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Abstract

The most recent findings on the dynamics of the outer radiation belt (ORB) and the physics of magnetospheric
substorms are examined. Specifically, we investigate the relationship between storm time substorms and the energetic
electron population that forms the ORB. Traditionally, storm time substorms have been considered as the primary
source of energetic electrons, which are further accelerated during storms to contribute to the formation of the ORB.
However, several observations have demonstrated that large magnetospheric substorms can generate high-energy
electrons even in the absence of magnetic storms. Substorms introduce dispersionless injections of energetic electrons
deep into the magnetosphere from the geosynchronous orbit during storm times. The injected electrons undergo
additional acceleration via the betatron mechanism during the storm recovery phase, thus increasing the ORB
population. To gain a better understanding of this process, it is crucial to study plasma sheet turbulence, substorm
onset processes, and the brightening of auroral arcs. By analyzing the aforementioned findings, this study aims to
highlight the need for reanalyzing of the role of auroral processes in the formation of the ORB.

1. Introduction

During the last years, the problem of the acceleration of the outer radiation belt (ORB) relativistic electrons is
considered to be one of the most important unresolved problems of magnetospheric dynamics in spite of the significant
affords for its solution including the launch of dedicated space missions like RBSP/Van Allen probes and ARASE. It
was finally established that the outer electron belt can almost disappear during the main phase of the storm. An increase
in ORB relativistic electron fluxes occurs for the recovery phase of about half of the magnetic storms, a drop in fluxes
compared to pre-storm levels takes place for about a quarter of magnetic storms, and a recovery of fluxes to a similar
level also during about a quarter of the storms. It is difficult to understand the observed patterns using the standard
approach, which ignores the ring current dynamics and the main features of substorm dipolarizations. In this paper,
we summarize the results of studies of the role of substorm processes in the acceleration of relativistic electron. We
try to outline areas of work that could lead to the creation of an adequate self-consistent picture of processes inside
the magnetosphere leading to the ORB formation.

2. Topology of magnetospheric currents and substorms

The main feature of the development of magnetic storms is the displacement of the auroral oval to lower latitudes. For
example, during the magnetic storms of February-March 2023, discrete forms of aurora were observed at the latitude
of Moscow. Such feature shows that the substorm onset and development takes place deep inside the magnetosphere
which is difficult to understand by assuming the ordinary suggestion of substorm development due to reconnection in
the geomagnetic tail. It has been conclusively proven that field line stretching and local dipolarizations are observed
at small L during storm time substorms (see, for example, [ Nosé et al., 2016] and references therein). In many cases,
such results were discussed within the framework of the traditional assumption of the movement of the plasma sheet
towards the Earth during a storm. However, this point of view did not take into account the existence of a plasma ring
surrounding the Earth, the boundaries of which during the daytime coincide with the closest to the Earth boundary of
the low-latitude boundary layer. The average pressure gradient of the magnetospheric plasma in this ring is directed
toward the Earth at all MLTs, which means the existence of an outer part of the ring current (cut ring current - CRC).
The characteristics of the plasma in the ring are similar to the characteristics of the plasma in the plasma sheet. That
is why for the long time, the night part of the CRC to geocentric distances ~10-13Re has been considered as the part
of the closest to the Earth plasma sheet (see the review [Anfonova et al., 2018a]). Fig. 1 illustrates this statement. Red
arrows in Fig. 1 show the direction of the plasma pressure gradients, yellow arrows show CRC and field-aligned
currents. Compression of the magnetospheric magnetic field in the daytime by currents at the magnetopause leads to
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splitting and shifts to higher latitudes of the surface of the minimum magnetic field at the magnetic field line, which,
unfortunately, was not taken into account when creating magnetospheric magnetic field models and substorm models.
The existence of the outer part of the ring current indicates the closed nature of the drift trajectories of particles, the
Larmor radii of which are small compared to the inhomogeneity of the magnetic field. Therefore, the CRC region
became the region where energetic particles can be trapped mainly on Shabansky trajectories. Discussed scheme is in
arather good agreement with the results of [ Vorobjev et al., 2018], which analyzed 163 isolated substorms and showed
that the increase of | Al| produces the decrease of storm index SYM-H. The existence of CRC region as a part of the
ring current also explains the recovery of fluxes after quarter of the storms due to the action of adiabatic effect
[Antonova et al., 2018b].

1.0
Interplanatary =T
Magnatic Field _ - Tail Currant
o3
=¥
w =
= -
2 -
Fl
>_v\ g.
[-®
-] Rling Current Field-Alignad
0.1 ™ CIN¥CRC Cumenls Low Latituds
Solar Wind D "th-dagnempausa Boundary Layer
Magnetopause Current
a b

Figure 1. Distribution of plasma pressure at the equatorial plane during quite conditions (a) and the scheme of
the magnetosphere including the high latitude continuation of the ordinary ring current (b).

The most popular point of view, formed before the launch of the RBSP/Van Allen probes, was that substorms
provide injection of a seed population of electrons inside the magnetosphere, which are then accelerated to relativistic
energies by one of the wave mechanisms [Baker et al., 2005]. The traditional theories of substorm require the
reconnection or current disruption in the geomagnetic tail. The development of substorm and the formation of a seed
population of electrons in the magnetotail required rapid radial transport of particles into the magnetosphere. Particles
accelerated during substorm dipolarizations inside the geostationary orbit will be immediately captured inside the
magnetosphere, unlike particles accelerated in the tail. Therefore, dipolarizations within the geostationary orbit
removed the problem of the formation of a seed population, but required modification of the basic concepts based on
the assumption of reconnection in the magnetotail as the main cause of substorm activations.

3. Magnetospheric turbulence and substorms

Along with tail theories of substorms, a theory of substorm was developed, based on the analysis of magnetosphere-
ionosphere interactions starting from the work of [ Tverskoy, 1972]. Thus, in the works [Antonova, 2002; Stepanova
et al., 2002], a substorm onset was associated with the instability of the system of upward field-aligned currents and
the penetration of cold ionospheric plasma through the boundary of the region of field-aligned potential drop leading
to the acceleration of auroral electrons. This theory explained the occurrence of substorm activations without a trigger
in the solar wind or in the magnetotail. However, it also fits well with the results of observations of triggered
substorms, since the brightening of the auroral arc requires only a sharp change in the local convection in the presence
of an upward field-aligned current in a region of field-aligned potential drop. Bursty bulk flow (BBF) are ordinarily
considered as the substorm expansion phase trigger. The MMS observations of BBF in a burst mode show a large
increase of turbulent fluctuations in the tail during BBF which produce effective particle acceleration [Ergun et al.,
2022]. However, BBF are observed much more frequently than magnetospheric substorms. That is why it possible to
find a suitable disturbance before the onset of most of substorms. It is necessary to mention that the plasma sheet of
the Earth is a turbulent region (see [Borovsky et al., 1997] and reviews [Ovchinnikov and Antonova, 2017; Antonova
and Stepanova, 2021]). High level of electric field fluctuations with amplitudes, which are 1-2 orders of magnitudes
larger than amplitudes of electric fields of magnetospheric convection are constantly observed [Ovchinnikov et al.,
2023].

The level of turbulent fluctuations is increased during magnetospheric disturbances including the generation of more
or less regular phenomena such as Pc5 fluctuations and chorus waves. Interactions with such waves are ordinarily
proposed as a possible solution of the problem of ORB formation. Acceleration by chorus waves during the resonant
interaction of waves and particles is considered as the main accelerating mechanism for a seed population of electrons.
At the same time, it was necessary to take into account that the energy density of waves is at least two orders of
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magnitude higher than the energy density of accelerated electrons [Shklyar, 2021]. The difficulty of using this
mechanism is related to the fact that the pitch-angle diffusion coefficient in cyclotron wave-particle interaction is
orders of magnitude higher than the energy diffusion coefficient (see, for example, [ Orlova et al., 2012]. That is why
at maximum recorded amplitudes of such waves the acceleration time was at least several hours. At the same time the
appearance of relativistic electrons during substorm dipolarizations was also recorded (see [ Pinto et al., 2020] and ref.
therein). It was possible to clarify the role of chorus waves only producing a careful analysis of wave and particle
evolutions.

A thorough analysis of variations in the fluxes of relativistic electrons along the orbits of the RBSP/Van Allen probes
satellites shows (see [Kim et al., 2023] and references in this work) that inside the magnetosphere, sharp changes in
the fluxes of relativistic electrons occur only at the moment of substorm dipolarizations. Between dipolarizations, the
electron fluxes do not change. When analyzing individual depolarization at 15:50 UT during storm 17 March 2013
Foster et al. [2017] suggest the action of nonlinear interaction with the same cyclotron waves due to simultaneous
small amplitude chorus observations. However, the well localized interaction of electrons with high frequency
electrostatic waves appeared due to field-aligned electron beam relaxation during substorm onset seems to be more
probable and deserve special attention. Obviously, the mechanisms associated with the emergence of large induction
fields during dipolarization also have an advantage. It should be noted that disruption of the adiabatic motion of
electrons in the local dipolarization region does not lead to the loss of particles from the trap.

An important partially explained feature of the ORB formation is described by the Tverskaya relation [ Tverskaya,
2011] which connects the position of the ORB maximum formed during a magnetic storm with the maximum value
of the module of minimum the Dst index during the storm. Numerous results confirming the validity of the Tverskaya
relation for magnetic storms of the RBSP/Van Allen probes period have shown the need to include this feature in the
modeling of the ORB formation. Currently, there is a theory, developed in [ Tverskoy, 1997; Antonova, 2006], linking
the occurrence of the ORB maximum with the formation of the maximum ring current pressure during a storm. The
theory predicts a coincidence of the position of such a pressure maximum with the position of maximum of relativistic
electrons predicted by the Tverskaya’s relation. Determining the position of the maximum plasma pressure as known
is difficult due to the slow motion of the high-altitude satellites in the equatorial plane. At present, it has been possible
to determine the position of the maximum pressure for a number of cases. Fig. 2 shows the Tverskaya relation (black
lines with positions of ORB maxima in a number of storms selected by black signs) and positions of plasma pressure
maxima selected for a number of storms (color signs).

Ll'[!ﬂX
6l Figure 2. The dependence of the pressure maxima
position during a number of magnetic storms on |Dst|max
5L A during storms May 29, 2010, with |Dst| = 85 nT
Jiv 2 (inconspicuous blue sign); October 8-9, 2012, with
4l ﬂ? |Dst| = 111 nT (dark blue sign); December 19-22, 2015,
% with [Dst| = 155 nT (inconspicuous green sign); March
¢ + 1-8, 1982, with [Dst| = 211nT (dark green sign); Bastille
3L 4 crRES a, Day event (July 2000) with [Dst| > 300 nT (red square)
i ? (adapted from the work [Antonova et al., 2023]).
® Meteor ®
= OVI-9
4 Polar
1 SAMPEX
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iDSIimax’ nT

4. Conclusions and discussion

The performed analysis reviles a number of features leading to the modification of existing concepts of substorm

development and ORB formation.

o Storm time substorm observations and observed large level of tail fluctuations lead to considerable modifications of
substorm theories as it is easy to find the plasma sheet disturbance before the most of substorm onsets.

e [t is necessary to reanalyze the role of the auroral processes in the ORB formation.

o Storm time substorm injections form the plasma pressure maximum during a storm calculated using the Tverskaya’s
relation.

e Selection of the mechanism leading to the nonadiabatic ORB acceleration requires the analysis of thin auroral arc
brightening during substorm onset and substorm dipolarizations.
The study of storm time substorms can help not only to predict the position of the ORB maximum according to the

Tverskaya’s relation but to clarify the nature of magnetospheric substorms and to develop the program of the

prediction of the appearance of high fluxes of relativistic electrons.
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Abstract. The complex space weather events of September 2017 included interplanetary coronal mass ejections
(ICMEs), magnetic clouds (MCs), Sheaths, Corotating Interaction Regions (CIRs), solar wind high-speed streams
(HSSs), fast forward shocks. This month can be divided into four events with different space weather conditions: first
period on 7-8 September, second period on 12-13 September, third period on 14-17 September and fourth period on
27-28 September. In this report we considered the increasing of geoinduced currents (GICs) during moderate magnetic
storm (SYM/H ~ =74 nT) occurring on September 27-28 caused by CIR connected with the high-speed streams (HSS).
This storm was characterized by a gradual, multi-step main phase development with maximum at ~06 UT on 28
September. At the background of the storm another geomagnetic activities were also registered — substorms and
geomagnetic pulsations — which caused intense GICs on the Vykhodnoy (VKH), Revda (RVD) and Kondopoga
(KND) stations in the North-West of Russia and on the Mantsala (MAN) in the South of Finland. The increasing of
GICs were controlled by data from registration system on Karelian-Kola powerline in the auroral zone (eurisgic.ru)
and in Finland obtained from gas pipeline near Mantsala in the subauroral zone. The fine spatiotemporal structure of
electrojet development during substorms were analyzed using the maps of the equivalent currents of the MIRACLE
system and IMAGE magnetometers data. It was shown that intense GICs observed in the subauroral and auroral zones
were associated with two sources - the movement and intensification of the substorm westward electrojet during the
expansion phase of the substorm (in the premidnight sector) and Pc5 pulsations during the recovery phase of the
substorm (in the morning sector).

Introduction

It is known that by rapid changes of the geomagnetic fields occurrence the intense, quasi-direct currents flowing in
the conductor systems of terrestrial technological networks, these currents were called as Geomagnetically Induced
Currents (GICs) [e.g., Viljanen et al., 2006]. Rapid changes in the geomagnetic field are usually associated with the
arrival of solar wind shock waves, coronal mass ejections (CMEs) and high-speed streams from coronal holes to the
Earth, which lead to the development of magnetic storms and substorms, as well as the appearance of magnetic
pulsations [e.g., Lakhina et al., 2020]. Recently it has been confirmed that strong disturbances of the westward
electrojet during expansion phase of substorm is one of the reasons for the GICs growth in the auroral zone [ Vorobjev
et al., 2018; Tsurutani and Hajra, 2021; Despirak et al., 2022]. The excitation of GICs in power transmission lines
on the Kola Peninsula is controlled by system of continuous observations at three to five nodes of the operating power
transmission line from 2011 to the present [Sakharov et al., 2007, 2016]. A number of transformer substations of the
Karelia—Kola power transmission line, which runs from south to north across Karelia and the Kola Peninsula, have a
continuous metering system for GICs [Sakharov et al., 2019].

In this work we study the case on 27-28 September 2017 when intense GICs on Karelian-Kola power line
(Vykhodnoy, Revda and Kondopoga stations) and Finland pipeline near Mantsala are registered. Note, that September
2017 was an extremely active space-weather period with multiple events leading to varying impacts on the Earth’s
magnetosphere. A large number of space-weather events took place during a period of only one month and resulted
in several geomagnetic effects such as magnetic storms (of varying intensity), which caused by CME and CIR, and
also high-intensity long-duration event of geomagnetic activity (HILDCAA). The September 2017 was divided into
four events with different space weather conditions: first period on 7-8 September, second period on 12-13 September,
third period on 14-19 September and the fourth period on 27-28 September [Haira et al., 2020]. Appearance of intense
GICs during the first space-weather event on September 7-8, 2017, associated with the development of two strong
substorms (supersubstorms), which were observed against the background of two magnetic storms caused by two
successive CMEs, was discussed in our previous work [Despirak et al., 2023]. Recently we considered also the
appearance of intense GICs during second event on 12-13 September and it has been shown that the increase in GIC
amplitudes at different latitudes was associated with the poleward movement of the westward electrojet during the
expansion phase of the substorm. Besides, it has been found that the source of the GICs at the recovery phase of the
second substorm appeared to be a short pulse of Pc5 pulsations and the amplitudes of GICs during pulsations were
comparable with substorms one [Setsko et al., 2023].
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Geoinduced currents during geomagnetic storm on 27-28 September 2017

In this work we considered the fourth event of space weather registered in September 2017, the event on 27-28
September, when a moderate magnetic storm (SYM-H ~ —74 nT) developed. Solar wind and interplanetary magnetic
field (IMF) parameters on 26-29 September 2017 are shown in Figure 1. This time period was characterized the arrival
of a high-speed stream (HSS) to Earth, the CIR was registered from ~23 UT on 26 September to ~09 UT on 28
September, then HSS was observed with high speed ~650-700 km/s. Accordingly Haira et al., 2020, the storm was
caused by several southward IMF periods (~ —15.4 nT, ~—11.3 nT, ~—10.5 nT, ~ —9.5 nT) inside the CIR, this storm
was characterized by a gradual, multi-step main phase development with maximum at ~06 UT on 28 September. At
the background of the storm three substorms at the IMAGE magnetometers were registered, moments of the substorm
onsets are shown by the vertical red lines. We analyzed the fine spatio-temporal structure of the westward electrojet
development during these substorms and magnetic pulsations registered at the substorm recovery phase.
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To analyze the GIC appearance, data from two recording systems were used: 1) EURISGIC (http://eurisgic.ru/),
located in the North-West of Russia in auroral zone; the points of registration of the GIC and the location of
magnetometers can be found in previous works [Sakharov et al., 2007, 2016, 2019]. This power line is located at
geographical (geomagnetic) latitudes from ~60° to ~69° (56.6° to 65.5°) directed from south to north. Note that this
location corresponds to auroral latitudes where substorm disturbances are usually observed. 2) GIC registration system
in Finland obtained from gas pipeline near Mantsala is the subauroral zone (https://space.fmi.fi/gic/index.php) The
geographic coordinates of substations, whose data are used in the work: Vykhodnoy (VKH) (68.8°N, 33.1°E), Revda
(RVD) (67.9°N, 34.1°E), Kondopoga (KND) (62.2°N, 34.3°E), Mantsala (MAN) (60.6°N, 25.2°E). The development
of the substorm was determined by the magnetometers of the IMAGE (http://space.fmi.fi/image/) network, the IL-
index is also taken from IMAGE network. Maps of the distribution of ionospheric equivalent currents was taken from
MIRACLE (https://space.fmi.fi/MIRACLE/). We used the Wp index is related to the power of the Pi2 pulsation wave
at low latitudes. The solar wind and IMF parameters are taken from OMNI database ftp:/ftp.iki.rssi.ru/omni/ and the
catalog of large-scale solar wind types ftp://ftp.iki.rssi.ru/pub/omni/catalog.

Results

GICs during substorm activity on 27 September 2017

We divided the time period on 27-28 September on two intervals: the pre-midnight period from 19 to 24 UT on 27
September, when substorms were registered at IMAGE network, and the after-midnight period from 00 to 08 UT on
28 September, when geomagnetic pulsations were observed. Development of substorms and GIC during first period
are shown in Figure 2. The first substorm began at ~19:30 UT on September 27 at station PEL and then reached the
station SOR. The onset was marked by red vertical line on the IMAGE magnetograms (Figure 2b). The MIRACLE
map shows that initially this substorm developed at latitudes from 66° to 72° geographical latitude. At this time, GIC
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were recorded only at the RVD (~2 A) and VHD (~8 A) stations, located at high auroral latitudes; at the lower latitude
stations KND and MAN, GIC were not registered. The second intensification of this substorm began at ~20:08 UT
on PEL station, then the westward electrojet reached the station NAL at ~20:15 UT. Note that the second
intensification was more intense (IL ~ 1000 nT), and stronger GIC were observed at the RVD and VHD (~13 A)
stations. The second substorm began at ~22:05 UT at NUR station, then the westward electrojet moved to the pole
and at ~ 23 UT reached the station SOR. At this moment the intense GIC were registered at VHD (~11 A) and RVD
station. While at the beginning of the second substorm, GIC were registered at the MAN (~14 A) and KND stations.
Thus, the appearance of intense GIC at different stations occurred in accordance with the leap of the westward
electrojet to the pole (movement along latitude) during the expansion phase of the second substorm.
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Figure 2. September 27, 2017 from 19 to 24 UT: two maps of magnetic vectors from SuperMAG network (a);
X-components of geomagnetic field from IMAGE magnetometers (chain SUW-NAL) (b); latitudinal profile
of the westward electrojet develpment by MIRACLE system, Wp and IL indexes, Y-components of
geomagnetic field from MAS, MUO, HAN and X-component from NUR (black lines), GIC registration on
Mintséld, Kondopoga, Revda, Vykhodnoy stations (red lines) (c).

GICs during geomagnetic pulsations on 28 September 2017

During after-midnight period, from 00 to 08 UT, were registered also intense GIC connected with substorm at ~00:40
UT and geomagnetic pulsations observed during recovery phase of substorm in the morning sector. Development of
substorms, geomagnetic pulsations and GIC during second period are shown in Figure 3. Format Fig.3 is the same as
Fig.2, but without the map of magnetic vectors from SuperMag network. It is seen that small negative bays in the X-
component began at ~00:40 UT from NUR to OUJ stations. This moment corresponded the GIC occurrence at MAN
(~2 A) and KND. Then the substorm began at ~ 01:30 UT from NUR to SOR stations (red vertical line at the IMAGE
magnetograms). The substorm reached its maximum development at ~ 02 UT, at that moment small GICs were
registered at VHD (~5 A) and RVD. On the recovery phase of this substorm there were magnetic pulsation Pc5 from
~02:40 to 07 UT. It is a short burst of Pc5 at a frequency of ~ 3MHz with an amplitude maximum at auroral latitudes.
It can be seen that the strongest pulsations were observed from 02:40 to 03:20 UT and from 06:20 to 07:00 UT, at the
same time points strong GICs were recorded at the VHD (~22 A) and RVD (~3 A), more small intense GIC were
observed at KND and MAN (~3 A). So, the magnetic pulsations Pc5 are also seen in the GICs data at all stations, but
with a difference in amplitude depending on latitude.

Conclusions

It was shown that GIC occurrence during moderate storm on 27-28 September 2017 were connected with the westward
electrojet increasing and expansion during substorms and with bursts of Pc5 pulsations. The intense GICs (> 10 A) in
the premidnight sector were recorded in the expansion phase of the substorm, besides GIC amplification at different
latitudes occurred simultaneously with the jump to pole of the westward electrojet. The source of the GIC burst
(> 20 A) in the morning sector were a pulses of Pc5 pulsations at the recovery phase of substorm. Note that in this
case (unlike the case of September 12-13, 2017), more intense GICs were observed during Pc5 pulsations than during
substorm.
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Figure 3. Second period in more details, from 00 to 08 UT 28 September 2017. Format Fig.3 is the same as Fig.2.
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TEC FLUCTUATIONS AND GPS POSITIONING ERRORS IN POLAR
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Abstract. In this report the occurrence of TEC fluctuations and their impact on the Precise Point Positioning (PPP)
errors at high latitudes for November 4, 2021 geomagnetic storm is presented. We used GPS observations of polar
Ny-Alesund (MLAT, 76.6°) and auroral Tromse (MLAT, 66.9°) stations. The fluctuation activity and intensity of
fluctuations was evaluated by ROT/ROTI indexes. At both stations the periods of the most intense fluctuations
occurrences in GPS data coincided with strong increases in AE index. There is good agreement in dependence of
fluctuation intensity (ROTI) and positioning errors. At Ny-Alesund the errors were reached 4 m against 16 cm at
during quiet conditions. At TRO1 strong intensification fluctuations led to a dramatic increase PPP errors.

Introduction

Total electron fluctuations at high latitudes are caused presence in the ionosphere of different scale irregularities. The
TEC fluctuations are occurred as phase fluctuations GPS/GLONASS signals. The most intense ionospheric
irregularities have been observed during ionospheric storms and depend on latitude, solar geomagnetic activity and
local time [Jin et al., 2018]. Irregularities are classified according with subauroral, auroral cusp and polar cap regions
[Franceshi et al., 2019]. Phase fluctuations are often observed on the dayside of the cusp at magnetic latitudes 73.5°—
80° in the interval 09—15 MLT (Magnetic Local Time; 06—12 UT); the polar cap at latitudes above 75°, except for the
cusp; and in the region of the auroral oval at latitudes 65°-75° in the interval 19—02 MLT [Prikryl et al., 2015]. In the
auroral region, phase fluctuations are usually observed during periods of auroral disturbances near the local magnetic
midnight and are closely associated with the dynamics of the auroral oval [Shagimuratov et al., 2021]. The ionospheric
irregularities also exist a subauroral region equatorward of the main ionospheric trough (MIT). Strong TEC
fluctuations can complicate phase ambiguity resolution and to increase the number of undetected and uncorrected
cycle slips and loss of signal lock in GPS navigation and positioning errors [Luo et al., 2022; Shagimuratov et al.,
2022]. Early analysis of TEC fluctuations was done mainly for strong magnetic storms. In this work we present
features of the TEC fluctuations occurrence and positioning errors for the moderate geomagnetic storm of
4 November 2021.

Data and method

Standard 30-second dual-frequency GPS measurements served as our initial data. GPS observations were from the
Ny-Alesund polar station (NYA1) and the Tromsg auroral station (TRO1) were used. Time-derivative of TEC change
(ROT, rate of TEC) used to measure of GPS signal phase fluctuation activity. Intensity TEC fluctuations was evaluated
by ROTI [Pi et al., 2017]. The ROTI index main advantage over other scintillation indices is that it is calculated based
on measurements from standard dual frequency GNSS receivers sampling at 30 s interval [Zhao et al., 2022; Kotulak
etal.,2019]. The index was calculated for a 5 min interval for all satellites visible by the station with satellite elevation
angles above 20°. We used additional processing of the data in order to identify and correct phase slips (cycle slips,
phase loss, phase jump), and to eliminate possible outliers. Index ROTI is very effective to detect the presence of
ionospheric irregularities.

We analyzed positioning errors using PPP algorithm on the base of the GIPSY software of the NASA Jet Propulsion
Laboratory in kinematic mode (http://apps.gdgps.net). The GIPSY takes corrected GPS satellite orbit and clock data
as well as user's dual-frequency GNSS phase and pseudorange data to determine the user position. Under normal
conditions, the accuracy of post-processed positioning using GIPSY is at a few centimeter level (standard deviation).
The 3D position errors were computed with 5 min interval. The 3D position error (P3p) was defined as the offset of
the detrended coordinate from its median value and calculated for each epoch.

Geomagnetic conditions

The sudden storm commencement was registered at 20:50 UT on November 3, 2021, SYM/H increase to ~47 nT.
Then it dropped to the value of =105 nT at 14 UT on 4 November 2021. During the main phase of storm, the auroral
electrojet AE reached value 1000 nT on 02 UT and do value 2000 nT at 06-13 UT.
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TEC fluctuations and GPS positioning errors in polar and auroral ionosphere during November 4, 2021 storm

Effects over NYAI station

In Fig. 1 (from top to bottom) geomagnetic field variations (X-component), AE index, ROT/ROTI indexes and
positioning errors at NY A1 station are presented. Diurnal variations ROT along all visible GPS satellites on different
latitudes are shown. The ROT variations are shown separately for all satellites — the vertical axis indicates the satellite
number (PRN), the horizontal axis displays time in UT. ROT computed from the detrended raw TEC using 10-min
running average.
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Figure 1. Variations of the geomagnetic, fluctuation activity (ROT/ROTI) and positioning errors during 3 and
4 November 2021.

During quiet day at station of NYAL TEC fluctuations occur all day. Station Ny-Alesund monitors the ionosphere
within the range of 78°-82° magnetic latitude. Fluctuations observed at this station are associated with the cusp, polar
cap and auroral oval. In this regions can observed different kinds perturbations such as dayside/cusp precipitation,
substorm precipitation, daytime and nighttime polar cap patches [Belakhovsky et al., 2021]. Intense fluctuations are
often are associated with polar patches. It is known that sharp, intensive gradients at edge of patches, lead a
significantly higher GPS phase scintillation.

Fig. 1 shows that at during 3 November substorm occurred night time 21 UT. Amplitude of geomagnetic field
variations (X-component) was more than 1000 nT. In this time the sharp increase of AE was observed, amplitude was
about 2000 nT. At the time intervals 19-23 UT the fluctuation activity (ROT) strong increased. The intensity of
fluctuations is reproduced in the coordinates: magnetic latitude/magnetic local time (MLT). Polar view map covers
00-24 MLT and 60°-90° MLAT. In each map, magnetic noon/midnight is at the top/bottom. Maximal intensity of
fluctuations occurred at near local midnight. We consider that the fluctuations are caused with polar night
precipitations.

During storm day of 4 November the geomagnetic field disturbance (X-component) started after 04 UT. Maximal
values occurred near 12 UT after than one recovered to initial value at 21 UT. Auroral disturbance is observed at the
time interval 01-15 UT. Amplitude of AE reached more than 2000 nT, maximal intensity occurred around 06-13 UT.
The fluctuation activity was, in whole, higher during storm than quiet day of 3 November. The intensity of fluctuations
was observed around magnetic noon. At NYAL have been increased on interval 06-12 UT; 09-15 MLT.
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Effects over TRO1 station
At TROI very strong the fluctuations activity is essentially increased during storm. Fluctuations in this region are
associated with auroral disturbances, the precipitation of energetic particles, and auroras. They are closely related to
the dynamics of the auroral oval. During 3 November strong geomagnetic field variations (X-component) as well
NYALI as occurred at near 22 UT (Fig. 2). At this time, the sharp increasing fluctuations activity was registered. The
fluctuations at all satellite passes were observed. It should be noted that the time interval of occurrence of fluctuations
was longer at NYA1 than at TRO1. At both stations maximal intensity of fluctuations occurred near 00 MLT.
During storm at TRO1 the geomagnetic field variations were some differed from NY A1, but the maximal amplitudes
occurred at the same time at booth stations. The intensity of fluctuations was essentially higher at TRO1 than NYAL.
The intensity of fluctuations was observed in day time on interval 03-14 UT; 06-17 MLT.
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Figure 2. Variations of the geomagnetic, fluctuation activity (ROT/ROTI) and positioning errors during 3 and
4 November 2021.

Positioning errors

The 3D position error (P3p) was defined as the offset of the detrended coordinate from its median value and calculated
for each epoch. A median value we used coordinate calculated on 24 hour interval for previous day of the storm. There
is good agreement in dependence of fluctuation intensity (ROTI) and positioning errors. A non-linear correlation
between ROTT statistic and PPP errors was revealed. The coefficients of correlation were 0.39 for station NYAL and
0.67 for TRO1 [Jacobsen and Ddhnn, 2012, 2014].

In Fig. 1, 2 positioning errors for 3 November and 4 November days at NYAL and TRO1 stations are presented. In
quiet day maximal errors do not exceed 15 cm for NYAL and 30 cm TRO1 respectively. During storm that essentially
increase at both stations. Largest positioning errors were registered during when intensity of fluctuations increase. At
TROL large errors occurred within the time interval of 02—14 UT when auroral activity have been increased.

The large short-term 3D errors in the form of bursts were registered during a storm. It is known that positioning
accuracy is deteriorated as the number of satellites subjected to fluctuations increases. Fluctuations are irregular, so
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the number of satellite subjected to fluctuations, at one time, can vary greatly, that is reflected in values of positioning
errors. So, if simultaneous 4 or more subjected to fluctuations errors can reach to 15 m.

Summary

We analyzed of occurrence TEC fluctuations and positioning errors associated with disturbances of 4 November 2021
over polar and auroral ionosphere. The fluctuations activity and their intensity fluctuations were evaluated by index
ROTI. At both regions occurrence phase fluctuations shows strong relation with auroral activity. At polar NYAL
station the maximal intensity of TEC fluctuations was occurred on 12-15 MLT. Positioning errors increased rapidly
with ROTI. At NYAI positioning errors were reached 4 m against 16 cm during quiet conditions. At auroral TRO1
station very strong fluctuations took place at 09-17 UT when developed auroral activity. At TROI strong
intensification fluctuations led to a dramatic increase PPP errors.
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Abstract. We studied the geomagnetic effects of abrupt and large-amplitude changes in the solar wind dynamic
pressure (Psw) on 3 November 202 1. when there were observed three large-amplitude Psw pulses (up to 20 nPa) under
the strong (up to —18 nT) southward IMF Bz and significantly varying IMF By (from +20 to —15 nT). Basing on
IMAGE magnetometer data, we found three substorms associated with these Psw impulses. These substorms followed
one after another with a short interval and each subsequent substorm began developing during the unfinished recovery
phase of the previous one under disturbed space weather conditions. Under strong negative IMF Bz there was
significant input of energy into the magnetosphere that indicated by the increasing PC-index values. It was shown that
the spatial-temporal features of the substorm subsequence development was complicated, differed from a typical
isolated “normal” substorm and changed from one substorm to another. According to the AMPERE 66 ionospheric
satellite data, the global distribution of the ionospheric and field-aligned currents (FAC) was established during the
considered substorms. We found that during all these substorms, there were strong FACs and corresponding
ionospheric electrojets in the morning sector indicating an enhanced magnetospheric convection which formed the
DP2 current system. In addition, in the night sector, the DP1 current system was observed, the clearest in the second
event.

Introduction

Geomagnetic effects of abrupt and large-amplitude changes in the solar wind dynamic pressure (Psw) have been
studied for a long time and resulted in many works [e.g., Akasofy, 1964; Tsurutani and Meng, 1972; Kokubun et al.,
1977; Akasofu and Chao, 1980; McPherron, 1991; Tsurutani and Zhou, 2003; Liou and Newell, 2010; Sinha et al.,
2023 and many others]. It was concluded that a substorm initiation

3 November 2021 was accelerated by the shock-induced compression of the
'[..H 0 magnetosphere [Kokubun et al., 1977] and the substorms followed
o o ) shock impacts represent the result of increases in the rate of direct
-500 . J ! energy transfer from the solar wind. [Akasofu and Chao, 1980].
_1o00) SML 7 v "-{'-f}_" There were established main properties of the -electrojet
L [ - L _ development [Wiens and Rostoker, 1975], and its dependence on
HII}:; . A Psw the sign and magnitude of IMF By [Liou and Newell, 2010].
F'all}_;" = v U‘v' e i o As a rule, only isolated substorms have been analyzed, however,
- :35"‘ T . T N most often, substorms follow one after another with a short interval.
é ID:E » u.;""».\‘th et [ ot The aim of this paper is to study the spatial-temporal feature of
i i S— the of substorm subsequence observed on 3 November 2021.
= ?I}I}:E‘ prer— P e -J'Md A There were three large-amplitude pulses of the solar wind
.5 soof_ | dynamic pressure Psw (up to 20 nPa) under high values of the solar
. ll}: ) j:m A rﬂ'\-"- -."'- hﬂ.ﬂ‘_ - ﬂJ-B}: V\./inc.l speed (~890 km/s), the IMF Bz _(up to —18 nT) and
e by =) \-»\Ir significantly varying IMF By (from +20 to —15 nT) that caused the
Bt LS A — subsequence of three substorms with SML-index increasing from
= lg;!nmﬂ et m.i-f" ’“k.ﬂf,-'w' one substorm to another of ~ =900, —1100, —1500 nT (see Fig.1).
AoE l’*"‘-."‘w-"x ff‘ P The values of the PC-index also increased in time in this substorm
15§ PC—inde}:ﬂu_:h .- f\\\ subsequence.
D:i“ el i ] Our study was based on magnetic data of the IMAGE and
#:} . INTERMAGNET magnetometer networks and the AMPERE
= “ o - satellite global maps of the ionospheric and the field-aligned
Figure 1. The IMF and the solar wind current (FAC). Data from sites https://space.fmi.fi/image/,
parameters, and geomagnetic activity https://intermagnet.org/, https://supermag.jhual.edu/,
indices.
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https://omniweb.gsfc.nasa.gov/, https://pcindex.org/, https://ampere.jhuapl.edu/.

Ground based observations

During the time interval of 20-23 UT, the IMAGE meridian chain was in the mid-night sector (23-02 MLT). The
IMAGE magnetograms (X and Z components) from the high latitude stations and map of the ionospheric equivalent
current distribution (Fig. 2) demonstrate that the substorm (1) was observed like a “normal” substorm at 64-68° MLAT,
and the second one shifted equatorward up to 60-64° MLAT. The third substorm unexpectedly shifted poleward with
the huge (up to 1000 nT) abrupt intensification at the latitudes higher BJN station (71° MLAT). The third substorm
was observed in the very large latitude range, from ~60° up to ~77° MLAT (Fig. 2b, c). Thus, we may refer it to the
so called “expanded” substorm [Despirak et al., 2014, 2019] since it was observed under a high solar wind speed (Fig.
1). This substorm demonstrated a very complicated latitudinal structure. However, it should be note that there is the
sea between BJN and NOR stations, and there are no the ground-based data.

As one can see in Fig. 2d, all three considered events were accompanied by mid-latitude positive magnetic bays in
the X component at PAG and KIV stations. The ¥ component was positive in the substorms (1) and (2) and it was
negative in the substorm (3). It was interpreted as the location of the center of the substorm current wedge (SCW)
eastward from the IMAGE meridian in the events (1) and (2) and it was westward in the event (3).
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Figure 2. (a) Three large-amplitude pulses of Psw; (b) ionospheric equivalent currents calculated from ground-
based IMAGE magnetometers; (c) IMAGE high-latitude station X and Z components; (d) INTERMAGNET
magnetograms of mid-latitude stations located close to the same meridian as IMAGE stations.

Global distribution of the ionospheric and field-aligned currents according to the AMPERE maps
The global maps of the ionospheric and field-aligned currents distributions are derived by the AMPERE project based
on the simultaneous magnetic measurements of the 66 low-altitude satellites globally distributed at the altitude of
~780 km as 10-min averages with the 2 min cadence. Figs 3-5 show the AMPERE maps in the time intervals
correspondent to the maxima of the considered substorms (see the SML-index in Fig.1).

Fig. 3 demonstrates that during the SML-maximum of the substorm (1), the strongest intensification of the westward
electrojet and FACs was observed in the morning sector (04-08 MLT) at ~65° MLAT. The Scandinavian IMAGE
magnetometer chain measured only its high-latitude westward part. Note, that during this substorm, the strong
electrojets and FACs were observed in the daytime sector as well.

As it is shown in Fig. 4, during the SML-maximum of the substorm (2), the strongest intensification of the westward
electrojet and FACs, was located in the morning sector (04-06 MLT) like in substorm (1). However, the new substorm
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occurred near midnight (22-03 MLT) at the latitudes of ~60-70° MLAT. The IMAGE magnetometers chain found
themselves near the center of this electrojet, due to that, the intensity of the substorm (2) was greater than of the
substorm (1). The eastward electrojet shifted to lower latitudes up to 62° MLAT and enhanced in the longitude up to
21 MLT. In the dayside, the FACs and ionospheric electrojet remained strong and complicated.

SML-maximum of the substorm (1) Pswmax=18.2 nPa

-Fow 21

s 4} RMETH
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/IMAGE meridian /IMAGE meridian

Figure 3. Substorm (1): AMPERE global maps of the ionospheric (left) and the field-aligned currents (right)
distributions. Downwards FACs is in blue, upwards ones is in red. Dotted arrow shows IMAGE meridian
direction.

SML-maximum of the substorm (2) Pswmax=13.9 nPa
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Figure 4. The same as in Fig. 3 but for the substorm (2).

The ionospheric current and FACs distributions during substorm (3) are shown in Fig. 5. This substorm could be
referred to an “expanded” type of substorm since according to the AMPERE satellite data, the westward ionospheric
current was recorded in the late evening sector from ~60° MLAT to 76° MLAT, i.e., in more larger latitude region
than in the early morning sector. It is should be noted that the “expanded” substorm occurred after the change the sign
of IMF By from negative to positive.

The considered substorms followed one after another with a short interval and each subsequent substorm began
developing during the unfinished recovery phase of the previous one under disturbed conditions.

Besides, the substorms (1) and (2) observed under strong negative IMF By (about —15 nT). But before pulse (3) of
the solar wind dynamic pressure, IMF By sharply changed to the strong positive values (up to +15 nT). We could
suppose that such the IMF By behaver caused the complicated FACs distribution in the event (3).

We found that during all considered substorms, there were strong FACs and corresponding ionospheric to electrojets
in the morning sector indicating an enhanced magnetospheric convection (as well as the values of PC-index) formed
the DP2 current system. The addition DP1 system is most clearly seen during the substorm (2).
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i AMPERE
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Figure 5. The same as Fig. 3 but for the magnetic-bay (3).

Conclusion
The analysis of the magnetic data of the event of 3 November 2021 showed that some spatial-temporal features of the
substorm subsequence caused by large-amplitude solar wind dynamic pressure pulses were complicated, differed from
a typical isolated “normal” substorm and changed from one substorm to another. Each substorm developed during the
unfinished recovery phase of the previous substorm under disturbed space weather conditions.

The main geoeffective parameters of the solar wind and IMF, such as the solar wind speed and IMF Bz values, did
not change during this substorm subsequence. Despite this, the features of the considered substorms were different
that indicates an important role of other parameters of the solar wind and, probably, previous magnetic conditions.
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Abstract. The project is directed to one of the topical tasks of the solar-terrestrial physics: study of the midlatitude
effects of the magnetospheric substorms as a key element of the space weather. The goal of the project was to conduct
a comprehensive analysis of the spatiotemporal characteristics of magnetospheric substorms and their effects at
midlatitudes depending on space weather conditions. For this purpose, studies of various phenomena related to the
development of substorm disturbances and their propagation to midlatitudes were carried out.

For the first time, an original catalog of the variations of the magnetic field at the midlatitude Bulgarian station
Panagjurishte (PAG) was created for the period 2007 - 2022. A methodology was developed and universal programs
were created for processing data from European stations, for obtaining maps of the spatial distribution of magnetic
variations, and for calculating the midlatitude positive bay (MPB) index.

Analyses of events during quiet and disturbed geomagnetic conditions, during slow flows in the solar wind or high
speed streams from coronal holes, were carried out. Some cases of supersubstorms have been studied in detail. The
hypothesis of the development of an additional substorm current wedge during supersubstorms was confirmed. The
morphological features of the polar substorms were also studied. Catalogs of supersubstorms and polar substorms for
the past 20 years have been created.

The relationships between the statistical distributions of the MPB index and widely used geomagnetic indices and
solar wind parameters were established.

Cases of occurrence of intense geomagnetically induced currents (GIC) during several strong magnetic storms were
identified and analyzed.

Introduction

Magnetospheric substorms are important feature of the space weather. The main magnetic disturbances in the earth's
magnetosphere are caused precisely by the development of substorms. It is known that magnetic disturbances during
a substorm are associated with the formation and development of auroral electrojets in east and west direction which
have been studied since 1970s [e.g., McPherron et al., 1973a; Kisabeth and Rostoker, 1974]. The magnetic substorms
are observed at the earth surface as sharp negative bays in the X component of the magnetic field. Although substorms
are a typical phenomenon of auroral latitudes (from ~60° to ~71° geomagnetic latitude), depending on the conditions
in the solar wind and the geomagnetic activity substorm disturbances can reach both very high latitudes (polar cap
latitudes > 70° GMLAT) [Pudovkin and Troshichev, 1972; Despirak et al., 2008], as well as middle (~50° GMLAT)
and even low latitudes (< 20° GMLAT). In contrast to the auroral latitudes, at midlatitudes magnetic substorms are
observed as positive bays in the X field component, the so-called midlatitude positive bays (MPB) [e.g., McPherron
et al., 1973b]. At first it was assumed that the maximum in X is created by the low latitude reverse currents of the
westward electrojet [Akasofu et al., 1965], then the occurrence of maxima was explained by the outflowing field-
aligned currents [Meng and Akasofu, 1969]. Later it was found that the midlatitude positive bays usually observed
during the expansion phase of the substorm are related to the substorm current wedge (SCW) [e.g., McPherron et al.,
1973b]. It was found that during substorms, the azimuthal (Y) component of the magnetic field at midlatitudes, is
positive to the west of the electrojet center, and negative to the east from it. The X and Y variations at the Earth surface
have been used in a number of studies of the magnetospheric substorms. For example, the MPB’s are a good indicator
of the substorm onset [McPherron and Chu, 2017], the sign of Y component was used to estimate whether the field
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aligned currents flow into the ionosphere or out of it at a given longitude [ Meng and Akasofir, 1969]. A special index
has been developed - the midlatitude positive bay index (MPB index) [McPherron and Chu, 2017] as an indicator of
substorm current wedge characteristics.

The project “Investigation of the geomagnetic disturbances propagation to mid-latitudes and their interplanetary
drivers identification for the development of mid-latitude space weather forecast” is a bilateral project Bulgaria —
Russia 2019 — 2020, financed by the National Science Fund (project number KII-06-Pycusi/15) and by the RFBR
(project number 20-55-18003Boxar_a). The project was directed to one of the topical tasks of the solar-terrestrial
physics: study of the midlatitude effects of the magnetospheric substorms as a key element of the space weather. Its
main goal was to investigate substorms in Europe at low, mid- and auroral latitudes and their relationships with
structures in the solar wind as an element of Space weather, applying the MBP-index concept to a network of European
stations.

The present work is meant to report briefly the results of the work on the project. They are grouped in three sections,
following the work packages of the project: development of a catalog of the magnetic variations at the Panagjurishte
station, study of midlatitude substorms, and analysis of events of extreme intensity and related phenomena.

Catalog of the magnetic variations at the Panagjurishte station

For the first time, an original catalog of magnetic field variations at the midlatitude Bulgarian magnetic station
Panagjurishte (PAG) (~37° GMLat, ~97° GMLon) has been created. The catalog takes in data from 2007 to the end
of 2022. It is located on the website of the Space Research and Technology Institute, BAS, and is available at:
http://space.bas.bg/Catalog MPB/. A concept was worked out for the type, structure and content of the catalog, which
developed with the progress of the work [Guineva et al., 2021a; Guineva et al., 2021b; Guineva et al., 2023]. In the
current version, the catalog consists of three main sections: Magnetic field data, Data about MPB and Catalog
publications. In the section Magnetic field data the processed X and Y magnetic components and the calculated
horizontal power of the magnetic field at PAG (Data Files subsection) are stored as well as their plots (Graphs
subsection). The second section, Data about MPB, consists of four subsections: Fast Look Daily Graphs, Yearly Lists,
MPB Parameters, and MPB Graphs. Fast Look Daily Graphs are composite plots including the /L index calculated for
the IMAGE PPN-SOR and PPN-NAL station chains, X-component variations, and horizontal power of the magnetic
field. The Yearly lists include data on cases where significant variations (midlatitude positive bays - MPB) are
observed during substorms, verified by the /L index. The MPB parameters and MPB graphs sections present the
defined main MPB parameters for the cases from the Yearly MPB lists and graphs representing the MPB maximum
and the minima indicating the start and end of the MPB. The Catalog Publications section provides access to articles
describing the catalog or using data from it for some research.

A methodology was developed and original programs were created for processing data from ground-based magnetic
observations and calculating the midlatitude positive bays index (MPB index), which were used to analyze data from
geomagnetic observations at more than 50 European stations at mid- and auroral latitudes, including from the
Bulgarian station Panagjurishte [e.g., Werner et al., 2021; Guineva et al., 2022, 2023a, 2023b]. The processing tools
to build the catalog and investigate the substorm disturbances can be grouped in three data processing and visualization
modules. The first module involves processing the raw magnetic field data, the second module includes processing
tools to obtain the data about MPB. The third module comprises programs, related to the computing and presentation
of the spatial distribution of the magnetic disturbances.

Study of midlatitude substorms

To study the spatial distribution of the magnetic field components variations during substorms, chosen cases of
isolated substorms have been used. Different kinds of substorms have been examined, namely usual, expanded and
polar substorms, during different interplanetary conditions: quiet or disturbed [e.g., Guineva et al., 2021c, 2021d,
2023Db]. For the studies purposes, the X and Y variations due to the substorms were computed for more than 50 stations
based on the developed programs.

Basic parameters of the substorm appearance at midlatitudes can be derived from the variations distributions and
the profiles. Maps of the X magnetic component in the range 38°+73° LAT, 10°+ 32° LON and of the Y component
in the range 38° + 55° LAT, -10° + 35° LON and longitudinal and latitudinal profiles for the time of the maximal
substorm developments at Panagjurishte (PAG) and some other moments of the substorm development have been
constructed. In Fig.1 the map of the used stations and an example of the X and Y distributions at chosen times of the
substorm development on 22.03.2013 are presented.

Some characteristics as the line of sign conversion latitude, the central meridian, the longitudinal and latitudinal
extent of the positive bays and the latitudinal and longitudinal dependence of the variations have been estimated: the
latitudinal dependence of the X variations in all examined cases is as follows: after the sign conversion latitude X
increases, reaches a maximum close to it, and decreases gradually. The sign conversion latitude during expanded
substorms is higher (~60-67°MLAT) than during usual substorms (~53-60°MLAT), and it is highest for polar
substorms (~68-70°MLAT); the maximal MPB amplitude in latitudinal direction is very small for the polar substorms,
higher for the usual substorms, and greatest for the expanded substorms; the same result is obtained for the horizontal
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power of the magnetic field; the obtained MPB duration for the studied substorms is the shortest for the polar
substorms, it appears some longer for the usual substorms, and most continued are the expanded substorms; the
latitudinal and longitudinal extent increase up to the maximal substorm development; at the maximal development,
the longitudinal and latitudinal extent are higher for expanded substorms. For the first time, European MPB index was
introduced, which reflects the substorm appearance at European midlatitudes. The obtained results coincide very well
with the results about the global MPB index for the same substorms by Chu et al. (2015) (Fig.2).

2032003 90Xy 2316 2032013 9*X . 23.27 2032003 90K yr. 2540

Figure 1. Examples of maps of the X and Y distributions. Upper left panel: Stations, used to compute the
distribution of the magnetic variations on the Earth surface. The rectangular frames in the figure indicate the
regions for which maps of the spatial distribution of X (red line) and Y (blue line) are constructed. Upper right
panel: Maps of the X magnetic variations at three typical moments during the substorm development on
22.03.2013: at 23:16 UT, 23:27 UT (maximal development), and at 23:40 UT. The sign conversion boundary
is clearly seen. Bottom panel: Maps of the Y magnetic variations at the same three moments during the
substorm development. The central meridian of the substorm arises in the Y-maps, close to the sign conversion
inY.

Analysis of events of extreme intensity and related phenomena

Statistical studies

For the first time we statistically analyzed the substorm activity at auroral latitudes for 2007—-2020 and its relationship
with the magnetic disturbances at middle latitudes based on the /L index (similar to the 4L index, but according to
IMAGE data). INTERMAGNET, SuperMAG, and IMAGE magnetometer data have been used [ Werner et al.,2023a].

We selected events near the meridian of the IMAGE network, in the night sector (21-03 MLT). Two samples of
events were used: (1) /L <-200 nT for at least 10 min, with an additional criterion for the presence or absence of
positive bays at the Panagjurishte station in Bulgaria, and (2) isolated substorms observed on the IMAGE meridian
according to the list of Ohtani and Gjerloev (2020).

The distributions of the /L index, as well as the empirical and theoretical cumulative distribution functions, are
obtained, and the occurrence of extreme events is also estimated.

It is shown that, in general, the /L distributions are described well by exponential functions, and out of all events,
events accompanied by midlatitude positive bays were observed in ~65% of cases while their fraction increased with
increasing disturbance intensity. Events accompanied with MPB and isolated substorms were better described by the
Weibull distribution for extreme events (Fig.3a). The intensity of the flow of events was determined: the frequency of
occurrence of events with /L <—1500 nT is ~0.35 events/year (Fig.3b).

From both distributions, annual and semi-annual variations were identified: annual variations have a summer
minimum and a winter maximum, and semiannual variations have maxima near the equinoxes, which is most likely
due to the Russell-McPherron effect. The semi-annual variation is also shown to be more pronounced for events with
accompanying midlatitude positive bays.
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Figure 2. MPB index obtained by Chu et al. (2015) and us for 22.03.2013 (upper left panel) and 11.05.2015
(bottom left panel). The middle panels display the MPB index during the substorms developed over Europe
(noticeable maxima in MPB indices) in the same days. The table to the right shows some numerical results
about the MPB index maxima.
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Figure 3. /L index distribution histograms for events with a positive bay (MPB) in Panagjurishte (grey) and
without a positive bay (black). The solid lines show the histograms approximation by the Weibull distribution
(a). Rate of events per year for PPN-NAL. The empirical dependence is shown by circles, and the theoretical
approximation is shown by a solid line. It is seen that the occurrence of extreme events with /L <—-1500 nT is
~0.35 events/year (b).

The occurrence of magnetic substorms and their activity have been described with the help of extreme value
distributions. Statistical studies of the substorm occurrence in the following time sectors: morning (3—9 MLT), day
(9—15 MLT), evening (15-21 MLT), and night (21-3 MLT) sectors for the auroral zone (PPN-SOR IMAGE chain)
and for high latitudes (BIN-NAL chain) have been performed [ Werner et al., 2023b]. The histograms, the empirical
cumulative distributions and the occurrence rates were computed. It was shown that the empirical distributions could
be well approximated with exponential distributions. The distribution parameters were determined from the
occurrence rates. Three classes were discovered, which differ significantly by the respective distribution parameters.
Structural changes in the distributions were found in the morning sector at both auroral and high latitudes.

The relationship between the occurrence rate of magnetic disturbances with /L < —1000 nT and the frequency of
occurrence of geomagnetically induced currents was highlighted. It was found out that in Scandinavia events (totaled
across all sectors) which could induce currents (GICs) in gas pipelines stronger than 10 A occur about seven times a
year. In contrast, such events are to be expected only half as often at Svalbard.

The statistical distributions of various geomagnetic indices (MPB, SML, SYM/H, ASY/H, AL, AE and PC(N)) and
solar wind parameters (Br, By, By, Bz, V, T, Pan) are obtained for the period from 1991 to 2019. It was found that the
MPB index, which characterizes the intensity of geomagnetic disturbances at midlatitudes, increases with an increase
in the level of geomagnetic activity, as well as with an increase in the interplanetary magnetic field, the speed of the
solar wind and the dynamic pressure, but to a lesser extent depends on its density and temperature [Lubchich et al.,
2023].
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Study of supersubstorms

A kind of very intensive substorm disturbances, the so called “supersubstorms”, when the index AL < -2000 nT, and
their manifestation at midlatitudes have been studied. Usually supersubstorms develop during magnetic storms. A
catalog of supersubstorms recorded at the global network of ground stations over the past 20 years (1999-2019) has
been compiled.

Several of the most striking events - April 5, 2005, May 28, 2011 (Fig.4a) and December 20, 2015 have been
examined in detail [e.g., Despirak et al., 2022a, 2022b, 2022c]. Study of the spatial-temporal dynamics of the
supersubsorms was performed by means of analysis of ground-based magnetograms, instantaneous maps of magnetic
field vectors by data from the SuperMAG network, and maps of the global distribution of magnetic field variations
and field aligned currents from AMPERE project. It is shown that the peculiarity of the planetary distribution of
ionospheric currents during supersubstorms is that the westward and eastward electrojets develop on a global scale,
surrounding the Earth from different sides. The development of these global currents was accompanied by intense
midlatitude positive bays and significant leaps in the MPB index (~ 4000-6000 nT?).

At the same time, a significant strengthening of the eastward electrojet occurred in the evening sector (~15-18 MLT),
i.e. in the same sector where the appearance of an additional ring current was observed, which confirms the hypothesis
of an additional substorm current wedge arising during supersubstorms on the evening side (Fig.4b).

Additionally, rare supersubstorm events that were recorded in non-storm conditions (SYM/H > -50 nT) were studied.
It is shown that these events are also characterized by the development of ionospheric currents on a global scale and
the formation of a strong eastward current in the evening sector. It is shown that such events were observed either at
the very beginning of a storm caused by a coronal mass ejection (SHEATH or MC storm), or in the late recovery
phase of a moderate magnetic storm caused by the CIR region of high-speed solar wind stream (HSS), or in the
absence of a magnetic storm, but at high solar wind speeds ~600-700 km/sec.

08:24-08:34
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Figure 4. Distribution of magnetic disturbance vectors, their spherical harmonic analysis and field-aligned
current distribution for two moments (at ~ 08:30 UT and ~ 08:55 UT) on May 28, 2011 according to AMPERE
data (a); models of substorm current wedge (SCW) for normal substorm and for supersubstorm (b).

Study of geomagnetically induced currents (GIC)

Development of of intense (>20 A) geoinduced currents (GIC) on a meridional profile from subauroral to high
latitudes (from ~60° to ~ 69°) was traced out using two systems for recording GIC in ground networks: at substations
of main electrical networks in the North-West of Russia, located in the auroral zone, and on a gas pipeline near the
city of Mantsala (Finland), located in the subauroral zone.

Several cases of the appearance of intense GICs were studied in detail: during the magnetic storms in March 2012
and 2013, and during a complex space weather event in September 2017 [Despirak et al., 2022d; Setsko et al., 2023].
Several moderate to very intense substorms (supersubstorms) have been recorded against the background of these
magnetic storms. It was shown that the appearance of intense GICs at different latitudes occurred in accordance with
the development of the fine spatiotemporal structure of the substorm, corresponding to the poleward movement of
individual substorm activations. It has been established that the main sources of GIC growth at auroral latitudes are
the intensification and poleward movement of the westward electrojet during the expansion phase of the substorm, as
well as Pc5 pulsations, usually observed during the recovery phase of the substorm. A good relationship was found
between the appearance of GIC and an increase in the geomagnetic indices /L and Wp, which characterize the substorm
activity.
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Summary
The goal of the project was to conduct a comprehensive analysis of the spatiotemporal characteristics of
magnetospheric substorms and their effects at midlatitudes depending on space weather conditions.

For the first time, an original catalog of the variations of the magnetic field at the midlatitude Panagyurishte station
(PAG) was created for the period 2007-2022. The variations of the horizontal components of the magnetic field and
the main characteristics of the midlatitude positive bays (MPB) were determined. The catalog is available on the
Internet (http://space.bas.bg/Catalog MPBY/).

Universal programs were created for data processing, obtaining maps of the spatial distribution of magnetic
variations, and for calculating the MPB index. For the first time, a Central European MPB index has been introduced,
which provides information on the development of substorms over Europe.

Substorms were analyzed during different conditions in the solar wind. The spatiotemporal characteristics of
different types of substorms: regular, extended, and polar were identified and compared.

An algorithm and program for detecting substorms based on variations in the /L index were developed, a statistical
analysis of substorm activity at auroral latitudes and its relationship with midlatitude magnetic disturbances for the
period 2007-2020 was performed. For the first time, distributions of simultaneous geomagnetic disturbances at PAG
and on the IMAGE meridian were obtained.

The statistical distributions of various geomagnetic indices and solar wind parameters for the period from 1991 to
2019 were obtained and their relationship with the MPB index was established.

Research has been conducted on supersubstorms and polar substorms. The hypothesis of an additional substorm
current wedge on the evening side during supersubstorms is confirmed.

Cases of intense geoinduced currents (GIC), which often lead to damage in terrestrial electrical networks, have been
analyzed. The main sources of the GIC were found to be the poleward motion of the westerly electrojet and
geomagnetic pulsations Pc5.

The results are presented at 18 conferences with 48 presentations and 39 papers on the subject of the project have
been published. Research on the project is topical and will be continued based on the results obtained.
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Abstract. The substorms that we term as “polar” substorms, are recorded in the evening sector of the Earth at the
geomagnetic latitudes above 70° MLAT under the absence of negative magnetic bays at the lower latitudes. Like the
“classical” substorms, the “polar” substorms are accompanied by aurora arcs brightening, poleward expansion,
substorm current wedge formation. The onsets of “polar” substorms are typically located near 70° MLAT at ~19-23
MLT. Other important structure, namely, the Harang discontinuity (the evening narrow latitude-zone between the
westward and eastward electrojets), is often observed in the same area and at the same MLT interval. Our aim is to
study a possible relationship between the location of the “polar” substorms and the Harang discontinuity (HD). Using
the IMAGE geomagnetic data, we found that the “polar” substorm onsets exhibit a tendency to occur near the HD
latitude. The longitudinal relationship between the “polar” substorms and the HD was studied basing on the
ionospheric AMPERE measurements by the 66 simultaneous satellites. We revealed the ground-based magnetic
vortex associated with FACs enhancement near the eastward edge of the Harang discontinuity region separated the
evening “polar” substorm development and the after-midnight westward electrojet location. Two typical events of the
“polar” substorms are discussed in detail.

Introduction

The high-latitude magnetic substorms observed at geomagnetic latitudes higher 70° MLAT under the absence of
negative magnetic bays at the lower latitudes were called the “polar” substorms [Kleimenova et al., 2012, 2023,
Despirak et al., 2014, 2022; Safargaleev et al., 2018; 2020]. We found that the onset of a “polar” substorm is typically
located near 70° MLAT at ~19-23 MLT [Kleimenova et al., 2023]. It is well known that another important structure,
namely, the Harang discontinuity or Harang reversal [Harang, 1946; Heppner, 1972] is often observed in this area.
The Harang discontinuity (HD) represents a narrow latitude-zone between the closely spaced simultaneous westward
and eastward electrojets [e.g., Kissinger et al., 2013 and the references there]. It is the region of sharp reversal of the
ionospheric convection in the evening sector (around 22-24 MLT). In the terms of auroral electrojets, the Harang
discontinuity corresponds to the shear zone where the eastward electrojet (EEJ), equatorward of the shear, and the
westward electrojet (WEJ), poleward of the shear, meet. That is, HD is the area separated the positive and negative
bay regions. The HD is dynamic in nature. As magnetic activity decreases, it shifts poleward and spreads out in
latitudinal width. The schematic picture of the Harang discontinuity is given in Figure 1, adopted from [Koskinen and
Pulkkinen, 1995].

Midnight

Figure 1. Schematic picture (from Koskinen and Pulkkinen, 1995) of the Harang discontinuity (HD) indicated
by the dashed line. The direction of the electrojets is shown by the arrows (EEJ is the eastward electrojet, WEJ
is the westward electrojet), the downward FACs are marked by blue and upward FACs are marked by red.
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Our aim is to study a possible relationship between the location of the “polar” substorms recorded at Scandinavian
IMAGE magnetometer chain and the Harang discontinuity location estimated according to the ionospheric satellite
AMPERE data.

Observations and Discussion
Our analysis was based on the magnetic observations at the Scandinavian IMAGE magnetometer chain
(https://space.fmi.fi/image/). We have selected the 254 “polar” substorm events recorded during the winter seasons of
2010-2020, and then compared their occurrence with the global distribution of the ionospheric electrojets and field-
aligned currents (FACs) obtained from the AMPERE project (https://ampere.jhuapl.edu). The AMPERE project
represents the simultaneous magnetic measurements by the 66 low-altitude Iridium communication satellites at the
altitude of ~780 km as 10-min averages with the 2 min cadence [e.g., Anderson et al., 2014].

It is well known [e.g., McPherron et al., 1973, McPherron and Chu, 2018] that on the meridian of a substorm onset,
a mid-latitude positive magnetic bay in the X magnetic component is observed indicating the substorm current wedge
(SCW) development. The positive deviations in the ¥ component occur if the substorm onset meridian is located far
eastward of this station, the negative Y values occur due to the westward substorm onset location. As the mid-latitude
stations, we used Borok station (BOX, 54.5° MLAT) located close to the IMAGE meridian and Irkutsk station (IRT,
47.8° MLAT) located 65° eastward (https://intermagnet.org/#services). In Figures 2, 3 we present the results of the
analysis of two selected events: on 28 January and 5 December 2020.
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Figure 2. Magnetograms from some IMAGE stations as well as BOX and IRT stations and electrojets and
FAC after AMPERE data on 28 January 2020. The Harang discontinuity location is shown by the red dotted
line. Blue arrows show the direction of the BOX and IRT meridians.

The “polar” substorm of 28 January 2020 is shown in Figure 2. It was small (< 50 nT) and observed as the negative
magnetic bay at BIN-NAL stations at 17:20-18:00 UT. Like a “normal” substorm, it was accompanied by a positive
magnetic bay, however, not at the middle but at auroral latitudes (SOR-MAS, ~66-67° MLAT). Due to that, the
magnetic X component at the mid-latitude BOX station was small negative. The ¥ component at BOX was strong
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positive like at all IMAGE stations located at 47-67° MLAT (not shown here). It indicates that the IMAGE meridian
as well as BOX station was located far westward from the meridian of the “polar” substorm onset.

In this time, the X component at IRT station was strong positive, and the ¥ component was near zero. It indicates
that this station was located close to the meridian of the “polar” substorm onset. The AMPERE map (Figure 2) of the
FAC distribution confirms this conclusion. Moreover, the strong magnetic vortex (see ionospheric current by
AMPERE data in Figure 2) indicating the strong local FAC enhancement associated with a polar substorm onset, was
observed near IRT longitude.

According to the AMPERE electrojet map and IMAGE magnetograms, the eastward electrojet, represented the
equatorward part of SCW, was narrow in latitude and located at much higher latitudes then during the “normal”
substorm.

The location of the Harang discontinuity was determined by the data from the IMAGE ground-based magnetometer
array and the AMPERE multi-satellite maps of the electrojets and FACs distribution. Figure 2 demonstrates that in
the considered event, the Harang discontinuity was located at ~68-70° MLAT (red dotted line) Thus, the “polar”
substorm was developed close to the poleward boundary of the Harang discontinuity.

The strong “polar” substorm was observed on 5 December 2020 between 20 and 21 UT (Figure 3). As in the
previously discussed event, it was accompanied by the positive magnetic bay at auroral and subauroral stations (SOR-
MUO) and at the mid-latitude stations (BOX and IRT) as well. At BOX station, the amplitude of the magnetic X
component was similar the amplitude of the ¥ component, and both were positive. It indicates that this station was
located westward of the meridian of the “polar” substorm onset.

At the mid-latitude IRT station, the X component was positive, and the Y one was negative. It indicates that this
station was located eastward of the meridian of the “polar” substorm. Thus, the onset of this “polar” substorm was
located between BOX and IRT. The AMPERE maps confirm this demonstrating the location of the enhancement of
upward FACs (red color) in vicinity of the strong vortices in the ionospheric currents (green color).
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Figure 3. Magnetograms from some IMAGE stations as well as BOX and IRT stations and electrojets and
FAC after AMPERE data on 5 December 2020. The Harang discontinuity location is shown by the red dotted
line. Blue arrows show the direction of BOX and IRT meridians.
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The AMPERE maps of the electrojets and FAC distribution as well as the IMAGE ground-based magnetograms
indicate that the Harang discontinuity during this event was located at ~67-69° MLAT, and the onset of the “polar”
substorm was in the sea between BJN and SOR station (i.e., between ~68-71° MLAT). Thus, like the first considered
event, a “polar” substorm was observed close to the poleward boundary of the Harang discontinuity.

The analysis of the AMPERE electrojet maps allows to reveal the magnetic vortices associated with FAC
enhancement close to the eastward edge (the “nose”) of the Harang discontinuity region. Figures 2 and 3 demonstrate
that the vortices separate the high-latitude area with the evening “polar” substorm development and the auroral
latitudes with the after-midnight westward electrojet location.

Summary

- We found that the “polar” substorms location are typically associated with the Harang discontinuity position obtained
from the ionospheric AMPERE multi-satellites system measurements and the ground-based IMAGE magnetometer
data.

- As a rule, the “polar” substorms were recorded poleward of the Harang discontinuity location and close to its
poleward boundary.

- Like the “normal” substorms, the “polar” substorms were accompanied by the SCW (Substorm Current Wedge)
development and mid-latitude positive magnetic bay, however, they were observed not only at the middle latitudes,
but at subauroral and even auroral latitudes too, demonstrating a narrow latitude distance between the westward and
eastward electrojets (narrow latitudinal dimension of the Harang discontinuity).

- The magnetic vortices, associated with FAC enhancement, were found close to the eastward edge of the Harang
discontinuity region (“nose”’) which separated the area of the evening high-latitude “polar” substorm development and
the after-midnight area with the westward electrojet location at the auroral latitudes.
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Abstract. Statistical studies allow probability statements about the frequency of certain events. The occurrence of
magnetic substorms and their activity have been described with the help of extreme value distributions in the last few
decades using the auroral electrojet indices AE, AL and AU. In this work we examined the distribution of the /L index,
derived from observations at stations of the IMAGE magnetometer network. The distributions of magnetic
disturbances, based on /L, were studied separately in the morning (3-9 MLT), day (9-15 MLT), evening (15-21 MLT),
and night (21-3 MLT) sectors. In addition, we used the values of the /L index calculated from the meridional chains
in the auroral zone (PPN-SOR) and from the chain of stations at high latitudes (BIN-NAL). By help of the histograms
and the empirical cumulative distributions, the occurrence rates were computed. It was shown that the empirical
distributions could be well approximated with exponential distributions. The distribution parameters were determined
from the occurrence rates. Three classes were discovered, which differ significantly by the respective distribution
parameters. Structure changes in the distributions were found in the morning sector at both auroral and high latitudes.

Introduction

It is well known that very strong geomagnetic storms provoke hazards as disruption of electrical power systems and
communication systems, including in navigation systems with all socio-economic consequences. Therefore, in the last
decades, such strong events were in the focus of statistical studies. They give answers to questions as the probability
of occurrence of such events, their distribution over time intervals as seasons, years and dependences the from solar
cycle phase. The occurrence of strong events was studied based on application of the extreme value theory using
geomagnetic indices as Dst, aa, AL, AU and AE describing the geomagnetic activity [1-7] From the magnetic field
components measured at the Earth’s surface, field variations are extracted and indices are determined that
characterized geomagnetic activity. Most of them have global character. The IMAGE network includes European
stations. The indices obtained on the base of this network data are regional, and more appropriate for Europe than
global indices. The aim of the investigations presented in this paper is the study of the distribution of IMAGE electrojet
index /L, which to our knowledge has not been carried out so far.

Data

The IMAGE magnetometer network provides the auroral electrojets indices for all stations located in Scandinavia and
Fennoscandia (Scandinavia without Svalbard). Here we use the chain Polesie — Segraya (PPN - SOR) from 51.4°
(47.1°) to 70.5° (67.3°) geographical (geomagnetic) latitudes enclosing 12 stations, and the chain Bear Island — Ny
Alesund (BJN - NAL) enclosing four stations at Svalbard from 74. 5° (71.4°) to 78.9° (75.2°) geographical
(geomagnetic) latitudes. Note that sometimes, in conditions of calm solar wind, specific types of substorms, the so-
called “polar substorms” [8-9], were observed on this chain over Spitsbergen (BJN-NAL). We have downloaded the
IL  index computed for these chains for the time interval from 2007 to 2020
(https://space.fmi.fi/image/www/il_index_panel.php). The perturbations in the horizontal magnetic X component
relative to quite magnetic conditions, we denoted by 6X. During substorms, at auroral latitudes the /L-indice and 6X
are strong negative. The daily time series of /L index averaged over one every minute were subdivided in four time
sectors lasting 6 hours: the midnight sector (called hereinafter for brevity night sector) (21 - 03 MLT) the morning
sector (03 - 09 MLT), the midday sector (for brevity called day sector) (09 - 15 MLT) and the evening sector (15 - 21
MLT). The noise in the /L time series was reduced by the application of a simple low-pass filter with a cut-off
frequency corresponding to 5 min.
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The choice of events
We have chosen the magnetic disturbance events by the following criteria:

1) IL falls below —20;

2) the peak width at —c is greater than 8 minutes;

3) a threshold of —/L > 50 nT was applied for BIN-NAL and for PPN-SOR a threshold of —/L > 100 nT was used,
because below these thresholds only weak magnetic disturbances, similar to noise, were observed.

The minimal /L value of the negative bay of each of the chosen magnetic disturbance event was taken for further
consideration.

Determination of the distributions and observation rates of /L-index

We constructed histograms, where the number of events wase counted in successive, not overlapping equal intervals
of 50 nT. Our histograms display the frequencies of numbers of magnetic disturbance events in every /L interval. /L(t)
is defined as min{&X;(t)}, where i is the station number and the densities are expected to decrease as an exponential
function. The empirical distribution density is easy to calculate from f; = Ni/N, where N; is the observed number of
magnetic disturbance events in the i interval and N is the overall observation number in all classes. The theoretical
distribution densities can be estimated by help of an extreme value distribution, in our case the exponential distribution
density, which is defined as

(1) f(x) = Axexp(—Ax),with x = —(IL + 50) nT.

The empirical cumulative distribution is given by F; = %23:1 N; and the theoretical cumulative distribution for the
exponential distribution density is

2) F(x) =P(X <x) =1—exp(—4x),

where P gives the probability that a random variable X is smaller than x. The survival function is defined as S(x) =
P(X>x)=1-P(X<x)=1-F(x)[10]. In absolute counts the event observation number is N-N*F; and the occurrence
rate per year is obtained by (N— N*F;)/(number of years). We note that the waiting time rate, used by some authors, is
defined as the invers of the occurrence rate [11]. The theoretical occurrence rate in the case of an exponential
distribution is N * exp(—Ax)/(number of years) and on a logarithmic scale it decreases linearly with —/L, with the slope
equal to the parameter A of the exponential distribution, which can be determined by linear regression.

Results

The occurrence rates were determined by help of the calculated empirical cumulative distributions for all four
examined here magnetic time sectors [12,13]. As it is well known the magnetic disturbances in the night, morning and
evening sector are often associated with substorms. The obtained occurrence rate distributions of the magnetic
disturbances registered at the PPN-SOR chain in these sectors and at the BIN-NAL chain in the evening sector and
for —/L > 1025/nT in the morning sector are grouped in the interval of the parameters of the exponential distribution
between about 0.004/nT and 0.005/nT. In the night sector for the BIN-NAL chain the exponential distribution
decreases faster than the one for the PPN-SOR chain, with 0.0067/nT (Fig. 1a). The sources of the disturbances
observed during night at PPN-SOR and at BIN-NAL are probably different. The occurrence rate in the morning BJN-
NAL sector decrease faster up to —/L = 1025 nT with a slope of about —0.0065/nT, and after that the slope change to
about 0.0042/nT. For the PPN-SOR chain in the same sector it decreases with a slope of about 0.0052/nT up to
—[L = 875 nT, and after the slope becomes about 0.0039. These changes in the occurrence rate in the morning sector
for both chains are identified as structural changes with break points at the limits mentioned above (Fig. 1b) [14,15].
The significance of the breakpoints was tested for a Two Phase Regression model using a F-statistic [16] with
Fmax-percentils calculated by Lind and Rees [17] The breakpoints are significant at the level of 0.99. The segments
after the break points for stronger magnetic disturbances show a smaller A than the segments for weaker intensity of
the magnetic disturbances.

The fastest saturations were observed in the cumulative frequencies in the day sectors of both chains. This is reflected
in the rapid decrease of the respective frequencies in the histograms (not shown here) and in the occurrence rates, as
well (see Fig. 1d), giving us the estimated parameters of the exponential distributions of 0.011/nT for the BIN-NAL
chain and of 0.0075/nT for the PPN-SOR chain. During evening time usually the eastward electrojet is predominant
but at the SOR chain negative /L can be observed for some configurations of the electrojet vortexes.

The occurrence rates of magnetic disturbances in different time sectors show three classes, which are characterized
by different parameters A of the exponential distributions. The first class is the more extensive and is characterized by
slopes in the A interval of approximately 0.004/nT to 0.005/nT and is typical for the exponential distributions at auroral
latitudes. In the morning sector for both the PPN-SOR and the BJIN-NAL chain a structural change (with one break
point) is observed, where the segments for stronger magnetic disturbances have a A parameter, which belongs to the
first class. The second class with a A of between about 0.0065 and 0.0075/nT is only observed at auroral latitudes in
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the day sector and at high latitudes in the night sector and in the morning sector up to about —/L= 1025 nT. The third
class comprises only a few events with A of about 0.011/nT, typical for the occurrences of weak disturbances in the
day sector at auroral latitudes.
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Figure 1. Occurrence rate of /L-index calculated for PPN-SOR (orange colour) and for BIN-NAL (blue colour)
for all time sectors. The empirical rates are shown by crosses. The theoretical rates, estimated by help of
exponential functions, are drawn by continuous lines. The values of the A parameters and their confidence
intervals are noted. a) for the night sector b) for the morning sector c¢) for the evening sector and d) for the day
sector.
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Figure 2. Classification of the exponential distributions of magnetic disturbances by the parameter A in three
classes.
Conclusions

The determined empirical occurrence rates of magnetic disturbances at the IMAGE chains PPN-SOR in the western
part of Scandinavia and at the Svalbard stations obtained in the here presented paper show exponential distributions
and can clearly classified in three classes, which are characterized by different parameters A of the exponential
distributions.
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KIIACCU®PUKALNUA N30/ IMPOBAHHBIX CYBBYPbB IIPU YUETE
YCJOBUM T'EHEPAIIMA U XAPAKTEPUCTHK ®A3

H.A. Bapxatos!, B.I'. Bopo6ses?, O.U. Sroakuna’, E.A. Pepynosa’, A.IO. Bopucosa'

'Huoicezopodckuii 2ocyoapecmeenniil nedazozuveckut ynueepcumem um. K. Mununa
Hlonspnoiii 2eopusuueckuti uncmunmym, Anamumot, Poccus
3 Huoice2opoocKutl 20Cy0apcmeeH blil apXumeKmypHo-CImpoumenbHolil YHUGepcument

AHHOTAIIMA

B pabore mpencTaBieHBI pe3yibTaThl HEHPOCETEBOH KiaccCH(UKAIMM H3OJHUPOBAHHBIX COOBITHH CyOOYpb,
00YCIIOBJICHHBIX BO3JICHCTBHEM TIOTOKOB IIa3Mbl COJTHEYHOT'O BETpa Ha MarHurochepy 3eMiu ¢ y4eToM IPH3HAKOB,
XapaKTepU3yIOIINX 0COOCHHOCTH YCIOBHH T€HEpaLNH Pa3iIndHbIX (a3 cyoOyps. g 3Toro BeIOpaHsI cieqyromue
KJIacCH()MKAIIMOHHBIC TPH3HAKU: MPOJODKUTENBFHOCTE (ha3bl 3apOXKIACHUS, ITUTENBHOCTD (pasbl pasBUTHS, (Da3bl
BOCCTAaHOBJICHUsI M Bceil cyOOypH, a Takke 0COOCHHOCTH MOBEACHHS KOMIIOHEHTHI Bz MeXIUIaHEeTHOrO MarHUTHOTO
nonst (MMII). Ilox mocneqHuM MpU3HAKOM IOApa3yMeBaeTcsl HOBOPOT KoMNoHeHTs Bz MMII k rory, koTopslit
ompezenseT Hadano (aspl 3apoxkaeHHs cyOOypu. OTH TNpU3HAKM NPHHATHI B KAadeCTBE BXOJHBIX PSIOB JUIA
CO3/]aBaeMbIX CaMO00yJaronuxcs KiacCU(pUKaIMOHHBIX HeilpoceTeBbIX Mojenel. B mpouecce paboThl HeifpoceTn
chopMHUpoBaHbl HAOOPHI rpaduIecKuX 00pa30B YKa3aHHBIX KIaCCU(PHKAIIMOHHBIX MPU3HAKOB. B pe3ynbraTe KaxIbii
o0pa3 conepXUT HMHGPOPMAIMIO O MPOJODKUTENFHOCTH (a3 paccMaTrpuBaeMbIX CyOOypb. BvImomHeHHBIE
KIacCH()MKAIIMOHHBIE HEHpOCEeTEeBBbIE IKCIEPUMEHTHI HAJl PACCMATPUBAEMBIMHU CyOOYypsSMH HO3BOJSIOT Pa3feiIuTh
cy00ypu Ha msTh KinaccoB. Duanyeckue OCOOCHHOCTH BBIJCICHHBIX KJIACCOB 3aKIIOYAlOTCS B MPUYMHHO-
CJIC/ICTBEHHBIX CBS35X MPOJIODKUTEIFHOCTH CyOOypeBhIX (a3 ¢ mapaMeTpaMy COJTHEYHOTO BETPa M OCOOEHHOCTSIMU
MMIL.

Beenenue

BaxHo#i mpo6ieMoii COBpEMEHHON TeIHOTEO()H3UKH SBISIETCS MOJCIUPOBAHIE M MPOTHO3HPOBAHUE TTIO0ANBHON H
cyOOypeBoif aKTHBHOCTH Ha OCHOBE ITapaMETPOB OKOJIO3eMHOTO KOCMHYECKOTO IPOCTpaHCTBA. V3BecTHO, dYTO
OCHOBHOU MPUYMHONH MHTEHCUBHBIX TEOMATrHUTHBIX Oypb SIBIISETCS CHJIbHAS U MPOJODKUTENbHAs (O6oee 3 JacoB)
OTpHIIaTEeNIbHAsT KOMIIOHEHTa MEXIUTaHeTHOro MarHuTHoro mois [1]. OHa MoXeT cojepKaTbCsi B OJHOM U3
MHOTOYHCJICHHBIX CTPYKTYP COJHEYHOTO BETpa WM BO3HHKHYTH B Pe3yJbTaTe B3aMMOJCHCTBHSI MEXAY ITHMHU
cTpykTypamu. OmHAKO HEKOTOpbIE CTPYKTYPHI BBI3BIBAIOT 3aMETHBIC IJIOOAIbHBIE BO3MYIIEHHS HE3aBHCHMO OT
HAIWYUS B HUX OTPUIIATEIHHOW KOMIIOHEHTHI MEXIUIAHETHOTO MarHutHoro modisi [1-3]. OTaenvHBIA MHTEpEC
BBI3BIBAIOT HCCIICIOBAHUS XapaKTePHCTUK H30JHPOBAaHHBIX Cy0Oyps. B psge paboT mpearatorTcss BapHaHTHI
KiaccU(UKAMM M30JUPOBAHHBIX COOBITHH cyOOyph NpM ydeTe NPHU3HAKOB, XapaKTEPHU3YIOUIMX OCOOCHHOCTH
YCIIOBUH TeHepanuu pasnuiabiX (a3 cyo0ypsr [3]. Takue wccinemoBaHWs YUUTHIBAIOT OOMICTIPUHSTYIO MOJENb
cy60ypeBoro mporiecca, Korjia HaKOIUIEHHE MOTeHIIMATBHON YHEPTUH B MarHUTOC(hEpe B IEPHOJ ITOITOTOBUTEIBHON
(a3l cyOOypu cBS3BIBaETCS C YCHJIEHHEM KpPYITHOMACIITaOHOTO 3alaJHOTO AJIEKTPHUUYECKOTO IO KOHBEKIUH
MOTIEpEeK XBOCTAa MarHUTOC(epbl. DTa MOTEHIMAJIbHAs JHEPIHsS B CBOIO OuYepenh OOYCIOBIEHAa KHHETHYECKON
sHeprueil conHeyHoro Berpa. OgHAKO, MPOIIECC ee HAKOIUICHHS BCIIEICTBUE MOCTYIUICHHUS U3 COJTHEYHOTO BETpa Ha
MOATOTOBUTEIBHOM MHTEpBajie Cy0OypH, HEBO3MOKHO YUeCTh Ha OCHOBE TOJIEKO MIHOBEHHBIX 3HaueHuH (Bz, N, V).
Ero MOXHO OIIEHUTH BHIYUCIIEHHEM MHTETPAIbHON BenmunHbl X[NV?2], XapakTepu3syrollleil H3MEHEHUE KOJIMYIECTBA
SHEPTUH, MOCTYIAONIEH 32 OJUH Jac B MarHUTOC(epy U3 COJIHEYHOTO BETpa B BHJIE KWHETHUECKOI >Hepruu [4].
[JanbHeiimee Havyano akTUBHOM (azel cyO0OypH OOBIYHO CBSI3BIBAIOT C B3PBIBHBIM I1E€PEXO0JIOM HAKOIJIEHHOMH
MOTEHIMAJIbHOW SHEPrUM MAarHUTHOTO IIOJsI MAarHUTOC(Epbl B KWHETHYECKYIO JHEPrHI0 YaCTHIl PaJHallMOHHBIX
MOSICOB, MOHM3YIOIIUX HOHOChEpPy.

B mpennaraemoit paboTe u3ydaeTcss BO3MOXKHOCTH OOBEAMHEHHUS BCEX MapaMETPOB, XapaKTEPU3YIONINX Kak
HOPUYMHY, T.€. CTPYKTYPY COJIHEYHOTO BETpa, TaK U CIEACTBUE, T.€. TEOMAarHUTHOE BO3MYIIEHHE, Yepe3 KOCBEHHBIE
MpU3HaKd. OTO Jenaercs Uisl CO3MaHMsA KiIacCH(DHKAIMM W30JMPOBAHHBIX CyOOYyph YUYWTHIBAIOIICH YCIOBHS
TeHepallid W XapaKTePUCTHKH cyOOypeBbIX ¢a3. Mcmoibp3yemble NMPU3HAKM I KIACCU(PHUKAIUU OMUCHIBAIOT
MPOJIOJDKUTENLHOCTE (ha3bl 3apOXKICHUS, JUINTEIBHOCT (as3bl pa3BUTHS, (a3bl BOCCTAHOBICHUS M Bcell cyOOypwu.
Takum 00pazoM, 00BEKTOM HACTOSIIET0 UCCIIEIOBAHUS SIBJISIFOTCS] M30JIMPOBAaHHBIE CyOOypeBble COOBITHS Pa3IMIHON
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HHTEHCUBHOCTH U NPOJOJDKUTENBHOCTH, KOTOPBIE, KaK H3BECTHO, HAXOIAT CBOE OTPAKEHNE BO BPEMEHHON TUHAMUKE
AL-unnekca. Jlns asroro wucciemyercss AuHaMuka AL-MHIEKca B MHTEpBAJIBI BPEMEHH, KOTJa MarHutocgepa
B3aUMOJICHCTBYET C aKTHBHBIMH ITOTOKAMH COJIHEYHOH masMmbl. [lockonbky nccnenyemble koHurypamuu AL-
WHJIEKCa colepkaT B cebe mHpopManuio 00 3TUX IMOTOKaX M OCOOEHHOCTSIX MPOXOXKIACHHS 3eMIIH 4epe3 HUX, TO
BO3HHMKAeT BO3MOXKHOCTh KiIacCHU(UKAIMU BPEMEHHON CTPYKTYpbl AL-MHIEKca Npu ydere yCIOBHH TeHepauuu U
XapakTepucTuk a3z cy0o0ypb. [yt 3TOH Lienu NpUMEHsieTCsl METOJ] MCKYCCTBeHHBIX HeHpoHHbIX cetedd (MMHC),
MTO3BOJIIOIINN HAa OCHOBE HENMHEWHOW KOPPEIAIMHOHHON 00pabOTKHM IKCIEPHUMEHTATBHBIX JAaHHBIX IMPOBOIUTH
MHTEJJIEKTYaIbHOE Pa3eeHIe BXOJHBIX 00pa30B Ha KJIACCHI.

Hcnonb3yemblie JaHHbIC U TEXHOJIOTHS KIaccupuKanuu

Co3naBaemas B pabore MHC cTpouTcs 10 KilacCHYeCKOMY MPHUHITUITY camMooOydeHus. s pemeHns MoCcTaBIeHHON
3aau KIacCU(pUKAINK ObUIa CIIPOSKTHPOBAaHA U MCIIONB30BaHa camoobydaromasicss UHC. ApxuTtekTypa 3Toi cetn
MOCTpOEHa O MpHUHIHITY ciios KoxoHeHa.

Llens paboThl HelpoceTH 3aKimovaeTcs B Kiaccudukanus rpaduueckux o0pa3zoB Habopa KiacCU(PpHUKAIMOHHBIX
npu3HakoB. Kaxnelii Takoi 00pa3 comepXWT HMH(POPMAIMIO O COOTHOWICHWH IPOAOIDKUTEIBHOCTEH a3
paccMaTtpuBaeMbIX Cy00yps. Mcnonabp3yeMble IPU3HAKY [T KIIACCU(PUKAIIMY OMUCHIBAIOT MPOAOJDKUTEIBHOCTD (ha3bl
3apOXKICHUS, JUIUTEIBHOCTh (a3l pa3BuTHs, (ha3bl BOCCTAHOBIICHUSI U Beell cy0Oypu. PesynbTaTom HeipoceTeBbIX
SKCTIEPUMEHTOB SIBISIETCSI OIIPEAEICHHE YHCIa KJIAcCOB, KOTOPOE JIydIlle BCETO COOTBETCTBYET WH(OpMAIuH,
CoJeprKalleicst B NCTIONB3yEeMBIX JaHHbIX. [ ncnonp3oBanus qanHbIX B MHC, kmaccudukaoHHbIe TapaMeTphl B
npeaesax KaxI0i aHaIM3upyeMol KOMOMHAIIME HOPMHUPYIOTCS. DTO TO3BOJISET MPEICTABUTh BECh MACCUB JIAHHBIX
Ha OJTHOH IIKaJie, COXPaHWUB HH(POPMAIHIO 00 HHTEHCHUBHOCTH COOBITHI. MBI IIpeuiaraeM JeMOHCTPALIMIO MAaCCHBOB
JaHHBIX C TOMOIIBIO TPa()UKH B BUJIC MHOTOYTOJILHUKOB [1].

Kpurepun otbopa paccMaTpuBaeMbIX H30JIMPOBAHHBIX Cy00yph ObUTH citenytomue [5]:

1) BpeMeHHOH MHTEpBaJ OT MPEIbIIYLIEro BO3MYIICHU He MeHee 3-X 4acoB;

2) WHTCHCHUBHOCTh MarHUTHOU OyXTHI B Makcumyme 2500Tn < Max|AL| < 13008Tx;

3) nmnutensHOCTH CyO0ypH < 3 u;

4) okonvanue cyo0ypu: Bpemst UT, nocne koroporo BenudrHa Bo3myinenus |[AL| < 0.2Max|AL|.

OTt00p cy00yph Mo KpurepusMm |—3 TpoBOAMIICS BHU3yadbHBIM IPOCMOTPOM CYTOUYHBIX Bapuaimii AL mHIekca.
JIOTIOJTHUTENIFHBIM TIPU3HAKOM TIOSIBIICHUsI CyOOypH SIBISUIOCH HAIMYME COOTBETCTBYIOIIMX BapHaluii B MHIEKcaxX
MarautHOM aktuBHOCcTH SYM/H(D) mnu ASYM/H(D). CormacHo kputepusMm otobpaHo 106 H30JIMpPOBaHHBIX
Ccy0OypeBbIX COOBITHI pa3iMYHON HMHTEHCHMBHOCTH B mepuon ¢ 1994 mo 2012 rr. mo maHHbIM Kartajmora NASA
(http://cdaw.gsfc.nasa.gov). OneHka cyoOypeBoli akTHBHOCTH BEITIOTHEHA 10 MUHYTHBIM JaHHBIM nHAEKca AL. Kak
OTMEYaJIOCh BBIIIE, HCHOJB3yeMble NPU3HAKKM Uil HEWpOCeTeBOil KiaccH(UKALUU: IPOAOIDKUTEIBHOCTh (a3bl
3apOXKACHUS, JUIMTEIBHOCTE (Da3bl pa3BUTHS, (a3bl BOCCTAHOBIECHUSA U Bcell cy00ypu. Hauano ¢asel 3aposxaeHus
cy00yph Ompenersioch MOBOPOTOM KOMIOHEHTH Bz k tory. IlepeunciieHHble KinaccH(MKalMOHHBIE MPU3HAKH
XapaKTepU3yIOT 0COOCHHOCTH YCIOBUI reHepauy pa3InyHbIX (a3 u3ydaeMbix cyo0ypb. OHM NPUHATH B KAYECTBE
BXOJHBIX PAJIOB JUIS CO3/IaBa€MbIX CAMOOOYYAIONINXCSI HEHPOCETEBBIX MOETICH.

HeiipoceTeBble pe3yabTaThbl YMCIEHHBIX KIaCCH(PUKAIMOHHBIX IKCIIEPUMEHTOB
[Tpu3Haku 1 KI1acCU(UKALUH OMHCHIBAIOT IPOIOIDKUTEIBHOCTD (Pa3bl 3apOKACHHS, JUTUTEINEHOCTD (a3bl pa3BUTHS,
(a3pr BoccTaHOBIIEHUS U Beell cy00ypu. Takum oOpa3zom, pe3ynbTaToM paboTHl KiacCH(UKAIMOHHONW HEHpoceTn
6bu10 (opMupoBaHue rpaduueckux o0Opa3oB HabOpa KiIacCH(MKAIMOHHBIX NpU3HAaKoB. Kaxielii Takoi oOpa3
COJICP)KUT HMH(OPMALHIO O IMPOJOJDKUTENBHOCTH (a3 paccMaTpuBaeMbIX cyO00ypb. B pesynbrare HelipoceTeBbIX
9KCHEPUMEHTOB CyO0Oypu OBUIM KIacCH(HUIMPOBAHBI HA IMATh KIACCOB. BH3yanbHBIH OCMOTpP pE3yIbTAaTOB
KJIaccU(pUIMPOBaHKS B BUJIE TPYII MHOTOYTOJIBHHKOB (CM. puc. 1-5) cornacyercs ¢ BbIBOJaMH, Mpe/JiaraeMbIMU
WHC. AHanu3 noiry4eHHBIX KJIacCOB MO3BOJISIET c(HOPMYIUPOBATH OCOOCHHOCTH MOIYYSHHBIX KIJIACCOB.

Knacc 1 — cobpan cy60ypu C MpPOJOJDKUTENEHBIM Pa3BUTHEM W BOCCTAHOBICHHEM M C YKOPOYEHHOH (a3oit
3apoxaeHus (puc. 1);

Kiacc 2 — cobGpan cyd0ypu ¢ npoomKuTensHOH (azoii 3aposkaeHus (puc. 2);

Kiacc 3 — cobpain cydb0ypu ¢ paBHOBeIMKUMH (azamu (puc. 3);

Kiacc 4 — cobpan cydb0ypu ¢ OTHOCHTEIHHO MTPOJOIDKUTEIHHON (ha3oit pa3BuTHs (pucC. 4);

Kiacc 5 — coOpan cydb0ypu ¢ OTHOCHTEIHHO KOPOTKO# (a3oit BoccTaHOBIEHUS (pHC. 5).
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Pucynoxk 5. Knacc Ne5.
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O0cy:xkaeHue pe3ybTATOB

AHanu3 MOJTYyYEeHHBIX KJIACCOB IMO3BONMII COPMYIHPOBATH OCOOCHHOCTH IOJyYEHHBIX IISITH KJIACCOB M CHENAThH
¢usnyeckue BeIBoAbl. OHM clienyromue: Kiacc | mpearnosiaraeT NpoJoDKUTENFHOE Pa3BUTHE M BOCCTAHOBJICHHE
cy00ypr ¢ yKOpOUeHHOI (ha30ii 3apOKACHUS; KiIacC 2 CBUAETEILCTBYET O MPOMOIDKATEIBHON (a3e 3apoiKICHHS;
KJacc 3 — IEMOHCTPUPYET PaBHOBEIMKHE CyOOypeBbie (a3sl; Kiacc 4 CBA3aH C OTHOCHUTEIBHO MPOJOIDKUTESIBFHON
(a3oil pa3BUTHS; KIacC 5 COAEPKHUT CyOOypH C OTHOCHUTEIBHO KOPOTKOW (ha3oi BoccTaHOBiIeHHs. Dusmueckne
0COOCHHOCTH  OOHapyXXeHHOH  KiaccuuKaluyu  OOYCIIAaBIMBAIOTCS  NPUYMHHO-CICACTBEHHBIMH  CBS3SIMHU
MIPOJIOIDKUTENEHOCTH cyOOypeBbIX (a3 ¢ mapameTpamu coiaHedHoro Betpa 1 MMII, Ha 9To, Ipekae BCero ykas3plBaeT
BaXXHBIM KiacCU(UKAIMOHHBINA MpH3HAK B BUAE MoBopoTa kommoHeHTHI Bz MMII k tory. OH, kKak H3BECTHO,
ompezessieT Hadano (asbl 3aposKaAeHHs cyo0ypH.
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3ABUCUMOCTbH MPB-UHJIEKCA OT TEOMATHUTHOM
AKTUBHOCTHU U XAPAKTEPUCTUK COJTHEYHOI'O BETPA

A.A. JIrio6unu!, N.B. [I>crmpak!, P. Bepuep?

Uonapueii 2eopuzuveckuii uncmumym, Anamumsi, Poccus
*Uncmumym xocmuyeckux uccredosanuti u mexnonozuii boneapckoii akademuu nayx, Cmapa 3azopa,
boneapusa

AHHOTAIIUS

B pabore ananmusupyercst cBsizb BenuunHbl MPB-nmHzmekca, BBEJIGHHOTo IJisl aHajM3a IMpOsBICHHUH CyO0OypeBoii
AKTHBHOCTH HA CPEIHUX IIMPOTAX, C YPOBHEM M€OMAarHUTHOM aKTUBHOCTH U C ITapaMeTpaMu MEXILIAHETHON CPEJbl.
Ilokazano, uro BennunHa MPB-mHzmekca pacTteT ¢ pPoCTOM TI€OMAarHUTHON AKTHMBHOCTH Ha pasHBIX IIHPOTAX,
JKCTpeManbHO Ooubinue 3Ha4eHUsI MPB-1HIEKca perncTpupyroTess BO BpeMs pa3BUTHS CHIIBHBIX U OYCHb CHIIBHBIX
TeOMarHUTHBIX Oypb. Benmnmunna MPB-nHnekca pacTeT ¢ yBeIMICHHEM KaK BEJIMYUHBL, TaK U MOAYJS KOMIIOHEHT
MEKIUTAaHETHOTO MAarHUTHOTO MOJISI K CKOPOCTH COJTHEYHOIO BETPA.

Beenenne

YYacTHUKH €XEeroJHOro AnaTHTCKOro ceMuHapa «®du3nka aBpOpaJbHBIX SBJICHHUI», €ClIHM MOBE3eT C MOrofiof H
cocrosinnem CoJHIIa, MOTYT HaOII0aTh TMHAMUYECKHE (POPMBI TIOJISIPHBIX CHSHUHI. Melkne HeIoCTaTKH, TaKUe KakK
XOJIOJ] ¥ BO3MOXHasi 0OJb B IIee IIOCJE AJIUTENLHOIO CMOTPEHHUSI BBEPX, C JIMXBOH KOMIIEHCHPYIOTCSI KPacoTOM
3penumia. beicTpo MeHsonuecs no GopMe U 1o MOJI0KEHHIO Ha HeOe CHUSHHS OOBIYHO CONPOBOXIIAIOT B3PHIBHYIO
(hasy cyooypu. OHnaiH y4acTHUKH KOH(QEPEHIHMH CO CPEIHHMX LIHPOT TOXE HWHOTIAa MOTYT BOOYHIO HAOJIIOIATh
TOJIIPHBIE CUSTHUS, HO Takas BO3MOXHOCTb BBINIAJIA€T PEKO, TOJIBKO BO BPEMsI CHIIBHBIX MAarHUTHBIX Oypb. Tem He
MeHee, 00a THIIa sIBJICHNH — Oypu ¥ cyO0ypH — CONTPOBOXKIAIOTCSI MArHUTHBIMHU BO3MYIISHUSIMU HA CPEJJHUX IIHPOTAX.
Wx aHanm3y W MocBAIIEHa JaHHAst CTAThsL.

XapakTepHbIM ITPU3HAKOM THIMYHOI cyOOypH SIBIISieTCSl pa3BUTHE TOKOBOTO KiIMHA. Bo Bpems B3pbIBHOH (ha3bl
cyoOypH NPpPOHCXOIUT YAaCTHYHOE pa3pyIIeHHE MONepeyHoro (yTpo-BeUEpHEro) TOKa OJNIKHEro XBOCTa
MarHuTocgepsl, HalpuMep, 3a CUET IIePECOSANHEHNS CHIIOBBIX JINHUH reoMarHuTHOTO TToutst. Kak Hac yunt Kupxrodg,
NIeKTpHUYecKas IIeTb T0JDKHA 3aMKHYThca. OHa U 3aMbIKaeTcs uepe3 HoHoc(hepy — B YTPEHHEM CEKTOpEe BO3HUKAET
BTEKAIOUIMH MPOIOILHBIN TOK, Jjajiee OH TeUeT Mo HOHOC(epe B BHICOKMX LIMPOTAX B BUJIE 3aI1a/IHOTO JIEKTPODKETA
Y BO3BpAIIIAETCsl B MArHUTOC(EPY B BEUEPHEM CEKTOPE B BUJIE MPOIOJILHOTO TOKA, CO3/1aBAEMOT'0 BHICHIAIOLIMMHUCS
YCKOPCHHBIMU 3JIeKTpoHamMH. OTMETHM, YTO CBEpXCHIIbHAs CyOOyps, Tak Ha3blBaeMas CymepcyoOypsi, MOXKeT
(hopMHUPOBATH TOTIOTHUTEIBHBIN TOKOBBIH KJIMH POTHUBOIIOJIOKHOTO HAIIPaBJIeHU s Ha BedepHel CTOpoHe (HampuMep,
Fuetal,2021; Zong et al., 2021; Jacnupak u op., 2022).

bnaromaps buo, Caapy u Jlanmacy MoxeM paccUnTaTh MarHUTHBIC 3 QEKTHI Ha TTOBEPXHOCTH 3€MJIH OT TOKOBOTO
KiMHa cy00ypH. OTH 3 deKTh HAOI0JAI0TCS Ha PA3HBIX IINPOTAaX, B TOM YKCIIE U Ha cpeaHux. Onumiem ux, cieays,
Haripumep, McPherron et al. [1973], e Ha rpaduke MoKa3aH JOJATOTHBIM MPOQUIb BapualMii MArHUTHOTO TOJIS Ha
mmpote 30°. Bo-iepBrix, OyaeT HaOMI01aThCA TOJIOKUTENTbHASI MATHUTHAS OyXTa B X-KOMITOHEHTE MATHUTHOTO TIOJIA
C MakCUMYMOM Ha HOYHOM CTOpOHE, MOCEepeInHE MEKAY BTEKAIOUIUM M BBITEKAIOIIMM MPOJOIbHBIMU TOKaMu. Bo-
BTOPBIX, Y-KOMIIOHEHTa OyJeT MMETh MAaKCUMyM M MHHHMYM Ha JIOJITOTE BBITEKAIOIIETO M BTEKAIOIIEro TOKa,
COOTBETCTBEHHO, 00paIasch B HOJb MocepeanHe. Mcnonp3yst 3T0 00CTOsATENbCTBO, OBUT MPEIIONKEH CHEelHaTbHbINA
MPB-unnekc (Mid-latitude Positive Bays - nuaexc) nisa ananmsa cyo0yps 10 JaHHBIM CPETHEIINPOTHBIX MATHATHBIX
craumyii [Chu, 2015; McPherron and Chu, 2017, 2018]. ABTopamu nnaekca (McPherron and Chu) 6p1mu omnricanbt
JIBE CIIETKA OTIMYAIOIINECS METOANKH pacyeTa WHAeKca. Pa3nnumsa B METOAMKaX pacdeTa MOKHO HAWTH, HAIIpUMeED,
B pabote McPherron and Chu (2017). OgHO U3 OTJIIMYHI COCTOUT B TOM, 4TO ciicok McPherron mosrydeH no 1aHHBIM
35 craHuMii ¢ TEOMAarHUTHOW IMUPOTON Amag MEXIY —45° 1 45°, Torga kak crucok Chu cocrasieH mo gaHHbIM 41
CTaHIIMU CEBEPHOTO U I0XKHOTO Hosrymapuii ¢ 20° < |Amag| < 52°. [1epBbIii cCIMCOK MOXHO HANTH B JOTIOJHUTEIHLHON
nHpOpPMAaMU K WHTepHeT-Bepcun crateul McPherron and Chu [2018]. OH BKIIO9aeT OJHOMHUHYTHBIC 3HAYCHHUS
TIOJIHOM MONIHOCTH TOPM30HTAIIBHBIX BapHMAlMii MATHUTHOTO MoJIs, TO ecThb AX*+AY?, 3a nepuos rae-1o ¢ Qespais
1980 roma mo xoner 2012 rona (no koHma 1984 roxa naHHbIe SBISIIOTCS AMTU30AMYECKUMH, HEPETYIIAPHBIMU). CTIHCOK
Chu Bxirouaer otensHo Bapuaiuu AX? (nanee MPB-X), AY? (nanee MPB-Y), a Takxke ux cymmy ¢ Hadana 1991
rona o xoner 2019 roxa. He 3HaeM, ecTh 1 OH B OTKPBITOM JIOCTYIIE, HAM OH OB JTF00e3HO npenocTasieH Chu, ¢
3THM CIIUCKOM U OyJieM paboTath B fanpHelmeM. OTMETHM TOJBKO, YTO U3-3a Pa3JINYUil B METOIMKE PACUETOB MEKITY
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IBYMsI CIHCKaMHM HHJICKCOB CYIIECTBYIOT pa3iW4MsA, KaK IpPaBHIIO, HE3Ha4WTEeNnbHbIE. llenb ucciemoBanus —
cTatuctHueckui aHanu3 MPB-mHzOekca, ero cBsf3um ¢ APYTMMH OJHOMHHYTHBIMHM T'€OMarHUTHBIMH HHIEKCAMH, a
TaKke ¢ mapaMeTpamu cosHeyHoro Betpa (CB) n MexruianeTHoro MaruutHoro moist (MMIT).

JKcTpeMaibHO Oonblnue 3HaYeHusi MPB-unnekca

Wnorna MPB-1HJIEKC IOCTUTAeT O4eHb GOJIBIIMX 3HaUeHnH. Mbl 0TOGpay Bee ciydau, koraa MPB-X > 10 000 HTn?
(to ectb, AX > 100 HT:1). Buanmo, Hato NOSICHUTH, TOYEMY 332 KpUTEPHUH 0TOOpa TYT OBLI B3ST HE MOJHBIH UHJEKC, a
ero X-kommoHeHTa. [lemo B Tom, uto Werner et al. [2021] npennoxuan MOAXGUKAIIUIO TPOLUEAYPHl BEIYHCICHUS
WH/IeKCca, 100aBUB AaHHBIE Oonrapckoii ctannuu [lanartopumre (Panagjurishte (PAG), 42.5°N, 24.2°E, 556 M H.y.M.;
~37° GMLat, ~ 97° GMLon), a Takke BKIOYHB BO3MOXXHOCTb BBIYHCICHHI Bapualuid Ha OTIEIbHON
CpPEeTHEIINPOTHOW MATrHUTHOW CTaHIMH. B 3ToOM ciydae BapHanud X-KOMIIOHEHTH OyIyT COOTBETCTBOBATH
MIOJIO’)KEHUIO TOKOBOTO KJIMHA BOMW3HM AONTOTHI cTaHIMH. OKasanock, YTO BCE SKCTPEMAIbHO OOJBIINE 3HAYCHUS
MPB-ungekca HabIIOAATICH BO BpeMsI MAarHATHBIX Oypb pa3HON HHTEHCHBHOCTH.

Meng et al. [2019] npuBenu Tabnuily cynepOypsb, koraa unaekc Dst omyckancs Hyke —250 uT1, 3a nepuon ¢ 1957
o 2018 rox, Bcero 39 coOwiTuii. 13 Hux 14 cynepOyps Oblu 3apeructpupoBanbl ¢ 1991 ropa. Kak okaszanocsk, Bce
OHH COIIPOBOXKJAIHNCH KCTPEMAaIbHO OoNbIMMU 3HaueHussMU MPB-nnnekca. PesynbraTsl cymmupoBaHsl B Taomuie
1. OTMeTHM, UTO BO BpeMs JBYX Oypb (4-0ii u 9-0if) MPB-X 6b11 Gonblium, HO He goTaruBai a0 10 000 HTxn?, xots
nosHblit MPB-unzexc npesbiman 10 000 HTn.

Ta6auna 1. CynepOypwu, 3apeructpupoBansbie ¢ 1991 roga, paHxupoBaHHEIEC TI0 BETHYHHE MHHUMAIEHOTO
3HavyeHus Dst-manekca. [lepsrie ceMb cTon010B B3sATH U3 Tabmuis! 1 B crathe Meng et al. [2019]. Bocemoit
cTonbeny — Hame TBOpYECTBO. B cronbiax mocienoBaTenbHO HOMEp coiHeuHoro mwmkia (1); Bpems
peructparyu Dstyin (2); ero BenmmanHa (3); BemmauHa 1 BpeMs peructpariid SY M-Huin (4); BeTnanHa 1 BpeMs
perucrtpanuy BHe3amnHoro uMiyiabca SI* (5); tun Gypu mo xapakrepy usmeHeHus Dst-unmekca (6); CTpykTypa
B COJIHEYHOM BETpE, BbI3BaBIIas MarHUTHYI Oypro (7); BeIMYMHA M BpeMs PETHCTPALMU 3KCTPEMajbHOTO
3HaueHust MPB-unnekca (8).

Solar Dstyin time Dstynin ~ SYM-H,,in/time SI'/time Type Interplanetary MPB
cycle (yyyy-mm-dd UT) (nT) (nT)/(mm-dd UT)  (nT)/(mm-dd UT) Case (nT?)/(mm-dd UT)
SC23 2003-11-2020:30  —422  —490/11-20 18:17  49/11-20 08:06 111 Sheath+MC Bxz- ~69 000/11-20 17:03
SC23 2001-03-31 08:30 387  —437/03-31 08:06  129/03-31 01:00 I Sheath+MC Bxze-  ~26 000/03:31 06:09
~21 000/03:31 15:53
SC23 2003-10-3022:30 383  —432/10-3022:55  76/10-30 20:08 111 Sheath ~46 000/10-30 21:35
SC23 2004-11-08 06:30  —374  —-394/11-08 05:55  92/11-07 19:20 I Sheath+MC Bxz- ~27 000/11-08 01:19
[MPB X~9 300]
SC22 1991-11-09 01:30 354  —402/11-09 01:32  49/11-08 13:15 I Unknown ~575 000/11-08 22:20
SC23 2003-10-30 00:30 353  —-391/10-30 01:48  81/10-29 06:14 111 Sheath+MC Bxz- ~69 000/10-29 19:56
SC23 2000-07-16 00:30  —301 —347/07-1521:54  93/07-15 15:04 I MC Bxz- ~23 000/07-15 21:48
SC22 1991-03-2500:30 298  —337/03-2503:41  118/03-24 03:55 I Unknown ~105 000/03-24 21:33
~24 000/03-24 04:06
SC23 2001-11-06 00:30  —292  —320/11-06 04:06  88/11-06 01:54 1T PICME+sheath ~11 000/11-06 02:05
[MPB X~6 300]
SC22 1992-05-10 14:30 288  —363/05-10 14:15  81/05-09 20:02 I Likely sheath+MC  ~28 000/05-10 18:29
SC23 2000-04-07 00:30 288  —320/04-07 00:09  46/04-06 16:45 111 Sheath ~60 000/04-06 23:27
SC23 2001-04-11 23:30 271 —280/04-11 23:57  26/04-11 15:53 111 Sheath ~24 000/04-11 21:37
~23 000/04-12 00:16
SC23 2004-11-10 10:30  —263  -282/11-1009:31  46/11-09 18:51 111 Sheath+MC Bxz+  ~31 000/11-09 20:32
SC22 1991-10-29 07:30 254  —284/10-29 08:02  51/10-28 11:03 111 Sheath+MC Bxz+  ~223 000/10-28 16:06

MBI IpoaHann3npoBaId OCTABIIMECS CIyYyan HaOJIOEHUs SKCTpeMalIbHO OobInx 3HaueHnid MPB-unnexca. s
9TOT0, HCTOJIL3Ys calT https://wdc.kugi.kyoto-u.ac.jp/dst_final/index.html, mocmotpenu moBeaenune Dst-uHIekca Bo
BpeMs 3TuX cirydaeB. OKa3anock, 4To Bee ocTaBmmecs ciydan ¢ MPB-X > 10 000 nTx? HaGmoAanuch BO BpeMs
CHITBHBIX MAarHUTHBIX OYPb (Dstmin < —100 BT). PesynsraTer cymmupoBans! B Tabmmrie 2. Vicronp30Bainch 4acoBEIC
3Ha4YeHns Dst-MHIeKca, T03TOMY BpeMs BO BTOPOM cTojI011e KpaTtHO 30 MUHYTaM — cepeaiHe yaca (W JBYyX9acOBOTO
nHTepBaNa A Oypu 1992-02-26) ¢ muanManbHEIM 3HadeHneM Dst-maaexca. Maneke SYM-H, ¢ ogHOMHHYTHBIM
paspemicaueM, ObLT B3aT U3 0a3bl gqanHbIx OMNI ¢ caiita https://cdaweb.gsfc.nasa.gov/. IlepByro B crmcke Oypro
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MOJKHO Ha3BaTh «IIOTpaHUYHOI. HekoToprie mccnenoBarenu (Hanpumep, Gonzalez et al., 2011) BKIIIO9aOT ee B
CIHCOK CynepOyph, TPUIHCHIBAS €l Dstmin = —263 BT, HO Meng et al. [2019] xateropudssl — Tonsko —247 HT 1, n
pa3 HenmotsruBaeT 3 HIn no —250 uTi, To Heuero M mpeTeHAOBaTh Ha pPoib cynepOypu. OTMETHM HEOOBIYHOE, C
HaIllei TOYKH 3pEeHUs, 00CTOSATEIHCTBO — TSI AIBYX Oyph CpeHedacoBoe 3HaucHue Dst-uHIeKkca OKa3pIBaeTCs MCHBIIIE
MUHHMAJIBHOTO MHHYTHOTO 3HaueHHs uHAekca SYM-H. Bummmo, ckaswiBaroTcs pasnuyuisi B BbIOOpe 0a30BBIX
CTaHIMI, B HIOAHCAX METOAMKH BbluMcieHH u Tak pnanee. CpaBHenuto Dst u SYM-H wunnmekcoB mocssieHa,
Hanpumep, ctatbs Wanliss and Showalter [2006].

