YYCHHs SBJICHWH, MPOMCXOMAIINX Ha
KOPOTKHX NPOMEXyTKax BpeMeHH. SY M-H unnexc nemMoHcTpHpyeT Te ke BapHaliu 4to 1 Dst nHaekc.

Pe3kuii pocT AMHAMUYECKOTO AABICHUS COTHEYHOTO BETPA, IOKA3aHHBIN Ha TPEThEH MaHEH, PErUCTPUpPyeTCs Ha
3emHO# moBepxHOCcTH Kak SSC B 18:35 UT. Kak BumHO U3 puCyHKa, TMHAMHUKA u3MeHeHni HMF2 TakoBa, 4To 1Mo
(opme oHa Guuska K popme n3meHeHHus PSW, a BBICOTA CIIOS JOCTUTAeT MUHAMYMa OJHOBPEMEHHO C YMEHBIICHUEM
JIaBJICHUS €IIIe 10 OKOHYaHUS TJIaBHOI (ha3sl OypH.

(a) Ilepuoo 0o nauana anasnoii ¢pasvr (09:00 — 18:35 UT).

B Tteuenne nepuoga 09:01-18:16 UT 22 wurons, cormacuo moaenu APM [6], MockBa Haxoauiach SKBaTOpHaIbHEE
30HBI aBPOPAJBHBIX BhICHINAHUN. Iloka3aHHBIH Ha BepxHeW maHenu puc. 1 mHAekc AL yka3plBaeT Ha HaJudue
CHJIbHOH aBpOpalIbHOM aKTUBHOCTH B BBICOKHX IIMpoTax. Habironamick aBe mocieioBaTelibHble MarHUTHBIE OYXThI
B AL ¢ ammmrygamu -916 H#Tn B 16:40 UT u -1274 aTn B 18:15 UT. Manexc SYM/H B mepBoM cirydae cOCTaBIISII
-46 uTn, Bo BTOpoM -15 HT.
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UHIEKCOB  T€OMAarHUTHOM  aKTHMBHOCTH U

JUHAMUYECKOTO JIaBJICHUSI COJIHEYHOIO BeTpa
(HWKHSS TaHeNb) A0 Hadajga TJIaBHOW (asbl
MarHuTHO# OypH.

OHn
WioHb 2015 T.

Pucynox 1. T'eomarHutHele ycnoBus u
XapaKTEePUCTUKH HOHOC(EPHBIX NapaMeTpoB B
nepuop 22-23 utons 2015 r.
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Ha puc. 2 moka3zana 3aBUCUMOCTh BeICOThI HMF2 u kputnyeckoii yactotel foF2 oT akTHBHOCTH M JTMHAMUYECKOTO
JIaBJICHUST COJTHEYHOro Berpa. CIUIONIHBIC JMHUHM HA PUCYHKE COOTBETCTBYIOT YPaBHEHHSM JIMHEWHON perpeccuu.
Koaddunuent koppensiiuy yka3an Ha KaX/I0i MaHe d pUCYHKa.

Kak BHIHO U3 pPHUCYHKA, C YBEIMYCHUEM MArHUTHOW aKTUBHOCTH HAONIOIAETCS HEKOTOpas TEHACHLHUS K POCTY
BbicoThl HMF2 1 magenuro kputuueckoit gactoTel foF2. M3MeHeHne qUHAMUYECKOTO JABJICHHS COJIHEYHOTO BETpa
BJIMSICT TOJBKO Ha MOBEACHHE KPUTHUYECKOM YaCTOTHI CIIOS, HO HE BIUSET Ha ero BhicoTy. C yBenMYeHHUEM JaBICHUS
npoucxoaut poct foF2.

(6) I'nasnas gpaza macnumuot 6ypu (18:35 UT 22 urons - 04:41 UT 23 urons).

Kak BumHO U3 pucyHka 1, 10 Hauana BO3MYIIEHMS 3HAYCHHE KPUTHUECKOW 4acTOThl ~7 MI'L, BbICOTBI ~380 KM.
OpnnoBpemenHo ¢ peructparueir SSC B 18:35 UT peskuii pocT TUHAMHUYECKOTO JABJICHUS COJHEYHOI'O BETpa
COMPOBOXKIACTCS MEPECTPOUKON MoHOC(hephl: pe3ko, A0 ~3 MI'n mamgaer kpuTuueckas vactora cios F2, HO
yBeanuuBaercst 10 ~400 kM ero Beicota. Ilo Mepe pa3BUTHS MAarHUTHOW aKTUBHOCTH M YMEHBIICHHS JaBICHUS
COJIHEYHOrO BeTpa BbicoTa ciiost HMF2 nagaer go munumyma ~200 kM, a kputuueckas dactota foF2 Bo3pacraer g0
~3.5 MI'm. /lnHamMudeckoe AaBICHHE COJHEYHOTO BETPa IOCTHTAaeT CBOETO NpeAOypeBOr0 3HAYCHHUS eIme 0
OKOHYaHWA TIaBHOH (a3sl Oypu.

Ha puc. 3a mpencraBneHo Tiao0ambHOE paclpeielicHre aBpOPANbHBIX BBICHIMAHWHA Mo Monenn APM B Hauaie
rmaBHOU (hazel marHuTHOM Oypu B 19:30 UT. B 310 Bpems nuHaMudecKkoe AaBJICHHE COTHEYHOTO BETPa COCTABIISIO
40.5 ulla. Bxonusle mapamerpsl Mozmenu: AL= -365 uTn, Dst=-47 uTn. O6cepBatopus MockBa IpH TaKux
rapaMeTpax I'eOMarHHUTHOM aKTUBHOCTH HE IOMNaJgaeT B 30HY aBPOPaJbHBIX BBICHINAHHWW, MMOTOMY HaOJIIOJEHUE
TIOJIAPHBIX CUSIHUH B TaKHX YCIOBUAX KaXXETCA HCBO3MOKHBIM. OZ[HaKO H3BCCTHO, YTO BO BpEM: 6ypI/I TIOJIAPHBIC
CUSIHUS HAaOJIF0JANTCh HE TOJIBKO B I'. MOCKBE, HO M Ha 0oJiee I0)KHBIX LIMPOTaX, T.€. B JaHHOM ciiydae Moaeiab APM
HE BIIOJIHE KOPPEKTHO OTpakaeT peaJbHyI CcUTyaluio. Mojens co3fjaHa TpH YCJIOBHU CPEIHEro YpOBHA
JIMHAMHYecKoro aasieHus 2-3 Hlla, HO, KaKk MMOKa3aHO BBIIIE, B paCCMaTPUBAEMBbIi epHO ObLI 3aperuCTPUPOBaH
HeoOBIYHO BBICOKHH, Oonee 30 ulla, ypoBeHb PSw.

B pabote [7, puc. 7], moka3zaHO, YTO C
poctoM  PSW  IpOMCXOZWT  CMEIICHHE
aBPOpAJbHBIX BBICHITAHMKA B 0Ooliee HHU3KHE
MmUpoThl. JI7sT OIEHKHM BENWMYUHBI TAKOTO
CMEUICHHS B pPaccMaTpuBacMOM COOBITHH
OblUIa MCMOJIB30BaHA CIIEAYIOIIAsl MPOLEaAypa.
Paccmotpen mponér cmythuka DMSP F16 B
19:27-19:34 UT, Onuskuii K Hayaly OypH.
JluHamMu4eckoe JAaBJIeHHE COJHEYHOTO BETpa B
310 BpeMms MeHsock oT 40.7 ulla mo 38.7
Hlla. [To nanueM ciytHHka F16 ompeneneno
TIOJIO’KEHHE 9KBaTOPHANbHOW  T'PaHMIIBI
aBpOpaJbHBIX BbICHIIAHUMN Ha wmupote 50.4°

Pucynox 3. I'mobanpHOe pacmpeieieHne aBpOpPaTbHBIX CGL.

Boichinanuii mo moaenu APM B 19:30 UT B mepuwosa Hauana C momompro  moxmemn  APM  Gbuta
rJaBHOW (a3l MarHuTHOM Oypu: (a) mpu  peasbHBIX CMOZICINpOBaHa TaKasd CUTyalud, Korja B
reoMarHuTHeIX mapamerpax AL=-365 uTn, SYM/H=47 uTur; obnactu Tpaekropun F16 naHHele cryTHHKa
(6) TIpH BBICOKOM ypPOBHE PSW. COBMAJIM C  MOJACIBHBIMH  3HAYCHHUAMHU.

PucyHox 30 JEeMOHCTpPHpYET IOJIOXKEHHE
MOCKBBI OTHOCHUTENIFHO 30HBI aBPOPAIBHBIX BBICBINIAHUH C YIETOM BBICOKOTO JUHAMUYECKOTO AaBieHus. [Ipu atux
YCIOBHSAX CTaHIMA HAOMIONEHHWS pacrojaraercs BHYTPHM 30HBI aBPOPAJBHBIX BBICBITAHWNA. I3 cpaBHEHUS
MOJIOXKEHUH aBpOpaTbHBIX OBAJOB Ha puC. 3a u 30 BHIHO, YTO B JAHHOM COOBITHM JUHAMHYECKOE MaBIICHHE
COJIHEYHOT'O BETpPa CBUIaeT IPaHHILy aBpPOPaJbHBIX BEICHINIAHUN MpuMepHO Ha 10° B 6osiee HU3KHE IUPOTHI.

TakuM oOpazom, B mpoleccax, HPOUCXOSMIIMX BO BpeMsl OypH, CYIIECTBEHHYIO pOJb, HapsAAy C MarHUTHON
AKTUBHOCTBIO, UTPAET BBICOKOE JUHAMHUUYECKOE AABICHUE COJTHEYHOIO BETPA.

IMpoxoxnenne Hay MOCKBOHM 30HBI BBICHIITAaHWH BO BpeMs INIaBHOM (pasbl OypH INOJHOCTBIO MOATBEPXKIACTCS
HOHOTpaMMaMH, MoKa3aHHBIMK Ha puc. 4. Cnenbt oT ~1.5 MI't 1o ~ 4.7 MI'11 (6) Ha BeicoTax oT ~110 kM g0 ~160 +
190 kM ABASAIOTCA YETKUMU NMPU3HAKAMU aBPOPAIBHBIX BBICHITAHHUH.

Jnst u3ydeHust 3aBUCHUMOCTH BbIcOTBI HMF2 1 kputhyeckoit dactotsl foF2 oT reoMarHWTHOW aKTHBHOCTH H
JTUHAMHAYECKOTO JABJICHHS COJHEYHOrO BeTpa OBUIM pacCMOTPEHBI JaHHBIE B WHTEpBaje HAOMIOACHHH OT CKadKa
nasnenust B MomeHT SSC 22 wtons go 04:40 UT 23 wumrons. Oto BpeMsi riaBHOH (a3bl MarHUTHON Oypu U
HaxoxAeHUs1 MOCKBBI B 30HE aBpOPAJbHBIX BbICHIIAHUN. PaccMmarpuBanuch NEpUOJbl HOYHBIX PETUCTPALMH
cur"ana. 3asucumocts HMF2 u foF2 oT nEnexcos marautHOM aktuBHOCTH AL 1 DSt m guHaMu4Yeckoro naBiacHUS
CONMHEYHOTO BeTpa Psw mmmioctpupyer puc. 5. CIUIOIIHBIE JHHHM Ha PHCYHKE COOTBETCTBYIOT YpPaBHEHHSM
JUHEHHON perpeccuy, Ha K10 MaHeIN PUCYHKa yKa3aH K03()(OUITHEHT KOPPETIHN.
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Kak Buano u3 puc. 1, guHaMuka MU3MEHEHHI
HmMF2 takoBa, 4T0 OHa COBHAgaeT C JUHAMHKOMN
Psw u 1o BpEeMEHHU 3aKaHYMBAETCS

|  OTHOBPEMEHHO C YMEHBIICHHEM [ABJICHUS eIle
JI0 OKOHYaHUs TIaBHOM (aser 6ypu (03:00 UT).
t  Peskwuit poct PSW ciocoOGCTByeT pocTy BBICOTHI
HmF2 ot ~360 kM mo 400 kM. Cnenmyromee
3aTeM TOCTENEHHOE €€ YMEHBIIEHHE CBS3aHO C
pocTtoMm reOMarHUTHOM aKTUBHOCTHU u
ymenbmenueM Psw. B 03:00 UT nuramuueckoe
JaBJieHHE JOCTHUraeT BeiaudyuHbl ~4 HIla, B 3TO
BpeMsl HmF2~200 kM,  reoMarHuTHas
aktuBHOCTE AL=-939uTn u Dst=-167 uTn.
JanpHelimee cmeimenre ciaos g0 ~150 xwm,
KOTOpPOE PETUCTPUPYETCS B MaKCHMyMe Oypw,
MIPOUCXOUT 3a cUer reOMarHUTHOI
AaKTUBHOCTH, YTO MBI HaOmonaem Ha puc. 1. Kak
clefyeT U3 MpaBOil MaHeIH pUC. S5, MOBEICHWE KPUTHYECKOW YacTOTHI Ha TJIaBHOH (a3e Oypu HE 3aBHCHUT HH OT
MAarHUTHOM aKTUBHOCTH, HM OT JHHAMHYECKOro MAaBiicHWs. Ha mpoTshkeHWH Beed TIaBHOW (pa3bl 4yacToTa
MPaKTHYECKU OCTAaeTCs Ha OJHOM YypoBHe B mpeaenax 3 MI'm. Takum oOpa3zom, Ha riaBHOW (ha3e TOJIBKO BBICOTA
CJ104 F2 OKa3bIBACTCs quCTBHTeJ'II:HOﬁ K TaKum (I)aKTOpaM KaK reoMarHuTHass aKTUBHOCTb U OUHAMHUYCCKOC
JIaBJIeHHE COJIHEYHOTO BETpa.

Pucynox 4. UonorpaMMel BO BpeMs TJaBHOH (hazbl
MarHuTHOH Oypm 22 wmioHs: (a) B 19:31 UT: HmF2=315.5
kM, foF2=4.95MI'm. (6) B 19:46 UT: HmMF2=269.9 xwM,
foF2=3.45MTI.
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Pucynoxk 5. 3aBUCUMOCTH  BBICOTHI  H Pucynok 6. 3aBHUCUMOCTH  BBICOTHI  H

KPUTUYECKON 4acTOTHI ci1osi F2 0T reoMarHUTHOM
aKTUBHOCTM U  AMHAMMYECKOIO  JIaBJICHUS
COJIHEUHOTO BEeTpa Ha TJIaBHOW (haze MarHUTHOU

Oypu.

KpUTUYECKON 4acTOTHI ci1osi F2 0T reoMarHUTHOM
aKTUBHOCTM W JUHAMHUYECKOTO  JaBJIEHUS
COJIHEUHOTO BeTpa Ha (haze BOCCTAHOBJICHHS
MarHuTHO# OypH.

(8) @aza soccmanosnenus macnumnou 6ypu (04:41 UT - 23:55 UT 23 urons).

B mauane ¢a3pl BoccTaHOBIEGHUS MarHUTHOH Oypm MockBa Haxommiack B yTpeHHeM cektope MLT BHe 30HEI
aBpPOpaNbHBIX BHICHINaHWN. Kak W B TeueHHWe mNpen0ypeBoro mepuona, WHACKC AL yka3plBal Ha HaIH4ue
CYIIECTBEHHOH aBpOpaJbHON AaKTWBHOCTH, JUIMTENbHOE, NPUMEPHO 4-X dYacoBoe yBennueHue Al-uHpexca c
ammumutyaoi o -1285 aTn B 12:10 UT u -1274 uTn B 18:15 UT. Uanexc SYM/H coctasnsin -106 5T u -15 #Tn
cooTBeTcTBeHHO. Ha puc. 6 mis BpemenHoro uHTtepBana 04:15 - 17:45 UT noxa3aHbl 3aBUCHMOCTH BBICOTHI U
KPUTHYECKOH 4acTOThl ciosi F2 OT reoMarHUTHOW aKTMBHOCTH M JIMHAMHYECKOTO JIABJICHHSI COJIHEYHOTO BETpa.
®dopMaT puUCyHKa TakoW ke, Kak puc. 2 U 5. Kak BUIHO W3 PUCYHKA, C YMEHBIIEHUEM M€OMAarHUTHOH aKTUBHOCTH
MPOUCXOJUT POCT KaK KPUTUUECKOM YaCTOTHI CJI0s, TAK U YBEJIMYEHHE ero BhICOTHL. Hu TOT, HU Jpyroiil mapamerp He
3aBUCST OT JUHAMHYECKOTO JAaBJICHHS COJIHEYHOTO BETpa.
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4. 3aka04eHue

[lo nmamHBIM cpemHEmMHPOTHOH HOHOC(epHOU craHIM (MoOCKBa) MCClelIoBaHA 3aBHCHMOCTH BBICOTHI HMF2 u
kputuueckoit wactorel fOF2 crmost F2 monocdepsl OT ypoBHS TeOMarHMTHON aKTHBHOCTH M JAWHAMHYECKOTO
JABJICHUS COJIHEYHOTO BETpa B MEPHOJ HM30JIMPOBAHHOW MarHUTHOM Oypm 22-23 wmroHs 2015 r. OcHOBHBIE
PE3yNBTaThI UCCIEAOBAHNI MOXKHO C(HOPMYITHPOBATH CIELYIONIIM 00pa3oM.

1. Iloka3zaHo, 4ro BO BpeMs TIJaBHOW (ha3bl MarHUTHOW Oypum MockBa pacroyiaractcsi B paiioOHE BBICHITAHHN
aBpOpAJILHOTO OBaJa. B 3THX ycnoBHsX mapamerpbl ciios F2 (BbicoTa, KpUTHYECKas 4acTOTa) OTIMYAIOTCS OT
rapaMeTpoB BO BpeMsi HaxoxIeHHs: MOCKBBI BHE 30HBI BBICHIIAHHUN OBaja, T.€. 10 Hadana Oypu W B TeueHHe (a3bl
€€ BOCCTaHOBJICHHS.

2. Tomy4eHbl 3aBHCHMOCTHA BbICOTBI HMF2 u kputuueckoir wactotel foF2 OT reoMarHuTHOW AKTHBHOCTH H
JUHAMHUYECKOTO IaBICHUS CONHEYHOro Berpa. OmpeneneHo, 9To Haubosiee YyBCTBHTEIBHBIM IapaMeTpoM,
pearupyromuM Ha H3MEHEHHE BHEIIHUX YCIIOBUI, siBysieTcs BeIcoTa ciost HMF2. B wactrOCTH:

(@) B mpenbypeBoil mepuoA C yBEIMYCHHEM I'€OMArHHTHOW aKTHBHOCTH YMEHBINAETCSl KPUTHYCCKAs 4acToTa U
pacret BbicoTa ciosi F2. OT nu3MeHeHHs TUHAMHYECKOTO JaBJICHHs 3aBUCHUT TOJIbKO yactota foF2, ¢ yMeHblieHHeM
nasienus yacrora foF2 mamaer.

(6) Ha raBHO#M dasze Gypu TOJBKO BBICOTA CIIOsi F2 OKa3bIBAETCS YYBCTBUTENBHOM K M3MEHEHHSAM TEOMATHUTHON
aKTHBHOCTH U JIMHAMHYECKOTO NABJICHHS COMHEYHOTro BeTpa. B TeueHwe Bceil rimaBHo# ¢asel foF2 ocrtaercs Ha
ypoBHe ~3 MI'L.

