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SEVERAL SPECIAL CONDITIONS IN THE SOLAR WIND
FOR A SUPERSUBSTORM APPEARANCE

L.V. Despirak!, A.A. Lubchich!, N.G. Kleimenova’

!'Polar Geophysical Institute, Apatity, Russia; e-mail: despirak@gmail.com
2Schmidt Institute of the Physics of the Earth RAS, Moscow, Russia

Abstract. Analysis of the space weather conditions associated with supersubstorms (SSS) was carried out. Two
magnetic storms, on 11 April and on 18 April 2001 have been studied and compared. During the first storm, there
were registered two events of the supersubstorms with intensity of the SML index ~2000-3000 nT, whereas during
the second storm there were observed two intense substorms with SML ~ 1500 nT. Solar wind conditions before
appearance of the SSSs and intense substorms were compared. For this purpose, the OMNI data base, the catalog of
large-scale solar wind phenomena and the data from the magnetic ground-based stations of the SuperMAG network
(http://supermag.jhuapl.edu/) were combined. It was shown that the onsets of the SSS event were preceded by
strong jumps in the dynamic pressure and density of the solar wind, which were observed against the background of
the high solar wind speed and high values of the southern Bz component of the IMF. Comparison with the usual
substorms showed that some solar wind parameters were higher before SSSs, then before usual substorms: the
dynamic pressure, the speed and the magnitude of IMF. On the other hand, the PC index values was the same for
these all substorms, that leads to the conclusion about the possible independence of SSS appearance on the level of
solar energy penetrated to the magnetosphere.

Introduction

In the last few years, different cases of extremely intense substorms (so-called “supersubstorms” - SSS) [1-6] have
been intensively investigated. At first, the supersubstorms have been determined as very intense magnetic substorms
with the very large negative values of the SML index (< -2500 nT). This index is similar to the widely used AL-
index, but derived from the 88 auroral SuperMAG stations [7]. However, in our opinion, this definition of the SSS
intensity (SML index threshold < -2500 nT) should be extended, at least, up to SML values < -2000 nT [6].

Perhaps, the main question that researchers must answer is whether the supersubstorms are different from the
usual substorms or not. So far it has been shown that in some SSS cases, the spatio-temporal development of the
westward electrojet has a specific feature showing an almost global distribution in the longitude from the evening to
noon sector surrounding the Earth [4]. The largest intensity of these SSS events was observed in the post-midnight
sector. This activity was accompanied by the bay-like disturbances at dayside polar latitudes with the significantly
reduced magnitude [5]. Besides, the first studies of the behavior of the auroras during the SSSs showed that the
development of the visible auroras is also nonstandard; the intense auroras were registered in the pre-midnight and
morning sectors of the magnetic local time (MLT) [2].

At the same time, the first studies of the space weather conditions for the appearance of the SSSs showed that the
SSS events are typically observed during the main phase of a strong magnetic storm and by the definite conditions
in the solar wind and interplanetary magnetic field (IMF) [1], [3]. It was shown, that the SSSs occur during the
certain types of the large-scale solar wind streams, namely, the SSSs are mainly observed during the approach to the
Earth’s magnetosphere of the solar wind carrying magnetic clouds (MC) and SHEATH plasma compression regions.
Thus, the SSS events are caused by interplanetary coronal mass ejections and are, in fact, unassociated with high-
speed streams from the coronal holes [3]. The considered solar wind types have the fairy long duration, so the
question is where local drivers for supersubstorms are.

The aim of our work is the search of the local space weather drivers of SSSs. For this purpose, the solar wind and
IMF conditions before the onsets of the SSS events were compared with the conditions before the onset of the usual
substorms; the data of the SuperMAG network and CDAWeb database were combined. We considered two
magnetic storms - on 11 April and on 18 April 2001. During the first storm, there were registered two SSS events
with intensity of the SML index ~2000-3000 nT, whereas during the second storm there were observed two intense
substorms with SML ~ 1500 nT.

Four substorm events, chosen for the study, are shown in Figure 1. The time variations of the SML index are
presented for the period of 11-12 April 2001 (the top panel) and for the time period of 17-18 April 2001 (the bottom
panel), the moments of all substorms are pointed by the blue arrows. It is seen, that the SSSs were registered at
16:09 UT on 11 April (SML ~ -2920 nT) and at 20:24 UT on 12 April 2001 (SML ~ -2450 nT); whereas usual
substorms were observed at 01:16 UT (SML ~ -1640 nT) and at 04:08 UT on 18 April 2001 (SML ~ -1400 nT).
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Figure 1. Variations of the SMU and SML indexes of geomagnetic activity by SuperMAG data are
presented for two time periods: from 09 UT on 11 April to 05 UT on 12 April 2001 (top panel) and
from 22 UT on 17 April to 08 UT on 118 April 2001 (bottom panel). SML index is shown by the red
line. Four moments of SSS and usual substorms are shown by the blue arrows.

Data

We used the OMNI data base and the catalog of the large-scale solar wind phenomena for determination of the solar
wind types [8]. These parameters were taken from the 1-min sampled OMNI data base of the CDAWeb
(http://cdaweb.gsfc.nasa.gov/cgi-bin/eval?.cgi).

The extremely intense substorms (SSS) were determined by the SML index, based on the data from the magnetic
ground-based stations of the SuperMAG network (http.//supermag.jhuapl.edu/) and Scandinavian IMAGE network
(http://space.fmi.fi/image/). The supersubstorms are defined as those events with the SML (AL) peak < -2000 nT,
whereas usual intense substorms are detected as events with SML (AL) peak < - 1000 nT.

Results

Here we present some results of our study of the space weather conditions for the chosen 4 events during two
magnetic storms on 11 and 18 April 2001. Figure 2 shows the several solar wind and IMF parameters observed
before SSSs events on 11 April 2001, from top to bottom: magnitude of magnetic field (Brt), By- and Bz-
components of IMF, the flow speed and the dynamic pressure of the solar wind, PC-, SYM/H- and SML- indexes of
geomagnetic activity. From the left panel of Figure 2, it is seen that two consecutive structures in the solar wind
were observed: SHEATH with EJECTA. As result, there was the magnetic storm on 11 April 2001 with SYM/H
~300 nT, both supersubstorms, which were marked in the picture by the vertical dotted blue lines, were registered at
the main phase of the storm, during the SHEATH region. The behavior of the solar wind parameters shows in more
detail in the right panel of Figure 2. It is seen that before both SSS occurrence, the local jump of the solar wind
dynamic pressure was observed (~ 20 nPa). Additional, the high values of the southern Bz component of the IMF
(~-15-30 nT), the total magnetic field (~ 25-35 nT), velocity of the solar wind (~ 700 km/s) were also registered
before the SSSs onsets. Besides, before two SSSs, the values of the By component of the IMF was negative.

Figure 3 shows the solar wind parameters observed before the usual substorms on 18 April 2001. The format of
Figure 3 is the same as of Figure 2. It is seen that both substorms were registered at the main phase of the storm
(SYM/H ~140 nT), caused by high values of the southern Bz component of the IMF during the SHEATH region.
From the right panel of Figure 3, it is seen that before both usual substorms occurrence, the relatively small values

8
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of the solar wind dynamic pressure (~ 5 nPa) and velocity (~ 450-500 km/s), the magnitude of the IMF (~ 10-15 nT)
were observed. But PC- index values were similar for the substorms and SSSs (~12-14 mV/m).
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Figure 2. Variations of the solar wind and IMF parameters for two time periods: from 10 UT on 11
April to 24 UT on 12 April 2001 (left) and from 14 UT on 11 April to 02 UT on 12 April 2001 (right).
The boundaries of the solar wind types are marked by the red rectangles: SHEATH — by the solid

lines, EJECTA — by the dotted lines. The moments of the SSS are shown by the vertical dotted blue
lines.

Summary
We found the following differences in the behavior of the solar wind parameters before the onsets of the usual
intense substorms and SSSs:
1) The solar wind dynamic pressure was relatively low for usual substorms ~ 5 nPa, while for SSSs - ~ 20 nPa;
2) The solar wind velocity for usual substorms was between high — and low values (~ 450-500 km/s), while for
SSSs, it shows very high values (~ 700 km/s);
3) The magnitude of the IMF for SSSs is higher (~ 25-35 nT) than for usual substorms (~ 10-15 nT);
4) The PC index was about the same (~12-14 mV/m) for both types of intense substorms.
Thus, we found some differences in the behavior of the solar wind parameters: the dynamic pressure, the velocity
and the magnitude of IMF was lower for usual substorms than for SSSs. However, the PC index values were similar

for both types of intense substorms. So we may suppose the possible independence of the SSSs appearance on the
level of the solar energy penetrated to the magnetosphere.

Acknowledgements. The WIND data used in this study were taken from OMNI web site
http://cdaweb.gsfc.nasa.gov/cdaweb/istp_public/. We are grateful to J.N. King and N. Papatashvili, the heads of the
experiments conducted with these instruments. The authors are grateful also to the creators of SuperMAG
(http://supermag.jhuapl.edu/) and IMAGE (http://space.fmi.fi/image/) for allowing us to use these databases in our

study. The reported study was funded by RFBR and National Science Foundation of Bulgaria (NSFB), project
number 20-55-180003.
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Figure 3. Variations of the solar wind and IMF parameters for two time periods: from 18 UT on 17
April to 24 UT on 19 April 2001 (left) and from 22 UT on 17 April to 08 UT on 18 April 2001 (right).
The boundaries of the solar wind types are marked by the red rectangles: SHEATH — by the solid
lines, EJECTA — by the dotted lines. The moments of the SSS are shown by the vertical dotted blue
lines.
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DETECTING NEAR-TAIL CURRENT SHEET FORMATION USING
ISOTROPIC BOUNDARIES: LESSONS FROM GLOBAL MHD

E.L. Gordeev and S.V. Apatenkov
Saint Petersburg State University

Abstract

A number of recent studies suggests an existence of magnetotail current sheet configurations with tailward Bz
gradient during the growth phase of the substorm. Such configurations are especially interesting since they are
potentially unstable for different types of instabilities and can lead to explosive reconfiguration of the
magnetosphere. However, the observations are rare and ability to observe tailward gradients is very limited. Here we
use the global MHD configuration with near-tail Bz minimum to investigate the regions with adiabatic and non-
adiabatic behavior of energetic particles. Thus we estimate the locations of the isotropic boundaries for the modelled
POES-type spacecraft flybys. We expect that the lessons learned from global MHD simulation may become helpful
in exploration of non-monotonic tail current sheet configuration using observations on low-orbiting spacecraft.

1. Introduction

Magnetic fluxes in the magnetotail are largely redistributed during the substorm growth phase (GP), preparing the
magnetosphere to explosive substorm activity. Recent development of the growth phase concept revealed an
exceptional role of azimuthal convection in redistribution of magnetic fluxes in the near and middle magnetotail
[Hsieh and Otto 2014; Gordeev et al., 2017b]. An interesting feature of the new concept is the ability to intensify the
near-Earth portion of the magnetotail current sheet (CS), due to interplay between azimuthal and earthward
convection intensities determined by solar wind conditions and current magnetospheric configuration. The radially
localized CS intensification may lead to magnetic configuration with tailward Bz gradient, dBz/dr>0, which is
potentially unstable to different types of plasma instabilities, including ballooning/interchange, flapping or tearing
modes [e.g. review by Sitnov et al., 2019].

The rare observational works confirm the existence of magnetotail configurations with tailward Bz gradient during
GP for some events [Petrukovich et al., 2013; Ohtani and Motoba, 2017]. Recently Sergeev et al. (2018) in the case
study showed the possibility to observe local B minimum during a GP, using isotropic boundaries (IB) for
precipitating electrons measured on the low-orbiting POES satellites. This method gives a great opportunity for
observation and qualitative interpretation of this rare magnetotail configuration. However, its validation by
simultaneous measurements in the magnetotail remains difficult due to obvious lack of spacecraft coverage, but can
be supported by numerical models.

Among other approaches for numerical magnetospheric modelling, the global magnetohydrodynamic (GMHD)
models have several advantages important for our purpose, including: 1) they are global, which means that
simulated magnetosphere is entirely embedded into the ambient solar wind and simulation do not need any special
boundary conditions and predetermined configurations, providing a self-consistent modeling results; 2) simulated
global MHD magnetosphere thoroughly validated and shows good agreement in the large-scale structure and
dynamics for wide range of solar wind conditions [e.g., Gordeev et al., 2015, 2017a; Merkin et al., 2019]; 3) global
MHD models are capable to reproduce the local near-Earth B minimum during the GP of substorms [Sergeev ef al.,
2018; Sorathia et al., 2020].

In this paper we present the quantitative estimation of the expected IB locations for magnetotail configuration with
local B minimum, based on global MHD results.

2. MHD simulation setup

Using a set of 19 simulations, covering a wide range of solar wind parameters, Gordeev et al. (2017) investigated
the global magnetic flux transport in simulated magnetospheres during loading-unloading substorm circle. They
found that the LFM GMHD model [Lyon et al., 2004] demonstrates good agreement of simulated global dynamical
parameters, such as GP duration and amount of magnetic flux loading into the tail lobes, with available statistical
observations. Here we use the results of two simulations from their set (Run08 and Runll) to demonstrate the
development of two different types of magnetotail current sheet (CS) during the GP of substorm. Both runs have
synthetic solar wind input with alternating interplanetary magnetic field (IMF) orientation periods - first two hours
under northward IMF (Bz=+6nT for Run08, and +3nT for Runl1) to supply the magnetotail plasma sheet, and last
two hours under southward IMF (Bz=-5nT for both) to simulate the substorm loading-unloading circle. All other
input parameters were set unchanged for Run08: IMF (Bx,By) = (0,4), Vx = -600 km/s, N =4 cm?, T = 2.5*10°K°,
and for Runl1: IMF (Bx,By) = (0,4), Vx = -400 km/s, N = 4 cm™, T = 1*¥10° K°. Finally, we have two LFM runs,
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one of them (Runl1) has a typical radial profile with monotonic Bz decrease (Fig. 1a), and the second (Run08) has
well developed near-Earth portion of current sheet with local Bz minimum (Fig. 1b).

LFM #11, 155 min LFM #08, 155 min
20 SW, IMF input: 20 = SW, IMF input:
x = -400 kmis Wx = -800 km/s
15 N =4cm? 15 IN=4cm
(T =100,000 K T =250,000 K
Bx =0 Bx=0
10 E;=-2nT 10 By=-2nT
Bz: 43 --> -5nT Bz: 46 --= -5nT
5 5 §
w w
C o 10 oo 10
> >
-5 -5
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-10 -10
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Bz, nT Bz, nT
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(a) (b)

X, Re X, Rg

Figurel. Distribution of Bz in the magnetospheric equatorial plane for two simulations, Runll (a)
and Run08 (b). The white plates at the bottom of each figure show the tail-aligned equatorial Bz
profiles at Y=0 (red) and Y=5 Rg (blue).

3. Expected IB locations

We assume the scattering at the field line curvature as the main mechanism for IB formation. As the condition to
significant scattering and filling a loss cone we use ratio Re/p < Kcrit, where Rc is the field line curvature radius, p
is a gyroradius of a particle with a given energy. Based on previous studies [Sergeev & Tsyganenko, 1982; Delcourt
et al., 1996] we estimate Kcrir as 8. The advantage of global MHD is the ability to trace any field line and
numerically estimate gradients including Rc mentioned above.

The future plan is to investigate the magnetospheric configuration properties using real IB observations with
POES-like spacecraft. So we model virtual POES flybys along the constant longitude. We trace the field lines
starting from the ionosphere, the start points located at the particular longitude with 0.25 degree latitudinal step. At
every field line we find the point with minimal curvature radius (Rcns) and minimal magnetic field magnitude (Bws),
neutral sheet point (NS point), this is the point to estimate Rc/p for different particles and check Re/p < Kcrir ratio.

Further we rewrite this ratio as Bns*Rens = G#Kcrir, where G =./2Em/e is particle rigidity, E is the particle

energy, m is particle mass, e - electron charge.

We consider protons and electrons with energies corresponding to MEPED instrument onboard POES and
METORP spacecraft. These are the ranges 30-80 keV, 80-240 keV, 240-800 keV for the first protons channels named
P1, P2, P3; the channels E1, E2, E3 detect electrons with energies over 30 keV, 100 keV and 300 keV.

To demonstrate information simultaneously for different energy channels (with different p) we plot the behavior of
Bns*Rens versus latitude and versus radial distance in the magnetosphere. Figure 2 (a, ¢) shows these profiles for
Runll and Figure 2 (b, d) for Run08 correspondingly. Three profiles at every panel correspond to different
magnetic local times, midnight, 23h and 01h MLT. Obviously, Bns#*Rcns parameter is large close to Earth in the
strong dipole field and decreases toward magnetotail with its weaker field and more curved lines. We compare
Bns*Rens with G*Kerir for every energy channel; six energy channels are shown by horizontal red dashed lines.
The regions, where Bns*Rcens is above G#Kcrir line, are adiabatic. The points below G*Kcrir are in scattering
regions. The crossing points are IBs.

The profiles for “regular CS” in Figure 2 (a, c) show mostly monotonic behavior meaning the IB for every channel
is unique. We also note that all six IBs are observed within a very narrow latitudinal range, less than one degree. It
resembles the so-called “magnetic wall” [Sergeev et al., 2015], the configuration with a very steep transition from
tail-like to dipole magnetic field. Nevertheless, Figure 2c shows that the equatorial locations of six IBs cover 3-5 Re
distance range.

The decrease of the green line (23h MLT) in Figure 2 (a, c) is not monotonic. This effect is more pronounced at all
profiles in Figure 2 (b, d) for Run08 with “Local minimum CS”. In the electron channels, mostly in E2 and E3, we
expect to observe several IBs during a single flyby. The region in between the IBs may be referred to the local thin
CS with small Bz shown in MHD simulations. The following adiabatic “island” is a product of Bz hump, the region
of enhanced Bz.
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The main features expected in real observations are: (1) “thin CS valley” is wider for particles with higher rigidity,
(2) “adiabatic island” is wider for the particles with lower rigidity, (3) these features with secondary IBs are seen
only in electron channels but not in protons. Global MHD predicts different configurations even in close local time
sectors, so the IB locations can differ as well. The temporal behavior during the growth phase includes the

equatorward motion of all IBs. Non-adiabatic scattering in near-tail CS may be observed during the last 20 minutes
of about a 30 minute long growth phase.
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Figure 2. The profiles of Bns*Rens parameter as a dependence on latitude (a-b) and equatorial
distance (c-d). The profiles are shown for two MHD simulations, Runl1 and Run08. Dashed red lines
depict the G*Kcrir parameter for the particular energy channels.

4. Summary and discussion

We use global MHD modelling results to investigate the configuration of isotropic boundaries during the formation

of near-tail CS with tailward Bz gradient. Findings of this numerical experiment give some insights on how to

interpret the results of spacecraft measurements in future studies. In particular, the non-monotonic radial

configuration of CS may be reflected in precipitating particles and their isotropic boundaries (we will refer to 30-

300keV electrons) with a number of characteristics:

1) The near-tail portion of intense CS extends radially for ~5 RE, occupying R = 10-15 RE distances, may project to
low altitude polar orbit as an electron flux isotropization in relatively narrow latitude range ALAT=0.2-0.8°;

2) The portion of current sheet with enhanced magnetic field (Bz hump) occupy ~10 RE in radial distance, R = 16-
26 RE, that corresponds to a significant latitudinal size of anisotropic electron flux ALAT=2.5°;

3) The latitude (ALAT) extension of isotropic flux associated with intense near-Earth CS and anisotropic flux
associated with midtail Bz hump may vary significantly depending on electron energy: ALAT increase for near-
Earth CS and decrease for midtail Bz hump with increasing energy in channels from E1 to E3.

Acknowledgements. This work was supported by Russian Fund for Basic Research (RFBR) according to the
research project 19-05-00257.
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POCT TEOMATHUTHO-UHJYLIUPOBAHHBIX TOKOB B JTMHUAX
3JEKTPONEPEJIAY BO BPEMSI MATHUTHOM BYPH 25-26 ABTYCTA
2018 TOJIA

B.b. benaxosckuii!, B.A. ITunmunenko?, SI.A. Caxapos!, B.H. Cenusanos’

'PrBEHY “Honapuwiii 2eogpusuueckuii uncmumym”, 2. Anamumol
’Uncmumym ¢puzuxu 3emnu, 2. Mockea
3 Konvcxuii nayunwviil yenmp PAH, 2. Anamumut

AHHOTanusi. B paGore mnpomsBeleHa OIEHKA BKJAJd TI€OMArHUTHBIX BO3MYLICHHH B DPOCT T€OMAarHUTHO-
nHAynmpoBaHHbIX ToKoB (I'UT), permctpupyembix B JMHHUSAX 3jeKTporepenady Ha KoibCkoM mosyocTpose, Ui
CUIIbHOM MarHuTHOM Oypu 25-26 aBrycra 2018 rona. ITokazano, uro poct 'UT onpexensercs CyMMapHbIM BKJIAJ0M
KaKk BHXPEBBIX TOKOBBIX CHCTEM, TaK M aBpPOPAIBHOTO 3JEKTpOo/KeTa. [IpocTpaHCTBEHHO-BpEMEHHOE
pacipezseneHe MakCUMyMa T€OMarHWTHBIX BO3MYIIEHHH B IIEJIOM COBIIAIa€T C IPOCTPAHCTBEHHO-BPEMEHHBIM
pactmpeneneHueM MakcuMyma npomsBogHoit dX/dt. Pi3 BoiHOBast akTHBHOCTE Ha oHE CyOOypH MPOBOIUT B POCTY
I'UT no 40 A. IosTomy renepannsi MHTEHCHBHBIX [T B 3HAUMTENFHOW CTENEHU CBs3aHA HE C TI00ATBHBIMU
T€OMarHUTHBIMH BO3MYIIECHMSIMU OOJBIION aMIUIATYIbI, a C JIOKAJbHBIMU OBICTPBIMH BapHAILMSIMH CPaBHUTEIHHO
HeOOJIBLION aMIUTUTY/Ibl, HAIOKCHHBIMH Ha TJI00aJbHBIE BO3MYIIICHHS.

Beenenue

I'eomarautHo-uHAyIMpoBaHHbe ToKU (I'T) npencTaBnsaioT co60H TOKH, IPOTEKAIOIINE B MOBEPXHOCTHBIX CIOSX
3eMiM, OHH BBI3BIBAIOTCA TEIUIYPUYECKAMH JJIEKTPUYECKHMMH MOJSIMH, HWHIYLHPOBAaHHBIMH HW3MEHECHUSIMHU
TCOMarHUTHOTO Tmoiisi. Hambonee WHTEHCWBHBIE TOKH (IO COTEH ammep) W siekTpudeckne mons (>10 B/m)
BO30YKIAIOTCSI Ha aBPOPAITBHBIX MIMPOTaX IMPH MAarHUTHBIX Oypsx u cyooypsx [1]. TUT npexncraBisstoT onacHOCTh
JUIl HAa3€MHBIX TEXHOJIOTMUECKHX CHCTeM (JIMHHH dJeKTpomnepenad, TpyOo-, Hedre-, ra3ompoBoasl, TenedOHHbIE,
TesierpadHble JIMHUM W T.1.). HaBeleHHBIE TOKM BBI3BIBAIOT HACHINICHHE, TEPErpeB M JaKe MOBPEXKICHHE
BBICOKOBOJIBTHBIX TPaHC(OpMATOPOB Ha BIEKTPUUYECKUX MOJCTAHIMAX. M3BECTHBI MHOTOUYMCIECHHBIE NPHMEPHI
KaTtacTpo(hUIECKHX MOCIIEACTBHUIA.

I'naBHast a3a MarHWTHOM OypH MM Ha4ajo cyOOypH sIBIISIIOTCS MpuYuHOW Bbicokoro dB/dt u paccmarpuBaroTcs
KaKk OCHOBHOU (haKTOp pHCKa /s SHEPrOCHUCTEM Ha BBICOKMX HIMpoTax. Hampumep, karacTpoda sHepreTHyecKoit
cucrembl Hydro Quebec Obiia Bei3Bana Oypeit ¢ dB/dt ~ 480 uwTu/mun [2], xors Biusaue ['UT ma JIOII
Ha0moaanoch u npu ropaszno Menbumx dB/dt ~ 100 aTn/mun [3].

KpynHomacmitabHass CTpyKTypa HOHOC(EPHBIX TOKOB Ha aBPOPAIBHBIX IIMPOTaxX ONPENENeTCS BOCTOYHO-
3amagHbIM 3JIEKTPOIKETOM, YTO MPOSBISIETCS B NpeoOiagaHuy X-KOMIIOHEHTHl T'eOMarHuTHoro moist. OpHako
Bkiaa npomsBogHbix dY/dt, dX/dt B poct 'UT yxe Bmomae comoctraBuM. [Tostomy poct 'MT ompenensercs He
TOJIBKO aBPOPATBHBIM 3JIEKTPOUKETOM, HO M MEIIKOMAaCIITAOHBIMI TOKOBBIMH CHCTEMaMH [4].

B manHOit paboTe mpom3BeneHa OICHKA BKIIaia BOMHOBEIX Pi3 Bo3MymeHwii Ha ¢oHe cy00ypu B poct [UT mns
CWIIBHOW MarHUTHEIN Oypu 25-26 aBrycta 2018 rona.

JdanHbie

B paboTte OpuH MCTIONB30BaHBI HaHHbIe TI0 peructpanuu [ UT B nuHMAX 3nekTpornepenad Koiabckoro moiyoctposa
n Kapenuu. Cuctema peructpanuu npuHamiexut IlonsspHoMmy reodusndyeckomy MHCTHTYTY W LleHTpy Qusuko-
TexHn4yeckux mpobiem snepreriku Cesepa KHI| PAH n sBnsercs eanHcrBeHHoi B Poccun. Cucrema BKiIoYaeT
cebs 4 crannumii (BexogHoit — VKH, Turtan — TTN, Jloyxu — LKH, Kongonora — KND) wa nuaun 330 kB u onHy
cranimio Ha JimHAn 220 kB (PeBna — RVD). Cucrema perucrpanuy OpHeHTHpPOBaHA B HAlPaBJICHUH CEBEP-IOT, OHA
paboraer ¢ 2010 roza o HacTosiIIee BpeMsl.

Jns XapakTepUCTHKM BapHalMii T'€OMarHUTHOTO TIOJISi OBIIM HCIIOJIb30BAHBI JaHHBIE MarHUTOMETPOB CETH
IMAGE (58°-79° reomarauTHOW mHpoOTHI). Takke B paboTe HCIOJB30BaHA IBYXMEpHas MOJEIh IO pacdery
SKBHBAJICHTHBIX MOHOC(EPHBIX TOKOBBIX CHCTEM Ha OCHOBE JaHHBIX MarHutoMeTpoB cetd IMAGE, moctpoeHHas
10 METOAY C(hepHIECKUX dIIEMEHTaPHBIX TOKOBBIX CHCTEM.

MarnuTtHas 0yps 25-26 aBrycrta 2018 rona
CunpHast reomarautHas Oypst Oblla MHUIIMMPOBaHA NMPUXOJOM K MarHutocepe MeXIUIaHETHOH yJapHOI BOJHBI
oxono 08 UT (Puc. 1). [Ipu 3Tom Bz-kommoHeHTa cTana OTpUIATENLHOM TOJIBKO CITyCTs 8 4acoB, 4TO oOecrednio
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Pocm 2eomazHUmMHO-UHOYYUPOBAHHBIX MOKO8 8 TUHUSAX INeKMPOnepeday 80 epems mazHumtou oypu 25-26 aseycma 2018 2o00a

MPOHUKHOBCHNE IUIa3MBI COJIHEYHOTO BeTpa B MarHuTochepy. IIpm 3TOM CKOpOCTh CONHEYHOTO BETpa HMeENa
JIOCTAaTOYHO HEBBICOKHUE 3HaueHHA — nopsaaka 450 km/c, SYM-H nnpnexc nocturan 3aauenus -210 aTa. Cyb0ypeBoit
SME-ununexc [5] nocturan 3nauenuit 6onee 2000 vTn. Ilpumepno B 20 UT 25 aBrycra Ha cranuusx cetn IMAGE
OBLIO 3apPETHCTPUPOBAHO Pa3BUTHE JUIUTEIBHON CyOOypeBOil akTHBHOCTH, NPOJIOIIKaBILeiicss okono 12 gacos (Puc.
2). Ammuryna cyo0ypu Ha cranuun SOD pocrurana nopsinka 1700 HTn. Ha ¢one cy60ypu Buano paszsutne Pi3
BONHOBO# aktuBHOCTH. 26 aBrycta B 16 UT, 20 UT Takke ObUIO 3aperucTpupoBaHa HeOombimas cyOOypeBas
AKTUBHOCTb aMIUIUTY0H nopsaaka 500 HTm.
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Pucynoxk 1. IlapameTpsl MEXIUIAaHETHOTO Pucynok 2. Bapuanuum X-KOMIOHEHTHI
MarHuTHOro noius (Moxyns B [HTn], Bz- FEOMarHUTHOIO  IOJS 10  JAaHHBIM
KoMmroHeHTa [HTI]) U CoNHEYHOTO BeTpa MEPUIMOHAIBHON  LIEMOYKM  CTaHUUH
(mmotHoCcTs N [cM], ckopocTs V [Km/c]) NOR-IVA-SOD-OUJ-HAN 25-26
no ma"HHeiM 0asel OMNI; SME-unnexc asrycrta 2018 roga.

[aTn]; SYM-H unnekc [HTn].

Cy00ypeBas akTuBHOCTH 25-26 aBrycrta BbI3Basia 3aMeTHbIN pocT ['UT (1o 40A) B MMHHUAX 3ieKTpomepenady Ha
Konbckom momyoctpoBe (craniuss VKH) — puc. 3. AMmiuTyna T€OMarHMTHBIX BO3MYIeHHMH Ha craHiuun LOZ
npuMepHo cocTapisieT okoyio 1500 HTn kak B X-KOMIOHEHTE, Tak U Y -KOMIIOHEHTE T€OMarHuTHOTro moiis. BuaHo,
gyro dY/dt qaet naxe Oonbmii Bkaan B poct I'UT, vem dX/dt.

Ha puc. 4 npencraBieHa TOHKasi CTpyKTypa cy0Oypu B Buze Pi3 mynbcaiiu, 0COOCHHO 3aMETHBIX B Y-KOMIIOHEHTE
TEOMAarHUTHOTO TIOJIA, KOTOpble M mpuBeayT K cuibHOMy ckauky [MT. SSC wmmmynbe, CBS3aHHBIA C HPUXOAOM
MEKIUTaHETHOHN yAapHOH BOJHBI, MPAaKTU4eCKU He BbI3Bas pocta [UT.

Koappunnentsr xoppenmsiiun Mmexny apuaiusmMu [MT na cranmmm VKH u Bapnanmsmmu X, Y-KOMIIOHEHT
TE€OMarHUTHOTO MOJIs, UX NMPO3BOAHBIMU Ha cTaHiMu LOZ umenu cienyromue 3HadeHus A uarepsana 02.30-04.00
UT: GIC-X = -0.44, GIC-Y = 0.68, GIC-dX/dt = -0.23, GIC—dY/dt = 0.22. Bapuanuuu reoMarHUTHOTO MO
3aMETHO Jydllle KoppenupyroT ¢ Bapuanusmu [MT, uem Bapuanuu npou3BOJHONM T€OMAarHUTHOTO MoJs. XOTs
Bapuanuy WHIyIUPOBAHHBIX TOKOB (coriiacHO 3akoHy Dapajes) IOJDKHBI ONpPEesThCsS MMEHHO BapHalWsMH
MPOM3BOHON MarHuTHOTO TOJs. [loaToMy BhIcOKHe 3HadeHHs: [ IT MOryT OBITH BBI3BaHBI HE TOJIBKO BPEMEHHBIMU
BapHaIlMsIMM T€OMArHUTHOTO TIONIA, HO M TIPOCTPAHCTBEHHBIMH BapHAIlMsIMH MEJIKOMACIITaOHBIX BHXPEBBIX
noHochepHbIx TOKOBBIX cucTeM. dX/dt m dY/dt BHOCAT mpuMepHO ognHakoBbIi BKnaz B poct [ UT. Ilpu aToM BKIaxn
Y -KOMIIOHEHTBI reOMarHuTHoro noJiisi B poct I'MT npeBoxoaut Bkiiag X-KOMIIOHEHTbl FEOMarHUTHOTO TIOJIS.

IToctpoena kapra pacrpefesieHHs] BapHalii TeOMarHWTHOTO TOJII M €r0 HPOW3BOIHON B 3aBHCHMOCTH OT
TE€OMAarHUTHOW IIMPOTHI U BpeMeHH Ha ocHoBe aaHHbIX ceth IMAGE (puc. 5). IlyHkTHpHOH JMHHMeEH moKa3aHa
mmpora cranuuy VKH. TlogoOHoe pacripeneneHye M0o3BOJSET 10 BapHalMsIM IPOU3BOIHON N€OMarHUTHOTO OIS
OLIEHUTb BO3MOXKHOCTh HaBejdeHHss [T Ha Toif mnm mHOM mmpore. Makcum pacrnpenenaeHuss IeOMarHUTHBIX

16



B.b. Benaxosckuii u op.

BO3MYIICHHAN BO BpeMs CyOOyph B IIEJIOM COBIIQAAET C pacmpeneicHreM MakcuMyMma dX/dt STHX reoMarHHTHBIX
BosmymieHnit. [loatomy st pocta TUT HeoOXoAMMO HE TOJIBKO CHIBPHOE T€OMAarHHTHOE BO3MYIICHHE, HO TaKKe
OBICTpbIe TeOMarHUTHBIE BapHAIMHU, HAJIOXKEHHBIC Ha 3TH BO3MYIIIEHUS.

nT/min nT/min

nT/min
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Pucynok 3. Bapuamuu ['IT na cranuuun
VKH, Bapuauuud MOZAyJs NPOU3BOIHBIX
dB/dt, dX/dt, dY/dt na cranmuu LOZ,
BapuaLuu X, Y -KOMIIOHEHT
F€OMAarHUTHOIO moyis Ha cranmuu LOZ
25-26 aprycra 2018.
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Pucynox 5. Bapumamun T'MT na crammuax VKH, muporHele Bapuanuum X-KOMIIOHEHTBI
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Pocm 2eomMacHUmMHO-UHOYYUPOBAHHBIX MOKOS 6 TUHUAX dJIeKmponepeoay 60 epemsi MacHummoul 6ypu 25-26 aseycma 2018 2o0a

JIBymMepHOe pactpenenenne SKBUBAJICHTHBIX HOHOC(EPHBIX TOKOB, PACCYMTAHHBIX 0 TaHHBEIM Mojaen IMAGE, B
KOOpJWHATaX MIMPOTA-A0JIT0Ta MOKA3bIBAET, YTO B OT/AENIBHBIE MOMEHTHI MPe00IagaeT BKIAJ BUXPEBBIX TOKOBBIX
cucTeM (puc. 6, cieBa), B Ipyrue MOMEHTHI IIpeobiiaiaeT BKJIaJ BOCTOYHO-3aI1alHOT0 aBPOPAIbHOTO IEKTPOKETA
(puc. 6, cipaBa). [Ipn pa3BUTHH BUXPEBBIX TOKOBBIX CHCTEM, CBSI3aHHBIX C MPOIOJILHBIMUA TOKaMH B MarHurocgepe,
npeobsasaroT MOHOC(EpHBIE TOKM B HAIPaBICHHU CEBep-IOT, KOTOpble W OyayT naBath Bkiang B poct I'MT B
TEXHOJIOTHUECKUX CUCTEMAX, BBITSHYTHIX B HAIIPAaBJIECHUU CEBEP-IOT.

10 30 100 300 1000 3000
Joq (A/km) Joq (B/km)

eq

Pucynok 6. /[ByxMepHbIe KBHBaNeHTHBIE HOHOC(hepHbIe TokH 26 aBrycra 2018 B 02.50 UT (cneBa) u
B 03.10 UT (cmpasa) B paiione CkannuaaBum, Koibckoro momyoctposa.

3axiiroueHue

IIpousBeneHa OLiEHKAa BO3JEHCTBUS I€OMATHUTHBIX BO3MYIIEHMH Ha pocT BenuuuHbl ['UT, perucrpupyemsix B
JIMHUSIX dJieKTporiepenad Ha KosibCcKoM HOJIyoCcTpoBe, JUisi CHIILHOM TreoMarHuTHoi Oypu 25-26 aBrycra 2018 roza.
Poct I'UT onpenensercs BKIaA0M HE TOJILKO aBPOPAJILHOTO JIEKTPOIKETA, HO M BUXPEBBIX TOKOBBIX CUCTEM, CBSI3aHHBIX C
MPOJIOJILHBIMK TOKamu B Maruutocepe. Bapuanuu ['UT nyuiie koppeaupyroT ¢ BapHalMsiMi T€OMarHUTHOTO TIOJIS,
4yeM ¢ ero npousBoaHoi. IloaTomy skcTpemanbHbie 3HadeHHs [ UT MoryT OBITH BBI3BaHBI HE TOJIBKO BPEMEHHBIMH
BapHaIlMsIMM 3JICKTPOJKETa, HO M JBI)KEHHEM BHUXPEBBIX TOKOBBIX CTPYKTyp. B paccMoTpeHHOM COOBITHH
reHepatyst nHTeHCHBHBIX [ VIT B 3HAUNTENBHON CTENEHH CBSI3aHA C JIOKAJGHBIMH OBICTPHIMU BapHALMSIMU CPABHUTEIILHO
HeOonpIon amruiTyas! (Pi3 mybcarmm), HalloKeHHBIME Ha T100aIbHbIe BOSMYIICHHSI TeOMAarHUTHOTO TIOJISL.
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KIMMATOJIOI'Hs1 ABPOPAJIBHBIX BO3MYIIEHU U ®A30BBIX
OJIYKTYAIIUU GPS CUT'HAJIOB: ITPAMOE COITIOCTABJIEHHUE

W.U. larumypatos', U.W. E¢pumos', M.B. ®unaros?,
N.E. 3axapenkosa', H.IO. Tenenutuuna', I'.A. SIkumosa'

'Kanununepaocxuii punuan H3MHPAH, Kanununepao, Poccus
‘@I'BHY “Honapuviii Ieogpuszuyueckuti Hucmumym”, Anamumot, Poccust
E-mail: shagimuratov@mail.ru

AHHoOTauus. [Ipoananusuposansl nMpossieHus GpazoBeix Guykryanuit GPS cHIHAIOB M MX CBSI3H ¢ aBPOPATLHBIMH
BO3MYIICHUAMH 3a miepuon ¢ 1 mekabps 2015 mo 1 suBaps 2016 ronma. beumm ucnons3oBanbl GPS HaOmoneHus
aBpPOPANBHBIX, CYyOaBpPOpaJNbHBIX M CPEOHEIIUPOTHRIX cTaHIMKA EBpormefickoro permoHa. Ilyrem mpsMbIx
COTIOCTaBJICHUHN aBpOpaibHON Bo3MymieHHOCTH (AE wHIEKc) u mposBieHUs (HIyKTyanui MoKa3aHa TecHas CBS3b
9THX COOBITHH B HX BPEMEHHOM Pa3BUTHU.

1. Beaenne. Onykryauuu GPS/TJIOHACC curHanoB B BBICOKHX IIMPOTaX OOYCIOBIEHBI HPHUCYTCTBHEM B
noHocdepe pa3IMYHBIX MacmTaboB HEOJHOPOXHOCTEH. VHTCHCHMBHOCTP M YacTOTa MOSBICHUS (UIyKTyalui
CYIIECTBEHHO YCHJIMBAIOTCS BO BpeMs TCOMAarHWTHBIX Bo3MylleHHH. IoHocdepHble HEOTHOPOJHOCTH
CTPYKTYPHPOBAaHbl II0 HIMPOTE, M XapaKTep HMX NPOSBICHHUS COOTBETCTBYET IMHAMHUKE TAaKHX CTPYKTYp, Kak
aBPOPAILHBIN OBaJ, Kacll, MoJspHas mamnka. OcoOblii HHTepec K UccIeoBaHUAM (IyKTyaruii 00ycIIOBIEH TeM, 9TO
OHU SBIISIFOTCSI OJHUM M3 OCHOBHBIX (JaKTOPOB, BIMAIOMINX HA (PYHKIMOHUPOBAHNE KOCMHYECKUX HABUTAIIHOHHBIX
cucreM B Apkruke. [locrynueie crangaptasie GPS/ITJIOHACC u3mepenus ¢ 30 c. MHTEpBaJoOM 00€CHEYHBAIOT
MOJIyYCHUE JaHHBIX O (Pa30BhIX (QIYKTyalMsx yepe3 W3MEHEHUE MHTEIPAbHON 3JICKTPOHHOU KoHIeHTpauu TEC
(Total Electron Content) Ha Tpacce CHyTHHK-IpHeMHHUK. B kadectBe emuuuibl usmepenus TEC ucmonbsyercs
TECU (1 TECU cootserctByet 10'¢ 351/M?).

B mocrnenHee Bpems J0CTaTOYHO MHOro pabot mocssimieHo nposeieHusiM TEC daykryaumit B pasnuyHbIX
obnactsx uonocdepst [Li et al., 2010; Cherniak et al., 2015; Sieradzki and Paziewski, 2019]. OcoO0eHHO CHIIbHBIE
(uryKTyaIuu, acconuupyeMble ¢ aBpOPATbHBIMHI BO3MYIIEHUSMH, PETHCTPUPYIOTCS B aBpopasibHOM oBaie [ Yeproyc
u op., 2015; Shagimuratov et al., 2016]. OykTyanuu BBHI3BIBAIOT CKadku (ha3bl cUrHaioB (cycle slips) m moryT
NPUBOJNTh K TIOTEpE CIICKEHHS IPHHUMAEMbIX CHTHAJIOB, YTO B KOHEYHOM HTOT€ YXYyJIIAaeT TOYHOCTh
HaBUTAI[MOHHBIX U3MepeHuit [Shagimuratov et al., 2018].

B OGonbmmHCcTBe paboT aHANM3MPYIOTCS (GIYKTYyaId, acCOLMUPYEMbIE C OTIAEIbHBIMU COOBITHAMH. B naHHOM
paboTe paccMaTpuBaeTCsl aHAJIN3 MPSIMOH CBs3M (urykTyaunii ¢ noBeneHneM AE mnnexca 3a mepuop ¢ | nexkaOps
2015 mo 1 ssaBapst 2016 rona.

2. JlaHHble. B mpejacTaBieHHOM aHanuM3e MCnoib3oBaiuck GPS Habmonennn cetn EPN B OKPECTHOCTH J0JTOT
okxono 20°E (tabm. 1). B kadecTBe MepHl (QIyKTYallMOHHON aKTHBHOCTH Hcmonb3oBaics mapamerp ROT (Rate Of
TEC) ma 1MmuH. mHTEpBalle, HHTEHCUBHOCTD (IyKTyamuid oreHuBanach mHIekcom ROTI — mucmepcmeit ROT.
Wunexke ROTI paccunrsiBancs Ha 10 muH. nHTepBane. ['eomarHuTHEIe yenoBus (puc. 1) BKIIOYamm cinadyro Oypro
14 nexaOpsi, (MakcuManbpHOe 3HaUeHUe Dst nocturano -47 nT B 20 UT), noctatouno cuieHble Oypu 20-21 nexadps
(MakcuManbsHOe 3HaueHne Dst nocturano -155 nT B 23 UT) u 31 nexadps 2015 u 1 stHBaps 2016 rona (MakcuMym
Dst — -110 nT B 01 UT 1 suBaps). MakcumanbHas aBpopajibHasi akTUBHOCTH 14 nexadpst 2015 rona npuxonuiach
Ha 17 UT, aBpopaiibHasi akTUBHOCTH TiposiBisuiack ¢ 05 mo 24 UT, mist TpeTheit Oypu MakcuMalibHasi aKTUBHOCTh
nposiBisack ¢ 00 UT mo 07 UT 1 suBaps 2016 rona.

Tabnuya 1.

I'eorpaduyeckne I'eomarnuTHbIC I'eorpadpuyeckne I'eomarnutHbie

Crannus KOOPANHATHI KOOPAHHATHI Crannus KOOPAWHATBI KOOPAUHATBI
IIHMPOTA | J0Jr0TAa | NIMPOTA | JA0JIr0Ta IHUPOTA | JOJr0TAa | NIHPOTA | AOJIOTA

NYA1 78,55 11,52 75,77 111,78 KIR0 67,52 21,03 64,21 104,01
TRO1 69,39 18,56 66,28 103,57 VAAS 62,57 21,46 59,07 101,41
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Knumamonoeus aspopanvhvix 6o3mywjenuii u ghasosuix aykmyayuii GPS cuenanos: npsamoe conocmaginenue

December 2015 WDC for Geomagnetism, Kyoto
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Pucynok 1. Dst ¢ 1 nexabpst 2015 r. o 2 saBapst 2016 r. u AE 14, 20 nexabpst 2015 1. u 1 ssHBaps
2016 r. (cneBa Hampago).
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Pucynox 2. IIpossnenne TEC duykryanuii u aBpopansHOl akTuBHOCTH aiist 14 nexabpst 2015
r.u 1 suBaps 2016 r.

3. Pe3yabTaThl M 00CYKICHHE

Ha puc. 2 npeacrasneno nposisneane TEC dnykryanuit u AE wHnekca mis nByx coobrtuii 14 nexabpst 2015 u 1
saBaps 2016 roma. ABpopaipHast aKTHBHOCTH 14 nexaOpsi mpuxoaniachk Ha mociienoiyieHHoe Bpems 17-24 UT.
MaxkcumanpHass HMHTEHCHBHOCTH aBPOPAJIBHOTO BO3MYIIEHHS THposiBmiack okoimo 16-17 UT, maxcumanbHas
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U A llazumypamos u op.

BenmunHa AE mazaekca npessimana 1500 nT. B to xe Bpemss AE uHIEKC, COOTBETCTBYIOIINN MECTHOW MarHUTHOM
noryHo4H (oxoio 21 UT), ve npessrman 1000 nT.

Kak m3BecTHO, MakCcUMaibHasi HHTEHCHBHOCTh OOBIYHO HaONIOaeTcss BOJIM3M MarHUTHOW mosiyHouw. Ha Bcex
paccmarpuBaeMbIx craHuusax B auanasoHe oT 70 N (cranmust NYAL) nmo cpennnx mmpot (ctanmms VAAS)
ycunenue (iykTyauuii npossisiock B paiioHe 18-24 UT, 4To COOTBETCTBYET MECTHOW MAarHWUTHOW MOJYHOYH.
WureHcuBHOCTh (iykTyauuii cnajgaer K skBaropy. Ha Ooiee 10XKHBIX CTaHIMSAX (IyKTyalMd NpakTHYeCKH He
HaOmonanuce. PaHee Hamu ObBUIO BBEICHO IMOHSATHE OBajla HEOJAHOPOAHOCTEH II0 MHOTOCTAHIMOHHBIM
BeIcOKOIIUPOTHBIM M3MepenusiM TEC duykryaunit [ Yeproyc u dp., 2018]. B nepBom npubnvkeHnn Habmoqaercs
mozobue B MOBEACHHHM aBPOPAIBHOTO OBala W OBajJa HEOJHOpoAHOCTeH. [l03TOMy MOXHO TOBOPHUTB, HUTO
9KBaTOpHAJbHAs T'PaHMIA aBPOPAIBHOTO OBala JUIi pPacCMaTpUBAcMOT0 BO3MYIICHHUS pacHoiarairach Ha IIMPOTE
okoso 60°N reoMarHUTHOW MHPOTH. OTMETHM, YTO TaKO€ MOJOKEHHE (IIYKTyalluu Ui CIIOKOWHOTro mHSA 13
nekadpsi HaOIFOJaTuCh TOBFKO HA BRICOKOMMUPOTHOHM cTaHm NYAL.

Jus ©6ypu 31 nmexabps - 1 saBaps 2016 roma aBpopaibHas aKTHBHOCTH HaONIONANachk IOCIE MOTyHOUH. 3/1eCh
TakKe 0OHAPYKHBAETCS COOTBETCTBUE C moBeneHneM ¢urykryanuii 1 AE mamekca. OOmuii xapakTep MposBICHUSL
Oypu B noBepeHnn TEC ¢uykryanmii cxox ¢ Oypeit 14 nexabpst. OgHako MHTEHCHBHOCTH (UIyKTyauui Oypu
3aMeTHO ciabee, yeM [yt Oypu 14 nexadpsi, XOTs HHTEHCHBHOCTb aBPOPAJIBHBIX BO3MYILEHUH JuIs 00enx Oyps Maio
pasnugaercs. OCHOBHOE pa3jiMyKe B MPOSBICHUU QIIyKTyalui Habmogaercs no cranimu NYAl. J{ns nepBoit Oypu
noBeneHue Quykryanuid mis cranipmun NYAL BechMa cxoke ¢ 0ojiee HOKHBIMU CTaHIMAMHU. J[is1 BTopod Oypu B
CYTOYHOM TIOBeICHHU (QIYKTyaluii SIBHO HE BBLAEISACTCS WUHTEPBAJ, JUII KOTOPOTO WHTEHCHBHOCTH (UIyKTyauuii
OblIa BBINIE [0 CPABHEHMIO APYTMMH BPEMEHHBIMH MHTEpBalaMH. Takoe MOBEACHHE MOXHO OOBSICHUTH TEM, YTO
aBPOPAJILHBIN OBAJI CIBUHYJICS K OoJiee I0XKHBIM IIUPOTaM Tak, 4To cTaHnus NY Al okazanace B 00acTi Kacma.

1-5 pekaGpa 2015 r., TRO1. 6 - 10 geka6pa 2015 r., TRO1.
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Pucynox 3. Bapuanuu, nens 3a nHeM AE unznekca u uatencusHoctd TEC durykTyaunii B Tedenue
nekabpst 2015 roxa.

4. CTaTucTHKA CBSA3M aBpopaibHbIX Bo3mymennii 1 TEC ¢aykryanuii

Ha puc. 3 nmpencrasnens! aeHs 3a geM Bapuannn AE naaexca n uareHcuBHocTH TEC durykryanwmii (maaexc ROTI)
B TeueHue aexadbps 2015 roga o crannuu Tpomce (TRO1). [{BeToBbIMu TrHUSAME BBIAETIeHBI nHTepBansl 00-10 UT
(romy6oii), 10-12 UT (kpacHsrii), 12-24 UT (3eneHsrii). B mienom HaOmonaeTcst Xopoiiee BpeMEHHOE COOTBETCTBHE
B BapHalMsAX 00euX MapamMeTpoB. BBIAENAIOTCS BCIUIECKH B IBYX NapamMeTpax BO BpPEMsl '€OMarHUTHBIX Oypb.
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Knumamonoeus aspopanvhvix 6o3mywjenuii u ghasosuix aykmyayuii GPS cuenanos: npsamoe conocmaginenue

MakcuManbHasi HHTEHCUBHOCTh (DIyKTyanuii HabrogaeTcs B paiioHE MECTHOW MarHWTHOHM mosiyHO4YH (okosio 21
UT), mna nHEBHOro mepHoja OHa CyIIeCTBEHHO ciabee. Yactora aBpopanbHOM Bo3MymeHHOCTH (Oomee 70%
Clly4aeB) MMPUXOAUTCS MOCIIETIONYASHHOE BPEMSI.

5. 3akar04eHune

Amnanums npsimoii cBs3u Mexy Bapuamusamu AE manexca u GPS-TEC ¢uykryanusaMu moka3an TECHYIO CBS3b 3THX
cOOBITHH B NX BPEMEHHOM Pa3BUTHU. Bo Bpems ycriieHHsI aBpOpaIbHOW BOSMYIIICHHOCTH YBEINYUBACTCS JaCTOTA U
MHTEHCUBHOCTh (urykryarmii GPS curxaiaoB He TONBKO Ha aBPOpANBHBIX CTAHILUSAX, HO M Ha CPEIHEIINPOTHBIX
crannusax. Ctatucrudeckas KapTuHa 3a mepuofn ¢ 1 mekadps 2015 mo 1 saBaps 2016roma (puc. 3) mposBieHUs
aBpopanbHbIX BozMmymieHuid 1 TEC ¢urykryanuii Ha aBpoanbHoii craHinu TRO1 cBuaeTenbcTByeT, 4To (UIyKTyauuu
perucTpupyercs Aaxe NpH Ccinaboil aBpopabHOW BO3MYIIEHHOCTH. B CYTOYHOM pacmpeneneHnd aBpOpasibHOM
BO3MYIIEHHOCTH B Oonee 70% ciydaeB aBpOpalbHblE BO3MYIIEHHUS PETHCTPUPOBAIMCH B pallOHE MAarHUTHOU
MOJYHOYH.

bnazodaprnocmu. Pabota BhIONIHEHA IPHU YaCTUYHON (HHHAHCOBOM moiepikke PODU: rpant Ne 19-05-00570.
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CPABHUTEJIBHBIE XAPAKTEPUCTHUKH
JABJIEHUSA BBICBIITAIOIUXCSA HOHOB
B JTHEBHOM CEKTOPE OBAJIA 1 LLBL

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

'®IrBHY “Honspuviii 2eoguzuueckuti uncmumym”, 2. Anamumol (Mypmanckas o61.)
?Hayuno-uccredosamenvckutl uncmumym adeproii gusuxu umenu JI.B. Ckobenvybina

Mocxosckoeo eocydoapcmeennoeo ynusepcumema umenu M.B. Jlomonocosa, 2. Mockea
S Uncmumym xocmuueckux uccredosanutl, 2. Mockea

AHHoTauMsI. ITo JaHHBIM HU3KOOPOUTATIBHBIX CITYTHUKOB F6 1 F7 nccienoBalo naBieHue BHICHIMAIOMUXCS HOHOB
B 0o0yacTIX HOHOC(EPHBIX MPOEKIUH HU3KOUIMPOTHOTO TpaHWYHOTO cnosi (LLBL) u CTPYKTypHPOBAaHHBIX
BEICHIIIAHUH aBpopaibHOTO oBana (AOP) mpu HA3KOM YpoBHE MarHUTHOH aktuBHOCTH AL > -200 HTn. Iloka3zaHo,
yTO KaKk B LLBL, Tak u B AOP naBineHue MOHOB YBEJIUYMBAETCS C POCTOM IMHAMUYECKOTO JIABJIECHHS COIHEYHOTO
BeTpa. Cpennuii ypoens nasienus B LLBL <Pr>= (.27 + 0.07 ulla, a B o6nacti AOP coctapisier B cpegaem ~0.5
oT »Toro YypoBHs. Pacmpenenenme naBiaeHus B LLBL 1o MecTHOMY reoMarHuTHomy Bpemenu (MLT)
JIEMOHCTPUPYET SPKO BBIPAKEHHOE JIOKAJHHOE YBEIMUYEHUE JABJICHUS B MOJyJAeHHOM cektope ~11-14 MLT, B To
Bpemst kak B obmactu AOP naBnenne mo MLT pacmpeneneHo JOCTaTOYHO paBHOMEpPHO. B pesymbTare 3TOTO B
MOJTyJCHHOM CEKTOpE CYIIECTBYET 3HAUUTENbHAS Pa3HOCTh JAaBJICHUN Mexay obmactamu LLBL u AOP.

1. BBenenne

JlaBneHue, IUNIOTHOCTh W TEMIIEpaTypa IUIa3Mbl SIBISIIOTCS BaKHBIMHM NapaMeTpamy, KOTOpble B 3HAYMTENHLHOMN
CTETICHN ONPEJCISIOT KaK COCTOSHHE MarHUToc(epbl 3eMiH, Tak W JTUHaMHYECKHE MPOLECCHl, MPOTEKAIOIIUe B
cucreme MarauTocdepa-uoHocdepa. OCHOBHBIE XapaKTEPUCTHKU MAarHUTOC(EPHO M1a3Mbl MOKHO ONPEIEIUTH C
UCIIOJIb30BAaHMEM JIaHHBIX HU3KOBBICOTHBIX CITYTHHUKOB, KOTOPBIE C BBICOKMM HPOCTPAaHCTBEHHO-BPEMEHHBIM
paspeleHneM MOKPBIBAIOT (PaKTUUECKH BCIO BBICOKOIIMPOTHYIO MOHOchepy. IIpoBeneHue Takux uccieqoBaHHUA
OCHOBBIBAa€TCSl Ha TOM, YTO B O0JIACTM M30TPOMNHOI IUIa3Mbl € JaBlieHWe, TeMIeparypa U IUNIOTHOCTh OCTAKOTCS
NOCTOSIHHBIMH BJIOJIb CHJIOBOIl JIMHUM T'€OMarHUTHOrO Houis. TakuMm 00pa3oM, XapakTepUCTHKUH MarHUTOC(HepHOU
IUIa3MBI MOYKHO TOJIYYHTb, MPOCKTHPYS HOHOC(EPHbIE TaHHBIC B 3KBATOPHAIBHYIO IIOCKOCTH MarHuTochepsl ¢
UCIIONB30BaHUEM KaKOH-ITMO0 MOJIEN MarHUTHOTO TIOJIsl MITH METOAaMH MOP(OJIOTHYECKOTO TIPOSUPOBAHUSL.

JaBneHne 1uiasMbl B IUIA3MEHHOM CJIO€ B 3HAYMTENBHOM Mepe ompeneisieTcs JAWHAMHYECKHM JaBJICHHEM
comHeyHoro Betpa (Psw). B pabote [Bopobves u Op., 2019] mo HaOMOJCHUSIM HU3KOBBICOTHBIX CITyTHHUKOB
MOKa3aHo, 4YTO IPHU BCEX YPOBHSAX MArHUTHOHW aKTHBHOCTH JABJICHHS IUIa3Mbl Ha TpaHHUIAX aBpPOPAIbHBIX
BBICBIIIAHUHN TIOYTH JIMHEHHO Bo3pacTaeT ¢ poctoM Psw. CKOpOCTh COJHEYHOTO BETpa MEHSETCS B HEeOONbIIMX
npezenax, MOITOMY €ro KHHETHYECKOe MIaBJICHHE ONpe/eNsercs, IJIaBHBIM 00pa30M, IUIOTHOCTBIO IUIA3MBI.
XapakTepUCTHKU YacTUI] B Pa3IMUHBIX OOJACTSX BTOPIKEHHMH JHEBHOIO CEKTOpa B 3aBHCHUMOCTH OT IUIOTHOCTH
IUTa3MbI COJTHEYHOTO BETpa MCCIIE0BaIOCh B pabore [Bopobwes u HAzooxkuna, 2006]. Ilo nanHbiM criyTHUKOB F6 u
F7 Ob110 nOKa3aHO, YTO C POCTOM IJIOTHOCTH IJIa3MbI COJIHEYHOT'O BETpa HAOJIOIAeTCsl 3HAUUTENBbHOE yYBEIUYCHHE
MOTOKOB BBICHIMAIOIIMXCS HOHOB BO BCEX 00JACTAX IHEBHBIX BBICHIMAaHHH. OIHAKO B 30HE CTPYKTYPHUPOBAHHBIX
BBICBIIIAHNI aBPOPAJILHOTO OBajla M B 30HE MSTKUX JU(QY3HBIX BBHICHINAHMHA OJXHOBPEMEHHO C POCTOM ITOTOKOB
Ha0JII01aeTCs YMEHBILCHUE CPEIHeH SHEPTUH BBICHINAIOIINXCSI MOHOB. JlaBiieHue Tu1a3Mbl Ha BBICOTaxX HOHOCHEPHI,
orpejiessieMoe KaK MOTOKAaMH BBICHINAIOMINXCS YacTHI, TaK M WX CpPEAHEH »Heprued, B JHEBHBIC Yachl JIO
HACTOSIIEr0 BPEMEHH HE UCCIIE0BANIOCH.

Lenpto Hacrosimieid paboTHI SIBISETCS OIpPEAEICHHE AaBJICHHs IUIa3Mbl Ha BBICOTaX HMOHOC(EpPHl B 00JacTIX
BBICBITIAHUN JTHEBHOTO CEKTOpa, XapaKTePU3YeMbIX KaK HH3KOLIMPOTHBIM TIPaHUYHBIA CIOW U BBICHINAHUS
aBpopasibHOro oBaiia. [IpOBEIEeHO COMOCTABICHUE CPEAHWMX 3HAUCHHMH JIABJICHHS BBICBHIMAIOUIMXCS HOHOB B ITHX
001acTsX BBICHINIAHUH B 3aBUCHMOCTH OT JJUHAMHYECKOTO JIABJICHHS COJIHEYHOTO BETpa.

2. UcnoJib3yemMble TaHHbIE

B pabote ncnonb3oBansl ganHble ciiyTHHKOB DMSP F6 u F7 3a monnstit 1986 r. - rox cniokoiiHoro CoutHIla B caMoM
Havyasie 22 NMKJIA COJHEYHOW aKTUBHOCTH. [ ompenenieHusl MOJIOKEHUS TPAHUIl aBPOPAIBHBIX BBICBINIAHUN H
BPEMEHM HX PETrUCTPAallMM MCIOJIb30BAIMCh JIaHHBIC aBTOMAaTH3UPOBAHHOM CHCTEMBI 00pabOTKH, KOTOpbIE
NIPE/CTAaBICHBl Ha CTpaHMUax http://civspace.jhuapl.edu. JlaHHBIE CITyTHHUKOB B aBTOMAaTH3MPOBAHHON CHCTEME
CHPOCIMPOBaHbl BJOJb CHJOBBIX JHMHHKA Ha BbicoTy 110 kM. Meroauka ornpezeieHus] HOHHOTO [aBIICHUS 110
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Cpaenumeﬂbubze XapakmepucmuKku odaenenust BbICHINANWUXCS UOHOB 68 OHeBHOM cexkmope osaid u LLBL

M3MepeHusIM cIyTHUKOB cepuu DMSP m3noxena B pabote [Stepanova et al., 2006]. UToObl n36exkaTh MPOIECCOB,
CBSI3aHHBIX C Pa3BUTHEM MAarHUTOC(HEPHBIX BO3MYIIECHHH, PAacCMaTPUBAINCh IAHHBIE CIIyTHHKOB TOJBKO IIPH
HHU3KOM YpOBHE MarHuTHOW akTWBHOCTH AL > -200 HTxa. Bcero npu |AL| < 200 uTn 3aperucrpupoBano 4460
nposietoB cryTHuka DMSP F7 B cextope 09:00 — 15:00 MLT ceBepHOro M 0>KHOTO HOJYIIApHA; JOMOIHUTEIBHO
UCTIONIBb30BaHbl AaHHble ciyTHHKa DMSP F6 B BeuepHeM u yTpeHHeM cekTopaX. J[aHHBIE IO YPOBHIO MarHUTHOMN
AKTHBHOCTH, a TaKXXe MapaMeTphl Iuia3Mbl cosHeyHoro Betpa ¥ MMII Obim B3aTel Ha moprtane OMNIWeb
(http://cdaweb.gsfc.nasa.gov/).

3. laBaenue nonoB B LLBL n AOP

Ha nmeBHOIT cTOpoHE 00/1aCTh MATKHUX BBICHITTAHWH CO3aETCSI BHICHIIAIOIIMMY YaCTHIIAMHU PA3IHMYHBIX THUIOB. s
oTIpenieNIeHus 00IaCTH MarHUTOC(hEePHOTO UCTOUYHMKA PA3TUIHBIX THIIOB BRICHIIaHUI B padote [ Newell et al., 1991]
NPOBEJICHO CpAaBHEHHWE XapaKTepUCTUK BBICHINAHWI, HaOdIOJaeMblX Ha cHoyTHHKax cepun DMSP, ¢
XapaKTEepPUCTUKAMH YacTHI Ha OOJIBIIMX BBICOTaX. B JTHEBHOM CEKTOpE BBIIENICHO YETHIpE pa3iNyHble 00JacTH, B
TOM YHCJIe HU3KOIIUPOTHBII IpaHUIHBIN cinoi (LLBL)  06s1acTh CTPYKTYPUPOBAHHBIX BBICHINTAHUK aBPOPAIBLHOTO
oBaina (AOP), nMeHyemasi B HEKOTOPBIX CTAaThAX KaK "TPaJAuIIMOHHBINA IrPaHIUYHbIH IJIa3MEHHBIH CIIon".

LLBL (low-latitude boundary layer) siBnsieTcss TpaHWYHOM OOJacThIO IHEBHOMH MarHutocepbl, B KOTOPOM
PETHCTPUPYIOTCSI YaCTUIBI KaK MEPEXOJHOTO CJI0s, TaK W YaCTHUIBI MarHUTOC(hepHOro npoucxoxiaeHus. CpeaHss
SHEpPrus MOHOB B 3TOH OOJIACTH COCTaBIsieT B cpemHeM 3-6 k3B. Jlns obmactu AOP (auroral oval precipitation)
XapaKTEePHBIMH SBIISIOTCSA OOJBIIME MOTOKH MATKHX (<1 K3B) CTpyKTYpHMpOBAaHHBIX 3JIEKTPOHHBIX BBICHIIAHHUI.
3neck HAaOMOAAIOTCS JIydUCThIC IyT'H CHSIHUH, a IPU HA3KOM YPOBHE MarHUTHOWH aKTUBHOCTH - KOPOTKOXKHBYIIIHE
(1-2 muH) ryguctbie GOPMBI U OTACTBHBIC JTYYH.

PesynbraThl nccnenoBaHus HOHHOTO AaBICHHS B 00OnacTsaX Boickimannil LLBL n AOP mipencraBieHH Ha puc. 1-3.
Tak KaKk XapaKTEpPUCTHUKH IJIa3Mbl B TPAHHIHOM CJIO€ MarHUTOC(EPBI MOTYT CYIIECTBEHHO 3aBUCETh OT yIJIa MEXIy
HarpaBieHueM Ha CollHIIE W HOpMallbl0 K MarHuTonayse, IJIsl MCCIeOBaHMHA ObUT BBIOpaH y3KHH WHTEpBal
MECTHOTO0 TeoMarHuTHoro Bpemend, 11:00-13:00 MLT. B »ToM uHTepBajsie IpH HHU3KOM YPOBHE MarHHUTHOU
AKTHBHOCTH C YCJIOBUEM HAJIM4YMs AaHHBIX O Mapamerpax coyiHeyHoro Berpa u MMII Obuio oOHapyxeHO 262
mpoJieta cyTHUKa F7, B KOTOPBIX PErucTpUpPOBAIUCH BBICHIIIAHUS TPAHUYHOTO CJOA U 577 mpoOJeTOB, B KOTOPBIX
HaOJIr01aIMCh XapakTepHblie it AOP BbICHITaHUS.

HccrenoBanus moka3aid, 9TO CpeIHUH YpOBEHb AaBICHUS B oOnactu Beickimanuii LLBL (Pr) cocraBuser <Pr> =

0.27 + 0.07 =lla, a B obmactu oBana cusanit <PaA> = 0.14 £ 0.03 ulla, gto cocraBusger ~0.5 OT ypOBHS IaBJICHUS B
BbICBIIAHUSAX LLBL.

3aBuUCHMOCT, HOHHOTO HaBlieHHs B LLBL m AOP 0T JWHAMHYECKOTO NAaBJCHHS COJIHEYHOTo BeTpa (Psw)
WITIOCTpUpyeT puc. la m 16 coorBercTBeHHO. Ha puCyHKe TpeicTaBieHBI AaHHBIC, YCPEOHCHHBIE B KaXKIOM
HHTEpBalle TuHaMu4eckoro naBieHus mo | HIla. CrutomHas nwHHS Ha pUC. la COOTBETCTBYET YpPaBHCHHIO
perpeccun Pz, = 0.10 Psw + 0.06 (koapdumment koppemsiun 1=0.90), koTopoe mokaspiBaeT pocT AaBieHus B LLBL
ot ~0.15 ulla npu gaBnenuu conneynoro Betpa B 1.0 ulla g0 ~0.65 ulla npu Psw = 6.0 ulla. CrjonrHas TuHUAS HA
puc. 16 cootBerctByer ypaBHeHHIO: P4 = 0.036 Psw + 0.030 c xosdpdunmentom koppemsmuu 1r=0.98. B
COOTBETCTBUU € 3THUM YpaBHEHHEM HOHHOE AaBieHue B AOP yBenuuuBaeTcsi npumepHo B 4 paza ot ~0.08 ulla o
~0.25 ulla npu m3menennu Psw ot 1.0 no 6.0 Hlla.

a 7
PL, uMa Pa, HMa

0.8 — r=0.90 0.5 —
04 r=0.98

0.6 — :
0.3
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0.2 —

0.2 — 0.1 —

0 I . 0 T T T T 1
0 1 2 3 4 5 @Pswnla o 1 2 3 4 5 gPswHla

Pucynok 1. [laBrenne moHOB B obnactsx BeIchmanuii LLBL (a) m AOP (6) B 3aBHCUMOCTH OT
JMIMHAMUYECKOTO JaBJIeHUs COJIHETHOTO BeTpa B cektope 11:00-13:00 MLT.
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B.I'. Bopob6wves u Op.

Pucynok 2 wimocTpupyeT pacmpeselneHne WoHHoro naienws B LLBL (a) m AOP (6) mo MecTHOMY
reomarHuTHOMY BpeMeHH (MLT) npu pa3HBIX ypOBHSIX AWHAMHYECKOTO NaBJICHUS comHewHoro Berpa (ot 1.0 ulla
1o 6.0 ulla). Toukn Ha rpadMKax COOTBETCTBYIOT ypaBHEHHSM PETPECCHUH, KOTOPbIe OBbUIM IMOJYyYeHBI JJIs BCEX,
MOKa3aHHBIX Ha pucyHKe, cekTopoB MLT. Jlanusie B 12:00 MLT CcOOTBETCTBYIOT ypaBHEHMIO PErpeccCHM st
cextopa 11:00-13 MLT. 3arem aHanmoruuHble JUHEHHbIC ypaBHeHUs P=P(Psw) OblIM HOJy4eHBl IS BCeX 2-X
yacoBbeix WHTEepBaoB MLT co ciBurom Ha lvac B BOCTOYHOM U 3amamgHoM Hampasienusx (12:00-14:00, 13:00-
15:00...12:00-10:00, 11:00-09:00 MLT u T.1.).

PucyHox 2a neMOHCTpUpYET ApKO BBIPaXKEHHOE JOKAJIbHOE YBEJIMYECHUE HOHHOTO AABJICHUS B 30HE BBICHITAHUH
LLBL B MONYICHHOM CEKTOPE, BEIIMYMHA KOTOPOTO pacTeT ¢ yBenmdeHueM Psw. [Ipu Psw=6 ulla BennumnHa nuka
P npumepHO B ABa pa3a HpeBBIIACT YPOBEHb JaBIEHUS B coceqHUX cekropax MLT, uTo CyliecTBEHHO BbIIIE
BEJIMYMHBI CTAaHAAPTHOTO CPEIHEKBAIPATUYHOTO OTKJIOHEHUS, TUTIMYHOI'O 7S HAIlIUX MAacCUBOB JIaHHBIX.

a o
PL, vMa Pa, ura
05 —
0.6 — 5 | Psw
7 SW 04 — 6 ulMa
_ 6 M 7
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.—._.____._/—__'_.
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Pucynok 2. PacmnpeneneHue MOHHOTO HaBleHHWS B oOnacTsX BeIchmaHuit LLBL (a) u AOP (6) no
MLT npu pa3HBIX YPOBHIX IHHAMHYECKOTO JaBJICHU coaHedHOTOo BeTpa (ot 1.0 Hlla no 6.0 ulla).

Pacnpenenenne wnonnHoro masiaeHuss mo MLT B oOnacTu BBICHIIIaHWH aBPOPAJIBHOTO OBaja JOCTATOYHO
PaBHOMEpPHO B MOJIYJICHHOM CEKTOpE, HO HECKOJBKO YBEIMYMBACTCS B CTOPOHY BEUEPHUX M yTpeHHUX yacoB MLT
IIPH BBICOKUX YPOBHSIX Psw. B MoNyIeHHOM CeKTope 3/1eCh He HaOI0aeTcsl KaKuxX-Iu00 SIPKUX OCOOEHHOCTEH,
00Hapy>KEHHBIX paHee B 001acTu BeIchIaHuil LLBL.

Pa3zHocTe moHHOTO naBieHust Mexny obmactsmu LLBL u AOP (AP=PL-PA) wnmoctpupyeT puc. 3. PucyHokx
MOKa3bIBACT, UYTO C YBEJIWYEHHEM JWHAMHYECKOTO JABJICHUS COJIHEUHOTO BETpa B IIOIYACHHOM CEKTOpe
CYIIIECTBEHHO YBEJIMUMBACTCA pa3HUIA B JABJICHUU MEKIY BBICHITAHUSIMH IPAHUYHOTO CIOS M BBICHIIIAHUSAMH OBaja
noyisipHbIX cusHud. Ilpu Psw=6 nlla pa3HOCTb AaBIIEHUN HE TOJBKO COM3MEpPUMA, HO U NPEBBINIAET YPOBEHD
aBiIeHns B caMoil ooactu AOP.

AP, HMa
0.4 —

0.3 —

0.2 —

0.1 —

Psw

18 MLT

Pucynoxk 3. Pacnpenenenue mo MLT pasHoctu gasnernit Mmexxay oonactsmu LLBL u AOP.
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4. 3akar04eHnue

OCHOBHBIE pe3yJIbTaThl UCCIIEJOBAHHS MOKHO C(POPMYIINPOBATH CIEAYIOIUM 00pa3oM.

1. B 001acTax AHEBHBIX BBICHIIIAHWH, TOIOJIOIMYECKN CBSA3aHHBIX C HU3KOLIMPOTHBIM I'PaHUYHBIM ciioeM (LLBL) u
oBasioM cusHuil (AOP), naBieHHe IUIa3Mbl CYLIECTBEHHO YBEIHUUBAETCA C POCTOM JAMHAMMYECKOTO JaBJICHUS
comHeyHoro Betpa (Psw). Cpenauii ypoBeHb naBieHus B LLBL cocraBuser <Pr> = 0.27 + 0.07 ulla, a B AOP ~0.5
OT 3TOT0 YPOBHS.

2. Pacmpenenenue napneHus B BBICHITAHMSIX LLBL mo MLT nmeMOHCTpHpYeT SpKO BBIPaXCHHOE JIOKAIBHOE
yBEJIMUEHHUE AABICHUSA B MOIyAeHHOM cekrope (~11-14 MLT), BenuunHa KOTOpPOro pacTeT ¢ yBeIUUeHHEM Psw.
Jasnenne B AOP no MLT B monyzaeHHbIE 4achl pacHpeAereHo TOCTaTOYHO PaBHOMEPHO, B Pe3yJibTaTe 4ero B
cekrope ~10-14 MLT nosiBnsieTcsi 3HaUUTENbHAS Pa3HOCTH JaBlIeHUH Mex 1y oonactsimu LLBL w AOP.

IIpu ompeneneHuUM nAaBIeHHS IUIa3Mbl B 3KBaTOPUANBHOM IIIOCKOCTHM C HCIOJIb30BAHMEM MJAHHBIX MHCCUH
THEMIS B pa6ore [Kupnuuee u Anmonosa, 2011] 0bUI0 IOKAa3aHO, YTO HA TEOIIEHTPUIECKUX paccTosHuAX 7-10 Re
JTABJIEHUE TUTa3MbI OJIM3KO K M30TPOIHOMY H a3UMYTalbHO-CHMMETPHIHOMY, oqHako LLBL w3 olmiero maccuBa
JAHHBIX HE BBIICIISUICS, [TOSTOMY IMOJYYCHHBIC B HACTOSIIEH paboTe pe3ynbTaThl MO AAaBICHHIO IUTa3Mbl B LLBL
SBJISTFOTCS TTOKA €TUHCTBEHHBIMH.