Tabéauua 2. CuipHbIe OypH, BO BpeMs KOTOPBIX HAOIIOMAIHCh SKCTpeMaibHO Ooibinue 3HadeHus MPB-
nanekca. Ctpykrypa nogo6na Tabmurme 1, HO 6e3 5, 6 u 7 cToNOIOB.

Solar  Dst,,;, time Dstnin -~ SYM-H,,;i,/time MPB

cycle (yyyy-mm-dd UT) (nT) (nT)/(mm-dd UT) (nT?)/(mm-dd UT)
SC23  *2005-05-1508:30 247  -305/05-15 08:20 ~38 000/05-15 08:50
SC22  1991-06-05 19:30 —223 —238/06-05 16:56 ~50 000/06-05 17:14
SC23  2001-11-24 16:30 —221 —234/11-24 12:37 ~49 000/10-30 07:15
SC22  1991-11-01 23:30 -196  -200/11-01 19:37 20:22  ~36 000/11-01 20:30
SC22  1991-07-13 15:30 —-183 —238/07-13 15:42 ~42 000/07-13 16:20
SC23  2002-10-01 16:30 -176 ~ —154/10-01 12:53 ~18 000/10-01 16:28
SC24  2018-08-26 06:30 -175 —206/08-26 07:11 ~18 000/08-26 07:44
SC22  1992-02-26 22:00 -174  —167/02-26 22:31 ~61 000/02-26 19:44
SC22  1992-02-08 16:30 -114  —126/02-08 15:18 ~41 000/02-08 15:35

IMoxsenem uroru pasnena. Bee sxctpemansHO Oombinve 3HaueHnss MPB-uHnekca HabIr01at0TCsl BO BPEMs CUIIBHBIX
U OYCHb CHJIBHBIX MArHUTHBIX 6ypI> Mo>xHO MpCANoJIOKNUTb, YTO OTHU OJOKCTPCMAJIbHBIC 3HAYCHHSA BbI3BAHBI
CMELIeHHEM OBajla MOJISIPHBIX CHSHHMH K 3KkBaropy. IIpocTo Ha Bpems, HEOKHAAHHO IJisi ce0si, CpeHUE LIMPOTHI
CTaHOBATCS aBpOpaJIbHBIMU HUJIN OJIM3KUMU K HUM.

CraTucrtuyecknii anaau3s cBsizu MPB-unaekca ¢ IpyrumMu reoMarHiTHbIMA HHIEKCAMH

Bosbsmem Bce nannbie no MPB-unnekcy 3a Bech nepuon ¢ 1991 no 2019 roxa. To ecTh, He IPOBOAS JOMOJIHUTENBHBIN
aHanu3, HaOIIOJIAIOTCS JIM €T0 Bapualuu Bo BpeMs cy0O0yps wiu HeT. Ha Puc. 1 moctpoeno pacnpenenenre MPB-
MHJIEKca B IBOWHOM Jloraprdmuieckom Macuirade. B Takom maciirabe rpaduk criagaeT MouTH JIMHEHHO, C HAKIIOHOM
~-2.5,toects In N = —2.5 X In MPB + b. Otmetum, uto nipu Berurcieand MPB-unnekca, haktuuecku, OCHOBHOM
BKJIa/l BHOCSIT CTAaHIIMU C MaKCUMAaJIbHBIMH BapHanuaMu. I1103TOMy MOYKHO 0XKHAATh, 9TO €ro paclpeneneHue oyner
HE TayCCOBBIM, a JIy4Ille COOTBETCTBOBATh PACIIPEIENICHHIO YKCTpeMalbHBIX coObITHH. Hampumep, Bepuep u ap.
[2023] mokazamu, YTO pacmpeleNieHHe YHCIa COOBITHA C IOJOXHUTEIBHOW OYyXTOH Ha CpeJHHX MIMpOTaxX B
3aBHCHUMOCTH OT JIOKATBHOTO AL-mHekca (/L-nHaeKc) XOpoIIo OMMCHIBAIOTCS pacipeeeHueM Belioyma.
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Mbl npoaHaIM3UPOBAU CTATHCTHYECKYIO CBsi3b MPB-uHaekca ¢ ApyrumMu OJHOMHHYTHBIMH Te€OMAarHUTHBIMU
MHJeKcaMu. J[BUTasICh OT MOJI0Ca K 3KBATOPY, ObUTH BBIOpAHbI:
— PC(N)-unnekc, xapakTepu3yIONINiA BO3MYIIICHHOCTh B CEBEPHOU MOJSIpHOH mamke (B34T u3 6a3bl manasix OMNI ¢
caiira https://cdaweb.gsfc.nasa.gov/);
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— Nunexcer cemeiictBa AE (AE, AL, AO, AU), B3saTsie ¢ caiita https://wdc.kugi.kyoto-u.ac.jp/aeasy/index.html u
XapaKTepU3YIOIINE BO3MYIIECHHS B aBPOPAIBHBIX IIUPOTAX;

— Unnexcst SML u SMU, B3satsie ¢ caiita http://supermag.jhuapl.edu/indices/ u xapakTepu3yroIue BO3MYIIEHHOCTb
B PacIIMPEHHON 00JaCTH BOKPYT aBPOPAJILHBIX IUPOT;

— Wupexcet ASY-H, ASY-D mnsa cpeanux mupoT 1 SYM-H, SYM-D ans Huskux mupot. B3sTel ¢ caiita
https://wdc.kugi.kyoto-u.ac.jp/acasy/index.html.

Jns ompezneneHusl CTaTHCTHYECKOW CBSA3M MOCTPOMM JIMHHM perpeccud MPB-mHIekca OTHOCHTENBHO APYIHX
nHAEKcOoB. s mocTpoeHus TiuHAN perpeccuu Y (X) pasomBaem X Ha oTpe3kn X+A/2, rae A = Xi1—X, 1 Ha KaXI0M
OTpe3Ke BBIYUCIISIEM CpelHee 3HaYeHHUe Y, 3aBUCUMOCTh Y; OT X; M Oy/IeT MICKOMOH JIMHUEH perpeccud. AHAIOTHYHO
MOXHO TocTpouTs u juHuIo perpeccu X(Y). Ecmu Mexay Y u X HeT npssMoi (yHKIIMOHANBEHON CBSI3H, TO JIMHUHU
perpeccun Y (X) u X(Y) e 6yayt coBmanats. Ha Puc. 2 nokasana cBs13p MPB-unnekca ¢ manexcom SML. C poctom
BO3MYIICHHOCTH (yMeHbIIeHne nHaekca SML) MmoHOoTOHHO Bo3pactaeTr MPB-nuzaekc. 3aBucumoctn MPB(SML) u
SML(MPB), kak u MoxHO OBUIO OXHAaTh, He coBmamator. C poctom MPB-mamexca SML-mHAexc cHayama
YMEHBIIIAETCS, 3aTEM OCTAETCs IOYTH TOCTOSIHHBIM Ha ypoBHE 0koso —1100 HT.
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Pucynok 2. Pacnpeneneame SML-mnHnmekca mo 3HaueHmsiM (a); muHHH perpeccun MPB(SML) (b) u
SML(MPB) (c). Ha cpenneit manenu nokasansl 3aBucumoctd 11t MPB-X, MPB-Y u monnoro MPB.

Kak oxa3zanoch, 3TO CIpaBeUIMBO W AJS OPYTUX T'€OMAarHUTHBIX HMHIEKCOB — Y€M CHIIbHEE OTKJIOHSIETCS OT
CHOKOWHOTO YPOBHS JII0OOOH HMHJAEKC, TeM Bbllle, B cpeiHeM, BennunHa MPB. Drto nemonctpupyer Puc. 3 ns
HUHJIEKCOB, BBEICHHBIX Ul Pa3HBIX LIUPOT.
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PucyHnok 3. Beepxy pacnpeneneHue HHISKCOB TI0 3HAYSHUSIM, BHU3Y 3aBUCUMOCTE MPB OT 3THX HHIEKCOB —
st nonspaoit wanku (PC(N)-unnekc — a), aing cpenuux mmpot (uuuexe ASY-H — b) m HU3KHX mIMPOT
(uaznexc SYM-H —c).
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Cpemnecratuctnuecknii poct MPB-unHmekca, BBeIEeHHOTO ISl OMHCAaHUS CyOOypeBBIX BO3MYIICHHHA Ha CPEIHUX
MMPOTaX, B 3aBUCHMOCTH OT POCTAa OTKJIOHEHHUS OT CIIOKOWHOTO YPOBHS IPYIMX T€OMarHWTHBIX WHIEKCOB, HE
ynuButeneH. C pocTOM reOMarHUTHOM akTMBHOCTH Ha aBPOPAJIbHBIX LMIMPOTaX, OHA, 3Ta aKTUBHOCTb, KaK MPaBUIIO,
pacnpocTpaHsieTcs U Ha Jpyrue LIHpoThl. MBI HOCTPOMIHN JMHUM perpeccun SML-mHJIEKCa MO OTHOIIEHUIO K
ungexcam PC(N), AL, ASY-H u SYM-H. [lony4eHHbIe 3aBUCMOCTH OKa3aJuCh OMU3KH K MuHeHHbIM. AL u SML-
WHJICKChI BOOOIIEC BemyT cebs mouTm kak OnusHenwl-Opaths: AL =~ 0.80 X SML — 33.71 (IloguepkHeM — 3Ta
3aBUCHMOCTb OTHOCHTCS K JIMHUH PETPECCHH, a HE K JIMHEHHOM perpeccu, Jisl KOTOpoi 3aBUCUMOCTh Oynet: AL =
0.98 x SML — 24.44. B mepBoM ciydae SKCTpEMalbHBIE TOYKH OYZyT WMETh OONBIIHA Bec), K03 UIMEHT
koppemsiiun Mexay AL u SML 6nusok k ennaune: R~0.95. Uyts cnabee csa3p PC(N) u SML: PC(N) = —0.0051 x
SML + 0.66, R = —0.79. Jlanee uner unaekc jisa cpeanux mupot: ASY — H = —0.086 X SML + 3.14, R = —0.73.
Crnabee Bcero CB3b i HHACKCA HU3KUX mmpot: SYM — H = 0.073 X SML + 1.31, R=0.60.

CraTuctuyecknii anaau3s cesizu MPB-unaekca ¢ mapamerpamu coiHedHoro serpa u MMII
Bozbemem u3 6a3sr ganasix OMNI c caiira https://cdaweb.gsfc.nasa.gov/_ ogpomuHyTHBEIE 3HaUYeHUS Moyt MMII Br
U ero KoMrnoHeHT Bx, By, Bz (B cucremax GSE u GSM) u nanubie mo CB (Benn4mHA CKOPOCTH U €€ KOMIOHECHTHI,
INIOTHOCTb, TEMIIEPATYpa, JMHAMHUYECKOE HABICHHE, a TAKXKe Y-KOMIIOHEHTY 3JIEKTPHUYECKOrO MOJs U OTHOLICHHE
TUIA3MEHHOTO JIaBJICHUS! K MAaTHUTHOMY f3).

Kak oxazanocs, MPB-uHIEKC, B cpeqHEM, CHIBHO 3aBHCHT Kak OT Moxyminsi MMII (MOHOTOHHO pacTeT ¢ pocToM
MMII), Tak u OT ero KOMIOHEHT. 3aBUCHMOCTh OT KoMmoHeHT MMII memonctpupyer Puc. 4. C poctoM Moy
nro00it kommoneHTel MMII pacrer, B cpenteM, BenununHa MPB-unnekca. Ot X- u Y -KOMITIOHEHT pOCT OoJiee-MeHee
CHUMMETPUYHBIH, TO €CTh, HE BUAHO SIBHOM 3aBUCUMOCTHU OT 3HaKa komMnoHeHTsl MMII. JInsg Bz-KOMOOHEHTHI, Kak 1
MOJKHO OBLIO 0KHUIaTh, BeuurHa MPB-1nHaeKca oka3pIBaeTCs BhIIE IPU OTPULIATETILHBIX 3HAUYCHUAX Z-KOMIIOHEHTBI
MMII. Ha 3aBucumocTs oT Y- U Z-KOMIOHEHT ciiabo BiuseT BbIOOp cucteMbl koopauHat — GSE nim GSM. Ouenb
Ooubinue 3HaueHust MPB-uHaekca npy sSKcTpeMaibHO OONBIINX 3HAYEHUIX Kak KoMnoHeHT MMII, Tak u ero Mmozys,
BUJIMMO, BBI3BaHBI CO CJIEAYIOIIUM OOCTOSTEIBCTBOM. OKCTPEMalbHO OOJBIIME 3HAUYCHHS MEXIUIAHETHOTO
MarHUTHOTO MOJIA OOBIYHO CBS3aHBI ¢ Te03((PEKTHBHBIMU KPYIHOMACIITAOHBIMU CTPYKTYPaMH COJIHEUHOTO BETpa,
HalpuMep, ¢ MarHUTHBIMH oOnakamu. VX Bo3zeiicTBre Ha MarHuTOCchepy 3eMi MOXKET NMPHBOJIUTH K Pa3BUTHIO
TE€OMarHUTHBIX OYpb, KOTOpOE 1 OyeT HPOSIBIATECS B TOM YHCIIE U B BRICOKHX 3HaueHmssx MPB-unnekca (cm. Pazzgen 1).
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Pucynok 4. Jluauu perpeccun MPB-unznekca mo Bx (a), By (b) u Bz (c) xoMImoOHEHTaM MEXIUIAHETHOTO
MarHUTHOTO TIOJIS.

Wunexc MPB nodTty He 3aBUCUT OT BEJIMYMHBI IUTA3MEHHOHU [3 M 04eHb €11a00 pacTeT ¢ YBEJIMUCHUEM IUIOTHOCTH U
TEMITEPATYpPhl COJIHEYHOTO BETPa, OJHAKO OBICTPO W MOHOTOHHO pacTeT ¢ poctoM ckopoctu CB (Puc. 5a) u ero
muHaMudeckoro gasneHus (Puc. 5b). Bennmunmna MPB-nHzmekca oka3piBaeTcst MpOHOPIHOHATIBHON MOIYIO Y- U Z-
KOMITOHEHT ckopoctd CB. Bpicokas CKOpOCTh, a Takke BBICOKHME 3HAUeHUS Y- B Z-KOMIIOHEHT CKOPOCTH, Kak
MIPaBUJIO, HAOIOJAOTCA B BO3MYIIICHHOM COJTHEYHOM BETpE M CBS3aHBI C KPYITHOMACIITAOHBIMA Te03(GeKTHBHBIMU
cTpykTypamu. MPB-uHIEKC Takke pacTeT ¢ pocTOM MOy Y-KOMIIOHEHTHI anekrpudeckoro moist CB (Puc. 5¢),
YTO HEYyIUBUTEIHHO, YIUTHIBas 3aBucuMocTs MPB-nHnekca ot ckopoctu CB (cm. Puc. 5a) u Bz-xommorenTst MMIT
(cM. Puc. 4c).

3aBucumocts MPB-unziekca ot nuaamudeckoro nasienus (Puc. 5b) Bemsiaut cnabee, yem ot ckopoctu CB (Puc.
5a). DToMy MOXHO ObUIO OBl YIAMBUTHCS, YYUTHIBAs, YTO AMHAMHUYECKOE JaBJICHWE MPONOPIHMOHAIBHO KBaJpaTy
ckopocTd. OJTHAKO M3BECTHO, YTO CTATUCTUYECKH BEJIMYMHA JTUHAMHYECKOTO JIABJICHHS COJHEYHOrO BeTpa ciiabo
pacTeT ¢ yBEIHMUEHHEM €ro CKOpOCTU MO KpaiiHel Mepe B mepuoj MUHMMyMa |1-meTHero nukna COTHEYHOH
aKTUBHOCTH (JIrobuuy u op., 2004).

CBsI3b MEXKIy CpeJHECYTOUYHBIMHM 3HadeHWSIMH WHAEKCOB SYM-H u ASY-H ¢ OCHOBHBIMH MEXIIAHETHBIMH
nmapaMeTpamMu pacCMOTpEHa B CIEAYIOIEeH cTaThe B 3TOM cOopHuKe (Maxapos, 2023).
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Pucynok 5. Jluanm perpeccun MPB-mHAekca Mo CKOpOCTH COJHEYHOTO BeTpa (@), ero ITUHAMUYECKOTO
nasneHust (b) 1 Y-KOMITOHEHTHI 3ieKTprudeckoro moist CB (c).

BriBoabI

HccrenoBana 3aBUCHMOCTH cpenHemupoTHoro uHIekca MPB (Mid-latitude Positive Bays) oT reomarHuTHOM
aKTUBHOCTH U xapaktepuctuk CB. ITokazaHo, uto:

— DOkctpeMasibHO Oonblive BenuunHbl MPB-uHzaekca HaOmomaroTcss BO BpeMsi reOMarHMTHBIX Oypb. Bcee
9KCTPEMAJIbHO CHJIbHBIC T'€OMAarHUTHBIC OYpH COMPOBOXKIAIOTCSA IKCTPEMabHO OoNbliMMU BeauunHamu MPB-
HHEKCA.

— Craructnuecku MPB-nHzIekc pacter ¢ yBeJMUEHHEM I'€OMAarHUTHOW aKTUBHOCTH Ha JIOOOW IIMPOTE, TaK Kak
reOMarHUTHas aKTUBHOCTh Ha Pa3HBIX IMIMPOTaX HE SBISAETCS CTATUCTUYECKU HE3aBUCHUMOM.

— MPB-unnexc, B cpeiHeM, pacTeT ¢ yBenndeHueM kak Moyt MMII, tak u Mmoayns nr000i u3 ero KoMrmoHeHT. J{is
Bz-xommonenTsl MMII cunpHEe 3aBUCUMOCTE OT €€ I0KHOM COCTaBJISAIONMICH.

— MPB-unznekc cunbHee Bcero pacreT ¢ poctoM ckopoct CB. Takke cuiibHa 3aBUCUMOCTb OT JMHAMUYECKOTO
JABIICHUS M OT BEJIMYUHBI Y -KOMIIOHEHTHI dJekTpudeckoro nonst CB. MPB-uHzaekc cna®o 3aBUCHT OT IJIOTHOCTH H
TEeMIepaTyphbl COTHEYHOTO BETPa.
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ABTOpBI BRIpaXarOT MpHu3HaTeNpHOCTh Xiangning Chu 3a 1r00€3HO MPENOCTAaBICHHYI0 BO3MOYKHOCTH HCIOJB30BaTh 3HAYCHUS
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AHHoTanus. 3a nepuoa Bpemenu ¢ 1981 mo 2015 r. uccaeayroTes 3aBUCHMOCTH TE€OMAarHUTHBIX HHAEKCOB ASY-H
u SYM-H 0T MeXIIJTaHEeTHBIX [TapaMeTPOB MO UX CPEAHECYTOUHBIM 3HAUCHHSIM. BBITOTHEH KOPPEAIMOHHbII aHaIN3
HUHJIEKCOB CO CKOPOCTBIO COJIHEYHOTO BETpPa, BEIWYMHOW U CEBEPO-I0KHOH KOMIOHEHTOM MEKIUIAHETHOIO
MarHuTHOro nojisi. OnpeneneHbl perpecCuoOHHbIE ypaBHEHUs, cBs3biBatomiue ASY-H u SYM-H ¢ MexXIIaHEeTHBIMU
napamerpamu. OOHAPYKEHO, YTO TMPU ONMUCAHUU CBS3H MHICKCOB ASY-H u SYM-H ¢ ceBepo-r0KHOW KOMIIOHCHTOM
MEXKIUIAHETHOTO MarHUTHOTO MOJI HEOOX0IMMO YUUTHIBATH BKJIAJ MOJYJISl MEXKIUITAHETHOTO MAarHUTHOT'O TTOJISI.

1. BBenenne

B mepBble roApl NpAMBIX M3MEPEHUH MEXIUIAHETHOH IUIa3Mbl C TOMOILIbI0 KOCMHUYECKHX allaparoB Oblia
oOHapyKeHa TecHas CBS3b MEXIy T'€OMarHHTHON aKTUBHOCTBIO W CKOPOCTBIO V CONHEYHOTO BeTpa. 3aTeM OBLIO
YCTAaHOBJICHO, YTO BO3MYIIEHHOCTh T'€OMArHUTHOIO TOJIS CHJIBHO 3aBHCHUT OT MEXXIUIAHETHOTO MAarHHUTHOTO MOJIS
(MMII): monyns B, roxHON kommoHeHTH Bs, asumyrtanbHOM KkommoHeHTHl By u u3menumBoctu. Ilo mepe
YBEJNMYCHUST 00beMa MHPOPMAIMU O MEXKIDIAHETHBIX MapaMeTpax B KauyecTBe reod((EKTHBHBIX XapaKTEPUCTHK
CTalld paccMaTpUBAThCA Takue (U3MYCCKHE BEIMYHHBI, KaK MEXKIDIAHETHOE JJICKTPHUYECKOE TIoNe, IT0TOK
3JIEKTPOMArHUTHOM PHEPTUH COJIHEUHOTO BETPa, a TAKXKE pa3IMYHble KOMOWHAIIMM U3 IapaMeTPOB MEKIUIaHETHOU
cpensl (hyakumu cBs3u). [lonpoOHBIE 0030pBI COBPEMEHHOTO COCTOSIHUS BIUSHIS ITApaMETPOB COTHEYHOTO BETpa Ha
TEOMarHUTHYIO aKTHBHOCTh MOXXHO HaWTH, B YaCTHOCTH, B pabortax [Newell et al., 2007, Liemohn et al., 2018,
Lockwood and McWilliams, 2021].

CocTosiHHE COTHEYHOTO BETpa M3MEHAETCS B 3aBHCHMOCTH OT ycioBuil Ha Comnie. Kputnueckum mapameTpom
CpeIy MEXIUIAaHETHBIX XapaKTEePUCTHUK TPH BO3HHKHOBCHHHM MAarHUTOC(EPHBIX BO3MYILICHHH SIBISCTCS CEBEpO-
to)kHast komnoneHtra MMII Bz. IlapameTpbl COJHEYHOTO BETpa CHWIBHO U3MEHSIOTCA NPU IPOXOXKIACHUU B HEM
BBICOKOCKOPOCTHBIX M HHM3KOCKOPOCTHBIX IIIA3MEHHBIX ITOTOKOB M MEXIIJIAHETHBIX MAarHUTHBIX OO0JIaKOB (CM.
Hanpumep, [Epmonaes u op., 2010]).

B mnepuonpl reoMarHuTHBIX Oyph B MarHutocepe pa3BHBAeTCSl KOJIBIEBOW TOK, MHTEHCHUBHOCTH KOTOPOTO
MIPEUMYIIIECTBEHHO OIpeAessieT 3HeproBblieneHne B Maraurocdepe. IIpu mpoBeeHNH UCCIETOBaHUN COJHEYHO-
36eMHBIX CBSI3€ M TMPOSABIEHUH KOCMHUYECKOM NOroAbl B XapaKTePUCTHKaX CMEXHBIX pa3lielioB HayKH —
METEOPOJIOTHH, CEHCMOIIOTHH, OMO(U3NKN — IIOMIMO IUIAHETAPHBIX HHCKCOB MATHUTHON aKTHBHOCTH, Kak Kp, Ap,
aa W Jp., CIeAyeT WCIOIh30BaTh, HA HAIl B3TJLLA, M WHAEKCH KOJBIEBOTO TOKA. IS ONEHKM MHTEHCHBHOCTH
MarHuToc(epHOTo KOJIBIIEBOTO TOKa pa3paboTaHbl TeOMarHUTHBIE HU3KOMIMPOTHBIN HHAEKC Dst 1 cpeiHemmupoTHbIe
unaexkcel SYM-H n ASY-H. Unnexcel SYM-H n ASY-H 103BONSIIOT BBIAEISIT CHMMETPHUUHYIO U AaCUMMETPUUYHYIO
KOMITIOHEHTHI KOJIBIIEBOTO TOKA COOTBETCTBEHHO [[yemori et al., 1992]. B HacTosmee BpeMsl BBISIBICHBI BKJIAIbI B
unnexcol Dst, SYM-H n ASY-H, xpoMe KOJBLIEBOTO TOKa, TAK)KE€ TOKOB MarHUTOINAy3bl, XBOCTA MarHUTOC(EPHI
NPOJOJNBHBIX TOKOB [Maltsev et al., 1996; Alexeev et al., 1996; Tsyganenko and Sitnov, 2005]. CBsi3b MEeXIy STHMH
WHJCKCAaMHU W MEXIUIAHETHBIMU TapaMeTpaMHy 110 OJTHOMHHYTHBIM JIaHHBIM PacCMOTpeHa B pabotax [ Weygand and
McPherron, 2006] u [Iyemori et al., 2010].

W3ydeHne CONHEYHO-3€MHBIX CBSI3€H 4YacTO BEJETCS CTAaTHUCTHUECKUMHM METOJaMH C  HCHOJIb30BAHUEM
CPEIHECYTOUHBIX 3HAUEHHH 3€MHBIX, MEXIUIAHETHBIX M COJHEYHBIX MapameTrpoB. IIpm CyTouHOM ycpenHeHHH
MEXIUTAHETHBIX TapaMeTPOB IOKa3aTelW IUIa3MEHHBIX M MAarHWTHBIX CTPYKTYp B COJHEYHOM BeTpe OyIayT
U3MCHSTBCS, a MPH TaKOM OCPEIHCHUM 3EMHBIX IapaMeTpoB pasHble (a3bl TEOMAarHUTHBIX Oyph MOTYT
HaKJIaIBIBAThLCS, TTO3TOMY 0COOEHHOCTH Oyph ((ha3pl, HHTEHCUBHOCTD, NITUTEILHOCTD U 1p.) OyIyT B 3HAUUTEIHHOM
Mepe HuBeNMpoBaThes. [IpeacTaBiser mHTepec pacCMOTPETH CBA3b MEXY CPETHECYTOUYHBIMH 3HAUCHISIMHA HHACKCOB
SYM-H, ASY-H, c oaHO#! CTOPOHBI, U OCHOBHBIMU MEXKIJIAHETHBIMU MapaMeTpamu, ¢ APYrol CTOPOHBI.
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2. Ucnoabp3yeMble IKCIIEPUMEHTAJIbHBIE TaHHbIE
B pabote ucronp3yroTces JaHHBIE O TeOMarHUTHRIX HHAeKkcax SYM-H n ASY-H u 0 COTHEYHOM BETPE — €r0 CKOPOCTH
V, moayne MMII B u HopmanbHOi#t (ni1m ceBepo-toxHOoi) komrionenTe MMII Bn 3a nepuoz 1981-2015 rr. CBenenus
00 nHAeKcax B3ATH 3 MHUPOBOTO IeHTpa AaHHBIX 1o reomaraetusmy (https://wde.kugi.kyoto-u.ac.jp/index.html), a
o comHeuHoM BeTpe m3 LlenTpa manHpx kocmmyeckont ¢m3uka HACA (http://omniweb.gsfc.nasa.gov/). Ilogpo6HO
METOJIMKa onpezencHus uunekcoB SYM-H u ASY-H onuceiBaetces B pabote [[yemori et al., 1992]. 3 6a3bl qaHHBIX
OMNI ncnons3oBansr komrmoreHTs! MMII B cucteme koopamaat RTN: ock R Hampasnena pagnansao ot CoinHIa,
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Pucynok 2. Pacnpenenenunst cpexHeCyTOYHBIX
3HayeHud wHAekcoB ASY-H (a) u SYM-H (0)
kak (yHKIUH ux cBsa3u ¢ Bn MMII ¢ yuetom
3Haka Bn. CneBa — mpu 10)KHOM, CrpaBa — IIpu
ceBepHOM  HampasiaeHun MMII, r -
K03(h(PULIMEHTHI KOPPEIISLHH.

Ha puc. 1 mnoxazanel pacnpeneneHus
3HaueHul unaekcos ASY-H u SYM-H kak
GYHKIMHA WX CBSI3H CO CKOpPOCTBhIO V'
COJIHEYHOr 0 BeTpa, monyinem B MMII u
CEBEPO-I0KHOW KoMIoHeHTol Bn MMII
10 BCEMY MaccHBy JaHHbIX. Kak BuaHO,
CBSI3U €CTb, ux MO>KHO
annpoKCHUMUPOBATh JUHEHHBIMU
ypaBHeHUAMHU. IIpumeHsss mjis IOPOCTOTHI TakKoOM
MOJIXOJT B ONTMCAHUU CBSA3M F€OMarHUTHBIX HHAECKCOB
C MEXIUIAHETHBIMH TapaMeTpaMH, OTMETHM, YTO
MarHurocepa  Ha ~ HM3MEHEHHS  COCTOSHUS
COJTHEYHOTO  BeTpa  pearupyer  HEITMHEHHBIM
o0pazom [Baiicbepe u dp., 2008].

Ha puc. 1 BugHo, 4ro Oosee BBIPaKEHHO CBSI3b
MPOCMAaTPHUBAETCS MEXTy OOOMMH HHAEKCAMH, C
OJTHOH CTOPOHBI, CKOPOCTBIO COJHEYHOTO BETpa H
monynem MMII, ¢ gpyroit crtopoHsl. Menee
3aMeTHast KOPPEIAIHs y HHJIEKCOB POCIIEKUBACTCS
C ceBepo-tokHOH KommoHeHTo MMII. UYToO6mn
pa3o0parbcsi ¢ 3TUM OOCTOSITEILCTBOM HWHTEPECHO
MMOCMOTPETh  CBSI3b  MEXAY T'eOMarHUTHBIMH
WHAEKCAaMH W MEXIUIAHETHBIMH TapaMeTpaMH,
muddepeHnnpyst BeCh MacCHB JaHHBIX Ha [Ba
MOJAMAacCCHBa B 3aBUCHMOCTH OT 3Haka Bn MMII. Ha
puC. 2 TIOKa3aHbl 3aBUCUIMOCTH MHIECKCOB ASY-H u

SYM-H ot xoMmnoHeHTsl Bn mnpu pasHoM
Hampasnennn  Bn  MMIL.  Koaddumments
KOppeisiiud T B ypaBHEHUSX  JIMHEHHOU

annpokcuManuu mexxny ASY-H v Bn u SYM-H v Bn
B mnepBoM ciyuae pasHel 0.189 u -0.065
COOTBETCTBEHHO, a BO BTOpoM ciydae —0.586 wu
0.528 COOTBETCTBEHHO. Orcrona, MO’KHO
KOHCTAaTUPOBATh, YTO HWHIEKCHI KOJBIIEBOTO TOKa
npu ceBepHOoM HarpaBiiennn MMII npakTuuecku He
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3aBHCAT OT Bn, Torma kak mpu ioxHOM HampaBneHnn MMII oba mHIOekca 3aMeTHO CBsi3aHBI ¢ Bn: ¢ poctom
abcomoTHON BenmunHbl Bs mHOekcel ASY-H n SYM-H pactytr mo aOComOTHOH BenW4HHE, 37ech Bs — roxHas
komrtonenta MMII. KoaddummenTs! perpeccun a u cBoOOIHBIE WiEHB! b B ypaBHEHUSIX JIMHEHHOM aNNpOKCUMAIHH
MEXIy TeOMarHUTHBIMH nHAEeKcaMu ASY-H, SYM-H u MeXIIaHeTHRIME mapaMmerpaMu V, B, Bn mo Bcemy MaccuBy
JAHHBIX ¥ TpW pazHoM 3Hake Bn MMII npuBeneHs! B Tabmmie. YpaBHEHHS PETPECCHH MPH F0)KHOM HATpaBICHUHN
MMII mosHo 3anucats B Bune: ASY-H=-5.60-Bs +17.17 u SYM-H = 8.09-Bs — 8.53.

[To naHHBIM TaOIHITEI, MOYKHO 3aMETHTh, UTO IIOKA3aTeNH a U b B ypaBHeHHAX cBs13u ASY-H u SYM-H c mapamerpamu
V n B mo Bcemy MaccuBY IpPEACTaBISIIOT COOOH CpeAHHE 3HAYECHUS OT PE3yIbTaTOB CYMMHpPOBAHUS TAaKHX
nokazareneid mpu Bn>0 u Bn<(0. Caenyer oTMeTuTh, 4TO 3aBUCUMOCTU HHJEKCOB ASY-H u SYM-H ot ckopoctu
COJIHEYHOT'O BeTpa IpH pazHoM Harpasienun Bn MMII ne menstores. Koaddunuents! koppensunu Mexay V u Bn
npu obomx 3Hakax Bn meneme 0.018, uro cBumerenmbcTByeT 0 HezaBucuMmocTH V u Bn MMII mexnay coOoii.
IIpakTuueckn He3aBUCUMO APYT oT Apyra MeHstores V u B (r <0.22). Xapakrep 3aBucumoctu uHIekcoB ASY-H u
SYM-H ot moxyns MMII npu passeix 3Hakax Bn MMII He onuHaxkoB — mpu roKHOM HampaBieHun MMII
ko3 unneHTH Koppemsamun mexny ASY-H n SYM-H, ¢ ogHO# CTOPOHEI, M B, ¢ Ipyroif CTOpOHEI, 3aMETHO BHIIIE,
4yeM Ipu ceBEpHOM HampaieHuH: B ciayyae ASY-H r=0.70 ur = 0.58 cooTBeTCTBEHHO, B ciiydae SYM-H r=-0.54 u
r =-0.27 cootBeTcTBeHHO. TO ecTh CBsA3b MeXy HHAeKcaMu u MoayieM MMII npu yuere 3Haka Bn MMII nongo6na
MPUBEACHHON Ha pUC. 2 MEXAYy UHAEKCAaMU U KoMnoHeHTol Bn MMIL.

Tab6muma. KoadduiueHTsr perpeccuu a U CBOOOJHBIC WICHBI b B ypaBHEHUSX JTHHEHHOW amIpOKCHMAIHH
MEXAy TeOMarHuTHeIMU uHaekcaMu ASY-H, SYM-H n mexnnaHeTHbIMU napamerpamu V, B, Bn no Bcemy
MacCUBY JJaHHBIX M NP pa3HoM 3Hake Bn MMIL.

3Hak Bn Yucno Nnnexc V B Bn
MMII HeH
a B a b a b

Bech 10759 | ASY-H 0.05 -0.33 2.45 5.23 -2.08 20.70
Maccus SYM-H -0.09 24.12 -2.66 3.54 3.46 -13.29
Bn>0 5089 | ASY-H 0.04 -0.90 1.79 7.32 1.23 17.44
SYM-H —0.08 26.42 -1.50 -0.48 -0.76 -9.26
Bn<0 5670 | ASY-H 0.05 0.21 3.11 3.01 -5.60 17.17
SYM-H -0.09 22.02 -3.82 7.72 8.09 -8.53

Ha puc. 3 npuBeneHs! cootTHomeHns Mexay moxyieMm B MMII u komnonenToit Bn MMII npu 10:KHOM 1 ceéBEpHOM
HanpaBneHussx MMII no BceMy maccuBy naHHBIX. COOTBETCTBYIOIIME YPaBHEHHS PErpecCHH BBIMIAIAT Tak: MpHU
10’)kHOM Hampasienuu MMII B = — 1.24-Bg + 5.07, npu ceepHoM B = 1.20-By + 5.12. Kak BUIHO, 3aBUCUMOCTH

OJIMHAKOBBI — KOA(Q(UIMEHTHI g ¥ CBOOOIHBIE WICHBI b
(= 0577 = 0572 MPaKTUYEeCKH PaBHBI C y4deToM 3Haka Bn. OpmHako,
. " unaexkcel ASY-H u SYM-H 1posBISIOT pa3HYIo
30 : 3aBUCUMOCTb OT B U Bn mpu pa3sHOM HampaBIeHUH
MMII (puc. 2). OdgeBHgHO, UYTO Takas KapTHHA
SBTISIETCS CIIEZICTBHEM peaxmun
BHYTPUMAarHUTOC(EPHBIX IPOLECCOB HA HAlpaBJICHUE
MMII. UzBectHo [Lockwood and McWilliams, 2021],
9TO MEXAaHMW3MBl NPOHWKHOBEHHMS DHEPIUU U3
COJIHEYHOTO BETpa B MarHutocdepy NpH IOKHOM U
ceBepHOM HampaBiennu MMII unbie. A TOT ¢akT, 4To
Bn, WTn k03¢ dunnents! koppensinun mexny ASY-H n B MMII
npu 00OMX HampaBJeHUSX Bn BbIIe, YeM MEXIY
SYM-H n B MMII oTpakaeT, BepOosATHO, IPUPOTY ITHX
nHaekcoB — SYM-H XapakTepu3yeT WHTEHCHUBHOCTH
CUMMETPUYHOM  KOMIIOHEHTBI ~ MarHMTOC(EpHOTO
KOJIBLIEBOTO TOKAa U TOKOB MAarHUTONAay3bl U XBOCTA, a

40

20 .

B, HTR

10

0
-20

Pucynok 3. CooTHOIIEHHE MEXKIY MOYIEM
B MMII u komnonenroit Bn MMII npu
IOKHOM (clieBa) M CeBepHOM (cmpaBa)
HanpasieHusx MMII no Bcemy maccuBy
JIAHHBIX, I — KO3()QUIIUCHTHI KOPPEIAIIH.
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I''A. Maxapos

ASY-H — NHTEeHCHBHOCTh aCUMMETPHUYHOI KOMIIOHEHTHI KOJIBLIEBOTO TOKA W M3MEHEHHE IPYIHX TOKOBBIX CHCTEM
[Dubyagin et al., 2014].

ASYH-ASYH(B), HTn

SYMH-SYMH(B), HTR

r=-0.255

r=0.093

20 16 42 8 4 0 4 8 12 16 6 12 8 4 0 4 B8 12 16 20

Bn, HTn

Pucynok 4.

Pacnpenenenns paznocreit unnekcos (ASY-H — ASY-H(B)) (a—B)
u (SYM-H — SYM-H(B)) (r — e) xax ¢pyHkumii ux cesazu ¢ Bn MMII
0 BCEMY MACCHBY JIaHHBIX Oe3 pasjelnieHus 1o 3Haky Bn (a, r) u
¢ paszeneHreM 1o 3Haky Bn (0, B, 1, €).

Onenum BKaagsl mMoxyns MMII B
naaekcel ASY-H u SYM-H v BeI9TEM UX
U3  OKCIEPUMEHTAIBHBIX  3HAYCHUH
UHAEKCOB. [l 3TOro HCHOIb3yeM
KOOQQUINEHTB  perpeccu a u
cBOOONHBIE WIEHBI b B YpaBHEHHSIX
JUHEHHON amnmpoKCUMalMUd  MEXIy
r€OMarHUTHBIMH UWHACKcaMu ASY-H,
SYM-H n wmomymem B MMII wu3
TaONHIIBL. ITonmy4yenHnsle nocie
WCKIIIOYEHHS] PAacCUYMUTaHHBIX BKJIAJIOB
ASY-H(B) u SYM-H(B) u3
9KCTIEPUMEHTAIBHBIX 3HAYCHUH
HMHAEKCOB pPa3sHOCTH MpPHUBEJCHHI Ha
puc. 4. PacnpeneneHuss pasHocTel
naaekcos (ASY-H — ASY-H(B)) wn
(SYM-H — SYM-H(B)) OTHOCHUTEIBHO
CEBEPO-I0KHOM KOMIOHEHTHI MMII
06e3 pasgeneHus 1O 3HaKy Bn
IIpeCTaBJIeHbI B NaHeIIX (a) U (2), i
Bn <0 B nanensix (6) u (0), s Bn >0
B MaHesIX (6) U (€) COOTBETCTBEHHO.
BuzaHo, 4TO naHHBIE pacnpenenstoTcs

JOCTaTOYHO  3aKOHOMEPHO — C
yMeHblIeHHeM ceBepHOil koMmoHeHTbl MMII u pocrom 0xHON kKomnoneHTsl MMII pa3zHocTH BO3pacTaroT OT
OTPHUIIATSIFHBIX 3HAYCHHU JO TMONOXKHUTENbHBIX B ciydae (ASY-H — ASY-H(B)) u wHaobopor B ciy4ae

(SYM-H — SYM-H(B)). HaniomHuM, 4TO B naHensix (6) u (0) pa3sHOCTH MHAEKCOB MPEICTABICHBI IS YUCTO FOXKHBIX
HanpasieHnit MMII (Bn < 0), a B maHemsix (6) U (e€) A 9UCTO CeBEpHBIX HampaBieHUH. OTHAKO BBUAY TOTO, YTO
K03(h(PMIMEHTHI KOPPEISIIUU CONOCTABIIEMbIX JaHHBIX B HMaHENsX (0, 6, 0, €) MaJlbl, ClIelyeT NPU3HATh, YTO TaKOH
croco0 TMoWCKa CBSI3M HMHAEKCOB C Bn-KOMIOHEHTOH OTBeTa He naer. [loaToMy Hajo OT/AaTh NPEIIOYTCHHUE
PacCMOTPEHHUIO CBSI3M MHAEKCOB C Br, KOTIa MaccuB AaHHBIX HE pa3jenseTcs 1o 3HaKy Bn — nanenu (a) u (2), HO ¢
yaeroMm Bkimama B. Koapoumment xoppemsuun mexny (ASY-H — ASY-H(B)) u Bn OGompme 0.4, a Mexnmy
(SYM-H — SYM-H(B)) n Bn 6omns1ie 0.5. Takum 06pa3oM, MOXKHO 3aKJIFOYHTH, YTO MOCIIE HCKIIFOUEHHUS BKIIa1a MOy
MMII B unpexcol ASY-H u SYM-H, 5Tu MHIEKCH TPOSBISAIOT 3aMETHYIO JIMHEHHYIO KOPPENSIIMOHHYIO CBS3b C
ceBepo-10kHOM komnoHeHTo MMIT: unnekcel ASY-H u SYM-H pactyT 1o Mepe noBopoTa Bn ¢ ceBepHOIo Ha K0KHOE
HarmpasieHue, npu 3toM SYM-H HapactaeT mouTd B 3 pasa cuibHee, 4eM ASY-H. CoOTBETCTBYIONINE YPaBHEHUS
perpeccud MOXHO 3amucaTh cleayiomuMm obpazom: AASY-H = ASY-H — ASY-H(B) = -2.11'Bn + 0.07 u
ASYM-H = SYM-H — SYM-H(B) = 6.12:Bn— 16.91.

4. OcHOBHBIE Pe3yJabTAThI

1. BrinonHeH KOPPENALUOHHBIA aHATU3 CPEJHECYTOUHBIX 3HAYEHUN reOMarHuTHBIX UHAeKCoB ASY-H u SYM-H co
CKOPOCTBIO COJIHEUHOI'O BETPa, BEIMYMHOM M CEBEPO-HKHOM KOMIOHEHTOH MEXIUIAHETHOTO MAarHUTHOTO MOJS.
OmnpeneneHbl perpecCHOHHbIE YPaBHEHHS, OINMCHIBAIONINE 3aBHUCHMOCTH CPEJHECYTOUYHBIX 3HAYCHHWH WHIEKCOB
ASY-H u SYM-H oT nepeyncieHHbIX TapaMeTPOB COJTHEYHOT O BETpaA.

2. OOHapyKEHO, YTO IPH OTMCAHHUHU CBS3H FT€OMArHUTHBIX HHACKCOB ASY-H u SYM-H ¢ ceBepo-r0KHOW KOMIOHEHTOH
Bn MEXIUTaHETHOTO MAarHUTHOTO TTOJI1 HEOOXOAMMO YYUTHIBATh BKIIAJ MOIYIS B MEXIUIaHETHOTO MAarHUTHOTO TIOJISL.

Paborta BbITIOJIHEHA B paMKaX TOCyIapCTBEHHOTO 3aaHus (Homep rocperucrparmu Ne 122011700182-1).
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AHHOTAIINA

B pabore aHanmu3upyOTCS pe3ysIbTaThl MHOTOJIETHUX KOMIUIEKCHBIX SKCTIEPUMEHTOB, BHIIIOTHEHHBIX HA CETH CTaHIUI
SIkyTCcKOTO Teo(n3NIecKoro NOIMIroHa U ¢ TIOMOIIBI0 HOHOC(HEPHBIX U BEICOKO-AIIOTCHHBIX CITyTHUKOB. HazemHbIe
ONTHYECKHE W3MEpPEHUs BBINOIHAINCE B oOcepBatopun Maiimara (L = 3.2). HMoHocdepHble HaOMrOmEHUS
npoBommichk B Skyrcke (L = 3.0), XKurancke (L = 4.0), Tukcu (L = 5.6), [Togkamennoit Tynrycke (L = 3.0) u
Maranare (L = 2.9) MeTogamMy BEpTHKAIBHOTO M HAKJIOHHOTO 30HAWPOBAHUS C MOMOIIBIO BHICOKOIIOTCHIIMATIBHBIX
JBOMHBIX TOPHU30OHTAIBHBIX pOMOMYECKMX aHTeHH. Hacrosmas pabGora cymmupyeT (U3MUECKHE CBOWCTBA
MOJISIPU3ALUOHHOIO JDKETa C LEeNbI0 TpoBeAeHHs reodusnueckoll BepU(UKanus BO3MOXKHBIX MEXaHHU3MOB €ro
¢dopmupoBanust. [1o mHoHOrpaMmMaM HOHOC(HEPHBIX CTAHILIUI IIPH CONIOCTABIEHUU UX CO CITyTHUKOBBIMU U3MEPEHUSIMU
OBICTPBIX CTPYWHBIX TEYEHHMH IUIa3Mbl BBISBJICHA CUTHATypa IMOJSPU3ALMOHHOTO JDKETa. JTO TO3BOJIMIIO
UCIIOJNIb30BaTh |5-MUHYTHBIE HOHO30H/I0BBIE N3MEPEHNUS OOLIMPHON CETH CTaHIMHU /IS UCCIEAO0BAHUS JIOKAJILHOTO U
OBICTPO MPOTEKAIOIIETO MPOLIECCa PA3BUTHS MOJISIPU3ALUOHHOIO JPKETa. DTO TaKXKEe Jajo BO3MOXKHOCTH IPOBECTH
COTIOCTaBJICHHE C W3MEPEHUSAMH OSHeprudHblXx #oHoB Ha crytHuke AMPTE/CCE wu  ycraHoBuTBH, dYTO
TIOJISIPU3ALMOHHBIN JHKET pPa3BUBAIOTCS Ha BHYTPEHHEH I'DAaHMIE KOJIBIIEBOTO TOKa. 10 MHOTONETHUM HM3MEPEHUSAM
MOHO30HJOB OBUIO YCTA@HOBJIEHO, YTO TOJSIPU3AIMOHHBIA JUKET BO3HHKAET B OKOJIO-TIOJIyHOYHOM CEKTOpE Ha
B3pBIBHOI (haze cy0Oypu B 0OmacTu pa3priBa XapaHra.

Beenenue
C nauana 70-X TOZOB METOJ PETUCTPAllMK HAKIOHHO-OTPAXXCHHBIX CUT'HAJIOB OT MOHOC(EPHl B KOPOTKOBOJIHOBOM
JIana3oHe CTall pa3BUBAThCs B Jaboparopuun noHochepHbix uccnenoanuit UKOUA. Cravana B SIKkyTcke, 3aTeM Ha
crannusax JKuranck u Oyxta Tukcu. B ato xe Bpems ocymectsisics CoBercko-Ppaniryzckuil npoekt APKA/L ¢
UCTIONIb30BAHUEM NPSMBIX (in-situ) U3MEpPEeHUH TEIJIOBON M 3HEPTHYHON Tu1a3Mbl Ha ciyTHHKax Opeos-1-3, a taxoke
W3MEPEHNH SHEPTWYHBIX MOHOB KOJBLEBOTO TOKAa Ha
anmapare AMPTE/CCE u wu3MepeHHs cepHH CIIyTHHKOB
DMSP. J[Ins mnoHUMaHHA MeXaHU3Ma (POPMHUPOBAHUS
nonsipuzanmonHoro mkera (I1/1) HeoOXomMMoO yCTaHOBHTS,
Ha Kakoi (asze cy0OypeBoro BO3MYyIIEHHS OH Pa3BHBACTCS.
W3MepeHns Ha CIIyTHHMKAaX HE MOTYT JaTh TOYHYIO IIPUBS3KY
10 BPEMEHH 3TOTO JIOKAIBHOTO OBICTPOPAa3BHBAIONIETOCS
mporecca. I1o n3MepeHus M 1ByX KOMIUIAHAPHBIX CITyTHUKOB
DE-1,-2 P.K.Anderson c coaropamu (1993) cootHecaun
nosienenne [1J] ¢ ¢azoit pa3Butust cyOobypu. Yacrtora
3oHaupoBanus 3012 AUC cocraBnseT 15 MHHYT, B HUX
MOJKET IoTa/IaTh U (aza B3pbiBa cyOOypH U (a3a pa3BUTHS.
Pa3BepTka yacToTel HOHO30HAA - 40 cexyH. 3a psij JIET MBI
BBIOpaNM MOMEHTHl pa3BuTHs [1Jl MO AaHHBIM CTaHIMH
v SIKyTCK, IpU KOTOPBIX MOMEHT Haudayia cyoOypu mo AE —
86 ' é T o ouwow 18” MHJCKCY COBHAJacT C HadaloM pa3BEePTKH 4YaCTOTHI
Bpens nasara AE > 500 T, UT noHo30Hza. [lna Takux coOwituit passutue I1J] B okoio-
MTOTyHOYHOM CEKTOpE MPOMCXOJUT Ha B3PHIBHOH (ase
cy00ypH.

18

e N=s1
P R=095

Bpemst perucrpamm [17], UT
Bpewmsa perucrparan [1)1, MLT

Pucynoxk 1. 3aBucMMOCTH  BpEeMEHHU
MOSIBIICHUS MOJIIPH3AIHOHHOTO JDKeTa Ha
noHoc(hepHoH CT. SIKyTCK OT BpeMeHHU Hadaxa
cy6Gypu co 3HaueHmsmu  AE-mmjexca Onucanne PE3YIAbTATOB IKCICPUMEHTAJIbHBIX
npesbiatonumu 500 #T. HItpuxosast TuHMs HCCICA0BAHHH

0603HauaeT OTCYTCTBHE 3afepKKH MEKILY 3a psj et Mbl BbIOpaan MOMEHTHI pa3BuTHs I1]] o naHHBIM
COBEITHSIMIAL noHocdepHoi craniuu SkyTck — och opauHar Ha Puc. 1 u
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Hccnedosanus cyoaspopaibHol UOHOCHEPbI U MAZHUMOCHEPbI C NOMOWBIO 20PUUYECKUX CRYIMHUKOS...
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Pucynoxk 2. M3mepeHus 3HeprUuHBIX HOHOB Ha
cnytauke AMPTE/CCE 19 cenrsops 1984
roga BOMM3M MepuanaHa HOHOC(HEpPHOH CT.
ITonkamennas TyHrycka, rue
peructpupoBaincs IIJ]. I'panuna HHXEKUIUH
HOHOB (nose-event) (CTpenka) HaOIrOgamach B
13 UT B BeuepHeMm cextope 17.3 LT Ha L =3.1
gyepe3 TpU Jaca [ocjie Hayajla MarHUTHOH Oypu
no AE-unnekcy.

CpaBHIJIM C MOMEHTaMH Hadana cy00ypu mo AE wmHOekcy -
ocb abcmmcc. UltpuxoBas nmuaus Ha Puc. 1 oboznadaer
OTCYTCTBHUE 3aJIep)KKH MEXAY 3TUMHU COOBITUSIMH. MOXHO
BUJIETh, YTO B OKOJIO-TIOJTyHOUHOM CEKTOPE HAOII0JaeTCs psijt
coObITnit pazButus [1]/] ¢ HyeBO# 3a/1ep)KKOI OTHOCHTEIILHO
Hauyaya pas3BuTus cy0Oypu. Takum oOpaszoM, B Ipeaenax
Heckosibkux MuHYT [1J1 pa3BuBaeTcst Ha B3pBIBHOH (ase
cy00ypu. IlompoOHBI aHaMM3 MArHATOTPAMM  TaKHUX
COOBITHMII TOKa3aJ, 4YTO OHHM PETUCTPUPYIOTCS MpHU
MIPOXOKIECHUH CTaHIMeH OUITONApHOI BapuaLuu
TOPU30HTAIBHOM KOMIIOHEHTHI MarHUTHOTO TIOJISL — Pa3phIBa
Xapanra (Khalipov et al., 2001).

Ha cmyrauke AMPTE/CCE ¢ moMompio 3HEpPro-macc-
YIJIOBOTO aHAIN3aTOpa HOHOB IIPOBEICHBI HAOIIONCHHSA
HOHOB KOJIBIIEBOTO TOKa B auamna3zoHe sHepruit 1 — 300 x»B
(Krimigis et al., 1985). CoyTHUK aKTHBHO paboTam cC
ceHTs10pss 1984 r. mo Hos10pp 1988 1. 3a 3ror mepuos
BBIITOJIHCHBI COIIOCTAaBJICHUA BHyTpeHHeﬁ IrpaHUIbI
KOJIBIIEBOrO TOKa M mosiokeHus [1/1 mo cetn noHochepHbIX
cranmuii. Ha Puc. 2 npuBeneH mnpumep uU3MepeHUs

OHCPIrUYHbIX HOHOB - HOCOBBIX SIBIICHUI (nose-events) -

BOmm3u crannuu [logkamennas TyHrycka BO BpeMs
JUINTENIFHOH MarHuTHOH Oypu wu QopmupoBanms [1]]
(Khalipov et al., 2003). BHyTpeHHS TpaHHUIA KOJHIIEBOTO
Toka 1o naHHbM ciryTHHKa AMPTE/CCE pacnonoxena Ha L
= 3.1 u 6mmu3ko coBnagaet ¢ L-o6onoukoi ct. [logxamenHas
Tynrycka, rae peructpupyercs 11 (Khalipov et al., 2003).
[Ipu n3MepeHusIX 4acTHIl KOJIBLEBOTO TOKa BOIM3K 00nacTu
UHXEKIUM B OKOJO-NOJyHOYHOM  cektope  MLT
HaOmrogaeTcs oOmias pe3kas TpaHUNIA A4 YacTHI]

KOJIBIIEBOTO TOKa BcexX dHepruid. [loapoOHO paccmorpeHo Oosiee 15 ciydaeB pazButusi [1]] 1 ogHOBpeMEHHBIX
W3MEPEHUI SHEPTHYHBIX YaCTHI] KOJBIEBOTO TOKAa BO BpeMs CyOOypb W OONBIIMX MAarHUTHBIX Oypb, M BO BCEX
ciTydasix HabJIFOgaeTCs COBMAICHUE TPAHHUIL IBYX SBJICHUH.
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Pucynok 3. OgHoBpeMeHHbIe n3MepeHus Apeiida mma3Mel Ha cimyTHHKax DMSP mpu mposnerax B 10)KHOM H
CEBEPHOM MOJNyIIapusx ¥ Juru3oHnaoM DPS-4 nHa craHumum SIKyTck (OTMEYEHO CTpesiKaMH Ha MOJISPHBIX
JquarpaMmax) Bo Bpemsi passutus [11]. Bocxonsmie notoku Hax crpykrypoii I1/] mpeseiator 1 km/cex.
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B.JI. Xanunos u op.

ITo JlommiepoBCcKUM M3MEPEHUSIM C ITOMOIIBI0 HOHO30HIa DPS-4 o6HapykeHo, uto Hax monocoii I1/] B cnoe F Bo
BpeMmst cy0Oypr HaOmonaroTes Beicokue ckopocTH (150 — 180 M/c) mpomonbHOT0 — BAOJIE MATHUTHOTO TOJIA - Apefida
riasmsl. [1o namepenusm apeiigmerpa Ha cnyrarkax DMSP Ha BeicoTe ~ 850 kKM HabIr01aJIMCh BEICOKHE CKOPOCTH
BEPTUKAJIBHOTO NpooibHOro npeiida — 1.0 — 1.2 km/c - Puc. 3.

Ot u3Mepenus [1/] BHIONHEHBI B YCIIOBUSX OCBEIIEHHOH JieTHel noHoc(epsl. IIponecchl BhIHOCA MOHU3ALNU
CTOJIb UHTECHCUBHBI, YTO (OpPMUpPYETCs MIyOOKHI IpOBal B 3JIEKTPOHHON KOHIEHTpPAIMU U €ro pe3Kas MHOJspHas
KpOMKa, IIOKa3aHHas TOYKaMH Ha IOJISIPHBIX Auarpammax. M3mepenus apeiicda miasMel auruzongom DPS-4 xopomro
COTJIACYFOTCS CO CITyTHUKOBBIMH M3MEpEHHsIMU npeiida.

Ha Puc. 4 moxazansl m3MmepeHus ¢ mnomomnsio uHTepdepomerpa Dabpu-Ilepo Temmeparypsl HeHTpambHON
aTMocdeps! Ha craHnuy Maiimara 2 nexadps 1989 r. B momnoce I1]] (4Alexeyev et al., 1991; Khalipov et al., 2018) 3t
M3MEpEHUs [TOKA3bIBAIOT, YTO B CTPYKTYpaX, Iie pazBusaeTcs [1/] ¢ BHEIPEHHOM B HETO KpaCHOU yroii, TemmnepaTrypa
HelTpansHOU atMocdeps! noBeimaercs 10 1200 — 1450 K otrocurensHo ypoBHs 1000 K, koTOpEIi HabIr0MaeTCS 1O
HEBO3MYIICHHBIM HHAM Mecsna. [lOCKOJBbKY IIOTHOCTh HEWTpaJbHOM aTtMocdepbl Ha BbicoTax F- oOmactu
~ 10% cM™ Takoe IOBBINIEHUE TEMIIEPATYPHI CBHACTEILCTBYET O JUCCHIIALINK SHEPIHH B IECATKH dpr-cM ¢!, Dot
MIPUTOK SHEPTUH CBSI3aH ¢ (PPUKLUOHHBIM Pa30rpEeBOM CpPEAbI MPH JBMKEHHH MOHOB CO CKOPOCTHIO 1 — 3 KM/C mof
BO3/ICICTBUEM 3JIEKTPUYECKOTO TOJIsl OOJIBLION BETMYHHBI.
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Pucynox 4. Onruueckue u MoHOc(epHble u3MepeHust 2 nekabps 1989 r. Cnepa: Bapuanuu napameTpoB
noHocdeps! npu passutuu [1/] u xkpacHON gyru. CBeTible KPY)KKH IOKA3bIBAIOT XOJ KPUTHYECKHUX YacCTOT
(fOF2), uepHble KpY»KKH - MUHUMaJIbHYIO BbIcOTY ciost F2, kpectuku - yactotsl cnost F3s, xapakrepHoro Juis
ITJ. CrpaBa: a) mojio)xeHue KpacHOW JTyI'M TO M3MEPEHHsIM CKaHUPYIOIIero (otoMeTpa, b) HHTEHCHBHOCTD
muann 630.0 HM B Iyre, ¢) U3MEpEHHs TeMIepaTyphl HeHTpanbHOW aTMocdepsl B F-o0mactu. [TyHkTupHas
JIMHUS C KPECTUKaMH - CPeTHEMECSIUHBII X0J] TeMIepaTypbl HeHTpalbHOI aTMOC(epsl B HEBO3MYIIEHHBIE JTHU.

O0cy:xaeHue pe3yjibTaTOB
Ecnmu mnma3ma c sHeprued B JecATKH K3B momagaeT B CHIBHOE MAarHUTHOE IOJie, TO Ha €€ I'PaHHUIe BO3HUKACT
MOJISIPU3ALMOHHOE DBJICKTPUYECKOe I10Jie OOJBIION BENWYMHBL. ODHEPrHW4YHble HOHBI HAa TPAHHUIE COBEPIIAIOT
JTApMOPOBCKOE BpamieHne 1 MpoHuKaioT Ha 30 - 50 KM OT pe3Koif rpaHHUIIbI TUTa3Mbl. DIEKTPOHBI 3aMarHMYeHB! (y HIX
MEHBIIIE Macca W JIAPMOPOBCKHH PaaMyC) M CMEMIAIOTCS HE3HAYUTEIbHO. JTO MeXaHu3M Obul paccMoTper G.
Haerendel (1970). J. De Keyser ¢ coaBropamu (1998, 1999) BeImoHUI HEOOXOAMMBIE pACUETHI IS TIOATBEPKIACHHS
ero 3(EeKTUBHOCTH B CO3JIaHNH JneKTpuueckux rojer [1]]. Bo3HUKIN Kak BO3pakeHHsI, COCTOSAIINE B TOM, YTO 3TH
1oJ1st OyyT HEHTpaIM30BaHbl MJICKTPOHAMHU (POHOBOH IIIa3MOM, TaK M HKCIIEPUMEHTAJIbHBIE CBHIETENILCTBA B MOJIB3Y
TOTO, YTO TOJIS MOJISIPU3ALNH CTOJIb BEICOKH M MOTYT ITOBBIILIATh SHEPTUIO OKPYKAIOLIEH IIa3MBbl JI0 HECKOJIBKHUX K3B
U TPUBOJAMTH K paciiupeHuto cTpykTypsl mo SAPS. W.J. Burke ¢ coaBTopamu (1998) mo MymbTH-CIIyTHHKOBBIM
n3MepeHnsiM Ha kocmuueckux ammaparax DMSP n CRESS cooOmwt, uto pe3ynbrarsl Habmronenus I1/] Haxonmst
cBOE OOBSCHEHHE B CIydae JSHCTBUS reHepaTopa HANpSKCHHUS, PACIONI0KEHHOTO B MPHUIKBATOPHAIBHON 0bmacTn
MarauTocgepsl. PaccMOTpeHHBIN HaM# BaXKHBIH SKCIIEPUMEHTAIBHBIA pe3ysIbTaT 0 BOSHUKHOBEeHUH 11]] Ha B3pBIBHOI
¢aze cydb0ypu 000cHOBBIBaeT MexaHU3M reaepannu [1/] kak paboTy remeparopa HaIpsHKEHHUS B IPHIKBATOPUATBHON
ob6mactu. TOJIBKO B ATOM Cilydae BO3MOXKHO CTOJb OBICTPOE BO3HMKHOBEHHWE dJIEKTpudeckux modeit. [Ipuaem I1]]
pa3BUBaeTCAd BHYTPH IUIa3MOC(Ephl, KaK 3TO IOKAa3aHO 0 MHOTOYHCICHHBIM CHHXPOHHBIM H3MEPEHHUSIM Ha
cinytHukax DE-1,-2 (Horwitz et al., 1986).

EcTp u ipyrue Touku 3peHus, Ilie ONpPEACISIOIINM SBIsETCs reHepaTop Toka (Anderson et al., 1993; Anderson et
al., 2001; Karlsson et al., 1998) wmu Mmonenb TOKOBOro KoHTypa (Mishin, 2013; Mishin et al., 2017).

3a nepuoa akruBHOM padoThl ciyTHKa AMPTE/CCE (cents6pp 1984 r. — HOs0pb 1988 1.) OBLIO MHOTO Cily4aeB
CHUHXPOHHBIX CITyTHUKOBBIX W Ha3eMHBIX U3MEpEHU. Bce OHM mokaszaiu, 4To MOJISIpU3alMOHHBIN JUKET pa3BUBACTCA
Ha BHYTPEHHEH IpaHMIIE KOJIBLIEBOTO TOKA.
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Hccnedosanus cyoaspopaibHol UOHOCHEPbI U MAZHUMOCHEPbI C NOMOWBIO 20PUUYECKUX CRYIMHUKOS...

Bricokne CKOpOCTH BEpTHKAIBHOTO Ipefida IIa3Mbl B IOJIOCE MONISpU3annoHHOrO apefida (Puc. 3) mo3BomsioT
CYUTATh ATOT IPOLIECC BAXKHBIM (PaKTOPOM B (HOPMHUPOBAHMH PE3KOTO MPOBAJIA IEKTPOHHOH INIOTHOCTH B F-00macti
HOHOC(hEPHI.

Hackousibko HaMm n3BeCTHO, HHTEp(EepOMETpHYECKUE U3MEPEHHsI TeMIIepaTypbl HelTpansHol atMocdepst (Tn) B I1]]
ABJSIFOTCSL yHUKAIBHBIMHA (Puc. 4). OHM CBHIETENBCTBYIOT 00 OTPOMHOM JUCCHUINAIMK SHEPTUH, BBI3BIBAIOIICH
nossiieHre Tn Ha 200-400 rpagycoB. Beero 6bu10 mpoaHann3mpoBaHO S5 TaKKUX CIy4aeB M BCE OHU MOKa3ald POCT
Tn Ha HECKOJIBKO COT I'PaflyCcoOB B MOJIOCE MOJISPU3ALUOHHOIO JXKETA.

BriBoabI

- Ilo Ha3eMHBIM HOHO30HAOBBIM HU3MEPEHMSIM Ha CTaHUMM SIKyTCK ycTtaHoBiaeHo, uyto IIJl B okono-
MIOJIYHOUYHOM CEKTOpE BO3HMKAET B 00JIaCTH pa3pbiBa XapaHra Ha B3pBIBHOH (aze cy00ypH. DTO CBUICTEIHCTBYET B
MOJB3Y JICHCTBUSI TeHEpaTOpa HaNpsDKEHUS! B NPUIKBATOPUAIBLHOM 00JI1aCTH, KOTOPBIH MOPOXKAACT IJIEKTPUUECKHE
nons B mosoce [1/1.

- [To comocraBieHussM HM3MepeHHH HOHOB KojblieBoro Toka Ha crnytHHke AMPTE/CCE u cunxpoHHO#H
peructpanuu [1/] Ha ceT MoHOC(EpPHBIX CTaHIUKA ycTaHOBIEHO, 4To II/l pasBHBaeTCs Ha BHYTpPEHHEH rpaHHIE
KOJIBLIEBOTO TOKA.

- [lo wnaOmromenmsmM Ha cmytHuKax DMSP u wnono3omma DPS-4 BBIIBICHO, 4YTO HAX IIOJOCOH
MOJISIPU3AIMOHHOTO JXKeTa GOPMHUPYETCsl BOCXOSIINNA TIOTOK HOHOB CO CKOpocThio 1 — 1.5 km/c.

- ITo m3mepenusm unrepdepomerpom Padpu-Ilepo Temneparypa HelTpanbHOM aTMOochepsl B oomactu [1]] u
BHE/IPCHHOW B HETO cyOaBpOpaibHOM KpacHOHU ayru noseimeHa a0 1200-1400 K oTHocHTeNEHO CpeqHEro ypOBHSA
1000 K, onpeaeneHHOro 1o HEBO3MYLIEHHBIM JHAM MECSLA.
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Abstract

The radial distribution of the magnetospheric plasma pressure frequently shows the existence of definite features such
as local increases and decreases. Regions with near to constant radial plasma pressure distribution were observed
using INTERBALL/Tail probe and THEMIS mission satellites. Such regions were named the plasma pressure
plateaus. In spite of the simultaneous observations near the same plateau pressure distribution by two satellites at near
the same orbits with time delay ~30 min, it is essential to precisely separate purely temporal pressure changes from
spatial variations. We compare the results of THEMIS observations with the predictions of Tsyganenko and Mukai
[2003] model of magnetotail plasma pressure distribution using observed IMF and solar wind conditions from the
OMNI data base. We also determine the projection of the observed pressure plateau to lijima and Potemra [1978]
picture of field-aligned currents using TS01, TA16 models. We show that observed plasma pressure profile cannot be
the result of the temporal pressure changes.

1. Introduction
Problem of large-scale magnetosphere-ionosphere interactions and the formation of the dawn-dusk large scale electric
field continues to be one of the most actual magnetospheric problems. Such field at ionospheric altitudes is supported
by large-scale field aligned currents frequently named Birkeland currents. Long history of Birkeland current studies
start from observations of Zmuda and Armstrong [1974], lijima and Potemra [1976, 1978]. The statistical distribution
of downward and upward currents was obtained and the main current systems, which includes Region 1 and Region
2 field-aligned current systems were selected. lijima and Potemra field-aligned currents continue to exist during quiet
geomagnetic conditions when plasma flow velocity is much smaller than the Alfvén and sound velocities. Therefore,
they are generated in the conditions of magnetostatic equilibrium when the Ampere force is compensated by plasma
pressure gradients. The proof of such point of view requires the determination of magnetospheric plasma pressure
gradients and configuration of magnetospheric currents. In spite of multiple satellite observations such problem is not
solved till now. That is why any new information about the location of field-aligned current sources is rather important.
Region 1 and Region 2 currents have different signs at definite geomagnetic latitudes. Region of the change of the
sign is the region of near to zero field-aligned current. Statistical distributions of Region 1 and Region 2 currents
frequently have noticeable latitudinal gaps, which are seen as trapezoidal variations in the low orbiting magnetic field
distortions. Such gaps can correspond to regions with near to zero plasma pressure gradients as in the condition of
magnetospheric equilibrium field-aligned current density is determined by Grad-Vasyliunas-Bostrom -Tverskoy
[Grad, 1964; Vasyliunas, 1970; Bostrom, 1975; Tverskoy, 1982] equation:

jj = b[VW X Vp]B;/B, (1)

where j| is the density of field-aligned current, B; and B. are the magnitudes of the local magnetic field at ionospheric

altitudes and in the geomagnetic equator, b is the unit vector along the magnetic field, W=[d//B is the specific volume
of the magnetic flux tube, p is the plasma pressure. jj is near to zero if Vp = 0.

Distribution of the pressure plateau regions has not been extensively studied, although in some events such regions
have been identified. It was shown using data of INTERBALL/Tail probe [Pisarenko et al., 2003; Antonova, 2003;
Kirpichev, 2004] that pressure plateau regions can exist at geocentric distances of ~10 Rg. The pressure plateau regions
were identified by Kirpichev and Antonova [2022] during the passage of two THEMIS satellites (A and D) in February
2009. This study analyzed nighttime radial profiles of plasma pressure (ion plus electron). The stable existence of
plateau plasma structures was confirmed, within which pressure did not actually change (the pressure gradient within
these regions at distances from 8 to 11 Rg were significantly lower than the gradients outside of these regions). It was
also shown that stable plateau pressure distributions can exist for periods larger than 30 min. It is well known that it
is very difficult to separate purely temporal pressure changes from spatial variations especially taking into account
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that magnetic field line stretching is usually observed in the analyzed region before the substorm expansion phase
onset. Possible way of such verification is the comparison of observed plateau with the model prediction sequentially
calculated in accordance with magnetospheric boundary conditions during plateau observation. The real proof of the
quasi-stationary pressure plateau existence can be the coincidence of its projection to the ionospheric altitudes with
the quasi-stationary region with very small field-aligned current value such as the gap between Region 1 and Region
2 field-aligned currents in the fijima and Potemra [1978] picture of field-aligned current distribution.

In this paper we compare selected plasma pressure plateau with the Tsyganenko and Mukai [2003] model (TM2003)
of the geomagnetic tail pressure distribution. We project observed in [Kirpichev and Antonova, 2022] plasma plateau
regions to ionospheric altitudes using TSO1 [Tsyganenko, 2002] and TA16 [Tsyganenko and Andreeva, 2016]
magnetic field models and compare the projections with the lijima and Potemra [1978] quiet time field-aligned current
distribution.

2. Data Analysis

The measurements from two devices ESA and SST (THEMIS mission) [Angelopoulos, 2008; McFadden et al., 2008;
Sibeck and Angelopoulos, 2008] was used to estimate the plasma pressure (ion plus electron). We employed the
methodology provided in the SPEDAS 5.0 software by the THEMIS team http://themis.ssl.berkeley.edu/
[Angelopoulos et al., 2019].

Three upper panels at Figure 1 show components of local magnetic field in solar-magnetospheric (SM) coordinate
system for THEMIS D measurements February 02, 2009 from 00:58 till 09:25 UT when plasma pressure plateau was
observed from 8.25 till 11 Rg (which corresponds to the time interval from 02:03 to 06:14) in radial pressure
distribution (triangles at lower panel) with bin selection ~0.28 Rg. Symbols show the median values. Blue vertical
lines select pressure plateau region. To produce the projection of definite equatorial region to ionospheric altitude it
is necessary to use the magnetic field model. We used TS01 and TA16 models. Median values of solar wind and IMF
parameters are determined for every bin using OMNI data base. Model calculations are produced for every bin. Red
lines show TSO1 magnetic field values, green lines are TA16 values. It is possible to see that two selected magnetic
field models reproduce the observed magnetic field distribution with different accuracy. However, the difference of
measured and model values is not very much and it is possible to use these models for the plateau region projection
to ionospheric altitudes with definite care understanding difficulties of such projection.

Forth panel in Figure 1 shows the comparison of TM2003 tail plasma pressure model with experimental data. Blue
dashed line is the model ion pressure in accordance with TM2003 model. Green rectangles show the approximation
errors calculated using median OMNI values for every bin. For a qualitative comparison, the radial behavior of the
model pressure was obtained starting from distances of 9.5 Rg, which is slightly closer to the Earth than the model
applicability limit (R>10 R in the night sector). For the events of February 02, 2009 and February 13, 2009 from
[Kirpichev and Antonova, 2022] the model gives the sharp increase in pressure as the distance decreases from ~11 Rg.
Situation with other events is not so clear. At the same time, the experimental data show that, on average, the pressure
at these distances near to constant. To improve visualization in the lower panel of Figure 1, the red dashed line shows
the trend for the pressure profiles. The red arrow indicates difference in slopes. Therefore, our analysis shows that
observed plateau can not be formed as the result of the change of external boundary conditions during period of plateau
registration.

o N

Bx, nT

By, nT

Bz, nT

f° 3458 3533 0.4 7.5 15.3 25.2
6 7 8 9 10 1
R. R
Figure 1. Components of the local magnetic field in the SM coordinate system (B is shown by x, By is shown
by *, B, is shown by circles) and plasma pressure for the event February 02, 2009. The azimuthal angle 6,
calculated from midnight to dawn, is indicated on the horizontal axis alongside the radial distance.

12

58



LP. Kirpichev and E.E. Antonova

Figure 2 shows lijima and Potemra [1978] field-aligned current picture and projections of plateau region for event
02.02.2009 onto ionospheric heights using the TSO01 (red line) and the TA16 (green line) models of the geomagnetic
field. Both projections actually fell into the gap between the current sheets Regions 1 and 2. Near the same situation
take place for the event February 03, 2009 from [Kirpichev and Antonova, 2022]. However, better coincidence with
the gap in lijima and Potemra picture is observed for TA16 projection. The situation with other events is not so clear.
Projections are shifted at larger latitudes. However. they are located in the Region I field-aligned current location.
Such feature can be explained as the result of overstretching of models with the predetermined geometry of
magnetospheric currents [Antonova et al., 2018].

Figure 2. Projection of plasma plateau region onto ionosphere on 02.02.2009 using TSO1 (red line) and TA16
(green line).

3. Conclusions

Our analysis supports the conclusion of [Kirpichev and Antonova, 2022] paper about the formation of plasma pressure
plateau between sources of Region 1 and Region 2 field-aligned currents of lijima and Potemra [1976, 1978]. We
show using Tsyganenko and Mukai [2003] ion pressure model that plasma pressure plateau can not be observed as a
temporal phenomena during period of plateau registration. Projections to the ionospheric heights using TSO1 and
TA16 models and comparison with Iijima amd Potemra field-aligned current picture coincide with gap between field-
aligned current sheets of lijima and Potemra. This coincidence is a good confirmation of the assumption about the
generation of field-aligned currents by pressure gradients near the equatorial plane. The important result of our finding
is the possibility to identify the position of the boundary of Region 1 and Region 2 sources of current systems as the
results of different models frequently suggest the source of the Region I currents in the magnetospheric boundary
layers or very far from the geocentric distance ~10 Rg. The existence of the gap between sources of Region 1 and
Region 2 currents during quiet geomagnetic conditions at geocentric distance 8.5-11 Rg supports the conclusion of
their generation by ring current plasma pressure gradients (see [Antonova et al., 2023] and references therein).
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Abstract

Changes in the Earth’s magnetic field and in geomagnetic activity through solar wind conditions can both deeply
modify the auroral ovals, which are the regions of most frequent precipitation of energetic particles causing aurora.
These two auroral change drivers present long-term trends: the well-known magnetic field secular variation, and the
Gleissberg cycle of solar and geomagnetic activity that can also be considered as a secular variation. In this work,
both induced long-term changes are compared by estimating the variations in the auroral zone boundaries and area as
a consequence of each one acting independently during the period 1932-2022. That is the last 9 decades, which is the
period covered by Kp geomagnetic activity index availability. In the first case, the IGRF is used to estimate the time-
evolution of the zone enclosed by the fixed geomagnetic latitudes typical for auroral boundaries during quiet
geomagnetic activity levels considering steady interplanetary conditions and assuming scaling relations for a purely
dipolar field. In the second case, under fixed Earth’s magnetic field conditions, a Kp-based model is used considering
an 11-year running mean of this index in order to filter out short-term variations typical of geomagnetic activity. A
comparative analysis is then made between the auroral ovals modifications over these last 9 decades.

1. Introduction

The auroral ovals are regions where charged particles accelerate along magnetic field lines from the magnetosphere
to the upper atmosphere. They play an important role in space weather (4kasofit, 1983; Feldstein, 2016) due to the
consequences of particle precipitation on technological systems which during certain solar events, such as
geomagnetic disturbances, can disrupt terrestrial communications, geospatial positioning systems, and satellite
equipment, among other effects (Olson and Amit, 2006; Hayakawa et al., 2020).

The auroral oval's nearly circular boundary, whose center aligns with the eccentric geomagnetic dipole (Tsyganenko,
2019; Zossi et al., 2020) is linked to Earth's magnetosphere, which, in turn, depends on the geomagnetic field and
solar wind conditions. They both present long-term changes that can lead to variations in auroral oval position, areas,
and auroral frequency (Silverman, 1992).

Over the past 180 years, the secular variation of the geomagnetic field has been marked by a rapid dipole moment
decrease (Olson and Amit, 2006; Huguet et al., 2018). Under the self-similarity hypothesis for a pure dipole magnetic
field and a steady solar wind during quiet conditions, and based on scaling relations, the polar cap boundary will shift
to lower latitudes with a consequent increase in polar cap area as the Earth's dipole moment becomes weaker (Siscoe
and Chen, 1975; Vogt and Glassmeier, 2001; Glassmeier et al., 2004). Since the inner auroral ovals' boundary is given
by the polar cap, then this shift to lower latitudes and area increase are also expected in auroral ovals' case. (Schulz,
1997, Zossi et al., 2020).

Solar and geomagnetic activities exhibit long-term changes of longer timescales than the well-known quasi-decadal
solar activity cycle, such as the ~90-year Gleissberg cycle (Feynman and Ruzmaikin, 2014), that also have an impact
on auroral ovals. There are analytical models that simulate the auroral oval boundaries in terms of geomagnetic activity
indices, such as Kp. For example, the methods by Starkov (1994) and Zhang and Paxton (2008). Through these
methods, it is possible to assess the consequences of geomagnetic activity long-term variation on auroral ovals
considering the long-term component of Kp variability. It can be anticipated that an increase in Kp, will lead to a shift
of the oval towards lower latitudes and an expansion in its area, that is trends of the same sign as those resulting from
a decrease in the geomagnetic field, while a decrease would produce the opposite effect.

In the present work, a comparison is made between the auroral ovals modifications along the last 9 decades due to
both long-term trend drivers: Earth's magnetic field secular variation, considering the scaling law, and the long-term
changes of the geomagnetic activity considering Starkov's method.
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2. Methodology
In order to assess the effect of the geomagnetic activity's long-term changes on the auroral ovals, the empirical formula
to determine auroral oval’s boundaries in terms of Kp given by Starkov (1994) was used:

6 = Ay + A; cos[15(t + a;)] + A, cos[15(2t + a,)] + A5 cos[15(3t + a3)], (1
where 0 is the boundary colatitude in geomagnetic coordinates and t is the local time in hours. The amplitudes A; and
phases o are obtained from

Ajor a; = ag + ay log,o(AL) + a, logso°(AL) + a3 log,° (AL) , (2)

where a; are constants tabulated for the outer (equatorial) and inner (polar) boundaries of the auroral oval and AL is
calculated with Kp from

AL = 18.0 — 123 Kp + 27.2 Kp? — 2.0 Kp® . 3)

In order to consider the long-term variation of Kp (obtained from
https://kp.gfz-potsdam.de/app/files/Kp_ap since 1932.txt), the original time series was smoothed with an 11-year
running mean, shown in Fig. la. Fig. 2, shows as an example the auroral ovals obtained from Starkov model fora 11-
year smoothed Kp value for 1937, that is Kp = 2.05.
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Figure 1. (a) Kp index annual mean (black) and 11-year running mean (red). Red arrows indicate minimum
periods of the Gleissberg cycle. (b) Secular variation of the dipole moment, M, of the Earth’s magnetic field,
obtained from IGRF-13.

Figure 2. Auroral oval equatorward (solid blue) and poleward (dashed blue) boundaries in (left panel)
geomagnetic coordinates, with 12 LT at 0° (this is the sunward direction and where the auroral oval is thinner),
and in (right panel) geographic coordinates in the northern hemisphere (sunward direction is along ~70°W,
which is the angle rotated by the Centered Dipole Coordinates with respect to the geographic coordinates). The
red and blue dots indicate the position of the north Centered Dipole geomagnetic and Eccentric Dipole
geomagnetic poles, respectively.

To estimate the effect of Earth's magnetic field variation on the auroral ovals position and area, we begin considering
the scaling relation of the polar cap boundary, A, (that is the poleward boundary of the auroral oval), in terms of the
Earth's dipole moment, M, given by:

cos(2,) o« M~Y/6p1/2 4
p being the solar wind dynamic pressure. This is valid assuming self-similarity for any value of M and p, which is
indeed fulfilled by a pure dipolar field. We assumed that both, the equatorward and poleward auroral boundaries have

the same scaling relation and that p remains constant. The initial boundary conditions are derived from the Starkov
analytical model considering the first Kp value of the 11-year running mean time series.
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The secular variation of M is obtained from

M = 41R;>\[(@DZ + (g)? + (hh)?,

where Ry is the Earth radius (6371 km), and g,°, g,' and h;' are the Gauss coefficients obtained from the IGRF-2013

J.A. Ochoa et al.

(6))

model (Alken et al., 2021). Fig. 1b shows the secular variation of M from 1900 to 2020.

3. Results

Fig. 3 presents the long-term variation of the geomagnetic latitude position at 0, 6, 12, and 18 MLT, of the equatorial
and polar boundaries due to Kp long-term variation, with Earth’s magnetic field fixed in 1937. The auroral width,
obtained as the difference between the polar and equatorial boundaries is also shown. Fig. 4 shows the corresponding
long-term variations but due to the Earth’s magnetic field secular variation keeping Kp fixed, and initial boundaries
being those given by Starkov model for t
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Figure 3. Time variation of the auroral oval (a) equatorial and (b) polar boundaries, and (c) latitudinal width,
obtained with Starkov model and considering Kp 11-year running mean time series, at 0 (black), 6 (red), 12
(blue), and 18 (green) MLT. Earth’s magnetic field fixed in 1937.
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Fig. 5 presents the long-term variation of the geomagnetic auroral oval area due to geomagnetic activity and to the
Earth’s magnetic field secular changes in km? and also in percentage, from where it can be clearly noticed the
difference in the overall effect of each trend driver along the period considered.
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Figure 5. Time variation of the auroral oval area due to geomagnetic activity (solid line) and Earth’s magnetic

field (dashed line) variations in (a) km? and (b) percent with respect to the whole auroral oval area for the given
year.
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4. Discussion and conclusion

As can be noticed from the figures above, the Gleissberg cycle along the period considered consists of crests and
troughs, against the almost linear trend of the Earth’s magnetic field dipolar intensity. This is evinced by the auroral
oval long-term variation considering the Starkov model and scaling law to determine each driver effect in Figs. 3, 4
and 5. However, Kp presents also an overall almost linear decrease along the whole period, superposed to the
Gleissberg variation, whose effects could be compared to the decrease in the Earth's field. Table 1 presents the
resulting auroral boundary trends from where it can be concluded that the long-term geomagnetic activity decrease
produces a poleward shift of the auroral ovals, against the equatorward shift expected from the magnetic field decrease.
However, the trend due to Kp is an order of magnitude greater than that due to the Earth's field.

Table 1. Linear trends of the auroral oval equatorward and polar boundaries, for different MLTs, due to the
overall linear trend in Kp and in the Earth's magnetic field dipolar intensity.

Equatorward boundary [°/year] Poleward boundary [°/year]
MLT Kp variation Maf;?:goiled Kp variation Mavg;?;igoiled
0 0.0113 —0.0028 —0.0077 —0.0028
6 0.0102 —0.0024 0.0001 —0.0024
12 0.0066 —0.0017 0.0056 —0.0017
18 0.0108 —0.0021 0.0047 —0.0021

These trends in the auroral oval area result: —14719 km?/year (—0.26 %/year) due to Kp long-term trend variation,
and 1248 km?/year (0.02 %/year) due to Earth’s magnetic field secular variation. They are opposite but do not cancel.

The long-term variation linked to geomagnetic activity long-term variation linked to the Gleissberg cycle is stronger
but cyclical. In 1000 years it could be null. The long-term variation linked to the Earth’s magnetic field secular
variation linked to the dipolar component only is much weaker, but steady. In 1000 years will be stronger.
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HHOJAPHBIE CUAHUSA U ABPOPAJIBHBIE BBICBIITAHUS B
OBJIACTH JHEBHOTI'O ITIOJIAHOI'O KACITIA ITPU CEBEPHOM MMII

B.I'. Bopo6ses!, O.U. droakuna’, E.E. Autonosa>?

Tonspuoiii 2eoguzuueckuii uncmumym. 2. Anamumor (Mypmarnckas 06.1.)

2Hayuno-uccnedosamenvckuii uncmumym soephoti gusuxu umenu JI.B. Crobenvyvina Mockosckozo
eocyoapcmeennozo yHusepcumema umenu M.B. Jlomonocosa, 2. Mockea

3HHcmumym Kocmuyeckux uccueoosanuil, 2. Mockea

AHHOTAIINA

[IpoBeneH aHamM3 Ha3eMHBIX ONTHYECKU HaOmroMeHw Ha 00c. bapeHnOypr (apx. llnundepren) 22 nexabpst 2003 T.
B nepuoj peructpauuu cnyTHukoM DMSP F16 nHeBHOro mosjsipHoro kacmna. XapakTEpUCTHKU BBICHIIAIOLIUXCS
YacTHL, HAOIIONaeMble CIIyTHHKOM F16, THO3BOMMIM ONpENeNuTh INUPOTHOE IIOJIOKEHUE IPHIIOIIOCHONH W
9KBaTOPHAIBHON IPaHMI] Kaca U IHUPOTHYIO CTPYKTYPY aBPOPAIbHBIX BBICHIIIAHUN B MOTYAEHHOM ceKkTope. JlaHHbIe
OMNI Web moxassiBatot, 9to Bz-kommonenta MMII noBepHynacs Ha ceBep MpUMEPHO 3a 12 MUH 10 mpojera
CIIyTHHUKA M OCTaBajach CeBepHON mpumepHo B TeueHue 30 MuH. HazemHble onTHyeckue HaOMIOACHUS TOKA3bIBAIOT,
4T0 HOHOC(EpHas MPOSKIIUs JHEBHOTO Kacla COBIAAacT ¢ 001aCThI0 CBeueHus B aMuccuu 630.0 HM ¢ MAKCUMYMOM
MHTCHCUBHOCTH B IPUIIOIIOCHOM dacTH Kacma. C NMPHUIIONIOCHOW CTOPOHBI Kacl okaimuigeT nyductas xyra (RA),
MIOJIOXKEHHE KOTOPOH COBIIaJaeT C MAaKCUMyMOM IIOTOKAa 3HEPTHM 3JEKTPOHHBIX BBICHIMAHUH. CpemHss dHEprus
BBICBITIAIOLIMXCS JIEKTPOHOB B Kacre cocTtaBisuia ~ 0.13 k3B, a B RA ~ 0.24 keV co crekTpaabHBIM ITUKOM Ha
sHeprusx okoio 0.4 k3B. SIpkocts RA npu ceBepnoit opuentraunn MMII nzMmensnace B npeaenax 1-2 kP B xopouem
COOTBETCTBHUH C BapHanusaMu AL-MHIEKca MArHUTHOW aKTHBHOCTH.

1. BBenenne

JlHeBHBIE MOJSPHBIE KacHbl, KaKk 00J1acTH, Yepe3 KOTOphIEe MIa3Ma COJTHEYHOTO BETpa M MEPEXOAHOTO CIOS MOXKET
IIPOHHKAThH Ha BBICOTHI HOHOC(EPH!, ObIUTH 0OHAPYKEHBI B HCCIIEAOBAaHUAX, OTHOCSIIINXCA K 70-BIM TO1aM IIPOIILIOTO
croietus. B TeyeHme mpomeANINX AECATIIICTHH OBUIM IPOBEAEHBI JOIMOJIHHUTEIbHbIE MHOTOYHCIICHHBIC
HCCIICIOBAaHMS TOJO0XKEHUS Kaclla M ero XapaKTePHCTHUK C HCIOJIb30BaHHEM HAOMIOJCHUH KaK HHU3KOBBICOTHBIX
CIIyTHHUKOB C TIOIAPHOH OpOUTOH, Tak M CITyTHUKOB HA CPEAHUX U OOJIBIINX BBICOTAX BIUIOTH O MarHUTOIAY3HI.

Boictpble  opOWTHI W HamM4YHe OJHOBPEMEHHO HECKOJIbKMX HHM3KOBBICOTHBIX CIyTHHKOB cepun DMSP
CHOCOOCTBOBAJIM YACTHIM IIEPECEYCHUSIM 00IaCTH JTHEBHBIX BBICHINAHUN. DTO TO3BOJIMIIO yXKe K Hadaimy 90-X romos
MIPOIIUIOTO CTOJICTHSI CTATHCTHYECKUM ITyTEM OIPEIETMTh OCHOBHBIE KpyITHOMacHITaOHbIe XapaKTEePUCTHKH Kacra
[Newell and Meng, 1988; Newell et al., 1989]. Cnyrauku DMSP mnepecekaroT 00iacTs Kacma B Te4eHHE 1-2 MUH,
TIOKa3bIBasi TOYTH «MTHOBEHHBIE» XapaKTEPHCTHKH BBICHIIAOMMXCS YacTHL. CIyTHHKH ¢ 0oJjiee BBICOKHMHU
opbutamu, Takue Kak, Hanpumep, Polar n Cluster, MenIeHHO nepeMenasch B IPOCTPAHCTBE, MOTYT HAXOJIUTHCS B
o0acTu Kacna CyIeCTBEHHO 0oJiee JUIMTENIbHOE BpeMsl. DTH HAOJIIOJICHUs YKa3bIBAIOT HA CHIIbHYIO U3MEHYHUBOCTD
Kacma. Ero xapakTepucTHKH OBICTPO MEHSIOTCS BCJIE] 32 M3MEHEHHEM I1apaMeTpOB BHEIIHETO BO3JeHCTBUS [ Pifout
and Bogdanova, 2021)]. ConHeuHsIi BeTep 007a1aeT BEICOKUM YPOBHEM TYpOYICHTHBIX (PIYKTyanuii CO CIOKHBIMU
HEJIMHEHHBIMH CBSA3IMHU (QIIYKTYHPYIOIIUX MapaMeTpoB. Pa3yMHO NPeamoioXHUTh, YTO CPEIHECTATHCTHYECKHE
XapaKTepUCTHKH Kaclla B €CTECTBEHHBIX YCIOBHAX HAOMIOIAI0TCS KpaliHe peako. B rpybom mpubimkeHnH, B KaXKIbIi
TEKyIIUii MOMEHT BPEMEHH XapaKTEPHCTHUKHU Kaclla OMpEAeISIIOTCA CIIOKHOW KOMOHMHAIMEH MmapaMeTpoB IUIa3MBI
conHevHoro Betpa 1 MMII n BpeMeHeM, IpOLIEAIINM [T0CIIe YCTAaHOBJICHHS TAKOW KOMOMHAINK apameTpoB. B aToi
CBSI3U OCOOYI0 Ba)KHOCTHb IPHOOPETAIOT HCCIENOBAaHMS XapaKTEPHCTHK Kaclla B PEXHME OTHEIbHBIX IIPOJIETOB,
OTIETBbHBIX €r0 PErucTpanuii, KOraa XapaKTepUCTHUKH KAaCIEHHBIX IOIMYJSIIUH ONpeNesioTcs yHUKAIBHOM
KOMOMHAIMEH apaMeTpoB BHEIIHErO BO3AEHCTBUSI.

B Hacrosei pabore nmpoBeeHO HcciieoBaHne Kacta B posere ciryrHuka DMSP F16 nag apx. Llnundepren npu
CEBEPHOW OpHWCHTAIMM MeEXIUIaHeTHOro MarHuTHoro mnons (MMII). Ilenpro paboTel sBISETCS HU3yYCHHE
OCOOCHHOCTEH BBICHIIIAHMS YACTHII B JHEBHOM CEKTOpPE U COIIOCTAaBICHHE IIapaMETPOB BBICHITAaHUH C
O/THOBPEMEHHBIMH ONTHYECKUMH HAONIONEHUSIMH TOJISIPHBIX CHUSHHUH, BBIOJIHEHHBIMH Ha 00cepBaTopuH
Bapernoypr. OcoOEHHOCTBIO PACCMOTPEHHOTO COOBITHS ABISIETCS CYIIECTBOBAHHE B IMOIYICHHOM CEKTOpE IpH
MMII Bz > 0 m0BOJIBHO SIPKOW JYYHCTOH AYTH CHSHHUM, OKAHMIIAIONIEH C TPUITOIIOCHONH CTOPOHBI BBICHITTAHUS
MOJISIPHOTO KacTIa.
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2. Ucnoab3yemble TaHHbIE

Jannbie cnytHuka DMSP F16 u onHOBpeMEHHBIC ONTHYCCKUE HAOIIOJCHUS B oOcepBartopuu bapeHuoypr (apx.
HInunoepren) 22 nexadbpst 2003 r. MCIOIB30BaHbBl JUIS M3YYEHHs XapaKTEPUCTHK aBPOPAJBHBIX BBICHIIAHUHA H
TIOJISIPHBIX CUSIHUH B TIOJTyICHHOM cekTope. McripaBieHHble reoMarHuTHBIE KOOPAMHATHI 00cepBaTopuy bapeHuoypr:
@ = 75.2°, MLT = UT + 2.6. Cxema HaOmoJicHUN B reorpaduuecKoil CUCTEMEe KOOpAWHAT MOKa3aHa Ha puc. 1.
OTnMuuTEeNFHOM 4epTol paccMaTpHBaeMOro IEpHOJa SIBISETCS HaIW4Me spKoi syuucrod nyru cusHug (RA),
MPUMEPHOE TTOJIOXKEHUE KOTOPOH B MOJE 3peHMsI KaMephl BCero Heba MOKa3aHo JMHMEH co mrpuxamu. PucyHOk
mrroctpupyet nonoxenne RA B 09:01:50 UT, uro mpuMepHO COOTBETCTBYET BpeMEHH Iposera ciyTHuka F16 Hax
JIyqucToi ayroi cusaui. Tpaekropus ciytHuKa F16 mokasana cruionHoit aiHMEH co cTpenoukoit. Kpyramu Ha puc.
1 orpaHmYeHO TOJIE 3peHNs KaMephI Bcero Heba Ha BeicoTax 150 kM (st smuccrn 557.7 HM) 1 240 kM (U1 SMUCCHA
630.0 am). CrutomrHo# nmHUEH, 0003HaueHHOH MSP, moka3aH reoMarHWTHBI MepuanaH 00CEepBaTOPHH, BIOJB
KOTOPOrO MPOU3BOAMNACE PETHCTpallUsl CBEYECHHUS OCHOBHBIX AaBPOPAIBHBIX OMHCCUH MEpPHIUOHAIBHBIM
ckanupyomum potomerpom (MSP). K coxanenuto, B paccMarpuBaeMbiidi niepuoj; BpemeHn MSP paboran He B
TMIOJTHOM PEXUME U MIPOU3BOINII CKAHUPOBaHNE HEOOCBOA AUTENBHOCTHIO 10 ¢ KaxIple 2 MUH.
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Pucynok 1. Cxema npoBeieHus HaOTIOICHUH. Pucynok 2. Bapuanun By u Bz - koMmnoHeHt
MMII, nuaamudgeckoro naBieHus (P) m AL-
MHJIEKCA.

Ha puc. 2 mnokaszaHel BapHaluM NapaMeTPOB MEXKIUIAHETHOW Cpelbl M YPOBHS MAarHUTHOW AKTUBHOCTH B
aBpopabHOH 30HE B KOpoTkOoM mHTepBase Bpemenu 08:30 — 09:30 UT, pxirouatoieM B cedst poseT cnyTHrKa F16.
Bpewms mepeceueHHs CITyTHHKOM OOJIaCTH aBPOPAJIBHBIX BBICHITAHWK B JTHEBHOM CEKTOPE OTMEUEHO CIUIOIIHOW
BepTUKANBbHOM JuHuell. CBepXy BHU3 Ha pHc. 2 noka3aHel By n Bz xomnonentsr MIIII, quHammueckoe gaBiieHHE
conmneuyHoro Betpa (P, Hlla) u Bapmanmm AL mHaexca MarHuTHON akTuBHOCTH. Kak BuaHO M3 pucynka, By u Bz
komItoHeHTs! MMII Bo Bpemst mposieTa cryTHHKa ObUIN MOJIOKUTEIbHBIMU BENYUHOMN ~3 HT I, CKOPOCTb, IIIOTHOCTD
U JUHAMUYECKOE JABJIEHHE COJHEUYHOr0 BETPa MEHAIMCh HesHauuTenbHo: V ~ 820 km/c, N ~ 4 cm™, P ~ 3.0 ulla.
YpoBeHh MarHUTHON aKTHBHOCTH B IIOJIYHOYHOM CEKTOPE aBPOPabHOM 30HBI ObLT HI3KK AL > —-200 =T .

3. AHaJIM3 Ha3eMHBIX ONITHYECKNX U CITYTHUKOBBIX HA0II01eHu i
CHUMKH KaMepbl Bcero Heba, MpeACTaBIeHHBIE HA PHC. 3, WIUTIOCTPUPYIOT MOJ0KEHHE M AWHAMHKY THUCKPETHBIX
(hopM nHeBHBIX cusHUNA. Llndpamu B BepxHe# yacTi KaXXI0r0 Kaapa yKa3aHO MHPOBOE BPEMs PETHCTPAIIUHN CHUSHHUH.
l'eoMarHUTHBIN ceBep HAXOAWTCS B BEPXHEHW UYaCTH KaJpa, BOCTOK - ciieBa Ha kKaape. CHumok B 09:01:50 UT
MOKa3BIBACT AYTY CHSHUH B IEPHOJ NpoJieTa Haja Heil ciyTHuKa F16.

09:01:50 09:03:00 09:05:00 09:10:00 UT

i3/ 1272

B985+ 6|

Pucynok 3. CHUMKH KaMepbl Bcero Heba ¢ HSKCIO3HIINEH 5 CeKyH/I.

B MarHuTOCIIOKOMHbIE MEPHO/IbI CUSIHUS TIOTYIEHHOTO CEKTOpa 0OBIYHO XapaKTEPU3YIOTCS Kak clalble JTy4HCThie
IyTH B OTAENBHBIC JIydH, pacriojiaraonmecs Ha mupoTax okoio 78° CGL [Feldstein et al., 1966]. Takum o6pasom,
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B.I'. Bopob6ves u Op.

JOBOJIBHO SIPKHE JIYYIHCTHIE (POPMBI CHSHIIA, HaOM01aeMble, Kak IMOKa3bIBaeT puc. 3 Ha mupoTtax okoio 74° CGL, ve
SIBIISIFOTCS] THIIMYHBIMY JJIs1 CIOKOMHOTO neproza. Takoe sIBICHHE MOXXHO OOBSCHHUTH ABYMS 00CTOsITeNbCTBaMu. Bo-
MIEpPBBIX, JOCTATOYHO OoJIbIIast oTpulaTenbHas Bz komnonenta MMII Obia 3apeructpupoBana puMepHo 3a 12 MuH
J0 TpojieTa CIYTHHKA, YTO MOIJIO TPHBECTH K YMEHBIICHHIO IIMPOTHl CHUsHUI. Bo-BTOpBIX, HaOII0neHUS
MIPOBOAMIIMCH B TepHoJ (a3bl BOCCTaHOBJICHUS HEOOJBIIOH, HO JOCTaTOYHO JUIMTEIBHOW MAarHUTHOW Oypw,
HauaBmeiicst 20 nexaOpsi ¢ MHTEHCHBHOCThIO B Makcumyme SYM/H = —35 uTun. Boxpmme ckopocTw M HU3Kas
IUIOTHOCTPH ITIa3Mbl COJIHEYHOTO BETPa IMO3BOJIAIOT MPEAIOJI0XKUTh, YTO MCTOYHHMKOM MAarHUTHOH Oypu sBisuIach
KOpOHaJIbHAs JpIpa. B nmepuon mposnera cinytHuka Benuuuaa SYM/H cocrasisina ~ —25 vTn. Hanuaue nocrarouno
HMHTEHCHBHOTO KOJIBIIEBOTO TOKA MOKET OBITH JOTIOJHUTEIEHON MPUINHON HU3KOH IIMPOTHI CUSTHHH, a, BO3MOKHO, U
UX 3HAYUTENILHOHN SPKOCTH.

WHTerpanbHbIe XapaKTEPUCTUKHU BHICHIIAIOIINXCS YACTHIL IO TAaHHBIM F 16 MTO3BOIAIOT BJOJIB TPACKTOPHH CITyTHHKA
OTIPEJETUTh O0NACTH BBICHINMAHUN U3 PA3INYHBIX HCTOYHUKOB. BBICBIIAHMS MONAPHOrO Kacla WACHTUGHUINUPYIOTCS
TIpU OTHOBPEMEHHOM BBITTOJTHEHHUH CIIEAYIOMINX YCIOBHH, chopMynipoBaHHBIX B pabote [Newell and Meng, 1988]:
— cpennsis sHeprus: noHoB 300 3B < E7 <3000 3B, snexrponoB Ee < 220 3B;

— IOTOK 3Hepruu: noHos Fi > 10'° 3B/cm? ¢ cp, snexTpoHos Fe > 6-10'° 3B/cm? ¢ cp.

[ToTOKM SHEPTUU BBHICHIMAOLIMXCS YacTHI| MO HaOmoAeHWsM crnyTHUka F16 W perucrpauuy WHTEHCHBHOCTH
aBpopaibHOro cBedeHuu B kuioPanesx (I, kP) no nabmoaenusim MSP B obcepBaropun bapeHIOypr nokasasbsl Ha
puc. 4. CBepXy BHM3 Ha PHC. 4 Ipe/ICTaBIeHbI IOTOKK SHEPIUH BBICHIIAIOIIUXCA HOHOB U dnekTponos (Fi, Fe, apr/cm?
¢ ), a HIKe UHTeHCUBHOCTH cBedeHus amuccuil (OI) 630.0 um (kupHas kpuBast) u (OI) 557.7 M (ToHKast KpuBasi) B
09:01 UT u 09:03 UT. ITo ropu3oHTaJIbHOM OCH OTJIOKEHA UCIPABIIEHHAs TeOMarHuTHas mwuporta. s onpeneneHus
IIAPOTHI 110 BEJIMYMHE 3€HUTHOTO yTJIa HaOMIOJCHNUS BBICOTA CBEUCHUS IPHHUMANACh paBHON 150 kM s smuccun
557.7 am u 240 km gna smuccun 630.0 HM. BepTukanbHbIMH IITPUXOBBIMHM JUHHUSMH Ha PHUCYHKE IOKa3aHO
TMIOJIO’KEHHUE SKBATOPUAJILHOM 1 MPUIIOIIOCHOHN IPaHHMI] KacTa.

F(‘)* ZPL’CMZC ComnocTaBieHHE CITyTHUKOBBIX W HA3€MHBIX HAOJIOICHUH ITOKA3bIBAET, YTO
o MSATKHE 3JIEKTPOHHBIC BBICHINIAHWA B OOJIACTH Kacla ONPENEISIoT 00JacTh
%] aBpopaibHOTO cBeueHus: B smuccuu 630.0 HM. MIHTEHCHBHOCTH CBEYEHHUS
047 MaKCHMaJlbHa B IPHUIIOIIOCHON YacTu Kacna u coctasiseT ~ 1.0 — 1.5 kP. [Tuk

WHTEHCUBHOCTH CBEYEHHUs B 3MHUcCUM 557.7 HM oOIpefenser MHUPOTHOE
HOJIOKEHUE JTYYUCTON JTyTH CUSTHUN M COBIAIAET C MUKOM B IIOTOKAaX SYHEPTUU
BBICBHIMAIOIINXCST 3JEKTPOHOB. PHCYHOK TIOKa3bIBaeT, YTO Ayra CHSHUS
OKaMMJISIET BBICBIIAHUS Kaclla C €ro IPHIIOJIOCHOW CTOpPOHBI M B
cooTBeTcTBUE C Kputepusmu [Newell and Meng, 1988] pacnomaraercs B
caMOM  JKBaTOpUMAJIbHOM  YaCTU  BBICHIIAHUNA  MOJSPHONM  MaHTHUHU.
VIHTEHCHBHOCTD CBEYEHMs IyI'M CHUSHUI B HMHTEpBalie IOJIOKHTEIBHBIX
; 3HaueHuil Bz xomnonenTst MMII He ocTaeTcst HOCTOSIHHOM, a CYIIECTBEHHO
O T e u3mensierca B npenenax 0.4 -2.0 kP. HenocpenctBeHHO mepes NposieToM
I xP ! cnytHuka B 09:01 UT uHTeHCHMBHOCTH »MHUcCCHM 557.7 HM B Ayre CHUSIHHUS
7] i 09:01UT cocrapnsiia ~0.4 kP, a cpaszy xe mocne mpojera B 09:03 UT Obuta yxe
08 | ~1.4 kP.
B nonroTHOM HampaBieHHM JTy4HCTast AyTra MPOTATHBAETCS OT BOCTOYHOTO
o1 ‘5‘57"7‘ e JI0 3aIaJHOT0 TOPU30HTa 00CepBATOPUH, OXBaThIBas He MeHee +2 yaca MLT
\ OT TEOMarHUTHOTO TOJIYAHS. SIPKOCTh CBEUCHMS B PA3HBIX ydacTKax AyTH
pasiuyHas ¥ 3HAYMTEIIHO MEHSETCsl BO BpeMeHH. [Ipyu OONbIIMX SPKOCTIX
CBEUYEHUS JIYIHCTHIE CTPYKTYPBI CUSHUI TPaHC(HOPMUPYIOTCSI B OTHOPOHBIE
JIyTd U TOJIOCHI, YTO MOXHO BuaeTh Ha puc. 3 B 09:10:00 UT. Bapuauuu
MaKCUMAaJIbHOTO 3HAYeHUsl WHTCHCUBHOCTH sMmuccuu 557.7 M (Iss77) mo

Fe, apricm? ¢
3

I, kP
16 —

1.2 —

09:03 UT

0 e HabOmoneHnssM MSP QakTHdecku WIDTFOCTPUPYET U3MEHCHHS MHTCHCUBHOCTH
nooro o Bo“o BT CBEYCHHUS HamOoliee SPKOW JUCKPETHOW (POPMBI CHUSHHA Ha MEpHIHAHE
Pucynok 4. Jlaunste F16 u MSP. obcepBaTopun. VHTEHCHMBHOCTH CBCUCHHS THUCKPETHBIX ()OPM CHSHHI B

3enenoil mmuun (OI) mersmace ot 0.4 kP mo 1.8 kP, mokassiBas Tpu spko
BBIDAJKEHHBIX MAaKCUMyMa B HHTEpBAJI€ IOJIOKUTENbHBIX 3HaueHUH Bz-xommoHenTs! MMII. IloneiTku HalTh
MIPUYHHBI TaKWX BapHalMi B M3MEHEHHUSIX MapaMeTPOB BHEIIHErO BO3JCHCTBHSA HE NMPHUBENH K IOJO0KHUTEIBHBIM
pe3ynbpTatam, Tak kak HiI B MMII, HE B mapaMeTpax I1a3Mbl COJTHEYHOTO BETpa TAaKUX BapHaIMid He 0OHAPYKEHO.
Habmromaercst BbICOKass KOppesiuus MEXAY lss77 M ypOBHEM MAarHMUTHOW AaKTHBHOCTH B TIOJIyHOYHOM CEKTOPE
aBpOpaJIbHOM 30HBI. B HOUHOM cekTope HaOJII01aI0Ch HECKOIBKO BCIBIIIEK MarHUTHOM aKTHBHOCTH B TOM YHCIIE JIBE
HeOoJpuIMe MarHuTocepHsle cyooypu. Habnronaercs TecHast cBS3b MEXAY HHTEHCUBHOCTBIO CBEUCHUS INCKPETHBIX
(opM THEBHBIX CHHHUH M CyOOYpeBOl aKTUBHOCTBIO B ITOJYHOYHOM CEKTOPE.
JuddepeHnnanbHbIi SHEPreTHYECKHH CIIEKTP NOTOKA BBICHIIAIOMIMXCS 3JICKTPOHOB, MOJYYEHHBIH CIIlyTHUKOM B
JTHEBHOH Jyre CUSHHS, T0JJOOCH CIIEKTPY BBICHIIAIOIINXCS IIEKTPOHOB, TOJyYCHHOMY JUIS HOYHBIX JIYYHCTBIX Iyrax
cusiHuii B pabote [Jawxesuy u op., 2021]. CuekTp MOKET OBITh alMPOKCUMHUPOBAH CYMMOU JBYX (D)YHKIUH, OJTHA U3

67



Tonsapuvie cusHUs U a8popabHble BbICHINAHUA 8 00IACMU OHEBHO20 NONAPHO20 Kacna npu cesepHom MMIT

KOTOPBIX HOCUT CTEIIEHHOH XapakTep Ha MaJbIX SHEPTHAX, a IpyTrasi — MAaKCBEIUIOBCKOE PacIIpeieICHHUE 110 SHEPTHAM.
B cmektpe nHEBHOH Ayru HaOMIOZAeTCs JOKAIBHBIH MakCHMyM Ha »Heprusix okono 400 5B, Ho yxe B 09:03 UT
OTHOIIIEHHE UHTEHCUBHOCTEH 630.0/1557.7 < 1, 4TO CBHAETENHCTBYET 00 YBEIIMUEHUHN CPEIHEH SHEPTUH BBICHINAIOIIUXCS
9JIEKTPOHOB 710 ~1 K3B.