(6) Ha ¢ase BoccraHoBieHHS Oypd YMCHBIICHHE T'€OMArHUTHOW AaKTHBHOCTH COIMPOBOXIAETCS POCTOM
kputuueckoit yactotel foF2 u BeicoTel HMF2 crios. DTu mapamerphl HE 3aBHCAT OT JHHAMHYECKOTO TaBICHUS
COJIHEYHOTO BETpa.
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THE MICROWAVE MONITORING OF THE MIDDLE ATMOSPHERE
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V.1. Demind, A.S. Kirillov®, V.A. Shishaev?
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Abstract

This work presents long-term investigation of a nature of the middle atmosphere ozone variability using a method
ground-based microwave radiometry. Measurements were carried out with the help of mobile microwave
ozonemeter (observation frequency 110836.04 MHz) which was established in Polar Geophysical Institute at
Apatity (67N, 33E). The parameters of the device allow to measure a spectrum of the emission ozone line for time
about 15 min with a precision of ~ 2%. The error of estimating the vertical distribution of ozone on the measured
spectra by above described device does not exceed 10-15%. 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 and with the data of
ozonesondes at station Sodankyla (67N, 27E). The analysis of the microwave data on behavior of polar mesospheric
ozone in past winters shows, that sudden stratospheric warming (SSW) can cause significant and long influence on
its diurnal variation which should be determined by photochemical processes.

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 696 — 615, 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 general character of the ozone variations in the middle atmosphere during three winters
Microwave measurements of ozone of the middle atmosphere in Apatity were performed for three winter seasons
2017 - 2018, 2018 - 2019 and 2019 - 2020. First our microwave observations in polar latitudes during these winter
seasons were carried out in form of continuous series (several days nonstop) with a time resolution of 15 minutes. It
should be emphasized that the method of ground-based microwave radiometry is one of the few that allows you to
continuously monitor the behavior of ozone in the entire middle atmosphere at specific place with high temporal
resolution. Figure 1 shows the ozone variations at altitudes of 25, 40 and 60 km (three winters). Sudden
stratospheric warmings were recorded for each of the winter season. Ozone data obtained from ground-based
microwave observations are indicated by separate crosses. Solid lines indicate ozone data at selected altitudes which
were obtained from onboard MLS/Aura observations over Apatity.

The analysis of microwave observation data in Apatity indicates the appearance of low ozone densities at altitudes
from 20 to 60 km in the winter polar middle atmosphere. At one time, a stable relationship of a simultaneous
decrease of temperature and O3 concentration at the level of 25 km was established, that repeated in different years
(winter-spring season) [3, 4]. For example, in December 2002, the average ozone density at an altitude of 25 km had
a value of (1.99 + 0.23)-10%2 mol/cm?, and the temperature at 20 hPa dropped below 195 K. According to the zonal
model of the middle atmosphere [5] the ozone density at this altitude in December exceeds the monthly average
measured one by (30-50)%. Low temperatures are a sign of the impact on the stratosphere of the polar vortex, the
degree of its influence varies from year to year. The vortex prevents the exchange of air masses between polar and
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moderate latitudes, and this leads to a significant decrease of temperature at altitudes of 20-30 km. And why the
ozone density decreases at altitudes of about 25 km inside the vortex is not entirely clear. The lifetime of ozone at
these altitudes is about a month. Variations of O3 concentration at altitudes of 25 and 40 km for the seasons 2017-
2018 and 2018-2019 are in satisfactory agreement with the data of on-board observations. And the ozone variations
are controlled by both the polar vortex and the SSW that occurred during these winter-spring seasons. In the winter
of 2019-2020 stratospheric warming was short-lived, and the temperature at the level of 25 km again returned to low
values - significantly below 200 K. The average daily vertical profiles of ozone concentration at selected altitudes of
25, 40 and 60 km for three winters - 2017-2018, 2018-2019 and 2019-2020 were obtained from ground-based
microwave observations in polar latitudes too. These data are labeled by bold crosses. For an altitude of 60 km the
diurnal variation of Os concentration is shown which is associated with sunrise and sunset. Night and day
concentrations of Os are indicated by bold and translucent crosses, respectively. Solid lines indicate the onboard data
(MLS/Aura) during the flight over the Apatity.
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Figure 1. The ozone concentrations at altitudes 25, 40 and 60 km for three winters. The ground-based
microwave measurements (crosses); satellite MLS/Aura millimeter wave measurements (continuous lines).

It should be looking at systematic difference in the behavior of mesospheric ozone (60 km) data from ground-
based and on-board measurements (see the upper part of Fig. 1). It should be noted that on-board measurements
surely register the diurnal variation of mesospheric ozone. Ozone concentration data were obtained for night flights
(bold solid line) and daytime flights (translucent solid line) over Apatity. Ground-based measurements of Oz with a
time resolution of 15 minutes showed a strong and long-term influence of SSW on mesospheric ozone. A possible
consequence of stratospheric warming is short-term (several days) splashes of Oz at an altitude of 60 km. They are
especially noticeable for the winters of 2017-2018 and 2018-2019. Apparently these disturbances are specific for the
polar latitudes [6]. The third winter of 2019-2020 was significantly different from previous winters. The polar vortex
occurred this winter provided very low temperatures in the altitude interval of 20-30 km for a long time (about two
months — December-January) and stratospheric warming in mid-January 2020 was very weak and not long-term.
Thus, conditions were created for the spring lack of ozone over the Kola Peninsula. Nevertheless Fig. 1 (right panel)
shows that in March there was a lot of ozone in the altitude interval from 20 to 40 km. Deficit of ozone content
occurred in the lower stratosphere (12-20 km) above the Northern Ocean, Western Hemisphere in March 2020 [7].
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The total content on March 12, 2020 was 205 DU. According to the authors [7] the reason for the decrease of ozone
content is the chemical loss associated with chlorine radicals.

In Figure 2 represents the data of ozone concentrations at an altitude of 25 km in the winter-spring periods 2017-
2018 and 2019-2020 according to ground-based (Apatity) and onboard (MLS/Aura) measurements on millimeter
waves in comparison with contact measurements that were performed at the Sodankyla station using ECC-4 type
ozonesonde. Distance between Apatity and Sodankyla about 400 km to the west.
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Figure 2. Comparison of the data of ozone concentration (altitude 25 km) which were received by remote
sensing and contact methods during winter-spring seasons 2017-2018 and 2019-2020 above Apatity. Crosses
— daily average of ozone concentration from ground-based microwave measurements; continuous lines — data
of ozone from satellite (MLS/Aura); open rhombuses — data of ozone from ozonesonde ECC-4 at station
Sodankyla.

Comparison of remote and contact methods has shown the satisfactory consent in an estimation of concentration of
ozone in an interval of height of 20-30 km. In December 2017 and 2019 completely different character of behaviour
of ozone concentration (25 km) in the period of very low temperatures in a stratosphere which was confirmed with
independent methods of measurements is marked. In December 2019 fast and short-term growth of concentration of
ozone from 2-10%2 cm up to 4-10*2 cm was observed.

In a Fig. 3 diurnal variations of ozone at 60 km which were received from continuous measurements (temporal

resolution 15 min) in December, 28 2017 near to a winter solstice before SSW and February 20 2018 after SSW are
resulted.
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Figure 3. Diurnal variations of mesospheric 0zone obtained by ground-based microwave radiometry in polar
night (left panel) and in middle of February 2018 after sudden stratospheric warming (right panel) above
Apatity.
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Note the significant variations in the Oz density, which apparently are not associated with sunrise and sunset. The
amplitude of changes in ozone density reached 80%. The data given in a Fig. 3 show on a priority of dynamic
processes above photochemical in polar mesosphere. The average decreasing of ozone density in midday concerning
midnight has made 25%. The right panel of a Fig. 3 specifies significant influence of warming on mesospheric
ozone.

Conclusion

o The analysis of the microwave data on behavior of polar mesospheric ozone in past winters shows, that SSW can
cause significant and long influence on its diurnal variation which should be determined by photochemical
processes.

e Thus is important, that microwave observations were carried out during a deep minimum of a solar cycle.

o It is established, that the mesospheric 0zone amount can change from winter to winter almost in up two times.
Apparently, dynamic processes through SSW influence on transfer of ozone from low latitudes.
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AHAJIM3 NU3JTYYAEMBIX ITOJIOC YEMBEPJIEHA U
I'EPUBEPT A | B CIIEKTPE CBEYEHUSA HOYHOI'O HEBA 3EMJIN

O.B. Anronenko, A.C. Kupunnos
QI'BHY «llonapnulii ceopusuyeckuti uncmumymy, 2. Anamumul, Poccus

AHHOTALINA

[TpoBenens! pacuetsl npoduieil nHTEHCHBHOCTEH cBedeHus nonoc YembOepiiena u ['epudepra 1 monexymnspHoro
Kuclioposa B HOHocdepe 3eMiid B HOYHOE BpeMs. DBbINONHEHO cpaBHEHHE pPAcdy€TOB HWHTErPalbHBIX
WHTEHCUBHOCTeW moioc YemOepnena um [epubepra I ¢ sKcepuMEHTaTbHBIMH JaHHBIMH, TOJXYYEHHBIMH C
kocmmdeckoro mattia “uckasepn” (STS-53) u co cmekrtporpada “EbertFastie” (manmonambHas oOcepBaTopus
KUTT — MUK, CIIA, Apuzona). IlokazaHo, 94T0 HamIydInee coriacue HAOIIOAACTCS MPU KOPPEKIUN KBAaHTOBBIX
BBIXOZIOB KoJebaTenbHbiX ypoBHeH A®A, um A3Z," CcOCTOAHMIT MOJEKYJISIPHOTO KHCIOpPOAA TPH TPOMHBIX
CTOJIKHOBEHMSAX, a TAKXe NPH KOPPEKIHUH K03((HUINEHTOB DWHIITEHHA, KOTOpPBIE OBLTH OITyOJIMKOBAaHBI paHee B
Hay4HOH JIUTEpaType.

KiaroueBble €JI0BA: MHTEHCHBHOCTH CBEUYEHHUS MOJICKYJIAPHBIX II0JIOC, KOCMHYECKHUH maTTII, KoJiebaTeabHbIC
YPOBHH, COCTOAHUS 3J'IeKTpOHHO-BOS6y)K,HéHHOFO MOJICKYJIAPHOT'O KUCIIOPOAaA.

1. BBenenne

OfHUM M3 HMCTOYHHMKOB CBEUCHHS HOYHOM aTrMocgepsl SIBISETCS 3IIEKTPOHHO-BO30YXKICHHBIH MOJEKYISPHBIN
xucnopon O2(ASA,,AZ,Y). Ha BbIcOTaX TOMIMHOMN 0k0oso 10 KM ¢ HEHTPOM Ha BBICOTE 0KOJIO 90 KM, IIPOUCXOIUT
TpEX4YacTHYHAasl PeKOMOHMHAIIMS, B pe3y/IbTaTe KOTOPOH 00pa3yloTcs JIEKTPOHHO — BO30YKAEHHBIE MoJeKyJsl O2. B
JAITBHEHIIEeM 3JeKTPOHHO-BO30YKICHHAS MOJICKYJIa KUCIOPOa IIepeXoJuT B 0oJiee HU3KOE TI0 SHEPTUU COCTOSHUE,
W3JTy4as Ipu 3TOM (POTOHBI CBETa OT yIABTPAPHOIETOBOH 10 HHPpaKpacHOH o0xacTu crektpa [1].

Coo0miecTBO B 00aCTH a’pOHOMHHM BCE OOJNBINE MHTEPECYETCS KOppEIsIuei M3MEepeHHd HOYHOTO CBEUCHHS
HeOa, MOTYYCHHBIX HAa3eMHBIME IPHOOpaMH, ¢ H3MEPCHUAMH, TOTYICHHBIMH C JICTaTEIBHBIX anmmapaToB. Bo Bpems
KOCMHYECKHUX HaOIOICHUN CO CITyTHHUKOB BBIMTOMHSIOTCS YKCIEPUMEHTHI, paboTalonIie B pe)kuMe MOMEHTAIILHOTO
CHMMKa C HWCIOJIb30BAHUEM BBICOKOIIPOU3BOJUTENHLHOIO O0OpPYIOBaHHsS B TEUEHHE OrPAHUYEHHOTO BPEMEHH
nosieTa, KOrja CHYTHHK HaxoJWTCs HajJ Ha3eMHOW craHuuei. EaumHcTBeHHas kocmuueckas ruiatdopma, B
HacTosiliee BpeMsl NP TLIATEILHOM IUIAHUPOBAHUM HAOJIOJIEHUS] CIIOCOOHAsl JIMKBUIMPOBATH Pa3pblB MEXIY
HabOpaMU CITyTHUKOBBIX U HA3€MHBIX JIAHHBIX - 3TO KOCMHYECKHUH IIATTI MM KOCMUYECKast TPaHCIIOPTHAs cUCTeMa
(STS). HecmoTpst Ha TO, YTO MOJIET MIATTIA KOPOTKHUH, OOBIYHO Bcero 7-12 mHEH, CKOPOCTh Mepenadu JaHHBIX
BBICOKas1, TeM 0oJiee, 4TO HAOIIOACHHUS TAKKE MOTYT MOBTOPATHCS Kaxkabie 90 MUHYT MPH MPOXOXKICHUU IO OpOuTe
HaJl MHOTHMH Ha3eMHBIMH CTaHIUSAMH. ODTH JIOKATM30BaHHBIC HAOIIOACHUS C OPOUTHI MOTYT OBITH CTOJIb XK€
3HAYUMBIMH, KaK W JI00ast Ha3eMHas KaMITaHus HaOJroneHui [2].

B Hacrosmeit paboTe HCTONB3YIOTCS CIEKTPHI, MOTYYCHHBIE ¢ KOCMUYECKOTo IIaTTNa Ha MPOTsDKEHUH ero 11-
nueBHOW Muccuu STS 53, coepmmuBiiero mosiet 7-18 centsiops 1995 roga. Takke B paboTe UCTONIB3YHOTCS
crnektpsbl, nonydenHsle ¢ nuka KUTT na Beicore 2080 m (Hanuonanshast o6ceparopus KUTT — MUK, CIIIA,
Apusona), usmepeHnsie criekrporpadom “EbertFastie”.

Lens naHHOW pabOTHI — MPOBECTH CPABHEHUE PE3YJIbTATOB TEOPETUUECKHX PACUETOB MHTEHCUBHOCTEH CBEUYEHUS
nmosnoc Yembepnena u I'epubepra [ ¢ skcreprMeHTaNbHBIX JAHHBIMH MO HOYHOMY CBEUYEHHSI MOJEKYISPHOTO
kucinopona Q2" B armocepe 3emmu. Ilpu 3ToM ocoboe BHUMaHHE OyAeT yAEIeHO OCOOEHHOCTSAM OOpa3OBaHHUS
PasIUYHBIX KONEOATeNbHBIX YPOBHEH V' 3JIEeKTPOHHO-BO3OYXKAEGHHBIX cocTosHui AA; u ASZ,* MosekyJsl
KHCJIOPO/ia B PE3yJIbTaTe TPOWHBIX CTOJIKHOBCHHUH.

2. CBeueHHe HOYHOTO Heba 3emuin

Ha pucynke 1 mpeacraBiieHbl HECKOJBKO CIOHTAHHBIX M3JIy4YaTeNbHBIX MEPEXOJI0B C Pa3IMuHbIX KOJIeOATEeIbHBIX
ypoBHeii coctosuus AAy Ha pasiMuHble KoJeOGAaTENTbHbIE YPOBHH OCHOBHOTO COCTOSHHMS a'Ag, MpPH KOTOPBIX
MPOUCXOJUT HU3NIydeHHe HauOonee spkux mnonoc YemOepriena. Tak jke MPUBEIEHO HECKOJBKO CIIOHTAHHBIX
U3JTy4aTeNlbHbIX HEPEXOIOB C PA3IMUHBIX KONEOAaTeNbHbIX YpoBHeH cocTosHus ASE,* Ha pasiaudHble KoJeOaTebHbIe
YPOBHH COCTOSIHUSL X g, [IPH KOTOPBIX MPOMCXOUT u3iydeHne nonoc Iepubepra I. Bee npuBenéHHbIE COCTOSHUS
HAXOJATCA HUKE DHEPrMH auccouuanun monekynbl Oz ~41300 cmt (8065 cv* = 1 5B). IMockosbKy Hepexobl
MEX1y PaCCMOTPEHHBIMH HAMH COCTOSIHUSIMU JTUIOJIbHO-3aIIPEIIEHHbIE, TO XapaKTepHbIe M3y4aTelibHble BpeMeHa
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cocrostnuit ABAy u A3E,* nopszka 1 u 0.1 cexynapl, coorBercTBeHHO [3]. Takum 06pasom, Jaxe NpH JaBJIEHUAX
3HAYUTEILHO MEHbIIE HOPMAIBHOIO aTMOC(EPHOro CTOJKHOBUTEILHOE BPEMs KU3HM cocTosHMi ASA, n ASZ,*
HaMHOT'O MEHbIIIE N3Ty4aTEIbHOTO M MX KHHETHKA BO MHOTOM OIPEJIENAETCS] CTOIKHOBUTEILHBIMHA TIPOIIECCAMH.

41300 cm™ - 3Heprus guccoumauumn Monekynol O,
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PucyHnoxk 1. DnekTpoHHBIE IEPEXOABI BHYTPU MOJEKYJIBI O2.

IIpoBeneM pacueThl KOHLEHTpauuil Bo36yxaéunoro kuciaopoaa O2(AA,) u O2(ASL,) u Ha BeIcOTaX BepXHeil
atMochepbl 3eMid I KoebaTenbHbIX ypoBHEH V'=3-8 11 okTs0pst Mecsna, 1976 u 1986 r.r. (Hu3Kkas CoaHEYHAs
aKTHBHOCTb, F107 =75) [4]. Ilpu pacueTax yuTeM ramieHHe SIE€KTPOHHO-BO30YyxkaeHHOM Monekyisl O2(ASA,) u
O2(A%Z,") u npu U3IydaTeNbHBIX NEPEX0ax, U IIPH CTOJKHOBEHHUAX ¢ MojleKylaMu a3oTa N2 u kuciopoaa Oz [5].
AnanuTudeckas popMmyJia i pacdeTa KBaHTOBBIX BBIX0J0B Oy 1 (v 6blia pescTasnena B [5].