[TpencTaBnsroT ONpeAeNeHHbI HHTEPEC PE3yNbTaThl CPAaBHEHHS BEJIMUNH HOHHOTO NAaBIICHUS MEXIY O0IacTsIMHU
BeIcbImannii LLBL u AOP. Pa3HOCTh HNaBiEeHHS MEXIY AITHMH OOJNACTSIMH, TOKa3aHHAs Ha pHC. 3, MOXET
CBHJICTENBCTBOBATh O HAIMYMN 3HAYUTENBHBIX DPAAHAIBHBIX TPagUeHTOB, 'KenoOa" maBleHHA IUIa3Mbl B
MOJyIEHHOM ceKTope MarHuTocdepsl. [loBeaeHre HOHHBIX BBICHIIIAHUI yKa3bIBa€T Ha TO, YTO MO HAIIPABJICHHIO K
3emiie OT IOJICOJTHEYHONH MarHUTOIAy3bl IOCTATOYHO BHICOKOE JaBieHue B obnactu LLBL cHayana MOXeET ObICTpO
YMEHbIIATHCS K YPOBHIO AaBjieHus B obsactu npoekuun AOP, a 3ateM HaunHaeTcs 0oJjiee IUIaBHbBIM eCTECTBEHHBIN
POCT JIaBJICHHUS C YMEHBILEHUEM pacCTOsTHUS 10 3eMiti. PajnanbHble MacTaObl TakOW Bapyalvy JaBJICHUS MOXKHO
NPUMEPHO OLEHUTH 110 MUpuHe obnacteld Boicbimanuii LLBL nu AOP (1° mmpotsl cooTBeTcTBYeT ~1 Re) , KoTopas
npu Bz MMII >0 cocraBiser ~2° mupotsl kaxnas [Vorobjev et al., 2013, Fig. 7]. Onnako, naHHblii 3¢ et
TpebyeT OoJiee BHUMATEIBHOTO aHAIN3a C YIETOM CHIIBHOTO NCKaKEHNSI MAarHUTHOTO TI0JIS1 BOJIM3M MarHUTOIAY35I.

bnazooaprnocmu. J{anusie ciyriuka DMSP F6 u F7 B3stel Ha cTpanuuax http://sd-www.jhuapl.edu, napameTps
MMII, ma3Mbl COJIHEYHOTO BETPa M MHICKCHI MATHUTHOW aKTMBHOCTH B3SATHI Ha CTpaHUIAX hitp.//wdc.kugi.kyoto-
u.ac.jp/ v http.//cdaweb.gsfc.nasa.gov/.
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TPEXMEPHAS MOJEJIb I TOBAJIbHOI'O PACHIPEAEJIEHUA
IJIEKTPUYECKUX I1OJIEX B HOHOC®DEPE 3EMJIN.
IHOCTAHOBKA 3ATAYA

B.M. VBapos, I'.I'. Xoxzos, E.C. 'pomoBa
Cankm - [lemepOypeckuti cocyoapcmeentblii yHugepcumem nymeu coooueHus..

AHHOTanusi. Panee cdopmynaupoBaHHas [BYMEpHas KpaeBas 3azada O TJIODAIBHOM —pacIpeieleHuu
JNIEKTPUYECKUX IoJiell B HOHOc(epe 3eMIHM C Y4eTOM CIeHU(PUKH 3IEKTPOIMHAMHUYECKOTO B3aUMOJCHCTBUS
TOKOBEIYIINX HOHOC(HEPHBIX 000JI0UeK POTHBOIIOIOKHBIX IONTyIIaprii 00001IeHa Ha TPeXMEPHBIH CIyJai.

Kpaesas 3amga4qa o rimo0aapHOM pacTpeeNieHn JIEKTPUUECKHUX MoJield B HOHOc(hepe 3eMiM C yU4eTOM CHenU(pHUKA
AJIEKTPOJMHAMHYECKOTO B3aHMMOJICHCTBHSI TOKOHECYIIMX HOHOC(EPHBIX 000JI0UEK MPOTHBOIMOJIOKHBIX MOJyIIApHUii
obuta chopmynupoBana B [1]. B [2-5] npuBemeHbl aHAIUTHUCCKUE PEIICHHUS IS psiga TEIHOTeO(PU3MICCKIX
CUTYyallWii, TOJyYeHHbIE LIEHOH YIpOILEHUsI paclpeleieHuil BXOoAHBIX mNapameTpoB. I[loznHee, ObUIO MOTyueHO
YHUCIIEHHOE pelIeHHe, CBOOOJHOE OT YKa3aHHBIX YNPOIIEHHH (MOAPOOHBIE CCHUIKM W PE3YJIbTaThl YHUCICHHOTO
MOJIeNIMPOBaHMs MPUBECHHI B [6]). B kauecTBe MCTOUHMKA IEKTPHUECKUX MOJEH paccMaTpUBAIIUCh MTPOAOJIBHBIC
TOKH MarHUTOC(EpHOr0 MPOUCXOXKJCHHUS, BKJIAJ KOTOPBIX SBJIAETCS NPEoOIaJaloliuM B BHICOKHMX IIMPOTaX, I/
MPEUMYIIECTBEHHO W IPOBOJAT INpPAMBIE M3MEpEHHs Iojeid. B obmacTh HU3KMX M CPeTHHX LIMPOT HOHOC(HEpHI
CTaHOBUTCA 3aMETHBIM BKJIaJ BTOPOTO UCTOYHUKA - JUHAMO JEHCTBUS HEUTPAIbHBIX BETPOB.

C yderoM 3TOro BKJajga KpaeBas 3ajada O IJIOOIBHOM paclpeleleHUH JIEKTPHUECKUX I0JIeH B HOHOCc(epe
3emiid, B paMKax ABYMEPHOI'O ONMCAHUS, UMEET CIeAyoui Bua [7].

Ha mpoBopmsmeit cepe BeIIENEHBI TpU 00NIacTH — ceBepHas Q; u 1oxkHas (), manku ¢ rpannamu [} u [ Ha
kommpoTtax 0; m 02 = m-0;, COOTBETCTBEHHO, W BCs OCTanbHast 4acTb cepbl 3. B oTnmume oT mamnok, rue
MarHuTHbIE CHUJIOBBIC JIMHUM PA30MKHYTHI JINOO HACTOJIBKO MPOTSDKEHHBIE, YTO CBSI3UM IO NOTEHIHANLY MEXIY
IIaNKaMu HEeT, B 001acTH {23 3aMKHYTble MarHUTHBIE CHJIOBBIE JIMHUM 3€MHOTO AUTONS 3((HEKTHBHO BEIPaBHUBAIOT
aneKkTpudeckuii moteHnuan U B CONPSIKEHHBIX TOYKAaX IMPOTHBOIOJIOXKHBIX MOJyIIapHid Oiaromaps BBICOKOH
MIPOAOJIBHONW IPOBOJUMOCTH MAarHUTOC(EpHOH IUIa3Mbl. DTO TO3BOJIAET pEIIaTh ypaBHEHHE HENPEephIBHOCTU
UHTETPAILHOTO 3JIEKTPUYIECKOr0 Toka J He Ha BCed obmactu )3, a TONBKO HAa OAHOW ee monosuHe 3V (s
OTIPEJICTICHHOCTH, CEBEPHOMN), ¢ TpaHunamu ['| m skBatopuanbHOW rpanuneid I's Ha kommpore 03, HCIONB3ys B
YPaBHEHHH HEMNPEPHIBHOCTH B KAYECTBE WHTErPAlbHOM MPOBOAMMOCTH X M HCTOYHHMKA CYMMY HHTETPallbHBIX
MIPOBOANMOCTEH M HCTOYHHKOB B CONPSDKEHHBIX TOUKaX 000MX nouryniapuid. C y4eToM 3Toro Kpaesas 3a7ada uMeeT
BHJ;

divg o J; = ji, aw Qi (6 <6), (1)
divg ,J, = j5, W1y (1— 61 <0 <m), )
divg ,J3 = j5, A4 Q3N (0, <0<0;), 3)
Ui(01, 9) = Us(61, 9) = Ux(62, 9), 4)
J1o (01, ) — J30 (01, ) = J20 (02, 9), (5)
J30 (03, 9) =0, (6)
rae Uy, Jo (0 =1, 2, 3) — TOTEHIAIIBI ¥ TOKH B COOTBETCTBYIOIINX 00JIACTIX, CBA3aHHbBIE 3aKOHOM OMa:
Jo=Zo(- grad Uy) + Ja. (7

Y — TEeH30p UHTErpajbHOM MPOBOAUMOCTH:

s = [zee Zew} (8)

2199 quo

Too = Zp/(sin 2 %), Top = -Ze0 = Zu/sin x, Tep = Zp, sin g = 2-cos0 /(1 + 3 cos 20)'2, y - MarHuTHOE HakIOHeHHUE, dive,o
- yrioBas 4acThb oIepaTopa IUBEPreHIMU B ChEepUUecKHX KoopauHaTax 0, ¢ W ji” — HUCTOYHMKH B BHUIE
paanaNbHON COCTABIISIONIEH MTPOIOIBHBIX TOKOB.
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Tpexmepnas moodens enodanvHo2o pacnpedenenus dnekmpuieckux nouei 8 uonocgepe 3emmu. Illocmanoska 3adayu

C yderom BreIpaxeHus (7), COAEp)KaIIero IIOTHOCTh HHTETPAIBHOTO IWHAMO-TOKA J4, OYEBHIHO, YTO TIPH
peIIeHIH CHCTEMBI JUTUITHIecKuX ypaBHeHui (1) — (3) otHOCHTENBHO MoTeHNMana U, (o =1, 2, 3) B HUX crpaBa
TOSIBSITCSL TOTIOJIHUTENILHBIE HCTOUYHUKH B Buae -dive, Jq. JelicTBuTensHO, B pa3BepHyTOM Buae ypaBHeHus (1) — (3)
HUMEIOT BUJ;

dive,e Zo'(- grad U,) = jo" -diveeJa (0 =1, 2, 3).

VYcnoue (4) o3HayaeT OTCYTCTBHE CKauKa MOTEHIMAJa MOINEPEK TPaHULbl JAaHHOW IIAIKH M MEXAY TpaHHLIAMHU
MPOTUBOMOJIOKHBIX IIANOK B KAXJIOW TOUKe rpaHuLl. YcioBue (5) cieayer U3 Hepa3pbIBHOCTH 001l TOKOBOI Lienn
Y 03HAYaeT, YTO BO3MOJKHBIC Pa3pbIBbl HOPMAIBLHON KOMIIOHEHTHI TOPH30HTAIBHBIX TOKOB HA TPAHUIIAX CEBEPHOM U
I0)KHOH IIANOK B3aMMHO KOMIICHCHPYIOT APYT IpyTra 3a cUeT IPOJONBHBIX TOKOB MEPETEKaHNI HA STHX TPAHUIIAX.
VYcnosue (6) — 3TO OAHOPOTHOE TPAaHWMYHOE YCIOBHE HAa HOPMAJIBHYIO KOMIOHEHTY TOkKa. OHO COOTBETCTBYET HE
MPOTEKAHMIO TOKA Yepe3 HKBATOP M SIBISCTCS €AMHCTBEHHO (pr3ndecKky 000CHOBAHHBIM.

Kpaesas 3amaga (1) — (6) ommceiBaeT rio0aibHOE paclpeesieHIe MIEKTPHYSCKUX HoJIeld B HoHOchepe 3emiu ¢
y4eToM CHeHu(UKH  3IEKTPOJMHAMHYECKOTO  B3aHMMOJCHCTBHS TOKOHECYIIMX HOHOC(HEpPHBIX  000JI0UEeK
MPOTHUBOMOIOKHBIX TONYIIAPHH TPH yUEeTe B KAYECTBE NCTOYHHKA KaK IPOJOJIBHBIX TOKOB, TaK U ANHAMO-ACHCTBUSA
HEWTpaJbHBIX BeTpoB. /[l €€ YHCIeHHOrO peIIeHHs CJIEAYeT WCIOIb30BaTh MpEACTaBICHHBIH B [8]
BBIYHMCIIUTEIbHBIA QJITOPUTM, KOTOPBIH pa3paboTaH C MCIOJNB30BAHUEM BapUAllMOHHO-Pa3HOCTHOTO METO/a,
OCHOBAaHHOTO Ha KOHIEMIMKA OOOOIIEHHOTO peIleHHsl, YTO TIO3BOJISIET KCIOJB30BaTh JaXKe pa3pbIBHbBIE
pacmpezieneHus BXOAHBIX mapameTpoB. [IpoBemenHoe B pabote [9] chenuanbHOe HCcIeoBaHHE MOKAa3ajo, 4TO
YKa3aHHBIH alroOpuTM OOEClednBacT CXOJUMOCTh HUTEPALUOHHOIO IMpOoIecca AN PAaCCMOTPEHHBIX TaM CIIydacB
ISITUKPATHOTO U AECSATUKPATHOTO CKAayKa MPOBOAMMOCTH B KaHAJIAX, IMHUTHPYIOIINX MECTOIOJIOKECHHUS MOJISPHBIX
cusauil. Ilpm 3TOM paccMaTpuBanmMch Kak CIydaW CHMMETPHH, TaK W MaKCHMalbHOM aCHMMETPHH MEXIy
MONYIIApUsIMU B PACHIPEIEIICHUN TIPOBOJUMOCTH.

B cwry oueBHIHON OTrpaHHYCHHOCTH JIByMEPHOTO TIIOXOJa K CYHNIECTBEHHO TPEXMEPHOMY OOBEKTY
WCCIIEZIOBaHMS, OYEPEIHBIM 3TAllOM B YHCICHHOM MOJEIMPOBAHUH TI00ANBHOTO PacHpeAeiIeHHs 3JIEKTPHICCKUX
TI0JIe ¥ TOKOB B HOHOC(hepe 3eMIIN TOIDKHA CTaTh pa3paboTka TpexMepHOH Mozend. [locTaHoOBKa COOTBETCTBYOMIEH
KpaeBoll 3aJlaud MOXKET OBITh IIOJydeHa €CTECTBEHHBIM O0OOIIEHHEM ONMCAHHOW BHILIE JBYMEPHOH KpaeBoii
3aJauH.

YcnoBue CTalMOHAPHOCTH pacTeKaHusi HOHOC(HEPHBIX TOKOB B JAHHOM CJIy4ae MMEeT €CTECTBEHHBIN BH/I:

divoo, (G +ja) =0, )

rie TpeXMepHash IUIOTHOCTh TOKa IIPOBOJMMOCTH j, OOYCIIOBJIGHHas TIeHEepUpyeMbIMH B HOHOchepe
3NIEKTPOCTATHUECKUMHU MOJIAMHU, ONpeersiercs 3akoHoM Oma:

j=o(-grad U). (10)
Jd — IUIOTHOCTPH JAMHAMO-TOKA!
Ja=o[U,B]. (11)

3nmeck U — CKOpOCTh HEWTPaIbHOTO BeTpa, B — WHAYKIUSA MarHATHOTO TOJIS, @ G — XOPOIIO W3BECTHBIM TEH30D
MPOBOIUMOCTH HOHOC(EpHOH Ia3Mbl, B3ATHIH B chepudeckoil cucteme koopaumHat. CKOpOCTh HEHTPabHOTO
BETpa MOXKHO 3a/1aBaTh Ha OCHOBE CYIIECTBYIOIIMX IMITHPHUYECKUX MOJENEH 3TOro MmapaMeTpa, a KOMIIOHCHTHI
TEH30pa MPOBOJUMOCTH — PACCUUTHIBATH HA OCHOBE IMIMPUIECKUX MOJIETIEH SJIEKTPOHHOM KOHIIEHTPAIIUH.

C yuerom (10), (11) ypaBHeHue (9) umeeT BUI:

dive,, (o-grad U) = dive e, o[U,B]. (12)

VYpasaenne (12) — 3TO TpexXMepHOE IIUIUNTHYECKOE YpaBHEHHE A mMoTeHIMana U, mpaBas 4acTh KOTOPOTO
OTIMCHIBAaET BKJIQJ JAWHAMO-IEHCTBHS HEHTPANBbHBIX BETPOB B TE€HEPAIMI0 MOHOC(HEPHBIX SIEKTPUUECKUX IOJIEH U
TokoB. Ero obOmacte pemenus — cdepudyeckuid ClI0M  TOJNIIMHOM HECKOIBKO COTEH KHIIOMETPOB,
ANMPOKCUMHUPYIOLIUH MPOBOSIIYI0 HOHOC(EPHYIO 000I0UKy 3eMIIu:

n<r<n, (13)

T/Ae 71 ¥ 1 — HIDKHSS ¥ BEPXHsS TpaHUIBI o0mactu. MOXHO cKka3aTh, YTO 3Ta 00JACTh OrpaHHYCHA CHHU3Y ILIOXO
poBoJIAIIeH (c1a00 MOHU30BAHHO) aTMOC(EPOi U CBEpXy — MarHUTOC(epol, II0X0 MPOBOISINEH B HATIPABICHHH
MEPICHIUKYISIPHO CHIIOBBIM JIMHUSIM MAarHUTHOTO TTOJIS.

EcTtecTBeHHBIME W KOPPEKTHBIMH T'PAaHUYHBIMH YCIOBHSMH U1 ypaBHEHHMS cTanmuoHapHOCTH (12) sBisioTCA
YCJI0BHUA HA HOPMAJIBHYIO KOMITOHCHTY IIJIOTHOCTH TOKaA.

FpaHHque YCJIOBHE€ Ha HIDKHEN TpaHUIC 06HaCTI/I COOTBETCTBYET YCJIOBHIO HE TMPOTCKAHUA TOKa B
HENPOBOJISIIYIO aTMOC(heEpy:

jr(ey(Pa”l) +jdr(e,(|),rl) = 0 (14)
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B.M. Veapos u op.

I'panndHOE ycnoBue Ha BEPXHEH TpaHUIE OOJIACTH BBITILIIUT CIIOKHEE. B obmacTi BHE MONAPHBIX MIANOK (IS
9KBaTOPHAIBHBIX, HU3KHX M OOJiee BBICOKHMX IIHPOT) HEOOXOAMMO YUYECTh CHEUU(HKY 3NEKTPOJHHAMHIECKOTO
CIETUIEHHS] HOHOC(hEp MPOTUBOIOJIOKHBIX HONyIIaphid. ITa cneunpuKa 3aKII09aeTcsl B IEPETEKaHUH TOKOB MEXKIY
MOJTYIIApUSIMU BAOJIb CHIIOBBIX JIMHUH MarHUTHOTO TI0JIS, CBSI3BIBAIOIINX MarHUTOCOINPSKEHHbIE TOUKH. [TockombKy
KpOMe JMHAMO-ICHCTBUSI HEUTPAIBLHBIX BETPOB BKJIAJ B BO30YKACHHE 3JIEKTPUUECKHUX ITOJIEH JAal0T U MPOJOJIbHbIE
TOKHM MarHUTOC(EPHOTO MPOUCXOXKICHHS, YCIOBUE Ha BEPXHEH I'paHHUIIE ClIeyeT 3arnucaTh B BUJIE:

jr(es(Pa’"Z) +jdr(ea(PsV2) +jr(7t—6,(p,r2) +jdr(7f'ea(PaV2) :j’W(ea(P) npu 61 < 0 <m- 919 (151)

I€ jm — IUIOTHOCTh NPOJONBHBIX TOKOB MAarHUTOC()EPHOrO IPOMCXOXKACHUS, KOTOPbIe IPAKTUYECKH He
HaOTI0AI0TCsI B 00JIaCTH HU3KUX IIUPOT M HanOoJiee BEIPAKEHBI B BBICOKUX IIUPOTAX.

B nanbonee mpoctoMm cirydae, KOT/ia BKJIAJ MarHUTOC(HEPHBIX MPOJOIBEHBIX TOKOB B BO30Y)KICHHE HOHOC(HEPHBIX
JNEKTPUYECKNX ToNiell He yuuthBaercsa, u3 (15.1) crmemyer, dYro B MarHUTOCONPSDKEHHBIX — TOYKaxX
MIPOTHUBOIOIOXKHBIX MOJYIIAPUI HOPMaJIbHBIC K BEPXHEH TIpaHUIE KOMIIOHEHTHI IJIOTHOCTH MOHOC()EPHBIX TOKOB
PaBHBI TI0 MOJYJIO M TMPOTHBOIOJIOKHBEI MO 3HAKy. DTO MOJpa3yMeBaeT OE3IMBEPIreHTHOE TEUYEHHE MPOAOIHHBIX
TOKOB BJIOJIb CHJIOBBIX JINHUH MarHWTHOTO IOJISL U3 OJHOTO MOJYIIApHUs B IPyroe. B MpoTHBOMOIO0KHOM Cilydae 3TO
TeueHue OyeT AUBEPreHTHBIM.

Haobopor, B 007acTH MNOJAPHBIX ILIANOK, I/Ie CHJIOBBIC JIMHUM MAarHUTHOTO IOJsS Pa3OMKHYTHI (MJIM OYEHb
MIPOTSDKEHHBIE), NEepeTeKaHUsI TOKOB NPOBOAMMOCTH MEXIY MOJIyIIapusiMu HeT u ycioBue (15.1) ympomaercs.
VIMeHHO, B MOJSIPHBIX IIANKax HOpMallbHash K BEPXHEW I'paHuIle KOMIIOHEHTa MOHOC(HEPHOro TOKa OINpeAesseTcs
HUCKJIIIOYUTCIBHO TOKOM MaFHI/ITOC(bepHOFO MPOUCXOKACHUA, BTCKAIOINM B I/IOHOC(bepy WJIN BBITCKAIOIIUM U3 HeéE:

Jr(0,9,12) + ja(0,0,r2) = jm(0,9), mpu 0 <O <01 mm—0; <O <. (15.2)

Kak u B ciryuae AByMEpHOM MOJENH, IPH 33aHNH TPAHUYHBIX YCIOBHH HA MOTEHIMAJ TaK)Ke HEOOXOIUMO YUeCTh
cHenu(uKy 3IEKTPOANHAMUYECKON CBSI3M MOHOC(EP MPOTHUBOIOIOXKHBIX MOMymapuil. B obnacTn BHE MONAPHBIX
IIaNIOK MMeeT MecTo 3((EKTHBHOE BHIPAaBHUBAHME JIEKTPUUECKOTO MOTEHIMANIA B MATHUTOCONPSDKCHHBIX TOYKAX,
CBSI3aHHBIX CHJIOBBIMH JIMHMSIMM MAarHMTHOTO TOJNs, Onaromapss BBICOKOW IPOJONBHON INPOBOIMMOCTH
MarHuToc(epHoOi IIa3MBl:

U (0,9,r2) = U(n-0,0,r), ipu ©-0; >0 > 0. (16)

Haob6opor, B 061actu mossipHbIX manok, 0 < 6 < 0y, 7-0; < 0 < 71, BeIpaBHUBaHUS MMOTEHITMAIA HET, TIO3TOMY 3/1eCh
IpaHUYHBIC YCIOBUS VISl IOTEHIMAIA SBISIFOTCS U3HIIHUMH.

Takum 00pa3oM, B OCHOBE YUCICHHON MOJIENIN TPEXMEPHOI'0 TII00aIbHOTO pacIpeeIeHuUs 3JEKTPUIECKUX MOl
B HOHOC(epe 3eMITH JISKUT KpaeBas 3a/1aua, KOTopas IIPeACTaBIseT CO00i TPEXMEPHOE AIUIMITHIECKOE YpaBHEHHE
(12) nnst snextpudeckoro noteHnuana U B chepuueckoM ciioe KoHeUHOH TommuHs! (13), ¢ KpaeBbIMH yCIOBUSIMH
(14), (15) Ha HOpMaNBHYIO KOMIOHEHTY ToKa U (16) Ha moTeHnman. OCOOCHHOCTEIO TPEXMEPHOH 3aaull SBISIETCS
HECaMOCOMPSHKEHHOCTh ONepaTopa 3a7add, BEIPOXKAECHHOCTD (PEIIeHHe OIIPEAesIeTcs ¢ TOUHOCTHIO O KOHCTAHTHI)
1 HEJIOKAJIFHOCTh I'PaHUYHBIX YCIIOBHH, YTO CHIIBHO YCIIOXKHSET pa3padOoTKy COOTBETCTBYIOIIETO BHIYMUCIUTEIEHOTO
aNropuT™Ma.

[lepeuncnennsle O0COOEHHOCTH OTIMYAIM M H3JIOKEHHYIO B Hadajle CTaTbM ABYMEPHYIO KpaeBylO 3ajady,
YHUCJICHHOE pelIeHne KOTOPOH yJNalloch MOJXYyYUTh Oaroiaps MHOTOJIETHEMY coTpynHudecTBy ¢ b.A. Camokumem,
W3BECTHBIM CIIEMAIUCTOM B 00JIaCTH BHIYMCIIUTEIbHON MaTeMaTHKU. Ho 1axke B 3TOM cilydae Ha co3/laHHe IIEPBOro
BapHaHTa YHUCJIEHHON Mozenu ymuwio mate JieT, ¢ 1989 mo 1994 rox. B 2000 roxgy Oputa omyOimkoBaHa
MojuduIMpoBaHHas MoJeNb [8], BBIYMCIUTENBHBIA alrOPUTM KOTOPOH ObUI pa3paboTaH C HCIIOJIb30BaHHEM
BapUalMOHHO-Pa3HOCTHOTO METO/d, OCHOBAHHOI'O HAa KOHIENIMKM OOOOIIEHHOro peHIeHHs. OTO IO3BOJIUIO
UCIIONIb30BaTh B pacueTax Ja)e pa3pbIBHbIC paclpeeeH sl POBOANMOCTE HOHOC(HEPHI.

Iloce mepBoit myOnMKamuyM pe3yslbTaTOB YHCJIEHHOTO MOJEIMPOBAHMSA TJIOOABHOTO  pacHpesesIeHHs
HNOHOC(EPHBIX JJEKTPUUYECKUX MOJeH C YYeToM cHenuUKH 3JIEKTPOJMHAMHYECKOW CBSI3M HOHOC(hEp
MIPOTUBOIIOJIOXKHBIX HOJIYIIApUH HPOLUIO yXke OoJjiee YeTBEPTH BEKa, a ¢ MOMEHTa OIyOJINKOBAaHUS MOCTaHOBKH
3a7a4m — Oonee copoka Jyier. OJTHaKo, aHAJIOTUYHBIX MOJieIell HOHOC(EPHBIX IEKTPUUECKHUX MOJIEH APYTHX aBTOPOB
JI0O CHX TNOp TaK M HE MOSBHIOCH, HECMOTPSI Ha PACTYILYIO NMOTPEOHOCTh B WX HCIIOJIB30BAHHM IIPU CO3JaHUU
rno0agbHEIX Mozenel cpenpl (aTtMocdepsl, noHocdepsl, npoTtoHocdepsl). Bo3Hnkma cBoeoOpasHas cHTyalus
3aTHIIbS — MMPOJIOJDKEHHE PA0OTHI B TOM HAIPABJICHHH Ha OCHOBE CTapbIX MOJXO/IOB, HEAKTYaJbHO, a IOCTPOCHUE
KOPPEKTHON COBPEMEHHOH MOJENH OTJIOKEHO WM 3aTATHBAETCS, YTO OOYCIIOBIEHO, OUYEBUIHO, 3aTPYAHEHISIMA B
MPEOJI0JICHUH BHIYUCIUTENILHBIX TIPOOIIEM.

Uro Kkacaercs NEPCHEKTHBBl pELICHHUS M3J0XKEHHOW TPEXMEpPHOM KpaeBOM 3aJaud M [OCTPOEHUS
COOTBETCTBYIOIIEH YUCICHHONW MOJENHU TJI00albHOTO paclpeeeHus IEKTPUIeCKUX Toeil B noHochepe 3emi,
TO B COBPEMEHHBIX peaiisiX OHa BBITJISIIUT BECbMa TyMaHHO#. J{eficTBITEIbHO, KOT/Ia Hay4Hast paboTa OLIEHUBACTCS
C TOMOLIBI0O HAYKOMETPHYECKUX KOI(PQUIMEHTOB, a caMa BO3MOXXHOCTH IPOBOJIUTH HAYYHBIE HCCIICIOBAHUS
3aBUCHT OT BBIIIOJHEHMs YCJIOBHH TaK Ha3bIBaeMOro 3((EeKTHBHOTO JO0TOBOpa C YKa3aHHBIM YHCIIOM €XKETrOJHBIX
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Tpexmepnas moodens enodanvHo2o pacnpedenenus dnekmpuieckux nouei 8 uonocgepe 3emmu. Illocmanoska 3adayu

myOnuKanui (ma emé ¥ B ONpPEAETICHHBIX M3JAHUSX) MPECTaBIISICTCS MaJOBEPOSTHBIM MOSBICHHE JHTY3HMACTa,
CHIOCOOHOTO MPUCTYIHTH K PEIICHUIO IEHCTBUTEIBHO aKTyaJIbHOI, HO CIOKHOW, IIPOOIIEMBI.
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YUCJIIEHHASA SMIIUPUYECKASA MOJAEJIb PACIIPEJAEJIEHUA
IJIEKTPUYECKOI'O IOTEHIHUAJIA B MOHOC®EPE 3EMJIN

B.M. YBapos
Cankm - [lemepOypeckuti cocyoapcmeenHblil YHugepcumem nymeu coooueHus

AHHOTAIUSA

B ocHoBe mpemraraeMoil SMIMPHYECKOH MOZENH JIGKUT KpaeBas 3alada, KOTOpas MHCKIIOYaeT BIMSHUE Ha
paccuuThIBaeMble pacIpeleeHnusl NOTEHIUala CO CTOPOHBI BHXPEBOW COCTABIIAIONICH JIEKTPUYECKUX MOJICH.
[ocnenmusiss obycnmoBneHa (GIYKTyalusMH, OTpaHMYEHHOCTHIO TOYHOCTH u3MepeHHit E m cmocobom otbopa
OKCIICPUMEHTAJIbHBIX JAaHHBIX IJI SMIIUPHUICCKOIO MOJACIIUPOBAHM.

Beenenue

[psiMble M3MepeHHs SIEKTPUIECKUX T0JIeit B HOHOC(epe 3eMn IPOBOSTCS Ha MPOTSHKEHUH MHOTHX JIECATHIICTHI.
Haxoruien 6osbinoii 00beM TaHHBIX, TOJYYEHHBIX C IIOMOIIbI0O HAa3€MHBIX YCTAaHOBOK W KOCMHYECKHX allapaTos.
OTH JaHHBIE WCIOJIB3YIOTCS Kak Ul ampoOanuy AETePMHHHPOBAHHBIX MOZETEH 3IIEKTPUYCCKHX IOJIeH, T.e.
MoJeNield OCHOBAHHBIX Ha PEIICHWH KPaeBBIX 3a7ad C 3aJaBacMbIMH HMCTOYHHUKAMH, TaK W VI TTOCTPOCHHS
SMIUPUIECKUX MOJIETIECH.

Yro KacaeTcsi AETCPMHHHPOBAHHBIX MOZENEH JIEKTPHUYECKHUX IIOJIEH, TO HMX pa3sHooOpasme, 00YCIIOBICHHOE
pasHooOpa3reM IMOCTAaHOBOK 3a/1ad, JISKAIMX B UX OCHOBE, M, OTYACTH, Pa3HOOOpa3ueM METOJOB MX pEILICHUs,
NoJipa3yMeBaeT ¥ pa3HOOOpa3ue BOCIPOU3BOAMMBIX HMMHU HPOCTPAHCTBEHHBIX paclpeAeieHnil MOHOChEpHBIX
ANIEKTPUUECKHUX MoJel. [y 3ajaHHOM Treiano-reopu3n4ecKord CHTYyallud, KOTOPOH COOTBETCTBYET €AMHCTBEHHOE
HabmromaeMoe pachpesfesieHHe TIoJyiel, 3TH pPas3Hble MOJENU BOCHPOM3BEAYT pas3HblE paclpeieneHus. ITo
0OCTOSITENILCTBO ~ SIBJISICTCS OJHOW W3 MPUYMH MOCTAHOBKM BONPOCA O KOPPEKTHOCTH CYIIECTBYIOLIMX
JIETepPMUHUIPOBAHHBIX MOJielNel, TouHee, KOPPEKTHOCTH ITOCTAaHOBKH X KPaeBbIX 3a1a4.

Ora npobiema noapobHo obcyxknanacek B [1]. TaMm, B yacTHOCTH, NpEJCTaBICHbI Pe3yIbTaThl ABYX YHCIECHHBIX
MoJieNield TI00aNBbHOTO pacIpeielIeHUsT JISKTPUUSCKUX TI0Jie B HOHOcdepe 3eMild, OTIMYAIOUINXCS TOJIBKO
METOJIOM YHCIICHHOTO pelieHus. B ocHOBe 3THX Mozesneit nexur omyoankoBanHas emé B 1981 roxy kpaesas 3agada
[2], yuuTsIBaromas crennpuKy 3JIEKTPOJUHAMUYIECKOTO B3aUMOACHCTBUS TOKOHECYIIMX MOHOC(EPHBIX 000JI0ueK
MIPOTUBOIIONOXHBIX Toaymapuii. Kak ormedeno B [1] urHopmpoBaHuWe 3TOi crelu(UKH B IPYIMX UYUCICHHBIX
MOJIETISIX HOHOC(EPHBIX AIIEKTPHUYECKUX TIOJIEH JeTIaeT STH MOJEIN HeaKTyaIbHBIMH.

Takum oOpa3omM, AanbHEiIIee pa3sBUTHE JETEPMHHHUPOBAHHBIX MOJAENEH HOHOC(HEPHBIX AIIEKTPUYECKUX IOJeH
BO3MOJKHO TOJIBKO Ha OCHOBE KOPPEKTHO IOCTABJICHHOM KpaeBOif 3a/a4M U COBPEMEHHOTO YHCICHHOTO MeToja eé
pemenus. Harmpumep, B MoguduunpoBaHHON YMCICHHOW MoaeH [3] MCIoIp30BaJICs COBPEMEHHBIH BapHAIIMOHHO -
Pa3HOCTHBIN METOJA, OCHOBAaHHBIM Ha KOHLEMIIMK 000OIIEHHOro pemieHus. Takoi MeToJ MO3BOJSIET Y4ecTh HaXke
Pa3phIBBI B IPOBOAMMOCTH Ha TPaHMUIIAX KaHAJIOB, UMUTHPYIOLINX JIOKATU3AIHIO MOJIIPHBIX CUSHUIL.

Pa3BuTHe NeTepMHUHUPOBAHHBIX MOJIENEH CAEPKUBACTCA OTCYTCTBUEM COBPEMEHHBIX, JOCTYIHBIX U yIOOHBIX MPH
UCTIONIb30BAaHUN MOJENEH HCTOYHHKA, B YaCTHOCTH, MOJEJEH paclpeleseHns] MPOAOJIbHBIX TOKOB, SBIISIOIIUXCS
TJIaBHBIM MCTOYHUKOM T€HEPALNH AJIEKTPHUECKUX MOJIEH B BRICOKHX MINPOTaX.

[lo 31Ol mnpHuMHE SBISETCS aKTYaIbHBIM pPAa3BHTHE OMIIMPHYECKUX MOJETIEeH 3JIEKTPUYECKUX —IIOJIeH,
UCTIONB3YIOMIMX ~ HENOCPEICTBEHHO  JaHHble HMX  um3MepeHuid. Ecim  pasHooOpasme  CyIIECTBYIONIMX
JICTEPMUHMAPOBAHHBIX MOJIENIEHl OTpakaeT OTMEUYEHHOE BBIIIE pa3HooOpaswe OImHMOOK B (HOPMYyJIMPOBKAX
COOTBETCTBYIOIIIMX KpPaeBbIX 3a4ad, TO MPUYMHA OTPOMHOTO pPa3sHOOOPa3Ws CYIIECTBYIOIUX 3MITMPHYECKIX
MojeNiell OTpakaeT He TOJBKO pasHooOpasue 3abmyKIACHHd, HO W TO OOCTOSATENhCTBO, YTO 3Ta MPUKIATHAS
mpobiema emé He Halula JOJDKHOTO MECTa B BBIYHCIUTEIHHON MaTeMaTHKE M SBISIETCS BO MHOTOM HCKYCCTBOM
TOYHO TaK K€ KaK MCKYCCTBOM HAa3bIBAIOT MHOT/IA JaXe ACUMITOTHYECKHE PA3JIOKECHHUS.

Hanpumep, B pabote Beiimepa [4] pacmpeneneHue NOTEHIHManTa B MOJMSIPHON IIAaNKe INPEACTABIEHO BEChMa
KOPOTKHM PSIOM C(HEepHYecKHX TapMOHHK, KO3(P(HUIMEHTH KOTOPBIX PACCUUTHIBAIOTCS METOAOM HAWMEHBITHX
KBaJIpaToOB C MCIOJIb30BaHUEM JIaHHBIX cryTHUKa DE-2 ¢ momspHoi opOuToil. A mo3xe [5], HA OCHOBE 3THX Xe
JTAaHHBIX «Pa3BHUTa YJIy4dlIEHHAs TEXHUKa JJIsI AMIMPHUYECKOTO MOJEIMPOBAHMS» C BBIJAEIEHHEM B Imamnke 34-x
KOJIBIIEBBIX 00JIacTell ¢ pa3iioxKeHHeM MoTeHnuana B psig dypbe TOJIBKO 10 a3UMYTaIbHON MepeMEHHOI B KaXK1oH
n3 HUX. TeM He MeHee, B 00eux paborax [4, 5], Kak OTMEUaeT aBTOP, «AJIEKTPHUUECKHE MOTEHIMAIBI MOIY4aInCh
BJIOJIb TIPOJIETa CITyTHUKA HHTEIPHUPOBAHKUEM IOJISI BJIOJIb HANIPABIICHUS IBHOKECHUS».
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Yucnennas amnupuieckas Mooeib pacnpeoeienus 1eKmpuyiecko2o nomenyuana 8 uonocgepe 3emau

(I)aKTOP BHUXPEBLIX noJeii B SMIIUPHUYECCKOM MOACIUPOBAHUUA

Meron pacuera moreHuuasna B paborax [4, 5] 3akiroyaercss B CleAyroLIeM. 3aiaBajcs HYJIEBOW MOTEHIMAT B
BBIOpaHHOW ONOPHOW TOYKe (TOYHee, HAa BCEH rpaHMIe Manku!) ¥ Jajnee NOTEHIHMAJ pacCUUTHIBAJICA B JAPYIUX
TOUKaX HEMOCPEACTBCHHBIM HWHTEIPUPOBAHMEM BJOJIb TPAGKTOPUM CIIyTHMKA KacaTelbHOM KOMIIOHEHTHI
JNIEKTPUUECKOTO T0JI1 M3 HMCXOJHOrO Habopa AaHHBIX W3MEpeHWi, Oojee WIM MEHee IUIOTHO MOKPHIBAIOIIMX
HOJISIPHYIO HIATIKY.

OueBHIHO, YTO JNAaHHBIH METOJ pacueTa IMOTEHIHana KOPPEKTEH, €CIIM NCXOJHBIH HaOOp NaHHBIX ACHCTBUTEIHHO
MPEACTABISIET MOTEHIMANbHBIE IeKTpHueckue mnoma. OpHako, B CHIy psila MPUYMH 3TO HE COBCeM Tak. U
BO3HHKAET HEOOXOIMMOCTh HCKITIOUCHHUS BUXPEBOI COCTABISIONICH.

Jleno He TONBKO M HE CTOJIBKO B TOM, YTO COTJACHO YCTaHOBHMBINEMYCS NMPH SMIMPUYECKOM MOJAEIHPOBAHUH
MHEHHIO pealIbHbIC BUXPEBBIE OIS, 00YCIOBICHHbIC HECTAMOHAPHBEIMIA MarHUTHBIMH HOJISIMH, JOCTATOYHO MalIbl
MO CPaBHEHHUIO C MOTEHLUAIbHBIMU. J[€0 B TOM, 4TO Aaxe B HIEATIbHOM ClIydae, KOTJa H3MEepeHHs Ha CeTu
W3MEPHUTENLHBIX CTAaHIMHA ObUIM OBl MPOBEIEHBI CHHXPOHHO, B OTCYTCTBHE BO3MYIIEHHH I'€OMarHUTHOTO IOJS, U
MOJyYeHHBIH Ha0Op JaHHBIX OTpakaJl Obl MTHOBEHHYIO IIPOCTPAHCTBEHHYIO KapTHUHY paclpeaeiIeHus
MOTCHIMAJBHBIX 3JIEKTPUYECKUX II0JieH, peanbHble QuykTyanuu HanpsbkeHHoctd E  w o0yciioBieHHBIE
OTPaHMYEHHOCTHI0 TOYHOCTH W3MEPEHUH NpuOOpHbIE (IyKTyaluy, XapakTepHble [UIi KaXKAOro IYHKTa
HaOJI0ICHU, IPUBEH OBl K MOSIBJICHUIO HCKYCCTBEHHOH 3aBUXPEHHOCTH B PaCCMaTpUBAeMO IByMEpHOH KapTHHE
noms. L{upKynsimust 3MeKTPUYEcKOro MOl MO IMPOW3BOJIEHO BHIOPAaHHOMY 3aMKHYTOMY KOHTYpPY B Ipenenax
paccMmarpruBaeMoi 007acTH, KOTOpasi, KaKk U3BECTHO, JIOJDKHA OBITh paBHA HYIIO, IPH pacyeTax ¢ MCHOJIb30BaHUEM
peanpHBIX JaHHBIX M3MepeHni E Oynet oTnudHoi ot Hyns. [lelicTBuTensHO, n3MepeHHoe nonne E sBisercst cymmoit
MOTEHIMAIbHOTO HoHOChepHoro moinst Ep n cymmapHoro xaotudeckoro mostst gpuykryaruid Es:

E=E,+E:x. (1)

B CHUJIYy XaOTUYHOCTU €CTCCTBCHHO IO0JIararb, 4YTO Ef nmeer 00e COCTABJEIIOMINEC — MOTCHIIMAJIbHYIO Efp 1 BUXPEBYIO
Ef.:

Er=Eg + Ex., ()

4TO U 0OBSICHSIET HEHYJIEBYIO UPKYIALUio E.

Jlpyrasi mpu4rHa 3aBUXPEHHOCTH, CBOMCTBEHHAs MCIIOJIb3yeMOMYy Habopy naHHbIX m3Mepenui E, 3akmrouaercs B
TOM, YTO 3TOT HAOOp, KaK MPaBWIIO, HE OTPaKaeT MTHOBEHHYIO IPOCTPAHCTBEHHYIO KapTuHy pacnpeneieHus E.
Hanpumep, B [5] mnpu NOCTpOEHHM OSMIHPHYECKUX pacHpeAeieHuil IMOTeHLuana A HEKOTOpoil remuo-
reo(pU3N4ecKON CUTyallud B CEBEPHOH MOJISPHOW MIanKe aBTOP ObUT BBIHYX/IEH IPHUBJIIeYb JaHHbIE u3Mepenuil E B
10)KHOW TIOJIIPHOM IIaNKe C €MHCTBEHHOM IENIbI0 — IOIOJIHUTh BEChbMa CKYIHBIH HaOOp MCXOJHBIX JTaHHBIX XOTS
661 u TakuM oOpazoM. OueBHIHO, YTO B JAHHOM CiIydae BKJIAJ XaoTmueckod cocraisitomeil Er B mone E
yBenmuutcs. CreoBaTelbHO, €€ OJHOM NPUYMHOM O00CYKAaeMOil 3aBHXPEHHOCTH SBISIETCS cIoco0 oTdopa
UCXOJIHBIX SKCIIEPUMEHTAIBHBIX JaHHBIX.

Takum o6pa3oM, HCMONB30BaHWE HaOOpa MCXOAHBIX MAHHBIX M3MEPEHUH D3JIEKTPUYECKUX IOJICH COXEp>KUT
HCKYCCTBEHHOE XaOTHYECKOE II0JE, KOTOPOE MOXET CYIIECTBEHHO HCKa3UTh BOCIPOMU3BEACHHUE SMIIMPUUYECKUMMU
MO/JIEJIIMH JIBYMEPHBIX KapTHH pacrpeeeHns IoTeHIHaNa.

Hcnone3yemslit B [4, 5] MeToq pacueTa MOTEHIMANa B MPOU3BOJIEHONW TOYKE HCCIETyeMOH 00JacTH OCHOBaH Ha
HCIIONIb30BaHMHM HM3BECTHOTO COOTHOWICHHA MeEXAy mnoreHimaioM U u HampspkeHHOCThIO Ep moTeHnMambHOTO
SIIEKTPUYECKOTO TIOJIA:

U, =U, - JEydl, 3)

rne Ep — kacarenpHas k aneMeHTy kKoHTypa dl cocraBmnsiomas Bekropa Ep, a ”HTErpupoBaHne MO>KHO BBIITOJIHSTE 110
J1000MY KOHTYPY, COSAMHSIONIEMY JBE IPON3BOJIbHBIE TOUKHU 1 1 2.

BriOupast omopHyto Touky 1 u 3amaBas B HeH HyJeBOe 3HAu€HHE MOTEHIHMaNa, aBTOp pador [4, 5] Ha ocHOBe
cooTHomIeHus (3) paccuuTan 3Ha4YeHWs] MOTEHIMANA B PsJE TOYCK Ha TPAGKTOPHAX CIIyTHHKa, Oojiee MM MeHee
TUIOTHO TOKPBIBAIOIIMX MOJSPHYIO marnky. OnHaKo, COOTHOIEHHE (3) BBIIOIHAETCS TOJBKO JUISl TOTEHIMAIBHBIX
noneir. Iloatomy meron [4, 5], cBs3amHBIA ¢ moxactaHoBkoi B (3) mosii E w3 MaccuBa OTOOpaHHBIX JTaHHBIX
U3MEPEHUHl, CoepKaMX xaoTudeckoe noje Ef, 04eBuAHO NPUBOAUT K OMMOKE B pacueTe NOTECHIHANa

U,=U, -|Eyudl-]Eqdl, @

T7Ie TOCNIeHee CllaraéMoe€ B MPaBOM YacTH WM MPEACTABISET 3Ty OMIMOKY, KOTOPYIO C ydeToM (2) MOXKHO
MpEACTAaBUTh B BUJEC:

[Endl=Up — Up + | B dlL. (5)

B npaBoﬁ qacTu (5) [ocjaeaHee cjaracMoc B BUAC HMHTETpaa 06YCJ'IOBJ'I€HO BKJIaa0OM BI/IXPGBOﬁ COCTaBJIAIOIEH
Xa0THYCCKOI'O IMOJIsA Efc, a Pa3HOCTb NOTCHIHAJIOB — BKJIaI0OM HOTGHHHaHLHOfI COCTaBJ’ISIIOHIefI Efp.
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INonHoe ycrpanenne ommOKy (5) mpu pacyeTe IMOTEHIHAIa METOJOM IPSMOT0 MHTET PUPOBAHHMS, UCIIONIB3yEeMbIM B
[4, 5], HEBO3MOKHO, HO MOKHO CYIIECTBEHHO YMEHBIIHUTH 3Ty OMMOKY. Hike IpeaioxkeH MeTol, OCHOBaHHBIH Ha
peLIeHNH KpaeBol 3a/1auu, KOTOPBIN MMO3BOJISIET 3TO CENATh.

MeToa nocTpoeHus YUCAEHHOH IMIIUPUYECKOH MOeIn

Cornacto (1), (2) snexTpuyeckoe moje U3 Habopa OTOOPaHHBIX JaHHBIX IJISl MOCTPOEHHS ABYMEPHOW KapTHHBI
SKBHIIOTEHIMAJIeH COCTOMT M3 HCTHHHOTO mOTeHumanpHoro mnonsi Ep, reHepupyemoro B HOHochepe, H
Xa0THYECKOT0 MOJIs, IPeCTaBIeHHOro oTeHIansHoi Efp 1 BuxpeBoii Efe ero gactero:

E= Ep + Efp + Efe. (6)

ITockonpKy mepBbIe J1Ba claraeMbIX B MpaBoi dacTu (6) MOTCHIUATIBHBI, X CyMMa MOXET OBITh NPEICTaBJICHA B
BUJIE!

Ep + Egp = -gradU. (7
Torna (6) umeer Bux:

E = -gradU + Ete. @)
[Tockonbky nosnie Efe BUXpeBOe, MPUMEHUB ONEPaIIIO JUBEPTreHIH K (8), UMeeM:

Ao,oU = - dive oE. ©)

B (9) neBble u npaBble 9acTH — 3TO YIJIOBas 4acTh omneparopa Jlamiaca u yrioBas 4acTh oneparopa JUBEpPIeHINs,
COOTBETCTBEHHO, U — 3IIEKTPHUYECKHI MOTEHINAN, 00yCIOBICHHBIH coryiacHO (7) Kak TeHepHpyeMbIM B HOHOChepe
MOTCHIMATIBHBIM JJICKTPUUECKUM TOJIEM, TaK M MOTCHIHMAIbHOM cocTaBisitomeil mons ¢uykryamuit, E —
NIEKTPUUYECKOE T0JIE, 3aJaBaEMOE 110 JaHHBIM N3MEPECHUIL.

JByMepHOE simmnTHYecKoe ypaBHeHHe (9), paccMaTpuBacMoe B HEKOTOpoil oOmact ¢ rpammmei T,
HEOOXOANMO [IOTIOJTHUTh T'PAHWYHBIMH YCIOBHAMH. ECTECTBEHHBIMH T'DaHWYHBIMH YCIOBUSAMH 37ECh SBILIFOTCS
ycnoBust Helimana:

oU/én = -E,, (10)

rae E,— HopmanbHas k rpanune I' komnonenra E.

Crporo rosops, mockonpKy moTeHiman U ompeneneH cooTHomeHueM (7), To B mpaBoil wactu (10) BMecTo
n3MepsieMoil BennuuHbl E, crnemoBano Obl MOJCTaBUTH, NMPHHHMAs BO BHUMaHME (6), HOPMAJIbHYI0 KOMIIOHEHTY
paszaoctH E - Efe. OiHaKO, 5TO HEBO3MOXKHO, ITOCKOJILKY B 3TOH pa3HOCTH Majas BennuuHa Ef HeusBecTHa. TeM He
Menee, ecnu Ef = 0, To rpanmuHoe ycioBue (10) abcomroTHO KOppekTHO. B MHOM cimydae ocCTaeTcsl TOJBKO
npeHeOpeus BUXPEBOU cocTaBisomeil Ef. cyMMapHOTO Xa0THYeCKOTO TIOJIA, TojIarasi, 9To OHa Maja [0 CPaBHEHHUIO
¢ u3MepsieMbIM 11oseM E.

KpaeBas 3amaga (9), (10) ommcbiBaeT JBYMEpHOE pacHpeAeliCHHE OJIIEKTPHYSCKOTO IMOTEHIMada IIpU
HCTIONB30BaHUH JIaHHBIX HM3MEpPEHHH HANpPSHKCHHOCTH E HOHOC(EpHBIX SIEKTPHUUSCKUX IOJICH I 3aJaHus
HCTOYHMKa 3ama4dd (mpaBbix wacteit (9), (10)). DTo ommcanme TeM TOYHEE, YeM TIOJNHEE MCXOIHBIN HA0Op ATHX
JTAaHHBIX, YTO BO MHOTOM OIIPEJIENIAETCS, B YaCTHOCTH, IJIOTHOCTHIO HA3€MHOM CETH M3MEPUTENIBHBIX IPUOOPOB UK
(1) YUCIIEHHOCTHIO CITyTHUKOBOW TPYNIMPOBKH U JAJIUTEIBHOCTHIO IIEPHO/Ia CITyTHUKOBBIX HaOIIOACHUI.

OcobennocThio KpaeBoit 3amaun (9), (10) siBIsieTcs BBIPOKAEHHOCTb, B TOM CMBICIE, 4YTO €€ peIICHHE
OTIpeneNsIeTcsl ¢ TOYHOCTBIO 0 KOHCTaHTHL. TeM He MeHee, KOPPEeKTHasl pealu3alis YHCICHHOTO PEIICHHsS 3TOH
3aJa4d C MOMCKOM pelleHus B obsactu Q B Kiacce (YHKIMH, OPTOTOHAJIBHBIX €JIWHHIE, JIAeT €JAWHCTBEHHOE
pereHue.

Omneparop ypaBHeHus (9) B Buzae yrioBod dacTu omeparopa Jlammaca sBIsSeTCS CaMOCONPSDKEHHBIM, YTO
CYIIECTBEHHO YIPOINACT Pa3paboTKy ajTOpPUTMa YHCICHHOTO pelieHus kpaeBo 3amaqn (9), (10). [IBa yrcieHHBIX
METOJ]a PEIICHHS BBIPOKICHHOW KpacBOW 3agayd MmoApoOHO omucaHbl B [1, 3] mis Oolee CIOXKHOTO ciaydas
orepatopa Buaa divee(-X-gradU), rae £ — TeH30p npoBoauMocTH. Ecnu X npencTaBieH eqUHUYHON MaTpHLeH, To
9TOT ONEPATOp COBMAAAET C YITIOBOI YacThio onepaTtopa Jlamnaca, u ykasaHHbIE METObI MOKHO UCIOJIB30BaTh NpU
pa3paboTke anropuT™Ma YHCIeHHOro perreHus 3amaud (9), (10). OcHoBHas mpoOiieMa, ¢ BBIYHACIUTEIFHOW TOYKH
3peHus], CBsS3aHa C pacueToM MpaBod 4yacTh ypaBHeHus (9). Jlemo B TOM, YTO Ui TOTO, YTOOBI HE YXYIIIUThH
TOYHOCTh HCIOJIB3yEMOTO YHCIEHHOTO METO/1a He0OX0ANMO BEIOMPATh CETKY C IMOCTOSIHHBIM IIAarOM MO JIOJTOTE U
IIMPOTE, B Y3/ KOTOPOH, BOOOIIIE TOBOPs, HE MOMAAAl0T 3HAYEHUsI KOMIIOHEHT HampspkeHHocTH E m3 mcxomHoTro
Habopa 3KCTIepUMEHTAIBHBIX JaHHBIX, OyIb TO CIIyTHHKOBBIC WM Ja)ke Ha3zeMHble m3MepeHus. [lo aroil mpudanne
BO3HHUKAeT MpoOJieMe CHOCAa 3HaueHWH KOMIIOHEHT noist E mu3 OGmmxaimmx HaOIroAaTeNbHBIX TOYEK B Y3JIBI
UCTIONB3YEMOH ceTKH. BO3MOKHBII BapuaHT peleHus IpoOJieMbl — HOMCK (MIIH pa3paboTka) COBPEMEHHOTO METo/Ia
HWHTEPIOIHPOBAHUS.

AHaJIOTUYHBIC 3aMeYaHUs OTHOCATCS U K 3aJIaHHIO MPAaBOH 4acTH KpaeBoro yciosus (10).
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Yucnennas amnupuieckas Mooeib pacnpeoeienus 1eKmpuyiecko2o nomenyuana 8 uonocgepe 3emau

Kondurypamms u pazmeps obmactu 2 1 e€ rpaHuibl [T B pasnumyHBIX TPUKIATHBIX 33/1a9aX MOTYT OBITh CAMBIMH
pasHBIMH — OT TOJIIPHOM MIAmNKH J0 IUTOIIAJKH, 3aHAMAaeMOW M3MEPUTEIBHBIM MONUTOHOM. C BBIYHCIHTEIEHON
TOYKH 3PEHUS 3TOT (haKTOP HE JOJKCH BBI3BIBATH IPUHIIUIIHATBHBIX 3aTPyIHCHUIMA.

3akiroueHne

Kak ormeuanoch Bbllie, HAOOp MCXOMHBIX 3KCIICPUMEHTAIBHBIX JAHHBIX, HCIOJB3YEMBIX ISl BOCHPOHM3BEACHUS
JIBYMEPHBIX paclpeleleHHil 3JeKTPUIeCKOT0 NOTEHNHANa B paMKaX TeX WIM HWHBIX AMIIPHYECKUX MOJenei
HMOHOC(EPHBIX AIEKTPHUUECKUX IOJICH CONEPIKUT BKIIAJ XaOTHIECKUX BUXPEBHIX IOJIEH, OOYCIIOBIEHHBIX KaK caMOn
MPUPOAOI H3MEPEHUH, C MPUCYIITMMHA UM (QIYKTyalusMH, Tak ¥ cneu(rukoii oT0opa HCXOIHBIX TaHHBIX.

[IpemmosxeHHBINT B HacTOsIIEH padOTe METOA IOCTPOSHHS YWCIEHHOH AMITMPHYECKOW MOIENH HCKII0YaeT
BIIMSIHHE JTUX MOJIEH Ha pacueT MOTEHIHajla. JTO MOCTHTaeTcs 3a CUeT TOTO, YTO cPopMyITHMpOBaHHAS KpaeBas
3a/aya JUId pachpelesieHds TMOoTeHIMania, Jekallas B OCHOBE METOJa, B KaueCTBE HCTOUYHUKA COICPKHUT
JUBEPTCHITUIO HA0JIFOJACMBIX TIOJIEeH, YTO O OMPECICHHIO OTCEKACT JIIO0YI0 BUXPEBYIO COCTABISIONIYIO TOJIS.

HecMoTpss Ha BBIPOKIACHHOCTh KpaeBOW 3aauyd, MOJIENb BOCIPOU3BOJUT EIUHCTBEHHOE MPOCTPAHCTBEHHOE
pacnpeseneHre NoTeHuana.

[pu pa3paboTke anropuT™Ma YHCICHHOTO PEIICHUS KPACBOM 3aJlaui MOYKHO UCIIOJIb30BaTh, KaK YACTHBINA CIydail,
paHee pa3paboTaHHbIE YHCIEHHBIE METOMABI PEIICHUs KPAeBBIX 3aJau ¢ 0oJiee CIOXKHBIMU HECAMOCOTIPSKEHHBIMHU
oTepaTopamm.

Conocrapnsis npeajiaraéMblii METOA OCTPOEHUS SMIIUPUUECKONH MOJENIN ¢ MoAesIMU [4, 5] OTMETHM, YTO OH HE
CONICPXXHUT HWYEM HEe OOOCHOBAHHOTO YCIIOBHSI OOHYJICHHS IMOTCHIMANa Ha BCEH rpaHMIlE 0OJACTH, CYIIECTBEHHO
HCKa)KAIOIIETO PEHICHNE.

Kpome Toro, mpeanoXeHHBI METO ] He HYXKAaeTCsI B Pa3JI0KCHAU IO ChepUIecKUM TapMOHHIKAM, UCTIONB30BaHUE
KOTOpOTO B [4, 5] (M1 OTPOMHOM KOJIMYECTBE APYTUX paboT) OOHAPYKHUIIO P CYIMISCTBEHHBIX HEIOCTaTKOB. Cpenn
HUX — HEBO3MOXXHOCTh BOCIIPOM3BECTH OOJIBIIHME 3JCKTPUUCCKUE MMOJIs; HEBO3MOXHOCTh BOCIIPOM3BOIUTH PE3KHE
oOpalieHrs: KOHBEKIIMH;, HEOTPaHUYEHHBIN POCT pelieHus B 001acTAX, TI0X0 MOKPHITHIX JaHHBIMH U3MEPEHUH, TIpU
YBCJIMYCHUHU CTCIICHU W TOPSIKA TOJMHOMOB; TMOSIBIICHHE «CTATHCTUYCCKUX IIIYMOBY» IMPH y4eTe 00jee BBICOKHX
TapMOHUK U CTTIa)KUBaHUE PELICHUS B UX OTCYTCTBHE [4, 5].
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Abstract. The new type of daytime natural VLF whistler mode emissions of the magnetospheric origin was
recently found in the VLF observations at Kannuslehto station (L ~ 5.5) in Northern Finland. These VLF events
occurred at the frequencies above 4-5 kHz even up to 15 kHz. Here we present the different spectra of this peculiar
daytime high-frequency VLF emissions observed under quiet geomagnetic conditions at auroral latitudes at
Kannuslehto (Finland) and Lovozero (Russia) stations. These high-frequency waves cannot be attributed to typical
well known VLF chorus and hiss. They became visible on the spectrograms only after the filtering out sferics
originating by the lightning discharges and hiding all natural high-frequency signals. After this filtering, it was
found a large collection of different natural VLF signals observed as a sequence of right-polarized short (less than 1-
2 minutes) patches at frequencies above 4-5 kHz, i.e. at higher frequency than a half the equatorial electron
gyrofrequency at the L-shell of Kannuslehto and Lovozero. These emissions were called “birds” due to their chirped
sounds. It was established that the “birds” are typically occur during the daytime only under quiet space weather
conditions. But in this time, small magnetic substorms were could be observed in the night sector of the Earth. Here
we also show the recently observed series of the “bird-mode” emissions with various bizarre quasi-periodic dynamic
spectra, sometimes consisting of two (and even more) frequency bands. The “birds” occur simultaneously at
Kannuslehto and Lovozero with similar spectral structure demonstrating their common source. It seems that the
“birds” emissions are generated deep inside the magnetosphere at the low L-shells. But the real nature, the
generation region and propagation behavior of these VLF emissions remain still unknown. Moreover, nobody can
explain how the waves could reach the ground at the auroral latitudes like Kannuslehto and Lovozero as well as
which magnetospheric driver could generate this very complicated spectral feature of the emissions.

Introduction. The very-low-frequency (VLF) emissions are whistler mode waves of magnetospheric origin at the
frequencies between the ion and electron gyrofrequency, that have propagated through the ionosphere to the ground.
The majority of these emissions are usually generated at or near the geomagnetic equator in the magnetosphere
through resonant cyclotron interactions with energetic (~ hundreds of keV) electrons of the Earth’s radiation belts
[e.g., Trakhtengerts, 1963; Kennel and Petschek, 1966; Rycroft, 1972; Trakhtengerts and Rycroft, 2008]. The
frequency of these waves is controlled by the electron gyrofrequency fr. at the geomagnetic equator. Despite the
importance of direct VLF measurements in the space with satellite instruments, the continuous ground-based
observations can provide the unique possibility to study the temporal dynamics of the waves. In particular, still now
many findings of properties and dynamics of different types of natural VLF emissions such as chorus, hiss, long
series of QP emissions, have been found basing on the ground-based observations at Kannuslehto station (KAN) in
Northern Finland.

However, the ground-based studies of VLF emissions at frequencies above ~ 4-5 kHz were difficult because, even
at auroral latitudes, strong atmospherics (sferics) completely shielded all natural high-frequency VLF emissions.
Sferics are electromagnetic pulses originating in low latitude lightning discharges [e.g., Ohya et al., 2015] and
propagating to thousands of km in the Earth-ionosphere waveguide. To reject off the parasite signals like sferics, we
have to apply special digital programs which filter out the strong impulsive sferics with a duration of less than 30
ms. This method has been briefly described in Manninen et al. [2016].

After filtering out the sferics, we surprisingly discovered completely new types of peculiar high-frequency
daytime VLF emissions with various unusual spectral structures that have never been seeing before [Manninen et
al., 2016, 2017]. The example of non-filtered (left plot) and filtered data (right plot) is given in Fig. 1. It is seen that
a series of new unusual signals appear after filtering. These VLF waves were observed as a sequence of right-
polarized (these spectra do not show here) short (less one-two minutes) patches of emissions at the high-frequencies
above 4-5 kHz, i.e. at higher frequency than a half of the equatorial electron gyrofrequency at the L-shell of
Kannuslehto and Lovozero (L = ~ 5.5, fu./2 = ~ 2.7 kHz). These emissions were called “birds” due to their chirped
sounds.
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Unexpected high-frequency “birds”-type VLF emissions

The aim of this paper is to present some spectral characteristics and temporal dynamics of these new natural
electromagnetic emissions (birds) of the magnetospheric origin with frequencies above 4-5 kHz.
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Figure 1. The example of 1-h spectrograms of VLF emissions at KAN: the non-filtered spectrogram
(left panel) and the same spectrogram after sferics filtering (right panel). Three white high-frequency
horizontal lines are the removed radio navigation transmitter signals.

Data. Our study was based on the VLF observations in Northern Finland at Kannuslehto station (KAN) with the
geographic coordinates 67.74° N, 26.27° E; and MLAT = 64.4° N, L = 5.46. The VLF receiver in the frequency band
from 0.2 to 39 kHz comprised of two orthogonal magnetic loop antennas oriented in the geographical north-south
and east-west directions (the details of the equipment see in [Manninen, 2005]). The results of the primary
processing (Fast Fourier Transform) of VLF observations at KAN in the form of minute, hour, and daily colored
wave dynamic spectra (spectrograms at 0—16 kHz) are on the website (http:/www.sgo.fi/pub_vif/). Since 2012, the
similar VLF registration are carried out as well at Russian observatory Lovozero (LOZ), located at the similar L-
shell ~400 km to the East.

Observation and discussion. The different dynamic spectra of the separated VLF patches have been obtained by
VLF records at KAN. In Figure 2, we demonstrate several examples of the 3-min dynamic spectra of the VLF
patches (total power) observed at KAN during different days. Some of the signals were resembling flowing birds.
Figure 2b demonstrates the most typical shape of “VLF bird” emissions as short spots at different frequencies
between 5 and 10 kHz.
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Figure 2. Examples of 3-min spectrograms of the VLF patches of different shapes at KAN: (a) VLF
patches with sharp low frequency cutoff; (b) the most typical shape of VLF patches; (c) very
complicated spectra of the VLF patches.
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The high-frequency VLF patches sometimes may exhibit the characteristic feature of a quasiperiodic (QP)
repetition of the individual signal occurrence. Two examples of such unusual events are shown in the left part of
Fig. 3. The first event on 5 December 2014 represents the simultaneous generation of two frequency bands of
quasiperiodic VLF patches. The QP elements, detected at higher frequency band, demonstrated the dash-like
narrow-band VLF emissions lasting about one minute each with the repetition rate of ~2 min as well. However,
there were no geomagnetic pulsations with the periods of ~ 2 min. It is interesting to note that the VLF patches at
lower frequency band exited at the end of the higher frequency band spots, i.e., the VLF emissions arose at high and
low frequency band by rotation. Probably, the generation of the individual signals of the lower and higher bands
could be causally depended.

The second strange VLF event was observed on 27 December 2015. The VLF emissions were looking like a
dotted line at the central frequency of ~ 9 kHz and with the periodicity of about 1 min which did not vary
considerably over the time. As in previous event, there were no geomagnetic pulsations with the similar periods.
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Figure 3. Left part — two VLF events with QP repetition and IMF Bz and AL-index variation during
these events. The right part - two events of the “birds” at KAN and LOZ and the directions to their
possible ionospheric exit areas.
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It was established that the “birds” are typically occur during the daytime only under the quiet space weather
conditions [Manninen et al., 2017] as it is seen in Fig. 3 during the VLF event of 27 Dec 2015 under the positive
IMF Bz. But simultaneously small or moderate magnetic substorms could be observed in the night sector of the
Earth as it is seen in the event of 5 Dec 2014 under the negative IMF Bz.

The “bird” event of 5 Jan 2015 (right part in Fig. 3) was observed during the late recovery phase of the moderate
magnetic storm. Two high-frequency VLF patches (at 06:10 UT and at 06:30 UT) are shown as the 3-min
spectrograms. The VLF patches occurred simultaneously at KAN and LOZ with very similar dynamic spectra, but
the direction of VLF wave arrival at KAN and LOZ was different. Based on the KAN and LOZ spectrogram
similarity, we suppose that the VLF patches recorded at these points had a common source and ionospheric exit
point. According to the LOZ measurements, the first event (at 06:10 UT) arrived at LOZ from the southwest, but at
KAN from south. The second event (at 06:30 UT) arrived at LOZ from the south, but at KAN from the southeast.
One can suppose, that in the first event, the VLF wave source was located near the KAN meridian but much farther
southern KAN; therefore, the waves arrived at LOZ from the southwest. During the second event, the source of the
VLF waves was located southward LOZ, and the VLF waves arrived to KAN from the southeast.

It is well known that only the ducted VLF whistler wave which penetrate through the ionosphere with low wave
normal angles, can be observed on the ground in the vicinity of the footprint of the ionospheric exit point of the
wave. The ducted propagation of VLF waves is only possible at the frequencies lower than a half of the equatorial
electron gyrofrequency (fx./2) of the given L-shell [Smith et al., 1960; Carpenter, 1968]. At higher frequencies (">
fue/2), the waves can propagate in a non-ducted way, i.e., obliquely with respect to the local magnetic field lines.
KAN is located at L ~ 5.5, where the half of the equatorial electron gyrofrequency (fu./2) is ~ 2.7 kHz. Thus, we
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assume that the studied high-frequency VLF patches (“VLF birds”) are exited at deep in the magnetosphere at L-
shells much lower that the value of the L-shell correspondent to KAN and LOZ.

However, if these waves are generated and ducted at the L-shell much lower than the location of KAN and LOZ,
then after the wave leaves the duct, the wave-normal angle rapidly increases during the non-ducted propagation and
such wave cannot pass through the ionosphere. Still now, it is unknown how these waves can propagate to the
ground-based station like KAN and LOZ to be observed there as the right-hand polarized VLF emissions.

Summary. A rich collection of different spectral shapes of the new high-frequency VLF patches is shown.
Sometimes they were very complex, sometimes they exhibited a strange feature of a about 1-2 min quasiperiodic
repetition of the individual signal looking like a dotted line. The dynamic spectrum of the high-frequency VLF
patches became more complex if there was a small magnetic substorm observed on the night side of the Earth in the
same time. The spectral peculiarities of the dynamic spectra of the new VLF patches and its variability arise the
questions of the temporal and spatial details of the wave-particle interactions in the magnetosphere plasma.

The VLF observations at KAN were compared with those obtained at the Lovozero (LOZ) station, located at
similar geomagnetic latitude, but about 400 km eastward. The results showed the common source of the individual
VLF patches, and the location of its ionospheric exit area can change with time.

We suppose that these new discovered high-frequency VLF patches are generated deep in the magnetosphere at
much lower L values than the observation sites. The details of the mechanism of generation and propagation of these
waves remain unknown. However, these waves behaviour represents an important subject for theoretical
investigations of the plasma processes in the Earth’s geomagnetic environment. An appearance of high frequency
VLF patches could be an indirect indicator of a local enhancement of electron fluxes in the radiation belt that are not
directly measured and may occur even in the absence of visible geomagnetic disturbances. Further researches may
shed new light on wave-particle interactions occurring in the Earth’s radiation belts.
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Research (project No. 19- 52-50025 YaF _a).
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PACIHHPOCTPAHEHHUE 3JIEKTPOMAT'HUTHBIX BOJIH B
ATMOC®EPE BBICOKHUX HIUPOT ITPU PA3/IMYHBIX
I'EJIUOTI'EOPUBNYECKUX YCJ/TIOBUAX B ITUAITASOHE OHY

O.U. Axmetos, 1.B. Munranes, O.B. Munranes, B.b. benaxosckuit, 3.B. CyBopoBa
Q@I'BHY “loaapusiii ceogusuueckuti uncmumym”, 2. Anamumet, Mypmarnckas obracme

AHHOTaUUsA. B pabote npeacTaBieHsl pe3yabTaThl MOAEIUPOBAHUS PACTIPOCTPAHEHHS JJIEKTPOMATHUTHEBIX BOJIH
OHY nmama3zoHa B TOPU30OHTAIEHO OAHOPOIHBIX YYaCcTKaX BBICOKOIIMPOTHOTO BOJHOBOAA 3eMirsi-HoHOchepa mpu
pa3IHYHBIX TPOPHILX KOHIEHTPAIMK DSJIEKTPOHOB. Vcmonp3yemble Npo(uim KOHIEHTPALMH 3JIEKTPOHOB U
YacTOTHI CTOJIKHOBCHHUH AIICKTPOHOB C HEHTpallaMi COOTBETCTBOBAIN YCIOBHAM CyOOYpb, MPUXOIY MEKIIIAHSTHON
yHapHOH BOJNHBI K HWOHOC(epe M CIIOKOWHBIM YCIOBHAM. YacTOTHI MOJENBHBIX FWCTOYHHKOB CHTHAja
COOTBETCTBOBAJIM YaCTOTAM HABUTALIMOHHOW CHUCTEMbI «AJb(a» U cHcTeMe TOYHOro BpeMeHH «beTa» MOCTOsSHHO
Benraronux B auanazone OHY. [TonydyeHHbIe B pe3y/ibTaTe YHUCICHHBIX PACUYETOB JaHHBIC 00 aMIUTUTYyAax U (hazax
CUTHAJIOB, PACIPOCTPAHSIONIUXCA B yYacTKaxX BOJHOBOJA 3emiisi-HoHOocepa MpU Pa3IHyHBIX TPOQPIIIIX
KOHIIEHTPAllMM 3JIEKTPOHOB M YacTOTHI CTOJIKHOBEHUMN AJIEKTPOHOB C HEWTpajgaMuy, MO3BOJWIM CHAENATh BBIBOJ O
MIPUHIMNHUAIHLHOW BO3MOKHOCTH MCTIONIb30BaHus curHanoB OHY nuamazona jjiss MOHUTOPUHTA COCTOSIHUS D citost u
gactuuHo E cios moHocepbl Ha MyTH PaclpOCTPAHCHUS 3TUX CHTHAIOB. AMIUTUTYIbI W ()a3bl CHUTHAJIOB Ha
4acTOTaX HABUTAIMOHHOW CHCTEMBI «Anb(]a» JeMOHCTPHUPYIOT Ooliee 3aMETHYIO pPEaKIWI0 Ha HW3MCHECHUS
HOHOC(EPHBIX TapaMETPOB KOHIICHTPAIIMH U YACTOTHI CTOJIKHOBCHHS IIICKTPOHOB.

KuroueBble ciioBa: pacnpocrpanenre OHY BoJIH, 9HCICHHOE MOICTUPOBaHKE, HOHOC(HEpPa.

1. BBenenue. HccnenoBanust paJioCUrHAIOB qHUana3oHa odyeHb Hu3kux 9actor (OHY) He TepsioT akTyalbHOCTh B
TeYeHHe MHOTHUX JieT. [lepBoHadarbHO MAaHHBIA AMANa30H IPEACTABIUT HMHTEPEC C TOYKH 3pPEHHs CBSI3H U
HaBHUTallMH, OCOOEHHO B YCJIOBHMSAX BO3MYIICHUH 3JEKTPOHHOW IUIOTHOCTH B HHMJKHEH MOHOcdepe, a B IocieqHee
BpeMsl IOSIBIIIMCH Pa0OTHI, HA00OPOT, NCTIONB3YIOIKE cUrHaNBl quanazoHa OHY amst mosydeHust TOmoIHATEIbHBIX
CBEJICHWH O COCTOSHHU HWOHOC(epsl Ha MyTH HX pacmpocTtpaHeHus. Tak B pabortax [Bashkuev et al., 2018;
Cmapoodybyes u Op., 2019] mist IHarHOCTHKN HOHOC(EPH MCIONB3YIOTCS ()a30BBIE M aMIUTUTYIHBIC TapaMeTPHI
CUTHAJIOB pAJMOTEXHWYECKOH cucTeMbl pnampHedl HaBuramumun (PCIH-20 «Anpda»). Kpome mepenarymkos
HaBHUTalIMOHHOM cucTeMbl «Alb(a» Ha TeppuTopun Poccuiickoil henepaiiu NOCTOSHHO NEUCTBYIOT B pexume 24/7
MepeaTINKN STAJOHHBIX CHUTHAJIOB BPEMEHM M 4acTOTHl cucTeMbl «beray. Vcmonp3oBaHME aHTPOIOTEHHBIX
CTaOMIBHBIX TOCTOSHHO JEHCTBYIOIMX HCTOYHUKOB DPAJUOCHUTHAJIA B CPABHEHUH CO CIIyYailHBIMH CHTHaJaMH
€CTeCTBEHHOH TIPUPOJBI JeNaeT 3aJady MCCIEOBaHUS HIDKHEH HMoHOochepsl MO pe3ynbTaTaM Ha3eMHOU
peructparmu curHanioB OHY Heckonpko mpomre. OHAKO, CIOXKHOCTh HHTEPHpPETAllMH 3aperHCTPUPOBAHHBIX
aMIUTUTYHBIX ¥ (Da30BBIX XapaKTEPUCTUK CHIHAIOB C TOYKM 3PEHMs BIMSHHMS HAa HUX [ApaMeTPOB HWKHEH
nOHOC(Epsl 3HAYMTENBHO OTPAHMYMBAET TAKOM MeTOox wHcciienoBaHusl HoHocdepbl. COBpEeMEHHBIE METOIbI
YHCIEHHOTO MOJEIUPOBAHUSA PACHPOCTPAHEHUs] PAJUOCUTHANIOB B CIOXKHBIX aHU30TPOIHBIX CPeJax, a MMEHHO
TaKOW Cpemoi sBIsieTCS MOHOC(Epa, MO3BOJSIOT MONYYUTH CBOOOJHBIE OT BJIMSHMS IOCTOPOHHUX (DaKTOPOB
N3MEHEHHs aMIUINTYAHBIX W (Pa30BBIX XapaKTEpUCTHK OOYCIOBJIECHHBIE M3MEHEHMSIMH Hpoduieil 351eKTpOHHOH
koHUeHTpaiwu B D 1 yactnuno B E o6nactsix noHocdeps!. [lomydeHHble TakuM 00pa3oM aMIUTUTYTHbIE U (ha30BbIe
XapaKTEePUCTUKH JUISL pa3HbIX YacTOT, U PA3HBIX BHJOB MPOQMIEH 3JIeKTPOHHOW KOHIIEHTPALINH, ITO3BOJISIT BBISBUTH
Hanbosnee MHGOPMATUBHBIE MMapaMeTPhl PaJIHOCHUTHAIIOB JUIS MCCIEIOBAHUS HIDKHEH MOHOC(EpHl M CBA3ATh HX C
BHIOM NPO(UIIS IMEKTPOHHON KOHIIEHTPANY PE00IIagatoNIiM Ha ITyTH CIIEJOBAaHUS PaJllOCUTHANIA.

