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IONOSPHERIC RESPONSE TO THE GEOMAGNETIC STORMS
OF MAY AND OCTOBER 2024

C.M. Anoruo, P.R. Fagundes, V.G. Pillat

Laboratorio de Fisica e Astronomia, Universidade do Vale do Paraiba (UNIVAP), Av. Shishima Hifumi
2911, Urbanova, Sao Jose Dos Campos, SP-Brazil

Abstract

Pole-to-pole VTEC data from the Madrigal GNSS network on May 10 — 12 and October 10 — 12, 2024, were analyzed
to diagnose the ionospheric response during the May superstorm and the October severe storm. VTEC, superimposed
with S4 and o scintillation, was used to study the spatiotemporal evolution of small-scale irregularities, while ROTI
data from the ISEE GNSS network complemented the analysis by examining large-scale irregularities during both
events. ROTI keograms at 90° — 60°W and 60° — 90°E longitudes revealed an eastward PPEF response, which favored
the development of both small- and large-scale irregularities.

1. Introduction
May 10 — 13, 2024 generated the most powerful coronal mass ejection (CME) that has occurred over the past 20 years
which prompted geomagnetic storm complemented with auroras observed worldwide. The storm event showed
significant solar-terrestrial coupling and that got its scientific name as "Mothers day superstorm". The storm
commencement to the main phase showed ionospheric turbulent and classified as superstorm (see Table 1). More
information about this storm is published in Fagundes et al. (2025). Similarly, October 10, 2024 had a fast-moving
CME that impacted earth and prompted another strong geomagnetic storm, currently under scientific investigation.
Both storms showed significant ionospheric features and their scientific impact is beneficial to systems that relays on
radio signals.

Table 1 shows detailed information about storms. CMEs are massive eruptions of solar plasma and embedded
magnetic fields from the Sun's corona, as well one of the primary drives of geomagnetic storms.

Table 2 shows occurrence of CMEs, the angular width that indicate CME type and their velocities. During this CME
occurrences, the ionosphere experienced several turbulents which resulted in excursions of both solar and geomagnetic
parameters as seen in Figure 1.

2. Data and method

To characterize the response of the ionosphere during both storms, pole-to-pole 5-min VTEC data from the Madrigal
GNSS network on May 10 — 12 and October 10 — 12, 2024, were analyzed to diagnose the ionospheric response during
the May superstorm and the October severe storm. VTEC, superimposed with S4 and o scintillation, was used to study
the spatiotemporal evolution of small-scale irregularities, while 5-min ROTI data from the ISEE GNSS network
complemented the analysis by examining large-scale irregularities during both events. VTEC meridional average of
zonal drift at 90° — 60°W and 60° — 90°E longitudes were computed followed by prompt penetration electric field
(PPEF) data obtained from PPEF model to see space-time VTEC depletions that must have resulted from ambient
electric fields over longitudes that gave rise to ExB drift.

3. Results

The storms information (Fig. 1) from top to bottom has highlighted both interplanetary and geomagnetic conditions
observed during both events. To quantify the arrival of CMEs with geomagnetic storm effect, a partial hallo CME
occurred at 9:24 UT (May 9) that may have arrived earth ~33 hrs following moderate to fast CME cascades that
occurred May 10 and resulted to high solar wind (indicated green) above > 700 km/s. For the October storm, this same
event arrived earth ~65 hrs (22:12 UT, October 7) with very high solar wind speed > 800 km/s. These geoeffective
disturbance created conditions for a geomagnetic storm. Figure 2 shows selected space-time evolutions of VTEC
overlayed with S4 and o scintillations for both north and south hemispheres. Extreme scintillation (S4 and ¢ > 0.5)
corresponded with VTEC depletion were observed at 20:30 UT and 20:50 UT in northern hemisphere in May 10
(signifies storm main phase) and no corresponding occurrence in south hemisphere for May storm. Extreme
scintillations were also observed on May 11 at 3:40 UT immediately during storm recovery but no scintillations were
observed on May 12.



Table 1. Information about May and October geomagnetic storms.
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Table 2. CME days and time of occurrence with velocities of propagation.

1 9:24 UT (May 9)

2 7:12 UT (May 10)
3 8:12 UT (May 10)
4 2:24 UT (May 11)
5 17:36 UT (May 11)
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8 10:12 UT (May 13)
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Figure 1. May 2024 solar wind and geomagnetic parameters (A) and October (B).
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October storm (Figure 3) showed different occurrence where VTEC depletions and corresponding scintillation
started to occur from 15:40 UT before the storm commencement. October 11 and 12 also recorded extreme
scintillations, indicating strong ionospheric disturbance. October 11 at 0:45 UT recorded north and south hemisphere
severe scintillation at different sector. These significant ionospheric irregularities that can disrupt GNSS signals. ROTI
keogram in Figure 4 clearly show strong plasma bubbles for October storm more than May storm. Again, strong
interhemispheric plasma bubbles are observed during storm recovery on October storm (Fig. 4).

Table 3 showed statistics of S4 and o scintillation that occurred simultaneously for each sector. The time evolutions
of scintillation indicated more occurrence for October storm if compared to May storm.

Table 3. Statistics of time and sector scintillations occurrences for both storms.

May 10 12:55 (Asia) 17:55 (Africa) O(c)t 0:40 — 1:40 (America) 0:30 — 2:25 (America)
1
18:00 — 18:35
13:05 (Asia) (Africa) 11:20 — 11:45 (Asia) 4:20 — 4:50 (America)
13:20 (Asia) 23:15 (Antarctica) 12:10 — 16:25 (Asia) 16:20 (Africa)
13:25 (Asia) 16:50 — 17:30 (Africa) 19:00 — 20 — 25 (Africa)
15:55 (Asia) 17:35 (America)
16:40 (Asia) 18:30 — 18:50 (Europe)
17:50 (America) 19:00 — 19:35 (Africa)
19:40 (Africa) 21:35 (America)
20:45 (Africa) 21:40 (Africa)
20:30 — 20:50 (Asia)
22:20 (Africa) Oct 0:0 — 0:15 (Africa) 0:0 — 1:45 (America)
11
22:50 (America) 3:55 (America)
May 11 12:30 (Asia)
18:55 (Asia) Oct 11:40 (Asia) 2:00 (America)
12
22:10 (Asia) 13:00 (Asia) 4:25 — 5:00 (America)
13:55 — 14:00 (Asia) 5:35 (America)
May 12 * * 17:30 (Asia) 19:10 — 20:05 (Africa)
19:20 — 20:05 (Africa)

4. Conclusion
The analysis of both storms have revealed significant and interesting ionosphere response. The following conclusions
were drawn:

i Scintillation observed when TEC < 25 TECU during the storm commencement and < 10 TECU for storm
main (20:30 UT) for May superstorm.
il. The commencement to the recovery stages for October storm showed extreme scintillations & strong

interhemispheric widespread large-scale irregularities.
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Abstract. This study examines the main features of the initial auroral arc brightening and the localization of substorm
onset. Our findings challenge the traditional large-scale magnetospheric dynamics framework, which predominantly
relies on the idealized magnetohydrodynamic (MHD) model and the frozen-in condition—typically assumed to be
violated only at a few specific points along certain magnetic field lines. Through detailed analysis, we demonstrate
that the observed auroral breakup phenomena can be described by the existence of a high level of turbulence in the
Earth’s magnetotail and the penetration of large-scale interplanetary magnetic field into the magnetosphere.

1. Introduction

Large-scale magnetospheric dynamics have long been described by the Dungey (1961) model, which assumes ideal
magnetohydrodynamics (MHD) and the frozen-in condition above the ion Larmor radius and ion diffusion length
scales. However, recent findings (Antonova et al., 2023, 2025) emphasize the importance of the Hall term in the
generalized Ohm's law, demonstrating the breakdown of the frozen-in approximation. The relative contribution of the
Hall term is determined by a ratio between the plasma and Alfvén speeds (see, for example, (Paschmann et al., 2002)).
Because large-scale magnetospheric plasma motion typically occurs at speeds much slower than the Alfvén speed, the
analysis of relative contributions of different terms in the generalized Ohm's law shows a significant increase in the
scale at which ideal MHD and the frozen-in condition become invalid (4ntonova et al., 2023, 2025). Furthermore, the
plasma sheet has exhibited high levels of turbulent fluctuations since the beginning of the space age (see, for example,
(Antonova, 1985)). Dungey himself recognized this as a major limitation of the frozen-in approach.

Considering the aforementioned advances in our understanding of key magnetospheric processes, it is necessary to
revise the mechanisms describing the onset of magnetospheric substorms and the brightening of auroral arcs at the
equatorial edge of the oval. The approaches to description of the magnetosphere, which were not based on the ideal
MHD and frozen-in condition have been developing also since a long time. For example, beginning with the
foundational work of Chapman and Ferraro (1931), the pressure balance at the magnetopause has been extensively
studied. The pressure balance across the turbulent magnetotail has also been examined (see references in the reviews
by Ovchinnikov and Antonova (2017), Antonova and Stepanova (2021)). Several studies have focused on the
penetration of the large-scale interplanetary magnetic field deep into the magnetosphere (see Borovsky et al. (1998),
Vorobjev et al. (2001), Frank and Sigwarth (2003), Petrukovich (2011), Tsyganenko and Andreeva (2020), among
others). Numerous satellite observations have demonstrated the existence of field-aligned drops in the electrostatic
potential that accelerate auroral electrons. However, none of these observations have been adequately explained by
theories of large-scale magnetospheric dynamics based on the Dungey (1961) model.

This paper briefly examines the key features of auroral arc brightening at the onset of an isolated substorm and its
spatial localization, which are important for revising the existent approaches to the key magnetospheric processes.

2. Localization of substorm expansion phase onset

The Dungey concept postulates the existence of laminar plasma flow and a non-fluctuating magnetic field in the tail,
as well as the location of the substorm expansion phase onset at a relatively large geocentric distance. At this location,
the frozen-in condition is disrupted, leading to magnetic reconnection accompanied by accelerated plasma flows,
changes in the magnetic field line topology, and particle acceleration. The accelerated flows directed toward the Earth
reach smaller geocentric distances, where the auroral arc brightens and the substorm expansion phase begins. The
detection of accelerated plasma flows toward the Earth, known as bursty bulk flows (BBFs), appeared to confirm this
idea. However, it became clear from the discovery of BBFs that such an explanation faced fundamental challenges,
which were further confirmed by subsequent observations in the magnetotail from CLUSTER, THEMIS, and MMS
missions. BBFs were observed far more frequently than magnetospheric substorms. Additional difficulties arose in

11



Main characteristics of the first auroral arc brightening and substorm onset localization

explaining magnetospheric substorms during magnetic storms, as substorms and discrete auroras were detected deep
inside the magnetosphere.

The latest results in this direction include the works of Vorobjev et al. (2024, 2025), who showed, using DMSP data,
that the onset of isolated substorm is associated with a narrow, well-defined peak in electron precipitation. This peak
occurs near the boundary of the b2i ion precipitation region and is associated with a bright auroral arc with an intensity
in the green line Iss77 ~ 30 kR. The latitude of the b2i boundary during quiet periods is @' = 68.3° + 0.6° corrected
geomagnetic latitude (CGL), whereas before the onset of a substorm and during its initial stage, the b2i boundary
shifts to latitudes of @' = 65.4° + 0.7° CGL. This finding is inconsistent with the prevailing ideas regarding the
localization of substorm onset in the magnetotail or at the equatorial boundary of the plasma sheet. Furthermore, Fast
satellite observations analyzed in previous studies (Dubyagin et al., 2003; Mende et al., 2003) recorded the formation
of a powerful field-aligned electron beam, with a flux of approximately 10" cm™ s™', precisely at the moment of
substorm onset. The CGL of the beam localization in these studies was approximately 65°. According to the
Tsyganenko 1996 model (https://geo.phys.spbu.ru/~tsyganenko/empirical-models/magnetic_field/t96/), projecting
this latitude into the nighttime hours corresponds to a geocentric distance of about 8 Rg (Dubyagin et al., 2003). For
a long time, therefore, the observational results from Fast were not considered as they significantly contradicted to
established points of view. However, advancements in modeling the Earth's magnetospheric magnetic field have led
to revised projections of the Fast data. Figure 1 presents the CGL projection around midnight, showing that the
corrected geomagnetic latitude of approximately 65° corresponds to a geocentric distance of about 5 Re. This places
the location within the ring current region, thus resolving the issue concerning the localization of the isolated substorm
onset.

75 T T T T T T
" Tsyganenko (2002, do1:10.1029/2001JA000220) )
| Pdyn=3.3 nPa, BzIMF=-14 nT, ByIMF=0 nT i
I Dst=-3nT, gl=6, g22=10 e
¢ 720 i -
- » S .
o s P
g e
Zr - > :
8 I ¥ 1
65 - -
I // Tsvzanenk 1
- / 002720 4
l/ » ysg
i / n 1
- / SYM-He= -5 nT, Nidx=1.3
60 L L . 2 . N
2 4 6 8 10 12 14 16

r, Re

Figure 1. Mapping of the isolated substorm onset region in the night sector in magnetically quiet
conditions according to the model (7syganenko, 2002) and (Tsyganenko and Andreeva, 2016).

3. Mechanism of substorm development and first auroral arc brightening

The localization of the onset of an isolated substorm at approximately 5 Rg, situated at the boundary of the ion
distribution function's isotropization region, suggests the action of a mechanism within the ring current that is
independent of changes in the magnetic field line topology. However, the most advanced substorm models fail to
account for these observational findings.

Historically there are two competing models trying to explain substorm onset: the Outside-In model, based on
reconnection in the magnetotail, and the Inside-Out model, attributing substorm onset to current disruption at ~10 Rg
geocentric distance. The THEMIS project aimed to distinguish between these models, both of which assumed a
laminar magnetic field in the tail. If the first scenario were to occur, the disturbance would first be observed on the
satellite farthest from Earth, followed by a subsequent disturbance closer to Earth. Only after this the first auroral arc
brightening would occur. If the second scenario were to occur, an initial disturbance would be observed at a geocentric
distance of ~10 Rg, followed by auroral arc brightening, and then a disturbance at a greater distance. Neither model's
predictions were definitively confirmed by the THEMIS data.

First, this verification was hindered by the consistently high level of turbulence in the plasma sheet and the frequent
occurrence of bursty bulk flows (BBFs). Despite several studies, detecting a disturbance in the magnetotail prior to
the brightening of the arc nearest the equator—which is subsequently observed at a distance of approximately 10 Earth
radii (~10 Rg)—proved to be quite challenging. Another significant obstacle was the absence of a reliable model to
accurately project the arc brightening observed from ground-based measurements onto the equatorial plane (see the
discussion in Section 2 of this paper).

At the beginning of the space age, Tverskoy (1969, 1972) proposed a model that explained the structure of large-
scale electric fields in the magnetosphere without relying on a reconnection framework. This model also predicted the
configuration of large-scale field-aligned currents, which were later observed and measured during both magnetically
quiet and disturbed periods. Further development of these ideas was carried out by Antonova (2002) and Stepanova et
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al. (2002), who incorporated the presence of a turbulent magnetotail and the onset of the substorm expansion phase,
marked by the brightening of auroral arcs closest to the equator. Figure 2a presents a schematic illustrating the
mechanism at work, while Figure 2b contains a scheme illustrating the process of auroral arc brightening.

H' OF
Magnctosphere-lonosphere fon beam
Interaction model

)

Aurora Auroral bulge formation

a b

Figure 2. Scheme illustrating the action of mechanism suggested in (Antonova, 2002) (a) and the
scheme illustrating the process of auroral arc brightening (Stepanova et al., 2002; Antonova, 2022) (b).

The substorm theory (4ntonova, 2002) addresses the development of instability in large-scale field-aligned currents,
which results in their stratification and the formation of multiple large-scale inverted-V structures accompanied by
large-scale field-aligned electric fields. As this instability develops, the pattern of large-scale convection evolves, and
a component of the self-consistent electric field emerges, causing drift across the large-scale structure. This drift causes
cold ionospheric plasma to be injected into the region of the field-aligned potential drop. At the boundary of this
region, a powerful electron beam forms, accompanied by the brightening of an auroral arc. The field-aligned electron
energy within this structure does not exceed energy of magnetospheric electrons accelerated in an inverted V, and the
transverse energy remains below several electronvolts. The observed high level of Alfvénic fluctuations in this region
is attributed to the development of instability in the transversely cold beam. This approach circumvents the difficulties
associated with theories that explain the acceleration of observed beams by kinetic Alfvén waves (see the discussion
in Antonova, 2022).

4. Discussion and Conclusions
The penetration of the IMF into the magnetosphere and the high level of turbulence in the tail resolve many issues
that emerged from the previously dominant assumption that the ideal magnetohydrodynamics approach is valid
everywhere except at specific points and along special “reconnection” lines. When IMF penetration occurs for IMF
Bz < 0, the magnetic field strength decreases, causing the volume of the magnetic flux tube to increase. This increase
results in a localized pressure drop, which can create a pressure gradient directed toward the tail. Consequently, a
plasma channel with reduced pressure forms, driving plasma flow earthward that is observed as a bursty bulk flow
(BBF). This flow is inherently unstable and serves as a major source of increased turbulence in the BBF region. The
latest findings on tail turbulence have been obtained using MMS data (see Naiko et al. (2025)). Turbulence is observed
in all three components of both the electric and magnetic fields within the tail. Furthermore, the spectral slopes of the
electric and magnetic fields differ significantly (Ovchinnikov et al., 2024), and double layers have been detected in
the BBF regions (Ergun et al., 2018).
This implies that the observed turbulence may have a significant electrostatic component. Experimental data
supporting the dominant role of electrostatic fields in magnetospheric dynamics are gradually accumulating,
strengthening the case for developing unconventional approaches to magnetospheric physics. In this context, the
problem of establishing a magnetostatic equilibrium configuration amid changing external boundary conditions
imposed by the solar wind becomes particularly important.
Our discussion of substorm phenomena leads to the following conclusions:
®  An isolated substorm does not originate in the magnetotail; rather, it begins at approximately L=5, within the
ring current region.

® The substorm expansion phase starts with the brightening of the arc closest to the equator, caused by the
formation of a narrow, cold transverse electron beam.

®  This electron beam forms due to the drift of ionospheric plasma into the region of a field-aligned potential drop.
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Abstract. Very strong magnetic storm (superstorm) with Kp = 9 and Dst = -406 nT occurred on 10-13 May 2024.
The superstorm was characterized by a gradual, three-step main phase development with maximum at ~ 02:14 UT on
11 May (SYM/H = -518 nT), and the prolonged recovery phase until May 13. At the background of the storm
additional geomagnetic activities were also registered — intense substorms and geomagnetic pulsations. Recent studies
have shown that substorms development was main source of intense geomagnetically induced currents (GICs)
occurred in the night sector, whereas Pi3/Pc5 geomagnetic pulsations were primary sources of intense GICs in the
morning sector. Besides, extremely intense geomagnetic disturbances, so-called supersubstorms (SSSs: SML<-2500
nT), were recorded during the main phase of the May storm: at ~19:20 UT, ~19:50 UT and ~ 22:40 UT on 10 May
2024. The aim of this study is to analyze the enhancement of GICs in electrical circuits in the northwest of Russia
during supersubstorms recorded at the main phase on 10 May 2024. The appearance of GICs were monitored using
data from stations Vykhodnoy (VKH), Loukhi (LKH) and Kondopoga (KND) in the northwestern Russia (PGI,
EURISGIC, eurisgic.ru). The planetary spatiotemporal distribution of the magnetic disturbances was examined using
data from ground-based magnetometer networks (SuperMAG and IMAGE) as well as the magnetic field
measurements from the Iridium constellation of 66 satellites at an altitude of ~780 km, distributed over six orbital
planes equally spaced in longitude (AMPERE project). The fine spatiotemporal structure of electrojet development
during the supersubstorms was investigated using latitudinal profiles of the equivalent currents derived from
MIRACLE system. It was shown that extremely intense GICs were not recorded during supersubstorms, despite the
fact that the GIC measurement stations were located in night sector at this time. Possible reasons for the absence of
strong GICs in electrical circuits in the northwest of Russia during the development of the supersubstorms on May 10
2024 are discussed.

Introduction

Traditionally, geomagnetically induced currents (GICs) are considered intense, low-frequency (~0.001-1 Hz), quasi-
direct currents in terrestrial technological networks, induced by electric fields generated by any rapid changes in the
magnetic field during various space weather events (e.g. [Oliveira and Ngwira, 2017; Viljanen and Pirjola, 2017,
Lakhina et al., 2021]). These induced electric fields arise when strong magnetospheric disturbances occur due to rapid
changes in the magnetic field (dB/dt) (e.g. [Boteler and Jansen van Beek, 1999]) and can be caused by various current
system that develop in magnetosphere, such as a sharp increase in the ring current, intensification of auroral electrojets,
or the generation of low-frequency pulsations [Boteler and Jansen van Beek, 1999; Despirak et al., 2022a; Yagova et
al., 2021; Setsko et al., 2023].

Since 2011, a system for measuring GICs has been established and operational in northwestern Russia. This system
measures GIC in the solidly grounded neutral wire of autotransformers in the existing Karelian-Kola power
transmission line. GIC measurement sensors are mounted on grounded neutral wire of Y - type autotransformers at
the 330 kV line at 5 substations located at geographic latitudes from ~ 60° to ~ 69° N (geomagnetic latitudes from ~
57.3° to ~ 65.5° MLAT). These correspond to auroral and subauroral latitudes, where substorms typically develop
[Sakharov et al., 2007; 2016; Selivanov et al., 2023]. Recently it has been established that the intensification and
poleward movement of the westward electrojet during substorm expansion phases are main sources of intense GICs
occurring in the night sector, while Pi3/Pc5 geomagnetic pulsations are main sources of intense GIC in the morning
sector [Despirak et al., 2022a, 2023, 2024; Setsko et al., 2023]. Despite the large number of studies devoted to the
analysis of GICs, further studies of intense GICs during various space weather events and their comparison are
required to better understand their geophysical sources and to predict their occurrence.

The aim of this study is to conduct the analysis of the increase of GIC during superstorm on 10-12 May 2024, namely
on 10 May, at the main phase of the storm, when very intense substorms, so called supersubstorms (SSS), were
observed. The term “supersubstorms” was first introduced by Tsurutani et al. [2015] to describe extremely intense
magnetic substorms identified from SuperMag magnetometers network, corresponding to events with SML index
values lower than -2500 nT. To date, several studies have investigated the statistical occurrence of supersubstorms
and their dependence on solar activity, interplanerary magnetic field (IMF) and solar wind conditions, and the presence
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of magnetic storms [Hajra et al., 2016; Despirak et al., 2019]. The energy characteristics of supersubstorms [ Tsurutani
and Hajra, 2023] and a detailed case studies of individual events [Despirak et al., 2020, 2022b] have also been
reported.

Figure 1 shows the variations of SML index from 18:36 UT on 10 May to ~14:36 UT on 11 May. Four periods of
extremely negative values of SML index (SSSs) were recorded during the storm. Two SSS events occurred at ~19:20
and ~19:50 UT, and another at ~ 22:40 UT on 10 May 2024, during the main storm phase. Two more SSS events
developed at ~08:50 and ~09:50 UT, and ~ 12:45 and 13:30 UT on 11 May 2024, during the recovery storm phase. In
this study, we analyze the enhancement of GIC in electrical circuits in the northwest Russia during two SSSs observed
at the main phase at ~19:20, ~19:50 UT, and ~ 22:40 UT on 10 May 2024, when GICs measurement stations and
IMAGE chain were located in the night sector.
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Figure 1. Variations of the geomagnetic index SML from 18:36 UT on 10 May to 14:36 UT on 11 May
2024. Four periods of the supersubstorms are shown by the blue ovals.

Data

We used data from the system to measure GICs in the existing Karelian-Kola power transmission line with a length
of over 800 km in northwestern Russia (http://eurisgic.ru). The system includes five stations: Vykhodnoy (VKH),
Revda (RVD), Titan (TTN) (Murmansk region), Loukhi (LKH) and Kondopoga (KND) (Republic of Karelia).
Geographic/geomagnetic coordinates of the stations, the data of which were available in present study: Vykhodnoy
(VKH; 68.8° N, 33.1° E / 65.53° MLAT, 112.73° MLONG), Loukhi (LKH; 66.08° N, 33.12° E / 63.02° MLAT,
110.57° MLONG) and Kondopoga (KND; 62.2° N, 34.3°E / 59.11° MLAT, 110.10° MLONG). Each substation is
equipped with Hall sensors that directly measure the currents flowing into the ground through the grounded neutral
wire of autotransformers. Positive values mean GICs are going into the ground (Selivanov et al., 2023). The main part
of the 330 kV transmission line is oriented from south to north, almost along the meridian, and all substations are
solidly grounded. The spatial distribution of the substorm was determined using the magnetometers data from IMAGE
(http://space.fmi.fi/image/) and SuperMAG (http://supermag.jhuapl.edu/) networks. The SML- index was also
obtained from SuperMAG database. To examine the spatial distribution of magnetic disturbances along the IMAGE
meridian, instantaneous maps of ionospheric equivalent currents from MIRACLE (https://space.fmi.fi/MIRACLE/)
were analyzed.

Results
1. First period: SSS-1
The magnetic disturbances and GIC measurements for the first period from 17 to 24 UT on 10 May are shown in
Figure 2. The SSS-1 time period shown by blue oval. Accordingly SuperMAG map, strong magnetic disturbances
were registered only in the morning and daytime MLT sectors over Alaska; no strong magnetic disturbances were
observed in the nighttime and evening sectors (Figure 2e). This is also confirmed by the AMPERE magnetic vector
map, which shows the development of a large-scale ionospheric vortex rotating clockwise in the morning sector
(Figure 2f). This vortex is shifted toward the daytime sector, such that no magnetic disturbances were observed over
the IMAGE chain and GIC recording stations during the development of the SSS-1.

According to variations in the X- and Y-components of the IMAGE magnetometers from Polesie (PPN) to Ny-
Alesund (NAL), no magnetic disturbances were recorded at auroral latitudes (Figure 2c and 2d). Negative bays of
~300 nT were observed only at high latitudes from stations BJN to NAL. Below these stations, disturbances were
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insignificant. According to MIRACLE map, the westward electrojet was registered only at high latitudes, higher than
the VKH, LKH, KND stations are located (Figure 2a) and, accordingly, no GICs was recorded at stations VKH, LKH,
and KND (Figure 2b).
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Figure 2. May 10, 2024 from 17 to 24 UT, blue ovals shown the First period for the study: the map of
westward and eastward latitudinal profile of the electrojets, calculated by the MIRACLE system (a);
GIC profiles (red lines) located between corresponding latitudes of the IMAGE stations (b); X- and Y
components of geomagnetic field from IMAGE magnetometers (chain PPN-NAL) (c, d); maps of
magnetic vectors from SuperMag network (e) and AMPERE map of the spherical harmonic analysis of
magnetic disturbances for the moments corresponding the moment of the maximum of SSS-1: 19:16-
19:26 UT (f).

2. Second period: SSS-2

Figure 3 shows the magnetic disturbances and GIC measurements for the period of second supersubstorm (SSS-2);
SSS- 2-time period shown by blue oval. Format of the Figure 3 is the same as Figure 2. Accordingly SuperMAG and
AMPERE maps, the distribution of the magnetic disturbances is different than for SSS-1. It is seen the strong and
extended in latitudes westward electrojet observed in post-midnight sector, where IMAGE and GICs registration
stations were located (Figure 3e and 3f). The magnetic disturbances ~ -500-2000 nT were recorded from PPN to NAL
~51.4° — ~78.9° Geogr. Lat., but due to the strong equatorward shift the strongest ~ -2000 nT of these were observed
at the low-latitude stations of the chain from PPN to NUR (Figure 3c and 3d). Figure 3f demonstrated the distributions
of magnetic disturbances by AMPERE data: the clockwise vortex of the magnetic vectors in morning — day sector,
but additionally the very intense westward electrojet extended in longitudes: from the morning (~10 MLT) to the pre-
midnight sector (~22 MLT); the strongest disturbances (~ -2500 nT) were recorded at stations in Alaska
(magnetograms not shown here). Maximum of SSS-2 developed in Alaska sector, but the strong westward electrojet
propagated to the West and reach the midnight sector with strongest disturbances at the subauroral and midlatitudes.
Thus, at the IMAGE chain were recorded only the polar edge of SSS-2 caused the intense GICs occurred at VKH ~
12A, LKH ~5A and KND ~25A. It was in relation with the development of the westward electrojet according to the
MIRACLE map (Figure 3a).
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Figure 3. Second period in more details, from 17 to 24 UT 10 May 2024. Format Fig.3 is the same as Fig.2.

Conclusions

The enhancement of GICs in electrical circuits in the northwest Russia during two supersubstorms during the main
phase of superstorm on 10 May 2024 were analyzed. No direct relationship was found between SSS development and
occurrence of intense GICs in the power line in midnight sector. Of two SSS events, only SSS-2 was accompanied by
intense GICs. The initial phase of the storm was characterized by the formation of an intense magnetic vortex in the
morning — day sector over the Pacific Ocean, which led to the absence of GIC during SSS-1. The intense GICs in the
northwest Russia recorded during SSS-2 were connected to the polar edge of the westward electrojet developed during
SSS-2.
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Abstract. Geomagnetic storms occur when the Earth’s magnetic field interacts with the magnetic fields of the solar
wind. Geomagnetic storms have effects on the atmosphere, ionosphere, and magnetosphere. This study analyzes the
response of the atmospheric parameters of atomic oxygen, hydrogen, and helium during the extreme magnetic storm
of 11 May 2024. This storm was one of the most intense, with a minimum Dst value of -412 nT. The atmospheric
oxygen, hydrogen and helium responses during the 11 May 2024 storm are studied by using the empirical atmospheric
model of Naval Research Laboratory Mass Spectrometer Incoherent Scatter Extension 2002 (NRLMSISE 2.0) data
measurements. To observe the atmospheric parameter responses for the storm, some days before and after the extreme
storm day are used with latitudinal variability considerations. The results show that there were anomalies of
atmospheric oxygen, hydrogen and helium that occurred some days before, after, and during the storm day of 11 May
2024. The atomic oxygen and helium are increased during the storm day, while the hydrogen is decreased during the
main phase of the storm day. The atmospheric model of the NRLMSISE 2.0 responds to the anomalies of atmospheric
parameters of atmospheric oxygen, hydrogen, and helium during the extreme magnetic storm on May 11, 2024.

Introduction

The Earth's atmosphere is a gaseous blanket that envelops the planet, keeping us warm and providing oxygen for us
to breathe. The atomic oxygen is one of the element of Earth's atmosphere and it is very important in regulating
photochemistry, energy balance, and dynamical movements in the Earth's mesosphere and lower thermosphere, and
it is also challenging in the applications of the higher atmosphere [1]. Atomic hydrogen (H) is one of the most abundant
elements in our universe, and it is another important element in the atmosphere [14]. An other important component
in the lower exosphere is the atmospheric helium. Helium in the atmosphere of the Earth represents the dynamic
processes that transfer heat energy and the amount of mass [2]. The changes in the atmospheric atomic abundances
during geomagnetic storm times are due to the energy and particle precipitation of the structure, dynamics, and
generally the chemistry of the atmospheric temperature and pressure gradients [3]. At the time of geomagnetic activity,
especially during super geomagnetic storms, significant thermosphere disturbances occur with extraordinarily quick
variations. These events are characterized by great increases in temperature and density, significant changes in neutral
composition, and the production of high-speed wind flows and wide-amplitude waves that may impact the entire world
[4]. The influence of the geomagnetic storm on the atmosphere is explored by using different measurement techniques.
One of the most well-known empirical atmospheric models is the NRLMSISE model [5]. The present study will look
at the influence of extreme geomagnetic storms on the atmosphere that occurred on 11 May 2024. The current study
aims to evaluate the latitudinal and daily responses of atmospheric oxygen, hydrogen, and helium that occurred a few
days before, after, and during the extreme geomagnetic storm day of 11 May 2024.

Data and Method of Analysis

In this study, we analyze the responses of atomic oxygen (O), atomic hydrogen (H), and helium (He) by using the
NRLMSISE 2.0 model in different regions. For the three atmospheric parameters, the hourly selected latitudinal
variability with constant longitudes of (0°N, 30°E), (30°N, 30°E), (60°N, 30°E), (90°N, 30°E), (30°S, 30°E), (-60°S,
30°E), and (-90°S, 30°E) is considered to assess the consistency of the model on the geomagnetic storm based on the
atmospheric parameter anomalies from May 9 to 14, 2024. The NRLMSISE model is an empirical model, so it is based
on measured data using solar activity and geomagnetic activity observations. This model takes real observations into
consideration, making its measurements more precise [6]. The NRLMSISE 2.0 model data are publicly available
online at https://ccmc.gsfc.nasa.gov/models/NRLMSIS~2.0/. The May 2024 storm, known as the Mother's Day storm,
peaked at -412 nT, impacting modern-day technology that is vulnerable to space weather hazards with relatively few
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sub-storm traces throughout the recovery period. In this study, the extreme geomagnetic storm of (G5 class level) that
occurred on May 11, 2024, with a minimum value of Dst index -412 nT and Kp = 9, was considered to study the
anomalies of atomic oxygen (O), atomic hydrogen (H), and helium (He), by using the NRLMSISE 2.0 model. The
geomagnetic indexes are downloaded from the Omniweb website (https://omniweb.gsfc.nasa.gov/form/dx1.html).

Results and Discussions

Figure 1 shows the response of atmospheric parameters of atomic oxygen (left side), hydrogen (middle), and helium
(right side) in latitudinal variability (low latitude, middle latitude, and higher latitude) with constant longitudes from
the days May 9 to May 14, 2024 in the Northern Hemisphere. The response of atmospheric oxygen for the geomagnetic
storm (Figure 1a-d) shows clear latitudinal variability, with an increase in near the equatorial region and a decrease
near the northern pole during the day of May 11, 2024. The atomic hydrogen response for the geomagnetic storm
(Figure le-h) shows a high decrease near the equatorial region and low effects near the northern pole during the day
of May 11, 2024. The response of helium variability for the geomagnetic storm (Figure 1i-1) shows clear latitudinal
variability with an increase in near the equatorial region and a decrease near the northern pole during the day of May
11, 2024 in the Northern Hemisphere.

Figure 2 presents the hourly variability of geomagnetic indices (a) and response of atmospheric parameters of atomic
oxygen (Figure 2b-d), hydrogen (Figure 2e-g), and helium (Figure 2h-j) in latitudinal variability (middle and higher
latitudes) from the days May 9 to May 14, 2024 in the Southern Hemisphere. The response of atmospheric oxygen in
the Southern Hemisphere for the geomagnetic storm (Figure 2b-d) shows clear latitudinal variability of an increase
on May 11, 2024, at (-30°, 30°), a slight decrease at (-60°, 30°) and a complete decrease at (-90°, 30°). The response
of atmospheric hydrogen in the Southern Hemisphere for the geomagnetic storm (Figure 2e-g) shows completely
decreased values on May 11, 2024, than on other days at all latitudes. The response of atmospheric helium in the
Southern Hemisphere for the geomagnetic storm (Figure 2h-j) shows clear latitudinal variability of with mostly
increase on May 11, 2024 at (-30°, 30°) and decrease at (-60°, 30°) and (-90°, 30°) latitudes.
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Figure 1. The hourly geomagnetic storm response of atmospheric parameters of atomic oxygen (left
side), hydrogen (middle), and helium (right side) in low, middle, and higher latitudes with constant
longitude from the days May 9 to May 14, 2024 in the Northern Hemisphere.
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Figure 2. The hourly variability of geomagnetic indices (Ap and Dst) (a) and geomagnetic storm
response of atmospheric parameters of atomic oxygen (b-d) (left side), hydrogen (e-g) (middle), and
helium (h-j) (right side) in middle and higher latitudes with constant longitude from the days May 9 to
May 14, 2024 in the Southern Hemisphere.
Conclusions

Geomagnetic storms are one of the most natural hazards that affect the hourly and latitudinal variation of atmospheric
parameters. This study considers the effect of an extreme geomagnetic storm on May 11, 2024, with a minimum value
of Dst -412 nT on the atmospheric parameters of oxygen, hydrogen, and helium. The empirical atmospheric model of
Naval Research Laboratory Mass Spectrometer Incoherent Scatter Extension 2002 (NRLMSISE 2.0) data analysis is
used to study the atmospheric oxygen, hydrogen, and helium responses during the storm on May 11, 2024. The
response of the atmospheric parameters of oxygen, hydrogen, and helium for the geomagnetic storm shows clear
latitudinal variability, with an increase near the equatorial region and a decrease near the regions of the poles during
the day of May 11, 2024. During the storm day, the atmospheric parameters of oxygen, hydrogen, and helium show a
clear hourly and latitudinal variation compared to the non-disturbed days of May 2024. During the storm day, atomic
oxygen and helium concentrations rise, while hydrogen concentrations fall. The NRLMSISE-2.0 atmospheric model
captures atmospheric oxygen, hydrogen, and helium anomalies during the extreme magnetic storm on May 11, 2024,
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Abstract. The magnetic storm on 10-12 May 2024 (Dstu, = —403 nT) was the strongest storm in the current 25%
solar cycle to date. The magnetic storm developed under strong and rapid changes in the structure of the interplanetary
magnetic field (IMF). The IMF components changed from negative to positive values (IMF By from —40 up to +70
nT, IMF Bz from —40 up to +50 nT) under the high speed V' (~750 km/s), and dynamic pressure Psw (~30-35 nPa) of
the solar wind. Here we studied some effects of these IMF changes on the planetary configuration of the ionospheric
electrojets and field-aligned currents based on the global maps derived from the magnetic measurements on 66 low
orbital satellites of the AMPERE project. An unpredicted large eastward current expansion was found under the strong
positive IMF By (> +20 nT) values associated with the appearance of the local very intense upward field-aligned
current in the afternoon sector. Some details of new electrojet configurations are discussed.

1. Introduction

The magnetic storm on 10-12 May 2024 (Dstuin = —403
nT) was the strongest storm in the current 25th solar
cycle which developed due to a series of large solar flares
and coronal mass ejections. By now, many works
described solar sources, the solar wind (SW) and
interplanetary magnetic field (IMF) parameters, and
different aspects of geomagnetic response to this extreme
storm have already been published [e.g., Hajra et al.,
2024; Kleimenova et al., 2025; Ngwira, 2025;
Chernogor, 2025 and references therein].

Throughout the storm, the solar wind and IMF
parameters varied significantly in all storm phases. The
IMF By changed from —40 up to +70 nT, IMF Bz changed
from —40 up to +50 nT) under the high speed V (~750-
900 km/s), and high dynamic pressure Psw (~10-50 nPa)
of the solar wind. In Fig. 1, one can see variations of the
SW and IMF parameters during the interval under
consideration and geomagnetic indices of storm SymH
(as 1-min analog of the Dst index) and auroral activity
AU and AL. (https://omniweb.gsfc.nasa.gov/ and
https://wdc.kugi.kyoto-u.ac.jp).

It was found several AU-index peaks up to 1600 nT
which show maximum magnitude of the eastward
electrojet (EE) under the different IMF and SW
conditions.

Notes, that such extreme increasing of the 4 U-index are
rather rare. We analyzed AU index data from 2000-2025
presented by Wold Data Center in Kyoto and detected
that there were only 37 events when the value of the AU
index was around 1000 nT or exceeded this value, and
only in 6 events the maximum of the AU > 1500 nT.
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Figure 1. Geomagnetic activity indices and the
IMF and SW parameters during the interval of
the storm 10-11 May under consideration.
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Some peculiarities of the eastward electrojet distribution in the extreme magnetic storm on 10-11 May 2024

Here we studied some effects of strong and rapid IMF and SW changes on the planetary configuration of the eastward
electrojet (EE) and accompanying field-aligned currents (FACs) in the daytime-evening sector (09-18 MLT) of the
high latitudes. Two events that we analyze in detail are shown in Fig. 1 by the red arrows.

For our study, we used the global maps of the ionospheric currents and field aligned currents basing on the magnetic
measurements on the 66 Iridium satellites simultaneously operating at the altitudes of 780 km of the project AMPERE.
The maps are presented in the geomagnetic coordinates with a spatial resolution of 1° in MLAT and 1 h MLT in the
longitude at 2 min cadence over a ten-minute window (http://ampere.jhuapl.edu/products). The magnetic perturbations
are given relative to the Earth's main magnetic field with automated baseline, these data are transmitted to the Earth
for a spherical harmonic analysis [e.g., Anderson et al., 2000].

2. Observations and Discussion
It was found two unpredicted large eastward current expansion. The first one, 22:50 UT on 10 May, shown by the
AU-index peaks up to 1600 nT occurred after rapid simultaneous changing of the IMF By and Bz from negative values
to positive ones. The second AU-peak up to 1200 nT was observed at 12:10 UT 11 May. It occurred under stable
negative Bz but after rapid change of By from negative values to positive ones.

In the work [ Yemori et al., 1979] it is suggested that the ring current and the westward elecrojet (WE) are caused by
a common mechanism. But the process of development of the eastward electrojet is different from that of WE, or it
has a complex process of two or more mechanisms; for example, the effect of the DP-2 current system (which is
coherent with variations in the Bz-component of the IMF) or the effect of the partial ring current values associated
with the appearance of the local very intense upward field-aligned current in the afternoon sector.

10 May
a b

(1) AU ~100 nT (2) AU~1600nT (_1] (_2_]
By~-50nT Bz~-30nT By ~+60 nT Bz~ +15nT 80¢ ' T ™
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Figure 2. The AU-maximum at 22:50 UT on 10 May: (a) the AMPERE-maps of the ionospheric currents
(green vectors) and FACs (upward — red, downward — blue) before (1) and after (2) rapid strong changes
the IMF By and Bz. Black circles show the intensification of the EE and upward FACs; (b) the IMF By
and Bz, V and Psw of the solar wind, indices AU and AL. The yellow bars mark the ten-minute data
averaging windows corresponding to the maps on the panel (a).
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2.1 Ionospheric currents before and after the IMF change
In Fig. 2a one can see AMPERE-maps of the ionospheric currents before (left) and after (right) the IMF By and Bz
rapid changing from —50 to +70 nT and —40 to +50 nT correspondingly (so called “flip” according to [Ohtani et al.,
2025]) that is shown in Fig. 2b. The eastward electrojet before flip, demonstrated on the left map, significantly
intensified, merged with eastward polar current, and expanded from 55 to ~78° MLAT in the 13-17 MLT sector (right
map). It could be caused by development of partial ring current (PRC). It could be seen significantly weakening of
WE previously existing in the post-midnight and morning sectors at latitudes 50-75° MLAT.

At the same time, these strong and rapid changes in IMF led to the significant enhancement and replacement of
FACs in the daytime sector of the high latitudes.

2.2 Ionospheric currents after the rapid change of the IMF By under the IMF Bz <0
As one can see in Fig. 3a (left), the strong eastward electrojet was observed in the daytime sector. After the change of
the IMF, the EE location expanded from 55 to ~72° MLAT in the 14-19 MLT sector due to the addition of daytime
polar currents caused by the appearance of the IMF By > 0 (right). The configuration of the field-aligned currents,
which enhanced in the afternoon sector of high latitudes, also sharply changed sharply the configuration of the field-
aligned currents, which intensified and changed in the afternoon sector of high latitudes.
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Figure 3. The same as in Fig. 2 but for the 4U maximum at 12:10 UT on 11 May.

During the considered interval, the IMF Bz remained negative (~ —20 nT) that it is shown in Fig. 3b. We assume
that the EE enhancement could be caused by an effect of the magnetospheric convection (DP-2 current system)
enhanced under Bz <0.

The anomalous enhancement of the eastward electrojet observed in both events could be a result of the changes in
the azimuthal configuration and size of the afternoon convection cell caused by the emergence of positive IMF values,
or an increase of the partial ring current intensity. Previously, in [Gromova et al., 2018], based on the CHAMP satellite
data, a fairly high correlation (» ~ 0.7) was found between the EE intensity and AsymH index, which is used as an
indicator of the intensity of the partial ring current [Kalegaev et al., 2008], see Fig. 4. However, in the magnetic storm
on 10-11 May 2024, no clear coincidence of increases of the 4 U-index with the variations of the AsymH indices was
found.
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Auroral electrojets 3. Conclusion
14 -20 MLT The sharp changes in the IMF structure observed in the
Westward Eastward magnetic storm 10-12 May 2024 led to significant
Afmr fwe)=0.68 y r(EE)= 0.64 changes in the structure of the eastward electrojet and
: § field-aligned currents in the daytime-evening sector
151 - (09-18 MLT) of high latitudes.
) : - Basing on the global maps of the ionospheric and
1.0 S f field-aligned currents derived from the magnetic
- We o measurements on 66 low orbital satellites of the
0S5 &}‘ ! E‘ ‘_i« AMPERE project it was found:
f‘;‘ ;xi - the intense eastward electrojet occurred under the
" -“_' x strong positive IMF By (> +20 nT), both under the IMF
) 100 200 300 AsvH,l nT Bz >0 and IMF Bz <0;
- with an increasing of the positive IMF By value, the
Figure 4. Statistical dependence of the eastward electrojet strengthened and latitude (55-78°
intensity of the eastward (red stars) and MLAT) expanded collocating with the appearance of
westward electrojets (blue stars) on AsyH- the local very intense upward field-aligned current.
index. Adopted from [Gromova et al.,
2018].
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Abstract. The magnetic storm on 10-11 October 2024 (Dstui» = —333 nT) was one of the strongest storms in the
present 25" solar cycle. Large variations in the intensity of the IMF By and Bz (from +40 nT to —40 nT) were observed
during the main phase of the storm at the very high solar wind dynamic pressure (Psw) up to ~ 40 nPa. The storm
recovery phase developed under the unusual strong (up to —40 nT) and long lasting (~12 h) IMF Bz. This led to high
substorm activity in the storm recovery phase as well. Thus, at least 8 substorms with 4L-index ~—1500 nT and higher
were recorded during the storm main phase and 7 substorms in the recovery phase. In addition, during the main phase
of the storm, 7 positive magnetic bays with an amplitude of 500-1000 nT in 4U-index were observed, the maximum
of which did not coincide with the minimum in AL-index. There were no intense positive magnetic bays (in 4 U-index)
during the storm recovery phase. The planetary features of the configuration of the ionosphere electrojets and field-
aligned currents (FAC) were studied by applying the global maps based on the magnetic measurements on 66 LEO
satellites of the AMPERE project. The results of our study demonstrated the strong dependence of the electrojet and
FAC features on the sign and values on the IMF By and Bz as well as on the Psw level. It was shown that the sign of
the IMF By controls not only the direction of the dayside polar electrojet but also affects the eastward current and the
width of the region where it is observed. Rapid simultaneous variations in the IMF components and Psw led to the
abrupt changes in the planetary distributions of the electrojets and FACs. This makes it difficult to identify specific
effects of each individual component. Further detailed studies are required to understand the observed features.

1. Introduction

The magnetic storm on 10-11 October 2024 (Dst.i» =—333 nT) was one of the strongest storms in the 25th solar cycle.
Different aspects of this storm are widely discussed in literature, e.g., [Pierrard et al., 2025; Singh et al., 2025; Xia et
al., 2025]. Large variations in the intensity of the IMF By and Bz (from +40 nT to —40 nT) were observed during the
main phase of the storm under the very high solar wind dynamic pressure (Psw) up to ~ 40 nPa (Fig. 1)
(http://wdc.kugi.kyoto-u.ac.jp/). It is well known that the most IMF and solar wind geoeffective parameters are the
IMF Bz and By and solar wind dynamic pressure (Psw), due to this, later only these parameters will be discussed in
the text. A good anti-correlation is seen between the AL index and the PC-index variations demonstrating the unloading
energy from the magnetotail.

The storm recovery phase developed under the unusual strong (up to —40 nT) and long lasting (~12 h) IMF Bz. This
led to high substorm activity during both storm phases. At least, 8 strong substorms with the AL-index ~ —1500 nT
and higher were recorded during the storm main phase and 7 strong substorms were observed in the recovery phase
(Fig. 2). In addition, during the main phase of the storm, there were observed 7 positive magnetic bays with an
amplitude of 500-1000 nT in the 4U-index. The maxima of the 4U-index did not coincide with the minima in the AL-
index. There were no intense positive magnetic bays in the storm recovery phase.

Here we study the planetary features of these substorms as the configurations of the ionospheric westward (WE)
and eastward (EE) electrojets and field-aligned currents (FAC) in course of this magnetic storm.

2. Data

Our study was based on an analysis of the magnetic measurements on the 66 Iridium satellites simultaneously
operating at the altitudes of 780 km of the project AMPERE [e.g., Anderson et al., 2000] presented as the global maps
of the ionospheric currents and field aligned currents (http://ampere.jhuapl.edu/products). The maps are presented at
2 min cadence over a 10 min window in the geomagnetic coordinates with a spatial resolution of 1° in MLAT and 1
h MLT in the longitude. The magnetic perturbations are given relative to Earth's main magnetic field with automated
base line, these data are transmitted to the Earth for a spherical harmonic analysis.
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Figure 2. Variations of the PC and AL/AU
indexes.

3. Observation and Discussion

During the storm main phase, there were
very significant variations in the values and
sign of the IMF Bz and By. The strong
dependence of the direction of the dayside
polar latitude ionospheric currents (EE and
WE) on the sign of the IMF By was found.
The presented in Fig. 3 two AMPERE maps
were recorded under very disturbed
geomagnetic conditions with similar values
of IMF Bz and Psw: IMF Bz ~ - (20-25 nT)
and Psw =36 nPa, but with different the
IMF By directions. The first event (the left
map in Fig. 3) was obtained under the

Figure 3. Two maps of ionospheric currents distribution at strong positive IMF By (+30 nT) and the
intervals about 20 min during which the sign of IMF By second event (the right map in Fig. 3) which

changed from positive to negative.

occurred 18 min later, was developed under
the strong negative IMF By (-25 nT). The

comparison of two AMPERE maps (Fig. 3) allows conclude that at the dayside high-latitudes, the electrojet direction
is controlled by the sign of the IMF By (note that in the both events, the values of the IMF Bz and Psw were similar).
The AMPERE maps in Fig. 3 demonstrate that during studied events, at noon-side polar latitudes, the large-scale
ionospheric currents flowed in opposite directions: there were the eastward currents in the first event (16:30 UT) and
the westward currents in the second one (16:48 UT). Due to the negative IMF Bz, both the dawn and dusk convection

cells were enhanced and expanded.

It is seen that during the storm, the configuration of ionospheric electrojets can change even in few minutes according
to changes in the configuration and intensity of FACs caused by the variations in the IMF and solar wind (see Fig.1).
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10 October 2024
18:52 - 19:02 UT 19:04 - 19:14 UT
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1954 - 193400 UT

Figure 4. Two maps of the ionospheric (green) and field-
aligned (red and blue) currents obtained at intervals of about
of 10 min during which the sign and value of the IMF By and
Bz changed. The upward FACs are shown by red and
downward FACs are shown by blue.

10 October 2024
23:02-23:12 UT o 23:34 - 23:44 UT

2120 - Zx12e0 UT

Figure 5. Two AMPERE maps demonstrate how the slight
increase in Psw (from 3 to 10 nPa) can change the space
configuration of the FACs and, respectively, the location of
the eastward and westward electrojets.

The change of the EE, WE and FACs
distributions observed as a result of the
change of the sign and value of the IMF By
from negative (—10 nT) to positive (+25 nT)
under the strong Psw (~ 20-30 nPa) is shown
in Fig. 4. One can see that the occurring of
the positive and enhanced values of the IMF
By changed not only the direction of the
afternoon polar electrojet but also increase
the intensity of the EE (Fig. 4). Note, in the
considered event, the midnight WE
decreased due to change of the sign of IMF
Bz from negative (—10 nT) to positive (+8
nT). The additional current, associated with
the positive and strong IMF By, did not break
the structure of the convective cell, but it
only supplemented its midday part, there the
downward FAC structure became more
complicated (right lower part of Fig. 4).

Dramatic changes in the IMF and solar
wind have happened at the end of the main
phase of this magnetic storm (near 22:30
UT) as it is presented on Fig. 1: the value of
the IMF Bz suddenly dropped from +20 nT
to —45 nT, the value of the IMF By dropped
from +36 nT to —10 nT, and the solar wind
dynamic pressure (Psw) collapsed from 32
nPa to 3 nPa. One can see (Fig. 1) that the
values of IMF Bz and IMF By remained just
as high for another 2-3 hours and that the
electrojet configuration significantly
changed. Due to strong negative value of the
IMF Bz, both electrojets (the evening
eastward and morning westward ones)
shifted to lower latitudes.

About one hour later (at ~23:30 UT), the
Psw increased again up to 10 nPa however
the value of IMF Bz remained very strong
negative (—40 nT) and the value of the IMF
By remained strong negative (—10 nT). To
show the reaction of the ionospheric currents
to this change, we compared the planetary
ionospheric current distributions obtained by
the AMPERE maps before and after of this
slight change in the Psw (Fig. 5). Increase in
the pressure Psw (from 3 to 10 nPa) led to a
complicated change of the dusk-evening
FAC structure and the latitude expansion of
the EE area (Fig. 5, right map). The EE
significantly enhanced and latitude expensed
despite the fact that the IMF By remained
negative. The WE shifted to significant
lower latitudes, probably, due to an influence
of the very strong negative IMF Bz.
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11 October 2024 The storm recovery phase started at 02 UT
B . il on 11 October 2024 and developed under

0900 - 064020 UT

unusually strong negative IMF Bz (~ —20
nT) and high Vsw values (~700-750 km/s).
Due to this, there were strong substorm
activity (AL ~ —1000-1500 nT). Despite the
fact that in the storm recovery phase, the
IMF and solar wind parameters were not so
variable as in the storm main phase, the
planetary structure of the FACs and
electrojets remained rapidly changing
depending not only on the instantaneous
IMF values but on its previous state as well.
Two AMPERE maps with time interval of
about of 30 min (Fig. 6) demonstrate very
variable structure of the both electrojets and
FACs.

4. Results

We studied the dynamics of the planetary
configuration of the eastward and westward
electrojets and corresponding field-aligned
currents (FACs) during the super-strong
magnetic storm on 10-11 October 2024 and
found that it depends on the sign and values
of the IMF By and Bz as well as on the solar
wind dynamic pressure (Psw).

Figure 6. Two AMPERE maps with time interval of about of
30 min demonstrating very variable structure of the
electrojets and FACs.

The observations showed that the sign of the IMF By controls not only the direction of the dayside polar electrojet,
but also affects the eastward current and the size of the region where it is located.

The storm recovery phase developed under the unusual strong negative (up to —40 nT) and long lasting (~12 h) IMF
Bz. This led to high substorm activity during the storm recover phase as well.

We found that rapid simultaneous values of the Psw led to the complicated rapid changes in the planetary
configurations of the eastward and westward electrojets and corresponding FACs depending not only on the
instantaneous magnetosphere state but on its previous state too. This makes it difficult to identify specific effects of
each individual component. The further detailed studies are required to understand the observed features.
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Abstract. The sudden increase in the fluxes of energetic (30-300 keV) electrons below the Earth’s inner radiation
belt (RB), known as forbidden energetic electrons (FEE), has been systematically studied over the past decade. A
mechanism of fast radial transport was proposed to explain this phenomenon, the essence of which is electric drift
independent of the sign of the particle charge. Leaving aside for now the issues related to the nature of origin or
penetration of the electric field into such low L shells, it should be noted that it was not possible to detect unambiguous
signs of an increase in energetic proton fluxes. A number of factors could have influenced the failures of previous
efforts. In particular, injected protons and electrons drift in opposite azimuthal directions, and the ring current protons
penetrate to low altitudes everywhere during the storm main phase. In this paper, we analyze the spatiotemporal
characteristics of increases in proton flux intensities at early stage of the magnetic storm in May 2024 when the FEE

event was also observed. We found evidence of proton injection, confirming the EXB drift.

Introduction

The intensity of the fluxes of trapped particles in the Earth's inner RB drops sharply at its inner edge, which is located
on the drift shell L~1.2. The region below the inner edge of the RB (L< 1.2) is called the forbidden zone. The
background fluxes of energetic (up to several hundred keV) electrons and protons in the forbidden zone do not exceed
10? particles per (cm? s sr) under quiet geomagnetic conditions [1,2]. The inner RB edge is formed at altitudes where
particle losses become significant due to effective scattering in the dense atmosphere, as well as due to the presence
of'aregion of weak magnetic field in the South Atlantic Anomaly (SAA). Sudden flux increases of energetic electrons,
called FEE event, are sometimes observed in the forbidden zone.

Continuous measurements (since 1998) of energetic particle fluxes by the NOAA/POES low-orbit (~850 km)
satellites were used to create a catalog of anomalous events with FEE-flux increases [3]. The FEEs constitute a quasi-
trapped population, which is characterized by the short lifetime, one azimuthal drift period, which depends on the sort
and energy of particles (it is hours for keV energy range) [4]. A possible mechanism, electric drift, for the FEE
phenomenon was proposed in [5]. Recently, key parameters of a mechanism was inferred from the analysis of several
superstorms [6]. The electric drift mechanism implies a fast transport (injection) of particles. The source of injected
particles is the inner RB [7]. The source of the electric field is currently unknown and under discussion [8, 9]. The
particles injection occurs as a result of radial drift in the EXB fields, which does not dependent from the sign of the
particle charge. However, no simultaneous increases of keV-energy proton fluxes were observed and reported. There
may be several reasons for the the low probability to detect electrons and protons simultaneously in the forbidden
zone by one satellite: (1) in the nonuniform geomagnetic field, protons and electrons experience gradient drift in
opposite azimuthal directions; (2) a relatively low flux of keV protons in the quiet RB; (3) high proton fluxes of the
storm ring current, quickly and widely penetrating to low altitudes; (4) effective losses of low-energy protons in the
charge-exchange process; (5) the influence of South Atlantic Anomaly (SAA), which occupies a vast longitudinal
area.

In this paper, we consider the dynamics of proton fluxes associated with the FEE-event during the superstorm in
May 2024. We analyze the spatio-temporal characteristics of increases in proton flux intensities at early stage of the
storm main phase when the asymmetric ring current was developing.

Data

We use measurements of energetic particles fluxes from the MEPED instruments on board the NOAA/POES and
MetOp satellites. The MEPED telescope includes detectors of electrons and protons with energy in the keV and MeV
ranges with two orthogonal orientations: vertical (0°-detector) and horizontal (90°-detector). The 0°-detector measures
quasi-trapped particles at the equator and precipitating particles at high-latitudes, while the 90°-detector — vice versa.
We use the data on >30 keV protons and electrons.
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Results

The radial transport mechanism involves both energetic electrons and protons. Previous analysis showed that the
electron fluxes (FEE event) enhanced during this storm [4]. It was found that the first electron injection occurred about
19:20 UT, more than 2 hours after SSC (~17:06 UT), during the main phase on 10 May 2024. The main phase
developed from 18 UT on 10 May until 02:20 UT on 11 May, reaching a maximum storm index of SYM-H = -512
nT. The solar wind pressure stayed strong and exhibited several sharp large increases and decreases which were
manifested in corresponding variations of SYM-H index [4, see for details]. The present study is focused on dynamics
of the >30 keV quasi-trapped protons during the beginning of the superstorm on 10 May 2024 in order to find out the
time of their possible injection.

Protons >30 keV/ I _— Electrons >30 keV/ NS s/

25 20 45 [em?ssi)! 2 3 4 5 6 enr’ s sr)
a vertical 10 May horizontal ¢ vertical 10 May horizontal

Figure 1. Geographic maps of maximal >30 keV Figure 2. Geographic maps of maximal >30 keV

proton fluxes during storm days May 10 and 11, electron fluxes during storm days May 10 and 11,
2024. Measurements of vertical detector (a,b) 2024. Measurements of vertical detector (a,b)
and horizontal detector (c,d). The black curve and horizontal detector (c,d). The black curve
indicates the dip equator. Numbers 1-3 indicate indicates the dip equator. FEE enhancements are
tracks with pitch-angle anisotropy. observed by vertical detectors.

Fig. 1 and Fig. 2 show global maps of fluxes of protons and electrons with the energy >30 keV during two storm
days 10-11 May. During the storm, the forbidden zone at low latitudes was temporally populated by energetic electrons
and protons, but behavior of protons and electrons at low latitudes is different. The forbidden zone extends in ~20°
vicinity of the dip equator excepting the region of South Atlantic Anomaly (SAA) located in the longitudinal sector
from 100°W to 0°E. Quasi-trapped electrons (Fig. 2a,b) enhanced in the forbidden zone (FEE event) west of SAA, in
particular at the the equator, whereas precipitating electrons (Fig. 2¢,d) did not. Both quasi-trapped and precipitating
protons fluxes enhanced over a wide range of latitudes (Fig. 1a,c) east of SAA, finally occupying all longitudes on 11
May (Fig. 1b,d). Thus, the key feature of the FEE event is an anisotropic flux in pitch-angle distribution. Protons
exhibit an isotropic pitch-angle distribution, which is the main characteristics of storm ring current development.
However, some tracks show evidence of anisotropic flux on 10 May (numbers 1-3 in Fig.1a,c).

Table 1. First injection of energetic particles below the inner ERB.

SC | LT Time Long 9° | Je, (cm’ssr)! | Je, (cm®s sr)’! Jp, (cm’ssr)! | L
>40 keV >130 keV >30 keV

P8 10.5 | 19:00 -127 - - 5E1 1.13

P3 9 19:12 -147 - - 6E1 1.12

P9 9 19:22 -153 TE4 S5E4 5E1 1.11

P5 7 19:37 +177 3E6 1E6 5E1 1.10

In Fig. 1a (tracks no.2 and no.3) and Table 1, moderately enhanced fluxes ~50 (cm? s sr)! of >30 keV protons
occurred in ~20° vicinity of the dip equator above Pacific in the longitudinal sector from 170°E to 127°W at drift
shells L < 1.13. We choose this interval of longitudes for further analysis of pitch-angle asymmetry. The enhancements
in this region were observed by three POES satellites in the prenoon sector from 17 to 21 UT (Fig.3). The satellites

32



A.V. Suvorova

moved one-by-one such that P8 passed the equator ~12 min earlier than P3 satellite. In Fig.3, the background flux is
about ~10 (cm? s sr)!, the equatorial proton fluxes >10° flux units are originated from the ring current (RC), they form
a smooth bell-shaped profile and have similar counterpart in the precipitating population (Fig. 1c). The P1 satellite
observed equatorial enhancements in precipitation and quasi-trapped protons, indicating isotropic fluxes, and,
therefore, their belonging to the RC population. In contrast, the P8 and P3 satellites observe an increase in the quasi-
trapped population and no increase in the precipitating population. The earliest enhancement of protons was observed
at 19:00 UT on 10 May at longitude 127°W by P8 satellite and then at 19:12 UT at longitude 147°W by P3 satellite.
We can suggest that these anisotropic increases at prenoon are due to injection of protons from the inner RB.

FEE enhancements occurred in the Pacific region as one can see in Fig. 2. The increases of electron fluxes were
observed in ~20° vicinity of the dip equator in the latitudinal sector from 120°E to 140°W. In Table 1, electron
enhancements were observed by P9 and P35 satellites. The first FEE enhancement occurred at ~19:22 UT near drift
shell L=1.11 (Table 1) in the prenoon sector at longitude 150°W. The intensity of electrons did not exceed 10° (cm? s
st)"!. The next FEE enhancement at 19:37 UT was much stronger (>10° (cm? s sr)™!) and observed deeper at L = 1.1 in
the morning sector at longitude 177°E. It is important that the enhancements were observed for >30 keV and >100
keV electrons simultaneously. This meant that this longitudinal sector is close to the region of electron injection from
the inner RB. Otherwise, one could see only enhancements of >30 keV because the >100 keV electrons escape from
the injection region quickly due to short period of the azimuthal drift (Td ~ 4h), while the >30 keV electrons have
much longer azimuthal drift (Td ~ 15h) [4]. The consequence of the two enhancements with time gap of 15 min in the
narrow longitudinal sector can be considered as manifestation of one long-lasting injection above the Pacific region.
That is enhancements occurred simultaneously in two energy channel (>30 and >100 keV), which means that it was
an injection of energetic electrons. Thus, the fist enhancements of both protons and electrons occurred in the morning
sector in the same time interval (within 30 min) and in close proximity in longitude. Since this is a simultaneous
increase in the particle flux with different energies and different signs of particle charge, this event is an injection of
protons and electrons from the inner RB.

rtical

Time. UT Time. UT

Figure 3. Time profile of protons fluxes with energies >30 keV measured by (left) vertical and (right)
horizontal detectors at the beginning of the main phase during the superstorm on May 10, 2024. The
equatorial passages are colored green. Equatorial measurements of quasi-trapped or precipitating
protons are indicated respectively. The LEO satellites are: P1 — MetOp-1, P3 — MetOp-3, P8 - NOAA-
18.

Discussion and summary
Thus, the current study shows why previous studies have had difficulty obtaining evidence for observation of injected
protons simultaneously with electrons (FEE) [(e.g., [5,7]). First of all, the fluxes of protons in the forbidden zone are
overlapped with very intense fluxes of protons originated from the ring current, which is quickly developed on the
main phase of magnetic storms. Another important reason for the failure to register >30 keV proton injections is
effective losses of their energy in interaction with the neutral atmosphere [10].

The RC protons with energy >30 keV are characterized by high intensities of >10° (cm? s sr)™! and populate mainly
night and evening sectors in the beginning of main phase (Fig. 1 a,c). At that time, the ring current is asymmetric (e.g.,
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[10]). In Fig. 1 (a,c) one can see intense proton fluxes at all latitudes in the longitudinal sector from 60°W to 60°E,
which corresponds to evening regions. At low-to-middle latitudes those protons arrive to low altitudes as energetic
neutral atoms after charge exchange interaction in the RC region, which is located at drift shells above L=2 [10]. At
low altitudes, the energetic neutral atoms loss their electron and become ionized in interaction with the dense
atmosphere. The neutral atoms are not guided by the magnetic field and, thus, they propagate in any direction and
populate a wide range of latitudes. At middle-to-high latitudes, very intense (>10* (cm? s sr)™!) fluxes are produced by
protons precipitating directly from the ring current region. At the early stage of the storm (18-20 UT), very intense
fluxes of precipitating RC protons were observed in a limited range of longitudes, which indicates the asymmetry of
the RC in the night-to-evening hours. With developing the main phase, the ring current becomes symmetric and
occupies all local times as shown in Fig. 1 (b,d).

We show that the observed proton flux enhancements have different pitch-angle characteristics, indicating a local
injection of protons from the inner RB in the pre-noon sector early in the storm main phase. We find that the injected
quasi-trapped protons can be distinguished from the RC protons by their lower intensity and lack of enhancements of
precipitating protons. This situation exists for a short time until RC becomes more symmetrical.

As one can see in Table 1, the FEE enhancements were observed simultaneously with the proton enhancements. It
should be noted that being injected to low latitudes, electrons and protons drift in geomagnetic field in opposite
directions — eastward and westward, respectively (Fig. 4). Hence, the injection region should be located somewhere
eastward from the proton injection and westward from the electron injection. From comparison of Figs. 1 and 2 we
can conclude that the injection region should have a spatial extension and it is located in the longitudinal sector from
120°E to 140°W. At 19 UT this sector corresponds to morning — prenoon local time. Moreover, the injection process
should have a duration of the order of 20 min [4,6].

p e During the injection, protons continue drifting westward
along the drift shells, which elevate to higher altitudes with
decreasing longitude due to the asymmetry of the geomagnetic
field. Hence, protons moving to higher altitudes become
invisible for the satellite. In contrast, electrons drifting eastward
move to lower altitudes and the satellite observes intense
electron fluxes coming from higher L-shells with increasing

p e longitude until the SAA region. This complex dynamic results
in complicated pattern presented in Figs. 1 and 2. Therefore, we
‘ ] have shown that the injection of protons and electrons in the
-170 -130 -130 Longitude  forbidden zone occurred above Pacific in the morning hours and
had the spatial scale of ~100° and temporal scale of ~20 min.
This pattern supports the mechanism of radial transport of
energetic particles from the inner radiation belt down to low
altitudes due to EXB or electric drift.

Figure 4. Schematic illustrating the
physical mechanisms of electric drift (a
radial transport of particles from the
inner RB) and opposite azimuthal drift
of energetic electrons and protons.

The origin of electric field in the inner magnetosphere at very low drift shells of L~1.2 is still unknown. In the
studies [4,6] a possible external driver of the electric field for this FEE event was analyzed. It was shown that the
magnetosphere was affected by a sharp negative jump of the solar wind pressure observed by Wind at ~18:45 UT.
The pressure negative jump resulted in a decrease in SYM-H index at ~18:57 UT and a dayside expansion of the
magnetosphere. It is important to note that during that time, the IMF Bz was positive. It meant that we can exclude
magneto-plasma effects originated from interaction of IMF with the geomagnetic field. A solar wind pressure pulse
results in generation of global inductive electric field in the Earth magnetosphere [8]. The magnetosphere expansion
should result in generation of induced electric field, which is pointed westward in according to Faraday’s law. At low
latitudes, where the geomagnetic field is pointed northward, this electric field causes radial EXB drift of charged
particles toward the Earth. The electrons and protons transport in the EXB fields with the same rate. During the
transport, they shift in opposite horizontal directions due to azimuthal drift: electrons — eastward and protons —
westward. The divergence between electrons and protons depends on the rate of radial transport, which directly
depends on the strength of inductive electric field. It was estimated that the electric field of 10 mV/m provides the
transport from the lower edge of inner ERB (L=1.15) to L=1.1 within a reasonable time of ~20 min [4,6]. Hence the
mechanism proposed can explain the dynamics of electron and proton enhancements in the forbidden zone.

Acknowledgments. The authors are grateful NOAA/POES/MetOp team for providing experimental data on
energetic particles.

The study was carried out within the framework of the state assignment of Moscow State University named after
M.V. Lomonosov.
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SKCHEPUMEHTAJIBHOE UCCJEJOBAHUE HECTAIIMOHAPHBIX
BO3MYIIEHUM IIJIA3BMBI U MATHUTHOI'O ITOJIS,
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AHHOTAIIUS

B OGompmoit maboparopHOi 3amarHWYeHHOH mina3Me creHaa «KpoT», mpenHa3HAaueHHOTO Ui MOAEIMPOBAHUS
SBJICHUH B KOCMHYECKOW IUIa3Me, DKCIIEPUMEHTAJIBHO MCCIIEIOBaHA MEJKO- M KpyINHOMAacIUTaOHas JWHAMHUKA
UMITyJIbCHBIX BO3MYIICHMH IUIa3Mbl M MAarHUTHOTO IIOJIA, BBI3BAaHHBIX JIOKaJbHBIM BU HarpeBoM 3J€KTpOHOB B
peXuMe mapaMeTpoB 3IEKTPOHHOH (X0JIIOBCKOM) MarHUTHOM THAPOIMHAMUKY. B TakoM peximMe BO3MYIIEHUS MOTYT
pa3BHBaThCS B PEKUME «YHHUIIOJISIPHOTO» IIEPEHOCA, B KOTOPOM 3aMarHUYEHHBIC AJIEKTPOHBI IPEH(YIOT BIOIb
MarHMTHOTO TO0JIs, @ UOHBI, NIPEUMYIIIECTBEHHO, MOMEPEK MOJs, C 3aMbIKAHUEM BO3HMKAIOIIETO0 TOKA Mo (POHOBOI
mia3Me. Takoil mepeHoc, COMPOBOXKAAeMBIH BO30YXKICHHEM CHCTEMBI BHXPEBBIX JJIEKTPUYECKHX TOKOB,
obecrieunBaeT CyIIECTBEHHO Oosiee OBICTpOE IepepaclpeesieHne YacTHI] TUIa3Mbl, 9eM KIACCHYECKHI MEXaHU3M
amOumnonspHoro mepeHoca. Kpome Toro, cucreMa HECTAlMOHAPHBIX BHXPEBBIX TOKOB, BO3HUKAIONIMX IIPH
UMITyJIbCHOM HarpeBe IIa3Mbl, MOXKET BO30Y)KIAaTh CBHCTOBBIC BOJHBI. BO3MYIIEHMS ITIOTHOCTH BBIHOCSTCS W3
o0JyiacTi HarpeBa CyIIECTBEHHO MEUIEHHEE, C OKOJI03BYKOBBIMH CKOPOCTSAMH.

Beenenune

HecrarmonapHsie BO3MYIIEHHS IIa3Mbl, OKPYXKAfOIIeH HMITyJIbCHBIE aHTEHHBIE YCTPOICTBa, IPEACTaBIAIOT HHTEpEC,
MpeX/ie BCEro, ¢ TOUYKH 3pEHHs MJIaHWPOBAHMS aKTUBHBIX 3KCIIEPUMEHTOB B OmkHeM kocMmoce [1]. MimmynbcHbie
BO3MYIIECHHUS IJIa3Mbl MOTYT BO3HHMKATh NPH paboTe MOIIHBIX NepeaaTyukoB Ha Oopty MC3 [2]; B cooTBEeTCTBHH C
npeoOpa3oBaHusAME 1of00us [3] mabopaTopHbIEe SKCIEPUMEHTHl MOKHO paccMaTpuBaTh KaK MOJEIMPOBAHHUE
peakyu HOHOC(EPHOH T1a3Mbl Ha MMITYJIbCHBIE BO3/ICHCTBUS B aKTHBHBIX IKCIIEpUMEHTax [4].