W3y4yeHne mnpoposibHBIX TOKOB B MarHurocepe IOKa3bIBaeT, YTO JUIS BBITEKAIOUIUX MPOJOJBHBIX TOKOB
XapaKTEepHO YCKOPDEHHE BJOJIb MAarHUTHBIX CHJIOBBIX JIMHMH IPOJOJIBHBIMU AJIEKTPUYECKHMMHU MojsiMu. Takoe
YCKOpEHHE BO3HUKAET, KOTJa M30TPOIHOE BBHICHIIAHWE MAarHUTOC(EPHBIX 3JIEKTPOHOB HE MOXKET IOJIEPKHUBATH
HEOOXOJMMYIO BEJIMYMHY BBITEKAIOIIEro TOKa. Ha NpHUIONIOCHOM TpaHHIE NOJIIPHOTO Kacma pe3Ko IMajaeT
KOHIICHTPAIWS 3JEKTPOHOB, YTO B YCIOBHAX CYIIECTBOBAHHUS MPOJONBHOTO TOKA, BBITEKAIOLIETO M3 HMOHOChEpSI,
cozmaeT ycnoBus (OPMHpPOBAaHHS OONACTH MPOJONBHOTO TAICHHUS IOTCHOWana M (OPMHUPOBAHUS CIEKTpa
3JIEKTPOHOB C MaKCHMYMOM.

Ha puc. 5 mpencraBneHbl CHEKTPHI BBICHITAIOMIAXCSA JIEKTPOHOB, 3apeructpupoBanusie B 09:01:47 UT (a) u B
09:01:49 UT (6) B obmactu myumcrord ayru cusHus. CymiecTBOBaHHE OOJNBIINX IOTOKOB 3JIEKTPOHOB (puC. S5a),
cornacHo [Awmonosa, 1979; Antonova, 2002], MoxeT OBITH CBA3aHO C IMPOHUKHOBEHHEM XOJIOIHON MOHOC(EpHOH
Ia3Mbl  4epe3 TpaHHully OO0JacTH MPOAOJbHOTO MaJAEHHsS MOTEHNUala. YCKOpSIACh B IIPOJOJIBHOM
ANIEKTPOCTATHYECKOM TIOJIE, XOJIOHBIE AIIEKTPOHBI HOHOCHEPHOTO MPOUCXOKACHUS (POPMUPYIOT KOJITUMUPOBAHHBIH
AJICKTPOHHBIM MYyYOK, KOTOPBIA OBICTPO PACIIBIBACTCS BOJIb MArHHTHOTO IMOJS BO30YKIas BOJHBI B IIHPOKOM
YaCTOTHOM JMarna3oHe U GOpMHUPYs CIIEKTP C IUIATO 10 3HEpTuH (puc. 56).
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Pucynok 5. CrieKTp BBICHIAONIMXCSI SJIEKTPOHOB B JIYUHUCTOM yre CUSHUS (a) U K 3KBATOPY OT AyTH (6).

4. 3aka04eHue

[Mpoananu3upoBaHbl Ha3eMHBIE ONTHYECKHE HaOIIoNeHWs Ha obcepBaropuu bapeHnOypr m ogHOBpEMEHHbIE
HaOmromeHuss cnyTHUKOM DMSP F16 TOTOKOB BBICHINAIOIIUXCS YACTHI[ MPU TIOJOKUTECIBHBIX 3HAUCHHUSIX Bz
komroHeHTEI MMII 22 nexabps 2003 rona. Mccnenoano moBeaeHue amuccuii 557.7 u 630.0 HM U XapaKTepUCTHK
MIOTOKOB SHEPTUH M CPEJHUX SHEPTHUil BBHICHINAIOIINXCS HOHOB 1 3JICKTPOHOB, PEINCTPUPYEMBIX CIlyTHUKOM F16 BO
BpeMsl TIpoJieTa yepe3 JHEBHOUM NosipHbId Kactl. Jlanabie F16 mo moTokam 3HEPruM U SHEPTUU IJIEKTPOHOB U MOHOB
MO3BOJIMJIM ONPENENUTh IIUPOTHOE IMOJOXKEHHE SKBATOPHAIBPHOW M MPUIOIIOCHON TIpaHHUIl Kacma BOJIM3M
reomarautHoro nosynusa. CornacHo manabiM OMNI Web, komnonenta Bz noBepHysack Ha ceBep mpuMepHO 3a 12
MHUHYT J0 NepeceueHHs CIIyTHHKOM TPaHHMIl Kaclla ¥ COXpaHsUla HalpaBleHHE Ha ceBep NMpuUMepHO B TeueHue 30
MuHYT. OnTHueckue HaONIOICHHWA B paiioHe Kacma MPOAEMOHCTPUPOBAIN IUIABHOE W3MEHEHHE CBETHMMOCTH B
smuccun 630.0 HM ¢ MakcumyMoM ~1 kP B mpumnostocHo# yact kacna. C IpUIOIIOCHOM CTOPOHBI Kacll OKalMIIsIa
JIOBOJIGHO sIpKasi JyducTas ayra cussHud. Spkocts myumctoit ayru (RA) B ammccum 557.7 HM BO Bpems
HNOJOXUTENbHOM opueHTannu Bz xomnonentst MMII u3mensnace npuMepHo ot 1 1o 2 kP u e€ Bapuanuu Xopomo
koppenupyeT ¢ AL MHIEKCOM MarHUTHOW akTMBHOCTH. Ilockonbky B paccMaTpuBaeMoM ciydae npu Bz>0 gyra
(uKcHpyeTCsl Ha MOJIFOCHOM Kpae Kaclla MM, BO3MOXHO, B 9KBaTOPHAJIBHOW YacTH BBICHINAHWH MAHTHH, OCTAeTCS
OTKPBITBIM BOIIPOC 00 NCTOYHUKE 3TOH JyTH.

Hannbie ciytHuka DMSP F16 B3sitel Ha cTpanunax crnytanka DMSP F16 http://sd-www.jhuapl.edu, napamerpsr
MMII, mna3Mbl COTHEYHOTO BETpa W MHACKCHl MATHUTHOW aKTUBHOCTH B3STHl Ha CTpaHMIax http.//wdc.kugi.kyoto-
u.ac.jp/ u http://cdaweb.gsfc.nasa.gov/.
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ACUMMETPUSA MAT'HUTHOI'O ITOJIAA 3BEMJIA B IBYX
HHOJYIHAPUAX

A.A. JIro6uny, T.A. ITonoa, T.A. fIxuuna, A.I'. lemexoB
Honapuvii ceogpusuueckuti uncmumym, Anamumet, Poccus

AnHoTanus. [IpoBeieHbl pacyeThl MarHUTHOTO IOJsi 3eMid Ha BbicoTax opOut ciytHukoB NOAA POES B
CEBEPHOM H FOXKHOM TOJyIIapusaX. PacyeTsl MpOBOAMINCH B HCIPABICHHBIX T€OMarHUTHBIX KoopanHaTtax AACGM
(Altitude-Adjusted Corrected Geomagnetic Coordinates) ¢ ncnonp3oBaHueM MozenH BHyTpeHHero noist 3emin IGRF
(International Geomagnetic Reference Field) B makere mporpamm GEOPACK-2008, paspabotannsix H.A.
Ipiranenko. IToxasano, 4ro mo cpaBHeHHIO ¢ CeBepHBIM IOJIyIIapHeM MarHuTHoe nosie B FOkHOM momymapun
MokeT ObITh HIke Oonee yem Ha 10 000 uTn. Pasuuna cocrasnser ~40% Ha mmpote 50°, ymenpmasicey 10 ~3% Ha
umpote 80°. ITose B FOxxHOM nosymapuu nmonmxkeHo Ha 30-90° Boctounoit 1oarorst AACGM, B JONTOTHOM CEKTOpe
OxHO-ATnanTudeckoil MarHUTHOM aHoManuy. OIEHEHO BIHSHUE TIOHIKEHHSI MATHUTHOTO T10JI HA BEJTMYUHY TUTY-
yriia 3apsHKeHHBIX 4acTHIl Ha BbicoTax opout ciyTHUKOB NOAA POES. Pacuerst s pasubix net (¢ 2014 mo 2023
TOJIbI) TIOKA3aJIM, YTO XOTSI MATHUTHOE 110JIe MEHSIETCS CO BPEMEHEM, HO 3TH U3MEHEHUS He ABISIOTCS 3HAYUTEIbHBIMU
— Ha mmpote 60° mone m3meHmIock He Oomee yem Ha 500 HT B CeBepHOM MONYIIAPUN U YMECHBIIMIIOCH He Oojee
gyeMm Ha 700 HT 1 B IOxHOM nosrymrapun. OieHeHO BIMSHIE BHEIIHETO MarHUTHOTO TIOJIS, PACCYNTAHHOTO IO MOJIEITH
I{piranenko T96, Ha TOJIOKEHNE CONMPSKEHHBIX TOUEK B IBYX MOITYIIApHIX.

Beenenue

BHyTpeHHee MarHuTHOE moje 3eMJIM HEOJHOPOIHO, UMEeT aHOMAJIMHU Pa3HBIX MacmTaboB U 3HakoB. HambGonee
KpYITHO! TOJIOKUTENhHON aHOManueil B CeBepHOM nosrymapuu siBisiercs: Kypckas MarHUTHast aHOMaJTusl, BIIEPBBIE
oOHapyxeHHast B 1773 rony akagemukoMm I1.b. lHOXoq1eBbIM BO BpeMst paboT IO ONpeesieHUIo Teorpapuyeckoro
MIOJIOXKEHNS TOPOJIOB LIeHTpalbHON yacTu EBpomeiickoit Poccun. AHomanus cBsi3aHa ¢ 3aJieKaMH JKEJIE3HBIX Y.
Kpynnas orpunarensnas MarHuTHast aHomanust B FO>kHOM Touryniapuu, 4acto HasbiBaemasi KOKHO-ATIIaHTHYECKOH
aHoMainuel, Obuta OOHapyXXeHa 10 M3MEPEHMSM Ha MEPBBIX HCKYCCTBEHHBIX CITyTHHKAaX 3€MJIM WHTEHCHBHOCTH
paauaIy BMECTE C OTKPBITHEM PaIHAIIOHHBIX TOSICOB. Beprog u dp. [1963] omMCHIBAIOT 3Ty aHOMAJIHIO TI0 TaHHBIM
HU3MEpEeHUH 2ro COBETCKOT0 KOPaOIIsi-CITyTHHKA, IMEBIIETO OJIM3KYIO K KPYroBoi opOuTy BeicoToM 320 kM. Peun mmet
0 mporoTturie kKopabus «BocTok», Ha koTopoM B 1960 romy COBEpIIMIN TMOJET W YCICNIHO BEPHYIUCH Ha 3EMITIO
cobaxu Crpenka u benka. [Ipudanna 3Toii anomanuu 1o cux nop odcyxnaercs. [Ipeanonaraercs, 4To oHa BBI3BaHA
BHYTPEHHUMH HEOJHOPOAHOCTAMH HAa TPAaHHUIIC MEXIY BHEUIHMM >KHIKHUM MPOBOIAIIMM SIPOM W BHYTpEHHEH
MaHTHEH, BIMSIONUMH Ha CKOPOCTh TedeHus (Hanpumep, Terra-Nova et al. [2019] u ccpunku Tam). [Iporieccsl B 310
00J1acTH POTEKAOT HE OBICTPO, cornacHo Engbers et al. [2020], aHOMaUs CYIIECTBYET YK€ 0K0JI0 10 MUILITHOHOB
net. MiccnenoBanue MOBECHUS MarHUTHOTO 10N B 067acTi FOKHO-ATIaHTHYECKOM aHOMAaIMK MaJIeOMarHUTHBIMHU
METOJIAMH CTAJIKMBAETCSI C PSIOM OYEBHIHBIX TpyAHOCTeH. OJHAKO HUYEro HE MeEIIaeT IMPOBEACHUIO TaKUX
HCCIICIOBAaHUHA HENaJIeKo OT aHOManuu, Ha Tepputopmu LleHTtpamsHol m FOxHOM Adpuxu. 3mecs ymamock
00OHapYKUTH NEPUOJBI OBICTPOTO, B HCTOPUYECKOM CMBICIIE, N3MEHEHHS BEIMYMHBI U HAIIPABJIEHHUS T€OMarHUTHOTO
noss B Hawy 3py (Hare et al. [2018]). Hanbonee cuibHO reOMarHUTHOE I10JI€ MEHSUIOCH B Iepuoz Mexay 1225 u
~1550 rogamu. HexoTopble nccie1oBaTeN  MojaraioT, 4TO 3Ta aHOMAaJIHs MOXKET ObITh TPEABECTHUKOM MPEACTOSIICH
CMEHBI MOJISIPHOCTH MAarHUTHOTO TOJIST 3€MJTH, KOrja (PM3NUECKH CEBEPHBIII MarHUTHBIH ITOJIIOC BEPHETCS JOMOIA, B
ceBepHOE moymapue (00CYKIEeHHE 3TOro BOIPOCa MOXHO HAaWTH, Hampumep, B crarbe Pavon-Carrasco and De
Santis [2016]). Uepes COTHIO-IPYTYIO THICSY JIET MOCMOTPHUM. A TIOKa chOopMyITHpyeM [eb UCCIIEAOBAHMUS.

B pabote uccneayercs moBeeHIe reoMarHiTHOTOo ToJist Ha BeicoTe 850 kM Haj KOxHO-ATnaHTHIeCKOH aHOMaTHel
1 OIICHWBAETCS €€ BO3MOYKHOE BIIMSHIE Ha OTOKH 3apsDKEHHBIX YAaCTHII B COMPSDKEHHBIX TOUKax. [IpumepHo Ha 310
BbIcOTe mpojeraioT cuyTHHKH cepun NOAA POES. bnaromaps W3MepeHHIO MOTOKOB 3HEPTHYHBIX NPOTOHOB M
9NIEKTPOHOB HA ATHUX CIYTHUKAX YIAJOCh 3aMETHO PACIIMPHUTH HAIIU 3HAHWA O THIAX W MEXaHW3MaX BBICHITaHUS
PETSITHBUCTCKHUX DJIEKTPOHOB U DHEPTHUYHBIX IPOTOHOB (Hanpumep, Yahnin et al. [2016], Semenova et al. [2019]).

OcHoBHOl pa3aen

Co CTyaeH‘leCKOﬁ CKaMbH U3BECTHO, YTO ABUIKCHUC 3aPSKCHHBIX YaCTUL] B MaFHI/ITOC(i)epe Semiu CKJIaABIBACTCA U3
TpeX pa3HOMACIITA0HBIX TI0 BpEMEHH TPOIECCOB — OBICTPOTO BPAIIEHHUS BOKPYT CHIIOBOU JIMHUW MarHMUTHOTO TIOJIS,
HE MHTCPCCYIOMICTO HAC 371€Ch, KoJieOaHus IICHTpa 3TOr0 BpamICHHA, TaK HA3BIBACMOT'O BE€AYHIECTO ICHTPA, BIAOJIb
CHJIOBOH JIMHUW MEXIY 3€PKATBHBIMU TOYKAMHU M MEIJICHHOTO BpalleHus (Apeiida) B ITOJTOTHOM HANpaBICHHH
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BOKPYT 3eMIIH, IPH KOTOPOM 3JIEKTPOHBI JBIKYTCS B OTHY CTOPOHY, a TIPOTOHBI M MIPUMKHYBIITHE K HUM HOHBI — B
MIPOTHBOMOJIOXKHYI0. MarHUTHOE TI0JI€ YMEHBIIIAETCs C yAajdeHneM oT 3emin. Kak mpaBuiio, MarHUTHOE IOJIE B/IOJIb
CUJIOBOH JIMHHUU JIOCTUTAeT MUHUMYMA B TOYKE €€ IMEePECEUCHUS C PKBATOPHAIBHOM TIOCKOCTBHIO MM Oojiee-MeHee
HeJalleKo OT Hee. B BO3MYIIEHHBIX YCIOBHSIX BO3MOXHBI 9K30THYECKUE CUTYaIUH, KOTJa BIOJb CUJIOBON JUHHUH
MOTYT OBITh J1Ba U 0OJice MHHUMYMa MAarHUTHOTO IOJIS, U TOSBJISIOTCS JOMOJHHUTEIBHBIC Y (EKThI, CBI3aHHBIC C
BETBJICHUEM JApeiioBbix obonouek [[[labanckui, 1972]. Konebanue 3apsKEHHOW YaCTHIBI BJOIb CHIIOBON JTHHUU
ONPEAENAECTCS MUHUMAJIBHON BEJIMYMHOW MarHUTHOrO MOl Be M MMTY-yIJIOM 4acTULBl B 3TOW TOUYKE O YacTuna

npu KOJIeOaHUIX OTpaKa€TCsA B 3C€PKaJIbHBIX TOYKaXx, I'Ic Bmax = Be/SiH2 o, . B HeaunonbHOM MarHUTHOM MOJIE

YaCTHLBI MOTYT OTpPa)KaThCsl Ha pa3HbIX BbicoTax. Hax FOxHO-ATnaHTHUECKOW aHOMaMeEi, Iie MarHMUTHOE I10Jie
MOHIDKEHO, YacCTHIBI B IOWCKaX CBOEr0 MaKCHMMyMa IOJsI OyIyT OIycKaThCs Ha MEHBIINE BBICOTHL. IloaTomy
HU3KOOpPOUTAIbHBIE CIYyTHUKH B FOKHOM mMOMymapuud MOTYT (MKCHPOBAaTh MOBBIIICHHBIC MOTOKH YACTHI[ IO
cpaBHeHHIO ¢ CeBepHBIM NOIyIIapreM (TIOCKOIbKY B CeBEpHOM IMOTYIIAPUH YacTh YACTHII OYAET OTPaXKaThCs BHIIIC
TPaeKTOpUH CHyTHHKA, a B FOkHOM — Hike). OTMETHM, YTO HEKOTOpPBIE YaCTUIBI MOTYT JOCTHTHYTH BEpXHEH
TpaHUIB aTMOC(EPBI, TAK M HE HAlAS CBOW MakCHMYM IIOJIA, M IPEKPATAT CBOM KOJIEOAHUS BJIOTb CHIIOBOI JIMHUM.
3T0T 3¢ PeKT MOXKET OBITh BasKeH JJIsi CaMOro MEIJICHHOTO Jpeida yacTul — noirotHoro. [Ipu npeiide nonepex
AQHOMAQJIMU MOJKET MPOHMCXOIUTH OMYCTOIICHHE HIDKHEH 4acTH paguanuoHHOro mosica [Blake et al., 2001]. Utaxk,
o0111as1 KapTHHA MPOLECCOB SICHA, IPUCTYNHM K OIUCAHUIO AeTase.

PaccunteiBaTh BHYTpeHHee MarHutHoe moiie Oyaem npu nomoum mozeian IGRF. KonkperHo Mbl ncmonb3oBanu
moenb IGRF-GSW-08, B3sTyio ¢ caiita http://geo.phys.spbu.ru/~tsyganenko/Geopack-2008.html. MarautHOe m0JIE
3eMiIn CO BpPEMEHEM MEHSETCS, BXOJHBIMH IapaMeTpaMu MOJIENH SIBJISIOTCS J1aTa, BpeMsi M KOOPAMHATHI TOYKH,
BBIXO/IHBIMH — BEIMYMHA KOMIIOHEHT MAarHUTHOTO TIOJISL B 3TON TOUYKE B 3TO BpeMs. VI3MEHEHHs MarHUTHOTO MOJIS CO
BPEMEHEM B MOJICJIN YUUTHIBAIOTCS Yepe3 OOHOBIIsIEMbIe KO (HUITHEHTHI Pa3iI0KEeHHS 110JIs1, TOYHEE €To MMOTeHInaa,
no cepnueckuM rapMoHukaM. CpaBHMBAaTh MarHUTHOE IIOJI€ B PasHbIX NMOJYMIAPHUAX Pa3yMHO B KaKOH-HUOYIb
BEPCHHU T€OMarHUTHHIX KoopauHaT. s cirytarkoB cepur NOAA POES mapameTpsr opOUTEI Jat0TCS B KOOPIMHATAX
AACGM (Altitude-Adjusted Corrected Geomagnetic Coordinates) [Shepherd, 2014]. B aux u Oynem paboTats.
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Pucynok 1. Paccunrannasi BeMuMHa MarHUTHOTO 10JIA Ha BbIcoTe 850 KM B IBYX MOJYLIAPHIX HA MIKPOTAX
50 (a), 60 (6), 70 (B) u 80 (1) rpaxycoB. I'paduku moctpoensl B AACGM koopauHaTax.
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A.A. JTrobyuy u op.

K coxanennio, B ucnonp3yemMom Hamu makere Geopack-2008 3Tm koopAWHATHEI HE HCHONB3yIOTCA. [losTOoMy
MIPUXOHUTCS MCIIONB30BaTh HenpsiMoit myTh. 3agaeM AACGM KoopAWHATHI TOYKH, IEPECUUTHIBAEM HX, HAIIpUMeEp, B
reorpadueckue  KOOPJAMHATBHI.  3JleCb ~ MOXKHO  BOCHOJIB30BAaTBCS  «KaJBKYJISATOPOM»  C  caiita
https://sdnet.thayer.dartmouth.edu/aacgm/aacgm_calc.php#AACGM wuiu COOTBETCTBYIOIICH MPOICTyPOH U3 TTaKeTa
SPEDAS (Space Physics Environment Data Analysis System). Micnions3ys reorpadguieckue KOOpHHATHL, TIPOBOIUM
HY>KHbIE HaM BBIYUCIICHUS. 3aTeM, IPH HEOOXOANMOCTH, COBEpIIIAEM 0OpaTHBIH NEPEXO.

Beri6epem, muis npumepa, momenT 11 UT 28 depans 2014 roga. 1o coObITHE paccMaTpHBaIoCh B TOKIane [AxHuna
u op., 2023], rae oTMeYanoch HalW4ue CIa0bIX MMOTOKOB 3aXBaYCHHBIX DPENSTHBHCTCKUX DJIEKTPOHOB B HOkHOM
MOJTyIIapuy IpH ux oTcyTcTBUH B CeBepHOM nomymmapuu. Ha Pucyrke 1 mokasaHbl pacyeTsl BETMYMHBI MATHATHOTO
mois Ha BeicoTe 850 kM B AByX mnomymapusx. CuimbHas pasHHIA B BEIMYMHE MAarHUTHOTO IIOJIS BUJHA
HEBOOPY)KEHHBIM T1a30M. C pocTOM MIMPOTHI (B pacCMaTpHBacMOM AMAIAa30HE) pa3HUIA B BEIMYMHE MAarHUTHOTO
TIOJII yMEHbIIAETCS, HO BUAHO, 4TO BiusHAE FOKHO-ATIaHTHYECKOH MarHUTHOW aHOMAJINH IIPOCTUPAETCS IO OUYEHb
BBICOKUX ITUPOT. Bipouem, 3To oqHOMEpHBIH B3I Ha ipobaemy. Ha PricyHke 2 mpencTaBiM IByMEpHYIO KapTHHY.
Ha pucynkax mmmpota mensiercs ot 21° go 90°. Ormerum, uro 21° AACGM — 310 MUHHMAaJbHAs MIMPOTA, KOTOPYIO
MOXET UMETh TOYKa Ha BbIcoTe 850 KM, CHJIOBBIC JMHUM C MEHBIINX MIMPOT MPOXOST HIDKE OPOHMTHI CITyTHHKA.
I{BeroBas mkana Ha rpadukax st CeBepHoro u FOxxHoro nomymapuii Mmensiercst ot ~44000 T (myHIOBBIH LBET)
10 ~16000 HTa (TemHO-cHHUIT). MakcUMyM MarHUTHOTO moJisi HaOmoaaercs B HO)KHOM moJylmiapuy Ha IIHMPOTE
okoJ0 75° m monrorte okoso —135°, gTo cormacyercs ¢ Pucynkom 1. MuHIMYM — Ha HH3KHX IIHpoTax (~23°) Ha
poarore 15°. OrtHowenue nosng B CeBepHoM nonymapud K nomo B FOxkHOM monymapuu meHsiercst oT ~1.65
(myHmoBsI 1BeT) 10 ~0.9 (TeMHO-cuHMIA). [IpeBbIIeHre MAKCUMATBHO JUTS ITAPOTHI OKOJIO 45° 1 JONTOTHI 0KOJI0 60°.
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Pucynok 2. Bennmunnaa marautHOTo 1071 B CeBepHoM (a) 1 FOxxHOM (0) TOTyIIapusx, a Takke OTHOIICHHE
BEJIMYHH IOJIS B IBYX Moymapusx (B) B moisipHeix AACGM koopanHartax.

C TeueHHeM BpeMEHHU BHYTPEHHEE MarHUTHOE Tosie 3eMJIi MeHsAeTca. MBI IpoBepiin, Kak OHO U3MEHMIOCh 3a 10
ner, ¢ 2014 no 2023 roxa. Oka3anoch, 4TO 3a JBE MATHIETKUA (HAOMHHUM, 4TO Kod(duuuentsl moaeian IGRF
OOHOBIISIIOTCS pa3 B 5 jeT) Ha mupote 60° MarHUTHOE I0Jie U3MEHWIIOCH HE3HAYUTEeNNbHO, He Oomee 4eM Ha 1.5%.
HanGoneimme n3menenus npousonniy B CeBepHOM IMOJYIIAPUH — I0JI€ TIOHU3MIIOCh Ha Jioarotax or —90° mo 0°, B
007acTH MEXIY JOKaIHHBIMH MHHAMYMOM M MakCHMyMOM, BUAMMBIMU Ha Pucynke 106; m3MeHEHUs HEe TPEBBICU TN
500 uTn. B obxacti FOxHO-ATIaHTHYECKOW aHOMATWM MarHUTHOEe moje 3a 10 Jer Takke yMEHBIIHMIOCh, HO
HE3HAYMUTEILHO, He Oosee yeM Ha 700 T

OneHnM BIMSHHE MAarHATHOH aHOMAlWM HA NHTY-yroy apeidyrommx uactui. Ha Pucynke 3 mpuBeneHa
COOTBETCTBYIOIIas KapTWHa. BuaHo, 4ro, HampuMmep, Ha mupore 50° 3apspkeHHbIE YaCTHIBI ¢ MUTY-yriioMm 90° B
CEBEPHOM IMOJIYIIApUU B I0)KHOM MOJyIIapuu OyAyT MMEThb MUTY-yroi okoyio 51°. Kak ciexctBue, dacTuipl c
OGompiMMK  nUTY-yriilaMu B lOkHOM momymapuu B CeBepHOM MoJymiapuu oTpassitcss Beime 850 kM, u
Hu3Koop6uTanbHele ciryTHUKH NOAA/POES Tam nx npocto He yBuasaT. OueBHIHO, YTO JUIst OOJIBIIOTO Kilacca IMUTY-
YTIJIOBBIX pacrpesiesieHnii (HarpuMep, CHrapooOpa3sHoro, KOraa MOTOK YaCTHIL MO MOJIIO MPEBBIIIAET MOTOK IOTIEPEK
TIOJISL, WK IS pacnpeniesieHnst B popme 0a00UKH, ¢ MAKCUMYMOM Ha CPEJHUX NMUTY-YTIIaX) IOTOKK YacTHl B FOkHOM
MOJyIIapuu B 00JaCTH OTPHLATEIHHOW MarHUTHOM aHOMAaJIMH MOTYT IPEBBINIATH COOTBETCTBYIOIIME ITOTOKH B
IIPOTHBOIOJIOHOM ITOJTyIIIapUH.

OcTtaHOBHMCH €Ile HAa Tape MOMEHTOB. VHOT1a, Mpy CpaBHEHUH PE3YJIbTATOB U3MEPEHUI B Pa3HBIX MOJIyIIApHAX,
BO3HHKAET COOIa3H BOCIIOIB30BATHCS MAKCHMAIIBHO MPOCTHIMHU KOOPANHATHBIMH CHCTEMAMH, HALIPUMED, TUIOJIBHON
cucremoii koopamHat. Ha Pucynke 4 mokasaHo cpaBHEHHE KOOpPIHMHAT TO4YeK B IBYX cuctemax — AACGM u
JMIIOJIBHONW. BUIIHO, YTO IIMpOTa B IUIOJBHBIX KOOPAMHATAX MOXET Oojiee 4eM Ha 5° OTIMYAThCS OT LIMPOTHI B
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AACGM, npudem, B 3aBHCUMOCTH OT JOJITOTHI, pa3HHUIIA MOXKET OBITh KaK MOJIOKHUTEIBHOM, TaK M OTPUIATEIHHOI.
CrenoBarenbHO, UCTOJIb30BAHUE TIPOCTOM JUITOIBHON CHCTEMbI KOOPAWHAT MOXKET MPUBECTH K HEBEPHBIM BBIBOJIAM.

90 —

75 —

Miat = 80°

Pucynok 3. [Iuty-yros 3apspkeHHBIX YacTHI[ Ha
BeicoTe 850 kM B IOxHOM monymapum B
3aBUCHMOCTH OT IUTY-YIJIa Ha 3TOH BBICOTE B
CesepHoM nonynrapud. YepHoii TMHUEH oka3zaHa
OuccekTpruca TPSMOTO yIJIa, TIOKA3bIBAIOMIAS
HavalbHBIA MUTY-yron B CeBEpHOM MOIyIIApHH.
[IBeTHBIMY THHHUSAMH ITOKA3aHBI 3aBUCUMOCTH JUIS
pa3HBIX reoMarHuTHHIX MWHPOT (0T 50 mo 80° ¢
marom B 5°).
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W nocnennee. Mbl paccMaTpuBaliv CONPsKEHHBIE TOUKH M0 MOIeH BHyTpeHHero MarHutHoro noist IGRF. Onnako
BHEIITHEE MarHUTHOE TI0JIE TOKE OKa3bIBACT CYILECTBEHHOE BIMSHKE, 0COOCHHO Ha BBICOKHX IMpoTax. [lonbiTaemes
yuecTb 3TO BiMsHHE C momoupio Mojenu llpiranenko T96. [lpumep pacueroB apeioBBIX TpaekTopuid B
HEIWUTOIHPHOM MAarHWTHOM IIOJIE B 3TOW MOJenu naH B pabore Jlrobyuu u Odp. [2020]. BxogHeiMu mapameTrpamu
MOJENHN, TOMUMO JaTbl U KOOPIAWHAT, SIBISIOTCS YEThIpE BENWYUHBI: By M Bz KOMIOHEHTBHI MEXIUIAHETHOTO
MarHUTHOTO MOJIS, JUHAMUYECKOE IABIIEHHE COJMHEYHOro BeTpa Payn M Dst-mHAekc. BospMeM COOTBETCTBYIOLIME
11 UT 28 despamns 2014 roga Benuuunsl: By =—7 uTn, Bz = +4 0Tn, Payn = 3 ulla u Dst = —50 #Tx (Ha camoMm nene
31ech OblIa B3siTa BenmnmurHa SYM/H mHzmekca). 3To yciaoBusS Ha BOCCTAHOBUTEIHHOH (pa3se MarHUTHOH OypH, BechbMa
BO3MYILIEHHBIE YCIIOBUS, HO MMONAAAI0IIKE B JOCTOBEPHBIN AMana3oH MoAeau. Bo3bMeM TOUKM Ha pa3HBIX MIHPOTAX
Ha pomrote 60° AACGM u cHpoekTHpyeM HX BJAOJb CHIOBOW JHMHMM W3 OJHOTO MOJyIIapHs B APYyroe, B
COTIPSDKEHHYIO TOUKY. Pe3ynpraTs! nokaszansl B Tabmnuie.
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Pucynoxk 4. Jlunonsaeie (cruromraeie TuHAA) 1 AACGM (IIyHKTHpPHBIE TOPH30HTANIBHBIE JTMHAN ) KOOPIUHATHI
ToUeK B IBYX noiymapusx — CesepaoM (a) u FOxuoM (0).

B neBoii wacTr TaOnuIbl moKa3aHbl Pe3yiIbTaThl IPOSKTUPOBAHUS C Fora Ha ceBep. B paccMaTpuBaeMBIX YCIIOBHSIX
Ha JAHHOW JOJITOTE MPOCKTHPOBATH MOXKHO HPUMEPHO JO MIHMPOTHI —71° (manee cuioBas JTUHHS OKa3bIBACTCS
He3aMKHYTOM). [llupoTa conpsKeHHOW TOYKH OKa3bIBaeTCs OJIM3KOH, TOJTOTa — TOXKE, HO HAaOIII0JaeTcsl HeOObIIoe
CMCIIleHHe Ha 3amaj, K MeHbIUM noiaroraM. C MpOeKTHPOBAaHHMEM B OOPaTHYIO CTOPOHY YYyTh CIIOXKHEE.
IIpoexTrpoBaHNE MOYKHO OCYMIECTBIIATH O IMUPOTHI 75°, HO IO MHUPOTHI ~72° KOOPAWUHATHI COMPSHKCHHON TOYKH
OKa3bIBAIOTCS OJHM3KUMH KakK IO IMIMPOTE, TAK M U IO JOJITOTE (JOJTOTHI OKA3BIBAIOTCS YYTh OOJBIIMMH, TOYKH
CMEIAFOTCSI Ha BOCTOK). JIJIsT 60JIBIITNX MTUPOT BILIOTH /10 75° CHITOBas IMHHSI YXOIUT U3 YTPEHHETO CEKTOPa B HOYHOM
cekTop. BepmmHa cuioBoi TuHUY T IIAPOTHI 75° HaxonuTes Ha X~ —33 Re, Y~-21 Re. /[ emnne 60apmmx mmpoT
CHUJIOBAsI JIMHUS, BUUMO, BBIXOAUT HA ()JIAHT MATHUTOIAY3bI M IEPECTaeT ObITh 3aMKHYTOH.
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A.A. JTrobyuy u op.

Ta6uuua. Pe3ynpraTsl NPOEKTUPOBAHUS BJOJb CHJIOBOM JMHUU MEXIY COINpPSDKEHHBIMH TOYKaMu U3 FOxHOTO
nonyurapust B CeBepHoe (cneBa) 1 Hao00poT (crpasa). Touku pacroiokeHbl Ha BoicoTe 850 kM. Mcmonb3yrores
koopauHatel AACGM.

South North North South
Lat Long | Lat Long Lat Long | Lat Long
=50 | 60 49.93 | 59.84 50 60 -50.03 | 60.16
=55 60 54.90 | 59.68 55 60 —55.10 | 60.33
—60 | 60 59.88 | 59.17 60 60 —60.15 | 60.87
—65 60 64.96 | 57.45 65 60 —65.08 | 62.66
=70 | 60 70.53 | 56.50 70 60 —69.67 | 64.42
71 60 7191 | 58.24 71 60 —70.46 | 64.09
72 60 —71.12 | 62.34
73 60 —71.58 | 52.55
74 60 —75.59 | 21.82
75 60 -79.30 | -5.67

PesyabTaTsl

— [IpoBeneHo cpaBHEHHE BEIMYMH MarHUTHOTO 1ol B CeBepHOM 1 FOKHOM MONymIapusx B CONMPSDKEHHBIX TOUKAX
Ha BbIcOTe 850 KM Ha CHJIOBBIX JMHHSIX MAarHMTHOTO IIOJIS, BBIXOMAIMMX M3 oOyacTd IOKHO-ATHaHTHYECKOM
MarauTHo# anomanmu. s 11 UT 28 ¢erpanst 2014 rona Takoe ncciefoBaHue, BUAUMO, IIPOBECHO BIIEPBHIC.

— OrneHeHO BIUSHHE MMOHIKCHHOTO MAarHUTHOTO TIONII HA PA3HUIYy MUTY-YIIOB 3apsDKEHHBIX YacTHIl B JIBYX
moNymapusx. Pa3nmdne B MUTY-yriiax, B CBOIO O4Yepedb, MOXET HPUBOTUTH K PAa3HUIC B BEIMYMHE MOTOKOB
3apsHKEHHBIX YaCTHI], PETUCTPUPYEMON B COMPSIKCHHBIX TOYKAX.

— OneHeHO BIMSIHHE BHEITHETO MAarHUTHOTO MOJIsA, pacCYUTaHHOTO mo monenu Llpiranenko T96, Ha momokeHUe
COMPSDKEHHBIX TOYCK B JBYX MOJyIIApUsIX. PacyeThl mpoBeaeHbI A1 Pa3bl BOCCTAHOBIICHHS [TOCIC MATHUTHOM OypH,
npu Dst-unnexce —50 HT .
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AHHOTALMA

0030p pe3yIbTaTOB MOACTHPOBAaHUI HOHOC(EPHBIX JIeKTprUecKuX mnoseii E oxBateBaet mepuox ¢ 1981 roxa, korga
Obuta omyONMKOBaHA TMOCTAHOBKA KpaeBOM 3ajayM, OIKCHIBAIOIIEH TINI00aNbHOE paclpelesiecHue Mojed ¢
CYIIECTBEHHBIM Y4ETOM DJIEKTPOIMHAMUYECKOTO B3aUMO/ICHCTBUS HOHOC(]Ep IPOTHBOIIONIOKHBIX Notymapuii. Ha eé
OCHOBe OBLIM pa3paboTaHbl aHaNIUTHUecKue M yucieHHsle monenu E. IloapoOGHO omumcana mociemHss Bepcus
YUCIICHHOM Mopenu rinobanbHOro pacmpeneneHus E, mosBordomas ydecTb HEOJHOPOIHOCTU IOJCETOYHOTO
MacmTaba B pacipeAeIeHUH IPOBOAUMOCTH U MPOJOIbHBIX TOKOB. UHcIeHHOE penieHre 00paTHON 3a7auu, KOrjaa B
KayecTBE HCTOYHMKA HCIOJNb3YeTCsl 3aBUXPEHHOCTh AKBHBAJICHTHBIX TOKOB, ITO3BOJIMJIO YCTaHOBHUTH 00JacTh
npuMmeHuMocT Mozeneit KRM, TIM u IZMEM, ncnonb3yomux HEKOPPEKTHbIE TPAHUYHBIE YCIOBUSL.

Beenenue

B cratee 1981 roga [1] ObUT U370KEH HOBBIA MOAXOJ K MOJCIHPOBAHUIO HOHOC(HEPHBIX IJIEKTPHUYCCKUX IMOJICH.
I'maBHOM OTIUYUTENHLHONU YEPTOH ATOr0 MOAXOAa OBUT y4YET AJICKTPOJAMHAMHUYCCKOTO B3aUMOJCHCTBUS HOHOCHED
MPOTHBOIOIOKHBIX MoJyiiapuil. Crenuguka 3Toro B3anMOoICHCTBHS TAKOBA, YTO € MOYKHO y4ECTh TOJILKO B paMKax
OIMCaHMs 3JIEKTPUYECKHUX T0JIeH Ha Beeit cdeprudeckoil noHochepHOoH 000I109Ke ¢ BbIIEICHHEM 01001acTel B BUJE
CEBEPHOM W I0KHOW MOJSIpHBIX manok. COOTBETCTBYIOMAs KpaeBas 3ajada okKa3anach BecbMa CIOKHOW. [ToaTomy
MEpBBIE PE3YNbTAThl ObLIN MOJYYEHbl AHATUTHUECKH, ITyTeM 3aJaHHs JTOCTATOYHO MPOCTHIX MOjeNel mapaMeTpoB
3anaun. Ho naxke B 3TOM citydae yaanoch pacCMOTPETh BECbMa MHTEPECHBIHN Cllydyail MEXIOAyLIapHOH aCUMMETPUH,
KOTJa B OTCYTCTBHE HCTOYHHKOB B JIaHHOM IMOJYIIAPUH 3JCKTPUYECKHE MO TeM He MeHee BO30YXKIalIHch
WMCTOYHUKAMU, JIOKAJTU30BAaHHBIMU B POTUBOIIOIOKHOM MOJIyIIApUH [2].

PazpaboTanHble TO37HEE IBE YHCICHHBIE MOJICNH, NETAbHO OIHCAHHBIE B [3], MO3BOJIIIM PacCUUTHIBATH
pacrpenelieHiue TMOTEHIMAala JUIl pealbHBIX YCIOBHWA. bolee TOro, W3 3THX IBYX MOJeNed Ooiee MO3THIA,
MOTU(HUIIMPOBAHHAS Bepcus [4], MJaeT yCTONYMBOE YHCIICHHOE PEHICHUE Na)Xe NPU HAJHMYUH CHIIBHBIX Pa3phIBOB B
caMUX TPOBOJUMOCTAX, KOTJA TEpISAT pPa3pbiB KOAXGUIMEHTH MPU BTOPBIX MPOU3BOJHBIX TIOTEHIMANA B
SIUTUIITHYECKUX YPABHEHUAX CUCTEMBI [5]. Takue pa3pbiBbl MOTYT HAOJIOAATHCS, HAIIPUMED, Ha TPAHHUIIAX MOJIIPHBIX
CUSTHUH.

CrnenyeT OTMETUTb, YTO C TOJSIPHBIMU CHSIHUSIMHU PA3IUYHBIX TUTIOB M PA3IMYHBIX IPOCTPAHCTBEHHBIX MACIITA00B
CBSI3aHBI BITOJIHE ONPEICICHHBIC KAPTUHBI  PaCHpPEACICHUS HOHOC(HEPHBIX MPOBOJUMOCTEH M MPOIOIBHBIX TOKOB.
XapakTepHbI MPOCTPAHCTBEHHBIN MaciiTad HEOJHOPOMHOCTEH A3THX MapaMETPOB MOXKET OBITh CYIIECTBEHHO
MEHBIIIE IPOCTPAHCTBEHHBIX MIAr0B YACICHHON TIIO0ATEHOW MOJICTH PACIPEACICHUS MICKTPHICCKOTO MOTEHIIHATIA.
Hwmxe onmcana Moaudukanus 9uciieHHON Moaeiu [4], Ha OCHOBE KOTOPOH HCCIIEAyeTCs BIUSHAC HEOTHOPOJHOCTEH
MPOBOJUMOCTH ¥ TIPOJIOJIBHBIX TOKOB IOJICETOYHOTO MaclITada, JIOKATM30BAHHBIX B HEKOTOPOH OrpaHUYEeHHON
MOJTO0TACTH.

ITocTaHoBKa 3a1a4M U METO/] pellieHUs

IIpobnema ydera HEOAHOPOTHOCTEH IMOACETOYHOTO MacmTaba, JIOKAJIM30BAHHBIX B OTPaHMYEHHOW TOM00JacTH,
perieHa cneayromuM oopazom. Ha ceTke rimo0anbHON YUCICHHON MOIETTH BRIOpaHa Mo100J1acTh, TIE IPEAOIaracTcs
CTYCTHTh CETKY C IIeNbl0 aJIeKBATHOTO OIMCAHUS MEJIKOMACIITa0HBIX HEOJHOPOAHOCTEH B paclpelesieHHH
MPOBOIMMOCTEH M MPOJOIBHBIX TOKOB. OUEBUIHO, YTO €CJIH B BBIAEIEHHOH M0700IaCTH IPOCTPAHCTBEHHbIE IIark
COBIIAJIAIOT C IIaramu MI00aJIbHOM MOJIENIN, TO HET HUKAaKOW HEOOXOAMMOCTH B 3aJaHHM KAKUX-THOO I'PaHUYHBIX
YCIIOBHUI Ha rpaHMIe Takoi nojobiacTu. B ciydae n3MenbueHHs M1aroB B M0A00IaCTH OYEBUIHBIMH TPAaHUYHBIMA
YCIIOBUSIMU SIBJISIFOTCS YCJIOBHSI CLIMBKH T10 ITOTEHIIMATY ¥ HOPMaJIbHON KOMIIOHEHTE TOKa.

Cucrema ypaBHEHHH U TpaHUYHbIEC YCIOBHS II100aIbHON MOJIENN TOApoOHO onvcansl B [1, 3, 4]:

div g, = jf, 1 Qi (0<6)), (1)
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divg o J, = j5, a1 (n— 6, <0 <m), 2)
divg ,J5 = j3, M1 Q3V (01 <0<63), 3)
Ui (01, ¢) = Us (81, ) = Uz (62, 9), “)
J19 (919 (P)_J3e (ela (P):J26 (929 (P)7 (5)
J30 (03, ¢) =0, (6)
rae Us, Ju (0 =1, 2, 3) — moTeHIHMAaIbI ¥ TOKH B COOTBETCTBYIOIIMX 00JIACTSX, CBA3aHHBIC 3aKOHOM OMa!
Joy= 2o (— grad Uy), (7

rae X — TCH30D HHTeraHLHOﬁ IPOBOANMOCTHU:

o iee zeq) i )

o) o
e oo = X / (Sin? 3); Top = —Zgpo = X/ Sin ;5 e = Zp; sin = 2-cos 0 /(1 + 3 cos? 0)!2; y - MarHUTHOE HAKJIOHEHHE;
divg,, - yrioBas yacTh onepaTopa AMBEPreHIMH B chEepUuECKHX KOOpAWHaTax 0, ¢; jo" — MCTOYHUKH B BUIE
panuagbHON COCTABIISIONICH TPOJOIBHBIX TOKOB; X, U Xy 3aBUCAT OT O 1 ¢.

VYpasuenus (1) — (3) onuceIBalOT pacipeneneHne noTeHIrana B 00JacTsIX CeBEPHON MOJSIPHOM MIAMIKH, FOKHOM
MOJISIPHOM IIAaNKK M 00J1aCTH CPEAHUX U HU3KHUX IIUPOT, COOTBETCTBEHHO. Y ClIOBHE (4) 03HAUaeT OTCYTCTBUE CKauka
MOTEHI[MAJA TOTICPEK T'PAHMIBI TAHHOM MIANIKKH M MEXIy TPAHUIIAMH MPOTHBOIOJIOXKHBIX IIAMOK B KaXI0H TOUYKE
rpanul. YcioBue (5) ciueqyeT M3 Hepa3pbIBHOCTH OOl TOKOBOW IIEMH M O03HAYAET, YTO BO3MOXKHBIC Pa3phIBBI
HOPMaJTbHOW KOMIIOHEHTHI TOPU30HTAILHBIX TOKOB Ha TPAHUIIAX CEBEPHOH 1 F0JKHOM IIaroK B3aUMHO KOMIIEHCUPYIOT
JpYT ApyTa 3a CYeT MPOJOIFHBIX TOKOB MEPETeKaHNs Ha STUX TpaHHLaX. Y ciaoBue (6) — 3TO OTHOPOIHOE TPAaHHIHOE
YCIIOBHE HAa HOPMaJbHYIO KOMIIOHEHTY Toka. OHO COOTBETCTBYET HETPOTCKAHHIO TOKA Yepe3 SKBATOP H SBISACTCA
€IMHCTBEHHO (m3mdecku ooocHoBaHHBIM [3]. KpaeBas 3amaua (1) — (6) 1 SITUNTHYIECKON CHCTEMBI YpaBHCHHN B
YaCTHBIX TIPOU3BOIHBIX HMEET CIEIYIOIINE CIeNn(UIECKUe 0COOCHHOCTH: a) pa3aelicHre cephl Ha TPH MoA00IacTH,
Ha TpaHHIE KOTOPHIX CTaBATCS KpaeBbIC YCIOBHUS HEIOKABHOTO XapakTepa; 0) HECcaMOCOIPSDKEHHOCTH, B)
BBIPOXICHHOCTh KpaeBoi 3ajgaud. 11oJ] HEIOKaTbHBIM XapaKTepOM TPaHUUYHBIX yCioBUH (4) u (5) moHUMaeTcs
HaJnuie B HUX MOTEHIIMAIOB W TOKOB, OTHOCSIIMXCS K pasHbIM monymrapusM. OcobenHocts (0) obOycioBieHa
HAIMYMEM B TEH30pe IPOBOAMMOCTH (8) HEHyNeBOM M HEOJHOPOTHONH BHEAMArOHAIBHOW KOMIIOHEHTHI,
ornpejensieMoll MPoBoAMMOCThI0 Xosa. OcoOeHHOCTh (B) OTpaxkaeT TOT (DakT, YTO IPH OTCYTCTBMH HUCTOYHHUKOB
3anada (1) — (6) umeer HeTpuBHaANBbHOE pereHne U = const.

[TapameTp 01, onpeaessronuil pa3Mep U TPaHMIIBI IANOK, B pacuyeTax MPUHUMAJICS paBHBIM 27°. DKBaTOpHaIbHAS
TpaHWIa BRIOMpANachk HECKOJBKO BBINIE AdKBaTOpa, 03 = 72° ¢ memplo u30ekaTb OCOOCHHOCTEH B TEH30pE
npoBoxumocTH (8) (sin g = 0 mpu 03 = 90°).

MenkomacmTabHble HEOTHOPOMHOCTH B pACIpElNeIeHHH ITapaMeTpoB 3aladyl, XapakTepHas IMPOTSHKEHHOCTh
KOTOPBIX OPSIIKA WIIK MEHEE CETOYHBIX IaroB TJI00AIEHOW MOJIEITH, MOTYT OBITh YYTCHBI Pa3INYHBIMA METOTaMHU.

Hanpumep, i penreHus: JaHHOW 3a/1a4l MOXKHO OBUTO OBl MCIIOJB30BATH SAUHYIO CETKY IS BCel cephl, HO co
crymenueM e€ B 00JacTH JIOKaW3allMi MeJIKoMacIuTaOHoiW HeomHopomHoctd. OnmHako, BHE 3TOH oOnacTw,
MTOKPBIBAOMIAs BCIO cepy eauHas ceTka 0yJeT, O4eBHIHO, HEPAaBHOMEPHOH, YTO TIOHU3UT CTETIEHb alllIpOKCUMAIINN
COOTBETCTBYIOIIUX PA3HOCTHBIX YPaBHEHUIH.

Hwxe BoiOpan nmpyroii Metona. Beigensercs coaepikanias MEITKOMAacIITaOHYI0 HEOJHOPOTHOCTh MOJ00IacTh @ =
[001, 002] X [Qo1 » Q2] (T.€. TOHOOMACTE, JTOKATN30BaHHAS B MHTEPBaEe KOMUPOT 0,1 < 0 < 042 1 uHTEpBaNE TONTOT
Po1 £ OZ Q2 ), I KOTOPOH UCMONB3YETCS OTACIbHAsI paBHOMEpHAsI CETKa ¢ maraMu B 5-7 pa3 0ojiee MEITKUMU T10
CPaBHEHUIO C HCXOJHOW paBHOMEpHOH rioOanbHOM ceTkol. I'panmiyy obmactm © o6o3Haumm [, Hioke
MPEIoIaraeTcsi, 4ro Moao0NacTh ® IETUKOM HaxXOguTcs B obOmactu Q) (ceBepHas MOJsIpHas Imamnka). s
mo100JTACTH ® pemaeTcsi CBoe ypaBHeHUe Uit noteHnuana U,

divg g = Jor 218 @ = [0, 0001 X [0, 0], )

coBIajiaroniee no crpykrype ¢ ypasuenusmu (1) — (3). Ha rpanune I'y, 3agatoTcst kiiaccudeckne yciaoBHUs CIIUBKH
pemenuii U, u U; no noTeHI1any 1 HOpMaJIbHO! K TPAaHUIE KOMIOHEHTE TOKA Jo, U Ji,

lel"a, = U1|rw (10)
]wnll"a, =]1n|l"a,' (11)

Taxum 06pa30M, KpaeBas 3agada o rio0aabLHOM pacrnpeacjicHy MoTeHIaJlIa B I/IOHOC(l)epC 3emin ¢ BBIACJICHUCM
HO,Z(O6J'IaCTI/I JId yde€Ta MEJIKOMAaCIITaOHBIX HCO,Z[HOpOI[HOCTefI IIPOBOAUMOCTH W HIPOAOJIBHOTO TOKAa OIMMCBIBACTCA
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OcHosHble pe3yrbmanivl YUCIEHHO20 MOOCIUPOSAHUS 2I00ATLHO20 pacnpedeneHus dIeKmpuieckux noaet 6 uonocgepe 3emau

cucreMoil ypaBHeHu# 1y motenmana (1) — (3), (9) u cucremoit rpaandHbIX yeiosuit (4) — (6), (10), (11). Briepeie
Takas 3a/a4a OpUTa copMynrpoBaHa B [6].

Jis pemieHus 3TOW 3allaud CUCTEMa CETOYHBIX YPAaBHCHHM CTPOMIIACh CleAyrommM obOpasom. [Tomobmacte ®
BBIOUpaETCs TAKUM 00pa30M, 4TOOBI €€ TpaHuIla IPOXOAMIa MEXKY y3JIaMH CETKH TI100anbpHO# 3aqaun. CeTka s
CTPOHMTCS CO CIBUTOM Ha IOJIIIIAra, YTOOBI IpaHuIa 00JacTell HaxX0UIIach MEKIY y3JIaMu Oosiee yactoii ceTku. [loce
peleHus MI00ANBHONM 3aauud CTAHOBUTCS BO3MOXKHBIM 3a/1aTh TPAHUYHOE YCIOBHE Jlupuxie Uil «I0J00JacTu
BO3MYIICHUI» 0 U3BECTHBIM 3HAYCHUAM MoTeHIMana U B y37aX KPYIHOHN CETKH. 3HAUYCHHUS TPAHUYHOTO YCIOBHUS
JUIE MEJIKOW CETKH IMOJydacM C MOMOIIBI0 JIMHSHHOW WHTEPIIONSALUY, MOCIEC YEro PEenraeTcs COOTBETCTBYIOIIAS
KpaeBas 3a/1a4a It Hofo6macTu @. [Tocie 3Toro BEMYUCIIAETCS 3HaYeHIEe HOPMaTbHON KOMITOHEHTHI 3JICKTPHIECKOTO
TOKa B (), 33JaeTCS TPAaHWYIHOE YCIOBHE HAa HOPMANBHYI0O KOMIOHEHTY Uil TIOOANBHOM 3aJadd M pemaeTcs
riobanbHas 3a/ada co CKOPPEKTHPOBAHHBIMHU I'PaHMYHBIMHU YCIOBHAMHU. B mTOTE MONMydaeTcs Kiraccuueckas cxema
«dupuxne — Helimany pemreHus pa3HOCTHOH 3a1a4H METOJOM JAEKOMIIO3UITNH 00IacTei.

Pe3yibTaTrhl YHCJIEHHBIX PACYETOB

YucieHHOe pelieHne o0CyKIaeMoll KpaeBoH 3aauu H300pakeHo Ha puc. 1, Iie JaHO ABYMEPHOE PaclpenesieHue
MOTEHIMaNa (B KMJIOBOJIBTaX) B MHTEpBajle TeOMarHUTHBIX KomupoT oT 0 1o 30 rpagycoB i ceBepHOH MOJIIPHOI
IIANKY (THEBHON MEpHIUAH CBEPXY).

Pucynok 1. M3onuanm nmoTeHnuana (B KWIOBOJIbTAaX) ISl CEBEPHOM MOJISIPHOM MIATIKH.
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B xauecTBe HCTOYHHUKOB ANIEKTPHUYECKIX MOJIEH BEIONPAIICH MPOAONBHBIE TOKH IBYX cHcTeM — DPY — cucteMsbl
tpexcnoitHoit MTS — cucremsl [8,9]. OO6e cucTeMbl HaOMIOAAIOTCS B AKCTPEMATHHO CIIOKOWHBIX T€OMAarHUTHBIX
ycnoBusx. IIpogonsuslie Toku DPY — cUCTEMBI JTOKAIU30BaHbl MEKIY JHEBHBIM KaCIIOM M T€OMarHUTHBIM MOJIFOCOM
[7]. Tpexcnotinas MTS — cucrema JoKkain3oBaHa BONMM3KM HOYHOrO Mepunuana [8,9]. B CeBepHoM nomymapuu, ais
OTpHLATENIEHON a3MMYTAIbHOM KOMIOHEHTHI MEXIIaHeTHOro MarHutHoro moisi (MMII), oHu joKamu30BaHBI B
MOCTIETIOIYHOUHBIE YaChl C BEITEKAIOUIIM MPOJOJIEHBIM TOKOM B IIEHTPAJIBHOM CJIO€ U C BTEKAIOIIUMU IPOAOIBHBIMU
TOKaMH Ha nepudepuH, a 1Jisl HOJIOKUTEIFHON a3UMYyTaIbHONH KOMIIOHEHTBI — B ITOCJIETIOIYHOUHBIE YaChl C 00OpaTHBIM
HampaBJIeHUEM TOKOB BO Bcex Tpex ciosx. B IOxHoM monmymapuu pacnpenenenue M7TS — NpoIoJIbHBIX TOKOB
MOBTOpSIET pacnpenencane B CeBepHOM HONTyIIAPHH, HO ISl IPOTHBOIIOJIOKHOTO 3HAKA a3UMYTaIbHOH KOMITOHEHTEI.

Pacuetsl mpoBeneHsl AnsA  Ciydas paBHOJASHCTBUS. PaccMOTpeH ciydail OTpULATENBHOM a3uMYyTalbHOM
komnoHeHTsl MMII. Briiag B HHTErpasibHYIO IPOBOIMMOCTD MPSIMOTO Y D-H3TydeHHsI YIUTHIBAIOCH o Moaenw [ 10],
ANIEKTPOHHBIX BRICHIIIaHUH — 10 Moxenw [11], paccesHHOTO Y @-M31IydeHNs U 3B€3THOTO CBeTa — aHaymornygHo [12]. B
Ka4decTBE BXOMHBIX ImapaMeTpoB st moxeiner [10,11] BerOupanack HU3Kasi TeOMAarHUTHAS aKTHBHOCTH M CPEIHSA
COJHEYHAast aKTHBHOCTD.

Ha puc. 1 BUIHO TakKe, 4TO IKBUIIOTEHIMAIb 15 KB BOIU3M HOYHOTO MepUIraHa O0HAPYKUBACT 3aMETHBIN H3JIOM.
OH 00yCIIOBIIEH BBIJICJICHHEM 31€Ch CIELUUaIbHONW 10100JIACTH, B KOTOPOH OBUIO 33aJJaHO YCHJICHUE TPOBOAMMOCTH
B HEOOJIBIIIOM KpYre, acCOUMHUPYEMOE C IOTIOIHUTEIbHOW HOHU3aed HOHOC(EPhl TOTOKOM 3apsDKEHHBIX YacTHI] B
BHUJIE aBPOPAILHOTO Jiyya (OAMH U3 THIIOB MOJISIPHBIX CHAHUIT). OTMEueHHas BbIlIe OCOOCHHOCTh B PaCIpelelieHUH
MOTEeHIMa a OoJiee BBIMYKIIO MPOPHCOBHIBACTCS HAa PHUC. 2, Iie JaHa KapTHHA JKBUIOTEHIMANEH B BBIICICHHOMN
OT00IACTH KOIIUPOT OT 4 110 7 TpaIycoB U a3UMyTalbHBIX yriioB oT 130.5 mo 211.5 rpamycoB (a3uMyTalIbHBIN YOI
OTCUMTHIBAETCS OT IJHEBHOTO MEpHIMaHa INPOTUB 4acoBOW CTpenku). Ilo cpaBHEHHIO ¢ OCHOBHBIMH IIaraMu
robansHoOM Mozxenn (0.5 rpamyca mo xommpore u 4.5 rpagyca mo JONToTe) KOMIMPOTHBIA W JOJTOTHBIA IIard B
BBIJICJICHHON MOJ007IacTH OBIIIM KPaTHO YMEHBIICHBI. (B X07e BRIYMCIUTENBHBIX SKCIIEPIMEHTOB YAAIOCh JOCTHYD
YKa3aHHOTO yMEHBIIEHUS B 51 pa3).

17
20 23
18
14 15 5.5
13
12
11
10
171 '

7
211.5

F-S

)

130.5

PucyHnok 2. 30auHNN OTEHITMAIA B BBIJIeJIEHHOW TToto6macT. Ciaydail TOKaJIbHOTO YCHUTICHHSI
MIPOBOJUMOCTH.

Ha puc. 3 nano pacnpezenenue noTeHnyana, aHaloTHIHOE pHC. 2, HO JUIS ClTydasi, KOT/Ia B BBIJIEJICHHOH To1o0nacTu
HUKaKHX UCKXEHUH (OHOBOW NMPOBOAMMOCTH HE JOMycKanock. COOTBETCTBEHHO, HUKAKUX MCKa)KCHWH B KapTHHE
SKBUIIOTEHIMANICH Ha puc. 3 HET. DTO CBHAETENLCTBYET B IOJB3Y YCIIEHIHOTO TECTHPOBAaHUS pa3paboTaHHOM
YHCIEHHOW MOJIEIN.

Jlnist TecTHpOBaHMSL MOJENTH O0COOBIN HHTEpPEC NMPEACTaBIIET ClIydaid, KOT/ia BO30YKAAIOIIUI 3JEKTPUIECKUE IO
IIPOAOJIBHBIN TOK (TIpaBast yacTh ypaBHEeHHUS (9)), JTOKaJM30BaH HCKIIOYHTEIHHO B BBIICICHHOW MOI00JIACTH ©.

Bbeio BEIOpaHO MOJENBHOE paclpeleleHHE IUIOTHOCTH MPOJOJIBHOTO TOKAa XapakTEPHOE UIl OKPECTHOCTH
aBPOPAIIBHOTO JTyda C pa3HbIM HAIpPaBICHUEM BEKTOPA IUIOTHOCTH TOKA B IIEHTPE Jyda U Ha nepudepun. [Ipu stom
BBINIOJHACTCA €CTECTBEHHOE YCIIOBHE KOMIICHCAI[MM (PaBEHCTBO IIOJIHBIX BTEKAIOMIMX W BBITCKAIOUIUX TOKOB).
VYcroiunBoe pemieHHe OBLUIO MONYYEHO M B JAaHHOM Ciydae. BoszOykmaemble 3JEKTpUYECKHE IIOJIs ObUIH
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OcHosHble pe3yrbmanivl YUCIEHHO20 MOOCIUPOSAHUS 2I00ATLHO20 pacnpedeneHus dIeKmpuieckux noaet 6 uonocgepe 3emau

JIOKAJM30BaHBl TMPEHMYIIECTBEHHO B BBIACICHHOW MOZOONACTH, HE BBIXOMS 3a €€ TpaHMIBI, 4TO OBUIO BIOJHE
O’KH/IaeMO IS 33/IaHHON CTPYKTYPHI paclpeefieHHs CKOMIIEHCHPOBAHHBIX TPOJOIBHBIX TOKOB.
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Pucynoxk 3. To e, 4to 1 Ha puc. 2, HO 0e3 ucKaKeHUsT (POHOBOH IPOBOIUMOCTH.

JanHas 4ucCIeHHAs MOIENh OMYOJMKOBAaHA CPaBHHUTENBHO HemaBHO [13] m sBisercs pazBuTheM mojaenu [4], B
OCHOBE KOTOPOW JISKUT TIOCTAaHOBKA KpaeBoi 3amaun [1] o rimobalkHOM pacrpelneieHuH 3JIEKTPUISCKUX IOJIeH B
noHocepe 3eMil ¢ y4eTOM CHENU(PHUKU SIEKTPOIUHAMUYICCKOTO B3aMMOACHUCTBHS TOKOHECYIIUX HMOHOC(EpHBIX
000II0YeK MPOTUBOIIOIOKHBIX MTOTyIIApHii.

Hcnonp3oBanne BapuallMOHHO-Pa3HOCTHOTO METOJ]Ia, OCHOBAHHOTO HA KOHIEMIUU OO0OOIIEHHOTO pelIeHus,
MO3BOJIIET PACCUUTHIBATh TNI00aIbHBIE paclpeiesieHns MOTeHIMAaa Jake JIJIsl CIIy4aeB OYeHb CHIILHBIX Pa3pbhiBOB B
pacnpeneneHnd  HMOHOC(EpHBIX TMPOBOJUMOCTEH, aJeKBaTHO BOCIPOM3BOJAS TMOBEJCHUE TMOJIEH Jaxe B
HEMOCPEACTBEHHON OKPECTHOCTH TaKUX Pa3phiBOB. Pa3phiBbI MOTYT BO3HHKATh, HAPUMEDP, HAa TPAHMIIAX KaHAJIOB
MPOBOJAUMOCTH, CO3/IaBAEMBIX TIOJISIPHBIMU CHUSTHUSIMH.

OTnMYUTENEHON OCOOCHHOCTHIO MOJIENN SIBIISIETCS BO3MOXKHOCTH BBIJICNIUThH CIIEUATIbHYIO MPOCTPAHCTBEHHYIO
mogo0acTe 1Isi Oollee JMETANBbHOIO YydYeTa MEJIKOMACIITAaOHBIX OCOOEHHOCTEH B pACIpENCICHHH BXOIHBIX
mapaMeTpoB MoOJeNd (IPOBOJUMOCTEH W TPOJOIBHBIX TOKOB) M aJCKBATHOTO BOCIPOM3BEICHHS B pacdeTax
COOTBETCTBYIONINX OCOOESHHOCTEN B pacIIpe/IeICHAH SJICKTPUISCKUX TOJICH.

CBOEBpEMEHHOCTD Pa3pabOTKU TaKOH MOJAENH OMpeAessIeTCs MEPCIEKTHBOM IOSBICHUS 3KCIIEPHUMEHTAIBHBIX
MOJIMTOHOB C JOCTATOYHO IUIOTHOM CETHIO YCTAaHOBOK JUTSI H3MEPEHHS HOHOC(EPHBIX MapaMeTPOB M SJICKTPUICCKUX
nosieii. CormocTaBieHne Pe3yJabTaTOB YUCISHHOTO MOJCITUPOBAHUS M JAHHBIX M3MEPEHHH MOMOXET OTBETHUTHh Ha
HEeNBIA psAN aKTyalbHBIX BOMpPOCOB. Hampumep, Ha BOMPOC O pOJIM MeXaHW3Ma HOHOCPEPHOTO IWHAMO B
pacipeeNieHn IIEKTPUIECKIX TIOJIeH B OKPECTHOCTH PA3IMYHBIX THIIOB TOJISIPHBIX CHSHHM.

AHaJuTHYeCKas MOJe/Ib

[lepBoHauansHO KpaeBas 3amaua (1) — (6) Obula pelleHa aHATUTHYECKH, LEHOH YNPOIIEHUs paclpeeiIeHus
MPOBOJIMMOCTH W TPOJOJIBHBIX TOKOB. BXOIHBIMM mapameTpamu pa3paOOTaHHOH TakuM oOpa3oMm Mmozenu [14]
apisitorcst MMII M CKOpPOCTh COJIHEUHOTO BETpa, OMPENENSIONIMe pa3Mepbl XapaKTEPHBIX TPAaHUL] KapTHHEI
KOHBEKIMM W MaJeHHe MOTEHIMala B MOJSAPHOW manke. B pamkax JaHHOM MOAENH yJaloch BOCHPOM3BECTU BCE
W3BECTHBIC THITBI paclpeleNieHuil Tonel BOOJbh YTpEeHHe-BeUepHero mepuanaHa. Mojenb NpegHasHadeHa I
pacdeTa TPaeKTOPUH KOHBEKIMH IIa3MEHHBIX TPYOOK B MOJIENH MOJIIpHON wmoHOchepsl [15], paspaboranHOM
YBapoBeM, baparmkoBeM 1 3axapoBOii.

YucaeHHoe peumeHue OﬁpaTHOﬁ 3agaumn

C MaTeMaTHYeCKOM TOUKHU 3pCHHA CYLICCTBYIOT IBa crocoba HaXOXIACHUA BEKTOPHOT'O IMOJIA — IO €T0 AUBEPIre¢HIIUN
U I10 €TI0 pOTOpPY. HpHMepOM TNEPBOTro NoAX04a MOKET CIIYKUTb U3JI0OKCHHAA BbILIC YUCJICHHAsA MOACIIb. HpI/IMepOM
BTOPOT'O MOAX0Aa MOKET CITYKUTDb MIPCAJIOKCHHAs B [16] nacsa BOCCTAaHOBJICHUSA I/IOHOC(I)epHLIX QJICKTPUUCCKUX MoJie
1 TOKOB 110 JaHHBIM Ha3€MHbIX MaroHeToMETpPOB.
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B nmanpHeiimem psAaoM aBTOpOB OBLUTH BHIIOTHEHBI Pa3UYHbIC YHCICHHBIC PEeaTH3alni 3TOH WIS N3BECTHBIC KaK
monmemn TUM-2, KRM w IZMEM. O0mmM HeIOCTaTKOM 3THUX MOJeNei sSBIsIeTCs MPUOIIDKEeHIE OPTOTOHATFHOCTH
MAarHUTHOTO TIOJIS ¥ MCIIOJIb30BAHUE HEKOPPEKTHBIX TPAaHUYHBIX YCIOBHUH.

CBOOOIHOM OT 3TUX HEMOCTATKOB SBJIACTCS YMCICHHAs Mojeib [17,18], B KOTOPOil HCIOIB30BAJICS BAPpUAIIMOHHO -
PA3HOCTHBIN METOJl, OCHOBAHHBI HAa KOHIEHIMH 0000IIeHHOTO pemieHus (Kak u B Mopaeisix [4,13]). T'uOkocth
Ppa3paboTaHHOTO AITOPUTMA MOJICITH TO3BOJIMJIA MOJIYYUTh YACICHHOS PEHICHUE U MPU JOMYIICHUS, UCIOIb3yEeMBIX
B BBIIICYKa3aHHBIX MOJEIISIX, YTO MO3BOJIHMIIO YCTAHOBUTH 00JIaCTh MPUMEHUMOCTH TIOCIICTHHUX, OKa3aBIIYIOCS BECbMa
y3Koi (Anana3oH KomupotT MeHee 20 rpagycos).
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MPOSIBJEHUE MEXIIOJYIIIAPHOU ACUMMETPUU
MAT'HUTHOI'O ITIOJIA B IIOTOKAX 3APSKEHHBIX 3AXBAYEHHBIX
N BBICBIHTAIOIIUXCA YACTUIL HA HU3KOOPBUTAJIBHBIX
CIIYTHUKAX B CHHOKOWMHBIX 1 BO3MYIIEHHBIX YCJIOBUSIX

T.A. SIxauna, T.A. ITomosa, A.A. JIio0unu, A.I'. lemexoB
Honapuwiii eeogusuneckuti uncmumym, 2. Anamumsi, Poccus

AHHOTanusl. Broickinanust penstuBuctckux (>800 k3B) 37I€KTPOHOB M MOTOKU BBICHINAIONIMXCS U 3aXBAYECHHBIX
sHepruyHbIX (~100 k3B) MpoTOHOB YaIle Bcero perucTpUPYIOTCS BO BPEMs TEOMarHUTHBIX BO3MYIIICHHUN, 0COOCHHO,
BO BpeMs cy0Oypb. [Ipu 3ToM HabmrOmarOTCS BO3SMYIICHHS MarHUTHOTO THOJS B CyOaBpPOpaibHON M aBpOpaIbHOM
obnactsax (50-75° CGMLat). B pesynbTare pa3BUTHS WOHHO-IMKJIOTPOHHOW HEYCTOWYHMBOCTH BO BHYTpPEHHEM
MarHuToc(epe MPOUCXOIUT TeHEPaIisl ANEKTPOMarHUTHBIX HOHHO-IUKIOTPOHHEIX (DOMULI) BoH U MUTY-yTIIOBas
T Qy3us MPOTOHOB, YTO MPUBOIUT K 3aMOTHEHUIO KOHYCa ITOTEPh M, CICIOBATEIBHO, K BEICHIITAHUIO YHEPTHIHBIX
npotoHOB. OMUI] BONHBI, Ha TOBEPXHOCTH 3E€MJIM PETUCTPUPYIOTCI KaK TEGOMAarHUTHBIE MyJIbCAMU —
KBa3HUIIEPHOINIECKHE KoJieOaHMsI T€OMarHUTHOTO Mojs B AumamazoHe wactoT Pcl (0,1-5 T'm). OgHOBpemMeHHO Ha
HuzkoopOuTanbHeix (~850 kM) cmytHMkax NOAA POES HabmogaloTcss MOTOKM 3apsDKEHHBIX JHEPTUYHBIX
BBICBITIAIOLINXCS U 3aXBaYCHHBIX YacCTHL. DTa paboTa MOCBAIIEHa W3yYEHUIO BIHUSHUS OCJIA0JIEHHOT0 MarHUTHOTO
nosst B paifone KOxHo-ATnanTndeckoit (bpasuiabckoit) MarHUTHON aHOMaJIMU HA NMOTOKU SHEPTMYHBIX MPOTOHOB U
PENSTUBUCTCKUX 3JIEKTPOHOB B CIIOKOMHBIX U BO3MYILEHHBIX YCIOBHUSIX.

Beenenne

B3anmozelicTBrue COJTHEYHOro BETpa M MarHUTOC(EPH! IPEUMYIIECTBEHHO IPOMCXOANT Ha BBICOTAX, I'/le OTINYHE
MarHMTHOTO TI0JIst 3EMJIH OT AMMOJIBHOTO MpeHeOpekuMo Masio. Ha noHochepHBIX BEICOTaX 1ojie 3eMiIi 3HAYUTEIIHHO
OTJIMYACTCs OT JIUIMOJBLHOTO. HarpskeHHOCTh MarHUTHOTO TOJIst 3EMJIM B COTIPSDKEHHBIX TOYKaX B MOHOC(eEpe, Ha
mmpote 50° CGMLat moxkeT pa3nmyatbes B aBa pasa [1, 2]. OmHO u TO ke MarHUTOC(EepHOE BO3MYIICHHE MOXKET
BBI3BATh JIBA PA3JIMYHBIX OTKJIMKA B HOHOC(EpE B pa3HbIX MONyHIapusax. TakuMm o0pa3oM, aHaau3 MEXKIOIYIIAPHBIX
pas3umii MOTEHINAIBHO MOXKET MPOJIMTh CBET HA MEXaHU3MbI, YHaCTBYIOIME BO B3aUMOJCHCTBUN MarHUTOC(HEPHI,
noHocheps! u TepMochepsl, 4TO OBUTO ObI HEBO3MOXKHO, €CJIH OBI T10JI€ OBLIO CHMMETPUYHBIM.

JdanHble

[t 13MepeHHst MOTOKOB BHICHINAIONINXCS M 3aXBaueHHBIX (¢ muTd-yriaamMu 0° 1 90°, COOTBETCTBEHHO) 3apsKEHHBIX
npoToHoB ¢ 3Heprue E = 115 k3B ucnonb3oBansl nanHeie cnyTHUKOB NOAA POES ocHamieHHBIX J€TEKTOpOM
MPOTOHOB W AIEeKTpoHOB cpenHeil sHeprunm (Medium Energy Proton and Electron Detector, MEPED) [3]. Hdna
HaOJFOICHUS SJIEKTPOHOB ¢ 3Hepruei ~1 M»>B wmcmonp3oBaH KaHanm mpoToHHOro Teneckomna (P6), m3HavamsHO
MpeIHa3HaYCHHBIN ISl pETUCTPAINU TPOTOHOB € SHEPTHAMH >6,9 MaB. Marautometp IonspHoro reodusmnueckoro
uHctutyta B 00c. JloBosepo (GPS-xoopamuarsr: N 67.9824°, E 35.05903°) na KoiabckoM moiyocTpoBe
WCTIONB30BAJICS Ui HAOMIOJEHUST 32 TEOMarHUTHBIMH IylbcanusMu B auanazone 0,1-5 TI'm. MarautHoe moie,
paccuuTaHHOE BOJIHM3U HU3KOOPOUTAIILHBIX CITyTHUKOB, B3sTO n3 naHHBIX NOAA (https://cdaweb.gsfc.nasa.gov/).

PesyabTarsi

T'oBopst 06 acUMMeTpUH MarHUTHOTO TOJISI B CONPSDKCHHBIX TOYKAX, MBIl IMEEM B BHAY HMX IIOJIOKEHHE COTJIACHO
mogenu IGRF. Pasnuuust B HamnpspKEHHOCTH IOJIST O3HAYalOT, YTO BBICOTA 3€PKAIBHBIX TOYEK OTPaKCHHUS
3aXBauy€HHBIX 3apsDKEHHBIX YacTHIl OyzeT pasHoil. Tam, rie nose cinadoe, BBICOTa 3epKaIbHBIX TOUYEK Oy/IeT MEHBIIIE,
YTO TO3BOJISIET MPEIOJIOKNUTh, YTO TaM OoJblle YacThl OynaeT B3auMojeiicTBoBaTh ¢ arMmocdepoid. Ha puc. 1
MPE/ICTaBICHO MarHUTHOE I10JIe, PACCUYMTAHHOE AJIS BBHICOTHI 850 KM B /IBYX MOJYHIApHsAX Ha BCEX JOJTOTaX W Ha
mmporax 20-90° B xoopamHarax AACGM (Altitude-Adjusted Corrected GeoMagnetic Coordinates). Pacuerst
MIPOBOIMIINCH C MCHOJB30BaHMEM Mozenu BHyTpeHHero mois 3emmu IGRF (International GeoMagnetic Reference
Field) B mporpammuom xommiekce GEOPACK-2008, paspadoranHom H.A. [lpiranenko [4]. Haubomnee cnaboe mose
(<2,5x10*HTn) nabmomaercs BOMM3M 3KBaTOpa Ha goarorax ot —120 xo 120° AACGMLon, B ceBEpHOM NOJTyILIAPHH
— Ha mupoTax 20—40° AACGMLat, B roxkHOM nonymapuu — oT —20 no —65° AACGMLat. Oto pation FOxHo-
Atnantraeckoii (BpasuabCKoif) MATHHTHOM aHOMAllMH, TJie MarHuTHOe Ioje cocrasiser (1,9-2,3)x10* aTa. s
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CpaBHEHHs: MATHUTHOE T10JI€ B cybaBpopanbHbIX (60—70° AACGMLat) muporax Ha BeicoTe 850 kM gocturaet 4x10%
HTm.

North hemispherz sy o Haxo/sch Ha OIHUX M TeX e IIMpOTax
- U JONroTaX B pasHBIX MOJYLIAPHIX,
HHU3KOOpPOUTAJIbHBIE CIIyTHUKH OMAIAI0T
g B o0macTh ¢ pasHOW  BEIIMYHHOM
gsn MarHutHoro moisisi. Ha puc. 1 uepHbIMH
z CIUIOIIHBIMU  JIMHUSAMH BBIJICTICHBI
E: obmacTh B pa3HBIX  HOJNYLIApHsIX,
- UMEIOIINE  OJMHAKOBYIO JOJTOTY H
MUPOTY. BennynHa MarHUTHOrO 1oOJs B
3TUX 00JAcTAX B CEBEPHOM MOJYLIAPHU
N cocrasuna (3,3-3,6)x10* HT1, a B 10)KHOM
o (2,0-2,8)x10*uTo.
YroOsl OIPE/ICITUTh BIIMSIHUE
T€OMAarHUTHBIX BO3MYILCHHUH, MBI
- BbIOpanu aBe natel: 31 mapra 2015r. u 14
éf depanss 2017 T., COOTBETCTBEHHO IS
g -50° BO3MYILEHHOTO U CIIOKOIHOTO MEPUOAOB.
2 Ha puc. 2 Bugno, uto 31 mapra 2015 1.
< .65° HaOmofanace  3amMeTHas — cyOOypeBas
aktuBHOCTH (AE~300 HTm), ckopocth
- CONHEeYHOTO BeTpa mocturana 430 kwm/c,
nmasienue ~10 ulla. {ng 14 ¢pespans 2017
29 =100 o I., KOrJja TeOMarHUTHBIC YCJIOBHS OBLIN
Southern hemisphere AACGMLon, deg 5
cnokoitaeiMu  (AE~50 HT;), ckopocTh
Pucynok 1. PaccuntaHHO€ BHYTpEHHEE MarHUTHOE IOJIE AJIS COJTHEYHOTO BeTpa cocTaBisiia ~330 xm/c,
31 mapra 2015 1. a nasieHue ~2 Hlla.
p o4 ¥
- .
g g
& 01 + 0 I B B A I
» 400 » 400
£350 €
> 300 > 300
250 FTTTTTTTTTTTT T
g£° g
o 4 a
408 TTT T T[T T T T[T
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0
fz 20 =20
z 10 z 10
=
% -10 % 10
-20 TTTT T[T T T T[T T T 20 T T T e
0 6 12 18 2 0 6 12 18 2
UT, hour UT, hour

Pucynok 2. JIns nByx mat 31 mapta 2015 1. (cneBa) u 14 ¢espans 2017 r. (cmpaBa) moka3zaHsl
mapaMeTpsl coTHeyHOTo BeTpa (ckopocTs (V) u naBnenue (P)) M HHAEKCH TeOMarHUTHONH aKTHBHOCTH
(AE n SYM-H). Ha BepxHHX naHesisx NOKa3aHbl CHEKTPOrpaMMbl T€OMAarHUTHBIX ITyJbcaluii B 00C.
JloBozepo B auamnazone 0,1-4 I'.
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HpO}ZBfl@HM@ Me.?;cnoxzymapuoﬁ ACumMMempuu MacHUmMHRO20 noJjsi 6 NOMOKAX 3APANHCEHHBIX 3AXEAUEHHBIX U 8bICHINANOWUXCA YacmUYy ...

Ha cmektporpammax o6c. JIoBo3epo B mepBOM COOBITHH OJHOBPEMEHHO C HadajoM BO3MYIICHHUS HaOIIOJArOTCS
TEeOMarHUTHEIC ITyJIbCAIK Ha 9acToTe A0 | ' Bo BTopoM coOBITHH, KaK U 0KUAASTCS TPH HU3KOW T€OMarHUTHOM
aKTHBHOCTH, MyJIbCAllMU OTCYTCTBYIOT. Ha pucyHkax 1BeToM BhIJeNIeHbI HHTEpBaibl BpeMeHu ¢ 15 no 18 UT, xoraa
Ha cnyTHHKaXx NOAA POES peructpupoBaiuch MOTOKH 3aXBAaUEHHBIX M BBICBHINAIONIUXCA PEISITUBUCTCKUX
3JIEKTPOHOB M 3HEPTUYHBIX MPOTOHOB B COMPSDKCHHBIX 00macTsax (puc. 3). TecHast CBSI3b MEXKIY BBICHIITAHHEM
SHEPTHYHBIX MPOTOHOB U FTEOMArHUTHBIMH MyJbcalusiMu Pcl nuana3zona ycTaHoBIICHA B psiie paboT (Hampumep, [5]).

2015-03-31 2017-02-14 Magnetic field E. ~ 800 keV E.=115 keV
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Pucynok 3.

a) mokaszaHo Bpemst UT u cexrop MLT, xorma CyTHHKH PETHCTPUPOBAIM HMOTOKH HHEPTHYHBIX YACTHI[ HA
mmpoTax 50-75° AACGMLat 31 mapra 2015 . u 14 depans 2017 .

0) — MarHUTHOE IOJIe¢ B OKPECTHOCTH CIYTHUKOB Ha mupotax 50-75° AACGMLat mis 31 mapra 2015 r.
(nynktupHast nuHus) v st 14 despais 2017 r. (crutonHas JUHUS).

B) — IIOTOKH 3aXBAaYE€HHBIX M BBICHIIAIOIINXCS PEISTUBUCTCKUX AIEKTpoHOB /it 31 mapta 2015 r. (kpacHsle
munun) u 14 despans 2017 r. (CuHUE TUHUN).

MarHuTHOE 10JIe Ha pUC. 30 NPaKTHYECKH OJIMHAKOBOE JJIsl 00EHX JIaT, IIOCKOJIbKY CITyTHUKH HAXOMASTCS B OJIU3KUX
MLT cexTopax (cM. puc. 3a). OqHaKo BEeITUYMHA U JMHAMHUKA MATHUTHOTO TIOJISI OTIIMYAETCS B PA3HBIX TMOIYIIAPHIX.
B ceBepHOM MoNyIIapuu mnoye Bapbupyercsa B npepenax (3,4-3,8)x10* uTn, B 10KHOM MONYIIAPHM HA HM3KHUX
IIMPOTaX TIOJIE MMEET MUHUMAIBHBIE 3HaYeHus 0koj1o 2x10* uTn, Ha BEICOKHX — oKoo 3,5x10* uTan. Ha puc. 38
puc. 3T MOTOKH 3aXBaYCHHBIX M BBICHINTAIOIINXCS YACTHI] 0003HAYEHBI OJTHIM IIBETOM, HO Pa3HBIM I[BETOM IS KaXKI0H
JIaTel. BumHO, 9YTO B CEBEPHOM MONYIIApUU MOTOKH MHHHMAJIbHBIE KaK B BO3MYIICHHBIX, TaK M B CIIOKOMHBIX
yCIOBHAX. B 0KHOM MoONTylIapuu MakCHMallbHbIE MMOTOKU KaK 3aXBaU€HHBIX, TAK M BBICHIMAIOMIMXCS AJIEKTPOHOB U
MPOTOHOB BBIIIE TPH BO3MYIICHHOH aKTHBHOCTH M HAOJIONAIOTCS HA MEHBIIMX MIMPOTax. [y pessiTHBUCTCKUX
3JIEKTPOHOB HIMPOTAa MAKCUMAJIBHOTO TIOTOKA B BOSMYIIEHHBIX YCIOBHAX (~56°) U B CIIOKOWHBIX (~61°) oTnuyaeTcs
Ha 5 IpaJycoB, a Il SHEPTUYHBIX IPOTOHOB — HA ~6 rpaaycoB. Pa3nuuue B BeIMUYMHE 3aXBAYEHHBIX MOTOKOB B
BO3MYILEHHBIX M CHOKOWHBIX YCIIOBHSX B IO’)KHOM IOJIYIIAPUM MOXET JIOCTHIaTh OJHOTO mopsjaka. O6iacTh mo
HIMPOTE, T/I€ PETUCTPUPYIOTCS KaK MOTOKHM 3aXBAaUYEHHBIX JJIEKTPOHOB, TaK U IOTOKM 3aXBAYEHHBIX MPOTOHOB B
10)KHOM TIOJTYIIapUU B BO3MYIIEHHBIX YCJIOBUSX IIMpE Ha 5—7 TPpagycoB, YeM B CIIOKOHHBIX. Y BeIH4YeHHE 00JacTH
MIPOMCXOJNT, B OCHOBHOM, 3a CUYET HU3KHX IINPOT, I7I€ MATHUTHOE TI0JIe 3aMETHO ciabee. J{JIs MOTOKOB 3aXBaYeHHBIX
MPOTOHOB MOJIIPHAs TPAHHLA IPH 000N BOZMYIIIEHHOCTH HaXOAUTCS Ha muUpoTe ~68°. I MOTOKOB 3aXBauyeHHBIX
PENATUBUCTCKUX NEKTPOHOB BO BPEMsl MarHUTHBIX BO3MYIIEHUH MONIApHAs IPaHUIA HAXOAUTCS Ha MUPOTe ~65°, B
CIOKOMHBIX YCIOBUSX — Ha IUpoTe ~67°. UTO KacaeTcsi MOTOKOB BBICHINAIOIIMXCS IEKTPOHOB U MPOTOHOB, TO UX
YPOBEHb TaK)K€ BBIIIE BO BPEMsI TEOMAarHUTHBIX BO3MYIIIEHUII.
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BriBoabI

Paznuuus B HAMPSHKEHHOCTH MOJIS B COMPSDKEHHBIX MONYIIAPUSIX MPUBOAAT K Pa3HBIM HOHOC()EPHBIM MPOSIBICHHUIM

MarauToc(epHBIX BO3MYIIEHHNA. DHEPIHYHBIE 3apsDKEHHbBIC YaCTHIBI, Apeiyroliue B Maruutocdepe, momnajaoT B

yBEJIMYEHHBI KOHYC MOTEph B 00jacTu ocnabieHHOro moist (apeiioBbId KOHYC MOTEPh) M BBICHIMAIOTCSA B

nonocepy. Takue BbICHINAHMS, 00yclIOBIeHHbIe B3auMoseiicTBrueM ¢ OHY u3nydeHneM OT MOJHUEBBIX Pa3psioB,

H3y4auch B [6].

B nmanHO# paboTe pacCMOTPEHO BIUSIHUE MEXIONYIIAPHOW aCHMMETPUM Ha BEJIMYHMHY MOTOKOB 3apsyKEHHBIX
3aXBAa4YCHHBIX U BBICHIMAIOIIUXCS PEIATHBUCTCKUX 3JCKTPOHOB M DHEPTHYHBIX MPOTOHOB JISI ABYX CIIy4acB.
Ilokxa3ano, uTo:

e Ha Benu4nHy NOTOKOB OCHOBHOE BIIMSIHHE OKAa3bIBaeT HAMPSIKEHHOCTh MAarHUTHOTO mojisi. [103TOMy B FOXKHOM
MOJIyIIAPUH, TA€ MATHUTHOE MOJIe MEHbIIIE, HAOIOAAI0TCS OOIbIINE TOTOKH YaCTHUIL.

o CpaBHEHHE IOTOKOB B IOKHOM TMOJYIIADUH B BO3MYIICHHBIX M CIHOKOWHBIX YCIOBHSAX MOKA3al0, YTO
r€OMarHUTHBIE BO3MYIIEHHS TAKKE CIIOCOOCTBYIOT YBEIHMYESHHUIO MOTOKOB.

o I[llupoTHblif pasMep 00NaCTH HAOIIOACHHS MOTOKOB TAK)Ke MAKCHMAJICH B IOXHOM MOJNyIIApUH. B CIOKOWHBIX
YCIOBHUAX JJIs 3aXBaueHHBIX dYacTUI] OH cocTaBiasier 10 rpagycoB, B BO3MYIIEHHBIX — 15 rpamgycos.
HpOHOpL[I/IOHaJ'IbHO Be}lyT CC6H IIOTOKH BBICBITIAKOIIIUXCSA YAaCTHULI. yBeHI/I‘IeHI/Ie O6J'IaCTI/I HpOI/ICXO}II/IT, B OCHOBHOM,
34 CUCT HU3KUX HII/IpOT.

BaarogapnocTun

Ora paborta moanepxana Poccuiickium HaydHBIM hoHIOM, TpaHT Ne 22-62-00048. ABTOPHI O1arogapsAT COTPYTHHKOB
[MonsipHoro reo(U3MYECKOr0 MHCTHTYTA, OOECIEUMBAIOIIUX HAOIIOJCHUS T€OMArHUTHBIX ITyJIbCALUA. ABTODBI
Onaromapsr 3a cBOOOAHBIN AocTyn K naHHbIM ciiyTHUKOB NOAA POES u undopmarum o mapamerpax COJHEYHOTO
BeTpa, 00 wuHzaekcax aktuBHocth AE u SYM-H wu3 6assl manHeix OMNI, mnomyueHHBIX Ha caifte
https://cdaweb.gsfc.nasa.gov/.
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THE SOLAR FLARE IMPACT ON THE LOWER IONOSPHERE AND
GEOMAGNETIC FIELD
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Unstitute of Physics of the Earth, Moscow
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Abstract

The geophysical testing ground at Kamchatka provides wide possibilities to monitor the electromagnetic and
ionospheric phenomena at the Far East. Here we demonstrate the facilities of this multi-instrument observational
complex for the study of the solar flare impact on the lower ionosphere and geomagnetic field. We have used data of
the VLF amplitude/phase monitoring along several radio paths, augmented by the geomagnetic observations. A typical
VLF amplitude/phase response “replicates” the X-ray flux variations, however the magnitude of the response depends
on a preexisting ionization level. The geomagnetic field, besides long-lasting (~30-40 min) magnetic bay, sometimes
demonstrates the oscillatory (with quasi-periods ~ 4 mins) response to an impulsive X-ray/UV emission burst, whereas
these oscillations are absent in the VLF data. We suggest that some ionospheric heavily damped acoustic-gravity or
MHD modes may be responsible for this quasi-periodic response. Solar flare was found to enhance the intensity of
magnetospheric Pc3 (~ 50 s) pulsations.

Introduction

Solar flares are giant explosions on the surface of the Sun when a huge amount of electromagnetic energy is released
over the whole electromagnetic spectrum. A complex of associated geophysical phenomena is coined the solar flare
effect (SFE). The UV radiation is absorbed at higher altitudes ionizing the F-region, the ionosphere E-layer is
vulnerable to soft X-ray bursts, hard X-rays penetrate more deeply into the ionosphere reaching the D-region, and y-
rays transmit through the ionosphere into the stratosphere.

In this study we combine observational data from two techniques. The first one is the monitoring of Very Low
Frequency (VLF, 3-30 kHz) radio signal propagation from transmitters within the waveguide created by the low
ionosphere and Earth’s surface [Rozhnoi et al., 2019]. VLF radio waves normally reflect at altitudes of D-layer: 70-
75 km during daytime and 80-90 km during nighttime. Sudden X-ray irradiance (flares of class X, M) affect the
subionospheric VLF radio signal propagation as a deviation in amplitude and phase.

Another technique we have used is the array of ground
magnetometers. Burst of the electromagnetic emission

e "PET &gy ﬂ}lx during solar flares is ac.companied. by.a sudden

i disturbance of the geomagnetic field. This disturbance

i ‘ can be understood as a geomagnetic response to a current

) ST . 1 . intensification in the global ionosphere system due to the
MK g : conductivity enhancement in the E-layer (100-120 km).

Besides long-term effects (~1 h in duration), a quasi-
T periodic response is sometimes observed by ground
| Ao | | magnetometers in various frequency range (periods from
tens of secs to tens of mins), named Pcsre pulsations

[Dovbnya et al., 1995]. These periodic responses were
? ST | attributed to resonant features of the magnetospheric
| [Rosenberg et al., 1981] or atmospheric-ionospheric
e | [Parkhomov et al., 2006] systems. However, these
i i A Magnetometers . .

T f VLF transmitters suggestions have not been supported yet by detailed data
| I ®  VLF recievers analysis or theoretical modeling, and the relevant

o e physical mechanisms have remained poorly studied.
The VLF radio wave method has been suggested for
Figure 1. Location of VLF transmitters/receivers remote control of the earthquake preparation.
in the Far East region, and magnetometers. Tonospheric effects 1-5 days before earthquakes were

found by investigating the amplitude/phase of VLF radio
waves in the Earth-ionosphere guide [Rozhnoi et al., 2009]. The impulsive flare impact may be considered as a testing
signal to reveal possible resonant features of the atmosphere-ionosphere-magnetosphere system, and to validate the
sensitivity of the VLF technique for the detection of earthquakes. Here we use the facilities of the multi-instrument
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observational complex at Kamchatka for the study of the solar flare impact on the lower ionosphere and geomagnetic
field using data of the VLF amplitude/phase monitoring and data from geomagnetic observatories.
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Figure 2. Effects of the solar X-ray flare on
2013/11/08: upper panel — GOES observations of soft
X-ray (red line) and hard X-ray (blue line) fluxes;
second panel — EUV counts at GOES; next panels -
VLF signals from NWC (amplitude and phase), NPM
(amplitude and phase), JJI (amplitude), and JJY
(amplitude and phase) transmitters.

Observational facilities

The X-ray 2-sec data in two energy bands soft
(0.05-0.4 nm) and hard (0.1-0.8 nm) X-ray fluxes
from the geosynchronous GOES-14, -15 satellites
have been used to record bursts of the solar flare
emission. We also have used data on extreme ultra-
violet (EUV) emission in the band 5-20 nm from the
geostationary GOES-13 satellite.

We have used data from VLF receiver, sited at
Petropavlovsk-Kamchatsky ~ (PTK,  158.92°E,
53.15°N). It receives signals from the transmitters
JJY (40.0 kHz, Fukushima) path length=2271 km,
JJ1 (22.2 kHz, Miyazaki), path length=3247 km,
NWC (19.8 kHz, Australia), path length=9420 km,
and NPM (21.4 kHz, Hawaii), path length=4852
km. The radio paths are shown in Fig. 1. The VLF
receiver records with 20 sec sampling period the
amplitude (in dB) and phase (in degrees).

These observations are augmented by 1 sec data
from INTERMAGNET magnetometers. The
location of selected magnetic stations in South-East
Asia is shown in Fig. 1.

Typical events
We provide the observational results for selected
typical events. The reported solar flare onset is
marked by the vertical dotted red line. During all
events under study the soft and hard X-ray fluxes
varied by 2-4 times from event to event, whereas
EUYV count rates varied not more that by ~2%.
Solar X-ray flare occurs on 2013/11/08, around
0420UT (Fig. 2). Stepwise response can be seen in
the VLF data. Magnetic response is composed from
two elements: gradual long-term (~30 min)
magnetic bay (KAK, MMB) and

short-period (~10 min) impulse during
flare onset (Fig. 3) evident at GUA,
KAK.

Solar X-ray flare occurs on
2011/09/06, around 2213 UT. The X-
ray intensity variation shows a sudden

burst and gradual decay (Fig. 4).
However, geomagnetic field, besides

EERRSY gradual  variations, demonstrates
oscillatory response (Fig. 5). In detail

these  magnetic  variations are
examined in Fig. 6. The figure shows

Figure 3. Geomagnetic response to the solar flare on 2013/11/08 in
X (left-hand panels) and Y (right-hand panels) components. Upper

panels show X-ray fluxes as measured by GOES.

Y-component only because the
properties of X-component variations
are very similar. The data have been
detrended by subtraction of running
average in 10-min window. The
dynamic spectra (see sonograms in the
right-hand part of Fig. 6) reveal that

the periodicity of  transient

geomagnetic response is ~4 min. These oscillatory variations are absent in the VLF data. Probably, the geomagnetic
oscillatory response is caused by excitation of some resonant ionospheric system by the solar flare. During this event,
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another interesting feature is observed. After the solar flare, quasi-monochromatic (period ~50 s) geomagnetic
pulsations start and last for about one hour (Fig. 6).
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Figure 4. Solar X-ray flare on 2011/09/06 as
observed by various instruments: upper panel —
GOES observations of soft X-ray (red line) and hard
X-ray (blue line) fluxes; second panel — EUV counts
at GOES; next panels - VLF signals from NWC
(amplitude and phase), NPM (amplitude and phase),
JJI (amplitude), and JJY (amplitude and phase)
transmitters.
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Figure 5. Geomagnetic response in X (left-hand panels)
and Y (right-hand panels) components at Far-East
stations to solar flare on 2011/09/06.

Discussion

A received signal is a sum of ground wave from VLF
transmitter and sky multi-hop waves. An ionization of
the bottom ionosphere modifies the
reflection/absorption of the sky wave, which results
in the modification of the interference pattern and
change of the wave amplitude/phase. Solar photons of
different energies ionize ionospheric plasma at
different altitudes: UV radiation ionizes the F-region,
soft X-ray (0.1-1 nm) — the E-layer, hard X-rays (1-
10 nm) reach the D-region, and y-rays penetrate
through the ionosphere into the upper atmosphere.
Thus, a solar flare may provide the largest response in
different layers depending on its energy spectrum.
However, electrodynamic coupling between layers
may results in a more complicated response of an
entire ionosphere to a solar flare.

The observed quasi-periodic responses were
interpreted as a signature of the following resonators:
° Geomagnetic waves with periods ~70-100
sec at low latitudes excited by rapid changes in the
ionospheric conductivity may be eigenoscillations of
the geomagnetic field lines [Rosenberg et al., 1981].
At high latitudes irregular geomagnetic pulsations
associated with hard X-rays flares revealed spectral
peaks at periods of 40, 100, and 300 sec,
corresponding to local magnetospheric resonances
[Lukovnikova and Parkhomov, 1983].

° Pulsed heating of the lower ionosphere by
ionizing radiation can excite an acoustic-gravity wave
(AGW) [Metelkin et al., 1982]. The ionization of the
ionosphere in the conducting region changes the
electric current in it, which leads to the fast release of
heat responsible for the AGW generation [Sorokin et
al., 2022]. The propagation of an AGW through the
ionosphere  generates  oscillations of the
geomagnetic field.

In all daytime events we have examined the solar
flare burst was unipolar, without a quasi-periodic
structure. We suppose that the mechanism of
magnetospheric oscillations cannot be responsible
for the observed quasi-periodic geomagnetic
response. At middle/low latitudes, periods of
fundamental magnetospheric field line oscillations
(Pc3 pulsations) are about few tens of secs, that is
much less the periodicity of the observed
geomagnetic response. Thus, the observed
periodicity corresponds rather to AGW band.
However, the excited AGW seemingly should
modulate not only conducting E-layer, but D-layer
as well. So, they must be detected by the VLF
monitoring technique. However, we have not found
any traces of the quasi-periodic signatures in the
VLF data, whereas quasi-periodic variations have
been observed in magnetic field. We suggest that
besides AGW, a specific MHD mode may be
excited in the E-layer. As a possible candidate the
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MHD surface-type wave (named the gyrotropic mode) propagating along the gyrotropic E-layer may be indicated
[Gorbachev et al., 1995]. It may be speculated that heavily damped geomagnetic oscillations following some solar
flares may be associated with the excitation of the ionospheric gyrotropic mode.

During the event on 2011/09/06 another interesting effect has been observed. After the solar flare quasi-
monochromatic geomagnetic pulsations started and lasted for about one hour (Fig. 6). Their period corresponds to that
of typical Pc3 pulsations. We suppose that these pulsations cannot be interpreted as a result of direct excitation by the
solar flare. The driver of Pc3 pulsations is the turbulent region upstream the bow shock, which is not controlled by a
solar flare. Probably, the enhanced UV/X-ray emission during solar flare produces an enhancement of the E-layer
conductivity. This process increases the Q-factor of the magnetospheric field-line resonator, which leads to
enhancement of eigenoscillations in this resonator — Pc3 pulsations.
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Summary and conclusions

We have examined the response of VLF
amplitude/phase along the radio paths at
Far East to X-ray solar flares. The VLF
response “replicates” the X-ray flux
variations. Geomagnetic observatories in
this region sometimes demonstrate the
oscillatory response to a pulse of UV/X-ray
emission, whereas these oscillations are
absent in the VLF data. We suggest that
some ionospheric heavily damped MHD
mode or acoustic mode in the E-layer may
be responsible for a quasi-periodic
response to the sudden ionization produced
by an X-ray solar flare. Comparative
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Figure 6. The detrended magnetograms of Y component during analysis of the ionospheric response to the

2011/09/06 event (left-hand panels), and their sonograms (right- solar flare with known energy and to pre-

hand panels). earthquake activity may provide a clue to
mechanism of seismo-ionospheric
phenomena.
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IJIEKTPUYECKMUE ITOJIAA MOPCKHUX BOJIH

B.C. Ucmarunos, F0.A. KonbelTeHKO
CIlI6® U3BMUPAH, C.-lIlemepbype, Poccus, e-mail: ivs@izmiran.spb.ru

AHHoTanus. [IpuBeneHs! pe3yibTaThl HCCICIOBAHMUI BO3MYIIICHUH TOPU30HTAIBHON KOMITOHEHTBI SJIEKTPHIECKOTO
MOl B MOPCKHX TPHOPE)HBIX 30HaX. [lokazaHO, YTO KpPOME ECTECTBEHHBIX BapHAlHN SIEKTPUUIECKOTO IIOJIS
HOHOC(epHO-MarHUTOC(hEPHOTO MPOUCXOKICHHS BO3HIKAIOT BOSMYIICHHS, CBI3aHHBIE C MOPCKOH cpenoil. B y3koit
Oeperoroii nooce (~50 M) npudbpexHoit 30HBI OX0TCKOr0 MOpst (0. CaxajrH) BRISABICHBI BOSHUKAIOIIUE B TICPUOIBI
OTJIMBOB UIMPOKOMOJOCHBIE BO3MyIeHus1 aiekTpudeckoro moyst (F = 0.001-1 I'm). Ha ceBepHOM mobGepexne
Kounbckoro n-Ba (bapeHiieBo Mope) 00HapyKEeHO BO3ZHUKHOBEHHUE 2-3 y3KHX FapMOHMK BapHaIUil 3JIEKTPHYECKOr0
noJisi B Auamnazone yactot 0.2-0.5 I'i, Bo3HUKaOMUX Ha Oepery MUIMHHOTO pasiioMa, COSAHHSIIOMIETOCS C MOPEM.
FapMOHI/IKI/I HU3MCHAIOT CBOXO YaCTOTY B 3aBUCUMOCTH OT (1)8.3131 IpuinBa. Bricokne 4acTOThl BO3HUKAIOT BO BpEMA
OTJIMBa, a 0oJice HU3KHE — BO BpeMs MpuwinBa. B mpuoOpexHoii 30He benoro mops (. Ym0a) B [uamasoHe 4acToOT
F = 0.05-0.5 T'u BbLAENEHBI BapHalUU 3JEKTPUYECKOTO MOJIS, CO3JaHHBIE MOPCKUMH BOJIHAMHU. AMIUIMTYAA 3TUX
BapHaIfif 3aBUCUT OT BBHICOTHI BOITH, MAKCUMaJlbHAa BO3JI€ KPOMKH BOJBI U OBICTPO YMEHBIIACTCS C YAAJICHUEM OT
Oepera.

Beenenue

HccnenoBaHusM HJIEKTPOMArHUTHBIX TIOJIEH Hal M THOJA MOBEPXHOCTh MOPCKOH Cpelbl IOCBSIEHO OOoJjblIoe
KOJIN4ECTBO paboT. B padotax [bwiuxos u dp., 1979], [Joponun u Cmenaniox, 1992] uccnenyercst 3IeKTpOMarHuTHOE
noJjie, o0pasyroleecs NPy MOPCKOM BOJHEHUHU B MPHUBOAHOM ciioe atMochepsl. [ Thomson, 2009] oOHapy i, 4TO
reOMarHUTHO-MH/YIIUPOBAaHHOE IIEPEMEHHOE 3JICKTPUYECKOE TI0JI€ CHIIBHO 3aBHCHUT OT JIOKaJIBHOTO TIOBEPXHOCTHOTO
UMIIeJaHCa, YTO MPUBOIUT K OOJBIIUM aMIUTATYIaM JIEKTPHYECKOTO OIS BIOJH MTOOEPEkKbsI.

B ymoMsHYTBIX BbINIe paboTax paccMaTpUBAIUCH Bo3MymieHHs YHU ecTecTBEHHBIX SNEKTPHUYECKUX ITOJeH
HoHOC(epHO-MarHUTOC(hepHOTO TPOUCXOXKICHHUA. B OTIHYME OT MpeAbIIyIIUX WCCICAOBAaHWHA B JaHHOW padote
MPEJICTaBJICHEI PE3YJIbTATHI UCCIeOBaHUN Bo3MyeHHH Y HY 3JeKTpiuecKuX moei B MOPCKHUX MPUOPEKHBIX 30HAX
Benoro, bapenuesa u OX0TCKOro Mopsi Co3JaHHbIE MOPCKOM CPEJOH.

Oo6cy:kaeHne pe3yjbTaTOB IKCIEPUMEHTOB

Ha puc. 1 anst 7-maeBnoro nepuoza (17-23.09.2017 r.) npeacTaBiieHbl pe3yabTaThl SKCIIEPUMEHTAIBHBIX paboT Ha
nobepexbe OXoTcKoro Mopst (BocTouHOE modepexbe 0. Caxanun). Ha BepxHel maHenu npeAcTaBlieH TMHAMUIECKHUI
CIEKTP TOPH30HTAIEHOW KOMITOHEHTHI BapHanuii MarauTHoro nons (H) B muamazone wactor F = 0.001 — 0.1 'y B
TOYKE, PacroyiokeHHoH Ha Oepery B ~30 M OT KpoMknm Boabl. Ha nByX cpemHMX M IBYX HIDKHHMX HaHENAX
MPE/ICTAaBIICHBl AUHAMUYECKUE CHEKTPHl TOPU30HTAIBHBIX KOMIIOHEHT BapHaluii syekTpuieckoro mnoust (Ex, Ey) B
TOYKe, yIaleHHOH oT Oepera Ha ~150 M u Ha Oepery Ha paccrostHAM 5-30 M (B 3aBUCHMOCTH OT (pa3bl MPHUINBA) OT
KPOMKHM BOJBI. DKCIIEPHMEHTAJIbHbIE JaHHBIE PETHCTPUPOBAINCh Treopm3nueckumMu craHuusiMu  GI-MTS-1
[Cepeywun u Ilempuwyes, 2022] pacronokeHHBIMU HEIIOCPEICTBEHHO Ha Oepery U B ynalleHHOH (0a30Boii) Touke. B
COCTaB KaXJOW CTAaHI[MHM BXOIMIN JIBE TOPHU3OHTAJBHBIC TEIUTYPUUECKHE JMHUHU JUIMHOW ~50 M (3/eKTpudeckue
jJataukd Ex u Ey) M TpU TPEXKOMIIOHEHTHBIX MAarHUTHBIX JATYMKa TOPCHOHHOTO THIA, U3MEPSIONMX WHIYKIUIO
MarHUTHOTO MOJIs. FX KOMIIOHEHTa yCTaHaBIMBAJaCh OPTOTOHAJIBHO Oepery, a £y KOMIOHEHTa — BIOJNb Oepera.
CpenHekBagpaTHdecKast MOTPEUTHOCTh PETHCTPUPYEMOH HWHIYKIMH MarHUTHOTO mmojsi cocTtaBiser <10 nTn Ha
gactote | ['m, pazHOCTH OTEHIIMANOB AekTprudeckoro moist — <0.02 MxB.

Crnoii atMocdepsl HaJ MOpeM SBISETCS CHJILHO HMOHU3WPOBAHHOW cpenoi. MoHuzamus co3gaercs 3a cdeT
MOBEPXHOCTHBIX 3P (EKTOB - N3-3a pa3pylIeHUs My3bIPHKOB Ha TIOBEPXHOCTH, CPhIBa a3PO30JIM BETPOM C BEpPXYLIEK
BOJIH, BO3I€HCTBHEM yJbTpaduoieTa, HCIapeHneM MOPCKOM BOJbI, APOOJIEHNEM Kareilb IpH 0OpyIIeHNH BOJH Ha
6eper u apyrumu nponeccamu [Konopamves, 2005). 3HaunTenbHEIM (pakTOPOM HOHHM3AIMH a3p030JU B OeperoBoi
30HE SIBIISIETCS] HAIMYUE PAMOaKTUBHBIX MUHEPAJIOB B TPUOPEKHOM ITOYBE HE MOKPHITOH CII0EM MOPCKOHN BOJIBI.