3. Pe3yabTaThl MOJAEIUPOBAHUS

Ha pucyske 2 (a, B) mpeacTaBieHbl pparMeHThl yCPEIHEHHOTO CIICKTpa CBEYECHHUS] HOUHOTO Heba B ananazone 250-
360 um (2500-3600 A) u, cooTBeTcTBeHHO, B uanazone 370-440 um (3700-4400 A), usmepennoro cnekrporpadom
¢ kocmuueckoro martia “Jluckasepu” (STS-53) B untepBane ot 115 g0 900 HM Ha mpoTsHKEHUH €ro 12-THEBHON
Muccuu B stHBape 1995 roma (ycioBust HU3KOHM conHewHOH akTHBHOCTH) [2]. Ilo ocsiM Y OTIIOXKEHBI 3HAUEHUS
HHTEHCHBHOCTeH B panesx/anrcrpeM (R/A), mo ocsim X oTmoxens! ammesl BomH B anrctpemax (MA)). Taxoke
HPEJCTaBJIEHbl PACCYNTAHHBIE 3HAYEHMs MHTErpanbHol ceetumoctu l(cM?c™?) (rucrorpammel 36, 3r) s
pasmuusbIX monoc Yembepnena u [eprioepra I, BemmomHeHB! it okTsOps 1976 m 1986 r.r. (YCIIOBUS HHU3KOU
COJIHEYHOH aKTUBHOCTH F107 =75). Kak moka3zamm pacuers!, HaOIIOaeTCsl pacXOXKACHUE PACCUNTAHHBIX 3HAYCHUH
MHTETPaJIbHONW CBETUMOCTH C 3KCIEPUMEHTAIBHBIMH 3HAUCHHUAMH 1S 2, 3 U 4 KoyeOaTenbHBIX yPOBHEH B ciIydae
mosoc YembepneHna u it 3 u 4 xoneOaTeNbHBIX YpOBHEH B cimydae mojoc ['epubepra. [lanHOE pacxoxaeHUE,
BO3MOXXHO, OOBSICHSIETCS JTNOO 3aHIKCHHBIMHM 3HAYCHUSIMHM KBAHTOBBIX BBIXOAOB (O JUIS JIaHHBIX YpPOBHEH, 1100
3aBBIIICHHBIMH 3HAYCHNSIMH KOHCTaHTBI CKOPOCTH PEAKIMN PEKOMOMHAIINY TIPH TPOWHBIX CTOJIKHOBEHHAX, KOTOpast
MIPUMEHSUIaCh KaK pacCYWTaHHAs BEJIMYMHA B 3aBUCHMOCTH OT TeMIepaTypbl aTMoc(epsl Ha PacCMOTPEHHOM
HHTEpBaJIe BHICOT coriacHo [6]. IlosToMy MBI B HACTOSAIMMX pacdyeTax BapbUpPyeM 3HAYCHHS HOPMHUPYIOIINX
K03(h(PUIMEHTOB KBAaHTOBBIX BBIXOZOB, YBEJINYMB MX 3HAUCHHUsS MPUOIM3UTENBHO Ha 1/3 st 3 u 4 xonebarenbHbIX
ypoBHeil coctosHus AL, u, npubmusuTensHo B 4 pasa s 2, 3 u 4 kosebaTeNbHbIX ypoBHE coctosHus A'SA,.
COOTBETCTBEHHO, 3HAYCHUs] HOPMHUPYIOIINX KO3()(OUIMEHTOB KBAHTOBBIX BBIXOJAOB JJIsl JPYTHUX KOJieOaTEIbHBIX
YPOBHEH ObUIM yMEHbIIEHBI. TTpH MCII0JIb30BaHMH M3MEHEHHBIX KBAHTOBBIX BBIXOIOB (v OBLIO JJOCTHTHYTO JIydIlIee
COTJIaCHE PACCUNUTAHHBIX CIEKTPOB MHTErPaIbHONW CBETUMOCTH BO30ykIEHHOTO kucimopopa Oz (A3Z,*v'=3-8) co
CHEKTpaMH, TOJIydYeHHBIMH C IIaTTia [2] - SKCHepHUMEHTAIbHBIMY JaHHBIMU CBEYEHHsST HOYHOTO Heba B JHara3oHe
250-360 um (2500-3600 A), uTo X0pomIo BuHO U3 pucyHka 2 (6).

s cocrosiuns O2(A®Ay,v'=3-6), Kak MoKasalu pacyueThl, BBHIABUIOCH CEPhE3HOE PACXOKJIEHHE PACCUMTAHHBIX
HUHTErPalbHbIX CBETUMOCTEH CO CHEKTpaMH, MOJYYEHHBIMU C IIaTTIa [2] - SKCHEpUMEHTAIBHBIMU JaHHBIMH
CBeueHMs HOYHOTo Heba B auanazone 370-440 um (3700-4400 A). B HacTosmux pacyeTax BapbUpOBAHHE 3HAYCHHUS
HOPMHUPYIOMIUX KOIPPHUITUESHTOB OKa3aloCch HE MPUMEHHUMO, MOCKOJBKY 3HAUYCHHs KOYPPHUIMEHTOB DWHINTEHHA
ns coctosaus O2(ASAy,V') 3HAYUTENLHO M3MEHSIOTCS OTHOCHTENLHO APYr Apyra (Ha HECKOJNBLKO MOPSIKOB), 4ETo
He HabJI0/IaeTcsl B aHAJIOTHYHBIX 3HaUeHMAX s cocTostHus O2(A%Z,*,V"). B HacToseli paboTe ObLIM NPOBEIEHBI
Koppekiuyu kodddunuentos Ditamreitna [3] ana coctosaus O2(A®Ay,V'=3-6), mocne 4Yero cTago BO3MOKHBIM
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Ananus usnyuaemoix nonoc Yembepnena u I'epybepea I 6 cnekmpe ceéeuenus Hounozo neba 3emau

MOJIYYUTh XOpPOILEE COTIache PAaCCYMTAHHBIX CIIEKTPOB MHTETPAILHON CBETUMOCTH (THCTOIpaMM) CO CHEKTpPaMH,
MOJMYYCHHBIMHA C JIETaTeIhHOTO ammapara [2], BappHpys 3HAYCHHS HOPMHUPYIOIINX KOA(PQPUIUEHTOB IS
BBIILIEYKAa3aHHOTO cocTosHuA O7". DT0 BUAHO U3 pucyHKa 2 (I).
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Pucynok 2. ®parMeHTHl YCPEAHEHHOIO CIIEKTpa CBEYCHHS HOYHOrO Heba, pacCUMTaHHbIC 3HAYCHHS
HHTETPAIbHOM CBETHMOCTH IS pa3invHbIX mosoc [epudepra I ¢ y4eToM M3MEHEHHBIX KBAHTOBBIX BBIXO/IOB
Qv”, 1A pasnuuHbIX nojloc YeMOepiieHa ¢ y4eTOM U3MEHEHHBIX KBAHTOBBIX BBIXOJA0B Qv [5] M M3MEHEHHBIX
ko3¢ dunmenTor DitHiureiina [3].

Tak >xe npencraBieHbl Ha pucyHKe 3(a) 3HaUSHHUs CIIEKTpa CBEUSHUs] HOYHOTrO Heba B uana3zone anuH BoiH 370-
440 um (3700-4400 A), msmepennoro cmektporpadom “EbertFastie” ¢ muxa KUTT ma BbIcoTe 2080 M
(Hammonanpnas obcepBatopust KUTT — [TUK, CIIA, Apusona) [7], 3 (B) - paccunTaHHBIC 3HAYCHUS HHTCTPATBHOM
CBETHMOCTH JUISl PasIMYHEIX Hojoc YeMOepleHa C y4eTOM H3MEHEHHBIX KBaHTOBBIX BEIXOHOB v [5] ®
M3MeHEHHBIX Kod(hduuuentos Ditamreitna [3]. Tlo ocu Y —untencusroctu (R/A), X — nmuuasr Bonn A (A).B VO
amuHax BoaH (3100-4500 A) mcnonw3osancs ynbTpadHONETOBBIH MCTOYHUK HH3KOM spkoctH [8]. O6ceppaTopus
¢dyaxurorupyet ¢ 1958 ., omHaKO, aBTOp OMUCHIBACT HAOIONEHUS, CChUTAsCh HA TPyOsl 1961-1964 T.r. — mepuox
HU3KOW COJIHEYHON aKTUBHOCTH.
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Pucynok 3. ®parMeHT yCpEJHEHHOTO CIIEKTpa CBEYEHHsI HOYHOro Heba, pacCUUTaHHbIE 3HAYESHHS
WHTETPATBHOW CBETHMOCTH JIJIS pa3IMIHbIX Tooc YembepiieHa.

B nmanHOM ciydae yIOBIETBOPUTEIBHOE COTJIACHE PE3YJIBTaTOB PACUCTOB C IKCIICPUMEHTAIBHBIMHU JaHHBIMH C
marmia “Juckasepu” (STS-53) [2] u ¢ obcepBatopun KUTT — [IHK [7], yaanock noiay4uTs Onarogaps KOppeKLUu
k03 duuenToB . DiiHmTeiina [3] 1 KBAHTOBBIX BBIXOAOB (v, KOTOPEIE B [5] aIIpOKCHMUPOBAINCH AHATHTHYECKOM
(dhopmynoii. B GoNBOIMHCTBE ClTy4aeB CIIEKTPaJbHBIX U3MEpEHUH (Kak u B [2; 7]), pe3ysbTaThl MPEICTABISIIOTCS B
BUAE KpPHUBBIX 0e3 paspemieHusi Mo BpamaTenbHOll cTpykType. [losTomy B Hacrosimiedl paboTe MBI IPOBOANM
CpaBHEHHE pE3yNbTaTOB pacdeTa (THCTOTpaMM) C MAaKCHUMAaJbHBIMH 3HAYCHUSMH KPHUBBIX I  KaXIOTO
PacCMOTPEHHOTO W3ITYYaTeIbHOTO Mepexoa.

Ha pucynke 4 (a, 6) mokazaHo rpaduueckoe OTOOpaK€HHE WCXOJHBIX W M3MEHEHHBIX 3HAYEHUH KBaHTOBBIX
BbIX010B Ov” 1 Qv?. TIo ocaM Y NpuBe/eHBbI 3HAYEHUs KBAHTOBBIX BHIXOJOB, 0 OCAM X IIPHBEIEHBI 3HAYEHMS
KonebaTeNbHEIX ypoBHeH v’ TIpoduiiu u3MeHEHHBIX 3HAYeHHUH (v U Gy JaHbI ITyHKTUPHBIMU JTUHUAMH.
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PaccumTanbl COOTHOLIEHHS O0BEMHOI MHTEHCUBHOCTH U3JTydeHus Juist cocTostHust ASE,*, ¢ KOTOPOTo MPOMCXOAUT
nepexox I'epubepra I, u cocrosHET A'3Ay, ¢ KOTOPOTO MPOUCXOMUT Tepexon YembOepiieHa, s KojeOaTeIbHBIX
ypoBHel V'=3-8, 3a okT10ps Mecsar 1976 u 1986 r.r., mpm HU3KOM COMHEYHOH aKTUBHOCTH F107=75. VIHTeHCHBHOCTH
n3mydeHns nonoc Yembepiena cocrasisier ~40% OT MHTEHCHUBHOCTH M3IydeHHs mojioc ['epndepra I, aTo mokazaHo
asropamu: [1, 2].
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Pucynok 4. Vicxosble U MU3MEHEHHbIE 3HAYEHHUS KBAHTOBBIX BBIXOIOB s cocTosanuii AST,* (a) u ASA, (0).

4. 3akn04eHne

ITomy4yeHsl 3HaueHUs HMHTETPAJBHOW CBEeTMMOCTH Imojioc ['eprdepra I, 0OycCIOBIEHHBIX W3Iy4aTeNbHBIMU
HEPEX0/IaMU ¢ KoJIeDaTeNIbHbIX YPOBHeil V'=3-8 3/1eKTpoHHO-B030Y)nEHHOTO Kucaopoaa Oz(ASL,) mns ycnosuit
HU3Ko# (F107=75, 1976 m 1986 r.r.) COJNHEYHOH aKTUBHOCTH [UIA CpeOHHX IUPOT. IIpoBemeHO cpaBHEHHE
pacCUMTaHHBIX 3HAYCHUH WHTETPAbHONH CBETUMOCTH Tmoiioc ['epmbepra I B ycIOBHAX HH3KOH CONHEYHOM
aKTUBHOCTH C SKCIIEpUMEHTATBHBIMA JAHHBIMH, TTOJIYYSHHBIMH B TUara3oHe utiH BoiH 250-360 aHM (2500-3600 A)
cnekTporpadoM ¢ KOCMHYECKOTO IIaTTia [2] B yCIOBHSAX HHU3KOW CONHEYHOW aKTUBHOCTH (ceHTIO0pp 1995 1.).
CpaBHEHHE 3KCIIEPUMEHTAIBHBIX JAAHHBIX C PACCUMTAHHBIMU 3HAUYCHHMSAMH MHTCHCHUBHOCTEH IT0JIOC ITOKA3ailo0, YTO
Jydiee corjiacke HabIIoIaeTcsl Nocle KOPPEKIMM KBAHTOBBIX BBIXOJOB KOJIEGATENBHBIX ypOBHEH (v” cocTosHus
ASY,* B pe3ynbTaTe TPOMHBIX CTONKHOBEHUI, KOTOPBIE ObLIM MPEACTABIEHBI B [5].

[TonyueHbl 3HaueHMs MHTErPAIBHON CBeTUMOCTH mojoc YemOepreHa, OOYCIOBJIEHHBIX H3JIy4aTeIbHBIMU
mepexonaMu ¢ KoieOaTeabHBIX YPOBHEH V'=3-6 35eKTpoHHO-BO30Y)aéHHOTO KHcmopoaa O2(A'zAy) s ycioBuit
Huskoir (F107=75, 1976 m 1986 r.r.) COMHEUHON AaKTUBHOCTU A cpenHuXx MmmpoT. [IpoBeneHo cpaBHEeHUE
pacCUMTaHHBIX 3HAYCHMH HMHTETPAIBHON CBETMMOCTH TMojioc YemOepiieHa B YCIOBHSX HU3KOW COJIHEUHOMH
aKTUBHOCTH C KCIIEPHUMEHTAIBHBIMU JTaHHBIMU, TOJYYCHHBIMU B Auana3zoHe H BowH 370-440 um (3700-4400
A), cnextporpadgom ¢ kocmmueckoro martna [2] u ¢ obcepsatopun KUTT — IMHMK [7] B yclnoBuSX HH3KOM
CONHEYHOH akTHBHOCTH. CpaBHEHHE OSKCHEPHMEHTAIBHBIX JIAaHHBIX C  PAacCUYMTAHHBIMH  3HAUYCHHSAMH
WHTEHCHBHOCTEH II0JI0C II0Ka3ano, YTO YAOBJICTBOPUTEIBHOIO COIJIACHSA YIAJIOCh IOCTUTHYTh, Ojaromaps
KoppeKkuuu ko3(Quientos DifHmTelina [3] U KBAHTOBBIX BHIXOJO0B (v cOCTOSHMA AAy B pesylbTaTe TPOKHBIX
CTOJKHOBEHUH, KOTOpbIe OBUIH IPEACTABICHH B [5].
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OCOBEHHOCTH BEPTUKAJIBHOTI'O PACIHIPEJAEJIEHUA
TEMIIEPATYPBI BO31YXA B IOI'PAHUYHOM CJIOE ATMOC®EPBI
B IIPUBPEXHBIX Y IEHTPAJIBHBIX PAMOHAX

MYPMAHCKOM OBJIACTH

B.N. lemun, b.B. Kozenos, A.B. Jloces
QI'BHY «llonaphulii ceouzuyeckuti uncmumymy, 2. Anamumul, Poccus

AHHOTaUUsl. PaccMOTpeHBl CE30HHBIE M TMPOCTPAHCTBEHHbIE BapHallM II0Js TEMIEPATyphl BO3AyXa B
MIOTPaHUYHOM cjIoe aTMoc(epsl Ha TeppuToprK MypMmaHckoi obnactu. BpemeHHsle Bapuanyuu Hag MypMaHCKOM,
Anatutamun u Kanpanmakmel nOpoucXoAsT B 3HAUMTENbHOM CTENEHM CHHXPOHHO Ha BCeX BBICOTAX.
IIpocTtpancTBeHHble paznuuus B Tepmuueckoit ctpykrype IICA B cpennem npocrurator 1°C 3umoit u 2°C nerom.
HeonnopoaHocTn BbI3BaHBI OOJBIIMMH PACCTOSHUSAMHM MEXKAY ITYHKTaMH H3MEPEHHH M C HEOJMHAKOBBIM
Bo3aelicTBIeM bapeHrieBa u benoro Mops Ha TEITOBOH pekUM MPUOPEKHBIX TEPPHUTOPHI.

Beenenue

Wudopmanust o Temmeparype Bo3lyxa B IMOTPAHUYHOM CJIO€ arMoc(epbl HCIOJIb3YeTCs B IIMPOKOM CIEKTpe
NpPUKIAAHBIX 3a7ad. DaKkTHUECKHd eIUHCTBEHHBIM HCTOYHHUKOM €€ IOJNydeHHs SBIIETCS PaJu030HIUPOBAHHE
atMoc(epsl. Ha tepputopun MypmaHCKOH 001aCTH OHO MPOBOAMTCS Ha ad3pOJIOTMYECKUX CTaHLMSIX B MypMaHCKe
u Kannanakme. HenoctaTkoM pagno30HINPOBaHUS SBISIETCA HU3KOE BPEMEHHOE pa3pellieHHe OIy4aeMbIX JTaHHBIX
(xax mpaBmIIO, BEITYCK 30HJA NMPOHCXOANT TOJBKO 2 pa3a B CyTKH). CHUTyalust OCIIOXKHSICTCS TAKKe MOJI0KEHUEM
CTaHIMH 30HIUPOBAHMSA BONM3M MOPCKHMX AaKBaTOPHH, KOTOPHIE HCKa)KalOT IIOJIE TEMIIEpaTypsl HE TOJNBKO B
MPU3EMHOM CJIO€, HO ¥ Ha BBICOTAX.

C aBrycra 2020 r. B r. ANaTUTH YCTaHOBIICH BEPTHUKANBHBIA TemrmeparypHbeld mpodumemerp MTII-SPE.
MHUKpPOBOTHOBOH OJHOKAaHAJIBHBIA paguoMeTp C (UKCHPOBAHHOW 4YacTOTOW BOJIM3M MaKCHMyMa ITOTJIONICHUS
MoJeKysipHOro kuciopozaa (60 I'Tm wnm mymHAa BOJNHBI 5 MM) IO XapaKTEpUCTHKAM HM3MEPEHHOTO H3IydeHHS
(3aBHCHMOCTH PAJMOSIPKOCTHBIX TEMIIEpaTyp OT yIjla HaOJIIOAEHHs) BOCCTaAHABINBACTCS NPO(UIb TeMIepaTyphl) B
cimoe 1o 1 kM ¢ paspemenneM 1o Beicore or 10 mo 50 M u ¢ BpemeHHbIM miarom 5 MuH. [loapoGHbie
XapakTepUCTUKU MPUOOpa U3I0KEHBI Ha caliTax www.mtp5.ru u www.attex.net.

[lenbto maHHOW pabOTHI SBISETCS CpPAaBHEHHE JAaHHBIX O BEPTUKAIBHOM DPACIHpPEIeNICHHH TeMIIEpaTypsl BO3AyXa
Hax Mypmanckom, Kanpanmakmeith #u  AmaTuTamMd H OIEHKa BO3MOXHOCTH — INPHBJICUEHHUS  JTaHHBIX
panro3onanpoBanus B Mypmancke W KaHpmamakme Uit ONMCaHWS BBICOTHOTO pPAacCHpe/esICHHs TEMIIepaTyphl
BO3JlyXa HaJl IEHTPAJIbHBIX paiOHaMH 00JIacTH.

JdanHble

B pabore ncnonb30BaHbI JaHHbIE a3POJIOTHYECKOTO 30HAMPOBaHMs Ha ctanuusx Mypmanck u Kannanakma (cair:
http://weather.uwyo.edu/upperair/sounding.html) u naHHble U3MepeHHii TemneparypHbsiM npoduiemepom MTII-5PE
B Anarutax (ITonsipHsiii reou3nueckuii HFHCTUTYT).

Pe3yabTaThl M 00CyXKI1eHTE

OCOOEHHOCTH CE30HHOW M TPOCTPAHCTBEHHOH HM3MEHUMBOCTH TEMIIEPATyphl BO3AyXa B IOTPAaHUYHOM CJIOE
atmochepst (IICA) Ha ceBepe u rore o0JaCTH OTpakeHbl Ha puc. 1. Bricora Ha puc. la u 16 OTCUUTBHIBACTCS OT
MOBEPXHOCTH 3eMJM. Tak Kak BBICOTHBIE OTMETKH CTaHIMH a’pOJIOTHYECKOTO 30HIMPOBAaHHMS B MypMaHCKe U
Kanpanakme pasusie (121 1 26 M H.y.M. COOTBETCTBEHHO), a 00a IYHKTa a’pOJOTHYECKOr0 30HIAMPOBAHUS
pacmoyioKeHbl BOJMM3M MOPCKUX aKBAaTOpPUH, CpaBHEHHWE TEMIIEpaTyp Ha pUC. |B BBHITIOJHEHO HAa OJMHAKOBBIX
BBICOTaX OTHOCHUTEJIBHO YPOBHS MOpSI.