C omHOW CTOpPOHBI, M3BECTHO, YTO HArpeB MAarHUTOAKTUBHOM IUIA3MBl MOXKET MPUBOJUTH K (HOPMHPOBAHHMIO
BBITSIHYTBIX BJIOJIb BHEIIHEIO MarHUTHOTO IOJS HEOJHOPOAHOCTEH (ZAaKTOB) C MOHM)KEHHOHW IoTHOCTHIO [5]. C
JIpYyroi CTOPOHBI, UMITYJIbCHBIM HarpeB Iu1asmbl B pexxume OMIJL [6], B KOTOpOM XapaKTEpHbIE BPEMEHHBIE U
POCTPAHCTBEHHBIE MACIITAOBI HATPEBA Y/IOBJIETBOPAIOT HEPABEHCTBAM fpe ' <feo! <<AZ << foi'm poe << L << pei (T1€
Jfpe — 2MEKTPOHHAs TJIa3MEHHAsl YacTOTa, feo — JIEKTPOHHAS IUKJIOTPOHHAs YacTOTa, fi— MOHHAs NUKIOTPOHHAS
4acTOTa, Pee — IEKTPOHHBIN THPOPATNYC, Oci — HOHHBIH THPOPAANYC), MOXKET IPUBOIUTE K T€HEPALUH UMITYJILCHBIX
TOKOB ¥l MArHUTHBIX TIOJIEH, KOTOpPBIE IEPEHOCATCS CO CKOPOCTSIMH CBUCTOBBIX BOJIH 0€3 CYIIECTBEHHbBIX BO3MYILCHUH
I0THOCTH [7].

Hamm skcrepumentst [8-11] moxassBaioT, 4To (hakTHUeckas KapTHHA BO3MYIIEHHI IUIOTHOCTH IIa3Mbl H
TeHepannuy TOKOB He CBOAMTCS HU K OJHOM M3 BBIIICTIEPEUNCICHHBIX B H30JIMPOBAaHHOM BHUe. B HacTosmiel padore
paccMaTpUBAIOTCS MENKO- M KpyImHOMacImTaOHbIe BO3MYIICHHS MAarHUTHOTO TIONS W IUIa3MBI, BO3HUKAIOIINE IMPH
JIOKaJbHOM HMITyJIbCHOM HarpeBe dJEKTPOHOB. IlIpomeMOHCTpupoBaHa KOMOWHHpPOBAaHHAs KOHBEKTHBHO-
muddy3noHHas AWHAMHUKA BO3MYIIEHHA MarHUTHOTO IIOJIS, B OCHOBE KOTOPOH — TEHEpaIisi BUXPEBBIX TOKOB
«YHUIOJIIPHOHN SYeWKM» U MMIIYJIbCHBIX CBHCTOBBIX BOJIH, KOTOPBIE MOTYT PacHpOCTPaHAThCA HAa 3HAUHUTENIBHBIC
paccTosiHUS OT MICTOYHHMKA HAarpeBa BJIOJIb BHEITHETO MAaTHUTHOT'O MOJIS.

Onucanue IKCNEePUMEHTA

OKCIIepUMEHTHl MPOBOIWINCH Ha KpymHoMacmtabHoMm 1asmMeHHOM cTeHnae «Kpor» [10] B cmokoiiHoM
pacmagaromnieiics 1miasMe WHIYKIMOHHOTO pa3psla B aproHe, NpH IapaMeTpax, OMM3KMX K HCIOJIh30BAaHHBIM B
paborax [10-12]. KoHieHTpauus miasmel 7. U3MeHsnach B npeaenax ot 10'2 em™ mo 10! e, nnayknus BHemHEro
MarHuTHOTO TONIsA Bo=50—200 I'c. [lmasma wHarpeBamace momiHbIM (P =~ 230 Bt) xopotkum (7=1mkc) BU
nmmynbeoM (f'= 60-160 MI'mr), mogBOAMMBIM K paMOYHON aHTeHHE AuaMeTpoM 1 cm i 7 cM. Harpe nponsBoamics
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KaK B HENPO3payHoH (fee < f'), TAK M B MPO3pAYHON IIa3Me ¢ HAKAYKOW B CBUCTOBOM jauana3one (f < f..). U3amepenus
ANIEKTPOHHOI TEMIIEPaTypPbl, BO3MYILEHHUH MJIOTHOCTH M UMITYJIbCHBIX MArHUTHBIX MOJIEH, BO30YKIAeMbIX TOKAMHU B
IUTa3Me, IIPOBOAMIINCE 30HIOBRIMHU MeTomamu [7, 10, 11].

Pe3yabTaThl 3KCNIEPUMEHTOB

Ha puc. 1 npuBozasrcst nmpoduiy 31eKTPOHHON TeMIepaTypsl B 00JIaCTH HAPOTUB aHTCHHBI HEOOJIBIIIOTO TUaMeTpa
(1 cM) npu HarpeBe B M0OJI0CE HEMPO3PAUYHOCTH IA3MBI (fee < f'< fpe). DNEKTPOHBI Pa30TPEBAIOTCS MPUOIU3UTEIBLHO B
2 pasa B y3KOW — JHaMeTpoM He Ooiiee 3 ¢M — CHIOBOM TpyOke. JlTMHA HArpeToil 00JacTH OKa3hIBACTCS MOPSIKA
JUIMHBI CBOOOIHOTO MPOOEra «TEeIIbIX» IEKTPOHOB, U COCTABIISIET OKOJIO 15 cM.

JlokalpHbIA HarpeB 3JeKTPOHOB IPHBOJIUT K I'eHEpallMi MMITYJIbCHBIX TOKOB U NEpepaclpeieNieHuI0 TNIOTHOCTH
w1a3mMbl. CaMOCOTIacOBaHHAs!, IBOIIOLHMOHUPYIOIIAs CHCTEMa BOSMYIIICHUH TNIOTHOCTH U BUXPEBBIX TOKOB 00pa3yeT
T.H. «YHHIIOJBIpHYIO staeiiky» [12]. Ha puc. 2 (a) (;1eBast 11 ieHTpaspHast aHeIn) IpuBoaaTcs 2d KapTel BO3MYIICHUH
MarHuTHOTO MOJIS, CO3/1aBAEMBIX BUXPEBBIMHU TOKaMH, I B, 1 By KOMIIOHEHT. B KoMIoHEeHTe B, HAIIPOTHUB aHTCHHBI
npu BY HarpeBe peructpupyercs nuaMarHuTHEIN 3 dekT (B, < 0), KOTOpBIi MaKCHMaJIeH Ha PacCTOSHAH OKOJIO 6 ¢M
OT WCTOYHHWKA HarpeBa, TaM JKe, TAe HaOmomaeTcs MakcuMyM Temmeparypel (puc. 1 (6)). Pacmpenenenme By
AHTUCHMMETPHUIHO OTHOCUTEIBHO OCH X = () CM, H, B IIETIOM, COOTBETCTBYET IIOJIIO IPOJOIBEHOTO TOKA, TPOTEKAIOIIETO
K aHTECHHE, T.€. YXOJAy JJIEKTPOHOB M3 Harperoi obiactu. Ha puc. 2 (a) (mpaBas maHenb) npuBoustcs 2d KapTel
BO3MYILEHUH MJIOTHOCTH B Pa3Hble MOMEHTHI BpeMeHH. [Ipu HarpeBe aJieKTpOHOB HAIIPOTHUB aHTEHHBI (OPMUPYETCS
06J'IaCTI: 066[[HCHI/IH IIJIOTHOCTH, KOTOpasA BBITATUBACTCA BJAOJb MAarHUTHOI'O I1OJIA. Ha BpEMCHaAX MopsaKa 15 mMkc
BO3MYILEHHUS TUNIOTHOCTH MaKCHMallbHbI M JOCTHTraloT 8 % oT ¢oHOBoro 3HaueHus. Ha 3ToM oTpe3ke BpeMeHH
(dopMupyeTcst CTpyKTypa BO3MYIICHUH An. NMEPEMEHHOTO 3HaKa, KOTOpas SBISETCS XapaKTepHBIM CBOMCTBOM
«YHHIIOJISIPHOM sTYeWKn». XOpOIIO BBIPAKEHBI OCHOBHAsi 00nacTh OOEIHEHMS IUIOTHOCTH, CHCTEMa BHUXPEBBIX
ANIEKTPUUECKHUX TOKOB, nepudepuiinpie obaacTi o0eTHeHUs IIOTHOCTH (POHOBOI TIa3Mbl. YepepoBanue obnacreii ¢
YMCHBILICHUEM U YBEIMUCHNEM IUNIOTHOCTH SIBIISIETCS] HAanOoJIee SIPKUM MIPU3HAKOM PEKMMa YHHUIIOISIPHOTO IIEpeHoca
[11, 13] (puc. 2 (6)).

Tz=5cm (a) 1.2x=0¢c (6)
m .6 MKC
o lg .5 MKc

o a 2 MKC
/\ 2 8 MKC
— 15 MKC
0.6
0.5 L 1 1 | L L 1
-2 -1 0 1 2 3 0 5 10 15 20
X, CM Z, CM

Pucynox 1. [IpocTpaHcTBeHHBIE pacTipeielIeHuUs 3JIEKTPOHHOW TEMIIEPaTyPhl B Pa3INYHBIE MOMEHTHI
BpEMEHH IpH uMITysibcHoM BY Harpese.

(6)

B,, mlc B,, MI'c Ang, x10°cm® ()

90 43 2 MKC -
; ‘ AN

PucyHok 2. (a) 2D-kapThl BO3MYIICHHH ABYX KOMIOHEHT MAarHUTHOTO TOJISI ¥ TUIOTHOCTH TIIA3MBbI JIJIst
«YHUIIOJIIPHOW STYEHKM» B pa3iIMuHble MOMEHTHI BpeMeHH; i pamu o60o3HadeHsl: (1) 1 (2) - oCHOBHbIE
obmact oOeHEHHs M yBEIMYEHHs IUIOTHOCTH, (3) u (4) - nmepudepuiinple obnactu oOeqHEHHUS U
YBEIMYEHUs! IUIOTHOCTH; (0) cXeMa JBIKEHUs YaCTHI B IUIa3Me B MPOLIECCE YHHUITOISIPHOTO MepeHoca.
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Ha Gonpmux paccrosHusx oT BU mcTouHMKa «yHHUIIOISIPHAS sSUeiikay B030yKIaeT HU3KOYaCTOTHBIC BONHEL. {7t
MOTyYEHHSI 3aBHCHUMOCTH CKOPOCTH MPOJOJBHOTO INMEPEHOCA MAarHWTHBIX BO3MYIIEHHH OT HapaMeTpOB IUIA3MEI
MU3MEPEHUs] MPOBOAMINCH C TIOMOINBIO TMapbl MAarHUTHBIX 30HAOB, Pa3HECEHHBIX B mpocTpaHcTBe. CKOpocTH
pacrpocTpaHeHus, ONpeeiIeMbIe TI0 3aMa3JIBAHII0 (PPOHTA MAaTHUTHBIX BO3MYIICHUH, IPUBEACHBI HA puC. 3 (a) B
3aBUCHMOCTH OT HHAYKIMU BHEITHETO MArHUTHOTO MOJISI By ¥ INIOTHOCTH TIJIa3MBI 7le. ATIIIPOKCUMAINH, IPUBEICHHBIC
Ha MOJe PUCYHKA, COOTBETCTBYIOT 3aBUCMMOCTAM Buaa Vo2 m VecBo'?, T.e. mucnepcuu KBasUIPOOJbHBIX
BUCTJIEPOB. DKCIIEPUMEHTAJIBHO HAOJIOJlaeMble CKOPOCTH NPOJOJIFHOTO IIEPEeHOCa COOTBETCTBYIOT YacTOTaM B
muanasoHe f = (0.25 — 1.5) MI'n u, hakTrdecku, onpeaessiroTcs JNTUTENbHOCThIO ()POHTA UMITYJIbca Harpesa, it~ 0.2
MKC.

Jnst ucciaenoBaHus MONEpevyHON JUHAMHMKY BO3MYIIEHHH MarHUTHOTO ITOJISL JUISl Pa3HBIX 3HAUEHHH AJIEKTPOHHOM
Temriepatypbl 7. Obutn modydeHsl 2d-kapThl Bo3MymieHW# By(x,f) (aHamormuHo puc.2 (a)). OOpabotka
SKCMEPUMEHTANBHBIX JaHHBIX B BHjE MaccuBOB D(x,f) = (0By(x,t)/0t)/(0*By(x,f)/0x*) mno3BoNMIa TIONYYHTH
3aBucuMoctb D(T¢) (puc. 3 (0)), KoTOpas ¢ XOpoIIeil TOYHOCTHIO AINPOKCUMUPYETCS TEOPETHIECKOW 3aBUCUMOCTBIO
Il CHIMTIEPOBCKOM mpoBoanumoctn, D = c¥4no o« 732, Takum 006pa3oM, TONEPEYHBIH MEPEHOC MMITYJIBCHBIX
BO3MYILEHNI MarHUTHOTO IOJISl TPOUCXOIUT AU (HY3MOHHBIM 00pa30M 3a CYET KYJIOHOBCKHX CTOJIKHOBEHHH.

15 Bo.TC 100
3, ]

ool (@) (6)
&) [
5
>108; ~B,'"

107 e 107 0 A 23

ng, CM (Te, SB)-3.’2

Pucynok 3. [IpononbHas BonHOBas (a) W momnepeuHas audQy3noHHas (0) TUHaAMHUKAa MUMITYJIbCHBIX
BO3MYILEHHI MarHUTHOTO TOJISl BAJIK OT HCTOYHUKA Harpesa.

0.02 ‘ ‘ ‘ ‘ ‘ ‘ 0.1

(@) (6)
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PucyHnok 4. DBomromnus npoa0iIbHOTO (a) U ronepedHoro (6) npoduiis BO3MYIIEHUH TIIOTHOCTH.

Ha puc. 4 npuBogsarcst namepenus: npoduieil BO3MyIIEHUH IIIOTHOCTH B UX JUHaMHKe. J[o 4 MKC ITPOMCXOIUT
nocTeneHHoe (OPMHUPOBAHUE BBITSHYTOM 00JacTH OOEJHEHHs IIOTHOCTH HAlpoOTHB WCTOYHHMKA Harpesa. Ha
BpemeHax 10 — 15 Mkc Ha ¢ppoHTe 00sacTh odOeHeHust hopMupyeTcst “Top0” — 00J1acTh C HOBBIIIEHHOH TNIOTHOCTBIO.
B nenom, nepepacrpezienieHne IIIOTHOCTH MPOUCXOIUT HA BPEMEHHBIX MaciITabax 6osiee 50 MKC, 4TO CyIIECTBEHHO
Oouibllle XapaKTepHBIX BPEMEH PAa3BUTHS U PEJaKCallii BO3MYIIEHUH MarHUTHOTo 1oiist. [Ipu 5ToM M mponosibHas 1
TOTEpeYHas XapakTepPHblE CKOPOCTH MepeHoca Bo3MymleHuil miotHoctd (V= 2x10° cM/C) COOTBETCTBYIOT
OKOJIO3BYKOBBIM cKopocTsiM (Vs =2.2x10% cm/c), uto Ha 2 —3 mopsaka MeEHbIIE, YeM CKOPOCTh IIPOJOJIBLHOTO
MepeHoca MarHUTHBIX BO3MYIICHHH.

3akioueHne

Taxum 06pa30M, B MOJACIBHBIX J'Ia60paTOpHI:IX OKCIICPUMECHTAX C JIOKAJIM30BAHHBIM KOPOTKOUMITYJIbCHBIM
BBICOKOYACTOTHBIM HArp€BOM JJICKTPOHOB, MPOBEACHHBLIX Ha prHHOMaCIlITa6HOM INIa3BMEHHOM CTCEHIC «KpOT)),
JIEMOHCTPHUPYETCs] AMHAMUKA T.H. «yHUIIOJSIPHOU siueliku». ['eHepupyemble B OKPECTHOCTU «YHHIIOJISIPHOH SYEHKHI»
HUMITYJIbCHBIE TOKHM W MArHUTHBIC IO MOTYT PAaCIIPOCTPAHATHCA Ha 60J'II>IIII/IC paccTosiHusg OT UCTOYHUKA B BUJIC
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HU3KOYaCTOTHBIX BOJH. IIoKka3aHo, 4TO IPOJOIbHBIN IEPEHOC TOKOB U BO3MYILEHUI MarHUTHOI'O II0JISL IPOUCXOJUT
€O CKOpPOCTBIO CBHCTOBBIX BOJIH, KOTOpas ONpeAEIsAeTCsl MapaMeTpaMH IIa3Mbl M AIUTEIbHOCTRI0O BU nmmyieca n
ero ()poHTOB, T.€. XapaKTEPHbIM BPEMEHEM HarpeBa »1IeKTpoHOB. IlonepeyHas fnHaAMUKa TOKOB 1 MAarHUTHBIX MOJIEH
nmeer xapaktep upQy3um 3a CYeT KOHEYHOHW IIPOBOAMMOCTH IUIA3MBI, OMNPEACISIEMON KyJIOHOBCKUMH
CTOJIKHOBEHMAMH. BoO3HHKaromme u3-3a HarpeBa >JIEKTPOHOB BO3MYIIECHHUS IIOTHOCTH JIEMOHCTPUPYIOT Oosee
MEIUICHHYIO TUHAMUKY, U PacIpOCTPAHSAIOTCS C CYIECTBEHHO MEHBIINMH (3BYKOBBIMH) CKOpOCTSAMH. OTHCaHHBIE
3¢ QeKTs MOTYT HaOMIOAATECS B aKTUBHBIX KCIIEPUMEHTAaX B OKOJIO3EMHOM KOCMHYECKOH IIa3Me, HalpuMmep, Ipu
paboTe MOLIHBIX UMITYJILCHBIX NEPEAaTYNKOB Ha OOpTy HexaBHo 3anyiueHHbIX MIC3 «Monochepa-M».

OKCHepUMEHTHl  BBINOJHEHBl HAa YHHUKaJIbHOW HaydyHOH ycraHoBke «KoMIUIeKC KpyHHOMAcCIITaOHBIX
reoduznueckux crennos UI1D PAH» npu dpunancoBoit nognepxke Poccuiickoro Hayunoro ¢onna (mpoekt Ne 24-
12-00459).
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CTATUCTUUYECKHUH AHAJIA3 BO3MOKHBIX TPUTTEPHBIX
MEXAHMU3MOB 151 BOSBHUKHOBEHUA 'EOMAI'HUTHBIX
CYBBYPhH
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AHHOTAIMA

Pabota mocBsiieHa CTaTUCTHYECKOMY aHAIHM3y (PaKTOpPOB, CONPOBOXKIAIONINX BO3HMKHOBEHHE H30JIMPOBAaHHBIX
TE€OMarHUTHBIX cy00yph B MarHuTocgepe 3eMir 1oL BO3AEHCTBHEM COTHEUHOTO BeTpa. Oco0oe BHUMAHHUE YEICHO
OTIPEZIETICHUIO YCIOBUIA, IPU KOTOPBIX HHALIUUPYIOTCS CyOOYypH, a TakKe NCCIEIOBAaHHUIO TPUTTEPHBIX MEXaHU3MOB,
3aITy CKAIOIIUX 3TH MPOIIECCHL. B cTaThe paccMaTpuBaeTcst poib pa3INdHbIX TApaMETPOB COTHEYHOTO BETPa, BKIIIOUAs!
CKOPOCTb, IUIOTHOCTh M MEKIUIAHETHOE MarHWTHOE MOJIe B JAWHAMHKE MarHUTOC(epHbIX Bo3MmylneHui. Ocobo
OTMEYEeHa BbICOKas Koppensaius 3HaueHuil naaexca SYM-H ¢ unnexcom AL, accorMupoBaHHBIM C H30JIUPOBAaHHBIMU
CcyOOypeBbIMU COOBITHSAMH, KOTOpbIE BO3HUKAIOT Ha (DOHE INIOOANBHBIX MarHUTOC(HEPHBIX BO3MYLICHHH. ITO
CBHJIETEILCTBYET O TECHOW B3aHMMOCBSI3U JIOKAJBHBIX U TJ00aNbHBIX MPOLECCOB B CHCTEME «COJTHEUHBIH BeTep —
MarHurocgepa» u MoA4EPKUBAET HEOOXOAUMOCTh KOMIUIEKCHOTO TIO/IX0/1a K UCCIIEOBAHHIO KOCMHYECKHX Oyph U
cy00ypb. IlpoBen€HHBIH aHamM3 MO3BOJNMJI BBUIBUTH CTATUCTHUECKHE 3aBUCHMOCTH MEXAy BapHalUsIMU
MEXKIUIAHETHBIX [apaMeTpOB M HMHTCHCHBHOCTBIO CyOOypb, YTO OTKPHIBAET BO3MOKHOCTH OoOjee TOYHOTO
MPOTHO3UPOBaHUA NOJOOHBIX sBIeHHUH. [IpakTHueckas 3HAYMMOCTH HWCCICOOBAHMS OMPEACNSACTCS BIUSHHACM
TEOMAarHUTHBIX CyOOyph Ha (YHKIMOHHPOBaHHME KOCMHYECKHX allapaToB, CHCTEM TIJIOOANbHOW HAaBUTAlMU M
Ha3eMHBIX KOMMYHUKaIlWH, YyBCTBHTEIBHBIX K KOCMHUYecKOoil morone. IlomyueHHBIE pe3ysbTaThl MO3BOJSIOT
YTOUHHUTH TIPEICTaBJICHHUS O TIEpPEepacHpeNesieHN SHEPTMH B MarHuTocepe W BHOCAT BKJIAA B pa3BUTHE
TEOPETHYECKNX MOAeNeH e€ TMHAMUKH.

Beenenune

H3y4yeHune reoMarHuTHBIX Cy00ypb OTHOCHTCS K KITFOUEBBIM BOIIPOCAM HCCIIE0BATEIbCKOM IPOrPaMMBbI 110 TUHAMHKE
MarHuTOC(ephl U e€ B3aMMOJCHCTBHS C COJTHEYHBIM BETPOM. B mociemHee Bpems SMIHPHUYECKUE UCCIICIOBAHUS
MoKa3aiy, 9To cyOO0ypH He BCerja MHUIUHPYIOTCS HUCKIIOYUTEIHFHO BHYTPEHHHMH MpoIleccaMy B MarHUTOcdepe.
Takue BHEUIHHWE BO3ACHUCTBUSA KaK OPUCHTAIMS W BapHallMd MEXIUIAHETHOTO MAarHUTHOTO TIOJISI, AHHAMHYECKOE
JTABJICHUE COJIHEYHOTO BETPa HEOMHOKPATHO YIIOMHHAIOTCS KaK BO3MOXKHBEIC TpHUITepbl. OIUMH H3 KIaCCHYECKUX
MOJXO/IOB B TMOMOOHBIX HCCICIOBAHUAX — CTATUCTHYCCKHE WCCICHOBAHUS 3aBUCHMOCTH Hadaja cyoOyph OT
MPEIIECTBYIOIINX COOBITHIA, TaKUX Kak moBopoT MMII Ha ceBep mociie mpoTsHKEHHOTO TepHoa MPeodiiafatonero
FO’)KHOTO TIOJISI MJTM BHE3AITHBIX CKAYKOB JIaBJIEHHUSI COJHEUHOTO BeTpa. B pabote [1] mokazaHo, 4TO najieko HE BCE
cy00ypH CIEeIyIOT ’TUM BHELTHUM BO3JIEHCTBUSIM, YTO IOPOJUIIO JiesieHHe Ha «triggered» u «non-triggered» cy00ypu
Y HEOOXOJMMOCTh YTOUHEHHUS MPEIIECTBYIONMX YcloBuil. JIpyroil BKkiaq B pa3BUTHE TEMbI BHECIH paboOThI, rie
aHAJIM3UPYETCsl MPOCTPaHCTBEHHO-BPEMEHHBIE MOCIIE0BATEIbHOCTH AaHHBIX M3 XBOCTOBOM 4acTH MarHUTOC(EpHI.
Tak B nccineoBaHuy [2] AEMOHCTpHUpPYETCs, YTO AMHAMHIKA MAarHUTHOTO TOJIA B CpelHeH XBocTOBOi 30HE (~15-25
Rg) vacTo omepekaerT OKOJIO3€MHYIO JMHAMHKY, YTO CTaBHUT I0Ji COMHEHHE YIPOUIEHHBIE MOJENIH, B KOTOPBIX
cy00ypst 3aIrycKaeTcsi HCKIFOUUTEIBEHO MO JEHCTBUEM IPOLIECCOB EPECOEIMHEHNSI MArHUTHBIX TI0JICH Ha JTHEBHOM
cropoHe 3emin. CpaBHUTENBHO HEAaBHUE PAOOTHI, Takue Kak [3], CTAaTUCTHYECKH AETaTU3UPYIOT XapaKTePUCTUKH
cy00ypb pa3IMYHON MHTEHCHUBHOCTH, UX CE30HHbIEC M CYTOYHBIC BapHalllH, a TAKXKE 3aBUCUMOCTb CyOOyph OT 3TaroB
COJIHEUHOro nukia. [Ipu aToM paccmarpuBaeTcst MOBEAEHUE T'€OMAarHUTHBIX WH/IEKCOB M ITapaMETPOB COJIHEYHOTO
BeTpa mepen cyo0ypeBbIMU COOBITHIMU.

AXTyallbHOCTh TPEJCTABICHHOT0 HAMU CTATUCTUYECKOrO aHallM3a ONpeessieTcsl HECKOJIbKUMH pUYuHamMu. Bo-
MEepBBIX, C POCTOM 3aBHCHUMOCTH HA3eMHBIX TEXHOJIOTHH OT CIHYTHHMKOBBIX CHCTE€M, TOYHOW HaBUTAIMH, CBSI3U W
ANEKTPUUECKUX CETeM, aXKe JTOKAIbHbIE TeOMarHUTHbIE BOZMYIICHUSI MOT'YT BBI3bIBATH COOM MJIM YCKOPEHHBII H3HOC
obopynoBanus. [Iporao3upoBanue cy60ypb, 0COOEHHO M30JMPOBAHHBIX, KOTOPHIE MOTYT BO3HUKATh 0€3 TOJHOTO
pa3BUTHUsI MarHUTHO#M OypH, CTAHOBHUTCS KPUTHYECKHM [UIsi OILIGHKH PUCKOB. BO-BTOPBIX, COBPEMEHHOE Pa3BUTHE
MHCTPYMEHTOB HAOJIIOJICHHS] — CITyTHUKOBBIX MHCCHM, INI00AJbHBIX CETEl MarHUTOMETPOB M BBICOKOUACTOTHBIX
PaIro30HI0B — II03BOJIIET coOMparh OOoJbIINe OOMMPHBIE HA0OPHI JaHHBIX, YTO JeJaeT BO3MOXKHBIM BBISIBICHUE
TOHKHX CTaTUCTUYECKHX CBSI3€H, KOTOpbIE paHee MOTJIM OCTaBaThCsl He3aMEeTHBIMU. VICIIONIb30BaHNE TaKUX JAHHBIX
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MOXET MOMOYb OTJIMYHMTH CHTYallUH, KOrja cyOOyps BbI3BaHA BHELIHUM TPHUITEPOM, OT T€X, I'/le JOMUHHPYIOT
BHYTPEHHHUE MPOLECCHI, U OTPEIEINTh, KaKne KOMOMHAINN apaMETPOB COJIHEYHOTO BETpa (CKOPOCTb, MIIOTHOCTD,
OpHEHTALS MOJIA, IaBJICHHUE U Ap.) HanboJee BEPOSTHO MPUBOIAT K €€ 3aIyCKYy.

Hcnonb3yemblie JaHHbIC H METOAMKA MUCCICI0BAHUS

Marepuanom Ui UCCIEAOBaHUS IOCIYXXWIM H30JIMPOBaHHBIE CyOOypH, OTOOpaHHBIE MO BapHallUsM MHHYTHBIX
3HaueHH nHaekca AL 3a 3umHue ce3onsl ¢ 1995 r. mo 2012 r. [Touck Takux cyOOyph MPOBOAMICS BH3YyaJbHO MO
cyTo4yHbIM BapuanusiM AL muzaekca. beuio ucnonb3oBano 106 m30mmpoBaHHBIX CyOOypeBBIX COOBITHIT pa3iMuHON
MHTCHCUBHOCTH, KaTaJOr KOTOPBIX mpenacTaBicH Ha cTpanunax (http://pgia.ru/lang/en/data/). Jlanabie o MHACKCaM
MarHUTHOH aKTUBHOCTH U T10 TapaMeTpaM MEeXIUIaHETHOH cpezbl ¢ paspelieHreM B 1 MuH B3sThI Ha moptaie OMNI
Web (http://cdaweb.gsfc.nasa.gov/). OreHKa BO3MOXHBIX TPUITEPHBIX MEXaHHU3MOB, 3aIyCKalOMHX CcyO0ypH
BBIIIOJTHEHA HAa OCHOBE aHAJM3a PAaclpeleiCHUH 3HAUeHUH KOA()QUIMEHTOB KOPPENIAHNA MEXIY KOHKPETHBIMH
HapaMeTpaMH, XapaKTEpH3yIONIMMM 3aMarHMYEHHBIA comHeunbli Betep (Bx, By, Bz, V, N, P=NV?),
MarauTocepasiMu naaekcamMu PC u SYM/H u nanekcom AL ais onmcanus cyo0ypeBoit aktuBHOCTH. CornacHo [4]
JUTS KaXXI0M N30JMPOBaHHON Cy00ypH onpeneneHbl HHTepBaisl €€ (a3sl 3apoxkaeHuss. Koppemsaius BeraucnseTcst ams
Bcex 106 coOpITHIT B 3TOM HHTEpBajie Mexx Iy mapamu Bx-AL, By-AL, Bz-AL, N-AL, V-AL, P-AL, PC-AL, SYM/H-
AL (cMm. puc. 1).
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CmamucmuyecKuii anaiu3 603MONCHbIX mpuceepHblxX MexaHusmoe 0J151 BO3HUKHOBEHUSL 2eOMACHUNHbBIX Cyﬁﬁypb

Bx By
25¢ T T T 1 25 T T -

20F 1 20+ 1

q1 -0.5 0 05 1 0-1 -05 0 05 1
R R
Pucynok 2. Pacripenenenue R(Bx, AL). Pucynok 3. Pactipenenenue R(By, AL).
Bz P
257 T T T 1 25 T T -
20¢ - 20+ 4

q1 -0.5 0 05 1 0-1 -05 0 05 1
R R

Pucynoxk 4. Pacnipenenenue R(Bz, AL). Pucynox 5. Pacnpenenenne R(P, AL).
N v
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Pucynoxk 6. Pacipenenenue R(N, AL). Pucynok 7. Pacnpenenernue R(V, AL).
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Pucynoxk 8. Pacnpenenenue R(PC, AL). Pucynoxk 9. Pacnipenenenue R(SymH, AL).
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Pe3yabTaThl CTATHCTHYECKOT0 AHAJIN3A

JleMOoHCTpanysl TOJTy4YeHHBIX pe3yJbTaTOB B HHTEpBalie (a3pl 3apokaeHus cyOO0yph aHATM3HPYEMBIX COOBITHIT
MpUBEJIcHa HIKE Ha rpaduKax CTATHCTHYECKOro pacmpexaencHus (puc. 2-9). Ha puc. 2 m 3 memoHCTpHpyeTcs
pacupenenenue kod3(dduimenToB koppenmsauu R mexnay mapamm naHHeix Bx-AL m By-AL. Ha puc. 4 u 5
JIEMOHCTPHUPYETCS pactpenercHne ko3¢ uImeHToB koppemsanuu R mexay napamu nanasix Bz-AL u P-AL. Ha puc.
6 1 7 1eMOoHCTpUpYyeTCs pacnpeeneHne KoahpuIueHToB Koppesinuu R mexny napamu nanasix N-AL u V-AL. I1pu
5TOM MOJKHO 3aMETHTh, YTO Ha pUC. 2-7 JUIs YKa3aHHBIX [TapaMeTPOB CTATUCTUUECKOE paclpesieiieHue Halmoaaercs
BONMM3K HyJs. OTO U HE YAUBHUTENbHO, ockoibky IICB yxe orpaboTanu k Hadaly pacCMOTPEHHOIO BPEMEHHOIO
WHTEpBana, HO BCJIEACTBHE HMHEPIMU Pa3BUTHA cyOOypu mHiuekc AL 53To eme He OTpasui Ha PacCMOTPEHHOM
orpaHndeHHOM uHTepBaie. Ha puc. 8 u 9 nemoHcTpupyercs pacnpesaeneHue Ko3QQUIMEHTOB KOppersuuu R Mexmy
mapamu qasHbIX PC-AL u SymH-AL. {nsg nanekca PC HaOmogaercss 3aMeTHast TPYMITUPOBKA B 001aCTH BBICOKOM
aHTHKOppersinun ¢ nanekcoM AL, mis SYM-H HanpotuB B o0macT BBICOKOW Koppensmuu ¢ uHaekcoM AL. OT1o
03HAYaeT, YTO MarHUTOC(EPHBIC MPOLECCHl OBLIN 3aIlyIIEHBl M 3aMETHBI JJaKe Ha OTPAHHYCHHOM PAacCMOTPEHHOM
BPEMEHHOM HHTEPBAJIC.

OO0cy:kaeHue pe3ybTATOB

YcraHoBIIeHHAs BBICOKast aHTUKOppessinus uaaekca PC ¢ unaekcom AL cBuzeTenbcTBYeT 00 yBETMUSHNH 3HAUCHU I
PC-unpnekca B daze 3apoxaeHus cyOOypu U MOXKET yKa3bIBaTh Ha HAaKOIUIEHHE SHEPTUHM B MarHurtocdepe nepen eé
paspsinkoit B Buze cyooypu [5]. ITockonbky PC-uHICKC QUKCHPYET U3MEHEHHUS B 3JICKTPOIMHAMUYICCKHX POIIECcax
B MOJIIPHBIX 007acTsIX, To cy0OypeBoil nHnekc AL B cBOro ouepenb HauMHACT (PUKCHPOBATH MEpepacIpeaeiIeHus
TOKOB W IDIa3MBl B MarHuTocdepe. YCTaHOBIICHHAs BBICOKas Koppemsimus 3HaueHndi SYM-H ¢ mamekcom AL
00yCIIOBTICHA M3HAYAIEHBIM BEIOOPOM H30JIMPOBAHHBEIX CyOOYPEBBIX COOBITHIA, ITPOUCXOIAIIHNX Ha (DOHE TI00ATBHBIX
MarHuToc(epHBIX BO3MYILCHUH, KOTAA SHEPrHUs INepepacrpenersiercss mo Bcell marauTocdepe. Takum obpaszom,
HACTOSAIIEC HCCIIEJOBAaHWE, HANpPaBICHHOE Ha CTATUCTUYECKWH aHAIN3 BO3MOXKHBIX TPHUITEPHBIX MEXaHH3MOB
cy00ypb, IPU3BAHO 3AMOIHUTH MPOOEN B 3HAHWAX O MPOTHO3€ TAKUX COOBITHH, YTOUYHHTH YCJIOBHS BHEIIHUX H
BHYTPEHHHUX BO3JICHCTBHM, a TAK)KE BHECTH BKJIAJl B CJICP)KUBAHNE TEXHOJIOTHUECKHX U MHOPACTPYKTYPHBIX PUCKOB,
CBS3aHHBIX C KOCMUYECKOH IIOr0101.
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obcepBatopun III'N “JloBo3epo™ aiisi CiIy4aeB C 3KCTpEeMajbHBIMU 3HAYEHUSIMU T'€OMarHUTHO-HHIYIIUPOBAHHBIX
tokoB (I'T) B nmunumsx anexrponepenaun (JIDI1) B MypmaHnckoit o0acTu 3a kBazucosHeuHsli muki 2012-2022 r.r.
Hcnonb3oBansl nanHele noactanuuu BeixogHoit (VKH). 13 93 skerpemanshbix coObiTuii Ha ctanuuun VKH ¢ TUT
>20 A Obuio oroOpaHo 12 coOBITHIA, KOTZAa PErHCTPUPOBAIUCH MOJSAPHBIC CUSHHSA. AHAJIM3 II0Ka3al, YTO
akcTpeManibHble 3HadeHuss [UT compoBoxkgaroTcsi AMCKPETHBIMH (OpMaMHU TOJSIPHBIX CHSHHH C BUXPEBOM
CTPYKTYpO#i B 3eneHol muamnn (557.7 HM). Psit MUKOB COMPOBOXKIAETCS CUSHUAME TUIa auroral bulge, xapakTepHbIx
JUTS B3PBIBHOM (ha3bl cyOOypH.

Beenenne
I'eomarautHo-uHAyHMpoBanHble Toku (I'UT) npeacTaBisior co00ii TOKH, TEKYIINE B TEXHOJIOTUUECKHUX JIUHHSIX, OHH
BBI3BaHbI TEIUTYPUIECKUMHU NIEKTPUIECKUMH MOJIIMH, UHIYLUPOBAHHBIMUA HU3MEHEHUSIMU MarHUTHOTO MOJIS 3€MIIH.
Hawnbonee nHTEHCHBHBIE TOKH (IO COTeH amrep) M anekrpudeckue moiisi (>10 B/m) Bo30yXIaloTcst B BBICOKHX
IIMPOTax B IEPHOJ TCOMArHUTHBIX Bo3MmyuleHuil [[lununenxo, 2021]. HambGonpmmux 3HaueHuit ckauxu [UT
JIOCTHTAIOT BO BpeMs cyOOypb, B nepuoj peructpaunu Pi3/Ps6 nmynbcaunii, npudeM KoHQUTypanus HOHOCHEPHBIX
TOKOBBIX CHCTEM WrpaeT BaxHytwo ponb B ammiuuryne [UT [Belakhovsky et al., 2019]. Bbuio oOHapykeHO, 4TO
skcrpeManbHbIid ckadok [UT (~120 A) 29.06.2013 npoucxXomut B IEPHOJ PErHCTPAIlIE OMETa-CTPYKTYP MOJSAPHBIX
CHUSIHUH 10 TaHHBIM ciiyTHHKa DMSP, KoTOpBIif HaxoamiIcs B 3TO BpeMsi B IPOTHUBOIIOIOKHOM (F0)KHOM) MOy IIapUH
[Apatenkov et al., 2020].

B nmanHOl pabore mNpoaHANIM3UPOBAHBI XapaKTEPUCTHKU TOJSIPHBIX CHSHHH HCHOJB30BAaHUEM HAa3eMHBIX
HaOJFOICHUH B TIEPUOJ] pETUCTpaIiH dKCTpeManbHbIX 3HaueHnit [ UT 3a 11 netr HaOmroaeHUI.

Hcnoab3yemblie JaHHbIE

IMonsapueiM reodusngeckum uHcTHTYTOM (III'M) M LleHTpoM (pu3uko-TexHUUECKHX Mpobiem sHepreTukn CeBepa
OUILI KHII PAH co3nana cucrema peructparuu [ UT B muHusx snekrponepenaun Mypmanckoit obmactu u Kapenuu.
JlarHas cucTeMa perucTpanuy sSBiseTcs ennHcTBeHHON B Poccnn. Cuctema Brirrouaet cedst 4 crannuit (BrrxomHoi
— VKH, Turan — TTN, Jloyxu — LKH, Konnomora — KND) na nuanu 330 kB u onHy cranmuro Ha muand 110 kB
(Pema — RVD). Perucrpamus 'UT Benercs HempeprsiBHO ¢ koHIa 2011 roma, m k 2022 romy cdopmmupoBaics
“kBaszucoTHeuHBIH UK peructparmu [ YT, Bkirodarontwii B ce0s1 24-25 IUKITBI COTHEUHOUW aKTUBHOCTH [ Cenuganos
u 0p., 2022]. JaHHBIN UK U3MEPEHUIA SBISIOTCS YHUKAIBHBIMH IJIT MEPOBOM HayKW. 32 KBa3UCONHEYHBIH ITHKIT
(2012-2022 r.r.) 6pIa chopmupoBaHa 0a3za HaHHBIX 3KcTpeMaibHBIX 3HaueHWi [UT B JIDII mns aBpopaisHOU
craniu VKH [Beraxosckuii u op., 2024] u cybaBpopansHoii ctaniuun KND.

B pabote ucmons3oBaHBl AaHHBIE MarHUTOMeTpa B oOcepBatopuu IIT'M “JloBozepo” (LOZ), pacmonoxeHHOH
BOmm3n crannun VKH. Teorpaduueckne koopaunatel cranumu LOZ — [67.97N, 35.02E], reomarauTHbIe
KoopauHatel — [64.22N, 114.6E]. Hdns peructpanuy CHSHHI HCIONB30BaHBl JaHHBIE KaMmephsl Bcero Heba B
obcepratopun “JloBo3epo”. Micnionp3oBaHa ABYXMEPHAS MOJIEIb 10 PACUETy SKBUBAICHTHBIX HOHOC(HEPHBIX TOKOBBIX
CHCTEM Ha OCHOBE JaHHBIX MarHUTOMeTpoB ceTd IMAGE, noctpoeHHas o MeToay cpepruecKux 3IeMEHTapHBIX
TOKOBEIX cucTeM [Amm et al., 1999].

AHaan3 coObITHH

B kxauecTBe 3KCTpeMaNbHBIX COOBITHH O0TOMpanuch cirydau, koraa sennanHa [ YT va crannmn VKH mpessimana 20
Awmrmep. Tlopor sKCTpeManbHOTO 3HAYEHWsI BBIOWpACS HWCKIIOYUTENHLHO C TOYKH 3pEHUs cTathucTukd. M3 93
AKCTPEMANTFHBIX COOBITHI OBLTO 0TOOpaHO 12 cirydaeB, KOTAAa PETUCTPUPOBAINCH TOJISIPHBIE CHSAHUS KaMEepOH BCEro
Heba B oOcepBaropun “JloBozepo”. CHucok 3TUX COOBITUH TpescTaBieH B Tadmmie 1. [Tomumo BpeMeHH camoro
coOprtust m ammumTyasl TUT B Tabmume | ykazaHsl 3HadeHHs BapuabeIbHOCTH reomMarHuTHoro moist dB/dt mo
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IaHHBIM oOcepBaTopuu LOZ (dB/dtz\/(dX / dt)2+(dY/dt)2, rie X, Y — TrOpu30HTaIbHbIE KOMIIOHEHTHI

TCOMArHUTHOTO TIOJIs), 3HAYCHUS WHJICKCOB T€OMAarHUTHOW akTUBHOCTH B MOoMeHT ckauka [T (SYM-H, AE, IE) u
MakcuMainbHble 3HaueHus SYM-H (max), IE (max) mHAEKCOB B HepuOj] T'€OMAarHUTHOTO BO3MYIIEHHSA. AHamu3
MOKa3BIBaeT, 4TO NpakTmdecku Bce coObitma I'UT mpomcxommmu Bo Bpems cy00ypu (Tabnwmma 1), Tompko omHO
cOOBITHE TIPOUCXOANIO B JHEBHOM CEKTOPE BO BPEMs IMOJOXKHUTEIbHON MarHUTHON OyxThl (21.12.2016). Ogun u3
TIpUMEpPOB 3KcTpeManbHEIX coObITHii ' UT B mepron cy60ypu (23 mekadpst 2016 rona) mokasaH Ha puc. 1.

Taoauna 1. Oxcrpemansabie coOsrtus [UT 3a meprox 2012-2022 1.1, 11 KOTOPHIX HMEIHCH TaHHBIE
o moJIIpHEIM custHUAM. OOo3HaueHus: sub — cy00ypsi, sub rec- BoccTaHoBHTENbHAS (a3a cyo0ypH,
saw sub — nepuoguyeckue cy00ypu (sawtooth events), pos — mooXxuTeNbHAsE MArHUTHAs OyXTa.

Ne Harta Bpewms, T'UT, dB/dt, SYM-H, | SYM-H AE, 1E, 1IE Tun
HTa/MuH HTxa HTa (max), BO3MYLIEHHUS
UT A (max), uTn nTa
1 29.12.2014 21.29 -20.20 124 -28 -37 438 892 940 sub
2 17.03.2015 23.13 55.55 260 2211 -234 474 1444 1690 sub
3 18.03.2015 19.13 -23.10 135 -61 -234 481 752 1120 saw sub
4 14.12.2015 21.35 21.12 114 -45 -60 325 661 1050 sub
5 01.01.2016 05.02 39.33 92 -102 -117 1234 702 1000 sub rec
6 21.01.2016 20.28 37.78 233 -37 -95 335 850 910 sub
7 25.10.2016 17.26 -41.96 253 -57 -81 1589 1606 1880 sub
8 21.12.2016 16.04 -21.17 125 -49 -55 2078 2192 2200 pos
9 23.12.2016 18.10 24.60 237 -41 -55 284 680 980 sub
10 | 27.03.2017 19.26 20.52 210 -49 -86 799 897 1620 sub
11 24.01.2019 21.15 21.00 94 -7 -33 693 742 1120 sub
12 | 27.11.2022 19.12 20.07 141 -32 -61 1000 403 1150 sub
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Pucynok 1. Moxyns ['UIT Ha cranumu VKH; Bapuanun dB/dt mo manueim LOZ; Bapuamuu X, Y, Z-
KOMIIOHEHT MarHutHoro mojs no pasaeiM LOZ; IE manexc; AE manexc; SYM-H wmaaexc mis 23
nekadps 2016 rona, 12-24 UT.
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Pucynok 2. Kaaper kamepsl Bcero Heba B oOcepBatopuu III'M “JloBozepo” mis cirydaeB
aKcTpeManbHbIX coObITHid [ UT.

Kanper kamepsl Bcero HeOa B MOMEHTBI SKCTpeMallbHBIX ckaukoB [ YT npeacrasiens: Ha puc. 2. [lepsbie Tpu cirydas
(BepxHHUH psix) OBLIH CHATHI HA YEPHO-OCIYI0 KaMepy, OCTallbHBIC CIy4Yad — Ha I[BETHYIO KaMepy. AHAIIN3 TaHHBIX
N300paKeHHI MMOKA3bIBACT, YTO B mepuoa peructparmu ckadok [T HaOmogamuchk akTHBHBIE (POPMBI TUCKPETHBIX
MOJIIPHBIX CHSIHUN (BUXpH, criupaiu). Psg coOBITHI MPOUCXOIWIT BO BpeMsl B3pPBHIBHOU (pasbl cyOOypu (B mepuon
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¢dopmupoBanus auroral bulge) — 15.03.2018, 23.12.2016, 27.11.2022, korna OobIias 4acTh MOJS 3PSHUS KaMephl
OblIa OCBelIeHa CHSHUSMU.

Kaptuny ¢opmupoBaHusi MOHOC(HEPHBIX TOKOBBIX CHCTEM MOXKHO IOJYYHTHh TaKXKe M3 MOJAEIU SKBUBAJICHTHBIX
tokoB IMAGE 2D. Ilpumep ans ciyyas 23 nexadps 2016 rona mokasan Ha puc. 3. 3 puc. 3 BUAHO popMHPOBaHUE
cpexHeMacITaOHBIX BHUXPEBBIX TOKOBBIX cHcTeM. B cmiy Toro, uro JIDIT Mypmanckoit obmactu u B Kapemnn
OpPHEHTHPOBaHA IPEUMYIIECTBEHHO B HANpaBICHUH CEBEP-IOT, TO €CTb IPAKTUYECKH MEPIECHANUPKYSIPHO
aBpOPAIbHOMY 3JIEKTPOUKETY, BUXPEBBIE TOKOBBIE CHCTEMbI MMEIOT 3aMeTHbIM Bkiaj B pocT ['MT mis manHOiM
KOH(HUTypaIuy TEXHOJOTHYECKOW NuHUH. [laHHBIE KaMephl BCero Heba 1o MOJPHBIM CHSHISIM 00NagatoT Oojee
BBICOKMM IIPOCTPAHCTBEHHBIM pa3pEIICHUEM JUI1 ONPEICNCHUS CTPYKTYPhl M AWHAMHUKH MEJIKOMAacIITaOHBIX
HNOHOC(EPHBIX TOKOBBIX CHCTEM, OTBETCTBEHHBIX 3a dKcTpeManibHble ckauku [ UT, yem monens IMAGE 2D.
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PucyHnox 3. DxBuBasieHTHbIE HOHOC(EPHBIE TOKOBBIE CUCTEMBI, OCTpoeHHbIe 1o Mozesnu IMAGE 2D
quist 23 nexadps 2016, 18:11:00 UT (cirea) m 18:11:50 UT (cmpaBa). 3eneHas Touka — odcepBaTopust
“JloB0o3epo”, 3eJIeHbIE KPYTH — MOJIE 3pEHHs KaMephl Bcero Heda.

3akiaoueHue

IMTo nannbIM Kamepsl Bcero Heba B o0cepBatopun [1I'M «JloBo3epo» nmoka3ana AMHAMUKA TOJISPHBIX CHSTHUNA BO BpeMsI
perucTpanyn SKCTPEeMaIbHBIX 3HaU€HUH TeoMarHUTHO-HHIyIMPOBaHHBIX TOKOB (>20 A) Ha nmoacTanuu BrixomHoi
(Mypmanckast obmacts). 3a 11 ner nabmonennit (2012-2022 r.r.). BBISBICHO 12 3KCTpEMAaJbHBIX COOBITHH, IS
KOTOpBIX OBUIM YETKHE JaHHBIE 110 MOJSPHBIM CHSHHAM. OKcTpemainbHble 3HaueHuss 'MT compoBoxmatorcs
JIUCKPETHBIMH ()OPMaMH MOJSIPHBIX CUSHUH C BUXPEBOW CTPYKTYpoil B 3eneHoit jgunuu (557.7 HM). Psn nukos
COTIPOBOXKIAETCS CHSIHUAMH THIa auroral bulge, xapakTepHBIX I B3pBIBHOH (a3sl cy00ypu. JAnHaAMHKa MONSIPHBIX
cusSHUA B JTMHUU 557.7 HM OTpakaeT CTPYKTYpy TOKOBBIX cucteM B E-cimoe monochepsl. Takum o0pazowm,
MIOJITBEPIKIAeTCA BRICKa3aHHAsI paHee B HAIIMX padoTax TOYKA 3PEHHMs, COTVIACHO KOTOPOIl BUXpEBbIE HOHOC(EPHBIE
TOKOBBIE CHCTEMBI JaroT cymecTBeHHBIH BKmag B poct I'UT B JIDII «CeBepHbIil TpaH3UT», OPUEHTHUPOBAHHOM
MIPEUMYIIECTBEHHO B HAIIPABJIEHUH CEBEP-IOT.

BaarogapnocTH. VccnenoBanue BBIOJIHEHO 3a cdyeT rpaHta Poccuiickoro Hayuynoro ¢onma Ne 25-17-20038,
https://rscf.ru/project/25-17-20038/ u rpanTa MuHKcTepcTBa 00pa30BaHus U HaAYKH MypMaHCKON 00JIacTH.

ABTOpBI BeIpaxatoT OnarogapHocth npoekty IMAGE (www.ava.fmi.fi/image/) 3a BO3MOKHOCTb HCIIOJIb30BAHUS
JIAaHHBIX. ABTOPBI BBIPXKAIOT OJarogapHoctsh Poinyruny A.B. 3a BO3MOXKHOCTD HCIOIb30BAHUS ONTHYECKUX JTAHHBIX
Iru.
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OIPEJEJEHUE TPEBOBAHUI K CUCTEME MOHUTOPUHT A
I'EOMHAYIMUPOBAHHBIX TOKOB B QJIEKTPUYECKUX CETAX

B.B. Baxauna*, A.A. Kysmnos, A.H. Yepnenko, P.H. [Tynosuaankos, O.B. @exsit

Tonvammunckui 2ocyoapcmeennbviil ynusepcumem, 2. Tonvsasmmu, Poccus
*E-mail: VVVahnina@yandex.ru

AHHOTanusl. TIpeqyIoKEHO PErHCTPAIUI0 TEOMHIYIUPOBAHHBIX TOKOB OCYIIECTBIATh B KPUTHYECKHX Y3IIax
NIEKTPUUECKOH CETH, BEIOOP KOTOPBIX 00YCIIOBICH TOMOJIOTUEH CETH M KOHCTPYKINEH MArHUTHOHW CHCTEMBI CHIIOBBIX
TpaHcopmaTropoB. BpImomHEH aHamM3 CYHIECTBYIOIIMX CHCTEM MOHHUTOPHHIA C PAa3IMYHBIMH THIAMH
N3MEPHUTENBHBIX IIPe00pa3oBaTeseH ¢ AIEMEHTOM X0JUIa, YCTaHABIMBAEMbIX B HEHTpaIb CHIIOBOTO TpaHCc(opmaropa.
[TpuBeneHa KOMMUYECTBCHHAs! OIEHKA T'€OMHIYLIMPOBAHHBIX TOKOB B HEHMTPAIAX CHIIOBBIX TPaHC(HOPMATOPOB B
3aBUCHMOCTH OT WHTEHCHBHOCTH I'€OMAarHUTHBIX BO3MYIICHUI M MapaMeTpoB AJeKTpuueckoi cetH. OOocHOBaH
BBIOOp TIpenena MpeoOpa3oBaHUsl W3MEPHUTENHLHOIO NpeoOpa3oBaTeNs C 3JIEMEHTOM XoJula, KOTOPBIH JOJKEH
OCYIIECTBISITHCS HE TOJBKO C YYETOM OKMIAeMOW BETMYMHBI T€OMHAYIIMPOBAHHBIX TOKOB, HO M (DOHOBBIX TOKOB,
00YCIIOBIICHHBIX HECUMMETPUEH M HECHHYCOMIAIBHOCTHIO (Da3HBIX HANpPSDKEHUH B y3Jie BKJIIOYEHHUS CHUIIOBOTO
TpaHcdopmaropa. [l MOHMTOpPHMHra TEOMHIYLHPOBAHHBIX TOKOB B HEHTpaju CHIIOBOTO TpaHcdopmaropa
MIPEATI0KEHO UCTIONB30BaTh M3MEPUTEIBHBIN ITPe00pa30BaTeIb MPSIMOTO YCHICHHUS C 3JIEMEHTOM X0JUIa, IOy CTHMAas
neperpy3Kka KOTOpOro A0CTaToYHa A7t 0€30I1acHOTO MPOTEKaH!sI TOKOB OHO(A3HOT0 KOPOTKOTO 3aMBIKAHHS.

Beenenue

MonutopuHr reouHaynupoBaHHeIXx TokoB (I'MIT) mpu reomarauTHbix Oypsx (I'MB) B pasmuuHbIX y31ax
JNEKTPUYECKON CETH MOXKET HMCHOIb30BATHCS HE TOJIBKO Al OLUEHKH CTEHNEHH Yrpo3bl KOHKPETHOMY CHIOBOMY
TpaHcopmaropy, HO H i (OPMHUPOBAHMSA TEKyIIeH OIEHKH JIOTOJHHUTEIbHOM PEaKTHBHOW HarpyskH,
TOSIBJIAIOIIEHCS TOJBKO B meprogsl 'MbB u3-3a HachleHHs CHIJIOBBIX TPaHC(HOPMATOPOB M CO3AAIOIIEH OmacHBIN
JIeUIUT peaKTUBHON MOITHOCTH. B 3T0i CBsI3H, aKTyaJbHOM SBIISIETCS 3a/1aua OTpe/IeNIeHNsI OCHOBHBIX TpeOOBaHMI
k cuctemMe MoHuTOpuHra [T B KpUTHYECKUX y3/1aX AJIEKTPHUECKOI CETH, CHIIOBBIE TPAHC(HOPMATOPHI B KOTOPBIX
Hamnbosnee ys3BUMBI K Bo3aeicTBuio I'UT ¢ Touku 3peHUs] HACHIIIEHUS MarHUTHON cucTeMbl. OZHAKO OCHOBHOM
CJIOKHOCTBIO B OCYILECTBIEHUU MIPOLECCOB MOHUTOpPUHra M perucrpauuu I'MT sBigercs To, 4TO BO BPEMEHHOU
obmactu [T mpencraBiaioT coboil peanu3alnyio HENPEPHIBHOTO CIIyYaiHOTO Ipoliecca B BHJE HENPEpHIBHON
MIOCTIEIOBATENbHOCTH OTHOMOJSAPHBIX BBIOPOCOB CO CIIyYalHBIMH BapHAlMAMH aAMIUIUTYABl U JUINTEIBHOCTH.
JlononHuTeNnbHas CII0XKHOCTh BbI3BaHa IPOTEKAHHEM B HEWTpalu CUIIOBOTO TpaHchopmaropa HpH OTCYTCTBHU
TE€OMarHUTHBIX BO3MYIICHUH «(OHOBOTO» TOKAa CO CIIOKHBIM TapMOHHYECKHM COCTaBOM, OOYCIIOBJICHHBIX
HECHUMMETpPHEH 1 HECUHYCOHJAILHOCTIO (DA3HBIX HAIPSDKEHHH 3JIEKTPUYECKON CETH B y3Jie BKIFOUCHHUS! CHIIOBOTO
TpaHchopmaropa.

KoMiuiekcHbIH OAX0 K ONpee/ieHUI0 TeOMHAYIUPOBAHHBIX TOKOB B JJIEKTPUYECKOH ceTH

PexxuM paboThl CHIIOBOTO TpaHC(HOPMATOpPa B YCIOBUSIX HACBIIICHUS MAarHUTHON CUCTEeMBI o Bo3nelictBueM [UT
HEOOXOAUMO HICHTU(QHUIIMPOBATE KAK AHOMAIBHBIA PEXKUM, KOTOPBIH C YYETOM KyMYJISATUBHOTO XapakTepa
BO3JICHCTBUS MOMET Pa3BUTbCS B AaBapUMHBI pEXHUM, CONPOBOXKIAIOUIMICS TMOBPEXKAECHUEM CHIIOBOTO
TpaHchopmaTopa. Kpome Toro, cuiioBoit TpancopMaTop, MarHUTHAsE CUCTEMa KOTOPOTO HAXOMHTCS B COCTOSHHH
HACBILEHUS, CTAHOBUTCSI HCTOUHUKOM JIOTIOJHUTEIbHOM PEakTUBHOM HArpy3ku Ha dJeKTpUUYECKYlO ceTb. [loaTomy
WACHTUQHUKAINS aHOMAIBHOTO PEXMUMa HEoO0XoanMma JUIS IMPHHATHS aIeKBaTHBIX OIEPAaTUBHO-IAUCIETUEPCKUX
pelleHuid, HampuMmep, MO CHIKEHHIO HAarpy3Kd CHJIOBOTO TpaHC(hOpMAaTropa, KOMIIEHCAMK JOMOJHHUTEIbHOU
PEaKTUBHOM HArpy3KH Ha DJIEKTPUIECKYIO CeTh. [IJist 5TOro HeoOX0IMM KOMIUIEKCHBIHN moaxo k onpeaenenuio ['UT,
YUHUTBIBAIOIINH PsIl TpeOOBaHMHA:
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- YUUTBIBATh TOIOJIOTHIO AIIEKTPHYECKOH ceTH M BbIOMpath st peructpaiuu ['UT kputnueckue ys3isl, B KOTOPBIX
BO3MOXHBI MakcuMabHble yposHu [T

- BbIOUpaTh s peructpaunu [UT cunossie TpanchopMaTopbl ¢ OPOHECTEPKHEBOW MarHMTHOM CHCTEMOH M
TpexdasHble Tpynmbl 0AHO(A3HBIX CHIIOBBIX TpaHC(OPMATOPOB ¢ OPOHEBO MAarHUTHOW CHUCTEMOH Kak HambOoiee
ysi3BUMBbIE 11 Bo3nelcTBus I T u noaBep:keHHbIE OACHOCTHU HACBIILIEHUS! MATHUTHOM CUCTEMBI II0J] BO3IEHCTBUEM
naxe ['UT, cousmepuMbIX ¢ TOKaMH X0JIOCTOTO X014,

- IPUOPHUTETHBIMHU I peructpanuu ['UT HoIKHBI SBIATHCS KPUTUYECKUE Y3IIbI JIIEKTPUUECKON CETH, B KOTOPBIX
YCTaHOBIICHBI TpeX(a3HbIe CHIIOBEIC TpaHC(HOPMATOPHI ¢ OPOHECTEP)KHEBOW MarHUTHON CHCTEMOW W Tpex(a3HbIe
TPYMITEI 0AHO(]A3HBIX CHIIOBBIX TPaHC(POPMATOPOB;

- N3MEpUTENBHBII MpeoOpa3oBaTenb Toka I peructpaunu ['MT nomken momyckaTh BO3MOXKHOCTD TUTEILHON
perucTpanuy Kak NOCTOSIHHOW COCTaBJISIOLIEH TOKa HEHTpalld CHIIOBOTO TpaHC(HOpMATOpa, TaK U TapMOHHUK TOKa
HaMarHUYUBaHUS;

- yactota uzmepsiemoro ['UT ot 0 'y 1o 0,1 T'ny;

- W3MEpHTENbHBIH IpeoOpa3zoBarens Toka s peructpaunu ['MT noimkeH BbLAEPKHBaTh NPOTEKAHUE TOKA
0IHO(A3HOTO KOPOTKOTO 3aMBIKAHHSA B TCUCHHWE HECKOJBKHX IIEPHOJOB CETEBOTO HANPSDKEHUS 10 OTKIIOYCHHS
CHJIOBOTO TpaHC(OpMaTopa JeHCTBHEM PEICHHOMN 3aINTHI;

- BBIXOJIHOM CHT'HAJ M3MEPHUTEIBHOrO NpeoOpa3oBaTelisi TOKA OJDKEH NEPeAaBaThcsl Ha OOIIETIONCTAHIIMOHHBIN
MYHKT YIpaBIE€HHUS U1 TOCHenyromeil oO0pabOTKM M HMHTETpallid C CHUCTEMHOM aBTOMATHKOM, HampHMep, c
ABTOMATHKON OrpaHUYECHHS CHIDKEHHS HATIPSKEHHUS;

- UM3MEepHUTENbHBIH npeoOpasoBatenp Toka i perucrpauun [UT nommkeH ycraHaBnMBaThbCs Ha IIKHY,
COCIMHSIIONIYIO BBIBOJI HEHTpalli CHJIOBOTO TpaHcdopmaropa ¢ 3a3eMISIOIIUM YCTPOWHCTBOM, U JIOMYCKaTh
BO3MOYKHOCTH 9KCIUTyaTaI[l Ha OTKPHITOH MJIOIIaKe B YCIOBHSIX YMEPEHHOTO M XOJIOAHOTO KIUMaTa.

[Ipu BBIMOTHEHUM yKa3aHHBIX TpeOoBaHWil OyayT perucrpupoBarbesi Toibko Te ['MT, xoTopble mpeacTaBisioT
OTIAaCHOCTb, MTOCKOJIbKY BBI3BIBAIOT HACHIIIEHHE MArHUTHOM CUCTEMBI CUIIOBBIX TpaHchopmaTopoB. Kpome toro, npu
MHHHUMAaJIbHOM KOJIMYECTBE TOYEK pPETHCTpalMu OyaeT 00ecrneunBaThCs BO3MOXKHOCTH OICHKH YSI3BUMOCTH
3NIEKTPUUECKOIl ceTn B 11esioM K Bozaeiictsuro ['MT no kputepuio neunnra peakTHBHON MOIITHOCTH M TIEPCIIEKTHUBHI
HOCIEAYIOMETO Pa3sBUTHSA «JIABUHBD) HAMPSHKECHUSL.

Bb100p 0CHOBHBIX MapaMeTPOB U3MEPUTENbHOr0 npeodpa3zosares auas perucrpauun F'UT

3a pyOeKoM CepHifHO BBIITYCKAIOTCS CIEUAIM3UPOBaHHbIE CPECTBa Al HerocpeacTBeHHoro niMepenns [UT. B
KadyecTBe MpUMepa MOKHO puBecTH npoctoit natyuk tuma GIC-4 (Dynamic Ratings), mo3Bomnstomuii m3mepste [UT
BeJIMUMHOM 10 360 A 1 BBINIOJIHEHHBIH B BHIE TpaHc(opmaropa TOKa C pa3beMHBIM CEPJACYHHKOM M JJIEMEHTOM
Xomra. bonee copepmeHHbM siBisiercs yerpoiictBo Trma ECLIPSE HECT (Advanced Power Technologies), koTopoe
kpome usmepenust [ T omnpeznenseT ypoBeHb TaPMOHUK B TOKE CHJIOBOTO TpaHC(HOPMATOPA, MOABIAIOMINXCS H3-32
HACBHIIIEHUS] MAaTHUTHOH cucTeMbl. CyIecTBYIOT CHCTEMbI HenpepbIBHOH peructparuu I T, koTopble pa3BepHYTH B
CesepHoit Amepuke Metatech Corporation u Minnesota Power [1], a Takxke emuncTBeHHast B Poccun cucrema
perucTpanuy BO3/eHCTBUS MarHUTOC(EpHBIX BO3MYyIlIeHHH Ha JuHUM d3jektporepenadn 330 kB «CeBepHbiit
Tpan3ut» Ha Kombckom momyoctpoBe. Ilocnmemnsisi meiictByer ¢ 2010 roma mojn pykoBoactBoMm I[lomspHOTO
I'eouznueckoro Mucruryra PAH (III'U PAH) coBmecTHO ¢ LleHTpOoM (H3HKO-TEXHHUYECKHUX MPOOJIEM IHEPIeTUKU
Cesepa [2-4]. Usmepenus [UT B HeHTpansax CHIOBBIX TpaHC(HOPMATOPOB M aBTOTPAHC(HOPMATOPOB MPOBOIMWIHCEH HA
psine monctannuii HanpspkeHueM 330 kB Konsckoit 3HEprocucTeMsl. B dacTHOCTH, B HEHWTpau aBToTpancopmaTopa
AT-2 noacranuuu 330 kB «Bsixoanas» perucrpuposanuck ' UT 3HauntensHo npessimaronye 100 A.

B 3apyOexxHOH u oOTedecTBEHHOW mpakTuke st MoHuTopuHra ['UT wncmons3yrorcss H3MepUTENIbHBIE
npeoOpa3oBaTeNy C 3JIEMEHTOM XO0Jula, KOTOpbIE YCTaHABIMBAIOTCS B HEHTpaaM CWIOBOTO TpaHchopmaropa H
MO3BOJISTIOT M3MEPSITh KakK MEpeMEHHbIe, TaK M MOCTOSTHHBIE TOKH [ 1,5]. CymiecTByIOT 1Be OCHOBHBIE Pa3HOBUIAHOCTH
M3MEPUTENbHBIX TPpeoOpazoBaTeNeil Toka ¢ IEMEHTOM XoJijla — MPSMOTO YCHJICHHS W KOMIICHCalnoHHbIe [6,7]. B
MepBOM Cllydyae MarHUTHOE IIOJIe, CO3/1aBaeMOe€ IEPBHYHBIM TOKOM, KOHIIEHTPHUPYETCS B MAarHUTHOW IENMH W
npeoOpasyeTcss B BO3AYIIHOM 3a30pe 3JIEMEHTOM XOJla B AJIEKTPUYECKHH CHTHAJ, KOTOPBIA YCHIMBAETCS IS
MOJyYEeHNsI Ha BBIXOJIE TPOIOPIMOHAIBHON KONMWU TEPBHYHOTO TOKAa. B M3MepHTelIbHBIX mpeodpazoBaTemsix
KOMIIEHCAI[UOHHOTO TUIAa MAarHUTHOE IOJIE MEPBUYHOIO TOKA KOMIEHCUPYETCS MAarHUTHBIM IOJEM BTOPHYHOMN
00MOTKH. BTOpHuHBI (KOMIIEHCAIMOHHBIH) TOK TeHEpUPYETCs C MTOMOIIBIO dJIEMEHTa X0JUIa U 3JIEKTPOHHON CXEMBI
W SBISIETCS IIPONOPLMOHAIBHONH KONMEH IepBHYHOrO TOKa. Vlcroip3oBaHHWEe KOMIIEHCAIMOHHOW OOMOTKH
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obecrieunBaeT Oosiee BBICOKYIO JIMHEWHOCTh M TOYHOCTH IIPEOOpa3OBaHUs, HO CYIIECTBEHHO OIPaHUYMBAET
Neperpy304Hy0 CIIOCOOHOCTh W3MEPHUTENILHOTO IpeobpasoBateis. KpaTHOCTh meperpysku 1o NEepBUYHOMY TOKY
M3MEPHUTENBHBIX peoOpa3oBareneil KOMIIEHCAIIHOHHOTO THIIA He MPEBBIIIAET, KaK NpaBuio, 3HaueHui (1,5 - 2,0).

Jonyctumas meperpyska M3MEpUTENbHBIX MpeoOpa3oBareieil NpsMOTo YCHICHUS! W3-32 OTCYTCTBUSI BTOPUYHOU
OOMOTKM BHOJIHE COM3MEpPHMa C TOKaMH OICKTPOJHMHAMUYECKOW M TEPMHYECKOH CTOHKOCTH CTaHIapTHBIX
JJIEKTPOMAarHUTHBIX ~ TpaHcopMaTopoB Toka. Hampumep, JomycThuMas —Ieperpy3ka  HM3MEpHTEIbHOTO
npeoOpaszoBarens npsimoro ycwienus tuna SZIHA-800...5000 cocrasuser 30000 A-But [7]. Ecnu nepBUYHBIM
BUTKOM SBJIICTCS IIMHA, COSANHSIOAs BBIBO HEHTPaIM CHIIOBOTO TPAaHC(HOPMATOpa ¢ 3a3eMIIIOIIIM YCTPOHCTBOM,
TO JOIyCTUMAasl TIeperpy3Ka U3MEepHUTENILHOTO IpeoOpaszoBarens coctaBuT 30 KA.

BBIOOp KOHKPETHOTO THIIa U3MEPUTENBHOTO MPeoOpa3oBaTeis MPSIMOTO YCHICHHUS MOXKET IPOBOJHUTHCS C YUETOM
HOMHHAQJIBHBIX MapaMeTpOB CHJIOBOI'O TpaHC(hOpMaTopa M IapaMeTpOB NPHUMBIKAIOMIEH 3JIEKTPUYECKOH CEeTH,
KoTophle omnpexaensitoT BenumunHy [T, mporekarommx B HEWTpain, a TaKKe TaKHX IIOKasaresieil KadecTBa
QJIEKTPO’HEPTHMH B y3Jie BKJIIOYEHHS CHIIOBOTO TpaHC(hOpMaTopa, Kak Kod(pQUIMEHTHl HECUMMETPUH |
HECHHYCOUIAIBHOCTH (pa3HBIX HANPSDKEHUI, KOTOPBIE ONPEeIAI0OT BETMYNHY TOKOB HyJIEBOH MOCIIEIOBATEILHOCTH.

Ipu mnoserenun I'MT, nOCTaTOYHBIX 1O BEIMYMHE [UIsl HACHIIICHHS MAarHATHOH CHCTEMBI CHIJIOBOTO
TpaHchopMaTopa, B YCIOBHAX HAPYIICHHS CHMMETPHH U CHHYCOUAAIBHOCTH (Da3HBIX HANpPSDKEHHH TOK B HEHTpamu
NPHOOPETET CIIOKHBII TApPMOHHYECKHH XapaKTep

IN =3- (IFI/IT + 1(0) + Z;ok I3k)a (1)

rae Ipyr — TEOMHIYIMPOBAHHBIH TOK, OOYCIOBJICHHBIM T€OMATHUTHBIMH BO3MYIICHUAMH; [y — TOK HYJIEBOH
MTOCIIEIOBATENIFHOCTH OCHOBHOM 9acToThl 50 I'1, 00yCIIOBICHHBIN HapyIICHHEM CUMMETPUH (Da3HBIX HAMPSIKCHUM;
I3, — TOK rapMOHHUK HYyJIEBOH mociienoBarenbHoCTH (k=1,2,3...), 00yCIOBICHHBIX MPH OTCYTCTBUU F€OMarHUTHBIX
BO3MYIICHUIN HapylICHHEM CHHYCOMIAIBHOCTH (ha3HBIX HAMPSHKEHUH, a B TIEPHOIBI TEOMATHUTHBIX BO3MYIICHUH —
KaK HapyUICHUEM CHHYCOMJAILHOCTH (DAa3HBIX HAIMPSDKCHHUN, TaK M HACHIIICHHEM MAarHUTHOW CHCTEMBI CHJIOBOTO
Tpancdopmaropa.