Henpro mpeacTaBiaeHHOW pabOTHI SBISETCS MOJTYYCHHE aMIUINTYIHBIX M (Da30BBIX XapaKTEPUCTHK CHUTHAIOB HA
HECYIIUX YacTOTaX CHUCTEMBI JalbHEW HaBUTalMHM «AJb(a» M roCyIapCTBEHHON CHCTEMBI STAJIOHHBIX CHUTHAJIOB
BpPEMEHHU U 4acToThl «beTa» B yCIOBHAX BO3MYIIEHHS SJIEKTPOHHON IUIOTHOCTH HIDKHEW MOHOCGHEPHI pazIMIHON
WHTEHCUBHOCTH METOJAMH YHCIEHHOT'O MOJICIUPOBAHHS.

2. MopeabHble NPo(HUIN 3IEKTPOHHOH KOHIEHTPALMH, YAaCTOTHI CTOJKHOBEHHWIl 3JIEKTPOHOB C
HEHTPAJbHBIMHM YACTHIAMH M HOHAMM

HpO(pI/IJ'II/I 3J'I€KTpOHHOI\/’I KOHIICHTpAIMH, UCTIOJIB3YEMBIC TJIsI MOACIIMPOBAHUA, ITOJTYUYCHBI HA OCHOBE YCPECAHCHHBIX
3a 5 MUHYT JaHHBIX pajgapa HexorepeHTHoro paccenBaHusi EISCAT, aAByx dKCIMOHEHIMAILHOW MOJENN HOHOC(hEPHI
Vaiita [ Wait and Spies, 1964]:
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rae &’ u f — mBa mapameTpa B KM M KM 0603HaYarommx BBICOTY D CIIOS M PE3KOCTh HOHOC(EPHOTO IHEpeXoa
COOTBETCTBeHHO. [lombop mapamMeTpoB MPOM3BOIIICS TaKUM 00pa3oM, 4TOOBI Mpo¢uis YaiTa COeAWHSUICS C
npodunem EISCAT.

Hebompmoe 5-tu muHyTHOE ycpemHeHme maHHBIX pamgapa EISCAT mpow3BOAMIIOCH A7l YMEHBIICHHS OLIHOOK
W3MEPEHUs paiapoM B 00J1aCTH COSANHEHHS TIPOQIIEH.

Jns MopmenmpoBaHUS wWcmoib3oBaiuch naHHble pamapa EISCAT 42m (apxunenmar HInmmbepreH) Bo Bpems
MarHuTHo# cy60ypu 11.12.2015 r. B kauecTBe BO3MYIIEHHBIX YCIOBHUI AJIs1 MOAEIMPOBAHUS OBbUIM B3SITHI JaHHbBIE
panapa B 16:00 UT, cnokoifHble ycaoBUs B3STHI 3a IoJT4Yaca A0 BCILIECKA 3JIEKTPOHHOM KOHILEHTpAlUK BBI3BAaHHON
BTOP)KCHUEM aBPOPAIbHBIX M SHEPrHYHBIX 3apsHKEHHBIX YacTHI[ B IOJISIpHBIE 00jacTH noHocdepsl 3emun. Jlyu
pamapa EISCAT 42m wHampaBieH BIOJIb TeOMarHUTHOro mousisl. Takum oOpazoM mosydeHbl npodumm uist
BO3MYIICHHBIX M CIOKOHHBIX YCIOBHUH, M3 KOTOPBIX Jajieée METOJOM JIMHEHHON MHTepHOISILMU MOTydaauch
MPOMEXYTOYHbIE poduu.

Ot poMIM UCTIONB30BATNCH [UI MOJCIUPOBAHUS PACIPOCTPAHEHHS PAJAMOCUTHAIIOB HA HECYIIMX YacTOTax
paInOHABUTAIMOHHON CHCTEMBI «AJb]ar.

Jnst MomenupoBaHWS PACIPOCTPAHEHMS PAJHMOCHTHAIOB HAa HECYIIMX YacTOTax CHCTEMBl TOYHOTO BPEMEHH
«bera» ncnonp3oBanucek nanHeie pamapa VHF EISCAT (r. Tpomce) Bo BpeMst 1Byx coObiTuii. Bo BpeMsi coObITHs
24 suBapst 2012 roga B MOMEHT PE3KOIrO MOBBIIMIEHHS 3JIEKTPOHHOW KOHILIEHTpAIMM, BBI3BAHHOIO MPHUXOAOM K
MarHuToc(epe MeXIDIaHeTHOH ymapHoi BoiHHEL B 15:06 UT. Bropoe coOpitne — pasBurue cyoOypu B 22:00 UT.
Jlis CIIOKOMHBIX YCJIOBHUIl HCIIONB30BAINCH JAHHBIE 33 IOJYaca MO YKa3aHHBIX BBIIIE BCIUIECKOB 3JIEKTPOHHOU
KOHLEHTpalu. MeTo/I0M, aHAJIOTHYHBIM TOMY, 4TO HCIIOJB30BAJICS paHee aist cyo0ypu 11.12.2015 r., noxyueHs
JIBE Cepuu POQHICH.

B npexacraBieHHBIX UHCIIEHHBIX OSKCIIEPUMEHTaX TIE€OMAarHUTHOE TI0JIé MPUHUMAJOCh  BEPTHUKAJIBHBIM
HATIPABJICHHBIM K IOBEPXHOCTH 3eMJIM PaBHBIM 5.3-107 T,

YacroTa CTOJIKHOBEHHMH C HEWTpalaMH W HMOHAMH V. paccyMThiBagack Ha ocHoBe AaHHBIX EISCAT u naHHBIX
monermn NRLMSISE2000 o dpopmymam:

v, o =2810"N, T,
. 2.5-100" N,
T 140.0092,/T,

Ve 0 =1.82:107" Ny, \[T, (1+0.0036,(T, )

54-10°N,
vV, =————
e—1 ]; ’],e
Ve = Ve—i + Ve—02 + Ve—N2 + Ve—O >

rzie No, Nz, No2 — KOHIIEHTpanny HEHTpaIbHBIX aTOMOB M MOJIEKYJI, T — TeMIIepaTypa 3JIeKTPOHOB.
IIpo¢wis MPOBOIUMOCTH JUTOCGEpPhl OBLT 3aaH C yYETOM pE3YJIbTATOB HCCICAOBAHHMA, MOIYYCHHBIX
HECKOJIbKUMH Hay4YHbIMHU IPYIIIAaMH M ONyOJIMKOBaHHBIX B pabote [Korja et al., 2002].

3. O0aacTh MOEJIMPOBAHNSI, HCTOYHMK CUTHAJIA M YHCJIEHHAs cXeMa

OO6nacTp MOJENMPOBAHMS MJISI YHMCICHHBIX OKCIIEPUMEHTOB MpEACTaBisia cOOOH NPSMOYTOJIBHBIA y4acTOK
BOJIHOBOAA 3eMursi—HoHOcepa pazmepoM 128x400 kM o ropu3oHTy, 200 KM 110 BEICOTE B aTMocdepe u HoHochepe
u 25 kM B r1yOuHy B autocdepe. Lllar ceTku Haj noBepxHOCTHIO 3emiti — 500 M 110 BEPTHKAIH U 110 TOPU3OHTAJIH, B
mutocepe — 250 M mo Beprukanu. LleHTp McTOYHMKA CHI'Haja pacnosiarajics Ha PaccTOSHUM 64 KM OT Tpex
OOKOBBIX I'paHel IMOJy4eHHOT0 ITapauIesIenuIe/1a.

Hcrounuk u3nmydeHus 3aaBajcs cieaylomum oopasom. Ha paccrostHumn 74 KM OT JIeBOI BEepTHKaIbHON I'PaHUIIbI
MPSAMOYTONBEHOW 00JaCTH MOJENHMPOBAaHMS Ha YacTH BEPTUKAIBHOM IUIOCKOCTH, HapajieNsHOH 3TOi TrpaHuIe,
mMpHHOHM 60 KM M Ha BBICOTAaX OT MOBEPXHOCTH 3emiH 10 60 KM ObLIO 33/1aHO TOPU3OHTAIEHOE MarHUTHOE IT0JIE B
BHJIE CYMMbI TapMOHHYECKHX KoJieOaHMHI Ha YacToTax CHUCTeMHl «Anbgay, a mMmeHHo 11905, 12679, 14881 I'm
[Xaguszos, 2010; Jacobsen, 2020]. Hdns 3KCHEPUMEHTOB C CHTHaJdaMu cucTeMbl «berta» Oputo 3amaHO
TOPM30HTAIFHOE MAarHUTHOE TOJI€ B BHAE CyMMBI TapMOHMYECKHX KoJjiebaHmit Ha gactorax 20500, 23000 u 25100
I'u [Bromerens B15/2015].

AHTCHHBI paIMOTEXHUYECKOH cructembl nanbHel HaBuranuu-20 (PCAH-20 mwmn «Anbsgay) mpeicTaBisoT co0oi
BBICOKHE BEPTHKaJIbHBIE M30JMPOBAHHBIE MAuThl HA PACTsIKKaX, BeICOTOH 462 M. Cucrema «Ainb(a» COCTOUT U3
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0.U. Axmemos u op.

TepeIaTINKOB, KOTOpPHIE pacmoiokeHbl B HoBocnOupcke (55°45' c.im. 84°26' B.11.), Kpacnonmape (45°24' c.ur. 38°09’
B.1.) u Komcomonbcke-Ha-Amype (50°04" c.m. 136°36’ B.1m.). DTH mepeaTInKH H3IYYalOT IOCIEA0BATEIBHOCTH
CUTHAJIOB JJIMTEILHOCTBIO 3.6 CEKYH, COCTOSIIME W3 IIEeCTH UMIyJabcoB Ha yactorax 11.905 xl'm, 12.649 k' u
14.881 xI['n npomomkutensHocThIO 400 Mc ¢ may3amu B 200 mc. [Xaguszos, 2010; Jacobsen, 2020].

CeTp mepeaaTYMKOB STAJOHHBIX CUTHAJIOB TOCYAAPCTBEHHOW CIIy>KObI BpPEMEHH, YacTOThl U OIpPEICIICHUS
nmapameTpoB BpamieHus 3emin «bera» coctour u3 cnexyrounmx paguoctanuuit: RJH69 («Amnrteit»), Buineiika
(Benopyccust) (54°27" cau. 26°46" B.n.); RIH77 («lepkynec»), Apxanrensck (64°21' cmr. 41°33' B.n.);RJH63
(«Oxean»), Kpacaonmap (44°46' c.ur. 39°32' B.1.); RTH90 («I"onmmady»), Huwxuanit Horopos (56°10 .. 43°55' B.11.);
RJH86 («IIpomereii»), bumkex (Kuprusmsa) (43°02' c.m. 73°36' B.1.); RAB99 («Turan»), Xabaposck (48°29’ c.m.
134°49" B.n.). Curnaner cetn «bera» mpencTaBIAIOT COOOH HeCylIue KOJIOAHUS CHHYCOMTANBHOW (OpPMBI Ha
gacrorax 20.5, 23 u 25.1 k', mpepriBaemble B TedeHne Kaxapix 100 mc Ha Bpems 5 mc [Brommerens B15/2015].

B npezncraBieHHOM nccie0BaHUM ObliIa HCHOIB30BaHA MOAEND PACHPOCTPAHEHHS 3IEKTPOMArHUTHBIX CUTHAJIOB,
OCHOBaHHAas Ha YHCJICHHOM HHTETPUPOBAHUM IO BPEMEHHM CHUCTEMBl ypaBHEHHH MakcBelula W ypaBHEHHS A
IUIOTHOCTH TOKA C Y9€TOM HMHEPLHH 3JEKTPOHOB B noHOc(hepe. Monudukanum 3Toi MOLENu TakxkKe MPeCcTaBICHb
B paborax [Axmemos u op., 2019; Akhmetov et al., 2019a; Akhmetov et al., 2019b].

Cxembl OBbUTM ONPOOOBAaHBl Ha W3BECTHBIX AHAJMTHYECKHX PEUICHUSX M MPOJEMOHCTPUPOBAIN XOpOIIee
COOTBETCTBHE PACUETHBIX BOJHOBBIX XapaKTEPUCTHUK, M3BECTHBIX U3 JHUTEparypwl [Jlapuenxo u Op., 2018], mns
TaKUX TOHKHX 3((EKTOB, KaK MOJSPU3aLUs BOJIH HOHOCHEPHOTO MCTOUYHHKA B BHICOKOIIMPOTHOW 3aMarHUYEHHOM
noHochepHoit maszme [Axmemos u dp., 2019].

4. O0cy:kaeHue pe3yJbTaTOB

Cuenanvl cucmemsl «Anvgpa» 6o epemsa cyooypu 11.12.2015 2. UnucneHHOE MOACTHPOBAHUE PACIPOCTPAHCHUS
anekTpoMarHUTHEIX BorH OHY nmamazoHa B MpsSMOYTOJIBHOM YY4acTKE BONHOBOAA 3eMIS—HOHOC(eEpa IS JAECATH
BapUaHTOB TOPU3OHTAJIBHO OJHOPOJAHBIX PacCIpelesieHHH KOHIIEHTPAIMU 3JIEKTPOHOB B MOHOC(Epe, ONMUCAHHBIX B
paszerne 2 1mokaszajo 3HaYMTENbHBIH POCT aMIUIMTYABI CUTHAJa MpH Iepexojie OT Npo(uiIs CIIOKOWHBIX YCIOBUH K
MpOGUITI0 COOTBETCTBYIONIEMY MaKCHMAIbHOW (ha3e cyOOypu. YBeNnUYeHHE KOHIICHTPAIMU 3JICKTPOHOB B HUXKHEH
yact E cios u B D citoe noHOChEpsI 3a CYET BBICBHIIAHUIN YaCTHIl U3 MarHUTOC(HEPHI BO BpeMsi CyOOypH OKa3bIBacT
HaboJipIlIee BIMSHUE HAa CUTHAM ¢ yacToToi 11905 I'i, aMmiuTyaa 3neKTpudeckoro nojsl yBeIUIUBaeTCsl IPUMEPHO
B 10.7 paza, a MarHUTHOTO TMOJISI YBEIMYUBAETCS MPUMEPHO B 5.2 pasa.

BonHOBOE compoTHBICHHE CpeAbl Ha paccTosHUH Oojee 160 KM OT MCTOYHMKA IS BCEX TPEX YacTOT, IIOIyIeHHOE
B pe3yJbTaTe BCEX BHIYMCIUTEIBHBIX SKCIIEPAMEHTOB MEHBIIIE B CIIOKOWHBIX YCIOBUSIX, YeM IJIS APYTHX TPOQPHIICH.
[Ipu cymecTBEeHHOM yBEIWMUYCHHH KOHIICHTPAIUMW JJIEKTPOHOB B HIDKHEH MOHOC(Epe BOIHOBOE COMPOTHBICHHE
cpenbl Ha yactoTax 11905 ', 12649 I'm u 14881 I'u yBenuuuBaercs Ha 10—15 Owm, To ecth Ha 3—5%.

[Ipu mepexojie OT CIIOKOWHBIX YCIOBUH K YCIOBUAM CyOOypH pa3sHOCTH (ha3 MEXKIy SIEKTPUICCKON M MarHUTHOM
KOMIIOHEHTaMH 3JIEKTPOMAarHUTHOT'O CUTHAJIa MEHSIETCS CIIEAYIOIIUM 00pa3oM AJIsl CHIHAJIOB Ha dacToTax 14881 I'ig
Ha 30 rpamycoB, 12649 I'n Ha 70 rpaxycoB, 11905 I'nm Ha 150 rpagycoB. 3HauuTEIHPHOE U3MEHEHHE PAa3HOCTH (a3
Juia curHaia Ha dactore 11905 I'm sBiseTcs XOpOIIMM KPHUTEPHUEM CYIIECTBEHHBIX M3MEHEHHH BEPTHUKAIBHOTO
npoduIIs KOHIEHTPAIMHU 3JIEKTPOHOB B OKPECTHOCTH MyHKTa peructpauny OHY-curuasios.

Cuenanvl cucmemsl «bemay 60 epems npuxooda mesxcnianemuou yoapuou eoanst (MYB) 11.12.2015 2. B ycnoBusix
MVYB 1o 1aHHBIM YHCIICHHBIX YKCICPUMEHTOB HAOJIOIaI0Ch HE3HAYUTEIILHOE YCHUIICHHE Mol mpuMepHo Ha 10%,
JUTS DIIEKTPUICCKONH M MarHUTHON KOMIOHEHT CHTHANA. Peakuus CHTHAlOB Pa3iMYHON YacTOTHI HA BO3MYIICHHEIC
YCIIOBHS B CIIydae BO3MYIICHHUS BEI3BaHHOTO MY B Kak Ui 3JEeKTPUIECKOTO0, TaK U JUIsI MATHUTHOTO IIOJIS B IIEJIOM
onuHakoBa. PasHOCTE (pa3 MexAy JJIEKTpHYECKOH W MATHUTHOH KOMIIOHEHTaMH 3JIEKTPOMATHUTHOTO TIIOJIS U
BOJIHOBOE COTIPOTHBJICHUE CPENbl C1ab0 M3MEHSIOTCS BOo Bpems MYB. CHmkeHHe BOJIHOBOTO COINPOTHBICHHS B
BO3MYIICHHBIX YCIOBHUAX HE MpeBhImaeT | OMa OTHOCHTEIBHO CIIOKOWHBIX YCIIOBHHA. 3aBUCHMOCTD Pa3HOCTH (a3 OT
Y4acTOTHI TaK K€ OYCHB ClIadast — MEHee IBYX IPaayCcoB.

Cuenanvt cucmemvt «bema» 60 epems cyooypu 11.12.2015 . B pesynbprare TpOBEACHHBIX YHCICHHBIX
9KCIEPHUMEHTOB OBIJIO 0OHApPYKEHO 3aMeTHOe ycmiieHue noist Ha yactore 25100 I'm B 2 pasa s ayIeKTpHIecKOi
KOMITOHEHThl W Ooljiee 4eM B 3 pa3a [uii MarHUTHOW KOMIIOHEHThl CUTHasla. Peakiys aMILIUTY[Ibl CHTHAJIOB
Pa3IMuHON 4YacTOThl Ha BO3MYILEHHBbIC YCJOBHUsS B cliydae CyOOypH CYIIECTBEHHO OTJIMYACTCS, TaK aMILTUTY/a
currana ¢ gactoroit 25100 I'p pearupyeT cuibHEe, 4eM aMILIUTYAbl curHaioB ¢ gactoTamu 23000 u 20500 T'm.
BostHOBOE conpoTHBIIEHNE CHM)KACTCS B BO3MYIIEHHBIX YCIOBHSX OTHOCHTENBHO CIIOKOIHBIX yCIOBHH M3MEHEHHUE
npesbimaet 3-4 Oma.

5. 3akurouenne

B ycnoBmsx maruuTHO# cy00ypu 11 gexabps 2015 r. corfiacHO JaHHBIM YHCIICHHBIX SKCIIEPUMEHTOB HAaOII01aeTCs
3HAYUTENIbHOE OTKJIOHGHWE aMIUIUTYJl CUTHAJIOB Ha ypoBHe MmoBepxHOCTH 3emiid. OOHApYKEHO CYIIECTBEHHOE
BIIMAHUEC COCTOSHUA I/IOHOC(bepBI Ha PpasHOCTb (ba3 MECXKAY OCHOBHBIMH DJJICKTPUYCCKMUMHU W MAarHUTHBIMU
KOMITIOHEHTAMH CHTHAJIOB paJIMOHABUIAIIMOHHON cUCTEeMbl «Alb(a» H BOJHOBOE COMNPOTHBICHUE CpPE/Ibl,
pacCYUTaHHOC 110 MAaKCUMAJIbHBIM aMIUIMTyJaM HAIPSKCHHOCTU JJCKTPUUYCCKOTO W MArHuTHOTO  ITOJIA.
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IomydeHHbIE pe3yNIbTAaThl HO3BOJISIOT CAETATH BBIBO, YTO CUTHAIBI CHCTEMBI «AJb(a» MOTYT OBITh UCIIOIb30BaHEI
IUTS TeO(M3MUECKUX UCCIIETOBAHNN HOHOC(EPHL.

BsaumMopelicTBue MexIuIaHeTHOH yaapHoil BonHbl 24 sHBaps 2012 roga u mocneayroliee 3aMeTHOE MOBBIILICHHUE
9JIEKTPOHHON KOHIEHTpAIMU B HIDKHEHW MOHOC(epe MO JAaHHBIM YHCIEHHBIX SKCIIEPUMEHTOB, NPEICTABICHHBIX B
paboTe, OKa3bIBa€T HE3HAYUTEIBHOE BIMSHHE HAa aMIUIMTYAy W (a3y 3JEKTPOMArHUTHBIX BOJH Ha 4YacTOTaXx,
UCTIONIB3YEMBIX CHCTEMOM BeIlaHUs 3TaJOHHBIX CUTHAJOB TOYHOIO BpeMEHM M 4acToThl «bera» u He Moryr
CTa0MJIBHO PErHCTPUPOBATHCS CYLIECTBYIOIIMMHM HHCTPYMEHTAJIBHBIMH METOAaMH Ha (OHE paJHolIyMOB
€CTECTBEHHOI'0 M TEXHOTEHHOr'O XapakTepa. B ycnoBusx mocneayromeid cyOOypu BIHMSHUE U3MEHEHHH MPOQHIL
KOHIICHTPAIlNX 3JICKTPOHOB B BOJIHOBOAE 3eMiisi-MOHOc(epa Ha aMIUIMTyAHBIE M (ha30BbIE XapaKTEPUCTHKH
MOJICTIMPYEMBIX CHTHAJIOB OKa3anoch Oojiee 3aMETHBIM. B 1mesoM, 1Mo MaHHBIM YHCICHHOTO MOJEIUPOBAHUA
MPOXO0XKICHUS 3IIEKTPOMArHUTHBIX CHTHAJIOB B BOJHOBOZE 3eMIISI-MOHOC(EpPA MOXKHO CAETATh BHIBOJ, YTO CHI'HAJIBI
CHCTEMBI TOYHOTO BpeMeHH «beTay moaxomsT A reo(pU3MUecKuX HCCIeNOBaHMH MOHOCGEPHI Topa3no Xyxe, o
CPaBHEHUIO C CUTHAJIAMH PaJIOHABUTaIMOHHOM cHCTEMBI «ATbday.
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BKJIAJI YHY 1 OHY BOJIHOBBIX BO3SMYIIEHHU B POCT ITIOTOKOB
PEJATUBUCTCKHUX JIEKTPOHOB

B.B. Benaxosckuii', B.A. ITununenko?, E. Muomu®

>

'@®IrBHY “Honspuviii 2eoguzuueckuti uncmumym”, 2. Anamumol
’Uncmumym ¢uzuxu 3emnu PAH, 2. Mockea
S Unemumym uccnedoeanus, 0Kono3emHo20 Kocmuueckozo npocmpancmeaa, 2. Hazos, Anonus

AHHOTanus. B pabore uccnenosan Bkian YHU u OHY BOJHOBBIX BO3MYILECHUH B YCKOPEHHE JJIEKTPOHOB JI0
PENIATUBUCTCKUX 3HEpruil (Heckoiabko M»aB) BO BHeIIHeM pagualluOHHOM mosice 3eMiu. Perucrpanus MmoTOKOB
3JIEKTPOHOB OCYILECTBIISIACH TI0 JaHHBIM reocTallMoHapHbIX cnyTHHKOB GOES, smonckoro cnytHuka Arase (ERG),
3amymieHHoro B koHue 2016 roma, cnytHuka RBSP. [Ins xapakrepuctuku OHY BOJIHOBOM aKTMBHOCTH B
MarHuroc(epe HCHONb30BaHBl JaHHBIC CITyTHHUKOB Arase, RBSP. AHanu3 mokasan, 4To Ha3zeMHas pETHUCTPALUS
OHY BomH He MOXET OBITh HAaNe)KHBIM HHIMKATOpoM yBenmmdeHwmss MmomHocth OHY BoimH B MarHuTOChEpe
BCJICAICTBHE UX 3aTyxXaHus B mOoHOc(epe. McnonpzoBan YHY mHOEKe 11 XapaKTEpUCTHKH BOJIHOBOM aKTHBHOCTH
Mmaraurocgeps! B Pc5 nuanazone. HeoOXoaquMbIM yCIIOBHEM YCKOPEHHS 3JIEKTPOHOB 10 PEINATHBUCTCKHUX HEPTHHA
SIBIISICTCA JIIUTEIbHASI CyOOypeBasi aKkTHBHOCTD, COMPOBOMKIAONIASICS HHXKEKIHEH ‘3aTpaBOYHBIX” 3JIeKTPOHOB (50-
100 x3B). Koppemnsius pocTa MOTOKOB PENATUBHUCTCKUX 3JIEKTPOHOB C BBICOKOI CKOPOCTBIO COJIHEUHOTO BETpa
MOJITBEPKIACT BAXKHYIO POJb Ipei(OBOro pe3oHaHca MarHUTOCQepHbIX MeKTpoHoB ¢ MI'Jl kosnebanusmu PcS
Juana3oHa. AHanM3 MOKAa3bIBaeT, YTO POCT MOTOKOB PENATUBUCTCKUX DJICKTPOHOB Ha 1.5-2 mopsaka MpOUCXOAUT
yepe3 1-3 ausa mocne pocra YHY unnekca, a takke Momuoct OHY BonH. To ecTh BKJIaA NaHHBIX MEXaHU3MOB
npeo0yiajaeT Ha HAYaJIbHOUM CTaguu YCKOpeHHs 3JeKTpoHoB. CuHepreTuueckoe BiusHue momuoctu YHY n OHY
M3JIyYeHHH Ha MOTOKH PEISATUBUCTCKHUX AJIEKTPOHOB BBIIIE, YeM CyMMa Pa3ZebHbIX BKJIAJIOB 3TUX ()aKTOPOB.

1. BBeaenue. [lunamuka Pc3-5 BoH B Marautocgepe 3eMITl TECHO CBA3aHa ¢ AUHaMHUKOW yacTuil. HaGiomarorcs
pa3IUYHbIe BUABI B3aUMOCBSA3EH MEXly HUIMHU: BO30YXKJIeHHE KoJIeOaHUH B pe3ynpTaTe pa3BUTHI HEYCTOWYHBOCTEN
SHEPTUYHBIX YaCTHIl, MOIYJSAIMS 3aXBau€HHBIX W BBICHIMAIONIMXCS MOTOKOB 4YacTHI[ MarHuTocdepHsiMH MI/]
BOJIHAMH, yCKopeHHe Tpymnsl dactuil MI'J] TypOynentHocThio. OmHa u3 Hambosiee aKkTyaldbHBIX HpoOiIeM
KOCMHUYECKON (DU3MKK — OmnpejieieHne MeXaHU3Ma YCKOPEHHUS 3JIEKTPOHOB JI0 PENSATUBUCTCKUX YHEPrHil BO BpeMs
MarHUTHBIX Oypb. DIEKTPOHBI PEJIITHBUCTCKUX YHEPTHHA MOTYT BBIBOAWTH U3 CTPOS ammapaTypy Ha CITyTHHKAX, YTO
MOXET NPUBOANTH JIaKe K MOTepe CIyTHHKA. 1103TOMy B JMTEpaType MX YacTO HA3BIBAIOT ‘DIIEKTPOHBI-yOMHIIBI”
(killer-electrons). BHermmHuii pagwaniMOHHBIA IOSC SBISETCS AMHAMHYECKAM 0Opa3oBaHHEM — HWHTECHCHBHOCTB
HOTOKOB BBICOKOHEPTMYHEIX 31eKTpoHOB (103-107 2B) MOXeT pe3ko BO3pacTaTh M cIlagaTh Ha 1-3 mopsgka
[Tverskaya et al., 1996; Reeves et al., 2003]. Pe3xkue Bo3pacTaHus U CHAJbl MOTOKOB PEISTHBHCTCKUX JICKTPOHOB
PETUCTPUPYIOTCS B IUPOKOM JHarnazoHe pacctosHuit (ot L=3 go L=7).

B 6eccTonkHOBUTENBEHON MarHUTOC(EPHOI MIa3Me yCKOpPEeHHE 3apsHKEHHBIX YaCTHUI] MPEUMYIIECTBEHHO CBS3aHO
¢ B3auMojeiicTBueM BOJMH M d4acTull. OIUMH K3 TOMYNISIPHBIX MEXaHH3MOB OCHOBAaH Ha HJee YCKOPEHUS H
pamuaneHoi muddysuu yvactuiy npu apeiidoBom pesoHance @ - mwg = 0 ¢ Pc5 BomHamu. COriacHO 3TOMY
creHapuio, Pc5 mynscanuu, Bo30yKJZaeMble MOTOKAMH COJTHEYHOTO BeTpa WM IPOTOHAMHU KOJIBIIEBOIO TOKA,
SIBIISIFOTCS] IPOMEXYTOYHBIM areHTOM, MEepEeAaloIiM 3HEPTHI0 OT NMPOTOHOB COJHEYHOH IUIa3MBlI MM KOJIBIIEBOTO
TOKa YCKOPEHHBIM 371eKTpoHaM. [IpemnoskeHHbIe K HACTOSAIIEMY BPEMEHH MOJEIN YCKOPEHHS 3JIEKTPOHOB HESIBHO
OCHOBaHbl Ha NPEANOJIOKEHHM, YTO BOJIHOBAas HAKauKa SHEPIMM OCYLIECTBISAETCA BOJHAMH C IapaMeTpaMu
TUOUYHBIX Pc5 mynecanmii, B dactHoctu ¢ m=1-2 [Elkington et al., 1999] wnu m=0 [Liu et al, 1999].
I'eocuxpoTpOHHBIN MEXaHU3M HIMPOKO HCHOJB3YIOT Il HHTEPIPETALUN YCKOPEHUSI T€OMArHUTHBIMU I1YJIbCAL[HSIMU
PEISATHBUCTCKHUX 3JIEKTPOHOB BO BpeMsl MArHUTHBIX Oyps [ Pilipenko et al., 2006].

B npyrux paboTax paccMaTpuBaeTcsi BO3MOXKHOCTH YCKOPEHHSI JJIEKTPOHOB B pe3yjbTaTe pPE30HAaHCHOTO
B3aumozeiictust ¢ OHY Bonnamu [Horne et al., 2005]. Cuuraercs, uro Hanbosee 3pPEeKTUBHO CIIOCOOHBI YCKOPSTH
3JIEKTPOHBI “XOPBI”’, TOCKOJIBKY OHU HAOJIOMAIOTCA B Y3KOW YaCTOTHOW TOJIOCE M PACIIPOCTPAHSIOTCS OT SKBATOPA,
rze oHu Bo30OyxaaroTca. B pabote [Thorne et al., 2013] ¢ ncnonp3oBanueM AaHHBIX cinyTHHKa RBSP otmewaercs,
4TO MeXaHW3M yckopeHus 3a cder OHY BomH a¢ddekTnBeH Ha Oojee HU3KUX L-0005104Kax, TO €CTh BHYTPH
T€OCTAlMOHAPHON OPOUTHI.

[IpruuHBl TOSABICHMS BO BHEIIHEM PAJAHMAIIOHHOM IMOSCE HIEKTPOHOB, MMEIOIINX PEISTHBUCTCKYIO SHEPIHIO,
NIOKa OKOHYATeJIbHO He 00BsicHeHbl. OCHOBHBIE BOINPOCHI B PELIEHHH TAKOH 3a7add — ONpe/esieHHe MCTOYHHKA
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MIEPBUYHBIX YaCTHIL, KOTOPbIE 3aTeM YCKOPSIOTCS, M BBISBICHUE MEXaHU3Ma (MJIM MEXaHU3MOB) YCKOPEHUS 10 TaKHUX
OOJBIIIX SHEPTHIH.

2. JlanHbIe. Perucrparius MOTOKOB JICKTPOHOB B Anana3oHe 3uepruii ot 50 k3B 10 > 2 MaB ocyuiecTisiiach mo
JIaHHBIM TeocTanoHapHbix ciyTHuKoB GOES. [lns xapakrepuctukn OHY BONHOBOW akKTUBHOCTH B MarHuTocgepe
UCIIONIb30BaHbl JaHHbIE sAMoHCKoro cmyTHuka ERG, nannbele cryTHukoB RBSP. Ananu3 moxasain, 4ro HazeMHas
peructpanmss OHY BomH He MOXeT OBITh HaACKHBIM HHAWKATOpoM yBenndeHus MommuoctH OHY BomH B
MarauToc(epe BCIEACTBHE MX 3aTyXaHus B HoHochepe. Mcnonp3oBan YHY nHaekc A1 XapaKTEPUCTUKU BOJTHOBOU
aKTHBHOCTH MarHuToc(epsl B Pc5 nmamazone. PaccMoTpeHbl MHTEpBanbl Kak ¢ MarHUTHBIMH OypsAMH, Tak U 6e3
HUX.

3. HaGmronenusi. Ha puc. 1, 2 npeacrapiensl BapHaluy MOTOKOB 3JIEKTPOHOB ¢ sHeprusamu 40 koB, 475 k3B, > 2
M>5B no nanubM ciytHuka GOES-13 coObituii B aexadpe 2015 roma, mae 2017 roma. [l BceX pacCMOTpPEHHBIX
COOBITHIT POCT MOTOKOB M»3B 311ekTpoHOB compoBoxkaancs poctoM AE nniekca. [IoaToMy HEOOXOUMBIM YCIIOBHEM
YCKOPCHHSI OJICKTPOHOB JI0 PEIIATUBUCTCKAX DJHEPTUM SIBISCTCS JUIMTENBbHAs CyO0OypeBas aKTUBHOCTD,

T3

COTIPOBOXKIAMOIIASICS HHKEKIHEH “3aTpaBOUHBIX” 31eKTpoHOB (50-100 k3B).
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Pucynok 1. IToToxu snekTpoHOB ¢ 3Heprusmu > 2 M»sB, 475 k3B, 40 k3B no naHHBIM CIyTHHKa
GOES-13; SYM-H unnekc, AE-unnekc; ckopocts V, mI0THOCTb N COJHEYHOT'O BETpa MO JAAHHBIM
6a3p1 OMNI; nazemusiit ULF unznexc n maraurocdepusiit ULF unnexc, momuocts OHY n3nmydenuit
Ha yactote 1.6 k't mo maHHbIM criytHHKa RBSP-A s nexabps 2015 roxna.
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OOHapyXeHO, YTO BO3pacTaHHE IMOTOKOB PEIATHBUCTCKUX IEKTPOHOB MPOUCXOIMT MOCIE HEPHOLOB C BBICOKOM
CKOpOCTBIO CONHEeYHOTro BeTpa. Ilpm sTOoM BenmumHa pocta M>B 31€KTpOHOB HE 3aBUCHT OT MHTEHCHBHOCTH
T€OMarHUTHOU OypH U MOXKET MPOUCXOIUTh Oe3 Oypu. Hanpumep, u3 puc. 1 BUAHO, 9TO MHTEHCUBHOCTh MarHUTHOW
oypu 20-23 nexabps 2015 roaa cocramsma SYM-H = - 170 #Tn. [Ipu 3ToM 3HaYCHHS MOTOKOB PEISTHBHCTCKUX
9JIEKTPOHOB OBLIH MEHBIIIE, YeM I nHTepBaia 6e3 0ypu (7-14 nekadbps 2015 rona).

Koppensauust Mexay neproaMu ¢ BBICOKOH CKOPOCTBIO COJHEYHOI'O BETPa U POCTOM HMOTOKOB PESITHBUCTCKHX
JIEKTPOHOB C 33JICPKKOM B 1-3 JHS MOATBEPIKAACT UACIO O BaXKHOM posn Ipei(oBOro pe3oHaHca MarHUTOC(EpHBIX
anekTpoHoB ¢ MI'/] konebanusmu PcS5 nmamazona. Hammume BBICOKOW CKOPOCTH COJIHEYHOTO BETpa SIBISIETCS
MPUYIHHON 17151 Bo30ykaeHns TopounansHerx MI'/] BostH PcS nuamasona B MarauTocgepe 3a c4eT HEyCTOHUYNBOCTH
KenpBuna-I'ensMronpna Ha marHuronayse. [loBeimenne mommoctr YHY koneOaHMA CTUMYIHPYIOT PagiaibHYIO
UG y3Hr0 3aTPaBOYHBIX 3JCKTPOHOB ¢ epudepuu MarHuTochepy Ha BHYTPEHHHE MarHATHBIE OOOIOYKH.
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PucyHok 2. [ToToku 31€KTpOHOB ¢ 3HepruaMu > 2 M»aB, 475 k3B, 40 k3B 1o naHHBIM CITyTHHKA
GOES-13; SYM-H wunaexkc, AE-unnekc; ckopocts V, mIOTHOCTh N COJHEYHOTO BETpa MO JaHHBIM
6a3s1 OMNI; nazemusiit ULF nnnexc u marantocdepusiii ULF unnexce, momuocts OHY n3mydennit
Ha yactoTe 1.4 k' mo nanueiM ciytHuka ERG g mast 2017 ropa.
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AHanu3 TOKa3bIBa€T, UYTO POCT TMOTOKOB PEIATUBUCTCKUX DJICKTPOHOB (C 3Heprued Ooinee 2 M»dB) ma 1.5-2
nopsiika mpoucxoaut yepe3 1-3 gasg nocie pocra YHY nrzaexca, a takxe mourHoctrt OHY BoH Ha ciryTHHKe RBSP
(puc. 1), na ciyrauke ERG (puc. 2). To ecTh BKiIaa AaHHBIX MEXaHM3MOB Npeo0JiafaeT Ha HavyalbHOW CTaIuH
YCKOpeHHUs1 JNeKTpoHOB. Cuneprernyeckoe BiausHue MomHocTH YHY u OHY wusnyueHuit Ha NOTOKH
PETSTUBUCTCKHX 3JIEKTPOHOB BHIIIE, YeM CyMMa pa3eibHbIX BKJIAJ0B 3TUX (aKTOPOB.

BriBoabl. [Tokaszano, uro 3ameTHbIit poct YHY unpexca 1 OHY Bo3mymieHuii B Marautochepe Iporucxoaur 3a 1-2
JHs 10 Ha4ajla pOCTa HHTEHCUBHOCTH PEIATHBUCTCKHUX 3JIEKTPOHOB, TO €CTh HAa Ha4allbHOW CTaJMU MX YCKOPEHHS.
Cuneprernueckoe Biusgaue MomHocTn YHY n OHY m3mydeHwid Ha MOTOKH PEISATHBHCTCKUX 3JIEKTPOHOB BHIMIE,
YeM CyMMa pa3JelbHBIX BKJIAZOB 3THX (hakTopoB. HeoOXOOMMBIMH YCIOBHEM YCKOPEHHUSI JIJICKTPOHOB 10
PEISTUBUCTCKUX DJHEPTHH SBICTCS AIWTENbHAs CyOOypeBas aKTHBHOCTB, COMPOBOKAAIOINASCS WHXKEKIHEH
3apsOKEHHBIX YacTHUI], BBICOKAas CKOPOCTh COJNHEYHOro BeTpa. Koppemsdmus Mexnay NepuogamMu C BBICOKOH
CKOPOCTBIO COJIHEYHOTO BeTpa M POCTOM IIOTOKOB PEISTUBUCTCKHX 3JEKTPOHOB C 3aaepkkod B 1-3 1ua
MOJTBEPIKIACT UK O BAXKHON oM IPei(hoBOro pe3oHaHCa MAarHUTOC(EPHBIX 3MeKTpoHOB ¢ MI'/] konebanusMu
Pc5 nuanasona.
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OILIEHKA Y®®EKTUBHOM MPOBOJIMMOCTH NOJACTUJIAIOIIEN
MMOBEPXHOCTH BOJTHOBO/JA 3EMJISI-MOHOC®EPA I1O
PE3YJIBTATAM DKCIHEPUMEHTA FENICS-2019

ILE. Tepewenko', P.1O. IOpux?

'Canxm-ITemepbypeckuii punuan H3MHUPAH, 2. Canxm-ITemep6ype

’

‘@I'BHY “Honapuuiii 2eopusuueckuii uncmumym”, 2. Mypmanck, Poccus

AHHoTaumsi. B xozxe skcnepumenta FENICS-2019 1mo 30HIHpOBaHHIO 3eMHOM KOPHI TIOJIEM KOHTPOJIHUPYEMOTO
ncrounnka B KHY numamazone (0.3-94 T'm) perucTpupoBaiioch ISATH KOMIIOHEHT 3JIEKTPOMAarHUTHOTO TOJS B
cpe,uHei/i 30HE JUHEHHBIX aHTeHH. Ilo N3MEPCHHBIM KOMIIOHCHTAM OJJICKTPUYECKOI'0 WM MArHuTHOI'O IIOJIA 6I)IJ'II/I
paccuuTaHbl TMPUBCACHHBIC TMOBEPXHOCTHLBIC HMIICAAHCHI, HWCIIOJB3YyEMbIE B MCTOJAUKAX JJICKTPOMArHUTHOI'O
30HAUPOBAHUA J'II/ITOC(bepI)I. bri1o IMOoKa3aHO, YTO 4YaCTOTHBIC HM3MCHCHHUA HMIICAaHCA B OCHOBHOM 061))ICHSIGTC$I
MPOCTON IBYXCIOWHON MOJEbI0 3eMHOM KOphL. [1j1si OoJiee NeTanbHOrO UCCIe0BaHHsl 3eMHON KOpBI HEOOXO0ANMO
HCIOJIb30BaTh HEC TOJIBKO aMIIMTYbI HOHGI?I, HO U UX MNOJIAPU3alITUOHHBIC XapaKTCPUCTUKH. HpI/I 9TOM HeO6XOILI/IMO
YUYHUTBIBaTh BKJIaJ HOHOC(EPHI HA PACIPOCTPAHEHHE TTOJIS.

BBeneHue. DnekTpOMarHUTHBIE METOIBI HAPSAY ¢ CCHCMHYECKUMH MIPAIOT 3HAYUTEIBHYIO POJIb B HCCICHOBAHUH
mutochepsl. [IpuMeHeHre Ha3eMHBIX KOHTPOJIHPYEMBIX HCTOYHUKOB 3jeKTpoMarHuTHIX nosed KHY (3-30 I'u) u
CHY (30-300 I'm) maeT BO3MOXKHOCTh 30HIUPOBATh 3EMHYIO KOPY OT HECKONBKHX JECATKOB METPOB IO AECATKOB
KHUJIOMETPOB BIiIyOb. IIpu 3TOM coBpeMeHHBIE TEXHOJOIMH, KaKk B 00JIaCTH T'€HEpalluy, Tak U B 00JacTH IpHeMa,
JIeNIAl0T BO3MOJKHBIM pa3HECEHHE NepeJaTuuK M MPUEMHHKOB Ha PACCTOSHUSAX B COTHM KMJIOMETPOB Ha 3€MHOM
noBepxHocTH. IlosToMy mccnenoBanne ocoOeHHOCTEH BO30OyxIeHHs W pacnpoctpaHeHus BomH KHY u Gomee
HHU3KOTO JIMAala30Ha BAKHO HE TOJIBKO B OJIKHEH 30HE M3IydaTess, HO M B CpeJHEH ([0 [ecsTH BBICOT BOJHOBOZA
3emis-noHocepa) 30He, TrHe HMOHOC(Epa OKa3bIBACT CYMIECTBCHHOE BIMSHHE HAa paclpOCTpaHEHHUE
JIEKTPOMAarHUTHOTO TTOJISL.
B nmaHHOW paboTe, Ha OCHOBE
NPOBEJICHHBIX HAONIONEHHH B XOJe
9KCHEpHUMEHTa TI0  30HIUPOBAHUIO

BARENTS SEA JII/ITOC(I)epLI FENICS-2019,

/ 4 N IIPOU3BOJUTCS pacueT MOBEPXHOCTHOTO
nMmienanca. IlonydyeHHsle 3HaueHuUs

3 Murmansk CPaBHUBAIOTCSI c MOJICIIBIO

2

pacupocTpaHeHust MJIOCKOM
3JIEKTPOMAarHUTHOH BOJTHBI B
JIBYXCJIOMHOM cpeJie, U J1eJIaeTCs BHIBO
00 ux uaeaTngHocTH. OT™MEUaeTcs, 4To
Juii  Oojee  TOJNHOTO — W3BJIEYCHUS
nHpOpMamMd 0  3eMHOH  Kope
HEIOCTaTOYHO HCIOJIb30BaTh TOJIBKO
aMIUTUTYAHbBIE METOIBI.

erhnetulomskij®
2

IKcnepuMeHT. B ceursabpe 2019
roja MPOBOAMJICS MEXAYHapOIHBIN
JKCIIEPUMEHT FENICS-2019 1o
30HIUPOBAHUIO 3emMHOU KOpBI
3JIEKTPOMArHuTHOMY TOJISIMH
aKTUBHOTO wHcTOo4yHHMKa (puc. 1). B
Ka4ecTBe OJIHOI u3 AHTEHH
HCTIONB30BaIacCh BBICOKOBOJIbTHAS
muansg -1 gmuHOM okoio 110 kw,
pacnojio)keHHass  Ha  MypMaHCKOM
Gitoke c SKBUBAJICHTHOM
HPOBOAMMOCTEIO TpuMepHO 10 Cm/M
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Pucynoxk 1. Cxema »skcnepuMmeHTa. OpHUEHTHPOBOYHAS
poBOMMOCTE 3eMHOM Kopbl. 1 — 107 Cm/M, 2 — 6:107° Cm/M, 3
— 1073 Cm/m, 4 — 1072 Cv/m.
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[Kosmyn, 1989]. Wznydenme mpoBomgmioch ¢ 01:00 mo 05:00 mo mectHoMy BpemeHm Ha 14 dacrorax
npoponkuTenbHOCTEI0  10-15 MumayT B amamasone 0.2 - 95 T'm. Cuna Toka B Iepefaromeill aHTCHHE
perucTpupoBaiachk HUGPOBOU crcTeMol cOopa TaHHBIX.

Jis mpoBeneHMs HAOMIOACHUN 3a PACIpPOCTPAHEHHEM IMOJS B BOJIHOBOM KaHalle 3eMIIS-MOHOC(epa BOJIH3M II.
Bap3yra 0bU1 yCTaHOBJICH MATUKOMITOHSHTHBIN MarHuToMeTp koHcTpykiuu [IT'U [Lebed et al., 2012]. Paccrosiaue
OT TOYKHM TMpHEMa 10 KOHIIOB aHTeHHBI cocTaBwio 314 u 370 kM. J[ns u3MepeHHMs MAarHUTHBIX KOMIIOHCHT
WCTIONIB30BAIMCh TPU HMHIYKIIMOHHBIX JATYMKA: JBA OPTOTOHATBHBIX TOPU3OHTAIBHBIX M OJHMH BEPTHUKATBHBIMH.
Tl'opu3oHTaNBHBIC JATYMKH OPUEHTHPOBAIKCH IO TOKA3aHUSAM MAarHUTHOTO KOMITaca B HAIIPABJICHUSX 3aIa][-BOCTOK
(Hx) u cesep-tor (Hy). MarautHOoe ckjoHeHWe B paiioHe HaOtofeHMH BOCTOYHOE, 16°. DieKTpudeckoe IoJe
U3MEPSIIOCH OPTOTOHAIBHBIME 3JICKTPUUCCKUMHE JTHHUSIMU JUTUHON [ ~ 80 METPOB Ka)/Ias ¢ 3a3eMJICHHUECM B IICHTPE
W Ha KoHUax. J{J1s mosy4eHus 3Ha4eHUH HaNpPsDKEHHOCTH DJIEKTPUYECKOro Mot nostydeHHsle noreHuuans Uy u Uy
HOPDMHMPOBAJINCh HA YIABOCHHYIO JUIMHY aHTeHH E , =U,  /2/. DJCKTPUYCCKHC JIMHUM OPHEHTUPOBAIUCH

AQHAJIOTMYHO WHIYKUUOHHBIM JardnkaMm. OTMETHM, 4YTO Yroidl MeXJy CYOLUIMPOTHBIMH COCTaBJISIOIIUMHU
pETHCTPUPYEMBIX OJIEH U Mepeaaroleii aHTeHHOW He3HauuTeseH. [10Js1 perncTpupoBaliuCh B TEUEHHUH IISITH JTHEH,
[IEPBLIM JIBYM u3 KOTOPBIX 1o JIaHHBIM oOcepBaropun Iru JIoBo3epo
(http:/ipgia.ru:81/PG1%5FData/2019/I1I/Kin/) cOOTBETCTBOBaJla CHOKOWHas reoMarHuTHas ooOctaHoBka (k;
WH/ICKCHI MEHBIIIE TPEX), TPEM IOCIeTHUM — Bo3MymeHHas (ki=4-6).

Jnst KOHTpONS KadecTBa M HANPSDKEHHOCTH HM3JIy4aeMOro  3JIEKTPOMAarHUTHOTO TIOJISI  WCIIOJIB30BANICS
MTHKOMIOHEHTHBI MarHUTOMETp, CTallMOHAPHO YCTaHOBIEHHBIH B oOcepBatopmu [II'M Bepxuerymomckwmid,
HaXOJAIIeHCs B OMIKHEH 30HE U3TyJalonIe aHTCHHBI.

ITo oxoHYaHMM SKCTIEpHMEHTa ObliIa IPOBECHA CIICKTpalbHas 00pabOTKa MOMYyYEeHHBIX JaHHBIX, KaK I10 ITOJISIM B
TOYKe TpUeMa M KOHTPOJIbHOHM TOUYKe, TaK U M0 TOKY B Nepeiarollell anTeHHe, o MeToay Yamua [Mapna, 1990]. B
pe3yinbTaTe Obla BBIIOJIHEHAa HOPMUPOBKA aMILIUTY Il MAaTHUTHOTO TI0JI HA CUJIY TOKA B aHTCHHE.

PesyabTarbsl 3KCIEpUMEHTa M MX TeOpeTHYeCKAas HMHTepnperanusi. ['Opu30HTaIbHBIC KOMIIOHCHTHI
MarHMTHOTO OISt OBUTH BBIJICJICHBI U3 ITyMOB BO BceM ananaszoHe 0.2 - 95 I'1, Ipu 3TOM COOTHOIIEHHE CUT'HAN/IITYM
ObLTO HE MEHEe JECATH ISl MEHBIICH KOMIIOHEHTHI MarHUTHOTO Noisd Hy ¥ He MeHee MATHAECSITH Al KOMIIOHEHTHI
Hy, ananornuynsle pe3yabTaThl MONYYEHBl U AT JIEKTPUYECKOTO IMOJIA, 32 UCKIIIOYEHUEM MEPBOT0 9aca U3MEPEHUs
KOMITOHEHTH! Ey Korzja BO3HMKIN CHJIBHBIE BHEUIHWE MOMEXH HEM3BECTHOTO MNPOMCX0XIeHUS. CTaOMIbHOCTH
TeHepaluy IOl B TCUCHHE CEaHCOB OblIa MOATBEPXIEHAa HAONIOACHHSIMH B OMIDKHEH 30HE B 0OcepBaTOpHU
Bepxuerynomckuil. BepTukanpHas COCTaBISIOIIAs MAarHUTHOTO MOJS HaOmronanach, HO ObUIa MHOTO MEHBINE
TOPU30HTAJBHBIX, CPABHHMA C YpOBHEM IIyMa. TakuMm o0pa3oMm, MpHHUMAaeMoe IoJie SBISETCS TOPHU30OHTAIBHO
MOJISIPU30BAHHBIM. B CHIIy pacrono)keHusl aHTCHHBI M TOYKH MpHeMa KoMIoHeHTs! Hy n Ex ObiiM B mATh-ceMb pa3
6onbmie coorBercTByOIIEH mapsl Hy, Ey. I1o momyueHHbIM 3HaUEHUSIM OOJIBIIMX KOMIIOHEHT TMOJIEH A Jrana3oHa

0.3 - 95 I'n OpUIM oOmpeAeNeHBl MOIYJIH TNPHUBEICHHBIX ITOBEPXHOCTHBIX HMIICIAHCOB (3:‘(EX)‘/‘(H J’X /ZO, rae

Z, =120 (Om)— xapakTepuctuueckuil umnenanc [Maxapos u op., 1991]. HcnonpzoBanue 601bMUX KOMIIOHEHT

MOJIST TIO3BOJIMJIO YMEHBUINTh pPa30poC MaHHBIX M3-32 ECTECTBEHHBIX M TEXHOTCHHBIX INyMOB. Pe3ynbTaThl
NpUBeZeHbl Ha puc. 2, (kpuBble 1-5). BumHO, uTO reomMarHuTHas OOCTAaHOBKA Majo BIHSAET HAa aMIUIUTYIHO-
YaCTOTHYIO 3aBUCUMOCTh U3MEPEHHOTO UMIIEIaHCa.

<1073 Bapayra nepeas aHTeHHa
T

Pucynoxk 2. [IpuBeneHHbBIC TOBEPXHOCTHBIE UMITEAAHCHL. | - 5 9KCIIEPUMEHTAIBHO MOTydYeHHBIE, 6
— MOJENbHBIH pacuer o, .
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Jns MHTepIpeTanyuy IOJNyYEeHHBIX PE3yJIbTATOB BOCIIOJB3YEMCS IIPEAIONIOKEHHEM O NPHMEHHMOCTH TEOPHH,
CBSI3aHHOU C PacHpOCTpaHEHHEM IUIOCKOH BOJHBI B CIIOMCTHIX cpenax. B pabore [Maxapos u dp., 1991] npusenen
aHaJIM3 MPUBEJICHHBIX MOBEPXHOCTHBIX MMIIEJIAHCOB INIOCKUX CTPYKTYP, IMOKa3aHO, YTO Ul 00pa3yloIuX 3eMHYIO
CTPYKTYpY Cpell B IIMPOKOM JMaIa3oHe YacTOT MMIIEJAHChl IMPaKTHYEeCKH HE 3aBUCST OT yIia MajeHHs BOJHBI,
OKa3bIBAIOTCSl OJMHAKOBBIMHU ISl 00EMX IOJSIpU3alMil M Ul JBYXCIOHHOW Cpeabl 3aJaloTcs MPUOIIKEHHBIMU

BBIPaKCHUSIMU
1- Rlyzaxp[ZikO A le;n]d)

]+R1,2exp(2ik(,«/e;”1d)

R, :(‘501_502)/(501 +5oz)’ 6()/{ :I/V(((";n )’ g;nk =&, tio, /(Zﬂfgo)» Eu =& /8y, k=12,

O = | 901

rac 0,8~ IIPOBOAUMOCTD W JUIJICKTPUYECKASA MPOBOAUMOCTH BEPXHETO CJIOA, 0, &, - HWJKHETO, ¢,

JIMDJIEKTPUYECKass MOCTOSHHAS, f 4acTOTa IMajalollero mojs, ¢ - TOJIIHHA BEpXHEro cios. [lo mpuBeIeHHBIM
¢dopMmynaM ObUT TMPOM3BEJEH pacdeT MOBEPXHOCTHOTO HMIIEAaHCA C Pa3sIMYHBIMH [apaMeTpaMH CpPEebl.
OnTUMaIbHBIMU  OKa3aluCh PE3yabTaThl JUIA  CIEAYIONIMX [apaMeTpOB  MOACTHIAIONIEH IOBEPXHOCTH:
g,=¢6,=20, a,=107% Cm/M, ¢,=10" Cwm/M, d = 10 xm (Puc. 3, kpuBas 6). Takum 06pa3oM, MOIYYEHO
Xopomee COBIAACHUE OJKCICPHUMCHTAJIIBHBIX W MOACJIBHBIX JaHHBIX BO BCEM AJHANA30HC HMCIOJIB30BAHHBIX JIA
30HAUPOBAHUA YaCTOT.

CpaBHHUBas TapaMeTpbl HCIOJB30BAHHON MOJEIM C MOJEIBI0  JJIEKTPONPOBOJHOCTH 3€MHON  KOPBI
DEHHOCKAHIUHABCKOT'O IIUTa U ero odpamicHus u3 pabotsl [Zhamaletdinov, 2011], MOXHO cIelaTh CICTYOLIHMA
BBIBOJI - UCIIOJIb3yEeMbI€ YaCTOTHI HE MOKA3bIBAIOT HEOJHOPOMHOCTHU CIIOSI JTUTOCHEPHI IIYOkKe ACCITH KHIOMETPOB.
Yro Kkacaercs BEPXHEro CJOs, TO ISl pa3pelleHHss U3MEHEHHS €ro MPOBOJUMOCTH C TIIyOHMHOW HE00X0IUMO
HCIOJb30BaTh 00JIee BHICOKHE YaCTOThI, YeM OBLIH NP MPOBEICHUN SKCIIEPUMEHTA.

[Mo mnoOJyYeHHOW aMIUIUTYIHO-YaCTOTHOW 3aBUCHMOCTH MOBEPXHOCTHOTO HMIIEJaHCA MOXHO BBIYHCIHTH
3} PEKTUBHYIO MPOBOAMMOCTH OJHOPOIHOIO MOJYMPOCTPAHCTBA MCXOIS M3 CBS3M MMIICJAHCA U OTHOCHUTEIHHOM
JIMAJIEKTPUYECKO npoHuiiaeMoctu [Maxapog u op., 1991]

5,=11).

o, = 2,0, —z, )i

Pacuer a¢dexTuBHOI npoBoauMocTH npeacTasieH Ha Puc. 3. Huskas sddextuBHas mpoBOANMOCTh Ha HU3KHX
YacTOTaX CBs3aHA C NPOHMKHOBEHHWEM TIIOJII Ha OOJbIIMe TIIyOMHBI, T/A€ HaXOIATCS MOPOABI C HU3KOH
MIPOBOIUMOCTBIO, YTO XapaKTEPHO UL Foro-BocToka Kosbckoro momyocrposa [ Zhamaletdinov, 2011].

Otcroza oy4aem
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Pucynok 3. YacrorHast 3aBUCHMOCTb (P (GEKTHBHON IPOBOAUMOCTH G,/ .
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CxonHbIE pe3yNbTaThl OBUIM TOJYYCHBI I aMIDTUTYIHBIX M3MepeHuid B OnmwkHel 3oHe (oOcepmatopus I1TI'M
JloBo3epo) B xome skcniepuMenta FENICS-2014 [Tereshchenko et al., 2018; Tereshchenko et al., 2019], rme
JKCIICPUMCHTAIBHBIC JAHHBIC OOBCHAINCH MOJCISAMH PACHPOCTPAHCHHS 3JICKTPOMATHUTHOTO MOJS B OIHO H
JIBYXCIIOWHOW nuTocepe ¢ y4yeToM BIHSHUSA HOHOC(eEphl. [IpoBe/IcHHBIC BBIYUCICHUS IOKA3aIH, YTO MPUMEPOM
MOJIXOISAIICH JIJIST TOTO IKCIEPUMEHTa MOJICIIU SBJIACTCS IBYCIOWHAS CpPelia ¢ BEPXHUM CJIOEM C MPOBOJAUMOCTHIO
6-107° S/m u Tommunoii d = 20 km, nexaniem Ha Gollee IPOBOAAIIEM OCHOBAHMH € IPOBOAMMOCThI0 1072 S/m. DTa
MOJIEJTb HE MIPOTHBOPECYUT UMCIOIUMCSI TCOJIOTMICCKUM MPEIACTABICHUSIM O CTPOCHUH 3EeMHOM KOPHI B IICHTPAILHON
gactu Konbckoro nomyoctpoBa [Kosmyn, 1989], myis xoToporo, B OTJIMYHE OT IOr0O-BOCTOKA, PACCMOTPEHHOTO
BBILIIE, XaPAKTEPHO HAJMYKE TOJICTOTO CJIOSI IOPOJI C MANION IPOBOJUMOCThIO.

Ho ecnut oT aMIumTyJHBIX HAaOIIOJSHAN TIEpEeHTH K MOJSPU3alHOHHBIM XapakTepucTukaM nous [ Tereshchenko et

al.,2019]
A—\/(lp+,/Q2+U2)/2,B—\/(Jp—,/Q2+U2)/2, (M
r=B/4, @
6= arg(Q+iU)/2, 3)
rne [= ‘HX ’ +’Hy’2 , O= ‘Hx ’ —‘Hy ’ , U= 2Re(HXHy), V= —21m(HXHy), ]j = QZ +U+1? , TO JBYXCIIOWHas

MOJIeTb 3€MHOM KOPBI XOPOIIO COTJIaCyeTcs C SKCHEPHUMEHTaJIbHBIMH JaHHBIMHU JUIsi OOJNBIION MOJyOCH 3IUIHICA
TOJLIPU3AIIUH HATIPSDKEHHOCTH TNt A, 3amaBaeMoil BeipaskeHueM (1) (puc. 4a). Jns yriia MexXIy TIIaBHOH OCBIO
ammuIica u ockio abenuce — 6 (popmyna (3)) u xodddunuenta mnTuaHOCTH 7 (Popmyna (2)) TeopeTHIecKue
pacdeTsl HE COBIAJAIOT C OSKCICPUMEHTAJIbHBIMH JaHHBIMH, 4YTO IIO3BOJIICT CKa3aThb O BIMAHUM Ha
3JIEKTPOMAarHUTHOE T10JIe 60J1ee TOHKOW CTPYKTYPBI TUTOC(HEPHI.

a b 4
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Pucynox 4. Teoperuueckue KpuBble NOISIPU3ALNUOHHBIX MapaMETPOB, PACCUUTAHHBIE NpPU
JIBYCJIOWHOI MOJIETHM TIO/ICTHIIAIONIEH Cpelbl, B COTOCTAaBICHNH C SKCIEPUMEHTAIBHBIMU JIAHHBIMU.
a — OoJplIas MOJIyOCh 3JUIUIICA MONIApU3alHi, b — K03()GHUINEHT AUIMITHYHOCTH, C — HAKJIOH
syuunca nonspuszanyi. CIUIONIHBIE KPUBBIE - TPOBOAUMOCTL HOoHOChepsl 1072 S/m, myHKTHpHBIE -
107* S/m.
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BrIiBOaBI
HpOBeI[eHHLIﬁ 3KCHepI/IMeHT ImoKas3all 3(1)(1)CKTI/IBHOCTI> 30H,HI/Ip0BaHI/IH J'II/ITOC(l)epI)I C AKTUBHBIM HCTOYHUKOM.
[TokazaHo, yro B nuanazone 0.3 - 95 'p xopouuM npuOIMKEHUEM sl OTIPEEIeHUs TPOBOAMMOCTH B palioHE II.

Bapayra sBisieTcs ABYXCIOWHAsS MOJENb C MPOBOAMMOCTBIO cinoeB o, = 10~ Cm/M,0, =107 Cwm/m. Jlns Gonee

JIETATLHOTO U3yYEHUs] CTPYKTYPhI 3€MHOM KOPbI HEOOXOIUMO PACIIUPEHNUE YaCTOTHOTO TUANA30Ha, 0 CPAaBHEHHIO
C HCIOJIb3YEMBIM B KCIIEPUMEHTE, KaK B CTOPOHY BEPXHHX YaCTOT ISl U3YUCHUS BEPXHETO CJIOS, TAK U HU3KUX -
JUIL pacIIMpeHus] TIyOMHHOTO 30HAMpoBaHus 3emnu. [l BbyieneHus 0Oojice TOHKUX CTPYKTYpP JIUTOC(EPHI
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Abstract. In this article the influence of the surrounding snow cover on the neutron monitors count rate of the
World Wide Web was estimated using the method of reference stations. The applied technique also makes it
possible to estimate the thickness of the snow cover at the observation point, which was done for more than two
dozen stations. A comparison of the results of data correction for snow is carried out for case of automatic
correction, based on the developed algorithm, and for manual one, with an error estimate.

Introduction

For some stations, snow become a big problem, because due to high humidity it effectively accumulates above and
around the detector. At most of these stations, it is not possible to mechanically remove the snow. Therefore, the
monitoring data for the neutron component, which are significantly distorted by a variable snow layer, are not
suitable for studying many types of variations and require appropriate correction. The registration accuracy of the
18nm64 neutron monitor is 0.15% for the hourly-averaged interval. And already one centimeter of thick snow 0.5
cm of water equivalent above the detector leads to a distortion of the observed variations by 0.5%.

The nature of the snow effect is twofold. The snow cover above the detector is an additional absorber, and this
leads to a decrease of count rate. In addition, the neutron monitor registers a certain fraction of neutrons that are
generated in the substance surrounding the detector, in particular in the ground. The snow cover shields this neutron
source, which also leads to count rate decreasing. The effect of snow has been considered in many works, for
example [Korotkov et al., 2011, 2013], which also review earlier works.

Data and method
We have learned how to exclude barometric effect, which has a similar nature, with using data of precision
atmospheric pressure; so it is possible to make corrections by measuring the thickness of the snow cover. Indeed, if,

in the absence of snow, the counting rate of the detector is N;* (for each moment i), then the counting rate of the
detector due to absorption with some effective range L (assuming that L does not depends on energy) in the snow
depth x; is equal to N, = N -exp(~x;/L). Thus, the restored count rate

N =N, /e, where e =exp(~x,/L), @

where ¢ can formally be considered as a change of the detector efficiency, i.e. as a change in some properties of a
detector or observation conditions. If we knew the thickness of the snow cover, then the data could be easily
corrected for the effect of snow [Blomster et al., 1969]. But precise data on the thickness of the snow cannot be
obtained due to the inaccessibility of the stations. Therefore, we need to look for other approximate methods. One of
them is based on comparing the variations recorded at the station under consideration with the variations at the

”

station without snow (reference). Based on (1), the intensity variations v{* at detector i relative to the base value
N3, corrected for the snow effect and expressed in terms of the measured variations v; for each time 7 can be written

as

NET L Nife
NB NB

cor __
i =

1= (v, +1)/e, - 1. )
It can be seen from (2) that in order to determine the snow-corrected variations v{® from the measured variations

v, , it is necessary to evaluate the efficiency ¢, . For this purpose, we will use the data of the reference detector S,

N

which records approximately the same variations v° as the detector exposed to the influence of snow v, i.e.

v¥ ~ v’ The selection criterion for a reference detector is discussed below. If this condition is applied to some
averaged time interval, then we can write that
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S Nk NN, v
Sy Ny S/Sy  vS+1

3)

When determining the average values, the averaging interval is also important. We applied a filter of moving
average [Vasiliev et al., 2007]. If one-way filters are applied, then this technique can be applied in real time.

In ideal case, the detectors are identical and located at the same point. The selection of a closely located reference
station is not always possible, since, as we will see, almost all mid- and high-latitude stations are affected by snow.
In other cases, it is necessary to take into account their differences, using the reception coefficients of these detectors
[Kobelev et al., 2011, 2013]. Variations for each detector in the zero harmonic approximation can be written as

v¥ = a,Coy and v =a;yCy , 80 v5/C3) = v/Cy » and instead of (3) we got

v+1

E=—— .
Coo/Cay -V +1

4
The final corrections from the effect of snow variations in the detector should be carried out using expression (2),

which involves the efficiency € obtained from equation (4).The receiving coefficients of the zero harmonic for some

detectors, which must be freed from the snow effect and for the reference stations involved (lower part), are given in
Table 1.

ESOI Magadan | Moscow Jungfraujoch AlmaAta | LomnitskyStit | Nain Peawanuck
0.4324 1.0044 0.9331 0.8924 0.6442 0.9113 1.1195 1.1194
Rome Mexico Thailand | Jungfraujochl Athens Potchefstrom | Tsumeb Kiel
0.5440 | 0.4518 0.2815 0.8924 0.4360 0.5383 0.4406 0.9505

Table 1. The receiving coefficients of the zero harmonic for some detectors.

Several options for a reference station were considered. The Rome reference station option is choosed as the best
(guaranteed there is no snow, long observation range, stable operation, good statistics of the 17nm64 detector).
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Discussion and Conclusion

The effective thickness of the snow cover at the ESOI station reaches 15 cm w.e. (Fig. 2). Effective snow depth is
formed from the snow on the surface of the Faraday cage and the snow surrounding the station. It can be assumed
that the notches in the middle panel in Fig. 1 are associated with the periodic growth and melting of snow on the
surface of the Faraday cage, and also that 1/3 of the effect is due to the snow surrounding the station. Figure 3
compares data adjusted by the method under discussion and data adjusted manually by two independent operators.
The spread averaged over a year is no more than 0.1%.
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Figure 2. Accumulation of snow on the surfaces of the
Faraday cage, which surrounds the ESOI station for
lightning protection.

From mid-latitude stations (Moscow, Novosibirsk, Magadan, Irkutsk, Peawanuck, Nain), one can consider the
Moscow station. Despite the fact that the detector at the station is located in a building with a hipped roof, the
effective snow thickness reaches 2 cm w.e., and the contribution from each of the 4 sections of the neutron monitor
is the same. This indicates that the collection of neutrons occurs from a sufficiently large area and the unevenness of
its coverage is imperceptible. The meteorological data can be found on the [Ventusky, 2020].
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Figure 3. Comparing manually and automatically corrected data.

High-latitude cosmic ray stations can be divided into two groups. The stations of the first group are close to mid-
latitude detectors in terms of the snow effect. The effective thickness of the accumulated snow for such stations is 2
- 3 cm w.e. and they are located in the polar latitudes, where the humidity of the air of the Gulf Stream is felt. Due to
special conditions, this group also adjoins the Antarctic stations: Mirny, Terra Adeli, Mawson, YanBogo,
Concordia, Sanae.

High-latitude stations of the second group are located in an area with sufficiently low humidity, where dry snow
accumulates less on the roof and near the stations. These stations include Norilsk, Apatity (Fig. 4), Tiksi, Cape
Schmidta, Inuvik, where the snow effect is insignificant and close to the method error, i.e. 0.5 cm w.e. during the
winter period. For mountain stations the effective thickness of the snow cover in winter reaches 10 cm of water
equivalent (cm w.e.), which leads to significant errors of observed variations of cosmic rays, up to ~ 10%.
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Figure 4. Station Apatity and effective snow thickness. Reference station is Rome.

Conclusions

The influence of snow cover near the detectors on their count rate was studied. Snow affects the data of all
mountain, mid-latitude and most high-latitude detectors, which can be divided into groups. For mountain stations,
the effective thickness of the snow cover in winter reaches 10 cm of water equivalent (cm w.e.), which leads to
significant errors of observed variations of cosmic rays, up to ~ 10%. For mid-latitude and high-latitude stations,
despite the use of hipped roofs, the effective thickness of the snow cover reaches about 2 cm w.e., which leads to
errors of the observed variations in cosmic rays by up to 3%.However, some of the high-latitude stations are located
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in area with sufficiently low humidity, and dry snow accumulates less on the roof and near the stations. These
stations include Norilsk, Tiksi, Cape Schmidt, Inuvik, Fort Smith.

The method of reference stations used in this work makes it possible to recover actual data almost automatically,
by excluding the effect of snow influence. The error in this case depends on the thickness change rate of the snow
cover (the characteristic time is a day). If the changes are slow (several days), then the errors introduced during data
recovery can be neglected. If the changes are fast (several hours), then the errors that arise should be investigated
especially, since they can increase the errors of the original data several times. But rapid changes are rare — only in
moments of heavy snowfall, intense snow melting, or mechanical snow removal. The technique described in this
work makes it possible not only to exclude the effect of snow, but also to estimate the effective thickness of the
snow cover with an accuracy of 0.5 cm w.e.
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Abstract. Since the configuration of the magnetic field in the corona, where solar flares appear, cannot be
determined from observations, to study the flare situation, a numerical magnetohydrodynamic (MHD) simulation is
carried out above the active region. MHD simulation performed in a greatly reduced (10 000 times) time scale
permit to obtain results on the study of the solar flare mechanism, but the magnetic field configuration was distorted,
especially near the photospheric boundary, due to the unnaturally rapid change in the field on the photosphere. For a
more accurate study of the flare situation, MHD simulation in the real time scale was performed above the active
region of AR 10365, which was made possible through the use of parallel calculations. The MHD simulation in the
real scale of time above the AR 10365 during the first day of evolution showed the appearance of current density
maxima with singular X-type line and plasma flow, which have to cause to the formation of a current sheet.

Introduction. Accumulation and of magnetic energy for solar flare and its fast release

The study of the physical processes occurring during the slow accumulation of magnetic energy, and then its
explosive release during a solar flare, is an important fundamental problem that will help to solve a practical
problem to improve the quality of solar flare prognosis. During a flare the energy of 10°? erg is released in a few
tens of minutes. Since flares occur above active regions (ARs) with a large magnetic field (the value of the field in
the active region on the solar surface reaches several thousand G), there is now no doubt that magnetic energy is
released during flares. The primordial energy release from the flare occurs high in the solar atmosphere (in the lower
corona) at altitudes of 15,000 km - 30,000 km. First of all, this has been proven by direct measurements of the
thermal X-ray emission of flares on the limb [1]. Evidence of the appearance of a flare in the corona is also the
invariability of the magnetic field on the solar surface [2], and change in plasma temperature in time at the site of the
flare inferred from the observation of ultraviolet radiation in the lines of multiply ionized iron ions [3].

The main flare process high in the corona can be explained by the mechanism of S.I. Syrovatskii [4]: the
accumulation of magnetic energy in the field of a current sheet, which is formed in the vicinity of a X-type singular
line of magnetic field. As a result of quasi-stationary evolution, the current sheet transfers into an unstable state.
Instability causes a flare release of energy with all the observed manifestations of a flare, which are explained by the
electrodynamic model of a flare proposed by [.M. Podgorny [5]. The model was developed based on the results of
observations and numerical MHD simulation and uses analogies with the electrodynamic substorm model proposed
earlier by the author on the basis of Intercosmos-Bulgaria-1300 satellite data [6]. The hard X-ray beam radiation on
the surface of the sun during a flare is explained by the deceleration in the lower dense layers of the solar
atmosphere of electron fluxes accelerated in field aligned currents caused by the Hall electric field in the current
sheet.

Since the configuration of the magnetic field in the corona cannot be obtained from observations, in order to study
the physical mechanism of the flare, as well as improve the prognosis of flares, it is necessary to carry out
magnetohydrodynamic (MHD) simulation in the corona above the active region (AR), in which all conditions are
taken from observations. When performing MHD simulations, no assumptions about the flare mechanism were
made at setting of the problem [7], the purpose of the simulation was to determine the mechanism of the solar flare.
For setting the conditions, we used the magnetic field distribution observed in the photosphere. In order to speed up
the calculation, a finite-difference scheme was specially developed, which had to remain stable for the largest
possible time step [7, 8]. The scheme was realized in the PERESVET program. The scheme is upwind, absolutely
implicit, and conservative with respect to the magnetic flux, it is solved by the iteration method. Despite the use of
specially developed methods, it was possible to carry out MHD simulations in the corona on a usual computer only
on a greatly reduced (by a factor of 104) time scale. At the same time, instability arose at the photospheric boundary,
caused by an unnaturally rapid change in the magnetic field, however, thanks to the application of the developed
methods, it did not propagate into the calculated region of the corona and did not increase to infinity. In order to get
rid of this instability, as well as to obtain the correct development of processes in time, it is necessary to carry out
MHD simulations in real scale of time. In view of the impossibility of MHD simulation in the real scale of time on
the usual computer in the foreseeable time [9], it is necessary to carry out parallel computations.
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Choice of the numerical method for solving MHD equations and optimization of the parallelization

algorithm

To increase the computation speed when carrying out parallel computations, the choice of the numerical method
should be such as to maximize the time step at which the difference scheme remains stable and the number of
iterations at each time step was minimal. In our case, the choice of the numerical method means the choice of the
type of the difference scheme within a given type of schemes, which are absolutely implicit and conservative with
respect to the magnetic flux, and the choice of the parameters of the difference scheme, first of all, the usual and
magnetic artificial viscosity, which is used mainly near the boundary (where difficulties always arise with the
correct setting of all boundary conditions). In addition, the parallelization algorithm has been optimized for these
purposes. Also, to increase the computation speed, the computation time of one iteration was reduced [9] due to the
correct choice of computing equipment and software and the use of the capabilities of the selected equipment for

parallelizing the computation.
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Figure 1. The appearance and disappearance of instability near the photospheric boundary.