B rtemnoe moxyronue cpemHeMmecsdHas TeMIeparypa BO3JyXa C BbICOTOH yOwmiBaeT. B xoiomHoe Bpems rona
KapTHHA CIIOXKHEe: TeMIIepaTypa, Kak MpaBHIIO, BO3PACTAET JO HEKOTOPOW BBICOTHI, HAJl HUM PacCIOaraercs ciou
M30TEpPMHUM WM CIa00ro WM3MEHEHWs, W TOJbKO Jlajiee OHAa HAYMHAeT MOHIDKAThCS. JTa 3aKOHOMEPHOCTD
MPOCJIEKMUBACTCS HA 00EWX CTaHUMAX 30HAupoBanus (puc. la, 6). 3umoii temmeparypa Bozayxa B IICA Han
MypmaHckoM Bhilie, yeM Haja Kanmamakimieil. 9To 00yCIIOBICHO BO3IEHCTBHUEM TEIUIBIX TEUCHUN HE3aMep3aroliero
BapenriieBa Mopst — 6oJiee CHIIBHBIM, 4eM OoTerrisronee BiusHue beaoro mops. Hauboupimme TepMudecKue pa3nuaus
Mexay Mypmanckom u Kamnamakmied mpossisiercs He B HIDKHUX ciosx [ICA (3mech moctymaromiue MOpCKHe
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BO3/IyLIIHbIE MacChl OXJIXKIAIOTCS IPH KOHTAKTE C BBIXOJIOKCHHOW MOBEPXHOCTBIO CyIIH), a Ha BeicoTax 400-800 M
(puc. 1B). Brimre ortemstromee BiustHEE bapeHIieBa MOpsl 3aMETHO CHIIKACTCS U YK€ K 2 KM TeMIepaTypsl Hal
Mypmanckom n Kannamakmeit Ommsku. Jletom TemmepaTypa Bo3ayxa Ha BRICOTaX YMEHBIIACTCS C I0Ta Ha CeBep U
ee 3HaueHUs Hax MypmaHcKoM HIke, ueM Haja Kannmamakmeit. HaubOompimas pasHocTs HaOIromaeTcst CHOBa HE 'y
MTOBEPXHOCTH, @ Ha HEKOTOPO BEICOTE (pHUC. 1B). DTO yKa3pIBaeT Ha oxXJaxkaaromiee Bo3zaeiicTeue bemoro mops — 6e3
9TOTO BIMSHHUSA TEPMHUIECCKUI KOHTPACT MEXIY CEBEPHBIM H F0XKHBIM IT00EpEXbeM OBLT ObI CHIIBHEE y TOBEPXHOCTH.
BecHoli 1 OCeHBIO BIHMSIHHE MOpEi Ha TEIUIOBOW PEXUM HPUIICTAIONINX CIOEB aTMOC(Ephl CTAaHOBUTCS ciabee, U
KOHTPACTBI TEMIIEPATyphl MEXKTy TOOEPEKbIMH CTIaXKHBAIOTCA.

OueBuHBIE NPHU3HAKM MOPCKOTO BO3ICHCTBHS Ha TEMIEPAaTypHBIH pEeXUM aTMocdepbl CTaBAT BONPOC O
KOPPEKTHOCTH HCIIOJIb30BaHNUS JIaHHBIX, ITOJYYEHHBIX Ha MPUOPEXKHBIX CTAHIUSAX 30HAUPOBAHUS, AJIS [IEHTPAJIbHBIX
(ynameHHbIX OT Mopeil) paiioHoB oOmactu. B 2020-21 rr. B 1. AmatuTsl OBIIM TPOBEAEHBI H3MEPEHUS
BEPTHKAJIBHOTO PACIpeNeNICHNs] TEMIIepPaTyphl BO3AyXa C MOMOLIBI0 MHKpPOBOJIHOBOro mpoduinemepa MTII-SPE.
YcraHoBKa npuboOpa MO3BOJISIET MPOBOANTH M3MepeHHs B cioe 10 1200 M H.y.M. [y mocieayroniero cpaBHEHUs
XapaKTEpPUCTUKH TEMIIEPaTypbl BO3AyXa HaJ ANaTHTAMH pAacCUUTHIBAIIMCH B TE )K€ CPOKH, YTO M 3aIyCKH
aspostorndeckux 308108 (0 u 12 UT).

[To m3mepenmsm 3umoii 2020-21 1T. Temmeparypa Haa ANaTWTaMH OKas3ajlach HIDKE, YeM HaJ MypMaHCKOM H
Kanmanakmeit. @opmupyromasicst B neHTpe Koabckoro m-oBa HeOombImas 00NACTh MOHMKCHHBIX TEMIIEpaTyp,
oOHapyXuBaeMas B TPU3EMHOM CJIO€ IO KIUMATHYeCKHM KaptaMm (CM., HampuMmep, [2]), IO Bced BHIUMOCTH,
pacnpoctpansiercs u Ha IICA. B netHuit mepuonx TteMmepaTypa Bo3AyXa IO JHUHHM MypMaHCK-ANaTHUTHI-
KaHz[a.naKma Ha BBICOTaX MOBBINIACTCA C CCBE€pa Ha IOT HaQ Anaruramu TeMIEparypa HHWXKE, 4YEM HaJ

Kannanakieii u Bolie, ueM Hag MypMaHcKoM (puc. 2).
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Pucynox 1. Cpennemecsiunbie (2007-2018 rr.) 3HaYeHUs] TEMIEPATYphl BO3[yXa HAa Pa3HbIX BHICOTaX: a —
Mypwmanck, 6 — Karganakma, B — pazHOCTh Mexay MypmanckoM u Kanganakureit.
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PucyHoxk 2. 'omoBo#i X0 CpeHEMECSUHBIX TEMIEpaTyp BO3AyXa Ha pa3HBIX BRICOTax HaJa MypmaHckoM (1),
Kanpanaxmeit (2) u Anmaturamu (3), 2020-2021 rr.
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B MOMeHTBI BpeMeHHM, KOrJa ITYHKThl W3MEPEHHI OKa3bIBAIMCH IO pa3Hble CTOPOHBI aTMOC(EpHBIX (GPOHTOB,
pa3ieNAIoImUX BO3AYIIHBIE MAacChl C KOHTPACTHBIMH TEPMHUYECKUMH XapaKTEPHCTHKAMH, Pa3HOCTh TEMIIEpaTyp
MeXXIy HIMH JOCTHTajla MHOTUX TpaaycoB. Ho B cpennem B mepuon 2020-21 rr. Hax Anaturamu B cioe 200-1200 m
H.y.M. OKa3aioch xojoauee, ueM B Kanpanaxme, Ha 0.4°C 3umoii u Ha 0.9°C sretom. [lo otHOmEHNIO K MypMaHCKy
pa3sHOCTh OKa3allaCh HEONHO3HA4HOW: 3uMol Han Amarutamu Ha 1.2°C xomommee, nerom Ha 1.1°C Temuree.
[IprBeneHHBIE KONMYECTBEHHBIE COOTHOMIEHNUS TeMneparyp (AnmatuTsl oTHocHTeNsHO MypMancka n Kanpamakmm)
MOTyYCHBI 1O HAOIIOJCHMAM, BBIIOIHEHHBIM B TEUCHHE BCETO OJHOTO Toja. DTOTO IEpHOoJa HEJOCTATOYHO IS
OIIpe/IeTICHUsI YCTOWYMBBIX CPETHUX MHOTOJIETHUX OLIEHOK — 3HA4YEHUs MOTYT OBITh MCKa)XEHBI O0COOCHHOCTSIMHU
METEOPOJIOTHYECKUX YCJIIOBUH KOHKPETHOTO ce30Ha. [lo 3ToW NpuYnMHE NpencTaBICHHBIE Pe3YJbTaThl MOXKHO
CUMTaTh NpenBapuTeabHbIMU. OJTHAKO, TaK KaK Bapualuy TEMIepaTypsl Bo3ayxa Hal MypMaHCKOM, AnaTuTaMu U
Kannanakiield Ha Bcex UccleayeMbIx BbicoTax (0 1200 M H.y.M.) UMEIOT OYEHb CXOXHU xapakrtep (puc. 3, Tadim.),
MOXHO MPEAINOJI0XKNTh, YTO KaUECTBEHHO KapTHHA HE OTJINYACTCS CUIIBHO U B IPYTHE TOJIbI.

OCOOEHHOCTH CYTOYHOTO XOJa TEeMIlepaTypbl Ha pasHbIX BBICOTaX MOTYT OBITh HMCCIEAOBAHBI TOJBKO IIO
pesynbratam usMepenuit MTII-SPE Han Anaruramu. AMIUIMTYyZAa CyTOYHOI'O XOJa TEMIIEpaTyphl U3MEHSETCS B
3aBHCHMOCTH OT C€30HA W MaKCHUMajlbHa y MOBepXHOCTH 3emiu (puc. 4). B Hos0pe - ¢eBpane cyTOUHBIA X0
TEeMIIEpaTyphl MPAaKTHYECKH OTCYTCTBYET Jake Ha HIDKHHX YPOBHSX, HO C aIpeis IO aBryCT BHYTPHCYTOUYHBIE
KoJIeOaHUs C pa3HOH aMIUTHTYIOW 0OHApYKUBAIOTCA BO BceM citoe 10 1200 M H.y.M.
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Pucynok 3. CpeanecyTouyHble TeMIlEpaTypbl
Kannmanakmeii (2) u Anaruramu (3).

BO3/yXxa Ha pasHbIX BbIcOTax Hajg MypmanckoMm (1),
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Pucynok 4. CyTouHBIN X011 TEMIIEpPAaTyphl BO3IyXa HA PAa3HBIX BBICOTAX HaJ AnatuTamu (H.y.M.).

HarnsgHoe mpencTaBiieHHEe O CYTOYHBIX M3MEHCHHSAX TepMuueckon crpartudukanmu [ICA maloT BepTHKaJIbHEBIC
npopuIN TeMIepaTypbl BO3AyXa B ICHTpalbHBIC MECAIBl ce30HOB (puc. 5). Hambonpimee m3MeHeHHE (HOPMBI
npoduieil oTMedaeTcss B MPU3EMHOM CJO€ aTMOCQEphl, C BBICOTOW HOYHBIC W THEBHBIC MPOQHIN MOCTEIICHHO
cOMmMKAIOTCsI. 3UMOW — TPU OTCYTCTBHU COJIHCYHOW DPaJWallid WM €€ HU3KOM 3HAYCHHHU, CTPaTU(UKAIUS OT
HOYHBIX YacOB K JHEBHBIM MeHseTcs ciiabo. Takas mepectpoiika crpaTudukanyuu HaOIr0AaeTCs BO BCeX 3 MyHKTax
HU3MEpEHU.
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OcoOblii HHTEpEC NPEICTABISIET CPAaBHEHHE TEMIIEpaTyphl Bo3ayxa Ha BeicoTe 200 M B Anaturax u Ha Bbicote 200
M H.y.M. Hax Kammamakmeii. Temmeparypa Ha ypoBHe 200 M H.y.M. — 3TO TeMIIepaTypa BO3IyXa B BEpXHEH YacTH
X0JIMa M, OTHOBPEMEHHO, B 4epTe ropoaa. 3uMoil Ha BEpIIMHAX N30JHPOBAHHBIX XOIMOB (0€3 MPUTOKa XOJIOIHOTO
BO3/lyXa C COCEJHNX BEPIINH) 00pa3yIoIuiicsa y HIOBEPXHOCTH 3€MJIM XOJIOIHBII BO3LYX CTCKAECT BHU3 U 3aMEHSICTCS
BO3IyXOM M3 MPHIETAIONMX CI0eB aTMoc(eprl. B pesympTare 3TOrO0 Temmeparypa BO3AyXa Ha BEpIIMHE XOJIMa
IoJDKHA OBITH OJIM3Ka K TeMIepaType Ha TOHW JKe BBICOTe B atMocdepe Hapa mpruieraromell paBHWHOH. Ecim
JIOITYCTUTH, YTO B TOPOJIE CYIIECTBYET aHTPOIIOTEHHBIH OCTPOB TEIUIA, BEIMYHHA KOTOPOTO 3uMoit nocturaet 4-8°C
[3], ropu3oHTaNbHBIN IPaIMeHT TeMIepaTypsl Mexny Anatutamu u Kanpanakiiel, kotopsiit Ha BeicoTax 200-300
M B 3TO BpeMs roaa okoiio 0.5°C, He MoeT nmomeniath ee oOHapyxeHH0. OJHaKO pacupenesieHus] TEMIepaTyp B
BEpXHEl dYacTH TOpOJCKOrO XoiMa M Ha TOW ke BblcoTe Haj Kanpamakmeld oOKa3bIBarOTCA MPaKTUYECKU
OJIMHAKOBBIMM: MOJIOXKHTEIbHAs aHOMAJHs B TOPOJAE CYIIECTBYET TOJBKO IO OTHOIIEHHIO K OKPY)KAIOLIEH XOJIM
paBHMHE C OoJyiee HM3KMMH TemIleparypamu (puc. 6), HO TemrepaTypa B TOpOJe COOTBETCTBYET TeMIlepaType
«TEIIOT0 CJ0s», KOTOPBIM 3UMOI pacrojaraercs HajJ paBHUHOW Ha TOH e BelcoTe. IlonokuTenbHas aHOMaIUs
TEMIIEpaTyphl B TOPOJE UMEET, IIIaBHBIM 00pa30oM, ECTECTBEHHYIO IIPHPOY.
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Tadanua. KoahdunmeHTs! KOppensiiuy CpeaHECYTOUHBIX TEMIIEPaTyp Ha Pa3HBIX BBICOTAX HaJ ANATUTAMHU
C TaHHBIMH 30HIMpOoBaHMA B MypmaHcke n Kannamaxkie.
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3axinroyeHue

[To maHHBIM mapaIeNbHBIX U3MEPEHUH BapuaIn TeMiepaTypsl Bo3ayxa B IICA mHax MypmaHCcKOM, ATIaTHTAMH H
Kanpgamakmeli mpoucxomsaT B 3HAYUTENBHON cTemeHHW cHHXpoHHO. OmHako B Tepmmdeckoir crpykrype IICA
00Hapy)KMBAIOTCSI TPOCTPAHCTBEHHBIE pA3NIMYMs, BBI3BAHHBIE OOJBIINMH DPACCTOSHUSMU MEXKIY ITyHKTaMH
W3MEpEeHN W HEOOMHAKOBBIM Bo3neiicTBueM bapenmeBa m bemoro Mops Ha TEIUIOBOH PEXUM MPUOPEKHBIX
teppuropuil. Cpennue HeoaHopogHOCTH ot Temrnepatypsl B IICA coctasnstot 1°C 3umoit u 2°C nerom. Cnenyer
OTMETHUTH, YTO B XOJIMHUCTOM pelibedpe 3MMOH, a HOUBIO BO BCE CE30HBI, BIMSIHNE MUKPOKIMMATa Ha paclpe/eiieHus
MHUHUMAaJIBHOW M 3UMHEH TeMIlepaTypbl MOTYT IIEPEKpBIBaTh OOBIYHBIE MIMPOTHBIE U BEPTUKAIBHBIE ITPAUCHTHI 10
oTtHocHuTeNbHBIX BBICOT 100-200 M [1]. DT0 moapa3symMeBaeT CylIeCTBOBAHHME ropaszio 0osee CHIIBHBIX BapHaluil B
MoJie TeMIIepaTyphl BO3AyXa B IPU3EMHOM clloe, 4eM B nenom no IICA.
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CBs13b BEPTUKAJIBHOI'O PACHPEJNEJIEHUSI TEMIIEPATYPbI
BO31YXA B XUBMHAX C TEMIIEPATYPOH
HAJA HPEAI'OPHOU PABHUHOU

B.U. [lemun?, 5.B. Koszenos!, T.A. MypasbeBa?

Y\@I'BHY «llonapueiii 2eopusuveckuti uncmumymy, 2. Anamumol
20moen nasunnoii 6ezonacnocmu YTH K® AO «Anamumy, 2. Kuposck

AHHoTaumsi. TIpoBeneHO CpaBHEHHWE TEMIIEPATyphl BO3AyxXa B XHOMHCKOM TOPHOM MACCHBE C TEMIIEPATypoOi
BO3/yXa HaJ TNPEArOPHON pPAaBHUHOW (IO M3MEPEHUSAM MHKPOBOJIHOBOI'O TEMIEpaTypHOro mnpodumemepa). B
3UMHHAH TEPHOA M3MEHEHHUS TEMIIEPaTypbl MPOUCXOIST NMPAKTUYECKH CHHXPOHHO (K03()(UIMEHTHI KOppesiunu
0.92-0.94), HO B TOpax TemmnepaTypa Bo3ayxa Hmke: npuMepHo Ha 0.3°C B HIbkHeM sipyce rop (~400 m) u Ha 1.5°C
Ha ypoBHAX mmiato (~1000-1200 m H.y.M.). DddekT co3maercss annabdaTHIESCKUM OXJIaXKIACHUEM BO3IyXa IPH €ro
BBIHYX/ICHHOM ITIO{bEME BIIOJIb CKJIOHOB. JIEeTOM CyTOYHBIE BapHaIllK TEMIIEPAaTyphl BO3AyXa B TOpax M HA TOH e
BBICOTE HaJl PaBHUHOM MPOUCXOIAT ¢ pa3Hoil ¢a30ii. Pa3HOCTH TeMIiepaTyp 3aBHCHT OT BPEMEHH CYTOK, BBICOTHI H
METEOPOJIOTHUECKHX yCIoBHU. B 0o0mieM Buae yTpoM W JHEM TeMIepaTypa BO3jyXa B ropax OJM3Ka MM BbIIIE
TEMIIEpaTyphl BO3AyXa Ha TOM K€ BBICOTE HAJ| PABHUHOM, 8 HOUBIO — HIXKE.

Beenenue

Merteoposorndeckne HaOmoneHnss B XuOuHax Hadanuch Oonee 100 mer Haszan (HamOosee paHHHWE IaHHBIE Ha
npearopHoit paBHeHue (k. ctanmus «Vmanmpa») goctymHsl ¢ 1900 ., a HemocpeaCTBeHHO TOpHEIE (Topa XHUOMHEI)
¢ 1929 r.). HecMoTps Ha MPOIOIKUTENHLHYI0 UCTOPUIO METEOPOJIOTUYECKUX MU3MEPEHUN, BOMPOCHI O MEXaHU3MaxX
(OopMHUpPOBaHUsI TOPHOTO KIIMMaTa XUOWH OCTAIOTCS IJIOXO M3YYEHHBIMU. B 4acTHOCTH, HET OTBeTa Ha BOINPOC O
XapakTepe B3aUMOJEHCTBUS TOPHOTO MacCHBa M HIDKHEH Tporocgepbl. JTO BBI3BAHO JOCTATOYHO YAAJICHHBIM
MOJIOXKCHUEM OT XHOWH OJIM)KAaWIIMX CTaHIUA a’posiornueckoro 3oHauposanus (Mypmanck u Kanpamakmia),
JIAFOLIUX WH()OPMALMIO O Paclpee]IeHUH METEOPOJIOTHYECKHX MapaMeTpOB MO BBICOTAM, a TAKKe IOJOXEHHUEM
MOCIIEIHUX Ha mobOepexbsix bapenuesa u benoro Mopei, rae moje TemnepaTypbl HCKa)KEHO BO BCEM MOTPaHUYHOM
cioe atmocgepsl (IICA).

B 2020 r. B Amaturax ObUT yCTAaHOBJICH MHUKPOBOJHOBOH TeMmmepaTypublii npodmiemep MTII-5PE, xoropsrit
MIO3BOJISIET TIPH JII00OI MOorose B aBTOMaTHYECKOM PEKHME BOCCTAHABIMBATH MPOQMIb TEMIIEPaTyphl BO3AyXa B
cioe ot 200 mo 1200 m ¢ paspemenueM 1o BbicoTe oT 10 o 50 M u ¢ BpeMeHHBIM maroMm 5 muH. [lompoOHBIE
XapaKTepUCTUKHU MPHOOpA M3I0XKEHBI Ha caifTax www.mtp5.ru 1 www.attex.net. OTH U3MEPEHUs] OXBATHIBAIOT BECh
JTHAITa30H BBICOT PACTIONIOKEHHBIX PsiioM ¢ AnatutaMu XuOWH (HauBbicmas otMetka 1200 m).