Benmununna 'UT onpezensieTcss HHTEHCUBHOCTBIO T€OMarHUTHBIX BO3MYIIEHUH, KOTOPblE HHULIMUPYIOT MOSIBJICHUE
TOPU30HTAIFHON KOMIIOHEHTHI T'€O3JIEKTPUUYECKOTO TMOJsI, U BEIUYMHON CYMMAapHOTO aKTUBHOTO COMPOTUBJICHUS
koHTypa nporekanus [8]. KonmuectBennsie oneHku [ UT OyayT npenenbHBIME I CHIIOBBIX TPaHC(OPMATOPOB Kak
Y3JI0BOM, TaK M TYHHKOBOHM MOJCTAHIWI paJHANbHOW CETH, €CITU Tpacca TOJBKO OJHOW Bo3mymrHoW juauU (BJI)
COBIAJAET C HaIpaBJICHHEM BEKTOpa HanpsukeHHOcTH E reosnekTpuyeckoro mojs, a Tpacchl ocTanbHbIX BJI
MEPIICHANKYISIPHBI  BEKTOPY HampsbkeHHocTH E reosnmekTpudeckoro moma. s atoro cimydas B Tabmumme 1
npencrasnenbl pacdyerusie 3HaueHus ['UT (Irypey) B HEHTpamu CHIOBBIX TPAHCHOPMATOPOB HOMHHAILHOM
MornHOCcThI0 200 MBA (y3moBast moacranmus) 1 40 MBA (TynukoBast MOICTaHINS ), CBI3aHHBIX BO3IYIIHON JIMHUEH
HOMHUHAIBHBIM HanpsbkerueM 220 kB npotsbkennocTsio (1) ot 50 kM 10 400 kM.

Tadauna 1. Konnuectennsie onenku ['UT B HeliTpansix CHIIOBBIX TPaHC(OPMATOPOB, CBA3aHHbBIX BJI
220 xB pa3nu4HOil NPOTSHKEHHOCTH.

Iryr, A
[, kKm
1,0 5,0 10 15 20 25

50 11,82 59,1 118,2 177,3 236,41 295,51
14,73 73,64 147,28 220,91 294,55 368,19
100 15,64 78,19 156,37 234,56 312,74 390,93
21,14 105,71 211,42 317,12 422,83 528,54
200 18,64 93,2 186,39 279,59 372,79 465,98
27,05 135,23 270,45 405,68 540,91 678,13
400 20,62 103,12 206,24 309,36 412,48 515,6
31,42 157,11 314,22 471,33 628,44 785,55
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IIpencraBneHHble JaHHBIC CIIy)KaT MpeJeIbHBIMU OLIEHKaMHU BO3MOXHbIX 3HaueHuil [UT, mpuuem B yuciuresne
npezcrasiensl 3HaueHus [UT npu Beimonnenun BJI npoBomom AC-240, a B 3HameHarene — 3HaueHus [UT npu
BeimosHeHnu BJI mpoBomom AC-400. Kak BHIHO, B 3aBUCHMOCTH OT MPOTAKEHHOCTHU, reorpadUuecKoil OpUCHTAINH
BJI n Bexropa HanpspkeHHOCTH E reosnextpuueckoro noist BennunHa ['UT B HelTpanu cHIIOBBIX TpaHC(HOPMATOPOB
MOJKET U3MEHSATBCA OT €IUHUIL IO COTEH aMIIep.

Tok HyeBoit mocIe[0BaTeIFHOCTH OCHOBHOM "acToTh! 50 I'I1 mpu HapymeHIH cUMMETPUH (a3HBIX HANPSHKEHIH
HETIOCPEJICTBEHHO B y3Ji€ MOAKIIOUEHHsS CHJIOBOTO TpaHc(hopMmaTopa ¢ Hambojee pacHpOCTPaHEHHOH CXeMOH
coemrHeHHUsI 0OMOTOK Y, /A MOXXHO 3aIucath B BHIC

Itoy = (1,05 — 1,25) "Zﬂ o, @)
k% HOM
rae Ky — KOOQOHMIMEHT HeCUMMETpUH (a3sHBIX HANPSKCHUM IO HYJICBOH IOCIENOBATEIBHOCTH; Uy,
HaIpsHKeHHE KOPOTKOTO 3aMbIKaHUsI CHJIOBOTO TPaHC(HOPMATOpa, BEIPAXKEHHOE B MPOLEHTAX; Sy, — HOMUHAJIbHASL
MOIITHOCTh CHJIOBOTO TpaHcdopmaTopa; Uy, — HOMHHAIBHOE HANPSHKEHUE CHIIOBOTO TpaHC(OpMaTopa.

Bripaxxenue (2) mo3BONSIET OIGHUTHh BEJIWYMHY TOKa HYJIEBOHW IIOCIEAOBAaTEIbHOCTH OCHOBHOM YacTOTHI IO
MAacMOPTHBIM JIaHHBIM CHJIOBOTO TpaHc(hopMaTopa W peajbHOW HecUMMETpuH (a3HBIX HampsDKeHUH B y3ie
MOAKIIIOYEHHs] CHJIOBOTO TpaHcdopMmaropa B IJEKTPUUECKYIO ceTh. BennunHa kod(pduureHTa HECUMMETPHH He
JOJDKHA TpeBBIIATh 2% B TedeHne 95% BpeMeHN HHTEpBaja B OAHY HENelo, T.e. He Oornee §,4 yaca HeTIpephIBHOM
HECUMMETpHUH ¢ Kod(pduiueHToM 2%, 00 ciIydaifHble BCIUICCKH Pa3iNYHON MPOMOJDKUTEIBHOCTH KaXKABIH, HO
CYMMapHOH MPOJODKUTEIBHOCTEIO He Oonee 8,4 daca [9].

Hanpumep, npu ky gy, = 2%, NacHOPTHBIX MapaMeTpax CHIOBOrO TpaHcdopMaropa Syoy = 200 MBA, Uy, =
220 kB, ugy, = 12% neiicTByrolee 3HaYEHUE TOKA HYJIEBOM MOCIENI0BATENBHOCTH COCTABUT I(O) = (160 + 190)4,
AeficTByIoNIee 3HAYEHUE TOKA HEHTpanu cocTaBuT Iyy = 3 * I(g) = (480 + 570)A. Ecnu cunosoii tpancpopmatop
cBsizaH ¢ ekTpuyeckoit cetbio BJI 220 kB ¢ npoBogamu AC-400 u npotsxeHHOcThIO 200 KM, TO B HEHTpanu mpu
HaINPsHKEHHOCTH TOPU30HTAIEHOW KOMIIOHEHTHI TeodJiekTpruaeckoro moist Ey = 20 B/km Bemmunna TUT mocturaer
3Ha4YeHUs ~628 A, a aMIUIUTyZa CyMMapHOTo TOKa HeHTpanu 6e3 ydeTa BBICIIMX MAPMOHHUYECKUX COCTaBIISIOLINX
JIOCTUTHET 3HAYEHUS Iy (aym) = 628 + V2 - (480 + 570) = (1307 + 1434)A.

B kadectBe npuMepa B TabiMie 2 MpeACTaBlIeHbl OCHOBHBIEC MapaMeTpbl H3MEPUTEIHHOTO Mpeodpa3oBarelisi TOKa
tuma SZ9HA-800 mpomsBomctea OOO «TBEJIEM», mpemen mpeoOpa3oBaHUS KOTOPOTO YIOBIETBOPSET
MOIYYEHHBIM BBIIIE 3HAYEHUSIM aMIUIMTY Il CyMMapHOro TOKa HeifTpanu [7].

AHaJIOTHYHBIM 00pa3oM MOXKHO IIOJNyYHTh IIPEJEIbHYIO OLEHKY aMIUIMTYIbl CyMMAapHOTO TOKa B HeWTpanu
CHJIOBOTO TpaHc(opMmaropa HpH JIOOBIX JAPYTMX 3HAYEHUSX HOMHHAIBHOW MOIHOCTH C YY€TOM COOCTBEHHBIX
napaMeTpoB npuMbIKaromux BJI, kadecTBa 3JIEKTPO3HEPTHU B y3Jie MOAKIIOUEHHS CHIIOBOTO TpaHc(hOpMaTopa,
MHTEHCUBHOCTH I'€OMarHUTHBIX BO3MyIIeHHH. C y4eTOM MOJIYYEHHOTO 3HAYCHUS aMIUIUTYAbl CyMMapHOTO TOKa B
HEUTpaqum CHJIOBOrO  TpaHcopMmaTopa HEOOXOOMMO BBIOMpAaTh M3MEPHUTEIBbHBIM  IpeoOpa3oBaTenh C
COOTBETCTBYIOLIUM IPEeIoM MpeoOpa30BaHMs CHIIBI TOKA.

Tabdauua 2. OCHOBHBIE XapaKTePUCTHKN U3MEPUTENBHOTO peodpa3oBares Toka npssMoro ycwienus SZIHA-800.

[MepBuunsblii ToK, A(3D D) 800

Junanazon mpeobpasoBanus, A + 2400
Jomycrumas neperpyska, A-BUT 30000

BrixomHoe Hanpsbkenue, B 4,0+ 0,04
DnexkTpudeckas MpoyHocTh n3ossinun, B (50 I'i, 1 MuH) 1500
TounocTh peobpazoBanus, % <+1,0
HenuneitnocTs peobpazoBanus, % <+1,0
YacroTHbli auanaszoH, kI (-31b) 0...25

Pabouas Temmeparypa, °C -40...+85
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3akiarouenmne
Jlist IporHO3MpOBaHus JeuyuTa peaKTHBHON MOIIHOCTH W HPUHATHUS aJeKBATHBIX JUCHETYEPCKUX PELICHUH 110
MIPEAOTBPALICHUIO HEJOMYCTUMBIX CHIDKCHUI HAIIPSHKCHUS B y3JIaX 3JIEKTPHUUECKOI CETH IPH T€OMarHUTHBIXOYpSX
HeoOXomuMo KoHTponumpoBats BemmunHy [UT B HelTpamsix tpex¢asHBIX CHIOBBIX TPaHC(HOPMATOPOB C
OpOHECTEP)KHEBOM MarHUTHOW CHCTEMOW W Tpex]asHbIX Trpynn OAHO(A3HBIX CHIIOBBIX TPaHC(HOPMATOPOB C
OpOHEBOI MarHUTHOM CUCTEMOI1, YCTaHOBJIEHHBIX Ha Y3JIOBBIX U TYIHUKOBBIX MTOCTAHIUSIX.

st monuropunra I'MT HeoOXoanMO HCIIONB30BaTh N3MEPHUTENBHBIN NTpeo0pa3oBaTelb TOKA MPSMOTO yCHIICHHS,
npezien npeodpa3oBaHuss KOTOPOTo BEIOMPAETCS C YUETOM OXKHIAeMOM BEIWYMHBI AIuTeNbHO nporekaonmx [UT u
YPOBHSI TapMOHUK HYyJEBOH IOCIENOBaTEeIbHOCTH B COCTaBe ToKa HeWTpanu. J[lomycTumas meperpyska
N3MEPHUTENBHOTO TpeoOpa3oBarTensi TOKa [JOJDKHA JOIMYyCKaTh BO3MOKHOCTH MHPOTEKAHMS TOKOB OJHO(A3HOTO
KOPOTKOTO 3aMBIKaHMA B TEUCHHE 4+5 MEpHOZOB CETEBOIO HANpPSDKCHUS, NpeeibHas BEIMYMHA KOTOPOTO
OTIpEETISIETCS MACIIOPTHBIMY NTapaMeTPaMy CHIIOBOTO TpaHC(opMaTopa.
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HOYHBIE ABPOPAJIBHBIE BBICBITIAHUA ITPU OKCTPEMAJIBHBIX
YPOBHSIX TEOMATHUTHOM AKTUBHOCTH

B.I". Bopo6ses!, O.U. droaxuna', E.E. Autonosa>’

Honapnouii 2eouzuueckuii uncmumym, 2. Anamumot (Mypmanckas o61.)

2Hayuno-uccredosamenvckuii uncmumym aoephoti pusuxu umenu J1.B. Crobenvyvina Mockosckozo
eocyoapcmeennozo yHusepcumema umenu M.B. Jlomonocosa, 2. Mockea

3HHcmumym Kocmuyeckux uccreoosanuil, 2. Mockea

AHHOTauusl. VccienoBaHbl XapakTePUCTUKH HOYHBIX ABPOPANIbHBIX BBICHIMAHUNA M aBPOPAJIBLHOTO CBEYCHHS B
YCIIOBHSX SKCTPEMAbHO HU3KON U SKCTPEMAILHO BBICOKOH MarHUTOC(EPHOM aKTUBHOCTH. VICTIOIBb30BaINCH JAHHBIC
cIyTHHKOB cepu DMSP u anroputmsl pacueTa BeIWYMHBl HOHHOTO JAaBJICHUS M WHTErPalbHOM MHTEHCHBHOCTH
ceeuenust smuccun (OI) 557.7 mm. OmnpeneneHsl ycpeIHEHHbIE IIMPOTHBIE NMPOQHUIM HOHHOTO JaBJCHUS WU
WHTEHCUBHOCTU aBPOPAIBHOI'O CBEYEHHS B MarHUTOCIIOKOMHBIC TIEPHOJIBI M BO BpeMs OOJBLIMX MAarHUTHBIX Oypb.
IIpencraBieHo ypaBHEHHE PETrpecCHH, CBA3BIBAIOIIEE HCIPABICHHYI0 TI'€OMAarHUTHYIO LIHPOTY SKBAaTOPHAIbHOM
I'paHMILIBI BBICBIIIAHUH ¢ YPOBHEM MarHUTHON aKTHUBHOCTH M YpaBHEHHE PErPECCHH, TO3BOIISIONIEE OLCHUTh BETHINHY
MOHHOTO JaBJICHUS] HA 3TOW TPAaHHUIE B 3aBHCUMOCTH OT €€ INHUPOTHI. YPAaBHEHUS MOTYT OBITH HCIIOJIB30BAHbI JUIS
MEPUOOB C OUEHb BBICOKUM YPOBHEM MarHuTHOW akTUBHOCTH Dst>-600 uHTn u AL>-2000 uTn.

1. BBenenne

B monmyHOYHOM ceKkTOope aBpOpajbHOW 30HBI INPU O4YEHb HHU3KOM YPOBHE MArHWTHON aKTHBHOCTH CHSHHS
PETUCTPHUPYIOTCS HA UCTIPaBIEHHBIX T€OMarHUTHBIX mupoTax ®'~70°-72° CGL, B To BpeMsi Kak IIPU BEICOKOM YPOBHE
MarHUTHOM aKTMBHOCTH CHSHHS HAOJIIOJAt0TCS B O0JIbIIOM HHTEpBase mupoT ot ~60° CGL no ~74° CGL. 3aech B
KauyecTBe IIMPOTHOT0 MHTEpBaJa IPE/ICTaBICHbl pa3Mephl OBaja MOJSIPHBIX CUSHUM MO JaHHBIM paboThl (Feldstein
and Starkov, 1967) nipu nHIEKCaX MarHUTHOW aKTMBHOCTHU B aBpopaibHoii 30He Q=0 u Q=8 cootBeTcTBeHHO. [IpH
Q=8 B eBpomeiickoil acTu TeppuUTOpHK Poccum 3KBaTOpHalbHAs TPaHWIA OBala CHSHUHM OyAeT pacroiararhCs
MPUMEPHO Ha MIMPOTaX T. ApxaHrenbcka. OJJHAKO XOPOIIO U3BECTHO, UTO B IIEPUO/IbI MHTEHCUBHBIX MATHUTHBIX Oypb
TOJISIPHBIE CHSHUS HAOJIIOAAINCH B CPEIHUX M 1a)Ke HU3KHX MINPOTaX.

Bo Bpemst MarHMTHBIX Oypb NMPOMCXOANT Pa3BUTHE KOJIBIIEBOTO TOKA, MEPOH MHTEHCHBHOCTH KOTOPOTO MOXET
ciryuTh BennurHa Dst nHnekca. Briustaue konbueBoro Toka (DR) Ha mosno)xeHune rpaHuIl oBajla CHSHHUH BIIEpBbIC
OBLTO 0TMedeHO B pabote (Feldstein and Starkov, 1968). ABTopamu 3T0# pabOTHI OBLTO TIOKA3aHO, YTO C YBEIHMYCHHEM
uHTeHcMBHOCTH DR 9KkBaropuanbHas rpaHuia oBajia CUSHUH NpH (PUKCHPOBaHHBIX 3Ha4yeHUsX Q — MHAEKca
cMmeraercs K skBatopy. B pabote (Cmapkos, 1993) mpencraBieHo ypaBHEHUE PETPECCHU, CBS3BIBAIOIIEE MIUPOTY
9KBATOPHAJIBHOW IPaHUIIbI AUCKPETHBIX (GOPM CUSIHHH ¢ BETMUUHOM jorapudma Dst-nHnekca.

[NosnoxeHue rpaHMI] OBaja CUSIHUH MOXXHO ONPENENUTh HE TOJbKO M0 ONTHYECKUM HaOJIOJCHUSIM aBPOPAIbHOTO
CBEUEHHS], HO U 10 U3MEPEHUSIM XapaKTEPUCTHK BBICBHIMAIONIMXCS YaCTHIl HA HU3KOBBICOTHBIX CITyTHHKaX. B padote
(Vorobjev et al., 2013) npexncTaBieHa 3MIUpUIECKas MOJACTh aBPOPAIBHBIX BEICHITaHUi (APM), momydeHHas: 1o
HaOMIOEHUsIM CITyTHUKOB cepurt DMSP, koTopast oKa3bIBaeT IJIaHETAPHOE paclipeeleHie pa3IndHbIX o0nacTei
9JIEKTPOHHBIX BBICHIIIAHWH M MX CpEIHHE XapaKTEPUCTUKH B 3aBHCHMOCTH OT ypPOBHS MAarHWTHOM aKTUBHOCTH,
BeIpaXKeHHON BenmmunHamMu AL- u Dst-mnnexcoB. OpHaKo NPUMEHHMOCTb MOJENW OTPAaHMYEHA MarHUTHBIMH
Bo3mymieHnsME ¢ |[AL| <1500 #Tn u |Dst| <200 5T, B 0067acTH KOTOPHIX MOJI0KEHUE TPAHUII BRICHITIAHHUHN OTIPEIEIICHO
10 CTATHCTHYECKN 3HAYNMOMY HaOOpy JaHHBIX.

Lenbto HacTOsIIECH pPaOOTHI SBJSIETCS U3YyUSHUE CTPYKTYpPbl HOUHBIX aBPOPAIbHBIX BBICBIIAHUI B AKCTPEMAIIbHO
MarHMTOCHOKOWHbBIE M IKCTPEMAJIbHO MarHUTOBO3MYIICHHbIE MEPUOIBI M HCCIIEIOBaHIE 0COOEHHOCTEH IMPOTHOTO
npoduis XapakTepUCTHK DJIEKTPOHHBIX W HMOHHBIX BBICHIIIAHUHA B Takue mepuoisl. OnpenesieHo MOoJ0KEHHEe
9KBATOPHAJIBHOW I'PAHHUIBI 00JIACTH aBPOPAJbHBIX BBICHIIIAHHMI B MEPUOJIbI CHIBHBIX MAarHUTHBIX Oypb M CPEIHss
BEJIMYMHA HOHHOTO JaBJICHHs HAa ATOH IpaHuIle.

2. JlaHHbBIE M1 METOAUKA

Jis aHanu3a XapakTEpUCTHK aBPOPAIbHBIX BBICHINAHUI UCIONB30BANUCH JaHHblE cnyTHUKOB DMSP F7 u F9 B
nonrotrHoM uHTepBase 21:00 - 24:00 MLT. CriyTHUKM MMeJH MOYTH KPYTOBYIO MOJISIPHYIO OpOUTY ¢ BbIcoTOH ~840
KM 1 niepuogoM obpamienns ~101 mun. Kaxayro ceKyHay Ha CITyTHHKaX PETUCTPUPOBAJICS CIIEKTP BBICHIIAIOIINXCS
yacTull B nuamazoHe sHepruid oT 0.3 3B mo 30 k9B B 19-m kanHamax, pachpegeNeHHBIX IO PHEPTUsM B
norapuMUUECKON MOCIeI0BATEILHOCTH. JlaHHbIE CITyTHUKOB B3SITHI HA CTPAHMIAX http.://sd-www.jhuapl.edu.
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[Ipyn aHanm3e XapakTePUCTHK aBPOPANBHBIX YaCTHL, KPOME HMX CPEJHUX DHEPrHi U IIOTOKOB JHEPIHH, JUIs
BBICHINTAIONINXCS HMOHOB HCIIOJIb30BaHBl 3HAUYCHHS HMOHHOIO JaBJCHHS, a JUI BBICHIIAIOIINXCS DJICKTPOHOB
HWHTEHCUBHOCTH cBeueHus B amuccr (OI) 557.7 aum. Metoanka onpeaenerns noHHOTo nasieHus (Pi) mo m3amepenusm
cnytHHKOB DMSP Obima omy6nmkoBaHa B pabote (Stepanova et al., 2006). AnroputMm pacuyera HHTETPaIbHOM
HHTEHCUBHOCTH cBeueHus smuccun (OI) 557.7 am mpexncrasien B pabote (Bopobwves u op., 2013). B xadectBe
BXOJHBIX [IAPaMETPOB HUCIIOIB30BAIUCH CPEAHSS SHEPT U U HHTETPAIBHBINA IIOTOK SHEPTUH BBICHITAOLINXCS YaCTHII,
MIpeJCTaBICHHBIC HA CTPAaHUIAX http.//sd-www.jhuapl.edu.

3. CpaBHUTe/IbHbIE XapaKTePHUCTUKHU BbICHINAHUI MPU HU3KOM H BHICOKOM YPOBHE MAarHUTHOM
AKTHUBHOCTH

JIiist m3ydeHns MUPOTHBIX MPOQHIEH HOHHBIX U 3JIEKTPOHHBIX BBICHINAHHUN B MIEPHUOBI BOSMYIIICHIH UCTIOIb30BAHbI
HabmroneHus ciytHUKa F7 B mepuon crmbHOM MarHuTHO# Oypu 07-09 deBpanst 1986 r. ¢ Dst=-307 aTx B MakcuMyme
Oypu u maHHBIe criyTHHKAa F9 B mepwon ruranTckoit MarHuTHOH Oypm 13-14 mapra 1989 r. ¢ Dst= -589 uTn B
MaKCHMyME BO3MYIIEHHs. XapaKTEePUCTUKH aBPOPAIbHBIX BBICHITAHMH B CIOKOHHBIC MEPHOIBI OBIIM MOTYyYEHBI
cnytHukamu F7 u F9 3a cyTkn 1o Hayana MOMMEHOBAHHBIX BBIIIE MAarHUTHBIX Oypb M IO AaHHBIM CIlyTHUKa F7 B
JKCTpPEMAIIbHO CIIOKOIHBIE mepuoAbl 1986 T., u3BecTHOro Kak roj crnokoitHoro CojHila B MUHHMYyMe 21 mmkiia
COJIHEYHO! aKTUBHOCTH.

AHanu3 CIyTHHKOBBIX JaHHBIX ITOKa3bIBAaeT, YTO LIMPOTHOE pPACHpECSICHHE XapaKTEPUCTHUK BBICHINAIOIIMXCS
3JIEKTPOHOB Y MOHOB B aBPOPAJILHON 30HE KpaiHe M3MEHYMBO M 3aBUCHUT KaK OT COCTOSHHS MEXIUIAHETHOM Cpesbl,
TaK U OT YPOBHA BO3MYIIEHHOCTH MarHuTocgepsl n HoHOc(hepbl. OnpeneieHHbIE CBEACHUS 00 OCOOCHHOCTSX
IIAPOTHOTO PACTpECICHUS. BBICHINAHUNH B Pa3MUYHBIX TE€O(PU3MUECKHX CHUTyalUsX MOTYT JaTh WX CpEAHHE
XapaKTEpUCTHKH, MONydeHHbIe ciyTHHKaMu DMSP B pasHble neproabl BpEMEHH, HO MPU CXOAHBIX T€OMAarHUTHBIX
ycnoBusix. st HOydeHns CPEIHNX XapaKTEePHCTHK HEOOXOANMO BBIIEIUTh HEKYIO 0COOYIO WIIM PENEpHYIO YepTy
BBICBIIIAHNH, KOTOPYIO MOXHO OBUIO OBI ONpENEeNUTh B KOKIOM IEPECEUCHHN CIYTHHKOM aBPOPATBbHON 30HBI, H
OTHOCHTEJIEHO KOTOPOH ¢ (hM3UIECKON TOUYKH 3pEHUS 11e7IeCO00pa3HO ONpeAeNATh XapaKTePUCTHKY BBICHITaHUHA. B
Ka4yecTBe TAaKOW pernepHOW TOYKM Ha INUPOTHOM MNpoduie BBICHINMAHWK B3sTa MIMPOTa SKBATOPUAIBHOM TPaHHIIBI
n3oTponHsIX Beickinanuii (I'MB).

HluportHbie mpoduian noHHOro aaineHus (Pi) MMEOT XOpOINO BBIPAKEHHBI MAaKCUMyM KaK B CIIOKOHHBIX
YCJIOBHSIX, TaK U B TIEPHOJI IKCTPEMAIILHO CHJIBHBIX T€OMarHUTHHIX BO3MYILEHHUH, popMHpOBaHHE KOTOPOTO MOXKHO
MOHSATD U3 CleAyIoUMX cooOpaxkeHnil. C yMEHBIIEHUEM PaJMaIbHOTO PACCTOSIHUS BEJIMUMHA MOHHOTO JIaBJICHUS B
9KBaTOPHAIBHON TNIOCKOCTH MarHUTOC(epbl €CTECTBEHHBIM 00pa3oM BO3pacTaeT 110 Mepe YBEIHYECHHUS IUIOTHOCTH
1a3mbl. OIHAKO IIPH HEKOTOPOM MPHUOIIMKEHNH K 3eMJIe TJIa3Ma CTAaHOBHUTCSI aHHM30TPOITHOM, PE3KO YBEIMYMBACTCS
HonepeyHas KOMIIOHEHTa HOHHOTO JaBJIEHHs M MaJaeT €ro MpoAOJIbHAas COCTaBisifomas. Tak Kak CIIyTHHK
PETHCTPUPYET TOJNBKO BBICHIMAIONIMECS] YaCTUIBI, T.€. TMPOAOJIBHYIO cOCTaBisfonlyto Pi, B mmpoTHOM npoduie
naBieHnst GOpMHUpPYETCsl YETKO BBIPAXKEHHBIH MAaKCHMyM, KOTOPBIH MOXKHO paccMaTpHBaTh KakK SKBAaTOPHAIBHYIO
TpaHUIly H30TPONHBIX BhIckanwii (['1IB).

Cpennune mupoTHBIE pactpenaeneHus noHHoro nasienus (Pi) m maTeHCHBHOCTH cBedeHus (Iss77) B criokoiiHble
MepHOJIBl TIOKAa3aHbl Ha BepxHel manenu puc. 1. K crokoifHEIM neproaaM OB OTHECEHHI MPONeTHl ciyTHHKa F7,
HabJro1aeMble IIPHU HU3KOM YPOBHE MarHUTHOHM akTuBHOCTH (AL>-100 HT:) 1 py OTCYTCTBUM MarHUTHBIX BapHaIHi
amruinTyzoi 6osnee 50 HTI BO BpEMEHHOM HHTEpBAJE HMPUMEPHO 2 U A0 M IOCIE PETUCTPAIMH CITyTHHKOM
BBICHITIIAHNH aBPOPaIbHOM 30HBI. KpHBBIE MOTyueHBI METOZOM HAJIOKEHHSI 3110X OTHOCcHTENbHO I B 1 npunostocHoH
rpaHuIpl BbICkIanuii b6 no 20 nponeram cryTHUKa. [IInpoTHBIN MPOGUIL HOHHOTO AaBJICHHS [TOKa3aH Ha BEPXHEH
naHenu puc. la. Cpennue 3HaueHus: MHAEKCOB Dst 1 AL yka3plBaroT Ha OY€Hb HM3KUH YPOBEHb I'€OMAarHUTHOM
aKTUBHOCTH [UIA OTOOpaHHBIX cOOBITHI: <AL>= -12 HTn, <Dst>= -2 HTn. [lonoxenne 'IB otmeueHo Ha puc. 1
HITPUXOBBIMH BEPTHKAIBHBIMU JIMHUAMHU. B 3KCTpeManbHO COKOMHBIE nepuo sl cpeauss mupora ['MB cocraBnser
O’'=68.3° £ 0.6° CGL, a cpennss BenuurHa HOHHOTO AaBiieHus1 B Makcumyme ~0.6 Hlla.

Ha puc. 16 ropusoHTanbHbIE MITPUXOBBIE JIMHUU OINPEAEISIIOT MIPUMEPHYIO TPaHUIy MEXAY CyOBH3yalbHBIM U
BU3YyaIbHBIM aBPOPAJILHBIM cBedeHHeM. CBeueHHe B MArHUTOCIIOKOHHBIH IIEPHO/] MOXKHO OTHECTH K CyOBH3YaJIbHBIM
WA OYEHB CIa0BIM MOJIIPHBIM CHSHHSAM C BOSMOXXHBIMU PE3KHUMH JIOKAIFHBIMU YBETUYEHHUSIMH HHTCHCUBHOCTH Ha
mmporax Beimie [ YIB, koTopsie MOTYT OBITH CBS3aHBI C AyTaMH IOJSPHBIX CUSTHUA MHTEHCHBHOCTBIO IO HECKOJIBKUX
kP.

Ha mikHel manenu puc. 3 mpeacTaBieHsl cpeHre MUpoTHBIE podumn Pi u Iss77 B akcTpemMansHO BO3MYIIICHHBIE
nepro il MarHuTHOU Oypm 13-14 maprta 1989 r. [l mocTpoeHns cpeIHUX MIUPOTHBIX MpoduiIel OpUIH 0TOOpaHBI
mponetsl criyTHUKa F9, B mepuon kotopeix I'MIB pernctpupoBanacs Ha @'< 55° CGL. Takux mposieToB 0Ka3aioch
JiecsTb npu cpepneM ypoBHe <AL>= -790 uTn u <Dst>= -320 HTx.

HIuporusie npodum Pi n Iss77; Ha BepXHe# 1 HU)KHEH NaHeNsIX pUCYHKa ITOCTPOEHBI B OTHOM M TOM € HHTepBaJie
HIMPOT U SICHO YKa3bIBAIOT HAa 3HAUMTENbHOE 3KkBaTopuansHoe cMmenienue ['MB ot @'= 68.3° CGL B skcTpeManbHO
criokoiiHble mepuoasl 1o ®'= 52.9° + 1.2° CGL B nepuox MarHutHOW Oypu. BeianumHa MakCMMyma HOHHOTO
JIaBJICHUS TAKXKE 3HAUYUTEIBLHO yBEIMYMBACTCS B IIEPUOJ] MATHUTHON OypH 110 CPAaBHEHHUIO CO CIIOKOWHBIM IEPHOIOM
u B cpegaeM cocraBmieT Pi ~ 10 ulla. Hlupora mpumoiaroCHOI rpaHUIB BEICHIIIAHUI B TIEPHOA MarHUTHOH Oypu
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WCIBITHIBAET 3HaUUTENbHBIE Bapuauuu oT ~62° CGL o ~80° CGL npu cpeaHem 3HadeHuu mmpoTtsl <O > ~71° CGL,
YTO COOTBETCTBYET JaHHBIM Mozenn APM i Takoro CpeHero ypoBHsI MarHUTHOM aKTUBHOCTH.

[IInpoTHOE pacmpenencHne MHTCHCUBHOCTH aBPOPAIbHOTO CBEUCHHS B NEPHOA MAarHUTHOW OypH HEOJHOPOIHO
(puc. 16, mmxuss manens). [lonsapuele cusHUS spKocThio B 10-12 kP pernctpupyrorcs B 3KBaTOPHAIBHON YacTH
BEICHITaHWH Ha mupoTax ot [ UB 1o ~60° CGL B 00macTy OONBIIMX OTPHLIATENHFHBIX TPAIHCHTOB HOHHOTO TABICHUS.
Brmre mo mmpore, mocie HEKOTOPOTO «IIPOBajia» MHTEHCHBHOCTH CBEUCHHMS IMUPHUHOW 6°-8° MMPOTHI, TOKaJIHHBIE
BCIUIECKH MHTEHCUBHOCTH CBEUEHHS HAOJIOAAINCH OKOJIO MIPUTIOIIOCHOTO Kpast 30HBI aBPOPAIbHBIX BBICHITAHHH.

a 7]
Pi,1 nPa |s577), kKR
= 1
3 —
0.8 3 : ]
06 4 2
04 E
02 13
0 — 0 =
10 = i 15 o
8 12 5
6 N
4 =
2 3
= E
48 52 56 60 64 68  72CGL, deg 48 52 56 60 64 68 72 CGL deg

Pucynok 1. CpenHue mupoTHBIE pacTIpeesiCHNs] HOHHOTO JaBJICHUS (4) U NHTEHCHBHOCTH CBEUCHHS
amuccuu 557.7 HM (6) B SKCTpEeMaJIbHO CIIOKOWHBIX (BEPXHsIsl AHENb) U SKCTPEMAIBHO BO3MYILIEHHBIX
(HMKHSIS TaHeNb) YCIOBUAX. BepTukanpHbIe IITPUXOBBIE JIMHUM - IUPOTHOE nojioxkeHue I'VIB.

4. Ilosoxenue I'UB n Be1M4MHA MOHHOT'O JaBJICHUSI

[TmanerapHOe pacmpeeneHne rpaHuIl aBPOPATIBHBIX BBICHITAHUH, PETUCTPUPYEMBIX CITyTHHKamu cepun DMSP, B
3aBHCHMOCTH OT YPOBHS I'€OMAarHWTHON aKTUBHOCTH mpencTtaBieHO B Monenu APM (Vorobjev et al., 2013). dns
mmpotsl [ IB ypaBHEeHHE perpeccud, MoydeHHOEe B 3TOH MOJIEIH, UIMEET BU:

®'ryp = 66.46 — 0.0055|AL|-5.43 x 1077AL? + 0.026 Dst, (1)

rae @' - ucnpaBneHHas reOMarHUTHas IMPOTa B rpajxycax, a AL u Dst — 3HaueHust HHAEKCOB MAarHUTHON aKTUBHOCTH
B HII.
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7 . s .
m % ;/ 15 —
60i ..° ,/
7] <. ]
55 - 10 —|
= Z.t | 0.82
- —] . r=0.
50 A 5
= . r=0.88 o RS 5 VY
4'57IIII|IIII|II|I|IIII|IIII| IHI“‘II‘IIH‘IHI“

45 50 55 60 65 70

45 50 55 60 65 70 CGL, deg

CGL_DMSP

Pucynok 2. (a) - mmpotHoe nonoxkenue ['MB mo wabmrogenusm crnytHukoB DMSP F7 u F9 u mo
MOJIEIIM aBPOPAIbHBIX BbICHITAaHMH (APM) st MarauTHBIX Oypb 07-09 deBpains 1986 1. n 13-14 mapra
1989 r.

(0) - BenMUMHA MakCMMyMa WOHHOTO JIaBJICHWS B 3aBUCHMOCTH OT HCIIPaBJICHHONH I'€OMarHHUTHON
mmpotsl T'UB.

Puc. 2a noka3piBaeT COOTHOLIEHHE MEX]y SKCIEPUMEHTAIBHBIMU U PaCUeTHBIMU 3HaueHUsIMHU nojoxenus [ B B
cexktope 21-24 MLT. Ha pucyHke mo ropu3oHTaJbHOW OCH OTJIOXEHA HUCIpaBJIEHHas N€OMarHuTHas MIMPOTa
TPaHUIIBI, 3aperucTpupoBaHHas cryTHukamMu F7 u F9 B mepnon MarHWTHBIX Oypb, a IO TOPU3OHTAIBHONH OCH —
IIMPOTa 3TOH TPaHUIIBI, paccunTaHHas 1o (Gopmyste (1) A Tex ke ypoBHEH MarHUTHOM akTHBHOCTH. IlomydeHHbIe
COOTHOIIIGHHSI XOpOIIO AamIIpPOKCUMHPYIOTCS ypaBHEHHEM JIMHEWHOW perpeccuu (CIUIONIHAS JUHHA) C
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ko3(unrentoM nuHeliHO#M koppessiuuu r = 0.88. IlITprxoBas ITMHKUS HA PUCYHKE COOTBETCTBYET YpaBHEHUIO Y=X,
T.€. KOTJ]a pacyeTHBIE M 3KCIICPUMEHTAIbHBIC 3HAUCHNUS TOYHO COBIAJAIOT JIPYT ¢ ApyroMm. Kak BUIHO n3 pHCYyHKa,
JIMHEHHBIE COOTHOIICHHS OYCHb OJIM3KH IPYT K APYry. Pe3ynbraTsl, mpencTaBieHHbBIE HAa pHC. 24d, TIOKa3bIBAIOT, YTO
aHaMUTHYecKoe BeIpakeHne (1) MoxkeT OBITH MCIIOIB30BAHO I ompeaeneHus nojioxenus I IB B cexrope 21:00-
24:00 MLT B meproiel 0O4€Hb CHIIBHBIX MarHATHBIX Oypb, TIO KpaifHeit Mepe, st Dst>-600 aTn u AL>-2000 a1

AHanu3 JaHHBIX TOKa3bIBaeT, YTO He ToybKo muporta [MIB, HO u Benmn4rHA HOHHOTO JaBJICHUS HA STOW TPaHUIIC
3aBUCAT OT yPOBHS T€OMAarHUTHOM aKTUBHOCTH. Tak Kak ypOBEHb MAarHUTHOW aKTUBHOCTH SIBIISIETCSI ONIPEEIISFOIIIM
B BbIpakeHHH (1), onpenenyM MakCUMalbHBIH ypPOBEHb HOHHOTO JABJICHHS Ha IIUPOTHOM NpOQuiIe BHICHINAHUN B
3aBucuMocTH oT mmpotsl ['MIB. CootBercTByronmii rpaduk npencTaBieH Ha puc. 26, Uil NOCTPOSHUsT KOTOPOTO
UCIIONIb30BaHbI JaHHble cnyTHHKOB DMSP, kak 3a mepuojbsl pacCMOTPEHHBIX BBILIE MAarHUTHBIX OypH, Tak U 3a
CHOKOWHBIE IEPUOIbI, TPEIIISCTBYOLIHNE 3TUM Bo3MylIeHUsIM. C koaddunueHToM Koppeisiimu r = 0.82 HabnroneHns
CIYTHHKOB MOKHO aNllPOKCUMUPOBATh ypPaBHEHUEM PErpecCUu 2-0i CTENCHU:

Pi (ulla) = 211.07 — 6.28 @'ty + 0.047 (O'rup)? (2)

Ha puc. 3 mpezncraBieHo ceMeHCTBO JTHMHEHHBIX YpaBHEHUH, ITOTydYeHHOE U3 ypaBHEHU (1), KOTOpoe ImoKa3sIBaeT
mmpoty ['MIB B 3aBucuMocTy oT ypoBHs Dst-mHIeKca mpH pa3HBIX, HO (PUKCHPOBAaHHBIX 3HAYCHUAX WHAEKca AL.
PucyHok MoxeT OBITh HCIOIB30BaH Ui OBICTPOrO ONpPENETCHUS IIMPOTHl MAaKCHMyMa HOHHOTO JaBJICHUS B
IIAPOTHOM Tpoduie BBICBIIAHWN W  ONpeleNeHus O00JacTH, MaKCHMAJIBHO IIOJBEPXKEHHOM  BIHSHHIO
T€OMH/Ty INPOBAHHBIX TOKOB.

@' deg
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60 —
56 |
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48 — -500 nT
a4 -1000 nT
- N -1500 nT
36 | -2000 nT
32 -2500 nT
28— 1 |

0 -200 -400 -600 Dst, nT

Pucynok 3. lllupora 'MB B 3aBucumocTu ot Dst mpu pa3HbIX, HO (PUKCHPOBAHHBIX 3HAYCHUSIX AL-
HHJIEKCA.

5. OcHoBHBIE pe3yIbTAThI pad0THI

Ilo nabmogenusM coyTHHKOB cepun DMSP wuccnenoBaHbl CpaBHHUTENbHBIE XapaKTEPUCTHKH aBPOPAIBHBIX
Boichimanui B cexkrope 21:00 — 24:00 MLT B osKkcTpemMaJlbHO MAarHUTOCHOKOMHBIE W 3KCTPEMalIbHO
MarHUTOBO3MYIIEHHBIE TIepHobl. B paboTe morydeHs! ciielyone OCHOBHBIE Pe3yIbTaThl:

1. B akcTpeManbHO criokoiHbIe mepuoabl (SAL>= -12 uTn u <Dst> = -2 uTn) cpexnss mmpora [ B cocraBnser
O’'=68.3° £ 0.6° CGL, a cpennss BenuurHa MOHHOT'O AaBiieHus1 B Makcumyme ~0.6 Hlla.

2. B nmepuoap! MarHUTHBIX Oypb nostoxkenne ['MIB 3HaumrensHoO cMemmaercst B osee HU3Kkue mMpoThl 1o O '= 52.9°
+ 1.2° CGL mnpu cpeaHeM ypoBHEM WHAEKCOB MarHUTHOW akTWBHOCTH AL= -790 uTn u Dst= -320 uTn, cpensss
BEJIMYMHA HWOHHOTO [ABJICHUS Ha ATOM TpaHUIC 3HAYUTEIHHO YBEIMYMBACTCA IO CPABHEHHIO CO CIIOKOWHBIM
MIEPHOJIOM U B cpentHeM coctanisieT Pi ~ 10 ulla.

3. IlpexncraBiieHO ypaBHEHHE PETPECCHH, CBA3BIBAIOIIEE MCIIPABICHHYIO reoMarHuTHy0 mmpoty I'MIB ¢ ypoBHEM
MarHUTHON aKTHBHOCTH, U ypaBHEHHE PETPECCHH, MO3BOJISAIOIIEE OIEHUTH BEIMYMHY MOHHOTO JIABICHHUS Ha 3TOM
rpaHuIe. Y paBHEHUS MOTYT OBITh HCIIOIB30BAHBI IJIsI IEPHOIOB C OYSHb BRICOKIM YPOBHEM MarHUTHOI aKTHBHOCTH,
o kpaitneit mepe i Dst> -600 #Ta u AL>-2000 uTx.

UccnenoBanus, BeimonHeHHele O.JA.  Srogxunol, mnoxgep:xkanel rpantom PH®  Ne  25-17-20038
https://rscf.ru/project/25-17-20038 u rpanTom MuHHCTEpCTBa 00pa3oBaHus 1 HayKu MypMaHCKoii o0siacTu.
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MPOSIBJIEHUE CUWJIBHEUIIEN TEOMATHUTHOM BYPU
10-12 MAS 2024 TOJJA B JAHHBIX MATHUTOMETPOB
HA SIKYTCKOM MEPUJIUAHE

I'.A. Makapos

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

AHHOTaNUs. PaccMaTpuBatOTC MarHUTHBIC BAPHALMH [0 JAHHBIM MAarHHUTOMETPOB SIKyTCKOW MEepHANOHAIBHOMN
LENOYKHU reoPpU3NIecKux CTaHIMK B IEpUo]] CUiIbHEe reomarautHoi Oypu 10-16 mas 2024 r. BuezanHoe Havaio
Oypu HaOmoganock B 17:06 UT, mmurenbHOCTh e TNaBHOW (as3bl COCTaBIsuia ~ 9 4, MPH 3TOM MHUKOBOE
oTpHnaTenbHoe 3HaueHne nHaekca Dst mocturimo —412 #Tx 11 mas 8 02:00 UT, da3za BoccTaHOBIICHHS IIPOIOIDKATIACh
Gomee 5 cyrok. B pesymnbrare aHanW3a MarHUTHBIX J@HHBIX 3-X CTaHIMH MEPUANOHAIBHON NEMOYKH CTajo
BO3MO>KHBIM IIOJIyYUTh HH(GOPMAIIHIO O pacTIpeeICHUH SKBHBAICHTHBIX TOKOBBIX CHCTEM Ha HOHOC(EPHBIX BBICOTAX
B peruoHe. YcraHoBiieHo, yTo 10 Mas B panHeMm yTpeHHeM cektope 01-05 MLT Han craHumsMu pa3Buiach
pacuMpeHHas CHcTeMa HHTCHCHBHBIX TOKOB 3allaIHOTO HAIIPABJICHUS C IICKTPOCTPYEH, KOTOpas pacnonaraiach Ha
mmpote 55°<P’<61°. B mocienyromeM 3IIeKTpoCTpys MepeMecTHIIach B FO)KHOM HampasieHud. [loxydero, uro 11
Mas B cektope 13-19 MLT cranmum Skyrck u JKuraHck HaXOAMIHMCh FOJKHEE CHCTEMBI TOKOB BOCTOUYHOI'O
HanpasieHus, cranuus Tukcn B 13-16 MLT Obuia 1okHee TOKOB 3amajHoro HampasneHus. B cexrope 20-06 MLT
BCE TPU CTAHIUH PaACIOarajuch ceBepHee CHCTEMBI TOKOB 3alafHOTO HaNpaBleHUs, MpudeM SIKyTCK Haxoauics
MOYTH TI0J] CT'YIIIEHHEM STHX TOKOB. PaccMOTpeHBI MeXIUIaHETHBIEC YCIOBHS B IIEPHUO]] BOSHUKHOBEHUH OypH.

1. MarHuTHbIe BApMALMM N0 JAHHBIM CTAaHUUIl SIKYTCKOIl MepUANOHAIBLHOMN LENOYKHU
10 mast 2024 roga MarHUTOMETPHI SIKyTCKOI MEepUINOHATBHOM IETTOYKH Te0(DU3NICCKUX CTAHIIHH 3apeTUCTPUPOBAIIN
OueHb OOJIBIITNEe MAarHUTHEIC W3MeHeHns. Ha prcyHkax 1-3 mpuBeeHs Bapuaiy Topu3oHTanbHOI H, BepTukanpHOi
Z KOMIIOHEHT U ckioHeHus: D reomarantHOro mons Ha craHnuax Skyrck (YAK, ©'=54.5°, A'=201.3°), XKuranck
(ZGN, 61.4°,194.1°), Tukcu (TIX, 66.1°, 197.3°) cooTBeTCTBEeHHO. V3 JaHHBIX PETUCTPAIIUU UCKIIOUEHBI 0a3UCHbIE
ypoBHU. BuiHO, 4TO BO3MYyIIIeHUs Hauanuch BHe3amHo okojo 17 UT u npopomkanacs 6onee 40 yacos, BIUIOTH 10 11
UT 12 mas. OtpunarensHslie oTkIoHeHHS H-komMmoHeHTs B SIkyTcke nocturanu ~ —2000 u 6onee HTa, B XKurancke
~ —1500 uTn, B Tukcu ~ —1000 HTn. ['moGanbHas oTpunaTenbHass OyxTa (€CIM CTIaJWTh PE3KUe W3MEHEHHs)
ropu3oHTaIbHOM KoMnoHeHTH! H B SIkytcke m XKurancke npogosmkanack 1o ~ 03 UT 11 mas, 3atem mocienosaia
10 mas 11 mas 12 mas noyoxuTensHas Oyxra B H
, - JUTUTENTFHOCTHIO IPUMEPHO 8 4, B
Tukcu H-komnoneHra mnouss
T um3Mensiiace ot —1200 HTn mo
500 HTn OTHOCHUTEJILHO

0a3uCHO JIHHUY.
CxiloHeHHEe TOId Ha BCeX
1282 3 CTaHIUAX H3MEHSIIOCh B
0 WW A L) mepenenax —1000 5Ta + 500 BT
1282 F (8 Tuxcm or -1500 uTm).
500 [ OTpunarenbHble  OTKIOHEHHS
1500 F BEPTUKAIbHONW Z- KOMIIOHEHTHI
1000 [ noist B SIkyTcke BHIHBI cpasy
S0 [ocjae Hayaja BO3MYLIEHHH B
s00 L \ mﬂ TEUYEHUE OKOJIO ~ 5 4, AOCTUras
~1000 - mpu 3ToM 3HaueHuit —300 vTn +
i) VOV Lassss P E B P (P Lasass Losaalasiis T . —— —800 uTx, nanee B TeueHHE ~ 8 4
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Pucynok 1. Vi3meHenus ropusoHTanbHON H, BepTHKAIbHON Z cauana 900 uTu, 3arem 200
KOMITIOHEHT M CKJIOHEHHSI D reoOMarHuTHOTO MO OTHOCUTEIHLHO HTn, a nanee Z usmeHseTcs OT —
0a3ucHOro ypoBHs Ha cTaHumu SIkyrck 10-12 mas 2024 r. Bpems 500 = —800 uTn. B Xurancke B
orcunteiBaerca oT 00:00 UT 10 mas. U3MEHEHHMAX 7  KOMIIOHEHTBI
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Iposenenue cunvnetiueii ceomacnumnoi 6ypu 10-12 mas 2024 200a 8 dannwix MacHumomempos na AKymckom mepuouame
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Pucynox 2. M3meHenus ropusoHtanbHoi H, BepTukanbHOH Z
KOMIIOHEHT U CKJIOHEHHsI D reoMarHUTHOTO MOJIsI OTHOCUTENBHO
6a3ucHoro ypoBHs Ha ctaHimu JKurauck 10-12 mas 2024 r. Bpemst
orcuuteiBaercs oT 00:00 UT 10 mas.

OTYCTIIUBO 3aMCTHBI

IIOCJICA0BATCIIPHO
TIOJIOKUTEJIbHAA, OTPUIATCIIbHASA
W TIOJIOXKHUTCIIbHAA 6yXTI>I, €CIIn

CY/MTh o CIITaXEHHBIM
JIAHHBIM, IPOJOIKUTEILHOCTHIO
~9 g ~8ygumu~11 aumu

oTkiIoHeHUsIMHU 10 ~1200 v Tn, ~
-1000 HTn wm ~ 500 HuTn
COOTBETCTBEHHO. B Tukcu
U3MEHEHHs BEpTUKAIbHOU Z-
KOMIIOHCHTHI TOJS BEAyT cels
mog00HO HM3MEHEHHUSIM B
JKurancke. Ot OoubIIINE
W3MEHEHHSI MOJKHO  CYHTATh
NIPOSIBIICHUEM cuJbHeNIen
TEOMarHUTHOH OypH.

Ha  puc. 4 moxa3aHbl
MIPOSIBIICHUS] BHE3AMTHOTO Hayaia
oypu B H  KommoHeHTe
MarHUTHOrO Ioasg Ha  3-X
cTaHLMAX. BHe3amHoe Hadaiao
Habmomganocs B 17:06 UT. Bo
BCEX KPHUBBIX BUIHO MOBBIIICHHE

H B Teuenue 2 munyT: B SIkyrcke Ha 129 uTn, B XKurancke 123 uTn, B Tukcu 55 vTn.

Ilo maHHBIM O MAarHWTHBIX BapHalUsIX Ha CTAHOMAX SIKYTCKOM MEpHIMOHAIBHOW LETMOYKH MOXKHO IIONYYHTh
nH(OpMAaLHIO O pacrpeaeIeHNH SKBUBAJICHTHBIX TOKOBBIX CHCTEM Ha MOHOC(EPHBIX BBICOTAaX B pernone. 10 mas B
nepuon 17-21 UT, t1.e. B panHeM ytperHeM cektope 01-05 MLT, Bo BpeMs IepBoii MTOJIOBUHBI TTIaBHOU (a3sl OypH,
MOXHO TIOJIaraTh, YTO HAJ CTaHLSIMH pPAa3BHJIACh DPACIIMPEHHAs CHUCTEMa WHTCHCHBHBIX TOKOB 3aIlaJHOTO
HaIpaBJICHUS C AIIEKTPOCTPYEH, KoTopas pacmoiaranack Mmexay JKuranckom (@°~61°) u fAxyrckom (P°=559).
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Pucynox 3. M3menenus ropusonransHod H, BepTukampHOU Z
KOMIIOHEHT U CKJIOHEHHM D reOMarHuTHOTO MOJIsi OTHOCUTEIBHO
6azucHoro ypoBHs Ha craniuu Tukcu 10-12 mas 2024 r. Bpems
otcunteiBaercs oT 00:00 UT 10 mast.

Oxoio 05 MLT anextpocTpys
NepeMecTuiiach B FOKHOM
HalpaBjeHUH U OKa3ajach HaJ
SKyTCKOM, Janee OHa
MPOJIOJDKHIIA CMEIIATHCS K FOTY,
U TaKoe pacrpelelieHHe TOKOB
osw10 B cexTope 05-12 MLT. 11
Masg B  JIHEBHOM-BEYEpPHEM
cektope (13-19 MLT) crannuu

SAxyTck u Kuranck
HaXOJWJINCh I0)KHEE CHUCTEMBI
TOKOB BOCTOYHOTO

HanpaBJICHUA, CTAHIIUA Tukcu B
13-16 MLT Oblia ro)kHee TOKOB
3amajJHoOr0 HalpaBieHUs, a B
16-19 MLT ceBepHee Takux
TokoB. B cextope 20-06 MLT
BCE TpHU CTaHIINU
pacronaraimuch ceBepHee
CHCTEMBl TOKOB  3aIlaJ(HOro
HarpasJeHus, mpudeM SKyTck
HaXOJuJIICS OYTH oJ
CTYIIEHUEM 3THX TOKOB.

2. Bapuanum reoMarHuTHOr0 HHAeKca Dst M MeKIIJIaHETHBIX apaMeTPoB

Ha puc. 5 mokazanpl Bapualluu CpeJHEYACOBBIX 3HAYCHWN TeoMarHWUTHOTO WHIekca Dst [https://wdc.kugi.kyoto-
u.ac.jp/wdc/Sec3.html], ceBepo-toskHoit kKomnoneHTsl Bz Mexmianetnoro moisst (MMII), moxyns B MexruianeTHOTO
noJts ¥ cKopocTy coiHevHoro Berpa V [https://spdf.gsfc.nasa.gov/pub/data/omni/low res omni/] ¢ 1 mo 31 mas 2024
r. BuaHo, 94TO B 3TOM Mecslie IPON30LUIO 5 TeOMarHUTHBIX Oyph: yMepeHHast Oypst 2-5 mas, ciabast Oyps 5-7 mas,
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I A. Maxapos

cunbHelmas Oyps 10-16 masi, ymepenHsle Oypu 16-17 mast u

17-20 mas. 3mech MBI OITUCHIBaEM CHIbHEHIIyI0 Oypro. OHa
100 | & M g e o KIaccu(pUKaIHH NOAA
[https://www.swpc.noaa.gov/noaa-scales-explanation/]  u
knaccuukanuu [Loewe and Prolss, 1997] otHOCHTCS K
caMOMy BEICIIEMY KIJIacCy TEOMAarHWTHBIX Oypp G5
(axcTpemanbHas). Byps Bo3HHKIIA B pe3yibTate Cepuu
200 |- COJIHEUHBIX BCIIBILIIEK U BHIOPOCOB KOPOHAIBHOW MAcChl U3
~y—H{tx) aktuBHOU 00acTu AR 3664 [Gonzalez-Esparza et al., 2024]

200

-100

AH, HTn

-200

-400

Y Y T R -::gg:; u ctana camoi uHTeHcuBHOU ¢ 2003 roma. Ha puc. 5 Ha
e R B W R R R rpaduxke UHJIEKCa Dst [https://wdc.kugi.kyoto-
u.ac.jp/wdc/Sec3.html] oT4eTnIMBO BHAHBI BHE3aMHOE

Pucynox 4. TIlposBieHHE BHE3AIHOTO Hayajo MAarHUTHOI OypH (MHTEHCHBHOCTb €ro Oblla paBHa
Hayaja reoMarHutHod Oypu 10-12 mas 62 ©Tn), rmaBHas ¢asza ¢ IHTEIBHOCTBIO ~ 9 4
2024 r. Ha cranuuax Skyrck, JKurauck, MHTEHCHBHOCTEIO Gonmee 400 HTI, mpH 3TOM HHKOBOE
Tuxcu. Hagano orcuera — 17:00:30 UT 10 oTpuiarensHoe 3HadeHne Dst gocturio -412 vTn 11 Mas B
mast 2024 r. 02:00 UT, ¢hasza BOCCTAHOBIICHUS C MPOIOIKUTEIBHOCTHIO

Ooxee 5 CyTOK.

Ha puc. 5 BunHO, uTo Oypst MpoM301LIa B pe3yIbTaTe pe3KUX U3MEHEHUH MEKIUTaHeTHBIX nmapameTpoB B 17:04 UT:
CKOpPOCTh COJTHEYHOrOo BeTpa Bo3pocia ¢ 447 kM/c n0 714 km/c, MOIyib MEXKIUIAHETHOIO MAarHHUTHOTO IOJIS
yBenuumicsa ¢ 4 HIa no 22 uTn, a ero ceBepo-10XHass KOMIIOHEHTa CMEHIJIA HaIlpaBJieHHe ¢ ceBepHoro 3 HIx Ha
1oxkHoe —16 HTa (Bpemsa 17:04 UT ompeneneHo MO MUHYTHBIM JaHHBIM CIIyTHHKOBBIX MarHUTOMETPOB, JaHHBIE O
CKOpOCTH COJIHEYHOTO BeTpa B 17:03 uT u 17:04 uT OTCYTCTBYIOT
[https://spdf.gsfc.nasa.gov/pub/data/omni/low_res omni/]). B mocnenyromem, ¢ 18:10 UT mo 18:25 UT 10 mas,
Moayinb MMII yBennuuncs no 3Hauenuit 49-51 uTn, a B npomexxytke Bpemenu ¢ 22:10 UT 10 mas o 00:15 UT 11
Masi OH JocTHT 3HadeHuil 67+70 HTI; CKOPOCTh COIHEYHOTO BETpa IOCTENIEHHO YBEJIMYMBAIACh MPU HEOONBIINX
xonebanusax no 1026 xm/c B 01:24 UT 12 mas.

Mai 2024 roga 3. Bapuauuu unaexcon AU,
1000 |- Ao AL, SYM-H u ASY-H
< 800 L] H 6
R J N\ a puc. 6 MOKA3aHbl H3MEHCHHSI
> r By
a0 fL sl AL T T [ s TV WL 0 g O PR L I B TEOMAarHUTHBIX  aBPOPAJIBHBIX
6o AU, AL u cpeqHEemupOTHBIX
£ oaf SYM-H, ASY-H unnexcos ¢ 1-
° wf MHUHYTHBIM BPEMEHHBIM
0 ﬁ"’r _._awfﬂ\\--._..,_‘__,,— Wmmdﬂhm\_/m\v_._—m,«w\_‘mwfﬁpb_ﬁ y p
. AF : T paspemeHnem
= 0 F\nﬁ e 1" ot S M T PN o e [http://swdewww.kugi.kyoto-
B 20 .
® el u.ac.jp/aeasy/]. Bugso, uTO
e -~ ungekcel SYM-H u ASY-H,
=1 i Vo cas ma Rl Y e Dt i S A ol S i it H o
Sl [T T ATTTTYT T IPEACTABISIONINE coboit
+ =200
8 a0 XapaKTCPUCTUKHU
= ‘ CUMMETPHYHOM u
] 48 96 144 192 240 288 336 384 432 480 528 576 624 672 720 o
UT, 4 ACUIMMETPUYHOW  KOMIOHEHT
MarHuToc(hepHOrO  KOJIBIIEBOTO
Pucynoxk 5. Bapuauuu reomarautHoro uajiekca Dst, ceBepo-10:kHOM TOKa COOTBETCTBEHHO,
KOMIIOHEHTHI Bz ¥ Monyns B MexXIIaHeTHOro MarHUTHOIO MOJI U HNOATBEPKIAOT BO3SHUKHOBCHUC
CKOpPOCTHU COJHEYHOTO BeTpa V B Mae 2024 r. BpeMs oTcuuThIBaeTCS BHE3AITHOTO Hayala
ot 00 UT 1 mas. TE€OMAarHUTHOW OypH M pa3BUTHE

ee TmaBHOW (pa3el. BHeszamHoe
Hagaio B ASY-H mposiBunocs B Buze pocta uaaekca ¢ 12 #Ta B 17:05 UT o 98 aTn B 17:08 UT, manee 8 17:10 UT
nHAEKC noHu3mwiIcsa 10 33 HTI, a 3aTeM MOCTENEHHO, ¢ HEOOJBIIMMHU H3MeHeHussMu, goctur 955 uTn B 22:36 UT.
WNHaeke CMMMETPUYIHON KOMITOHEHTHI KOJIbIieBOro Toka SYM-H oTpearnpoBan Ha BHE3aImHOE Ha4aJI0 OypH POCTOM C
10 aTa B 17:05 UT no 84 uTn B 17:11 UT, nanee unaexc cran noHmxarbes U ¢ 17:54 UT npunsi oTpunareabHbe
3HAYEHUS, MOHKEHNE HHTEHCUBHOCTH MPOIOIKAIOCH 110 —5 18 HTH B KoHIIE TaBHOM ¢a3bl Oypu B 02:14 UT 11 mas.
Jlanee Havyanach BOCCTaHOBUTEINIbHAS (a3a OypH.

Aspopansibie nHaekcsl AU u AL Ha puc. 6 npeTepreBaroT oueHb Oosblne n3MeHeHus. Ciaenyer OTMETHTh, YTO
9TH MHIEKCHI B TEYEHHE paccMaTpuBaeMOi Oypu MMeNM SKCTpeMasbHble 3HaueHus. HrencuBHOCTh MHekca AU
aBpOpaNIbHOI BOCTOUHOM AnekTpocTpyu gocturana 1211 uTn B 17:08 UT, 1876 uTn B 22:51 UT 10 mas, 1431 aTn B
12:11 UT 11 mas u B TO e BpeMsl IpUHUMaa oTpULaTeNnbHble 3HaueHus 10 mas B unTepBane 19:06-19:42 UT
(Bmmots 10 —188 HT), B 21:30-21:44 UT (mo —126 uTm), B 22:37-22:39 UT (mo —130 aTn), 11 mas B 13:08-13:24 UT
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Iposenenue cunvnetiueii ceomacnumnoi 6ypu 10-12 mas 2024 200a 8 dannwix MacHumomempos na AKymckom mepuouame
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MHTECHCUBHOCTE JocTHrana 137
Pucynok 6. Bapuanuu reoMarnutHbeiX aBpopanbHbix AU, AL u ( A

cpeqaempoTHeIX SYM-H, ASY-H wHzoekcoB ¢ 1-MHHYTHBIM HTm) 10 mas n 00:10-00:19 UT

PE/HCIIHD ’ A y (10 148 uTx) 11 mas.

BpeMEHHBIM pa3peuieHueM B nepuon 10-12 mas 2024 r., DyHKTUpHBIE
JUHUM COOTBETCTBYIOT HYJIEBBIM 3HAUEHHUSAM HHAEKCOB. Bpems
otcunthiBaercs oT 00:00 UT 10 mas.

B nepuonsl, korna naaexc AL
HMeJ  IIHKOBBIC  3HAYCHUS,
BEPOSITHO, pa3BUBAIHCH
cy00ypu u cynepcy00ypH, UX [UIUTEIFHOCTh BaphbHPOBaja OT JIECSITKOB MUHYT IO HECKOJNBKHUX YacoB. M nMeHHO B
9TH MIEPUOIBI AKYTCKHUE CTAHIIUN PETUCTPUPOBAIN SKCTPEMAIbHBIC OTKJIOHCHHS KOMIIOHEHT T€OMAarHUTHOTO TIOJIS.

4. 3aka04eHue

CunpHelimias reomaruutHas Oyps 10-12 mast 2024 ronma mposiBWIach B JaHHBIX MarHUTOMETPOB SIKyTCKOii
MEPHUIMOHAIBHON HETIOYKU Ire0()hU3NUECKUX CTAaHLIUH U CTaJI0 BO3MOKHBIM IOy YUTh HH(POPMALIHIO O pacipeaeieHH
9KBUBAJICHTHBIX TOKOBBIX CHCTEM Ha MOHOC(EPHBIX BHICOTAX B PETHOHE.

O06HapyxeHo, uto 10 mas B nepuon 17-21 UT, t.e. B panHem ytpennem cekrope 01-05 MLT, Bo Bpems nepBoii
TIOJIOBHMHBI TJIaBHOM (pa3bl OypH, HaJ CTAaHIMSIMU Pa3BUIIACHh paclIMpeHHas CHCTeMa MHTEHCHBHBIX TOKOB 3allaJHOTO
HaIIpaBJICHUS C JIEKTPOCTPYeH, KoTopas pacnoiaranack Mexay KuranckoM (O’=~61°) u Axyrckom (O’=55°). Oxomno
05 MLT snekTpocTpys nepeMecTiiiach B I0)KHOM HallpaBJIEHHH M OKa3alach Hall SIKyTCKOM, Jjajiee OHa IPOJI0IDKHIA
CMeIaThes K I0TY, H TaKOe pacrpeie]ieHne TOKOoB 0110 B cekrope 05-12 MLT.

YcraHoBieHO, uto 11 Mas B qHeBHOM-BeuepHeM cekrope (13-19 MLT) crannuu SxyTtck n JKuranck HaxoIuImch
I0)KHEE CHCTEMBI TOKOB BOCTOYHOTO HampaBiieHus, cTaHnus Tukcu B 13-16 MLT Obina rojkHEe TOKOB 3amaTHOTO
HamnpaByieHus, a B 16-19 MLT ceBepHee Takux TokoB. B cekrope 20-06 MLT Bce Tpu CTaHIIMM pacmojarajiuch
CeBEepHee CHCTEMBI TOKOB 3allaIHOTO HAMpaBJIEHUs, pUdeM SIKyTCK HaXOJHJICS MOYTH MO/ CTYIIEHHEM 3THX TOKOB.
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JUHAMMUKA SA3bIKA HOHU3ALIMHN BO BPEMS bYPU
14 AHBAPS 2022 I'OJJA

W.U. Ularumyparos', U.W. Epumos!, I'.A. Sdxkumosa', H.IO. Tenenuupina', M.B. ®unaros’

'Kanununzepaockuii punuan U3MHUPAH, Kanununzpao, Poccus
2H0ﬂﬂpnblﬁ eeopuzuueckuil uncmumym, Anamumal, Poccus

AHHoTaumsl. [To u3MepeHNsIM TOJHOTO 3JekTpoHHOTO comepskanus (TEC) mpoBeneH aHAN3 3BOJIONAH SI3bIKA
nonm3zanuu (TOI) Bo BpeMms Oypu 14 staBaps 2022 r. S3bik hopmupoBaics Ha 6a3e OypeBOTo MOBHIIICHHS HOHU3AIHH
(SED) na monrote ~80°W 1 mmpote ~60°N B 18 UT. B ~21 UT s3bIK peructpupoBaiicsi B HOYHOH HOHOChepe Ha
nosrore okoso 20°E. [ocne 23 UT s3Ik Hayan pacnanaThCsl.

Beenenue

S3b1k nonmzanuu (TOI — tongue of ionizations) yacTo HaOMOAAETCS B MOJSIPHOI HOHOC(hEPE BO BpeMsi FeOMarHUTHBIX
Oypb. SI3bIk XapakTepu3yeTcs Kak oOJacTh NOBBIINICHHON WOHHW3alMK, KOTOpas B pe3yJbTaTe KOHBEKIHH
MepeMeInaeTcs ¢ JHEBHOM CPEeIHCITUPOTHOM HOHOC(EPHI Yepe3 Kacl B MOJIPHYIo marnky [ Foster, 2005]. Mctoununk
TOI accounmpyetcs ¢ GOpMUPOBAHHEM BO BPEMS T€OMAarHUTHBIX Oyph CPEIHEIIMPOTHOTO MOBHIMICHNS HOHU3ALNH
SED (Storm Enhanced Density). SED wnHaOmomaercs B BHIE IOBBIIMICHHS JJIEKTPOHHON IUIOTHOCTH B
OKOJIOTIONYIeHHBIe Yackl [Foster, 1993; Heelis et al., 2009]. bnaronpusaTHBIMH YCIOBHSAME UL O0Opa3OBaHUS
SED/TOI siBrsieTcst ceBepoamepukanckuii cextop. Ctpykrypa TOI mpaktruecku He Habmonaercs B 06-12 UT [David
et al., 2016] IIpeobnamatomue ycinoBus i BosHUKHOBeHUs TOI mpuxoasrcs Ha 3umy. B Toke BpeMs CTpyKTypa
SED/TOI moxer HabmromaThcst U B paBHONeHCTBHE [Klimenko et al., 2019; Zhang et al., 2021]. Bo3HUKHOBeHHE
ctpyktyp TOIl M MX MHTEHCHBHOCTH 3aBUCAT OT pa3iW4HbIX reodusnueckux ¢akropos: UT, ce3oHa, H0OATOTH H
TCOMArHUTHBIX YCJIOBUM. boublas wacTe wucciaeqoBaHuil, cBs3aHHBIX ¢ aHamu3zom TOI, ¢okycupyercs Ha
BO3HMKHOBEHHHU 3TUX CTPYKTYP BO BpeMs CHJIbHBIX I'€OMarHUTHBIX BO3MYyIleHUH. B naHHO# pabore mpencraBiieH
aHaiu3 3 PeKTOB, HAOIIOAABIINXCS B BHICOKUX IIUPOTaX BO BpeMsi ymMepeHHou Oypu 14 suBaps 2022 roxa (puc. 1).
Oco0oe BHIMaHHUE yAETICHO aHAIN3Y MPOCTPAHCTBEHHON CTPYKTYpPbI U AuHAMUKH TOI.
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Pucynoxk 1. 'eomarautHas o6cranoBka 13-16 saBaps 2022 r.
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Jlunamuxa szvika uonuzayuu 6o epems 6ypu 14 aneaps 2022 2ooa

[t ananusza Bo3HuKHOBeHHsT TOI ObUIM MCIOIB30BaHBI U3MEPEHHUS ITOJHOTO AeKTpoHHOro conepxanus (TEC)
6a3sl manneix Madrigal (http://cedar.openmadrigal.org). Ha nx ocuoBe 6pumn moctpoensl kaptel TEC ceBepHOTO
nonymrapust 1 mupot Beimie 40°N. Wsmepenus TEC B 6a3e manabix Madrigal nmpenctaBieHsl ¢ MakKCHMaJIbHBIM
MPOCTPAHCTBEHHBIM pa3pemieHneM 1°X1° 1o mupoTe W JOJITOTe ¢ BPEMEHHBIM HHTEPBAIOM 5 MHHYT. Bwicokoe
MPOCTPAaHCTBEHHOE M BPEMEHHOE Pa3pelIeHUe KapT MO3BOJIMIIO ACTATBHO BRIIBUTE cTPpyKTYpy TOI 1 ero ssomroruro.

Pe3yabTaThl M 00Cy:KI1eHTE

Ha puc.2 nokazano npoctpancTBeHHO-BpeMeHHoe pacnpenenenne TEC Bo Bpemst Oypu. Kaptel npencrasieHsl B
reorpauueckux KoopauHaTax. PUCyHOK neMoHCTpupyeT popmupoBanue cTpykTypbl SED u pa3BuTHe Ha ee OCHOBe
s3bIka MoHu3auu. O6macte SED mposiBisieTcss Ha CpeJHUX IIUPOTaxX M OCTaeTcss (PUKCUPOBAHHOM OKOJIO Oy THS
npu Bpamiernu 3emnn [Coster et al., 2007]. Tak B 18 UT ctpykrypa SED peructpupoBanace Ha goirore ~85°W
(~12 LT), 8 21 UT Ha gonrote ~120°W (~13 LT).
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Pucynox 2. ®opmuposanue u 3somonus TOI Bo Bpems 6ypu (1 TECU = 10! el/m?).

Hauano ¢popmupoanus TOI npunuiocs Ha ~18 UT, okosio mecTHoro nonyaus. Kak nokasano B padorax [Liu et al.,
2015; David et al., 2016] crpykrypa SED/TOI ugamie Bcero HaOMIOJacTCs B CEBEPOAMEPHUKAHCKOM CEKTOpE B
nuana3one 15-21 UT, B mocnenonyaennsie yackl. [Tocne 19 UT s3bIk OTUETAUBO MPOSIBIISIETCs HA goarotax ~40°W,
nqocrturas mupot okosio 80°N. Ha gonrorax 80-60° W snadenust TEC (6onee 25 TECU) HabmogaroTcs B 001acTH
s3bIKa. Beicokme 3HaueHus snexTpoHHoro coxepxkanus (~12 TECU) coxpanstorcs Ha gonrorax 6onee 30°E (B
eBporetickoM cektope). Ctpykrypa TOI npogosmkaeT coxpaHsIThesl, HO ¢ MEHbIIIEH HHTEHCUBHOCTHIO. ClielyeT TaKxke
OTMETUTh, YTO MAKCHUMYyM O3JICKTPOHHOTO COJEp)KaHHS CMECTHJICS B CTOPOHY OoJjiee HU3KMX IIMPOT, B HOYHYIO
noHocdepy, npumepHo 110 70°N.

Pucynox 3. Juddepenumansusie kaptsl TEC B IMOJSPHBIX KOOpAWHATAX: MarHUTHAas LIMPOTa
(MLAT) - mectHoe marautHoe Bpems (MLT) ¢ omHouacoBbIM HHTEpBaIOM. [loNsipHBIE KapThl
Bocnpou3BoAsaT aAuHamMuky TEC B uaTepBane 00-24 MLT u 40°-90°MLAT. Tlongens (12 MLT) —
BBepxy, noaHo9b (00 MLT) — cHmzy.
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HU.U. Hlazumypamos u Op.

