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Abstract

The relationship of substorm indices with interplanetary medium parameters and magnetic storm characteristics during
the main phase of magnetic storms caused by CIR and ICME events is investigated. Over the period 1990-2017, 107
magnetic storms driven by (81) CIR and (65) ICME events have been selected. Liner correlations between substorm
indices and Dst variations, as well as with parameters of the interplanetary medium during the main phase of magnetic
storms induced by CIR and ICME events, is analyzed.

1. Introduction
It is known that during periods of a prolonged southward Bz component of the interplanetary magnetic field (IMF) in
the Earth’s magnetosphere together with substorm disturbances there occur magnetic storms. The amplification of
magnetospheric-ionospheric currents during magnetic storms leads to an increase the geomagnetic activity indices.
The low latitude Dst index [Burton et al., 1975] is used to estimate the magnetic storm intensity. The high latitude AE
index characterizes the intensity of the auroral current and is an indicator of substorm activity [Davis and Sugiura,
1966]. Auroral activity is also assessed by the planetary (mid-latitude) Kp index [Khorosheva, 2007]. To take into
account the spatial features of the influence of the equatorial drift of the auroral electrojet on AE and Kp during
magnetic storms, we examine the SuperMAG SME index [Newell and Gjerloev, 2011]. The SME index is calculated
using data from more than 100 geomagnetic stations, covering the range of geomagnetic latitudes from 40° to 80°.
The SME index, unlike AE (Kp), allows for a more accurate assessment of the auroral electrojet intensity.

Correlation analysis of dependence between interplanetary medium parameters and geomagnetic indices activity
during periods of magnetic storms showed that the southward Bz component of the IMF, whose efficiency is connected
with the influence of SW electric field (Esw=V xBz), is the main reason for the generation of geomagnetic disturbances
[Burton et al., 1975; Gonzalez et al., 1994; Kane, 2010]. However, the results of recent statistical and morphological
studies suggest that the development of magnetic storms and substorms differs depending on the type of the solar wind
(SW) [Gonzalez et al.,1999; Plotnikov and Barkova, 2007; Yermolaev et al., 2010]. The following SW types are
distinguished: interplanetary coronal mass ejections (ICME) including magnetic clouds (MC) and pistons (ejecta),
regions of interaction between fast and slow streams (CIR), and compression regions before ICME (Sheath). Each
SW type has a specific set of SW and IMF parameters. The analysis of dependence between the geomagnetic indices
and SW electric field revealed that the value of AE index during the main phase of magnetic storm does not depend
on Esw or the dependency is weak (r < 0.5) for almost all types of SW, except MC and Shwic [Nikolaeva et al., 2011].
In the event of MC a nonlinear dependence of the AE index on Esw is observed. The relation of Kp index and Esw is
characterized by a linear empirical dependence for CIR events and nonmonotonic dependence for MC events
[Plotnikov and Barkova, 2007]. In papers by Plotnikov and Barkova (2007), Nikolaeva et al. (2011), the extreme
values of Dst, AE and Kp indices were compared with the minimum values of IMF Bz component and convective
electric field Esw, or compared the minimum value of Dst (Dstmin), values of AE and Kp at the moment of approach
of Dstmin With the values of Bz (Esw) for this moment of time. These approaches compare only individual (extreme)
points during the development of process and consider the dynamics of magnetic storm generation process rather
weakly. In present paper we will consider average values of auroral indices during the main phase of magnetic storm
and carried out the comparative analysis with average values of interplanetary medium parameters. The average values
of interplanetary medium parameters and geomagnetic activity indices allow us to estimate the development of the
magnetic storm main phase as a whole. A joint analysis of auroral indices allow one to understand a picture of
development of the substorm disturbances during periods of a magnetic storm more precisely.

The purpose of this work is to investigate the relationship between the substorm activity and Dst index variation
during the main phase of a magnetic storm, and also their dependence on the Esw (Bz) for various types of the SW.
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2. Data and Results

For the period 1990-2017, we are selected 146 magnetic storms with Dstmin <-50 nT, induced by CIR (81) and ICME
(65) events. Other SW types that induce a magnetic storm were not considered in this paper. A magnetic storm is
considered to be related to SW of a given type if the main phase and the minimum Dst coincide in time with SW of
this type. The method of classifying SW types is described in detail in [Yermolaev et al., 2009, 2010]. On the website
(ftp.iki.rssi.ru/pub/omni/catalog) is a catalog of SW types.

For each event we calculate average values of AE (3 AE/AT), Kp (3 Kp/AT), SME (3 SME/AT)indices and the rate
of magnetic storm development (JADst|/AT). The Y AE, Y Kp and Y SME are summary values of geomagnetic indices
during the main phase of magnetic storm. The duration of main phase (AT) have been determined as the temporal
interval from the moment of sharp decrease of the Dst index (Dsto) up to the minimum value of Dst (Dstmis). The value
of |ADst| has been calculated using the following formula: |[ADst| = |Dstmin — Dsto|. Hourly indices were taken on the
websites (https://supermag.jhuapl.edu, http://wdc.kugi.kyotou.ac.jp/dstae/index.html). To account for the SW and
IMF parameters, hourly average data (http://www.omniweb.com) is used to determine average values of the dawn-to-
dusk electric field and southward Bz during the main phase of magnetic storm. Coordinate system of the SW and IMF
parameters is GSM. To reveal the relationship between the geomagnetic indices and interplanetary medium
parameters, we have used a linear approximation as the simplest way to establish the relationship between the values.
Pearson’s correlation coeffcients and their probabilities were calculated to establish statistical significance [Bendat
and Piersol, 1971].

Fig. 1 presents the dependences of AEaver and Kpaver indices on the average value of SW electric feld (Eswayer) for
the magnetic storms induced by the CIR and ICME events. Because of the absence of data on the SW electric feld in
some events, Fig. 1 presents a smaller number of events. Fig. 1 shows that geomagnetic indices (AE, Kp) linearly
depend on Eswayer for the magnetic storms induced by the CIR and ICME events. For the ICME events the highest
correlation coefficient between Kpaver and Eswayer is observed (r=0.77, P=0.99).
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Figure 1. Dependence of AEayer, Kpaver indices on the average value of electric field of the solar wind for the
storms induced by the CIR (a, b) and ICME (c, d) events: squares — separate magnetic storms; straight lines
— linear approximation; r — correlation coefficient.

Fig. 2 illustrates the correlation between SMEaver and EsWaver (|BZaver|) for CIR- and ICME-induced magnetic storms.
Fig. 2 indicates that for SW of both types SMEuav.: increases linearly with EswWayer and |Bzayer|. There are high and close
correlation coefficients between SME,ywr and Eswayer for CIR (1=0.77) and ICME (1=0.81) events, whereas the
correlation coefficients between SME,yer and |Bzayer| for CIR (r=0.62) and ICME (1=0.73) are lower and markedly
different (Fig. 2, b, d).

Fig.3 (a, c¢) shows the correlation between SMEa.r and the rate of magnetic storm development (|ADst|/AT) during
CIR and ICME events. The relationship between SMEgyer and |Dstmiq| is displayed in Fig. 3 (b, d). Fig. 3, a, ¢ shows
that in magnetic storm main phases during CIR and ICME events SME,y.r increases with [ADst|[/AT. We have obtained
close correlation coefficients between SMEaver and |ADst|/AT for CIR (r=0.5) and ICME (1=0.54) events. For CIR
(r=0.67) and ICME (r=0.6) events, high correlation coefficients are also observed between SMEaver and [Dstumin| (Fig.
3 (b, d)). The slope of straight lines relative to the X-axis differ slightly for CIR and ICME events.
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Figure 3. SMEaver versus the magnetic storm development rate and the Dstmin modulus during main phases
of CIR- and ICME-induced magnetic storms.

3. Discussion and conclusion

The relationship of the geomagnetic indices both with the magnetic storm characteristics (JADst|/AT and |Dstmin|) and
SW electric field during the main phase of magnetic storms induced by the CIR and ICME events for the 1979 to 2000
period was studied. A joint analysis of geomagnetic indices (AE, Kp) allowed us to assume that the obtained
correlation coefficients of the substorm indices (AE, Kp) during the main phase of magnetic storms induced by the
CIR and ICME events were associated with the location of auroral currents relative to the stations by which the AE
and Kp indices were constructed. We associated the shift of auroral currents with the value of southward Bz IMF
during CIR and ICME events. In the CIR events, unlike the ICME ones, small values of southward Bz IMF were
observed. Perhaps, a signifcant increase of the southward IMF Bz in the ICME events leads to a shift of auroral current
to lower latitudes, as a result we observe a higher correlation coefficient between Kpaver&EsWaver (Kpaver&|BZaver|) than
in CIR events. We see a similar pattern between auroral indices (AE, Kp) and the rate of storm development (|ADst/At)

9
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[Boroyev et al., 2020]. It is known that the variation of the Dst index (d/Dst|/dt) during the main phase of magnetic
storm is caused by the SW electric field [Kane, 2010; Yermolaev et al., 2010; Nikolaeva et al., 2014]. If we accept
variations of Dst index as |ADst|/AT then in the work by Yermolaev et al. (2016) the rate of storm development is
defined by the average value of SW electric field (Eswayer), which is a modification of Burton et al. (1975) formula.
Thus, a comparative analysis of variations of substorm indices (AE, Kp) allows us to estimate the possible location of
auroral currents during periods of the main phase of magnetic storms during the CIR and ICME events. The latitude
of auroral electrojets during CIR and ICME events does not affect the SME index, as opposed to the AE and Kp
indices. As seen in Figure 2, b, d, there are high and close correlation coefficients between SME and during CIR
(r=0.77) and ICME (r=0.81) events. The SW type has no effect on the relationship between SMEyer and Eswayer. We
see a similar pattern between SME and |ADst|/AT.

The results of the analysis lead to the following conclusions:

1. The analysis of average values of AE and Kp indices during the main phase of magnetic storm depending on
the SW electric field has shown that geomagnetic indices (AE, Kp) linearly depend on Esway.r for the magnetic storms
induced by the CIR and ICME events. For the ICME events the highest correlation coefficient between Kpaver and
Eswayer is observed (r=0.77).

2. It is shown that there is a strong correlation between the SME index and interplanetary medium parameters
at the main phase of magnetic storms during CIR and ICME events. Unlike the AE and Kp, the close values of
correlation coefficients between SME and SW electric field (southward IMF Bz) were obtained for CIR and ICME
events. The relationship with the SW type (CIR/ICME) between the SME and the interplanetary medium parameters
has not been found.

This work was supported by the Ministry of Science and Higher Education of the Russian Federation and Siberian
Branch of the Russian Academy of Sciences (registration number 122011700182-1).
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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
(HSS:s), fast forward shocks. In this report we will consider the geomagnetic activity and appearance of geoinduced
currents (GICs) during moderate magnetic storm (SYM/H ~ —65 nT) occurring on September 12-13 caused by Sheath
southward IMF. It is known that one of the important sources of GIC in the auroral zone is the amplification and
motion of electrojets during substorms. At the background on the storm on 12-13 September 2017 two intense
substorms (SML~1070 and~ 1540 nT) were registered. We analyzed the fine spatiotemporal structure of electrojet
development during substorms using the latitudinal profiles of the equivalent currents of the MIRACLE system and
IMAGE magnetometers data. The appearance of GICs were controlled by data from Vykhodnoy (VKH) and
Kondopoga (KND) stations in the North-West of Russia (PGI, EURISGIC, eurisgic.ru), and from gas pipeline near
Mantsala (MAN) in the South of Finland. It was shown that the appearance of GIC at different latitudes is associated
with the movement of the westward electrojet to the pole during expansion phase of substorm. Besides, it was found
that the source of one of the GIC bursts was a short pulse of Pc5 pulsations at the recovery phase of intense substorm.
The paper also shows a relationship between an increase in the geomagnetic indices IL and Wp and the appearance of
GIC, which also indicates the dependence of the appearance of GIC on substorm activity.

Introduction

Geoinduced currents (GIC), which occur both on power lines and pipelines, can have a negative impact on
technological networks up to blackouts [1]. Along with studies of the causes of GICs, an important item of the
protection from adverse effects of space weather is the monitoring geomagnetic field disturbances and recording of
the development of GICs in actual power systems. The excitation of GICs in power transmission lines is controlled in
many countries located in both high and middle geomagnetic latitudes [2], [3]. The European Risk from
Geomagnetically Induced Currents (EURISGIC) project organized a system of continuous GIC observations at three
to five nodes of the operating power transmission line, which runs from south to north across Karelia and the Kola
Peninsula, from 2011 to the present [4-6]. It should be noted that this system is located precisely in the auroral latitudes,
where substorms are usually observed, therefore it is possible to study the relationship between auroral electojets
enhancement and moving and appearance of GICs. Recently, it was shown, that one of the source of GIC in auroral
zone is the movement and the enhancement of the westward electrojet during substorms [7], [8], [9].

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), substorms, and HILDCAAs
[10]. 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 [9]. In this work we considered following
event of space weather registered in September 2017, the event on 12-13 September, when a moderate magnetic storm
(SYM-H ~ —65 uTn) developed, caused by Coronal Mass Ejection, and when GICs appear on Karelian-Kola power
line (Vykhodnoy and Revda stations) and Finland gas pipeline near Mantsala.

Solar wind and interplanetary magnetic field (IMF) parameters on 12-13 September 2017 are shown in Figure 1.
The fast shock (IS) occurred at ~19:55 UT on September 12. It was associated with CME on September 10 [10]. The
moment of IS registration is marked by red vertical line and inscription — IS. Then the plasma compressed region
SHEATH was registered after IS, from ~20 UT on September 12 to ~04 UT on September 13. The boundaries of the
SHEATHs are marked by the red rectangle and inscription: SHEATH. It is seen that some discrete southward Bz
periods were observed (~ —10 nT). They led to a moderate magnetic storm (SYM/H ~ —65 nT) at ~00:10 UT on
September 13. It should be noted that only the SHEATH was detected in this case, not MC or EJECTA [10]. At the
background of the storm two intense substorms (SML ~ 1070 and ~ 1540 nT) were registered. 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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Figure 1. Variations of the solar wind and IMF parameters (Br, By, Bz, V, N, T, Pdyn) and some geomagnetic
indexes (AL, SYM/H) from 14 on 12 September to 10 UT on 13 September 2017. The boundaries of the solar
wind types are marked by the red rectangle and inscription: SHEATH or IS. Moment of shock wave (IS) is
marked by red vertical line, moments of the substorm onsets are shown by the vertical blue lines.

Data

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 [4], [5], [6]. 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) and Mantsala (MAN) (60.6° N, 25.2° E). The spatial distribution of the substorm was determined using the
magnetometers of the IMAGE (http://space.fmi.fi/image/) and SuperMAG (http://supermag.jhuapl.edu/) networks.
The IL- and SML- indexes are also taken from IMAGE and SuperMAG networks, correspondingly. Note, that the IL
index shows the variation of the magnetic field at the selected IMAGE stations, that is, in essence, it is similar to the
AL index, which is associated with the auroral electrojet. To study the spatial distribution of magnetic disturbances
on the IMAGE profile, instant maps of the distribution of ionospheric equivalent electric currents MIRACLE
(https://space.fmi.fi/MIRACLE/) were analyzed. We used also the Wp (wave and planetary) index is related to the
power of the Pi2 pulsation wave at low latitudes and associated with onset of substorm. The solar wind and IMF
parameters are taken from OMNI database fitp://ftp.iki.rssi.ru/omni/ and the catalog of large-scale solar wind types
ftp://ftp.iki.rssi.ru/pub/omni/catalog.

Results

1. First substorm at 20:20 UT on 12 September 2017

First substorm began at ~20:25 UT on September 12 on OUJ station, spread rapidly to SOR station and then to NAL
station. This substorm consists of 3 activations, which marked as 1, 2, 3 in the Fig. 2: at ~20:25, ~20:45 ~21:10 UT.
We can see these activations in the profile of Wp index. Accordingly SuperMAG maps at 20:40 UT GIC registration
stations were around midnight sector. More details the thin spatio-temporal picture can be considered on the
MIRACLE map (Fig. 3b). It is seen that the westward electrojet start moving from auroral latitudes (~67° N) to high
latitudes (~ 78° N geographical latitude). After ~21:20 UT recovery phase began: disturbances moved back from the
pole to the auroral latitudes (~64° N). So, we observed first pick of GICs during first substorm activation on Mantsala
station, second peak of GIC (corresponds to second substorm activation) was registered at all stations (VKH, RVD
and MAN), and third peak - during third substorm activation - was observed only on VKH, because disturbances were
at high latitudes in this moment, where VKH station is located.
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2. Second substorm at 23:20 UT on 12 September 2017

Second substorm began at ~23:30 UT on September 12 on HAN station and spread to NAL station, where start of
disturbance was ~ 00:10 UT on September 13. Note, this substrom belong to the “high-latitude” ones, since, according
to Z-component variations, center of westward electrojet moved from OUJ to LYR. According to the data from
MIRACLE system, the disturbances began at geographic latitude ~63-64° N, and then we see the expansion of
westward electrojet to the pole to the latitude ~78° N (to the NAL station). As seen from SuperMAG maps, disturbance
developed in the morning sector around 2-3 MLT, GIC registration stations were after midnight sector. And at this
time in the GICs profile data we can see the most intense GICs on Vykhodnoy (>20A) and Revda (~2A) stations
during an expansion phase of a substorm. So, we also see the spatiotemporal development of this substorm, the rapid
expansion of the electrojet to the west, which corresponds to the almost simultaneous appearance of GIC peaks from
Mantsala station to Vykhodnoy station.

3. Magnetic pulsation Pc5 at 01:30UT on 13 September 2017

On the recovery phase of second intense substorm there were magnetic pulsation Pc5 at ~01:30 UT (Fig. 2 and Fig.
3). It is a short burst of Pc5 at a frequency of ~ 3MHz with an amplitude maximum at auroral latitudes. This is a
typical event for the early morning during the recovery phase of a substorm. At this time in the GICs profile data we
can see the most intense GICs on Vykhodnoy (~14A), Revda (~3A), Mantsala (~2.5A) stations. 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
Three events of GIC occurrence during moderate storm on 12-13 September 2017 were connected with the westward
electrojet increasing and expansion during two substorms and with a short burst of Pc5 pulsations.

1) During first event it was possible to trace the appearance of GICs on the meridional profile (from Mantséld to
Vykhodnoy) in accordance with the thin spatial - temporal structure of the substorm.

2) The most intense GICs (> 20A) were recorded in the expansion phase of the midnight intense substorm almost
simultaneously at all observation latitudes.

3) The source of the third GIC burst was a short pulse of Pc5 pulsations at the recovery phase of intense substorm.

4) As in our earlier cases [9], there is a good accordance between the appearance of GICs and the increase in
geomagnetic IL index, demonstrating the intensity of the westward electrojet on the IMAGE meridian, and Wp index,
characterizing the onset of a substorm.
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Abstract. The global features of the spatial-temporal distribution of high-latitude geomagnetic disturbances during
the main phase of the first magnetic storm (20 April 2020) of the new, 25-th cycle of the solar activity have been
studied. Basing on the ground based measurements by the global networks SuperMAG, INTERMAGNET and satellite
data of AMPERE project (Active Magnetosphere and Planetary Electrodynamics Response Experiment), it was shown
that the geomagnetic disturbances during this storm was significant (Kp = 5) despite the low speed of the magnetic
cloud caused this storm. The intense (the peak intensity > -1000 nT) auroral substorm was observed in the storm main
phase. The scenario of this substorm likes to the scenario of the supersubstorm (the peak intensity ~-2500 nT) in the
main phase of the magnetic storm on 28 May 2011 when the conditions of the interplanetary magnetic field (IMF)
were similar but the speed and dynamic pressure of the solar wind were slight higher. It was supposed that spatial
development of the intense substorms during a storm main phase depends more on the appearance of large values of
the southward IMF than on the speed and dynamic pressure of the solar wind and the global large-scale distribution
is the common behavior of the intense substorm (SML-peak intensity~ -1000 nT) as well as of the supersubstorm
(SML-peak intensity ~-2500 nT).

Introduction

The first magnetic storm in the beginning of the new 25-th solar activity cycle occurred on 20 April 2020. It was
associated with a slow magnetic cloud (MC) approached the magnetosphere of the Earth. The detailed overview of
the solar event caused this magnetic cloud and, as a result, the considered magnetic storm, was reported in [Davies et
al., 2021; O’Kane et al., 2021]. Usually, geoeffectiveness of slow magnetic clouds (V' < 400 km/s according to
[Tsurutani et al., 2004]) is low, they do not cause intense storms [Richardson and Cane, 2012]. But in this case, MC
was also characterized by significant amplitude of the southward IMF (the IMF Bz reached -15 nT). Apparently, this
led to the development of a moderate magnetic storm with the peak SYM/H ~ -70 nT.

There are lot of works studying intense magnetic storms caused by fast magnetic clouds, e.g., [ Tsurutani et al., 1992;
Kleimenova et al., 2021, and references therein]. But magnetic storms associated with slow magnetic clouds have not
been studied enough, as well as their high-latitude geomagnetic effects. e.g., [Nitta et al., 2021]. In [Gromova et al.,
2022], it was shown that geoeffectiveness of the storm 20 April 2020 was rather high. It was discussed the geomagnetic
disturbances in the morning-daytime sector of the polar latitudes (>70° MLAT) and some features of substorms during
the initial and main phases of the magnetic storm.

The aim of this paper is to study the global features of the spatio-temporal distribution of the intense substorm in the
main phase of the storm on 20 April 2020 in the comparison with the scenario of the supersubstorm in the main phase
of the magnetic storm on 28 May 2011 whose main phase occurred at approximately the same UT.

Observations and discussion

The variations of the IMF components By, Bz and the speed (V) and dynamic pressure (Psw) of the solar wind on 20
April 2020 and 28 May 2011 are shown in Figurela. The main phase of the storm on 20 April 2020 was developed
after the sharp southward turn of the IMF Bz (to -15 nT) that does not changed for about 4 hours under the unstable
IMF By. At the same time the dynamic pressure of the solar wind dropped to 2 nPa, the solar wind speed remained
low, ~350-380 km/s. The IMF conditions in the main phase of the storm on 28 May 2011 were similar but the speed
and dynamic pressure of the solar wind were slight higher (~500 km/s and~4 nPa respectively).

The variation of the SML-index in Figurelb display the intense substorm in the main phase of the storm on 20 April
2020 and the supersubstorm (SSS) during the main phase of the storm on 28 May 2011. As-the peak intensity of the
substorm as the supersubstorm one were observed under the significant negative IMF Bz and By and when some other
parameters of the solar wind (7 and Psw) were close. It made possible to compare development of the observed
substorm and supersubstorm. The development of the supersubstorm in the main phase of the storm on 28 May 2011
was studied in [Despirak et al., 2022].
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In Figure 2a, the spatio-temporal distribution of the intense substorm with comparison with the same of
supersubstorm is demonstrated with AMPERE-maps constructed with registrations by the Iridium constellation of 66
satellites at 780 km altitude, distributed over six orbit planes spaced equally in longitude. The AMPERE-maps of the
ionospheric currents (auroral electrojets) show that they developed in a similar way during the substorm(left) and
supersubstorm (right) peak intensity. The intense and extended westward electrojet is observed in the midnight,
morning, and dayside sectors and the intense eastward electrojet was observed in the afternoon and evening sectors,
as it is typically for supersubstorms. But the maps of the Field-Aliened Currents (FACs) distribution show their
enhancement as well. Notes, in the both events, the daytime-morning FACs demonstrate the complex latitude layered
structure that could be caused geomagnetic disturbances in the polar latitudes in the morning and dayside sectors.
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Figure 1. (a) Variation of the IMF By, Bz, the solar wind speed (¥) and dynamic pressure (Psw), the global
index of the geomagnetic activity SYM/H (1-min analog of Dst-index) on 20 April 2020 (left) and 28 May
2011(right). The boundaries of SHEATH regions and the MCs according to the catalog of the large-scale solar
wind phenomena are indicated by blue bars. Thin blue arrow points the peak intensity of the substorm and
supersubstorm; () variation of SML-index in 05-14 UT of 20 April 2020 (left) and 28 May 2011 (right). Thick
blue arrow points the peak intensity of-the substorm and-the supersubstorm. Here we used the SML-index
constructed from SuperMAG data (included more than 100 stations in between 40° and 80° MLAT) as a proxy
of a substorm intensity instead of AL-index. Data from https://omniweb.gsfc.nasa.gov/,
http://iki.rssi.ru/pub/omni/catalog/, https://supermag.jhuapl.edu/.
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Magnetic storm on 20 April 2020: spatial development of the substorm in the main phase
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Figure 2. The peak intensity of the substorm (left) and supersubstorm (right). (¢) AMPERE—derived maps of
the spherical harmonic analysis of magnetic measurements, vectors of the magnetic field were rotated 90°
clockwise to indicate ionospheric equivalent current direction, and F4C densities during the peak intensity of
the substorm and supersubstorm; red and blue color shows the upward and downward currents respectively;
(b) SuperDARN ionospheric convection maps along with DP2 contours at the same interval. Data from

http://www.ampere/jhapl.edu; http://vt.superdarn.org/.
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The ionospheric currents presented as SuperDARN convection maps (see Figure2b) in the peak intensity of the
substorm and supersubstorm could be considered as twin-vortices current system DP2 with two large-scale convection
vortices. As it is reported in [Kumar et al., 2020] under southward Bz and when the IMF By is negative, the dusk cell
(negative) is stronger than dawn cell (positive). In our case, it is seen that the dusk cell of convection was stronger on
20 April 2020 than on 28 May 2011.

Summary

The first magnetic storm in the new solar activity cycle was caused by slow magnetic cloud, but large negative values
of the IMF Bz led to the significant geomagnetic activity expressed in the development of geomagnetic disturbances
in the morning-dayside sector of the polar latitudes in the initial phase of the storm and intense substorm in the main
phase that comparable with the supersubstorm on 28 May 2011.

It is shown that the intense substorm (SML,.i, = -1340 nT) observed in the main phase of the magnetic storm on 20
April 2020 developed globally. Its spatial-temporal distribution was similar the scenario of the supersubstorm on 28
May 2011.

We found that the global scale distribution is common behavior of the intense substorm (SML-peak intensity >
-1000 nT) as well as of the supersubstorm (SML-peak intensity ~-2500 nT).
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Abstract. The high-latitude negative magnetic bays have been found above ~70° MLAT in the local morning under
the absence of the magnetic activity at the auroral latitudes, indicating that they are observed on the contracted auroral
oval similar to the nighttime polar substorms. The morning polar bays were recorded under both positive and negative
IMF Bz with different spatial distribution and nature. The bays, observed under the negative IMF Bz, could be the
result of an azimuthal expansion of the “classical” night substorms to the morning side of the Earth. These bays were
accompanied by mid-latitude positive bays. However, the morning polar bays, observed after a period of long lasting
non-variable negative IMF Bz in the absence of “classical” night substorms, could be attributed to develop of, so
called, “convection” bays. In this case, there were no positive mid-latitude magnetic bays, i.e., the absence of a
substorm current wedge, as well as in the case of the morning polar bays, recorded under the positive IMF Bz which
are being the result of an azimuthal expansion of the daytime polar magnetic bays.

Introduction
It is well known that during the low magnetic activity, the substorms and visible auroras are observed at the
geomagnetic latitudes higher than the normal auroral oval location. In earlier publications, these high-latitude
substorms have been termed as “substorms on contracted oval” [e.g., Akasofu et al., 1973; Lui et al., 1976], later on
they were known as “polar substorms” [Kleimenova et al., 2012; Despirak et al., 2014; Safargaleev et al., 2020]. Our
study of the ground-based observations showed that the negative magnetic bays are observed not only in the night,
but also in the local morning at the latitudes above ~70° MLAT in the absence of magnetic disturbances at the lower
(auroral) latitudes.

The aim of this paper is to study the behavior and sources of the morning polar bays basing on the IMAGE
magnetometer data (http://space.fmi.fi/image/).

Main behavior of morning polar substorms and their occurrence

Figure 1a presents the geographic map of the IMAGE station on which our study was based, and Figure 1b shows the
example of a morning polar bay which absence at auroral latitudes indicates that these bays are not the result of the
polar expansion of ‘classical’ substorms.

We selected 112 cases of morning polar bays registered in 2006-2012. Their daily variations are shown in Figure 1c
demonstrating the maximum of occurrence at 08-09 MLT, i.e., before the local magnetic noon. These bays
characterize by small amplitudes (less than 200-300 nT) and the gentle onset and end. To study the global distribution
of geomagnetic activity during the morning polar bays, we used magnetic registration data from 66 communication
satellites of the AMPERE (Active Magnetosphere and Planetary Electrodynamics Response Experiment) project,
simultaneously operating at altitudes of 780 km [e.g., Anderson et al., 2014]. In our work, we used the AMPERE
project data (http://ampere.jhuapl.edu/products) as the maps of the distribution of geomagnetic disturbances
summarized in 10 min with 2 min shift and the results of a spherical harmonic analysis of magnetic measurements.
The field-aligned currents (FAC) are calculated from these data: currents flowing into the ionosphere (inward currents)
are shown in blue on the maps, and currents flowing out (outward currents) in red.

During 2010-2017 AMPERE measurements, we selected 48 events of the appearance of morning polar magnetic
bays identified at the high-latitude IMAGE stations (BJN-NAL). The analysis of global geomagnetic activity during
the studied bays showed that their sources could be various perturbations in the magnetosphere, namely, “classical”
nighttime substorms, convective bays and daytime polar negative bays.

Morning polar substorms under the southward IMF
Magnetospheric substorms developing in the nighttime sector may be also observed in a large longitudinal interval,
from the local evening to the late morning. Thus, the morning polar magnetic bays recorded on the IMAGE profile
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can be the result of the azimuthal continuation of nighttime disturbances in the morning direction. The analysis of the
global disribution of magnetic activity based on the AMPERE data confirmed this assumption. We found 5 events of
the morning polar bays at the IMAGE profile, where the enhanced electrojet and FACs were recorded in the night and
morning according to AMPERE data. An example of such event on October 23, 2013 is shown in Figure 2a. The
AMPERE maps show that at this time, the westward electrojet (a "classical" substorm) and enhanced FACs were
observed from the evening sector to the late morning sector (IMAGE meridian).
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Figure 1. (a) The map of the IMAGE magnetometer station location; (b) the example of a morning polar
substorm at the IMAGE stations; (c) the daily distribution of these substorms occurrence.
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Figure 2. (a) - The IMAGE magnetogram and AMPERE maps of the spherical harmonic analysis of magnetic
measurements and the Field Aligned Currents on 23 October 2013; (b) — the convection and substorm currents
diagram adopted from [Baumjohann, 1983] and AMPERE maps for event on 17 June 2013.

It is well known that in the high-latitude ionosphere, plasma convection is almost constantly observed, which has
the form of a two-vortex structure with vortex centers in the morning and evening sectors. Long periods (several
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hours) of the stable state of the southern IMF contribute to the continuous supply of energy to the magnetotail and the
establishment of the regime of the so-called "steady magnetospheric convection" discussed in many papers [e.g.,
Yahnin et al., 1994; Sergeev et al., 1996]. Its intensifications were called "convective bays" [Pytte et al., 1978;
Baumjohann, 1983]. We found 6 events when magnetic disturbances were observed simultaneously at the morning
and afternoon sectors in their absence in the local night, that is typical for the enhanced convection. One of such events
on June 17, 2013 is shown in Figure 2b. All morning convective negative bays were not accompanied by positive
magnetic bays at the middle latitudes.
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Figure 3. (a)- An example of the global distribution of magnetic disturbance and field-aligned currents from
AMPERE data, and the IMF Bz on 7 December 2015 as well as the spectrograms of precipitating electrons and
ions from the low-apogee DMSP F16 satellite (http://sd-www.jhuapl.edu/Aurora/spectrogram); (b) - the same
as in Figure 2a but on 11 June 2012.

An analysis of the observational data showed that most (32 events out of 48) of the morning polar substorms were
a superposition of disturbances caused by the interaction of nighttime substorm and convective phenomena, the
separation of which is a very complex, not always solvable problem, especially in disturbed conditions. Figure 3a
shows an example of such complex case (December 7, 2015), when geomagnetic disturbances were recorded by the
AMPERE data simultaneously in the morning, evening, and afternoon sectors.

At that time, the low-apogee (~830 km) DMSP F16 satellite measured the fluxes of precipitating particles over
Svalbard at the beginning of the morning polar substorm. In Figure 3a, the descending part of the orbit is shown
schematically; the satellite first crossed the region of downward FACs (shown in blue), and then the region of upward
ones (shown in red). The AMPERE data shows that at that time, an intense eastward current was observed in the
nighttime sector southward from the westward electrojet. That is a typical picture of the development of the substorm
current wedge. It stretches across North America, from the west to the east.
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Morning polar substorms under the northward IMF

Under the northern IMF direction, magnetic bay-like high-intensity disturbances can be observed in the near-noon
sector of the polar latitudes [e.g., Friis-Christensen et al., 1985, Levitin et al., 2015; Gromova et al., 2017, 2019], the
time variations and sign of which are usually controlled by the IMF By component. An analysis of the AMPERE data
showed that the ionospheric electrojet and enhanced field-aligned currents can be observed in a fairly wide daytime
longitudinal region from the morning sector to afternoon one as it is shown in Figure 3a. It is seen that the morning
negative bay could be the result of the azimuthal expansion of the daytime polar electrojet into the morning sector and
they did not accompany by positive magnetic bays at the middle latitudes.

Possible mid-latitude effect of morning polar substorms

It is well known that the main feature of a substorm current wedge (SCW) is the development of mid-latitude positive
magnetic bays. The most considered morning polar negative magnetic bays associated with an azimuthal expansion
of “classical’ night-side substorms have been found accompanied by positive mid-latitude magnetic bays in the X-
component, but with a strong negative amplitude of the Y-component. That can indicate that the center of SCW is
located far eastward.

Summary
The negative magnetic bays observed at the latitudes above ~70° MLAT in the local morning have been studied. It
was found that they are appeared both under the negative and positive IMF Bz.

It was established that under the negative IMF Bz, the morning polar bays can be the result of the azimuthal
expansion of nightside “classical” substorms (in that case they are accompanied by mid-latitude positive magnetic
bays) as well as the result of the enhancement of the magnetosphere convection without the mid-latitudes effects.
Under the positive IMF Bz, the morning polar bays are the result of the azimuthal expansion of dayside polar magnetic
bays controlled by the IMF By).
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Abstract. In this paper presents the results of the analysis of correlation relationships between magnetically
conjugated points of ionosphere. The coordinates of these points were calculated for two approximations of Earth’s
magnetic field — the dipole and International Geomagnetic Reference Field (IGRF). Correlations were calculated by
analyzing the TEC Global Ionosphere Maps (GIM) from the CODE database. The analysis was carried out for the
conditions of a strong geomagnetic storm — St. Patrick's storm on March 17, 2015. It is shown that during a storm,
areas with high values of the correlation coefficient are concentrated at high latitudes; in the post-storm period, regions
with a significant anticorrelation coefficient appear at all latitudes. The paper discusses the influence of a more
accurate model of the geomagnetic field on the results obtained.

Introduction
Total Electron Content (TEC) is one of the key sources of information about the state of the ionosphere. The current
state of development of receiving and Global Navigation Satellite Systems allows us to build a global distribution of
this parameter. This data are widely used to study ionosphere response on different disturbances in global scale
[Blagoveshchensky et al., 2018]. In this paper has used GIM of TEC for detection the correlation at magnetically
conjugated points, i.e., in points located at the base of the same magnetic-field line. For many problems, the position
of the geomagnetic field lines can be calculated in the dipole approximation. Such an approximation will be quite
accurate from certain heights above the Earth's surface, and as it approaches the Earth, the dipole lines of force will
begin to deviate more and more from the real field. International Geomagnetic Reference Field is widely used model
for calculation real Earth’s magnetic field. The model applied for study Earth’s core field, space weather, local
magnetic anomalies and much more, also this model provides the operation satellite system [Alken et al., 2021].

To study global distributions, it is convenient to apply statistical methods, such as correlation analysis. The study of
the connection of magnetically conjugate points is also of great interest.

In this paper, were considered the connection of TEC at magnetically conjugate points during the geomagnetic storm
of March 17, 2015 — St. Patrick's storm. This work is a continuation of previous studies of TEC variations at
magnetically conjugate points [ Timchenko et al., 2021, 2022].

Data and method

In this paper were used daily average GIM of TEC CODE (Center for Orbit Determination in Europe) [Schaer, 1999],
the example of this distribution presented on Fig. 1. The CODE data are defined on a grid from -87,5° to 87,5° by
latitude with a step of 2,5° and from -175° to 180° by longitude with a step of 5°, in hourly resolution.

The data were carried out through similar procedures as in previous works: variations were averaged to daily
averages, and detrending was also carried out using windowed averaging. After that, the TEC maps given in
geographic coordinates were converted into geomagnetic ones, in two approximations: in the dipole and using the
IGRF model. For the dipole approximation, each point (Am, ¢m) in northern hemisphere was assigned a conjugate point
from the southern hemisphere (-Am, ®m). Using the IGRF model, conjugate points were calculated in a similar way,
i.e., for points in the northern hemisphere, conjugates in the southern were calculated. The TEC value at a magnetically
conjugate point whose position didn’t coincide with a grid node was calculated using bilinear interpolation over four
neighboring nodes. The resulting grids, namely the nodes in the northern hemisphere and their corresponding
conjugates in the southern hemisphere, are shown in Fig. 2, a — northern hemisphere, b — southern hemisphere in
the dipole approximation, c — southern hemisphere according to the IGRF model. The color of the nodes corresponds
to the TEC values, the "warmer" the color, the higher the value.

It can be seen from the figure that the position of the polar nodes in both approximations coincides. However, in the
dipole approximation, the equatorial maximum is more strongly shifted towards the eastern hemisphere and stretched.
In the model, the equator has a greater shift to the south. The main differences in the figure are indicated by red circles.
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Figure 1. Global Ionospheric Map daily average distributions of Total Electron Content by CODE.

Based on the obtained data, the Pearson correlation coefficient was calculated using the formula:

R(L ¢, A, 0.) = SEA(TECA (@) (TECa oI (TECaUepe)= (TECaUepe) ()
JENLA(TECa(,0)- (TECaA @) (TECa (e (TECa(epN?
where N — the numbers of day under consideration; A, ¢ — latitude and longitude in geographic coordinate system
(CS); A, ¢, — latitude and longitude magnetically conjugated point in geographic CS; (TEC;) — average value of
TEC, variations for the considered period.
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Correlation of Total Electron Content variations at magnetically conjugated points

Results

On Fig. 3 shows the values of the correlation coefficient of TEC variations of magnetically conjugate points: a —
using the IGRF model and b — in the dipole approximation of the geomagnetic field, during the geomagnetic storm
on March 17, 2015. Azimuth maps present the significant (0.75-0.9) and the high (>0.9) values of the coefficient in
the northern hemisphere of the Earth. Shades of blue indicate anti-correlation relationship, red — positive. During a
storm, the number of open magnetic-field lines increases, but the correlation in TEC variations remains and is
determined by the similar behavior of disturbance sources in these areas.
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Figure 3. Correlation coefficient values calculated from TEC CODE maps. (a) is the geomagnetic field
calculated using the IGRF model, (b) is the dipole approximation of the geomagnetic field.

This distribution of the correlation coefficient calculated for the dipole approximation present that during a storm,
the correlation increases and is localized in the polar region. After the storm, during the recovery phase, on the
contrary, the anticorrelation relations between hemispheres increase [ Timchenko et al., 2022].

In the case when magnetically conjugate regions are searched by the IGRF model, the positive correlation between
the hemispheres is more pronounced. This is especially noticeable during a storm, where a positive correlation is
present at all latitudes. It is also noted in IGRF that the behavior of the correlation coefficient in the pre-storm week
coincides with the behavior in the recovery phase. In addition, during these two weeks, a positive correlation appears
at equatorial latitudes, which was not in the dipole. Common to the two approximations of the geomagnetic field is
an increase the anticorrelation relationship during the recovery phase after the storm.

The real Earth’s magnetic field on ionospheric altitudes significant deviate from the dipole approximation. Total
Electron Content calculated for an electron column at altitudes from 100 to 20 000 km. Ehe main contribution to TEC
is made by electrons at heights from 100 to 500 km, in this reason, the IGRF should better reproduce correlations
between magnetically conjugate regions of the ionosphere. But, high values of correlation coefficients at middle
latitudes in the variant with IGRF require additional studies. It is possible that the results obtained are influenced by
the method of constructing TEC maps: the selection of values, the methods of filling in map areas in which there are
no GPS receivers. This issue remains open and requires separate consideration.

Conclusion
In this article, the values of the correlation coefficient TEC at magnetically conjugate points, calculated in the dipole
approximation of the geomagnetic field and using the IGRF model, during the St. Patrick geomagnetic storm were
considered.

It is shown that in the dipole approximation, during the storm, the positive correlation in the region of the poles
increases. After the storm, the negative correlation increases.

The correlation obtained for the field calculated using the IGRF model increases during the storm at all latitudes.
After the storm, the negative correlation also increases, but much weaker than in the dipole approximation.
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AHAJIM3 YCKOPEHMSA PEJSITUBUCTCKUX DJIEKTPOHOB JJIS1
WHTEPBAJIA C MATHUTHOM BYPE# 1 BE3 HEE B MAE-UIOHE 2017
roJA

B.b. benaxosckuii!, B.A. [Iununenko?, E.E. Aaronosa®*, K. I1Iuokana’,
I0. Muécw?, 1O. Kacaxapa®, C. Kacaxapa’, H. Xuracuo®

Uonapueii 2eopuzuveckuii uncmumym, Anamumasi, Poccus

2HHcmumym Gusuxu 3emnu PAH, Mocxea, Poccus

3SUncmumym aoepnoii usuxu um. Crobenvyvina MI'Y umenu M.B. Jlomonocosa, Mockea, Poccus
4HHcmumym rocmuyeckux uccineoosarnuti, Mockea, Poccus

S Unemunym KoCMudeckux u 3eMHbIX UCCLe008anull okpyxcaioueli cpedvl, Hazos, Anonus
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8sInonckoe azenmemeo aspoxocmuueckux uccureoosanuil, Anonus

AHHOTaUUs. B nmaHHOM paboTe WCCIEMYIOTCSA BapHalldM IOTOKOB DPENATHBHCTCKUX 3JEKTPOHOB W BOJHOBOM
aKTUBHOCTH B MarHuTocepe 3emMili ¢ LeNbI0 ONpeAeiCHHs BKIIAZa Pa3lUYHBIX MeXaHHM3MoB yckopenms (YHY
MexaHu3zM, OHY MexaHu3Mm u OeTaTpOHHBI MEXaHW3M) 1O AaHHBIM cnyTHHKOB Arase m GOES. YHY wunpmekc,
paspadorannsiii B UD3 PAH, ucnone3oBajics Uil XapakTEepUCTHUKH BOJIHOBOW aKTHBHOCTH MarHutocdepbl B
nmuanaszone PcS mynbcanmii. J{ist xapaktepuctuku aktuBHocTd OHY-BoTH B MarHuTocdepe UCIoIb30BaIUCH TAaHHBIC
cnyTHuKa Arase (mHCTpyMeHT PWE). /letansHo n3y4eHa cuiibHasi reomMmarautHas Oypst 27-29 mast 2017 r. 1 uHTEpBaN
6e3 Oypu mepe Heil. [lokazaHo, UTO B pacCMaTPUBAEMbIX COOBITUSX 3HAUEHUS IIOTOKOB PENISITUBUCTCKUX DJIEKTPOHOB
BO BpeMs MAarHUTHBIX Oypb (CO cpemHell CKOpPOCTBhIO COJHEYHOrO BeTpa) Oojble, YeM A HMHTEpBaJoB 0e3
MarHUTHBIX Oypb C BBICOKOIl CKOPOCTBIO COJHEYHOTO BeTpa. HeoOXOoAMMBIM YCIOBHEM YBENIHYEHHS IOTOKOB
PEIATUBUCTCKUAX 3JCKTPOHOB sBisieTcss pocT AE wmHmexca. OCHOBHON 0OCOOCHHOCTBHIO JEUCTBHS Pa3IHIHBIX
MEXaHU3MOB YCKOPEHHUS ABJISIETCS POCT IOTOKOB PENIITUBUCTCKUX AJEKTPOHOB Ha 1,5-2 nopsiaka yepes 1-3 qHs mocie
pocra YHY unpexca, poct momnHocty OHY usnydyenus. Ananus nokaseiBaer, yro poct OHY u YHY BonHoBOMH
AKTUBHOCTH IPOHUCXOANT MPHUMEPHO B OJTHO U TO JK€ BPEMsI M COBIIATaeT C pOCTOM cyOO0ypeBoii akTuBHOCTH. [loaTOMyY
JIOCTAaTOYHO CIIOKHO pa3feliTh BKJAJ 3THX MEXaHH3MOB BO BpeMeHH. Bo BpeMs MarHUTHBIX Oyph MaKCHMYyM
WHTEHCUBHOCTH IMOTOKA PEJTHBHCTCKUX AIIEKTPOHOB CMeIIaeTcs Ha Ooiee HU3KHE L-000J0YKH MO CpaBHEHHIO C
uHTEepBaJaMi 0e3 MarHuTHBIX Oypb. Ero mosnokeHHe XOpOIIO COOTBETCTBYET KPHBOH TBEpPCKOH, M MOXKET
3¢ (dekTUBHO paboTaTh MEXaHW3M YCKOPEHUS, CBSI3aHHBIA C MHXKEKIHMEH 3JEKTPOHOB B 00JacTh OCIAOJIIEHHOTO
KOJIBIIEBBIM TOKOM MArHMTHOTO TIONA M TOCHEAYIOIIMM KX OEeTaTpOHHBIM YCKOPEHHEM IIPH BOCCTAHOBJICHHU
MarHUTHOTO TOJIS.

1. BBenenne

IToTokM pENATUBUCTCKUX IEKTPOHOB BO BHEIIHEM DPaJUAlMOHHOM IOSICE U3MEHSAIOTCA B IIHPOKHUX IMpenenax,
0COOCHHO B TIEPHO/IbI TIOBBIIIEHHOW T€OMarHUTHON akTUBHOCTH. OHON M3 BaXKHBIX NMPOOIEM KOCMUYECKOH MOTO/IbI
SBJISIETCS YCKOPEHHE SHEPTUYHBIX 3JEKTPOHOB 1O DENATHBHCTCKUX 3HEpruil (Heckoibko M»sB) Bo BHemHeMm
pazuanoOHHOM Tosice. PeNTHBHCTCKHE 3JIEKTPOHBI MOTYT BBIBECTH W3 CTPOSI AJIEKTPOHHOE OO0OpYyIOBaHHE Ha
CITyTHHUKAX, BBI3BaTh COOM CBSI3M W TOBIUATH Ha 03y OOJy4eHHs KOCMOHaBTOB [Pilipenko et al., 2006]. Onnako
MEXaHU3M MAarHUTOC(hepHOTO YCKOPEHHS 0 PENATHBHCTCKUX JHEPTHUH O CHX IOp OCTaeTcs MpoOIeMou Iuis
KOCMHYECKOH (QU3UKH.

B 0eccTONKHOBHUTENBHON IIa3Me YacTUIBl YCKOPSIIOTCSA M TEPSIOT CBOIO DHEPTUIO 3a CYET B3aUMOJICHUCTBUS C
3IIEKTPOMArHUTHBIMH BOJTHaMHU. BO3MOKHBIE MEXaHN3MBI YCKOPEHUS SIEKTPOHOB B MarHUTOC(epe 3eMiIH OCHOBAHBI
Ha B3aumozeiictBun anekTpoHoB ¢ YHY u (), OHY snexktpoMarHuTHBIME BosHaMu. PapnanbHas auddysus
MOJXET OBITH CBsI3aHa C PE30HAHCHBIMH B3aMMOJACHCTBHsIMEH JJeKTpoHOB ¢ YHY (Pc4-5) Bommamu. DHeprus
JJIEKTPOHOB YBEJIMYHMBACTCS IO MEPE TOTO, KaK MIEKTPOHBI ABMKYTCS B 00J1aCTh O0JIee CHIBHOTO MarHUTHOT'O T10JIS
NpY HapyLIeHUH TPeTbero aauadarudyeckoro uHBapuanra. YHY Bonubl B auamnaszone yacror PcS (1-7 mI'm) moryr
YCKOPSTH DJIEKTPOHBI 3a cueT apeldoBoro pezonanca [O’Brein et al, 2003]. Bo BHyTpeHHeil marHutocgepe
SHEPTUYHbIE 3IEKTPOHBI MOTYT JOMOJHUTEIBHO JIOKATBHO YCKOPATBHCSA 34 CUET PE30HAHCHOTO B3aHMMOAEHCTBUS C
xopoBeiMu OHY wm3nyuenwsimu [Thorne et al., 2013]. Xopsl uMmeeT cnenuduueckne CBONCTBA, KOTOPBIC AENAIOT
B3anMOJIeiicTBHE 2P HEKTHBHBIM: PE30HAHC BOSHUKAET B IOBOJIHHO Y3KOM ITOJIOCE YACTOT U OOBITHO HAOIIOIAETCS TIPH
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pacIpocTpaHEeHNH OT MarHUTHOTO KBAaTOpa, T TCHEPUPYETCs BOJIHBL. BOIIHOBBIE MEXaHM3MbI YCKOPEHHS TPEOYIOT
3aTPaBOYHBIX JEKTPOHOB (C 3HeprsiMu > 50-100 k3B), KoTOpEIe YCKOPSIOTCS BO BpeMs CyOOyps.

Teepcrou [1997], a mozxe [Antonova, 2006; Antonova and Stepanova, 2015] IpeAIOKUITA MEXaHU3M SHEPTH3AINA
BHEITHETO Pa/IMallMOHHOTO I0sicCa, OCHOBAaHHBIH Ha 3a0poce 3aTpaBOYHBIX DJIEKTPOHOB B 00JAacTh CO CiaObIM
MarHUTHBIM I10JIEM, BOSHUKAIOIIUM IIPU Pa3BUTHU KOJIBIIEBOTO TOKA, M UX MOCIEAYIONEM OETaTPOHHOM YCKOPEHHH
IIPY BOCCTaHOBJICHUE MarHUTHOTO NOJIsi MarHutocepsl. [IpeyoxkeHHbIi MeEXaHU3M XOpOIIO OOBSICHSUT B3aUMOCBSI3b
MEXAY TOJIOKEHHEM MaKCHMyMa PaJnallMOHHOTO Nosica 1 MakCUMyMoM Bapuauuu Dst Bo Bpemst Oypu [ Tverskaya,
2005, 2011].

B nmanHOi#t paboTe paccMOTpeH BKJIan TpeX BbImIeyka3zaHHBIX MexaHm3MoB (YHUY mexanmsm, OHY mexaHusw,
OeTaTpOHHBI MEXaHNU3M) B YCKOPEHHUE HIIEKTPOHOB JI0 PENIATHBUCTCKUAX SHEPTHH HA MIPUMEpe MarHUTHON Oypu 27-
29 mas 2017 rona u mpeIecTBYIOMIEro HHTEpBajia 03 MarHUTHOH OypH.

2. Ucnoab3yemble JaHHbIE

Perucrparus OTOKOB 3J€KTPOHOB IIPOBOAMIIACH I10 JAHHBIM SMOHCKOTO ciiyTHHKA Arase (ERG) u reocrarnioHapHbIX
cinytHuKOB GOES B mmpoxoM nuanasoHe 3Hepruil (0T aecaTkoB k3B 1o Heckonpkux M»aB). Jlns aHanmm3a IOTOKOB
9JIEKTPOHOB MBI UCTIOJNb3yeM npubopbl XEP-e (natyuk a5mekTpoHOB cBepXBbICOKHX dHepruid, 0,4-20 MaB) u MEP-e
(maTYMK YaCTHUI] CPEIHUX DHEPTrUd — JNEKTPOHOB, 7-87 k3B) Ha cmyTHukKe Arase. Mbl HCHONB30BAIN JIaHHBIE
TCOCHHXPOHHBIX cITyTHUKOB GOES-13,-15 0 moTokax 3JeKTPOHOB ¢ pa3mudHbIME Heprusmu (40, 75, 475 kaB, > 0,8,

>2 M>3B).
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Pucynox 1. Bapuanuu norokoB 31ekTpoHOB Ha crytHHke GOES-15 (E>2 MbaB, E=475 k3B, E=40 x3B),
SYM-H wunnexc, AE unnexc, YHY (ULF) unnexc, narencuBHocts OHY (VLF) n3nydenus no naHHBIM
cnytHuka Arase (PWE HHCTpyMeHT), CKOPOCTb COJTHEUHOT'O BETPa, INIOTHOCTh COJIHEYHOTO BETPa MO AaHHBIM
6a3et OMNI 10 mas — 10 cents6pst 2017 rona.

[TapameTpbl COTHEYHOTO BETpa W MeEXKIUIaHETHOro MarHUTHOrO moyis (MMII) B3saTer m3 6a3bl maHHBIX OMNI.
Nmerommecs reomarautHeie nHACKCH SYM-H 1 AE xapakTepn3yroT HHTEHCHBHOCTh MAarHUTHOW OypPH M aKTHBHOCTD
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cy00ypu. [Ima KonMM4ecTBEHHOH OICHKH TIJI00ANbHOW BOJHOBOI aKTHBHOCTH B amama3zone Pc5 (2-7 mIm) bt
ucnonezyeM YHY unnexc [Pilipenko et al., 2017]. DTOT HHAEKC pacCUUTHIBAETCS HA OCHOBE JAHHBIX MHUPOBOI 0a3bl
MarHUTOMETPOB Ha 3€MHOM TMOBEPXHOCTH M SBJISIETCS MOKa3aTeJeM MHTEHCHBHOCTH KPYITHOMAacCIITaOHBIX BOJH B
MarauTocdepe.

B kauectBe mnokasarens aktuBHocTH OHUY B Marautochepe Mbl ucnonb3oBanu npudop PWE (skcnepumeHT ¢
IUTa3MEHHBIMHU BOJHAMH) Ha CIIyTHHKe Arase. Mbl cymmupoBanu uHTeHcuBHOCTs OHU-BONH B AMana3oHe 4acToT
0,7-4,54 xI'u 175 onMcaHust XOPOBOIT BOTHOBOM aKTHBHOCTH B MarHuTocgepe.

3. CoobiTus B Mae-utone 2017 roga

Hawmu BeIZENIEHO 1Ba BPEMEHHBIX MHTEPBAJa: IEPHO]] C BEICOKOI CKOPOCTBIO COTHEYHOTO BeTpa 0e3 reOMarHuTHOH
Oypu (15-26 mast 2017 1.) 1 B yCIIOBHSIX TeOMarHuTHO Oypu (27 mas—2 mronst 2017 r.) — puc. 1. B nepBom nHTEpBae
CKOPOCTh COJHEYHOTO BETpa JOCTUracT 3HaueHus okoio 760 kM/c o nanaeiM OMNI, unnexc SYM-H paBeH okoio
-30 HTn. Bo BTopoM HHTEpBaie CKOPOCTh COTHEYHOT0 BeTpa m3MmensieTcst ot 400 mo 550 km/c, MUHUMAITbHBINA HHICKC
SYM-H pagen -142 vTn.

B Havalle reOMarHuTHOM 6ypH HabIIOAANCs CHIbHBIA CKa4OK MIIOTHOCTH COJHEYHOro BeTpa 10 65 cm™. Bo Bpems
reoMarsuTHoi 6ypu Bz-komnonenra MMII Gpina oTpHunaTensHOM B TeueHne npuMepHo 20 yacoB U UMesia 3HaYCHUS
-22 HTn, NpOUCXOAUIO WHTEHCHBHOE NPOHUKHOBEHHE JHEPrHM COJHEYHOrO BeTpa BHYTph MarHutocgepsl. Ha
WHTEpBaJle BBICOKOCKOPOCTHOTO TMOTOKa Bz-kommonenra MMII wm3MeHmna 3HaK C OTPHUIATEIHHOTO Ha
TIOJIOXKHUTEITbHBIH.

ITo nanubpiM cnyTHHKa GOES-13 ypoBeHb NOTOKOB PENSTUBUCTCKUX IEKTPOHOB B UHTEPBAJIE BICOKUX CKOPOCTEMN
conneanoro serpa (>10* e/(cM? ¢-cp)) 6BLT GOIBIIE, 9EM BO BpEMS CHIILHOM reoMarauTHOM Oypu (<10* e/(cM? ¢ cp)).
Peskmit poct 40 x3B («3aTpaBOYHBIX») AJIEKTPOHOB IPOHMCXOAHWT OJHOBPEMEHHO C yBenmdeHHeM HHIekca AE,
XapaKTepU3YIOIIEro cyoOypeByI0 aKTHBHOCTh. BHIHO, YTO MOTOKH PEISATUBUCTCKHUX 3JCKTPOHOB HAUYMHAIOT PACTH
Yyepe3 HeCKOJIbKO JTHEH Mmocie pocTa 3JIeKTpOoHOB ¢ sHeprusmu 40 u 475 kaB.

Poct AE unzekca B 1e0M coBmanaeT Bo BpeMeHu ¢ poctom YHUY- u OHY aktuBHOCTH B MarauTocdepe (puc. 2.).

10 May - 10 June 2017. Arase
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PucyHok 2. Bapuanuy moToKOB 3JIEKTPOHOB C SHEPTUEH MO TaHHBIM criiyTHUKa Arase, SYM-H unnekc, SYM-
H* unnexc, AE-unnexc, Bz-komnonenta MMII, cKOpOCTh COJIHEYHOTO BETPA, INIOTHOCTH COTHEYHOTO BETpa
o manaeM 6a3ei OMNI. KpacHas TUHHS Ha BTOPOH M TPEThEH MaHENSIX - TOJOKEHHE MaKCUMyMa MOTOKA
9JIEKTPOHOB.

Uro0bl MOKa3aTh, KAK MEHSIOTCSA IOTOKH ICKTPOHOB BHEUIHETO PAJHMAIIOHHOTO TOsica B 3aBHCHMOCTH OT L-
000J109KH1, MBI HCIIOJIB3YyEM JIaHHBIE cITyTHHUKA Arase (puc. 2). Opbuta ciytHuka Arase ¢ 10 mast mo 10 uronst 2017 r.
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JISKUT B MOJTYHOUYHOM M YTPEHHEM CeKTope (He 1moKa3aHo). PocT kaB-bIX 3JIeKTpOHOB HaunHaeTcs Ha 0oJiee BHICOKUX
L-o6omoukax, ueM pocT M3B-bIX 3/IeKTpOHOB. YPOBEHB IMOTOKOB PEISTHBHCTCKUX 3EKTPoHOB (1 M»aB) Bo Bpems
T€OMarHUTHOW OypH 3HAYWTENBHO BBINIE, YeM B mHepuoja Oe3 Oypu B oTiauuue OT JaHHbIX ciyTHukoB GOES
[Belakhovsky et al., 2016]. Ilo naHHBIM Arase MaKCUMYM PEISTHBUCTCKUX IIOTOKOB MJIEKTPOHOB CMEIIAETCS BO BPEeMs
reomarautHoi Oypu (L = 5) Ha MeHbIyt0 L-0005104KYy 110 CpaBHEHUIO C IepruoaoM 0e3 MarHuTHO# Oypu (L = 3,5-4).

Takum obpa3om, aHamm3 NoKas3bIBaeT, yro yBenmdeHne YHY n OHY akTHBHOCTH B MarHuTocepe MpOHCXOAUT
MPaKTHYECKH OJHOBPEMEHHO, JIaHHBIC BOJIHOBBIE BO3MYIIEHHs BHOCST CBOW BKJIaJl B YCKOPEHHE JJIEKTPOHOB Ha
HadanbHOH (ase. 3aTeM ypOBEHb IOTOKOB PEINATUBHCTCKHX JJICKTPOHOB JIEPXKUTCS B TEUCHHE HMPUMEPHO IECSTH
JTHEH, TpU 3TOM He mpoucxoauT moBbimeHns YHUY/OHY akTUBHOCTH, COCOOHOW YCKOPSTH 3JeKTpoHEI I[locie
HadaubHOHM (ha3bl YCKOPEHHs JJICKTPOHOB BOCCTaHABIMBAIOIIEECS I'€OMAarHUTHOE IOJIE TAKKE MOXET YCKOPATh
JJIEKTPOHBI 3a cyeT OeTaTpOHHOTO MexaHu3Ma. B OypeBod IepHoa BOCCTAHOBIECHHE TI'€OMAarHUTHOTO ITIOJIS
3HAYUTEIBHO OOJbIIe, YeM B HEOypeBoil mepuon. Kpome Toro, kak BUAHO U3 PHCYHKA 2, YPOBEHb PEIATUBHCTCKUX
9JIEKTPOHOB BO BpPEMsi MarHUTHOW OypHW CYIECTBEHHO BHINIE, 4eM B HeOypeBoil mepuoja. OnHako u 3HaueHune AE
WH/IeKCa BO BpeMsl HHTepBaia ¢ MarHuTHoH Oypeit (AE~1900 uTx) Taroke 3aMeTHO OOJIBIIe, YeM [UII HHTEepBaia 0e3
oypu (AE= 1000 uTmn).

5. BeiBoabl

B paboTe cpaBHUBaNIKCh MOTOKH PEIATUBUCTCKHUX 3JIEKTPOHOB /IS HHTEPBaia BO BpeMsi TeOMarHuTHo# Oypu 27-29
Mast 2017 rona u 6e3 Hee. 3HAUECHHS TOTOKOB PENATHBHCTCKHX JIEKTPOHOB BO BpeMst OypH (IIpH cpeqHEH CKOPOCTH
COJIHEYHOTO BeTpa) OoJblIe, YeM Ul HHTepBaja 0e3 MarHUTHOH OypH NpH BBICOKOH CKOPOCTH COJHEYHOTO BETPA.
Heo06xoanMbpIM ycI0BHEM YBEIMUCHHUS IIOTOKOB PEIATHBUCTCKHUX JIEKTPOHOB sBisieTcst pocT AE nHzekca.

AmHanu3 nokaseiBaet, 4to poct OHY- u YHY BonHOBOI aKTUBHOCTU NPOUCXOAUT IPUMEPHO B OJTHO U TO K€ BpEMS
(3a 1-3 gHA 1O pocTa PENATHBUCTCKUX 3JICKTPOHOB) M COBIIAIaET C POCTOM cy00ypeBoit aktuBHOCTH. Poct YHU/OHY
aKTHMBHOCTH MOJET YCKOPATh OJJICKTPOHBI Ha HadaubHOW (aze. 3areM OETaTpOHHBIM MEXaHHU3M 3a CUET
BOCCTaHABJIMBAIOIIETOCS TEOMAarHUTHOTO TIOJISI MOKET JJaTh JOMOJIHUTENbHYIO SHEPTHIO JIEKTPOHAM.

Bo Bpemst MarHUTHOH OypuM MakCHMyM HHTEHCHUBHOCTH TOTOKa cMellaercsi Omke K 3emiie Ha MeHpline L-
000JI04KH 110 CPaBHEHHIO C WHTepBanaMu 0e3 Oypu. Ero mosjokeHune XOpoIlo COOTBETCTBYeT KpUBOM TBepckoi, U
MOXeT 3(PPEKTUBHO pabOTATh MEXAHNU3M YCKOPEHHS, CBSI3aHHBII C MHXKEKIINEH 3JIEKTPOHOB B 00J1aCTh OCIIa0IeHHOTO
KOJIBIIEBBIM TOKOM MAarHHTHOTO IOJISi M TOCIEIYIOHNIMM HX OETaTpOHHBIM YCKOPEHHEM IIpU BOCCTAHOBJICHUH
MarHUTHOTO TOJISL.

BaarogapHocTs. Pabora Beinonsena npu mogaepxkke rpanra PHO Nel18-77-10018 (benaxosckuii B.B.). Hayunsie
nanHble cnytHuka ERG (Arase) Obutn mosyuensl w3 Hayunoro nentpa ERG, ynpamsemoro ISAS/JAXA wu
ISEE/YuuBepcurerom Haros (https://ergsc.isee.nagoyau.ac.jp/index.shtml.en). ABTOpHI BBIpaXKaroT 0OJIAar0AapHOCTH
3a BO3MOYKHOCTH UCTIOJIb30BaHUs JaHHBIX cyTHUKOB GOES.
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IOPEKTBI BYPU 4 HOABPS 2021 I'OJA B ITIOJIHOM
JIEKTPOHHOM COAEPKAHUU NOHOCODEPBI
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'Kanununepaockuii punuan U3MHUPAH, 2. Kanununepao, Poccus
Hlonapuwiii I'eogpusuueckuti Uncmumym, 2. Anamumot, Poccus
*E-mail: efishov@hotmail.com

AHHOTanus. B pa6ote npejicTaBieHbl pe3yibTaThl MOHUTOPUHIa Bapuanuii [TosHoro Diexrpontoro CojepikaHust
(IT3C (TEC)) Bo BpeMs reomarHutHOU Oypu 4 Hos0pst 2021 1. B eBpomeiickoM cexTope. [l aHamn3a NpUBICKAIKNCH
kaptel TEC copmupoBanHbie B mrpotHOoM nuamazoHe 30-80°N; o qonrot 10°W-40°E. Ha aktuBHO# ctaanu Oypu
pa3BHBaNach IOJIOKUTENbHAs (a3a, MaKkCHUMalbHbIA 3(¢dexT HaOmomancs B AHEBHOE BpeMs. XapaKTepHOH
0COOCHHOCTBIO PAa3BUTHS OypH SBHJIOCH BO3MYIICHHE, KOTOpPOE IPOSBIIOCH B BHAE HUIeH(a MOBBIICHHON
MOHM3ALUH, IPOCTUPAOILIETOCS B HANIPABICHUH ceBepo-3anall. [Ipeanonoxeno, 4To 310 ecTh npossieHue 3ddexra
SED (storm enhanced density). [ToBsimenue gocturano mmmpot 70-75°N. Ha kaptax TEC a¢dexr Hanbomnee spko
nposiBUIICS BO BpeMeHHoM uHTepBaiie 08-10 UT.

1. BBenenne

Heckonbko XapakTepHBIX KPYHMHOMACIITAOHBIX HEOJHOPOJHOCTEH MMEIOT MECTO B IOJISIPHOW M CyOaBpOpasibHOM
HoHOocdepe BO BpeMs CIIOKOIHBIX ¥ BO3MYIIEHHBIX yCIIoBHi. K HUIM MOXXHO OTHECTH TIaBHBIH HOHOC(HEPHBII IpoBa
(MIT-main ionospheric trough), 6ypeBoe yBemmderne nonmsanun (SED-storm enhanced density), s36IK HOHHU3AITUN
(TOI-tongue of ionization) u msATHa NOBHIMIEHHOI MOHU3awK (polar patches). CuibHBIE TpaAHEHTH HA KPasX 3TUX
CTPYKTYp TPHBOJAT K TEHEpaluh HEOJHOPOIHOCTEH, C KOTOPBIMH CBSI3aHBl CHMHTHIUISIMN/(QIIyKTyalnu
HaBUTanMoHHBIX curHainoB. Omykryammmn GPS/TJIOHHAC curHamoB NpUBOMAT K YXYIIICHHIO, HAPYIICHUIO
HaBUTAINH U CBS3H B BRICOKHX MHpoTax [Jin et al., 2014; Cherniak et al., 2015; Prikryl et al., 2015; Shagimuratov et
al., 2021]. OcobenHo 310 KpuTH4HO B 00Oactu nposisieHuss SED. Crpykrypa TOI nokassiBaror 3aBucumocts oT UT,
ce3oHa, 10roThl. BHyTpH TOI nonusanust moxet B 2-10 pa3 npeBbiiath (JOHOBYH/HOYHYIO HOHU3ALIUIO B MOJISIPHON
manke. Ctpykrypa SED nposiBiisieTcst kak y3kasi 10 IIHPOTE 00JacTh MOBBINICHHONW MOHM3AIMH, JIOKAIN30BaHHAS
moio06Ho cTpye (menbdy), KOTopas TPAHCIOPTUPYETCS B HANPABICHUM TOJIOCA OT MCTOYHHKA JIOTIOJHUTEIHHOM
noHm3anuu co cpeauux mupot [Coster et al., 2007; Foster, 1993] u B naibHEHIIEM 3BOJIOIMOHUPYET B SI3BIK
HMOHU3AIUH.

[pu xouBentu SED/TOI cTpykTyphl 4epe3 monsapHyto manky TOI MoxkeT ¢pparMeHTHpOBATHECS HA TUCKPETHBIE
noJsIpHBIe maTyu. Heckompko MexaHn3MoB nipepioskero st hopmupoBanus SED/TOI crpykrypsr [Liu et al., 2015;
Klimenko et al., 2019; Pokhotelov et al., 2021]. Ctpykrypa SED noBoussHO sipko mposisisiercs B TEC Bapuanmsx. Kak
mokasaHo B pabore Foster and Rideout (2005), Bo BpeMs cynepOypu Hos10pst 2003 1. Habmoganock yenmueane TEC
BHyTpH SED Oosee uem Ha mopsigok 1o cpaBHeHu1o ¢ onoM. Ha ocaose 3D Tomorpaduueckoit pekonctpykuun TEC
M3MEpEHUH Il aMEepUKaHCKOTO ceKkTopa Bo BpeMs Oypu 17 mapra 2013 r. BeIsiBIEHA BbIcOTHas cTpykrypa SED.
ITokazano, yTo HauboObBIIIEe YBETUUCHNE NOHU3AUN HaOII0aeTcs Bhilne Makcumyma F2 ciost [Zhai et al., 2020].
Ha ocHoBe HaOxroneHW W MOIETMPOBAHUS IOKA3aHO, YTO CXOXHH BBIBOA MOJKHO CAETATh MPO BEPTHKAIHHYIO
ctpykrypy TOI Bo Bpemst Oypu 17 maprta 2015 . [Klimenko et al., 2019]. CornacHo pe3ynbTaTaM MOJEIBHBIX
pacyeToB Ha BBICOTaX IIa3Mochepsl 007IaCTh MOBBIIIEHHBIX 3HAYEHUH JIEKTPOHHON KOHIIEHTPAINH 3aHIMAaET MOYTH
BCIO TOJSIPHYIO INAIIKy, YTO CBS3aHO C yYMEHBIIEHHEM CKOPOCTH PEKOMOMHAIIMU M yBEIHMYCHHEM 3JIEKTPOHHON
TEeMITEpaTyphl C YBEIMUEHHEM BBICOTEL. HecMOTpst Ha cylecTByonyto B3auMocBs3b Liu et al. (2015, 2016) ykazanu
Ha T0, uTo SED u TOI ABnsitoTCs pasnu4YHBIME CTPYKTypaMH, HOSABISIOMIMMUCS HA Pa3HBIX IIUPOTAX C Pa3HbIMU
MeXaHn3MaMy GOPMHUPOBaHUS U MOJU(UKAIINH.

Bbnaronpusitieie ycnosus juisi ¢popmupoBanust SED/TOI cknanpiBatorcst B CeBepoaMEpPHKAHCKOM CEKTOpE.
BonpmuHCTBO paHee BBIMOTHEHHBIX HCCIICIOBAHUN Kacalluch UMEHHO 3TOTO cekTopa. [lozxe crpykrypsr SED/TOI
oOHapy>XeHbI B IpyTUX JIOJTOTHBIX cekTopax. B wactHoctH, B EBpormeiickom cekrope Bo Bpems Oypu 11 ceHTs0ps
2005 r. [Yizengaw et al., 2006], B EBponetickom u Poccuiickom cexropax Bo Bpemst Oypu 1-2 oxta6ps 2001 r. u 18
anpentst 2002 1. [Coster et al., 2007], van I'pernanaueit 10-12 oxtsi6ps 2010 1. [Shan et al., 2022]. BoabIIMHCTBO
nccienoBanui, kacaromuxcs anaauza SED/TOI, chokycrpoBaHO Ha MPOSBICHUE dTHX CTPYKTYP BO BPEMsI CHITBHBIX
TEOMAarHUTHBIX BO3MYyIIeHWH. B maHHOW paboTe NpencTaBieHbl pPe3yibTaThl HAOMIONCHHWA MPOCTPAHCTBEHHO-
BpemeHHoro noBeaeaus TEC ¢ mpossnennem SED miis ymepennoit 0ypu 4 Hoss6pst 2021 T. B €BpOIEHCKOM PETHOHE
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1 TIPOBEJICHO CPaBHEHUE OCHOBHBIX XapaKTEPUCTUK STOTO 00pa30BaHUS C JPYTUMH OYPSIMU M JPYTUMHE JOJITOTHBIMA
CEKTOpaMH.

I'eomaruutHOE pa3BuTHE OYpH MpeacTaBlicHO Ha puc. 1. BHesamHoe Hauano Oypu (SSC) ObLTO 3aperucTpupoBaHO
B ~19:50 UT 3 Hos0ps 2021 1, 3aTtem mocnenoBaiio naneHue uuaekca SYM-H no 3nauenns —110 nT B 08:25 UT u -
120 nT B 12:40 UT 4 nost6ps 2021 r. [Tocne 16:30 UT nocnenoBana ¢aza BocctaHoBiIeHMs. VIHIEKC reOMarHiTHOM
akTuBHOCTH Kp nocturan 3HaueHus 8 B 09-12 UT 4 nosiOps. [Ipu monydyenun kapt TEC ucnonb3oBamuce GPS
nabmonenus Epponerickoii cetn crannuii (EPN). Taxxe npusnekanucs IONEX nannble ¢ 15 MHH. BpeMEeHHBIM
pa3peleHneM.

-150 HH\‘\HH‘H\H‘HH\‘\HH‘\HH‘HH\‘\HH‘\HH‘\HH‘HH\‘H\H‘\HH‘\HH \HH‘HH\‘\HH‘H\H‘HH\‘\HH

0 6 1218 0 6 1218 0 6 1218 0 6 12 18 0 6 12 18
UT, h UT, h UT, h UT, h UT, h

Pucynok 1. Uanexc SYM-H 3a 1-5 nos1topst 2021 rona.

2. Pe3yabTaThl M 00CyKIeHHE

Ha puc. 2 npencrasnens kaptel TEC mus EBponeiickoro peruona B nuanazone 30-80°N; mnsa momrot 10°W-35°E ¢
oxHovacoBeiM uHTepBasioM. [InotHast cets GPS/TJIOHACC cranumit B EBpomeiickom permone obecnedmBaeT
BBICOKOE IPOCTPaHCTBEHHO-BpeMeHHoe paspenienne kapT TEC. Ilpu moctpoennn kapt Mbl ucnons3zoBanu 70-80
crannuii. [Toce Havana 0ypu noseimeHre TEC Habmoaaercs Ha mupoTax Beiie 60°N 3 Hos0ps nocie 21 UT. 3atem
chopMupoBajcs CPeIHEIIMPOTHBINA MPOBAJ, KOTOPBIH YeTKO HaOMIOAaJCs B HOYHBIC Yachl, OMYCKAsCh IO LIMPOT
Mmenble 60°N. [Ipu aTrom Ha mupoTtax ~65°N Bo Bpemst OypH YETKO MPOSIBISETCS BEICOKOIINPOTHAsE CTEHKA ITpoBajia
B niepuof ¢ 22 UT 3 nosi6ps 10 03 UT 4 ceHts0ps.
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Pucynox 2. Kaprer TEC nan EBponoit jurs 3 HosOpst (criokoiiHblit 1eHb) u 4 Host6pst 2021 1. (BO3MYIIEHHbIH
JICHB).

IonoxxutenpHas (aza Oypu HaOmomaercs 4 HosiOps Ha (oHe cnokoitHoro nHs 3 HOs0ps. Hambomee spko
HIOJIOXKHUTEIBHOE BO3MYLIECHHE MPOSBUIIOCH B JHEBHOE BpeMs. XapaKTepHOH OCOOCHHOCTBIO IPOCTPAHCTBEHHOTO
noBezeHuss TEC sBUIIOCH TOJIOKHUTENIFHOE BO3MYIIIEHHE B BH/IE Y3KOii obnactu (cTpyu, nuieiida), npoctuparomieecs
B CeBepo-3amaiHoM HampasieHnn, Habmomasmeecs ¢ 07 mo 11 UT. MakcumanbHb1i 3¢ dext npummencs Ha 09-10 UT
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(11-12 LT na monrote 30°), B paiione MectHOro moimynus. LIIupoTHEIA pasmep 00IacTH COCTaBISET OKOJO 3-5% B
muamazoHe 62-67° reorpadrueckoil mmpoThl. [IpeamonoxutensHO 3¢ ¢dekT cooTBeTcTBYeT mnpossicHHio SED
cTpyKTYphL. B padore [Coster et al., 2007] npencrasiensl npumepsl pa3sutus SED B Poccuiickom u EBpomnetickom
peruoHax M 3aTeM npociexeHo ux mnposisinenue B CeBepHoit Amepuku. Han Bocrounoit Cubupsto n EBponoit SED
HaOJoasIcs OKOJI0 MECTHOTO TMOJIY/HS, a K AMepuKe CTPYKTypa caBHuraiack K 3axony. B Espome crpykrypa SED
HaOmonanaces B TeueHue 15-20 gacoB B quanazoHe 61-63° nHBapraHTHOW MMPOTHL. MakcuMaIbHas HHTEHCHBHOCTh
a¢dexra npuxoauiuck Ha CeBepHyto AMmepuky. B Hamem ciywae SED naOmronancs B TeueHne 6-8 4acoB, IpuyeM,
BR)XHO OTMETHTh, NPUOIM3UTEIBHO Ha TeX e Imuporax. ns paccmarpuBaemoro Hamu ciydas SED asddexr
MPUXOANTCS Ha CTaguio akTUBHOH (aszel Oypu mocie 09 UT, mpu stom Kp mOCTHTal CBOETO MaKCHMAllbHOTO
3HadeHus: 7-8. 3amernm, uro i BosmymeHus 11 centsaops 2005 r. SED cTpykTypa perucTpupoBaiach Ha CTaIuu
BOCCTAaHOBUTENIFHOMU (ha3wl OypH, IPH 3TOM Kp WHAEKC JOCTHUTANl 3HAYCHUS 7.

Ha xaprax TEC cmen SED spko mposBisercs B maTepBane 09-10 UT. ma mmporax 60-70°N. [lerampHOe
nposieiennss SED moxxuo Buaets Ha cyrouHoii Bapuanuu TEC mo crannmmun TRO1, koTopas Haxogumach B IICHTPE
CTPYH MaKCHUMyMa ITOBBIIIEHHON 3JICKTPOHHOW KOHIIEHTpaIuu (puc. 3).
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Pucynox 3. Cyrounas apmanus TEC Ha Pucynox 4. IlupoTHelii npoduias Ha JONTOTE
craamuu TRO1 gnsa 3 (cumsast) u 4 (kpacHas) 20°E (10 UT) mma 3 (cumsas) u 4 (kpacHas)
HOs10pst 2021 T. HOs10pst 2021 T.

I'maBHoe moBwimenne TEC B cyrouHoMm xome mist 4 HOsOps, Kak W Ha KapraX, npuxomutcs Ha 09-10 UT.
MaxkcumansHoe 3HaueHue npuxoamiock Ha 09:20 UT u nocturano Bennuussl okoio 23 TECU, Ttoraa xak 3 HOSOps
B 910 Bpemst 3HaueHne TEC cocrasisio okono 8 TECU, 1.e. OypeBoe MOBBINICHHUIO MPEBBINIATO0 B 3 pa3a CHOKOWHBIN
xox. B cyrounom xome TEC mis 3 Hosi0ps HaOmomaeTcsl MOBBIICHWE B BEUEPHEE/HOUHOE BPEMsl CPaBHUMOE C
JTHEBHBIM YPOBHEM. DTO MOBBIINIEHHUE COOTBETCTBYET BHe3anmHOMY Havany Oypu (19:50 UT). B nenom, mo cpaBHEHUIO
CO CIOKOIHBIM THeM, 4 Hos0ps Habmoa10ch nojaoxuTenbHoe Bosmymienne TEC.

Ha puc. 4 npencraenen mupotHsiid npodmts TEC amsa 10 UT wa gonrore 20°E mo manabmM 6a3er Manpuran. s
CpaBHEHWUSI MPECTaBleH U pots s 3 HosOps. Ctpykrypa SED mienbda nposBisercss Ha IIIPOTaX 0KoJo 62° B
Buze rop6a peskoro noseimeHust TEC Ha ¢ore ero mraBHOro n3MeHenus ¢ mupotoil. lupuna SED cocrasnser 7-8
rpaxycoB. [Tonoxenue u pasmepsl SED cornacyroTtes ¢ mony4deHHbME paHee [Coster et al., 2007] mist EBponiefickoro
CEeKTOpa.

3akiouenne

Anamm3 kapt TEC obecnieunn mosydeHWe JeTadbHON KapTHHBI IPOCTPAHCTBEHHO-BPEMEHHOTO pPa3BHTHUS
MOHOC(EPHBIX BO3MYILECHHH BO BpeMsI yMEPEHHOM, 110 HHTEHCUBHOCTH, OypH 4 HOs10ps 2021 roja Ha mMpoOTax BhIIIE
30°N mnst EBpomeiickoro perumona. Ha cramuu akTuBHO#M ¢a3bl Oypu HaOt01a1ach MOJI0XKHUTEIbHOE BO3MYIIECHHE,
KOTOpoe Hanbouee spKo MPOSIBUIIOCH B THEBHBIE Yackl. Ha Bricokux mmporax noseimenne TEC mposBuiiocs B BUze
Y3KOH IO IMpOTE MOJIOCH (1uiea), mpocTuparoeiics B ceBepo-3anaJ HOM HANpaBJICHUH 10 MIMPOT oKojio 75°N.
MaxkcumyMm 3¢ddexTa npuiencs okoso moyyaHs, Ha reorpaduueckue mmpoTsl 61-68°N u ObL1 onpenener kak SED
(Storm enhanced density). Panee mogo0Hast CTpykTypa perucTpupoBaiach Ha pasHbeix Aoiarorax B TEC Bapuanusx
[Coster et al., 2007]. Ammmryma »>¢d¢dekra CyIIECTBEHHO MEHbBIIE, YeM pPErHCTPHpPOBajiach 3TO B
CeBEPOAaMEPHKAaHCKOM CEKTOpE MJIsi OYEHb CHIIBHBIX MAarHUTHBIX Oypb. OTHOCHTENBFHO Mayias aMILIMTY/a
00ycIioBJIeHa B O0JIbIIIECH YaCTH IOJITOTHOM 3aBUCUMOCTBIO 3 (heKTa M yMEPEHHON HHTEHCUBHOCTH PacCMaTpUBAEMOM
HaMHW MarHATHOH OypH.
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TEPMOC®EPHO-UOHOC®EPHBIE BOSMYIIEHUAA,
OIIEPE/KAIOININE MATHUTHBIE, KAK KPATKOCPOYHBIE
INPEABECTHUKHU ITPOI'HO3A MAT'HUTHbBIX BYPb

O.I'. MupmoBud, k.¢h.-Mm.H., OoyeHm
T'BIIOY MO «Konneooc «lloomockosven, Mocksa, Poccus,; e-mail: mirmovich1940@mail.ru

AHHOTAIMA

OO6cyx)maeTcs BO3MOXHOCTh HCIIOJIb30BaHUS B MPOTHOCTHUECKUX IIENIAX OOHApYKEHHOTO aBTOPOM TpU aHaIM3e
AKTUBHOT'O MEpUo/a B aBrycTe B 1972 romy v MIMPOKO 00CYKIaeMOTO B OTCUCCTBEHHOMN U 3apy0eKHOIl IuTepaType
BOT yxe 35 ner sddekra Bo3pacTaHus IUIa3MEHHOW YACTOTHI B TJABHOM MaKCUMyMe HOHOC(EpHl mepen
r€OMarHUTHBIMH OYpsIMH.

KuroueBble cioBa: tepmocdepHo-HOHOCHEPHOE BO3MYIIEHNE, «TepMOC(EpHOe [IyHAMU», BEpXHssA arMocdepa,
WCTOYHHMK MOHH3ALUH, THEBHOW KacIl, COTHEYHAs BCIIBIIIKA, IPEBECTHHK, MporHo3, FO.U. TanenepuH.

Beenenne

Kak-to Ha cummnosnyme COSPAR Bo BpeMs JoKiIama OQHOTO U3 YIEHBIX 00 0OHAPYKEHHBIX UM (paKTax ormepesKeHUs
Havalla MarHUTHOH OypH HOJIOKUTEILHBIMHA HOHOC(EpHBIMH Bo3MyIeHusIMH rTpodeccop FO.U. Tanbriepun, 90-netne
KOTOporo otMevanoch B MHcTuTyTe Kocmmudecknx uccienoanuiit PAH B 2022 roxy, BockiukHyI: «So, it is entirely,
completely Mirmovich!» (Tak, 310 ke cIutomHOW MHUPMOBHY), a MPHUCYTCTBOBABUIMA W TaM, W Ha 3allUTe
JICCEepTalliil aBTOpa HACTOSIIEH CTaThi B KauecTBe wieHa [lumccepramumonHoro coBera CuoM3MUP (Mpkytck)
npodeccop 2.C. KazumupoBCckuii 3TOT ciiydail pacckaszai aBTopy.

Ienu HacTosAmIeH pabOTHI:

a) BOCCTAaHOBUTH NIPHOPUTET OTKPBITHS;

0) TNpeaCTaBUTh KOHUEINIUIO aBTOPCKOrO OOBSCHEHUs sBJCHUS, yOpaB u3 ero JeQUHHLIUH TEpMHH
«IIPEIITOPMOBOI M TIPUBA3AB 3TO SBJICHUE K COJTHEYHBIM BCIIBIIIKAM, a HE K MATHUTHBIM OypsiM, U HCKITIOUYUTEITEHO
JTHEBHOMY BpPEMEHU;

B) OTHECTH 3TOT 3((eKT HEe K MOHOC(HEPHO-MArHUTHBIM MM Ja’Ke€ MarHUTHO-MOHOC(EPHBIM, a K BBEICHHBIM
aBTOPOM paHee B Hay4HBIH 00MX0] TepMOc(hepHO-HOHOC(HEPHBIM BO3MYIIICHHSIM;

I') OKa3aTh, YTO B ONPEAEIEHHBIX YCIOBHAX NMPU yUETE IUPKYISIHH, CIIOCOOCTBYIONMIEH WM NPENSTCTBYIOMIEH
MOCTYIUICHUIO JIOTIOJHUTEIBHOTO MaTepuaja Ha JTHEBHYIO CTOPOHY TepMoc]epbl, 3TOT 3P(PEKT MOXKET CIyKHTb
HE3aBUCHMBIM KPATKOCPOYHBIM MPEBECTHUKOM Hadasla MarHUTHOH OypH.