Lenpro maHHON pabOTHI SBISETCS OLIEHKA XapaKTepa TEIUIOBOI0 B3aUMOACHUCTBHS XHUOWHCKOTO TOPHOTO MacCHBa
Ha TePMOAMHAMHYECKHE XapaKTePUCTUKH HaXOIAIIErocs HaJl HUM CJI0S aTMOCc(hepsl.

Jlanuble

B paboTel uCHONB30BaHBI NaHHBIE W3MEPEHWH MHKPOBOJIHOBOTO TemieparypHoro mpodmiemepa MTII-5PE
(ITomspHBIA TeoU3UUECKIA WHCTHTYT), NaHHBIE adpOJOTHYCCKUX 30HAUpoBaHMi B Mypmancke m Kanmamaxie
(weather.uwyo.edu/upperair/sounding.html), nanusie otaena maBurHO#M 6e30macHocTH Y'Y KO AO «Amatuty.

Pe3yabTaThl 1 00cy:KI1€HUE
Mexny TemieparypaMu Bo3ayxa B XMOWHaxX M BO3[yXa HaJl paBHUHOM CyIIECTBYeT TecHast Koppemsauus (puc. 1).
OTo O0O0YCNOBJIEHO TEM, YTO H3-32 HEOOJIBIINX TOPH3OHTANBHBIX pasMepoB (mpumepHo 30 Ha 40 kM) U
oTHOcHUTENBHBIX BRICOT (900-1000 M), XnOUHBI HE BHI3BIBAIOT OJIOKMPOBAHHMS BO3IYIIHBIX Macc, 1 aHOMAaJIMU B I10JIE
TEMIEpaTyphl, CO3/aBa€éMble MaKPOLUPKYJISLHUOHHBIMU IPOLECCAMHU, OXBAaTHIBAIOT OJHOBPEMEHHO U TOPHBII
MAacCHB, U IIPHUJIETAIOINE TEPPUTOPHH.

3uMoil TemmepaTtypsl Bo3ayxa B XuOuwHax Hrke, yeM Hax MypmanckoMm n Kanpmamaxmeit, roe Bo Bcem [ICA
MIPOCTIeKUBACTCS OTeIUIsIoNIee BiusiHUEe bapenneBa u benoro mopei (puc. 2). Jletom Hambosiee BBICOKas
TeMIepaTypa B IOKHBIX paiioHax 00JacTH W TemiepaTypa B XHOMWHAxX BbIlIe, 4eM Ha MypMaHCKOM, M HIDKE, 9EM B
Kanganakme. Ho mocnennee yTBepIkIeHNE CIPaBEAINBO TOIBKO IS CPETHEMECSYHBIX 3HaueHuH. [Ipu oTaensHOM
pacemotpernn HOUHBIX (0 UT) u nueBHBIX (12 UT) cpokoB 0OHApYyKHBaeTCs, YTO B JHEBHBIE Yachkl TeMIIepaTypa
Bo3lyxa B XHOMHax NpUOMIDKAeTCS W Jake IPEeBHIIIAeT 3HAYCHWs TeMIepaTypbl Ha TOH JKe BBICOTE HaJ
pacrionoxxeHHO# roxkHee Kanpanakmieit (puc. 2B). M3mepenus Ha Anaturamu 1okassiBatot, 4to B [ICA rpagueHt
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TEMIIEpaTypbl CBOETO 3HaKa HE MEHSET, a, CIeNOBaTeJbHO, BO3AYX B XMOWHAaX MOABEP)KEH JONOJIHUTEIBHOMY
TEPMHUUECKOMY BO3JIEHUCTBUIO.
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Pucynok 2. CpenHemecsiuHbIe TeMIepaTypsl Bo3ayxa Ha T. JloBuop (XuOWHBI) M Ha TOH K€ BBICOTE Has
Kanpanakmieit 1 Mypmanckom (a); 6 u B — otaensHo aist Jlopuop u Kanmanakmu mist cpokos 0 u 12 UT.

TemneparypHblii pesxuM XuOWH (HOPMUPYETCsl IO/ BO3AEHCTBUEM MAaKPOLMPKYJISLUOHHBIX W PaMallMOHHBIX
nporeccoB. [ W3ydeHHs TUHAMHUYECKOTO BO3JEHCTBHA TOPHOIO MacCHBa Ha IIOJIE TeMIIepaTyphsl Hambosee
YIOOHBIM SIBIISIETCSl 3MMHHUI NEPHOJI, KOT/Ia MOTOKHU COJHEYHOW pajvalli MUHHMAJIbHBI WM JaXe OTCYTCTBYIOT
(nmonapuas Houb). Ha puc. 3 nmpuBeneHs! Bapuanuu temnepaTypsl Ha Beicote 1075 M H.y.M. (T. AjikyaiiBeHUOpp) H
Ha aHAJIOTUYHOW BBHICOTE HAJ PaBHUHOU (paccTosHUe Mexay MectoM yctaHoBkd MTII-5PE u meTeoponorudeckoit
cTaHmuedl Ha T. AfikyaliBeHUopp oOkojo 16 k). Bapuwamum Temreparypsl HPOHCXOAST CXOXKHM 00pa3oM:
k03¢ ¢punuent koppessiun 0.94. OnHako TemrepaTypa Ha Tope MPaKTHYECKH BCETa HIDKE, YeM Ha TOH JKe BBICOTE
HaJl pPaBHUHOW — B cpemHeM 3a 3uMHHIA mepuon 2020-21 rr. ma 1.5°C. JlaHHBIA 3(Q(deKT MOXHO OOBSICHUTH
annabaTHYeCKUM OXJIAXKICHHEM BO3JlyXa MPHU €ro BBIHYXKJICHHOM IIOJbeME IPH HaTEKaHWM BO3JYIIHOM Macchl Ha
ropHoe npensaTcrue. [loaTBepkKIeHNEM 3TOr0 MEXaHN3Ma MOKET CITYXKHTh TOT (aKT, 4TO B HWXKHEM sipyce Top, Iie
MOJBbEM BO3AyXa HE3HAUUTEIbHBIN, PasHOCTh TEMIEpaTyp MEXIy BO3IYyXOM B TOpax M Ha TOH XK€ BBICOTE HaJ
paBuuHoii Beero 0.3°C (o u3mepenusM B T. Kuposcke).

O4eBHIHO, YTO AAHHBIH MeXaHW3M (Ha3bIBaeMBIH Tarke 3PQeKToM mogbema Maccsl [1]) meiicTByeT U B apyrue
CE30HBI, XOTS €ro YHCICHHBIH 3(p¢eKT MODKeH OBITh JIpYrMM H3-3a pazHoi crpatudukanmuu. OIHAKO IpH
MOCTYIJICHUH COJIHEYHOW paJialil KapTHHA B PEaTbHOCTH CTAaHOBUTCS Ooiee CIOKHOH, TaK KaK BO3HHUKAIOT
MepruoauUecKne KoJiebaHUs TeMmmeparypel Bo3ayxa. s wumocTpannd Ha puc. 4 TpUBEACHBl BapHalUN
TeMIiepaTypsl Bo3ayxa B XuOuHax Ha BeicoTe 400 M M Ha TOIf ke BBICOTE Haja paBHUHOI B MroHe-uione 2021 r.
MesKCyTOuHBIE BapHalMM IPOUCXOJAT OJMHAKOBBHIM 00pa3oM — OHM OTPaKalOT HM3MEHEHUs] CHHONTHYECKOH
cutryauuu. Ho B Kakyl0-TO 4acTh BpeMEHH CYTOK B FOpax OKa3bIBA€TCS XOJOAHEE, a IPYTyI0 TeIjee, 4eM Ha TOH ke
BBICOTE HaJl PAaBHUHOMW. 3aMeTeH Takke HeOobIIoH cBuUT 110 dase.
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[IprunHBI JaHHOTO SIBJIEHMS, Ha HAll B3IV, 3aKIIOYAIOTCS B OCOOEGHHOCTSAX CYTOYHOIO XOJa TeMIIepaTyphl
BO3IyXa Hall JeATeJbHON MOBepXHOCThIO M Ha BhicoTaXx B [ICA. CyTO4HBIH XO& TeMmIepaTypbl BO3IyXa Hax
NESITETTPHON  ITOBEPXHOCTHIO OOYCIIOBJIEH CYTOYHBIMH BapHaIllsIMA TIOTOKOB COJIHEUHOW pamwanmuu [2].
MuHHuMaIbHas TeMIepaTypa OTMedaeTcs HOYBIO Iepell pacCBeTOM. B yTpeHHHe dYachl TeMmeparypa BO3Ayxa
OBICTpO pacTeT U MeXAy 14 u 16 "ac mocTHUraeT CBOMX MAaKCHMAIbHBIX 3HaueHUH. THIMUYHBIA TpadMK CyTOYHOTO
Xola JUId HECKOJBKHX ITyHKTOB HPHMBEICH Ha puc. 5. HecMoTps Ha pa3HOE MOJNOXKEHHE 10 BBICOTE (CTaHIMA Ha
paBHHHE W TOpe), CyTOYHBIC BapHALlMM NPOUCXOMNAT NMPAKTHYECKH CHHXPOHHO, TaK KaK BBI3BIBAIOTCS, TIABHBIM
00pa3zoM, OJJHUM ITPOIIECCOM — BapHallUsIMU COTHEYHOH panuanuu. CyTo4YHasi aMIUIMTY/a ¢ BBICOTOH yOBbIBaeT u3-3a
yCuIIeHHsI TYpOYJIEHTHOTO OOMEHA C OKPY’KArOLIMMH CIOSIMH BO3yXa.
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Pucynok 3. Temnepatypa Bo3ayxa Ha T. AiikyariBenuopp (1075 m) u Ha Beicote 1075 M Hag AnaTUTamu
(MTII-5PE).
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Pucynok 4. Temneparypa Bo3ayxa B Xubunax Ha BbicoTe 400 M H.y.M. M Ha TOMH k€ BBICOTE HaJ PaBHUHON
(MTTII-5PE).

B IICA Ha OGomee BBICOKMX OT IOBEPXHOCTH YPOBHSX IEPHOAMYECKHE H3MEHEHHS TeMIepaTypbl BO3IyXa
CO3/Ial0TCSl CYTOYHBIMH BapHalMsSIMH MOTOKOB TEIUIa MO BEPTHKAIH. Tak KaK CKOPOCTh MX PAacCHpOCTPaHEHHUS B
BO3yXe KOHEYHA, YKCTPEMYMBI TEMIIEPaTypsl Ha BHICOTAX HACTYIAIOT MO3KE, YeM B MIPU3EMHOM CiIoe (YeM BEIIIE,
TeM CUiIbHee 3amasfbiBaHue). [IpuMepsl CyTOUHBIX BapualUii Ha pa3HBIX BBICOTaX HAJ PAaBHUHOM IO JAHHBIM
n3mepenuit MTII-5PE B AnatuTax npuBeneHsl Ha puc. 6.

Tak xak BapHallul TEMIEPATypbl B ropax, IJ€ NPUCYTCTBYET JesTelbHas MOBEPXHOCTh (IIOBEPXHOCTH CKIIOHOB,
IUIATO, BEPIIMH), ¥ HaJl PABHUHON CMEILEHEI 110 (a3e, pa3HOCTh TEMIIEpaTyp MEX.y TOPHBIM BO3/IyXOM H BO3IyXOM,
HaXOJAMIMMCS Ha TOM ke BBICOTE HaJ NMPUIIETalollel K TopaM paBHUHOW, HE OCTAeTCA NOCTOSIHHOW HU 110 BEJIUYUHE,
HHU 10 3HaKy (puc. 7). Houbto Temmeparypa Bo3lyxa HajJ ropaMd HHXKE, Ye€M BO3JyX Ha TOH XK€ BBICOTE Haj
paBHHMHON. B yTpeHHHE yachl BO3IyX HaJ ropamMu OBICTPO HarpeBaercs, Oiaromapsi MOTJIOMICHNUIO TTOBEPXHOCTSIMH
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COJIHEUHOH paJyalliy U MOCIEAYIOUEeH OTAaue TeIula MPUIICraloliuM CIIOSIM BO3/yXa, B TO BpeMs KakK BO3/AyX HaJ
PaBHHHOI1 BCe elle ocTaeTcs XOJOJHBIM — TEINIO OT IMOBEPXHOCTH 3€MJIM IO HEro elle He JOIUIO U3-3a c1aboro B
9TO BpeMs CYTOK TypOyJleHTHOro oOMeHa (Ha BBICOTaX B 3TO BpeMs MOXKET AaKe OTMEYaTbCd MHHHMYM
TEeMIepaTypsl B CYTOYHOM XoJe). B mocienonyaeHHble 4achl MpU HHTEHCHBHOM TYPOYJICHTHOM OOMEHE Pa3sHOCTh
TeMHnepaTyp yMmeHblIaeTcsi. KOHKpeTHbIe YMCIICHHBIC pa3iMyMsi MEXTY TeMIepaTypaMH BO3IyXa B ropax W Hax
PaBHHHOI OyZyT 3aBHCETh OT CE30HA, BHICOTHI, BPEMEHH CYTOK M OT METEOPOJIOTHYECKHX YCIIOBHUiII B aTMocdepe,
OTIPEIeNSAONINX HHTEHCHBHOCTE TYpOyJICHTHOTO 0OMEHa.
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Pucynok 5. CyTouHbIil X0 TeMIepaTypbl BO3lyXa Ha BBICOTE 2 M OT HOBEPXHOCTH 3eMJHu: | — ANaTUTHI
(132 M H.y.M.), 2— 1. FOkcnop (902 M H.y.M.); nanHbIe U3 [3].

Pucynok 6. CyTouHsIif X0 Ha pa3HBIX BBICOTAX OT MOBEepXHOCTH 3eMiH 1o JaHHEIM MTII-5PE (Amatutsr).
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Pucynok 7. CyTouHbIif X0 TeMIiepaTypbl Bo3Ayxa B XUOWHaX M HaJ MpUIIEralolieil paBHUHOM.
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3axuoueHue

Ce30HHBIN X0J TeMHepaTypbl B XHOWHAX HICHTHYCH CE30HHBIM BapHalUsM TEMIIEpaTyphl BO3AyXa Ha TEX K€
BBICOTaX HaJ MPWJIETAIOIIEH paBHUHON. 3UMOM NMEpHOJUYECKNE CYTOYHBIC BapHALUK MPAKTUYECKH OTCYTCTBYIOT.
Temmneparypa Bo3myxa Ha ropaMH HHKE, 9YeM BO3IyXa HaJ paBHHHON: B cpenHeM Ha 0.3°C B HIKHEM spyce TOp
(400 M m.y.M.) 1 Ha 1.5°C Ha ypoBHe Hamboiee BBHICOKHX IUIaTO. DPPEKT co3/MaeTcs BHIHYKICHHBIM IOABEMOM
BO3/lyXa U €ro aJnadaTHYeCKUM OXJIaXKICHUEM.

W3-3a mormnorieHus AesTeIbHONW IOBEPXHOCTBIO T'Op COJHEYHOM paJHallid CYTOYHBIH XOJ TeMIepaTyphl B
XubuHax B Temjoe IMOJYroAue OTIMYaeTcsi OT CYTOYHOTO XOjAa TeMIepaTyphl BO3IyXa Ha TOH jKe BBICOTE HaJ
paBHuHOI. CyTOUHBIE BapHallUK MPOMCXOASAT C Pa3HON aMIIMTYIOH 1 caBurom mno dase. Pasnocts Temneparyp He
0CTaeTCsl TIOCTOSIHHOM M 3aBHCUT OT CE30Ha, BPEMEHH CYTOK, BBICOTHI (caBHT (a3). B obiiem Buie MOXKHO cKa3arTh,
YTO TeMIlepaTypa BO3AyXa B ropax HOYBI0 HMXKE, a B YTPEHHHE, IOJyJCHHBIE M MOCIECTIONyJCHHBIC Yachl
puOIMKAETCS U MIPEBBIIIACT TEMIIEPATyPy BO3AyXa Ha TOH e BBICOTE HaJl MPHUJICTAONIEH paBHUHOM.
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NCCIEJOBAHUE KHHETUKHN OCHOBHBIX ATMOC®EPHBIX
COCTABJIAIOIIINX BO BPEMSA BBICBIITAHUA
BBICOKOOHEPI'MYHBIX ITPOTOHOB

B CPEJHIOIO ATMOC®EPY 3EMJIN

A.C. Kupunnos, B.b. benaxosckuii, E.A. Maypues,
10.B. bana6bun, A.B. 'epmanenko, b.b. 'Bo3aeBckuit

@I'BHY «llonapnulii eeopuzuueckuti uncmumymy, 2. Anamumaol

AOCTpaKT

B mactosmell pabore paccmoTpeHa kuHeTMka TpumieTHbix (ASE,*, B3[lg, WSPA,, B®Z,, C%ly) cocrosumii
MOJIEKYJIIPHOTO a30Ta W CUHIVIETHBIX (alAg, b!Z¢") cocTosHmii MosEKyIAPHOTO KHCIOpPOJA Ha BHICOTAX CPEHEi
aTMOc(epbl BO BpeMsl BTOPIKCHHS BBICOKOIHEPTHMYHBIX MPOTOHOB. IIpu 3TOM OBUIM yYTEHBI HPOLECCHl MPSIMOTO
JJIEKTPOHHOTO BO30YXKACHHSI BTOPTaIOIIMMUCA B aTMocdepy BBICOKOIHEPTHYHBIMU IPOTOHAMH M BTOPHYHBIMH
JNIEKTPOHAMH, MPOLECCHl CIIOHTAHHOTO HM3JIYYCHHs, a TakkKe MEPEHOC JHEPrHU BO3OYXKICHHS MOJEKYT MEXIy
JIEKTPOHHO-BO30YKICHHBIMU cOCTOSIHUAME N2 1 Oz IpH MOJICKYJSIPHBIX CTOJKHOBEHHsX. KOHCTAHTBI cKOpoCTeit
NEepPeHOCa SHEPTUH BO3OYKICHUS MEXKIY 3JIEKTPOHHO-BO3OY)XKIACHHBIMH COCTOSHHSAMH MOJICKYJIDHOTO a30Ta H
KUCJIOpOJa TIPH CTOJNKHOBEHUSX ¢ MojekyiaamMu Nz u Oz OBUIM TEOPETUYECKH PACCUMTAHBI COTNIACHO KBAaHTOBO-
XMMHYECKUM NPHOJIMKEHUsIM. BriepBbie paccMOTpeHa KMHETHUKa CHHIJIETHBIX cOcTOsiHMM Oz Ha BBICOTaX CpeAHEit
aTMoc(ephl KaKk ¢ y4eTOM MPSIMOro BO30YK/IEHHSI BHICOKOIHEPTHYHBIMU ITPOTOHAMH M BTOPUYHBIMH 3JIEKTPOHAMH,
TaK U C y4ETOM IIPOLECCOB IMEPEeHOCa 3JIEKTPOHHOIO BO30YKAEHHS C METacTabMILHOTO MOJEKYISPHOTO a3oTra
N2(A3Z,*,v=0) na cocrosnus I'epudepra O, u nepepacipee/icHUs SHEPIUH BO30YKIEHUS MEXLY KOJIeOaTeIbHBIMU
YPOBHSIMM ~ CHHTJIETHBIX COCTOSIHMHM IIpH  HEYNPYTHX MOJIEKYJSIPHBIX CTOJKHOBEHWsX. IlokazaHo, dTO
noMuHMpYyromuit Bkmanx B Bo3Oyxkaenue Op(alAg) m Ox(b'Tg") BHOCAT mpomEecchl MPAMOro  3JI€KTPOHHOTrO
BO30YKICHHUS.