Ha puc. 3 nokasans! kaptel TEC B HOIIpHBIX KOOpAUHATAX. B 0TiIn4Me OT MpeACTaBIeHHBIX BBIIIE KapT MMOJIIPHbIE
KapThl IO3BOJITIOT OTCIEXHBATh JABIDKEHHWE IUIA3Mbl Yepe3 MOJSIPHYIO INANKy U BBIIBISATH BO3HHUKHOBEHHE H
spommorio SED/TOI Bo Bpems Oypu. Ha prucyHke XopoIro BHIHA SBOIIONHS IPOCTPAHCTBEHHONW CTPYKTYPHI S3bIKA.
®opmupoBanme cTpykrypbl TOI Hagamock okono 18 UT B ceBepoaMepHKaHCKOM CEKTOPE, OKOJIO TIONyTHS
(~12 MLT). Ha puc. 3 nokazaHbI XapaKTepHBIE OCOOCHHOCTH CTPYKTYPHI S3bIKa, a Talkoke (popMupoBaHue OypeBoro
MIOBHIIIIEHUS 3TeKTpOoHHOM I0THOCTH (SED) 1 3Bomrotist SED B mOMSIpHEIi SI3BIK HOHM3AIHHU. J|HEBHBIM HCTOYHUKOM
TOI sBistercst SED. OcnoBoit TOI 6p1ma ctpykrypa SED, Boznukmas Bommu 65°MLAT. Ilpotsokerrocts SED
yBeIMYMBajach co BpeMeHeM U mpeBbicuia 6 yacos. 3HaueHue TEC coctasuio okono 25-28 TECU. Ctpyktypa TOI
MEPEeHOCUTCS KOHBEKIMEH B aHTHUCOJIHEYHOM HAlpaBlICHWW dYepe3 IMOJSIPHYIO LIANKy B HOYHYIO HOHOcdepy B
HuU3KoImUpoTHOM HanpasieHHH. B 23 UT s3bIk focTur 55° MarHuTHOM MUPOTHL. MIHTEpecHO, 4TO Ha HU3KUX MIMPOTaxX
(60°MLAT) crpykrypa TOI pactsiHyTa Ha HOuHOM M yTpeHHuit cexropsl. [Tocie 23 UT crpykrypa TOI npaktuuecku
ucuesna. [TonoOGHbIe KapTHHBI MPOCTPAaHCTBEHHO-BpeMeHHoro pa3Butus TOI HaOmonamick Bo BpeMsi yMEpPEHHOM
MarHuTHo# Oypu 7 HostOps 2022 r. [Shagimuratov et al., 2024].
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Pucynok 4. Hluporusie npodpunu TEC Ha pazianunbix gonrorax Buoib ciena TOI (reorpaduueckue
KOOPAMHATHI).

Ha puc. 4 npeacrapnens! mupoTHbie Tpodunn TEC Ha pasHeix ponrorax Baonb cieaa TOI. OdeHb BhICOKHE
3HavyeHus (25-30 TECU) 3apeructpupoBaHBI B MOJSAPHON IIANKe Ha IUpPOoTax okojo 80-85°N B 00xacTH s3bIKa.
3aMeTuM, 9TO JJIsl aHAJIOTHYHOW 10 MHTEHCHUBHOCTH MarHUTHOW Oypu 7 Hos0ps 2022 rona BemmuuHa TEC BHyTpH
TOI gocturio 40 TECU [Shagimuratov et al., 2024].

Bricokue 3Hau€HMs ANEKTPOHHOTO COAEPKaHUs COXpaHATCS 10 Aonrot He MeHee 30°E. OTo cBUaeTENbCTBYET,
yro cTpykrypa TOI mponomkaer coxpaHsThCsl B HOUHOH MOHOC(Epe, HO ¢ MEHbLIEH WHTEHCHBHOCTHIO. [IpH aTOM
MaKCHMYM 3JIEKTPOHHOTO COJIEp)KaHHMsI CMECTHIICS B CTOPOHY OoJjiee HM3KHMX MIMPOT. DTO YKa3bIBaeT Ha TO, YTO
KOHBEKIMSI TUIa3MBI pacipocTpaHmwiack 1o mmpoT okoimo 70°N. Ha pucyHke mokaszaHo, 9to B okpectHOocTH TOI
HabmromatoTcsi 3HaumTenbHBle TpammeHTel TEC. 3ameTrnM, YTO TpaaWeHTHl IOKa3bIBAIOT CYIIECTBEHHYIO
HM3MEHYMBOCTh, MakcuManbHble 3HaueHWs nocturann 10-20 TECU/rpamyc. Takwe TpagveHTHl THIINYHBI IS
noJsipHOM cTeHKH cTpyKTYpsl SED [Vo and Foster, 2001]. Huzkue 3nadenust TEC HaGmronatoTest Ha mumpoTax 65—
75°N. I'paaurieHTHI B 3TOM 00JaCTH Ha MOPSIIOK MeHbIIe, 4eM Ha mupoTtax 80°N B obmactu TOI. B oGmactu 60ombmmx
IpagueHToB (POPMHUPYIOTCS HEOTHOPOMHOCTH PA3IMYHBIX MacmTaboB. 3HAYUTETbHBIE HEOJMHOPOIHOCTH OBLIH
0oOHapy>KeHBI B IIEpeHEH YacTH A3bIKa HoHU3aun [ Meeren et al., 2014]. HeoqnoponroctH, cBszanubie ¢ TOI, Obum
BBISIBIIEHBI BO BpeMst Oypu 7 Host0pst 2022 roja no nanHeM Quiykryanuit GPS curnanos [Shagimuratov et al., 2025].
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Hunamuka sizvika uonuzayuu 6o epems 6ypu 14 aneaps 2022 200a

3axiroueHue

Bo Bpems reomarautHo# Oypu 14 suBaps 2022 ronma B paifioHe NOJSPHON IIAaNKW HAOIIOAAJIOCh BEChbMa BBICOKAs
BenmmunHa TEC (~25 TECU), accomumpoBaHHOE ¢ TposiBiieHHEM s3bika noHm3anuu. Baytpu TOI Bemmunna TEC B
2-2,5 pa3a mpeswimiano (oHoBoe 3HaudeHHe. [lokazaHo, uTto QopmupoBanme TOI MPOMUCXOMUT KakK SBOIIOLHS
ctpykTypsl SED/Plume npy KOHBEKIIMH TUIA3MBI CO CPETHHUX IIMPOT Yepe3 MOJISPHYIO MKy B HOYHYIO HOHOChEPY.
OcnoBanuem TOI sBnsietcss SED cTpykTypa, pacnonoxkeHnHas Ha qoiarotax okosno 80°W u mupotax okosno ~60°N B
paiioHe monyaHs. SI3bIK OBUI SIPKO BBIpaKEH Ha MIMpoTax okoio 85°N m mpoctupancs po gonror 6oinee 20°E.
Pe3ynpTaThl MOATBEPXKIAIOT, YTO SI3BIK MOHW3ALMU SBJSIETCSI YAaCTBIM COOBITHEM, NPHCYLIIMM TI'e€OMarHWTHBIM
BO3MYILICHHSM.
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MOJIAPU3AIIMOHHBIN JIKET U HEOJJHOPOJJHOCTH
B BAPUALIUAX ITOJIHOT'O SJIEKTPOHHOI'O COAEP/ KAHUA
BO BPEMA BOSMYUIEHUA 20 AITPEJIA 2020 I'OJA

W.U. arumyparos', H.IO. Tenennupna', U.W. E¢pumos!, ' A. SIkumosa!, M.B. ®unaros?

'Kanununepaockuii punuan U3MHUPAH, 2. Karununepao, Poccus
[lonapneiil 2eopuszuueckuti uncmumym, 2. Anamumet, Poccust

AHHoTaumsi. B paGore mpexcrasieno nposiieHue mnosiprsaiontoro mkera (I1J1) 8 GPS TEC Bapuarusx Bo
BpeMsi yMepeHHo#i marHuTHO# Oypu 20 ampenst 2020r. I1J] peructpuposancs no maaasiM DMSP ciytamkos. Ha
kaptax TEC I1]] unenTudumuposancs Kak y3Kuii o mupote nposai. [Ipu nepeceuennn GPS cryTHHKOB oOnacTu
[TJ1 o6Hapy>XeHBI H30JIMPOBaHHbIC BCIUIECKH (aykTyanuit curHainoB GPS. DT1o cBuaerenscTByeT 0 popMUpOBAHIH
HNOHOC(EPHBIX HEOJHOPOIHOCTEH B 00J1aCTH MOJSIPU3AIMOHHOTO JKETA.

Beenenue

Monspuzanmonnsiii mxer (I1J1), nim cybGaBpopanbhblii nouHbli apeiid (SAID), n3zBecteH kak y3kas IO IIUPOTE
00macte ObicTporo apeiipa monor Ha 3aman [Galperin et al., 1974]. T1]] Bcerna HaOmIOAaeTCsl SKBaTOPHAIBLHEE
TpaHHIbI aBPOPATIBHBIX BBICHIIAHUN M TECHO CBSA3aHBI C AMHAMHKON CPEAHEIIMPOTHOTO IpoBajia M CMEIaeTcs Ha
GoJiee HU3KHE IUPOTHI ¢ POCTOM MarHUTHON akTHBHOCTH (Kp). C 3THM sBIEHHEM CBS3aHO 00pa3oBaHME TITyOOKHX
MIPOBAJIOB IDIOTHOCTH B obmactu F [Spiro et al,, 1979]. Ha BeicoTax obmactu F mmporHas mpoTsokeHHOCTH 171
cocraBisieT 1°-2°, a ckopocTh npetida mpesbimaet 1 km/c. CTaTUCTHKA B IUKJIE CONIHEYHOW aKTUBHOCTH, CE30HHBIX
U CYyTOYHBIX BapHamwii mo cnyTHHKOBEIM mgaHHBIM DMSP (Defense Meteorological Satellite Program) 3a mepuon
1987-2012 rr. npexacrasieHa B padote [He et al., 2014]. CtaTucTidecKue pe3ynbTaTsl mokas3any, 9ro [1]] game Bcero
pacmonaraercst Ha mmpote okoio 60° MLAT, B mmamazone 56-65° MLAT, B 0oibIIOM HWHTEpBaJle MECTHOTO
MarautHoro Bpemenu (MLT), mo kpaiineit mepe ¢ 16 no 24MLT. llupuna [1/] yBenuuuBaeTcs ¢ MOHMKEHHEM
LIMPOTHI U UMEET OOJIBIIYIO MPOTSKEHHOCTh B MAKCUMYME COJIHEUHOW aKTUBHOCTHU. [10JIsipH3aliMOHHbII KT Yalie
peructpupyetcst B paBHojaeHcTBUs [He et al., 2014]. Ce3onnbiii xon mupoThl 1]l nMeeT MUHHUMYMbI BECHOH H
OCEHBIO, a MUPOTHAS MPOTsLKeHHOCTH 11/] mmeer MuHMMyMOM steToM. SAID neMOHCTPUPYIOT YETKYIO BapHAILIUIO
MLT no mupore. Onpenenstomum pakropom Gpopmupoanus [1]] sBistoTcst reoMarHuTHbIE BO3MYIIeHHs. 1I3BecTHO,
YTO YacTOTa MPOSIBJIECHUS U ILIHUPOTHO-BpeMeHHble Xapakrepuctuku I1J] xoppenupyror ¢ Kp, Dst, AE ungexcamu
[Zhang et al., 2015].

Jnsa uccnenoBanms I1J] m aHanmm3a e€ro CTPYKTYPHI HCIOJNB30BAJCS KOMIUIEKC CITyTHHKOBBIX W Ha3eMHBIX
HaOmonenuit [Anderson et al., 2001; Makarevich and Bristow, 2014; Stepanov et al., 2017]. HegaBHue ncciegoBaHus
[IJ] Ha ocHOBE CHyTHUKOBBIX NaHHBIX NorSat-1 mo3Bonwiv BbIsIBUTH TOHKYIO cTpykTypy IIJ [Cunesuu, 2024;
Sinevichet et al., 2022]. B maHHOM HCCIIEOBAaHUM TPEICTABICH aHAIN3 IMOSBICHUH MOJSPU30BAHHOTO JDKETa H
MIPOCTPaHCTBEHHO-BPEMEHHOM cTpykType B HabmoaeHusx GPS-TEC s reomarauTHoit 6ypu 20 ampess 2020 .

I'eoMmarnuTHbIe yca0BHS

CoOsiTHe 20 anpenst XxapakTepu3yeTcs Kak yMEepeHHas 10 MHTEHCUBHOCTH MarHUTHast Oypsi, MUHUMaJIbHOE 3HaYCHHUE
Dst cocraBnsino okono -65 nT. B 13UT. Muaekc aBpopanbHoi aktuBHOCTH SME 20 anpens npessiman ~1200 nT B
uatepBaie 09-12UT (puc.l). Cromp BBICOKas aBpopaibHas aKTHBHOCTH SBIIACTCS IPH3HAKOM BEPOSTHOCTH
MOSIBJICHUS NOJISIPU3ALUOHHOIO JKETA.

2000 -20
2020 4 19-21
1600 _,-\_/\/\ -0

'= 1200 L2201
L s00 oME 108
n —— Dst ra

400- --60

0 _M_,M._ : . : . ) , -80
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Pucynoxk 1. Bapuanuu Dst u SME unnexcos 19-21 anpens 2020 r.
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Pe3yabTaThl M 00CY:KIEHHE
Jus ananm3a [1] npusiiekanucs namepenuss DMSP ceBepHOTO MOMyIIapus ISt TOITOT, TA€ 00eCIIeYnBaCTCS BEICOKOE
paspemenne n3mepenuii TEC mo mmpote. Kapter TEC dopmupoanmch 1t reorpaduueckux mupot Beime 30°N.
Hamu ve ucnonpzoBanuck nponérsi DMSP cyTHHKOB Ha IOJITOTax BOCTOYHOM dacTw Poccuu, yduThIBas HH3KOE
nokpeIitue atoro peruona GPS/I'JIOHACC npuemuukamu. B nponerax DMSP criyTHUKOB TOJISIpU3AIIMOHHBIN JHKET
UICHTU(HUIMPOBAJICS 10 JIBYM IVIaBHBIM NPHU3HAKAM: CKOPOCTh TOPH30HTAIBHOTO Apeiida noHoB Vi Beire 500-600
M/C U COOTBETCTBYIOIIAsi ’TOMY MOKa3aTei0 - MUHUMaJIbHAsl BEJIMYUHA 3JICKTPOHHON KOHIEHTpauu Ne.
Omnpenensitomum pakropom popmupoBanus [1/] sSBISIOTCS reOMarHUTHBIE BO3MYIIEHUS, BEPOSITHOCTD TOSIBICHUS
I1/1 BbIcOKa B BO3MYIIEHHBIX YCIOBHSAX [loNsIpU3alMOHHBIN JDKET BCErlia PerucTpupyercsi Ha CyO0aBpOpajbHBIX
MIMPOTaxX SKBaTOpHalbHEE OOJACTH BBICHIIAHWK C BBICOKOH CTemeHbIo Koppenmsmuu mexay [1J] u mHIexcom
aBpopanbHoil aktuBHOCTH AE. Cormacao Horvath and Lovell [2023] nposiBnenue [1]] wame Bcero HabmromaeTcs B
uaTepBane 3-6MLT. MakcumanbsHast aBpopaibHas akTHBHOCTH 20 ampens npuxonmnack Ha uaTepBan 07-14UT. B
COOTBETCTBHH ¢ 3TUMH npm3Hakamu 11]] 66Ut maenTuduInpoBad Ha nonrotax Kamamgsr ~80°W (Puc.2).
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Pucynok 2. (a) [Iposinerwne I1J] o msmepenusm DMSP ciytanka F16 20 anpens 2020 . 8 10 UT nHa
nonrotax Kananpel. ['opusoHTanbHas cKopocTh Ipeiida (cupeHeBas KpHBasi), IUIOTHOCTb IIIa3MBbI
(cunes). Kpachast nuHUS — TpaekTopus Iposéra CIyTHHKa (Teorpaduyeckas goiarora —
reorpapuueckas mmupora); (6) Kapra TEC mna 10 UT Ha COOTBETCTBYIONIIMX JOJITOTax
(reorpadmueckne xoopauHaThl). [lomoxerne I1]] —a€pHBIi KpyKOK.
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B Bapuanusx ropu3oHTaIBHON CKOPOCTH Jpeida spko mposiBistorcst asa nuka (Puc.2a). /lns mepsoro mumka
CKOpoCTh Apeiida mocturamm 1.75 Km/c, U BTOPOTO MHKA CKOPOCTh AocTuranu 2.14 xM/c. BpemenHoe pasnemneHue
MEXIy MHKaMH cocTaBiisuia okoso 30c. OdeHb HM3Kas SIICKTPOHHAS KOHLEHTPALMS PETHCTPUPOBATACH BOIM3H
HHKOB, KOTOpas cocTapiiina He 6onee Ne~7,0x103cm™. PasHuna B INMPOTHOM MOJIOKEHHH ITAKOB COCTaBIsIa ~ 1°. B
esroM XapakTtepuctukd (mapamerpsl) 1] yknaneBarores B npmsHaku [1]], mpencrasiendsie B pabortax [He et al.,
2016; Aa et al., 2020]. 'eomarautHas mmpoTa [1/] mpuxoaurcs Ha mupoTs 67-64° MLAT Ha MecTHOE MarHUTHOE
Bpems okogo 5.1 MLT.

Ha kapre TEC (Puc.26) nposiBisieTcst XOpOIIO BEIpayKeHHBIH MPOBAJI, Y3KHH 110 ITUPOTE U BBITSHYTHIH 110 J0JITOTE.
[TpoBan peructpupyercst Ha CyOaBpOpalbHBIX MIMPOTaX IKBaTOpUaibHee o0nacTy Beickinanui. [lonoOHas cTpykrypa
TEC npoBana Habnroaack Bo BpeMst MarHuTHo# Oypu 18 mapra 2018r. [Shagimuratov et al., 2025]. Ha xapte TEC
nokasaHo nonoxenue I1/] (u€pnast Touka), KOTOpsIil naeHTHGUIKpOBaics B u3MepeHussx DMSP ciiytHuka oxono 10
UT. IIpoctpancrBenHo-BpeMeHHoe nojoxeHue TEC mpoBana xopoiio cooTHocutcs: ¢ nojoxxkeHuem I1J1. MoxHo
nonarats, uto TEC mpoBan sBisietcs npusHakoM npossienus [1]] B Bapuanusx TEC. Benuuun TEC B npoBaine He
npeseimana 2-3 TECU. Bo Bpems cpaBHEMOM 10 MHTEHCHBHOCTH MarHuTHOH Oypm 18 maprta 2018 roma Taroke
peructpupoacs riayookuit mpoBan B TEC m3mepenusx [Shagimuratov et al., 2025]. Benmuuna TEC B nmpoBaie He
npebimana 1-2 TECU. Oro pasnmuune 00ycIOBICHO TeM, ITO BO BpeMs Oypu 18 MapTa mpoBaji perucTpupoBaics B
eBpOIIeiickoM cekTope okoio 23 wacoB MectHoro Bpemenu (LT). Jlns paccmarpmBaeMoro cOOBITHS IIPOBAI
peructpupoBaics B yrpeHHue dacbl okosio 05 LT. IlpoctpanctBeHHO-BpeMeHHOE pacnpenenenue TEC paznuuHo B
9THUX Te0(PU3NIECKUX YCIOBUSIX.

HonocdepHble HEOTHOPOAHOCTH, accounupoBannbie ¢ 111

O/HUM U3 M3BECTHBIX CPEICTB JIETEKTHPOBAHHS M HETPEPHIBHOIO MOHUTOPHHIA MOHOC(EPHBIX HEOIHOPOIHOCTEH
SIBISIETCS HCIIOJIB30BAHUE CUTHAJIOB HABUTAIIMOHHBIX CIyTHUKOB. CTaHAapTHBIE HAOIIOACHHS MTO3BOJIIOT ITOIYdaTh
nanHble 0 TEC ¢ 30-cexyHIHBIM HHTEPBAJIOM.

Haubomee mmpoxo ucmonb3yemsiM mHAeKcOM TEC ¢dmykryanmit seistorcs mapametrp ROT (Rate OF TEC) u
nHaekc wHTeHcHBHOCTH ¢urykryaruit ROTI [Pi et al., 1997]. VHmekcs MO3BONSAIOT AETEKTHPOBATH HAIHYHE
noHoc(epHEIX HeomHopomHocTed. Exunmmna msmepenus ROT- TEC/mMun: 1 TECU =10'¢ snexktpon/m>. OcHOBHEIE
acnektel Metomuku omnpeneneans ROT/ROTI oceemiensl B pabote [Zakharenkova et al., 2018]. Wunekc
pacCUUTHIBAJICS C 5-MHHYTHBIM HHTEPBAJOM JUII BCEX BHMIMMBIX CTAHIMEH CIYTHUKOB C YIJIAMH BO3BBIIICHUS
cnyTHUKOB BbIie 20°. Mbl IPUMEHWIH JOTIOJHHUTEIbHYIO 00pa00TKy IMOJIyYSHHBIX JAHHBIX C LEJIbI0 BBISBICHHUS U
Koppekimu (a3oBeix cnunoB (cycle slips, morepst ¢assl, “mepeckok” (asbl), a Takke YCTPAHCHHS BO3MOXKHBIX
BBIMAJIAIOIINX 3HAUYCHUH. VI3MepeHus: KOppeKTUPOBATUCh Ha cKauku (asel (cycle slips) nmpu ux BenuuuHe Oosee S
TEC na unrepsan 30 cek.

Ha pwuc.3 mnokazan sddexr mnposiBueHust (UIyKTyalyii HaBUTAIIMOHHBIX CHUTHAJIOB BO BpEMs pETHCTpPAIMN
MOJIAPU3ALMOHHOTO JIKETA [0 CITyTHUKOBBIM U3MEPEHUSM. MBI OTMEeYaly, 4YTO 1o u3MepeHusiM cinyTHuka DMSP 1]
3apeructpuposal B 10UT Ha mMarauTHO#H mupote okoio 65° MLAT, Ha reorpadudeckoii gonrore okoino 80°W B
KaHAJICKOM ceKTope Ha mupoTtax 55°-53°N. bmmkaitmeit GPS crannwmeit x nonoxenuto I1]] seisiercss SCH2 (54.6N,
66.8W).

SCH2, 20 04 2020; PRN 31 Honeoma SCH2, 20 04 2020; PRN 14 Honzoma
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Pucynok 3. Bapuanuu ROT Bmonb nponéroB cmytHukoB PRN14 u PRN31 mo cranmuu SCH2 20
ampernsi, KpacHbIe KPYKKH- TPASKTOPHs MPOJIETa CIyTHUKOB (TeorpadudecKue KOOPANHATHI).

Wutencndpukammsts TEC ¢nykryaunit HaOmromaercs Ha wmHTepBasie 07-13UT B KaHaiACKOM CceKTOpe, Korna
pEeruCTpUpOBAJICS TOJSIPU3ALMOHHBIA JUKeT B u3MepeHusix DMSP  crnytHukoB. Ycunenuwe (uykryaumit
HaBUT'AllMOHHBIX CUTHAJIOB BO BpeMs MarHuTtHod Oypu 18 mapra 2018roma xoropble OBIIIM acCOIMHMPOBAHBI C
MOJISIPU3AIMOHHBIM JDKETOM MPENCTaBIeHO B padote [Kotova et al., 2025].

Ha Bapuanmax ROT Bpons mnponétoB GPS choyTHHKOB SIBHO BBLAEISIOTCS CHIIBHBIE 110 HHTEHCHBHOCTHU
KpaTKOBPEMEHHBIE M30JIMpOBaHHbIE BcIuleckd. [l mnponéra PRN31nonoxkeHue Bculecka NPUXOIUTCS Ha
reorpaduueckyro mupory 52.5N (61.1MLAT), monrory okono 72°W. Jlns nponéra PRN14 mmpoTa monosxeHus
Becrutecka coctasiser 54.8N (63.0MLAT), 70°W. Kak Op110 yKka3aHo BbIIIe, reoMarHuTHas mupota [1J] mpuxonutcs
Ha mpoTH 67-64° MLAT nHa MecTHOe MarHUTHOE BpeMs okoiio 5.1 MLT. IlIupoTHOE mo10)keHIe BCIUIECKOB BeChMa
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6msko k mmpote I1J]. Takum oOpazom, mpocTpaHCTBEHHO-BpeMeHHOE NonokeHue Bemuiecka B ROT ogHo3HaYHO
cootHocurcsi ¢ monoxerneM I1J[. Bemmeck TEC ¢umykryamuii cBHAETENECTBYET O MPOSBICHHH HOHOC(EPHBIX
HEOHOPOAHOCTEH, aCCOIMUPOBAHHBIX C HOIAPH3ALHOHHOM JXKETOM.
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INVESTIGATING LARGE-SCALE ELECTRIC STRUCTURES
DURING GEOMAGNETIC STORMS IN EARTH'S RADIATION BELTS
USING ELECTRIC FIELD AND POTENTIAL DIFFERENCE DATA
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Abstract. This study investigates large-scale electric structures within Earth's radiation belts during geomagnetic
storms. The primary objective is to identify and characterize large-scale electric double layers in the near-Earth space
environment. We hypothesize that such structures may persistently exist around Earth, and this research serves as a
critical step toward understanding their formation and behavior under extreme solar activity. Using electric field and
potential difference data from the EFW (Electric Field and Waves) instrument aboard the RBSP (Van Allen Probes)
satellites, we analyzed periods of intense geomagnetic storms. The data were processed using Fast Fourier Transform
(FFT) techniques to reduce noise and identify large-scale double-layer structures. Our results demonstrate the presence
of large-scale electric double layers in the radiation belts during geomagnetic storms. These findings provide a
foundation for future investigations, where we aim to explore whether these structures exist consistently in the near-
Earth space environment, even during quiet periods. This research contributes to a deeper understanding of electric
structures in space and their implications for space weather dynamics.

Introduction

The concept of the electric double layer was first introduced by Langmuir in 1929 [1] and later discussed in
astrophysics by Hannes Alfvén [2], where it was also applied to explain and describe the behavior of the
magnetosphere. In general, an electric double layer is defined as a structure within a plasma, which is a quasi-neutral
medium composed of particles carrying opposite charges. Under certain circumstances—such as temperature
gradients, electric fields, and other factors—these charged particles can become separated, effectively forming distinct
layers. This phenomenon illustrates why the behavior of plasma cannot always be explained in the same manner as
neutral gases. The defining characteristics of an electric double layer were outlined by J. Johnson in the study of
relativistic electric double layers [3], as illustrated in Figure 1 [4].

Negative side of

- double layer
Conditions graphed
across the double layer: Positive side
\l/ of double layer

electrical field

Diagram of a

h d particl
- oo v double layer (DL)

distribution

Arrow indicates direction of electric
field (direction of force applied to
a positive charge)

Figure 1. An electric double layer is illustrated with positive and negative charges, a potential
difference, an electric field, and the corresponding charge distribution.
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Investigating large-scale electric structures during geomagnetic storms in Earth's radiation belts ...

When an electric double layer forms, a strong potential difference and electric field develop between the layers [5].
These structures are commonly identified through their electrical characteristics, both in laboratory environments and
in nature. Such structures can also be observed in Earth's magnetosphere, although their intensities and formation
mechanisms vary. From the outset, Alfvén considered this large-scale structure suitable for explaining magnetospheric
behavior [6]. Later, Clarage, in his proposal, introduced a well-defined electric structure in the Earth's radiation belt
region that closely matched the characteristics of an electric double layer [7].

Research by Peratt and Alfvén focused on comparing electric double layers created in terrestrial laboratories with
data obtained from near-Earth plasma, largely consistent with measurements from the GEOS and ISEE satellites.
These satellites were the first to transmit plasma data from Earth's vicinity and were equipped with electric field
detectors (Figure 2) [6, 8].
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Figure 2. Right: Data from the GEOS-1 and ISEE-1 satellites showing the electric field in different
directions [9]. Left: Laboratory plasma double layer, illustrating the potential and current components
[10].

The essential conditions for identifying electric double layers are summarized as follows:

1. Sudden Jump in Electric Potential (¢).
In an electric double layer, the electric potential changes abruptly over a very short distance. This change can range
from a few volts to several hundred volts.

Ap=—]Edx

2. Strong Electric Field (E).
This sudden change in potential creates a strong electric field, typically in the direction opposite to the potential
gradient (E=—V¢).

3. The electric double layer arises due to the difference in the density of charged particles (electrons and ions),
leading to a sudden jump in potential.

4. The electric field in this region is strong and directly related to the gradient of the potential.

5. The direction of the electric field depends on the variations in potential; if the potential increases in the positive
direction, the field changes in the negative direction, and vice versa.

Observation of electric double layers in the radiation belt region during solar storms

To analyze the electric field data, measurements from the Van Allen Belts and RBSP satellites were employed. While
the numerical data are publicly available through NASA’s online database [11], direct use of the raw data is inadequate
for detailed analysis. The data are also accessible in graphical form with basic calibration via the University of
Minnesota website [12]; however, this calibration does not provide the accuracy required to examine the electric
double layer structure through field and potential difference measurements. Consequently, the numerical data were
recalibrated using our methodology.

The Fast Fourier Transform (FFT) was applied to effectively remove noise from the dataset. Vector components
affected by unidentified noise were corrected using the Savitzky-Golay (SavGol) algorithm implemented in Python,
eliminating spurious values while preserving relevant signal features. Finally, by rescaling the resulting graphs in
accordance with the timing of solar storms in 2015, the characteristic patterns of the electric double layer structure
during these events were successfully extracted.

Analysis of the data reveals that the pattern of the electric structure is consistently observed in the radiation belt
region during all solar storm events. In line with the definition of an electric double layer, abrupt changes in the
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potential difference—whether increases or decreases—cause the electric field to shift from its original position,
reflecting these rapid fluctuations. Once the changes in potential difference subside, the electric field returns to its
initial state. This dynamic behavior was consistently observed across all types of solar storms in 2015, with the six
graphs presented here serving as representative examples.
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Figure 3. Electric field and potential difference data from the radiation belts on selected days during
the solar storms of 2015.

Conclusion

In this study, we analyzed the electric potential and potential difference data obtained from the EFW probe during
geomagnetic storms, applying the Fast Fourier Transform (FFT) to effectively reduce noise. Our results demonstrate
that electric double layer structures can be reliably observed in the radiation belt region during solar storm events
using electric field and potential difference measurements. These observations confirm the existence and detectability
of such structures on a smaller scale and provide valuable insight into the dynamic behavior of the magnetospheric
plasma under disturbed conditions.

Importantly, the methodology employed in this work establishes a robust foundation for future investigations. By
extending the analysis to include particle distribution and density data, as well as detailed satellite position tracking,
it will be possible to explore whether these double layer structures persist on larger spatial scales and under different
geomagnetic conditions. This approach will allow for a more comprehensive understanding of the formation,
evolution, and stability of large-scale electric structures in the Earth's magnetosphere.

Furthermore, our study highlights the potential for systematic identification of electric double layers during a wide
range of solar and geomagnetic events. By integrating additional datasets and refining calibration and noise reduction
techniques, future research can not only verify the presence of larger or more persistent structures but also characterize
their spatial and temporal evolution in unprecedented detail.

Overall, this work demonstrates that the approach presented here provides a solid and scalable framework for
advancing research in magnetospheric plasma physics. The findings not only validate the detectability of electric
double layers under specific storm conditions but also open the door to future studies aimed at mapping these structures
on broader scales, thereby offering a pathway for more detailed assessments of their role in magnetospheric dynamics.
In essence, this study lays the groundwork for a long-term research program that can systematically explore the
prevalence, characteristics, and implications of electric double layer structures in Earth's radiation belts.
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THE INFLUENCE OF ION MASS IN PLASMA BUNCHES
ON THE EFFICIENCY OF ALFVEN WAVE GENERATION
AND PROPAGATION IN PARTIALLY IONIZED PLASMA

A.G. Berezutsky, V.N. Tishchenko, S.S. Sharipov, A.A. Chibranov, I.F. Shaikhislamov
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Abstract. This study employs numerical modeling to investigate the generation and propagation of Alfvén waves
from a periodic sequence of plasma bunches in a partially ionized background plasma, operating in a sub-Alfvénic
bunch expansion mode. We specifically examine the influence of plasma bunch ion mass on the amplitude and
structure of the resulting Alfvén wave.

Introduction

The generation of intense magnetohydrodynamic (MHD) waves in laboratory plasma is of considerable interest for
fundamental research and for modeling space processes. However, traditional methods, such as particle beam injection
or RF excitation, often limit the amplitude and spatial extent of the generated disturbances. Researchers at the Institute
of Laser Physics SB RAS are studying the wave merging mechanism (WMM), a method that generates MHD waves
through the resonant interaction of periodic laser plasma bunches with magnetized background plasma [1-2]. This
approach enables the creation of intense and extended wave disturbances, including Alfvén waves, slow magnetosonic
waves, and whistlers. Previous work [1-4] has established optimal dimensionless relationships (criteria) for generating
an extended Alfvén wave with an amplitude of Bg/Bo~0.3.

The main objective of this work is to apply the WMM to study the generation and propagation of Alfvén waves in
plasma containing neutrals, using different masses of bunch ions at Alfvén-Mach numbers Ma=0.2. We employ a
four-fluid EMHD model to simulate the generation and propagation of these Alfvén waves (for details, see [1,5]). Our
simulation uses a cylindrical coordinate system (r,¢,z) with the external magnetic field oriented along the Z axis. The
relative density fraction of the neutral component in the background plasma is Pn=1.

Problem Formulation

The expansion of plasma bunches displaces the external magnetic field and forms a cavern. This cavern formation
generates an induction electric field, which sets background plasma ions in motion. Under conditions where the ion
Larmor radius is of the same order of magnitude as the dynamic radius—a scenario typical for laboratory experiments
and many geophysical phenomena—the Lorentz force mediates the interaction between the background plasma and
the bunch plasma (the so-called magnetic-laminar interaction mechanism). This interaction nonlinearly twists the
background plasma and compresses it along the magnetic field axis. This compression increases the pressure and
drives a plasma outflow along the magnetic field lines. The periodic nature of this process generates an extended
plasma flow that propagates along the magnetic field. This flow remains confined within a flux tube whose transverse
size is close to that of the cavern near the bunch source. In addition to the plasma flow, the system excites two types
of waves: a slow magnetosonic wave and a torsional Alfvén wave, which arises from the Larmor rotation of ions.
These waves transfer energy, momentum, and angular momentum [3-4]. When we transition from a single bunch to a
periodic sequence, the bunches resonantly interact with the magnetized background plasma at a specific frequency f.
This resonant interaction, via the Wave Merging Mechanism (WMM), forms an extended and intense wave [1-4]. For
this numerical study, we varied the mass of the plasma bunch ions m; as the main parameter, assigning it values from
207 to 22 in proton mass units. This range corresponds to ions of Pb*, Ag®, Ar*, and Na'. We held all other system
parameters constant: the number of pulses N=10, the Alfvén-Mach number M,=0.2, the dimensionless bunch
pulsation frequency @, =0.33, the background plasma beta [(=0.01, and the ion-inertial length

Ly; = ¢/(wpiRq) = 0.1. The characteristic spatial radius of the problem, Rd, which determines the braking radius of
individual plasma bunches by the magnetic field, also remained constant. The background ions have a mass of ms=4.
Neutral background particles possess zero charge and the same mass mo as the background ions.
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Results

Figure 1 illustrates the spatial structure of the azimuthal magnetic field of Alfvén wave generated by N = 10 plasma
bunches, propagating in a fully ionized plasma (top) and in a plasma with neutrals P,.=1 (bottom). The boundary of
the computational domain along the axis is Z =0 + 102 and along the R axis is 0 + 8.

Figure 1. Spatial structure of the azimuthal magnetic field (Bo) of the Alfvén wave generated by N=10
plasma clots. Left: Be propagates in plasma without neutrals (Pna=0); right, in plasma with neutrals
(Pna=1). Time t=100. Source ion mass m;=207, background ion mass mo=4.

Figure 2 presents the profiles of the longitudinal current and the Alfvén wave. Figure 2A displays the distribution
of the current that a train of N=10 bunches generates in a plasma for different bunch ion masses. For comparison,
Figure 2B shows data for a single bunch (N=1) in two limiting cases: without neutrals (P,,=0) and with them present
(Pna=1). As earlier work demonstrated [6], the Alfvén wave in the pre-Alfvénic bunch expansion regime consists of
two parts: a front part, which the plasma clumps create, and an extended “tail” that forms after the bunches cease
acting, resulting from the radial collapse of the plasma cloud. Our analysis of Figure 2A reveals that the wave
amplitude changes with the mass of the bunch ions. The different efficiency of attenuation due to ion-neutral collisions
serves as the main mechanism for this amplitude change. Although the drag force acting per unit plasma volume is
proportional to the bunch mass density, the key factor is the difference in the inertial properties of the system. Lighter
bunches (e.g., Arf, Na*) easily transfer momentum to the neutral component and quickly achieve kinematic velocity
matching. This process leads to efficient dissipation of the wave energy and strong damping. In contrast, bunches with
heavier ions possess significant inertia, which allows them to maintain a high relative velocity between ions and
neutrals. Consequently, energy lost in collisions accounts for a smaller fraction of the total oscillation energy. This
inertial superiority reduces the damping efficiency and enables the wave to maintain a higher amplitude, as higher-
mass bunches lose energy more slowly. Figure 3 illustrates the maximum amplitude of the wave’s azimuthal magnetic
field as a function of the bunch ion masses.
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Figure 2. Longitudinal current Jz generated by N=10 plasma bunches with different bunch ion
masses (A). Current Jz generated by one bunch with an initial background neutral density Pna=0 and
1 (B) at time t=100.
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Figure 3. Dependence of the amplitude of the azimuthal magnetic field on the mass of the bunch ions
at time t=100. The symbol (e) illustrates the maximum amplitude B¢ in the case of a fully ionized
background plasma.

Figure 4 shows the time dependences of the efficiency of plasma bunch energy conversion into Alfvén wave energy
for different bunch ion masses. Over time t = 20 + 75, the efficiency of bunches with ion masses m; < 107 decreases
linearly, reaching values of n1=0.1 (Ag+), 0.01 (Ar+), and 0.008 (Na+). The maximum efficiency n ~ 0.3 is achieved
when using ions with a mass m; = 207.

n, % l/.\l/. Pl:'

2
10 ® Na'

Figure 4. Time dependence of the energy conversion efficiency of bunches into Alfvén waves for
different bunch ion masses. The computational domain for calculating the efficiency was AZ =0 + 100,
AR =0 + 2 at time t=100.

Discussions

This paper presents the results of a numerical simulation on the generation of low-frequency Alfvén waves by periodic
laser plasma bunches in partially ionized plasma under sub-Alfvénic expansion conditions. Our results demonstrate
that the inertial properties of the ions significantly affect both the amplitude of the generated wave and the efficiency
of converting bunch energy into wave energy. The efficiency of wave attenuation through ion-neutral collisions
primarily governs this dependence. Lighter ions (e.g., Na*, Ar”) rapidly achieve kinematic matching with the neutral
component. This process leads to intense energy dissipation, resulting in strong wave attenuation and low efficiency
(N~ 0.008-0.01). In contrast, heavy ions (e.g., with a mass of mi=207) possess significant inertia, which enables them
to maintain a high relative velocity with respect to neutrals for a longer duration. This inertia reduces the share of
energy lost through collisions from the total oscillation energy, thereby decreasing damping. Consequently, heavy
bunches generate Alfvén waves with a larger amplitude and achieve a maximum efficiency of n ~ 0.3.
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Abstract. The phase-gradient sounding (PGS) method was employed to map crustal geoelectric structures and
identify the potential reservoirs for an enhanced geothermal system (EGS) in the Fennoscandian Shield near Helsinki,
Finland. To overcome challenges from intense anthropogenic noise, measurements were conducted using only
magnetic field components. The obtained geoelectric model revealed a promising sub-horizontal low-resistivity layer
at 4.8-6.3 km depth interpreted as a rheological weakened zone. This interpretation was verified by its correlation with
regional fault systems and seismicity. The practical value of the study was confirmed when identified layer was
successfully targeted for drilling and hydraulic stimulation of the OTN-2 well demonstrating the efficacy of the PGS
method for EGS site characterization in challenging environments.

1. Introduction

The objective of our independent investigations was to identify and characterize conductive layers within the Earth’s
crust. Such layers can be interpreted as rheological weakened zones, making them promising targets for the
development of Enhanced Geothermal Systems (EGS) for heat and power generation. These geoelectric studies were
carried out in January 2019 near Helsinki, Finland, initiated by SPbF IZMIRAN with the support of S. Puuppo’s team
and were separate from the ongoing St1 Deep Heat pilot project. The phase-gradient sounding method (Kopytenko et
al., 2015) was employed for this purpose.

The Stl Deep Heat project, which aims to build Finland’s first industrial-scale geothermal plant in Otaniemi, is an
example of an EGS, designed to extract energy from hot dry rock through hydraulic stimulation. As of July 2018,
prior to our measurements, it was drilled OTN-3 injection well (6.4 km deep) and the OTN-2 observation well (2 km
deep) located close to it and used for seismic monitoring. Site selection was underway for a production well which
was to be located in close proximity to the injection well. Providing recommendations for the optimal placement of
this production well was a key goal of our study.

2. Methodology and data

Basic principles of the phase-gradient sounding (PGS) method are following. An electromagnetic wave passing
through the atmosphere and incident on the Earth’s surface propagates at the speed of light, and its phase delay
between the observation points located on the Earth’s surface is close to zero. However, at each observation point on
the Earth’s surface, we observe the sum of incident and reflected electromagnetic waves. The phase velocities of
electromagnetic wave propagation, as well as the gradients of the vertical component of the magnetic field variations
along the Earth’s surface, depend on the peculiarities of the geoelectrical structure of the Earth’s crust; hence, the
experimentally observed phase delays (At;... Ats) are nonzero (Kopytenko et al.,2015). We can determine the apparent
resistivity of the medium, if the phase velocity of electromagnetic wave propagation along the Earth’s surface is
known. Then we can use the methods of interpretation of magnetotelluric soundings (MTS) for building the
geoelectrical model of the media.

Only the magnetic components of the electromagnetic field were used in this study. This approach was necessitated
by the extensive electrification of the region, where high levels of electromagnetic noise complicate the recording of
natural magnetotelluric currents and adequate interpretation of MTS data. The PGS method involves synchronous
observations (referenced via GPS/GLONASS) using highly sensitive magnetic stations positioned at the vertices of
triangles. For the center of each triangle (virtual PGS point), vectors of the gradient and phase velocity of propagation
of geomagnetic disturbances along the Earth’s surface can be constructed, enabling calculation of the apparent
resistivity of the Earth’s crust in different frequency bands. The GI-MTS-1 equipment (Sergushin and Petrishchev,
2022) with a frequency range of 0-15 Hz was used for these measurements.

The gradients of the geomagnetic field components are very small at a short spacing (4—15 km) between base
magnetic stations. When three-component stations are installed in the field, ideal alignment of the spaced magnetic
sensors can hardly be accomplished. In this respect, the PGS method involves full horizontal and vertical components
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and variations in the modulus of the full magnetic field vector for constructing the vectors of gradients and phase
velocities, because these parameters do not depend on the orientation of magnetic sensors.

A 20-km profile centered on the OTN-3 injection well was established (Fig. 1) with a measurement spacing of 2
km. Fieldwork was completed within four days, during which 22 physical stations were installed to obtain 11 virtual
PGS points. The measurement protocol included both daytime (3-hour sessions) and nighttime recording. All stations
were deployed in parks or on the ice-covered surface of the Gulf of Finland.

3. Results

After processing, three of the eleven PGS points were classified as poor quality due to the high level of industrial
electromagnetic noise. These include the two northeastern most points (s10 and s11) of the profile, located in close
proximity to a railroad station, as well as point s04. Notably, measurements at these stations were conducted during
the daytime when the anthropogenic noise is typically highest. It should be noted that the PGS curves built from
variations in the full horizontal magnetic component for this area coincide with the results calculated from the vertical
component. Therefore, the subsequent discussion will focus solely on the results obtained from the vertical magnetic
component.

$1034511.1 7
¥ W |
¥.s10

SKust

$0913 4510.1¢

. 1s09 ‘Wn 15103

) 6y
! A ©,7

071

S2¢ OTN-3 |

415062

) #s01°.3 /5021

AetRrs

SO 140

Figure 1. Scheme of the profile. Physical stations are shown in pink, virtual PGS points — in green. Star
denotes the location of the OTN-3 well.

Due to a shift in the apparent resistivity (Fig. 2) a correction was applied using the regional mantle conductivity as
a reference. The discrepancy between the regional responses and the PGS results was first addressed by incorporating
data from the Nurmijarvi observatory (Korja, 1998) located approximately 20 km from the profile, as a part of the
Baltic Electromagnetic Array Research. This combined correction is shown in blue in Fig. 2a. All PGS results were
subsequently corrected against this adjusted curve, yielding a solution with good internal consistency across the study
area. The lack of impedance phase data precludes the direct application of inversion to the experimental data.
Therefore, a technique of controlled transformation of unsmoothed data was employed, following the methodology
outlined by Vagin (2012). This allowed for the construction of 1D models for each PGS point, presented in Fig. 2b.

The experimental results are valid for depths ranging from approximately 3.5 to 15 km. The geoelectric section is
characterized by a gradient decrease in resistivity, from 1000-2000 Ohm-m at 3.5 km depth to about 40 Ohm-m at 4.5
depth. The structure of the deeper layer exhibits some variations and requires a 2D analysis. A quasi-2D geoelectric
model for the profile was constructed by gridding the 1D models using a minimum curvature method (Fig. 3).

The geoelectric section reveals key features. On the right flank of the profile near stations s07-s09 a sub-vertical
conductive channel (10-20 Ohm-m) is identified, potentially bounded by fault zones. This structure can be traced from
a depth of 14 km up to approximately 5 km and is interpreted as a pathway for upward fluid migration, which could
induce metamorphic changes in the rock. Another significant feature is a sub-horizontal low-resistivity layer (10-30
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Ohm-m) at a depth of 4.8-6.3 km, extending from the mid-profile (station s05) to the right flank (station s09), in the
vicinity of the OTN-3 well.
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geological features shows a strong
correlation between two known faults
and the conductive boundaries
identified in our section (Fig. 3).
Furthermore, analysis of seismological
bulletins revealed a magnitude M1.6
earthquake that occurred on 3 February
2013 near stations s08 and s09 at a
depth of 5 km (IRIS data service;
coordinates 60.21°N, 24.91°E). The
catalogue of the Finnish permanent
seismic network also lists two
earthquakes recorded in 2017 at a
depth of 5 km near station s06, located
near OTN-3 well site prior to the
commencement of hydraulic
stimulation in 2018.

Based on the 2019 geoelectric
interpretation, the conductive layer at
4800-6300 m depth was identified as a
potential reservoir for hydraulic
stimulation. Recommendations were
made to drill the production well
northeast of OTN-3, towards the
nearest fault zone identified in the
section. By spring 2020 these findings
were validated through drilling the
OTN-2 observation well was drilled to
a depth of approximately 5700 m with
a section parallel to the OTN-3 well
starting from 4900 m depth; the
wellbores are spaced about 400 m apart
horizontally (Kwiatek et al., 2022).
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Study of the geoelectric structure of the Earth’s crust by the phase-gradient sounding method

The OTN-2 well was drilled in a north-eastern direction and a successful hydraulic stimulation was conducted in 2020
within the depth interval of 4856-5765 m to establish connectivity between two wells.

This study demonstrates the effectiveness of the PGS method for investigating crustal structures, particularly in the
context of EGS. The method is also highly suitable for geological exploration in challenging environments, including
mountainous regions, deserts, seismically active zones, offshore areas, and ice fields in the Arctic and Antarctic.
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I'EOMATHUTHBIE ITYJbCAIIMU C HIEPUOAOM ~30 MUHYT HA
JTHEBHOM CTOPOHE MATHUTOC®EPHI 1O JAHHBIM
CIHHYTHHUKOB GOES

B.B. Benaxosckuii'?, J1.B. Kocrapes?, B.A. [Tununenko®

onsapuwiii 2eouszuueckuii uncmumym, 2. Anamumasi, Poccus
2Hhtcmumym conneyno-semuou usuxu CO PAH, e. Hpxymck, Poccus
3HHcmumym ¢usuru 3emau PAH um. O.JO. [lImuoma, e. Mockea, Poccus

AOCTpaKT. Briepsbic 00HApYKEHbI TEOMATHUTHBIE MYJILCAIUH ¢ HEOOBIYaiHO GoIbIUM TieprooM 30-40 MUHYT Ha
JTHEBHOW cTopoHe MarHuTocdepsl. [lynbcanuu ObUIM 3aperucTpUpOBaHbl HA BOCCTAHOBUTEIbHOM (haze MarHUTHOM
Oypu 7 smHBaps 2015 1. mo maHHBIM TeoctanmoHapHBIX ciyTHUKOB GOES. Ilymbcammm HambOoiee BBIpaKeHBI B
panuansHOH (B;) 1 nmpononsHoi (B)) koMnoHeHTe MarHuTHOTO TToJIs. [lyIbcanuy MOAYJIMPYIOT TOTOKH 3JIEKTPOHOB
U MPOTOHOB B LIMPOKOM JIMANa3oHe YHEPTHid, PU ATOM HaOJI0AAeTCsl MPOTHBO(A3HOCTh MyJbCallUii B MArHUTHOM
T0JIe ¥ B IOTOKaX 3apsHKEHHBIX YacTUIl. B aHHBIX HA3€MHBIX MarHUTOMETPOB 3TH KOJIEOAHUs HE MPOSIBISIOTCS, YTO
MOXET CBHJICTEIBCTBOBATh 00 NX MEIKOMACIITAOHOCTH U 3KPaHUPOBAHUH HOHOC(HEPOH. AHATOTHYHBIX KOIeOaHUH
He HaOIIofaloch B MapaMeTpax COJHEYHOTO BETpa M MEXKIUIAHETHOIO MAarHUTHOTO TMOJIS, YTO TOBOPUT O
BHYTPUMAarHUTOC()EPHOM HCTOYHHMKE KojieOaHumil. [Io cBOMM XapaKTepuUCTHKaM 3apervMCTpUpOBAaHHBIC KOJIeOaHHs
OYCHB ITOXO0XH Ha KOMIpecCHOHHBIE PcS5 mynbcanmu (storm-time Pc5), HO oTnM9aioTCst 04eHb OONBIINM IIEPHOAOM U
HECHHYCOUIAIBLHOH (hopMoil. B mepron mosBiaeHus Mysibcannii HAOMOAAICS POCT TOTOKOB 3HEPTUYHBIX IIPOTOHOB
(95 x3B) Ha reocrarpoHapHOU opbute. Ilpenmonaraercs, 4To BO30YXKACHHE IMyJbCAIlMil BBI3BAHO OAJIOHHOMN
HEYCTOWYHMBOCTBIO IMPOTOHOB KOJBIIEBOr0 Toka. OOHapy)KeHHE CTOJb JIMHHONEPHOIHBIX IyJIbCAIlMi pacIupser
MIPEACTABICHUS O KIIACCU(PUKALINK 1 MEXaHU3MaX TeHEePALF T€OMarHUTHBIX IMyJIbCannii.

1. BBenenne

Cucrema kiaccu(UKAlMM T'€OMarHUTHBIX IyJNbCAallMii (WM YJIBTPAHW3KOYACTOTHBIX BOJIH) OTIPaHUYHBAET
MaKCHMallbHO BO3MOXXHBIC TEPUOIBI MArHUTOCQEpHBIX KoneOaHWid BenmuunHOW 10 MHHYT, SBISIOLICHCS
JUIMHHONIEpUOAHON TpaHuliei PcS namamasona [Jacobs, 1964]. DTOT mepuoa NMpUMEpPHO COOTBETCTBYET pa3zMeEpy
nuesHON Marautocdepsl (~10-15 Re) n xapakTepHol BenMunHe anbBEeHOBCKOM ckopocth (~103 km/c). Cpenn Pc5
MyJTbCAMH BBIACIIOT TOPOWAANBHBEIE W KOMIIPECCHOHHBIE (Storm-time Pc5) tumel konmeOanmit. Mcrounukom
TOPOHIANBHBIX Pc5 KoIeOaHMiA SBITIOTCS BOSMYIICHHSI B COTHEYHOM BETPE, KOTOPBIC 3aTEM YCIIIHBAIOTCS B 001aCTH
aJbBEHOBCKOI'0 PE30HAHCA CHIIOBBIX JIMHHUH. [IpH BEICOKMX CKOPOCTSIX COJIHEUHOTO BETPa MOTYT BO30Y>KAATHCSI MOJIBI
MarHuTOC(EpHOTO BOJHOBOAA, IPOSIBIIIONINECS Ha 3eMHOW TOBEPXHOCTH B OOJIBIIOM JHANa30HE MIUPOT U JOITOT B
BHJIC BBICOKOMHTEHCUBHBIX TJI00aNmbHBIX Pc5 komebanmit [Potapov et al., 2006]. [lymscanmu Pc5 nmamasona B
MarauTocepe MOryT OBITh BBIHYXKACHHBIM OTKJIMKOM Ha KBa3sHIIEPHOAWYECKHE (PIyKTyallMu B COTHEYHOM BETpe
[Kepko and Spence, 2003; Beraxosckuii u IMununenxo, 2011]. MICTOYHMKOM KOMIPECCUOHHBIX Pc5 mymbcaruii
SIBIISTIOTCS] BHY TPUMAarHUTOC(EpHBIC HEYCTOWYHBOCTH IIOTOKOB IIPOTOHOB KOJIBLIEBOTO TOKa [ Barfield and McPherron,
1978]. Ilocnenytomuye HaOIIOACHUS MTOKAa3aJld, YTO AMANA30H T'€OMArHUTHBIX ITyJIbCAIlM CIEAyeT pacIiupUTh J0
MIEPBBIX JECSITKOB MUHYT M BKJIIOYWTH B HEro KBasumepuogudeckue Ps6 w mpperynspueie Pi3 mynbscamuu. Pi3
nmyJbcaunu ¢ nepuonoM 10-25 MuHYT HaOMIIOAAIOTCS B HOYHOM M BeUepHEM CeKTopax MarHurocdepsl Ha (oHe
cy00ypu. KoMIpeccnoHHbIe JUIMHHOIIEPUOIHbIE MyJIbCAMU C TIepHoJioM Oosiee 20 MUHYT ObUTM OOHApY)KEHBI 110
nanHbeiM ciiyTHUKOB THEMIS B yTpennem cextope Mmarautochepsl [ Korotova et al., 2009]. B obnactu nonochepHoit
MIPOSKIIMK JTHEBHOTO Kacma HaOmonxatores icpl (irregular pulsations cusp latitutdes) mymbcanuu ¢ mepuomom 10-25
MuHYT [Pilipenko et al., 2015], KoTOpbIe MPEANIOIOKUTEIBHO 00YCIOBICHBI KOJIEOaHUIMH TOCIEIHUX 3aMKHYTBIX
CWJIOBBIX JIMHUI MarHuToC(epbl WM ITOBEPXHOCTHBIM BOJHAM Ha MarHuromnay3e. Ha MOJSpHBIX mmpoTax
OTMEYaJINCh O4YeHb JuHHONEepuoansie VLP (very long period) mynmscanmu, BBI3BIBaéMbIE KPYIHOMACIITAOHBIMHU
aIbBEHOBCKMMH BOJIHAMH B COJIHEUHOM Betpe [Pilipenko et al., 2020]. Takum oO6pa3om, Ha3eMHbIE U CITyTHUKOBBIC
HaOJII0ZICHUS TTOKA3bIBAIOT, YTO B MarHuTocdepe koaebdanus ¢ nepuoioM 6osee 20 MUHYT, TO €CTh BHE CTaHJapTHON
HOMEHKJIATyphl TEOMarHUTHBIX MyJIbCAIlNil, MOTYT HAaOMIOAAThCs THOO0 B MOTPAHUYHBIX 00JIACTAM MarHUTOC(EPHI,
100 Ha HOYHOH CTOPOHE MarHUTOCQEpPHI.
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B nanHoi#i pabote BrepBble 0OHAPY>KEHBI M IPOAHATM3UPOBAHBI KOMIIPECCUOHHBIE KOJIEOaHUs C TIEpHOJIOM Oolee
30 MHHYT Ha THEBHOH CTOpPOHE MarHHUTOC(epsl, B 00NACTH TeoCTaIllioHapHON opOMTH. Ha Hamr B3risn, maHHBIE
HaOIOZECHNS PACIIUPSIOT MIPEACTABICHNE O KIACCU(DHUKAIIN 1 MEXaHN3MaX TeHEepallui T€OMAarHUTHBIX ITyJIbCaIi.

2. Ucnonb3yemble TaHHbIE

Hcnonp3oBansl qaHHbIe reocTanoHapHbIX cimyTHUKOB GOES-13 (MLT=UT-5), GOES-14 (MLT=UT-7), GOES-15
(MLT=UT-9), opObuTHI KOTOPHIX MOKa3aHBI HA pHc. 1. B mepnom peructpanny n3ydaeMbIX IMyJIbCAIHi CITyTHUKA
GOES pacnonaranice Ha JHEBHOH CTOPOHE MarHUToc(ephl U MOKPHIBAJIN JOCTATOYHO OOJbLIyI0 001acTh mo MLT.
B nmanmpix marautomerpoB GOES he-xommonenTta HampaBneHa k 3emie (earthward), hn — asmmyrtanbHas
KOMITOHEHTa, hp — BepTuKaJibHast KOMIIOHEHTA. Taxke HAMH HCIIOIb30BaHbI JAHHBIC HA36MHBIX MATHUTOMETPOB CETCH
THEMIS, CARISMA, u nannsie puomerpoB cetu NORSTAR. Jlns peructpaiuu napaMeTpoB COJTHEUHOIO BETpa U
MEKIUTaHeTHOro MarHuTHoro mnois (MMII) ucnonb3oBanbl 0aza nmanubix OMNI, u nmannbeie cmythuka ACE.
Marautochepusie crmytHukn Van Allen Probes, THEMIS, Cluster Haxoanch B OPYTHX CEKTOpax BO BpeMs
perucTpanuy u3ydaeMbIxX myibcaruii (puc. 1.).

3. Co0biTHE 7 siHBaps 2015 roaa

3.1. Habnrwoenusa na zeocmayuonapuoii opoume. Ha puc. 2 moka3aHbl BapHalliil MarHUTOC(EPHOTO MATHATHOTO
nonst (he, hn, hp-xommonenTs!) mo qanHbM cyTHHKOB GOES-13, GOES-14, GOES-15 mnst coOsitus 7 staBaps 2015
r. [Ipumepno ¢ 13.00 1o 20.30 UT Ha ciyrauke GOES-13 Ha0m0qaMCh MyJIbCAIUH C TIEPHOAOM, H3MCHSIOIIMMCS
ot 15 1o 35 MunyT. B cucTeMe KOOpIMHAT, OPHEHTHPOBAHHON BJJOJIb T€OMAarHUTHOTO IOJIS (HE TTOKA3aHO), Ty IbCALIUH
HanOosee BBIPAKECHBI B PaJANMAIBHON M NPOAOJIBHON KOMIIOHEHTE MAarHUTHOTO MOJIS. MBI YCIOBHO OTHECEM 3TH
yHUKaJbHBIE Kosebanus K Pc6 tumy. Ha cnytauke GOES-14, paznecenHoM ot GOES-13 Ha 2 waca mo MLT, Pc6
mynbcauuu Habmoaanuch npumepHo ¢ 15.30 mo 22.00 UT. Ilynmecamuu Ha crmytHuke GOES-14 mpoucxonsr c
HEKOTOPOW 3a/IeP>KKOM, 4TO CBSA3aHO, IO BCEi BUAMMOCTH, ¢ TeM, 4To ciyTHHK GOES-14 mo3xe Bormien B 00iacTb
reHepauuu nynscanuii. Ha cnythuke GOES-15 Pc6 koneGanust BUIHBI, HO yKe ¢1a00, TIPH 3TOM UX MEPUOJ TOCTHI A
40-50 MuUHYT.

7 January 2015, 14.00-20.00 UT

e
N
T
ES

Y (GSM), R

—10

X (GSM), Re

Pucynok 1. Pacnonoxxenue cnytHukoB GOES-13, GOES-14, GOES-15, Cluster-1, THEMIS-D,
THEMIS-A, THEMIS-E, Van Allen Probes (A, B) B 5kBaropHajbHON IJIOCKOCTH MarHUTOC(epsI
(GSM cucrema xkoopauHat) 7 staBaps 2015 r. 14-20 UT.

BeiiBneT-aHaam3 moka3elBaeT, YTO MaKCHMaJIbHAsl HHTEHCHBHOCTH KOJIeOaHMH MPUXOANIACh Ha IEPHOJT ~35 MUHYT
(ue mokazano). [1pu 3TOoM Ha BelBIIeT-clIeKTpax HabIrogaeTcs npeodialaHne paJualbHOH KOMIIOHEHTbl MarHUTHOTO
TOJIA, YTO, NO-BUJIMMOMY, CBSI3aHO ¢ 00Jiee MOHOXpOMAaTHYHOH (popMOii Iy Ibcaluii B 3TOH KOMITOHEHTE.

Mo mamabmM crmytHHKOB GOES-13, GOES-14 He mnpenctaBisieTcss BO3MOXKHBIM OIIPEACTUTHh a3UMYyTaJIbHOE
BOJTHOBOE YHCJIO 71 TI0 (Pa30BOM 3a/IepKKEe BBHILy TOTO, YTO KOJIeOaHUS HEKOTEPEHTHBI MEXIy coOoii. OmnpeneneHue
m METOAOM KOHEUHOTO0 HMOHHOTO THPOpajuyca TaKXKe HE IPEeACTaBIAETCS BO3MOXXHBIM HU3-32 HEJOCTATOYHOTO
BPEMEHHOTO pPa3pelIeHus] JaHHBIX II0 YacTHIaM, K TOMY K€ JOETeKTOpHI 3apsHKEHHBIX YacTHIl pa3sHECEeHBl Ha
cunytarkax GOES ne xHa 90°, a Ha 70°.

Puc. 3 nokaseiaer, yro Pc6 mynpcanmn 3pQeKTUBHO MOIYJIMPYIOT MOTOKH 3JIEKTPOHOB U MPOTOHOB B IIUPOKOM
nuanasoHe sHepruil (kaB-MbB). [Ipn sTom HabmogaeTcs NpoTHBO(A3HOCTh ITyJbCAlMi B MAarHUTHOM IIOJIE W B
MOTOKAX 3apsKEHHBIX YaCTHII, KaK 3TO YKa3aHO KPACHBIMHU CTPEIIKaMH.
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3.2. IHapamempvr mesxncnnanemuoii cpedvl u 2eopusuueckas oodcmanoeéxka. Pc6 mynbcaruu ObUTH
3apeTUCTPUPOBAHBI Ha BOCCTAHOBUTENBHON (ha3e JOBOJIBHO CHIBHON MarHUTHOW Oypm (SYM-H = -135 ©Tn) c
nHTeHCUBHON Ccy00ypeit (AE-manexc >2000 #Txn), BerBanHOW MarHUTHBIM oOmakom CME (puc. 4). Ilpu stom
CKOpPOCTh COJTHEYHOTO BeTpa He mpesbimana 500 km/c, Bz-kommonenta MMII nocturana -20 uTn. Havamo Oypu
conpoBokaanock SSC HMITyIbCOM, BHI3BAHHBIM PE3KHM YBEIMUCHHEM ILIOTHOCTH COJHEYHOrO BETpa 1o 25 oM™,
JeranpHOe cpaBHeHHE HaOmonaeMblx Pc6 mynbcanmii Ha criytHUKe GOES-13 ¢ mapaMerpaMu COTHEYHOTO BeTpa U
MMII noxkaszaio, 9To B MEXXIUIAaHETHBIX ITapaMeTpax He HaOIroJaeTcs aHaJIOTMYHBIX KosteOaHui (puc. 5). DTo roBopuUT
0 TOM, YTO UCTOYHUKOM Pc6 konebGaHuil SBISIOTCS HE BOSMYIICHUS B COTHEYHOM BETPE, @ BHYTPUMAarHUTOC(hepHbIe
MIPOLIECCEHL.

Cy00ypeBast akTHBHOCTb BO BpeMs OypH CONPOBOXKIANIACh MHKEKIIMEH SHEpTHYHBIX 3ekTpoHOoB (E=40 x3B) 7
saBapst 2015 npumepno ¢ 9 10 11 UT no nanaeiM ciiytHrka GOES-13 (puc. 4). PocT HOTOKOB 9HEPTUUHBIX TPOTOHOB
(E=95 x3B) npoucxoauTt Ha BOCCTAHOBHUTENBHOU (a3e MarauTHO# Oypu ¢ ~11 UT 7 suBaps 2015. I'eneparust Pco
MyJbcannii (BBIAEIEHO HA PHC. 5 TEMHBIM I[BETOM) MPOHMCXOAWT KakK pa3 B MEPHOJ POCTA ITOTOKOB SHEPTUUHBIX
npoToHoB. [lo-BUIUMOMY, MMEHHO SHEpPrUYHbIE TMPOTOHBI M TPHBEIH K BO30YKICHUIO JIMHHONEPHOIHBIX Pco
KoJieOaHWH B pe3yJIbTaTe Pa3BUTHS KHHETHUECKUX HEYCTOHYMBOCTEH.

07 January 2015 07 Jan 2015. GOES—13 (MLT=UT-5)
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Pucynok 2. Bapuanuu MarHMTHOIrO MOJsS 1O Pucynoxk 3. Bapuaruu marautaoro mons (he, hn,
maaHbpM - ciyTHHKOB  GOES-13,  GOES-14, hp-xoMIOHEHTHI), Bapualuu IIOTOKOB
GOES-15 (he, hn, hp-kOMITOHEHTHI). a1ekTpoHOB ¢ E=40 k3B, 0.8 M»B, u moTokoB

npotoHoB ¢ E=95 3B, 575 k3B mno naHHBIM
cnytHuka GOES-13.

3.3. Cpasnenue c nazemnuvimu oannvimu. CpaBaenue Pc6 mynbcaruii, Habmrogaempix Ha cinytHuke GOES-13, ¢
BapuanusMM MarHuTHoro mosisi Ha craHiuu SNKQ (He mokaszaHo), pacIoJIOKEHHOW B CONPSDKEHHOW TOYKE IO
oTHOmeHNIO K cimyTHHKY GOES-13, He BBIIBMIIO aHAJOTMYHBIX KOJNeOaHWH Ha 3€MHOH IOBEPXHOCTH. Takxke
nogobHoe cpaBHeHue Obuto mpoBeaeHo it cnyTHuka GOES-14 u cranmuit GILL, ISLL cetm CARISMA,
pacnosiokeHHbIX B Ipeaenax nomydaca no MLT ot conpsbkennoil Touku cnytHuka GOES-14. Ha sTux craHnusax
TaKKe He ObUIO OOHAPYKEHO aHAJIOTUYHBIX KoJeOaHuil. DTN (PaKTHI TOBOPST O MEJIKOMACIITaOHOCTH 0OHAPYKEHHBIX
JUTMHHOTIEPUOTHBIX KOJICOaHUH M UX SKPaHUPOBAHWN MOHOC(EPOH OT Ha3€MHBIX MAarHUTOMETPOB. AHAIU3 JTAaHHBIX
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puometpoB Ha cranimax GILL, ISLL moka3an OoTCyTCTBHE aHAJIOTHYHBIX KOJICOAHHI B TIOTOKAX BBICHIMAOIIMXCS
3JIEKTPOHOB.

4. 3akI09eHue U 00CyKAeHHE

B paccMOTpeHHOM COOBITHH BIIEpBbIE OOHApYXEHbl KOMIPECCHOHHBIE I'€OMAarHUTHBIE ITYJIbCAIIMU C HEOOBIYHO
OonpmM ieprogoM 6onee 30 MUHYT (OTHECEHHBIE HaMH K Pc6 mynmbcanusm) Ha THEBHON CTOpOHE MarHUTOCHEPHI
M0 JaHHBIM T'€OCTALMOHAPHBIX CIYTHHKOB. Ha 3eMHOW MOBEpXHOCTH MOAOOHBIE KOIEOaHUS HE HaOm0nanacs.
[lynbcanum ObUTM 3aperMCTPUpPOBaHBI HAa BOCCTAHOBUTEIBbHOW (haze MarHuTHOW Oypu 7 smBaps 2015 r.
IIpotnBoazHOCT KONEeOaHWH B MAarHWTHOM IIOJI€ M B MOTOKaX 3apsDKEHHBIX YACTHI[ TOBOPHUT O TOM, 4TO Pc6
MyJbCallMU TIPEACTABISAIOT CO00I MEUIEHHYI0 MarHHTO3BYKOBYIO MOXy. PaHee IIMHHONEPHOAHBIC MyIbCAIIUN C
neprosioM > 20 MUHYT HaOJII0JaJINCh HA HOYHOH CTOPOHE MarHUToc(epsl, TJe JUIMHA BBITSHYTHIX B XBOCT CHIIOBBIX
JIMHUHA ObUIA JOCTaTOYHA JUIsl OAJCPIKaHHS CTOJIb HU3KOYACTOHBIX KoseOanuil. Habmogaemble mynbcaliiy SIBHO He
MOTYT OBITh aNb()BCHOBCKHMH KOJECOAHMSAMH, MOCKOJIbKY HA I'€OCTAallMOHApHONH OpOWTE [UIMHA CHIIOBOM JMHHUA
HEJIOCTATOYHA JUISl CTOJb AJMHHONEPHOAHBIX BOIH. MBI monaraeMm, 9to Bo30yxaeHne Pc6 mynbcanuii Ha THEBHON
CTOPOHE BBI3BAHO PHEPIMYHBIMHU ITPOTOHAMH B pe3yJIbTaTe pa3BUTHS KHHETHYECKUX HeycToHunBocTel [Mager et al.,
2013]. Tlo cBomMM XapaKTepPHCTHKaM 3apEeTUCTPHPOBAHHBIC HECHHYCOHWIANbHBIC KOJCOAHUS IOXOXKH Ha
KOMITPECCHOHHBIE PC5 mynbcanuy, HO OTIMYAIOTCA OYE€Hb OONBIINM W HEMOCTOSIHHBIM IIEpHOAOM. Bo3MOKHO, 4TO
BO30y)XKICHHE IyJbCAlMH  BBI3BAHO KBAa3MIIEPUOJWYECKMMH BCIUIECKAaMH  OalJIOHHOM  HEyCcTOHYMBOCTH,
NPUBOASLIMMHU K BBIOPOCaM SHEPrUYHBIX IPOTOHOB M3 KOJIBIEBOTO TOKa K mepudepun MarHutocdepsl.
OOHapyXeHHEe MynbCcaldii ¢ TAKUM YHHKaJIbHBIMH CBOWCTBAMH pACIIUPSCT MPEACTABICHUS O BO3MOXKHBIX
BpPEMEHHBIX MaclTadax reoMarHuTHbIX Iynbcannii (YHY BonH) 1 uX GU3NYECKUX MEXaHH3MaX.
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MMII, n10THOCTH CONHEUHOro BeTpa N, CKOpOCTH MarauTHOro nons Ha cimyTHuke GOES-13 (he-
comHeyHoro Berpa V, SYM-H un AE-unzmexcos, KOMIIOHEHTa) C BapHaIisIMH IUIOTHOCTH U
MOTOKOB MHpoToHOB ¢ E=95 k3B, mnoTtokos CKOpOCTU COJHEYHOro BeTpa, Bx, By, Bz-
anekTpoHOB ¢ E=40 x3B 1o maHHBIM CIyTHHKa komrnoHeHT MMII o manusM criytHHKa ACE.

GOES-13.
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AHHOTAIIUSA

HccenenoBana B3aMOCBSI3b MEXAY IMOBBIIICHHOW BOJHOBOW aKTUBHOCTBIO W OCJIAONCHHEM IOJSPHOTO BHXPS B
crpatocepe B cepeAnHe 3UMBI B apKTHUCCKUX MIMPOTaX. METEOpOTIOTHICCKHE YCIOBUS OMPEIeIeHB Ha OCHOBE
JIAaHHBIX IOBTOPHOTO aHAJIN3a, MPOBEJICHHOTO B paMKax rnporpammbl Modern-Era Retrospective Analysis for Research
and Application 2 (MERRA?2). [Ipoananu3upoBaHsl 10JIsl CPEAHEH CKOPOCTH BETPA I10 I0JIT0TE U HOTOKU DnacceHa-
ITanma.

Knroueswvie cnosa: BonHoBasi akTUBHOCTS, MOJIAPHBIN BUXPh, BEUBJICT-aHAIN3, cTpaTocdepa.