For implicit finite-difference scheme time step t in principle can be larger than the time from Courant condition
. T < h/(Vmvt+Vma). Here h is space step, Vmy is the maximal of absolute value of velocity and Vma is the

maximum of absolute values of magnetosonic and Alven velocities.
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Figure 2. Current density in the central plane of computational domain. Propagation, initialization and
stabilizing instability on the non-photospheric boundary.

Calculations showed, that time for proposed difference scheme step T must be less then tk, in spite of that the
absolute implicit scheme is used. Apparently, it is due to that the system of equations with cross-terms. Also it can
be due to solving of implicit scheme by the iteration method, and the first iteration is in fact the solution of explicit
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scheme. To solve the proposed implicit difference scheme without using the iteration method, the alternating

direction method should be applied. However, with a sufficiently large acceleration by the magnetic tension force

(which appears at the place of plasma outflow from the current sheet), the use of the alternating direction method

leads to numerical instabilities even for the Courant time step.

It is difficult to choose the most optimal parameters during the calculation, because there are several parameters
and the step tx changes during the calculation. Calculations have shown that the currently used set of parameters is
quite optimal:

- Time step t = 0.4x1077 days (Courant step Tk varies from 0.45x1077 to 0.79%1077 in the process of calculation, and
depending on the details of the rules for its determination near the boundary).

- Artificial viscosity (usual and magnetic) v = 3x107.

- Precision of solution of implicit scheme & = 1077, at which 3 iterations are performed. In this case, in order to avoid
instability, from time to time it is necessary to set for a short interval (~ 100 time steps) € = 1071, for which ~ 60
iterations will be performed.

In order to optimize of the parallelization algorithm minimization of transfers of arrays of distributions of all
values in the computational domain and auxiliary arrays, between the memory on the graphics card (arrays with the
DEVICE attribute) and the main computer memory was performed. After all the upgrades, during the entire
numerical solution of the MHD equations, there is no transfer between the memory of the graphic card and the main
memory of the computer (such transfer cannot be avoided only when the calculation results are written to a file, it
can be carried out only from the main memory, and occurs every several thousand steps, so it almost does not take
calculation time).
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Figure 3. Magnetic configuration in main part of computational domain of corona in 3D space and in
the central plane. Local current density maximums, which are the candidates on the places of flares
are shown as the green points. Magnetic field configuration and plasma flow near the 6-th maximum
of current density.

As a result of choosing the numerical method for solving MHD equations and optimization of the parallelization
algorithm and also due to the correct choice of computing equipment and software [9] and the use of the capabilities
of the selected equipment for parallelizing the calculation, now we can get the time for calculation the evolution
during the day above the AR, equal to 21 days. Under less favorable conditions it can be increased by 7% - 10%.
For the prognosis, this time should be less than a day, it is necessary to work on further optimization, the reserves
are existing.
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If the conditions on difference scheme parameters are not fulfilled (first of all, if the time step is too large), a
numerical instability arises near the photospheric boundary, as a result of which an unnaturally large disturbance
propagates into the corona (Fig. 1). However, if, after the onset of instability, we return to the selected parameters of
the difference scheme, then the instability stabilizes and the strong disturbance in the corona caused by the
instability will disappear. This indicates the quality of the proposed difference scheme.

Stabilization of the instability arising at the non-photospheric boundary
Calculations in the real scale of time have shown appearance of sufficiently strong disturbances caused by
instabilities at the non-photospheric boundary. Such instabilities (Fig. 2) can lead to a halt in the calculation due to a
strong increase in the values or to an obviously incorrect solution due to the appearance of strong nonphysical
perturbations.
This problem was solved by using the following methods:
1. Limiting the velocity of plasma inflow into the computational domain.
2. Application of artificial viscosity (usual and magnetic) near the non-photospheric boundary.
3. The invariability of the magnetic field at the edges of the boundary of the computational domain, relative to the
potential field used to set the boundary conditions.

Formation of singular X-type lines with the plasma flow, contributing to the accumulation of flare energy
During the first one day of evolution of magnetic field and plasma, described by the results of MHD simulation in
the real scale of time, from time to time the current density maximums appear with X-type configuration and plasma
flow as for 6-th maximum at the moment 0.658 days presented in Fig. 3. The plasma flow near such maximums in
principle can cause to the current sheet creation. Some of such configurations later disappear, possible, the
microflares occur in such configurations.

Conclusion

1. Primordial energy release during the solar flare takes place high in corona. To study physical mechanism of flare
it is necessary to carry out MHD simulation above AR in the real scale of time.

2. Parallelization of the calculation for solving a specially developed finite-difference scheme of MHD equations is
carried out. The optimal parameters of the difference scheme were selected for calculations in the real scale of
time.

3. The methods have been developed to stabilize the numerical instability arising at the non-photospheric boundary.

4. When the selected parameters of the difference scheme change (first of all, an increase in the time step),
numerical instability can appear at the photospheric boundary, causing to the propagation of a strong nonphysical
disturbance into the computational domain of the corona. When returning to the selected optimal parameters of the
difference scheme without performing a new calculation from an earlier time instant before the onset of instability,
the instability stabilizes, and the disturbance propagating from it into the corona disappears, which confirms the
quality of the developed difference scheme.

5. The optimization of the parallelization algorithm has been carried out, first of all, the data exchange (values in the
computational domain of the corona) between the main memory of the computer and the memory of the graphics
card on which the computation is parallelized is minimized. As a result of the optimization performed, the
calculation speed increased 7.5 times.

6. The calculation of the evolution of the plasma and the field in the corona above AR 10365 at the initial stage did
not show the appearance of pronounced current sheets even with sufficiently strong disturbances on the
photosphere (exceeding the real disturbances that appeared due to numerical instabilities in the process of
choosing the optimal parameters of the difference scheme). At several current density maxima, an X-type
configuration was found, with a plasma flow, which should cause to the formation of a current sheet; however, in
the course of further evolution, such configurations disappeared (possibly, microflares appeared).

7. As a result of the work carried out, the possibility of further optimization of the methods was revealed in order to
further increase the calculation speed, which will be necessary when using MHD simulation to improve the flares
prognosis.
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HOBAS CEKIIUSI HEUTPOHHOI'O MOHUTOPA
B BOCTOYHBIX CASAHAX

I0.B. Bana6bun!, A.A. Jlykosuukosa’, b.5. I'Boznesckuii!, A.B. lepmanenko!, U.B. SukoBckuii®

'®I'bHY “Honapuwiii ceogusuueckuti uncmumym”, Anamumot, Poccus
Uncmumym conneuno-semnoii uzuxu, Upxymex, Poccus
S Kabapouno-Bankapckuii 2ocyoapcmeennwiil yuusepcumem, Hanvuux, KEP, Poccus

AnHoTanusi. Ha CasHCKOM CHIEKTPOrpaguueckoM KOMIUIEKCE KOCMHYECKHX JIy4eil Ha CTaHIMH KOCMUYECKHX
aydeit Upkyrck-3 (ropa Xynyraiimia, Bocrounsie Casabi, 3000 M) B 2019 rony Obuia 3amymeHa B paboty
JIOTIOJTHUTENbHAS CeKIUsl HelTporHoro Mouutopa (HM). Ee 0COOEHHOCThIO SIBJISETCSI OCHANICHHOCTh CKOPOCTHOM
cucreMoil cObopa maHHBIX, cozmanHoW B [II'M. CkopocTHas cuctema (HUKCHpPYET BpeMs MOSBICHHS KaXIOTO
3NeKTpuIecKoro umimyssca oT HM ¢ tounoctsio 1 Mxe. Co3nanHble IpOrpaMMbl 00padOTKH MO3BOJSIOT HAXOAHUTH B
o0ImemM MaccuBe DaHHBIX Pa3IMYHBIC KJIACTEPHl MMITYJIbCOB, CBSI3aHHBIE ¢ mpoueccamMu B HM uiam B KOCMHYECKHX
dydax. OTO MOTYT OBITh COOBITHS MHOXKECTBEHHOCTH YHCIIOM, MOSBJICHHS aJPOHHOTO CTBOJA MIMPOKOTO
aTMoc(epHOTo JHMBHSA U Ap. JTa cucTeMa cbopa yxe padoraer Ha psne HM. Brepsbie ckopocTHas cuctema coopa
yCTaHOBIICHa Ha CTONb BBeICOKOTOpHOM HM. OOHapykeHBl OTIMYHA COOBITHH MHOXeCTBeHHOCTH HM m
MPEICTaBICHO BO3MOYKHOE OOBACHEHHE.

1. BBenenne

CyIiecTBYIOT [1Ba NMPUHIWIHAIBHO PA3IMYHBIX CIIOCcO0a PETHCTPAlMU ITOCTYMAIOIMX OT JETEKTOPa MMITYIbCOB,
nokazaHHele Ha puc. 1. IlepBbIif cmocob: MoAcYeT KONMMYecTBa MMITYJIbCOB 32 EIWHHUIYY BpPEMEHH. BbIXOIHBIC
JaHHBIC — TEMII cueTa AeTeKTopa. Bes mHbOpMams o MoCiIeAoBaTeNbHOCTH TIOCTYNABIINX CHIHAIOB TEpSETCS.
Bropoit myTs — (ukcanms ¥ 3anMCh TOYHOTO BPEMEHM IOSIBICHUS KaXKIOTO HMITylbca. B 3ToM ciydae daiin
JAHHBIX TPEACTaBIICT co00i momodue Qortorpaduil pa3BepTKH dKpaHa OCIHIUIOrpada, Ha KOTOPOM BO3HHKAIOT
MPUXOASIIIE UMITYTIBCHI. JleTanpHas HHQOPMAIHS O MOCIEJ0BATEIFHOCTAX JIFOOBIX IPYNIT HMIYJIbCOB COXpaHIETCs
MOJTHOCTHI0. VIMeeTcss BO3MOXHOCTh HCCIIEIOBaTh B3aMMHOE DPACIHOJIOXKEHHE M BPEMEHHEIE PACCTOSHHUS MEXIy
JFOOBIMH UMITYJILCAMH.

Cucrema perucTpanud, OCHOBaHHas Ha BTOpoM cmocobe, Obuta co3mana B [II'M [1]. Ee ocHOBHBIE

XapaKTEePUCTHKH CIEYIOIIHE:

1) Llar u3mepeHwst BpeMEHH MEXIY HMITyJIbCaMU — 1 MKC;

2) KoraecTBO BXOIHBIX KaHAJOB — 32 v 48;

3) MeprtBoe Bpemsi, B TEUYEHHE KOTOPOTO OYEPEIHOH HMITyJbC CUNTAETCS NPHIICIIINM OIHOBPEMEHHO C

TIPEABITYIINAM — 6 MKC;

4) MaKcUMaJIbHBIA TEMI CYeTa, IIPH KOTOPOM HE MPOMCXOAMT IEPENONHEHHs PErUCTPOB HakKomuleHus ~ 2-10°

HMII/MHFH.

5) Bce uMIysIbChI ¢ TOYHOCTBIO | MKC MOTYT OBITh IPUBSI3aHBI K MUPOBOMY BPEMEHH.

Co3maHHasi CKOPOCTHas CHUCTEMa pPETHCTpallud B HAcTOsIIee BpeMs ycTaHOBIeHa Ha 4 craHmmssx HM:
Bapenndoypr, Anatutsl, MockBa, bakcan. B bapennOypre umerorcs nanaeie ¢ 2007 r, B Anmatutax — ¢ 2014 r.
OTMeTHM TaxKe, YTO U3 JAHHBIX, COXPAHEHHBIX BTOPBIM CIOCOOOM, HECTIOXHO MOJIYYHUTh TEMII cyeTa mpubopa c
M00BIM BpEMEHHBIM pa3pelieHrneM, Kakoi TpedyeTcs B KOHKpeTHOH 3agaue. [Ipu cOope TaHHBIX MEePBHIM CIOcOO0M
BPEMEHHOE pa3pelieHHe UCXOIHBIX JAHHBIX SBISETCS MAKCHMAIbHO BO3MOXKHBIM.

KonmuuectBo
HM > t ———» HMIIYJILECOB
\'—\f-/ B MHHY'I'Y
1 mEHyTa
Aty At,....... At,.
N W Tounoe BpeMsa
PpErHCTpalHA

t KaXxa0ro HMIIyjiabeca

Pucynok 1. Cxema ByX c110co00OB perucTpaiuu JaHHbx or HM.
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2. O0mmii aHaJIN3 MOJTyYeHHBIX paHee pe3yabTaToB

B mepByro ouepens K3 TOJNyYCHHBIX Ha CTAaHOUSAX JAHHBIX OBUIO IIOCTPOCHO pacIpeliefieHne BPEMEHHBIX
MHTEpBAIOB. JTO BaKHas Xxapakrepucthka. CornacHo [2], sKkcrioHeHInanbHas popMa pacrpeaeneHusi BpeMEHHBIX
HHTEPBAJIOB COOTBETCTBYeT IlyaccoHOBckoMy ciydaiiHoMy mpoueccy. IlocTpouB Takoe pacmpeseneHue, MOXKHO
OLICHHUTb, BO-TIEPBBIX, KayecTBO pabOThl caMOM CHCTeMBbl cOOpa JaHHBIX (HalpuMep, MPOIMYCK HMITYJIbCOB,
pa3feNeHHbIX KOPOTKMM HHTEPBAJIOM), BO-BTOPBIX, KaueCTBO AJIEKTPOHHOTO TpakTa (HalMU4Me MEpHOANYECKOil
MIOMEXH), B-TPETHHX, OLICHUTH CTETIEHh COOTBETCTBHS MOTOKA JacTHI [lyaccoHOBCKOMY ciydaiiHoMy mporeccy. Ha
pHCYHKE 2 TIpEICTaBJICHBI DPACIpENCICHNS BPEMECHHBIX HWHTEPBANIOB IS ABYX CTaHIWHA: Amatutel u bakcal.
Pacnpenenenns B Amatutax, bapennoypre m Mockse oueHs Onm3ku. bakcan pacnonokeH Ha KaBkase Ha BricoTe
1700 M, 9TO €Tr0 BBIICIISICT.

a) 10000

Baxcan
AnnpoxcuManus, cyMma F1-F4

— AIIATHTEI
— Anupoxcamanus, cymma F1-F4

6) 6) |

10000 4

a
a
a
k=)

Annpoxcumanus F1

1000 4
1000

F1, 12.6 mc

KosMuecTBO HHTEPBAJIOB

1004 FL 22.4 mc

KoJIHUecTEO HHTEPBAJIOB
KosnuecTBo HHTEPBAIOB

T T T r T = + T r T T r 1 100 r T T r T J
0 5000 10000 15000 20000 25000 30000 0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000

LJIHTeIbHOCTE HHTEPBAJIa, MKC OIuTeNbHOCTE HHTEPBAJIA, MEC IIHTeIBHOCTD HHTEPBAJA, MKC

Pucynok 2. PacmpenerncHre BpEeMCHHBIX HHTEPBAJIOB Ha CTaHOUAX AmaTuTel W bakcaH.
Pacripenenennst HOPMUPOBAaHBI Ha CYTKH. @) — pacmpelesicHne B OOJBIIOM AMANa3oHE 3HAYCHUH
HHTCPBAJIOB. 0), 6) — paclOpelueiicHUe HWHTEPBAJIOB B Ooyiee KpymHOM Maciutade. JluHuu
COOTBETCTBYIOT OSKCHOHECHIMAJIbHBIM (QyHKIMAM F1-F4 ¢ ykazaHHBIMH XapaKTepUCTHYECKUMHU
BpeMeHaMH. AIIPOKCUMALUS SIBISETCS CyMMOW BCEX JKCIOHEHT Ha 6) M g). DKCIEepUMEHTAIbHbIC
JTaHHBIE HE CTJIa)KUBAJIHCh.

PucyHox 2 neMOHCTpHpYET, YTO CHUCTEMa PETHCTpalny paboTaeT 0e3 MPOIYCKOB, B BJIEKTPOHHBIX TPaKTax
OTCYTCTBYIOT 3HAYHMTENIbHBIC NEPHOAMYECKHE IOMEXH, a caM Ipolecc npuxona dacturm Ha HM ommceiBaercs
ciydaiiHbiM  [lyacCOHOBCKMM IpomeccCOM: IIOYTH Ha BCEM JAMAala3OHe BPEMEH paclpeleNieHus] OTINYHO
aNMPOKCUMHUPYIOTCS MPOCTOH SKCIOHEHTOH (Ha puc. 2 o0o3HaueHa F1). HakioH SkcroHEHIMAaNbHON 3aBUCUMOCTH
Ha Ka)XXJI0W CTaHIUH (pHC. 2a) COOTBETCTBYET CPEIHEMY HHTEPBATY MEX Iy UMITyiscamu (T = 12.6 mc s bakcana
u 71 = 22.4 Mc juia AntlatuToB) B 1iesioM Ha HM [2]. OcoGeHHOCTRIO BCeX CTaHIMM SBIICTCSA 3HAYUTEIbHBIA U30BITOK
KOPOTKHX HMHTEPBAJIOB IO CPAaBHEHMIO C TEM YPOBHEM, KOTOPBII NOKEH 00eCHeunTh OJAMHAPHBIA ITyaCCOHOBCKHMH
mporiecc (Tocka nepeceuerns ocu opauHat u Fl). IIpuunna B ToM, yTo HM peructpupyer He TOIBKO OJUHOYHBIE
SHEpPTUYHbIC YACTHUIIBI, OMAAAONINE B HETO, HO M BTOPUYHbIEC, BOSHUKAIOUINE OT NMEPBHYHBIX YAaCTHUI] B MaTepHae
HM u oxpyxarommx npeaMmeTrax. JTo Ha3biBaeTcs MHOXecTBeHHOCTh Ha HM [3]. ITlosiBnenme u perucrpanus
BTOPHYHBIX YaCTHI[ TAKXKE SBISIOTCS CIy4alHBIM IPOLIECCOM M OMMCHIBAIOTCA TOXe 3akoHOM Ilyaccona. Oto
XOpOIIO BUAHO Ha pHUC. 20, 6, TIIe NMPEACTaBICHBI allllPOKCHUMAIIMK 3TOTO M30BITKA. (7151 MOMHON anmpoKCUMAITUH
n30BITKa TOTPeOOBANOCH MO0ABUTH TpH SKCHOHEHTH (3aBucumoctd F2, F3, F4) ¢ xapakxrepuctuuecKuMu
BpemeHamu T> = 500 mxkc, 13 = 140 Mkc 14 = 45 mke. Kaxxgoe xapakrepucTuueckoe BpeMsi O3HAYaeT OTIENbHbBIN
ITyacCOHOBCKMIA mporecc [2]. OTMETUM yIWBUTEIHHOE COBMAJCHHE (B Mpeneiax OMUOKH MeHee 2 %) 3HaYeHHU
XapaKTepPUCTUYECKHX BPEMEH Tz - T4 JUIA BceX 4 cTaHIMA. DTO yKa3bplBaeT Ha OOMIy0 (H3MYECKYI0 HPHUUUHY
MIPOMCXOKAECHHS TIPOIIECCOB TeHEPAIlM BTOPHYHBIX 4YacTHIl. [IepBble OLEHKHM 3THUX XapaKTEPUCTHYECKHUX BPEMEH
ObuTH caenana eme B [3]. B pabore [4, 5] uccnenoBanock BO3EHCTBHE aJpOHHBIX CTBOJIOB IIMPOKUX aTMOC(HEPHBIX
muBHe# (IIIAJI) ma HM u Obutn moxydeHsl ONM3KWE K TIPUBEICHHBIM 3HaueHHs BpeMeH. OObAcHsAeTCA
HE3aBUCHMOCTh 3HAYEHUI XapaKTepPUCTHYECKUX BPEMEH T2 - T4 OT MECTa pa3MeNIeHHs TeM, YTO OHH CBS3aHBI C
SAICPHBIMHU TPOIIECCAMH B BEIIECTBE M HE 3aBUCST OT JOKAIBHBIX yclIOBHU. I'eorpadnueckne n KOHCTPYKTHBHBIC
OCOOCHHOCTH CTAHIUH MPOSBISAIOTCS TONBKO B 3HAYCHHWH Ti, XapaKTEPH3YIOUIETO COBOKYITHO HHTEHCHBHOCTH
MTOTOKA YaCTHUI] B TAaHHOM MECTE W YyBCTBHTENbHOCTE HM.

3. HaGnroaenne mHo:xkecTBeHHOCTH HAa HM

Co3laHHasi CKOPOCTHasl CHCT€Ma PETruCTpaldy MO3BOJIIET C BBICOKOW TOYHOCTBIO M JIETANBbHOCTBIO H3Yy4aTb
coObITHsl MHOXecTBeHHOCTH (coObits M) Ha HM. CoObitHs M — 370 rpynma yactuy (IpH perucTpaunuu
CO3JAIONINX DJIEKTPUYECKHE HWMITYJIbChI), OOBEAMHEHHBIX OOmmMM mpoucxoxaeaneM. Ha HM nHabmogaroTcs
coObiTist OT M =5 10 M = 100 u 6osbmie. CoObiTHs M < 5, KOHEUHO, TOXE MMEIOTCS, HO UX CJI0XKHO OT/EIATH OT
TPYII, BO3HHUKAIONIMX CIyYalHBIM 00pa3oM OT (uykTyamuii motoka. Haummas ¢ M = 5 mons ciy4aidHBIX
COBIIAJICHUH CTaHOBUTCS IpeHeOpexumoii (Menee 1 %). O ToM, 9TO 3TO HE CIyJailHBIE COBMAIEHUS, YKa3bIBacT
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10.B. banabun u op.

ciaenyromuii  ¢akt. Hampumep, cpemuss mMTenbHOCTh coObiths M = 50 cocrtaBiser ~2 MC, TO €CTh,
3aperucTpupoBansl 50 YacTHI] B TEUEHHE 2 MC, KOTJa B CPEIHEM YacTUIIHI MOSBITIOTCS yepe3 20 Mc (B AnatuTax).
Ha 0a3e HaKOIICHHBIX 32 MHOTO JIET JaHHBIX OBUIN ITOJIy4EHBI CIEIYIOIINE XapaKTEPUCTHKN COOBITHIH M: criekTp
COOBITUH, CpeHssl JNIUTENEHOCTh U CPEeAHUI npoduib s kaxaoro 3HadeHust M. Ha pucynke 3 mokaszaH criekTp
MHOKECTBEHHOCTEH.

Ha Bcex 4-X cTaHIUsIX CIIEKTPBI UIMEIOT CTENIEHHYI0 (JOpMy BUA!

S(M)y=A-M77", (1

rae y = 3.7-3.8. CrnekTpsl pa3ln4aroTcsi TOJbKO MHOXHTENEM, KOTOPBII yUUTHIBAeT pa3iau4yusl B MHTEHCUBHOCTU
MOTOKA KOCMHYECKHUX JIydel. bobIias nHTeHCHBHOCT coOBbITHI M B BakcaHe, kak npe/moaranock paHee, CBsizaHa
¢ pacnonoxxeaneM HM B ropax. O nmpuumHax 3HaYUTENBHOTO OTJIMYMS CIEKTpa Ha CT. Xyiyrail OyneT cka3aHo
HIDKE.

ANATHTBI
bakcan

Bapenuéypr
Xyayraiima

CobbiTHii B 1enb (N)

T
10 100
Homep mMHo:KecTBeHHOCTH (M)

Pucynok 3. CrieKTpbl MHOKECTBEHHOCTEH: 3aBUCUMOCTb KOJIMYECTBA COOBITHI OT YHCIIa UMITYJILCOB
B coObITHH. CrekTpbl HopMUpoBaHbl Ha cyTku. Jlns bakcana m bapeHudypra ncrnons3oBaHo Gosee
4000 mae#t, o AmatutoB — 6omee 2000 mreii. CrieKTpsl HOpMHUPOBAHBI Ha CYyTKU. CriekTp MOCKBBI
OIIH30K K CIICKTPY ANIATHTOB U HE IIPHUBE/ICH.

Taxoke M3y4anoch PacroyIOKeHWE MMITYJILCOB BHYTPU COOBITHH M: MMEIOT MMITYJIbCHI B COOBITHH CKJIOHHOCTH
KOHILIEHTPUPOBAThCA B KAKOM-TO YaCTH WIIH K€ PACIIpeeNIeHbl PaBHOMEPHO? JI71s1 MOTy4eHHs CPEJHETO BPEMEHHOTIO
npoduis codbrTrit M oTOMpanych B JaHHBIX TOJIBKO coOBITHA (pukcupoBaHHOro M. ITo pucyHKy 3 MOXXHO OLIEHHTH
KOJIMYECTBO COOBITHH Kakoro-an6o M, MCIONIb30BaHHBIX [UIs MOJTydeHHs cpeanero npodwis. Hampumep, coObITHiA
M = 20 B bakcane ciygaercs oxoso 100 3a cyTku, a momHoe konmdecTBo coctaBuT ~400000. Takum oOpaszom,
MOJTy4EeHHBIEC IPOQUIIN UMEIOT OYE€Hb MAJTYIO OLIMOKY M BEICOKYIO JOCTOBEPHOCTD.

Ha pucynke 4 mpejcraBiieHbl BpeMeHHbIe Tpoduiid coObiTuii HekoTopeix M. [Ipoduin Ha Bcex 4-X cTaHLMAIX
Osm3kK Kak 1o 3HaueHuto (puc. 46), Tak u no ¢opme. Cremayer oOpaTuTh BHUMAaHKE Ha clieayromiee. Hampumep,
JIeCSIThI MHTepBaJl (T.€. BpeMeHHOW uHTepBan Mexay 10-m m 11 ummynscamu) B coOeitus M = 30 u M = 50
MPaKTUYIEeCKH OJMHAKOBHI (CcM. puc. 4a, abcmucca paBHa 10) u cocraBisrot ~30 Mkc. To ke camoe MOKHO cKa3ath U
0 9-M mHTEepBae u T.1. [Ipy M > 20 UMIyNbCH B IEPBOH YaCTH COOBITHS CIEAYIOT APYT 32 JPYTroM IMPUMEPHO Ha
OJTHOM W TOM K€ PaccTOSHHM He3aBUCHMO OT 3HaudeHus M. [locTosHCTBO (B CpemHEeM) BPEMEHHOTO HWHTEpBaia
MEKIy PETUCTPALMSMHU YACTUI] O3HAYaeT MOCTOSHHBIA UX MOTOK. OCOOEHHOCTBIO PEeruCTpallii HEHTPOHA SIBIISETCS
€ro MCYE3HOBEHHE B MaTepuane cueTynka. ClenoBaTelnbHO, NMIOTHOCTb HEHUTPOHOB B OKPYXKEHHU CUETUHKA
COXpaHSeT MOCTOSIHHYIO BEIMYNHY Ha MPOTSHKEHUH COTEH MKC BIUIOTH A0 eanHUN Mc. Hanpumep, ms M = 50 (puc.
4a) nepBBIe TPUAUATH MUMITYJIGCOB (CO3AABIIMX TPUALATH MHTEPBAJIOB MEXAY HMITyJIbcamu) Bo3HHMKIN B HM c
OIMHAKOBBIMH TIay3aMH, paBHBIMH ~25 Mkc. Ha mporsxennn 750 mxc B HM moxpmep:kuBanack IOCTOSTHHAS
IUTOTHOCTH HEHTPOHOB. [Ipu TOM, 4TO 3aMeIeHHe SHEPTUYHBIX HeWTpoHOB B HM mpoucxonut B cpeaaem 3a 35-40
MKc [3, 4].

OO0parmiaer Ha ceOst BHUMaHMe U Takoi ¢akt (puc. 4a). Jlecarsiii ¢ konna natepsai B M = 30 (t.e. 20-ii nHTEpBaN)
U JIeCATHIN ¢ KoHIA uHTepBal B M = 50 (T.e. 40-if mHTEpBaN) IMEIOT OJM3KUE 3HAUCHHS. DTO BEPHO TaKXKe W Jis 9-
BIX C KOHIIA WHTEPBAJIOB, W JUIA 8-bIX M T.J. MOXXHO CKa3aTh, YTO BPEMEHHbIE NMPOQHIM pasHBIX M 1OJ00HEL;
npodum 11 60sbIKMX M MoTydaroTesl pacTsHKeHHEM cpestHel yacTu poduinst ¢ coxpaHeHueM GOpMBL. A PUCYHOK
46 noka3bpIBaeT, 4YTO OKOHEYHbIC YacTH NMpoduield Ha pa3HbIX CTAaHIMAX WAECHTHYHBI, X0T HM Bakcan pacnonoxen
Ha CeBepHom Kaskasze Ha BbicoTe 1700 M m Temm cuerta pasza B 4 Gomnbie, yeMm Temn cuera HM B bapenuOypr (na
HInmunoeprene). O6venunaseT UX oxuHakoBas KoHcTpykims HM. Takum oOpa3om, ecTb cepbe3Hble OCHOBAHMS
CYHTaTh, YTO OKOHEUHAs YacTh NMpoduis (mocieHue 9-7 UMIyIbCOB) OTpaXkaeT pellaKkCalMoHHbIE mporiecckl B HM
— BpeMs paccachlBaHUA U moriomeHus nomaBumx B HM HelitpoHoB. CrieioBaTeIbHO, OKOHEYHAS 9acTh MPOGUIIA
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MOKa3bIBa€T Ty MHOXECTBEHHOCTb, KOTOpas BO3HHMKaeT B camMoM HM 3a cdeT uchmyckaHWs sIpaMH CBHHIA
HCTIapUTENbHBIX HeWTpoHOB [3]. Ha pucynke 46 coobrtus M < 10 1enmukoM cOCTOST U3 pelaKCallHOHHOTO Ipo1iecca,
B HUX OTCYTICTBYET YacThb C IIOCTOSHHBIM 3HAa4€HHEM BpPEMEHHOTo HHTepBaja. [lo-BHOMMOMY, 3TH COOBITHS
BO3HMKAIOT OT nonananus B HM oquHOYHO# YacTHIBI BEICOKOH 3Hepruu. [10CTOSHCTBO MHTEpBAJIOB HA Ha4YajbHOMN
(ase coOBITHS O3HAYAET YCTOSBIIMICA mNpolecc: yObIBaHME HEHPOHOB 3a CUET UX PETHCTpAlMU TPyOKaMu U
qvccunanys Hapyxy n3 HM Bocnonnsiercss HoBbIMH, BietatromM B HM u3 atMmocdepsr. Dta gacte coObiTuss M
MIPOU3BOUTCA aAPOHHBIMU JUBHAMH [4, 5].

Bce nepeuricieHHoOe yKa3blBaeT, 4To cOOBITHS 00IBIINX MHOXecTBeHHOCTel Ha HM dopmupyroTcs oT aapoHHbBIX
JuBHEH, Bo3HuKawomux BHe HM. Takoi nuBeHs nagaer Ha HM, moka on neiictByer, B HM mnonnepxuBaeTcs
MOCTOSIHHAS TUIOTHOCTh HEUTPOHOB. C OKOHYAHMEM JIMBHS IUIOTHOCTh HEWTPOHOB HAYMHACT MajgaTb. AIpPOHHBIC
JMBHU BO3HHKAIOT HE TONBKO B cTBonax IITAJI, HO M Kak JOKanbHBIC aApOHHbBIC JMBHHU B BemecTBe. Ocraercs
OTKPBITBIM BONPOC, KAaKHE STO agpOHHBIC JNUBHHU? SBmgrorcs mu oHM anpoHHBIMH cTtBoamu IIAJI mmm 3t0
JIOKaJbHBIE aapoHHBIe TUBHU? B [4, 5] memaeTcs BBIBOI, YTO TOIBKO coObiTHsa M > 100 mpomsBomsarcs IIAJL, a
MeHbIIIe — 3T0 BHyTpeHHNH 3¢ ekt HM. OnHako, TOYHYIO TOIIO JIOKAIBHBIX JTUBHEH yKa3aTh TPYIHO.

C BBOZIOM B JKCIUTyaTanuio BeicokoropHoro HM Xymyraii Ha OCHOBE CpaBHEHHWIl COOBITHII MHO)KECTBEHHOCTH
MOSIBUJIaCh BO3MOXKHOCTh KaYECTBEHHO OIIEHHUTH BKJIa bl JJOKAIBHBIX JIMBHEH B 00pazoBanue coObiTHii M. Bee neno
B 0CcOOBIX ycnoBusax pasMerienus HM Ha Xymnyrae, 61arofapst KOTOPSIM MOXKHO IIPOBECTH CPAaBHEHHE H OIICHKY.
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Pucynox 4. Bpemennsie npoduian COOBITHH MHOXECTBEHHOCTH NpH pa3HbIx M. a) — npoduiu
COOBITHII MHOKECTBEHHOCTH B AmaTuTax mnpu M 15, 30 u 50. 6) — cpaBHenue mnpoduiei
MHOXecTBeHHOCTH pu M = 7, 12, 20 myis nByx craniuii: bapennoypr u bakcan. 6) u ¢) — cpaBHeHue
npodwmreit M = 15 u M = 20 Ha cranmusax bakcan n Xymyrai.

Osxupanock, 4ro Ha Xynyrae coOsitnii M Oyzner Gonbuie, yeM B bakcane [3]. Uem Bble HaJ ypoBHEM MOps
pasmemieH HM, tem cuer ero 6osbine. Borpekn oxunanusm, HM Xyiyrail peructpupyer Maioe 4uciio coObITHI
(puc. 3). Tounee, it M < 10 nperiosIoxKeHust MOATBEPIMIINCEH, CIEKTP MHOKECTBEHHOCTEH IPH 3THX 3HaYeHHsIX M
pasa B Tpu BbIIIE, yeM B bakcane. OqHako, ¢ poctoM M cnekTp pe3ko najaer, Tak 4ro npu M = 30 uucio coObITuii
M na Xynyrae cTaHOBUTCS PaBHBIM YHCITy COOBITHH B AmMAaTUTax — CTAaHIWM paBHUHHON. CpaBHEHHE BPEMEHHBIX
npodueit (puc. 46, 2) TakKe MOKA3bIBACT, YTO HHTEPBAI MEXKIY UMIYIbCaMHU B COOBITHIX M Ha Xymyrae Oosbire
IIOYTH B JIBa pa3a, TOTAa Kak IpH Iepexoie oT paBHOH ctaHmu bapeHnOypr k ropHOH cTaHINU bakcaH, HAaPOTHB,
HHTEpBAJIBl yMEHBIIMINCh. COBOKYITHOCTH (DaKTOB yKa3blBaeT Ha HEINOCTady HMITYJIbCOB B COOBITHAX M Ha
Xynyrae. COMHEHHI B HCIIPaBHOCTH amIiapaTyphl HET: Ha XyJiyrae yCTaHOBIICHAa WACHTHYHas bakcany m npyrum
CTaHIMAM CKOPOCTHAs CHCTEMa PETHUCTpaIM{, OHA ObLIa MpOBEpeHa JBaXIbI MpsMO B pabore Ha Xymyrae. Temm
cuera HOBOW cekumn HM Ha Xymyrae OnM30K K TEMIy cueTa cTapodl CeKLiH, paboTaiomieil yke MHOTo JIeT U
UMEIOILEH UHYIO CUCTEMY PETUCTPAIMH, UYTO TAKKE YKa3bIBAET HA UCIIPABHOCTH CHCTEMBI.
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10.B. banabun u op.

CpaBHUBasi COOBITHSI MHOXXECTBEHHOCTH M BPEMEHHBIC MPOQWIM, MOKHO CHIEJaTh BBIBOJ, YTO COOBITHS M Ha
Xymyrae TpUMEpHO B JBa pa3a OeqHee MMIyJbcaMu. Permctpupyemoe Ha Xymyrae coOpitme kak M = 20,
cootBetrcTBYeT M = 40 Ha Bakcane. Eciu Tak npozaenars co Bcemu coobitusivu M > 20, To cektp Xyiyrae JispKeT
BhIlle bakcaHa 1enukoMm, BpeMeHHble Mpoduin cTaHyT OnM3KkM K bakcany. C y4eToM BCEX W3JIOKCHHBIX BBILIE
(hakTOpOB NpEIOKEHO crenyionee oObICHEHHWEe aHoManuu. Kak ynomuHamock BhIIie, npuxonsiue Ha HM
aJIpOHHBIEC JIMBHU COCTOSIT M3 aJpOHHBIX CTBOJIOB IITAJl M JIOKanbHBIX aJpOHHBIX JIMBHEH, JOOABISIOIIUXCS K
nepBbIM. JIoKanbHBIE aJpOHHBIC JIMBHM BO3HUKAIOT B BEIIECTBE OT DHEPIHMYHBIX YacCTHUIl, pa30MBaIOIIMX s/pa
aToMOB, B ToM uncie oT yacturl [ITAJI [3, 4]. C yBenuueHueM KoIMYeCcTBa BEIECTBA U 3apsijia sSAep UHTCHCUBHOCTh
JIOKaJbHBIX JHUBHEH Bo3pactaer. B bapennOypre HM pacronoxkeH B JOMHKE C yTEIUIEHHOH JKEIE3HOW KpBIIeh
(ocHOBHO# cocTtaB: Tsokensle sapa Fe), mmotHocTs BemectBa Haxm HM HeBemuka. B Amarmrax m Mockse HM
HaXOAMTCSI B OHOITAXKHOM CTPOCHUH C KPBIIIEH U3 JepeBa, jKene3a U KEPaMUUECKOTO yTEIUTUTENS B MEPEKPBITHH
(ocHoBHO# coctaB: sapa Fe, Ca, Si, Na, O, C). B bakcane HM pacmonoxkeH B 34aHUW, UMEIOMIEH KPBIILY W3
OCTOHHBIX IUMT — Hambollee TOJCTOE M MAacCHBHOE IEepeKphITHe (OCHOBHOM coctaB: simpa Ca, Si, Na, O). Ha
Xynyrae HM HaxoauTcs B JIETKOM JEPEBSHHOM CTPOEHMM C JEPEBSIHHON KpBILIEM M € IEHOIIACTOBBIM
yremureneM (0cHOBHOM coctaB: sapa O, C, H). Uem MeHbIlle BelllecTBa MIIM YEM JIerde COCTaBIAIONIUE €To sA7pa,
TEM JIMBHU MEHee OOWIIbHBIE.

VHTEepecHO OTMETUTh, YTO 3aBaj cleKTpa Xyiyras Ha pucyHke 3 HaumHaercs npu M =~ 10. 3Hauenus M = 7-9
IpaHUYHbIC, KOTAA TUIl TeHEpallud MHOKECTBEHHOCTH CMEHSTCS C UCIAPUTEIHOW Ha MHYIO. OTO MOKA3bIBAaeT, 4TO
MOTOK BBICOKOOHEpruuHbIX yactul Ha HM B Xynyrae neiictBurensHO Bbilie, yeM B bakcaHe, Kak ¥ JODKHO OBITh
[3]. D10 emie ogHO MONTBEPKACHUE TeHEPAUH COOBITHI O0IBMHUX M OT aIpOHHBIX JIUBHEH.

CrnemoBaTenbHO, MOXHO 3aKJIIOYNTH, YTO BKJIAJ JIOKAJbHBIX JIMBHEH B COOBITHUS MHOXECTBEHHOCTH
CymiecTBEHHBIH. JT0 TpebyeT mampHeimero m3ydenus. [loka manaeix HM B Xymyrae HemocTaTOYHO, YTOOBI
MPOJIIHUTE CIIeKTp XOTs Ob1 1o M = 100 u HalTH pacmpeneNcHHe HHTEPBAIOB BHYTPH COOBITHI MHOKECTBEHHOCTH.
Tornma MoxHO OyJeT y3HaTh XapaKTEPUCTHIECKHE BPEMEHA paclpeieIeHIH U CPaBHUTH MX C TAKHMH )K€ Ha APYTHX
CTaHIIHSX.

4. 3akaro4enue

Ha cranmun HM Hpkyctk-3 (Boctounsie Casabl, r. Xymnyraid, 3000 M) 3amymnieHa B paboTy JONOJHUTENbHAS
ceKuusi HelTpoHHOro MoHuTOpa 6-HM-64, ocHaleHHas: CKOPOCTHOM cucTeMol peructpanuu. O0paboTka TaHHBIX
MOKa3aJla CyIIECTBEHHO OTJIMYNE COOBITHI MHOXXECTBEHHOCTH Ha 3ToM HM ot uetbipex npyrux HM, Ha KOTOpBIX
TaKKe BENETCS PErucTpanust COOBITHI MHOXKECTBEHHOCTH. [IpemioxeHa rumoresa, OOBSICHSIOMAS 3TO OTIMYHME.
CoOBITHS MHOXXECTBEHHOCTH INPOM3BOAT aJIpOHHBIC JIMBHY, npuxomsimue Ha HM. B cumry MecTHBIX yciioBuii Ha
Xyiyrae cocTaB aJipOHHBIX JIMBHEI MHOM, B HEM MaJia JJOJIs JIOKaJIbHBIX apOHHbIX JIMBHEH.
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CTATUCTHYECKOE UCCJIEJOBAHUE CBA3U KBM C
COJIHEYHBIMH BCITBIIIKAMUA

H.A. Bapxaros!, B.I'. Bopo6bes?, E.A. Peynosa', U.C. Vunanosa'

' Husicecopoockuii 2ocyoapcmeennviii nedazozuyeckuii ynusepcumem um. K. Mununa

’

‘@I'BHY “Ionapuuiii ceopusuueckuii uncmumym”, 2. Anamumo

AHHOTauMsl. B wccnenoBannyd Ha OCHOBE aHAIM3a CTATHCTHYECKOM CBSA3M KOPOHAIBHBIX BBIOPOCOB MACCHI C
COJTHCYHBIMHU BCIIBIIIKAMU YCTAHABIUBACTCSA MOCJIEIOBATEIBHOCTh ATUX COObITHH. OmpeneneHsl BpPESMCHHBIC
3aJICPKKU B TMOSIBICHHH KOPOHAIBHBIX BBIOPOCOB MACChl OTHOCHUTEIBHO ACCOLMHUPOBAHHOTO C HUM BCIIBIIICYHOTO
MIPOSIBIICHUSI COJMHEYHON akTUBHOCTU. OOHAPYKEHO, YTO MPHUOPUTETHBIMH SIBJISIOTCS CUTYallMH, KOTJIa BCIIBIIIKH
OTIepekKAr0T KOPOHAJLHBIE BEIOPOCH HA HECKOJIBKO YacOB.

Beenenue
PaboTa mocBsmeHa CTaTUCTHYECKOMY HCCIIeoBaHMIO cBsi3i KBM co BembImedHo comHeyHOH akTHBHOCTEI0. KBM
W 9acTO COIPOBOXKJAIOIINE MX BCIIBIIIKH, SBIISIOTCS CAMBIMU BBICOKOHEPTETHUECKHIMHU COJIHEUHBIMHU SIBICHHUSMH.
CymectByer MHeHHE, uTo KBM MoryT onepexats BCObllKU [1]. OqHaKO KOHKPETHBIE CLIEHAPUU 3TUX MPOLIECCOB
JI0 KOHIIa He BbISICHEHBI, X0Ts 10 40% KBM conpoBosxaanuck Benbimkamu u 90% Benblek Obutn cBsizansl ¢ KBM
[2]. BaxxHOCTh TaKOro HCCICIOBaHMS OOYCIOBICHa HEOOXOAMMOCTHIO Pa3pabOTKH HOBBIX MPOTHOCTUYCCKHUX
HHCTPYMEHTOB, YUMTHIBAIOIIMX COJHEYHYIO BCHBIIICYHYI0 AaKTHBHOCTh JUISI IpeACKa3aHHs TI'E€OMarHUTHBIX
Bo3MyIleHui. [Ipu 3TOM, 0co0Oro BHHMaHHMs 3aciIyKUBaeT Takoil BuI Hauboiee reodddextuBHbIx KBM, Kkak
MarHutHoe oOmako (MO). YeaunenHoe MO sBiseTcs JOCTAaTOYHO PEIKUM SIBJICHHEM M BBHJY CIOXKHOCTH
0oOHapyXeHHsI ero MCTOYHMKA JIOJITOCPOYHBIA MPOrHO3 ero reodddexkTHBHOCTH CUIBHO 3aTpyiHeH. KoHKpeTHbIe
creHapuu rociiefoBareabHOCTH coObiTHit KBM m Bemblmek n0 koHma He BeiicHeHBI. CormacHo [3-5] mo 40%
n3ydeHHBIX KBM compoBoknanuce BCObIKaMud U 10 90% BCHBINIEK, TEM WM HHBEIM 00pa3oM, OBUIH CBSI3aHEI C
KBM. 310 03Ha4aeT, 4To UMEIOT MecTo coObITHs KBM, KOoTOpEIe BOOOIIIE HE CBA3aHBI CO BCHbIKamMu. Kpome Toro,
cymectByer MHeHue, yto KBM Moryr u onepexars Bcobllikd [6]. B cBA3M ¢ Takoil HeonpeaeneHHOCTHIO
MIPE/ICTABISIET MHTEPEC TOTOIHUTENIHLHO HCCIIEI0BATh IPUYHHHO-CIIEICTBEHHYIO CBSI3b PACCMAaTPUBAEMBIX COOBITHH.
Ilenpl0 HACTOAIIETO MCCIEOBAHUS SBISIETCS ONPEAEIMTh CTaTHCTHUECKylo CBsizb KBM ¢ comHedHBIMH
BCITBIIIIKAMH, YCTAaHOBUTH MOCIIEAOBATEILHOCTD 3TUX COOBITHI M OTIPEAETNTh BPeMs 3aJePKKH MEXKAY COMHEYHBIMU
Benbikamu 1 KBM B mporiecce pa3BUTHS COTHEYHOM aKTUBHOCTH.

AHanu3upyeMble JaHHbIE U MPUMEHSEMbIH aJropuT™M

[Mowuck cratucTryeckoit cBsizu coobITHii KBM ¢ MpOsSBICHUSME COTHEUHOW BCIBIIICYHOH aKTHBHOCTHU BBHITIOJIHEH IO
JTaHHBIM o01me10CcTyITHOTO 0OHOBIIIEMOTO KaTajora:
http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm. Tloxg cobsitnem KBM B kaTanore moHHMaeTcs
HETIOCPEIICTBEHHO caM BBIOpocC, T.e. coObTHe BONM3M CouHIlA, 3aperucTpupoBaHHOe KopoHorpadom LASCO
(https://www.swpc.noaa.gov/products/lasco-coronagraph). CBeneHus 0 CONHEYHBIX BcmbImKax ciaboit (B, C),
YMEPEHHOU ™) u 9KCTPEMAIIbHOM X) MHTCHCUBHOCTH, ObUTH B3SIThl u3 KaTajaoroB
http://umtof-umd.edu/sem/sem_figs.html n http://vso.nso.edu/cgi/catalogui. B 3ToM ciydae BO3MOXXHBI BPEMCHHOM
HHTEpBaI MeXay coosiTieM KBM n accormmupoBaHHOH BCTBIIKOI H3MeEpseTCs yacaMu. B mcmons3yeMoM Karaiore
MIPUBEJICHBI COOBITHS MarHUTHBIX obmakoB (MO), 3apeructpupoBaHHble Ha Kocmudeckom ammapare (KA) ACE
(http://www.srl.caltech.edu/ACE/) B6mw3n 3emiu. B 3ToM ciydae BpeMeHHas 3aJlepyKKa MEXIY TaKUM COOBITHEM
MO u acconMMpOBaHHON BCIBIIIKONH M3MEPSETCs CYyTKaMH, IMOCKOJIBKY CYILECTBEHHO Bpems nepeHoca KBM na
1AU.

Jns mccnenoBanust ObuM O0TOOpaHbl Bee citydan peructpaiun KBM, tpancdopmupoBaBiimecs B MarHUTHBIE
obGunaxka 3a nepuox ¢ 1996 mo 2012 rr. U3 stux cnysaes KBM-MO anst nccnenoBanust ObUTH OCTaBIICHBI T€, KOTOPbIE
PETHCTPUPOBAINCH, Ha MHTEpBajlax +2 CYTOK OT aCCOIMUPOBAHHBIX COJHEYHBIX Bemblmiek ciaboit (B, C),
ymepenHoit (M) u skcTpeManbHo# (X) MHTEHCHBHOCTH.

MarnutHbIe 06J1aKa OBIITH MapKHUPOBAHBI HA «HEYBEPEHHO OINPEACNIEHHBIE» - THII | U «HAJEKHO ONpe/IeeHHBIe) -
tun 2. O6pabotke moaBeprHyTH 116 coOprtuit MO, KOTOpBIE OBLIM COTOCTABICHBI 79 BCIBIIIKAM PAa3IHIHON
naTeHCUBHOCTH. Cpemm »tux 116 coOwitmii psg MO (21 coOwiTHe) MOATBEPKACHO HAMH C IOMOIIBIO
paspabortanHoro B [1] anroputma norcka MO B OTOKE JaHHBIX O TapaMeTpax COJHEYHOro Berpa. Kak moka3zama
IpakThKa paboTel c Kartajmoramu, coObrTmii KBM Bcerma oxaseiBaeTcsi MeHbIIE, dYeM coObitmid MO,
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Cmamucmuueckoe uccreoosanue cesizu KBM ¢ conneunvimu ecnviuukamu

peructpupyemsrx Ha crytHuKe ACE, mockonbky He Bce coObiTist KBM ObUn 3aperncTpupoBaHbl KOpoHOTpadoM
LASCO na cnyrauke SOHO BcnencTBre cO0EB HITH IPOITYCKOB.

Craructuueckas cBsizsb KBM (52 cobeitus KBM  tpanchopmupoBannbix B MO) u MO (79 coObituii B
OKpPECTHOCTH 3eMJIM) C COJIHEYHBIMU BCIIBIIIKaMH yCTaHABJIMBAJIACh ITyTEM aHalli3a COOTBETCTBYIOIIMX JIAHHBIX.
Ipu 3TOM 17151 Kax10H BBHIOOPKHM HMPUMEHSUTUCH MpaBuia oToopa coObiThii oTHOCHTENbHO THIa MO: 1) cBA3b Bcex
tunoB MO co BceMH THUIaMH BCIIBIILEK; 2) cBs3b BeeX THIIOB MO ¢ akcTpeMalibHBIMU X -BCITBIIIKaMK; 3) cBsizb MO
Tuna 2 (HagexHo ompeneneHHsIx MO) co BceMu THUNamMu Bemblek; 4) ¢Ba3b MO Tuma 2 ¢ SKCTpeMalbHBIMU X -
BCTIBIIIKAMH.

s BeIOopok ¢ manHsIME 0 KBM ¢ukcupoBanock Bpemst (B dacax) peructpanuu KBM OTHOCHTENIHHO BCITBIIIKH.
PesynbraTer 00paboTku OpuH pasgenensl Ha 4 kareropuu: 1) KBM nabmonancs Ha koporHorpadhe LASCO panbme
BCIIBIIIKY (OTpHULATEeNbHAsA 3ajepxka); 2) KBM nHabmomancs Ha xopoHorpade cimycts 0-5 9acoB TOCiIe BCIBIIIKH;
3) KBM nabmogancs Ha KopoHorpade cimycts 5-10 gacoB mocne Benbiuky; 4) KBM Habmronancs Ha KopoHOTpade
cycts 6osnee 10 9acoB mocie BCITBIIIKH.

s BeIOOpOK ¢ maHHBIME 0 MO 3aperucTpupoBaHHBIMH B OKPECTHOCTH 3eMITN (PUKCHUPOBATIOCH BpeMs (B CYyTKax)
peructpanun MO OTHOCHUTENBHO BCHBILKH. Pe3ynbpraThl 00paboTKM pasiensuiick Ha S5 kareropuit: 1) MO
HaOJII0aJI0Ch CIYCTS MEHEe CYTOK II0CJI€ BCIBIIIKHM, YTO O3HAayaeT NosBieHHe cooTBeTcTBytomero KBM panblie
Benbimky; 2) MO Habmoaanocs Ha natpyiasHoM KA ACE crycers 1-2 cyrok nocie Benbluky; 3) MO HaOmonanoch
Ha narpynsHoM KA cnycts 2-3 cyrok nocne Benbiniky; 4) MO HaGmoaanock Ha narpynsHoM KA ciycrs 3-4 cytok
nociie Benblky; 5) MO Habmronanock Ha natpyibHoM KA crycrtst Gosnee 4 cyrok mocne Benbiiky. [lomydeHHble
CTaTHCTHYECKHE PE3yNbTaThl AEMOHCTPHPYIOTCS Ha Tpadukax (puc. 1, 2), KOTOpbIC IOKa3bIBAIOT THCTOIPaMMy
gucna npomsomrenmux coobrtnit KBM mmm MO B 3aBHCHMOCTH OT BPEMEHH MEXKIY COJHEYHOW BCITBIIITKOW
(3ameprxku MEeKIy BCHBIIKOI 1 peructpanueit KBM (dacs1)/MO (CyTkn)) 1 paccMaTpUBaeMbIM COOBITHEM.

Anann3 csa3u Benbiek ¢ KBM, 3apeructpupoBannsiMu koponorpagpom LASCO

IlepBasg 9acTh CTaTHCTHUECKOTO MCCIEIOBAaHUS AaeT pe3ynbTaThl cBi3n KBM co BemblieyHON COTHEYHOMH

aKTHBHOCTHIO. [loJydeHHbIE TMCTOrpaMMBl OTpPa)KalOT 3aBUCHMOCTH YHUCIIA HMCCIEIYyEeMBIX COOBITHH OT BpEMEHH

3a/IepKKU MEXAy BeIbIKkoi u peructparueit KBM (puc. 1). Pesympratamy 3TOH 4YacTH CTaTHCTHYECKOIO

HCCIICIOBAaHUA MOJXKHO CYHTaTh CIEAYIOIIHE 3aKOHOMEpHOCTH NosBiIeHHs KBM OTHOCHTENBHO CONHEYHBIX

Benbimek. KBM MoryT HaOroaThesl Kak paHblile, TaK U IM03/IHEE BCIIBILIKH, OHAKO:

1) MakcumanbHoe uucio coosituit KBM oTBedaeT 1mMosioXUTEIHOMY BPEMEHHOMY HHTEpPBAITy, YTO COOTBETCTBYET
CUTyallnH, Korja Bemblmka omepeskara KBM nHa 0-5 gwacoB. CoObITHs ¢ mpemmecTByrommM Benblmke KBM
KpaiiHe peJKu;

2) Cobsrtust KBM otBeuaromue MO Trma 1 (HeyBepeHHO omnpeieeHHbIe 00Jlaka) OTCTAIOT OT BCIBIIIKK HAa BpeMs
TIOpsIJIKa Yaca;

3) Cob6sits KBM otBeuaromue MO Tumna 2 (HagéxHO OmpesesieHHbIe 00Jlaka) OTCTAI0T OT BCIBIIIKK Ha BpeMs
6osee 2 4acoB;

4) Cawmsle Gousbinue 3anepxkku B nosiieHnd KBM B 10 u Oojiee 4acoB MMEIOT MECTO B CIIyyae IKCTPEMAaIbHBIX
BCITBINIEK Kitacca X, mpu 3ToM Habmogaembie KBM Bceraa tpanchopmupyrores B Hagexxasie MO Tuma 2.

40 T

I~
i)

KOMW4ecTBO CoBbiTHiA
Y
5]

o

3a/lePXKKa Me/y BCMbIWKOKA 1 perucTpaumeit KopoHaabHoro ebibpoca macchb!

Pucynoxk 1. ['ncrorpamma uncia 3amedeHHbIX coObiTiii KBM, TpaHc(hopMHUpOBaHHBIX BO BCE THUIIBI
MO, oT BpeMeHU 3aiep>KKU MEKAY BCIBIIIKaMU BCEX TUMOB U peructpanueit KBM.

66



H.A. Bapxamos u op.

Cas3b Benbiliek ¢ MO, 3aperucTpupoBaHHBIMH BOJIH3H 3eMJIH

Bropas 4acTh CTAaTHCTUYECKOTO MCCIEIOBAaHUs HaIpaBlieHa Ha u3yudeHue cBsi3n MO, 3aperucTpupoBaHHBIX B

OKPECTHOCTH 3eMJIM, CO BCIIBIIIEYHOH COJHEYHOW aKTUBHOCTHIO. [HMCTOrpaMmbl Ha pHUC. 2 JEMOHCTPHPYIOT

KOJIMYECTBO UCCIIEYyEeMbIX COOBITHII B 3aBUCMOCTH OT BPEMEHH 33IeP’KKU MEX/y BCIBIIIKON U peructparmeii MO

B OKPECTHOCTSIX 3eMJIH. YCTaHOBIEHO, 4TO mosiBieHne KBM OTHOCHTENIBHO acCOLMMPOBAHHBIX BCHBILEK (IO

JTaHHBIM KaTajora) JEXHUT BO BpPEMEHHOM HHTepBaie A0 15 wacoB. C yderom BpeMeHu nepeHoca KBM B

OKpecTHOCTh 3emin, HabmopeHne MO Bceraa IPOMCXOAWT IO3JHEE BCIBIIKU. Pe3ympTaraMm 3TOH YacTH

CTaTUCTUYECKOTO HCCIECIOBAaHMA SIBIIIOTCS CIEAYIOIIHME 3aKOHOMEpHOCTH mnosiBieHHI MO OTHOCHTEIBHO

COJTHEYHBIX BCTIBIIICK:

1) MakcumanbHOe yrcio coobrTrii MO oTBedaeT 3-X CyTOUHOM 3a7iepiKKe 10 OTHOIICHHIO K BCITBIIIKE;

2) OxcTpemanbHBIE BCIBIIICYHBIE COOBITHS OTBETCTBEHHBI 3a OoJyiee paHHee (cmycTsi 2-3 1HS) MOSBICHHE B
okpecTHOCTAX 3emiin MO, onepexaroyx ClIOKOWHBINA COTHEUHBIH BeTep;

3) 3anepxkka peructpaumun MO Ha BpeMms MeHee CyTOK IIocie BembllikM oTBedaeT KBM  omepexaromum
aCCOLMMPOBAHHYIO BCHBILKY. Takue coObITHS peiKy.
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KONMYecTBo CoBbLITHIA

33/,8PXKKa MEX /Y BCTIBIWKOI W PErMcTpaumMei marHnTHoro obnaka

Pucynoxk 2. 'ncrorpamma grcia 3aMedeHHBIX coObITHII MO BCEX THIIOB, OT BPEMECHH 3aJICPIKKHI
MEXAY BCIBILIKaMHU BCEX TUIOB U peructpaunueit MO.

Pacuet Bpemenu nepesoca KBM ot CosiHua 10 rpaHui MaruuTocgepbl

Pe3ynpTaThl BHIIOIHEHHOTO BHIIIE CTATHCTHYECKOTO MCCIIEIOBAHMS HOCST B LIEJIOM JIEMOHCTPAIlMOHHBIM XapakTep,
YTO BO3MOXHO SIBISETCS CIIEACTBHEM KaueCTBEHHBIX BBIBOJOB, IPEACTaBICHHBIX B KaTajore. [loatomy Hamun
TIPEATIPUHSTO JOIOJHUTEIFHOE HCCIEOBAaHUE, HampaBieHHoe Ha yrouHeHue cBsisu MO c koHkpetHeIM KBM
ACCOIIMMPOBAHHBIM  CO  BCUBIMKOH. JIIsT 3TOTO  BBHIMOJHEH pacdeT BPEMEHHM T[EpeHOca  BU3YalbHO
3apeructpupoBanHoro Beiopoca Tua KBM ot Coxaia 10 matpynbsHOro kocmuueckoro anmapara ACE mo ¢popmyie
(1) cormacuo pabore [7]:

—U+,/U2+2 d
At = I a (1)
a JU? +2ad,

rae U — HavaJpHAs CKOPOCTh BEIOpOoca 1Mo naHHbIM KopoHorpada LASCO (Attps://cdaw.gsfc.nasa.gov/CME list/), a
— yckopenne KBM, d| — nucrannums, Ha KoTopoii m3mensiercss ckopoctb KBB (0,75 a.e.), d» — ocratok myTH (0,25
a.e.). Jna OpicTprIXx W MemneHHBIX coObitnii KBM, muctanium di u d» HOMKHBI BapbuUpoBaThes. Kak mokasana
MIpaKTHKa MpuMeHeHus Gopmyisl (1), m3MeHeHue d; A paccMaTpuBaeMbIx coObTuii B mpenenax 0,70-0,76 a.e. He
MIPUBOJNT K 3aMETHBIM H3MEHEHHUSAM pe3yNIbTaTa.

Beimre, 66110 MOKa3aHO, KaK CTATHCTHYECKH PACHPEACIISIOTCS BPEMEHA 3aIePKKH MEKIY BCIBIIIKOH 1 MOMEHTOM
peructparmn KBM mo namHeiM Katanora http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm. B
9TOM paszJielie HCCIIE0BAaHuUS Ty XKe 3a/IePKKy WM onepekeHrue MoMmenTa BusyanbHoi (LASCO) perucrpannun KBM
OTHOCHTEIIFHO BCHBIIIKK MBI TIOJIy9MM Ha OCHOBE pacdera BpeMmeHH nepeHoca KBM 1o maTpyiapHOTO CITyTHHKA
ACE. Jlns 5TOro BBIUMCISIETCS pa3sHMIA MEXIY pacdeTHBIM BpeMeHeM mepeHoca 1o ¢opmyne (1) n BpeMeHeM
peructpanun KBM npuBeneHHbsIM B KaTanore. Pe3ynmpTar 3Toil omepaunuu HpeACTaBIeH HAa PUC. 3, HA KOTOPOM
TIOCJIE/I0BATENILHOCTE HOMEPOB aHAJIM3UPYEMBIX COOBITHI BIIOJIb OCcH aOCIHMCC BBICTPOCHA TAKUM 00pa3oM, YTOOBI
HMeEIl MECTO POCT BPEMEHHOTO MHTEPBaJIa B Yacax MEXJy BCIBIIIKON U nosiBieHneM KBM.

OuenuBas rpaduk Ha puc. 3 MOXHO YTBepkaaTh, 4To (opmyna (1) pacuera BpeMeHH nepeHoca [7] BU3yaJIbHO
3apeructpupoBaHHoro BbiOpoca Turma KBM ot Connnma no marpymsHoro KA ACE nomyckaer 3aMeTHYRO
BapHAaTUBHOCTh B ONPEAEIICHHH MOMEHTOB PErMCTpPAIlMH BCHBIIIEK. TeM He MeHee, MeIUaHa 3aJepXKKH (mooras
JUHASA) JEMOHCTPHUPYET OOLIMI TPEeH[ C BapHaIMsIMH BPEMEHH 3aJ€P>KKH/OTMEPEeKEHHUs] BCIBIIIKH MO KaTaJory H
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Cmamucmuueckoe uccreoosanue cesizu KBM ¢ conneunvimu ecnviuukamu

KO3 UITUEHT KOPPETAIMH JUIA dTHX KpUBBIX (JloMaHas u mojoras) gocturaer 0,56. BeraucieHnHas 31ech MeanaHa
MPEACTAaBISIET CO00H MeauMaHHOE 3HAaUeHHWE IBYMEPHOTO MACCHBa JAaHHBIX, MOJIYYEHHOE C YyYETOM COPTHUPOBKH
u3MepeHuil M KonmuuyectBa OTcyeToB. COrNIaCHO IIOJMYYEHHBIM pe3yibTaTaM, pacueTHas (opMyia IOMyCcKaeT
nosieiieHne KBM panbIie acconMupoBaHHO# BCTBINIKK 11 19 ciydaeB u3 52 pacCMOTPEHHBIX, B TO BpeMsl Kak 110
JAHHBIM KaTajJora TakKUX COOBITHH OBUIO TOJNBKO 4. DTO CBHIETENBCTBYET O TOM, 4TO (OpMyiIa HETOYHA IS
MpOaHATM3UPOBAHHBIX cllydaeB nosBiaeHuit KBM.

3aMeTHM, 4TO aBTOPHI CTaTbM [7] TakKe MOMYCKalOT, YTO B MX MOJENIHM pacyera BpeMeHH mnepeHoca KBM ot
Comnna 1o 3emun Oosee dyem B 70% ciiyuaeB BO3MOXKHA MOTrpemHOCTs B +15 wacos. Ilpu ananuze
MOCJIEI0BATENIFHOCTEH, aHAJOTWYHBIX PHC. 3, I OmpenencHus cBs3u Bcex THIOB MO ¢ 3KCTpeMasbHBIMH X-
BCTIBIIIKaMH H CBs3M MO Hafe)XHOTO THMNA 2 C 3KCTPEMAaIbHBIMU X-BCHBIIIKAMH YCTAHOBJICHO, YTO KOPPEJIALINS
MEKAYy METOJaMU MMEET MECTO TOJBKO Ui MarHUTHBIX OOJAKOB, BOSHUKAIOIINX BCJIEHA 32 HKCTPEMAIbHBIMU X-
BCOBIIKAMHA. TakuM 00pa3oM, BBITIONHEHHBIN 3/1eCh CpPaBHHUTEIBHBIA aHATN3 METOMOB OIpEICIeHUS BPEMEH
3aJep>KKN/ONepEKeHNST BCIBIMKH 1ocie/no KBM mokasan, 9To B HEKOTOPBIX CIIydasx METOABI MOTYT JOMOIHSATH

ApYT ApyTa.
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Pucynok 3. JleMoHcTpamms 3aJep>KK1 WIN ONepekeHuss MoMeHTa peructpannn KBM otHocuTensHO
BCTIBIIIKY KaK pa3HMIBI MEXIy pacdeTHBIM BPEMEHEM IepeHoca U BpeMeHeM peructparun KBM mo
KaTtajory. JlomaHass JMHHS OTBEYAaeT BPEMEHM 3aICP>KKN/ONEPEKCHMS BCTBIIIKK IO KaTajoTy,
TI0JIOTast JTMHUSA SIBIAETCS] MEMAHONW BBIYUCIICHHOM 3a/1epKKU.

3akiI0ueHne ¥ BHIBOJBI

IIponemoHcTpupoBaHa craTHCTHYECKas cBsi3b KBM ¢ CONHEYHOW BCHBIIIEYHON aKTUBHOCTBHIO, KOTOPAs MO3BOJISACT
JIeNaTh BBIBOABI O BEPOSITHOCTH COMPOBOXKIeHHs Bembimiek KBM. CormacHO JaHHBIM KaTajora, MPHUOPUTETHBIMH
SBIISTIOTCSL  CHUTYyalldH, KOTJa BCIBIKAa HAONMOmanach Ha Heckoidbko dYacoB paHee KBM. CoOwrtms KBM,
MPEIIECTBYIOMINE BCIBIIKE penkd. HamOonpmme 3amepkkn B 10 m Oonee wacoB HaOmomatorcs it KBM,
CIIEIYIONINX 3a AKCTPEMalbHBIMU X-BCHBIKaMU. BosHukaromme npu 3toM KBM Beerna tpanchopMupyroTcs B
MO. B pesynbpTare 3KCTpeMalbHBIC BCIBIIICYHBIC COOBITHS OTBETCTBEHHHI 3a MosBIeHHe MO, nepeMemarommuxcs
CO CKOPOCTSIMH BBIIIIE CKOPOCTEH CIIOKOITHOTO COTHEYHOTO BETpa M JOCTHTAIOIINX OKPECTHOCTh 3eMIIH CITycTs 2-3
JtHs1. BBITIOTHEH CpaBHUTEIIBHBIN aHAIN3 METOIOB OIPEICIICHUS BPEMEH 3aICPKKH/OMEPEKESHUS BCIBIIIKH MTOCTE/ 10
KBM mnocTpoeHHBIX Ha JaHHBIX KaTaJoOroB M C IIOMOIIBIO M3BECTHOH pacueTHON ¢(opmynsl mepenoca KBM B
MEXIUIAHETHOM MPOCTPAHCTBE. 3aMeTHAsi KOPPENSALUs MEXKIY pe3ysbTaTaMu, MOJYYCHHBIMH JIBYMSI METOJaMH,
MMEET MECTO TOJBKO JJii MarHUTHBIX OOJaKOB, BO3ZHUKAIOIIUX BCJEI 32 OKCTPEMAIbHBIMH X-BCIBIIIKAMU.
[Toka3aHo, 9TO B HEKOTOPBIX CIIy4asX METOABI MOTYT JOMONHATE APYT IPyTa.
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NPUMEHEHUE MAPAJJIEJIBHBIX BBIYUCJIEHUAN HA
I'PAOUYECKUX ITPOUNECCOPAX JIUIA MI'Il MOJAEJIMPOBAHUA
COJIHEYHOM BCHBIIIKH B PEAJTIbHOM MACIHITABE BPEMEHU

A.B. Bopucenko!, .M. Ioaropusiii?, A.W. Tloaropusiii!

'®UAH, 2. Mocksa, Poccust; e-mail: podgorny@lebedev.ru
HUHACAH, 2. Mockea, Poccus

AHHoOTauMsl. [IpOrHO3 CONHEYHBIX BCIBIMICK M TIOSBJICHHS CONHEYHBIX KocMudeckux sydeit (CKJI) smsiercs
Ba)XHOI HaydHO-TexHHUeckor 3amadeil. CKJI reHepupyroTcs BO BpeMs COJHEYHBIX BCITBIIIEK B pE3yNbTaTe
YCKOPEHHMSI 3apsDKEHHBIX YacTHUIl B TOKOBOM CJIO€ B COJIHEYHOM KOpoHe anekrpuueckum mosem Jlopenna E=VxB/c,
OHM MPEACTABIIIOT CEPhE3HYI PAIHALMOHHYIO OIIACHOCTh AN JIIOJeM M TeXHHUECKHX CHUCTeM B KOCMOCE.
MaruauroruapoauHamudeckoe monenupoBanue (MI'J]) Bembimedynbix mporieccoB Ha COJHIE MO3BOJSET HAWTH
TMOSIBJICHHE TOKOBBIX CIIOEB B COJIHEYHOI aTMocdepe - HCTOYHUKOB MarHUTHOM SHEPIuu Bembliiek. HaiineHubie npu
nomom MI'J] MomenupoBaHUS D3JIEKTPUUYECKUE M MAarHUTHBIE IOJI1 BOJM3M TOKOBOTO CJOS IO3BOJISIOT
MIPOMOJIETUPOBATh YCKOPEHHE 3apsDKEHHBIX yacTull. IIpuMensiemas paHee mocienoBaTeibHas BepCHs NMPOIPaMMBI
pemienus cuctembl MI'J] ypaBHeHMiI mo3BOJsUIa MoJyuuTh pemieHne MITJI ypaBHEHUH B KOpPOHE Haj pealbHOM
aKTHBHOW 00JacThIO, OJHAKO TAKOE DPEHICHHE B PEaTbHOM MacIuTade BPEMEHH 3aHSUI0 Obl HECKOJBKO JIET.
Pesynerater MI'/l MonenupoBaHus B peaJbHOM MacIuTabe BPEMEHH, MOJYYECHHBIE C MOMOINBIO MapajlIeibHBIX
BeruucieHnit Ha GPU - rpadmdaeckux mpomeccopax Nvidia Tesla mpu momomm CUDA TexHOJOTHH IOKa3aid
CYIIECTBEHHOE, HAa HECKOJIBKO MOPSIIKOB, YCKOPEHHE pacdeTa [0 CPABHEHUIO CO CTapoi MOCIeN0BaTeNbHON Bepcuei
nporpaMmsl pemreHus cucremsl MI'Jl ypasHenuil. Ilomyuennsie nepselie pe3yiabTatel GPU MI'J] MonenupoBaHus
BCIIBIIIEYHON CHUTyallMd B peasbHOM MacmTabe BpemMeHM Haa AO 10365 mokaszanu MOsIBIEHHE B HEKOTOPBIX
MaKCHMMyMax IUIOTHOCTH TOKa KOH(UI'ypalMu MarHUTHOTO MOJs X-TUIA U TEYCHUs TUIa3Mbl, KOTOPOE MPUBOIMUT K
00pa30BaHUIO TOKOBOT'O CJIOS.

BBenenue. O HeoOXONMMOCTH TPUMEHEHHS NAapPaIeJbHbIX BbluHcaeHuit gaa  MI-

MO/IeJINPOBAHHSA B COJTHEYHOH KOPOHE

MarHuToruipoIMHaMU4YECKOe MOJICIMPOBAHUE JUIS W3Yy4YEHHS MEXaHU3Ma COJHEYHBIX BCIIBIIIEK M MX IPOrHO3a

HE00X0IMMO, TIPEX/IE BCETO, 110 IBYM IIPUIHHAM:!

1. [TockonbKy HPSIMBIX U3MEPEHUI MArHUTHOTO IOJISI COJTHEYHOW KOPOHBI K HACTOSILIIEMY BPEMEHH MPAKTHYECKU HE
CylIecTByeT (He UMeeM BO3MOXKHOCTH OIpE/IeIeHUs] KOH(PUTYpallii MAarHUTHOTO TOJIST), & MIEPBUYHOE BbIJICJICHUE
SHEPTUH COJIHEYHBIX BCIIBIIIEK IIPOUCXOANT B KOPOHE HaJ aKTUBHOU obsacTeio (AO) [1].

2. Heo6xommuMo M3y4aTh CIOKHBIE MPOIECCH! B COJHEYHOH KOPOHE, O KOTOPBIX CBUAETEIBCTBYIOT HAOIIOICHUS
TaKuX 00pa3oBaHUii, KAK CHTMOMIHBIE CTPYKTYPHI.
31eck Helb3sl He YUUTHIBATh, IPEKAE BCETO, TEUEHHE TOKOB B Iu1a3Me. Kak cunTaroT aBTOpHI, IPIMEHEHHE TaKOTO

CJIO’KHOTO M TPYZOEMKOTro MeTona, kak MI'/l MoxennpoBaHne onpaBabiBacT ceOs, MOCKOJIbKY MO3BOJISET MOIYINTh

Gosiee IOCTOBEPHYIO (DPM3UUECKYIO MOJICNIb KOPOHBI CO BCHBIIIKAMH HaJl aKTUBHOH 0O0NAcThiO, B YaCTHOCTH B

CPaBHEHHHM C OSKCTPANOJIAMOHHBIMH METOJaMn OECCHJIOBOTO TpPHOMIKEHNS MarHuTHoro mous. JlaHHble

HaOMIOIEHUH “TOBOPAT” 0 JOCTOBEPHOCTH momydaembix MI'J] mozaeneil.

Bcenbliikn  BO3HUKAIOT B pe3yJIbTaTe BBIACICHHS MArHUTHOW JHEPIWH, HAKOIUICHHOW B TI0JIE TOKOBOI'O CIIOS,
KOTOPBI (OPMUPYETCS B OKPECTHOCTH OCOOOW NWHUM MarHutHoro mojiss X-tuma [2]. [ns HaligeHHOTO B
pesynbrate MI'JI-MoaenupoBaHusi MATHUTHOTO TIOJST B CIOKHOH KoH(Urypanuu Hag AQO MOJ0XeHHE TOKOBOTO
CJIOSI MOYKHO OIIPEIETUTH C TOMOIIBIO CTIIEHANIBbHO Pa3padoTaHHON cuCTeMBI rpadudeckoro moucka [3, 4]. Cucrema
IIONCKAa OCHOBAaHA Ha OMNpPEACNCHUH IOJOXKEHUH JIOKAIBHBIX MAaKCHMYMOB IUIOTHOCTH TOKa, B KOTOPBIX
aHaJIM3MpyeTCcsl KOH(UIypalys MarHUTHOTO TOJIsl M TMoToka mia3Mel. Ha oOeraHoM xommbrotepe (Intel (R) Core
(TM) 17 CPU 920 @ 2.67GHz) panee nposenennoe MI'JI-MozenrpoBaHne MO3BOJBUIO MOJIYYUTh MOJIENb TOJBKO B
cokparieHHoM Macmitabe Bpemenu (B 10 pas Gbictpee nsmenenue (orocdepHoro maruutaoro mosns). Ho uz-3a
NOSIBJIGHUsST HECTaOWIBLHOCTH Ha rpaHuie (orocdepsl, BHI3BBAHHOW HEECTECTBEHHO OBICTPHIM H3MEHEHHEM
MarHUTHOTO T10JISI, OSIBISUIOCH OOJIBIIOE KOJIMYECTBO (PMKTUBHBIX MHKOB INIOTHOCTH TOKA, MAaCKHPYIOIINX TOKOBBIE
CIIOM, YTO 3aTPYAHSUIO HCIIOJIB30BAaHME CHCTEMBI Trpaduueckoro moucka. YroObl u30eXaTh IOSBIECHUS
HEyCcTOHUMBOCTEN Ha GoTOCHEpHOI TpaHuIle, OOIBIIOTO KOJTHIECTBA MAKCUMYMOB IIJIOTHOCTH TOKA, MACKUPYIOITUX
TOKOBBIE CJIOH, a TaKXe YCTAaHOBUTH DSBOJIIOLUIO IPOIIECCOB BO BPEMEHH, NOTpedoBanocs mpoectu MI'/I-
MOJICIUPOBAaHNE B pPEANTbHOM BPEMEHH C HCIOJIh30BaHHEM CIENHAIbHO pPa3pabOTaHHON KOHEYHO-pPa3HOCTHOM
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CXEMBI C BPEMEHHBIM INaroM He mpeBbimaromeM 4x107 cyTok B OCHOBHOM 4acTW pacdyeTHOrO MHTepBana. B
MOCJIeIOBATEIEHOM KO/Ie Ha OOBIYHOM KOMITbIOTepe Mt mpoBeaeHuss MI'Jl pacueToB moTpeboBanock OBl 8 JeT.
CraHOBHTCSI HEOOXOAMMBIM HCHOJIB30BaHME KAaK MHUHHMYM ‘JIOMAIIHEr0 CYHEPKOMIIbIoTepa” ¢ MHOXKECTBOM
BBIYHMCIIUTEIBHBIX MMOTOKOB JJIsl pacnapauleIMBaHusl YUCICHHOTO PEIIeHUS! HCIOIb3YeMOH KOHEYHO-Pa3HOCTHOM
cxemsl [5, 6, 1].