3emis 3apsKeHa OTPHULATENBHO, MOATOMY OTPHULATENbHBIE 3apsbl CTPEMSITCA BBEPX BAOJIb BEPTUKAIBHOM
KOMITOHEHTHI AJiekTpudeckoro mons 3emumn (~130 B/M), a TOJOXHUTENbHBIE 3apsabl OCEAAIOT HAa MOPCKYIO
MOBEPXHOCTh M CHOCSITCA BETPOM Ha Oeper W B HEOONBIIOM CJI0€ HaJ 3€MHOM MOBEPXHOCTHIO Bo3HHKaeT ~20%
HpEBBIIIECHNE COIEPKAHMS MONOKUTENBHBIX 3apaaoB (~10'%m*) Hax orpunarensueMu [Kondpamowes u op., 1983]. B
30HE MPOBEJCHUS dKCIepuMeHTa Ha CaxaiHe BO BpeMs OTJIMBOB MPOHUCXOIMIO OOHAKEHUE ITECUaHO-KaMEHHCTOTO
MOPCKOTO JHA Ha OONBIION Iuomagy. Y CHIEHHOE HCIIAPEHUE BOJIBI M €CTECTBCHHAS! pafiialiis, KOTOPYIO TETephb He
MOTJIOIIACT MOPCKAst BOZA, IPUBOJST K HOBBIICHHIO KOHIIEHTPALNA MOPCKOM a9p030JIM U €€ HOHU3AINH B OeperoBoi
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30He [Koudpamvwes, 2005]. CnenoBarenbHO, B MEPHOABI OTIMBOB B MPH3EMHOM CJIO€ aTMOC(EpHl KOHIICHTPAITH
N30BITOYHBIX TTOJIOKHUTEIBHBIX 3apsI0B TAKKE BO3PACTACT.

HaOmonaemple Ha OeperoBoM IyHKTE WMHTEpBajbl BO3HHKHOBEHUs HIMpoKomnojocHbx YHY BodmymeHuit
JIEKTPUYECKOTO TMOJIsl (ABE HIDKHHME MaHENIM Ha puc. 1) cOBMAialOT ¢ BPEMEHHBIMH WHTEPBAJaMH OTJIHBOB M, MO-
BUINMOMY, BOHUKAIOT [IPH TIEPEMEILICHNH 110/ BO3/ICHCTBHEM BETpa 00EMOB BO3/IyXa C HEOJHOPOIHOH IIIOTHOCTHIO
TMIOJIOKUTEIBHBIX AJIEKTPHUYECKHX 3apAI0B HaJ JIEKTPOAAMH TEIUTYPUUECKHUX JTHMHHH.

[ToTHOCTP 3apsm0B B NpH3EeMHOI aTMochepe
HEOJHOPO/HA, CKOPOCTh BETpa U €ro IOPBIBBI
MEHSIOTCS. JIBIDKEHHE SIEKTPHUYECKUX 3apsiioB
cozzaer MEHSIOIIEECS BO BpPEMEHHA
NIEKTPUUECKOE T0JIe, HHAYLHPYIOIIEE 3apsbl B
MIPUOPEKHON TTOYBE; BO3HUKAIOT TEIUIYPUIECKHUE
TOKH W 3JEKTPUIECKUE NATINKU PETHCTPUPYIOT
MIEPEMEHHYI0 PA3HOCTh IOTCHIHAJIOB MEXAY
H3MEPUTENBHBIM JJIEKTPOIOM U 3a3eMileHHeM. B
MarHUTHOM TIOJIE TakHe BO3MYILEHHS HE
HaOnonaloTcsT HU  Ha OeperoBoil, HU Ha
YAaJIEHHOU TOUKE.

KoHnentpanus  a’po3ond M IJIOTHOCTh
N30BITOYHBIX  MOJOXKUTEIBHBIX  3apsiioB B
BO3/IyXe CWIBHO TNaJaeT MpH YyIAJCHUH OT
KPOMKH BOJBI, TIO3TOMY Ha YIalleHHOH 0a3oBoi
Touke ImmpokononocHsle YHY Bo3MyeHus He
HabmoxaTcs. B MarHUTHOM 10J1e Ha OeperoBoi
U Ha 0a30BOM TOYKaxX HAOIIOMAIOTCA TOJIBKO

AT T18.09. Res .09 SL0Y. a0 | svaand BO3MYIICHHS, CBSI3aHHBIC C CYTOYHBIM XOJIOM
reOMarHUTHOW aKTUBHOCTH.
Pucynok 1. JluHaMu4eckue CHEKTPHI TOPU3OHTAJIbHBIX OtMetuM, uTo 3(QEKTOB, CBS3AHHBIX C
KOMITIOHEHT BapHalud 3JEKTPUUYECKOIO0 M MarHUTHOrO MOPCKMMH ~ OTIIMBAMH W  HAONIOJAeMBIX B
moyisi Ha OeperoBeIXx M 0a30BBIX TOYKAX B JHAMIA30HE npuOpexHoii  30He  OXOTCKOTO  MOpS, B
yacTtoT F' = 0.001 — 0.1 I'u. Caxanun, 17 —23.09.2017 r. SKcTiepuMeHTax Ha BeoM n bapeHneBom Mopsix,
MoMeHTBl OTIWMBOB Ha pHUC. | YyKa3aHbl YEPHBIMH HEe HAOIIOAeTCs, UTO, BEPOSITHO, CBSI3AHO C
CTpEJIKaMH. HeOONBPIIMM OOHAXXKEHHWEM JIHA B  TEPHOJBI
OTJIUBOB.

Ha puc. 2 npencraBneH AMHAMHYECKHH CHEKTPBI INIOTHOCTH MOMIHOCTH Ey TOpU30HTaNIbHOM KOMIIOHEHTHI
BapHaluil 3IEKTpUIECKOro noisd B quamna3ode 4actoT F = 0.1 — 0.5 ', nocTpoeHHBIH 3a ABYXCYTOYHBIHN EPHOJ 1O
JTaHHBIM, 3aPETUCTPUPOBaHHBIM Ha Oepery bapenuesa mopst (Mbic Tepubepckuii) B 2017 r. B aToM sKcniepumMenTe Ha
KaMeHHCTOM Oepery bapeHiieBa Mopsi 371€KTPOA 3a3eMJIEHHs PAcIoiarajicst Ha pacCTOsHUM ~ 60 M oT GeperoBoit
kpomkH. Temtypuueckue TMHUH AIUHON ~50 M OBUTH HPOTSHYTHI OT AJIEKTPO/Ia 323 MJICHUS BIOJIb OEPErOBO IMHUH
B HaIlpaBJICHUH 3amaja-BocToK (Ey KOMIIOHEeHTa) W 1or-ceBep (Ex KommoHeHTa). M3meputensHBIN 3mekTpon Ey
pacrosnarajics Ha pacCTOSHHU ~ 50 M OT MOPCKOro Oepera Ha KpOMKE COOOIIAIONIErocs ¢ MOpeM JUIMHHOTO Y3KOTO
pasiioMa mupuHOH 5 - 10 M OPUEHTUPOBAHHOTO MOYTH OPTOrOHAIBHO K OEPeroBoil JIMHUH.
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Pucynox 2. Jlmnamumueckuid cnextp (F = 0.5-0.1 I'm) ropu3oHTaIbHOW KOMIOHEHTHI BapHalMi
JIEKTPUUECKOTO 11011 (E£Y) B TOUKe, pacroiioxkeHHOH Ha Oepery pasinoma. Meic Tepubepckuii, 14 — 15.08.2017
r. UepHbIe CTPETIKH — MOMEHTBI MAKCUMAJIbHBIX OTIIHBOB.
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Qﬂekmpuqecxue NOJIA MOPCKUX 60JIH

B mepuon CHIEHOTO MOPCKOTO BOJHEHHUsS OBUIN 3apeTHMCTPHPOBAHBI BapHALMH JIEKTPUYECKOTO IONS € Y3KUMHU
YaCTOTHBIMU NosiocaMu. Ha puc. 2 0T4eTIINBO BHIHO BOSHUKHOBEHHE ABYX-TPEX y3KOIIOJOCHBIX TAPMOHUK BapHaLUii
JNEKTpUUECcKOoro nons B auanasoHe gactor 0.25-0.35 I'n. ['apMOHUKM M3MEHSIOT CBOIO YacTOTY B 3aBUCUMOCTH OT
(a3pl mpunmBa. YacToTa MOBBIIAETCS B MEPHOJ OTJIMBA U IOHWKACTCS BO BpeMsl NPWIMBA. MOPCKHE BOJHBI —
CITy4alHBIH MPOIIECC, CO3/AIONINI IEKTPUIECKOE 0JIe ¢ JOCTATOYHO IMUPOKUM crieKTpoM. [lo-Buanmomy, Koraa
BOJIHBI M3 OTKPBITOI'O MOPSI HEIPEPBIBHO MPUXOJIAT B PA3JIOM, MOTYT BO30YKIAThCS CTOSYHE KOJICOaHHs TOBEPXHOCTH
BOJIBI (CYyIEpIO3UIMSl BCTPEUHBIX TPABUTALMOHHBIX BOJH) MOMNEpEK pazioma. [Ipu mpuimBe paccTOsSHHE MEXIY
CTEHKaMHM pa3jioMa M CJIOH BOJBI B HEM BO3pacTaeT W MEPHOJ ITHX KojeOaHWI yMEHbIIaeTcs, IPH OTIMBE —
YBEJINYUBACTCS. YPOBEHb NMPWIMBOB COCTABISLT ~4.2 M, YTO, BEPOSTHO, CIIOCOOCTBOBAJIO 3aMETHOMY HM3MEHECHHIO
BEITMYHMH YaCTOTHBIX MOJI.

B nepron sxcriepumenta 2019 r. Ha ceBepHOM Oepery benmoro Mops (1. YM0a) mects H3MEepUTEIbHBIX AIEKTPOIO0B
YCTaHaBIMBAIUCH BIOJIb JIMHAM OPTOTOHAJIBHOW Oepery c Imarom 5 M.

® —— 3emnn R,

Cxema 3KcIIepHIMEHTa MToKa3aHa Ha puc. 3. bmkadmmii K KpOMKe BOJBI
anektpon | pacmomarancs Ha paccrosHud 5 — 10 M or Oepera (B
L 3aBUCHMOCTH OT (pa3bl IPHIKBA BBICOTOM ~2.2 M). CaMblil ylIaneHHBINA
5® M3MEpHT EnbH ble 9JIeKTpoa 6 pacmojarajics Ha pacCTOSHUU ~35 M OT OeperoBoil JIMHUU.
ae INERTPOAS! 3a3eMIIAIOMMN  3JEKTPOJ JUIsI BCEX H3MEPHUTEIBHBIX 3JIEKTPOAOB

3¢ pacnoJyiarasucst Ha pacCTOssHUU ~60 M OT KPOMKH BOJIBI.
smf 2: Ha BepxHeii kpuBoil puc. 4 npuBeeHa Pa3HOCTh MOTCHIIHAIOB MEXKIY
M CaMbIM YAAJICHHBIM OT KPOMKH BOJbI H3MEPUTEIBHBIM 3JEKTPOIOM 6 U
3a3eMiIcHHeM (MIBTpOBaHHAs B auama3oHe dactoT F = 0.05 — 0.5 I'm.

Paccrosans A0 KPOMKH BOJblI YKAa3aHO HaJl KPHBLIMH. [Ia1p HIDKHUX

KPHBBIX Ha PHC. 4 SBISIFOTCS Pa3HOCTHIO B TOM JK€ JHAINa30HE YacTOT
Pucynoxk 3. Cxema 3kcniepuMeHTa

Ha benom mope. YMm0a, 2019 1. dd; = Og- CP; (1)

rne @ — cpelaHee 3a JBYXCYTOUHBIM I€pPHOJ 3HAUYEHHE Pa3HOCTH
MOTEHIMATIOB MEX]y 3a3¢MJICHHEM U CaMbIM YAAJI€HHOM OT KPOMKH BOJIBI 3JIEKTPOJOM; @D; — CpeiHee 3a TOT XKe
MEpHOJ 3HAUCHUE PA3HOCTU IOTEHIMANOB 3JIEKTPUYECKOrO IOJI, M3MEPEHHOE MEXKAY 3a36MIICHHEM M IISTHIO
OmmkalimyMu Kk 6epery 3ekTpoaamu (j =1+5) — ATk HIDKHUX KPUBBIX Ha pHC. 4; C;— BRIYUCICHHbBIE K03 PHUITHEHTHI
KOMIICHCAIIUH, TI03BOJISIONIIE YIAIUTh €CTECTBEHHBIE BapHAILIMH BHEITHETO IEKTPHUYECKOTO MO U BBIICIUTH TI0JIE
MOPCKHUX BOJIH.

3 03 . o
& 44 ——— 7 L | Pucynok 4. BemuuuHa pasHocTH
0.08 30 ITOTEHIINATIOB  JJIEKTPUYECKOTO  ITOJA
_0.0: S — | S - —— (F=005-05To) B 3aBHCHMOCTH OT
0.08 paccTosiHUsL 40 KPOMKH MOPCKOH BOJBL.
0 . + L Ymba, 08-09.07.2019 r. Bepxusisa kpuBas
- 3::;:_ T T —  Da3HOCThL  TOTEHLMUAIOB  MEXIY
[ Y S— ‘ 2D SNEKTPOJOM 6 M 3a3zeMyieHHeM. IIATh
£ 008 31— T T T T T T HIDKHUAX KPHUBBIX — pa3HOCTH
M:—* > " - 15 MOTCHUMAJIOB MEXAY MapamMu COCCIHHUX
T B S S S S S R DNEKTPOJOB. PaccTosiHMe OT KPOMKH

o.o: ) — gl BOJIbI YKa3aHO HaJ KPUBBIMU.
el B ) BN B ENLENLE BL L EELL B
0 6 12 18 24 6 12 18 24

Bpema UT

IMoncrasnsist koaddummenter C; B (1) mosydaeMm mojie, OYMIIEHHOE OT E€CTECTBEHHBIX MOJIEH HOHOC(HEPHOTo
MIPOMCXOX/ICHUS] — HIDKHUE MATh KPUBBIX Ha puc. 4. [Ipumenenne dopmymst (1) ocHOBaHO Ha TOM, YTO TPAIUCHT
AJIEKTPOMArHUTHOTO TOJISI CHJIBHOTO, HO YIAAJCHHOTO MCTOYHMKA (MOHOC(HEPHOTO MPOMCXOXKIAECHHUS) MHOTO MEHBIIIE
TpagreHTa c1aboro, HO OJIM3KOTO MCTOYHMKA. V3 puc. 4 BUAHO, YTO 3MEKTPHUECKOE 10N OBICTPO YMEHBIIACTCS C
yaaneHueM ot bepera.

W3MepeHHass ucxonmHash pa3sHOCTh NOTeHIHAIoB (D) MeXAy MIECTBIO 3JICKTPOJaMH M 3a3eMJICHHEM
(meumpTpOBaHHAS) TIPECTABIICHA Ha BEPXHEH KPUBOW HA PHUC. 5 B 3aBUCHMOCTH OT PACCTOSHHSA 10 KPOMKHU BOJIBI.
[ nocTpoeHust BTopoii cBepXy KpHBOIi Ha pHc. 5 UCIIOIb30BaHbI IaHHBIE, IPE/ICTABICHHbIC Ha pUC. 4 (TITh HKHUX
KPHBBIX) U BCE ISTH TOUYEK Ha KPUBOH SBISIFOTCS CPEJHEKBAAPATHIHBIMK 3HAYEHUSMH Pa3HOCTH IOTeHIHaI0B (AD)
MEXJy 3a3€MJICHHEM U BCEMH HM3MEPHUTEIbHBIMM 3JEKTpOJaMM B yacTOTHOM auamnasone F = 0.05 — 0.5 T'm 3a
JaByxcytounslii nepuon 08-09.07.2019 r.
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Ha puc. 5 npencraBiensl HCX0HAs pa3HOCTh IOTEHIUAIOB

o © @) u onexkTpuyeckoe mnoiue FEx Mexay dIEKTpoJgaMu U
=
o 80 3a3¢MJICHHEM IMIPEJCTABICHBI HAa JBYX BEPXHHX KPHBBIX,
-160 +—T—TTT1T "1 "T1T " CPeIHEKBaIpaTUYHAS AaMIUTUTYJa BapHaluil  Pa3HOCTH
= g ] MOTCHIMAJIOB MEXIY 3a3eMJICHHEeM 3JekTponamu (AD) u
= ~ BEIMYUHA MOJYJSI TOPU30HTAIBHOTO 3JICKTPUYCCKOTO MOJIS
-
= 0 — (|Ex|) B monoce wactor F = 0.05 - 0.5 'y B 3aBUCIMOCTH OT
-8 T T T T pacCcTOSIHUS 110 KPOMKH BOJABI (HWXKHHE KpuBbie). JIBe
E 50 —; BEpPXHHUE KPUBBIC HA PHC. 5 TIOKA3bIBAIOT HAMYNE JIOKATFHON
= 40 __\/-_\‘ Teo3JIEKTPUYECKON aHOManuu Ha paccTossHUA 25-30 M oT
<1 30 — Oepera. 3HaueHWe  CPETHEKBAAPATHYHON  BEIMYMHBI
- 20 T T T T 1 SIEKTPUYECKOTO TIOJI  OMpEJeNsieTcsl Kak IPOU3BOIHAS
2 1.6 = pPa3sHOCTH TOTEHIMAJIOB MEXIY IapaMH 3JIEKTPOIOB
= b o«
= o8 [bepouuesckuii, 1968]:
=0.
3 i
o T T 17T T °'1 Ex = —8 A@/@x (2)
10 15 20 25 30 35
PaccrostaHe qo Gepera, M 3nece AD — pa3HOCTh TNOTEHLHUATOB MEXIy Napamu

M3MEPHUTENBHBIX JnekTpomoB (1-2, 2-3, 3-4, 4-5, 5-6),
Pucywok 5. PasHoCTh  TOTGHIHMANOB M ompejeneHHas 10 BEpXHeil KPHBOil HA pHC. 5.
ANEKTPUYUECKHE OISl B MPUOPEIKHOM 30He. YMOa,

08-09.07.2019 r.

3axiro4yeHue
IIpencraBneHsl pe3ysbTaThl HCCIEAOBAaHUN BO3MyILeHUN Y HY a1ekTpuyecKux nojieu, co3JaHHbIX MOPCKOM cpenon
B PA3JIMYHBIX MOPCKUX MTPUOPEKHBIX 30HAX.

B npu6pesxHoii 30He OXOTCKOro MOpsi B y3KOI OeperoBoii nosoce o0HapyKeHbl BO3HUKAIOIINE B IEPHO/IbI OTIMBOB
mmpokonoiocHele (F=0.001-0.1 T'm) Bo3MyIIEHHS TOPWU3OHTAIBHOW KOMITOHEHTHI AJIeKTprdeckoro moist. [lpm
YCHJIEHHH BETpa 3TH BO3MYIUEHHS B 3JIEKTPUYECKOM II0J€ BO3HHMKAIOT KaKk Ha Oepery Mops, Tak M Ha TOUKE,
yAaJeHHOM 0T Oepera Ha paccTosHue ~150 M. B MarHuTHOM MOJIe TaK¥e BOMYIICHHS He HaOmoqaroTes. B 6eperoBoit
3oHe bapennieBa u benoro Mopst Takue BO3MYIIEHHS IEKTPUIECKOTO OIS He HaOII0AaI0TCs YTO, BEPOSTHO, CBSI3aHO
¢ HeOOJBIIMMH IIIOMAAIMH OOHKEHHS MOPCKOTO JHa M 0Oojee HHU3KMMHU TeMIepaTypaMu BO3JyXa, 4TO HE
CHOCOOCTBYET MCHApEHHIO BOABI M YBEIMYCHHIO H3OBITOYHBIX IOJOXKUTENIBHBIX 3apsiioB B IPHUIIOBEPXHOCTHOM
atMocdepe.

Ha no6epexne baperneBa Mopst 06Hapy>keHO BO3ZHUKHOBEHHE Y3KUX FApMOHUK BapHaIHi IEKTPUYECKOT0 IO B
nuamna3one gactot 0.25-0.35 I'u, H3MEeHAIONNX CBOO YaCTOTY B 3aBUCUMOCTH OT (ha3bl MIPUIIUBA.

Ha ceseprom Gepery benoro mopst B quanazone yactot F = 0.05-0.5 I'i BeIMOTHEHA KOMIIEHCAIINS €CTECTBEHHBIX
YHY Bo3myIIeHUH U BBIAETICHBI BApHAIIUH JIEKTPUIECKOTO OIS, CO3JaHHbIE MOPCKUMHM BOJTHAMH. AMIUIUTY/A 3THX
Bapuanuii MakCUMaJibHa BO3JIe KDOMKH BOJIBI 1 YMEHBIIAETCS C yIaIeHHEM OT Oepera.
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BEPETOBOH D®®EKT B JIEKTPUYECKOM I1OJIE

B.C. Ucmarunos, FO.A. Konbirenko, M.C. [letpumes, I1.A. Ceprymun, A.B. IleTnenko
ClI6® U3BMUPAH, o. Cankm-Ilemepoype, Poccus, e-mail: ivs@izmiran.spb.ru

AHHoTanus. [IpencTaBieHs! pe3yabTaThl KCIICPUMEHTATBHBIX HCCIICIOBAHNH BO3MYIIIEHHH 3JIEKTPHUECKOTO TIOJIS,
CO3/IaHHBIX HMCTOYHHKAMH HOHOC(HEPHOTO TPOUCXOXKICHHUS B MPHUOpPEXHBIX 30HaX bemoro m bapenmesa mopeid.
Perucrpanus qaHHBIX BHIIONHSUIACH reopu3ndeckumu cTanmusamu GI-MTS-1. 'opu3oHTanBHOE AIEKTpHYECcKOe IToJIe
PETUCTPUPOBATIOCH TELTYPHUUECKUMHU JIMHUAMH JIMHON ~50 M. EX KOMIIOHEHTa HampsDKEHHOCTH 3JIEKTPUYECKOIo
MOJIS YCTaHABIMBAJIACh OPTOrOHAIBHO OEperoBoil JIMHUM B HalpaBieHHH OT Oepera, KOMIOHEHTa E)y - BJIOJIb
OeperoBoii nuHMH. B mpuOpexHO# moNOoce KOHTaKTa MOpe-Cyllla BbISBJICHA 30Ha AHOMAIIBHOTO YBEIMYEHUS
aMIUTUTYBI B TIOJHOM M mMepeMeHHON EX KOMIIOHEHTHI, PUMBIKAIOIIas K KpoMke Bojbl (OeperoBoit addekr). Ha
pacctosiHuu ~ 30 M OT KPOMKH BOIbI HAOJIFOIAeTCsl IOTIOJIHUTEIbHAS Y3Kasi 30Ha aHOMAaJIbHOTO YCHIICHUS BEINYNHBI
YHY-Bapuauuid 31€KTpUUYECKOrO IOJIsl, CBA3aHHAs C JIOKAJIbHOW I'€O3JIEKTpUYECKOW aHoManued. MakcumanbHbIN
Oeperoroit 3¢ ekt HabIOMACTCS BO3JIE KPOMKH BOIBI B OEPETOBOI 30HE M YMEHBIIIACTCS C yOaJleHHEeM OT Oepera
MopsI.

Beenenne
beperoBoii a3 dekt B Bapuanusx MarHUTHOTO NOJIS (B OCHOBHOM, B BEPTUKAJIbHOI KOMIIOHEHTE) H3Y4€H JOCTATOYHO
xopomto. OH NpencTaBiseT coO0M sSBIEHHE, CBSI3aHHOE C BIUSIHUEM Ie03JIEKTPUIECKON HEOJHOPOIHOCTH (MOpE) Ha
MoJIe TEOMarHWTHBIX BapHalMi U TEJUTyPHYECKUX TOKOB. beperoBoil 3¢¢eKT MposiBiaseTcss Ha OTHOCHTEIHHO
HeOOJIBIIIOM PACCTOSHUU OT OeperoBoil JIMHUM Ha Cylle WiIM Ha Mope. [lepBbie paboThI 10 U3y4EHUIO OEperoBOro
addekra ObuM MpoBeneHBI Ha 00c. «MupHbIii» (AHTapkTuaa) [Mancypos, 1958]. Bbulo ormedeHo, yTo BOIU3M
Gepera HOpMasbHast ¥ BEPTUKAIbHAS KOMIIOHEHTBI MArHUTHOTO TI0JIS1 XapaKTEePU3yIOTCSl CHIIbHBIMHA U3MEHEHHAMH, a
TOK B MOp€ HOJIIPU30BaH JIMHEWHO M TeYeT BJOJb Oepera, MOBTOPsA ero KoHurypanuro. JlaHHoe sBieHHe ObLIo
HCCIICIOBAHO B pa3IMYHbBIX paiioHax [ Greenhouse, 1972].

3eMHas TMOBEPXHOCTb 3apsDKEHa OTPULATENbHO, W BEPTUKAIbHAs KOMIIOHEHTA HANPSKEHHOCTH 3€MHOIO
3IEKTPUYECKOTO MOJIS cOCcTaBIsIeT B cpenHeM ~130 B/M Ha Beeit moBepxHOCcTH 3emimi [ Peduuxkun u Camconosga, 2015].
Tl'opusoHTanbHAass KOMIIOHEHTA JIEKTPHUYECKOrO IOJII MHOTO MEHBIIE U ONpEeAeNseTcs KaK IeONIEKTPHYECKHMHU
0COOEHHOCTSIMU 3eMHO KOPBI, T.€. 3aBUCHUT OT JIEKTPUUECKUX CBOWCTB TOPHBIX MOPOJ, TAK U SJIEKTPUUECKUM I10JIEM
aTMoc(epbl, 3aBHCSAIIMM OT METEOPOJIOTHYECKUX (hakTOpoB. HampsukeHHOCTh 3JIEKTPUYECKOrO IOJISl TaKkKe
U3MEHSEeTCS BO BpEMsS CHIBHBIX MAarHUTHBIX Bo3MylieHuil [Freir, 1967]. EcTecTBEHHbIE 3JIEKTPHUUECKUE ITOJIS
BO3HHKAIOT U Ha KOHTAKTE Pa3IMYarOINXCd XUMUYECKUMHU CBOHCTBAMHU M COCTaBOM T'OPHBIX MOPOI.

B Mopckux npuOpex)HBIX 30HaX U3MEPEHUs MEKTPUUYECKHUX MOJIeH MPaKTUIeCKH He MpoBOAMINCh. Llens naHHOM
paboThl — HCCIEOBaHHE €CTECTBEHHBIX 3JIEKTPUYECKUX TOJIeil MOHOC(HEPHOrO MPOUCXOKIEHHS B MPUOPEHKHBIX
3oHax benoro u bapenuesa mopeit.

O6cy:kaeHne pe3yJbTaTOB IKCIIEPUMEHTOB
B mpoBeaeHHBIX SKCIIEPUMEHTAX PETUCTpAIMs TaHHBIX BBINOJHIACH reopusmdyecknuMu craHmmsmMu GI-MTS-1
[Cepeywun u Ilempuwges, 2022]. B cocTaB KaXI0W CTaHIIUU BXOASAT 3 TPEXKOMIIOHEHTHBIX MAarHUTHBIX JAaTYWKa
TOPCHOHHOTO THIIA M JIBE TOPHU30HTANIEHBIE TEJUTYpUIECKHE IMHUN (IaTYNKH SIEKTPUIECKOTO 1MoJIs) HOH ~50—70
M (Ex- m Ey- xoMmoHeHThI). Peructpupyemple TaHHBIE ITOCTYHAIOT B PACIIOJIIOKEHHBIN PAIOM C MarHUTOMETPaMu
6mox AIIII-24 u 3anmceiBaroTes Ha Gudm-naMats. Cxema skcnepumenta 2019 r. Ha ceBepHom Gepery benoro mops
(m. Ym0a) mpencraBnena Ha puc.l. 3a3eMIBTIONUE 37eKTpox «3emis 1», OTHOCHTENbHO KOTOPOTO H3MepsAIach
pasHOCTh MOTEHIMAJIOB, pacroJlarajicsi Ha paccTossHuM ~60 M oT GeperoBoil NMHUM. V3MepUTENbHBIE AIIEKTPOMIBI
(Ex1-Ex6) nepsoii cranumn GI-MTS-1 ycranaBnuBamick BROJb JIMHWUHM, OPTOTOHAIBHOM Oepery, ¢ maroMm 5 M.
Brmmkaiimunii kK KpoMKe BOJBI 3IEKTPOJ] pacoaraics Ha pacCTOsIHUU 5 — 10 M OT KpOMKH BOJIbI B 3aBUCUMOCTH OT
(ba3sl mpuimBa (BBICOTA MPUIIMBA COCTaBIsLIA ~2.2 M). M3amepurensHblit astekTpon Ex7 Bropoit cranunn GI-MTS-1
pacnionaraics Ha paccTossHUM 102 M OT KPOMKH BOJIBI, 3JIEKTPOJL «3eMJlst 2» ObUT YCTaHOBIJIEH Ha PacCTOSIHUM 47 M OT
HM3MEPUTENIFHOTO 3JIeKTpo1a. MarauromeTpsl (06o3HaueHo [H D Z] na puc. 1) ycranaBnmuBanucs Ha paccTostHud ~10
M OT 3JEKTPOAOB 3a3eMiieHHsA. llorpemHocTs M3MEpeHHH Mo MarHuTHOMy nomo coctaBmuia <0.01 wHTd, mo
MOTEeHIHATyY AIekTpudeckoro mos <0.02 mMxB.

Ha puc. 2 nHa Bepxneii nanenu 3a nepuon 16-22.07.2019 r. npuBenena maruutorpamma D -KOMITOHEHTBI MHITYKITAH
MarHuTHOTO TIOJIS, 3apeTHCTPUPOBAaHHAs MAarHUTOMETPOM Ha OeperoBod Treodusmdeckoi cranmuum (puc. 1).
V3MeHeHne BETMYNHBI Pa3HOCTH HOTEHIIMAIOB 3IeKTprudeckoro moist AU, 3aperncTpupoBaHHOE MEKAY BCEMH CEMHU
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YCTQHOBJICHHBIMH H3MEPHUTEIBHBIMU JJIEKTPOJAMU M 3a3€MJICHHEM 3a TOT JK€ 7-CyTOYHBIA HEPHOX BPEMEHH,
MIPEACTABICHO Ha HIDKHEH maHenw puc. 2. Bosne KpWBBIX Ha pHC. 2 yKa3aHO PACCTOSIHUE OT M3MEPUTEIBHOTO
3MEKTpoAa 10 KPOMKHU Bojibl. Ha caMoif yianeHHON ToYke XOpOIIO 3aMETHBI CyTOYHbIE BapHallii Kak B MATHUTHOM,
TaKk U B dJeKTpudeckoM mnose. I[lpunuBHbIE monycyTo4Hble (¢ eKTsl Hauboiee OTYETIMBO BHIHBIE Ha CaMOM
OMKHEH K KPOMKE BOJIBI TOUKE (HIDKHSISL KpHBas Ha pHC. 2).

0
R Ha puc. 3 mnpexacraBieHsl = ]
M3MEHEHMS] pasiMuHBIX = 'SO-A\'I#WW/W
s 4
NapaMeTPOB B 3aBUCHMOCTH OT 190 =TT
PACCTOSHHUS 10 KPOMKH BOJIBI 34
nepuog 16-22.07.2019 r. Ha 1
3emna 1 -
PHCYHKE CBEPXy BHH3 B 0 .
3aBUCHMOCTH OT PacCTOSIHUS OT 3 4 " Tty
Ex6 OeperoBoil JMHMM TOKAa3aHBl 3 0=f 20 =
ExS HU3MCHCHHS . g 415
¢ Exa R - MEKTPUIECKOE £ 4o £33
¢ Ex3 COINPOTUBJICHUE 3€MHOHU CPECIbI, é 4
B2 AD® — cpemHee 3HAauyeHHE =
Egl Exl E -80 =
—sepermopn © PA3HOCTH TMOTEHIMANIOB MEKAY &
3a3eMJICHHEM uooz A
M3MEPUTEIHHBIMA 12090
Pucynox 1. Cxema aekTponamu; E — cpenHee -M
okemepumenta 2019 1. Ha  spageppe Ex-KOMITOHEHTbI B e B e e B e B A
ceseproM Gepery Bemoro Mo rexrpyueckoro oS 16,07 17.07° 18.07 19.07' 20.07° 21.07" 22,07
9
OIPCNCICHHOC B TOUKAX MEXIY  Pycynok 2. Bapuwaimum pasHocTn
M3MEPHTENILHBIMU  DNIeKTpofamM;  Ec  —  CPelHeKBAajPaTHYHAfA  poTeHUMANIOB AIEKTPHUECKOTO MOJA B

aMIUIMTY/1a BapUalluii SJIEKTPUUYECKOTO ToJist sl epuoaoB 17 = 2, 10 npu6peKHoit 30He Beoro Mops. YM6a,
u 300 c. M3smepeHus >I€KTPUUYECKOTO COIPOTUBIIEHUS 3€MHOM CPEeAbl  16.22.07.2019 r. PaccrosHme OT
MPOM3BOMIINCE OMMeTpoM. HeoOXoaumMo y4ecTb, YTO MOCKOJIBKY B KPOMKH BOJBI /IO H3MEPHTEIHHOIO
OTPE30K DJIEKTPUYECKOH NEMH MEXIy DJIEKTPOJaMH «3eMI» M ypekrpona ykasaHo BO3JE KPUBBIX.
U3MEPUTCIIBHBIMU  BJICKTPOJIaMU, B KOTOPOU OMMETP HU3BMEPACT

COIMPOTUBJICHUE, BKIIIOUYCH UCTOYHHUK HAIPSAKCHUA (I/IHJIyHI/IpOBaHHI)Ie

3apsIbl Ha TeodNieKTpudeckoil anoManuu). [1o 3Toii npruauHe moka3zaHus oMMeTpa He OyIyT COBIIAAaTh, BO3MOXKHO,
CYIIECTBEHHO, C JEHCTBUTEIHHBIMI 3HAUYCHISIMH COTIPOTHUBIICHUS 3eMHOM KOphl. Ha puc. 3 BUIHO, 4TO Benn4mHA R
pacTeT ¢ yBeITMYEHHEM PACcCTOSHUS OT Oepera, Tak Kak MECOK CTAHOBUTCS BCE OoJiee CyXUM M MEHEe MPOBOISIINM.
OpHako Ha paccToSHUH ~30 M OT KPOMKH BOJIBI HAOTIOJACTCST YMCHBIIICHHE COIIPOTUBJICHUS, YTO, BEPOSTHO, CBI3aHO
¢ HEOOJBIINM TOHIKCHHEM penbeda W yMEHBIIEHHEM TOJNIIWHBI CIoA Tecka ((aKTHYeCKH — JIOKaJbHas
TCORIIEKTPUIECKast aHOMAITHS).

Ha BTOpOi#i cBepxXy maHenu puc. 3 B 3aBUCUMOCTH OT PACCTOSIHUSA 10 KPOMKH BOJBI TOKa3aHO U3MEHEHHUE [T BCETO
7-CyTOYHOTO TIepHOJia CPEAHEH BEIMYUHBI PA3HOCTH MOTEHIUANIOB 4D MEXIYy W3MEPUTENbHBIMH JIEKTPOJIaMU U
3azemsieHneM. Kak BUIHO W3 pHCYyHKa, Ha paccTosHUM ~30 M OT KPOMKH BOJbI HaOJrOAaeTcs JIOKaTbHAs
reodJIeKTpUIecKas aHOMaJTusl.

Ha tpetneit cBepXy maHeu puc. 3 B 3aBUCUMOCTH OT PacCTOSIHUSA A0 KPOMKH BOJIBI IOKAa3aHO U3MEHEHHE CpeIHeH
BEJTMYUHBI TOPU30HTAIBHON EX-KOMIOHEHTHI oJis. CpeHss BETUUUHA TAKKE ONPEAEseTcs ATl BCErO 7-CyTOUHOrO
nepuojia MexXJIy KakJoW mapoi anekTpoaoB. McxonHoe snekTpuyeckoe MOJe ONpefessiaoch Kak IMpOU3BOJHAS

Pa3HOCTH MTOTSHIIMAJIOB Ha Mape M3MEPUTENbHBIX AMeKTpoaoB (1-2, 2-3, 3—4 u 1.1.) [Fepouuesckuii, 1968]:

AD
E,=—0—. 1
= =02 (1)
3H€CI) AD — Pa3HOCThL TMOTCHUOHAJIOB B TOYKE MNOCPECAMHE MEKAY MNapaMu HU3MCPUTCIIbHBIX 3JICKTPOJ0B,
OIpeAC/ICHHAasA JIMHEWMHON HHTepHOHHHHGﬁ, KOOpAUHATHAas OCb HaIlpaBJICHA OPTOrOHAJILHO 6epery BAOJIb LCIIOYKHU

JIEKTPOIOB.

HwxHue kpuBble Ha puc. 3 TIOKa3bIBAIOT M3MEHEHUS cpeaHero 3HaueHns1 Y HU nepeMeHHOTo 37IeKTPUYECKOTO OISt
(Ec) nns mepuonos 7=600, 10 u 2 c. [lepeMeHHOE IEKTPUUECKOE MOJIE MOIY4YEHO (PUIIbTpayeil HCXOAHBIX 3HAYCHUH
Pa3HOCTH MOTEHIHAIOB (pHC. 2), 3aTeM IS IOIYUEHHUs 3HAYCHUH JIEKTPUYECKOT0 MOJIs HCIoJIb30BaHa (opmyna (1).

Kak BumHO 13 3TOTO pHUCYHKA, CPEeTHIE aMIDIUTY 1Bl BApHAIi MAKCUMaIbHBI Ha OJIIDKaiiieii K KpoMKe BOIBI TOUKE
(~10 M) 1 yMEHBIIAIOTCS C YBEIIMICHUEM PACCTOSHUA OT Oepera. Ha mokaiibHO# aHOMaJIMK MPOUCXOIUT H3MEHEHNE
aMIUTHTYIBI BapHanuid. AMIUINTYIa JUTMHHOTICPUOIHBIX BapHaIMi dJeKTprdeckoro nois (7=600 c¢) u3mMeHseTcs ¢
paccTosiHuEM OT Oepera TakuM ke 00pa3oM, YTO U KOPOTKOIIEPHOTHBIC BapHalliy (4-s1 CBEpXy MaHeNb Ha puc. 3). OTo
TTO3BOJISIET TIPEITIOJIOKUTE, UTO HaOIF0aeMbIi 2 (HeKT xapakTepeH s Bapualuii Bcero nuanazoHa Y HU-sapuanuit
(F <1 T'm) 1 AIst NICXOHOTO HOCTOSHHOTO TIOJISI.
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bepezosoti 3¢hpexm 6 snexmpuyeckom noie

Takum 00pa3om, pe3yIbTaThl, IPEICTABICHHBIC Ha PUC. 3, TOKA3BIBAIOT HAIMYHE JBYX aHOMAIIMH C MOBHIMICHHOM
MPOBOAMMOCTBIO: M0JI0OCa KOHTAaKTa MOpPE—CYIa M y3Kas NPHIOBEPXHOCTHAs aHOMAlWA, yOaJeHHas OT Oepera Ha
~30 M.

[Tpn mageHNM MepeMEeHHON 3JIEKTPOMAarHUTHOM BOJIHBI Ha 3€MHYIO TIOBEPXHOCTb MHIYIHPYIOTCS DIIEKTPHYECKHE
3apsinbl. B 00macTi KOHTaKTa qBYX Cpell ¢ pa3InuHBIMU Fe0dJIEKTPHYECKUMHE CBOMCTBaMH (MOpe—Cyllla) KacaTeJIbHas
KOMITOHEHTa HaNpsHKEHHOCTHU 3JIEKTPUUYECKOTO 1ot (£y) He MEeHseTCsl P TIepexo/e U3 OJHO cpelsl B APYrylo, a
HOpMaJlbHasi KOMIIOHEHTa (Ex) MEHSeTCsl CKauKOM. DTO O3HayaeT HaJTMYUe M30BITOYHBIX DJIEKTPUYECKUX 3aps/iOB B
NepeX0HOM 30He KOHTaKTa. [[ITOTHOCTh M30BITOUHBIX 3apsI0B B 30HE HM3MEHEHUS 3JIEKTPOIIPOBOIUMOCTH CHHXPOHHO
M3MEHSETCS C YaCTOTOI BO3MYIICHUS M HAIIPABJICHUEM JJIEKTpHUIecKOro 1ois. I1o 3Toif npuunHe B 001aCTH KOHTaKTa
CyIIa—MOpE€ BO3HUKAET yCHJICHHE aMIUIUTYABI EX-KOMIIOHEHTHI €CTECTBEHHOTO TIEPEMEHHOTO AIIEKTPHUECKOTO MO
(«beperoBoit 3ddexT»). MakcuManbHBI OeperoBor PQeKT HaOIIOZaeTCs BO3JE KPOMKH BOABI M YOBIBacT C
ymajeHneM oT 6epera Mops (puc. 3). BiusHue reosnexkTpuieckoii HEOQHOPOIHOCTH Ha paccTosHum ~30 M oT O6epera
MPOSIBISIETCS B BUJIE YBEIMUCHUS aMIUTUTY (bl BAPHALIIH.

- [posiBnenus 6eperoBoro 3 ¢peKxTa B BapHaIUAX SJICKTPHIECCKOTO OIS
5 123 /\/—’ B NpuOpexHbIX 30Hax bemoro u bapeHieBa Mops npeacTaBieHbl Ha
= e puc. 4. B BepxHeil wactu puc. 4 TpHBENEHB 3alMCH JABYX

TOPU3OHTAJIBHBIX KOMIIOHEHT HAaIlPSXKEHHOCTH 3JIEKTPUYECKOTrO IO
(Ex — yepHslii 1BeT, Ey—cepblii), 3apericTpUPOBaHHBIX Ha Onnkaiiiem

(mB)

o -80 K KpOMKE BOJIbI I3MEpHUTEIbHOM tekTpoae Ex1 (puc.1). Mcnonp3oBansl
PR B e B L naHHble EX- W Ey- KOMIIOHEHT, PETHCTPHPYEMBIX OIHOBPEMEHHO
é 1000 reodusnueckoii cranmueii GI-MTS-1. Huxuas kpusas Ex Ha puc. 2,
2-1000 TeJUTypudecKas JUHUS U1 EY-KOMIIOHEHTHI NPOJIOKEHA HapauieIbHO
W 3000 T T T Oepery Ha pacctostHuN ~50 M oT Oepera Mopsi.
T 14 W3mepurensHblii anekTpon Egl pacnonarancs Ha Oepery 3amanHee
3 12 asekTpoa £x1 v Ha TOM )K€ pacCTOSHUM OT OEpEeTOBON JIMHUH U M3MEPSII
% ’ T=600 OJHOBPEMEHHO TNpoeKuuu Exl- m Eyl-KOMINOHEHT Ha HalpaBJICHHE
g 1 Mexay oanektpomamMu 3emus 1 — Egl (puc. 1). Ilockombky Bce
s 03 ~ =10 PacCTOsIHUSA, Pa3HOCTH TOTSHLIMAIOB MEXY JIEKTPOJaMH U yroi a=28°
'Eg g% S~ B TpeyroisHuKe 3emisl, Ex1, Egl Ham U3BeCTHHI, TO KOMIIOHEeHTa Eyl
T 0 T=2c OTpeNeNsIeTCs CAESAYIOMIUM NPeoOpa3oBaHUueEM:
u 1 rTrrrvrri
0 20 40 60 80 100 Eyl = (Egl — Ex1 cos(a))/sin(a). ()
PaccToaHue oT 6epera, m
Jns 00paboTku BEIOHpaCs HHTEpBaI JTAHHBIX c
Pucynok 3. l3MeHeHue mnapameTrpoB
KBa3MCHHYCOUJAIBHBIMU IyJIbcalusiMK THIIA Pcl — Pc3, M03BOIAIOMHNX
ANEKTPUUYECKOTO TOJII B 3aBUCHMOCTH .
MOJTYYNTh  KAYeCTBEHHBIH  3yMICc — nomspu3auu.  [laHHbBIE

OT PacCTOSIHUS 10 KPOMKH BOJIbL. YMOa,

16-22.07.2019 ¢ oT(mIbTpOBaHHI B Auana3oHax 4actoT F1 =0.1-2 I'mu F2 = 0.03-0.1

I'u. KommonenTa Ex (4epHBIA IBET) HAaIpaBlIeHAa OPTOTOHAIBHO Oepery,
KOMIOHeHTa Ey (Cephlii 1[BET) HallpaBIeHa BIOJIb OeperoBoi JTMHUU. B
HUKHEW 9acTH PUCYHKa MOKa3aHbI JLTUICH NoJsipu3anyst (Ex—E)) TOPU30HTATBHOTO TIEPEMEHHOTO AJIEKTPUIECKOTO
MoJisi Ha MOpckoM Oepery. U3 pucyHka 4 BUAHO, 9TO OOJbINAs OCh AJUTUIICOB MOJSPU3AIUU B 000MX CIydasx MOUYTH
nepreHaAnKyJsipHa 6eperoBoit muaum (Ex > Ey). Takol xe s dext HabmomaeTcs 1 Ha nodepexbe bapeHiesa Mops.

2 F=01-2Ty ; F=0.03-01Ty
Iz ‘e
% HS
z- : Pucynok 4. Bapuanuu 31eKTpU4ecKoro moss B
T S mnanazone dacror £ = 0.1- 2 ITo u
0 1 W oW . F =0.03 — 0.1 Ty ¥ 3J/UTHIICBI MOJSPH3ALUK
peMs, MHE peMs, MHH
s ] TOPU30HTAJILHOW KOMIIOHEHTHI TEPEMEHHOTO
s " anekTpuueckoro mnois (Ex—Ey) Ha Oepery
3 3 Benoro mops. Ym6a, 04-05 UT 08.07.2019 .
: 1 EXx- KOMIIOHEHTa TI0OKa3aHa YEepHBIM LBETOM,
g, g
3 v Ey- ceppiM.
s I S
’ 0.8 -0.4 0 0.4 0.8 -2 o 2
Ey, mKkB/m Ey, mKkB/m

Jist 00pa®OTKHM BBIOMpAJICS HMHTEPBaN JAHHBIX C KBa3HMCHHYCOMJIAIBHBIMU Nynbcanusmu THmna Pcl — Pc3,
MO3BOJIIIOIIUX TIOJyYUTh KAUYeCTBEHHBIM SJUIMIIC MONSApHU3anni. JlaHHBIE OT(QWIFTPOBAHBI B JHANIA30HAX YacCTOT
F1=0.1-2Tnu F2 =0.03-0.1 T'n. Kommonenta Ex (4epHBIi IBET) HapaBieHa OpTOTOHAIBHO Oepery, KOMITOHEHTa
Ey (cepbrii BeT) HampaBiieHa BIOJIL O€pETOBOM TUHUH. B HIDKHEH YacTH pUCYHKA TIOKAa3aHbI AJITUIICH TIOJISAPH3AITHIS
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B.C. Hcmazunos u op.

(Ex—Ey) TOpH30HTAIBFHOTO IIEPEMEHHOTO JJIEKTPUYIECKOTO IOJII Ha MOpckoM Oepery. W3 pucyHka 4 BHIHO, 9TO
00JIBIIast OCh AILIUIICOB TOJISIPU3AINH B 000WX CITydasx IMOYTH NePICHINKYIIpHA Oeperooit muHmn (Ex > Ey). Takoit
xe addekr HabIrONAETCS N Ha ToOepexxkbe bapeHnesa Mopsi.

3akiaoueHue

[IpenBapuTenbHBIe SKCHEPUMEHTANBHBIE PE3yNIbTaThl ObUIN IMpeAcTaBieHbl B pabote [Kopytenko et al., 2018]. B
JIaHHOW paboTe MPUBOAATCSA PE3yNbTaThl SKCIEPUMEHTAIBHBIX HCCIIEIOBAaHUH €CTECTBEHHBIX 3JICKTPOMAarHUTHBIX
moJyiel MOHOC(EPHOTO IPOUCXOKICHHUS B MPHOPEKHBIX MOPCKUX 30HAX. B y3koif OeperoBoii momoce (~50 M)
BBIBJIICHO aHOMAJbHOE YCHICHHE TOPH30HTAJbHOH KOMIIOHEHTHl HANPSHKEHHOCTH JJICKTPHYECKOTO  ITOJIS,
OpTOTOHAIBHOW K OeperoBoil muHMHA. MakcuManbHEIH OeperoBoil 3¢ddekr HabmomaeTcss Bo3le KPOMKH BOIBI H
yOBIBaeT ¢ ynaneHueM ot 6epera Mmops. beperosoii apdexr Habmomaercs B mupokoM auana3zone Y HU-so3mymieHnit
JIEKTPUYECKOTO TOJIsl B MOJHOM M NEepeMEeHHOW EX -KOMIIOHEHTE 3JIEKTPUYECKOr0 IOJIs U BO3HHKAET BCIEICTBUE
U3MEHEHHsT B 30HE CyNIa—MOpe IUIOTHOCTHM WHIYLUPOBAaHHBIX 3apsJOB CHHXPOHHO C YacTOTOW BO3MYIIEHHS
BHEIITHETO AJIEKTPUYECKOTO MOJst. AHOMAJIbHOE yCHUIICHHE FX -KOMITOHEHTBI JIEKTPUUECKOTO I10JIs1 Ha0JIto1aeTesl Ha
pacctosiHuu ~30 M OT KPOMKH BOJIbI, YTO CBSI3aHO C HATMYHEM T'€0IEKTPHYECKOI 0COOEHHOCTH B paliOHE 3TOW TOUKH.
[TorpenHocTs 3TOro0 paccTOSHUSL COCTABISIET ~5 M U CBsi3aHa C MepeMelIeHHEM KPOMKH BOJBI BO BPEMs OTJIMBOB U
NIPUITUBOB.
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KIACTEPU3ALIMA YHY-BOJIH METOJAMU MAIHIMHHOI'O
OBYYEHMUA 110 JAHHBIM CIIYTHUKA THEMIS-A
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Huemumym Conneuno-3emnoti Qusuxu CO PAH, Upxymck, Poccus; e-mail: d.shubin@iszf.irk.ru

AHHOTALINA

B nacrosmeii pabote nmpoBezeHa KiacTepu3alys yIbTPaHU3KOYaCTOTHBIX BOJIH 10 MJaHHBIM ciyTHHKa THEMIS-A 3a
OIVH TONHBIN 0030p MarHUTOC(epsl 3eMin. BrlaerneHHe BONH TNPOW3BOAMIOCH aBTOMATHYECKH, MOCIE Hero
MIPOBOIMIIACH KiTacTepu3arus MetogoM Gaussian Mixture. CpaBHUTENBHBIN aHAN3 C HCHIOIb30BaHueM MeTona t-SNE
MO3BOJIUII COOTHECTH TMOJYYMUBIIHUECS KJIACTEPhl C OXKHUJAEMBIM pa3/iejieHHeM BOJH IO TMOJSpHU3alud  Ha
MoJIONAabHbIE, TOPOUIaJbHbIe U KOMIpecCUOHHbIe. [lokazaHo, 4TO pe3yibTaThl KIACTEPU3AIMU JIMIIh YACTUYHO
COBIAJIAIOT C TAKUM Pa3/IeIICHUEM.

Beenenue

HccnenoBanue ynbrpann3kodacToTHEIX (YHY) BosH B MarHuTocgepe 3eMin NpencTaBisieT OObIIoe 3HaUCHNE IS
MOHUMAaHHUS TPOIIECCOB IEPEHOCA YHEPTHUH 3apsHKEHHBIX YacTHIl, JeTsamux ot Conana Ha 3emitto (McPherron, 2005).
W3yueHne BONH Ha OCHOBE BHM3YalbHOTO HCCIEJOBAaHHMSA HE BCErJa IO3BOJISIOT OOHAPY)XUTh HEOYEBUAHBIC H
HHTEPECHBIC 3aKOHOMEPHOCTH Cpenr TakuX BONH (Krnumywxun u Op., 2021; Menk, 2011). OmHako coBpeMeHHEIC
METOJIbI pa0OThI C OOJNBIIMMH JaHHBIMHU TTI0O3BOJISIFOT 3TO CHIENIATh M [T0-HOBOMY B3IVISTHYTh Ha B3aumoseiicteue YHY-
BOJIH C YacTullaMu. B mocnennee BpeMs MOJ00HBIE METObI, UCIOIB3YIONME MalTMHHOE O0Y4YeHHEe, HaXOIsAT BCE
Gosble MpUMEHEeHUs B aHaJIM3e JaHHbIX (Hanmpumep, bepuzapom, 2022).

JeTexTHpOBaHUEe BOJH
B HacTosmem rccie1o0BaHNH UCIIONBb30BAINCH TaHHBIE 30H1a A MHOTOCTTyTHHKOBOM Muccun Time History of Events
and Macroscale Interactions during Substorms (THEMIS; Angelopoulos, 2008) ¢ ssaBaps 2017 roma mo ¢espans 2018
roga. 3a 3TOT MEPUOA CITyTHUK COBEPILIMI OJHH MOJHBIH 0030p MarHUTOC(Ephl, T. €. OXBaTWJI HAOIIOACHUIMH BCE
MLT. Coyrank THEMIS-A moxet gocturats amorest B 15 Rg (panunyc 3eMin) U MOKUIATh MarHUTocdepy 3emitu.
YroObl aHANWM3UPOBATH JAHHBIE TOJBKO BHYTPH MAarHMTOC(Epbl, Mbl OIPaHUYWIN paccMaTpHBaeMylo 00J1acTh
npoctpaHcTBa 8 R, 4To Mo3BoNMIIO H30€XaTh epeceyeHns] MarHUTOIay3bl B pacCCMaTpPUBaeMblii HHTEPBaJ BPEMEHH.

CryTHUKOBBIC JaHHBIC ObUIM B3sATHI ¢ OTKpwiToro cepeuca CDAWeb (https://cdaweb.gsfc.nasa.gov/). s
MOCJICIYIOMIETO aHaIM3a ObUT pa3paboTaH ajJrOPUTM, KOTOPBIH MO3BOJSET AeTeKTUpoBaTh Y HU-BOJIHBI B [Hana3oHe
Pc4 (nepuox 45-150 c) u Pc5 (nepuox 150—600 ¢) aBromaruuecku. JIJis 3TOro B CHEKTPEe KOjeOaHUN MAarHUTHOTO
noJs 3a 15-MUHYTHBIH WHTEpBaI ONPEIENSIOCh HATMYHNE ITHKOB, Yb€ OTHOIICHNE MIMPHHBI ITMKa Ha TIOJyBBICOTE K
yactote muka He npesbimano 0,4. [lnkm Ha ONM3KMX 4YacTOTaX y IMOCIEAOBATENFHO HAYIMX |5-MHHYTHBIX
WHTEPBAJIOB CIYUTAIHCH OJHOHN BOJIHOW (AKkumyyk u op., 2023).

Taxum o6pazoM ObUT chOpMUpPOBAaH HAOOP JAHHBIX, COAEPIKALIUH ITapaMeTphl HAaOJIIOICHNS BOJIHBI, yCPEAHEHHbIE
3a BpeMs e€ HaOuoaeHust: mpocTpancTBeHHbIe XapakTepucTiku (MLT, MLAT, L-o6o10uka criyTHHKA) ¥ ITapaMeTphl
MarHUTHOTO MOJIst (3HAYCHUSI aMILTUTY/] [10 BCEM TPEM KOMITOHEHTaM).

Knacrepuzauus

J1J1s1 BBIIETICHUS CXOXKHX TPYIIIT IAHHBIX TIPUMEHSIOT KJIACTEPU3AIIMI0 — METO]] MAIIMHHOTO 00YYEHUsI, TO3BOJISTIOIIN I
HE3aBHUCHMO OT IOJIb30BATelNIsl Pa3/esIUTh JJaHHbIE Ha TPyHIbl (KiaacTepsl). Hanbonbnrylo M3BECTHOCTH IOYUHIIH
meronsl Kmean, DBSCAN n Gaussian Mixture, mo3BoJIsIonIye NOJXyYUTh HanOojee Ka4yeCTBEeHHbIE Pe3yIbTaThl Ha
pasHbIX Habopax naHHbIX (Singh et al, 2015). Tem He MeHee, He CYIIECTBYET YHHBEPCAIBHOI'O METONA
KJIaCTepPHU3alMH, TaK KaK pa3Hble METOJbl OYAyT /1aBaTh OTIMYAIOMIMICS pe3yibTaT HA OJHUX M TeX XK€ JIaHHBIX.
[TosTOMYy TpHM MCHONB30BaHWM KJIACTEPHOTO aHalinW3a HY)XXKHO OINpeNeNuTh Haubojee NOAXOISAIIMKA METol M
0’KHJJaEMOE KOJIMYECTBO KJIACTEPOB.

Bomnpoc o konndecTBe KIaCTEPOB PEUIAETCS B XO€ BHIIOIHEHHUS IOCTABICHHOH 3aa4H, B TO BPEMsI KaK ONPEIeIINTh
HYXKHBIH MeToja JUIA KiacTepu3anuu Oonee ciokHas 3amgada. C ATHM IMO3BOJSET CIPABHTHCS METOA CHIDKEHHS
pasmepHoctu t-SNE (van der Maaten, 2014). B 3ToM cinydae moja pa3MepHOCTHIO MBI IMOHUMAeM KOJHYECTBO
[apaMeTpPoOB, XapaKTEPH3YIOIUX AAaHHBIH 00BEKT. MeTol MO3BOJSIET CIPOEHUPOBATH OOBEKT B MHOTOMEPHOM
MPOCTPAHCTBE MapaMETPOB Ha JIBYMEPHYIO IUIOCKOCTh. BaxkHasi 0COOEHHOCTh METOJA 3aKII0YAaeTCs B TOM, YTO
00BEKTHI, KOTOPbIE HAXOJMIIMCh PSIOM B UICXOJHOM MHOTOMEPHOM IPOCTPAHCTBE, OKa)KyTCsI PSIIOM U Ha MOJTY4EHHOM
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. A. LLy6un u op.

npoeknuy. ClienryeT OTMETHTh, YTO OCH KOOPIHMHAT ITOJMyYHBLICHCS NPOSKIUM HE HMEIOT (QH3UYecKOH
HHTEPIIPETALHH U CIY>KaT JIMIIb JUT1 BU3YaTEHOTO OTOOPaKEHHS HCXOIHBIX OOBEKTOB Ha IIIOCKOCTH.

Merton t-SNE no3BosisieT onpeenuTh He00X0IUMBIH KJIacC METOJI0B, KOTOPBIE CIIETyeT UCTIONb30BaTh C TEKYILIUMHU
JaHHBIMH. EciM Ha NpoeKUMM ecTh TPyNIbl OTAEIBHO CTOAMIMX TOYeK, "obOnakos” (Tne Kakaas TOYKa — 3TO
HEKOTOPbIi MHOTOMEPHBIH OOBEKT), TO 3TO TOBOPUT O 3HAYUTEIHHOM IPOCTPAHCTBEHHOM DAa3JEICHUH MEXIY
rpynnaMu. B TakoM ciydae cieayer MCIIONb30BaTh METOABI KJIACTEPU3AIMU, B KOTOPHIX (h)aKTOPOM OIpeAeIeHus
KJIaCTEepOB SIBJIAETCS MX MPOCTPAHCTBEHHOE paclojioxkeHue, Takne kak Kmean u Spectral. B npotuBHOM cityuae,
Koraa Takue "obnaxka” OTCYTCTBYIOT, NPHMEHSIOTCS WHBIE CTaTHCTHYECKHE METOAbBI, HanOoyiee H3BECTHBIM H3
KOTOpBIX siBIsieTcst Gaussian Mixture.

Pe3yabTaTsl KiIacTepu3alun

Cpemu YHY-BoiH OOBIYHO BBIACISIOT TPU OCHOBHBIC TPYIIBL TOJOHAANbHBIC (KOJCOAHHS MPOHUCXOJSAT B
paJMaNbEHOM HATPABJIICHUH), TOPOHIAIbHBIC (KOJCOAHHS NPOHMCXOISIT B a3UMYTAILHOM HANpPABICHHH) |
KOMIPECCHOHHBIC (KOJIcOAaHUS BIOJb CHJIOBBIX JIMHHMA, 3HAYUTECIBHO MCHSETCS MOJYJIh MArHUTHOTO TIOJIS)
(Knumywrkun u 0p., 2021). B Hacrosiiee BpeMs IIHPOKO PACHPOCTPAHEHO MPEINOI0KECHHUE, YTO STH BOJIHBI
TCHEPHUPYIOTCS Pa3HBIMKU HCTOUYHHKAMM, YTO MIPOSBIISICTCS B BUJIC PA3HOTO PACIpPEACICHHUS B IPOCTPAHCTBE (Anderson
etal., 1990). B HacTosIIIeM HCCIIEIOBAHUE MBI IIPOBEPUIIH ATO MPEIOI0KEHUE C TIOMOIIBIO METOIOB KITACTCPU3AIUH.
Jlnst 3TOr0 WCHONB30BAIKCh JaHHBIE O CPEeIHEW aMIUIUTY/e KOJieOaHWi MAarHUTHOTO IOJsS B KaXIOM U3 TPEX
HaINpaBJICHUH M UX OTHOIIEHUS MEKIY COO0H: b, (a3uMyTanbHOE HanpasieHue), b, (pamuanshoe), b)| (Hanpasnenue
BJIONIb CUJIOBO uHMN) ¥ bo /by, b,/ by,

Waseperne ¥
=]

-5 =

HMaMepeHde X

Pucynok 1. /IsymepHas mpoeknus Habopa daHHBIX YHU-BONH 1O W3MEpEHUSM MAarHUTHOTO OIS
cnyraukoM THEMIS-A ¢ sasaps 2017 r. o despans 2018 1., monaydeHHas ¢ moMoIispo Meroga t-SNE.

Py4Hoe pasgeneHue Knactepuzauus

. TuN BONHBI . Knacrep
¥

i ® B £ ® o

g 3

g’ ® b i ® 1

2 2

Bil 2

=15 =10 -5 0 5 10 15 20 ~15 -10 -5 ] 5 10 15 20
Wimepauua X MIMepeHUE X
PucyHok 2. Pe3ynbTathl pa3gencHus BOJIH Ha 3 kiacrepa. CiieBa — pydHOE pasiciicHHE 0 BEIUIHHE
aAMILTUTY KOJICOaHWH MarHUTHOTO ITOJIS TI0 KaXKI01 U3 KoMIoHeHT. CripaBa — pa3zielicCHHE Ha KIIaCTePhl
¢ nomo1ubo Meroga Gaussian Mixture.

Ha Puc. 1 moka3zansl pe3yipraTsl npuMenenus merona t-SNE. Tak kak Ha rpaduke HeT YETKOTO pa3IeNeHus Ha
o0naka, TO OBLJIO HPUHATO PEUICHHWEC B JajbHEHIIEM HCIONB30BaTh MeToJ| Kiactepusanuu Gaussian Mixture.
KonudecTBo kiacTepoB ObLIO BBIOPAHO PaBHBIM TPEM U3 MPEATNOJOKCHHS O JCICHUH BOJIH B MarHutocdepe Ha
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Knacmepuszayus YHY-e0o1n memooamu mawunnozo obyuenus no oannvim cnymuuxa THEMIS-A

TPyHOIbel ¢ TpeoOJagaroliiMU  KOJeOaHMSIMH B Pa3HBIX HANpPaBICHUSAX: TOJOWAAIbHBIC, TOPOWAAIBHBIC U
KOMIIPECCHOHHBIE. MBI CPaBHIIIM PE3YIIbTaThl KIIACTEPH3AINY C PYIHBIM pa3IeIeHHEeM 0 HAIIPaBIICHIIO KOIeOaHn
¢ HanbonpmIeH ammutyaoi (Puc. 2).

[TonyueHHoe pasneneHue Ha KiacTepbl B OOIIMX dYepTax COIVIacyeTcs C OXKHJAeMBIM pasjeneHueM. MOoKHO
3aMETHTh, YTO TPYIIIIBI MOJOUJAILHBIX U TOPOHIAJIBHBIX (3€JEHBIC M CHHIE TOYKH Ha Puc. 2, cieBa) BBIICIHINCH B
COOTBETCTBYIOIIHNE OTJENIbHBIE KIAacTephl (KpacHbIC U 30JI0ThIe TOUKU Ha Puc. 2, cnpaBa), a KOMIPECCHOHHbIE BOJIHBI
0Ka3aJIMCh 0OBEIMHEHBI C YaCThIO ONEPEYHBIX BOJIH B TPETHH Ki1acTep. DTOT Pe3ysIbTaT MOXKHO OOBSICHUTH CMEHOM
MOJISIPU3AIIMH BOJIH M JIOKHBIM OIPE/IEICHUEM THIIA BOJIHBI M3-32 HEOOJIBIIOT0 OTKJIOHEHHUSI OT MarHUTHOTO 9KBAaTOpa
(J1eonosuu u Masyp, 2016).

3akiaiouenne

MEr mokasaju, 4To KﬂaCTepI/I?)aHI/IH qu-BOJ'IH C IOMOULIBKO COBpeMeHHBIX METOA0B MAIIUHHOI'O 06y‘{eHI/IH ,HaéT
pe3ym,TaT, CXO[[HLIﬁ C OGHIerI/IHSITI)IM pa?,[[eJ'IeHI/IeM BOJIH I10 nonﬂpmaunn. O,Z[HaKO HUMCHOTCA H 3aMCTHBIC
pa3n1/1q1/1>1, KOTOpre MOFyT 6LITL I/IHTepHpeTI/IpOBaHBI, KaK C TOYKH 3peH1/1$1 (1)1/131/1qu1<0171 HpI/IpO)II)I, TaK U H3-3a
0COOCHHOCTE! HCIOIb3YEMbIX METOZIOB. DTO OTKPBIBAET HEPCIEKTHBHI B MPOJOIKEHUU HCCIIEOBaHUs U Ooliee
JIETAILHOTO aHaIM3a HAMJCHHBIX Pa3Inuuil MeX1y rpyIMIaMH, OUCKa 3aKOHOMEPHOCTEH U (haKTOpOB, KOTOpPhIE HA
9TO BJIUAIOT.
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MAGNETIC FIELD CONFIGURATIONS AT SOLAR FLARE SITES
ABOVE ACTIVE REGION AR 10365 FROM MHD SIMULATION
RESULTS
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Abstract. The fast release of the magnetic energy of the current sheet leads to the observed manifestations of the
flare, which are explained by the electrodynamic model of the flare proposed by I. M. Podgorny. The study of the
solar flare mechanism by the magnetohydrodynamic (MHD) simulation in the solar corona above the real active region
is continued. Two variants of calculation were carried out for relatively high viscosities (Rem=3x10%, Re=10%) and for
low viscosities (Re,;=10%, Re=107). For MHD simulations with high viscosities, a property was found that is possessed
only by those current density maxima that are located in the bright region of pre-flare radio.

Introduction

The primordial release of magnetic energy during solar flares occurs in the solar corona above the active region at
altitudes of 15 - 70 Mm, which is proven by both direct observations of thermal X-ray emission from flares on the
limb [1] and analysis of flare observation data [2-4].
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Figure 1. Comparison of the magnetic field configuration and the positions of the current density maxima with
the distribution of radio emission intensity at a frequency of 17 GHz on May 26, 2003 at 02:32:05 three hours
before the M 1.9 flare for calculation with relatively high viscosities (Re,=3x10% Re=10%). The positions of
the current density maxima are shown as violet points. The magnetic field configuration is presented by
magnetic lines which pass through selected current density maxima with numbers 4, 12, 41, 73, 82, 84, 105,
123, 145, 147, 179, 182, 194, 205. 3D magnetic lines in the computational domain and their projections onto
the picture plain (which is perpendicular to line of sight direction) and onto the central plane of computation
domain are shown. In the lower right corner, the current density maxima for calculations with two sets of
viscosities (violet dots and green dots) are presented.

The appearance of flares in the corona is explained by the mechanism of S.I. Syrovatsky [5], according to which the
flare energy accumulates in the magnetic field of the current sheet. A current sheet is formed in the vicinity of a
singular magnetic field line under the influence of disturbances propagating from the solar surface. During quasi-
stationary evolution the current sheet transfers into an unstable state (see, for example, [6]). The flare release of the
magnetic field energy of the current sheet as a result of instability leads to the observed manifestations of the flare,
which are explained by the electrodynamical model of the solar flare proposed by I. M. Podgorny [7]. Hard beam X-
ray radiation on the solar surface appears due to the deceleration in the lower dense layers of the solar atmosphere of
electrons accelerated in field-aligned currents on magnetic lines exiting from the current sheet. Field-aligned currents
are generated by the Hall electric field in the current sheet. The model was developed based on the results of
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observations and numerical magnetohydrodynamics (MHD) simulations and uses analogies with the substorm
electrodynamic model proposed earlier by its author [8]. Since it is impossible to determine the configuration of the
magnetic field in the corona from observations, to study the physical mechanism of a solar flare it is necessary to carry
out MHD simulation of the flare situation in the solar corona above the real active region [9-16], which is continued
in this work. When setting up the MHD simulation problem, no assumptions were made about the mechanism of the
solar flare; all conditions were taken from observations.
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Figure 2. The configurations of the magnetic field, plasma flow velocity, and current density distributions near
the selected 4th, 194th, 145th, 82nd, and 73rd current density maxima on May 26, 2003 at 02:32:05 for
calculation with relatively high viscosities (Rem=3x10%, Re=10%) are presented. The configurations are shown
by plane magnetic lines which are tangential to projections of magnetic vectors on the plane of configuration,
by projections of magnetic lines on the plane of configuration, and by 3D magnetic lines. Magnetic lines located
in front of the plane of configuration are shown as bold blue lines, and magnetic lines located behind the plane

of configuration are shown as thin brown line

S.

100



A.IL Podgorny and .M. Podgorny

Setting of the problem, method of solving the problem, selection of parameters

MHD simulation is carried out above the active region of AR 10365. The computational domain in the corona is a
rectangular parallelepiped (0<x<1, 0<y<0.3, 0<z<1) (the length unit was chosen Li=4x10'° cm). The lower boundary
of the computational domain y=0 (XZ) is located on the surface of the Sun. The Y axis is directed from the Sun
perpendicular to the photosphere. The X axis is directed from east to west; the Z axis is from north to south.
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Figure 3. Comparison of the magnetic field configuration and the positions of the current density maxima (grin
dots) with the distribution of radio emission intensity at a frequency of 17 GHz on May 26, 2003 at 02:32:05
for calculation with relatively low viscosities (Re,,=10°, Re=107) is shown, as well as in Figure 1. The magnetic
configurations near the selected current density maxima are presented.

For the numerical solution, an upwind, absolutely implicit finite-difference scheme was developed which is
conservative with respect to the magnetic flux [13, 17]. The scheme was realized in the computer program
PERESVET. The simulations were carried out by means of parallel computing threads on graphics cards using CUDA
technology [14]. The methods have been developed to stabilize numerical instabilities arise near the boundary [12,
15]. The configuration of the magnetic field obtained by MHD simulation is so complex that it is impossible to
determine the positions of singular lines and the current sheets near them from it. For this purpose, a graphical search
system of flare positions has been developed [9, 10]. The system is based on the search for current density maxima,
which are reached in the middle of the current sheets. The current density maxima are located on singular lines of the
magnetic field. To select dimensionless parameters the principle of limited simulation [18] was used. Two variants of
calculation were carried out for relatively high magnetic and ordinary viscosities (Rem=3x10% Re=10%) and for
relatively low viscosities (Rem=10°, Re=107). In the first variant, numerical instabilities practically did not arise. At
low viscosities, the disturbance propagating from the solar surface is not suppressed.

Results of MHD simulation

Figures 1 - 3 present the results of MHD simulation and their comparison with observations of radio emission at a
frequency of 17 GHz in the active region of AO 10365, obtained with the Nobeyama radioheliograph. The results are
presented at 02:32:05 on May 6, 2003, three hours before the M 1.9 flare. At this moment, the energy for the flare is
accumulated in the magnetic field of the solar corona and the plasma is heated by the currents that create this field.
Plasma heated to 6-7 MK causes pre-flare radiation, which can be used to determine the location where the flare will
occur in the future.

Figure 1 shows the location of the current density maxima at the time of 02:32:05 on May 6, 2003 for the first
calculation variant with relatively high viscosities (Rem=3x10% Re=10%). The magnetic field configuration is
represented by magnetic lines passing through the selected 14 maxima, indicated by yellow squares, the remaining
current density maxima are indicated by violet dots. Superimposed on the configuration of the magnetic field with the
positions of the current density maxima in the picture plane (perpendicular to the line of sight) is the distribution of
radio emission intensity at a frequency of 17 GHz. The magnetic field configurations near the current density maxima,
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which should be located on singular magnetic lines and are places where the magnetic energy of a solar flare is
accumulated, are shown in Figure 2 for some selected maxima. Figure 3 shows the location of the current density
maxima and magnetic field configuration superimposed on the distribution of radio emission intensity distribution at
a frequency of 17 GHz for the second calculation variant with low viscosities (Rem=10%, Re=107).

Field configurations near current density maxima (Fig. 2-3) show that a diverging magnetic field is superimposed
on an X-type magnetic field (see also [12]). But even the if the superposition is dominated by a divergent magnetic
field, due to the presence of the X-type field, a fairly powerful current sheet can appear, as can be seen in the field
configuration near the maximum current density No. 82 in Figure 3.

Discussion

Most effectively, the formation of a current sheet occurs for the second variant of the calculation, in which the diffusion
spreading is significantly weakened. It can be seen for the current density distribution in the form of a thin sheet for
the 129th maximum current density in Figure 3). However, for the second variant (Re=10°, Re=107) the solution is
distorted by numerical instabilities: unreal maxima of the current density at points of the numerical grid near the found
maximum (Figure 3 for the 8th, 16th, 20th and 234th maxima). As can be seen from Figures 1, 3, a significant part of
the current density maxima is located in the bright radiation region. This confirms the solar flare mechanism, based
on the accumulation of energy in the magnetic field of the current sheet.

It should be emphasized that in the first variant of the calculation, only the maxima with special property are placed
in bright region of preflare emission, and maxima with such properties do not appear outside the bright radiation
region. According to this property, current density maximum must be placed in extended (about several tens Mm)
current sheet which contain the chain of maxima, and simultaneously the magnetic "plane" lines exiting from the point
of maximum must be close to straight line, which means that divergent magnetic field do not dominate strongly.
Examples of such an extended current sheet with several maxima are the configuration near the 4th and 145th maxima,
presented in Figure 2; the positions of these maxima are presented in Figure 1. The 147th maximum belongs to the
same chain as the 145th maximum. For the 82nd maximum (Fig. 2), located in an extended current sheet outside the
bright radiation region, “plane” magnetic lines have the shape of parabolas extending from the point of maximum
current density, which means, that divergent magnetic field is strongly dominant.

Conclusions

1. A technique has been developed for MHD simulation of a flare situation in the solar corona above an active region
and for analyzing the results of MHD simulation which should be improved according the plan developed on the
base of obtained results.
2. The location of a large number of current density maxima in the region of bright flare radiation on the solar disk
confirms solar flare mechanism, based on the release of energy accumulated in the magnetic field of current sheet.
3. The problem of the formation of a significant number of current sheet maxima outside the bright region of flare
radiation is necessary to be solved by improving the MHD simulation technique.

4. Tt will be necessary to try to use the appearance of configurations with lines close to straight lines along one of the
axes in the vicinity of maxima located in the form of chains in an extended current sheet as a precursor for predicting
a flare situation obtained from the results of MHD simulation.

The results obtained here are presented more clearly in extended versions of the article in Russian and English posted
at the addresses https://sites.lebedev.ru/ru/podgorny/file/6991 and https://sites.lebedev.ru/ru/podgorny/file/6992
(Podgorny-Proc-Apatity-2023-Rus_Extended.doc  and  Podgorny-Proc-Apatity-2023-Eng_Extended.doc  at
https://sites.lebedev.ru/ru/podgorny/4171.html).

References

1. Lin R.P., Krucker S., Hurford G.J. et al. (2003) Astrophys. J. 595, L69-L76. https://doi.org/10.1086/378932
2. Podgorny A.I, Podgorny I.M., Meshalkina N.S. (2015) Astron. Rep. 59, 795-805.

3. Podgorny I.M., Podgorny A.I (2018) Astron. Rep. 62, 696-704.

4. Podgorny I.M., Podgorny A.IL. (2019) Sun and Geosphere 14(1), 13-76.

5. Syrovatskii S.I. (1966) Zh. Eksp. Teor. Fiz. 50, 1133-1147.

6. Podgorny A.IL, Podgorny I.M. (2012) Geomagn. Aeron. (Engl. Transl.) 52, 150-161.

7. Podgorny 1.M., Balabin Y.V., Vashenyuk E.V., Podgorny A.L. (2010) Astron. Rep. 54, 645-656.

8. Podgorny I.M., Dubinin E.M., Israilevich P.L., Nicolaeva N.S. (1988) Geophys. Res. Lett. 15, 1538—1540.
9. Podgorny A.IL, Podgorny .M. (2013) Sun and Geosphere 8(2), 71-76.

10. Podgorny A.IL., Podgorny I.M. (2013) Proc. 36 Annual Sem. "Phys. of Auroral Phenomena". Apatity. 117-120.

11. Podgorny A.I., Podgorny .M., Meshalkina N.S. (2018) JASTP, 180, 16-25.

12. Podgorny A.I., Podgorny I.M., Borisenko A.V. (2022) Open Astronomy. 31. 27-37.

13. Podgorny A.IL, Podgorny I.M., Borisenko A.V. (2023) Physics 5(3), 895-910.

14. Podgorny A.IL, Podgorny I.M., Borisenko A.V. (2020) Proc. 43 Annual Sem. "Phys. of Auroral Phenomena", Apatity. 56-59.
15. Podgorny A.IL, Podgorny I.M., Borisenko A.V. (2021) Proc 44 Annual Sem. "Phys. of Auroral Phenomena", Apatity. 92-95.
16. Podgorny A.IL, Podgorny I.M., Borisenko A.V. (2022) Proc 45 Annual Sem. "Phys. of Auroral Phenomena", Apatity. 70-73.
17. Podgorny A.IL, Podgorny I.M. (2004) Comput. Math. Math. Phys. 44, 1784-1806.

18. Podgorny L. M. (1978) Simulation studies of Space. Fundamentals of Cosmic Physics 1, 1-72.

102



Polar
“Physics of Auroral Phenomena”, Proc. XLVI Annual Seminar, Apatity, pp. 103-105, 2023 @ Geophysical
© Polar Geophysical Institute, 2023 Institute

DOI: 10.51981/2588-0039.2023.46.023
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Abstract

Geomagnetic storms and solar coronal mass ejections (CMEs) have been shown to be associated since the discovery
of CMEs in solar activity (Yurchyshyn et al., 2004). An intense geomagnetic storm can either be stemmed from a
CME, or from a coronal hole. However, a great geomagnetic storm can only be sourced from a CME (Le et al., 2012).
The aim of this paper is to study the relation between the coronal mass ejections (CMEs), and their associated solar
flares and correlate this with the Disturbance storm time (Dst) index. We have studied the count rate of soft X-rays
class of X, M and C type through a histogram type plot for studying the number of X-rays of different class observed
during solar cycle 23 and 24. We have also studied the angular width, speed of coronal mass ejections (CMEs) and
disturbance storm time (Dst) index of solar cycle 23 and 24 for the whole cycle (Pant et al., 2021).

1. Introduction

Coronal Mass Ejections (CMEs) are magnificent and dramatic solar atmosphere occurrences that have repercussion
across the whole heliosphere. With the ability to affect the heliosphere, interplanetary space, and the atmosphere of
Earth, coronal mass ejections are an important type of solar violent event that hurls massive volumes of magnetic flux
and plasma out of the solar atmosphere (Lamy et al., 2019). The angular width of CMEs typically refers to their
projected, apparent span, in degree. The apparent angular width of CMEs ranges from a few degrees to 150° (Bidhu
et al., 2017). The study of the distribution of the angular width of CMEs offers crucial hints for comprehending the
physical processes that cause the CMEs to grow.

Geomagnetic storms are significant disruptions in the Earth's magnetosphere that occur when the interplanetary
magnetic field (IMF) shifts southward and stays southern for an extended length of time. Geomagnetic storms and
solar coronal mass ejections (CMEs) have been shown to be associated since the discovery of CMEs in solar activity
(Srivastava and Singh, 2021). An intense geomagnetic storm can either be stemmed from a CME, or from a coronal
hole. However, a great geomagnetic storm can only be sourced from a CME. The aim of this paper is to study the
relation between the coronal mass ejections (CMEs), and their associated solar flares and correlate this with the
Disturbance storm time (Dst) index (Singh et al., 2021).

2. Data Sources

Since the LASCO has been continually studying CMEs since January 1996 (since the start of solar cycle 23), the data
utilized in the current work for statistical analysis of angular width and speed are taken from the catalogue of SOHO's
website (https://cdaw.gsfc.nasa.gov/CME _list/catalog_description.htm). Also, data for Dst are collected from
OMNIWeb Data Explorer(https://omniweb.gsfc.nasa.gov/form/dx1.html). There have been a total of 12 observations
of initial speed for solar cycle 23 and 9 for cycle 24, respectively.

3. Solar transient parameters and geomagnetic storm parameter, i.e., Dst

The solar transient parameters which are discussed here are angular width and speed. The geomagnetic storm
parameter used is Dst. We have studied the count rate of soft X-rays class of X, M and C type through a histogram
type plot shown in Figure 1 for studying the number of X-rays of different class observed during solar cycle 23 and
24. We have also studied the angular width, speed of coronal mass ejections (CMEs) and disturbance storm time (Dst)
Index of solar cycle 23 and 24 for the whole cycle. The histogram clearly shows that the X-rays of class M are greater
than those of classes X and C. M-class flares are considered mild, whereas X-class flares are the strongest. Thus, the
graph indicates that the highest number of mild flares occurs in both solar cycles. However, in solar cycle 23, the
quantity of X flares exceeds that of C-class flares. In solar cycle 24, the number of X flares is lower than the number
of C-class flares. We may conclude that solar cycle 23 was more powerful than solar cycle 24.
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SOLAR CYCLE 23 SOLAR CYCLE 24

Figure 1. Histogram shows the count rate of soft X-rays class of X, M and C type observed during solar cycle
23 (1996-2008) and 24 (2008-2020).

4. Result and Discussion

For our analysis, we took the Dst index value for the specific day of year based on the maximum initial speed for each
year in the relevant solar cycle, as shown in Tables 1 and 2. The graph in Figure 2 shows that there is a linear
relationship between the geomagnetic storm parameter, Dst, and the starting speed of CMEs during solar cycle 23.
Similarly, we found a relationship for solar cycle 24, as seen in the graph in Figure 3. Because of linear regression,
both graphs have a negative slope, which indicates that when the initial speed declines, so does the Dst value. We
must remember that a greater negative value of Dst indicates stronger geomagnetic storms. However, we may deduce
that Dst increases when the initial speed increases and vice versa. Although there is a substantial association between
Dst and initial speed in solar cycle 24, the linear intensity of the correlation is smaller than it was in solar cycle 23. In
addition, solar cycle 23 has a steeper slope than solar cycle 24 indicating a higher rate of change. It is clear from this
that solar cycle 23 was stronger than cycle 24.
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Table 1. Figure 2. Graph shows linear correlation of Dst with speed of CMEs for the solar
cycle 23.
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Table 2. Figure 3. Graph shows linear correlation of Dst with speed of CMEs for the solar
cycle 24.

5. Conclusion

As part of the current effort, we have investigated soft X-rays, the initial speed of CMEs, and the accompanying
geomagnetic storm parameter, Dst, throughout solar cycles 23 and 24 between 1996 and 2020.The following are some
of the most important conclusions from this statistical analysis:

e From our analysis, we can conclude that no. of M class soft X-rays is greater than that of X and C type for both
solar cycles i.e., solar cycle 23 and 24. However, for solar cycle 23, there are more X-class flares than C-class,
and for solar cycle 24, there are fewer X-class flares than C-class.

e There is significant relation between Dst and initial speed but the linear correlation here is less compared to
solar cycle 23. The linear corelation of initial speed with Dst shows a strong negative correlation for solar cycle
23 as compared to solar cycle 24.

e Solar cycle 23 is stronger than solar cycle 24.

e From our analysis, we can say that solar transients affect the geomagnetic activity to some extent. The overall
analysis shows that more the correlation stronger the solar cycle.
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IOPTATUBHBII CHEKTPOMETP TAMMA-U3JIYUEHUA U
CIIEKTPAJIBHBIE HABJIIOJIEHUSA DOPEKTA BO3PACTAHUA
HA CPEJHUX IIUPOTAX

10.B. bana6bun, A.B. 'epmanenko, b.b. 'Bo3aeBckuit
Honapuwiii ceogusuneckutl uncmumym, Anamumsi, Poccus

AocTpakT. B [1I'1 pa3paboraH u CO3/1aH [OPTATUBHBIN CIIEKTPOMETP ramMMa-u3irydeHus Ha auanason 0.1-4 MoaB.
3a OCHOBY B3ST paHee CO3JaHHBII CTallMOHAPHBIA CIIEKTPOMETP raMMa-u3inydeHus. HazHaueHHe cnekTpomerpa:
n3MepeHue TUQQepeHHaNTbHBIX CHEKTPOB B COOBITHSX BO3pAcTaHMs IOTOKAa TaMMa-H3JIydeHHUS, BBI3BIBAEMBIX
ocaJKaMH, B Moe3Kax K skcneauuusx. C TOMOIIBIO 3TOrO CHEKTPOMETPA B TEIUIBIA CE30H B TEUECHHUE JIBYX MECALEB
MPOBOMIICSI MOHUTOPHHT CIIEKTPOB TaMMa-U3JIydeHHUS B CPEIHHX ITUPOTaX. 3apErHCTPUPOBAHO HECKOIBKO COOBITHI
BO3pacTaHUs raMMa-HU3JIydeHUs BO BpeMs I'pO3, U3MEPEH CIEKTp u3nydeHus. IIpoBeleH aHanu3 U cpaBHEHHE CO
CIIEKTPaMH BO BPeMsI BO3pacTaHHi B ANIATUTAX, 1aHO OOBSICHEHHE OTIHYHSIM.

1. BBenenne

Habmonenne Bapuanmii 3JIEKTPOMAarHUTHOH KOMITOHEHTHI (PEHTT€HOBCKOE W TaMMa-M3Iy4eHHE) BTOPHUYHBIX
kocmmdecknx aydert (BKJI) mpoBomurces mabopatopueit KocMudeckux ydeit MHOTO JIE€T, JETEKTOPHI YCTAHOBICHBI
Ha HECKOJBKHMX CTaHLUIX, PACIONaralolINXcs OT BBICOKHX /O CPEJHHX IIMPOT. VICHONB3yIOTCS OZHOTHITHBIC
JIETEKTOphl Ha OCHOBE CHWHTHULIUOHHBIX KpPUCTAJLUIOB, 3(dekTuBHBIX B nuamasoHe sHepruii 20-600 3B.
PeructpupyeTcs MOTHBINA MOTOK BBIIIE HEKOTOPOTO ITOPOTa. JTH IETEKTOPHI HEAOPOTHE, HX M3TOTOBIICHO JOCTATOYHO
MHOI'0 3K3EMIULIPOB. AHalIMU3 NMOJYyYSHHBIX JAaHHBIX IMOKa3al, YTO Ha BCEX CTAHIMAX OTMEUYalOTCsl BO3pACTaHUA,
CBSI3aHHBIE C BBINAJICHUEM OCaJKOB. DTO OU€Hb HHTEPECHOE SIBIICHHE, BO3MOXKHO, OHO YKa3bIBAaeT HA HEKMI MEXaHN3M
B3aMMOJICHCTBHS MeTeopoJIoTHUecKuX nponeccoB B atMocdepe ¢ BKJIL. Brito ObI BechMa Moyie3HO MCCIIEA0BaTh U
CPaBHUTH CHEKTPHI U3TYUYEHHUSI BO BPEMS BO3pACTaHHUS B PA3IUUHBIX TyHKTaX. OHAKO, MHTErPalbHbIe JeTEKTOPHI He
JIaf0T MH(GOPMAIMH O CIIEKTPAIIBHBIX XapaKTePUCTHKAX U3ITyUeHHUSI.

CriexTpanbHble H3MEpPEHHs TPeOYIOT IPUMEHEHHUS B KaUeCTBE JAETEKTOpa KPUCTAUIBI C JyYIINMH ITapaMeTpaMu 1
ropazgo Oonpliee OBICTpoAEHCTBHE perucTpupylomeil cucremsl. JuddepeHuanbHbelii COEKTpOMETp TaMMa-
W3Iy4eHus: ObUT co3maH M ycraHoBleH B 2022 1. Tompko B Amatutax. C €ro MOMOIIBI0 OBUTM IIOJYYEHBI
9HEPreTHYeCKUe CIEKTPHl raMMa-U3JIydeHHs B SICHYIO TOTOJY W BO BpeMs AOXASA, MX aHAIM3 YETKO IT0Ka3ai:
PaIMOHYKJINABI PUCYTCTBYIOT B OC3JIKaX B CIIEJIOBBIX KOJIMYECTBAaX M 00ecneynTh HAOIIoaeMoe BO3pacTaHue He
cniocoOHrI [1]. Ho Takoif BEIBOA KacaeTcs TOIBKO CTaHIUU AnaTUTEL. O0ECIeunTh OCTaIbHBIC ITYHKTH HAOIIOJCHUN
MOAOOHBIMHM CIIEKTPOMETPaMH HE MPEACTABISIETCS BO3MOXKHBIM. BBUI CO3/aH TOPTaTHUBHBIA CIIEKTPOMETP,
MO3BOJITIOIIU TPOBOIUTH N3MEPEHUS CIIEKTPa TaMMa-N3IydeHUs He TOJIBKO BO BPEeMs ITOCEUICHNH IPYTHUX CTaHIUH,
HO ¥ B JIOOBIX MOE3/IKaX M SKCHEIUIISIX. ITO TMO3BOJIUT MPOBECTH HAOIIOACHUS YKAa3aHHOTO SIBJICHHUS Ha OOJIbIEM
YHCJIO MYHKTOB, OCYIIECTBUTh U3MEPEHHS CIIEKTPAIbHBIX XapPAKTEPUCTUK B PA3ITMYHBIX re0(QU3NYECKIX YCIOBHUSIX.

2. Onucanue npudopa

[opTaTuBHBIN CIIEKTpOMETp raMMa-u3iydeHus: Ha nuana3oH 0.1-4 MaB, co3nannslii B maboparopun Kocmuueckux
Jydel, aHaJIOTH4eH paHee co3aHHOMY B Jlaboparopun audhepeHInaIbHOMY CIIEKTPOMETPY, HHTETPHPOBAHHOMY B
KOMIUICKCHYIO CHUCTeMy MOHUTOpuHTa KocMmmdeckux iydei (KJI) B Amaturax [1]. OTiimume MOPTaTUBHOTO
CIIEKTPOMETPa B TOM, UTO MCIIOJIE30BaHbI 00Jiee KOMIIAKTHBIE U JIETKUE 3JIEKTPOHHBIE OJI0KH, pa3MENICHHbIE B OJTHOM
KOpITyce, a TaKXKe MCIIOIB3yeTCsl OAHOIUIATHBIM MUHU-KOMITBIOTED U3 JIMHEHKH Mojieneit Raspberry. 3amucs ciekTpoB
MPOM3BOJUTCS HAa BCTPOCHHYIO (ummI-maMaTth. O0beMa MaMsATH OCTAaTOYHO IJIs 3amucH JaHHBIX 3a | TO.
IIpemrycMOTpeHO MOAKIIOUEHHE CHEMHBIX HOCHTENeH (¢udIiek), Ha KOTOpbIE AaBTOMATHYECKH KOMHUPYIOTCS
HaKOIIJICHHBIE TaHHBIE M3 BCTPOSHHOH MaMSITH.

OcHoBy crniektpomeTtpa (cMm. puc.l) cocraBnsier cnektpoMmerpudeckuii kpuctana Nal(Tl) pazmepom D75%75 mm.
Kpucrann u ®3Y 00pa3yoT HepazbeMHBIH OJOK, ONMPECCOBAHHBIN ATIOMUHHEM. JTOT OJIOK MMEET pa3heMHOE
COE/IMHEHHUE C OCHOBaHHEM, B KOTOPOE OH BCTaBIISIETCS; B OCHOBAHUH HAXOIUTCS Mpe Ty CHIINTENb-POopMUpoBaTesb. B
OCHOBHOM OJIOKE HaxXOHSTCS BCE OCTAIbHBIC JIEMEHTHI W JJIEKTPUUECKHE IJIaThl, 32 HMCKIIOYCHUEM BBIHOCHOM
NPUEMHON aHTeHHBI. B OJ0Ke pa3MmelieHbl UCTOYHHUKM NUTAHUS HU3KOTO M BBICOKOTO HAIpPSDKEHUS, yCHUIINTENb,
JUCKPUMHUHATOPBI HA 3aJJaHHbIE TIOPOTU SHEPTHH, aMIUIUTYAHbIH aHanu3atop, GPS-npueMHUK, MUHH-KOMIBIOTEP U
BCIIOMOTaTEbHbIE JaTYMKW aTMOc(epHOro JaBleHWMs W TeMmmneparypsl. Ha Kkopmyce O50ka ycTaHOBIICH
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FO.B. Banabun u op.

MuHHaTIOpHBIH LCD-3kpan. Ha sxpaH BEIBOAATCS TEKyIIHE 3HAUEHHE CYeTa B MHTETPAFHBIX KaHANAX U CIIy)KeOHas
nH}popMmanus, Mo KOTOPOIl MOXKHO CYIUTh O KOPPEKTHOH paboTe CIEKTPOMETpa.

Pucynox 1. O0muit Bux noprarusHoro cnekrpomerpa. Crpasa: kpuctaint ¢ @OV B alllOMHHHEBOM KOPITyCe.
B mimacTHkOBOM KOpIIyce OCHOBAaHHS HAXOJUTCS NMPEIyCHIMTENb W BHICOKOBOJBTHBIM nenutens 1isa OOVY.
Cresa: pabounii 6JI0K, B KOTOPOM pa3MeeHbI OJIOKH IIMTaHUS BBICOKOTO M HU3KOTO HANPSKEHUS, YCHIIUTEb,
JTUCKpUMUHATOPBL, GPS-preMHIK, MUHH-KOMIIBIOTEP U MPOYHME BCIIOMOTATENbHBIE 3JIEMEHTHI. [IpueMHas
anTeHHa 7151 GPS Ha cHUMKe He TPUCYTCTBYET.

OCHOBHbBIE XapaKTEPUCTUKU IOPTATHBHOIO CIIEKTPOMETpa:

. [luranue — 220 B,

. Hotpebnenne — menee 20 Br,

. Pazmep kpucramia Nal(T1) — @75%75 mm,

. DHepreTmdeckoe paspemieane — 5.7 % (anst muann 660 K3B),

. KonnuecTBo kaHas10B aMIUIUTYIHOTO aHanu3aTopa — 4096,

. EMKoOCTE BHYTpEHHEH TaMATH [T XpaHSHUS TaHHBIX — 8 [0,

. Bpemst coopa omHoro criekrpa — 30 MuH,

. JIUCKpEeTHOCTD 3aMiCH B UHTETPAIbHBIX KaHalax — | MuH,

. Koppexmms gacos aBromarndeckas, mo GPS nmpuemuuky,

10. KonmpoBanue TaHHBIX MPH MOKIIOYEHUN BHEITHETO HAKOTIUTENS — aBTOMaTHIECKOE,
11. Pa3mepsl 9kpaHa [uist BbIBOJIA cliyxeOHo# undopmanun — 240x240 Touex.

O 01O\ L K~ Wi —

GPS-npuemank u-blox NEO-7M ¢ BBIHOCHOW aHTEHHOH HCIIONB3YETCS ISl KOPPEKIMH YacOB KOMIIbIOTEpa.
Koppexkmust Bpemenn npounsBoaurcsi Kaxkaplidi 30 MuH. B kadecTBe aMIUIMTYAHOTO aHAINM3aTopa IPUMEHSETCS
JIBYXBXOJIOBBIH CHEKTPOMETPUYECKUH aHajoro-mudpoBoi mnpeobpasoarens thna Bunkuuacon 4K-CALII-USB.
Koapuunent ycuneHns >IeKTPOHHOTO TpakTa IMOJOOpaH Tak, YTO OAMH KaHal aMIUIMTYJHOTO aHaIu3aTropa
cootBeTcTBYeT 1 K3B 3Heprum. IlockonbKy HNOPTaTUBHBIN CIIEKTPOMETp NpeAHa3HAa4YeH JyIsi OBICTPOTO U JIETKOTO
MepeMeIIeHNs, OH He HMMEeT TEPMO3AIIMTHl W TIOABEPKEH TEMIIEPAaTypPHBIM KOJIEOaHHSM COTIIACHO MECTHBIM
MTOTOTHBIM YCIIOBHSIM. DTO MPHUBOIHUT K TOMY, YTO B K&KIAOM COOBITHH KOA((UIMEHT MepecyeTa HoMepa KaHaia B
SHEPTHI0 TOYHO OIPEEIIeTCs 10 STAIOHHBIM JIMHUAM M3BECTHBIX PAJHOHYKIIUIOB, IOCTOSHHO MPUCYTCTBYIONINX HA
cnektpe. OnHa u3 3Tux auHUHN - 1460 k3B ot xanua-40, BTopas - muansg 609 k3B ot BucMyTa-214.

B mamsTH COXpaHsIOTCS JBa THIIA JAHHBIX. B cyTOuHbI (haiis 3annchIBAIOTCS HHTETPAIIbHBIC MOTOKU H3JYYEHUs C
sHeprusamu >100, >200, >1000 x3B. B Hero e numryTcst JaHHBIE O TEMIIEpaType, NaBICHUH U paboTe MpHeMHHIKA
GPS. Yacrota 3anucu 3TUX JaHHBIX — 1 MUHYyTa.
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Tlopmamugnuiii cnekmpomemp 2amma-usnyyeHis u CHeKmpanbHie Haba0eHus 3P hexma 603pacmaniis Ha CPEOHUX UWUPOMAX

OtnmenbHO O Mepe cOopa coxpaHSoTca TudQepeHInaIbHbIe CIIEKTPHl M3IydeHus. BrIxomgHo# Qaiin crekTpa
CONEP)KUT HOMEpa aMIUIUTYIHBIX KAaHAJIOB W KOJIMYECTBO OTCYETOB B JTHX KaHanax. Ilepecder B SHEpruio
OCYIIECTBIISIETCS IPU 00pabOTKe JaHHBIX, IIPH 3TOM, KaK yKa3aHo BBIIIE, 10 HAN00JIee MHTEHCHBHBIM U XapaKTePHbIM
JVHUSIM PaJMOHYKIIUJIOB TIPOBEPSETCS BEPHOCTh IIKAJIBI IIepecyeTa HOMEpPOB KaHAIOB B DHEPrHIO, IIPH
HEo0X0AUMOCTH KO PHIIUEHT NepecyeTa KOPPEeKTUPYeTCsl.

[TopraTuBHBIN CrIEKTpOMETp ObUT KaluOpOBaH IO JIMHHMSAM HW3BECTHBIX PaJHOHYKIWAOB: me3us-137, xamus-40,
Harpus-22, kobanbTa-60. [Ipn sToM paspemenue cocraBwio 5.7 % no nuHun 660 k3B (uesnii-137). Bpems coopa
onHOTO MM HepeHINaTIBLHOTO CIIEKTPa YCTAaHOBJIEHO TAKUM XK€, KaK y CTallMoHapHOro aHaiora: 30 MUH.

OCHOBHOE OTJINYKME IOPTATHBHOTO CHEKTPOMETPA OT CTALMOHAPHOTO B ClEAyIOmeM. Bo-IepBbIX, MOPTATHBHEIN
CHEKTPOMETP MMEET OOJIBIION 00beM MMaMATH B CIIOCOOCH COXPaHATh HaKOIUICHHEIE JaHHBIE B Heil. Ero He Tpedyercs
HOJAKJIIOYATh K KOMITBIOTEPY-COOPIINKY, KOTOPEIH XpaHUT nanHsle. [1pu noxkmoyenny BHentHero USB-HakonmuTesns
IPOUCXOIUT ABTOMATHYECKOE KOIIMPOBAHUE JaHHBIX Ha ITOJCOCIMHEHHBIH HOCHTEb. DTO YIPOIIAET CheM JaHHBIX
CO CHEKTpOMeTpa, He TpeOyeTcs yJacTHe OorepaTropa ¢ KOMIBIOTEpOM. Bo-BTOpBIX, HOPTATHBHBII CIIEKTPOMETP He
MMeeT CBHHIIOBOH 3aIUTHI U IIPHHMMAET M3IIy4eHHE CO BCEX CTOPOH OT OKPYKAIOIINX OOBEKTOB. ITO B HECKOIBKO
pa3 yBEJIMUUBAET MOTOK U3JIyYECHUS, TOCTYNAIOLUIETO B KPUCTAIUI, OHAKO, sl TU(depeHHanbHbIX H3MEPEHHH 3TO
HE JOJDKHO CO31aBaTh CJIOXHOCTH MPU ONpPENEJCHUH JIMHUKA panuoHYKIHIOB U (opMmbl crnekrpa. Jlerekrop
CTalMOHAPHOTO CHEKTPOMETPa MMEET CBHHIIOBYIO 3allIUTy TONIIMHOW 50 MM, KOTOpas OTrpaHHYUBAET IPHEM
U3IIy4eHHs 001acThIO OKOJIO 3eHUTA Hopsaaka 1.5 cp.

3. IlpoBenenne n3MepeHUi 1 NOJyUYeHHbIE Pe3YJIbTAThI

SIBneHne BO3pacTaHWs TaMMa-H3Iy4eHUsl u3ydaercs nadopartopueit KocMudeckux iydei TOCTaTOYHO JONIO W B
Pa3HBIX MyHKTaX. BRIICHEHO, YTO BO3PACTaHUS IIPOUCXOMAT B PA3INYHBIX KINMATHUECKUX U FeOPU3HIECKUX 30HAX
(BBICOKHE W CpeIHHE LIMPOTHI, PAaBHHHBI M BBICOKOTOpPHE) KPYyIJbId Toh. 3HaumMmble Bo3pactanus (>10 %)
CONPOBOXKIAIOTCSL OCAJIKaMH B TOJABISIONIEM YHCIE CilydaeB M HaOmojaloTcs Kpyrisld rox. Ha ocHose
HaKOIUICHHOT'O 32 MHOTO JIET MaccuBa JaHHBIX ObLI NMPOBEJCH CTAaTUCTUYECKUH aHalINW3 MapaMeTpoB COOBITHIA
BO3PACTaHUMN: JUIUTEIBHOCTD, AMIUTUTYAA, MOJHBIN MOTOK 3Hepruu u mp. [2, 3]. KocBeHHbIe MPU3HAKK YKA3bIBAIOT,
YTO pPaAUOHYKIMIBI B OCaKaX NMPHUCYTCTBYIOT B CIECJOBBIX KOJIMYECTBAX U HE SIBJIACTCS NMPUUYUHON Bo3pacTaHuil [4].
OpHako, 1O TOCIEAHEr0 BPEMEHH BO3PACTaHMSA PErHMCTPUPOBAINCH HHTETPAIBHBIMH JIETEKTOPaMH, MOIYYHUTh
MoapoOHyI0 MHPOPMALUIO O CHEKTPAJIBHBIX XapaKTEPUCTHKAX H3IYYEHHS HE INPEACTaBIIAIOCH BO3MOXKHOCTH.
[TosTOMY KOJIMYECTBEHHO ONpPEAEINTh HAIWYME PAJHOHYKIHMIOB B OCaJKaX M HMX BKJIAJ B BO3PACTAaHHE IOTOKA
W3JTy4eHUs! He ObIIIO BO3MOXKHOCTH.

B 2022 r. B Anarutax OBIT HadyaT MOHHTOPHHI TramMMa-u3nydeHus B awmama3zone 0.1-4 M»sB ¢ momomsio
muddepennnansHoOTO criekTpoMeTpa. PesynbraTsl npenctasnens B [1]. CrnekTpanbHbIe W3MEPEHUS BBITIOIHSIINCH C
MIOMOIIIBIO CTAIIMOHAPHOTO CEKTpoMeTpa. [1J1sl HaJle)KHBIX BBIBOJIOB CIIEI0BAJIO IPOBECTH CHIEKTPaJIbHBIE H3MEPEHHS
B JAPYrHX IIyYHKTaxX XOTS OBl HEKOTOPOE BpEMs M CPaBHUTH pe3yibTaThl. VIMEHHO Ans 3TOH 3amauM OBIT CO3AaH
MOOHJIBHBIN CIIEKTPOMETP, IO OCHOBHBIM XapaKTEPUCTHKAM aHAJIOTHYHBIH CTAI[HIOHAPHOMY.

Bo Bpems moe3aku B IETHUN MEPUOJ HOPTATUBHBIN CIIEKTPOMETp OBLT YCTaHOBJIEH B CT. TaruHCcKoil, PocToBCKOM
obyactu. JIeTo B 3TOM peTrHOHE XapaKTepu3yeTcs AHEBHBIMU Temreparypamu Oonee +30°C ¢ marnoil BIaXXHOCTBIO
(Tunuyna BiaxkHocTh MeHee 30-40 %) m Berpamu [5]. JlHeM mpu siCHO# moroge OOBIYHO Pa3BUBAETCS KyueBas
00J1a9HOCTD, HO O0JIaKa HE CIMBAIOTCS B OOIIYIO0 Maccy, K Beuepy HeOO MOTHOCTHIO OUHUINAETCS 10 CASAYIONIETo yTpa.
CriekTpoMeTp pa3Mernaics B JIETKOM JePeBIHHOM CTPOSHHH Ha BBICOTE OK0JIo 1 M oT OeToHHOTrO0 mnona. Konmuectso
BEIECTBA HaJl HUM OLIEHEHO B 4-5 I/CM?, KOTOPOE CO3/1aBaTIOCh JIETKOM JEPEBSIHHOM KPBIIIEH.

HenpeprsIBHOE n3MepeHne clieKTpa raMMa-u3JIydeHHsl IPOBOJIMIOCH C KOHIA MIOHS I10 Hayajo CeHTSIO0ps. 3a 3To
BpeMs OTMEUEHBI 9 okael pa3HOi MHTEHCHUBHOCTU OT CUJIBHOTO JIUBHS J10 JIETKOU MopocH [5]. 3apeructpupoBaHo
9 coObITHI BO3pacTaHMsI IOTOKA TaMMa-M3JIydeHUs], IpUueM 7 U3 HUX npeBbiciiy nopor 20 % no kanamy >100 k3B,
a HanOoJplIee Bo3pacTaHue cocTaBmio 68 %. B AnartuTax 3a TOT e IeproJi oTMedeHo 21 Bo3pacTaHue, U TOJIBKO §
coObITnii mpeBbicmi nopor 20 %, HamOonbmias ammunTyaa ormedeHa B 37 %. Ha puc.2 moxasansl npodumm
Bo3pacTanmii B Anaturax u B TanuHckoi. Taxxke 3ameTeH Oosee KpyToil GpOHT Bo3pacTaHus B TaIlMHCKOMH, 3TO
OoTpaxaer TOT (haKT, 4TO JIETHUE JOXKAW TaM TMPOUCXOAAT B (opme JIMBHA: pe3koe BHe3amHoe Hadaio [5]. Uwucmo
COOBITHI 3aBUCHT OT KJIMMaTa: B POcTOBCKOI 00:1aCTH JIETO 3aCYIIIIMBOE, JOK/IN CITYJatOTCS PEIKO, COOTBETCTBEHHO,
u Bo3pacTaHnii mMayno. OgHAKO, MX aMIUIMTyJa B TamWHCKOW 3aMeTHO BBIIIE, YeM B AMAaTWTax W TeM Ooyee B
Bapenmoypre. IloarBepxmaeTcs paHee MONYyYSHHBIM MO aHaIM3y coOBITHMH B Amatmtax M bapeHnOypre BBIBOI:
aMIUTUTYAa COOBITHI B CpEZHEM YBEIHMYMBACTCA C IMEPEXOIOoM K Oojiee HM3KUM IIHPOTaM. A Kak IPOSBIISETCS
YBEJIMUEHUE CpeJHEeN aMIIuTyabl B ciekTtpax? I1o usmepeHusM B TedeHue roja CHeKTPOB U3Iy4YeHUs B AnaTHTaxX
CAeNaH BBIBOJ, YTO BO3pacTaHHE NPUBOAUT K YBEJIIMYEHUIO MOTOKA U3Iy4EHUs Ha BCEX DHEPrusix A0 mopora B 2.5
MbB [1]. A KakoBBI CHIEKTpaIbHBIE 0COOEHHOCTH BO3pAcTaHUi Ha CpeiHUX MKpoTax? JIMHUYM KaKuX paJloHyKINI0B
Y B KaKOW CTENeHU OYAyT NPUCYTCTBOBATH?
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Pucynok 2. I[Ipo¢wiu Bo3pacranwuii B TanuHCckoi u Aatutax. A) — Bo3pacTaHue ¢ HAaMOOJIbINEH aMILUTUTY IO
3a IBYXMECSYHBIN repro HaOmoneHuit; B) — TunndaHoe coObiTre Bo3pacTtanus; C) — THIIMYHOE BO3paCTaHUE
B Amarutax; D) — Bo3pacTaHue ¢ HamOONbIICH aMIJIUTYIOM 3a TOT k€ ABYyXMeCSYHbIH nepuon. Kaxabrid

JIOKQJIbHBIH MAaKCUMyM Ha OPOQHILX COOTBETCTBYECT YCHIJICHHIO IOXIs. VICMONB30BAHO MATHUMHUHYTHOE
yCpeqHeHne JaHHBIX 1Mo KaHaity >100 kaB.