Beenenue

OmHUAM W3 METONOB aHAJIM3a BOJHOBOW aKTHBHOCTHU SBIISICTCS OILIEHKA MOTOKOB JimacceHa-Ilanema, F=(0, Fo, Fz).
Bupn BelpakeHWil Uil AaHHOTO MOTOKA MOXKHO IOJYYHTh IIyTeM Tpanc(hOpMaluu OCPEAHEHHOTO MO I0JIroTe
yYpaBHEHHs Ul YCKOPEHHs 30HAJbHOW KOMIIOHEHTHI BeTpa. JlaHHas TpaHcdopMmanusl 3aKiodaeTcs B 3aMeEHe
MEpPUIMOHATIBHON U BePTUKAIBHOM CKOPOCTH BeTpa Ha MEPUANOHAIBHYIO U BEPTUKAIHHYIO KOMIOHEHTHI OCTaTOUHOM
CpelHel LUpKYISIHUKA COOTBETCTBeHHO. Takas TpaHchopmanus obOecneynBaeT 3()(EKTHBHYIO THATHOCTHUKY
BOJIHOBOTO BO3ICHCTBUS Ha CPEeIHHM IOTOK, TaK KaK B YPAaBHEHHSIX HE MPOUCXOAUT KOMIICHCAIMH BOJIHOBBIX
HCTOYHHKOB UMITyJIbCa U TEIlIa aIBEKTUBHBIMHU TOTOKAMH UMITYJIbCA U TEIUIA, KaK 9TO MPOUCXONIIO B KITACCHUECKUX
OCpemHEHHBIX ypaBHeHHAX auHamuku [1]. Ilorokm OnmacceHa-Ilampma mast cepHUECKHUX KOOpPAWHAT H
BEPTHKAIBHON JIOT-H300apUueCKOi KOOPIMHATHI, JICJICHHbIE Ha IUIOTHOCTh U pajilyc 3eMJIH, IMEIOT BU [2]:

(1)

DUCIE: D —
F, = cos (7 ——u’U')
¢ ¢ 8, o0z

a7 gl
Fy = coso ((f = oo 250 50— ww) @
rAe IITPpUXHU 0003HaYarOT BO3MYIICHHS, BbI3BAHHBIC paCCManPIBaeMOﬁ BOJ'IHOfI, a 4YepTa CBCPXYy OCPEAHCHHUEC II0
nmonrore, 0z — BepTHKANBHBIA TPATUCHT MOTCHIUAIbHOW Temrepatypsl, f — mapamerp Kopwonmca, u, v, w —
30HaJIbHAsA, MCpHUJINOHAJIbHAA U BEPTUKAJIbHAS CKOPOCTU BETPA COOTBETCTBEHHO.
[pu tpanchopmanuu ypaBHeHHUH AJsi KBa3UTeOCTPOYUUECKUX YCIOBUH Ha B IUIOCKOCTH BBIPKEHUS ISl IOTOKA
OIl, neneHHbIe HA TUIOTHOCTH, TPUMYT BHI:

F, = —u'v 3)
Ve’
E=f% *)

W3 ypaBrenuit 1-4 Bunen ¢usndeckuil cMpic MoTokoB DnuacceHa-Ilanpma. HanpasiieHne BBepX BEKTOpa MOTOKA
OIl coOTBETCTBYET HANPABICHHOMY Ha CEBEpP BOJHOBOMY IIOTOKY TEILIA, a HATIPABJICHHBIN Ha 10T BEKTOp moToka OI1
COOTBETCTBYET HAllpaBJICHHOMY Ha ceBep MOTOKy ummyibsca I1B. JluBeprenuus noroka Ol oTpaxkaeTr yckopeHue
30HaJIbHO-OCPEAHEHHOTO 30HAIBHOIO IMoToka mnox aeWcrteueM [IB. Hampumep, oTpunartesnbHble 3HaueHMs
JIUBEPTEHIINN TOTOKA (T.e., KOHBepreHIus) DIl COOTBETCTBYIOT OTpHIIATENHHOMY (HANpaBICHHOMY Ha 3aran)
YCKOPEHHIO CPEHEr0 BETpa.

IToxxox K OIEHKE BOJHOBOW aKTHBHOCTH M B3aWMOJICHCTBHS BOJH CO CPEIHHMM IOTOKOM IPH TOMOIIH aHAIN3a
JIAHHBIX XapaKTEPUCTUK BIIEPBbIe ObLT ChOpMyIMpoBaH B padoTte [3].
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AHAJIM3 BOJIHOBOI AKTHBHOCTH

[o mamaeM peananmza MERRA-2 ncxons u3 popmyn 1-2 Obumr paccYuTaHbl CPEIHECYTOYHBIE M CPETHE30HAIBHBIC
3Ha4YeHns moTokoB DII mms staBapeit ¢ 1981 mo 2023 roxa Ha mmpoTe MOISPHOTO Kpyra. Jlanee aHaIM3UPOBAIHCH
W3MEHEHHs TNOJIyYeHHBIX XapaKTePUCTHK B HEPHOIBI CHIIBHBIX OCIA0JIeHHH CTPaTocEepHOro HUPKYMIIOISIPHOTO
BUXps. B kauecTBe kputepus i 0TOOpa CHIBHOTO OCNIAaGJICHUS HCHOJIB30BAJIIOCH YCIOBHE HAIMYHS, BOCTOYHO-
HAaIpaBJIeHHOTO CPEHE30HAIBHOTO TOTOKA B CIJIAKEHHOM T10JIe BeTpa Ha BbicoTe 40 KM 1 mupore 62.5 c.1i1, nepuon
CriaXWBaHUS TPH 3TOM ObUT BBIOpaH paBHBIM Hexene. Oxaszaioch, yTo W3 43-€X JeT, NaHHOMY KPHUTEPHUIO
cooTBeTCTBYeT Beero 7 met: 1987, 2004, 2006, 2009, 2013, 2019 u 2021 roga. ConocTtaBuB U3MEHEHHUSI BOJIHOBOM
AKTHBHOCTH C ©3MEHEHUEM HaIpaBJICHHUS BETpa OBbIIM MOJyYEeHBI CX0XKUE TaTTEPHBI JIJI BCEX STHBAapEH, KpoMe sTHBapsi
2019 roxa. [IpogeMoHCcTpUpyeM AaHHBIH TAaTTepH Ha npuMepe siHBapsi 2006-To roja, Koraa HabroAaI0ch Hanboee
CWIIPHOE W Hambojee MPOJOIDKUTEIbHOEC OclablieHne MOJSPHOTO BUXps, [mBHOIeecs Oomee 20 mHEH.
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Pucynok 1. BpemeHHO# X0/ CpeIHE30HAIBHOM CKOPOCTH BeTpa (a), M/C, CpeIHE30HATBHOM NIMPOTHON
(b) u BeprHKaibHOU (C) KOMIIOHEHT JnunacceHa-Ilanpma, M 2*c”-2, a TakKe COOTBETCTBYIOLIMX MM
otkioneHuit (d, e, f) oT KiIMMaToIOrHYECKOi HOpMBI 3a siHBaph 2006-T0 roja Ha mupote 62.5 C.1.

W3 pucynka la BuIHO, 9yTO B BepxHel crparocdepe 9 sHBaps NPOUCXOJUT Pa3BOPOT BETpa C 3aMaJHOTO Ha
BOCTOYHOE, NpeoliIaaHie BOCTOYHOTO BETpa JUIMTCA B TeUeHHE 7 JHEH, Mociie HEeHaJoJiro CMeHseTcsl Ha ciaboe
3amajJHOE HANpaBJIEHUE U 3aTEM CHOBA BO3BPAIAETCS K BOCTOYHOMY HallpaBIIEHHUIO JOCTHUras 23 sHBaps MakCUMyMa
BOCTOYHOH CKOPOCTH BeTpa Ha BbIcoTe 50 KM CO CpeaHe30HaIbHBIM 3HaueHHeM -60 m/c, kak BUIHO U3 pucyHka 1d
JTaHHOE 3HAYEHHE XapaKTepu3yeTcs OTKIOHeHHEM -100 M/c OT KIMMaTOJIOTHIeCKOH HOPMBI, YTO TOBOPHUT O CHIIBHOM
pa3pyIIeHUH MOISIPHOTO BUXPSI.

W3 pucynkoB 1b u 1¢ BugHO, 4TO 3a 4 1Hs 10 pa3BOpOTa BETPa, TO €CTh S5 STHBAPSI HAYAJI0 IPOUCXOINTD YBEIIUUEHHE
OTPHUIATEIFHOW HNIMPOTHON U MOJOXHUTEIbHON BepTHKAJIbHOW KOMIIOHEHT motoka EIl, urto roBopur o0 ycuieHun
BJIMSIHUSL BOJIHOBOI'O JIEHCTBUS B CTOPOHY IIOJIOCA, TO €CTb B CTOPOHY JeHCTBUS BUXps. JlaHHBIA DIaTTEpH B
YBEJTMYEHNHU BOJTHOBOW aKTUBHOCTH Tepe]] ocaabaeHrueM BUXPsI XapaKTepeH H Ui APYTuX JeT, He cuutas 2019 rona,
a TaK)Ke COBIAJAeT C COBPEMEHHBIMH MPEACTABIECHUSIMHU B IPUUNHAX Pa3pyIISHHS MOJISPHOTO BUXps [4, 5,6, 7]. 8
9 suBaps noroxu EIl qocTUraroT MakCUMyMOB, ITOCIIE YETO MPOMCXOJUT CIaJl BOTHOBOW aKTUBHOCTH U uepe3 7 qHel
Hocje Havala Claja BeTep MEHseT HalpaBICHUE Ha 3amajHOe, B TOT ke IEepUO], BHOBb INPOUCXOIUT YCHICHHE
BOJIHOBOTO JICHICTBHS, HAIIPABICHHOTO HA CEBep U yxke 17 sHBaps BeTep, CHOBA MEHSET HalpaBJICHUE.

Crnenyer NOJUEpKHYTh, UTO Pa3HULA B 7 JHEW MEXy HA4aJoM CIaJia BOTHOBOM aKTUBHOCTH U Pa3BOPOTOM BETpaA
Ha 3aMaJHOE HalpaBJICHUE XapaKTepHa W Ul sSHBapell APYTHUX pacCMOTpeHHBIX JeT. KpoMe Toro, cienyer Takxke
CKa3aTb, YTO U3 PACCMOTPEHHS OTOOPAHHBIX JIET, OBIJIO BBISIBIIEHO YTO POCT OTPULATEILHOM MIMPOTHOH KOMIIOHEHTHI
U TIOJIOKUTENFHOW BEPTHUKAIBHOW KOMITOHEHTHI IPOWCXOAMIO B OOJBIIMHCTBE CIydaeB CHHXPOHHO. OgHAaKO
HaOIOMaMuMCh CiIydan, KOT/Ia pasHWIA MEXIy YCWICHHAMH KOMIIOHEHT COCTaBisia |-2 mHA Wi, Korga
YBEJIMYHMBAJIACh TOJIHKO BEPTUKAIbHAS KOMIIOHEHTA.

ITaTTepH, onmmMcaHHBIN BHIIIE HE BCETAa UMEN MECTO OBITh. Tak eciii MpoaHAIN3UPOBATh T€ e XapaKTEPUCTHKH 3a
2019 rox (cM puc. 2), TO MOKHO YBHIETb, YTO IIOCIIE CIT1a/1a BOTHOBOW aKTHBHOCTH, BeTep Ha BeIcoTax oT 30 10 35 km
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MPOJIOJDKAI COXPaHATh BOCTOYHOE HAalpaBJICHHUE BIUIOTH 10 KOHIA stHBapsl. i1 Toro, 4To0bI pa3o0paThes B IpUUNHAX
TaKOrO MOBENCHWs, 11 JaHHOrO rojxa OBUIO IPOBEACHO M IPOAHAIW3UPOBAHO KOMIUICKCHOE BEHBIICT
npeobpaszoBanre Mopie o reonoTeHnuana s ypoBHs 30 kM.
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Pucynok 2. To e 4to 1 Ha pucyHke 1, Toabko 1is stHBaps 2019 rona.
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Pucynok 3. Xox aMumuty 1 craimoHapHoi (a), Oerymieid Ha BocTok (b) 1 Ha 3anaj (¢) BOJIH, M, C
pa3nuuHBIME Neproamu Ha ypoBHe 30 kM 3a stHBapb 2019 roja (kpacHasi TMHUS — IeHb Havdaja
ocnabyienust notokoB DI, opaHkeBas — IeHb CMEHBI HAIIPABIICHUS BETPA).

W3 pucynka 3b BHIHO, YTO TOCJEe Hayalla Cajia BOJHOBOW aKTUBHOCTH, MPOJOJIKAIICS POCT aMILTUTY/IbI BOJIHEI,
Oeryiiell Ha BOCTOK C iepruoioM 16 mHel, ociabieHne JaHHOK BOJHBI MTPOUCXOIUT TOJIbKO 18-19 stHBaps1, TO ecTh 3a
7-8 nHel 10 CMEHBI HApaBIeHUS BeTpa Ha BocTouHOoe. 20 siHBaps TakKe MPOMCXOAUT U OCIa0JIeHHe BOJIH, OETYIINX
Ha 3amaj ¢ nepuogamu 10-12 gaeid. PocT aMmiInTy bl JaHHOM BOJTHBI TAKOKE MPOJIOJDKAIICS TIOCTIE Hadana YMEHBIICHHS
noroka JIl. OTcroga MOXXHO clenaTrb BBIBOJA, YTO OAHOMW M3 BO3MOXKHBIX MPUYHUH JOJIOr0 CYILIECTBOBAHMS
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oca0JIeHHOTO BUXPsI Ha BhIcOTe 30 KM OBIJIO MPOIOIDKABIIUICS pocT 16-1HeBHOI U 10-1HEBHOM BOJIH. AHAJIOTMYHAS
cBs13b gaHHBIX BOTH ¢ BCIT 2019 roma, HO Tonbko B AHTapKTHAE, 00CyXkmaeTcs B padore [8].

BuiBoabl
W3 ananm3a oTOOpaHHEIX 7 J1eT ObUTO MOIYYEeHO, YTO:

Bo Bcex 0ToOpaHHBIX roJjax pa3BopOT HAIIPABJIEHHS BETPa C 3aaJHOT0 Ha BOCTOYHOE ITPOMCXO/INII [TOCIIE yYCUIICHHS
BOJIHOBOH aKTHBHOCTH.

Bo Bcex oToOpaHHBIX ronax, kpoMe siuBaps 2019 rona, peBepc BeTpa ¢ BOCTOYHOTO Ha 3alaJHOE HaIpaBlICHHUE
MIPOMCXOJIUII TIOCIIE CIIa/ia BOJHOBOM aKTHBHOCTH, IPH 3TOM IEPHOJ MEXILYy STUMH JIBYMSI COOBITUSIMU COCTaBIISLI 5-
7 nHEM.

B suBape 2019 roma paspymerne BUXps IPOJOIIKAIOCH CITyCTs JOJNTHIA CPOK MOCIE Caia BOTHOBOM aKTHBHOCTH,
YTO MOXET OBITH CBSI3aHHO C YCHJICHHEM KBa3H-IIECTHAAIATH JTHEBHON BOJIHOH, OEryIel Ha BOCTOK, M KBa3U-JIECATH
JTHEBHOH BOJIHBI, OeTymiei Ha 3amaj.

AHanu3 CHeKTpa OCTalNbHBIX 6 JIET MOKa3aJl, YTO pa3pyLICHHE BUXPS MOXKET NMPOHCXOANUTH BOJIHAMH C IIHPOKHM
TUAITa30HOM BOJIH W pa3HOMU (azoii.
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POSITION OF THE PRIMORDIAL RELEASE OF SOLAR FLARE
ENERGY AT THE EXTENDED SURFACE OF MAGNETIC LINES WITH
INCREASED CURRENT DENSITY: RESULTS OF MHD SIMULATION

A L Podgorny!, .M. Podgorny?

Lebedev Physical Institute RAS, Moscow, Russia, e-mail: podgorny@lebedev.ru
2Institute of Astronomy RAS, Moscow, Russia

Abstract. The study of magnetic field configurations near the points of the arcade of magnetic lines with increased
current density continued with the aim of studying the physical mechanism of solar flares. An analysis of the
constructed configurations, taking into account new configurations in the vicinity of points in the middle of the bright
pre-flare region, showed that the flare release of energy occurs in magnetic field configurations that promote the
appearance of explosive instability, where current density maxima may not appear. The obtained result is necessary
for searching for flare positions based on magnetic field configurations found by MHD simulation, and, subsequently,
for forecasting flares based on understanding their physical mechanism.

Introduction

The premordial release of solar flare energy in the solar corona at an altitude of 15,000 km - 70,000 km, indicated by
numerous observations ([1] and others), explains the physical mechanism of the flare (S.1. Syrovatsky, [2]), according
to which the energy of the magnetic field of the current sheet, created in the vicinity of a singular magnetic field line
as a result of the accumulation of disturbances propagating from the solar surface, is released in the corona. The fast
release of the current sheet magnetic energy leads to the observed manifestations of the flare, which are explained by
the electrodynamic model of the solar flare proposed by I.M. Podgorny [3]. The appearance of hard X-ray radiation
on the surface of the Sun during a flare is explained by the acceleration of electrons in field-alighned currents caused
by the Hall electric field in the current sheet. The electrodynamic model of a solar flare uses analogies with the
electrodynamic model of a substorm, previously proposed by its author based on measurements on the Intercosmos-
Bulgaria-1300 spacecraft [4].

Since it is impossible to obtain the magnetic field configuration in the corona from observations, to study the
mechanism of a solar flare it is necessary to perform MHD simulations in the solar corona above the active region, in
which the magnetic field measured at the solar surface is used to set the boundary conditions. The physical mechanism
of a solar flare can only be studied if calculations begin several days before the flare, when the magnetic energy of the
flare has not yet accumulated in the corona. Setting of the problem of the MHD simulation is described in detail in [5-
11]. This work is a continuation of the work [11], in which general ideas about the mechanism of a solar flare and
methods of studying it are described in more detail.

The configuration of the magnetic field above the active region can be quite complex, so it is practically impossible
to find the positions of the singular lines and the current sheets formed near them directly from the magnetic field
configuration obtained by MHD simulation. To solve this problem, a graphical system for searching for flare positions
using the magnetic field configurations found by MHD simulation was developed, based on determining the positions
of local current density maxima [12]. Previously, the system was used under the assumption that the current density
is achieved in the middle of the current sheet, however, as the results presented here show, this assumption is not
always fulfilled. In this case, the positions of the flares are associated with the positions of the current density maxima;
in particular, the flares can be located on magnetic lines passing through the current density maxima. Therefore, the
existing graphical system is useful for finding flare positions in any case, but for more convenient use, it should be
modernized.
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Figure 1. The chain of current density maxima, marked in green, and the magnetic lines of the arcade.

As the results of calculations [8-10] have shown, during flares and before flares, a large number of current density
maxima are located in the bright region of flare or pre-flare emission. However, at the same time, a fairly large number
of maxima are located outside the bright region of flare or pre-flare emission; their relative number compared to the
total number of maxima can be quite large.

In order to understand why such an arrangement of current density maxima occurs, a detailed study of the pre-flare
situation at 02:32:05 on 26.05.2025, three hours before the M 1.9 class flare above the active region AR 10365, which
was started in [11], was continued. A comparison is made of the configuration obtained by MHD modeling with the
distribution of the observed microwave radiation at a frequency of 17 GHz over the solar disk, obtained with the
Nobeyama radioheliograph. As noted, of particular interest is the chain of closely spaced current density maxima with
numbers 145, 149, 148, 150 and 147, represented by green dots in Figure 1 (all maxima are numbered in descending
order of current density at the maximum). The magnetic lines, passing through these maxima of the chain, belong to
an arcade with increased current density. The projections of these lines onto the plane of the solar disk are shown in
Figure 1a, b (the distribution of microwave radiation at a frequency of 17 GHz is also superimposed on Figure 1b),
their spatial location in the computational domain of the solar corona is shown in Figure 1c, e, their projections onto
the central plane of the computational domain of the solar corona (the plane passing through the center of the calculated
region and located parallel to the solar equator and perpendicular to the surface of the Sun) are shown in Figure 1d, f.
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Figure 2. Plane and spatial configurations of the magnetic field in regions of large size 80 Mm.
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Selection of regions with centers at points on the arcade of magnetic lines for the research of
magnetic field configurations

For a better understanding of the obtained results of the study of the mechanism of solar flares and how to correctly
search for the positions of solar flares, in comparison with the previous study [11], a study of configurations in areas
with centers at points located on the arcade under study in the middle of the bright pre-flare region in projection onto
the solar disk has been added.

To better understand the methodology for studying the field above the active region, we will describe in detail the
choice of magnetic lines of the arcade and the regions in which the magnetic field configurations are studied. These
regions are cubes of large size 80 mm and small size 12 mm, the central points of which lie on the arcade lines. The
central plane of each cube (both large and small) is understood to be the plane passing through the center of the cube,
located parallel to two faces of this cube with which it does not intersect, and perpendicular to two other faces of the
cube with which this plane intersects. All cubes are oriented in space so that their central plane is perpendicular to the
magnetic field vector at the central point of the cube. Larger cubes are constructed with centers at the middle maximum
of the chain with number 148 and at two more points located on the magnetic line passing through this middle
maximum: at the point of the loop top of this magnetic line (at which the magnetic field vector is parallel to the solar
surface) and at the point whose projection onto the plane of the solar disk (perpendicular to the line of sight) is located
near the middle of the bright region of pre-flare emission. The results of MHD simulation in large regions of size 80
Mm are presented as spatial images in cubes (Fig. 2¢,d,h,i,m,n) and as plane images in large squares in the central
planes of these cubes (Fig. 2a,b.e,f,g,j,k,1,0). Plane current density maxima are sought in the central planes of the
cubes with centers at the loop top and near the middle of the bright region of pre-flare radiation. The arcade of magnetic
lines (Fig. 1a-f) consists of lines passing through the maxima of the chain. To the arcade lines are added also magnetic
lines passing through the plane maxima of the central planes of large cubes of 80 Mm with centers at the top of the
loop (three plane maxima with numbers 8, 9 and 10, depicted in this plane in a large square in Figure 2k, the remaining
plane maxima coincide with the points of intersection of the magnetic lines passing through the maxima of the chain
with this plane) and near the middle of the bright region of pre-flare radiation (one plane maximum with number 11,
Fig. 2f, for the rest, there is also a coincidence with the already constructed magnetic lines). The arcade size is ~50
Mm, in regions of large size 80 Mm it is represented by magnetic lines in three-dimensional space (Fig. 2d,i,n) and
their projections onto the central plane (Fig. 2e,j,0). As can be seen from plasma density distributions, presented by
the lines of equal density of plasma, in the central planes of large size 80 Mm, which are sections of the arcade (Fig.
2a, f, k), the arcade is a surface of increased current density, i.e. an extended current sheet. The centers of the small
cubes are located at the maxima of the chain with numbers 145, 149, 148, 150 and 147 (green dots in Fig. 1) and at
the intersection points of the magnetic lines of the arcade with the central planes of the large cubes (in Fig. 1, yellow
dots for the lines passing through the maxima of the chain, and red dots for the added lines passing through the plane
maxima). The results of MHD simulation in small-sized areas of 12 Mm are presented as spatial images in small-sized
cubes (Fig. 3d, e, 1, j) and as plane images in small-sized squares in the central planes of these cubes (Fig. 3a, b, c, f,
g, h, k, m).

Properties of magnetic field configurations in selected regions and the location of their centers in
projection onto the plane of the solar disk

At the points at the top of the arcade and near the center of the bright region of pre-flare emission, the maximum
current density is not reached, but here it is possible to accumulate energy for the flare, pre-flare heating of the plasma,
and then a fast release of energy during the flare due to the fact that the properties of the magnetic field configuration
near these points contribute to the formation of a current sheet, and then the appearance of flare instability. These
properties are possessed by configurations in large and small selected regions with centers located at the top of the
arcade and near the center of the bright region of pre-flare emission. These properties of the configuration include the
dominance of the X-type field, or at least almost equal influence of the X-type magnetic field and the divergent
magnetic field (Fig. 2g,l for large-size regions of 80 Mm and Fig. 3f,g,h,k,I,m for small-size regions of 12 Mm) and a
significant divergence of magnetic lines in three-dimensional space along the direction of the singular line (Fig. 3h,m
for large-size regions of 80 Mm and Fig. 3i,j,n,0 for small-size regions of 12 Mm), which means a small value of the
longitudinal component of the current sheet. In this case, the current density at these points with configurations
promotable for the appearance of flares is not much less than the current density at the chain maxima, and plane
current density maxima appear. At the same time, for the chain of maxima located near the upper boundary of the
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bright pre-flare region, the field configuration is not very favorable for the development of flare instability, since in
the plane configuration the diverging field dominates (Fig. 2b and Fig. 3f,b,c) and the lines diverge slightly in space
(Fig. 2¢c and Fig. 3d,e).
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Figure 3. Plane and spatial configurations of the magnetic field in regions of small size 12 Mm.

Discussion and conclusion; the possibility of using the obtained results to search for the positions of
flares based on the magnetic field configuration obtained by MHD simulation

The study of magnetic field configurations near points on the magnetic lines of the arcade that appeared before the
M1.9 flare on May 26, 2003, made it possible to gain insight into the physical processes that lead to the accumulation
of magnetic energy that should be released during the flare, and to determine where the flare should occur. The arcade
of magnetic lines with an increased current density of a large size of ~50 Mm is an extended current sheet. Somewhat
unexpected is the fact that the accumulation of magnetic energy of the flare, pre-flare heating of the plasma due to
dissipation of the magnetic field, and the fast release of magnetic energy during the flare do not occur in the place
where the current density reached its maximum. However, understanding this process makes it possible to find the
position of the flare.

In the place where processes occur that lead to the fast release of magnetic energy, the current density is not much
less than its maximum value, and plane maxima of the current density often appear in the plane perpendicular to the
magnetic field vector at a given point. The magnetic field configuration in this place, due to magnetic forces directed
in a certain way, should contribute to the creation of a current sheet, and then the appearance of flare instability. The
achieved understanding of the magnetic field configurations in which a flare should occur should make it possible to
more accurately find the positions of solar flares with the aim of, in the future, improving the forecast of flares. To
achieve this goal, it will be necessary to perform a more detailed study of this and other pre-flare and flare magnetic
field configurations using an modernized MHD simulation technique and a technique for searching for flare positions
based on the field configuration found by MHD simulation.

The performed research showed that the positions of solar flares do not necessarily have to be in the places of current
density maxima, but they are associated with these places, in particular, they most likely should be on the same
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magnetic lines on which the current density maxima are located. The existing search system based on finding current
density maxima can be used to search for flare positions, but given the latest results, its use becomes more labor-
intensive. In order to better automate the process of searching for flare positions and make it more convenient, it will
be necessary to modernize the existing graphical search system. The simplest method of modernization consists in
searching for plane maxima of the current density in planes perpendicular to the magnetic field vectors at the points
of maxima. It is possible to select only plane maxima at the tops of magnetic loops, i.e. in places where the magnetic
field vector is parallel to the solar surface. It is possible to use the definition of how the magnetic field configuration
in the vicinity of the found point is promote for flare instability, for which, in particular, it will be necessary to analyze
the signs and ratios of the absolute values of the eigenvalues of the matrix VB with the appropriate choice of the
coordinate system in the plane perpendicular to the magnetic field vector. There are also other ways to modernize the
graphical search system; combinations of several approaches are possible.
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BAPUAIIMA UHTEHCUBHOCTU CBEYEHMUS O*; B CIIEKTPE 400 —
650 HM B ATMOC®EPAX IIJIAHET 3EMHOM I'PYIIIIbI B
3ABUCUMOCTHU OT KOHHEHTPAIIUN ATMOC®EPHbBIX I'A30B

0O.B. Antonenko, A.C. Kupuiios
THonapuvui ceogpusuueckuti uncmumym (III'H), 2. Anamumei, Poccus

AHHOTAIUSA

B Hacrosmeid pabote mpencTaBiIeHBl pacCUMTaHble 3HAUYEHHMs HMHTErpalibHOI cBeTuMocTh mnosoc [epnbepra II,
cnexTpa cBedeHus 400-650 HM, ans yenouit 3emnu, Benepsl, Mapca — miaseT ¢ paznuuHoi koHIeHTpanueit CO,.
OO0cyxmaeTcsi KOppessilus pe3yJIbTaToB TEOPETHYECKHX pPAcueTOB HHTCHCHBHOCTEH CBEYEHHs BO30YXKAEHHOTO
MOJIEKYJIIPHOTO KHCJIOpOJa C SKCHEPUMEHTANbHBIMU JIAaHHBIMM II0 HOYHOMY cCBeueHHi0 O, MOIy4YeHHBIMU B
HanuoHansHO# oOcepBaropun Kurr-Iluk (CILIA), ¢ kocMHYeCKHMX JIeTaTelbHBIX ammaparoB EBpomeiickoro
Kocmuueckoro arentctBa Venus Express u Trace Gas Orbiter, coorBeTcTBeHHO, s Benepsr u Mapca.
OO6cyxnaroTcsl Takke 0COOCHHOCTH TAlIEHUsI MOJICKYIIPHOTO KHCIOpOJa B YCJIOBHAX IUIAHET ¢ MpeoOiafaromei
koHneHTtpamueir CO, (Mapc, Benepa). Habmomaercs, uro cseuenne monoc ['epridepra Il mHa 3emie 3HAUUTENBEHO
cimabee, yem Ha Benepe u Ha Mapce, uTo 00BsicHseTCs c1aboii koHneHTpanueit CO» 1o cpaBHEHUIO ¢ KOHIICHTpaLuei
CO> Ha mIaHeTax 36MHOM PYIIIIBI.

Knrouesvie cnosa: ”HTCHCUBHOCTY CBEUEHUS, I10JIOCHI U3IIyYCHHUs, KOCMUYECKUE JIETATENIbHBIE allllapaTobl,
HallMOHAJbHAs  00cepBaTOpPHs, pacuéTbl HWHTETPAJIBHBIX HHTEHCHBHOCTEM  TIOJOC, BBICOTHBIC
pacmpeneieHlsi aTOMapHOI'O KHCIOpOJia, KoieOaTenbHbie YpPOBHHW, BO30YXKIEHHBIM MOJIEKYJISIPHBINA
KHCIIOPOLI.

1. BBenenne

B Hacrosimee Bpems atMocdepa 3eMiIi COCTOUT B OCHOBHOM M3 JIByXaTOMHBIX TOMOsIIEpHBIX MoJiekyn N2 u Oz. B
mporecce 3BOJIONMU aTMocepa 3emin 3HauuTesNbHO pacrepsuia ra3 CO;, KOTOPBIH pacTBOpPHIICS B OKEaHE U
oOpazoBai kapOoHaTHl. Mapc pactepsi Boay, T.K €ro Macca CIMIIKOM Maia (mpuMepHo B 10 pa3 MeHbIle 3eMHON),
4TOoOBl yAepKaTh IUIOTHYIO aTMocdepy, KoTopas HeoOXoIuMa JUlsl CYIIECTBOBAHHUS BOJBI B XXHIKOM BHIE Ha
noBepxHoctH. Ceiivac Ha Mapce paspexxeHHas armocgepa ¢ jpomuHupoBanueM CO: (~95%) m HeOombmIONi
koHieHtpaiueit N2 (~2.7%). Benepa — mpumep kaTactpoduueckoro mapHukoBoro 3¢dexra. E€ pasmepsr u macca
MOYTH UJIEHTUYHBI 36MHBIM, HO €€ ABOJIIOLIMS MOIIA 110 COBEPIIEHHO UHOMY IyTU. M3HauanbHO Ha Benepe Morio
OBITH CTOJIBKO )K€ BOJBI, CKOJBKO M Ha 3emie. Oxnako e€ 6mm3octh K CONHIly MpHUBeNla K CHIBHOMY HarpeBy H,
COOTBETCTBEHHO, HMCIAPEHMIO BOJHBIX Macc. Benepa morepsuia Boay u3-3a ¢oroauccoupanuu H.O u yreuku
Bojopona B kocmoc. CoBpemenHast armocepa Benepbl — cBepXmioTHbIH KokTeib U3 CO:2 (~95%) ¢ mpumecsimu
SOz, 4TO co3maeT CUIbHOE JIaBIEHUE Y TIOBEPXHOCTH M KUCIOTHBIE obuaka [1].

CriexrpanbHble n3Mepenus ceeuerns O, B monocax ['epudepra 11 (HzID)

02(c'Zy V") = 02(X3Zg,v") + hvHzIT , (A=400-650 rm) (1)

NIepBOHAYAILHO OBUIM MAHETH(UIIMPOBaHHI B 1aOOPATOPHOM cIieKTpe. B xoze skcneprMeHTa ObUIO MOKa3aHO, YTO
00BIYHBIH criekTp cBeueHus O», B KOTOpOoM JoMUHHpPYeT sMuccus ['eprdepr I, mpeodpaszoancs B ['epdepr 11 mpu
nobasnennn CO;, TakuMm oOpazoM umutHpys arMmochepy Benepbl. Ilozxe mosocer I'epudepra Il Obumm
neHTH(UINPOBaHbBl B HOUHOH aTMocepe Beneprl Ha kocmuuecknx serarenbHbix anmnaparax (KJIA) Benepa-9 u
Benepa-10. B HouHOM cBeueHnH 3ToM mutaneTsl m3nydenue I epudepra Il HamHOTO crnbHee, yeM oObequHeHHOE YD
u BuguMoe usnydenue O, B 3eMHOM [2], Kak TIOKa3aHO Ha pUCYHKE 1.

Habmonenns ¢ momompio crnekrporpada VIRTIS wa Oopty KIJIA Venus-Express mo3Bommim TOBTOPHO
o0HapykuTh cuctemy nojoc ['eprdepra I1 B cBeuennn Hounoro Heba Benepsr. [Tonocsr (0-6), (0-7), (0-8), (0-9), (0-
10) u (0-11) Habmoganuce B IuMOE U JOCTHTad MAKCHMyMa CBEYCHHS MTPUMEPHO Ha 95 kM. OOmiast HHTeTpaIbHAS
WHTEHCHBHOCTH cBeueHuss mnosoc [epubepra II, oOycnoBneHHBIX un3MydaTeldbHBIMH nepexonamu (1) Ha
KosiebaTenbHbIe ypoBHHU V"' = 6—11, coctaBisuia B tumbe 200 kP [3].

B HouHOM cBeuennn atmocdepsl Mapca cucrema nosioc I'epudepra I BepBbie Oblta 0OHapyeHa NpU MOMOIIN
cnekrpomerpa NOMAD, Ha 6opty KJIA Trace Gas Orbiter. Habmonenus Benmichk B nepuon ¢ Mapra 2020 roaa 1o
okTs10ps 2022 rona. Crpykrypa mosoc I'epudepra I ¢ nepexonamu (1) Ha xonebarensHble YpoBHU V" = 5—12 ueTko
nposiBisnack B cnekrpax mexay 400 u 600 am. 3a npenenamu 620 HM ypoBEHb IIyMa YBEJIMYHMBAETCS, YTO AENAET

97



Bapuayuu unmencusrnocmu ceevenust O*5 6 cnexmpe 400 — 650 um 6 ammocghepax niarem 3emMHotl Spynne...

oOHapy>xeHue 1nojocsl v" = 12 HeonpeneneHHbM. O0ast HHTErpaJibHasi HHTEHCUBHOCTh CBEYEHUS MoJoc ¢ V" = 5—
12 cocraBmsma 108 + 11 xP [4].

I(em2c?) N(ew®) I (emct) N(em?)
' I u 0Ny Tull Co,
6,00-10% 8,00-10 3,00.10° 2,5.10"

3,00°10° 4,00-10" 1,50-10° 1,25:10"

Iull
[ B
a 0 6 o JE==m B 0

Pucynoxk 1. UarencuBaoCTh 3Muccuii ['epridepra 11 va 3emie u Benepe.

Fr o

Kak mokaszamu pe3ysbTaThl crieKTpainbHbIX m3mepenuit Ha KJIA [3,4], B atMocdepax Benepsl m Mapca, rie
npeobnanaer CO,, SHEPrHs AIEKTPOHHOTO BO30OYXKICHUS Y MOJIEKYJBI KHUCIOPOJAa aKKyMYJIMPYETCsl Ha HYJIEBOM
KoJeGaTENLHOM YPOBHE COCcTOsHuUs €'Y, . CrionTanusie nepexow ¢ ¢!, ,v'=0 Ha KojebarebHbIEe YPOBHU OCHOBHOTO
cocTosiHUS X3Xg NPUBOZAT K cBeueHHo noJioc ['epudepra I1. B atmocdepe 3emiy, rae npeodiiaialoT COCTaBIISIOIIUE
0> u N, 9Heprusi AIEKTPOHHOTO BO30YKICHUS Y MOJIEKYJI KUCIOPO/a aKKyMYJIHPYETCsl Ha Pa3IMYHBIX HEHYJIEBBIX
ypoBH:X cocTostHui ['eprbepra.

Lenp HacTOsIIEH pabOTH — CpaBHEHHE PE3yJIBTATOB TEOPETHUCCKIX PACICTOB HHTCHCHBHOCTEH CBEUCHHUS ITOJIOC
I'epmoepra Il ¢ skcriepuMeHTaTBHBIMH JAHHBIMA 00 HHTEHCHBHOCTH HOYHOTO CBEUCHHS MOJICKYJIIPHOTO KHCIOPOAa
O, B U31IyYeHUM BEPXHUX aTMOc(ep IIaHeT 3eMHOM IPYIIIbL.

2. laHHbIE 0 XapaKTEPHBIX KOHIEHTPAIUSIX ATOMAPHOT0 KUCJI0POAA /Il IIAHET 3€MHOii TPynnbl

B mHacrosimeit paborte st atMocdepbl 3eMIHM HCIONb3YIOTCS AKCIEPUMEHTAJbHBIE AaHHBIE O XapaKTepHBIX
koHIeHTpanusax [O] Ha BeicoTax Bhle 80 KM Ha OCHOBaHUH XapaKTEPUCTUK CBEUEHHUSI aTOMapHOTO Kuciopoaa O s
OCEHHETO CE30Ha B YCIOBHSIX HHU3KOM COJTHEUHOM aKTUBHOCTU Ha CEBEPHBIX Tpomukax (23.5° c.m.) 3emmu [5].
Pacnpenenenne muotHOCTeH O2 1 N> HCHIOIB3YIOTCS B pacueTax corinacHo atMocdeproit mogenmu NRLMSISE-00 mms
OIIMCAHHBIX BBIIIE yYCIOBUH.

Bricotaeie mpodmmm [O] mist atMocdepsl Mapca, MOTYYeHB W3 MOJENH OOIIeH MUPKYIANNU (PpaHIy3CKOH
mabopatopun LMD-MGCM, mias 67° cam. Mapca, ocennero (Ls =~ 180°) paBromenctBusa. s mpodumieit
koHneHTparuii CO, U TemmepaTyp TakKe HCIIONB30BAINCH AaHHBIE n3 Moxenun LMD-MGCM [6]. OGHapyxeHHe
BUIMMBIX mosoc ['epudepra Il B 1HeBHOM cBeueHMn Mapca aenaeT ero u3sMepeHue MepCreKTHBHBIM METOIOM JUTs
MOJIYYCHHUS TUIOTHOCTH aTOMapHOI'0 KMCIOPO/a U €€ U3MEHEHUH B cpenHeit atmochepe [4].

K nannbiM, nonyuennsiM co criektporpada VIRTIS u3 usmepennii Venus Express B atmocdepe Benepsi, Obuia
MpUMEHeHa OJHOMepHas Mozens Mwumica [1]. Mogens paccmarpuBaeT pacmpenenenue miotHoctu CO; u O,
nonyuerHsle ¢ VIRTIS. Pesynbrarel 00HaA€KMBAIOT, NMOCKOJIBKY MOJIENb IO3BOJIIET XOPOLIO BOCIPOHM3BOIUTH
Haomronenuss VIRTIS kak B Bumumom, Tak u B MK-nuamasonax crmekrpa. B Hactosinee BpeMs mozenb Muinica
SBJISIETCS OCHOBHOM crpaBo4HOW it poToxumun Benepsl [1], mosToMy B pacderax HCHOJB3YIOTCS Npoduim
KOHIEHTpPAIMH aTOMapHOTO KHCIOpO/ia U YKIJIEKHCIIOTO Ta3a, a Takxke npoduim remnepatyp n3 Moaenn Musuica.

3. CpaBHeHNe Pe3yJIbTATOB TEOPETHYECKUXD PACUETOB € IKCNIEPUMEHTATbHBIMY TAHHBIMH,
MOJYYEHHBIMU KaK HA3¢MHBIMU U3MEPEHUSAMU, TAK U ¢ KOCMUYECKHMX alNapaToB

Ha pwuc.2a npencraBinen ¢pparMeHT yCpeIHEHHOTO CIIEKTpa CBeUeHHsI HOYHOro HeOa Beneps! B nuamazone 400—700
HM, H3MEPEHHOTO CIIeKTporpadoM ¢ kocMudeckoro ammapara Venus-Express [3]. O6mas HHTEHCHBHOCTD CBEUCHHUS
B Hajmpe Ul paccMaTpuBaeMbIx mosoc I'epubepra II cocrasnsger mopsaka 2700 P (2.7-10° ¢oror-cm2c™!) [1].
3Ha4YeHnss MHTEHCHMBHOCTH m3iydenus Iv'v" (em2c™!) (ructorpammer) st nostoc Iepubepra 11, Gbun paccuuTanbl
COTJIaCHO KOHLEHTpPAIMsIM COCTaBIsIoInX arMmocepsl BeHepsl. PesynmbraThl pacueToB Juisi HHTETPalIbHBIX
MHTEHCHUBHOCTEH BocbMU rnosioc 'epudepra II muis nepexonos (1) Taxske mpeacTaBieHsl Ha puc.20.

ITpn pacuére mHTEHCHBHOCTEH W3iydeHMs [v'v" Hcrnosb3yercst NpUOIMKEHHE ONTHYECKH TOHKOI'O CJOs, T.C.
npeHedperaeTcs MoryioneHueM (OTOHOB BHYTPH CIIOS.

Ha puc.3a npencraBneH ¢pparMeHT CeKTpa B TMMOe CBeueHHsI HOYHOH atMocdepsl Mapca B auamnazone 350—650
HM, m3MepeHHoro cekrporpadom ¢ KIJIA Trace Gas Orbiter. [l atmochepst Mapca ructorpaMMbl ”HTEHCHBHOCTEH
cBeueHus i nosoc ['eprdepra II 6summ paccunTans! it 67° c.ir. npu Ls = 180° 1.e. 111 OCEHHETr0 paBHOACHCTBUSL.
Taroke, kKak u B cilydae ¢ atMocdepoil Berepsl, k03((UIIEHT TPOWHBIX CTOJIKHOBEHWH k momarancsi paBHBIM
1.2x1073%(300/T)? cm®c™!, rae BBICOTHBIN mpoduis TemnepaTypbl T Gpancs cornacHo [7]. JlaHHOE TIPeANonoKeHHE
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O.B. Aumonenxo u A.C. Kupunnos

OCHOB@HO Ha TOM, 4TO B aTMocepax Benepsr 1 Mapca TOMUHHPYIOIIMM aTMOC(EPHBIM Ira30M SIBISIETCS yTIIEKUCIIBII
ra3 CO,. Ha puc.36 npencTaBieHsl pe3yibTaThl pacieToB HHTEHCHBHOCTEH necsatu monoc (v'=0—v"=3-12). Obmas
WHTEHCUBHOCTh PACCMOTPEHHBIX ToJI0c coctaBmna 280 P.
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PncyHmc 2. a) OparMeHT ceKTpa cBeueHus1 Berepsl. Pucynok 3. a) ®parmeHT criekrpa
6) Paccuurannsle 3HaueHus Iv'v" (em~2 ¢™) ana momoc cBeueHus Mapca. 6) Paccunrannbie
I'epubepra II B armocdepe Benepsr. snauenus Iv'v" (em~ ¢ ') s monoc
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Bapuayuu unmencusrnocmu ceevenust O*5 6 cnexmpe 400 — 650 um 6 ammocghepax niarem 3emMHotl Spynne...

Ha puc.4a npeacTaBieHsl pe3ysibTaThl CIIEKTPaIBHOTO aHanu3a [8,9] Ha3eMHBIX I3MEPEHHH 1JIs1 HOUHOH aTMOoc(epsl
3emim, U3MEpeHHBIE CIeKTporpadoM U3 HamMOHAIbHOI oOcepBaTopuy KutT—IInk, Apm3ona 32° c.ur. Ha BBICOTE
2080 M [10]. Kak BugHO 13 puc.4a, B CHEKTpe CBEUSHHU HOYHOTO HeOa 3eMIIn MPUCYTCTBYIOT MHOTO TToioc [eprioepra
II, cBs3aHHBIX CO CIIOHTAHHBIMH HW3JIy4aTeNbHBIMU Tmepexomamu (1) ¢ BBICOKHX KojeOaTelbHBIX ypoBHEH v™>0
cocTosHua c'Y, . PesympraThl pacdera M COOTBETCTBYROmmMX monoc Ieprbepra Il mokazamel ma pmc.40.
T'ucrorpammsr g monoc 'epudepra 11 (prc.40) ObLIH paccUUTaHBI I CEBEPHBIX TPONHUKOB (23.5° c.mmr.) 3emin s
OCEHHETO CE30Ha.

4. 3akar04enue

B pabote mpoBeneHO CpaBHCHHE PACCUMTAHHBIX 3HAYEHUI HMHTETpaibHOI cBeTuMocTH mosoc ['epubepra II mis
aTMocdepsl 3eMIH C AKCICPUMEHTANBHBIMA JTaHHBIMH, TIOJTYYeHHBIMH B Auarna3oHe aiuuH BoixH 310-390 mM, u3
HanoHaNbHOH oOcepBaToprn Kurt-ITuk [10]. CpaBHEeHHE TOKa3aI0 yIOBICTBOPUTEIBHEIE PE3YIbTaThl. B HOUHBIX
aTMocdepax IUIaHeT 3eMHOW Tpymmsl BeHeper m Mapca, roe mpeoOmamaer yriekucneiid ra3 CO,, Ha KIIA
peructpupyrorcs mosocs ['epudepra 11, 00ycnoBieHHbIE H3Ty9aTeIbHBIMU IEPEXOAAMH C HYJIEBOTO KOJI€0aTEIFHOTO
ypoBHA v'=0 cocTosHUA ¢!,  Ha pa3sIMYHBIC YPOBHH HIDKEIEKAIMET0 X Xy~ cocTosHus [3,4]. B ycloBHsAX HOUHON
atMoc(epel 3emin cBedeHue monoc leprbepra II cBsf3aHO C WM3MydaTenbHBIMH IEPEXOJAMH C HEHYJCBBIX
KoNeGaTENbHBIX yPOBHEH cocTosHus ¢!, Ha ocHOBHOE cocTosiue O,. [IpOBEIEHO COMOCTABICHUE PACCUNTAHHBIX
3Ha4YeHUH MHTerpasibHOM cBeTMOcTH Ttoiioc [epribepra 11 mis atmocdep Benepsl 1 Mapca ¢ akcriepuMeHTaIbHBIMU
JTAaHHBIMH, TIOJYYCHHBIMU B quana3one aauH BoyiH 350—700 um na KJIA Venus-Express [3] u Trace Gas Orbiter [4].
[TokazaHo, 4To HaOMIOAETCS XOPOIIEE COTIACHE PACUETOB C IKCIIEPUMEHTAIBHBIMH JaHHBIMH.
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NCITOJBb30BAHUME HABUT'AIIMOHHBIX CUCTEM JIJIsA
NCCIIEAOBAHUA BOJTHOBBIX ITPOIECCOB B MOHOC®EPE

M.A. Boakos!, A.JI. Tomonos?, A.B. I'ypur!, M.B. [lIser’

"Mypmancruii apxmuyeckuil ynusepcumem, e-mail: volkovma@mauniver.ru
[lonsapreiil 2e0PuzuuecKuti uHCMumym

AHHOTAIUSA

JIByX4acTOTHBIC JaHHBIE HaBUTAIMOHHBIX cucteM GPS u GLONASS wucnonb3yloTcss A BOCCTaHOBIICHUS
pacipeseneHus JICKTPOHHON KOHIEHTpauuu B noHocdepe. 3HaueHus 7EC, pacCUMTaHHBIC IO JaHHBIM CO
CIyTHUKOB, TPHMEHSIOTCS Uil pEIleHus] oOpaTHOM 3ajayd - BOCCTAHOBJICHHS 3JIEKTPOHHOW KOHICHTpAIWH.
HewusBecTHyro (yHKIMIO pacnpenesieHHss KOHIECHTpAMU HaJ TOYKOW HaOiofeHus B MoHocdepe 3ajaeM B BHIE
npousBeneHus f(z) ¢(x,y), z,x,y — KOOPAUHATHI, HAIIPABJICHHBIE BBEPX OT TOYKH HAONIOZACHUS 32 HABUTAI[MOHHBIMHU
CIyTHHKaMH, Ha 10T ¥ Ha BOCTOK. BrIcoTHOE pacnpenencuue f{z) MomenupyeTcs napabOIMIecKuM clIoeM, ¢(x,y)-
JIBYMEPHBIM pa3JIoKeHneM Heu3BecTHOI QyHkimu B psij Teitnopa. HTerpupoBanne GyHKIMN pacnpeesieHns BAOb
JIMHUM PafinoIyda OT TOUKH HaO0AeHHS 10 cIyTHHKa naet 3HaueHne 7EC. [lpu annpoxcumanuu ¢(x,)) MOIMHOMOM
TPETHETO TOPSAKA T10 X, MoaydaeM |0 HeM3BECTHBIX MapaMETPOB, AJISI ONPEAETICHHUS KOTOPBIX HEOOXOANMBI TaHHBIC
10 ciyTHHKOB. VICTIOIB3YIOTCSl HABUTAIMOHHBIC JaHHBIC M JaHHBIC HAOIOJcHUI cyTHUKOB B RINEX dopmare. B
paboTe HccIeny0TCsl BpeMEHHbIE H3MEHEHHMSI DJIEKTPOHHOM KOHIIEHTPALUH 110 JTAHHBIM HAOJI0IeHUs] 00cepBaTOpUU
B MypmMmaHcke.

Beenenue

dazoBble U3MEPEHUS] ¢ HU3KOOPOUTAIBHBIX CIYTHHKOB W JIByX4acTOTHbIC (ha30Bble M3MEPEHHs, MOJy4aeMbIe CO
CIIyTHUKOB Pa3JINYHbIX HABUTALIMOHHBIX CUCTEM, UCTIOJIB3YIOTCS Il PEKOHCTPYKLUU PAaCHpPEesICHUs 3JEKTPOHHOM
KOHIIeHTpanuu B noHocgepe [1-4]. B atux paborax pemarTcs oOpaTHbIE 3aJa4ll BOCCTAHOBJICHHS JJIEKTPOHHOMN
KOHLIEHTPALMH [0 UHTETPAIbHBIM JIaHHBIM, TAKUM KaK HHTETPAJIbHOE JIEKTPOHHOE COEpKaHne HOHOC(hEphl BIOJIb
TPAeKTOPUH PaTUOIyda CIIyTHHK- IPUEMHHK. M3-3a OTCYTCTBHUS pedpakiiu 3Ta TPaeKTOpus — IpsMast THHUS, 9TO
YIpPOUIaeT UHTErPUPOBAHKE JIEKTPOHHOW KOHLIEHTPALMH BI0Jb paJuoiayya. DIeKTPOHHAs KOHIIEHTPALUs 3a1aeTCsl
B BHJIE HEKOTOPBIX 0a3UCHBIX (PyHKIMII C HEU3BECTHBIMH NapaMeTpamMH. B pesynbTare MpUXOAWTCS UMETh AEJ0 C
CHCTEMOI JINHEHHBIX YPaBHEHUH ¢ HEM3BECTHBIMU IMapaMeTpaMH. JTa CHCTEMAa MOXKET COCTOSITh U3 OOJIBIIOTO Yrcia
YpaBHEHMH U, KaK NpaBUJIO, HepoomnpeaeneHa. Yucao ypaBHEHUI MEHbLIE KOJMYecTBa napaMerpoB. s permeHust
TaKUX HENOONPENEIHHBIX CUCTEM B TOMOrpadMM HCHOJNB3YIOT HTEPAllMOHHBIE METONbl alreOpandeckoi
pexoHcTpykiuy, HanpuMmep, ART wmu SIRT. Eme ongHo# BakHOW 3amaueil, KOTOPYIO HPUXOAUTCS pemaTh MpH
PEKOHCTPYKIINH, 3TO peryiisapu3anus pemieHus. HeoOXoauMo M0OaBISATH JOMONHUTEIBHBIE OTPAaHHYCHHS, YTOOBI
n30eKaTh MAaJIOBEPOSTHBIX PEIICHHH, IOSBICHUS PE3KHX TPATUCHTOB M Jake HEycToiumBocTed. B oTimume ot
paanoTroMorpaduy Ha HU3KOOPOUTAJIBHBIX CIyTHHUKAX JAaHHBIC 3a/1a4l HE SBIISIOTCS IUTAHAPHBIMH, PEKOHCTPYKIIUA
MPOBOIUTCA B TPEXMEPHOM MPOCTpPaHCTBE. B maHHEIX paboTax HE HccleqyeTcs AWHAMHUKa HOHOC(epHl, OHa
CUUTAETCS HEM3MEHHOMW, UCIONb3YIOTCS CITyTHUKOBBIE JIAHHBIE 32 MHOKECTBO BPEMEHHBIX OTCUETOB. B HacTosiein
paboTe mpenyokKeH METOJI BOCCTAHOBIICHHS 3JICKTPOHHON KOHIIEHTPAIH HOHOC(EphI B TaHHBIII MOMEHT BPEMEHH,
HCTIONB3YS OJHOBPEMEHHBIE TaHHBIE HECKOJIBKUX CITyTHHKOB.

Onucanue MeTOIa PEKOHCTPYKIIUM JIEKTPOHHOMH KOHUEHTPAIUU

JIm peKOHCTPYKIMHU JIEKTPOHHOMN KOHIIEHTPAIMK MCTIONB3YIOTCS IBYXYacTOTHBIE a0COMIOTHBIE (ha30BBIE JaHHBIE B
dbopmare Rinex. ®ainbl HaOMOIeHUN U HaBUTanuu B (opmare Rinex BKIIOYAIOT CEKYHIHbIE 3HaueHUs (a3oBOi
3aJIep’)KKM  CHTHAJIOB Ha JIByX 4YacTOTax, 3HA4YCHUs IICEBAOJAIBLHOCTEH, 3demepuisl CIyTHUKOB. Pacuer
HHTETPAITBHOTO MIEKTPOHHOTO conepkanns ] EC BITOTHIETCS IO (pa30BBIM TaHHBIM Kak MeHee 3amryMieHHbM. TEC
CBSI3aH C JIEKTPOHHON KOHLEHTPALUEN 7 HHTErPAIOM BIOJIb IPSAMOM § CIIyTHUK — [IPUEMHUK:

TEC=J.n€(s)ds, (1)

1 UIBMCHCHUCM (1)331:12
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Hcnonvzosanue HABUCAYUOHHBLX cucmem OJ11 UCCED0BAHUSL BOTIHOBbIX npoyeccos 6 uonocqbepe

I I /N S R
TEC= 03| (h-Li=A L, =NA+N,4 ), 2)

rne L1, L, — ¢a3oBble M3MepeHHns Ha 4acToTax fi, f2; A, A2 — COOTBETCTBYIOIME UM JUTMHBI BOJIH; V| 2 — HEH3BECTHBIE
1eJIble YHCIIa, CB3aHHbIE C HEOAHO3HAYHOCTHIO (Da30BBIX M3MEPEHHH.
Jnst IBYX9acTOTHBIX U3MEPEHHH 3HAYEHHS V12 C OKPYTIICHHEM JI0 LEJIOT0 PACCUUTHIBAIOTCS CIEAYIOIUM 00pa3oM

[5]:
N SR 2AL P
1

A A
Noop 4 2hL B SIS

2

R LR A
rae P, — NCeBIOJaIbLHOCTH.

B paborax mo Tomorpadun moHOC(HEpPHl C MCHONB30BAHUEM BBHICOKOOPOUTAIBHBIX CITyTHHKOB 00padaThIBAIOTCS
JTAaHHBIC HAOJIOJCHUIN 3a MEPUOJ B HECKOJIBKO 4acoB (3-4 uyaca), Bpemsi MBH)KCHHUS CIIyTHHKAa OT TOPH30HTA [0
ropuzoHTa. Iy M3yueHHs MPOLECCOB UIUTEIBHOCThIO OT HECKOJIBKUX MUHYT JIO0 JECSITKOB MHUHYT TaKOW NMOIXOM
HEKOppeKTeH. B paboTe mpoBoIUTCS peKOHCTPYKIMS IO MHUHYTHBIM JaHHBIM, OyYSHHBIM II0 BCEM HAOIIOIaEMbIM
B JJaHHBIII MOMEHT BpeMeHHU crmyTHHKaM GPS u Glonass. IIpueMHUK CITyTHUKOBBIX HAaBHUTAI[IOHHBIX CHI'HAJIOB
pacniosioxked B I. Mypmanck (III'M). Mcnons3yercs aekapToBas cucTeMa KOOPAMHAT C HAYyaJoM B TOYKe IpHEeMa
CHTHaJa, OCh X HAaIlpaBJIeHa Ha IOT, OCh y Ha BOCTOK, z-BBepX. MoHOc(epa cumraercs IUIOCKOW. DINEKTPOHHAS
KOHIICHTPAINS BOCCTAHABIMBACTCA B OKPECTHOCTH TOUKH HAOMIOZCHUS, B 00JIaCTH € TIOTIEPEYHBIMHU (X,)’) pa3MepaMu
200%200 kM. KoopimHaThI CITy THUKOB, BBIYHCIICHHBIE 110 d()eMEpHIaM, IEPECUUTHIBAIOTCS B JIOKAIbHBIE KOOPAWHATHI
X, ¥, Z U ONIPEIENIAIOTCS HANPaBJICHUs Ha CIIyTHUKH, BJOJb 3THX HAIlpaBJICHUNA MPOBOIUTCS HHTETrpupoBaHue B (1):

ds=dz/cosa,

/i€ G-YTOJl MEX/y OChIO Z U HallpaBJICHUEM Ha CITyTHHUK.
Pacnpenencuue n. 3agaercs 0a3uCHON QyHKITUEH TPETHETo MOPSIKA IO X, Y ¥ BTOPOTO MOPSIKA I10 Z:

2

z—z,—h
n,(x,y,z)=|1- TO (X’ +e,x” +ex+c,y° +
2 2 2
CY e y+ ey X+ X +chy+clo), 3)

rae h — MOJyIIMPHHA Mapa0OoIMYecKOro Ciios MOHOC(hEPHI, Zo — BHICOTA HW)KHEH TPaHMIBI HOHOCQEPHI, Ci-10 —
HEW3BECTHBIE ITaPaMETPBI.

Beipakenne (3) ciemyer paccMaTpUBaTh KakK Pas3iiOKEHHE PACHPENENICHHS! 3JEKTPOHHOHW KOHIEHTPAIMU B P
Teiinopa 1o X, y B OKPECTHOCTH TOYKH HAOJIOJEHHUS ISl NapaboIMYecKoro BBICOTHOTO MpOQuMIIs KOHLEHTPALUH
noHochepsl. KoppekTHOCTh pelieHre 00paTHOM 3aja4d 3aBHCUT OT CXOAMMOCTH ATOTO psija. Bmonb paguonmyda
CIIyTHUK — IPUEMHHUK X = kyz, y = k,z ¥ BbIpaskeHune (3) MpUHUMAET BUIL:

2

n,(x,y,z)=|1- z _ZZ —h (c,k +c4k; —i—c7k§kx + cgkykf)z3 +
+(e,k> + csky2 + cgkxky)z2 +(csk, +cgh,)z+cp) )

Jnst HaxoskeHust 10 HEeM3BECTHBIX MapaMeTpoB ¢ HeoOxoaumo 10 cyTHHKOB, B paboTe UCTIONB3YIOTCS JaHHBIE MO
BceM HabOmromaembiM cnyTHHKaM GPS u  Glonass B konmdectBe 15-16 ammapatoB. YacTp CIHyTHHKOB
O0TOPaKOBBIBAIOTCS M3-32 MAJIBIX YIJIOB HAONIOJCHHUS C TOPH30HTOM, IPYyTas YacTh CIyTHHKOB H3-3a COOEB JaHHBIX
Kak (a30BbIX, Tak U d3pemepun. CriyTHukd Glonass AMErOT OOJBIIHT YTOJ HAKJIOHA OPOUTAITEHON IIIOCKOCTH U MOTYT
HaO0JII0IaTHCS BOJIM3H 36HHUTA, TIOOTOMY CHauaia oTouparotcst cnytHuku Glonass, 3atem GPS.

Pe3yabTaThl BOCCTAHOBJIEHHS 3JIEKTPOHHOH KOHLEHTPALUH
Ha puc. 1 mpencraBneHsl co3Be3gne OTOOpaHHBIX cIyTHUKOB GPS, Glonass B cucteMe KOOpOWHAT X,V,Zz U
PEKOHCTPYMPOBAHHOE pAacCHpeAeTICHNe 3JICKTPOHHOW KOHIIEHTPAIlMH B TOPU30HTAIBHOM CEYEHHH HOHOC(EPHl B
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M.A. Boaxos u Op.

MaKCUMyMe mapaboiuecKoro ciios mo (azoBeiM ganHbM oT 07.02.2025 12.15.00 UTC npu cneayromux 3HAYCHUSX
mapamMeTpoB napadoimdeckoro ciost # = 200 k, zo = 80 kM. BpUTH BRIIOTTHEHBI pacyeThl IS CIEAYIOMNX MOMEHTOB
Bpemenu 12.15, 12.16, 12.17, 12.18, 12.20 UTC. Ha puc. 2 mokazaHbl 3aBHCUMOCTH JICKTPOHHOW KOHIICHTPALIUU B
9TOM CEUYEHUU B HaMpaBJIEHUH ceBep-tor mpu y = 0 a1 MOMeHTOB BpeMeHH 12.15, 12.16, 12.18, 12.20. Kax BugHo 13
puc. 1, HaOmromaeTcss CHIBHBIH TPaAMCHT W3MEHCHHS OSJIEKTPOHHOW KOHICHTPAIMH, IPEUMYIIECTBEHHO
HaNpaBJICHHBII Ha CEBEPO-BOCTOK, YTO MOXKET yKa3bIBaTh HA IPUCYTCTBHE HOHOC(EPHOTO MpoBasa. B TeueHne 31oro
BPEMEHH CO3BE3/IM€ OTOOPAHHBIX CIHYTHHKOB M HX IIOJIOKEHWE IPAKTUUYECKH HE MEHSUIOCh, YTO TOBOPHT O
JIOCTOBEPHOCTH TIOJTy4aeMBbIX JTaHHBIX. MI3MEeHeHHs pacTipeiesieHns] KOHIICHTPAIMU Ha PUC. 2 HOCAT KoyieOaTeIbHbIN
XapakTep, T.€. MO)KHO TOBOPUTH O HAOJIIOAEHUH BO3MYIICHUS, PACIIPOCTPAHSIOIIETOCS B HOHOC(hEpE.

CnytHukn GPS+GLONASS

=107
2 12
110 20
NI 4 20 , 12 o 6 O
O 10 ©

100 PacnpegeneHne 3neKTPOHHOW KOHLEHTpauumu x1

50

y(km)

-100
-100 -50 0 50 100

X(KM)

Pucynox 1. Co3Be3nue CIyTHHUKOB, OTOOpaHHBIX aist pacderoB Ha 07.02.2025 12.15.00 UTC, 3nadenus
KOOpJMHAT X, y, z X 107 M, HyMepauusi CIyTHMKOB COBIAJAET ISl PA3HBIX HABUTAIMOHHBIX CHCTEM;
pacripezienieHie 3JIeKTPOHHOW KOHICHTPAIMK B TOPU30HTAILHOM CEYEHUH MOHOC(EPHI, MPOXOAIIEM Yepes3
MaKCHMyM T1apaboJIMYecKOTO CIIOs, KOHIEHTPAIUS DJIEKTPOHOB yKa3aHa B M°.

12
910 : ; ;
ne12.15
sk T nel12.16 | |
'\,\_ e ne12.18
T s e ne12.20

1 1 L L

-100 -50 0 50 100
PucyHok 2. PacnipeesieHus 3JIeKTPOHHOM KOHIIEHTPAIIMU B 3aBUCUMOCTH OT KOOPAUHATHI X 1ipu y = 0 1 z=z¢+h
J1s1 MOMEHTOB BpeMenu 12.15, 12.16, 12.18, 12.20 UTC.
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Hcnonvzosanue HABUCAYUOHHBLX cucmem OJ11 UCCED0BAHUSL BOTIHOBbIX npoyeccos 6 uonocqbepe

BriBoabI

[IpemnosxeHHBIH B paboTe METOI BOCCTAHOBIICHHS AJIEKTPOHHON KOHIIEHTPAINH, KaK ITOKa3ald PacdeThl, TO3BOJISIET
O6Hapy)KI/IBaTI) B HOHOC(l)epe BO3MYIICHUS € XapaKTCPHbIMHU BPEMCHAMU B HCCKOJIBKO MHUHYT. 3TO JAacCT UHCTPYMECHT
JJIA U3YUCHUS TaKUX BO3MyIIIeHHI7[, HCIOJIb3Ys NaHHBIC CITYTHUKOBBIX HaBUTallTUOHHBIX CUCTEM. Yuer C(l)epI/I‘IHOCTI/I
HoHOC(EepHl MOKEH YIyYIIUTh TOYHOCTh W HAJEKHOCTh PEKOHCTPYKIIMH JJIEKTPOHHOH KOHIEHTpauuu. s
HAJIC)KHOCTH DPEHICHUS HEOOXOMUMO TaKKe MCIIONB30BATH METOI PETYNISApHU3alli PEeIICHHH W YBEIWIHUTH 0azy
HCIOJIb3YCMbIX CITYTHHUKOB.
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AHAJIN3 BAPUALIAI TUATIA3OHA YACTOT MPOXOKAEHHUS
KOPOTKOBOJIHOBBIX CUTHAJIOB HA EBPOIENCKHNX TPACCAX
POCCHM BO BPEMSI MATHUTHO-UOHOC®EPHOI
BO3MYIEHHOCTHU B KOHIIE 2024 — HAYAJIE 2025 TOJIOB

®.U. Bribopuos'?, O.A. Illeiinep?

'Bonorcekuii 2ocyoapemeennbiil ynueepcumem 6001020 mpancnopma, 2. Huownuti Hoe2opoo, Poccust,
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HUPDU HHI'Y um. H.U. Jlobauesckozo, 2. Huocnuii Hoseopoo, Poccus,; e-mail: rfj@nirfi.unn.ru

AHHOTALMA
[IpencraBneHb! pe3yabTaTh HCCICOBAHUI BapHaIlMil KIIFOUEBBIX XapaKTEPUCTHK HOHOC(PEPHOT'O KOPOTKOBOIHOBOTO
KaHaJa: MaKCUMallbHOW W MUHUMAaJbHON HAaOMI0IaeMBIX YaCTOT Ha CPETHECIIUPOTHON U CyO0aBpOpabHOM Tpaccax B
YCJIOBHUSX IEPEMEHHOM T€OMarHUTHOM akTUBHOCTH B KOHIIE 2024 - Hayane 2025 rogos. /st aHanm3a UCTIONIb30BAIUCH
aHHBIC HaONfOIeHWH WOHOC(eEephl Ha CTAHIMSIX HAKIOHHOTO W BEPTHKAIBHOTO 30HAMPOBAaHHS HOHOC(HEpHI.
[IpoBexeHo comocTaBlicHHE HM3MEHEHHH MaKCHMAIbHOW W MHHHUMAalbHOW HaOmomaembeix wactoT F- m Es-mon
pacnpoctpanenusi. [lokazaHa posib COJHEYHONW aKTHMBHOCTH B BapHAIUAX KIIOUEBHIX MapaMeTPOB, YCTAHOBJICHBI
MIPUYMHBI TEOMarHUTHONH aKTUBHOCTH.

Ha ocHOBaHMM MOJNYYEHHBIX pE3yJNbTAaTOB IMpeajaraeTcs psaj peKoMeHAaui Mo pa3paboTke ammapaTypsl
30HAMPOBaHMs HOHOCHEPHI U UCIOJIb30BaHUI0 KaHaIoB KB-YKB cBsi3u.

BBenenue

Panee B pabote [1] HamMu OBUTH TpEACTABICHBI PE3YNBTATHl WCCICAOBAHMS BapHaIlMid KITIOUEBBIX XapaKTEPHCTUK
nonoceporo KB kanama Ha cyOaBpopanbHOi Tpacce Camexapn — BacmibCypck B yCHOBHSAX HEpEeMEHHOM
MarHUTHOHM aKTUBHOCTH B OKTs10pe 2016 ro/1a v MpoBEACHO COMOCTABICHIE M3MCHEHU MaKCHMaJIbHO HaOMI0JaeMOit
gactorel (MHY) n HamHuzme# Habmomaemoit wactotel (HHY) F- n Es-mMox pacrpocTpaHeHHs B 3aBUCHMOCTH OT
HWH/IEKCOB TEOMAarHUTHON aKTUBHOCTH. BbBUTO MOKa3aHO, YTO C POCTOM MAarHUTHOM AKTHBHOCTH IOBBIIIAETCS
BEPOATHOCTH IOSABJICHNUS MHTEHCUBHBIX CIIOPAJANYECKUX clnoeB Es ¢ BRICOKMMHU 3HAUEHUSIMU MPEIeTbHBIX YacTOT, YTO
B 3HAUMTENBHONH Mepe MOXKET HEHTpajan30BaTh HEOIATOMPHUSATHOE BO3JEHCTBHE MarHUTHOW Oypu Ha paboTy
PaIMOdIEKTPOHHBIX CUCTEM pPa3aM4YHOro HazHaueHws. Ha cyGaBpopasnbhoii Tpacce Canexapn — Bacunmbcypck Bo
BpeMsI BBICBITIAHUSA 3apsHDKEHHBIX YaCTHIL B pe3yJIbTaTe 00pa30BaHMs MOIIHOTO criopaandeckoro ciod Es cyniecTtBeHHO
YIAYYIIAOTCA YCIOBHS PacHpOCTpaHEHUs paAvoBOJIH. JuamazoH yacToT mnpoxoxkieHusi KB-curnanoB Es-monoit
yBenmumBaiucs 10 10 pa3 mo cpaBHEHHIO ¢ HEBO3MYIIeHHOH noHOCc(epoir, a MHY Es mocturan BepxHero mpepena
yacTtoTel JIYM-30ouaupoBanus 30 MI'.

OueHkM M3MEHYMBOCTH Auana3oHa 4acToT mnpoxoxxaeHuss KB-curnanoB or MHY no HHY B paznuunbix
TeITMOreO(pU3NIECKUX YCIOBUSIX OCOOCHHO BaXHBI NpH IDIaHHpoBaHMH KB paguocBs3d, MOATOMY HHXKE
MIPECTaBIICHEI Pe3yIbTAaThl UCCIICAOBAHMI IO OTPEIEICHUIO Uaa30Ha YaCTOT MPOXOXKICHHS U CyOaBpOpaIbHOI
Tpaccel T. Hikuauit HoBropoa — m. JIoBo3epo, BeimonHeHHbIe B 2024-2025 Togax B yciaoBHAX elle 0ojiee CHIIbHBIX
Te€OMarHUTHBIX BO3MYyIeHuil. BoiOop Tpaccel onpenensics ee JUIMHOW, pacloIoKeHHeM B 00JacTH aBpOPaIEHOTO
OBaJIa MepeIaoIIero MyHkTa B 1. JIoBo3epo 1 MOIIHOCTHIO paboTatomiero Tam JIYM-niepenatunka, pacrnoyioKeHueM
IIpUEeMHOro nyHkTa B I'. HuwxHuit HoBropos Ha cpelHuX LIMpOTax.

JKcNepUMeHTATbHbIE Pe3yJIbTaThl H UX 00CYyXKIeHne

Cuctema JTUM-ctannuit HUP®U c pacnonoxxenuem B r. Huwxuanit Hosropog u n. Bacunbscypck HEIpepbIBHO BEAET
npueM curHanos craHuuit Kump, Mypmanck u JloBo3epo, IpOBOJUT IUIAHOBBIE M3MEPEHUs CUTHAIOB TpoHIIKa,
Kazann n Bumiuel, mpoBOANMT B3aMHBIC CEaHCHl 30HAMPOBAHMS Ha cilabOHAKJIOHHOW Tpacce Bacuibcypck —
Hwxuanit Hoeropoa. Kpome toro, Ha monmrone HUP®U B Bacunbcypcke paboTaeT CTaHIMS BEPTHKAIHLHOTO
s3ouaupoBanust nonocepsl CADI. Ha puc. 1 mpuBeneHa cxema tpacc 3oanupoBanus HUP®OU, 6enpiMu THHASMHA
OTMEYEHBI TPacChl 30HIUPOBAHHUSA MOHOCHEPHI, HUCIONIB3yeMble B JaHHOW pabote. s mpuema W mepegadydl HaMH
ucnonp3yioress JIUM  crammmm mpomssoactea SITCOM LTD, r. Momkap-Ona. Takas xe JIUM  cranmus
denepanbHOTO TOCYAApCTBEHHOTO OIOKETHOTO YUPEXKACHUS «APKTHYECKHMH W aHTApKTUYECKHH HaydHO-
uccnenoBatenbekuii HCTUTYTY (AAHUUN) [2] pabortaer Ha Kombckom momyocTpoBe B m. JIoBo3epo, CHUTHAIBI
KoTopoii B 15-MuHyTHOM pexkume npuHuManuch JIUM-cranmusimu HUP®U B nekabpe 2024 r. u sHBape 2025 r.
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Jmuna tpaccsl coctapisiia 1386 kM npu asumyte 344,2°) nuana3zoH NpUHUMAEMBIX 4acToT 2+29 MI'; ckopocTh

nepectpoiiku yactorsl 550 k[ '1/c.