Bpi0op BHIYUCAMTENBHOT0 000PY/IOBAHMS M NMPOrpaMMHOr0 o0ecreYyeHUs] U HUCHOJIb30BAHHE HX
BO3MOKHOCTEH [JJIs1 ONITUMM3ALMHU PacapaslieJIMBAaHUs BbIYUCIeHUI

J1s ICHoNb30BaHUs TAPAIIIETBHBIX BEYMCICHUH OBLTH ITOJ0O0paHBI B X0JI€ MHOTOYNCICHHBIX TECTOB ONTHMAJIbHBIE
napaMeTpbl KOHEUHO-Pa3HOCTHOM CXeMBI U MPOBEAEH Pl ONTUMHU3ALMN aIroOpuTMa NapaieIbHBIX BBIUUCICHUH, B
MEPBYIO OYepEeIb CBA3aHHBIX C 0OMEHOM 3a/IaHHBIMH B PACUETHOM 00JIaCTH 3HAYSHUSIMU MEXLy OCHOBHOHU IaMSAThHIO
KOMITBIOTEpa M MaMATHIO Ipadudeckoro yckopurens [1].

[TapannenbHble BBIYMCICHUS TIPOBOIMIKMCE ¢ Mcnoab3oBanueM TexHonorun CUDA Ha rpaduuecKux yCKOpUTEISX
Nvidia GPU, BblUHCIHMTENBHBIE MOTOKH KOTOPBIX BBINOJHSIIOT IMapajuleNbHble BhIYMCIeHMs. s pacdera MBI
BeiOMpamn GPU ¢ BBICOKOH CKOPOCTBIO BBIYMCICHHH JUIS Ka)XJOro IIOTOKAa. YCTAHOBJIEHHOE IPOTrpaMMHOE
obecrieueHne MPEeAOCTaBIIIO JIOMOTHUTEIbHBIE BO3MOXKHOCTH I ONTHMH3ALINH aJTOPUTMa pacHapauleTUBaHuUs.
Jus  pacmapaiuienMBaHUS BBIYHCICHHH ucmoib3oBaics coBpemeHHBIH GPU Tesla V100, xax nHambomee
MIPOU3BOJUTENBHBIN AJI1 BHIYMCIECHUN ¢ JBOMHON TOYHOCTHIO. Mcnonp30BaHue coBpeMeHHOTro si3bika Fortran PGI
(Portland Group - Fortran, co3maHHOro cnenuanbHO U paclapajUIeIMBaHUS C HCHOJIb30BaHUEM TIpaUIECKUX
MPOLIECCOPOB I YCKOPHUTENICH M BHAEOKApT) IO3BOJIMIIO MPOBOAWTH MApAUICIbHBIC BBIYMCICHHS B TOYKAX
MPOCTPAHCTBEHHOW CETKH B IOCIIEIOBATENILHO BHIOPAHHBIX TPEXMEPHBIX OJI0KaX MOTOKOB. /I pacueTa rpaHUYHBIX
YCIOBUH B IJIOCKOCTSAX, OIPaHHMYMBAIOIIHMX PACUETHYIO 00JaCTh, MCIOJIB30BAINUCH JIBYMEPHBIC OJIOKH ITOTOKOB.
IIpumep MOKpPHITHA JBYXMEPHOW CETKHM ABYXMEpHBIMHM OJOKaMH IOTOKOB moka3aH Ha (Puc. 1), mokpsiTue
TPEXMEPHOH CETKH TPEXMEPHBIMU OJIOKaMHU aHaJIOTMYHO.

BLOCK OF
GRID POINTS

Pucynox 1. IlokppITHE OBYXMEpHOH CETKH IBYMEPHBIMH OJOKaMH TOYEK, KaKAas M3 KOTOPBIX
COOTBETCTBYET BRIYHCINTENbHOMY TOTOKY GPU.

MoxHo TpyOO mpencTaBuTh pacmapauienuBanue Ha GPU, B 4eM-TO aHAJOTHYHO NPUMEHEHHIO THPEKTUB
OpenMP Ha nporieccope (CPU), koraa KaxkIblid MOTOK rpaguuecKoro mpoIeccopa BRIMOIHIET BEIYUCISHHS B CBOCH
cobctBenHO momobmactu mamsaty (Puc. 2). C mpucymmMu Hemoctatkamu Tex ke OpenMP m mp. TexHonorumit
pacnapasuieIMBaHusl BBIYUCICHUN (CIMUIIKOM MHOTO MOTOKOB MOTYT NPUBOAMTH JIaXKe K 3aMEIJIEHUIO PacueToB,
MOCKOJIEKY TIOTOKaM CTAHOBHTCS “TECHO”, BPEMEHA OXHIAHHS I MOTOKOB HAYMHAIOT IPEBBINIATH COOCTBEHHO
BpeMsl BBIYHCIICHHS JUIS KaXKIO0ro MoToka). KoHeYHO riraBHEIM 00pa3oM H3-3a HpoOieM HarpeBa, MoTpeOisieMoi
momHocT GPU, wacroter GPU Bcerma Hmxke yactor CPU, oOMeHa NaHHBIMH MeEXIy OBICTPOACHCTBYIOLICH
namsateio GPU u Gonee mennenHoit namsteio CPU, untepdeiicoB mMbl nosrydaem yckopenusi CUDA Ha Teicsyax
rpadudecknx saep (MOTOKax) HE B THICAYY pa3, a Topa3lo MEHbBIIE IO CPaBHEHWIO C oAHUM moTokom CPU
MPUOIM3UTEILHO HAa TOW YK€ TAKTOBOM yacToTe. TakuMm 006pa3oM MbI MONMYYHIIM MakcuMalibHOe yckopenue B CUDA
nporpamme MI'J] monemupoBanus [TEPECBET no cpaBuenuro ¢ mocnegoBarensHoi Bepcueid [IEPECBET B 115
pa3 Ha GPU Tesla V100 nucnons3ys tpexmepHsle 6ok pasMepHOCTbI0 NXXNYXNZ = 4x4x4 = 64 touek (64
MapajuIebHBIX BBIYMCIUTENBHBIX IMOTOKA, KaXKIbI HAXOAWT 3HAYCHUS B CBOGH TOYKEe) A “‘oXBara’ BCEH
BBIYUCITUTENHHON 00macTu. BriOop OJIOKOB MEHBIIMX M OOJBIINX Pa3MEpPOB KpPAaTHBIX [IBYM HE MOKAa3BIBAIH
YCKOpEHHE, a IPUBOIMIN IaXe K 3aMEVICHHUIO PACYETOB M OIIHNOKAM BBIYUCIICHHH.
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A.B. Bopucenxo u op.
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Pucynok 2. Cxema pacnapayuenuBanus cucrembl MI'Jl-ypaBaenuit OpenMP notokamu.

Panee wucnonp3oBanme ycrapeBmeil Temeps GPU Tesla M2050 mo3Boiamio HaM IOHATH TNPOLEAYPY
pacriapa/uleIMBaHus BBIYMCICHUH JUIA TAKMX Pa3sHOCTHBIX CXEM, KaK pa3pabOTaHHas CXeMa YHCIEHHOTO PELICHUs
ypaBHeHuit MI'Jl, peraeMbIx METOAOM UTepalMii Ha puUMepe pelleHus ypaBHeHus IlyaccoHa (uTepaluu o ToMy
e MPUHIUIY, 4To ¥ i ypaBHeHHH MI'J], HO 3HaUMTeNbHO YNpOIIeHHBIH anroput™) [7]. OnHako napasuienbHble
BBIYKCIICHHUS C UCIIOJBb30BaHMEM TPEXMEPHBIX OJIOKOB IOTOKOB M Tiepefada OOJbIIEro KOJIMYeCTBa MapamMeTpoB
npoueaypam pacrapauienuBanus (~100) okasamick HeBo3MoxkHbl s Tesla M2050 (mporpaMmHo-anmapatHoe
oOecricucHKe), HE TOBOPS yKe O MEHbIIel B ~14-15 pa3 npousBomurenproctu Tesla M2050 s BeraucieHuit ¢
JIBOMHOI TOYHOCTBIO, UCTIONB3yeMoii B porpamme MI'J] mopenupoBanus B cpaBHenun ¢ Tesla V100.

Tectet MI'l mporpamMMmbl Ha IOpPOTHX MHOTOIPOIECCOpHBIX cucTtemax (OpenMP) mokazamu 3amemieHue
BBIYHMCIIEHNH B HECKOJBKO pPa3 II0 CPAaBHEHUIO C MapaUIeIbHBIMM BBIYHCICHHSIMH Ha OJHOM TIpapuIecKoM
rpoleccope ¢ ucnonb3oBanueM texHonorun CUDA.

Hexortopslie pesyabtarsl MI'/I-MoaenupoBanns B peajbHoM Bpemenn Haa AR 10365 B TteueHue
OIHMX CYTOK
OBomonusA CKOPOCTH IUIa3MBl M IUIOTHOCTH TOKAa B ILIEHTPAJIBHOW IUIOCKOCTH pacueTHoM obsactu mis MIT/I-
MozenupoBaHusi B kopoHe Hag AO 10365 B Teuenue nepBbix 1.2 CyTOK 3BOJIIOLMU 10 BCIBILLIEK, MPEACTABIEHBI Ha
(Puc. 3, 4). Ha Puc. 5 moka3an mpumep MakCHMyMa IUIOTHOCTH TOKa, KOTOpPBIE OBUTH OOHApY)KEHHBIE CHCTEMOW
rpadudeckoro moucka. B 3TX MakcMMyMmMax MarHWUTHBIE TIOJII MMEIOT X-00pa3Hyro KOH(GUIypanuio U BOSHUKAIOT
MIOTOKH IIIa3MBl, IIPUBOJISIINE K 00pPAa30BaHHIO TOKOBBIX CJIOEB - HICTOYHUKOB HAKOTUICHHUS BCIIBIIICYHON SHEPTHH.
Hawubonee onTumManbHbIA BEIOOP MapaMeTpoB Pa3HOCTHOW cXeMblI [ 1] MO3BOJIMIT pacCYUTaTh HBOIIONHUIO B TEUECHHE
onnoro jaHs 3a ~ 26 aueit (Tesla V100, ~0.038 cek. Bpemsi oaHO¥M urepaiuu). i OMepaTuBHOrO MPOTHO3a 3TO
BpeMsI IOJDKHO OBITh MEHBIIIE CYTOK, HY’KHO paboTaTh HaJ JalbHEHIIeH ONTUMHU3AIHeH, pe3epBBl HIMEIOTCS.

Z=0.5050  TIME=9329 PF309 Z=0.5050 TDME=1.011E4 PF312 Z=0.5050 TDME=L.079E4 PF325
TIME = 0.694921428987 DAYS TIME = 0.714421428998 DAYS 0.762921429027 DAYS
Tho L asasrrasmrasaas Y‘L>>7-,-.77177>>>>>-\s-\b-\ Y‘L [ T O S
N A I A 22723 74477 TFPFPPAS00 50 222 - - - -az3rPraaaasiiia
B U A 333 - ppaa4 7T Ea33adaaad B A I T
R A N I B S B R I I A i T
R P EE LR E Y ER R R e T I E A A
L R A AR L AR R A brrsggecrrr o dAAVY YUY
bbb lcdasnsm g eddbLcox L I R L R B AR T A T T B
B bk b A ELEETE L L L L LEE ¢ ChLicat et T bV YN YR A P A
Lr bbb i ibsates™% «coppg<s L L L T T P I P L ) g x T bl vy
£ kb ¥ VN brages™N v L a A TeE ke p ol Lo ®R og404F VY LEEEE I I A A A B S B R
TYAAadpaasenSNE 00 aay, AT T IYI R LaentRE o400 RhAqn 775 €SS T T L g g2
rer s rrdypesetv™" N i aanna Bl dgrrs bawenr®®h bggaaa AAAT T a7 St O T e g g
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AMAAd > SRR R R g, BAAA b ar s sxRR e RN gy 1, 44 4a CTET AN A7y,

® - 4 . )4
—. WV=2,830E-5 . V=2.433E-5 . V=5.000E-5

Pucynox 3. DBoronus ojst CKOPOCTEH B Iu1a3Me HEHTPAIBHOMN IUIOCKOCTH pacyeTHOH 001acTH.
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Tpumenenue napannenvuvix guluucienull Ha epaguueckux npoyeccopax onsa MIJ] modenuposaniia conHeuHot 6CnbIuKY ...

7=0.4250 TDE=9329 PF309 2=0.4250 TDME=1.0LIE4 PF312 7=0.4250 TDE=1.079E4 PF325
J=5.000E-2 J=5.000E-2 J=5.000E-2
0.694921428987 0. 714421428998 0.76292142%027
Pucynok 4. DOpomonus

IUIOTHOCTH TOKa B IUIa3Me
LEHTpaJIbHON IIOCKOCTH
pacueTHoO# 00nacTy.

TIME = 0.682E-3 DAYS

TDE=.651 J Max 3 TDE=3.651 J Max 3 J Max 3
X x % (%)

Pucynoxk 5. 2D wu 3D
KOH(UTrypannu MarHUTHOTO

I IIOoJIA M TIOTOKH IINIa3MbI B
zm MAaKCUMYME IJIOTHOCTH TOKaA.

z

p il

—7 . V213025 — 5 (KZ<3.0002-2 0K <3.000E-2

BriBoabI

1. MI'/I-monenupoBanue B kopone Hag AO B peasbHOM Maciitabe BPEMEHH Ui HM3YYCHHUS (PU3UUCCKOrO
MeXaHH3Ma COJIHCUHOM BCIBIIIKH BO3MOXKHO TONBKO C HCIOIb30BAHUEM MapaJUICIbHBIX BEIYHUCIICHUI.

2. Bbuio BbIOpaHO NpOrpaMMHO-aNmapaTHOe oOecledyeHre, KOTOpbIE BBIIOJHSIOT OBICTPBIE MapajuieNibHbIC
BBIUMCIICHUS, B YACTHOCTH, 3@ CUET UCIIOIb30BAHUS TPEXMEPHBIX OJIOKOB BBIUUCIUTEIBHBIX IOTOKOB.

3. B pesynbrare NpUMEHEHUs METOJOB pacliapaUIeIMBaHMs, JOCTYNHBIX JJIs BBIOPaHHOTO BBIYMCIHMTENHLHOTO
000pyIOBaHUSI M MPOTPaMMHOTO OOECHEYECHHUs, U ONTHMH3AIWH aJIrOpHTMa pacrmapaienuBanus [1] ckopocTh
BeruncieHnit Ha GPU mpeBrpicuia 6onee yem B 115 pa3 ckopocts Berumcnennit Ha CPU ¢ mocienoBaTenbHBIM
kxoznoM (Intel (R) Core (TM) i7 CPU 920 @ 2,67 I'T'm). Pacuer B peaisHOM MacmTabe BpeMEHH BOJOIUH IO U
IUIa3MBbI B KOPOHE CTall BO3MOXKEH MEHbIIIE YeM 3a | MecsI| mpoTuB § JeT.

4. MI'I-moxnenupoBanue B kopone Hajg AR 10365 B TeueHue nepBbiX 1.2 CyTOK 3BOJIOLUMHU NOKa3aj0 MOSBICHUE
KoH(puUrypanuii X-Tuna ¢ moToKoM IUIa3Mbl, YTO JIOJKHO OBLIO BBI3BaTh 00pa30BaHHE TOKOBOTO CIIOS.

5. TIpoGHble pacueTsl HOKa3ajJd BO3MOXKHOCTh JAJBHEWIIET0 YBEJIMYEHHS CKOPOCTH pPAacyeToB Kak 3a CYeT
HCTIONBb30BaHUs HOBEHIIero 000py/10BaHus, TaK U 3a CYET ONTUMH3ALNHU aJITOPUTMA.

bnazooapnocmu. Astopsi Gnarogapubl komange SOHO/MDI 3a HayuHble JaHHbBIE, [PEICTABJECHHBIE HA
http://soi.stanford.edu/mintage/index5.html, a Taxxke cnenuanucTam 1O OOJAYHBIM CEpBHCAM, YIPOCTHBIINM HaM
3aJlauy HaCTPOMKH, ape€H0BaHHBIX yJIaIeHHbIX MAIUH ISl BeluuciaeHui Ha GPU.
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CBS13b BPEMEHHbBIX BAPUAIINI KOPOHAJIBHBIX BIBPOCOB
MACCHI 1 KPYITHOMACIITABHBIX COBBITUI B COJTHEYHOM
BETPE C IIOSAABJIEHUEM SC B 23 M 24 IUKJIAX COJTHEUHOM
AKTUBHOCTH

C.B. I'pomos!, 10.C. 3araiinosa', B.I'. ®aitnmreiin?, JI.U. I'pomosa’

' Unemumym 3emnozo maznemusma, uonocghepul u pacnpocmpanenus paouosonn PAH, 2. Mocksa,
Tpouyx,; e-mail: sgromov@izmiran.ru
?Uncmumym conneuno-3emnoii uzuxu CO PAH, 2. Hpxymck

AHHOTanusl. B paMkax Hamero HCCiIeIOBaHWs OBUIO MPOBEICHO CPAaBHEHHC BapHAlMil YHCIA KOPOHAJBHBIX
BbIOpocoB Macckl (KBM) n kpynmHOMaciiTaOHbIX COOBITHII B COJIHEYHOM BETpPE C CyMMapHBIM YHCJIOM BHE3aITHBIX
UMITYJIbCOB B T€OMarHUTHOM MoJie S/ 1 BHE3alHbIX Havyajl reoMarHUTHBIX Oyph SSC B 23 u 24 npkiax COJHEYHOH
aktuBHOCTH (CA). CormocraBiieHbl Bapualydd 4YHCENl COJHEYHBIX IsiTeH (uncen Bosbda) ¢ HUKIMYECKUMU
Bapuaiusaimu nosieieHuss KBM 3a kaxmeiii Mecsip HaOmogeHuil kopoHorpadoB LASCO B 23 u 24 numkiax
CONTHEYHOW aKTHBHOCTH. Tak jke OBUIO HCCIENIOBAaHO COOTHOIICHHWE W3MEHEHHi cyMmmapHoro uymcia KBM
Pa3IMYHOTO YIJIOBOTO pa3Mepa ¢ CyMMapHBIM YHCIIOM 3apETHCTPHPOBAHHBIX MPUXOJOB K 3eMJIe MEXKIIAHETHBIX
YIApHBIX BOJIH, BBI3BaBIIMX BHE3alHbIC HMITyJbCHI B TE€OMarHuTHOM mnone (S/) wiM BHE3alHbIE Hadana
reoMarHuTHBIX 0ypb (SSC), 1 ¢ CyMMapHBIM YHCJIOM KPYHMHOMACIITAOHBIX COOBITHI B COTHEYHOM BETPE TaKHX, KaK
EJECTA u MC (Magnetic cloud) cormacuo xaranory MKU.

BBenenne
BakHpIM HampaBJCHHEM HCCICIOBAHMN COJHEYHOW aKTHBHOCTH SIBIISICTCS  COINOCTABJICHHE HM3MEHEHUI
LMUKIUYECKUX BapHALlUil Pa3IMuHbIX XapaKTepUCTHK MarHuTHOro moijst COJHI@ ¢ YUCIOM U TapaMeTpaMu
FEOMAarHUTHBIX BO3MYINEHHN. Pe3ynbTaThl MOMOOHBIX HCCIIEJOBAHUA MOTYT OBITh HCIIOJIB30BAaHBI  JUIS
MPOTHO3UPOBAHUS SIBJICHUI KOCMHYECKON IOTOJbl, K KOTOPHIM OTHOCSITCS T€OMAarHWTHBIC OYpH, BBI3bIBACMBbIC
pasnuuHbiMH HcTOYHMKamMu Ha COJHIIE W B COJHEYHOM BeTpe. B 3aBUCHMOCTH OT 3THX HCTOYHHKOB HAYAIO
T€OMarHUTHONH Oypu MOXKeT ObITh BHE3AMHBIM WM MOCTeNeHHbIM. B pabore [Obpudko u Op., 2013] uucno
FCOMArHUTHBIX Oyph C BHE3AlHBIM HAYaJOM W Oyph C IMOCTCNECHHBIM HA4YaJiOM OBLJIO COIMOCTABJICHO C YHCIAMHU
Bonbda. Bpiio moka3aHo, 4TO M3MEHEHHE B IMKJIC aKTHBHOCTH 4YHCIa Oypbh C BHE3AlHBIM HAYajIoM XOPOIIO
KOppenupyer ¢ uuciaMu Bosbda, B TO BpeMs Kak i Oyph C MOCTEIICHHBIM HAYaJIOM 3Ta KOPPEJSIHS MPAKTUISCKU
OoTCyTCTBYeT. Takke ObLIO MOKazaHo, uro uncio KBM c yrioBsiM pazmepom WA >120°, koppenupyeTr ¢ YUCIOM
Oypb ¢ BHE3aIMHBIM HauajaoM u ¢ unciamu Bomibda [Obpudko u op., 2013].

Ienpio Hamie#t craThu SIBISIETCS MpPEABAPUTENbHAS OIIEHKA CBsA3€d I'€OMArHUTHBIX BO3MYIICHHH Ha 3emie u
Bapuanuii yuciaa KOpoHAIbHBIX BbIOpocoB Macchl (KBM), KpymHOMACHITAOHBIX COOBITHI B COJTHEYHOM BETPE U C
LEJIbI0 YCTAHOBJICHHSI KPUTEPHUEB UX re03()HEeKTHBHOCTH.

ConocraBjieHue M3MEHEHUI HMKJINYEeCKUX BAPHALMHA Pa3jJMYHBIX XapPaAKTePUCTHK MATHHUTHOIO
noJisi CoJIHIA ¢ MapaMeTPaMu reOMarHUTHBIX BO3MYIEH Uit
B pamkax Hamiero mccienoBaHHs OBIJIO MPOBEICHO CPaBHEHHE BapHAIlMi YMCIIa KOPOHAIBHBIX BBIOPOCOB MAacCCHI
(KBM) u kpymHOMacmtaOHBIX COOBITHH B COJHEYHOM BETpE C CyMMapHBIM UYHCIIOM BHE3AITHBIX HMITYJIbCOB B
T€OMarHUTHOM Tosie S/ ¥ BHE3alHbIX Hadasl TeoMarHUTHBIX Oyph SSC B 23 M 24 nuKkiax COJIHEYHON aKTUBHOCTH
(CA). CormocraBneHsl BapHallil YUCET COJHEYHBIX IATEH C IMKIMYECKUMH Bapuauusmu mnossieHus KBM 3a
KaxIbli Mecsin HaOmonenuit koponorpagoB LASCO B 23 u 24 nukiax coiHe4HOH aktuBHOCTH [ Gopalswamy et
al., 2009]. beuto mcciieOBaHO COOTHOIICHHE BapHanuii cymmapHoro yrncia KBM pa3nmnyHOTro yriioBoro pasmepa
(WA = 180°) ¢ cyMMapHBIM YHCIIOM 3apETrHCTPUPOBAHHBIX PUXOJIOB K 3eMIle MEKIUIAHETHBIX yAapHbIX BosH (SC),
BBI3BABIIINX BHE3AIMHBIE UMITYJIbCHI B TEOMAarHUTHOM Mosie (S7) wiu BHE3amHble Hadana TeoMarHuTHeIX O0yph (SSC),
npencrasienasle B Katamore SC MexayHapogHoit Accommaruu ['eomarnernsma u Alsponomun (IAGA), u ¢
CyMMapHBIM YHCIJIOM KpPYITHOMAcCIITaOHBIX COOBITHI B comHeyHOM BeTpe TakuX, kak EJECTA m MC cormacHO
karanory UKW [Epmanaes u op., 2009].

W3 mpuBeneHHBIX Ha pHUC. | KPUBBIX MOXHO CHIENaTh BBIBOJ, YTO BPEMEHHBIE M3MEHEHHUS CYMMAapHOTO 3a MECSI]
yucna 3apeructpupoBaHblx KBM (Neyg) M dncia comHEYHbIX MsITeH OJM3KK Ha (ase pocra M B Makcumyme 23
LUKJIA, U CYLIECTBEHHO Pa3IM4alOTCs C CEPEAMHBI CNaja aKTMBHOCTU O OKOHUYaHMA MMHHMYMa M Hadaja pocTa
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Cé513b BPEMEHHBIX 8APUAYULL KOPOHATLHBIX 8bIOPOCO8 MACCHL U KPYNHOMACWMAOHBIX cOObImuULl 8 conHeunom eempe ¢ noseneruem SC...

WHTCHCHUBHOCTH 24 mukia. 3aMeTHBI 00JacTH B cpegHeM ciabo HapacTtatomiero uncina KBM Ha (oHe ero CHIbHBIX
KoJieOaHNH («KBA3UTLIATOY).
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Pucynox 1. CpaBHeHHe Bapualuii CPEJHEMECSYHOTO YHCIA COJNHEYHBIX IATEH (CHHSA JMHHUS C
TOYKaMH) ¥ CYMMAapHOTO 33 MECSI] YHcia 3aperucTpupoBaHHbIX KBM - Ny (depras muHusA) s 23
¥ 24 1IUKJIOB COJTHEYHON aKTUBHOCTH.

Ha pucyHke 2 neMOHCTpHUpYyeTCsl, 4TO 00lIee YKiCIIo 3aperucTpupoBanHbIX 3a Mecsiy KBM B makcumyme 23 nukina
MEHbIIIe, YeM B MakcuMyMe 24 IuKia, B To Bpems kak, cymmapHoe unucino EJECTA u MC, u cymmaproe uucio SC,
HaIpOTHUB, B MakcuMyMe 23 1uKiIa 60mblIe, 4eM B MaKCUMyMe 24 IHKJIA.
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Pucynox 2. CpaBHeHue Bapuanuii oOIIero 4mcia 3aperucTpupoBaHHBIX 3a mecsiny KBM - Newe
(uepHast KpHBas) C CyMMapHbBIM YHCIIOM BHE3AIHBIX MMITyJbCOB S/ M BHe3armHbIX Havan Oyps SSC, -
Nsc (3enenas), a Takxe ¢ cymmapHbIM grcioM EJECTA nu MC - Ngj+uc (kpacHast) aist 23 1 24 1MKIoB
CA.
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C.B. I'pomos u op.

AHanmm3 KpUBBIX Ha PHCYHKE 3 MOKa3ajl, 9To cymMMapHoe yucio rano-KBM u momyramo-KBM B makcumyme 23
LUKJIa MEHbILE, 4YeM B Makcumyme 24 muxia, B To BpeMs kak, cymmapHoe uucio EJECTA u MC, u cymmapHoe
yucno S/ u SSC (SC), HanpoTHB, B MakcuMyMe 23 1HKiIa Ooublie, 4eM B MakCuMyMe 24 IHKJIa.
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Pucynox 3. CpaBHeHue Bapuauuil cymMMmapHoro 3a mecsn uucia rano-KBM u nonyrano-KBM -
Nucume+prcve (Y€pHAS JIMHUS) ¢ CYMMAapHBIM YHCJIOM BHE3AITHBIX MMITYJIBCOB S/ M BHE3aIHBIX Hayal
oyps SSC, - Nyc (3enenas), a Takxe ¢ cymmapHbsiM unciioM EJECTA u MC — Ngj+uc (kpacHast) st 23
u 24 nukioB CA.

B 3arsnyBmemcsa muaumyme CA mexay 23 u 24 COTHEYHBIMH LUKIAMHU €CTh MEPHOA, KOTIa CyMMapHOE YHCIIO
SC npeBpiaeT cymmapsoe uncio rano-KBM u nonyrano-KBM. MoxxHO npeAnonaokuTe, 4to B reHepauuio SC B
nepuon MuanMyma CA mexny 23 u 24 muximamu CA BHocsT Bkiang KBM ¢ emre 6oiee MallbIM yTIOBEIM pa3MepoM,
gem 180°. OnHako, U3 puc. 3 sIBHO BUAHO, 94TO B MHHUMYMe CA CyIIECTBYeT «HEXBATKa» YKCJIa BHIOPOCOB MACCHI C
LIMPOKUM YIJIOBBIM pazMepoM WA > 180° mo cpaBHeHuto ¢ uucioM SC, a B MakCUMyMax aKTHBHOCTH — MX
IIpEBBIIICHUE. BBIABIEHHYI0O O0COOCHHOCTH MOXKHO OOBSCHUTH IIOTPEIIHOCTBIO HM3MEPEHHH, CBS3aHHYIO C
ocobeHHOCThIO HaOmoneHuii/BeisBiaeHuin KBM, t.e., Hanpumep, yactb KBM «dkpaHupyeTcs» 3aTMEBaIOIUM
MUCKOM HcKyccTBeHHO# JlyHbl koponorpador SOHO. Ho, Torma, oOiiee 4mcio BBIOPOCOB MAaCChl, MMEIOIIAX
HIMPOKUH YTI0BOH pasMep, Nycume+pHcmE BOIDKHO BO3pACTH, Kak B MUHUMyMe CA, Tak 1 B MaKCUMyMe, H B TAKOM
cily4ae JIOTHYHO IPEAINOI0KUTh, 4T0 B MakcuMyMme CA Oyner eie Ooliblliee HECOOTBETCTBHE MEX/Y 3HaUCHUSIMHU
yucna Nucue+prcme W auciaoMm SC. DTOT Bompoc TpeOyeT MpOJODKEHUsT MCCIeI0BaHUi, KaK U BOMPOC OLICHKH U
YTOUHEHUS 3HaYCHHUS yTIIOBOTO pazmepa WA, BBIOpaHHOTO HAMHU B Ka4eCTBE KpUTEpHUsl 0TO0pa «re0d(HEeKTHBHBIX»
BBIOpPOCOB Macchl. HecoMHEHHBIH HMHTEpec BBI3BIBACT BOIPOC MOHMCKA JIOMOJHUTEIBHBIX IapaMeTpOB, KOTOPHIE
MTO3BOJIMIIN ObI OOBSCHHUTDH BBIIBICHHBIE 0COOEHHOCTH MoBeneHus Nucue+pacme 1 SC. Kpome 3toro, xoTenocs Ob
OTMETHUTb, YTO PaCcX0OXJIeHNE B OBeNeHUU Nycye+prcme B SC MOXKET OBITh CBS3aHO ¢ HETOYHOCTBIO 1TOJICUETa YUCIIa
«reod(exTHBHBIX» BBHIOPOCOB Macchl, HallpUMEp, MBI HE YYUTHIBaeM, Tak HaszbiBaemble, KBM Tuma «ctemcy,
KOTOpBIE, KaK OTMEYAI0T HEKOTOPHIE aBTOPHI (CM., Hampumep, paboty [D’Huys et al., 2014]), peructpupyroTcs
mpenmymiecTBeHHO B MUHUMYMe CA, 1 MOTYT BBI3BIBaTh T€OMAarHUTHBIC BOMYIIEHUS [Zagainova et al., 2020].

3akmo4yenue

B pamkax Hamrero mccieoBaHHS MBI pa3BHBAacM TEMY CPaBHEHHUS BapHAIlMi YMCIIa KOPOHAIBHBIX BEIOPOCOB MACCHI
(KBM), xpynmHOMacIITaOHBIX COOBITHIA B COJTHEYHOM BETPE W I'€OMAarHWTHBIMHU BO3MYIICHHUSMH Ha 3eMIIe C IETIbI0
YCTaHOBJICHHSI KPUTEPHEB UX Ie03()(HEeKTHBHOCTH.
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CeA3b 8peMentbIX apuayuli KOPOHATLHBIX 8bIOPOCOB MACCHL U KPYNHOMACWMADHBIX cobbimuil 8 conneunom eempe c nosasnenuem SC...

-YCTaHOBJIEHO, YTO BpPEMEHHBIC W3MEHEHHS CYMMApHOTO 3a MECSIl YHCJIa 3aperHCTPHPOBAHHBIX HaOJIOACHUIT
kopoHorpagoB LASCO B 23 u 24 nukiax conHedHo# akTuBHOCTH KBM 1 9ncen coTHeYHBIX IATeH OIU3KU Ha (aze
pocTa W B MakcUMyMe 23 COJHEYHOTO IUKJIAa M CYIIECTBEHHO pa3lIMYaloTCs C CEpPeIMHBI Chaja COJIHEYHOM
AKTHBHOCTH.

- Ilokazano, 9to B 3aTsHyBIIeMcs MUHEMyMEe CA Mexnay 23 u 24 CONHEYHBIMH IMKJIAMH YHCJIO €CTh MEepHO,
Korga umcio 3apeructpupoBanHbX SSC u SI (SC) mpeBpimaeT cymmapHoe yncio rano-KBM u momyramo-KBM.

- BI)I[[BI/IHyTO npe;[nonomeHI/Ie, 4TO B reHepauH}o SC MOFyT BHOCHUTH BKJIa[Jg KBM C MaJlbIM yl"JIOBI)IM pa3Mep0M
(<180°).

Hcnob30BaHHbIE JaHHbIE

Hamu nccnenoBanus ObLTH OCHOBAHBI HA JAHHBIX U3 CIICAYIONINX KATaJOTOB:

JlaHHBIC O YHCJIC COJMHEYHBIX MATEH B 23 U 24 COJIHEYHBIX UKIIOB - KaTanor CoMHEYHBIX MATHAX
http://solarscience.gsfc.nasa.gov/greenwch/spot_num.txt

Hannsle o konnuectBe KBM - Karanor 3apeructpupoanabix KBM
http://cdaw.gsfc.nasa.gov/CME_list/

Jannsle o konnuecTe rano-KBM u nonyrano-KBM - Karanore rano-KBM u nonyrano-KBM
http://cdaw.gsfc.nasa.gov/CME list/ HALO/

Jannsie o konuuectse SC - Karanor SC IAGA
http://isgi.unistra.fr/

Jannble o kpynaoMaciuTabHbix coObiTHsax B ComHeunom Betpe (EJECTA u MC) - Kartanor Uucruryra
kocmuueckux uccienosanuit (MKW PAH)
fip://ftp.iki.rssi.ru/pub/omni/catalog/

bnazooaprnocmu. PaGota BeimonHeHa NMPH YaCTUYHON moxnepxke PoccuiickuMm (oumoM ¢(yHIaMeHTaIbHBIX
uccrnenoanuii, mpoekt Ne 20-02-00150.
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TPEXKOMIIOHEHTHASI MOJEJIb TEJJUOC®EPHOT O
MATHUTHOTI'O IMOJISI U MOAYJISINUS TAJTAKTUYECKHX
KOCMUYECKHUX JYUEHN

M.C. Kaiiuaun, M.b. Kpaiines, A.K. CBupxesckas, H.C. CBupskeBCKHiA
Qusuueckuit uncmumym um. I11.H. Jlebeoesa PAH, Mocxesa, Poccus

AHHOTanMs. B pabore mpemnoxkena TPEXKOMIIOHEHTHAS! MOJIEIb IeMHOCHEPHOr0 MArHUTHOTO IIOJISI, OCHOBaHHAS
Ha JJaHHBIX M3MEPEHUH JaJbHUX KOCMHUYECKHUX ammnapaToB. [IMpoTHas cocTaBisiomas Mo BOSHUKAET NIPU OTKa3e
OT 3aKOHa OOpaTHBIX KBaJpaTOB IS PaaAdaIbHONH KOMMOHEHTHL. IIpum 3TOM MONroTHass KOMIIOHEHTa CBs3aHa C
paauaNbHON KIIACCHYECKUM MapKEepPOBCKUM COOTHOIICHHEM. B I1eIoM MoJeNnb COOTBETCTBYET JaHHBIM HM3MEpeHUil
MarHuTHOTO IIOJI JAJIBHUMH KOCMHUYECKMMHU ammapaTaMM ¥ OpHEHTHPOBaHa Ha NPUMEHEHHE B 3ajadax
JIOJTOBPEMEHHON MOYJISIIAY TaJJaKTHIECKIX KOCMUYIECKHUX JIyder B 11- IETHUX IMKIaX COTHEYHON aKTUBHOCTH.

Beenenue

OmHo#t M3 TepBEIX paboT, OTHOCSIIUXCS K OMHCAHUIO CTPYKTYPHI TenmocdepHoro MarautHoro mois (I'MII)
siBIsieTes ctaThst [lapkepa [1]. DTta paboTa, Beimieamias u3 neyatu B 1958 romay, koraa He ObLIO JaKe OKOJIO3EMHBIX
W3MEpPEHUN COJNHEYHOTO MArHUTHOTO TMIOJIS, OKa3ajlach YAMBUTEIHLHO TPO30OPIUBOM M HE TMoTepsiia CBOei
aKTYaJIbHOCTH JIO HACTOSIIIIET0 BPEMEHH.

[To3nHee, korma rpymnmnold aBTOPOB OBLIO CHOPMYIIUPOBAHO YpaBHEHHE MOIYJAIMKH KocMuueckux ayuei (KJI) B
COBpeMEHHOM Buie [2, 3, 4], Bompoc o koopauHaTHOW 3aBucuMocTd ['MII Ha GONBIIMX MPOCTPAHCTBEHHBIX
Macmrabax MpHOOpPEN 0co0yl0 aKTyalbHOCTh, IIOCKOJNBKY B paMKaX YpaBHEHHS NOTPeOOBAIOCH 3HAHHE
KOOpAWHATHOW 3aBHCHUMOCTH HampsbkeHHoctH ['MII Bo Bceil remmocdepe. B mocnemnme Tompl MOSBHIOCH
HECKOJIBKO padoT, MOCBAMEHHBIX aHAM3Y U 0000IICHHUIO JAHHBIX H3MEPEHUH (CM., Harpumep, [7]) Ha 3Ty Temy.

B nmamHO#i pabore paccmorpeHsl Moaumdukamuu [MII, KOTOpple NPUMEHSIOTCS Ui ONHCAHUS IIOTOKOB
ranmaktrdeckux KJI B pamkax pemieHus ypaBHEHHS MOIYJISINH, W MPEUIOKeHa ero HoBas Moaudukarws. L{ensto
AHHOTO aHaln3a SBILIETCS HcclienoBaHue cTpykryp ['MII, Hambonee IMONHO ONMUCHIBAIOIINX JONTOBPEMEHHBIC
(cpennemecsiunbie) Bapuanuii mOTOKOB ['KJI 1 OCHOBHBIX MX CBOMCTB B IIMKJIAX COTHEYHOW aKTUBHOCTH.

Ypasuenne moayasanuu I'KJI
VYpaBHeHNEe MOAYISIIUU B COBpeMeHHOM Buze [2, 3, 4] dopmymupyercss mis QyHKIMH TIOTHOCTH YHCIIAa YaCTHIL

N(r, p,t), cBA3aHHOH c TOTOKOM (MHTeHCHMBHOCTHIO) U(7,f) cooTHomenuem U = p’N(r,p,t), tne T -

KHUHCTHYCCKaA 3Hepr1/1;1, pP — BCIIMYHUHA I/IMHyJ'Ibca YaCTHUIbI, t — BpeMﬂ:
ON/0t—-V-(Kg-VN)+(V+V,)-VN—(V-V/3)-0N/dl p=0. (1)

CummerpuuHslii Ten3op mudysun Ky B cucreme KoopauHaT ¢ opToM n, BAosb BekTopa I'MII mpexacraBisercs
TpeMsi HEe3aBUCUMBIMU KodQduimentamu K, =K, Ky =K g K33 =K, . Ckopoctb apeiiha, 1o onpezenenuo,
BbIpa)kaeTcsa paBeHCTBOM V, =[V,3(S)K;n,], rae I(S) — 3HaxkoBasd (yHKUUS, IpUHUMAOLIAs 3HadeHHe 1 mpu
MOJOXXKUTEIBHOM aprymMmeHTe u —1 mnpu  ortpumarensHoM, K, =sign(gAd)-(pv/3gB) — npeiidossiit

(TpancBepcanbhblil) kodhduunent; 4 ==l — ommceiBaet mossipHOCT 00IIero moist ColHIE, Vv, g — CKOPOCTH

~

gacTuiel U € 3apsa, B — BenmuwnHa Hampsok€éHHOCTH ['MIL. ApryMeHTOM 3HAKOBOW (GYHKIMH I SBISETCS
¢yakuus S, tome S(r,r)=0 — ypaBHeHHMe moBepxHOcTH remnoceproro tokoBoro cimost (I'TC, Tpéxmepnas
MIOBEPXHOCTH, Ha KoTopoil ' MII mensier 3Hak). B npaktnueckux pacuérax npumensiercst moness I'TC, nomyyuBmas
Ha3BaHUE «MOJEJIb HAKJIOHHOTO TOKoBOro cios» (HTC) ¢ ogHUM MOJENBHBIM MapaMeTpoM — YIJIOM HakJIOHa O
re’anoc(hepHOro TOKOBOTO CIIOS K TUIOCKOCTH renrosksaropa [4]. Koadduuuents! ypaBHeHus (1) 0ObIYHO SBISIOTCS
0CECUMMETPHYHBIMU (QYHKIHSIMU, HO Hamuue TpéxmepHoro I'TC npuBoauT k 3aBHcuMocTH pemeHus (1) oT Bcex
TPEX NEPEMEHHBIX 7, 0, @ .

I'esqimocepHoe MarHuTHOE 10JIE
MarautHoe 1oJie sSBISETCS OCHOBHBIM MoaynupyomuM ¢akropom I'KJI B remuochepe. K 80—m romgam mpornutoro
BEKa CTaJIO SICHO, YTO KJIACCHYECKOE JBYXKOMIIOHEHTHOE APKEPOBCKOE T0JIE ¢ KOMIIOHEHTaMH
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Tpé'xxo/wnoneumnaﬂ Modenb zeﬂuocqf)epnoeo MACHUMHO20 NOJA U Mody,muu}l 2ANaKmu4ecKux Kocmuieckux le'leﬁ

B.(ry)ry _ o(r-rg)sin0
r:—r ) ’BGZO’B(P__—

r v

B B, 2)

® =2.7-10% pag/c — yrioBasi CKOPOCTb COJIHEYHOTO BPALICHUS, Fg — PajlyC MOBEPXHOCTH ucTounkka [MII, V —

panuansHas ckopocTh CB, He OMUCHIBACT JaHHBIC U3MEPEHHI MOy ISIMK TOTOKOB ragakTrudeckux KJI B 11-neTHux
COJIHEYHBIX IMKIAX TPH TOJOKHUTENbHOM TomsipHocTH A =1 ob6mero maraurHoro mosst Comana. TpeboBaroch
HekoTopoe ycwienue 'MII B mpumonsipHbIX 00JacTsX renuocdepbl TaKuM 00pa3oM, 4TOOBI B OCTAIBHON YacTu
renuocepbl KOMIOHEHTBI MATHUTHOTO TIOJISI OTACHIBATIMCH PABEHCTBAMU (2).

B Hactosiiiee Bpemsl NpU  OINHMCAHUHM JIOJITOBPEMEHHBIX BapHAllMii HHTCHCUBHOCTH IPUMEHSIOTCS JIBE
Monudukarm I MIT:
1) momnduxanus xokumu — Kora [5]

2

2 2
B ; Ok —7rg)sin 0 B,
B= ’(roz)ro 1+ & O zr)sin® | g OwBir AR, 6, ~8710, 3)
r r \'% 7. sin @
r.=0.005 AE, a nge npyrue komnonentsl ' MII narorest Bipakenuem (2);
u
2) Cmura — bubepa [6] ¢ koMIoOHEHTaMu
B, (r)ry —ry)sin©
B, ==r0"0 B =0, B --B,. GSBLJFM , (4)
r rg \'%
B (r V
oo =—20Us) VUS04

B.(rg) V(r>>rg)

O6e MomuduKanuyd yOOBICTBOPSIOT yciuoBuioo V-B =0, a momudpmkamms Cmura — bubepa oTmudaeTcs oT
MapKepPOBCKO# 0oJiee CHIIBHOM 3aKpYUEHHOCTRIO crirpaiu ciitoBbix auaui [ MII. TIpumeHeHne TpEXKOMIOHSHTHOM
Moaudukanuu Jxoxunu — KoTa ycioXxHEHO B CHIIy pacXOJUMOCTH B, Ha relHOIOoJIocax.

B nmocneanune roap! BRIIIIH pabOTHI, B KOTOPBIX J€TaeTcs BHIBOA 00 OTKIOHEHUH paauaibHOi KomroHeHTsl [ MIT
0T 3aKOHa 0OpaTHBIX KBAJIpaTOB, MO KpalHeH Mepe, 0 TeIHOIeHTpUIeckux paccrosauii =~ 5 AE [7].

2-8
p

Ecnu nmpennosoxurs, 4To pagualibHas KOMIIOHEHTa U3MEHSETCS 110 3aKOHY B = A[—O} , A=B,(rp), 6>0,
r r

TO TPH YCIIOBUM COXPAHEHHsI KHHEMAaTHYECKOW CBS3M MEXAY palualbHOW M JIOJTOTHOH KOMIIOHEHTAMH, IS
yrioBbIX koMnoHeHT ' MIT nony4yum:

o(r—rg)sind oV
B¢:—+B,,BG=S-B,-V/¥. 5)
Tpéxkomnonentnoe ['MII (5) ynomnerBopsieT ycioButo V-B =0, HO cienyoliee U3 COOOpaKeHUH CUMMETPUH

TpeboBanue By =0, § =0 Ha reJIHONONIOCAX IPHBOIUT K 3aBUCHUMOCTH ITapaMeTpa O OT renuomupoTsl. CormacHo
JAHHBIM U3MepeHuil | By | <| B, | no paccrosiHuil B Heckosbko AE, mostomy u3 (5) anst § moiydaeM orpaHUueHHE
10V
<——.
VvV 00

Pe3yabTarhbl pac4éroB ¢ TpéxxkoMnoHeHTHBIM I'MII
Pemenne 3amaun (1) B pamMkax TpEXKOMIOHEHTHOI Mozenu (5) NpOBOIWIOCH NMPH YIPOIIEHHOHW 3aBUCHUMOCTH
ckopoct CB ot nossapHoro yraa V = V,(1+|cos0[), V,=400 xm/c — cKOpOCTb Ha TelHo3KBaTope. MoaenbHbIH

mapaMeTp O BBIOHpAJICS TAKUM, YTOOBI BO BCell rennoc(epe BBIMOIHIOCh YCIIOBHUE | By | < | B. |/ 2 npwu 3amaHHOI
0 ¥

ckopoctu CB. [lpyrue napameTpbl MOJAEIH KpaTKO OMUCAHBl B CTAaThix [8, 9], a HEMOAYJIMPOBAHHBIN CHEKTP
NpOTOHOB ObLT B3AT U3 padoTsl [10]. [locTosHHBIN KO GHUIMEHT, ONPENEISIONNN BEIMYMHY KOMIIOHEHT TEH30pa
muddy3nn, nogdbupancs A JIYUIIETo COTiacus ¢ MPOTOHHBIMHU cnekTpamu B MuHHMyMe CA 2009 roma [11]. C
yaérom Toro, uro 2009 rox oTtHOCHTCS K MHHHMYMY ¢ A =—1, npeiihoBsiii K03 duireHT ObIT BEIOPAH PaBHBIM
ennnauLe (3ddexTs npeiida MakcuMabHEI).
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M.C. Kanunun u op.

3axuoueHue

Pe3ynbrartel pacuéToB, NMpUBEICHHBIE Ha pPUCYHKE |, MOKa3bIBAIOT, yTO TpéxkommnoHeHTHas Mmojaens I'MII (5)
yJIOBJIETBOPHUTEILHO ONUCHIBAET U3MEPEHHBIE SHEepreTudyeckue crekrpsl u3 [11]. Tem He MeHee, B 00JacTH MaJIbIX
sHepruil 7 <200 MbB pacuérHple TOYKHM BBIXOAAT 3a MpPEJesbl OMIMOO0K M3MEpeHHH. DTOT (akT CBs3aH C O4YEHb

MaJIbIMU INUPOTHBIMHU TpPagUCHTAMH, BO3HUKAOIIMMHU NPHU BKIIFOYCHUHN c1aboro Mo BEIHMYHHE Be . Mamnoctp

TPaJMCHTOB MPHUBOJIUT K OCIa0JICHHIO IpeiioBOro MexaHM3Ma MOJYJSILUM M OTHOCHTEIBLHOMY YCHUJICHHIO
1 y3HOHHOTO, MPENMATCTBYIONIEr0 NMPOHUKHOBEHHIO YaCTHIl U3 NPHIKBATOPUATIBHBIX 00JacTed renmocdepsl K
NIPUIOJIIPHBIM. B 11e710M 3TO MpUBOIUT K M30BITKY YaCTHI] MaJbIX SHEPTUil Ha opouTe 3eMiTH.

Pucynox 2 mnokaspiBaer, uto amrumuryaa moxymsauuu ['KJI B momenmn I'MII (5) mpuromna ansi omnmcanHus
HHTErpanbHOM MHTEHCUBHOCTH B MocienoBaTebHbIX 11-neTHux nukiax CA, nockonbky Bapuanuu crnektpos ['KJI
B 2006-2010 romax mo pacu€THOIl MOJENN COOTBETCTBYIOT MX BapHAIUsAM IpU pacuyérax MO BYXKOMIIOHEHTHON
Monudukanmn Cmuta-budepa (4), XOpoIIo ONMCHBAONIEH BapHalMX MHTETPAITbHOW HHTEHCUBHOCTH B MUHIMYMax
COJTHEYHBIX [IUKIIOB.

I(m2-c-cp-TaB)? - I(M2c-cp-IaB)!

10t £

oL .
10 T

10

ol
10 102

103

-4
s I 104

PucyHnox 1. ITynxTupHas JIMHUSA - Pucynox 2. Cgemible NpAMOYTOJBHUKH -
HEMOJYJIHUPOBAaHHBIA crnekTp npoToHoB [10]. JlaHHble 1O npoToHam B MuHUMyMe 2009 rona
Cernibple  NPSIMOYTOJIBHUKM —  JaHHbIE [0 [11]. TémHBIe CrUIOIIHBIE KpUBbIE — pacuér ¢
nporoHaMm B MuHuMyme 2009 roxa [11]. Témuas M0JIyTOA0BOM cKkBaxHOCTHIO 3a 2006-2010 roapl.

CIUTOITHAS JIMHUS — PAacdyéT Uil MPOTOHOB B
munumyme 2009 roaa.

bnazooapnocmu. PaGora BbIOIHEHA IPY YaCTHYHOM GpuHAHCOBOI nonepxkke PODU (rpant 18-02-00582 a).
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MNOHUKEHUE HHTEHCUBHOCTU KOCMUYECKUX JYYEN
B MAE 2019 'OJA B 24-M COJIHEYHOM IUKJIE

JLA. Tpedunosa, IL.T". Kooenes, A.B. benos, E.A. Epomenko, B.A. Onenesa, B.I". fIuke

Dedepanvroe cocydapcmeaentoe 0100icemHnoe yupexicoenue Hayku Hucmumym 3emMHo2o mazHemuzma,
uorocghepwl u pacnpocmpanerust paouogonn um. H.B. Ihywrxoea PAH, U3MUPAH, Mockea, Poccus

AHHOTAIMA

B paGore npoBesieH aHan3 cnenupuIecKoro MOHWKEHHs Ha (JOHE MUHUMYMa B 24 [IUKIJIE COJHEYHONH aKTUBHOCTH
B KoHue ampens - mae 2019. [Ipeamonaraercs, yto HaGmrogaeMoe MeJUIEHHOE IOHIMKCHHE M BOCCTaHOBJICHHE
MOTOKA KOCMUYECKOTO M3Jy4eHHs MIPEACTaBIseT co0oi ceputo HeOobinx opOyir moHmKeHHH.

Beenenne

C mtonsg 2018 roma HaOMIOIANCs caMbIi CIOKOWHEIM miepuon B MuHuMyMme ComHeuHod aktuBHOCTH (CA) 24-rO
comHeyHoro mukia. Ha stom oHe pesko BeigenseTcs meppas moosrHa Mast 2019 rona. C 28 anpens mo 17 mMas Ha
¢one raydokoro muHumMyma CA MMEJIO MECTO NpHMeuYaTelIbHOE COOBITHE, 0COOCHHOCTHIO KOTOPOTO SIBIISUIOCH
HeOosboe (10 4%), HO MPONODKUTENFHOE TTOHMKEHUE MHTEHCHBHOCTH KocMmuueckux sydeit (KJI), namepsiemoii
HEUTpOoHHBIMH MOHUTOpaMHU (~10 cyTok). Takoe MOHM)KEHHE CUHUTAETCS OTHOCUTENBHO HEOOJBIIMM H3MEHCHHEM
WHTEHCUBHOCTHU B 1I€JIOM, OJJHAKO JOCTATOYHO HEOOBIYHBIM M JIOCTOWHBIM BHHUMAaHHs B yCIOBHAX MHHHMyMa CA.
D10 X0po1Io WLTICTpupyroT Bapuanuu KJI Ha ctannnu MockBa, moka3aHHble Ha puc. | (BepXHss MaHENb).

[MomoOHBIE COOBITHS peAKH: MOXOXKee COOBITHE HaOMogaock B ceHTsOpe 1979 roma [1], omHako ¢ HaMHOTO
O6dupmnM moHMWkeHneM uHTeHcuBHOCTH KJI (Gomee 10%), uro siBnsiercss XapakTepHbIM Iuisi Makcumyma CA.
Hecmotpst Ha 310, coObITHE CEHTIOPs 1979 roga B KAKOM-TO CMBICIIE CTAaHIAPTHOE 110 CPABHEHHIO C COOBITHEM Mast
2019 roma. OmpenenéHaoe cxoAcTBO ¢ codriTieM Mas 2019 roma ymamoch HaiTH elle B HECKOJNBKUX CIydasx — B
anpene 1980, B utone 2000 u wmrone 2006 c¢ ammmurymamu 6%, 11% u 3,5% coorBercTBenHo. IlepBeie nBa
HaOmonamick B Makcumyme CA, rocieHee B KOHIIE MaKCUMyMa - Hadajie MUHUMYMa.

Hccaenyemoe siBiieHre, MPEIONOKUTEIBHO, UMEET TII00aNbHBIN XapakTep. PaccMaTpuBas pacrnonoxenue Mapca
u IOmurepa otHocuTensHO CoNHIIA B Hayane Mas, MOXHO CKa3aTbh, 4TO BEIOpOCcH B Mae 2019 roga Moriu BIHATh
TaKXKe Ha MOTOK Ha opbure »Tmx IwiaHer. Bapmanmu KJI Ha 3emute, Mapce W ronuTepuaHCKUE 3JIEKTPOHBI,
3aUKCUpOBaHHbIe BOIM3M 3eMiH, TpeacTaBieHbl Ha puc.l. [lockonbky Mapc Haxoawscs B 30HE BOCTOYHOTO
nuMba, B pe3ysibTaTe MOIIHOTO COJHEUHOTO COOBITHS 28 ampens B Havane Mas Ha paag RAD -netextope Ha Mapce
BEpOATHOCTH 3HaunTenbpHOro @11 6rita Beime, yeM y 3emin. Ha MapcuaHCKOM JeTEeKTOpe BapHallii UMENH B IIEJIOM
Ty K€ BPEMEHHYIO 3aBUCUMOCTh M MIPUMEPHO TaKYIO K€ BEIHYHHY, 4TO U BOIMM3M 3emun st 10 I'B. Omnako 9-10 u
21-22 mas Ha RAD-pmerextope nHaOmomanock @®I1 co 3Hadenumem 2-3%, 4TO CBHICTENBCTBYET O TIIOOAIEHOM
XapakTepe U3y4aeMbIX SBJICHUH.

Bapuanuu snextponHoro noroka lOnurepa BOim3n opOUTH 3eMII Ha MOPSIIOK OoJIbIle, YeM BapHallMK HOTOKA
nporoHoB 10 I'B, u BpemeHHo! X0 NOBTOpsieTcst B nepBod nosioBuHe masi. Ho, kak cienyer u3 puc. 1, 3emis u
IOmurep B TOT MOMEHT HAaxXOAWINCh HE HA OJHON CHIJIOBOW JMHWH. M 3TO Takke CBUICTENBCTBYET B IOJB3Y
rJ00aNbHOrO CHYKEHHsT MHTeHCHBHOCTH KJI.

IMoapo6uoe onucanne aerekropa RAD u npubopa SOHO / EPHIN moxHo Haiitu B [2] 1 [4] a Tak e B IaHHBIX
6a3wl [3] 1 [5] cooTBeTCTBeHHO. Bapuainu moToka I0MUTepUaHCKUX 3JIEKTPOHOB BOJIM3W OpOUTHI 3eMIIM Ha TTOPSI0K
MpeBhIMIAOT Bapuanuu motoka 10 I'B-mpoToHOB, M BpeMeHHOII XOI B TEpBOH MOJOBHHE Mas Ui HUX B
3HAYUTEIbHON Mepe cxox. OmHako, Kak ciexyeT w3 puc.l, 3emius u OmuTep B TOT MOMEHT HE HAaXOAWJIHNCH Ha
OJTHOI CHJIOBOM JIMHHH, YTO TaK)KE€ CBUIETEIHCTBYET B TOJIB3Y INI00AIBHOTO CHI)KEHHS MHTeHCHBHOCTH KJI.

ITapameTpsbl cOJITHEYHOT 0 BeTpa

Io nanubM [6] ¢ 28 anpenst mo 12 mas 6bu10 3aduKcupoBano 13 u3 38 3HAYMTENBHBIX BEIOPOCOB HAOIFOJABIIMXCS C
ntons 2018 mo nmexabpp 2019, uro cocrasisieT ~ 35%. Bee 13 BRIOPOCOB MCXOAWIN M3 ABYX 00JacTel, KOTOphIE
CyIIECTBOBAIM JIOJITOE BpeMs B AaKTHBHOM COCTOSIHMH. PeryispHble BBIOPOCHI HE [aBajldi BO3MOXKHOCTH
BoccTaHoBUThCs KJI 1 moaziepxuBany npouecc NOHMKEHUS.

Hamnbonee cunbHBIE BRIOPOCH! U3 3TUX aKTUBHBIX oOnacTteil Habmromanmuce ¢ 28 ampenst mo 12 mas 2019 roxa. 28
ampens ObIT BBIOPOC 3a 3amagHbIM JIMMOOM. DTOT BEIOPOC HE B OJMHOYKY CO3JIAN MMOHIKEHHE, B 3TO BPEMS IPHUIIIIO
BO3MYILIEHHE, CO3[IaHHOE MOTOKOM IUIa3Mbl U3 KOPOHAJIBHOM ABIPHI, HAaOMI0OaBIIeHCs B IIEHTPE COJIHEYHOTO JIUCKa
27 ampenst. 3areM ObUI 3HaYMTENbHBIH BbIOpoc 30 ampens, MpeicTaBISBIINN Ha KopoHorpade oOpaTHOE rajo.
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Crnenyromuii Habmogasncs 32 BOcToUHBIM TuMOoM | Mmas. lanee ¢ 3 mag mo 5 mast Habiromancs pan BEIOPOCOB Ha
BOCTOYHOM JIHMOE, KOTOpEIe, B CBOIO odepenb, namn OII 6, 7 u 8§ mas. 6 mas 3aduKkcHpoBaH BEIOPOC Ha BOCTOKE
BU/INMOTO COJTHEYHOTO JHCKa, a 9 mast Hebosbinoe OII. 8 u 9 Mas OblIM BBHIOPOCH! B BUAMMOI BOCTOYHOM 4acTH
cojHe4Horo aucka, naume 10 mas u 11 mas psg @I Takue HenpepbIBHBIE BBIOPOCH HE JaBajiyd BO3MOXKHOCTH
BocctaHoBUThes KJI. Tonpko mocie 12 masi MOIIIO BOCCTAaHOBIEHHE, TaK KaK HECKOJBbKO JTHEW 3HAYMMBIX
NPOLIECCOB HE HaOronaock. 12 Mas BHOBb ObUI JOCTATOYHO OOJIBIION BHIOPOC B BHAE MPSIMOTO Iajio, KOTOPBIHA
npuBen k ®I1 16 mas, He gaB A0 koHna BocctaHoBUThes KJI. Tlocne 13 mast coOwithit He HabOmromanocsk, U KJI
HavyaJll BOCCTAHABJINBATHCS ¢ 17 Masi 1 BOCCTAHOBWIINCH K 26 Mas. [IpogoInKuTeIbHOCTD COOBITHS COCTaBHIIA OKOJIO
25 cyToK. OTO TOBOPHUT 00 M3MEHEHHUIX XapaKTEPUCTUK MEKIUTAHETHOM Cpebl B MacmITadax reIrnocdepsl.
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Pucynox 1. Bapuanmu xocMudeckux JIydeil Ha cpeTHENIMPOTHON cTaHMM MOCKBa, IOTOKa Ha opOuTe
3emin, Mapce 1 Bapuanuy 1oToka 3JeKTpoHoB IOnnTepa, 3aperucTpupoBaHHBIX Ha opOuTe 3eMITH.

Metoauxka Beigeaenus Gopoym-3¢gdexron
Crncok BeieneHHsix [7] @I npusenen B Tabmuie 1. Ha pucyHke 2 mpuBeieHa INIOTHOCTh KOCMUYECKUX JIyUeil B
Mmae 2019 roxa, HaleHHas r100aJbHO CIIEKTPOrpadIecCKUM METO0M [8] 1Mo JaHHBIM MHPOBOH ceTH. MeToauKy
Beienenuss @I paccmorpuMm Ha mpumepe coObiTHa | Mas, Tae aMmmTyAa noHmwkeHus nocturaita 0.9%. Kaxnoe
COOBITHE OIPEAEIAIOCH 110 U3MEHEHUIO Pa3IMYHBIX TapaMeTpoB, TJIaBHBIM 00pa30oM COCTABISIIOIIMX MAarHUTHOTO
OJII, CKOPOCTH COJIHEYHOT'O BETpa, IJIOTHOCTH M TeMmeparypsl. Ha pucyHke 2 (BCTaBka) BHIHO YBEIHUCHHE
CKOpPOCTHU BETPa, a TAK)KE HEKOTOPOE YBEIMYEHUE IPYTUX apaMeTPOB.

3aTeM NPOHUCXOJUT HEKOTOpOE CHIKEHHE BCEX IIOKas3aTeseldl, KOTOpOe CMEHsAETCd IPYIMM PpOCTOM, 4YTO
cBuzieTenseTByeT o cienytomem PII. Takum oOpasom, Mbl momydaem PII ¢ mociemyrommM BOCCTaHOBJICHHEM.
[Tepenocs BpeMeHHOW MHTEpBal Ha TpadUK aMILIUTYbI HYJIEBOH rapMOHMKH, MBI MOXeM BbienuTs PII. Dror xe
METOJ] TPUMEHSETCS IS BCeX IPYTUX COOBITHH.
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JLA. Tpeghunosa u op.

Taoauna 1: ®@opbym-3ddexter, HaOIONaBmMecs BOMM3M opOuthl 3emnu B mae 2019 roma. [ns
KaXIOTO COOBITHS IpHBEACHA MaKcHManbHas amromatyna 3¢dexra FDp,, makcmMmaapHOE MarHHTHOE
I10JIE ¥ CKOPOCTb COJIHEYHOI0 BeTpa Bm 1 V.

HUcrounux DopoyIn FDum, % | Bm, Vm, KM/C
Bpems aara / Bpems HTn

1 | 28.04 (8:24); KI 01.05 (13:00) 0.9 9.1 569

2 | 30.04(10:12); KI 03.05(18:00) 0.6 11.9 505

3 | 04.05 (0:00) 07.05(19:00) 0.8 11.9 380

4 | 06.05 (1:24) 09.05(6:00) 0.5 14.3 380

5 | 08.05(2:00) 10.05(18:00) 1.3 9.1 556

12.05 HeboubII0E BOCCTAHOBIICHHE
6 | 11.05(3:48) 14.05(0:00) 1.1 14.3 556
7 | 12.05(21:12) 15.05(18:00) 0.9 8.4 480

16.05 BOoCccTaHOBIICHHE
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Pucynok 2. [TnotHoCcTs KOCMMueckux jyuedl B Mae 2019 roma. BepxHue pucku Ha pHUCyHKE - BCe
®opOymr 3p(HeKTh, KOTOpble B COBOKYIMHOCTH MPEICTaBISIIOT coOoi moHmxkeHne B Mae 2019 B
cootBercTBUM ¢ Tabm. 1. Ha BcraBke mpuBeneH mpumep s Popbym spdexkra 1 mas 13:00
(ammmutyna 0.9%) ¢ wunocTpaneil METOAMKH BBIJCIICHUsT COOBITHS Ha OCHOBaHWUU HM3MEHEHHI
IapaMeTpOB COTHEYHOTO BETpa.

AHanmn3 XapaKTEepPHUCTHK COJHEYHOTO BETPa IO3BOJSET YBHAETH, YTO W3-32 3HAYUTEIHHON YaCTOTHI BCIIBIIICK,
CJIC/IOBABIINX 32 MIEPBOHAYAIILHBIM CHH)KEHHEM aKTUBHOCTH KOPOHAIBHBIX JbIp 1-3 Mas, a 3aTeM 3a c4eT BEIOPOCOB,
KJI e ycnienu BoccranoBuThCsI, chopmupoBa psix PIT, mpuBemmx K CHUKEHHUIO.

BHyTpHu BEIOPOCOB IJIOTHOCTH COJHEYHOT'O BETpa JAOCTUraeT OOJBIIMX 3HAYCHUH, yeM 0ObIyHO. [Ina3sma BbICOKOM
TUIOTHOCTH 3aKpbIBaeT cwiioBble NUHUM JUIs KJI HEeKOTOpBIX HampaBiieHWH, YMEHbIIAs YHCIO PETUCTPUPYEMBIX
yactun. Ha nmotok KJI cunbHOe BiMsiHUE OKa3bIBAIOT MAarHUTHBIC MOJISA. B HOpMAaJBbHBIX YCIIOBHSX MarHUTHOE I10JIE
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MOXHO TIPEICTaBUTh Kak KBasucmupanbHoe, KJI ABMXKyTCSd MHO CHIOBBIM IJIMHMSAM, OOJBIIEH 4YacThio, IO
HanpasieHuio K ComHiry. BeIOpoc MOXKHO NpeaCTaBUTh B BHAE KOJbIA C HAKPYYCHHBIM HA HEM IOJIEM, KOTOPOE
MMEET pa3NyHble 3HAUCHHs M HAIIPaBJICHO OOJIBIIEH YacThIO MONepeK MarHUTHBIX JuHUH ConHua. CHUloBbIe JTUHUA
JIBIDKYTCSI CJIEIOM 3a yJapHOIM BOJIHOI OT BBIOpOCa, IPH 3TOM IIONEPEYHBbIe CO3/Aal0T nomodue skpaHa aust KJIL
BoBneyenHsle B mocTeNneHHO pacmupsomuiics notok KJI He Moryr mpeogoners momepeyHoe TEUeHHE, TaKUM
o6pazom, oomen KJI 3aTpynHeH, 1 BOCCTaHOBIICHHE HJET Xyke. He nMes BO3MOXKHOCTH NPOUTH 110 CHUIIOBO JIMHUH,
OHU CTpPEeMSTCS HAWTH JApyrod myTh. BoccTaHOBHTENBHBIN IIOTOK B CPaBHEHHH C OOBIYHBIM YMEHBIIACTCS M
IIPUBOAUT K YMeHbIIeHHt0 nHTeHcuBHOCTH KJI. D10 BaxHOoe ycnoBue A nossieHus OII.

BriBoabI
lumoresy cepum HeOOMBIIMX COOBITHH, YAAYHO CIEJOBABIIMX JPYr 3a JAPYrOM, ITOATBEPKAAET aHAIN3,
MPOBEICHHBIHN IT00aJBHO CIIEKTPOrPaAPUUSCKUM METOJIOM U ITO3BOJIMBIIHUI BBIICIUTE OTACIBHBIC COOBITUS CCPHU.

B muaumyme CA mpou3somnen BCIUIECK aKTUBHOCTH. Ecimu ObI Tajio Hampamisuioch K 3emiie, HaOdromancs OFbl,
BO3MOJKHO, caMblii 60sb110# PII B mukie.

Ha 3emie MOXeT OTMEYAThCs BIMSHUC BHIOPOCOB, KOTOPBIC IO 3€MJIM HE JOXOMAT, 0COOCHHO, BOCTOYHBIX. KJI
coOuparoTcss ¢ OOJNIBIIOTO MPOCTPAHCTBA, M MBI BUAUM 10 JAHHBIM HCHTPOHHBIX MOHHUTOPOB COOBITHS,
MPOU3OIICAIIAC 32 JIMMOOM WM HAMHOTO BOCTOYHee. B MarHuTocdepe Bce ONPeneNnseTcs JOKAIbHBIMU
YCIIOBHSIMH: €CIIH B CTOPOHY 3emiid (UKCHpyeTcs OTpuIlaTenbHas B, KOMIIOHEHTa, €CTh BO3MYIICHHE B
MarauTocgepe, €ciu B CTOPOHE, BO3MYIICHHUS HET.

bnazooaprnocmu. Pabora BoimonHeHa ¢ ucnonp3oBannem obopygosauust YHY “Cers CKIT”.
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Abstract. The comparative research of the influence of substrorm precipitation and polar cap patches (PCP) on the
GPS signals disturbances in the polar ionosphere was done. For this aim we use the GPS scintillation receivers at
Ny-Alesund, operated by the University of Oslo. The presence of the auroral particle precipitation and polar cap
patches was determined by using data from the EISCAT 42m radar on Svalbard. We consider tens of events when
the simultaneous EISCAT 42m and GPS data were available. We demonstrate that substorm-associated
precipitations can lead to a strong GPS phase (o) scintillations up to ~2 radians which is much stronger than those
usually produced by PCPs. At the same PCPs can lead to strong ROT (rate of total electron content) variations. So
our observations suggest that the substorms and PCPs, being different types of the high-latitude disturbances, lead to
the development of different types and scales of ionospheric irregularities.

1. Introduction. The Global Navigation Satellite Systems (GNSS) become more important for modern society.
Among the different GNSS GPS is a mostly used for the ionosphere studies because there are a lot of 2-frequency
GPS receivers all over the world. The ionosphere as a medium for the radio waves propagation can have a negative
influence on the quality of received signal. Irregularities in the plasma density distribution can lead to fast
fluctuations of amplitude and phase of the signal which is referred to as ionosphere scintillations [1]. The strong
scintillations reduce the quality of the signal and even lead to the signal loss. Thus, the investigation of GPS
scintillations is an important aspect of space weather. The level of scintillations is characterized by the phase (o)
and amplitude (S4) scintillation indexes.

Amplitude scintillations are caused by the plasma irregularities with scale sizes ranging from tens to hundreds of
meters, while the phase scintillations are caused by the irregularities with the sizes from hundreds of meters to
several kilometers. lonospheric scintillations are most severe in the equatorial region and at high latitudes [2].

The most severe disturbances in polar ionosphere are substorms and polar cap patches. Polar cap patches are 100—
1000 km islands of enhanced plasma density being segmented from the dayside high-density plasma in the cusp
region [3].

In paper [4] it was found that polar cap patches have their biggest impact on GPS signals once they reach the
nightside auroral oval, in particular when combined with upward field-aligned currents. It is shown in the paper [5]
that PCP can produce GPS scintillations quite comparable with scintillations during the particle precipitation with
appearance of strong green aurora.

In the present work we address the following question: substorm particle precipitation or polar cap patches have
stronger impact on the scintillations of GPS signals.

2. Data used. The Ny-Alesund (NYA) GPS scintillation receiver of the University of Oslo (UiO) was the main
instrument used in our study. Upon availability of data, the Skibotn (Norway, mainland) GPS receiver was also
used. The phase (04) and amplitude scintillation indices (Sy) are also calculated and recorded automatically.

For the describing the ionospheric plasma parameters (density, ion and electron temperature, line of sight ion
velocity as a function of range) we used the Svalbard EISCAT 42m radar. The beam of the EISCAT 42m radar is
directed along the geomagnetic field (azimuth = 184°, elevation = 82°). IMAGE magnetometer data was used for
the geomagnetic field observations. OMNI database was used for the evaluating the solar wind and interplanetary
magnetic field parameters.

3. Data analyze. In the present study, we considered the influence of nighttime substorm precipitation and polar
cap patches on the GPS scintillations. We focused mainly on the phase scintillation index because amplitude
scintillation index (Sy) practically has no large variations at high latitudes. The presence of the particle precipitation
into the ionosphere associated with the appearance of the aurora was determined as the density increase between
100-200 km altitudes according to the EISCAT radar data. The presence of the polar cap patches was determined as
a strong density increase above 200 km altitude. In general we identified about a hundred of different cases for years
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2010-2017 when the data from the EISCAT 42m radar was available, however, in this paper we present only typical
examples. The presented conclusions are valid for the common picture.

3.1 Substorm precipitation. The example of the substorm precipitation and the GPS scintillations response to it
is shown in Figure 1 (11 December 2015). It was observed two substorms during this day. The first one was at
15.30-17.00 UT, the second one was at 20.00-22.00 UT. It was polar substorms because it mainly observed at
latitude higher than 70°.

10t 11 December 2015. Svalbard, 42m.

Figure 1. Ionosphere plasma density according to
the EISCAT 42m radar data; phase scintillation
index and amplitude scintillation index according
to the GPS receiver at NYA station; TEC and
ROT variations according to the GPS receiver at
NYA station; geomagnetic field variations (X-
component) at NYA station for the 11 December
2015.
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It can be noticed that the amplitude of the first substorm reaches the value about 1400 nT at Hornsund (HOR)
station, at NAL station the amplitude of the substorm was 600 nT. The second substorm was has lower amplitude
than first substorm (600 nT at HOR station). These substorms was observed without geomagnetic storm (SYM-H
~ - 10 nT), however the solar wind speed was quite high (V = 640-680 km/s) according to the OMNI database.

The phase index reaches the value about 2 radians approximately during the first substorm. The growth of the
phase scintillation index was seen not mainly during the substorm expansion phase (30-40 minutes). During the
second substorm the phase scintillation index has the lower value (0.5-1.5 radians). The growth of the phase
scintillation index was seen as sharp increases during 5-10 minutes time intervals.

Substorms do not lead to the great TEC increase. It is seen the absence of the TEC data during the substorm. It
testifies about the phase failure of GPS signal. The ULF waves in Pi3 frequency range embedded into the substorm
structure can have contribution into the particle acceleration into the ionosphere which leads to such strong values of
the phase scintillation indexes.

3.2 Polar cap patches. The example of the evening-nighttime polar cap patches (PCP) is shown on Figure 2 for
the 10 February 2015.

The PCP was observed at 19.00-23.30 UT as a density increase above 200 km according to the EISCAT data. At
NYA GPS receiver the phase scintillation index reaches the medium value (0.4 radians). However the ROT
variations for the PCP reach the high values (10-15 TECU/min).

During the PCP appearance the Bz-component of IMF has negative values (-6 nT) during 3 hours. It leads to the
development of the small substorm. The amplitude of the substorm is 120-140 nT in X-component of the
geomagnetic field at NYA station. The PCP is also identified in the aurora intensity variations as forms propagating
from the polar to low latitudes in 630.0 nm (red line) emission (not shown) at 19.00-23.00 UT.

For the all consider PCP cases phase index has the value less than 1.

4. Conclusions
It is considered the influence of substorms and polar cap patches on perturbations of GPS signals with using
receivers on Svalbard and in Skiboth. Substorms (even without PCP) lead to the maximum values of the phase
scintillation index (1.5-2 radians). The growth of the phase index observed mainly during the substorm expansion
phase. ULF waves in Pi3 frequency range during a substorm producing auroral arcs can lead to such high values of
the phase index.
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Polar cap patches leads to the prolonged variations of phase index with smaller values (less than 1). At the same
time polar cap patches can lead to strong ROT variations (10-15 TECU/min) in comparison with the substorms
disturbances. So our observations suggest that the substorms and PCPs, being different types of the high-latitude
disturbances, lead to the development of different types and scales of ionospheric irregularities.