MatepuaJbl U KOHIEeNnuus padoTsl

[Tpu uccnenoBanmu nepuoja 2—11 asrycra 1972 roga, yHUKaIbHOTO IO MHTEHCUBHOCTH COJTHEUHOU JIESITENILHOCTH B
20-M IUKJIE CONHEYHOW aKTHBHOCTH, KOTOPBIH COMPOBOXKIAJICS HEMOYKOW CONHEYHBIX XPOMOC(HEPHBIX BCIIBIIIEK
kiacca X, BBI3BABIIMX, COOTBeTcTBYomMe 3¢p¢extsl B obmactu E m D nHeBHOW HMoHOChEpbl, aBTOpOM OBLIO
oOHapy>xeHO aOCONIOTHO HOBOE B TeNNOreO(pH3MYECKHX HCCieNoBaHMAX siBieHHe. OHO cOCTOSIO B TOM, YTO B
JHeBHOE BpeMs B obnactu F noHocdepsr otmeuanuckd nosoxutensHsle Bosmynienus (I1B) cpasy nmocie comHeuHbIX
BCTIBIIIEK M JI0 TEOMAarHUTHBIX Oypb Kak ¢ BHe3amHbIM (SSC-3¢deKr), Tak U C MOCTEIIeHHbIM HadyaloM, KOTOpbIE
cienoBaiu 3a [1B. OroTt addext Obu1 OTMEUEH, MPOMILTIOCTPUPOBAH M OITyOJIMKOBAH B craThe [1], a Takke B psne
nocienyromux pador 1978-1981 rr., 3ammiieH auccepranueil B KadyecTBE 3alUINAcMOIO IOJIOKeHUs [2].
[IpakTHdeckn OMHOBPEMEHHO AaHAJOTWYHBIN 3((eKkT B MpeamTopMOBOl MHTEpIpETalHyd 3aMEeTHI MO JaHHBIM
HaOJII0JIEHUH B MPUIKBATOPHUATILHOW HOHOC(hEpe OpasmiIbCKUI HCCenoBaTeNb HOHOC(HEPHl U T€OMAarHUTHOTO TTOJIS
R.P. Kane [3], xors Ha cnenuduky 3¢dekra He oOpaTwi BHUMAHHUSA. AKTYaIbHOCTh W HAYYHAs IEHHOCTh 3TOTO
OTKPBITHS TIOATBEP)KIAeTCs Oojiee MO3IHUMH paboTaMU MHOTHX aBTOPOB C MPU3HAHHWEM OTCYTCTBHS (PH3HUYECKON
MOJIENIN ¥ aZICKBATHOTO OOBSICHAIONIETO MEXaHN3Ma TaHHOTO SIBJICHUS, Hanpumep, [4-10].

B pabore [5] oT 2019 roga aBTopamu npeicTaBieH 00CTOSTENBHBII 0030p pobieMs! 1o > 40 6ndarorpaduueckum
ucroynrkam. OJTHaKoO, HECMOTPS 1aKe Ha HAJIMYUE COBMECTHOM pabOThI 1O 3TOH TeMe ¢ aBTopoM [11], HU B 9TOH, HU
B JIpyrux paboTtax oreuecTBeHHbIX (Hampumep, J[.B. brarosenienckuii, A.B. MuxaitioB 1 MH. 1p.) U 3apyOeKHBIX
uccnemoBarencit nonocdepsl (Hanpumep, L. Liu et al., B.J. Adekoya, J. Lastovicka u MH. 1p.) cchuiok Ha paOoTsI [1,
2] ver. B pabore [7] Ha OCHOBaHMM KOHLENTYaJbHOTO aHajM3a IyOJMKAlMl, MOCBSIICHHBIX NPEeI0ypEeBBIM
Bo3pactanusiM NmF2, cienaH BbIBOJI, UTO HET yOEIUTEIbHBIX apIyMEHTOB B MOJIB3Y CBSI3M HAOJI0aEMbIX CIIydacB
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TaKUX MOJIOKUTENBHBIX BO3MYIIEHHH HOHOC(EPH HA CPEAHMX M CyOaBPOPAIBHBIX MIMPOTAX C MOCIEAYIOUIMMHU
MarHUTHBIMH OypsIMH.

ABTOpOM 3TOT 3¢ eKT ObLIT CBSI3aH HE C IEKTPOHKETAMHU U JKOYJIEBBIM Pa3orpeBOM B aBPOPAIBLHOM OBaje, a C
paboToli JHEBHOT'O Kacha M ¢ COOBITUSIMH B MOJISIPHOI IIAnKe, 4TO OBUIO MOJATBEPIKAECHO U3MEPECHUSIMU BBICHITIAHUI
MSTKHX DJIEKTPOHOB B 3Ty YHUKaIIbHYI0 MarHutocepHyto «BopoHKy» FO.U. ['anbnepuHbIM, 4TO B CBOIO OYepeab
yKa3bIBaeT Ha OTCYTCTBUE CTPOTOi MPHUBS3KK TakuX [1B k MarHuTHOM Oype, Takke Kak OHa HallpsSIMYIO HE 3aBUCHT OT
PCA.

JerepmuHu3M coiHeuHo-3eMHBIX cBsizeil (C3C) npeacTasiser co0ol KaK MUHUMYM YETHIPEXCTBOIBHOE «JIEPEBOY,
KOPHEM KOTOPOTO sBIIsieTcs XxpoMocdepHas Benbimka (XB). /IBa cTBoIa HAUWHAIOT CBOIO «paboTy» depe3 8 MUHYT,
Korga yneTpaduoiaeToBoe u peHTreHoBckoe mmydenne (Y OU, PU) nocturator Bepxueit armochepsl 3emin (BA),
TZIe OCYLIECTBIIOTCA sepHO-XxuMudeckue peakmuu (SIXP), a npyrme nBa — depe3 CyTKH-ABOE MO NPHOBITHH
BOo3MyIIEHHOTO conHedHoTo BeTpa (BCB) n comnreunsix kocmuueckux sryueit (CKJI), comepkamux HerTpoHs! (N),
yuactBytouue B SIXP.

Tepmochepro-nonocdeprsie Bozmymienns (T1IB), BBeneHHBIE aBTOPOM KaK CaMOCTOATENBHBIA TEPMHUH B BUZE
IbTEPHATHBBI HOHOC(HEPHO-MarHUTHBIM BO3MYLICHUAM (Hanpumep, B [12, 13]), XoTs 1 ux cienoBaiio Obl Ha3bIBATh
MarHutTHo-uoHochepusiMu (MVB), a He MOHOQEPHO-MarHUTHBIME [6], TOPOXKIaeMble BO3/ICHCTBUEM HCTOYHHUKOB
MOHM3allMM Ha HEUTpabHBIN OycT-BO3MYylleHHe cocTaBa (atomHoro O), obiagaloT ogHOH (yHIaMeHTaNbHON
0COOEHHOCTBIO: OTAEIBHBIHN UX THUIT MOYKET HAOJIIOAATHCS 3a Yachl, a TO U CYTKH JI0 Hayajla MarHUTHOH OypH.

HccnenoBanuto nocineBcnbieyHbix nojoxutensubix TUB (IITUB) ciocoGcTBOBaM OBl BHEIIHEE 30HUPOBAHNE
noHocdeps! co crmyrHuka + peructpanmss TEC Bo Bpems XB, BeI3BaBIICH TONHOE IMOTJIOMIEHHE B oOmacté D-
nonocdeps! u «@pdexr Jemmmmxepa" (31). O0bsicHenne reaepanuu Takux [ITUB MoeT HaXOAUTBCS B paMKax
nByx BetBell «uepeBay C3C: XB — YOU+PU+N(CKJII) — BA — AXP u XB — BCB — CUSP. O6e 3t1 BeTBU
Y4acTBYIOT B HM3MEHEHHH CcoOcTaBa BA B MOJb3y YBENMUYCHHS KOHIGHTPallMd AaTOMHOH COCTaBISIOIIEH U
(bopMupOBaHUs NEpeHoca e€ B CTOPOHY 3KBATOpPa C OOIBIINMHI CKOPOCTSIMU, HA3BaHHOTO aBTOPOM «TePMOC(EPHBIM
IyHaMI.

IIporHocTnyeckui noreHuuaj nocjescnoimeybix INTUB, onepexaomux Havyajia MArHUTHOM
oypu

Cpenn «IIpeIMKTOpPOB» OCOOYI0 HEHHOCTH NPECTaBIIIOT KPATKOCPOUYHBIE IPEIBECTHUKH JIFOOBIX BOSMYLICHUH U
KaTacTpod, KAKOBBIMH IO TIOCJIECTBHUSM OBIBAIOT U MAarHUTHBIE OYpH.

PaccmaTpuBaemast B JaHHO#M paboTe npodiieMa B OCHOBHOM c(OpMyJIpoBaHa B padoTax aBTopa [ 14, 15], a ocHOBBI
MPOrHO3UpoBanus U uctounuku TUB — B padote [16].

Boo0bue-To Takoe «repmocdepHoe 1yHaMn», HallJIbIBAeMOe Ha HEBO3MYIIEHHOE COCTOSIHUE BEpXHel aTMochepsl,
e€ HeliTpocepbl, MOXKET CO3/1aBaThCsl Pa3HBIMKU MCTOYHUKAMM, BKIIIOUAsi aKyCTHUECKHE, aKyCTUKO-TPaBUTAIIMOHHBIE
U BHYTPEHHHE BOJIHBI, TOSBJIONIMECS HAa TIpaHUIE IBYX Cpel, KOTOPOH MOTyT OBITh Iepenajabl IUIOTHOCTH,
IPaJueHTBl, pa3IMUHbIE JKEThl — CTpyiHble TeueHus [12, 13, 16]. Ho B kauecTBe KpaTKOCPOUYHOTO MPEIBECTHUKA
MarHuTHON OypH MOXeT CIyXuTb Jauib ofuH Tun [1THB, nmepBUYHBIM MCTOYHHKOM KOTOPBIX SIBJISICTCS JHEBHOM
kacr marHuTocdepsl [17]. Kpome Toro, cnemyer Taxke oTMeTHTh, 4T0 Y OU 1 PU 0THEeTBHBIX COTHEYHBIX BCIBIIICK
HOHHM3YeT HEHTPaJbHYIO COCTABISIONIYI0 BepxHel aTtmocdepsl BIOTh 10 h > 600 KM, 49TO HpencKa3bIBAIOCH
teopetrdecku [2] u oOHapyxeHo B TEC. Tak, B pabote [19] mpencraBieHbl pe3ynbTaThl HCCICIOBAHUS THHAMUKA
TIOJTHOTO 3JIEKTPOHHOTO COJIEPKaHMsl HOHOC(EPHI, BBI3BAHHOTO BO3ICHCTBHEM COJIHEUHBIX BCIbIIIEK X -Kinacca 6 u 10
centa6ps 2017 rona.

3axkioueHue

1. Hacrosmas pabota ycTpaHseT HeIopa3yMeHHE B HAyYHOH JIMTEpaType, JUiieecs JECATKH JIET, KOTOpoe
COCTOHUT B TOM, YTO JI0OOE ITOJIOKUTEIHLHOE BO3MYIIEHHE MOHOC(EPH! TECTUPYETCS Ha IPEIMET «IIpeadypeBoro»
xapakrtepa. A aBTop oOHapyxeHus (pakTa Bo3HHKHOBEeHUs [1B noHOC(hepHI, onepesxaroniero Hauaio MarHuTHOH OypH,
cpasy yTBepXJall, YTO OHM HaOJIIOAAIOTCA HerocpelcTBeHHO nocsiie XB u ymmb Ha 1HEBHOW cropone. Bmecto
HCCIICIOBAHMS BO3MOXKHOCTEH «paboTe»y YOU u PU c¢ Heifrpochepoil B MOHM3AIMOHHOM M IHUCCOIMATHBHBIM
pexnMax Ha OONBIIMX BBICOTaX, mHpuBnedeHns HelTpoHoB M3 CKIJI K sIepHO-XMMHYECKHM pEakIsIM Kak
MTOCTABIIKKY JAOMOJIHHUTEIFHOTO aTOMHOTO MaTepuana B TepMocdepy, I'ie CONHEUYHOE M3IyYeHHE MPEBPATUT UX B
IUTa3My, aBTOPHl pabOT MO JAaHHOM TEMAaTHKE PAacCMAaTPHBAIOT BCE IMOJIOKUTEIBHBIE MOHOC(EPHBIC BO3MYIICHHUS,
IIBITASICh HAWTH WM ONIPOBEPTHYTH UX «IPeAOypEeBYyI0» MHCCHIO, HX CBA3b C MOCIEIYIONIeH TeOMarHUTHOW Oypeit

i cy00oypeii.

2. Hukro He cmenan BBIOOPKY MO JHEBHBIM OTAENBHO 1B 1 B CBS3M CO BCHBILIKAMH, & HE aBPOPAIbHON HITH
MarHUTHON aKTHBHOCTBIO.

3. O6cyxnaeMblil 3 PeKT — 3T0 He HOHOCHEpHOE UITH HOHOC(EPHO-MarHUTHOE, a TepMochepHo-HoHOCchepHOe
BO3MYIIEHUE.

4. O6pasysce 3amoaro a0 npuxoga BCB, OTBETCTBEHHOro 3a MarHUTHYK W HOHOChepHYIO Oypro, Takoe

nHeBHoe IITHIB MokeT OBITH TMpEeABECTHHKOM TJI00ambHOW MarHMTHOW Oypu. Panee aBTOop paspaboranm meTox
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nporao3a TUB no perpeccnonHomy ypasaeHuto NmF2 u O/N; W WHAEKcaM T'€OMarHUTHON aKkTHBHOCTH [2], a B
JTAHHOM CITy4ae HaoOOpOT, 0 OJHUM HOHOC(EPHBIM JaHHBIM MOYKHO MPEACKa3bIBaTh (PAKT III00aTbHO MarHUTHON

Oypu.
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I'EOO®P®EKTUBHOCTDb ITUAMATI'HUTHBIX CTPYKTYP
IPYIITUBHOI'O ITPOTYBEPAHIIA

B.A. ITapxomos!, B.I'. Ecenesuu®, M.B. Ecenesud?, B. Isrmap?

Baiikansckuil 20cyoapemeennbiil ynueepcumem, 2. Upkymck, Poccutickas @edepayust

2Unemumym conneuno-semnoti puzuxu Cubupckoeo omoenenus Poccutickoti akademuu Hayx,
2. Upxymcx, Poccutickas @edepayust

SUncmumym acmponomuu u 2eogusuxu AH Moneonuu

AnHoOTanMs. Paccmorpena uenodka sienuii or ConHia 70 3eMId, MO3BOJISIONIAs UCCIEIOBATh MEXAHU3M
re03()(HhEeKTHBHOCTH IPYNTHBHBIX MPOTYOEpaHIIEB, KOTOPBIE pacrpocTpaHsiorcs oT CoiHIa BHYTPH KOPOHAIBHBIX
BBIOPOCOB MAacCChl. DPYNTHBHBIN NpOTyOepaHell, BHIOPOIICHHBIH B COTHEYHBIH BETEP, ABIKETCS C €0 CKOPOCTBIO K
3emiie B BHIE JUAMArHATHOW CTPYKTYpHI 3pynTuBHOro mpotybepanua (JCOII). I'maBHo# ocobennocthro JJCOIL
SBIsIETCST OONBIION PE3KMH CKAad4OK KOHIEHTpAlMM Iula3Mbl N BHYTPH HETO TNPH OJHOBPEMEHHOM pPE3KOM
ymenbmeann moayist MMII B. imenHo, Benenctre antukoppersuu npoduiei N u B saytpu JJCOII ero koHTaKT
¢ MarHuTocdepoit MOKeT NPUBOJMUTH HE TOJILKO K CXKATHIO MarHUToc(ephl, HO U K poxoxaeHuto Bemiectsa JJCOI1
BHYTph MarHutocgepsl. [IpomoKUTENEHOCT MAarHUTOC(EPHOrO BO3MYIIEHHS B BUJAE TOJISIPHBIX CHUSHHUN Ha
JTHEBHOM CTOpOHE, TJ00aIbHOIO YCWICHHS TOKOBBIX CHCTEM, BO3PACTaHHsS IIOTOKOB 3apsDKEHHBIX YacTHUIl B
panvalMoOHHBIX MOsiCaX W TeHepaluu HeperyJsipHbIX myibcaimid tuna Pi2-3 ompenensiercst pasmepom JICOIL
IpuBeneusl cratuctuueckue wuccinenosanus JICOII, HaOmogaeMbIX B pasHble TOJbI COJHEYHON aKTHBHOCTH.
[octpoena kadecTBeHHast Mozenb reodddexruBrocTH JCOII.

KuroueBbie ci0Ba: spynTHBHBIM MpoTyOepaHel, AWaMarHUTHAas CTPYKTypa SPYITHBHOTO IpOTyOepaHIa,
mutoo6pasHas cyo0ypsi, IBOHHON OBaJ MOJSPHBIX CUSAHUM, TeOMarHUTHbIE MyJIbcanuu Pi2-3.

Beenenue
[onsarue reo3dpdexrnBHOCTH AHamMarHUTHEIX cTpYKTYp ([C) MemnenHoro comrednoro Berpa (CB), onpeaenseMbix
[0 OTPHUIATEIEHOMY KOA(QHUIMEHTY KOPPENSIHMH MEXIy OONBIINMH CKaukamMH KoHIeHTparmun CB u momyns
MexIuianeTHoro Marautaoro noisist (MMIT) u nepeHocumbix ot CotHIA 10 OPOUTH 3eMJIM MOTOKAMU MeEIJIEHHOTO
conHeuHoro Betpa (CB) 65110 0000111eHO B cTathe [1]. Hanbonee MOIHbIE TeOMarHUTHBIC BO3MYIIICHHUS CBSI3aHbI CO
criopaguaecknm CB. Ha opbute 3emnu cnopagmueckuii CB, nctounnkom kotoporo Ha ComHile sisitotcss KBM,
perucTpupyercst B BUjie MOCieA0BaTelIbHOCTH ynapHoit BoaHb! (Shock), ynapHo-Harperoii mia3mel (Sheath — o6nacts
cxatus nepex KBM) u MexiuianeTHOro kopoHansHoro Beiopoca maccel (KBM). CorstacHo [2], oH MOKET ObITh JIH00
B Bujie MaruuTHoro ob6naka (MO), nubo B Buze BbiOpoca (ejecta). menno BHyTpu MO U ejecta perucTpupyercst
spynTuBHEIN npotyoepaner (311), KOTophIid XapaKTepU3yeTcss Pe3KUM U OOJNBIINM CKaYKOM KOHIICHTPAIIUH TIa3Mbl
N 1ipu 0THOBpEMEHHOM pe3KoM yMmeHbIneHnn Moayiisi MMIL. Tlo sTomy nmapamerpy oH sIBISIETCS SIPKO BBIpaKEHHOMH
JAC cnopaanueckoro CB [3]. lanee Takyto CTpyKTypy OyZeM Ha3blBaTh JHaMarHUTHOH CTPYKTYpOH 3PYNTHBHOTO
npotyoepanna (JCOII), noquepkuBas ee UCTOYHUK. MBI uccnenoBam 15 cnopagudeckux motokoB CB, B KOTOPBIX
yAaJ0Ch OAHO3HAYHO ycTaHOBUTH Hanunuue JCOII.

Ilenpto maHHOW pabOTHI SBIAETCS JCTATbHOE .
HCCIIEIOBAHKE MTPUPOJIBI M XapaKTepa BO3MYILEHHS —40 ‘ ‘ A
MarHuTocepsl, KOTOpbIE CIHOCOOHBI BBI3BIBATH
JCOIl na mpumepe ctpykTypsl 02.07.1999 s -20F
KOTOPO# yianock coOpath Hanbosee MOJHBIA MaKeT
JIAHHBIX.

WIND
.

INTERBALL-1
.

POLAR
.

Re

o —
*GOES-10
B
GOES-8

Yeses

JlanHble M MeTOABI aHAIU3A
JuHaMuka Bapuanii KOHILIEHTpauuu Iuia3mbl N 20 ‘ ‘ B
noroka CB u momyns MMII B Bayrpu JICOII ace .
HCCIIeIOBAIACH TI0 U3MEPECHUSAM B TOUKAaX JIMOpAITH L] S NS S N N S SN R S
Ha opOmrax kocmudeckux ammapartoB (KA) ACE, 250 200 50 0
WIND u B6mm3u 3emmu Ha criyTHHKax Geotail, IMP-8 Keses Re

u UHTEPBOJI-1, a Tawke Ha cryThukax POLAR, Pucynoxk 1. Cxema pacnoyioxkeHHs CIIyTHUKOB
BHYTpH 1 BHe MarHuTocdepsl 02.07.1999 r.
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GOES-8, GOES-10, pacnionoxeHHbIX BHyTpH MarHuTocdepsl. [loyokeHne CIiyTHIKOB TIOKa3aHo Ha puc. 1.

Vcnonp30BaHBl TaHHBIE HAa3eMHBIX T€OMAarHUTHBIX HaOmoneHwid Ha MupoBoit cetn cranumii INTERMAGNET,
MepUIUOHATIBHONW nernouke MarHutomeTpoB CPMN (210 mepuanan) [4], cetm CARISMA, a Takxe naHHBIC
HaOII0CHUH MHIYKIMOHHBIX MarHuToMeTpoB oocepsaropuii bopok (BOR) u Monast (MND).

Omnpenenenune u anaans JCIII 02.07.1999 r. na opoute 3emian
IIpexne gem onpexnemnats ucrounuk D11 Ha ConHIle 1 aHATH3UPOBATh pe3ynbTaThl peructpanui JCIOI paznuaabivu
KA, manomamM xapakrtepubsle cBoiictBa OIl BHyrpm KBM B kopone ConHIAa B IDIOCKOCTH OKJIHIITHKH,
TIepevrCIIeHHBIE B [5, 6, 7].

1. DpynTuBHBII npoTyOepaHel NpeacTaBisieT CO00H METII0 ¢ HEOJHOPOJHBIMU TPaHHLAMH M paclojaraercs
BHYTpH MarHuTHoI nosoctu KBM, kotopoit coorBerctByeTr MO Ha 1 a. e.

2. Tonmmua nernu BojokHa AL, Boss paanyca R (B HampasieHun ocu X npiwxkeHust KBM) MHoro meHsie
aHajoruuHoro pasMepa ALgpwm a1t KBM.

3. TonmmuuHa MET/IM BOJIOKHA B HAIIPABICHUH Z, IEPIESHANKYJIIPHOM IFIOCKOCTH SKIUITHKH, CpaBHUMA C AL,

4. Ilpu aBwxeHun A0 opOUTHI 3emin yrioseie pasmepsl KBM 1 apynTHBHOTO BOJIOKHA IPUMEPHO COXPAHSAIOTCS.

PesynpTaThl CcpaBHEHUS HAOJIONCHUHA 3PYNTHBHOTO e Al
BOJIOKHA TP €r0 JBIKCHHU OT OPOUTHI JHOpALMU 10 140 — 02.07.19%3 =, i
paccrostHus ~4Rg TIOKa3aHBI Ha pUC. 2. 120 —] Polar R

BepTHKaTbHBIMI IITPUXOBBIMHM THHUAMH Ha pHC. 2 |= 100
OTMEYEHBl MOMEHTBI BDEMEHU NEpeceueH s IepeIHEd U =
3aHeil TIpaHUIl BOJOKHA, Af — HUHTEpBal BPEMEHH
MPOXO0XKJCHHUS BOJIOKHA Yepe3 CIyTHHK. BuaHo, uto ode
TPaHUIBI 10 BPEMEHH PEruCTPaIliil CYIIECTBEHHO
MEHBIIIE JUTUTEIBEHOCTH At IPOX0XKICHUS BOJIOKHA Yepe3
cnyTHUK. [Ipum sToM HabmogaeTcss aHTUKOPPEIAIUA
Bapuaruii N u B Ha Bcex cnyTHHKax B CB u Ha ciyTHHKe
Polar BHyTpn mMaraHnToCcepbl Ha JHEBHOH CTOpPOHE Ha
paccrostHaun ~4Rg. IMEHHO 3TOT (akT MO3BOJSIET HAM
BHEepBble  uHTeprpernpoBars Il (BOJIOKHO) B
cosnHeuHoM Betpe kak JICOII u nokazaTh NpOX0OKIAEHUE
3TOH CTPYKTYPBHI BHYTPb MarHuTOCQEpHI.

B cratee [8] OBUTO TMMOKa3aHO, YTO HCTOYHHUKOM
paccmaTpuBaeMoro crnopaauieckoro CB sBusercs KBM
TUINIA TaJlo, KOTOPBIA CONPOBOXKIAICS BCIBIIIKOM C
koopanHatamu N18EOQ7 u pertrenoBckumM 6ammom M3.3.
Bpewms nagana Bensiiku 29.06.1999, 1,=~07:31 UT.
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OTKJIHMK B MATHUTOC(ePHBIX TOKOBBIX CHCTEMAX
Oco0eHHOCTH OTKJIMKA PACCMOTPHUM B JBYX YAaCTOTHBIX
JUarna3oHax — HU3KOYaCTOTHOM B TOKOBBIX CHCTEMax, |
ONpeNeNsIeMbIX  BapHALUAMH  KONBLEBOTO  TOKa 2200 00 {100
(mHOexkcaMu reoMarHuTHON  aktMBHOCTH SYMH),
BapHaIMsIMH aBPOPATBHBIX TOKOBBIX CTPYH (MHIEKCHI Pucynok 2. Bapuauun koHUeHTpauuu mwiasmel N
SML, SMU), u BBICOKOYACTOTHOM, OIPEACTIIEMOM (cunne kpusbie) u moxyinst MMII B (kpacHbie
JUHAMUKOIN HeperyJspHbIX N€OMarHUTHBIX IyJIbCaluil kpusble), B obmactu JICOII  02.07.1999,
tuma Pi 2-3 (T = 180 = 320 c). 3aperUCTpUpOBaHHbIe Ha pa3nuiHbiXx KA. CHH3Yy
Ha puc. 3a nokasansl napametpsl N, B, By, Bz JICOI1 seepx:  ACE, WIND, GEOTAIL, IMP-8,
no paneeiM  OMHU, wMarHuTocdepHbIi OTKIMK B INTERBALL-1, POLAR; At — unrepBai BpeMeHH

BapUalUsAX I€OMAarHUTHOrO IOJI1 HAa HU3KOIIMPOTHBIX IPOXOXKJCHHUA BOJIOKHA H€pe3 CIIyTHMK, JBC
MarHUTHBIX 00CEpBAaTOPHSIX, B MHICKCAX T€OMAarHUTHOM BPEMCHHBIC ~ IPAHMIBI  KOTOPOro  IOKa3aHBI
aktuBHoctn SML, SMU, SYM-H. MaruutochepHsblii BEPTHKAILHBIMA INTPUXOBBIMH JTMHUAMH.

OTKJIVK MOKHO Pa3JeNUTh Ha deTbIpe cTagun. Craans 1-2

— COOTBETCTBYET HAaUaIly B3aNMOJICHCTBHSA, CBI3aHHOTO C HEOOIBIITUM BO3pAaCTaHHEM KOHIICHTPAINH TU1a3Mbl; 2-3 — (aza
DCEF, pe3koe Bo3pacTaHne TOKOB Ha MarHUTOTIAy3€, BEI3BAHHOE CKATHEM MarHUTOC(epsl CKaukoM KoHneHTpanuu CB
or 2.8 mo 10 cm3.

Kommnonentst MMIIT Bx u By B MJIOCKOCTH 3KJIMIITHKM CKAaYKOM MEHSIOT HalpaBlieHWE Ha MPOTHUBOIIOJIOKHOE B
momeHT Havyana DCF ¢asel, a Bz koMnoHeHTa 1IaBHO MEHSET HalpaBJeHHE C FOKHOTO Ha ceBepHoe. BepositHo, B
paccMaTpuBaeMoM COOBITHH reod3((PeKTUBHBIMH OKa3aIich KoMIoHeHTEl MMII B ropr30HTaIbHOMN IIIOCKOCTH.

Ha puc. 36 no6asnenst: SYM-H Ha yrpenneit oocepsatopun MBO u nannsie criytnukoB Polar (moxyns B), GOES-
10, GOES-8 (H,-KOMIIOHEHTHI) B 3aBUCUMOCTH OT UX PACIOJI0XKEHUS 110 MECTHOMY BpeMeHH. Bce cryTHUKY, JaHHBIE
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KOTOPBIX ITOKa3aHbI Ha pUC. 36, HAXOAATCS Ha HHeBHOU cTopoHe: Polar — ~9 h, GOES-10 — ~13 h, GOES-8 — ~17 h
MLT. Ha GOES-10 peructpupyercst pe3kuii Ckadok H-KOMIIOHEHTBI reoMarHuTHOro 1oiist Ha ~50 HT1; na GOES-8 Ha
BeuepHei cropoHe — 40 HTa. Moayne reoMarHUTHOTO IOJIsl Ha COYTHHK Polar B mpesmnonyJeHHOM ceKTope BO3poc
ckaukoM Ha ~60 HTn. MHaekec BOoCcTOUHON aBpopaibHOi anektpocTpyn SMU ckaukom Bo3pacTtaeT oT ~250 mo 400
HTn. Bo3pactanust reoMarHUTHOTO TOJIS IO JUIMTEIBHOCTH NPHUMEPHO PaBHBI BPEMEHH MPOXOKACHHS MEPEIHETO
¢ponra JICOII uepes CrryTHUKH.
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Pucynoxk 3. 'moGambHbIi MarEATOChEpHBIH OTKIHK Ha puxox k 3emie ICIIT 02.07.1999:

a — (cBepxy BHU3) KoHIeHTpamws CB N u moayns MMII B o HaOItoIeHUSIM ¢ pa3pelieHneM 3 ¢ Ha CITyTHUKE
Wind, unaexkc konbleBoro toka SYM-H, wHIeKc 3anmagHoil aBpopanbHOH 3jekrtpoctpyn SML, mHIEKC
BocTtouHOro Toka SMU. 1 — Hagano xoHTakTa ¢ JJCOII, 2 — Hayano B3anmoseiictus JJCOII ¢ maranTonay3oi
(nauano DCF ¢a3bl), 3 — oxonuanne DCF ¢a3bl Ha HU3KOMIMPOTHBIX 00CEPBATOPHSAX M CTAOWIIM3AIMS
BermuuHbBI DR (koserieBoro Toka), 4 — reneparus Pi2-3 xoneGanwuit.

6 — KomuHu (pParMEeHTOB MAarHUTOTPaMM HH3KOIIMPOTHBIX 00CEepBaTOpHil B 3aBHCHMOCTH OT MECTHOTO
BpeMmeHu. | — Hagano konrakra ¢ JICOII, 2 — magano B3anmoaeticteus JICOI1 ¢ marauTonaysoii (Hauano DCF
¢ass1), 3 — oxonuanune DCF ¢a3sl Ha cmnyrHukax, 3° — oxonwyanue DCF (¢a3sl Ha HHM3KOIIMPOTHBIX
oOcepBaTopusx U ctabminmsanus BenmmauHbl DR (konbiieBoro Toka), 4 — reHepanus Pi2-3 konebaHuit.

Ha 3emne B ~22:47 UT pe3ko ycunuBaeTcsl IIaHeTapHas MarHuTHas akTUBHOCTb. Kowtakt JICOII ¢
MarHuroc(epoil BBEI3BIBAET PE3KOE BO3pacTaHWE TIJI00ANBHOH MarHWTHOM aKTHBHOCTH, KOTOPOE OIpeessieTCs
CHUHXPOHHBIM BO3pacTaHUEM UHAEKCOB aBpOpallbHOW MarHUTHOM akTuBHOCTU SML Ha ~600 HTn u SMU na 250 HTn
1 yCWJIEHHE KOJbIeBOro Toka (mHaekc SYM-H Bo3poc Ha ~20 HIN). Ot >ddextsr Boznmeiicteua JCOIl nHa
MarauTocepy MOXKHO TOHSATH, UCIOIB3Ysl MEXaHU3M, paccMOTpeHHBIH B [9]. CyTh MexaHH3Ma 3aKII0YaeTCs B TOM,
YTO pPa3BUTHE TEOMAarHUTHON OypH KOHTPOJHPYETCs, KaK MEKIUIAHETHBIM MarHUTHBIM IOJIEM, TaK U KHHETHIECKUM
JABIICHNEM COJHEYHOTO BETPa, KOTOPBIE CO3MAl0T YCJIOBUS JUIS TOCTYIUIGHHS IUIa3MBl BO BHYTPEHHIOIO
MmarHurocgepy. B Hamem cimydae ycuiaeHHe KOJIbLIEBOIO TOKAa MPOUCXOJHUT Ha (pa3e BOCCTAHOBIEHHS OypH, a HE B
LIEJIOM JUIs pa3BUTHS OypH, KaK B IUTUPYEMOH cTaThe.

WHdopManuio o MocTyIuieHUH SHEPTHH BHYTPh MarHUTOC(HEpbl MOXKHO TaKXke IOJIYYWTh M3 aHalu3a BapHalMi
MIOTOKOB 3apsDKEHHBIX YacTHIL (IJIEKTPOHOB) M MOJYJIsl MArHUTHOTO TI0JIs1 Ha ciyTHUKe Polar, mokazannoe Ha puc. 4a.
B yxazanHblil kpaTkuii uHTepBa), Ne n B m3menstorcs B npotuBodase. s 1oka3aTenbCTBa aHTUKOPPEISLUN U
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YUYUTBIBas OOJIBIIYIO pasHUIY B YacTOTE IHMCKPETU3ALUHM H3MEPSIEMbIX IapaMeTpOB, HA PUCYHKE IPHBEICHBI
(parMeHTHI (ailyIoB pErHCTPALMK STUX MTApaMeTPOB. DKCTpeMalbHEIe 3HaueHUs Ne 1 B peructpupyrorces mpuMepHo
B omgHo Bpemsa 23.16:29 UT wu 23.16:20 UT coorBercTBeHHO. PaKT COBEPIIEHHON AHTUKOPPENALUN MEXKIY
KOHIIEHTpAIEH 3apsHDKEHHBIX YacTHUIl U PE3KOTO YMEHBIIEHUS! MOAYJSl T€OMAarHUTHOTO IOJIs, KOTOPBIH JIOCTUraeT
BeJIMUMHBI ~ 57 HTJ, YTO CYyIIECTBEHHO HMXKE 3HAYEHUS AWIOJIBFHOIO T'€OMarHUTHOTrO nois Ha obGoiouke L ~ 4.
OnHoBpeMeHHO co ckaukamu Ne, B mnpoucxogur pe3koe yCWICHHE CIIEKTPaIbHOH MOIIHOCTH IIOTOKA
BBICHIMAIONINXCS HOHOB B Auamna3one 3uepruii 0.275 3B — 320 k3B (puc. 46). DT0 MO3BOJISACT CICIATh 3aKIFOUYCHHE O
TOM, 4TO Ha ciryTHHKe Polar perucrpupyercs quamarHuTHas CTpPYKTypa, NPOHHUKIIAS TITy0oKo B MarHurochepy (1o
4 Re), T.e. "acts 3Heprun JCIII mpoxoauT He TONBKO B MATHUTOCIION, HO U BHYTPh MarHUTOC(HEpPHl, 9TO BUAHO Ha
puc. 4a,6 (0603HaUEHO IPSIMOYTOJIEHUKOM 1), 9TO COOTBETCTBYET MAaKCUMYMY CTaauu 4 Ha puc. 34,0.

[IpuBenEHHEIN pe3ynpTaT COBIAJaeT C MOJIYYCHHBIMU paHee Hamu [3] u apyrumu aBropamu [10] maHHBEIMEH 00
UMITYJIbCHOM NpOXoxIeHuH SHeprud CB BHYTph MarHutocgepbl, a TakkKe TCOPETHYECKUMU M MOJCITbHBIMU
pacuaéramu [11,12].
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PucyHnok 4. a — OTOK 37€KTpoHOB Ne M MOAyJb FeOMarHUTHOTo mnoist B Ha ciytHuke Polar B yrpennem
CeKTOpe MarHurocgepsl; 6 — CIEeKTporpaMma MOTOKa MOHOB Ha cmyTHuke Polar. IIpsmoyromsaukom 1
0003HaueH MHTEPBaJ, COOTBETCTBYOLIMI poxoxaeHuto yactu JICOII B maruutochepy. Ne, B — pparment
(halijI0B CITyTHUKOBBIX U3MEPEHUH BEITMYUH.

OTKJINK B IJMHAMHUKE HeperyJsipHbIX TeOMATHUTHBIX IyJabcauuii Tuna Pi 2-3 (T =180 + 320 ¢)

B cratesx [3, 10] o0Hapy)eHO BO30YKICHUE UPPETYIPHBIX TEOMAarHUTHBIX ITyJIbcalwii Tuna Pi2-3 mpu uMIry iscHOM
MPOXOXKJICHUN JHEPTUM IHaMarHUTHOH cTpykTtypsl CB BHyTpsr Marautocdepsl. Ilpexne Bcero orMeTuMm, 4To
BO3JICCTBIE HAa MarHUTOC(Epy Pe3KHX HEOJHOPOTHOCTEH (MEXKIUIAHETHBIX yIApHBIX BOJIH, CKAYKOB JaBJICHHS W
Pa3pbIBOB) NPUBOIUT K BO30YKICHUIO BCIUICCKOB MIHPOKOMOJOCHBIX YHY u3nyuenuit tuna Psc 1-6 B nuamasone
nepuooB 1 = 600 ¢ [13]. T'modansHOCT, MaruuTochepHoro orkianka Ha KoHTakT ¢ JJCOII u BO30OyxkaeHHs 1yra
TEOMarHUTHBIX MYJbCAllMi XOPOLIO BHJHA HAa MarHUTOrpaMMax oOCepBaTOpHH MEPHIHOHAIBHOW IIEMOYKH OT
aBpOpabHON 30HBI 70 9kBaTopa (Mepumuad 210°), B TOM 4uciie W IS COMPSDKEHHOW 00CepBAaTOPHH IOKHOTO
nonmymapus Macquarie Island (MCQ) [4] (puc. 5). MectHoe Bpemst ctannmii Mmepuauana 09—10 MLT. Jlns cpaBHeHUs
TIpUBEJICHBI JIaHHBIE M TOJTyJIeHHOH oOcepBaTtopun Barrow. [{ns Bcex obcepBaTopuii, 0COOEHHO CpeIHENIMPOTHEIX,
BUJIHO OJHOBpEMEHHOE OyXTooOpa3HOe BO3MYIIEHHE C HaJlO)KEHHEM I[yra IreOMarHWTHbBIX Iyiabcanuii Pi2-Pi3.
[losToMy y4WTBIBasi MIMPHHY TIIOJOCHI TIEPHOJIOB, Jajee OyjaeM HasbiBarh Takoid myr Pi2-3 koneOanwsmu. s
paccMaTpuBaeMoro COOBITHS TepHoJ] KojieOaHWi HE 3aBUCHUT OT JIOJITOTHI ITyHKTa HAOJIOJEHMS, YTO yKas3bIBaeT Ha
OOLIHOCTH MCTOYHMKA KoNeOaHni. Takum ncrouHnkom mMoryT ObITe MI'/l BOJIHBI, KOTOpBIE TEHEPUPYIOTCS TIPU PE3KUX
M3MEHEHUSIX MarHUTHOTO TOJIS BCJIE/ICTBHE IPOXO>K/ICHHUS CTYCTKOB TUIa3MBblI (JPKETOB) Uepes Iuia3My Maruurocios. Takue
BOJIHBI ¢ 3ajiepkkoi B 140 cexyHa Habmromammcy BHyTpru MarauTocdepst [10].

OTKIMK B NOJAPHBIX CUSTHUAX HA KOHTAKT ¢ JICIII

[ocnenoBarebHOCTD Pa3BUTHS TMOJAPHBIX CHUSHHMH, oTpakaromux B3aumojercTBue JCOIl ¢ marautocdepoit n
peructpupyembix nHcTpymenToM UVI Ha criytHuke Polar [14], noka3ana Ha puc. 6a. Ha nmepBom kanpe B 22:19:49
UT akTuBHOCTH B CUSHUSX He onpenensercs. Ha cnenyromem kaape B 22:29:21 B yrpennem cekrope 08—05 LT Ha
mmpote ~63° N mosBiIsSeTCS CHOKOMHAs ayra, BBITAHYTas BHonb mnapawienn. B 22:38:23 UT BosHmkaer
TpPaHCHOJISIPHAsT TOJ0ca CHAHMHN (CepK TOIepeK IMOJSIPHOHM Imamku), KoTopas cymectByer no 22:52:47 UT. B
22:58:28 BUAHO yCHWIICHNE aKTUBHOCTH C BeuepHel ctoponsl. Ha kagpe B 22:38:23 cBedeHNe yCHIINBASTCS B BEUEpHE-
noiyHouHOM cektope. B 23:03:39 cBedeHme oxBaThIBacT BECh OBAJl MOJISIPHBIX CHUSHHUH B IHAla3oHe MIHPOT ~62°—
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74°, Ha mmpote ~70° mosBIAeTCS BTOPOH oBas custHUA. Takast popma cusHHUN CBOMCTBEHHA I sawtooth-cyO0ypsb.
MaxkcumManbpHas HHTCHCUBHOCTE CHSTHAN Habromaetcst ¢ 23:09:30 mo 23:20:33. Ha xanpe B 23:20:33 BUIHO CMeTeHHE
o0acTy cBeYeHUs K ceBepy. 3aTeM aKTUBHOCTh CHSHUM 3aTyXaeT U CUSTHMS IpeKpalnaroTces nocie ~ 23:50, korna N
CB u B B JICOII Bo3BpaIamTCcs K HEBO3MYIIEHHOMY YPOBHIO.

AHanu3 HaONIOICHUH TIONSIPHBIX CHSTHHMN, BO3HUKarOmuUX nocie kontakra JCOII ¢ maraurocdepoi, moka3sBacT
KapJIMHAIBHOE OTJIMYUE PAa3BUTHS aBPOPAIBHBIX ()OPM OT AWHAMHUKH CHSHUH, CONPOBOXKIAIOUIMX HA IOJyHOYHOH
cTopoHe MarHurocepbl cyO00ypro, TPUYMHOW KOTOPOHM SIBISIFOTCS TPOLECCHl B XBOCTE MarHuTocgepsl. B
KJIaCCHYECKO# cy00ype HaOIro1aeTCst peryyisipHo Habro1aeMasi OCIeI0BaTeIbHOCTh ABJICHUH. Ha HayanmsHOM STarne
B pa3pbiBe XapaHTa B OKOJIOMOIYHOUYHBIE Yachl 3ap0XKJacTCsl HaYalIbHOE yApUEeHUE, HHTEHCHUBHOCTH KOTOPOTO PE3KO
Bo3pacraeT B (a3y B3pbIBa M M3rHO B TMOJSPHBIX CHUSHHAX IBIKETCsA K 3amanxy [15]. B mccmemyemom coObrtnn
cBeuUeHHEe aTtMoc(epsl HAaduWHAETCA Ha JHEBHOW CTOpPOHE, NEepeMemasch K 3amaxy M BOCTOKY OT TMOJYIHS.
AmHanorndHasi JUHAMHUKa TOJSIPHBIX CHUSHHUHA ObLTa paccMOTpeHa Hamu paHee mius coOwsrtust 28.06.1999 [16].
JmHamMuKa CHSHUH OTIIMYAeTCs TakkKe W OT cusHuiA Tuma “shock aurora” [17], KOTOpBIe HAYMHAIOTCS HA JHEBHOU
CTOpOHE TOCJIe KOHTAKTa MarHUTOC(Ephl ¢ MEXIUTAHETHBIMH YIapHBIMHU BOJTHAMH W CBEUCHHE PACIPOCTPAHACTCS K
BOCTOKY CO CKOPOCTBIO ~6—11 km/c.
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Pucynok 5. ®parmentsl MmarautorpaMMm H- u D-KOMIIOHEHT 1O JaHHBIM 00cepBaTOpUil MEpHANOHAIBHOM
nenoukn CPMN (mepunman 210°) [4]. Bpems nabmonerns JJCOII nmoka3aHo KpacHBIM MPSIMOYTOJIBHUKOM.
CuHHi1 IpAMOYTOIBHUK — HHTEPBaN perucrpanuu myra Pi 2-3.

OOpariM BHUMaHHE Ha OCOOCHHOCTH CBeUeHHs arMocdepsl Ha Kaapax ¢ 22:41:54 no 23:31:35 UT (puc. 6a), Ha
KOTOPBIX BUJIHO ITOSIBJICHHE BTOPOH MOJOCHI CBEUCHHUS K CEBEPY OT OCHOBHOH IOJIOCH! OBasla MOJISAPHBIX CUSTHUH. J{i1s
SICHOCTH HA IIaHeJIM 6 TOKa3aH YBEJIMYEHHBIH KaJp ¢ AeTaisiMu cBedeHus: atMocdeps! B UVI-nnanazoHe cusHuil B
23:18:38 UT. Crpenkamu 1 u 2 o6o3HadeHs! mepBasi U BTOpas mojockl. [loguepkHeM, 4To Takas Gopma CUSHUI
HaOmonaercs Bo BpeMsi saw-tooth cyoOyps [18]. Hpyras ocoOeHHOCTb, cBOWCTBeHHas saw-tooth cyGOypsiM, —
WHXKEKIMsl BBICOKOIHEPTUYHBIX YACTHUI] HA [€OCTAI[HOHAPHOW OpOuTe.

CornacHO OMMCAaHUIO TUHAMUKH Pa3BUTHA saw-tooth cyO0yps [19], HabmromaeTcst cTporoe COOTBETCTBUE MEXKIY
BapuanysAIMH MarHUTHOW aKTMBHOCTH B IOJISIPHOHM INAINKe W Pa3BUTHEM MAarHUTHBIX BO3MYILEHHH B aBPOPAIbHOM
30He. B ciayuae B3anmopeticteust ICOI1 ¢ maranTocepoii Takke BUIHO TaKOe B3aUMO/ICHCTBHE, KOTOPOE MPOSIBIISIETCS
CHHXPOHHOCTBIO BapHaIyii HHAEKCa AE, ONpeeNIiomero cury HoHOC(epHOTO TOKa B aBpOPaIbHON 30HE W WHAEKCA
PCN, onpepensioniero cuily MoHOC(EpHBIX TOKOB B nossipHoi 1manke. Koadduiuentsr koppemsiunu mexay PCN u
AE, AL cootBercTBeHHO paBHbl 0.78 1 —0.65.
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T'eosppexmusrocmsb OuamazHumHblx CMPYKmyp 3pYRmueHo20 npomybepanya

Takum o6pa3om, B pesynbrare B3anmoaercTsust JJCII1 ¢ maranToChepoii HAOIIOAAIOTCS CIEAYIOMINE SIBICHHS.

1. T'moGampHBIN OTKIMK B HOHOC(EPHBIX TOKAX MOJIIPHOM IIANIKH, aBPOPAIEHON 30HEI H KOJIBIIEBOTO TOKA.

2. YcuieHue NOJISPHBIX CUSHHUN, KOTOPOE HAYMHAETCSI Ha MOJIYIEHHOH CTOPOHE, @ CBEYEHHE PaclpOCTpaHseTCs
Ha BEYEPHIOI0 U YTPEHHIOI CTOPOHBL. B MakcmmMyme aKTUBHOCTH BO3HHKAIOT CTPYKTYpPHl B BHJE ABOIHOTO
aBpOPAJILHOTO OBAJIa.

3. Ha opbure cnytHuka Polar BHyTpu mMarHuTocdepsl pe3Ko BO3PacTalOT MOTOKH DJIEKTPOHOB M HOHOB B
NpoTUBO(a3e ¢ UIMEHEHUSIMH MOJYJISI TEOMAarHUTHOTO MOJIS IT0100HO MPOTUBO(A3HOCTH BapHaluii KOHLEHTPAHN
npoToHoB U Moaysss MMII B JICOII B conHEYHOM BeTpe.

4. Bapuanum MOHOC(EPHBIX TOKOB B ITOJISIPHOM IIANIKE CHHXPOHHBI C BapHALMSIMH HOHOC(HEPHBIX TOKOB B
aBpOpabHOIL 30HE (7AE, pen = 0.78).

5. Tenepupyetcs rno0anbHbIH IyT Konebanuit Pi2-Pi3.

19950702 2318538 UT

0:00 UT, wac

Pucynok 6. a — mocnenoBaTeIbHOCTE CHUMKOB cusiHUE (cryTHUK Polar, uacTpymMent UVI), orpaxkarommx
B3aumoyeiicreue JICOII ¢ marHuTocdepoil U pa3BUTHE CUSHHMN C JHEBHON CTOPOHBI; MOSIBJICHHUE BTOPOTO
oBaJia BUIHO Ha kajpax ¢ 23:09:30 no 23:31:35 UT; 6 — yBenM4YeHHBIN KaJp, CTPENKH 1, 2 0TMEYaroT OBaJIBI
CUSTHMH; 6 — Bapuanuu uHnekcoB PCN u AE, ctpenka | yka3pIBaeT Hadaso MOSIBICHHS BTOPOH MOJIOCH CUSHUIA,
crpenka Il — BpeMs CHUMKa CUSHUI.

3akiouenne

B 3akmroueHue mnpeznctaBuM OOIIYI0 KadecTBEHHYIO Mojenb pacrpocrpaHenus JICOIl (Puc. 7). Crpykrypa
3apo’KAaeTcs Kak pe3ysbTar dpyNIuy MpoTydepaHna (MM BOJIOKHA) IpH Bo3HHKHOBeHHH KBM BOIM3M 1TOBEpXHOCTH
CouHna u 3ateM pacrpocTpansercs B coctase KBM no opouts! 3emun u naiiee. Boszneiicteue BomokHa (ACOII) Ha
MarHuTocgepy MPUBOAUT K CKATHIO TIOCJIEIHEH M OJTHOBPEMEHHO K IpoxoxaeHuto yactu >aepruu ACII1 BHYyTpH
marauTocoepsl. OHeprus JJCOIl pacxomyercs Ha YCKOpPEHHE YacTHII B PAJAMAIMOHHBIX MOSCaX, BBICHIIAHHE
AJIEKTPOHOB B aTMocdepy M TEHEpaIfio MOJSPHBIX CHUSHHUHA, a TakKe Ha MOBBINICHHE HOHHM3AIMU HOHOCQEPHI,
YCUJIEHHE KOJIBIIEBOTO TOKA, aBPOPAIBLHOTO 3JIEKTpOKeTa U reHepanuio Y HY-uznyueHnil B BuJe Tr€OMarHUTHBIX
mynbcanuit Pi2-Pi3 ¢ aMmmTy ol cpaBHIMOI ¢ aMITDIUTY10i 6yXTOOOPa3HOTO BO3MYIICHHUS.

. [eTR—

M- Yasgms- 02 Jul 1996 23 08 30U 02 Jul 1899 23 08 30 UT
- LAl T et as . AnT

S 2 1 T

N 5007 DAWM 12ML
e TN e 800
720 b=

640

.

Pucynoxk 7. KauectBeHHast MoJiens reHepanuu 1 pacnpoctpanenus JCOII
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ITPOT'HO3 U30JIMPOBAHHBIX CYBBYPb, BBI3BIBAEMbIX
COJTHEYHBIMH IIJTIASMEHHBIMU ITIOTOKAMHA

C.E. PeBynos!, O.M. Bapxarosa?, B.I'. Bopo6res®, A.E. Bapcykosa'

'Huorcezopodckuii 2ocyoapemeennbwiii nedazouyeckutl ynusepcumem um. K. Mununa
2Huotce20podckutl 20¢y0apcmeeHHblil apXumeKkmypHO-CIpOumenbHblil YHUuGepcument
Tonapreiii 2eopuszuveckuti uncmumym

AHHOTAIIUS

BeimosnHeH HelipoceTeBo# porHO3 cy00yph, 00yCIIOBICHHBIX BO3/ICHCTBHEM ITOTOKOB I1J1a3MbI COJIHEYHOT'O BETpa Ha
marHutocdepy 3emiun. s 3TOro ObUTH CO37aHBl PEKYpPpPEHTHbIE HEHpOCETEeBbIe MOJEJHM, OCHOBAaHHBIC Ha paHee
YCTaHOBIICHHBIX (PU3WYECKUX HPUYMHHO-CICACTBEHHBIX CBA3IX [IUHAMHKH BBICOKOIIMPOTHOH T€OMarHUTHOMN
akTMBHOCTH (o wuHAekcy AL) c¢ mapamerpamMu IUIa3MEHHBIX IIOTOKOB. 37eCh B KadecTBE BXOJIHBIX
IOCIIEN0BATEILHOCTEN HCIIOIB30BaHbI ABa apaMeTpa — Bz kommonenta MMII v nHTerpanbHbLi mapamerp X[N*V?2],
YUUTBHIBAIOIINN TPEABICTOPHIO TPOIECCa HAKAYKM KHHETHYECKOW SHepruu B MarHutocgepy, rme N u V-
KOHLICHTPAIHS IUIa3Mbl 1 CKOPOCTh COJTHEYHOTO BETPA, COOTBETCTBEHHO.

Beenenne

Hcnonb3oBaHue HeipoceTell B pelIeHMHM (YHIAMEHTAJBbHBIX 3a7ad TeIHoreo(U3MKH OTKPHIBAET HOBBIC
BO3MOXKHOCTH TIOMCKa NPUYUHHO-CJICJCTBEHHBIX CBSI3€i AMHAMUKHU IapaMeTpoB MarHUTOC(Epbl U MEKIIaHETHOM
cpensl. M3BectHO [ 1, 2], uTo Mccnenyemble KOHGUTYpanun JTnHaMUKA AL mHIeKca comepkaT B ce0e HH(POPMAIIHIO O
XapaKTEePUCTHKAaX KPYMHOMACIITA0HOTO IUIA3MEHHOro moToka Tuma MO, B KOTOpoe IOTpy’KaeTcst 3eMHas
MmarHuTocgepa. B 3aBucuMocty ot ckopocTn 06s1aka OTHOCHTENILHO COIHEYHOTO BETPa Ha IIepeJHEM (PPOHTE €To Tena
MOXeT 00pa30BBIBATHCS yJapHasl BOJIHA, 32 KOTOPOH clieqyeT TypOyJieHTHast 00JIacTh, YaCTO Ha3bIBaeMasi 000JI0UKOH
obuaka. MccnenoBaHus MMOKa3bIBAIOT, YTO JUISi OOJIBIIMHCTBA MArHUTHBIX OOJIAKOB HAyall0o COOTBETCTBYIOUIMX MM
TEOMArHUTHBIX BO3MYIICHHUH MPUXOIUTCS Ha YAAPHYIO BOJIHY H 00070UKY [3, 4].

HcrounnkoMm sHeprun MarHutocepHbIX CcyOOyph SBISETCS IUIa3Ma COJIHEYHOTO BETpa M MEXKIIAHETHOE
MarHuTHOE Iojie, cojepxamieecs B Tenax MO. B Hacrosmem mucciefnoBaHMM NPUMEHEH KIACCH()HUKAIIMOHHBIN
HelpoceTeBOH MOAXOMA, KOTOPBI HCMNONB30BaJICS HamMu paHee [l] mpu aHamu3e KOMIIIEKCa SIBICHHUH
BBICOKOIIIMPOTHOW T€OMAarHUTHOW aKTUBHOCTH (IMHAMHKa MHIEKca AL), BBI3BIBA€MBIX TEIOM MarHUTHOTO obJaka
COJTHEYHOTO BeTpa. B KauecTBe BXOAHBIX MapaMeTpoOB IS HEHPOCETEBBIX IKCIIEPHUMEHTOB OBUIM HCIIOIB30BaHBI
uHTerpajbHple KoMnoHeHTsl MMII, nokasasiime cBoro 3¢ dekruBHOCTh paHee. OHAKO B HACTOsILEH paboTe MBI
oOpaiaeM BHIMaHHE Ha BO3MOXXHOCTh ydacTHsl TypOysieHTHBIX 06osouek MO B auHaMuke cy60yps. TypOyseHTHBIE
000JIOYKM MAarHWTHBIX OOJIaKOB, CONPOBOXKIAEMBIX YIAPHBIMH BOJIHAMM, SIBIISTIOTCS Ba)KHOW NPUYMHOM
BO3HHUKAloIIEero cyo0ypeBoro mpomecca [2]. 3neck Aist MONCKa MPUYMHHO-CIIEICTBEHHBIX XapaKTePUCTHK 00pa3oB
9TOM CTPYKTYpHOM YacTH MAarHUTHOTO O0Jaka W JUHAMHUKHA BBICOKOUIMPOTHOM T'€OMarHUTHON aKTHBHOCTH
npumensiercss THC tuna cinos Koxonena.

Hcnosb3yemble TaHHbIE H METOAbLI 00PadOTKHU

JeMoHcTpanust (GyHKIIMOHNPOBAHHUS NPOTHO3a BBHINOJIHEHA HA MUHYTHBIX JaHHBIX, 3apEeTUCTPUPOBAHHBIX B 1998-
2012 rr. (http://cdaweb.gsfc.nasa.gov) u oTBeqaromux § 4acoBbIM HHTEpBaNaM 70 H30JIMPOBAHHBIX MarHUTOC(HEPHBIX
cy00ypb. YacTs coObiTHi BEIOOPKH (65 coObITHIT) Hcnonb3oBaiuck At ooyuenust UHC, npyras gacts (5 coObITHIA)
MCIIOJIb30BAJINCH JUI TECTHPOBaHUs KadyecTBa oOydeHus: Helpocereid. [lannpie [ICB u MMII y4uThIBaroT Bpems
HepeHoca BO3MyIIeHHs OT narpynsHoro KA 1o rpanun marautocdepsl. B cBsi3u ¢ aTum, pacueTHoe BpeMst IPOrHO3a
MOJKHO CYHTATh YBETHYCHHBIM Ha 35-45 MUH., TOCKOJBKY MPOTHO3 B pEXKUME PEabHOTO BpeMEHH He OylieT MMeTh
BO3MOYKHOCTH YYHUTHIBATh TAKYI0 KOPPEeKTUPOBKY. [Ipenmaraemas mporHoctuueckast MoJelb Cy00ypeBoil aKTHBHOCTH
Ha 120 MHUHYT BBHIIOJIHEHA C WCHOJB30BaHMEM 12 Helipocereif, rae kaxnas MTHC mporrosuposana AL mHIekc Ha
KOHKpPETHOE BpeMs OT Tekymero momenta: +10 munH, +20 muH, ... +120 muH. Takum o0pazom, MOTydEHHBIH
CIPOTHO3MPOBAHHBIH psa AL-uHaexca cogepxut 12 3HaYeHHH ¢ TUCKPETHOCTHIO 10 MUHYT.

B kauecTBe BXOAHBIX MOCIEAOBATEIHHOCTEH BCEX HEHUPOCETEBBIX MOJENEH, MCIOJIB30BaHbl TPU MapameTpa —
xomronenta MMII Bz(t), unrerpanbubiii napamerp Y [N*V2](t), y4uThIBaIOMIMIA IPEABICTOPHUIO TPOIIECCA HAKAYKH
KWHETHYECKOI sHepruu B MaruuTocdepy B Teduenne 90 MuUHYT, 3HaueHus nHAekca AL(t). ExuHcTBEeHHBIN BHIXOIHOM
HEeWpOH IreHepUPYeT MOCIeJ0BaTeIbHOCTh 3HaueHNH AL(t+n) ¢ 3a1aHHBIM BPEMEHHBIM CABHIOM N, MOJIEIUPYIOIINM
MPOTHOCTUYECKYIO nociieoBatesibHOCTh (puc. 1). C menplo MuHUMHU3anuK dPQGeKTa «3arnoMUHAHUS» HOCIEIHETO
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oOydatommero obpasua npeiaraéMple MakeThl JaHHBIX HOPMHPOBAINCh M MOAaBaNMCh Ha BXxoxa kaxzaod MHC B
cirydaiiHoM mopsiake. Takum oOpaszom, TecTupoBaHue KadecTBa HacTpoiiku MHC Bcerga BEIIONHSIIOCH Ha MaKeTax
JIaHHBIX, HCKJTIOYCHHBIX U3 00y4arolero Maccuaa.

BxoaHon CKpbITbINA BeIxogHoi
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Pucynoxk 1. Apxurextypa MHC u npuHIHNHaIbHas cXeMa 3KCIIepUMEHTa.

OObBeKTHBHAS OIICHKA KayecTBa BOCCTAHOBJICHUS AL-MHAEKCA BBINOJIHSIACH IIYTEM BBIYMCICHHS KJIACCHYECKOTO
kodpdunuenta xoppemsuurn R u s¢ddextuBHOCTH BoccraHoBieHUs PE Mexnay peanbHBIMH (LENEBBHIMH) H
CrCHEPUPOBAaHHBIMUA HEHPOHHOM CeThI0 3HAYCHUSAMHU. D(GQPEKTHBHOCTh BoccTaHOBIeHHs PE Bbumcisuiack 1o

¢dopmye [2]:

(-0}

(r* (1))

rae T# — neneBoe (peabHO 3aperUCTPHPOBAHHOE) 3HAYEHHE JUIS COIIOCTABICHUS C BBIXOJOM VIS {4 -TO IIPUMeEpa BO
BXOJIHOM mocnenoBaresnbHocTH, OF — 3Hauenme pu -ro Beixoma WMHC mns g -ro mpumepa BXOIHOH
nocienoBarenabHocTH, (T) — cpelHee 1m0 BceM HeleBbIM 3HaueHusM Bbixoga MHC, N — 4mcio TodYek LeneBoro
npouecca. Takum 00pa3zoM, 1ox 3(PQGEKTUBHOCTBIO BOCCTAHOBIICHUS TMOHMMAETCsl €IMHMIA, YMEHBIICHHAs Ha
BEIMYUHY CpEIHEl OTHOCHUTENBHONM BapualMd, KOTOpas B CBOIO O4Yepelb SBIAETCS  OTHOLICHHEM
CPEHEKBaIPaTHYHOHN OITHOKY K AUCIIEPCHH LIEJIEBOTO MpoIiecca.

PE -100%, wu=12,..N,

I
T
PM=[2 1=

1

®
Il

Pe3yabTaThbl NPOTrHO3UPOBAHUS
Ha puc. 2 moka3zaHo, Kak MEHSIETCS KauyeCTBO BOCCTAHOBJICHUsS IPOTHO3UPYEMBIX NaHHbIX AL-mHzaekca mpu
YBEJIMUEHUH BPEMEHU NIPOrHO3a Ha KOHKPETHOE BpeMs OT TeKyero Mmomenta +10 mun, +20 muH, ... +120 mus. Kak
BUJIHO M3 TPa)MKOB HA PHC. 2, IPU MOCIJIEA0BATEIILHOM yYBEINYEHHH BPEMEHH IIPOTHO3a KaYECTBO CHHTE3UPOBAHHOTO
nakeroM MHC unnekca AL noctenenno cauxkaetcst oT R ~0.8 1o ~0.2 u PE ot ~70% 1o ~0%. T.e. nporHo3 uxaexca
AL Ha BpeMeHa CBbIILIE ~6 YacOB 3aTpPyIHEH.

Jemonctpanus nporaosa nnaexkca AL makerom THC nokasana Ha puc. 3. [lony4eHHbIe CIPOrHO3UPOBAHHBIE PSbI
AL-nnpmekca comepxar 4 mHTepBana mo 12 3HaueHWil ¢ auckpeTHocThio 10 muHYT. T.e. IByX4acoBoil mMporHo3
IIPUMEHEH MOCIICI0BATENBHO B 4 MOMEHTa BPEMEHH.
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carr coef PE

| |
G 7
a) forecast, h 6) forecast, h

Pucynok 2. /lumamnka oObeKTHBHOTO KadecTBa oOydenms makera MHC mpu mporrosze AL-mnHnekca.
[IpuBeneHsl naHHBIE IS BCEX COOBITHH, YYacTBYIOIIMX B HccienoBaHuu. Cepas o0nacTe orpaHHdeHa
MHHUMAaJIbHBIMH 1 MaKCHMaJIbHBIMU 3HAUCHHUAMH, KUpHAsl YepHas KpuBas — ycpenHeHHble naHHble. [1o ocn
abcmucc ykasaHO BpeMsl IPOTHO3a B dYacaX. a) — KodgpouumumeHT Koppemsimuu R, 0) - 3¢ ¢peKkTHBHOCTH
BoccTaHoBIeHUs PE.

forecast 12 ANM (known event) forecast 12 ANN {new event)
1.5 T T T T T T T T T 1.8 T T T T T T T T T

. . ‘ . . . ‘ . . ‘ . .
i 5 10 15 20 25 30 35 40 45 QD i 5 10 15 20 25 3 3/ 40 45 A0
a) black - ANN, red - REAL, R=0.32, PE=0 6) black - ANN, red - REAL, R=0 B4, PE=40 5278607781495

I L 1 L

Pucynok 3. [lemonctparus nporaoza AL-unnekca makerom MHC maHHBIX y9acTBYIONINX B O0y4eHHUH (a),
HOBBIX aHHBIX (0). Ha rpadukax depHbIM IIBETOM IOKa3aHbl CHHTE3HPYEMbIE NPOrHOCTHYECKUE JAaHHBIE,
KpacHBIM — peasibHble aHHble. Koagduuuents! R u PE npusenens! mox rpaguxamu. YepHBIM M KpaCHBIM /IS
OJTHOTO COOBITHS.

3akiI0ueHne ¥ BLIBOJILI

OOBeKTUBHAS OIEHKA KadecTBa MporHo3a AL-MH/EKca BBITOIHIIACH BEIYUCICHHEM KO3 duureHTa Koppemanna R
n 3(heKTUBHOCTH BoccTaHOBIeHH PE Mexnay peanbHBIMH (LIENE€BBIMH) M CT€HEPHUPOBAHHBIMHM 3HAYCHUSIMH,
noxydeHHbIMH 12-10 mapautensHo paboraronumu MHC. B skcrepuMeHTax IOKa3aHO, YTO B CPEIHEM KayecTBO
MPOTHO3UpYyeMoro psiaa 3HaueHHi AL-unnekca camxkaercs ot R=0.82, PE=79% (+10 mun) no R=0.61, PE=42%
(+120 mun). Takum 00pa3oM, cO3JaHHBIE HEHPOCETEBBIE MOJEIH C JOCTATOYHOH 3(P(EeKTUBHOCTBIO MOTYT OBITH
MPUMEHEHBI JJIs TPOTHO3UPOBAHUS N30JIMPOBAaHHBIX CyOOypbh, BBI3BIBAEMBIX COJTHEYHBIMH IIJIA3MEHHBIMHU ITOTOKAMH.
IIpennoxeHHBIN aNrOpUTM NPOTHO3UPOBaHMS IUHAMUKU AL-MHAeKca HpHM HUCIONB30BaHUM OHJIAMH-TAHHBIX
NaTpyJbHOIO KOCMHUYECKOTO arapara M YydeTa H3BECTHOM MOJAEIM 3arpy3Kd aBpOpajibHOM MarHutocdepbl
KWHETHYECKON YHEPTHEH COTHEYHOTO BeTpa I BOSHUKHOBEHHS CyO0ypeBOTo MmpoIiiecca MOXKeT ObITh HCIOIb30BaH
JUII MOHHUTOpPWHTA Tpoliecca (OPMHPOBAHUS TE€OMATHUTHBIX BO3MYIICHHWH TJIOOATbHON M BBICOKOIIMPOTHOM
AKTUBHOCTH.
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Abstract

Different models are frequently used for the description of large-scale magnetospheric dynamics without analysis of
the scope of their applicability. The traditional approaches based on the ideal MHD approximation, which is violated
only in narrow local regions, encounter fundamental difficulties in the regions with large turbulent fluctuations and
laminar slow bulk flow. Therefore, before the selection of the proper scheme for the description of definite
magnetospheric region, it is necessary to know properties of its turbulence, plasma parameter and the relation of the
Alfvén velocity to bulk flow velocity. We obtain and analyze the distribution of the ratio of the Alfven velocity to the
plasma flow velocity averaged under magnetically quiet conditions at geocentric distances up to 20 Rg using THEMIS
mission data. It is shown, that this ratio is much higher than unity inside the magnetosphere. The applicability of
magnetohydrodynamic models for describing equilibrium and nonequilibrium processes is considered. We argue that
the use of models based on the approximation of magnetostatic equilibrium has a number of advantages in the
formation of the structure of the magnetospheric magnetic field. A number of problems connected with the
comparatively stable local magnetic field decrease and increase are discussed.

1. Introduction

Magnetospheric plasma is a collisionless medium (the mean free path of particles with respect to Coulomb collisions
exceeds the distance from the Earth to the Sun). Full kinetic modelling of magnetospheric dynamics requires the self-
consistent analysis of every particle motion, particle interactions and the creation of self-consistent electric and
magnetic fields. Such problem cannot be solved now. At the same time, nonequilibrium distribution functions formed
in the collisionless processes, relatively quickly relax to kappa distributions and later to Maxwell distributions (see
[Espinoza et al., 2018; Kirpichev and Antonova, 2020; Kirpichev et al., 2021]), which is associated with the
development of various instabilities, wave-particle interactions and plasma turbulization. Such feature gives the
possibility to use the magnetohydrodynamic description of large-scale magnetospheric dynamics. This formalism is
based on the solving a system of simplified magnetohydrodynamic equations (MHD). It is assumed, that the absence
of Coulomb collisions makes it possible to use the suggestion about the validity of the frozen-in condition of a
magnetic field into a plasma. At the same time, the applicability of this approach frequently is not verified. According
to popular concepts, the frozen-in condition can be violated only in relatively thin local regions with scales of the
order of the ion Larmor radius or the ion inertial length. However, the scale of these regions is determined not only
by the plasma and magnetic field parameters. It strongly depends on the relation of Alfvén speed and bulk flow
velocity (see [Antonova and Stepanova, 2021] and references therein). Therefore, it is of interest to obtain the
distribution of the ratio of the Alfven velocity to the plasma velocity and to analyze the applicability of widely used
magnetohydrodynamic models.

2. The relation of Alfvén speed to plasma flow velocity

The value of the Alfvén speed is equal V,=B/(1mn)"?, where B is the magnetic field, z is the magnetic permeability
of vacuum, mn is the plasma density, mam;, n=(mmn; + men.)/m, n is the concentration, m; and m. are ion and electron
mass. The value of plasma flow velocity V=(mn;v; + men.v.)/mn practically coincide with ion velocity. To obtain
averaged V4/V we used data of the THEMIS mission for the period from 2007 till 2011 at geocentric distances smaller
than 20 Rg available online at the following sites: (http://themis.ssl.berkeley.edu/) and (http://cdaweb.gsfc.nasa.gov/).
The averaged picture was obtained for all IMF and all solar wind dynamic pressures, densities and velocities. We
selected the intervals of quite geomagnetic conditions when Dst>-20 nT, Al>-300. The layer £3R; was selected for
averaging. THEMIS data have no discrimination between different ion species and we assumed that all measured ions
are H.
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Figure 1 shows the picture V4/V near the equatorial plane and illustrate the well-known information. As it can be
easily seen, the super-alfvénic solar wind is a region where V4/V<<1 (dark blue sectors). A comparatively sharp
transition from Va/V<<lI to Va/V>1 is observed in the magnetosheath region before the magnetopause shown by red
line in accordance with Shue et al. [1998] model. The averaged flow velocity in the subsolar magnetosheath and in all
of the magnetosphere is much smaller than the Alfvén velocity. The value of averaged V' cannot reach V, in all
magnetospheric regions. It is necessary to mention that V,/V’<<l only in the solar wind flow direction. This
corresponds to the super-alfvénic flows of the solar wind. However, it is necessary to remind that different turbulent
flow velocities are observed in the reference frame of the solar wind. At geocentric distances smaller than 8Rg strong
magnetic field provides Va/V<<1 which is taken into account in the inner magnetospheric modelling of plasma flows.

The obtained picture clearly shows that modelling different magnetospheric regions it is necessary to use different
approximations as the contribution of different terms in the generalized Ohm’s law, as was mentioned in the
Introduction, strongly depends on the relation V4/V. In the collisionless plasma the generalized Ohm’s law has the
form:

E[V x B] =M_%[

ne

dj . ~ | m

Ay Gvvi| 2. (1)
where E is the electric field, j is the current density, m. and 7. is the mass and concentration of electrons, m; and n; is
the mass and concentration of ions. The third and fourth terms are of interest in the cases of analysis of electron
diffusion regions (see the results of MMS observations) and will not be discussed here. It is small in the case of large-
scale motions. If the right-hand side of equation (1) is smaller than [VxB], then the equation (1) represents the frozen-
in condition.

The contribution of the right-hand side
of equation (1) to the generalized Ohm’s
law becomes especially significant in
the regions of high current density due
] to the Hall term. The region where
Jfj1000 E[VxB]#0 due to a large value of the
] Hall term is named the ion diffusion
region. Its scale is equal Luai=AiVa/V,
] - where Ai=c/w, is the ion diffusion
11100 2 region, ¢ is the velocity of light,

opi=[(e*n)/( gom;)]"? is the ion plasma
frequency, €o is the vacuum dielectric
constant. Therefore Fig. 1 shows that
1.0 during quite conditions when V—0
physics of magnetosphere cannot be
described by MHD suggesting the
validity of the frozen-in condition.
A F o nnnnnnnnlonnnnnans T nnns S=nnnnnn 1Mo Plasma motions with Alfvén velocities
20 i e =il =l are typical only for fast processes.
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Figure 1. The ratio Va/V near the equatorial plane at geocentric
distances smaller than 20 Rg.

3. Tail turbulence and magnetostatic equilibrium
The velocity of plasma flows in the geomagnetic tails can be comparable with Alfvén velocity [Borovsky et al., 1997].
However, such flows are the part of observed plasma sheet turbulence or the result of Alvén-like wave propagation.
This turbulence has the intermitten character. Fig. 2 shows three examples of hodograms of the bulk velocity in the
(Vx,Vy) and (Vy,Vz) planes observed 26 February 2008 between 5 and 8 UT by satellite THEMIS-C (THC) during
three 12 min intervals [Eyelade et al., 2021]. The colors represent 12 min intervals centered at the time indicated in
the lower left corner by the same color together with the average bulk velocity calculated for each interval. It is
possible to see that velocity fluctuations have the random character. The level of velocity fluctuations is ordinarily
smaller than the Alvén speed and analysis of such turbulent fluctuations can be done with the inclusion of terms in the
right-hand side of the equation (1). However, fast flows with the Alvén speed are also observed. Such fast flows can
lead to scenarios described by reconnection theories. It is necessary to mention that in accordance with [ Lazarian et
al., 2019] for solar wind and astrophysical turbulence and [Antonova and Steanova, 2021] for turbulence in the
geomagnetic tail, reconnection events can be considered as the intrinsic properties of turbulent cascade.

The most important feature of velocity scattering is the existence of flow fluctuations across the plasma sheet in Z
direction which was first time demonstrated due to INTERBALL/Tail probe observations [ Yermolaev et al., 2000].
Such turbulent velocity fluctuations create the diffusion flux which can destroy the plasma sheet (see the reviews
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[Ovchinnikov and Antonova, 2017; Antonova and Stepanova, 2021]). The problem was theoretically solved and gave
the possibility to predict the value of the eddy diffusion coefficient, which was measured experimentally. It was based
on the observed pressure balance across the plasma sheet [ Baumjohann et al., 1990; Petrukovich et al., 2011], its
dependence on IMF Bz and large-scale plasma flow form the tail lobes to its center when IMF Bz<0.
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Figure 2. Hodograms of the bulk velocity in the (Vx, Vy) and (Vy, Vz) planes observed 26 February 2008.

3. The condition of magnetostatic equilibrium and the advantages of its use

The main differences of magnetospheric plasma from the plasma in the most of laboratory plasma devices is the
absence of rigid walls. Magnetospheric dynamics are controlled by outer boundary conditions created in the process
of turbulent solar wind interaction with the magnetic field of the Earth’s dipole. The level of solar wind turbulence is
greatly increased after the bow shock crossing forming the turbulent magnetosheath where E[VxB]#0. In spite of
great level of turbulence, the pressure balance at the magnetopause take place with rather high accuracy (see [ Znatkova
et al.,2011] and references therein) and even can be used for calibration of electrostatic analyzers in flight [McFadden
et al., 2008]. The existence of pressure balance across the plasma sheet was mentioned earlier. This means that the
relaxation of the magnetosphere to the condition of magnetostatic equilibrium when averaged flow velocity is much
slower than Alfvén and sound velocity can be selected as the main mechanism of magnetospheric dynamics.

The condition of magnetostatic equilibrium when plasma pressure p is near to isotropic has the form:

[ixB]=Vp. 2

This condition is very useful for mapping the low latitude regions to the equatorial plane as in accordance with (2)
isotropic plasma pressure has the constant value along magnetic field line. This approach was first used, as we know,
in the paper [Dubyagin et al., 2003] to demonstrate the near-Earth auroral breakup location (at ~8Rg). After the
obtaining plasma pressure distribution at the equatorial plane [Kirpichev and Antonova, 2011] it became possible to
compare plasma pressure distribution at the equatorial plane and at low latitudes. It was shown that the auroral oval
is mapped to the surrounding the Earth plasma ring at geocentric distances till ~10-13 Rg. [4ntonova et al., 2014;
2015; 2018; Kirpichev et al., 2016]. Latest results about distribution of plasma pressure in the low latitude boundary
layer were published in [ Vorobjev et al., 2021].

4. Conclusions and discussion
Produced analysis leads to the next conclusions:
e The relation of Alfvén to averaged plasma flow velocity is larger than unity in the plasma sheet and very high in
the inner magnetosphere which strongly limited the using of the frozen-in condition.
e Velocity fluctuations across the plasma sheet create the problem for its stability. However comparatively stable
plasma sheet can be formed taking into account plasma regular flow form the tail lobes to the tail center.
e Magnetospheric dynamic is directed to the formation of stress balance which can coexists with large velocity
fluctuations.
e Analysis of pressure distribution at low altitudes and at the equatorial plane provides the effective way of
mapping.
However, the using of plasma pressure as the magnetic field market strongly complicates due to nonhomogeneous
distribution of magnetic field and plasma pressure in the radial direction [Saito et al., 2010; Petrukovich et al., 2013;
Vovchenko et al., 2018].
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«JIOMOHOCOB» U <METEOP-M2»
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AHHOTaums. [IpencraBieHbl pe3ybTaThl aHAIH3a OJHOBPEMEHHON PErHCTPaliy MyIbCalHil YIbTPaQHOICTOBOTO
(YO) mznyuenust armochepst 3emuu teneckonoM TYC Ha criyTHHKE JIOMOHOCOB M MOTOKOB 3apsKEHHBIX YaCTHIL Ha
cnyTHUKax Memeop-M2 w Jlomonocog ¢ 1Iebl0 ONpeNieNeHus] HCTOYHUKOB mmynbcarii Y@ usnyuenus. Ilokasano,
YTO MyJIbCAllMM HAOI0JAI0TCSI BO BpEMsI FT€OMarHUTHOM aKTUBHOCTH, TI0 JaHHBIM ITPHOOPOB CIIyTHUKOB Memeop-M2
u Jlomonocog IpeuMyIIeCTBEHHO B 00JIaCTH BHEIIHETO PAUallMOHHOTO M0sAca 3eMIM BOIU3H MaKCUMYMOB IIOTOKOB
3MeKTpOHOB ¢ 3HeprusmMu >100 k3B 1 >1 M»3B, co0TBeTCTBEHHO, a TaKKe B paifOHE BHICHITAHUNA TOTOKOB JJIEKTPOHOB
¢ sHeprueit >100 kaB.

Beenenue

ITynscupyromue nonsipapie cusiaust (I1T1C) sBnstoTCS OMHUM U3 MPOSIBIEHUHN aBpOPATLHOM aKTUBHOCTH HA BBICOKUX
mmpoTax B atMocdepe 3emiau. OTO — KBa3UIEPHOAMUYECKHE MOIYJISIMM WHTEHCHBHOCTH CBEYEHUS aMIUIUTYIOU
okosio 10% OTHOCHUTENHHO MaKCHMalbHOW SPKOCTH CBedeHHs W ¢ dactoramu 2-10 I, mpeacTaBIeHHOTO B BHIE
«KOJIOHH» IIpU OO0IeM yCHJIEHHH SIPKOCTH CBEYEHHUS AUCKPETHBIX aBpop. llIMpuHA KOJIOHHBI COCTaBISAET MOPAIKA
HECKONMBbKUX KmioMeTpoB (1-12 km), a BeIcoTa — Gonee 10-40 xm [1]. XapakrepHoe pacmonoxxenue [IIIC —
MIOJYHOUHO-yTpeHHUH cektop MLT Ha sKBaTOpHaibHONW KPOMKE aBpOPAIBbHOIO OBana, JUIsl OoJiee HU3KUX YaCTOT
yJTCAllii XapaKTEePHO PACIIONIOKeHHE Ha OoJiee HIU3KUX MHpoTax [2].

[IIC pa3pensior, HapUMep, HA OCHOBE CTAOMIBHOCTH (JOPMBI M MPOCTPAHCTBEHHOTO pa3Mepa ITyJIbCHPYIOLINX
mateH Ha Tpu Tuma: amopdueie [IIC, maraucteie [IIC u matHucThIe TonspHble cusHUA [3]. Amopdasie TITIC
SIBIISIFOTCS] CAMHUMH OBICTPO Pa3BUBAIOIIMMUCS U3 BCEX TpeX THUIOB, MTHUCTHIE [IT1C 1 naTHUCTHIE MOJISIPHBIC CUSTHUS
— OTHOCHTENIFHO CTaOMIIBHBIE CTPYKTYPHI, KOTOphIe MOTYT HaOJIOAAThCS B T€UEHHUE IECATKOB MUHYT. AMOp(QHEIE
MIIC sBnstroTca HanboJee YaCTO BCTPEYAIOIIMMCS THIIOM aBPOPHI U IMPEHUMYIIECTBEHHO BO3HUKAIOT 0 TOIYHOYH, B
T0 BpeMs kKak nsaTHUCTHIE [IT1C 1 mATHHUCTHIE MONApHbBIE CUSHHUS BOSHHKAIOT B CEKTOpe mo3aHero yrpa [3]. Baxuo
oT™MeTuTh, uto pasHele Tumbel IIIIC mpoenupyroTcs B pasHble 00JaCTH MarHUTOC(EphI: €CIH MATHHUCTBIE |
TyJIECUPYIONINE MATHUCTBIE OTHOCATCA K BHyTpeHHei MmaranTocdepe (4-9 Rg), To amopdHsle - k BHemIHEH, 10 15RE.

MIIC yame Bcero HaOMIOAAIOT NPH IOMOIIM Ha3eMHBIX KaMep BCero Heba, PEerucTpUpYIONIMX COOBITHS B
onTHYecKOM nuarazoHe (Hanpumep, cetb THEMIS [4] u xamepsr [Honsproro ['eodusmueckoro uactuTyTa [5]), B TO
BpeMsi Kak B Hacrosied pabore mpeayiaraercst aHajlu3 IyJbCUPYIOUIMX CHUSHHH, 3aperHCTPHUPOBAaHHBIX B Y@
Jiana3oHe Npy IOMOIIY annapaTypbl HA HICKYCCTBEHHOM CITyTHHKE 3€MJIH.

HHcTpyMeHTHI

Hetexrop «Tpexoas yctanoBkay (TYC) 6bu1 ycTaHOBIIEH Ha OOPTY CIIyTHHKA JIomoHoco6 M BEIBEeH B ampenie 2016
roJla Ha COJHEYHO-CHHXPOHHYIO opOury (HakmoHenune 97.3°, Breicota okoso 500 kM) [6]. Cpok axTHBHOTO
¢yakunonnpoBanus npudopa TYC Ha opbure cocTaBmi OKOIO moiyTopa jer. Ilpmbop mpencraBisier coboi
BBICOKOUYBCTBUTENFHBIA TEIIECKON-peIIeKTOp, HANpPaBICHHBIA B Hagup. Temeckonm — 3epKalo-KOHIIEHTPaTop
()PEHENEBCKOTO TUMA TUIOMIAILK OKOJIO 2 M2, yCTaHOBJIEHHBIN B (JOKAIBHOMN TIOCKOCTH 3epKajia (OTONpUEMHUKA.
doTonpueMHHK — BEICOKOUYBCTBUTENbHAs MaTpuua u3 256 (oroanekTpoHHbIX yMHOXHuTener (POY) Hamamatsu
R1463. Kaxnplii muKcens UMEET OJICHIY YEpHOrO I[BETA, 3alIMIIAIOIIYI0 OT OOKOBOIl 3acBeTku, U YO Guibtp
(YOCI1) auamerpom 13 MM u Tommmuo# 2.5 MmM. Jlnana3oH peructpauuu uivH BoiH: 240 HM — 400 HM, HUKHSAS
rpaHuIa JuanasoHa oOecreynBaeTcsi KBAHTOBOH 3¢dexkTuBHOCTRIO DDV, a BepxHss — ucmoyib3oBaHHeM YD
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¢unbTpa. [one 3penHuns omHoro mukcens 10 Mpas, 9TO COOTBETCTBYET IDIOMIAIKE SX5 KM Ha MOBEPXHOCTH 3EMITH, a
TIOJTHOE TI0JIE 3pEHHUS TeslecKomna cocTaBisieT 80%80 kM. DIEKTpOHUKA JETEKTOpa odecrieunBaeT 4 pexnMa padoTHl ¢
pa3nu4HbIM BpeMeHHbIM pasperienueM (0.8 mkc, 25.6 mkc, 0.4 Mc 1 6.6 Mc), IpegHa3HAYEHHBIX Ul PEerUCTpaIiy
coObITHH pasznuuHOl npuposl B atMochepe 3emun. Ilynscanun Y@ cBeueHHs B MOJISPHON 00JIaCTH, ONIMCaHHBIC B
HacTosiIei paboTe, ObIIIM 3apPEerHCTPUPOBAHEI B PEXXUME C BpEMEHHBIM paspelieHneM 6.6 Mc.

Jlnis onpeneneHust HCTOYHUKA HaOmogaeMbIx TeaeckornoM TYC Y@ nynscanuii NpoBeeH CPaBHUTENbHBIN aHAIN3
C JKCIEPUMEHTAIbHBIMU J@HHBIMHM [0 PETUCTPAIlMM YacTHUI] JETeKTOpaMu Ha CHyTHUke Memeop-M2 [7] n
nerekropom JDIPOH (Hdosumerp OnextponoB, I[IPOTOHOB, HEeHTpOHOB), YCTaHOBJIEHHBIM Ha CIYTHUKE
Jlomornocos. CniyTHHK Memeop-M2 OBl 3aIlyIlieH Ha COTHEYHO-CHHXPOHHYIO OpOuTY (HakioHeHHe — 98°, BrIcOTa —
825 xm) B 2014 romy, ¥ CpOK €ro akTHBHOTO CYIISCTBOBAaHHS COCTaBMI 5 jer. ['maBHOW 3amadeil KOCMHYECKOTO
anmapara Obuto HaOnromeHne aTMoc(ephl U MOBEPXHOCTH 3EMITH C IIETBI0 aHAIN3a THAPOMETEOPOJIOTHICCKON U
renroreousnueckoil MHGOpMaUK B IUIAHETAPHOM MaciiTabe. B umncie HaydHO# anmapaTypsl CITyTHHKA MMENach
CHCTEMa PETHCTPAIMY JaCTHIl Pa3JIMIHbBII 3HEPIHH, T03BOJISIBIIAS ONPEACNIATh HAIIPABICHHS IIOTOKOB YacTHI, THII
(TPOTOHBI WM 3MEKTPOHBI) M 3HEPIWU dYacTull. JIEeTEKTOPHI CHUCTEMBI IO3BOJLSIIOT PA3JACIUTh MOTOKH B ABYX
HalpaBJICHUAX: 4YaCTb JCTCKTOPOB HAIllpaBJICHA B 3€HUT, 4aCTb — BJ0JIb BEKTOpa TaHFeHHHaﬂLHOﬁ CKOpPOCTH. Taxoxe
cucTeMa MO3BOJsUIa ONPEAENUTh YHEPIMH YacTHI[ B JUala30HE OT HECKOJIbKUX K3B no Heckonpkux M»1B s
NIEKTPOHOB U OT coTeH K3B 1o coreH M»B nmnst mporoHoB. [laHHBIE IeTEKTOpOB CIyTHHKa Memeop-M2
npejcTaBicHbl Ha caiite [lenTpa ananuza kocmudeckoit moroast HUMSI® MI'Y (https://swx.sinp.msu.ru/index.php).