Mypmucx
JloBozepo

N6230"
///

Buomina

E£55

Iég’""”?f Horropon

& Kazaup
Bacuimeypek
SR £ {

Hioke npencTaBiieHbl pe3ynbTaThl, OJTy4YeHHbIE BO
BpeMsI OYeHb CHIIBHOW MarHUTHOH OypH ¢ ypoBHEM
G4.0 (Kp = 8.00), xoropast Hagamack 31 mekaOps
2024 r., rmaBHas ¢asza Oypu Habmromanack | sHBapS

2025 . c TIOCTIE Y OLITAM IMOCTENEHHBIM
YMEHBIIICHHE T€OMarHUTHOM aKTHBHOCTU 1O KOHIIA
SIHBapA. I'papux  moBenmenmss  Dst-mHImekca

TEOMarHUTHOM aKTUBHOCTH JUIsi uHTepBana gaTt 30
nexadps 2024 r.— 7 ssuBaps 2025 1. npuBeieH HA PUC.
2. IloppoOHbIe aHHBIE TPUBE/ICHBI Ha caiTax [3, 4].

I'naBHas ¢a3a cHIbHOM MarHUTHOM OypH HavyaIach
31 nmexabps 2024 r. oxomo 18:00 UT c¢ peskoro
YMEHbIICHNST HHAeKca Dst u mpomomxanace 1o
15:00 UT 01.01.2025, xorma ObBUI0O AOCTHTHYTO
MHHHUMAaJbHOE 3HaueHne Dst=—220 aTxa [4]. 3aTtem
Havanack (pasa BocctanoBieHus, Ho 04.01.2025 B
9:00 UT npousomio  MOBTOPHOE  pPE3KOe
YMEHBIICHHE WHAEKca Dst 10 MHHUMaIbHOTO
3HageHueM —98 HTn, mocie 4Yero mpoxoKHUIIACh
¢aza Boccranosienus. [1o nanneim [5] 01.01.2025 B
15:00 UT Kp uHAEKC HOCTUT 3HAYeHHs] &, UTO
COOTBETCTBYET MarHUTHOH Oype ypoBHs G4 (oueHb
cuibHas Oyps), a 04.01.2025 B 06:00 UT u B 21:00
UT Kp noctur 3HadeHHs 5, 4TO COOTBETCTBYET
MarHuTHo# Oype ypoBHs G1 (cnabas Oypsi).

Bo Bpems wmarHuTHOW Oypm HaOIrOmAIOCh
YBEIMUCHNE CKOPOCTH BBICOKO3HEPTHIHBIX
MIPOTOHOB coiHeUHoro Berpa oT 440 mo 570 xm/c
01.01.2025 r. n o1t 400 10 560 kM/c 04.01.2025 . [6].

Ha puc. 3 npusenenst MHY u HHY 1F-
MOJBl  PAaCHpPOCTpPaHEHHS I  TPacChl
JloBo3zepo — Hwxuuit Hosropox B
YCIIOBUAX CIIOKOMHOHI MOHOChEpbI

30 31 1 2 3 4 5 6
Hexadps 2024 r. SuBaps 2025 1.

Pucynoxk 2. I'padux Dst nnnexca mst 30.12.2024 — 7.01.2025 r.r.

30.12.2024 r.; B nepuo/pl MarHUTHBIX OYpb
01.01.2025 r. u 04.01.2025 r. B yxa3aHHsIe
JaTtel ObUIM JIOCTUTHYTHl MHWHHMAJbHBIE
3HadyeHust Dst, paBHbie —220 HTn u —98
HTa; 6.01.2025 r. 3nauenus Dst OblIu He
menee —35 wHTn. [JIuama3oH dacroT
MPOXOX/ICHNS! OKAa3bIBAJICSd HANMEHBIINM
01 u 04 samBaps 2025T1. B yCIOBHAX
CIWJIBHBIX ~TE@OMAarHWTHBIX  BO3MYIIEHHUH
nonochepst. Ha puc. 4 npuseaenst MHY u
HHY 1Es-moapl noHOchepsl ISl Tpacchl

7 JloBozepo  —  Hwmxumit  Hosropon

31.12.2024 r., 01.01.2025 r., 04.01.2025 1.
n 06.01.2025 r. 3amena 30 Ha 31 nmexaOps
00BsCHIETCS MIPaKTUYECKHU ITOJIHBIM
orcyrctBueM Es  ciost  moHocdhepsl.
Juanazon yactot npoxoxaeHus 1Es-moast

oOKazajcs HanOOJIBIIMM Kak I10 JIana3oHy 4acToT, Tak u 1o Bpemenu 01.01.2025 r. n 04.01.2025 .

AHanu3 HOHOTPaMM BEPTHKAIBHOTO 30HANPOBaHMs, NOIy4eHHbIX Ha HOHO30HAe CADI B . Bacunscypck 1 ssHBaps
2025 r. B 14:00 u 17:00 UT, mokasain, 9To eclny Ha IepBOi HOHOrpamme Habmomaercs auddysusiii F-cinoi, To Ha
MOHOTpaMMe, TOJyYeHHON Yepe3 TpU 4yaca, OH MPAKTUYECKH He BUJeH Ha (oHe CHIIBHOTO U qud(dy3HOro ciios Ha
BoicoTax 100-200 kM. CpaBHHTEIBHBIA aHANIM3 JAaHHBIX HAKJIOHHOTO 30HIMPOBAHHUS C JAHHBIMA HOHO30H/A
BEPTUKAIBHOTO 30HaupoBanust noHocdeps! Juliusruch (ceBep ['epmanuu), BHITOJHEHHBIN 110 METOIUKE [7], IOKa3aJ,
yto 17151 F u E cnoeB moHocdeps! Bo BpeMs JaHHON TeOMarHUTHON OypH XapakTepHa 0oJiee CIIOKOWHAs peaKius Ha
JIAaHHYI0O MarHuTHyI0 Oypro (cMm. puc. 5). Tem He MeHee, mis F-ciiost noHocdeps! (BepXHUE PUCYHOK) HAOIIOMaETCS
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@.U. Bvibopnos u O.A. Lletinep

SHAYUTCIIbHOC YUCJIO BPEMCHHBIX UHTCPBAJIOB C YMCHBIICHUEM KPUTHYCCKUX YaCTOT, a IJId E/Es-cnos I/IOHOC(l)epBI
(HI/I)KHI/Iﬁ pI/ICyHOK) €CThb TOJIBKO MHTEPBAJIbI UX 3HAYUTEIBHOTO ITOBBIIIICHUS.

L e T T [ R e S S —
i 130.12.2024 1. . i

20

10 -

0
0:00
) v T T e R
F.MIn ' ‘
Y — —
R B L0/ Ve
0 ; i i UT% 0 : : : :
0:00 6:00 12:00 18:00 0:00  0:00 6:00 12:00 18:00 0:00

Pucynok 3. I'padpuxun MHY (Bepxuuit, kpacHsiit) u HHY (avxHui, cunnit) 1 F-moap!1 Tpaccs
JloBozepo — Hmwxnmit Hosropon 30.12.2024 r., 01.01.2025 1., 04.01.2025 1. 1 06.01.2025 .

F.MIm  1.01.2025T.

! : ! UT ! H
; ; ; i 0 7 i T
0:00 6:00 12:00 18:00 0:00 0:00 6:00 12:00 18:00 0:00

Pucynoxk 4. I'padnx MHY (Bepxuuii, kpacHslit) 1 HHY (avokuuid, cuauit) as 1 Es-mos! Tpaccst
JloBo3zepo — Hwxnuii Hoeropong 31.12.2024 r., 01.01.2025 r., 04.01.2025 r. 1 06.01.2025 .
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Delta fOF2 Juliusruch 15.12.24-15.01.25
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PucyHok 5. I3MeHeHIe KpUTHYECKHX YaCTOT HOHOTPAMM BEPTHKAILHOTO 30HIMPOBAHUS HOHOC(EPHI 10 TaHHBIM
crarnuu Juliusruch (F cnoit - Bepxuwmii, E/Es — HIOKHII pUCYHKH).

BriBoabI

YCTaHOBIIEHO, YTO B YCJIOBMSX IIOBBIIIEHHON I'€OMarHUTHOM aKTUBHOCTH Ha TPaccax HAKJIOHHOIO 30HJUPOBaHUS
noHoc¢eps! npoucxoaut yseandenue MHY Es cios, B pe3ynprare 4ero CyIecTBEHHO MOBBIIIAETCS AMaNa3oH 4acToT
npoxoxaeHus KB-curHanoB. OTO NOBBIIAET SKCIUIyaTallUOHHBIE BO3MOXKHOCTH HCIIOJB30BAaHUSl KaHajla
pactipoctpareHust 4epe3 Es s nepenadn nHpOpMauy Ha BBICOKOIIUPOTHBIX PAJUOIMHUASX BO BpeMs MarHUTHO-
HOHOC(EpPHBIX BO3MYIICHUA. BMmecTe ¢ Tem, cliexyeT UMeTh B BHIY, YTO WHTCHCHUBHBIN cropamudeckuil cioit Es
MOXET OKa3bIBaTh CYIECTBCHHOE BIISIHHE Ha JKPAaHHUPOBKY OTPAKCHHS OT BEpXHEH HOHOC(EpPHl W MOXKET
OIOKHPOBATH pacmpocTpaHeHne F-Mompl.

[Tomy4eHHbIe pe3yIbTaThl JAHHOTO 3KCIIEPUMEHTA AOTIONHAIOT paHee MoyYeHHbIE Pe3yIbTaThl Ha Cy0aBpOpaIbHOI
Tpacce Cainexapn — Bacuiabcypck B yCIOBHSX NMEPEMEHHOW MAarHHUTHOW aKTUBHOCTH B OkTsa0pe 2016 roma (s
CIIOKOWHBIX U YMEPEHHO-BO3MYIIEHHBIX yCIOBHIA).

JUis momyuyeHHMs 3HAaHMH O NPOCTPAHCTBEHHO-BPEMEHHBIX MAcCIITab0ax JUHAMHUKH T'€OMAarHHUTHOW Oypu U ee
Bo3nelcTBus Ha wuoHochepHbli KB kaHan HeoOXoQuM pacIIMpeHHBIH HAa0Op HW3MEpEeHHil B pa3sIMuHBIX
rejnoreopu3n4YecKuX YCIOBHSX Ha Tpaccax pPasziM4YHOW MPOTSHKEHHOCTH M OpPHEHTAlMH (IIPH ATOM BO3HHKAET
HEOOXOIMMOCTh YBEIHUYCHHS YacTOT 30HIUPOBaHUs HoHOChepsl 10 40-60 MI'm). Takue HaOIMONEHNS Ha CETH Tpacc
HarIoHHOTO JIYM-30HAMPOBAaHUS IO3BONSAT OIPEICITUTH YCIOBHS PA3BUTHS M MHTPANUN MarHUTOC(EpHO-
HOHOC(EPHBIX MPOIECCOB U UX BIUSHHS HA KIFOYEBHIC XapaKTepucTHKH noHochepHoro KB kanama ams pazpabotku
METOIIMK MPOTHO3HPOBAHISI HOHOC(HEPHOTO PAaCIPOCTPAHEHHUS PAJIHOBONIH B HHTEpEcaX 00CCIIEUCHUSI YCTOHIUBOTO
(hYHKIMOHHUPOBAHHA PATUOTEXHHUYESCKUX CHCTEM Pa3IMYHOTO HA3HAYCHHS.

BaaropapHocTn
ABTOpHBI OnaromapsT corpyaHukoB deaepasabHOr0 TOCYAapCTBEHHOTO OIOKETHOTO YUPEKACHHS «APKTHYECKUH U
AQHTApKTUYECKHI HAay4YHO-HCCIIEJOBATEIbCKUH MHCTUTYT», obecreunBaBunx pabdory JIUM-nepenarunka craHIMU
JloBozepo.

PaGora BrimonHeHa mpu momaepikke mpoekra FSWR-2023-0038 B pamkax 6a3oBoit wactu ['ocymapcTBEHHOTO
3agaHusi MUHHCTEPCTBA HAYKH U BBICIIEro oOpa3oBanus PO.

Jluteparypa

1. Ypsanos B.I1., BetboproB ®@.U., [lepmma A.B. Bapuarnun quanazoHa 9acToT IPOXOKASHUS KOPOTKOBOITHOBBIX
CUTHAJIOB Ha Cy0aBpOpalbHOMN Tpacce BO BpeMsl MarHUTHO-MOHOC(HEPHOH BO3MYMEHHOCTH B OKTsaOpe 2016 roma //
U3B. By30B. Pagnodusuka. 2021. T. 64, No 2. C. 83-94. https://doi.org/10.52452/00213462 2021 64 02 83

2. Pexxum noctyna: https://www.aari.ru/contacts goctym 27.09.2025 r.

3. UKM PAH wu HC3® CO PAH  Jlaboparopuss  comHeuHoid  actponommn  URL:
https://xras.ru/magnetic_storms.html/moscow/ (nara obparmenus 01.06.2025).

4. Pexxum nocryna: https://wdc.kugi.kyoto-u.ac.jp/ ([lara obpamenus: 16.05.2025).

5. Pexxum noctyna: https://xras.ru/magnetic_storms.html/moscow/ ([lara o6pamenns: 16.05.2025).

6. Pexxum nocryna: https://www.ngde.noaa.gov/dscovr (lata oopamenus: 16.05.2025).

7. Sheiner O., Rakhlin A., Fridman V., Vybornov F. New ionospheric index for Space Weather service // Adv.
Space Res. 2020. Vol. 66, N 6. P. 1415-1426. https://doi.org/10.1016/j.asr.2020.05.022

108


https://xras.ru/magnetic_storms.html/moscow/
https://wdc.kugi.kyoto-u.ac.jp/
https://xras.ru/magnetic_storms.html/moscow/?m=1&d=1&y=2025

Polar
“Physics of Auroral Phenomena”, Proc. XLVIII Annual Seminar, Apatity, pp. 109-113, 2025 @ Geophysical
© Polar Geophysical Institute, 2025 Institute

DOI: 10.51981/2588-0039.2025.48.025 EDN: SREPAG

NCCIEJOBAHUE KHHETHUKH 3JIEKTPOHHO-BO3BYKIEHHOI'O
MOJIEKRYJIAPHOI'O A30TA B CIIPAUTAX U PA3PA/THOU KAMEPE

A.C. Kupunnos!, B.®. Tapacenko'?, H.I1. Bunorpamos'?, B.A. Kupwuios'-

onsapuwiii 2eouszuueckuii uncmumym, 2. Anamumasi, Poccus
2Hhtcmumym cunvromounot snexkmponuxu CO PAH, 2. Tomck, Poccus
3Poccutickutl sxoHOMUYECKULl yuusepcumem um. I'.B. [Inexanoesa, 2. Mockea, Poccus

ADCTpaKT

Jlns m3ydeHns CBOMCTB KPACHBIX CIIPAWTOB pa3paboTaHa MOZIEIH SJIEKTPOHHOW KHHETUKH MOJICKYJISIPHOTO a30Ta I
BeIcOT 40-90 kM aTtmocdepsl 3eMin B YCIOBHSX 3JEKTPHUUECKOTO paspsiia ¢ MPOJODKHTEIBHOCTHIO HMITYJIbCA
MOPAIKA HECKOJILKUX MHKPOCEKYHI. MoJeNb BKIFOUAET KMHETHKY TpUmLieTHBIX (ASE,', B3Tl,, W3A,, BZ,, CI1.)
JIEKTPOHHO-BO30Y)KIEHHBIX COCTOSHHH Nz € y4eToM TIepeHoca 3HEPrud BO3OYKICHUS TIPH HEYNPYTHX
MOJICKYJISIPHBIX CTOJIKHOBEHHUSX M CIIOHTaHHBIX H3JIydaTeNbHBIX Iepexonax. Mojens MO3BOJSAET PAacCUUTHIBATH
MHTEHCUBHOCTH CBEYEHHs II0JIOC TEepBOii (u3itydarenbHble nepexonsl BI;—A’Y,") u BrOpOil (M3iIyuaTenbHble
nepexoapl C3I1,—B3Tl,) nonoxurensupix cucteM Na B cMecH No-Oz NpH 3JIeKTPUYECKHX pas3pAax. PesynbTaThbl
MOJICIMPOBAHMS CIIEKTPOB U3Iy4EHHs a30Ta B MOJI0CaX NEPBOIl U BTOPOH MOJIOKHUTEIBHBIX CUCTEM CPAaBHUBAIOTCS C
pe3yIbTaTaMH 3KCIIEPUMEHTAIBHBIX H3MEPEHHH NIPH TaBICHUAX, COOTBETCTBYIOIIMX BBICOTAM HaJl ypoBHEM Mops 40-
90 kM. TeopeTH4eCKH M SKCHEPHMEHTAIBHO ITOKAa3aHO, YTO HEYIIPYTHE MOJIEKYJSIPHBIE CTOJKHOBEHHS C POCTOM
IUIOTHOCTH CPEIBI MPUBOAT K 3HAUUTEIHHOMY YMCHBIICHHUIO HACEJICHHOCTEH KOJICOATEIbHBIX YPOBHEH COCTOSHHUS
B3l u yMEHBIIEHHUIO HHTEHCUBHOCTEN CBEUEHHMS TIOJOC TIEPBOM MOJOKHUTENBHON cHCTEMBI N».

Jlns SKCHeprMEHTaNBHBIX HCCIE0BaHNH TOJrOTOBJICHA YCTAHOBKA HA OCHOBE Pa3psAHBIX KaMep M3 KBapIEBBIX
TpyOok. Taxke co31aHbl TeHepaTOphl, paboTaroNINe P Pa3INIHBIX YaCTOTaX CICIOBAHMS MMITYyJIbcOB. Ha maHHBIX
YCTaHOBKaxX NPOBEIEHBI U3MEPEHMsI CIIEKTPOB M3JIyUYEHHUS MOJIEKYJSIpPHOTO a3ora B auamna3one 250-1000 uM npu
JIaBJICHUSIX, COOTBETCTBYIOIIKM BBICOTaM HaJl ypoBHEM Mops 40-90 kM.

Beenenue
MornekyJsIpHBIF a30T SIBISETCS OCHOBHOHM cocTaBisiomieil atMoc(epsl 3eMiIM Ha BBICOTAX CBEUYCHUS CIIPANTOB.
Heynpyroe B3anmozeicTBHe BHICOKOHEPTHUYHBIX 3JIEKTPOHOB B CTPHMeEpax, GOPMHUPYIOMNX KPacHBIE CIPANTHI, ¢
MOJIEKYJIaMH a30Ta TPHUBOJUT K BO30YXKICHHWIO Da3IMYHBIX 3JIEKTPOHHO-BO30YX/IEHHBIX cocTtosHui N>, B
JanbHeHIeM B BO30Y>K/IEHHBIX MOJICKYJIaX a30Ta IIPOUCXOIST CIIOHTAHHBIE TIEPEX0/Ibl Ha Oojiee HU3KKE 110 SHEPTUH
COCTOSTHHS, YTO CITY>KUT IPUUMHOM CBEUCHHUS MOJIEKYJIIPHOTO a30Ta B PA3IMYHBIX JHAIa30HAX CHEKTPA.

[lepBas monoxwurenpHas cucreMa moioc Ny (1PG) siBnsiercss 0qHON W3 OCHOBHBIX MPH (POPMHUPOBAHUH CIIEKTPOB
CHpaiiTOB B KPaCHOM M OJKHEM HH(paKpacHOM auanazoHe JuiiH BosiH 640—-820 uMm [Kanmae et al., 2007]. Ceuenne
JTAHHOI CHCTEMBI ITOJIOC IPOUCXOIHUT IPU CIIOHTAHHBIX MIEPEeXoax:

No(B3Ig,v") — No(A3Z, ", v") + hvipg . 1)

Bropas monoxwurenbHas cucrema nojoc N (2PG) yuactByer B (hOpMHPOBaHMM CIIEKTPOB CHPATOB B CHHEM,
¢uoseToBOM U OiMKHEM YIbTpaHoIeTOBOM auana3one aiauH BoiaH 320460 um [Heavner et al., 2010]. CBeuenue
2PG cucteMsl MOJI0C MPOUCXOANUT MPH CIIOHTAHHBIX MEPexoaax:

No(CT,,v'") — Nao(BTIgv") + hvaeg )

HccnenoBanus XapakTepUCTUK ONTUYECKOTO H3JIyYEHHUs] BO BpeMsl KPACHBIX CHPANTOB MPOBOJSTCS B HA3€MHBIX
nabopatopusax [Franz et al., 1990], ¢ camoneroB [Sentman et al., 1995], cuyraukoB [Garipov et al., 2013],
MEXIyHapoIHOH KocMHuuecKoi cranumu [Jehl et al., 2013]. Taxke nccienoBaHus KpacHBIX CIIPaWTOB IPOBOJSTCS C
UCTIONIb30BaHUEM dJieKTpoMarHuTHoro m3nydenusi B KHU/OHY-nuanasone [Reising et al., 1996; /pyocun u op.,
2023].

B nmannoit paboTe mpoBOIUTCS pacyeT KoieOaTeNbHBIX HACEICHHOCTEH TPHUILIETHBIX COCTOSHHUM MOJIEKYJISIPHOTO
a30Ta B BO3IyXe IIPH AABICHHUSIX, COOTBETCTBYIONINX BhIcOTaM 40—90 KM CBEUECHHUS KPACHBIX CIPANTOB, H HM3MEPEHUS
cnexTpanpHo mioTHocTH m3nydeHus 1PG m 2PG momoc N> mma storo amamazoHa naBieHuii. Kpome Toro,
AKCIIEPUMEHTAIFHO U3MEPEHHBIE CIIEKTPaTbHbBIE MIIOTHOCTH dHeprun nusnydeHus: 1PG u 2PG mosoc B 1ta3MeHHBIX
mudpdys3aex crpysx ([IAC) Obumm MCTIONB30BaHBI AJS ONPEACTCHHS OTHONICHHWS CHEKTPAIBHBIX IIOTHOCTEH
n3imyuenns 1 PG nonoc Mosekyt a30Ta K ClieKTpaibHOHM IoTHOCTH u3nydeHus 2PG nosockr Ha niepexoje 0—0 (amuHa
BOJIHBI 337 HM) M CpaBHEHHMS C Pe3yJIbTaTaMH TEOPETUUECKUX PacyeToB.
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YcranoBka Aj1s1 NpoBeAeHUs] U3MePeHUH

HccnenoBanusa cnekrpoB m3inydeHus [1JJC B BO3gyxe HU3KOTO JaBICHUS, KOTOPBIE SBISIFOTCS MHHHATIOPHBIMHU
aHaJIOTaMH KPACHBIX CTOJIOYATHIX CHpANTOB, NMPOBOMWINCH Ha yCTaHOBKe, mMokazaHHOW Ha pwuc.l. IlomoOHas
YCTaHOBKA JUISI M3yYSHHS CBOWCTB aHAIOTOB KPACHBIX CIIPalTOB paHee HCIOIB30Basach B paborax [Tarasenko et al.,
2022; 2024; Sorokin et al., 2022]. B naHHBIX 3KCIIEPUMEHTAX UMITYJIbCHI HAITPSXKESHUS 110 BHICOKOBOJILTHOMY Ka0eIro
nogasanuck ot reueparopa NPG-15-2000N, paspaborannoro aBropamu [Korotkov et al., 2012], na anexrpoast 3—4
OJIMHAKOBOM KOHCTPYKIMH, KOTOPBIE pacIojarajuch Ha BHELIHEH MOBEPXHOCTH KBapleBoil TpyOku 2. TpyOka Oblia
M3TOTOBJICHA M3 KBaplia ¢ BBHICOKOW IPO3PAvYHOCTHIO B YIbTPa(MOIETOBOW, BUANMON U OMKHEH MH(pakpacHOU
obnactsax crekTpa. PaccrosHHe MEXIy JJIEKTPOAaMHU PaBHAIOCH 6 CM. AMIUIMTY/a UMITYJIbCOB HAaIpsHKEHUS
reHepaTopa cocraBisuia ~12 kB, INTUTENEHOCT UMITYJIbCa Ha TIOJTyBBICOTE 6 HC NpH (DPOHTE U craze 3 HC.

[MJC, MuHHMATIOpHBIE aHAJIOTH KPacCHBIX CTOJOYATHIX CHPANTOB, (OPMUPOBANIUCH B KBApLEBBIX TPyOKax Ipu
uHUOAUpylomeM mnpoboe. Dotorpadust paspsga B KBapIeBOW TpyOKe, MOJYUCHHAS C HCIIONB30BaHHEM 0a30BOU
yctaHoBKH i uccnenoBanus cBoicTB I1JIC nokazana Ha puc.2. [Ipumep moirydaeMbIX CIEKTPOB M3IYUYCHHUS TPH
nmasiennn p=0.4 Topp npuBeneH Ha puc.3.

I'enepatop —
! ) NPG15-2000N ) 5 JTKA4KA M
HaIlycK IrasoB
Y ~N P e \
I ——
=Ny

Pucynok 1. YcraHoBka st QororpadupoBaHus paspsaa M HCCIEAOBAHUI CIIEKTPOB H3ITy4YESHUS
AHAJIOTOB KPACHBIX CTOJIOYATHIX CIPAUTOB. 1 — (hyiaHel] n3 KarnposioHa ¢ TOPLEBBIM OKHOM M3 KBapla, 2
— kBapieBas TpyOka mumHOH 200 cM ¢ BHYTPEHHUM AMaMETPOM 5 CM U TONIIUHOMN CTEHOK 2.5 MM, 3 —
3a3eMJICHHBIA AJIEKTPOJ W3 amfoMHHHEBOW (ombru tommmHod 100 MkM m mmpmHOW 1 oM, 4 —
BBICOKOBOJIBTHBIM 3JIEKTPOJI TaKOil jk€ KOHCTPYKIHMH, 5 — (UIaHel W3 KampoJoHa CO IITYIEpPOM Ul

OTKA4KH U BITyCKa BO3QyXa.

Pucynok 2. @ororpaduu cBeUeHUs paspsia B KBapieBod TpyOke 2 MpH SKCHO3UIMU | ¢ U JaBIeHUH
0.4 Topp. 3 — 3a3eMIJIGHHBIN 37EKTPOJ; 4 — BBICOKOBOJIBTHBIM 3J7eKkTpoa; K — okoHuanue kabens,
COENIMHSIONIETO TeHepaTop ¢ aekTpogamu; C — MecTo pacmonoxeHusi Topia cBeroBona (11 cm ot
npaBoi kpomku anekrpona 4); I[1JIC — nna3mennsie nuddysHbie cTpyH, pacupocTpaHsiouecs B 00e
CTOPOHBI OT 00JIACTH TIA3MbI MEX/Y JIEKTPOIaMH.

CHexTpbl M3IyYeHHS! PETHCTPUPOBAINCH NPH PA3IMYHBIX JAaBJICHUSIX BO3AyXa W PA3IMYHBIX PACCTOSHUAX OT
BBICOKOBOJIBTHOTO 3JIEKTPOJIa, CM. pHcC.2. [l cpaBHEHMS SKCIICPUMEHTAIBHBIX W PACUETHBIX JIAaHHBIX ObLIA B3STA
cepusi M3MEpEHHH, KOTopas BKIIOYala MIECTh JaBICHWH. B 3TOH cepuM CHeKTpaibHbIEe IUIOTHOCTH 3HEPIHH
W3JIy4YeHUs OBLTH 3aperucTpUpoBaHsl npu qasieHusx 1, 0.4, 0.1, 0.07, 0.05 u 0.03 Topp.

TeopeTu'{eCKaﬂ MOaeJ1b

Jlist iccnemoBaHMs CBOMCTB CTIPAUTOB U JIAOOPATOPHBIX UMITYJICHBIX pa3psaoB B [Kupuiios u op., 2025; Tapacenko
u dp., 2025] paspaboTaHa MOJIelIb KHHETHIECKUX MPOIECCOB C yUACTHEM JJICKTPOHHO-BO30YKIEHHBIX COCTOSTHUN N2
B cMecu ra3oB N> 1 O,, co31aHHAs HA OCHOBE MOJICIIH KHHETHKH MOJICKYJIIPHOTO a30Ta Ha BEICOTAX BBICOKOIIMPOTHON
BepxHeil armocdeps! [Kirillov and Belakhovsky, 2019; Kupunnoe u beraxosckuu, 2020]. Ilpn pacuerax ckopocteit
BO30YKICHHUS PA3IMYHBIX KOJEOATENbHBIX YPOBHEH ISITH TPHUIUIETHBIX COCTOSHHUA N; 3JICKTPOHAMHU CTPUMEPOB
paspsiia y4TeHBI CJIE/TyIOIIIEe TPOLECCHl JIEKTPOHHOTO BO30YXKICHUS:

e + Na(X'Zg",v=0) — No(A3Z,", By, W3A,, B, CIl;") +e . 3)
ITpu 3TOM PaccMOTPEHBI CIIEAYIONIUE KOJIEOATENBHBIE YPOBHH YKa3aHHbBIX TPUILIETHBIX cOCTOSHMI: A’Y, (v'=0-29),

B3I (v'=0-18), W3A,(v'=0-21), B®Z, (v'=0-15), CT1y(v'=0-4). TIoCKONEKY MEXKIY YYHTHIBAEMBIMH COCTOSHHSAMH
MPOMCXOIAT H3ITydaTeIbHBIE IEPEX0/bl, TO KpOMe CIIOHTAaHHBIX epexo0B (1) u (2) c m3myuennem 1 PG n 2PG nomnoc,
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A.C. Kupunnog u op.

HeobX0aMMO emé ydecTh uanydenue mosoc By-Bemema (mepexom W3A,,v'«—B3ll,,v") u nosoc nocneceedeHus
(mepexon B®X, V' B°ll,,v"), a Takke cmontanmsle mepexomsl A’Y,"v'—X!Z, V" (momocer Berapma-Kamnana)
[Gilmore et al., 1992].
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Pucynok 3. Crniektp u3iny4eHus Bo3ayxa npu nasiernn p=0.4 Topp u3 obmactu ¢ I1/IC. Ha BcraBke
TOIPOOHO MPEICTABIICH CIIEKTP U3IyUeHHs B HHppakpacHOit obmactu 720—780 HM.

Kpome TOro, TeopeTndeckas MOJENb BKIKOYAET KUHETHKY TpuruieTHeix (A%, B3I, W3A,, B°Z,, Cl,)
cocTosHuit Ny ¢ y4eTOM HeYIPYruX CTOJIKHOBHTEIBHBIX HPOLIECCOB

Na(YV'") + Na, Oz, 0 — Nap(B[I,v") + Na, Oy (4a)

Na(BIg,') + N2, 02, 0 — Nao(Yv") + Np, 05 (40)
rae Y =A%, WA, B®Z, 1

Nao(YV') + Na(X'Ze " v=0) — No(X'Z,",v">0) + Nao(Z, V") (5a)

Nao(YV') + 02(X3Ze v=0) — No™* + 0," (0+0) , (56)

e Y, Z = A%, B, W3A, BEZ,; No™, 0, 0603Ha4aroT 3JIeKTPOHHO- WM KOJIEOATENbHO-BO30YKIEHHBIE
MOJIEKYJIBI, TPUYEM BO BpeMs mporecca (50) MOKeT IpOou30UTH BO30YKICHHUE OTTAIKHBATEIEHOTO COCTOSHIS O) ¢
JUCCOITMAIIEH MOJIEKYIBI 1 00pa30BaHUEM ABYX aTOMOB KHCIOpoAa. B oTmudme oT BEICOT BepxHEH aTMOoc(ephl Ha
BBICOTAX CBEYEHMs CIIPAWTOB CTONKHOBHTENbHOE BpeMs ku3HH N(C3Il,) MOIEKYIBI CTAaHOBHTCS CPABHHMEIM C
U3JTy9aTenbHEIM Tc~40 ns, II03TOMY HEOOXOIMMO YIHTHIBATh HEYIpyrue cToakHoBeHus No(C3Il,) ¢ Monexymamu N
u Oy. B cnyuae cronkHoBeHHH ¢ N> KOHCTaHTHI TallleHHs] yYUTHIBalOTCS cornacHo [Kirillov, 2019], B cimyuae
cronkHoBeHu# ¢ Oy cornacHo [Pancheshnyi et al., 2000].

CpaBHeHHe IKCIIEPUMEHTAIbHBIX JAHHBIX M Pe3y/JIbTATOB TEOPETHYECKHUX PACYETOB

B HacTosmiedt paboTe HMCIONB3Ysl TONYyYEHHBIE CIIEKTPHI M3Iy4eHHUs (cM. puc.3) ObLTH OMpeneNeHBl OTHOIICHUS
CIEKTPANBHBIX TUIOTHOCTEH SHepruu u3nydeHus 1PG momoc MonekynsapHoro azora Wipg B KpaCHOM CIIEKTPaIbHOM
Iara3oHe Ha JIUHAX BOJH 653, 661, 669, 677 HM U B HHPpaKpaCHOM CIIEKTPAIIFHOM TUAlla30He Ha JJTUHAX BOJH
737, 748, 761, 773 HM K CHEKTPaJbHOW IUIOTHOCTH SHEPrUM W3Iy4yeHUs: Wopg Ha JuiMHE BOJHBI 337 HM. OTH
OTHOIICHHS TaK)Xe OBUIM PAaCcCUYUTAHBI MO TEOPETHYSCKOW MOMENH, OMMCaHHOW BbIme. [lamee OBUIO TPOBENEHO
CpaBHEHHE SKCIIEPUMEHTAIHHO H3MEPEHHBIX H TCOPETHICCKH PACCYUTAHHBIX OTHOMICHHUH CIIEKTPATBHBIX ITIOTHOCTEH
naiyueHust Wipa/ WapG 10151 pACCMOTPEHHOT'O AMAIa30Ha JIaBlieHHi. PacyeTsl MpOBOMIIKNCH U1l LIMPOKOTO IHara3oHa
CPEIHUX DYHEPTUH DIEKTPOHOB B pa3psaHON Tazme <e>=2, 3, 4, 6, 8 u 10 »B. Pe3ynbTaTsl TaKOTO CpaBHEHUS IS
Wipc/ WapG IOKa3aHbl Ha puc.4 u 5.

Kak BumHo m3 puc.4 m 5, HaOmomaeTcs Xopolee COrjlacHe pe3ylbTaTOB AKCHEPHUMEHTANBHBIX H3MEpPEHUH
CHEKTPANBHBIX XapaKTEPHUCTHK HM3JIydeHHs N> C pe3ylbTaTaMH TEOPETHYECKHUX PACUETOB JUII PACCMOTPEHHOTO
HHTEpBala JaBJIEHUH BO3JyXa, COOTBETCTBYIOILErO BBICOTAM CBEUYEHUS KpACHBIX CIHpaiToB. V3MepeHHble U
pacCuuTaHHbIE OTHOLIEHMS CIEKTpalbHBIX IIOTHOCTEH 3Hepruu noioc 1PG cucteMbl MOIEKYISIPHOTO a30Ta K
nonoce 2PG xopolo coBnafarT Npu TeMIepaType MMeKTpoHoB ~3-10 3B.

Pe3ynbraTsl TEOPETUYECKHUX PACUETOB U IKCIEPUMEHTATIBHBIX U3MEPEHUH HATTISIAHO AEMOHCTPUPYIOT YMEHBIICHUE
OTHOIIEHHS PaCCYUTAHHBIX Wipc/Wapg ¢ yBEIMUCHHEM AaBICHUS (COOTBETCTBEHHO YMEHBIIIEHUEM BBICOTHI CBEUCHUS
KPaCHBIX CIPAHTOB). DTO OOBIACHIETCA POCTOM CKOPOCTH ranienus coctosuus BI1, (mpouece (46)) ¢ yBenuueHuem
miotHocTH atMocdepsl. [ cocrosiams C3T1, 171 paccMaTpuBaEMOro HHTEPBANA AaBJIEHH I, KOTOPBIi COOTBETCTBYET
BbIcOTaM cBedeHus Ha 40-90 kM, mpolLecchl rameHus Npu HEYNPYrHX CTOJIKHOBEHMSX ¢ Mojekyidamu Np u O,
[Kirillov, 2019; Pancheshnyi et al., 2000] He CUIBHO CKa3bIBAIOTCS HA HACEJNEHHOCTIX KoneOaTenbHbIX ypoBHei CI1,
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U3-3a MaJIOT0 U3JTy4YaTebHOI0 BPEMEHH KU3HU JaHHOTo cocTosiuus ~40 He [Gilmore et al., 1992]. [loaTomy Ha puc.4
1 5 HaOMroaeTcs 3HAUNTENIFHOE YMEHBIIICHHE 3HAaUeHUH OTHOIIEHUS Wipc/WapG ¢ POCTOM aBICHUS.
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Pucynok 4. CpaBHEHUE 3KCIICPUMEHTAILHO U3MEPEHHBIX 3HAYCHUN (KBaApaThl, KPYKKH) Wipc/ W37
(xpacHblit nuanasoH 1PG monoc) ¢ pesynpTaTaMu pacueToB npu <e>=2, 3, 4, 8 3B (BepxHHE TOUKH,

TPUXH, CIIJIONIHBIC JIMHUW, HUKHUC TO‘-IKI/I).
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Pucynok 5. CpaBHEHHE 3KCIIEPHUMEHTAIFHO N3MEPEHHBIX 3HAYCHHUHN (KBaApaThl, KPYKKH) Wipc/ W33z
(undpakpacHslii auanazon 1PG monoc) ¢ pesynbratamu pacueroB npu <e>=3, 4, 6, 10 3B (BepxHne
TOYKH, INTPUXH, CIIJIOIIHBIE TMHUH, HUKHUE TOUKH).

3axinoueHue

Ha ocHoBe Mopnenu 3JeKTPOHHOW KHWHETHKHM TPHIUIETHBIX COCTOSIHHH MOJIEKYJIAPHOTO a30Ta NMPOBEACH pacder
HACEJICHHOCTEH Pa3IMIHBIX KOIe0aTeIbHBIX YPOBHEH TPHUIJICTHBIX COCTOSTHUH MOJICKYJISIPHOTO a30Ta MIPH JTABICHUSIX
0.03-1 Topp (coorBercTByromux BbicoTaM 40—90 KM CBEYEHHMS KPACHBIX CIIPAWTOB) M CIEKTPAIBHBIX IUIOTHOCTEH
sHepruu 1PG u 2PG nonoc N». [IpencTaBieHbl OTHOLIEHHS PAaCCUUTAHHBIX CHEKTPANbHBIX MJIOTHOCTEH 3HEPrHU
Wipg/Wapg U1t KpacHOTO M MH(ppakpacHOro amamna3oHoB crektpa 1PG momoc st paccMOTpEeHHOTO JuarasoHa
napieHuil. CpaBHEHHE Pe3yNbTaToOB PacYeTOB C SKCIEPUMEHTAIFHO M3MepeHHbIMU 3HaueHusiMu B I1/1C mokaszanu
Xopolilee coriacue.
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MOJEJINPOBAHUE CBEYEHUSI ATMOC®EPHBIX HIOJIOC
CUHIJIETHOI'O KHUCJOPOJA 0:(b'X,") B MTOJSAPHOU HOHOCP®EPE

10.H. Kynukos, A.C. Kupuios
THonsapnwuii ceopusuveckuii uncmumym, Anamumot, Mypmanckas odoracmo

AOCTpaKT

Paccunrannbie K03(Q(HUIMEHTH TaleHns CHATIETHOro kuciopoaa Ox(b'E,',v) npu Heynpyrux cronkaoBeHHsX ¢ O
¥ N, HCTIONB3YIOTCS IJIsl ONPENENICHUST KOIeOaTeIbHBIX HACEICHHOCTEH MOJEKYJIIPHOTO KHCIOPOJAa Ha BBICOTAX
noJsIpHOH MoHOocdepbl 3emin. BBIMOTHEHB pacdéThl OTHOCHUTEIBHBIX HACEIEHHOCTEH CHHIJIETHOTO KHCIOpOJa
01(b'Z,",v), 06pa30BaHHOTO B CIIyYae BHICHIIAHMS ABPOPANIBHBIX 3JIEKTPOHOB. MICCIIEMYIOTCS BKIa/Ibl Pa3IHYHBIX
nporeccoB B o0pasosanue cuHrieTHoro kucnopona Ox(b'Z,",v) n ceevenne Atmocdepnbix monoc 762 u 771 Hwm.
[Toka3aHo, 9YTO JOMUHHPYIOMHN BKIAJ B 00pa3oBaHUE CHHIIICTHOTO KUCIOPOIa Oz(b12g+,v=0,l) 1 CBEUYEHHUE MOJIOC
762 u 771 HM BHOCAT HEYIIPYTHE CTOIKHOBEHUS MOJEeKya O, ¢ aBpOPaIbHBIMH IEKTPOHAME M C METACTAOMIEHBIM
aromapHeIM kuciopogom O('D).

BBenenne

Wznyuenne momoc AtMmochepHO# (Atm) CHCTEMBI MOJEKYIISIPHOTO KHCJIOPOAa B CIIEKTPE CBEUCHHS IMOJSPHOM
Me3ocepsl W HIDKHEH TepMochepbl TPOMCXOAWT B pe3ylbTaTe CHOHTAHHBIX W3IYYaTENbHBIX MEPEXOJ0B C
3IIEKTPOHHO-BO36YKIAEHHOTO cocTosiHUsA b!E," Monekymnsl O, Ha ocHOBHOE X%, :

02(b'Zs",v) — 02Xy V') + hvam . (1)

Haubomee naTeHCHMBHON M3 ATMOC(hEpHOI CHCTEMBI sBIsETCs moioca 762 HM, o0ycioBieHHas mepexomom (1) ¢
v=0—v'=0.

HccnenoBanuio BEICOTHBIX Tpoduiieil cBedeHus: ATMOC(EpHBIX MOJIOC U MEXaHU3MOB 00pa30BaHMsl JIEKTPOHHO-
BO30YKIEHHOTO CHHIJIETHOTO MOJIEKYIsipHOTO Kucaopona Ox(b'E,") B aBpopanbHoli moHOCHEPE MOCBSIIEHO MHOTO
AKCIIEPUMEHTAIBHBIX U TeopeTndeckux padot (Cartwright et al., 1972; Deans et al., 1976; Gattinger and Vallance
Jones, 1976; Feldman, 1978; McDade et al., 1985; Gattinger et al., 1996; Llewellyn et al., 1999; Jones et al., 2006;
Kirillov and Belakhovsky, 2021).

Lenpto Hacrosiiuedl pabOTHI SABJISIETCS HCCIIEAOBaHUE (U3MKO-XMMHYECKUX MPOIEccCOB  (GopMHpOBaHMs
BO30YKIEHHOTO COCTOSHUS b!Z," MONEKYISIPHOTO KUCIOpOIa B TIOJIAPHON Me30chepe U HIKHEH TepMochepe 3emim
Ha BeIcoTax 80-120 kM IpH BBICBIIIAHUAX aBPOPATBHBIX 3JIEKTPOHOB. Oco060€ BHUMAHNUE Y IENIAeTCs pacyeTy KOHCTaHT
CKOPOCTEH B3aMMOJICHCTBHSI CHHIIIETHOT'O KUCJIOPoAa ¢ atMochepHbIMH cocTaBisiromMu ¢ Oz u N, TOCKOJIBKY MX
UCIIOJIE30BAaHUE TIO3BOJIICT OICHUTh KBAHTOBBIC BBIXOABI MPOAYKTOB B3aUMOACUCTBHUS TPU HEYNPYTHX
CTOJKHOBEHUSIX.

Pacuer koHCTaHT Heynpyroro B3aumozneiicteust Ox(b'L,",v) ¢ mosekynamu O, u N,

PacueTsl KOHCTAHT B3auMOIeCcTBHS cuHTIeTHOTO Krucnopoaa Ox(b!X,",v>0) ¢ monekynamu O, u N> GbIT IPOBEIEH B
paborax (Kirillov, 2012, 2013). B manHpIXx paboTax ObUIO IMOKA3aHO, YTO JOMHHHUPYIOIIAM KAaHAJIOM TalllCHUS
ABJIACTCA NEPEHOC DOHEPTUU DJICKTPOHHOT'O BO36y)K,HeHI/I$[ Ha MOJICKYJTY-MHUIICHb C COXPAaHCHUEM SHEPTHUU KoIeOaHui
y M3HAYaJIbHO BO30YKAEHHON MOJIEKYJIbI:

0a(b'Zg ) + 0x(X3E, v =0) = Ox(X3Ty ") + Oa(al Ag,b'Z, ) )
0a(b'Z ) + No(X'Zg",v"=0) — On(a'Agv") + Na(X'Zg" V') . 3)

Ha puc.1 u puc.2 npuBeaeHbI pe3ynbTaThl pacueToB B padotax (Kirillov, 2012, 2013) mist ypoBHeit v=0-15 cocTosHusS
b'T,". [IpoBeneHO CpaBHEHHE C PE3YIBTATAMH MMEFOIIMXCS SKCIIEPUMEHTANIBHBIX H3MEPEHUHN | TIOTyIEHO XOPOILEE
coryiacue JUisl CTONKHOBeHmi ¢ Momekynamu O,. s cromknosenmit Ox(b!Z,",v=0-15) ¢ mMomekynamu azora N
pacyeThl JAI0T XOPOIIEE COINIACHE C IKCIIEPHMEHTANBHBIMU NaHHbIMU (Dunlea et al., 2005) qns v=0 k=2x107" cmc™
!, Jlns ypoBHeit v=1-3 HaGII01a€TCS MPEBLINIEHNE DKCIIEPAMEHTABHBIX JAHHBIX HAJl PE3YJILTATAMH TEOPETHIECKOTO
pacuera. J{na cronkaosennit Ox(b'Z,",v=0) ¢ Monekymamu kucnopoga O, ucnossyeMm KoHcTanty k=4x10717 cmc!
(Kirillov, 2012, 2013).

PaccunTaHHbIE KOHCTAHTBI UCTIONB3YIOTCS TPU MoienupoBannn KuHeTHKH Oa(b'Z,",1>0), mOCKONbKY MO3BOJSIOT

OLICHUTh KBAHTOBBIE BBIXOIBI ITPOIYKTOB B3aUMO/ICHCTBYSI IIPU HEYNPYTHX CTONKHOBEHUX (1) 1 (2). DT0 mo3Bossier
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YYECTh 0COOEHHOCTH PEJIAKCAIUU SHEPTUH BO30YXKIEHHS CHHIIIETHOTO Kucnopoaa Ox(b'E") npu cTONKHOBUTENBHBIX
mpoueccax.

e .
Fk, cm3ct ]
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; o
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10k *
7\ P P L \7
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KonebartenbHble ypoBHU

Pucynok 1. Paccuntannble KOHCTAaHTHI (CIIONMIHAS JIMHUA) U1 v=1-15 mpouiecca (2) cpaBHUBAIOTCS C
9KCICPUMCHTAIBHBIMU NaHHBIMU (Bloemick et al, 1998) (kBampatsl), (Kalogerakis et al., 2002)
(xpectukn), (Slanger and Copeland, 2003) (kpyru).
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PucyHnok 2. PaccuntanHble KOHCTaHTHI (CIuTomIHas JuHMS) i v=1-15 npouecca (3) cpaBHUBAIOTCS C
SKCIIEPUMEHTAIbHBIMU JaHHBIMU (Bloemick et al, 1998) (xBanmpatel), (Kalogerakis et al., 2002)
(xpectuk), (Dunlea et al., 2005) (KpyKoK).

Pe3yabTaThl pacyéToB /151 BHICOT HMKHeH NMOJIApHON HoHOCepbl 3eMin
B HacTosmmx pacyeTax pacCMOTPEHBI CIIEAYIOIHE ponecchl Bo3Oyxkaenus Ox(b'Z",v) u cBeuenns ATMochepHBIX
nojioc (1) MoseKyIIpHOTO KHCIOpOAa B HIKHEH NoJsipHON HoHOochepe (80-120 km).

1. ITporniecc mpsMOro Bo30YKIEHUS CHHITIETHOTO COCTOSIHUS aBPOPATIBHBIMH JIEKTPOHAMHU

e + 0x(X3E,v=0) — Ox(b'Z,"; V) +e. 4
2. Tporece BO30YkAEHHS METACTAOUIBLHOTO aTroMapHoro kuciopona O(!D) aBpopanbHBIME 3IEKTPOHAMHE
e +O(CP) > O('D) +e (5a)

Y PeaKius MepPEHOCa SHEPTHH BIEKTPOHHOTO BO30YK/IEHUs C MeTacTabuinbpHOro aromapHoro kuciopoaa O('D) npu
CTONKHOBeHHH ¢ MoJiekyamu O2(X3Z,)

O('D) + Ox(X3Z,,v=0) — OCP) + 02(b'Z;"1'=0,1) , (56)

rne kBaHToBbIe BEIX0bI f{v'=0)=0.2 u f{v'=1)=0.8.

3. TTporiecc nepeHoca SHEPTHH 3IEKTPOHHOTO BO30YKIEHHUS ¢ METACTAGMIIBHOTO MOJIEKYJIAPHOTO a30Ta No(A3E,")
IpU CTOJKHOBEHHHM ¢ MoJieKynamu kuciopona Ox(X’T,) ma cocrosums Tepubepra c'Z,, A®A,,, AT, ¢
HOCIEMYIONMMH TEPEXOIaMHU B COCTOSTHUE b!Z," Py HEyNIPYTHX MOJNEKYJIAPHBIX CTONKHOBEHHSIX

No(A3Z, 1) + 0x(X3Ze1v=0) — No(X'Z,",v">0) + Oa(c'Zy, APA, A3Z, V"), (6a)
02(c'Zy, APA,,, AT, ) + Na, 02 — Oa(b'Z v"=v'+Aw) + Na, Oz, (66)
02(c'Zy, APA,,, AT, ) + 0x(XPZe 1v=0) — Ox(X3Zg v >0) + 02(b'Z, v"=0,1) (6B)

Y TIpU CTOJIKHOBEHHH ¢ atoMamH kucyopoaa O(°P)
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Mooenuposanue ceevenus Ammocgepnvix noroc cunznemnozo kuciopooa O,(b'%,") 6 nonspuoii uonocgepe
N2(A%Z,"V) + OCP) — No(X'Z,",v>0) + O('S), (7a)
0('S) — O('D) + hvss77, (76)

KOT/[a TIPOMCXOIUT BO30YXJIEHHE CHUHTJIETHOTO COCTOsAHHA 'S ¢ mocnemyromum mepexonom B coctosaue 'D ¢
u3TydeHrueM TuHnn 557.7 BM 1 Bo3OyxaerueM Ox(b'Z,",v'=0,1) mpu cTonkHoBeHUsX (50).
4. Ipouecc Bo30yKIECHAS METACTAOUIBHOTO aroMapHoro kuciaopona O('S) aBpopaabHEIMHU 3IEKTPOHAMH

e +0CP) — O('S) + e (8)

C MOCJIENYIOIMM H3IydeHneM Juaun 557.7 aM (mpouecc (76)) u Bo3OyxmenneM Ox(b'Z,",1'=0,1) mpu cTOIKHOBEHHAX
(56).

Ha puc.3 u 4 moka3aHbl BKJIa bl BCEX YETHIPEX MPOIECCOB B CBeueHUE mojoc 762 uM (mepexon (1) ¢ v=v"=0) u 771
HM (mepexon (1) ¢ v'=v"=1) npu BBICHIIaHUK aBPOPAIBHBIX AJIEKTPOHOB c 3Heprusimu 40 k3B. Kak BumHO u3
TIPEJICTABIEHHBIX PUCYHKOB, /IS 000MX KoJebaTeNbHbIX ypoBHeH V'=0,1 cocrosuus b'S,” sHaunTeNbHBIA BKIA B
BO30y KIeHHe BHOCUT npouecc (56) ¢ ydacTueM MeTacTabuibHOTro aromapHoro kuciopoaa O('D). Kpome Toro, ms
v'=0 cymiecTBEHHBIH BKJIaJl BHOCUT NPIMOE BO30Y>K/IeHHE aBpOPaIbHBIMU YacTHaMu (4). UTo Kacaercs mporeccoB
IEpeHOCca SHEPTHH DIEKTPOHHOTO BO30YKICHHSA ¢ METACTAOMILHOTO MONEKYIIpHOTO a3ota Na(A3Z,") (6a-B) u (7a,0),
TO PE3YJIBTATHI PACYETOB HE MOKA3AIH 3HAYNUTEILHOTO BKIaa B Bo30yxkaenue Ox(b'E,"). DToT pesynbTar pacxoaures
¢ BBIBOJAaMH KaHaiuckux yueHbix [Gattinger et al, 1996] u [Llewellyn et al., 1999], rme yTBepxkmamock o
JTOMUHUPYIOIIEM BKJIae mporecca (6a-8) B o6pazosanune O2(b'Z,") Ha HIKHUX BBICOTaX aBPOPATBHONW HOHOCHEPHL.
ABTOpBI TeX HCCIEAOBAHWH NpeNIoNaraiyd, 4To NPH B3aUMOJCHCTBHM (6a-B) MPOUCXOIHUT MEPEHOC 3HEPTHU
BO30YKIeHus Ha Monekyiy O ¢ mociexyromum obpasosannem Ox(b!'Es"). OnHAKO KBAHTOBO-XUMHYECKHE PACYETHI
¥ SKCIIEPUMEHTAJILHBIE JaHHBIE YKa3hIBAIOT Ha TO, 4TO IIpH B3amMojeiicTuu Nao(A3Z,"v>0) ¢ O, mpoucxomur
IJIaBHBIM 00pa30M HPOLECC AUCCOLMAIIMU MOJIEKYJIbI KHCIOPOa, a pH B3auMoeicteur Nao(A3Z, " v'=0) ¢ O, Tonbko
OKOJIO TIOJIOBUHBI HEYIPYTUX B3aHMOJICHCTBHI MPUBOIAT K BO30YXKIeHHIO cocTosiHuM [epubepra c'T, -, AA,, A3Z,"
B mporecce (6a).
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Pucynok 3. PaccuntanHele 00BEMHBIE MHTEHCHUBHOCTH IIOJIOCHI 762 HM (uepHas JuHUSA). Bkiansl
nporeccos (4), (5a,0), (6a,7a), (8): cuHsA, KpacHasi, OpaH)KeBas U 3€JICHAs INHIH, COOTBETCTBEHHO.
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Pucynox 4. PaccuntanHple 00beMHbIE MHTEHCHBHOCTH TOJIOCcHl 771 HM (4YepHas JmHMSA). Brimampt
IPOLIECCOB aHAJIIOTUYHO pHC.3.
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3axiroueHue

PaccunTaHHbIE KOHCTAHTHI TAOIEHUS CHHTIETHOTO Kucnopoaa Ox(b'E,",v) mpu Heynpyrux cronkaosenusx ¢ Oz u Np
OBLTH HCIIOIB30BaHBI A ONPEACIEHHA KOleOaTeNbHbIX HACEIEHHOCTEH MOJIEKYJISIPHOTO KHCIOPOAA Ha BBICOTaxX
MOJAPHON MOHOChepsl 3eMinn. BBIMOIHEHB! pacdEéThl OTHOCHTEIBHBIX HACEIEHHOCTEH CHHIJIETHOTO KHCIOpOJa
02(b'Z,",v) Ha BeIcoTax 80-120 KM, 06pa30BAHHOTO B CIydac BBHICHIIAHMSA aBPOPAIBHBIX DIEKTPOHOB. MccienoBanbn
BKJI4JIBl Pa3lMYHEIX NPOIECCOB B 0OpasoBaHuWe CHHIIETHOro kmciopoma Oax(b'Z.",v) um cBeueHne ATMocepHBIX
nosoc 762 u 771 um. [lokazaHo, 9TO JOMUHUPYIOMUI BKIa B 06pa3oBanue CUHrIeTHOro kucnopomaa Ox(b'Z, ,v=0,1)
1 CBeUeHHe moyioc 762 u 771 HM BHOCST HEYNIPYTHE CTOIKHOBEHUS MOJeKyd Oz ¢ aBpOpaIbHBIMH 3JIEKTPOHAMH H C
MeTacTaOWILHBIM aToMapHEIM Kuciopogom O('D).
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15 JJET ®YHKIIMOHUPOBAHUA HOHO30HAOB ®I'BY «UIII'»
HA COJTHEYHO-CUHXPOHHOM OPBUTE

A.B. TepThIIHUKOB

Hucmumym npuxnaounoii ceogpusuxu umenu axaoemura E.K. @edoposa (PI'FY «HUIII»), Mocksa,
Poccusa; e-mail: atert@mail.ru

AHHoTanus. [TepBbiM noHO30HIOM Ha KA ceprn «MeTteopy» OBUT paauodacToTHBIH Macc-criekTpomerp «PUMC-
1». B 2014 r. ero 3amenns PUMC-2. Dtumu npudopamu 30HAMpOBaach INIOTHOCTh HOHOB BepXHel aTMoc(epsl Ha
opoute KA cepun «Meteop». B 2023 r. 6bu1 3amyiieH oOHoBieHHbIH PUMC, B KOTOpOM 3a CYET COBPEMEHHOM
MHUKDPOJICKTPOHUKH yJaJOCh IIOBBICHTH KAadecTBO W3MEPEHMII HOHHOTO COCTaBa BepxHEH arTmocdepsl.
YcoBepIIeHCTBOBaHHBIM PallOYacTOTHRIM HOHO30HI (yHKIMOHUpyeT Ha KA «Meteop-2-3» u «Meteop-2-4».
PaccMoTpeHa KOHCTPYKIMS HOHO30H 1A 1 TTOJTyYSHHBIE PELICHHS Ul HAKOIICHHBIX JaHHBIX H3MEPEHHH.

Beenenue

B Poccuu ¢ 2009 r. mi1oTHOCTh HOHOB BepXHeH arMocdepsl peryisipHo 3oHaupoBanach ¢ KA cepun «Mereop» Ha
OCHOBE IIPHUHIUIIOB PaJHoYacTOTHON Macc-criekTpomerpui [1]. [lepBbiM noHo3zonnoMm Ha KA cepun «Meteop» ObL1
npubop PUMC-1. B 2014 r. ero 3amennn PUMC-2 [1]. Ha cmeny emy ¢ 2023 r. ObUT 3amyIieH Macc-CIICKTPOMETP
kocmuyeckuit (MCK) [1]. 3a 15 sneT (GpyHKIHOHHUPOBaHHS Ha COJHCYHO-CHHXPOHHOH OpOMUTE OBLIHM HAKOIUICHBI
orpoMmHble MaccuBbl u3aMepenuit [2]. Keratu, nonozonas! ans KK «MoHo30HD», NpeaHa3HauYE€HHBIE AJIS1 U3MEPEHUS
npoduieit IUIOTHOCTH JIEKTPOHOB, TakXKe MpoInIH BHemHee npoekTupoBanue B ®I'BY « UMy, kak 1 HOHO30HIIBI
BEPTHKAIBHOTO 30HAMpoBaHUsS a1 MoHocdepHo-marHuTHOH ciryx0bsl Pocrunpomera. B mocnemnux BapuaHTax
WCIOJHEHUSI KocMHMYecKUX HOHO30HAoB @I'BY «UIII» Ha ocHOBE NPHUHLHMIIOB pPaguOYacTOTHOM Macc-
CIEKTPOMETPHH 32 CUYET COBPEMEHHONH MHUKPO3JIEKTPOHUKH yJIAJIOCh CYIIECTBEHHO MOBBICUTH KaueCTBO M3MEPEHHUN
MOHHOTO COCTaBa BepXHEH aTMOc(epHl.

Jlnst 30HIUpOBaHMs IUIOTHOCTH 3JIEKTPOHHOW KOHIIEHTpAlMU B MOHOC(EpHOH ruiazme Ha opbute KA akTuBHO
HCTIONB3YeTCs B KauecTBe IIEPBUYHOTO ITpeodpa3oBatens 30HA JIaurmiopa [3, 4], KOTOpEIM OIIEHHBAIOT IPOBOAMMOCTD
TUIa3MBbl, CBSI3AHHYIO C KOJMYECTBOM CBOOOJIHBIX AJIEKTPOHOB, HO IPU HEKOTOPHIX HE(U3HYHBIX MPEATIOIOKEHHSIX,
HalpUMep OTCYTCTBHM MAarHMTHOTO TOJS B HOHOC(eEpHOU 1uiazMe u ap. [Ipu 3Tom, cunuTaercs, 4To KOHIICHTPALUs
AJIEKTPOHOB B MOHOC(Epe NPUMEPHO paBHa KOHLEHTPALMH IMOJ0XKUTEIBHO 3apsHKEHHBIX MOHOB. OTpHIATENIbHBIX
MOHOB B cioe Bble 250 kM Mano. O1HaKo, Npy COMOCTaBICHUN JIEKTPOHHON M HOHHOW KOHLUEHTPAaLUi BO3ZHUKAIOT
HECOOTBETCTBHS AIIEKTPHICCKON KBa3HHEHTPATHbHOCTH HOHOC(EpHOH 1ma3mel [5].

[TpuHOMIBI panOYacTOTHOW Macc-CIIEKTPOMETPHUH HOHHOTO COCTaBa BepXHeH aTMocdepsl ObIIM peann3oBaHbl 3a
py6exxom Ha mMacc-criektpoMeTpax KA AE-B, Ogo 6, San Marco 3, Eros A u AE-C u np., a ¢ 2005 r. ¢ KA DMSP-6
[3]. dns Bepudukammum Macc-CeKTPOMETPUIECKIX M3MEPEHHUH HUCIIOIb30BAINCH JAHHBIE PAKETHBIX 3KCIIEPUMEHTOB
[3] u pamapsr HeKorepeHTHOTO paccesHus (Apecn6o, XukaMmapka, MUIUICTOYH | Jp.).

MHoroseTHee 30HIUPOBaHNE HOHHOW KOMITOHEHTHI BepxHel atmocheps! nonozongamu ®I'bY UIIlN va KA tuna
«MeTteop» COOTBETCTBYET TEHACHIINH HCIOJIB30BAaHUS 3apyOexHbIX Macc-clieKTpomeTpoB (mpubdop «IAP») Ha KA
DEMETER u ero ananora — mpubopa «PAP» na China Seismo-Electromagnetic Satellite. 3apyGexHbie Macc-
CHEKTPOMETPBI TaKXKe MCIHOJIB3YIOTCA B KadueCcTBE HMOHO30HIOB. KammOpoBka mo HeHTpanpHONH KOMIIOHEHTE HE
BauaupoBaHa. [lomydaemble TaHHBIE 30HAMPOBAHUS IMOJIE3HBI IS BepUHUKAIINHA MoJeNeil HOHOC(Eephl U TaHHBIX
3oHAnpOoBaHU HoHOCheps noHO30HAaMH KK «oHO030HIY.

Cxema HOHO30HAA
CocraB MOHOB 3aBUCHUT OT BbICOTHI [7]. B nnanasone BoicoT 200—700 KM OCHOBHBIM HOHOM siBisieTcst HoH OF (16
aTOMHBIX €IUHMI] Macchl, a.e.M.). CymMma KOJIM4YecTBa JAPYTMX HOHOB Ha TOPSAJAOK MeHbmie. Bwime 700 kM
MPOSBIAIOTCS 3(Pp(PEKTHI rPaBUTAIIMOHHOTO PA3/IeNEeHNUs Ta30BBIX KOMIIOHEHT, YBEIIMYUBACTCS OISl HOHOB C aTOMHOMN
Maccoit 1, 2 u 4. Beiie 850—1250 kM yBeIMUYMBAETCS yTPo3a CTOJIKHOBEHHS MOHO30HAA C KOCMHYECKHIM MYCOpPOM
[8], uTo yuuTeIBaeTCs nmpu BeIOOpe opouT KA 1 BOZMOKHOCTH 30HIUPOBAHUS HOHHOTO COCTaBa BEpXHEH HOHOCHEPHI
1 Tiazmochepsl 3emity.

JlnarHoCcTHKa KOHIEHTpAIuh OCHOBHBIX (ogHOTO-Tpex) monoB (OF, HY, He"), mpesamupyrommx cpemu APyrux
WOHOB II0 HAWOOJNBIICH M0Jie B KOHKPETHOM JHMAINa30HE BHICOT, — MOTEHIMAIBHOE PEIICHHE IS 30HIUPOBAHUS
KOHIICHTPAI[MK JJICKTPOHHOW IUIOTHOCTH B MOHOC(eEpHOH IuazMe. KBasMHEHWTpaIbHOCTH MOHOC(HEPHOW ILIa3MBI
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00yCIIOBIMBAET BO3MOXHOCTh I€pecueTa JWAarHOCTHPYEMbIX KOHIIEHTpalUWil NpeBAIMPYIOLIMX HOHOB B
KOHIIGHTPALHIO SJIEKTPOHOB.

B ornmume or mpororuma [1], B HMOHO30HIE HCIOJB3YETCS KOMIUIEKC M3 HECKONBKHX HEPBHYHBIX
mpeoOpa3oBareneii, HACTPOSHHBIX Ha aTOMHBIE MacChl OCHOBHBIX HOHOB HOHOC(EpHI (puc. 1).

' 1*. MepsuyHeIA Npeobpa3osarens

1. MNepsuyHbIii npeobpasosatens

I 1.1 Nlosywwka |- - »I 1.2 CenekTtop |- - )I 1.3 MuwweHb |

1 v

2. bnok nutaHus €| 3. bnok ynpasnexus | 4..Bnok obpatoru

AaHHbIX

Motpebutenu

Pucynok 1. Cxema cocTaBisonmx HoHo30Hma: 1, 1*...1** — nepBuuHbie mpeoOpa3oBaTenu, 2 — OJIOK
nUTaHus, 3 — OJIOK ynpasieHus, 4 — 650k 00paboOTKK naHHBIX, 1.1 — noBymka, 1.2 — cenekrop, 1.3 —
MHUIIICHb.

KommgaectBo nepBUYHBIX peoOpa3oBaTteieil 3aBICHT OT AWANa30HA BBICOT 30HANpoBaHMs. Ha Beicotax 200-600 kM
i Beime 1500 KM ZOCTaTOYHO HE MEHEe OJHOTO MEPBUYHOTO MPpeodpa3oBatTels (aHaIHu3aTopa HOHOB, 1, 1*. . 1%%),
070K TUTaHus, OJIOK yIIpaBiIeHHs, OJIOK aHaIU3a.

OCHOBHBIMH 3JIEMEHTaMH aHanu3aTopa (610Ka 1) SBIAIOTCS: JIOBYIIKA HOHOB, CEIEKTOp, MuIIeHb. JloBymnika (1.1
Ha puc. 2) obecnieunBaeT (OPMHPOBAHUE MTOTOKA HOHOB Ha CEJIEKTOP.

©

*
(=]
©o

T
T
I.

ynpaeneHue 13 bnoka 3

Pucynok 2. Cxema mepBHYHOTO MIpeoOpa3oBaTelsi: 5 — ceTka JIOBYIIKH BXOJHOTO OTBEPCTHS, 6-6* —
HaIpaBJICHUE IOTOKAa HOHOB, 7 — MEpBasi CeTKa CEJICKTUPYIOIIETO Kackana, 8 — BTopas ceTka, 9 u 9% —
UWJIMHIPHI ISl CHTHAIOB OT Te€HepaTopa BBICOKON 4acToThl, 10 — TpeThs ceTka, 11 — yeTBepTas ceTka
CEJICKTUPYIOIIEeTo Kackana, 12 — ceTka 3ajepxkku, 13 — aHTHANEKTpoHHas ceTka, 14 — skpaH, 15 —
MHUIIEHb ¢ KOJJIEKTOPOM—KaToIoM, 16 — Kimrou.

[ToTok noHOB (6 Ha pHcC. 2) 3a CYET ABHIKESHHUS HOCUTEIISI HOHO30H 1A 110 OpOUTE IMTPOXOIUT Yepe3 BXOJIHOE OTBEPCTHE
U BBITSATUBAETCS. OTPULATEIbHBIM MOTEHIIMAJIOM BBITATHBAIONIEH CETKHM BO BXOIHOM OTBepcTHH B cesiektop (1.2),
COCTOSIIIMM M3 Kackaja ceTok. M3 celekTopa MOTOK AMAarHOCTHPYEeMOro MoHa momanaer Ha muiieHs (1.3). Ilo
BEJIMYMHE KAaTOJHOIO TOKA C MUILIEHHM OLCHMBAeTCs KOHLEHTpalus AMArHOCTUPYEMOIO HOHA. ODJIEKTPUYECKHH
MIOTEHIMAJ Ha CETKE BXOJHOI'O OTBEPCTUS 5, OTHOCHTENBHO KOpIyca aHaJIM3aTopa, oOecreunBaeT 3aTaruBarolee,
00 3KpaHUpyIOLIee 1oJIe IS 3apsDKEHHBIX YacTHIl aTMOC(EpH! B 00JIaCTH 30HIUPOBAHUS, YTO HEOOXOIUMO IS
KaJTHOPOBKHY MIIH TIPH 3aJaHHOM PEXXHUME 30HANPOBAHUS — aHAJII3a P00 HOHOC(EPHOH TIIa3MBI.

B cenexrupyromem kackane cetok 7—11 Ha ¢ur. 3 moTok HOHOB 6-6* MpoxoauT yepes 3apsuKeHHBIE ceTKH (7-8 n
10-11), nnmuHIpH 3aepkKKA 9-9*, Ha KOTOpHIE MOAAIOTCS CUTHAIBI OT TeHepaTOpa BRICOKON YaCTOTHI JISI CEJICKITUN
BBIOPAHHOTO HOHA, CETKY 3a/ICPXKKH 12, aHTHAIEKTPOHHYIO CeTKy 13, uepe3 skpaH 14 Ha MumeHp—KosuiekTop 15. Ilpu
9TOM, TOJIOKUTEIBHBIE HOHBI YCKOPSAIOTCS Pa3HOCTHIO MOTEeHHHanoB U MeXIy ceTKaMH 7 W 8§ 10 HalpaBJICHHUIO K
cetke-nmmuHAPY 9. Cetku 7, 8, 10, 11 pacmonoeHbl Ha OJMHAKOBOM PACCTOSHUH S APYT OT ApyTa.

Bri6op S, U u yacToTy f 101aun HaNpsDKEHUST Ha CETKH ONpeJielisieT HACTPOHKY KacKaja CeNeKTUPYIONIUX CETOK
aHaJIM3aTOpa Ha IMarHOCTUKY MOHA C MAaCCOBBIM aTOMHBIM YHciIoM M. YIpaBisiomas BICOKasi 4acToTa f 11o1aeTcst
Ha CeTKy 9 OT reHeparopa, a ynpasJsitoliee HanpsbkeHue U uepes KIIIoUH, KOTOpbIE CBA3BIBAIOT KacKaj CeToK 7-8 ¢
kackaaom 10-11.
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OcobenHocThIO siBIsgETCS 000D S. TexHonornueckue TpeOOBaHMs 00YCIOBIIN HCIIOIb30BaHNE (HPUKCHPOBAHHBIX
4acTOT OT TEHEPAaTOpPOB YaCTOT M HECKOJNIBKMX JHHeeKk HanpspkeHud U. Ilpm 3TOM, BBICOKas OTpHUATEIbHAS
YyBCTBUTEIHHOCTH OM/OS 00yCIIOBIMBacT BHUMAHKE K BEIOOPY M TOYHON HACTPOMKE MEKCETOYHBIX PACCTOSHHN IS
JMarHOCTHKY BEIOPAHHOTO THIIA HOHA, KaK ¥ JUIA Bapuaruii 4actotel (OM/0 /). CHmxeHne ypoBHS U akTyalbHO s
(hyHKIMOHHPOBAaHUSA MOHO30HAA W OOPTOBOW ammaparypbl HOCHTeNs noHo30HAa. CHmkernne ypoBHsa U mis CBU-
JMana3oHa ONpeersieT BO3MOKHOCTh MUHHATIOPH3AIMN aHAIN3aTOpa, HACTPAauBAEMOT0 Ha BBIOPAHHYIO aTOMHYIO
Maccy MOHa.

TexHoOTMYECKN BBITOJHO MCIOJIB30BAaTh OAWHAaKOBBE f W U, a TepBUYHBIA NpeoOpa3oBaTelb-aHaIN3aTop
W3rOTaBJIMBATh II0/ KOHKPETHBIH THI HOHA. Pa3MmelieHue JONONHHUTENBHBIX CETOK C JAPYIMM MEKCETOYHBIM
paccTosiHHEM B OJJHOM ITpeoOpa3oBaTesic yBEIMYMBACT TEXHOJIOTHYECKYIO CJIO0XKHOCTh M3TOTOBJICHHS M HACTPOMKH
MOHO30Ha. JIisl MOHO30HAa, KaK PacXOJHOTO MaTepHaia, IeJeco00pa3sHO HCIOJIB30BaTh IPOCTYIO U JICHIEBYIO
CXEMY.

Brurouenue nporieccopa B 0JIOK 3 MO3BOJISIET 337aBaTh JIFOOBIC PEKUMBI (IUKIOTPAMMEBI) H3MEPEHUIT, B TOM YHCIIC
BBIKJIIOUast IOBYIIKY 4depe3 16. IIpu aTom, B O10Ke ympaBiIeHUs] BO3MOXHO TAaKXK€E HCIIOJIB30BaHIE MHOTOPa3psAHON
aHanoro-1udposoit miatsl (ALIT) [9].