10° 10 February 2015. Svalbard, 42m.

NULE

Figure 2. Tonosphere plasma density according to
the EISCAT 42m radar data; phase scintillation
index and amplitude scintillation index according
to the GPS receiver at NYA station; TEC and
ROT variations according to the GPS receiver at
NYA station; geomagnetic field variations (X-
component) at NYA station for the 10 February
2015.
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Abstract. The behavior of the ordinary radio wave amplitude at the frequency of 2.66 MHz of the partial reflection
radar of the Polar Geophysical Institute (Tumanny observatory, Murmansk region, 69.0N, 35.7E) during the
appearance of the polar mesospheric summer echoes on August 15, 2015 was considered. Using of radio physical
method from the spectra of the amplitude at different heights the mesospheric temperature profile was calculated for
the considered data. Significant reduction of temperature values near the heights of the mesopause corresponded to
sharp changes in the amplitude spectra of the ordinary wave.

Polar Mesospheric Summer Echoes (PMSE) is intense reflection of radio waves that occurs most often in the polar
lower ionosphere in the summer at the height interval of 80-90 km near the mesopause [Rapp and Liibken, 2004].
This effect of intense reflection of radio waves in the VHF range at mesospheric heights was first detected in the late
70s on the SOUSY radar (53.5 MHz, Germany) [Czechowsky et al., 1979], and then on the 50 MHz MST
(mesosphere-stratosphere-troposphere) radar at Poker Flat (Alaska) [ Ecklund and Balsley, 1981]. Subsequently, this
effect in the polar region was also observed by other researchers [ Viaskov and Bogolyubov, 1998]. It was shown that
during some periods the polar summer mesosphere intensely reflects radio waves. The most surprising thing was
that such reflections should not have existed at all. The classical theory of scattering of radio waves from turbulent
structures of electron density existing at that time could not explain this effect. So far, various hypotheses have been
proposed, ranging from gravity waves and turbulence to aerosols, but the exact cause of PMSE is still unknown.
Since at first this unusual phenomenon was more often observed only in summer, it was called the polar
mesospheric summer echoes. Later, a similar effect was also observed in winter. By analogy with the summer
echoes, the winter effect is called the Polar Mesospheric Winter Echoes (PMWE). Numerous studies in this
direction have led to the understanding that this PMSE phenomenon is associated with increased turbulence, the
existence of charged aerosols, and low temperatures in the mesosphere.

Temperature in the mesosphere is one of the most important characteristics of the atmosphere, determining the
dynamic and photochemical processes in it. Temperature is a key parameter of the atmosphere, affecting the
dynamics and energy. Temperature analysis in the mesosphere region has so far been carried out in a much smaller
volume than for the lower layers of the atmosphere. The composition and temperature regime of the mesosphere, the
dynamic and chemical processes occurring in it, as well as the energy balance are intensively studied at the present
time. The strong variability of the parameters of the upper layers of the atmosphere, the diversity and complexity of
the processes occurring in them, the ambiguity of interpreting the results of observations, the lack of a uniform
distribution of observation points on the surface of the globe - all this is the fact that a complete understanding of the
processes in the mesosphere is still far from its complete resolution.

It is very difficult to conduct measurements in the mesosphere because it is too high for airplanes (maximal height
is about 25 km) or for balloons (maximal height is about 45 km) and too low for satellites (minimal height is about
130 km). The most important means to conduct measurements in the mesosphere is launching of sounding rockets.
During the launches built-in instruments conduct measurements during the rising and descending parts of the
trajectory. One rocket can measure only one vertical profile on each flight and can only be used once. This is a very
expensive experimental method that brings rather limited results, but for many years this was the only way to obtain
various and more or less reliable information about the mesosphere.

The development of remote sensing techniques of the atmosphere, based on the measurement and interpretation of
the characteristics of the electromagnetic field after its interaction with the medium under study, is of current
interest. Remote measurements of atmospheric components and parameters are carried out by two groups of
methods: passive and active. The first group includes spectrometric (radiometric) sensing methods based on
measuring and analyzing the spectral composition of the solar radiation and thermal radiation of the atmosphere
(absorption bands in the IR range and separate telluric lines in the microwave range, etc.) from the ground, balloons,
aircraft or spacecraft. Active observations of the mesosphere from Earth became possible after the creation of
powerful radar facilities and lidars. Among the radars that make it possible to explore this region of the atmosphere,
it is necessary to note a) partial reflection radars (operating frequencies 2-6 MHz), b) mesosphere-stratospheric-
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tropospheric (MST) radars (operating frequencies about 50 MHz), c¢) incoherent scatter radars (operating frequencies
above 150 MHz).

One of the effective methods for studying the D-region of the ionosphere is the partial reflection method (PRM),
proposed in the early 1950s by F. Gardner and J. Pawsey [1953]. It is radar sounding of the lower ionosphere in the
range of medium waves. The method is relatively simple to implement and allows obtaining information about the
electron density and parameters of irregularities at the heights of the lower ionosphere. The method of partial
reflections is based on the emission of two wave modes (ordinary and extraordinary waves) in the form of
alternating pulses or linearly polarized waves at frequencies in the range from 2 to 8 MHz and the back scattering of
radio waves by plasma irregularities. In the first case, separate reception of signals, partially scattered by
ionospheric irregularities, is carried out, and their amplitudes are measured depending on the delay time, which
determines the height of reflection. To determine the parameters of the medium according to the PRM, one can use
either amplitude measurements or the difference in absorption along the propagation paths of the ordinary and
extraordinary radio waves (differential absorption method), The partial reflection facility of the Polar Geophysical
Institute for the study of the lower ionosphere consists of a transmitter, a receiver, a receiving-transmitting phased
array and an automated data acquisition system [Tereshchenko et al., 2003]. It is located at the Tumanny
observatory (69.0N, 35.7E). Technical characteristics of the radar: operating frequency 2.60- 2.72 MHz; transmitter
power per pulse of about 60 kW; pulse duration 15 ps; probing frequency 2 Hz. The antenna array consists of 38
pairs of crossed dipoles, covers an area of 10° m? and has the beam width at the half power level of about 20°. Two
circular polarizations are received alternately, which are amplified by a direct gain receiver with the 40 kHz
bandwidth. Signal amplitudes can be recorded in the altitude range from 30 km up to 160 km. The step of data
recording in height is h = 0.5-n km, wheren=1, 2, 3, ...

Basic acoustic-gravity wave theory in the atmosphere gives an opportunity to describe many of wave-like
oscillations in the atmosphere. In case of the plane-stratified, isothermal atmosphere there are two frequency
domains for atmospheric waves where they can propagate as acoustic and gravity waves. The domains can be
described by two resonant frequencies of the atmosphere: the acoustic cut-off frequency (period) and the Brunt-
Viisdld frequency (period). The theory of acoustic-gravity waves and the empirical model of composition and
temperature of the atmosphere (NRLMSISE-00) as well as the experimental data of the partial reflection method for
calculation of the resonance atmosphere periods of oscillations: the acoustic cut-off and the Brunt-Viisdld periods
give the opportunity to estimate the temperature at the heights of the D-region of the ionosphere or at the heights of
the mesosphere [Cherniakov and Turyansky, 2020].

In the literature, it is noted that PMSE occurs in the same seasons and at almost the same altitudes as Noctilucent
clouds (NLCs): noctilucent clouds are usually located at heights of 80-85 km, and PMSE - at the heights of 80-90
km [Rapp and Liibken, 2004]. This led to the assumption that these are rather closely related phenomena occurring
simultaneously. The first joint observations of PMSE and NLCs were described by Nussbaumer et al. [1996]. Of the
total number of observations of NLCs and PMSE, their simultaneous occurrence was noted by these authors in 80%
of registrations, while in most cases NLCs were located below the lower edge of the PMSE. This allowed the
authors to conclude that low temperatures and ice particles play an important role in the appearance of radar echoes.
The appearance and duration of observation of PMSE and NLCs are closely related to temperature, since the lower
the temperature, the more likely the formation of charged aerosols, which reflect radio waves. Subsequently, a lot of
works were devoted to joint observations of PMSE and NLCs [Cho and Réttger, 1997; Roldugin et al., 2018]. The
relationship between PMSE and NLCs, however, is ambiguous - there are NLCs without PMSE, and vice versa. An
analysis of joint observations shows that these are still different phenomena. A large difference in the physics of
both phenomena was pointed out in [Kirkwood et al., 2002].

Special conditions for the formation of PMSE and NLCs arise at the altitudes of the polar summer mesopause. The
mesopause is the upper boundary of the mesosphere, where the temperature has a minimum, then increases with
height in the thermosphere. The mesopause region at high latitudes in summer is the coldest region of the earth's
atmosphere. There is agreement between researchers of this region of the atmosphere that conditions for reflection
of radio waves at low temperatures are formed in this region. NLCs, whose morphology is similar to that of PMSE,
are composed of ice particles that condense at nucleation centers (such centers can be meteoric dust or cluster ions).
Low temperatures are a prerequisite for ice formation, since the concentration of water at these altitudes is very low.

It is still very difficult to detect PMSE structures at frequencies of the order of 2-3 MHz. In fact, during PMSE
periods, the partial reflection signal consists of two components: normal partial reflection and reflection related to
PMSE. In principle, it is impossible to strictly separate these components. Various characteristics of the reflected
signal at the HF frequencies are distinguished, which indicate the presence of PMSE, for example: at the heights
where these PMSE appear, the amplitude of the scattered signal has sharp gradients; PMSE are observed throughout
the considered range of heights (80-90 km), but with the greatest probability in the region of heights 84-87 km.

Currently, none of the PMSE researchers question the fact that low temperatures are a prerequisite for the onset of
PMSE. In the work [/nhester et al., 1994] data of temperature measurements during rocket launches during the
periods when the MST radar recorded PMSE are given. The instruments on the rockets actually measured the
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temperature in the areas from which the PMSE was recorded. The main conclusion of this work: PMSE is recorded
by radar at temperatures below 140 K.

On 15 August 2015 NLCs were observed over the Kola Peninsula [Roldugin et al., 2019]. Weather conditions for
optical observations were good, and NLCs were recorded by a camera from an observation point in the city of
Apatity and an all-sky TV camera at the Apatity observatory, located 4 km from the city. Visually, NLCs were
observed from about 20:30 UT, and at 22:08 UT visual and photographic observations were terminated. NLCs
projections on the ground were built from television images, assuming their height is 80 km. At this time in the
Tumanny observatory operated the partial reflection radar (RFR) at the frequency of 2.66 MHz, which recorded the
amplitudes of ordinary and extraordinary waves at altitudes from 50 to 160 km with a time resolution of 1 s and with
the height step of 0.5 km. According to visual observations, NLCs appeared above the radar at 20:40 UT, and the
appearance of PMSE at heights of 83-87 km begins only at 21:15 UT, i.e. 35 minutes later. In fig. 1 a two-
dimensional distribution of a partially reflected signal of an ordinary radio wave for 14 August 2015 (left figure) and
15 August 2015 (right figure) are shown. The day preceding the appearance of PMSE was geomagnetically quite
(daily > Kp = 4) and can be considered as a control day. During the considered period of time on the control day of
14 August, the lower boundary of the radio wave reflections was relatively constant. On the other hand, on 15
August, at approximately 21:12 UT, it sharply dropped by about 6 km to 83-83 km, and this state lasted for more
than 1 hour.
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Figure 1. Left figure: two-dimensional picture of ordinary wave amplitude distribution on 14 August
2015; right figure: the same for 15 August 2015.

To find the change in the amplitude of the reflected signal with the height, the amplitude of the reflected signal at a
lower height was subtracted from the amplitude at a higher height. The amplitudes of the reflected signal were
recorded every 0.5 km, thus, the figure shows the difference in amplitudes every 0.5 km of altitude. In fig. 2a (left
figure) the difference in amplitudes every 0.5 km during PMSE recording is shown. It can be seen that the main
change in the amplitudes was at the altitudes of 83-86 km.

The calculation of the height temperature profile was carried out for 21:48 UT, in the middle of the period of
stable existence of the PMSE. To calculate the spectra, we used the one-second data of the hourly amplitude of the
partially reflected ordinary wave, which includes half an hour before and half an hour after 21:48 UT. Spectra of
temporal variations in the amplitude were calculated from the time series of the amplitude of the partially reflected
ordinary wave at each of the heights. From the experimental amplitude spectra, the spectral components
corresponding to atmospheric resonances were identified, and the neutral temperature was calculated. The calculated
height profile of the neutral temperature for 21:48 UT is shown in Fig. 2b (the considered time is shown by a
vertical dashed line). The horizontal lines at the profile show the temperature errors. At 84 km, the temperature
shows a sharp decrease. The horizontal dashed line in Fig. 2a shows the height of 84 km, at which the temperature
reached its minimum value. This height corresponds to the heights at which the change in the amplitude of the
reflected signal is greatest. Low temperatures may indicate the mechanism of signal reflection associated with the
formation of charged aerosols at low temperatures.

During Polar Mesospheric Summer Echoes over the Kola Peninsula on August 15, 2015, the neutral temperature
for the heights from 70 km till 90 km and the time of 21:48 UT was considered. The temperature was determined
from spectral characteristics of the partially reflected ordinary wave amplitude using the previously proposed
method for determining the mesospheric temperature. At the heights of the PMSE, the temperature showed a sharp
decrease to 160 K.
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Abstract. The data of simultaneous observation of the energetic electron flux by ARASE satellite and aurora by
ground-based all-sky imager in Murmansk region (Russia) have been analyzed for the time interval 00:00-01:00 UT
on March 31, 2017. The energy spectra of middle-energy (7-90 keV) electrons observed by MEPe detectors in and
near the loss cone have been used for simulation of the auroral emissions in the atmosphere. The temporal evolution
of the simulated emission intensity has been compared with the observed emission in the magnetic field-aligned
footprint point for the satellite. It was found that the projection along magnetic field has been distorted by the
developing disturbance.

Introduction

Dynamics of the magnetospheric plasma and its manifestation in the auroral activity have been studied for recent
decades. However, the plasma processes extend in so broad range of scales in space and time, that each new
experimental equipment open up opportunities for new findings. The ARASE (ERG) satellite is operating from the
beginning of 2017 and is aimed mainly for studying the wave-particle interactions in the radiation belts. The satellite
is equipped by several particle and field detectors useful for these studies. The mission has a broad international
ground based support over the world, especially in the Fenno-Scandinavian region.

Here we analyze one of the first intervals of simultaneous magnetically conjugate observation of the ARASE
satellite [Miyoshi et al., 2018a] and the ground-based all-sky imager in Murmansk region (Russia) [Kozelov et al.,
2012]: the time interval 00:00-01:00 UT, March 31, 2017. Recently this interval was studied in [Kawamura et al.,
2019] for tracking the region of high correlation between pulsating aurora and chorus VLF waves. It was found that
this region jumps near the satellite projection along the magnetic field line to the ionosphere. Propagation of the
VLF waves in a plasma from the region of their generation and the structure of this region in the magnetosphere are
the problems still under discussion. But here our investigations aim to other side of the problem, i.e., to the energetic
particles interacting with these waves and precipitating in the loss cone. According to theory [ Trakhtengerts, 1999;
Trakhtengerts et al., 2004] it should be electrons with energies in the range of tens of keV. The energy spectrum of
the electrons in this range is observed by MEP-e detectors of the ARASE satellite. Precipitation of the energetic
electrons should lead to auroral emissions in the ionosphere at the same magnetic field line.

Taking into account the evolution of the measured spectrum of the energetic electrons we estimate the possible
auroral response in the green (557.7 nm) and blue (427.8 nm) lines by a model of Dashkevich et al. [2017]. Then as
a first approach we try to compare these estimations with the auroral intensity observed by Apatity all-sky imager
along the track of the magnetic field-aligned footprint point for the satellite.

Observations

Figure 1 presents the relative positions of the ground- based all-sky camera and the satellite track during the events
under consideration. The keogram in Figure 2 presents the evolution of aurora in the North-South cross section of
the field of view of Apatity all-sky camera during the interval 00:00-01:00 UT on March 31, 2017. We can see the
wide band of pulsating aurora during the entire time interval with decreasing activity after 00:50 UT. From 00:24 to
00:34 UT the activation of aurora at the poleward boundary of the band is observed, and the boundary moves fast to
the South, followed by slow backward motion.
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Figure 1. Projection of the ARASE satellite position along the magnetic field line during the interval
00:00-01:00 UT, March 31, 2017. Tsyganenko-89C magnetosphere model used.

00:00 00:10 00:20 00:30 00:40 00:50 01:00
Time, UT

Figure 2. North-South keogram of aurora evolution observed by Apatity all-sky camera during the
interval 00:00-01:00 UT on March 31, 2017. In the interval 00:29-00:30 UT the intensity decreased
due to the auto gain control.

Figure 3 presents the evolution of energy spectrum of electrons in the range from 7 to 90 keV obtained by MEPe
detectors onboard ARASE [Kasahara et al., 2018]. We calculate the particle flux for the pitch-angles in loss cone
[Matsuoka et al., 2018], taking into account its changes along the satellite track. During the first 20 minutes of the
considered interval we can see relatively high electron flux for the energy below 30 keV with a fast drop the flux
above 50 keV. At 00:23 UT we can see the start of an injection with dispersion from ~70 keV, which develops to at
least 00:36 UT with a decrease in energy to ~10 keV. After 00:23 the flux at energy above 50 keV increases up to
more than an order of magnitude. During the entire interval simultaneous fast pulsations of the particle flux in a
wide range of energies were observed. They indicate local wave-particle interactions in the magnetic flux tube
crossed by the spacecraft.
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ARASE MEPe Loss Cone Flux 31 March, 2017

00:00 00:10 00:20 00:30 00:40 00:50 01:00
Time, UT
Figure 3. Evolution of the energy spectrum of electrons obtained by MEPe detectors onboard
ARASE.
Discussion

By using the measured spectrum of energetic electrons and the physical-chemical model of the ionosphere
[Dashkevich et al., 2017] we estimate possible auroral response in the green (557.7 nm) and blue (427.8 nm) lines.
The temporal evolutions of the intensities are shown in Figure 4. The sum of these two lines gives 90% of the aurora
intensity in the blue-green range of the visual spectrum. Also we calculate the altitude of the maximum in the
altitude profile of these emissions. We found that during this event the altitude is falling down from 101 km to 99

km for 557.7 nm and from 100 km to 97 km for 427.8 nm. This corresponds to the observed hardening of the
electron energy spectrum.
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Figure 4. Theoretical estimation of 557.7 nm and 428.7 nm lines intensities calculated by MEPE
electron flux spectrum in the loss cone.

To compare these results with the calculated estimations of the aurora intensity, as a first approach, we construct
the keogram by the North-South cross section of the all-sky images through the moving projection of ARASE
satellite position, see Figure 5. The latitude of satellite projection is marked by dotted line; the images are mapped
onto the height 100 km. The evolution of the intensity along the satellite projection is presented in Figure 6.

The evolution patterns shown in Figures 4 and 6 differ considerably from each other. This could mean that the
particle precipitation occurs not exactly in the expected points, which can be due to an imperfect field line mapping
under disturbed conditions. Figure 7 shows three examples of all-sky images at different stages of the considered
event. The satellite position mapped by an average model of the magnetic field is marked by star. One can see that
in the beginning of the event (the first image at 00:01 UT) the strong East-West auroral band is located northward of
the satellite. The band is strongly distorted due to local ionosphere-magnetosphere currents (the second image at
00:30 UT). These conditions are visually different for the field line mappings.

Another support of our suggestion about the imperfect field line mapping is shown in the third image of Figure 7
at 49:39 UT. Nearby the satellite projection we can see a big auroral patch. The life-time of this patch corresponds
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well to local pick in the theoretical intensity near 00:50 UT in Figure 4. So, detailed correlation analysis of the
auroral patches in images and the evolution of theoretical auroral intensity obtained from the electron spectra can
help to map the region of the particle precipitation more precisely to the magnetosphere.
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Figure 5. North-south keogram by Apatity all-sky images crossed through the projection of ARASE
position. The projection of the satellite latitude is marked by a dotted line; the images are mapped at a
height of 100 km.
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Figure 6. Evolution of the aurora intensity observed by the all-sky camera at the magnetic field line
crossed by ARASE at a height of 100 km.

Figure 7. Examples of Apatity all-sky images with the projection of ARASE position along the
magnetic field line (marked by a red star).
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Results
We have analyzed an interval of simultaneous observations by the ARASE satellite and the ground-based all-sky
imager. The energy spectra of middle-energy electrons observed by MEPe detectors in and near the loss cone have
been used for simulations of the aurora emissions in the atmosphere. The temporal evolution of the simulated
emission intensity has been compared with the observed emission in the magnetic field-aligned footprint point for
the satellite. It was found that the evolution patterns differ considerably from each other. We deduce that the
projection along magnetic field has been distorted by the developing disturbance.

Detailed correlation analysis of the auroral patches in images and the evolution of theoretical auroral intensity
obtained from electron spectra can help one to find exactly the position of the particle precipitation region in the
magnetosphere.
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MOIEJIUPOBAHUE CIIEKTPA CBEYEHUSA HOYHOI'O HEBA
3EMJIM 1 BEHEPBI JIJI51 CUCTEM I1OJIOC, U3JIYYAEMBIX

ITPU CITOHTAHHBIX ITEPEXOJAX MEXKAY PA3JIMYHBIMU
COCTOSIHUSIMHU JEKTPOHHO — BO3BYKIEHHOMN MOJIEKY.JIBI
KHUCJIOPOJA

O.B. Anronenko, A.C. Kupunnos

>

QI'BHY “lonapusiii eeogpuzuneckusi uncmumym”, 2. Anamumsi, Poccus

AHHOTAIIUSA

PaccMOTpeHBI IIPOIECCHl  BO3OYKIEHHA M TalICHHs OIEKTPOHHO-BO3OYKIEHHBIX cocTosHMH AST,", A“A,
MOJIEKYJIAPHOTO Kucaopoa B armocdepe 3emmn 1 ¢'Xy~, A®A, B arMocdepe Benepsl Ha BHICOTaX CBEYEHHSI HOYHOTO
HeOa miaHeT. [IpoBeeHO cpaBHEHHE PACCUMTaHHBIX MHTETPATBbHBIX MHTEHCHMBHOCTEH monoc ['epudepra I u momoc
YembeprieHa ¢ 3KCIEPUMEHTAIBHBIMU JAHHBIMH, TIOJyIEHHBIMH ¢ KOCMHYECKnX Kopabinei. [lokazano, 4To mydrree
cornacue HaONIOIAETCS TIPH KOPPEKIMU KBAHTOBBIX BBIXOJIOB KOJEGATENBHBIX YpPOBHEH cocrosHus A’Y,” B
pe3ysbTaTe TPOMHBIX CTONKHOBEHHH, TOJMYIEHHBIX paHee B HAYYHOH JINTEpaType.

KiaroueBble ciioBa: MOHCKyHﬂpHLIﬁ KHCIIOPOA, B036y)KZ[eHI/Ie QJICKTPOHHBIX ypOBHeﬁ, BBICOTBI CBCUCHHA HOYHOT'O
He6a, HMHTErpaJibHbIC UHTCHCUBHOCTH I10JIOC, KOPPEKIHA KBAHTOBBIX BBIXOJI0B.

1. BBenenne

W3BecTHO, YTO MCTOYHMKOM HOYHOTO CBEYEHHS SIBIIAIOTCS IPOIECCHl C ydacTHEM aToMapHoro kuciopoxaa O,
BO3HHUKAIOIIETO IpH (poToancconnannuu Moiekya O, comHedHbIM YD U3ydeHHEM B THEBHOE BpEMs. JTH pEaknnuu
MPOMCXOAT B OYCHH Y3KOM ClIo€ aTMoc(epbl 3eMIIN TOMIHUHONW OKkoio 10 KM ¢ HEeHTpOM Ha BBICOTE OKOJIO 90 KM
[1]. B BepxHeii armocdepe Benepbl HHTEHCHBHO MpoTeKaroT npouecchl dporoaucconuaus COz, JOMHUHUPYIOLIETO
ra3a Ha IUTaHEeTe, MPHU KOTOPHIX TakXke oOpa3yercsi aToMapHBIN Kuciopon. IIpomeccsl aucconualiii B BEpXHUX
closix aTMocdep IIaHeT 3¢MHOH TPYIIIBI IPOTEKaloT o4eHb 3 dexTuBHO [2].

Takum o6pazom, B aTMocdepax mmaHeT 3emun u BeHeps! Ha BeicoTax 6oiyee 75-80 kM, ¢ MAKCUMYMOM OKOJIO 85-
100 kM, comepkaTcsi BBICOKHE KOHIIGHTpaIu aTomapHoro kuciiopona O. OCHOBHBIM MEXaHM3MOM 0Opa3oBaHMUs
3JIEKTPOHHO-BO30YXKIEHHOTO MOJIEKYJIPHOro kucnopoaa Ox" ABJAIOTCS TPOHHBIE CTOJIKHOBEHHS ¢ YYACTHEM JIBYX
aToMoB kucnopoga O ¥ TpeTheil YacTHIB U3 ATMOC(EPHBIX COCTABIISIOLINX

O+0+M—- O*+M (1)

(rme M — 3T0 TpeThs YacTUIIAa IPH CTOJIKHOBEHHH), 00pa3yeTcs MoJeKyJsia Bo30yx 1EHHOTO KUCIOPO/a.

Llens nanHOMN pabOTHI — MPOBECTH CPABHEHUE PE3YJIBTATOB TEOPETUUECKUX PacdeTOB MHTCHCUBHOCTEH CBEUCHMUS
PasIMYHBIX TOJOC C IKCIEPUMEHTAILHBIX JAHHBIMM 0 HOYHOMY CBEYEHHs MOJIEKynspHOro kuciopona O2° B
atMoc(epe 3emuim M BeHepbl, a Takke pacCMOTPETh NPHHLUNHAILHBIE Pa3JIMuUsl KUHETHKH BO30Y>KIECHUS
3JIEKTPOHHBIX YPOBHEH SHEPTHH KUCIOPOAHBIX COCTABISIOMINX B aTMOC(epax IUIaHEeT 3eMHON TPYIIIIHI.

2. CBeyeHMe MJIaHeT HOYHOT0 He0a 3eMHOIi rPyNNbI

CroHTaHHBIE TEPEXO0Jbl C AIEKTPOHHO-BO30Y)KJECHHOTO Ha OCHOBHOE COCTOSHHE MOJIEKYJIBI KHCIIOPOZA WM Ha
COCTOSIHHE C MEHbIIEH SHeprueil MPUBOIAMUT K CBEUCHUIO Pa3NIMUHBIX Hosioc. TakuM 0o0pa3oM, 10 CBEYEHHIO I10JI0C
KHCJIOPO/Ia MBI MOKEM KOHCTATHPOBaTh (PaKT HAJIMYMS KUCIOPO/a B aTMocdepe.

B cnekrpax cBeueHuss HOuHOro Heba 3emim Hambosiee YETKO MPOCIEKHMBACTCS HAIMYHE MOJIEKYJISPHOTO
KUCJIOpPOAa, 4To OBbLIO 3adukcupoBaHo emé B Havane 60X ToJ0OB MPOIUIOro BeKa (I0Ka3aHO MPUCYTCTBHE I0JIOC
I'epuoepra 1) [3]. [lomke yka3zaHO Ha WHTCHCHBHOE cBeucHue monoc Yembepiena [1]. Ilpuatom Ha 3emie 3Tu
MepexoAbl MPOUCXOAAT C HEHYJEBBIX KOJIeOAaTeNbHBIX YPOBHEH HA pa3lWYHbIE YPOBHH OCHOBHOTO W JPYTHX
HUKeJIeKAIUX COCTOSHUM.

HouHoii cnexTp cBedeHus: arMochepbl BeHeprs!, moaydeHHbI ¢ opOuTaibHEIX cTaHnuit Benepa 9 um Benepa 10
BIIEpBEIe ObUT omyOnuKoBaH B 70X romax mpomutoro cronetus [4]. Heckompko mo3ke aMepUKAaHCKUMH YYEHBIMU
OBLTO MOKa3aHO, YTO B CIEKTpax CBedeHHs aTMochepsl Benepsl, kpome nonoc ['eprdepra Il mpucyrerByer Taxke
HEKOTOphI BKinaa ot mosoc YembOepnena [S5]. B 2013 r omyGnukoBaH CIIEKTp HOYHOTO CBeueHMs Benepsl, rae
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nmokazano Haiauuue noioc [epmbepra II, a taxke momoc YembGepnena [2]. [Ipuduem Ha Benepe 3TH mepexombl
MIPOHUCXOJAT TOJIBKO C HYJIEBBIX YPOBHEH HA HEHYJIEBBIC YPOBHH HIKEIIEKAIINX COCTOSHHM.

Takum 00pa3oM, B pe3yibTaTe HaOJIOJCHUI CIIEKTPOB IMOJIOC MOJIEKYJSIPHOTO KHCJIOpOJa B CBEYEHHH HOYHOTO
Heba 3emuin 1 BeHeps! ObUT0 00HApPYKEHO MX NPUHLIMIHAIBEHOE pa3iuyue: MMPOKUH criekTp nojoc ['eproepra I n
YemOepiena B armocdepe 3emun u cucrema nonoc ['epudepra 11, ¢ HesHaunTenbHBIM BKJIaZ0M nojioc YembepieHa,
npuuéM B HOYHOH armocdepe 3eMII TEpeXojbl OCYIIECTBISIOTCS C Pa3IM4YHBIX KOJICOATENbHBIX YPOBHEH
coctosamii AZ,'(v) m ABAy(v), a B HOuHON atMmocdepe BeHephI MeEpexXombl OCYIIECTBISIOTCS C HYJIEBOTO
KOJIe6aTENBHOrO ypOBHs cocTosHmit ¢! Xy~ (v=0) 1 AA,(1v=0).

41300 cm™ - 3Heprua guccouymnayumn MoneKkynbl 0,

E (cm-) KA AY.

40000 - 1 z & =7 19886
—— 3019, C 3
s it u e =t
373547 C 1 Y S — w=4 ity
36660.9 03 65285
ph Si—— o8
34386.7 aele R .

32664.6 v=0
3emnA 3emnA
A=370 - 430 nm =270 - 330 nm
BeHepa
?\f 560 - 670 nm
BeHepa
20000 A=420 -550 nm »
.
NN

14522 A =10

oeeee v=4 131733 v=0

122615 / ' v=3 11801 v=g

10830.2 =2 10406.3 =7

3728 83888 ' v=06

8834 75484 i, - :” w=5

!
a Ag 60851 * = ¥ v=4
4598 8 =3
y
20893 =2
1556.4
0- [

—
X2g
Pucynok 1. DnekTpoHHBIE IEpeX0/1bl BHYTPHU MONeKyIbI Os.

Ha pucynke | mpuBeseHsl 351eKTPOHHO-BO30y)eHHbIE (AT, A%A,, ¢!, a'A,) u ocHoBHOe X°T,  cocTosHUs
MoJIeKyJbl Oz, @ TAKXKE - HECKOJIBKO CHUCTEM I10JI0C, U3JIy9aeMbIX MPU CIIOHTaHHBIX MEPEX0/1aX MEKAY pa3iIudHbIMH
COCTOSTHHSIMH MOJIEKYJIBl. Bce IpuBeneHHBIE COCTOSIHUSI HaXOJSATCS HIDKE SHEPrUH JUCCOLHMALHM MOJeKyJsl O)
~41300 cm ! (8065 cm ! = 15B). Ilokasano, 4To B HOYHOH aTtMocepe 3eMIHM MEPEXOIBI OCYHIECTBISIFOTCS C
HEHYJIEBBIX KOJIEOATENbHBIX ypOBHEH coctosHui A’Z,(v=4-7) n A"A,(v=4-6), B nouHoii atmocdepe Bereps
TIEPEXO/IBI OCYIIECTRIISIOTCS C HYJIEBOTO KOJEOATENBHOTO ypOBHS cocTosHuil ¢!, (v=0) n ABA,(v=0).

IpoBeneHsl pacyeThl KOHIEHTPAUH MOJEKYN Bo30yxaénnoro kuciopoma Ox(A’Z,") m Oy(A°A,) Ha BrICOTaxX
BepxHel aTMocdepbl 3emMiin Il Koyie0aTebHbIX YpOBHEH V'=3-8 1yt okTs0pst mecsna, 1976 u 1986 rr. (Hu3Kas
CONTHEYHAsI aKTUBHOCTH, Fi97 =75). IIpu pacuerax y4reM ramieHne 3JIeKTPOHHO-BO30YKAEHHONW MoJeKysl Or mpu
CTOJIKHOBEHHUSX ¢ MOJIEKyJIaMH a30Ta N», JTOMHHUpYIOIIEro Ha 3emie u kuciaopona O, [6]:
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02+ Ny — O2* + Ny, (2a)
O, + 0y — 0%+ 0. (26)

Tak e TPOBEJEHBl PACYEThl KOHUEHTPAalUii MoJeKys Bo36yxaénHoro kuciopoga O»(c'E,) m Ox(A®A,) na
BBICOTaX BepXHEH armocdepsl Benepbl mis konebatensHoro yposHs Vv'=0. [lpm pacuerax ydrem rameHue
JJIEKTPOHHO-BO30Y)XIEHHOH Mojekynsl O, TpH CTONKHOBEHMSX C MoOJIeKyinamMu yriekucioro raza COa,
JnoMuHHpYoIero Ha Benepe u kucnopona O, [6]:

0; +COy — O2* + COy, (32)
02+ 02 — 02* + 02, (36)
ITosTomy mpu pacuere KOHIEHTpaIHK Bo30YXIEHHOTO Krciaopoaa O, st 3eMitr BOCTIONb3yeMest (OpMyIIoit:
[02] =qv-aka [0 [N2]/(Av + koo’ [N2] + k2 [O2]), 4)

TJIE O ¥ ¢ — KBAHTOBBIE BBIXOJBI BCETO COCTOSHUA A’X," V' WM, COOTBETCTBEHHO, BCETO cOCTOSHHA AA,, V' mpu
TPOHHBIX CTONKHOBEHMX (1) [7], cOOTBETCTBEHHO, k2 — KOHCTaHTa CKOPOCTH PEaKINH peKOMOWHAIINH TIPH TPOHHBIX

crosnkHoBeHUsAX (1) [8], k2 M ks — KOHCTaHTBI ckopocteil peakuuii (2a) u (20), Ay — cymma koddduireHToB
DiiHmITeHa 1)1 BCeX MEPEX0JIoB ¢ KoJebaTeabHOro ypoBHs V' cocTosiHus A’Y," Ha X°Z, (nepexon I'epubepra I)
s coctosaus O2(A3Z,), Wik, COOTBETCTBEHHO, I BCEX TEPEXOJIOB C KOJEOATENHHOrO YPOBHA V' COCTOSHUS
A®A, Ha a' Ag (mepexon Yembepnena) mus cocrosaus Ox(AA,,) [9].

IIpn pacuere ke KOHUEHTparwi Bo30yxkaéHHOro kmciopona O mns BeHepsl Bocmonb3yeMcsi HECKOJIBKO
U3MEHEHHOH (HOpMYIIOH:

[02] =qv- 0k [O]*[ CO2)/(Av + k3a'[CO2] + k35°[O2]), Q)

TJI€ O ¥ ¢y — KBAaHTOBBIE BBIXOJBI BCETO COCTOSHHMSA C'Yy , V' HMIIM, COOTBETCTBEHHO, BCETO COCTOSHHSA A“A,, V' mpu
TPOHHBIX CTONKHOBEHUAX (1) [7], COOTBETCTBEHHO, k2 — KOHCTaHTa CKOPOCTH PeaKIMi PeKOMOWHALIMH TIPH TPOMHBIX

cronkHOBeHUX (1) [8], k3. u kss — KoHCTaHTHI ckopocted peakuuit (3a) u (30), Av — cymma K03((QHUIICHTOB
DUHIITENHA 1711 BCeX TIEPEXOJIOB C KONEBATENBHOTO ypoBHs V' coctosaus ¢'X, Ha XL, (mepexon Iepubepra II)
qns coctosuausa Ox(c'Ty), Uian, COOTBETCTBEHHO, ISl BCEX MIEPEX0J0B C KOJIeOATEITFHOTO YPOBHS V' COCTOSIHUS A"A,
Ha a'Ag (mepexon YembGepnena) misa coctosaus Ox(ASA,) [9].

IIpu 5ToM yuuTBIBaeM, 4To Mis cocTosaus Ox(ASA,) cxagsBaeTcs cymMma KodQduirenToB DHHIITeNHA 11 BeeX
TIEPEXOJIOB € KOJIEOATENLHOTO ypOBHS V' coctosHus APA, Ha a'A, (nepexon Uembepnena) u cymma ko3 QpUIMEHTOB
DWHIITENHA TS BCEX TIEPEXOIOB ¢ KoneGaTenpHoro yposHs V' cocrostaust AA, na X*E,~ (nepexon [epubepra I11).
DTO BBINMONHAETCS, MOCKONBKY ¢ coctostHust O2(APA,, V') ocymecteisercss u nepexon ['epubepra 111, u mepexon
UembepieHa.

KoHCTanTa CKOPOCTH PEAKIMM PEKOMOMHAIMM MPU TPOWHBIX CTONKHOBEHHSX k» (cM® ¢7!) mpumensmach kak
paccunTaHHas BEIWYMHA B 3aBHCUMOCTH OT TeMIEpaTyphl aTMocepsl Ha PacCMOTPEHHOM HHTEpBaJie BBICOT
cornacHo [8]; koHIeHTparusa a3oTa [N»] 3HAUUTETHHO MPEBBINIAET KOHIIEHTPAIIMHU OCTAIBHBIX COCTaBISIONINX B
aTMoc(epe 3eMin, IO3TOMY yUHUTHIBaeTcsl B opmyie (4); cCOOTBETCTBEHHO, KOHIIEHTpanus yriekucioro raza CO;
3HAYUTENBHO MPEBBIIIAET KOHIIEHTPANH OCTAIBHBIX COCTAaBIIIOMMX B aTMocdepe BeHepsl, mo3ToMy yuuThIBaeTCs
B (opmyne (5); KOHCTAHTHI TallCHUS 3IICKTPOHHO-BO30Y)XKIEHHOTO KHCIOPOAA IPU IBOMHBIX CTOJKHOBEHHMSX
MOJIEKYISIPHOTO KUCIOPOJA C 9ACTHIIAMH aTMOC(EPHBIX COCTABIIOMUX Kna (cM> ¢™1) 1 kng (cM® ¢™) K02 PHIHEHTEI
OWHIITENHA U1l BCeX CIIOHTaHHBIX MEPEX00B — COMIACHO [9], KBaHTOBBIN BbIX0OA 0 — coryiacHo [10].

6

400

Pucynok 2. CpaBHenwme mnpoduiei HeUTpaabHOU
| wiotHocTH O m3 Mogenu VTS3 mms 90° (crutonrHeie
1 KpuBBIE), 95° (KOpOoTKasi MyHKTHpHasi KpuBasi), 115°
(myHKTHpHBIE ~ KpuBBIE) H  125°  (uIMHHBIE
— IITPUXOBBIe KpuBbIle) SZA mMoznenu [11].
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K coxanenuto, Mbpl HE HAIlUIM CBEJICHUN O CE30HHOM pacIipeieIeHMH aTOMapHOro kKuciopojia Ha Benepe. MoxHO
JWIIb CKa3aTh O PACIpPENCIICHUH aTOMapHOro Kucinopoaa O Aist pa3iudHbIX 3HAYEHHH COJTHEYHOTO 36HUTHOTO yIila
(SZA), nockoneky SZA MeHsieTcs Kak B 3aBHCHMOCTH OT BpAlllEHHs IUIAHETHl BOKPYr CBOEGH OCH, Tak U B
3aBUCHMOCTH OT BpaueHus miaHetsl Bokpyr Connna. Kak BunHO 13 pucyHka 2, npoduiu mioTHoctd O Ui pa3HbIX
Mozeneit SZA modTd OAMHAKOBBI O BBICOTHI OKojo 142 kM [11], B TO BpeMs Kak Hamla pacdy€THas BbICOTa
pacrpezneneHus aToMapHoro kucinopoja Ha Benepe mo 130 xm. Bemme 3Toit BbicoThl mpoduibs O coBmagaer c
npoduiem monenu SZA nist 90°.

3. Pe3yabTaThl MOJETUPOBAHUS
3HaueHNMs MHTETPANbHOM CBETUMOCTH (cBedueHMs B cronbe) I (cM2c™) mia pasmmuneix monoc Iepubepra I m
YembepIieHa paCCYUTHIBAIIUCH 110 popMyIe:

Iy— =J[02(A’ZS", A®Au)] Ay dh, (6)

r1e Ay - Koo duuenT DiHIITEHA TS U3ITy4YaTeNnbHOro nepexona [9], dh — npupaiieHue BBICOTHI.

PaccunTaHHbIE 3HAYEHMS MHTErPAILHON CBETMMOCTH (CBedeHHMs B cToiOe) I(cM?2 ¢!) ans pasnuuHbIx mosoc
I'epubepra 1 u YemOepnena, oOyCIOBIEHHBIX HM3JIy4aTeJIbHBIMU IEPEXOJaMHM, INPEICTaBICHHBIX Ha puc. 1, 3a
okTsI0ps 1976 u 1986 rr. (ycnoBusT HHM3KOW CONHEYHOH akTUBHOCTH Flo7 = 75). Kak mokaszaau pacuersl,
HaOII0aeTCs PACcXOXKACHHE PACCUUTAHHBIX C OKCIIEPUMEHTAJBHBIMU 3HA4CHUSAMU s 3 U 4 KoleOaTenbHBIX
ypoBHeit aist monoc ['eprdepra 1.

B pabore [6] paccunmTaHHBIE KOHCTaHTHI JUIS HPOLECCOB TalICHUs 3JIEKTPOHHOTO BO30YKICHUS IOKa3aln
XOpoIlee COoTiache ¢ pe3yibTaTaMH J1a00paTOpHBIX M3MepeHnil. UTo kacaeTcs KBaHTOBBIX BBIXOJOB ¢y, TO HPH
OIIEHKE X B [7] M3HAYAIBHO MCHONB30Balach aHATUTHYECKast (OpMyJia, KOTOpas MOIJIA JaBaTh MOTPEIIHOCTD JUIS
KoJIeOaTeNbHBIX YPOBHEW C MaJIbIMHU 3HAUCHHUAMH. AHaJIUTHYeCKas (opMyia Al pacyeTa KBAaHTOBBIX BBIXOIOB ¢y
ObL1a pencTasieHa B [7]:

qv ~ exp[~(Eaw)— Eo)*/B*], @)

rne Ep=40000 cm™!, B=1500 cm™! — mapameTphl, ONpemelEHHBIE METOJOM HAMMEHBIIMX KBaApPATOB IIyTEM
CpaBHCHHA pPaCCYUTAHHBIX KOJ'Ie6aTeJ'II>HLIX HACEJIEHHOCTEH COCTOSHUS 1A32114r C pe3yjibTaTaMHd HAa3CMHBIX
HaOmonenuit. ®opmyna (7) ObLIa KCHONB30BaHA IS pacyeTa 3HAYCHUH ¢y, TOPU 3TOM OBLIO MPOM3BEICHA
HOPMHPOBKA KaXAOro0 3HAYCHHA KBAHTOBBLIX BbIXOHOB, ‘-ITOGI)I CymMMa 6])1]'[3 paBHa C€IUHUIIC. Paccuntannbie
3HAueHHs ¢y NpHUBENeHBI B Ta0a. 1. [1o3TOMy MBI B HACTOSIIMX pacyeTax BapbUPyeM 3HAYCHUs] HOPMHUPYIOUIUX
K03(D(DUIMEHTOB, YBEIMYUB HMX 3HAueHHs npuOnusutensHo Ha 1/3 mnst 3 um 4 KonebaTenbHBIX YpPOBHEH.
COOTBETCTBEHHO, 3HAYCHUS HOPMHUPYIOIIMX KOID(GUIMEHTOB IS JAPYTHX KOleOaTeNbHbIX YpPOBHEH ObLIH
yMeHblIeHbl. B Tab1. 1 npecTaBieHbl HCXOAHbIE HOPMUPYIOIHE KO3(GPHUIIUSHTHI COTIIACHO [7] 1 U3MEHEHHBIE.

Ta6auma 1. KBaHTOBBIC BBIXOABI ¢, KOJICOATEIEHOTO YPOBHS V' IPH TPOWHBIX CTONKHOBeHHAX (1):
cornacHo [7] 1 U3BMEHEHHbIEe B TaHHOU paboTe.

V' sHeprus Ey g cornacHo [7] N3menénnsle g,
0 35010,2 3,23E-06 3,27E-06
1 35784,6 7,77E-05 7,77E-05
2 36528,6 9,87E-04 9,87E-04
3 37239,6 7,07E-03 9,43E-03
4 37914.,9 3,03E-02 5,04E-02
5 38551,0 8,22E-02 8,22E-02
6 391433 1,51E-01 1,51E-01
7 39686,0 2,00E-01 1,93E-01
8 40171,6 2,06E-01 1,81E-01
9 40589,5 1,79E-01 1,88E-01
10 40925,8 1,43E-01 1,44E-01
Cymma: 1,00E+00 1,00E+00

99



O.B. Aumonenxo u A.C. Kupunnos

Ipy ucronb30BaHNK U3MEHEHHBIX KBAHTOBBIX BBIXOJOB ¢, JOCTHIHYTO JIyYIIee COIJIaCHE PACCUMTAHHBIX CIICKTPOB
MHTETPANTBHOM CBETUMOCTH BO30ykaéHHOro kmcaopoma O2(A3%,",1'=3-8) co cIeKTpamm, NONYYEHHBIMH C
JIeTaTeJILHOTO amiapara BO BpeMsi MUCCHU KocMudeckoro dyenHoka STS 53, Beunerenuiero B gexadpe 1995 roga [1].
OT0 corjacue yka3bplBaeT Ha TOT (DakT, YTO MOJy4YEHHBIC SKCIIEPUMEHTAJIbHBIC NaHHBIE [0 CBEYCHHIO
MOJIEKYJISIPHBIX TI0JIOC MOTYT OBITh MCIIOJIB30BAaHBI IPH OLEHKE CKOPOCTEH 00pa3oBaHMs M TallleHHUS Pa3IMYHBIX
KoJieOaTeNbHBIX YPOBHEH 3JIEKTPOHHO-BO30YKJICHHBIX COCTOSIHUI MPHU Pa3IMYHBIX CTOJIKHOBHTEIBHBIX MPOIECCaX.
B naHHOM citydae nydinee coriacue pe3ysbTaToB PacueToOB € IKCIEPHMEHTAIBHBIMH JJAHHBIMHU yJAJIOCh TOJyYHTh

6nar0uap;1 KOPPEKIHHU KBAHTOBBLIX BBIXOIOB ¢y

4. 3akar04enue

OOHapyXeHO NPUHIUINAILHOE Pa3INIie CIIEKTPOB MOJIOC MOJEKYISIPHOTO KHCIOPOJa B CBEUCHHH HOYHOTO HebOa
3eman U BeHepsl: MIMPOKUI CIEKTp MOJOC B cBeueHHMH atMocdepsl 3emuu, cuctema mojioc [eproepra 11, ¢
HEe3HAYMTEIbHBIM BKJIagoM mosioc YemOepnena B armocdepe Benepwl. Ilpuuém B HouHOM aTmocdepe 3emin
IEPEXOBI OCYMIECTBILIFOTCS TIABHEIM 00pa3oM ¢ HEHYJIEBBIX KONIeOAaTENbHBIX ypOBHEH cocTosumit AT, (v>0) u
A®A,(v>0), a B HOuUHO} aTMoc(epe BeHephl Mepexoibl OCYIIECTBIAIOTCS ¢ HYJEBOTO KOJNEOATENILHOTO yPOBHS
cocrosauii ¢' X, (v=0) u A®A,(v=0).

JlOCTUTHYTO Jiydlllee COTjlacue PacCUUTaHHBIX CIIEKTPOB MHTETPANbHON CBETHMOCTH BO30YXIEHHOTO KHCIOpOJa
02(A’%Z,",v'=3-8) co cHekTpaMy, IOJyYeHHBIMH C JIETATEJLHOIO anmapara BO BpeMs MHCCHH KOCMHYECKOIO
yenHoka STS 53, BbuleteBmiero B aekabpe 1995 roma [1]. CpaBHeHHE OKCIIEpUMEHTAJBHBIX JAHHBIX C
paccunTaHHBIMKM 3HAYCHUSIMH HMHTEHCHBHOCTEW IIOJIOC IOKa3ajo, 4YTO JIydlllee Corjlacue HaOJlogaercst Hocie
KOPPEKIIMM KBAHTOBBIX BBIXOJIOB KONEOATENbHBIX yPOBHeH ¢y cocrosHus A’Y,” B pe3ynbrate TpPOWHBIX
CTOJKHOBeHUH (1), KOTOpBIE OBLIH MOTYYICHE B [7].
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YHY BO3MYIIEHNS, BBI3BAHHBIE TYPBYJIEHTHOM OBOJIOUYKOM
MEKIIJNIAHETHBIX MAT'HUTHBIX OBJIAKOB

O.M. Bapxatosa!, B.I'. Bopo6ses?, C.E. Pesynos?, JI.C. Jlonrosa®, H.B. Koconanosa®

'®@rBOY BO Huoicezopodckuii 20Cy0apcmeenHblil apXumeKmypHo-CImpoumeibHblii YHUEepcument,
Huorcnuii Hoszopoo, Poccus

OI'BHY “Honspuuiii 2eogpuszuueckuii uncmumym”’, Anamumoi, Poccus

‘@I'BOY BO Huoicezopodckuii 2ocyoapcmsennviii nedazozuyeckutl yuueepcumem um. K. Mununa,
Huorcnuii Hoszopoo, Poccus

AHHOTanus. B nepuons MarauTochepHbIX CyO0yph 3aperiCTPUPOBAHBI OJJHOBPEMECHHBIC BO3MYIICHHUS IOIHOTO
3JEKTPOHHOTO COAEP)KaHUS M TOPH30HTAIBHOW KOMIIOHEHTHI T'€OMAarHHUTHOTO IOJI B AMama3oHe Iepuonos Pco,
BO3HMKAIOIIME B HMHTEPBAJbl B3aUMOAEHCTBUS MarHuToc(hepbl 3emMi ¢ TypOYJIEHTHOH 00O0JIOUKOH MarHUTHBIX
oOnakoB. BeiiBner aHanu3 BO3MYIIEHHH MEXIUIAHETHOTO MAarHUTHOTO TOJIS, CKOPOCTH M IUIOTHOCTH ILIa3MBbI
COJTHEYHOTO BETpa CBHJETEIBCTBYET O CYIIECTBOBAHHMM B MEXIUIAHETHONH cpelae KoyieOaHuHM ¢ TakuMH JKe
MepUOJIaMH.

BBenenue. Maruutasie o6maka (MO) CONMHEYHOTO BETpa SBISIOTCSA OJHOW W3 OCHOBHBIX TIPWYNH BO3HHKHOBECHHS
TCOMAarHUTHOW BO3MYIICHHOCTH, KOTOPAsi BEIPAXKAeTCsI B Pa3BUTUH MAarHUTHBIX Oyph W MarHUTOC(EpHBIX CyOOyph
[1, 2]. Bo3HHKHOBEHHE M pa3BUTHE CYOOYpEBOW aKTHMBHOCTHM B MarHHUTOC(epe HAMPSMYIO CBSI3aHO C JTUHAMUKOM
rapaMeTpoB COJHEYHOI'O BEeTpa U MEXKIUIAaHETHOro MarHuTHoro mois [3]. B mepuonsl cyOOyph BO3HHKaeT
WHTEHCHBHAs TPEXMEpHasi TOKOBasi CHCTeMa (TOKOBBIM KJIMH cy00ypu) [4], KOTOpasi CBS3bIBaET aKTHBHBIE 00J1aCTH
MarHuTocepbl C BBICOKOIIMPOTHONH HOHOC(hepoi. braromaps (oOpMUPOBaHHIO TaKOH TOKOBOW CHCTEMBEI,
Hu3KkoyacToTHass MI'J] BO3MYIIEHHOCTh COJHEYHOTO BETpa MOXKET HEMOCPEACTBEHHO IIepelaBaThCs B
MarHutoc(epHO-HOHOCHEPHYIO CUCTEMY [5] U perHCTPUPOBATHCS Ha3eMHBIMHU 00CEPBATOPHSIMH.

HacTosimee wccienoBaHue TMOCBANICHO IIOWCKY OJHOBPEMEHHOW WOHOCepHOH u TeomarHutHOW MI'J]
BO3MYIIEHHOCTH B Juamna3oHe nepuofoB Pc6 B HOYHOE U [THEBHOE MECTHOE BpeMsi B IEPUOJbI MHTEHCHUBHOM
cy00ypeBoit aktuBHOCTH. [Ipeamnonaraercsi, 9To HU3KOYacTOTHEIE HOouHBle MI'J] BO3MyIIeHHs, conepiKamiecs B
MEPEXOAHBIX 00JIACTSX MarHUTHBIX 007akoB (MO), MOTYT mepemaBaThCsl M3 CONHEYHOTO BETpa B T€OMArHUTHOE
mosie u noHocdepy. Takoit mOAX0. SABISIETCS OCHOBHBIM OTIMYHEM OT M3BECTHBIX Mojenell Bo3HHKHOBeHHs YHY
KoJieOaHui, B KOTOPBIX MarHUTOC(epa riodaabHO PE3OHUPYET MO ACHCTBHEM IIOTOKOB COJTHEYHOTO BeTpa [6].

Hcnoab3yemble AaHHBIE M MeTOAbI MccCae0BaHMA. Anamu3 MIJ] Bo3MyIIeHHH, TeHEPHPYEMBIX
TypOyneHTHBIMH sABIeHHAMHU o6oiodek MO B nmama3zoHe mepuonoB Pc6 (7-35 MHHYT), BBINOJHEH IS CEMHU
coOpITH#i, mpencTaBieHHBIXx B Tabmumme 1. Kaxmoe wu3 paccmarpuBaeMbix MO  BBI3BIBAIIO  pa3sBUTHE
ocJIeTOBaTeNbHOCTEH MarHuTochepHbIX cy00yps HHTeHCHBHOCTEIO B AL mHmekce ot -500 #Tx g0 -1800 HT .

Tab6muma 1.

CnokoiiHast 4acTh, Bo3mymennas
CoObITHE Perncrpanus YB Hurtepan UT UT act, UT
10.08.2000 05:22 UT 04:22 - 07:22 04:22 — 05:22 05:22 - 07:22
06.11.2000 09:50 UT 08:50 - 11:50 08:50 — 09:50 09:50 - 11:50
18.02.1999 02:55UT 01:55-04:55 01:55-02:55 02:55 - 04:55
20.03.2003 04:50 UT 03:50 - 06:50 03:50 — 04:50 04:50 - 06:50
14.06.2005 18:35 UT 17:35-20:35 17:35-18:35 18:35-20:35
05.04.2010 08:30 UT 07:30 - 10:30 07:30 - 08:30 08:30-10:30
03.08.2010 18:05 UT 17:00 —20:00 17:00 — 18:05 18:05 —20:00
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Jis oOHapyeHHs HOHOC(EPHBIX M TEeOMarHUTHBIX BO3MYIIEHUNA OBUIHM MCTIONB30BaHb! gaHHble GPS cranmmii o
MOJHOM 3JeKTpoHHOM coxaepxkannu (II9C) u 3HadeHmss H-KOMIOHEHTHI T€OMarHWTHOTO MO Ha MarHUTHBIX
o0cepBaTopHsIX, PACHOIOKEHHBIX B HHTepBaiie mupoT 30-60° N. B paznudHble nepruoabl CTAaHIIMK HAXOIWIUCh KaK
B HOUYHOM cekTope LT, T.e. B JOJITOTHOM CEKTOpE 3alaJHOTO AJIEKTPOXKETA, TAK U B THEBHOM CEKTOPE.

BonHOBBIE siBeHMs B MOHOC(Epe HM3ydanuch B TEUYEHHE YacOBOTO HMHTEpBaja IE€pell perucrpauueid ynapHoOH
BoiHbI (YB) kaxxnoro MO Ha KocMHYecKOM ammapare (CIokolHas Jactk, Tabmuna 1) ¥ AByX4acoBOro MHTEpBaja
nociie (BO3MyIeHHast 4acTh, Tabmuua 1). XapakrepHble BpeMeHa HOSBICHHS BHEMarHUTOC(EpHBIX U HOHOC(HEPHBIX
MI'/Jl Bo3MyIIEHHH M MX MEPHOJbl YCTAHABINBAIUCH HA OCHOBE HMCIOJIB30BaHUS METOJa CIEKTPaIbHOTO BEHBJIET
aHanmm3a ¢ 6a3oBoii hyrknmeit JJobemmu 4 nopsiaka.

HNonochepnas MI'JI BO3MYLWIEHHOCTb. Pe3ynbraTel CHEKTPATPHOTO aHANIW3a HHU3KOYACTOTHBIX MI/]
BO3MyH1€HPII71, MOJYYCHHBIC TII0 JaHHBIM O BapUalUiax T115C I/IOHOC(I)epI)I u FOpI/I30HTaHLHOﬁ KOMIIOHCHTHI
TE€OMarHUTHOI'O II0JISI B «CIIOKOMHBIE» H «BO3MYUICHHBIC)» MHTCPBAJIbBI BPEMCHU [JIsL cobnitus 06 HOH6pSI 2000 r.
MpCACTaBJICHBI HA pUC. 1.

VB Holberg (TEC)

Mepuoa, MUH

08:55 09:20 09:45 10:10  10:35 11:00 11:25 11:50
VB Sitka (H-komnoHeHTa)

Mepwog, MmuH

08:55 09:20 09:45 10:10 10:35 11:00 11:25 11:50
VB AL nHpexc

Mepwoa, muH

L I | .,
09:20 09:45 10:10 10:35 11:00 11:25 11:50

Bpemsa, UT

Pucynok 1. Betiner-ciektpsl [19C mo mamueiM cranmuu Holberg (50.65° c.m., 231.98° B.1.),
H-KOMITOHEHTHI T€OMArHUTHOTO TOJIA MO AaHHBIM craniuu Sitka (57.06° c.mr., 224.67° B.1.) u
uanekca AL musa cobsitust 06 HostOps 2000 1; VB - ob6macTe perucTpanuu yZapHONH BOJIHBI
MarHuTHOTO O0JaKa.

Oco0eHHOCTH peakuu MarHuTochepHo-noHochepHor cuctembl Ha YB u TypOynentHyto o6omouky MO B 3ToM
COOBITHH MCCJIEOBAJIIICH B MECTHOE HOYHOE BpeMs Ha OCHOBE JaHHBIX ABYX HoHOc(epHsx GPS cranmmit: Holberg
(50.65° c.ur., 231.98° B.1., L = 2.87) mw Mammoth Lakes (37.65° c.m1., 241.04° B.x1., L = 1.84) 1 Tpex MarHUTHBIX
crannuit Sitka (57.1° c.ur., 224.67° B.1., L = 3.8), Victoria (48.52° c.m., 236.58° B.1., L =2.7), Tucson (32.17° c.m1.,
249.27° B.A., L = 1.66). Ucnonbs3yemble GPS 1 MarHuTHbIE CTAHLIUU PACHOJIOKEHBI B UHTEpBaje MWUPOT oT 32° 1o
57° N. Ha puc. 1 mnpusenensl BelBner-cnekrpsl Bapuanuid I[19C nHa crannmu Holberg, H-kommoneHTHI
TEOMarHUTHOTO ToJds Ha craHnuu Sitka u wamekca AL B umaTepane ot 08:50 UT mo 11:50 UT. Ananms
MIOJTyYeHHBIX BEHBJIET-KapTHH ITOKAa3bIBAaET, YTO OJJTHOBPEMEHHBIE CIIEKTpajbHbIe MakcUMyMbl Bapuanuid [19C n H-
KOMITOHEHTHI 0TMeuatoTcsi B nHTepBasie Bpemenu 10:10 - 11:00 UT. XapakTepHble MeproAbl BO3MYIICHHUH JIEKaT B
muamazoHe Pc6. OtrmermM, d9To B HMHTETpadbHOM HHAECKCe AL, XapakTepusyromeM aKTHBHOCTH 3aIlaJHOTO
AIIEKTPOKETa, BO3MYIICHUS OT YAapHOH BOJIHBI MATHUTHOTO 00JIaKa M €ro MepeXOHON 00IaCTH MPOCIEeKHBAIOTCS
Jaxe Ooiee OTYETIIMBO, YeM Ha OTHACNBHBIX MAarHWTHBIX cTaHmuax. Kak BumHo m3 puec. 1, Bosmymenms AL
COTIPOBOKIAIOTCS WHTEHCUBHBIMU HOHOC(HEPHBIMU BO3MylIeHHAMH. Ha Goee HU3KOIIMPOTHBIX CTAHIUSAX OOIIMHA
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YPOBEHb HOHOC(HEPHON M T€OMarHUTHON BO3MYIIEHHOCTH HIDKE. DTO MOXKET CBHIETEIHCTBOBATH O TOM, yTo MI'J]
BO3MYILCHUS PACIpPOCTPAHIIOTCA OT aBPOPATBHOIO HCTOYHMKA K CPEJHHMM IIUpPOTaM ¢ 3aTyxaHueM. Cruemyer
3aMETUTh, YTO B WHTEPBAJ, OTBEYAIOIIMI CIIOKOWHOMY COJIHEYHOMY BeTpy 10 npuxojga YB, moHocdepHsie u
T€OMarHUTHBIC BO3MYILEHHS OJHOBPEMEHHO HE HAOJIONAIOTCS, a OOIIMI ypOBEHb BO3MYIIEHHOCTH 3HAUUTEIBHO
HIDKE, 4YeM B MHTEPBAJI BpEMEHHU IocJie npuxozaa YB.

MoOXHO 3aKJIIOYHTh, YTO B IEPUOA B3aHMMOJECHCTBHS MarHutocepbl ¢ TypOyJeHTHOH 000yI0uKkoW 00IaKkoB B
aBpOpaJIbHOM 30HE HaOirogaeTcst ycwieHue cyOOypeBOil akTMBHOCTH. B 9TH ke HMHTepBajbl Ha Ha3eMHBIX
MOHOC(EPHBIX M MAarHUTHBIX CTaHLIUSAX OTMedaercss oaHoBpeMmeHHas YHY Bo3MylieHHOCTH B HU3y4aeMOM
JaCTOTHOM AHAIa30HeE.

BrImonHeHHas HAa OCHOBE aHAN3a BEHBIIET-CIEKTPOB OLICHKA YPOBHS BO3MYIIIECHHOCTH B CHCTEME MarHuTocgepa-
noHochepa u obHapyxkenne MI'Jl Bo3MymeHWH B TMEpHOABI MPOXOXIEHHUS 3emin depe3d obomouky MO mms
OCTaBIIMXCS INECTH CIIy4acB AEMOHCTPHPYET pe3yIbTaThl, CXOIHBIE C PAaCCMOTPEHHBIMU BBINIE Ha puc. l: 1o
NpUX0Ja yJapHbIX BOJH OJHOBPEMEHHas HOHOC(EpHas M TEOMarHUTHas BO3MYIIEHHOCTb OTCYTCTBYET, HO
PETUCTPUPYETCS TP B3aNMOACHCTBIH MarHUTocQeps! ¢ 000mouxoit MO.

OTMeueHHas! BbILIE HOYHAs BO3MYIIEHHOCTh HMOHOC()EPHO-MAarHUTOC(HEPHOH CHCTEMBI MOXET OBITH CBsi3aHA C
NIPOHUKHOBEHHEM B MarHutocdepy MI'J] Bo3MylIeHHUIT cOTHEYHOrO BeTpa 4epe3 TPEXMEPHYIO0 TOKOBYIO CHCTEMY
knuHa cy00ypu. C JOpyrodl CTOPOHBI, MOJOOHBIC BO3MYIICHHS YacTO CBS3BIBAIOT C PE30HAHCHBIM OTKIIMKOM
MarHutocepbl Ha MPUOBITHE yTAPHOW BOJHBI MarHuTHOro obmaka [5]. C 1enbi0 MPOBEPKH ACUCTBHUSI TaKOTO
MeXaHHU3Ma B pPacCMaTpPUBAEMbIX CIydasX, BBINOJHEHO comocTaBieHue Bo3mymieHuil I[I9C u H-koMnoHEeHTHI
TEOMAarHUTHOTO TIONI1 Ha CTAaHIMAX, HAXOAAIIMXCA C MJHEBHOM CTOpOHBI MarHuTocdepsl. CorocraBieHHE
MOJTYYCHHBIX BEWBIET-KaPTHH IIOKa3bIBa€T HE TOJBKO OTCYTCTBHE OJHOBPEMEHHOCTH B PacCMaTpHUBACMBIX
reoMarHUTHOH M IIDC BO3MYLIEHHOCTH, HO M NPAaKTHUYECKU MOJHOE OTCyTcTBUE Bo3MylueHud I1DC Ha BcéM
paccmarprBaeMoM HHTepBaiie. B H-koMmoHeHTe reoMarHuTHOTO OISt HEKOTOpasi He3HAYUTEIbHAs BO3MYIIEHHOCTh
HaOmonaercs. OxHaKo, BBUAY €€ paccoracOBaHHOCTH IO BPEMEHH C BO3MYIICHHSIMH B IUIA3ME COJIHEYHOTO BETPA
n MMII, 3Ta BO3MYIIIEHHOCTH HE CBsI3aHA C MOAOMIECIINM MarHUTHBIM O0IaKOM.

[TponeMoHCTpUpOBaHHAS BBILIE HAa IPHUMEPE OJHOTO COOBITHS METOANKA ObUIa MPUMEHEHA JUI CEMH MarHUTHBIX
obnakoB (tabin. 1). [lonck CHMHXPOHHM30BaHHBIX MOHOC(EPHBIX M I'€OMArHUTHBIX BO3MYILEHHUH OBLT BBINOJHEH B
HOYHOE M JHEBHOE MECTHOE BpeMs C LIeJbI0 MPOBEPKU CTENEHH Tio0anbHOro BozneicTBus YHY Bo3mylneHwmii
060504ex MO Ha MarHUTOC(hEepHO-UOHOCHEPHYIO CUCTEMY.

Ha pucyHke 2a mpejcraBieHa THCTOrpamMMa OOIIEro KOJMYECTBA COOBITHM, Ui KOTOPBIX MPH MPOXOMKICHUH
MarHutocgeps! uepe3 00010uky MO B HOUHOE MECTHOE BpeMs PETUCTPUPYETCs] CHHXPOHH30BaHHAsT HOHOC(EpHast
W TEeOMarHuTHas BO3MYIIEHHOCTh. [lo ocu abcIyicc OTIIOKEHBI CpeHWE 3HAYECHUWs ITEepHOJOB Ha WHTEpBajax
JUINTEIBHOCTBIO 3.5 MUH, Ha KOTOphIEe OBLI pa3JliefieH Bech MCCIEAyeMbli AMana3oH, IO OCH OpAHMHAT — odmiee
KOJIMYecTBO cOoOBITHH. [mMcTorpaMma AEeMOHCTpHPYET YBEIMUYCHHE YHCJIA COOBITHH C  OJHOBPEMEHHO
perucTpupyeMoil BO3MYIICHHOCTbIO MOHOC(EPHBIX M T€OMAarHUTHBIX BO3MYIIEHHWH Ui MHTEPBAIOB NEPHONOB 7-
10.5, 17.5-21 u 28-31.5 mun.
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KoanuecTBo coduITHIl
KounuecTrBo codbITHI

o
-

7 105 14 175 21 245 28 315 3
IIepuoa, Mmun Ilepnoa, MuH

05 14 175 21 245 28 315 35

Pucynox 2. I'mcrorpaMMbl KOJIMYECTBAa COOBITHH, A KOTOPBIX BO3HUKAET CHHXPOHHW30BAaHHAS
noHocgepHas ¥ TeOMarHUTHasi BO3MYIIEHHOCTh B HOYHOE MECTHOE BpeMs (¢) M B MECTHOE JHEBHOE
Bpewms (6). 1o ocu aberpice OTIOXKEHB! HHTEPBAJIBI IEPHO/I0B BO3MYIIIEHHH.

Anamns BeiBneT-ciekTpoB I19C n H-KOMIOHEHTHI T€OMarHUTHOTO IOJII HAa JHEBHOI CTOpPOHE MarHUTOC(hEpHI,
BBIMIOJTHEHHBIII B TeX JKe MHTEpBaJax BpPEMEHHM Ui BCEX pacCMaTpUBaeMbIX COOBITHH IOKa3aJ, dTO
CHHXPOHHM30BaHHAss HMOHOC(EepHas M TeOMAarHWTHAs BO3MYIIEHHOCTh NPAKTHUECKH OTCYTCTBYeT (puc. 20).
Hambonpimee dYnciio OMHOBPEMEHHBIX HMOHOC(HEPHBIX M TEOMATHUTHBIX BO3MYIIEHWA B JHEBHOE BpeMs
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VHY eo3mywenusl, gvi3sanvle nmypoyieHmHo 000104K0U MEHCHAAHEMHbIX MASHUMHBIX 001AKO8

peructpupyercs Ha wHTepBane mnepuonoB 10.5-14 MuHYT. DTOT WHTEpBal HE COBMAJIaeT ¢ Hauboyiee 9acTo
PETHCTPUPYEMBIME «HOYHBIMIY) MEPHOJAMH, BBIACICHHBIMU paHee. ITO MOXKET 03HAa4YaTh, YTO PETHCTPUPYEMBIC B
JTHCBHOC M HOYHOC MECTHOE BpEMs OJHOBpEeMeHHBIC Bo3MylieHUs [IDC M reOMarHUTHOTO MOJIT UMCKOT pa3HbIC
HUCTOYHUKHU.

3akitouenue. [posenen ananu3 YHY noHOCHEPHBIX ¥ TEOMArHUTHBIX BO3MYIICHHUI B JUANa30He MeprojoB Pc6,
BO3HMKAIOIIUX B HHTEPBaJbl CyOOypeBOH aKTHBHOCTH, BBI3BIBAEMOW TypOyJICHTHBIMH OOOJNIOYKAMH MarHHTHBIX
00J1aKOB COJTHEYHOTO BETPA.

s Bcex COOBITHII B MECTHOE HOWHOE Bpems Ha mupotax 30° - 60° c.m. oOHapyKeHa CHHXPOHH3OBaHHAS II0
4acTOTe OJHOBPEMEHHass MOHOC(EpHas MW TEeOMarHWTHas BO3MYIIECHHOCTh. Hamboiee 4WacTo OXHOBPEMEHHOCTH
HOHOC(EPHBIX ¥ TEOMAarHUTHBIX HOYHBIX BO3MYIICHUI ObLTa OTMEeUeHa Al HHTepBaNoB repuoxos 7-10.5, 17.5-21
n 28-31.5 MuH. B MarHUTHOCTIOKOIHBIH 4acoBO MHTEpBaN Mepej NMPHUXOAOM K MarHurocepe yaapHOi BOJIHBI,
OJTHOBpPEMEHHbIE MOHOC(EPHbIE M T'€OMarHUTHbIE BO3MYILEHHSI HA PacCMaTpPUBAEMBIX CTAHIMSIX OTCYTCTBYIOT. B
MECTHOE JHEBHOE BpEeMs CHHXPOHW30BaHHAas HOHOC(EpHas W TIeOMarHWTHas BO3MYILICHHOCTb IPaKTHYECKH
OTCYTCTBYeT. B penkux ciyyasx ee BO3HHUKHOBEHHUS IEpHOJ BapHalii HE COBIaJaeT ¢ Haubojiee YacTo
PETUCTPUPYEMBIMH «HOYHBIMI» MEpUOJaMH. DTO 03HAYaeT, YTO PETUCTPUPYEMble B JHEBHOE M HOYHOE MECTHOE
BpeMsl BO3MYIIICHUS UIMEIOT Pa3HbIe HCTOUHUKH.

MOXXHO 3aKJIIOUNTh, YTO HHU3KodacToTHAss MI'J] BO3MyIIEHHOCTh BO3HHMKAeT B MarHUTOC(HEpHO-HOHOCHEpHON
CHCTEME TOJBKO B CIy4ae pa3BHTHS CyOOypeBOH aKTMBHOCTHM W TOJNBKO B MECTHOE HOYHOe Bpems. CoriacHo
paccMaTpUBacMOMY HaMU KaueCTBEHHOMY CLEHAapHIO, IOJ BO3ACHCTBHEM BO3MYIIEHHOIO 3aMarHUYEHHOTO
COJIHEYHOTO BETpa T€OMAarHUTHBIH XBOCT MarHUTOc(epbl MOXKET Tepenarh paccMmarpuBaeMble YHU komebanus
3aralHoMy aBpOPaIbHOMY 3JE€KTpoKeTy (AL), KOTOPBIH ABIAETCS YacThIO TPEXMEPHOI TOKOBOI CHCTEMBI KIIMHA
cy00ypH. DTOT aKTHBHBIHA HJIEKTPOIKET MOXKET, B CBOIO OUEPEb, SBISITHCS MCTOYHHUKOM CperHemMpoTHEIX MI'J{
BO3MYIICHUH, PErUCTPUPYEMBIX Ha CPETHEIIMPOTHRIX MAarHUTHBIX oOcepBaTopuax U B HaHHBIX GPS. ITomydeHHsle
Pe3yNbTaThl COTIACYIOTCA C BBIBOJIaMU pabot [5, 7-9].
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OBPABOTKA HOHOT'PAMM BBICOKOIIINPOTHBIX CTAHIIUI
BEPTHUKAJIBHOI'O 30HAUPOBAHUSI C UCIIOJIb30BAHUEM
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AnHOTauMs. B pabore paccMaTpuBaeTcsi HCIOJIb30BaHWE HMCKYCCTBEHHBIX HEHPOHHBIX CeTed  JJis
aBTOMAaTHYECKOI 00pabOTKH BBICOKOIIMPOTHBIX HOHOTPaMM BEPTHKAIBHOTO 30HANpPOBaHus. HelipoceTeBbie Momenn
oOyJanuce pa3nuyaTth TUNbI ciaoeB Es n F2 u onpenensaTs UX mapameTphl: KPUTHUECKHE YaCTOTHI OOBIKHOBEHHOM
BoHbl i1 Es u F2 cnoeB (foEs m foF2), muammansubie neiictByromue BbicoThl (hEs, hF2), mHamMensryio
HaOIOMaeMyl0 9acToTy OTpakeHHs OoT moHocdepsl (fmin), skpaHupyromyr yactoTy cios Es (fbEs), BeicoTy
MakcuMyMa cios Esr, HanOousbInyro yacToty orpaxeHus ot obmactu F (fxI), mpenenbHy0 9acToTy paccesHHOMH
00bIKHOBeHHO# KoMmoHeHTHI ciost F (fol), BeicoTy m wacToTy ams xodd¢unuenta M3000 F2 cmos (M3000f F2 u
M3000h F2). DddekruBHocTs Mojenell ONEHUBAIach C IOMOIIBIO TECTOBOH BBIOOpPKH, cozaepskamiei 30000
noHorpamM. TouyHocTs onpenenenus cino€B Es u F2 nanGonee s dexruBHoit Monenu coctasisier 91.1% u 91.9%
cooTBeTcTBeHHO. CpenHsis ommubka ompeaeneHuss 4actoT coctasiseT oT 0.27 mo 0.66 MI'n st pa3sHOro THma
YacTOT; CpeaHss omubKa onpeneiaeHus BoICOTH Es ~8.5 kM, BbIcOTHI F2 ~30 kM.