Herexrop ADTTPOH npeana3zHaueH [uist perucTpaiuy Ha opouTe 3eMITH BHICOKOYHEPTUUHBIX YaCTHII KOCMHUYECKOTO
W3ITydCHHUS U AJSI I3MEPEHUS TTOTIIOIIEHHBIX 103 OT HUX. [Ipnbop npencrasisier coOoii cucTeMy U3 ABYX KPEMHHEBBIX
MOYTIPOBOJHUKOBBIX ~JETEKTOPOB W JBYX TEJIHEBBIX TIa30pa3psAHBIX CUYETYMKOB TEIIOBBIX HEHTPOHOB.
[omynpoBOTHUKOBBIE AETEKTOPHI PabOTAIOT B AMIUTUTYIHO-MMITYJIbCHOM PEXHME, YTO MO3BOJISIET PETHCTPUPOBATH
MOTOK M MOIITHOCTB JIO3bI 3apsKEHHBIX YacTHII, onaaaomux B getekrop [8]. [Topor perucrpamy 4acTil y JaHHOTO
npudopa cocTaBisieT okoio 1 MaB.

Pe3yabTaThl M 00CyxKI1eHIe

B xone pa6ots netekropa TYC Ha opbute ObLI0 3aperucTpupoBano okojio 10000 coObITHil B pesKUMEe ¢ BpEMCEHHBIM
paspenieaueM 6.6 Mc. [lepruomsl paboOThI anmapaTypbl B 3TOM PEXHME MPUBEACHBI B IEPBOM CTOJIOIE TaOmuUIpBl 1.
[Teprosibl COOTBETCTBYIOT HOJIIPHOMY JIHIO B FOKHOM IOJIYIIAPHH, MOITOMY pPErucTpanusi, TpeOyromas HU3KOU
(hOHOBOM 3acCBETKH, NMPOBOJIMIACH TOJBKO B CEBEPHBIX ImMporax. Cpenu BceX NpOaHAIN3UPOBAHHBIX COOBITHIH
obOHapyxeHo 66 coObITHii ¢ HEoOBYHBIMH Y@ mynbcanusMH, KOTOpPBIE OKa3aJIHCh PACIOJIOKEHBI BJOJb
9KBaTOPHAJILHOM I'paHUIbl aBPOPAJILHOrO OBaja B Auama3zoHe HpoT oT 52 c.au. no 71 c.m. [9]. Pacnpenenenue
KOJIMYEeCTBa COOBITHH I10 TIepHOaM U3MEPEHHH ToKa3aHo B Tabuuie 1.

Tabéauma 1. Bpemst pabOTHI 1 KOJTHYECTBO COOBITHI B PEXKUME C BPEMEHHBIM pa3penieHreM 6.6 Mc.

JlaTel Oo01ee KOJIHIeCTBO COOBITHI Konu4yecTBo co0bITHI € MyIbcalusIMU
26.12.2016-10.01.2017 3501 32

28.02.2017-21.03.2017 4368 2

08.11.2017-15.11.2017 2225 32

[Tpumepsn! 3aperucTpUpPOBaHHBIX COOBITHIA IPUBEACHBI B HECKOJIBKHUX paboTax (cM., Harpumep, [9,10]).
XapaKkTepHbIMU Y€PTaMHU HAOJIFOJAEMbIX COOBITHIA SBIISIFOTCS:

e Hannume Bapmanuii HHTEHCHMBHOCTH CBEUEHHS: aMIDIMTyJa Bapuamuu coctaBiseT 10-20% oTHOCHTEIHHO
CpPEeIHETO YPOBHS SPKOCTH aBPOPAIBHOTO CBedeHHA. YacToTa HAOMIOZAEMBIX IyJIbCAIIMH HAXOAWTCS B
nuana3zone ot 1 g0 10 I'm;

e B OonpmMHCTBE CIIydaeB CXOKHE BPEMEHHBIE CTPYKTYPHI MyJIbCAI[il HAOIIOAAIOTCS B HECKOIBKHUX OJIM3KO
PAacIlONIOKEHHBIX Ha MaTpHIe AETEKTOpa IHMKCENsX, Y4TO O3HAa4yaeT, YTo pa3Mep OOJIACTH CBEUCHHS He
IIPEBBIIIAET MOPSAKA HECKOIbKUX MHKcene, T.e. 10-15 km;

e MakcumyM pacnpenesneHus coobituii mo L obGonoukam Haxomurcst ot 4L mo 6.5L, rme, kak mpaBmilo,
pEerucTpupyeTcss SKBaTOpHAlbHAs KPOMKAa aBpPOPajbHOTO OBaja M TMOJISIpHAs TpaHUIA BHEIHETO
PaAnaIOHHOIO Mosica 3eMIIH.

JIBa OCHOBHBIX MepHuoJia HaOMIOACHMS Mysibcanuid (sTHBapb W HOSIOph 2017 T.) coBmanu ¢ (a3oii BOCCTAHOBJICHHS
yMepeHHO TeomarauTHOW Oypm (SYM/H wHmekc He mpeBblmmaer 3HadeHus -70 HTI), mpu dTOM B TeUCHHE
HECKOJIbKUX JTHEH Habroganack BeICOKas Cy00ypeBass akTHBHOCTh. Takue TIepruoIbl, KOTAa B TeUeHUE ABYX U OoJee
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el 3HaueHne AE-nHnekca He mamaer meHee 200 HTm, a mukoBeie 3HaueHHe MoxoAiaT mo 1000 T, moryaumm
na3Banue High-Intensity, Long-Duration, Continuous AE Activity (HILDCAA) Events [11]. Bo Bpems 3Tix coOsITHit
HaOnofaeTcss aKTHBHAs TEHepalus XOPOBBIX BOJIH, KOTOpass HPUBOAUT K 3(PQPEeKTHBHOMY YCKOPEHHIO
MarHuToc(epHbBIX 3JIEKTPOHOB BILIOTH A0 PEISTUBUCTCKUX SHEPIHUIL.

B xauectBe oHOBpeMeHHBIX HaOmoaeHui nerekropom TYC n npubopamu criytHuka Memeop-M2 ObLi BHIOpaHbI
MOMEHTHI, Korja Memeop-M2 naxoauics Ha Toit ke L-o0omouke, 4T0 U cliyTHUK JIoMOHOCO6, B TIpeieNax 1moJrydaca
rojera ot Hero u ¢ Oyim3kuM 3HadeHusiMu MLT. Beero Obuto oOHapyxeHo 18 Takux coBMecTHbIX HaOmoneHuil. B
KayecTBe NpuMepa Ha puc. | mpuBeneHsl pe3ynbraThl HaOmoaeHuid 01.01.2017. OpamxeBast u rosybast JTHHUH
0TOOpakaroT MPOGIIN BO3pACTAaHUA MHTCHCHBHOCTU MOTOKOB 3JICKTPOHOB ¢ 3Hepruer Oomee 100 k3B Bo Bpems
mpoJieTa CIyTHUKOM Memeop-M2 BHemHero paauanuonHoro nosca 3emin (PI13). Takum oOpa3zom, MokeT OBITH
OTIpE/ICIICHO POCTPAHCTBEHHOE TIOJI0KEHUE COOBITHSL, 3aperuCTpUpoBaHHOTO AeTekTopoM TYC, otHOCHTEenpHO PII3.
XKenToii u cepoil TMHNSMH NIPECTaBICHBI IPOCTPAHCTBEHHO-BPEMEHHbIE TPOQIIIN HOTOKOB YaCTUI] HU3KHUX SHEPT U
(JacTun aBpOpaTbHOTO OBaja). DTO JAET BO3MOXKHOCTH ONPEACIUTH IOJIOKEHHE aBPOPAILHOTO OBajla HA MOMEHT
peructpammu cobsrtust gerekropom TYC. Ha puc. 1 MOXHO BHIETH, YTO COOBITHE ITyJbCAIMA (MOMEHT OTMEUYeH
BEPTUKAJIBbHOI po30BOI JMHHMEH) ObUIO 3aperucTpupoBaHo jgerekTopoM TYC Ha 5KBaTOpHATbHONH KpOMKe
aBpOPAIBHOTO OBaJIa U, B TO YK€ BpeMs, HeJaJleKo OT MakcuMyMma roroka yactun PI13. MHTepecHo, 4To MpuMepHO B
9TO K€ BpeMs HaOJII0alIach U30TPONU3AIUS IOTOKOB SHEPTHYHBIX YaCTHI] B 00J1aCTH Bo3pacTaHus B paiione L ~5.7:
MIPUMEPHOC COBNAACHUE BCJIMYUH MOTOKOB SHEPIrUYHBLIX JJICKTPOHOB IO JAHHBIM ABYX ACTEKTOPOB, YIJIbI 3PCHUSA
KOTOPBIX HarpasjeHbl B3auMHO-TepreHIuKyIapHo (DAS4 hrz u DAS4 vrt).

01/01/2017 02:50, L =5,17
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E. > 100 keV, DAS4 hrz, METEOR M2 E. > 100 keV, DAS4 vrt, METEOR M2 ——TUS event
E.~ 0,26 keV, METEOR M2 MSGI E.~ 16,64 keV, METECR M2 MSGI

Pucynok 1. ITpocTpaHCcTBEHHO-BpeMEHHBIE IPOGUIIN MTOTOKOB 3JIEKTPOHOB TIO JTaHHBIM CITyTHHKAa Memeop-
M2 01.01.2017. BepTukanpHas po3oBas JUHHS YyKa3blBaeT L-KOOPAWHATY pErHCTpanuul COOBITHS C
nynbcanusamu aerekropom TYC B 02:50 UTC toro xe aHs.

Taxke MpoBeAeH aHaIW3 COOBITHH, 3apernCTPUPOBAHHBIX JeTeKTopoM TYC, M 3KCHepUMEHTANbHBIX JaHHBIX,
noxydeHHsIX gerekropoM [IDITPOH B 511 ke nHTEpBaibl BpeMeHH. Cpok akTUBHOM padoTsl nerekropa JJOITPOH na
opbute cocraBui okoiso 7 mecaues (¢ 5 mast 2016 rona o 10 suBapst 2017 roxa). [lepeceuenue nepnooB paboThl
aerextopoB TYC u JISITPOH Tonbko yactnuHoe. B pe3ynbTare morcka MOMEHTOB BPEMEHH OTHOBPEMEHHON paboThI
obonx mpuboOpoB ObUIO OOHApykeHO 13 NMPOMEXYTKOB BPEMEHHM, CPEAM KOTOPBHIX HaijgeHo 3 coObITus, Korna
MIPOUCXOJUT peructpatust codbitust teseckonoM TYC um ects muHpopmaimsa ¢ npubopa JIIMPOH, a takxe c
JETEKTOPOB CIyTHUKa Memeop-M2. Ha puc. 2 npencraBieHo oHo u3 codbrtuii, 07.01.2017.

MOHO BHAETH, YTO COOBITHS OBIIM 3apETUCTPHUPOBAHBI B OOJACTH CYIIECTBEHHOTO YBEIHYEHUS ITOTOKOB Kak
gactun, ¢ 3Heprueid >100 kB (pumc. 2a), Tak u ¢ sHepruer >1 MbdB (puc. 26). HemomHoe cooTBeTcTBHE
OTHOCHTENIBHOTO DPACIHOJIOKEHNSI MOMEHTOB COOBITHH, 3aperucTpupoBaHHbIX nAerektopoM TYC, Ha mpodmiax
moTokoB yactuil P13 o qanHbIM IBYX CITyTHUKOB Memeop-M2 v JIomonoco, BEPOSTHO, MOXKET OBITH 00YCIOBJICHO
pasHUIeH OpOUT CITyTHUKOB, a TAKXKE Pa3HUIICH YHEPTEeTHUECKUX TTOPOTOB JETEKTOPOB Ha ciyTHHKax, 100 k3B u 1
MbB, cOOTBETCTBEHHO.
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U3 Bcero BBIIIIECKAa3aHHOI'0, MOKHO CAEJIaTh CJIIEAYIOIINE BbIBOIBI:

1. YO mynecanmu HaOIIONAIOTCS BO BpeMs [UINTENBFHON reoMarHUTHON akTHBHOCTH (coObrTnss HILDCAA). B
TaKue TMEPHOJAbl aKTUBHO (POPMHPYIOTCS XOPOBBIC BOJHBI B MarHuTocdepe 3eMild, KOTOPBIC CBS3aHBI C
AKTUBHBIM MMUTY-YTJIOBBIM PACCESIHUEM H YCKOPEHUEM JJICKTPOHOB JI0 PEISTUBUCTCKUX SHEPTHI.

2. OOHapyXeHO, YTO BO BPEeMs PETHCTPAIUH MTyJbCAUN NECHCTBUTEILHO HAOIFOIAIOTCS MOBBIIICHHBIC MOTOKU
SHEPTUYHBIX 3JICKTPOHOB 110 TaHHBIM CITyTHUKOB Memeop-M2 n Jlomonocos.

3. Bo BpeMs HEKOTOPBIX COOBITH MyIbCAUI PETUCTPUPYETCS U30TPOIU3AIHSI TOTOKOB 3JICKTPOHOB C SHEPrHen
>100 k3B mo naHHBIM criyTHHKAa Memeop-M2, KOTOpas CBUAETEILCTBYET O BBICHIIAHUSIX 3TUX YaCTHUI] B
aTMocdepy 3eMIIH.

North MLT = 23.3
07/01/2017 12:38,L=6,08; 12:39,L=4,57
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Pucynok 2. [IpocTpaHCTBEeHHO-BpEeMEHHBIE MPOMUIA TOTOKOB YACTHII 110 TAaHHBIM CIyTHHKA Memeop-M2 (a)
u npudopa JI2ITPOH 07.01.2017. MomeHnTsI peructparnmu coobTuii TeneckonoM TYC B 12:38:16 UTC u B
12:39:14 UTC o003Ha4eHBI BEpTHKAIHHBIMY JTHHASIMU.

1e-01

3axinoueHue

Herekrop TYC 3apeructpupoBan B MOJsApHOW oOmacTi MarHutochepsl 3emin coObitusa ¢ YO mympcanusmu.
[IpoBenen aHanM3 SKCHEPHUMEHTANBHBIX JaHHBIX CO CIIYTHUKOB Memeop-M2 n Jlomonocos 10 NI3MEPEHUIO TIOTOKOB
3JeKTpoHOB ¢ sHeprued >100 k3B u >1 M»>B B nepuonpl, BKIIOYAIOIINE MOMEHTBHI BpeMEHH perucrpauuu YD
MyJNbCallMii C LENBI0 ONpEAETeHUs] MCTOYHUKOB 3THX COOBITMH. B KauecTBe OJHOBpEMEHHBIX HAOIIIOAEHHUN
nerekropom TYC u mpubopamu cirytHUKA Memeop-M?2 ObuUTH BEIOpaHBI MOMEHTEL, Kora Memeop-M?2 HaxoIuics Ha
TO# ke L-000J104Ke, 4TO U CIYTHUK JIOMOHOCO6, B TIpEeax Mojydaca 1mojieta OT Hero U ¢ OJM3KHM 3HAYCHUSIMU
MLT. O6HapyxeHo 18 oIHOBpeMEHHBIX HaONIOACHUN MyJbcanuii Teneckonom TYC ¢ mepuomgaMu M3MEpEeHHA
JIeTeKTOpaMu Ha cryTHUKe Memeop-M2 n 13 ¢ uamepenusmu npudopom JIDITPOH Ha cniytHuKe Jlomonocos. Tlpu
aHalM3e JAaHHBIX CIyTHUKAa Memeop-M2 ObUIO BBISBIEHO, YTO B psne ciaydaeB (32% coOwiTuif) perucrpanus Y P
MyJbcaluii Haboanach BOMM3M MakCHMMyMa BHEIIHEro 3JekTpoHHoro PII3, rae ypoBeHb NOTOKOB 3JIEKTPOHOB
noBbIiieH. Takke OBLIIO YCTAHOBICHO, YTO 8% COOBITHI MyJbCAIlHi MPOUCXOAMIN B 0OJiee BBICOKOIIHUPOTHOM
obylacTu, B KOTOpOH Habuirojajiach M30TPONM3ALUS IOTOKOB AJIEKTPOHOB W HX BBICHINAHUS B aTMocdepy 3emitu.
Hannsle nerextopa ADIIPOH moarBep)knaioT BBIBOABI, CAETaHHbIE B PE3ysbTaTe aHAIM3a JAaHHBIX CIyTHHKA
Memeop-M2. Tlokazano, yto Y® mynbcalii MOTYT HaOJIIOAaThCsl BO BPEMSI JUINTEIBHOW T€OMarHUTHON aKTHBHOCTH
(coorprtss HILDCAA), xorna B Marautocgepe 3emin GopMHUPYIOTCS XOPOBBIE BOJIHBI.

Ananmu3 Y@ cBedyenust atmocdepbl nmo naHHbIM jgetekropa «TYC» BbimonHeH 3a cueT rpanrta Poccuiickoro
HayuHoro ¢onma Ne 22-62-00010 (https://rscf.ru/project/22-62-00010/), aHanm3 MOTOKOB 3apsHKEHHBIX YaCTHIL T10
JAHHBIM CHyTHHKa Memeop-M2 BBHIIONHEH 3a cueT rpaHta Poccuiickoro HayunHoro c¢ouma Ne 22-62-00048
(https://rsctf.ru/project/22-62-00048/). ABTOpHI BEIpa)kaloT 0J1aroJapHOCTh KOJUIEKTUBY KoJutabopanuu JIomMorocos
Hentpa anannza kocmudeckoit moroast HUMSA® MI'Y 3a npenocraBieHHbIE TaHHBIE, HCTIONIBb3yeMBIe B padoTe.
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Pi3 IIYJIbCALIMM IO TAHHBIM OTHOBPEMEHHBIX HA3EMHBIX U
CIHYTHUKOBBIX HABJIIOJIJEHUH BO BPEMS CUJIBHON
MATHUTHOM BYPH 08.09.2017

B.B. Benaxosckuii', B.A. IIununenko?

'\@OI'BHY «Ilonapuuiil 2eoghusuueckuii uncmumymy, 2. Anamumol, Poccus; e-mail: belakhov@mail.ru
*OI'BHY «HMncmumym xocmuyeckux uccredosanuti PAH», 2. Mocksa, Poccus;
e-mail: pilipenko va@mail.ru

AHHOTAUUs. WVccrnenoBaHsl TMPOCTPAHCTBEHHO-BPEMEHHBIC XapaKTEPUCTHKM TEOMAarHWTHBIX Pi3  mymbcanmit
(nmepuombr 5-20 muH) Bo Bpems MarautHo# Oypu 08.09.2017. Mcnonp30BaHbl JaHHBIE HA3eMHBIX MarHUTOMETPOB
cereit CARISMA, THEMIS, puomerpoB cetu NORSTAR, cnyraukoB GOES. Koppemsuus Pi3 mynbcanuii Ha
3eMHOH NOBEpXHOCTH M B MarHutocdepe HeBbicokas. KojeOaHuST HMMEIOT 3aMETHYI0O KOMIIOHEHTY CXKaTHs
TEOMarHUTHOTO TIOJI U CIIOCOOHBI 3aMETHO MOJIYJIHMPOBATH MOTOKH 3aXBAYCHHBIX M BBICBHIMAIOIINXCS YHEPTHIHBIX
31eKTpoHOB. OOCYKIAr0TCsA BO3MOXKHBIC MEXaHU3MBI TeHeparn Pi3 koneGanuil.

Beenenne

[Tpu pasButuu cyGOypM NepBOHavalibHas HEYCTOHYMBOCTH MarHMTOC(EpPHOI IIa3Mbl pa3BUBaeTCI B 00JIaCTH
3aMKHYTBIX CHWJIOBBIX JIMHHMH, a 3aTeéM BBIBEJCHHAs M3 PaBHOBECHs MarHuUTocepHas cHcTeMa BBICBOOOXKIAET
OCHOBHYIO DHEPIHIO B pe3yJbTaTe MepecoeJMHEH s B XBocTe. Bo BpeMs reoMarHUTHOH cyOOypy B HOUHOM CEKTOpe
MarHuToc(epsl pasbIrPHIBACTCS IEIBIH KOMIUIEKC BOJIHOBBIX IpomeccoB. HeoTsemieMbiM 31eMeHTOM cyOOypH
saBisttoTest Pi2 mymbcammm (mepwopbl 50-150 cexyHm). DTH Iynbcallii BO3HUKAIOT TPU PE3KOW aKTUBU3AINH
MarHUTOC(EpHON aKTUBHOCTH — Havalie B3peIBHOU (pasel cy0Oypu (breakup), u ABISIFOTCS “MapKepoM”, OTMEYAIOIIM
Mepexo1 MENICHHOH (ha3sl pocTa BOSMYIIEHHSI HOYHOW MarHuTOC(hepsl BO B3pBIBHYIO (hazy [ Pilipenko et al., 2005].
Bo30yxnenue Pi2 mympcanmit Bo Bpems Opeiikama cONPOBOXKIAETCS WHTCHCU(DHKAIMEH TOJSPHBIX CHSIHUH,
YCHJIEHHEM M TepecTpOiKoil MOHOC(EPHBIX W MArHUTOC(EPHBIX MPOAOJILHBIX TOKOB, W BCIIECKOM BBICHIIAHUS
SHEPTUYHBIX  JJEKTpoHOB. Kpome Toro, aBpopanbHbBleé AaKTHBH3AallMM  COIPOBOXAAIOTCS  BCIJIECKAMH
HIMPOKOMOJIOCHBIX AJIEKTPOMArHUTHBIX 1yMoB auanazona 0.1-10 I'u (Pil1B).

Taxoke Ha one cyOOypH WM yCHIICHUs CTallMOHapHOIt MarHuTochepHoit konekuun (SMC) Habmronatotes Oosee
JUTMHHOTIEPUOTHbIC UpperyispHbie Pi3 (wiu Ps6) mynbcammu ¢ nepruoaoM ~5-20 MHHYT U aMILTHTYI0W B COTHU HTJ
[Cheng et al., 2014; Martines-Bedenko et al., 2022]. OTu mynbcanuy MPEACTABISIIOT COOOW HE TapMOHUYECKUE
konebanus, kak Pc3-5 wmm Pi2 mynbcanmy, a mociieoBaTeNbHOCTh KBa3HIEPHOANYECKHX HMITYIbCOB. JlaHHbBIC
MyJIbCalliy HaOIIOaNCh KaK HA 3€MHOMW MOBEPXHOCTH, TaK U B MarHurocgepe, He TOIBKO BO BpeMs (a3bl pocTa
cy00ypH, HO B TEYEHHE BCEro mnepuona cyO0ypeBoid aKTUBHOCTH. I[Ipe/io’KeHO HECKOJBKO KadeCTBEHHBIX
TEOPETHYECKNX MOJIeIIel, ONMCHIBAIOIINX KapTHHY Bo30ykaeHust Pi3 konebaHuid, Tak WM MHAYE COTIIACYIOMINXCS C
Ha3eMHBIMH M CITyTHUKOBBIMH HaONIOZICHUSIMH, HO OKOHYATEeNbHO MX (u3nueckas NpHpPOJa TaK M OCTAETCs
HEBBISICHEHHOI.

Bo MHOTHX TEOpEeTHUECKHMX MOJENAX HEYCTOHYMBOCTH, NMPHUBOJIICH K Pa3sBUTHIO B3PBIBHOW (a3sl cy00ypwH,
AIbBEHOBCKHE KOJEOAaHWS CHJIOBBIX JMHMA M WX aKTUBHOE B3aMMOJEHCTBHE C HMOHOC(HEpOH HrparoT
MPUHIUNHAANBHYIO poitb [Rae et al., 2014]. IlosTomy n3yuenue Pi3 mymscanui, SBISFOIINXCS MO CYIIECTBY TOHKON
CTPYKTYpO#l cy0Oypu, mpuobpeTaeT ocoboe 3HaUeHUE, T.K. TOHUMaHue (U3NIECKOW MPHUPOILI TaHHBIX KOJICOAHMMA
MOJKET JIy4Ille TIOHATh (PU3MUECKYIO IPUPOTY caMoil cyoOypH.

IMynbcanun Pi3 umeroT ocoboe 3HadeHWe HE TONBKO s (DYHIAAMEHTaIbHOW KOCMHUYECKOW (HM3WKH U ee
npwIoXKeHni. bnaronaps kpyTusHe (pOHTOB MMITYJIbCOB Mynbcanuu Pi3 mHmynumpyror Hamboliee 3HaYMTENIbHBIE
Bapuanuu dB/dt Ha 3eMHOI NMOBEPXHOCTH, W BBI3BIBAIOT MHTEHCHBHBIE BCIUIECKH TI'€OMHIYLIMPOBAHHBIX TOKOB B
JMUHUAX deKkTponepenad [Belakhovsky et al., 2019, [ununenxo, 2021].

B nanHoi#i pabote OynyT paccmoTpens! Pi3 mynbscanuu Bo Bpemst MarHutHO# Oypu 08.09.2017. 3o paccmoTpenue,
TI0 HallleMy MHEHHMIO, CTAaBHT Psiji BaKHBIX BOIPOCOB O (hu3mueckoii npupose Pi3 mynbcaruid.

JlanHble HAOII0eHUIi

Hamu ucnions3oBanbl nanHbie Ha3eMHbIX MarHuTOMeTpoB ceteit CARISMA u THEMIS Ha ceBepe Kanazpl, nannsie
110 MAarHUTHOMY TOJIIO M IIOTOKAM SHEPTHUUHBIX 3apsKeHHBIX YacTull co cinyTHUKOB GOES. [lns peructpanuy HoOTOKOB
BBICBINAIOLIUXCA 3aPsHDKEHHBIX YaCTHUI] UCIOJIb30BaHbl AJaHHble puoMeTpoB ceTd NORSTAR. [Tapametpsl comHeuHOTO
BETpa U MeXIUIaHeTHOro MaruutHoro moJist (MMII) 6panuce u3 6a3bl nanusix OMNI. Hannune Gospmioro yucna
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MYHKTOB HA3€MHbBIX U CIIyTHUKOBBIX HAOIIOACHH B N3y4aeMOM COOBITHH (ITOKa3aHbI Ha puc. 1) 1aeT BO3MOXKHOCTb
Oomee TIyOOKO HCCIIEIOBAaTh MeXaHM3MBI B030yxneHus Pi3 mymscanmii. ['eorpadmueckne W TreoMarHUTHBIC
KOOPAUHATHI CTaHIUI TIPUBEJICHBI Ha caiitax (https://www.carisma.ca/) u
(https://aurora.phys.ucalgary.ca/norstar/rio/), (https://themis.igpp.ucla.edu/instrument _gmags.shtml).

CoobITHe 8 cenTsops 2017

Bo Bpems CHIIBHOTO BO3MYIIEHHS KOCMHYIECKOH oro sl 7-8 ceHT. 2017 mpon30muIo TpH akKTUBU3AINH aBPOPATBHOM
1 TeOMarHuTHOW akTuBHOCTH: 7-8 ceHtsa6ps 20 UT — 05 UT, nmpu xoTopoMm Hadanmachk cymepcyoOyps Ha done
MarHuTHO# O0ypu ¢ Dst~ - 140 uTxn ¢ smmuenTpom B CkaHAMHABUY; 8 CEHTAOpS Ha ()OHE MarHUTHOH Oypu ¢ Dst~ -
130 uTxn ¢ snuuentpom B CeBepHoit Kanane. ITocneanuit Mbl 1 paccMaTpUBaeM.

08 (f(:m‘u()pu 2017

lnaan:g v w
1.00x10 w %ﬂ bﬁﬂﬂpom

1.10x10% ¢

Bnouo“

7 ) \/ . 9.00x10°

500 M W
1000 V‘L’J‘WJ GILL, Y

1500
2000¢
1000

500

0 “MWNT U\"(‘JlLPMMWm ﬁ\

-85

GILL, X, filt]
WMA.J—-{

FSIM
A 500}
1000

.613 FSMI 10—+ T T T T/

500§ I GILL Filt
o D WJIV”‘M“N\W‘VW”W“T
RABB 500 !
A A \ﬂ()ﬂ. — v] -
MCMU 1.2f o CILL. 1o 3
o o f WNL%IH"[I‘ | ff‘f”w‘ (q‘h’[ rio |
08¢
gnf““’“’j\* ERRATAIEE
. o0 GILL, d/\/dn’
B : 1000 \l 1
A ppya 500 'K

o 02 WM.WAHh%i th\w ﬂh"h f&mgmw h.-.-
“"U: GILL, dY/di|
1000 1

500 | bl )

0k A_u_.y._a_\_MM %1'”.%&!! h«w#mw'\.«___
11.00 12.00 12.30 13.00 13.30 14.00 14.30 15.00
uT

Pucynoxk 1. PacnionoxeHue Ha3eMHBIX CTaHIIUNA Pucynox 2. Bapmanum MarHuTHOTO IIOJS H
(TpeyronbHUKN), W TEOMarHWTHBIE IPOEKIUU PHUOMETPHYECKOTO TIOTJIOUICHHS Ha CTaHIMU
cinytHrKoB GOES-13, GOES-15 (xpyxkn). GILL mpo¢ums CARISMA 08.09.2017, 11-15
UT: X wu Y  xommnoHeHntel  [HTi],

ormipTpoBanHble X U Y KOMIOHeHTH [HTH],
puomerp  [nb], 3HaueHMs  IPOU3BOJIHOMU
reomarauTHoro nojie dX/dt u dY/dt [HTa/muH].

Pi3 mynbcanuu HaOmoganuck B TEYEHHE BCEro Iepuoja pasBUTHs cyO0OypeBoil aktuBHocTh (puc. 2). s
BhIJeneHus Pi3 mynbcanuii U3 MCXOIHBIX BapHAIM FeOMArHUTHOTO IT0JIs ObLIIM BEIYTEHBI HU3KOYACTOTHBIC BapUaliU
(puc. 2,3). MakcumansHas aMIDINTY 1A TyJIbCaliiii HabIro1aeTcs B aBpOPaIbHOM 30HE HAa TEOMarHUTHOW mIupoTe ~66°
(cranmmsa CGL). Anamu3 pacupeznenenuns Pi3 mynbcarwii mo reoMarHuTHO#H mmpoTe (puc. 3.) MOKa3bIBaeT UX CIadyIo
Koppensiuio Apyr ¢ apyrom. Comocranenne Pi3 mynmbcanuii Ha a3uMyTaiabHO pazHeceHHOW mape craniuii FSIM
(reomaranTHas nonrota 294.3°) — FSMI (306.9°), pacmonoxXeHHBIX Ha OJHONH F€OMarHUTHOM mupoTe 67.2°, Takke
MIOKa3bIBaeT cIa0yI0 CBSI3b MEXIy BapHAallMIMH T'€OMAarHUTHOTO MOJIS HA OTHOCHTENIFHO OJIM3KO PAacHOJIOKEHHBIX
CTaHIMAX, YTO TOBOPUT O MEIIKOMACIITA0OHOCTH JJAHHBIX KOJIeOaHUH.

Jlydmie Bcero IysbCallMM BBIPaXKCHbl B X-KOMIIOHEHTE T'€OMAarHWTHOTO MOJsS Ha 3eMie, YTO COOTBETCTBYET
a3UMYTAIEHONH KOMIIOHEHTE I'€OMarHWTHOTO TOJIi Ha reoctanuoHapHblx cnyTHukax GOES. C nawanom cy60ypb
HaOJ01aeTcsl pe3Koe yBEIWYEHHE IMOTOKOB YHEPIHYHBIX YAaCTHI[ B pallOHE Te€OCTALMOHAPHONW opOuTHI (puc. 4), u
YBEJIMYEHHUE BBICHIIIAHNUS JIEKTPOHOB MO IAHHBIM PUOMETPHYECKOTr0 HOTJIOIEeHHUs (pHC. 2).

Pi3 mynbcanuy B reOMarHUTHOM TOJIE BBI3BIBAIOT OJHOBPEMEHHBIE ITyIbCAILMU B PHOMETPHIECKOM ITOTJIONMICHHUH,
YTO CBHICTEIBCTBYET O MOMYJSIIMH IIOTOKOB BBICHINMAIOIINXCS B HOHOC(EpPY SHEPTUYHBIX M HAATCTIIOBBIX
951eKTpOHOB. OIHAKO KOPPEIALHUs MEXKAY TCOMArHUTHBIMU ITyJbCAMSIMU W IYJNbCAlUSAMH PHOMETPHYECKOTO
TIOTJIOMIEHUS HEBBICOKAs (pucC. 2).
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Pi3 mynbcarnuy o JaHHBIM OJHOBPEMEHHEIX Ha3eMHBIX U CITyTHUKOBBIX HAOIIOJCHHI BO BpeMsI CHIIBHOW MarHUTHOH Oypu. ..

X-KOMITOHEHTa reoMarHuTHHIX Pi3 komebanmit Ha cranmmu FSIM koppenupyer ¢ asuMyTansHOI Bn-koMmoHeHTON
Ha crrytHEKe GOES-13 (puc. 4), 9T0 TOBOPHUT 0 IOBOPOTE HILIHIICA TOJAPU3AINA PacCMaTpUBaeMbIX KoleOaHui Ha
7/2 pu nepexoze uepe3 noHochepy. [loBopoT smnnca nonspuzanuy XxapakTepeH Ui BO3MYIICHUH albBEHOBCKOTO
TUIA, NEPEeHOCAIIUX HecTallMoHapHble HponaosbHble TOKU. [lanHele GOES-13 mokxasbiBaloT Hanuuue 3aMeTHOI
KOMITOHEHTHI CkaTusi Bt B ctpykrype mosnst Maruurocdepusix Pi3 mysnbcanumii (puc. 4). Takas ctpykrypa KoneGaHui
XapakTepHa JUIs TOJIONIbHON aJbBEHOBCKOW MOJIBI B IJIa3Me KOHEYHOTO JaBiieHus (OaIJIOHHOW MObI).
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Pucynoxk 3. Bapuauuu  X-KOMIOHEHTBI Pucynok 4. Bapuanuu reoMarHuTHOro noJjist Ha
reoMarHuTHOro mois [HTn] ¢ yOpaHHBIM CITyTHHKE GOES-13 c yOpaHHBIM
HU3KOYAaCTOTHBIM  TPEHIOM IO  JaHHBIM HU3KOYacTOTHBIM  TpeHaoMm (Bt, Be, Bn-
MEPHUINOHAIFHONW IIETIOYKHM CTAaHIUH CeTH KOMIIOHEHTHI), BapHallMU IOTOKOB 3JIEKTPOHOB
CARISMA 08.09.2017 B unTepBazne 11-15 UT. (40 x3B) ma GOES-13, X- 1 Y-KOMIIOHEHTHI
TeOMarHUTHOro Tmojs Ha craHnuu FSIM
08.09.2017.

Pi3 reomarauTHbIe KoJieOaHNsT MOAYJIUPYIOT TIOTOKH 3JEKTPOHOB ¢ sHepruei 40 k3B B Mmaruutocdepe, kak BUIHO
W3 MaHHBIX nerekropa yactul cmyTHuka GOES-13 (puc. 4). OmHako kxoppemsnus Mexnay Pi3 mymecammsvu B
TEOMarHUTHOM II0JIE ¥ TOTOKaX 3apsKCHHBIX YaCTHIl HeBBICOKAS.

Oocy:xnenne

Pi3 mynecanmu — onHU U3 HeMHOTHX ocTaBmmxcs Y HU konebaTenbHBIX SBICHHH, PU3MIECKUI MEXaHU3M KOTOPBIX
TaK ¥ HE YCTaHOBJICH OKOHYATEJIbHO, HECMOTPSI HA MHOTOUYHCIIEHHbIE MOP(OIOTHYECKHE UCCIe0BaHNs. BeposTHo,
CYIIECTBYET HECKOJIBKO BO3MOXHBIX MEXaHIM3MOB KBa3UIIEPHOANIECKIX BO3MYIIEHUI B moyoce Pi3, XxoTs kputepmii
WX pa3/iesIeHUs He HaliieH.

Cropann4ecku BO3HHUKAIOIIME KBAa3WIEPHUOIUYECKHE Bapuald IAapaMETpOB COJIHEYHOTO BETpa WIH
MeXIUTaHeTHOTo MarHuTHoro moisi (MMII) B nmamasone Pi3 MoryT BBI3BIBaTH IIAHETAPHBIA OTKIUK BHYTPHU
MarHuTochepsl W Ha 3emwse. OTH oOanbHBIE KONeOaHWs, BEPOSITHO, CBA3AHBI C KOJICOAHMSAMH IIOJIOCTH
MarHuTocoepsl [Leonovich et al., 2005]. OgHako B JaHHOM COOBITHH Bapuanuii nuamasoHa Pi3 B mapamerpax
cosxHeuHoro Betpa 1 MMII He Habmronanock. YTpeHHHe/BeuepHHUe (hIaHTH BHEIIHEH MarHUTocdepsl ¢ Ia3mMoi
KOHEYHOT'O JaBJICHUS SIBJIAIOTCS O0JIACThIO, OJIAronpHsITHOW Uit BO30YKAEHHS IIa3MEHHBIX HEYCTOMYMBOCTEH.
Wmxeknyst SHEprUYHBIX DJIEKTPOHOB Ha YTPEHHHH (UIaHT M TOpsiYMX NPOTOHOB Ha BEYEpHUH (IiaHr BO BpeMs
cy00ypH OKa3zanach TPUTTEPOM BO30OYKICHUS [UTMHHONIEPUOIHBIX BOJH [James et al., 2013].

[Tynbcanmu Pi3 MOTyT OBITH CBSI3aHBI C KBa3UTIEPHOIMYECKIMH OBICTPBIMHU ITOTOKaMHK B HarpasieHun 3emin (BBF)
B IUTAa3MEHHOM CJIO€, KOTOPBIE MPEAIIOI0KUTEIFHO BEI3BAHBI MyJIbCAIMOHHBIM PEKUMOM MEPECOSAMHEHHS B XBOCTE
MarauTocoepsl [Wei et al., 2021]. OgHako XapakTepHble NepHoabl kBasu-nepuoandeckux BBF nexar B Oomee
BBICOKOYACTOTHOM nuana3oHe Pi2 [Wu et al., 2017]. OqHako MHOTHE TpaauIHOHHBIE Moaenu ¢usuku Y HU-BoiH, B
KOTOPBIX YJacTBYIOT alb()BEHOBCKNE KOJIECOAHMUS KBa3H-JHUIIOIBHBIX CUIOBBIX JIMHUM, HE MOTYT OBITh IPUMEHEHBI K
uaTepripetanimu Pi3. Hampumep, monenmupoBanune (yHIaMEHTATBHOH MOIBI COOCTBEHHBIX KOJICOAHWH CHIIOBBIX
nuHUE Ha mmpote craHimu Gakona (AJsicka) [UIsl pealMCTHYHBIX MapamMeTpoOB MarHUTOC(HEPHOHN IUTa3Mbl JaeT
oIeHKY ~5 MI'1, YTO HAMHOTO BHIIIC THITUYHON 4acTOThl Pi3 HaOmogaeMeix Ha 370 ctaniuu [Guido et al., 2014].
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B.b. Benaxosckuii u B.A. IMununenxo

OcraeTcst HEMOHATHON Tpu4MHA Oonbmmx nepuonoB Pi3 mymbcarmmit (15-20 MUHYT) BO BpeMsi aKTHBHOM (a3bl
cy00ypr, HAMHOTO OOJBIIUX, YeM MEPHUOJ PE30HAHCHBIX Pc5 ampBeHOBCkuX Konebammid (3-10 MUH) Ha Tex e
LIMpoTax, HaONofaeMbIX Ha (haze BOCCTaHOBIECHUS cyOOypu. Mbl momaraem, uro Pi3 mynbcanuu MMEOT WHYIO
¢dusnyeckyro npupoay, yeM PcS mynbcanmu, 3aHMMaroniye O0JM3KUH YacTOTHBIHM AWana3oH, U HaOJIoaroIecs: Ha
TeX e MHUpoTax. V3MeHeHHWe KOHQUrypalMH CHIIOBBIX JIMHHA T€OMAarHMUTHOTO TIOJII Ha HOYHOW CTOpOHE
MarHutoc(epbl BO BpeMsi CHIBHBIX CyOOypeBBIX BO3MYILICHHUH (BBITATMBAHHE B XBOCT) MOXKET HPUBECTH K
YBEJIMUEHHIO NIepHoA0B Konebanuil. KpoMe Toro, MexmMo0Bo€ 3aLleIUIeHHE MeXly aJbBEHOBCKUMH U MEIJICHHBIMU
MarHUTO3BYKOBBIMU KosieOauusmu [Maszyp u op., 2014] npuBoauT k nosiBieHuto nByxX BerBeil MI'Jl xoneOaHwmii:
KBa3M-albBEHOBCKHUX C mepuogoM T mopsaka anbpBeHOBCKOro nepuoga Ta u cMmemaHHo# nonspusanueit B,~Bi, u
MeUIEHHOM Mozbl ¢ OoipmIMMHU nepuopamu 7>>Ta, HO OONBIION KOMIPECCHOHHOW MAarHUTHOW KOMIIOHEHTOMN
B,>>B.. CriyrHuKOBBIE HabmoAeHus nosgpuzauu Pi3 konebaHuii MOKa3bIBalOT, YTO OHH MOT'YT COOTBETCTBOBATh
MEIJIEHHOHU MOJE.

PaccmoTpeHHOE HaMH COOBITHE JOMOMHHUTEIBHO CTaBHUT PSI BOIPOCOB O Qu3mueckor mpupoae Pi3 mymbcarmimid.
Koppemsmust Pi3 mysnpcaruii Ha 3eMHOM MOBEPXHOCTH B B MarHUTOCc(epe HeBbIcoKas. KoieOaHms HMEIOT 3aMETHYIO
KOMITOHEHTY C)KaTHs T€OMAarHUTHOTO TIOJII M CIHOCOOHBI 3aMETHO MOAYJIMPOBATh ITOTOKM 3aXBAaUYCHHBIX H
BBICBHITIAFOIIMXCS. SHEPTUYHBIX IEKTPOHOB. OTCYTCTBHE KOPPEINSIMN MEXIy BapHAIlMIMH T€OMAarHHTHOTO TOJS H
TIOTJIOMIEHN KOCMHYECKHX PaJNOIIYMOB MOXET OBITH CBS3aHO C TEM, YTO MAarHUTHBIH >(PQEeKT Ha 3eMHOH
TOBEPXHOCTU CO3AACTCA HE TOJIBKO MOJIIMH BOJIHBI, HO W TOKaMH I/IOHOC(bepI)I, CUJIbHO MOAYJIMPOBAHHBIMHU
BBICBIITAHUAMHA SHCPTUYHBIX 3JICKTPOHOB.

3akia0ueHue

HccrnenoBanbl upperyispHeie myiascanud Pi3 Bo Bpems marautHoi Oypu 08.09.2017 mo HaHHBIM CIyTHHUKOBBIX
HaOJIIOIEHUH MarHUTHOTO TOJIA U TIOTOKOB DHEPTUYHBIX JIEKTPOHOB Ha E€OCTAIMOHAPHOM CITYTHUKE U HA3EMHBIX
TCOMAarHUTHBIX M PHOMeTpHUecKuX HabmroneHmit. C HagamoMm cyOOyph HaOIrOmaeTcs pe3Koe yBeIHYeHHE OTOKOB
SHEPTHYHBIX YACTHI[, YBEJIHYCHUE BBICHIIAHMUSA DSJCKTPOHOB. Pi3 wupperymsipHble MyJIbcallil WHTCHCHUBHO
MOIYJTUPYIOT TOTOKH AJIEKTPOHOB B MAarHUTOC(Epe, pPHOMETPHUIECKOE MOTIIONICHIE.

Koppermsmus Pi3 mynbcariii Ha 3eMHO# TOBEpXHOCTH U B MarHUTOC(epe HeBbicoKast. KomeOaHns IMEIOT 3aMETHYIO
KOMIIOHCHTY C)KaTHA T€OMAarHUTHOTO TIOJII W CIOCOOHBI 3aMETHO MOXAYNHPOBATh IIOTOKHA 3aXBaueHHBIX U
BBICBHITAIONIUXCS IHEPTHUHBIX AJIEKTPOHOB. OTCYTCTBHE KOPPENSINUA MEXKIY BapUallMsIMUA T€OMarHUTHOTO TOJS U
MOTJIOIIECHHST KOCMHYECKHX PaJUOIIYMOB MOXET OBITh CBS3aHO C TEM, YTO MAarHUTHBIH 3((EKT Ha 3EMHOI
MMOBEPXHOCTH CO37aeTCsl HE TOJBKO IOJSIMU BOJHBI, HO W TOKaMH HOHOC(hEpHI, CHIBHO MOIYJTHPOBAHHBIMU
BBICBINIAHUSIMU YHEPTHUHBIX JJIEKTPOHOB.

BaaromapHocTh. VccienoBanue BBIMONHEHO 3a cuet roc3ananuii [II'M u UKU.
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INIOTOK HAATEIIVIOBBIX 9JIEKTPOHOB, YCKOPSEMbIX B
NOHOCOEPY KHHETUYECKNUMMU AJIbOBEHOBCKHUMHA BOJIHAMUA
N BOSMOKXHOCTDb ®OPMUPOBAHUA SAR ARCS

A.A. Bnacos, A.C. JIeonosuu, JI.A. Koznos
Hucmumym conneuno-3emuoti puzuxu CO PAH, Hprkymck, Poccus; e-mail: a.vlasov@mail.iszf irk.ru

AnHoTauusl. ITokazaHo, 4TO BOJM3U IUIa3MONAY3bl I[PH OMNPENCIEHHBIX YCIOBHAX MOXKET (POPMHUPOBATHCS
JVICCUNATHBHBIN CJIO0H, B KOTOPOM IPOMCXOIHUT IOJIHAs Mepenada SHEPTUH KWHETHYECKHX alb()BEHOBCKUX BOJH
(KAWSs) anextponam (hoHOBOI Iua3mMbl. B 3TOM ciioe CKOpPOCTh ABMKEHHS 3JICKTPOHOB BJIOJb CHJIOBBIX JIMHHH
TE€OMAarHUTHOTO TOJIsI OJIM3Ka K CKOPOCTH PaclpOCTPaHEHUs alb(BEHOBCKUX BOJIH, YTO CO3AAET YCIOBHUS A MX
(«J4epeHKOBCKOTO») PEe30HaHCa, B Pe3yJbTaTe YEero 3HAYMTEIbHAs YacTh AJIEKTPOHOB IOMagacT B KOHYC MOTEPh H
BhICBINIaeTCsl B HOHOC(hepy. Kak mokas3pIBarOT OLEHKH, BOJIM3Y IL1a3MOIIay3bl DHEPIHs TaKUX («HAITEIUIOBBIX», 2-5
eV) 2JIeKTPOHOB JOCTaTOYHA U1 BO3OY)KIEHHS B MOHOC(Epe aTOMOB KUCIOPOJa C HOCICIYIONIMM H3IyYCHUEM B
KPacHOHM JIMHUH, T.€. 9TH DJIEKTPOHBI MOTYT CIIy)HTh HCTOYHUKOM stable auroral red (SAR) arcs. DToT MexaHu3M
nepenauu sHepruu ot KAWSs k anekrponam (oHOBOII 1u1a3mMbl ObLT paHee onucaH B pabore Hasegawa and Mima
(1978), rne Obi1a mpeasioxkeHa npocTast GopMmylia A OLEHKH IUIOTHOCTH MOTOKAa BBICBHINAIONIMXCS B HOHOC(hEpPY
Ha/JTEIUIOBBIX JJICKTPOHOB M TNEepeHOCHMON uMHu sHepruu. OIHAKO NpelUioKeHHas B 3Toil pabore ¢opmyina He
YUUTBIBAE€T HEKOTOPHIE CYyIIeCTBEHHBbIE ocoOeHHOCTH KAWS, CBsi3aHHBIE C WX IONEpeYHON aucrepcuei. B
HacTosiIed paboTe /Ui OIEHKH IUIOTHOCTH MOTOKA BBHICHIMAIOIIMXCS B MOHOC(EPY INIEKTPOHOB MBI pa3paboTann
HOBYIO ()OpPMYJTy, YUUTBIBAIOIIYIO BO3MOKHOCTh reHepann KA WS mupoKonoIocHBIMI HCTOYHHKAMH U MEITIEHHOE
UX TIepeMelIeHIe TOIepeK MarHuTHEIX o0omouek. [lokazano, uTo mmpokomnonocaele KAWs mMoryt chopmupoBats
MOTOKM BBICHIIIAIONIMXCS B HMOHOC(EpPY HAATEIIIOBBIX 3JIEKTPOHOB HA MOPANOK Ooyiee MOIIHBIE, YEM Te, UTO
npezackasbiBatoTcs popmynoit Hasegawa and Mima (1978). Oka3biBaeTcsi, 9TO IUIOTHOCTH STHX ITOTOKOB JOCTaTOYHO
st popmupoBanuss SAR ARCs cpenneii unrencuBHoctu (~1-10 kR).

Beenenue

Kunernueckue anbpBeHoBckue BosHBI (KAWS) — 3TO BOJNHBI, TpyINIoBas IONEpedYHass CKOPOCTb KOTOPBIX
OTIpezIeNsIeTCsl MAIBIMHU TUCTIEPCHOHHBIMU 3 dextamu [1]. DTHMH ke AuCTIepCHOHHBIMH 3P PEKTaMH ONpeesieTCs
W XapaktepHas ainuHa BoiaHbI KAW monepék marHuTHbIX oboinouek. CymiecTByeT aBa 3((eKTa, MPUBOIIMINX K
MOMIEPEYHOM AUCTIEPCUH alTb()BEHOBCKUX BOJH [2, 3]. B «x01101HOM» T/1a3Me MOTIEpeYHas TUCTIEPCHS alTb(BECHOBCKUX
BOJIH ONpeeNsieTcs Majlol CKMHOBOM JJIMHOM 3JIEKTPOHOB S,. B «remioi» minasme qucnepcus cBsizaHa ¢ y4ETOM
KOHEYHOM BEJIMYMHBI JIADMOPOBCKOIO paauyca HOHOB p;. Ilepexon OT «XOJIOAHON» IUCIEPCUU K «TEIUION»
IPOUCXOAUT NpM H3MeHeHuH mnapamerpa f = 8mP,/BZ (P, — rasokuHEeTMYeCKOe MaBIEHHE IIa3Mbl, B, —
HaNpsHKEHHOCTh MarHUTHOTO TOJIsT) OT 3HadeHui ff K m,/m; no f > m,/m;, rae m, - Macca 3JIEKTPOHOB, M; -
Macca MoHOB [4].

B «rémoii» miasme, 3aMoHAOICH BHEIIHIO MarauTochepy 3emin, umeeM f S 1, a B «X05101HOW» miazmocdepe
B K m,/m; < 1. Tlepexox OT «XOJOIHON» K «Témioi» mucrnepcin KAWS IpOHCXOIUT B HEKOTOPOU 00JIacTH,
PacIIoJIOKEHHON B OKPECTHOCTH IIIa3Momay3bl. MacmrTab, Ha KOTOPOM OCYIIECTBISETCS TaKOH Iepexof,
CYIIECTBEHHO MEHBIIIE MacITada HeOJTHOPOJIHOCTH MarHUTOC(EepHOH IIa3Msl, T.e. 3Ta 00JaCTh UMEET BUJI Y3KOTO
HNEPEeXOJHOro cios. BHyTpu 3TOro cios HOPOUCXOAUT IOJHOE IHOTJIOUIEHHE HHEPrud MaJarolluX Ha HEro
KUHETHYECKUX ab(BEHOBCKMX BOJH. IlosTomy nanee OyneM HasplBaTh €ro JMCCHUIIATUBHBIM — CIIOEM.
[IpocTpaHcTBEHHAs CTPYKTYpa KHHETHIECKNX alb()BEHOBCKMX BOJIH B 00J1aCTSIX MarHUTOC(HEPHI KaK C «TETIoN», TaK
U C «XOJIOJHOI» MONEPEUHON Aucepcrel H3ydeHa JOCTaTOuHO Xopomwo [5]. OaHako uccienoBaHus 3TOH CTPYKTYPbI
B 00acTsIX BOMU3M TUCCUITATHBHOTO CJIOS 0 HACTOSIIETO BPEMEHH HE IPOBOAMIHCE.

B nmannO#1 paboTe mpeacTaBieHsl pacyEThl monepedHoi cTpykTypsl KAWSs B OKpEeCTHOCTH JUCCHIATHBHOTO CIIOS,
a TakXKe MPUBE/ICHa OIEHKA IJIOTHOCTH MOTOKA SHEPTHH BBICHITAIOIINXCS B HOHOC(EPY HAATEIUIOBBIX JIEKTPOHOB,
CHOCOOHBIX HHUIMHUPOBATH U HozepxuBath SAR arcs cpenneit natencuBHocTH (~1-10 kR).

Mogens cpeabl

PaccmoTpuM MpOCTYI0 MOJENHh TPUIKBATOPUANBHOW MAarHHTOC(Ephl, B KOTOPOW HEOMHOPOJHOCTh ILIA3MBI
HampaBJieHa MOTIepEK MarHUTHBIX 00o0Jouek. BBeném aekapToBy cucteMy KoopauHar (X,),z), B KOTOPOH MarHUTHOE
TI0JIe HATIPABJICHO M0 OCH Z, HEOJHOPOIHOCTS IIJIa3MBI - TI0 OCH X, a BAOJb OCH y OyZIeM CUHTAaTh IIa3My U MarHUTHOE
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A.A. Baacos u op.

1oje OMHOPOIHBIMHM. B Hammx pacyeraX Mbl HCIOJB30BAIM CICAYIOUIYIO MOJENb A JKBATOPUAIBHOTO
pacupeneneHus ambGBEHOBCKOH ckopoct (v, = By /+/41py, TAE Py - ITIOTHOCTH TIIa3MBI):

2

x5 [x X X—Xx

p_|*p 4 4

Vy == |—Vam + Vap — (vA ——vy )tanh—

2x2 | x ™ P L A, |
Vgm» Vap — XapaKTepHbIE 3HAYEHHA alTb()BEHOBCKOH CKOPOCTH BOJM3M IIa3MOMNAY3bl CO CTOPOHBI MIa3MOCHEpHl U
BHEIIHEH MarHUTOC(EPHI COOTBETCTBEHHO, X, — PANMyC CEPENMHBI NMEPEXOMHOTO CIIOS TIA3MOomNaysbl, A, - €ro
XapaKkTepHas TOJIIMHA. B YHCIeHHbIX pacyéTax ObLIM MCIOJIB30BaHbI CIIEAYIONINE 3HAYEHHUS NapaMETPOB: Vg, = 200
KM/C, Vam, = 1500 kM/c, X, = 4Rg, Ap = 0.3Rg (Re = 6370 kM — paguyc 3emin). COOTBETCTBYIOIIEE PACTIPENEIECHHE
aTb(BEHOBCKOM CKOPOCTH, a TAKXKE CBA3aHHBIX C HEH MapaMeTpoB, NpeacTaBieHo Ha puc. 1. Takoe pacnpeneneHue
U, (X) THITMYHO /U NPUIKBATOPHUAIBEHOMN 001aCTH JHEBHOM CpeIHEBO3MYIIIEHHOI MarHUTOC(hEpHI.

Vy w, ./ >1

El”‘l\m\] (CV)—“"“”

20

ra
I

10
f

J Amax

./‘me

| |
— =
3 Foin | X 6 9 X/R;

Pucynok 1. MonenbHble pacnpeaesieHus: anb(BEHOBCKOH CKOpocTH V,(x) (KpacHas JHMHUS), Y4aCTOTHI
KoJIe0aHNUH OCHOBHOU TApMOHHKH CTOSYUX allb()BEHOBCKHX BOJH f; = w4 (x)/2m (3enéHas INHUS) U CpeTHEeH
SHEPTHH PE30HAHCHBIX 31EKTPOB W, = M, V2 (X)/2 (CUHSSA JTUHUS).

[TapameTpom, OMHUCHIBAIONIUM TIONIEpeuHyt0 nucnepcuio KAW, sBisieTcst KBaJpaT UX JUCTIEPCUOHHOMN ITUHBL:

A7 —s2, Se » p, — B "xonozHOl" MIa3Me

pg, Se K pg — B"Temnoil" 1urasme
riie S = ¢/wWp — CKUHOBAs JUIMHA JJIEKTPOHOB, Wy, = /4TNne?/m, — niasMeHHas 4acTOTa >JIEKTPOHOB (e, M, —
3apsi ¥ Macca 3JIeKTPOHa COOTBETCTBEHHO, N — KOHIIGHTPALMs IUIa3Mbl), Pg = V,g/W; — JIAPMOPOBCKHI paanyc
HOHOB, I/Ie W; = eB,/Mm;Cc — NUKIOTPOHHAS YacTOTa HOHOB, V,s = +/¥T,/m;. B 0071acTH TUCCUITATHBHOTO CJIOS, TC
Se~ps MapaMeTp A? SBISETCS CyNIECTBEHHO KOMIUIEKCHON Bemuunoit: [Im(A)| ~|Re(A)|. IMeHHO MHMMAas YacTh
A? onuchIBaeT 3aTyXaHHUeE alb()BEHOBCKOMN BOJHBI, CBA3AHHOE C €€ PE3OHAHCOM C JIEKTPOHAMH (JOHOBOM IJIA3MBI.

CTpyKTYypa pe30HAHCHON KMHETHYeCKOH BOJIHBI BOJIU3U JUCCUIIATUBHOIO CJIOSI

Paccmotpum crnepyrontyto 3agady (cM. [6]). Ilycte MmoHoxpomatnyeckass BM3-BoiHa ¢ yactoToll w BO30OyXIaer
KHHETHYECKYIO AJTb(DBEHOBCKYIO BOJHY C «XOJIOAHON» TUCTIEpCHEN HA PE30HAHCHOM MOBEPXHOCTH X = X, (TLle w =
wy(xy) = k,v,4(x,)), KOTOpass pacrojyiokeHa cjeBa OT TOYKH MaKCMMyMa B paclpeieieHdH ajib(pBEHOBCKOU
cKopocTH. JIerko npoBepuTh, YTO BOJU3M MaKCUMyMa B PaCIpelelieHHH VU, (X) TaKUX PE30HAHCHBIX MOBEPXHOCTEH
JIBE, CJI€BA M CIIPABA OT X = X4, (CM. pHcC. 1). [lonepednas cTpykTypa pe30HaHCHOI KHHETHUECKOH anb(BEHOBCKOM
BOJIHBI JUISl TaKOro cilydasl mpejcTaBieHa Ha puc. 2. [lockombky MbI paccMmaTpuBaeM 3(QQEKThl, CBS3aHHBIE C
muccunameii KAWSs, paccMoTpuM citydaid, Koraa mpaBas pe30HAHCHas IOBEPXHOCTb HAaXOJHUTCS BHYTPH
JMCCUIIATHBHOTO CJIos (MOKa3aH Ha puc.2 OexxeBoi mosocoii). BonHa renepupyercs Ha pe30HaHCHOM MTOBEPXHOCTH
X = X,, no0eraer 10 TUCCUITATHBHOTO CJIOS, TJI€ TIOYTH HOJHOCTHIO noriolaercs. [loriomenne nporucxoauT 3a c4éT
YEpPEHKOBCKOTO PE30HAaHCA. MeXaHHM3MOM TaKOro B3aMMOJACHCTBHS SBISIETCS OCCCTONKHOBHTEIBHOE 3aTyXaHHUE
Jlangay (MeXIy BOJIHOHM U 3JI€KTPOHAMH ()OHOBOH IJIa3MBI): TETIIOBAst CKOPOCTH 3IEKTPOHOB B TUCCUITATHBHOM CII0€
0JiM3Ka K aTb(PBEHOBCKON CKOPOCTH (V4 = V,).
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Tlomox naomennogwix OIeKMPOHOE, YCKOpAeMblX 6 uouoapepy Kunemudeckumu aﬂbqbeeuoecxmm BOJIHAMU...
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Pucynok 2. Ilomepednas cTpyKkTypa pe30HAHCHOH anb(BEHOBCKOW BOJHBI, TOYKA OTPAKEHUS KOTOPOU X,
(roe Re k2(x, ) = 0,k2%(x) — xBagpaT MmonepevyHOro BOJHOBOTO YKCIa), YEPHAS TMHUS HAXOAUTCS BHYTPH
JUCCHTIATHBHOTO cJos (TIoKazaH OexkeBoil mojocoit). (@) Ctpykrypa ckansipHOro noreHnuaita Re(®)/@max-
HOPMHPOBAaHHAs HAa MaKCUMAlbHYIO aMIuuTydy (kpacHas nuHus). (b) CTpykTypa HOPMHPOBAHHOTO
ckaysipHoro norednuana Re(@)/|@| (kpacHast uHUS) ¥ Pa3HOCTH (Pa3 KOMIIOHEHT 3JIEKTPOMATHUTHOTO MOJIS
Ay (cuBSAS TUHESA).

OneHka IOTOKA JHEPTUH PE30HAHCHBIX JIEKTPOHOB H BO3MOKHOCTH opmupoBanust SAR arcs
[IpencTaBneHust 0 TOM, YTO KHHETHYECKHE alb()BEHOBCKHE BOJHBI MOTYT CO371aBaTh IIOTOKH HaJATEIUIOBBIX
AJIEKTPOHOB, JocTatouHble Ui (popmupoBanust SAR nayr, cdopmupoBanuck nocratouno nasuo [7]. ns storo
HE0OX0/MMO, 4TOOBI SHEPTHsl BBICHIIAIOUIMXCS B HOHOC(EPY IJIEKTPOHOB Oblia Onuskoi k 2 3B. Kak BuaHO u3
puc. 1, ogHolt M3 obmacteit, rae pe3oHaHcHBle ¢ KAWS 31ekTpoHbI (OHOBOH ITa3MBI HMEIOT TaKyl SHEPTHIO,
ABJISIETCS TIA3MOIIay3a, I/1e, MPEOI0KHUTENLHO, KaK Pa3 U PacIIoIOKEH ANCCUIIATUBHBINA ciioi. B pabore [4] Obua
Npe/IoKEeHa TPOCTas OIEHKAa IUIOTHOCTH IIOTOKAa O3HEPrHWH, IEPEHOCHMOH BBICHINAIONIMMHUCS B HOHOC(HEpY
PE30HAHCHBIMU 3JIEKTPOHAMHU:

|B@T) I
S.(apr/cm?c) ~ 10_ST‘UA(KM/C),

KOTOpasl Tpelroiaraer, 4yro B MarHuroc)epe HMMEIOTCS KHHETHYECKHE ajlb()BEHOBCKHE BOJIHBI, aMIUIMTYJa
K0J1€6aHMiT MATHUTHOTO TOJIl KOTOPHIX paBHa B, a pe30HaHCHBIE SIEKTPOHBI IIEPEHOCAT €€ SHEPIUIO B HOHOCHEPY C
aTb()BEHOBCKOM CKOpOCThIO V4. Eciam wucmonb3oBaTh THUNHMYHBIE Ui IUIAa3MONAy3bl OLEHKH IapaMeTpoB
MarauTocdepHoil miasmsl (v, = 1000 xkvm/c) 1 HaOMOAaEMBIX B MarHuTOChepe anpBeHOBCKKX BonH (B = 10 HT), TO
IUIOTHOCTH MOTOKA SHEPTHH, IEPEHOCHMOI1 B HOHOC(DEPY pe30HaHCHBIMHU d5iekTpoHaMu ~ 0.04 apr/cm?c. [o MHeHHIO
aBTOPOB [4], 3TOTO 10CTaTOYHO [T (OPMHUPOBAHUS KPACHBIX OYT cpenHei nHTeHcuBHOCTH (~1-10 kR).

OpHaKo, U3-3a HHTEHCHBHOTO MOTJIONICHHS, PaCKadaTh KHHETHYECKHE aTb(PBEHOBCKUE BOHBI HEITOCPEICTBEHHO B
JMCCHUIIATHBHOM CJIO€ HEBO3MOXKHO. EMMHCTBEHHBIM BapHaHTOM JIOCTaBKHM BOJIHOBOHM PHEPTHH K ITHUCCHIIATHBHOMY
CII0I0 sABIsIETCSA MeasieHHoe nepemenieane KAWs nonepék MarHUTHBIX 00009eK. CKOPOCTh TaKOTO MepeMEnICHUS
(rpymmoBast  ckopoctb KAWSs) MHOro Menblre anb(BeHOBCKOW. Bcsi sHeprust Takux BOJH IOTJIONIAETCS
PE30HAHCHBIMH 3JIEKTpOHAaMU emi€ Ha rpanuie cios. C ydyé€ToM 3TOro Mbl IpeAnaraeM CIEAYIOIIYK OLEHKY Ui
IUIOTHOCTH MIOTOKA SHEPTUU PE30HAHCHBIX MIEKTPOHOB:

v, (km/c) |A(km) 2/3
4n a(km)

[ee]
S, (apr/cmc) ~ 10~ ®(0) Z N|By (D).
N=1

3neck mapamerp |A/a| « 1 onucsiBaeT oTiMYKe CKOPOCTH MonepevHoro amkeHns KAWs ot ckopoctu Anb(hBeHa
v,. CyMMupoBaHHe B MPHUBEAEHHON BBIIIE (GOpMYIIe MPOBOJUTCS IO BCEM FapMOHHKAM CTOSYHX aIb()BEHOBCKHX
BONH, rie N - HOMep TapMOHHKH, By - €€ aMIunTyJa, a — XapakTepHBIH MacuITad M3MEHEHUs adb(QBEHOBCKOM
CKOPOCTH B HAlpaBICHUH TOMEPEK MArHUTHBIX o06osiouek, P(0) - mapamerp, ONMUCHIBAIOIINNA H3MECHCHHE
TeOMETPUYECKUX Pa3MEpPOB CEYEHHsS MarHUTHOHN TPyOKH, BHYTPHU KOTOPOI PE30HAHCHBIE DJICKTPOHBI JIBMXKYTCSI OT
9KBATOPHAIILHOM IIIOCKOCTH 10 HOHOChEpHI [6], n — XapaKTepHOE YKCIIO AJIHH BOJIH, HA KOTOPOM IIPOMCXOAUT ITOJTHOE
3aTyXaHHUe BOJIHBI BOJIM3H I'PaHUIIbI IMCCUIIATUBHOTO cJ10s. Kak BuIHO M3 HAIIMX pacyéToB, IPEACTaBICHHBIX HA PHC.
2a,n=10.
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A.A. Baacos u op.

OneHKa TIOTHOCTH TIOTOKA SHEPTUHU MO MPUBEAEHHOM Bbie hopmysie naéT 0.045 spr/cm?c (N=1), 410 YnCIeHHO
cOoTIacyeTcs ¢ OIEHKOM, MmorydeHHo o Gpopmyite, npeanoxkeHHoi Hasegawa n Mima. OgHako He00X0IUMO YIeCTh,
YTO MIMPOKOINOJIOCHBIH HMCTOYHHMK CIHOCOOEH BO30YXKIAaTh Cpa3y MHOXKECTBO TapMOHHK adb()BEHOBCKHX BOJH Ha
OHOW W TOW Ke pe30HaHCHOW oOoyouke. Paccumraem, B KadecTBe NIpuMepa, IIOTHOCTh ITOTOKAa PE30HAHCHBIX
3JIEKTPOHOB B CJIydae MPOX03K/IEHHS 110 MarHUTOC(hepe MEKIUIAHETHOM yaapHO#H BOJHBI ¢ aMmiutyaoit Br = 50 uT.
B pesynbrare B3anMoJeCTBHs ()pOHTA YAAPHON BOJIHBI C IIA3MOINAy30H, Ha HEl BO30YXKJAIOTCS Cpa3y MHOKECTBO
TapMOHHMK CTOSIYMX aJIb()BEHOBCKUX BOJH. [lose TakuxX pe30HaHCHBIX alb(BEHOBCKUX BOJH OBIJIO pacCCYMTAHO B [6].
Bce rapMOHMKH 3THX BOJIH MOTYT JOO€XaTh O JWCCHIATUBHOTO CIIOS M JaTh BKJIaJ B (pOpMHpOBaHME MOTOKA
PE30HAHCHBIX AIEKTPOHOB, BEICHIIAIONINXCS B HOHOChEpy. PesynpTar Takoro pacuéra mpeacrasieH Ha puc. 3. BugHo,
9YTO BOJIHBI, BO30YyKAacMble MIMPOKOMOIOCHBIM HCTOYHHMKOM, AAIOT MOTOK JHEPTHHM PE30HAHCHBIX 3JIEKTPOHOB
MIPUMEPHO Ha TOPSIOK BHIIIE TOTO, KOTOPHIA IIOJNy4aeTCs W3 OIEHKH BKIIAAA TONBKO OIHOW OCHOBHOW (N=I)
TapMOHHKH CTOSYIHX AJIb()BEHOBCKHUX BOJIH.

x/R,, x/R, x/R,,

6 -5 -4-3-2-101 23 45 6 -6-5-4-3-2-120123 45 6-6-5-4-3-2-1012 34 5 6
S

Y/Rg

0 3E+010 SE+010 7E+010 1E+011 LSE+011 0 0.05 0.1 0.15 0.2

B,(nT) F,(cm?s™) S, (erg/cm?s)

76 -5 4 3-2-101 2 3 45 67

Pucynox 3. (a) Pacripenernenue B 5KBaTOpHAILHOM TUNIOCKOCTH «TOPOUAATBHON)» KOMIOHEHTH! MArHUTHOTO
oyt pe3oHaHCHBIX KA WS, BO30yx1aeMbIX Ha Iu1a3Monay3e IIMPOKOIIOIOCHBIM HCTOYHUKOM. (b) IInmoTHOCTH
MIOTOKa PE30HAHCHBIX NIEKTPOHOB Ha ypoBHE noHOcdepsl. (¢) IImoTHOCTH MOTOKAa SHEpruH (Ha ypOBHE
noHOC(EPHI), TEPEHOCUMOH PE30HAHCHBIMH HJICKTPOHAMHU.

3aka0ueHue

INokazaHo, YTO KMHETHYECKHE aTb()BEHOBCKHE BOJIHBI B MarHutocdepe 3eMin UMEIOT JIBa THUIA AUCTIepcuu. Mexiy
TaKUMH O0JIACTSMH PACIIONOXKEH MEPEXOAHBIN «IHCCUITATHBHBIN CIIOH, JTOKAJIN30BaHHBIH BOJIM3M IUIa3Monay3sl. B
JMCCUIIATHBHOM CJIO€ CKOPOCTh paclpocTpaHeH!s alb()BEHOBCKUX BOJIH BJIOJIb MarHUTHBIX CHIIOBBIX JIMHUH OJIHM3Ka
K TETJIOBOW CKOPOCTH 3JIEKTPOHOB, YTO CO3MAET YCIOBHUS A WX PE30HAHCHOTO B3amMmopelcTBus. KuHernueckue
aTb()BEHOBCKHE BOJIHBI B 3TOM CJIO€ ITOJIHOCTHIO 3aTyXalOT, OTAaBasi CBOIO SHEPTHIO PE30HAHCHBIM HJICKTPOHAM
¢onoBoii mnasmel. [lpemnoxkeHa HoBas aHanmuTHueckas (GOpMyia JUis OLEHKH IUIOTHOCTH MOTOKA SHEPrHH
PE30HAHCHBIX JJIEKTPOHOB, IepeHocsnmx sHepruro KAWs B HoHOCdepy, y4yHThIBaIOIas CyLIECTBOBaHUE
IIMPOKOIOJIOCHOTO MCTOYHHUKA JJISI MX TeHEepaIy U TeOMETPHI0 MarHUTHOHN TpyOKH, BHYTPH KOTOPOH PEe30HAHCHBIE
QNIEKTPOHBI JABHXKYTCS OT OJKBaTOPHAJIBHOW IUIOCKOCTH K HoHOocdepe. I[IMOTHOCTH MMOTOKAa 3HEPrHUM TaKHX
PE30HAHCHBIX 3JICKTPOHOB OKa3bIBAIOTCA HA MOPAAOK BBINIC, YEM T€, YTO MNOJJYUYCHBI IO (bopMyne, npe;[noxceHHoﬁ
Hasegawa u Mima, 4To JydIiie corjacyeTcsi ¢ HaOIroAeHusIMHA [6].

BbnarogapHocTH: Vccnenosanue BoIMoIHEHO 32 c4éT rpanta Poccuiickoro nayunoro ¢pouaa (npoekr Ne22-77-10032).
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JJOKA/IN3BALIUA MATHUTOCPEPHBIX UCTOYHUKOB
TEOMATHUTHBIX TYJbCAIIUI JUATIA3OHA PC1

O HABJIIOJEHUSM BBICBIITAHUM SHEPTUYHBIX 3APSKEHHBIX
YACTHUL JJIA COBbITHUA 20 UIOHA 2013 'OJJA

T.A. Sdxuuna', A.T'. lemexos', A.A. Jlro6unu!, 10.B. ®enopenxo’, E.H. Epmakosa?

'®I'bHY «llonapusiii eoghuzuneckusi uncmumympy, 2. Anamumsi, Poccus
’Hayuno-uccredosamenvcxuii paouopusuueckuii uncmumym HHIY um. HH. Jlo6ayesckozo,
2. Huorcnuii Hoseopoo, Poccust

AHHOTAIIMA

B nanHo#t pabote ompeneneHa JIOKadM3alusi MarHUTOC(EPHBIX HCTOYHMKOB T'€OMAarHUTHBIX Iysbcauuii Pcl
muanasona (0,2+5,0 I'y), Habmogaembix 20 utons 2013 r. PaccmarpuBaeMoe coObITHE COCTOSIO U3 myiibcanuii [PDP
u Pcl. Ilynecaruu IPDP Obliu 04eHb MPOO/DKUTEILHBIME, OHU HaOronanuchk B uaTepBaie 16-21 UT, u cpasy mocie
Hux B 21-23 UT peructpupoBanucs myiascanuu Pcl. Ilynscanum Habmogamiuch Ha Ha3eMHBIX CTaHIUAX «JIoBo3epoy
(L=5,41) u «HoBas xmup» (L=2,67). Jlokanm3anuss MarHUTOCHEPHBIX WCTOYHHUKOB OIPENeNsIach IO TaHHBIM
HU3K0OpOUTAambHBIX cnyTHHKOB cepuu POES (NOAA, MetOp), perrucTpupyIOMmuX JOKaIH30BaHHBIC BBICHITIAHHS
sHepruyHbIX (> 30 k3B) mpotoHoB m snektpoHoB. Kak IPDP, tak m Pcl compoBoxmamich BBICHITAHUSME
pemstuBucTckux (~800 kaB) anexkTpoHOB. OnpeneneHpl FTeOMarHuTHEIE YCIIOBHS M ITAPAMETPBI COTHETHOTO BETpa 10
¥ BO BpeMsl HaOJIIOICHHS ITyJIbCALIHH.

Beenenune

CuntaeTcs, 9YTO TEOMAarHUTHBIE MYJBCAIIMK B Auana3one Pcl (ayekTpoMarHUTHEIE HOHHO-ITUKIOTpOHHBIE (DOMULL)
BOJIHBI) SIBJISIOTCSI pE3YyJIbTaTOM pa3BUTHs MOHHO-IMKIOTpoHHOH (MLI) HeycToitumBoCcTH BOIM3HM SKBATOPHAIBLHOM
I0CKOCTH. VIOHHO-IIMKIIOTPOHHOE B3aWMOEHCTBHE TIpeonaraeT, kak renepannio SMMUL] BoiH, Tak u paccesHue
MPOTOHOB KOJIBIIEBOTO TOKA IO MUATY-yriaaM (Hampumep, [ Cornwall et al., 1970]), koTopoe MPUBOAMT K 3aMIOTHEHUIO
KoHyca noteps [Erlandson and Ukhorsky, 2001; Yahnin and Yahnina, 2007] u, COOTBETCTBEHHO, BBICHIIAHHIO
MpoTOHOB. Hammydmmas koppensamus MeXOy JOKaJW30BaHHBIMU BBICHIIAHUSAMU TPOTOHOB H  IIyJIbCAIHSIMU
Ha0JIro/1a1ack, KOT/Ia BRICHINAHUS (PUKCHPOBANKCH BOJIH3H (B IpeAeax JIByX 4aCOB MarHUTHOT'O MECTHOTO BPEMEHH,
MLT) Mepuanana Ha3eMHOW CTAaHIIUH, Ha KOTOPOIl PeruCTPUPOBAIINCH ITyJbcanuu. [103TOMy MOKHO CUHUTATh, YTO
JIOKJIN30BaHHbIE BBICHIIIAHUS SHEPTUYHBIX MIPOTOHOB SBJISIOTCS MOHOC(hEpHOH mpoekiueil obnactu pazsutus NI
HEYCTOMYMBOCTH B OJKBaTopuanbHoW wmarHutochepe [Yahnin and Yahnina, 2007]. VOHHO-UMKJIOTPOHHAS
HEYCTOHYHMBOCTH MPUBOJAUT K BBICHINIAHUIO HE TOJBKO MPOTOHOB C 3HeprusiMu 10—100 k3B, HO U PENATUBUCTCKUX
9MeKTpoHOB [Sandanger et al., 2007], obecneunBas MOTEpPH, KaK YACTHI[ KOJBIIEBOTO TOKA, TaK W BHEIIHETO
paauaoHHOro mosica. OT0 OOBSICHSET MHTEpec K ompeneneHuro obmactel passutust ML HeycrtoitumBocTH B
MarHurocepe W HX JAUHAMUKH B pa3lIMUHBIX TeO(U3UUECKHX YCIOBHsX. lcronp30BaHHE HECKOJIBKUX
HHU3KOOpOUTaNbHBIX ciyTHUKOB cepun POES c momnsipHbIMM KpyroBeIMM opOuTamu Ha BbicoTe okoso 800 kM
o0ecreunBaloT XOPOIIN MOHUTOPUHT ONVKHEH MarHuTocgepsl. B mpeapinymux paboTax Mbl BCeria UMEIH JIeJI0 C
CHJIbHOW THTY-yrioBod muddysuel, korna KOHyC NOTeph ObUI 3allOJHEH M PErHCTPUPOBAINUCH HMOTOKH Kak
BBICBHIMAIONINXCS, TaK M 3aXBaYCHHBIX Ha BBICOTE CITyTHHKA MPOTOHOB. B 3T0if paboTe OyaeT paccMOTpeHa CBS3b
cnaboit muTY-yrinoBoii Auddy3nun B KOHYC IOTEPh ¢ TeHepalueil mynbcanuii Pcl, ux 9acToTOi 1 HHTEHCUBHOCTHIO.

Ha0nronenust u pe3yibTaThl

B nazemnbix obcepBaropusix JloBosepo (LOZ, 68,01°N, 35,30°E; L=5,41) u Hopas XXKuzub (NL, 56,00 N, 45,74 E;
L=2,67) 20 urons 2013 r. B 16-21 UT HaOroqammch o4eHb NpoonKuTeNbHbIe mynscarmu [PDP ¢ vactoramu ot 0,3
no 1,5 T' (puc. 1). Ioce IPDP B 21-23 UT nHabmromanuck myibcanuu Pcl ¢ 40CTaTouyHO BBICOKOW YacToTOoM 2,5-4,0
I'n. [eoMarauTHBIE MyJbCAIMU HAOIIOAAIUCH ITOCIIE CEPUH CYyOO0Yph, pETHCTPUPYEMBIX B TEUCHHE HECKOIBKIX JTHEH.
Ha6nronennto mysbcaruii peanecTBOBAIN TPU MarHUTOCHEPHBIX TOKATHI C MHTEHCUBHOCTHIO 6, 12 u 9 Hlla,
kotopsie umenn Mecto 20 utons B 00 UT, 07 UT u 19:45 UT (TpeThe momkaTue mpousonuio Bo Bpems IPDP). ITocne
TPETHETO MOKATHS CKOPOCTh COTHEYHOT'O BeTpa yBeanuuiaach 10 490 kM/cek. DnekTpudeckoe noje Bo Bpems IPDP
OBIJIO I3MEHYUBEIM: TO Bo3pacTaiio 10 +4 MB/M, To ymeHbIIanoch 1o -2 MB/M, a Bo Bpems Pcl mocne 21:30 UT Bce
BpeMsi Bo3pacTaio ot -2 MB/M o +3 MB/m (puc. 2).

66



T.A. Axuuna u op.

Bce mmkoopourtanpaeie cyTHHKE cepuni POES (NOAA, MetOp) ocHameHBl OJHOTHUITHBIMH JIE€TEKTOPAMHU
MEPED, u3mepstoniiMu MoTOKH 3apsDKeHHBIX 9acTull ¢ dHeprueit E > 30 k3B u TED amns u3MepeHus HOTOKOB YaCTHIT
¢ snepruerd <20 k3B [Evans et al., 2000]. Bo Bpemst IPDP oqHOBpeMEHHO C BBICBIIAHUSIMH SHEPTUYHBIX TPOTOHOB
PETUCTPUPOBAINCH M BBHICHINIAHUST MeHee dHepruuHbiX (<20 ksB) mpotonos. IIpm 3TOM NPOTOHHBIE BBICHIAHUS
cMemanucy K 3kBaropy ¢ 63 mo 61 CGMLat. Cormacuo pabote [Yahnina et al., 2003] Takue BBICHITAHUS
HaOII0al0TCs, B OCHOBHOM, B BEUYEPHEM CEKTOpe W OOYCIIOBJIEHBI B3aumojelictBueM c¢ OMMUL] BomHamu

I{peﬁ(l)ylonmx Ha 3araj mMpoToOHOB Ha BHEIITHEH TpaHuIne nna3MochepHor0 «XBOCTa».
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Pucynox 3. Ha6monaembie Ha ciiytHuke RBSP-B DMMUII BonHbI M M3MepeHHAs! IIIIOTHOCTD IIa3MBl.

JleficTBUTENBHO, Ha CONPSKEHHOM co cTaHuueil crnytHuke RBSP-B Bo Bpems IPDP B 19:30 — 20:15 UT
peructpupoBasiichk DMUIL] BoJHBI Ha TaKuX K€ WHBApPHAHTHBIX mupoTtax 61,5-65,0 CGMLat, kak ¥ IPOTOHHEIE
Beichimanus Ha cryTHHKax POES. CrmytHuk RBSP-B B 370 ke BpeMs perncTpupoBajl 3HAUUTENFHOE YBEIHUCHHE
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./YOKMMB’LIZ{M}I MaZHumocqbeprtx UCMOYHUKOB 2eOMACHUMHbIX nyﬂbcaum} oJuanasona Pcl ...

IUIOTHOCTH XOJIOMHOM IuIasMbl 10 800 cM™, 9TO COOTBETCTBYET €ro BXOAy B mmasmocdepy (puc. 3). MHKkpemeHT
OMMUL] BomH OBUT pacCUWTaH C UCIIOJIB30BAaHHEM (QYHKIIUH paclpeleNieHHs SHEPTHYHBIX MPOTOHOB, M3MEPECHHOM
cnytHukoM RBSB-B. Otu BbumcneHus (He NpHUBEAEHBI IS KPAaTKOCTH) IMPOAEMOHCTPHUPOBAIM YBEIUUCHHE
MHKPEMEHTa B YaCTOTHO-BPEMEHHOM 00J1aCTH, KOTOPOE XOPOIIO COOTBETCTBYET HaOmoxaeMbiM DMUILL BostHam. DToT
(bakT mo3BosseT MpeAnonokuTh, yto RBSP-B nepecek obmnacte renepanmu IPDP Bo Bpemst Habmronennss OMMUL]
BOJIH.

BrIchinanus SHEPrUUHBIX YaCTHII, 3aperUCTpUpOBaHHbIe Ha cimyTHUKax cepun POES Bo Bpems mynscanuii IPDP,
MOKa3aHbl Ha puc. 4, Bo BpeMs mmynbscanuii Pcl — Ha puc. 5. CepbIM IBETOM OTMEUEHBI T0KaTU30BaHHBIE BBICHITAHUS.
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CpaBHEHHE 3KBATOPHUATBHBIX THPOYACTOT HOHOB Teaus fie+ ¥ Bogopoaa fiy:, OLEHEHHBIX 110 HMHBAPUAHTHOM IIUPOTE
IIPEAIOoJIaraéMblX HCTOYHMKOB BOJIH, C YaCTOTaMM IIyJIbCALMH IOKa3ajno, yTo mynbcauuu IPDP mpunagnexar
remueBoit motoce (f < fie+) B 00acTH ee reHepanum, a 0ojee BRICOKOYacTOTHBIE Pcl reHepupyroTcs B BOJOPOIHOM
nostoce 4actort (fuer < f < fi+) (puc. 6).

PucyHok 6. B ykazaHHBIE MOMEHTHI BpEMEHH

HAOJIOAAHCh JIOKAJIM30BAHHBIE NPOTOHHBIE

BBICHINIAaHUA BO BpeMms mnynbcauuid [IPDP u

JIOKQJIM30BAHHbIE  YCWJIEHUSI B  IOTOKax

18:49, 19:33, 19:58, 20:30 21:17 ! 3aXBaY€HHBIX MPOTOHOB BO BpeMsi MyJIbCallil
IPDP | Pel.

™ = o o m £l
promsgrenc i oy

o grriraemy, 2

Pe3yabTathbl u 00cyxI1€eHHE
ITynecanmu IPDP u Pcl maGmogarores nocie cy00ypeBoil HH)KEKINU SHEPTHYHBIX TPOTOHOB B HOYHOM CEKTOpE.
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VBenuuenue yactoTsl nyabscanuil [IPDP cBg3aHo co cMemeHneM K 5KBaTopy NPOTOHHBIX BhIChIIaHU. Bo Bpemst
IPDP 6pumit 06HapY KEHBI JTOKATH30BAaHHBIE BHICHITIAHHUS YHEPTHYHBIX IPOTOHOB B Anana3zoHax sHepruid 30-80 k3B u
<20 3B, 4TO yKa3bpIBaeT Ha BO3MOXKHBIE MarHUTOC(HEPHbIE UCTOYHUKHU STHX ITyJIbCALHH.

ITo nanubM criytHuka RBSB-B o dyHkuum pacnpeneneHus SHEPrHYHBIX HPOTOHOB OBUI BBIYHCIEH MHKPEMEHT
OMMUL] BosH. Pe3ynbTaThl MoKas3pIBalOT yBeIMYEHHUE HHKPEMEHTA B 4aCTOTHO-BPEMEHHOI 00J1acTH, KOTOPOE XOPOLIO
COOTBETCTBYET HaOmoaeMbiM DMUL] BoHAM.

ITonoxeHre UCTOUHNKOB BBICOKOYACTOTHBIX MyJbcaluit Pcl onpenemnsyiock TONBKO MO JOKAJIbHBIM YCUJICHUSM B
MOTOKaX 3aXBay€HHBIX IPOTOHOB. Takue yCHIJIEHHS yKa3bIBalOT Ha HajJW4Me ciaboi muTy-yrioBoi nuddysun,
HEJIOCTATOYHOH AJISl TOTO, YTOOBI BBI3BATh BRICHIIIAHNE YACTHIL (T.€. 3aMETHBIC TIOTOKH B KOHYCE ITOTEPH).

IToxazano, uyro mynscanuu [PDP mpuramnexat remmesoit monoce (f < fuye+) B oOmactu mx reHepanuu, a Ooiee
BBICOKOYACTOTHBIE myibcaruu Pcl - BogopoaHoit mosnoce (fier < f< ).

BerIchimanus peITHBACTCKUX AJIEKTPOHOB HAOIIOAANNCH OJHOBPEMEHHO C JOKAIBHBIMH yCHIICHHSMH B TIOTOKax
3aXBau€HHBIX W BBICHIMAIOIINXCS IIPOTOHOB, KOTOpPHIE MAapKHUPYIOT 00macTb ucToyHWKa mynbcammii [PDP u
OIHOBPEMEHHO C JIOKAIbHBIMH YCHJICHHSMH B IIOTOKaX TOJIBKO 3aXBaU€HHBIX MPOTOHOB, KOTOPHIE MapKHPYIOT
00acTh UCTOYHHUKA ITyJbcanuii Pcl.