Kopnyc 30H1a HerepmeTHuHbIi. BEIX0IHOE OTBEPCTHE 30H1a — 3TO MUILIEHb-KOJIJIEKTOP HOHHOI'O TOKa 15, KOTOpOro
JOCTHTAIOT AWArHOCTHpyeMble HOHBI. KOJUIEKTOp CBS3aH C YCTPONHCTBOM PETHCTPAIIMM TOKOB, COOTBETCTBYOLIHX
MOTOKY JOCTHTIIAX KOJUIEKTOpa MOHOB. Jlatumku Toka, cBs3aHHBIe ¢ AL, mogkitrodatoTcss Ha BBIXOX 15, 9T0OBI
npeoOpa3oBaTh 3HAUCHWE HOHHOTO TOKA C KOJUIEKTOPA B LU(BPOBOIT IBOUYHBIH KOJI.

Pasperatomas criocoOHOCTh PEruCTPALK KOJMYECTBA CEIEKTUPOBAHHBIX MOHOB 3aBUCHUT OT YYBCTBUTEIHHOCTH
JIATYNKOB MOHHOTO TOKa ¢ KoyutekTopa. COBpEeMEHHBIE MHKPOAJICKTPOHHbBIC JATYMKH TO3BOJSIIOT (PUKCHUPOBATH
CBEpXMAJIbIE TOKHM U JOCTUYb TEXHUYECKOI'O pE3yJbTaTa I/1306peTeHI/IH — IIOBBIINICHUEC Kade€CTBa (TO‘IHOCTI/I,
HaJIe)KHOCTH U JIOCTOBEPHOCTH ) N3MEPEHUIT HOHHOTO cOcTaBa HOHOC(epHI. [Ipy 3TOM Hall0 YUUTHIBATh, YTO BapHUALIUH
AJICKTPOHHOH KOHIICHTPALMi B HEBO3MYIIICHHOM HOHOC(HEPE JOCTUrAOT JSCITKOB MpoIeHToB [5, 10].

Hono30H nipetHa3Ha4YeH Al aBTOMAaTHIECKUX KOHTAaKTHBIX M3MEPEHHUH KOHIIEHTPALMH HE MEHEE OJHOTO HOHA B
noHocepe Ha opobute KA B pasHBIX TenHOreopU3MYECKHX YCIOBHAX, BPEMEHH CYTOK. B mepBH4HOM
npeoOpa3oBaTene akTyalbHa BO3MOXKHOCTh MCIIOJIB30BAHMSA CTAOMIBHON YacTOTHI M HANPSHKEHHUS HA CETKe 9 i
CEJIEKIIMY BBIOPAaHHOTO HOHA. DTO yNPOIaeT KOHCTPYKIHNIO OJIOKA yIPaBIICHNUS, YMEHBIIACT IIOTOK 00pabaThIBAEMBIX
W TepeJaBaeMbIX MaHHBIX. KanmnOpoBka KOJUICKTOPHBIX TOKOB B MHIICHHM 30HAA B HA3eMHBIX YCIIOBHSAX
OCYIIECTBIISIETCS, OapoKaMepe HH3KOTO JABJICHUS C KaTHOPOBOYHOH CMECHIO MOHOB, T TPOBOIAT W3MEPEHHS Ha
COOTBETCTBUEC KAaTOJAHBIX TOKOB INIOTHOCTU JUArHOCTUPYEMBIX NOHOB.

CronMocCTh JAEHCTBYIOLIETO MakeTa MOHO30H/A, CO3AAHHOTO HA JIaMIIax IPOIUIOTO BeKa, OKa3alach Ha MOPSAIO0K
JIeLlIEBIIe CEPUIHBIX 00pa3loB MAacC-CHEKTPOMETPOB NPOULIOro Beka. COBpeMEHHBbIE TEXHOJIOTMH W3TOTOBIICHUS
MHOTOCETOYHBIX <«JIaMID» aHajlInu3aTopa IMO3BOJIAIOT YACIIECBUTH WU MHUHHATIOPU30BATH KOHCTPYKIHWIO HWOHO30HIA.
®dopMa BBINIOJIHEHUST DJIEMEHTOB W YCTPOHCTB HMOHO30HIA OIPENEISIOTCS JOCTYIHOW JJIEeMEHTHOW 0a3oi,
HMMEIOIINMUCS PECYPCaMHU.

IIpuMepsI pe3yJbTATOB 30HAUPOBAHUSA

Ha puc. 3 mnpencraBineHsl pesyibTathl 30HaupoBanus wonoB O, H', N*, He" mnporotmmom wnoHO30HmA —
PaarovacTOTHBIM M3MEpHUTENIeM Macc-criekTpa HoHOB (npubop PUUMC-2) Ha opOuTe HHCXOAAIIEro (C CeBEpHOro
MOJIF0Ca JI0 F0’KHOTO T0JII0ca) yTpeHHero nmomyButka KA «Meteop-2-2» 21.03.2021 r..

|, OTH. eql. n [ (p"‘ s
120 Tl ' o
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[ 2(‘)\ | |
sol W )4 W { 200’
- I ! 0
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Pucynok 3. Pe3ysbrarhl 30HAWPOBAHHS KATOJHOIO TOKA MOHOB MAaKETOM MOHO30H[A HA yTPEHHEM
nonysutke KA «Meteop-2-2» 21.03.2021 r.: 17 — mmpora, 18 — gonrora, 19 — O, 20 — He", 21 — HY,
22 —N*.
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ITo ocu abcuucc moka3aHO TeKyllee BpeMs, a Ha rpaduke YpPOBEHb KaTOJIHBIX TOKOB M COOTBETCTBYIOIIHE
reorpauyecKre MUpPOTa U JOJITOTA OACITy THUKOBON TOUKH (IIpaBast IKajla OpAMHAT). B 30Hax aBpopaibHOro oBaia
ecTh HebOJbINe BCIUIECKH KOHIeHTpamuu OF, KOTopwie 3aBHCAT OT BHAAa (IO 5 BHIOB) MOJSAPHBIX CHSHUI.
[lepecedyenne MarHMTHOTO SKBaTopa (BepTHKaimb Mexnmy guciamu 20 u 21) xapakTepusyercs JIOKaIbHBIM
MHHEMYMOM B KoHueHTparmu OF u moBslmeHHBIM conepkanueM mo H u He™ B eamHMmax KaTomHOrO TOKa OCH
opauHart. sl KaXI0r0 MOHA CBOSI €AMHUIA IIEPEBOIA KATOJHOTO TOKA B KOHILICHTPALIHIO.

J171s1 OLICHKH IPUTOAHOCTH JaHHBIX U3MEPEHUH JUTA 30HANPOBAHUS 3JIEKTPOHHON IIIOTHOCTH HOHOC(HEPHOH IIa3MBbl
UCIIONIb30BaNach MPOW3BOJCTBEHHAss Mojenb HoHocdepsl Pocrugpomera «SIMP-2», noctymHas 1uisi CHSTHS
n3Mepenuil Ha caiite ®I'BY «UIII™» [11]. IIpu comocraBneHNH AaHHBIX pUC. 3 ¢ pe3yIbTaTaMH MOJIEITUPOBAHUS
JIEKTPOHHOHM KOHIEHTpanuu n. no mopenu SIMP-2 (mmpora, monrora, BeIcOTa, BpeMsl Te kKe) KOI(DPHUIUESHT
KOpPEISIIUK H3MEePEHII KoHIIeHTpaun noHa O Mo HOHHOMY TOKY Ha yTpeHHeM BuTke KA «Meteop-2-2» okazaics
OTpHUILATENBHBIM. DTO 03HAYAET, YTO KOHIEeHTpauus noHa O Ha BUTKE HOCTATOYHO CTabmibHA. [Isl KOHICHTPALUH
noHa N koaddurment koppemsiuu -0,48. Ho konienTpaius nona N* mana, cocTaBiss 10 HECKOJIbKUX MPOIEHTOB
ot KoHueHTparmu nona O, xoTs yBenmdyeHue nona N* coBmano ¢ monoxenneM 30HbI FOXXHOTo aBpopasibHOTO OBaJa.

HanGonpmme ko3GQUIHEHT KOPPEISIIUT ¢ PE3yIbTaTaMU MOJACIUPOBAHUS JIEKTPOHHON KOHIEHTPAUH N IO
Mozenu SIMP-2 1ipoieMOHCTPUPOBAIN KOHIICHTPAIINH JICTKHX HOHOB: C aTOMHBIME equHUIamMu Maccsl 1 (H', 0,52),
2 (Hz", 0,59, 1o sToro uona mano) u 4 (He*, 0,64), 0cOGEHHO B TPOIMYECKUX ¥ SKBATOPHAJIBHBIX IIIHPOTAX.

[Ipu comocTaBneHNH JaHHBIX OBIIIM PACCUNUTAH PSIL PETPECCHOHHBIX MOAENEH Il HECKOIBKUX TNAla30HOB IHPOT:
ot 81,50 c.m. mo 54° rpajycos c.u., Tponuku-3kBatop (£22° mmpotsl), Haj 5kBaTopoM =5 mKpoTHL. B BBICOKHX U
cpeqHux mupoTtax Ha BeicoTax 200-700 KM A7 OLIEHKH 3JIEKTPOHHON IJIOTHOCTH MOTYT OBITh HCIIOJIB30BAHBI TOJIBKO
M3MEpEHHUs KaTOMHBIX TOKOB MO CojepkaHuio Hona O, HaJ TPONHMKAMU U SKBATOPUATBHON 30HAMH Bhie 600 kM
MOTYT OBITh HCIIOJIb30BaHBI TOJILKO U3MEPEHHUSI KaTOAHBIX TOKOB 110 COJICPKaHHIO JIETKUX HOHOB C aTOMHOM Maccoi
1 u 4, Haj PKBATOPHATBLHBIMHU IIUPOTAMHU M3MepeHus conepkanust nona H'. Borme 1300 kM 10CTaTOYHO H3MEPEHUIA
comepxanust moHa H'. CymmapHash KOHIIGHTpAIMsi yKa3aHHBIX HOHOB (DAKTHYECKH OMpEAENSACT KOHIECHTPAIHIO
JJIEKTPOHOB.

3HauNTEIbHBIC BapHalliy CTAHJAPTHBIX OMIMOOK B YPaBHEHUSIX PETPECCHH HE MPEICTABIAIOTCS KPUTHIHBIMH, TaK
noHocdepa W BEpXHAA HOHOC(Epa XapaKTepH3yeTcs BBHICOKOH H3MEHYMBOCTBIO, YTO IOATBEPXKAAIOT OLECHKH
HEBO3MYIIEHHOH HMOHOChepsl B £50% OT KOHIEHTpauuu 37IeKTpoHoB B [10], a Takxke pe3yabTaTaMd CpaBHEHUS
pacUeTHBIX MOJIENEH AIIEKTPOHHOH KoHIIeHTparmu noHocepsl SIMP-2 ¢ ycoBepmencTBoBanHON SIMPy., nocTymHON
o azxpecy [16], a Takxe SIMP-2 ¢ IRI B [7, 12]. dnst mogenn SIMPy. koaurmeHT npu KaToJHBIX TOKax Ul HOHA
O" B ceBepHOM TONYIIAPHH YBETUUUBAETCS mouTH Ha 50% 10 126, a [yst JIerkux MOHOB B 5 pa3. Pasnuune mMexmy
SIMP-2 ¢ IRI B 3kBatopuansHoii 30ue gocturaet 300 % u 6osee. UTO Mog4epKUBACT HEOOXOJUMOCTD PETyJIIPHOI
KaJIMOPOBKU M3MEPEHUH U KOPPEKTUPOBKH MOJIENEH AIIEKTPOHHOI MIIoTHOCTH HoHOc(hephl. CrnoxxHas Mop¢osorus
MOJIENIBHOTO TI0siCa 3JIEKTPOHOB HAJ SKBATOPHAIBHBIMH IIHPOTAMH M HECOOTBETCTBHE B COTHH IIPOLIEHTOB C
pe3yapTaTaMH U3MEPEHUH CyMMapHO# KOHIIGHTPAalluK HOHOB OTMedeHa Takxe B [13].

[To apXMBHBIM JaHHBIM 30HIAMPOBAHWS MOHHOTO COCTaBa BeXHEW aTMoc(epbl yAaloch PEIIUTh Psif 3ahad st
KIMMAaTH4YeCKUX HCCIEOBaHUH HOHOC(Ephl, NUArHOCTHKH TPaHMI] OAWHHAIUATHICTHETO IMKJIA COJHEYHOH
aKTUBHOCTH [ 14], 9T0 0Oecneuniio HanoHaIbHYI0 HHPOPMATMOHHYI0 HE3aBUCUMOCTH OT beTbruiickoil KopoJeBCKOM
obcepBaropur ¥ 0T HamnmonanpHO# comHeuHOH oOcepBaropun CLIA. [lomydeHBI CTaTHCTHYECKHE MOJIEIH
MOPQOJIOTHH MOJISPHBIX MIANOK, aBPOPAIBHOTO OBaJIa U MOJSIPHOTO HOHOC(EpHOTO NMpoBasia BOIN3H MOTI0COB 3eMITH
[15], sxBaTOpManbHOM TOKOBOH CTpyH B HOHOC(hEpPE, OTKINKOB 3(h(EKTa MEPEroIOCOBKH COTHEYHOTO MAarHUTHOTO
JUTIONA Mepes MaKCUMyMOM «1 1-7eTHero» IMKIIa COJTHEYHOW aKTUBHOCTH U JIp.

Jnist perieHus 3a/jau AUArHOCTHKY CBEPXTSDKENBIX HOHOB TEXHOT'€HHOT'O IIPOUCXOXKIIEHNSI B BepxHel atMocdepe
1esiecoodpa3sHo HacTpauBaTh MOHO30HJA Ha MX aTOMHYIO Maccy, JTHOO HMCHOJbh30BaTh (YHKIHOHMPYIOIIME Macc-
CHEKTPOMETPHI.

3akioueHue

Takum 06pazoM, QYHKIIMOHHPYIOIIUE HA COHEYHO-CHHXPOHHBIX opOuTax noHo3onasl ®I'BY UIIT, co3nannble Ha
MPUHIUIE PaAUOYaCTOTHON MacC-CHEKTPOMETPHH, MO3BOJISIIOT PEIIaTh aKTyalbHbIE 3aa4l MOHUTOPHUHTA BEpXHEH
HOHOC(EPHI.
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OCHOBHBIE PE3YJbTATHI YUCJEHHOI'O MOJIEJMPOBAHUS
MOJSIPHOU UOHOC®PDEPHI

B.M. VYBapos
Ilemepbypeckuii 2ocydapcmeenHblil yHUgepcumem nymetl coooujeHus

AHHOTanuUsl. [laHa CBOJAKA OCHOBHBIX PE3YyJbTATOB, IOJYYEHHBIX IPH HCIOJIB30BAHUU YUCICHHOM MOJIENH
noJsipHOM HoHOchepsl, pazpadorannoit B.M. YBapossiM, I1./1. Bapamkossim u A.I1. 3axapoBoii B 1992 romy.

B 1977 rony aBTOpOM cTaThi B paMKax HAy4YHO-HCCICIOBATEIBCKON pabOThI U MO 3aIpPOCY CBBINIC ObUT HANKCAH
0030p Ha Temy «COBpEMEHHOE COCTOSHHE BOIPOCAa MOJEIMPOBAHHMS MOJSIPHOH HoHOchepb». OIHAKO BMECTO
yKa3aHusl c/enaTh BBIBOJ O TOM, YTO MOJEIMPOBATH MOJSIPHYIO HOHOc(Epy Ha JNaHHOM dTame Henb3s (1o
NPO3anvYecKol MPUYHMHE OTCYTCTBHUSI COTPYJHHMKOB, CIIOCOOHBIX peliath 3Ty IMpoOiemy), ObLI cliellaH BBIBOJ O
BO3MO>KHOCTH ITOCTPOCHUS TaKOW MOJIEITH.

Kak 310 yacTo GbIBacT B COBPEMEHHOHM HAayKe BCKOPE BBIICHHUIOCH, YTO HJICIO aBTOpa aKTUBHO Hayalll Pa3BUBAaTh
Gosiee YHEPIUIHBIE HCCIEAOBATENHN 1, K COXKAJICHHUIO, 3aBENIN PaOOTY B TYIIHK.

YcnoBust I MPOJNOIDKEHMST pabOTHl IO CO3AAHHIO MOJENU IOJSIPHOM HOHOC(Ephl BO3HHKIM B pPaMKax
corpynamdectsa ¢ [1.J1. bapamkosemv u3 IO CO AH CCCP. Takas monens OblTa co37aHa B BIIEPBBIC Oy OJIMKOBaHA
B ctathe 1992 roga mox Ha3zBaHmeM «MoZenb MOMSPHON HOHOC(HEPHI C YIETOM BIHMSHUS MEXIUIAHETHOU cpensl. 1.
Dddexr asumyranpHOI kKoMmoreHTs! MMIT». Kak BuaHO 13 Ha3BaHus [ 1], Hameyasics: NUKIT My OIMKAIUii [0 JaHHOU
TEeMaTHKe.

IIpexae Bcero ObLIa pelicHa MpodieMa pacyeTa TPACKTOPHA KOHBEKIIMHU, BIOJIb KOTOPBIX MOYHO OBLIO peliaTh
OJIHOMEPHYIO 3a]1a4y O BHICOTHOM PAaCIpENICICHUH JJIEKTPOHHON KOHIeHTpanuu. B pabote [2] monmyueHa cuctema
JIByX JIWHAMHWYECKHX YPaBHCHWH, ONMCHIBAIOIIMX JApeid T1uma3MeHHOH TpyOKHM, M TPUBEACHO pEIICHHE,
MIPOMLTIOCTPUPOBAHHOE B BU/IC ABYMEPHON KapTHUHBI Apeiida Mmia3Mbl B CKPEIIEHHBIX IEKTPUIECKOM U MarHUTHOM
MOJISIX.

[Janee Obuta pa3paboTaHa MOJENb JJIEKTPHYECKOTO IIOJISI B TOJSIPHOH HOHOC(Epe, KOHTpoJMpyeMmasl Kak
reoMarHUTHBIM Kp unzaekcom [3], Tak v mapaMeTpaMu MEXIUIaHETHOH cpelibl [4] — CKOPOCTBIO COIHEYHOTO BETpa U
KOMIIOHEHTaMH MEXIUIaHEeTHOTO MarHuTHoro moiisi (MMII). B pamkax monenu [4] ymamock BOCIPOHM3BECTH HE
TOJIKO BCE U3BECTHBIE HA TOT MOMEHT BPEMEHU paCIpENeNeHuUs dIEKTPUUECKUX MOJIEH BIOJIb MEpHIUaHA yTPO —
BeYep, HO U MOIYYUTh TPH HOBBIX THIA pacHpeeIeHNs, TOATBEPANUBIINXCS MO3KE.

Bemonnennsiii B [4] pacueT TpaeKTOPHH KOHBEKIMH IIOKa3aJl pealu3alfio, B 3aBHCUMOCTH OT COYETaHMS
a3UMYTaJIBHOM U BEPTUKAIBLHOU KOMIOHEHT MMII, nByX-BUXPEBBIX, TPEX-BUXPEBBIX U YETHIPEX-BUXPEBBIX KapTUH
KOHBEKITHH.

PacueT BBICOTHOTO pacmpeeneHus 3JeKTPOHHOM KOHIIEHTPAaMK B KOHBEKTHPYIOLIEH MIa3MeHHOHW TpyOke, H, B
KOHEYHOM CUeTe, paciyeT TPEXMEPHOI0 paclpeaeeHus 3JIEKTPOHHON KOHLEHTPAIK B MOJSIPHON HOHOC(epe ObuI
BBINIOJTHEH B IIPEATNOJIONKEHUH JIByX-MOHHOTO COCTaBa — OOOOLICHHBIN MOJIEKYJISPHBII MOH M MOH aTOMapHOTO
kuciopoaa. [Ipy 3TOM KOHHIEHTpauusi 3THMX HOHOB pPacCUMTHIBAJIACh HA OCHOBE ypaBHEHHH (OTOXHMHYECKOTO
PaBHOBECHSI 1 KOHBEKTUBHO-TU((y3HOHHOTO ypaBHEHUH, COOTBETCTBEHHO [1].

Pa3BuTas TakuM 00pa3oM MoeIb MOJISIPHON HOHOChEpHI OblIa YCHENIHO BepU(UIMPOBAaHA ITyTEM COIIOCTaBIICHUS
C OKCIEPUMEHTAIBHBIMH JITaHHBIMH pPACCUYNTAHHBIX BBICOTHBIX TNPO(MiIed 3JIEKTPOHHOW KOHIEHTPAlUU U
pacCYMTaHHBIX JBYMEPHBIX paclpeleleHIH 2IeKTPOHHOM KOHIeHTpanuu Ne B MakcumyMme citost F2. 31o mo3Bommino
OTHECTHCH C JOCTATOYHOW CTETIEHBIO TOBEPH K ABYMEPHBIM pacipeneneansM Nemax F2, paccuntaHHBIM U1 BCETo
MHOT000pa3ust KapTHH KOHBEKINH (JBYX-BHXPEBBIX, TPEX-BHXPEBBIX M YETHIPEX-BHXPEBBIX), 00YCIOBICHHBIX
Pa3IMYIHBIM COYETaHNEM a3MMYTaJIbHON M BepTHKaIbHOHM komnonenT MMII [1,5].

Crenyer OTMETHTD, YTO HA pacCUUTAHHBIE 3HAUEHHS JICKTPOHHOW KOHIIEHTPAIMU BIUSET BHIOOp TOW MM MHOM
MOJIeNM HelTpanbHOl atMocdepsl. [ToaToMy comocTaBieHne pacCUMTaHHBIX U U3MEPEHHBIX 3HAUCHUH MOXKET, XOTS
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OcHogHble pe3yibmanbl YUCIeHHO20 MOOETUPOBAHUS NONAPHOU UOHOCHEpPbI

Y KOCBEHHO, CIIY’)KUTh KPHUTEpUEM B BbIOOpE Hanboee aJeKBaTHON MOJIeNl HelTpanbHON atMocdepsl. Tak B padoTe
[6] ObLIO yCTaHOBICHO, YTO MAJsI YCIOBUH BBICOKOW COJIHCUHOW AaKTUBHOCTH HEUTpalbHBIN COCTaB Hawmbojece
aJIcKBaTHO OINMUCHIBAET MOJIENb [7].

B pabore [8] paccMOTpeHO BIHMSHHE BIEYATISIOMIETO Jped(a MarHUTHBIX IOJIOCOB 3€MIIM, 32 HECKOJIBKO
MOCJICIHUH AECATUIIECTHH, Ha cTpoeHne noHochepsl 3emmn. C Henpio MPOUUTIOCTPUPOBATE 3BOJIOIHIO CTPYKTYPHI
MOJLIPHOW HOHOC(EPHI OBUTH MPOBEACHHI pacdeTsl st 1955 u 2024 rooB IpH OAHMHAKOBBIX T'eIHOTEO(PH3NIECKIX
YCIIOBUSIX.

CormocTaBneHne MOMYYCHHBIX KAPTUH M30JIMHNHN 3JIEKTPOHHON KOHIEHTPALMK B MakCUMyMe ciiost F2 He BBIIBIIIO
OKHJAEMBIX 3HAYUTEIIBHBIX KAaYECTBEHHBIX M KOJHMUYECTBCHHBIX PACXOXKICHHI HECMOTpPS Ha 3HAYUTEIHHOE
nepeMeIieHHe MarHUTHOTO TI0JIIOCa 3a 3TOT NEPHOJ BpeMeHH (ero reorpaduyueckasl KOIMPOTa H3MEHWIAch oT 14.7
1o 4.0 rpagyca, a reorpaduueckas gonrota ot 101.1. no 142.0 rpamycos).

[MomydeHHbIl pe3ysbTaT OOBSACHAETCS TEM, YTO IIPH YHCIEHHOM MOJEIUPOBAHUU HCIIONBb3YETCS HIOJIbHASL
annpoKCHMAalMs MarHUTHOTO Mojisl. B maHHOM ciiydae ciiefyeT NMpHHATH BO BHUMAaHHUE JApel( He MarHUTHBIX
TIOJIIOCOB, a Apeii() Tak Ha3bIBAEMBIX T€OMAarHUTHBIX MOJIOCOB, XapaKTEPHU3YIOIIUX MOJI0KEHUE MATHUTHOTO JTUITOJIS,
KOTOPBII BBEIPaXKEH KyZia MEHEe 3HAUMTENBHO (€ro reorpaduyeckas KOINpoTa n3Menunach ot 11.5 10 9.2 rpanyca, a
reorpaduueckas goiarora ot -69.5 mo -72.6 rpamycoB). Xon npeiia MarHUTHOTO W TEOMArHUTHOTO ITOJIOCOB
MPOMUTIOCTPUPOBAH Ha pUC. 1, KOTOPHIH OMyOJIMKOBAaH Ha caliTe SIMOHCKOi obcepBaTopuu B Knoro [9].

1920 1940 14a0P,
192 : 1980-

\ o8 .
\&~ Northern
Hemisphere

Pucynok 1. Tpaekropuu apeiida MAarHUTHOTO M TEOMarHUTHOTO TIOJIFOCOB COTJIacHo [9].

Hmxe, Ha puc. 2, mpuBeneHB! JBYMEPHbIE KAPTHHBI paclpeieNeHus JeKTPOHHON KOHIICHTPALlUd B MaKCUMyMe
ciost F2 nnst 1955 rona (cnesa) u 2024 rona (cmpasa) Uisl CISAYIOIUX TeTMOTEOMAarHUTHBIX YCIOBUI: JeHb Toa —
355, UT =18, F10.7 =220, K, = 0,3. Bunzo, uto 3a nepuof ¢ 1955 no 2024 rr. kaueCTBEHHBIX U3MEHEHHI B CTPYKType
U30JIMHUHA HE TPOU30III0, a KOIMYECTBEHHBbIE H3MEHEHUS HE3HAuuTelbHbl. B pacnpeneneHun 31eKTPOHHOU
KOHIIEHTPALH C BBICOTOM TaKKe U3MEHEHUS! HE3HAYUTEIbHBI.

JlaHHbBIE MCCIIEOBAaHUS CIIEYET MPOIOJDKUTD TIPH ydeTe OoJiee AeTalbHOW MOJEIN I€OMAarHUTHOTO I10JIsT 3eMIIH.
OnHako, 3T0 MoTpedyeT U COOTBETCTBYIOIIEH pa3pab0TKN MeTO/1a yUeTa IoJIsl KOPOTAIMH, OYEBUIHO OOJIee CIIONKHOTO
0 CPaBHEHUIO C MPeANIOKeHHBIM B [10], Te ucmonb30Banack JUMOIbHAS AlIPOKCUMAITHS.

B 3axumodeHre OTMETHM, 9TO HECMOTpPS Ha TO, YTO C MOMEHTA OITyOJMKOBAHHUS MOJENH TOISIPHON HOHOC(EPHI,
PaccCMOTPEHHOW B HACTOSIMIEH CTaThe, NMPOIUIO YK€ 0oiee TPEeTH BeKa, MOJENb OCTAETCS BIIOJIHE KOHKYPEHTHO
CMOCOOHOM M MOXET OBITh MCIOJL30BaHa B AATbHEHIIIEM.
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B.M. Veapos

Pucynoxk 2. M30muanN Nemax F2 011 1955 (cneBa) u 2024 rr. mig 3Hadenuit Muposoro Bpemenu UT =
00 (BepxHss mapa uzonmuuaui) 1 06, 12 u 18 171 HIbKenexanux nap u30JIuHUH.
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AHHOTAIMA

Ilo nanHbpIM mM3Mepenuid cryTHHKOB DMSP u naHHBIM JIOIUIEPOBCKHX HM3MEpEHHMH Ha IHU(QPOBBIX MOHOC(EPHBIX
craanusax DPS-4 B SIkyrcke (L=3) m XKurancke (L=4) mcciemoBaHbl BepTHKAIBHBIE W TOPHU3OHTANBHBIE OPEHQHI
wiasMel B obmactu F2 moHocdepsl Bo BpeMs BOSHHKHOBEHHUS Mojsipu3anuonHoro mkera (PJ) B xome pasButus
GOJIPIINX MHUPOBBIX MarHUTHBIX Oypb. IlokazaHo, 94TO MO HA3eMHBIM JaHHBIM B IIepHOABI HabmoneHus1 PJ ckopocTth
BEPTUKAIBHOTO Apeiida B obmactu F2 Ha mmpoTax riaBHOro mOHOC(EpHOTO MpoBaja Bo3pactaeT 10 50-150 m/c, a
CKOpPOCTh TOPU3OHTALHOTO 3amagHoro apeiida yBemmuamBaercs 10 300 — 500 m/c. COOTBETCTBYIOIIHE CKOPOCTH
npefida, n3mepenHsle Ha cryTHEKax DMSP, cocraBmsror 1.2 km/c 2 — 3 kM/c. Bocxomsiie MOTOKH TUTa3MbI
PETUCTPHUPYIOTCS B TEUCHHE MHOTHUX YacoB.

Brenenne

Honspuzaumonnsrii mket (PJ — polarization jet) — y3kas momoca ObICTpOrO 3amagHOTO Apeida rra3Mbl BOIH3H
MPOEKIUH TUIa3MoNay3sl Ha BbIcOTax obmactu F moHOocdeps! - BHepBble ObUT 3apeTHCTPUPOBAH HA CITyTHHUKE
KOCMOC-184 T'ampnepusbiM u ap. (1973). DT1o sBieHHe 3aTeM MHOTOKPATHO HAOIIOAATIOCH MPU HA3EMHBIX U
CIyTHUKOBBIX n3MepeHusx. OcHOBHas (u3mueckas uiesd, oObsICHAOmas MexaHusMm ¢opmupoBanus PJ Obuia
npemoxkeHa padore [Southwood and Wolf, 1978]. CormacHo stoit mMoxmenu, PJ BozHuKaeT mox Bo3meHCTBHEM
3JIEKTPUYECKOTO TI0JIs, HANpaBICHHOTO HA CEBEp, KOTOPOE TIEHEpPHpyeTcs 3apsaaMi SHEPTUYHBIX HOHOB Ha
9KBATOPHAJBHOW TPaHUIE MX MPOHUKHOBEHHS BO BHYTPEHHIOIO MarHMTOC(epy BO BpeMs pa3BUTHS CyOOypb.
TepMOdNEeKTpUYECKUI MEXaHM3M TeHEpalMy JJIEKTPUUECKOro TOoJIi B MOJOCE MOJSIPH3aLMOHHOTO JUKETa
paccmatpuBaics B padore [De Keyser, 1999]. BosnukHoeHue PJ B pe3ynbTare AelcTBUs TeHEpaTopa TOKa B TPHU-
9KBATOPHAJIBHON 007acTu u3sI0keHO B [Anderson et al., 1993]. KommiekcHble u3MepeHuss co CyTHHKOB Polar,
Cluster, DMSP usyuensl B pabote [Mishin, 2013] u npennoxkeH MEXaHU3M TeHEpaIy SJEKTPUYECKOTO MO B
TypOyJIEHTHOM IOTPaHUYHOM cJoe B obmactu PJ.

B Hacrosmeit paboTe aHAIM3UPYIOTCS W3MEPEHHS] CKOPOCTH aApelda Iuia3Mmbl, MOJTyYEHHbIE Ha NHU(PPOBBIX
nono3oHgax DPS-4 B fAxyrcke (L = 3) u XKurancke (L = 4) BO BpeMsi pa3BUTHS MHPOBBIX MarHUTHBIX Oyph U
COIIOCTABJISIIOTCSl C CHHXPOHHBIMH Jpei(OBBIMH HM3MEPEHHSIMH TOPU3OHTAIBHBIX M BEPTHKAIBHBIX JBHKEHUH
Tua3Mel Ha ciryTHuKax DMSP (BeicoTa ~ 850 k).

IKcnepuMeHTAbHbIE Pe3yabTAaThI
ITo uamepenusim nono3ouaa DPS-4 na craniuu SIKyTCK, BO3pacTaHue CKOpocTe apeiida Hauunaercs ¢ 07.00 UT
npu pe3koM yBenumueHun AE-unpekca ¢ 800 mo 1800 HTn v BOBHHUKHOBEHHMS JIOKAJTHbHOW MarHUTHON aKTUBHOCTH
(puc.1). Cnenyromero makcumyma ckopoctu aperida mgocturator B 13.30 UT mocie MHTEHCHUBHOTO BO3MYIIEHHS
~1600 #Tn B 13.00 UT. BepTukanbHBIMU JTUHHSAMH Ha pHUC.l IMOKa3aHBl MOMEHTHI IPOJIETa CIYTHHUKOB BONH3H
AKyTCKOTO MepunamaHa. M3 puc.2, neBas maHenib, BHJHO, YTO CTaHIMA SIKyTCK pacliojarajiach 3KBaTOpHalbHEe
MOJIOKEHHsI MakcuMyMa PJ, riie Topu3oHTanbHast CKOPOCTh UIa3Mbl JJOCTUTAJIa BEJIMYMHBI >2 KM/C 110 U3MEPEHUSIM
cnytHuka DMSP F14 B 10xHoM nomymmapuu. Cryerst yac criyrtHuk DMSP F13 nabnronaer nonocy PJ B ceBepHOM
nonymapuu (puc.3). CKOpocTH TOPHU30HTAIBHOTO U BEPTUKAIBLHOTO IpeH(OB, N3MEPEHHBIE HA HA3EMHOM CTaHLINH,
COOTBETCTBYIOT CKOPOCTSIM, U3MEPEHHBIM Ha CIIyTHHKAX C yU4€TOM pa3HULIbI BEICOTHI U3MepeHus. llTpuxoBas nuHus
Ha PHUCYHKax 0003HAYaeT MUPOTY IIOJIOKEHHUS IIOJSIPHOW KPOMKH HOHOC(EPHOTO IpoBaja IO H3MEPEHHSIM
noHO030H70B B JXurancke u SIkyrcke. CKOpOCTH BEPTHKAIBHOTO Apefida mo m3mepernsaM ciryTHukoB DMSP B BepHeit
obmactu F Ha BeicoTe 850 kM B monoce PJ mocTuraioT od4eHs BBICOKHMX 3HA4eHHH — 1 KM/CEK, M MEepeKpBIBAIOTCS C
obnacTsiMi OBICTPOTO TOPU3OHTAIBHOTO Apeida K 3amaay. Xopollee corjacue CKOpocTer aperida, onpeneneHHbIX
0 Ha3eMHBIM M CITyTHUKOBBIM JAHHBIM BHIHO U 110 JIBYM MOCIEAYIONTUM TposietaM ciiyTHuka DMSP F15.

[Mosnoca GicTporo apeiia 1 BOCXOISIINX ITOTOKOB IIa3Mbl PETMCTPUPOBANIACH B TEUEHUH IISITH C TI0OJIOBUHOM 4acoB
—¢ 08.00 o 13.40 MLT.

W3mepennst moHo3oHnoB B Slkyrcke m Maranane B coObitun 23.06.2005 r. mMOKas3bIBalOT, YTO B YCIOBHSX
OCBEICHHOW JIeTHell noHOoc(ephl KOHIEHTpaunusi mia3Mbl B obmactu F moxer ymensmmres B 10 pa3 mop
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BO3/ICiiCTBIEM MOJISIPU3ALIMOHHOTO JuKeTa B Teuenue 30 munyT. [lonsprast kpomka ['UIT npu atom copmupoBanach
Ha mmpoTe ~60° B 10.45 UT u Habmomanack B TeYEHHE HECKOJILKHUX 4acoB. BeIOpaHHBIC COOBITHS IS OOJBINUX
MarHuTHeIX Oypp 05.04.2010 r., 01.11.2011r., 07.03.2012 r. mo wm3mepenusim uono3onma DPS-4 B Skyrtcke
MOJITBEPKIAIOT KapTHHY TOPHU30HTAJIBHBIX W BEPTHUKAIBHBIX Apeidos, omucannyo mrt 23.06.2005 r. Ha puc.4
MIOKa3aHbI XapaKTEPUCTHKN HOHOC(EPHI 1 BBICHINAIOIINXCS YHEPTUYHBIX 9AaCTHUI] [0 M3MEPEHISIM crryTHHKa Opeon-3
28 ¢erpans 1982 roma B yciaoBUAX CHIBHONH MarHUTHOW Bo3mymieHHOCTH. AE-mHnexc moctur 800 vTn 3a gac 1o
CIYyTHUKOBBIX M3MepeHuH. CTpyKTypa HMOHOC(EPHOTrO MpoBajla CMECTHIAch Ha Cy0aBpOpalbHBIC HIMPOTHI U €TO

MOJISIpHAst KPOMKa COBITAIaeT € SKBATOPHAIFHBIM KpaeM Auddy3HON aBpoparbHOi 30HBL DIEKTPOHHAS TEMIIepaTypa
B I10JIOCE MOJISIPU3AaLIMOHHOrO JpKkeTa nosblieHa Ha 2000K.
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Pucynoxk 1. HaGmonenus apeiidgos Ha craniuu SAxytck 23.06.2005 mpu mponerax crmyTHHKOB DMSP
BOJMIM3M MepuaMaHa CTaHIUK (OTMEYEHO BEPTUKAIBHBIMHM JIMHHASMH Ha pucyHke). Vz, Vh —
BEPTUKAIbHBIA W TOPWU3OHTAIBHBI KOMIIOHEHTHI CKOPOCTH, COOTBETCTBEHHO, IO HW3MEPEHUIM
noHozoHaa DPS-4. Ha Tpetbeil cBepxy maHeNnu MpuBeAeHBI Bapualud H-KOMIOHEHTHI MarHUTHOTO
noJist B SIkyTcke. HukHsS TaHeb TOKa3bIBae€T Bapualy reomaruutHoro AE- nnnmekca.

O0cy:kaeHue pe3yjbTaTOB

OpHOBpEeMEHHBIE Ha3eMHBbIE M3MEPEHUs] TOPH30HTAIBHBIX M BEPTHUKAJIBHBIX Apei(hoB MOHOC(HEpHON IuIa3Mbl Ha
nono3oHgax DPS-4 m coorBercTBylomme m3MepeHus ApeiigoB Ha cmyTHukax DMSP xopomo coriacyroTcs u
TTOKa3bIBAIOT BBICOKHE CKOPOCTH BOCXOJSIIETO apeiida B mosoce momspuzanuonHoro mkera (puc.1-3). Ckopoctu
nIpefida Ha BbICOTe CIyTHHKA 850 KM 3HAUMTENFHO BBINIE M3-32 MEHBINEH IUIOTHOCTH HEHTpaIbHOW aTMocdepsl.
HonocdepHas mma3Ma ¢ BEpTHKATBEHONH CKOPOCTBIO 1 KM/CeK JIeTKo mpeosoneBaeT 1udy3HoHHbIH O0apbep U yXOIUT
B Mmra3Mochepy. Kak moxa3piBaloT Ha3eMHBIE HOHO30HAOBBIE W3MEPEHHS IUHAMHYECKHE MPOIECCHl IPH
(hopMHUpOBaHUM TIOJSPU3ANMOHHOTO JDKEeTa pa3BUBAIOTCA 3a 15-30 MUHYT W OHM HE MOTYT OBITh OOBSICHEHBI
JIByMepHOU Mognenbio PJ, paccmorpenHoit B pabdore [[Jemunos u [lyoun, 1987]. B pabore [Gombosi and Killeen,
1987] pemanach Qusndecku Onm3Kas TpexMepHas MOENb Ul HOJSIPHOTO BeTpa M ObUIa YCTaHOBJIEHO, 4YTO
IIPOJIOJBHBIN TIEpeHOC B 00JIaCTH OBICTPOI KOHBEKIIMM MMEET Ipeobiajaroliee 3HaueHHe. PaccMOTpeHHbIE HAMU
N3MEpEeHNs XapaKTepUCTHK HOHOChepH! it coObTHst 23.06.2005 T. B IETHUX YCIOBUSX ITOKa3bIBAIOT, YTO HECMOTPS
Ha JeWcTBHE YNbTPaHOJICTOBOH HOHM3aIMU Cc(HOPMHUPOBANICS TIIyOOKHM HOHOC(EpHBIA MpoBal W  3TO
JIOTIOJIHUTENBHO CBUAETENIBCTBYET O BBICOKHX NMOTEpsIX MOHM3auuu B mojoce PJ. Ilo MHOorum mmerommumcs y Hac
n3MepeHusM cryTHuka Opeon-3, naHHbIE, NpPUBEJICHHbIE HA pHC.4, ITOKA3bIBAIOT THUIHWYHYIO TeO(U3NYECKYIO
CUTYAIHIO JUI Pa3BUTHUS IOAPU3AIMOHHOTO JKETA.
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Paszeumue NOJIAPU3AYUOHHO20 doicema 60 epems OonbUUX MUPOBBIX MACHUMHbIX 6ypb

Wzmepenns PJ B ro’xHOM (3MMHEM) MOJyIIApUH U ceBepHOM(JIETHEM) TOsTyIapuu (puc.2, puc3) MoKa3bIBaroT, YTO
B 3UMHEM MOIyIIApUH 3JIEKTPHUECKOE MOJIE 3aMETHO BBIIIE W3-3a MeHbIIeH HoHn3anuu B E-obmacTu.

DMSP F14, June 23, 2005
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Pucynok 2. [onsipHas mpoekuus U3MEpeHHd TOPU30HTAIBHOTO Jpelda Ma3Mbl BAOJIb TPACKTOPUU
npodera cnytHrka DMSP F-14 B 1oxxHOM nontymapuu (J1eBast nanesb). CHHUMHU TOYKaMU OTOOpaXKeHO
MOJIOKEHHE TOJISIPHOW KPOMKM HOHOC(EpPHOro IpoBaja Mo JaHHbIM cT. JKuranck u SIKyTck.
H3mepeHusi TOPU3OHTANBHBIX W BEPTHKAJIbHBIX KOMIIOHEHT npeiipa Vy, Vz Bmomb TpaekTopuu
CIyTHHKAa TIpUBeleHO Ha ImpaBoil maHenu. Crpenkod Ha TNOISIPHOH MPOEKIMH OTMEYEHO
OTHOBPEMEHHOE M3MepeHue Apeiida nonozonnom DPS-4 B fkyrtcke.
'z DMSP F13, June 23, 2005
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Pucynoxk 3. IlonmspHas mpoeknus U3MEpEeHUH TOPH30HTAIBHOTO Apeiida MmiIa3Mbl BAOIb TPAEKTOPHH
nponera crmytHuka DMSP F-13 B ceBepHoM mnomymapuu (jeBas mnaHenb). CHHMMH TOYKaMH
0TOOPaKEHO TOJIOKEHHE MOJISIPHOW KPOMKH HMOHOC(EPHOro NpoBajia MO AAaHHBIM CT. JKHMraHck u
SxyTck. MI3MepeHus: ropu30HTANIBHBIX U BEPTUKAJILHBIX KOMIIOHEHT apeiida Vy, Vz Bronb TpaekTopun
CIOyTHMKAa TpUBEAEeHO Ha mpaBoil mnaHenu. Crpenkod HA TNOMSIPHOH MNPOEKIMH OTMEUYEHO
OJTHOBpeMEHHOe n3Mepenue apeiida nonozonnom DPS-4 B Skyrcke.
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Pucynoxk 4. M3mepenus cnytHuka Opeon-3 B CTpYKType moJisipuzanuonHoro mxera 28.02.1982 r. B
JIEBOH ITaHEM MPUBECHBI CIIEKTPOTPAMMBI BBICHINTAIOIINXCS SHEPTUUHBIX JICKTPOHOB U MPOTOHOB. B
IIPaBOH MaHEeNN MTOKAa3aHbl BAPHALNHN MIEKTPOHHOH KoHIeHTpawHn (Ne) u remneparypsl (Te). Crpenku
OTIPEIEIISIOT 3KBATOPHANBHYIO TpaHuIly U (y3HOH aBpOpaIbHON 30HBI.

BriBoabl

* Ilo HazeMHBIM HM3MepeHHSIM MOHO30HAOM DPS-4 Ha craHumu SIkyTck OOHaApy»EHO, YTO BO BPEMSI MHPOBBIX
MarHuTHbBIX Oypb OBICTpBIN 3amaaHbli apeiid mmasmel co ckopocTbio 500 M/C cOpoOBOXKIAETCS BO3pacTaHUEM
BEPTHKAJIBHOTO Jpetida miazmsl 1o 150 m/c.

e [Jlo cImyTHHUKOBBIM HM3MEpPEHHSM Ha BBICOTE ~ 850 KM INpH MakCHUMadbHOM 3amagHoM npeiide >2 kMm/c
HaOJroaeTCst BEPTUKAIBHBIHN Ipefi¢ mma3mer ~1 kM/c.

*  Ilomoca OvicTporo apeiida 1 MHTCHCHBHBIE BOCXOAAIINE MOTOKH IIa3Mbl PETUCTPHPOBANIACH B TEUCHHE 5 4acOB.

* IlpoBenensl HMOHOC(EpHBIE W3MEPEHHS B IIOJIOCE TMOJSPU3ANMOHHOTO [DKETa B YCIOBHSAX OCBEIICHHOW
MOHOC(EPHI, U BEIITOIHEHO COIIOCTABICHHE C OJJHOBPEMEHHBIMH CITy THUKOBBIMH H3MEPEHUSAMH Ipeida IIa3mbl.
Wsmepenns npeiida Ha cTaHIHU SIKYTCK XOpOIIO COTIACYIOTCS C CHHXPOHHBIMH M3MEPEHHUSMH Ha CITyTHHKaxX
DMSP.

BaarogapnocTu
HccrnenoBanue BHITOTHEHO 3a cyeT rpaHTa Poccuiickoro HaydHoro ¢orga (mpoekt Ne 25-17-20002).
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LONG-TERM MICROWAVE MEASUREMENTS OF THE MIDDLE
ATMOSPHERE OZONE ABOVE APATITY (67N, 33E) IN WINTER-
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Abstract

We perform continuous ozone measurements above Apatity, Kola Peninsula with ground-based a mobile ozonemeter
(observation frequency 110.8 GHz) in the polar middle atmosphere covering from 2017 to 2024. The instrument allow
to measure a spectrum of the emission ozone line for time about 15 min with a precision of ~ 2%. On the measured
spectra were appreciated of ozone vertical profiles in the layer of 22-60 km which compared to satellite data
MLS/Aura. This work is directed on understanding the possible action of highly altered dynamics of sudden
stratospheric warming and polar vortex on ozone variations in the Arctic middle atmosphere. The present study
improves our representation of influence of solar activity on ozone and, hence, on a climate of the Earth.

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 wave range are given in [1, 2].

The temperature variations in the polar middle atmosphere during winter-spring from 2017 to 2024
For a better understanding of the nature of ozone variations, it is necessary to have a data of temperature changes at
altitudes of the middle atmosphere. Temperature changes indicate the influence of the sudden stratospheric warming
(SSW) on the structure of the middle atmosphere. For this purpose, a height level of 10 hPa is usually chosen, at which
remote airborne and ground-based can be compared with contact measurements. In Fig. 1, data for six winters seasons
are given for temperature measurements over Apatity by MLS/Aura satellite instrument at a level of 10 hPa, which
approximately corresponds to an altitude of 30 km. For each of these seasons temperature disturbances were registered.
Temperature disturbances were caused by sudden stratospheric warming (SSW).

Influence of solar activity on mesospheric ozone

Polar ozone in the middle atmosphere is affected by dynamic processes associated with both the development of SSW
or the activation of a polar vortex [3, 4] and by solar activity products, i.e. proton events and auroral electron
precipitation [5-7].

In March 2023 (23-24), Earth’s geomagnetic observatories recorded a recent-year high planetary-scale magnetic
storm. The main phase of the storm began at 17:30 UT on Marc23; the storm intensity peak (7.7) was at 21:30 UT.
The variability of the magnetic field was up to 1500 nT, and it was mainly observed in auroral latitudes [8]. Figure 2
(Right panel) shows the diurnal variations in O3z density (60 km) according to continuous ground-based microwave
observations from March 21 to 26, i.e., before and after the magnetic storm. Ozone variations are plotted with 15-min
resolution. No significant difference in diurnal ozone variations is seen. Variations in mesospheric Oz (60 km)
associated with sunrise and sunset dominate over the variations due to the solar wind. Figure 2 also shows the diurnal
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ozone cycle (black curve) on March 14, 2018, formed after major SSW in mid-February 2018. The difference the
SSW effects on mesospheric O3z density in winter 2022-2023 and 2017-2018 is pronounced.

’ W ' I ‘ ! ' { : | i [ *
Apatity (67N, 33E) Apatity (67N, 33E)
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280 — - _
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Figure 1. Time course of the temperature at the level 10 hPa above Apatity according to satellite data
(MLS/Aura) for winter-spring season: left panel — 2017-2020, right panel — 2021-2024.
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Figure 2. Left panel: Display from observatory Verchne-Tulomskaya (69N, 32E) camera all-sky (KBH-
22) on March 24, 2023; Right panel: Dally cycle of mesospheric ozone (60 km) during the storm of
March 23-24, 2023; variations in O3 density during the storm (March 24, red line) and after the storm
(March 25, blue line), as well as the cycle mesospheric O3 during March 14, 2018, after SSW effect on
the middle atmosphere (black line).

Influence of proton events on mesospheric ozone

Solar proton events were marked in middle of February and last decade March, 2024 according to satellite GOES-18.
Duration of events was from February, 09 till February, 21. Detectors (10, 50 and 100 MeV) of satellite have registered
three burst of proton flux: 09.02. — 14 UT; 12.02. — 07 UT; 16.02. — 11 UT. Duration of events was from March,
detectors of satellite have registered burst of proton flux: 23.03. — 04 UT; March 27 — ending of proton events.
Geomagnetic storm accompanied by large Forbush decrease in galactic cosmic ray intensity was recorded in March
24, 2024. More precisely, on March 24, 2024, a G4 (according to the NOAA Space Weather Scale for Geomagnetic
Storms) geomagnetic storm was registered, with the corresponding geomagnetic indices K, and Dst equal to 8 and
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—130 nT, respectively. On the same day of ground-based neutron monitor station recorded an unusual Forbush
decrease (FD). It is supposed, that FD can cause changes in a structure of a middle atmosphere ozone [9]. It is
necessary to note that last decade March there was a significant SSW (Figure 1, right panel), which could disguise
changes of ozone because of the charged particles. As we See, there is no changes mesospheric ozone during proton
events.

In Table 1 the ozone density are given in mol/cm?, averaged over 4 hours near noon and midnight at an altitude of
60 km in February for three time intervals up to in time and after proton events. The last column of Table shows the
average amplitude of the daily variations ozone density during proton events in February 2024. These amplitudes did
not differ from similar for February in mesosphere over Apatity.

Table 1. The numerical data of diurnal mesospheric ozone cycle.

Data 10:00 — 14:00 22:00 — 02:00 A
07 - 09.02.2024 (6.07 £ 0.04)-10" (7.51 £0.12)-10° | 24%
12 - 16.02.2024 (5.53 + 0.20)-10% (6.41 £ 0.19)-10" 16%
18— 21.02.2024 (5.84 + 0.29)-10% (6.88+0.23)-10° | 18%

On the basis of the given data follows, that decreasing of mesospheric ozone 60 km during proton events has composed
(10 £2)%.

Mesospheric ozone (60 km) during polar night at low and high solar activity
In the present section of article the behaviour mesospheric ozone in December (polar night) is discussed during change
of solar activity. Why for such analysis month December is chosen? The basic attention we give changes of ozone
density within day at altitude of 60 km. Polar mesospheric ozone is affected by photochemical processes (sunset and
sunrise), by dynamic processes associated with both development of SSW or the activation of a polar vortex and by
solar activity products, i.e., proton events and auroral electron precipitation. In December, as a rule, SSW are absent
and can not affect a vertical structure of ozone. The height of the Sun about time of a winter solstice (Apatity) is equal
concerning horizon — 1°.

In Table 2 average day and night of ozone density above Apatity in December for six winter seasons and their
relation night / day are submitted.

Table 2. Daily cycle mesospheric ozone density during polar night, mol/cm?.

Low solar activity
2017/2018 2018/2019 2019/2020
Day (4.24 + 0.05)-10% (4.64 £ 0.11)-10% (4.44 £ 0.07)-10%
Night (5.24 £ 0.70)-10% (5.87 £ 0.20)-10% (4.94 + 0.09)-10%
N/D 1.24 1.26 1.11
High solar activity
2021/2022 2022/2023 2023/2024
Day (4.35 £ 0.09)-10% (4.38 £ 0.09)-10% (4.23 £0.13)-10%
Night (5.17 £ 0.09)-10% (4.66 £ 0.13)-10% (4.68 = 0.09)-10%
N/D 1.19 1.06 1.11
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The analysis of the data which are given in Table 2, specifies high repeatability of day and night of ozone density in
December during six winter-spring seasons in comparison with other months. In December (polar night) the amplitude
of a daily cycle of the mesospheric ozone in different years made from 6 % up to 20 %. At high solar activity the
average night of ozone density decreases on of 10 %, and day less than 5 %.

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

o The planetary geomagnetic storm 23-24 March, 2023 did not render influence on mesospheric ozone (60 km) above
Apatity.

o In ground-based microwave observations of a middle atmosphere ozone above Apatity during proton events in
February and March 2024 decrease of mesospheric ozone was no more than 10%.

Acknowledgments

The work was carried out within the framework of the state assignment of the Institute of Applied Physics of the
Russian Academy of Science (project FFUF-2024-0034).

References

1. Kulikov Y.Y., Krasilnikov A.A., Ryskin V.G., Shanin V.N., Shchitov A.M. Ground-based microwave instrument
to research of stratospheric ozone (some results of observations). Proc. XXX Annual Seminar, Apatity, pp. 218-221,
2007.

2. Krasilnikov A.A., Kulikov Y.Y., Mazur A.B., Ryskin V.G., Serov N.V., Fedoseev L.I., Shvetsov A.A. Detection
of «ozone clouds» in the upper stratosphere of the Earth by means of microwave radiometry technique.
Geomagnetism and Aeronomy (Eng. Transl.), V. 37, P. 385-391, 1997.

3. Kulikov Y.Y., Andriyanov A.F., Demin V.I., Demkin V.M., Kirillov A.S., Ryskin V.G., Shishaev V.A. Long-term
microwave observations of middle atmosphere ozone in Apatity during three winters. Geomagnetism and
Aeronomy, V. 63, P. 608-619, 2023.

4. Kulikov Y.Y., Demin V.1, Demkin V.M., Kirillov A.S., Losev A.V., Ryskin V.G. Dynamic phenomena in
stratospheric and mesospheric ozone of polar atmosphere in February-March 2023. Atmospheric and Oceanic
Optics, V. 38, P. 283-289, 2025.

5. Jackman C.H., Fleming E.L., Vitt F.M., Considine D.V. The influence of solar proton events on the ozone layer.
Adv. Space Res., V. 24, No. 5, P. 625-630, 1999.

6. Jackman C.H., March D.R., Vitt F.M., Garcia R.R., Randall C.E., Fleming E.L., Frith S.M. Long-term middle
atmosphere influence of very large solar proton events. J. Geophys. Res., V. 114, No. D11, DOI:
10.1029/2008jD011415, 2009.

7. Andersson V.E., Verronen P.T., Rodger C.J., Clilverd M. A., Seppélad A. Missing driver in the Sun-Earth connection
from energetic precipitation impacts mesospheric ozone. Nat. Commun., V. 5, Art. 5194, DOI:
10.1038/ncomms6197, 2014.

8. Pancheva D., Mukhtarov P., Bojilova R. Response to geomagnetic storm on 23-24 March, 2023 long lasting
longitudinal variations of the global ionospheric TEC. Advance in Space Research, V. 73, No. 12, P. 6006-6028,
DOI: 10.1016/j.asr.2024.03.023, 2024.

9. Fedulina I., Lastovicka J. Effect of Forbush decreases of cosmic ray flux on ozone at higher middle latitudes.
Advance in Space Research, V. 27, No. 12, P. 2003-2006, 2001.

133



Polar
“Physics of Auroral Phenomena”, Proc. XLVIII Annual Seminar, Apatity, pp. 134-138, 2025 @ Geophysical
© Polar Geophysical Institute, 2025 Institute

DOI: 10.51981/2588-0039.2025.48.031 EDN: XIIRJK

UCCJEJIOBAHUE MUKPOKJIUMATUYECKOKW U3MEHYUBOCTH
TEMIIEPATYPBI BO3JIYXA B PANOHE MYPMAHCKA C
HNCITOJIB3OBAHUEM ABTOMATHYECKHUX JOPOKHBIX
METEOPOJIOTUMYECKUX CTAHIIUI

B.U. Jlemun!, FO.B. Mensmos?, A.H. Cysnanes’

onapueiii 2eoghusuueckuii uncmumym, Anamumot
*DKY Ynpoop «Konay, Ilemposasoock
SMypmanckoe ynpasnenue 2udpomemeopono2udeckoi ciyicovt, Mypmanck

AHHOTAIMA

IMocnenonyneHHbIE JETHHE TEMIIEPATyphl BO3Ayxa B MypMaHCKe, W3MEPEHHBIE Ha aBTOMATHYECKHX JOPOMKHBIX
METEOPOJIOTHYECKUX CTAHIUSX, MPAKTUYECKH HE OTIMYACTCS OT TEMIIEPAaTyp BO3AyXa, H3MEPEHHBIX Ha
THPOMETEOPOJOTHUECKIX CTAaHIMAX. Bo3aeicTBHE JOPOKHOTO MOJOTHA HA TEIJIOBOM PEXUM MPHIICTAOLINX
YYaCTKOB MECTHOCTH CJalblif AaXke B JICTHUIN MEPHOJ, KOTJa MPUTOK COJHEYHON paguaiun Haubombiuii. JlaHHbie
JIOPOXKHBIX CTAHI[HMIA BIIOJIHE PEMPE3CHTATHBHBI [T H3yUYCHUsI MUKPOKIMaTa. Ha 0CHOBE M3MepeHHid, BBITOTHEHHBIX
Ha JOPOXKHBIX U THAPOMETCOPOJIOTUICCKUX CTaAaHIIUAX, ITIOKA3aHO, YTO PA3HOCTb TEMIIEPATYPHI BO3AyXa B XOJIMUCTOM
penbede BOmu3u Mypmancka Moxet gocturath 8-10°C 3umoit u 4-6°C netom.

Brenenne
W3-3a xonmucroro penseda, Konbckoro 3amiBa 1 pa3HOH yIaJIeHHOCTH CEBEPHBIX U IOJKHBIX PAlfOHOB OT aKBATOPHH
BapenneBa Mops, Ha TeppuropuM MypMaHCKa MOXHO OXHAATh BBIPKEHHOM MHKPOKIMMATHYECKOH
HeoxHopoaHocTH. OTHAKO peakas ceTh ruapomereoposiorndeckux ctanui ('MC) moxo HOAXOANT JUIs U3yUCHUS
MHUKpOKIHMaTa. TpeOyroTcsl AMUTENbHBIE CEPHH MapaIeIbHBIX MONEBBIX M3MEPEHUH B PA3HBIX MECTOMOIOKCHUAX
WY TIPUBJICYEHHUE JaHHBIX, OTYYEHHBIX JPYTHMHU CIIOCO0aMu.

Llens manHON pabOTHI — MOKA3aTh BO3MOXKHOCTb MCIIOJIb30BAaHUS aBTOMAaTHYECKHUX JTOPOKHBIX METEOPOIOTHIECKUX
crannuii (AAMC) 1 n3ydeHus: MUKPOKIMMAaTHYeCKUX BapHalluii MpU3eMHOI Temneparypsl Bozayxa (ITTB).

Hcnosb30BaHHbIE JaHHBIE
B pabore wmcnomp3oBanel AJIMC ®KY VYmpmop «Koma», a Ttaxxke manmasie [MC MypmaHckoit o0xacTu.
Pacnionoxxenuii myHKTOB U3MEPEHUH MIOKa3aHO Ha puc. 1.

Rl
tonese [ - Pucynok 1. PacnionoxxeHue HCIOIb30BaHHBIX B
[ /= pabore crammmii [TMC u AJIMC: 1 — TMC
e | .—’ o «Mypmanck», 2 — Mopckoit mopt, 3 —
: asponornueckas cranius «Mypmanck» (AC), 4
(& [ — AMCT «Mypmanck», 5 —10 — AIMC.
i ¢ Hpum.: wms AJMC npucBamBaercs IO
o8 kunoMeTpaxy asrogoporn P-21 «Koma», B
; TEKCTE B CKOOKax Takke IPHBOAUTCS HOMEp
NG AJIMC Ha puc. 1.
® o

4
'wu(

Ouenka kayectBa usmepenuii II'TB na AJIMC

Jannsie AJIMC, Ha nepBblil B3I, OPEACTaBISIOTCA HEHAAEKHBIMHI: OHU YCTaHABIMBAIOTCS BCETO B HECKOIBKUX
MeTpax OT IOJIOTHa aBTOMOOWIBHBIX Aopor (puc. 2). B comHeuHyro moroay acgaibTOBOE TMOKPHITHE JOPOTH
MOTJIONIAET COJNHEYHYIO paguallfio, HarpeBaeTCsl U HarpeBaeT Mpuilerarmomue ciion Bozayxa. [lo manasiM AJIMC
TeMIIepaTypa MOBEPXHOCTH JIOPOKHOTO IMOJIOTHA B paiioHe MypMaHCKa JIETOM B ITOCTICTIONy ICHHBIE Yachl MOXKET Ha
10-20°C mpesbmmats [ITB. MoxHO npeamnonoxuts, 9ro m3mepeHasie Ha AJIMC nueBnbie IITB oxaxytes Goiee
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BBICOKMMH, 4eM Ha Ommwkaiimux 'MC. OpHako npsiMble cpaBHEHHs JaHHOTO (hakTa He moxaTBepkaatoT. Ha puc. 3
mokazansl cooTHomeHue [1TB Ha 2 AJIMC u Ommkalmux K HIM METEOPOJIOTHYECKIM CTAaHISIM B 15 4. — Bpems,
KOT[Ia TeMITepaTypa JOPOKHOTO IOJIOTHA JOCTHTAEeT CBOMX MaKCHMAallbHBIX 3HaueHui. PaccTosaue mexay AJIMC—
1394 u I'MC «Mypmanck» meree 3 kM, Mexay AJIIMC km 22 u AC okomo 6 kM.

4 1
i

AIMC -1394 (5)
AIMC km 22 (6)

0 T T T 0 T T T
0 10 20 30 °C 0 10 20 30 °C
MC "MypmaHck" AC

Pucynoxk 3. Ces3p [ITB Ha AJIMC ¢ I[ITB Ha Onmkaiiieir MeTeopoIOTHUECKUI CTaHIUH B 15 gac, eTo.

Ha puc. 3 Touku SBHO TPYIMIHPYIOTCS BOKPYT MPSAMOH y=x, 9YTO CBHICTEIBCTBYET O Oym3kux 3HaueHusx [ITB — B
cilyyae rneperpeBa Mbl Obl Ha0JII0/1a)IK UX cucTemMariyeckre otkioHeHust [ITB Bepx. OTnesbHbIE S1H30/1bI 3aMETHBIX
pacxoxnaennit mexxay [1TB na AJIMC u I'MC (AC) noxoxu Ha ClIy4ailHble U BBI3BaHBI, 10 BCEW BUANUMOCTH, TEM,
YTO CPaBHUBAIOTCS MTHOBEHHBIE H3MepeHus [1TB, nogydenHble 2 NpUHIMIHAIBHO Pa3HBIMU CIIOCO0aMH: TEPMOMETP
B IICUXpoMeTpuueckoi Oyake Ha montaake 'MC u ynpTpa3BykoBoit akyctudeckuii tepmomeTp Ha AJIMC. Henp3s
UCKJIIOYATh U BIMsSHHE MeTeoposiorndeckux 3ddextoB. Harnpumep, jJoKanbHbIH KpaTKOBPEMEHHBIH JINBHEBOU JIOXKIIb
B pailoHE OJHOr0 M3 IIYHKTOB u3MepeHus npusener k cHuwxkenuro IITB. IIpumep cyrounsix Bapuanuii IITB Ha
AJIMC-1394 u I'MC «MypmaHCK» B IEpHOJ NOJASPHOTO JHS NPUBEJEH Ha pUC. 4: OKa3aHUsI HE TOJIBKO B 15 4, HO
U B IpyTH€ JHEBHBIE Yachl IPAKTUYECKU HJICHTUYHBIL.

Ha puc. 5 B Bune 60kc-nuarpaMMel okasassl pactpesnenerns [ITB B 15 4., momy4eHHbIX B IEpHOA HapaliesIbHBIX
n3mepennit (2023-2025 rr.) va cetm I'MC u va AJIMC, naxomsamuxcs BOmm3n Mypmancka. B oGmactu
MaKCHMaJIbHBIX 3HAYEHUH (MMEHHO B HMX JOJDKEH ObUI OBl MposiBUThCS 3(QQEKT HarpeBa JaTYNKOB OT JIOPOTH)
nokazaanus AJIMC He BBIAENAIOTCS CpeAr aHAIOTUYHBIX JaHHBIX, HOTy4eHHBIX Ha poHOBBIX [ MC. Pasmmuans [1TB
HaXOJATCS B TUANa30HE ECTECTBEHHON MUKPOKINMATHIECKOI N3MEHINBOCTH.

OTCyTCTBHS TEIUIOBOTO BO3JACHCTBUS HArperoro acgaibTOBOTO JOPOKHOTO TIIOJIOTHA HA IOKAa3aHHA
OJIM3KOPACHOI0KEHHOTO TeMIiepaTrypHoro fatdanka AJ/IMC 1eToM B TOCIIENONyA€HHBIE YaChl TOBOPHUT O HEOOIBIIOM
BKJIaJie JOPOTH B TEIUIOBOH DPEXHM OKpPY)KAIOMIeH MECTHOCTH. DTO MOXET OBITh BBI3BAHO MAaJlOW IUIOIIAABIO
JIOPOKHOH TOBEPXHOCTH M CHIBHO pa3BUTHIM B JHEBHBIE Yachl TYpOYJICHTHHIM OOMEHOM, JOMOIHUTEIBHO
YCHJIEHHBIM MEXaHWYECKOW TypOyJICHTHOCTBIO OT JIBMDKYIIETOCS TPaHCIIOPTa: BO3AYX Ha BBICOTE YCTAHOBKE
natuukoB AJIMC He ycneBaeT 3aMeTHO Hporperscsi. Kpome Toro, He Bce TEIUIO AOPOKHOrO MOJOTHA MAET Ha
TETIOOOMEH € BO3/lyXOM — 4acTh OTBOJUTCS B INIyOHHY JIOPOTH WJIM TEepsieTCs 3a CUeT MH(PaKpacHOTO N3ITyUSHHUS.
Bo03M03KHO, CKa3bIBAa€TCS U HEJJOCTATOK COJIHEUHOM paJlalluu B peTHOHE, Pe3ynbTaT Henb3s Ha3BaTh HEOXKHUIAHHBIM.
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Jaxe B ycIOBHSIX TOpoJia, Tie TUIOMIA/lb HCKYCCTBEHHBIX TOBEPXHOCTEH, MOTIOMAIOIIUX COMHEYHYIO paguallfio, Ha
TIOPSIKH OOJIBINIE, YeM Ha OTAEIHHOI Jopore, TOpoacKoi ocTpos Teruta B [ITB B mocienomyieHHbIe Yachl MUHIMAJICH
M0 CBOEH MHTEHCUBHOCTH — OH IPOSBIAETCS B OOJNBIIEH CTEIICHW B BEUCPHHUE W HOYHBIC Yachl M CO3IACTCS 3a CUeT
IIEJIOTO PsiZia TPOLIECCOB.
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T T T T
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Pucynoxk 4. I[1TB va AJIMC-1394 (1) u Ha TMC «MypmaHck» B rroHe-utoine 2024 r. (2), monsSpHBIA ICHb.

OTtcyTcTBHE MPHU3HAKOB 3aBBIIEHMS TeMIepaTrypbl Boznyxa Ha AJIMC B mocienojyAeHHbIE 4Yachl HM3-3a HX
HaXOKICHUS BOIM3U aBTOMOOMIBHEBIX JOPOT MO3BOJISET MX MCIIONB30BATh IS PEIICHNUS psfa KIMMAaTHISCKAX 3a1a4
(1o kpaitHeit Mepe, Ha TeppuTopru MypMaHCKo# o0acTi). [ 3SMMHUX MITH HOYHBIX YCIOBHH TaKOE MCIIOF30BaHHE
BBITJITUT a0COJIFOTHO OINpPaBIAaHHBIM, OCOOCHHO YYHTHIBAs, YTO MHKPOKIMMATHYECKas M3MCHUYMBOCTH 3MMHHX U
MuHUManbHBEIX [ITB oueHs Benuka (pedp MAET O MHOTHX M MHOTHX Ipagycax). MOXHO TeOpETHYECKH AOIYCTHTb,
YTO B KAKHUX-TO OCOOBIX MOJIOKEHHX (OTIIMYHBIX OT U3 HCIIOJIh30BAHHBIX B JaHHOH padoTe AJIMC) neToM B JHEBHBIC
gacel [ITB y nmoporm okaxyTcs HemHOro Bbimie. Ho cumtath a priori, yto 3Hauenus [ITB na Bcex AJIMC
TrapaHTUPOBAHHO UCKAKEHbI HEIIPaBUIIBHO.

Pe3yabTarbl u 00cy:xKI1eHHE

Kak yxe OblIo OTMEUEHO BBINIE, penkas ceTb ruppomereoponorndeckux cranuui (I'MC) moxo moaxomur s
nzydeHust Mmukpokinmarta. AIMC cyliecTBEHHO AOMOJIHAIOT KapTHHY MPOCTpaHCTBEHHOro pacnpenenenus I[1TB,
0COOCHHO €cIIM OKa3bIBAIOTCS B OCOOBIX MUKPOKINMATHIECKHX YCIOBHIX.

OO0wmit 0030p MHKPOKIMMATHYECKHX OCOOEHHOCTEH OTIEJbHBIX MECTOINOJIOKEHHH B MypMaHCKa NpHBE/ieH B
pabote [1]. OTMedaeTcs, YTO OCHOBHBIMH (PaKTOPAMH, CO3AIOIIUMH HEOTHOPOAHOCTH B moje [ITB, sBustorcs
6m3ocTh Kk KonbckoMy 3a1MBy U BEICOTA MECTA.

«Yucroe» snusaue Konbckoro 3zammBa Ha I1TB B MypmaHcke orciienuTh nmpoOieMaTHyHO, Tak Kak Mo Mepe
yAaJEeHUS OT BOJBI MECTHOCTh 3aMeTHO nogHuMaetcs. IITB na Tepputopun mopckoro nopta (~ 100 M ot Bojsl, ~ 3-
4 M H.y.M) B 3UMHHe Mecs1s! Beime, 4eM Ha T MC (~500 M ot 3anuBa, 51 M H.y.M.), Ha BenuuHy MeHee 1°C. Jletrom
paznuuue ymeHbplaeTcs: Houbto 10 0.5-0.6°C, a B 1HEBHbIE Yachl IPAKTUYECKU OTCYTCTBYET.

Bnusinue penbeda Ha 3Hauenus [ITB Goree crnoxHOE 1 HE OINpeAenseTcs TOIbKO BRICOTOM: P Iepenasax BhICOT
1o 100-150 m Bnustame BEIcOTH MecTHOCTH Ha [1TB nepexpriBaetcst popmoii penbeda [2]. Ha puc. 6 mpuBeneHa cBsi3b
IITB na I'MC «MypmMmaHCK» 1 Ha Haxozsmieics B 5 kM ceBepo-BoctouHee AC. HecMoTpst Ha pa3nmare B BEICOTax (51
u 123 M H.y.M), BCe TOUKH KOHLIIEHTPUPYIOTCS BOJIM3H NMPSIMOH =X, 4TO CBUJIETEIBCTBYET 00 OJJMHAKOBBIX CPETHUX
I1TB. Ha puc. 7 noka3ans! cBsi3b [ITB Ha TMC u AIIMC—1394, Haxoasieiicss pakTHIECKH Ha TOM K€ yIaJeHUH OT
3amMBa ¥ Ha TOH e BeIcoTe (50 M H.y.M.). B GOJBIIMHCTBE CIy9aeB TOUKH YKJIAIBIBAIOTCSA HA Ty )K€ MPSIMYIO V=X.
OnnHako 3uMoit 1 HOUbIO JJeToM Ha AJIMC—1394 B oTaenpHBIE TEPHOBI BpEMEHHU 3aMETHO XOJIOAHEE. DTO BHI3BAHO
TeM, uto MC «MypMaHCK» pacrofio’keHa B BepxHel yactu xonma. OOpa3yrommiics 31eCh 3a CUeT paaruaimoOHHOTO
BBIXOJIAKMBAHMS BO3IyX CTeKaeT BHM3. HeT ycmoBmii s popmupoBanus BeIxoJdoxeHHOTo ciog u Ha AC. AJIMC—
1394, HanpoTHUB, HAXOAWUTCS B IOJHHE, TI0O KOTOPOH CTEKAET C OKPY KAIOIINX COMOK XOJIOIHBIM BO3yX. B X0omMucToM
penbede Hanbonpmmii rpaguent [1TB HabmonaeTcst B mpeienax 3TOro BEIXOJI0KEHHOTO CII0Sl BO3/yXa, a BhIIIE (HaJ
HUM) m3MeHeHus [1TB mans! win nake Habmonaercst usorepmus. OueBuano, yro vu 'MC, nu AC B MypmaHcke B
STOT CIIOW HE MONajaroT, B cBsA3U ¢ 4eM IITB Ha HuX He CUIBHO OTIMYAIOTCS, HECMOTPS Ha SIBHOE pa3iIM4yde B UX
BeIicoTax (70 m). Pasznocts xe mexay 'MC «Mypmanck» u AIIMC—-1394 nocruraer 3umoit 8°C. JleroM B HOUHBIE
Yyackl OHa MEHBIIIE 32 cUeT Ooyiee KOPOTKOTO IEpHoja ¢ OTPULATENILHBIM paJUallMOHHbIM OanmancoM — a0 4°C. B
JTHEBHBIE Yachl CHJIBHBIX pa3JIMuMil HE HAaOJIIOJAeTcs, TaK KaK MHTEHCHBHBIA TYpOYJIEHTHBIH OOMEH BBIPAaBHHBAET
pacnpenenenue [1TB no anemMentam penbed.
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Pucynok 5. Pacnpenenenne neranx IITB B 15 Pucynok 6. Ceszp [ITB Ha TMC «Mypmanck»
yac. u Ha AC B 3umHuii nepuoz (1), nretom B 03 4. (2)
u aaemM B 15 9 (3).