Beenenue

OOBEKTOM HCCIIE0BATENBCKOIO HHTEPECa SBISIETCS] BRICOKOIIMPOTHAs MOHOC(Epa, COCTOSHIE KOTOPOIl CBS3aHO C
COJTHEYHON aKTMBHOCTBIO M IPOIECCaMH, MPOTEKAIOUIMMH B COJHEYHOM BeTpe M MarHutocgepe 3emmu. Cetb
NOJIAPHBIX cTaHiui Pocruapomera, Ha koTopbix pabotHukamMu OPI'BY «AAHWN» Gbutn ycTaHOBIIEHBI KOMIUIEKCHI
BepTHKaibHOro 3onaupoBanust noHocdeps (B3U) CADI (Canadian Advanced Digital Ionosonde), pasBepuyra
BJIOJh AKTMBHOM 00JacTH aBPOPaJbHOIl 30HBI M IOKpBIBaeT Oojee IATH YacOBBIX MOACOB, YTO MO3BOJISET
UCCJIeI0BaTh CTPYKTYPY M MPOCTPaHCTBEHHO-BPEMEHHOE paclpeieieHre OBICTPO MPOTEKAIMIMX HOHOC(EPHBIX
npoueccoB. OxHako o00paboTka pe3ynbTaToB B3 Ha BBICOKOMIMPOTHBIX CTaHLUSIX HOCHT OoJiee CIIOKHBIA
XapakTep, B OTJIMYHME OT CTaHIMH Ha CPEIHUX IIMPOTaX, TaK KaK aBpopayibHas HOHOC(epa XapaKTephu3yeTcs
00JIBIION M3MEHYMBOCTHIO M Pa3HOOOpa3ueM pacrpeeleH sl 3JIeKTPOHHONH KOHIEHTPAIMN Ha Pa3HbIX BBICOTAX [1 -
5].

Habmonenus aBpopaipHOil HoOHOCGEpH [3, 5] MOKa3bIBalOT, UTO MPH Pa3HBIX YPOBHIX MarHUTHOM aKTHBHOCTH Ha
yposHe E u F cnoés Bo3HHKaIOT criopaguyeckre noHoc(hepHble 00pa3oBaHusl, KOTOPBIE HOCAT JIOKAJIBHBIIN XapakTep.
CBsI3aHO 3TO C TEM, YTO, MOMHUMO BO3ACHUCTBHs yibTpaduoseroBoro msnydenus Cousuia (EUV) na uonochepy
3emin, B MEPUOABI MarHUTOC(EPHBIX Oyps U CyOOyph YCHIIMBAIOTCS 3JEKTPUYECKHUE II0JIsl, TPOJOJIbHBIE TOKH, a
TaKXKe BBICHIIAHMUSA YACTHUI] MJIa3MEHHOTO CIIOS M3 HOYHOW MarHuTocdepsl B aBpOpajbHYIO 30HY. B pesyibrare,
CTPYKTYpa IOJy4aeMBIX BBICOKOIIMPOTHBIX HOHOTPAMM YCIOXKHSAETCS, M WX HHTEpIpeTanus HaOIoAaTeIsIMu
3aTpyAHSAETCS, a aBTOMAaTHIeCcKasi 00pabOTKa CTAaHOBUTCS BOBCE HEBO3MOXKHOM [ 1, 2].

Jlis pellieHys Hay4YHbIX 33]a4, CBSI3aHHBIX C UCCIIE0BAHHEM JBOJIOLUH CHOPAJANYECKHUX CIOEB BHICOKOIIUPOTHOM
noHOC(EPHI ¢ BEICOKUM BPEMEHHBIM pa3perieHneM Tpedyercs 00padoTka OOJIBbIIOro MaccHBa HOHOTPAMM, KOTOpast
B HAcTOsIIIee BpeMsi HE MOXKET BBINOJIHATHECS B IOJIHOM oObeMe HaOirojaTensMu BpydyHyro. Tak, Hampumep, B
Apkrnueckoit 3oHe Poccun ®I'BY «AAHNM» mpoBoanT ceaHChl BEPTHUKAILHOTO 30HANPOBAHUS HOHOCHEPH! Ha 6
HoJSIpHBIX cTaHIMAX Pocruapomera m ogHoit cpegHemupoTtHoit ctanuuun OUC HUC «lopbkoBckas» ¢ 15-
MHUHYTHBIM BpeMEHHBIM MHTepBajioM. O0beM naHHBIX, nosrydaemblil [lomsipabiv ['eopusmueckum Lentpom (ITI'LY)
otaena I'eodnsuku B 9ac cocTaBiseT OKOJIO 28 HOHOTPAaMM, B CYTKH — OK0J0 672. IIpm TakoM IOTOKE JTaHHBIX C
Y4eTOM WX CJIOXHOW CTPYKTYphI, HaOJIOJATeNH BBITIONHSIIOT 00paboTKy 25% BCeX HOHOTpaMM C BPEMEHHBIM
paspenierneM | gac. OcranpHas 9acTs HOHOTpamM (75%) He nHTepHpeTHpyeTCs U XpaHuTcs B 6a3e nanubx [1I'1] B
ncxonHoMm Buae. OOpaboTka Bcero oObeMa HOHOTPaMM TpeOyeT BOBJICUCHHS ABTOMATHYECKUX aITOPHTMOB,
crocoOHBIX (PUIBTPOBATH UCXOIHBIE JAHHBIC, BRIICIATH TUIIBI HOHOC(HEPHBIX CIIOEB U ONIPEeNIATh UX MapaMeTpsl. B
Hameil paboTe wmccienoBagach BO3MOXKHOCTh TNPUMEHEHHE METoJla TIyOOKOTO OOY4YeHHS HMCKYCCTBEHHBIX
HEWpOHHBIX ceTel [yl pacro3HaBaHMs THHOB cioeB Es w/mm F2 u onpexneneHus Mx OCHOBHBIX MapameTrpos. Jlis
00ydeHUst MO/IeNeH UCIIONb30BAINCH 00paboTaHHbIe HAOMIONATENIIME HOHOTPAMMBI, XpaHsIIHecss B 0a3e JaHHBIX
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Ob6pabomxa uoHospamm 8blCOKOUWUPOMHBIX CHIAHYUL 6ePIUKATLHO20 30HOUPOBAHUA C UCNONb308aHUeM Helponnbix cemetl: Es u F2 ciou

TIT'TL. JIns MakcuMaiabHOTO pa3sHooOpasusi oOydaromiedl BEHIOOPKH OBLUTH OTOOpPAaHBI MOHOTPaMMBI CO BCEX CTAHIIHA
JUISL BCEX CE30HOB MPH PA3IMIHOM YPOBHE T€OMArHUTHON aKTHUBHOCTH.

O0yueHue MoeJieil M pe3yabTaThl

HckyccTBeHHBIE HEWpOHHBIE ceTH [7] OCHOBaHBI Ha HabOpE CBSI3aHHBIX E€IUHHUI], HAa3bIBAEMBIX MCKYCCTBEHHBIMHU
HelpoHaMH, OpPraHU30BaHHBIMU B CJOM pPa3HbIX TUMOB. Cioif peaan3oBaH Kak MaTpHLla BECOB, Ha KOTOPYIO
YMHOXAa€TCsI BEKTOP BXOAHBIX NAaHHBIX, M 3aTeM MpUOaBIAETCS BEKTOP CBOOOAHBIX wWieHOB. K KoHeuHOMY
pe3yNIbTaTy BBIIOJIHAEMBIX ONEpanyii IpUMEHSEeTCs HeMuHeHas QyHKIUS akTHBauu. KoIndIecTBO coeB 3aBUCUT
OT CIIOXHOCTH 33Ja4yl U ONPENENCTCS 3KCICPUMEHTATBHO WIM HA OCHOBE YCIICITHOTO PEIICHUS MOXO0XHX 3azad.
OO0ydJeHne HEHPOHHOM CETH — 3TO UTSPATUBHBIN MPOIIECC MIHUMHU3AINH OITHOKH PaOOTHI CETH, B TEYCHNE KOTOPOTO
KOPPEKTHPYIOTCSA BEca METOJOM OOPaTHOTO paclpOCTPAHEHHUs OLMIMOKH 0 TEX IOp, MOKa OIINOKA Ha BBIXOJE CETH
He OyleT HIKe 3a/JJaHHOrO I0pora, a METPUKU OLIEHKH KauyecTBa pabOThl HE YJIOKATCs B BHIOPAHHBIE MPEJEIBI.
OyHKuMs OMMOKKM U METPUKH KauecTBa BBHIOMpAIOTCS MCXOAs M3 3amauu. Hampumep, s 3agaun kiaccudukanuu
OJTHOM M3 METPUK KauecTBa SBJSIETCS TOUHOCTh OIpeeneHus kiacca (knace Es, kmace F2).

OO0paboTka MOHOTPaMMBI OTHOCHTCSI K 3ajade paclio3HaBaHMs W300paKeHHWH, OJHON W3 KIACCHMYECKHX 3alad
KOMIIBIOTEPHOTO 3pEHMs, COCTOSILEH U3 JABYX KIIOUEBBIX JTAllOB — BBIAENEHUS MNPU3HAKOB M3 JAaHHBIX HU
ki1accudukanuu (WM perpeccuMy) Ha WX OCHOBE. 3ajava KiacCH(UKAlUU U PErpecCHM MOXKET pelaTrbesi ¢
MOMOIIBIO JIMHEHHBIX CJIOeB (OJHOMEPHOTO BeKTOpa BecoB). I BBIIENCHHS IPHU3HAKOB M3 HM300paKCHUS
UCTIONB3YIOTCS CBEPTOYHBIE CIIOHM, KOTOPBIE MPEACTABISIIOT COOOH TPEeXMEpHYI0 Marpuiy (Habop IBYMEpPHBIX
¢unbTpoB - MaTpun BecoB). Kaxkaplil ¢pparMeHT n300pakeHHsT YMHOXKAEeTCsl Ha (UIBTP MO3JIEMEHTHO, a pe3yibTaT
YMHOXCEHHUSI CYMMHpPYETCSI W 3alHCBIBACTCS B AHAJIOTHYHYIO IIO3WIMIO MOJTY4aeMOil MaTpuIbl NPU3HAKOB
n300pakeHus (HampuMmep, MpsMbIe TIOA pa3HBIMA yriamu). Pasmepsl ¢unbTpa mansl (3x3 mwin 5X5 mukcens), ¢ ero
MOMOIIBIO YYHUTHIBAETCSl CBA3b MEXIy MHKCEIIMH BHYTpH Mainoil obmactu. I[locime omepammm cBEPTKH U
NPUMEHEHHUS] HeIMHEWHON (DYyHKUIUKM aKTHBAlMM IPOUCXOANUT YMEHBIIEHUE MTPOCTPAHCTBEHHOTO pa3Mepa MaTpHIIbI
NPU3HAKOB C TIOMOILNBIO OIEpaldd CyOIUCKPETH3aluK, KOTOpas 3aKiovaeTcs B OOBEJMHEHHH OMKaWIINX
AJIEMEHTOB MaTpUIbl (HAXOMUTCS MAaKCUMyM WM apu(dMeTnueckoe cpenHee). biaronmapsi aToMy mocienyromuii
CBEPTOUHBIH CJI0H y4UTBIBaeT Ooliee ri00aIbHbIC B3aHMOCBSI3H.

JAnst mosTydeHust MOJIeNI Hy>KHOTO KayecTBa, HEOOX0AMMO MoJ00paTh apXUTEKTypy CETH M METOJ ee o0yueHus. B
HacTosillee BpeMsl Ul PELICHUs] PasHBbIX 3a/1ad KiIAacCU(HUKALMK M PErpecCUH MIMPOKO NPHUMEHSETCS METO[
nepeHoca oOydenus (transfer learning) [9]. DTOT Meronm 3akimodaeTcs B HCIIONB30BAaHHH YK€ OOYYCHHOW Ha
0O0JBIIOM KOJIMYECTBE NaHHBIX HeHpoHHOH cetn (HampuMmep, ResNet [8], o0ydenHo# komargoit Microsoft Research
Ha HECKOJIbKUX MWJIJIMOHAX M300pakeHWH B OTKPHITOM JOCTYIIE) WM CeTH, 00y4eHHOH COOCTBEHHBIM HAaOOPOM
JaHHBIX (HanmpuMep, N300pakeHUIMH HOHOTpaMM). B kauecTBe mocneanero cios kiaccuukanuy (MM perpeccum)
BBIOpaHHOW HEWPOCETH CO3/1aeTCsl HOBBIM CJIOH, KOTOpBI oOydaercst IMmoj pemaeMyro 3ajady, NpH 3TOM
HEOOXO0IMMOCTD IOJHOTO LUKJIa 00y4YeHHsI MOJIeNn oTHagaeTr. Ecnu nonyueHHas TakuM o0pa3oM HEHpOCETh MIOXO
BBIJIENIAET MIPU3HAKK (B HAIleM cilyyae 3To ompeneneHue cinoéB Es u F), e€ MOXXHO HOMOTHUTENBbHO 00y4HTh. B
JIAaHHOW paboTe ObUT UCIOJBb30BaH KaK METOJ IOJHOTO OOyueHMsi HeipoceTw, Tak U Mmeroj transfer learning c
WCIIONIb30BaHWEM OOyYE€HHOW Ha MOHOTpamMMax MOJENH aBTOKOAMPOBIIMKA — HEHPOHHOW CETH, MOJIydaromled Ha
BBIXOJI€ OTKJIMK, HanboJee OJIU3KUIl K BXOHBIM TaHHBIM.

[epBbIM 3Tanom 3aaa4yu aBTOMaTH3aMKd 00pabOTKH HOHOTPaMM OBLIO ONpelelieHHe TUIIOB HOHOC(EPHBIX CIOEB
Ha HMOHOrpamme. [[nsi ompeneneHusl NMEepBOHAYAIBHONH apXWUTEKTYphl Mojened OblIM BBIOpaHbI MOHOTPAMMBI C
HaJIMYMEM TOJBKO OJHOTo noHOochepHoro ciost. [locne anamisa 6a3sl qanHbIX [1I'1] oka3anoch, 4To HOHOTPaMM CO
cioem E m cmoem F1 HemocraTowHo it oOydeHHS HEWPOCETH, MOATOMY OBUTH OTOOpaHB! ciydaitHeie 30000
noHorpamm ¢ HammuueM Es u F2 cmoés. U3 Hux 20000 moHOTpaMM cOCTaBMIIM O00yYaromryto BEIOOpKy u 10000 —
TECTOBYIO, /I OLEHKH TOYHOCTH Mojenu. J[Be Monesu OMHapHOM KiacCU(PHKAIMH C ABYMS CIIOSMH CBEPTKH H
TpeMsl IMHEHHBIMH CIIOSIMHM, ITPOILE/IIINE TOIHBIN [UKJI 00y4YeHus, onpenenin Ha HoHorpaMMax 90% Bcex citoéB
Es u 87% Bcex cnoés F2. [lanee, B 00ydaromniyio U TECTOBYIO BEIOOPKY ObUTH J0OABICHBI HOHOTPAMMBI C HATHIHEM
Bcex moHoc(hepHbIX cioeB. Ilociae oOyueHus 3¢ ¢GeKTUBHOCTh paclo3HaBaHHUS Ha TecToBOi BBIOOpKEe B 20000
noHorpamm gocturio 91.1% ms Es ciost m 91.9% nmnst cinost F2. Tlpumepbl aBToOMaTHYECKOTO OINpeneeHus CI0ER
MIPECTaBICHBI HA pUCYHKE 1.

CrenyroumiM maromM ObBUIO ONpeIeNieHHe OCHOBHBIX IapaMeTPOB HOHOC(HEPHBIX CIOEB — MHHHMAIBHBIX
JISWCTBYIOIINX BBICOT U KPUTHYECKUX YACTOT OOBIKHOBEHHON BOJHBIL. J{JIst pemieHus 3Tol 3a1a4n ObUT NCTIONB30BaH
meron transfer learning ¢ aBTOKOAMPOBIIMKOM M HOBask MOJENb, C TAaKOH K€ apXHUTEKTypoH, KaK M B MOJCIH
kinaccudukanuu. B pesynprate 0o0ydyeHUs Bce MOAENM MOKa3ald NPUMEPHO ONMHAKOBYIO 3¢ dekTuBHOCTE: 1MI'1
CpeIHsisi OIIMOKa OIpeneNieHus] Kputudeckoi dactoTel Es cios u 0.39 MI cpemssis ommOka ompenencHUs
KpuTHueckoil yactorsl F2 cnost. s MUHUMalbHOHM JeiicTByromei BoICOTHI Es ciost cpenusis ommbka cocTaBuiia
~10.3 xm, mns F2 ~30 xm. Ilpumep pabotsl HambGonee >PQPEKTUBHOM MOJEIM Ha OCHOBE aBTOKOIMPOBILHUKA
MpeICTaBJICH Ha pUCYHKE 1.

Jlanee, oOydaronuii U TECTOBBIM HAOOp OBLTN pacHTUPEHBI HOHOTPaAaMMaMHU, cOATaHCUPOBAHHBIMU TaKUM 00pa3oM,
4TOOBI OBUIM paBHOMEpPHO TPEACTaBIIEHBI KpuTHYeckhe dacToTel Es u F2, a Tak xe tumsl Es cimos. B wurore,
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obOyuaromas Beioopka cocrtaBuia 100000 monorpamm, a tectoBast — 30000 moHOTpaMM C BEICOKHM pa3HOOOpa3ueM.
Ha »>Tux maHHBIX OBLIM OOYYCHBI YCIOXKHEHHBIE PETPECCHOHHBIE MOAETH. [IOMHMO KpHUTHYECKHX YacTOT H
JIEMCTBYIOIINX BBICOT OBLIO /J00aBICHO ONpeNeNieHne MHUHHMAaIbHOW HaO0aeMOi 4acTOTBHl OTPaKEHHS OT
noHocdeps! (fmin), sxpanupytomei yactotsl ciost Es (fbEs), BeicoTs Makcumyma ciosi Esr, HanGoubIeit yacToTsl
orpaxenust or obnmactu F (fxI), mpenenbHO# 4acToThl paccesHHON OOBIKHOBEHHOH KomroHeHTHl ciosi F (fol) u
BBICOTBI M 4acTOThl yisi kKodpduuuenta M3000 F2 cros (M3000f F2 u M3000h F2). Ha nannom stane cpenuss
omuOKa OTpe/eNIeHNs] BHICOTHI ClIosl B HanOouiee >3(pQekTuBHOI Moaenu cocrasiseT 8.25 kM st Es u 8.5 kM s
BBICOTHI MakcumyMma ciios Esr. Cpenusist ommbka onpenenenust BbicoTsl F2 citos u Beicotst M3000 F2 cnost Bbime 10
KM, OJHAaKO, MHOTOOOpa3ue METOJOB OOydEHHS M apXHUTEKTyp MOJEICH MO3BONSET MOmoOpaTh B IaibHEHIIeM
BapUaHT JUIA AOCTIKCHUS HEOOXOIUMON TOUHOCTH.

Cpennsis ommnOKa ONpeneIeHns] MUHUMAIbHON 9acToThl cocTaBmsieT ~0.32MI', s kpuTHdeckoid 9acTtoTel Es
cinost ~0.66 MI', mist wactoTsl mpoHuKHOBeHHS ~0.47 MI'm, mis xpurmueckoit wacrtorer F2 cmos ~0.4 MI.
OmmbKa npenenbHON 9acTOTHI paccesHHOH 0-KOMITIOHEHTHI citost F ~0.27 MI'm, nmpenensHON 9acTOTHl OTPaXeHUS OT
ciost F ~0.45 MI'm u ~0.4 MI'y st wactoter M3000. ITpumep pa®oThl Moeny IpeiCTaBICH Ha PUCYHKE 1.

a) Dikson 2014-01-01 11:54:45.0 UT
real: [Es], pred: [Es]

. ; real pred
| fmin, 1.30 1.42
: MHz
E i fo Es, 5.64 5.09
" MHz
iﬁ‘ i
'% | R h Es, km 107 108
| N
I
|
I
|
?_I? - - .. - 13.0
Frequency, MHz
0) Dikson 201B-11-1B 03:55:06.0 UT
real: [Es, F2], pred: [Es, F2] real pred
1020 o nge
: i fmin, 1.13 1.09
=:7 4] MHz
madl i fo Es, 5.47 5.09
' i MHz
'E. L 1 hEs,km | 106 111
f 2
2 fo F2, 2.14 2.08
T MHz
385 1]
hF2, km 251 250
22 1 fxi, MHz 3.34 3.02
g PRI TR b i e e [ IR W e M 3000 | 1.68 1.80
1D 231 3.7 5D 53 T 9.0 103 nr 13.0
Frequency, MHz f, MHz
M 3000 267 276
h, km

Pucynok 1. Onpenenenue tuna ciost (Es u F2) u ero nmapamerpos (fmin, fo Es, h Es, fo F2, h F2, fxi,
M3000 f u h) Ha npumepe 06paboTKi noHOTpaMM co craniuu JukcoH 3a 01.01.2014 (a) n 18.11.2018
(06). Pesymbrar mHTEpnpeTanuu HaOMrogaTeIeM 00O3HAUYeH Kak «real» (CHHSS JIMHUS), HEHPOCETHIO
KaKk «pred» (KpacHas JTUHHS).
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Ob6pabomxa uoHospamm 8blCOKOUWUPOMHBIX CHIAHYUL 6ePIUKATLHO20 30HOUPOBAHUA C UCNONb308aHUeM Helponnbix cemetl: Es u F2 ciou

3axinroyeHue

Hcnonp3oBane UCKYCCTBEHHBIX HEHPOHHBIX CETEH /ISl MHTEPIPETallt CIO0KHBIX BBICOKOIIUPOTHBIX HOHOTPaMM
uMeeT OOJIBIION MOTEHNIMAN B PELICHUHU 3aJa4yll YJIydllIeHHs KauecTBa ux oopabotku. CyliecTBylomue Ha JaHHBINA
MOMEHT aJrOPUTMBl MMEIOT 3HAYUTEIBHO MEHBINYI0 3(QQEKTUBHOCTh, HANPHUMEP, TOYHOCTH ABTOMATHYECKOM
00pabotku, npuMeHsieMoll aurn3onoM Peiinumia (DPS-4) B netnuit nepuon He npessinraer 70%, a B 3uMHui 50%
[2]. B nanHoii pabote npuBeneHsl pe3ynbTaThl 00padoTkn 30000 nonorpamm, copepxkanme Es u F2 cnon, kotopsie
ToKasaiy, 9ro Hanbosee 3deKkTuBHBIE HeHpOoCceTeBbIe MOICTH CIIOCOOHHI onpenenuTs Es u F2 cioii ¢ To4HOCTEIO
91.1% u 91.9% cootBercTBeHHO. CpenHsIst OMIMOKa OMPENCICHNS KPUTHIECKUX YaCTOT CJIOEB JIEKUT B JOIYCTUMBIX
npenenax, 0JHAKO, TOYHOCTh OMNPENENICHNS BBICOT CIIOEB, KAK M ONPENENICHHUs MX YacTOT, TpeOyeT AaibHEeHIIero
o0y4eHus moxeneil. Takke CTOUT OTMETHTh, YTO YJIy4IICHHE KAa4eCTBa aBTOMAaTHYECKOH 00pabOTKH MOHOTpaMM
MaJI0 3aBHCUT OT BBIOOpa yke OOY4eHHBIX MoJeNieil mo mpuHIMIY transfer learning wim Mopernel, MpOIIeqIIAX
NOJNHBIA UK 00yuenus. OpHako BbIOOp Habopa mapaMeTpoB, METOAOB OOy4eHHsS HEHPOHHOH CETH M KaueCTBO
o0yyatolieii BEIOOPKH UTPalOT KIFOUEBYIO POJIb B PEIICHHUH 3a/1aud TOYHOW MHTEPIPETAIH HCXOAHBIX JaHHbIX.
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N3MEPEHUSA Y& CBEYEHMUS B ITOJIAAPHBIX OBJIACTAX
TEJECKOIIOM «TYC» HA BOPTY CITYTHHUKA «/IOMOHOCOB»

IT.A. Kimumos!, M.W. IManacrox'?, K.®. Curaepa'”

! Hayuno-uccneoosamenvckuti uncmumym soepnoii usuxu umenu J.B. Cxobenvyvina Mockoeckozo
eocyoapcmeennozo yHusepcumema umenu M.B. Jlomonocosa, 2. Mockea

’@usuueckuii paxynvmem Mockosckozo 2ocyoapcmeennozo ynugepcumema umenu M.B. Jlomonocosa, 2.
Mockesa

AnHoTaumst. Jlerexktop «TYC» 6wt 3amymien B anpene 2016 romxa wa 6opry cryTHHKa «JloMmoHOCOB». [Iprbop
MPENCTABNAET COOOM BHICOKOUYBCTBUTENBHBIN TENECKON € IUIOMAIBI0 3€pKama 2 M? M BBICOKMM BPEMEHHBIM
paspemenneM (0.8 Mxc). ITone 3perns mpuGopa 6400 kM2, yrioBoe paspemreHre 10 Mpaj, 9TO COOTBETCTBYET
KBagpaTy 5X5 kM Ha moBepxHocTH 3emiHu. CrnyTHUK «JIOMOHOCOB» MMEET NOJIAPHYIO COJHEYHO-CHHXPOHHYIO
opOuTy ¢ HakJoHeHHWeM 97.6°, 4TO TO3BOJSIET MPOBOAWUTH M3MEPEHHUs! BIUIOTH IO CaMbIX BBICOKHMX MIMPOT Ha
TEHEBOH CTOpOHE OpPOHUTHL. DJIEKTPOHHMKA IETEKTOpa pPealn3yeT HECKOJBKO PEKHUMOB pabOThI, OTIMYAIONIUXCS
BpeMeHHBIM paszpenieHreM (0T 0.8 Mkc 10 6.6 MC) U MO3BOJSET PETUCTPUPOBATH ONTHUECKUE SBICHUS PA3TUUHbIX
BpPEMEHHBIX MaciuTa0oB. B nanHoi#l pabore mpoBeneH aHanmn3 Y® cBeueHHs B MOJSIPHBIX OOJIACTAX CEBEPHOTO
nonymmapus (50—-80 rpaaycoB c.Ii1.), U3MEPEHHOTO B PEKUME C BpEMEHHBIM pa3pelnieHneM 6.6 MC U UTUTETbHOCTHIO
pasBeptku 1.7 c. IlpoanamusupoBanbl okojo 2500 HaOmOACHWH B IMHPOKOM JAuama3oHe HoiroT. OToOpaHBI
COOBITHS, B KOTOPBIX HaOII0aeTcs MpOCTPaHCTBEHHO-BPEMEHHAs JUHAMHKA CUTHana (mynbcanun YD cBedeHHs),
OTJIIMYHAS OT CTallMOHAPHOTO IIyMa, aHTPOIOTEHHBIX MCTOYHWKOB M OTPA)XEHHH CBETa OT OOJAYHOTO IOKPOBA.
[TpoBeneH aHanM3 pacroiI0KEHHs BBIICIICHHBIX COOBITHIH OTHOCHTEIBHO aBPOPAIFHOTO OBAJIA U ITIOKAa3aHO, YTO OHH
BO3HMKAIOT B YCJIOBHSX IOBBIIIEHHON I'€OMarHUTHON aKTUBHOCTH M PAacIiONIOXKEHBI HA cy0aBpOpaNbHBIX IIHUPOTaX.
[TpocTpaHCcTBEHHBIE CTPYKTYPHI JIOKAJIM30BAaHBI B II0JIE 3PEHHS MPHOOpa M MMEIOT IOTIEPEUHBIN pa3Mep mopsiaka 10
KM, a yacToTa mynbcaruii cocrasnger 1-10 I'm.

BBenenue. Ha ceronmsiniauii geHb MEXaHH3MbI 00pPa30BaHMs aBPOPATBHBIX MYJIBCAIMNA HEAOCTATOYHO H3YUEHBI.
[Tynbcupyromye MoJsipHbIe CHSHUSI — 3TO KBAa3UIEPHOIUUECKHE MOYJISIIMN HHTEHCUBHOCTH NPOTSHKEHHBIX (GopM,
BBI3BAHHBIE BBICHINAHMAMHI SHEPTHYHBIX 3JIEKTPOHOB C SHeprusiMu nopsaka 1-100 k3B. OHu mosBisiroTcst B BUIE
HEpeTYJSIPHBIX IATEH CBETHMOCTH ¢ KBasunepuojumdeckumu (2-20 c wim Oosee) BpeMEHHBIMU (UIyKTYyallUsIMH,
KOTOPBIE YacTO COTMPOBOXKIAIOTCS OBICTPHIMH CJIOXHBIMH IBIDKCHHSAMH WX SIpKOW wactu [ Yamamoto, 1988].
Mepuatomee cuUsSHHE COCTOMT W3 HEOONBIINX CTOJIONOB C NMEPUOANYECKUMHM W3MEHEHHSMH HHTEHCHBHOCTH B
JIMCKPETHBIX Ayrax cusHui. [1epBbIii 0TYEeT M ommcaHue COOBITHI Takoro THma ObLIO caenaHo B pabore [Beach et
al., 1968]. I1ozxe OBIIM IPOBEACHBI MHOTHE ONITHYECKHE HAOMIOCHUS MEPLAIOIIEr0 CUSIHHUS, IPH aHAIN3€ KOTOPBIX
ObUIM TOJy4eHBI HEKOTOpPhlE OCOOCHHOCTH TPOCTPAHCTBEHHO-BPEMEHHOW CTPYKTYpBI: IIMPHUHA KaXKJIOTO
MepLaromiero cToilia Haxoaures B quanazone 1-12 kv [Sakanoi et al., 2004], a ero BpeMs *KHU3HH cocTaBiser 12
¢ [Kunitake et al., 1984]. AMmunTyna MOAyssIMA B cCBeTUMOCTH cocTaBisieT menee 10—20 % ot cBetumocTtu (oHa,
a TunudHble 4actoThl — 3—15 Tu. Sakanoi et al. [2005] mpoBenu cpaBHEHHE HAOIOAEMBIX IapaMeTPOB
MEpLAIOLIEr0 CHSHUS M TEOPETUUECKHX OLEHOK MapaMeTpOB JMCIEPCHOHHBIX ajb()BEHOBCKMX BOJH U IOKa3alH,
yro HaOyIoZaeMoe Meplaollee CHUSHHE MOXET OBITh BBI3BAHO MOAYJSIMEH TOTOKa  3JIEKTPOHOB
JIEKTPOMAarHUTHBIMM HOHHBIMH IIMKJIOTPOHHBIMH BOJIHAMHM MJIM HWHEPIHAIbHBIMH ajb()BEHOBCKUMH BOJHAMH B
o0yacT yCKOpEHUsI CUSTHMH, pacriojokeHHOW B amanazoHe BeicoT 2000-5000 kM. JIuckpeTHble aBpOpHI MOTYT
BBI3BIBATHCSI MUKPOBCIIBIIIKAMHU BBICHINAIOMINXCS HJIEKTPOHOB BO BHEIIHEM paJHMAllMOHHOM IIOSiCE 3a CUET WX
paccestHUSL Ha BOJIHax THUma «BHcTiep» [Shumko, 2018]. DTa maes NUTY-yIIIOBOTO paccesHHs >JIEKTPOHOB Ha
BHCTJIEpax HaXOJUT MOJATBEPKISHUE B CUMYJISITMOHHON Moaenu [Mioshi et al., 2010, 2015]. B pabore [Sato et al.,
2004] mpoBeneHO TPSIMOE CpaBHEHHE MYJILCUPYIOUIUX TMOJSIPHBIX CHSHUHM, HAOMIOZaeMBIX C 3eMJIM Ha CTaHIUU
Syowa B AnTtapktuke W Ha Oopry cmytHuka FAST (Beicota 3100 kM) u MOJIydeHO, YTO HCXOJHBIE OO0JIACTH
TeHepaluy WIN MOIYJIIMM SHEPTUYHBIX YAaCTHI] HAXOSATCA BbIme, yeM opoOuta cmytHHka FAST, a mMeHHO B
obmactu ot 2 Re 10 6 Re ot Hero. MHorue paboThI CBSI3BIBAIOT KaK OCHOBHBIE TIEPHOIBI MOIYJISINHN, TaK M TOHKYIO
CTPYKTYpY mynscupyromux cusauii ¢ OHY curramamu (KBa3sHIEPHOAWYECKMMH M XOPOBBIMH H3IYYCHUSMH)
[Demekhov et al., 1994; Nishimura et al., 2011; Kawamura et al., 2019]. [TogoOHbIe MOJEIH, OCHOBaHHbIE Ha
MEXaHHM3ME B3aMMOJCHCTBHS THIIA «BOJHA-4acTUIA», YKa3bIBalOT Ha €ro IPOCTPAHCTBEHHYIO JIOKAJIHM3ALHUIO B
o0nacTn 3aMKHYTHIX CHJIOBBIX JIMHMH BHENIHEH 001acTH paavalMoOHHBIX MOsicoB. OJHAKO M3BECTHO, 4TO
TpaH3UECHTHbIE TIOTOKH JIEKTPOHOB MOTYT CO3/1aBaThCs 32 CUET peaau3annyl (PU3NUECKHUX MPOLECCOB YCKOPEHHS B
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Usmepenua Y@ ceevenus 6 nonapuvix oonacmsx meaeckonom « TYCy» na 6opmy cnymuuxa «JIomonocoey

OJIKHEM TUIa3MEHHOM cJioe (CM., HanpuMmep, [Sauvaud et al., 2004]). peiidys BI0oIb> MarHUTHBIX CUJIOBBIX JIMHUH,
OHH JIOJDKHBI BBICHITIATHCST B aTMOC(hepy, co3/1aBast TUCKPETHBIC CHSHUSI K TEM CAMBIM CTATh JOMOIHUTEIBHBIM HITH
KOHKYPHPYIOIUM MEXaHU3MOM UX TCHEPAIUH.

B nmanHO# paboTe MpUBEICHBI HOBBIC SKCICPUMCHTAIBHBIC NAHHBIC O MyJIbCHUPYIOIUX HM3IYyYCHHSX B paiiOHE
aBPOPATBHOTO OBaJIa, H3MEPECHHBIX NeTeKTOpoM «TYCy» Ha 60pTy cryTHHKA «JIOMOHOCOBY.

1. U3mepenust Y@ cBeuenusi Ha cnyTHukax MI'Y. Uccnenosanus Y@ uznyuenust arMocdepsl IpoOBOIATCS
B HUMAD MI'Y ¢ 2005 roma, xorma ObII 3aIlymieH CIyTHHUK «YHuBepcuteTckuii-TatesHa» [Cadosnuuuil u op.,
2007]. Ha Ooptry cmyTHHKa ObUT ycTaHOBIEH aeTekTop Y@ wm3mydeHwms, cocrosmmii u3 omgHoro POV co
CUHTHIBAIOMICH AIIEKTPOHUKON U 1mosieM 3peHus 16° [ apunos u dp., 2006]. 3aTem aHamormyHble IPHOOPHI paboTanu
Ha KOCMHYECKHUX ammaparax «YHuBepcuTerckuii-TaresHa-2» [Garipov et al., 2010] u «BepHoB» [Panasyuk et al.,
2016]. Bee cnyTHUKH 0051aai NOJISIPHOH OpOUTON, MOATOMY ObliIa BO3MOKHOCTh PETHCTPUPOBATH KakK I'PO3OBBIE,
B OCHOBHOM IIpHIKBaTOpuaibHble Y@ BCHBINIKH, TaK M CBEYEHHE Ha BBHICOKMX MIMpOTax. [0 JaHHBIM CITyTHHKa
«YHuBepcuteTckuii-TaThsiHa» MCCIIEA0BaIach KOPPEISIHS BO3pACTaHNUH MIOTOKOB 3JIEKTPOHOB B IOJISIPHON 00IacTH
U UHTCHCUBHOCTH Y@ m3nyuenus [Bedenvrun u op., 2006]. [1o naHHbIM ciyTHHKA «BepHOB» OBLIO TIOKa3aHO, YTO
WHTEHCUBHOCTH CTAallMOHAPHOTO CBEYEHHs aBpOPajbHOTO OBAJIa, MOJIOKEHHWE €ro I'paHMI] M IPOCTPAHCTBEHHAs
CTPYKTYpa 3aBUCST OT F€OMArHUTHON oOcTaHOBKU. Tak, mpu yBenmdenun uuaekca Ae ¢ 100 uTn mo 1000 uTn
MHTCHCUBHOCTh CBEUCHMs yBENMUMBaeTcsa B 1.5 pasa, skBaropuanpHas IpaHHIA CMEMIaeTcs B 00JacTh HU3KHX
mmpot 6onee yeM Ha 10 TpamgycoB, u nmosiBisieTcst AByrop6as crpykrypa. [Ipumep n3mepennii nmoxasas Ha puc. 1.
OnHAaKO OTCYTCTBHE IPOCTPAHCTBEHHOTO pPa3peIICHHs
1E10 y BCEX JIETEKTOPOB HA 3THX KOCMHYECKUX aIllaparax He
TI03BOJISIIO MCCJIEIOBATh IPOCTPAHCTBEHHO-BPEMEHHYIO
CTPYKTYPY PETHCTPUPYEMBIX COOBITHI.

B 2016 romy Ha Oopry cmyTHHKa «JIOMOHOCOBY
[Sadovnichii et al., 2017] 6bu1 3anymieH aeTekTop YD
U3ITy4eHUs «TYCp. Herextop «TYC» —
BBICOKOUYBCTBHUTEJILHBIN TEJIECKON, NpeIHa3HaYeHHbIH
1E8 UL peructpanuu ciadboro Y® cBeueHHsS NIHPOKHX
aTMOC(epHBIX JTUBHEH. JleTekTop mpeacTaBiseT coOoit
TENECKOI-PeIEKTOp,  COCTOAIIMH W3  3epKajia-

KOHIIEHTPATOpa MIomansio 2 M?> u (GOTONPUEMHUKA —

157 &0 0 20 0 20 40 MaTpunpl U3 256 mukceneir (OOY Hamamatsu R1463).

Wwpora, rpaa [None 3peHnst ogHOTO MUKCENST HA TOBEPXHOCTH 3eMIIH —

KBampatr 5x5 kM, obmiee moie 3peHus cocraisieT 80x80

KM [Klimov et al., 2017]. Boicokast 4yBCTBUTEIBHOCTD U

aspopanbroro osama (40° — 60° IO.IL) HECKOJNIBKO ~ PEXHMMOB  paboThl,  OTJIMYAIOIIMECS

ZIETEKTOPOM Ha CIyTHUKe «BepHOB» mpu Ae = BpeMeHHBIM paspemieHueM (0.8 mkc, 25.6 mMxc, 0.4 Mc u

1000 1T 1. 6.6 MC), TO3BONMIM PETUCTPUPOBATE M HU3ydYaTh

CBEUCHUS]  Pa3HOOOpa3HOW  MNPUPOIBL:  METEOpHl,

AHTPOIIOT€HHOE CBEYCHHUE, TPO30BbIE SABJICHUS (MOJHUH U BBICOKO aTMOC(hEpHbIE TPAaH3UECHTHBIE CBETOBBIS SIBJICHHS)

U 1p., mpoBecTd n3MepeHuss YO tpekoB B atmochepe 3emim [Khrenov et al., 2020; Klimov et al., 2019], a taxxe
YO mynecanuii B BRICOKHX ITUPOTAX, MPEACTABICHHBIX B JAaHHOW paboTe.

1E9 o

MHTEHCUBHOCTB, thoToH/cMPCp C

Pucynok 1. Ilpumep wu3MepeHUs CBEUYEHHS

2. CoObiTus ¢ Y@ nyjbcauusiMi B BBICOKMX IIMPOTAX. 3a Bpemst pabotsl aerekropa «ITYC» B pexume ¢
pasperienrueM 6.6 MC ObLIO 3apETUCTPUPOBAHO UyTh Oosiee 10 ThICSY COOBITHI HA HOYHOMN CTOpOHE OpOUThL. M3 HIX
nopsiaka 2500 B mmporax Oomee 50° C.II. Cpeau usMepeHuil Oojbiias 10 COOBITUH — (IIyKTyaluu
CTaIlMOHAPHOTO IIyMa, HAaOJIOJAI0TCS aHTPOIOTCHHBIE MCTOYHHUKH, KOTOPBIE BBIICICHBI XapaKTEPHOH CKOPOCTHIO
MepeMeIeHusT B TI0JIE 3PEHHS IETEeKTOpa, pPaBHOH CKOPOCTH JABWKECHUS CIYyTHHKAa, W MOIYJSIIMEH CHrHaja
MPOMBIIIIIEHHONH YacToTol. OTAeNbHO OBUT BBIAENEH KJIacC COOBITHIA, B KOTOPHIX HAOMIOMAIOTCs Mmynbcanuun YD
CBCYCHUS, HE CBS3aHHBIC HH C TPO30BOW aKTUBHOCTHIO, HU C aHTPOIOTCHHBIMH WCTOYHUKAMH, HU C OOJAYHBIM
MIOKPOBOM.

[Ipumep coObITHS C MyNbCAIMSIMA TIOKa3aH Ha pucyHke 2. CieBa Ha PUCYHKE MPHUBEIcHa KapTa KaHaJIoB (MaTpHIa
(hoTonpueMHIKa — POCTPAHCTBEHHAS! CTPYKTYpa COOBITHS) C MPOCTPAHCTBEHHBIM pa3pelicHreM 4 KM Ha BBICOTE
100 km B MomeHT BpemeHu 430 Mc oT Havana 3anucu. CripaBa Moka3aHa OCLMJUIOrpaMMa CUTHajla B OJHOM KaHalie
(Momynb 7, mukcens 14). BupnHo yBenuueHume curHana B TeueHume 1.2 ¢, ¢ SIBHBIMH IynbcauusiMu. Ilepron
mynbcanuit coctanisiet okoso 0.3 ¢, a ammmutyna — 20 % oT ypoBHs doHa.

Bcero 6put0 06HapyskeHO 67 Takux coObIThii B 0a3ze maHHBIX AeTekTopa «TYCy». CoOBITHS HMEIOT XapaKTepHOE
reorpaduueckoe pacrpeneiaeHre BI0JIb aBpopajJbHOro oBajia (CM. puc. 3, cieBa). BaXHO OTMETHTB, YTO COOBITHS
OBLTH 3apETUCTPUPOBAHEI B paifoHe 3KBaTOPHUAIILHON TPAaHHUIIBI OBajla Ha JOBOJBHO Manbix L-o6onoukax. Ha puc. 3
crpaBa NMPHUBEACH NMPHMEP PACHOI0XKEHUS COOBITHS, TOKA3aHHOTO HAa PHC. 2, OTHOCHUTEIHHO aBPOPAIBHOTO OBaja
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(moka3zan CYyMMAapHBIH HIOTOK SHEPIUH aBPOPAIBHBIX JJIEKTPOHOB,
https://fiswa.ccme.gsfc.nasa.gov/IswaSystemWebApp/). bonee monoBHHBI COOBITHI 3aperucTpupoBaHbl Ha L-
obonoukax 4—6, B 001acTH NepeceyeH s aBpopaabHOro 0Bajla U BHEIIHErO PaJUalluOHHOTO 110sCa.
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Pucynok 2. [Ipumep coObrtus ¢ YO-mynscanusaMu, u3MepeHHbBIME IeTekTopoM «TYC» 10 HOos0ps
2017 r.8 13-31 UTC.

[IpocTpaHCTBEHHOE pa3pelieHHe NMpHOOpa OMpeAenseTcs pa3MepoM MHKcensd W (YHKIHEH paccesHHsS TOYKH
(®PT) onTuyeckoif cucTeMbl. YTJIOBOM pa3sMmep OJHOIO MNukcens coctaBiasier 10 Mpaj, 4YTO COOTBETCTBYET
wIomaake 5x5 kM Ha noBepxHocTH 3emin. OPT Obina n3MepeHa B X0/Ie MPeINoIeTHRIX UCIIBITAaHIH annapaTypsl, U
ee Rrms = 7-10 mm. Takum oOpasom, mpu (OKYCHPOBAHMM TNPOMCXOAUT pasMbITHE W300paKEHHs TOUEUHOTO
HCTOYHHMKa Ha HECKOJIbKO COCEIHHMX KaHaJIOB. [103TOMYy TOYHOCTH JIOKQIM3AlMU pPa3MepOB OOJIACTH CBEUCHHMS
cocraBigeT nopsaaka 10 kM, 1 OCHOBHBIM KpUTEpHEM, IO KOTOPOMY OIIEHMBAETCS pa3Mep HCTOYHHKA, SBISIETCS
KOJINYECTBO MHKCEJCH C OmpeneneHHol GopMoil ocHmLiorpaMMbl (BPEMEHHOTO XoJa CHrHania). B OoibIIuHCTBE
perucTpupyemMsix coObITuii Bua Y® mynbcanuii He OJMHAKOB BO BCEM MOJIE 3PEHHS, HAOIIONAIOTCS JIOKAIbHBIC
TPYIIBI MUKCENeH ¢ OMM3KMMHU 1O (GopMe BpEeMEHHBIMH OcoOeHHOCTAMH. Ha mpumepe, mokasaHHOM Ha puc. 2
BU/IHBl HECKOJIBKO 00JacTell MOBBIIIEHHOTO CBEYEHHs, KOTOpPBIE CONOCTaBUMbBI WM HEcKoibko Oonbme PPT
3epKaja, T.e. pa3Mep UCTOYHHKA COCTABIISIET OT OJIHOTO JI0 HECKOJBKHX MUKcenel (5—15 km).
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Pucynox 3. Cnesa: reorpapuueckoe pacnpenenerue 67 coobrtuii ¢ YO mynbcauusamMu (CHHHE TOUKH).
Cnpasa: pacnonokeHne coObITHs, u3MepeHHoro nerektopoM «TYCx» 10 HosOpst 2017 r. B 13-31 UTC
(kpacHas TOYKA) OTHOCHUTEIILHO aBpPOPATBHOTO oBaJa 1o JTAHHBIM
https.//iswa.ccmc.gsfc.nasa.gov/IswaSystem WebApp/

3. 3axrouenue. biaroxaps noJspHO OpOKTE U BHICOKON YyBCTBUTENBHOCTH aeTekTop «TYCy» 3apeructpuposai
yIBTpadrOIETOBbIE MyJIbCAlMM aTMOC(EPHOro CBEUCHUS! B BBICOKMX MIMpoTax. Habmiojaemble CUTHAIBI MMEIOT
OUYeHb Pa3HOOOPa3HYI0 BPEMEHHYIO CTPYKTYpPY C XapakTepHbIMH YacTOTaMH Nynbcauuii mopsinka 1-10 T'm.
[TpocTpaHcTBeHHBIE 00JACTH CBEYEHHS JIOKAJIM30BAaHBI C XapaKTEepHBIM pa3sMepoM mopsiaka 10 kM, mnpuyem
OJTHOBpEMEHHO B moJie 3peHnst 80%80 kM MOXeT HabII0NaThCsl HECKOIBKO 00JacTel ¢ pa3MuHbIMH BPEMEHHBIMH
CTPYKTypaMH. AHann3 reorpauyeckoro pacrpeaeineHuss U T€OMarHUTHOW OOCTaHOBKM IIOKa3all, 4TO COOBITHS
H3MEpPSIOTC B Cy0aBpOpalbHONW 30HE, a YacToTa COOBITHH KOPPEIHpyeT C TeOMarHWTHON aKTHBHOCTBIO (Ae-
HHAEKCOM). MakcumanbHas A0NA COOBITHH 3aperucrpupoBaHa B obmactu L-obosmouexk 4—6. DTOT BBIBOA HE
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Usmepenua Y@ ceevenus 6 nonapuvix oonacmsx meaeckonom « TYCy» na 6opmy cnymuuxa «JIomonocoey

MPOTHBOPEYHUT «BOJHOBOMY» MEXaHH3My HMX T€HEpAaIlMd W €ro JIOKAIMW3al[M¥ BO BHEIIHEH 30HE PaIdallMOHHBIX
nosicoB. [IpocTpaHCTBEHHO-BPEMEHHAs CTPYKTYpa HEKOTOPBIX M3 HAOIIOJABIIMXCS COOBITHIH CX0Ka C MEPIAIOIINMHE
MOJSIPHBIMU CHSIHUSAMH, HaOJrofaBIIMMUCS paHee (cMm., Hampumep, [Sakanoi et al., 2005]). Tem He MeHee,
MOJHOCTBIO UCKITFOYHUTh «XBOCTOBYIO» MOJICNb MX TCHEPAIlUH HEJb3s, T.K. AeopMalis MarHUTHOTO IMOJIs, KOTOpas
JIOJDKHA HAOIIIOJAThCsA BO BpPEMsl YCHWJICHHS TCOMArHUTHOW AaKTHBHOCTU (YTO OBUIO OTMEYCHO B OIHMCAaHHBIX
COOBITUSIX), TaKXe [OJDKHA TPUBOJUTH K CMCINCHUIO TPAHUIBI 3aMKHYTHIX CHJIOBBIX JIMHHA K 3emie, U
3apETUCTPUPOBAHHBIC COOBITHUS MOTJIM OKa3aThCsi HA OTKPBITHIX CUJIOBBIX JUHHUAX. [103TOMY HE0OXOAUMBI
JANBHCHINTNE KCCIIEC0OBaHUS OPOUTATBHBIME JeTeKTOpaMu Y@ WU3IydeHus Hapsay C H3MEPEHHSIMH IOTOKOB
JJIEKTPOHOB, KOTOPbIE MO3BOJISIIOT HOIYYUTh TNI00AJIbHYI0 KAPTUHY TeHepalu coObITH Takoro Tuna. CpaBHEHHUE C
JAHHBIMH HAOIIOICHNH HA3E€MHBIX Te0QU3NYeCKUX 00CepBATOPHUIl B MOJSPHBIX LIMPOTAX U CO CIYTHHUKOBBIMH
JIAHHBIMH O IOTOKaX 3apsHKEHHBIX YACTHUIL TAKIKE MOMOXKET BHISICHUTD PUPOTY SBICHHUS.

bnazooaprnocmu. [lannas paGoTta BBINONHEHA TpH (DUHAHCOBOM mMmoamepkke ['ockopmopamnuu PockocMoc u
MoOCKOBCKOTO rocyaapcTBeHHoro yHuBepcurera uM. M.B. JlomoHOcoBa B pamkax mporpammsl «llepcrniekTuBHBIE
HaIlpaBJIECHUs Pa3BUTH.
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INPUMEHEHME ITPUBJIN/KEHUSA I’EOMETPH‘IECKOFI OIITUKU B
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AHHOTaNUs. B paGote npejcTaBIeHbl Pe3yJbTaThl MOJEIUPOBAHKS 3arOPU30HTHOM PaHOIOKAIINY TIPU 3a1aHHOM
nmuarpamMme HampasieHHocTH ([IH) mimockolt BepTHKambHOW aHTeHHOW pemérkw. [Ipn MomennpoBaHMH JTy4EBBIX
TPaeKTOpUil ¥ TOTJIOMEHNSI KOPOTKUX BOJH B MOHOC(EpEe MCIOIb30BaIacCh YUCICHHAsT MOJENb PaclpOCTPAHEHUS
panvoBOJIH, MOCTPOCHHAS B IPHOJIMKEHWH TeOMETpUYecKoW onTuku. Jls ommcaHusi cpelpl pacripoCTpaHESHUs
UCIIOJNIb30BAJIMCH AMIMpPUYEcKas crpaBovHas mozens unoHocdepsl IRI-2012 u Moznenp HeWTpanbHOH atMocdepbl
MSIS-86.

Beenenue
OmHMM M3 OCHOBHBIX IOJXOJOB K PELICHUIO 33Ja4d O MOJCIUPOBAHUU PACIPOCTPAHEHHS] KOPOTKHX PaJUOBOIH
SIBJISIETCSL MPUOJIMKEHUE TeOMETPUYECKOW OMNTHKH, KOTOPOE II03BOJISICT ONUCATh BOJIHOBOW Mpolecc B BUIE
CeMEHCTB JIyueBBIX Tpaekropuii [1]. s pacuera IydeBhIX TPAeKTOPHI KOPOTKHUX BOJH KakK B Paauo PU3UKE, TaK U B
ceifcMostoruy, B 3aa4ax O BOJHAX I[yHAMM M JIPYTHX 00iacTsx [2, 3] MHMPOKO NPUMEHSETCS METOA XapaKTEePUCTHK
[4-6]. C mareMaTH4eCcKOW TOYKM 3pEHMs PEIICHHE YpaBHEHHS SWKOHATa METOJIOM XapaKTEPUCTHK MPECTaBIISET
co0oit 3amauy Komm, koraa n3HadalbHO W3BECTHO TIOJIOKEHNE UCTOYHMKA W HANpPABIICHUE M3ITydEeHUs (HadalbHBIN
numIyibe). Takas mocTaHOBKa HAWITYyUIINM 00pa3oM MOIXOJUT AJIs 3a/1ad, Korja u3BectHa J{H aHTeHHBI HCTOYHMKA
curHana. B atoMm ciyuae MOXXHO nccie1oBaTh 0071aCTh MOKPHITHA U YCTOHYHUBOTO ITpHEMa BOJHBI.

B nanHO# paboTe MBI MpEACTaBUIN NPEIBAPUTEIBLHBIE PE3YIbTATHl MOJICTUPOBAHNS 3arOPH30HTHON JIOKAIIMK HA
IIpUMepEe CPeTHENNPOTHON THIIOTETHYECKOH CTaHINH.

MeTton u pe3yJbTaThl

Hcnonp3oBanack 4YUCIEHHAas MOJENIb PACIPOCTPAHEHUS KOPOTKHX paauoBONH [7, 8], OCHOBaHHas Ha METOAE
XapaKkTepUCTUK. MoJenp IO3BONSET pPACCUUTHIBATG B TPEXMEPHO HEOJHOPOIHON aHU30TPOIHON cpere:
panroTpacchl, JydeBble TPACKTOPUH M HOTJIOmeHNe (AnddepeHIaIbHoe U HHTETPAIbHOE) BIOIb KKIO0H U3 HUX,
HM3MEHEHHE yIia MEXAY Jy4eBbIM BEKTOPOM, BEKTOPOM HMMIIYJIbCa M MAarHUTHBIM IIOJIEM 3eMIIM B KaXIOH TOUKe
paccUMTHIBAEMBIX JIyYeBBIX TPACKTOPHH, BpeMs (a3oBOro M TPYIIOBOTO 3ala3/bIBaHHs PaJUOCHTHATIA MEXIY
TOYKaMH TIepefadn ¥ mpuema. Jis onmcaHust cpelsl paclpoCTPaHEHUS HCIOJB30BATIHCH OMITMPHYECKast
cnpaBouHast Monenb uoHochepst IRI-2012 u mozens HedTpanbHO# aTmochepsr MSIS-86. PaccmarpuBamuch
CIIOKOMHBIE HOYHBIC JIETHHE YycloBHA. [ 3Toro OBIIM 3aZaHbl COOTBETCTBYIOUIME 3HAYEHUS WHICKCOB
F€OMarHUTHOM aKTUBHOCTH.

Ucnons3oBanace JIH mockoll BepTHKaIbHOW aHTEHHOM pelIETKH, IpeicTaBieHHas Ha Puc. 1. Jnsd oneHku
HaMpPsDKEHHOCTH DJIEKTPUUecKoro most BoJHbI (Em) B MecTe mpuemMa MOKHO BOCTOIB30BaThCs (opmynoi u3 [9]:
Em = En'eT, rme Em’' — aMIuuryia HanpskKeHHOCTH 3JIEKTPUYECKOTO TI0JI, PACCUMTAHHAS 0€3 y4eTa MOTJIOMIEHUS
panuoBoiH B HOHOChepe, I” — cyMMapHbIi K03()(UIIMEHT NOTTIONIEHHS, YYUTHIBAIOIIUH MOTJIOIEHHE BO BCEX CIIOAX
noHOChEepHI.

Ha mpumepe cpemHEeMHMpPOTHON TUIMOTETHYECKOH CTaHIMU ¢ KoopawHatamu (42° cam., 12 ° B.I.) paccMoTpeHa
00J1aCTh TOKPBITHS CHTHAJIOM M 3aBHCHUMOCTH MOTJIOMIEHHS B Cpele PacHpOCTPAaHEHHs PaJHOBOJIH C YacTOTOH
namyuennst 7.27 MI'n (em. Puc. 2A u 2B). A3umyT HanpasiieHus IJIaBHOTO M3iy4deHus Beiopan 86°. Ha Puc. 2B u 2I'
MIPECTaBICHA 3aBUCUMOCTH TIOTJIONICHUS PAIHOBONIHBI M JAIBHOCTH PACIPOCTPAHEHHS OT BEIOPAHHBIX IapaMeTpOB
yriia Mecta 1 azumyTa. J{namnasoH 1o a3umyTy ObUI BBIOpaH +17° 0T HEHTPAIILHOTO a3uMyTa, 1o yriry Mecta o 0° 1o
3HAQUEHMH yrila, NP KOTOPOM DPaJHOBOJIHA NPOXOJUT HMOHOC(Epy HACKBO3b M He OTpakaercst K 3emie. Puc. 2
MTOKA3BIBAET, YTO MAaKCHMAJIFHOE IIOTJIOMICHHE MOJTyYeHO MPH MaNbIX YIrilaX MecTa, YTO TaKXKe CBSI3aHO C OOibIIeH
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prweHeHue npu6fm9/ceuu}1 ZeoMempu'-IQCKOﬁ onmuxu 6 sadaye MO@eJlupOGaHM}l 3a20pu30HmH012 paduozzozcauuu

JUIUTEIBHOCTBIO PAcIpPOCTPaHEHHs B Cpele OTKIOHAIOMIErO MOIJIOMEeHUs (mosoras Tpaekropus). IlormomieHus
curHasna nopsanka 2-3 nb mis mamsHoctH 3000-3500 xM momydeHo mpu yriaax mecta 6-10°. Iluk mornomeHus B
paiione 55° B.1. Ha puc. 2A, KOTOPBII Takke BUIACH Ha puc. 2B MOXeT ObITh CBs3aH C YTPEHHUM TEPMHHATOPOM U
CBSI3aHHBIM C HUM HM3MCHCHHEM IIapaMeTpPOB CpPEAbl pacHpocTpaHeHHs. YToOBI cka3aTh 3TO TOYHO, HEOOXOAMMO
MOCTPOUTD OTAEJIBHO JIyYeBBIE TPACKTOPUH, YTO HE BXOAWIO B PAMKH JJAHHOTO MCCJIEIOBAHUS U OyJeT pacCCMOTPEHO
JeTaabHO MO3XKe.
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Pucynok 1. HopmupoBannas JIH BepTuKanbHOM aHTEHHOH PEHIETKH B TPEXMEPHOM IpEACTaBICHUI
U B TOPU30HTAIbHOMU INIOCKOCTH B IOJIAPHOM CUCTEME KOOPIUHAT.

3axiiroueHue

MeTo XapakTEpUCTUK MO3BOJIAET IIOJyd4aThb CEMEWCTBO JIYYEBBIX TPACKTOPUM Ul 3aJaud C HadaJbHBIMHU
YCIOBHSAMH, 4YTO HPUMEHMMO IpPH MOJAEIMPOBAHUH 3arOPH30HTHON paauonokanuu. [lokazaHa BO3MOXHOCTB
NPUMEHEHUSI PA3BUTONM YHCIEHHOM MOJAENM U MCCIEJOBAHUS PACIPOCTPAHEHHA pPAJHOBOIH IPH 3aJaHHBIX
nmapamerpax JIH wu3nmyuaromeil aHTeHHBI. IlepBHYHBIE pe3yabTaThl OTPaXarOT HEOOXOAMMOCTH IPOAOJDKECHHUS
IIPOBEJCHUS TAKUX YUCIECHHBIX 3KCIIEPUMEHTOB.
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Pucynoxk 2. Kaptel nHTErpasbHOro noriomeHus B cpene (A) u nansHoctu pacnpoctpanenus (b) s
yactotel 7.27 MI'm ans Hounsix ycnoBuit (OLT) 31 aBrycra mpu 3amannHod JIH wn3nyuaromeit
AQHTEHHBI. 3aBUCHMOCTH IOTJIONIeHUs paauoBoiHbl (B) m nmameHOCTHM pacmnpoctpanenus (I') or
a3uMyTa U yTriia MecTa U3JIy4eHHUsl.
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bnazooapnocmu. ViccienoBanue BBINONHEHO NpH MojjepxKe rpanrta [Ipesunenra Poccuiickoit Denepanuu st
Momoeix yaeHbIX (MK-2584.2019.5). Pabora Knmmmernko M.B. BeimonHeHa npu noanepkke rpanta POOU Ne 18-
05-00594.
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ANIPOBALIMSI MOJIEJIN E CJIOSI ABPOPAJIBHOI MOHOC®EPLI C
PA3JIUYHBIMA UICTOYHUKAMHU KOPITYCKYJISIPHOM
MOHM3BALIMH

B.JI. Huxonaesa!, E.W. I'opaees?

! Apxmuveckuii u anmapxmuueckuii nayuno-uccredosamensckutl uncmumym, yi. Bepunza 38,
Canxm-Ilemepbype, Poccus, 199397

’Canxm-Ilemep6ypeckuii I'ocyoapcmeennuiii yuusepcumem, Ynueepcumemckas nab. 7/9,
Cankm-Ilemepbype, Poccus, 199034

AnHoTamusi. Mogens E cinost aBpopanbhoil Honocdepst AIM-E M03BOJNAET PacCUUTHIBATH KOHIIEHTPALHIO
weittpanos NO, N(4S), N(2D), uonos O3, NO*, N3, 0*(4S), 0*(2D), O*(2P) u snexrponos Ne 1o Bceit
aBpopajbHOil 30H¢ B amamaszoHe BbicOT 90 - 150 kM. KoHIeHTpanuu HOHOCHEPHBIX COCTaBJISIONIMX
PacCUUTHIBAIOTCSI B XOJIE PEIICHUs] CUCTEMbl ypaBHEHUI Hepa3pbhlBHOCTH Juisi 10 MOHOC(EpHBIX KOMIOHEHT U 39
XMUMUYECKUX peaklUUd, C Yy4eTOM COJIHEUHOTO KOPOTKOBOJHOBOTO M3JIyUY€HHS U IIOTOKOB JJIEKTPOHOB
marHutocepHoro npoucxoxaeHus. AIM-E npenycmaTpuBaeT qBa crioco0a 3a1aHus IIOTOKa SHEPTHH dJIEKTPOHOB C
ucronbp3oBaHueM: (1) TPSAMBIX HM3MEPEHWH CHEKTpa BBICHIMAOLUIMXCS JJIEKTPOHOB Ha HU3KOOPOHMTAJIBHBIX
CIyTHHKAX; (2) BOCCTAHOBICHHBIX CIIEKTPOB YHEPTHH IIIEKTPOHOB IO pacderam Moxenu Beichimannii OVATION-
Prime. IIpoBeneHo comocTaBieHHE BEPTUKAIBHBIX Mpoduield 31ekTpoHHOW KoHIeHTpamnu AIM-E ¢ manHBIMEH
panapa HekorepeHTHOro paccesiHust EISCAT.

KuroueBble cioBa: aspopanbHbii oBai, E-cioii moHOChEpHI, YHCICHHOE MOICINPOBAaHUE, CyOOYpH, HOHHBIH
COCTaB, MEKTPOHHAs KOHIIEHTPALUSL.

Crpykrypa moneau AIM-E. PaspaGorana Mozenb XUMHUYECKOTO COCTaBa aBpopajibHOro E-ciiost moHochepsl
(Auroral Ionosphere Model, AIM-E), ocHOBaHHas Ha YHCICHHOM pEIICHUH CHCTEMBl OOBIKHOBCHHBIX
muddepeHnInanbHBIX YpaBHEHNH Hepa3phIBHOCTH I 10 MOHOC(HEPHBIX KOMIIOHEHT M 39 XMMHYECKHX PEaKLHi, ¢
YYETOM COJIHEYHOTO KOPOTKOBOJIHOBOI'O M3JIYYEHHS M IOTOKOB KOPITYCKYJISIPHBIX O3JIEKTPOHOB. HauambHbIM
pELICHNEM CHCTEMBI SIBJISETCS KBa3WCTallMOHApHOE cocTosHHe E-ciosi B 3aaHHBIX YCIOBHAX COJHEYHOW H
TE€OMAarHUTHOW AaKTHBHOCTH. 3aTeM pEILICHHE »JBOJIOIHOHUPYET B COOTBETCTBHM C M3MEHEHHEM BXOIHBIX
napameTpoB. CKOpOCTH XMMHMYECKHX PEaKIMH OTIMYaloTCs Oojiee 4eM Ha JIecATh MOPSAAKOB, YTO NPHUBOIHUT K
BBICOKOM KECTKOCTH CHCTeMBbl Ju(depeHIHaNbHBIX ypaBHEHHHA. UYNCIeHHOE pelleHHe pealn30BaHo ¢
HCTIOJIb30BaHUEM BBICOKONPOU3BOANTENBbHOTO MeToma ['mpa [Gear, 1971], uTo mO3BOJISIET B pealbHOM BpPEMEHU
paccuMThIBaTh BPEMEHHOE W IPOCTPAHCTBEHHOE pacHpeieNieHHs KOHLEHTpalui HoHochepHeIX HeiTpanoB NO,
N(4S), N(2D), nonos O;, NO*, N;j, 0*(4S), 0*(2D), O*(2P) w snextpoHOoB Ne BO BCeil aBpOpATbHOIM
noHocdepe B auamazone BeIcOT 90 - 150 kM U 11 TFOOOTO YPOBHSI TEOMarHUTHON aKTUBHOCTH.

[NapameTpsr HelTpambHOM atMocdeps! 3amatorcs mo moaen NRLMSISE-00 [Picone et al., 2002].

[T10THOCTH MOTOKA 3HEPTUHU COTHEYHOTO PEHTTEHOBCKOT'O M3JIyUeHHs Ha BepxHel rpanuie armocdepst ot 0.05 1o
0.8 am ompenensietcss cormacHo [TOCT 25645.130-86], ot 0.8 mo 10 M - mo [TOCT 25645.145-88]. Monens
MOTOKA KpaHero yipTpaduoIeTOBOrO M3TydeHus s aspoHomudecknx pacuetoB EUVAC [Richards et al., 1994]
MCTIONB3YETCS s 3aAanust moToka GpororoB YD m3nydenus ot 10 1o 105 M.

Taxxe B mogern AIM-E yunTeiBaeTCsl HOHM3AINS AIEKTPOHAMH MarHUTOC(EPHOTO MPOUCXOKICHUS C SHEPTrUeH
10 3B - 30 x3B. Cropaandeckas HOHHM3aIUS UTPacT JOMUHHUPYIOUIYIO POJIb HOYBIO M B MEPHOJIBI TEOMArHUTHBIX
BO3MyIIeHMH. B KauecTBe  HMCTOYHMKA  KOPIYCKYJSIPHOH  HOHU3AIMM  MCHOJB3YIOTCA  HM3MEpEHHUs
muddepeHInaNbsHOTO0 MOTOKA IEKTPOHOB Ha HU3KOOPOWTANIBHBIX CITyTHHKAX JIMOO BOCCTAHOBJIEHHBIX CIIEKTPOB
SHEPrUU 3JIEKTPOHOB 110 PACUETHBIM 3HAYEHUSM CPEIHEH SHepruu U BEIMUYUHBI IIOTOKA JIEKTPOHOB M3 MOJIEIU
BeIcbimanuit OVATION-Prime [Newell et al., 2010].

[ornomenre »HepruM B TOJIIE aTMOC(EPHl YYTEHO C IIOMOIIBIO paclIMpeHHOH QyHKuuu Yernmena s
KOPOTKOBOJIHOBOTO COJIHEUHOTO m3iydeHust [Hart, 1968] n GyHKIMH JUCCUNALMN SHEPTHH JUIS BBICBHITAIONIMXCS
9eKTPOHOB [Sergienko and Ivanov, 1993].

B paboTe mokaszaHBI mepBBIE pe3yIbTAaTHl YUCIECHHON Monenu E-crmos aBpopanbHOW HMOHOCGEPHI C Pa3TUIHBIMU
MCTOYHHUKAMHU KOPIYCKYJISIPHOW MOHH3AIMU B YCIOBHSAX WHTCHCHUBHBIX BBICHIIIAHUI AJIEKTPOHOB M INPOBEACHA ee
ampoOarsi ¢ UCMOJIL30BaHNEM JTAHHBIX pajiapa HekorepeHTHoro paccesHust EISCAT.
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TectupoBanue wmoaeaun AIM-E. TIposeneHo comocTaBieHre MOIEIBHOTO BEPTHKAIBHOTO —MPOQUIIS
9JIEKTPOHHOM KOHLEHTpauuu ¢ npoduiem, n3MepeHHbIM pasapoM HekorepeHTHoro paccessHus EISCAT. Pacuerts
AIM-E npoBoanIIuCh ¢ UCTIONB30BAHUEM Pa3JIMUHBIX METOJIOB 33aHUsI HCTOUYHHKA BBICHINIAHUHN 3JIEKTPOHOB: (1) - ¢
UCIIONIb30BAaHUEM JaHHBIX M3MEPEHHH MOTOKa 3JEKTPOHOB Ha HH3KoopOuTansHOM cnytHuke REIMEI u (2) - mo
muddepeHanbHOMY CIIEKTPY 3HEPTMH 3JIEKTPOHOB, BOCCTAHOBJICHHOMY MO PacyeTHBIM 3HAUEHHSM MOJIEIU
BeIceimaanii OVATION-Prime.

(1) Huzkoopburansnsrit crrytHuk INDEX (Innovative Technology Demonstration Experiment)/REIMEI [Saito et
al., 2011] nmpoBoguT W3MEpPEHHS CIEKTpa IMOTOKa 3JeKTpoHOB oT 11 3B mo 11 x3B. Yactuisl 3Tux >Hepruit
MIPOHUKAIOT HA MOHOC(EPHBIE BBHICOTHI 10 80 KM M CIy)XaT OCHOBHBIM MCTOYHHKOM HOHH3ALUH HOYBIO, a TAKXKe
BHOCAT 3HAYMTENBHBIN BKJIAJ B MOHHM3AIMIO aBpopanbHOW MoHOchepsl B aHeBHoe BpeMsa. REIMEI mmeer moutn
COJIHEYHO-CHHXPOHHYIO OpOHMTY Ha okojomnosrygeHHoM Mepuauane (12:50 - 0:50 LT). Beicota mosera cryTHUKa
coctaBisier 610 - 670 kM. J{ns pacuera BBICOTHOTO NPOGMWIS MOHHM3ALMH, WU3MEPSEMbIE MOTOKH 3JEKTPOHOB
poenupyroTcs Ha BbicoTy 110 KM BIIOJb CHIIOBBIX JTMHUI MarHuTHOTO mouist o moxaenu IGRF-12 [Thébault et al.,
2015].

(2) Ommupuyeckas mosenb Boickimanuii OVATION-Prime ocHOBaHa Ha JaHHBIX HU3KOOPOMTABLHBIX CITyTHUKOB
DMSP B BBICOKHX IIUPOTaxX U MO3BOJSAET IPOBOIUTH pacueThl M HHTEpBale TeOMarHUTHBIX MUpoT oT 60° 1o 90° Ha
muckpetHoit cetke MLTXMLAT = 0.25h%0.25°. Hcmonb3ys pesymnbraTtsl pacdetoB OVATION-Prime B kxauecTBe
BXOJIHBIX MapaMmeTpoB musi moxenu AIM-E, MBI MoOXeM TNoJydaTh paclpeieleHHEe KOHLCHTPAluid HOHOB M
JIEKTPOHOB JUIA 71000 TOYKM B BBICOKOIIMPOTHOH HMOHOc(epe. B ornmume ot muddepeHnmuanbHoro CHeKkTpa
SHEPTHi, M3MEPSEMOTO HENOCPEICTBEHHO Ha OOpPTYy CIyTHHKOB, MOJENb IPEAOCTaBIISICT TOJBKO TPU CPEOHHX
rapaMeTpa BBICBIIAHMI AJIEKTPOHOB B KaXKIOM y3JI€ 33JaHHOM KOOPJMHATHOW CETKH — OOIIWH IOTOK SHEPTHH,
o0 MOTOK AJIEKTPOHOB M CPEAHIOI SHEPTHIO 3JIEKTPOHOB. IlocienHue ABe BETMYMHBI HCTIONB3YIOTCS IS
BOCCTAQHOBJICHHUSI IHEPTeTHUECKOTO CHEKTpPa BBICHIMAIOIIMXCS 3JIEKTPOHOB B IPEINOJIONKEHHH MAaKCBEJIOBCKOTO
pacnpeneneHusl.

Jlyis olleHKH pe3yJbTaTOB MOJCIMPOBAaHUS BBIOpaHO coObITHe 5 mexadps 2007 ¢ MHTCHCHBHBIM BBICHITAHUEM
3JIEKTPOHOB B aBpPOpPAJIbHOM 30HE, Mpu oaHoBpeMeHHOM mnpoisere cnyTHuka REIMEI u ceance 3oHmupoBanus
panapa HekorepentHoro paccesnus EISCAT B Tpomcé, Hopeerms (69° 35 cam., 19° 13' B.1.)
(https://portal.eiscat.se/schedule/schedule.cgi). Bo Bpems mponera cnytHuka pamap EISCAT paGortan B pexume
Common Program 1 (CP1) mo nporpamme 30HmupoBanus Arcl (amama3oH BBICOT: 96 - 422 KM; IPOCTPaHCTBEHHOE
paspemienne: 0.9 kM; BpeMeHHOe pazpemierne: 0.44 c).

Ha pucynke la nokaszansl pe3yabTaTbl pacyeTa 3J€KTPOHHOM KoHUeHTpauuu monenu AIM-E Baone Tpaekropun
cnytauka REIMEI Bo Bpemst mepecedeHus: aBpopaipHOoro opana (00:35:45 - 00:37:17 UT) ¢ ucnoip3oBaHUEM
N3MEPEHHOTO Ha CIyTHHUKE CIIEKTpa JHEPruM 3JIeKTPOoHOB. CIIyTHHUK NeEpeceKkaeT aBpOpalIbHYI0 30HY IO
HampaBJICHUIO K dKBaTopy. Ilocie mpoxokaeHus: CyTHUKOM 69.5° MarHUTHOW mHpOTH pacueTsl Moaenu AIM-E
MTOKA3BIBAIOT YBEIUYEHHE O3JICKTPOHHOM KOHILEHTpamuu B cioe E Oomee yeM Ha 2 mopsKa BEJIWYUHBI U
obpas3oBanue cropagudeckoro ciosi Es. OTo cBs3aHO ¢ yCHJIEHHMEM IOTOKa 3JIEKTPOHOB B JAMANa30HE HHEPTUU
Mexay 1 u 11 x3B. DIeKTpoHBI ¢ Pa3IUIHBIMU SHEPTUSIMH BHOCAT BKJIAJ B MOHM3AIMIO HA Pa3HBIX BBICOTAX, H
CYIIECTBYET IIpsiMasi CBsI3b MEX/ly MHTeHCH(UKaIMEeil TOTOKa dIIEKTPOHOB, YBEINYEHHEM MOJICIBHON JJIEKTPOHHOI
KOHIIGHTPAIlMM M BBICOTOM MakcuMyMma E ciosi, AeMOHCTpHpysS KadeCTBEHHOE COOTBETCTBHE pE3yJIBTaTOB
MOJIETTMPOBAHHSI.

Jnst MomenTa mpodeta cmyTHuka Han pagapom (0:36:36 UT, AMLT ~ 4 MuH), JONOJHUTENBHO PacCUUTaH
npoQuiIb AIIEKTPOHHON KOHLIEHTPALUH C HCIIOJIb30BAaHUEM BOCCTAHOBIIEHHOTO CIIEKTpa SHEPTUH 3JIEKTPOHOB IO
nmaHebM Mozenu BoichmaHumii OVATION-Prime. Pesymbratel pacueroB AIM-E ¢ nByms crmocobamu 3amaHus
TIOTOKa BBICHITTIAIOIIMXCSI 3JIEKTPOHOB OBIIN COTIOCTABIIEHBI C IPSIMBIMH U3MEPEHHUSIMHU 3JICKTPOHHOM KOHIEHTpaluu
panmapa HexorepeHnTHOTO paccessaust EISCAT. U3 pucyHka 1b BHIHO Xopolee cOBIaCHIE BEIHYNHEI JICKTPOHHOM
KOHIICHTPAIlUH B MAKCHMyMaX 00CHX MOJEIBHBIX KpUBKIX ¢ HaHHBIMU pagapa EISCAT (ommbka B npenenax 10%).
OpHako BepTHKAJIBHBIA TNPOQHUIb, PACCUMTAHHBIN C WCIOJNB30BAaHMEM CITyTHHKOBBIX M3MEPEHHH IIOTOKa
ANEKTPOHOB, U JaHHBIE pajapa HEKOTEPEHTHOTO PACCESTHUS TAaKkKe COBIAJAOT M IO BBICOTE MAKCHUMyMa MpPOGMIIL
Ne, B otnmmame ot pacuetoB ¢ OVATION-Prime. PacxoxaeHue BBICOTBI MaKCUMyMa 3JIEKTPOHHONW KOHIIEHTPALIUU
AIM-E+OVATION-Prime ¢ pesynsratamu m3meperanii EISCAT cocraBnser 13 kM. [TomoOHOE HECOOTBETCTBHE B
BBICOTHOM  PAacIpeleNeHHH DSJeKTPOHHOW  KOHLEHTpAlMd OOYCIIOBIIEHO pa3ziamyieM (GOpPMBI  CIEKTpa
BBICHIIAIONTUXCS 3JICKTPOHOB.