Kparko ocraHoBHMCsSI Ha MeTOJMKe omnpeneseHus IU(QepeHIHaNTbHBIX CIIEKTPOB TaMMa-H3JIydeHus,, KOTopas
ommcana B [1]. ExuHNYHBIN crieKTp nMeeT 3HaYuTeNbHbIE (QIYKTYyalllH, II03TOMY 110 BO3MOXHOCTH IPHMEHSETCS
yCpeIHeHHE HECKOJIBKMX CHEKTPOB, COOPAaHHBIX 3a JUIMTENbHBIA MHTepBall. [lepen Bo3pacTaHHeM Bcerza MMEeTcs
JIOBOJIBHO TIPOJOJIKUTENBHBIH OTPE30K BPEMEHH (OT HECKOJIBKHX YacOB JI0 CYTOK), KOT/la HOTOK raMMa-H3JIy4eHus
JEPAKUTCS TPUMEPHO Ha OAHOM ypoBHe. CHEKTpBl 3a 3TOT HMHTEPBAI YCPEAHSIOTCS, MOJNYYEHHBIH CpeIHUN U
obo3HauaeTcs Kak 0a30BbIA cHEeKTp. CHIEKTpHl, W3MEpPEHHBIE B IIEPHOJA OKOJIO MaKCHMyMa BO3pPacTaHHS, TOXeE
YCPEAHSAIOTCS, WTOTOBBIM 00O3HAYAETCS KAaK CIEKTP BO3PACTaHMA. BrlumciseMas pa3HOCT MEXAY CHEKTPOM
BO3pacTaHWs M 0a30BBIM CIIEKTPOM SBIIIETCS CIIEKTPOM JIOTIOJHUTEIBHOTO moToka m3nmydeHus (CIII), KoTopsIi,
COOCTBEHHO, cO3/laeT HaOII0AaeMoe Bo3pacTanre. Takum o0pa3oM, IS KaKIOTO BO3pacTaHUS HAXOJHUTCS TPOHKa
CpeIHHMX CIeKTpoB. EcTecTBeHHO, YeM OoJblIe aMIUIMTyna Bo3pacTaHus, TeM Jydiie onpexaemserca CHIL Ilpm
ammmuryaax <10 % CJII umeer HACTONBKO CHIIBHBIE (PIYKTyalllH, 9TO aHAIN3 €ro HeBOo3MOXkeH. [1o 3Toil mpuunne
YCTaHOBIICH HIDKHUH MTOPOT aMILIUTYbI Bo3pacTaHus 10 % aiIst CeKTpaibHBIX U3MEPEHUI.

IIpoBeneHue B TeUeHHE ABYX MECALEB CIEKTPAIbHBIX U3MEPEHUH B cT. TallMHCKON MO3BOIMIIO CPABHUTH CIIEKTPHI
coObITHH B IBYX pernoHax. [Ipumeps! cnektpoB B Amatutax W B TanmHCcKo# mokazansl Ha puc.3. [s sydmero
BBISIBJICHUSI Pa3JIM4Mil UCIIOIb30BaHbI COOBITHS ¢ aMIuuTy 1ol >30 %, cyMMupoBaHHEM BceX 0a30BBIX CIIEKTPOB OT
Pa3HbIX COOBITHI MOJTyYeH cpeqHNi 0a30BbIA CIIEKTP, aHAJIOTHYHO AJIs crieKTpa Bo3pacTtanus, a CAII momydeH kak
pa3HOCTh 3TUX ABYX. Jlns TamwHCKOW 3a JABYXMECSUHBIM TEpUOJ HAOIONEHUS TaKuX COOBITHH 5, HamboJblee
BO3pacTaHue Habmomanocs B 68 %, it AaTHTOB MOAOOHBIX COOBITHII OTOOpaHO 9 3a Bech MEPHOJT BHINAJCHUS
KHUJIKAX OCAJKOB (C Mas 1Mo OKTAOpH), HanOobIIast aMIUIATyaa cocTaBmia 47 %. Bximrodenne B AmaTHTax BCEro

TEIUIOrO NEPpHOaa C XKUAKUMHU OCaIKaMH CBA3aHO C TEM, YTO 3a Z[ByXMCCH‘-IHBIfI HWHTECPBAJI TAKUX COOBITHI OTMEUEHO
CJIMITKOM Majlo.
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Tlopmamugnuiii cnekmpomemp 2amma-usnyyeHis u CHeKmpanbHie Haba0eHus 3P hexma 603pacmaniis Ha CPEOHUX UWUPOMAX

A Tatsinskaya B) Apatity
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Pucynok 3. CpeHue CIIeKTpPbI, BEIYUCICHHBIC 10 HECKOJILKUM COOBITHSIM BO3PACTAHHA, 3apPETUCTPUPOBAHHBIX
B Tarmunckoi (A) u Anatutax (B).

AHanm3 cpegHHX CIIEKTPOB MOKa3bIBaeT ciexylomee. Hanbomnee Baxxknoe: motok C/I1 B Amaturax n TanumHcKo#
MMEET OJMH U TOT e BEPXHUI sHepreTuueckuil npeaen ~2.5 MaB. T.e. Bo3pacTaHue MOTOKa raMMa-u3Iy4eHUs IpH
0ca/iKax MPOUCXOAUT Ha SHEPTUsiX, MeHsble 2.5 MaB, a npu 0oJiee BBICOKMX DHEPIHAX IIOTOK OCTACTCS TEM XKe, KaKOH
6511 10 Bo3pactanus. [Ipu ToM, uTO amMIIMTYy1a Bo3pacTaHus B TallMHCKOI B IoJaTOpa pas3a GoJjble.

[ToTok KBaHTOB raMma-M3JIy4eHHs, NMPUXOAANIMHA B KpPHUCTAUI AeTeKTopa Oojee ueM Ha MOpsIoK Oosblie B
TanuHcKoH. DTO 00BSICHACTCS TE€M, YTO KPUCTAJLI MOPTATUBHOIO CHEKTPOMETPA HE SKPAaHUPOBAJICS OT U3IYUCHHUS
MOYBBI U OKpyXaromux npeameroB. JIuHus kamus-40 Ha chekTpe Bo3pacTaHHMs M 0a30BOM CIIEKTpe Oosee
UHTeHCHBHAs B TalMHCKOW, YyeM Ha TakuX ke crekTpax B Amnartutax. OOBSCHSAETCS TEeM, YTO MOPTATHUBHBIM
CIIEKTPOMETP OBUT YCTAaHOBJICH B IEPEBIHHOM CTPOCHUH, a B IPEBECHHE CO/IEPKUTCS 3TOT PaAHOHYKINA. B Anarurax
B TI0JIE€ 3PEHUS CIIEKTPOMETpaA MONAAAI0T TONBKO cTponuia. CTOMT OTMETUTB, YTO Ha pa3HOCTHBIX cnekrpax CHII u B
TanmHCKOM, 1 B ATTaTUTaX JHHUSA Kanusa-40 OTCYTCTBYET, 9TO 03HAa4YaeT: B ocankax kanms-40 Her. OOpamaeT Ha cebs
BHHMAaHUE, YTO Ha CHEKTpax B TaMHCKON OTCYTCTBYET aHHMIMIISILIMOHHAs nuHUsA 511 k3B, Torna kak B Anarurax
OHa oTueTINBA. [[03UTPOHBI, AHHUTMIIANUSA KOTOPBIX JaeT TUHUIO 511 k3B, BO3HUKAIOT IpU pacnaie NOI0KUTENbHBIX
MIOOHOB [6], KOT/Za MOCIIEAHUE TEPSIOT SHEPIUI0 U 3aMeIIoTes. DPQPEKTUBHbBIE MTOTEPH SHEPTUH MPOUCXOIST B
IUIOTHBIX M TsDKENbIX BemiecTBax [7]. CrmekTpomMeTp B AmaTWTax OKPYXKEH CBHHIIOBOM 3aIIMTON, TOTAAa Kak B
TauuHCKOM CIIEKTPOMETP HE MMeJT HUKaKo# 3auThl. OTCYTCTBHE aHHUT'MIISILIOHHOW JIMHUK HaOitonaeTcs v B [9], rae
AQHAJIOTHYHBIN HAIlIeMy CIIEKTPOMETp OBbIT YCTaHOBJIEH MO/ JIETKUM HAaBECOM Ha OTKPBITON IUTOMIAJIKE.

Pagnonyknunel cBuHna-214, sucmyta-214, Tamma-208 npuCyTCTBYIOT B CekTpax B TarMHCKON M AmaTuTax.
Caunen-214 u BucMyT-214 npuHaanexaT ceMeicTBy ypana-238, a Tannmii-208 npuHaIeKUT ceMeHCTBY Topusa-232
[8]. Ix mpucyTcTBHE B CHIEKTpax BO3pacTaHUs M B 0a30BBIX CIIEKTpax BIOJIHE OOBSICHUMO: 3TO JOUYEPHHUE POIYKTHI
pacnaga NpPUPOIHBIX JONTOKUBYHMIMX PaJUOHYKIUAOB, MPUCYTCTBYIOIIMX B IOYBE M PA3IUYHBIX MOPOJax, B
OKpyXaromux crpoeHnsix. Ho mouemy onm He mcueszaror Ha crektpe CII mpu BBIYMTAHUH, MOJOOHO JMHHUA
kanusi-40? Haubonee BeposiTHa ciienyronias MpUYMHA. Bo BpeMs HOXKAS MPOMCXOAMT 3aXBaT KAIUIIMH 4acTHYEK
MIBUTH, TIOAHSATOM BETPOM U BO3IyLIHBIMHU OTOKAMH C TIOBEPXHOCTH 3€MJIH B aTMOC(epy, CIeA0BATENbHO, IPU JOXKIE
JIMHUM 3TUX PAJANOHYKIIMJIOB JOJDKHBI YCHIIMBAThCA. B 3TOM cityuae 3Tn nmuHNM He OyneT oOHyISThCS.

B Amatmrax 3a 2022 r. HakorieHa 6a3a JaHHBIX HO 68-MH COOBITHSAM BO3pPAcTaHUH C 3aIMCBIO CIIEKTPOB, B [1]
MPEACTaBICHO MNOAPOOHOE HCCIEOBAaHNE W AaHAJIH3 PA3IUYHBIX XaAPaKTEPUCTHK CIIEKTPOB, OIpPENeNeHHe HX
3aBHCHMOCTH OT HEKOTOPBIX HHTETPAIbHBIX IapaMeTpoB. B HUX BXOMWIM B TOM 4YHCIIE IIOJHAs DSHEPTHS,
MOCTYTIMBINAS B KPUCTAJUI, M MMapuyanbHas (0 OTAETHHBIM JTHHHUSIM PAIHOHYKINAOB), CPETHSIS 110 CIIEKTPY YHEPTUs
u np. VccrnenoBanne 3THX XapaKTEpUCTHK IOKA3BIBAIOT, YTO BKJIAJ PagHOHYKIHIOB coctaBisier 0.1 oT obmiero
s dexra. Takum o6pazom, 11t ATATHTOB MOXKHO CAETATh BBIBOJ, 4TO 3(h(eKT BozpacTaHus raMMa-u3IydeHHs MPH
0caJIkax He BBI3BAH HAJIMYHMEM PaJMOHYKIHAOB B ocazakax. s TanuHcKo# yncno 3adMKCHpOBaHHBIX BO3pACTaHUN
HeBenrKo. OHaKo, M0100Me CIEKTPOB Ha PHC.3 M HAIMYUE TOTO ’KE CaMOTO IHEPTeTHYECKOro MOpora BO3pacTaHus
2.5 MbB mno3BomseT NpeanoyokuTh, YTO M Ui TalMHCKOW BKJAJ PpaJMOHYKIMIOB B Bo3pacTraHue Oyner
HE3HAUUTEIbHON BEJIMYMHON. UTO 03HAUaeT: BO3pacTaHUs FraMMa-U3JIy4eHUs NIPU OCaKax B CPEIHUX MIMPOTaX, KaK
U B HOJIIPHBIX, 00YCIIOBJIEHO KaKUM-TO OOIIMM MEXaHH3MOM B3aWMOIEHCTBHUS METEOPOJIOTHUECKHUX IIPOLIECCOB CO
BTOPHUUYHBIMU KOCMUUECKUMH JTyIaMHU.
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4.
B

10.B. banabun u op.

3akiaouenue
naboparopun Kocmuueckux stydeid pa3paboTaH ¥ Co3aH NOPTATUBHBII An(PepeHIaIbHbINA CIEKTPOMETp raMMa-

n3inyuenust B auanasone 0.1-4 MaB. C ero nomoinsio ObUIH NPOBE/ICHBI JUIMTEIbHBIE H3MEPEHHS CIIEKTpa raMMa-
U3ITy4YEeHHUs BO BpeMs BO3pacTaHUl MOTOKA U3ITy4YEeHHUs, CBA3aHHBIX ¢ OCaKaMHU. M3MepeHus IpOBOAUINCH B CPEIHUX
IIMpOTaxX B JICTHUH MNepuoj. AHanu3 CIEKTPOB, NOIYYEHHBIX Ha aHAJIOTMYHOM CIIEKTpOMETpe B AmnaTUTax U B
CpeIHMX LIUPOTaX, MOKA3all, YTO CIEKTP JONOJHUTEIBHOTO MOTOKA, BEI3BIBAIOIIETO BO3PACTAHUE TaMMa-U3Iy4eHUs,
WMeeT OIMHAKOBBIH BEpXHUH »HepreTwueckuii mperen ~2.5 MbdB. OtnenbHele IHHHH —pPagHOHYKIHIOB,
MIPUCYTCTBYIOIINE HA CIIEKTPaX, HE ABIAIOTCS ONPEACISIONINMHI U HE MOTYT 00ECIEUNTh HAOIOAaEMYIO aMILTUTY Ly
BO3pacTaHHUs.
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AHHOTauusl. IlpuBoAsTCS pE3yabTaTHl KMCCICAOBAHUM, MOKA3bIBAIOIINE HAJIWYHE OJHOBPEMCHHBIX CKAYKOB
KOHIICHTPAIIH TPOTOHOB (N2/ N1), 1 anmbda-dacturl (N>/ Ni), Ha TpaHUIaX AHAMarHUTHEIX CTPYKTYP (C) pa3nuaHbIx
MacmTa0oB KakK B KBa3UCTAIIHOHAPHOM MEJIEHHOM, TaK U B CIIOpaJndeckoM coiHedHoM BeTpe (CB).

Beenenue

W3zBectHO, uTo nuamarHuTHbIe cTPYKTYpHI (JC) moTokoB comreunoro Betpa (CB) pazandyHOro THIIA ONpERenstoTCs
10 AaHTHKOPPEIALNH CKaYK000Pa3HOTO BO3pACTaHNUS KOHIIEHTpanuu NpoToHOB (N2/N;), N cKauKooOpa3HOTo MafeHUs
MOJyJIsl MAarHATHOTO TI0tA (B2/ B;) Ha rpannmax >tux JC [Ecenesuuy, 2019]. Ilpu sToMm, cymectBytoT JIC, cBsI3aHHEIC
KaK C KBa3UCTAIIMOHAPHBIM MeiieHHBIM CB (MakcuManmbHast CKOpOCTh KOTOpOro Ha | a.e. Vyax <450 xM/c), Tak u co
cnopaandeckiuM CB, BEI3BaHHBIM KOPOHAIIBHBIMU BbIOpocamu Macchl (KBM), BO3HUKAIONIMME BOJTH3H TOBEPXHOCTH
Comnnua [Parkhomov et al., 2018]. Kpome mpoToHOB, BTOPOI OCHOBHOM KOMIIOHEHTOI MOHHOTO cocTtaBa CB sBIsIOTCA
JIBaX/Ibl HOHU3UPOBAHHbBIE HOHBI renus, T.e. He++ unun a-uactunsl [Becenogcxuti u Epmonaes, 2008].

[epBbie nccnenoBanus noBeneHUs MOHOB He++ Ha (poHTe ynapHOH BOJHBI OBUTM BBINIOJHEHHI elle B padore
[Gosling et al., 1978]. Tlocne 3TOro JaHHBI BOMPOC MCCIENOBANICA KaK MO JKCIEPUMEHTAIbHBIM JTaHHBIM, TaK U
MeToAOM MoaenupoBaHus [Scholer and Terasawa, 1990; Scholer, 1990; Trattner and Scholer, 1991].

Cornacuo [Canynosa u Op., 2020] oTHOCHTENBHOE CpeIHEe COMepXKaHWEe alb(a-9acTUIl B HEBO3MYIICHHOM
COJIHEUHOM BeTpe Ha opbute 3emun cocrasisieT No/Np = 7%. [Ipudem, 3a ppoOHTOM MEKITAaHETHOH yIAPHOM BOJIHBI
(MYB) Bermumnaa No/Np, Taxoke, OTM3Ka K 3ToMy 3Ha4eHUI0. B cratbe [Sapunova et al., 2022] netansHo ucciieioBaHa
3aBHCUMOCTH No/Np OT cKadka pa3IMIHbIX MapaMeTpoB Ha GppoHTe MY B U TOI0BHOM 0KOJI036MHOM YIapHOW BOJTHEIL.

Jlo cux mop BONPOC O HAJIMYMM M poi anbda vacTull B cTpykrype [JIC He paccmarpuBaiics, XOTS OH MOXET
0Ka3aThCs BAYKHBIM NpH aHanu3e B3aumoaeictsus JIC ¢ marautocdepoit 3emiu. U, B 4acTHOCTH, IPU UCCIIETOBAHUH
BO3MOYXHOCTH MMITYJIbCHOTO TpOHUKHOBeHUS BemecTBa J{C BHYTps Maruutocdepsl [ Echim and Lemaire, 2000].

B cBsi3u ¢ 3THM, PacCMOTPUM BapHallK KOHLEHTpaluK anb(da dactuil Ha rpanune J[C moToKoB pa3iMyHOTO THIA
CB B cpaBHEHHH C BapHanueil KOHIIEHTPAaIUU IIPOTOHOB.

Ananu3 Hanuuus anb(a 4acTUI] M COOTHOIICHHWE MX KOHIEHTpaluil ¢ nporoHamu B JIC mpoaeMOHCTpUpyeM Ha
npUMepe JBYX XapakTepHbIX TUIOB 1otokoB CB u Ha pponTax MYB:

1) Tummunoro wmemmennoro CB, a Tounee oOmactu CIR (corotating interaction region) wim o0xacTi

B3aUMo/IeiicTBUsI MeuIeHHOTo U ObicTporo CB 24.04.2013 (00:14UT)
2) TwunmuaHoro cniopaandeckoro notoka CB, cBs3anHOrO ¢ MexIIaHeTHBIM KBM oTHOCHTENBEHO MaIBIX pa3MepoB
28.06.1999 (02:07UT).

1. JlanHble ¥ METOABLI aHATU3A
J1s pereHns MOCTaBICHHOM 3a/1a91 MCTIONIb30BANINCE:

a) CuHONTHYECKHE KapThl KAPPUHTTOHOBCKHX OOOpPOTOB st MarHuTHoro moisi CoJiHIla, PacCUYUTAHHOTO B
MoTeHIMaIbHOM Tpubkenun [http://wso.stanford.edu/].

6) BpemeHHbIe 3aBUCHMOCTH TTapaMeTpoB coiHedHoro Berpa (CB) u MexiuiaHeTHOro MarautHoro mosist (MMII),
noxyderssle o qanasiM OMNI [http://cdaweb.gsfc.nasa.gov/cgi-bin/eval2.cgi].

B) Moayns B MMII, KOHLEHTpaIsi MPOTOHOB M KOHIIEHTpalus ajib(ha YacTHIl B 3aBUCUMOCTH OT BPEMEHH II0
JaHHBIM ciyTHUKa Wind ¢ paspemiennem 3 cekyHzapl Taxke 1o gaHHbIM OMNI. [Inst OTOXXKAECTBIICHMS CTPYKTYp Ha
Counie u ocodenHocrelr CB Ha opOute 3eMin HCIOIb30BAIIMCH METO/IbI HAXOXKIEHHS X COOTBETCTBHS, U3JI0KEHHBIE
B cTathsX [Eselevich M. and V., 2006; Eceresuy M. u B., 20064].

2. IC meanenrHoro CB Ha 1 a.e. 24.04.2013

Haunewm anamms JIC co cnyyas memiernoro CB 24.04.2013. [IposiBiienune 3Toro coobITUs Ha 1 a.e. BeigeneHo Ha Puc. 1
(1-5) xpacHBIM NPSIMOYTOJIBHUKOM M Omnpenensercs ciexytomumu ocobennoctsiMu CB [Ecenesuy M. u B., 20060;
Borrini et al., 1981]:
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B.I'. Ecenesuu u B.A. Ilapxomog

a) MOBBIIEHHOM KOHIEHTpanuel mwiasmel N > 10 £ 2 e (Puc. 1 (4)),

0) HeBBICOKOI ckopocThio CB V= 290-350 xm/c (Puc. 1 (5)) u

B) HAJIMYHEM B €r0 Mpejieax ceKTopHoi rpanuiisl MMII, Ha KoTopoli MPOUCXOUT U3MEHEHHE a3UMYTaJIBHOTO yIiia
@ na ~180° (ot ~140° mo ~320°), T. e. 3HaKk MMII mensiercs ot «+» (HanpasieHue ot ConHua) K «—» (k ConHity)
(Puc. 1 (2)).

3rot y4yactok Ha3biBaercs [ TIC — rennocepHblil i1a3MeHHBIH CII0H, a ero 4acTh C MaKCUMAaJIbHOW KOHIIEHTpaIuen
obo3Hauaercs, kak CIR (corotating interaction region — 067acTh B3aUMOICHCTBHS MeUIeHHOTO 1 ObicTporo CB). Orta
00acTh BbIIEIEHa CHHUM NpsiMOyronsHIKoM Ha Puc. 1 (/-5). Ha 1 a.e. ucrounnkom Ha Coaue storo yyactka ['TIC
JOJDKEH OBITh YIaCTOK IIEPECEUCHHS MOsICa CTPUMEPOB C SKIUITHKOH (Ha Puc. 1 (6) moka3aH Kpy>KKOM) B OrKaiITmiz
MOMEHT BpeMeHH fp ~ 18.04.2013 (00:04 UT), xoraa oH BcieacTBue BpameHus CoNHIIA epeceKaeT IMeHTPaTbHbIH
Mepuauad. [lomoxxerne mosica CTpUMEpPOB Ha cuHomTHYecKoH kapre (Puc. 1 (6)) moka3aHO XUPHBIMH KPHBBHIMH,
COOTBETCTBYIOIIUMH TIOJIOKeHHI0 HelTpanpHoW nuHMK (HJI) rmo®anpHOTO MarHUTHOTO TIOJS, pa3elisioen
MIOJIOXKUTEIBbHYIO (CIIOIIHBIE KPUBBIC) M OTPULIATENBHYIO (IyHKTHP) nosisipHOCcTH nons. HJI mpoxoanT Brois BepmH
apOK MarHUTHOTO TIOJIS, SIBIAIOMIMMIECS OCHOBaHMEM II0sica cTpuMepoB BOMM3u moBepxHocTH Conuna. CripaBa Ha
Puc. 1 (6) otmeueHn yroia A HakioHa nosica ctpuMepoB (a 3HauuT U [ TIC) K III0CKOCTH SKIUITHKH, BETMYHMHA KOTOPOTO
oonbmie 10°. Takum oOpa3om, B JaHHOM ciydae 1o ompenencuuto [Eceresuy M. u B., 2006a] umeer mecto
HaKJIOHHBII Tosic ctpuMmepoB. OueHMM BpeMs fg NpHXojaa Ha OpOMTY 3eMJIM ydyacTKa IOsca, BBIIEICHHOIO Ha
Puc. 1 (6) kpyxkoMm B MoMeHT £ ~ 18.04.2013 (00:04 UT), mo popmyne [Eceresuu M. u B., 2006a]:

tE = to +4.6-10%V(xm/c), 4acos,

rre f =~ ((00:04 UT) 18.04.2013), ¥ — ckopocts MeanenHoro CB Ha 1 a.e. (km/c).

IMomnaras, cormacuo Puc. 1 (5), V= 310 xm/c, momydaem ¢ =~ 18.04.2013 (04:00 UT) + 6 cyrok 4 waca =~ 24.04.2013
(08:00 UT). Ha Puc. 1 (2) pacueTHBIlf MOMEHT TIOKa3aH BEPTUKAIBHOM XKUPHOHU cTpenkoii. Ha pucynke BUAHO, 4TO ©
TOYHOCTBIO =~ 15 MUHYT pacdeTHOE BpeMs CoTliacyeTcs ¢ HabmogaeMbM MoMeHToM =~ 23.04.2013 (43:00UT) mpuxona
ydacTka nosica ctpumepoB Ha 1 a.e. B Buzne cektopHod rpanuubl MMIL: 3nax MMII u3MeHseTcss OT «+» K «—».
CootserctBue yaactka HJI Ha ComHIle, BRIAETICHHOTO KpYy kKoM Ha Puic. 1 (6) u cexTopHO# rpanuIs! Ha 1 a.e. Ha Puc.
1 (2), moka3aHo ABYMS JUIMHHBIMU II€PECEKAIOIINMHUCS KPACHBIMU MPSIMBIMH CO CTPEIKOH Ha OJTHOM U3 KOHIIOB.

Pucynok 1.
[Mapamerpet MMII u mmasmel CB B 3aBUCHMOCTH OT
BpemeHu. [lanens (1.):
1. monyns B MMII,
2. asumyTanbubii yron © MMII,
A5 3. remneparypa miasmel CB,
AT e 4. xonnenTpauus miasmsl CB,
P 5. ckopocth CB. YuacTok mosica CTpUMEpPOB Ha OpOuUTe

~* 3emun win ['TIC BbigeneH KpacHBIM MPSIMOYTOJIbHUKOM.

e S Yyacrox CIR — cuanM npsmoyroasHEKOM. [Tomydeno mo
Baen  Mama 16 6 mamEeiM  OMNI  [http://cdaweb.gsfc.nasa.gov/cgi-
e I TR S Sy, bin/eval2.cgi,

S * e 6. CuHoIITHYECKast KapTa KIPPUHITOHOBCKOro o6opora CR
2136 pns marnutHoro nosis CoJyiHUA, PACCUUTAHHOTO B
MOTeHIMaIbHOM puoikennn [http://wso.stanford.edu/]:
CIUIOIIHBIE KpPUBBIE — TOJIOKUTENBHAs IOJSIPHOCTS,
MYHKTHP — OTPHLATENbHAs! TIOJIIPHOCTD, KUPHbIE KPUBbIE
— nedtpansHas guHus (HJI) rmobGanpbHOro MarHUTHOTO
nonsa ComnHua.

K_: @, rpax BT

N,em-3 T,

V, km/c

Ha Puc. 2 n.1, 2 no antuxoppensuu (rng) ~ —0.9) BpemeHHBIX npodmnert moxynst MMII u KoHIEHTpanuu
mpotoHoB Np mmasmel CB mo mameeiM crmytHuka Wind BugHO, urto obmacte CIR mpeacraBmser coboit
nocienoBatenbHOCTh J{C (BBIACICHHBIX BEPTHKAIBHBIMHI ITYHKTHPAMH), BHYTPH KaXXI0H U3 KOTOPBIX HAOMIOAAIOTCS
Mukpo JIC pasnuuHbIX MeHbIHMX MacmtadoB. Otu [IC XapakTepu3yloTcs HE TOJIBKO CKaYKOOOpa3HBIM pocToM Np,
HO M CKaukaMu KoHueHTpauuu anbda uyactun No (Puc. 2 n.3). lns BeinenenHoit mukpo JIC Ha yBennm4eHHOM
BpeMeHHOM MaciuTtabe B mHTepBaie ~ 07:19 - 07:27UT mnpencraBieHsl NpoQuiM KOHLEHTPAUHWU HMPOTOHOB U
KOHLICHTpaLMHK ajb(a yacTul, COOTBETCTBEHHO, HA Puc. 2 n.4, 5. VI3 HUX ciexyeT, 4To, HE CMOTPSI Ha IOCTAaTOYHO
BBICOKMH YPOBEHb LIYMOBBIX KoyieOaHui Ha npo¢umiusix Na(?), CyIMECTBYeT BBICOKHI ypOBEHb OTpHULATEIHLHOMN
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koppensiu ¢ moxyiaeM MMII (rnps = —0.8, rnes = —0.53) BHYTpH MHKPOCTPYKTYpPHI BIDIOTH O CaMBIX MabIX
MepUOIOB (COOTBETCTBEHHO, MPOCTPAHCTBEHHBIX MacmTaboB) Np u No, KO3QPHUIHUCHT KOPPEIANAU MEXKIY
KOTOPBIMH PaBeH I(NpNa) = 0.54. DTH cooTBeTCTBHs moKa3aHbl Ha Puc. 2 n.4, 5 BepTHKaIbHBIMH ITYHKTHPHBIMHU
MPSIMBIMH.

Jnst nanpHeWIIero uccieaoBaHus AMHAMUKY Bapuanuii Np u No Ha rpanunax Mukpo JIC paziandHbeIX MaciTaboB
BBEJIEM TIOHATHE OTHOCUTEJIBHBIX CKAYKOB KOHLEHTPALMH MIPOTOHOB N,2/Ny; = (N2/Nj)p n anbda wactuny (Ny2/Noi) =
(N2/N)o. Otnpenenenune 3HaueHuid N,y u N, nepen rpanuneit mukpo JIC u HemocpencTBeHHO 3a Hel N2 U Ny
MOKa3aHsbl cipasa Ha Puc. 2 n.4, 5 cTpenkamu.

Ha ocHoBe nprBen€HHBIX JaHHBIX OBLIO cAeNaHo 3akmodeHne, 9To st JIC kBasucrammonapHoro memierHoro CB,
CBSI3aHHBIX C IIOSICOM FUIM LEMOYKaMH CTPUMEPOB, B paMKaX PAacCMOTPEHHOW B CTAaThe METOIHMKH, MMEET MECTO
JTUHEHHAst 3aBUCUMOCTD (N2/N1), 0T (N2/Ni)p.

CIR

-
w

24 —

= Pl
ﬂ:”ﬁ:_”“fw”( | -

T SR
01 2 g,fﬂf 5 6 7 8 9 \10\ 11 12 13 14 Pucynoxk 2.
" 24.04.2013(qace) N Moayns B MMII u niapaMeTphl IUI1a3Mbl
il b 4 CB B 3aBUCMMOCTM OT BpEMEHU B
o | N — fr:,.lm_ Mg Y _\\< =S obxactu CIR mo maHHBIM CIIyTHHK2 Wlpd
E 30—t =i = !,’ ! : | : hl\,'*)'*uf.\-i [http://cdaweb.gsfc.nasa.gov/cgi-bin/eval2.cgi]
= | | b By LR el 24.04.2013 r.
I Pev 4L ot LoLo L [ 1 vonym BMMI,
20 — e .50 E TNFH 2. KOHIIEHTpaIMsl IPOTOHOB Np,
T - ] 2oLl A e T i A 5- 3. konueHTpamus anbda yactun N, Ha
'. CIIG i 9 ' : W i {‘, TR, YBEIMYEHHOM BPEMEHHOM MacIluTabe B
5 0'4_— v L_._'L-'_-',_: pEy - RO ¢ | unTepsane ~ 07:19 - 07:27UT,
=i R B R i N No2 4. npoduny KOHLEHTpaIWs IPOTOHOB,
Z 02 — il Lk i 1 :  |Na 5. Bapuaumu KOHIEHTpauus aibda
0 . ol el : ’
) [ J . ' I ¥ I YaCTHIL.
7.32 7.36 74 7.44

24.04.2013(qack)

3. AC 28.06.1999 cnopaguyeckoro CB Ha opoute 3emiu
PaccmoTtpum ocobeHHOCTH 3aBUCUMOCTH (N2/Ny)o OT (N2/Nj)p mnst ciopaguieckoro moroka CB 28.06.1999. B stom
coOBITHH MOAPOOHO UccienoBanach Hanbonee mwiotHas 4acte JC [[lapxomos u Op., 2017], a IMEHHO BOJIOKHO C
YHUKaJIBHO Oonbmioi ckopocThio (okoio 900 km/c). Bpulo mokasaHo, 4TO JaHHOE BOJIOKHO SBIISIETCSI 4aCTHIO
Crenu(uIecKoro CIopajMuecKoro IoToka coiHedHoro Berpa (CB), KOTOpBIi MOXHO paccMaTpuBaTh Kak
MEXKIUIAaHETHBIH TPaH3MEHT Maiblx pasMmepoB. Hac aror ciywail cnopazmueckoro CB Oynmer mHTEpecoBaTh: BO-
NEepBBIX, KaK MPUMEp TOJHOTO Habopa nocienoBatenbHocTH JIC pa3nuyHbIX MaciTaboB, COAEPIKAIIMXCS B pa3HBIX
yactsax ICME, HaunHas ¢ y9acTka yaapHO-HArpeTO IDIa3Mbl H 1ajiee MEeXKIUIAHETHOTO TPAaH3HUEeHTa MAJIBIX Pa3MEpOB,
BKITIOYAIOIIETO B ceOs MIOTHOE BOJIOKHO; BO-BTOPBIX, I CPABHEHUS BPEMEHHBIX NPpodniield KOHICHTpaunuH anbha
YacTHUI[ ¥ IPOTOHOB criopanmdeckoro CB ¢ anamormaHpIMu MpoMIsIMU A1 IPYTHX THIOB OTOKOB CB.

Kak nokazano Ha Puc. 3 (n.1) u, 66u10 ycTaHoBieHo panee [[lapxomos u Op., 2017], 3TOT copangudecKuii MOTOK
CB sBnseTcs MOCIEIOBAaTEIBHOCTRIO YAApHOH BOJHBI, yZapHO Harperoi mmra3mbl (Sheath) m MexmmaHeTHOTO
TpaHsueHTa Manbix pasmepoB (ICME). Ha Puc. 3 (n./, 2) mo aHTHKOppeISIIUN BpeMEHHBIX mpoduieit Mmomyns B
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MMII u koHMEeHTpanuu npoToHoB Np mia3msl CB BUIHO, UTO paccMaTpuBaeMslil ciopagmdeckuii CB mpencrasmiser
coboit nocnenosarensHOCTh JIC (BBIACIEHHBIX BEPTUKAIBHBIMU ITyHKTHPAMHU), BHYTPH KaXKI0H M3 KOTOPBIX UMEET
Mecto Habop Mukpo JIC Mmenpmmx MaciutaboB. HambGonpmmii cxauok Np xapaxtepen it JIC, cBs3aHHOI ¢
SPYNTHUBHBIM BOJIOKHOM, KOTOPOE PETHCTpUpYETCs B HHTepBane BpeMeHu =~ 04:42 — 05:12 UT. Kak BuaHo Ha Puc. 3
(n.2,3), Bce ckauku KOHIEHTpauuud Np B Kaxaoi mnocnenoBarenbHOCTH JIC CONPOBOXKAAIOTCS CKauKaMH
KOHLIEHTpaIMHK anbda yactuy No.

Shoqk 28.06.1999
Sheath ICME i
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Pucynok 3. Monyne B MMII u napamerps! mia3msl CB B 3aBUCMMOCTH OT BPEMEHHU AJIsi CLIOPAJAMYECKOTO
moroka CB mo mamueiM criytHrka Wind [http://cdaweb.gsfc.nasa. gov/cgi-bin/eval2.cgi] 28.06.1999 r.: 1.
Moy B MMII, 2. koHUeHTpalys IPOTOHOB, 3. KOHIIEHTpaLus alib(a yactul. Ha yBennueHHOM BpeMEHHOM
Mmacmrabe B uHrepBaie ~ 02:48-03:15UT (cunsist sxupHast JMHUS) NPOGHUIH KOHLUEHTPAHs NPOTOHOB (4) U
KOHIICHTpaIus anbda gactury (5).

Jns omno#t m3 mociaenosarensHocTedt Mukpo JIC Ha Puc. 3 (n.4) Ha yBeNWYeHHOM BpPEMEHHOM MacmiTade B
naTepBasie = 02:48 UT - 03:15UT, npexacraBieHsl Bapualuy KOHIEHTPAIIMH IMPOTOHOB M KOHIIEHTPALUH anb(da
yacTull. 13 HHUX clemyeT, YTO BBIJENCHHBIH y4YacTOK SIBJSIETCS IIOCIeNOBaTelIbHOCThI0 MHUKpO JIC MeHbIIMX
Macmrabos. Kpome Toro, BUJHO 4TO, HE CMOTpPS Ha BBICOKMI ypOBEHb IIYMOBBIX KojeOaHUi Ha npoduisix No(z),
CYIIECTBYET BBICOKHH ypOBEHb KOppessiuuu Mexay Np u Na B mukpo JIC BIUTOTH 10 CaMBIX MaJbIX IEPHOIOB (T.€.
MIPOCTPAaHCTBEHHBIX MacmTaboB). CooTBeTCTBHS NOKa3aHbl Ha Puc. 3 (n.4, 5) BepTHKaNbHBIMH IYHKTHPHBIMH
TIPSIMBIMH.

Ha ocHOBe nmpuBeAEHHBIX JAHHBIX MOXKHO 3aKJIIOUUTh uTo Ha rpanunax /1C B yaapHo HarpeToii tuiasme win Sheath,
tarke kak 1 B JIC kBasucraumoHapHoro meieHHoro CB, CBSI3aHHOTO € MOSICOM WM LEMOYKaMU CTPUMEPOB, B
paMKax pacCMOTPEHHOMU B CTaThe CTATUCTUKH, IMEET MECTO JIMHEHHAsT 3aBUCUMOCTE (N2/N1), 0T (N2/Ni)p.

4. MarautocgepHbiii oTkank Ha Bo3aeiicTBue [[C 28.06.1999

B HabnroneHusx Bapuanuii reoMarHuTHOTO 1oJjist ¥ motokoB yactull npuoopom CAMMICE (The Charge and Mass
Magnetospheric Ion Composition Experiment) umcna c4yéra NpPOTOHOB OTMETUM TIJIaBHYIO OCOOCHHOCTH —
npoTuBo(a3Hble BApHALIMK MOYJIsI reoMarHuTHOro 1oist (Puc. 4 n.3) n noToka (KOHIEHTpaL|K) IPOTOHOB Ha OpOuTe
cnytHuka (Puc. 4 n.2). Ha Puc. 4 n.2, 3 BupHO OIHOBPEMEHHOE PE3KOE BO3pACTaHHE YKCia c4éTa IPOTOHOB, U pe3Koe
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maJiecHue MOIYJISl MarHUTHOTO TOJS € 3aJepXKKOW =~ 2.5 MHHYTHI N0 BpPEMEHH OTHOCHTEIHHO Hayaja KOHTaKTa C
marauTocoepoit J1C, nmpencrasnennoii Ha Puc. 3 n./-3.

dakT npoxoxkaeHus anb(a-4acTUul] BHYTPb MarHUTOC(EPHI MOATBEPIKAAETCS M3MEPEHUSIMH OTOKOB MPpoToHOB H+
u anb(da yactury Het++ npubopamu CAM u TIM (Toroidal Imaging Mass-Angle Spectrograph) [Chen et al., 1998].
Bunso (Puc. 4 n.4, 5), 4T0 IpOUCXOUT UMITYJILCHOE BO3pacTaHHe OTOKOB IPOTOHOB OoJiee, yeM B ~ 40 pa3 u anbdha
yacTull B ~ 30 pa3 B TeueHHWe OBYX MHHYT, Bapuauuu, NOTOKa MPOTOHOB HMEIOT HMITYJILCHOE BO3pacTaHHE.
Nmnynbenbiil Bemieck npotoHoB ¢ E = 40 + 100 k3B HabmromaeTcs Tak ke Ha CHHXPOHHOHM OpOUTE CIIyTHHKOM

LANL-1 (Puc. 4 n.6).
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Pucynox 4. MaruutocdepHsii oTKIMK Ha KOHTakT ¢ J{C, HCTOUHMKOM KOTOPOI SBIISIETCS 3PYNTHBHOE
BOJIOKHO CITOPaJMYECKOr0 COJIHEYHOTO BeTpa. /) crekTporpamma Beiulecka YHY mznmyuenuit Ha oOcC.
JloBo3epo; 2) Bapualys OTOKa NPOTOHOB Ha criyTHUKe Polar; 3) Bapuarus Mo/yisi FeOMarHUTHOTO OIS Ha
cnyrtHuke Polar; 4, 5) Bapunanus moToka mpoTOHOB M MMOTOKA ajb(a-4acTHIl, 3apeTUCTPUPOBAHHAS HA CITyTHIKE
Polar npu6opom CAM; 6) Bapuarust motoka mpoToHOB E, = 50 — 400 k3B Ha cniytauke LANL-1; 7) Bapuanus
notoka anba-gactunm Ha croyTHuKe LANL-1. BepruxanbHON KpacHOH cTpenkoil 0003HaYeHO HAYaio
koHTtakta JIC ¢ maraurocdepoit. At — Bpems cxaTtus (pacnpoctparenus JJC oT MarHUTONay3sl 1O OPOUTHI
Polar), Al — Bpems noctyrureHus cBexeit mma3Mel JIC Ha opOHUTY CITyTHHKA.

Wmkeknus mydKa MOXKET BBI3BaTh Pa3BUTHE HOHHO-LMKJIOTPOHHONW HEYCTOMYMBOCTH MAarHUTOC(EPHOH MIa3Mbl U
TeHEepalMy IUPOKOIIOJIOCHOTO BCIIECKA T€OMarHUTHBIX IyJibcalui (yipTpann3koyactotHbX (YHY) uznydenuii) B
muanaszone yactot Pcl f~ 1.0 + 5.0 I'u [Kangas et al., 1998]. I'mobaneHsii nyr mynascanuii Pi 2-3 (Psc) B iuamna3one
gacToT f ~ 0.1 + 0.003 I', reHepupyeMblii 3a CYET CHIILHOTO CXKATHS, MPEABAPSET UMITYJIbCHBIA BHICOKOYACTOTHBIN
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BCIUIECK (HE TIOKa3aHO). DTO HaOIromeHue, MOoJoOHO CIydasM IIOBBIIIEHHOTO CONEpXKaHWS anb(a-4acTul B
KBa3HCTAI[IOHAPHBIX ITOTOKAX, MIOKAa3aHHBIX B paszelie 3, MOKHO WHTEPIPETHPOBATH M KaK MPOXOXKICHHUE aibda-
Y4acTUI] BHYTPh MarHuTocdepsl u kak npoxoxaeHue JC kak nenoro (ruiazmoun). JJomoTHUTEIBHBIM apryMEHTOM
npoxoxacHus [IC, kak u B CIIydasx, paCCMOTPEHHBIX BBIIIIE, MOXKET CIYXHTh COXPaHECHUE ¢€ TJIABHOTO CBOWCTBA —
AQHTUKOPPEISAIMH YHCIIa CUETa IIPOTOHOB M alIb(ha-4acTHIl C MOAYJIEM '€OMAarHUTHOTO TIOJIS.

YacTh 4acTHIl OMAaeT B KOHYC MMOTEPh M BBICHITIACTCSA B aTMOC(hEpy, BHI3bIBas THCBHBIC MOJISIPHBIC CUSHUS THIIA
shock aurora [Zhou and Tsurutani, 1999] B UVI nuanasone B queBHOM Kacte (Puc. 5) [Dmitriev and Suvorova, 2023].
CusHUs HAYMHAKOTCS BOJHM3U MOJYJCHHOTO MEpUAMAaHA B JAMAna3oHe mHpoT 72° — 75°, a 3areM CBEYCHUSA
pacmpocTpaHseTcss K BOCTOKY Ha HOUHYIO CTOpOHY, gocturas B 05:30:10 moryHOUHOTO MeprAnaHa.

PaccmoTpeHHas mocie10BaTeIbHOCTD SBICHUH aHAIOTHYHA JJIsl MarHUTOC(EpHOTo OTKIMKa Ha Bo3aeticTeue JIC B
niceyio ['TIC, cBI3aHHOM C IIETIOUKOI1 CTPUMEPOB, TIO3BOJISIET CAETIATH 3aKIIOYCHHIE O TOM, YTO B pe3yJIbTaTe KOHTaKTa
¢ marautocthepoit JIC, HaxooImuxcs B OTACTBHBIX YacTsaX moTokoB CB pasmuuHoro BHma (KBa3WCTAIIMOHAPHEII
Memnerabrii CB B obmactu I'TIC, ymapHo Harperas masMma (sheath) B cmopagmaeckom CB, 06macTs 3pynTHBHOTO
nporyoepanna B ICME), wacts Bemectsa JC (Tma3mons), BKIFOUas anb(ha-9acTHIL, IOCTYIIAeT B MarHUTOCQEDY.

05:09:56 UT 05:11:46 UT 0572:23 UT

—— e T
0 T E 100
: - R
18 k =41 §
05:30:10 UT £+

Pucynok 5. MarHuToCQepHBIi OTKIMK B MOJSIPHBIX CHAHHAX Ha KOHTakT ¢ JC, MCTOYHHKOM KOTOpOW
SIBIISIETCSI PYNTHUBHOE BOJOKHO CHOPAANYECKOr0 COJHEYHOTro BeTpa. [losipHble CHUSHUS, perHCTpHpYyEMbIe
cytHUKOM Polar ¢ ¢pmaerpom LBHL B tHEBHOM MONSIpHOM Kacrie.

5. BeiBoabl

[IpencraBneHHbIe pe3yiIbTaThl MOKA3BIBAIOT, YTO AWMaMarHuTHbIE cTPYKTYpsl ([C) pasnuyHbIX MacmTaboB Kak B
KBa3McTaloHapHOM MejuieHHOM CB, Tak u B cmnopaamdeckux norokax CB Ha cBoMX rpaHuMIax MMEIOT CKaukd
KOHLEHTpaluu 1wiasmel (N»/Nj)p M, OJHOBpEMEHHO, CKaukKM KOHIeHTpauuu anbda vactun (No/Nja. Hus J1C
KBa3MCTalIOHapHOro MeaneHHoro CB, cBA3aHHOM ¢ MOSCOM WU LIENOYKaMHU CTPUMEPOB, B paMKaX PacCMOTPEHHOI
B CTaThe¢ CTAaTHCTHUKH, MMEET MECTO CIWHAasl JIMHEWHas 3aBHCUMOCTh (N»/Np), oT (N»/Ni)p. ITO 03Hauaer, 4to
¢usnyeckas npupo/ia BOSHUKHOBEHHUS ATUX CKAUYKOB €/IMHAs U OHA CBsi3aHa ¢ 3P dekToM auamarHeTu3Ma Ha rpaHuIax
JC xBa3zuctanmoHapHbIX NTOTOKOB CB pa3muuHBIX TUIOB.

MarauTochepHBIi OTKIMK B pACCMOTPEHHON HOMEHKIJIATypEe SBJICHUI: MOJSIPHBIX CHSHUAX, TIOTOKAX MPOTOHOB U
anb(ha JacTUIl, TEOMarHUTHOM TI0JIe B MarHuTocgepe u Ha 3emie, reoMarHuTHRIX mynbcarpsix (YHY u3mydenusx)
noto0en npu Bo3aercTeuu J|C pa3numyHON IPUPOIBI U UX MOXKHO HHTEPIPETHPOBATH KAK UMITYJIBCHOE MTPOX0KICHHIE
BemecTBa J[C (tuiazmonia) B Maruutocdepy.

PesynbraTe! necnenoBanuil ckaukoB (N»/Nj), MOTYT OBITH UCTIONB30BAHBI KaK JTOTIOJHUTEIBHBIN BaYKHBIN apryMeHT
IIpY MJICHTUHKAIMK CIIydaeB MMITYyJIbCHOIO NpoHUKHOBeHUs! JIC BHYTph MarHuTocdepsl U IpU HCCIIEA0BAHUH
(U3MYECKOM NPUPO/IBI STHX MTPOHUKHOBEHHH.

BbaarogapnocTu
ABTOpPHI BRIpaXAarOT UcKpeHHIo0 OmaromapHocth NASA CDAWEB 3a npepocTaBienne TaHHBIX CITyTHUKOB Wind,
Geotail, Polar, GOES-8, GOES-10, uTep601. ABTOPHI O6JaromapsaT pyKOBOAWUTENEH, pa3padOTINKOB MPHOOPOB H
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PYKOBOJIUTENEH SKCIEPUMEHTOB, MPOBOAUMBIX HAa 3THX CIyTHHUKAX, 338 BO3MOXKHOCTb HCIIOJIb30BAHMS JAaHHBIX.
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JIureparypa

bopoakoBa H.JI. Bo3xeiicTBHe OONBIIMX M PE3KUX H3MEHEHHI MHHAMHYECKOTO JABIICHUS COJHEYHOTO BETpa Ha
Marautocdepy 3emin. AHaIN3 HeCKONIbKUX coObITHil. KocMuueckue uccnenoanus. 2010, T. 48, Ne 1, C. 1-15.

Becenosckuii 1.C., Epmonaes FO.W. MonHble cocraBisitonue coyiHeyHoro Berpa. [lnasmenHas reauodusuka. T.1. M.:
®dusmariur, 2008, C. 313— 325.

Ecenesny B.I'. /IlnamarHuTHBIE CTPYKTYpBl — OCHOBa KBa3HCTALMOHAPHOTO MEAJICHHOTO COJHEeYHOro BeTpa. CoIHEeYHO-
3emHas usuka. 2019, T. 5, Ne 3, C. 36-49. DOI: 10.12737/sz£-53201904

Ecenesrma M.B., EceneBna B.I'. IlposiBienne mydeBoil CTpyKTyphI Osica KOPOHATIBHBIX CTPUMEPOB B BUIE PE3KUX MHUKOB
KOHIICHTPAIMH IUIa3Mbl COJIHEUHOTO BeTpa Ha opbute 3emun. ['eomarnerusm u asponomusi. 2006a, T. 46, Ne 6, C. 811—
824,

Ecenesuu M.B., Ecenesuu B.I'. HexoTopble 0cOOEHHOCTH 1Osca KOPOHANBHBIX CTPUMEPOB B COJHEYHOH KOpPOHE U Ha
opb6ure 3emiu. Actponomuueckuit xyprai. 20066, T. 83, Ne 9, C. 837-852.

MomnganoB O.A. HuzkouacTOTHbIE BOJIHBI U HHAYIIMPOBaHHBIC H3Iy4eHHUs B OKOJIo3eMHOM m1azme. M. Hayka, 1985.

TTapxomoB B.A., boponkosa H.JI., Ecenesuu B.I'., Ecenesuu M.B., JImutpue A.B., Uunukun B.D. OcobeHHOCTH
BO3JICHCTBUS AUAMAarHUTHON CTPYKTYPBI COJIHEYHOrO BeTpa Ha MarHurocdepy 3emin. ConHedHo-3eMHas ¢pusuka. 2017,
T. 3, Ne 4, C. 47-62. DOI 10.12737/sz£-3420170544

ITapxomoB B.A., Ecenesuu B.I"., Ecenesnu M.B., [Imutpues A.B., CyBoposa A.B., Xomyros C.1O., Llarmaa. b., Paiita T.
MarsutocepHblii OTKIHK Ha B3aUMOJACHCTBHE C JHAMATHUTHON CTPYKTYpOH CHOPaJHYeCcKOrO COJIHEYHOI'O BETpa.
Conneuno-3emuas ¢usuka. 2021, T. 7, Ne 3, DOI: 10.12737/s2£-73202102

CanynoBa O.B., boponkosa H.JI., 3acrenkep I'.H., Epmonaes F0.U. Tlosenenue noHoB He++ Ha QpoHTEe MeKIUIaHETHON
ynapHoii BoiHbl. ['eomarnerusm u asponomust. 2020, T. 60, Ne 6, C. 720-726.

Belian R.D., Gisler G.R., Cayton T.E., Christensen R.A. High-Z energetic particles at geosynchronous orbit during the Great
Solar Proton Event Series of October 1989. J. Geophys. Res. 1992, V. 97, P. 16897-16906.

Borrini G., Wilcox J.M., Gosling J.T., et al. Solar wind helium and hydrogen structure near the heliospheric current sheet:
A signal of coronal streamer at 1 AU. J. Geophys. Res. 1981, V. 86, P. 4565-4573.

Chen J., Fritz T.A., Sheldon R.B., Spence H.E., Spjeldvik W.N., Fennell J.F., Livi S., Russell C.T., Pickett J.S., and Gurnett
D.A. Cusp energetic particle events: Implications for a major acceleration region of the magnetosphere. J. Geophys. Res.
1998, V. 103(A1), P. 69-78, DOI: 10.1029/97JA02246

Dmitriev A.V., Suvorova A.V. Atmospheric Effects of Magnetosheath Jets. Atmosphere. 2023, V. 14, No. 45, P. 1-15.
https://doi.org/10.3390/atmos 14010045

Echim M.M., Lemaire J.F. Laboratory and numerical simulations of the impulsive penetration mechanism. Space Sci. Rev.
2000, V. 92. P. 56-601.

Eselevich M.V., Eselevich V.G. The double structure of the coronal streamer belt. Solar Phys. 2006, V. 235, Iss. 1-2, P.
331-344.

Gosling J.T., Asbridge J.R., Bame S.J., Paschmann G., Sckopke N. Observation of two distinct population of bow shock
ions in the upstream solar wind. Geophys. Res. Lett. 1978, V. 5, P. 957-960.

Kangas J., Guglielmi A. and Pokhotelov O. Morphology and Physics of Short-Period Magnetic Pulsations. (Review). Space
Science Reviews. 1998, V. 83, P. 435-512. http://dx.doi.org/10.1023/A:1005063911643

Parkhomov V.A., Borodkova N.L., Eselevich V.G., et al. Solar wind diamagnetic structures as a source of substorm- like
disturbances. J. Atmosph. Solar-Terr. Phys. 2018, V. 181, P. 55-67. DOI: 10.1016/.jastp.2018.10.010

Sapunova O.V., Borodkova N.L., Zastenker G.N., Yermolaev Y.I. Dynamics of He++ Ions at Interplanetary and Earth’s
Bow Shocks. Universe. 2022, V. 8, No. 10, 516. https://doi.org/10.3390/universe8100516

Scholer M., Terasawa T. Ion reflection and dissipation at quasiparallel collisionless shocks. Geophys. Res. Lett. 1990, V.
17,P. 119-122.

Scholer M. Diffusions at quasi-parallel collisionless shocks: simulations. Geophys. Res. Let. 1990, V. 17, P. 1821-1824.

Trattner K.J. Scholer M. Diffuse alpha particles upstream of simulated quasi-parallel supercritical collisionless shocks.
Geophys. Res. Let. 1991, V. 18, No. 10, P. 1817-1820.

Tsegmed B., Potapov A., Baatar N. Daytime geomagnetic pulsations accompanying sudden impulse of solar wind.
Proceedings of the Mongolian Academy of Sciences. 2022, V. 62, No. 02 (242). https://doi.org/10.5564/pmas.v62i102.2380

Zhou X.-Y., Tsurutani B.T. Rapid intensification and propagation of the dayside aurora: Large-scale interplanetary pressure
pulses (fast shocks). Geophys. Res. Lett. 1999, V. 26, No. 8, P. 1097-1100.

URL: [http://wso.stanford.edu/]

URL: [http://cdaweb. gsfc.nasa.gov/cgi-bin/eval2.cgi]

URL: [http://wso.stanford.edu/]

URL: [https://www.obsebre.es/php/geomagnetisme/vrapides/ssc_2002_d.txt]

118



Polar
“Physics of Auroral Phenomena”, Proc. XLVI Annual Seminar, Apatity, pp. 119-122, 2023 @ Geophysical
© Polar Geophysical Institute, 2023 Institute

DOI: 10.51981/2588-0039.2023.46.026

NCCIEAOBAHUE COBCTBEHHOI'O U3JIYYEHMA HOYHbBIX
ATMOC®EP IIVIAHET 3EMHOM I'PYIIIIbI B YJIbTPA®UOJIETOBBIX
N UHOPAKPACHBIX ITOJTOCAX

O.B. Anronenko, A.C. Kupunnos
THonapuvii ceogpusuueckuti uncmumym (III'H), 2. Anamumei, Poccus

AHHOTAUA

B Hactosmielt pabote paccMaTpuBarOTCS 0OCOOCHHOCTH HM3JIyUeHHs HOYHBIX atMocdep 3emum u Mapca B moiocax
lepubepra I m AtmocdepHBIX moI0cax. BEBIMOTHEHO COMOCTaBICHHE TEOPETUUECKUX pACUCTOB 3HAYCHHN
WHTCHCUBHOCTEH cBedeHus mosioc ['epudepra I m ATMOC(EpHBIX MOJOC C DKCICPUMCHTAIBHBIMUA JTaHHBIMHU,
MOJYYCHHBIMH CIIEKTPOTpadoM ¢ KOCMHUYECKHX MIATTIIOB «J{uckaBepm» u «HAEBOP», COOTBETCTBEHHO. Pacuérhl
BBIMOJHSAINCH 10 3KCHEPUMEHTAJbHBIM JITAHHBIM O KOHUEHTpPAIUsAX aTOMapHOr0 KHUCJIOpOAa ISl OINpeAeNICHHBIX
HIMPOT U ce30HOB 3emin U Mapca. [lokazaHo, 4To HaOMIOHAaeTCS XOPOIIEe COTIacke TEOPETHYECKHX pacyEéToB C
SKCIIEPUMEHTATBHBIMU JAHHBIMU ISl PACCMOTPEHHBIX IIUPOT U CE30HOB 3eMIIH, B TO BpeMs Kak Juid ycloBuit Mapca
Ha0JII01aeTCs JIUIIH HEKOTOPOE COOTBETCTBUE TEOPETUIECKUX PACUETOB C HKCIIEPUMEHTAIbHBIMU JAHHBIMHU.

KnaroueBble ci10Ba: MHTCHCHBHOCTH CBEUCHMS, pPa3iIM4HbIe Mosiockl m3nydenus, MK crnexrporpad, xocmudecknit
IIaTTI, PacuéTbl MHTETPATBHBIX HHTCHCHBHOCTEH IOJOC, BBICOTHBIE paclpeAeieHUss aTOMAapHOTO KHCIOpoJa,
KoJsieOaTebHbIE YPOBHHU, BO30YKAEHHBIH MOJICKYIISIPHBIH KUCIOPO.

1. BBenenne
HccrnenoBaHust TPOIECCOB BO3HUKHOBEHHSI SMHCCHHA MOJIEKYJSIPHOTO KHCIOPOZa B YIbTPadUONECTOBOM H
nHppaxkpacHOW 00JACTH PUBEIH K BBIBOY, YTO OHH SIBISIFOTCS CIIEICTBHEM IPOLecca peKOMOUHAIIMHM aTOMapHOTO
KHCIOpOAa M O00pa3oBaHUA AIIEKTPOHHO-BO30YKAEHHOTO MOJIEKYISIPHOTO KHCJIOPOJa, CIOCOOHOTO W3IydaTh
paznuuHble SMuccud [1]. MoJekynspHBId KHCIOPOJ HMEET WIECTh JJIEKTPOHHBIX COCTOSHUM, SIBIISIOLIUXCS
METacTabUILHBIME M KOPPEJTUPYIONIMX C OCHOBHBIMH COCTOSHUAMHU aToMOB Kuciopoaa (*P+3P). Tlepexombl Mexty
STHMH COCTOSHUSMH OOYCIIaBIMBAIOT pa3iinuHble cucTeM mosoc. IllecTs M3 HUX HAaXOmATCA B yIbTPadHOIETOBOH
o0nacTu crekTpa, Tpu — B HH(ppakpacHoi [2]. B HacTosmiei paboTe paccMaTpuBaeTcs yiIbTpadroeToBas cucreMa
nostoc I'epudepra I, a Taxoke ATMocdepHas cucrtema, KOTopasi HaxosTcsl B MH(pakpacHoH obnacTu criekTpa. Bee
OHH COOTBETCTBYIOT UCXO/IHBIM METACTA0MIBHBIM COCTOSHUSM [3].

Lenp manHON paboOTHl — CpaBHEHHE TEOPETHUUECKHX PAcueTOB WHTEHCHBHOCTEH cBeueHHs moioc ['eprbdepra I u
ATMOc(hepHBIX MOJ0C MOJIEKYJIIpHOro Kuciopoaa O,* B HOUHOM HeOe 3eMilu 1 B YCIIOBUIX HOUHOTrO Heba Mapca ¢
9KCHEPUMEHTANBHBIMU JaHHBIMH, ITOJy4YEHHBIMH BO BpeMsI 3aITycKa KOCMHYECKOT0 IaTTia.

2. KuneTuueckue mpouecchbl COOCTBEHHOT0 M3JIy4eHUs1 ATMOC(hephl

CaeueHne MoJIeKyJIsIpHOTO Kuciopoaa B ommkHeM VK-nuanazone (1-1.7 MKM) KpoMme TOTO, 9TO OHO, HECOMHEHHO,
NIPUCYTCTBYET Ha 3emiie, peructpupyercs Ha Mapce cniekrpomerpoM SPICAM Ha 6opty Mars Express. Cornacho [4]
uH(pakpacHoe aTMOC(EpPHOE H3NydeHHME Ha Mapce sBisieTcs Hambosiee WHTEHCHBHBIM. Modekymbl Oz'(a'Ay)
M3IY9a0T SMHUCCHU B MH(PaKpacHOM IHana3oHe, MPUYeM OJHOW M3 XapaKTEepHBIX SBISAETCS mojoca 1.27 MKM,
00yCTIOBNICHHAS CTIOHTAHHBIM H3JTy4aTeJIbHBIM ITEPEX0I0M:

0,'(a'Ag V) — 0, (X3 ,v") + hv, (A 1.27 Mxm) A(a-X) = 0.00023 ¢! (1)

Ho He Bce Monekyinbl, Haxoasiuecs B Oy"(a'Ay) cocTosiHMM, 00pa3yrOTCs B Pe3yJbTaTe PEakiUH TPEXUACTHUHOM
pexkomOuHanmu. Hekotopble 3 HUX 00pa3yroTcs U B 60siee BHICOKOIHEPTETUYHBIX BO30YKIIEHHBIX COCTOSIHUSAX, U3
KOTOPBIX B IIPOIIECCE PENAKCAIMH JI0 COCTOSIHHSA a'Ag MOKET TIPOU30UTH TIEPEXOM B 3TO COCTOSHHE [5].
axke Ha Mapce npucyTcTByIoT M MoJiekyisl O, (b'E, "), ananornduno ussyyaronme B MHGPAKPaCHOM JHATIa30HE
T M o ¢ )s ,
nepexo]; « ATMOC(EepHbIE TIOJIOCHI»:

02* (b'ZgtH, V') — 02* (X3Z,, v") + hv, (A 700 - 1000 um) A(b-X) =0.087 ¢!, 2)
u mMonexyinbl O>* (A, "), nsnydaronue B yaTpaQuosieTOBOM Juanasone, nojockl I'epubepra I, nepexos:

02" (AS," V) >0, (X3 ,v") + hv, (A 240-520 um) A(A-X)=15¢, 3)
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Hccnedosanue cobcmeennozo usnyyueHus HOYHbIX ammocghep nianem 3emMHol 2pynnsl 8 Yibmpa@duonemossix U UHGPaAKPaACHbIX NOIOCAX

rie A(a—X), A(b—X), A(A-X), aOcomoTHBIE BEpOATHOCTH MEPEXOJ0B, COOTBETCTBEHHO, WH(PAKPaCHOU
AtmoctepHoit cuctembl, ATMochepHoii cuctemsl, monoc ['eprdepra I, dopmymst (1), (2) u (3) — COOTBETCTBYIOT
BBILIENIEpEYHCICHHBIM NepexoaM. Ha 3emie Hanbosiee HHTECHBHO M3ITy4aroTcs nojockl ['eprbepra 1.

Ha pucynke 1 cxeMaTHYHO MpEACTABICHBI IEPEXOIbI, PACCMATHBACMEBIC BBIIIC, COOTBETCTBCHHO, VH(ppakpacHas
AtmocdepHnas cucrema, ATMoctepHas cuctema, I'epnoepra 1. Taxke n3 pucynka 1 BHAHO, 4TO BO30YKAEHHBIE
MOJIEKYJIbI KHCIIoposia coctosuuii 02" (a'A,), O2°(b'Sg") Moryr o0pa3oBbIBaTECS B MpolEcce penakcanuu Oosee
BBICOKOOHEPI€THYHBIX BO30YXIICHHBIX COCTOSIHUI. JTO mepexonsl Puuappa-/[xoncona, UembGepnena, bpoiina —
T'eitnona u Hokcona. Bce npuBeeHHbIE COCTOSTHUS HAXOSATCS HUXKE DHEPTUH Arccolranuu MoJjiekyssl Os ~41300
cM! (8065 cm~! =1 3B).
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PI/ICyHOK 1. Cxema NIEPEX0 0B MCKAY PA3TIMIHBIMHA 3JICKTPOHHBIMU COCTOSTHUSAMMU.

Kak BuHO M3 pucyHka 1, Bo36y,kIEHHBIE MOJEKYIBI Kucaopoaa coctosauii O (alAg), 02" (b'E,") obpasyrorcs B
IpoLecce perakcannuy 6osiee BBICOKOIHEPTETHIHBIX BO30YKICHHBIX COCTOSHINA. DTO nepexo sl Puuapaa-/»oHcoHa,
Yembepnena, bpotina — I'eiimona u Hokcona.

IMockonbky KuHeTHKa coctosiHui ['eprioepra I u ATMOCQepHBIX MoJIoc Ha paccMaTpUBAEMOM JMAla30HE BBICOT
aTMoc(epbl BO MHOT'OM OIPENEINSETCs] CTOJIKHOBUTEIBHBIMH ITPOIIECCAMH, HApsLy C W3JIyYaTelIbHBIMH, IPU pacyere
KOHIIEHTPALU 3JIEKTPOHHO-BO30Y ) AeHHOro kucinopoaa 02" (A3, ,v') u Oy (b'Z,") B armochepe 3emuu, rie Ha
paccMaTpuBaeMbIX BBICOTaX IpeobnamaroT Mosiekyiasl a3zoTa N u kucnopoma Oz, a B armocdepe Mapca,
COOTBETCTBEHHO, ITpeobianaroT MosieKysl CO,, MPUMEHSIOTCS cileayone GopMyIsl:

[027(AZy", Vs B2, V)] = a(Asb) qu(Asb) k [OT* (INJHO2])/(Av(Asb) + kna [N2] + ko2 [O2]), (4a)
[027 (A2, Vs B2, V)] = a(Asb) qu(Asb) k [O]* ([COD/(Av(Asb) +keoa[ CO2)), (40)

rae o(A;b) — kBaHTOBBIH BbIXOA cocTostHus (ASE,™; b'Z,"), mpu TpolHbIX cToNKHOBeHUsAX 4acTul [6], qv(A;b) —
KBAHTOBBIN BBIXOJ KOJIEOATENBHOrO ypoBHs V' cocrosuus (A3E,"; b'E,") [7,8], k — KOHCTaHTa CKOPOCTH peaKuuu
PEKOMOMHAIINY TIPU TPOUHBIX CTONKHOBEHHSX [2], kno2, ko2 — KOHCTAaHTBI CKOpOCTEH peaxIuid TalleHUs JaHHOTO
COCTOSIHUSI TIPH HEYNPYTHUX CTOJKHOBEHHSX ¢ Moiekynamu Nz, O, B atmochepe 3emmm [9,10] (4a), kcor — ¢
mosekynamu CO, B atmochepe Mapca [2] (40), Av(A;b) — cymma koddduimentoB DUHINTEIHA TSI BCeX
CIIOHTAHHBIX M3JIYYaTeNbHBIX MEPEXONOB ¢ KoyebaTenpbHoro ypoBHs V' coctosmus (A’E,"; b'E,") ma Bce
KoJe0aTENBHBIE YPOBHU COCTOSHUA X g [2,3].

Ilpu pacuere kommentpamuii O*(A’Z,",v'; b!X,",v') B armochepe 3emmm cormacHo (4a) HUCIONB3YIOTCS
SKCHEPUMEHTAIFHBIE JAHHBIMH O XapaKTepHbIX KOHIEHTpamusx [O] B BepxHel aTMocdepe 3eMian Ha OCHOBaHHU
XapaKTepUCTHK CBEUCHHS aTOMAapHOTo Kucioponaa O [ pa3iIndHBIX MECSIEB roja Ha cpeaHux mmporax (55.7° N;
36.8° E), 3Benuropozckas obcepBaropus MDA [2] (pucyHok 2a). nst pacueroB KoHueHtpamuid O* B BepxHei
aTMoc(epe Mapca (cormnacHo 40) BEICOTHBIE pacnpe/iesieHHs] KOHIIEHTpalui aroMapHoro kuciopona [O] 6epyres u3
MOJIENIN OOIICH IUPKYIAINH GPaHIYy3CKOH TabopaTopruu TUHAMUYECKOH MeTeopoiorun, HaspiBaemoii LMD-MGCM
[4] Ha ceBepHbIx mmpoTax (67° N) n B skBaTopuanbHoi 30He (Ls~0°, Ls~180°) (pucyHok 26). B coorBercTBum ¢
OCHOBHBIMH CE30HHBIMH 3aKOHOMEPHOCTSIMM BapHallUii MHTEHCHUBHOCTH 3MHUccHU 557.7 HM cIOH aTOMapHOTro
KUClIopoa B arMocdepe 3eMin Tak >ke€ 3HAYMTEIbHO M3MEHSET IMOJIOKEHHE CBOero MakcuMmyma [2, 11], npuuem
BBICOTa MAaKCHMAaJIbHBIX 3HAYEHHH AaOCONIOTHBIX KOHIIEHTPAIMA aTOMapHOTO KHCIIOpOJia TakKe OCTAaéTCs He
MOCTOSHHOW. DTOTO MBI HE MOXXEM CKa3aTb o0 Mapce, T.K. pa3Opoc 3Ha4YeHHWH aOCOIIOTHBIX KOHIEHTpAIUH
aTOMapHOTO KHCIIOPO/ia MaJI03aMEeTeH M0 CPAaBHEHHIO CO 3HAYCHUSAMH [T aTMOC(HEpHl 3eMIIH.
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Pucynoxk 2. BeicoTHBIC TpodIIn KOHIIEHTpannii atroMapHoro kuciopoza [O] mms atmocdepst 3emmm 1 Mapca.

3. ConocraBiieHHe pe3yJbTATOB PAc4éTOB HHTEHCHMBHOCTeH u3aydenusi moJioc I'epudepra I m
AtMocdepHbIX moJ0oc aiasa ycaoBuil 3emau u Mapca W cpaBHEHUE JITHX Pe3yJbTaTOB C
3ecrnepMMEeHTANbLHBIMH JaHHBIMH, IMOJYYEHHBIMH ¢ KOCMUYECKHX IHATTJIOB

[pu pacuerax 3HaYeHMI KOHIIEHTPALIUIT AJIEKTPOHHO-BO30YKIEHHOTO KUCIopoa uis atMochepsl 3emiu (hopmyiia
(4a)) WCHONB30BAIHMCH BBICOTHBIE NPOQUIN TEMIIEpaTyp, COCTABJICHHbIE Ha OCHOBE JIaHHBIX MHOTOJIETHUX
(1960—2000 rr.) uzmepennii npouiei remnepatypsl Ha Beicotax 30—110 kM [12]. BeicoTHble poduiu Temmneparyp,
UCTIONIb3yeMble NMpU pacu€rax 3HAueHWH KOHICHTpAIMH 3JEKTPOHHO-BO30YKAEHHOTO KHCIOpoJa B arMocdepe
Mapca (dopmyna (46)), noaydensl u3 Momenu odmed nupkyssimua (LMD-MGCM) [4]. PacdeTsl KOHIICHTpaIuit
3JIEKTPOHHO-B030Yy Xk 1eHHOro kucnopoaa 02 (A3Z,",v'; b'Z,",v') Ha BelcoTax BepxHeii arMocephl 3eMIIM JUIS INHPOTHI
55.7° N mpoBeieHHI IS KoneOaTeIbHbIX ypoBHeH v'=2-9 coctosaus [epubepra I A3E,', coctosaus Atmocdenoi
nosockl b'T," 1 pasnuuHBIX MeCAIEB rofa (CPENHUX MECSIEB KAKIOTO CE30HA: AHBAPS, AllpeJIs, UIOIsl, OKTIAOPS)
1980 u 1981 rr. [2]. AHanoruunsie pacuetsl KoHneHTpanuil 02 (A, v'; b'Z,",v') Ha BeIcOTax BepxHel arMochepsl
Mapca ObLTH TPOBEACHBI IJIs1 DKBATOPHUATBHOM 30HBI M T ceBepHBIX mupoT (67° N) Bo Bpems BeceHHero (Ls~0°) u
ocennero (Ls~180°) paBHogercTBus. Ilpu pacuére MHTEHCUBHOCTEH M3NMydeHHA Ly MCTIONB3yeTCs TMPUOIIKEHIE
ONITHYECKH TOHKOTO CJIOSL, T.€. IPEeHeOperaeTcs MoryioneHueM (POTOHOB BHYTPH CIIOS.
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PI/ICyHOK 3. 3KCHepI/IMeHTaﬂLHLI€ 1 paCCUUTAHHbIC 3HAYCHUSL I/IHTCFpaJILHOfl CBCTUMOCTH II0JIOC.
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Hccnedosanue cobcmeennozo usnyyueHus HOYHbIX ammocghep nianem 3emMHol 2pynnsl 8 Yibmpa@duonemossix U UHGPaAKPaACHbIX NOIOCAX

Ha pucynke 3a npencrasieH (pparMeHT YCpeIHEHHOTO CIIEKTpa CBEUYEHU HOYHOTO Heba B auamna3one 250-370 Hm,
W3MEPEeHHOTo crekTporpadom ¢ kocmmdeckoro mattia “‘AuckaBepu” (STS-53) [13]. Ha pucynke 36 — ¢pparmeHT
YCPEIHEHHOTO CIIeKTpa CBEYEHHs HOYHOro Heba B amamazoHe 620—900 HM, W3MEpPEHHOTO CreKTporpadoMm c
KocMuueckoro mattia “Unaesop” (STS-69) [13]. ITo ocsam Y — untencuroctu (R/A), X — mmnst Bosn A (A), undpst
Haa mukamu — (V'—v'") mpu m3nmydaTenbHBIX mepexonax (3) u (2), cooTBeTCTBeHHO. PaccumTaHHBIC 3HAYCHUS
VHTEHCHBHOCTH u3iydeHus I(cm2c™') (rmctorpamMmer) st pasnuuHbeix monoc Iepubepra I, o6ycrnoBieHHBIX
nepexonoM (3), anst cpeanux mupot 3emun (55.7° N) mnst 1 mecsima 1980 1 1981 rr. (pucyHok 3B), a Takke JUist
cucteMbl ATMOC(EpHBIX 10JI0C, 00YCIIOBICHHBIX TepexoaoM (2), mist cpenuux mupot 3emin (55.7° N) msa 10
Mecsima rona, 1976 u 1986 rr. (pucyHok 3r), BHIITOJHEHEI B 3TOM XK€ AHana3oHe JIMH BoiH. Kak BUIHO U3 cpaBHEHUS
TEOPETHYECKN PACCUNTAHHBIX 3HAUYCHNH MHTCHCUBHOCTEH CBEUECHUS TSI 3€MIH C 9KCIIEPUMEHTAIbHBIMU JaHHBIMH,
HaOJIOMaeTCsl XOpoIIas KOPPEesiius pPe3ylbTaToB pacdeTa ¢ JKCIIEPHUMEHTOM. AHAJOTHYHO Ha pHUCYyHKe 3(1,e)
MPE/ICTABIICHBI PACCUNTAaHHBIC 3HAUCHNS MHTCHCUBHOCTEH M3TydeHHs At atMocdepsl Mapca 1i1si ceBEepHBIX IHUPOT
(67° N) ons Toukn oceHHero paBHoxeHCTBHA (Ls~180°).

s yenoBuit Mapca MBI MOXKeM BHICTh H3MEHEHHE OTHOCUTEIHHOTO BKJIaa KOJIeOaTeIbHBIX YPOBHEH COCTOSHUS
A3, B cBeuenme mnosoc I'epubepra I (pucyHok 31) W KoneGaTeNbHBIX YpoBHEH cocTosHus b'E,” B cBeueHne
Atmocdeprbix monoc (pucyHok 3e). Tak W3 pucyHKa BHIHO, YTO BKJaJ KoOJeOaTeJbHBIX YpOBHEH V=5, 6
YMEHBIIIAETCS, a Y KOJIeOaTeIbHBIX YpOBHEH v'=8, 9 yBennuuBaercsi. OOBSICHACTCS 3TO OCOOCHHOCTSAMHU TalllCHUS Ha
MOJIEKyJIaX YIJIEKHCIIOTro ra3a.

4. 3ak049eHue
Ha ocHOBaHMM 3KCTIEPUMEHTAIBHBIX JAHHBIX 11O MPO(UIIM KOHICHTPAIIMH aTOMAapHOTO KHCIOPOa U TEMIEPaTyphl
B arMmocdepe 3eminn Ha cpemHux mupoTax (55.7° N) mpoBemeHB pacueTsl OOBEMHBIX WM WHTETPaIbHBIX
MHTEHCHUBHOCTEH cBeueHus moioc [eprbepra I m Atmoctepnsix moioc. IlpoBeneHo cpaBHEHHE pacCUNTAHHBIX
3HA4YEHHH CO CHEKTPaJbHBIMU M3MEPEHHSIMH CreKTporpadoM ¢ KocMH4Yeckux martioB «/luckaBepu» (STS-53) u
«upeBop» (STS 69). IlokazaHo, 4YTO HaAOMIOJAETCS XOpOIIash KOPPENsLUs pe3ylbTaTOB pacdyera ¢
HKCIEPUMEHTAIBHBIMU JaHHBIMU.

AHajornuHble pacyeTsl HHTEHCUBHOCTEH cBeueHus nosioc ['epudepra | u ATMochepHBIX 10JI0C TPOBEAEHBI IS
ycnoBuid Mapca yis mupoTsl 67°. TloydeHo, 4to i1 ycrouii Mapca HabJTi01aeTCsl JIUIh HEKOTOPOE COOTBETCTBHE
pe3yIbTaTOB pacyeTa c TeMH K€, YKa3aHHBIMH BBIIIE SKCIIEPUMEHTAIbHBIMH JAHHBIMU.
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AHHOTALUS

B pa6ote npuBenen ananu3s curaanoB C/IB nuamazona, npussteix B @O «Muxueso» U/II" PAH Bo Bpemst BCHbIIIEK
Ha Connne 10.05.2022. Ha ocHoBe 3TOro aHanu3a ObUIM ONpe/AEiIeHbl MUHHUMAbHbIE TPEOOBAHUS K CO3aBaeMOii
anmaparype mnpueMa curHanoB CJIB mmama3oHa Ui CO3MaHHMSA NPOCTPAHCTBEHHO-PACIIPENCICHHOW CETH
PETUCTPAIIMOHHBIX ITYHKTOB. PacCMOTpeHbl OCHOBHBIE XapaKTEPUCTHKH pa3padaThIBAEMON annapaTypbl, NPUHIUIIBI
€€ MOCTPOCHUs, NIEPCIICKTUBBI YBEJIMUCHUA KOJINYCCTBA IPUEMHBIX ITYHKTOB.

Beenenue

C/IB panvoBOJIHBI pacipocTpaHssich B BOJHOBOJE 3eMisi-noHochepa HeCcyT MH()OPMALUIO O COCTOSHUU BEPXHEH
CTEHKH BOJIHOBOJIa. B 1HEBHOE BpeMsi BepXHe# CTeHKOW BOJIHOBOA siBisieTcs: D-cioii moHocdepsl. B HouHOE Bpemst
BbICOTa OTpaxkeHUs paanoBosiH C/IB nuanasoHa yBemmumBaercst u gocturaer E-ciost monocdepsl. Bosmymenns
BEPXHEH CTEHKH BOJHOBOAA CBSA3aHHBIE C TEIHO-TeO(PU3NYECKUMU COOBITHAMH, TAaKUMH KaK HPOXOXKICHHUE
COJTHEYHOTO TEpMHHATOpa MO Tpacce PaCHpOCTPaHEHUs CHUIHAJA, COJHEUHBIMH PEHTT€HOBCKMMH BCIIBIIIKAMH,
BBICBIITIAHUSIMU 3apsKEHHBIX YACTHI U JIP. OKa3bIBAIOT CYIIECTBEHHOE BIMSHUE Ha NmapameTpsl npuHumaeMmsix CJIB
curHanoB. B T'dO «Muxueso» UATI' PAH c¢ 2014 r. Bemercs mouutopunr curHaigoB CJIB nuanasoHa c
UCIIONIb30BaHHEM B KayecTBe ceHcopoB MarHutomMerpoB MFS-07 nemenxoit ¢upmbr «Metronix». [lns 3amnucu
CUTHAJIOB HCIOJb3yeTcs 24-0utHeii torrep ADU-07e 31oii ke dhupmsel. B [[aspuios u dp., 2019] Obuia npeioxeHa
METOJIMKa BOCCTaHOBJICHMSI TMapaMeTpoB D-ciost monocgeps! Bo BpeMsi CONHEYHBIX PEHTTCHOBCKHX BCIIBIIICK B
paMkax aByxnapamerpuueckod wmoxaenu @eprioccona-Yaita [Wait, 1964; Ferguson, 1995] Ha nByx
OJIM3KOPACIIONIOKEHHBIX Tpaccax. [lepexoa OT M3MEpEeHWil B OJHOM TOYKE K IPOCTPAHCTBEHHO-pacIpeieseHHOMN
CHCTEME IIO3BOJIMT IIOJYYNTh KAUYEeCTBEHHO HOBBIE pE3yJbTaTbl, & WMEHHO — JIOKAIM3AIMIO HOHOC(EPHBIX
BO3MYILICHHH.

Jnst co3naHus Takod cucTeMbl peructpauuu curHaioB B OHY nuamazoHe HE0OXOOMMO HMMETh KOMILICKTHI
HM3MEPUTENBHOTO O0OpYJIOBaHUS C OJMHAKOBBIMU XapaKTEepHUCTHKaMH. ArmmapaTypa ucmnonssyiomasici B ['®O
«MuXHEBO» SIBJIAETCSl YHUKAJIBHOW U JOCTaTOYHO JAOPOroil, 4YTO HE MO3BOJSIET UCIIONB30BaTh €€ B TaKoi cucreme. B
JAHHOW paboTe MBI IPHBOJNM IIPUMED CO3/IAaHHS TaKOW almmapaTyphl Ha OCHOBE OOIIET0CTYITHBIX KOMIIOHEHTOB.

JKCcnepUMeHTAIbHbIE Pe3yJIbTaThl H 00padoTKA JaHHBIX

Ha puc. 1 npuBesieH CyTOYHBIN XOJ1 aMIJIUTY/bl CUTHAJIOB 5 €BpONEMCKUX MePeIaTYNKOB U MOTOK PEHTTEHOBCKOTO
n3my4eHns o naHabM cyTHrka GOES. Ha 3anmcsx pertrenoBckoro nmotoka cnytHrka GOES npumMepso B 14 gacos
UT wmb1 Habmromaem CoONTHEYHYIO PEHTI'CHOBCKYIO BCIBINIKY Kiacca X2. Bapuamum amrummtynst curHaios C/IB
MepeIaTINKOB COCTABISIOT €UHHUIIBI Aeru0en oTHocuTeNbHO ukoTecisl. [lepenaTauk DHO ¢ 7 no 8 wacoB UT 611
BEIKJTFOUCH ¥ MBI MOXKEM BHJICTh YPOBEHbB IIPUPOIHBIX IITyMOB Ha 3To# YacToTte. OH cocraBiser npumepHo -23 nb(uT).
[Ipu sTOM ero ammMTyna Ha yTpeHHEM W BeuepHeM TepmuHatopax (1 wac m 20 gacoB UT) mocturaer moutn 25
nb(uT). Takum o0Opa3om, AJisi YBEpEHHON pErHCTpalMy Kak cladbIX MEepeJaTyHMKOB, CUTHAJ KOTOPBIX HA YPOBHE
IIYMOB, Tak ¥ cibHbIX T2 DHO Ham Hago UMeTh TMHAMUYECKHH AMana3oH MpUeMHOro Tpakra He menee 60 ab.
Ecmu ygects, uto B PO «MuXHEBO» MBI UMeeM KpaliHe HH3KHH yPOBEHb NMPOMBINIICHHBIX IMTyMOB, & UMEHHO
curHaNoB Ha 9actoTe 50 I'l m ee TapMOHUK, TO JUHAMHYECKUN TUana3oH JoJhKeH ObITh Oonbine. Ho B mienmom, 16-u
6urnabie AT 1OKHBI yIOBIETBOPSATD YCIOBHSIM YBEpeHHOU perucrpaiun curaanos C/IB nepenaTuynkos.
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Pucynok 1. Ammmutyna Eeporneiickux CJ/IB nepenatanko, npuHATHIX B [ @O « MuxHEBOY» (BEpXHSISA TAHEIb)
Y ITIOTOK PEHTTEHOBCKOTO M3JIy4eHHs 10 JaHHBIM ciryTHHKa GOES B ABYX crieKTpasIbHBIX IMana3oHax.

Ha puc. 2 npuBenensl cyrounbie Bapuaiiu Ga3el CIIB nepenarunkos. B 14 yacor UT Mbl BUMM peakiiuio (pa3oBbix
XapaKTEePUCTUK MPUHUMAEMbIX CUIHAIOB Ha COJIHEYHYIO PEHTI€HOBCKYIO BCIIBIIIKY. Bapuanuu ¢a3sl cocTaBisioT
0.5-1 paguan. Cyrounsle Bapranuy ¢a3bl JISKaT B JHaNa30He MopAaKa 3-X paguaH. s yBepeHHOH 3a1CcH BapHaIii
(ha3bl MOXKHO OIICHHUTH TOYHOCTh H3Mepenust (as3bl kak 0.05 pagmana. O1o coorBercTByeT 0.008 mepuoma. s
gacToTel 20 KI'II 3TO 3KBHBaJeHTHO BpeMeHHOW morpemHocTH 0.4 Mkc. BpemenHas npuBs3ka C ITOMOIIBIO
r100aTbHBIX HABUTAIIMOHHBIX CHCTEM HMEIOT MPHMEPHO Ha HOPSIIOK JTYUIIyIO TOYHOCTb.

Takum o0pa3zoM, ONBITHBIM 00pa3en anmaparypsl st peructpanuu C/IB curaanoB MOXKHO cTpouTh Ha Gaze 16-n
paspsanbix ALIl m oOecrieunBaTh BpeMEHHBIC NPHUBS3KH M CTAOMIM3ALMIO YacTOTHl OUM(POBKH CHUTHAJIOB C
MOMOIIBIO TII00aTBHBIX HABUTAIIMOHHBIX cyTHHKOBEIX cucteM (THCC).

@dyHaaMeHTaNbHBIN NPUHIUI TOCTPOSHHS CHCTEM ¢O0pa TaHHBIX — 3TO MOAYJILHOCTh, 00eceynBaoNIas rTHOKOCTh
TIPY ITOCTPOEHHUH CHCTEM. DTO MOTYT OBITh KaK OTAEIbHBIE MOJIYJIH, TAaK U MOAYJIH, 00beiMHEHHBIE B OJ10K. B cocTas
M3MEPUTENIFHOTO KOMIUIEKCa 3JIeKTPOMarHuTHeIX curHagoB OHY nmama3zoHa BBIXOAAT CIETyION[HE KOMIIOHEHTEHI,
MpeICTaBJICHHbBIE HA PUCYHKE 3:

I. amnmapaTHO-IIporpaMMHsIi 6110k (AITB),

2. 650K crHXpOoHU3aMH onopHo# yacToTsl (BCOY),
3. 6ok nHUIMamm3anuu coosrTus ctapta (BMCC),
4. JIATYNKA MAarHUTHOT'O TIOJISI.

Jnst onudpoBKY JTaHHBIX C JATYUKOB MCHONB3yeTcs 16-pa3psaHblii aHamoro-uudpooii npeodpaszosaress (ALIT)
mozenu E-502 ot oreuectBennoii pupmel L-card Bxonsuii B cocraB AITb. OcHoBHBIE XapakTepucTuku storo AL
npezcTasiens! B Tabauue 1. Beioop nannoro AL Osi1 060cHOBaH AByMs (hakTOpamu:

1. B03MOXHOCTBIO TIOAKIIIOUEHHSI BHEITHETO MCTOYHUKA ONMOPHOM YacTOTHI, YTO MO3BOJISIET 00ECIIEUnTh
CHHXPOHHOCTh U3MEPEHHH 1 BPEMEHHYIO CTa0MIBHOCTD YaCTOTHI H3MEPEHHH.
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2. CriocoOHOCTBIO MHUITMHPOBATH COOBITHS CTapTa IO BHEITHEMY HCTOYHHKY, 0OecreumBasi MPUBS3KY
BpeMEHHU Havajyia coObIThs K MupoBomy Bpemenu (UTC).
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Pucynox 2. Cyrounsie Bapuanuu ¢as3sl C/IB nepenatunkos, npuHsaThix B [ PO «MuxHeBo».

Tadamnua 1. Xapakrepucruku AL L-Card E-502.

BxomHoe HanpsiKeHe MUTaHUS: 8-30 B

PazpsigHoCTb: 16 bur

YacToTa 1UCKpETU3aLUU: 2 MI'g

Wurepdeiic noakmroueHus: USB / Ethernet RJ-45

Pazbémpr: Analog/Digital-DRB-37M/DRB-37F
YacToTa BHEITHETO OMIOPHOTO UCTOYHHKA 1,5 MI'ng

beuio Hanmucano nporpammuoe obecnieuenne (I10) B mporpammuoii cpeae LabView st [I9BM u3 cocraBa AIlb.
Omnepatopom Ha [I9BM 3amarorcs cnenyromue mapameTpsl: Bpems coobrtus (T _start, T stop), HCTOUHUK OMOPHOI
YacTOTHI, UCTOYHUK COOBITHSI CTapTa, KOJIMYECTBO ONPAIIMBACMBIX KaHAJIOB, 4acTOTa cOopa Ha KaHAI, HOMEp
OIIpalIMBAaeMOro KaHajla W jauana3oH. YmpasieHue ALl MoxHO ocymiecTBIsiTH 4Yepe3 KaOelnb BHUTYIO mapy (He
6onbme 100 metpoB), uepe3 USB kabenb, mudo0 ke HCIOIb30BaTh BOJIOKOHHO-ONTHYECKYIO TuHUI0 cBsi3u (BOJIC),
JIONOJTHUTENNBHO OCHAIEHHYIO Me/Ia KOHBEPTOPaMH.

B cocraB BCOY Bxoaut auctumumHarop Mini Precision GPS Reference Clock bpuranckoii ¢pupmsr Leo Bodnar
Electronics n GPS aHTeHHa ¢ MarHUTHBIM OcHOBaHMeM. YcTpoiicTBo Mini Precision GPS Reference Clock Bbimaer
OTIOPHBIA TaKTOBBI CHUTHAI C HU3KAM JUKATTEpOM. JlonroBpeMeHHas CTaOMIBHOCTh BBIXOZHOTO CHTHANa
ompezenseTcss BEICOKOH TounocThio curHanoB THCC (GPS, TJIOHAC) u npuGmmxkaercs k 1x107'2. Liudposas
(hazoBas aBTonocTpoiika yactoThl (PLL) mo3BossieT mory4ars BEIXOJHON OTIOPHBIN CUTHAN B Auamna3one ot 400 '
10 810 MI'1. AMIIUTya BRIXOIHOTO curHaia paBHa 3,3 B npu conmporusnenuu 50 OM. Bee HacTpoiiku 9acTOTHI U
BBIXOJa TOJTHOCTHIO HACTpanmBaroTcs moJib3oBarenem depe3 USB-coemmnenne ¢ TIK ¢ Windows u coxpassroTcst
BHYTPH ycTpoicTBa nociie otkiroueHus ot I1K.

BUCC cocrour n3 GPS-npuemnnka Garmin 16x HVS n monynst paspaborannom B UJII' PAH. Dror Monyns
MOJIy4YaeT JaHHbIE 110 TEKCTOBOMY ITPOTOKOJY CBsI3M HaBUrannonHoro obopynosanus NMEA 0183 («National Marine
Electronics Associationy), aist nepenauu JaHHbIX ucnoib3yercs muHa UART. [Tomumo atoro, ot criytHukoB [THCC
NIPUXOJAT CEKyHIHbIE METKH peansHoro Bpemenu (PPS), maHHBIH MOAYNb C MOMOIIBIO JIOTHYECKUX DJIEMEHTOB U
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MHKPOKOHTPOJUIEpa BBIBOAUT KAXKIYI0 LISCTHACCATYIO CEKYHIHYI0 METKY PEalbHOTO BPEMEHH SIBISIOLICHCS
MHUHYTHOH METKO# peanpHOT0 BpeMeru (PPM).

4 ~\ ) 3

7

\ S

Pucynok 3. brok-cxema makeTa annapaTypsl A1 peructpauuu cursaigos CJIB nuanazona.

3axiroueHue

Ha ocHoBe ananusa curnanoB CJIB nnanazona, npussteix B @O «MuxueBoy», ObUTH onpenescHbl TpeOOBaHHs K
pa3pabaTbiBaeMOMY MakeTy ammaparypsl. [IpeicTaBieHHBIII MakeT MOAYJIBHON CHCTEMBI M3MEPEHHsS IO3BOJISIET
perucTpupoBath 3j1ekTpoMarauTHoe noje B OHY nuanazoHe ecTeCTBEHHOTO M aHTPOIIOTEHHOTO MPOUCXOXKICHHS C
TOYHOCTBIO BpeMeHHbIX TnpuBsi3ok ['HCC, koropble Ha MOPAAOK JYyYLIIMX MHMHHUMAJIBHOIO TpeOOBaHMUS.
Pa3zBopaunBaemasi ceTh NMPUEMHBIX MYHKTOB IO3BOJINT KPAaTHO YJYYIINTH NPOCTPAHCTBEHHOE pa3pelIeHHe NpH
BOCCTAHOBJICHUH IIAPaMETPOB HOHOC(EPEHI.

Pabora BBITIOTHEHA 10 TOCyIapCcTBEHHOMY 3amanuio 122032900175-6.

Jluteparypa

T'aspmioB B.I'., Epmak B.M., Iloknag O.B, PsaxoBckuii M.A. OueHka mapamMeTpoB CPEeIHEIIUPOTHON HIDKHEH
noHochepsl, BBI3BAHHBIX CONHEYHOI Bembikoit 10 centsopst 2017 ropa // 'eomarnerusm u asponomusi. 2019. T.
59. Ne 5. C. 628-634.

Ferguson J.A. Tonospheric model validation at VLF and LF // Radio Sci. 1995. V. 30. N 3. P. 775-782.

Wait J.R. and Spies K.P. Characteristics of the Earth-ionosphere waveguide for VLF radio waves, NBS Tech. Note
300, 1964.

126



Polar
“Physics of Auroral Phenomena”, Proc. XLVI Annual Seminar, Apatity, pp. 127-136, 2023 Geophysical
© Polar Geophysical Institute, 2023 Institute

DOI: 10.51981/2588-0039.2023.46.028

IINTAHETAPHOE PACHIPEJEJTEHUE XAPAKTEPUCTUK
SJEKTPOHHBIX U MOHHBIX BBICBIIIAHUN B 3ABUCUMOCTHU OT
YPOBHSI MATHUTHOM AKTUBHOCTHU. UHTEPAKTUBHASI
MOJEJIb APM_T'EO

B.I'. Bopo6ses!, O.U. droakuna', M.H. Mensnuk', O.B. Munranes'

Tonspuoiii 2eogpuzuueckuii unemumym, 2. Anamumor (Mypmarnckas o6.1.)
Mypmanckuil apkmuyeckuil ynueepcumem, unuan 6 2. Anamumut (Mypmanckas o61.)

AHHOTanMs. [IpeacTaBieHo OnrcaHue HOBOH BEPCHU IMIIUPHYECKOM MO/IEIH BBICHIIIAHHIN 3JIEKTPOHOB U IIPOTOHOB
i cesepHoro mnomymapus APM_GEO, B KOTOpOH TIpaHHUIIBI 30H BBICHIIAHUHM, a Takke CpEIHHE PHEPIruu U
IJIOTHOCTH IIOTOKA 3HEPIMM BBICHINAIONIUXCS 3JIEKTPOHOB M IIPOTOHOB PACCUUTBIBAIOTCS KAK B HCIPABJICHHBIX
TE€OMarHUTHBIX KOOpAMHATAaX, TaK M B reorpaMueckux Ha CETKe, peryJsipHOM Mo J0NroTe W ¢ (pUKCUPOBAHHBIM
YHCJIOM TOYEK II0 IIUPOTE B 30HAX BHICHIIAHUN. BXOIHBIMY IIapaMeTpaMy MOJIENHU SBJISIFOTCS Aarta, BpeMs no UT u
3HAa4YeHUS reoMarHUTHEIX uHAekcoB Dst u AL. Ilo cpaBHeHHMIO ¢ paHee OIMyOIMKOBaHHBIMM BEPCHSIMH MOJENH, B
KOTOpPBIX B TeorpadMueckux KOOpPAWHATAX PAaCCUNUTHIBAINCH TOJBKO T'PAaHMIBI 30H BBICBHIIAHUH, NOOABIECHO
BBIUUCIIEHHE B A3THX 30HAaX DPACHPEIENCHHN CpeAHEH SHEPruM M IUIOTHOCTU IMOTOKA JHEPTUHU BBICBHIMAOIIUXCSA
9JIEKTPOHOB B TeorpauIecKuX KOOpAUHATAX, a TAkKe 100aBICHO BHIUYUCICHUE PACTIPE/ICICHUH CpeTHEH SHEPTHU
IUIOTHOCTH MOTOKA HEPTUH BBICHIMAIOIINXCSA IPOTOHOB KAaK B UCIPABJICHHBIX TEOMarHUTHBIX KOOPANHATAX, TaK U B
reorpadMueckux KoopauHaTax. Kpome Toro, BHyTpH 00JacTH aBpOpalIbHOIO OBajla YJyUIICHO OIMCAaHWE TPaHWUI]
30HBI YCKOPEHHBIX AJIEKTPOHHBIX BBICHIITAHUI MEXy JHEBHBIM M HOYHBIM CEKTOpaMH. Mojenb pealrn3oBaHa B BUIE
KomIutekca nporpamm Ha si3sike FORTRAN, B KOTOpOM NpUMEHSIOTCS TapajlieIbHbIe BEIYNCIICHHUS U UCTIONIB3YeTCs
co3nanHas H.A. Ilpranenko mporpamma RECALC-08, a Takxke HCIOJIB3yeTCS MEpernporpaMMHpOBaHHASA IS
IIPUMEHEHNS TapaJIJIeIbHBIX BEIUMCIIEHHH Tporpamma moaenu IGRF.

1. BBenenne

OKCIepUMEHTaIBHbBIC JaHHBIE, TTOJyYeHHbIE B 007aCTH BEICOKHX IIMPOT HA KOCMUYECKHX alaparax U ¢ TIOMOIIbI0
Ha3eMHBIX HaOIOJICHUH 32 aBpPOpPaIbHBIM CBEUCHHWEM M BapHAIMSIMH F€OMAarHUTHOTO MO, AAI0T WHPOPMAIHIO O
MIOJIOKEHNUH I'paHuIl 00IacTell IIIa3MEHHBIX BTOP)KEHUH C pa3IMIHBIMI MOP(OIOTHYECKUMHU XapaKTePUCTUKAMH. DTH
JIaHHbIE OTPAXAIOT CTPYKTYPY, TUHAMHUKY M (PM3MUYECKUE MPOIECCH B MarHuTocdepe 3eMin 10 TeOleHTPUUECKHX
paccTOSIHUN B JECATKH 3€MHBIX paAMycoB. Pe3ynbTaToM CTaTHCTHYECKOW OOpabOTKM Ha3eMHBIX ONTHYECKHX
HaOJIOJIEHUH SIBUJIOCH TOSIBJICHHE KOHIETIIIMHM aBPOPAIBHOTO OBaja, MpeyIoKeHHONH B pabotax [Feldstein, 1963;
Khorosheva, 1963]. lunamuka TpaHuI] OBajia B 3aBUCUMOCTH OT YPOBHS MarHUTHON aKTUBHOCTH HUCCIIEJIOBaHa B
pabote [Feldstein and Starkov, 1967].

Ha3zemHble HaOMrOCHNST aBPOPAITBHBIX 3MUCCHH CBHIETEIBCTBYIOT O TOM, YTO K KBaTOpPY M K IOJIFOCY OT OBasa
CUSIHMI pacnonaraioTcs obsactu aBpopaibHoro nauddysHoro ceeuenusi. Hambomee sipko BBIpakeHO CBEUCHHE K
9KBaTOPY OT OBaja. OTO CBEYEHHUE IO CPABHEHHUIO C OBAJIOM OTIMYAETCS OTHOCHUTEIBHOW OJHOPOAHOCTBIO, HO
TpaHMIIBI €r0 OCTaTOYHO YeTkue. MaTeMaTHueckas anmpoKCUMAaNHs MONI0KEHUS TPAHUL] OBala U 9KBATOPUAIILHOTO
1 dy3HOro CBEYEHUS B 3aBUCUMOCTH OT AL MHekca MarHUTHOH akTHBHOCTH IIpeAJIoxkeHa B [Starkov, 1994].

Perucrpanuy MOTOKOB BBICHITIAIONINXCSI aBPOPATBHBIX YACTHIl CO CIIyTHHKOB C HOJSIPHOW OpPOWUTOH MO3BOJSIOT
MIPOBECTH CTATUCTUYECKUH aHANNW3 MX MPOCTPAHCTBEHHOTO paciperencHud. [ImanerapHsle MOAETH 3IEKTPOHHBIX
BBICHIIIAHNH, TIOJTyYE€HHBIE 110 PE3yIbTaTaM CITyTHUKOBBIX HAOIIOICHUH, IpeicTaBIeHs! B paboTax [McDiarmid et al.,
1975; Spiro et al., 1982; Hardy et al., 1985]. B kadecTBe ypOBHS MAarHWTHOW aKTUBHOCTH B JTHUX MOJEISIX
HCTIONB30BATHNCh 3-X YacoBble 3HaueHUs mHAekca Kp w/mmm gacoswle 3Hauenms AE wmHnmekca. Bpems mponera
CITyTHHUKA Yepe3 30HY BBICHIIAaHNH B 1000M cekTope MLT cocTaBisieT BCero HECKOIBKO MUHYT. XapaKTePHOE BpeMst
Pa3BHUTHS 2JIEMEHTapHOT0 BO3MyIeHHs (cyOo0ypu) HeMHOTHM Oosee ogHOTO Yaca. [loaToMy MarHuTHast aKTHBHOCTh
B MEPUO/] CIIyTHUKOBBIX U3MEPEHHUI MOXKET 3HAUUTENIBHO OTINYAThCS OT YPOBHEH UCTIONB3yEMbIX UHAEKCOB. B aToi
CBSI3M, HECMOTPsI Ha BBICOKUI yPOBEHb CTATHCTUKU U XOPOILIEE IPOCTPAHCTBEHHOE Pa3pelIeHUe, TAKHE MOJEIH Jat0T
JIOCTaTOYHO TPYOYIO OLIEHKY INTAaHETAPHOT'O PACIIPEJIENICHNS XapaKTEPUCTHK aBPOPaIbHBIX BBICHINAHHUH.

Jpyrum ceppe3HbIM HENOCTATKOM JSTHX MOJENed SBISeTCs TO, 4YTO YCPEAHEHHE CIYTHHKOBBIX IaHHBIX
MIPOBOAMIIOCH B (PMKCUPOBAHHBIX 00JIACTSAX NPOCTpaHCTBa, 00bYHO 1°-3° o mmmpore u 1-2 yaca no MLT. Tak kax
pasyinuHble 00JaCTH BBICHIIIAHUH CMEIAIOTCS 1O IIUPOTE NIPH U3MEHEHUH YPOBHS MarHUTHOW aKTHBHOCTH, B TAKHX
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Hvauemapuoe pacnpedeﬂenue Xapakmepucmuk 3J1eKmpOoHHbIX U UOHHbIX BbICHINAHULL 8 3A6UCUMOCIIU OM. ypoeHs MASHUMHOU AKMUBHOCMU. ...

(PMKCHPOBaHHBIX O0JIACTAX MPOUCXOIMIO CYMMHPOBAHHUE PA3INYHBIX THIIOB BBICHIIAHUI C HEM3BECTHOHM 4acTOTOM
VX TIOSIBIICHHSI.

B pab6orte [Sotirelis and Newell, 2000] npencraBieHa MOJeNb, B KOTOPO# XapaKTEPUCTUKU aBPOPATBLHBIX YaCTHUI]
YIOPSI0OYEHBl OTHOCHUTENIFHO ITOJIOXKEHUsI TPaHUI] BBICBIIAHWI Pa3IMYHbIX TUIOB. B KauecTBe Mepbl MarHWTHOM
AKTHBHOCTH OBUIH UCIIOJIb30BAHbI MATh UHTEPBAJIOB IIMPOTHOTO MOJI0KEHHS IPaHUIBI U30TPONH3ALUH HOHOB (b2i),
HIMPOTA KOTOPOU OMpPEEIIAeT COCTOSIHAE MATHUTHOTO XBOCTa MarHuTocheps! [Sergeev and Gvozdevsky, 1995].

B pabore [Newell et al., 2009] npencraBieHa MOfelb, B KOTOPOH BCe BBICHITIAHUS Pa3/ICiCHBI Ha JBE KATCTOPHH:
JucKkpeTHble U quddy3HbIe (MOHOOHEPTeTHYECKHE M IIMPOKOIIOJIOCHBIE CIIEKTPBI COOTBETCTBEHHO). DTO TTO3BOJIMIO
cenaTh KOJMYECTBEHHOE CpPAaBHEHHE MEXKAY BBICBITAHMAMH pa3IMYHBIX THUIIOB, KOTOPOE MOKAa3bIBACT, UYTO
I dy3HbIE BBICBIIAHUS COCTABILIIOT IPUMEPHO ¥4 SHEPTETHIECKOTO OI0PKETa BCEX aBPOPAIBHBIX BHICHITTAHHUH.

Mognemu [Sotirelis and Newell, 2000] u [Newell et al., 2009] ocHOBaHBI Ha TaHHBIX CIyTHHKOB cepuri DMSP 3a
Oonee, yem 10-eTHHUI TIEpHO ] HAOIIOACHUH U IOCTPOCHHI B KOOpPIMHATAX TeoMarHuTHas muporta (MLat) — mectHOE
reomaranTHOe BpeMsa (MLT) c¢ BBICOKMM IIPOCTPaHCTBEHHBIM M BPEMEHHBIM paspemieHueM. OmHaKo,
a/IalITHPOBAHHBIE B KAUECTBE BXOJHBIX MAPaMETPOB K MIMPOTHOMY YPOBHIO I'PaHHUIB! O2i WM K YPOBHIO TApaMETPOB
MEXKIUIAaHETHOM CpeJlbl TaKUe MOJIEIH OYE€Hb TPYIHO MCIIOIB30BaTh JUIsl HCCIIEIOBAHUS XapaKTEPUCTUK BBICHIIAHHUHN B
MIepHO/Ibl FTEOMAarHUTHBIX BO3MYILEHHHI U ISl COMIOCTABIICHUS C APYTUMH Te0()U3NUECKIMHU SIBICHHUSIMHU, TJIAHETAPHOE
pacnpeeneHre KOTOPbIX ONpeIesieTCs YPOBHEM FeOMarHTHOH aKTHBHOCTH.

Mopgenb aBpopanbHbIX Bbichinanuii (APM, Auroral Precipitation Model), npeacraenennas B padote [Vorobjev et
al., 2013], moka3pIBaeT IJIAHETAPHOE PACTIPEICICHUE B PA3TUUHBIX 00JIACTSIX JICKTPOHHBIX BBICHITIAHUHN U UX CPEIHHC
XapaKTEePUCTHUKHU B 3aBUCHMOCTH OT YPOBHSI MAarHUTHON aKTUBHOCTH, BEIpayKeHHOH BemnanHON AL- u Dst-mHaexcos.
Monens pa3meniena B IaTepHete Ha ctparutax [1T'U mo anpecy http.://apm.pgia.ru.

Oco0OeHHOCTH TUIAHETapHOTO PacHpe/ie/IeHNs] HOHHBIX (IPOTOHHBIX) BBICBINAHUHN NPH PAa3HBIX YPOBHIX MAarHUTHON
AKTUBHOCTH HCCIIEIOBAHEI B [Bopobbes u dp., 2015]. B 31oii paboTe OBUIO MOKA3aHO, YTO IDTAHETapHASI MOITHOCTD
WOHHBIX BBICHITIAHHUH NTPH HU3KOM ypoBHE MarHUTHOH akTHBHOCTH (JAL| = 100 HTn) cocraBmseTr ~12% ot MoutHOCTH
BBICHIIIAHUH 3JIEKTPOHOB U 3KCIIOHEHIINAIBHO yMeHbIaeTcs 10 ~4% npu AL <—1000 vTx.

B mogenu APM mnaHeTapHBIE paclpelesIeHUs] XapaKTepUCTUK aBPOPANbHBIX BBICHIIAHUN (CpeIHHUE SHEPruH U
MOTOKM HEPTHH) NPEICTABICHBI B HCIPABICHHBIX TEOMAarHUTHBIX KOOpAWHATaX (Mchpasi. reoM. mmpota + MLT),
KOTOpBIe HanboJee yA00Hb! Ul HayYHbBIX HCCIIE0BAHUIA IO IIPHYMHE TOTO, YTO UMEHHO B 9TOM CUCTEME KOOPIAMHAT
YIOPSIOYEHO OOJIBIIUHCTBO Ieo(pHU3NYecKuX sBiIeHUH. OJHAKO [UIi MHOTHX Hay4YHbIX W NPAKTHYECKUX LeJei,
HarpuMmep, Ui JTUArHOCTUKU U TPOTHO3MPOBAHUSI TEPPUTOPHAIBHOTO PACIPEICICHUS MOJSPHBIX CHUSHUH HIIH
OIIpe/IeJIeHUsI BO3MOXKHOTO BJIMSIHMS aBPOPAJbHBIX BBICHINIAHWI Ha TEXHOJIOTMYECKHE CHUCTEMbBI B OTIEJIBHBIX
peruonax, Oosnee yqoOHOH siBIIsieTcst reorpaduueckas cucTeMa KOOpANHAT.

B 37011 cBsI3M LenbIo HacTosIIEH paboTH ABIAETCS: (@) ONPEAEeIUTh KOHQUTYPALUIO M TUHAMUKY PAa3IHIHBIX 30H
aBPOPAJTBHBIX BBICHINIAHUN M CPEIHUE XapaKTEPUCTHKHU 3JIEKTPOHHBIX BTOPKEHUH, MOTydeHHbIEe B Moenu APM st
pasNMYHBIX ypPOBHEH MAarHUTHOM aKTUBHOCTH, B Treorpaduyeckod cucreMe KOOpAWHAT; (6) OINpeneiInTh
XapaKTEePUCTUKN MOHHBIX (IPOTOHHBIX) BBICBHIIAHUH B 3aBHCHMOCTH OT YPOBHSI T€OMarHUTHOW aKTHBHOCTH M (8)
JONONHUTE Mozaenb APM XxapakTepuCTHKaMH NPOTOHHBIX BBICHIIIAHWH Ul CO3AaHMs OoJiee MOJTHOW IUTaHEeTapHOM
KapTHHBI aBPOPAJIbHBIX BTOPXKEHUH B reorpaduyeckoii cucreme koopaunHar (Mmoaens APM_GEO).

2. UcnoJsb3yemble JaHHbIE U 0003HAYEHUS

s nccnenoBaHusS XapaKTepUCTHK BBICHINAHUK HMCHONb30Bajack 0a3za NaHHBIX 3a 1986 r., coznmaHHas paHee 1O
HaOmonenusiM criyTHUKOB DMSP F6 u F7 [Bopobwves u Hzo0xkuna, 2005). Jlns kaxaoro nposiera CIyTHUKa B 0ase
JIAaHHBIX COZIEPIKAaTCsl CBE/ICHHS O ITIOJIOKEHWHM T'PAHUI] PA3IMYHBIX THUIIOB BBICHINIAHHWH, CPEIHUE XapaKTEPUCTHUKH
BBICBITIAIONINXCS 3JEKTPOHOB M HMOHOB B O3THX O00JAcTSX, yYpOBEHb TI'€OMarHUTHOM aKTHBHOCTH, COCTOSIHHE
MEXIUIaHETHOH cpesibl M (asbl cyo0ypu. B 6a3y nannbx BKiroueHo 6onee 35000 nepeceueHnit CiyTHUKaM# 00J1acTH
aBPOPAJILHBIX BHICHITTAHHH.