Bo Bpems HaOmromenust mynbcarmii Pcl Ha vacrorax 2,5-4,0 I'ti HaOJrOMAIOTCS JHINL YCHJICHHS B IOTOKax
3aXBa4E€HHBIX IPOTOHOB, YTO COOTBETCTBYET CIa00M MUTY-YrioBoH auddy3un 4acTul] B KOHYC noTepb. [lynbcanuu
HMEIOT MaJlyl0 HHTEHCUBHOCTb. [10-BUIMMOMY, 9TO CBA3aHO C TeHEpalluell Mynbcaliii B BOAOPOAHON (IPOTOHHOIN)
moJioce yacToT. CitoskHOCTh 00HapysxeHust IMUILL BosH 3TOro Muamna3oHa Ha 3eMiie MOXKET OBbITh CBSI3aHA C MCHBIIICH
MOIITHOCTBIO HJIM HEONAronpHATHBIMU YCIOBHSMH DPacHpOCTPaHEHHS, a MMEHHO, HEOOXOAWMOCTBIO ITPEOJOJIETh
00JacTh NUKIOTPOHHOTO pe3oHaHca ¢ moHamu He+ [Engebretson et al., 2008; Usanova et al., 2008)]. YBenmudeHue
gacToTsl [IPDP conpoBo)kaanoch CIBUTOM IIMPOT JOKAIN30BAHHBIX BBICHITAHUN MPOTOHOB K 9KBATOPY. DTO TOBOPUT
B MONB3y MexaHm3Ma (opmupoBanusa mynscanuit [PDP (OMUL] BomH), CBA3aHHOTO C ApeiihoM SHEPTHYHBIX
MIPOTOHOB BHYTPB IIa3MOC(hepsbl.

BriBoabI
Omnpenenena MarHUTOC(epHast JOKATH3ANNI HICTOYHIKOB T€OMarHUTHBIX ynbcarwii Pcl u IPDP.

[Tynpcanmy HaOIFOJATKCE TTOCIIE MPOJOIDKUTENBHOM CyO0ypeBOil akTHBHOCTH M TPEX MOKATHH MarHUTOC(EpPHI, B
pe3ynbTaTe KOTOPhIX Habro[anach HHXEKIUS SHEPTUYHBIX IPOTOHOB B HOYHOM CEKTOpE.

BrIchinanns pensSTHBUCTCKUX 3JEKTPOHOB HAOMIOJANNCh OJHOBPEMEHHO C JIOKAJIM30BAHHBIMHM TOTOKaMH
BBICBITIAFOIIMXCSI IPOTOHOB BO BpeMs MyJibcanuii IPDP ¥ ¢ Tokan30BaHHBIMU TOTOKAMH 3aXBaYE€HHBIX IIPOTOHOB BO
Bpemst Imynbcanuii Pcl, koTopeie MapkupyroT oonacts uctounnka DMULL BomH.

Bbaaromapuoctu. Pagora T.A. fAxuunoii, A.I'. lemexoBa, A.A. Jlro6unua noanepxana rpantom PHO Ne 22-62-
00048.
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Abstract

To study the mechanism of a solar flare, it is necessary to perform MHD simulations in the corona above a real active
region, in which all conditions are taken from observations and the calculation begins several days before the
appearance of flares, when the energy for the flare has not yet accumulated in the corona. When setting the problem,
no assumptions about the mechanism of the solar flare are made. The MHD simulation continued in this paper
confirmed the solar flare mechanism based on the release of energy accumulated in the magnetic field of the current
sheet. 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. In addition to those found
in the previous work, the configurations of the magnetic field near singular lines, in which the current sheet is created,
are obtained and studied.

Introduction

The mechanism of a solar flare [1], according to which during a flare there is a release of energy accumulated in the
magnetic field of the current sheet, explains the primordial release of flare energy in the solar corona above the active
region, which follows both directly from the observations [2] and from numerous considerations derived from the
analysis of observational data. The current sheet, which is formed as a result of the accumulation of plasma
disturbances near the singular line of the magnetic field, transferes into an unstable state in the process of slow
evolution (see, for example, [3]). The instability causes a flare release of energy, accompanied by observational
manifestations of a flare, which are explained by the electrodynamic model of a solar flare proposed by I.M. Podgorny
[4].

The study of the physical mechanism of solar flares is carried out by magnetohydrodynamic (MHD) simulation of
a flare situation in the corona above a real active region [3]. To solve this rather complex problem, special methods
are being developed without which it is impossible to perform MHD simulation under the set conditions [5]. MHD
simulation above a real active region and the development of mathematical methods necessary for its implementation
are continued in this work.

Conditions and goals of MHD simulation

When setting the conditions for MHD simulation above a real active region, no assumptions were made about the
mechanism of a solar flare. All conditions were taken from the observations. The solar flare mechanism must be
determined from the results of such simulations. MHD simulation should make it possible in each particular case to
understand how the processes occurring in the current sheet arose and to determine the configuration of electric and
magnetic fields at the flare site. Such information should be needed in the future to improve the prediction of solar
flares based on understanding their physical mechanism and studying the mechanism of acceleration of solar cosmic
rays (SCR) by the electric field of the current sheet by calculating the trajectories of protons in the fields obtained by
MHD simulation. This problem was solved in [4] for fields obtained by MHD simulation under simplified conditions.
The solution of this problem should be continued under real conditions, its solution should allow predicting the
appearance of SCRs during a flare.

In addition to us, several groups in foreign countries are engaged in the study of processes in the solar corona by
means of numerical MHD simulation (see, for example, [6-11]). Experience has shown that the mechanism of a solar
flare can be correctly studied only if the calculation begins several days before the appearance of solar flares, when
energy for the flare has not yet been accumulated in the corona. At present, MHD simulation in this setting of the
problem is carried out only by us.
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Setting of the problem and developed methods for numerical solution

MHD simulation is carried out over 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 size Lo=4x10' is chosen as the unit of length). The lower
boundary of the computational domain y=0 (XZ) is located on the surface of the Sun (photosphere) and contains the
active region, the Y axis is directed from the Sun perpendicular to the photosphere. The three-dimensional system of
MHD equations for a compressible plasma, taking into account dissipative terms and anisotropic thermal conductivity,
is solved numerically in a dimensionless form:

O

é’—B =rot(VxB)— ! rot| —9 rotB |+ rot(vm Art rotB) 0]
ot Re,, o -
9P~ _dgiv(Vp) @
ot

av_ —(V,V)V - ﬂV(pT) - l(B x 10t B )+ oave GG +VanAV (3)
ot 2p Yo Rep

oT . 260 2 '
——=—(V.N)T = (7 =DTdivV +(y =1)——2—(rotB)" - (y —1)G, pL'(T) +

ot Re,,o8yp

-1 ..
+ yp div (eHKdl (e, VT)+e  x g(e,VT)+e oK) g (eu,VT)) 4)

To select the parameters, the principle of limited simulation was used [12], according to which, the dimensionless
parameters which are much larger and much smaller then unit are set in calculations to be much larger and much
smaller unit without accurately preserving their values.

: J MAX 62 ;/

el N
J MAX 3

2003-05-26 04:47:05
TIME = 1.333 DAYS Y

Y

Figure 1. Comparison of the results of MHD simulation with the intensity distribution of radio emission at a
frequency of 17 GHz obtained with the Nobeyama Radioheliograph (NoRH). The configuration of the
magnetic field is represented by magnetic lines in the computational domain, passing through the selected
current density maxima. The projections of these lines onto the central plane of the computational domain
(z=0.5) and onto the picture plane perpendicular to the line of sight are presented.
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Types of magnetic field configurations in which energy accumulation for flares is possible...

The main parameters are the magnetic and ordinary Reynolds numbers, which are inverse to the dimensionless
values of viscosities (Rem=vm ar'', Re=vq"). Dimensionless values of artificial viscosities (Vi ar ph and Var pn) were
set mainly near the boundary of the region to stabilize the numerical instabilities.

For the numerical solution, an upwind absolutely implicit finite-difference scheme, conservative relative to the
magnetic flux, was developed [13, 14]. The scheme is solved by the method of iterations. The use of special methods
was aimed at constructing a scheme that remains stable for the maximal possible time step. Despite the use of special
methods that made it possible to significantly speed up the calculation, the numerical solution took a long time, so
simulation in the real scale of time is possible only with the help of parallel calculations, which were carried out by
parallel computational threads on graphics cards using CUDA technology [15, 16]. After a series of upgrades to the
parallel computing algorithm, mainly related to minimizing data exchange between the graphics card memory (GPU)
and the central processing unit (CPU) memory, it was possible to increase the calculation speed by 120 times through
the use of parallel computing.

The main problem of MHD simulation above a real active region is the numerical instabilities that arise near the
boundary of the computational region. The instability stabilization methods developed in [5] are improved in this
paper. The methods are based on the use of artificial viscosity and a special selection of values at the boundary; they
made it possible to partially solve the problem, which made it possible to carry out simulations for low viscosities
(Rem= 10°, Re= 107), at which the perturbation propagating from the photosphere is not suppressed and, therefore, a
sufficiently large energy can be accumulate in the corona for a flare. Thanks to the use of the developed methods, it
was possible to conduct MHD simulations for low viscosities during a period of almost three days. On the basis of the
results obtained, ways were found for further improvement of methods for stabilizing numerical instabilities that arise
near the boundary of the region.

Results of MHD simulations and their comparison with microwave observations of preflare plasma
The configuration of the magnetic field obtained by MHD simulation is so complex that it is often impossible to
determine the positions of special lines and the current sheets appearing near them from it. For this purpose, a graphical
search system [17, 18] was developed, based on determining the positions of the current density maxima that are
reached at the centers of the current sheets.

Y v J MAX 13 J MAX 4
13- 1EL LA AL s g AR AR, Y A PPN
a 7 A7 Ay CELE. TP 1 e} o
; N7 27 N
A p7 A 7 q vy
4 -’ 'y o )
4 ' A e LIS
A J M m/ﬁP
2 <] +
<
>
T
aA .
AA A
aAa taLL R o
A 1 “ate Lo
A A T
e A Tafer o erypr?
":’?Ir“ [ Xl E a xl ‘(fk‘*v’:@xl
LA “;w
= J <Z<3.000E-2 0K <B.000E-2 — WLSG0E3 || — 7 0<Z <3.000B-2 0<X <3.000E-2 . VEZ.40TE-4 | | — g . V=l.603E-4
J MAX 14 v Y MAX 64
N . 1 vy 1t 224
: MM ‘F?Tf
N A
. AR
. fApitis
.- i
> N
. Przan
i FAsas o
Ju e P Araa >
e < i w7
o £ T ”‘,’ TT T T
P ) Aaaq
“® ¥ P Aopono
- R ¥ % L
qER oaong
HER AoboaA
SRR roAoRLA
AN rrn by
3 R taxTmrrTErF LS SN
41Xy LSS I o
=— J 0<% <3.000E-2 O<X <3.000E-2 — V=2.152E-% [ | — g  0<Z <3.000E-Z O0<X <3.000E-2 .. V=1.218E-4 = J <2 <3.000E-2 O<X <3.000E-2 . V=6.200E-4

Figure 2. Magnetic field configurations in the vicinity of the 3rd, 4th, 13th, 14th, 62nd and 64th current density
maxima in the plane perpendicular to the singular line. Velocity fields and current density level lines are also
shown.
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Figure 1 compares the results of MHD simulations with observations of radio emission at a frequency of 17 GHz
obtained with the Nobeyama radio heliograph (NoRH) one hour before the class M 1.9 flare in AR 10365, when the
energy for the flare is accumulated in the magnetic field of the current sheets, which are formed near singular lines,
and preflare heating of the plasma by the emerging currents occurs. This comparison complements comparisons with
observations during flares [5]. The 3rd, 4th, 13th, 14th, 62nd, and 64th current density maxima are highlighted, the
remaining maxima are marked by green dots (the maxima are numbered in descending order of the current density in
them).

Figure 1 indicates the coincidence with some accuracy of the positions of microwave emission sources with the
positions of singular lines. Several tens of current density maxima, in which current sheets are formed, are located in
the region of high intensity microwave emission or are close to it, which confirms the flare mechanism based on the
release of energy accumulated in the magnetic field of the current sheet. The accuracy of agreement between the
simulation results and observations cannot be called very high, since a significant number of current density maxima
are located at a rather large distance (~10 Mm) from the region of power radio emission. Possibly, this inaccuracy is
related to the error of the method caused by a rather rough spatial grid step of the difference scheme (2 Mm), which
is exacerbated by the appearing numerical instability. In the future, it is necessary to try to improve the accuracy of
the calculation by both improving mathematical methods and, if such an opportunity presents itself, as a result of using
more powerful supercomputers, which permit to reduce the spatial step.

The configurations shown in Figure 2 near the singular lines, on which the selected current density maxima are
located, confirm the earlier conclusion ([5]), according to which the configuration in the vicinity of the singular line
in the general case is a superposition of an X-type configuration and a diverging magnetic field. Even if the divergent
magnetic field dominates, so that a deformed diverging field is obtained as a result of the superposition, due to the
presence of an X-type field in the superposition, the disturbances are accumulated to form a current sheet, the plasma
is heated by the generated current, so that, as the simulation results show, the corresponding current density maximum
is in the region of strong microwave emission. This result indicates the possibility of the formation in the vicinity of
a singular line with a dominant superimposed diverging magnetic field of a current sheet, which can cause a
sufficiently powerful solar flare.

Conclusion

1. The use of improved methods made it possible to partially solve the problem of stabilizing numerical instabilities
that arise near the boundary of the computational domain and to carry out MHD simulations for low viscosities during
a period of almost three days. The results obtained showed the ways of further improvement of the instability
stabilization technique.

2. The study of the magnetic field configuration in the preflare state confirmed the existence of a large number of
singular lines, near which a divergent magnetic field is superimposed on the X-type magnetic field configuration. In
this case, even if the divergent magnetic field dominates, due to the presence of an X-type field in the vicinity of the
singular line, a current sheet can arise, which will cause a sufficiently powerful flare.

3. The location of a large number of current density maxima, near which current sheets are formed, in the region of
strong microwave radiation confirms the flare mechanism based on the release of energy accumulated in the magnetic
field of the current sheet.
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Abstract

A study of the spectral characteristics of long-term solar activity and surface temperature data has been carried out.
Software has been developed which includes digital filtering modules for subsequent calculation of the spectral
composition. Filtration reveals causal relationships between processes: solar activity and surface temperature
variability. Identical frequency spectra for the surface temperature and Wolf number are obtained.

Keywords: solar activity, surface temperature, filtering, forecast, spectral analysis

Introduction

This study investigates the possibility of establishing solar-terrestrial relations using the spectral characteristics of
processes occurring on both the Sun and the Earth. It is known that the Sun is the most important source of energy
affecting terrestrial processes and, in particular, the surface temperature. Temperature variability is related to
characteristic movements - rotation of the Earth around its own axis (diurnal variations) and rotation around the Sun
(annual variations) [1-5]. When analysing long observation series, it is noticed that daily and annual variations are
influenced by low-frequency components of temperature, reflecting the so-called temperature background, which
determines the character of seasonal temperature: cold or warm winter or summer. The background can also determine
climatic changes: an ice age or global warming. Low-frequency variations reflect long-term processes responsible for
surface temperature and can serve as indicators for long-term forecasting, which seems relevant today [6].

In this paper, we will use spectral analysis techniques on a long series of surface temperature data to isolate its slow-
changing or low-frequency component. Filtration is necessary to identify the coupled processes of solar activity and
surface temperature. To calculate the spectrum, an algorithm for the contribution of a single sample to the process
spectrum has been developed [7].

The digital filtering module is based on Chebyshev digital filters, chosen for their frequency response. The frequency
response of Chebyshev filter is close to the response of sequential application of continuous moving averaging and
ideal lowpass filter. The developed recurrence scheme for calculating the coefficients of the Chebyshev filter makes
it possible to achieve a degree of suppression in the cut-off bandwidth up to 400 dB.

Schematic of processing and analysis of solar activity and surface temperature data

For spectral analysis, software consisting of digital filters and spectra calculation blocks was developed. The digital
filter block is used to form series with different spectral compositions [7-10]. Fourier analysis of long-period
components allows obtaining more exact spectral composition.

Based on the spectral analysis of data a set of programs for detecting the characteristics of solar-terrestrial relations
was constructed. The methodology of the spectral analysis includes several steps: 1. Entering long data series;
2. Filtering data; 3. Sorting filtering results for optimal spectral analysis; 4. Saving filtering result after sorting;
5. Conducting a spectral analysis based on the contribution of an individual sample to the process spectrum;
6. Building spectral decoding and identification system.

Multi-cascade filtering of long series of experimental data for the purpose of separation of individual components
of a complex process was carried out according to the scheme shown in Fig.1.

From series c[i], cb[i], cx[i], cb2[i] are formed series of differences, which are narrowband signals, which is good
for forecasting: adc[i] = ad[i] - c[i]; cad[i] = c[i] - cb[i]; cab[i] = cb[i] - cx[i]; cac[i] = cx[i] - cb2[i]. A module for
calculating the correlation coefficient can be added to the block diagram of Figure 1. Numerical processing is an
integral part for predicting the spectral components of various heliogeophysical processes [8-10]. F ig.2 shows the
control panel of the computational complex. On the left side are windows of filters LFF-1, LFF-2 and filtering
coefficients. Two windows (a, b) serve for graphic representation of results.
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Figure 1. lock diagram of digital filtering system of heliogeophysical data processing and analysis complex:
LFF-1, LFF-2 - coupled digital filter blocks F1, F2 and F3, F4, ad[i] - input data, discrete series of Wolf
numbers; c[i], cb[i], cx[i], cb2[i] - results of series filtering.

Fig.2 shows that spectral components of solar activity of Wolf numbers approximately correspond to 22-year, 11-
year periods, there are also components with periods of 5.5 and 2.75 years. It is known that periods of solar cycles
vary from 7 to 17 years [12]. For the period in question, 1854-1918, the averaged basic harmonic of the discrete series
of the Wolf number is about 9.53 years, the second is 4.9, the third is 3.17, and the fourth is 2.19 years.
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Figure 2. Control panel of the software package for analysis and processing of long series of discrete
observations with fragments of calculation of solar spectral components: a- 1 - sequence of 11-year cycles of
Wolf numbers, and b - spectrum of this sequence: 2 - components of the spectrum of solar activity of Wolf
numbers, 3 - markers to determine periods of spectral lines. The red numbers denote the marker values of the
four components of the 11-year solar cycle.

An analysis of the surface temperature spectrum obtained in the same time period from data of monthly averages at
Moscow-Nemchinovka station has shown that the amplitude of the low-frequency component is much smaller than
the daily and annual variations. The averaged for the whole period under consideration main harmonic is equal to
about 10 years, the second - 4.83; the third - 3.0; the fourth - 2.25 years.

For long-term forecasts, it is necessary to examine the long-period components obtained by low-frequency filtering,
for which purpose the high-frequency components must be excluded from the observed process. Filtering the raw data
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with a cut-off period of 12 months removes the annual component. The results of the surface temperature filtering are
shown in a fragment of the computational complex panel (Fig. 3).

Figure 3. Low-frequency component of surface temperature (curve 2); 3 - difference between annual variation
and curve 2.

The period of the low-frequency component of surface temperature (curve 2) varies from 2 to 5 years. The amplitude
of temperature fluctuations varies from 1.5 to 5 degrees. To assess the attribution of the process or its components to
a particular source, it is useful to examine the process spectrum and its configuration. Curve 2, although removing the
annual component, gives a contribution to the higher frequency components, namely the annual and daily variations,
which, depending on the phase relations, make it possible to determine the cause of cold or warm winters, hot or cold
summers. This information is useful for making long-term forecasts. Analysis of the surface temperature spectrum
suggests that there is a periodic process of a complex shape, since in addition to the main harmonic, the spectrum
includes three to four multiples. Fig. 4 show to compares the spectra of the low-frequency component of the surface
temperature (T), Wolf numbers (W) and solar emission flux 10.7 cm (F10.7).
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Figure 4. Comparison of spectra of low-frequency component of surface temperature (T) and a - Wolf number
(W), ¢ - radiation of the Sun at wavelength 10.7 cm, 1 - basic harmonic, 2, 3, 4 - multiples of 11-year solar
cycle.

A comparison of the spectra of low-frequency components of surface temperature and solar activity has shown that
the low-frequency components of surface temperature are related to eleven-year cycles of solar activity. This confirms
the relative coincidence of the main components of both spectra. There is a relative mismatch between the 11-year
cycles of the components of surface temperature and solar activity, which can be explained by the stochasticity of the
processes occurring on the Sun and the manifestation of the nonlinearity of the Sun-Earth system, which leads to
distortions of the spectral components.

Long-period changes in surface temperature can be predicted by extrapolating curve 2 (Figure 3). The difference
spectrum shown in Fig. 3 shows that the signal in the time domain is close to a harmonic signal. This fact allows us
to extrapolate only the low-frequency component of the surface temperature. in the time domain. Calculations show
that the extrapolation interval is 1 to 5 years.

A comparison of the spectral characteristics of solar activity (Wolf numbers, flux 10.7 cm) and surface temperature
shows their structural identity. The Wolf numbers spectrum has components with periods of 9.53; 4.9; 3.17; 2.19
years. The 10.7 cm flux spectrum has periods of 10.95; 5.47; 3.39; 2.63 years. The surface temperature spectrum has
periods of 10 years; 4.83; 3.0; 2.25 years. As calculations have shown, the variability of solar activity energy is
identical to the time series energy of surface temperature. This creates difficulties in forecasting the low-frequency
component of surface temperature because it includes a significant share of stochasticity. Developing a technology
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for predicting processes with a significant stochastic component is important for decision making in many areas of
human activity.

Conclusions

Based on our analysis of the spectral composition of solar activity and surface temperature data and a visual assessment
of the spectral composition of the long-period components, we can conclude that the low-frequency component of
surface temperature is due to the influence of the eleven-year solar activity component, since variations in the low-
frequency components of surface temperature are similar to those of the eleven-year cycle of Wolf numbers, i.e., the
character of low-frequency components of surface temperature is caused by one Long-term forecasts of surface
temperature can be made using solar activity forecasts, or surface temperature forecasts can be obtained by numerical
extrapolation of the low-frequency component of observational data [10-12], which is advisable by first dividing the
spectrum of the original set of experimental data into separate narrowband components.

The subdivision into narrow-band components makes it possible, on the one hand, to increase the extrapolation
interval and, on the other hand, to obtain information on abnormal temperature deviations from normal values, taking
into account the phase characteristics of individual predicted components. The coincidence in phase of the minimum
values of the low-frequency temperature component with the winter months leads to an abnormally low temperature,
for example, the winter of 1941, or, by the same principle, the coincidence of the maximum temperature values with
the summer months, leads to a hot summer of 1972.
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Abstract

The principal agents responsible for spatial weather changes and associated phenomena are coronal mass ejections
(CMEs). The geo-effectiveness of CMEs has a large impact on terrestrial climate. CME detection and computation
remain tough because to the variety of forms and the complexity of the progression of time. As a result, in order to
assess the variable's viability, we examined the regular changes of the total, northern, and southern components of
sunspot counts recorded between 1996 and 2020, as well as the solar activity trend for solar cycles 23 and 24. We
discovered that solar activity was lower in solar cycle 24 than it was in cycle 23. Based on these results, we concluded
that, while the number of CMEs detected in the 24th solar cycle (16680) was more than in the 23rd solar cycle (13640),
solar activity fell in cycle 24, which might be connected with the lower geo-effectiveness of CMEs seen during cycle
24. The strength of the flare in optical or X-rays does not indicate the intensity of the ensuing geomagnetic activity.
C and M class flares have been linked to severe storms (Dst < -100 nT). The Pearson's correlation coefficient between
the initial speed of CMEs and geomagnetic activity was determined to be 0.66, which is moderate and negative. This
link shows that the initial speed of halo CMEs is related to geo-effectiveness prediction. Thus, we determined that the
solar cycle 24 was weakly active in comparison to the solar cycle 23, and that there was a declining pattern in solar
activity based on the number of sunspots and the examination of the observational characteristics of CMEs and their
occurrence, as well as geo-effectiveness.

1. Introduction

Coronal Mass Ejections are a significant solar violent event that hurls enormous amounts of magnetic flux and plasma
out of the solar atmosphere, with the potential to have repercussions on the heliosphere, interplanetary space, and
Earth's atmosphere (Webb and Howard, 2012; Lamy et al., 2019). These are the most striking events associated with
the dynamic Sun and the primary aspect of space weather that further affect the Sun-Earth system (Singh et al., 2010,
2014). CMEs provide pathways for the separation from the Sun of an enormous amount of magnetic flux and helical
flux, which forms the basis for another solar cycle. CMEs play an important role in the solar dynamo by ejected
magnetic helicity (Webb and Howard, 2012).

Knowledge of CMEs associated with solar surface activities, as well as with the Earth, has significant importance
since the method of initiating CMEs would raise understanding of the physical link between the solar magnetic field
and its activity (Singh et al., 2010). Subramanian and Dere (2001) analysed coronal mass ejections detected between
January 1996 and May 1998 and concluded that approximately 41% of CMEs were related with active regions (ARs)
and occurred without prominence eruptions, 44% of CMEs observed were associated with eruptions with active region
prominence, while 15% of CMEs observed were associated with quiescent prominence. In their study of CMEs in the
years 1997 to 2001. There's some evidence that solar dynamic processes owing to horizontal surface mobility of
magnetic flux persist well into solar cycle decline, as Jang et al. (2016) hypothesized. In recent years, remote sensing
devices, in-situ data, and certain models have been utilized to explain the source mechanism, propagation, and absence
of shock associated with the CMEs (Nieves-Chinchilla et al., 2020; Giacalone et al., 2020).

Section 1 includes a short introduction to the characteristics of coronal mass ejections. Information about data
sources is provided in section 2. Section 3 discussed the solar activity and the rate of CMEs. The link between Coronal
Mass Ejections and geomagnetic storms, as well as some of SC 23's major storms, are discussed in section 4. Results
and discussion are described in section 5 and finally, conclusions are presented in section 6.

2. Data Sources

The data used in the present study for statistical analysis are obtained from the catalogue of SOHO’s website
(https://cdaw.gsfc.nasa.gov/CME _list/catalog_description.htm) as the LASCO is observing CMEs continuously since
January 1996 (since the start of solar cycle 23). We have analyzed all the ejection events (CMEs) observed during
solar cycles 23 and 24. For studying the variations in the sunspot numbers, we have evaluated sunspot number data
from the World Data Centre SILSO from January 1996 to June 2020. The total number of observations was 8887, and
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we have also derived the daily total, north and south sunspot numbers. The Dst indices were collected from the World
Data Center geomagnetic activity web page (http://swdcwww.kugi.kyoto-u.ac.jp).

3. Solar Activity and CME rate

The only confrontational route for analyzing the prolonged evolution of the solar cycle is the time series of sunspot
numbers and is widely used in various fields, especially in Solar Physics. It offers crucial information on multiple
observational properties as their higher and lower numbers are closely related to solar activity (Singh and Bhargawa,
2017, 2019). Figure 1 represents the differences in the daily average SSN and the daily north/south SSN in the years
1996-2020 (solar cycles 23 & 24). Figure 1 demonstrates that the solar cycle 23 sunspot number was greater than the
solar cycle 24 count, indicating that solar activity was stronger during the solar cycle 23 compared to the sunspot
count during the solar cycle 24. In addition, the graph shows a time series plot of the north/south sunspot counts
observed during solar cycles 23 and 24. In solar cycle 23, the mean value of sunspots in the north was ~36.97 and
~41.84 in the south, whereas in solar cycle 24, the mean value of sunspots in the north was ~25.11 and ~23.03 in the
south. These differences in the north and the south sunspot numbers are known as N-S asymmetry concerning the
equator and this asymmetry is always present in the solar cycles during the rising or declining phases. Studies of the
N-S asymmetry and its link to solar activity have been conducted by a variety of researchers (Verma, 1993; Ballester
et al., 2005). Based on the mean values observed in the present study, we can conclude that solar cycle 23 was south
dominant and solar cycle 24 was north dominant. The mean of total sunspot numbers in solar cycles 23 and 24 were
~78.82 and ~48.15. This difference in the sunspot numbers, clearly suggests that solar cycle 24 is magnetically weaker
than solar cycle 23.
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Figure 1. Time series plot for daily total, north and south sunspot numbers observed during solar cycles 23
(1996-2008) and 24 (2008-2020).

4. Coronal mass ejections (CMEs) and geomagnetic storms

The geomagnetic storm is one of the immediate repercussions of CMEs entering the magnetosphere of the Earth. The
ecliptic component (Bz) of the IMF is the key link between a geomagnetic storm and a CME (Gopalswamy et al.,
2009). The cause of geomagnetic storms is the re-joining of the CME field and the magnetic field of the Earth when
Bz is pointing south (Gopalswamy, 2008). The Bz component in the quiescent solar wind is insignificant, but CMEs
contain Bz due to their flux rope structure. The compressed sheath field between the flux rope and the shock can also
contain Bz since fast CMEs generate shocks (Manchester et al., 2005). This means that Bz can arise from the flux
rope and sheath. The Dst index (in nT) is a measure of the strength of geomagnetic storms and is calculated from the
horizontal component of the Earth's magnetic field recorded at several equatorial sites (Sabaka et al., 2004). Most
major storms are triggered by CMEs and have Dst < —100 nT (Zhang et al., 2007). Table 1 shows the list of CMEs
associated geo-magnetic storms.

5. Results and Discussion

One of the early indicators of a weak solar cycle 24 was the significantly reduced number of large geomagnetic storms
(Dst <—100 nT) (Kilpua et al., 2014). Figure 2 depicts a time series plot of the Dst index, revealing that the frequency
and amplitude of storms in cycle 24 are the lowest in the space age (cycles 19 to 24). Storms with Dst < -200 nT
occurred in every cycle since 1957, except for cycle 24, when storms never exceeded 140 nT. Several historical storms
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may be identified in the figure 2, including recent ones on 14 March 1989 with Dst = -589 nT and 20 November 2003
with Dst = -422 nT.

Table 1. List of geo effective coronal mass ejections with associated geomagnetic storms (Dst < -300).

High speed CMEs Linear Travel time | Associated X-ray Region Dst E>10
Speed (hrs) events (nT) MeV
CME of July 14, 1674 27.71 X5/3b, M3/1n 9077 -301 24000
2000 km/s (N18W09) pfu
CME of March 28, 1600 60.03 M1/Sf, M1/Sn, M4/Sf, | 9393 -387 1100
2001 km/s M1/1f (N13E00) pfu
CME of October 28, | 2000 18.68 X17/4b 486 140 29500
2003 km/s (S17E04) pfu
CME of October 29, | 2029 19.48 X10, M3 486 -30 3300
2003 km/s (S17W09) pfu
CME of November 1824 47.21 M3/2n, M9 501 55 98 pfu
18,2003 km/s (NO3E09)
CME of November 1055 66.95 MS5/sn, M2/1n, M4/1f 696 -374 72 pfu
4,2004 km/s (NO9E06)

dst index (nT)

-400 [H

-500

1 1 1 1 1 1
1960 1970 1980 1990 2000 2010 2020
date (year)

Figure 2. The Dst index as a function of time from 1957 to 2020.

For the period 1996 to 2020, we analyzed all 91 geo-effectiveness of CMEs that generated severe geomagnetic
storms (DST index less than -100 nT). According to recent studies by LASCO, CMEs display certain different features
independent of their direction of motion. For all geoeffective CMEs recorded between 1996 and 2020, the starting
speeds vary from 500 to 2500 km/h in the FOV of LASCO-C2. Pearson's coefficient of 0.66 was shown to be
negatively correlated with geomagnetic activity and therefore, the initial speed of the CME and the storm's DST
strength are moderately correlated (Figure 3a).

Figure 3 illustrates that the severe geomagnetic storms are connected with solar flares of class X and M that
originated from the central-northern area, and these flares came from old active regions. X17/4b and X10/2b were the
two most powerful flares of solar cycle 23. They were both produced by Region 486 located in southern part near the
equator. M class flares were found to be concentrated in the central northern region of the sun near the equator, whereas
C class flares erupted from the western and eastern limbs (Figure 35).
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Figure 3. Location of intense solar flares (X, M, C class used in case study of extreme geomagnetic storm) as
a function of solar longitude (in degrees) and active regions associated with the flares.

6. Conclusion

As part of the present work, we have studied several observational characteristics of CMEs during solar cycles 23 and
24 from 1996 to 2020. We have collated various aspects of CMEs about the overall solar activity represented by the
total and hemispherical sunspot numbers. The following are some of the most important conclusions from this
statistical analysis:

e We depicted differences in the sunspot numbers in the north and south hemispheres in the solar cycles 23 and 24
which prominently shows the existence of N-S asymmetry.

e Geomagnetic activity during solar cycle 24 was very low as compared to its three precursors.

e The strength of the flare in optical or X-ray images does not accurately predict the intensity of the geomagnetic
activity that would occur. However, even C and M class flares can be accompanied by severe storms (Dst > -100
nT).

e The initial speed of CMEs and geomagnetic activity was found to have a moderate and negative Pearson's
correlation coefficient of 0.66. This correlation suggests that the prediction of geo-effectiveness is associated
with the initial speed of halo CMEs.

e In our case study of geomagnetic storms, we discovered that the majority of the intense solar flares (mostly X
and M class) causing the extreme geomagnetic events originate from the former active regions in the central
north hemispherical region near the equator, while low M and C class are near the eastern and western limbs.
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MIOOHHBIE TEJECKOIIbI B COCTABE KOMILIEKCOB
A MOHUTOPUHI'A KOCMUYECKUX JIYUEN
B AITATUTAX U BAPEHLBYPI'E

10.B. bana6bun, b.b. I'Bo3nesckuii, A.B. I'epmanenko, E.A. Maypues, E.A. Muxaiko
Honapuwiii ceogusuneckutl uncmumym, Anamumsi, Poccus

AOcTpakT

Kommiekes! 1711 MOHMTOpPHHTA KOCMHYECKHX JIydeH 3allylleHbl B padOTy Ha IBYX CTaHLMIX: B ANATHTax U B
Bapennoypre (Ilmundepren). OCHOBY KOMILIEKCAa COCTABISIOT HEUTPOHHBIM MOHHTOP M MIOOHHBIA TEIECKOIL.
He#TpoHHBIE MOHUTOPHI IPON3BOIAT MPHEM IIOTOKOB KOCMUYECKHX JIydeH B MPUIKINITUKAIEHOM 001acTH HeOeCHOH
cdepsl, a y MIOOHHBIX TEJECKOIIOB NPHEMHbIC KOHYCHI HAIpaBJICHbI B OOJACTh CEBEPHOTO IOJIOCA SKJIUITHKH.
IIpencraBieH nepBblif aHATU3 JAHHBIX YHUKAJIBHOTO KOMILIEKCA.

1. Beenenne
[Monspuenii reopusmyecknii uHcTuTyT (III'M) mMmeer craHnum xocMuyeckux Jiydei B Amnarutax (MypmaHckas
obmacte) u B bapernoypre (apx. nmmbepren). K HactosmemMy BpeMeHr Ha 00€HUX CTAHIIUSIX TOMUMO CTaHAAPTHBIX
HEUTPOHHBIX MOHUTOPOB 18-HM-64 ycTaHOBJIEHBI MIOOHHBIE TEJIECKOMBI ISl MOHUTOPUHIa KOCMUYECKUX Jydeil
(KJI). Hetitponnsrii morutop (HM) mpenaHasHaueH M pEerHCTpalliil HYKIIOHHOW KOMIOHEHTHI BTOPHUYHBIX KJI,
BO3HHKaromed ot nepBudHbIX KJI mpm momamanmu ux B atMocepy 3emmn. D¢p¢GeKTUBHBIN AMANa30H SHEPTHIH
nepsuuHbIX KJI st HM cocrasmisiet ot 0.5 1o ~20 I'3B ¢ MakcuMyMOM 4yBCTBUTENIBHOCTH Npu equHuuax =B [1].
DddekTuBHBIN 37€Ch 03HaUaeT oOecmeuMBarOmUi BKIag B oOmuil temn cueta ~90 %. MIOOHHBIH IETEKTOP
YYBCTBHUTEJICH K 3apsOKCHHBIM YacTUI[AM: MIOOHAM, 3JEKTPOHAM M MO3UTpoHaM. CrHenuanbHBIM PACHOIOXKEHHEM
JIETEKTOPOB M YCIOBUSIMH MX COBMECTHOH paboToif co3maetcs MrooHHBIH Teneckon (MT). MT mo3BoisieT Cy3uTh
JuarpaMMy Tprema B HeOoublIoi obnacti HeGecHoU cdephl. [Toporosast sneprus nepsuunHod uyactuubl KJI, ot
KOTOPO# mocie B3aMMOAEHCTBHS C SAPaMH aTOMOB aTMoc(hepsl MIOOHBI MOTYT JOCTHUTHYTH ITOBEPXHOCTH 3EMIIH,
cocraBisieT ~5 ['3B, a ocHoBHOM BKiag B cueTr MT obecneunBarot KJI ¢ sneprusamu 50-100 I'3B [1]. HM sBasercs
Hanbosiee pacrpocTpaHeHHBIM npubopom mias peructpanmuu KJI. 3a MHOTHE necatuieTnsi paboThl HEHTPOHHBIE
MOHHTOPBI ITOKa3aJIH BBICOKYIO CTa0MILHOCTb.

O6wvenuaerne HM u MT pacmmpsier SHepreTH4ecKril AUana3oH, B KOTOPOM MPOM3BOIITCS MOHHTOPHHT KJI, 9TO
MO3BOJISIET HAOIONAaTh W M3ydaTh BIMSHHE MHOTHMX (DAaKTOPOB MEXIUIAHETHOW CpeAbl Ha KOCMUYECKHE Jy4H B
3aBUCUMOCTH OT UX DHEPTUU.

2. Ctanuuu Anatuthl 1 bapenuoypr

B nocnennnit gecsatok set I1I'M Ha cBoux cranimusx KJI Anatuts! u bapeHOypr MoiepHU3UpPYET U pa3BUBACT Kak
amnmapaTHyIO 4acTh, TaKk M IPOrpaMMHYI0. B Hacrosiee BpeMs Ha 3THX CTaHIUAX OCYIIECTBIIseT MOHUTOpPHHT KJI
MHOTOKaHANBHBIA KoMIuieke. CtargapTabeie HM (18-HM-64) Ha 3THX CTaHIMSAX OCHAIICHBI CKOPOCTHOM CHCTEMOM
peructpanu, GUKCHPYIOIIEH IMOSBICHUE Ka)XI0W YaCTHIIBI C TOYHOCTBIO IO 1 MKC; 3alUCBIBACTCS TaKKE H HOMEP
KaHaja (HOMep CYeT4HKa), IZie 3TO npowmsonuio. Ito nepeseno HM B paspsa MHOronpoQmiIbHBIX AETEKTOPOB:
MOMHMO M3MepeHMsi Bapuauumii moroka KJI mpoBomsitcs HaOMIOAEHUWS 3a PasIMYHBIMH OBICTPONPOTEKAIOIIUMHU
npoueccamu B KJI [2, 3].

Ha crannmsx takxke 3aBepllieHa yCTaHOBKAa MIOOHHBIX TeJecKornoB. B HacTosmee Bpemst MT coOpaHsl 1o mpoctoi
cxeMe: Mapa CHUHTWUIAINOHHBIX IIACTHH, PACHOI0KEHHbIE OJJHA HaJ APYTOH, pa3/ieieHsl ciioeM cBuHIa. MT nmeet
CIIEYIONINE XaPAKTEPUCTHKH: THII CHMHTHLIIATOPA — OPraHMYIECKUH, TUIOMAab Kaxa0i macturel 0.25 M2, moine
3penust okoso 1 cp. Tommmaa cBuHIOBOrO ciosi 100 MM, pasMepbl CBHHIIOBOTO CJIOSI B HECKOJBLKO pa3 OoJIbIle
pa3MepoB IUIACTHH, TaKUM o00pa3oMm, Kaxmad w3 IulacThH MT npuHHIMaeT MATKHE 4YacTHIBl TOJBKO U3
COOTBETCTBYIOMIEH mosrycdepsl. MT uMeeT Tpu BBIXOJHBIX KaHala: HMITYJIbCHI OT BEPXHEH IJIACTHHBI, OT HUKHEH H
OT CXeMBI coBMmageHuii. CxeMa COBIaJeHUI BBIIEISIET U3 OOIIEro MOTOKA MIOOHBI, nonagaromye B MT u3 3eHUTHOM
obyactn HeGa M MMEOUINE JOCTaTOYHO SHEPTUH, YTOOBI MPEOJONETh CJIOH CBHHIA W 00€ CUMHTWIUISLIUOHHBIE
mnacTuHbl. HibkHUi sHepreTudeckuil mopor Ajst 3TUX MIOOHOB cocTasisaeT ~300 MaB na yposHe 3emun unu ~2 5B
npu obpazoBanuu B atMocdepe. Hanmume oTaenbHbIX BBIXOIOB OT IUIACTHH NM03BOJIsieT ¢ ToMolubio MT usmepsite He
TOJIBKO IOTOK BBICOKOIHEPTMYHBIX MIOOHOB M3 3€HUTHOW 00JIACTH, HO M NOTOKH MATKHX 3apsDKCHHBIX YacTHIl C
sHeprusiMu >10 MbaB, npuxozasimmx co Beell noiycdepbl. BepxHss miacTiHa perucTpupyer 3apspKeHHbIC 4ac THIIBL,
MPUXOMSIINE U3 BepXHeil moiycepsl (B OCHOBHOM 3TO MIOOHBI YMEPEHHBIX 3HEPTHI, 3JEKTPOHBI ¥ MO3UTPOHBI) U
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10.B. banabun u op.

oOpasyromumecst B Tome aTMocdepe OT KOCMHYECKUX JIydeil; HIDKHSS TUIACTHHA MPUHUMAET TAKXKE PaJHaIlfio OT
MOYBBI X OKPY’>KAIOIIUX TIPEIMETOB.

Hecmotps Ha mpoctyro koHCTpyknuio MT, Hamuuue OTAENBHBIX BBIXOAOB OT KaXKAOM IMIACTUHBI NO3BOJISAET
HCTONb30BaTh AaHHble MT COBMECTHO ¢ JaHHBIMM raMMa-CIEKTpOMeTpa AJs pasfeseHus Bapualuid. Jlerekropamu
MSITKOTO raMMa-u3JrydeHus ciyskat kpuctamisl Nal(Tl), koTopble 0AHaKOBO XOPOIIO YyBCTBUTEIBHBI KaK K TaMMa-
KBaHTaM, Tak U K 3apsDKEHHBIM dYacTHLaM. [ImacTUKOBBIN CHMHTHILIATOP, HCNONB30BaHHBIM B MT, x ramma-
U3ITY4YEHUIO MaJOYyBCTBHUTEJIEH; U CPAaBHEHME JaHHBIX KPUCTAJUIMYECKUX U IUIACTHKOBBIX JETEKTOPOB MO3BOJISIET
BBIJIENATH BapUalliM B OTAEIbHBIX KOMIIOHEHTaX U3nydeHus [4].

KocMmudeckne maydn B OCHOBHOM COCTOST M3 NPOTOHOB. MarHutocdepa 3eMiIn HCKPUBISAET TPAECKTOPHIO
3apsDKCHHBIX YacTHIl. TakuM oOpa3oM, HalpaBlICHWE ABM)KEHHSA YaCTHIBI B TOYKE MOMAagaHUs B atMocdepy He
COOTBETCTBYET HAIIPABICHHIO JBIDKCHHMS IEpesl BXOAOM B MarHuTocdepy. MckpuBneHne TpaeKTOpUU 9acTUIBI IPH
MIPOYMX PABHBIX YCIOBHAX OIIPEAEIIeTCS €€ )KecTKOCThIO R [1] (KecTKoCcTh yacTunbl R onpenensercs ee UMITyIbCOM
1 3apaaoM; ais npotoHa pu R > 1 I'B sneprus E (I'3B) BeruucnseTcs cnexyrommm odpazom: E = R-1). [IpoToHs! ¢
KECTKOCTBIO B eAMHUIIBI I'B OTKIOHAIOTCS B MarHUTHOM Moje 3emiu 3HauuTensHo. K mpumepy, 1is npoToHa ¢
R =1TI'B otkionenue cocrapiset 6osee 120 rpaaycos aist ctanuuu Anarutsl. Craniwst bapeH0oypr pacmonaraeres
B 00J1IaCcTH MarHUTOC(EPHOTO Kacla, OTKIIOHEHHE JUIs TaKoH ke yacTuibl coctabisieT 20-40 rpamycoB. OObIYHO ISt
HM paccuntsiBaercs acumnrotuyeckuii konyc (AK) npreMa — COBOKYITHOCTh HAaNIpaBICHUH, U3 KOTOPBIX BO3MOXKEH
npueM Ha JaHHOW CTAaHIMM YacTUIl Pa3HOM J>KECTKOCTH, MONaJalolMX B MarHutrochepy M3 MEKIUIAHETHOTO
mpoctpadctBa [5, 6]. C yBenHMueHHEM >KECTKOCTH OTKJIOHSIOIIEE BO3JCHCTBHE MarHUTOCGhEphl HAa YACTHILY
YMEHBIIAETCS; JUIl YaCTHI[ C KECTKOCTBIO B NecATKH U coTHH I'B oHO HeznaumrensHo. Takum obOpazom, mimst MT
MOYKHO NPHHSATB, YTO €r0 TEOMETPHUYECKOE TI0JIC 3pEHHMS SABICTCS U HANpaBJICHUEM IIpHeMa, Toraa kak st HM ato
ompeieNieHHO He Tak. KpoMe Toro, oco0eHHOCTh CTpOeHHsT MarHUTOC(ephl 3eMIIM IPUBOANT K TOMY, uTo AK npuema
OTKJIOHSIFOTCSI B CTOPOHY MarHUTHOTO 3KBaTropa 3emid. Bce 3TO NMpHMBOOUT K TOMY, YTO @K€ OKOJIOMOJISPHBIE
craniui HM uMeroT HanpaBiaeHus IpreMa, JJIeKnue OT HallPaBJICHHS Ha MOJTIOC SKIUITHKH (IPUMEpP PACTIONIOKECHUS
KOHYCOB IpueMa MupoBoii cetu HM umeercs B [6]. [IpuBeneHs! koHyca mpuemMa B [uanas3oHe sxecTkoctei 1-20 I'B,
HYXHO MMETb B BHJY, 4TO 3((EKTUBHBIH y4acTOK KoHyca, obecneuuBaromuii 90 % cyera HM, Haxoxmutcs B
nuanazone 3-7 I'B). bomsmumactBO HM MupoBO#l ceTu (Kyaa BXOJUT YeThIpe JEecCsITKa CTaHLUI) MPUHHUMAIOT
KOCMHUYECKHE JIy4l U3 MPHUIKIMNTHKAIBLHOTO Iosca HampasieHuil (He Oonee +40-50° OT SKIMNTHKH), ¥ TOJIBKO
craruuu KOxHbI# nomoc, Tyne u bapeHNOypr MOTYT B HEKOTOPBIX MOJIOKEHUSX U TIPH ONPEACTICHHOM COCTOSHUH
maraurocgepsl umers AK npuema BOIM3M MOJIOCA SKIMINTHKH. TakuM 00pa3oM, MOTOKM KOCMHYECKUX JIydei u3
HaTIpaBJICHUH Ha CEBEPHBIN MOJIOC SKIUNTHKA MAlOJOCTYIHBI UId HaOmroaeHuit ¢ momombio HM. Brimouerne B
paboTy MIOOHHBIX TEJIECKONOB HA TMOJIIPHBIX CTaHNOUSAX OOEcreumsIo MoCTOSHHBIH MouuTopuHr KJI m3 srtoro
HanpasieHus. CXeMaTHYHO pPacIiojioKEHNe HAIpaBJICHWH IpHeMa pa3HbIX NMPHOOpOB mMoka3aHo Ha puc. 1. Crout
orMeTuTh, yTo AK mnpuema W3MEHYMBBI, MX IIOJIOKEHHE M YIJIOBas IMPOTSHXKEHHOCTH 3aBHUCAT OT COCTOSHHSA
MarHuroc(epsl, KOTOpas OIpeAeNseTcs COJNHEYHOHW aKTUBHOCTBIO M MEXIUIAHETHOH cpenod. Jmarpamma
HanpasieHHOCTH MT B AnaTtuTax To)e MEHSET M0JI0KEHHE 3a CUET BPAIleHHs 3eMJITH, OJJHAKO, OHa COXPAHSIET CBOE
MIOJIOKEHNE BOJIM3M CEBEPHOTO MOJIFOCa SKIMITHKY, a Uit bapeHnOypra ceBepHbIi MOIIOC SKINITUKA HUKOT/AA HE
BBIXOJUT M3 JMarpaMMbl HaIIPaBJICHHOCTH.

B HacTosmeit pabote BHIMaHHE yI€I€HO UMEHHO CPAaBHEHHIO U aHAIM3Y JaHHBIX, IIOJIy4Ye€HHBIX ¢ moMoIsio HM u
MT Ha ByX HOJIIPHBIX CTaHLUSX.

——
,—-“ -~

P oy )

Pucynox 1. CieBa - cxeMaTHYHOE PaclojoKeHHE B MPOCTPAHCTBE aCUMITOTHYECKHX KOHYcOB (AK) nmpuema
HM nnst Anaruros (Amn) u bapenu6ypra (bp). Cnpasa - quarpammMsl HanpasineHHOCTH MT Ha 3THUX CTaHLMSX.
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Mioonnvie meneckonwvl 6 cocmage KOMRAEKCO8 OJist MOHUMOPpUH2A KOCMUUECKUX queli 6 Anamumax u Eapenuﬁypze

3. MeToauka cpaBHeHH

B nonaoMm cocraBe (HM n MT) komriutekcsl Ha o0enx cTaHIMsX 3apadotanu ¢ okTs0ps 2021 r. Takum oOpazom,
MMeeTCs psiJl JUIMHOM NPUMEPHO B IOJIr0/a, COJIep Kalllnii JaHHbIe BceX YeThIpeXx MpubopoB. BriosmHe noctaroyHo kak
JUIA OLIEHKU METOJIUKH, TaK U MOJIy4SHHsI IPECTABICHUS O IEHHOCTH MOIY4aeMbIX JaHHBIX.

Kak 0but0 ckaszaHo Bbimie, ucxoausie qanusie HM u MT nepen ucnonbp3oBaHueM TpeOyIOT KOPPEKLIUH: yAalIeHHe
BapHalliii, CBA3aHHBIX C JIOKAJIBHBIMU ycloBUAMU. M3 nanHeix HM HeoO0XxoauMo yIanuTh BapHalll, BBI3BAHHBIE
n3MeHeHneM arMmochepHoro nasneHus (Oapomerpuueckuii 3¢pdexr), a ma MT, momuMo O0apoMeTpHYEcKOro
a¢¢ekra, TpeOyeTcs BHECTH HCIPABICHHUS W Ha TeMIEpaTypHBIH 3¢¢ekT. MeToapl BHECEHHUS YKa3aHHBIX
WCTIpaBIIeHUH ObLIM HaBHO pa3paborassl [1, 7] u 3¢ dextuBHO npuMersaroTcs. COBpeMEHHBIE MOACITH aTMOC(EpEI,
OCHOBaHHBIC HA MHOTOJIETHHX M3MEPEHHAX COCTOSIHUS aTMOC(EpHl Ha TIOBEPXHOCTH 3€MJIM M HA PA3HBIX BBICOTAX C
MIOMOIIIBIO 30HJIOB, a TAK)KE€ COBPEMEHHBIC BBIYMCIUTEIHHBIC MOIITHOCTH TTO3BOJIIOT MOTy4YaTh Ha/IS)KHBIE JTAaHHBIE O
COCTOSIHUM aTMOc(ephI B JTI000H TOUKE U Ha JI000# BHICOTE IyTeM pacueTa. B cuity 3Toro BHeceHHE TeMIepaTypHBIX
KOppeKIii B naHHble Jto6oro MT cramo TOYHBIM, HMOCKOJIBKY BO3MOYKHO MOJYYUTH TEMIIEPaTYpHBIH NpoQuIib
aTMoc(epbl B KOHKpETHOW Touke, rae pasmenieH MT [8, 9], a He B Touke 3amycka 30H7Aa, U 3a1aHHOoe Bpemst. C
noMoIIbl0  MeTofa A(QQEKTUBHOH TeMIepaTrypbl, HCIONB3YIONIET0 COBPEMEHHBIE MOJENN  aTMocdepsl,
KOoppeKkTupoBaiuchk AaHHble MT Ha Hamux craHuusax [10].

Jnst BbIIeNieHHsT Bapualuii, pa3MYalolIMXcs Ha JBYX NPUOOpax, BBIUMCIUIOCH OTHOILIEHHE CKOPOCTEH cueTa.
Taxoit moaxos naeT BO3MOXXHOCTH BBISBUTh UMEHHO Pa3lIMuusl B BapHALMsIX, & OAHOBPEMEHHBIC H3MEHEHUS CUeTa
HUBEIHMPYIOTCS. lI3MEHEHne OTHOIICHMS CYETOB IBYX INPHOOPOB, mpuHUMaromux motoku KJI u3 paznmaHbIX
HalpaBJICHUH, O3HayaeT H3MEHEHHE BeNMUYMHBI aHu3oTpormu KJI, W3MepeHHOW ©O STHM HANpaBICHUSAM.
Anmsorporus KJI onpenensercs mo naHHEBIM MupoBoi cetd HM, HO 3T/ m3MepeHHs HOCAT TITOOAIBHBIN XapakTep. A
MOCKOJBKY OonmbmMHCTBO HM HMMEIOT acMMNTOTHYECKHE KOHYCHI IpHeMa BONM3M IUIOCKOCTH SKIHIITHKH, TO U
PE3yJIbTAaT ONHCHIBACT aHU30TPOIHIO B MPUIKINITHKAIEHOM TOSICE.

Ha puc. 2 npuBeneHsl Bapuanuu OTHOLIGHUs ckopocteld cueta HM B Amaturax u BapenuOypre, To ecTh
(HM_An)/(HM_Bp). Jlanee Be3ae UcCIoab30BaHbl YacOBBIC AaHHbBIC, a BApUALMK OTHOIIEHHMS JIaHbI B MPOLEHTAaX K
cpenHeMy YpoBHIO. IHTEpEeCHO OTMETHTh KpPaTKOBPEMEHHBIC MPOBAIBI MOUTH 10 95 %, uMmeromuecs: Ha rpaduke
okouo 3HayeHuit X =21.84 n X =22.20. OHH COOTBETCTBYIOT 3HAYNTEIbHBIM (POPOYIL -IIOHMKEHHUSIM, IPOUCILIEIIIUM
04.11.21 u 14.03.22, xoTopsle ObUIM OTMEUEHBI Ha MupoBoi ceth HM. DT kopoTkue, Ha 2-3 4yaca, yMEHbIICHUS
OTHOIIICHHA YKa3bIBaIOT HA HEOJHOBPEMEHHOCTh MPUX0Aa GopOyII-TIOHIDKEHHSI Ha CTaHIIMK AnaTUTHI ¥ bapeHnOypr,
Torza Kak caM GopOym-a¢pexT Ha rpaduke HE OTpa3HIICs, MOCKOJIBKY TITyONHA OHMKEHUS Ha MOJISAPHBIX CTAHIMAX
OpuTa omHAKOBOM. HeomHOBpeMeHHOCTE Hadaa popOymi-3¢ddekra cBszana ¢ Tem, uto AK Anaruros u bapennoOypra
pacronarajiyuch B pa3HbIX HAIIPABICHUAX. Takke OTMETUM, YTO BapHAaIMH, CBI3aHHBIE C U3MEHEHHUSMH I€OMarHiTHOM
JKECTKOCTH o0pe3anusi Rc mpu Bo3MyIIeHHH MarHUTOC(EpHI, Ul YKa3aHHBIX JIBYX CTaHLUH HE NMPHHUMAIOTCS BO
BHUMaHHe, TOocKoIbKy Rc = 0.6 I'B s Anmaturos, Rc ~ 0 I'B s bapernOypra, u At HUX ONpeaelsoIIuM sSBISCTCS
aTMocdepHasi )XeCTKoCTh o0pe3anus 1 I'B.

OTMeTuM, 4YTO NpEACTaBIICHHbIE BapualMM OTHOIIEHUS cueToB HM Ha ABYX CTaHIMSAX CIOXKHO NPHUBSA3ATH K
KOHKPETHBIM HallpaBJIeHISIM B TpocTpaHcTBe. [IpuumHa, kKak BbIMIE OTMEYaloch, B ToM, uTo AK cymiecTBeHHO
M3MEHSIET CBOE NOJIOKeHHe M (OpMY B 3aBHCHMOCTH OT MHOTHMX YCJOBHHM W TpOLECCOB B MarHurocdepe u
OKpYy’KaroleM KocMHudeckoM npocTtpancTse. IlorpeboBanocs Ol paccunteiBath AK 1711 IByX CTaHITHM KaXAbIi 4ac,
YTO BEChbMa TPYAOEMKO Ja’ke JJIi COBPEMEHHBIX BRIYHCIHUTENEH. [IpeacTraBienHble Ha pyc. 2 BapHalliy OTHOLICHHUS
KaueCTBEHHO IIOKa3bIBAIOT, YTO HMMEIOTCS JOITOBPEMEHHBIE HEoJHOpoxHocTH B motoke KJI okoso mimockocTH
sxmnTuky. Hanpumep, npu X ~ 21.8 naOmogaercs Bo3pacTtaHue OTHOIICHHS Ha 2%, YTO B HECKOJBKO pa3 BhIIIE
TUIMYHBIX Bapualuil Ha mpoTspkeHnH OOnbiiel wactu HaOmoxeHWd. Ilpuuem, 3TO BO3pacTaHHE YCTOWYHMBO
JIEpAKAIOCh HECKOJIBKHUX HEJIENb.
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Pucynok 2. Bapuanum oTHomieHHs ckopocTeit cuera HM B Amatutax m bapeHuOypre, T.e. OTHOIIEHHE
(HM_An)/(HM_Bp).
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Eme mokazatenmsHee cpaBHeHue Bapmanmii otHomeHus (HM_ Am)/(HM bp) u (MT_Am)/(MT Bp),
npencTaBieHHBIX Ha puc. 3. Kak BugHo u3 puc. 1, konycsl npuema MT B Amatutax n bapennOypre oOpalieHsl K
MOJIFOCY JKJIMNTUKYU. BoNbIIie Bapualuu OTHOIICHUS cueTa, HaOMroAaBInecs B okTsOpe-HosiOpe 2021 1. Ha mape
HM, mano 3arponynu MT. A 3HaunTeNbHBIC BapHalK OTHOIIEHHs cueta mapsl MT, HaOmoaaBinecs B Te4eHUE
nexadpst 2021, ve nposiBunch Ha HM. Bapuanuu B deBpane-mapre 2022, HanpoTHB, NPOUCXOAWIN cHH(a3HO Ha
napax HM u MT, npuuem, amruuryzna Oonbme Ha ortHomenun (MT An)/(MT bp). Usydyenue nannsix MT
MIOKa3bIBaeT, YTO M3MEHEeHUe cueTa npousonuio Ha MT B Anarurax, a B bapeHndypre cyer B 3TOT nepuo]| cTabHIeH.
Taxoke B mocie e Mecs1bl HAOI01aeTCs TEHCHIMS K POCTY OTHOIIEHHH Ha 00eHX nmapax npudopoB, IpHIEM pOCT
OTHOIIEGHHS CBSI3aH C POCTOM CuUeTa B AmaTurax npu Oojiee-MeHee cTabuibHOM cdere B bapeHnoOypre. Bo3moxHo,
9TO 4acTh rofoBOH Bapmanmy. HemocraTouHas JuIMHA psifa JaHHBIX HE MO3BOJISIET TOKa CAENATH OINPEAEICHHOE
3aKIFOUCHHE.
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Pucynok 3. Bapuauuu otnomenus cuera HM (HM_An)/(HM_Bp), kpacHsblii uBer, u otTHomenus cuera MT
(MT_An)/(MT_bp), nuioBslii 1Ber.

4. O6cyxnenne

V3meHeHne OTHOIIEHMS CKOPOCTH CYETOB JBYX HPHOOPOB TpPH KOPPEKTHOM BHECEHHHM IIONPaBOK Ha
06apoMeTpHUYecKHi M TeMIepaTypHbIii 3((QeKThl 03HayaeT M3MeHeHue BeanunHbl aHm3orpormu KJI. OtcyrcrBue
Kakoro-Jmoo nposisienus Gopoyi-addexra Ha oTHomeHun 1Byx HM (uckioydas HauanbHyto a3y, rie NposBUIach
HEOJHOBPEMEHHOCTh Havaja GopOylI-NOHKEHN) OATBEP)KIaeT KOPPEKTHOCTh MOIMPAaBOK, BHOCUMBIX B JaHHBIE
HM. UYro kacaetcs maHHbIX 0b6oux MT, Takoro 4erxkoro 3Qexra [yis MPOBEPKH IMOKA HE MPEACTABHIOCH, HO
COMHEBaThCS B METOJWKE HCIPABJICHUS TEMIIEPATypHBIX Bapualii HET OCHOBaHHM, MOJOOHas METOJUKa
ucnoib3yercs Ha gpyrux MT B TedeHre MHOTUX JIET.

Pasmemienne AByX map OXMHAKOBBIX NpHOOpoB aist MoHuTOopuHra KJI Ha 1IByX MOJSAPHBIX CTaHLIUAX daeT
BO3MOXKHOCTH IIPOBOJIUTH TIpsIMble M3MepeHus Bapuaiuu KJI B ManogoctymHol o01acTy nomoca SKIMNTHKY. [Ipu
9TOM OfIHA CTAHIUS Pa3MeIleHa BOJIM3H M0JIF0ca B 00J1aCTH MarHUTOC(EpHOTO KacIa, Jipyras — 0ojee, 4eM Ha IeCSTOK
rpanycos toxHee. [lapa HM, pa3sMemeHHbIX Ha 9THX CTaHIMSX, 3PEeKTUBHA B preMe OTHOcUTeIbHO MsTkux KJI B
enuaunpl [9B, mx AK pacnornararorcs BOJH3M TUIOCKOCTH SKIHMIITHKH, HE BO3BBHIMAsACh Han Hel Oomee 40-50
rpaaycoB. Ha HanpaBnenue AK raxke Bnuser cyrouHoe Bpamenue 3eman: AK noBopaunBaeTcst BMeECTE CO CTaHIUEH.
[Tapa MT Ha 3Tux crannusax obecrneunBaeT npruem KJI 3 o0macT BOIH3HM NOTIOCA SKIUITHKA HECMOTPS HA CYyTOYHOE
BpamieHne 3eMiid. Berancinenne OTHOMEHUH CYETOB JIIOOBIX IBYX MPHOOPOB M aHANM3 BapHAIMH 3THX OTHOUICHHH
naet nHpopmanuio 06 anuzorpornuu KJI, B mepByio ouepens B HANPABICHUSIX HA MOJTIOC SKIUNTHKA U B TMIIOCKOCTH
SKIMITHKH.

JlocToBepHO CBA3aTh BapHaIlMH OTHOIIECHHUH C MapaMeTpaMH MEXIUIAHETHOH cpeabl (HalpsHKeHHOCTh MarHATHOTO
IOJIsl, CKOPOCTh W IUIOTHOCTH COJIHEYHOTO BETpa) TOKAa HE yAaeTcsa: KOI(DMUIMEHT KOPPEIAUN MEXIY
IIPUBEJICHHBIMU BapUaLMAMU U TapaMeTpaMU MEXIIJIAHETHOMN cpeJibl COCTABISET ~(.5, UTO MOXKET 03HA4aTh HAINYKE
HEYCTOWYMBOM CBSI3H, Ha KOTOPYIO BO3ZAEHCTBYIOT 1 HEM3BECTHBIE TTOKa (DAKTOPEI.

Crenyer mpu3HaTh, YTO MMEIOLIMHCS HaOOp NaHHBIX HENOCTaTOYEH JUIS BBIABICHHS YCTOW4YMBOW cBsizu. Kpome
TOTO, YaCOBOE YCPEIHEHNE CIIUIIKOM MEJIKOE, CyTOUHbIE JJaHHbIe Oy1yT Oosiee NOAXOASIIMMH: B HUX aBTOMAaTHIECKH
MIPOU30HUIET yCTpaHEHUE CYyTOUHON BapHUaluy, aMIIuTyaa kotopoil Ha HM noxoaut no 0.5%. HYacoBoe ycpenHeHue
UCTIONIb30BAHO TSI IEMOHCTPAMK TOYHOCTH BHECEHHBIX MOMNPABOK: MOKa3zaH 3¢ ¢eKT 3ama3/blBaHHs NPHXOJa
(opOyII-TIOHIDKEHNUS HA pa3HbIe CTaHIUH. VMeromuiics psix JaHHBIX TaKXKe KOPOTKHH | Uil npoBeneHus Oypobe-
WJIN BEHBIICT-aHANN3a, 0COOCHHO €CIIM MCIOIb30BaTh CyTOYHOE ycpeaHeHne. JiiHa psina HaOmioeHUH TT0Ka TakoBa,
YTO MO3BOJIWJIA YBHICTh CIWHWYHBIE COOBITHS Bapuanmii anmsotpornuu KJI, moaTBepamna mHepCreKTHBHOCTH
00BEMHEHNS TPUOOPOB HA JIBYX MOIAPHBIX CTAHIMAX. TpeOyeTcs MpoLOKUTh HAOIIOICHHS B TEYCHUE HECKOIBKIX
JIeT, a MPEATIOYTHTENbHEE — BECh 25-1 IUKIA COMHEYHOM aKTHBHOCTH. IIpy BBIYMCICHNH OTHOLICHUS CUETa JIBYX
craniyit 11-netass Momysiiust KJI comHeuHO# aKTHBHOCTBIO TIOJTHOCTRIO YCTPAHSETC s, Kak 3TO 1moka3aHo B [10], u
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MPOSIBILSIFOTCS] BapHAMM MEHBINEH aMIUTUTYABL. Tarke pacIIMpeHHBIN aHATHN3 ATUHHOTO Psa HAIINX JAHHBIX MOXKET
BBISIBUTH XapaKTepHBIE BapHaluy (K IpuMepy, 27-THEBHYIO, TOIOBYIO), KOTOPBIE HA Pa3HBIX (pazax IMKIIA MOTYT
YCHUJIMBATHCS MIIH TIOAABIIATHCS.

OTMeTnM Takxe, C MOMOIIbI0 METO/1a TII00aIbHON CheMKH, HCIIONB3YsI MUPOBYIO C€Th Ha3eMHBIX JieTekTopoB KJI,
oTpeIeNAoT Ta00aneHyto anu3orponuio KJI m ee Bapuauuu Npu pasiuyHBIX YCIOBHUSIX: (QOpPOYII-NOHMKEHUSX,
cobbrTusix GLE, ¢a3zax conneuHoro 1ukia u np. A "nokanbHeie" (B Ipeenax oJHOTO CTepaiiaHa U MeHee) Bapualuu
AQHM30TPOIMU ITUM METOJOM 3HAYMTENbHO CrilakuBaroTcsi. HaOmroneHust mapoil mpuGOpOB B BBHICOKOIIMPOTHOU
o0J1acTh IONOJIHUT 00110 TII00aIbHYI0 KapTHHY aHnzoTponuu KJI Gosee neTanbHBIMU JaHHBIMH.

5. 3akarouenue

IIpencraBneHsl TEpBBIE pe3yiabTaThl PaOOTHI ABYX Map OAWHAKOBBIX NPHOOPOB, BKIIOYCHHBIX B KOMIUIEKCHI,
BBITIOJHSIOIINE MOHUTOPUHI KOCMHUYECKHX JIyded Ha JBYX IOJSIPHBIX CTaHOMSAX Amnatutel W bapeHnoypr
(IImunbepren). Ha obenx craHuusx paboOTalOT HEWTPOHHBIE MOHHMTOPHI M MIOOHHBIE TEJIECKONBI OJHOTO THIA
KOHCTpyKLUU. Pa3jinyus cOCTOAT TOJIBKO B HANPABICHUX, U3 KOTOPBIX OCYILIECTBIIAETCS IPUEM KOCMUUECKUX JTy4ei.
IIpyueM, nake Ha OAHOW CTAaHLMM HEUTPOHHBIM MOHMTOP U MIOOHHBIM TEJIECKOIl CYILIECTBEHHO pa3INyYaroTCs
HarpasjeHUssMu npuema. CpaBHEHHE BapHallMii OTHOIICHWH CKOpPOCTEH cdeTa Ha ITHX NpUOOpax ompejaenseT
CTETIEHb H3MEHEHMS AaHHU30TPONMU KOCMHMYECKHX Jyded B HampaBleHusX npueMa. OCOOCHHO IIeHHBIMU
MPE/ICTABISIIOTCSl BapHallMl AHU30TPONIMM B OOJACTH CEBEPHOTO MONIOCa SKIMNTHKH, KOTOpas AOCTYIHA JUIs
HaONIONECHNH BecbMa MAJIOMy YHCIy IETEKTOPOB M3 MHPOBOM CETH Ha3eMHBIX CTAaHOWI 3a HaOJOACHUAMH
KOCMHYECKHX JTy4deil.
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COITIOCTABJIEHUE HU3KOYACTOTHbBIX XAPAKTEPUCTHUK
MOJAEJBHOI'O CIIMPAJIBHOI'O MATTHUTHOI'O OBJIAKA
COJIHEYHOI'O BETPA C HABJIIOAAEMBIMHX BOSMY U EHUAMHA

H.A. Bapxaros!, E.A. Pesynosa’, A.E. Bapcykosa'

'Huoicezopoockuii 2ocydapemeennviii neoazozudeckutl ynueepcumem um. K. Mununa
2Huoice20poockuti 20Cy0apcmeeH blil apXumeKkmypHO-CImpOumenbHolil YHUGepcument

AHHOTAUA

B pabote mpezacTaBieHbl pe3yabTaThl COMOCTABICHUS aHATUTHYECKOTO MCCIECAOBAaHNS 0COOEHHOCTEH pasnaabHOTO
pacnpenenenuss MI'Jl Bo3MyIIeHHT KOMIIOHEHT MarHUTHOTO TIOJIA B TeJIe MarHUTHOTO 00JIaka COJIHEYHOTO BeTpa ¢
JaHHBIMH, 3apCrUCTPUPOBAHHBIMU Ha KA. AHaTuTHKO-YUCICHHOE peuIcHuC aJist BOSMyIlIeHI/Iﬁ BBITIIOJIHCHO B
IUIMHIPUYECKOH CHCTeMe KOOpAMHAT MO MOAENBHOrO Tena o0Jaka, IPEeICTaBICHHOIO OeCCHIOBOH
LMJTMHIPUYECKOI TpyOKOH CO CIMpaibHBIM MarHUTHBIM 1oieM. [lonyueHHoe ofliiee npeAcTaBiIeHUe O pagualbHOM
pacnpenielleHud KOMIIOHEHT MarHuTHoro mois B Teixe MO coriacyercs C 3aperucTpUPOBaHHBIMH NapaMeTpaMu
BO3MYILEHUH MarHuTHoro moiysi Ha mnarpyipHoM KA. CoBMmecTHass moctoOpaboTKa pe3ylbTaToB cyeTa |
COMOCTaBISIEMBIX C HHMMH DPEANbHBIX JAaHHBIX YCHIIMBAE€T COINIACOBAHHOCTh, YTO MOATBEP)KAAET aIEcKBaTHOCTh
npumenerHoro MI'Jl moaxoa kK aHann3y KojneOaHHW B MOJETIBHOM TeJIe MArHUTHOTO O0JIaKa.

Beenenue

B Hacrosiee Bpemsi pa3paboTaHO HECKOJNBKO MOJENeH s ONUCAHHS pAaclpelefieHnsi MarHUTHOTO IOJIsl B
MarHuTHbIX obOiakax. Hambosee pacnpocTpaHeHHO# siBisieTcsl OeccuiioBas MOJIENb, TIpeluIokeHHas B pabore [1].
YpaBHEHUs], OIIMCHIBAIOIINE PACIIPE/ICICHUEe MATHUTHOTO MOJIS B GECCHIIOBOM Moiesi 00JiaKa, IOy4aroT HCXOIs U3
ypaBHeHMI MakcBemia. OHa Npeamnoiaraet, 4YTo TOKM B oOJlake mapauiesbHbl (MM aHTUIApAJUICIbHEL) JTHHHUAM
MarHUTHOTO TIOJs, a MepIeHIUKYJsIpHas KOMIIOHEHTa TOoKa OTCyTcTByeT. ClemoBaTenbHO, TOK IPOCTO
MIPOTIOPIMOHANIEH MarHUTHOMY Toito B u J =aB , rue, a - koadduipeHT nponopiroHaibHocTH. OKOHYATENBHO,

nonyyaercs ypaBHeHne A°B =—q’B, KOTOpPOe ONUCHIBAET PAacIpe/ieeHHe MATHUTHOTO HOJIS B GECCHIIOBOM MOJIENN
MarHuTHOTO 00JiaKa. DTOT MOAXOA HMCIOJIB3YIOT ISl PA3IMYHBIX CUMMETPHI KOH(Urypanuii MarHUTHOTO TOJS B
o0rake, HanpuMep, MIITHHApHYecKo# [2] i TopounansHoi [3]. B mummaapryecknx koopauaarax (R, ¢, X), ecmu
och 00J1aKa HaIpaBJieHa BJIOJb OCH X, a PEIIEHHE COOTBETCTBYIONIETO BEKTOPHOTO YpaBHEHHUS JaeTcs QYHKIMIMHI
Beccenst HyneBoro 1 nepBoro mopsiika mepBoro poja:

B, =B,J,(aR), B, =B,HJ (aR), B, =0.

3/ech HIDKHHME HMHIEKChI 0003HAYalOT OCEBYIO, KacaTelbHYI0 M PaJHalbHYI0 KOMIIOHEHTHl MarHMTHOTO IO,
COOTBETCTBCHHO. B, — 3HaU€HHWE MarHUTHOTO IOJSI Ha ocu obOnaka, R — paguyc obnaka, H — cnmpansaocTs (+1,

-1), ompenensiomas HampaBieHHE BpalleHUs Mojs B obmake. Takum o0Opa3om, modydaeMm, YTO B JaHHOM CiIydae
MarHUTHOE TI0JIe BPAIIaeTCs BOKPYT OCH obyaka mo crnmpand. KoaduuueHT o MOXXHO BBIYHCIUTH, HUCCIERYS
MarHuTHoOE I10Jie Ha rpaHulle obnaka. Ha rpanune oceBast KOMIIOHEHTa MarHUTHOTO T10JIS IOJDKHA OOHYIISATBCS. Jlist
¢yHkunn beccenst mepBoro pojxa HyJIEBOTO IOpSAAKa, MEPBBIM Hyah mMeeT Mecto npu 2.4048 m mosTomy,

B, =0=B,J,(2.4048). Dro maer 2.4048=aR, rme R - pammyc obmaka. Ilostomy, o = 2.4048/R.

Kondurypanus MarHuTHOro Mojs B IMIMHAPHYECKOM OOJIAKE MOXKET OBITh IOJHOCTHIO OIKCAaHa C MOMOIIBI0 6
rapaMeTpoB: 3HaYEHHE MarHUTHOTO T10JIs Ha ocu obnaka (Bo, uTn), ero pamuyc (R, Re), nonsapasiii yrox (g, ©) — yron
HAKJIOHA OCH 00JIaKa K INIOCKOCTH SKIUITHKH, a3UMYTaNBHBIHA YTOJI ([, °) — YroJI MeX Iy IPOCKIHEH OCH Ha TUIOCKOCTh
SKJIMIITUKA B OCBI0 X B COJIHEYHO-IKIHITHIECKOH cucteme koopauHaT GSE (munueii ComHile-3eMiist), IPUIIETbHBII
napamertp (b, Re) — paccrosiaue ot ocu obnaka 10 ocu X B GSE, criupansHocts (H).

Bonee Tounoe nmpubIIDKEHNE paccMaTpHUBaeMbBIX MOJENICH MarHUTHOTO 00Jlaka K OMMCAaHUIO PealbHOTO BRIOpOCa
BEIIECTBA W OCOOCHHOCTEH €ro 3BONIONMH B MEXIUIAHETHOM MPOCTPAHCTBE TpeOyeT ydeTa B3anMoOJIeHCTBHA
3aMarHMYEHHOTO OOJIaka TIa3MBI C CONHEYHBIM BETPOM. B pesynbraTe B3amMOJEHCTBUS CTPYKTypa MOJIEIBHOTO
obnaka gaeopMupyeTcs, OTKIOHSACH OT CTPOTO CHMMETPUYHON. DTO 00CTOSTEIIHCTBO YUUTHIBACTCS TP CO3TAHUH
YCIIOKHEHHBIX Mojeneil. B pabote [4] mpoBeneHO CpaBHEHUE PA3IMYHBIX MOJENeH MPUMEHSIEMbIX IS TIOTydeHUs
rmapaMeTpoB M KOH(UTYpallid MarHUTHBIX 00JaKkoB. B HHX MOKa3aHO, 9TO TONyYaeMble C MOMOIIBIO Pa3IUIHBIX
MoJienel pe3ynbTaThl XOPOILO COrTIacyTCs IPYT ¢ APYTOM U YCJIOKHEHHE MOJIENHU B IECTBUTEIEHOCTU HE IPUBOJUT
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ConocmasneHue HU3KOUACMOMHBIX xapakmepucmuk MOOeNbHO20 CRUPAIbHO20 MACHUMHO2O 00/1aKa CONHEUHO20 eempa...

K CYIIECTBCHHBIM yTOYHEHHUSIM OCHOBHBIX IApaMETPOB 0OJIAKOB — BEJIMUMHA MAarHUTHOTO IOJS HA OCH 00JaKa, ero
panuyc, IpUIETbHBINH IapaMeTp IO OTHOIICHUIO K 3eMJIe, OPUCHTANUS OCH K IUIOCKOCTH SKIMNTHKHU. [lockombKy
MMEHHO 3TH XapaKTEPUCTUKU OOJIAKOB SBISFOTCS KIIIOYEBBIMH C TOYKH 3PEHHSI UX Ie0d(PEKTUBHOCTH, TO MBI
OCTaHOBWJINCh HAa MpPOCTEHIIeH OeccCHIOBOW NMIMHAPHYECKOH Mozaendu. PaboTa mocBsmieHa aHAIUTHYECKOMY
OIpENIeNIEHUI0 PaAUaIbHOTO paclpesieNeHusl a3UMyTaIbHBIX U MPOJOIBHBIX BO3MYIIEHUH KOMIIOHEHT MarHUTHOTO
NOJISL B TeJIe KOPOHAJIBHOTO TIOTOKA TUIIa MArHUTHOTO 00JIaka COJIHEYHOTo BeTpa. HalineHHble pacnpeneneHus anee
COTIOCTABIISIIOTCA C 3apETUCTPHPOBAHHBIMU TNapaMeTpaMU BO3MYIIEHMH MarHMTHOIO Mo Ha maTtpyiasHoM KA,
MepeceKaeMoM TEeJIOM MAarHUTHOro obOjaka. MIHCTpyMEHTOM [l OLEHKH KadeCTBa BBINOJHEHHBIX aHAJIUTHUECKUX
pacdeToB BHICTYIACT KOPPEIALMOHHBIA aHAIN3.

MarHuToruipoAuHAMUYeCKUH MOAX0

[Monmy4nm aHanMTHYECKHE 0COOECHHOCTH paaualbHOTO pacnpenenenuss MI'J] Bo3aMylieHHH KOMIIOHEHT MarHUTHOTO
MOJIS B MOJICTIBHOM TeJle MarHUTHOTO o0Jlaka coJTHeYHOro Berpa. Kak ObuIO ompeneneHo paHee, MOJEIbHOE TEJIo
obiaka Oy#eT MpeACTaBICHO OECCHIOBOW NMJIMHIPUYECKOW TpYOKOH CO CHUpaJbHBIM MarHUTHBIM IIOJIEM.
UccnenoBanue Bo3MyIIEeHUI MPOBOAWIOCH B HUIMHAPUYECKOW cUCTEME KOOpAUHAT. MarHUTOruapoAnHaMHU4eCKui
MOJAXO0J JAeT BO3MOXXKHOCTb HCKaTh PpELICHHE CUCTEMbl YpaBHEHUS B BHJI€ pPagUaIbHON 3aBHCHUMOCTH MaJjbIX
TapMOHUYECKHX a3UMYTAJIbHBIX M NPOAOJbHBIX BO3MYLIEHHMH M MEPEUTH K YPaBHEHHIO BTOPOTO MOPSJKA IS
CMeEIlIeHNs cpeabl. B 3akiroueHre aHaJUTHYECKUX PACYETOB IMOJIYYEHA CHCTEMA YpaBHEHHUH IUIsl pagualibHBIX
3aBHCHMOCTEH KOMITOHEHT BO3MYIICHUS MAarHUTHOTO TOJS B MOJEIBFHOM OOJaKe, KOTOpas pemaeTcs YUCICHHBIM
MeTonoM [5].

3anuiieM ucxogHyto cucremy MI'Jl ypaBHeHuit B Buje:

B
d—:—Vp+ []XB] —+pdlvu 0, rotB——J, divB=0, rotE———a—
dt c c ot

Mogens cMpalbHOrO0 MarHUTHOTO MOJIS 00JIaka MPEeCTaBIsAeTCs BEIPAXKEHUAMHE TSI KOMIIOHEHT MarHUTHOTO I10JIs
B QyHK1msx beccens HyneBoro u nepsoro nopsiaka (Jy, J;) 11 B UITHHAPUYECKOI ccTEMe KOOpAMHAT:

2,4
roB=aB, B =0, B,=BJ(ar), B,=B,J(ar), rie a=——, a — paauyc UHIMHIPUIECKOTO OO0JaKa,
a

kodduument 2,4 spusercs nepsbiM KopHeMm Gy beccens. O6o3naunm cmetenue cpenst yepes § (&,,6,,S.

0
KOMITOHEHTBI BEKTOPa CMEIICHHS ), TOT/Ia CKOPOCTh U = 8_§ . Ilpumem, 9TO cpea MarHUTHOTO 0OJ1aKa yIOBIETBOPSIET
t

caenyromuMm yciaousam: Vp =0, diva=0, divg =0, rae p — naBnenne. CautaeM BO3MYIICHUS TapaMETPOB CPEIbI
¥ MarHUTHOTO 1oJist Mansivu (b < B). Jluneapuzalius 4eTBEpTOro ypaBueHus cuctemsl MI'J] ypaBHEHN# 1aeT CBsI3b
MEX/y BO3MYIICHHSIMH MarHUTHOTO TIOJISE M CMEIICHHS cpeabl b = rot[&x B] . Torna, cormacHo ocramumcst MI'J]

YpaBHCHUAM, YPABHCHUC TSI BOSMYIIICHUSA CMCIICHU L 6y,I[6T HUMCTHh BU!:

62§ 1 1
P %[(rot (rot[&x B])) x BJ + m[rotB xrot[&x B] |

HOCKOHBKy BBIYUCJICHUA TIPOBOJATCA B HHHHH}IpH‘{CCKOﬁ CUCTEME KOOPJAWHAT, TO I MaJbIX TApMOHHUYCCKUX
BO3MYIIEHHUH crienyeT npuHsaTh: b, § ~ exp(—iwt + im¢ + ikz). OKoHUATENBHO CHCTEMA YPaBHEHMI I pacdeTa
CMEIICHUH UMEET CIEAYIOIUN BUA:

2
w

—7§r:(JOB—J1C)+aJI( (f&)+ ”J Joﬁ(frJl)+[Jliﬂ—J0ikj
v, or r

Sice +a(q(Lg = T8, )+ al, fE +alis);

r

—% — AT, —ad fE (1+ik) - add, = §+aJ§q+a§
A

— A, +ad fE (1+ik)+as> ™ J i

Vzé: +ald f¢&, ( +1 )+0! 1T§r_a 1§rq_a§¢_

A:q(iﬂngjkgwj;B=q(ik§r—%j q¢.; C—{g +raaé lmcfj fw, q:—J +ikJy; f=— (J -J,);
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H.A. bapxamos u op.
WuTepecyromee Hac paclpeieieHHe BO3MYIICHHS MAarHUTHOTO TOJS ONPENeIeTCs COTJACHO YpPaBHEHHUIO

oB S
P rot(uxB) u 3amuceiBaetcs B Bune b =rot[ExB]= B, | ¢&+al, (—fo, +J 2, )+—=Jx, |, Tae B — 3Hauenne
t r
(hOHOBOrO0 MarHWTHOTO MOJISI B KOHKPETHBIX TOYKaX BHYTPH MarHUTHOTO o0Jiaka.
Pemenne nonyyeHHOW CUCTEMBI ypaBHEHHH JUISl paJHaIbHOTO paclpe/ieieHHss KOMIIOHEHT CMEIEeHHsT Ha Pa3HBIX
YacTOTax KakK MapaMeTpoB MPOJOIKEHO UTEPAllMOHHBIM ajlropuTMOM OJilfiepa. B kadecTBe rpaHUYHOIrO YCIOBUS
ObII0 BHIOPAaHO OTCYTCTBHE CMELICHMS HAa MOBEPXHOCTU MAarHUTHOH TpyOku & (r=a)=0. Hcnomssys dopmyins

Oiinepa BEIUUCIIAIOTCS MapaMeTpsl AT CIEAYIOUIeH HTepallui U Ha KayKJ0M Moceyroleil nTepalyy 3auchlBaloTCs
3HAUEHMs] HalJEHHBIX (PYHKIWI M MX NMPOM3BOAHBIX. Pacder mpekpamiaics Npy BHIOJHEHHH OIHOTO M3 YCIIOBHI:
JOCTUTHYTHI NPE/ICIbHOE YUCII0 UTEPALM WK TpaHuIa pacueTHol obsactu. Kak mokasasn 4uciaeHHbIH cueT, MeTox
Oiinepa MpoAEMOHCTPUPOBAN YCTONYHMBOE PELICHUE CUCTEMBI YPaBHEHUH 7S pacdeTHON 00J1acTH coracymolieiics ¢
00acTsIMU peanbHO HaOJI0aeMbIX TeJ 00JIaKOB.