BBeaenue

[Tpu BTOp>KEHUM B aTMOC(hepy 3eMin nepBUUHBIX KocMuueckux styueit (KJI) mpoToHsl cocTaBnstoT okoio 85 % ot
UX OOINEro KOJMYECTBA, OCTAIbHBIC YACTHIBI — 3TO SApa Teus U JJIEMEHTOB ¢ Z>2, a TakkKe JJIEKTPOHBI C
no3utpoHamu. [Ipy NPOXOKACHUHU Yepe3 BEPXHHUE, Pa3peKEHHBIE, CJIOU aTMOC(Ephl MPEBATUPYIOIIAM IPOIECCOM
SIBJSIETCSL MOHUW3AIMs, MpUYeM Hauboliee aKTUBHBIMU 37I€Ch SIBISIOTCS 4YacTHipl ¢ 3Heprueit mo 1 I'B. Ilpu
JocTrxkeHun BeICOTh 10-30 KM Haj ypoBHEM MOps Bce 0oJiee BEPOSITHBIME CTAHOBSTCS HEYIPYTHE COYAAPEHHs C
SIpaMU aTOMOB BO31yXa (B OCHOBHOM YacTHIIBI ¢ dHeprueit 6omee 1 I'3B ¢ azorom u kucnoponom) [Jopman, 1975;
Hluporxos u HOoun, 1980; Simpson, 1983]. B pesymbTare siIepHBIX B3aUMOJCHCTBUII BO3ZHHKAIOT KACKaJIbI
BTOPUYHBIX YaCTHI[ PA3JIHYHOTO COPTA, YCIOBHO 3Ty PEAKIHIO MOXKHO BBIPA3UTh 4epe3 (OpMyiy TeHepaluu
YACTUILL:

nucleon + air — p +n+n* + 10 + k¥ + k°, (1)

rjie P — MPOTOHKI; N — Helftponsl; ¥, 1°— nuonsl; k%, kK®— kaowHwL.

B3aunMoneiicTBHe 3r1eMEHTapHBIX YacTHUI], 00pa30BaHHBIX B Ipouecce (1), ¢ MoJIeKyJIaMH COCTaBIISIONNX CpeTHEH
atMoc(epbl 3eMJIM TIPUBOIUT K OOPa3OBAHUIO IMOTOKOB BTOPUYHBIX JJIEKTPOHOB. Heynpyrue CTOJNKHOBEHHMs
BBICOKOOHEPTMYHBIX BTOPHYHBIX 3JIEKTPOHOB C MOJIEKYJaMH a30Ta M KHCJIOpOJa TNPHUBOIAT K 0Opa30BaHHIO
3JIEKTPOHHO-BO30YxkIeHHbIX Mostekysl Na(ASZ,*, B3Iy, W3A,, BB3Z,, C3T1L), No(aZ,, allly, WrAy), O(C'Zy, ASA,,
A3TY), Oz(alAg, b'Zg"). TTockosbky MONEKYNSPHBIA a30T M MOJEKYJAPHBIA KUCIOPOJ JIOMHUHHPYIOT B COCTAaBE
aTMoc(epbl 3eMIiIH, CIIEKTPhI cBeUYeHHs aTMocdepbl cosepKaT MHOKECTBO II0JIOC a30Ta M Kuciiopoaa. B paborax
[Kupunnoe u benaxosckuii, 2020; Kirillov and Belakhovsky, 2019, 2021] 6buti npoBeeHsl pacueTsl npoduieit
MHTEHCUBHOCTEH cBeueHus nosoc nepsoit (1PG) u Bropoii nonoxutenbubix (2PG) cucrem MoneKkysipHOTO a30Ta, a
taroke ronoc Mudpaxpacnoit Atmocdepnoii (IRAtM) u AtmocdepHoit (Atm) cucreM MOJIEKYJISIPHOTO KHCIOPOJa,
00YCIIOBJICHHBIX CIIOHTaHHBIMH M3JIy4aTeJIbHBIMU MIEPEX0JaMU MEKAY 3JIEKTPOHHO-BO30YKIEHHBIMH COCTOSTHUSIMHU
mozekyn Nz n Oz

N(B3ITg,V') — Na(ASZ,* V") + hvips @)
N(C3ITu, V') — No(B3ITgV") + hvaec | ®)
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O2(a'Ag,v") — 02(X3%4 V") + hviram , (4)
02(b1Eg" V') — 02(X3Zg V") + hvam ()

Ha pa3HBIX BBICOTaX BEpPXHEW M cpelHeill aTMoc(epbl BO BPeMs BBICHINAHMS BBICOKOIHEPTUYHBIX AJIEKTPOHOB B
atMocdepy 3emun.

B Hacrosmeii paGore paccMoTpeHa kuHeTuka TpumietHbix (ASEL,*, BTl WBA,, B®Z,, C%[ly) cocrosnuii
MOJIEKYJIIPHOTO a30Ta W CUHIIETHBIX (alAg, b'Z¢") cocTosHuit MOJEKYIAPHOTO KHMCIOPOAA Ha BHICOTAaX CPENHEH
atmocdepsr Bo Bpemsi coObitust GLE (Ground level enhancement) Ne69 ot 20 stHBapst 2005 r., mpu KOTOpoM
MIPOM30IIUI0 BO3PACTaHHE CKOPOCTH CYeTa HEHTPOHHBIX MOHHUTOPOB, BO3HHUKIIEE BCIEICTBUE YBEJHYECHHUS 4YUCIIa
POTOHOB (B OCHOBHOM ¢ 3Hepruei 1o 10 ['9B) B notoke nepsuunbix KJI.

MogaeanpoBaHue JIeKTPOHHOH KMHETHKH MOJIEKYJISIPHOTO a30Ta M MOJIEKYJISIPHOI0 KUCJI0POaa B
cpeaneii atmocgdepe 3emian

Kunernueckass MoJzelb 3JIEKTPOHHO-BO30Y)KAEHHOTO TPHUIUIETHOTO MOJIEKYJISIPHOTO a30Ta JUIsi BBICOT CpeJHEH
atMocgepbl 3eMi BO BpeMs BBICHIITaHUS BBICOKOIHEPTHUYHBIX 3MekTpoHOB (BBD) mpencraBmeHa B paborax
[Kirillov and Belakhovsky, 2019; Kupunios u benaxosckuii, 2020]. B Hacrosmux pacderax mpu BropkeHud KJI
AQHAJIOTHYHO PACCMOTPEHBI MPOLECCH BO30YKICHUS IATH TPHIUICTHBIX COCTOSHHN N2 BTOPUYHBIMH 3JIEKTPOHAMHU,
00pa30BaHHBIX B IpOIIeccax MOHU3AINH AIIEMEHTAPHBIMH YaCcTHIIaMHU, 00pa30BaHHBIMU B mporieccax (1):

e+ NZ(XlEg+,V=0) — N2(A3Eu+, B3Hg, W3Au, B'32u’, C3Hu;vl) +e (6)

IIpu 3TOM yuTeHbI CIEAYIOIME KoNeOaTeNbHble YPOBHM YKa3aHHBIX MATH cocTosHuit: AST,*(v'=0-29), BII4(v'=0-
18), W3A,(v'=0-21), B®3%, (v'=0-15), C3I,(v'=0-4). Kpome crioHTaHHBIX TIepexo0B (2) u (3) ¢ usnydenuem 1PG u
2PG nosoc, Takxke ObUIO yuTeHO u3nydenue monoc By-Bemema (WB) (mepexox W3A,V'«es B3IIgV") u nosoc
undpakpacHoro nocnecseuenus (IRAG) (mepexon BBZ, Ve B3IgV"), a Takke CHOHTaHHBIE MNEPEXObI
AST V' XIZg V" (monockl Berapna-Kannana) (VK) [Gilmore et al., 1992].

KuneTtnueckass MOIENIb BIICKTPOHHO-BO30YXICHHOTO CHHIJIETHOTO MOJIEKYSIPHOTO KHCIOPOAA Ul BBICOT
cpenneit atmoctepst 3emuin Bo Bpemss BBD mpencrasnena B paborte [Kirillov and Belakhovsky, 2021]. B
HACTOSIIIMX pacyeTax WHTCHCHBHOCTEH CBEYCHHS II0JIOC MOJEKYIAPHOTO KHCIOpoda NpH Bbichmannu KJI
ananoru4uno [Kirillov and Belakhovsky, 2021] paccMoTpens! mpoiiecchl BO30YKICHUSI IBYX CHHIJIETHBIX COCTOSIHHUI
O2 BTOPHYHBIMH JIEKTPOHAMH:

e + 0x(X3%4 ,v=0) — e + Ox(alAq, b1, V), (7)

a TaKkXke MPOLECC MepeHOCca SHEPTHU 3JEKTPOHHOIO BO30YKIEHUS METAcTaOUILHOrO MOJEKYJIAPHOIO a30Ta HpU
CTONKHOBeHMH ¢ Mojekynamu Op u Bo3OyxaeHue cocrosuuil Iepubepra c'X,, A®A,, ASI,* y MonexymnspHOro
KHMCJI0poJa

N2(ASZ, V) + 05(X3Z4 v=0) — Nao(XIZg" V'>0) + On(ClEy, A%A,, AT, V") . (8a)

B nanpHeiimeM B pe3yibTaTe H3NMydaTeNbHBIX IIPOLIECCOB M BHYTPUMOJEKYISPHBIX M MEXKMOJEKYJIIPHBIX
MIEPEHOCOB DJHEPIHMM MpPHU HEYNPYTUX MOJEKYIAPHBIX CTOJKHOBEHMSAX SHEPrHs JJIEKTPOHHOTO BO30YXKICHHUS
coctosuuii Iepnbepra ¢y, A®Ay, AZ,* Tpancdopmupyercs B SHEPruIO BO3OYKIEHHS CHUHIJIETHBIX COCTOSHHUIA
alAg m b'Ts* monmexymsproro kucmopona. CpaBHEHME pPACCUMTAHHBIX KOHCTaHT TIpolecca (8a) co BCeMH
MUMEIOIMMUCS B MUPOBOW HAy4HOH JHTEepaType 3KCIepUMEHTAIbHBIME NaHHbIMU mpuBeneHo B [Kirillov and
Belakhovsky, 2021]. Kak moka3amu TEOpETHUECKHE pacyeThl, HPU HUCCICAOBAHUU PO MENKMOIICKYIISIPHBIX
MIPOLIECCOB TIEPEHOCAa SHEPTHHU AIICKTPOHHOTO BO30YXIeHUs (8a) B BO30YK/I€HHN MOJIEKYJ KACJIOpPOJa HEOOX0AUMO
YUMTBIBaTh TOJBKO HYNEBOM KosebarenbHblii ypoBeHb No(A%Z,'v'=0). Jlns HeynpyruxX CTOJKHOBEHHil MOJEKYI
N2(A3Z,*v'>0) ¢ O, JOMHHUPYIOIMM KaHAJIOM B3aUMOJIEHCTBUH SBIISETCS IPOIECC AUCCOUMAUMH MOJIeKYIbl O2 1
obpasoBanue nByx aromoB kucioposa [Kirillov and Belakhovsky, 2021]

No(ASE,* V) + 05(X3E4 v=0) — No(X!Zg"V'>0) + O + O . (86)

Pe3yiabTaThl pacueToB HHTeHCUBHOCTel noJoc N2 u O;
B nacrosimei padore paccmorpeno codbitie GLE, koTopoMy comyTCTBOBaJIO yBEINYEHHE CKOPOCTH 00pa3oBaHMs
nap uoHOB Ha BbicoTax oT 0 o 80 kM. [lns pacueroB mpoxoskaeHus udactuiy KJI uepe3 armocdepy 3emin
HCIONB3YETCsI MakeT it pa3padotku nporpamm GEANT4, npu moMoIy KOTOPOTO CO3JAOTCS COOTBETCTBYIOIIHE
mozenu. B IosipHoM reou3ndeckoM HHCTUTYTE ObLT pa3paborad nporpammubiii maker RUSCOSMICS, koTopsrit
KaKk 0ojiee coBpeMeHHbI HHCTpyMeHT st 3ameHsl PLANETOCOSMICS [Maypues u op., 2015, 2019; Maypues u
banabun, 2016]. OmmcaHnne METOAWKH MOJIYYEHHS TaHHBIX CIEKTpoB mepBHYHBIX KJI, HCHoOmp3yeMbIX B
MoJIeNMpoBaHnHy, mpuBoautcs B padore [Vashenyuk et al., 2011].

IIpu pacuere 0OOBEMHBIX HHTCHCHBHOCTEH CBEUYEHHS IIOJIOC IEPBOH M BTOPOH TIOJOXKHUTENBHBIX CHCTEM
MOJICKYJIIPHOTO a30Ta Bocnosb3yemcs pemennem cucteM ypasHenui [Kirillov and Belakhovsky, 2019; Kupunios u
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Benaxosckuii, 2020] s MONy4eHWs KOHUEHTPAUMH BIEKTPOHHO-BO3OYkIAeHHBIX Mojiekyn Na(B3TIgVv') wu
N2(C®Iy,v"). IIpu 3TOM BOCHOJB3YyeMCs CIEKTPOM BTOPUYHBIX 3JEKTPOHOB M HAOG0OPOM AAHHBIX IOHEPEYHBIX
ceuenuii nua monekyn Nz u O, [Itikawa, 2006, 2009]. Kpome Toro, npu pacuete konuenTpamuii No(C3IIy,v') yutem
ramrerne ganHoro cocrostHus [Kirillov, 2019], moCKonpKy Ha HIKHHX BBICOTAX PacCMaTpHBAEMOTO IHAla30Ha
CTOJIKHOBHTEIBHBIE BpeMeHa kHu3HU cocTostHus C°I1, CTAHOBATCA MOpPAIKA M3ITydaTeNbHBIX BPEMEH MM MEHBIIE.
IIpu pacuere 0OBEMHBIX HHTCHCUBHOCTEH cBedeHus moyoc HppakpacHoit ATMochepHOit 1 ATMOochepHOit cucTeM
MOJIEKYJIIPHOTO KHCIIOpOa BOCIIONb3yeMcs penieneM cuctem ypasuenuii [Kirillov and Belakhovsky, 20217 st
NOJTyYeHHUs KOHLEHTPALUH 3J1eKTPOHHO-B030YkAeHHbIX Mosekyn Oz(aAq,v') u Oz(b1Zq* V).
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CkopocTb MOHOODpa3oBaHusi, cM-3c! WNHTEHCMBHOCTb, CM3C!

Pucynoxk 1. [Ipodwmm paccunTaHHBIX CKOPOCTEH HOHOOOPa30BaHUA U CKOPOCTEH 00BEMHON HHTCHCHBHOCTH
CBEYEHH NMOJIOCHI 337 HM MOJIEKYJISIPHOIO a30Ta.

Ha puc.l mnokazanel NpoQuiIM pPacCUMTAaHHBIX CKOPOCTEH HMOHOOOpa30BaHMS M CKOPOCTEH OOBEeMHOU
MHTECHCUBHOCTU CBEYEHHUS IOJIOCHI 337 HM BTOpOH MOJIOXKHUTENbHOM cuctembl Np, CBSI3aHHOW CO CIIOHTaHHBIMH
nU3Iy49aTenbHeIMU nepexonami (3) ¢ V'=0—Vv"=0. Kak Bugao u3 puc.l, npoduias 00beMHONH HHTEHCUBHOCTH MOJIOCHI
337 HM BO MHOTOM IOBTOPSIET NMPOQMIbL CKOPOCTH HOHOOOpa3oBaHus. JIMIIL Ha HIPKHUX BBICOTaX PACCMOTPEHHOTO
UHTepBala BHICOT HAuMHAeTCs CKaspBaThes ramenume coctosuusa COI1y [Kirillov, 2019]. Murerpanbhas
MHTEHCHBHOCTh CBEYEHHs TOJIOCck! 337 HM cornacHo pacueraM ls3~9 kP (1 Paneit = 10% ¢oron/cm?-c). Ha puc.2
MOKa3aHbl TPO(WIN PaCCUMTAHHBIX CKOPOCTEH OOBEMHBIX MHTEHCUBHOCTEH cBeueHus moiyioc 749 u 669 HM nepBoit
MOJIOXKHUTEIBHON CHCTEMBI, OOYCIIOBICHHBIX CHOHTAHHBIMHM H3JIy49aTeNbHBIMU MepexomaMu (2) ¢ V=4—-Vv"=2 u
V'=5—V"=2, cooTBeTCTBEHHO. Kak BUIHO M3 pHuc.2, Mpolecchl rauenus coctosuus BTy 1ocTaTouHo 3 heKTHBHBI
Ha BbICOTax cpenHer armocdepsl 3emin. [loaToMy paccunTaHHbIE HHTETPAIbHBIE HHTEHCUBHOCTH CBEYCHUSI MOJIOC
749 u 669 HM cocTaBigiOT 1729~290 P u leso~130 P, a oTHOIIEHHS K MHTEHCHMBHOCTH CBEYEHHS IIOJIOCH 337 HM
BTOPOH MOJOKHUTENLHOH cHcTeMBb l7ag/lazr ~ 3.2:102 u lgeollssz ~ 1.4:1072. DTH 3HAYEHMs HAMHOTO MEHBLIE
cooTBeTCTBYIOIMUX BenuuuH 1.6 u 0.7, paccuuranHblx B [Kupumnos u benaxoeckuti, 2020] nist BbICBIIAaHUH
aBPOPAIBHBIX 3JIEKTPOHOB U TIOJYYEHHBIX C IOMOIIBIO PE3YJILTATOB U3MEPEHUH ONTHYECKUX CHEKTPOB IOJISPHBIX
CHSIHUIT BO BpeMsI 3aITyCKOB pakeT Ha ocTpoBe Xeiica B 1972-1973 r.r. [Kupunios u dp., 1987].
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Pucynoxk 2. IIpodunn paccunTaHHBIX CKOpOCTEil 00bEMHONM MHTEHCHBHOCTH CBeUEHUs nojoc 749 u 669 um
MOJICKYJISIPHOTO a30Ta.
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A.C. Kupunnog u op.

Ha puc.3 npuBeneHsl npouiin pacCYUTaHHBIX CKOPOCTEH OOBEMHBIX WHTEHCHBHOCTEH CBeueHus mojoc 762 u
1270 HM MOJEKYJSPHOTO KHCIOPOJA, CBSI3aHHBIX CO CIIOHTAHHBIMH H3JIy4aTeIbHBIMU Iepexonmamu (5) u (4) c
V'=0—V"=0, cootBeTcTBeHHO. IIpn 3TOM I monocer 1270 HM pacueTsl mpuBeaeHH! A BpemeH t=1, 3, 10 u 30
MHUHYT TOCJIC Hadaaa BBICHIIIAHUS BBICOKO’HEPTMYHBIX NPOTOHOB. IIOCKOIBKY H3ITydaTeNbHOE BpEMs >KHU3HH
cocrosHus a'Ag Gonblne Yaca, a KOHCTAHTa CKOPOCTH TallleHUs COCTOSHUA a'Ag NPHHMMAET OYEeHb MAJEHbKUE
3HAYCHUS, IS BHICOT BhIMIE ~40 KM HaOIFOgaeTcss pocT Oz(alAg,V:O) Ha TIPOTHKCHUN JIECSITKOB MUHYT BBICHITTAHUS
KJI. Paccuntannas nuHTETpagbHas HHTEHCHBHOCTE MHPpakpacHoit ATMocdepHOit monock! 1270 Bappupyercs oT ~1
kP npu t=1 munyta 1o ~2 kP npu t=30 munyT.
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Pucynoxk 3. [Ipoduiu pacCUUTaHHBIX CKOPOCTEH 00bEMHON HHTCHCUBHOCTH CBEUCHUS moyioc 762 u 1270 uM
MOJIEKYJISIPHOTO KHCIIOPO/a.