CrIyTHHUKM MMeJH TOYTH KPYTOBYIO MOJISIPHYIO OpOHUTY ¢ BBICOTOH ~835 kM m mepuogom obpamenust ~101 mun.
Kaxyro ceKyHIy CIyTHHKHA PErHMCTPHUPOBANIN CIIEKTPhI BBICHINAIOIIMXCS YaCTHIL B [ana3oHe sHepruit ot 32 3B 10
30 x3B B 19 kaHamax, pacmpelneieHHbIX B Jorapu@MHUUecKOl TocieaoBaTebHOCTH. OpOUTHI CIIyTHUKOB CEPUH
DMSP coxHEeYHO OpHEHTHPOBAHBI: NPUMEPHO B HANPABICHUH IOJIICHb-NOIHOYL s F7 m yrpo-Beuep mis F6.
[ToaTOMY M3HAYANILHO HE YAAeTCs TOCTPOUTH TUIAHETAPHYIO KAPTUHY PacIpe/ielieHHs BRICHIIIAHUH B reorpaduueckoi
cHcTeMe KOOP/IMHAT, TaK KaK TPAeKTOPHHU CITyTHUKOB HE MEPEKPHIBAIOT BCE CEKTOPA MECTHOTO BpeMeHH. OHAKO 3TO
CTaHOBUTCSI BOBMOXXHBIM B UCTIPABJICHHBIX T€OMarHUTHBIX KoopauHaTtax. OCh TeOMarHUTHOTO JIUIOJISI OTKJIOHEHA OT
ocH BpalleHus! 3eMJIi Ha yroJi ~11°, 94To 1npu UCIIoIb30BaHUU KPYTJIOTOAMYHBIX HAOJIOICHUH B 00EUX TOJTyIIapHIX
JlaeT CTATHCTHYECKH OOOCHOBAHHBIE DPACHpENENICHHUs] XapaKTEpPUCTUK BBICHITaHMKH BO Bcex cekropax MLT. B
JalbHEHIIEeM MOJENb BBICHIIIAHMM, TOJyYEHHas B HMCHPABJICHHBIX I€OMAarHUTHBIX KOOPJMHATaX, B PE3yJbTaTe
NPUMEHEHHUS] ONMCAaHHOW HIDKE MpOLEAyphl IpeoOpa3oBaHusi OyaeT mpeoOpa3oBaHa B reorpauueckylo CHCTEMY
KOOpIHHAT.
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B.I'. Bopob6ves u Op.

3. Mopenas 3JIeKTPOHHBIX BhIChITaHHil APM

Jlnst BeIAEIIEHUSI 00J1acTeH 3JIEKTPOHHBIX BBICHIIIAHUH C Pa3JINUYHBIMH XapaKTepPUCTHKaMH HCIIOIb30BaHa 0000IeHHAsS
KiaccuuKanus, npemiokenHas B padore [Cmapkog u Op., 2002]. ITo xapakTepucTHKaM aBPOPAIbHBIX YaCTHII
BEIJIETICHBI TPU 30HBI BBICHITIAHWA: aud¢ys3Has aBpopanbHas 30oHa (DAZ, diffuse auroral zone), BbICHITaHUS
aBpopaipHOTro oBanma (AOP, auroral oval precipitation) m msrkue auddysusie Beickmanus (SDP, soft diffuse
precipitation). O6macte AOP cBsi3aHa co CTPYKTypHUPOBAHHBIMA BBICHIITAHUSIMH, SYKBaTOPHATIbHAS IPAaHUIIA KOTOPBIX
CTaTUCTHYECKH COBMANAET C OSKBAaTOPUAJIBHOM TIpaHuued oBana cusHuil. Beickimanus DAZ pacnosaratorcs
9KBaTOpPHAJBHEE OBaja CHSHUHM M IIPOCTPAHCTBEHHO COBIAJAIOT C MOJOCOH Mu((y3HOTO aBpOPATBHOTO CBEUCHUS.
3oHa Msarkux muddysHeix Beickimanuii, SDP, okaiimiuser obnacte AOP ¢ e€ npunontocHoit cropoHsl. B HouHOM
cexTope obsacTh Beickianusi AOP pa3neneHa Ha qBe 30HBI: SKBaTopuaibHyr0 AOP-eq, comepikallyo yCKOpeHHbIE
9JIEKTPOHHBIE BBICHINIAHUS, W NpunoiocHylo AOP-pol, cocrosimylo M3 NMpoCTpaHCTBEHHO CTPYKTYPHPOBAHHBIX
9JIEKTPOHHBIX BBICHITAHHH.

[Ipn 00paboTKe NaHHBIX C LENBIO0 YBEIWYEHHS CTaTHCTHYECKOH 3HAUYMMOCTH pe3yJIbTaTOB BCE IPOJIETH OBLIM
o0venuHEeHBI B 3-x dacoBble mHTepBaisl MLT. [ co3maHus MoJenu BBICHITAaHUN B KadecTBE MEPhl MAarHUTHOM
aKTHBHOCTH HCIONB30BaHbl Dst- um AL- HHIEKCH, KOTOpBIE MAIOT IOCTATOYHO NOJHYI HHGOpPManuoo o0
WHTEHCHBHOCTH Te€O0(PH3NYECKUX MPOLECCOB, MPOMCXOAAMMNX B MarHurocepe u moHochepe 3emimm. Tak Kak
CILyTHUKH IIepeceKatoT 001acTh BHICHIITAHUH B TeUEHHE 3-5 MUH, JJIsI aHAJIM3a MCIONb30BAINCh 5 MUH 3HaueHus AL-
HHJIEKCA.

Hwxke B KauecTBe mpuMepa NpeICTaBICHB! YPaBHEHHS PETPECCHH, CBS3BIBAIOLINE IOJIOXKEHHE NPHIIOIIOCHON 1
skBaropuanbHoii rpanuil AOP ¢ ypoBHeM MarHUTHO# akTUBHOCTH B cextope 21-24 MLT (8-it cexTop Moenn):

@s(w[8]. AL, Dst) = @[ AOPeq](y[8], AL, Dst) = 66.66 —0.0092|AL|+7.78 10~ |AL|”+0.022 Dst,

(D
O5(w[8]. AL, Dst) = @[ AOPpol](y[8] , AL, Dst) =70.74+0.00186|AL|—-0.0008 Dst .

3nech @ — MCHpaBIeHHAs TCOMATHUTHAS NPOTa; O (w, AL, Dst)— 3aBUCHMOCTH IIMPOT MOJCIBHBIX KPHBBIX, MO
KOTOPBIM ONPEAEISIOTCSA TPAaHULBI 30H BBICBINAaHUM, k =1,... ; w—Bpemsa MLT B rpanycax; y/[s]: 22.5- (2s - l) -
neHTpbl cektopoB MLT B rpapycax npu s =1,...

Bennunna cpenneit suepruu (E,, k3B) u noroka sueprum (F,, spr-cM>-c’!) BBICHINAIOMUXCS JIEKTPOHOB
MIPAaKTHYECKN HE 3aBUCHUT OT YpOBHS Dst-Bapuanuu u onpesensercs, INIaBHbIM 00pa3oM, BeTnunHoN AL-uHpaekca:

AOPeg— In(E,(y[8],AL))=0.3454-1n|AL|-0.5340, In(F,,(y[8],AL))=0.6957 In|AL|-2.5931;
AOPpol - In(E(y[8], AL) ) =0.2861-In|AL|-0.6453, In(F,;(y[8],AL))=0.4970-In|AL|-0.8709 .

2

ITo a3TOit cxeme OBUIM HCCIIETOBAHbI XapaKTEPUCTHKH 3JIEKTPOHHBIX BBICHIIIAHUN BO BCEX CEKTOPAaxX M CO3JaHa
MOJIeNb aBpOpaNbHBIX BBICHIIaHUH (APM) B KoOopanHaTax McipaBieHHas reomarauTHasa mupora (CGL) — mectHOE
reomarauTHoe Bpemst (MLT).

4. UoHHbIe BLICHITAHUS
XapakTeprCTHKH HOHHBIX BBICHIITAaHUH U3Y4aINCh BHYTPH IPAHMI] 30H BBICHINAHUN PAa3IMIHBIX THIIOB, KOTOPbIE OBLIN
TIPE/CTAaBICHBI B MpEABIIYyIIeM pasnele. Jlias MocTpoeHnsT MOJEN MOHHBIX BBICBIIIAHUI B KAXKIOM 3-X 4acOBOM
untepsane MLT uccnenoBanuch cpennue suepruu (E;) v noroku suepriu (F;) BHICHIIAIOIINXCS HOHOB B 00JIACTAX
DAZ, AOP u SDP B 3aBUCHMOCTH OT YPOBHSI MArHUTHOW aKTUBHOCTH. Jlajiee onpenesuiuch ypaBHEHHUS PETPECCHH,
cesi3piBatorue £; n F; ¢ MarHWTHOM akTHBHOCTBIO, U IO YK€ M3BECTHOMY M3 Mozxenu APM MOJIOXEHHIO TPaHHUILL
Pa3IMYHBIX TUIOB BBICHINAHUI B 3aBUCUMOCTH OT BelM4KMHbl AL- 1 Dst-uHIekcoB cTpomiach MiIaHeTapHas MOJENb.
OtMeTnM, YTO AJIsl MOHHBIX BBICHITAHMH, KaK W JJIsI 3JIEKTPOHHBIX, HE OBIJIO OOHAPY)KEHO 3aBHCUMOCTH CPEIHUX
SHEpPruil ¥ MOTOKOB JHEPTUHU BBICHINAIOIUXCSA YACTHIl OT BenuuuHbl Dst-unnexca. MHbIME cloBamu, BO BceX
oOmacTsx BBICBIIAaHWH W BO Bcex cekropax MLT XapakTepHCTHKM BBICHINAIOMIMXCS YacTHI HE 3aBUCAT OT
WHTEHCHBHOCTH MAarHMTHBIX Oypb. Bemnumna Dst-mHIeKca OKasbIBaeT CYIIECTBEHHOE BIMSHHE HA TOJIOKEHHE
TpaHUI] Pa3IMYHBIX 00NacTedl BBHICHIIAHWH, HA IUIOMIAAb, 3aHATYIO BBICHIIIAHUSIMM, M, KaK CIEICTBHE, Ha OOLIYIO
MOIITHOCTH BBICBHITIAHWHN, HO HE HAa XapaKTEPUCTHUKH BBICHITTAIOIINXCS YaCTHII.

B kadecTBe mpuMepa HMXKE MOKa3aHbl ypaBHEHHUsI PETPECCHH, CBSI3BIBAIOLINE CPEIHHE 3HEpruu (£;) U MOTOKU
sHepruu (F;) BBICHINAIONIMXCS MOHOB B 3KBAaTOPHAIBHON W MpHIoitocHOW 30HaX AOP ¢ ypoBHEM MarHUTHOI
aKTUBHOCTH B cexTope 21-24 MLT:

AOPeq—  Ep(y[8],AL)=4-10*AL+13.26, F(y[8].AL)=-9.33-10° AL +0.41;

1

€)
AOPpol —  E;(y[8].AL)=-2-10"*AL+10.54, F5(y[8].AL)=-1.3-10 AL +0.13.

AHajoruysnie HCCICA0BAaHNA, MTPOBCACHHBIEC BO BCCX OCTAJIbHBIX CCKTOpax MLT, JAl0T MOJHYH IUIAaHCTAPHYIO
KapTHUHY pacupeacICHUA XapaKTCPUCTUK HOHHbIX BBICBHIIIAHUM B HCIHPABJICHHBIX TCOMAarHUTHBIX KOOPJAUHATAX.
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5. Cxema mogenu APM_GEO
PaccmotpuM kpaTtkoe onucanue norudeckoit cxemsl Mmogenu APM_GEO. C nomomsto nporpamMmel H.A. I{piranenko
RECALC-08 paccuuThIBalOTCS  reorpauuecKue  KOOPIUHATHI ~ Oa3HCHBIX  BEKTOpoB  cuctemMbl  GSE

{eLGSE] , e[yGSE], eLGSE]} (rne el9El Hanparnen ma Conmme), a Takke reorpaduueckue KOOPIHHATH €IHHHIHOTO

cd
BCKTOpa u = EL ] , HAITPABJICHHOT'O Ha CEBCP MPOTUBOIIOJIOKHO BCKTOPY AUIIOJIBbHOIO MOMEHTA MIGRF 10 MOAcCIn
IGRF u ABJIAOIICTOCS 3-m 6a3I/ICHLIM BEKTOPOM HeHTpPIpOBaHHOﬁ HHHOHLHOﬁ re€OMarHUTHOM CHUCTEMBI KOOpAUHAT:
[cd]
u=e. ' =—Myrr / |M IGRF| . ITo 3TUM BeKkTOpaM BBIUUCIIAIOTCA reorpaduueckue KOOpAUHATHI 0a3UCHBIX BEKTOPOB

LHEHTPUPOBAHHONW JUMONBHOM T€OMAarHUTHONH CHUCTEMBl KOOPAWHAT, B KOTOPOH JONTOTOM SBISETCS MECTHOE
MaruutHoe BpeMs MLT:

oMl (e[cd](eLcd]_eECGSE] )_eLGSE] )/ . eE}MLT] _ |:e)[CGSE] XeLCd]:|/|:e)[CGSE] « e£Cd]:|. (4)

X z
Bxoanylo uHpopManuioo Monenu ymaoOHO paszfenuTh Ha 2 Oyioka. IlepBbIM OJOKOM SIBISIIOTCS HCHpaBIICHHBIE
T€OMarHUTHBIE IIMPOTHI ONPENEISIOINX I'PAaHUIBI 30H BBICHIIAHUH 6-TH MOJAENBHBIX KPUBBIX B 8-MH LIEHTpax

e[cd] (eLCd] .e[GSE] )_ e[GSE]

z X X

w[s]=22.5-(2s-1) cexropo MLT @k(l//[s],AL,Dst) ,(tne k=1,... us=1... ), KOTOpbIE pacCMATPUBAIOTCS
kak QyHkumu uHaekcoB Dst m AL (to ecth Bcero 48 ¢yHkumii AByX mepeMeHHbIX). BTOpbIM OI0KOM BXOIHOM
MH(OPMALMHY SBIIAIOTCA 3HAYCHUS B YKa3aHHBIX 8 eHTpax y[s]| cekropoB MLT s Kak10# 13 3-X 30H BBICHITAHHI
B 4-x nHeBHBIX cekTopax MLT u ans kaxx10if 13 4-X 30H BbICHIIIAaHUH B 4-X HOUHBIX cekTopax MLT 3HaueHuii cpenneit
SHEPTUU Eak(l/l[s] ,AL) U TOTOKA SHEPTUU Fak(y/[s] ,AL) BLICHINAIONINXCS 3JIEKTPOHOB U HOHOB, KOTODBIE
paccmarpuBarotcsi kak ¢yHkuum uHaekca AL. 3gmecs o =e,i, s=1,... , a k=1,3,4 B AHEBHBIX CEKTOpax M
k=1,2,3,4 B HOUHBIX CEKTOpax, TO ecTh Bcero 112 ¢yHKImii 0HON TepeMeHHON.

B Monenn 3agaerca Menkas perynsapHad cetka mo MLT y,=Ay [, [=0,... c maroM Ay =360/Nyr -
B y3max 3To# CeTKH C MOMOIIBIO EPHOINYCCKON HHTEPIONSALNA TOJMHOMOM Jlarpanxa 1mo UCXOIHBIM 3HAYCHUSIM

@k((//[s] ,AL,Dst) BBIYUCIISIIOTCSA 3HAYEHUsI HAa PEryJIsipHOM ceTke no aoirore MLT ucnpaBieHHbIX TeOMarHUTHBIX
MIAPOT @k(y/,,AL,Dst) JUIE MOZIETBHBIX KPHUBBIX, MO KOTOPBIM ONPEHEIIOTCS TPAHUIBI 30H BBICHIIAHHN
cnemylomuM  obpasoM.  Jlns 3ol DAZ  kpuBas  @(w,;,AL,Dst) = @[DAZeq|(v;,AL,Dst) sBiusercs
SKBATOPMANLHON TIpaHuledl, a Kpupas min(@z(lm ,AL,Dst),05(y, ,AL,Dst)):@[DAZpol](t//, ,AL,Dst)
ABJISETCA TOJAPHOH rpanmueit. Jns 3onsl AOP kpuBas ©@i(y,;,AL,Dst)=©@[AOPeq](y,;,AL,Dst) sBusercs
9KBaTOPHAJILHOM rpaHULIEH, a MOJSIPHOM rpaHULIEd SIBISIETCS KpUBast
O5(w, , AL, Dst) = ©[ AOPpol](y, , AL, Dst) = @[SDPeq](y, , AL, Dst),

KOTOpasi  TakKxe SIBIIAETCSA JKBATOPUAIILHOM rpaHuLen 30HBI SDP. IIpu  sTOoM KpuBas
max(@(w, ,AL,Dst),0,(y, ,AL,Dst)):@[AOP—pol—eq](v//, ,AL,Dst) B HOYHOM CEKTOPE M €ro OKPECTHOCTH

ABIAETCA DKBaTOPHAIBHONW TIpaHHUIEd IpUIOmOcHOM 30HEI AOP-pol HpOCTpaHCTBEHHO CTPYKTYyPHPOBAHHBIX
3JIEKTPOHHBIX BhIChIManHuii. J111s1 30Hb SDP kpuBas @y(y; , AL ,Dst) =@ [SDPpol|(y, ,AL,Dst) sBIsSeTCS NONAPHON

rpannued. [1pu manoii Benmnunne naaekca AL 3oma SDP o0pa3syer mosocy, MpUMBIKAIONIYIO K HOJSIPHOHW rpaHHLe
3oubl AOP, T0 ecth BhmonHeHo ycinoBue Os(w;,AL,Dst)<®4(y;,AL,Dst). C pocrom |AL| Haunzaer

BBITIOJTHSATECS IPOTUBOIOINIOKHOE ycinoBue Os(y;, AL, Dst) > &y(y,;,AL,Dst), To ecTh 30Ha SDP nepememaercs B

300y AOP.
[To HaiieHHBIM MIUPOTaM C TOMOIIBIO0 HOPMYJIIBI

R, [k.1](AL,Dst) = (R, + H,,, )/ cos’@(; , AL, Dst) (5)

(rne Ry =6371.2 xm — paguyc 3emnu B mojenn IGRF u H; , =110 kM — BricoTa E-cios nosocdepsl B Mosenu

APM_GEO) paccuntsiBaetcs pannyc L-000109KH MarHUTHOM CHIIOBOW JIMHUM (TO €CTh PaNyC TOYKU IePECEUCHHUS
MarHuTHOHN CHJIOBOHM JIMHUH C SKBATOPHAIBHOH MIOCKOCTBIO TeoMarHuTHoTo numnoiist no moaenu IGRF). TTo stomy
pamuycy u yriy v, (Bpemenn MLT B rpagycax) paccuuThIBalOTCs reorpaduyeckne KOOpANHATH HadaJIbHOIM TOYKH

B DKBATOPHUATILHOM TIIOCKOCTH T€OMAarHUTHOTO Aot mo Mmojenu IGRF:

ro[k.1](AL, Dst) = Ry [k,/](AL, Dst)- (el cosy; + el siny, ).
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W3 3T0# TOYKH BBIIYCKA€TCsl MATHUTHAs cuitoBas IuHMA 1o Moaenu IGRF n Haxonures Touka r, [k [ ] (AL , Dst) ee

on

nepeceudeHus ¢ E-cnoem noHocepbl CeBEPHOTO MOTYLIAPHS:

Fon [K-1] = (R i) l2Tc0s (8, [£.11) 05 (g [ 1) + 05 (B [ 1])sin (i [£.1]) + € hsin (6, [.1) )

e { e)[cgeO]’ eg}geO]’ egg“]} — GasuCHbIe BEKTOPBI TeOrpaduueckoil cuctemsl koopauuar, 6, [k,!] u ¢, [k.1]—

reorpaguyeckue IMPOTa M JONIOTa TOYKH F,,[k,/](AL,Dst), KOTOpble SBIAIOTCA (YHKIMAMH HHIEKCOB

(AL, Dst). B pesysnbrare nomydarorcs HabOpbl KOOPIHHAT HA Cepe, KOTOPHIi ONpeIeseT 6 MOAEIbHBIX KPUBBIX B

reorpa)MuecKuX  KOOpAWHATaX Hk((p, AL, Dst) (k=1,... ) Ha HeperymsIpHOH ceTke IO JOJNroTe
{Gonlk-1], 1=0,... b
O(Bon[k-1]. AL, Dst) = ,,,,[k.I](AL,Dst). (6)

C momomp0 NEepHOIUYECKOH HMHTEPHOJSIIMU IMOJUHOMOM JlarpaHxa Bce 6 KPHUBBIX MOXKHO II€pECUMTaTh Ha

OIMHAKOBYIO JUIsL BCEX PEryJAPHYIO CETKYy HO jpourore ¢, =A¢-q, g=0,... C II1arom A;b:36O/Ngeo 5

MOJYYUTh HAOOPBI IUPOT Hk(¢ ,AL, Dst) , KOTOpBIE MO3BOJISIOT ONPEEIUTh 30HbI BBICHIIIAaHUN B reorpaguyeckux

KOoOpAMHaTax. 3aTeM cTpouTcs ceTka B 30He DAZ u cerka B 30He AOP+SDP crenyroumm obpasom. 3amaercs

MaKCHMAaJlbHasi MEJIKOCTh CeTKH Mo mupote Af (Hampumep, A6 =0.25°). B 06enx 30HaX YHCIIO Y3JI0B CETKH IO

LIMPOTE MOCTOSHHO MO JOJIrOTe M omnpenensercs Gopmynamu (TAe KBaJpaTHbIE CKOOKHM O3HAYAIOT IIEIYH0 YacCTh
yuCcIa)

ng[DAZ]z{ﬁm;x(min(92(¢ ,AL,Dst),05(¢, . AL, Dst) )~ 6,(¢ ,AL,Dst))}Ll, )

ng[AOP+SDP]:[ﬁmax(max(@sw AL, Dst), 8¢ ,AL,Dst))—t93<¢ ,AL,Dst))}Ll. 8)
q

Jlanee [uisi KaxOro ysia CETKH IO JOIrOTe ¢, Yy3Ibl CeTKM Mo wmpore B 30H¢ DAZ un B 30me AOP+SDP

ompezensiercst GopMysiaMu

8,6[DAZ] = min (6(¢,., AL, Dst),65(¢, AL, Dst) ) - 6(,., AL, Dst) /g DAZ]

©
Ope? =04, AL,Dst)+5-A,0[DAZ], 5=0,... z],

A,0[AOP+SDP] = max (65(4, , AL, Dst), 05( 4, , AL, Dst) )—93(¢q,AL,Dst)/ng[AOP+SDP] ,

(10)
03" = 03¢, AL, Dst)+s-A,0[AOP+SDP], s =0,... )P+SDP].

DAZ
J1s1 KaXKZ1oro y371a CETKH T10 yTriiam (¢q Oy s ) n3 Touky B E-ciioe moHOC(EpHI ceBEpHOTo MoTyImapus

DAZ _ [geo] DAZ [geo] DAZ_. [geo] ;. yDAZ
r =(Rg +Hmn)~(ex cos, ¢ “cosg, +e " lcosf, “sing, +el” sin, ¢

BBIITYCKACTCA MarHuTHass CUJIOBasl JIMHUA 1O MOJCIN IGRF un HaXoIATCA reorpaq)nqecxﬂe KOOpAUHATBI TOYKH

RL(rquZ) ee TepeceueHus ¢ IKBATOPUANBHON IIOCKOCThIO TeoMarHutHoro aumois mo moxaenu IGRF, duto

IO3BOJISICT HAUTH HCHOPaBJICHHbBIC T'€OMAarHuTHBIC KOOPJAWHATHI (@DAZ DAZ)

0.5 ’l//q s HCXO,HHOﬁ TOYKH I'D;XZ , KOTOpBIC

q
OTIPEIEIISIIOTCS Ciaeayoeit hopMyIou:

siny/

RL( DAZ) _ (Rg +H,,,) (e[MLT] DAZ | [MLT] DA

DAZ
Tq.s 2 DAz \6x COSVgs te )
@q .

Ccos

DAZ

Ho HaiineHHOH U3 5TOH (OpMyIIbl UCHIPABICHHOH I€OMArHUTHOM HOINOTE Y/,

C MOMOIIBI MNEPUOIUUECKON
MHTEPIIONSLUHA MOJUHOMOM Jlarpanka 10 MCXOIHBIM 3HAYEHHSM CpEeaHEl JHepruu Eal(w[s],AL) M TIOTOKa
SHEPTUH Fal(l//[S] ,AL) BBICBINIAIOIINXCS SJIEKTPOHOB (& =€) M NPOTOHOB (& = p) MOXHO HAWUTH X 3HAYCHHS

DAZ( DAZ , DAZ DAZ( ,DAZ , DAZ DAZ  DAZ
E, (@q,s Was ,AL) ur, (@q,s Wa.s ,AL) B TOYKE C TeorpapuIecKiIMH KOOpIUHATAMHI <@q,s Was )
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AHanorn4HeIM 00pa3oM HAXOIATCS 3HAYCHUS CPEIHEH SHEepruu EaAOPeq(@;‘SP,y/:?P,AL) U TIOTOKa PHEPTruu

Fﬁopeq(@‘??l), T, AL) B 30HE YCKOPEHHBIX 3JIEKTPOHHBIX Bhichimanuii AOP-eq (3KBaTOpHanbHAs YacTh 30HBI

AOP B HOYHOM CEKTOpE) C MOMOIUBIO aHATOTHYHON MHTEPIONSALMH [0 UCXOAHBIM 3HAYCHHMSM CPEIHEH dHeprun
Euo(v[s].AL) u motoka omeprum F,,(w[s],AL). Takke HAXOAATCA 3HAYCHMS CPEAHEH SHEIUHM

AOPpol( HAOP AOP AOPpol( HAOP = AOP
E, (@qs Was ,AL) U TIOTOKA DOHEepPruu  F), (@q,s Was ,AL) B 30HC MPOCTPAHCTBCHHO

CTPYKTYPHUPOBAaHHBIX 3JIEKTPOHHBIX BhICHTIaHUA AOP-pol (mpumostocHas acts 30H6I AOP B HOUHOM cekTope) ¢

TOMOIIBIO AHATOrMYHON MHTCPIIONALMH 10 HCXOIHBIM 3HAYCHHAM CpeiHeil sneprun E,(yw[s],AL) u notoka
oHeprin F(w[s],AL). Takum ke 06pasoM HaXOASTCA 3HAYCHHS CPEAHEH SHEPIUHM ES{DP(@;‘SOP,W??P, AL) u

MOTOKA SHEPTUH FsDP(@;?P,l//;?P,AL) B 30He SDP ¢ MOMOIIBIO aHANOTHYHON MHTEPIONSIUM TI0 HCXOIHBIM

snauenmsiM cpenueii oneprin E,4(y[s],AL) n notoka suepruu F,(w[s],AL).

Takum oGpazom, B Monenn APM GEO ocHoBHOW 00beM BBIYHMCIECHHH 3aHHMMAaeT pacdeT OOJBIIOro 4uciia
MarHMTHBIX CHJIOBBIX JIMHUI 10 Mozenu IGRF Mexny noHocdepoil u 9KkBaTOpHaIbHOM MI0OCKOCTBIO0 T€OMarHUTHOTO
qurnoist. B xomruiekce mporpamMm Monenu Ha sizbike FORTRAN st MakcuManbHO OBICTPOTO BBIOJHEHHS THX
BBIUHCIICHUH UCTIONb3YyeTCs pachapaiesIiBaHue ¢ MoMoIibio cucteMsl Open MP.

Cpenusst S5Heprus 3MEeKTPOHOB (K3B) [10TOK SHeprHH MeKTPOHOB (3pri(c*em?) )
180

Dst=-5, AL=-50
nata 2023.08.03, UT = 22:00

3onbl OI1C u BhICHINTAHWH

0 0.5 1 1.5 2 %.5
Cpeansist sHeprus npoToHoB (kaB) IToTox sHepruu npotoHoB (3pr/(c*cm”) )

&
(3

165N 16sp

Pucynox 1. [TapameTpsl 30H BBICHIIaHNI B CIIOKOWHBIX YCIIOBHSIX IIEpPE]] HAYaIOM MarHMTHOH OypHu.
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6. XapakTepuCcTHKH BBICBIIAHUI NPH Pa3HOM YPOBHE FeOMATHUTHON AaKTHBHOCTH

Ha puc. 1-4 noka3aHsl pe3yabTaThl IPUMEHEHHS MOJIEIH JIJIsl BXOJHBIX [TapaMeTPOB, KOTOPbIE MMEITH MECTO BO BpEMs
MarHutHOM Oypu 04 —O05 aBrycra 2023 r. ¢ nByms mMuHumMymamu B Dst ~ =52 HTn u Dst = -92 uTn, mexny
KOTOPBIMH OBLIO CUJIBHOE BHE3AIIHOE CyKaTHe MarHuToc(epsl U OTpULaTesIbHOM koMIoHeHTe B, MMII. Bo Bpems
Oypu mHzaekcsl Dst u AL nocturanu cBOMX MHHUMAJBHBIX 3HA4€HHH B pasHble MOMEHTHI BpeMmeHH. Puc. 1
COOTBETCTBYET CHOKOMHBIM YCIOBHSAM Iepen Oyped mpu 3HaueHHWsAX HMHAeKcoB Dst~—-5HInm u AL ~-50 HTx B
MoMmeHT Bpemenu UT = 22:00, 03 asrycra 2023 r. Ha puc. 2 noka3zan momeHT Bpemenu UT = 03:00, 05 aBrycta 2023
I., Korga ObUIO JIOCTUTHYTO MHHUMAallbHOE 3HadeHue mHaekca AL =—-1400 vTn npu 3Hauenun Dst = —-35uTn
Mexny MmuanMymamu Dst. Ha puc. 3 mokasan moment Bpemenu UT = 06:00, 05 asrycra 2023 r., xorga Obu1o
JIOCTUTHYTO MUHHMAaJIbHOE 3HaueHHue uHaekca Dst =~ —92 vTn npu 3Hauenun AL ~ —875 uTn. Ha puc. 4 nokazax
momeHT Bpemenn UT = 08:00, 05 asrycrta 2023 r. B Hagase (a3pl BOCCTAHOBICHHS, KOT/Ia B THEBHOM CEKTOpE
puomeTpoMm B obOcepBaTopun JIoBo3epo OBIIO 3apUKCHpPOBAaHO BHICHIIAHWE. B 3TOT MOMEHT, Koraa He OBUIO
MarHurocepHoii cyo0ypu u naaekc AL = —100 uTn Obi1 HeOonbIMM, a nHIeke Dst = —60 HTn umen noctatoyHo
OoJpIoe 3HaYCHIEe, pHOMETPOM B obcepBaTopun JIoBo3epo OBLIO 3aKCHPOBAHO BHICHITIAHHE.

Ha Bcex npuBeICHHBIX B CTaThe PUCYHKaX MPUHSATHI clenytonre o0o3HaueHus. KpacHast ITpUXIyHKTUpHAS JINHUS
Ha MaHeNdxX yKa3blBaeT HanpasieHue Ha ConHile. BHyTpu kaxoit maHenu KpacHOHW TOYKOW 0003HAYEHO MOJI0KEHUE
MOJII0CA TEOMAarHUTHOTO AMIOJS O SMIUPHYECKOH Moaenu reomarautHoro noist IGRF.

Kpaiinsst ieBast maHenb B K&XKIOM PUCYHKE WIUTIOCTPUPYET MOJI0KEHHE IPaHuUI] 30H aBpPOPaJIbHBIX BHICHITAHHHA. 30Ha
BBICBINIaHUH aBpopaiibHoro oBana (AOP) o6o3HaueHa 3eneHbIM 1BeToM. [Tomnspras rpannna AOP — ciomHas cuHsis
JIMHUS, S9KBAaTOpUaJIbHAS IPaHMLA — CIUIOMIHAS KpacHas JHHUS. CHHSSI IITPUXITYHKTUPHAS JIMHUSL B HOYHOM CEKTOpe
pasnmensier AOP Ha 1Be 30HBI: 30HY NpPOCTPAHCTBEHHO-CTPYKTYPHUPOBAHHBIX BBICHINMAHWH M 30HY YCKOPEHHBIX
9JIEKTPOHHBIX BBICHINAHWN. B 3THX 30HaX cpeqHsA SHEPTUS U IUIOTHOCTH ITOTOKA 3HEPTHH BBHICHIAFONINXCS YacTHUI]
KakK 3JICKTPOHOB, TaK ¥ IPOTOHOB 3aMETHO OTIMYAIOTCSL.

2
Cpeansist sHeprus 21ekTpoHos ( k3B) [MoToxk sneprun 21ekTpoHoB (3pr/(c*em”) )
sy 180 ee . N 180 e

Dst=-35, AL =-1400
mpata 2023.08.05, UT = 03:00

30ub1 OTIC u BBICBIIAHMI

5 10 15

IloToK HEprHM MPOTOHOB (3pr/(c*cw|2) )

180

\bS\N 4'655

Pucynoxk 2. ITapameTpsl 30H BEICHIITaHUI BO BpeMsI CHIIBHON cyOO0ypH Ha ()OHE MarHUTHOW OypH B MOMEHT
muHuMyma AL npu ymepeHHoM Dst.
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3ona mud¢y3HEIX aBpopanbHBIX BbICHaHuKA (DAZ), pacmomoxeHHas »skBaropuamsHee AOP, mokazaHa
(hHONETOBBIM IIBETOM, a €€ SKBaTOpHANIbHAs T'paHUIa 0003HAYCHA CIUIONTHOM (hroneToBoi muHMeH. [IpunomarocHas
rpanuna DAZ noka3aHa 4epHOH IITPUXITYHKTUPHON THHMEH.

3ona Msarkux aud¢ysHeix Beickinmanuii (SDP), pacnonoxennas noisipaee AOP, BblieneHa KpacHO-KOPHYHEBBIM
1BeTOM. DKBaTopHansHOi rpanuneid SDP sBnsercs nonsipras rpanuna AOP (crutomnas cunsist nuaust). Kopuunesast
HMITPUXITYHKTUPHAS JTUHUA yKa3bIBaeT Ha TOJI0XKEHUE MOII0CHOM rpanuisl SDP.

[Tpn Manelx W yMEpeHHBIX 1O MOJYNIO 3HayeHWsX uHaekca AL 3oHa markux aud¢ys3Heix Beickimanuii (SDP)
okaiiMisieT Bech aBpopaibHbId oBasl (AOP), a Takke B JHEBHOM U IPEANOIYHOYHOM CEKTOpaxX MeEXIy 30HOU
aBpOPAIBHOTO OBaJia M TP PY3HOI aBpOpaTbHOM 30HOI MMeeTcs pa3phIB, Kak 3To BUAHO Ha puc. | 4. C poctom (1o
MoIyJr0) 3HaueHn! nHnekca AL 3ona SDP cHaganma 9acTHYHO, a 3aT€M U HOJHOCTHIO YXOAUT B 30HY aBPOPaIBHOTO
oBana (AOP), a pa3psB Mmexny 3oHamu AOP nu DAZ cHavana yMeHBIIaeTCs, a 3aT€M HCYe3aeT, KaKk 3TO BUIHO Ha
puc. 2 u 3.

Ha Bcex puCyHKax BEpXHHE MaHEIHW IEMOHCTPUPYIOT IUIAHETapHBIE PACIpPEICICHUS B CEBEPHOM IIONYIIAPHU
CPEIHUX SHEPTHUil U TOTOKOB HEPTUH 3NIEKTPOHOB, a HIKHHE — IPOTOHOB.

[Tpu Manblx U yMEpeHHBIX MO0 MOJIYINI0 3Ha4YeHUsIX nHaekca AL 3ona msarkux aud¢ys3Heix Bbickimanuii (SDP)
oKkaiMisieT Bech aBpopaibHBIN oBasl (AOP), a Taxxke B JHEBHOM M MPEANOIYHOUHOM CEKTOpax MEXIy 30HOMH
aBpOPATIBHOTO OBaJia U Mu((y3HOH aBpOpaTLHOM 30HO HMEETCs pa3phiB, Kak 3TO BUAHO Ha puc. 1 u 4. C poctom (1o
MOJIyJI0) 3HaueHHu uHnekca AL 3oHa SDP cHagana yacTMYHO, a 3aTeM U IOJHOCTBIO YXOJAUT B 30HY aBPOPAILHOIO
oBana (AOP), a paspeiB Mexay 3onHamMu AOP u DAZ cHauana ymeHbIIaeTcs, a 3aTeM Mcue3aeT, Kak 3TO BUAHO Ha
puc. 2 u 3.

Ha Bcex pucyHKax Ha NaHEISIX BEPXHEH CTPOKM IOKa3aHBI paclipeieleHHe CpPEeJHEH SHEPTHH BBICHIIAIOMINXCS
3JIEKTPOHOB M pacIpeieieHHe IOTOKA WX JHEPrWH, a Ha MaHeNIX HIKHEH CTPOKM IOKa3aHbl aHAJIOTHYHbBIC
pacmpeseneHus AIsl BEICBIIAONMINXCS IPOTOHOB.

Cpenuss sHeprus 31eKTpoHoB (K3B) [loTok 3HEprUN 3NEKTPOHOB (3pr,’(c*cm2) )

Dst=-92, AL =-875
nara 2023.08.05, UT = 06:00

3onbl OIIC u BeICHIIAHMI

2 4 6 0 2 4 6 8 10

Cpe/iHsisi 3HEprus NpoToHOB (KaB) [loToK 3HEprul NPOTOHOB (apr/(c*cuz) )

180 yess
l6sg ; 838
L o

Pucynox 3. [Tapamerpsl 30H BhICHIIIAaHUI BO BpeMsl CHJIbHOW cyOOypHu Ha (poHE MarHUTHOI OypH B MOMEHT
muHUMYMa Dst ipu 6onbiom AL.
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B.I". Bopob6ves u op.

7. 3akiI04cHHe
B pabote mpeacraBieHo onycaHue HOBOM BEPCUH SMIIMPUYECKON MOJEIN BBICHIIIAHUH JIEKTPOHOB U IIPOTOHOB JIJIS
cesepHoro nonymapuss APM_GEO, B KoTopoli rpaHHUIIBI 30H BHICHIITaHUH, a TaKKe CPeIHNE YHEPTUH U IUIOTHOCTH
MTOTOKA SHEPTHH BBICHINAIONIMXCS 3JEKTPOHOB M IMPOTOHOB PACCUUTHIBAIOTCS KAK B MCHPABICHHBIX T€OMAarHUTHBIX
KOOpJHMHATAaX, TaK U B reorpadMueckuX Ha CETKe, perysipHOil 0 JONroTe ¥ ¢ (UKCHPOBAHHBIM YHCIOM TOYEK IO
LIIMPOTE B 30HAX BBICHIMAHMHA. BXOAHBIMH mapameTpamMu MOAENM SBItOTCA nata, Bpemsa no UT u 3HaueHus
reoMarHUTHEIX HHAEKCOB Dst u AL. [lo cpaBHeHHIO ¢ paHee OMyOIMKOBAHHBIMU BEPCHSMH MOJIENH, B KOTOPHIX B
reorpaMueCcKuX KOOPIMHATaX PACCUYMTHIBAIUCH TOJIBKO I'PAHUIIBI 30H BBICHIIAHUH, 100aBIEHO BBIYHCICHHE B ATHX
30HaX pachpeieleHuil cpenHedl HHepruM M IUIOTHOCTM IOTOKAa SHEPrMM BBICHINAIONIMXCS 3JIEKTPOHOB B
reorpa)MuECKUX KOOPIMHATAX, a TAKKe J00aBICHO BBIYMCICHHE PACTIPEICICHUN CpeqHEH 3HEPTHH M IIOTHOCTH
MIOTOKA JHEPTHH BBICBITAIONIMXCS MPOTOHOB KaK B HCIPABIEHHBIX T'€OMArHUTHBIX KOOpDAMHATAaX, TaK M B
reorpaduueckux koopauHatax. Kpome Toro, BHyTpu 00JIacTH aBpOpajbHOTO OBajla YJIyYIIEHO ONMHMCAHHE I'PaHUI]
30HBI YCKOPEHHBIX AJIEKTPOHHBIX BBICBIIIAHUI MEXy JTHEBHBIM M HOYHBIM CEKTOpaMH. Mozens peaan3oBaHa B BUIE
komIiekca nporpamm Ha s3sike FORTRAN, B KOTOpOM IPHUMEHSIOTCS TTapalIeIbHBIC BRIYACICHUS W UCTIONB3YeTCs
mporpamma RECALC-08 (cosmannas H.A. llplraHeHko) u HepenporpaMMHpOBaHHAas Ui TNPUMEHEHHS
napajyIesIbHBIX BhIUKCIeHUH nporpamma mojenu IGRF).

Hannple cnyranka DMSP F6 u F7 B3satel Ha crpanuunax htp://sd-www.jhuapl.edu, WHIEKCH MarHUTHOW
aKTUBHOCTH B3STHI - Ha CTpaHUNAXx http://wdc.kugi.kyoto-u.ac jp/ u http://cdaweb.gsfc.nasa.gov/.

Cpe/tnas sHeprus ek TpoHos (kaB) TTOTOK SHEPrHu eKTPOHOB (3pr/(c*en’) )

165N

Dst=-60, AL=-100
nara 2023.08.05, UT = 8:00

3onbl OI1C 1 BBICHIIAHHI

MO6

sk

Pucynox 4. [lapamerpsl 30H BbICHINIaHWH B Havajie ()a3bl BOCCTAHOBJIECHHS CHJIbHOM MarHUTHOW OypH B
oTcyTcTBUH cy00ypu nipu Oomeiom Dst n mamom AL, Korzia B JHEBHOM CEKTOpPE PHOMETPOM B 00CEepBaTOpUH
JIoBo3epo ObLIO 3a(hUKCHPOBAHO BBHICHITIAHHE.
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Hvauemapuoe pacnpedeﬂenue Xapakmepucmuk 3J1eKmpOoHHbIX U UOHHbIX BbICHINAHULL 8 3A6UCUMOCIIU OM. ypoeHs MASHUMHOU AKMUBHOCMU. ...
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AHAJIN3 TOJISIPUBALTMOHHBIX XAPAKTEPUCTHUK ITPU3EMHOI'O
MAT'HUTHOI'O ITYMA KPAUHE HU3KOYACTOTHOI'O
JANAITA30OHA

H.B. BanoB
Honapuvii ceopusuyeckuti uncmumym, 2. Mypmanck, Poccus

AHHOTANMS. B criekTpe MPU3EMHOr0 €CTECTBEHHOTO MarHHTHOI'O IIyMa B JUANA30HE OT JOJEH 0 HECKOJIBKHX
necsaTkoB [ HabmromaroTcss pe3oHaHCHbIE CTPYKTYphl. OCHOBHBIE M3 HHMX 3TO ITYMaHOBCKMH M aJbBEHOBCKHH
pe3oHaHchl. lllymaHoBckuii pe3oHaHC, OOYCIOBICHHBIH KPYTOCBETHBIM paclpOCTPaHEHHWEM BOJH, HECET
nHdopmanuio o 3p(HeKTHBHBIX IMOOATBHBIX Tpaccax. AJBBEHOBCKHE PE30HAHCHBIE CTPYKTYPHI, O0OYCIIOBICHHBIE
JIOKJIbHOHM 00/1acThi0 HOHOC(Ephl HaJ TOuKoi HaOmoxeHus [1]. brarogapst ToMy, 4To BONHBI JAaHHOTO THAIla30HA
MOTYT OTpPa)kaThCs OT BBICOT CYIIECTBEHHO BbIle Fo2 ciosi, HecyT nH(popMaiuo o BHemHeld noHochepsl. B nanHoi
paboTe mpezsaraeTcsi METO, OCHOBAHHBIA Ha aHaJIN3€ MOISIPU3AIMOHHBIX XapaKTEPUCTUK CIIEKTpa, KOTOPBIH, Kak
rojlaraeT aBTOpP, MOKET YIYYIIUTb ACTEKTHUPOBAaHUE PE30HAHCHBIX CTPYKTYp, @ TaKXKE CHEIAeT BO3MOKHBIM
Ka4eCTBEHHBIII MOHUTOPHHT HOHOC(EPHI.

IToJie npU3eMHOT0 BEPTUKAJIBLHOIO JJIEKTPHUYECKOr0 U0

[TpunsaTO CcumMTaTh, 4YTO OCHOBHBIM (HAaKTOPOM, (POPMHPYIOIIMM NPHU3EMHBIH MAarHUTHBIN IIyM, SIBJISICTCSA I'PO30Bast
aKTHBHOCTh. B KauecTBE TpO30BBIX HCTOYHWKOB B JalbHEHmeM OyJeM Iojarath TOYEUYHBIE ITPH3EMHbBIC
BEPTHKAJIbHBIE 3JICKTPUIECKUE IHIIONH, COBOKYITHOC YCPEOHEHHOE IO BPEMEHH H3JIydeHHE KOTOPhIX M OyneMm
CYHTATh OCHOBHBIM B (DOPMHUPOBAHUY CHEKTPA NPU3EMHOI'0 MArHUTHOTO Iyma [2].

Crporoe peuieHue MOJOOHOW 3aaud C y4eTOM aHU30TPONUH, CHEPUYHOCTH M HEOJHOPOJHOCTH BOJHOBOJA
HeBO3MOXHO. J[lanee OyleM HCIONIB30BaTh METOJ ABYMEpPHOro tenerpadHoro ypaBHeHHs [3], IOCKOJIBKY
NPUOJIMKEHHO OH IT03BOJISIET Ha KAaue€CTBEHHOM YPOBHE y4ecTh Bce NepeurcieHHble (akTopbl. CorllacHO MeTony,
TOPU3OHTAJILHBIC MAI'HUTHBIC KOMIIOHCHTHI IOJIA B C(bepI/I‘IeCKOI‘/’I CHUCTEME KOOPpAMHAT MOYKHO BbIPA3UTH CJICAYIOIIUM
obpazom:

_ _m-1 _m-1 Bso¢
Hy = K(,0,) |[~Pde(2) — By (2) m]

L . (1)
Hp = K(©,6,9) [Br30(2) + P (2) 2]

456
Bsog
3necy dynkimsa K(w, 6, @) comepxur xkod3hhUIHEHT BO3OYKIACHHUS BOJHBI, (PAKTOP T€OMETPHUH M yCPEIHCHHbIC
CBOMCTBa BCell Tpacchl pacmpocTpaneHus. Tpaccoit pacmpoctpanenuss BonmH KHY jawmamasona cuutaem
re0/Ie3UUECKYI0 JINHHUIO COCAMHSIONIAs HCTOYHUK C IPUEMHHKOM. MBI CIIELIMaIbHO HE ONUCHIBAEM 3/16Ch KOHKPETHBIN
Bua GyHKIMHU K, T.K. Halllel OCHOBHOM Hamlei 11eipo Oy1eT BO3MOXKHOCT H30exaTh ee pacuera. Bropoe ciaraemoe
B KBaJ[paTHBIX CKOOKaX ONMCHIBAET BIMSHIE HEOAHOPOAHOCTH TPACCHI 10 TOPH30HTAIN. Kak ITOKa3bIBAIOT YHCICHHbIE
pacyeTsl, JJIs BBICOKOIIMPOTHBIX TPAcC JAHHOW (pyHKIMEH MOXKHO mpeHeOperaTh /Uil BCEX YacTOT BBIIIE OJHOTO
repia. BHICOKOIIMPOTHBIMHI TPaccaMy Mbl B JlajibHelleM GyeM HasblBaTh, Tpacchl nepecekaromue 60° mmpotsl u
skBarop. B Hamewm ciyuae (oGcepBatopusi JIoBo3epo M IKBaTOpHaibHBIE I'PO30BBIE HCTOYHHMKH) OTHOCATCS K
BHICOKOIIMPOTHEIM TpaccaM. Tensop h; Ha3pIBaeTCs JTOKaNbHON MHIYKTHBHOI BBICOTON MOHOChepsI (MHIEKC (2)
o0o03HauaeT TOuUKy mnpuema), KOMIIOHEeHTHl TeH30pa 00pa3oBaHbl CyMMOW TEH30pa IPUBEICHHOIO HMIIEJaHCa
HOHOC(EPHI U MPUBEACHHOTO UMITeAaHca 3eMid. [IpuBeIeHHBIM UMITEAaHCOM 3eMJIH JJISl pACCMATPUBAEMbBIX YaCTOT
npeHeOperaeM, a OCb X CUMTAEM HAINPABJICHHON BJIOJIb MPOEKIIMA MAarHMUTHOT'O MOJIS Ha 36MHYIO MOBEPXHOCTb, YTO
JIeTIaeT PacCMaTPUBAEMBIi TEH30p 3PMHTOBCKHM CHMMETPHUYHBIM. Bocnonbzyemcst (akToM OGIM30CTH MarHHTHOTO
1oJ1s1 3eMJIN HaJl TOUYKOHM HaOJIIOEHNS K BEPTHKAJIBHO HAIPAaBICHHOMY, YTO ITO3BOJISIET CUUTATh B HOHOC(EPE BOIHBI
OOBIKHOBEHHOM M HEOOBIKHOBEHHOW MOJISPU3alMM HE3aBHUCUMBIMU. Torja KOMIIOHEHTHI TEH30pa WHIYKTUBHOM
BBICOTHI OyIyT CBSI3aHBI C KOA(QUIMEHTaMi OTpaKeHUs] OOBIKHOBEHHOH W HEOOBIKHOBEHHOW BOJHBI MPOCTHIMU
COOTHOUIEHHSIMH, @ KOMIIOHEHTBHI 10JI IPE/ICTABUMEBI B BUJIE!

i1 - F),
1+V, (2)
_ @-)a+Vs)

1+v(-v2)

- 1-V, -
Hy = K 2 (1+F),Hy =~ K

1
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Ananus NOJAPUIAYUOHHBIX XAPAKMEPUCMUK NPUZEMHOC0 MACHUMHO20 Wyma K‘p(lﬁHé‘ HU3ZKOYACMOMHO20 OUANA30HA

QaxTrdecku (GopMynsr (2) CBA3BIBAIOT HAOIIOAAaeMBIE CHEKTPHI MOJEH cO CBOMCTBaMH MOHOC(hEPH HAJ TOYKOMH
npHeMa, OJHAKO UL 3aa4 MOHUTOPHHTA 9TH COOTHOIICHHUS BCE €IIle MaJIO IIPUTOHEL, IIOTOMY YTO HaM HEH3BECTHA
¢ynkus K, T.e. €e MOXHO IIOCTPOMTH, MCIOJIb3Ysl MOJEIbHBIEC MPEACTaBICHHS JUIsl BCEH Tpacchl, HO MOJAOOHBII
MOAX0A He OyAeT OTIIMYaThCs TOYHOCTHIO, a JacT JIMIIb KaueCTBEHHOE IpejacTaBiieHue. [1oaToMy B nanbHeimeM
1e7Iec000pa3HO MepeiTh K NOIAPU3aALMOHHBIM XapaKTEPUCTUKAM CHEKTPa, KaK MaJlo WM BOOOIIE HE3aBUCSIIHM OT
MepeYrCICHHBIX ()aKTOPOB.

IHonsipu3anMOHHbIEC XaPAKTEPUCTUKHU CIIEKTPA, CO31aBAEMOI0 eIMHUYHBIM HCTOYHHUKOM

B kadecTBe NOJSPH3ALMOHHBIMU XapaKTePUCTUK OyZeM paccMaTpuBaTh TpPU BENUYUHBL KO3()(GHIUESHT
JUIMIITHYHOCTH, TUPEKIIMOHHBIA Yol SJUIUIICA NOJSPU3aLUH 1 CTEIICHb HOJIApU3auy nois. [IycTb MBI IpuHEMaeM
JIBE OPTOTOHAJIbHBIE KOMIIOHEHTH X M Y NPH3EMHOT0 MarHWTHOTO IIyMa, NPUYEM OChb X OPHEHTHUPOBaHA BIOJb
TOPHU3OHTAIBLHOM MPOEKIMH MarHUTHOTO T10Jist 3emuty. [loapu3anoHHbIe XapaKTepUCTUKH MOJIs YI00HO BBIpaXKaTh
B 3TOM ciy4ae upe3 napameTrpsl Crokca [3]:

I =8 +S8,),Q0 =Sxx — Syys

U=2Re(S,,),V = 2Im(Syy) G)

3neck Sy, = H Hy, Sy, = HyH,, Sy, = H, Hj, cOOTBETCTBYIOLINE CIEKTPBI M KPOCCIIEKTPHI. PaccMaTpuBaeMble HaMu
MOJISIPU3AIMOHHBIC XapaKTEPUCTHKH BBIPAXKAIOTCs uepe3 K03 unuentsl (3) crienyommum oopasom:
4
JoZ+UZ+/Q2+U2+v2
sin2Y)) 1 U
cos(zw)} {Q )

- [Q2+U?

VV2+Q2+U?

p=Y_"-"
I

3nech R — k03G(GUIMEHT 3JUIMOTUYHOCTH, ) — AUPEKIMOHHBIA Yrojl 3JUIMIca MOJsApU3alnuu, a P — cTerneHb

MOJIIpU3AllMU CUrHaia. JJig MOJIIPU3AIMOHHBIX XapaKTEPUCTHUK €IMHUYHOTO MCTOYHUKA IMOJIYYUM CIEIYIOIIHe

BbIPpAXKCHUA:
1-|F| T argF
= a——

T 1+lF|” l/}=5+ 2 )

Kak BugHO M3 cooTHOmEHHH (5), ISl OJHOTO MCTOYHUKA CHCTEMA MOJHOCTHIO paszpemrma. CTeneHs MospH3anum
TOXJICCTBEHHO PaBHAa €IMHMIIBI, YTO E€CTECTBEHHO JUIS €AMHHUYHOTO MCTOYHHKA, HO C BO3pAacTaHWEM KOJMUYECTBA
paccMaTpuBacMBIX HCTOYHHMKOB JaHHAs BEIMYMHA TpHoOperaeT (YHKIMOHAIBHBIH cMblca. Koaddumuent
SIUTMITUYHOCTH HOJHOCTBIO OTIpeAesieTcs MoayieM QYHKIMN F, a TUPEKIIMOHHBINA YTOJI €e apryMEHTOM, II03TOMY B
nanbHeimeM QyHKIU F Mbl OyneM Ha3bIBaTh HOHOC(EPHOH NOoIpU3alioHHOM (yHKIHeH. DakTuueckn (QyHKIUs
F xapakTepu3yeT CTeleHb aHHU30TPONUH HOHOC(EpHI Ul JaHHOTO Auara3oHa BOJH. B HouHOW noHocdepe st
¢yaxkuun F XapakTepHbI CHIIbHbBIE OCIMJUIALNH (2TbBEHOBCKHE PE30HAHCHI) KaKk B MOJyJle, Tak U B aprymente. J{ns
WUTIOCTPAIIH BBIIIE CKa3aHHOTO NPUBEAIEM TEOPETHIECKUI pacueT MOLyJIst M apryMeHTa (yHKINH F BBINOTHEHHBIX,
o moJienn noHocdeps IR12012 must Touku mpuema puc. 1.

OtMernM, 4TO B Cilydae €IMHWYHOTO MCTOYHMKA, coryiacHO (popmynam (5), HaOmogaeMble MOJSPU3ALUOHHbBIC
XapaKTEePUCTHUKHU HE 3aBHUCAT OT TPACCHI PACTIPOCTPAHEHHUS U ITOJTHOCTHIO ONPEAEIISIIOTCS COCTOSIHUEM HOHOC(EPHI Hall
obnacTeio mpuema. KpurepreM TOYHOCTH NMPUMEHUMOCTH “‘€JMHUYHON~ MOJENIH K HaOJlfogaeMoMy ciydaio Oyner
OIM30CTh CTENEHH MOJSPU3AIIH K eAUHUIIC.

3

25

Frequency (Hz) Frequency (Hz)

Pucynok 1. Cnera m3o0paxkeH MOJIyJIb HOHOC(HEPHOH MOJSAPHU3ANMOHHOW (DYHKIIMH, CTIpaBa IOJOBHHA €€
aprymenTa. CruiomiHast, IyHKTUPHAs U TOYeYHas JIMHUU — JICHb, Beuep U HOYb COOTBETCTBEHHO.
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H.B. Hsanos

IMapameTtpbl CTOKCA cHCTEMbBI ITPO30BBIX HCTOYHHUKOB

[IpuHATO CYUTATH, YTO OCHOBHBIM (PAKTOPOM, (POPMHPYIOIIMM MPHU3EMHBIA MArHUTHBIA IIYM, SBJISETCS TPO30Bas
AKTUBHOCTH. HaOJyrojjaeMble CIEKTPBI CO3MAIOTCA MHOXKECTBOM CIMHUYHBIX MOJHHEBBIX pa3psioB, KOTOPBIC
TPYNIUPYIOTCST MO TPOCTPAHCTBCHHBIM W BPEMEHHBIM IIapaMeTpaM B TPO30BBIC IICHTPHI. PeallbHBIN CIIEKTp
MAarHuTHOTO IIIyMa MOXKHO pPacCMaTpUBATh KaK CTATUCTHYCCKH YCPEIHEHHOC BIMSHUEC CHCTEMBI U3 HECKOJIBKHX
IPO30BBIX IIEHTPOB. J[1s1 0000MICHUsT CUCTEMBI (5) VI OJJHOTO TPO30BOT0 LIEHTPA JOCTATOYHO MPEANOIOKUT, UYTO
€T0 pa3Mepsl MHOTO MEHBIIIE [UTHHBI H3ITy4aeMoi BoJHHI (crpaBemnmBo st KHY quamna3zona) U paccTOSHUS A0 TOYKA
mpreMa, TOTIa B CHCTEME MOXKHO MPOCTO (hOpMaIIbHO 3aMEHHUTH B Kod(dunueHTe K CIeKTpaJbHyl0 KOMIIOHEHTY
TOKOBOTO MOMEHTA €AMHUYIHOTO UCTOYHHUKA HA CIEKTPAIbHYI0 TOKOBYIO KOMIIOHEHTY BCETO IPO30BOTO IeHTpa. Bee
OCTaJbHBIC TapaMeTpsl BXonsmiee B Kod(h¢uImeHT OynyT B CHIy TEOMETPHUH 3aJadi Hem3MeHHHL Jlanee Oymem
CYHTaTh, YTO TOKOBBIE MOMEHTHI OTHENBHBIX T'PO30OBBIX IIEHTPOB CTATHCTUYECKH HE3aBUCHMBEI, YTO MPUBOIUT K
CTaTUCTHYECCKOW HE3aBUCHUMOCTH BO30yxkmaeMbix mojed. [Tpu stom mapamerpbl CTOKCa, CBA3aHHBIC C JACHCTBUEM
HECKOJIbKUX TPO30BBIX LIEHTPOB, MPEACTABISIOT COOON anreOpandecKyr CyMMY MapaMeTPOB KaXIOTO OTICIEHOTO
ueHTpa. PaccMoTpeB cuctemy ypaBHeHui i mapameTpoB Ctokca it N TpO30BBIX IIEHTPOB, MOIYYHM (OPMYITY,
OTIPEICIISIONIYI0 MOTYJIb HOHOC(HEPHOM MOSIPU3AIMOHHON (QYHKITUH U TOISIPU3AI[MOHHBIC XapaKTCPUCTHKH:

IF| = -v 5 _ X _ 1 1-|F|?
+v’ 1+/1+x2’ 2V1-4T |F|

ST @e® o [ e R
Yp=5+a-=—P= [1-165T

3Z[CCB BBCACHBI CIICAYIOIIUC 0003HAYCHU:

(6)

_ Z{:\;le”Z'Kj'Z sinz(ai—aj)
- 2

=Nkil?) )
z?mlzsmz«zi)

2& = atan
Z?’lKilzcosZai

Ot1MeTnMm, 4TO NPUBEICHHOE BHIPAXKEHHE, ONPEIEIIAIOIIEe MOLYIIb HOHOCHEPHON NONAPU3AIMOHHON (DYHKIINH, HOCHT
YHHUBEpCAJIbHBIA XapakTep, B TOM CMBICIIE, YTO €ro (hopMaibHBIA BHJ HE 3aBHUCUT OT KOJMYECTBA, MOIIHOCTH HIIN
T€OMETPUYECKOTO MTOJI0XKEHHSI NCTOUHUKOB. DyHKIMS T ONMCHIBAET B3AaUMHOE BIMSIHHE HCTOYHUKOB U 3aBHUCHT, KaKk
OT WX pacIOJOXKEHHs, TaK M OT MOIIHOCTH. ToXe OTHOCHTCS K (QYyHKIMH 00o0meHHOro yria &. OCHOBHBIE
MOJISIPU3ALMOHHBIE TAPaMETPBI, TENEePh 3aBUCAT OT MOITHOCTEH M B3aUMHOT'O PACIIONIOKEHHS HCTOYHUKOB, B OTIHYHE
OT cilyyasi eIMHUYHOTrO ucTouHKKa. Takum oOpasom, Moxyib GyHKUMHU F, onpenesseMblil BoipakeHHeM (6) MOKHO
OIPEJeNNTh, He 3Has (BBIYMCIILN), MHGOPMAIMIO O XapakTepHCTHKaX HMCTOYHMKOB. OJHAKO CHCTEMa BCe elle
paspennMa B ciry4yae, KOTAa 3HAYMMBIMH SIBJISIFOTCS 1Ba HCTOYHHUKA.

PaccMoTpuM cucTeMy /IByX MCTOYHHMKOB. [1ycTh yriibl HX Tpacc B 00JacTH MpuemMa & U 5 COOTBETCTBEHHO, TOTIa
¢ynkmun T 1 @ conepkaT OJHY HEM3BECTHYIO PAaBHYIO OTHOIICHHIO KBaJIpaToB MoIyJel QyHKIMA KAt KaKaoro
NCTOYHHKA!

__ Asin%(a-p)
T= (1+4)2
~ sin 2a+Asin2B)
I (cos 2a+Acos2f (8)
L7
A=
|Kal?

[oncrasnss 3HaueHNe MOy QyHKINH F (6) B BRIpayKeHHE IS CTETIEHH TOJISIPU3AIIIH ITOTyYNM 3HaYeHHUE () yHKITHH

T ¥ BbIpa)KE€HUE JJIs1 OTHOILIEHUS A:
12 (1-p?%)

T= 12-v2 4
L, — 3 9)
A= sin®(a—p) 11— \/(sm (a—-pB) _ 1) -1
2T 2T

Takum o0pazoMm B ciaydae JBYX HCTOYHMKOB HWOHOC(EpHas MOJSAPU3ANMOHHAS (QYHKIUS IIOJHOCTHIO
BOCCTAHABJIMBACTCA U3 JAHHBIX SKCIIEPUMEHTAIHFHO HAOIIOMAEMBIX CHEKTPANTbHBIX XapaKTEPHCTHK, €CIH M3BECTHO
PpAacIoyIo’keHIE NCTOYHNKOB. 3HAHUS MOIIHOCTEH HCTOYHUKOB FITH TPACC PACIIPOCTPAaHEHHS IIPH 3TOM He TpeOyeTcs.
Mo3keT noka3aTbCsl, YTO OTPAHUYEHUE CYIIECTBEHHBIX HCTOYHHUKOB JI0 IByX CHJIBHO CY’KaeT T'PaHULbl IPUMEHUMOCTH
METO0/1a, OJTHAKO IIPU ONPEICIIEHHOM BBIOOpE TOYKHM HAOIIOJICHNS peaiu3alisi MoA00HON Moienn OyAeT HepeaKa.
W3BecTHO, YTO OCHOBHAS 4acTh I'p030BOH akTUBHOCTH (~80%) MpPUXOIUTHCS Ha MPUIKBATOPHAIBHYIO 00J1aCcTh
3emun. Bynem cuurath, YTO MCTOYHHUKAMH BO BHE DKBATOPHAIBHBIX 00JACTSIX MOXKHO IpeHeOpeub, TOTIa 3ajada
CBOJUTCSI K COBOKYITHOWH PabOTe€ HECKOJILKUX I'DO30BBIX SKBAaTOPHAJBHBIX LIEHTPOB. DKBaTOpHAJIbHBIE I'PO30OBBHIE
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HEHTPBI COCPEIOTOUCHBI HaJl CYIIeH, COOTBETCTBEHHO IPHHATO BRIACIIATH TP OCHOBHBIX: A3naTcKuid, A(pprKaHCKHAN
1 AMEpUKAHCKUI LIEHTPBIL.

[Tpu ycnoBum, OTCYTCTBUSI CHIIBHBIX MarHUTOC(EPHBIX BO3MYILEHUH U ONM3KHUX K TOUKE HAOJIIOICHHS TPO3 MOXKHO
CUNTaTh, YTO OCHOBHYIO 4YacThb CIEKTpa B paccMarpuBaeMoe BpeMs (OPMHPYIOT HMMEHHO SKBaTOpHaJbHBIC
WCTOYHMKU. B Halem 4acTHOM cityyae BOCIIOJIB3YeMCsl TEM, YTO TOYKa IPHEMa paclojokeHa Ha Ieofe3n4ecKon
JIMHUH, COCAMHSIONIEH a3MaTCKUi M aMepHUKaHCKMH TIpo3oBble LEHTpHI (puc. 2). s moboll TOYKM mpuema
pacrooKeHHOW Ha JaHHOW JIMHUU MOLIIHOCTH a3UaTCKOTO M aMEPUKAaHCKOTO TPO30BHIX LIEHTPOB MOKHO (hOpMaJIbHO
3aMEHUTh Ha HEKOTOPYIO 3((PEKTUBHYIO MOLTHOCTh OJHOT'O HCTOYHUKA U pacCMaTpUBaTh 3a/1auy, Kak 3aJa4dy O JIByX
HCTOYHHKAX.

B kadecTBe mpuMmepa MPUMEHEHUS] METOZA PAaCCMOTPHM KOHKPETHYIO PEATH3aIMIO CIEKTPa MAarHUTHOTO IIyMa,
HaOmromaBmytocst B obcepBaropuu “JloBo3epo” 29 aprycra 2008 roma. B mueBHoW wmonochepe (6-12UT) e
Habmonaetcst PCC. B HouHOI noHOChepe (17-23UT) HaOMODar0TCS HACTONBKO CHIIBHBIC PE30HAHCHBIE CTPYKTYPHI
(MBI criennansHO BBIOpANH SIPKHUi), YTO aJbBCHOBCKHE PE30HAHCHBIC JIMHUM MOIYJIUPYIOT MEPBBIN IIyMaHOBCKHH
pe30HaHC.

@ynkuus F, Kak BUIHO Ha PUC. 2, XOPOILO OMKCHIBAECT PE30HAHCHBIE CTPYKTYPHI CIIEKTPa, KaK B MOJYJIE, TaK U B
ApTYMCHTE. OTMeTI/IM, 4YTO JaHHas q)yHKIlI/I}I, B OTJIMYMU OT OCTAJIbHBIX CIICKTPAJbHBIX IMapaMETPOB, OMPEACIIACTCA
TOJIBKO COCTOSIHHECM I/IOHOC(bepI)I Haxg TOYKOM npueMa M HE 3aBUCUT OT MOIMHOCTHBIX M HNPOCTPAHCTBCHHBIX
XapakKTEpUCTUK MCTOUYHUKOB U3JIYUYCHHUA, YTO JA€JaCT €€ HaI/I6OJ'Iee yI[O6HI>IM UHCTPYMEHTOM MOHHUTOPUHTIA
HOHOC(hEPHI.

abs(F)

240

220

- Pucynok 2. CneBa wu3o0pakeH
MOZYJb HOHOC(EepHOH

180 HOJIIPU3AIMOHHON ¢byHKIMH,

- CIpaBa IOJIOBMHA €€ apryMEeHTa.
CmyiomHasi ¥ MyHKTUPHAS JTUHUHA —

140 peab (10UT) u mHous (20UT)
cooTrBeTcTBeHHO. Ilo  nmaHHBIM

120 « »
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3akiouenne

B 3axmioueHHu 00CyAMM TpaHHMIBI MPUMEHHUMOCTH MHPEIOKEHHOTO IMOAXOoJa. BaXXHO HOAYEpKHYTh, YTO BECh
(opmanu3M INpPELIOKEHHOTO IOJAXO0Ja, CTPOMICS Ha MPEANOIOKEHHU CEPbe3HOro IpeolsafaHus TI'PO30BOH
cocTaBsoniel B nryme. [l OKpecTHOCTEH IIyMaHOBCKHX PE30HAHCOB, JAHHOE IIPEAINOJIOKEHHE MOXKHO CUHTATh
BBITIOJTHEHHBIM. CyIIECTBYET JOCTAaTOYHOE KOJIMYECTBO MCCIIEAOBAHUH, MOKA3bIBAIOIIMX XOPOIIYI0 BPEMEHHYIO
KOPPEISINIO JUPEKIIMOHHOTO YIJa 3JUTMIICAa MHOJAPH3ALUHM C MOAENBI0 TpeX TJI00aIbHBIX 3KBATOPHAIBHBIX
UCTOYHUKOB [4]. Ho noBeneHne noasipu3aoHHbIX XapaKTePUCTUK MEX/y MAKCUMyMaMH IIIyMaHOBCKOT'O PE30HAHCa
MOXET BBI3BIBaTh BONPOCH. B uwacTHOCTH, yacTo HaOmojgaemas cMeHa 3Haka y Kod(QuIMeHTa 3IUIMITHYHOCTH
(moxa3bpIBaeT U3MEHEHUE HANIPABICHHS BPAILEHHs [TOJIs1) MEXKy MEPBBIM M BTOPEIM MaKCUMYMaMH ILIOXO BSDKETCS C
MOJIETIbHBIMU pacdeTaMu noHocgepsl. /st 0OBbsICHEHUS TaKOTO MMOBEAECHUS HOJSIPU3ALMOHHBIX XapaKTEPUCTUK MBI
IpeylaraéM THIIOTe3y, YTO 3HAYMTENbHAass MO MAarHUTHOTO ITyMa CO3/JaeTcsi HCTOYHHUKAMH HE TPO30BOTO
MIPOMCXOXICHUS (BEpOsTHO, HOHOC(hepHBIMH). [laHHAsS MPUMECh MOXET CEphe3HO HApyIIaTh OKUIAAEMYI0 KapTHHY
MOJIIPU3AIMOHHBIX XapaKTePUCTHK. B 00macTax ke MakKCHMyMOB ITYMaHOBCKHX PE30HAHCOB OTHOCHTENBHAS JTOJIS
TPO30BBIX HCTOYHHKOB PE3KO BO3PACTAET, COOTBETCTBEHHO PACTET M JIOCTOBEPHOCTH IMPEUIaraeéMoro HaMi METOJa.
Takum 00pa3zoM ciieayeT BHIOMpATh TOYKH CIIEKTPa ¢ MAaKCHMAIbHBIM KOX(Q(QHUINEHTOM MOJSIPU3AINH, YTO OyAeT
COOTBETCTBOBATh MaKCHMyMaM IIYMaHOBCKMX ¥ AalbBEHOBCKHX pe3oHaHCOB. OtiiioHeHme Ko3dduimenta
MOJISIPU3alMK OT €IMHMIBI B 3TUX O0JIacTsAX Oy/eT 3a/aBaTh MHTEpBaJl OMIMOKH. B ocTanbHBIEe 00MacTsIX CleKTpa
JIOCTpanBaTh HOHOC(EPHYIO MOJSIPU3ALMOHHON (QYHKIHIO HHTEPIIOISIUCH.
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AHHOTAUA

DKCIepUMEHTaIbHBIC UCCIICAOBaHIs HUXKHEH HOHOC(HEPH M OMPEACICHUE €€ MapaMeTPOB SBISICTCS aKTYaJbHOM
3a/1a4eil 1 MMeeT BaXXHOe HayyHOe W MpuKiIaaHoe 3HaueHue. CoJIHeUHbIE PEHTT€HOBCKHE BCIIBIIIKH MPHUBOIAT K
3HAYUTEIBHBIM H3MEHEHUsIM B D-oOmactu uonochepsl. B paboTe cpaBHHBarOTCsA mapaMeTpbl HOHOC(EpHl Ha
pa3IMYHbIX Tpaccax pacnpoctpaneHust C/IB curHamoB, mpUHATHIX B 00cepBaTOpUsIX «MUXHEBO» U «Y JIbITHOBKA)» BO
Bpemst coiHewyHo#t Bembimiku 03.07.2021. [okasano, uto pa3paboTaHHAss METOAMKA BOCCTAHOBIICHHS ITapaMeTpOB
HOHOC(]EpH NPUMEHIMA K OJM3KOPACIIONIOKEHHBIM TpaccaM pa3iIMIHON JITHHEL.

Beenenue

C/ZIB paanoBOIIHBI pacipoCTPaHsIOTCS B BOJIHOBOJE 3eMis-HoHOC(epa U 001aqaloT oueHb MajlbIM 3aTyxaHueM. B
JTHEBHBIX YCJIOBHUSX BEpXHEH CTEHKOI BOJIHOBO/IA sBJsieTcst D-00mactsh noHochepsl. [ToaToMy cocTosaue D-o061actu
OKa3bIBaET HEIIOCPEICTBCHHOE BIUSHHE Ha XapakTepucTuku npuHuMaeMmblx CJIB curnanoB. OgHOH M3 MIHMPOKO
pacrpocTpaHeHHBIX MoOJeNieil HMKHEH HMOHOC(Ephl, OMKMCHIBAIOIIMX BBICOTHBIA NPOQMIb  3JIEKTPOHHON
KOHIICHTpAIUH, SBJIICTCS AByXIapameTpuueckas monaenb depriocona-Yaiita [Wait and Spies, 1964; Ferguson,
1995]. B »T0#t MOmenM 3aBUCHUMOCTH 3JIEKTPOHHOW KOHIEHTparuu Ne oT BBICOTH H OmMChIBaeTcs CleyIOUM
YpaBHEHHEM:

N, = Neoe(B—O.lS)(z—h')e—O.lsh"

rae Ngo = 1.43 10'2 M3, A’ - sdpexTuBHAs BHICOTA OTPAXKEHHS U f — KPYTU3HA TPOGMIIA WM CKOPOCTH HAPACTAHMS
3JIEKTPOHHON KOHLIEHTpaLUK.

B psime pabot [McRae and Thomson, 2004; Thomson et al., 2005; Grubor et al., 2008] mokazaHa BO3MOXHOCTb
BOCCTAHOBJICHUSI TNapaMeTpOB HIKHEH HOHOC(Epbl BO BpeMsl PEHTI€HOBCKMX BCIIBIIIEK B pPaMKaxX MOJEIH
depriocona-Yaiira. [Ipu sT0M, Hpennonaranock, YTo Ha4aJIbHOE COCTOSHAE HOHOC(EPHI COOTBETCTBYET CPEIHEMY
sgauenmio: h' = 72 km u B = 0.3 km!. B [laspunos u op., 2019] Oblia mpemnokeHa METOAUKA BOCCTAHOBJICHHS
napamMeTpoB D-ciost HoHOC(Eps! B paMKax 3TOH MOJENH Ha ABYX OJIM3KOPACHONIOKEHHBIX Tpaccax. OCOOEHHOCTHIO
9TOM METOJMKH SBISETCS TO, YTO OHAa HE TpeOyeT 3aJaHHs Ha4aJbHOTO COCTOSHHS HMOHOC(EPHI U IO3BOJISET
BOCCTaHABJIMBAThH HE TOJbKO INHAMUKY BHICOTHOTO NPO(DUIIS 3JIEKTPOHHON KOHIIEHTPALIMH BO BPEMSI BCIBIILIKHU, HO U
COOCTBEHHO HaydaJbHbIE YCIOBHS.

IKcnepUMeHTATbHbIE Pe3YJbTAThI H 00PadoTKa JaHHBIX

I'eodusnueckas obcepBatopust «Muxueo» WUJI' PAH pacnonoxena npumepHo B 100 kM k rory or MoCKBHI
(54.96°N, 37.76°E). OGcepBaropus pacroiaraeTcsi Ha 3HAYUTEITLHOM YJICHUU OT KPYIMHBIX HACENECHHBIX MTyHKTOB
U MPOMBIIUIEHHBIX 00bekToB. C 2014 rona B Hell BeZeTCsl HelpepbIBHASI PErUCTPaLis HJIEKTPOMArHUTHBIX CUI'HAJIOB
CIB mnepenarunkoB. B 2021 rony ananmormynas ammaparypa Obula pasBepHyTa B 0OCepBaTOpUM «YIIbSHOBKa»
Kannuunrpanckoro ¢punmana UISMHUPAH. B padote ucnonszoBainuck curaaisl ot nepenarankoB GQD GBZ n DHO.
3amernm, yto nepenarunku GQD nGBZ pacnonokeHsl odyeHb On3K0 Ipyr oT Apyra. PaccrosHue Mexay HUMH
cocrasiseT 32 kM. Kapra pacnonoxxeHus nepegaTdyiukoB, IPUEMHUKOB U HX Tpacc NpuBeaeHa Ha puc.l. KoopauHatel
MepeIaTINKOB U MPHEMHUKOB MPHUBEICHHBI B Ta0muUIe 1.

Panee Hamu OpUta pa3zpaboTaHa METOIMKA BOCCTAHOBJIICHHS MapaMeTPOB MOHOC(HEPHI Ha JABYXYaCTOTHOW Tpacce
[I'aspunos u op., 2019] Bo Bpemst MonTHbIX COTHEUHBIX PEHTTEHOBCKUX Bemblmiek. 3 uioist 2021 roma Ha CosHie
MIPOU30IIUIa PEHTI€HOBCKAsl BCHBIMKA Kiacca X2. Mcmomb3ys 3Ty METOAMKY, MBI BOCCTaHOBIIN 3(P(PEKTHBHYIO
BBICOTY OTpa)K€HUs /' M CKOPOCTh HapacTaHH 3JIEKTPOHHOM KoHIeHTpalwH S Ha Tpaccax GBZ/GQD — «YapstHOBKa»
n GBZ/GQD — «MuxHeBoy». Pe3ynpraThl mokazansl Ha puc. 2. V3 pucyHka BWAHO, YTO AJISL 9THX IBYX Tpacc,
3aBUCHMOCTH 3((PEKTUBHOM BBICOTHI OTPAKEHUSI OT BPEMEHH IPAKTHYECKU COBMaaaeT. PasHocTh HE mpeBbimaeT 1
kM. [IpydyeM B MakcUMyMe BCIBIIIKH pa3nuyus B 3(QQEKTUBHON BBICOTE OTPAXKECHUSI MUHMMAalbHBL. Pasnuuus B
CKOPOCTH HapacTaHWsi 3JIEKTPOHHOI KOHIEHTpaluu Oojiee 3HauuTENbHB M jgocturaiot 0.05 kM. MakcumaibHas
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Pa3HOCTh JOCTHTaeTcs B MOMEHT MaKCHMyMa BCHBIIIKH. JTO XOpOIIo Koppenupyer ¢ [ aspunos u dp., 2022], roe
NI0Ka3aHo, YTO BHE 3aBUCUMOCTH OT HayaJbHBIX YCIOBHH, 3()(QEeKTHBHAS BEICOTa OTPAKEHHUS B MOMEHT MaKCHMyMa
BCTIBIIIIKH 3aBUCHT TOJILKO OT €€ 3HEepIuu B Ananazone 1o 0.2 HM.

Tabuuna 1.
HaumenoBanue Yacrora, I'n IIupora, rpanycsl Hourora, rpanycsl
[epenarunxa/llpuemManka
GBZ 19580 54.912°N 3.278°W
GQD 22100 54.732°N 2.883°W
DHO 23400 53.079°N 7.615°E
MIK - 54.96° N 37.75°E
KGD - 54.60° N 20.21°E
60.0°N

550" N

50.0°N

50" W 0.0 50E 100E 150 E 200E 250 E 300E 350E 400 E
Pucynoxk 1. Kapra pacrnonosxeHus nepeJaT4uKoB, IPUEMHHUKOB U TPACC PaCIPOCTPAHEHHs CUTHAA.
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Pucynok 2. BpemenHo# xox 3((eKTHBHON BBICOTHI OTPaXXCHUsI £’ M CKOPOCTH HapacTaHUs JJICKTPOHHOM
koHueHTpauu f Ha Tpaccax GBZ/GQD-KGD u GBZ/GQD-MIK, BBI3BaHHBIX COJIHEYHOH BCIIBIIIKOM
03.07.2021.
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10.B. Hoknao u op.

N3 puc. 1 BumHo, uro Ttpacca DHO-MIK ¢aktugeckn npoxomutr dyepe3 o0OcepBaTOpHio «YIIBIHOBKAY.
CootnHommenne il Tpace GQD/GBZ-Muxuero 1 GQD/GBZ-Y mbsHOBKA IPUMEPHO COOTBETCTBYET COOTHOIIICHHIO
mmH Tpacc DHO-Muxueso u DHO-VibsHOBKa. OTO MO3BOMSAET cAeNaTh HPEANONOKEHHE, 4TO IapaMeTpsl
BBICOTHOTO TPOQMIIS 3JIEKTPOHHOH KOHIEHTpauuu noHocdepsl i’ u f OynyT oguHakoBble Ha Tpaccax DHO —
«MuxzeBo» 1 DHO — «VYnesHoBka». IIpu Takux NpeAnosiokeHUsIX Mbl MOKEM HCIIOJIb30BaTh 3Ty METOJUKY Ui
BOCCTaHOBJICHU ITapameTpoB noHocdeps! Ha Tpacce DHO-MuxHego.

Ha puc. 3 npuBeieHbI BOCCTAaHOBIICHHBIE 3HAYEHUsI /' U f 1J1s 3TOM map Tpacchl.
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Pucynok 3. Bpemennoii xox 3¢ekTuBHON BBICOTHI OTPaXEHUS /' 1 CKOPOCTH HAapacTaHUs AIEKTPOHHOI
KoHLeHTpauu S Ha Tpacce DHO-Muxsteso.

Ha puc. 4 npusenena 3¢ G eKTUBHAS BRICOTA OTpaXeHUs 171t BeeX Tpex Tpace: GBZ/GQD — Yiesunoska, GBZ/GQD
— MuxaeBo 1 DHO — MuxHeBo. 13 pucyHka BUIHO, 9TO COCTOSTHIE HOHOC]EPHI Mepe BCIbInikoi Ha Tpacce DHO-
«MHXHEBO» OTIMYAETCS OT ABYX JIPYTHX Tpacc. DPQPEeKTUBHAS BHICOTA OTPAKCHMS MPUMEPHO Ha | KM BhImIe. JTO
MOXeET OBITH CBSI3aHO C TEM, YTO Tpacca PacIOJIOXKEHa I0KHEee M BOCTOUHee. TeM He MeHee B MOMEHT MakcuMyMma
BCHBIIKY 3((PEeKTHBHAS BBICOTA OTPAKEHMS JJISI BCEX TPEX Tpacc COBIAIAaeT. DTO elle pa3 MOATBEPKIAeT BBIBOJ
caenanHelii B [l aepuios u op., 2022] o Tom, 94T0 MHHUMYM 3(Q(PEKTHBHON BBICOTHI OTPaKCHHSA HE 3aBUCHT OT
HavdaJIbHBIX YCIOBUH, a 3aBUCHUT OT YHEPIeTUKH BCIIBIIIKH.
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Pucynoxk 4. 3aBucumocTtb 3)(HheKTUBHON BHICOTHI OTPAXKEHUS OT BPEMEHH [UIsl TPEX TPacc.
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Peructpanust C[IB cursanoB B IByX IyHKTaX MO3BOJIIIO CPAaBHUTH apaMeTphl HOHOC(EPHI Ha Pa3HBIX Tpaccax BO
BpeMsI COJTHEUHOH peHTreHoBcKoil Benbimku 03.07.2021. TTokazaHo, 9TO pe3yabTaThl BOCCTAHOBJICHHUS MapaMETpPOB
h' m f BBICOTHBIX HpOdWIIeH dIEKTPOHHOW KOHIEHTpauWH A Tpacc AIHHOH 10 2500 KM MMOKa3bIBarOT ONM3KHe
pe3ynbpTaTel. OTO MOXET CBHUICTEIbCTBOBATH O TOM, 4YTO pa3lM4Hble IapaMeTpsl Ha Tpaccax, TaKhUe Kak
HEpaBHOMEPHOCTb OCBEIIEHHOCTH M pa3IUuYHbIe 3€HUTHBIE YIJIbI, HE MNPUBOAAT K 3HAUUMBIM H3MEHEHHSIM
JJIEKTPOHHON KOHIEHTpPAIlMU B HIDKHEH HMOHOC(Epe BO BpPEeMs COJHEYHOH BCHBINIKH. DTOT (PaKT CyIIECTBEHHO
pacimpsieT BO3MOKHOCTH BOCCTAHOBJICHUS TapaMeTpoB HOHOC(hEphI 1o JaHHBIM pactipoctpaHenust C/IB curnanos.
CraHOBHTCSI BOSMOXKHBIM BOCCTaHABJIMBATh MapaMeTpbl HOHOC(EPH! HE TOJIBKO Ha JBYXYaCTOTHOM Tpacce, HO H 110
JaHHBIM TIpHEMa CHUTHAJIOB OT OJHOTO TEpefaTdhKka B ABYX IIyHKTax. Bompoc o MpUMEHHMOCTH MONTYyYEHHBIX
pe3ysnpTaToB K 0OOJee AJNMHHBIM TpaccaM C Pa3HON OpHEHTAIMed 10 OTHOWICHUIO K COJHEYHOMY TEPMHHATOPY
TpeOyeT IOMONHUTENBHBIX HccienoBannii. Vcmomp3oBanue cetd peructpamuu curHainoB CJIB mepemaTdukos
CYIIECTBEHHO PACIINPSET BO3MOKHOCTh HCCIIEIOBAHHS U IIPOTHO3UPOBAHMS 3((HEKTOB BO3ACHCTBHS Te0(PU3NIECKUX
BO3MYIICHHH Ha COCTOSIHUE U AMHAMUKY D o6mactu moHocheps! u ycnosus pacupoctpanenns CAIB paanocuraaios
B CITIOKOIHBIX ¥ BO3MYIIEHHBIX YCIOBHUSIX.

Pa6ota BhIMoONHEHa 0 rocynapcTBeHHOMY 3aganuio 122032900175-6.
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COBPEMEHHBIE METO/1bl AHAJIN3A TAHHBIX HA ITIPUMEPE
OBHAPYKEHHMS U PEKOHCTPYKIIUH TPEKOBbIX COBbITUH
YO JETEKTOPA «BEPXHETYJOMCKHW»

P. Capaes, C. lllapakun
Hayuno-uccreoosamenvckuti uncmumym soeprou guzuxu umenu /.B. Ckobenvybina

AHHOTAIUA

B pa60Te Hpe,I[CTaBJ'IeHLI METOAbI IIOHMCKaA H pCKOHCprKL[I/II/I TpeKOBLIX CO6LITHﬁ, OCHOBAHHBIC HAa MAIIMHHOM
oOydeHNH. AJNTOPUTM IIOWCKA TIPEICTABIAECT COOOH HEWpPOCETeBOH TpUITEp, HACTPOCHHBI Ha BBIIACICHHE
XapaKTepHOTO MPOCTPAaHCTBEHHO-BPEMEHHOTO MTATTEPHA Ha CIIOKHOTIepeMeHHOM (oHe. baliecoBckast peKOHCTPYKIIHS
ITO3BOJISICT Han60nee IIOJIHO y‘IeCTB I/IH(I)OpMaI_[I/IIO, I/IMe}OH.[yIOCSI y ucciaeaoBareiii OTHOCHUTEIBHO I/ISY‘IaCMOFO
SABJICHUA U CaMOTO Hpouecca I/I3MepeHI/I5[. Anpo6aum1 METOOAO0B OCyIlICCTBJ'ICHa Ha JaHHBIX, SapeFI/ICTpI/IpOBaHHLIX
MHOTOKaHAJIBHBIM JIETEKTOPOM, paboTarorieM BOar3H MypmaHcka B 00cepBaTtopun «BepXHETYIOMCKas» ¢ CCHTIOPs
2021 r.

1. BBenenne

Jiis m3ydeHns OBICTpOIIepeMEHHBIX (TpPaH3UEHTHBIX) MporieccoB B atMochepe 3emmn 8 HUNUAD MI'Y B TeueHme
JUTNTEIIFHOTO BpPEMEHH pa3pabaTHIBAIOTCS W CO3IAIOTCS HM300paKaloIlINe JETEKTOPHl, CEHCOpHAs IOBEPXHOCTH
KOTOPBIX COCTaBJICHA W3 MHOTOAHOMHBIX (POTOIICKTPOHHBIX yMHOXuTeneir (MAD®DY) [1], [2]. K ocHOBHBEIM
MIPEeUMYIIeCTBaM TaKHX MPHOOPOB OTHOCHUTCS MX BBHICOKAS TYBCTBUTEIBHOCTH M BRICOKOE BPEMECHHOE Pa3peIleHIE.

C 2021 roma BOmM3u Mypmancka B obcepBaTopuu «Bepxnerynomckas» (68.63 N, 31.78 E) Obu1 ycTaHOBJIEH U
Havyan paborarh nepBblii U3 JerekTopoB mpoekta PAIPS (or anri. Pulsating Aurora Imaging Photometers
Stereoscopic System), OCHOBHOII Hay4HOH 3ajadell KOTOPOTO SBISETCA M3Y4EHHE MYJIbCUPYIOUINX MOJSPHBIX
custuuit, puc. 1. JIMH30BBIH OOBEKTHB JeTekTopa CTPOUT u300paxkeHne Y®d-ucrounuka (300-400 HM) Ha
MHOTOKaHaJbHOM (POTOTPUEMHHKE, COCTaBIEHHOM 13 4eThipex MADDY (obiee uncio kaHamoB 256, moje 3peHue
OJIHOTO KaHaJla COCTaBISEeT OKOJO 1°). B MOHHTOPHHTOBOM pekuMe MPUOOp PEerHCTPUPYET JaHHBIE C BPEMEHHBIM
paspemienueM 1 mc (B cezone 2021-2022 — 40 mc).

JleTekTop TaKKe CIYXKHUT TECTOBOW IUIOLIAIKON /sl pa3paboTKy U anpoOalii COBPEMEHHBIX METOJOB aHaJIN3a
JTAHHBIX: TOWCKA COOBITHI C XapaKTEPHBIM IPOCTPAHCTBEHHO-BPEMEHHBIM TATTEPHOM CHTHAJIA U UX PEKOHCTPYKIIHH.
B Hacrosmei paboTe mpuBeIeH MPpUMEp aHAIN3a TaK Ha3bIBAEMBIX TPEKOBBIX COOBITHH, T.€. COOBITHI, B KOTOPBIX ITHK
CUTHaJIa B U300paKeHUU Ha (OTONMpHEMHHKE TTepeMeNIaeTcs U3 KaHajla B KaHaJ BIOJIb ONMPEICIEHHOTO HAIIPABIICHHS.
B kxadecTBe TPEKOBBIX BBHICTYHAIOT XOPOIIO WACHTUPHUIHPYEMBIEC COOBITHS THITA ABMKEHUS 3BE3IBI IT0 HEOOCKIIOHY,
MPOJIET Yepe3 TMOJie 3peHHs MpHOOpa CIYTHUKA HIIM CaMOJIETa, METEOPHI, a TAKKE PEIATHBUCTCKAS «IK30THKAN:
KOCMHUYCCKHE JIYUYH, MTYYKHU DOHECPTUIHBIX JJIEKTPOHOB, HYKJICAPUTHI U AP.

TunuaHeIi UK paboThl ¢ JAHHBIMU H300paKaIOIIETo JETEKTOpa MOXKHO pa30UTh Ha HECKOJIBKO ATamnoB: 1) mpen-
MIPOCMOTP M TpeAa-oOpaboTka MOIYYEHHBIX ITaHHBIX; 2) MOWCK M paclo3HaBaHHWE COOBITHH; 3) PEKOHCTPYKIHS
MOJICBHBIX MTapaMeTPOB COOBITHS; 4) HHTEPIIPETAIHS TOTYyICHHBIX PE3yIbTaTOB.

Ha »tame npenoOpaboTku TpeOyeTcs CKOHBEPTHUPOBATH M3MEPEHHUs B JIaHHBIE C HAWOOJiee MOAXOISAIIAM IS
aHalM3a WHTEPBAJIOM JUCKPETH3alllH, YYeCTh HEOJHOPOAHOCTh PACIpEeNIeHNs] YyBCTBUTEIBHOCTEH 10 KaHajIaM
(doTonpueMHuKa, P HEOOXOAUMOCTH NPHMEHHTh BpPEMEHHBIE (DMIBTPHI K CHTHAIY B KaKAOM KaHajJe W/HIH
MIPOCTPAHCTBEHHBIE K H300paKEHHIO.

Ha srame moncka oCHOBHBIE TPYAHOCTH CBSI3aHBI C HENPOCTOH CTPYKTYPHPOBAHHOCTHIO CHTHAJIA HA CJI0XKHOM
ObicTpoMenstronieMcst ¢oHe. [l pemreHus 3TOH 3ajadn OBUIO NMPUHATO pEIISHHE HCIIONb30BaTh HeipoceTeBon
TpHUITED.

Ha srane pekoHCTpyKINHU BaKHO UMETh BO3MOXHOCTh TIOCTEIIEHHOTO YCIIOKHEHHSI HCII0JIb3YEMOI MOJIENN C TeM,
9TOOBI OHA MOTJIa BKJIFOYATh B ce0st BcE OOJbIIE 0COOCHHOCTEW KaK caMmoro SIBJICHHsI, TaK W TpoIecca U3MepeHHs.
Hambonee moaxonsmuM Al 3TOTO, C HAIIEW TOYKHU 3PEHUS, SBISACTCA PEKOHCTPYKIHSA B PaAMKaxX BEPOSITHOCTHOTO
(6aitecoBa) BeIBO/IA [3].

Jus ymobcTBa aHanmm3a 3apeTUCTPHPOBAHHBIX JAaHHBIX HAMH OBUIO CO3/IaHO CIICIHANIBHOE MPUIOKEHUE C
rpadugeckuM HHTEpQEHcOoM, BKIIOYAIOIIUNM HHCTPYMEHTHI U MPEA-TIPOCMOTPa COOBITHH, KOHBEPTAIIMH €r0 B
pasHble BpeMEHHBIC pPa3pelIeHUs], BHIPaBHUBAHMS YyBCTBUTEIbHOCTEH. CrienManbHble HHCTPYMEHTBI NPUIIOKECHUS
MIO3BOJISIIOT OCYLIECTBIISITH PYYHYIO U IOJY-aBTOMAaTHYECKYIO Pa3sMETKy isi GopMHpOBaHuUs oOy4aronield BEIOOPKH
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TpHUITepa, KOHCTPYHPOBATh U MOIU(DUIIPOBATE apXUTEKTYPY HCHOIb3YEMOH HEHPOCETH, a TAKKE HETIOCPEICTBEHHO
OCYIIECTBIIATH C HX TOMOIIBIO TIOMCK TPEKOBBIX COOBITHH.

2022-12-2521:38:51.000000

T T T T T
-2 —10 0 10 20

Pucynok 1. [Tpumep mosisspHOTO CUSHUS B JAHHBIX JETEKTOpa «BepXHETYIOMCKUNL».

2. ITouck TpeKoBBIX COOBITHH

DoHOBBII CHTHAT, HA KOTOPOM TpeOyeTcss HACHTH(UIIMPOBATH TPEKOBOE COOBITHE, SIBISACTCS CHIIHO HEOHOPOJHBIM
B NIPOCTPAHCTBE M IIEPEMEHHBIM BO BpeMeHH. Kpome Toro, BpeMsi OT BpeMEHH 3HAuWTENIbHAs YacTh IOJIS 3PEHUS
npubopa 3anoNHsAEeTCs] KPAaTKOBPEMEHHBIMH, HO SIPKUMH BCIBIIIKaMu. B CBS3M ¢ 3TUM Ha 3Tane npenodopaboTKu
OCYIIECTBIISIETCS TPEXITAITHOE NPeoOpa3oBaHue CUTHaia: 1) BbIAENEHHE aKTUBHOTO CHTHANA M3 ()OHA C MOMOILBIO
(ubTpa CKONB3AIIEH MEIUaHBbL; 2) BIpaBHUBAHHUE (DIyKTyalni IyTeM MacIITaOMpOBaHUS Ha CKOJNB3SIIYI0 MEIHAHY
abcommotHoro oTkinoHeHuss (MAD); 3) BhlYMTAHHE MTHOBEHHOTO MEIMAHHOTO 3HAYCHHS [0 BCEM KaHaIaM
(dhoTonpuemnnka. (MearaHHbIe 3HAYSHHSI TPUMEHSIOTCS JJIs IPUAAHUS POOACTHOCTH MPOIIeaype. )

JAnst TIoMcKa TPEKOBBIX COOBITHH HCIIONBb3yeTcs OMHApHBIN Kinaccupukarop (TpHUrrep), MpeicTaBIsiomui co0on
HEHpPOHHYIO ceTh. Ee alropuTMm paccMaTpuBaeT He MHTErpajbHOe M300pakeHHe Tpeka (Kak, HampuMep, B paboTax
[4]), a ero moyHBII IPOCTPAaHCTBEHHO-BPEMEHHOH MaTTEPH, MPEICTaBICHHBIN COBOKYITHOCTHIO BPEMEHHBIX Pa3BEPTOK
AKTHBHBIX CUTHAJIOB. Il TIOBBIIEHHS YyBCTBUTEIBHOCTH TPUITEP HACTPaMBAaeTCsl Ha ONPENSNICHHBIH AWana3oH
CKOPOCTEH, C KOTOPHIMH IHK CHTHaja IepeMeIaeTrcss 1o KaHaiaMm (oTompueMHHKa. OTO MOApa3yMeBaeT
MpeIBapUTEIbHYI0 KOHBEPTALIMIO TaHHBIX B COOTBETCTBYIOIIEE BPEMEHHOE pa3pelIcHHe.

ApPXHUTEKTypa CeTH BKJIIOYAET B ceOs1 1B CBEPTOUHBIX CJIOS, OJJMH U3 KOTOPBIX OCYIIECTBISET IPOCTPAHCTBEHHYIO
CBEPTKY, APYTrOil — BpEMEHHYI0. AIMPOKCUMALUS TPEXMEPHOTO ciost (32x5X5) AByMs CIIOSIMU YBEITMYMBACT YHCIIO
HeNMHEeWHOCTel B 2 pa3a, uyTo yckopseT oOydeHue ceTd [5]. BeIxon CBEPTOUHBIX CIIOEB IEpefaeTcss Ha CIOH ¢
BBIOOpOM MakcuMyMa (max pooling) ¥ TpH TOJHOCBS3HBIX CIIOS. AJITOPUTM peaju30BaH Ha si3bike python Ha
6ubmmoTekax tensorflow+keras.

TpekoBble COOBITHS JIOBOJIBHO ITPOCTO CMOJIETMPOBATh, HCIIOJIB3YI0 HU3KOpa3MepHbIE ITapaMeTpHIecKue MOIEIH.
C npyroit CTOpPOHBI, CI0KHO-CTPYKTYPHUPOBAHHBIA ¥ MHOTOOOPA3HBIA (POH CIIMIIKOM CIIOKEH JJIS MOJAEIHPOBAHUS,
MOMHMO OOBIYHOTO ITyMa OH MOXET COJIEpXaTh 00JaKa, MOJSIPHBIE CHSIHUS, BCIBIMKH U T.11. [Io3TOMY 311€MEHTHI
o0yyatoliei BBIOOPKH CHHTE3UPYIOTCS N3 peabHOro (OHA M MOJIEJIBHBIX TPeKOB. C MOMOIIBI0 HHCTPYMEHTA PYYHOH
pa3sMeTKH OBUTHM BBIJENICHBI MHTEPBaibl (POHOBOTO CHTHAJA M3 YETHIPEX HOUYEH, CONEpKaIluX OO0Jaka, IMOJIIpPHEIC
CUSTHHSA U ICHOE He00. MoienbHbIe TPEKH BEIONPAIOTCS U3 MIPEABAPUTEIHHO CO3aHHOM 0a3bl TaHHBIX HIIN TCHEPSTCS
Ha JIETY C Pa3HbIMHU 3HAUEHHUSMH KIIIOYEBBIX ITapaMeTpOB (CKOPOCTHIO, HANPaBICHUEM, SPKOCTHIO, (POPMOI KpHBOH
CBEYCHUS).

WuCcTpyMeHT (GOpMHPOBaHHS CHHTE3UPOBAHHOW BBIOOPKM W 0OydeHHMsS HEHpOceTH NOKa3aH Ha PHUCYHKE 2
(HacTpoiika KOMITOHEHTOB HEHPOCETH ITPOUCXOIUT N0 KHOTKe Reset model).

TecroBas BeIOOpka 06bemMoM 12 000 coObITHII CO31aBaNach aHAJIOTUYHBIM 00pPa30M U3 JaHHbIX, HE YYaCTBOBABIINX
B 00yueHnn. B mpomecce o0ydeHnsT HEMPOCETh BBIXOAWT Ha accuracy (IOJS MPaBHIBHO ONPENeTIEHHBIX SBICHHN)
97%: tpurrep BepHo uneHtuduuporan 5446 tpekos (u3 5992) u 5801 cioxubix GoHoB (U3 6008). bompmIKMHCTBO
JIO)KHOOTPHULATENIBHBIX COOBITHI JIC)KUT Ha TPaHUIE HMHTEPBAJIOB [0 AMIUIMTYJE CHIHAlAa M IO CKOPOCTU B
o0yyatormeit BEIOOpKeE. B 10KHOMOI0KUTEBHBIX COOBITHAX YJACTOK HOISIPHOTO CUSHHUS UMHTHPYET TPEK.
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Pucynox 2. Uactpyment oOyuenus Hefipocetn. CrieBa: ciucku BbIOOpa (POHOBOTO M TPEKOBOTO CHTHAJIOB.
CnpaBa: HacTPOWKH Npen-00pabOTKH JaHHBIX M KOMIIOHEHTOB HEHpOCeTH.

3. PekoHCTPYKIMSA TPEKOBBIX COOBITHIA

VY4er ocoOeHHOCTEH Kak caMOro peKOHCTPYHPYEMOTo SIBJICHUS, TaK U MpoIlecca ero U3MEpEeHUs OCYIECTBIIACTCS B
paMKax BEpOSTHOCTHOrO MOJXOJa Ha OCHOBE TeopeMbl baiieca. /[ns mpakTuueckoil peajau3alvy TaKOro Mnoaxoza
MPUMEHSIOTCST MapKoBckue 1emud Monre-Kapio, Mo3BoNSIOMmMME CO30aBaTh BHIOOPKH W3  IMOCTEPHOPHOTO
pacupenenenus. s 3TuX neneit ucrnoib3yercs ondmuorexka PyMC [6].

Mopenb TpeKoBOro CcOOBITHS MPEACTAaBICHA TayCCOBBIM H300paKeHHEM, ABWXKYIIUMCS NPSMOJIMHEHHO U
paBHOMEpHO 10 (OKATBHOH TTOCKOCTH. K OCHOBHBIM MapaMeTpaM MOJENH OTHOCSATCS CKOpocTh Uy U HampaBJIeHUE
@y TpekoBOro MABWXKEHHSA, aMIUINTYAa CHUrHajla Eop M XapakTepHBIH pa3Mep H300paXKeHHS Opsr. DyHKIUSA
MPaBAONON00Hs, MOJACIUpPYIOMas NpPOLEcC W3MEpPEeHHUs, BhIOpaHa IaycCcOBOW C (PUKCHPOBAHHBIM 3HAUYCHHEM O.
AHFOpI/ITM PEKOHCTPYKIHU BBIYUCIIACT MOCTCPUOPHBIC PACIIPECACIICHUSA Ha BCC O3TU NapaMETpbl, OUCHUBACT HX
CpeIHre 3HAYCHUS, HEOTIPEISIICHHOCTH U KOPPEIISINH.

Jliiss mpoBepKH MeToja OBLIO MCIIOIB30BaHO TPEKOBOE coObITHE THMa mposier ciyTHuka CZ-6A DEB, kotopoe
nonano B moje 3peHus AByx MA®DIY, cMm. puc. 3. PeKoHCTpYKIMS Ha KaXJIOM M3 CyO-TPEKOB ObLa MpOBEIEHA
HE3aBUCHIMO, Pe3yJILTATHI IpeACTaBIeHBI B Ta0uuIe 1. Pasmiuns B HanpaBieHnH (3°) MOKHO OOBSICHUTD TOCTATOYHOM
rpy0OCTHIO HCIIOTIB3yeMOM MOAETH: 1) ¢ MPUOIMKEHHEM CITyTHHKA K JIETEKTOPY €0 TPEKOBass CKOPOCTh MEHSETCH,
2) IpKOCTb CIIyTHUKA TaK)Ke MEHSIETCS 110 Mepe IBHXKEHHS, 3) HEraycCoBOCTh M300pakeHHsI TPUBOJIUT K 3aBUCUMOCTH
pa3Mepa u300paxeHUs OT IPKOCTH 00BEKTA.

B pamkax 0aifecoBCKOTO MOIX0/1a MOKHO YTOUHUTH MOJIEIh, 3aMEHUB TIPOQIITH KPHBOI CBEUCHHS C TOCTOSIHHOTO
Ha MCHS[IOIIII/IﬁCSI 1 BBE€AA YCKOPEHHUE TPEKOBOTO JABMKCHUSA KaK }:[ByMepHOﬁ MMPOCKINU PAaBHOMEPHOI'O JABUKCHUA B
TpeXMepHOM MpocTpaHcTBe. JlopaboTaHHyI0 TakuMm 00pa3oM MoOJENb MOXKHO HCIIOJIB30BaTh, HANpUMeEp, I
PEKOHCTPYKITUH METEOPOB.

P e | G s s o
s

Pucynoxk 3. Pexoncrpykuus Tpeka cnytHuka CZ-6A DEB B npunoxenun.
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Ta6auna 1. Pe3ynspTaTel peKOHCTPYKIHHU CITyTHUKOBOTO coOBITHS CZ-6A DEB

IMapameTp Dy, ° Uy, muxc/taxkr | Ep Opst, TINKC
MA®DY A | —96.6 0.075 32.8 0.15
MA®DY C —99.7 0.082 59.1 0.20

4. BoiBoa

B pabGoTe mis moucka M PEKOHCTPYKIMHM TPEKOBBIX COOBITHH HCIIOJIb30BAaHBI METOJBI MAIIMHHOTO OOYYCHHUS.
AJNTOpUTM TIOWCKA, OCHOBAHHBIA HA CBEPTOYHON HEHPOCETH, MOXKET OBITh PACHIMPEH [UIS BBIACICHHS IPYTUX
SIBIICHU, TAKUX KaK MOJIIPHBIC CUSHUSA U MUKPOBCIUICCKH, BBI3BAHHBIC BHICHITIAHUEM PEIISTHBUCTCKUX 3JICKTPOHOB.
BaiiecoBcknii MOAXOI, MCIIONB30BaHHBIN B PEKOHCTPYKIHH, TO3BOJISIET OOOOLINTH METOA AJISi BOCCTAHOBIICHHE
TpEXMEPHOH KHHEMATHKH METEOPOB.

HccrnenoBanme BBIMOMHEHO MpH (GUHAHCOBOH monaepikke Poccuiickoro HaywuHoro ¢onma, rpant Ne 22-62-00010
(https://rsctf.ru/project/22-62-00010).
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YACTOTHBIA AHAJIN3 BPEMEHHBIX CTPYKTYP CBEUEHU S
ATMOC®EPBI 22.02.2022 ITO JAHHBIM N30BPAKAIOIIET'O
OPOTOMETPA B OBCEPBATOPUUN «BEPXHETYJ/JIOMCKAS»

K.®. Curaesa, [1.A. Knumos, A.A. benos, C.A. Illapakun

Hayuno-uccneoosamenvckuti uncmumym soepuoti pusuxu um. M.B. Crobenvysiua,
Mocxosckuii cocyoapcmeennuniil yHugepcumem umenu M.B. Jlomonocosa, 1(2), Jlenunckue 2opul,
Mockea 119991, Poccusa

AHHOTAIINA

B cenrs6pe 2021 roma B obcepBaropun «Bepxnerynomckas» I[lonsipHOro reo(usnyeckoro HHCTHTYTa OBLI
YCTAQHOBJICH ONTHYECKHH KOMIUIEKC, BKIIOYAIOMNN BBICOKOUYBCTBHTEIBHBIH H300paskaromuii  oToMeTp.
JleTekTupyromas 4acTh BBIIIOJHEHA HA OCHOBE MHOTOAHOIHBIX (POTOARIEKTPOHHBIX YMHOXHTEIEH, YTO IO3BOJISET
peTucTpupoBaTh cBedeHne armocheps! B ommkHeM Y @-muamazone (240—400 HM) ¢ BEICOKOH YyBCTBHTEIIBHOCTBIO U
BBICOKHM BPEMEHHBIM pa3penieHueM (0T 2.5 MKc).

B pabore mpencraBieHbl pe3yIbTaThl YaCTOTHOTO aHAJIN3a IMyibcaruii Y d-cBeueHns, 3apeTucTpupoBaHHOTO 22
¢deBpans 2022 roma. PaccmoTpens! GOosiee 4 9acoB M3MEpEHHWH, B TEUECHHE KOTOPHIX HAOIIOMAIOTCS pa3lIMIHBIC
IIPOCTPAHCTBEHHO-BPEMEHHbIE MAaTTEPHBl C KBasumnepuoaudeckumu mynscamuaMu. C 17:00 go 18:00 uacos
MIPOUCXOIAT BapHallui HHTEHCUBHOCTH Ha YacToTax okojo 1-2 I'p mo Bcemy modro 3penus, ¢ 19:00 no 21:00 gacos
nosiBisieTcs Oojee BBICOKOYACTOTHas KommoHeHTa: 3.5—4 I'm, coderaromascs c¢ Hu3kodacToTHeIMH (0.3 I'm)
MIPSIMOYTOJIbHBIMU UMITYJIbCaMHU.