ConocraBjieHue HU3K0YACTOTHBIX XaPAKTEPUCTUK MOAEJIbHOI0 CIUPAJIBLHOI0 MATHUTHOIO 00J1aKa

COJIHEYHOI0 BeTpa ¢ HA0JII01aeMbIMH BO3MYILIEHUSIMH

ComocTaBieHHe PacCYUTAHHOIO PaJMabHOIO paclpesielieHUs] KOMIIOHEHT CMEIICHHS MAarHuTHOTO IOJsl B Tene
MOJIETIBHOTO 00Jlaka C pacrpelesieHHeM KOMIIOHEHT MarHUTHOTO MoJisi B Teie 3aperucrpupoBaHHoro MO
BBIIOJIHSJIACh Ul ABYX cpenHectaructudeckux MO, 3apeructpupoBanHbix 22-01-2000 u 10-11-2004. Yka3zansl
HavdaJbHBIC ATkl 3aPETHCTPUPOBAHHBIX COOBITHH. 13 Bcero oObeMa HMMEIONMIMXCS OAHHBIX B OOMIETOCTYITHBIX
katanorax mo MO pameko He BCE YAOBICTBOPSIOT MOAEIBHOMY TNpencTaBieHHo. Kpurepmsmu otGopa Oblam:
CHHUPATBHOCTh MATHUTHOTO TOJISI 1 MUHUMAJIBHBIN HAKJIOH OCH LWJIMHIPUYECKOTO 00JIaKa K IIIOCKOCTH SKJIUITHKH.
OTO O3HayaeT, YTO TeJia MAarHUTHBIX OOJAaKOB HE BCETJa BIHCHIBAIOTCA B BBHIOPAHHYIO HICATH3HPOBAHHYIO
MaTeMaTHIecKyro Mojens. Haiinenapie Hamu 1Ba MO Onmu3kue K MIealbHOW MOAETH MBI CYMTaeM CBOSH OONBIION
ynaueid. Ykazanusle cpepnectaructudeckie MO Hanbosee OM3KH K UAeaIbHOM MaTeMaTn4eckoit Moienu. JlaHHbIe
BO3MYILEHUH B3aThl ¢ MUHYTHBIM paspemieHueM ¢ KA ACE c y3na http://cdaweb.gsfc.nasa.gov. OcoGeHHOCTBIO
paccMaTpuBaeMbIX O0JAKOB SIBJISIETCS OPUEHTAIMsl MX MOTOKOBO MarHUTHOW TPYOKH OJIM3Kas K BEPTUKAIBLHOW B
COJTHEYHO-3KJIMITHYECKON cucTeMe KoopAuHaT. OCOOCHHOCTHIO COMIOCTABICHHS SBISIETCS HEOOXOIUMOCTh 3aMEHBI
PETUCTPUPYEMOM NWHAMMKH, T.€. BPEMEHHOW 3aBHCHMOCTH BO3MYILEHHH, PETUCTPHPYEMBIX IPU IEepECeUeHHUU
00JIakOM KOCMHYECKOTO amnrnapara, Ha MPOCTPAaHCTBEHHOE paclpeielieHne BO3MYILIEHUH. DTO MOXHO JenaTh JJis
HHU3KOYACTOTHBIX BO3MYILEHHH C IEPHOJaMHU COMIOCTABUMBIMH CO BpeMEHEeM IepeceueHus. sl aHaIM3UpyeMbIX B
uccienoBanun cobbitnit MO, Bpemsi mnepecedyeHHs Tejla oOJlaka KOCMHYECKHM  amlapaToM, COCTaBIISUIO
npudaM3uTenbHO 10 9acoB, YTO M OMPEENsUIo XapaKTepHbIe IEPHOABI UCCIIelyeMbIX BOSMYIICHUI.

[IpenBapuTenbHBIE OLIEHKN BEIMYHMH BOJHOBOTO 4Hcia k 1 HOMepa MOJBI M, KOTOPbIE SIBIISIOTCS HE3aBUCUMBIMHU
NepeMeHHbIMH B pemaeMoil cucteme MI'Jl ypaBHEHMH, a TakyKe caM MPOLECC CONOCTABJICHHS BBIYHCICHHBIX H
HaOJI01aeMBIX paJHalIbHBIX paclpeieleHN yCTaHOBUIM (PM3MYEeCKUe OTpaHMUYCHHS Ha JUana3oH WX 3HadyeHuil. B
YHCJIEHHBIX 3KCIIEpUMEHTax BosHOBoe yncio k st HY durykTyauunii BBIOMpanock UCXOsl U3 TUaria3oHa Iepruo/ioB,
COIIOCTaBUMBIX CO BpeMeHeM nepecedeHuss MO kocmuueckuM anmapartoM. [Ipu 3amanHoM K, HoMepa MOAXOSIIMX
MOJl M MOAOHPAINCH IKCIEPUMEHTATIBHO TaKUM 00pa30M, YTOOBI MPH COMOCTABICHHUM Iap a3UMYTalIbHBIX B u
MIPOAONIBHBIX BZ KOMIIOHEHT peanbHBIX (peas) U BBIUMCIEHHBIX (BBIY) BO3MYIIEHUH MarHUTHOTO TOJISI OTMEYaiach
cornacoBaHHOCTh. Tak, st MO 10-11-2004 oka3zanock, uto m=11, s MO 22-01-2000 - m=68.

Heo6xoauMocTh MCKITIOUEHHST U3 PACCMOTPEHHMSI He3HAaYalliX BEICOKOYACTOTHBIX KOJICOAHUH JUIS KOHIEHTPALMN
BHUMaHMi Ha aHanuze HY ¢uiykryanuii KOMIIOHEHT MEXKIUIAHETHOTO MAarHUTHOTO TIOJIs, IOTpeboBaia
JIOTIOJIHUTENIEHON 00paboTKH MosydaeMbIx perneHuid. [loctoOpaboTka pe3yabTaToB cueTa M COMOCTaBISIEMBIX C HUMHU
peaJbHBIX JaHHBIX BBINOJIHATACH HU(PPOBEIM CriIaKUBaomMM (QriibTpoM. V3 HUX KOJNMYECTBEHHO MO pe3yibTaram
KOPPEILMOHHOTO aHaIn3a BhIOMpasicsi Hanbosiee yauHblil BApUaHT OIMCAHUS CBS3U COOTBETCTBYIOUIINX B u Bz
komnoHeHT. Ha pucynkax 1 1 2 no ocu opAuHaT npecTaBiIeHa YCIOBHAS aMILIUTY1a 3HAU€HUH KOMIIOHEHT MOJIs, O
ocu abcuuce — paguainbHas pa3BEpPTKa B MacmTadbax paanyca 3eMIiIH 10 cpe3y HWIHHAPHIECKOH MOTOKOBOH TpyOKH
€ OCBIO0 CHMMETpHH B IieHTpe. Ha puc. 1 neMoHCTpHpYIOTCS pe3yabTaThl CUETa M COMOCTABISIEMBIX C HUIMHU PealbHBIX
maaHeIX 11 tenma MO 22-01-2000 6e3 nmomomamMTenbHOW 00paboTku. I[lomyueHs! crnepyromune Ko3((UITHEHTH
koppensamun: R=0.43 ™exmy 3apeructpupoBaHHBIM B@ pean u BemuucaeHHBIM Boe Bbra; R=0.47 wmexny
3aperucTpupoBaHHeIM Bz pean u BerancienHsiM Bz Bera. Ha puc. 2 neMoHCcTpHpyeTcs moctoOpadoTka pe3ynbTaToB
c4yeTa M COIMOCTaBISIEMBIX C HAMH peanbHBIX JaHHBIX A Tena MO 10-11-2004 mudpoBBIM CTITaXHBArOIIAM
¢unbTpoM npu ananmze nepuoga HY daykryarnmit 600 munyT. [lomydens! cineayronue Ko3GQpUIMEHTH KOPPEISIIIHI:
R=0.44 mexny Bo pean n Be Bera; R=0.31 mexny Bz pean u Bz Bbru. [locto6paboTka npoBbIM CriIa’KHMBAIOIIAM
(GUIBTPOM pacyeTHBIX M peaibHBIX JIaHHBIX MoBbIcKiIa Koppessiuio: R=0.51 mexny Be pean nu Be Bbry; R=0.58
Mexay Bz pean m Bz Beiu. ComnocraBieHue IOKa3ajo, 4YTO aHAJMTHKO-YMCICHHOE pelleHue aaér ooriee
IpeCTaBICHUE O paAUAIbHOM paclpelelieHMd BO3MYIIEHHBIX KOMIIOHEHT MarHuTtHoro mnons B Tene MO,
COTJIACYIOIIEECs C pEeaTbHO 3apETUCTPUPOBAHHON JMHAMUKON TapaMeTpoB MO Ha matpynsHOM KA.
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ConocmasneHue HU3KOUACMOMHbIX xapakmepucmuk MOOeNbHO20 CRUPAIbHO20 MACHUMHO2O 001aKa CONHEUHO20 eempa...

m =68 m=68

B phi
)

L L L L n L L 1 L L L n L
-1600 -1200 -300 -400 o 400 800 1200 1600 2000 -1600 -1200 -300 -400 o 400 800 1200 1600 2000
Re. b - real, r - model Re. b - real, r- model

Pucynok 1. ComocraBieHue pe3ysibTaToB cueTa (KpacHble KpuBble Be BbI4, Bz BbIY) ¢ peabHBIMU JaHHBIMH
(cunue xpuBble B pean, Bz pean) mia tena 22-01-2000. a) - conocrasnenue (Be pean, Be Bera, R=0.43),
6) — conocrasnenue (Bz pean, Bz Bbra, R=0.47).

m=11 m=11

Bphi

1600 1200 -800 -400 O 400 800 1200 1600 2000 1600 1200 -800 -400 O 400 800 1200 1600 2000
a) Re. b- real, r - model 6) Re. b- real, r - model

Pucynok 2. ConocraBieHue pe3yabTaToB cUeTa ¢ peasibHbIMU JaHHbIMU JUIs Tena MO 10-11-2004 nokazano
ToJNCTHIMH TUHUAMH. [TocTOOpaboTKa IN(PPOBHIM CIIIAKMBAIOINM (HHIBTPOM PACUETHBIX M PEATbHBIX JAaHHBIX
Npe/ICTaBIeHa TOHKUMU JIMHUAME. KpacHble kpuBbsle B¢ BbIu, Bz BbI4, cuHME kpuBble B pean, Bz pean.
a) corocraBienue B pean u B Bera gaet R=0.31, mociie 06padotku comocraBienue B pean u Be Bra gaet
R=0.51; 6) comocraBnenue Bz pean, Bz Bbru maer R=0.44, mocne 06paboTku conoctapineHne Bz pear u Bz
BbIY aeT R=0.58.

Oobcy:xaenne pe3yJbTaTOB

Kak BuaHO W3 mpencTaBieHHBIX TIpad¥KOB, aHAIUTUKO-YMCIEHHOE pelleHne maér oOlliee IMpeAcTaBlICHHE O
pafualbHOM pAaCHpEeAEICHUH BO3MYIIEHHBIX KOMIOHEHT MarHuTHoro nons B tene MO mis HY Bosmymienui,
COTJIaCYIOLIEECs C PeallbHO 3aperucTpUpoOBaHHON auHamMuKol mapamerpoB MO nHa matpynbHoM KA. CoBmecTHast
MOCTOOPa0OTKa PE3yabTATOB CUETA U COTOCTABIISIEMbIX C HUIMH PEIBHBIX IAHHBIX YCWJINBAET COTJIACOBAaHHOCTb, UTO
noATBepxaaeT npumeHeHHeld MI'J] moaxox Kk aHanu3dy Koje0aHU B MOJENBHOM Tejle MarHHUTHOTO oOJiaka.
IIpennaraemslii B MCCIEIOBAaHUM METOJ JOMOJHIET aHAIU3 HU3KOYACTOTHBIX XapaKTepUCTHK mHapameTpoB MO
MeronaMu Oypbe- U BEUBIET-CIEKTPAIbHOIO aHAJIN3A.
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MODEL ESTIMATION OF TOTAL ELECTRON CONTENT
CALCULATION ERRORS BY THE METHOD OF SPACED RECEPTION
OF SATELLITE SIGNALS

S.M. Cherniakov
Polar Geophysical Institute, Murmansk, Russia, e-mail: smcherniakov@gmail.com

Abstract. A technique for model estimation of the accuracy of the total electron content calculation in the ionosphere
from the data of spaced receivers of low Earth orbit satellite signals is proposed, and errors in obtaining total electron
content using spaced receiver data for quiet ionosphere conditions and in the presence of a plasma ring in the
observation region are estimated. To estimate the errors, a dynamic model of the electron concentration of the Earth's
ionosphere was used. For the selected input parameters, a two-dimensional model electron concentration distribution
was calculated from this model. Using the obtained distribution, model quantities (differential phase and total electron
content) were calculated, which were used for a model estimation of total electron content calculation errors by the
spaced reception method.

Introduction. Radiophysical methods play an important role in the study of the upper atmosphere properties and
solar-terrestrial relations. For the purposes actively used low Earth orbit satellites. Modern low Earth orbit (LEO)
satellites (for example, the constellations of SpaceX, Telesat, LeoSat, Kepler satellites) have altitudes up to 2000 km
and are designed for various purposes, but some of them can be used to study the ionosphere, since they have
transmitters on board that emit coherent frequencies [Ge et al., 2022]. Low Earth orbit satellites are actively used for
the purposes of communication, development of the global Internet etc, and their number will increase. At the same
time, some of them will carry on board transmitters intended for navigational purposes. The advantages of using such
satellites in comparison with satellites of global navigation satellite systems include better coverage of the earth by
the constellation of satellites and stronger signals received by navigation receivers.

One of the actively used parameters is the total electron content (TEC). To obtain TEC, methods based on various
physical principles and equipment are used. Phase methods are the simplest in terms of hardware and data processing
[Kunitsyn et al., 2007]. The resulting phase difference @ of the emitted satellite coherent frequencies depends on the
integral of the electron density along the line of sight, i.e., on the TEC. The general formula for the relationship
between the difference phase and TEC can be written as

® = C [ Nds,

where C is a constant, [ RS Nds is the total electron content along the line of sight from the satellite S to the receiver R.
It can be seen that the difference phase directly depends on the total electron content. In the future, by phase we mean
the difference phase. Considering the experimental discrete time series of phase changes @; obtained along the satellite
flight path, the phase calculation formula can be written as follows:

O+ Dy =CT;, 1i=1,2,...,k, (D)

where @; is the value of the observed difference phase at the time ti, @ is the unknown initial phase, C is a constant,
T; is the TEC along the line of sight at the time ti, £ is the number of reference points along the satellite trajectory. The
main difficulty in calculating the total electron content along the line of sight of the receiver-satellite is that we do not
know the phase @, which we have during the passage of the signal from the satellite to the receiver at the initial
moment of recording, the so-called initial phase constant. Thus, in the experiment we cannot calculate the TEC for
the receiving point. Therefore, in fact, only the change in TEC can be calculated from the experimental phase during
the flyby of the satellite. In order to obtain a dataset of TEC values between the receiver and the satellite according to
formula (1), it is necessary to know the initial phase constant ®¢. The TEC value along the line of sight is commonly
referred to as the slope TEC.

The slope TEC value is calculated by integrating the electron density along the line of sight from the receiver antenna
to the satellite. In this form, the TEC is used to solve some problems, but if it is necessary to localize disturbances
recorded in the TEC, it can’t be done. To eliminate the uncertainty, the TEC is tied to some height on the line of sight.
To do this, the thin phase screen approximation is used, according to which changes in the signal occur only on this
screen located at a certain height. For most conditions in the ionosphere, the choice of a fixed altitude of 400 km is
sufficient. At the intersection of the line of sight of the receiver-satellite with this height, which is called the
ionospheric point, a geometric conversion of the slant TEC into the vertical total electron content (VTEC) is performed
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by simply multiplying the TEC by the cosine of the angle y at the height between the vertical and the line of sight
from the satellite to the receiver. VTEC, therefore, is the calculated total electron content in a vertical column passing
through the ionospheric point. In this case, formula (1) will take the form:

@+ Dy= CDil; )

where D; = secy;, [; is the vertical total electron content.

Simultaneous observations of satellite signals during the satellite flybys were carried out at different stations mainly
for the purpose of comparing the results of TEC calculations using different methods and correcting the obtained
values, since it was assumed that in the ionospheric point, which was seen from both stations, the obtained values of
VTEC should be the same. Further development of phase measurements at several receiving points was proposed in
[Leitinger et al., 1975]; it underlies the satellite signal spaced reception method under consideration. If we use the
least squares method for datasets at two stations, then we can determine these unknown initial phases at the stations
based on the minimum of the following expression:

Y1 (@01/Diy + Piy /Dy — Poz/Diy — iy /Diz)?,

where £ is the number of common ionospheric points in the experimental datasets. The authors assumed that estimation
of the obtained values of the initial phase constants @¢; and ®¢, would be significantly improved.

Model estimation. As previous studies have shown, the use of the satellite signal spaced reception method is an
informative method for obtaining data on the structure and dynamics of the ionosphere [Brunelli et al., 1992;
Cherniakov and Shulgina, 1995]. The matter of the accuracy of the data obtained by the method always remains
significant. Comparison of the results of the method with the data of independent experimental methods showed its
applicability with good accuracy for studying the high-latitude ionosphere under conditions of various disturbances
[Cherniakov et al., 1992; 1993]. The formation of electron density structures using an ionospheric model makes
possible to check the accuracy of one or another experimental method under the conditions under study. In our case,
using the ionospheric model, we can estimate the accuracy of determining the TEC when using the method of spaced
reception of signals from low Earth orbit navigation satellites.

The dynamic model of the Earth's ionosphere electron concentration at geomagnetic latitudes higher than 60°, in the
altitude range from 100 to 1000 km, was taken as the initial model of the ionosphere [ Models, 1986]. Its advantage is
also that it is completely described in the form of simple equations and does not require much time to calculate the
values of the electron concentration. For the given coordinates of a point (latitude, longitude, height), by setting the
input parameters describing the time and geomagnetic situation, one can calculate the value of the electron
concentration at the chosen point and, consequently, a two-dimensional distribution of concentration in the flyby plane
of'a low Earth orbit satellite for a given moment of time.

The model estimation of the TEC calculation accuracy using the spaced reception method was based on the data of
real satellite flybys and the location of the satellite signal receiving points used in the experiments. For the selected
satellite flyby, a model two-dimensional distribution of the electron concentration was calculated, as well as the
parameters of the satellite orbit (latitude, longitude, and altitude) at the chosen times of the flyby. Knowing the
coordinates of the satellite and the receiving points allows us to calculate the distance to the satellite along the line of
sight of the receiving point-satellite, and thus the slant TEC. Knowing the value of the obtained TEC, you can calculate
the total phase F along the line of sight of the receiver-satellite using equation (1). By setting the real time period of a
satellite flyby and its coordinates, it is possible to obtain for the selected point of satellite signal reception the model
values of the total phase F; along the line of sight of the receiver-satellite for each moment of time of the satellite
flyby, i.e., ultimately, a dataset of values of the total model phases F;. Subtracting from the obtained phase dataset F;
the phase value at the initial moment of calculation Fy, one can obtain datasets of phases ®;, which correspond to the
phases obtained in the experiment (zero first phase and its subsequent changes) for each receiving point. The value of
the initial model total phase Fo is an unknown initial phase, the determination of which is the main difficulty in the
experimental determination of TEC. Using the datasets of model phases ®;; and ®;; obtained for each receiving point,
it is possible to calculate the initial phases for each receiving point (@i, ®o2) using the spaced reception method.
Comparison of the initial phases obtained as a result of the calculation by the spaced reception method (o1, Po2) with
the model values of the total phases at the initial moment (Foi, Fo2) will make it possible to estimate the errors of the
method for each receiving point.

Let us estimate the accuracy of determining the TEC using the example of two model spatial distributions of the
electron concentration similar to those shown in Fig. 1a and Fig. 2a. The first distribution (Fig. 1a) corresponds to a
quiet condition in the ionosphere in the daytime, the second can be observed during a substorm when a plasma ring
appears in the observation region (Fig. 2a) [ Cherniakov and Shulgina, 1995]. Integrating the electron concentration
over height at the latitudes used for calculation of model distribution gives the model VTECm for each of the latitudes.
This makes a possibility to obtain model VTECm profiles along latitudes (Fig. 1b,c, 2b,c, black lines). This VTECm
profile does not depend on the choice of the observation point, and is calculated directly from the two-dimensional
electron concentration distribution.
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To calculate the total phases F and VTEC, the times and trajectory of the satellite were chosen, corresponding to the
actual satellite flyby in the observation region. The positions of the receiving points in the model calculations are close
to the positions of the real receiving points, in which the observations of signals from low Earth orbit navigation
satellites were performed in the experiments.

For each observation point and for each distribution of the electron concentration for the flyby of the satellite, we
calculated our own datasets of total phases F and, consequently, our own slant TEC. In the figures below, phases Fi;
and VTECIm calculated for point R1 are marked in blue, and phases Fi, and VTEC2m (in red) - for point R2.
Examples of the obtained phases F; are shown in the upper figures Fig. 1b and Fig. 2b. Using formula (2), the slant
TEC, obtained from these model total phases F, was recalculated into the VTEC. The altitude of 400 km was taken to
calculate the VTEC. The bottom figures Fig. 1b and Fig. 2b show the model VTECIm and VTEC2m obtained for
different observation points R1 and R2 for the selected electron concentration distributions. It can be seen that the
latitudinal profiles of the model VTECIm and VTEC2m obtained at different reception points depend on the
observation point. In addition, they differ from the model VTECm, which does not depend on a particular observation
point (black line). The slant TEC calculation takes into account regions of the ionosphere, that are outside the vertical
ones at the recalculation point, which introduces errors in the resulting VTEC relative to the model VTEC.
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Figure 1a. Model distribution of electron
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Figure 1b. View of the calculated model phases
(top) and VTEC (bottom) from observation points
R1 and R2, the black line in the lower figure is the
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Figure 2b. View of the calculated model phases
(top) and VTEC (bottom) from observation
points R1 and R2, the black line in the lower
figure is the model VTEC along latitudes
(plasma ring).
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Figure 2c¢. View of the calculated model VTEC
(black line) and the calculated VTEC from
observation points R1 and R2 (plasma ring).

We also note that the choice of the recalculation height affects the value of the resulting VTEC. Thus, comparison
of the model VTECm with the model VTEC1m and VTEC2m obtained at the observation point can be used to estimate
the errors associated with the position of the receiving station relative to the considered structures in the ionosphere
and the choice of the height of recalculation of the slant TEC to the VTEC. In the case of a quiet conditions in the
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ionosphere (Fig. 1b), the model VTECm and the model VTEC1m and VTEC2m determined at the observation points
are close to each other. So, in quite geophysical conditions, the behavior of VTEC is restored quite well at the receiving
points. In the presence of isolated irregularities in the ionosphere (Fig. 2b), the latitudinal profiles of the model
VTEC1m and VTEC2m obtained at different receiving points have differences from the model latitudinal profile of
the VTECm. The greatest discrepancy is observed in places with a sharp change of the electron concentration.

To obtain a dataset of model phases @;, corresponding to the phases obtained during experimental observations, at
each receiving point the value of the first phase Fo was subtracted from the dataset of model total phases F; calculated
for this receiving point. Ideally, the initial phase constants @¢; and @, calculated from the model datasets of phases
®;; and @i, using the spaced reception method, should be equal, respectively, to the first phases Fo; and Fo, in the
datasets of the model total phases F, from which the @;; and ®;, datasets were obtained. The difference in the values
of @ and Fy will indicate the error in determining the initial phase constant when calculating by the spaced receiving
method, and, therefore, about the error in determining TEC.

The initial phase constants (initial phases) ®g; and @y, from the phases ®;; and @i, were calculated by the spaced
reception method for the cases of a quiet condition and a plasma ring. VTEC, determined at the receiving points using
@1 and Dgp, we will be called as “experimental” results, since these calculations are similar to the calculations with
datasets of experimental phases. Using the obtained values of the calculated initial phases @¢; and @y, and the datasets
of phases ®;; and ®j,, according to formula (2) it is possible to obtain an "experimental” VTECle and VTEC2e for
the receiving points, which includes the error in determining the initial phase constants when calculating by the spaced
reception method. This makes it possible to compare the behavior of the VTECIm and VTEC2m obtained from the
model at the receiving point with the "experimental" VTECle and VTEC2e obtained from the spaced reception
method, i.e. evaluate the influence of the error in determining the initial phase constant on the error in calculating the
VTEC (Fig. lc, 2c¢).

Similar calculations for the phases at the receiving point R1 showed the following: a) for quiet conditions, the
difference between the initial phase constants ®¢ and Fy is 33.3°, b) for the case of a plasma ring, the difference
between @¢ and Fy is 186.2°. Thus, we can say that for the considered cases, the spaced reception method gives a
satisfactory estimate of the initial phase constant.

By adapting the dynamic model of the ionosphere, it is possible to obtain a two-dimensional electron concentration
distribution close to that observed in the experiment, and, after carrying out model calculations, to obtain estimated
values of the errors in determining the initial phase constant for the actual configuration of receiving points and
conditions in the ionosphere. The advantage of this approach to estimating the accuracy of the resulting initial phase
constant is that by changing the location of the receiving points relative to each other, it is possible to estimate the
effect of the distance between the receiving points on the accuracy of determining the experimental VTEC, as well as
the spatial resolution of the electron concentration structures. This will allow, when preparing the experiment,
choosing the distances between the receiving points that correspond to the proposed task.

Conclusion. A technique is proposed that makes possible to estimate the error in obtaining the initial phase constant
by the spaced reception method of signals from low Earth orbit satellites. The values of the errors in determining the
initial phase constant and VTEC are estimated for the cases of a quiet ionosphere and a plasma ring. For quiet
conditions in the ionosphere, the relative error in determining the initial phase constant did not exceed 3 %, and in the
case of a plasma ring, 13 %; for VTEC, the relative error in quiet conditions did not exceed 7 %, and in the case of a
plasma ring, it did not exceed 60 %. Large values of the relative error were in the places of sharp changes of model
VTECm. Nevertheless, the latitudinal profiles of the VTECe obtained by the spaced reception method described the
model situation quite adequately. The proposed method makes possible to estimate the probable error in choosing the
position of the receiving points relative to each other, as well as the errors in choosing the height of recalculation of
the slant TEC to the VTEC when considering the situation of interest in the ionosphere.
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Abstract

The monograph on the earthquakes and their connection with the physics of the upper atmosphere are considered. The
book consistently presents ideas about the structure of the environment for the generation of earthquakes (the
lithosphere), the causes of their occurrence (movements of the lithospheric plates in areas of the tectonic faults), and
the impact of earthquakes on all layers of the near-Earth envelope. The physics of this medium, methods of observing
its variations and methods of mathematical modeling of these variations caused by both solar and seismogenic sources
are discussed. The important role of the network of geostationary satellites is noted, which supply the Internet with
the values of the total electron content (TEC) along the vertical above the earthquake epicenter, determined by the
electron density in the main ionospheric maximum. The properties of TECs during the periods of preparation of large
earthquakes and their using for attempts of mathematical modeling and forecasting of the latter are described.

THE BOOK CONTENT
The analyzed monograph [1] consists of seven chapters.

Chapter 1 is introductory. It indicates the sources and authors of the research papers on which this book is based.
The monograph "Physics of the ionosphere" [2], published in 1988 in Russian, is noted and the co-authors of the
articles used in writing the current monograph are listed.

Chapter 2 considers the Earth and its surroundings as a single environment, formed in the process of the emergence
of the solar system with the Sun at its center. The parameters of the elliptical orbit of the Earth rotated around the Sun
according to Keppler's laws are described. The shape of the Earth is considered as a magnetic ball rotated around its
geographic axis, inclined relative to the plane of the ecliptic and pointing with its north pole to the North Star. The
intrinsic magnetism of the globe is created by currents flowing inside it, and has the character of a magnetic dipole
field (a coil with a current or a uniformly magnetized ball) with an axis that does not coincide with the geographic
axis of rotation.

Most of the Earth's surface is in the liquid phase (oceans and seas), lying on a solid (continental) basis. Above the
surface, the near-Earth medium is in the gaseous phase and is called the atmosphere, which consists of several parts:
the neutral atmosphere, the ionosphere, the plasmasphere, and the magnetosphere. The absence of sharp boundaries
between the mutually penetrating parts of the near-Earth environment is noted. Such boundaries are introduced
conditionally for the convenience of mathematical modeling.

Chapter 3 is devoted to the lithosphere and its perturbations (earthquakes). The internal structure of the Earth,
tectonic plates floating on the molten substance, their faults and movements, leading to collisions of parts of the plates,
collisions with one another, crumbling of the edges of the plates, accumulation of elastic deformation energy and its
explosive releases (earthquakes) are discussed. The earth consists of several spherical shells, differing in their
chemical and deformation properties. The uppermost shell is the lithosphere, it is located at depths of 5 — 200 km from
the surface and includes the crust at depths of 5 — 10 km, the upper mantle is located deeper at depths of 35 — 60 km,
followed by the mantle (35 — 890 km), asthenosphere (100 — 200 km), upper mantle (35 — 660 km), lower mantle (660
— 890 km), outer core (2890 — 5150 km), inner core (5150 — 6371 km). The position of these layers was determined
from the propagation time of seismic waves generated by earthquakes.

Seismic measurements show that the core consists of an outer liquid part and an inner solid part. The thickest layer
of the earth is the mantle, the boundary between it and the crust is called the Mohorovichic section, on which the speed
of seismic waves increases sharply. There are two fundamentally different types of crust: continental, older, and
oceanic (not older than 200 million years). It is in constant motion: horizontal and oscillatory. Some lithospheric plates
are composed entirely of oceanic crust (such as the largest of them, the Pacific), while others are composed of pieces
of continental crust welded to the oceanic. The plate movements leading to earthquakes are the movements of the
fragile lithosphere over the viscous asthenosphere, the convection of which causes the edges of some plates to sink
under others. This is due to the entrainment of plates by convective currents in the asthenosphere. The subsequent
violation of the balance between the elastic force of compression and pressure leads to the breaking of the plate and
the explosive release of the accumulated energy, that is, to an earthquake.

95



The earthquakes and ionosphere physics coupling

Chapter 4 is about the neutral atmosphere. Its altitudinal regions related to the lower, middle and upper
atmosphere (troposphere, stratosphere, mesosphere, thermosphere, exosphere) are discussed, in which the weather
and climate are formed, and the ionosphere is born. The dominant processes in a neutral atmosphere are discussed
(photochemical reactions with a predominance of oxygen components, dissociation, geostrophic winds, interaction
with charged components, ionic and viscous friction, turbulent and molecular diffusion, mixing, hydrostatic
equilibrium under the action of gravity forces and pressure gradients, winds from solar and high-latitude sources,
tides, acoustic-gravity and planetary waves, thermal regime). The dominant role of changes in the neutral composition
in the formation of ionospheric disturbances is noted.

Chapter 5 is the longest in the monograph and discusses the ionosphere as a propagation medium for radio waves
used for radio communications, radar and radio navigation.

The fundamentals of plasma physics are outlined. The motion of a charged particle in a magnetic field is studied,
various types of drifts under the action of the Lorentz force are considered, including taking into account the
inhomogeneity of the magnetic field.

The concepts of hydrodynamic description of plasma are introduced, such as quasi-neutrality, plasma frequency,
Debye radius, collisions, current in plasma, magnetic pressure, influence of boundaries, plasma diamagnetism, Ohm's
law.

Waves in plasma, Fourier and Laplace transformations, concepts of dispersion, refractive index, group and phase
velocities, cutoffs and resonances, wave equation, plasma permittivity, dispersion equation, wave polarization are
considered.

The magnetoion theory, the Appleton-Hartree formula, quasi-longitudinal and quasi-transverse approximations,
oblique propagation, radio wave paths, radio wave absorption, Faraday rotation, electrostatic waves, Boltzmann's
kinetic equation, anomalous collisions are described.

Section 5.3 deals with ionospheric measurements (vertical sounding, oblique sounding, back-tilt sounding,
overhead sounding, absorption measurements, riometric measurements, TEC measurements, partial reflection
method, cross-modulation method, radar studies, incoherent scatter method, satellite and rocket measurements ).

Section 5.4 is devoted to mathematical modeling, including transport equations, coordinate systems, integration
over drift trajectories, initial and boundary conditions, and numerical methods.

Section 5.5 describes the Sun and the magnetosphere, solar and magnetic activity, auroras, the solar wind and the
formation of the magnetopause, the structure of the magnetosphere, and the electric field.

Sections 5.6 — 5.8 consider ionospheric processes and all types of quiet and disturbed variations of ionospheric
parameters. As ionospheric processes, the processes of ionization and recombination, photochemical reactions,
vibrationally excited molecular nitrogen, a simplified photochemical model, quadratic and linear laws of electron
losses, lifetimes and transport times, magnetized single-ion plasma (altitudes of 200 — 500 km), ambipolar diffusion,
wind entrainment, the role of vertical transport processes in the formation of the F2-layer, ionospheric-protonospheric
flows, static distribution of electrons in the multicomponent outer ionosphere, diffusion in the multicomponent outer
ionosphere, the role of ionic inertia, stationary polar wind, non-stationary processes of filling and emptying power
magnetic tubes, transfer of charged particles in the E and F1 regions of the ionosphere and its influence on the altitude
profiles of the ion and electron density, the effects of three-dimensional transfer of charged particles, the thermal
regime of charged plasma components.

Section 5.7 describes regular ionospheric variations in different latitude zones. The latitudinal zoning of the
ionosphere is considered: its division into the mid-latitude, equatorial, high-latitude and subauroral ionosphere in
accordance with the features of the geomagnetic field. In each of these zones, regular (daily, seasonal, semi-annual
and annual, as well as solar-cyclic) variations of parameters in each of the high-altitude ionospheric regions (D, E, F1,
F2, plasmasphere) are considered. Particular attention is paid to the region of the main ionospheric trough
(observations and physical interpretation).

Section 5.8 deals with ionospheric disturbances. The types of ionospheric disturbances, the channels of energy
transmission from the Sun, the general morphological picture and the physical scheme of the development of
ionospheric disturbances are described. Sudden ionospheric disturbances and absorption in the polar cap are
considered as ionospheric effects of wave and corpuscular radiation of solar flares. The ionospheric effects of
precipitation of energetic particles from the magnetosphere (auroral absorption, absorption at middle latitudes, the
effect of precipitation on the E and F regions of the ionosphere) are described, and the ionospheric effects of
magnetospheric electric fields and magnetospheric ring current are considered. As effects of thermospheric
disturbances, the effects of internal gravity waves (traveling ionospheric disturbances) and the effects of large-scale
disturbances of thermospheric circulation are studied. The superposition of effects from various sources is considered.
The influence of taking into account the movements of the north magnetic pole on calculations for the auroral and
subauroral ionosphere is studied. The influence of geomagnetically induced currents on the environment is described.
Active methods for studying the ionosphere (artificial impact on the ionosphere) are considered.

Chapter 6 describes Lithospheric-Atmospheric-lonospheric Coupling (LAIC), its mechanisms and modeling.
Methods for detecting the impact of lithospheric disturbances (earthquakes) on the atmosphere and ionosphere of the
Earth are considered by using various geophysical measurements (geomagnetic, ionospheric, satellite), which are
hindered by the locality of earthquake sources and the suddenness of their activation, as well as by the insufficient
density of the ionosonde network. The most effective in recent years has been the use of a network of geostationary
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satellites that provide the Internet with information about variations in the total electron content (TEC), measured
along the lines connecting satellite transmitters with ground-based receivers of their signals, and proportional to the
electron concentration in the main ionospheric maximum. TEC variations observed before the onset of earthquakes in
the vicinity of their epicenter are called their precursors; they are usually observed as well in the magnetically
conjugated region. Their horizontal dimensions are about a thousand km in latitude and several thousand in longitude.
The amplitudes of the precursors reach 40 — 100% of the background values. They are slightly mobile in the horizontal
direction. Increases in TEC prevail, but negative precursors of earthquakes are often observed.

Numerical modeling of TEC variations in front of strong EQs is presented by the results of model calculations for
closed geomagnetic field lines, performed using the global numerical models such as the Global Self-Consistent
Model of the Thermosphere, Ionosphere and Protonosphere [3] and UAM (Upper Atmosphere Model) [4]. Both
models numerically integrate the continuity, motion, and heat balance equations for atomic oxygen and hydrogen ions,
the sum of molecular oxygen and nitric oxide ions, and electrons, as well as neutral particles (oxygen and hydrogen
atoms, and oxygen and nitrogen molecules). Necessary approximations for small neutral components are used. In the
region above 200 km, the equation for the electric potential is also solved. The initial and boundary conditions are
described. The geomagnetic field is considered to be dipole in the region of closed field lines and open to vacuum on
the polar cap field lines. The geographic and geomagnetic axes do not coincide.

Calculations using GSMTIP show that the main physical factor in the formation of earthquake precursors in TEC
variations is the vertical electromagnetic drift of the ionospheric plasma under the action of a zonal electric field of
seismic origin [5], which is most effective in the equatorial region, where it acts similarly to the case of an equatorial
anomaly. The required values of the seismogenic electric field are about 1 —3 mV/m in low latitudes and 5 —10 mV/m
in middle latitudes.

In model calculations using UAM, the seismogenic electric field was switched on not by setting the potentials at the
western and eastern boundaries of the generation area, but by setting the vertical electric currents that generate the
electric field. The appearance of these currents is similar to lightning electricity and is associated with the vertical
movement of aerosols over the area of their emanation, due to the compression of solid rocks. The dependence of
TEC variations on the position of these currents at different latitudes and relative to the geomagnetic meridian passing
through the earthquake epicenter has been studied. TEC variations reach the highest intensity at a latitude of 30
degrees. A change in the sign of the current changes the symmetry of the effect in the TEC along the latitude relative
to the geomagnetic meridian of the epicenter. The influence of return currents of various configurations on the TEC
structure was considered, but it did not turn out to be significant.

EQ precursors are easier to detect under geomagnetically quiet conditions, when there are no other sources of
disturbances such as geomagnetic storms and substorms. An attempt was made to consider the joint action of the
seismogenic electric field and geomagnetic sources on the TEC. For this purpose, the behavior of the TEC was studied
in the period from December 20, 2015 to January 6, 2016, when 3 global geomagnetic disturbances took place and a
low-latitude earthquake took place in India with epicenter coordinates of 15° mag. lat., 165° mag. long near the
northern crest of the equatorial anomaly, which had a significant impact on the ionosphere. Model calculations for
this period were carried out using the UAM, in which the sources of geomagnetic disturbances of the ionosphere were
the field aligned ionospheric-magnetospheric currents of zones 1 and 2, and the sources of seismogenic disturbances
were vertical currents in the vicinity of the epicenter. Calculations showed that both types of perturbations were clearly
revealed both in calculations and in observations, being of the same order of magnitude. The significant role of the
electric field of dynamo origin, which is generated by the equatorial winds, is noted.

Chapter 7 summarizes what has been said in the previous chapters and discusses the issue of earthquake prediction.
For the reasons already mentioned (the limited number and quality of observations, first of all), this issue is very
difficult from a practical point of view, so many researchers consider it simply impossible to solve it in the foreseeable
future [6], especially taking into account the need to involve and coordinate specialists from completely different
directions, both experimental and theoretical, such as geology, hydrometeorology, geophysics, radiophysics, plasma
physics, space physics, solar physics, etc. Nevertheless, the movement towards understanding the essence of
phenomena and methods for their study based on observations and physical and mathematical modeling cannot be
stopped. The authors hope that the monograph under consideration will be of assistance to those involved in this
movement, both novice and experienced researchers.

References

1. Namgaladze A.A. Earthquakes and the upper atmosphere. 2022. Cambridge Scholars Publishing, 600 p.

2. Brunelli B.E., Namgaladze A.A. Physics of the ionosphere. 1988. Moscow, Nauka, 526 p.

3. Namgaladze A.A., Korenkov Yu.N., Klimenko V.V., Karpov L.V., Bessarab F.S., Surotkin V.A., Glushchenko
T.A., Naumova N.M. 1988. “Global Model of the Thermosphere-lonosphere-Protonosphere System.” Pure and
Applied Geophysics. 127 (2/3): 219-54. https://doi.org/10.1007/BF00879812

4. Namgaladze A.A., Knyazeva M.A., Karpov M.I., Zolotov O.V., Martynenko O.V., Yurik R.Yu., Foster M.,
Prokhorov B.E. 2018. “The Global Numerical Model of the Earth’s Upper Atmosphere.” In Numerical Simulations
in Engineering and Science, edited by R. Srinivaso, 3-22. London, UK: InTechOpen.
https://doi.org/doi:10.5772/intechopen.71139

5. Parrot M. 2006. “Special Issue of Planetary and Space Science ‘DEMETER.”” Planet. Space Sci.. April 2006.
https://doi.org/10.1016/j.pss.2005.10.012

6. Gufeld I.L., Matveeva M.I., Novoselov O.N. 2011. “Why We Cannot Predict Strong Earthquakes in the Earth’s
Crust.” Geodynamics & Tectonophysics. 2 (4): 378—415. https://doi.org/10.5800/GT-2011-2-4-0051

97



Polar
“Physics of Auroral Phenomena”, Proc. XLV Annual Seminar, Apatity, pp. 98-101, 2022 @ Geophysical
© Polar Geophysical Institute, 2022 Institute

DOL: 10.51981/2588-0039.2022.45.023
STUDY OF IONOSPHERIC IRREGULARITIES USING HF RADARS

Alexey V. Oinats, Maxim V. Tolstikov
Institute of Solar-Terrestrial Physics SB RAS, Irkutsk, Russia; e-mail: oinats@iszf.irk.ru

Abstract. We present the results of ionospheric irregularities studies using HF radar data (SuperDARN type) in the
Institute of Solar-Terrestrial Physics SB RAS. We focus on two topics. The first topic is related to the study of field-
aligned ionospheric irregularities (FAI) of decameter scale. The data obtained by the EKB HF radar during the
November 7-11, 2017 geomagnetic storm is presented. It is shown that the ionospheric scatter observed by the radar
moves equatorward during the main phase of the storm accompanied with the well-known expansion of the auroral
oval and its movement to lower latitudes. The second topic is devoted to the study of medium-scale traveling
ionospheric disturbances (MSTIDs) and their relationship with internal gravity waves (IGW) propagating in the
Earth's upper atmosphere. The results of statistical analysis of MSTID parameters obtained from the EKB HF radar
data are presented, and the possibilities of their use for estimating the neutral wind velocity at ionospheric heights are
discussed.

Introduction

HF radars have been intensively used in the ionosphere studies since about the mid-1990s, when the corresponding
electronic equipment was developed and SuperDARN achieved its official status [1]. Firstly the aim was to study
auroral ionosphere, however further SuperDARN was expanded to subauroral and mid-latitudes. HF radar emits radio
waves and registered backscattered echo from ionospheric irregularities and/or rough ground surface. Narrow in
azimuthal plane antenna pattern (~3.5°) allows accurate mapping the echoes located at distances up to several thousand
kilometers from the radar, whereas high temporal resolution (of about 2 minutes and less) allows to study highly
dynamical processes in the atmosphere.

Radars are most effective in the network, when it is possible to reconstruct plasma convection maps in the extensive
region of polar, auroral, and subauroral ionosphere. At the same time, information on the dynamics of the high-latitude
ionosphere can also be obtained from the data of individual HF radars. In Russia, there are currently two SuperDARN-
like HF radars (but not included in SuperDARN): in Yekaterinburg (EKB; 56.4°N, 58.5°E) and Magadan (MGW;
60.0°N, 150.7°E). The paper presents recent results of ionospheric irregularities dynamics studies based on the EKB
HF radar data obtained at ISTP SB RAS. The first part is devoted to the study of decameter-scale field-aligned
irregularities (FAI), originated within the polar, auroral, and subauroral regions of the ionosphere. The second part
concerns the studies of mid-latitude medium-scale traveling ionospheric disturbances (MSTIDs; the wavelength is of
the order of several hundreds of kilometers).

Ionospheric irregularities during the November 7-11, 2017 geomagnetic storm

One of the features of the high-latitude ionosphere is a presence of FAIs. Scattering of HF waves by FAI has a
pronounced aspect effect: the largest amplitude of the scattered echo should be expected when HF wave vector is
perpendicular to geomagnetic field lines. Under such conditions, radar registers a strong coherent HF echo, and is able
to determine location of scattering irregularities and their Doppler velocity (or more precisely the FAI horizontal
velocity component along the sounding direction). In the standard operational mode the EKB HF radar scans 16
independent sounding directions - beams and, thus, allows localizing ionospheric echoes and studying their dynamics
within the wide radar field-of-view (FOV). FAI dynamics is caused by plasma convection in crossed electric and
magnetic fields, and therefore, it reflects the structure and dynamics of the magnetosphere-ionosphere-thermosphere
system.

Let us consider the dynamics of ionospheric echoes during the November 7-11, 2017 moderate geomagnetic storm.
Fig. 1a shows the behavior of DST and Kp indices during November 6-7, 2017. Fig. 1b presents the Doppler velocity
of the ionospheric echoes registered on beam #2 (Doppler velocity is shown by color according to the color scale on
the right). The vertical axis shows the magnetic latitude (MLAT) where scattered echoes came from. The red color
corresponds to the propagation direction away from the radar, and the blue color corresponds to the propagation to
the radar. Fig. 2 presents the ionospheric echoes mapped within the EKB FOV for different UT. As one can see from
Fig. 1a, the initial phase of the storm lasted from 02:30 to 08:00 UT. During the initial storm phase, a positive deviation
of DST index is observed, and Kp index increases from 1 to 3. Approximately one hour after the storm set on, at 03:45
UT (~8 LT), intense ionospheric echoes were observed on western beams #0-3 at about 73°MLAT (Figs. 1b and 2a).
The Doppler velocity was negative, so the irregularities moved northward. Around 07:00, the scatter region expanded
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eastward onto beams #4-7, however, the Doppler velocity was positive, which means that irregularities propagate
towards the radar (see Fig. 2a-b) [2].
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Figure 1. DST (black curve) and Kp indexes (red color) during the November 7-11, 2017 moderate
geomagnetic storm (a). MLAT-UT- Doppler velocity plot of the ionospheric scatters observed by the EKB HF
radar on beam #2 (b). Doppler velocity is shown by color according to the color bar on the right. The color
lines are the auroral oval boundaries according to IRI-2016 (TIMED/GUVI) model (orange) and GUVI
(DMSP-SSUSI) model (blue). Solid and dashed lines correspond to the equatorial and polar boundary
respectively.
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Figure 2. Location of the ionospheric scatters (with SNR > 6 dB) for (a) 04:05, (b) 07:12, (c) 10:17, (d) 12:03,
(e) 14:37 u (f) 19:07 UT. Doppler velocity is shown by color according to the color bar on the right. The color
lines are the boundaries of the auroral oval (the legend is the same as on Fig. 1b).

The main phase of the storm from approximately 08:00 (DST=0, Kp=3) on November 7 to 01:00 on November 8§,
2022 (DST=-73, Kp=6) was accompanied by a shift of the scatter region to the lower latitudes. On beam #2, the scatter
region shifted from ~73°MLAT at 8:15, to ~65°MLAT at 11:30, and further to ~57°MLAT at 12:15 (Fig. 1b). From
12:20 the ionospheric echoes are practically absent and reappear from 13:30 to 15:30 (Fig. 1b) on beam #2 in the
latitude range 59-65°. At 17:40-19:30, another scatter region is observed (Fig. 1b) with the Doppler velocity for this
region positive on beam #2 and negative on beam #12. This can be explained by that the echoes came from the eastern
auroral electrojet on beam #2 and from the western auroral electrojet on beam #12. Further, localized scatter regions
with their equatorial boundary shifting up to ~54°MLAT at ~21 UT are observed. It can be assumed that intense
ionospheric irregularities moved equatorward and left the EKB FOV after 19 UT.

The described dynamics of ionospheric scatter during geomagnetic storms is well known and accompanied with the
expansion and shift of the auroral region towards mid-latitudes [3, 4]. The blue curves in Fig. 1b and 2 show the
position of the polar (dashed) and equatorial (solid) boundaries of the auroral oval as obtained from the GUVI model
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and DMSP data (https://ssusi.jhuapl.edu/gal edr-aur cs). The orange line also shows the equatorial boundary of the
auroral oval calculated using the TIMED/GUVI model included in IRI-2016. It is clearly seen that the location of the
scatter regions is mainly within the boundaries of the auroral oval. However, as follows from Fig. 1b, 2d, and 2e (for
TIMED/GUVI model) ionospheric echoes can also come from subauroral latitudes. This is also confirmed by the
observations of subauroral polarization streams (SAPS) by SuperDARN HF radars (see, for example, [5]). In general,
observation of ionospheric echoes requires, firstly, the presence (generation) of intense decameter-scale ionospheric
irregularities and, secondly, the aspect scattering condition fulfillment, which in turn is determined by the radio wave
propagation effects (refraction and absorption) and geomagnetic field. In [4], location of the scatter regions observed
on the EKB HF radar during the May 28, 2017 geomagnetic storm was compared with the position of R1/R2 regions
of field-aligned currents (FACs; also known as Birkeland currents) as seen from AMPERE data. It is shown that FACs
dynamics satisfactorily correlates with the appearance of scatter regions. This may indirectly indicate that intense
generation of ionospheric irregularities occurs within R1/R2 current regions. However, periods of strong HF
absorption observed by riometer within the EKB HF radar FOV also correlate with complete or partial disappearance
of ionospheric echoes [2, 4]. Thus, equatorial boundary of the ionospheric scatter observed by HF radar cannot be a
reliable proxy for the location of the auroral oval.

Study of mid-latitude MSTIDs

In Fig. 1b, in addition to the direct ionospheric scatter, the gray color shows the echoes scattered by earth's rough
surface (ground scatter). In contrast to the ionospheric scatter, ground scatter is characterized by a relatively regular
diurnal-seasonal behavior determined by regular variations in the critical frequency and maximum height of the F2
layer of the ionosphere. When a traveling ionospheric disturbance (TID) propagates within radar FOV, modulation of
ground scatter parameters occurs. For example, there may be variations in the minimum oblique range which
corresponds to the HF skip distance. We develop a technique for TID’s parameters determination, such as propagation
azimuth, apparent horizontal velocity, period, wavelength, and amplitude, based on a cross-correlation analysis of
similar variations on different beams of single HF radar.

In [6], we studied the diurnal-seasonal dependencies of MSTID parameters using the HOK and EKB HF radars data.
It is shown that there are several preferential azimuths of MSTIDs propagation depending on local time and associated
with the horizontal neutral wind behavior at the heights of MSTID propagation. For illustration Fig. 3a shows local
time dependence of the observed MSTID azimuth occurrence for winter seasons (November-February) as obtained
from the EKB HF radar data during the period from 2013 to 2021. As seen the preferred direction of MSTID
propagation is 90-130° during the daytime hours, 210-250° in the pre-dawn, and 280-20° in the pre-sunset
respectively.
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The one possible origin of MSTIDs is internal gravity waves (IGWs) propagating in the Earth’s atmosphere.
According to the IGW theory the observed MSTIDs preferred directions can be explained by interaction between IGW
and horizontal neutral wind. A headwind leads to an IGW strengthening, and a tailwind, on the contrary, to an IGW
weakening, or even to its destruction. Fig. 3b shows the diurnal dependence of the amplifying wind (headwind)
occurrence at the HF reflection heights, and Fig. 3¢ shows the similar dependence for the attenuating wind (tailwind)
within the entire atmosphere from the ground up to the HF reflection heights. The calculations were performed using
HWM14 model for the same periods and heights when MSTIDs were observed by the EKB radar (see Fig. 3a).
Comparing Fig. 3a, 3b, and 3c, one can conclude that the majority of MSTIDs lies in the areas where the attenuating
wind is absent while the strengthening one, on the contrary, is well developed. Thus, the majority of MSTIDs is indeed
could be considered as manifestation of IGWs.

The above discussion suggests trying to restore the parameters of the neutral wind from the observed MSTID
statistical distributions. Paper [7] proposes a method for estimating the horizontal neutral wind azimuth using the
observed MSTID statistics based on HF radar data. However, we can go further if we use a priori information about
the IGW median wavelength obtained, for example, in [8] from the joint observations by the Irkutsk incoherent scatter
radar and Digisond. Fig. 4 presents diurnal dependence of zonal and meridional neutral wind components
reconstructed from the data of Fig. 3a (red curve) and calculated using HWM 14 model (black curve). One can see that
the reconstructed parameters agree satisfactorily with the modeled ones. At the same time, differences are also visible,
which can be explained by some features of the neutral wind that are not described by HWM14 model. Another
possible explanation is the fact that the data of Fig. 3a also could contain some amount of MSTIDs of different than
IGW origin [8].

Summary

The paper presents a brief overview of the recent researches provided by ISTP SB RAS based on the data of Russian
HF radars. We show the possibilities of the HF radars for studying the dynamics of ionospheric irregularities of
different origin and for developing new methods for atmospheric processes studies. Further expansion of the Russian
HF radars network will provide more information about the auroral, subauroral, and mid-latitude ionosphere in the
future.
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KuroueBsle cioBa: pacnpocrpanenre OHY BouiH, urcieHHOE MojienupoBanue, noHochepa, GLE

AHHOTAIIMA

B pabote npexacrarneno uccinenoBanue Biausausa coobitis GLE 70 (ground level enhancement) 13 nexadpst 2006 Ha
pacnpoctpanenue paauocuragsoB OHY pawmama3zoHa B BBICOKMX IIUPOTax. MeToAaMH BBIUKCIUTEIHLHOTO
SKCIEPHUMEHTa Ha OCHOBE YHCICHHON MOJETH pPAaCHpOCTPaHEHHUs 3JIEKTPOMATHUTHBIX BOJIH, pa3paboTaHHON B
[MonsspHOM reopu3MYECKOM HHCTUTYTE, UCCIICIOBAHbI aMILTUTYAHbIC U ()a30BbIe XapaKTEPUCTHKH CUTHAJIOB CUCTEMBI
RSDN-20. ITpodwnn KOHIEHTpAINH JIEKTPOHOB T UCCIIETYEMOTO COOBITHS MOTYICHBI C UCTIOIh30BaHUEM MOJICITH
RUSCOSMICS, co3nmannoit B I[II'U, u moxenu monochepsr GDMI (Global Dynamic Model of lonosphere),
sBIsttomielicss oreTBieHneM moxenu IRI m paspabateiBaemoii corpymaukamu MU3MUPAH. 'eomarnutHoOe moine
3a/1aBaJIOCh IPU MOMOIIM MEXIYyHapoIHOM Monenu reomarHutHoro mnois 3emiau IGRF 13-oif renepauuu. B
pe3ysbTate 00pabOTKM JTaHHBIX BBIYHMCIMTEIBHBIX HKCIIEPUMEHTOB ITOKAa3aHO, 4TO B ycyoBusx cooertust GLE 70
HaOJFOTAI0TCS 3HAYUTENBHBIE aMIUTUTYIHBIC UCKAKCHUSI CHTHANIOB Ha dactoTtaXx cucteMbl RSDN-20. CymiectByer
9JaCTOTHAsI 3aBUCUMOCTH BIIMSIHUS BBICBIIAHWK BBICOKORHEPTETHYECKUX NMPOTOHOB Ha aMIUIMTYyAy curraigoB PCJIH-
20. CurHanbsl MEHbBIIEH YacCTOTHl pearupyroT Ha Takue coObiTus cmibHee. Pa3pr curHanos PCIAH-20 menee, uem
aMIUTUTYABl TofBepxeHbl BiaMAHUI0 GLE, omHako Taxke HCHBITHIBAIOT 3HAYMTENIBHBIE HMCKaXEHHUA. 3alepiKa
CUTHaJIa B HEKOTOPHIE MOMEHTHI YBEIHMUNBAJIACh B HECKOJIBKO pa3.

1. BBenenne

B o0macTu BBICOKMX MIMPOT BO3MOXKHO CITIOPAJMYECKOE TMOSBICHHUE BBICOKOIPOBOMASAIICTO CIIOS Ha BBICOTE,
3HAYUTEJIbHO MEHbIeH BBICOTBI D-ciios noHocdepsl. Takoe u3MeHeHHe NPODUIIS AIEKTPOHHON KOHIEHTpAIUU
OKa3bIBaeT 3HAYHMTEIILHOE BIMSHUE HA PacIpOCTPaHEHUE JIEKTPOMArHUTHBIX BOJIH B BOJIHOBOJIE 3eMiisi-noHOChepa.
Nzyuenwne pactpoctpanenus OHY-BosH B TAKUX yCIOBUAX HEOOX0AMMO, MOCKOIbKY OHUY-BOTHBI MPUMEHSIOTCS IS
Hapuraiuu. C npyroi croponsl, OHY-BoJIHBL, pactpocTpaHsIOLIKecs B BOJIHOBOE 3eMisi-oHoCchepa, IPUMEHSFOTCS
JUIA KOHTPOJISL COCTOSIHHS HMOHOC(EpH! BJIONh IMYTH HX PaclpoCTpaHeHHs B BoiHOBone [Bashkuev et al., 2018;
Cmapoodybyes u 0p., 2019], TOCKONbKY MX aMIUITMTYABl U (Da3bl OYEHb YYBCTBUTEIBHBI K DJICKTPOTPOBOIHOCTH
BEPXHUX TPaHUI BOJHOBOAA. CBsI3aTh KOHKPETHBIE BHJIbI TPOMUIICH 3JIEKTPOHHON KOHLIEHTPALMH C aMILIUTY JHBIMA
1 (pa30BBIMH M3MEHEHUSIMH BO3MOJKHO, ITPUMEHSISI METObI BEIYMCIUTEILHOTO IKCIIEPUMEHTA.

Jyis BBIABICHHS PEAKIUU CHUTHAJIOB CHCTEMBbI manbHel Hapuwrammu PCIH-20 (11905, 12679, 14881 I'm) Ha
3HAYUTENbHBIE N3MEHEHHs NPO(WIIS 3IEKTPOHHONH KOHIEHTPALMK BO BPEMsI BTOPXKEHUH BBICOKOIHEPTETHYECKUX
NPOTOHOB B arMocdepy 3emMiM B IpeJCTaBICHHOW paboTe paccMOTpeHO INpOoTOHHoe coOwitHe ground level
enhancement (GLE) 70. BpuuciuTenpHblE 53KCIEPUMEHTHl MPOBEAEHBI HAa MOJENH  PaclpOCTPaHECHHUS
AJIEKTPOMATrHUTHBIX BOJIH, pa3zpabotannoii B [II'U [Muneanes u op., 2018], misa coositust GLE 70, mponsomeniiero
13 nexabpst 2006 roma. BEIMONHEHO TPHM BBIYHMCIUTENBHBIX IKCIEPHUMEHTAa: B CIOKOHHBIX YCIOBHUSX, BO BpeMs
BBICBITIAHUS YaCTHI] OBICTPOH KOMITOHEHTHI ITOTOKA COJHEYHBIX MPOTOHOB (prompt component - PC) u Bo Bpems
BBICBHITIAHUS YaCTHI] MEAJICHHOW KOMIIOHEHTHI MOTOKa CONHEYHBIX MpoToHOB (delayed component - DC). IToToku
BBICBHITIAIONTUXCS MPOTOHOB Pa3/ieNieHbl M0 UX JYHEPTETHUECKOMY CIEKTpY, Kak B pabore [Maypues u op., 2019].
[Ipoduan >1eKTPOHHOM KOHIEHTPALUH U1l COOBITHS OBIIM MOJTy4YeHBI ¢ ncnoiab3oBanueM moxeneiit RUSCOSMICS
[Balabin et al., 2005], paspaboranHoii B PGI, n moxenn nonocdepst Global Dynamic Model of Ionosphere (GDMI)
[LLyoun, 2017 wu Shubin, 2015], paspabartbiBaemoii cunmamu cotpynHukoB WU3MUPAH. I'eomarnuTHOE moie,
HEOOX0IMUMOe /ISl MOJICIMPOBAHUS, PACCUUTHIBAIOCH o Mojenu International Geomagnetic Reference Field 13-it
renepatmu (IGRF13) [Alken et al., 2021].

B pesynbraTe BBIYHCINUTENBHBIX SKCIIEPUMEHTOB MOJTYYCHbl H3MEHEHHS aMILIUTY JICKTPUUECKOH W MarHUTHOU
KOMITOHEHT curHajno cucteMbl PCJITH-20, a Taxke CKOPOCTH MX paclpoCTpaHeHHs B yCJIoBUAX cuibHOTO GLE.
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0.U. Axmemos u op.

2. MoaeabHbIe MPOoGHIHN 3J1eKTPOHHOH KOHIEHTPAH, YACTOThI CTOJTKHOBEHHUI JIEKTPOHOB C
HENTPAJbHBIMM YACTHIAMM M HOHAMM

1 7] Cob6eitne GLE 70, mocnennee coObiThe 23 IMKIA COJIHEUHOM
777777777 ol | axTEBHOCTH, Tpomsomuto 13 mexabps 2006 roma B 02.40 UT.
,,,,, APT GLE70 DC Comueunoe matao 930 ¢ koopamHatamu S06 W24 BBI3Bajo
COJTHEYHYIO BCITBIIIKY KJlacca X3.4/2B. Bempimka
compoBoXkaanack paano Bcrwieckamu tuma I, IV u BeIOpocom
KOpOHaNbHON Macchl Thma “rano”. Ilo maHHBIM HEHTPOHHBIM
MOHHUTOPOB TIPOAOIDKUTEIBHOCTh COOBITHSI COCTAaBHJIA OKOJIO 5
yacoB. Hecmotpst Ha 1o, 4ro cobbitne GLE 70 mpoucxonuiio Ha
crajie MUKJa, 3T0 OBLIO TOCTATOYHO MOIHOE COOBITUE (TPEThE MO
MHTEHCUBHOCTHU B 23 mukiie). HanbonpInuii pocT HHTEHCHBHOCTH
KOCMHYECKHX JTydei HaOmonancs Ha ctanuuu Oyny (92%). Tot
(akT, YTO MaKCUMyM WHTEHCHBHOCTH HaOIIojaics HE Ha
MOJISIPHBIX CTAHIIMSAX, TOBOPHUT O TOM, YTO HCTOYHUK aHU30TPOIIHU
KOCMHYECKMX JIyded pacrojarajicst BOJIM3M  IIJIOCKOCTH
SKJINITHKH.

ChexTp mNPOTOHOB  KOCMHYECKHX Jyd4ell B  MOJEIH
RUSCOSMICS, pa3paborannoit B III'M, ams 3THX ciaydaes
COJIEPKHT JIBE COCTaBIstoIue — ObIcTpyto PC 1 Mmennennyro DC
[Maypues u dp., 2019], paznuyaromuecs CIEKTPOM PHEPTUU U
paznenénnpie 1o BpeMeHu. Moaens RUSCOSMICS naer
JIOTIOTHUTEIbHYI0 CKOPOCTh MOHM3ALIMM BO BPEMs COJHEUHBIX
NPOTOHHBIX ~ COOBITHH, BOCCTaHOBJEHHE  JIONOJHUTEIbHOU
NIEKTPOHHON KOHIEHTpPAllMH MPOU3BOAMIOCH IO METOJHKE,
npenoxxennoit Gledhill B8 padote [Gledhill, 1986].
10° 10° 1010 BazoBeie mpoduim 2IIeKTpOHHOM KOHIICHTPALINH ITOTyYCHEI TIPH

KoruerTpaua N, M3 MOMOIIM  MOJENH I/I(lHoctbepLI GDMI. Orun  mnpodunu
COOTBETCTBYIOT  CIOKOWHBIM  YCIOBUSIM M HCIOJB3YIOTCS
copmectHo ¢ mpodmusmu  Momenu RUSCOSMICS s
MOJICIUPOBaHMS BO3MYIIeHHOH wnoHOcdepsl Bo Bpemss GLE
coObITHS. Koopaunatsl, 3aJaHHbIC JUIst MoJIeNeH,

UTC. THHOM JIHHHH TIOKa3aHl Gazopeqi  COOTBETCTBOBAIN MECTOIOJIOKEHHIO ropoja Anartutel (67°34' c.
npodwis, 1 npodwin kommonent DC u Uk 33°23'B. n), a Bpemsa - 04:00 UTC. bazoBeie mpoduau u
PC. Mpo¢UIN BO3MYIIEHHBIX YCIOBUI MpeICTaBIeHBI Ha puc. 1.
YacToTa CTOJIKHOBEHHMH C HEUTpaJlaMM U HOHAMHU V.
paccunthiBasiach Ha ocHOBe naHHbIX GDMI, RUSCOSMICS u gannasix mogenu NRLMSISE2000.

B npencraBiieHHBIX YHCICHHBIX AKCIIEPUMEHTaX T€OMarHUTHOE 1oJie paccyuThiBaiock o moaenu IGRF13 [Alken
etal.,2021].

[Tpoduis npoBoauMOCTH TUTOCHEPHI OBUT 331aH C YIE€TOM Pe3yJIbTaTOB HCCIIEI0BaHNH, TOIyYeHHBIX HECKOJIBKUMHA
HAYYHBIMH TPYTIIIaMH U OITyOIMKOBAaHHEIX B pabote [Korja et al., 2002].
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Pucynoxk 1. Ilpodwmms 31IeKTpOHHOM
KoHUeHTpauuu st ciaydas GLE 70 13
nexabps 2006 roga, B Anmartutax B 04:00

3. OdaacTb MOIEIMPOBAHHUS, HCTOYHHK CUTHAJIA M YN CJIEeHHAsA cXxeMa

UmncieHHBIE pacdeTsl MPOBOIIINCH B JACKAPTOBOM CHCTeME KOOPIHMHAT, I/Ie OCh Z paciojaranach HOPMAaJbHO K
noBepxHocT 3emiad. Takum o0pa3oMm, 00JacTb MOJETMPOBAHMSA JJIsl YHCIEHHBIX OKCIIEPUMEHTOB Oblia
NapauleNIeNUIe/IOM, BKJIIOYAIOIIMM YYacTOK BOJHOBOAA 3eMiIsi—HOHOc(epa. YPOBEHb IOBEPXHOCTH 3eMIIU
cootBeTcTBOBaN Z=0. OONacTh MOJIEIMPOBAHUS PACIIOJIOKEHA Ha 3HAYMTENLHOM PACCTOSIHUM OT OOJIBIIMHCTBA
NepelaTYMKOB, OTOMY (PPOHT NPUXOSIIMX BOJIH MOKHO B IIEPBOM IPHOJIMKEHUN CYUTATH ITIOCKHM.

B uncieHHBIX 3KCIEpHMMEHTaX HCIIOJIb30BaNach MOPU3OHTAILHO OJHOPOAHAS MOHOc(hepa M 001acTb pazMepoM
256x1000 kM no ropu3oHTY, 125 KM 10 BbIcoTe B atMocdepe 1 noHocepe u 25 kM B riyouny B nurocdepe. 1lar
CEeTKH HaJl TOBEpXHOCTHIO 3emitu — 250 M mmo Beptukanu, 500 M 1o ropu3oHTaM, B IUTOChepe — 125 M 1o BepTHKaIH
n 500 M o ropuzoHTaNH. LIeHTp HCTOYHNKA CHTHAIA paclioyiarajics Ha pacCTOSHIM 64 KM OT TpeX 0OKOBBIX rpaHeit
MTOJTYYEHHOTO MapajuiesIeuIIe 1a.

Cursan MCTOYHUKA TPEACTABISI COOOW MakeT CHHYCOW ] Ha dacToTax cucreMbl RSDN-20 [Xagusos, 2010;
Jacobsen, 2022], a umenno 11905, 12679, 14881 I'm. Ha pacctossHuu 64 KM OT JIEeBOW BEPTHUKAIBHON TPAHUIIBI
MPSAMOYTOJBHON 00JacTH MOAETUPOBAHMWS, HAa YaCTH BEPTHKAILHON TUIOCKOCTH, TapaUIeIbHOW ITOW TpaHHUIIE,
mupuHO# 128 kM, Ha BBICOTaX OT MOBEPXHOCTHU 3emitd 710 60 KM OBLIO 33JaHO TOPH30HTAIFHOE MATHUTHOE ITOJIE. DTO
TI03BOJIMJIO B IIEPBOM NPHUOIMKEHUH 331aTh IUIOCKUI (PPOHT BOJIHBIL.
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B mpezcraBieHHOM MCCIIEJOBAaHUU ObLIa HCIOJIb30BaHA MOJIENb PACHPOCTPAHEHHS HNEKTPOMATHUTHBIX CUTHAJIOB,
OCHOBaHHAsl HA YHCJICHHOM HHTETPUPOBAHUM 110 BPEMEHH CHUCTEMbI ypaBHeHHH MakcBejia U ypaBHEHHsS LIS
TUIOTHOCTH TOKa C YUECTOM UHEPIMHU 3JICKTPOHOB B HOHOChepe [Muneanes u dp., 2018].

4. Obcy:xaenue pe3yJbTaTOB
B pabote paccmotpenst Tpu GLE coOsiTust ¢ Touku 3penus pacupocrpanenuss OHY curnamos cuctemsr RSDN-20 B
BbICOKOIMpPOoTHOM peruoHe. s coOsitmst GLE 70 13 mexabpst 2006 roma mpoBeneHO 3 BBIYHCIHTEIBHBIX
9KCIIEPUMEHTA: B CIIOKOHHBIX YCIOBHUSIX, BO BPEMS BBICHIIIAHHS YAaCTHI] OBICTPOIl KOMIIOHEHTHI IOTOKA COJTHEYHBIX
MPOTOHOB M BO BPEMS BBICHIIIAHUS JACTHUIl MEIICHHON KOMIIOHEHTHI ITOTOKAa COJHEYHBIX NMpOTOHOB. Ha pmc. 2
MOKa3aHbl aMIUTUTY/a U CKOPOCTb paclpocTpaHeHus a1eKTpuiaeckoi komrnoneHTsl curnana PCIH-20 B 3aBucumoctu
OT pacCTOSHUS 70 MOJEIBHOTO MCTOYHHMKA. BHIHO, YTO B BO3MYIIEHHBIX YCJIOBHAX HaOJIOAAETCs 3HAYUTEIHHOE
3aTyxaHue ¥ 3aMe]ieHre curnana. [Ipu 3ToMm Heo0X0IMMO OTMETHTh PsiJl OCOOEHHOCTEH, @ UMEHHO, 3aBUCUMOCTD OT
YaCTOTHI CHI'HaJla U 3aBUCHMOCTh OKa3bIBAEMOT'0O BIMSHHS OT SHEPIeTHYECKOTO CIEKTPa BTOPTAIOLIUXCS MPOTOHOB.
YacToTHast 3aBUCHMOCTb, OYEBUJIHO, CBS3aHa C TIIyOWHOI MPOHNKHOBEHHSI CHI'HAJIOB Pa3HOi 4acTOTHI B HOHOC(EPY:
TaK CHUTHAJIBl C MEHBIIEH YacTOTOH MpPOHMKAIOT B MOHOC(EpY TIyOKe, BCIEACTBHE 4YEro BIMSHHE COCTOSHUS
HOHOC(EPH! HAa HUX CHIIbHEE. 3aBHCHMOCTh CTETICHH BJIMSHUS OT BHJIAa YHEPTETUYECKOTO CHEKTPA BBICHIIAIOIINXCS
IPOTOHOB, BEPOSATHO, CBA3aHA ¢ GOJIee BHICOKMM MOTOKOM YacTHII ¢ dHeprusmu a0 10° MaB B ciyuae creneHHOTo
cnekTpa DC-KOMIIOHEHTEHI 110 CPaBHEHHUIO ¢ AKCIOHCHIUANBEHBIM ciekTpoM PC-kommoHeHTs [Maypues u op., 2019].
Amnanmu3 cunbHOTO coObITHs GLE 70 mokasan 3HaYnTeIbHOE BIUSHAC HA aMIUIATY Ay | a3y curHanos PCH-20 o
CPaBHEHHIO CO CIIydaeM CIIOKOWHBIX YCJIOBHH: TaK 3aTyXaHHE CHTHAJAa yCHJIMJIOCH Ooyiee 4eM B 5 pa3 Ha 4acToTe
11905 I', a Ha wactore 14881 I'y B 3,5 pa3a. AHanM3 OTCTaBaHUS OT TAaKOH k€ BOJHBI, PaCIPOCTPAHAIOLICHCS B
BaKyyMe CO CKOPOCTBIO CBETa, TIOKa3al 3ameasieHue 6osee ueM B 12 pa3 Ha yactore 11905 ', a Ha yactore 14881
I't mouTw B 3 pasza. OueBHIHO, 9TO B ycaoBuAX cuiibHOT0 GLE co6siTus curaanst PC/IH-20 no npsMoMy Ha3HaYEHHUIO
HE MOT'YT OBITh HCIIOJb30BaHBI.
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Pucynok 2. AMIUIUTYIB! 3JEKTPHUECKOM KOMIIOHEHTHI 3JEKTPOMAarHWTHOTO CHTHalda B 3aBHCHUMOCTH OT
paccTostHus 10 UCTOYHMKA. [[aHems a) - OTHOIIEHHE CKOPOCTH PAaCIPOCTPAHEHHS JICKTPHUIECKON KOMITOHEHTHI
CHUTHaJIa K CKOPOCTH CBETA B 3aBICHMOCTH OT PACCTOSHHS 10 UCTOYHHUKA. [TaHens 6) - THIIOM JTMHUY IOKa3aHBI
YacTOThI, COOTBETCTBYOMMKE YactoTam cucteMbl PCIIH-20. [IBeTom JinHUYM moOKa3aHbl 0a30BBIA IPOGUIH U
npodunu komnoneHT DC u PC.

HaOmonenne Ha BBICOKOIIMPOTHBIX 00CEPBATOPHSAX 3HAYNTEIBHBIX MCKaKCHWH aMIUTUTYIBI M (Da3bl CUTHAIOB
PCJIH-20 mMoryT OBITH XOPOIINM HHIUKATOPOM BTOPKEHHUS BEICOKOAHEPT€THUECKHUX YacTHI] B HoHOCchepy. [Ipn aTom
BO3MOJKHO Pa3einuTh OBICTPYIO M MEIUIEHHYIO KOMIIOHEHTHI BHICHIITAIONIMXCS MPOTOHOB O Pa3HOMY BIMSHHIO Ha
amIiMTyaHele M QaszoBble xapakrepucTuku curtanoB PCJIH-20. MemieHHass KOMIIOHEHTa BHOCHT CHJIBHBIC
MCKa)KCHUS KaK B aMIUIUTYABI, TaK ¥ B (pa3bl CUTHAJIOB, B TO BpeMsl Kak ObICTpasi KOMIIOHEHTa OKa3bIBaeT B MEPBYIO
ouepe/lb BIMSHUE Ha aMILIMTY/bI KoMroHeHT curHaioB PC/IH-20, a ¢a3br nckaxarorcs cinabo.

5. 3akarouenue

B pesynpraTte 006pabOTKM JaHHBIX BBIYHCIMTENBHBIX SKCIIEPUMEHTOB MOJy4eHO, 4To B ycioBusix GLE coOwITHs
HAOJIIOTAIOTCSl 3HAYNTENbHBIE aMIUIUTYIHbIE U (a3oBbie nckaxkeHus curHamoB PCJIH-20. Tak, Bo Bpemst GLE 70
0o0Hapy)XEHO 3HAYMTENIbHOE BIMSHHE HAa aMIUIMTyay MU ¢azy curnaioB PCJIH-20 mo cpaBHeHHIO CO ciiy4aem
CIIOKOWHBIX yCJIOBHH. 3aTyXaHHE CHTHaja yCHJIMIOCh Oosee ueM B 5 pa3 Ha yacrore 11905 'y, a Ha wactore 14881
I'u B 3,5 pasa. OrcraBaHue OT Takoil e BOJHBI, paCIPOCTPAHSIIOLIEHCS B BAKyyME CO CKOPOCTBIO CBETa, ObLIO Ooliee
4yeM B 12 pa3 Ha wactote 11905 I'y, a Ha wactore 14881 'l moutn B 3 pasza. B ycnoBus cunbHoro GLE coObitust
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curHansl PC/IH-20 He Moryt OBITH HCIONB30BAHBI AN 3aJad HaBuTanuu. HaOmnromeHne Ha BBICOKOIIMPOTHBIX
00cepBaTOpPMSIX 3HAYUTENBHBIX HCKaKeHUH aMrumTynsl U (asel curranoB PC/IH-20 moryt OBITE XOpOLINM
WHIUKATOPOM BTOPIKEHUSI BEICOKOIHEPTETHICCKUX YACTHII B HOHOChEPY.

BbaaromapHocTtb. VccnenoBanue BBITIOMHEHO 3a cueT rpanTa Poccuiickoro Hayunoro ¢onaa (mpoext Ne 18-77-
10018), https://rscf.ru/project/18-77-10018/ (O.1. Axmeros, B.b. benaxosckuii, E.A. Maypues, }0.B. banadun).
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BJIUSAHUE NOHOC®EPHBIX BOSMYIIEHU HA CHUUHTULIALIANA
I'VIOHACC/GPS CUT'HAJIOB B ABPOPAJIBHBIX HINMPOTAX

B.B. Benaxosckuii!, I1.A. Byanukos?, C.B. ITunsraes!, B.A. bumun!, A.B. Jloces!

Honsapnouii 2eogpusuueckuti uncmuniym, 2. Anamumot, Mypmanckas obracme, Poccust
2Uncmumym npuxnaduoii 2eogpusuxu, Mockea, Poccus

AnHoTanusl. [TpoBe/ieHO cpaBHEHHUE BIUSHKA T€OMArHUTHBIX Bo3mylienuii Bo Bpemss CME u CIR MarHuTHbIX Gypb
Ha cuuHTWULIIMY curHaioB HCC (I'JIOHACC, GPS) no nannbsiM npuemHuka Septentrio PolaRxS B r. Anatutsr
(MypmMmanckas ob6macts, Poccus). Paccmorpensr marautaeie Oypu 3-4 HosOps 2021 1. m 11-12 oxtsibpst 2021 r.
AHanu3 MMoKa3bIBAET, YTO 3HAYNUTEIBHBIN POCT (Pa30BBIX CHMHTHIIISNNI MPOMCXOANT HE TOJIBKO BO BPEMS HOUHBIX U
BEYEPHUX CyOOYpb, HO ¥ BO BPEMsI JTHEBHBIX T€OMAarHUTHBIX BO3MYIICHUH, COMPOBOXKIAFONINXCS MTOJI0KUTEIHHBIMU
OyXTaMu B TEOMarHUTHOM TIOJIE. Y BEJIMUEHHE aMIUTUTYAHBIX COMHTWILIINN BO BpeMs pacCMaTpHBAaEMbIX COOBITHI
s cirytHuKoB [ JIOHACC u GPS ne o6HapyxkeHo. [lokazaHo, uTo yBemmdeHne (pa3oBOro MHACKCA CIUHTHIUIALINT
HE BCETJa MNPOIOPIHMOHAIBFHO MHTEHCHMBHOCTH I'€OMAarHWTHOTO BO3MYILEHHs. MHOTrIa MEHBIINE TeOMarHUTHBIC
BO3MYILEHUSI MOTYT TPHBOAWUTH K BBICOKMM (ha30BBIM CHMHTWIUIALMUSAM. Y CTaHOBICHO, YTO YPOBEHb (ha30BBIX
CHMHTWULILMN Koppenupyer ¢ poctoM ammutyasl YHY BonH (Pi3/Pi2 mynbcanun), Hanbosiee CriibHBIE (a3oBble
CIMHTWIIAIMN cOBIIaAaroT ¢ nosisjaenueM Y HY BodH.

1. BBenenne

BerlcokommpoTHast 1 noIsIpHas HOHOC(epa MOKET OKa3bIBaTh HETATHBHOE BIMSHNE HA PACIIPOCTPAHEHUE PATHOBOIIH
B Pa3NMYHBIX YaCTOTHBIX AWamna3oHax. CIyTHHKOBas CBA3b TAKXKE IOABEPKEHA HOHOC(HEPHBIM BO3MYILCHHUSM.
HeonHOpoaHOCTH B paclpeelieHuH INIOTHOCTH HOHOC(HEPHOH TIa3Mbl MOTYT IPUBECTH K OBICTPBIM (IIyKTyalusiM
aMIUIMTYZbl U (a3pl CUTHANA, M3BECTHBIM Kak MOHOC(EpHble CUMHTWULILUK WU Mepuanus [Basu et al., 2002].
CuibHBIE CHMHTHIUISIIMK CHIDKAIOT KadyecTBO CHTHAJIA M JIaXkKe NMPHUBOIAT K €ro morepe. YPOBEHb CHUHTHIUIAINHA
Xapaktepu3yercs (a3zoBbIM (Gop) U aMIUTUTYIHBIM (S4) MHACKCAMH CIMHTWUIALUNA. AMIUTUTYAHBIE CIUHTHILISIIUN
BBI3BIBAIOTCS TUIA3MEHHBIMH HEOJHOPOJHOCTSIMU C pa3MepaMu OT AECSATKOB JI0 COTEH METpOB, a (a3oBble —
HEOJTHOPOJHOCTSAMH C pa3MepaMu OT COTEH METPOB J0 HECKOJBKHUX KuIoMeTpoB. MoHochepHble CHUHTHILIAINH
HanboJliee BEIPaKEHBI B 9KBATOPHUAILHON O0JIACTH M B BBICOKHUX MHUpOTax [Basu et al., 2002; Kintner et al., 2007].
@dazoBble CHUMHTWUIALNHM OOBIYHO BBI3BIBAIOTCS BapHalMsSMM IOKa3aTelsl NPEJIOMIICHHS H3-3a HOHOC(EpHBIX
HEOIHOPOAHOCTEH MacmTaba OT HECKONBKUX KHJIOMETPOB J0 HECKOJBKHX JECSATKOB KWIOMETpoB [Kintner et al.,
2007].

BriensioT peKkypeHTHbIE M HEpEKypEeHTHbIE MarHUTHBIE Oypu. PekypeHTHble Oypu MpoucxoasaT Kaxkabie 27 aHeH,
9TO COOTBETCTBYET nepuoAy BpamieHus Conana. HepekypeHTHbIe OypH HE UMEIOT CTPOTOH NEpHOJHYHOCTH B CBOEM
noseneHnd. KoponaneHslie BIOpock! Maccel (CME) oTBeTCTBEHHBI 3a HEpeKypeHTHBIe Oypu. PexyppeHTHbIe Oypu
BBI3BIBAIOTCSI KOPOTHpYIOMINUME obnactsimu B3anmoseiicTBust (CIR — corotating interaction region), co3aaBaeMbIMU
BBICOKOCKOPOCTHBIMH TIOTOKAMHU COJTHEYUHOTO BETPA, BHITCKAIONIMMH U3 KOPOHAIBHBIX NbIp [ Gonzalez et al., 1994].
I'eomarautHas cyO0ypsi siBiseTcsl Hambollee MOIIHBIM BO3MYIIEHHEM B BBICOKHMX IIMpoTax. MaraurochepHbie
cy00ypH MpenCcTaBIAIOT COOOW MOCIEA0BATEIHLHOCTD POIIECCOB, MPOUCXOAAIINX MTocie mepuoaa roxuoro MMIT n
NPUBOASIIMX K BBICBOOOXKICHUIO HAKOTUIEHHOM SHEPTHHU U3 XBocTa MarHurochepsl. Bo Bpems cy60yph mporcxoaut
pa3pbiB KOH(MUTypanuii MarHuTocepHBIX U HOHOC(HEPHBIX TOKOBBIX CHCTEM, AUIOJSPHU3ALMS B MarHUTHOM II0JIE
3eMin, MHXEKLUSI SHEPIHYHBIX YaCTHIl Ha T'€0CTallMOHapHylo opouty, Pi2-xoiebGaHus B MarHUTHOM MOJ€ W T.J.
[Kokobun et al., 1977].

Bruo oOHapyxeHo B pabote [Hosokawa et al., 2014], uto (a3oBble CHUHTHUISILNN yCHIIMBAIIMCH K HA4aIy cyo0ypu
M YMEHBIIAINCH 10 MEpPEe TOTO, KaK MOJSPHBIE CUSHUS CTAHOBWIJIOCH AWGQY3HBIMH. BBUIO mpearnonaokeHo, uTo
JIMCKPETHOE TOJIIPHOE CUSTHUE HEOOXOIUMO JIJIsi BOSHUKHOBEHHSI MOIIHBIX (a30oBeix GPS crumHTIIIIAIINI BO BpeMs
cy00ypeBbIX HHTEpBaNOB. [IoMHMO CIMHTHIUIAINA HaOMIOJANCh B IpyTHe 3P PEKTH BO BpeMsl MOSBICHUS CUSIHUI,
Takue Kak moteps curHana [Prikryl et al., 2010]. B nenaBueii padotre [Belakhovsky et al., 2021] mMbl uccneaoBamu
BIIMSIHHE TIOJISIPHBIX HOHOC(EPHBIX BO3MYIIEHUH Ha cunHTIWLIINUN GPS curnana no HabIroAeHUsIM Ha apXumnenare
nmunbepren. Beuto mpoBeneHO CpaBHEHHE BIMSHUS BBICHITAHUA B palfoHE Kacma, cyOOypeBBIX BBICHITAHUHA H
«matyei» nomsgpHoW manku Ha cuumHTWUImMH GPS curnama. Apxunenar IllnuunbepreH B pasHoe Bpems
pacronaraeTcs B paiioHe KacIa, aBpopaIbHOT0 OBaJla, MOJIIPHOM HIAMKH.

B nanHO#l paboTre Oynmer uccieNOBaHO BIMSHUE HOHOC(HEPHBIX BO3MYILIEHHH HAa CIMHTHULLMU CUTHAJIOB
I'JIOHACC u GPS criyTHHKOB JUIsl 5KBaTOpHAJILHOM 4acTH aBpOPaIbHOTIO OBajla C MCIIOJIb30BaHNEM HAOJIOICHUH Ha
Kounsckom nonyoctpose Bo Bpemst CME u CIR Gyps.
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2. Ucnoab3yemble JaHHbIE

HUcnone3oBanuck nanaeie [HCC npuemnmka Septentrio PolaRx5 B r. Amatutel. Cruatwuriiuonssii THCC
npueMHHUK (Mogens GSV4004B) aBToMaTHYeCKH paccUuThiBacT (ha30BbI (0¢) M aMIUIUTYIHBIN (S4) WHICKCHI
CHMHTHJUISIIIMKN, moiHoe anekTpoHHoe coxaepxanue (II9C, TEC - total electron content) monocdepsl. dazoBblit
WHJIEKC CUMHTWULINUI TpencTaBiseT co00i craHmapTHOE OTKIOHEeHHe (a3bl Hecyliel BOJHBI, M3 KOTOPOIO C
noMouiplo ¢GuiIbTpa baTTepBopTa IIECTOro MOpsAKa BBIYMTAETCS HU3KOYACTOTHHIM TpeHn Ha uvacrtore 0,1 I
AMIIATYJHBIX MHAEKC CHUHTWIIALUKN MPEACTaBIsIeT coO0M CTaHAApPTHOE OTKJIOHEHHWE MOIIHOCTH NMPHHUMAEMOTO
curHana Ha gactote 50 I'm, HOpMHupOBaHHOE Ha CpefHee 3HaueHHe MOIMHOCTH B 1-muHyTHOM OKHe. ROT (rate of
TEC) — a0 mepBas mpousBoaHas 1o BpemeHu ot m3MmeHeHwst [I19C. Ontndeckne HaOMIOACHNS NOJPHBIX CHSHAN B
smuccnsax 557.7 u 630.0 aM Ha craHImAX JIoBO3epo 1 ATTATHTHI HCIIONIB30BANIACH TAKKE TSI PETUCTPAIIH Pa3THIHBIX
HOHOC(EPHBIX BO3MYHICHWH. JIIs perucTpanWy TEOMarHUTHBIX BO3MYIICHHH HCIOJNB30BAlNCh JAaHHbIC
MarautoMeTpoB I1I'M Ha crannusx Jloosepo u Jlonapckas, nanusie cetu IMAGE. Bcee cranimu pacnosioskeHsl Ha
KosbckoM MosyocTpoBe 1 UMEIOT CIIeAyIOIINe reorpaduueckie U reoMarannTHele koopanHatsl: Jlomapckas (LOP) —
[68.63 c.m., 33.25 B.1.], [64.94 c.m1., 113.6 B.11.], JToBo3epo (LOZ) — [67.97 c.u1., 35.02 B.1.], [64.22 c.m1., 114.6 B.11.],
Amnatutsl (APT) —[67.58 c.., 33.31 B.11.], [63.86 c.mm1., 112.9 B.A.].

3. AHayIn3 coObITHI

B pab6ote 6bumn pacecmotpens! naaasie [ HCC ¢ mpuemnnka Septentrio B Anatutax 3a 2021 rog. 3a paccMaTpHUBaeMBbIi
MIPOMEXXYTOK BPEMEHHU OBUIO 3apernCTPHPOBAHBI BCETO HECKOIBKO MarHUTHHIX Oypb. B maHHOI paboTte mpoBeneHo
CpaBHEHHME YPOBHS CUMHTWILIALMI curdanos poccuiickoil cuctemsl ' JIOHACC u amepukanckoii cucteMbl GPS Bo
BpeMsi reOMarHuTHbIX Oypb 3-5 HosOpst 2021 1. u 11-12 okTs0ps 2021 .