3akinoueHue

Ha ocHOBanmmM Monenell 3MEKTPOHHON KHHETHKH TPHUIDICTHBIX COCTOSHHHA MOJICKYJSPHOTO a30Ta W CHHTJICTHBIX
COCTOSIHUH MOJIEKYJISIPHOTO KHCIIOpoJIa Uil cpenHeidl aTMocdepsl 3eMid, TPEICTaBICHHBIX B [Kupuiios u
benaxosckuti, 2020; Kirillov and Belakhovsky, 2019, 2021], mpoBenen pacder mpoduiieii WHTEHCHBHOCTEH
CBCUCHUS MOJIOC MEPBOM U BTOPOU MoNoKUTENbHBIX cucTeM Na, MHbpakpacHoii ATMochepHoit u ATMochepHO
cuctem O B ciiyyae BbICHIIIAHHs B arMoc(epy 3eMiIM BBICOKOSHEPTHYHBIX MPOTOHOB BO Bpems coObitusi GLE
(Ground level enhancement) Ne69 ot 20 smBaps 2005 r. Pacyersl moOka3ajim, 4TO MPAKTHUYECKH Ha BCEM
paccMaTpUBaEMOM MHTEpBasE BhICOT 20-80 KM MMEETCs 3HAUMTENbHBII BKJIaJ1 IPOLIECCOB rameHus coctosHus B3Il
NIPU MOJIEKYJISIPHBIX CTOJKHOBEHHSX. JTO MPHUBOJAUT K CYIIECTBEHHOMY YMEHBIICHUIO OTHOILIEHUS! MHTETPalbHBIX
MHTEHCUBHOCTEH l749/1337 1 leeo/l337 110 CpaBHEHHIO C aBPOPATBbHBIMH BBICHITAHUAMHE JIICKTPOHOB [Kupunios u op.,
1987; Kupuanose u Benaxosckuii, 2020]. Kpome Toro, KHHETHKAa CHHTICTHBIX COCTOSHUI O Ha BBICOTaX CpemHEH
atMocepbl BO BpeMs BBICHIIaHUS MPOTOHOB PACCMOTPEHBI KaK C YYETOM TMPSIMOTO BO30YXICHUS
BBICOKOHEPTHYHBIMH YaCTHIIAMH, TaK M C YYE€TOM MEXKMOIICKYISIPHBIX MPOIECCOB IIEPEHOCA 3JIEKTPOHHOTO
BO30ykaeHMs.. [loKa3aHO, YTO IIPOLECCH TalleHHs COCTOSHHS b'Egt BO BpeMs HeyHmpyruxX MONEKyJIAPHBIX
CTOJKHOBEHUH MPHUBOAAT K 3HAYUTEIFHOMY ITOHIDKCHHIO WHTCHCHUBHOCTEHW CBeueHHS ATMOC(HEpHBIX IOJOC Ha
BBICOTaxX CpeIHeH aTMOChephI.

BnarogapHocTsb. VccnenoBanue BBIIOJIHEHO 3a cdyeT rpanTa Poccumiickoro HaywHoro ¢onma (mpoexr Ne 18-77-
10018) «I1oTOKM BBICOKOIHEPTHYHBIX 3apsDKCHHBIX YacTHII B OKOJIO3EMHOM KOCMHYECKOM MPOCTPAHCTBE, U HX
BoO3/eiicTBIE Ha aTMOC(hepy APKTHKI».
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SOLAR-TERRESTRIAL EFFECTS REVEALED THROUGH
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Abstract

The comparative long-term observation of vascular Marantha leoconeura plant circadian biorhythms and some
random processes in the mechanical and in electronic systems were carried out throughout winter and autumn
months at the current year. The winter periods with relatively quiet Solar state were characterized by circaseptan and
circasemiseptan multi-diurnal cycles in multi-diurnal time-course in plant leaves daily movement, and in deviation
of obtained random numbers and coins toss counts from theoretically expected values. Solar active days at August
and at September correlated with accumulated deviation of expected probability of random processes, and resulted
in 5 days cycles prevalence in multi-diurnal time-course for both systems. The revealed discrepancy in seasonal
dynamics observed is presumably caused by solar and cosmophysical driving agents the physical nature of which is
badly expected to be unraveled.

Introduction

Solar-terrestrial links were always intriguing cross-field of synthetic intellectual interactions and attracted
researchers with various scientific approaches. To explore the question the both biological and nonliving systems
were studied simultaneously, their comparative long-term observe was carried out under lab indoor conditions
during the some months of the current year. The highly environment sensitive vascular decorative plants Marantha
leoconeura, var. “Facinator” cultivated under lab controlled conditions were used. The leaf-petiole changeable
angles of leaf blades in these genera species are susceptible to change of atmosphere pressure, humidity etc. and
presumably to cosmic weather also. The species are widely considered as “living biological barometer” due to their
important properties to response on abrupt atmospheric pressure and humidity changes via special baro-sensitive
cells in the leaf blade — petiole conjunction. In the results of the time-course of plant leaf-petiole angle change
measurements the presence of circaseptan and circasemiceptan cycles in the multi-diurnal dynamics of plant blades
movement have been demonstrated earlier [1].

But it isn’t simple task to identify what namely a kind of factors might be responsible for unusual plant behavior at
any time elsewhere. To select the cosmophysical factors and to detect the cosmic influence, S.E. Shnol’ and
colleagues used the radioactive decay long-term counts [2]. For the same aim we did attempts here to explore the
long-term monitoring of random events on the base of simple mechanical and electronic systems simultaneously
with biological systems to detect the plausible effects of cosmic factors.

Biological objects and methods

The vascular decorative plants Marantha leoconeura “Facinator” cultivated under lab controlled conditions were
used as a sensitive biological indicator of external environment fluctuations and cosmic influence. The leaf-petiole
changeable angles of their leaf blades (N=10) were measured twice daily during noon and evening hours. The
mechanical and electronic systems produced random digital output, namely random number generation and coins
toss were used also. The ten random numbers with nine random digits were generated twice daily, firstly about noon
and 12 h afterwards with portative generator “CITIZEN” SRP-285I1. The deviation from most probable value for
generation of either first 5 to 7 consequent various digits were obtained for every experiment. For example, expected
probability P for the generation of 5 consequent different digits should be as P = 0,3024 [3], i.e. one expects that
every three of any ten numbers generated would include 5 first different digits under ordinary normal conditions. As
a mechanical model the coin cohorts in 100 coins each of three different denominations toss were used. The coins of
each denomination were tossed daily with 5 repeats at noon and 12 h afterwards at the horizontal surface the strictly
fixed high level off with following evaluation the degree of deviation from most probable cross or pile distribution.

Results and discussion

The important peculiarity of Marantha genera plants the presence of eigen circadian biorhythms of folia dynamics
under background normal conditions. Meanwhile it is widely known that cosmic and geophysical factor capable to
influence such rhythms among plethora of living organisms of microbiotic ones [4] to humans [7]. Because of that

191



Solar-terrestrial effects revealed through long-term observation on biorhythms in plants and experimental random events occurrence

we conducted daily diurnal and nocturnal angles measurements, the results for some of which presented here, fig. 1.
First of all, the much higher blade deviations in nocturnal hours as compared to diurnal ones were revealed. For the
demonstration of plausible cosmic effects, the September 2021%, a month with periods of elevated solar activity
intermitted by quiet days, was selected. Thel2 h temporal gaps since 28 August to 26 September at abscissa and the
5 leaf blades angles deviation dynamics, respectively, are presented. The folea run show explicit difference between
the solar quiet days at 15-18 at September, and days marked high solar activity, which were as follows: 8-12 and 22-
24 September. During the quiet periods the plant blades show robust circadian rhythm which abruptly disturbed by
solar activity characterized by C type flares. The elevation for maximal amplitude in nocturnal position for 4-5
blades on the eve of 9" September maximum and their follow smooth decrease are found also.
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Figure 1. Thel2 h temporal gaps since 28 August to 26 September at abscissa and the 5 different leaf blades
angles deviation dynamics for Marantha.

The September rise in solar activity have induced the change in multi-diurnal dynamics of plant blades also, the
respective temporal spectra show the presence of circasemiseptan (half week length) and 5 days cycles, meanwhile
during the quite winter months the circaseptan (week length) cycles were prevailed, fig.2.
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Figure 2. Power spectra for the multi-diurnal leaf blade run in Marantha plant at winter months and at
August-September 2021,

The difference in dynamics between winter and autumn seasons found can be provoked by increasing of solar
activity. It is widely known the difference and temporal signature of solar activity dynamics in quiet and active years
[5, 6].
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The analogous difference in parameters of multi-diurnal cyclicity was obtained for daily generation of random
numbers. Thus, at 2020-2021 yr winter months the explicit circaseptan cycles in dynamics temporal spectra were
prevailed, fig. 4, meanwhile in follow August-September days run the 5 days cycles were prevailed.
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Figure 3. Power spectra for the multi-diurnal random number count deviations from expected values for the
winter months (left) and for August-September.

The change in multi-diurnal dynamics for the results of coins toss deviation was found also. Moreover the high
correlation between accumulated count sum deviation of most probable, theoretically expected values and the main
solar activity parameters were found. The cross-correlation between solar emission of 10.7 ¢cm radio flux and
accumulated deviation, i.e. algebraic sum of consequent tosses count results have showed significant direct and
about a week time shifted correlation, fig. 4. The analogous significant correlation were observed for daily Wolf
Numbers run at these months as well for total solar square of sunspots.

Crosscorrelation for Fyy7 vs coin toss accumulated most probable
value deviation in September 2021
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Figure 4. Cross-correlation for 10.7 cm solar radio flux time-course and accumulated coin toss counts.

The revealed discrepency in time-course pattern and cycles length in power specra between quiet winter and solar
active autumn seasons suggests the solar and cosmic effects on the both systems considered. The effects were
appeared as plant circadian rhythm disturbance, as different temporal pattern, the specific for solar activity 5 days
etc. or for quiet state circaseptan, circasemiseptan cycles presence, and as either direct or postponed correlation of
accomulated random coin toss counts with solar activity parameters.

The considered seasonal recurrent changes in plant folea circadian rhythms, results of experiments with random
number generation, and coin toss counts suggest its exogenus, presumably solar and cosmic provenance/ And also
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cosmophysical agents rhythms driving. The results obtained are in accordance with [5] that the recurrent changes of
physical agents responsible for solar-terresrial links most expected during the quiet solar years. The circaseptan and
circasemiceptan cycles found might be drove either environmental terrestrial factors or cosmic ones also [6, 7]. The
results suggest the presence of driving pace-makers of exogenous cosmic provenance which able to modulate daily
rhythms and control multi-diurnal dynamics of living and mechanical or electronic systems.

The advanced changes in the amplitude of Marantha leaves daily movement circadian cycles on the eve of large-
scale solar disturbance allow one to consider and possibly to use these plant species as a sensitive short-term living
predictor for abrupt changes in solar activity.
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COVID-19: OCOBEHHOCTHU MAHAEMHHU B YCJIOBUSAX
I'JTIOBAJIBHOI'O MUHUMYMA COJTHEYHOU AKTUBHOCTH

M.B. Parynbckas
H3MUPAH, Mockea, Poccus; e-mail: ra_mary@mail.ru

AnHOTanusi. B 2019-2020 romax HaGIIOaNCs OJAHOBPEMEHHBIN TIyGOKMI MHHHMYM KBa3H-CTOJIETHETO U
MUHAMYM 11-JI€THEro nyKkia COJHEYHONH aKTHBHOCTH. DTO CKa3aJoCh Ha 3MUIEMHOJIOTHYECKOH 00CTaHOBKE B MHPE
n ocobenHocTsax TeueHnn nangemMun COVID-19. CymecTBYIOT JONOJSHHUTENbHBIE (AaKTOPBHI BHEIIHEW Cpeibl U
0COOCHHOCTEW TCHETHKH HaceleHHs B KaXKIOM KOHKPETHOM pErHOHE, KOTOPBIE MOTYT YCKOPHTH DPa3BHTHE
JIOKAJIbHOM JMMAEMMH, a TaKXKe YBEJIMYUTh TSKECTh €€ MPOTEKaHUS U YpPOBEHb JIETAIbHOCTU. B nmokmaze
paccMaTpuBarOTCS TPH OCHOBHBIX (DaKTOpa, MOAYJNUPYIOMIMX pPa3BUTHE IAHAEMHH: JAWHAMHUKA COJHEYHOH
AKTHUBHOCTH U TAIAKTHYECKUX KOCMUYECKHX JIydel, reHoreorpaduieckoe pacrpeaeseHne HaceIeHus (B YaCTHOCTH,
XapaKTepHbIe ISl JAHHOH MECTHOCTH TalljIOTpyIIb), U TEMIICpaTypHBIH peXnM OKpyxkaromiel cpenpl. Tekymas
maggemuss COVID -19 nambonee TspKeNmo TpOTEKaeT B CTpaHAX C JAOMHHaHTHON ramiorpymmoir R1b. Ha
eBpoIneickoi TeppuTopud Poccunm AOMUHAHTHOM ramjgorpynmoil siBuserca Rla, amg koTopoil okasanoch
XapaKTepHO OBICTPOE pa3BUTHE SMHICMHUU NPU HU3KOW JICTAIBHOCTH W OOJBIIOM KOJIMYECTBE OECCHMITOMHBIX
OonmbHBIX. B ceBepHbix oOnactsix Poccum ynenbHbld Bec Rla cokpariaercss MOYTH BIBOE, YCTymas MECTO
ramtorpymnme Ncl. Pa3nuuus B reéHETHYECKOM COCTaBe HACEJICHUsI MOXKET OOBSCHUTH CYIIECTBEHHYIO DPa3HHILY
pasButust mnepBoi BoiHbl dmuaemun COVID-19 B MockBe u Cankrt-IlerepOypre, a Takke 0OCOOEHHOCTH
BakI[MHAIIMM M TMPUOOPETEHUs] KOJUIGKTUBHOTO MMMYHHTETA B Pa3JIMUHBIX CTpaHaX W peruoHax (HEOOXOAMMO
BaKIUHUPOBaTh 0K0JI0 80% st rarwtorpynnsl R1b mpotus 40% st ramorpymmsr N).

B Ommkaitmue 30 et mpearonaraeTcsi COXpaHeHHe KpaliHe HU3KOW CONHEYHOW aKTHBHOCTH. B 3THX yCIOBHAX
MOJKHO OXHIAaTh ABYKPATHOE YBEIMUYCHHE YUCIIA MAaHAEMUH (Kaxmasle 5-6 et BMecto 10-11 5eT) ¢ BrIpakeHHBIMH
reHoreorpaMuecKuMH OTIMIHAMH B PA3BUTHH JIOKATBHBIX SIHACMHUH.

KualoueBbie cioBa: nangemuu rpummna, SARS-CoV-2, ramwiorpymnsl R1b u Rla, 3KCTpeMyMbl COJHEYHOM
aKTHBHOCTH, YJIBTPa(pHOJIIETOBOE H3TyuYeHHE, KOCMUYECKHUE JIydH

3ABONEBAEMOCTb MHOEXI{MOHHLAM EONESHAMM B POCCHH (MIH.ITOR) ConHeyHass AKTHBHOCTh W NAaHAEeMHH TpUNNa.
5 W ConHeuHasi aKTUBHOCTh 1 HHTEHCUBHOCTE Y @ -HM3ITyueHH
UMEIOT MEePUOIBl PA3TUYHON ITUTEITBHOCTH, U3 KOTOPBIX
38 HanOOJIbIIIEE SMUAEMUOJIOTHYECKOE 3HAaUeHHE UMEIOT OKOJIO
11-netHnit tukn U okojo-100 NeTHWH WMWK AWHAMHKH.
Takas >ke HMKIMYHOCTh XapakTepHa JJIsi KOCMHUYECKUX
JIyuyen. PerynsatopHeie MEXaHU3MBI 6uochepsr
OTKIIMKAIOTCA KaK Ha BBICOKHE, TaK U Ha HU3KUE MEPHOMABI
comHeyHOH akTuBHOCTH (CA), MEHSETCS TONBKO YICTHHBII
BKJIaJl OCHOBHBIX AEHCTBYIOHNIMX (PaKTOPOB KOCMHYECKOMH
noroas! [1]. Bo Bpems kpaTkoBpeMeHHbIX Bapuauuii CA
(mepros; — HECKOJIBKO JHEH) OCHOBHBIMH OHOTPOITHBIMHU
(bakTopamH SIBISIIOTCS CKOPOCTh M3MEHEHHS MapaMeTpoB U
YaCTOTHBIM COCTaB BO3MYIIECHHH, B OOJiee T0JITOBPEMEHHOM
nepcrnektuse (10 10 1eT) — IIUTENTPHOCTh MAaKCUMyMa WU
mMuEMMyMa. B makcumyme  CA  CyIIECTBEHHBIM
OKa3bIBaeTCAd BKJIQJ BapHalMid T'€OMAarHUTHOTO  TIOJI,
Bapuanuii yneTpaduosneroporo wmi3nydeHus CoiHma wu
COJIHEYHBIX KOCMHMYECKHX JIy4yeil, a B MUHMMYyME Ha pOib
OCHOBHOTO  PETYJISITOPHOro  OuortpomHoro  ¢akropa
MIPETEeHAYIOT FATaAKTHUECKUE KOCMUUECKHUE JTy4H.
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Pucynoxk 1. Umcno  wHGMEKIHOHHBIX

3aboneBannii B Poccmm mo romam (MIH
YEJIOBEK) u JIMHAMMKA COJIHEUHOH
aKTUBHOCTH  3a 1998 -2011 roJibl
(Pazynvcxas M.B., 2019).

Craructnka HMHQEKIMOHHBIX 3abosieBaHuii BHYTpH 11-
JIETHETO L[MKJIA OKA3bIBAET MTOYTH JBYKPATHOE yBEIHUUEHHE
yucna 3a00JI€BIIMX B MAaKCUMyME COJIHEUYHOH aKTHBHOCTH
(Pucynok 1).
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B Poccun B 2001 ropmy, sBisiomeMcs MakCUMyMoM 23 LUKJIa COJHEUHOM akTuBHOCTH (Max 23) uucino
3a00JeBIINX MHPEKIIMOHHBIMA 3a00JIEBaHUSMH COCTAaBIUIO 53 MHJUTHOHA 4YelloBeK (maHHbIe DenepanbHON Iy KOBI
rocynapcTBeHHO# cratucTiku Poccunm). B 3arsayBmemcs muanmyme CA mexnay 23 u 24 mukramu (min 24) B
2006-2010 rogax xoiam4yecTBO 3a00JIEBIINX JIepKaoch Ha ypoBHeE 27-30 MuumoHOB denoBek. Ha Pucynke | BugHO
MPaKTHIECKH TOYHOE BPEMEHHOE COBIAJCHHE NUHAMHKH 000mx mporeccoB. [lo-Buanmomy, B Poccun, B cTpane ¢
IUIOXMM KJIMMaTOM, MOCTOSIHHAs 3aBHCHUMOCTh 4YMClia MH(EKIMOHHBIX 3a00JIeBaHMN OT (a3bl IMKIA COTHEYHOU
AKTHBHOCTH MPOSBIISIETCS OCOOCHHO SIPKO.

B 20 Beke Bce maHAeMHHU IPUIMIA MPOUCXOAUIN B MAKCUMyMaX COJTHEUHON aKTUBHOCTH, B 19 u 21 Beke — TOIBKO
B MakCUMyMaX ¥ MUHUMyMaX COJHEUHOH akTHBHOCTU. PaccMotpum nepuon ¢ 1890 mo 2020 roxsl. B nocnennue
130 ner, coBnasIye ¢ OypHBIM Pa3BUTHEM COBPEMEHHBIX MPUHIUIIOB OPTaHU3aLUH MEAUIMHBI U STIHJEMHOJIOTHH,
HaOmofanacs MNepuoja  JOCTaTOYHO BBICOKOM o0mield ponronepuonHoii aktuBHoctn Connua. [lostomy u ¢
MEIUIMHCKON TOYKM 3pEHMS, U C TOYKU 3PEHHs COJHEYHO-3¢MHOH (M3MKM OyIeT KOPPEKTHO PacCMOTpPEHHUE
MaHJEeMHUl UMEHHO 3a nepuox ¢ 13 mo 25 conmneunsldd 1uki. [Ipu comocraBneHUH NaHHBIX JMHAMHMKU COJIHEYHOMN
AKTHBHOCTH ¥ MAHJEMHUI 3TOTO NEPHOAA MOXKHO OTMETHTB!