Beenenue

[Mynscupyromme nossipasie cusaus (IIC) sBIsAIOTCS OXHUM U3 CaMBbIX HHTEPECHBIX THIIOB CBEUCHUS BEDXHHUX CIIOEB
aTMocdepsl. JlaHHOE SBIIeHHE M3BECTHO U M3ydaercss ¢ 70X TomoB MPOIUIOro Beka (OJHO M3 MEPBBIX YIOMUHAHUI
[1]), sBusercs Tunom nuddy3HBIX MOJMSPHBIX CUSHUH M XapakTepu3yeTcs IepUOJUYECKUM H3MEHEHHEM
MHTEHCUBHOCTH CBEUYEHHS OTHENbHBIX MATEH. BBUIO OTMEYEeHO, 4TO MOAyJsinust MHTeHcHBHOCTH cBeueHus [II1C
TIPECTABISIET COOON CYNEPIIO3HIUIO ABYX YacToT. [leprnoa OCHOBHOH IMyibcaliuy KoJeoieTcs: B paifoHe HECKOIbKIX
JIeCATKOB CeKyHA. Jlpyras — Tak Ha3bIBaeMasl «BHYTPEHHSS MOIYJIIIHA», MPECTaBIsIomas coboif ropazao 6oiee
ObIcTphIe I3MEHEHUs CBETUMOCTH (0KoJI0 3 I'I1), BcTpOoeHa B OJIMH MMITYJIbC OCHOBHOI! ITyJIbCAIMN, KaK IPaBUIIHO Ha
¢aze «srimroueHo». [II1C nmpoucxonsr, B OCHOBHOM, B ITOMyHOYHO-yTpeHHEM cekTope MLT u kak mpaBuio Ha daze
BOCCTaHOBJIIEHUS Cy00ypH [2]. Bbutn poBeieHbI pa3ITuvHbIe U3MepeHust BbICOThI BosHMKHOBeHMs [IT1C. B uactHOCTH,
B pabote [3] ObIIO yCTAaHOBJIEHO, YTO MyJIBCALIMK Ha OCHOBHOM yacToTe (meprosi 3-6 CeKyHI) IPOUCXOAT Ha BBICOTE
0KO0JI0 95 KM, a IpH BKIIIOUEHUH BHYTpeHHEH 4acToThI (2 ['11) BRICOTa BEICBEUNBAHMS CHIDKAETCS 10 92 KM, YTO MOXKET
CBUJICTENICTBOBATE 00 YBENMYEHHH HHEPTUM BBICHINAIOMIKXCS 3JEKTpOHOB. OOHapykeHa KOppemsus
TyJIECUPYIONINX TOJIIPHBIX CHUSHHUM, HAOII0JaeMbIX KaMepaMH BCETO He0a M XOPOBBIX BOJIH (TI0 JTaHHBIM CITyTHHKA
Arase) [2] u moka3aHO OJHO3HA4YHOE coBHajeHUEe BpeMeHHbIX CTpyKTyp I[IIIC M BONHOBBIX MAKETOB, BKIIOUAs
BHYTPEHHIOIO MOYJIAIMIO CUTHANA HAa YyacToTe okoo 3 I'm.

OTnenbHBIE MYJIBCHPYIOUINE aBPOPaJbHBIE CTPYKTYPHI MOTYT pasiamdaTbes 1o (Gopme, pasMmepy, BBICOTE,
MIPOCTPAaHCTBEHHOW CTaOMIIBHOCTH, BPEMEHHOM MOAYJISILIMH, ITPOIOJDKUTEIBHOCTH XKU3HU U CKOPOCTH IIepeMeIeH s
B mnpocTtpaHcTee [4]. Ilpeamonaraercsd, 4To aBpOpalbHbIE IyJIbCALUU BBI3BAHBI BBICBIIAHHEM JJIEKTPOHOB C
sHeprusMu 1-10 k3B, Tak Kak XapakTepHas BBICOTa BBICBEUHMBaHUS cocTaBiieT okoio 100 xm. ITpuumHON 3THX
BBICHITIAHNH CUHUTAETCS B3aMMO/ICHCTBHE MAarHUTOC(HEPHBIX NEKTPOHOB ¢ 3iekTpoMarHnTHeIMEH OHY-BomHamu [5].
C npyroii cTOpOHBI, OBIIO TOKA3aHO, YTO U MyJIbCUPYIOLINE CUSTHHS, U MUKPOBCIUIECKH PEIATUBUCTCKUX JIEKTPOHOB
MOTYT OBITh NpPOAYKTaMH B3aUMOJEHCTBUS XOPOBBIX BOJH M 4YacTHIl [6]. B 3ToMmM ciyyae u3iydeHue JOJDKHO
MIPOUCXOIUTH CYIIECTBEHHO HIDKE. Takke OBUIM MOJTydeHB! MOATBEP)KICHHS TOTO, YTO NMPUYMHON BO3HHKHOBEHHS
MYJbCUPYIOMIMX TIOJSIPHBIX CHUSHUH MOXET ObITh KOMOMHHMPOBAaHHOE BO3JICHCTBHE XOPOBBIX BOJIH HHXKHETO
JMana3oHa M LUKIOTPOHHBIX TapMOHUYECKUX BOJH [7]. JlaHHBIE BOJIHBI OKAa3bIBAIOT BIIUSHHE HA AJIEKTPOHBI
Pas3INYHBIX SHEPTHUil: JECATKH K2B M HECKONBKO KB COOTBETCTBEHHO, YTO NMPUBOAMT K MOSABIECHHUIO ITyJIbCUPYIOLINX
MIOJISIPHBIX CHUSTHMM Ha Pa3HBIX BBICOTAX, a CJIEJOBATENbHO, BOSHUKHOBEHHIO CIIOKHBIX CTPYKTYp ITyJIbCHPYIOIIUX
MOJISIPHBIX CUSHUIL.
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Ha criytHuKE «JIOMOHOCOBY TaKske OBIIIH 3apETHCTPUPOBAHBI ITyIbCAIIMN aBPOPATBHOTO CBEYEHHS. TaK, 10 JaHHBIM
nerextopa TYC, ycTaHOBIEHHOT'O Ha YKa3aHHOM CITyTHHUKE, ObUIH NPOAaHAIN3UPOBaHbI 66 COOBITHI ITyIbCUPYIOLINX
MOJISIPHBIX CUSTHUH C 9acTOTaMU BILIOTH 10 20 'y, mpy 9TOM MUK pacrpeeseHus IPUXOANTCS Ha 9acTOThI OT 3 10 5
I'm [8]. Ans meTaipHOTO WCCIIEAOBAaHUS MPOCTPAHCTBEHHO-BpeMeHHBIX CTpyKTyp IITIC Heo6X0omIuMo MCIIOB30BaTh
BBICOKOUYBCTBHUTEJIbHBIE (DOTOMETPBI BHICOKOT'O BPEMEHHOT'O pa3pelIeHus, Hapsiay ¢ OObIYHBIMU KaMepamu. Takue
(oTomMeTpsl pazpaboTaHbl U HCHONb3yIOTCs B poekte PAIPS [9, 10].

HNHCcTpYMeHTBI

B nanHOI paboTe NCTIONB3YIOTCS AaHHBIE, MOTYYEHHBIE IPH IIOMOIIH H300paskaronero oromMmerpa, yCTaHOBIEHHOTO
B obcepBatopun «Bepxuerynomckas» [II'M (VTL, 68.63° c.m., 31.78° B.1.) B cenrsiope 2021 roma. ®oTtomerp
TpECTaBIsIeT cO00i TMH30BEIN Teneckon. OnTHyeckas ciucTeMa — npo3padnasi B ommwkaem Y @ quamazone (300—400
HM) JIMH3a JHaMETPOM 5 c¢M U ¢ (OKYCHBIM paccTostHreM 15 cm). DotomeTekTop — MaTpuma u3 4 MHOTOAHOTHBIX
(oroanexkTpoHHbIX yMHOXHUTENeH (MADDY), cocrosmux u3 64 mukcenedl Kakablid, MOKPBITHIX GuiabTpamu BG3.
IIpeobOpazoBanue curnana ¢ kaxaoro MA®DY B 1udpoBoii BUI MPOU3BOAUTCS C TIOMOIIBIO CIICIIHATU3UPOBAHHBIX
mukpocxeM SPACIROC-3.

DNeKTpoHUKa JeTeKTopa oOecreunBaeT JBa pekuMma paboTel ¢ paspemienueM 2.5 mxc u 0.32 Mc, a Takxke
BO3MOKHOCTh ITPOBOAUTH MOHHUTOPHHIOBBIE M3MEPEHHs C paspelleHueM ~41 Mc. YKa3zaHHbIE BBIIIE PEKUMBI
MIO3BOJISIIOT PETUCTPUPOBATh SIBICHUS PA3IMYHON AIMTENBHOCTH W mpuponsl. B cenrsope 2022 roma BpeMeHHOE
pa3penieHne MOHUTOPHHTOBBIX U3MEPEHUI yMEHBIIHIH 10 1 Mc.

JleTekTop YCTaHOBJICH HEMOCPEACTBECHHO PAZOM ¢ Kamepoil Bcero HeOa III'M u HaOmroAaeT HEHTPaIbHYIO YacTh
(20°%20°) ee momst 3peHUS, YTO MO3BOJISET MPOBOAUTH COBMECTHBIC M3MepeHUs B YO U ONTHYECKOM Auama3oHe.
Kaxnpiit mukcens numeeT mosie 3peHus 1.2°, 9To COOTBETCTBYET MPOCTPAHCTBEHHOMY Pa3peIIeHHI0 OKOJIO 2 KM Ha
BbIcoTe nopsinka 100 kM.

Pe3yabTarbl 1 00cyxI1eHHe
B mannO# paboTe mpoBeneH NOAPOOHBIH aHAIN3 BPEMEHHOW CTPYKTYpPhl HHTCHCUBHOCTH CBEUCHHS B IIOJIC 3PCHUS
¢doromerpa 22 depais 2022 T.

W3MepeHus MpoBOAMINCH B OTCYTCTBHE CHIIBHBIX I'€OMAarHMTHBIX Bo3MyImleHuil. Tak, Ha jeBoi maHenu puc. 1
npusesieH npoduine AE-uHaekca Ui paccMaTpruBaeMoro B JaHHOW pa®ote 1Hs. XOpOIIO BHIHO, YTO B MOMEHTHI
perucrpauuy myjabcaunii MakcuManbHoe 3HaueHue AE-unnekca He npebianu 350 uTn. Ha npaBoii nanenu puc. 1
npusejieH npodmwis Dst-unaexca. Habmonaercs Hebombinas cyooypst (mpubnusutensHo -40 HT).

202210222  AE(11) (ReakTime)  wnciorceomsgmetsm kyb
= rr—rrrTarreT = February 2022 Dst (Real-Time) WOC for Geamagnetism, Kyolo
2000 )
(l‘\n mn 0 WWMMUWW
1500
-100
1000 200
o 3 400
AO 2 H
~50044 e ) u 0 3 11 16 2 2% W
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Pucynoxk 1. Cnepa: npopmns AE-ungexca 22.02.2022 (https://wdc.kugi.kyoto-u.ac.jp/), cipaBa: npoduib
Dst-unnekca 3a ¢espans 2022 (https://wde.kugi.kyoto-u.ac.jp/). KenarbiMm oTMeueHb MOMEHTHI PErUCTpaLH
COOBITHSL.

%10 1. Lightcurve

Intensity. arb.unit
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2. Spectrogram
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Pucynox 2. CoOwitne 22.02.2022 (cBepxy BHHM3): | — ocmuuiorpaMmMa CyMMapHOTO CHIHAJIa MaTpHIIBI
JIETEKTOpa, 2 — CIEKTporpaMMa JaHHOTO CUTHAJIA.
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Ha puc. 2 noka3anbsl cyMMapHasi KpuBasi CBE4€HHs 110 BceMy (hOTONpHEMHUKY (CBEpXY) M CIEeKTporpamma (CHHU3Y)
curHana ¢ 17 mo 22 UTC. Ha cnekTporpamMMe CHTHajla XOPOIIO pa3IHIMMbl HECKOJIBKO YacTOT, IOSBIIAIONINECS B
pa3HbIe IPOMEKYTKU BPEMEHU:

1.

2.
3.

2.4 I'l — yacTOTa TEXHOTCHHOM MOMEXH TI0Ka HEBBISBJICHHOTO UCTOYHUKA. [IpUCYTCTBYET BO BCEX COOBITUSAX
ce3ona 2021-2022, 3aperncTpupOBaHHBIX JETEKTOPOM KM HAOJIIOIaCTCS BO BCEM TIOJIE 3PCHHUSI IETEKTOPA, JIIs
ymoOcTBa aHANMM3a JaHHAS 9aCTOTa yIAIAETCS U3 JaHHBIX U Jallee He pacCMaTpPHUBACTCS;

Bapuanuu yactots! okosio 1-2 'y mpubnusutensro ¢ 17:00 mo 18:00, a Takke ee TapMOHUKH;

Bapuanuu yactotst okono 3.5—4 ' npubansutensho ¢ 19:00 o 21:00.

Ha puc. 3 mpuBeneHsl KeorpaMMbl ONTHYECKON KaMephl I TOTO e nepuoaa. Ha maHHBIX kKeorpaMmax BHIHO
HaJlMYhe BapBUPYIOIETOCS BO BPEMEHH HESPKOTro M3daydeHHA. K cokaleHuio, ycloBHs HaONIOICHUS BeChMa
o0navHble, OJJTHAKO Yepe3 MOTyIpO3payHblid ABUTAIOIINICS 00JIauHbII TIOKPOB BUIHBI 3BE3/1bI, ClIa0bIe CUSHHSI.

17:00

18:00 19:00 20:00 21:00
uTc

Pucynok 3. Keorpammer ontrueckoii kamepsl Beero Heba III'M ¢ 17:00 go 21:00 yaca 22.02.2022. [anHbie
MOJIyYCHEI ¢ caiita http://aurora.pgia.ru/.

OtaenbHO paccMOTpeH HeOombIoi GparMeHT coObITHA: ¢ 17:25:00 mo 17:28:30. U3 ¢parmenta ynaneHn ¢hoHOBBIN
CHTHAI W TIPOBEICHO BeiiBieT-mpeoOpa3zoBanne (puc. 4). MeToauka TOCTPOCHHS YKa3aHHOTO H300paKCHUS
CclleyIoas:

1.

[Ipu momou QUIBTPOB, MOCTPOCHHBIX Ha BEHBIET-NPEOOPA30BAHUU W3 KPHBOH CBEYCHUs YHAJISIETCS
napasurtHas yactota 2.4 I'm, a Taxoke gactorsl Huoke 0.3 ', 61aromaps uemy yznansercs GOHOBBIN CUTHAI, TO
ecTh 00LIMi TpeHa curHana. Takum oOpazoM nony4yaeM BepxHee n3o0paxeHue puc. 4, riie NpuBeeHa KpUBast
CBEUEHHS, CyMMapHasi CO BCeil MaTpHlle JeTEKTOpa, HO C yIaJICHHbIM (JOHOM U Mapa3uTHON 4aCTOTOM.

Jns momydyeHHoro B m.l curHaia TNpOBOJMTCS BeHBIIET-TIpeoOpa3zoBaHWe. TakuM 00pa3oM, IOTydaeM
CKaJIoTpaMMy, Ha KOTOpOH oTcyTcTBYIOT 2.4 I't m Hu3kuMe dacToThl. IlomydeHHas ckanorpamma Oolee
HarJsiHa ¥ yAoOHa JUIs IPOBEACHUS aHAIH3a.

TaK, Ha HOJIy‘IeHHOﬁ OIIMCAaHHBIM BbIINIEC METOAOM CKaJlOIrpaMMe (CM. HWXKXHIOIO TAHCJIb PHUC. 4), Ha6J'IIO,I[aIOTC$I
9acTOTHI OKOJI0 1-2 FI_I, Ipu4eM XOpOIIO BUAHO, YTO YaCTOTAa JaHHBIX HyJILC&LIPII?I HU3MCHSCTCA B IIpeAciax OT 1 FI_[
a0 l'[pI/I6J'II/IBI/ITe.]'II)H0 1.7 Fu, MOHOTOHHO YBEJIMYNBAACH B TCUCHUEC JIBYX MUHYT, a 3aTEM CIiaJias.
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Pucynok 4. ®parment cobprtus 22.02.2022 ¢ 17:25:00 mo 17:28:30, cBepxy: ocHmmorpaMma CyMMapHOTO
CHTHAJIa MATPHUIIBI JETEKTOpa ¢ yOaJleHHOI momexoi Ha dactore 2.4 I'm m (oHOM, CHHU3Y: CKajorpamma
JTAHHOTO (pparMeHTa CHTHaa.
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Hamnee Op11 paccmoTpeH dparmeHT coObITs ¢ 19:23:30 mo 19:29:00, roe HabmogaroTcss 9acTOTH 0KoJo 3.5—4 I'm.
Ha pucynke 5 mpuBeneHa KpuBasi CBEUCHHUSI C BBIYTCHHBIM ()OHOM (CBEpXy) M cKajorpamma (cHuzy). Ha manHom
(parMeHTE XOpOIIO PA3IMYMMBI JIBE OCHOBHBIE OCOOEGHHOCTH: 1) HalM4yMe «CTYNEHEK» — MOIYJSHUH CUTHaja
MPSAMOYTOJIBEHOM (POPMBI C MUHUMAJIFHON JJIMTENBHOCTEIO (Da3bl «BKITFOUEHOY/ «BBIKIIIOUCHO» 3 C; 2) IEPHOIUIECKOE
BKJIFOUEHHE BBICOKOH 4acToThl 3.5-4 I'l. Ha pucyHke 5 3eneHbple y4acTKH KPHBOH CBEUYEHHS, yKa3bIBalOT Ha (pasbl
BKJIFOUEHHUS «CTYIEHEK», a KpacHble — (pa3bl BEIKIIOUEHHS. [Ipy moMony *enaThiXx obsiacTeil OTMEueHbl MOMEHTHI
BKJIIOYCHHS BBICOKOH YaCTOTHI, KOTOPBIE ONPENENIOTCS MO cKajorpamme. MHTepecHo, 9To A BTOPOI IPYyIIIBI
MPSAMOYTONBHBIX HMITYTIHCOB (¢ 19:27 mo 19:28) Habmromaetcs Koppesanus MeXAy pa3aMu BHIKITIOUCHUS HMITYIIHCOB
¢ ¢azamun BriIo4yeHUs mysbcanuii 3.5—4 I'm. OgHako K KOHILYy 3TOH IOCIENOBATEIbHOCTH CHHXPOHHOCTH JIBYX
3¢ eKToB HapymiaeTcs MpU COXPaHEHHWH oOuield TeHaeHIMu. /Iyt mepBoil rpynmsl NPSMOYTONBHBIX HMITYJIBCOB
JaHHas KoppeJsiuus He Habronaercs.
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Pucynok 5. ®parment cobdbrtus 22.02.2022 ¢ ynaneHHo# noMexoit Ha dactote 2.4 ['m u poHOM, CBepXy:
OCIIMJUIOTpaMMa CYMMAapHOTO CHTHajla MaTpPHIIbl I€TeKTopa JuIsl HeOOJBIIOro BPEMEHHOTO IMPOMEXyTKa (¢
19:24 no 19:29), cHU3y: cKkajorpaMma JaHHOTO (parMeHTa curHana. JKenrtele 00NacTH OTMEUaroT (as3bl
BKJTIOYEHUS YaCTOT OKOJIO 3.5-4 T'11. 3eseHble y9acTKH YKa3bIBatOT Ha (Pa3bl BKIIFOUCHHS «CTYICHEK), KPACHBIC
- Ha (ha3bl BBIKJIIOYCHHUS «CTYIIEHEKY.

[upuna Qa3 BKIIOYESHUS U BBIKIIIOUEHHS «CTYIIEHEK» B 00eHX IPYIIax KpaTHa OAHOW u TOil xe BenudyuHe (~3 ¢) u
HaIOMUHAET MOCJIE0BATENLHOCTD IN(POBBIX UMITYJIECOB. Bo3MoxHbIe iprOOpHEIE 3¢ EKTH OBUTH PACCMOTPEHBI 1
UCKIItoueHbI. BeposTHEIM 00BsicHeHHeM Habro1aeMoro 3¢ dekra MOKeT ObITh pPaboTa MOIIHBIX PAIHOIIEPEAIOINX
YCTPOMCTB, BBI3BIBAIOLIMX MOAYJISIIMIO CBeUSHHsI HOHOC(epbl. OJJHAKO 3Ta TUIOTe3a MOAJISKHT AeTATLHOI IPOBEpKe.
Taxxe He ompeneneHa B3aMMOCBS3b MPSMOYTOJBHBIX UMITYJIbCOB M IyJbCallMil cBedeHUs Ha udactoTe 3.5—4 I,
KOTOPBIE MHOI'/Ia COBIAJAIOT 110 BPEMEHH, a NHOT /1A — HET.

3ak/0ueHue

B pabote paccMoTpeH 4acTHBIN ciy4dail perucTpanuyu O4eHb caboro CBEUYEHHUs aBPOPAILHOTO Heba B YCIIOBHUSIX
HU3KOM T€OMarHUTHON aKTHBHOCTH, cllaboil cyOOypu. DTOT ciryyail oOpatmi Ha ceOs BHUMaHHE OTHOCHUTEIBHO
JUTATEIIEHBIM CYIIECTBOBAaHHEM KBAa3HIIOCTOSHHOMN YaCTOTHI B MYJIbCAIIUSIX U3ITyYCHHS, IPUYEM B ABYX JHANA30HAX:
okoino 1 I't m 6omee 3 I'm. D10 cTamo BO3MOXKHBIM Oilarofaps MCHOJIH30BAHMUIO HOBOTO BBICOKOYYBCTBHTEIBHOTO
OTNITHYECKOTO KOMILIEKCa, ycTaHOBIEHHOTO B oOcepBaTtopun [N «Bepxuerynomckasy. Ha kamepax Bcero Heba 3Tu
CUTHAJIBI OTCYTCTBYIOT B BUIY MX MaJOH YyBCTBUTEILHOCTH H HEIOCTATOYHOTO BPEMEHHOTO Pa3pelICHUs.

B o6oux ciaydasx HaOIHOAaeTCs IIAaBHOE MOHOTOHHOE W3MEHEHHE YacTOThI MYJIbCAIIMil B CTOPOHY YBEJIMYCHUS, a
3aTeM craja. IOToT 3PdekT sapue BeipaxeH i pparmenta ¢ 17:25:00 qo 17:28:30, korma HaOIIOIAIHCHh YaCTOTHI
okono 1 I'm. [Mymecanuu Ha yacrore 3.5—4 I'11 coBnamu ¢ mosiiieHHeM OoJiee MEIJICHHOW KOMITOHEHTHI MOJTYJISIIUI
W3JIYYCHUs, MPUYEM HaONIOJAIOIICHCS B BHJE IHOCICAOBATEIFHOCTH «CcTyneHek» Ha vacrore 0.3 I'm, mo ¢opme
HUMITYJIbCA, HAITOMHWHAIOIINX 3ITHOPBI HI/I(prBOFO Curaajia, CBUACTECIIbCTBYIOIUE O PE3KOM BKIIFOUCHHUHN U BBIKITIOUCHUH
HCTOYHWKA U3Iy4eHus. Ha dacTu ocumiuiorpaMMbl BUAHA CHHXpPOHHU3AIMs 3THX 3((eKkToB, 4yTo roBOpHT 00 UX
BO3MOJKHOH B3aHMOCBSI3H.

HccnenoBanme BBITOMHEHO NMpH (UHAHCOBOHM monaepykke Poccuiickoro Haywunoro ¢onma, rpant Ne 22-62-00010
(https://rsctf.ru/project/22-62-00010).
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CIIOCOBBI 30HAUPOBAHUA ABPOPAJIBHOI'O OBAJIA
C UCITIOJIb3OBAHUEM KA

A.B. TepThIIHUKOB
Hucmumym npuxnaouoii eeogpusuxu umenu axademurxa E.K. @edoposa, Mockea, Poccus

AHHOTALINA

PaccmoTrpeHsl crmocoObl 30HAMPOBAaHUS AaBPOpPANBHOTO oBana ¢ Hcronb3oBanmeM KA. IlpuBenmeHsl mpumeps
pe3yIbTaTOB pamuornpocBeunBaHus aBpopanbHbX oBasoB curHatamMu KA THCC I'JIOHACC/GPS B Apkruke u
Amntapkruke. Cienpl aBpopalbHOTO OBaJla NPOSIBISIOTCA B IIMPOTHOM paclpeleleHUH HOHOC(HEpPHBIX 3amepiKeK
curHaioB KA THCC. Ilpu oueHKe MNONy4eHHBIX pE3yJIbTaTOB MCIIOIB30BAHBI PE3yJIbTaThl MOJCTUPOBAHUSA
aBpopasbHoro oana mo mozaenu SIMP2 wu T'.B. CrapkoBa. Ilokazana HEOOXOJMMOCTb CO3JAHUSI MOJEIH
aBPOpAJILHOTO OBajla MO IOJHOMY O3JIEKTpPOHHOMY cozepkanuio nonocgepsr (I[1DC). IlpuBenensl npumeps
peanu3alii TEXHMYECKOTO peIleHMs [0 JUarHOCTUKE TMOJO0KEHHs aBpOpalbHOrO OBaja IO MOTOKam
HU3KO3HEPTUUHBIX YacTHUI], perucTpupyemsix crektpomerpamu KA. IlpemnoskeHsl KpUTEpUU IS AUATHOCTHUKU
TMOJIOKECHHU aBpOpaJIbHBIX OBAJIOB.

Knroueewie cnoea: aBpopanpusiii opan, [JIOHACC, GPS, nosummmonupoBanue, HoHOCHEpHas 3a1epiKKa, IPHEMHHK,
TEXHOJIOTHSI, MOZAENb, TIOTOKH, CIIEKTPOMETP, MOHUTOPHHT .

Beenenue

ABpopalnpHbBIil 0Ball — 3TO 00J7acTh MOHOC(EPHI, IIe Hanboyiee YacTo HAONIOMAIOTCS MOJSIpHBbIC CUsHUS [1], u
(baxTHUECKas TPAHUIIA MOJISIPHOH IMIAIIKH — BRICOKOIIMPOTHOM HOHOC(hEphl. Bo BpeMst MarHUTHBIX Oypb aBpOpabHbIH
OBaJI CMEIIAETCSl B CPEJHME MIMPOTHI, CHHXPOHHO C JIBIDKEHHEM TPaHHUIbI I1a3Mocdepbl, MAaKCHMyMa BHEITHETO
paaranroHHOro nosica [2].

ABpopalbHbIi 0BaJI «BUCHT» HaJ CeBepHBIM MOPCKUM ITyTeM. 30Ha aBPOPaJIbLHOTO OBaja ¢ HOHOC()EpHOH TOKOBOH
CTpYEHl OKa3bIBAIOT CYIIECTBEHHOE BIMSHHE Ha KAa4ECTBO PAJMOCBA3M M IO3MIMOHMPOBAHMS MO curHamam KA
TII00aIbHBIX HABUTAIMOHHBIX cIyTHUKOBBIX cucteM (I'HCC), 6e30macHOCTh SHEPTeTHIECKUX, KOMMYHHKAITHOHHBIX
U TPaHCIIOPTHHIX cucTeM [1, 3].

JU11 MOHUTOPHHTA BBICOKOITHPOTHOW HOHOC(EPHI UCTIONB3YIOTCS PACHOI0KEHHBIE HA CYIIE U OCTPOBAX CTAHIMH
MOHOC(EPHOTO 30HAMPOBAHUS, CETh MArHUTHBIX 00CEpPBATOPHH W PHUOMETPOB, HAONIOJEHUS 3a IMPOSBICHHEM
noysipHeIx cusiiui, cucrembl PJIC, KA nucTaHIMOHHOTrO 30HAMPOBaHMS 3€MIIM, pajapbl, CUTHAIIBI TJ00aIbHBIX
HAaBHMTALMOHHBIX CITyTHHUKOBBIX cucTeM [3]. EcTh mepcrnektiBa HaOironeHuii MoHocdepbl ¢ CyIOB — B COCTaBe
HaBUTAI[HOHHOTO 000pyAoBaHMs ecTh pueMHuKH curaaioB KA THCC.

B 30He aBpopambHOTO oOBaJia CO CIOXHOH Mopdoiorueii W  HOHOCHEpHOW TOKOBOH  CTpyEH
(http://superdarn.thayer.dartmouth.edu/) HaOmOgaETCSA MOBBIMICHHAS OBTOPSIEMOCTh COOEB CHUTHAIIOB [ 100aNbHBIX
HaBHTalMOHHBIX cITyTHUKOBBIX crcteM ('HCC) u ommbok B pacuyerax HO3UIIMOHUPOBAHUS ITPUEMOBBIYNCIUTEISIMHI
HaBHUTALMOHHBIX IpHEeMHUKOB. CrienuaibHas MOATOTOBKA NPHEMHHMKOB (yBEJIMUEHHE OTpe3Ka BPEMEHH JUIs
CYMMAaTOpOB U JIp.) NO3BOJISIET IOBBICUTh YCTOHYMBOCTD HAaBUTAIIMOHHOTO 00OPY/ZOBaHUs B BBICOKMX IupoTtax. Ho
MIOJTHOCTHIO M30ABUTHCS OT BIMSHUS CIOKHOCTPYKTYPHUPOBAHHONW HOHOC(HEPHOH IIa3MBI B 30HE aBPOPAIEHOTO OBasa
HeBo3MoxkHO. Jlms THCC, KoTopsle MpOEKTHPOBAINCH HE JUIS BBICOKMX MHPOT [4], HeoOXoIuMsbl
CHeNHaTH3UPOBAaHHBIE MOIEITH aBPOPATIHLHOTO OBaa.

HUccrnenoBanus aBpopansHOro oBana cszansl ¢ ®I'BYH III'M (Mypmanck, I'.B. Crapkos, B.I'. Bopo6ses, O.1.
Aroakuna u ap.), Pocrumpomerom (PI'BY UIII, maTteHTH! MO MOHHMTOPHUHTY aBpopaibHoro oBama [1, 3]),
pa3pabotkamu Y pumckoro yauBepcutera (A.B. BopobreB u ap.), ®I'BYH UKU (mpoekTs! aBpoBu3opa). O630p
COBPEMEHHBIX MPE/ICTaBICHUI 00 OBaJIe MOJSIPHBIX CUSTHUN B BEICOKOIIMPOTHON HOHOC(Epe mpe/cTasiieH B [S].

OCHOBHBIMH XapaKTEepUCTUKaMH aBPOPAIBHOTO OBajJa SIBISIOTCS WHTEHCHBHOCTh M TOJIOKEHHE T'PaHHMIL
HEHTPAILHOHN (9KBAaTOPHAIBHOM) YacTH, NMPUIIOIIOCHON TPAaHUIBI, @ K CPETHUM IIUPOTAaM — IpaHULBI AP HY3HBIX
cusaui. [InotHOCTH M MOp(oJIOTHs OBaja OOBIYHO (DPUKCHPYETCs 10 MHTEHCHBHOCTH CBEUYEHWH. ['paHumIpl oBaja
CBSI3aHBI C PA3IMYHBIMU SHEPTHSMH BBICHITIAIONIMXCS YACTUI] PAIMALIMOHHBIX TOsIcOB 3eMuu. [IpenMymiecTBeHHO ¢
HU3KOOHEPTUUHBIMU YaCTUI[AMU, COTTIacHO [5].

JIyis onepaTHBHOM MPAaKTHKH MOHHUTOPWHTA aBpOPaIbHOTO OBAa aKTHMBHO MCIONB3yeTcs monenb [.B. CrapkoBa
[6], a mIs cBepxXKpaTKOCPOUHOTO TporHO3a Mozaens A.B. BopoObeBa [7], B KOTOpOH MOTYT acCHMUIHPOBATHCS
nanabie HabmoaeHuid ¢ KA. ITporHocTiHIeckre BRIBOIBI CBEPXKPATKOCPOUHBIX MOJIENICH, B TOM YHUCIIE TIO IMOSBICHUIO
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TIOJISIPHBIX CHSIHUM, HMEIOT BEPOSTHOCTHBINM XapakTep. X MOYKHO MCIIOIB30BaTh Uil HHEPLIMOHHOTO IPOTHO3a MPH
CTaOMJIBHBIX TeIHoreopu3nMyeckux ycioBusix. Ho kak cBsf3aTh 3TH MOJENM C IUIOTHOCTBIO HOHOC(EpHl H
noHocgepHoii 3anepxkkoii curnanos THCC?

BecpMa ycrenHbpIM MPOEKTOM T10 pacyeTy IMIIOTHOCTH OCHOBHBIX CIIOEB MOHOC(EPHI B MOISIPHON IIANKE SBIISCTCS
otedectBeHHas Moxens SIMP2 [8, 9]. B Heil aBpopaibHBI OBal TMPOSBISIETCS TONBKO B IUIOTHOCTH E-cios
noHocdepsl. IT0 0O0YCIOBICHO OCOOEHHOCTSIMH BEPTHKAJIBHOTO paCIpeNeIeHUs] IUIOTHOCTH BBICOKOITUPOTHOM
noHocdepsl. B nHTETpanbHON MIIOTHOCTH HOHOC(EPHI TI0 BCEM BBICOTAaM aBPOPAJIBHBIN OBaJI IOYTH HE BUAHO.

SIMP2 — anammTtHyeckass MoJenb. Bo BXOIHBIX MapaMeTpax HCIIONB3YIOTCS KIMMAaTHUECKHE NaHHBIE, KOTOpHIC
KOPPEKTHPYIOTCS 110 JaHHBIM 30HIMPOBAHMSA MOHOC(EPH! M MAarHUTHOW aKTMBHOCTH, M AHAINTHIECKUE PEIICHUS.
Ecnu ncnosnb30Bath 5Ty MOJIENIb KaKk OCHOBY JUIsl MOJIENTH aBpopaiibHOro oBaiia 1o [13C, To Heo0X0 MBI pe3yIbTaThl
BepupUKauK ¥ Bamumanuu. [ 3TOro Hy’)KHBI OIEHKH COOTBETCTBUSI MOZEJBHBIX U (DAaKTHYECKUX PEe3yJbTaTOB
30HAMPOBAHUS aBPOPATIBHOTO OBaJa.

Crnocod paamonpocBeYnBaHNsA MJIa3Mbl aBPOPAJIBHOI0 0BaJIa

JAnst AMaTHOCTHKH TIIa3Mbl aBPOPATBHOTO OBajla KPOME HA3€MHBIX ONITHYECKUX HAOIIOACHUH MOXKET HCIIOIB30BATHCS
TexXHOJorusl paauonpocseunBanus opayna curHaniamu ['HCC [1, 10, 11]. CxemMa 30HOupOBaHUs MPEAYCMATPUBAET
npueM B nojsipHod wmwanke curHaioB 'HCC or KA, mpoeknuu TpaeKTOpHil KOTOPBIX Ha MOBEPXHOCTh 3EMIIH
MIPOXOST BOJIM3H MEpUINaHA PACIIONIOKEHUS IPUEMHNKA. B Xxo1e 00paboTKy JaHHBIX MOPCKHX KCIIEPHMEHTOB IO
30HAMPOBAHUIO TIOJSIPHOM IIANKK APKTHKH 10 3TOU TEXHOJIOTHH OBLIO YCTAHOBIICHO, YTO cenekius opout KA THCC
BOJIM3M MarHUTHOTO MEpUAMaHa, Ha KOTOPOM HaXOAWJICA HAaBUTAIIMOHHBIN IPUEMHUK, I03BOJISICT TIOBBICUTH YETKOCTh
NIPOSIBJICHUS TIPH3HAKOB aBpopajibHOro oajia. Ecim tpek noguonocdepusix Touek KA 'HCC ckonp3uit BIosb win
o]l HeOOJIBIIMM YTJIIOM K aBpOpaJbHOMY OBally, TO IOJy4aeMble JaHHBIE 30HAMPOBAHUS OKa3bIBAINUCH CHIBHO
3amryMmieHHbIMU. K ToOMy ke IpUXOAMIOCh YUHUTHIBATh OIPaHUYECHHUS IO BpeMeHH HabmofeHus ABmwxymuxcs KA,
MOSIBIIAIOIIMXCS. U YXOAAIINX M3 30HBI 0030pa mpueMHuKa. [loBTOpeHHe TpaekTtopuil uepe3 kaxjsle 12 yacoB c
3a[IepKKON Ha Tapy MHUHYT YIIPOIIAeT CeNeKIHio KoHpurypanun Tpackropuii otnenbHex KA T'HCC, ans koTopbix
JMHUS «IpUeMHHUK-KA» MOXXeT mepeceus 30HY aBpOpajbHOTO OBajla Ha BOCXOASIIEM WJIM HHCXOMSIIEM yJacTKe
TPAaeKTOPUH O YXO/1a U3 30HbI BUIUMOCTH.

B mopckux apkrudeckux skcnepumenrtax 2011-2015 r.r. [4] nns paauonpocBeUnMBaHUs aBpOPabHOIO OBalla
HCTIONB30BaJNCA Teoje3nueckuii HapuranuoHHBIM mnpueMHHK curHagoB [HCC  «Trimble 5700». [us
paauonpocBednBaHus oBasia FOXKHON MONIAPHOI MIANIKKM MCTIONIB30BAJICS HAaBUTAIMOHHBIA npueMHUK («JAVADY) u
nporpamMmsl U3 [12]. OH BXOAMI B COCTaB HAYYHOT'O 00OPYAOBAaHMS CAHHO-TYCEHHYHOTO Mepexoaa o AHTapKTHIE K
MaTepuKoBoi cTaHiuu «Boctok» 8-19.01.2015 r. [13]. IIpu 3TOM OBIIM MONTYyYEHBI TOJO0HBIE APKTUIECKUM CIE/IBI
30HBI aBpopansHoro osaja B [I19C Hax AHTapKTHIIOMN.

J10 3KCTIepHMEHTOB B MOJISPHBIX IIANKax 3eMJIM TEXHOJIOTHS PaIUONpPOCBEYNBAHNS HOHOC(EPHl 0TpadaThHIBAIaCh
Ha HarpeBHOM cTeHze "Cypa", B Ilpudnsbpycre, Ha baiikonype mpu 3amycke Tsokensx paker [11], B pacderax
KoopAHHAT B3pbIBa UYebapkynbckoro Meteopouna [14]. B TexHomornio Bonumm HapaOOTKH TEXHOJIOTHIH HAKIOHHOTO
30HIMPOBAHMS HOHOC(HEPHI, HA3EMHOTO M CITyTHUKOBOT'O PaIN030HIMPOBAHNS HOHOC(EPHI, 30HINPOBaHUS HA OCHOBE
CUTHAJIOB HABHTAIIMOHHBIX CITyTHHKOBBIX CHCTEM, TOMOTpaduu HOHOC(HEpHl, MHOTOYaCTOTHOTO 30HIUPOBAHUS C
reoCTallMOHAPHBIX KocMudeckux ammaparoB (I'KA) [15].

IIpu pagmomnpocBeunBannu paccunthiBaiock [13C B mommoHocepHbIX Toukax, BumuMblIx KA T'HCC. na
o6pabotrkn RINEX-¢aiinoB wucmomp3oBaics MporpaMMHO-anmapaTHeii komruieke [12]. Ero Bepudukanus wu
BaJMIAIMS IPOBOIMIINCH IPU CPAaBHEHNH ¢ JaHHBIMHU Mozenn noHocgeps! IRI-2011 B xone sxcnepumentos B PI'BY
«UIII» (Mocksa). ITpu atom, ams kaxkporo KA THCC 6buta moy4eHa orieHKa anmapatHoi ommmoku B pacdere [19C.
B nmanmpHelmeM ommOKy perysipHO yTouHsUTMCH Tt Kaxkaoro KA THCC.

B mpaxtuke pacmmdpoBku curHanoB 'HCC, nepecekaromux NOISPHBINA KPYT B 00J1aCTh BBICOKUX IIUPOT, OBLIO
OTMEUEHO: CHTHAJ Ha OoJiee JTMHHOW paboyeii BOJTHE MPUXOII PaHbIIE, YeM CUTHANI Ha KOPOTKOHW pabodeil BoHe.
OOBsiCHEHHE JTOTO SBJICHHS CBA3aHO C TOPOMAAIBHBIM (HE CQEepHUecKd CHUMMETPHYHBIM) IPE/ICTaBICHIEM
noHocgepsl 3eMiIM U yBEIMYEHHUEM HOHOC(HEPHBIX HEOAHOPOJHOCTEH B BBICOKMX LIMPOTAX M B 30HE aBPOPAILHOTO
oBaa.

I[Ipumepsl pe3yIbTATOB PAAMONPOCBEYHMBAHUSI ABPOPATBHOI0 0Baja

B Apxmuke

Bo3MoxHOCTE paguonpocBeunBaHusg —aBpopanbHoro oajga curHamamu [HCC ompenensercs  yCIOBUSMH

pasMelleHs IPUEeMHHUKa B 30HE MOJSIPHOM IIANKK, HAINYNEM aJIeKBaTHBIX MOJIENEH IpaHul] aBpOpajIbHOTO OBaJa,

IIPOTHO30M COCTOSIHUSI MarHMUTHOTO 11oJ1st 3emin 1 costHedHoro Berpa (WSA-ENLIL Solar Wind Prediction u ap.).
[TonoxxeHune aBpOpaILHOIO OBajia MPOSBIISIETCS B IIMPOTHOM T'pajiieHTe MOHOC(HEpHOI 3a/epKku curHaioB KA

I'HCC I'JTOHACC/GPS, npoxozasimux BOIM3M OT MapuipyTa cyasa. [Ipoekuun TpekoB HabmonaeMbix ¢ cynna HKA

(pakrrueckn Brosbs nomuoHocdepusix Touek HKA) paccunrsiBasiocs nomomisto [12]. M3 HUX oTOMpanuch TpekH,

KoTopbIe npoxoanyu Bomu3u mepuanana HAC. Bronb 0oToOpaHHBIX TPEKOB aHAIN3UPOBAIHCH IIUPOTHBIE TPAIUEHTHI

n3MeHeHus1 noHochepHoi 3anepkku curaamoB HKA GPS.
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Cnocobbvl 30HOUPOBAHUA ABPOPATLHO20 08aNd C UChOTb306aHUeM KA

[Ipumep n3MeHeHHs NOTHOTO copepskaHus 1ekTpoHOoB (IIDC) mo mmpore nmox HucxoxsmuM Tpekom HKA G10

0)

MOKa3aH Ha puc. 1.
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Pucynoxk 1. U3menenue [19C no mmpore:
(a, neBbrit pparment) Ha HucxoseM Tpeke HKA G10 (a, npasbiii ¢pparment) B nepuon 0 4 0 mun 06 ¢ — 1 9

58 muH 13 ¢ 03.08.2014 r.; (0, neBHIi (pparMeHT C BpeMEHHBIMHA MeTKamMu) Ha Hucxoasamiem Tpeke HKA G10
(6, mpassrit pparment) 03.08.2014 .

Ha ¢parmenTe puc. 16 npeacrasiieH npoduib pactpeaeeHns HOHOCPEPHOH 3aIep KKK MO IMUPOTE IS BEUSPHETO
Hucxopsmero Tpeka HKA G10 ¢ 19-00 no 22-21 ¢ ocpennenuem oueHok I19C no npeaslaynmm 5 MUHyTaM.

Hax cpenanMu mumpoTaMu IposiBIsieTCS HOYHOE 00CTHEHNE THIOTHOCTH HOHOC(EPHI.

AHOManbpHOE yBelnueHHe HOHOC(EpHOW 3aJepKKM Ha MmHpoTax 69-67 rpanycoB MOXET OBITH OOYCIIOBJIEHO
TUIa3MOH aBpOpabHOTO OBajia, BO3MOXKHOCTBIO CYIIECTBOBaHUSI HOHOC(HEPHON TOKOBOM cTpyH [1], MakcUMalIbHOI
mmportor Haaupa KA GPS. Pasnuia B moyioxeHHH rPaJHeHTOB HOHOC(HEPHOU 3aIepKKH MOTJIa OBITh 00YCIIOBJICHA
MOJYHOYHBIM (Ha 3aman, puc. 1 a) u npenyrpennum (Hag HUC, puc. 1 6) tpekamu HKA. MoxHO TIPEAITIONOKUTD, 4TO

3TO yBETHUYCHHE U €CTh NPOSABICHNUE aBPOPAIEHOIO OBAJIA.
CnoxHas Mop(oJiorusi pactpeiesieHiss HOHOCEPHOH 3aiepKKH Obllla 0TMEYEHA K MarHUTHOMY TOJIFOCY 3eMIIH.

115C HaJ MAaroiuTHBIM IIOJIFOCOM BO BPEMS DKCIICPUMCECHTOB OBLIO TOHMKEHHBIM.
B 30He AaBPOPAJIBHOT'O OBaJIa CYIIECTBCHHO BO3pacTall NOTOK cboeB BbIJIa4W JAaHHBIX Ha BBIXOAC HABUTAIlTMOHHOI'O

MIPUEMHHKA.

leomarauTHas oOCTaHOBKa BO BpeMs SKCIIEPUMEHTOB OblNa CrHOKoitHOH. Kp-mHAekc mo maHHBIM [16] s
03.08.2014 r. onermBaics kak 1+. ComHeyHast akTHBHOCTD OblTa HH3Kas. PaccuntaHHble MyTeM MOA00pa 3HAYCHUS
AL-uHnekca s pa3HOro MOJIOKEHUs rpaHuIl oBayia 1o monenu I'.B. CrapkoBa cooTBeTcTBOBanu JaHHBIM [17]. B
pacderax MCHOJIb30BAINCH JJAHHBIE O MOJIOKEHUH MarHUTHBIX MOTIOCOB 3eMii 10 MexayHapo HONW reOMarHUTHON

onopnoit Mmozaenn IGRF (International Geomagnetic Reference Field).

a)

Pucynoxk 2. zmenenue [19C B1oibp reoMarHUTHON MHPOTHI MoguoHocdepHbix Touek KA GPS:
a) G04 07:00 - 10:00 UTC 28.08.2013 r. 6) GO8 12:00 - 16:00 UTC 28.08.2013 r.
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B pesynbrare 00pabOTKM aHHBIX SKCHEPUMEHTOB OBLIO OTMEYEHO, 4To ABWkKeHHe KA u3 nHeBHOW oOmactu
noHocgepsl Mackupyer nposiBieHue B [19C skBaTOpHalbHOM TI'paHMIBI aBpOPajbHOTO OBajla M TPAaHMIBI €ro
muddysHoro cBeuenus. lloaTBepamnach Takke HEOOXOJMMOCTh COBEPIICHCTBOBAHMS KIMMAaTHYECKOW MOJEIH
aBpopaipHOro oBayia I.B. Crapkosa s pacuera [19C.

Ha puc. 2 npencrasienst rpaduku n3mMeHeHns [19C BIob IpOeKIMK TOAUOHOCHEPHBIX TOUeK 0e3 OCPEeTHEHNUS 110
BPEMEHH BJIOJIb TEOMAarHUTHOM IIMPOTHI (JIeBas 9aCTh PUCYHKA), a TAKXKe 00J1aCTH IepecedeHns] HOIHOHOC(HEPHBIMU
TOYKaMH TPAHHI] aBPOPATBHOTO OBaja, paccuuTaHHbIX o Monenu ['.B. CrapkoBa [6] ¢ pakTraecKumMu 3HAYCHUAMHA
AL-nnpekca. Jlanasie 6sum momydersr 28.08.2013 . ¢ HUC «Axkanemuk @enoposy.

[IpsamoyronpHUKaMKH 00O3HAYEHBI IIEPECCUCHMS MOAMOHOCHEPHBIMH TOUYKaMH BbBIOpaHHBIX KA  rpaHun
aBpopaibHOro oBana mo mojnenu I'.B. CrapkoBa: CHHHII — NpPHIONIOCHAs TPaHUIA, KPACHBIH — AKBaTOpHAaJIbHAs
rpaHuIa, 3eJIeHbIH — TpaHuna AU Py3HOro CBEYEHHS.

Ha mnpaBoM BepxHeM (parMeHTe NpEICTaBICHO MOJIOKEHUE IOJUOHOCEPHBIX TOUYEK (YepHas JIMHMA)
OTHOCHTEJIFHO TPaHHMI] aBpopasibHOTo oBana o mozaenu I'.B. CrapkoBa. Ha npaBom HibkHeM ¢parmeHTe mokasaHo
TIOJIO’KEHHE TTOUOHOC(EPHBIX TOYEK (CHHSS JIMHHS) OTHOCHTENBHO ITOJIOKEHUs COJHIA (OpaHKeBBIH CEKTOp), a
TaK)Ke HAIPABJICHUE IBUKCHUS TOAMOHOCHEPHBIX TOUCK (USpHAs CTPEIKa).

I'panuIp! aBpOpaIBHOTO OBAJa HA PUC. 2 0) OKa3aIHMCh CEBEPHEE TPAHUIL, PACCUNTAHHBIX 1o Mojenn ['.B. Crapkosa,
YTO MOXET OBITH OOYCIIOBJIEHO YCTAHOBJICHHOW B pacdeTax BBICOTOH TOHKOTO CJOSl C(hepHUueCKH-CHMMETPHUIHOMN
noHocdepsl AId  pacdyeTa MOAMOHOC(HEpHBIX TOoYeK. [IpHIodrocHass W 93KBAaTOpPHANbHAas TPaHUIBI OBaja
XapakTepu3yrTcs pe3kuM rpaaneHToM m3MeHeHus [19C ot mmpotsl — Ha 2 — 3 TECU nHa 0,5° mmpoTs! (cHHAS H
KpacHas CTpenku Ha rpaduke). I'pannna obmactu anddy3HOTO CBEUYEHHS XapaKTepU3yeTcs ITOCTETIEHHBIM
yBemmueHueM [19C ¢ yBennueHneM reOMarHuTHOHM IIHUPOTHI.

OKCHEepUMEHTHI ITOKa3aJIM, YTO TEXHOJIOTHs 30HANPOBAHMUS BHICOKOLIMPOTHOW HOHOC(EPH! U aBPOPAIBLHOTO OBaa
peanuzyemMa ¢ TpyIHOJOCTYITHBIX BBICOKOIIMPOTHBIX CTAHIUH.

B Aumapxmuoe

B 10)xHOI MOJAPHON IIamKe 3KCIEPUMEHT IO PaJHONPOCBEUYMBAHUIO aBPOPAIBHOTO OBaJa OBUI peaan30BaH IPH
TPAaHCIIOPTHPOBKE HABHI'ALIMOHHOTO NPHEMHHKA HAa CAaHHO-TYCEHWYHOM Ioe3zie K Poccuiickol aHTapKTH4ecKon
cranmu «BocToky.

Jist pacueTa TpaeKTOPHH ABIKCHHS CAaHHO-TYCEHUIHOTO TIepeX0/1a HCTIO0IB30BaIHCh Bee Habmogaembie KA THCC.
ITomyyenHsle ¢ TUCKPETHOCTHIO 10 CEeKyH] OLIEHKH ICEBAOIO3UIIMOHUPOBAHNS OCPEAHSIINCH 10 KaXKIBIM CyTKaM
nepexona. PaccuntanHblil MapIpyT IpeCTaBICH Ha pUC. 3.

Paccuurannsiii mo curaanam 'HCC mapmpyT Ha puc. 3 COOTBETCTBYET npecTaBieHHOMY B [13] MapmipyTy caHHO-
T'YCEHHYHOTO Iepexo/ia U 0COOEHHOCTM peiibeha AHTAPKTUIBL.

[Tonoxxenne Habmonaembix TpekoB KA 'HCC paccuuthiBanocs ¢ moMombio nporpammsr [12]. st mpumepa ee
BO3MOXKHOCTEH M peanbHO HaOmomaeMbix KA Ha puc. 4 mpeicraBiieHO IOJI0KEHHE pPAaCCYMTAHHBIX TPEKOB
mouoHoc(epHbIX Touek BUANMEIX B TedeHne 17.01.2015 r. KA THCC BOiM3HM 10)KHOTO TeorpauuecKoro Morca.

0
80" t0.1. 700 1O.LL.
] m,’ oo
11.01.¢ 10.01
AHTAPKTUOA
m:. 12.01 :
" 0" B.A4.
1931___11-91_—'1";01
CraHuus
“BocToK”
120° B.A.
AHTapkTnga
o
CraHumsa
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Pucynok 3. CpegHecyTouHOE NOJI0XKEHUE CAHHO-TYCEHUYHOT'0 Mepexo/a K cTanuuu «Boctox»
8-19.01.2015 .
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ITo pacronoxeHHIO TPEKOB MOXKHO CHENATh BBIBOJ, YTO CYIIECTBEHHBIX SKPAaHHPOBOK INPHUEMHOM AHTECHHBI
HABHUTAIMOHHOTO TPHEMHHKA, YCTAaHOBJICHHOTO Ha CAHHO-TYCEHHYHOM I10e3]ie, He Obuo. Tpekn moaunoHocdepHbIX
TOUEK Ha pHUC. 4 pacroNoKeHbl JOCTAaTOUYHO PAaBHOMEPHO, HO, IPU 30HJUPOBAHUU BCE K€ OCHOBHOE BHUMaHME
clefyeT yIeNuUTbh CEKTOpY BIONb OTHOCUTENBHO IIEHTPAIbHOIO MEpUAMAHA, Ha KOTOPOM HAXOAWICS MPUEMHHUK

curnaios KA 'HCC.
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Pucynok 4. [TonoxeHnue TpekoB moguoHochepHbIx Touek BuanMbix 17.01.2015 r. KA GPS.

OuH U3 IPUMEPOB MOTYYCHHBIX Pe3yJIbTaTOB 30HJUPOBAHUS 30HBI aBPOPAILHOTO OBaja MIPECTABICH Ha pUC. 5 B
Buze JBYX ¢parmenroB. CreBa moka3aHa NpOEKIHs MOJUOHOC(EpHBIX Todyek HaBuramuonunoro KA GPS Gl4
17.01.2015 r. Cnpasa — usmenenue [19C mo mupoTe BAOIb 3TOI TPAaeKTOPHUH.
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Pucynoxk 5. Pe3ynpTaThl 30HAHPOBaHS 30HBI aBpOpaIbHOTO OBana no curHanam KA G14 (00:55 — 05:42 UT
17.01.2015 r.): cieBa — TpaeKTOpHs MOAUOHOCHEPHBIX TOUYCK, CIpaBa — paccuntanHoe niMeHenne [19C mo

HMIApOTE.

B monmy4eHHBIX pe3ynpTaTax JOCTaTOYHO 04eBUAHO, uTo pH nepecedennn KA GPS G14 nuanazona mmpot 72-73
rpag. 0. m. nHabmiomaercss peskoe m3MmeHeHme Mmoxyns I19C, kak NpH 30HAMPOBAHHM 30HBI APKTHYECKOTO

aBpopaibHOTO OBaa [4].

0 0.5 1 1.5

3 35 4 4.5

Pucynoxk 6. Pe3ynsraTer MoemmpoBaHus KpUTHIECKOH 9acToThl E-ciiost monocdepsr 17.01.2015 r. g
00:00 UT u 12:00 UT o monemu SIMP2 [8].
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Jl1s IpoBepKU MOJTyYSHHBIX Pe3yJIbTaTOB 30HIMPOBAHNUS NMOBBIICHHBIX 3HaueHUH [I9C B 30He aBpOpPaILHOTO OBal
OBUTH MCIIOJIB30BaHBI PE3YNBTAaThl MOJIETMPOBaHMs HOHOC(epHI 1o Mojenu SIMP2, noctymnHsle Ha caiite DI'BY UIIT .
[Tpumep pacyera nojoKeHUs aBPOPAILHOTO OBajla O KpUTHYECKOH YacToTe E-crnost nonocgeps Ha 0OCHOBE MOIeNn
SIMP?2 [8] npencrasineH Ha puc. 6.

CwMmenieHne 30HBI MOBBINIEHHOH KOHIEHTpauuu E-cios B oBane cBsizaHo ¢ mosokeHneM CoOJIHIA W y4TEHO B
anropurMax Mogenu SIMP2. Kpurudeckast gactota noHOC(epsI Koppenupyet ¢ onenkamu [19C.

Cornacue TOJOXCHHS 30HBI JIOKaJBHOTO 3SKcTpemyMma 3HadeHund [1OC mo Gl4 Ha puc. 5 ¢ pesympraramu
MonenupoBanus E-cios nonocoepsr mo mogemn SIMP2 (65-68 rpaa. 0. m. va ~ 80 rpax. B.x.) Ha puc. 6 MOXHO
CUHTATh yIOBICTBOPHUTENBHBIM. [ eoMaranTHas ooctaHoBka 17.01.2015 r., kak U B Te4eHHE BCEro mepexoia, Oblia
croKoWHoH [16].

Jlis apyroro BpeMEHHOT'O OTpe3Ka M BOCTOYHEE, a TaKKe€ BO BTOPOIl MOJIOBUHE CYTOK, Pe3yJbTaThl MPOSIBICHUS
aBpOPaJIbHOTO OBaJIa B INUPOTHOM paclpee]IeHUH HOHOC(EPHBIX 3a]epiKeK CUrHaioB HaBurannoHHbx KA GPS G03
n G20 mpencTaBieHsl Ha puc. 7.
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PucyHnoxk 7. Pe3ynbTaThl 30HIMPOBAaHUS 30HBI aBPOPAJILHOTO OBajla: CleBa — paccuuTanHoe usmeHenue [19C
10 MUPOTE, CrpaBa — TpaekTopus noguoHochepHsx Touek ais KA: a) G04 (18:00 — 19:00 UT) u 6) G20
(18:00—20:12 UT) 17.01.2015 1.

ITonoGpanHbIe B IpuMepax TPEKH OTIMYAIOTCS IO BpeMeHM npoxoxaeHus KA u HanpaBieHHeM (HUCXOIAMNN U
BOCXOJSIINN). 371eCh TaKK€ €CTh pa3jiMyue B HIMPOTE IMOJIOKEHHS JIOKAIBHOTO dKcTpemyMma 3Hadyenwid [19C mo
LIMPOTE TOPSAKA 5 TPalycOB OTHOCUTEIILHO Pe3yJIbTaTOB MOJICIIMPOBaHUS Meinanbl E-ciiost noHocgeps! o Mojiesn
SIMP2 na puc. 6. insa KA G20 B usmenenun [19C no mupoTe ciieqyer OTMETUTh BTOPOI MUK OKOJI0 69 rpagycoB
10kHOM 1mupoTel. Ckopee Bcero, 3TO MPOSIBICHHUE CIIOXKHOW CTPYKTYpbl HOYHOIO aBpOPaJIbHOIO OBaja.
MsuoromonoBoe pacnpenenerne [19C no mmpore B 30HE aBpOPaIbHOTO OBajla (PUKCHPOBAIOCH U B apKTHYECKHUX
MOPCKHUX IKCIEpUMEHTax [4].

VYuuteiBasg OTCYTCTBHE aAEKBATHBIX omnepaTUBHbIX Mozened IIDC st 30HBI aBpOpallbHOIO OBajla, a TaKKe
pe3yabTaThl CPABHEHUS M3BECTHBIX KIMMATHYECKUX MOJEJEH JUId moyisipHOil moHOocdeps! B [18], rae dakTuuecku
UTHOPHUPYETCSI 30Ha aBpOPaILHOrO oBaja), ero moyuoxkenue 17.01.2015 r. Hag AHTapKTHIOW B CEKTOPE MEPHUIUAHOB
60-110 rpagycoB BOCTOUHON JTONTOTHI aCCOIMUPYETCS C BBIABICHHBIM B X0/€ pacueToB noBsimeHHbM [19C Ha 69-
73 Tpagycax HOKHOU ITUPOTHI.

Cnoco0d TMATHOCTUKYU XaPAKTEPUCTUK aBPOPAJIHLHOI0 0BAJIa MO MOTOKAM HU3KO0IHEPTUYHBIX
4acTHIL

OcHOBOI1 crocoba JUArHOCTUKU XapaKTCPUCTHUK aBPOPAJTbHOTO OBaJia IO BBICBIIMIAHUAM HU3KOOHCPTUYHBIX YAaCTHIL,
¢ukcupyembix ¢ KA, seastorcs monydernsie B.I'. BopooseBbiM 1 O.U. SIronKMHON CTaTHCTHYECKUE KIIMMATHICCKIE
naaaple ¢ amepukaHckux KA DMSP (http:/sd-www.jhuapl.edu). Pa3Butne >TxX mcciemoBaHWH Tpenaroyaract
HCTIOJIb30BaHUE aHAJIOTUYHBIX JaHHBIX ¢ KA «Meteop» u ydeT CMenIeHUs MOJI0KECHNS MarHUTHOTO TI0JTf0ca 3eMIIH,
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¢ xoropsiM B Mozenu [.B. CrapkoBa cBsi3aH pacueT IMOJOXKEHHs T'PaHUI] aBPOPaIbHOrO oBana. HyKHBI Takxke
MPOTHO3BI COCTOSIHUSI MAarHUTHOTO TTOJISI 3EMJIM M COJTHEYHOTO BETPA.

MopdocTpyKTypHBIE TpaHHIBI aBPOPAJBHOTO OBajla CBSI3aHBI C PA3IMYHON JHEPruell BBICHINAHWN YaCTHI[ U3
BHEIITHETr0 ¥ BHYTPEHHETO paIalliOHHbIX OsICOB 3eMi (XBocTa MarHutochepsr). LleHTpanbHas 30Ha aBpopajibHOTO
OBaJIa IIPOSIBJISIETCS] B MOBBILICHHOM INIOTHOCTH MOHOC(EpHI. JHEBHAs 4acTh oBajla OOBIYHO COBIIA/IAET ¢ 00J1aCThIO
BBICBHIITAHU 3NIEKTPOHOB (¢ 3Heprueii 00br4aHo B 100-300 3B) rpanuuHoro mia3menHoro cios (boundary plasma sheet,
BPS), mpoekuusi KoToporo Ha noHoc(epy HaXOAUTCS Ha OOJBLICH IIMPOTE, YEM JUIS CBSI3BIBACMBIX C aKTHBHBIMH
(hopmMaMu TIOJISIPHBIX CUSTHUH 3J5IeKTpoHOB (¢ sHeprueit 1o 10 KaB) nentpansnoro minasmenuoro ciost (CPS) [5].
OkBaTopuanbHas T'PaHUIA HOYHOTO aBPOPAJBHOTO OBaja OOBIYHO CBA3aHA C HKBATOPHAIBHOW AYTOW MONSPHBIX
CUSHHH, B paifoHe KOTOPOH NMPOWCXOAAT BCIBIIIKK Opeiikama. BBICHIIaHHWA 3JEKTPOHOB M BTOP)KEHHE IOTOKOB
IUTa3MBI IPUBOJIAT K HEOZHOPOAHOCTSIM HOHOC()EPHON IIIa3MBbl.

VIHTEHCHBHOCTD aBpPOPANTBHOTO OBajla XapaKTepH3yeT OTHOCHTENbHAS, II0 CPABHEHHIO C KIMMAaTHYECKHMHU
3HA4YEHHMAMH, aMIUTATYAA 3a(MKCHPOBAHHBIX 3KCTPEMYMOB HHTCHCHBHOCTH ITOTOKOB JJIEKTPOHOB.

Jnst moHnMaHus croco0a JUAarHOCTHKH XapaKTEPUCTHUK aBpOPaIbHOTO OBaja Ha PHC. 8 MPHUBEICHBI PE3yIbTATHI
perucTpanuy noToka JeKTPoHOB ¢ 3Hepruei 6osnee 100 k3B no AByM kaHanawm reiireposckoro natunka KA «Meteop
3M Ne 1» npu nepecedyeHrH apKTUYECKOro aBpOpaNbHOTO OBajia Ha OAHOM M3 BUTKOB 21.02.2002 r.
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Pucynok 8. CxopocTh cuera 31eKTpoHOB ¢ sHeprued 6onee 100 k3B mo AByM KaHajgaMm TeHTepOBCKOTO
naturka KA «Meteop 3M Ne 1» npu nepeceueHnn apKTHUECKOTIO aBpOPaIbHOIO OBajla Ha OJHOM U3 BUTKOB
21.02.2002 r. KpyxkoMm oTMeueH 3 GEKT BHICHITIAHHS IIEKTPOHOB.

Jluans 1 — MAHIMYM BBICBHITIAaHUN Ha TpaHUIe AU Y3HBIX CUSTHUA,

Jlunns 2 — MakcUMyM BbICHIIAaHUH Ha HKBaTOpUAILHON T'paHUIIE OBaja,

Jlunust 3 — MUHMMYM BBICHIITAaHWH HA TIPUIIOIIOCHON TPaHMIIE aBPOPAITFHOTO OBaJIa.

B sTom mpumepe ucrnonb3oBaHa OJjHA U3 TUIIOBBIX 3amuceil n3mepeHuit u3 [19], roe nmepeceueHue aBpopaIbLHOTO
oBata KA «Meteop 3M Ne 1» mposBisieTcss B JIByX 3KCTPEMyMax HMHTEHCHBHOCTH PETUCTPHUPYEMOTO IOTOKa
anekTpoHOB. [lo ocm abumcc oTMedeHsl nepecekaemble L-o6omouxku m mectHoe Bpems. KA «Meteop» umeer
COJIHEYHO-CHHXPOHHYIO OpOUTY (CpelHsis BhICOTa OpOUTHI Ha SKBaTope — 835 kM, HakIloHeHue — 98,85 rpaj, nepuos
obpamenns — 101,3 MuH, pacdeTHOE BpeMs CYIIECTBOBAHUS 3-7 JIET).

J1Ba rop0a Ha puc. 8 — 3T0 IepecedeHre aBpopaIbHOI0 OBajla, O'PAaHNYMBAOLIETO MMOJISIPHYIO MIAMKY. DKCTPEMYMBI
WHTEHCUBHOCTH CUE€Ta JJIEKTPOHOB CBS3aHBI C BHEIIHUM paJUAllMOHHBIM IIOSCOM W TIPHIIOJIIOCHOW TpaHuIen
NOJSIPHBIX CHUSHUH. BepTHKanbHBIMH CTpelKaMH W JIMHUSIMH OTMEYEHBl NOTECHIMAJbHBIE TPAaHULBl OBasa.
CnexrpomeTp GOPTOBOTO refmoreoGpu3nieckoro KoMiekca GUKCUpyeT KOPIYCKYJISIpHbIE U3JTyYeHUS B AUAIa30HaX
snepruit 0,05...20,0 k3B, 0,03...1,5 MaB 1 0,5...30,0 MaB [3].

[Tpumep BCHBINIKK BBICBIIAHWI 3aMKCHPOBAH B HM3JIOME CKJIOHA KPHUBOH, OTMEYEHHOM B KpPYre Y BEpXHEro
OCHOBaHUSI JIMHUH 3. DTO COOBITHE MPOMU3OIIIIO HA JOATOTE 56,2 TpaaycoB B TedeHHe 12 CeKyHI.

JIBa IIPOCTPAHCTBEHHO PA3HECCHHBIX JKCTPEMYMAa MHTCHCHUBHOCTU CUCTA MOTOKOB DHEPIUYHBIX JJICKTPOHOB IIPpHU
nepeceueHnr KA aBpopasbHOTo 0OBajia — JOCTATOYHOW YCIOBHE ISl TEXHUYECKOTO PEIIeHHUs CIOC00a ONepaTuBHOTO
30HAUPOBAHUA aBPOPAJIBHOTO OBaJIa IO JJAHHBIM O IMOTOKAX 3JICKTPOHOB B HECKOJIBKHUX AHAIIa30HaAX BHCPFI/Iﬁ ot 100-
300 3B mo 10 k3B ¢ momompo 6opToBeiX (Ha KA) matunkoB (nanmee crieKTpoMeTpoB). CIIEKTPOMETPHI PEryIsIpHO
MIEPECceKaroT aBpOPAIFHBINA OBaJl MO MOJIAPHOH i Onmskoi k Her opbure B OKII. I'eorpadmueckoe momoxxeHune
9KCTPEMYMOB B PETUCTPUPYEMBIX NOTOKAX JIEKTPOHOB B AMara3oHax 00ipmux sHeprui 1o 10 k3B 1 Manbix snepruit
10 300 5B Oyzner xapakTepn30BaTh I'PaHUIIBI 30HBI 9KBATOPUAILHOM I'PaHULIBI aBPOpaIbHOTO oBana (MuHuA 2 1 2* Ha
puc. 8). IHTEeHCHUBHOCTh aBPOPAIBLHOTO OBajla XapaKTEPU3yeT OTHOCUTEIbHAS, 110 CPABHEHHIO C KIIMMATHYECKHMHU
3HAYCHMSIMH, aMIUTUTY/1a SKCTPEMYMOB.

[Nosno)xeHue 1moIONIBBI CKIIOHA BCIIJIECKAa MHTEHCHBHOCTH BBICHITIAHNH HU3KOIHEPTHYHBIX JIEKTPOHOB B IMAra30He
MaJIbIX HEPI Ui 10 UX POHOBBIX 3HAYECHUH Oy/ET COOTBETCTBOBATH rpanHuLe TU(Qy3HBIX CUSHUH (B CTOPOHY HU3KHX
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mupoT, iuHuK 1 1 1% Ha puc. §) u NpHUNOIIOCHOW TpaHuUIle aBPOPAILHOTO OBajia (B CTOPOHY MOJIOCA, IMHUH 3 U 3*
Ha puc. 8). [Ipu 3TOM, BO3MOKHO 30HJUPOBAHHE COCTOSHHUS MarHUTHOTO T0JIsl 3€MJIH 110 MOJY4E€HHBIM KOOPIHHATAM
9KBaTOPHAJIBHOW IPaHMIBI OBaJa ITyTeM MOAOOpa €€ HAWTy4IIero COBMAJCHUS C KIMMAaTHYECKUM MOJ0KEHHEM MO
MOJIETIM OBaJIa U 33/1aBaEMBIMH OLIEHKAMH MAarHUTHOW aKTHBHOCTH. 110 IIHMTENpHBIM pAgaM HaOIIOAEHIH BO3MOXKCH
Jaxe TOoAOOp IIOJIOKEHMS MAarHUTHOTO Ioiroca 3eMid. /JIid yTOYHEHHS TONYYEHHBIX pE3YylbTaToB MOTYT
UCTIONIb30BAThCS JTaHHBIE TOCTYITHBIX HAOIIOACHHH B IPUaBPOPAIbHON 30HE.

JlarHBIC 30HIUPOBaHUA C OOPTOBOTO CHEKTPOMETPa MOTYT oOpabaTeiBaThCs Kak Ha O6opTy KA, Tak U B mMyHKTax
npuemMa u o0pabotrkn mHpopmanuu ¢ KA. Ilpn 3ToM, CHEKTpOMETp HHU3KOIHEPTUYHBIX 3JIEKTPOHOB MOIDKEH
obecrieunTh u3MepeHne u(GQepeHInaNbHBIX 3HEPreTHYECKUX CHEKTPOB HHU3KO’HEPIHMYHBIX 3JIEKTPOHOB B
ykazanHoM uHTepBaie 0,05...100,0 k3B M MmIOTHOCTH MOTOKa DJIEKTPOHOB C OTCTPOHKOW OT (poHa NMPOTOHOB B
HECKOJIbKUX JHEPreTHUeCKuX uHTepBanax (Hampumep, 0,05-0,3-1,5-7,0-50,0-200 x3B). Peructparus moTOKOB
HU3KOPHEPTHUYHBIX 3JIEKTPOHOB LEJIECOO0pPa3HO OCYIIECTBIATh M3 OJHOTO HallpaBJiEeHUs, Hanpumep, Mo ocH Z
KOCMHUYECKOTO ammapara (3¢HHUT) C IOMOINBI0 CHEKTPOMETpa. TeXHOJIIOrHYeckue OCOOEHHOCTH HCIIONHEHHUS
JIETEKTOPOB ONPEIEIII0TCS nMeronMucs pecypcamu 1 pakropamu OKII. B kauecTBe 1eTeKTOPOB MOTYT, HaIIpUMep,
UCIIONIb30BaThCsl DJIEKTPOCTATHYECKUE aHAJIM3aTOPhl CErMEHTOWIHOTO THUIA, IO3BOJIAIONINE MHUHHMHU3HPOBATH
rabapuThl CHCTEMBI CEIEKIUHM YacTHI] HU3KMX 3Hepruil. Yacrora ompoca u nepenadnm MHPOpPMAIMU B OOPTOBBIC
MIPUEMOBBIUUCIIUTENN J0/DKHA ObITh He MeHee 1,0 I'm, yunThIBass KocMudeckue cKopocTh aBmxeHHs KA u manoe
BpEMsI TepeceyeHIsI aBpOpaIbHOTo oBana. OANH U3 IPUMEPOB TEXHUUECKOTO PELISHHS TSI KOMIITAaKTHOTO OOPTOBOTO
CIIEKTPOMETpa MPEACTABIEH B MOJ€3HOU Moaenu B [20].

YnpaBneHne CrieKTpoMeTpoM (KOMaHIpl, MIMTaHUE, OOPTOBOE BPeMsI) HOJDKHO OCYIIECTBIATHCS HEIOCPEICTBEHHO
ciy)xeOHbIME cucteMamu KA. MHdopmannonHslii oOMeH criektpomerpa ¢ KA — yepe3 KOHTpoIIIepbl, KOTOpbIE
obecrieunBaroT cOop uH(OpManWyM, 3anoOMHHaHWE W (GOpPMHUpOBaHHME Kajapa HH(POPMAIMU, MO0JaBacMOTO Ha
COOTBETCTBYIOIIYIO CITy)keOHYI0 cucTeMy KA.

[pensoxxeHHBIH CIOCOO 30HIUPOBaHMS XaPAKTEPUCTUK aBPOPAILHOTO OBalla pealii3yeM C HCIOJIb30BaHHEM
KOCMHUYECKHX TEXHOJIOTHH, B TOM YHCIIe MaJIbIX 1 MUKpPO KA B KauecTBe HOCUTENEH CIIEKTPOMETPOB HIIH IETEKTOPOB
SHEPrUYHbIX YaCTHIl, XapaKTepPH3yeTcsi IPOCTOTOW, BO3MOXKHOCTBIO OIEPATUBHOM OIIGHKOW ITOJIOKEHUS
aBpOPAIIbHOTO OBAJIA M COCTOSIHUSI MAaTrHUTHOTO TTOJIST 3EMITH.

BriBoabI
PaccMoTpeHs! criocoObl 30HIUPOBaHHS aBPOPAIBHOIO OBalla C MOMOIIBI0 PAIMONPOCBEUUBAHUS BHICOKOIIMPOTHON
nonocheps! curHanamu KA THCC I''IOHACC/GPS u 1o moTokaM HU3KO3HEPTUYHbIX yacTuil ¢ KA.

[IpuBeaeHBI MPUMEPHI PeaTU3aIlUK CII0C00a PAIHOIPOCBEYNBAHUS aBPOPATBHBIX OBAJIOB MOJSIPHBIX MIATIOK 3eMITH
B ApKTrke U AHTapKTHKE. BBIIBICHBI ClICAbl aBPOPAILHOTO OBaja B INMHPOTHOM paclpee/icHHH HOHOCHEPHBIX
sanepxek curaanoB KA T'HCC. [pu olieHKe MOJTyd4eHHBIX PE3YJIbTATOB HCIIOJIb30BAHBI PE3YIbTAThl MOICITUPOBAHHS
aBpopasbHOTO oBajna o monenu SIMP2 u I'.B. Crapkoga.

IToka3zana HEOOXOOUMOCTh CO3JAaHHS MOJETH aBPOPATGHOTO OBaja IO IOJHOMY JIIEKTPOHHOMY COJCPKaHHIO
nonocdeps (I12C).

[IpemtosxeHbI KPUTEPHUH IS THATHOCTUKH TTOJIOKEHUS aBPOPATBHBIX OBAJIOB.
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PE3YJIBTATBI DOKCIIEPUMEHTA HA CTEH/IE EISCAT B 2018 T'.
A.B. Tepteimunkos', [P.10. IOpug

'Unemumym npuxnaduoii 2eogusuxu, Mockea, Poccus

AHHoTaums. [IpeacrasieHs! pe3yabpTaTsl 9KcriepuMenTa B 2018 1. Ha
HarpeBHoM komiuiekce EISCAT/Heating (Tpomc€, Hopserus) mo
palvoONpOCBEUMBAHNIO TI'paHULl TPyOKH HarpeBa wuoHochepsl. Ilo
pe3yiapTaTaM HU3MEPEeHUIl MHOATBEPAMIMCH JIOCTAaTOYHO pPE3KHE
rpagueHThl HOoHOCc(epHOU 3amepxkku curHanoB KA THCC B
BBICOKOIIMPOTHOH HMOHOC(epe Ha TpaHMmax TpyOkm Harpea
noHocdepsl, kak u panee B 2009 r. B cpeqHEITNPOTHON HOHOC(EpE HAZT
HarpeBHBIM cTteHoM Cypa (Bacmibcypcek, Poccus).

Knroueevie cnosa: narpes, moHocoepa, creHn, EISCAT, Cypa,
nonocoepusie 3anepxku, 'HCC.

Beenenue

HarpeBHble CTEHIBl AaKTHBHO HCHOJNB3YIOTCS [UIA HCCIEAOBaHUA
noHocdepsl. Jlnsg muarHocTHKH JPQEKTOB HarpeBa HOHOCHEPHI
aKTHBHO HCIIONB3YeTCS METOJ paJHONpPOCBCUMBAHUS CHTHAJIAMH
I'moGaneHBIX HABUTAMOHHBIX cITyTHUKOBBIX cucteM (ITHCC) [1-6].

B wmapre 2009 1. ¢ mNOMOIIBIO paaHONpPOCBEUYMBAHUS HaJ
pabotaromm creHaoM "Cypa" ymanock OOHApYXKHUTh 3HAYUTEIHHEIC
Bapuaumu  (aszel  curHajgoB  HaBuranuoHHelx KA (HKA)

MamsiTn GPS/TJIOHACC wHa rpaHuiiax ©u TOA OOJIACTBIO HCKYCCTBCHHO
Pomana IOpbeBuua FOpuka BO3MYIIIEHHO} nonocdepsi [7-9].
(1967 - 2021) B BBICOKOIMPOTHOH HOHOC(EPE FIKCIEPUMEHT YAAJIOCH TIOBTOPUTH B
2018 r. nHa narpeBHom komiuiekce EISCAT/Heating (Tpomcé,
Hopgserus).

IddexT rpanun TpyOku Harpesa Haj cTeHAoM «Cypa»

B skcnepumente 2009 r. B OCHOBHOM pekuMe paboThl creHnma «Cypay HMCIONB30BANHCH MOIIHBIC HMITYIIBCHI
u3nydeHus: BosiHbl O-nonsipu3zauuu Ha 4dacrtore 4.3 MI'm mox yrsom 12° oT BepTMKanud Ha IOT B IIOCKOCTH
F€OMarHUTHOTO Mepuauana [7, 8].

Juarpamma HanpasienHoctd OMMUM crenga «Cypa» QopmupoBagack TpemMss MOAYISIMH CTCHIA M HMeJa
«KapaH/JaIHy0» GOopMy ¢ YIIoM pacKpbiBa ~ 12° 10 ypOBHIO TOJIOBUHHOI MOIIHOCTH U ~ 20° 1o yposHio 0.1 Py,
KOTOPBIIl COOTBETCTBYET 3(P(PEKTHBHOM MOIIHOCTH H3ITYYEHHUS, JOCTATOYHO MPEBBIMIAIONICH MOPOT TEHepaliu
TEIUIOBOW (PEe30HaHCHOW) mapaMeTpuuecKoil HeycToHunBocTH Prop=1 MBT [9]. OTBevaronias el 001acTh 3aCBETKH
Ha BbIcoTe 250 kM onenmBaiachk pasmepamu B 50 u 90 kM mo yposHI0 MommHOCTH 0.5 m 0.1, cooTBeTCTBEHHO.
PaccTosiHEE OT TOYKH M3MEPEHHUs 0 MPOEKINH Ha 3eMHYIO TIOBEPXHOCTH OOJACTH BO3ACHCTBHSA COCTABISIIO OKOJIO
100 kM. B 3aBHCHMOCTH OT KOTEPEHTHOCTH MOJYJEH CTeHIa MOKHO OBUIO OXHIATh CIOXHYIO CTPYKTYPY
MTOTEHIMAJIBHBIX TPaHUIl TPyOKH Harpesa. BrIHOC HarpeToil miasmel B TpyOke HarpeBa JOJDKEH ObUT 00eCTeuuTh
O6eIIHeHI/Ie IINIOTHOCTH IJIa3Mbl U (bOpMI/IpOBaHI/Ie yCJ'[OBI/Iﬁ JJIA BOCCTAHOBJICHHUA TNIOTHOCTH, B TOM YHCJIC 34 CUCT
MIPUTOKA U3BHE.

ITpu o6padotke curnanos 'HCC BersicHMIIOCH, 4TO paboTa CTEH/1a He BIHMAET Ha CTa0MIIBHOCTE PaOOTHI IPUEMHUKA,
KOTOpBI OBUI pPa3BEpHYT pSJIOM C HarpeBHBIM CTEHAOM. VI3MepeHHs BBINOJHSINCH IIPU HU3KOM YPOBHE
T€OMAarHUTHOW aKTHBHOCTH, IIOTOJa 3a BeCch IEPHOJ 3KCIIEPUMEHTOB OblIa SICHAsi, XapakTepHas Uil IIepHoja
BECCHHETO paBHOJCHCTBHA. Ha ocHOBe mnoiy4eHHOH WH(OpMAaNMK pPacCYUTHIBAIOCH IOJHOE 3JIEKTPOHHOE
conepxxanne (II9C nmu TEC — total electron contents).

JIist AMarHOCTHKY MOTSHIMATIBHBIX TpaHuI] TpyOKH HarpeBa noHochepsl Halx cTeH oM ObLT BeiOpaH 20-it HKA GPS
(G20), Tpacca KOTOpOTO MPOXOJIMJIA HAJ 30HOW HarpeBa. B pe3ynabTarax paavoNpOCBEYMBAHHUS BO3MYIICHHM
nonochepsl curnamamu HKA B ycnoBusx HarpeBa HMOHOC(HEPH PEryISPHBIMH 3 MUHYTHBIMH HMITyJBCAMH C
MormrHOCThI0 80 MBT ObuTH BhIsIBIIeHEI Bapuanuu TEC npu nepeceuennn HKA G20 tpyOku Harpesa.

ITo kpurepuio yMeHbIIEHHs IIOTHOCTH Tuta3mbl Ha BenuumHy 0.2 — 0.4 TEC mpumepHas mupuHa o0nacTu
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obexHeHM, onMparomIeiicsa Ha 30Hy HarpeBa, Bnoib Ho cocraBmina ~ 50 kM. Pe3ynbraTsl pacdeToB MoKa3bIBaIOT, YTO
B 3TOM CIIy49ae OTHOCHUTEIBHOE M3MEHEHHE IUIOTHOCTH IUIa3Mbl cocTaBisieT 15-20%, 4ro cormacyercst ¢ JaHHBIMHU
TOMOrpapuyecKux u3mMepenuii [9].

W3z-3a HeOonpmmx ammutyn Bapuanmidi TEC Hax 30HOW HarpeBa B aHaiM3€ HCIIOJIb30BAIOCH OBICTpOE
npeobpazoBanne Pypoe. B «ckomnb3sieM okHe» ITMPUHON B 16 0TCYETOB pacCCYMTHIBAICH MACCHBBI IEPUOAOTPAMM
MOIIIHOCTH BapHaliii aHaIU3UPYEeMbIX BPEMEHHBIX pAJOB. B paccumTaHHBIX IEpUOAOTpaMMax MOIIHOCTH
AQHAIM3UPYEMBIX BapHallMi NOATBEPAMINCH JTOCTATOYHO YETKHE TPAHUIIbI TPYOKN HarpeBa Ha BCEX aHAU3HPYEMBIX
MepHo/IaxX M CI0KHAS CTPYKTYpPa IPOCBEUUBAEMBIX CTEHOK TPYOKH HarpeBa, MoXosasi Ha «rodpy».

Merton cniekTpansHOTo aHanu3a [10] 6buT BriepBhIe puMeHeH mpu 00padoTke ganHbIX curaaioB [HCC Ha cTenzae
«Cypa». Ilpu 3ToM, Hajg 30HOH BO3MYIICHHOW 00JIACTH MOHOC(EPHI XOPOIIO MPOSBHICA 3(PPEKT aHOMATBLHOTO
M3MEHEHHS CIIEKTPa C HEOOIBIINM yBEINIEHHEM MOIIIHOCTH Ha IIEPHO/IE 3 MUHYTHI B IEHTPE 30HBI. O01IIee CHIKEHUE
MOIITHOCTH BapHallfii CHTHAJIOB B TPyOKe HarpeBa o0yCIIOBIEHO oOenHeHHEeM HOHOC(hepHOU mia3Mbl. 3a 20 MUHYT
BekTop «uprueMHUK — HKA» mepecek Ha BricoTe 300 KM 30HY MHPHHOH 10 60 KM.

O dexr mMeHeHNs criekTpa MomHoCTH Bapuanuii curaanoB HKA GPS Han rpanntiamu obmacti noHOC(hEpHI Haf
pa60Ta101unM HarpeBHbBIM CTCHAOM IOABEPKIAACT M BO3MOXHOCTHL AUArHOCTHUKU JAKTOB IUIOTHOCTH B pr61<e
MarHMTHOTO MOJIS HaJl CTEHJIOM B BepxHel noHocdepe. PesynbraTsl skcniepumenta 2009 r. Ha «Cype» 1mo 60onbmmm
rpaJiMeHTaM IUIOTHOCTH HMOHOC(EpHOW IIa3Mbl Ha TpaHuIax TpyOKM HarpeBa ObLIM HOATBepXkIaeHBI B [11]
n3MepeHus MU pu Harpee noHocgeps! Ha crenne EISCAT/Heating BOau3u r. Tpomcé (Hopserus).

Pe3yabTarel 3kcnepumenta Hajg cteHaoM EISCAT/Heating B 2018 r.
Ouepennoii axciepumenT Hax creanoM EISCAT/Heating, moaTBep>KAAONINIA POSBICHAE TPAHUI TPYOKH HATrpeBa,
ynanocs nposectr P.FO. FOpukom 8-18 oxtsi6ps 2018 .

Crenn EISCAT/Heating cocrout u3 12 mepenatunkos mo 120 kBT kaxsiii. B kauecTBe aHTCHHBI TS KaXKIOTO M3
MepeAaTINKOB UCHIONb3yeTcs pan u3 12 mupokononocHsix aunoinei (scero 144, xak u Ha «Cype»). Bech nnanazon
MepeKphIBacTCs ABYMS aHTEHHBIMU pemeTkamu 2.8— 5.7 MI'mu 5.3-8.2 MI'1 [5].

Ha puc. 1 mnokazana mnpoekiusi Tpaektopuu mnpoieta cnytHuka ['JIOHACC R21 B paiioHe ycTaHOBKHU
EISCAT/Heating 12.09.2018 1.

Pucynoxk 1. [Tpoekmms tpacktpuu nponera KA R21 Bonm3u HarpeBHoro crenaa EISCAT 12.09.2018 r.

Bo Bpems sxcniepumenta 12.09.2018 r. B mepuop ¢ 10:12 UT mo 11:34 UT crenn paboTan B pexrMe CKAHUPOBAHUS
M0 YacTOTE W 110 YIJIy HaKJIOHa JUarpaMMbl HalpaBJICHHOCTH W3JIydaromlei aHTeHHbl. Harpes Beincs B pexxume 2
MHHYTBI H3JIy4€HHE U 2 MUHYTHI 11ay3a. B Tedenne 2 MUHYT U3ITy4eHNs YaCTOTa HAKAUKN MEHSJIACh KaXKJIble 5 CEKyH]I
Ha 5 x['m B wATEepBane yactoT oT 4.01 MI'y mo 4.12 MI'u. M3MeHeHue HampaBiIeHUs TUarpaMMbl W3Tydaroniei
AQHTEHHBl MEHsUTOCh Ha 3° depe3 Kaxkaple 4 MUHYTHI OT HAampaBlICHHWS B MarHuTHeIN 3eHHT (12° K fory) mo
reorpaduueckoro 3enuta (0°) mocse yero HampaBieHHe TUarpaMMbl HAITPABJICHHOCTH OTKJIOHSJIOCH Ha 15° K tory.

IITprXx0oBEIMH OKPY>KHOCTSIMH IIOKa3aHBI 00JIACTH HAarpeBa 1o YpOBHIO MOITHOCTH -3 Ab mpH pa3HBIX yrilax HaKJIOHA
JMarpaMMBbl HaIPaBIEHHOCTH M3Ty4aromleii aHTeHHBI HaTPEBHOTO CTEHAA BO BpeMsl SKCIIEpUMEHTa (OT HAIlPaBICHHS
B reorpaduaecknii 3eHut 0°, 1o 15° x 1ory).

OcoOEHHOCTBIO PETHCTPUPYEMBIX HOHOC(EPHBIX 33JepKeK 10 TpaeKTOpuM ABkeHHs R21 Ha rpaHuIax 30HBI
Harpesa SBJISIFOTCS MOBhIIEHHBIE rpaanenTs! [I9C, koTopsle ObuIN moydeHs! 1o GazoBbM n3Meperusm 12.10.2018
c 09:20 mo 12:27. [lna BblieneHust OBICTPBIX BapHalMid IIOJHOTO JJISKTPOHHOTO COJEP)KaHUSI MeJIeHHas
COCTAaBJIAIONIAs, CBA3aHHAS C T€OMETPHUYECKUM (PAKTOPOM M (DOHOBBIM IOJHBIM COZAEP’KAaHWEM BBIYMTANIACH ITyTEM
yAaJeHus TPeH 1a, alIpOKCUMHPOBAHHOI'O MOJIMHOMOM 5-T0 MOpsAKa.

Ha Bepxnem rpaguke puc. 2 4epHbBIMH BEPTHUKAIBHBIMHM CTpEJIKAaMH OTMEUYEHBI TPaHHUIBI 00JIACTH HArpeBa IO
IMpOTe, a Ha BTOPOM Tpaduke dTH 00IacTH ykaszaHel 1o goirote. Bospeimenune cnyTtHukoB ['JIOHACC Han
ropu3oHTOM focturaet 70 rpagycoB. OTo 03Ha4aeT, 4To Ha mupoTe Tpomce Tpacca «crmyTHHK-TpoMcey» mepecekaer
obnacTh HarpeBa OJIM3KO K JIOKAJBLHOW BEPTHKAIHM TOYTH BJOJH JIOKAJLHOM TC€OMAarHWUTHOW CHJIOBOW JMHUH
«Tpomcéy. D10 MO3BONMMIIO MO TaHHBIM MOHOC(HEPHBIX 3aEPKEK ONPENEIUTh MPHUMEPHBIE TPaHUIBI (TI0 MIHUPOTE U
JIOJITOTE) 00JIACTH HArpeBa, COOTBETCTBYIOIINE YKCIIEPUMEHTaM Ha HarpeBHoM cteHae Cypa.
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Pucynok 2. Bapuanuu [19C o ganHbIM HOHOC(EpHBIX 3aepkek curaanoB KA R21 B merpax.

3axioueHue

B BBEICOKONIMPOTHOW MOHOC(hEpe MOATBEPANIOCH YBEIHYCHHE TPAJAUCHTOB HOHOC(EPHBIX 3aJepXKeK Ha IpaHUIAX
00JacTH HarpeBa, YTO CBUACTEIHCTBYET O JOCTATOYHO PE3KUX TpaHHIax obmactu (TpyOkw) HarpeBa. DPQPeKThI
IPaHUL B CPEIHEIIUPOTHON M BRICOKOIIMPOTHON HOHOC(HEpEe OKa3aInuCh CXOKHMHU.
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IPOEKT IOJYAEHHOI'O BOCCTAHOBJIEHUA (11B) BO BPEMAA
11 B HIEPUO/ I''TABHOU ®A3BI TEOMAT'HUTHOU BYPU

B.A. Yuees, C.H. llanosanos, JI./1. Poros
AAHUU, Omoen 'eoghusuxu, CIIb; e-mail: vauliev@yandex.ru

AHHoTanus. ITo puomerpruecknm HabmoaeHnsM BO BpeMst ITTT11I Ha BEICOKOMIMPOTHOW aBpOPATBHOMN CTAHIIHH
Awmzepma (pacnonoxeHHo# B CeBepHOM MOJYIIAPHH B CEPEINHE aBPOPATEHON 30HBI) PACCMOTPEHBI CIIydan
nposiBiIeHus dpdekra noayaeHHoro BocctanopieHus (I1B) npu HU3KOM U BBICOKOM YPOBHSIX I€OMarHUTHOM
aktuBHOCTH (I"'A) B mepuox rnaBHoM (a3el reomarauTHoi Oypu (I'brd).

OTMe4eHO CYIIECTBEHHOE pa3ndue XapakTepucTuk 1B mpu HM3KOM U BBICOKOM YpoBHSX I'A (COOTBETCTBEHHO
[1BH u I[1BB). Ocobennoctu Bapuaiuu [IBB npu BEICOKOM ypoBHE reomMarHuTHO# aktuBHOCTH (Dst oo —60nT) (B
nepros riaBHOW (aszel reomarnutHOW Oypu — I'brd) mo cpaBHenuro ¢ Bapuanumeii moryonieHust [IBH Bo Bpems
Hu3koro ypoBHsi ['A (Dst o —20nT ) cienyromue: (1) Bapuanus noriomenus Bo Bpems [1BB — nukooOpasHblii crian,
C PE3KHMH TPagueHTaMH YMEHBILICHHUS W BO3pacTaHUs moriomeHus / Bo Bpems [IBH — miaBHas, cHHycouaabHAsS
Bapwuarus; (2) obmas mmrtensHOCTh [IBB — okomo 6 gacos /[IBH — okomo 10 gacoB); (3) mpooKATEIEHOCTE (ha3bl
crnana v Bozpactanus [1BB nmprMepHO oanHaKOBast M cOCTaBIIseT 0K0JI0 3-X yacoB /[IBH — pa3Has 1 cocTaBIsIeT OKOJIO
4 1 6 gacoB (coOTBETCTBEHHO (paza crmana u Bo3pacTaHus); (4) MPOAOIKUTENBHOCT (a3bl MUHIMYMa [1BB — okoio
1 gaca / IIBH — okoio 4 gacoB); (4) ammmutyna [IBe — M o0 0.7 /IIBH — M 0 0.5).

PaccMoTpeHB! pacy€THBIE TaHHBIC U3MEHEHHS TOIOJIOTHH MHTEHCHUBHOCTH KousblieBoro Toka (KT) mpu Hu3koM H
BeicokoM ypoBHe I'A (B mepuon I'bro) [3].

[Ipenmnonaraercs, 4To 3HAUUTENbHOE paznuuue xapakrepucTuk [IBB B mepuon I'brd mno cpaBHeHuo c
xapakTepuctukamu [IBH B nepuos Hu3koro ypoBHs ['A, 00yciI0BI€HO pa3sBUTHEM aCHMMETPHUYHOTO IJIa3MEHHOTO
kouterieBoro Toka (KT) B mepuox I'bro.

Beenenne
Bo Bpems HexoTopsix siBrenuit [II1I1 Ha cTaHIUsIX aBpOpaIbHON 30HBI PETHCTPUPYETCS MOHMKEHNE TTOTIJIONICHUS B
MECTHBIC TIOTyICHHBIE Yachl, KOTOPOE Ha3BaHO 3P peKToM moryaeHHoro BocctanoBieHus ([IB mm MDR — midday
recovery) [1]. OOmenpunsTOl sABIsSETCS TOUYka 3peHus, uto [IB 00ycrnoBieHO CyTOYHOW Bapuamuend KECTKOCTH
reomarautHoro o6peszanust (CBXIT'O). Kpome Toro, O6bU10 BhICKa3aHO MPEANOJIOKEHHE, YTO Ha TMposiBieHue [1B
MOJKET BIHSTh Pa3BUTHE aHU30TPONNH NMUTY-YTIOBOTO PACIpeeNICHUs MOTOKOB IPOTOHOB B KOHYyce moTeps [1, 2].
B nmannoit paboTre comocTaBieHbl XapaKTepUCTHKH mposiBieHus 1B npu Huskoit ['A u Bricokoit 'A (B mepuon
rIIaBHOU (ha3wl reomaruutHo# Oypu — I'brd). Ipemiaraercst pusndeckoe 000CHOBAHUE CYIIECTBEHHOTO Pa3jiddus
ITUX XapaKTEPUCTHUK.

IKcnepuMeHTAJIbHbIE JaHHbIE

Ha puc.1 npencrarnena Bapuanus 111 no ganHeIM HaOm0eHAN Ha cT. AMaepma 3a epuoa 19 — 21 mapta 1990r.
u Bapuanust yposHs I'A 1o mnnekcy Dst 3a Tor ke nepuon. BugHo, uyto 20 Mapra B 4ackl OJIM3KHE K MECTHOMY
TIOJTYTHIO HAaOJII0JaeTCsl TUIABHOE YMEHBIIEHHE ToTyonieHns — 3gdexr momyaernoro BoccranosieHus (I1B). B ator
JICHb YPOBEHb F€OMarHUTHOM akTUBHOCTH HEeBBICOKHH (Dst oo — 20nT). OcHoBHEIE XapakTepuctuku 3¢ ¢exra [1B mpu
Hm3koM ypoBHe I'A (IIBH) cnemyrommue: (1) mmaBHBIH CHHYCOMIANBHBIN XapakTep BapHallil YMEHBIICHHS
norsonieHwst; (2) 6onpmas odmas AMUTenbHOCTh — 0KoJio 104; (3) mnurensHOCTh (ha3sl MUHUMYMa ([IMUH) — 0KOJIO
4y4; (4) ammunTyaa ymenbleHus noromenus (M) — oxoro 50%.

Ha puc. 2 npencraenena Bapuanus [T no qanasiM HaOMIOACHUH Ha cT. AMuepma 3a epuoa 19 — 21 ceHTa0ps
1977r. u Bapuauus ypoBHs ['A mo unzaexcy Dst 3a ToT sxe nepuoxn. BumHo, uto 20 ceHTSOpst B 4achkl OJIM3KUE K
MOy THIO HAOJIIOAaeTes Caj| MOTJIOMEeHMs T.e. 3P QeKT noxyaeHaoro Boccranosnenus (I1B). B ator nens ypoBeHb
TE€OMAarHUTHOW aKTUBHOCTHU JlocTayHO BbIcokui (Dst co —60nT) u Habmronaercs rnaBHas (asza reoMarHUTHOH Oypu
(I'br¢) ¢ makcumymom Dst = —90 nT. T o. nannsli addekr [1B npossisiercs npu BeIcCOKOM ypoBHe ['A Ha T1aBHOM
¢aze I'b (I'brg). OcnoBHble xapakreprucTuku 3¢ dexra 1B npu Beicokom yposHe ['A (IIBB) cnenyromue: (1) peskue
TPaINeHTHI CHI)KEHHS M BOCCTAHOBJICHUS MTOTJIOMICHUS; (2) CPaBHUTENHFHO KOPOTKas 00ImIas [NIMTEIbHOCTH — OKOJIO 64;
(3) amurensHOCTE (a3sl MuHIMYMA (MuH) — okoio 14; (4) ammmTyna ymeHbeHus normomenus (M) — okorno 70%.

Jlist 000CHOBaHHUS CYIIECTBEHHOTO pa3innuus xapaktepuctuk [IBH u [IBB paccMOTpeHBI peyabTaThl MOJEIBHOTO
pacuéra maBieHus Tia3mbl KosbiieBoro Toka (KT) Bo Bpems I'b 11ampens 1997t ¢ makcumymom KT mo unaekcy Dst
=-90 nT, nomy4yeHusie B padote [3].
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Pucynoxk 1. PucyHnok 2.

Ha puc. 3a npezncrasnena o6o6ménnas Bapuanust I'A (mo unzaexcy Dst) B neproa reomarautnoii 6ypu (I'b) 10 —
15 anpenst 1997. Ha sTom prcyHKe OTME4eHHI 4 MOMEHTa BpeMeHH Ha pasHbiX ¢azax ['b (A, B, C, D). [Jusa stux
MOMEHTOB BPEMEHH NPEICTABICHBI (B MOJSAPHON NMPOEKIMN) pacyETHBIC 3HAYEHHS IABIICHUS IIJIa3Mbl KOJIBIIEBOTO
toka (KT) Ha passbix ¢azax I'b (puc.36) [3]. B moment A (mo nauana ['b) naBnenne mia3mel KT umeer npuMepHo
OJIMHAKOBBIC HEBBICOKHE 3HaueHMs, T.e. B 3TOT MoMeHT KT asumyranbHO cuMMeTpHueH. B MOMEHTHI Hawama u
MakcumyMma ['b (B, C) HHTEHCHBHOCTD JaBiICHHUS IUIa3Mbl IOYTH 110 BCEM a3UMyTaM — IOBbIIIeHHas. OnHaKo Ha
onpenenéHHbx azumyTax (08 — 12 MLT n 09 — 11 MLT cooTBeTcTBEHHO B Hauaiue U B MakcumyMme [ br¢ — MmomeHTHI
B u C) naBnenue mnasmbl KT mnonmxennoe, T.e. KT sBnsercs acummerpuuneiM. B momentr D Ha dase
BoccranoBienus I'b (I'bB(h) — 3nauenus KT moBbIlieHHbIC U OJJMHAKOBBIC 110 BceM a3umyTaM, T.e. KT cuMMeTpudeH.

ABCD

P
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DarinT)

E)
inAprd 1857

Psma Pressure P ( nPa |

PacueTHEIe 3HaYeHNS TaBIEHHS IUIA3MEI KOJIBIIEEOTO TOKA
Ha pasHeX ¢azax I'b (I'B-11.04.1997 r. max Dst= 90 nT)

Pnc.36
Pucynox 3.

®usnyeckoe 000cHOBaHUe pasanuns xapakrepuctuk [I1Bs n [IBa

[Tocne MOIIHBIX CONHEYHBIX BCHBIIIEK B MEXKIJIAHETHOE MPOCTPAHCTBO BHIOPACHIBAIOTCA IMOTOKH YCKOPEHHBIX
mnpotonos (IIIT). IIIl, BeI3BIBaroImue MOTIOIIEHHE HA PHUOMETPAX, PACHOIOKEHHBIX Ha aBPOPAIBHBIX IIHPOTAX,
MIPOHHUKAIOT B XBOCT MarHuTocdepsl (XM) B HEWTpaJbHBIH cioi Ha paccTostHur okoino 150 Re. Otu I pagnansro
IpeidyoT B CTOpPOHY 3€MJH, JOCTHIal0T 3aMKHYTHIX CHJIOBBIX JIMHAH Ha HOYHOW CTOpPOHE BHYTpPEHHEH
MarHuTocepbl W HAYMHAIOT a3MMYyTAIbHO Ipei(oBaTe BO BHYTpeHHEH MarHutocdepe 3emMiii B BOCTOYHOM
HarpasJIeHUH IPUMEPHO Ha PacCTOSTHUU 0K0JIO 3 — 6 Re, MOCTENeHHO BBICHINAsACH B HU)KHIOI HOHOC(EPY M BBI3bIBAS
norjomeHre (OHOBOro rajJakTHYECKOr0 KOPOTKOBOIHOBOIO —PaJHOM3IYYeHUs, KOTOPOE PErHCTpUpyeTcs
Ha3eMHBIMH ITpubopamu — puomerpamu. Dp¢exr [IB Bo3HHKaeT B TOM ciydae, eciii B HOHOC(hEpy Hal MYyHKTOM
HaOJIIOZICHUs] B MECTHBIC IPEIIONy/ICHHbIE Yachl BhICHINaeTcss nmotok nporoHoB (I1IT) marnoii MHTEHCHBHOCTH 1O
cpasHenuto ¢ I1I1, BeicbImaromumMces B Apyrue 4acbl MECTHOTO BPEMEHHU.
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Ogexm nonyoennozo soccmanoenenus (I1B) 6o epemsa 111 6 nepuoo enasnoii hazvl ceomachummnoii 6ypu

[Tpn uuzkom yposue I'A addexr IIB (IIBH) Bo3HMKaeT BCiIEACTBHE HAMUMs MpOIEcca CyTOYHOI BapHaluu
wéEctkocTH reomaruutHoro odpesanusi (CBXXI'O). Hammune CBXKI'O 00ycioBiieHO MOpKaTueM CHUIIOBBIX JIMHUH
MarHMTHOTO TI0JIsl B JI0OOBOW wactu Maruutocdepsl. [lomkarue Bb3bIBaeT cmemenue apeddyromux [T Hu3kux
9Hepruii Ha Oonee BHEIIHWE OOOJIOYKM B JHEBHOM CEKTOPE M MCKIIOYEHHE 3THX HM3Ko3HeprmuHsix [T u3
(opMHpOBaHMS TOTJOMIEHHS B IyHKTE HAONIOZCHUS B MONYIACHHBIE Yachl, TOTAa Kak B JPyrHe dachl
HuskodHepruuHsle III1 BHOCAT BKNaj B morinomeHWe. B pesynbTaTe MOTNIOIIEHHE B MONYACHHBIE Yachl MMEET
MOHIKEHHOE 3HAUYEHHUE 110 CPABHEHUIO C MOTIIOMICHUEM B JPYTHE Yachl, 4To U IposiBisieTcs kak d¢¢ext [IB. T.o. 20
Mmapra 1990r. s ekt [1Bu 00ycroien npomeccom CBXKTO.

IIpu BrIcOKOM ypoBHE I'A (B mepmon rimaBHOH ¢a3el reoMarauTHON Oypm — I'brg) momkaTie CHIOBBIX JTHHHN
yeunBaetcs, 1 ammuutyaa CBXKI'O ysenuuuBaetca. C qpyroil CTOpOHbI, BO3HUKAET HOBBII aCIEKT, BIUSAIOMMN Ha
quHamuky III1. B skBaTOpHanmbHOHN MIOCKOCTH Ha paccTosHMM 3 — 6 Re BO3HHMKAaeT MHTEHCHBHBIM IIa3MEHHBIN
kounbleBoi Tok (KT) acummerpuuHoro xapakrepa: Ha azumyTte 0 — 90° k 3amagy oT MepuauaHa MOJIICHb-IOJHOYb
(umm B wacax 09 — 12 MLT) unrencunocts KT noHmkeHHas, a Ha APYTUX a3UMyTax MOBbIIIeHHas (cM. puc. 36B u
36C).

B minasme KT cymectBytoT TypOyJIeHTHbIE BOJIHBI. DTH BOJIHBI B3aUMOJACHCTBYIOT € Apei(yIOIMMU TOTOKaMU
nporonos (IIIT) (rupope3oHaHCHOE B3aMMOJECHCTBHE BOJHA-4acTHLA). IIpH 3TOM MPOHMCXOTUT M3MEHEHHE ITHTY-
yrioB gactur (I111) Bcnencreue muta-yrioBoro paccesans (ITYP) II1, BeIckHatomuxcst B KOHYC IIOTEPb.

Ecnu rurazma KT uMeet Manyio IIIOTHOCTh, TO HHTCHCHBHOCTD TYPOYJICHTHBIX BOJIH cllabasi M MPOUCXOIUT craboe
n3MeHeHnne mutd-yrios [1I1. B atom ciygae I11 ¢ mutd-yrmamu okoo 90° He IPOHUKAIOT TIIyOOKO B HOHOC]EPY, T.€.
KOHYC MOTEPh CTAHOBHUTCS aHU30TPOMHBIM. [Ipy TakoM aHM30TPONHOM MHUTY-yrI0BoM pacnpeneneHun I1I1 B konyce
MOTepbh, B HUKHIOI HOoHOC(hepy nponukaet [1I1 manoit nareHcuBHOCTH (BeneacTeue orcyrcersus [1I1 ¢ nutu-yriaamu
okoJ10 90°) 1 moroneHre uMeeT Manyro BenuunHy. Eciu mnasma KT umeer GOJIbIyIO MIIOTHOCTh, TO MPOUCXOHUT
CuibHOE MNUTY-yriaoBoe paccesHue IIII ¢ moObiMu muTd-yrnamu. B pesynpTate KOHYC NOTEph CTaHOBHTCS
M30TPOIHBIM, B HIXKHIOI HMOHOC(epy nmponukaer Gospuioit 111 n nornomenne uMeer 0ojiplIyio BenuuuHy. T.o.
asuMmyTanbHoe u3MeHeHne naTeHcuBHocT KT, MoxkeT BeI3BaTh cyTounyro Bapuaruio ITYP III1 B koHyce noTteps u
CYTOYHYIO BapHaIUIO MOTJIOIICHHU, T.¢. 3 dekT [1B.

JanHbIe Ha puc. 2 TIOKa3bIBaloOT, 9T0 Y ekt [IBB mposemics Bo Bpems ['b (19 — 20 cents6ps 1977r.) npumepHo B
cepequae rmaBHOW (aszel (I'brg) mpm Dst co —60nT. CormacHo pacu€THbIM AaHHBIM (TpoBenéHHBIM a1 [ —
11.04.1997 r. [3]) (puc. 3) BenmmumHa Dst co —60nT cooTtBercTBYeT cocrosHmMIO mra3Mbl KT (mpu I'b 1997r.) mexmy
TeM, 4TO IpeAcTaBiieHo Ha puc. 36B u Ha puc. 306C, a UMEHHO NMOHIKCHHBIM 3Ha4yeHUSAM JaBieHus mina3mbl KT.
CnenmoBatenbHO BO3MOXHBIH peanbHbli KT (20 cenrsOps 1977r.) acuMMeTpHdeH W WMEET NOHIKEHHYIO
WHTEHCUBHOCTh Ha a3UMYTe OKOJO 45° K 3amaay OT OCH IOJICHB-IIONHOYH (WIH B Yacax okomo 10 — 11 MLT).
ITosTOMy MOXHO MPEINOI0KHUTE, YTO MOMEHT MUHIUMYMa 3¢ dekTa I1BB (oxono 11 MLT 20 cenrsabps cM. puc. 2)
o0ycioBineH anu3orponHsM [1I1. Torna kak 3a BpeMeHHBIMHU Tpanunamu 3¢dexra [1B uarencusHOCTh muasmsl KT
MMeeT HOBBIIIEeHHbIe 3HaYeHus (BHe a3umyTa 0 — 90°) 1 nornonieHue o0yciopneHo [1I1 ¢ H30TPOIHBIM MUTY-YTTIOBBIM
pacnpeneneauemM. [Toaromy 20 centsiopst 1977r. addexr [IBB 3aBucut He Toapk0 CBXKI'O, HO ¥ CyTOYHOMH Bapranuu
nUTY-yriaosoro paccesuus (CBIIYP).

T.o. ananu3 moka3ssiBaet, uyto 3 dexT [IBu 00ycnosnen mpoieccom CBXIO, a addext [IBB — kak mpoieccoMm
CBXT O, tax u CBIIYP, npu 3TOM, Y4UTBIBas CyIIECTBEHHOE pa3ianyue xapakrepuctuk [1Bs u [IBH, ocHOBHYIO poiib
B nosiBnieHnu [1BB urpaet nporecc CBITYP.

3aximo4enue

(1) Paccmotpensr npumeps! peructpaumu [1B npum Huskom u BbicokoM ypoBHe ['A (B mepuox I'bro)
(cootBerctBenno [IBH u IIBB) u onmcansl ocobenHocTn mposisieHus [1BB (Bo Bpems ['brd) mo cpaBHeHmIo ¢
nposisnenueM [1BH (npu Huzkom yposHe ['A).

(2) TlposBnenue I1BH 00yCIIOBIEHO MPOILIECCOM CYTOYHOW BapHaIldU >KECTKOCTH TE€OMarHUTHOTO OOpe3aHus
(CBXTO).