3.1. Coovtmue 3-5 noaopa 2021 ..

Oro Oblla reoMarHuTHas Oypsi, BbI3BaHHash KOpPOHaJIbHBIM BbIOpocoM Macchl (CME). Ilpuxox MexmaHeTHOM
yAapHO BoJHBI Ob11 3apeructpupoBat B 22.00 UT kak pe3koe yBeJIndeHHe CKOPOCTH, TNIOTHOCTH COJTHEYHOTO BETPA,
MOJyJIsl MeXIUIaHeTHOro MarHuTHoro nonst (MMII), uanekca SYM-H (puc. 1). SYM-H unnexc gocrurain 3HaueHUs
oxo1o -120 HTn Bo BpeMs ri1aBHOH (a3bsl TeOMarHUTHOM Oypu. DTo OblIa HanboJee CHIbHAs TeOMarHuTHas Oyps 3a
mocaenaue 4 rona. CKOPOCTh COHEYHOTO BeTpa MpeBbimaina 3HaueHre 800 km/c Bo BpeMs TaaBHOH ¢assl Oypu. AE
uHjaekc gocruraet 3HadeHus okoJio 3000 uTa. Bz-komnonenta MMII nocturaer 3Hauenwuii -18 #T1 B MOMEHT Havaja
Oypwu, a 3aTeM B TIIaBHYIO a3y OypH.

3-5 November 2021 11-13 October 2021
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Bausnue uonocgepnvix sozmywpenuii na cyunmunnayuu I'JIOHACC/GPS cuenanos 6 aspopanvbhuix wiupomax

Ha pucynke 3 mpezncraBieHO CpaBHEHHE BIUSHUSA MOHOC(EPHBIX BO3MYINEHHH Ha CHTHaNBI ciyTHHKOB GPS u
T'JIOHACC mo nasHBIM TpueMHHKa Septentrio B T. AmaTUTHl IJs JaHHOH TeoMmarHuTHOW Oypm. IlpoBemeHo
cpaBHenue ['HCC cuMHTHIIISAIMI ¢ ypOBHEM reOMarHUTHBIX BO3MYILEHHH MO M3MEpEeHHsIM Ha ctaHuuu JloBozepo.
Beur Takxke ompenener ypoBeHb Pi3/Pi2 mynmbcanumii myTeM BBIYMTAHHS HHU3KOYACTOHOTO TPEHJA M3 HCXOJIHOTO
CUrHaja (CM. MOCJeHUE JBE MaHelIW Ha puc. 3). [ €OMarHUTHBIX MyNbCallMd MOTYT BHOCHUTH 3aMETHBIH BKJIAJ B
coznanue Beicokoro ypoBHs THCC cumHTWILIALUIA, TOCKOJIBKY TeoMarHuTHble myibcanuu (Y HY BoJIHBI) BBI3BIBAIOT
BBICBITIAHUS 3apsDKEHHBIX YacTHIl B MoHocdepy. Haubonpuine 3HaueHus: Gpa3oBoro MHAEKca CHMHTHIULIHUN (0¢~2
panuan), onpenenennsie no cnyrHukam GPS u I'JIOHACC, nabmopanuchk Bo Bpems cyOOypH Imociie BHE3aITHOTO
cxarus MarauToceps! (coositie SSC) B 21-22 UT 3 mostOps 2021 r. Caexyromas cy60ypst B 00-03 UT npuBonut
Oonee HHM3KOMY ypoBHIO (a3oBbix cuuHTHULAMA (0,06-0,7 pam). Bricokme 3HaueHwWs (Ha3o0BOro HHAEKCA
CIUHTWULINNA HaOII0#aIich HE B TEUEHHE BCEro WHTEpBasa cyOOypHW, a BO BpeMs B3PBIBHOH (a3wl cyOOypH.
HonochepHple BO3MYIIEHNS TPUBOIAT K 3aMETHOMY YBEIHUYCHUIO (Da30BOTO MHAEKCA CIMHTHIUILMN HE TOJIBKO B
HOYHOM, HO M B JHEBHOM CEKTOpPE BO BpEMs IOJOXKHUTEIBHBIX OyXT reoMarHuTHoro mnomsa. Hampumep, BumHO
ycunerne ¢a3oBbix cupHTILLIIUN B 10-12 UT 4 sHost6pst 2021 r. (09=1 pagman mas GPS, ce=1,2 pag s
['JIOHACC).

W3 pucyHka 3 BUIHA KOppesiys pocTa (Pa3oBhIX CHMHTHISAIMN C POCTOM aMIUTUTY bl T€OMAarHUTHBIX TYJIbCALIUIL.
Awmmutyna YHY Bons gocturaet 3HaueHus 150-250 #Tn i X 1Y KOMIIOHEHT reOMarHuTHOTO oJ1sl. Bo3amytenuit
aMIUTUTYAHOTO MHAEKCA CIUHTIIIINMN, onpeaensemoro no fan#bM ciiyTHukoB GPS u I'JIOHACC, Bo Bpems 3Tux
BO3MYILEHHUIT He HaOII0JaeTCs.

3.2. Coovimue 11-12 oxkmaopa 2021 2.

Ota marHuTHas Oypsi OblIa BBI3BaHA BBICOKOCKOPOCTHBIM NoTokoM coiHedHoro Berpa (CIR - corotating region
B3aUMOJICHCTBHSA). ITO MarHUTHAs Oyps cpenHert maTeHCHBHOCTH (SYM-H =~ -72 HT1). CKOPOCTH COTHEYHOTO BETpa
npesbimana 3Haderne 500 kv/c. AE-manexc nocruran suadenus 2600 HT (puc. 2).

3-4 November 2021. Apatity, Septentrio.
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Pucynok 3. ®a30Bblii (0p) W aMIUTUTYAHBII Pucynox 4. ®a30Belii (Go) W aMIIMTYIHBINA
WHJICKCHl CUUHTHLTAIM (S4) o qanaeiM GPS 1 WHACKCH COUHTIUIAIHH (S4) mo nanaeiM GPS n
I''IOHACC cnyrtHukoB; Bapuanmuu X U Y- I''IOHACC cnyTtHukoB; Bapuamuun X U Y-
KOMIIOHEHT TEOMarHuTHOrO IMOJs Ha  CT. KOMIIOHEHT TE€OMarHUTHOro TMoJii Ha  CT.
JloBozepo; ammmuryna YHY BomH B X u Y- JloBo3zepo; ammiutyna YHY Bomx B X u Y-
KOMIOHeHTax Ha cT. JloBozepo 03-04.11.2021. KOMIOHEHTax Ha cT. Jlosozepo 11-12.10.2021.

Bo Bpewmst aToit MarHuTHOM Oypr SYM-H mHIeKc uCIBITHIBA 3aMETHBIC BapHalliK, BEI3BaHHBIE TOBOPOTOM Bz-
komrnoHeHTHI MMII k ceepy. Ha cranmum JloBo3epo mocienoBaTenbHO HAOMIOAAMNCE 3 TeOMarHUTHBIE Cy0OypH:
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oxomo 20 UT, 00 UT, 03 UT. Ammnutyna camoit KpynHo# cy00ypu coctaBmiaa okoio 800 HT B X-KOMIIOHEHTE
reoMarHUTHOTO 1O (pHc. 4). Tonbko TpeThs cy0Oyps COMPOBOXKIANACH CHIIEHBIM T€OMarHUTHBIM BO3MYIIICHHEM Y -
KOMITOHEHTHI. Bee 3Ti cy00ypy BBI3BIBAaIOT CHIIbHBIE (Da3oBble cUMHTIILIANUK Kak it GPS, Tak u s [JIOHACC
CHyTHUKOB (0o~ 1,5-2 pam). nst 5TOro coOBITHS TakKe HaOJ0AaNoCh 3aMETHOE YBEJIMUYEHHE HMHEKca (ha30BBIX
CIMHTHJUISIIMA HE TOJBKO B HOYHOM, HO M B THEBHOM cekrope 12 oktsa0ps 2021 r., B 14-16 UT (oo~ 1,5-2 pan ans
GPS, oo~ 2 pamman mis ['JIOHACC). YBenuuenue (Ha3oBOro HMHJAEKCA CUMHTHWULILHMA B JTHEBHOM CEKTOpE
00yCIIOBIICHO TIOJIOKUTENILHOM OyXTOit B reoMarHuTHOM 1oJje (AX =200 HT). AHanu3 nokaspIBaeT, YTO yBEINYCHHE
Gp HE KOppETHpYyeT HampsMYIO C aMIUIMTYAOH reoMarHUTHOTO Bo3MylueHus. Hampumep, maruutHas cyOoypst 11
okTs10pst B 20-21 UT ¢ ammmuryzpoit okono 600 HTn (X-koMIIOHEHTa) MpuBesa K Oojiee 3aMETHOMY YBEIHYCHHIO
(ha30BOTO MHAEKCA COMHTIILULIINN (09~2 pamn), ueM cyooyps 12 oxtsa0ps B 03—04 UT ¢ ammmrynoit 800-900 HTx
(ce=1,5 pam). Takum 00OpazoM, TEOMarHUTHOE BO3MYIIEHHE MEHBIIEH aMIDIMTYIB MOXET NPHBOIUTH K Oojee
BBICOKHMM 3HA4ECHUSIM (ha30BOT0 MHAEKCA CLIUHTHILISALIIHA.

PocT (ha30BBIX CHUHTHILIAINN KOPPEIUPYET C POCTOM aMIUTUTYIBI TEOMAarHUTHBIX Imynbcanuii. YHY BoIHBI MOTYT
MIPUBOJNTH K BBICBHITAHUIO aBPOPAIBHBIX JACTHII, BBI3BIBAIONINX HEOAHOPOAHOCTH B PACHPEACICHUN HOHOC(HEPHOI
mw1a3Mbel. Ammutyna YHY Bons pocturaet 3HaueHus 50 HTn it X u Y KOMIOHEHT reoMarsuTHoro mois. Ho
HEKOTOpPbIe CKa4yKH (ha30BbIX CLHUHTHULSILMNA HE KOPPEIUPYIOT ¢ pocToM ammunTyasl YHUY BoiH. Takum oOpaszom,
noHocgepHble Bo3MyleHus1, npuBosine Kk cuuHTiuinusaM ['HCC curnanoB, MOTYT OBITh BBI3BAaHBI M APYTHMHU
MeXaHHM3MaMH. Y CTaHOBJICHO, YTO HanOoJiee CUIIbHbIe CUUHTUIIISILIMK COBIAIAI0T 110 BPEMEHH C POCTOM aMILIUTY/IbI
YHY BonH.

4. BuiBoabI

B nanHO#l paboTe NpPOBEICHO CpaBHEHHE BIMSHHE CYOOyph M JHEBHBIX TI'€OMAarHUTHBIX BO3MYIICHUH Ha
cipaTIULIIE [ JIOHACC/GPS curnanos Bo Bpemst AByX THoB MarHuTHbIX Oypb (CME u CIR) ¢ ucnonb3oBanreM
npuemHuka Septentrio PolaRx5 B Anmarurax (Mypmanckas o06iactb, Poccus). AHann3 moka3piBaeT, 4TO 3aMETHOE
yBeJIM4YeHUe (a3oBbIX CUMHTHILIALUH (G4 =~ 2) Ha cnyTHUKaX [JIOHACC u GPS mpoucxoauT He TOJBKO BO BpeMs
HOYHBIX CyOOypb, HO M BO BpeMs THEBHBIX TI'€OMAarHUTHBIX BO3MYIICHHH, CBS3aHHBIX C MOJOXHUTEIbHBIMU
MarHuTHeIMH Oyxtamu. Poct (a3zoBoro wuHAekca CHMHTWULINMI HE BCerja INPONOPIMOHANCH aMIUIUTYE
T€OMarHUTHBIX BO3MYIICHUH. [ €OMarHUTHOE BO3MYIIICHHE MEHBIIIEH aMIUTUTYAbI MOXKET IIPUBECTH K 00JIee BHICOKUM
3HAUEHHUAM (PA30BOTO HHAEKCAa CUUHTWULIMHA. YBEJINYEHHE AaMIUIMTYAHOTO WHAEKCAa CLHUHTHWUIALUHA s
I''IOHACC/GPS curaamoB BO BpeMs paccMaTpHUBaeMBIX COOBITHII He oOHapyxeHo. OOHapyXKeHa KOPpPEIAIHs
ypoBHs (a30BBIX COUHTILLINUH ¢ poctoMm ammumutyabl YHY Bomn (Pi3, Pi2 mynecamum). Hambomee cumbHBIE
(ha30BbIe CHUHTHIUTALMY COBIAJIAIOT C MOSBICHUEM JyTI'Hl HOJSAPHBIX CUSIHUI (OPHEHTHPOBAHHON ¢ BOCTOKA HA 3araj
W 3aperucTpUpOBaHHON Kamepod Bcero HebOa Ha craHuuu JloBosepo) m ¢ mnosiBnenneM YHUY BomH. D1oT (hakT
MIOATBEPAKAAeT BaXKHYIO poib Y HY BosIH B reHepanuy Jyr MOJSPHBIX CUSHUM.

Bbaarogapuoctb. HMccnenoBanue BBIMONHEHO 3a cueT rpanta Poccuiickoro maydnoro ¢ouma Ne 18-77-10018
(benaxosckuii B.B.).
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OLNEHKA TPUMEHUMOCTHU UMIIEJAHCHOI'O ITIOAXOJA B
BBICOKUX IINPOTAX BBJIN3N MAT'HUTOC®EPHBIX
NCTOYHUKOB ECTECTBEHHOI'O 3JIEKTPOMAI'HUTHOI'O ITOJIA

B.A. JIro6uny, }FO.A. IllanmoBanosa
Honapueiii eeogpusuneckuti uncmumym, Mypmanck, Poccus; e-mail: lubchich@yandex.ru; yulia@pgi.ru

AHHOTAIMA

MMnienaHCHBIN TOAXO0/T HAIIIEN ITUPOKOE MIPHIMEHEHHE B TIPAKTHKE TeO(PU3NICCKUX paboT B APKTHICCKUX paliOHaX,
SBIISISICH OCHOBOHM METOa MarHUTOTEILTypHUecKoro 3oHaupoBanns (MT3) 3emHoit kopbl. OHAKO, IPOBEICHIE padOT
meronoM MT3 B BBICOKHMX IIMPOTaX HMEET pPsii OCOOCHHOCTEW, CBSI3aHHBIX C pACIPEIEICHUEM HCTOYHUKOB
€CTECTBEHHOI'O 3JIEKTPOMArHUTHOTO IOJII. B apKTHYecKol 30HE KpOME IpPO30BBIX HCTOUYHUKOB U3IIy4YCHHUS,
PacloIOKEHHBIX B 9KBaTOPHUAIBHON oOJiacTh 3eMilM, UMEIOT BIHMSHHUE elle M MarHUTOC(epHbIe HCTOYHUKH,
HaTpUMEp, CUCTEMa TOPU30HTAIBHBIX MOJIIPHBIX TOKOB, TEKYIIUX B BHICOKOIIUPOTHON HOHOC(EpPE (IMEKTPOIIKETHI).
HpOBeHeHHLIe HCCIICOJOBAHUS 6bIJ'II/I HaHpaBHeHI)I Ha OI_leHKy HpI/IMeHI/IMOCTI/I HMICOJAaHCHOTO moaxoJga aJisd
anekTpoMarHuTHeIX BosiH KHY-anana3ona ot MarHuToc)epHBIX HCTOYHHKOB B BEICOKHX IIMPOTaX. BbUIM MpoBeIeHBI
MOACIIBHBIC pacquLI FOpI/ISOHTaJ'ILHBIX KOMIIOHCHT 3J'I€KTpOMaFHPITHOFO I10JIs1 Ha 36MHOI7[ HOBerHOCTI/I OT 3aJaHHBIX
HNCTOYHHUKOB B BLICOKOHIHPOTHOﬁ I/IOHOC(bCpe, a UMCHHO, BepTI/IKaJ'ILHOFO MArHMTHOI'O JHUIIOJIA, FOpI/ISOHTaHBHOFO
BHGKTpI/I‘ICCKOFO JUITOJNIA U FOpHSOHTaJ’IBHOﬁ TOKOBOﬁ ,I[J'IPIHHOﬁ JIMHUU, MO,Z[@J'II/IpOBaBI_Heﬁ Q)parMeHT BHGKTpO,Z[)KCTa.
BCJ'IGI[CTBI/IC npez[nonaraeMoﬁ 6J'II/ISOCTI/I HNCTOYHHKA IT10JII OT TOYKH Ha6J'IIOI[eHI/IH HCITIOJIB30BaJIaCh FOpI/ISOHTaJ'IBHO—
CJIOHUCTas1s MOICJIb E)J'IeKTpOHpOBO,Z[HOCTI/I aTMOC(I)CpBI nu I/IOHOC(I)epLI. Pe3yHLTaTLI MO,I[CJ'II/IpOBaHI/Iﬂ IIOKa3aJid, 4TO
‘{aCTOTHLIi/II JAramna3oH HpI/IMeHI/IMOCTI/I HUMIICJAaHCHOTI'O IToaX04a 3aBUCUT OT SHGKTpOHpOBOI[HOCTI/I 3eMHOI>i KOpI)I.

KuroueBble CJI0Ba: uMnenanc, mojsspHbIE TOKA B HFOHOC(EPE, MATHUTOTEILTYPHUIECKOE 30HANPOBAHHE

Onucanue MOAEJbLHOI0 IKCIIEPUMEHTA

NMniegaHcHBIN MOIXO0/] HAIIEN IUPOKOe MPUMEHEHHE B MTPAKTUKE reoPu3nvecknx padoT B APKTHUECKUX paiioHax,
SIBJISISICH OCHOBOM METOJia MarHUTOTeNMypudeckoro 3ouaupoBanus (MT3) 3emuoit kopst [1]. OgHako, mpoBeaeHUe
pabot metogoM MT3 B BBICOKHX HIMPOTaX UMEET PsJ OCOOCHHOCTEH, CBSI3aHHBIX C pacHpe/eieHneM UCTOYHUKOB
€CTECTBEHHOTO 3JEKTPOMArHUTHOrO moiss. OCHOBHBIM HCTOYHHKOM TOJS B KpaitHe Hu3kodactotHoM (KHUY)
JMara3oHe MPUHATO CYUTATh OYard TPO30BOM aKTHBHOCTH, PACIIONIOKEHHEBIE B 3KBaTOpHAILHON oOmactu 3emum. B
ApKTUYECKOH JKe€ 30HE KPOME TPO30BBIX HCTOYHHKOB H3IYYCHHS HMEIOT BIHMSHHE €IIe W MarHUTOC(EpHBIC
WUCTOYHUKH, HANpUMep, CHCTEMa TOPWU3OHTANBHBIX MOJSPHBIX TOKOB (MEKTPOIKETHI) [2], TeKymux B
BBICOKOIITMPOTHOW HOHOC(hepe Ha BhicoTax okomo 110 kM. 30Ha pacmpocTpaHeHUS ITaHHBIX TOKOB MOXKET
pacrionarateCsi HaJl CeBEpHOM 9acThi0 KoIbCKOT0 MOIyocTpoBa.

C 1enpro ucciaenoBaHus MPUMEHUMOCTH UMIIEIaHCHOTO TMOAX0J1a JIJIsl dJIeKTpoMarauTHEIX BoiH KHY -nnanazona
OT MarHUTOC(EPHBIX UCTOYHUKOB B BBICOKHUX IIUPOTaX OBUIM MPOBEACHBI MOJAEILHBIC PACUEThl TOPU3OHTAIBHBIX
KOMITOHEHT 3JIEKTPOMArHUTHOTO TOJISI HA 36MHON TIOBEPXHOCTH OT 3aJIaHHBIX MOJIEJIbHBIX HCTOYHUKOB B HOHOC(DeEpe,
a MMEHHO, BEPTHKAJILHOTO MAarHUTHOTO IHUIIOJNS, TOPU30HTAIBHOTO AJICKTPUYECKOTO JIMIIONS M TOPU30HTAILHOM
TOKOBOHM UIMHHOW JMHWH, MOJENMPOBABIIEH (QparMeHT anekTpomkeTa. Jnmmaa muamn Osuta mpuasata 300 Km.
BcenencTBue 61M30CTH UCTOYHHKA TIONS OT MPEIIOoIaracMoi TOUYKH HAOIOACHUS HCIOIh30Baach TOPU30HTAIBHO-
CJIOMCTasT MOJENb 3JCKTPOIPOBOJHOCTH atMochepbl W HOHOC]EpHl, MapaMeTpbl KOTOPOW TPEICTaBICHBI B
tabmuie 1. Moaens OCHOBBIBaNIach Ha Pe3yiibTaTaX UCCIECIOBAHUMN 3JIEKTPOIIPOBOIHOCTH aTMOchepbl 1 HOHOC(hEPHI,
W3JI0KEeHHBIX B padoTe [3]. [Ipu MoxenupoBaHiy UCTOYHUK JIEKTPOMATHUTHOTO OISl HAXOAMJICS Ha BeicoTe 110 kM.
Touka HaOII0IeHNs Ha 3eMHOM ITOBEPXHOCTH pacriolarajiach Ha paccTosiHusx 5, 50, 85, 500 kM OT IleHTpa HCTOYHUKA
B OPTOTOHAJILHOM MPOCTHPAHUIO TOKOBOM JIMHUM HampaBlieHWU. YacToTa 3JeKTPOMAarHUTHOIO MOJIs, U31y4aeMoro
uctouyHukamu, coctasisuia 0.1, 0.5, 1, 5, 10, 50 T'u. YenbHoe cOnpoOTUBIEHHE 3€MHON KOpBHl PE NMPUHUMAIIOCH
paaeM 10000, 1000, 100 1 10 OM*Mm.

ITo pesymbTaTaM MOJETHHBIX BBIYHCICHUN aMIUIUTYZ TOPU30HTAILHBIX KOMIIOHEHT J3JeKTpuueckoro Ex u
MarauTHOTO Hy mone# Ha 3eMHOW MOBEPXHOCTH OT 33aJaHHOTO MCTOYHHKA B MOHOC(EpE ONpenesiioch 3HaUCHHE
nMmrieanca Zxy :

Zy =E /H, .

3HayCHUs MOAYJId UMIEAaHCa 3aTeM IEPECUYUTHIBAJIMCH B 3HAYCHHUS KaAXYIIETOCSI COIIPOTUBJICHUA CPEABI Pk,
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KOTOPOEC CPaBHUBAJIOCH C MOACJIbHBIM 3HAUYCHUCM YJICJIbHOT'O COIIPOTUBJICHUA 3€MHOM KOPBI PE:

Bf
Pk = ;
op

TAE ® — KPYroBas 4aCToTa JIEKTPOMAarHuTHOTO IT0JIA, [L — MarHuTHasA IPOHUITAEMOCTH CPEBI.

Ta6aumna 1. [TapamMeTpbl FOPU30HTATBHO-CIOUCTON MOJICIH JJICKTPOIPOBOAHOCTU aTMOChepsl 1 HOHOCHEPHI.

Ne | Onucanme crnos BepruxaibHble rpaHHLBI CIIOS Z, | Y IeTbHOE CONPOTHUBIICHUE CIIOS
KM p, OM*M
1 | 3emnas kopa -30-0 10000; 1000; 100; 10
2 | Hwxwuas atmocdepa 0-30 1012
3 | Bepxuss arMocdepa 30 -60 1010
4 | D-obmacth HoHOCHEPHI 60-90 108
5 | E-cioii nonocdepbl (HUKHSS 4acTh) 90-110 108
6 | E-cmoii nonocheps! (BepXHss 4acTh) 110-130 103

PesyabTaTsl MOIEJIUPOBAHUA

3HayeHNs WMIIEJaHCa Ha 3¢MHON IMOBEPXHOCTH ITIPH MOJIENBHBIX BBIYMCICHUSX 3aBUCETH OT TpPEX BXOIHBIX
apaMeTPOB — YaCTOTHI AIIEKTPOMArHUTHOTO TOJs f, H3IydaeMoro UCTOYHUKOM, TOPH30HTAIBHOTO PACCTOSHHUS OT
HCTOYHMKA JI0 TOUKU HAOIIOEHHS I' ¥ Y/ICIbHOTO CONPOTHBRIICHUS 36MHOW KOpbI PE. BBIOOD JMana3oHa MoJeabHbIX
gactotT oT 0.1 1o 50 I'm 66T 00YCIIOBIIEH PEabHBIM JHANIA30HOM YacTOT, HCIOJIB3yEMBIX B MPAKTUKE MPOBEACHUS
reopusndeckux pador meromom MT3, a Takke TWONOCOW TPOMYCKAHWS WHAYKIMOHHBIX MarHUTOMETPOB,
pa3paboransbix B [1I'M 1 mpuMEHSIBITUXCS IIPH IPOBEICHUN SKCIIEPUMEHTAIBHBIX paboT Ha KobckoM momyocTpose.
BcenenctBue TOTO, YTO 30HA PACHPOCTPAHEHUS TOPHU3OHTAJBHBIX IOJSPHBIX TOKOB (JIIEKTPOIKETOB) MOXKET
3axBaThIBaTh CEeBepHBIE pailoHbl KOIBCKOro MOIyOCTpOBA, MOJENBHBIE PACCTOSHUS OT HCTOYHHKA 0 TOYKU
HaOJII0ICHUS BBIOMPAJIMCH B 5 KM, 4TO COOTBETCTBYET CEBEPHBIM paiiOHaM MOJIyOCTPOBa BOJIM3U OT MarHUTOC(HEPHBIX
HCTOYHHUKOB €CTECTBEHHOTO AJIEKTPOMAarHUTHOTO Mojst, 50 u 85 KM, YTO COOTBETCTBYET IIEHTPAJIBbHBIM paiioHaM
mosyocTpoBa, © 500 KM, YTO COOTBETCTBYET IOKHBIM paifOHAM IONYOCTPOBAa HA 3HAYUTEIBHOM YJIAJIEHHH OT
HCTOYHHKA. Ba)XKHBIM MapaMeTpoM sBIIeTCs YAETbHOE CONIPOTUBIICHHE 3eMHON KOpbI. Tak Gombras gacTs Konabsckoro
MIOJTyOCTPOBA MpPEACTAaBICHA KPUCTAJUIMYECKHM banTHiickuM IIMTOM, OIS TOPHBIX MOPOJ KOTOPOTO YJeIbHOe
comporuBieHue cocrapmsger 10000 Om*M u Beime. Ho B paiioHe momyoctpoBoB Pribaumit m CpenHuid,
PACIIOJIOKEHHBIX B TIEPEXOJHOW 30HE OT Mopox bantuiickoro mura K OCaZOYHBEIM MOpPOJaM FOXKHOH dYacTu
bapeH1eBOMOPCKOIl MIMTBI, UMEETCS OCAAOYHBIM YEXOJ, YAEIbHOE CONPOTUBIEHUE IMOPOA KOTOPOIO MOXKET
cocrapmate 10, 100 mwimm 1000 Om*M. DTHM OOCTOSATEILCTBOM ¥ BBEIOpaH IHANA30H MOJCIBHBIX 3HAYCHHU
COIIPOTHBIICHHS 3eMHOH KOpHI. B paboTe B kauecTBe OCHOBHOT'O HCTOYHHKA 3JIEKTPOMArHUTHOTO 110151 Obl1a BEIOpaHa
TOPU3OHTaJIbHAS JUIMHHASI TOKOBAs JIMHUS, MOJIIIMPOBaBINAs pparMeHT eKTpopkeTa. Ho kpome Toro, MoaenbHbIe
pacueTs! BBIOIHAINCH U ISl TOPH30HTAIBHOTO 3JIEKTPHIECKOTO TUITOJNSA, TAKOH MCTOYHHK MOXKET BO3HUKATH MPH
00pa30BaHUH JIOKAJTHHBIX MEIKOMACIITA0OHBIX HEOJHOPOAHOCTEH KOHIIEHTPAINU 3apsDKEHHBIX YacTHIl B HOHOChepe,
a TaKke IS BEPTHKAIHLHOTO MArHUTHOTO TUIIONSA, TaKOW MCTOYHHUK COOTBETCTBYET BPAIIATEIFHBIM JBIKCHHUIM
3apsDKEHHBIX YaCTHIl BOKPYT CHIIOBBIX JIMHHUM MarHUTHOTO MMOJS. Pe3ynpTaThl MOAEIMPOBAHUS IMPENCTABICHBI Ha
puc. 1. ITo pe3ynpTaTaM BBITOJTHEHHBIX MOAETHHBIX BEIYUCICHHNA MOXHO CIIENIaTh CIICTyIOIIHE BEIBOIHI.

W3 puc. la BuaHO, 9TO 3HAYCHHUS KaXYIIErOCS CONPOTHUBICHUS Pk, BEIUMUCICHHBIC Yepe3 UMIIEIaHC JJIS 9aCTOTHI
anekrpomarHuTHOTO 1o f = 0.1 'y, B cirygae BeIcokoOMHBIX TTopof (10000 Om*m) mpubimkaroTcss K MOJIEITBHBIM
3HAYCHUAM YAEIHHOTO CONPOTHUBIICHNS 3¢MHON KOPBI PE HAa PACCTOSHUSIX OT MCTOYHHKA I TOpsAKa 85 KM 1 OojbIe.
C NOBBIILICHHEM YaCTOTHI KPHBAsk Ka)KyIIETOCs COITPOTUBIICHHS BCe OJIMIKE NPUOIMKAETCS K MO/ICIIbHBIM 3HAUCHHUAM
conpoTtusyeHus, A 4yactoT Beime 0.5 't uMnenaHcHbIN MOAXOA AaeT Xopolnre pe3ynsraTsl. Ho kak mokasbiBaer
puc. 16, pe3ynbTaThl MOJEIbHBIX BBIYHUCICHHH CHJIBHO 3aBHCST OT YAEIBHOTO CONPOTHUBIICHHS MOACTHIIAIOLIMX
mopoa. Tak MpHM yIeabHOM CONPOTHBIICHHH 3eMHON Kopwl pe = 1000 OM™M WMIEnaHCHBIH MOIXOX MOJTHOCTBIO
IIPUMEHNM BO BCEM JMANa30HE PaCCMATPUBAEMBIX 4acTOT f M TOPU30HTAIBHBIX PACCTOSHUI I'.
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Pucynok 1. I'paduky 3aBUCHMOCTH KaXXyIIErocsi CONPOTHBIICHUS CPEJbl Pk, PACCUMTAHHBIC Yepe3 3HAYCHUSI
UMIIEJaHca: a - OT PACCTOSHMA 0 MCTOYHHKA I MPU YAEIHHOM CONPOTHBICHUH 3eMHOW Kopsl pe=10000
Om*M; 6 - TIpH yJOeNbHOM CONPOTHBICHHUH 3eMHOHM Kopbl pE=1000 Om*M (Ha rpadukax a u 6 uuppamu
0603Ha4YeHbI KpuBbIe | — st yacToThI AnekTpoMarautHoro moyst f=0.1 T, 2 - f=0.5T, 3 -f=1T1,4 - f=
5T, 5 — npsiMasi COOTBETCTBYIOIIAsI 3HAYCHHUIO YJICIIBHOTO COIIPOTUBIICHHSI 36MHOW KOPBI); 6 - OT YacTOTHI
anexktpomarsutHoro nons f mpu pe=10000 Om*M; 2 - mpu pe=1000 Om*M (Ha rpadukax g u e muppamu
0003HaueHbI KpUBBIE | — /ISt TOUKN HAOJIIOAEHNS, yaJCeHHON OT HCTOYHUKA Ha PACCTOSIHUE I = 5 KM, 2 - T =
50 kM, 3 - r = 85 KM, 4 — IpsiMast COOTBETCTBYIOIIAS 3HAYESHHUIO yJIEIBHOTO CONPOTUBIICHHS 36 MHOH KOPBI); O -
OT 3Ha4YEHH YAEIbHOTO CONPOTHUBIICHUS 3MHOM KOPBI PE U1l TOYKH HAOJIOCHUS HA PACCTOSIHUM I = 5 KM OT
WCTOYHHMKA ; € - ]ISl TOUKH HAOJI0JICHNS Ha paccTOSHUM T = 85 kM (Ha rpadukax o u e unppamMu 0003HaUCHEI
KpuBble 1 — ais gacToTsl AnekrpomarautHoro mons f = 0.1 Ty, 2 - £= 05T, 3 - =1 ', 4 — npsmas
COOTBETCTBYIOIASl 3HAYEHHSIM Y/AEIBHOTO CONPOTHUBIIEHHS 3€MHOW KOpBI); Ji¢ - OT YacTOTH
3JIEKTPOMArHUTHOTO N0 f U1 Touky HAOMIOACHNS Ha paccTOSHUM I = 50 kKM 0T ucrtouHunKa ipu pe=10000
Om*M; 3 - mpu pe=100 OM*M (Ha Tpadukax s u 3 mudpamMu 0003HAYCHBI KPUBBIE | — IS HICTOYHHKA B BHIC
TOPHU3OHTAILHOM JUIMHHOW TOKOBOW JIMHMH, 2 - AJISl UICTOYHUKA B BHUJIC TOPHU30HTAIBLHOIO DIICKTPHYECKOTO
JMIONs, 3 - JUIS MCTOYHMKA B BHJE BEPTHKAJIHHOTO MAarHUTHOTO JUIOJS, 4 — TIpsiMas COOTBETCTBYIOILAS
3HAYEHHIO yJEIBHOTO CONPOTUBIICHNS 36MHON KOPBI).
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Ha puc. 16 u 12 npeacTaBiIeHbl YaCTOTHBIE 3aBUCUMOCTH KaXKyIETrocs CONPOTHBIICHUS Pk JUISl Pa3HbIX 3HAUCHUN
mapameTpa r. 13 puc. lg BuaHO, 9TO B CiIydae KpuUCTaluIMdeckux mopox bamruiickoro mmra (10000 Om*m)
MMIIEAAHCHBIA TOAXOA MPUMEHNM Ha PAaCCTOSHHSIX OT HCTOYHHKA ropsinka 85 kM. B cirydae sxe Oonee HU3KOOMHBIX
MIOPOJ 0CaI0YHOTO YEXJIa UMITEAAHCHBIN ITOIX0/I IPIMEHHUM Jlake BOIN3M OT UCTOYHMKA (pHC. 12).

Ha puc. 10 u le npencTaBiieHB 3aBUCUMOCTH 3HAUYCHUH KaXKYIIETOCS] CONPOTUBIICHUS Pk OT 3HAUCHUH yJEeIFHOTO
COIIPOTUBIICHHS 36MHOH KOpHI PE. Kak BUIHO 13 prcyHKa 10, TOIBKO IS 4aCTOT 3IEKTPOMArHUTHOTO Toutst Hike 0.5
I'a, BOIM3H OT MCTOYHUKA (X = 5 KM), B CIlydae BEICOKOTO COTIPOTHBIICHHS 3eMHOHI KOpHI (6osee 1000 Om*m), kpuBas
Ka)XXYILErocs: COMPOTHBICHUS OTKJIOHSETCS OT MPSIMOW, COOTBETCTBYIOLIEH MOJEIBHBIM 3HAYCHUSIM YJIEIBHOTO
COIIPOTHUBIICHHS] 3 MHOH KOPBHI.

Ha puc. lowc u 13 npencraieHsl pe3ynbTaThl MOAEIUPOBAHUS ISl Pa3HBIX TUIIOB HCTOYHHUKOB 3J€KTPOMArHUTHOTO
nois (paccrosHue ot ucrouyHuka r = 50 xm). Kak BugHO M3 pucyHKa low, pe3ysbTaThl Uil TOPH30HTAIBHOTO
AJIEKTPUYECKOTO JTUIOJIS ONM3KU K pe3yibTaTaM ISl JUIMHHOM TOKOBOM JIMHHUU. B To e BpeMs, U BEpTHKaIBHOTO
MarHuTHOTO JAWMOJNSA 3HAYEHHs KaKyIIErocs CONPOTHBICHHUS Pk HAWOOJEEe CHIBHO OTIMYAIOTCS OT MOAEITBHBIX
3HAYEHHH yJIEIFHOTO COIPOTHBIICHHUS 3MHO KOpHI Ha yactotax Huke 5 '11 (puc. 1arc). OnHako, 3T0 00CTOATENBECTBO
XapaKTepHO B clly4ae BHICOKOOMHBIX MOPOA Kpuctamindeckoro banruiickoro muta (pe = 10000 Om*Mm). B cinyuae
&Ke MOPOJ OCaJOYHOTO YeXJia C HU3KUM yIeNbHbIM compotusieHneM (pe = 100 OM*M) mMnenaHcHbBIM moaxon
MIPUMEHHM JIsl BCEX THIIOB PACCMATPUBAEMBIX UICTOYHHKOB 3JIEKTPOMArHUTHOTO MOJIs (puc. 13).

BeiBoa

Hcnonp3oBanue Metona MT3, ocHOBaHHOTO Ha UMIIEJaHCHOM IOJIX0/I€, B BEICOKOIIIMPOTHBIX palfoHax ApPKTHKH IS
AJIEKTPOMarHUTHBIX 30HIMPOBAHUH HU3KOOMHOT'O OCaJI0OYHOTO YeXJia BIIOJIHE onpaBiaHHo. [Ipu skcriepuMeHTa bHBIX
paborax B mpezaesax Kpucramindeckoro banruiickoro mura 61uM30CTh MarHUTOCHEPHBIX HCTOYHUKOB €CTECTBEHHOTO
AJIEKTPOMAarHUTHOTO TIOJIS MOXKET OKa3bIBaTh BIMSHHE HA Pe3yJbTaThbl HHTEPIPETALIMA U3MEPEHUI B ClTydae MaJbIX
TOPU30HTATIBHBIX PACCTOSHUH I' OT UCTOUHUKA (MeHee 85 kM) U B ciaydae Hu3Kux yactort f (menee 0.5 I'm).
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AHHOTAIMA

Mopnens aBpopansHOlt mOHOChepsl (AIM-E) mpemnasHadeHa mis pacdera XMMHYECKOTO coctaBa B E-cioe
BBICOKOIIMPOTHOI HOHOC(HEPHI M yIUTHIBACT BIMsAHUE KpaliHero Y@ n3nmyuenns CoiHIA U BBICHIIAHUS 3JIEKTPOHOB
MarHuTOC(EpHOr0 MPOMCXOKACHHS, YTO UPE3BBIYAHO BaXKHO [UISi aBPOpPANbHONM HOHOC(hEpHl, OCOOEHHO B
BO3MYIICHHBIX T'€OMAarHUTHBIX YyCIOBUAX. UTOOBI yBETMUYUTH TOYHOCTh TaiimMupoBaHus Mmonenu AIM-E mnpu
MOJICTIMPOBAaHUN TUHAMHKH COCTOSHHSI MOHOC(Epbl B XOJA€ T€OMarHUTHBIX Oypb U cyOOypb, MBI Hpejaiaraem
napaMeTpu30BaTh SMIUPUUECKYI0 MOAENb BbIchiNaHuii ayekTpoHoB OVATION-Prime ¢ momomiplo Ha3eMHOTO
reoMarautHoro uHaekca PC. Drto gaer cneayromue mupeumyniectBa: (1) mockonbky uHAekc PC oTpaxkaer
reod((EeKTUBHBIE YCIOBHS COJHEYHOTO BETpPa, MOSBISETCS BO3MOXKHOCTH IPOBOJIUTH HOHOC(HEpPHBIE PACUeThl C
BXOJHBIMH JaHHBIMH, MaKCHMaJIbHO NMPHOJMKCHHBIMU K aKTyaJbHBIM T'€OMAarHUTHBIM YCIIOBHSM; (2) ONEpaTHBHO
OLICHWBATh TEKYIIYI0 T€OMarHUTHYIO 0OCTaHOBKY, IIOCKONBKY HHIEKC PC TOCTyNEH B peXXUMe pealbHOrO BPEMEHH C
MUHYTHBIM BPEMEHHBIM Pa3pEIICHUEM.

Beenenne

MHorue TeopeTHYecKHe M MpPaKTHYECKHE 3a/laud, CBS3aHHbIE C BBICOKOUIMPOTHOW HOHOC(Epo, TpedyroT
KOMIUICKCHOTO aHaln3a pPETyJIsSpHBIX Ha3eMHBIX M KOCMHUYECKHX H3MEPEHHH B COYETaHHH C YHCICHHBIM
MOJISIIUPOBAaHUEM T'eo(U3NIECKUX MporieccoB. Mozens aBpopanbHoit noHocepsl (AIM-E) (Nikolaeva et al., 2021)
paspaboTraHa Al OLEHKH NapaMeTpoB BHICOKOIIMPOTHOH E-o0macTu moHOC(Eps! M yUMTHIBAET HMOTOK KpaiHEro
cojHeuHOro Y@-m3iyueHns W BBICBIIAHUS 3JIEKTPOHOB MAarHUTOC(EpHOTro MpoucxoxkaeHus. Oba HCTOYHHKA
MOHM3ALMHA MOTYT 331aBaThCsl C UCIIOJIb30BAaHUEM CITyTHUKOBBIX M3MEPEHHUH MIIH SMITUPHYECKUX MOJIEIICH.

OMmupudeckas Moaels Beichimannil 31eKTpoHOB OV ATION-Prime (Newell et al., 2010) nHTETpHpOBaHA B MOJIEIH
AIM-E nnst onieHKH ri100abHOTO pacrpezeIeH sl BBICHINAOIINXCS YaCTUIl U MOXKET MPUMEHSTHCS JJIsl OTIMCAHUS
KPYMHOMACIITA0HOH TUHAMHUKHA HOHOC(EPHI B aBpopaibHOi 30He. PC-uHAEKC ObLI MIPUMEHEH B KaueCTBE BXOJHOTO
napameTpa JUI OIEHKH 3HEePreTHYECKUX XapaKTepPUCTHUK MOTOKOB BBICHINMAHUM 31ekTpoHOB B Mojenn OVATION-
Prime u COOTBETCTBEHHO CTal YNPaBJAIONIMM IapaMeTPOM, PETYIHPYIOIIUM BBICHIIIAHUSA DJIEKTPOHOB B MOJEIH
noHochepst AIM-E (PC) (Nikolaeva et al., 2022). PC-unnexc 0bu1 BriepBbie nipeioxkeH (Troshichev et al., 1988) B
KauecTBE Mephl FT€OMAarHUTHON aKTMBHOCTH B MOJSPHON mianke. JlaHHBIN MHIAEKC HOPMUPOBAH Ha 3JIEKTPUYECKOE
noste costHeuHoro Betpa (Kann and Lee, 1979) n paccuuTBIBA€TCS 110 TOPU30HTAIBHON COCTABIISIONIEH T€OMarHUTHBIX
BO3MYILEHHUI1 B CEBEPHOH 1 FO’KHOM MOJISIPHBIX MIankax Ha ctanusax Tyne (anus) nu Bocrok (AnTapktuna). (Liou et
al., 2003) mokazanu TECHYIO CBsI3b BapHalMii TreoMarHuTHoro HuHAekca PC C BBICHIIAaHUSAMH aBPOPAIBHBIX
3eKkTpoHOB: 0T 48% (1ero) mo 59% (3mma) m3MeHeHuid 1-mMuHyTHOro PC-HHIEKCA COOTHOCHTCS ¢ U3MCHEHHEM
MOIITHOCTH aBPOPAJILHOTO CHUSHUS B MOJYILIAPHUHU, BEI3BAHHOTO MPOAOJIBHBIMU TOKAMH, CBA3aHHBIMU C BBICHITAHHEM
YaCTHUIL.

Pesynbrarel momenmupoBanust AIM-E ¢ ucnombszoBanuem OVATION-Prime (PC) aemMoHCTpupyrOT Xopoiiee
coryiacue ¢ JaHHBIME paxapa HekorepeHTHoro paccesHusi (EISCAT UHF, Tromso) um maHHBIMH BEpTHKAIBHOTO
30HIUPOBaHUsl B apkTtudeckoil 3oHe (Nikolaeva et al., 2022). Mozaenb XOpOIIO BOCIPOHU3BOIUT JJIEKTPOHHOE
colepxaHne B BepTHKadbHOM cToibe (90—140 kM) M KpPUTHYECKYI0 YacTOTy cropaamdeckoro ciosi E,
chopmupoBaBIIeTrocs 3a c4yeT BhIChIIaronuxcs ekTpoHoB. AIM-E (PC) MoxeT mpuMeHAThCS 151 MOHHUTOPUHTA
criopaguueckoro cios E B pexxume peassHOr0 BPEMEHHM W BO BCEH BBICOKOIIMPOTHON HOHOC(eEpe, BKIOUas
aBPOPAIILHYIO U Cy0aBpOpaIbHYIO 30HBI.

Moaeas AIM-E (PC)

Auroral Ionosphere Model (AIM-E) paccunThiBaeT KOHIIEHTPAIMIO MajblX HEHTpadbHBIX KOMIIOHCHT, HOHOB H
AJIEKTPOHOB B jamarna3oHe BBICOT OT 90 70 140 kM B BBICOKHMX IMHpoTax. Mojenb CrmocoOHa BOCIPOU3BOIUTH
MOHOC(HEPHBIH OTKJIMK Ha T€OMAarHUTHBIE OYPH M CyOOypH ¢ TOCTATOYHON TOYHOCTBHIO U MOXKET OBITh MCIOJIb30BaHa
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JUTSL OTIMCAHUS JUHAMHUKH XMUMHYIECKOTO COCTaBa B OBaJIe MOJISIPHBIX CHSHUN B BO3MYyILEHHbIE iepro sl (Nikolaeva et
al., 2021).

Omnupuueckass mozaenb Bbickimanuii OVATION-Prime, wHterpupoBannHas B AIM-E, mosBoiser mnomydyuts
IIPOCTPAHCTBEHHOE paclpeielieHue apaMeTPoB NEKTPOHHBIX BBICHINAHUH B BeIcOkHX mupoTax (MLAT = 50°-90°)
Ha quckpeTtHol cetke (MLT X MLAT = 0.254 % 0.25°). Moaens ocHOBaHa Ha JAHHBIX O YacTHUIAX CIyTHHKOB DMSP
3a /IBa COJHEYHBIX nuKia. CIlyTHUKOBBIC JJTaHHBIE OBUIM HOPMHPOBAHBI Ha MapameTpsl conHeyHoro Berpa (CB) u3
oTkpbIToil 0a3bl maHHbEIXx OMNI (https://omniweb.gsfc.nasa.gov/ow.html). OgHako, TOUHOCTH MapamMeTpU3alMy Ha
ocHoBe naHHbpIX OMNI cTpagaer o nBymMm ocHOBHBIM npuuuHam: (1) mapamerpst CB, namepenHsie B Touke Jlarpamka
L1, ve Bcernma sBmstrorcst reoddexTuBHEIMU (He onMHAKOBHI B L1 U Ha okomozeMHO# opbute), a B 20% cirydaes
BOOOIIE HE B3aUMOICHUCTBYIOT ¢ MarHuTochepoit 3emmm (Vokhmyanin et al., 2019); (2) mpocTpaHCTBEeHHOE
pacmpeneneHre W SHEPTeTHYECKUI  CHEKTP  BBICHIMAIOIIMXCS  YacTHIl  CYIIECTBEHHO  3aBHCAT  OT
BHYTPUMArHUTOC(EPHBIX MPOLECCOB, APYTUMH CIOBaMH, NPH CX0KuX ycinoBusax CB cocrosHre MarHurocheps! u,
CJIEIOBATENIFHO, €€ B3aUMOJICHCTBHE C HOHOC(HEPOH MOXKET Pe3KO pa3iuyaThecs OT cirydas K ciuydaro (Troshichev,
2017). JIng OmeHKW mapaMeTpoB BBICOKOIIUPOTHOW HOHOC(HEPH MBI HCIONB30BaIH TeOMarHuTHHIH uHIekc PC,
KOTOPBIH SABJIAETCS MOKa3aTesieM moctymieHus sHeprud CB B maraurocdepy 3emutu (Pesomronus XXII Accambien
MAT'A, 2013), B kauecTBe BXoJgHOro napamerpa B mojenb Bbicbimannii OVATION-Prime, kak 3To moka3aHo B
(Nikolaeva et al., 2022).

Jnist pacdeTa BEpTUKAIBLHOTO paclpelielieHnsi HOHOC(HEPHBIX MapaMeTPOB HEJOCTATOYHO CPEIHHUX XapaKTEePUCTUK
yactul, mnoiny4yaemMbix mo wmozaend OVATION-Prime. JluddepeHnuanbHple MOTOKH — AJIEKTPOHOB  OBUIH
PEKOHCTPYHPOBAHbI 110 BEIMYMHE MOTOKAa M cpeaHei sHepruu minst: (1) mud¢ys3HBIX 37IEKTPOHOB, MpeIIosaras
MaKCBEJJIOBCKOE PACHpPeieNICHHE CIIEKTPa 1 (2) MOHOIHEPTETHIECKUX IICKTPOHHBIX ITyYKOB, HCIIOIb3YsI HOPMaJIbHOE
pacIipeseneHue ¢ qucrepcueil paBHOM MOJIOBUHE Pa3HOCTH LEHTPANBHBIX SHEPTUH MEXy KaHAJIaMH, COCETHIMH C
KaHaJlOM CPEJHEH SHEepruu Mmydka (B COOTBETCTBHH C KPHUTEPHAMH OIIPEACICHUS MOHO’HEPIeTHYECKOTO ITydKa B
pabote Newell et al., 2009). IIpumepsl peKOHCTPYKIUH TU(PPepeHINATHHBIX IOTOKOB JCKTPOHOB 110 Pa3IHIHBIM
CpemHUM BenuMuuHaM I8 AU (Gy3HBIX (KpacHbIC JWHHHM) M MOHORHEPIETHYECKHX (CHHHE JIMHWH) 3JIEKTPOHOB
NokKazaHbl Ha pucyHke 1. UepHbIMM JNHHHMAMHU II0Ka3aH CyMMapHblid quddepeHnrnanbHbli MOTOK 3JIEKTPOHOB,
SIBJISIFOLIIMIACS] BXOJHBIM IapaMeTpoM uist HoHoc(hepHbIX pacueToB 1o Monenu AIM-E (PC).
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Pucynok 1. Ilpumepsr BoccTaHOBIIEHHS AH(pPepeHNnaNbHBIX CHEKTPOB 3JIEKTPOHOB: YEpHBIE JHHUU —
cyMMapHbId cnekTp IudQy3HBIX M MOHOPHEPreTHYECKHX BBICHIIAHWK; KpacHble W CHHUE JIMHUM —
M epeHnnaNbHbIA TOTOK dHEeprui TU(QyY3HBIX 1 MOHOIHEPTETHYECKUX 3JIEKTPOHOB B MPEATIONOKEHUH

MaKCBEJJIOBCKOTO W HOPMAJIBHOTO PAacIpelesieHns] COOTBETCTBEHHO. a — CpenHsis dHeprus AupQy3HbIX
3JIEKTPOHOB 2 K3B, cymmapHsiii notok snektponoB 10° cMm2c™!;  cpeanss sHEprus MOHOZHEPTETUIECKHMX
3JEKTPOHOB 7 k3B, cymMmapHbiii 10TOK 3nektpoHoB 10° cm2c™!. b — cpemusis sHeprus audQysHbx

3JEKTPOHOB 3 K3B, cymmapHsiii notok snektponoB 10° cMm2c™!;  cpeanss sHEprus MOHOZHEPTETUIECKHX

51eKTpoHOB 12 k3B, cymMapHbIii moTok snekTponoB 2-10° em2¢ !

CpaBnenue pacuetoB moaesieii AIM-E (PC), CTIPe u IRI-2016 ¢ nannabimu pagapa EISCAT
Pe3ynbraThl pacueToB BEpTHKaJIBHOTO paclpeieieH s 31eKTpoHHoN KoHueHTpamuu o moaenn AIM-E (PC) 6butn
COIIOCTABJICHBl C JaHHBIMHM panapa HekorepeHtHoro paccesHust EISCAT (https://portal. eiscat.se/madrigal/) u
pacueramu o monensim CTIPe (Codrescu et al., 2008) u IRI-2016 (Bilitza et al., 2017).

Coupled Thermosphere lonosphere Plasmasphere Electrodynamics Model (CTIPe) 310 TnobanbHas MOJIENb
noHocGEPsI, KOTOPasi PACCYUTHIBACT KOHIEHTPALHUIO 3JIEKTPOHOB, HEMTPAIOB M HOHOB B JHaIa3oHe BbICOT OT 90 10
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2000 kM. CTIPe cocroWT W3 YeThIpeX OTHEIBHBIX OmoKoB: (1) Momems rinobampHOM Tepmocdeps; (2) Momensb
BBICOKOIMPOTHOW HoHOchepsl; (3) — ™omens uoHOcheps/mIazMocepsl CpeIHWX W HHZKHX IIHPOT;
(4) PMeKTPOAMHAMUYECKUH pacydeT IN100aJbHOro AMHAMO-3JIEKTPUUECcKOro nojst. BxonusiMu napamerpamu CTIPe
ABIAIOTCS  IOTHOCTH CB, ckopocte u  koMmmoHeHTsl MMII co cmyrHukoB DSCOVR wumn  ACE
(https://www.swpc.noaa.gov/) s pexuma peanbHoro BpemeHn win gaHHele OMNI mns monenmupoBaHus
ucropuyeckux coodbrtuil. Bepcus mogean CCMC nmeeT BpeMeHHOE paspelieHue 15 MUHYT.

Monens International Reference lonosphere (IRI) 310 sMnupuyeckas MOJICNb, MPEACTABIIAIONIAS COOOU CHHTE3
OOJIBIIMHCTBA MUMEIOLIMXCS Ha3eMHBIX M KOCMHUYECKHX M3MEpEeHHH XapakTepucTHk nonocgepsl. IRI mpeacrasnser
co00 cpegHeMecsIHbIe KOHIICHTPALNN M TeMIepaTyphl 3JEKTPOHOB M MOHOB B muama3oHe BbICOT 50-2000 kM u
SBIISICTCS CIIPaBOYHOM Moembio HoHOchepsl. Bepcns monenn IRI-2016, ucrions3oBaHHas B JaHHOH paboTe, SBISIETCS
ee mocnenHe moxmdukamueir. IRI-2016 mo3Bonser akTHBHpOBaTh “‘pexuM Oypu” (Mertens et al., 2013),
pa3pabOoTaHHBIA CIIEMHABFHO Ui Oojiee KOPPEKTHBIX pacyeToB mapameTpoB E-o0macTu MOHOC(EpH B BBICOKHX
MIMPOTaX BO BPEMsI TEOMAarHUTHBIX BO3MYILCHHUI.

CormocTaBieHre MOJICNBHBIX PACUETOB C U3MEPEHUSMH pajapa ObIIO BBIIONHEHO I cyo0ypu 18 sHBaps 2007 T.
HaoOmromaemoit ¢ 18:00-21:00 UT ¢ yBenuuenuem unaekca AE mo 450 uTn. Ha Puc. 2a nokaszano pacmpesencHue
3JIEKTPOHHOH KOHIEHTpauuu B MakcumyMme E-cros, nomydyennoe o mogenu AIM-E, Bo Bceit aBpopaibHOMN 30HE IS
20:22 UT. BenuuuHa 371eKTpOHHON KOHIIEHTpAallMU B 00JacTH Hanbosee MHTEHCUBHBIX BBICHITIAHUH 3JICKTPOHOB
nocruraer 4-10'" M. KpacHoll TOYKko#f 00603HAaUYEHO MECTOPACIOJIOKEHHE Pajapa HEKOTEPEHTHOTO PACcCEsHUS
EISCAT. BumHo, 4To pajmap pacrojiaraercd Ha TpaHMIE aBpOpaJbHON 30HBI M JIEKTPOHHAs KOHILIEHTpAIUs B
MakcuMyMe cnos coctaBnsger 2.4-10'! M. Bo Bpems paccmarpuBaemoro coOwmtus pamap EISCAT, Tromso

(69°350 N, 19°130 E) padotan mo nporpamme 3oaaupoBanust ARCI: quamna3zoH BbICOT: 96—422 KM; IIIar 1Mo BEICOTE:
0.9 xM; pazpewenue no Bpemenu: 0.44 c; aHTeHHA HaIllpaBJIeHa B MArHUTHBIN 3€HUT.

18 January 2007, 20:22 UT
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PucyHok 2. a — kapTa NIpoCTPaHCTBEHHOIO paclpeAeaeHUs JIEKTPOHHON KOHIIEHTPAI[MY B MAKCUMyMe CIIOsI
E nna 18 smBaps 2007 1., 20:22 UT. KpacHoil Toukoil 0003HaYeHO MECTOPACIIOJIOKEHUE paaapa
HexorepenTHoro paccessauss EISCAT (Tpomce, Hopserus). Cucrema KOOpAUHAT — COJTHEYHO-MArHUTHAS
(SM); b — BepTuKanbHOE pacrpeieleHne dJIEKTPOHHON KOHIICHTPAINH, PACCYMTAHHOM TI0 TPEM MOJETSM U
M3MEPEHHOH pagapoM HEKOTePEHTHOTO paccesHus, B Juana3oHe BBICOT oT 96 mo 140 kM s 18 staBaps 2007
r., 20:22 UT. Cunss, 3eneHas u 9epHas TuHHN — pacdeTsl o moaemsim AIM-E (PC), CTIPe u IRI-2016
COOTBETCTBEHHO; KpacHast IMHUS — JaHHbBIe pajapa HekorepeHTHOro paccesHust EISCAT, Tromso.

Ha Puc. 2b npuBeneHs! BepTHKaIbHBIE PO JIEKTPOHHOI KOHLEHTPAIMH, PACCUNTAHHBIE IO TPEM MOJIEIISIM 1
HU3MEPEHHBIC PalapoM HEKOTEPEHTHOTO pacCesHUs B Auamna3oHe BEICOT oT 96 mo 140 km. Monens CTIPe (3enenas
TuHUS) ¢ 15-MMHYTHBIMH BXOJIHBIMH aaHHbIMH CB, a Taxke monens AIM-E (cuHss MHHMS) TOCTATOYHO XOPOIIO
OIMCHIBAIOT BEPTHKAIBHOE PaCIpeielICHHE 3JIEKTPOHHOW KOHLEHTpaluK B E-cioe BBICOKOIIMPOTHONW HOHOC(EPHI U
MOKA3bIBAIOT HE3HAUUTENILHOE PACXOKIEHHE C JAaHHBIMH pajapa HEKOT€PEHTHOIO paccesHHs (KpacHasl JIHMHUS).
Onnako wmozens IRI-2016 (¢ BKIIOYEHHBIM “pEKUMOM Oypu”) BO BCEM HCCIIEAYEMOM JWANa3oHE BBICOT
HEJIOOLEHUBACT IEKTPOHHYIO KOHIICHTPAHIo OoJiee YeM Ha MOPSIIOK U PACXOJUTCS ¢ HAOMIOJEHUSIMH B CPETHEM B
35 pas.
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3akioueHue

Ucnons3oBanue PC-unpexca B kadecTBe BXojgHoro mapamerpa B mojenu AIM-E (PC) mosBomisier yuuThIBaTh
AKTYyaJIbHBIH MOTOK YHEPTUU COJHEYHOTO BeTpa B MarHutochepy 3emiu. DT0T pakTop odecneynBaet 60jaee TOUHOES
TaMHpPOBAHUEC NUHAMHYCCKHX TMPOLECCOB B aBPOPAJbHON HOHOC(Epe, UYTO OCOOCHHO BaXHO BO BpeMs
TFCOMAarHUTHHIX Oyph u cy00yps. AIM-E (PC) He 3aBHCHT OT KOCMHYCCKUX HAOIIIOJICHUMN, TO3TOMY MOJIEIb MOXKET
paboTaTh gaxke MPU OTCYTCTBUH TAHHBIX O COJTHEYHOM BETPE, OCHOBBIBASICh TOJILKO HA TAHHBIX HA3EMHBIX MATHUTHBIX
HaOJIOICHNUH B MTOJISIPHBIX IIAIKaX.

Mopnens AIM-E ¢ PC-unmekcoM B KadecTBe BXOAHOTO mapamerpa Hapsany ¢ moxaenpto CTIPe moxer OBITH
HCIIOJIb30BaHA B apOpalbHON 30HE Ul KOJUYECTBEHHOMN OLIEHKHM pacHpeleseHUs JEKTPOHHOM KOHLEHTpalUH BO
BpeMsI TEOMAarHUTHBIX BO3MyIIeHHH, B omimamu oT Mozenu I[RI-2016, moxassiBatomieil CHIBHO 3aHIKCHHBIC
BEJIMYMHBI OTHOCUTEIHHO U3MEPEHUH pasiapa HEKOTEPEHTHOTO PACCESHUSL.

Bbaaromapnoctu

ABTOpBI GlaromapHbl 3a MPEIOCTABICHHBIC TaHHbBIE, HCIOJb30BaHHbIE B padore. MHmexc PC mist ceBepHOro u
FO)KHOTO TOTyIIapuid JocTymeH Ha http://pcindex.org/archive. Jlanabie pagapa HekorepeHTHOTO paccesaus EISCAT
noctymHel B 0ase maHHbIx Madrigal (https://portal.eiscat.se/madrigal/). Mogmemuposarnne CTIPe u IRI-2016
BEIMIONHSJIOCH ¢ Wcmoib3oBaHueM  pecypcoB  Community Coordinated Modeling Center (CCMC)
(https://ccmce.gsfc.nasa.gov/).

DuHAHCHPOBaHME

Pa6ora Hukomaeoii B./I. BeIITOTHEHA B paMKaX IUIaHa HAYYHO-HCCIIEIOBATENILCKUX M TEXHOJIOTmYeckux pador HUY
Pocrunpomera, m. 6.1. «Pa3Butne U MoJepHM3AIMS TEXHOJIOTHH MOHHTOPHHTA reo(U3MYECKOH OOCTAHOBKH Ha[
teppuropueii Poccuiickoit ®epeparmn um Apktukm». Pabora Topmeea E.UM. BhINONHEHa TIpH TIOAICPKKE
MuHHCTepCTBa HAYKH U BBICIIET0 oOpasoBanms Poccuiickoit @eneparym, cormamenue Ne 075-15-2021-583.
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AHHOTAIIUSA

ConHevHbIE PEHTT€HOBCKHE BCIIBIIIKH PUBOIAT K YBEITMUCHHUIO 3IEKTPOHHON KOHIIEHTPpaUy B HIDKHEH HOHOC(hepe,
KOTOpasl SIBIISIETCSI BEPXHEH CTEHKOW BOIHOBONA, B KOTOpoM Bo30yxmarotcs lllymanoBckue pe3onance (ILP). B
paboTe HCHONB30BaHMCh SKCIEPUMCHTANBHBIC TaHHBIE IONydeHHbIE B oOcepBatopun «MuxaeBo» W PAH.
[IpencraBneHsl pe3yabTaThl MCCIEAOBAHUS 3aBUCHMOCTH Bapuanuii 4acToT mepBeIX Tpex Mmon P or moroka
PEHTTCHOBCKOTO M3ITYYEHHS B Pa3lUYHBIX CIEKTPAIbHBIX AMamna3oHax. IlokasaHo, uro m3meHeHne 4acToTsl IIIP
JMHEHHO 3aBUCHT OT JIoTapr(Ma MOTOKAa PEeHTTeHOBCKOTO m3rydeHus B auana3one 0.01-0.3 am.

Beenenue

IlymanoBckue pesonancel (IIIP) mpeacraBnsiior co0Oif MOCTOSHHO CyIeCTBYMOLee B 3eMHOI armocdepe
anekTpoMarHuTHoe w3nydeHne (OMU), chmekTp KOTOpOro XapakTepu3yeTcs HaIWIHeM SIPKO BBIPAXCHHBIX H
JIOCTAaTOYHO YCTOMYMBBIX YaCTOTHBIX MakcuMyMoB. B 1952 r. W.O. Schuman [Schumann, 1952] Teoperudecku
Ipe/icKa3all CyIeCTBOBAaHUE PE30HAHCHBIX MOJI HA YacTOTax ONMM3KuX K 8, 14, 20 ... I', BOSHUKAIONINX B pe3yIbTaTe
uHTephepeHnnn Hu3KodactoTHoro OMU B BomHOBome 3emusi-moHocdepa. CymiecTByeT MHOXKECTBO padoT,
MOCBAIICHHBIX ATOMY SIBICHUIO [Sentman, 1995]. BemencrBue cBoeid ria00anbHOM mpupoasl, SR MOTyT Hame:KHO
PETUCTPUPOBATHCS B JIFOOOM PETHOHE HA MOBepXHOCTH 3eMi [Sentman and Fraser, 1991; Price, 2004] u sBIsttoTCS
WHIUKATOPOM TJI00ANBbHON TPO30BOW aKkTUBHOCTU Ha mnaHeTe [Heckman et al., 1998], Tak kxak TOYHbIE 3HAYEHHS
9acTOTHl MUKOB criekTpa IIIP cBsA3aHBI ¢ MPOCTPaHCTBEHHO-BPEMEHHBIM paclpee/ieHHeM U WHTEHCHBHOCTBIO I'PO3
[Nikolaenko et al., 1998].

Curnasnbel SR, Bo30yKaaeMbie TPO30BBIMHU pa3psiaMH, PaclpoCTPAHSIOTCS B BOJIHOBOZAE 3emist — noHochepa u
HecyT HH(GOPMAIHIO KaK 00 UCTOYHMKAX, TaK M O IIapaMeTpax pacipoCTpaHeHHs 3JIEKTPOMAarHUTHOTO H3iydeHus [’
JMarna3oHa, OIpeesIeMbIX CBOHCTBAMH BEpXHEH CTEHKH BOJIHOBOIa — D 001acThi0 HOHOC(EPHI. DTO 03HAYAET, YTO
CHJIbHBIE TelHoreo()M3NUecKre BO3MYIIEHHS, TaKHe KaK, COJHEYHBIE BCIBIIIKH, MarHUTHbIE OypH, BBICHIIAHMS
BBICOKOOHEPI€THYECKNX YaCTHI], MPUBOISIINE K M3MEHEHHIO COCTOSHMS HIKHEH HMOHOC(EpBl, MOTYT OKa3bIBaTh
BiustHAe Ha apametpsl P [Schlegel and Fullekrug, 1999; Satori et al., 2005].

IJKCcNepuMeHTATbHbIC pe3yJbTaThl H 00pa00TKA JaHHBIX

I'eodusuueckas obcepBatopust «Muxueso» UJII' PAH pacnonoxena npumepto B 100 kM K rory oT Mockss (54.96N,
37.76E). O6cepBaTopusi pacmojaraeTcs Ha 3HAYUTEIBHOM YAAJICHHH OT KPYIHBIX HACENCHHBIX ITYHKTOB H
npoMbIIieHHBIX 00bekToB. C koHIa 2011 roma B Hel BemeTcsl HEMPEPBIBHAS PETHUCTPAIHS IIEKTPOMArHUTHBIX
curmaioB B KHY/OHY nmanmaszone. B HHM3KOYAaCTOTHOM Juamna3oHe B KadeCTBE JAaTUYMKOB HCIOJIB3YIOTCS
MHYKIUOHHbIe MarHuTOMeTpbl MFS-06 (dhupmbl Metronix), OpueHTUpOBaHHbIE B HAIPaBJIeHUN MarHUTHbIN CeBep-
IOr u 3anan-Bocrok. Ins reodusnueckoit odcepBatopun «MHUXHEBO» MECTHOE MarHUTHOE T10JI€ IMEET BOCTOYHOE
MarHuTHOE CKJIIOHEHUE BeNW4MHOHM B 9 rpagycos. Perucrpanus Beaercs Ha 10 xaHanmbHBINA 24-pa3psaHbIA J0rTEp
ADU-07 ¢ yactoToii oundposku 256 I'i. Bpemennas npussska ocymectnisiercs cpeactsaMu GPS ¢ Tounoctsio 30
HC. Anmaparypa pa3MelieHa B Jiecy, Ha paccTostHUM okoto 500 M oT 6iyKal X MCTOYHUKOB IMPOMBIIIIEHHOH CETH.
Maruutomerpsr MFS-06 umerot kpaiiHe HU3KHI COOCTBEHHBIH yPOBEHB IIIyMOB.

Husknit ypoBeHb NpOMBINUIEHHBIX HIyMOB B ['®O «MuxHEBO», BBICOKAS YyBCTBHTEIBHOCTb M IITHUPOKHH
JUHAMUYECKHUH AMana3oH anmapaTypbl HO3BOJISIOT IIPUHUMATh CBEpXCiiabble CUTHANBl. Bce MCXOaHBIE AaHHBIE 32
nepuon ¢ 2011 mo H.B. XpaHATCS B BHAE BOJTHOBHEIX (opM Ha cepBepe M/II' PAH. D10 mo3BossieT UCIOIB30BATh
pas3IUYHbIE METOBI 00paOOTKU CHUTHAIOB.

[Tpumep wacToTHOTO criekTpa B auamna3zoHe yactoT oT 0 1o 50 I'm, mosrydeHHOTO Tipr 00pabOTKe CYTOYHOM 3aIUCH
CHTHaJIa MarHMUTHOTO 1oJst 1o komroneHtaM Hx n Hy 3a 10 cents6ps 2017 r npeacTasiena Ha pucyHke 1 (BepxHsis
u cpenusis nmaHenu). Ha Hem xoporuo npociexxusarorcst 5-6 nepseix LllymaHoBckux pesonancos. [Tocne 16 yacos B
quanasoHe 1-15 T’ Xopomno BUIHBI XapaKTepHBIE «BOCXOJSIINE» MaKCHUMYMBI, CBSI3aHHBIE C HOHOC(HEPHBIM
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aJBBCHOBCKUM pe3oHaTopoM. HaumHas ¢ 18 4yacoB OHM HAYMHAKOT MEPEKPBIBaTH MepByro Moxy lllymaHoBCcKOro
pe3oHaTopa.

OfHUMHU U3 OCHOBHBIX MOMEX MpHU OmpeneieHuH mnapamerpoB IIlyMaHOBCKMX PE30HAHCOB SBISIOTCS OJM3KHE
chepukn — CUTHAIBI OT TPO30BBIX Pa3psanaoB. T.K. CEKTp chepuKa sIBISAETCS MIHPOKOMOIOCHBIM M MPUCYTCTBYET B
ToM uncie u Ha [IlyMaHOBCKMX 4acTOTax, TO OH SBJIIETCS IOMEXO0i IpH omnpeneneHun napamerpos LllymanoBckux
pe3onaHcoB. VX xapakTepHas JUINTEIFHOCTD €IUHUIIBI — AeCATKH MIUDTHCEKYH . Ha puc. | (HIDKHSS TaHewh) IToKazaH
aMIUTUTYIHBIA CHEKTp BapHalWii MarHUTHOTO 1ot B auanaszoHe 1o 50 I'p ¢ 9:50 mo 10:30 UT. 6mmskue chepukn
BHIHEI B BUJE IPKUX BEPTUKATGHBIX JTMHHUMN.

50

10-Sep-2017 Hx
P T T T

9:50 9:55 10:00 10:05 10:10 10:15 10:20
uTt

Pucynok 1. Cyrounas 3anucs Bapuanuu OMU B nquanazone vactot ot 0 1o 50 I'y, 3apeructpupoBaHHOTO B

I'®0 «Muxueso» 10.09.2017 mo nByM KOMHOHEHTaM (BEpXHsIsl M CPEAHSS TaHeINH), 3aKch Bapraru OMU

B nuamna3oHe dactot oT 0 1o 50 I'i, 3apeructpupoBanroro B @O «Mwuxuaeo» 10.09.2017 B nepuox ¢ 09:50

110 10:30 UT (H¥KHSS TAaHENb).

OOBIYHO, A1 BOCCTaHOBJIEHMS IapaMeTpoB lllyMaHOBCKHMX PpE30HAHCOB, YCIENIHO HCIONb3yeTcs (yHKIMM
Jlopenna [Sentman, 1987; Roldugin et al., 2003, Rodriguez-Camacho et al., 2018]. Insi MUHIMU3AIIHA BIASHUSL
CUTHAJIOB OT IPO30BBIX Pa3psioB U JIPYrUX IOMEX, HaMU ObLI pa3paboTaH HOBBIM ITOPUTM pacdeTa NapameTpoB
[ITymaHOBCKMX PpE30HAHCOB, PE3YJBTAThl MPUMEHEHHs PaOOTHI KOTOPOrO MOTYT OBITH IOKa3aHbl Ha INpHMepe
00paboTku 3anucu komnoHeHTsl Hy MmarautHoro nosist 32 10.09.2017 r. B Harem ajropurMe Mbl 31€KTPOMarHUTHBII
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Hsmenenus uacmom LLIymano8ckux pe3oHancos 8o epems penmeeHosckoti ecnviuku X8.2 knacca 10 cenmsbps 2017 200a

crektp (UTHpPYeM MHONMHOMOM 4-if CTENeHM W HCKII0YaeM M3 JalbHEHIIero aHajau3a CIEKTPbl, HCKaKCHHBIC
MOMEXaMHU.

Ha puc. 2 xpacHO# KpUBO¥ OKa3aH BPEMEHHOM X0/ aMILTUTYAbI (BEPXHsis TAHEIb) M YaCTOThI (HUXKHsISI TAHEe b) 1 -
ro lllymanoBckoro pezonanca 10.06.2017 r., noay4eHHbIH ¢ TOMOIIBIO Haleil MeToAuKH. CHHUM LIBETOM MOKa3aHbI
MPUBEJICHBI 3HAYCHUS ITHX MapaMeTpoB, mony4eHHbIe npu 300-CEKYHIHOM YCPEIHCHHUU CIIEKTPATIbHBIX NAHHBIX, U
anmpokcuMupoBaHubie Gpynkiuei Jlopenua [Rodriguez-Camacho et al., 2018]. Ilpu 3ToMm Ha rpaduke yactots! [P
nocye 18 4acoB Ha CHHEH KpUBOW HAOIIOJAETCsl HApaCTaHUE IIyMa, KOTOPOE CBSI3aHO C TEM, YTO 3aIliCh BapHAIIUH
9aCTOTHI IEPBOTO U YacTHYHO BTOporo [P nckakeHa BIUSHUEM «HAIOJI3al0T» CUTHATIOB HAa YaCTOTE HOHOC(HEPHOTO
AnbBeHOBCKOTO pe3oHaropa (puc. 1). Mcnonb3oBaHue Haiieldl METOAMKH IO3BOJIMIO KOPPEKTHO BOCCTAHOBHTH
aMIUIMTY/HO - YaCTOTHBIE XapakTepucTuku mepBoro 1P 3a 370 npoMexyTok BpeMeHH.

Amnnutyga
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PucyHnok 2. BepxHsis maHenb - BpeMeHHOU xoj aMmmiuuTyael 1-ro P 3a 10.06.2017 r., paccyuTaHHbIi ¢
ucronp3oBaHueM ¢yHkuui JlopeHna (cuHSAS KpuBas) W C HCHOJIBb30BAaHHEM Hallel METOIUKH (KpacHas
KpHUBasi), HIDKHSAS TaHedb - BpeMeHHOW xopi uacToTel l-ro IHP 3a 10.06.2017 r., paccuuTaHHBIN C
ucnonp3oBaHueM ¢yHkuui JlopeHna (cuHSAS KpuBas) W C HCHOJH30BAaHHEM Hallell METOIUKH (KpacHas
KpHUBast).

Ha puc. 3 mokaszansl 3aBUCHMMOCTH BapHauuii yacToThl [IlyMaHOBCKMX pE30HAHCOB OT Jiorapudma MOTOKA
M3ITyYCHHUS B PA3JIMYHBIX CIIEKTPAIbHBIX Uana3zoHax. CIUIONIHBIMY JIMHASMH TI0Ka3aHbl 3aBUCUMOCTH JIJISI TIEPEAHETO0
¢ponTa BenblLKK. 3a Havano (poHTa NPUHHMMAlAach TOYKa, B KOTOPOil MOTOK m3nmydeHus cocrasistn 0.01 or
MaKCHMaJIbHOTO B 3TOM € CIIEKTPaJIbHOM JHarna3oHe. JJInTeapHOCTh epeqHero (poHTa BCIBIIIKK COCTaBIIsIIA OT
10.6 munyT B nuanaszone 0.01-0.2 uM g0 18 MunyT B uanasone 0.1-0.8 HM, 4TO NpeBBIIIAET BPEMEHHOE OKHO pacueTa
napameTpoB lIlyMaHOBCKHX PE30HAHCOB, KOTOPOE COCTABIAIO 5 MUHYT. II[yHKTHpOM MOKa3aHBI 3aBUCHMOCTH IS
3anHero ¢pponTa Bembiiky. [t aunanasona 0.01-0.2 HM 32 okoH9aHUE (GPOHTA MPUHUMAIACH TOYKA, B KOTOPOI MTOTOK
m3nydenus magai g0 0.01 ot makcumanbHoro, T.. 17:10 UT. JIns oCTaNBbHBIX AMAna30HOB OKOHYAHUEM BCIIBIITKH
cunTasicss MomeHT BpemeHu 18:00 UT.

W3 puc. 3 BuAHO, HA mepenHeM (POHTE BCIBINIKK Bapuanuy 4acToThl [IlyMaHOBCKHX pe30HATOPOB JMHEHHO
3aBUCAT OT MMOoTOKa manydeHus. s auamazonos 0.01-0.2 am u 0.01-0.3 aHM k03D PUIMEHTHI perpeccun Ha 3aJTHEM
(poHTE BCTIBIMIKY OJIM3KH K TEM, YTO HOJIYyYaArOTCSl Ha IepeJHeM. DTO MO3BOJISIET CIeNaTh BBIBOJ, UTO /IS pacyera
BO3JICHCTBHSI COJIHEUHBIX BCHBIIIEK Ha mapaMeTps! LIIMMaHOBCKOro pe3oHaTropa ONpPEACNSIONINM SBISETCS MMOTOK
PEHTI€HOBCKOI0 U3IydeHus B quanazoHe 10 0.2-0.3 M.

[MpennoxeHHbI B HacTosimield paboTe MOAXOJ K HMCCIEAOBaHMIO peakuuu curHaigoB 1P na reopusmueckne
BO3MYILEHUS, BKIIOYaoUnid 3G HeKTHBHBINA METOA GUIbTPALIMK IOMEX, CBSI3aHHBIX C TPO30BBIMU aTMOC(EpUKaMH 1
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10.B. Hoknao u op.
ApyruMu MmryMmMmOBbIMU HCTOYHUKAMH, MO3BOJIMI HUCCICAOBATH PCAKUHIO ITYMAHOBCKOI'O PE30HATOpPA Ha HII/IpOKI/Iﬁ
CIICKTP I/IOHOC(l)epHI)IX BO3MyIIIeHPII>i. ﬂaHLHeﬁmee Ppa3BUTHC U IIPUMCHCHUEC JTOHU MCTOAWKHU ITO3BOJIUT UCCIICAOBATH
peaknuio [llyMaHOBCKOTO pe3oHaTOpa U HA IPpyrue ObICTPONPOTEKAIOIINE FeTHOre0(hU3UUECKIE BO3MYIIICHUSL.

Pabora BrmonHeHa 1Mo rockoHTpakTy 122032900175-6.
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Pucynok 3. 3aBucumocTH Bapuanuii 4acToT nepBbix Tpex LllyMaHOBCKHX pe30HaHCOB OT Jiorapudma rnoroka
U3JIyYEHUs B PA3JIMYHBIX CIIEKTPAJIbHbIX JUANa30HaX.
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NUCCJEJOBAHUE CYBABPOPAJIBHO NOHOC®HEPHI B PAMOHE
MATHUTHO-UOHOC®EPHOM OBCEPBATOPUU BOEMKOBO
MNOCPEJICTBOM HU®POBOI'O HOHO30HJIA CADI

M.B. Pribakos

Hucmumym 3emnoeo Maenemusma, Monocghepor u Pacnpocmparnenus paouogoan um. H.B. [1ywkosa,
Canxm-Ilemepbypecxoe omoenenue, Cankm-Ilemepoype, Poccus

AHHOTALMA

PaccmarpuBaercs paborta mo o0bpeauHeHNI0 nHppoBoro noHo3oHna CADI u teopernueckoit momenun UAM B oauH
CHCTEMHBI MHCTPYMEHT B MarHuTo-uoHocgepHoil oOcepBaropuu B BoeiikoBo (Cankr-IletepOypr). IIpuBeneHsb
xapaktepuctuku noHo3oHAa CADI u antenH. OmucaHo MporpamMMHOe oOecredeHue s I10JyaBTOMAaTHYeCKON
00paboTKU IaHHBIX, [TOJIY4aeMbIX METOJOM BEPTUKAIBHOTO 30HIMpOBaHMs. [loka3aHO UCTIONB30BaHHE TTOJTYYCHHBIX
JIAHHBIX B paboTax 00 HoHOCPEpHBIX AP deKTax, CTUMYINPOBAHHBIX YEIIIONHCKMM METEOPUTOM, B PadOTE O BIUSHUA
BapHaIliil JJICKTPUYECKOTO TIOJII Ha COCTOSHHE HOHOC(epsl Han obcepBaropueit BoeiikoBo, B pabore o
COIOCTABJICHUIO PacCUUTaHHBIX MO0 Mojenr UAM M n3MepeHHBIX mapaMeTpoB HOHOC(EpH U B paboTe Mo OlIeHKe
BIMSHUA TiepemenieHust CeBepHOr0 MarHUTHOTO IOJIOCAa Ha MOHOC(Epy aBpOpalbHOW M Cy0aBpOpaIbHOW 30H.
OnuchIBaOTCA CONMOCTABICHUE PEANTBHBIX JaHHBIX C IPOrHO3HBIMU 3HAYEHHAMH sMnupudeckux mojenei IRI-2012 u
IRI-Plas, a Takxe ¢ pacCUNTaHHBIMH TI0 TeopeTudeckoir Mmogenu UAM.

OtMeuaeTcsi Kak BaXXHBIH pe3ynbTaT padot ¢ mpuMeHeHueM naHHbIX CADI n ¢ ucnonb30BaHHEM TEOPETHUECKUX
MoOJIeNIeH TO, YTO pelleHa 3a1a4a 00beINHEHHS COBpeMeHHOTOo i poBoro nono3zonaa CADI u camoii coBpeMeHHON
Teopetndeckoii Mosienn UAM B OJTMH CHCTEMHBIN HHCTPYMEHT, C TOMOII[I0 KOTOPOTO MOYKHO BBINOJIHATE BECh LUK
HCCIIEI0BaHMSA, OT HaOIIOCHHUS A0 MOJCIHPOBAHUS M OTOOpakeHHs Pe3yIbTaTOB.

Conep:xanue

B marauTo-noHochepHoit obcepBaTopru B BoetikoBo B 2013 1. OB BEITOIHEH NIEPEXO0.T OT aHATOTOBOTO HOHO30HAA
AUNC x mudpoomy nonozonny CADI (Canadian Advanced Digital lonosonde). loHO30HA coritacoBaH ¢ aHTCHHOM
cucteMoil (MajgpIMu poMOaMu) (puc. 1), ¥ HACTPOCH IS TIOTYYIEHUS HOHOTPaMM C IMarna3oHoM BeicoT 90-510 kM 6e3
paszienenus annapaTHeiM crmocooom [ 1 Q KOMITOHEHT.

Pucynoxk 1. Ilepemaronuii 1 IpuéMHBII pOMOBI

m MIepHEHANKYJIISIPHBI APYT APYTY B BEPTUKAIBHON

]— s = tockoctd. Ha prucyHke Maisiii poM0 (MeTpsI).
16

Momnaocts nepenatanka CADI 600 Bt, nuanazon Beicot 90-1020 kM, auama3on gactot 1-20 MI'n, pa3pemienue
mo BeicoTe 6 kM. I[Iporpammuoe obecnieuenne (I10) mpousBoamuTeNs AOCTATOYHO ISl YIPaBICHHS MOHO30HIOM B
peXIMe 30HIUpOBaHus, HO 1iist 00paboTku naHHbIX [10 ycrapeno (Bepcus 2007 r.). OHO OBLIO MpeIHAZHAYECHO JJIS
TECTHPOBAaHUS MOHO30HIA B Pa3HBIX pexknMmax. [loaTomy Obuia pa3paboTaHa cucTtemMa mporpaMm aisi 00paboTKH
TaHHEIX (puc. 2). [Tocne 3aBepIieHus Kaxaoro ceanca padboTsl HOHO30H A JaHHBIE COXPAHAIOTCS B (haiiie apXuBHOTO
dbopmara. Otor ¢aiin 00pabaThIBAIOTCS MPOTPaMMON C OTOOpaKeHHMEM HOHOTpaMMBI. YacoBble HMOHOTPAMMBI
BeIKIabIBatoTCs Ha caidte W3MMUPAH. Ilporpamma mosryaBTOMaTtnueckod oOpaOOTKM IpeAaHa3HayeHa JuIsd
COXpaHCHHs MapaMeTphl HoHochepsl B oTaensHOM (aiine. [o coxpaHeHHBIM mapameTpaM cTpostcs f-rpaduku u
PACCUMTHIBAIOTCS MEIMAHBI U cpeliHue 1o pekomeHnanusm Pykosoactea URSI.

[Iporpamma moxyaBTOMAaTHYeCKOH 0OpabOTKH MOHOTPAMM ITO3BOJSET OTOOPa3HTh NAHHBIC MCXOIHOTrO (aiiia B
BUJIE HOHOTPaMMEI, 00paboTaTh HOHOTPAMMY B MOJTYaBTOMATHYECKOM PEKUME, COXPAHUTH TTapaMeTpel HOHOChepsI
B oraenbHOM (aiite. OOpaboOTKa COCTOMT B OIPEACICHHUU MapaMETPOB CIOEB HMOHOC(EPHI, OINCHOYHBIX U
OTIMCATENBHBIX XapaKTEPHUCTHK. B Tekyimeil Bepcuu mporpaMma COAEPKUT CHHUCOK W3 21-TO BBICOTHO-9aCTOTHBIX
napamerpa cinoéB E, Es, F1 u F2. Ilpn HaBemeHum Kypcopa Ha HOHOTPaMMy, B 3aBHCHUMOCTH OT BBIOPaHHOTO
mapameTpa, pacCUUTHIBACTCS YaCcTOTa WM BBICOTA yYKa3aHHOU ToukH. /st pukcupoBaHus ocobeHHOCTe i HOHOChEPHI
CITUCOK TIapaMEeTPOB OCTABJICH OTKPBITHIM. byKkBeHHBIC 0003HAYEHUS CBEACHBI B TPU CIHCKa — oreHouHbIe (10 mIT.),
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ormmmcatenbHble (22 mT.) u tunel Es (15 mr.). O6paboTka, 0cCOOEHHO B CIOXKHBIX CIIydasX, 3aBHCHT OT OIBITA
orepaTopa, U 3aj1ada e€ aBToMaTH3aliy emé MOJHOCThIO HUTJE He pelieHa. [IporpaMMa MOKeT OBbITh TOMOJHEHA
0JI0OKAMH aBTOMATHYECKOW 00paboTku. [Ipu aBToMaTu3aImu 00paboTaHHBIC ONIEPATOPOM JJAHHBIC SIBJISTFOTCS OCHOBO
U KPUTEPUEM TS IPOBEPKHU pabOTHI MPOrPaMMHBIX anropuTMOoB. [Iporpamma moctpoenus f-rpadyukoB Mo3BoJseT HA
OCHOBE COXPaHEHHBIX MTapaMEeTPOB OJHOTO JHS MOocTpouTh f-rpadukm. [Iporpamma pacuéra MenuaH U CpelIHUX Ha
JTAHHBIX 33 MECSI] paCCUUTHIBACT pekoMmeHaoBaHHbIe URSI exxedacHbie MeMaHbl U CPEHIC 3HAYCHUS MAPAMETPOB.
Ioctpoenue mpouiis STEKTPOHHON KOHIICHTPAIUH SIBJIICTCSI HETPUBHAIBHOM 3a1auell, 0COOCHHO B BO3MYIIEHHBIX
ycnoBusix. OMH U3 BapUAHTOB PEIICHHS 3TOW 3a/1ayM ecTh B Hamboiee u3BecTHOI Monenu IRI, rae umeercs 6ok
MOCTPOCHHS ITPOQUIISE MEKTPOHHON KOHLICHTPAI[MK HA OCHOBE ITAPaMETPOB HOHOC(HEPHI — MAKCHUMYMOB SJIEKTPOHHOM
KOHIIEHTPAIMH CIOEB M BHICOT MAKCUMYMOB. DTOT OJIOK TIPUMEHEH aBTOPOM JUIsi aBTOMATHYECKOT0 OCTPOSHHUS Ha

noHorpamMMe mpodmas (puc. 3) MO MAaHHBIM, IIOJYY4SHHBIM IIPOTPaMMOW IIOyaBTOMAaTHYECKOH 00paboTKu
HOHOTPaMM.