BeprukanbHasi NIpOTSHKEHHOCTh BBIXOJIOKEHHOIO €105 Bo3ayxa u nepenas [ITB oT moBepXHOCTH K €ro BepxHeu
TpaHUIe 3aBUCUT OT METEOPOJIOTMYECKUX YCIOBHH M MOP(OMETPHUYECKUX XapaKTepHCTHK peibeda. B cimydae c
AJIMC-1394 mectHocTh Ha BOcTOK oT AJ/IMC-1394 monmxkaercs BIUIOTh A0 Konbckoro 3amuBa (Ha 50 M Ha
paccrostann okxoio 500 m). ITo aToit mpuunHe ykazauusie Boine pazHoctd [ITB mexny TMC «Mypmarack» n AJIMC—
1394 He B moJIHOM Mepe XapakTepu3yeT BO3MOXKHBIN B pernoHe nepenal [ITB Mexny BEpXHUMU 4acTIMU XOJIMOB U
MPWIETAIOINMHY K HAM JOJIWHAMH (PaBHUHAMH).
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Pucynok 7. Ca3p IITB Ha 'MC «MypmaHCK» Pucynoxk 8. Cs3s IITB Ha AMCI «MypmaHCK»
u Ha AJIMC—-1394 B 3umuwMii iepron (1), metom n Ha AJIMC xm 5 B 3uman# iepuox (1), tetom B
B 03 4. (2) u naeMm B 15 1 (3). 03 4. (2) u taem B 15 4 (3).

Hanpuwmep, npu cpasaernu AJIMC — xm 5 (9) (9 — mHomep AJIMC Ha puc. 1) 1 AMCT «Mypmanck» B 2022-25 rr.
(puc. 8) pazmuuns mocturanu yxe 10°C 3umoit u 6°C netom. AJIMC — kM 5 HaxoIuTCsS B BEpXHEH 9acTH X0JIMa Ha
BbicoTe 0K0J10 100 M. AMCI pacnonaraercst ot Hee npuMepHo B 11 kM Ha paBHuHE U Ha 50 M Huxe. [IpumepHoO Takue
’Ke COOTHOIIECHUS O0HapyxuBaroTcs U npu cpaBHeHHH AJIMC—1375 (10) — BepxHsst yacTs XxonMma, 100 M. H.y.M. — 1
AJIMC-1380 (8) — npuneratomas gonunaa, S0 M H.y.M. (puc. 9). PazHocTu 10BOIBHO OJHM3KU K MPUBEIEHHBIM B [2]:
IIPY NOSIBJIEHUM CTOKOBBIX TEUEHUN PAa3HOCTh MEX]ly BEPXHEH YaCThIO X0JIMa U NPUIETAIOIIEeH PABHUHON JOCTUTAET
4-5°C, a B otaenbHBIX cinydasx u 8-12°C [2]. B paborte [3] coobmiaeTcs, 4To paznuane 3MMOH MOKET JOCTHTaTh 10-
15°C. Ho Tak kak 3aMep3imasi HoBepXHOCTh o3epa maupsl B [3], o CyTH, ABISETCA KOTIOBHHOM, T/I€ TPOUCXOANUT
HE TOJIbKO HAaKOIUIEHHE BO3yXa, HO M €ro eme OOoNblnee OXJIaXIEHHE, 3TH BEIWIMHBI ONM3KH K MaKCHMaJIbHO
BO3MOXXHBIM. B paiioHe ropona MypmaHcka riry0oKkue KOTJIOBUHBI M BIaJMHBI OTCYTCTBYIOT, a TIOTOMY YKa3aHHBIE
Boime 3HaueHus (o 8-10°C 3umoirt u 4-6°C HOYBIO JIETOM) MOXXHO IPHHATH B KA4eCTBE IEPBOM OICHKH
MUKpOKIMMaTHdeckoi nsmenunBocty [1TB BOmM3n MypmaHncka, 00yclIOBIEHHOMH XOIMHUCTBIM pelbedoM.
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Hccnedosanue MUKpoOKIUMAmuyeckou usMeH4u80Cmu memnepamypel 6030yxa 6 paiione Mypmancka...

°C
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Pucynok 9. PazHoctu mexay [ITB B Bepxueit wacts xonma u [ITB Ha paBHune (nomuue): 1 — TMC
«Mypmanrck» 1 AIIMC-1394; 2 — AIIMC — kM 5 1 AMCT «Mypmanck»; 3 — AIAMC-1375 u AIMC-
1380.

3axinoyeHue
Hecmotps Ha pasmemienune AJIMC psaoM ¢ aBTOMOOWIBHBIMU JOpOraMH (BCEro B HECKOJIBKHX MeTpax oOT
acdaybTOBOTrO MOJIOTHA), TPU3HAKOB UCKaXKEHUs M3MEPEHHBIX Ha HUX 3HaueHu [1TB He oOHapyxuBaeTcs B paiioHe
MypMaHCKa gaxe JITOM B THEBHBIE Yachl, KOT/Ia IOCTYIUIEHHE COJIHEUHOM pajinaliii MaKCUMaJIbHO U TeMIlepaTypa
JopokHOro mokpeiTHs Ha 10-20°C Bble TemmepaTypbl Bo3ayXa HajJ HUM. OTO TOBOPHT 00 ofmieMm ciabom
BO3CHCTBHE JOPOTH Ha TEIJIOBOM peXMM INpUIIETAIOIIMX K HUM y4YacTKOB MECTHOCTH. JlaHHBIE, NOJTy4YEeHHBIE Ha
AJIMC, BriomHEe MOTYT OBITH HMCIOJIB30BAaHBI UIS pPEIICHHS psSa KIMMATONOTHUECKHX 3a/ad, Halmpumep, It
OINKCaHMs MPOCTPAHCTBEHHBIX HEOAHOpOoaHOCTEH B mone [1TB.

Cpasrenue [1TB, momyuenasix Ha cett [MC u AJ/IMC, mo3BoiseT OUEHWUTh MacIiTad MUKPOKIMMATHUECKOM
m3meHunBoctu [ITB B Mypmancke, 00ycnoBneHHBIH penbedoM: 10 8-10°C 3umoii u 4-6°C 1eToM HOYBIO.
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PACHIMPEHUE CUCTEMBI PETUCTPAIIUU 'TAMMA-U3JTYYEHUA
ITPU OCAJIKAX HA HINTMIBEPT'EHE

E.A. Muxanko, }0.B. bana6un, A.B. I'epmanenko, b.b. I'Bo3neBckuit
Honspuoii ceopuzuueckuti uncmumym. 2. Anamumoi, Mypmanckas oon.

AOcTpakT

B nabopatopun kocmuueckux yyded I1I'M HempepbIBHO BeOEeTCSI MOHUTOPUHI 3JIEKTPOMAarHUTHOH KOMITOHEHTBI
BTOPHUYHOTO KOCMIYECKOTO U3IYUCHHUS, IIPH KOTOPOM perucTpupyercs 3¢¢GexT Bo3pacTaHns raMMa-H3IIydeHHs IPH
ocankax. B mpomecce HabmroneHMs 32 MI3MEHEHUAMH TaMMa-(oHa, Obl1a cOPMIPOBaHA CETh U3 CHUHTHIUIAIIHOHHBIX
CIEKTPOMETPOB, B pa3JIMuHbIX pernoHax crpansl. B 2024 rony B bapenudypre (apx. Llnundepren) muis npoBeneHus
JIOTIONTHUTEIHHBIX M3MEpPEHHH (POHOBOTO raMMa-H3IyUCHHUS B MTOJIIPHOM PETHOHE, K YCTAaHOBICHHOMY CIICKTPOMETPY
ObUTH T0OaBICHEI elme ABa neTekropa. CrekTpoMeTpsl coopaHsl Ha ocHoBe kpuctamioB Nal(Tl), ¢ sHepreTndeckum
nuarnazoHoM 20-600 k3B. JlerexTophl ObUIM pa3HECEHBI IPYT OT JApyra Kak 10 PacCTOSHUIO (10 4-X KM), TaKk U O
BbIcoTe (110 200 MeTpOB HaJ ypoBHEM Mopsi). B mporiecce paboThI Ha BCeX TpexX ACTEKTOpax, ObUIH 3apETUCTPUPOBAHBI
BO3pacTaHHs TaMMa-H3Iy4eHHs TIPU 0CaIKaX, OTHAKO, IPH CPAaBHUTEIHHOM aHalln3e OBLIO BBIABICHO, YTO JaHHBIC
COOBITHS TTOPOH pa3Hble MO AMIUTUTYJZIE U JUIMTEIBHOCTH UMEIOT CIOBHI [0 BPEMEHH, BEPOSTHO OOYCIIOBJICHHBIH
oporpaduyeckoil 0COOEHHOCTBI0 MECTHOCTH U CKOPOCTBIO JIBHIKECHUSI (DPOHTA OCAIKOB.

1. BBenenne

D ekt BozpacTanus ramma-(poHa pu ocaakax ObLI OTKPHIT JabopaTopueit kocmuueckux iyueit (KJI) B III'M B 2009
W MOJBEPTHYT NPUCTAILHOMY M3yueHHIO [1]. BaxxHOCTh M3yueHHs: TaHHOTO (P PEeKTa COCTOUT B TOM, YTO BBIIBIICH
TIOTIONTHUTEIBHBI MeXaHU3M B3aUMOAeWcTBUSA BTOpmYHBIX KJI ¢ armocdepoii, mMmeromuii mpocMaTpruBaeMyro
3aBUCHMOCTbH C METEOPOJIOTUIECKIMH TIPOIIECCAMHU.

B Teuenme 15 nmer GbUIM IpPOBENEHBI 3KCIEPUMEHTHI M yCTAHOBJICHO, YTO BO3pACTaHUS raMMa-H3IydeHHs HpU
ocazkax (CHeT, JOXIb, TyMaH) HAOIIOJAIOTCSl KPYTJIBI TOJl HA BCEX CTaHLMSX, TIe MPOBOJITCS HaOMONeHUs. DTH
BO3pacTaHMs HE CBS3aHBl C 3arps3HEHHEM OCaJKOB PpAJMOHYKIMIAMH, ¥ PETUCTPUPYIOTCA TOJBKO B
9JIeKTpOMarHuTHON kommoHeHTe KJI U oTCyTCTBYIOT B 3apshkeHHOH. 3a mporiejaniee Bpemst ObUla HaKoOILUIEHA
orpoMHast 0a3a JaHHBIX Pa3JIMYHBIX COOBITHH BO3PACTaHMS IEKTPOMATHUTHOTO MOTOKA Pa3IMYHON aMIUIUTYABI U
JUINTEIBHOCTH (OT HECKOJIBKHX YacOB JI0 MTaphl THEH ) OTASNBHBIX COOBITHH. Clley oMM 3TalloM H3yUeHHUS ABISIACH
BO3MOXKHOCTh ~MCCJEJOBaTh MPOCTPAHCTBEHHBIE pacrpeneneHus d¢dexra Bo3pacTaHusi ramMMa-¢poHa Ha
[nunbeprere, B pernoHe ¢ MUHUMAJIBHBIM aHTPOIIOTEHHBIM BO3JCHCTBHEM. B pesynbraTe uero, BOSHMKIA Haes
paCIIUPUTh BO3MOXKHOCTH TONYYCHHBIX HM3MEpPEHHH 3a cueT ycTaHoBKH B 2024 romy B bapenmnOypre mapsr
JIOTIOJTHUTENBHBIX JIETEKTOPOB.

2. YCcTpolicTBO 1eTeKTOpa

B ocHOBe ciekTpoMeTpa HCIob3yeTes CHUHTILIIHOHHEIH Kpructaint Nal(Tl), ¢ agpdexruBapIM mruamazonom 20-600
K3B. AHajoru4yHbIe JEeTEKTOPHI OBUIH UCIIONBF30BaHEI B HAIIUX pabortax paHee [2, 3]. CieKTpOMETPHI YCTaHOBIICHBI B
CBUHIIOBBIA AKpaH TOJIIMHON HE MEHEe 5 CaHTHMETPOB (WMCIOJB30BAHBI CBHUHIIOBBIE KOJbBIA OT HEHTPOHHOTO
MOHHUTOpA), SKpaHUPYIOMUil (JOHOBOE TaMMa-U3IIydCHUE OT 3EMJIM M 00CCIEUHBAIOMINI JETEKTOPY BEPTHKAIBHYIO
HAarpaBJIeHHOCTb NpHéMa 9acTHll. JleTeKTop ¢ 3KpaHOM HaXOAATCsI B 000rpeBaeMOM IIOMELIEHUH, 00eCTIeYHBAIOIINM
TEMIIEPaTyPHYIO CTAOUIBHOCTD IETEKTOPA.

3. PacnoJiokeHue ClieKTPOMETPOB
Jerextop nHa Illnuudeprene 3a BpeMmsi paboThl, obecreuws OONbIIyI0 0a3y NaHHBIX, TEM CaMbIM YBEIHYHB
BO3MOXHOCTH HCCIIeIOBaHUN B moisipHoM pernoHe [4]. B 2024 romy ObUIM TOJKIIOYEHBI J1Ba JOMOJIHUTEIBHBIX
CIIEKTPOMETpA, YCTAHOBIICHHBIE HA CTAHIMAX HA PA3MYHOM PACCTOSHUH M BBICOTE IPYT OT JPYyTa, YTO IO3BOIUIIO
OXBaTUTh TAKMM 00pa3oM OOJIBLIYIO IIIOMIA/b.

Ha xapre na puc.] noanucaHHBIMH METKaMH YyKa3aHbl CTAHUUM, TJ€ MOAKIIOYEHbl CHUHTUILISALHOHHBIE
cnextpometrpbl. [lom wmerkoit «Ilocemok» HaxOAWTCS caMblii TEpBBIM JeTeKTOp B mocenke bapeHnoypr,
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PacIoIoKeHHOM BJIOJIb IPUOPEKHOM TMHNUYU Ha BbIcoTe 70 METpOB Haja ypoBHEM Mopsi. CeBepo-BOCTOYHEE OT HEro
ctouT Metka «IlmaTo», KOTOpoil cOOTBEeTCTBYET AeTekTop Ha BeicoTe 270 M, pa3menieHHblit B 2024 romy. Crea
nokasaHa Merka «lloJuMron», ykasplBarolas Ha CIIEKTPOMETP HA TEPPHTOPHM IIOJMIOHA B 4-X KM CEBEpHEE OT
MOCEIIKa, YCTAHOBJICHHOMY B TOE BPEMSI.

* Bapenubypr
Barentsburg

Pucynok 1. O01ias kapTa ¢ pacroyioKeHHEM CIMHTHLISIIIMOHHBIX CIIEKTPOMETPOB Ha apX. IlInmundeprex.

4. ITony4yeHHbIe Pe3yabTAThI

3a mouTH roji paboThl CIIEKTPOMETPOB, OBUIM 3apErUCTPUPOBAHBI COOBITHS BO3pPACTaHUM ramMMma-(GoHa pa3iuuHON
MHTEHCUBHOCTH U JJUTENbHOCTU. Bonblias yacTe Bapuauii HECMOTPS Ha OIMHAKOBYIO aMIIUTY Ly U AJIUTEIHHOCTD
HMMEIOT CABUI 10 BpeMeHH OT 5 10 40 MUHYT.

Ha pwuc.2 3adukcupoBan cnsur no BpeMeHHu 35-40 MUHYT OT Hayaja BO3pAacTaHHs HA MOJUTOHE OTHOCHTENHHO
coObITHil Ha TIato u B nocenike. CHHUM LIBETOM — NOKa3aHbl JaHHbIe Iprbopa B bapenOypre, uepHbIM — A€TeKTOpa
Ha MOJINTOHE B 4-X KM OT ITOCEJIKA, KPACHBIM - CIIEKTPOMETPA, PAcIIOIOKEHHOTO Ha Tope Ha BbicoTe 270 M OT ypoBHS
MOpsI. YUHUTBIBAs, YTO TOJIMTOH HAXOANUTCS CYIIECTBEHHO B CTOPOHE OT PACIOJIOKEHUS IBYX JPYTHX JETEKTOPOB MBI
MOYEM IPEIIIOJI0KHTh, YTO ITa 3aIeP’KKa BbI3BaHA BPEMEHEM JIBIDKEHUS JOXKIEBOTo (poHTa. Takke MOXKHO CyIUTh
0 HalpaBJIeHUH ABMKEHHS BO3LYIIHBIX Macc, MPEIOJIIOKHUTEIFHO C CEBEPHOTO HAMPABJICHHUS B CTOPOHY FO’KHOTO.

NOAUIroH
20 nnato
[===NOCenok
15
=S
q}_ 4
z 10
o
= 4
v
g
S 5
o
o E
0
-5
T T T T T T T T T T T T T
(= o o o o o o o
= = = = = = = =
< wn w0 ~ =2] o -
- - - - - - ™~ o™
25.08.2024

Pucynoxk 2. CobpiTie Bo3pactanus raMmma-hona npu ocankax 25.08.2024, ¢ 3amepKKoi 10 BpeMEHH.
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E.A. Muxanxo u Op.

HamHoro pexe perncTpupoBaIuCch COOBITHS 0€3 3a/Iep KKK 110 BpeMEHH, HallpuMep, Takue kak Ha puc.3. Kak BugHO
u3 rpaduka, Bce TpU BO3pacTaHHs HAYAIUCh OMHOBPEMEHHO Ha TPEX CTaHIHSX.

[IpuHNMas BO BHUMaHHE KapThl ¢ MECTOIIOJI0KEHUEM CIIEKTPOMETPOB MOXKHO CIIEIIaTh BBIBOJI, YTO JOXKAEBOM GPPOHT
JIBUTAJICSI IEPIICHANKYJISIPHO OEpEeroBoi JMHUM, C 3alaja Ha BOCTOK WIIM HA000pOT.

B cob6prTrsax 12 aBrycra Ha puc.4 moka3aHbl IPO(UIN BO3pacTaHUs, B KOTOPHIX 3a(UKCHPOBAH HEOONBIION CABHT
[0 BPEeMEHH OT Hadalla BapHalUM Ha MOJUTOHE OTHOCHTEIBHO COOBITHS Ha IUIATO U B IIOCEINIKE, HO 3HAYHUTEIHEHO
OTJIMYaloIIMecs Mo aMIuuTyAe. Ha maro 3aperucTpupoBaHO BO3pacTaHHE raMMa-H3JIy4eHHsl HHTEHCUBHOCTBIO 5%,
B TOXE BpeMs Ha IOJUroHe 3Ha4yeHus coctaBisitoT 20%. Takas Bapuanus, BEpOSTHO, OOBSCHSETCS pa3HbIM
KOJIMYECTBOM BBIIIABIINX OCAJIKOB 32 TEKYIIUH IPOMEKYTOK BpeMeHH. [IpenonokuTensHo, HHTSHCUBHOCTD OCaJIKOB
B CEBEPHOMU 4acTH apxuresnara (Ha MOJUTOHE) B TOT ICHb ObLIA 3HAUUTENHHO BBIIIE, YeM B I0)KHOM.
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Pucynok 3. CoObiTie Bo3pactanus ramma-(hona pu ocankax 17.08.2024, 6e3 capura 1mo BpeMeHH.
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Pucynoxk 4. CoOriTie Bo3pacTanus raMMa-¢oHa mpu ocagkax 12.09.2024.
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5. 3akarouenue

C mempl0 pacHIMpeHHs CHUCTEMBI PETUCTPAMK SJIeKTPOMarHUTHOro moroka B 2024 roxmy Ha Ilmumbeprene
ycranoBiieHbl eme asa gerektopa Nal(Tl). B manpHeiiniem ObutM NMPOBENCHBI SKCIIEPUMEHTHI U BBIABICHO, YTO
BO3pacTaHMsl TaMMa-M3JIydeHUsl NpH OCaJKax HaAOJIOJArOTCs KpPYyIJIbIA TOX Ha BCeX Tpex nerekTopax. llpum
CPaBHHUTEIHHOM aHATH3E 3a(UKCUPOBAHO, YTO 3aPETHCTPUPOBAHHBIE COOBITHS NMPEUMYILIECTBEHHO OJMHAKOBBIE MO
aMIUIMTYZE W JAJIUTEILHOCTH, HO UMEIOT Pa3HUIly 110 BPEMEHH OT Hadalla BapHaIlMH MOTOKA raMMa-n3IydeHus. B
HEKOTOPBIX COOBITUSX STOT CIIBUT 10 BPEMEHH COCTaBIISIET OT 5 10 40 MUH, U BEPOSITHO 00yCIIOBIICH OpOrpaduuecKoit
0COOCHHOCTBIO MECTHOCTH M CKOPOCTBIO IBIDKCHHS (PpoHTa ocankoB. CpaBHHUTENBHO PEKE PETHCTPHPYIOTCA
COOBITHS, OTIIMYAIOIINECS TI0 HHTEHCUBHOCTH raMMa-(OHa, a TaKk)Ke HMEIOIIIE COBIAAIONINE NMPOQHIH 0 BpEMEHN
U aMIUIUTYJIE.
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IMPOI'HO3 JOJI'ONEPUOJHON COCTABJISIIOIIENA TPU3EMHOHN
TEMIEPATYPHI 1JIs1 HEKOTOPBIX TPUIIOJIIPHBIX TOPOJOB P®

H.b. Poxnecteenckuii, B.U. PoxnectBerckas, B.A. Tenerun, B.M. Muxaiinos

Hncmumym 3emnoeo maznemuszma, uoHocghepuvl u pacnpocmpaerus paouosonn Poccutickotl akademuu
nayxk um. H.B. Ihwxkoea, Mockea, Tpouyk

AHHOTAIMSA. J[ONrONEPHOAHBIC COCTABISIIOIIME IIPH3EMHOM TEMIIEPaTypbl WIM HH3KOYAaCTOTHAS COCTABILFOIIAS
TEMIIEpaTypbl OTOOpa)kaeT MHOTOJIETHUE WJIM KIMMAaTHYECKUE W3MEHEHHMS, a TAKXKe OIPENENISIOT XOJIOJHYI0 WU
TEIUIYI0 3MMY, WM JICTO, JIGAHHUKOBBIM IEpUOJ WM TJI00AJbHOTO TIOTEIUICHWS. Bapmamym HH3KOYacCTOTHOM
COCTaBILIOIIECH MOTYT CIy>KHTh WHAMKATOPOM HACTYIUICHHS AHOMAJBHBIX 3HAYCHWH TeMmeparypsl. AMIUIUTYa
HHU3KOYACTOTHOM COCTABIIIOIICH 3HAYUTEIHPHO MEHBINE aMIUIUTY/BI CYTOYHOTO U TO0BOTO XOJ0B, OHA COCTABIISICT
MIPUMEPHO, OJHH Tpagyc. OgHAKO, AL JOITOCPOYHOTO MPOTHO3a 3TO 3HAYMMas BEIMYMHA, KOTOpas B HACTOSIIEE
BpeMsl XapaKTepHu3yeT NOTEIUIEHHE KIMMaTa U aHOMAJbHO Terulyto 3uMmy 2024-2025 r., a Takke KOppelIupyeT C
MaKCHMYMOM COJHEYHON akTHBHOCTH B 25 mmkie. Tak mra MypMaHcka aMIDIMTyJa JOJATOCPOYHOTO IPOTHO3A
KoJIeOJIeTCS OKOJIO HYJISl TPalyCoB, HO IPE00JIajaloT MOJ0KUTEIbHbIE TeMIepaTypbl. B BepxosHcke n Maranane atu
TeMIIepaTyphl cyry0o oTpHLIaTeNbHbIE, OJJHAKO, Be3[e HaOmoaaeTcss poct Temmeparyp B 2025 rony ¢ AajibHEHIINM
MOHMKEHUEM K Hauay 2026 roga. ITo 00CTOATEIBCTBO MOATBEPIKAACTCS aHOMAIBHO TEIUIOH 3uMoit B 2025 romy.

Beenenue

MHoroJeTHIE M3MEPEHHS TPU3EMHON TEeMIIEpaTyphl NPEACTaBIIIOT cOO0 OeCIeHHBI MaTepual Ul JOJTOCPOYHOTO
MIPOTHO3MPOBAHUSI COCTABILIIOIIMX C MEpuojoM Ooiee oOmHOTO roxa. MeTomudecKHe OCHOBBI JIOJITOCPOYHOTO
MIPOTHO3UPOBaHMS OBUTH 3alOKeHBI eme 1975 romy. PasButme 3THX paboT B maimbHEHIIEM MO3BONWIO pa3paboTaTh
AITOPUTMBI JOJITOCPOYHOTO MPOrHO3MPOBAHMS UTMHHBIX PsIoB [1-3], OCHOBBIBAsICh MCKITIOUUTENBHO Ha M3MEPEHHBIX
TeMIIepaTypHBIX JaHHBIX, OTy4YEeHHbIX 3a epuon oT 10 mo 100 ner.

B nacrtosmeil pabote mpeacTaBieHsl pe3ysbTaThl AOJITOCPOYHOTO MPOTHO3MPOBAHMS NMPU3EMHON TeMIepaTyphl Ul
YeThIPEX TOPOJIOB, PACIOJIOKCHHBIX B MPHUIIOSIPHBIX 00JacTsx Poccuiickoit (emepanuu: MypMaHCK, ATMATHTHL,
BepxostHck u Maraznas. IIporHO3 Toy4eH Ha OCHOBE TEMIIEpPAaTYPHBIX JAHHBIX, MOJYYEHHBIX HAa METEOCTAHLMSIX
yKa3aHHBIX TOPOI0B 3a nepuox 2013-2022 1., BKIIFOUUTEHHO.

IIpuzeMHast TemmepaTrypa OTHOCHTCA K HambOoyiee 3HAYMMBIM IapaMeTpaM 3eMJIH, B KOTOPBIX OTpaXKaroTcs
Bapuanuy knumara. [103Tomy perynspHbsle MHOTOJISTHHE H3MEPEHHS TeMIIepaTypbl HEOOXOJUMBI U1 (POPMUPOBAHUS
HAIlUX 3HAHUH O COCTOSIHMM 3€MHOM IOBEPXHOCTH CErofHs M 3aBTpa. B HacTosmiee BpeMsl IOCTOBEPHBII
TEMIEpaTypHbIH MPOTHO3 OrpaHUYMBAETCS ABYMs, TpeMs CyTKaMu. [lJI1 HOIy4eHHUsl JOJITOCPOYHOrO IMPOTHO3a
HEOOXOANMO HCCIIEI0BATH JIOJTONEPHUOAHBIE COCTABISIIONINE, KOTOPBIE MOXKHO IOJYYHTh IIyTeM HU3KOYaCTOTHOH
¢unbTpanuu. MeToIMKa HCIOIb30BaHUs CIIEKTPAIBHOTO aHAIN3a ¥ TH(POBOH (IIBTPALINK I aHAJIN3a ¥ IPOTHO3a
9KCTIEPUMEHTAIBHBIX JAAaHHBIX, IPEUIOKCHHAs aBTOpaMH, ommcaHa B padotax [4,5]. [IpuMeHeHne crieKTpaibHOTO
aHaJM3a JUIsl TAKMX CJIOYKHBIX CUCTEM Kak ()OPMHUPOBAHHUE NPU3EMHOM TeMIepaTyphbl, COCTOSIIUX M3 COBOKYITHOCTH
(bU3NYeCKUX, XUMHUYECKUX IIPOLECCOB, CYIIECTBEHHO OOJIerdaeT 3Ty 3ajauy, TaK KakK I103BOJISET IPEICTaBUTh
COBOKYITHOCTB 3THX IIPOIIECCOB B BHJI€ CYMMBI OT/IEIBbHBIX COCTABIISIONINX KOJIEOATEIBHBIX IIPOLIECCOB C PA3THYHBIMU
nepuoamMu. M3BeCTHBI CyTOYHBIE, CE30HHBIE, TOJJOBBIE 1 MHOTOJIETHHE COCTABIISIOIINE MPU3EMHOIN TeMIepaTyphl.
ITocnenHsAs HU3KOYACTOTHASI COCTABIIAIONIAs], OTBETCTBEHHA 3a KJIMMAaTHYECKHE M JONTONepruoIHbe Bapranuu. Kax
MoKas3all IpeJBapUTENIbHBIN aHalIN3, aMIUIUTYa HU3KOYaCTOTHOM COCTABIAIOIEH 3HAYMTEIbHO MEHBIIE CYTOUHOIO
u rojoBoro xojoB. I[loaToMy mnpu NpPOBEJECHMM CHEKTPANbHOIO AaHANIHM3a HU3KOYACTOTHON COCTaBIISIOLICH,
1enecoobpa3Ho U3 HabIr0JaeMoro nporecca yopars BEICOKOYACTOTHBIE COCTaBIsioue. Takyro onepannio MOKHO
MIOJIYYHUTh C TOMOIIBIO IU(PPOBOH (PHUIBTPALIH.

MeToanka nMpoBeAeHNs CIEKTPAJIbHOT0 AaHAJIN3a

OcHOBY Moays I(POBOH (QIIBTPAIIMH COCTABIAIOT IIU(PPOBBIE YeOBIIEeBCKHE (QHUIBTPHI, BEIOpaHHBIE Onarogaps
BBICOKOMY Ka4eCTBY UX YaCTOTHBIX XapaKTEePHUCTHK [5]. YacTOTHAs XapaKTepHUCTHKA Ye0BIIIeBCKOTO GrapTpa 6Iu3Ka
K XapaKTEepPHCTHKE ITOCIIEeIOBATEIHHOTO HMPUMEHEHUS HENPEPHIBHOTO CKONB3SIIETO OCPEIHEHHS M HIEaIbHOTO
¢uIbTpa HIKHUX yacToT. PazpaboTaHHas peKyppeHTHas cxeMa pacdera Kod(QQHIHEHTOB YeObIIEBCKOTO (IILTPa
MO3BOJISIET JOCTUraTh CTENEHU M0aBIeHus B nosoce cpesa a0 400 nb.
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[TporpaMMHBIH MOAYJIBE CHCTEMBI 0OPa0OTKH M aHAJIHM3a COCTOUT U3 0JIoKa LU(POBBIX GHUILTPOB U ONOKa pacyera
cnekTpoB. C momomipio 6110ka THPPOBEIX GUIBTPOB GOPMHUPYIOTCS PSAABI C PA3IUIHBIM CHEKTPAIEHBIM COCTaBOM.
Dypbe aHanU3 ZOITONESPHOIHBIX COCTABILIOIINX, IO3BOJIACT HOIYYUTh 00JIee TOUHBII CIIEKTPaIbHBII COCTaB.

Ha ocHOBe CHEKTpaJbHOrO aHaluM3a [aHHBIX, KOTOpbIE MOTYT OBITh NPEICTaBICHHl B BHIC BpPEMEHHON
HOCTIEZIOBATEIFHOCTH CyMMBI TAPMOHHYECKUX COCTABILIIOINX psina Dypbe, MOCTPOSH KOMIUIEKC MPOTrpamMM i
BBISBJICHUSI XapaKTEPUCTUK COJIHEYHO-3EMHBIX CBA3eH [5]. MeTonuka npoBeieHUst CHEKTPAIBHOTO aHAJIM3a BKITIOYAeT
HECKOJBbKO dTamoB: l. BBox mnmmaHOTO psima maHHbix; 2. Oumbrpanus maHHbBX; 3. COpTHPOBKA pe3yNbTaTOB
¢unbTpanuy I MPOBENEHUST ONTUMAaJbHOTO CHEKTpalbHOro ananusa; 4. CoxpaHeHHe pesyibraTa (QUIbTpaLUH
nociie copTupoBkH; 5. [IpoBeieHne ceKTpaabHOTO aHaIN3a, UCXOAS U3 MPEICTaBICHUs BKJIaja OTAEIbHOTO OTcYeTa
B cmekrp mponecca; 6. IloctpoeHme cuctembl nemu@poBKH W uaeHTH(UKanuu cnekrpa. IIpoBenenue
MHOTOKAaCKaJHOW (WIBTpalUU JUIMHHBIX DPSJOB SKCIEPUMEHTAIbHBIX JaHHBIX C TOCIECIYIOMIMM Da3JIoKEeHHEM
CJIOKHOTO CHMT'Hajlla Ha OTJEJbHBIE COCTABJIIOIIME C IEJbI0 BBIJCJICHUS OTAEIBHBIX COCTABJIAIOUIMX CIIOMKHOTO
Ipolecca, OCyLIeCTBIIOCH [0 CXeMe, IPEACTaBICHHON Ha puc. 1.

FHY-1 1 FHY-2
ad(i] <t cbli] ex(i] cb2ff)
F1 F2 F3 | F4
f ;
‘I’DPMHPDB dAHHE COCTARIARMMITY ITPOIIECCa

4 Vi

Pacuer cnextpoe

Pucynok 1. CxemMa MHOTOKACKaJHOW (MIbTpamuu A oOpabOTKH HAONIONAeMBIX MaHHBIX I
MOCIEIYOMIECH AKCTPATIOISIIHH.

Ha puc.1 ucnons3yrorcs o6o3nayenus: FHU-1, FHU-2 — 6noku cniapeHssix 1udpossix Gunstpos F1, F2, F3, F4.
Huckpernbie psiabl ad[i] — uncna Bonbda, cfi], cb[i], cx[i], cb2[i] — pe3ynbrarbl ¢unbrpanuu. M3 stux psagoB
(hopMUpYIOTCS PSIBI Pa3HOCTEH, ABJSIFOIIUECS Y3KOMOJIOCHBIME CHTHAIAMH, KOTOpbie Oosee 3(eKTUBHBI ¢ TOUKH
3peHus oneparuu nporuosuposanus: ade[i] = ad[i] — ¢[i]; cad[i] = c[i] — cb[i]; cab[i] = cb[i] — cx[i]; cac[i] = cx[i] —
cb2[i]. B 6nok cxemy puc.l Moxer ObITh H00aBIEH MOAYNb pacuera Koddduuuenta xoppemsiuu. L{udposas
¢unpTpauus B 00JaCTH BPEMEHH OCHOBaHA Ha ONEpallii CBEPTKH JBYX LU(POBHIX MocienoBaTensHocTei. [loTeps
BO BPEMECHHU Y TaKHX (QUIBTPOB paBHA IOJOBHHE YHCIa KO3 UIMEeHTOB B3BelIMBaHU. [109TOMY CHHTE3 IIH(BPOBBIX
(GUIBTPOB C YACTOTHOW XapaKTEPUCTUKOH OJM3KOW K HMICaNbHOH OOXONUTCS 3HAYMUTEIBLHBIMU 33aICPKKaMH BO
BPEMEHH.

AJITOPUTMBI POTrHO3UPOBAHNE MPU3EMHOH TeMIepaTypbl
B pesynberare HaOIIOACHUN PETUCTPUPYIOT KOHEYHOE YHCIIO OTCUETOB, KOTOPHIE MPEICTAaBUMEBI B BUJE:

y(t,)=v(t,)- D c,cos(@t, +@,).n=1,23, .N; (1)

0(t) - TpsAMOyTOJIBbHAS BBIAEINSIOMAas (QyHKIUS, ompenessieMas TpaHULAMH HaOJIONeHUH, ¢ - BpeMs IMCKPETHBIX
oTcueToB, N — KOHeUHoe uuciio orcueroB. [IpoBenst ynopspounBanue criekTpa ¢guauTHOTO curHain (1), moxydaem

ANTOPUTM HHTEPIONSAINHA AUCKPETHOTO IMpOoIecca ¢ MHTEPBAIOM AUCKPETU3aIUU At (2) m st y3IMOBBIX TOYEK d,
JIeKAIUX B 001aCTH SKCTpanosw (3):

Z Ymb, smﬂ(d n)

yd)y== S sinzz(d—n) : @
n=—N ! d—n
>y AV
)= don 3)
3 b,(=1)
n=—N d—n
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B xauecTBe anroputMa NporHO3UpOBaHUs, Hapsay ¢ BeIpaxeHueM (3), ucronssyercs pan Teinopa, mpou3BoaHbIE
KOTOPOT'O TAaKXKE PACCUUTHIBAIOTCS I10 (bopMyJIe:

' (m)=[y(n)- y(m)] (m )< Hom, )

IIporno3mpoBanue 10JIroNepHOAHON cOCTABIAIONIEH MPU3EMHOH TeMIIepaTyphI

IIporuo3upoBaHyue HU3KOYACTOTHON WJIM MEAJCHHOMEHSIOUIEHCS COCTaBISIONE NMpU3eMHON TeMmmeparypsl, T.e.
JIOJTOCPOYHBIA TPOTHO3, NpEACTaBIsieT Haubojee CIO0XKHYI0 NpoOlieMy B peIIeHMH 3ajaud mnporHosa. Ha
COCTaBIIAIONINE CYTOUHOIO U FOJJOBOTO XOJIOB OKa3bIBaeT BIMSHME HU3KOUYACTOTHAsI COCTaBIAOLIAsl TEMIIEpaTypsl,
KOTOpas 0TOOpakaeT MHOTOJIETHHE FUTH KIMMAaTHIECKUEe U3MEHEHNUS, a TAKKe ONPEACIISIOT XOJIOIHYIO HITH TEILIYIO
3UMYy, WU JIETO, JICTHUKOBBIA TEPHO WX III00aJbHOE MOTEIUIEHHE. AMIDINTYIa HU3KOYACTOTHON COCTaBIISIOMICH
3HAYUTEIEHO MEHBIIE CYTOYHOTO M TOJOBOTO XOIOB. IIpy mpoBeneHNH CHEKTPaIbHOTO aHAIM3a HU3KOYACTOTHOM
COCTaBIIIONIEH, Ieecoo0pa3Ho M3 HaOMI0JaeMoro Imporecca yOpaTh BBICOKOYACTOTHBIE COCTABILOMIHME. TaKyio
OTIepaNrI0 TPOBOIAT C IMOMOIIBIO MUPPOBOH QuusTpamyu. B pesymbrate omepannu (QUIBTPAIMHA TEPSIOTCA
npuMepHo ot 15 1o 18 mecsies. McxoaHoit nadopmMaIieii 1yt IpOorHo3a CIy KUK HaOIoAeHUs Temmeparypbl 2013-
2022 rr. Kpome TOro, u3-3a OrpaHHYCHHN BETMYUHBI CTCICHU MOAaBICHHUS HUGPOBOro (GIIBTPA, HEBO3MOKHO
MOJIHOE MojiaBlieHne Kosebanuii ['mo0ca, 4To MPUBOAUT K HEOOXOAMMOCTH MEepeHoca Havyajia MPOrHO3UPOBAHUS Ha
utonb 2018 roma. JlonrocpoyHoe MNPOTHO3UPOBAHUE OCYIIECTBISIETCS HEMOCPEICTBEHHO OSKCTPArosIUeit
HU3KOYACTOTHOM U TOJI0BOM cocTaBistonnx Ha uHTepBajie 2018-2025 romos.

15T

1.0 [ | MHTepBAT (MIBTPALIH

os epBan QuIBTp /\\J

0 . s

_?'0 I obnacte nporxiosa \// o
2013 2014 2015 2016 2017 2018 2010 2020 2021 2022 2023 2024 2025 2026 r|

Pucynoxk 2. J[oirocpouHslil NpOrH03 HU3KOYACTOTHON COCTABIISIOLIEH TeMIepaTyphl IO pe3yJibTaTaM
HabmroneHus B . BHykoBo MOCKOBCKO# 0051aCcTH.

Ha wunrepBane mnepekpwiTus obnactedd (QUIbTpanmMd W TPOTHO3HPOBAHMSI OTMEUAETCS YAOBIETBOPUTEIHHOE
COBMAJICHHE KPUBBIX. AMIUINTYJIa HU3KOYACTOTHOW COCTaBISIONIEH TeMIepaTypbl paBHa, MPUMEPHO, OJHOMY
rpagycy. OpmHako, Ajs JOJATOCPOYHOTO MPOTHO3a O5TO 3HAuMMash BEIWYMHA, KOTOpas B HACTOSIIEE BpeMs
XapaKTepU3yeT MOTEIUICHWE KiIuMaTa M aHoMaldbHO Terutyto 3uMmy 2024-2025 r1r., a Takke KOppelIupyeT C
MaKCUMYMOM COJTHEYHOH aKTHBHOCTH B 25 nukJie. [Ipu moaydeHnn mporHo3a UCTIOIb30BAI0Ch BOCEMb WICHOB Psizia
Teitmopa, 4TO COOTBETCTBYET NMPHUMEHEHHWIO IPOHM3BOIHBIX N0 BOCHMOTO Mopsimka. M3 puc.2 cremyer, 4to Ha
JIONTOTIEPHOAHOM COCTAaBILTIONICH HaOM0MaeTcss HeOOIbIIoH MakcuMyM B 2025 Toy, 9TO MOATBEPKAACTCS TETUION
3UMON B MOCKOBCKOM PETMOHE U COOTBETCTBYET MAaKCUMyMY 25 LIUKJIa COJHEYHOW aKTUBHOCTH [5].

ITporno3upoBaHue TeMIepaTypsbl AJ1s1 NPUMOJISPHBIX TOPOI0B

Ha ocHOBe M310)KEHHOI BBIIIE METOAMKHM IIPOBEAEHO IPOrHO3UPOBAHUE JOJITONEPUONHON WM KIMMATHYECKOM
COCTABJISIONICH MPU3EMHOM TeMIIepaTyphl U1 TopoJi0B Poccru, pacioioKeHHBIX B MPUTIOISPHON 001acTH: ATIaTHUTHI,
Maranas, BepxosiHCK. Pe3ynbraTs! mporHo3npoBaHus IPEACTaBICHBI Ha puc.3.

Ocpb Bpemenu Ha uHTepBaje ¢ 1 ¢espans 2013 . mo 31 mapra 2026 r., u3o0pakeHa CHHYCOWAAIbHONW KPHUBOH,
TOPU30HTaIbHAS MPAMasi — 9TO HyJIEBOH YPOBEHb TEMIIEPATypPbl, BEPTUKAIbHAS KPAacHas IpsiMas — OTMETKA | stHBapst
2024 1. Obnacte A (cuHSS WIM 3eJeHas KpuBasi) — o0nacTb (POPMHUPOBAHMS COCTABIIIONIEH OoJiee OIHOTO roja,
obnacts b (kpacHast kpuBas) - 06acTh NPOrHO3MPOBAHMS COCTABIISIONIEH OoJiee oqHOTO roja, obnacts B (kpacHas
KpuBas) — opHa W3 oOnactell Bo3pacTaHus TeMmmneparypbl. YacTb KpHBOW HHM3KOYACTOTHOW COCTAaBIISIIOIICH
TEMIIEpaTyphl C IEPUOIOM OOJiee OTHOTO T'O1a, JISKAIAs CIpaBa OT BEPTUKAILHOM NMPSIMOMA, MIPEACTaBIsIET IPOTHO3
JIONTOMEPUOHON COCTABIAIOUICH NMPU3EMHOM TEMIeEparypbl C MEPHOIOM Oosiee OJHOTO Trojia, KOTOPYIO MOXHO
CYNTATh KIMMAaTHIECKOH HOPMOH TaHHOH TeppuTopud. Ee mporro3 6omnee nmpaBMIBHO CYNTATh HOPMOW HA TEKyIIHH
neprof. Ha puc.4 npuBeneHs! pe3ynbTaTs! A IPYyTUX MPHITOISIPHBIX TOPOIOB.
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Pucynok 3. [IporHo3 gonronepruoaHoN COCTaBISIIOIIEH NPU3EMHOIN TeMIIEpaTypbl TOPOJOB ANIATUTHI,
Maranan, BepxostHck.
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Pucynok 4. IIporHo3 noaronepuogHON COCTABISIIONICH NPU3EMHOW TeMIEpaTyphl Ui TOPOJOB
Mypmancka, Anatut, Maragana, Sxkyrcka, Bepxostacka. [y cpaBHEHUS IPUBEICHBI PE3YIBTATHI IS
Bnykoso.

JonronieproaHas COCTABIAIONIAs MPH3EMHOM TEMIIEpaTyphl B pa3HBIX reorpapuueckux pailoHax MOXKET JISKaTh KaK
B 00JIacTsAX MOJOXKHUTENBHBIX (ANATUTHI) Tak OTPHUIATENbHBIX 3HaueHWH Temmeparypbl (BepxosHck, MaranaH,
SIKyTCK), a TaKKe NepeceKaTh HyJeBYIO JMHHIO TeMiieparypsl (MypMaHck). BpeMeHHBIE BapHalliy 10ITONEPHOIHOM
cocTaBismOmEel g roponoB: Amarutel, MypMmanck u Maragan Ha 2025 roj NOBTOPSIOT JOATOHNEPUOIHYIO
COCTaBJISIFOLYIO COJIHEYHOH aKTHBHOCTH, a Julsl BepxosHcka momoOHas BapHalusl TEMIIEpPaTyphl MEHEE BBIpaKeHa.
BeposiTHO, Ha 3Ty TeppUTOpHIO OoOIblIee BIMSHHE OKa3bIBA€T OJIM30CTH XOJIOJHOTO OKeaHa, YeM COJIHEYHAs
AKTHUBHOCTb.

KonmuecTBeHHass OIEHKAa IOTPEIIHOCTH IPOTHO3MPOBAHUS JIOJTONEPHOJHBIX COCTABISIONINX TUCKPETHOTO
mpolecca npeacrapieHa B pabore [2], rie mokazaHo, 4TO TMOTEHIMAIbHAS MTOTPENTHOCTh MPOTHO3UPOBAHUS 3aBHCUT
OT TTapaMeTpoOB (QIIIBTPAIIH U YUCIIAa OTCYETOB HA TIEPHO MCKOMOI TapMOHHKH IIpoIiecca.
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3akiaouenune

Ha ocHOBe CHEKTpanbHOTO aHamM3a MPEATIOKEH CIOCO0 YMOPSIOYMBAHMSA CIEKTPAIBHBIX XapaKTEPUCTHK
MIPOTHO3UPYEMOTO TIpOIiecca, MO3BOIMBIINI 3HAUYMTEIFHO MOAABUTH KoneOanus [mb6ca, 1 TeM caMbIM NPEoJoNeTh
mpoOIeMy anmpoKCUMAIINH Pa3phIBHBIX (YHKIUH, a TakKe MPEITIOKUTh MEXaHU3M epeiad HHPopManuy B 00acTh
Oynyiero ¢ momompio koneOanmit ['mO0ca. PazpaboraHa TEXHOIOTHS MPOTHO3HPOBAHUS MPH3EMHON TEMIIEPaTypPHI
METOJIOM IKCTPATIOJISIIMY U TIPE/ICTABJICHA €€ peaIn3alys A1 pasIMuHbIX IPHUITOISPHBIX ropooB PO.

VcxXomHpIMK JaHHBIMU AJISL IPOTHO3WPOBAHUS SBJISIOTCS HCKITIOUNTEIBHO TEMIIEpaTypHbIe TaHHbIS, HAaOMonaeMble
B TOYKE, JJIsl KOTOPOH ompe/ensieTcst IporHo3. TemneparypHble JaHHbIe OpaiCh U3 caiiTa «apXuB moroasn. Cienyer
OTMETUTH, YTO JAHHBIE COJIEPIKaT OOJIBIIOE KOJIMYECTBO MPOITYCKOB.

AMIIATYIa COCTABIISIIOIIEH JOJITOCPOYHOTO IIPOTHO3MPOBAHUS M3MEHSAETCS B Ipefeiax MABYX TIpalycosB.
Boszpacranme TemmepaTypsl HaOmromamoch Bo Bcex myHKTax ¢ uioHS 20 23r. mo wmroms 2024 1, a MOHMXKEHHE
TIONTOTIEPUOTHON cocTaBiIsIromeii Hayanoch ¢ MapTa2025t. [IpemroxkeHHBIH MeTox 00pabOTKH M aHAJI3a UCXOIHBIX
JAHHBIX SBISIETCS 3()(EKTHBHBIM JOMOTHEHHEM K TIPAKTHUKE OJITOCPOYHOTO IPOTHOZHUPOBAHHMA B PpaMKax
MHOTOKOMIIOHEHTHOH TeOMH(OPMAINOHHON CHCTEMBI.
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AHHOTAIIMA

B paboTte ApKTHKa TpEnCTaBIsAETCS KaK YHHUKalbHAas IPUPOJHAs HaydHas JIa0OpaTopus H3Y4YeHHS TeochepHBIX
BO3MYIICHUHN TeNOre0(MU3NIECKOTO MPOUCXOXKACHN. E€ ryMaHuTapHBIN MeXIyHapOIHBIA XapakTep HE TOIBKO B
I1aHEeTapHOM MacmTa6e O6’beKTa " npeaMeTa PICCJ'IC,I[OBaHHﬁ, HO U B TOM, YTO B3aUMOCBA3U U npy>1<6a FCOCI)I/IBI/IKOB
BCCX «APKTHUYCCKUX CTPAH», HC HNPCKpAIABIIA]ACAd U HC OMpA4daBIIAACAd OAXKC B CAMbIC IropsA4Yve NHU WU roAbl T.H.
((XOHOI[HOﬁ BOﬁHLI)), SABJIAKOTCA MIPAMBIM U OYCHb BA2)KHBIM HHCTPYMCEHTOM OTHUX HCCJIGZ[OB&HPIﬁ.

Knrouesvie cnosa: Apktuka, mpupoIHast 1ad0paTopusi, reochepHbIC BOSMYIICHHS, OMTACHBIC KOCMHYECKHE (haKTOPEI,
HapyUICHHs PAJOB HAOIIOACHHH.

Beenenue

ApkTuka. B mociegnee BpeMs 3aMETHO aKTHBH3HPOBAJICS HE TOJIBKO MPAKTHYECKUHA PECYPCHBIN U T€OMOTUTHIECKHIH
HHTEpeC K Hel, HO M Hay4YHO-HUCCIIe0BAaTEeNbCKasl AEATENbHOCTD psijia CTpaH B APKTHKeE, B TOM YHCJIE U B IIpeaeax
nossipHOTO cektopa Poccun. OtHako HU Ha Kpelicepe «SIMan», HM Ha KaKoM JPyTrOM COBEIIaHUH WIIH BCTpeUe TI000ro
paHra o BaKHOCTH MarHUTOC(EpPHO-MOHOCHEPHBIX MCCIEOBAaHUAX HE YIOMUHAJIOCh. B OJHOW M3 caMbIx
npodeccHoHaNbHBIX PadoT Mo pyHAaMEHTaIbHBIM HayYHBIM IpobeMaM ApKTHKH [ ] B pamax TeMaTHKH IOCIEAHETO
MeskyHapOoTHOTO TOJISIPHOTO TOJla TaKXKe HCCIEAOBaHUS BEpXHEH aTMoc(epsl B BBICOKMX MIMPOTax APKTHKH U
AHTapKTUKU HEe yHoMsIHYyThl fdake. Her Hudero o Hux u B «Crtpareruu pazButus ApKTHUeCKOH 30HbI Poccuiickoi
®Deneparun 1 00ecIieYeHnsT HAMOHAIBHOM Oe30macHoCTH Ha mepron 1o 2035 romax» [2].

CosHeYHO-MarHuTOC(hepHO-HOHOC(EepHBIE MPOLEcChl H APKTHKA
HUccnenoBanms maraurocdeps! u moHOChEpsl Kak BaxXHBIX reocepHbx ooonodek (I'CO), ocobeHHO B MONSIPHON
IIallKe W aBpOPaJbHOM OBaje — 3TO aib(a M oMera BCEX NPOCTPAHCTBEHHBIX M BPEMEHHBIX aCHMMETPHH H
HecrannoHapHoctel atux ['CO. [Ipu 3ToM ciokHeHIas «orypedyHo-KaibMapHash 110 KoH(Urypannu maraurocgepa
W BCsS JIMHAMHKA BEpXHEH, cpelHel M Jake HIDKHEH aTtMoc(epbl 00s3aHbl OECIOKOWHOHN JKM3HHM 3THX JIBYX
HaJIIIOBEPXHOCTHBIX 30H 3eMJIM — BeJlb OOJIBIIMHCTBO re0(pU3MYECKNX ITPOIECCOB B CPEAHUX U JaXKe HU3KUX IIUPOTAX
— poztoM u3 ApKTHKH (T.€. 30HBI ¢ Teorpaduueckoit mmpoToit ¢ ~ 60° + 68° (N V S) u reoMarauTHO#N HPOTOH Dy
> 45°). A BO3MyIIEHUS TEOMAarHUTHOTO NOJIS B TIOJIIPHBIX 30HAX B JICCATKH Pa3 BBIILIE 10 aMIUIUTYE, YEM Ha CPETHIX
HIMPOTaX.

®uzuka atmocgepsl BooOIIe, Kak H3BECTHO, POJAMIACH U3 (PU3NKU TA30B M N3yUYEHHUS CBOICTB BO3yXa, a BEPXHSII
aTMoc(epa 3aroJIHeHa HEPaBHOBECHBIMHU Ta3aMM, KOTOpPbIE eIIé HEeIOCTATOYHO M3Y4YeHBI, TeM OoJiee, B TOJISIPHBIX
mupoTax. Mbl yBICKJINCH YACICHHBIM MOJICTUPOBAaHUEM «MJIaJIIeH TOYKM» BEpXHEH, a U HIDKHEH aTMocdepbl —
MoHOC(EpHI, OOJIBIIMHCTBO TUHAMHYECKHX IIPOIECCOB M BO3MYIIEHHH KOTOPOH 00S3aHO CBOEH «POAMTEIBbHUIIEY,
BEpXHeil atMocdepe.
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O.I". Mupmosuy

Kocmuueckast moroga u eé BiIusiHMe Ha YeJIOBEKa

B memnsax coBepIIeHCTBOBAaHUS CHCTEMBI IPERyIPEKICHAS OPraHOB rocynapcTBeHHoi Biaacti, BC P® u nacemenus
00 OTIacHBIX MPHUPOIHBIX (THAPOMETEOPOIOTHICCKHAX U TeIHOTe0(p3NIECKIX) SBICHIX, a TAaKXKe THOeNn JIFoeH Ha
3eMJIe 1 B KOCMHUYECKHM INPOCTPAHCTBE BO BPEMsI OPOMTANBHBIX MOJETOB M CHIDKEHUS YKOHOMHUYECKOTO yIepOa
yu€neiMu ['mapomerciyx0b1 Poccun emé B 1993 rony Obuiv BbIpaOOTaHBI M BBEACHBI B AEHCTBUE KPHUTEPUH
HeOJIaronpHuATHBIX M ONIACHBIX TeJIMOre0(hU3NUECKUX sIBICHHMH [2, 3].

1. B kauectBe mapamerpa s KilacCU(DUKAIMK pPagMAllMOHHOW OOCTAaHOBKM B OKOJO3EMHOM KOCMHYECKOM
npocrpanctie (OKII) npunsTa Bennuuna I — MIOTHOCTH TOTOKA 3apsSHKEHHBIX YaCTHIl B CM2C™!, MPOHUKAIOIIMX 32
ATIOMUHHEBYIO 3aIUTY TOMMHOM 1 1+ cm? (mpoTonsl ¢ sHeprue E > 30 MaB, anextponsl ¢ sHeprueii E > 2 MaB)
10 M3MEPEHUSIM B MOJISIPHBIX IIANKaX MarHUToc(hepsl 3eMITH NIIM BHE MarHUTOC(EPHI.

1.1. Pe3koe yxyamenne paauamuonHon oocraHoBkr B OKII kmaccudpummpyercst Kak HeOIaronpusITHOE SBICHHE
IIPHU YCJIOBUH, YTO IUIOTHOCTH ITOTOKA MPOTOHOB | comHeunsx kocmmyecknx srydeii (CKJI) HaxomuTest B mpeznenax
5+10% em?c! + 5+10* em?c™! (mpm mocTosHHBIX 3Ha9eHnax 1 = 5+10° cm’c’! B MONAPHBIX IManKax J03a M3TyYEHHS,
o6ycnopiennas CKJI, na op6ure Beicotoit 300 — 500 kM mpu yrie HakiIoHa 52° 3a 3ammToi 1 rcm? coctaut 1 + 25
pal B CYTKH B 3aBUCHMOCTH OT CTEIIEHH BO3MYILEHHOCTH MarHUTOC(HepsI).

1.2. Pe3koe yxynuieHHEe paaMallMOHHOW OOCTAHOBKM KJIaCCH(UIMPYETCs KaK ONAcHOE SIBJICHUE IIPH YCIOBUU
[>5+10*cm2ch.

2. K wusmeHeHMsM HOHOC(EpbI, CIOCOOHBIM MNPUBECTH K PE3KUM HapyLICHUSM YCIOBHH paclpOCTpaHEHUS
PaJHOBOJIH, OTHECCHBI:

2.1. TlosiBIeHNE M COXpaHEHHE B TEUCHHUE > 3 4 MOAPS OTPUIATEIBHBIX OTKJIOHCHHH OT MEAWAHHBIX 3HAYCHHH
KpUTHYECKHX 4acToT cios Fa (8f,F2) > 50 %;

2.2. TlosiBiIeHME TIOTIIOMICHNUS B MOJApHOM mmiamnke (sBieHne PCA) mo puoMeTpudeckuM AaHHBIM > 3 nb B TedeHue
> 3 4. [Ipr OTCYTCTBHM ONIEPATUBHBIX PUOMETPHIECKUX JAHHBIX CYUTATh SKBUBAJICHTHBIM YKa3aHHOMY KPHTEPHIO:

- mosBiexue (o mmepernssM Ha MC3 "Meteop") motokoB nmpotoHoB (E > 15 M»B) B BEICOKHX IUPOTaxX MpH
I>103em?c!;

- TOSBJIEHHE IIOJHOTO 3aMupaHus curHagoB B KB-mmamazoHe 1o HaOMIOAEHWSIM METOAOM H3MEpPEHHMS
TIOTJIOIIECHHS Ha HAKJIOHHBIX Tpaccax B TedueHne 20 MuH. U OoJee.

Psan uccnenosateneil kocMoca 3TOro HOPMAaTUBHOTO aKTa He 3HalOT. Kpome Toro, Hy»Ha KOPPEKTHPOBKA JaHHBIX
KPUTEPHEB, UTO CBA3AHO C yCIeXaMH B 3KcrepuMeHTaabHOM n3ydeHnu OKII kak B HOHOC(hEpHO-MarHUTHOM, TaK U B
paanaIoHHOM cocTaBisAonie. HeT BIMAHNSA MarHUTHBIX Oypb Ha pa1 00BEKTOB SKOHOMUKH, yuéTa 3acopeHust OKII
MYCOPOM, PUCK OT KOTOPOTO BBIIIIE aCTEPOUTHO-KOMETHOM onacHocTU. B cBeTe n3mepenuii Heiitporos ¢ E > 20 MaB
Ha MC3 "SMM", NC3 "KOPOHAC-®", Ha a’pocTatax M B JAPYI'HX O3KCIEPHUMEHTaX, BO3MOXXHO, IPEICTOHUT
nepecMoTpeTs Bonpoc o coctape CKJI, 9To BakHO /7151 OJIETOB HA JUIMHHBIX aBHaTpaccax. Takue MOnpaBKu OyIyT
UMETh OHMOJIOrO-COIMAIIFHOE M SKOHOMHYECKOe 3HaueHwe. BakHo u To, uro mepecmorp cocraBa CKJI moxer
W3MEHUTH HAIIW B3MJISABI M HA KOJMUYECTBEHHOE Halndue HEHTpoHOB Ha CoHIE, XOTs MEXaHU3M HMX BeIOpoca B
KOCMHYECKOE MPOCTPAHCTBO HE SACEH.

Pons kocMuueCcKO# NMOTOABI I cpeHel aTMocdepbl aBTOp OTMETHA emé B paboTe [5], MPUMEHNB 3TOT TEPMHUH
BIIEPBBIE. A [T0 F€HEPUPYEMBIM MATHUTHBIMU BO3MYIICHUSMH TEJLTyPHUECKUM TOKAM MOXKET ITPEACKA3bIBATHCS TAKKE
MecTa KPYITHBIX MECTOPOXKIeHHH He(TH 1 0OCOOEHHO METATMYECKUX PYI.

HemnosiHoTa ¥ MOTEPsl JAHHBIX KaK HAYYHAs MpodJieMa

OpHOM M3 caMbIX IVIABHBIX 3a7ja4 3TOH OrPOMHON 0OJACTH MCCIICOBAHUM SIBIISIETCS] COXPaHEHHE U IIPUYMHOXKEHHE
HETIPEPHIBHBIX PsIIOB HA3EMHBIX HAOIIONEHUI JJIsl HACTOSIIEro ¥ OyAylIero NMBHIM3AIMU U ¢ TYMaHUTApHOW, U ¢
9KOHOMHYECKON Toduek 3peHmd. lIpexae Bcero, STO KacaeTcss pa3phiBOB B HAOMIOACHUSAX WM MX OTCYTCTBHE «B
Hy>KHOE BpeMs B Hy>)KHOM MecTey. «C»

HenonyctumsiM siBiIsseTCS pyKOTBOPHOE YHUUTOKEHUE TOUEK U CPEACTB MOHUTOPUHIA IAPAMETPOB OKPYIKAOLIEH
Cp€abl, KOTOPBIC HHUKAKHUM O6p330M BOCIOJIHUTh HEJIb3s. JTO IMPOCTO YHHUYTOXKAET BCEC HE HpO}lHéHHBIe pAAbI
MPEIBIAYIINX HAOMIOCHIH, CHIIBHO CHIDKAeT 3((EeKTHBHOCTh KOCMHYECKUX MPOTPaMM M MpoekToB. Pazymeercs,
KOMIUIEKCHOE HCCJICIOBAHUE APKTUYECKOI'0 HPOCTPAHCTBA OCYIIECTBISAETCS CETOJHS CHCTEMaMH KOCMHUYECKHX
cnyTHHKOB. OIHaKO HU OJIHA CephE3HAsl Hay4Hast KOHIENIHS U TeM 0oJiee MOJIesb OJIMKHETr0 KOCMOca He MOTJIH OBITh
MIOCTPOEHBI 0€3 CHHEPreTHUECKOro CUMON03a JaHHBIX, MOIyYeHHBIX KocMudeckumu anmnaparamu (KA), ¢ nraHHbIMEI
Ha3eMHBIX HaOmoeHnid. OTCyTCTBHE Ha3eMHBIX HAOIOICHUH BO BpeMst paboThl KA 1 X CHHXpOHHM3aLuu ¢ paboToi
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KA yxe Haneco 0ombmol ymepO Hayke 1 pakTike. 30HbI BTopskeHHid CKJI v MOJISIPHBIX CUSHUH — 3TO YHUKAJIbHBINA
Hay4YHBIH TOJMTOH (PyHJaMEHTAIbHBIX HCCIICJIOBAHUM, MPOBEJCHUE KOTOPHIX HEBO3MOXHO HM B KaKHX JAPYIHX
TadopaTopusX; CBOEOOpa3HbIM «KoJulaiinep» sl (DU3MKOB-IKCIIEPUMEHTATOPOB M 00NAcTh  IPHPOIHBIX
B3aUMO/ICHCTBUIA THIIa BOJTHA-YaCTUIIA JUIsl TeOPETHKOB [6]. U rimaBHOE — 3T0 1pyk0Oa re0(hpM3UKOB BCEX «APKTHUECKHX
CTpaH», HE OMpayaBIIAsCA JaXe B CaMble FOPSYUE THHU U TOMBI T.H. «XOJIOJHOI BOIMHBD.

[Ipumeuanune. B 106mneitnsiii rog Benmkoit modenpl Hao YIOMSHYTH, YTO Bpar, HyKIaBIIUHCS B METCONAHHBIX,
3axBaTii uMeHHO «Ciryx0y HaOmoneHnit u cBs3m» npu craHiuu Jukcon. CooOmieHHe O MONaJaHWH B IUICH
METEOPOJIOTOB HAIIEMY PaIHOCBA3UCTY TaKOM MOCNATh yaJI0Ch, HO OHO B YUTAEMOM BHJIE HE JOILIO, CKOPEE BCETO,
W3-3a pas3bITpaBIIeiicss B TO BpeMs (Pe3KOro MoabhEéMa COTHEYHOH aKTHMBHOCTH) MAarHUTHOW Oypw B ApKTHKE, O
BIHMSHUU KOTOpBIX Ha KB paguocss3e crano u3BecTHO b no3aaee — u3 padot H.II. benskosoit, H.B. ITymikosa u
ux koyer-sHty3uactoB HUM3Ma, crasuiero nos:xe U3MMUPAHowMm.

JIutepartypa

1. Wsaués N.B., IlerpoB B.O. IlpmopureTHble HampaBieHWs II0 MPOBEACHUIO (YHIAMCHTAIBHBIX U
MPUKJIAIHBIX Hay4YHBIX UCCIeNOBaHUN B nHTEepecax ocBoeHust Apkruku // APKTUKA 2035: akTyaibHble BOIPOCHI,
npobaemsl, pemenus. Ne 1(9), 2022. C. 30-39.

2. Vxa3 Ilpe3sunenra Poccuiickoit @eneparuu ot 26.10.2020 r. Ne 645 «CtpaTeruu pa3BuTus ApKTHUECKOU
30HbI Poccuiickoii Denepanun u odecneyeHns HallMOHAIBHOM Oe3onacHocTy Ha nepuoy 10 2035 rogax» / [Ipesunent
Poccuu [Dnexrponnsrii pecypce] // URL: http://www.kremlin.ru/acts/bank/45972 (nara ob6pamenus: 27.09.2025).

3. Mupmouy D.I'. TloTeHmmampHBIE WCTOYHWKH YPE3BBUAMHBIX CHTYalldil TeIHOre0(U3NICCKOTO
npoucxoxaeHus / 16-s1 Beepoce. oTkpeiTas HaydHas KoHQ. «Pu3nKa ra3Mel B coTHedHOU cucteme», M., UK PAH.
2021. C. 279.

4. Mupmosmu O.I. K mpobmeme nporao3upoBanus UCTOYHHKOB UC TEeOPH3MUECKOTO MPOUCKOKICHHUS //
Hayunsie 1 oOpa3oBartenbHbIe TPoOIeMbl Tpakaanckoit 3amuTel. XuMkn: AI'3 MUC Poccun. Ne 2(3), 2008. C. 16—
23.

5. Mupmosuu 3.I". TIpornos norozs! cpenueit armocdepsl / «Uenosek u cruxus», Exxeronunk. M.: «Haykay.
1986. C. 77-80.

6. Mupmonu D.I'. ApkTHKa Kak MeXIUCUHUIUIMHAPHAS SKCIEpUMEHTaIbHas J1abopaTopusi HCCIe0BAaHHS
reochepHbIX  BO3MYIIEHHH  TeJIHOreo(U3MYecKOro  IMpOMCXOXkAeHHs //  HaydHbelii  DIEKTpOH.  apXWuB.
http://econf.rae.ru/article/6546 (nata obpamenns: 27.09.2025).

150



AUTHOR INDEX

A
Aidakina NLA. ..o 36
ANOTUO C.M. oo 7
Antonenko O.V. ..o 97
Antonova E.E. .......cccoooiiiiiiii 11, 54
B
Babaeian B. ........cooooiiiiiiiiiiie e 71
Balabin YU.V. oo 139
Barkhatov NLA. ..o 40
Barkhatova O.M. ......cccccoeiviiiiiiiieeeeeeeeeeee 40
Belakhovsky V.B. ...occoiiiiiiiieeeeee 44,83
Berezutsky A.G. .occoooveeiieiieeeeeee e 75
C
Chernenko AN, .ccoiiiioiiiiieeeeeeeee e 49
Chibranov AL A. ..o 75
D
Demin VI oo 130, 134
DemKin V.M. ..o 130
Despirak LV. .o 15
E
Efishov LI oo 63, 67
Endeshaw L. ......oooovviiiiiiiiiiiiiee e 20
F
Fadeev A.S. ..o 88
Fagundes P.R. ...cccovviiiiieeeeceee e 7
Fedyai O.V. .o 49
Filatov MLV, e 63, 67
G
Germanenko A.V. .eeiiiiiiiiiiiieeeeeeeeeeeeeeen 139
Gomonov A.D. ... 101
GromoVv S.V. .iieeiieeiee et 23,27
Gromova LI ..o 23,27
GUIIN A V. e 101
Gushchin MLE. ..o 36
Gvozdevskiy B.B. ...ccccocovininiiiiiiiee 139
1
Ismagilov V.S. ..o 79
K
Khalipov V.L. .o 126

Kirillov A.S. ..o 97,109, 114, 130
Kirtllov VLA, e 109
Kirpichev LP. ..o, 11
Kleimenova N.G. .......ccoooviiiviviiiiiiieeeceeeeens 23,27
Kobyakova S.E. ....ccooovieriiiieiieece e 126
Kopytenko YU.A. ..o, 79
Korobkov S.V. oo 36
Kostarev D.V. ...oooiiiiiiieeiieeeeeeeeeeeeeveeee e 83
Kotova G.A. oo 126
Koval A V. oo 88
KUulKOV Y. Y. oo 130
KuliKOV YUN. oo 114
Kuvshinov AL A. ..o 49
L
Lubchich AL A. ..o 15
M
MaKarov G.A. ...ooeeeeeiiiieeeee e 59
Malysheva L.M. ...cccccooiiiiiiiieiiieceeeeee 23,27
Menshov YU V. ..o 134
Mikhailov V.M. ..o 143
MiKhalko ELA. e 139
Mirmovich E.G. ....ooooviiiiiiiiiiieeeeceeee e 148
N
NaATKO DY U v 11
o
Ovchinnikov LL. ..o 11
P
Petrishchev MLS. ..o 79
Pilipenko V.A. .o 44,83
Pillat V.G. oo 7
Podgorny ALl ....ccoeieviieiieiece e 92
Podgorny LM, ....ccoccovviiiiieiicieceeeee e 92
Pudovinnikov RIN. oo 49
R
Revunov S.E. ..o 40
Revunova E.A. ..o 40
Rozhdestvenskaya V.I. .....cccccoinininiinincncnns 143
Rozhdestvensky D.B. .......ccccoovvveiieniieiieieee, 143
Ryskin V.G. ..o 130
S
Sakharov Ya.A. ...coooveeviiirieeiiecieeeee e 15,44

151



Savenkova EXN. ....oooiiiiiiiiieeeeeee e 88

Selivanov V.ON. oo 15, 44
Sergushin PLA. oo, 79
Setsko P.V. oo 15
Shafizadeh MLR. ......ccccooviiiiiiiiicie e 71
Shagimuratov LL. ......ccccoooiiiiiiiiiiiiees 63, 67
Shaikhislamov LE. .......cccociiviniiieieeeeeen, 75
Sharipov S.S. ..o 75
Sheiner O.A. ...oooovieeiieeeeeieeeeeeee e 105
Shvets MLV, et 101
Stepanov ALE. ..o 126
Stepanova M.V, ... 11
Strikovskiy A V. oo 36
SUvOrova AV, i 31
Suzdalev AN, oo 134
T
Tarasenko V.F. ....cccooviiiiiiiiiieieceece e 109
Telegin VLA. oo 143
Tepenitsyna N.Ya. ....ccocceevienieniieiieieeieeieen, 63, 67
Tertyshnikov A.V. .o, 118
Tishchenko V.IN. ..o 75

152

TKachev A.L. ..oooovieiiiiiieeieeceeeee e 79
U

Uvarov V.M. e 123
| 4

Vakhnina V.V. L. 49

Vinogradov N.P. ..o 109

VOIKOV MLA. oo 101

Vorobjev V.G. ...ccovvveieiieieieiieeee e 11, 40, 54

Vybornov F.L. .o 105
Y

Yagodkina O.1. ....ccoooiiiiiiiieieceeeee 11, 54

Yakimova G.A. ..oooooieiiiieeieeee e 63, 67
Z

Zudin LY. oo 36