1. Yerkue rpaHuIbl Hadaja W KOHIA MaHAEMHUI MPUCYTCTBYIOT TOJBKO y MAHAEMHH TPHIIA U HEKOTOPBIX
snuaeMuil THda. Bce maHmeMum rpunma pa3BHBAINCh TOJMBKO B 3KCTpeMyMax |1-IeTHero mmkiaa COJHEYHOH
AKTHBHOCTH.

2. Tlpu oOmeM BBICOKOM YPOBHE COJHEYHOH aKTHBHOCTH Bce MaHAemun rpunma 20 Beka MPHUXOAATCA Ha
MaKCUMYMBI 11-IEeTHUX IMKIIOB COJNIHEYHOW akTuBHOCTH. [lanmemuu tuda 1847-1848 rr, 1899 1, u rpakmaaHCcKOM
BoWHBI 1918-1919 r Takke NPUXOAATCSI HA MAKCUMYM COJIHEYHOI aKTHBHOCTH.

3. Ha ¢asax pocra u criaga ATHHHOTEPHOAHOTO MAKCHMYyMa COJIHCUHOW aKTUBHOCTH B 19 u 21 Bekax B YCIOBHUSIX
Oosiee HM3KMX 1UKIOB CA MaHAEMHM Pa3BUBAJIMCh U B MUHHMYMaxX COJHEYHOH aKTUBHOCTH (IaHAEMUs TPHIIIa
1889-1990 ronos, nangemus ceuHoro rpunmna 2009 rona, mannemus COVID-19 2019-2020 roxos).

B Tabnuue 1 npencraBieHbl rofbl MaHAEMHH M INTAMMOB TPUINA M COOTBETCTBYIOIIHE MM OSKCTPEMYMBI
COJIHEYHON aKTUBHOCTH. MOXHO NPEIOI0OKHUTh, YTO ONTHUMATbHAs afanTalys OpraHN3Ma YeI0BeKa MPOUCXOIUT
Ha (hazax pocTta M cHajga COJHEYHOM AaKTHBHOCTH 3a CYET IMOCTOSHHOM aKTHBALMM HMMYHHTETa TPagHEHTOM
(akTopoB BHemHel cpexpl. B makcumyme CA opraHusM HaxoAguTcs B (a3e THIIEPKOMIICHCAINH, a B MHHUMYMeE
YXOIWUT HIDKE IOpOra JyBCTBHTEIBHOCTH, M HE YCIEBAET BOBPEMS M aJEKBaTHO OTpPEarnpoBaTh Ha BHEIPCHHE
Bupyca. [Ipn 3TOM Kak O4eHb BBICOKAsl, HO IIOCTOSIHHAs COJHEYHas aKTUBHOCTh B MAaKCHMyMeE, TaK M JUINTEIbHOE
MIOCTOSIHHOE OTCYTCTBHE 3HAUMTEIbHBIX BapHallMii T€OMarHUTHOTO moyisi W n3inydeHus ConHIa B MHHHUMYME
AKTHBHOCTH CIIOCOOCTBYIOT NEPEPACTAHMIO JIOKAJIbHBIX SNHIEMUIl B TAHAEMHUIO.

Tao6una 1. [Tannemuu rpunmna 19-21 BekoB U COOTBETCTBYIONINE UM 3KCTPEMYMbI COJTHEYHOIN aKTHBHOCTH.
OG6o3HaYeHHs: MAKCUMYM [HUKIa HoMep 23 — Max 23; munumym mexay 23 u 24 uuknamua CA — min 24 ( U3
pabortsr [2]).

T'onsl 3aboeBanne ®da3sl nukiaa CA
1889-1890 I'purn minl3
1918-1920 Ucnanckuit rpumr, HIN1 Max15
1957-1958 Aswmatckuit rpunin, H2N2 Max19
1968-1970 [ OHKOHTCKHIA TPUIIT Max20
1995-1996 I'purn min23
2002-2003 SARS, SARS-CoV Max23
2004-2005 I'purn Max23

¢ 2004 [rrawii rpumnm, HSN1 Max23
2009-2010 Csunoii rpunm, HIN1 min24

2019 COVID-19, SARS-CoV-2 min25

Pe3koe yxynuieHue SNMUAEMUOIOTMYECKONM CHUTyallud M BO3HMKHOBeHMEe B 20 Beke MHaHAEMHH rpuIna B
MaKCHMyMax IIMKJIa COJTHEYHOH aKTUBHOCTH MOJXKET OBITH COOTHECEHA C YBEJIIMUCHUEM MYTaIMii BUpYca I'pUIINA MO
BIIMSTHUEM BapHalvi yabTpaduoIeToBoro uamydeHus. Msrkuii yiaprpaduoner CoHIa MpoXoJuT yepe3 arMochepy
M y4acTByeT B OnocdepHbIx npoueccax. Bapuanuu Y@ na mumne Bonubsl 2000 A cocrasisitor 10 7% B TeyeHun 11-
JIETHETO IWMKJa, BapualMd Ha Ooyiee KOPOTKMX JUIMHAX BOJIH MOryT gocturath 10 50%. OOmiee m3mMeHeHHe
WHTEHCUBHOCTH M3mydeHust CoTHIIAa Ha BCEeX JJMHAX BOJIH HE BEJIHMKO, U cocTaBisieT 0koJio 0,1%.
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Pucynok 2. Pa3Butne nanaemuu
COVID-19 B pa3nuuHBIX cTpaHax
bi (] Hayana MaccoBOM
BaKkI[MHAIMM, B pacuere Ha |
MWUIMOH ~ HAceJICHHs:  YHCIIO
cMepTen B CTpaHax c
ramwtorpynnamu R1b u Rla (na
6aze pmanseix Johns Hopkins
University).

M.B. Pazynvckas

B romer makcumyma CA  OCHOBHBIM MYyTareHHbIM (hakKTOpOM
spisiercs Y @-m3myderns CoJHIA U COTHEYHBIE KOCMIYECKHE Iydu. B
TOZbl MUHAMYMa COJTHEYHOW aKTHBHOCTH, P MHHUMAaJIbHOM ypPOBHE
yabTpaduronera, Ha MEPBHIA IUIAH BBIXOIAT TANIAKTHUECKHE IIPOIIECCHI.
CyImecTBeHHBIM OHOTPOITHBIM  (PaKTOPOM OKa3bIBAIOTCS BapHALUU
ralakTHYeCKuX KocMudeckux Jrydeit [3]. [Ipu amuTeasHOM OTCYTCTBHU
PEHTTCHOBCKMX BCIBIIIEK M MOHIKEHHOW WHTEHCUBHOCTH Y-
n3mydennsi CoslHIIa BO BpeMsl 3aTSHYBLIMXCS MUHHUMYMOB (HampHMep,
B 2008-2009 romax) 030HOBBIH cilol aTMocdepbl 3eMIIU CYIIECTBEHHO
yMeHbmaercst.  IIpg 3TOM  HMHTEHCHBHOCTH  TallaKTHUECKHUX
KOCMHYECKHMX JIyded W WX MyTareHHasi W peryJjsTopHas pojb JUls
O6uocepsl CyIeCTBEHHO yBennunBaeTcs [4].

Ocooennoctn mangemMun COVID-19. Tekymas nangemus
Bupyca SARS-CoV-2 npoucxoaur ogHOBPEMEHHO B MUHUMYyMeE 25-T0
mukna 11-netHelt conmneunoit aktuHocTH (CA) mpu 0o0ILIeM HU3KOM
ypoBHe kBazuctoneTHero mnukina CA. Ee ocoOeHHOCTbIO sBISETCS
3HAYUTENbHAsl BapHaOEIbHOCTh YHCIIA JETATbHBIX MCXOJ0B Ha | MIH
HaceJIeHHs B pa3HBIX CTpaHaxX, NPHYEM MaKCHUMaJbHbIE 3HAYEHUS
JIETAIHOCTH HAOJIONAIOTCS B JIOCTATOYHO OJIArOIOIYYHBIX CTPaHaX C
BBICOKHM YPOBHEM Pa3BUTHA M OpPTaHM3alMK MeAUIMHBI (PucyHok 2).
IIpy »>TOM camble CTpPOTHE KApPaHTHHHBIE MEPhl OKa3bIBAIOTCS
Hea(pdexTuBHBIMH. bosiee Toro, oTHOoCHTENbHAS JeTaIbHOCTE B Mpane
B 5-8 pa3 menspme, yem B llIBeiimapun u benprum. INapamokcamsHas
pasHuma B neTtambHOCTH (Ooiee yem B 5-15 pa3) tpeOyer momcka
(akTOpOB, HE CBS3aHHBIX C OIHJIEMUOJOTHYECKUMU MepaMH H
MEAUIUHCKUM 00CITy>)KHBaHHEM B KOHKPETHOH CTpaHe.

HaubGonee tspkeno 3aboseBaHHE TIPOTEKaeT HA TEPPUTOPHAX

CeBeproit Utanun, Wcnanuu, @pannun, bensruu, [lBeiinapun, Benukodpuranuu, u CIIA, T.e. B cTpaHax ¢
BBICOKMM YpPOBHEM MEIULMHBL. Bce 3TH CTpaHbl OOBEIUHSIOT TEHETHYECKHEe OCOOCHHOCTH HACENICHHS -
JIOMUHAHTHas ramwiorpynmna R1b. Uncio cMepTeil Ha MUJUTHOH YeJIOBEK UMEET NPSMYI0 KOPPEISIUIO C MPOLEHTHBIM
coJep)kaHneM TpeAcTaBuTenei ramrorpynmsl R1b cpenu Hacenenus crpassl. Ctpassl, uMetomue Oomnbire 60%
TAaKOTO HACEJICHWS, SBIAIOTCA JHICPaMH II0 CMEPTHOCTH JO Hayana MaccoBod BakmuHanuu (bembrus,
Bemnko6putanus, [lopryramus). YpoBeHb AOCTI)KEHHS KOJUICKTHBHOTO UMMYHHUTETA NPH BCEOOIIEH BaKIMHAINI
JUTSL 9TUX CTPaH TaKKe 3HAYUTENBHO BBIIIE, YeM, Harpumep, 11t ckanauHaBckux (80% mpotus 40%).
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Pucynok 3. CneBa BBepxy - MPHPOCT YHUCIa 3a00JIEBIINX B
Mocksa u Cankrt-Iletepbypre B mapre-mae 2020; cmpasa
MHJIEKC CaMOU30JIIIMHU;, BHH3Y
COCTaB HACENICHHWS B CEBEPHBIX, LEHTPAJIBHBIX M IOKHBIX

BBEPXY —

pailoHax eBponelickoil yactu Poccun.

\ MOCKB3, HHREKC CAMONIORALMN

e el

Ha eBponeiickoit Teppuropuu Poccuu
JOMHMHAHTHOW TaIIOTpyNIION  sIBIIsieTCs
Rla, ans koTOpOii 0OKa3amoch XapaKTEpHO
OBICTpOE pa3BUTHE SIHIECMHH NPH HU3KOH
JIETAILHOCTH W OOJBIIOM  KOJHMYECTBE
OecCUMNTOMHBIX OONBHBIX. B  ceBepHBIX
obmactsix Poccum ynenbHeli Bec Rla
COKpaIlaeTcsl MOYTH BABOE, YCTYIasi MECTO

u
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rariorpyImne Ncl. Paznuuus B
TEHETHYECKOM COCTAaBE HACEIECHHS MOXKET
OOBSCHUTh  CYIIECTBCHHYIO  Pa3HUILY

pasBUTHSL TIEPBOI  BOJIHBI
Mockse u Cankr-IlerepOypre.

SIIMIACMHHU B

= Elb
=6 I'eneTnyeckue BapuanMu  OOBACHSIOT
= - pasiuuusd B CHJIE€ MMMYHHBIX PEaKIUM
— { ! JICWKOLIUTAPHEIX ~ AHTUIEHOB.  JlaHHas

= Nic

KOHIIETIIINST HaXOUT CBOE MOATBEPKICHHE
B craree (A. Nguyen c coast., 2020).
lamnoTun u WHAWBHIyaNbHAS
TEHEeTUYeCKas H3MEHUUBOCTh BIUSET Ha
MMMYHHBIE DPEaKIMd W Ha CIIOCOOHOCTB
HacelleHHus pearupoBaTh Ha Bupyc SARS-

= Rla

TeHETHYECKUI

CoV-2. Uccnenosancsa MOTEHITUAJT
3alIUTHOTO HMMMYHHTETa YEIIOBEUSCKUX
nerikonuTapHelx aHTureHoB (YJIA — B
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COVID-19: ocobennocmu nandemuu 8 yCiogusx 2100anibH020 MUHUMYMA COTHEUHOU AKMUBHOCTU

pycckoit TpaHckpunuuu, 1 HLA — B aHITIMHCKO#), COOTBETCTBYIOLIETO Pa3IMYHbIM TalljIOTPyIIaM B KOMILIEKCHOM
aHanuse in vitro apdexrusrocTH cBsi3biBanus 145 renorunoB HLA: -A, -B u -C mis Bcex menrtugos SARS-CoV-2.
Briseieno, uto HLA-B * 46: 01 (cooTBercTByrommii oHOW M3 BeTBeW ramiorpymmsl R1b) mMmen nHanMmensmiee
cBs3piBarme nentuaoB 1 SARS-CoV-2, kak u s SARS-CoV B xone smunemun, npotekasieit B 2003 roxy. Orta
rpymma MoxeT ObITh 0cobenHo ys3BuMa it COVID-19. O6napyxeno, uto ammtenn HLA-B * 15: 03; HLA-A * 02:
02; HLA-C * 12: 03 (rarutorpynma R1a) mokazani HanuboIbIIyIo cIocOOHOCTH CBs3bIBaTh entuasl SARS-CoV-2, a
3HAYHT - GOJIBIIYIO0 YCTOWYHBOCTE K BHPYCY [5].

[ToromHplii pexXUM MECTHOCTH OKa3blBaeT BIIMSHHME Ha JIOKAIM3AalMIO OYaroB KOPOHABHpYca M JUIMTEIBHOCTH
Nepro/ia MEPBUYHOTO aKTHBHOTO 3apakeHHs HacedeHus. ONTHMyM pacnpocTpaHeHHe KOpOHaBUpyca HaOJtoaaeTcs
npu +9 C (bepramo B ¢eBpase 2020, Mocka B Mapre-anpene-mae 2020). IIpu sTom cubupckas yacts Poccuu B
MEPBYIO BOJIHY KOPOHaBUpYCca UMejia TeMIeparypy MpEeuMYIIECTBEHHO HIKE HYIIS, U PACIPOCTPaHEHHE SIHICMUH
TaM MPaKTHYECKH OTCYTCTBOBaJI0. OTHAKO TeMIIepaTypa SBISETCS MeHee 3HaYMMbIM (DaKTOPOM, YeM FeHeTHYEeCKUI
COCTaB HACEJICHHs, KOTOPBIH OIpEAeNseT CKOPOCTb PacHpOCTPAaHEHUs, TSDKECTh MPOTEKaHHS 3a00JIeBaHUS H
JIETAILHOCTD B JIOKAJBHBIX odarax mnannemun COVID-19.

BeiBoabl. [langemuss COVID-19 mnokasama, uro B ycioBusix riybokoro wmuHumyma CA  pasButHe
SMMJIEMHUOJIOTHUECKHX MPOLECCOB CYIIECTBEHHO 3aBUCUT OT T'€HOTreorpaueckoro COCTaBa HaCeIeHMs M MOTOAHBIX
YCIIOBHUI 3HAUUTENBHO OOJIBIIE, YEM OT CTPOTOCTH KaPaHTHHHBIX MEpP, YPOBHS MEIUIMHBI WM BO3PACTHOTO COCTaBa
HacesneHus. OIHUM M3 CaMbIX CYIIECTBEHHBIX (akTopoB pacmnpoctpanenuss COVID-19 u ypoBHs jeranbHOCTH
ABJSIETCS TE€HOTeorpa(uIecKoe paclpeneieHie HacelICHUs. YPOBCHb NOCTHXKEHHS KOJUIEKTHBHOTO MMMYHHUTETa
MyTeM BAaKLIMHAIMKM TAKXE 3aBHCHUT OT I€HETHYECKOTo cocTaBa HaceseHHs. OH Hambosiee BBICOK U CTpaH H
PETHOHOB ¢ TOMHHAHTHOW ramtorpynmnoi R1b (oxomo 80% mms rammorpynmer R1b npotus 40% muist ranorpymmsl
N). IloHnMaHne posid TEHETHYECKUX Baphaluii JEHKOIUTAPHBIX aHTUTCHOB Pa3JIMYHBIX TaIIOrPYNII HA TEUCHHE
COVID-19 momoxeTr BBIABHTH JIMIa ¢ Ooyiee BBICOKMM puckoM 3aboneBanmsa. Coueranme tummsammu HLA ¢
tectupoBaHueM COVID-19 mno3BoauT yiydlIUTh OLEHKY BUPYCHOM TSDKECTH B MOMYJISIUM, M adalTHPOBATh
Oyaymiue cTpaTeTuH BaKI[MHALMN K T€HOTHIIMYECKHM YS3BUMBIM IpyMIaM HacejeHHd. | eHeTHueckas AMAarHOCTHKA
MEIUIMHCKOTO TepCoHaja CIIOCOOCTBYET BBISABICHHIO COTPYAHUKOB OONBHHI] M CKOpOHW IMOMOIIM, OoJee
ycroituuBeix kK SARS-CoV-2, npu ontumuzanuy OKa3zaHHs METUIIMHCKOM TOMOIIM HACEICHUIO U 3alllUThl CaMUX
MeIuKoB. Tarxke MOHUMaHHE TeHOreorpauyeckux OCOOCHHOCTEH pacHpOCTPAaHEHUs W TSHKECTH IPOTEKaHHS
MaHJEMHH MOXET I[IOMOYbh B IUIAHMPOBAHUHM DSMUACMUOJIOTHUYECKUX M  OPraHU3allMOHHO-KAPaHTHHHBIX
MEpOTNPHUAITHH, B 3a01arOBPEMEHHOM pacIpeieICHUN CPEICTB U MEAUIIMHCKIX PECYPCOB T10 PErHOHAM.

[Mo-BumuMoMy, posib KOcMO(U3NUECKUX (PAKTOPOB M TCHETHUYECKHUX PAa3IUYMi HACEIEHUs YCHIMBACTCS IOCIe
MCKYCCTBEHHOW MEIMIMHCKON M CONMAIbHOHN JMKBHIALMK OCHOBHOT'O YHPABISIOMETO (DAaKTOpa - €CTECTBEHHOMN
KOHKYPCHIIMH Cpelr JXEepTB BUpPycoB. B Ommwkaiimme 30 et mpexamonaraercss COXpaHCHHE KpaiHE HHU3KOM
COJIHEYHOH aKTUBHOCTHU. B 3THX yCIIOBHSAX MOXHO OKHIaTh ABYKPATHOE yBEIWYEHHE YNCIIa MAaHIeMHH (Kaxapie 5-6
net BMecTo 10-11 51eT) ¢ BRIpa>keHHBIMH T'€HOTe0orpadMueCKUMH OTIIMYHSAMH B Pa3BUTHH JIOKAIBHBIX SITHIEMHH.
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