MNporpamma NocTpoeHua

nonyasTtomartuyec
obpaboTku
f-rpadukos

dakinos mdz Ko# 06paboTku

MNporpamma
Nporpamma }‘ porp
NOHOTrpamm

Tekcrosbie gannn

(ApxmeHble dainbl
*.par

*.md2

MNporpamma pacyeta
MEAWAH M CPeaHNX

Tabanua meanaH -
W cpeaHux E

Pucynok 2. Cuctema nporpaMMHOro obecreueHus st 00padotku ganusix CADI.

IZMIRAN Voekovo CADI(IZS) 2020 Jan 16 14:00:17 LST (LST=UT+2)
T g T

L
5 3 4fo  fx
8 9 10 MH: Frequency, MHz

Pucynox 3. [Ipodunb ne - uépnas crutomnas guaust N 10 Mmakcumyma F2 u ganee - nyHKTHpHas auHus (c
npuMeHeHreM 0s1oka 1o mozenu IRI1-2012).

Jannsie CADI, mosydeHHbIE ¢ TOMOIIBIO pa3pab0TaHHBIX MPOTPaMM HCIIOIB30BATIUCH TS pabOT 006 HOHOC(HEPHBIX
a¢peKTax, CTHMYIHPOBAHHBIX YSITOMHCKAM METEOPUTOM (pHC. 4).

foF2, MI'y 15 denpans 2013 r
13

b Crepmobck
94 i <eeoee Poo(CBH),5 %)
§ Mo Cr+1,5 )

8 . o — CTUCa0.5%) Pucynox 4. Honocdepusie 3¢ QEKTHI,
: WAV CTUMYJIUPOBAHHbIE  YEISIOMHCKUM  METEOPUTOM
[l usuwsunu u op., 2013].

0 2 4 6 8 10 12 K4 16 18 W 22 M
Uae, UT

Jannsle CADI wucmonb30Bamuch i ONEHKH MpuMEeHHMOCTH Mognenmu IRI-2012 nmns aBTOMaTtu3mpoBaHHON
00pabOTKK HOHOTPaMM BEPTHKAIFHOT'O 30HIUPOBAHHUS (pHC. 5).

B pabote o BimsSHHM BapHaIiid JMEKTPUIECKOTO MOJISI Ha COCTOSIHUE MOHOC(eps! HaJ obcepBaTtopueit BoeikoBo
[Pvibakos u dp., 2014] ObIH COMOCTABIICHBI peabHbIE JaHHBIC C MPOTHO3HBIMU 3HAYEHUSMHU SMITUPUIECKUAX MOJIENEH
IRI-2012 u IRI-Plas, a Taxke ¢ paccunTaHHBIMH 110 TeopeTnyeckoil Mmogenn UAM. 3nauenns foF2 naxoauiuch B
auanasoHe Mexay 3HaueHussMu 1o IRI-2012 u IRI-Plas, a Taxke XOpOIIO COTJIACOBBIBAJIHMCH C PACCUUTAHHBIMHU
3HAUEHMSIMH, 338 HCKIIOUCHHEM MAaHHBIX W3MEpPEHUH, NPOBEJCHHBIX B BedYepHUE 4Yachl (puc.6). DTo oTiIH4He
0oOBbsicHsIeTCsT OOJNbIIEH 3aBHCHUMOCTBIO DJICKTPOHHOM KOHIIEHTpauuud B MakcumyMme F2-ciios unoHocdepbl OT
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Hccnedosanue cybaspopanvhoii uonocgepvl 8 paiione mazHumuo-uoHocghepnoti oocepsamopuu Boeiikogo ...

3NMEKTPUYECKHX TTOJIEH U CKOpocTell TepMoc(epHBIX BETPOB B JaHHOE BpeMs CyToK. OTMeueHo, 4To HoHOC(hepa Hax
craHmeil BoelkoBo BeneT cedst ckopee Kak TUIMMYHAS cy0aBpopaibHas HoHOC(hepa, HEKEIN Kak CPeIHEIINPOTHAS.
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Pucynoxk 5. [TokazaHbl cpeiHEMECSYHBIC 3HAYEHHUS U CTaHJapTHBIE OTKJIOHEHHS (0) 1yt mapameTpoB foE (a),
foF2(6), hmE (8), hmF2 (1), mns xaxkmoro daca cytok, miust moxenu IRI-2012 w maHHBIX MOHO30HIA.
[Huxonaesa u Op., 2014]. CnpaBa moka3aHBl pe3yJNbTaThl CONOCTABICHHUS BEPTUKAIHHOTO PACHpeleTICHIUS
4acToT, paccunTanHoro mo moxeiu IR1-2012 ¢ koppekuueii 1o JaHHBIM BEPTHKAIFHOTO 30HANPOBAHUS (CHHSSL
KpHBast) U 0e3 KOppeKInH (KpacHast KpUBas).
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Pucynok 6. M3mepennsie 3Hauenust kpurnueckux 4actot (foF2 CADI), smnupuueckue nanubie (foF2 IRI-
Plas), paccunrannsic 3naueHus (foF2 UAM), a taxke 3Hauenus unaekcoB Kp, Ki, AE, AU mjis HEKOTOPbIX
nueit ¢pespaist 2013 1. [Peibaxos u dp., 2014].

foF2, MHz
6

Pucynok 7. 3HaueHUsI KpUTHUECKUX 4acToT ciost F2, paccuntannsie mo mozxen UAM st 5.02.2013 1. (Kp
<4). [Nonoxxenne CeBeproro MmaruutHoro nosmoca 1o IGRF — IGRF —3enénsrii kpyxok, B 1990 r. (NMP 1990)
— neBast KoJtoHKa, ¥ B 2013 r. (NMP 2013) — npaBas xosnonka. Otmerku VO — obcepBaropus BoeiikoBo, SOD
— Sodankyld u TR — Tromse. Mepuauan ConHIa yKa3aH OpaHXEBBIM KPY>KKOM OKOJIO OTMETOK A0iroT. 18:00
UT.

B pabGore [Pwvibakos u Op., 2016] COMOCTABISINCH M3MEPEHHBIE MapamMeTpbl HOHOChEpHl s 0OcepBaTOPUH
BoeiikoBo u paccuuranubie mo Mmoneinn UAM H, B 9aCTHOCTH, OBII C/IeNIaH BBIBOJ O MPUMEHUMOCTH MOJIENIA BEPCUH
UAM TM nns mosrydeHUs! ImapaMeTpoB CyOaBpOpalibHOI MOHOC(hEpHI IPU OTCYTCTBHUM JAHHBIX BEPTHUKAJILHOTO
3onaupoBanus. B pabore [Rybakov et al., 2019] onenuBanock BnusHue nepemerneHuss CeBEpHOro MarHUTHOTO
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Mojroca Ha HMOHOC(Epy aBpopasbHON M CyOaBpopanbHON 30H. Pe3ynmbTaThl IHOKa3asd, 4YTO BCS CTPYKTypa
KPUTHYECKHX 4acToT cios F2 ceBeproro momymrapus (foF2) saBucur ot apeiipa CMII (puc. 7). Cyrounsie rpaduku
foF2 Obutn paccuuTaHbl AJs TOJIOKEHUH Tpex ooceparopuil. @opmbl aTHX rpadukoB HabmoneHuit foF2 B 2013 roxy
u rpadukoB it Mopenu IRI-Plas iyume cornacyrores ¢ rpadukamu, paccuutaHHbiMu 1o Mogenn UAM TM nns
CMII B 2013 roxy, uem it CMII B 1990 rony. [{ns aBpopanbHoii 30ubI 3HaueHus foF2 ans CMII B 2013 rony
MOJTYYMIJIMCh HU)KE HAONIIOAAaeMBbIX, a JUIsl Cy0aBpOpaibHON 30HBL, PU XOPOIIEM COTJIACHH YTPOM H JTHEM, 3HaYECHUS
Monenu foF2 Hibke BedepoM W Bhilie HOUbI. CrenaH oOIMid BBIBOJ O TOM, YTO 3Ha4YWTeNbHBIN nperid CMII 3a
nepuox 1990 — 2013 romoB okaszaj CHIBHOE BIMSHHE Ha NMPO(QMINM AJIEKTPOHHBIX KOHIEHTPALMHU B CEBEPHOM
morymapun. D(PpQeKT 0BT 0COOSHHO OYEBHICH IPH pacueTax Ijs cyO0aBpOpalbHON 30HBI BEYEpPOM M HOYEBIO, a B
aBpOpaJIbHOM 30HE — IHEM.

Takum o00pa3oMm, MOXHO cIenaTh BBIBOA, UYTO pe3ynsTaTthl pabor ¢ mpumeHeHHeM naHHEIX CADI m c
UCTIONB30BAaHMEM TEOPETHYECKUX MOAETEH, IOKAa3bIBAalOT, 4YTO peEIICHa 3ajada OOBEOWHEHHS COBPEMEHHOTO
mudposoro noHozoHna CADI u camoii coBpeMeHHOM TeopeTryeckoiit Monenn UAM B oAWH CHCTEMHBIA HHCTPYMEHT,
C TIOMOINBI0 KOTOPOTO MOXKHO BBIMIONHATH BECh LMK HCCICIOBAHHS, OT HAONIOAEHUS OO MOJICIHPOBAHUS H
0TOOpakeHHs Pe3yIbTaTOB.
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AHHOTAIIUS

B pabote npeacTaBiaeHsl pe3ysbTaThl aHaNn3a NposiBieHus GazoBbix Guykryanuii GPS curnanos no cranmusm Ny-
Alesund (78,9°N, 11,9°E) u Tromse (69,60°N, 19,20°E) B MakcUMyMe CONHEUHOH aKTHBHOCTH /Il MapTa, UIOHSI,
okTa6ps u nexabps 2015 roga. B cyrounom pacmpeneneHun MakcuMyM (uyktyanuii no craruuu Ny-Alesund s
BCEX MECSIIEB, 32 UCKIIIOUEHUEM AeKaOpsi, HaOI0qaeTcs OKOJI0 MarHUTHOTO MOJYIHS, a 110 CTAaHIUK Tromse OKOJIo
nonysoun. B nexa6pe no crannun Ny-Alesund MakcuMyM niposiBieHus IyKTyalluii CMEIaeTcs K BEYEPHUM 4acaM.

Beenenne
H3BecTHO, 4TO TPaHCHOHOC(EPHBIE CHUTHAIBI TOJABEPKEHBI (IYKTYaIHsM/CUMHTWIISIIUSAM aMIUIUTYAbl U (a3sl
(amrututynHble, pazoBble Guykryanun) [1]. Gaykryarun GPS curnanoB o0ycioBieHbI IPUCYTCTBUEM B HOHOChEpe
HEO/HOPOJHOCTEH pa3IMYHBIX MaciuTaboB. (DIyKTyaluu 3aBUCIT OT MIMPOTHI, COJHEYHOH M TI'€OMAarHUTHOM
aKTUBHOCTH, MECTHOro BpeMeHH [2]. HeoaHOpOIHOCTH CTPYKTypHpOBaHbI IO MIMPOTE B COOTBETCTBHM C
pa3zeNiecHHeM BBICOKOIIMPOTHOM HOHOC(Epsl Ha Cy0aBpOpalbHYIO, aBpPOPAIBHYIO, IOJSIPHYIO MIANKY, Kacll.
BricokowacToTHbIe (OBICTpBIE) (UIYKTyallMH, HOCSIIHE Ha3BaHHE CLHUHTHUIALMH, OOYCIOBIECHBI IU(paKiyeit
CHTHAJOB HAa MEJKOMACIITaOHbIX HEOAHOPOJHOCTSIX, pa3Mepbl KOTOPBIX CpaBHMMBI ¢ 30HOH DpeHems.
HuskouacroTHble (MemyieHHBIE) (IyKTyanuu oOycCJIOBJICHBI pedpakuneil curHajga Ha KpyIHOMacHTaOHBIX
HEOJTHOPOAHOCTAX pazMmepamu Oonee 300 M [1]. MemmeHHbIe QIyKTyalny, XapaKTEPU3YIOT (QIIYKTYAIIUH MTOIHOTO
anekrporHoro conepxanus (TEC - Total Electron Content) BIoib Jiyda CITyTHHK-TIPHEMHUK. Ha BRICOKHX MUpOTax
JIOMUHHUPYIOIUMHE SIBJITIOTCS  (ha3oBbie (iykTyaruu/cunHTiuisinud [3, 4]. B kauecTBe Mepbl WHTEHCHBHOCTH
(ha30BBIX CUMHTHIUIAIMKA HIHpoko ucrnons3yetca uuHaeke ROTI. CtanmapTHble M3MepeHHs MO3BOJIAIOT MOJyYaTh
nanable 0 TEC ¢ 30 cek. uHrepBanoM. Hambonee MIMPOKO HCIONB3yeMbIM HHIMKATOPOM (IIyKTYalHOHHOM
aktuBHOCTH sBisieTcs mapametp ROT (Rate Of TEC), u unaekc unteHcuBHoctu durykryaruii ROTI [5]. Uuaekc
MO3BOJISIET AETEKTHPOBATh HAJIMYME MOHOC(EpHBIX HeogHOpoaHocTell. B momspHoit obmactu (78-82° MarHUTHOM
MIUPOTHI) WHTEHCHUBHBIE (IIYKTYallMd ACCOLMUPYIOTCS C TMOJAPHBIMHU ISITHAMH IOBBIMIEHHON HMoOHM3anuu (polar
patches), BHICBITAHMSIMH YacTHI] B aBpOPAILHOM oBasle u kacte [6-8]. B aBpopanbsHoii o6macty a3oBbie QiryKTyannu
OOBIYHO HAOJIIOAAIOTCA B NMEPUOJBI aBPOPAIBHBIX BO3MYIIEHHH BOJM3M MECTHOW MarHWTHOW IOJYHOYM M TECHO
CBsI3aHBI C JHHAMHUKOW aBpopaiibHOTO oBana [9]. B pabote [10] moka3zaHO, YTO MpH MPOXOKACHUH CUTHAIIOB Yepe3
o0JylacT MCKPETHBIX (OpM TOJIIPHBIX CUSIHUH MHTEHCHBHOCTH (DIYKTyaIlMi, CYIIECTBEHHO YBEIMUYHMBAIOTCS. B
HacTosiIIee BPEeMsI CE30HHBIE MPOsBICHUS (IIyKTyauuii Majo mpeacrasieHsl B suteparype. [lo GPS nabmonenusm
KaHaJICKOM CETH BBICOKOITMPOTHBIX CTAHIIMK aHAU3 CE30HHBIX MposiBiIeHUH (urykTyanumii 3a nepuoa 2008-2013 rr.
npeacTaBneH B paborte [4], mms eBpomeiickoro cextopa 3a mepmon 2010-2017 rr. mo crammum Ny-Alesund B
pabore [11].

B paccmatpuBaeMoii paboTe npeacTaBiIeHbl aHAIN3 CE30HHBIX MPOSBICHHS (Ha30BhIX (DIYKTYAIUAX B aBPOPATBHON
M TOJSIpHOW HOHOC(epe B MaKCHMyMe COJHEYHON aKTHBHOCTH. B KadecTBe Mepsl MHTEHCHUBHOCTH (Da30BBIX
bnykryanusx ucrosb3oBaics uaaekc ROTI.

MatepuaJsbl

B xadecTBe HCXOIHBIX JaHHBIX CITY>KIH cTagnapTHble 30 cek. nByxdactotHsle GPS m3mepenns. [Tpusnexanucs GPS
Habmonerns monspHoii cranmuu Ny-Alesund (NYA1) u aBpopansHoii cranmmu Tromsg (TRO1). JIna oneHKH
dbnykryanmonoi aktuBHOocTH paccuuthiBasicss uHAEKC ROTI. Emmuauna wmsmepenns ROTI — TECU/mum:
1 TECU=10'® snexrpon/m?]. Ha 0CHOBE 3THX MaHHBIX I KAXKIOTO Mecsma (GOpMUPOBAIIACh 3aBUCMMOCTh MHIEKCA
OT BPEMEHH CYTOK JJIsl 00EMX CTaHLIUH.

PesynbTaThl 1 00CyxkIeHIe
H3BecTHO, 4TO BO BpeMsi MAarHUTHBIX OYph CYIIECTBCHHO YBEIMYUBAIOTCS BEPOATHOCTh MPOSBICHUS (DIYKTyaluid U
WX WHTEHCUBHOCTHh. AHamu3 3(h(dexToB Oyph MoKazaji, 4TO MpOsBICHHE (IYKTyalluii HABUTAIIMOHHBIX CHTHAJIOB
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SIBISIETCSI MHIMBHUYaJIbHBIMH AJISI KaXX10¥ Oypw. [lJisi KOPPEKTHOTO aHaN3a CE30HHBIX 3()(HEKTOB MBI HCKITIOUAIIH 3
paccMoOTpeHHs1 Hanbosee BO3MyIIEHHBIE AHU. CleyeT OTMETHTbh, YTO YHCIO JHEH, COOTBETCTBYIOMINX CHIBHBIM
BO3MYILEHHUM, He ipeBbImano 5-10% oO1iero KoimyecTBa ciydaes.

¢ dexThI B MOJASAPHOIT HOHOChepe

Ha puc. 1 moka3aHo CyTOYHOE pacrpe/esicHie HHTeHCUBHOCTH (ha3oBbix (aykryanuii (ROTI) mo cranmum NYA1
JUI Pa3HBIX MecsieB. [Ipn 3ToM HCKITIOYaiich JaHHBIC, KOTOPhIe MPUXOIMINCE HA TeOMarHUTHBIE Oypu. MHIEKC
ROTI paccuutsiBaiicst IcHb 32 JHEM B TeUEHHE KaKI0To Mecsana. KomuecTBO JaHHBIX cOCTaBIIsLIO 0koio 8000 myst
KaKJIOTO pacCMaTpHUBAaeMOTo Ieproja. 31ech mokazano cyrounoe noseneHne ROTI naTeHCHMBHOCTRIO Oontee 0,25
TECU/mun. 3nauenne ROTI menbieit 31o#t BenmuanHsb! (cnadbie (IIyKTyaIi) He 3aBUCAT OT BPEMEHH CYTOK.
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Pucynok 1. Ce3oHHO/cyTOuHOE TIposiBieHHe WHTeHCHBHOCTH (piykryammit (ROTI) mis paccmarpuBaeMbIx
MecsneB o cranimu NYAL.

Cranmus Ny-Alesund oGecrieunBacT MOHUTOPUHT HOHOC(hEPH! B paguyce okono 600 KM B IIMPOTHOM JHAMNA30HE
78-82° maruuTHOM mHpoTH! [3]. [IposBneHns GuykTyanui Ha 3TOH CTAaHIIMK ACCOLMUPYIOTCA C KAacIOM, MOJSPHON
IIanKoH, aBpopaibHbIM oBajaM [2]. Da30Bble (UIyKTyal[Ml 9acTO HAaONIONAIOTCS Ha THEBHOM CTOpPOHE Kacla Ha
MarHuTHBIX mmpoTax 73.5-80° B unTepBane 09-15 MLT (06-12 UT), Ha monsipHOM IIanke Ha MIMPOTax Belmie 75° 3a
HCKITIOYEHUEM KacTa, B 00JacTi aBpopaibHOTO OBaJla Ha mupoTax 65-75° B uarepsaie 19-02 MLT [4].

Kak ciie/tyeT u3 pucyHka 1, B OCHOBHOM MaKCMMYyM MposiBIeHUs (ykTyanuit no craniuu Ny-Alesund npuxoaurcs
Ha JHEBHOE BpeMs (OKOJO MAarHUTHOTO TOJIyJHS), 32 HCKIIOUeHHeM nekadps. OObryHO, cnabble (iaykTyannu
(ROTI<0.1-0.25 TECU/mMunH) nHaOmoparoTcs B Jr000oe BpeMs CYTOK (HE IOKa3aHO Ha pHUCYHKe). B mapre
IIPOCMATPHUBACTCSl YSTKHH MAaKCHMyM B ITOBEJAECHUHM MHTEHCUBHOCTH (DIyKTyallMi, BEpPOSATHOCTh MPOSIBICHUS OoJiee
nateHcuBHBIX (uaykryaunit (ROTI Beime 0.5 TECU/mMuH) npuxoautes Ha Bpems okoio 07-14 UT. IMoxyuennsie
PE3YNBTAThI COTIACYIOTCS C JaHHBIMU paboTs! [2]. [Iyis HIOHS B CYTOYHOM pacnpeielieHnu (UIyKTyaluil HabronaeTcs
moxoxee nmosesieHre. CyIecTBEHHO, YTO BEPOATHOCTH NMPOSBICHUS CHIIBHBIX (pIIyKTyanuii B MroHe 6osee 4em B 1,5-
2 n1Ba pa3a MEHBIIE, YeM B paBHOACHCTBHE (puc. 1). B okTsa0pe nHEBHONH MaKCHMyM B MpPOSBICHUH (QIIyKTyaIwi
COXpaHseTCd, HO MEHee BBIpAXEH IO CPAaBHEHHIO C MapTOM M TPOJUIEBAeTCAd /A0 BEUYEPHHX YacoB B YacTH
MHTCHCUBHBIX (iykTyanuid. B memom, B MapTre W OKTI0pe HaOmOIaeTcss MoAgoOue B CyTOYHOM paclpeleICHIH
MIPOSIBICHUS (PIYKTyallMid, B 4aCTH MPeo0IafaHus THEBHBIX (DIyKTyanuii.

B nexabpe cyrouHoe pacnpeneneHne $pa3oBbIX GIyKTyaluii IpeTepreBaeT CyIecTBeHHOe n3MeHeHue. V3BecTHo,
YTO MAKCUMYM TPOSBIECHHS (QIYKTyaluid 3MMONH OOBIYHO NPHUXOJMTCS Ha MArHUTHBIH TOJJEHb, HUCKIIOYECHHEM
SIBIISIETCSI MAKCUMYM COJIHEUHOH akTHBHOCTH. M3 pucyHka 1 ciemyer, uto juis nexaOpst THEBHOW MakCUMyM MEHee
BBIPa)KEH, B TOXE BPEMsI HHTEHCUBHOCTD U BEPOSITHOCTH (MIYKTyallMil XOPOIIO IPOSBIISICTCS B BEUEPHEE BPEMSI.

OTHOCHUTEJBHO TAaKOTO CE30HHOTO MOBEACHUS (PIyKTyalMii MOXKHO CHIeJIaTh cieyloliee NosicHeHue. B mosnsipHoit
oOnacTy HaOJIOAIOTCS pa3JIMuHbIE BU/IbI BOSMYILIEHUH, ¢ KOTOPHIMH MOTYT acCOLMUpPOBAThCs (uiykryauuu. Yarue
BCETO MHTEHCHBHBIC (IYKTyallMd acCOLMHUPYIOTCS C MONSAPHBIMU MaTd4amMu (TATHA IOBBIIICHHON MOHU3aLNM),
MOJISIPHBIMU Cy00ypsimu [8]. AHanM3 TaHHBIX MAarHATOMETPOB ceTH «image» (http://space.fmi.fi/image) mo cranmum
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Ny-Alesund nokasan, uto B 30% ciyuaes B gekabpe 2015 r. perucTpupoBaiuch nojispHsie cy66ypu nocie 16-18 UT,
YTO CYIIECTBEHHO OoJiblle, 4yeM Uil MapTa. JOMOJIHUTEIBHO K 3TOMY MOXKHO yKa3aTh CIEIYIOIIEE 3aMedaHHe.
CreneHp nposiBieHHsT (QIyKTyalMii 3aBUCHT OT YPOBHS COJIHEYHOW aKTHMBHOCTH: BBICOKas B MakcuMyMme H Oojee
HHU3Kas B MUHUMYMe [2]. B nexaOpe comHeuyHast akTHBHOCTH 11O OTHOLIEHUIO K MapTy YMEHBIIUIIACh IOYTH B JBa pa3a
(www.swpc.noaa.gov). Mbl IpOaHAIU3UPOBAIN PE3YNIbTAThl JAHHBIX, MPEACTABICHHBIX B padote [12], u BBIABUIH,
YTO KOJIMUECTBEHHOE IPOSIBJICHUE THEBHBIX (IyKTyauuii B HOosiOpe u nekadpe 2015 T cHM3MIIOCH K MapTOBCKOMY
nouTy B 3 pa3a. B To Bpems Kak JJi HOUHBIX, 3TO COOTHOIIEHUE MPAKTUYECKH HE U3MEHMIIOCh. DTO CKa3aloch Ha
COOTHOIIEHHHU CTETICHH JTHEBHOTO M BEYEPHEro NposBIeHUs (uIyKTyanuid. BeposTHo, ¢ STUMU (akTopamu CBsS3aHO
HaOJroTaeMoe B CYTOYHOM pacIIpe/ieIecHuH YCHIICHHE WHTEHCUBHOCTH (yKTyanunit Ha ctaHiun NY Al ams nexkaOpst
B BEUCpPHEE BPEMH.

IddexTn! PaykTyanuii B aBpopanbHOil HoHOchepe

Ha puc. 2 npeacrasieno nposiBineHue GpazoBbix Qurykryanuii Ha cranumi TRO1 st paccmarpuBaeMbix neproio. C
YUYE€TOM MOJIOKCHUA CTAaHLUHU, AuamnasoHa MHUPOT 0603peH1/1;1 GPS CIIYTHUKaMH H BKBaTopI/IaHLHOﬁ TpaHUIIbI
TIOJIO’KEHHUS aBpopasibHOrO oBana, ctaHius TRO1 B HOYHOM ceKTope ualle HaXOIUTCs B 00JacTH aBpOpabHOTO
OoBaJia. (DJ'IyKTyaI_lI/II/I HaBUT'allTUOHHBIX CUT'HAJIOB B 9TO# 00JacTu ACCOUHMPYIOTCS C aBpopanLHoﬁ BO3MYIICHHOCTLIO,

BBEICHIITAHUSIME JHEPTHYHBIX YAaCTHIl, TMOJSIPHBIMH CHUSHISIMH W TECHO CBS3aHBI C JUHAMHKON aBpOPATBLHOTO
oBana [8-10].
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Pucynok 2. Ce30HHO/cyTOUHOE ITposiBiieHne (urykTyanuit mo craniuuua TRO1.

Jiis Bcex ce30HOB MposBiIeHUE (QIYKTyalluil U NX HHTEHCUBHOCTH HAOMIOAIOTCS B paifoHe MArHUTHOW MOJTYHOYH.
MunuManbHas GIyKTyallHOHHAs aKTMBHOCTb, Takike kak s Ny-Alesund, nabmomaercs B uone. Oco6eHHO 3TO
xapaktepHo misi cuibHBIX (ROTI>0,5 TECU/MuH. MunnMansHas (IIyKTyallMOHHAsE aKTHUBHOCTh HAOIIOIAETCs B
uioHe. BeposTHOCTs mposiBNeHNns (QIyKTyanuii B MIOHE B JIBa C JUIIHUM pa3a MEHBIIE 4eM B MapTe. B ce30HHOM
MpOSIBIEHUN (ha30BBIX (IIYKTyalliidi MakCHMyM IPHXOIUTCA Ha MapT W OKTA0ps. B mexabpe ¢urykTyanmoHHas
AKTHBHOCTb, (B 4aCTH CHWJIBHBIX (DIyKTyaluil) B 11e0M, HaOIrojanack BhIIIe, Y4eM B MapTe MEepHOJ PaBHOJICHCTBHI.
Oco0eHHO 3TO MPOsIBISIETCs ISt 00JIee MHTEHCUBHBIX (UIyKTyauuil. BpemeHHOH nHTEpBa NposBiIeHUs (QIIyKTyauni
pacImpuIIcs: B CTOPOHY OoJiee paHHHUX 4acoB.

3akiouenune

B pabote mpencraBieH aHaINM3 OCOOCHHOCTEH mposBieHHS (a3oBbIX ¢urykTyaruii GPS curHamoB B mosipHON H
aBPOpaIbHOM HOHOC(]Epe B MaKCUMYME COJIHEUHOM aKTMBHOCTH. B KauecTBe NCXOIHBIX JaHHBIX HCIOIb30BaHbl GPS
HaOmonenust craHuuii NYAL (76,6°N MLAT) u TRO1 (66,73°N MLAT). AktiBHOCTh (UIyKTyanuii O1lleHHBaIaCh
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naaekcom ROTI. B menom, MakcumanbHasi akTHBHOCTH (UIYKTyarwid mo craniuu NY Al mpuxoaninack Ha JHEBHBIC
gacsl (8-13 UT), c makcumymoM B Mapte. B nexabpe cyrouHoe pacupeneneHue ha3oBeIX QIyKTyalluil mpeTepreBaeT
CyIIECTBEHHOE M3MEHEeHHe. J[HeBHOW MaKCHMyM MEHee BBIPaKEH, B TOXKE BPEMs MHTEHCHBHOCTh M BEPOSTHOCTH
(GuryKTyanuii Xopolio TposBIAiack B BedepHee BpeMsi. Takas OCOOCHHOCTh CE30HHOIO MOBeneHMs (Ha3oBBIX
(GIuyKTyaluii CBHUIETENBCTBYET O TOM, YTO B IOJSIPHOM HOHOC(epe (IYKTyalii MOTYT OBITH OOYCIIOBIICHBI
Pa3IMYHBIMH TUIIAMH BO3MYIIEeHHH [8 1 ccbuiky, nutupyemsle B padote]. 1o cranmun TRO1 ¢uykTyannu oObrdHO
PETUCTPUPOBAINCH B pailoHe MarHUTHOW mojyHO4YH. Hu3kas akTMBHOCTH Ha 00E€HX CTAHIMSIX PErHCTPUPOBAJIach B
HIOHE.
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ELECTRONIC KINETICS OF MOLECULAR NITROGEN IN THE
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Abstract. We study the electronic kinetics of molecular nitrogen in the middle atmospheres of Titan during
precipitations of high-energetic particles. The Titan’s atmosphere is considered as the mixture of N>-CHs-H,-CO gases
with admixtures of hydrocarbons. The role of molecular inelastic collisions in intramolecular and intermolecular
electron energy transfer processes is investigated. It is shown that inelastic molecular collisions influence on
vibrational populations of metastable molecular nitrogen at the altitudes of the middle atmospheres of the planet. The
important role of metastable molecular nitrogen in the production of radicals is shown.

1. Introduction

Inelastic interaction of high-energy particles and photoelectrons with N, molecules in the Titan’s atmospheres leads
to the excitation of triplet electronically excited states of molecular nitrogen. Cosmic ray radiation is the main
mechanism of ionization and dissociation processes in the middle and lower atmosphere of Titan (Capone et al., 1980,
1983; Molina-Cuberos et al., 1999). 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. Therefore galactic cosmic
rays are the source of ionization of the atmosphere at lower altitudes and produce fluxes of secondary electrons in the
ionization processes. Moreover, produced secondary electrons interact with atmospheric molecular nitrogen exciting
different triplet electronic states of N, molecules.

Kirillov (2011) has studied vibrational populations of the A3Z," state of molecular nitrogen in the mixture N»-O, for
conditions of laboratory discharge at O, admixtures 0-20%. He has shown that the role of inelastic molecular collisions
in the kinetics of N triplet and singlet states is enhanced with an increase of N, concentrations. Therefore there is
strong dependence of the vibrational populations on atmospheric density in pure nitrogen. Moreover an increase in
the N» density can lead to significant influence of electronically excited nitrogen molecule on radiational balance of
No-rich atmosphere. Kirillov et al. (2017) and Kirillov (2020) have considered the processes of energy transfer from
metastable molecular nitrogen N2(A3Z,") to carbon monoxide in the atmospheres of Titan, Triton, and Pluto (as a
mixture of No-CH4—CO gases). It was shown numerically for the first time that the contribution of N»(A3%,") 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’IT).

Main aim of the paper is the study of electronic kinetics of N triplet 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. We will consider vibrational populations of N triplet states at different altitudes of the Titan’s
atmosphere. Also we will show the influence of the inelastic collisions of metastable N>(A’Z,") molecules with
acetylene, ethylene molecules on the production of H atoms and C,H, C,Hj3 radicals.

2. The production and quenching mechanisms of N; triplet states
Kirillov (2008, 2011, 2016, 2019) has shown that intramolecular and intermolecular electron energy transfers play a
very important role in the processes of the electronic quenching of electronically excited nitrogen N2(A3Z,", BIT,,
W3A,, B2, C311,) in the collisions with N> molecules. Good agreement of calculated rate coefficients with a few
available experimental data was obtained in those papers.

We consider here the excitation of five triplet electronic states

e+ Na(X'Z,"1=0) Na(A3Z,F,v'=0-29) + e (1a)
Na(BII,1'=0-12) + e (1b)
No(W3A,V'=0-21) + e (lc)
Na(BBZ, v'=0-15) + ¢ (1d)
Na(C3I1,1'=0-4) + ¢ (le)
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in the collisions of Nx(X'Z,",y=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%%,", B3Il,, W3A,, B®Z,", CI, is proportional to the Franck-Condon factor qg(v,y of the transition

X'Z",v=0—Y,v'. The sums of the Franck-Condon factors qg(v,y from v'=0 to upper considered value of vibrational

levels are >0.99 for the A’X,", W3A,, C°Il, states, and >0.92 for the B"”X, state (Gilmore et al., 1992). The
predissociation processes are related with the B*IIy(v"™>12) molecules.

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:

Nao(A3Z, V) — No(X'Zg ") + hvwk (22)
No(B3Tg,v") <> No(A’E,"v") + hvipg (2b)
No(W3A,V) < No(BTgv") + hvws (2¢)
Ny(BBZ, V) < Nz(B3Hg,V") +hviraG , (2d)
Na(CIy,') — No(BTIg,v") + hvaeg . (2e)

Einstein coefficients for the radiational transitions (2a-2¢) are taken according to (Gilmore et al., 1992).

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

No(Y V) + N2 — Nz(B3Hg,v") +N; , (3a)

Nao(B3Ig,') + N2 — No(¥;v") + N (3b)
with Y= A3%,", W3A,, B®Z, and intermolecular processes:

Na(¥,") + Na(X'Z4",v=0) — No(X'Z,",1*>0) + No(ZB L") | (4a)

Nz(B3Hg,v') + NQ(X]Eg+,V=0) — NZ(XIZg+,V*20) + Nz(Z,B3Hg;V" s (4b)

No(C3II,,0") + NQ(XIEg+,V=0) — Nz(XIZg+,V*ZO) + Nz(Z,B3Hg,C3Hu;v") (4¢)

with Y and Z = A3%,*, W3A,, B®X, for the inelastic collisions with N> molecules.

The quenching rate coefficients for the processes (2a,2b,3a-3c) have been calculated by Kirillov (2008, 2016, 2019).
We apply here the calculated in those papers constants.

Also at the altitudes of the lower and middle Titan’s atmosphere it is necessary to take into account molecular
collisions with CH4 molecules. Golde et al. (1989) have received the rates for v'=1-6 in good agreement with the
results by Thomas et al. (1983). Therefore we believe the vibrational relaxation of N2(A’Z,",v'=1-6) in inelastic
collisions with CH4 molecule

No(A3E,",v'=1-6) + CHy — No(A3Z, " v"=v'-1) + CHy (5a)

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

N2(A3E,",'=0) + CHy — No(X',"v") + CHs + H , products (5b)

is considered here as the quenching mechanism for vibrational level v'=0. The quenching rate coefficients for the
processes (5a) and (5b) are taken according to (Golde et al., 1989) and (Slanger et al., 1973), respectively.

Piper (1992) has studied the quenching of Ny(B*TI,,v'=1-12) by CH4 molecules. Therefore we suggest for the
quenching

Na(B,') + CHs — No(X!'S," ") + CHs + H , products (6)

with an averaged rate constant k=2.8-1071 cm®s™! for all v'=1-12 vibrational levels of the B*I1, state and the energy
transfer process (6) can cause the excitation of repulsive states of CH4 with the dissociation of methane molecules.
The same is suggested for the inelastic collisions:

Na(¥,v') + CHy — No* + CH3 + H , products (7

where Y= W3A,(v'=1-21), B®Z,(v'=0-15), C*T1,(v'=0-4); N>" means electronically and vibrationally excited nitrogen
molecules and k7=ks. The quenching rate coefficients k=k7=2.0-107!! cm3s™" of the processes (6) and (7) for the
N2(B3TI,,v'=0) and No(W3A,,v'=0) states are taken according to Umemoto (2003).

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 A3Z," state. Therefore we take into account the collisions

NA(A’Z, ") + COX'Z*v=0) — No(X'Z,",v">0) + CO(’IL,v") ®)
131



Electronic kinetics of molecular nitrogen in the middle atmospheres of Titan during precipitations of high-energetic particles

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 N, states are of the order of gas-kinetic values. The collisions of No(A%%,") and
H, have very small values of the quenching rate coefficients (Herron, 1999). Therefore we take into account only the
collisions (8) 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 N, molecules in the frames
of N2*-Na, N2*~CH4, Ny"-H,, N»*~CO collisions, where N,* means electronically excited nitrogen molecules.
Nevertheless, we will make refinements in the model of molecular inelastic collisions influencing on the N, electronic
kinetics.

3. Vibrational populations of electronically excited N>(A3X,") in the Titan’s middle atmosphere
To calculate vibrational populations N of the A3Z,", B3I, W3A,, B®Z,~, C*I1, triplet states we apply the following
equations
0'ql! +ZABAN +Zk WNZIN,TE S ETNIN, )=
Z=AB W ,B'.C;v" (9a)

{ZA +ZA +Zk”[zv]+ Zk**ff[N]+k [CH4]+kl4(v’)[CO]+kMAC[MAC]}NA

Z=A,BW ,B'y"

«ZB **ZB
0%qo + D AMNL+ Dk wNLIN,J+ Dk wNLIN,]=

Z=AW ,B",C;v" Z=AW ,B'»" Z=A,B,W ,B",C»"
(9b)
*BZ wxBZ
=1 YA+ Dk wIN, I+ D kT[N 4k (WICH,TEN
Z=AW ,B'»" Z=AW ,B'y" Z=A,B,W B ,C»"
Y Xy B *BY B w2 _
0"ql) +ZA VNG K NGIN, T+ D kT weNL[N, =
" Z=A4,B,W ,B"'\C;v"
(9¢)
ZA,,,+ka"N]+ >k vvv"N]+kn(v)[CH 1+ N
Z=A,B,W ,B"W"
c xc **CC CB **cz »CC 10
0% + Zk {Z Agi+ Yk [N T+ D ke [N, 1+ 2.8-10™°[CH, ]} (Od)
V'>y! v Z=A,BW ,B'W" <y

where Y=W3A,, B2, 04, 0%, O, OF are production rates of the A3E,*, BI1,, Y-th, C*Il, states, respectively; 4 are
spontaneous radiational probabilities for the transitions (2b-2¢); k* and k™" mean the constants of intramolecular and
intermolecular electron energy transfer processes, respectively; kmac means the rate coefficient of an interaction with
minor atmospheric components (MAC) and the inclusion of the interaction is necessary when the characteristic
collision time is comparable to the times of all components considered above. It should be noted that for the lowest
vibrational level v=0 of the A3Z," state it is necessary to take into account collisions with acetylene C2H> molecules.

We assume in our calculations that methane and carbon monoxide concentrations are related with N, concentrations
by the ratios [CH4]=1.5-1072:[N,] and [CO]=5-10"%-[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 /(4) (cm™s™") at a given altitude 4 of the Titan’s atmosphere can be expressed as

1(h) _la_E(h) (10)

where OF is the mean energy loss in the atmospheric layer Ox at depth x (g-cm™2), 8;\,2 =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).
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Figure 1. Vibrational populations of the A3Z," state of N» at the altitudes 70 and 250 km (solid lines).
Contributions of direct excitation of the A3Y," state are shown as dashed lines.

The profile of N> ion production rates at the altitudes of 50-250 km of the Titan’s middle atmosphere during the
precipitation of cosmic rays is taken according to Vuitton et al. (2019). Vibrational populations of the A3%," state of
N, at the altitudes 70 and 250 km are shown in Fig. 1. Also the contributions of direct excitation of all triplet and
singlet states in the vibrational populations are here presented.

4. The calculated contribution rates of N2(A’X,") in the production of C;H and C,H; radicals

We will consider here the influence of the interaction of electronically excited nitrogen molecules with methane,
acetylene, ethylene molecules on the dissociation of the target molecules and the production of the C,H and C,Hj3
radicals. To compare the contribution by electronically excited nitrogen molecules with the contribution by the cosmic
rays we assume in the calculations that the cosmic ray energy loss on some minor atmospheric component (MAC)

(G_Ej at the altitude 4 is related to the total energy loss (23] by the ratio
0X ) e ox

o (h)-

(%j (hy = 2E (y IMACIR) (11)
wac Ox [N 1(h)

where [MAC] and [N,] are concentrations of minor atmospheric component and molecular nitrogen.

Umemoto (2007) has evaluated production yield of H atoms in the reactions of the N2(A’Z,") metastable nitrogen
with C;H, and C,H4 molecules. He has received that the H-atom yields in the inelastic collisions are 0.52 and 0.30,
respectively. It can be assumed that the main component in the active medium of Umemoto’s experiment was
N2(A3Z,*,v'~0) molecules, since collisional processes could lead to the accumulation of excitation energy at lowest
vibrational levels.

We believe in our calculation that the main production channels of the H atoms are the reactions
N2(A3Z,) + CoHy — No(X'E,H) + C;H + H |, products , (13)
N2(A32u+) + CHy — Nz(X12g+) +CH; +H | pI'OdlICtS . (14)

Also Umemoto (2007) has measured the total quenching rate coefficients for the collisions of N»(A%Z,*) with acetylene
and ethylene molecules and his measured values k13=1.4-107' cm®s™" and £14=0.97-107'° cm®s! are in good agreements
with all experimental results available in scientific literature (Dutuit et al., 2013).

The results of the calculation for the profiles of production rates of the C,H and C,H3 radicals are shown in Figs. 2
and 3. We assumed in our calculations that acetylene and ethylene concentrations are related with N, concentrations
by the ratios [C2H2]=4-107%[N,] and [C2Ha]=1.5-1077-[N] (Bezard et al., 2014; Vuitton et al., 2019). It should be noted
that at the concentrations of acetylene the rates of the interaction of N>(A’E,*,1'=0,1) with C;H, molecules are
comparable with the rates of the interaction with N», CHa4, CO.

The results of the influence of electronically excited N, on the C;H and C;H3 production are compared with the
production rates in the dissociation by secondary electrons

et+tCH,—->CH+H+e |, (15)
et+tCHs - CHs+H+e . (16)
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ion

To estimate the rates of the process (15) according to (11) we have used &, =26 eV (Fox et al., 2008) and similar
values of cross sections for ionization and dissociation (Song et al., 2017). Therefore we use 8?;5,, )= EICO; 1oy =26 €V.

We assume the same for the case of collisions with ethylene molecules (16) and use EZLSSH 4= 810"; 14 =26V (Fox et
al., 2008) in the equation (11).

The comparison of contribution rates in Figs. 2 and 3 shows the domination of the reactions (13) and (14) in the
productions of the CoH and C,Hj; radicals. It is seen that the contributions of the processes (13) and (14) in the
productions of the C,H and C,Hj radicals exceed on few orders of magnitudes than the contributions of the processes

(15) and (16). Therefore the processes (13) and (14) have to be taken into account in a study of chemical kinetics in
the Titan’s middle atmosphere.
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Figure 2. The calculated C;H and H production rates at the altitudes 50-250 km: processes (13) and (15) are
shown as solid and dashed lines, respectively.

250 LLALL BRRELL SRR LU B U B L B

-
-

200

150

Altitude, km

100

LI L N L L L Y L N L B I B L B
-
v b b by

50 106 104 10-2 100

Production rate, cm-3s-

Figure 3. The calculated C;H; and H production rates at the altitudes 50-250 km: processes (14) and (16) are
shown as solid and dashed lines, respectively.

5. Conclusions

The electronic kinetics of A’Z,*, B[, W3A,, B®Z,~, C3I1, triplet 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,, CH4, CO molecules are taken into account in the
calculations. Vibrational populations of metastable electronically excited N, states are presented. The interaction of
metastable electronically excited N, molecules with acetylene, ethylene molecules in the Titan’s middle atmosphere
at the altitudes of 50-250 km is studied. For the first time it is shown that there is a domination of the reactions (13)
and (14) in the productions of the CoH and C,H3 radicals. The contributions of the processes (13) and (14) in the
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productions of the C;H and C,Hj3 radicals exceed on few orders of magnitudes than the contributions of processes (15)
and (16) at all altitude range.
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Abstract

We present data continuous series of microwave observation of the middle atmosphere ozone in December 2021 above
Apatity (67N, 33E) and Peterhof (60N, 30E). The given winter is the initial stage the current 25 cycles of solar activity.
Measurements were carried out with the help of two identical mobile ozonemeter (observation frequency 110.8 GHz).
The parameters of each device allow to measure a spectrum of the emission ozone line for time about 15 min with a
precision of ~ 2%. On the measured spectra were appreciated of ozone vertical profiles in the layer of 22 — 60 km
which were compared to satellite data MLS/Aura. The microwave data on the behavior of mesospheric ozone (altitude
60 km) indicate the presence of both photochemical and dynamic components in its changes.

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 60,6 — 61,5, and multichannel spectrum
analyzer. In front of receiver is s module that includes an antenna (scalar horn) and a switch to calibrate accepted
intensity of atmospheric ozone radiation. Information about the content of the ozone is contained in the measured
radio emission spectrum of the middle atmosphere. The error of estimating the vertical distribution of ozone from the
measured spectra by above described device does not exceed 10-15%. A detailed description of the spectrometer and
the method of measuring ozone of the middle atmosphere in the millimeter wave range are given in [1, 2].

Results of observations and discussion

Simultaneous microwave measurements of ozone on Apatity and Peterhof were performed for winter season 2021 —
2022. Microwave observations during December were carried out in form of continuous series (several days nonstop)
with a time resolution of 15 min. It should be emphasized that the method of ground-based microwave radiometry is
one of the few that allows you to continuously monitor the behavior of ozone in the entire middle atmosphere at
specific place with high temporal resolution. Figure 1 shows the temperature variations at level 10 hPa for winters
2018-2019 and 2021-2022 above Apatity. Sudden stratospheric warmings (SSW) were recorded for each of the winter
season. It is known, that SSW influence on a middle atmospheric ozone [3-6].

We will focus on the daily variations of the ozone density at the altitude of 60 km during the most interesting events
in the middle atmosphere, taking into account simultaneous measurements at two stations. At the altitude of 60 km,
ozone variability is controlled by both photochemical processes, which are determined by sunrise and sunset, and
dynamic processes, which are associated (SSW) and the polar vortex.

Figure 2 shows diurnal variations of ozone density (60 km) over Apatity (red bold line) and over Peterhof on the
winter solstice on December 22, 2021. The height of the Sun above the horizon at noonday in Apatity was —1.01°, and
for Peterhof + 6.68°.

Note that the diurnal changes in Oz over Peterhof are displayed by averaged horizontal bold blue lines with the
indication of errors. The length of these lines corresponds to the averaging time. Results of simultaneous microwave
measurements show that there are more a high level of O3 day and night density over Peterhof compared to Apatity
by 13% and 25% respectively. How to separate the amplitude of the diurnal cycle of ozone which is determined by
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photochemical processes? We propose to take the average densities of O3 for the time intervals 10:00 — 14:00 LT
(noon) and 22:00 — 02:00 LT (midnight) and consider their ratio as the amplitude of the diurnal cycle. The amplitude
of the diurnal cycle over Peterhof is 45%, and over Apatity - 32%. For comparison, the same figure shows the diurnal
variability of O3 on December 22, 2018 over Apatity (thin line) with amplitude of 30%. Thus values of ozone density
for night and day 22.12.2018 exceed the appropriate density for 22.12.2021 approximately on 25%. Note that both
December daily ozone fluctuations (Fig. 2) took place in calm geomagnetic activity and in the absence of dynamic
disturbances in the middle atmosphere. The polar vortex over the Apatity broke down before the sudden stratospheric
warming. In the winter of 2018-2019 SSW began on December 24 and ended on February 1, and lasted for almost 40
days [7]. Apparently, due to the absence of the influence of the polar vortex on the middle atmosphere the ozone
concentrations at the beginning and end of the day differ from each other by less than 10%, i.e. significantly less than
the amplitude of the diurnal variation, which is associated with photochemical processes.
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Figure 1. Changes of temperature at a level 10 hPa for winters 2018-2019 (black line) and 2021-2022 (red
line) above Apatity (MLS/Aura data).
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In Figure 3 diurnal variations of ozone at 60 km which were received from continuous measurements (temporal
resolution 15 min) in December, 23 2021 (bold red line) near to a winter solstice are shown. The amplitude of the
diurnal cycle over Apatity is 26%. The horizontal bold blue line in the same figure represents average daytime of
ozone density in measurements above Peterhof. For comparison, in the same figure shows the diurnal variability of
O3 on December 23, 2018 over Apatity (thin line) with amplitude of 20%. Temperature disturbance on December 22-
23,2021 in a middle atmosphere over Apatity are absent (see Fig. 1).

Figure 4 shows diurnal variations in ozone density (60 km) over Apatity during the polar night of December 27,
2021 (bold red line). The state of an atmosphere above Apatity near to a winter solstice refers to at polar night. It is
necessary to note, that at polar night near to midday within several hours the atmosphere is lighted by the Sun and
reactions of formation and destruction of ozone (Chapman cycle) are carried out. These changes in ozone density are
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compared with the daily cycle of ozone on December 27, 2017 (thin black line). The height of the Sun above the
horizon at this date noonday was —0.88°. Both curves near noon time have a minimum concentration value of 4-10°
mol/cm? and during a long time about 5 hours these values coincide each other. The amplitude of the diurnal cycle for
December 27, 2017 is about 19%, and for December 27, 2021 it is about 28%. In Fig. 4 there is a strong variability of
ozone during the day for December 27, 2017.
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For example for this date the increase in the ozone density, which was averaged over 2 hours from time period 00:00
- 02:00 LT to 22:00 - 24:00 LT was equal to 56%, which significantly exceeds the amplitude of the diurnal cycle.
These days geomagnetic activity was insignificant. It should be noted that in December 2017, the middle atmosphere
over the Kola Peninsula was inside the polar vortex. Perhaps this behavior of ozone at an altitude of 60 km is due to
its influence. In the winter season of 2017-2018, SSW over Apatity began just in mid-February [8].

Figure 5 shows diurnal cycle of mesospheric ozone (60 km) over Apatity during the polar night of December 28,
2021 (bold red line). The height of the Sun above the horizon at this date noonday was —0.84°. The amplitude of a
diurnal cycle of ozone density (60 km) above Apatity had value of 12 %. In Figure 5 shows the behavior of ozone at
altitude 60 km the same day over Peterhof are displayed by averaged horizontal bold blue lines with the indication of
errors. The amplitude of a diurnal cycle of ozone density (60 km) above Peterhof had value of 17 %. For comparison,
the same figure shows the diurnal variability of O3 on December 28, 2017 over Apatity (thin line) with amplitude of
63%. This day, apparently, there was a strong influence of a polar vortex on a middle atmosphere down to height of
60 km. Note the significant variations in the Oz density, which are not associated with sunrise and sunset. The
amplitude of changes in ozone density exceeds known modeling representations.

Conclusion

e The average amplitude of a daily course me3ocdepHoro ozone above Apatity in a continuous series of microwave
observations from December, 21 till December, 29 2021 has made value (20£3) %.

e Variability of mesospheric ozone density (60 km) which occurs because of photochemical processes considerably
can concede to variations O which are caused atmospheric dynamic - type a polar vortex or SSW.
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OCOBEHHOCTHU HOYHOI'O U3JIYUEHUS BEPXHE ATMOC®EPHI
3EMJIA — IIOJIOC TEPIBEPT' A 1 HA CPEJJHUX HIIMPOTAX B I'OJIbI
HU3KOU U BLICOKOM COJTHEYHOM AKTUBHOCTH

O.B. Anronenko, A.C. Kupunnos
Honapuwiii ceogpusunecxuti uncmumym (III'H), 2. Anamumesi, Poccus

AHHOTALINA

[TpoBeneHo cpaBHEHHE PACCUUTAHHBIX 3HAUYCHWH MHTEHCHBHOCTEW cBeueHwus mojoc ['epudepra I B HouHOM HeOe
3eMIH U1l YCIIOBHM HU3KOM U BBICOKOW COJTHEYHON aKTUBHOCTH C DKCIEPUMEHTANbHBIMH JaHHBIMH, NOTYYEHHBIMU
B quanazone VO mmu Boma 3100-3600 A. Pacuers! mokasanu, 9T0 HaHOOJBIINE CE30HHBIC BapHanuy 00BEMHBIX
WHTCHCUBHOCTCH CBe4eHHs HaOmMOmaroTcs Ha BbIcOTax <~87-97 kM. DTO KOppelmupyeT ¢ BBICOTHBIMH
pacmpeneneHIsIMH OTKJINKa TEMIIEPaTyphl aTMOC(EPHI Ha COTHEUHYIO aKTHBHOCTB: HAMOOJIBIINE CE30HHBIE BapHallni
HaOmromaroTcss Ha BbIcOTaxX ~80-95 kM, mpudYeM Kak Uil BBHICOKOW, TaKk W JJIS HHU3KOW COJHEYHOW aKTHBHOCTH.
[IpencraBneHsl pacCUNTaHHBIC 3HAYCHUSI HHTETPAIBHON CBETUMOCTH (THCTOIPaMMBI) IS pacYETHBIX MECALIEB T0/1a
NpU BBICOKOW M HM3KOH COJHEYHOH akTHBHOCTH. IToka3aHO, YTO B NMEpPHOJ BBICOKOH AaKTUBHOCTH HamOOIbIIHE
3HA4YEHHs MHTETPAIbHON CBETUMOCTH — B OKTSIOpE, LI HU3KOI COJTHEUHON aKTUBHOCTH — B HIOJIE.

KuiroueBble €/10Ba: MHTCHCUBHOCTH CBEUYCHHS, CE30HHBIC BapHAaIMH, PACYEThl MHTCTPAJIBHBIX MHTCHCHBHOCTEH
CBEUCHHUS TI0JIOC, BBICOTHBIE pACHpENENCHHsI OTKJIMKa TEMIIEpaTyp, KoyeOaTeIbHbIE YPOBHH, COCTOSHHSA
BO30YXIEHHOTO MOJIEKYJISIPHOTO KHCIIOPOAA

1. Beenenne

[Ipomuecchl pekoMOMHAIMY aTOMAPHOTO KUCIIOpo/a B aTMochepe 3eMin IPUBOAAT K 00pPa30BAHUIO MOJICKYJISIPHOTO
KHCJIOPO/A, W3JIYYalOIIero MHOXECTBO 3MHCCHH, M Yy4YacTBYIOT B TEpPMHUYECKOM pexume artmocdepsr [1].
OJeKTPOHHO-BO30YXKJICHHBIE MOJIEKYIbl O W3IydaroT MOJIEKYJSIpHBIE IOJOCHI, PACIOJIAraloIuecs OT
yIbTpaduoIeTOBOM 10 HH(PaKPacHOH 00JIaCTH CIIEKTpa CBeYeHUsS aTMOCcdepsI [2].

CKkopoCTH TpOLIECCOB PEKOMOMHAIIMM MMEIOT CHJIBHYIO 3aBUCHMOCTH OT TEMIeEpaTypbl arMoc(epsl, KOTopas
BapbUpYyeTCsl KaKk B 3aBUCHMOCTH OT CE30Ha M BBICOTHI, TaK M OT COJIHEYHOM aKTHBHOCTH. AHAIW3 OTKIIMKa
Cpe/IHeMEeCSIUHbIX 3HAYCHUH TeMIepaTyphl CpejiHei aTMoc(ephl Ha COJTHEYHYIO aKTUBHOCTh Ha OCHOBE MHOTOJIETHHX
JIAHHBIX, MOJYYEHHBIX C HOMOIIBIO PaKeT M CHEKTPOPOTOMETPUH psia dIMHUCCHU €€ COOCTBEHHOIO H3JIyueHHs B
TEUeHHEe HECKOJIbKUX LUKIOB 11-JleTHe# coJIHeYHO# akTMBHOCTH ObUT BhINONHEH B pabote [3]. Ha ocHoBe aTHX
JTaHHBIX, MCIIOJIB3YSI PA3HOCTH TEMIIEPATyp A pa3IMYHBIX BBICOT MPoduiel, COOTBETCTBYIOUINX I'01aM BBICOKOH U
HHU3KOH COTHEYHOH aKTUBHOCTH, B IMHEHHOM MPHUOIMKEHUN MOYKHO HAalTH CKOPOCTh IPUPAIICHUS TEMIIEPAaTyPhI 101
BO3/CHCTBHEM COTHEYHON aKTUBHOCTH:

AT(Z) = 8Tr (Z)(F10.7 -130)/100, (K) , (1)

rae 0Tr(Z) — usmenenue temnepatypsl Ha Beicote Z ipu AF07= 100 sfu (solar flux units).
Iocne ompenencuus BenwuuH OTr(Z) AN OTACTBHBIX YPOBHEW BBICOT OBLTH TIOCTPOCHBI CE30HHEBIC BapHAIHU
temnepatyp [1].

Z, kM T T T

100 - . <|
80 F
60 F

4t

8TV8F, ., K (100 sfiy”

Pucynok 1. Mojens oTKIIMKa TEMIIEpaTypbl Ha COJTHEYHYIO aKTUBHOCTD.

140



O.B. Aumonenxo u A.C. Kupuinos

Ha pucynke 1 npencrasieHa sMnupuyuecKas MOAENIb OTKJIMKA TEMIIEpaTypbl HA COJTHEYHYIO aKTHBHOCTD OT BBICOTBI
u BpeMeHu roja [1], nudpamu ykazaHel Mecspl: 1-sHBaph, 4-anpeib, 7-uroib, 10-okTs0ps. 3neck dT/0F 107 K/(100
sfu) - 3HayeHMs OTKIMKAa TeMmmeparypbl aTMocdepbl Ha ConHeuHyl akTuBHOCT mpu AFi07=100 sfu. U3
MIPEACTABICHHOTO PUCYHKA BHJIHO, YTO BEICOTHBIE PaCTIPEICICHHUS OTKIINKA TEMIIEPATYPhI HA COIHEUHYIO aKTHBHOCTh
Ha BIcoTax 30—100 kM yKa3pIBaIOT Ha TO, YTO HAMOOJIBIINE CE30HHBIC BapHaIliK HaOIr0Mal0TCs Ha BEICOTax ~80-95
KM, a MUHUMAJIBHBIE — Ha BBICOTaxX ~55—70 kM.

B Hacrosmeit paboTe NCTIONB3YIOTCS JAHHBIC 10 CHIEKTPAaM CBEYECHHS MOJIEKYJIIPHOTO KHCIOPO/ia, MOTyYCHHBIE CO
CTaHIapTHHIX coBeTcKuX crekrporpagos CII 48, CIT 49, CIT 50 B 1957-1959 rr. Ha cpennux muportax. HabmromeHus
ObUTH BEHITIONIHEHBI B NEPUOJ BBICOKOW CONHEYHO# akTHBHOCTH [1]. Takxke B paboTe HCHOIB3YIOTCS CHEKTPHI,
noxyuenssle ¢ nmuka KUTT na Beicote 2080 M (HanuonansHast oocepatopust KUTT — TIMK, CIIA, Apusona),
n3MmepenHsle crekrporpadom “EbertFastie”.

Lenp nanHOl pabOTHI — MPOBECTU CPABHEHHE PE3YNITATOB TEOPETHYECKUX PACUETOB MHTCHCUBHOCTEH CBEUCHHMS
mosoc I'epubepra I B muamazone 250-360 HM C 3KCIIEPUMCHTATIBHBIMH JAHHBIMH HHTCHCHBHOCTCH CBCUCHUS
MOJIEKYJIAPHOTO KHCIopoja O2" B cOOCTBEHHOM M3JTydeHHH aTMOCEPHI 3eMJIM B HOUHOE BPEMSI.

2. Onucanue pacyera KOHIEHTPAIMH BO30Y:KIEHHOro Kucaopoaa Ox(AE,Y)
IIpoBeeHs! pacyeThl KOHIEHTpaLuil Bo30y:xaéHHoro kucaopoaa Oa (cM™>) 11 cocTOSHUS 02*(A32u+,v) Ha BBICOTax

BepxHe# aTMocdepsl 3emin it cpeaHuX mupoT [4]. [Ipu 3ToM OBLIM MCTIONB30BAaHTH BBHICOTHEBIE PaCIIPEICIICHIS
aTomapHoro kucimopona O Ay pa3nuIHbIX MECAIEB rofa Kak i yciaoBuit Beicokoit (Fio7=203, 1980 u 1981 1T), Tak
n Hm3KkoU(F107=75, 1976 m 1986 TIT) comHEYHON AaKTHBHOCTM Ha cpemHux mupotax (55.7° N; 36.8° E)
(3Benmroponckas obcepBaropus WuctuTyTra ¢umsukn atmocdepsr (MDPA) mm. AM. O6yxoBa PAH). Otm
pacripeaeneHus ObUIM MOJTyYeHbl Ha OCHOBAaHMM PETYJISIPHBIX JaHHBIX MO CBEUSHHIO aToMapHoro kuciopona O u
MOJIYMIIUPUYECKON MOJIETH, HHTETPUPYIOLIEH HECKOJIbKO THUIIOB Pa3lWYHBIX CPEIHEUIUPOTHBIX H3MEpPEHUH,
PETPEeCCHOHHBIX COOTHOLIEHUH M TEOPETHYECKHX pPACUeTOB HA TPOTSHKEHHM HECKONBKUX JIECSTKOB JIET
corpynaukamu MDA [1]. B pacuerax npuMeHsIach KOHCTAHTa CKOPOCTH PeakiMi PEKOMOMHAIINY KaK pacCUYUTaHHAS
BEJIMYMHA B 3aBUCHMOCTH OT CPEIHEH TeMIepaTyphl miaHeTsl, cornacuo tpyaam H.H. llledosa [1].

[Monyuenbl npoduiaM BBICOTHOTO paclpefelieHnsi OOBEMHOW HMHTEHCHBHOCTH W3JIyYeHHs! BO30YXIEHHOTO
kucrnopoga i(cM>c!) s BEICOT BepxHeil arMocephl Ha CPEJHUX MIHPOTaX 3eMIH [4] Kak B yCIOBHAX BBICOKOM, TaK
B YCIOBHAX HH3KOW CONHEYHOH aKTHBHOCTH. PaccunTaHHBIe 3Ha4eHHS OOBEMHOW WHTCHCHBHOCTH [4]
JEMOHCTPHPYIOT, YTO HAUOOJIBIIHE CE30HHBIC BapHaIllii HAOIFOIAat0TCS Ha BEICOTaX ~87—97 KM. DTO MIPIMEHUMO KaK
JUTSL BBICOKOM, TaK U JIJIsI HU3KOH COJTHEYHOUW aKTUBHOCTH.
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Pucynok 2. Paccuurannble MHTEHCHBHOCTH u3inyuenus O," I(cM2c™!) (rucTorpamMmel) isl yCIOBHI BBICOKOM
1 HU3KOW COJTHEYHOH aKTHBHOCTH (CIIpaBa M CJIE€Ba, COOTBETCTBEHHO).

PaccuuTaHHble 3HAYEHMS MHTEHCHBHOCTH u3jiydeHus Op" I(cM?c™!) (rucTorpamMMbl) BO BCEX PacCMOTPEHHBIX
nosiocax I'epubdepra I, 00ycIIOBICHHBIX U3ITy4aTeIbHBIMH EPEXOAaAMHU

O2AE,) — 0x(X°Eg ") + hv, @

Ut yenoBuit Beicokoi (Fi07=203, 1980 u 1981 rr.) 1 HU3K0it (Fi07=75, 1976 u 1986 IT.) COMHEYHOI aKTUBHOCTH
MIpEJICTaBIICHEI HA PUCYHKE 2 (CIpaBa U CJIeBa, COOTBETCTBEHHO). L{udppamu Ha prCyHKE IpeICTaBICHBI MECSIIBI TOJIa:
1-stHBapb, 4-anpenb, 7-utonb, 10-0kTa0ps. [Ipu pacuérax UCHOIB30BAIKCH JAHHBIC MO0 KOHIICHTPALUSAM aTOMapHOTO
KHCJIOPOAa U TeMIepaTypaM Ul CPETHUX MECSIEB KaK0r0 ce30Ha. Pe3ynbTHupyIomye THCTOTPaMMBI 10 KaXKIOMY
MECSITy JAEMOHCTPUPYIOT, YTO IUI HU3KOW COJNHEYHOW aKTHUBHOCTH. (Fio7=75, 1976 n 1986 rr.) MakcmMaibpHOE
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3HaYeHUE 0O0BEMHON HHTEHCHBHOCTH cBedeHHs O>" HAaGIIOmaeT s IS MEOJIS, B TO BpeMs KaK JUIsl BRICOKOI (£10.7=203,
1980 u 1981 rr.) — 17151 OKTAOPSL.

3. Pe3ynbTaThl MOAEIMPOBAHUS

Ha pucynke 3 mpencrapieH CIIeKTp U3TYICHNS HOUHOW BepXHel atMocdepsl B fuana3one Y@ mmmH BomH 3100-3600
A, ob6ycrnosnennslii ceedenuem nonoc I'epudepra I (mponeccs 2) [5]. Habmoaenus BEITIONHEHBI B IEPHO. BHICOKOM
COJTHEYHOH aKTHBHOCTH CTaHIAPTHBEIMH coBeTcKuMU criektporpadamu CII 48, CIT 49, CII 50 B 1957-1959 rr. Ha
cpenaux mupotax [1]. CooTBeTCTBYIONIINE pacCUNTaHHBIE 3HAUEHU HHTEHCUBHOCTH M3ITydeHus nojoc ['eprudepra I
NpeCTaBIeHbl Ha JaHHOM PHCYHKE B BUE THCTOTPAMM.
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Pucynok 3. Crextp u3nydeHus HOYHON BepxHedl arMocdepsl (mojocel ['epubepra 1) cormacuo [5].
T'ucTorpaMmbl — pe3yibTaThl Pac4ETOB.
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Pucynok 4. CriekTp u3irydeHns] HOUHOH BepxHel aTMocdepsbl, moiaydeHHbIX criekTporpadom “EbertFastie” c
nmuka KUTT (nmonockr ['epubepra I) cornacuo [6,7]. [ucTtorpaMMsl — pe3yabTaThl pacyeToB.

Ha pucynke 4 mpencrasieH auana3oH JIuH BoiH crekrporpada “EbertFastie” ¢ muka KUTT na Bricote 2080 M
(HanmonansHas obcepsatopus KUTT — ITHK, CIIA, Apusona) [6]. B Y® mmmrax BomH 3100-3600 A (momocsr
I'epudepra I) mcmonp30BICs yIbTpadHOIETOBBIH HCTOYHUK HU3KOH sipkocTH [7]. ObOcepBaTOopust GyHKIMOHUPYET C
1958r, omHako, aBTOpP OMHMCHIBAET HAOIONEHUS, CChUIAsACh HAa Tpynbl 1961-1964 rr — nepuoa HU3KOH CONTHEYHON
aktuBHOCTH [8]. COOTBETCTBYIOLINE pacCUMTAHHBIC 3HAYCHHS HHTEHCHUBHOCTH H3Iy4eHus moijoc ['epubepra I
NPE/ICTaBJICHBI HA IAHHOM PUCYHKE aHaJIOTHYHO B BHJIE THCTOTPaMM.

[NonyueHHBIE SKCTIEpUMEHTANIFHBIE TAHHBIE 110 CBEYEHUIO MOJIEKYJSIPHBIX TI0JIOC MOTYT OBITh HCIIOJIB30BaHBI MIPH
OLICHKE CKOPOCTeH 00pa30BaHMs W TAIICHHs Pa3IMYHBIX KOJEOAaTeJbHBIX YPOBHEH 3JIEKTPOHHO-BO30YXKICHHBIX
COCTOSIHUH TpHM Pa3NMYHBIX CTOJIKHOBUTEJIBHBIX Ipoueccax. Jlydiiee corjacme pes3ysbTaToB pacueToB C
9KCIIEPUMEHTAILHBIMUA JTAaHHBIMHU YIAeTCsl TOJIy4UTh, OJarofapsi KOPPEKIMH KBAaHTOBBIX BBIXOJOB 00pa3oBaHUS
3JIEKTPOHHO-BO3OY)KICHHOTO KIJIOPOJA TPH TPOWHBIX CTOJKHOBCHHSAX M KOX(PPHUIMEHTOB DWHINTEHHA I
MIPOIIECCOB U3TYICHUS (2).
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4. 3akn04eHune

PaccunTanHbpie 3HaUYeHUS 00BEMHON MHTEHCHBHOCTH CBeUEHHs moiioc [epridoepra I MonekymsipHOTO KHCIOpOAa B
HOYHOH aTMocdepe 3eMin JeMOHCTPHPYIOT, YTO HANOOJBIITHE CE30HHBIC BapHAITH HAOIIOTal0TCS Ha BBICOTaX ~87—
97 kM. DTO KOppEmHpyeT ¢ BBICOTHBIMU pACTpENeNCHUSIMH OTKIMKA TEMIEpPaTypbl Ha COJHEYHYIO aKTHBHOCTB:
HanOoIBIINE CE30HHBIC BApHAINN HAOMIOJAI0TCA Ha BEICOTaxX ~ 80-95 kM [1].

[IpencraBneHsl pacCYUTaHHBIC 3HAUYCHNS HHTETPATIbHON CBETUMOCTH (THCTOTPaMMBI) AT pACUETHBIX MECSIIIEB Io/1a
JUIL BBICOKOH M HH3KOH COJIHEYHOW aKTMBHOCTH. [lokazaHO, 4TO B NEpPHOJ] BBICOKOM AKTUBHOCTH 3HAYEHUS
MHTErpajJbHOW CBETUMOCTH MMEIOT HanOOJIbIINE 3HAYEHUsI B OKTSAOpe, a JUIl HU3KOW COJHEYHOW aKTHBHOCTH — B
HIoJe.

[IpoBeneHo cpaBHEHHE PACCUMTAHHBIX 3HAYEHHH MHTCHCUBHOCTEH M3iydeHHs nosioc ['eprodepra I B ycrmoBusx
BBICOKOI COJIHEYHOW aKTUBHOCTHU C DKCIICPUMEHTAJIbHBIMU JIAHHBIMH, TIOJIy4YSeHHBIMHU B ananazone Y® JumH BomH
3100-3600 A. HaGmroieHus BBINOJHEHbI CTAHIAPTHHIMH Ha3eMHBIMH COBETCKMMH crektporpapamu [5]. Takxe
MIPOBEICHO CPaBHEHHE PACCUNTAHHBIX 3HAUCHUI MHTEHCUBHOCTH M3Iy4eHus monoc ['eprbepra I B ycmoBusax HA3KOH
COTHEYHOU aKTUBHOCTH C SKCIIEPUMEHTAIBHBIMA JaHHBIMH, IOJTYYCHHBIMHU B Auanazone Y@ mmun Boxa 3100-3600
A. Habmoienus BHIIONHEHB! Ha3eMHBIM criekTporpadom “EbertFastie” ¢ muka KUTT (CLLIA) [6,7].

CpaBHEHHE SKCIEPHMEHTAIBHBIX JaHHBIX C PACCUYNTAHHBIMU 3HAYCHUSIMHM WHTEHCHBHOCTEH CBEUCHHS IIOJIOC
MI0Ka3aJ10, 4TO JydIlIee coryiache HaOiomaeTcs mocie Koppeknnu koddduuentos DiiHmmTelHa coriacHo [9] s
HEKOTOPBIX H3JIydYaTelbHBIX MEPexXofoB (2), a Takke KOPPEKIMH 3HAUYCHHWH KBAaHTOBBIX BBIXOZOB 3JIEKTPOHHO-
BO36Y kK IeHHBIX MosieKyl O2(A3Z,",v) B pe3ysibTaTe TPOHHBIX CTOJKHOBEHHIA, KOTOPHIE OBUIM IpescTaBieHsl B [10].
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CO3JAHHUE OJHOPOJAHOI'O PAJA CPEAHEMECAYHbBIX
TEMHEPATYP BO31YXA B AIHTATHTAX (MYPMAHCKAS OBJIACTD)
JJIAA NT3YYEHUA KIMMATUYECKUX UBMEHEHUU

B.N. llemun
QI'BHY «llonapHulii ceopusuyeckuti uncmumymy, 2. Anamumaol

AHHOTALINA

[IpencraBnena npoueaypa co31aHus JUIMHHOTO Ps/ia CPEIHEMECIIHBIX TEMIIEPaTyp BO3LyXa B ANIaTUTAX 110 JaHHBIM
Heckonmbkux I'MC. CraTHCTHYEeCKMMHM TeCTaMM MOKa3aHa OJHOPOJHOCTH CO3JaHHOT'O KOMIIO3UTHOTO psiza.
[NomydeHs! KIMMaTHYECKHE HOPMBI Ul OCHOBHBIX KIMMAaTHYECKHX NepronoB. CpemHece30HHbIE TEeMIIEpaTyphl B
Amnaturax B Hagare XXI B. (2001-2021 rr.) BoImie aHanorumgseix [1TB npennanycTpransHOTO Niepuoaa Ha 2.5, 2.5,
1.2 1 1.9°C 3umoii, BECHOIA, JIETOM U OCEHBIO COOTBETCTBEHHO. CpeIHer0/10Basi TeMIepaTypa Bo3ayxa MOBBICUIACH C
-1.7 no 0.3°C.

Beenenue
T'unpomereopomnormaeckas cranmus ([MC) «Anatutel» padotaer B mocenke Tuk-I'yba ¢ centsops 1978 r. Uz-3a
KOPOTKOTO MepHoja HaONIOAEHUH IMOJIy4YeHHbIE Ha HEH pAObl METEOPOJIOTHMYECKHMX MapaMeTpoB B IEJIOM
HEJIOCTATOYHBI [l aHAJIN3a JIaKe COBPEMEHHBIX M3MEHEHNH KiMMaTa. MexXty TeM METeOpOIOTHIECKHE U3MEPECHUS
B OKPECTHOCTSIX AmaTuT Hadanuch emie B 1900 T. ¥ COOTBETCTBYIOT HauOoJiee paHHUM CEpUsIM Ha TEPPUTOPHH
MypmMmaHcko#t obmacti. OJJHaAKO BBITIOTHSUIMCH 3TH U3MEPEHUS B pa3Hble Iepuo/ bl BpeMeHu Ha pasHbeix [MC (puc.1).
Lenbto nanHO# pabOTHI SBJISETCS CO3AaHNE KOMIIO3UTHOTO ¥ METOJMYECKH OJHOPOIHOTO psijia CpeIHEMECTYHbBIX
TeMIIepaTyp Bo3ayxa B AaTHTax /Ui OLIEHOK M3MEHEHMS KIIMMaTa Ha Pa3IMYHBIX BPEMEHHBIX MacIITabax.
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r‘ﬁ-%;;_‘,_ 2 - I'MC “Anarutsr, ManyCcTpHS”
3 - AMCT “Anatutsr” (Tuk-I'y6a)
4 -TMC “Anarutsl”

Pucynoxk 1. Cxema pacnionoxxerust ' MC BOam3u AaTuT ¥ IEPUOIBI C TOCTYITHBIMH TaHHBIMH O TEMIIEpaType
BO37YyXa.

HcTopus MeTeoposiornyecKux M3MepeHuii B AnaTurax

Merteoposntorndeckne HaOmoqeHns BOn3n Anatut Hadainuch | nions 1900 r. mpu nodroBo-TenerpadHOi KOHTOpE B
ceslennn XuOWHEL. [logpoOHOE omMcaHMe MECTOIOJIOKEHHUS METEOPOJIOTHYECKOH IUIOMAAKH HE COXPAHHMIOCh, HO
M3BECTHO, 9TO B mepuoa 1900-1927 rr. oHa He mepeHocmnack. B m3marnu [1] 3T m3MepeHns MpeacTaBICHBI Kak
naansle [TMC «MMannpa». Ot ke camble JaHHbe B [2] Gurypupyior yxe kak psiasl Temneparypsl mo I'MC
«Xubunel, om. mome». B pelicrBurensHocTH ke 'MC «XuOuHBI, Oml. moiyie» Oblla OTKpHITA Ha TEPPUTOPUH
XUOMHCKOTO CEeNbCKOXO3SIHCTBEHHOTO OMIOPHOT0 IMyHKTa VIHCTUTYTa IpHKIIaHON OOTaHUKY M celeKnuH (To3aHee —
[onsipHoi#t onbITHOW cTannuu BeecorozHoro mHcTHTyTa pacreHueBoictsa (IIOCBUP) tonbko 15 mas 1924 r.,
npudeM Jo koHua 1926 r. musmepeHus npoBoauwnuck HeperyisipHo. Ilocrne mpousBoicTtBa B TeueHue 1927 r.
napauiesibHbIX n3Mepernit Ha 'MC «Xuounsl-manapa» n « XnOWHBI, OI1. TIOJIe) TIepBasi U3 CTAaHLIUH ObIIa 3aKphITa.
Takum 0Opa3oM, TIPECTABICHHBIN B KIMMATHUECKAX apXUBaxX PsI MO CT. «XHUOWHBI, OTl. TI0JE», HAUNHAIOIIHICS C
1900 r., sBnsieTcsl KOMITO3UTHBIM. OUEBUIHO, YTO TAKOMY OOBEIMHEHHIO JOHKHA ObLIa MPEIIeCTBOBATh MPOBEPKa
Ha oxHOpomHOocTh. B 1978 1. ¢ mepeesmom [TOCBUP co ct. Xubunsl B noc. Tuk-I'yda I'MC «XuOuHBI, OII. MOJIe»
MIPEeKpaThjIa CBOM HAOIONCHHUS Ha CTApOM MECTe W OJHOBpeMEHHO — ¢ ceHTsaOps 1978 r. — B Tuk-I'ybe Hadana
HaOmoenus HoBast [ MC, Ha3zBaHHas 110 MecTy HaxoxaeHus [ MC «AnaTuTe.
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C 15 mrona 1932 r. MeTeoposornueckre HaOIOJCHUSI NMPOBOAWINCH Ha TeppHTOpHUH coBxo3a «VHmycTpusy,
PACIIOJIOKEHHOTO K 3amany OT I CTaHIUU «Anatuthel» (B cnpaBounuke [6] TMC o0o3HaueHa Kak «ATATHTEHI,
Wunyctpust»). 20 okTs10pst 1942 r. HaGmoaeHus ObLIM IIEpEHECEHbI Ha TEPPUTOPHUIO a3POIIOPTA, PACIIONIAraBILIEToCs B
moc. Tuk-I'y0a, Tae eme ¢ 1937 r. Haxoamuack aBuanmoHHas MeTeoponorndeckas cranuus (AMCI). Ee nanssie B
n3JaHuy [6] IpeacTaBiICHbI O IMEHEM «AIIaTUTB), HO, YTOOBI HE MyTaTh ee ¢ coBpeMeHHOH AMCI" « AmatuTs» B
a’poropty «XuouHbs» («AnaTUTE») U coBpeMeHHOH [ MC «AmatuTsl», ganee B paboTe oHa OyAeT 0003HAYATHCS
kak AMCT «Anatuten (Tuk-I'y6a). C Haganzom pabotsr aspomnopTa B Kuposcke aspomopt Tuk-I'yba mpexpartui ceoe
cymectBoBanne, a AMCI «Amnatuteny Opia peopranmzoBana B AMCI «KupoBck».

Co31aHue JJMHHOIO psijia

IIpoctoe obwvenmuenne psamgoB [MC «Xubunsl, on. mone» (06.1900-08.1978) u cospemennoit TMC AmaTtutsr (c
09.1978 r.) mo3BosAeT co3aTh HempepbIBHBIN MMUHHEIN (¢ 1900 r.) psaa. OmHako Takas mpoleaypa He SBISEeTCS
KOPpEeKTHO#: paiioH pa3memeHns coBpeMeHHOH ['MC «AmatuTe» H3-32 OCOOEHHOCTEH OKpPYIKAIOIMIETO
MHUKpPOKIIIMaTa XapakTepu3yeTrcs Oonee HU3KMMH TNPH3EMHBIMH Temmeparypamu Bo3ayxa (IITB), uem
Mectononoxenne MC «Xubuns! om. moine». Takoit KOMIO3UTHBIH s HE MPOXOINUT TECTH HA OAHOPOIHOCTb.

Bornee mepcrieKTHBHBIM MPECTaBIsACTCS OObEIMHEHUE PSIIOB, TOXYIeHHBIX B 1942-1964 rr. HA AMCI' «AnaTuthbi»
(Tuk-I'yba) u pabotaromeii B Hacrosiiuee Bpemsi B Toi ke Tuk-I'ybe I'MC «Anartute»: o0e HW3MepHUTENbHBIC
rtomanky — aerctyromeit 'MC u ob1Bieit AMCI' — pacroioxeHbl He TOJIbKO Ha HEOOJBIIOM PacCTOSIHUM JIPYT OT
Jpyra (mpuMepHo 1 KM — B Ipefiesnax npsAMoi BUAUMOCTH) U Osu3kux BeicoTax (131-134 M H.y.M.), HO H, 4TO 0c000
Ba)KHO, NPAaKTUYECKH B OJMHAKOBBIX MHUKPOKIMMATHYECKHX YCIOBHAX (OOIIMPHBIA BHIPOBHEHHBIH HU3MEHHBIH
ydacTok Ha Oepery ozepa Mmanmpa).

O6wvemunsisa psagel AMCI «Amatute» (Tuk-I'y6a) 1 TMC «AmatuTel» HEOOXOAMMO Uit HEMPEPHIBHOCTH psaa
HaiTu 3HaueHus [1TB B nepuon 1965-1978 rr.

MeTtoanka BOCCTaHOBIICHHS OTCYTCTBYIOIINX 3HaueHM 1Mo gaHHBM Ommkaimux IMC (I'MC-ananor) npuBeaeHa
B psizie CTIeIMANbHBIX paboT (cM., Hanpumep, [3, 4]). OHa npeamnonaraetT HaX0XACHHE IS KKIOTO MECSIIa TMHECHHBIX
perpeccutii, cBsa3pBaromux [ITB Ha nccnexyemoit IMC u 'MC-aHanore B mepuoja MX MapajuleIbHON padoTHI U
HaXOXJICHHE II0 3TUM YPaBHEHHUSIM OTCYTCTBYIOIIHE 3HAUEHHH MO0 M3BECTHBIM 3HaueHMsIM Ha ['MC-ananore. [lns
AMCI' «Anarutey (Tuk-I'yba) Ommxaiimmm aHagorom Moxer ObiTb ['MC «XuOuHBI, OI moJie», yJalieHHas
IIPUMEPHO Ha 14 KM K ceBepy U UMEIOIIas ¢ Hel TOBOJIBHO MPOJOIDKUTENbHBIN EPHOA HapasieasHoi paboTer: 1942-
1964 rr. (y 'MC «Anarutei» BpemeHHOro nepekpbiTusi ¢ ' MC «XuOuHBI, OI1. 10JIe» HEeT).

Jomnonnenne paga AMCI' «Anatute» (Tuk-I'y6a) x 1932 r. nanasivu ['MC «Anarutsr, Magyctpus» (1932-1942
IT.), HECMOTpPS Ha MX O4Y€Hb OJIM3KOe MOJoKeHHe, HeuellecooopasHo. [locie nepenoca HaOMIOEHUIT C TEPPUTOPUH
coxo3a «MHaycTpus» Ha TeppuTopHio aspomopTra B Tuk-I'ybe OIHOPOZHOCTH psAa HapyIIMIach B CTOPOHY
moHmkeHus1 cpeqanx MecsyHbiX Ha 0.2-0.3°C m cpemnx MuHEMaibHBIX Ha 0.4-0.6°C [2] (cka3wiBaeTcs Oonee
omuskoe noioxxenne AMCI «Anarute» (Tuk-I'y0a) k o0mmpHO KoTa0BHHE IMaHIpEL, T U3-3a CTOKA XOJIOTHOTO
BO37yXa IPOUCXOAUT (POPMHUPOBAHUE «03epa Xosionay). [loromy orcyrcTByromue Ha AMCI «Amatutey (Tuk-I'y0a)
IITB B mepuox 1900-1942 mpunercs paccunrath o naHHEIM [ MC «Xubunsl, or money. Heckonmpko npomyckos [1TB
Ha 'MC «Xubunsl, o mone» B iepuo 1915-1922 rr. 6pu1H npeIBapUTEIBEHO 3aTI0THEHBI C HCIIOJIh30BAHNUEM TaHHBIX
I'MC «Kanpanakmay» u «Koia.

Pacuer 3nauennii [ITB Ha AMCI" «Anatuts» (Tuk-I'y6a) mo 'MC «XuOuHSI, OI1. I0JIe» MO3BOISIET MOIYYUTH PSII
cpennemecsiunbix [ITB mo I'MC «Anarute» ¢ 1900 o 1978 r. Beicokue (6onee 0.99) koahdHULIUEHTb! KOPPETSIUA
[TB ma AMCT «Amnatutel» (Tux-I'y6a) m I'MC «XubuHBI, Om. ToNe» B NEpUOJ HMX TMapajuIeIbHOW pPabOoTHI
MIPEATOJIaraloT HaIeXKHOCTh PacUeTHBIX 3HaUYeHUH (Tadm. 1).

Tadanua 1. Kospdunuentsr koppensiunu (7) cpeaaemecssynsix [1TB nHa AMCI «Anaruts» (Tuk-I'y6a») u
«XUMOUHEI 0TI TIOJIeY, 0 — CTaHJapTHas OMMOKa ypaBHEHUs perpeccuu; o faHHeM 11.1942-1964 rr.

MecsIl I II III v v VI Vil VI IX X XI XII

r 0.993 | 0.998 | 0.996 | 0.997 | 0.997 | 0.997 | 0.996 | 0.997 | 0.991 | 0.998 | 0.996 | 0.998

o 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.1 0.2 0.1 0.3 0.3

Kak yxe Obuto ckasano Bbime, psn cpexHemecsynbix [ITB Ha AMCI «Anatutsl, Tuk-I'y6a» (1900-1978 rr.)
npeyiaraetcs 00beauHUTS ¢ psagom [1TB coBpemennort MC «Anatutbi». J{is npoBepKy 0JHOPOJHOCTH CO3IaHHOTO
KOMITO3UTHOTO PsiJia B COOTBETCTBUH C NPUHATONH MEXIYHAPOAHOW MPAaKTUKOW OBLI IPUMEHEH KOMOWHMPOBAHHBIN
CTaTUCTHUYECKUHM moaxon [5], mpu KOTOPOM IOCNIEIOBAaTENbHO HCHOIb30BATINCH YETHIPE CTATUCTUYECKHUX TECTa:
CTaHIAPTHBIA HOPMAaJIBHBINA TECT s TpoBepku ogHopoaHocTy (SNHT), Tect bynmanaa, HemapaMeTpuaecKuii Tect
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Co3z0anue 00HOPOOHO20 psda cpedHeMecauHbIX memnepamyp 6030yxa 8 Anamumax (Mypmanckas obracmy) ...