(3) Ocobennoctu nposeierns [IBB 00bsIcHEHBI Kak pe3ynsTat pa3sutus acummerpuaHoro KT Bo Bpems ['bra,
KOTOPBIM MPUBOIUT K Pa3sBUTHIO CYTOYHOM Bapualuy MHUTY-yriaoBoro paccesaus (CBITYP) moTtokoB mpoTOHOB B
KOHYCE MOTEPb.

(4) B nenom s>dpdexr IIBB 00ycioBieH Kak MPOLECCOM CYTOYHOW BapHaluM XECTKOCTH T'€OMarHUTHOTO
o6pezanns (CBXKI'O), Tak 1 nporieccoM cyTOYHOM BapHaluy nuT4-yriioBoro paccesiuus (CBITYP), BozHukarommm
BCJIeIcTBHE pa3BuTus acumMerprynoro KTs nepuon I'brd, npu sTom ocHOBHYI0 poitb urpaet npouecc CBITYP.
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AHHOTAIUA

Ha ceromusmuamnii nens B BocrouHoit Cubupu MeToqpl M3yUeHUS 3apsHKCHHOW KOMIIOHCHTHI BepXHEl atMocdepsl
JI0OCTaTOYHO pa3BUThl. OHAKO, BCE €Ll HEMHOI'O MHCTPYMEHTOB JUIsl U3yYEHUsI HEUTpanbHOU KoMnoHEHTHI. C 2016
roga, B reodpusudeckoil obcepBaropun «Topel» Benercs HAOMIONCHHWE HEHTPATbHONW KOMIIOHEHTHI C ITOMOIIBIO
uaTeppepomerpoB Padpu-Ilepo KEO Arinae. OHE MOTYT H3MEpPSTh TEMIIEPATyPy B CKOPOCTh BO3yXa Ha BHICOTE
250 KM MyTeM aHaju3a CIeKTPaIbHbIX IapaMeTPOB CBeUeHHs ¢ AiHOM BonHbl 6300 A. [TonydyaeMble Takum 06pazoMm
JlaHHBIE MOTYT TOBOPHTh M O KOJHMYECTBE W3JIYYEHHMs, HO Uil 9TOr0 HEOOXOAMMO HPOBECTH (OTOMETPUYECKYIO
KanuOpoBKy nuTEpdepoMeTpoB. Bo3byxeHuble aToMbl knuciopoga O ( 1D) crnoHTaHHO H3my4aroT GOTOHBI C JTHHOI
BoJHBI 6300 A. Tak Kak W3BECTHA IEMOYKA peaxuii, MpuBOAAMas K poxaeHno atoMoB O ( 1D), MOYKHO BBIBECTH
COOTHOUICHHE MEXIY KOHICHTPAIIMAMHI aTOMOB KHCIOPOJia M 3JIEKTPOHOB C MCIIOIb30BaHUEM JaHHBIX MIpKyTCKOTO
panapa HEKOTEpeHTHOTo paccesHus. [lomyueHHyI0 MOJeTh MHTCHCUBHOCTH CBEUCHHUS KPACHOW JIMHUH KHCIOpOJa
MOHO CPaBHUTH ¢ OTKJIUKOM WUDII.

[Tony4eHsl MoeNbHBIE pacIpeeNIEHuUs IPKOCTH 10 BpeMeHH ¢ ucnoipzoBanueM AaHHbix UOIT u UPHP, a taxxke
mozeneit IRT u MSIS. Ioay4deHbl COOTHOIICHHS MOACIBHBIX IPKOCTEH U OTKIMKA HHTEphepoMeTpa, KOIPPHUIIHSHT
koppensiiun coctaBui oT 0,731 mo 0,769 nmnst ciydas MIOCKOTO M3ITYYaromIero CIIOS M CIosl TOMIuHOW 50 kM.
[Tomy4yeHHass Koppensnus TIOKa3bIBaeT, YTO MCIIOIB30BAaHME MOJEIBHBIX SAPKOCTeH A (POTOMETpHUUECKOH
kanuopoBku nHTEpPhepomerpor Pabpu-Ilepo onpasaano.

B pamkax paboThl ObUIO TIPOBEIEHO YHCIEHHOE MOEIMPOBaHME CBEUeHHMs! aTMocdepbl Ha ainHe BoiHBI 6300
Amnrctpem ¢ ucnoss3oBanueM Mmozeneil IRI u MSIS, a Taxke mannbix HMpkyTckoro pajxapa HEKOTE€PEHTHOTO
paccestHus. MoiennpoBaHue SBISETCS OHUM U3 3TaroB (JOTOMETPHIECKOH KannOpoBKH HHTEphepomeTpoB Dabdpu-
[epo (M®PIT) KEO Arinae, pactionosxeHHBIX B '@O Topsr (51,07° c. mr., 103,07° B. a.). UDII no3BOIAIOT ONIpeACTUTH
TEMIIEpaTypy ¥ LUPKYJSIHUIO HEHTpaJbHOW KOMIIOHEHTHI BepxHeld arMocepbl, 4To, B KOMOMHAIMH C
PaAMOTEXHUYECKMMH METOJaMH, JaeT KOMIUICKCHYI0 KapTHHY atMocdepsl B JUHaMuKe u cTatuke. C MMOMOIIBIO
ONTHUYECKHUX MPHOOPOB BO3MOXKHO TAKXKE OMPEACNATh U KOHIEHTPAIHMIO HEHTPAIbHOW KOMIIOHEHTHI, HO JAJISl 3TOr0
Hy’KHa KaJnOpOBKa.

OTnpaBHO# TOYKOH AJIS CO3MAHMS MOJICIIN CBEUSHHS aTMOC(EpHI cTana BEICOKAs! KOPPEILIIH MEXy H3MEpsIeMO
Upxyrckum pagapom HexorepentHoro paccesHus (MIPHP) siextponHO# KoHIEHTpamued Ha BbicoTe 250 KM M
Ha6J1I0/1aeMOi HHTEHCHBHOCTBIO CBEYEHMs Ha [UTHHE BoaHb! 6300 A (puc. 1).

CaeueHune KpacHOM TMHUM aTOMAaPHOT0 KUCIOPOAA Ha 3TOH AJTMHE BOIHBI IPOUCXOIUT B ciioe BeicoToi 200-300 kM
¢ MaKCHMyMOM Ha BbicoTe 250 kM. Bo36yxknennsie aromsl kuciopona O( *D) u3iydaror GOTOHBI C JUTHHO#M BOJHBI
6300 A mpu mepexozne B HeBo3GyxkaeHHOE cocTosHne O( >P). YBenuyeHHe KOJMYECTBA BO3GYKIEHHBIX aTOMOB
MIPOMCXOJIUT B OCHOBHOM TPEMsI CIIOCOOaMHU:

*+  JIMCCONHMATHBHAS PEKOMOMHAINSA HOHH3UPOBAHHEIX MOJIEKYN kucinopona e + 05 = 0( *P) + 0( 'D);
*  CTOJKHOBEHHME C TEIUIOBIMH d1eKTpoHamu e, + O( 3P) — e, + 0( 'D);
*  CTOJIKHOBEHHE C (POTOIIEKTPOHAMH €,y + O ( 3p) > epn + 0( D).

Kak BUAHO, BO BCCX HUX YHYACTBYIOT 3JICKTPOHBI.
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Pucynoxk 1. Koppensamus Mexay 37eKTPOHHON KOHIIGHTpaIuei Ha BeicoTe 250 + 25 kM (CHHSSA THHAA) U
HHTEHCHUBHOCTBIO cBeueHns 6300 A (kpacHble TOUKH).

O6beMHas CBETUMOCTH aTMOchephl Ha aytuHe BoJIHBI 6300 A MoxeT GBITH OnmucaHa Kak:

0,76B1k1[0*][02]
1+(k3[N2)+k4[02]+ks[e])/A1D’

Ve300 =

3
o M
rne kq, k3, ky, ks — koo puIMeHTH YacTOTHI peakiuii B - A;p — xoddduument nepenoca, f; — ixox 0( 'D) u3

peaKuy IUCCOIMATUBHOW pekomOnHamuu [1]. 3HadeHwss koHcTaHT Obumn B3ATHL w3 [1-5]. KonmeHTtpammmn
KOMIIOHEHTOB peakiuil 0butn B3aThl U3 JaHHeIX TPHP u U®II, a Taoke u3 moaeneit IRI u MSIS ¢ HekoTophMU
nonyuierusmu. TeMreparypbl HOHOB Kuciopoga O, monekyn azota N, u kucnopona O, Gpanuck paBHBIMEA. MoHBI
KHCJIOpo/a Ha BbIcOTax mopsaka 250 kM coctaBiasfioT oT 80 mo 95% Bcex MOHOB (puc. 2), MOITOMY, MOXKHO
HCIIONB30BATE ANEKTPOHHYIO KOHIIEHTPAIUIO ISl OTIPEIEIEH s KoHeHTparuu nona 0. TlonyueHHbIe COOTHOIIEHHS
MeXLy CMOJIETHPOBAHHBIMHU SPKOCTAME aTMocdepsl Ha JunHe BonHE 6300 A u msmepennsivu DIT npecTaBiens!
Ha pucyHKe 3. Masble TOBEepXHOCTHBIC SIPKOCTH OOBSCHSIOTCS] TEM, YTO HCIIOJIH30BAJICS TOHKHI M3ITyJalOMni CII0H.
W3-3a pa3muaus MOJIEITBHBIX 3JICKTPOHHBIX TeMIiepaTyp u n3mepeHHsix PHP Habmogaercst pa3HbIid HaKIIOH JTHHUH
TPEH/Ia C MCIIOIb30BaHNEM PaJapHbIX JIaHHBIX U 0e3.
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Pucynok 2. Jlois noHOB aTomMapHOro kuciopona 0% (cepxy), MOJIEKy IpHOTO KHcaopona 05 (1o menTpy)

u okcuma azota NO' cormacuo momenn IRI-2016.
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Pucynok 3. OTHOIEHNE CMOIETUPOBAHHBIX ApKocTeit 6300 A k usmepeHHbIM nETEpdepomerpamu Dadpu-
Iepo. Pa3HpIME 1IBeTaMH TIOMEYEHBI MOJICITH C UCTIOIB30BaHHEM HCXOIHBIX IAPAMETPOB U3 Pa3HBIX
HCTOYHHUKOB.
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PucyHnok 4. MoienibHOE pacrpeie/ieHie KOJIUIeCTBa IEKTPOHOB C BHICOTOW (KPACHBIM) M H3MEPEHHOE
HNPHP (cunum).
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Pucynok 5. OTHOIIEHHE MOJIEIBHOM MOBEPXHOCTHOM sipkocTH 6300 A 1 H3MepeHHOH HHTEHCUBHOCTH
6300 A NOIL.

Wsnyuaromuii cnoii O( D) Henb3s Ha3BaTh TOHKMM (TOJIIMHA TIOPSIKA IECATKOB KMIOMETPOB). {11 yuera 3Toro
Opasicss MHTErpa Mo BHICOTE OT paclpeseNeHus] KOJMYeCTBa 3JIEKTPOHOB IO BBICOTE. PacmpereneHue 3yeKTpOHOB
OBLJIO B3ATO TayCCOBBIM C MaKCUMyMOM Ha BbicoTe 250 kM u mupunoit 50 kM (puc. 4). [lonydeHHOE COOTHOIIIEHUE
U3MEPEHHON HMHTEHCHUBHOCTH CBEUCHMS KpPAacHON JMHUHU KUCIOPOJAa U CMOJCTUPOBAHHOM OOBEMHOH IUIOTHOCTU
M3JIy4eHHUs ToKa3aHo Ha pucyHke 5. Koadduiment [Mupcona cocrasmin 0,731, 4TO TOBOPHUT O BHICOKOH KOPPEIISIIIUA
MO/ICTIBHBIX M HAOJII0JaeMBbIX JIJAHHBIX BhIsIBIIEHA BEICOKAsT KOPPEISILIUSI MEXKy MOJICTIbHOM MOBEPXHOCTHOH SIPKOCTHIO
1 n3MepeHHoi naTepdpepomerpamu Padpu-Ilepo nHTEeHCHBHOCTHIO cBedeHus (koaddunuent [Tupcona 0,731).

Tlomy4eHHbIE pe3y IbTaThl TOBOPAT, YTO MOJEINPOBAHHE APKOCTH CBEYeHHs aTMochephl Ha JuHe BomHb 6300 A ¢
UCIIONIE30BAaHUEM TAaHHBIX MpPKyTCKOTO pagapa HEKOTepEHTHOTO PACCEeSHUS MOXET OBITh HCIIONB30BAHO IS
(hotomerprueckoi kamnOpoBku uHTEpdHepomerpor Dadpu-Ilepo.
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THE STUDY OF KINETICS OF MOLECULAR NITROGEN
IN THE STRATOSPHERE OF TITAN DURING PRECIPITATION
OF GALACTIC COSMIC RAYS

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

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

Abstract. We study the electronic kinetics of molecular nitrogen in the stratosphere of Titan during precipitation of
galactic cosmic rays. The composition of Titan’s atmosphere at the altitudes is considered as the mixture of N»-CHs-
H,-CO gases with admixtures of hydrocarbons. Special attention is paid to the investigation of the role of inelastic
molecular collisions in the redistribution of the excitation energy between different molecular degrees of freedom.
The inelastic intramolecular and intermolecular electron energy transfers during molecular collisions are taken into
account in the calculation of vibrational populations of electronically excited states of N, at the altitudes of the
stratosphere. The important role of electronically excited molecular nitrogen in the production of CH; radicals and H
atoms is discussed.

1. Introduction

Cosmic rays having very high penetration power penetrate deep into the Titan’s atmosphere in comparison with solar
photons and electrons from Saturn’s magnetosphere. The radiation is the main mechanism of ionization and
dissociation processes in the middle and lower atmosphere of Titan (Molina-Cuberos et al., 1999). Galactic cosmic
rays are the source of ionization of the atmosphere at lower altitudes and produce fluxes of secondary electrons in the
ionization processes. Kirillov et al. (2023) have considered the excitation of triplet electronically excited states of
molecular nitrogen by produced secondary electrons at the altitudes of the Titan’s middle atmosphere and the influence
of electronically excited N> on the production of C,H and C,H3 radicals during inelastic collisions with CoH; and C,Hs
molecules.

Kirillov et al. (2017) and Kirillov (2020) have considered the processes of energy transfer from metastable molecular
nitrogen N»(A*%,") to carbon monoxide in the atmospheres of Titan, Triton, and Pluto (as a mixture of No>—CH4~CO
gases). It was shown numerically for the first time that the contribution of N2(A*%,") to the formation of electronically
excited carbon monoxide CO(a’Il) increases significantly with increasing density in the atmospheres of Titan, Triton,
and Pluto, and becomes predominant for the lower vibrational levels of CO(a’Il). Therefore there is very important
role of electronically excited N, on the electronic kinetics of minor component CO and on chemical kinetics in the
upper and middle atmosphere of Titan.

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

2. The production and quenching mechanisms of N; triplet and singlet states
We consider here the excitation of five triplet electronic states

e + No(X'Z",1v=0) — No(A3Z,"v'=0-29) + ¢ (1a)
— No(B3g,v'=0-12) + e (1b)
— No(W3A,v'=0-21) + ¢ (1c)
— Na(BPE, v'=0-15) + ¢ (1d)
— No(CII,v'=0-4) + e (le)
and the excitation of three singlet electronic states of molecular nitrogen
e + No(X!Z"v=0) — Na(a''Z,~,v'=0-17) + ¢ (2a)
— Na(a'TIg,'=0-6) + e (2b)
— No(W'A,v'=0-13) + € (20)
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in the collisions of No(X!'Z,",v=0) with high-energetic secondary electrons produced in the lower and middle
atmosphere of Titan during cosmic ray precipitation. We believe that the rate of the excitation of any vibrational level
V' of the states Y=A%%,", Bl,, W3A,, B®Z,, C°Il, and Y=a"%,", a'll,, w'A, is proportional to the Franck-Condon
factor &}, of the transition X'Z,",v=0—Y,1". The scheme of vibrational levels of triplet and singlet states of molecular
nitrogen is presented in Figure 1.

The electronically excited triplet nitrogen molecules radiate the bands of Vegard-Kaplan (VK), First Positive (1PG),

Wu-Benesch (WB), Infrared Afterglow (IRAG), Second Positive (2PG) systems:

No(A3Z, 5 1) — No(X'Z"v") + hvyk (3a)
No(BII,v") <> No(A3E, v") + hvieg , (3b)
N2o(W3A,,") <> No(B*Ig,v") + hvws , (3¢)
No(BPZy V') > No(BIIg,v") + hvirac , (3d)
Na(C?Iy,v") — Na(B3Ig,v") + hvapg . (3e)

Einstein coefficients for the radiational transitions (3a-3e) are taken according to (Gilmore et al., 1992) in this paper.
The electronically excited singlet nitrogen molecules radiate the bands of Ogawa-Tanaka-Wilkinson-Mulliken
(OTWM), Lyman-Birge-Hopfield (LBH) and MacFarlane (MF) systems:

Na(a"Z ') — No(X'Zg " v") + hvorww , (4a)
Na(a'llg,v") — No(X'Zg"v") + hvign , (4b)
Na(a'llg,V') <> No(a''Zyv") + hvwr , (4¢)
Na(a!Tlg,v") <> No(w!Ay,v") + hvie . (4d)

Einstein coefficients and radiational lifetimes for the radiational transitions (4a) and (4b-4d) are taken according to
(Casassa and Golde, 1979) and (Gilmore et al., 1992), respectively.
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Figurel. The scheme of vibrational levels of N, triplet and singlet states.

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

No(Y,v") + N2 — No(B’IIg,v") + N2, (5a)

No(BIIg,v") + Na — No(¥;v") + Na (5b)
with Y= A3%,", W3A,, B®Z,” and intermolecular processes:

Na(¥") + Na(X1Zg*,v=0) — Na(X'Z,",v*>0) + No(ZB ") (62)

Na(BIIe,') + Nao(X'Z,*,v=0) — Na(X'Z,",v">0) + No(Z,B ") . (6b)

No(CITuv') + Nao(X'ZgF,v=0) — Nao(X'Z,",1"20) + No(Z,B 1, C*TL;v") (6¢)

with Y and Z = A3Z,", W3A,, B®Z, for the inelastic collisions with Ny molecules (Kirillov, 2023). In the case of the
singlet states of molecular nitrogen we consider the following intramolecular processes:
Nao(Y,»") + N2 — Na(a'llg,v") + N2, (7a)
Nz(a‘Hg,v') + N2 — No(Yv") + Na (7b)
with ¥ =a''%,", w'A, and intermolecular processes:
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No(Y»") + No(X'ZgF1v=0) — Na(X'Z,",v">0) + No(Z,a'TIgv") , (8a)
Na(a'Tlg,v') + No(X'Zg",v=0) — No(X'Z,",v">0) + No(Z,a'TIgv") . (8b)

with Y and Z = a"'S,~, w'A, for the inelastic collisions with N, molecules. The quenching rate coefficients for the
processes (5a,5b,6a-6¢) and (7a,7b,8a,8b) have been calculated by Kirillov (2016, 2019) and by Kirillov (2011a,
2011b), respectively. We apply here the calculated constants in those papers.

Also at the altitudes of the lower and middle Titan’s atmosphere it is necessary to take into account molecular
collisions with CH4 molecules. The interaction

Na(A’Z, " v'=1-6) + CHy — Nao(A3Z, " v"=v'-1) + CHy (9a)

is the dominating mechanism of the inelastic interaction for vibrational levels v>0 (Kirillov et al., 2023). The
electronic quenching by CH4 with the transfer of the excitation energy on the methane molecule with the dissociation
(Sharipov et al., 2016)

No(A3Z, " v'=0) + CHs — No(X'Z,",v") + CH; + H, products (9b)

is considered here as the quenching mechanism for vibrational level v'=0.
Piper (1992) has studied the quenching of Ny(B*II,v'=1-12) by CH4 molecules. Therefore we suggest for the
quenching

No(B3TIg,v") + CHs — No(X'E,"v") + CH; + H , products (10)

with an averaged rate constant k10=2.8-1071% cm®s! for all v'=1-12 vibrational levels of the B*I], state and the energy
transfer process (10) can cause the excitation of repulsive states of CH4 with the dissociation of methane molecules.
The same is suggested for the inelastic collisions:

Na(Y,v') + CHy — No* + CH;3 + H , products (11)

where Y= W3A,(v'=1-21), B3Z, (v'=0-15), C3I1,(v'=0-4); N>* means electronically and vibrationally excited nitrogen
molecules and k11=kio. The quenching rate coefficients kio=k11=2.0-10"!! cm’s™! of the processes (10) and (11) for the
N2(B3TI,,v'=0) and No(W3A,,v'=0) states are taken according to Umemoto (2003).

Piper (1987) and Umemoto et al. (2002) have studied the quenching of Nx(a''Z,~,v'=0) by CH4 molecules. Both
results of measured rate constant showed good agreement, therefore we suggest to take k1,=2.9-107'° cm?®s™" according
to (Umemoto et al., 2002) for the collisions of “ungerade” electronically excited states

Na(a''Zy, wlA,,v'>0) + CHs — No(X'Z,"v") + CHs + H , products. (12)

Marinelli et al. (1989) have studied the quenching of Nx(a'Tly,»'=0) by CHs4 molecules. We suggest to take
k15=5.2-1071° cm’s™! according to (Marinelli et al., 1989) for the collisions

Na(a'llg,v'>0) + CHs — No(X'E,"v") + CH; + H , products. (13)

Kirillov et al. (2017) have shown very important role of inelastic collisions with CO molecules in the upper Titan’s
atmosphere for lowest vibrational levels of the A3X," state. Therefore we take into account the collisions

No(A3E, V) + COXIEF,v=0) = No(X'E,",v">0) + CO(a’T,v") (14)

with the rate coefficient according to (Kirillov, 2016; Kirillov et al., 2017). We neglect collisions with hydrogen
molecules because the concentrations [Hz] are much less than [CH4] (Bezard et al., 2014; Vuitton et al., 2019) and the
quenching rate coefficients for most Ny states are of the order of gas-kinetic values. The collisions of N2(A3Z,") and
H; have very small values of the quenching rate coefficients (Herron, 1999). Therefore we take into account only the
collisions (14) with CO molecules.

Since the concentrations of minor atmospheric components at the altitudes of the lower, middle and upper Titan’s
atmosphere are significantly less than concentrations of N», CHa4, H, and CO (Bezard et al., 2014; Vuitton et al., 2019),
in the first approximation we can be consider the collisional part of electronic kinetics of N2 molecules in the frames
of NNy, N>*~CH4, N,"~H,, N»"~CO collisions, where N, means electronically excited nitrogen molecules.

3. Vibrational populations of electronically excited N; in the Titan’s middle atmosphere

To calculate vibrational populations N of the A’Z,", B3I, W3A,, B®Z,, C3I1, triplet states we apply the equations
from (Kirillov et al., 2023). To calculate vibrational populations N of the a"'Z,", a'Tl,, w'A, singlet states we apply the
following equations

175



The study of kinetics of molecular nitrogen in the stratosphere of Titan during precipitation of galactic cosmic rays

YQ(;\:,Y+ZA N zk*ay zk**zy

Z=a"\a,wy" (]53)
:{Z AL+ A+ TROVIN, 1 RN, ]+ 2,810 [CH ]}
v v Z=a',a,w;v"
”qéi”+ZA N, kaN [N]+zk** - N]+zk**i‘”vzv 1=
(15b)

:{Z AL+ KN +Zk**” +Zk*"i“l N,1+52:10° ‘O[CH4]}N
Y Yo"

where Y=2a''S,", w'Ay; QY, 07 are production rates of the Y-th, a'Tl, states, respectively; 4 are spontaneous radiational
probabilities for the transitions (4a-4d); k" and ™ mean the constants of intramolecular and intermolecular electron
energy transfer processes, respectively; A*Yis equal to radiational probability for Ogawa-Tanaka-Wilkinson-Mulliken
bands in the case of the a''S,~ state (Casassa and Golde, 1979) and A*},,=0 for the w'A, state.

We assume in our calculations that methane and carbon monoxide concentrations are related with N> concentrations
by the ratios [CHs] = 1.5-10%[Nz] and [CO] = 5:107:[Ny] (Bezard et al., 2014; Vuitton et al., 2019). The altitude
profiles of calculated ionization rates in the lower and middle Titan’s atmosphere during the interaction of cosmic
particles with atmospheric components have been presented by Molina-Cuberos et al. (1999), Vuitton et al. (2019).
We choose the altitude profile of N, ion production rates according to Fig.18 by Vuitton et al. (2019) in our
calculations.

The ionization rate /(#) (cms™!) at a given altitude / of the Titan’s atmosphere can be expressed as

10E

I(h) = - (h) (16)

where OF is the mean energy loss in the atmospherlc layer Ox at depth x (g-cm™2), i = 37 eV is the average energy
necessary for the production of an ion pair in pure nitrogen (Fox et al., 2008). The method of degradation spectra (Fox
and Victor, 1988) was applied in the calculation of average energies ¢ necessary for the excitation of N, triplet states
by produced energetic secondary electrons in pure nitrogen in the processes (la-1e).

4. The calculated contribution rates of electronically excited N; in the production of CHj3 radicals

We will consider here the influence of the interaction of electronically excited nitrogen molecules with methane
molecules on the dissociation of the target molecules and the production of the CHj3 radicals. To compare the
contribution by electronically excited nitrogen molecules with the contribution by the cosmic rays we assume in the

. . . . a .
calculations that the cosmic ray energy loss on some minor atmospheric component (MAC) (5) at the altitude 4
MAC

is related to the total energy loss Z—i by the ratio

o _0E | [MAC|(h)
(a)MAC (h) = ox (n) [N2](h) ° an

where [MAC] and [N] are concentrations of minor atmospheric component and molecular nitrogen.

The results of the calculations of CH3 and H production rates at the altitudes 50-250 km are shown in Figure 2.
Contributions of the A3%,", B3Iy, W3A,, BZ,, C*I1, triplet states and the singlet a''Z,", a'Tl,, w'A, states in inelastic
molecular collisions (9b, 10-13) and the contribution of direct production by energetic secondary electrons

e+CHs—>CH;+H+e (18)

according to (Vuitton et al., 2019, Fig.18) are presented in Figure 2. The yield for the production of H atom and CH3
radical for the collisions of N»(a''Z,”,v=0) metastable nitrogen with CHs molecule was determined to be 0.7+0.2 by
Umemoto et al. (2002). We have taken the value f=0.7 for the production yield of CH3+H in the reactions (9b, 10-13).

To estimate the average energy necessary for dissociation of methane molecules we can use the averaged energy for

production of an ion pair in methane £3%4,=31 eV (Fox et al., 2008). We apply the relation 64%%/'* ~1.1 from the data

P
for the electron energy £=100 eV by Erwin and Kunc (2008), therefore we suggest & CZS4 =28 eV in our calculations.

If to suggest in the calculations that the production of CH3 radical and H atom is the main exit in the dissociation
process (18) so we receive good agreement with the profile by Vuitton et al. (2019) presented in Figure 2. In fact the
authors of (Erwin and Kunc, 2008) have shown that other production channels are significant in the inelastic
interaction of high-energetic electrons and methane molecules, so we consider the calculated production rate of the
process (18) as an upper limit.
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Figure 2. The calculated CH3; and H production rates at the altitudes 50-250 km. Left panel: contributions of
the A’Z,*, B3I, W3A, , B2, CI, states are shown as red, blue lines, circles, triangles and brown line,
respectively; the sum of the contributions is black line. Right panel: contributions of the a''Z,, a'Tl,, w'A,
states are shown as orange, green lines, squares, respectively; the sum of the contributions is black line. The
production in the process (18) according to Vuitton et al. (2019) is dashed line in left and right panels.

We see very important role of the considered processes (9b, 10-13) in the production of H atom and CHj3 radical at
all considered altitudes from 50 km to 250 km of the Titan’s middle atmosphere. The contributions of Ny triplet and
singlet states exceed the contribution of the process (18) according to (Vuitton et al., 2019) at the maximum of N, ion
production at the altitude ~A~70 km by 16 and 6 times, respectively. Nevertheless, it must be emphasized that in the
our calculations we have applied the results by Umemoto et al. (2002) for the Na(a' Z,~,v=0) molecule to other triplet
and singlet states assuming the transition of the CH4 molecule in an excited repulsive state followed by the dissociation
of the target molecule.

5. Conclusions

The electronic kinetics of A3X,", B*I1,, W3A,, B®Z,, CI1, triplet and a''%,", a'll,, w'A, singlet states of N in the
Titan’s middle atmosphere during the precipitation of cosmic rays is considered. Intramolecular and intermolecular
electron energy transfers in inelastic collisions of electronically excited molecular nitrogen with N,, CHs, CO
molecules are taken into account in the calculations. The interaction of electronically excited N, molecules with
methane molecules in the Titan’s middle atmosphere at the altitudes of 50-250 km is studied. The calculations indicate
very important role of the considered processes (9b, 10-13) in the production of H atom and CHj3 radical at all
considered altitudes from 50 km to 250 km of the Titan’s middle atmosphere. The contributions of N triplet and
singlet states exceed the contribution of the process (18) according to (Vuitton et al., 2019) at the maximum of N ion
production at the altitude 4~70 km by 16 and 6 times, respectively.
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Abstract

We present data continuous series of microwave observations middle atmosphere ozone in winter 2022-2023 above
Apatity (67N, 33E). Measurements were carried out with the help of mobile microwave ozonemeter (observation
frequency 110.8 GHz). The instrument allows to measure a spectrum of the emission ozone line for time about 15 min
with a precision of ~ 2%. On the measured spectra were appreciated of ozone vertical profiles in the layer of 22 — 60
km which were compared to satellite data MLS/Aura. The minimal amplitude of the diurnal cycle mesospheric ozone
(60 km) was registered in polar night 2022 — (1.06+0.02). The amplitude of a diurnal cycle represents of relation night
to day ozone concentration (altitude 60 km).

Microwave ground-based equipment used in the experiment

Method ground-based microwave radiometry is based on measurements of thermal atmospheric radiation in vicinity
the ozone line in the range of millimeter and submillimeter waves. Microwave observations are weakly dependent on
weather conditions and the presence of atmospheric aerosols, and this is an advantage compared with observations in
the optical and infrared wavelength ranges. In addition, the microwave ozone observations can run around the clock.
In recent years it is managed to make a significant step forward towards the creation of a new generation of mobile
microwave spectrometers. The device consists of an uncooled heterodyne receiver tuned to a fixed frequency
110836.04 MHz corresponding to a rotational transition of ozone molecules 696 — 615, and multichannel spectrum
analyzer. In front of receiver is s module that includes an antenna (scalar horn) and a switch to calibrate accepted
intensity of atmospheric ozone radiation. Information about the content of the ozone is contained in the measured
radio emission spectrum of the middle atmosphere. The error of estimating the vertical distribution of ozone from the
measured spectra by above described device does not exceed 10-15%. A detailed description of the spectrometer and
the method of measuring ozone of the middle atmosphere in the millimeter wavelength range are given in [1, 2].

The results of observations and discussion

Microwave measurements of middle atmosphere ozone in Apatity were performed for winter season 2022 — 2023. It
is necessary to note, that the given cycle of winter measurements were executed within the framework studies of
variability of mid-atmospheric ozone in polar auroral latitudes during sudden stratospheric warming (SSW) and polar
vortex. The previous microwave observations of mid-atmospheric ozone were performed for of 2017 — 2018, 2018 —
2019, and 2019 — 2020 winters [3].

These observations were executed during the minimal solar activity — 24-25 cycles. For a better understanding of
the nature of ozone variations, it is necessary to have a data of temperature changes at attitudes of the middle
atmosphere. Temperature changes indicate the influence of the polar vortex and 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 two winter seasons are given for temperature
measurements at flights over Apatity by the MLS/Aura satellite instrument at a level Of 10 hPa, which approximately
corresponds to an altitude of 30 km. Changes of temperature for these seasons practically do not differ from each
other. So the mean temperature from 26.11.2017 till 20.01.2018 had value (193.4+0.32) K, and from 07.12.2022 till
20.01.2023 had value (191.8+0.8) K. The maximal values of temperature for winter of 2017-2018 was achieved 16.02.
(duration week), and for winter of 2022-2023 19.02. (duration three days). Thus, sudden stratospheric warming these
winters has taken place in middle of February. Changes of thermal structure of a middle atmosphere within these two
winters were almost identical, and as we shall see further, that variations of ozone of an average atmosphere at different
high-altitude levels (from a bottom up to top) were completely unequal.

In Figure 2 of ozone density at altitude 60 km which were received from continuous microwave observations in
December 25, 2019, 2021 and 2022 with temporal resolution 15 min are shown. In a figure quasi-periodic changes of
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mesospheric ozone with one or two maxima during round the clock are shown. The variability mesospheric ozone (60
km) which, probably, are caused by planetary waves, lay in limits from 4-10% mol/cm? up to 6-10% mol/cm?. Thus,
variability of ozone within day made almost 50 %. The last winters 2017-2018 and 2018-2019 in December over the
Kola Peninsula was inside the strong polar vortex. It is possible that this behavior of ozone at an altitude of 60 km is
connected precisely with this phenomenon. So there is a strong variability of ozone during the day for December 28,
2017. The increase in the concentration of O3 from noon to night was almost 100%, which significantly exceeds the
amplitude of the diurnal variation. The ozone concentration at a minimum, when averaging from 11:48 to 13:32
Moscow time, was (3.6310.12)-10% mol/cm?, and at the maximum from 21:00 to 22:27 Moscow time was
(7.19£0.27)-10% mol.cm®. On this day, the geomagnetic situation was low activity. It follows from recent model
calculations that solar proton events and precipitation of auroral electrons can cause polar ozone variability by 12 —
24% in the mesosphere and by 5 — 7% in the middle and upper stratosphere [6-8].

\ ' \ ‘
Apatity (67N, 33E)

Winter 2017-2018
280 — —

Winter 2022-2023

Temperature (10 hPa), K

200

L ‘ 1 ‘ 1
20-Nov 10-Dec 30-Dec 19-Jan 08-Feb 01-Mar 21-Mar

Days from November, 1 till March, 31

Figure 1. The time course of the temperature at the level 10 hPa above Apatity according to MLS/Aura for

winter seasons: black solid thick line, November — March 2017 — 2018; red line, December — March 2022 —
2023.
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Figure 2. Diurnal variations of mesospheric ozone density (60 km) from MM-measurements in December 25,
2019 (black line), 2021 (blue line) and 2022 (red line) during polar night. Besides in figure the ozone content
in a middle atmosphere Xo3(h>22km) for the listed days is given.
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Table presents daily ozone variations at the altitude of 60 km over Apatity during the polar night from December
13, 2022 up to December 27, 2022. At 60 km, the ozone variability is controlled by both the photochemical processes
that are determined by the sunrise and sunset and the dynamic processes that are with the sudden stratospheric warming
and the polar vortex. How is it possible to distinguish an amplitude of diurnal ozone variations that are determined by
photochemical processes. The authors propose to take the mean ozone values for the time intervals of 10:00 — 14:00
(noon) and 22 — 02:00 (midnight) and to consider the value of their ratio as the amplitude of diurnal variations. The
least amplitude of a daily course mesospheric ozone was registered in December 2022 — (6 £ 2)%. The average
amplitude of the daily variation for December 2017 is 23%, for December 2018 it is 26%, and for December 2019 it
is 11% [3].

Table
Diurnal variations of mesospheric ozone concentration, (mol/cm?) on altitude 60 km during the December 2022

10:00 — 14:00 22:00 - 02:00

(4.49+0.12)-10”

13.12.2022 (4.77£0.17)-10%
14.12.2022 (4.16£0.10)-10%

(4.78+0.15)-10%
15.12.2022 (4.59+0.27)-10%

(5.270.24)-10%
16.12.2022 (4.30£0.10)-10%

(4.5140.12)-10%°
19.12.2022 (4.33£0.14)-10%

(4.00£0.11)-10%°
20.12.2022 (3.67£0.15)-10”
24.12.2022 (4.45£0.10)-10”

(5.07+0.06)-10%°
25.12.2022 (4.73+0.09)-10%

(4.67+0.06)-10%
26.12.2022 (4.4620.07)-10%

(4.530.09)-10%°
27.12.2022 (4.400.12)-10%

average (4.3840.09)-10" (4.6610.13)-10" (6£2)%

Conclusion

e The ground-based measurements over Apatity in several last winters revealed significant changes in mesospheric
ozone registered during the period when the study region was within the polar vortex area and during the sudden
stratospheric warming.

e The variability of mesospheric ozone (at altitude of 60 km), which occurs due to the photochemical processes, can
be significantly lower than ozone variations caused by the atmospheric dynamics: the polar vortex or the SSW.

e The minimal amplitude of the diurnal cycle mesospheric ozone (60 km) was registered in polar night 2022 —
(1.0620.02).
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WH®PAKPACHOE CBEYEHUE OKHUCH A30TA B CPEJTHEN
ATMOCO®EPE 3EMJIN BO BPEMA GLE69

A.C. Kupunos', B.B. Benaxosckuii!, E.A. Maypues?,
10.B. Bana6un', A .B. I'epmanenxo!, B.B. I'so3nesckmii!

Tonapuwiii 2eopuzuueckuii uncmumym, Anamumot, Mypmarnckas obnacme
2Uncmumym 3emno20 MazHemusma, UoHocgepsl u pacnpocmparnenus paouosoan um. H.B. Ilywkoea
PAH, Mockea, Tpouyk

AHHOTAIINA

PensTUBHCTCKHME BHEPreTHUECKHE IIPOTOHBI OOHApPYKMBAIOTCS HA3€MHBIMH HEHTPOHHBIMH MOHHTOPAMH,
pasMEIIEHHBIMH B MOJSIPHBIX 00NacTsX. Vcnomb30BaHWE [aHHBIX CETH HEUTPOHHBIX MOHHUTOPOB IIO3BOJISIET
OTIPEIETISITH CIIEKTPBI BHICOKOYHEPTUYHBIX IIPOTOHOB, BEIOpAckIBaeMBIX B aTMoc(hepy 3emun Bo Bpems Ground Level
Enhancements (GLE). B Hactosmeit padote paccMOTpeHBI MEXaHU3MBI 00pa30BaHUA KOJIeOATEIbHO-BO30YKICHHBIX
MoJeKyJ okuch azota NO Ha BBICOTaX cpeaHei aTMocdepbl 3eMin IPH BHICHIIIAHUH BBICOKO3HEPTHIHBIX ITPOTOHOB.
Pacuets! cnenanst 111 cobbiTHst GLE69 (20.01.2005). OcHOBHBIE pe3ybTaThl STUX PACYETOB COCTOST B CJICAYIONIEM.
IIpoBenen pacueT KonebarenbHbIX 3acenennocteit NO(X?I1,v=1-20) Bo Bpems cobbitust GLE69 Ha BeIcOTax cpeaHeit
atMocQepbl, [oka3zaHo, 4TO XMMHUYECKAs PEAKIUs METaCTaOWILHOTO aToMapHoro azora N(?D) ¢ MoJeKyJIApHBIM
kucioponoM O; SBISETCS OCHOBHBIM MEXaHW3MOM O0pa3oBaHMsl KoJeOaTelbHO-BO30YXKICHHBIX MOJIEKYJ OKHCH
azora NO(X?I1,v>0) u usnydenus 5.3 MxkM u 2.7 MKM HHQppakpacHsX 1ojoc NO Ha BBICOTaX MOTEPH SHEPTUH
BBICBITIAIONINXCS MPOTOHOB. (CBedeHWe MAaHHBIX HMHQPAKPACHBIX IOJOC MPOHCXOAWUT TIIPU  CIIOHTaHHBIX
OJTHOKBAHTOBHIX Av=1 H IBYXKBaHTOBBIX AV=2 Iepexoaax B KojeOaTeIbHO-BO30YKICHHOW MOJICKYIIe NO(X?IL,v>0).
PaccuntanHble MHTEHCHMBHOCTH M3JIy4eHHs 5.3 MKM CPaBHHBAIOTCS C SKCHEPHMEHTAIBHBIMH JIaHHBIMH HpHOOpa
SABER TIMED, nonyuyenusiMu Bo Bpemsi GLE69 20 suBaps 2005 r. CpaBHEHUE MOKA3bIBAET, UTO pacCUMTaHHbIE
WHTEHCHBHOCTH 00BEMHOTO M3ITyYEHHS MIPEBBIMIAIOT SKCIIEPUMEHTAILHBIC 3HAUCHHSI.

1. BBenenne

CoJHevHbIE MPOTOHBI, MPOHHUKAIONIKE B arMocdepy 3eMir, XapakTepU3YITCsS KaK MSITKUMU SHEPreTH4eCKUMHU
CHeKTpaMH (PHEPrHU TOpsAKAa HECKOJIbKHX JECITKOB M COTeH M»3B), Tak M peNsITUBUCTCKUMH DHEPrHSIMHU.
PensTMBHCTCKHE BBICOKOAHEPTHMYHbIE NPOTOHBI OOHAPYKMBAIOTCSI HAa3eMHBIMH HEHTPOHHBIMH MOHHUTOPaMH,
pa3MelIeHHBIME B TOJSIpHBIX obOmactsx, kak Ground Level Enhancements coOwitus (coobrtust GLE). Ilpm
MIPOXOX/ICHUH Yepe3 BEpXHHE, pa3pekeHHbIE, CJIOM aTMOC(ephl IPEBANNPYIONIUM IPOLECCOM SIBISETCS HOHU3AINS,
pudeM HanmOollee aKTUBHBIMH 37IeCh SIBIISIOTCS YacTUIlB! ¢ 3Heprueid 10 1 [B. [Ipu goctmxkernun Boicotsl 10-30 kM
HaJl ypOBHEM MOps Bce 0oJiee BEPOSTHBIMHM CTaHOBSATCS HEYNPYTHe COyAApeHHs C siApaMH aTOMOB Bo3ayxa (B
OCHOBHOM YacCTHIIHI ¢ 3Hepruei 6onee 1 3B ¢ azotoM u kucnopogom) (Jopman, 1975; lupoxos u FOoun, 1980). B
pe3ysbTare SAEPHBIX B3aMMOJEHCTBHN BO3HMKAIOT KACKaJbl BTOPUYHBIX YAaCTHIl Pa3JIMYHOTO COPTa, YCJIOBHO OTY
PeaKIuio MOYKHO BBIPa3UTh uepe3 GopMyITy reHepaliiy YacTHIL:

nucleon + air > p+n+n-+a’ + k* +k°, (1)

i€ p — IPOTOHEL; N — HEUTPOHLI; T, T° — nuonsr; k*, k® — kaoHsI.

KonebarenpHo-B030y)neHHBIe MONEKyasl NO 3¢hdekTuBHO 00pa3yroTcs Ha BBICOTaX BEpPXHEH M cpemHen
aTMocdepsl M MOTYT WTpaTh OY€Hb BAXHYIO POJb B MH(PAKPACHOM paJHAIlIOHHOM OaiaHce aTMocdepsl 3emin
(Lopez-Puertas and Taylor, 2001; Funke et al., 2012). Kpome Toro, HeueTHBIH a30T 3¢ ¢peKTHBHO 0Opaszyercst B
BEPXHUX CJOSIX aTMocepbl INpH aBpOpalbHBIX BBHICHINIAHMAX M B cpexHeld aTMmocdepe mpu BBICHIIAHUU
BBICOKODHEPIeTHYECKUX MPOTOHOB HJIM IPU MMITYJIBCHBIX pa3psiiaX, CBS3aHHBIX CO CIIPAHTOBBIMH CTPUMEpPaMH.
KoHnenrpanun oxcpaa a3oTra MOTYT MOBBIIATHCSA, OKAa3blBas CYIIECTBEHHOE BIMSHHE Ha XUMHYECKHH |
panuanoHHbIH OanaHc MOJIIPHON BepXHel u cpenueit armocdepsl. Sentman et al. (2008) u Gordillo-Vazques (2008)
NoKasanu yBenuieHne KoHueHtpauu NO B cpenHell atMocdepe moj BosnelicTBueM crpaiitoB. Kockarts (1980),
Caledonia and Kennealy (1982), Gordiets et al. (1982), Sharma et al. (1996), Kirillov and Aladjev (1998), Mlynczak
et al. (2003), Winick et al. (2004), Campbell and Brunger (2007), Venkataramani et al. (2016), Bouziane et al. (2022)
HCCIIeIOBAIM MEXaHU3MBI 00pa30BaHus W THOEIH KoJIeOaTeIbHO-BO30Y X AeHHBIX MoJeKysl NO Kak JUisi CIOKOWHOM
aTMoc(epsl, Tak U U BO3MYIICHHOH BBICBIIAaHUSAMH BBICOKORHEPreTHIeCKHX JacThn. Oco0oe BHUMAHUE B CTAThIX
OBIIO yHelieHO HH(ppaKpacHOMY H3IydeHWI0 5.3 MKM W 2.7 MKM MOJEKYJ OKCHIA a30Ta, H3JIy9aeMbIX TNpHU
CHOHTAHHBIX MEpeXo/ax.
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NO(XI1,y>0) — NO(X?I,v'=v-1) + hvs 3 , (22)
NO(XLy>1) — NOCCILY=v-2) + hva7 , (26)

rae X[ — OCHOBHOE COCTOSIHHE MOJIEKYJIBI OKCHIA a30Ta. B aTux paGoTax GbUIO MOKA3aHO, YTO MHTEHCUBHOCTH
uH(pakpacHOro M3Iy4eHUs B CIEKTpe arMoc(epbl yYBEJIMYMBAETCS IPU  BO3MYLIEHHUH aTMoc(epsl
BBICOKOHEPreTUYECKUMU YaCTULIAMH.

2. MexaHu3Mbl 00pa30BaHHs M MOTePb K0J1e0aTeIbHO-BO30YKAEHHOT0 OKCH/IA a30Ta B CPeIHel
arMocdepe NpU NPOTOHHBIX BHICHINAHUSX
KonebarenpHo-B030yx)neHHBIEe MONEKYIBI NO 3¢ (hekTHBHO M3MydatoT HHQpaKpacHbIe SMUCCHU Ha JITMHAX BOJH 5.3
MKM ¥ 2.7 MKM, U pacdeT MHTCHCUBHOCTEH MH(PAKPACHOTO M3ITYyUCHUS OKHCH a30Ta B aTMocgepe TpeOyeT 3HaHUs
OCHOBHBIX MexaHu3MoB 06pazoBanuss NO(X?I1,1>0) U KBaHTOBBIX BHIXOJIOB B PEAKIMAX 0OPa30BaHUs PasIHUYHBIX
konebaTenbHbIX ypoBHeH Mosiekyal NO. Taxxke HeoOXOIUMO Y4YUTHIBATH BCE IPOLECCH MOTEPh, BKIIOYAS
CIIOHTaHHBIE M3JIy4YaTesIbHbIC MEepexXo/ibl U KOJeOaTeNbHYI0 PElaKkCalyio IPH HEYNPYTHX CTOJKHOBEHUSX MOJIEKYII
NO ¢ apyrumu KOMIIOHEHTaMH aTMOC(EpPHI.

[lepBUYHBIC HCTOYHHUKH KOJICOATEILHO-BO30Y K ICHHOH MoJieKysibl NO B BEpXHHUX CIIOSIX aTMOC(Ephl 00CYKIATNUCH
B cienyroniux padorax (Kockarts, 1980; Caledonia and Kennealy, 1982; Gordiets et al., 1982; Sharma et al., 1996;
Kirillov and Aladjev, 1998; Mlynczak et al., 2003; Winick et al., 2004; Campbell and Brunger, 2007; Venkataramani
et al.,2016; Bouziane et al., 2022). Llensto 3THX paboT OBLIO H3yYEHHE MEXaHIU3MOB, OTBETCTBSHHBIX 32 00pa3oBaHHe
NO(X?I1,y>0) B BepXHHX CIIOSX aTMOc(epbl M HHPPAKPACHOE M3IyICHHE OKHCH a30Ta, PHIEM KaK B CHOKOWHBIX
YCIOBUSIX, TAaK ¥ BO BPEMsI BBICHIIIAHNS aBPOPAILHBIX YaCTHUII.

OCHOBHBIME MexaHu3MaMH o6paszosannsa NO(X?ILv) B cmecu N2 u O, IpH BEICOKO#M HOCTYNIATENBHOI TEMIIEPATYPE
W TPU BBICHIMAHMUSAX BBICOKODHEPIMYHBIX YacCTHI[ B BepXHIOIO aTMmocdepy siBisercs TV-nepeHoc sHepruu npu
TEIUIOBBIX CTOJIKHOBEHHSX C aTOMaMH KHCIOpOa

NO(X2II,v=0) + O — NO(XIL,y>0) + O (3)

1 XUMHUYCCKUE pCaKIUU HeB036y>I<JleHHOFO nu MeTaCTaGI/IHLHOFO aTOMAapHOIo a3oTa ¢ MOJICKYJIAPHBIM KUCJIOPOAOM
N(*S) + 0, — NO(X?I1,») + O, (4a)
N(D) + 0, — NO(X1,v) + O, (46)
N(CP) + 0 — NO(X?II,v) + O, (48)

rae atromsl N(*S,?D,?P) 00pa3yroTcsi B OCHOBHOM IIPH JUCCOIMAIIMN ¥ JUCCONMATHBHON MOHHU3AIMA MOJIEKYN N> 3a
CYET CTOJKHOBEHHS C aBPOPATbHBIMH YaCTUIAMH M BTOPUYHBIMHU 3JIEKTPOHAMH WM B HOHHOM IIMKJIC aBPOPaJIbHON
noHocdepsl. [IockoIbKy KOHIIEHTpauK aTOMApHOTO KUCIOPO/ia B CpeiHeH aTMoc(epe UMEIOT HU3KUE 3HAUSHHUS, TO
nponeccoM (3) MOKHO IIpeHeOpedh IPH pacdeTe CKOPOCTel 06pa3oBaHms KojlebaTenbH0-Bo30yxaenaoro NO(XII)
Ha JaHHBIX BBICOTax armocdepbl. Takke KOHCTaHTa CKOPOCTH Tporecca (4a) HMMeeT SKCHOHEHIMAIbHYIO
3aBUCUMOCTb ksa~exp(—3220/T) ot Temnepatypsl armochepst T (Burkholder et al., 2015), a Temmiepatypa Ha BBICOTax
cpenneii atmocdeps! Haxomutes B npenenax 200—260 K. [Toaromy ckopocTu peakiuu (4a) UMEIOT Majble 3HaYCHUsI
Y B JAaHHOM BBICOTHOM JIMaIla30HE HMH MOKHO NpeHeOpeyb.

Tamenue KoneGaTenpHO-BO30Y)aeHHOr0 okcuaa azora NO(X?II) Ha BeICcOTax cpemauell aTMOC(EPHI TIPOUCXOTUT
Kak NpH M3ITy4eHUH HHPpaKpacHbIX aMuccuit 5.3 u 2.7 MkM (mipouieccsl (2a) u (20)) (Rawlins et al., 1998) nnn npu
HEYIPYTUX CTOJIKHOBEHUX ¢ Mostekynamu O, (Hancock et al., 2006)

NO(XALy>0) + 05 — NOCXILy'=v-1) + Oy(v=1) (5)

C TEPEHOCOM DHEPTMH KOJEOATENBHOro BO30OYKIEHMs U oOpazoBaHueM Mosekynbl Ox(X’L,) Ha nepom
KoJsie0aTenbHOM YpoBHE v=1. MBI IpUMEHSEM 3/1eCh BEpOSATHOCTH Iepexosia u3 padotsl (Rawlins et al., 1998) nns
U3JTy9eHus HHPPaKPaCHBIX MoNoc 5.3 MkM U 2.7 MkM (2a,6) 1 ko3dpuuuenTs ckopocteii ramenus NO(X?I1,1>0) B
nporecce (5) cornacHo (Hancock et al., 2006).

3. PaccunTannbie Kosedareabublie HaceaeHHocT mosekya NO(X2II) Bo Bpemsi coobiTust GLE69

20 smBaps 2005 1. BceMHupHas CeTh HEHTPOHHBIX MOHHTOPOB 3aperHCTPHPOBAjla YBEJIMYCHHE IIOTOKOB
BBICOKOHEPTHYHBIX dacTHIl (eil 6511 mprcBoeH HoMep GLE6Y), BbI3BaHHBIE COTHEYHBIMH KOCMHYECKUMH JTy9aMu
(CKJI). On oxasaincs BTOpbIM 110 3adukcupoBanHoi ammutyae. Toiasko GLEOS (23 depans 1956 r.) 6611 Oonee
MOIIIHBIM, YeM coObiTne GLE69.

Cob6biTne GLE69 mpounzonuio ot Bembimku 2B/X7.1 ¢ koopnunatramu N14W61. Benbimka conpoBoskaanach
panuosciieckamu II u IV Tunos, koTopsle ABISIOTCS MHAUKATOpPaMU yCKopeHus dacTul. Hauano paguonsiaydenus
II tuma (BeposiTHbIE MOMeHT reHepanuu penstuBuctckux CKJII) Obuto 3aperucrpupoBano B 06:44 UT, a CKII
nocturim 3emin B ~06:53 UT. Cobertnie GLE69 Ha cBoeit HauanpHOU (Da3e XapakTepH30BaJloCh OYCHH OOJBIION
aMIUTUTYI0H yCUIIEHHS ¥ UMEJIO O4Y€Hb CHIIbHYIO CEBEPHO-IOJKHYIO aHU30TPOIHIO B penaTuBucTcKoM notoke CKIL
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A.C. Kupunnos u op.

B nmanmnoit pabore MbI paccmarpmBaeM coOwsitHe GLE69, koTopoe compoBOXIanoch yBETHYSHHEM CKOPOCTH
o0pa3oBaHuUs HOHHBIX mMap Ha BeIicoTax oT 0 mo 80 kM. [l pacuera nponnkHoBeHnss CKJI gepe3 atmocdepy 3emm
ucnoinb3yercs naket papaborku nporpamm GEANT4 [Agostinelli et al., 2003], ¢ moMoup0 KOTOPOTO CO3JIAFOTCS
cootBeTcTBYIOImMe Moaenu. [Iporpammusiii kommiekc RUSCOSMICS paspaGoran B [MoxspHoMm reodusnueckom
WHCTUTYTE U onucaH B padote [Kirillov et al., 2021].

80 —rrrgr—rrr—rrmrm—rrm 80 — :
70} 1 70} -
s 60| {s 60} -
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g 50| 18 sof i
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CKopocTb NOHOOBpa3oBaHusi, cM3c! Temnepatypa, K

Pucynok 1. Paccuntannsre ckopoct HoHOOOpa3oBaHus Ha BeIcoTax 20-80 kM cornacHo [Kirillov et al., 2021]
u mpoduis Temneparypsl corimacHo MSIS-90 monemn.

Paccunrannbie ckopoctu obpazoBarus noHOB B 08:00 UT 20 staBaps 2005 1. Ha BeicoTax 20-80 KM M0 JaHHBIM
[Kirillov et al., 2021] nokazansl Ha puc.l. TemmeparypHsiii npoduns cpexHeit atMocdeps! mo gaHHBIM MSIS-90
(https://cemce.gsfc.nasa.gov/modelweb/models/msis_vitmo.php) ogHOBpeMeHHO st 67.5° ceBepHOit mmpoThI 1 33.5°
BOCTOYHOM J0NTOTHI (ropoa Amatutsl, MypMaHcKasi 00J1acTh) TaKkKe MpeAcTaBlieHa Ha puc. 1.

Jlns pacuera konedartenbHol HaceaeHHOCTH N v'-oro kone6arenbHoro yposHs coctosHus XTI mosekysisl NO Mbl
HCTIONB3YeM CIIeIyIONIie YPAaBHEHHUS:

ks f1s OINCDLO, 1+ (41, +ks[O, DN + A5, N

v+l v'+1 VY Py T

= {405+ A55 + k0001 Ny

v'v'—-1 v'y

(6)

3nech AXX - xosdpuuuents DitHinTeiina as nepexonos (2a) u (26) (cornacHo (Hancock et al., 2006)). KpanToBbIe

BBIXOIBI f45(V') mutst mporiecca (40) 6bputn paccuuTansl B padore (Kirillov and Aladjev, 1998).
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Pucynox 2. Paccunrannsie nHTeHCHBHOCTH MH(ppakpacHoro mamydenust NO 5.3 MkM n 2.7 MKM Ha BBICOTax
20-80 kM cpenneii armocdepsl. JleBas naneins: Bkiaasl v'=1, v'=1-3, v'=1-20 noka3aHbl KOPOTKOW TyHKTUPHOH
JIMHHEH, JUITMHHOW MYHKTUPHOM TMHUEH U CIUIOIIHOMN JINHUEH COOTBETCTBEHHO; SKCIIEPUMEHTANIBHBIE JAHHBIE
ot SABER TIMED - tpeyronsnuku. IIpaBas manens: Bkimaael v'=2, v'=2-4, v'=2-20 noka3aHbl KOpPOTKOI
ITyHKTUPHOH THHUEH, JUIMHHON MyHKTUPHOM JIMHUEN U CIUIOIIHON JINHUEH COOTBETCTBEHHO.

Ha pwuc.2 mpencraBieHsl pe3yibTaThl PacdyeTOB HMHTEHCHUBHOCTEHW cBeueHHs uHMpakpacHbx mosioc NO. Ho
ITOCKOJIBKY MOJIEKYJIa OKHCH a30Ta SBJSIETCS aHTapPMOHHYECKAM OCHIIIIITOPOM, TO W UTMHBI BOJIH HH(PAKPACHOTO
M3TYYCHUSI 3aBHCAT OT HOMEPOB KOJIEOATENBHBIX YPOBHEH OCHOBHOTO cocTOosHHA. Hampmmep, pagmanuoHHBIC
niepexonnl (2a) ¢ yposHe# v'=1, 3, 10, 20 COOTBETCTBYIOT M3IYYCHHSIM C A=5.3 MKM, 5.5 MKM, 6.2 MKM, 7.5 MKM
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COOTBETCTBEHHO. AHAJIOTUYHO paJiMalluOHHbIe Tepexosl (20) ¢ yposHeit v'=2, 4, 10, 20 COOTBETCTBYIOT U3IIyYECHUSIM
¢ A=2.7 mkm, 2.8 MkM, 3.1 MKM, 3.7 MKM COOTBETCTBEHHO. [103TOMY MBI ITOKa3bIBacM Ha pUC.2 BKIAIbl V'=1, v'=1-3,
Vv'=1-20 gns 5.3 MkMm u BKaagel V'=2, v'=2-4, v'=2-20 nis 2.7 MKM.

Takxe MBI CpaBHHBAaeM pacueTHbIE WHTCHCHBHOCTH C JKCIIEpUMEHTaJbHBIMH HaHHBIMH mprbopa SABER Ha
kocmmdeckoM JeratenbHoM ammapare (KJIA) TIMED, momyuenusivmu Bo Bpemst GLE69 20 saBapst 2005 1. KJIIA
TIMED 6511 3anymien 7 nexadps 2001 r. (Mlynczak et al., 2003; Winick et al., 2004). ITpu6op SABER npencrasisier
co00¥ IMMPOKOIIOIIOCHBIA PagHOMETpP, U3MEPSIIOIINI HHppaKpacHOEe W3TydeHHE B quama3oHax oT 1.27 mo 15 MM,
BKITIo4ass m3myderne NO Ha aiuHE BONHHEI 5.3 MKM. M3 puc.2 BUAHO, 9TO pacdeTHbIE MHTCHCHBHOCTH OOBEMHON
SMHCCHH 5.3 MKM IIPEBBIMIAIOT SKCIIEPUMEHTAIbHBIC 3HaUeHU. OJHOHM U3 BO3MOXKHBIX IIPHYMH TAKOTO PACX0XKICHUS
MEXIy pe3yibTaraMu pacdeToB U gaHHEIMH SABER MoseT OBITH JONTOTHOE pacXokAeHHe MEXAY HaOMI0ACHUSIMU
Ha HeWTpoHHbIX MoHMTOpax M ¢ KIJIA TIMED. J[Ipyroil npuumHONH pacXoXAeHHUs pe3yJlbTaToB pacyera C
JKCIepUMeHTaIbHBIMU JaHHbIME SABER MoryT ObITh 3aBBIIICHHBIC 3HAUCHHST KO3()(DUIIMEHTOB BETBICHUS fi5(V') B
npouecce (40), paccuutanusie B padote (Kirillov and Aladjev, 1998).

Crenyer TakKe OTMETHUTh, YTO IIPU BBICHIITAHUM YaCTHI[ B aTMOC(epy B pe3yJbTaTe U3JIydaTelbHBIX MPOLECCOB
BO3MOKHO 00pasoBaHHE KOJEOATeNLHO-BO30YKICHHOTO MONEKYIspHOTo a3ota No(X!Z,",1v>0). B pabore (4ladjev
and Kirillov, 1995; Campbell et al., 2006) 4rcieHHO WCCIEIOBAaH BKJIAJ PaIMallMOHHBIX CIIOHTAHHBIX IEPEX0J0B
SIIEKTPOHHO-BO30YkKAEHHBIX MONeKyl Na(A3Z,") B xonebarenbHoe Bo30yxkaeHHE MONEKYT N2 B BBICOKOIIMPOTHON
nonocepe. Kpome toro, B padore (Kirillov, 2012) 6bI1 MOKa3aH 3HAYUTENBHBIA BKJIA]] KaCKaIHBIX IIPOIECCOB MPH
MOJIEKYJISIPHBIX CTOJKHOBEHHUSAX B KOJNEOATENBHOE 3aCeNeHne COCTOSHU X' E," Ha BHICOTaX HUKHEN TepMOChEpPBI U
Me30c¢epsl BO BpeMsi aBpOPATBHBIX 3JIEKTPOHHBIX BBICHIIAHUHA. [lo3TOMY B cpemax, rae MpUCYTCTBYIOT ra3sl Ny U
NO, BO3MOXEH JOTOHUTEILHBINA BKIIA poliecca

No(X!'Z5 ") + NO(XTL,=0) — No(X'Z,"v'=1) + NO(X,1=1) . (7)

OpHaKo KOHIICHTpAI[MM OKHUCH a30Ta Ha BBICOTaX CpefHel aTMmocdepbl 3eMiId HA MHOTO MOPSAIKOB MEHBIIC
KOHIICHTPAIIM OCHOBHBIX aTMOC()EPHBIX COCTABIIONIMX, MOJTOMY BKJIazoMm mporecca (7) B oOpa3oBaHue
NO(X?I1,y=1) 1o cpaBHEHHIO ¢ BKJIaJ0M Hpolecca (46) MokHO npeHebpeys.

4. BuiBoabI

PaccMoTpensl MexaHU3MbBI 00pa3oBaHUS KoJeOaTeIbHO-BO30YKAECHHBIX MoJieKydl NO Ha BBICOTaX CcpemaHei
aTMoc(ephl TIPU BHICHIIAHAHA POTOHOB BBICOKHX dHepruid. Pacuersr caenmansl st GLE69 (20 saBaps 2005 roxma).
Hccnenosanne konedaTenbHbIXx HaceneHHocteid NO(X?ILv'=1-20) Bo Bpems coObiTiss GLE6G9 Ha BEICOTax cpemHei
aTMoc(epbl TOKa3aI0, YTO XUMHIECKas peakIns MeTacTabMIIbHOTO aTOMApHOT0 a30Ta C MOJIEKYJISIPHBIM KHCIIOPOOM
SBISIETCS OCHOBHBIM MEXaHM3MOM 00pa3oBaHus KojebarensHo-Bo30yxaeHapix NO(X’ILv>0) u wusnydenus
MHQPaKpacHBIX OUana3oHoB 5.3 MKM M 2.7 MKM Ha pacCMOTPEHHBIX BBICOTaX. PaccunTaHHBIE MHTEHCHBHOCTHU
M3Ty4eHUus 5.3 MKM CpaBHMBAIOTCSI C JKCIEPHUMEHTaIbHBIMH nMaHHbIMM npubopa SABER na KJIA TIMED,
nosyueHHbIMH BO BpeMst GLE69 20 suBaps 2005 r. CpaBHeHHE TOKa3bIBAET, YTO PACCUMTAHHBIE HMHTEHCHBHOCTH
00BEMHOTO M3ITYYEHHUS MPEBBIIIAIOT SKCIIEPUMEHTAIbHBIE 3HAUYCHUA. MBI paccMaTpUBaeM JIBE BO3ZMOKHBIE TIPHUNHBI
TAKOTO PACXOXKICHMSA: JTMOO JONTOTHOE PACXOXIECHHE MEXIYy HaOMIOACHUSAMH Ha HEWTPOHHBIX MOHHUTOPAaX M
cinytarke TIMED, ni6o MBI HCTIONB3yeM 3aBHIIICHHBIC 3HAYCHHSI KBAHTOBBIX BBIXOJIOB fi5(1V') B peakuuu (40).
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BO3BYKJIEHUE CUHIJIETHBIX COCTOSIHUI MOJIEKYJIAPHOI'O
KHNCJIOPOJA HA BBICOTAX ME3OC®EPBI U HUKHEN
TEPMOC®EPBHI 3EMJIM B HOUYHBIE U CYMEPEUYHBIE YACBbI

10.H. Kynukos, A.C. Kupunnos
Honapuwiii ceogusuueckuti uncmumym, Anamumet, Mypmarnckasa obracme

AOcTpakT

BhINOHEHBI PaCUETHI CKOPOCTEN BO30YKICHHUS U CTOIKHOBUTENBHBIX TIPOIECCOB IeaKTUBAIMHU cOCTOsHIN O2(b!Z,",
v) u Oz(alAg V) MOJNEKYJISIPHOrO KUCIOPOZAA B BHLICOKOMIMPOTHOM Me3ochepe W HKHEH Tepmocdepe 3emun B
CyMepeuHble W HOYHBIE Yachl B MEPHOA PaBHOAEHCTBHUS. [y pacyéToB BBICOTHBIX NPOMWICH KOHLIEHTPALMH
aTOMapHOTO M HeBO30YXKIEHHOTO MOseKynspHoro kuciopopa Ox(XPEy), a Takke APYrMX XMMHYECKH AKTHBHBIX
coctasisromux (O3, OH u ap.), He0OXOANMBIX I pacyETOB YPOBHEH HACENEHHOCTH BO30YXIEHHBIX CHHIJICTHBIX
cocrosumii O," B 061acTh Me3ocdepsl U HIKHEH TepMochepbl, TpEUMEHsIAch pa3paboTaHHast paHee aPOHOMHYECKAS
MOJIETIb CYTOUHBIX BapHaIMii XMMHUYECKOTO COCTaBa BepxHEH aTMoc(eprl. Mozenb BKIOYAaeT B ceOsl NeTalbHbBIE
pacuérsl ckopocTeil (hoToaMccONMalK KOMIIOHEHTOB aTMOC(epbl CONHEYHBIM Y®D-u3nydeHneM ¢ y4€TOM HX
CYTOYHBIX BapHalMii, 3aBUCUMOCTH OT COJTHEYHOH aKTUBHOCTH, 36HUTHOTO yIJIa U TeorpaduuecKoil UPOTHI, a TAKKe
TypOyiaenTHoro u aup¢dy3MOHHOrO MaccomepeHoca. /[l TpoBepkH MOCTPOEHHOH MOJEIH HCIOIb30BaHBI
OIy0JINKOBaHHBIE SKCIIEPUMEHTANIBHBIE IaHHBIE O BRICOTHOM pacrpeneieHnu ontudeckux u MK-amuccuii Bepxuei
arMocQepbl, a Takke psaaa Apyrux usmepennii. CpaBHenne paccuntannbix Hacenénnocted Ox(b'Z,", v) Ha BeIcOTAX
80-110 kM ¢ pe3ysnbraTaMH SKCHEPUMEHTAIBHBIX OLIEHOK Il HOUHOH ATMmocdepHoit smuccun Or naér xopoiuee
cornacue. Takke CpaBHEHHE PE3yNIBTATOB PaCYETOB cymMepeunoit Atmocdeproii UK-smuccnu B monoce Ox(a'Ag) ¢
JTAaHHBIMM M3MEPEHHUH ITOKa3bIBAET XOPOIIee COTIacue MOJIENN U 3KCIIEPUMEHTATIBHBIX JAHHBIX IPU ONpeeIEHHOM
BBIOOPE BXO/HBIX MapaMETPOB MOJIEITH.

Beenenne

Ceeuenne monoc Atmocheproit (Atm) m MuppakpacHOl ATmochepHor (IR-Atm) cucteM MOIEKYISPHOTO
KUCIIOPO/Ia B CIIEKTPE BEPXHEW U cpelHeil aTMoc(epbl B HOUHbIE U CyMEpeuHbIe Yachl MPOUCXOUT B Pe3yJIbTaTe
CIIOHTAHHBIX M3JIy4aTebHBIX MEPEXOIO0B C JIEKTPOHHO-BO30YKIEHHEIX cocTostumit b'Y," u alA, monekymsr O, Ha
OCHOBHOE cocTosiue X X, (puc.1):

0a(b'Z,",v) — 02(X3Z V) + hvam , (1)
Oz(alAg,V) — 02(X3Eg7,v') + hVIRAm - (2)

Haubomee naTeHCHUBHON M3 ATMOC(EpHOI CHCTEMBI sSBISETCS mojoca 762 HM, o0ycioBieHHas mepexogoM (1) ¢
v=0—1'=0. Y UndpakpacHoit ATMOCHEpHON CHCTEMBI, aHAJOTMYHO, HANOOJIee HHTEHCHUBHOM sIBJIsIeTCs moJioca 1.27
MKM, KOTOpas CBsi3aHa ¢ nepexoqom (2) v=0—v'=0.

HccnenoBannio BBICOTHBIX NpOdMIeil cBeueHHs: yKa3aHHBIX AMUCCHN M MEXaHH3MOB 00Pa30BaHUsI AJIEKTPOHHO-
BO30YXK/IEHHOTO CHHIJIETHOIO MOJICKYJIIPHOTO KHCJIOpOJa B CIOKOWHOIM M aBpopaibHOW HOHOC(hEpe MOCBSIICHO
OOJIBIIIOE YMCIIO IKCTIEPUMEHTAIBHBIX U TeopeTudeckux padot (Cartwright et al., 1972; Gattinger and Vallance
Jones, 1973; Deans et al., 1976; Feldman, 1978; McDade et al., 1985; Gattinger et al., 1996; Llewellyn et al., 1999,
Jones et al., 2006; Kirillov, 2014; Slanger et al., 2017; Kirillov and Belakhovsky, 2021; Kynukos, 2021).

Uznyuenns UndpaxpacHsix ATMochepHBIX M ATMOCHEPHBIX MONEKYISPHBIX Moioc O ABNAIOTCS BAKHBIMU
KOMITOHEHTaMH JTHEBHOTO CBeYeHUs Me3ocdepbl M HIKHeH Tepmocdepsl 3emmn. B paborax (Mlynczak et al., 1993,
2001, 2007; Yankovsky et al., 2016, 2019) npencraBieHsl paAHallMOHHBIC U KHHETHYSCKUE MOJICTH Ui pacyera
JTHEBHBIX KOHIIEHTPAIMI CHHIJIETHOTO MOJIEKYJISIPHOTO KHCJIOPO/ia Ha BEICOTAaX Me30C(epsl U HIKHEH TepMochephl.
ABTOpBI YKa3aHHBIX PaboT MPOJIEMOHCTPUPOBAIIH, UTO Ha 6OJIee HU3KMX BHICOTAX CHHIJIETHBIH Kuciaopoa Oa(a'Ay)
o0pa3zyeTcst IPeUMYIIECTBEHHO 3a cueT (poTosin3a 030Ha B rojioce Xapmiu. Mcrnomnb3ys IKCIIepUMeHTalIbHbIE TaHHbIC
M3MEpEeHUIl JHEBHOTO CBEYCHUS CHHIJIETHOI'O KHCJIOPOJA, OHHM IOJNyYMJIM 3HAYCHUS KOHLEHTPAlMi 030HA U
aTOMapHOT0 KUCIIOpo/ia B Me3ocdepe U HIKHeH Tepmocdepe.

ABTOpHI paboTsl (Slanger et al., 2017) B pe3yapTaTe CEpUN MHOTOJICTHUX Ja0OPATOPHBIX HCCIICIOBAHUH MOy IIITH
CHJIBHO Pa3JIMYAIONINECs] CKOPOCTH TallleHHUsI B HEYIPYTHUX CTOJKHOBEHUAX IS IBYX CAMBIX HU3KUX KOJIeOaTeIbHBIX
ypoBHeil Ox(b'E,*, v'=0, 1). Ux ananus nauneix HaGmonenuii ¢ 6opra KA Space Shuttle moareepmun, 4to B
pesysbrate nepenaun suepruu B peakuuu O('D) + Oz JIOMUHHPYIOMIMM MPOIYKTOM siBJIseTcs cocTosiHue b(1), a He
b(0). ITpu 5ToM B cocTostanm b(1) obpasyercst okoso 80% xoHeyHOTo NpoayKTa. Kpome Toro, Tonbko coctosiaue b(1)
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3¢ (PEKTUBHO TaCUTCS B CTOJIKHOBEHHAX C aTMOC()EPHBIMH COCTABILIIOIIMMHU M PE3YNBTATOM CTOJIKHOBEHHH, KaK ¢
O(CP), Tak u ¢ Oy, sBmsercsa cocrosume b(0). B Tepmocdepe otHomenne kommentpamuii [O(P)]/[02] GeicTpo
BO3pACTAET C BHICOTOI 1 gons ramenus b(1) 6marogaps O(PP) Taxxe Bo3pacTaer.

BEBuj1y 3TOr0, MOHHTOPHMHT M3 KOCMOCA JIHEBHBIX sMucchil ATMocdepHbix nosioc (1-1) u (0-0) cocrosnus Oa(b'-X)
aBTOpBI pabotwl (Slanger et al., 2017) npemnoXWivn HCHONB30BaTh, KAK METOJ JTUCTAaHIMOHHOTO 30HIMPOBAHMS
koHieHntpanuii [O] u [O,] kucinopoaa u TeMreparypsl TepMochepsl Ha BEICOTaX HAOIIOICHUS.

Lenpto HacTosIIEH PaOOTHI ABJIAETCS NaJIbHENIIee UcciIeAoBaHne (PU3NKO-XUMHIECKUX MPOLECCOB (POPMUPOBAHHMS
BBICOTHBIX paclpenclieHuil BO30YKIEHHBIX COCTOSHME a'Ag m b'S," MonekyIIpHOro Kmciaopona (CHHITIETHOTO
KHCJIOPOZIa) C HMCHOJIB30BaHUEM a’POHOMHUYECKON MOJENM cocTaBa BepxHel aTMocepbl M COBEPLICHCTBOBAHHUE
MOJeNI pacuy€Ta WHTEHCHBHOCTH HOYHBIX W CYMEPEYHBIX aTMOC(EpHBIX SMHCCHH B Me3ocdepe M HWKHEH
tepmocdepe 3emmn. Ocoboe BHUMaHHE yaeiseTcsl pacdéTy KOHCTAHT CKOPOCTEH B3aMMOJCHCTBHUS CHHIJICTHOTO
KHCJIOPOAA C aTMOC()EPHBIMH COCTABIISIOLINMH.
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Pucynok 1. Cxema koneGarenbHeIx ypoBHEH Xy, alA,, b'E," cocTosHUI MOJIEKYIIBI KHCTIOPOIA.

Koncrantel B3aumoaeiicreus Ox(b'E,",v) u O2(a'Agv) ¢ Moaexkyiaamu Oz u Nz

Pac4éThl KOHCTAHT B3auMOIeHcTBYS cUHTIIETHOTO Krcaopoaa Ox(b'E,", v>0) u Ox(alAg, v>0) ¢ monekynamu Oz Gbut
nposenieH B paborax (Kirillov, 2012,2013). Cxema konebatenbHbIX ypoBHEi X°Zy, al Ay, b'Z,* cocTosHU MOTEKYITBI
KHCJIOPOJa Tpe/icTaBieHa Ha puc.l. B naHHbIXx paboTax ObUIO MOKA3aHO, YTO JOMHHHUPYIOIIMM KAHAIOM TallleHHs
SIBIISIETCSI IEPEHOC HEPTHH SJIEKTPOHHOTO BO30YKACHHS Ha MOJIEKYJTY-MHUIIEHb C COXPAaHEHUEM SHEPTUH KoJieOaHui
Y M3HAYAIILHO BO30YKJICHHON MOJICKYIIbL:

O2(b'Zg"v) + 02(X3T v =0) = 02(X3Z V") + Os(a'Agb'Z, ) (3)
Oa(a'Ag,v) + 02(X3Egv'=0) = Ox(X3Z, ") + Oa(a!Ag,)). (4)
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Pucynok 2. PaccunraHHble KOHCTAaHTHI (CIUIONIHBIE NUHHUM) ais v=1-15 mponecca (3) cpaBHHBAIOTCS C
9KCIEPUMEHTANBHBIMU TaHHBIMH (Bloemick et al., 1998) (xBanpatsr), (Kalogerakis et al., 2002) (xpecTuxwn),
(Slanger and Copeland, 2003) (xpyrn).

Ha puc.2 u puc.3 mpuBeaeHbI pe3yJIbTaThl pacdeToB B padbotax (Kirillov, 2012, 2013) mis ypoBHe# v=1-15 coctosHus
b'E," m v=1-20 cocrosusa a'A, IIpoBemeHO CpaBHEHHME ¢ PE3yIbTaTAMH HMMEIOIIUXCS JKCIEPHMEHTATBHBIX
W3MEHEHHH M OIydeHo xopomee cornacue. s cronknosennii Ox(b'Z,", v=0-15) ¢ Monekyaamu azota N, pacyeTsl
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Bo3zbyaicoenue cunenemmvix cocmosmuil MoneKyIApHO20 KUCIOPOOd HA 8bICOMAX Me30Cchepbl U HudicHel mepmocghepvl 3emau ...

nposenens! B (Kirillov, 2013), maBImme XOpoIIee COINAcHe ¢ SKCIEPMMEHTAIBHBIME JaHHBIMA LIt v=0 k=2x10713

em’c™!. Jlna cronknosenuii Ox(a'Ag, v) +N, HCTIONB3YeM JIaHHbIE, IMEIOLIMECS B HAYYHOMH JIUTEPATYPE.
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Pucynok 3. PaccunmranHble KOHCTaHTHI (CIDIOMIHBIC JWHUH) s v=1-20 mporecca (4) CpaBHHBAIOTCS C
SKCIIEPUMCHTANBHEIMA JaHHBIMU (Hwang et al., 1998) (xBaapartsr), (Slanger and Copeland, 2003) (xpyrH).

Pacuér oTHOCHTEeaBLHBIX HacenénnocTeii O2(b'E,", v) Ha BbicoTax 80-110 km

Ha ocHoBaHnmM npuBENEHHBIX HA PHUC.2 KOHCTAHT B3aMMOJCHCTBHS PACCUMUTAHBI OTHOCHTENBHBIE HACENEHHOCTH
0,(b'Z,", v=1-15) Ha BeicoTax 80-110 KM ¢ y4&TOM TallEHHsI IEKTPOHHOTO BO30YKIEHUS MPH CIOHTAHHBIX
W3JTydaTeNNbHBIX MpOoLeccax W HEYNPYTruX CTOJKHOBEHMAX ¢ cocTaBisitomuMu Oz, Na, O. Ilpu 3TOM U KOHCTaHT
B3aUMOJICHCTBHS C MOJIEKYJIaMH a30Ta HCHOJB30BAJHCh pe3ynbTaTel paboTel (Kirillov, 2013), nmsi KOHCTaHTHI
B3aMMOJIEHCTBHUS C aTOMAPHBIM KUCIIOPOJIOM HMCIIOJB30BaNOCh 3HaueHue ko=8x107'* cm’c™! — cormacno (Illeghos u
op., 2000).

IIpoBeneHo cpaBHEHHE pacCCYMTAHHBIX HACCIEHHOCTEH C pe3yiabTaTaMU SKCIEPUMEHTANBHBIX OLEHOK (Slanger et
al., 2000) nns v=1-15, BeImonHeHHBIX ¢ noMolbio Teneckona Keck I (puc.4). CpaBHeHHe pe3yabTaTOB pacyéToB
HaIJIIAHO JAEMOHCTPHPYET, YTO OMMOJAaJbHOEC IOBEICHHE W3MEPEHHBIX WHTEHCHBHOCTEH CBEYEHHS I10JIOC
AtmochepHoii cuctemsl, onyueHnHoe B (Slanger et al., 2000), 00BACHIETCS 0COOCHHOCTSIMHU TANICHUS COCTOSHHIA
02(b'Z,", v=1-15) HeBO3OYKIEHHBIMU MOJIEKYJIAMH KHCIIOPO/IA.
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Pucynok 4. Cpasuenme paccumranHeix Hacenémnocrern  Oi(b'E,", v=1-15) ¢ pesyasTaTamu
IKCIIEPUMEHTANBHEIX OLeHOK (Slanger et al., 2000).

PesynbTaTel pacuéToB cymepeyHoi aMuccnu B nmosaoce 1.27 mxm O;

B pa6ote (Kyruxos, 2021) mocTpoeHa a3poOHOMHUYECKasi MOJIENh CYTOYHBIX BapHaIluil XAMHUYECKOT'0 COCTaBa BEpXHEH
atMocepbl 3eMiHM, OCHOBAaHHAs Ha YHCICHHOM pEIIEHWH CHUCTEMBbl HECTAIIMOHAPHBIX, MPOCTPAHCTBEHHO-
OJTHOMEPHBIX YpaBHEHU HEpPa3phIBHOCTHU JJIS BBICOTHBIX pacmpernenenuit koHmnentpamuii O, O3, H, OH, u HO,, a
Taxoke BO30YKIEHHBIX cocTamiommx O('D) m Ox(a'Ag), JONONHEHHBIX ypaBHEHUSAMH MOJIEKYJISPHOH U
TypOyneHTHOH nupdy3un KOMIOHEHTOB. B Mozenu ydreHa QoToaucconmanvs COJMHEYHBIM H3ITydeHHEM
MOJIEKYJIPHBIX KoMIToHEHTOB Oz, O3, H20 n HO; ¢ 06pasosanneM 351eKTpOHHO-BO30Y K AEHHBIX TpoykToB O('D) n
02('Ay) M yuTEHBI MOCIEAYIOINE XUMHIECKUE PEAKITHHA MEXKITY TIPOAYKTaMH (hOTONHU3A.

B pacuérax ckopocteit poTOmpOIECCOB HCIOIB30BAHBI H3MEPEHHS IOTOKOB CONHEUHOH Y @-panuanuu u3 (Mount
and Rottman, 1983) u ceuenus doromguccoumarmu O> u O3 u3 (Nicolet and Kennes, 1988), a Takke KOHCTaHTBI
CKOpOCTEH XMMHYECKUX DPEaKIUil W BEepTHKaJbHOC pacmhpenencHue koddduienta TypOyneHTHO# auddy3un B
obnactu Typoomnayssl B (Garcia and Solomon, 1985; I'opouey u Kynuxos, 1981, 1982; Kulikov, 1996). C momoripto
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3TOM MOJENH BBIIIOJIHEHBI PACUETHI CYMEPEUHOM BapHallMy 3¢HUTHONM MHTEHCUBHOCTH 3MMCCHUHU B MoJsioce 1.27 MKM
O, 1 ycnoBuit pakeTrHoro skcrepumMeHTa (Llewellyn and Witt, 1977) mo W3MepeHHIO SPKOCTH STOH IMHCCHH,
npoBeaéuaHoro 13.03 1975 1. Ha 3axone Comuna B ceBepHoil CkannnHasnu (Kupyna, HIsemms, 68°N). ConHedHbIit
3€HUTHBIN yroi y BO BpeMsi U3MepeHuil cocTaBisul 94.1°. Pacuérsl mokaszanu, 4To B JHEBHOE BpeMs BO30OYKICHHUE
O2('Ay) IPOUCXOAUT B OCHOBHOM 32 CYET MOTIIOIIEHHUS COTHEUHOTO U3TydeHus B koutTunyyme Hartley Os. Ha 3akate
ConHua npH yBeNUUSHHH ), CBbIE 90° MPOUCXOIUT OBICTPHIA POCT BBHICOTHI CyMEPEYHOW TEHH U, COOTBETCTBEHHO,
ObICTPOE CHIKEHHE Ha MOPSIKH BEMUIHHBI CKOPOCTH (DOTOIMCCOLMALINK 030Ha B KOHTHHYyMe Hartley. Benenctue
9TOTO KOHIIGHTpanus BO30YKAEHHBIX MOJEKYJ CHHIVICTHOTO KHCJIOPOJa B HAJBHTAIONIEHCS HOYHOW oOiacTu
Me3o0c(epbl HAUMHAET OBICTPO YOBIBATh.
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Pucynok 5. Paccautanabie BEICOTHBIC TPO( TN KOHIICHTPAIHT Oz(a’Ag) B IepuoJ 10 U nocie 3axona ConHua
JuTs yciioBui axcniepuMenta (Llewellyn and Witt, 1977).

Ha puc.5 npusenens! BricoTHBIe npodumn kounenrpaimu Oo('A,) B nepuon 3axoma CosHua, pacCUMTaHHBIE JIS
ycnoBuit skcniepumenta (Llewellyn and Witt, 1977) npu 3nauenusx spemenu t=18:00, 18:33, 19:00 u 20:00 4. LST,
JUTSL KOTOPBIX COJTHEYHBIN 3€HUTHBIN yrod cocTasisut 90°, 94.1°, 97.4° u 104.5°, cOOTBETCTBEHHO.
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Pucynox 6. CpaBHeHHe MOJENbHOW W U3MepeHHOH B okcnepumente (Llewellyn and Witt, 1977)
MHTEHCHBHOCTH CyMEPEUHON dMHUccHH B mostoce 1.27 mxM Oa(alAy).
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Bo3zbyaicoenue cunenemmvix cocmosmuil MoneKyIApHO20 KUCIOPOOd HA 8bICOMAX Me30Cchepbl U HudicHel mepmocghepvl 3emau ...

BumHo, uto Haubonee ObICTpoe cHWkeHHe KkoHueHtpauun Oo(a'A,) Tpoucxoaut B HWkHell 4vacTu
paccMaTpMBaEMOTO Juana3oHa BeIcoT. MMeBiuuii Mecto mpu x=90° ocHoBHOM MakcuMyM koHueHtparuu Ox('Ag) Ha
ypoBHE 56 kM, uepe3 | gac mocie Havyana 3akata ConHia, 1.€. B 19:00, mogauMaeTcs 10 BRICOTHI 67 KM B CTAHOBHUTCS
MEHBIIIE [0 BEJMYUHE BTOPHYHOTO MaKCUMyMa KoHIeHTparuu Mosiekyn Oa(a'Ay) Ha BeicoTe okoo 85 km. Eiué uepes
1 gac, T.e. B 20:00, HukHuit MakcumyM KoHueHTpainu Ox(a'A,) NPaKTHYECKH TIONHOCTBIO MCYE3aET M CBEYEHHE B
nosioce 1.27 MM hopmupyercs riraBHEIM 00pa3oM Ha BeIcoTax §0-97 kM.

BricoTHBII podIiTh 3eHUTHONH WHTEHCHUBHOCTH 3Muccuu O», paCCUNTAaHHBIN U1 YCIOBUH M3MepeHHi ¢ Oopra
camonéra (Llewellyn and Witt, 1977) B Be4epHUX CyMepKax IPH 3HAUYCHUU COJTHEYHOrO 3€HUTHOTO yria, y=94.1° Ha
mupore 68°N B mepuoj BECEHHETr0 PaBHOACHCTBUS, MpPEACTaBICH Ha puc.6. Pacuér BBIMOIHEH AN KBAaHTOBOTO
BbIxozia (3¢ pexTnBHOCTH 06pazoBanus) Moneky1 Ox(a'Ay) B peakuu O3 + hv— Oa(a'Ay) + O('D), cocrapnsiomero
80%. BumHO, 4TO B 3TOM cCiydac B IIEJIOM HMEETCS YAOBIECTBOPHUTEIBHOE COTJIACHE MEXAY TeOopued u
9KCTIIEPUMEHTOM. J[aHHBIA pe3ybTaT BMECTE C TEM YKa3bIBA€T, YTO OLECHKU 3((PEKTUBHOCTH OCHOBHBIX IPOIECCOB
BO30YkneHus Monekyn Oa(alAg) B BepxHell atMochepe, TONyUEHHBIE PAHEE U3 aHAM3A PE3YIIBTATOB OTIAEIBHBIX
CyMEepeUHBIX U HOYHBIX m3MepeHuit (McDade et al., 1987; Lopez-Moreno et al., 1988; Lopez-Gonzalez et al., 1989),
CYIIECTBEHHO Pa3INYalOTCd MEXIY COOOW M HyXIAroTCs B KPUTHIECKOM IEPECMOTPE C HCIIOIb30BaHHMEM BCEX
OIyOJINKOBAaHHBIX PE3YJIBTATOB U3MEPEHUS U paCUETOB MHTEHCUBHOCTH 3TOW SMHUCCHH.

3akiouenne

1. Ha ocHOBe paHee pa3paboTaHHOH a3pOHOMHUYECKOI MOZEIN XUMHUYECKOTO COCTaBa, C yI6TOM HEPaBHOBECHBIX
XMMHUYECKHX PEaKkIui, a TakkKe MporeccoB TypOylIeHTHOro W Ou((y3HMOHHOIO MaccolepeHoca HEHTpaIbHBIX
KOMIIOHEHTOB B 00s1acTr Me30c(epsl 1 HikHeH TepMocdeps! 3emun (50-120 kM), TocTpoeHa TeopeTHIecKas MOICIb
MPOIIECCOB BO3OYKACHUS U CTOJIKHOBUTENLHOTO rameHust AtMocdepHoit (762 um) u UK-armocdeproit (1.27 Mrm)
SMHCCHUH B KONEeOaTENbHO-BPAIIATEIBHBIX I0J0CaX CHHTIIETHOIO MoleKymspHoro kucaopoaa Ox(b!, v) m Ox(a!, v).
Mozenb BKIIOYaeT B ce0s IeTanbHbIe PacdEThl CKOPOCTEH (HOTOIMCCOUAIINE KOMIOHEHTOB aTMOC(EPHI COTHEUHBIM
Y®-u3znyyeHueM ¢ yuy€ToM MX CYTOUHBIX Bapualllii, 3aBUCUMOCTH OT COJIHEYHON aKTUBHOCTH, 36HUTHOTO yTila U
reorpaguuecKoil MUpPOTHI.

2. JIns BepuQUKaUKM MOCTPOSHHONW MOJENU aTMOC(EPHBIX SMHUCCHI MOJIEKYJSPHOIO CHHIJIETHOTO KHCIOPOJa
HCIIONIb30BaHbl OMyOJIMKOBaHHbBIE HKCIIEPUMEHTAIBHBIE JaHHBIE O BBHICOTHOM pacrpeseseHnu ontudeckux u UK-
OMUCCHI BepXHEH aTMOCdepBhl, a TakKe psAaa Ipyrux usmepennil. CpaBHeHHE pe3ynbTaTOB PACYETOB MHTEHCUBHOCTH
cymepeunoii MK-smmccun Oi(a'A;) ¢ JaHHBIME W3MEPEHMI TOKA3BIBAET XOPOIIEE COTJIACHE MOJETH |
9KCHEPUMEHTAIBHBIX TAHHBIX.

3. TlIpeaCTaBiNeHBl TEOPETUYECKH PACCYNUTAHHBIE KOI(QQHIMEHTH TameHus Bo30yXKAEHHBIX coctosHuii O
PesynbraThl pacu€TOB XOPOIIO COTIIACYIOTCS C 3KCIIEPUMEHTAIbHBIMHU JaHHBIMH. JlaHHbIE KOHCTAHThI UCTIOIb30BAHbI
JUIL  OTIpEeNeNieHns]  KoJIeOATeTIbHBIX  HACENIEHHOCTEH  AIIEKTPOHHO-BO30Y)KAEHHBIX YPOBHEHl  CHHIJIETHOTO
MOJIEKYJISIPHOTO KHCIIOpO/ia B HOUHOH U CyMepedyHoi atMocgepe.

4. BuITONHEHBI PacyéThl OTHOCHTENBHBIX Hacenénnoctel O(b'Z,", v) ma BeicoTax 80-110 kM. CpaBHeHHE
paccUnTaHHBIX HACEIEHHOCTEH C pe3yabTaTaMHi MMEIOIINXCS B HAYYHO! JIMTepaType 3KCIIEPUMEHTAIbHBIX OICHOK,
BBITIOJTHEHHBIX ¢ TToMo1blo Testeckona Keck I, muist Hounoit atmocdeproii smuccun O, gaeT xopoiee coriacue.
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AHHOTALMA

[IpoBeneHBI MHOTOTHEBHBIC HAOIIOICHHS CYTOYHOTO PUTMa HACTUYECKUX IBI)KCHUH pacTennit Marantha leoconeura
M aHaJM3 pe3yJbTaTOB CEpUH MEXaHHUYCCKUX OIBITOB C MHOTOKpPAaTHBIM OpocaHueM MoHeT. [loka3aHa CBs3b
BPEMEHHBIX HAPYIICHUI CYTOYHOI'O PUTMA PACTCHUH C pE3KUMHU U3MEHCHHUSAMH COJTHEYHOH akTHBHOCTH. OOHAPYKEHO
MOJYJIMPYIOIIee BIUAHUE U3MEHEHUN COJHEYHOW aKTUBHOCTH M «KOCMHYECKOH MOTOJb» Ha MCXOMbl CIy4ailHBIX
MPOIICCCOB B BU/IC OTKJIIOHCHUI HAOJI0IaeMbIX PE3yJIbTATOB OT TCOPETUUCCKU OKUAAEMBIX M HanOoJiee BEPOSTHBIX.
PuUTMHYHBIC OTKIIOHGHHS MEXIy JAHEBHBIMA M BCUCPHUMHU H3MCPCHUSMH HAOJIONAIM B YCJIOBHSIX CIIOKOWHOIO
CoJHIla, pOCT COJIHEYHOW aKTUBHOCTH IMPOBOIMPOBAJ XAaOTUYHOCTh JAMHAMUKH. [lokazaHa CBSI3b HAKOJEHHBIX 3a
MHOTI'0 JHEH OTKJIIOHECHHH OT 0KHJIaeMbIX 3HAUCHHH ¢ TMHAMUKON MHACKCOB COJTHEYHOH aKTUBHOCTH. BEISBIICHHEIC B
MHOTO/IHEBHBIX CEPHUSIX U3MEPEHUIN CEMUIHEBHBIE, MOIYHEAEIbHBIE U IBYXHEACIbHbBIE PUTMbI TAK)KE YKa3bIBalOT Ha
BIIMSTHAE KOCMUYECKUX (DaKTOPOB.

Beenenue

I'moGanpHbie OHOC(hEpHBIC U3MEHEHHUS TEKYIIETO CTOJICTHS CBA3BIBAIOT C YCHJICHHEM aHTPONOTCHHOI'O BIMSHUS Ha
JKUBYIO MPUPOJTY U C U3MCHEHHUEM XUMHUYECKOTO COCTaBa arMOC(epsl. JIJis OIEHKH peaybHOTO BKJIAAa STHX MPUYHH
M3MEHEHUs KIIMMaTa He0OXO0AMMO YUUTHIBATh TPAAUIIMOHHBIC YCIOBUS CYIIECTBOBAHUS 3€MITH, TEKYIIEe COCTOSTHHE
COJTHEYHOM CHCTEMBI 1 KOCMHUYECKYIO [TOTO/TY B IIeJIOM. B 001aCTH BRICOKUX reorpaUuecKuX MUPOT U B aTbIIUHCKUX
9KOCHCTEMax BIMSHUE reoPpr3mdecknx (paKTOPOB MOXKET TOJBKO YCHIIMBAThCS. BaKHON NMPUYMHON aKTyadbHOCTH
W3YUYCHHS COJIHEYHO-3€MHBIX CBS3€H C NMPHUBICYCHUM DPa3HOOOPA3HBIX JKUBBIX OOBEKTOB SBISICTCS BO3MOKHOCTBH
MPOTHO32 OKOJO3EMHBIX Teo(H3NIecKHX Bo3MyImIeHHH. [IporHOCTHYEeCKHH MOTCHIHAN JKUBBIX CHCTEM HE CBS3aH
IpsSMO CO CTEMEHBIO WX 3BOJIIONMOHHOTO PA3BHUTHS WM YPOBHEM CTPYKTYPHOH OpTraHW3allid W BIICPBHIC OBLI
oOHapyXeH Ha KOPHHO-OAKTepHsAX Kak W3BeCTHHIH <3¢ ekt BempxoBepa». [lnsd OHOMHIMKAIIMKA COJHEYHOU
aKTUBHOCTH M T€OKOCMHUYECKUX BIMSHUM HaMH OB BEIOpAHBI KYJIbTHBAPHI JEKOPATUBHBIX PACTEHUN MapaHTOBBIX
BUJIOB, B JaHHOW pabote - Bunm Marantha leoconeura, var. “Facinator”, KyJIbTHBHPYEMBIH B CTaHIAPTHBIX
nabopaToOpHBIX YCIOBUAX. PacTeHus naHHOTO BHIa OOJAAlOT BBIPAXKEHHBIM ITUPKAJHBIM PUTMOM TIOJOXKEHHS
JIUCTOBBIX TUTACTUHOK B XOJI€ CYTOYHBIX HACTUYECKHUX JBMKEHHUH M OTHOCSTCS K MIMPOKOU TpyImIe pazHOoOOpa3HBIX
JKUBBIX OPTaHU3MOB, Ha3bIBAEMBIX <GKUBBIMHU 0apOMETPaMm».

Jie MHOWKAIME KOCMO(DHM3MYECKUX COOBITHI B JaHHON pabOTe MPOBOAWIMA E€KEIHEBHBIE U EKEBEUCPHUE
WU3MEpPEHUs yriia, 00pa3yeMoro JUCTOBBIMU IUIACTHHKAMU HAOIOJaeMBIX PACTCHHN ¢ UX YepeHkamu. [lapamensHo,
B TO K€ BpeMsl MPOBOAMIM KOJMYECTBEHHBIE M3MEPEHUS pslla HEXXHMBBIX CHUCTEM, paccCMaTpuBas UX B KauecTBe
WHINKATOPOB KOCMO(MM3UYECKHX COOBITHHA. BaxXHBIM TpeOOBaHMEM K TaKUM HHIUKATOpaM SBJSIETCS UX
HEYYBCTBHUTEIHLHOCTH K TPAIUIIOHHBIM YKOJIOTHYECKUM, KITMMAaTHIecKuM (pakropam u temmeparype. CoTpyaHUKaMu
UTOb PAH mnon pykoBoxcrBsom C.O. IllHoms ¢ 5TOH Nenbi0 MCHOJIB30BAM JIAOOPATOpHBIE HM3MEpEHUs
PaAMOaKTUBHOTO pacnajaa u3oTomnoB [1]. PaHee Mbl HCHIOIB30BAIM T€HEPATOPHI CIydYalHBIX yuceln [2], Takke Kak B
pabote [3], B maHHOH paboTe MEXaHMYECKHUE CUCTEMBI C IBOMYHBIM BHIOOPOM Ha OCHOBE OpOCAHHS MOHET.

MeToabl U 00BEKThI

E>xenHeBHO, ABaXKABI B CYTKHU B MOJIZIEHb U BEYEPOM U3MEPSIIM YIJIbl OTKJIIOHEHUS! THCTOBBIX IUNIACTUHOK pacTeHuil. B
KauyecTBe CIIy4alHOW MEXaHWYECKOH MOJENN HCIIOIb30BallM IIATHKPAaTHOE IHEBHOE M BedepHee OpocaHHe IBYX
nonyssinuid 1o 500 (st pa3 o crto) MoHeT. 11 MOJeIMPOBaHUS «CITy4aifHOTO OJIy KIaHUS» C JIBOWYHBIM BEIOOPOM
MPOBOJMIIM CTOKpaTHOe OpocaHue oaHOW MOHeThl B CyTKH (mo 50 pa3 gHem um 50 Beuepom). [lapamnensHo
UCIIONIb30BAJIM JIBE MOHETHl pa3HOH HOMMHALMM B OJMHAKOBBIX BOCIIPOM3BOJMMBIX YCIOBUSIX. B pabote
AQHAIM3MPOBAJIM OTKJIOHEHHS OT 0XKUIAeMbIX, HauboJiee BEPOSTHBIX 3HAYEHUH YKCiIa BHINAJACHUH Pa3HBIX CTOPOH, a
TaK)Ke PETHCTPUPOBAIH OTKJIOHCHUS OT TEOPETHUECKH 0XKHUAAEMBIX PE3YJIbTATOB OMHOMHUHAIBLHOTO PacIpeneICHUs
JUISL Pa3HBIX BBIOOPOK. Iy HE3aBHCHMBIX CIIy4aiHBIX BEIUYUH NMEPEMEHHBIX X M Y C KOHEYHBIMH JUCICPCHIMHU
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umeeT MecTo cootHommenue: 62 (X +Y) = 6% (X) + 6*(Y) [4, 5]. B ombITax HCIONB30BalK IBE Pa3HbIE BEIOOPKH X 1
Y 1o 500 MOHET Kax/1as U aHATM3UPOBAIH HAPYILEHHUs STOTO PABEHCTBA.

Pe3yabTaThl M 00cykIeHHE

BaXHBIM acmeKTOM BHEIIHEr0 T€OKOCMHYECKOTO BIMSIHUS SBJISIOTCS CYTOYHBIC PUTMBI, OCHOBHBIM JpaiiBepoM
KOTOPBIX IS )KUBBIX CHCTEM SIBJISICTCS COJTHEUHAS pajMallis U CBA3aHHbBIC C HEl 3Kkonorndyeckue Gakropsl. Mexay
TeM coTpyaHukamu U TOB ObUtH BEISIBIICHBI OKOJIO CYyTOYHBIE PUTMBI HHTEHCHBHOCTH PaHMOAKTHBHOTO pacraja, 9To
YKa3plBaJI0O Ha CYIOICCTBOBAHHWE WHBIX, MPEANOIOKATEIIEHO KOCMHYCCKHX BOAWTENEH TakuX puTMOB. Jlis
HCCIICIOBAHUS BOIIPOCA THEBHBIE OMBITHI C )KUBBHIMH M MEXaHHYECKUMHU OOBEKTaMH MOBTOPSUIA B BEUEpHEE BPEMs.
MHoronHeBHass OUHAMMKA JABOMHBIX CYTOUHBIX M3MEPEHMH HapyLIEeHMH aJJWTUBHOCTH IUCHEPCUH Uil ABYX
morrysaruiit MoHeT 1o 500 mTyk Kakmas ¢ Hadajga (eBpalisi 1Mo CepeluHy MapTa mpejacTaBieHa Ha puc. 1. Ona
MOKA3bIBACT HAJIMYHME BBIPAKCHHON CYTOYHOW PHUTMHUKH B Hadane (eBpajsi B MEPUOJ BPEMCHHOTO 3aTHUINbS
COJTHEYHOU aKTUBHOCTH U Ha BOCXOAAIICH (a3ze ee pocTa. [lociie TocTHKEHUS MAKCUMYMa aKTUBHOCTH IO CYTOYHBIM
3Ha4YCHUAM yucen Bomnbda, oOmeli BUIUMON MIOIau maTeH U ApyruM ¢paktopam okono 10 despans npousomén
c00l CyTOYHOTO pUTMa M MEPeXo]l K XaOTHUHOW JuHaMuKe. [I0BTOpHOE BO30OHOBJICHHE CYTOYHOM IMKIMYHOCTU
HabOmonamu B 20-x unciaax GeBpass, B CACAYIONINI POl OTHOCUTENILHO criokorHoro CoJHIa, a TaKkKe e€ moYTH
MOJTHOE MCYC3HOBEHHUE B MIEPHO]T OYCPESIHOTO HAPACTAHUS COJIHEUHOW aKTUBHOCTH B IICPBO He/leIe MapTa.
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Pucynoxk 1. 12-tr 9ac perucrpanus HapyIIeHUH aJInTUBHOCTH TUCIIEPCHI IS pe3yJIbTaTOB OPOCaHUS IBYX
momrysiruit 500 morert ¢ 1 deBpans mo 15 mapra 2023 roza.

I/IHTepCCHO OTMETUThb, B 3TH XKE€ JHH Hadalia Q)eBpansl Ha6mo;[ann YCTOFIHHBYIO HUKIIMYHOCTb CYTOYHBIX

HaCTHYCCKHUX ,I[BI/I)KGHI/Iﬁ paCTeHI/Iﬁ MapaHThbI, pUC. 2. Ilocae JOCTHKCHHA MaKCHUMaJIbHBIX 3HAYCHMI Jucel BOJ'IB(I)a
PUTMUYHOCTDH ObL1a HapyuiceHa, Ha6m0/:[ann TAKIKC PE3KOC CHUIKCHUC aMIUIMTY/] ATHEBHLIX U BEYCPHUX OTKJIOHCHHUH.
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Pucynok 2. [luHaMHKa YIIIOBBIX OTKJIOHCHHU NBYX JIMCTOBBIX IJIACTUHOK PACTCHUS MAapaHTBl B TEPUO C
Hadaia (eBpaius mo cepeaury mapta 2023 rona.

Ha ocHOBEe CHEKTpajbHOrO aHanW3a JUIMTEIbHBIX MHOTOJHEBHBIX PSJAOB PErHCTPAlMKd OTKJIOHEHHH OT
OMHOMMHAJIEHOTO pACIIpPEelelICHNsI B ONBITAX C OOJBIIMMH BBIOOPKAMH MOHET OBIIO OOHapyXeHa PHUTMHYHOCTH

195



Brusinue kocmMuyueckoll no2oobl Ha MemeodyecmeumeslbHble pacmenus u c/zyqaﬁnbze CcoObIMUS 8 MOOCTILHBIX MEXAHUUECKUX CUCTEeMAX

mHEeBHBIX (puc. 3) um HOuYHBIX (puc. 4) ortkmoHeHud. Jlnms o0oWX W3MEpeHWH BBIABICHO HAJIMYHE PHTMOB
NPOJOJDKUTEIILHOCTBIO OKOJIO IOJOBHHBI Henend. [Iisi THEBHBIX 3HAYCHHH XapaKTepHO TakkKe IPHCYTCTBHE
JIBYXHEJICIIbHBIX PUTMOB, a Il HOUHBIX — HEJICJIbHBIX, OHU OTIMYAJINCh 00JIee BHICOKOW YCTOHYMBOCTBIO, PHC. 4.

JIHeBHbIE 2HAUSHUA OTKJIOHSHE, (eBpanb-MapT 2023
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Pucynok 3. CrnekrpanbHblil aHaiW3 AWHAMUKHU JHEBHBIX HAPYIIEHUN AJAUTUBHOCTH AMCIEPCHH A
pe3ynbTaToB OpocaHus ABYX MOMYJSALIUNA MOHET.

Houmbic 3HaUCHUS OTKJIOHEHEH, heBpanb-MapT 2023
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Pucynox 4. CnexkTpadpHBI aHaNW3 AWHAMHUKA HOYHBIX HApPYHIICHWH aJAWTUBHOCTH IHCIIEPCHUN I
pe3yIpTaTOB OPOCAHUS IBYX MOMYJISIIIMNA MOHET.

BaxHpIM HampaBiieHWEM HM3Y4eHHs CIy4aiHbBIX MPOIIECCOB SIBISETCS aHAJIM3 CEPHH MOBTOPSIONIIMXCS COOBITHH,
HalpuMep MOBTOPHOE MOSIBIEHHE OAHOH CTOpOHBI ymaBmied MoHeTbl. C 3TOHM Lenbl0 MPOBOJWIM OIBITHI CO
CTOKPaTHBIM €)KECYTOYHBIM OpOCaHHEM OJHOW MOHETHI, MOJAEIUPYIONINE «ClIydailHoe OIJIyXIaHHWe» C JBOMYHBIM
BBIOOpOM. 50 «I1aroB» OCYIIECTBIISUIM B HEBHBIE Yackl U 50 - B BeuepHue. lccnenoBanue JUIMTEIBHOCTH CEPUil 110
TaKoOM cxeMme Ui ABYX pa3sHbIX MOHET NPOBOJWIM B 3TO k€ BpeMs roga. Ilpum aHamuse OmbITOB CyMMHPOBAaIH
TIOJIO>KUTEJBHBIE U OTPHUIIATENbHBIE UCXO/BI OITBITOB KaX/IOTO JIHS M UTOTOBYIO CYMMY 32 BCE BPEeMsl HAaOJIIOIEHHH.
Pe3ynbraThl HAKOIUTEHUS «CITy4YaifHbIX OMyXIaHUID» OTHON MOHETHI Ui MEepHoAa ¢ Hadaia (QeBpaysi IO CepenHy
MapTa MO3BOJMIN BBISIBUTH MOAYJIHUPYIOIIEE BIMSHNE KOCMUYECKUX NMPUYHMH HA MX ucxof. CHeKTpaabHBIA aHAIN3
COOTBETCTBYIOIINX PAZOB ITOKa3aJl HAIMYNE HEJCNIBHBIX U MOIYHEIEIbHBIX (CEMUCENITAHHBIX) IUKIIOB, PUC. 5.
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IT.A. Kawynun u H.B. Kanrauesa
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Pucynok S. CnexTpaipHBIi aHaNIW3 HAKOIJICHHBIX CIY4YaWHBIX OTKJIOHEHUH IpHU MOCIEI0BATEIBHOM
JIBOMYHOM BbIOOpE, exxecyTounble u3mepenus 100 6pocanuit MoHeTsl B peBpaiie- mapte 2023 rona.

Takum 00pa3oM, JOCTATOYHO MPOTSHKCHHbIE HAOIIOACHHS ANHAMUYECKHX CBOMCTB psilia KUBBIX U MEXaHUUECKHX
CHCTEM TO3BOJIIOT BBISBUTH KOPPEISIMH U3MECHEHHH MX COCTOSHHS CUMOATHO C COMHEYHBIMH M KOCMHYECKUMHU
coobrTrsamMu. [Ipupona ¢u3ndecknx MEXaHW3MOB, JIEXKAIIUX B OCHOBE KOCMHYECKOW MOIYJISIUHN PaJd0aKTHBHOTO
pacriazia WM CITyJaiHBIX MEXaHHUECKHUX IPOLIECCOB, OCTACTCSI HEBBLSICHEHHOM M 00Cy>KAaeTcsl Ha ypoBHe runotes [1,
3]. O6HapyxeHHas NUKIMIHOCTh CITyYaiHBIX MPOLIECCOB U MapaMeTPhl PUTMOB YKa3bIBAIOT HA HX BO3MOXKHYIO CBS3b
C M3BECTHBIMU LMKJIAMU COJHEYHOM CUCTEMBI U CEeKTOpHOU cTpykTypod MMII. Opnako, AJii OKOHYATEIBHOIO
OOBSICHEHHUS] NPHUPOALI HAOJIOJAEMONW PUTMHUYHOCTH Pa3HbIX HAa3eMHBIX CHCTEM U MEXaHH3MOB KOCMHYECKOTO
BIIMSTHUS Ha BOAWTEJIEH PUTMOB JKMBBIX CHCTEM HYXHBI JabHEHIIINE UCCIEeOBaHUS.
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