Ilernra, orHOmenme ®oH-Hoiimana. Psm mpu3HaBasics OTHOPOAHBIM, €CIM OTHOPOAHOCTE Ha 1% ypoBHE
BEPOSITHOCTH OTpHUIANo He Ooiee 1 Tecra.

B psiny pasHocreit cpennemecssunbix [ITB Mexay AnatntamMmu 1 MOHYETOpcKOM, KOTOPBIH MOKHO PacCMaTpUBATh
Kak 3tanoHHeli B mepuon 1937-1990 rr. (¢ 1991 I'MC Haxoautcs B ApyroM Mecte) caBur BOmm3u 1978 r. Obiia
oOHapyxeH ToJibKO B HosiOpe. B psmy pasHocreit IITB mexny Amaturtamm m Kanpganmakmed (rapaHTHpoBaHHO
onHoposer ¢ 08.1958) caBuros BOnm3u 1978 T He 0OHApYKEHO.

Coznannbii komno3utHelit psg [ITB (1900-2021 rr.) cocrout u3 Heckonbkux ¢parmentoB: 1. 1900-1942 rr.—
pacuernbie [ITB no namepennsm vHa 'MC «Xubunst om. nosiey; 2. 1942-1964 rr. — naHHbIe NPSAMBIX U3MEPEHUIT Ha
AMCT «Amnatutei» (Tuk-I'y6a); 3. 1965-1978 rr. — pacuernsie [1TB mo usmepenusim Ha TMC «XuOuHBI O11. TI0IIeY;
4. ¢ 1978 r. — mpameie m3mepernss Ha [MC «Amatutel». B ciyuae OTHOPOZHOCTH €ro CTaTUCTHYCCKHE
XapaKTEePUCTHUKH, OYEBHIHO, HE JOJDKHBI MEHITHCS Ha Pa3HBIX ydacTkax. [l MpoBepku ObUT MPOBEAEH aHAIH3
nonHOTO psima (1900-2021) B crenmansHoM makere RHTests, pabotatomem B mporpammHOii cpeae R. B makere
UCTIONB3YIOTCS TIEHATM3UPOBAHHBIN MaKCUMAIBHBIN t- M F-TECThI U1 MOMCKA CKaYKOOOPa3HBIX CABUTOB B CPEAHEM
[7]. Peanm3oBaHHBINf B HEM alNTOPWUTM SIBISIETCS B HACTOAIICE BpeMs ONHHM W3 HamOoiee Y(PQEKTHBHBIX IS
06Hapy>1<eH1/m MHOKECTBEHHBIX CABHUI'OB U IIHUPOKO IMPUMEHACTCA JId BbISABICHUA HCOZ[HOpOZLHOCTeﬁ B MHOTI'OJICTHUX
psmax JaHHBIX MeTeoposormueckux anemeHToB (RHTest mnpenmaraercs BcemupHoil MeTeoponoruueckoit
OpraHu3alnuu B Ka4€CTBEC NPOrpaMMHOI0O MPOAYKTA AJIA TOMOI'CHU3AIIUN pH)IOB).

Pabora RHtests B pexxume «0e3 3TaOHHOTO», KOTIa aHaIu3y nojasepraics noiusiid pag 'MC «Anatutsn», 1900-
2021 rr., He 0OHAPYKUJIO CABUTOB, IPUYEM HE TOJBKO BOJIM3M I'PAHUI] CTHIKOBKH OTJEIbHBIX ()parMeHTOB psija, HO
1 TI0 BCeMY psy B mesoMm (puc. 2, 3).
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Pucynok 2. ba3oBrrii psin anomanmii cpeaaeMecsiaHbix [ITB (aHOMannu OTHOCUTEIBHO CPETHETO TOA0BOTO
UKITa 6a30BOTO Pszia) BMECTE ¢ MOJENbIo MHOTO(a3HOH perpeccun, [ MC «AnaTHTBI».
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Pucynoxk 3. ba3ossrii psan cpennemecsunsix I1TB u munelnbIi Tpenn, onpenenenasiit RHtests (0e3 ciBuros),
I'MC «Anatutsi».

IIpu ucnone3oBaHNM 3TATOHHBIX PsIOB pe3ynabTaT RHtests oxasancs HeoqHo3HauHbIM. I10 OTHOIIEHHUIO K pAgaM
I'MC «Monueropck», «Kannanakma» oOHapyxuBaiicsi casur npuMmepHo Ha 0.2°C — BennuuHa, Ha KOTOPYIO B
npolecce TOMOTeHNU3AIMHU Clie1oBajio Obl yMeHbINTh u3Mepennsle Ha AITMC «Anatuts» (Tuk-I'y6a) IITB. Ho no
OTHOIICHHUIO K JPYrMM, NpHYeM Oosiee JUIMHHBIM DTAJOHHBIM psnaMm, — «YMOa», «Mypmanck» u «IlonspHblii»
(eaIMHCTBEHHBIH P, TOJHOCTHIO COOTBETCTBYIOLIMH JUIMHE CO31aHHOTO0 KOMIIO3UTHOTO Psijia), CIBUT'OB OOHAPYKEHO
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He Obuto. HeonHosHauyHass peakius TECTOB, IO3BOJISIET IPU3HATH KOPPEKLUHUIO HM3MEPEHHbIX 3HAYeHUH
Helenecoo0pa3Hoi U OCTaBUTh KOMITO3UTHBIH Psii B HCXOIHOM BHJIE Kak 0JHOpOIHbIH. [locnenHee npencrasisieTcs
TeM Oojee BaKHBIM, YTO HECTPOro OOOCHOBaHHBIC JCHCTBUS IO HCIPABICHUIO CTapbhIX 3HAYEHHI B IMOJB3Y HX
MIOHIDKCHUST HEPENKO CIIy’KaT MOBOAOM IJsi OOBHHEHHH B NMPUMEHEHWH MAaHUIYJIATHBHBIX IMPOLEAYP C IIENBIO
«yCHUJINTB» CKOPOCTh COBPEMEHHOTO TTOTEIICHNSI.

IIpu onenke M3MEHEHUH KIMMaTa B ANaTUTaX MOXHO He orpaHuuyuBaThes 1900 r. B cepum cripaBoOYHHMKOB IO
xmumary CCCP  [6] mnpuBemensl knuMmaTmdeckue HopMmbl 1881-1960 rr. JIma I'MC c¢ HemocTaTOYHOM
MIPOAOIDKUTEIHHOCTEIO H3MEPEHUH BEHITIONHSIOCH MPUBEACHNE K [UIMHHOMY psay MeTonoM pasHocteid. Hms TMC
«ATIaTHTBD) TaKoe pUBeneHne Bo3MOoxHO 1o nqanHeM [ MC «Komay, paborasmeii ¢ 1878 r., — enuacTBeHHON [MC
peruoHa, MONHOCTBIO 3axBaTHBIIEH Bech pacueTHbIM mepuox 1881-1960 rr. Ilpu mpuBneueHHH u3MepeHUil B
HopBexckoM Bapng u mBeackom TopHenanene cyniecTByeT BO3MOKHOCTD YIJIMHEHHS psiioB B Anatutax 1o 1840 r.
u naxe 10 1803 r (Tospko mo nanHbIM TopHenaneH). TOYHOCTH TaKoil pEKOHCTPYKIMU U3-3a UCIIOJIb30BaHUs Oojee
ynanenHslx 'MC 3HaunTesnsHO cHiKaercs. Hampumep, cTanaapTHas OMIMOKAa BOCCTAHOBIICHUS! CPEIHEMECSUHBIX
IITB mo gauusiM ['MC «Xubunsl, om. mone» cocrapiuser 0.1-0.3°C, mo nanaeiM [ MC «Komnay ysenuuupaercs 10 0.5-
1.0°C, a npu pekoHcTpykuuu o TopHenaneny u Bapné — 10 0.6-2°C. OgHako, eciiu HHTepecyeT He TOUHOE 3HaueHHe
cpennemecsiaHoi [1TB koHKpeTHOTO rofa, a cpeaHee MHOTOJETHHE, HAlpUMeEp, KIMMaTHYecKas HOpMa, KOTopas
paccunThIBaeTCs 3a AECATKH JeT (He MeHee 30) — TOYHOCTh OCTAaeTCsl BIIOJHE AOIYCTUMOM: CPEeJHEKBAAPATHIHOE

OTKJIOHEHHE apu(PMETHIECKOTO CPEIHETO 32 /1 JIET B ﬁ pa3 MEeHbIIE OIINOKH OJJHOTO BOCCTAHOBIICHHUS.

Knumarudeckue HopMbl cpenHemecsdHoil IITB mns ITMC «AnaTUTh» A pa3HBIX MEPUOOB, HCIOJIB3YEMBIX B
KJIMMAaTOJIOTHH, NpuBeeHbl B Tabi. 2. [IpuBenenst Takxke cpeanue muorosierHue [ITB navana XXI B. (2001-2021
rT.). Cpenree 3a mepuoy 1850-1900 r. mpuHATO CUUTATH 32 XapaKTEPUCTHUKY KIMMATa T.H. IPEAUHAYCTPHATHEHOTO
eproa.

IloBbllIEHNE KITUMAaTHYECKUX HOPM, @ TaKXKe TO, UTO XapaKTepHble cpennue i koHua XX — Hagana XXI B. [ITB
SIBIISIFOTCS] HAaOOJIee BHICOKMMU 33 BECh HCCIIEAYEMBIH ITEpHO/], HATIISAHO MILUTIOCTPUPYIOT COBPEMEHHOE TTOTEIUICHHE
KJIMMAaTa.

Taoauna 2. KimumaTtnueckue HopMsl cpeanece30HHBIX [ITB Ha IMC «AnaTHThI» B pa3Hble IEPUOIBI.

Ilepuon 3uma (XI-1IT) Becna (IV-V) Jlero (VI-VIII) Ocens (IX-X) ron
1850-1900 -11.9 -0.4 11.5 24 -1.7
1881-1960 -10.6 0.2 11.8 2.9 -1.0
1961-1991 -11.2 0.5 11.9 32 -1.1
1981-2010 -10.4 1.0 12.0 3.7 -0.6
1991-2020 -9.5 1.5 12.4 4.0 0.0
2001-2021 9.4 2.1 12.7 43 0.3

3axkioueHue

Mereoposiorndyeckne HaOMrOJeHHsT B paiioHe Amarut Havyaimuch B 1900 r. B mocneayrompe ronasl OHM He
MIPEKpaIaINCh (32 HCKITIOYEHNEM OTAEIbHBIX MecsieB neproja 1915 — 1922 rr.), HO BHIOIHSIINCH B Pa3HOE BpeMs
Ha pa3Hbix [MC. Haubonee nnunnble cepuu nomydeHsl Ha [MC «Xu6uns» (1900-1978 rr.) u IMC «Anaruts» (¢
1978 r.). O0Benenue psIoB TeMIlepaTypsl Bo3ayxa AaHHbIX ' MC B OZMH JUIMHHBIN HE MPEICTABISIETCSI BO3MOXKHBIM
BBH/y BOSHHMKAIOIIEH HEOTHOPOIHOCTH, BRI3BAHHON Pa3IMYHBIMH MUKPOKIMMaTaMH B MecTax pacroyioxxeHust [ MC.

B pabore mpennoxkeHa cxeMa CO3JaHHs OJHOPOTHOTO KommoszuTHoro psn IITB B Amatutax, B KOTOPOW
obwvenuusroTcs psiasl ATMC «AnaTtuTe», paboTaBIIel Ha TEPPUTOPUH adpoIIopTa B rmocenke Tuk-ryda B 1942-1964
IT., 1 coBpeMeHHON | MC «ATaTuThl», pacroyio)kKeHHOH B TOM ke mocesike. OTCYTCTBYIONIHE JaHHbBIE JJIsT IEPHO0B
1900-1942 u 1965-1978 rr. paccunthiBatorcst 0 gJaHHBIM [ MC «XuOuHbI, o11. mosie». CTaTUCTUIECKUMH TECTaMH
MTOKa3aHO OTCYTCTBHE B CO3aHHOM pALy cpeaHemMecsuHbIX [ITB cTpyKTypHBIX CABHIOB, YTO TO3BOJISIET CUUTATh €TI0
METOJMYECKH OJAHOPOIHBIM U UCIIOJIB30BaTh I OLIEHOK JOJITOBPEMEHHBIX H3MEHEHUH KiIuMara.

[IpuBnekas psapl usmepenuit B 1. Koma (1878-1983 rr.), a Taxke nannsle mamepenuit Bapné (Hopserus) n
Topuenanen (I1IBernust) MOKHO HOJIyYUTh KIMMAaTHYECKHE HOPMBI Kak Juist iepuona 1881-1960 rr., Tak n HOpMBI T.H
npeauHycTpuansHoro nepuoaa (1850-1900 rr.).
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Co3z0anue 00HOPOOHO20 psda cpedHeMecauHbIX memnepamyp 6030yxa 8 Anamumax (Mypmanckas obracmy) ...

Ha nmpumepe noBsimenns cpeanece3oHHbx [1TB nokazano morerrenne knmnmara. CpegHece30HHbIE TeMIepaTyphl
B Amaturax Hagana XXI B. (2001-2021 rr.) Bemme ananoruydsix [1TB npennanycrpransHOTO Ieproaa Ha 2.5, 2.5,
1.2 u 1.9°C 3umolii, BeCHOM, IeTOM U 0ceHbI0 CO0TBeTCTBeHHO. Cpennerononas I1TB noseicunaces Ha 2°C, nepeiias
OT OTPHULATEIBHBIX 3HAYEHHH K IOJIOKHUTEIbHBIM.
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KHHETHKA N 1 O: B CPEJHEHA ATMOC®EPE 3EMJIX BO BPEMSI
COBbLITUM GLE

A.C. Kupumnos, B.b. benaxosckuii, E.A. Maypues,
10.B. banabun, A.B. I'epmanenko, b.b. ['Bo3aeBckmii

Honspuvii ceopuzuyeckuti uncmumym, Anamumot

ADCTpaKT

PaccMoOTpeHa KUHETUKa IATH TpUILIETHRIX (AT, Y, B3I, W3A,, BRZ,, CI1,), Tpex cunretHsix (a"'Z,, a'lly, w'Ay)
COCTOSIHHIT MOJIEKYJIAPHOTO a30Ta M CHHIJIETHBIX (a'Ag, b'Z,") cocTOsAHMIT MONEKYIAPHOTO KUCIOPOJA Ha BBHICOTAX
cpemHeld aTMocgepbl BO BpeMs BTOPKEHHS BBICOKOIHEPTHYHBIX MPOTOHOB i Tpex coObrtmit Ground Level
Enhancements: GLE65 (28.10.2003), GLE67 (02.11.2003), GLE69 (20.01.2005). ITpu 3ToM OBLTH YYTESHBI IPOIIECCHI
MPSIMOTO  DJICKTPOHHOTO BO30YXKICHUS BTOPTalOUIUMHUCA B aTtMoc(epy BBICOKOIHEPTHYHBIMU MPOTOHAMHU U
BTOPUYHBIMU 3JICKTPOHAMH, IPOIIECCHI CIIOHTAHHOTO M3JTyYCHHUSI, & TAKXKE MEPEHOC SHEPTHU BO30YKICHHUS MOJICKYJT
MEXIy 3JICKTPOHHO-BO30YXKICHHBIME COCTOSHUSMH N u O HPH MOJCKYJSPHBIX CTOJKHOBeHHsX. KuHeTHmka
CHUHIJICTHBIX cocTostHuid Oy Ha BBICOTaX CpemHed aTMocepbl Kak C Y4eTOM HPSMOTO BO30YKICHHS
BBICOKOIHEPTHYHBIMHU ITPOTOHAMH U BTOPHYHBIMH 3JICKTPOHAMH, TaK M C YUCTOM MPOIIECCOB MEPEHOCA JICKTPOHHOTO
BO3OYKJIEHMS C MeTacTabMIBLHOTO MoJeKyaapHoro asora Na(A3Z,",v=0) Ha cocrosuus I'epubepra O u
mepepacipeesicHiss YHEPTUH BO30YKICHUS MEXIy KoJeOaTelIbHBIMH YpPOBHSAMH CHHIJICTHBIX COCTOSHHH TpH
HEYNPYTUX MOJEKYISAPHBIX CTOJNKHOBEHWSIX. PacdeThl mokas3aili, 9TO MPAKTHISCKH HA BCEM paccMaTPHUBAEMOM
uHTepBasie BbICOT 20-80 KM HMeEETCsl 3HAYUTENbHBIM BKJIAJ IPOLECCOB TalllEHUS COCTOSHUMN B3Hg u aIHg
MOJIEKYJIIPHOTO a30Ta TPU MOJIEKYJAPHBIX CTOIKHOBEHMAX, a TaKkke cocTosHui b'E," m alA, monexymsproro
KHCJIOPOJa.

Beenenue

ConHeuHBIE MPOTOHBI, MPOHHUKAIONINE B arMocdepy 3eMid, XapaKTepU3yITcs KaK MITKUMH SHEPreTHYeCKUMHU
CHEeKTpaMH (PHEPTHH TOpSAAKAa HECKOJIBKHX JIECATKOB M COTeH M»3B), Tak M pENITHBUCTCKUMH DHEPTHAMHU.
PensTMBHCTCKHE BBICOKOAHEPTHMYHbIE NPOTOHBI OOHApPYKMBAIOTCSI 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,
IpudeM Hanbosiee aKTUBHBIMH 37IECh SBIISIOTCS YacTUIls! ¢ 3Hepruer a0 1 I'3B. Ipu noctmxenun BoicoTs! 10-30 kM
HaJl yPOBHEM MOps Bce 0oJiee BEPOSTHHIMH CTaHOBSTCS HEYNpPYrue COyAapeHHs C sjIpaMd aToOMOB Bo3ayxa (B
OCHOBHOM YacTHIIbI ¢ 3Heprueil bonee 1 3B ¢ azotom u kucmopogom) [Jopman, 1975; Hlupoxos u FOoun, 1980;
Simpson, 1983]. B pesynbrare sSAepHBIX B3aMMOICHCTBHI BO3HHMKAIOT KAaCKaJIbl BTOPHUYHBIX YACTHUIl PA3ITMYHOTO
COpTa, YCIOBHO 3TY PEaKIUI0 MOXKHO BBIPA3UTh uepe3 GopMyJTy reHepaliy 4YacTHIL:

nucleon + air — p +n+ " + 7° + k* + k°, €))

IJIe P — IPOTOHEI; N — HEUTPOHBL; 1T°, ¥ — oHk; k¥, k? — kaoHbL.

B3anmozelcTBre 31eMeHTapHBIX YacTHII, 00pa3oBaHHBIX B mporiecce (1), ¢ MoJieKyJlaMH COCTABIISIFOIIUX CpeTHen
arMoc(epsl 3eMiIM NPHBOJUT K OOpa30BaHHIO IOTOKOB BTOPHYHBIX 3JEKTPOHOB. Heynpyrue CTOIKHOBEHHMS
BBICOKOPHEPTMYHBIX BTOPHYHBIX 3JEKTPOHOB C MOJIEKYJaMH a30Ta W KHCJIOpOjAa IPHBOAAT K 0OpasoBaHUIO
3JIEKTPOHHO-BO30YKIEHHBIX TPHILIETHRIX A3X,", B3Il W3A,, B®E,, CIl, n cunrmernnix a''¥%,, alll, w!A,
COCTOSIHHIT y MOJIEKYJIIPHOTO a30Ta N, cocrosumii [epubepra ¢'E,-, A®Ay, A’E," n cuHrIeTHBIX cocTosHui a'A,,
b'E," y Monekynspuoro kucnopoga. B padorax [Kupunnos u Beraxosckuii, 2020a, 20206; Kupunnos u dp., 2021;
Kirillov and Belakhovsky, 2019, 2021] Obutn mpoBeACHBI pacdeThl MpoduiIeli HHTCHCUBHOCTEH CBEUEHHUS TOJIOC
niepBoii (1PG) u Bropoii (2PG) moI0KUTENBHBIX CHCTEM MOJIEKYIISIPHOTO a30Ta, monoc Jlaiimana-bupmxa-Xonduiaa
(LBH), a taxxe monoc Wuppakpacuoit Atmocdeprort (IRAtm) m ATmocdepHOl (Atm) cHCTEM MOJEKYISPHOTO
KHCJIOPOZIa, OOYCJIOBJICHHBIX CHOHTAHHBIMU HM3JIy4aTelIbHBIMU TIEPEX0/IaMH MEXAY AJIEKTPOHHO-BO30YKIECHHBIMU
cocTostHUAME MouteKys Na n O

No(B3gv") — Na(A3Z, v") + hviee | 2)
No(CTLv") — No(B3IIgv") + hvarc | 3)
Na(a'TIgy') — No(X3Zg ") + hviss , @)
Oa(a'Ag') — 02(X3Zg V") + hviram )
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Kunemuxa N> u O; 6 cpeoneii ammocghepe 3emnu 60 spems cobvimuii GLE

02(b'Z, V") — 0x(X3Ze V") + hvaum (6)

Ha pa3HBIX BBICOTAaX BEpXHEH M cpenHell aTMocdepbl BO BpeMsl BBICBHIIIAHUS BBHICOKOIHEPTHYHBIX 3JEKTPOHOB H
MPOTOHOB B atMocdepy 3eMIIH.

B Hacrosmiel paGoTe pacCMOTPEHBI MEXaHU3MBI 00Pa30BaHUs 3JIEKTPOHHO-BO30YKIEHHBIX TPHUILIETHEIX (AT,
B3, W3A,, B3, C3I1,), cunrnetnbix (a''Zy, a'lly, w'Ay) COCTOSAHMIT MOJIEKYIIIPHOTO a30Ta U CHHTJIETHBIX (a'As,
b'T,") cocTosHMI MOTEKYIAPHOTO KHCIOPOIa Ha BEICOTAX CPEMHEH aTMOC(EPHI IIPH BHICHIIAHAM KOCMUYECKHX JTydeil
(KJD) Bo Bpems cobsrtmii GLE: GLE65 (28.10.2003), GLE67 (02.11.2003), GLE69 (20.01.2005), mpu KOTOpPBIX
MPOM30ILIO BO3PACTaHUE CKOPOCTH CUYETa HEHTPOHHBIX MOHMTOPOB, BO3HHUKIIEEC BCIECICTBHE YBEIMUYCHHUS UHUCIIA
MPOTOHOB (B ocCHOBHOM c 3Heprueit 1o 10 ['3B) B motoke mepsuansrx KJI.

MexaHu3Mbl 00pa3o0BaHNs JIeKTPOHHO-BO30YKICHHBIX COCTOSHUI MOJIEKYJISIPHOTO a30Ta U
MOJIEKYJISIPHOTO KHCJI0poAa B cpeaneii atmocdepe 3emau Bo Bpemsi GLE

Kunerndaeckast MOZeb 3JIEKTPOHHO-BO30Y KICHHOTO TPUILUICTHOTO M CHHIJIETHOT'O MOJIEKYJISIPHOTO a30Ta JUIS BBICOT
cpenHelr atMocdepsl 3eMiIM BO BpeMsl BBICBHITIAHUS BBICOKOOHEPTHYHBIX 3IeKTpoHOB (BB3) m KJI mpencraBnena B
paborax [Kirillov and Belakhovsky, 2019; Kupunnos u Benaxoeckuii, 2020a, 20200; Kupunros u dp., 2021]. B
HACTOSIIUX pacueTax npu Brop:keHuu KJI aHamornyHo paccMOTpEHBI MpoLecchl BO30YKICHUS MATH TPUIUICTHBIX U
TPEX CHHIJIETHBIX COCTOSHMA N BTOPHUHBIMH D3JIEKTPOHAMH, O0Opa30oBaHHBIX B IIpoIleccaX HOHU3AIUU
3JIEMEHTapHBIMU YacTHLIAMH, 00pa30BaHHBIMH B Tporieccax (1):

e+ No(X!Z,"v=0) — No(A3Z,*, B3Hg, W3A,, B2, , CII;v) +e @)
e + Na(X'Z,",v=0) — Ny(a''Z,, alTlg, w!A) +e . (8)

Ipu 3TOM y4YTEHBI CIEAYIONIHE KOJEGATENBHBIE YPOBHH YKa3aHHBIX cOCTOsHmA: AL, *(1'=0-29), B’IIy(v'=0-18),
W3A,(v'=0-21), B3Z,(v'=0-15), CII,(v'=0-4), a"'T,('=0-17), a'll,(+'=0-6), w'A,(v'=0-13). Kpome CIOHTAHHBIX
nepexonoB (2-4) c uznydenuem 1PG, 2PG u LBH mnomnoc, Takxke OblIo yuTeHO H3nydeHue nojoc By-benema (WB)
(nepexox W3A,v'«> B3II,,v"), nonoc undpakpacroro nocnecsedenus (IRAG) (nepexon BBZ,~v'«> B3I,,v"), Takxe
crionTanHble nepexoipl AYY, V'—X'T, " (monockl Berappa-Kamnana) (VK), usnydenne MH(PAKPACHBIX MOJIOC
nByx cucteM Mak®apnana (nepexomnsl w!Ay,v'—allly,v" n a''S,,v'—alllg,V"), a TakKe CTIOHTaHHBIE TIEPEXOABI a' Ty~
M—=X!Z, V" (nonocet Oraeei—Tanaku—Yuikuacona—Marmkena) [Gilmore et al., 1992; Casassa and Golde, 1979].

KuneTnyeckas MOZENb 3JIEKTPOHHO-BO30YKICHHOTO CHHIJIETHOTO MOJIEKYJISIPHOTO KHCJIOPOJIa JUTS BEICOT CpeIHel
atMocdepsr 3emumn Bo BpeMsi BB u Brickmanmst KJI npencrasnena B padotax [Kupunriog u op., 2021; Kirillov and
Belakhovsky, 2021]. B HacTosmux pacderax MHTCHCHBHOCTEH CBEUCHUS ITOJIOC MOJEKYJSIPHOTO KHCIOpOJA TP
Beicbimannu KJI awanormuno [Kupunnos u Op., 2021; Kirillov and Belakhovsky, 2021] paccMOTpeHBI MPOIECCHI
BO30Y)KACHHMS IBYX CHHIJICTHBIX COCTOSIHUH O2 BTOPUYHBIMU AJEKTPOHAMH:

e+ 0x(X3Zy ,v=0) —> e + Oa(alAg, b5, V) )

a TaKkKe MPOLECC MEPEHOCA HEPTHHU DIEKTPOHHOTO BO3OYKIEHUS METACTAOMIIBHOTO MOIEKYJSPHOTO a30Ta MpH
cTonKHOBeHHH ¢ Monekynamu O, u Bo3Gyxkaenue cocrosumii ['epubepra c'T,, A®A,, A’E," y monexynspHoro
KHCIIOpO/ia

No(AYZ, ) + 0x(XPE, v=0) — No(X'Z,",v"20) + Ox(c' Ty, A%Ay, AT, v") . (10a)

B naspHeiineM B pe3ysibTaTe U3IydyaTelbHbIX IIPOLECCOB U BHYTPUMOJIEKYJISIPHBIX U MEXKMOJIEKYJISIPHBIX IEPEHOCOB
SHEPTrUM NPH HEYNPYrHMX MOJEKYISPHBIX CTOJIKHOBEHHMAX OHEPTHsl JJICKTPOHHOTO BO30YXIEHHS COCTOSHHUM
Tepubepra c'T,-, A®A,, A3Z,” TpaHcOPMHPYETCS B SHEPTHIO BO30YXKIEHHS CHHIJIETHBIX COCTOSHUM a'Ag u b,
MOJIEKYJISIpHOTO KHciopona. CpaBHEHHME pPacCUMTAHHBIX KOHCTaHT mpomuecca (10a) co BcemMu nMmeommuMucs B
MHPOBO HAyYHO! JIMTEpaType SKCIEpUMEHTAILHBIMI JaHHBIMU IpuBeieHo B [Kirillov and Belakhovsky, 2021]. Kax
MOKa3aJIN TEOPETHYECKHE pacyeThl, MPH HCCIEIOBAHUU POJIM MEKMOJEKYISIPHBIX MPOIIECCOB IIEpEeHOCa YHEPTHH
aeKTpOHHOTO BO30YxaAcHus (10a) B BO30OYKICHUH MOJIEKYJI KHCIOpOaa HEOOXOJMMO YUYUTHIBATh TOJBKO HYJIEBOM
KoneGaTenbHpli  ypoBeHb No(A3X,",v'=0). Jlns Heynpyrmx CTONKHOBeHHH MoOeKyn N(AYEZ,'v>0) ¢ O
JIOMHHHUPYIOLIMM KaHaJIOM B3aMMOJICUCTBUI SIBISIETCS TPOLECC AUcconranuu Moiekyibsl Oz u o0pa3oBaHue JIBYX
atomoB kucnopona [Kirillov and Belakhovsky, 2021]

No(AYZ, ) + Ox(XPZgv=0) — Ny(X'Z,",v'20) + O + O . (106)

PesynbTaTel pacueToB HHTeHCHBHOCTeH Mo10¢ N2 11 O: 1i1st Tpex coobiTuii GLE65, GLE67, GLE69

B nacrosmieit padore paccmotpensl Tpu codbiTuss GLE6S (28.10.2003), GLE67 (02.11.2003), GLE69 (20.01.2005),
KOTOPBIM COITYTCTBOBAJIO YBEIMUEHUE CKOPOCTH 00pa30BaHMs 1map HOHOB Ha BbicoTax oT 0 10 80 kM. JIns pacueToB
npoxoxaerus yactur] KJI uepe3 atmocdepy 3eMin UCTIONb3yeTcs MakeT A pa3padborku nporpamm GEANT4, npu
MOMOIIIY KOTOPOTO CO3/IaI0TCSI COOTBETCTBYOMME Moiesii. B TTonsipHOM reousnueckoM HHCTUTYTE ObLT pa3paboTaH
nporpamMMmHbIii  Taker RUSCOSMICS, xoTopelii kak 0Ooyiee COBPEMEHHBIH HWHCTPYMEHT JUIS  3aMEHBI
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PLANETOCOSMICS [Maypues u op., 2015, 2019; Maypues u banabun, 2016]. Onucanue METOIUKH MTOTyYCHHS
JAHHBIX CHIEKTPOB epBUIHBIX KJI, HCTIOIB3yeMBIX B MOJCTTUPOBAHNY, IPUBOIUTCS B pabote [ Vashenyuk et al.,2011].

[Ipu pacuere 0OBEMHBIX MHTEHCHBHOCTEH CBEYECHUSI MOJOC MEPBOM U BTOPOW IMOJIOXKUTEIBHBIX CHCTEM, II0JIOC
Jlatimana-bupmpka-Xonduiga MOJEKyJIIPHOTO a30Ta BOCIIOJIB3YyEeMCsI pellieHneM cucteM ypaBHeHuid [Kirillov and
Belakhovsky, 2019; Kupunios u benaxoeckuii, 2020a, 20200] a1 HOIYYCHUS KOHIICHTPAIUE 3JICKTPOHHO-
BO36YkIeHHBIX MOseKys Na(B3Tlg,1"), Na(C3I,,v") u No(a'llg,V'"). IIpu 3ToM BOCIIOJIB3yEMCS CTIEKTPOM BTOPHUUHBIX
3JIEKTPOHOB ¥ HAOOPOM JaHHBIX TOMEPEUHBIX CeUeHU it Mosieky No u O; [ltikawa, 2006, 2009]. Kpome Toro, mpu
pacuere koHuentpanuii No(C3I1,,") yuTeM ramenue gaHHOro coctosuus [Kirillov, 2019], mOCKONbKY Ha HHMKHMX
BBICOTAX PACCMATPHBAEMOTO JMANA30Ha CTOJIKHOBHTENbHBIE BpeMeHa xu3Hu coctosiaus CTl, ctanoBsTCs nopsaka
M3ITyYaTeNbHBIX BpeMEeH Win MeHbIne. [Ipu pacuere 00beMHBIX HHTEHCHBHOCTEH cBedeHms nojioc MuppakpacHOH
ATtMmochepHO 1 ATMOC(HEPHOH CHCTEM MOJISKYIIIPHOTO KHCIIOPOa BOCIIONB3YeMCs PEIIeHINEM CUCTEM YpaBHEHHHA
[Kupunnos u op., 2021; Kirillov and Belakhovsky, 2021] nist mody4eHns: KOHIEHTPALINH 3JIEKTPOHHO-BO30Y K ICHHBIX
monekyn Ox(a'Agv") 1 Ox(b'Z, V).
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Pucynok 1. IIpodunu paccuuTaHHBIX CKOPOCTEH HOHOOOPa30BaHUs U CKOPOCTEH 00BEMHON HHTEHCUBHOCTH
cBe4eHus MosIockl 337 HM MonekysapHoro asota st GLE6S (mrpuxu), GLE67 (mtpux-nmynktupsr), GLE69
(cTIIOIIHBIE TUHUM).

Ha puc. 1 mokazanbl mpodmiam pacCYWTAaHHBIX CKOpOCTeH HMOHOOOpa3oBaHHS W CKOpOCTeH OO0BEeMHOH
MHTEHCUBHOCTU CBEUYEHHS MOJIOCHI 337 HM BTOPOM MOJIOKUTENBHOM cUCTEMBI Nj, CBSI3aHHOM CO CIIOHTAHHBIMHU
m3nydarenpHeMH Tiepexonamu (3) ¢ v=0—v"=0 mms GLE65, GLE67, GLE69. Kak BugHO w3 puc. 1, npodmmm
00BEMHOI MHTEHCHBHOCTH TOJOCH 337 HM BO MHOTOM ITOBTOPSIIOT MPOQIIN CKOpOocTeld HoHOOoOpa3oBaHus. JIumib

Ha HIDKHHX BBICOTaX PACCMOTPEHHOTO MHTEPBAja BBHICOT HAYMHAETCS CKashlBaTheA ramenwe coctosHusa C3II,
[Kirillov, 2019].
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Pucynok 2. [Ipodwm paccunuTaHHBIX CKOPOCTEH 00BEMHOM MHTEHCUBHOCTH CBEUYCHHS ToJioc 749 1 669 HM
Mounekyspraoro azora it GLE6S, GLE67, GLE69. O6o3HaveHus kak Ha puc. 1.
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Pucynoxk 3. [Tpodumn paccunTaHHBIX CKOPOCTEH 00BEMHONW HHTCHCHBHOCTH CBeYeHUs mojoc 146 u 135 am
MonekyispHoro a3zora gt GLE65, GLE67, GLE69. O6o3HaueHus Kak Ha puc. 1.

AHAIIOTUYHO Ha PHUC. 2 MTOKa3aHbI IPOQUIIN PaCCUNTAHHBIX CKOPOCTEl 00bEMHBIX HHTEHCHBHOCTEH CBEUEHHS TI0IOC
749 1 669 HM TIepBOH MONOKUTEITFHON CHCTEMBI, 00YCIIOBICHHBIX CIIOHTAHHBIMA M3JIy4aTEIIEHBIMU Tepexonamu (2)
c V'=4—v"=2 m v'=5—v"=2, cootBeTrcTBeHHO, 1151 GLE6S, GLE67, GLE69. Kak BugHO U3 puc. 2, IpoQHIN CBEUSHU
JIAHHBIX T10JIOC 3HAYHUTEIHLHO OTIIMYAI0TCS OT poduiteii ckopocTeit noHooOpazoBanus (puc. 1), 4TO yKa3bIBaeT Ha TO,
4TO MponecchH ramenus coctosuus B3I, nocratouno seKTHBHBI Ha BBICOTax cpeane atmocdepsl 3emmm. U Ha
puc. 3 mpeacraBieHbl TPO(UIN PACCUUTAHHBIX CKOPOCTEH 00BbEMHBIX HHTEHCUBHOCTEH cBeueHus nonoc Jlaiimana-
bupmxa-Xondunga 146 u 135 HM, 00YCIIOBICHHBIX CIIOHTAHHBIMH H3ITydaTeIbHBIME nepexogamu (4) ¢ vi=1—y"=
u v'=3—v"=0, coorBerctBeHHo, ans1 GLE6S5, GLE67, GLE69. Kak u B ciayyae TPUIUIETHOTO COCTOSTHHS B3Hg IS

cuHTIIETHOTO coctosinus a'll, HabmogaeTcs 10cTaTouHO 3()PEKTUBHOE TallleHHe Ha BHICOTAX CPEAHER aTMochepsl
3emMin.

80 80 L ll\""[ T ll-”l" LELILARLLL | LELELRARLL
\ . 1270 Hm
70 70k \\ . J
\ \
g geor -
- B I 1
% L B .
Q o .
0 o 1
m 40 m 40F : X 4
| .
1
30 30F : ; i
' "
/ .
20 20 el v wmnd A vl
107 101 108 10° 10° 100

HTEHCKWBHOCTB, CMAC HTEHCHBHOCTB, cvac

Pucynoxk 4. I[Ipodunm paccuuTaHHBIX CKOpPOCTEH 00BEMHONW MHTEHCHBHOCTH CBEYEHUS mosoc 762 u 1270 aM
MonekysipHoro kuciopona niust GLE6S, GLE67, GLE69. O6o3HaueHus Kak Ha puc. 1.

Ha puc. 4 npueeHs! npomiin pacCYUTaHHBIX CKOpOCTel 00beMHBIX MHTEHCUBHOCTEH cBedeHust rmosioc 762 u 1270
HM MOJIEKYJISIPHOTO KHCIIOPO/a, CBSI3aHHBIX CO CIIOHTaHHBIMH M3JTy4aTeJIbHBIMU Tepexoaami (6) u (5) ¢ v'=0—v"=0,
cootBercTBeHHO, 11t GLE65, GLE67, GLE6Y. Ilpu sToM i1 nonocsl 1270 HM pacdeTsl NpUBEIEHB! Ui BpEMEHU
t=30 MHMHYT mociie Hadayia BBICHIIAHMSA BBHICOKOIHEPTHUYHBIX IMPOTOHOB. I10CKONBKY M3ITydaTellbHOE BpEMsI KU3HU
cocTosHus a'A, GoNbIIE Yaca, a KOHCTaHTa CKOPOCTH TalI€HUs COCTOSHUSA a'A; NPUHAMAET OYEHb MAJCHBKHE
3HAYEHMs, JUIS BRICOT BhIme ~40 kM HabmomaeTcst pocT Oz(a'Ag,v=0) Ha IPOTHKEHUN NECATKOB MUHYT BBICHITIAHHS
KJI [Kupunnoe u op., 2021]. U3 cpaBaenns puc. 1 u puc. 4 HAIJIAIHO BUIHO, YTO HPOLECCH TAIEHHS COCTOSHUM b,
u a'Ag BO BpeMst HEYNIPYTUX MOJIEKYJISIPHBIX CTOJIKHOBEHHH IOCTATOYHO 3()()EKTUBHBI U IPUBOMAT K 3HAYUTEILHOMY
MTOHIKEHUIO0 HHTEHCUBHOCTEH cBedeHUs: ATMOochepHbIX 1 MHppakpacHBIX ATMOCHEPHBIX IMOJIOC 110 CPABHEHHIO CO
CKOPOCTSIMH HOHOOOPA30BaHUsI U CBEYEHHs OJIOCH 337 HM Ha BBICOTAxX CpelHel aTMochephl.
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3akioueHue

Ha ocHoBaHumM Monenei 3JM€KTPOHHOM KMHETHKH TPUILIETHBIX COCTOSHUH MOJEKYJSIPHOTO a30Ta U CHHIJIETHBIX
COCTOSTHUH MOJIEKYJISIPHOTO KHCIIOPOAa [UIsi CpeiHeid arMocdepsbl 3eMiu, NpeACTaBIEHHBIX B [Kupuinog u
benaxoeckuii, 2020a, 20200, Kupuinos u op., 2021; Kirillov and Belakhovsky, 2019, 2021], npoBeneH pacyer
npoduieil UHTEHCUBHOCTEH CBEYECHUS II0JIOC NMEPBOW W BTOPOM TOJIOKHUTENBHBIX cuUcTeM N, mojoc Jlaiimana-
Bupmxa-Xondunna N,, monoc Atmocdeproit u MndpakpacHoit AtmocdepHoit cuctem Oz B cityyae BBICHITaHHS B
aTMocdepy 3eMITi BRICOKOHEPTUYHBIX MPOTOHOB BO BpeMs coObiTiii GLE65 (28.10.2003), GLE67 (02.11.2003),
GLEG69 (20.01.2005). Pacuetsl mokazanu, 4To MPaKTHYECKH HAa BCEM pacCMaTpUBaeMoM HHTepBasie BeIcoT 20-80 kM
UMEETCS 3HAYMTENBHBIM BKJIAH IIPOIeccoB ramenus coctosauii B°Il; m a'll, MomeKyaspHOro asora mNpH
MOJIEKYJISIPHBIX CTOJIKHOBEHUSX. KpoMe Toro, KHHEeTHKa CHHITIETHBIX cocTostHUN O2 Ha BBICOTaxX CpeaHer aTMochepsl
BO BpEMs BBICHIIAHMS IPOTOHOB PAcCMOTPEHBI KaK C yYETOM HPSIMOTO BO30YXXIEHHS BBICOKOIHEPTHYHBIMH
YacTUI[AMHU, TaK U C YIETOM MEXMOJIEKYISIPHBIX MIPOIECCOB MEPEHOCA AEKTPOHHOT0 Bo30ykaeHus.. [TokasaHo, uto
MPOLECCH TallleHUs COCTOSHUH b'Y,” u a'A, Bo BpeMs HeyNpyTrMX MOJIEKYJSPHBIX CTOJKHOBEHMH MPUBOMAT K
3HAYUTEIHHOMY HOHKECHUIO HHTEHCUBHOCTEH cBeueHHs ATMochepHbIX 1 MHppakpacHbIX ATMOC(EPHBIX [10J0C Ha
BBICOTaxX CpeHei aTMOC(hephI.

BaarogapHocTs. VccienoBanue BBIMONHEHO 3a cyeT rpaHta Poccuiickoro HaydHoro ¢ouaa (mpoekt Ne 18-77-
10018) «IloToKM BBICOKORHEPTHYHBIX 3apsHKEHHBIX YAaCTHI[ B OKOJO3€MHOM KOCMHYECKOM IPOCTPAHCTBE, M HX
Bo3/ieiicTBUE Ha aTMOC(hepy APKTHKHY.
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PE3YJIbTATbI TECTUPOBAHUS PATUAIITMOHHOT'O BJIOKA
MOJAEJIX OBIIEN HUPKYJIALINU ATMOC®DEPBI 3EMJIN

E.A. ®enoroBa

Dedepanvroe eocyoapcmeeHnoe DlodxcemHoe yupescoenue nHayku Tlonsapusiil ceoghusuneckull UHCMmumym
(IIT'H), 2. Anamumul, Poccuiickas @edepayus,; e-mail: godograf87@mail.ru

AOCTpaKT

B pabote mpexncraBieHBI pe3yabTaThl TECTHPOBAHMSA OJOKAa MOJENH OOIMeld DUPKYISIIHH aTMOocdepsl 3emiu, B
KOTOPOM PAacCUHTHIBAETCS TI0JIE CONHEYHOTO M3IYYEHHS B YaCTOTHOM amanazoHe oT 2000 mo 50000 cM™! ¢ yueTom
HapyIEeHHs JIOKAaJIbHOTO TEPMOJUHAMUYECKOIO paBHOBECHS B KojebaTenbHbIX Hosocax COz u Os. [ 4uciieHHOTo
pelIeHus ypaBHEHMs INEPEeHOCa M3ITY4YEHHUS HCIOJIB30BAJICA METOJA JUCKPETHBIX OpAMHAT. Pe3ynbraTsl pacderos,
BBITIOJTHEHHBIX C IIOMOILBIO 0JIOKA MOJIENH, CPABHUBAIOTCS C PE3YJIbTaTAMU PACYETOB TIOJISl COJTHEYHOTO U3JIyYECHUS B
HIDKHEH U cpenHell atMmocgepe 3eMIit, BBINOJHEHHBIX C OYeHb BHICOKUM Pa3pelICHUEM 110 YacTOTe.

Beenenne

Pacuer nosist COMHEYHOTO M3TY4YeHHS aTMOC(EPB HEOOXOANMO IPOBOJHUTH IIPU MOJETUPOBAHNH 0OIIEH IUPKYIISIIIAT
aTMocepbl 3eMIH ISl pacyeTa CKOPOCTH Harpesa atMocgepsl H3lTydeHrueM. UeM ToyHee pacyeT CKOpPOCTH Harpesa,
TEeM BBIIIE KAuyecTBO MOJENUpOoBaHMs oOmieil nupkymsinun atmocdepbl 3emnn. Ha Beicorax Gonee 20 kM
K03((ULKEHT MOJIEKYJIIPHOTO MOTJIOIEHHS O4€Hb OBICTPO M3MEHSIETCSI IIPH M3MEHEHUH YyacToThl. [10 310l npuynHe,
IIPU PacUeTax HHTEHCUBHOCTH M3JIyUEHHs PA3pEIeHHUE 10 YaCTOTe JOJDKHO cocTaBsTh nmpumepro 0,001 cm™!. Takue
pacdeTsl Ha3bIBAIOTCS pacyeTaMH C BBICOKMM paspemieHnem 1o yacrote (Line-by-Line). Ilpum stux pacuerax
TpeOyroTCsl OONBIINE BBIYUCIUTENBHBIE 3aTPAaThl M WX HEJB3S HCIONb30BaTh B MOJENAX OOLIEH HHUPKYISAIMU
aTMoc(epsl B HacTosmiee BpeMs. [103ToMy B Moaenax o0mei UpKyIIIur aTMochepbl HCIOIB3YIOTCS YIIPOIIECHHbIE
METOJIbI OBICTPOrO pacdera IMOTOKOB M3nmydeHus [1-5]. OcHOBHas mpaest STUX METOJIOB COCTOUT B TOM, YTO peajbHast
3aBUCHMOCTH KO3(h(UIMEHTa MOJICKYIIPHOTO MOTJIOMIEHHUS OT YacTOTHI 3aMEHSETCS Ha MOJEIBbHYIO 3aBUCHMOCTb,
Gosiee ynoOHyto Ui pacyeroB. IIpum 3TOM y3KHE CIEKTpaJbHbIE KaHalbl 110 OIPENCICHHOMY aJTOPUTMY
O0O0BEANHSIOTCS. B TPYMIIBI, KaX/ash U3 KOTOPHIX 3aMEHSETCsl Ha OJWH INMPOKWI MOJENBHBIN KaHal B pesymbrate
HECKOJBKO MIJUIMOHOB Y3KHMX CIEKTPaJIbHBIX KaHAJIOB 3aMEHSIOTCSA HAa HECKOJIBKO JECATKOB MM HECKOJIBKO COTEH
MO/IEJIBHBIX KaHAJIOB, JJIS KQK0T0 U3 KOTOPBIX MPOBOJUTCS YHCICHHOE PEIICHNE YPaBHEHUS MIEPEHOCa U3ITy4IEHHS.
IIponienypy mOCTpOEHHS yKa3aHHBIX MOJENBHBIX KaHAJIOB HA3bIBAIOT IIOCTPOCHHEM IIapaMeTpH3aluu
MOJICKYJISIPHOTO TOTJIONIeHMA. J{JIs1 MPOBEpKH TOYHOCTH ITOCTPOECHHON MapaMeTpHU3aluy pe3yabTaThl pacdyera Mot
W3Ty4eHHUS B MOJENBHBIX KaHajaX CPAaBHMUBAIOTCS C pe3yiabTaTaMH pPACUETOB C BBICOKUM CIEKTpPATbHBIM
pa3pelieHreM.

B nanHOit paboTe mpeacTaBIeHO pe3yNbTaThl TECTUPOBAHMS OJIOKA pacyeTa COMHEYHOTO M3ITyYeHHS! aTMOC(epsl
3emun, KOTOPBIN pa3paboTaH A MOJeNH o0IIel IMPKYISINN HIDKHEH U cpefHeit atMocdepsl. B npencrasnennoM
O50Ke pacdera COJIHEYHOTO H3IydeHHs aTMocdepbl 3eMIIM HCIOJb3yeTcs MapaMeTpU3alys MOJIEKYIISIPHOTO
TIOTJIONIERHs B uana3one gactot ot 2000 g0 50000 cM™' B MHTEpBale BHICOT OT MOBEPXHOCTH 3€MIIH 110 76 KM, B
KoTopoi nmeercst 144 MozenpHBIX KaHanoB. Croco0 MOCTpOeHHs 3TOH MapaMeTpu3aluy ObUT IIpeJICTaBlIeH B paboTe
[7]. Ilpn mocTpoeHNH 3THX NapaMeTpU3alnil YUNTHIBAIOCH H3MEHEHHE Ta30BOTO COCTaBa aTMOC(epsl ¢ BHICOTOH, a
TaKXXe HapyIICHHUE JIOKATFHOT'O TEPMOIMHAMHYECKOTO PaBHOBECHS B KOJIEOATEIbHBIX ITOJIOCAX YIIIEKHUCIIOTO ra3a ¢
JUTMHOHN BOJIHBI OKoJi0 4,3 1 2,7 MKM Ha BbicoTax Bbime 70 kM. J[Jsl 4MCIEHHOTO pelieHus ypaBHEHHs MepeHoca
W3ITY4YEHHUS UCTIOIB30BAJICS METOJ TUCKPETHBIX OpIMHAT. Pe3ynbTaThl TECTHPOBAHUS, BBHIIIOJHEHHBIX C MOMOIIBIO
O;oka MoJieNn, CPaBHHUBAIOTCS C PE3yJbTaTaMU pacueTOB IIOJS COJMHEYHOTO H3IYYCHHS B HIDKHEH M CpenHel
aTMocdepe 3eMiH, BRITIOTHEHHBIX ¢ OYEHb BRICOKHM Pa3pelIeHNneM 10 JacTOTe.

TecToBble pacueThbl MOJS COJTHEYHOI0 H3JIYyYeHUs!
Boutn mpoBeseHBI pacueTsl ¢ BBICOKMM CHEKTpanbHBIM paspemieaneM (LBL) mons comHewHOTo W3MydeHHs
armMocdepsr 3emun ¢ paszpemrerreM 10 gactote 0,001 cM ! M pacdeTs ¢ WCIONB30BaHUEM PaIHAIIMOHHOTO OJI0Ka
MOJIETIH JJIsI CITydasi, KOT1a UMEeTCsl BEpXHHIA 00JIauHbIN CTI0M Ha BBICOTaX OT 7 10 10 kM. MeTopl pacdueToB JeTalbHO
omvcaHsl B [6—8].

Ha puc. 1 npeacTaBiaeHs! MOTOKH BOCXOSIIETO U HUCXOASAIIETO COTHEYHOTO M3ITyHIEHHUsSI aTMOC(HEPBI U CKOPOCTH
HarpeBa aTMOC(EpHOTO ra3a 3a CUeT STHX ITOTOKOB, IIOJIyYEHHBIE C TIOMOILBIO PACUETOB C BHICOKUM CIIEKTPaIbHBIM
paspemenneM (LBL), a Takke ¢ MCIIONb30BaHHEM PAIMALIMOHHOIO OJIOKAa Mozesn B MHTepBajie yactot oT 2000 1o
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22000 cm L. W3 puc. 1 BUOHO, YTO B 3THX HHTEPBANAX YaCTOT HACXOASIINE TIOTOKH U3IydeHHs Ha BEICOTax Gosee 10
KM H Ha BbIcOTax 0—7 KM MaJo U3MEHSIOTCS ¢ BEICOTOMH, a Ha BEICOTax OT 7 10 10 kM ObICTpO yOBIBAIOT C yMEHBIICHHEM
BBICOTHL. BocXozsIye MOTOKY MPH IBMXKEHUH OT MMOBEPXHOCTU BBEPX CHavaja yObIBAIOT JI0 BHICOTHI IPUMEPHO 3 KM,
3aTeM J0 BBICOTHI 7 KM MaJO M3MEHSIOTCS, B O0JAYHOM CJIO€ OBICTPO BO3PACTalOT C POCTOM BBICOTHI, a BBIIIE
00JIaYHOTO CJI0S IPAKTUYECKH MOCTOSHHBI.

Taxoke u3 puc. 1 BUAHO, YTO CKOPOCTH HarpeBa BO3/yXa 3a CUET IIePEeHOCca COJHEYHOI'0 U3JIy4eHUs! aTMOC(epsl B
untepsane yactor ot 2000-22000 cm ! Ha BricoTax ot 20 10 100 kM nexut B npenenax ot 0 go 14 K/cyr, BHyTpH
00J1a4HOTO CJIOS Ha BBICOTE Ha BhIcoTax oT 7 1o 10 kM jexut B npenenax ot 0 go 45 K/cyr. HanbGonpiumii Bkian B
HarpeB 3a CYET MEPEHOCA COIHETHOTO U3IydeHHs atMocdepsl BHOCHT uHTepBan 20004000 cm ' Ha BBIcOTax oT 20
1o 100 kM Beme o6magnoro ciost u uaTepBan 4000-10000 cm ' m 14000-22000 cM ' BHyTpu 061a9HOTO CIIOSL.
Pa3HOCTP MEXAy CKOpPOCTBIO HarpeBa, PACCUUTAHHOM C MCHONB30BAHWMEM DPAIUAIMOHHOTO OJOKa MOIENH |
CKOPOCTBI0, TOTy4eHHOH ¢ momonisio LBL pacueros, BHe o0maunoro cios jexur B npenenax ot 0 mo 0.85 K/cyr, a
BHYTPH 00Ja4HOTO cJI04 JeXUT B peaenax ot 0 mo 0.55 K/eyr.
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Pucynok 1. BHI3Yy MOTOKM BOCXOASIIETO M HUCXOIAIIETO COTHEYHOTO U3JIYUYCHHUS B YACTOTHBIX JTMAIIa30HAX
2000-4000 cm!, 4000-10000 cm', 10000-14000 cm™' u 14000-22000 cM ' nmpu HAaMMYUK BEPXHETO
00JIAYHOTO CJIO0S, PACCUMTAHHBIE C MOMOIIBIO PAJUAIMOHHOTO OJIoka Mojaenu (map.) u ¢ momompio LBL
pacuetoB. BBepxy cieBa ckopocTu HarpeBa aTMOC(EpHOro ras3a 3a CueT 3THX [OTOKOB, a BBEpXY CIIpaBa
Pa3HOCTh ATHX CKOPOCTEH Harpesa.
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Pesynomamer mecmuposanus paduayuonnoz2o 610ka mooenu obwell yupKyiayuy ammocgepvt 3emau

Ha puc.2 npencraBieHbl HOTOKH BOCXOISIIETO M HUCXOJAIIETO COMHEYHOTO M3ITY4EHHS aTMOC(HEPBl H CKOPOCTH
HarpeBa aTMOC(EpHOTrO rasa 3a CYeT ITHX IIOTOKOB, INOJy4deHHble ¢ momompbio LBL pacderoB, a Takxke c
HCIIONB30BAaHUEM PAJHALOHHOTO 0JI0KA MOJIETM B MHTEpBajax 4actoT ot 22000 o 50000 cM™'. U3 puc. 2 BugHO,
YTO B 3TUX HHTEPBaJIaX YaCTOT HUCXOSIIUE TOTOKH M3TY4EHHs BBIIIE 00JaYHOTO CJI0s 1 HUKE 00JIa4HOTO CII0S MaJIo
M3MEHSIOTCS C BBICOTOH, a B 00JIa4HOM OBICTPO yOBIBAIOT C YMEHBIIEHHEM BBICOTHL. Bocxonsiiye MOTOKU NpH
JBIDKCHUM OT TOBEPXHOCTHM BBEPX CHayana yOBIBAIOT O BHICOTHI HIDKHEW TI'paHUIBI 00JIAYHOTO CJIOS, a BBIIIE
00JIa4HOTO CJI0SI TPAKTUYECKH ITOCTOSHHBL. Tarxoke, Ha puc. 2 BUAHO, YTO CKOPOCTh HarpeBa BO34yXa 3a CUET IepeHoca
COIHEYHOTo H3IydeHHs aTMoc(epsl B uHTepBaine yacToT ot 22000-50000 cvm ! ot 20 10 100 kM JIeXUT B Hpeaenax
ot 0 1o 28 K/cyT, Ha BbIcoTax oT 7 10 10 KM BHYyTpH 00J1a9HOTO CII0S Ha BBICOTE JISXKHT B Tipenenax ot 0 go 17 K/cyT.
Haubompmmii BKTag B HarpeB 3a CUET IMEPEHOCa COJIHEYHOTO M3IMydeHHUs aTMocdepsl Ha BeicoTax oT 20 mo 100 km
sHOCHT uHTepBan 3000038000 cm ! u Ha BBIcOTax oT 7 m0 10 XM BHYTpH 06aaunoro ciuos uatepsan 22000-30000
cm L. PasHOCTh MeXy CKOPOCTBIO HArpeBa, PACCUMTAHHON C MCIMOJB30BAHMEM PAIMAIMOHHOTO OJIOKA MOJENH U
CKOPOCTHIO, TOTy4eHHOH ¢ momotibio LBL pacderos, BHe oOmadHOoro ci10s exut B mpenenax ot 0 mo 0.25 K/eyt, a
BHYTpH 00JJa4HOTO cJI0s JIexHT B mpeaenax ot 0 mo 0.02 K/cyr.
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PucyHnok 2. BHU3y NOTOKH BOCXOJSIIET0 M HUCXOASIIETO COJIHEYHOTO M3ITY4YEHHS B YACTOTHBIX JMara3oHax
22000-30000 cm~', 30000-38000 cm!, 3800042000 cm~' u 42000~ 50000 cm™! npu HaNMYMHM BEPXHETO
00JIa4HOTO CJI0Sl, pacCUUTaHHBIE C MOMOIIBIO pajnanuoHHOro Onoka Moaenu (map.) u ¢ momompio LBL
pacderoB. BBepxy cieBa CKOpOCTH HarpeBa aTMOCc(epHOro rasa 3a CUET 3THUX ITOTOKOB, a BBEpXY CIIpaBa
Pa3HOCTB 3THX CKOPOCTEH Harpesa.
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E.A. ®eoomosa

3akiaouenue
Pe3yJ'H)TaTI>I pacquOB IIoKasajii, 4To paZ[I/IaHI/IOHHI)Iﬁ 6J'IOK MOACIIU 06ecneqHBaeT TOYHOCTH pacqua CKOpOCTI/I

HarpeBa 3a CUeT IepeHOoca COJIHEYHOro M3idydeHus B uHTepBane yactoT 2000-50000 cm™

! me xyxe 0.9 K/cyr na

BbIcoTax oT 60 mo 100 kM, BHe 0OnaunbIX cinoeB He xyxe 0.26 K/cyt, u okono 1 K/cyt BHYTpH 00JauHOrO CIIOSI €
0O0JIBILION ONTUYECKOHN TOJIIMHON. Pa3HOCTh MEX1y pacueTaMu ¢ UCHOJIB30BaHUEM PAJHAIlIOHHOTO OJI0Ka MOJIETH 1
pacyeTamy ¢ BEICOKMM CHEKTPaJIbHBIM pa3pelieHneM B ’TOM HHTEPBAJIe YacToT JEeXHT B rpeaeiax ot 0 mo 0.85 K/cyr
BHE 00JIA9HOTO CJI0s1, @ BHYTPH OONIAYHOTO CJI0s JIeXKHT B mpeaeiax oT 0 mo 0.55 K/cyr.
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COJIHEYHASI AKTUBHOCTb, BUOPUTMbI PACTEHUI U
CJIYUYAVHBIE COBBITUSA B HEXKUBBIX CUCTEMAX

I1.A. Kamrynun, H.B. Kanauesa
THonapuo-Anvnutickuii 6omanuvecxuti cao-uncmumym, PAH, Anamumut; e-mail: falconetl@yandex.ru

AHHOTALINA

[IpoBeneHo MHOTOTHEBHOE HAOJIOIEHHE CYyTOYHOTO pUTMa HACTUIECKUX IBIKEHUN pactennit Marantha leoconeura
C OIHOBPEMEHHBIM aHAIN30M JHHAMHUKHN (PYHKIIMOHHUPOBAHUS HEXKUBBIX CHCTEM — TEHEPAIWU CIyYalHBIX JUCEN H
HCXOJIOM MEXaHHUYECKUX OIBITOB C MHOTOKpPATHBIM OpocaHumeM MOHeT. [loka3zaHa CBS3b BPEMEHHBIX U OOpATHMBIX
HapyleHU CYTOYHOTO pUTMa PACTEHHI C pPE3KMMH M3MEHEHUSIMU WHJIEKCOB COJIHEYHON aKTUBHOCTH BO BpeMs
CHUIIbHBIX Bo3MyleHudd Ha ComHie. OOHapy>KEHO BIUSHUE 3HAUYUTEIBHBIX M3MEHEHHUN COJHEYHON aKTHMBHOCTH M
«KOCMHUYECKOU MOTObD» HAa UCXObI CIyYalHBIX MPOIECCOB B BUE 3HAUUTENbHBIX OTKIIOHEHUM THUIIa TeHEPUPYEMBIX
YKCeN U OTKJIOHCHHIA Pa3HOCTH YKCIIA BHIMAJCHUN Pa3HBIX CTOPOH MOHET OT TCOPETHUCCKU OXKHMIACMbIX U Hanbosee
BeposATHbIX. 1loka3aHa CBS3b HAKOIUJIEHHBIX 32 MHOT'O JAHEH OTKIOHEHHWW OT 0KMIAa€MbIX 3HAUEHUH C AMHAMUKOU
WHIEKCOB COJTHCUHOM aKTUBHOCTH.

Beenenne

ConHevHasi akKTUBHOCTh M KOCMO(H3NYECKHE COOBITHS OKa3bIBAalOT MHOTOCTOPOHHEE BIMsHHUE Ha Ouocdepy 3emiy,
Ha Ha3eMHBIE HKOCHUCTEMBI, BHOCAT CBOI BKJaJ B MPOMUCCXOJSILIME B 3TOM BEKE TIIIOOAIbHBIE KIMMaTHYECKHE
n3MeHeHus1. JKuBble cucTeMbl 00J1aJal0T CHIIBHO BaprualOesbHOM BOCIIPUMMUYUBOCTBIO K KIIMMAaTHYECKHM MpoLieccam,
cabbIM (pU3NYECKUM BO3JCHCTBHSAM U KOCMUYECKOMY BIUsiHUIO. OJTHOM U3 Hanbosee YyBCTBUTEIBHBIX TPYYIT CPEIH
IpecTaBuTeNeil Ha3eMHOM COCYAUCTOM (PIIOPHI SIBIIOTCS PACTEHHUSI PA3HBIX BHJIOB, OTHOCAIIMXCS K TaK HA3bIBAEMBIM
<OKMBBIM OapomeTpam». J{i1st ONOMHIMKAINH COTHEYHON aKTUBHOCTH M KOCMHUUYECKHUX ()aKTOPOB HaMHM OBLTH BHIOPAHBI
KYJIbTUBaphl MapaHTOBHIX, B JAHHOH pabote - BUn Marantha leoconeura, var. “Facinator”, KyJIbTHBUPYEMEIA B
CTaH/APTHHIX JIAOOPATOPHBIX YCIOBHSAX. PacTeHns maHHOTO Buaa 00Jaaf0T BBIPAKCHHBIM HUPKAIHBIM PUTMOM
TIOJIO’KEHHUS JINCTOBBIX IJIACTHHOK, COBEPINAsi HENPEPHIBHBIE HACTHYECKHE JIBIKCHHS.

Jnst vHAMKAIMKA KOCMOGHM3MYECKHX COOBITHH B JaHHOW paboTe NPOBOJAMIM E€XKEIAHEBHBIE M €XEBeuepHHE
M3MEpEeHus yriia, 00pa3yeMoro JHUCTOBBIMH ITACTUHKAMHU HAOIOJaeMbIX PacTeHUH ¢ uX yepeHkamH. [lapannensHo,
B TO € BpeMs NMPOBOIWIN KOJIMYECTBECHHbIC M3MEPEHHUS PAa HEXHBBIX CHCTEM, pacCMaTpHBas MX B KadecTBE
MHJMKaTOPOB KOCMO(DU3MYECKHX COObITHH. BaxkHhIM TpeOOBaHMEM K TaKUM HMHIMKATOpPaM SIBISETCS HX
HEYYBCTBHUTEJILHOCTh K HAa3eMHBIM JKOJOTMYECKHM, KIMMaTHYECKUM, TeMIepaTypHbIM QakrtopaM. B pabotax
corpyauukoB U'TOB PAH non pykoBojacteom C.D. I1IHOJIS ¢ 3TO# 1EIbIO UCTIOJIB30BAIN JTa00PATOPHBIH MOHUTOPHUHT
paaroaKkTUBHOIO pactasa u30TonoB [1]. Mbl HCIIOIB30BANIM FeHEPATOPHI CITyYaiHBIX YHCE, TAKKe Kak B padote [2]
Y 9KCTIEPUMEHTHI C OpOCAaHHEM MOHET.

MeToabl M 00HEKTHI

EsxenHeBHO, TBaXK/bl B CYTKH B TIOJIJICHh ¥ BEUEPOM M3MEPSITH YIIIbI OTKIOHEHHS JIUCTOBBIX IIACTHHOK PACTEHHUM H
TaKkK€ TEHEePUPOBAIH JECATh NECATUPA3PATHBIX CIydalHBIX YHCET C IMOMOIIBI0 TOPTATHBHOTO TeHepaTopa
“CITIZEN” SRP-285II. B xaxI0M 3KCIIEpUMEHTE 3aMUCHIBAIN OTKIOHEHUS OT OXHIaeMbIX HanOoJee BEPOSTHBIX
3HAUYEHWH TEHepaluW pa3HbIX TATH WIK ceMu TnepBbix nudp. Hampumep, oxumaemas BeEpOSTHOCTD
MIOCJIC/IOBATENILHOTO TIOSIBJICHNUS IISITH Pa3HBIX MEpBHIX 1M p npu rereparuu 10 uncen cocrasmser P = 0,324 [3]. B
Ka4yeCTBe CIy4allHOW MEXaHUIECKON MOJICIIH HCIIOIh30BAIH MISITHKPATHOE JHEBHOE U BeuepHee Opocanue 10 wu 100
MOHET pa3HOH HOMHHAIIMK B CTPOTO BOCIIPOM3BOIMMBIX YCIOBHSAX. B paboTe aHATM3MPOBAIM OTKIOHCHHS OT
OKUJ/TaeMBIX, HanOoJiee BEPOSTHBIX 3HAYCHUH YKCIia BBIIAICHUA Pa3HBIX CTOPOH.

Pe3yabTaThl M 00cyKIeHHE

W3mepeHnst yrioB OTKJIOHEHHS JIMCTOBBIX IUIACTWHOK pacTeHHi M. leocomeura ToKa3aqul HaIW4YHE YCTOWYHBOTO
CYTOYHOT'O PUTMA Y Pa3HbIX PacTeHUI TOTO BWJA M PA3HBIX JIMCTOBBIX IIACTHHOK OJIHOM 0COOM IpH HEOOJIBIION
3aBUCUMOCTH OT PacIOIOKEHHS 1 BO3pacTa JIUCTa, puc. 1. Ha pucyHke okazaHbl pe3yabTaThl U3MEPEHHs YIJla OHOTO
BBIOpaHHOI'O JIMCTa HaOJIIOJIAEMOTr0 PAcTEHHsT B COINOCTABICHHHM C CYTOYHBIMHM 3HauyeHHsIMHU uucel Bonbda u
MHTEHCUBHOCTbIO UHAeKca Fio 7 comHeuHoro paguonsnydenus. Kak BUaHO U3 pucyHka B IEpUObI IPEIIIECTBYIOLINE
COJIHEYHOMY BO3MYILICHHIO U B XOJE€ Pa3BUTHUS aKTHBHBIX (DU3NUECKHX KOPOHAIBHBIX IIPOIECCOB IMPOMCXOIUT
W3MEHEHHE yIJla OTKIOHEHHS JIMCTOBOW IUIACTUHKH M HApyIIEHHE OOBIYHOI CYyTOYHOIN PUTMHUKH €T0 JBIKCHUS. Bo
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I1.A. Kawynun u H.B. Kanauesa

BpeMsI 3HAUYUTENBHBIX BBICOKOXHEPTeTHUeCKHMX coObiTuii Ha CoONHIIE, CONMPOBOXAAIOMIUXCS MAaCCOBBIMHU
KOPOHANBHBIMH AMHCCHSMH B CTOPOHY 3eMJIM, BO3MOXHBI OOpaTHMbBIC HapymICHHS pPHTMa, KOTOPBII
BOCCTaHABJIMBACTCS 32 HECKOJIBKO JHEH. B maHHOM ciydae Takoii cOoit purma HaOmromanu B camoM koHie 2021 ropa,
B MOCJICTHHIE YKCIa Jeka0Ops u B ssaBape 2022 roja.
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Pucynox 1. Cyrounast tTMHaMHKa yrila OTKJIOHEHU (IpalyChl) IMCTOBOI IITACTHHKN HAOII0JaeéMOT0 PACTEHHS
MapanTsl ¢ 23 nekabpst 2021 roma nmo 21 depans 2022 rona. [lokazansl uepenyrommecs: BeuepHue (1) u
JTHeBHBIC 3HAYCHUS yIJIa.

CO6oii (hU3HOIOTHUECKOTO ITUPKATHOIO PUTMA PACTCHHH HAOJIFOJAId CHHXPOHHO cO 3HaunTebHbIMU 100-150%
OTKJIOHEHUSIMU OXKHMIAeMOT0 3HAa4YeHUsI KoynuecTBa uyucesd (3-X) ¢ MEepPBBIMH IATHIO PA3IMYHBIMU LU(QpamMu NpU
mociuenoBaTenbHOM reHeparuu 10 coydaHBIX bmced, puc. 2. Bo Bpems, NpeninecTByOIiee Pe3KOMY pPOCTY
COJIHEYHOW aKTUBHOCTH, conpoBoxaasiueiics CME u ycuieHueM KOPIYCKYJISPHBIX ITOTOKOB, HaOJIOAaNNd WU
TaJICHHE KOJIMYECTBA YHCEI C Pa3HBIMHU U (paMu OT 03KUIAEMBIX TPEX IO OJHOTO U HYJIS MM HA000POT, yBEIHICHHUE
10 7-8.
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Pucynok 2. ExxecyTouHble M3MepeHUs CIIy4aeB IOSBIECHHUS YUCEI C ISTHIO Pa3HBIMHU IEPBBIMH LU(ppaMU
(poMOBI) ¥ CyMMapHBIM YHCJIOM [OCIIEIOBATENLHBIX pasHbIX HUGp (KBaJpaThl) MpH TeHEpPaLUH ACCITH
ciryqaiHbIx gucer ¢ 20 aBrycra mo 12 oktsa6pst 2021 roxa. [Tokxa3ans! queBnsie (D) u Beuepuue (1) n3mepenus.
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Conneunas aAKmMueHoCcmao, 6u0pumez pacmenuﬁ u cxzytmﬁnbze COOBIMUS 8 HEICUBLIX CUCNEMAX
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Pucynok 3. ExxecyTouHble H3MepeHHs MOSBICHUS KOJINYECTBA YHCEN C MSAThIO Pa3HBIMU NEPBBIMH LU(PpaMu
NPY TIOCIIeI0BaTENbHOM FreHepaluy JIeCATH ci1ydaitHbix unced ¢ 11 Hostops 2021 roga no 27 stuBaps 2022 rofa.
[Mokazansl queBHbIe (D) U Beuepuue nzmepenus (1), a Takxe coositne CME Ha ComnHue.

Ha ocHOBe MHOrOJeTHUX HAOMIOACHUNA JUHAMUKH PAaJUOAKTUBHOTO pacmaga H30TOMOB COTPYAHUKAMH
nmabopatopun C.J. IIroms [1] ObuI0 OOHapy)XKEHO pasziMYUE €r0 WHTCHCHWBHOCTH B HOYHBIC W JHEBHBIC YacCHI.
YuutbiBasg 3TU pe3yibTaTbl, Mbl TAK)K€ INPOBOAMIM BCE U3MEPEHUS €XKECYTOYHO, B JTHEBHBIE U BEUEPHHUE YaChl.
HabmoneHnss MHOTOTHEBHON JUHAMUKH MCXOJOB TAaKUX UCIIBITAHUH MOKA3alld, YTO ACHCTBUTEIHHO HA HEKOTOPBIX
OTpe3KaxX X0/1a KallCHIAPHBIX THEH BBIABIIICS CyTOYHBIA PUTM OTKIOHCHHI YHCIIA 0KUIaeMbIX pa3HbIX mudp. Yarmie
BCET0 Ha0N0JaeMoe THEM OXKHJAaeMOe YUCIIO 3 MEHSJIOCH Ha 2 TN 4 BE4epOM, TaKOi MUKI MOT BOCIIPOH3BOIHUTHCS
HECKOJIBKO JHEH B OTHOCHUTEJIbHO CIIOKOWHBIE COJIHEYHBbIE JHU. B KalleHnapHble MHTEpBajbl BHICOKON COITHEHYHOMU
aKTUBHOCTH CYTOYHBI PUTM TEPEXOIWI B XAOTUYHBIA C BBICOKUMHU OTKJIOHEHHMSAMH OT OXHJIA€MbIX 3HAUYCHUH.
MHTEepecHO OTMETUTh, OTKJIIOHEHHSI YUClia 3 B TY WJIM UHYIO CTOPOHY ObUIHM YCTOMYMBHIMH Ha MPOTSDKEHUE MecsIia
wiu 6onbiie. Hanpumep, ¢ Havana HOsSOPs 10 Havasia Aeka0dpst HanOoJiee YaCThIMK JTHEBHBIMH U BEUCPHHUE YHCIaMU
Ob111 3 1 4, a B MPOMEKYTKE C CEPETUHBI IeKaOpsI 0 KOHEII THBapsI CIeAYIONIero rojia 66Ut 3 U 2, COOTBETCTBEHHO,
puc. 3.

B HekoTophIie AaThl HAOTIOIATH OTYCTIHBYIO CBSI3b COJIHEYHOW aKTUBHOCTH C MICXOaMHU BEPOSTHOCTHBIX OTIBITOB C
Opocanmem MoHeT. OHa BBIpaXkajach B IOSBJICHHE OoJiee BBICOKMX OTKJIOHEHHH OT OXKHIAEMOTO CPEIHEro Yrcia
BbINAJICHUN pa3HbIX cTOpOH. CyMMHpOBaHHME MHOTOJHEBHBIX HAKOIUIEHHBIX OTKJIOHEHHH OT CPEIHEro BBISBUIIO
Hanmmure (PaKTadbHON CTPYKTYpPHI Y KPHBOH AMHAMHUKH HAaKOIUICHUS, KpUBas €)KECYTOYHBIX JAaHHBIX M KpHBas
BBEIOPAaHHBIX M3 TOTO K€ BPEMEHHOTO psa 3HAYCHUH C WHTEPBAJIOM B TPH, IITh HIH CEMb THEHW KadeCTBEHHO
COoXpaHsla OCOOCHHOCTH WCXOMHOW KBa3HUIUKIMICCKOH CTPYKTyphl. HamokeHWe KpHBOH HAKOIUICHHBIX
MHOTO/IHEBHBIX OTKJIOHEHHH Ha MHACKCHI COJIHEYHOW aKTUBHOCTU OKa3aJl0 HAJIMYUE CBSA3M C HEKOTOPHIMH M3 HUX B
MEPHUOBbl BHICOKOHM COMHEYHON akTUBHOCTH. Ha puc. 4 moka3aHa AUHAMHKA HAKOTUICHHBIX M3MEHEHHWH OTKIIOHCHHMA
OT O’KHAEMOT0 HYJISI BBITIAICHHUS pa3HBIX CTOPOH OJHOKOIIEEYHON MOHETHI C KOHIIA aBT'yCTa Mo Hadajo okTsaops 2020
BMECTE C CYTOYHBIMH 3HAYeHHAMH 4rced Bonbsda u cyrouHol nuHamukoi mHmekca Fio;. BakHO oTMETHTH, 4TO
KpUBbIE HAKOIUICHHBIX OTKJIOHEHWH OT CPEeIHUX 3HAUCHWH JUIA THEBHBIX W BEUEPHHUX M3MEPEHWH CMMOATHBHI M Ha
HEKOTOPBIX YyYacTKax Jake COBMAAAlOT, 3TO TAaKXKE YKa3bplBaeT Ha OOI(ME BHEIIHWE TPUYUHBI TOSBICHUS
MHOTO/IHEBHBIX KBa3ULIUKJIIOB.

AHanu3 MHOTOJHEBHOW JWHAMHKH CYTOYHOTO PHTMa METCOUYYBCTBUTEIBHBIX pacTeHuil Marantha leoconeura
MoKa3aj HaJIuyue UPKaJIHOTO PUTMA HACTUYECKUX JIBUXKEHUH JIMCTOBBIX IUIACTUHOK BOCIIPUUMYHUBOTO K YCIOBUSAM
«KOCMHMYECKOH MOTOJIbI».

BHe3zamHble, Ha pOHE CIIOKOWHBIX JTHEH, 3HAYUTEILHBIC COTHEYHBIC BO3MYIIIEHHS, conpoBokaaembie CME u poctom
WHTEHCUBHOCTH KOPITYCKYJIIPHBIX OTTOKOB B CTOPOHY 3€MJIH, BBI3BIBAIOT OOpaTHMble HApYIICHUsS HOPMAaJIbHOTO
(hH3MoIOrHYecKOro puTMa HaONIOaeMbIX pacTeHWil. HapylieHHbIe UKIBI BOCCTAHABIMBAIOTCS Yepe3 HECKOIBKO
JTHEH TOCIIe TOSIBJIICHUST OOJIBINUX BUIUMBIX COJTHEUHBIX TPYII COJHEUHBIX MATEH. PaHee ObUIO MOKa3aHO HATUYHE
[UPKAaCeNTaHHBIX (OKOJIOHENENBHBIX) M KPaTHBIX KaJICHOApHOW HeAeNe ITMKIOB MHOTOTHEBHON IHHAMUKH
W3MEHEHNH CYTOYHBIX IMKJIOB PACTCHWH 3TOTO BHAA B MECSIBl CHaJa COJIHEYHOW aKTUBHOCTH B TIOOANBHON
JTUHAMUKE OCHOBHOTO ITUKNIA [4]. BBUTO OTMEUeHO HaMW4IHe OKOJI0O MECSYHOTO ITHKIIA. DTH HAOMIOICHUS YKA3bIBAIOT
HAa KOCMHYECKYIO U COJTHCYHYIO MOJYJISLIHUIO (PU3UOJIOTHYCCKON aKTHBHOCTH PACTCHUMN TPYIIIIBI MAPAHTOBBIX.
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Pucynox 4. MHorogHeBHas AMHAMIKA CYTOYHBIX 3Ha4YeHUH uucen Bombda, nanekca Fio7 1 HaKOIIICHHBIX
OTKJIOHEHUH OT 0XHIACMOTO CPETHETO TPH MATHKPATHOM OpOCaHWM MOHETHl B IHEBHBEIC (KBaIpaThl) H
BeuepHue (pOMOBI) Yachl ¢ KOHIIA aBryCcTa 110 Hadaio okTaops 2020 roxa.

CounHeuHble Bo3MyIeHus BbI3bIBatoT 100-150% oTkIOHEHUS OT 0’knAaeMoro Haubosee BEposiTHOro 3HaueHus (P =
0,324) HEeNOBTOPSIOIINXCS NEPBBIX MATH LU(P NpU MOCIeN0BaTeIbHOM reHepupoBanun 10 ciyyaiiHbeix yucen. B
CIOKOWHBIE KaJleHIapHbIE MEPHOAbI C HU3KOH COJHEYHON aKTHBHOCTBHIO HAONIOAAIM CYTOYHYIO IMKIMYHOCTH 30
MPOLEHTHBIX OTKJIOHEHUH O)KHMJAeMOT0 BEPOSTHOTO 4YMCia HEeNOBTOpsomuXcs 1udp. OOHapy) eHa HUKINYHOCTD
MHOTO/THEBHOW JTMHAMUKH (DU3HOJIOTHYECKOTO COCTOSIHMSI PAcTEHUM, T'€HEepaluy CIy4aiHBIX YHCEN U HCXOJIOB
CIly4alHBIX MEXaHMYECKUX ITPOIIECCOB IIPH MHOTOKPATHOM €KECYTOUHOM OPOCAHUH JECATH UM CTa MOHET, IPUINHBI
KOTOPBIX HYXKJAIOTCS B JaJbHEHIIIEM HCCIICTOBAHMUM.

Jluteparypa

1. Mnons C.3., Konomber B.A., TToxapckuii 3.B., 3enuenko T.A., 3sepeBa .M., Konpanos A.A., O peanuzanuu
JIICKPETHBIX COCTOSIHMIT B Xone (uykTyauuii B Makpockonudyeckux npoueccax / YOH. 1998. T. 168. Ne 10. C.
1129-1140.

2. Maragypos U., Ckpsitas cTpykrypa xaoca / «[Ilmanera BBKYPO» M.: 2011, 260 c.

3. Feller W., An introduction to probability theory and its applications / John Wiley & Sons, Vol. 1, p. 51. 1970. New
York, Chichester, Brisbane, Toronto.

4. Kashulin P.A., Kalacheva N.V., Solar-terrestrial effects revealed through long-term observation on biorhythms in
plants and experimental random events occurrence / Physics of Auroral Phenomena, Proc. XLIV Annual Seminar,
Apatity, 2021. pp. 191-194.

161



AUTHOR INDEX

A
AKhmetov O, ..o, 102
Andriyanov AF. ..o 136
Antonenko O.V. ..o 140
Antonova E.E. .....coooooiiiiiiiii, 28,49
Antonyuk G.L. .o 53
B
Balabin YU.V. ..o, 82,102, 149
Barkhatov N.A. ..o 87
Barkhatova O.M. .....cccccoooviiiiiiiieeeeeeeeeeeee e 46
Barsukova ALE. ...cccoooviiiiiieeee e 46, 87
Belakhovsky V.B. ............ 28,58, 102, 106, 136, 149
Benghin V.V, e 53
Bessarab F.S. .....oooviiiiiiieee e 24
Bilin VLA oo 11, 106
Borisenko A.V. oo 70
Boroyev RIN. oo 7
Budnikov P.A. ..o, 106
C
CherniakoV S.M. ....ooviiiiiiiiiiieee e 91
D
Demekhov A.G. .oooviiiiiiiieeieeceeeeeee e 66
Demin VI ..o 136, 144
DemKkin V.M. oo 136
DeniSenko V. V. .oviiiiiiiiieeie e 24
Despirak LV. ..ccoooviiiiiiiieiiecieeceeeieee 11, 16, 20
E
EfisShov LI i, 32,126
Ermak V.M. i 118
Ermakova EIN. ..o 66
EselevICch MLV, e 39
Eselevich V.G. oo 39
EsSpinoza C.M. ...ccccoeeviieiiieiiieciieeeeecee e 49
Eyelade ALV, oo 49
F
Fedorenko YU V. (oo 66
Fedotova ELA. oo 154
Filatov MLV, oo 32,126
G
Gavrilov B.G. ..o, 118
Germanenko A.V. ...viiiiieiiiiieieeeeeeeeeee 82, 149
GordeeV E.L ....oooooneeiiiiieeee e, 114

162

Gromov S.V. s 16, 20
Gromova L1 .ccocooviiiiiiiieee e 16, 20
GUINEVA V. oo 130
Gvozdevsky B.B. ..o, 82, 149
H
Higashio N. ..o 28
1
Ivanova AR, v 53
K
Kalacheva N.V. ..o 158
Kalegaev V.V, .o 53
Kasahara S. ......ooovivveiiiiieeeeeee e 28
Kasahara Y. ..ocoeeeeiiiiiiieeeeee e 28
Kashulin P.A. ..o 158
Kirillov A.S. oo, 130, 136, 140, 149
Kirpichev LP. ..o, 49
Kleimenova N.G. .....coovviiiiiiiiiiiiiieeeeeeeeies 16, 20
KIEmMenko MLV, ...oooiiiiiiiiieicee e 32
KEMOV PLA. oo 53
KOZIOV DA, e 62
KUBKOV Y.Y . e 136
L
Leonovich A.S. ..o 62
LOSEV A V. o 106, 136
Lubchich AL A. ..o, 11, 16, 20, 66
Lubchich VLA, o 110
M
Malysheva L.M. ....cccooiininiiiiiiiniinincncecceeees 16, 20
Maurchev E.A. ..oooooiiiiiieeeee, 82,102, 149
Michalko E.A. ..o 82
Mingalev LV, ..o 102
Mingalev O.V. ..ot 102
Mirmovich E.G. ......ccooviiiiiiiiiieeeeeee 36
Miyoshi Y. oo 28
N
NaIKO DY U, oo 49
Namgaladze A A. ...oooovieiieieeee e 95
Nikolaeva V.D. ..ccovviiiiiiiiiiiieeeeeeeeeeeeeeeeeeees 114
o
OINAtS AV, oo 98
Ovchinnikov LL. ...ooooiiiiiiiiieeeeeeeeeee 49



P
Parkhomov V.A. .o 39
Pilgaev S.V. e 106
Pilipenko V.A. oo 28,58
Poberovsky A V. .o 136
Podgorny AL ..o 70
Podgorny LM, ..o 70
Poklad YU.V. oo, 118
Pulinets MLS. ....oooiiiiiiecee e 49

R
Revunov S.E. ..o 46
Revunova ELA. .., 87
Rozhdestvenskaya V.I. .......ccoocovviinieiiieiieiecieen, 74
Rozhdestvensky D.B. ......cccoooiiiiiiiieeeeeee, 74
Ryakhovsky LA. ..o, 118
Rybakov M.V, .o 95, 122
Ryskin V.G. ..o 136

S
Sakharov Ya.A. ...ooooveeeiieieeie e 11
Selivanov V.IN. .o 11
SetsSKO P.V. e 11
Shagimuratov LI .....ccccooiiiiiiiiiiees 32,126
Shapovalova JU.A. ...cccoeeviiiiiiieeeeee e 110
Shiokawa K. ....cocooiiiiiiirieieeeceee e 28
Shishaev VLA, ..o 136
Sigaeva K.F. ..o 53
Singh AK. oo 78

Srivastava P. .....oooooiiiiiii e 78

Stepanova M.V, ..ot 49
SUVOrOVA Z. V. oo 102
T
Telegin VLA i 74
Tepenitsyna N.YU. ..ooocvevievieerieiieiieeeieee 32,126
Timchenko A V. oo, 24
TOISHKOV MLV, .eoiiiiiiiiieeee e 98
Tsegmed B. ..oocoveiieiiieieeeeee e 39
Vv
Vasiliev MLS. e 7
VIaSOV ALA. e 62
VI1asova NLA. oo 53
Vorobjev V.G. oot 46, 49
w
Werner R. ..o 130
Y
Yagodkina O.L. ......cccoevevieriieiieieiie et 49
Yahnina T.A. oo 66
Yakimova G.A. ..oooooveeiiieeieeeeeeeeeeeeeeen 32,126
VA
ZolotareV LA, ...ooooiieiiieeeeeeeeeeeee e 53

163



MNOJAPHBIA TEO®PU3UYECKUA UHCTUTYT
183010, r.Mypuancxk, yr. Xartypuma, 15

POLAR GEOPHYSICAL INSTITUTE
15, Khalturina str., Murmansk, 183010, RUSSIA