Ha pucynke 2 mnpuBeneHbl CHEKTp SHEPIUM BBICHINAIOMIMXCS 3MEeKTpoHOB co cnyTHuka REIMEI u
BOCCTaHOBJICHHBIM crekTp 1o pacueraM wMojenu Bbickimanuii OVATION-Prime. Buano, 4ro cmekrp,
BOCCTAHOBJICHHBIH M3 MOJIENIbHBIX BEJIMYMH OOIIETO IOTOKA M CPEIHEH SHEPTUH AIIEKTPOHOB C HCHOJIB30BAHHUEM
MaKCBEJJIOBCKOT'O PACIPEJIENICHNs, JaeT CYIIECTBEHHO 3aBBIIICHHYIO BEJIMYMHY MOTOKA JIsI OOJBIIMX 3HEPTHH.
DJEeKTPOHbI M3 XBOCTa paclipeieieHuss NMPOHHUKAIOT Ha Oojiee HHU3KHE BBICOTHI, CMelas MaKCHUMyM IpOQHIIsL
KOHIIEHTPALlUU BHU3.
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REIMEI satellite:

Altitude: 610 = 670 km

Orbit: Sun-synchronous

Meridian: 12:50—0:50 LT

Energy Channels: 11.4 eV -11.4 keV

Satellite trajectory has been projected
to 110 km with IGRF model.

Altitude, km

70 05 1 15 2 25 3
Electron Concentration x105, cm™

Electron density calculated using AIM
model with REIMEI electron number flux

Altitude, km

EISCAT Tromso UHF radar: ' Altitude range: 96 — 422 km
Location: 69°35' N, 19°13' E - Spatial resolution: 0,9 km
Sounding Program: CP1, Arcl

68 68.5 69

Geographic Latitude

Pucynox 1. a - pe3ynabpTaThl pacyeToB JIIEKTPOHHOHN KoHueHTparmu Monenu AIM-E Bpons
tpaekropuu crmytHuka REIMEI mna 5 mexabps 2007 roma (00:35:45 - 00:37:17 UT); b -
BEPTHKAJIbHBIE TPO(UIN 3JIEKTPOHHOW KOHLIEHTPALMH 1T MOMEHTA COIPSIKEHHBIX CITyTHHKOBBIX U
panapubeix uamepenuit (0:36:36 UT). 3enenas muHUS - npoQuits Ne, pacCUUTaHHEINA 110 Mojenu AIM-
E ¢ ucnone3oBaHMeM CITyTHUKOBBIX W3MEPEHHUIT MMOTOKA 3JIEKTPOHOB; KpacHas JIMHUS - podwis Ne,
paccunranubiii mo moaenn AIM-E ¢ ucnione3oBanuem pacueroB ¢ OVATION-Prime; pozoBast THHHAS -
JlaHHbIE pasiapa HekorepeHTHoro paccesiHust EISCAT.

14 T T 1 T
—0— REIMEI
—0— OVATION-Prime

Electron Flux, 1/eV*omP*sectstr

0 2000 4000 6000 8000 10000
Energy, eV

Pucynok 2. Crnektp mnoroka sHepruii co crnytHuka REIMEI (kpacHas nuHHA) M CIIEKTp,
BOCCTAaHOBJIEHHBIH 13 pacueToB Mojenu Beicbinannit OVATION-Prime (cunsist nmuHus).
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3akiloueHue. PaspaboraHna u ychmemiHo oOnpo0OBaHA YMCIEHHAs MOJIEib XHMHYECKOro cocraBa E-cios
aBpopanbHOil obmacti moHOc(hepsl AIM-E, kotopas MoxeT OBITh 3aJeiiCTBOBaHAa KaK IS OIIEPaTHBHOU
JIMarHOCTUKHM COCTOSIHHSI BBICOKOLIMPOTHOH MOHOC(EpPHI, TaK W JUIs PEIICHHs IIUPOKOTO Kpyra Hay4HbIX 3ajad.
AIM-E mo3BONSeT paccYMTHIBATh paclpeAeieHUss KOHILEHTPAllMd HWOHOB M 3JIEKTPOHOB, HOHOC(HEpHOH
MPOBOJMMOCTH, JIEKTPHIECKHX IT0JIel U TOKOB. MoJenb TakKe MOXKeT ObITh BHEAPEHA KaK YacTh 0o0Jee CIOXKHBIX
MoJiesield KOCMHYECKOH TOTo bl B KauecTBe AP (PEKTUBHOTO OBICTPOIEHCTBYIOMIEr0 HOHOC(HEPHOTO MOTYIIS.

bnazooaprnocmu. Pabora npooaurcs npu GpuHaHCOBOI moanepxkke PODU (mpoext Ne 18-05-80004).
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MOHUTOPHUHT YCJIOBUM PACIIPOCTPAHEHUS KB PAJJUOBOJIH B
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AHHOTAIMA

[IpuBencHBI pe3yabTaThl IKCIICPUMEHTANIBHBIX PA0OT [0 MOHUTOPHUHTY yCI0BUH pacnpoctpaneHus KB paanoBonH B
ApkTtryeckoM peruone P®. OnpenessroTcs MakCUMallbHBIC U HAUMCHBIIUE HAOJIOJACMBIC YaCTOTHI CHTHAJIOB Ha
nonorpammax H3U, a Takxke mMomoBas CTPyKTypa CUTHAJIOB B Pa3IMYHBIX YAaCTOTHBIX JIuana3zoHax. PeanusoBaH
OTJCNBHBIN aHAIN3 OTPaXCHUH OT CHopaauyeckux cjoeB Es HOHOC(Ephl, KOTOPBIH MO3BOJSCT 3HAYUTEIHHO
YIYUYUIUTh Ka4€CTBO PEKOMEHIAUM JUIsl paInOCBA3U B JAHHOM PETHUOHE.

Beenenne

B Apxruueckom pernoHe P® pasBepHyTa ceTb HakiIOHHOro 3oHaupoBaHus B KB nmanazone wactor [Pocog u
Buvicmasnoi, 2014; Poeos u op., 2020] mis wccnenoBaHUS BBICOKOIMIMPOTHOW wmoHOc(epsl. [lo pesympratam
30HAUPOBAHUS MOTYT OBITH OINpENEeNeHbl CICAYIOINE OCHOBHBIE IapaMeTphl Ha paauoTpaccax: HaUMEHbIIas U
MakcuMaibHas HaOmogaemble yactotel (HHY u MHY), oTHOmIeHHe cUrHAN/IIyM W MEXMOJOBBIE 33/IepkKKH. B
pabote [Pozos, 2020] npeacraBieHsl pa3paboTaHHBIC paHEe aTOPUTMBI [T ONIEPATUBHOTO MOHUTOPUHTA YCIOBHI
KB panmuoces3u B Apkruke. B naHHO# pa®ore OyneT NpeIoKeHbI pe3ysbTaThl aBTOMATHYECKOTO BBIJCICHUS
NapaMeTpOB YCIOBHH paclpoOCTPaHEHUs PaJOBOJIH C OTPAXKECHUSIMHU OT criopaandeckux Es cioeB noHocheps.

BricOKOIIMPOTHASA CeTh HAKJIOHHOI0 30HIMPOBAHUS HOHOC(EPbI

HccrnenoBanme woHOC(EpH W pacmpocTpaHeHus paanoBomH KB nmamazona B ApkrudeckoMm perumoHe Poccuu
OCYILIECTBIIICTCS C ITOMOINBI0 COBPEMEHHBIX IM(PPOBBIX HOHO30HAOB HAKIOHHOTO 30HAMPOBAaHUS HOHOCHEPHI
(H3M) c nuneitHo-dyacToTHOM Mopaynsiueit (JIUM) [Msanos u Op., 2003], ycTaHOBIEHHBIX Ha T€OPU3UIECKUX
crannusax I'opskosckas (GRK), JloBozepo (LOZ), Amnepma (AMD), Canexapa (SAH), [Juxcon (DIK) u IleBek
(PBK) [Pozco¢ u Bvicmashoti, 2014; Pozog u op., 2020]. B 3TUX MyHKTax OCYIIECTBISETCS MPUEM CHTHAJIOB Kak
poccuiickux, Tak u 3apy6exxHsix JIUM nepenatunkoB — o6cepBatopun Comankrona (SOD, @unnsaaus) u o. Kump
(Cyprus, o. Kunp). CeTb paguoTpacc HaKJIIOHHOTO 30HANPOBaHMS HOHOC(]EpHI MpeIcTaBlIeHa Ha PUCYHKE 1.

I

-:',.‘. Cyprus i Ci: I ﬁa

Pucynok 1. CeTb Tpacc HaKJIOHHOTO 30HIUPOBAaHHUS HOHOC(HEPHI B ApKTHYECKOM peruone PO.

120



Monumopune ycrosuii pacnpocmpanenus KB paduosonn ¢ Apkmuueckom pecuone PD 6 pesgcume peanvrozo epemenu

Ycaosusa KB paauocBsizu B ApKTHKE

Jliist onpenenieHyst TapaMeTpoB PacIpOCTPaHeHUsT PaaroBOIIH, yciaoBui KB pagnocBszn u pexxuMoB paboThI Ipyrux
KB pagnoTexHHMYECKHX CpEACTB (HAampuMep, 3arOpU30HTHAsl pajuoJIoKanus) ObUIM pa3paboTaHbl ANTOPUTMEI
aBTOMaTHYECKOH 00pa0OTKM MOHOrpaMM (OYHCTKAa OT HOMEX M BBIJCICHUE IOJIE3HBIX CHUTHAJIOB); OIpEACICHHS
makcuManbHbX (MHY) n nammensmux (HHY) HabmromaeMbIX 4acTOT OTHENbHO it oTpakeHuit or F- m E-
obnacrteil noHocdepsl; pazaeneHus orpaxeHuid ot E-cinos u Es-cnos noHocdepsl. s HarissqHOCTH MOTYYEHHBIX
pE3yNbTaTOB MPEUIOKEH METOA aHaIM3a YCIOBHII MHOTONYYEBOCTH IO CETKE YacTOT, COOTBETCTBYIOLICH
paanomoOuTeNnbCcKkuM auana3zonam (2, 3.5, 7, 14, 21 u 28 MI'11 — anropuT™Mbl 00ecIieunBaOT BEIOOP IPOU3BOIBHOTO
Habopa [HMama3oHOB 4YacTOT), MpPEACTaBIIOTCS rpadukm ¢ wHDOpMAIHed O HAIWYAA WIHA OTCYTCTBHU
pactpocTpaHeHHs PagUOBOJIH JAaHHBIX YacTOT Ha paAne paguorpacc [Poeos, 2020]. IIpumep paboThl JaHHOTO
anroput™Ma 1yt repuona ¢ 17 mo 18 okrsadps 2020 r. mrs paguotpace JloBozepo — Amaepma u Canexapn - AuKcoH
IpUBEJICH Ha PUCYHKE 2a U 2B COOTBETCTBEHHO. CieBa OTMEUaroTCsd CYTOUYHBIC XOJa OCHOBHBIX IapaMeTpoB
pacmpocTpaHeHus] paJnoBOIH (MaKCHMaJIbHBIE M HaWMEHbIIHE HaOitoaeMble 4acTOThl oTpakeHuil ot F- u E-
obnacreit noHocdeps!). Ha npaBoii maHeny 1IBETOM MOKa3aHbl YCIOBUS MHOTOJY4€BOCTH CHTHAJIOB Ha BHIOpAaHHOM
4acTOTe€ C OLEHKOH BEPOSTHOCTH CBA3M B KAXAOM OTAEIBHO B34TOM JHMAalla30HE Ha OTICNIBHOW paguoTpacce
(BEpOSITHOCTh CBA3M PACCUMUTHIBAETCS KaK OTHOILIEHHME YHWCJIa MOHOTpaMM C CUTHalaMU Ha JaHHOM yacToTe, K
o0lieMy 4HCIly 3aperiMCTpUpOBaHHBIX HOHOrpamM). [lomoOHas peanusauusi uMeeT YAOOHOE NPaKTHYECKOE
IIPUMEHEHNE, KOTIa ONepaTop MOXET BBIOpATh IHANa3oH YacTOT, Ha KOTOPOM BecTH Oojee kauecTBeHHyr0 KB
panuoCBsI3b.

MHY 1 HHY 5
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Pucynok 2. IMTanemu (a) u (B) MHY u HHY nHa Tpaccax HakKJIIOHHOTO 30HIUPOBAHUS HOHOC(HEPHI
JloBozepo — Amaepma u Canexapn - JWKCOH (JIeBBI CTONOEI) W BO3MOXKHOCTH PAJUOCBSI3U C
yKa3aHHEM YCJIOBHH MHOTOJIYYEBOCTH 3a JIBoe cyToK ¢ 17 mo 18 okts16ps 2020 r. (mpaBblii cTonber).
[Manemn (6) u (r) — MHY u HHY otpakenuii ot criopagudeckux Es cioeB moHocdepsl At 3THX xe
panuoTpacc (JIeBbIii CTOJI0EI]) BO3MOKHOCTH PaINOCBSI3H C OTPAXKEHUIMH OT criopaaudeckux Es cioes
noHocgepsl C yKazaHWEM YCIOBHII MHOTOJIy4eBOCTH 3a /Boe CYTOK ¢ 17 mo 18 oxrsaopst 2020 r.
(paBsIii cTosber).
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[Tanenu (0) u (r) pucynka 2 nmokaszsearor MHY n HHY otpaxkennii ot criopaandeckux Es cioeB nonocheps! mis
3TUX e paguoTpacc (JIeBbll cTOI0EN) BOZMOXKHOCTh PAAHMOCBSI3H C OTPaKCHUSIMH OT cropagudeckux Es cioes
HOHOC(hEPHI ¢ yKa3aHHEM YCIOBHH MHOTOJIYYEBOCTH 3a ABOE CyTOK ¢ 17 mo 18 okTs16pst 2020 r. (mpaBsIii cTomnberr).
Mertonuka pasieneHus OTpaKeHUH OT peryiapHoro cios E noHocdeps! u ciopagnueckux cioes Es npemnokeHa B
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A Pozcos

[Rogov, 2019]. BunHo, 94TO Ha AaHHBIX paguOTpaccax Ja)Xe B OTHOCHUTEIHHO CIIOKOWHBIX YCIOBHAX 10 45-53%
CEaHCOB HAOJIONEHUI MOKA3hIBAIOT HAJMYNE MHTEHCHBHBIX OTpakeHUH oT cmopanmdeckux Es cmoe. Uto mmeer
6onbiioe 3HaueHue g Bcex KB pagnorexHuueckux cucteM B JaHHOM peruone. B [Rogov, 2019] nokazaHo, 4To B
aBpOpaJIbHOW M cy0aBpopaibHOM 30Hax mnpoueHT Es oTpaxeHuit MoxeT cocraBisith a0 25-30% B cyTku B
CHOKOMHBIX ycioBusax u 10 80-95% ¢ pocTtoM MarHuTochepHO-HOHOCHEPHOW BO3MYIIICHHOCTH.

VYcnoBus MOSIBICHUSI CUTHAJIOB, OTPaXXEHHBIX OT criopanuueckux Es cioeB monocdeps ynyumaror ycnosus KB
PaaroCBs3H B BBICOKOIIMPOTHON MOHOC(EpE, a B yCIOBHAX I'€OMarHUTHBIX BO3MYILEHUI OKa3bIBalOT HauOOJIbIIEEe
BiusiHue [Kanunun u Yepenxoea, 1971]. s onepaTuBHOTO ONpeEIeHUs NOSBICHHUS TaKUX YCIOBHH HEOOXOIUM
MOCTOSIHHBIA MOHHUTOPHHT BBICOKOIIMPOTHON HMOHOC(EPHI, HYTO MOXET OBITh OCYIIECTBICHO C IOMOIIBIO
PaccMOTPEHHOH ceTH HOHOC(EPHBIX HAOIIONEHIH 1 TPEICTaBICHHBIX METOANK.

Ha pucynke 3 mnoka3zaHa BO3MOXHOCTb DPaJMOCBSI3M B apKTHYECKOM pernoHe P® c¢ ykazaHueMm yciaoBUM
MHOTOJy4eBOCTH 3a nBoe cyTok (17-18 oxtsiOps 2020 r.) ¢ rpynmupoBKOil IO YacTOTHBIM TUama3oHaM. A Ha
puCcyHKe 4 IUIL 3TOTO K€ IEePHOAa W ATHX K€ PamuoTpacc MPUBOIUTCS BO3MOXKHOCTH PATMOCBSI3U B MOMEHTHI
HaIM4yusl OTpaKEHUIl oT crnopaauyeckux Es clloeB ¢ ykaszaHHMEM YCIOBHIl MHOrOJydeBOCTH. B naHHOM ciydae
BUJHO, YTO NPHU HAJIUYUU CIOPAAMYECKUX CI0eB ES MOryT perucTpupoBaTbcs U JIpyTue CUTHAIBI (PEryJsipHOrO
pacnpocTpaHeHus) — Korzja oTMedaercss Ooibmie 1 Mozapl pacnpoctpaHeHust (pucyHok 4). B 1o xe Bpems
3HAYUTEIbHBIM TPOLEHT TaKUX OTPaXEHUH I03BONIAEeT OOECHEeYUTh OJHOMOJOBOE PpAacCIpOCTpaHEHHE, YTO
3HAYUTCJIbHO paCcInpsA€T BO3SMOKHOCTU paUOCBA3U B IaHHOM PETUOHC.

loz-amd 2.0 MHz

sah-amd 2.0 WHzZ

sahdoz 2.0 MHz

sah dik 2.0 MHz
sod-amd 2.0 MHz

loz-amd 3.5 MHz
[t amis s
[oranisur:
[maaiia s wiz

sahdoz 3.5MHz

sah-amd 3.5 MHz

sod-amd 7.0 MHz I Bl L[ I 10D
loz-amd 7.0 [ O |

oWz

7.0-7.2 MI'g sah dik 7.0 WHz
Sah 1oz 0Kz
Tozdik 7.0 Mhz
sah-amd 7.0 MHz

amd-dik 140 MHz
Tozdik 140 Mz
Sah-amd 14.0 Mz
14.0 - 14.35 MI'g loz-amd 14.0 MHz
Sah Joz 140 WHz
Sah % 140 Wz

21.0-21.45 MI'

28.0-29.7 MI'y

sah dik 28.0 MHz

0102 02 04 0506 07 08 0010 11 1212 1415 1617 18 10 20 21 22 22 00 0102 02 0405 06 07 0B 00 10 1112 12 141516 171810 2021 22?9”20%?1

Pucynox 3. B03MOXHOCTb pPagUOCBA3M B apKTHUeCKOM peruoHe P® c ykasaHueM ycroBuil
MHOTOJIy4eBOCTH 3a JBoe CcyTok (17-18 oxrabpst 2020 r.) ¢ TpPYNNUPOBKOH IO YaCTOTHBIM
Jana3oHaM.

3akiouenne

Jl1st yBepeHHOTO OTpe/iesIeHns YCJIOBUH (yHKITMOHUpOoBaHus toOsix KB pamnocnctemM B 3TOM pernoHe He0OX0Ium
MOHUTOPHHI HOHOC(EpPHI U YCIOBHH PACHPOCTPAHEHUS PAJUOBONH. [IpeiioKEHHBIE AITOPUTMBI TO3BOJIAIOT B
PeXUME peaNbHOro BpEMEHH IMoJydaTh MH(popMamuio o0 ycimoBusax pacmpoctpaneHus KB pamuoBoiH Bo Beeit
Apkrrueckorr 3oHe P®. OmnpenensroTcs MakCUMaidbHBIC W HAUMCHBIIME HAOIIONAEMble YACTOTHI CHTHAJIOB Ha
nonorpammax H3U, a Takxke mMoaoBas CTpYKTypa CUTHAJIOB B pa3JIMYHBIX YAaCTOTHBIX Juamna3zoHax. Peann3oBan
OTJICNIPHBI aHAIIN3 OTPAXKECHUH OT CIOpaAMYecKuX CioeB Es HOHOC(EpHl, KOTOPBIH IMO3BOJSECT 3HAYUTEIHHO
YIIYYIIUTh KAYECTBO PEKOMEHIAMH JIJIsl paJMOCBSI3U B IAaHHOM PErHOHE.
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Monumopune ycrosuii pacnpocmpanenus KB paduosonn ¢ Apkmuueckom pecuone PD 6 pesgcume peanvrozo epemenu
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Pucynox 4. Bo3MOXHOCTh PaJHOCBS3H B apKTUUECKOM perrnoHe PD oTnessHO B MOMEHTHI HAIWYUS
OTpaXXEHHUH OT criopanudeckux Es ciioeB ¢ yka3zaHHeM yCJIIOBHH MHOTOJYYEBOCTH 3a JBO€ CyTOK (17-
18 oxta6ps 2020 r.) ¢ rpyNnnUpoOBKOil 10 YaCTOTHBIM JAHAINla30HaM.

bnazooapnocmu. PaGora BbINOJIHEHA NPH YACTHYHON mnojuepkke Poccuiickum (OHIOM (QyHIAAMEHTAIBHBIX
uccnenoBanuii, mpoekt Ne 18-05-80004.
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PUOMETPHUYECKASA SMITUPUYECKASA MOJAEJIb ITOI'JIOINEHUSA
KB PA/IMOBOJIH BO BPEMS COJITHEYHBIX PEHTT'EHOBCKHX
BCIIBIHIEK
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AHHOTALINA

Jusi pacdera TMOTNIONICHUS B HWXKHE#H HOHOcdepe 3emMian B MNEPHOA COMHEYHBIX PEHTTCHOBCKHX BCIIBIIICK
Npe/IoKeHa MpoCTas SMIUPUYECKass MOJeNb. BbUT MPOBENEH CTATUCTUYECKHM aHaiu3 MepeoOpaboTaHHBIX
9KCIIEPUMEHTAIBHBIX JIaHHBIX, MOJYYEHHBIX C MOMOIIBI0 CETH KaHAJACKUX PUOMETPOB B mepuoj ¢ 1989 mo 2019
rojipl. B TedeHue 3Toro HHTepBaia BpeMeHH ObLI0 3apeructpupoBano 6osiee 3800 BEICOKOMHTEHCUBHBIX COTHEYHBIX
peHTreHOBCKHX Bembliek (M- u X-KI1accoB), 4TO MO3BOJHIIO BBISIBUTH OCOOCHHOCTH 3TOr0 3P eKra B pa3IMIHbIX
noHoc(epHbIX yciaoBusax. [Toka3zaHo Xopolee COOTBETCTBUE PE3YJIbTATOB MOJACIMPOBAHUS M SKCICPUMEHTATBHBIX
JTAaHHBIX.

BBenenue

B ocsemenHo#t HIKHeH noHOCepe 3eMid B MEpUOJ PEHTICHOBCKHUX BCHBIMIeK HAa CoNHIIC HAOIOMaeTCS Pe3KUit
POCT HOHU3AIIMHU, YTO MPUBOJUT K 3HAUUTEIHLHOMY OCiabieHuto curaanoB KB auana3zona. 1o ckas3biBacTCs Kak Ha
JKCIICPUMCHTAIBHBIX CPEACTBAX THATHOCTHKH HOHOC(Ephl, TaK W Ha BCEX JAPYrHMX pagdocUcTeMax (CBS3b,
3aropu30HTHAs paxuoiokanus). [IpsMBIM CIeICTBHEM TAaKOTO YCHWJICHHS SBILICTCS COOTBETCTBYIOIICE YBEITHUCHUE
CKOPOCTH HMOHOOOpa3oBaHMs Ha BbICOTax obOmact D w HmkHeW dvactu obmactu E, a, ciemoBarenbHO, pe3koe
YBEJIMUEHUE DIIEKTPOHHON KOHIICHTpAIUH (10 TOpsAKA BEJIMYWHBI) U MOsBIeHUA 3aTyxaHus KB-paguoBonH u3-3a
noromeHus B D-o6macti — s dext BrezamHoro MoHocheprnoro Bosmymenus (BUB) [Apronernu u Hameanaose,
1988]. B pabote [Pocos, 2019] Opmia mpemiaokeHa MOJENb IOTJIOMICHHUS, BBI3BAHHOTO COJIHEYHBIMHU
PEHTTEHOBCKMMU BCIBIIIKAMU HA OCHOBE aHANM3a SKCIIEPUMEHTAIbHBIX IAHHBIX KaHAJCKUX PUOMETPOB 32 TIEPUOJI C
1998 mo 2015 rr. (oxomo 2000 Bembimexk M- n X-KJ1accoB). BeIIO MPOIOIMKEHO YTOYHEHHE MPEI0KEHHON MOIEIH
3a CUET pacIIMPEeHUs CTATUCTUKH YKCTIIEPUMEHTAIFHBIX TaHHBIX: BMECTO 17 JeT HaOIoAeHUH, HCII0Ib3yeMBIX paHee
[Pozos, 2019], Teneps paccmarpusaeM 30 set (¢ 1989 mo 2019 rr.), komuuecTBo coObITHH yBemmumnocs ¢ 2000 no
3800. Pactipenenenue 3a nepuoA ¢ 1989 mo 2019 rr. xonndecTBa Bembiliek M- 1 X-KJIacCOB TIO ToJiaM MMOKa3aHO Ha
pucyHke 1.

Solar X-ray flares (3824 flares from 1989 to 20159)

LA I O A B

Flares number

1990 1995 2000 20058 2010 2015
Year

Pucynoxk 1. ConHeuHble peHTTeHOBCKUE Benblky M- u X-knaccos 3a nepuon ¢ 1989 mo 2019 rr.
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Puomempuqecxa}z omMnupuveckas Modenb noeiowjeHus KB paauoeo.rm 80 6peMs COJIHEYHbIX PeHMCeHOBCKUX 6CNbIULEK

I[Ipumep perucTpanum BCObILIEK N0 JAHHBIM PUOMETPOB

Ha pucynke 2 mpuBeeH NpUMEp PETHCTPAMU ABYX COTHEYHBIX PEHTT€HOBCKUX BCIBIIIEK MO JaHHBIM (MHCKOW M
poccuiickoit (apKTH4eckoil) pHOMeTpUYEeCKHX Lenodek. B BepxHell 4acTu KaXAOro pHCYyHKa MOKa3aH IOTOK
COJTHEYHOTO PEHTI€HOBCKOI'O M3Iy4deHHs, u3MepeHHbIN cinyTHukoM GOES, a Ha HIXHHMX HaHENISIX — BapHaluH
3€HUTHOTO yTJIa COJHIA A KaKI0H cTaHIWU. BUIHO, 9TO MHTEHCHMBHOCTD NPOSABICHUSI PEHTTCHOBCKOH BCIIBIIIKH
CHJIbHO 3aBHCHUT OT COJIHEYHOTO 3€HUTHOrO yriia (XOpoulo 3aMeTHO, 4ro Ha cranuuu Tukcu (71.6°N, 129.0°E)
nposiBiieHue 3P deKkTa MUHUMAIIBHO, TUTIOC HAKJIabIBaeTCst Ha 3 EKT aBpOpaIbHOTO MOTJIOMCHUS).

SWPC moaesnb noriomneHust

[MornornieHre B MONSPHBIX PETHOHAX BO BPEMsI COOBITHH COJHEYHBIX BCHBIIIEK MOXET OBITh PACCUUTAHO MO
MPOCTBIM 3MIHMPUYECKUM aJIrOPUTMaM, MPEICTaBICHHBIM Ha caiiTe amepukaHckoro Space Weather Prediction
Centre u nipe/IoKeHHBIM B [Stonehocker, 1970; http://www.swpc.noaa.gov/]. JlaHHas MoJenb Ha Ka4eCTBCHHOM
YPOBHE YIOBJIETBOPUTEIHLHO OMUCHIBACT BIMSIHUAE BCIIBIIIKA HA HOHU3AIMIO HIDKHEN HOHOChepbl. OHAKO pacydeThl,
MOJyYEHHbIE C KCHOJB30BAHUEM OTOM MOJENH, [A0T 3aHIKCHHbIE 3HAYCHHUSI TOTJIOMICHUS OTHOCHUTEIBHO
9KCICPUMEHTAILHO HAOMIOAaeMbIX [Rogov ef al., 2015].
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Pucynoxk 2. IToryonierne, BEI3BAaHHOE JBYMsI COTHEYHBIMHM PEHTTEHOBCKMMH BCHBIIKaMK 10 HioHS
2014 r., o naHHBIM (QHUHCKOH M POCCHUICKON pPHOMETPHYECKMX LEINOoYeK. DKCHEepPHMEHTAIbHbIE
JIaHHBIE.

IlepeoOpadoTka puOMETPHYECKUX TAHHBIX

BBuay Toro, 4yTo 3Hau€HUs MOTJIOLIEHUS B MEPHOJ PEHTIC€HOBCKUX BCIHBIIIEK CPEeIHEH MHTEHCHUBHOCTH MMEIOT Ha
gactote 30 MI'TI OTHOCHTETHHO MANyH0 aMIUIMTYAy MOTJOMIEHU, TO Ui cOopa HaleKHOW CTATUCTHKH IS
pa3paboTku Mojenu ObUIO KpaliHe HEO0OXOJMMO IPOBECTH MepeoOpabOTKy SKCHEPUMEHTAIBHBIX NaHHBIX. Ha
pHUCYHKe 3 TIOKa3aH IpuUMep JaHHOU nepeodpadboTku miist kanaackoi craniu CHU B mepuop ¢ 3 mo 6 urons 1989 r.
Ha BepxHeil naHenu KpacHbIM LIBETOM IIOKa3aH CYTOYHBIH XOJ ypOBHS 3amucu puomerpa. Ha HuxHel naHenu tem
K€ KpacHBIM IIBETOM IMOKa3aH X0/l MOTJIOMICHIsI, pACCYMTAHHBIM B aBTOMATHYECKOM pekruMe (0e3 MpoBeEpokK). 31ech
XOPOIIO 3aMETHBI €KECYTOYHBIC BCIUICCKH MOTJIOIIEHUS, KOTOPBIC SBISIOTCS CICICTBHEM OMIMOOK B MOCTPOCHHUU
KPUBOH CITOKOWHOTO JHS (HEBO3MYILEHHOTO YPOBHS, OT KOTOPOTO OTCUMTHIBACTCS IOTJIONICHNE B JaHHBIA MOMEHT
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M. Pocos

BpemeHH). I[lepeoOpaboTka 3akimodasiach B HHIWBHIYAILHOM PACCMOTPEHHH Ka)JOTO COOBITHS W HOBOM
MIOCTPOCHHUU KPHUBOH CIIOKOMHOTO JHs. Pe3ynpraT 3Tol pabOoTHI OKa3aH Ha PHCYHKE 3 CHHUM LIBETOM: Ha BEpXHEU
MaHeJIM 3TO HOBas KpHBas CIOKONHOIO AHS (BUJHO XOpOIIEE COINacue ¢ IKCIEePHUMEHTAIbHBIM YpPOBHEM), a Ha
HIDKHEM — 3TO HOBO€E mornomenre. Ho BpeMeHHOR ocH Ka)I0¥W MaHeId YEPHBIMHU MPSIMOYTOIbHHKAMU OTMEUYEHBI
MOMEHTBI PEHTI€HOBCKHX Bemblek (1o faHHbIM GOES) - BUAHO, HACKOJBKO YITyYIIMINCH JAHHBIE MOTJIOIIEHUS B
9TH TIepHO.IbI (CpaBHEHNE KPACHOW M CHHEH KPUBOW Ha HIDKHEH MaHEesHn).

3anuce pUOMETPa U KPUBAaA CNOKOWMHOro OHA

1000

n i 1m 1 b i
oo 03 0 09 12 15 18 21 il 03 08 09 12 15 18 21 il 03 08 09 12 15 18 21 o0
MornoweHue

s T T | 1 T T \ T T T \ T 1 T T T T T T \ |

a0 3 06

Pucynox 3. IIpumvep nepeoOpaboTKH 3KCIIEPUMEHTATIbHBIX JAHHBIX.

Pe3yabTaTr Moaenu
B nmaHHBIE MOMEHT MOJENb MPOAOIDKAET YTOUHATHCS (HE BeChb MaccHB emeé o0paboTaH, IUIIOC IUIAHUPYETCS
JIOTIONTHUTE JTaHHBIE NPYTHX PHOMETPHYECKHX ceTell ((MHCKOH M pPOCCHHCKOW) MO OTAEIBHBIM COOBITHSM).
[IpenBaputensHble pe3yNbTaThl IPUBEACHBI HA pUCYHKax 4 u 5. Ha pucyHke 4 mokasaH XoJ SKCIIEpUMEHTAIbHOMN
perucTpanuu mnorjorieHus: Ha guuckoi craniuu Comankioist 10 utons 2014 1. (3T0 coOBITHE yiKE paccMaTpUBAIIN
paHee — pUCYHOK 2) — KpacHBIH I[BET. 3eJICHBIM IIBETOM ITOKa3aH pacyeT MOTJIOMIeHUs 1o JaHHbIM Moaemn SWPC, a
CHHHM — HOBOH MOJICJH, TIPE/IJIOKCHHON B JAaHHOW padoTe.

Ha pucynke 5 moka3aHO CpaBHEHHE HKCIIEPHUMEHTAJIBHBIX NaHHBIX MOTJIONICHHWS M PAcCYMTAHHBIX IO HOBOI
Moenu (o pesysbratam 00padboTku okosio 3000 coObiTHit). BuaHo xopoiee corjiacue ¢ 3KCIePUMEHTATbHBIMU
JAaHHBIMH — KO3 dunueHT Koppermswn 0.93.

4 . :
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Pucynoxk 4. ITornomenus no gaHabM ¢uHCKON crannmy Comankions 10 uioHs 2014 r. (3KcIIepUMEHT
Y MOJICJIbHBIE PACUEThI).
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Puomempuqecxa}z omMnupuveckas Modenb noeiowjeHus KB paauoeo.rm 80 6peMs COJIHEYHbIX PeHMCeHOBCKUX 6CNbIULEK

Mode! absorption

o ns 1 15 2 25 3 35 4 45 5

Experiment abscrption

Pucynok 5. CpaBHeHHE DKCINEPUMEHTAJIbHBIX JAHHBIX IOTJIOIIEHUSI U PACCUUTAHHBIX MO HOBOH
MOJIEIIH.

3akiaouenue

Pa3pa60TaHa HOBas TIIPpOCTast SMIMpPHUYCCKasA MOACIIb I/IOHOC(I)CpHOFO IIOTJIOICHU A KB PaauoOBOJIH B NEpHUOA
COJIHCYHBIX peHTFeHOBCKHX BCIIBIIIICK. KOS(b(bI/IIlI/IeHTI)I 3aBUCUMOCTH IOIJIOLICHUSA U IIOTOKA COJHCYHOI'O
M3JIyYeHHs] B PEHTTEHOBCKOM JIMaIia30He 1M0100paHbl 10 OOJIBIIOMY MacCHBY 00pa0OTaHHBIX SKCIEPHMEHTAIbHBIX
PUOMETPUYCCKUX JAaHHBIX. IToka3ano Xopouee COOTBETCTBUC OKCIICPUMCHTAJIBHBIX JAaHHBIX IIOTJIOHICHHUSA C
pe3ysibTaTaMu pacyceTa.

bnazooaprnocmu. ABrops! BEIpaXaroT 6J1arogapHOCTh 3apyOe)KHBIM KOJUIETaM 3a JOCTYII K JaHHBIM KaHAJCKHUX U
(DMHCKUX PUOMETPOB, a TaKXke K JaHHbIM ciryTHUKOB GOES.
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AHHOTaNUs. [IpoaHaTU3UPOBAHO J(BE CUTYAIUH B MYJbCUPYIOIIUX IMOJSPHBIX CUSHHSAX, B KOTOPHIX OpUEHTAIHsI
MyIbCUPYIOMNX KBa3uAyr OblIa NMPUHIMNHATGHO Pa3sHOW — BAOJNb M MONEepek Mepuanana. B obomx cirydasx
TE€OMAarHUTHBIC IYJIbCAIlMH, ACCOLMMPOBAHHBIE C BHICOKOYACTOTHBIMH ITyJIBCALMSIMUA CBETUMOCTH, ObLIM Ooiiee
BBIPAXCHBI B MArHUTHOW KOMITOHEHTE, EPIIEHANKYISIPHOH K IMyJIbCHPYIOMIEH AyTe, YeM B KOMIIOHEHTE BIOJb IyTH.
OTO TO3BOJSIET CBS3aTh T'€OMAarHUTHBIE ITyJIbCAlMM AAHHOTO YacTOTHOTO IHAana3oHa CKOpee € MOMyJSIIueH
MOHOC(EPHOTO TOKA, TEKYLIEro BAONb OYTH, YEM C NPHUXOAOM B HOHOC(epy Momynupyromield BOJHBL. Pesymbrar
MOJKET OBITh [10JIE3€H MPH MTOUCKE NPUYHMH BBICOKOYACTOTHOM MOJTYJISAIINH TOTOKA BBICHIIAIOIIUXCS 3JIEKTPOHOB.

Beenenue

[Mynscupyroume cusuust (I1IC) oTHOCSTCS K pa3sHOBUIHOCTH AU QPY3HOTO CBEUECHHS U UIMEIOT (JOPMY HEPEryJIIpHBIX
ISITeH WM 0oJiee PEeTyJIIpHBIX AYrooOpasHBIX CTPYKTYpP € KBAa3HIIEPHOAWYECKUM BKIIIOYEHHEM-BBIKIIOUCHUEM HX
MHTeHCHBHOCTH. [IfTHa WMeEOT HempaBWIBbHYIO (GopMy M pasnnuyHylo opueHTanuio. Ilynbcupyromme nyru
BBITAHYTHI IPEUMYIIECTBEHHO BAOJb T€OMarHuTHOM mupoTsl. X qnuHa coctasiset ~ 1000 kM. nuna I1C B Buze
CETMEHTOB [IyT - TEePBBIE COTHH KWJIOMETPOB, a MX OPHUEHTAlUs HE 00s3aTeIbHO MNPHBSI3aHa K I'€OMAarHUTHOM
mmpote. TIC mosiBisiroTest Ha (ha3e BoccTaHOBICHHs Cy00ypu. Ilepuon mysbcanuii jgexut B auamnazoHe 2-20 ¢ u
MOJKET OBITh pa3HBIM IS pa3HBIX CTPYKTYp. Xapaktepuctuxu I1C cymmupoBanst B 0030pax [1, 2].

Texyuee ucciaenoBanue GpoKycHUpyeTcss Ha CETMEHTax YT, KOTOPBIE XapaKTEePU3yeTCsi CMECHIO JIBYX Pa3iIHMYHbIX
MEPUOTUYHOCTEH, COCYIIECTBYIOUINX HepapXHUecKu. «I JaBHbIE MyJIbCAIIMU» MPEACTABIAIOT COOOH MEPHOTUIHOCTD
B JJMana3oHe OT HECKOJBKHX /10 HECKOJBbKHX JIECATKOB CEKYH[l. « BHYTpEHHsST MOIYIISIIUS» TPOSBIIETCS Kak Oojee
6picTpoe Mepuanue ceetuMocT (3+1 I'm), 3aKmodeHHOe B AMHMYHBIH UMIYJIEC BKIFOUCHHUS TJIABHBIX MyJIbCalni.
YacToTa MepuaHHs MOXKET MEHATBCSI KaK BO BPEMEHH, TaK U B IPOCTPAHCTBE. BHYTpEeHHSIT MOIYIISHS POSIBISIETCS
6ostee gem B 50% Beex coobrtuii I1C.

Teopus npesicka3biBacT BayKHYIO POJIb aKTUBHBIX HOHOC(HEPHBIX IPOLIECCOB B BO3SHUKHOBEHUH H/WMJIM N3MEHEHHH
nynscupytomux IIC [3]. PamapHble u3MepeHHs NOKa3ald, 4TO KOHLEHTpalMs 3JIEKTPOHOB U XOJIJIOBCKas
MPOBOIMMOCTD HW3MEHSIOTCSI B COOTBETCTBHM C ONTHYECKUMHM ITyiabcanusMu [4]. Oto o3Hauaer, uro [IC moxer
MOJIyJTPOBATh HOHOC(HEPHYIO TOKOBYIO CHCTEMY KBa3HUMIEpHOIMIeCKUM o0pazoM. I1o maHHBIM cyTHHKa Swarm, K
MOJIFOCY M JKBATOPY MYJBCHPYIOMIMX IATEH OOHApPY>KEHBI CHIBHBIE HHUCXOASIe Toku [5]. Bocxomsmime Tokm
HaOJFOIat0TCsl BO BHYTPEHHEH YacTH IATEH, YTO MO3BOJISIET aBTOPaM HPEATIOJIOKUTH, YTO TOKH MOTYT 3aMBIKaThCS
yepe3 TOpU3OHTANBHBIE TOKH B HoHOChepe. Ilymbcupyromue noHOC(EpHbIE TOKH MOTYT BBI3BIBAaTh MAarHUTHBIC
MyJBCALMU B JTMAIla30HE MEPHOA0B B HECKOJIIBKO CeKyHA. B pabore [6] ompenmenniy, 9TO 3TH TOKH JOJDKHBI OBITh
OpUEHTUPOBAHBI B HANpaBlIeHUH ceBep-tor. OTMETUM, YTO MPUBEJCHHBIE BBIIIE YKCIEPHUMEHTAIbHBIE PE3yNbTaThl
OTHOCSITCS K IYJILCUPYIOIINM IISITHAM (32 MCKJIIOYEHUEM pe3yibTaTa [6], HOIy4eHHOTo 1o JAaHHBIM (GOoTOMEeTpa, TO
ectb 0e3 ykazanus Ha ¢opmbl [IC). Ilynbcupyrommue xyrd HMEIOT MeHbIIHME (TIOTEpedHbIe) pa3Mepbl, 4To
3aTpyJHAET KOPPEKTHYIO AaCCOIMAIMIO CIIyTHUKOBBIX M PaJIapHBIX H3MEPEHHMH CO CBeTsIeiics o0iacThio B
noHochepe [7].
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Brusinue opuenmayuu nynvcupyloweti agpopaibHoll Oyl Ha CB0UCMEA CEA3ANHbIX C Hell 2e0MACHUMMHBIX NYIbCaAyUl

CunTaercsi, 4YTO 3JIEKTPOHbI, OTBETCTBEHHBIC 32 ITyJbCUPYIOLINE MOJSPHBIE CHUSHHUS, BBICHIIAIOTCS B HOHOChEpY
MOCPEACTBOM IUTY-YIJIOBOTO paccesiHUsl Ha BoJHaX. KaHaupataMu Ha paccesHHE SIBISIOTCS «XOpPBD» U
JIEKTPOCTATHUECKHE DJIEKTPOHHBIE IMKJIOTPOHHbIE BOJHEL. [ 1aBHBIE mynbcanuy [1C CBA3BIBAIOT € IIMKIOTPOHHBIMU
BOJIHAMH, a BHYTPEHHIOIO MOAyssmuto — ¢ xopamu [8]. [Tocnennee yTBepkaeHe ObUIO TOAKPEIUICHO Pe3yIbTaTaMy
HCCIIeIOBAaHUA ABYX COOBITHH CONPSDKEHNUS CITyTHHKA Arase ¢ Ha3eMHOM ONITHYECKO anmapaTypoii [9].

Takum 00pa3oM, MarHUTHEIC OCLIJULILUM Ha 3¢MHOH HOBEPXHOCTH MOI'YT OBITH PEe3yIbTATOM KaK MOIYJISLUH
HNOHOC(EPHOTO TOKAa BBICHINAIONIMMUCA YacCTHUIAMH, TaK W NPOHWKHOBEHHS (TEM MM HMHBIM CIIOCOOOM) CaMHX
paccenBalOIUX BOJIH M3 MarHUTOc(ephl CHayajda B HOHOc(epy, a IOTOM Ha 3eMHYIO IOBEPXHOCTb. B nmaHHOI
paboTe wHccienyeTcs OTKIMK T'€OMArHWUTHOTO IIONsI Ha IYJNbCALMd CBETHMOCTH B JAWana3oHe BHYTPEHHEH
Monymsiuu (dacrora 2-3 I'nm). Llenb nccnenoBaHus — MPOSICHUTH, MOKET JIM TPEJUIOKEHHAs] HAMH METOJMKA 1aTh
OTBET Ha BONpPOC, YTO SBISETCS MX HWCTOYHMKOM MaJaroIlas BOJHA MWJIM MOJAYJHUPOBAaHHBIM BBICHITIAHUSMHU
HMOHOC(EPHBIH TOK.

MeTonuka, annapaTtypa v JaHHbIe

CyTh METOAMYECKOTO TOAXOMAa 3aKJI0YACTCA B CPABHEHMH IIApaMETPOB I'€OMArHUTHBIX IMYJIbCalli B JUANa3oHE
BHYTPEHHEI MOIYIALUH, PETUCTPUPYEMBIX WHIYKINOHHBIM MarHETOMETPOM II0JI ITyJIbCHPYIOIIMMHI KBa3HIyTaMH,
OpPHEHTHPOBAaHHBIMU B OJHOM CIydae BJOJb, a B JPYroM - IONEPEK MHMPOTH. MBI mpenmnonaraeM, 4ro HpH
MIPOJIOJBHON OPHEHTAIMH aBPOPAIBHOM CTPYKTYpPBhl MarHUTHBIE MyJIbCAlUK OYIyT OTYECTIMBEC MPOSBIATHCA B X-
KOMIIOHEeHTe, a Ipu NS-opueHTaluu — B Y-KoMIoHeHTe. llocnegHee mpeanosio’keHUEe OCHOBAHO Ha HAIEKHO
YCTaHOBIICHHOM CBsI3U NS-CTpYKTyp THIIA OMEra-CHsIHUI M aBpOpalbHbIX (DaKeJIOB ¢ XapaKTEPHBIMHU BapHalHsIMHU B
Y-koMmoHeHTe reoMmarHutHoro monsg [10]. Bapuamus B 3TOH KOMIIOHEHTE YKa3bIBaeT HalIM4YHe B CTPYKTYpe
MOHOC(EPHOTO TOKa, TEKYLIEro BAOJb MepuauaHa. Eciam B mynbcupytomeil NS cTpykType Takike HpHCYTCTBYET
MEpPUIUOHAIBHBIA TOK, TO MOAYJSALMS MOHOC()EPHOW MPOBOAMMOCTH BBICHIIAIOUIMMUCS YaCTHLAMU HPUBEIET K
TeHepaluy MyJIbCalui B Y -KOMIIOHEHTE T€OMarHUTHOTO TOJIS.
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Pucynok 1. OpreHTanus myIbCUPYIOIUX AyT.  PHCYyHOK 2. ['1aBHBIC MyNbcalli ¥ BHYTPEHHSSI MOTYJISIIHSL.

ba30BbIM MHCTPYMEHTOM HCCIEOBaHMS SIBUJIACh Kamepa nosHoro od3opa Heba PSA EMCCD B nynkte Tjautjas
(TJA; 67.31 ° N, 20.73 ° E), llIBenus1, koTopast ucrosb3yercst B pamkax npoekra PWING (manpumep, [11]) u naer
100 m300pakeHMiI B CEKyHAY, YTO IO3BOJISIET OOHApY)XMBaTh BHyTpeHHIOO Moxyisiumio B IIC. Perumcrpanms
Bapuanuii reOMarHUTHOTO MoJs ¢ yactotod ompoca 160 I'm mpomsBoamnace B myHkTe Kiruna (KRN; 67.88°N,
20.42°E), pacronoXeHHOM HeroJaJieKy oT kamepsl (cM. Puc. 1).

Iepuon nabmonenus [1C otHocuics K daze BoccTaHoBIeHUst cy00ypu 15 mapra 2018 r., Tak 4TO IMyNbCUPYIOLINE
CHUSIHUSI MOYKHO XapaKTepH30BaTh KaK THUIIMYHOE sIBJICHHE. Bputn oTOOpaHb! /1Ba MHTEpBaja, KOTJla HHTEPECYIoIIne
HaC CTPYKTYpHI Haxoawiuch B oonactu 3eanta TJA (Puc. 1). Bo Bpemst mepBoro nHTepBaia cepus MyJIbCUPYIOIINX
KBa3HUIyT ObUIa OPHEHTHPOBAaHA MPUMEPHO BIOIHh MepuanaHa (Puc. 1, HKHAA MaHens), TO €CTh B HANPaBICHUN X-
KOMITOHEHTbl T€OMAarHUTHOTO moiyisi. OTMEeTHM, 4YTO Takas CHUTyallusi peanusyercs peako. Bo BpeMs BTOporo
MHTEpBajla CHUCTEMa KBa3UAyT ObUla OPHEHTHPOBAHA NPHUMEPHO BJIOJb TeOMarHUTHON mmpotsl (Puc. 1, BepxHss
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B.B. Cagpapzanees u Op.

MaHeNnb). YTOJN ¢, HAa KOTOPBIA Jyra OTKIOHEHa OT reorpaudeckoi mapauleny, WUCIIOIb30BAICA Ul IepecdeTa
KOMITOHEHT MarHUTHOTO TIOJISl B CHCTEMY KOOPAMHAT € OCBhIO X, HAlPABICHHOHN NMEPICHANKYIISPHO AyTE.

PesyabTarhl

I'maBHBIE MynbCalMM M BHYTPEHHAS MOAYJALUSA OTUETIMBO BUAHBI HA KEOTpaMMax M Ha BapUalUiX CBETUMOCTH B
KBa3MJyrax, MpeacTaBleHHbIX Ha Puc. 2 u 3 (coorBeTcTBeHHO). Keorpamma Ha HmkHell maHenu Puc. 2 moctpoeHa
BIOJb IIUPOTHI, Mpoxoasamei depes 3eHuT TJA, mepneHnukymsipao cepun NS cTpykTyp. Keorpamma Ha BepxHei
MaHeJW MOCTPOEHAa TPAAWIMOHHOM CIOCOOOM ¥  OTPaXaeT JUHAMHUKY CTPYKTYp BIOJb MEpHIUAHA.
[onoxnuTenpbHBIM 3HAYEHHUSAM 36HUTHOTO YIJIa HAa BEPXHEH KeorpaMMe COOTBETCTBYET HANpaBJICHHE HA CEBEp, a Ha
HIDKHEHR — Ha BOCTOK.

Pucynok 3 moka3pIBacTCsl BapHalMd CPEJHETO 3HAYEHHsS CBETUMOCTH Iyr. BHAHO, 9TO KOPOTKOXXHBYIIHE
BCIUIECKU CBETHMMOCTH MMEIOT HEperyisapHbIN Xapaktep. I HaIJIATHOCTH, HA BEpXHEH MaHEeNH y BEpIIUH IHKOB
MPUBOIUTCS BpeMsl TOCTIDKEHUS IMKOBOTO 3HAYEHUS B COTBIX JOJISIX CEKYHABI («KoopAuHaTa» X), TaK YTO Pa3HOCTh
9THX 3HA4YCHUI ecTh BpeMsi Mexay nmukamu. OOpaTHasi BeJIMYMHA 3TOTO BPEMEHH YKa3bIBaeT Ha 4acTOTY, KOTOPYIO
MOJKHO OXKHJaTh IIPYU CHEKTPAIbHOM aHAJIN3€ T€OMAarHUTHBIX BapHaLuii.

01:16:27-01:16:37 UT, series of two arcs
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Pucynoxk 3. Bapuanuu cBeueHus B ayre.

Ha Pucynke 4 mpencTaBieH CHEKTp Bapualldii B KOMIIOHEHTaX T€OMarHUTHOTO moys. Ha jerenme wHaekc |
03HAYaeT, YTO JJIs 3TOH CHUTyanuud ObUT TIPOU3BENIEH MEepPEecUyeT KOMIIOHEHT B CHUCTEMY KOOPAMHAT JIYTd, KOTOpas
MOBEPHYTa OTHOCHTENBHO TpaauunoHHoi XY Ha yroi ¢ (cMm. Puc. 1). Takum oOpa3om, koMmnoHeHTa X1 HanpaBieHa
MEPIEeHIUKYISIpHO Ayre, a Y1 — Baonb Ayru. MHTEepBand 4acToT, B KOTOPOM OXUIAIOTCS MYJbCAIlUU, BbIIEICH
cepbiM. CpaBHEHHE CIIEKTPOB Ha MPABOH JIEBOH MAHENSIX YKA3bIBAET HA TO, YTO MATHUTHBIE MYJIbCALIUU, KOTOPHIE TIO
4acTOTE MOYKHO AacCOIMUPOBATH C ONTHYECKUMH MYJNbCAIMSIMU JHAaNa3oHa BHYTPEHHEH MOIYJSILNH, CUIbHEe
MpOSBISAIOTCA B KOMIOHeHTe X1 Ha sieBod maHenu Puc. 4 u B Y-KOMIOHEHTE Ha MpPaBOM MaHENU. YUUTbIBas
OpPHUCHTAIMIO YT, IPUXOAUM K BBIBOJIY, YTO B OOOHMX CIIydasX BHYTPEHHSS MOAYJISALUS CHSHUAN TPOSBHIIACH B
TCOMArHUTHOM KOMITOHEHTE, HAIPABJICHHOW IIONMEPEeK Jyrd W MOorja OBITh OOYCIIOBIIEHa MOAYJAIUCH TOKa,
TEKYLIEro BAOJIb TyTH.

3akiouenne
IlomyueHHslif pe3ynbTaT CcoOrNacyercs C MPEANONOKEHHEM O MOTEHIHANbHOM BO3MOXKHOCTH MOIYJISIMU
MOHOC(EPHBIX TOKOB MOJYJIMPOBAHHBIM IIOTOKOM BBICBHIIAIONIMXCS 3JEKTPOHOB [4]. ABTOPHI NPUILIA K TAaKOMY
BBIBOJLY JJISl MyJIbCUPYIOIIMX CHUSHHUK C mepuopoM 8—17 c (TnaBHble myibcanuu). Hamr pesynbraT OTHOCHTCS K
MyJIbCalMsM TUIAa BHYTpeHHEH Monynsauuu. OH MOXET yKa3blBaTh Ha TO, YTO MAarHUTHBIE ITyJbCAIlMM Ha 4acTOTe
BHYTPEHHEH (ONTHYECKOH) MOAYJSIMU MOTYT OBITH OOYCIIOBJIIEHBI, CKOpee, MOIYJIALUEed HOHOC(EPHOro TOKa
BBICBITTAIOIIMMUCS YaCTHLIAMU, YEM TIPHXOA0M B HOHOC(EPY MOy IMPYIOIIEH BOIHEL.

B pamkax AnCKyccHM MBI TaKKe XOTHM OTMETUTH MOBEJCHHE IBYX AYT, HAXOMSIIUXCS BOJM3W IPYT OT ApyTa,
BapHallMi CBETUMOCTH B KOTOPBIX mMpeacTaBieHbl Ha Puc. 3 (BepxHsas mnanens). OcnabieHue (BBIKIIOYEHUE)
3€HUTHOH JAyTH, B KOTOPOW TPHCYTCTBYEeT BHYTPEHHSS MOIYJLIIMSA, KaXETCS CBA3aHHBIM C YCHICHHEM
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Bruanue opuenmayuu nynscupyiowjeii agpopanvHoll oyeu Ha c60UCMBa CEA3AHHbIX C Hell 2e0MACHUTMHBIX NYTbCayull

(BKJIIOUEHHEM) TMOJIOCHOW Jayrd Oe3 BHYTPEHHEH MOIYISLMM. 3aTeM 3CHHUTHash Ayra BHOBb BKIIOYAETCS, a
noJrocHas ocinabeBaer. Takoe IPOTHBO(A3HOE MOBEICHHE IBYX OOBIYHBIX IyT OBUIO ONMCaHO paHee B pabore [12] u
00BSCHSIIOCH, B YACTHOCTH, U3MEHEHHEM HOHOC(HEPHOTo 3JIEKTPUYECKOTo IOJIsi pasroparomieiicss nyroil. B Hamem
cilyyae, MOXXHO YBHIETb, YTO NPH ITOBTOPHOM BKIIOUEHHM 3CHHTHOM IOYI'M 4YacTOTa BHYTPCHHEH MOIYISLUH
n3MeHwIack. HectaOmipHBIN XapakTep MyIbcaliii CBETUMOCTH OTMEUAJICS] MHOTHMHU aBTOPaMH, HO MOKa HE HaIlell
o0bscHenus. [loTeHIIManbpHAsS BOSMOKHOCTh IYT'H BIMATh HA JUHAMUKY COCEIHEH, BO3MOKHO, OYAET TOJIC3HOW NpH
MONCKE MPUYNH HECTaOMIFHOCTH YaCTOTHI BHYTPEHHEH MOIYIISIIAN.

01:16:27-01:16:31 UT EW arcs KRN 01:07:26-01:07:33 UT NS arcs KRN
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Pucynok 4. Cnektp Baprauuii KOMIIOHEHT T€OMarHUTHOTO HOJISL.

bnazooapnocmu. PaGora poccuiickux aBTOpoB mojjepkana rpanroM PO®U 19-52-50025 SI®_a. This work has
been supported by JSPS KAKENHI JP 15H05747 and 16H06286. The operation of the EMCCD camera at Tjautjas
has been supported by Swedish Institute of Space Physics.

Cuncok Jurepatypsl

1. Lessard M.R. in 4 review of Pulsating Aurora. Auroral Phenomenology and Magnetospheric Processes: Earth
and Other Planets. Geophys. Monogr. Ser., 197, 55, doi: 10.1029/2011GM001187, 2013.

2. Nishimura Y., Lessard M.R., Katoh Y., et al.: Diffuse and Pulsating Aurora. Space Sci. Rev., 216 (4), doi:
10.1007/s11214-019-0629-3, 2020.

3. Stenbaek-Nielsen H.S.: Pulsating aurora: the importance of the ionosphere. Geophys. Res. Lett., 7, 728, doi:
10.1029/GL007i1005p00353, 1980.

4. Hosokawa K., Ogawa Y., Kadokura A., et al.. Modulation of ionospheric conductance and electric field
associated with pulsating aurora. J. Geophys. Res., 115, A03201, http://doi.org/10.1029/2009JA014683, 2010.

5. Gillies D.M., Knudsen D., Spanswick E.: Swarm observations of field-aligned currents associated with pulsating
auroral patches. J. Geophys. Res., 120, 9484, doi: 10.1002/2015JA021416, 2015.

6. Arnoldy R.L., Dragoon K., Cahill L.J.: Detailed correlations of magnetic field and riometer observations at L=
4.2 with pulsating aurora. J. Geophys. Res., 87, 10449, doi: 10.1029/ja087ia12p10449, 1982.

7. Safargaleev V., Safargaleeva N.: On the accuracy of the conjugation of high-orbit satellites with small-scale
regions in the ionosphere. Cosmic Research, 56, 115, doi: 10.1134/S0010952518020089, 2018.

8. Fukizawa M., Sakanoi T., Miyoshi Y., et al.: Electrostatic electron cyclotron harmonic waves as a candidate to
cause pulsating aurora. Geophys Res. Lett., 45, 12661, doi: 10.1029/2018GL080145, 2018.

9. Hosokawa K., Miyoshi Y., Ozaki M., et al.: Multiple time-scale beats in aurora: precise orchestration via
magnetospheric chorus waves. Sci Rep., 10, 3380, doi: 10.1038/s41598-020-59642-8, 2020.

10. Andfe D., Baumjohann W.: Joint two-dimensional observations of ground magnetic and ionospheric electric
fields associated with auroral currents. 5. Current system associated with eastward drifting omega bands, J.
Geophysics, 50, 194, doi: 10.1016/0032-0633(81)90087-8, 1982.

11. Shiokawa K., Katoh Y., Hamaguchi Y., et al.: Ground-based instruments of the PWING project to investigate
dynamics of the inner magnetosphere at subauroral latitudes as a part of the ERG-ground coordinated
observation network. Earth Planets Space, 69, 160, doi: 10.1186/s40623-017-0745-9, 2017.

12. Safargaleev V., Lyatsky W., Tagirov V.: Luminosity variations in several parallel auroral arcs before auroral
breakup, Ann. Geophysicae, 15, 959, doi: 10.1007/s00585-997-0959-4, 1997.

131



Polar
“Physics of Auroral Phenomena”, Proc. XLIII Annual Seminar, Apatity, pp. 132-134, 2020 @ Geophysical
© Polar Geophysical Institute, 2020 Institute

DOI: 10.37614/2588-0039.2020.43.032

CYBABPOPAJIBHBIE IOTOKHX NOHOB U3 NOHOC®EPHI B
OBJIACTH PA3ZBUTHS ITOJIAAPU3ALIMOHHOI'O UKETA

A.E. Crenanos!', B.JI. Xamunos?, A.IO. T'onono6os?, U.A. Tomikos!, C.E. Ko6sxosa!, E.JI. Bonnaps!

! Hnemumym xocmogpusuueckux uccnedosanuii u asponomuu um. FO.I'. Illagpepa CO PAH,
Axymcekui nayunvi yeump CO PAH, 2. Axymck, Poccua

2HHcmumym Kocmuyeckux uccneoosanuti PAH, 2. Mockea, Poccus

I Cegepo-socmouniii hedepanvuuiii ynusepcumem, 2. Axymek, Poccus

E-mails: a_e_stepanov@ikfia.ysn.ru; khalipov@iki.rssi.ru, golart87@gmail.com;
iagolikov@ikfia.ysn.ru, s.e.kobyakova@ikfia.ysn.ru; scisecr@ikfia.ysn.ru

AHHOTaNUsl. V3ydeHsl U KIacCUPUIMPOBAHbI OBICTPONPOTEKAIONIME IMHAMUYECKUE TIPOLECChHI, BOSHUKAIOIINE B
CUCTEeMe HEeHTpalbHOW aTMOC(Eephl U ee HOHIM30BaHHOW KOMITOHEHTHI B BepxHel obmactu F2 mpu Bo3neiicTBun Ha
Cpey MOIIHOTO »SJeKTpudeckoro mois ¢ ammmutyngoir 50- 100 mMB/M, waHorma mo 150 mB/m. Cpenan
CTAaTUCTHYCCKUH aHAN3 PAa3BUTHSA BOCXOIAIINX MOTOKOB IUIa3Mbl U3 HOHOC(HEPH! B mWiazMochepy s pa3InIHBIX
reopusndecknx ycimoBuil. [lo MaHHBEIM IOTUIEPOBCKHUX W3MEPEHHH Ha cyOaBpOpaimbHON HOHOC(EPHOH CTaHIHU
SkyTck BrepBble OOHAPYXCHBI HOBBIC, paHEC HEW3BECTHHIC, NUHAMUYCCKHAE SBICHHUS BO BpEMs pa3BUTHIL
MOJLIPU3AIHOHHOTO KeTa. [IpoBefieHHOe HCCIeJOBaHNEe TOPH30HTANBHBIX U BEPTHKAIHHBIX CKOPOCTEH apeiidon
MOHOC(EPH! BBISBUIO, YTO B MEPHOJBI HAOIIOAEHHS IMOJISPU3ALMOHHOTO JPKETA MUK BEPTUKAIBHON KOMIIOHEHTHI
CKOPOCTH HE BCErJa COBIANAeT C IMHKOM T'OPU3OHTAJBbHOW cocramisitomieil. CKOPOCTH TOPU30HTAIBHOrO Jpelda
IUTa3Mbl COCTaBJISAIOT, B cpeaHeM, ~300—600 m/c (ecth coObiTust co ckopocTssMu 900—1000 wm/c). Ckopoctu
BEPTUKAIBHOM cocTaBisromei npeida, Takke B cpeaneM, cocTaBimsaoT 30—50 M/c (ecTh COOBITHS CO CKOPOCTSIMU
100-150 wm/c). Ilo pesynbraTaM aHayM3a Ha3eMHBIX HOHOC(EPHBIX JaHHBIX YCTAaHOBJICHO, YTO BCE COOBITHS C
pa3BUTHEM MOJIIPU3ALMOHHOIO JUKETa HajJ SIKyTCKOM MoJpa3aeieHbl paBHOMEPHO Ha 4 TPYIIIbL, TAE MepBas rpymnna
— 9TO KOTJa 3HAYCHUs BEPTUKAIBHBIX CKOPOCTEH B MOJOCE MOJSPU3AMHMOHHOIO JDKETa OCTUTAIH MaKCHMyMa
OTHOBPEMEHHO C TOPH30HTANBHBIMU CKOPOCTSAMH. B IBYX Hpyrmx rpymmax BpeMeHa ITHKOB BEPTHUKAIbHBIX
CKOpOCTEH CIBHUHYTHI B 00€ CTOPOHBI OT PENEPHOr0 BPEMEHH Ha +1 4, a B MOCIEAHEM CIIydae BEpTHUKAIbHBIC
CKOpPOCTH UMEIOT PAaBHO3HAYHEIEC ITUKHU 110 00€ CTOPOHBI OT MMKOBBIX 3HAYCHHUI TOPU30HTAIBHBIX CKOPOCTEH.

BBenenne. Tonspusammonnsiii mketr (I1J]) — y3kas mosoca ObIcTporo 3amamHoro apeiida mmasMsl BOIH3H
NPOEKLUH IUIa3MoMay3bl Ha BBICOTaX oOjacTu F MOHOC(Epbl — BIepBble ObLI 3apEeTMCTPUPOBAH MO AaHHBIM
cinytHuka Kocmoc-184 [[anenepun u op., 1973]. B HacTosmee BpeMms npu onucanuu sisneHus [1J1 ynmorpebasercs
paBHOIIpaBHO Takxke TepMuH SAPS — cybaBpopanbHbIi NONsIpU3aloHHbINH TOTOK (SubAuroral Polarization Stream)
[Foster and Burke, 2002]. Ilog 3TUM TepMHHOM aBTOPHI OOBEIMHWIM IBAa BHIA HaOIOJCHHUN CyOaBpOpabHBIX
JNEKTPUUYECKUX TONel: y3kue moiockl (1—2 rpax) momHoro npeiida (I1[]) w mupokue (mo 10 rpam) obmactu
HoHOC(epHOI KOHBEKIINH K 3armany ¢ OOJBIINMHU CKOPOCTSIMH, ONIACaHHEBIe B padote [ Yeh et al., 1991]. LHudporoit
nono3oH1 DPS-4, ycranoBneHHBIN B SKyTCKe, Onarogapsi JOTUICPOBCKON BBIOOPKE M M3MEPEHUSM YTIIOB MPUXOAa
PaIMoOBONH JaeT BO3MOXKHOCTH OINPEIEINTh TPH NMPOEKLUH CKOPOCTH I HeomHOpoaHocted: Vz, Vn m Vg, uto
MO3BOJISIET TOJICYUTATh CpEIHHE CKOPOCTH 3a CEaHC 30HAMpPOBAaHUs, a Takxke mucrepcun ckopoctedd [The
digisonde..., 2007].

Lenpto nmanHOW pabOTHI SBISETCA HCCIEAOBAaHHWE CKOpOCTell npelioB HMOHOCGhEpHOW IUIa3Mbl W BapHAIlUH
napaMeTpoB ciiosi F2 Bo BpeMst pa3BUTHSI TIOJIOCHI TIOJIIPU3AIMOHHOTO JKETA B 3€HUTE CT. SIKyTCK.

AHaMU3 JaHHBIX M 00Cy:XKIeHHEe Ppe3yJbTATOB. B paborTe aHAIM3UPYIOTCSA JaHHBIE BEPTUKAILHOIO
Paaro30HANPOBAHUS U JOIUIEPOBCKHE M3MepeHHs Ha cT. Skyrck 3a 2006 m 2012-2016 rr. Beibopka aneit s
pocMoOTpa, 00pabOTKM M aHaIN3a NOHOC(HEPHBIX JaHHBIX MPOU3BOAMIACKH IO IutaHeTapHOMYy AE-mHznekcy. B xone
Ha3eMHBIX U3MEPEHHUI ObUIO YCTaHOBJIEHO, YTO Ha IMHUPOTaX CT. SIKYTCK MPOSBIEHHS MOJSIPHU3ALHOHHOTO JDKETa B
OOJNBIIMHCTBE CIyYaeB Pa3BHBAIOTCS IIOCIE aKTUBU3AIMI T'€OMAarHUTHOTO BO3MYIIEHHUS C TIOPOTOBOW BETMYMHON
>500 uTn [Xarunos u op., 2001]. IlposiBieHne MONSIPU3ANUOHHOTO JHKETA HA HMOHOTpaMMax CyOaBpOpaibHBIX
CTaHIM MOApOoOHO omucaHo B paborax [Galperin et al., 1986; Cmenanog u op., 2017] u KpaTKo CBOAMTCS K
CIIEIYIONIEMYy: Ha HMOHOTpaMMaxX BEpPTHKAJIBFHOTO 30HJUPOBAHUS TIPH Pa3BUTHH MOJSIPU3AIHOHHOTO JDKETa
PETUCTPUPYIOTCSA JOMOJIHHUTENBHBIE CIEAbl OTPAXKEHHI, MEHBIINE II0 YacTOTe M PACIONIOKEHHBIE Ha OOJbIIeH
JABHOCTH, YeM peryispHele (oHOBbIE ciefpl. Ilocime MOSBIEHUS TaKuX OTPAKCHHH KPUTHYECKHE YaCTOTHI
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Cybaspopanbhbie NOMOKU UOHOB U3 UOHOCHEPbL 8 00IACIU PA3BUINUA NOTAPUSAYUOHHO20 0dHCema

¢oHOBOrO €051 F2 MOTYyT pe3ko yMeHbmaThes B TeueHue 15 — 30 muH Ha 2—4 MI'p u Gonee, T.e. IPOUCXOJUT
«CPBIB» YaCTOTHI, KOTOPBIH YETKO MPOPUCOBBIBACTCS HA CYTOUHBIX f-rpaduKax HOHOCHEPHBIX AaHHBIX.

Ha pucynke 1 npuBeneH npumep u3MepeHuil ckopocreid apeiida nonochepHoil miasMbl 1 Bapualyii mapamMmeTpoB
ciost F2 map cr. Skytck 3a 4 centsOpst 2016 1. Ha neBoii cTopoHe prCyHKa MOKa3aHbI BApHALINN BepTHKAIEHOU (1Z)
u ropu3oHTaNBHOM (V) ckopocteif, a Takke HarpasieHue apeiida monocdepnoii iasmsl (Azimuth), roe 270° —
3amajHoe HampapiieHue. Ha mpaBoil cTopoHe mpuBeneH (parMeHT CYTOYHBIX BapHaldii KPUTHIECKOH HacTOTHI
(cBeTnbIe KPY)KOYKH) M MHHUMAIBHON BBICOTHI OTPaXEHUH OT F2-Ciiosi HOHOC(EpHl (YepHbIe KBAAPATHKH). 37eCh
K€ KUPHOM YepHOMU JINHUEHN MMOKA3aH MPOTHO3HBIM X04 KpUTHYECKUX 4acTOoT 1o Mojenu IRI. BugHo, uto B nepuon
Pa3BUTHS HOJSPHU3ALMOHHOIO JDKETa Haj CTaHIMEH HaONIOAaloTCs MOBBIICHHBIE 3HAYEHHUsI CKOpOCTeH apelida
HOHOC(EpHOH TUTa3MBI B 3allaJHOM HAIpaBICHUH, POCT BEPTHKAIHHON COCTaBILIIONICH Apeiida Ima3mbl, a Takxke

CYIIECTBCHHbIE BapHalUM HOHOC(EPHBIX MapaMeTpoB — «CPBIB» YaCTOTBI M POCT MUHHUMAJBHON BBICOTHI
OTpa)KeHUI.
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Bcero B xome aHanm3a uoHOC(hEpHBIX MaTepHaloB Obulo OOHapyxeHo u paccMoTpeHo 110 coObiTuid
MOJISIPU3AIMOHHOTO JDKETa. BBIABIEHO, YTO B MEpHOJBl HAOIIOACHUS IOJIAPH3AIMOHHOTO [KE€Ta CKOPOCTH
TOPU30HTAJBHBIX M BEPTHKAIBHBIX ApPEH(POB CymeCTBEHHO BhINIe, 4yeM HuX (hoHOBBIe nBMKeHHsA. Ckopoctu
TOPH30HTATIBHOTO Jpeiida TurasMbl cocTaBSIOT, B cpemHeM, ~300—600 m/c (ecTh COOBITHA CO CKOPOCTSIMH
900—1000 m/c). CkopocTH BepTHKAIBHON COCTaBISIONIEH apeiida, Takxke B cpemHeM, coctaBissioT 30—50 M/c (ectb
coOpITHs co ckopocTsimu 100—150 m/c).

YroObl CONOCTAaBUTH COCTABILIIONINE CKOpOCTEH apedia HMOHOC(HEpHOHW IUIa3Mbl MBI HCIIOJIB30BAIM METOJ
HAJIO’KEHUS AT0X. B KaxxmoM coObITHN paccMaTtpuBaics 4-4acoBOM WHTEPBAI U3MEPEHHH CKOpocTel npetida: mo 2 4
JI0 ¥ TI0CIIe pernepHoro BpeMeHn. OTMETHM, YTO BCE 3HAUCHMSI CKOPOCTEeH OBUTH HOPMAIM30BaHbI IO MaKCUMyMY. 3a
penepnoe Bpemsi (0 Ha ocu abcumcc) MPUHUMAIOCH BPEMSI MaKCUMyMa TOPU30HTAIBHBIX CKOPOCTEH BO BpeMs
HaOJIOIeHUS TOJSIPU3AIMOHHOTO MKeTa. [1o ocu opauHAT OTKIIaABIBAINCh CpPelHHE 3HAUCHHS HOPMAIN30BaHHBIX
BEPTUKAJIBHBIX CKOpPOCTeH. Pe3ynpTaTsl aHamm3a NMpHBEACHBI Ha puUC. 2, T1e Bce cOOBITHA ¢ pa3ButueM I1J] Hax
SxyTckoMm moapaszneneHel Ha 4 curyaruu. beuto oOHapyXeHo, YTO TONbKO B ~28% ciyd4aeB MaKCHMaJIbHBIE
3HAYCHUS BEPTHKAJIBHBIX CKOPOCTEH B TOJOCE NOJAPU3ANMOHHOTO JDKETa COBMNAJANM C MaKCHMyMOM
TOPU30HTAIBHBIX CKOpocTer (1-g curyarus — cM. puc. 2a). OcraBmmecs: COOBITHS pacupeeNeHbl MPUOIN3UTENEHO
B PAaBHBIX MPOMOPIMSIX MEXIY €Ile TPeMs CUTyalusiMu (puc. 20, B, T'): 1) MUK BEpTUKAIBHBIX CKOpOCTeit 3a ~1 4 110
perepHOro BpeMeHH; 2) MUK BEPTHKAJIbHBIX CKOPOCTEH cIycTd ~1 4 rmocie pernepHOro BpeMeHH W 3) /1Ba IHKa
BEPTUKAJBHBIX CKOPOCTEH: MepBbIi 32 ~1 4 10 MaKCUMyMa TOpPU30HTANIBHBIX CKOPOCTEH, BTOPOH cryctd ~1 1 mocie
MaKCHUMyMa FOPU30HTAIBHBIX CKOPOCTEN.

Ha pucynke Taxoke npuBeseHbl Ko3QuimenTs! nerepMuHanun (R2) u 3HaueHns craHIapTHEIX OTKIOHeHHH (SD),
OTIpe/IeICHHBIE Il YPaBHEHUH PETPECcCHH, B KOTOPBIX 3aBUCHMOCTH KOMIIOHEHTOB CKOPOCTH Jpeida Imra3Mbl OT
BPEMEHH aNPOKCUMHUPOBAHBI ITOJMHOMAMH IIECTON CTENEHH, a TAKXKe KOIWIECTBO PACCMOTPEHHBIX coObITHiA (N).

IIpupony Taxoro MOBENCHHWS BEPTUKAJIBHBIX CKOPOCTEHl OTHOCHTEIHHO TOPHU3OHTANBHBIX, IIPH HECOBIAJACHUU
ITUKOB CKOPOCTEH M HAJMYUHU 3JIEKTPHUECKOTO TIOJS CEBEPHOTO HANPABICHHS, MOXHO IOIBITATECA OOBSICHUTDH
CIIEAYIONMM 00pa3oM: MUK JO PENEepHOr0 BPEMEHH BO3HMKAET 3a CUET JDKOYJIEBAa HAarpeBa M3-3a CTOJIKHOBEHMI
HMOHOB C HeHWTpajammu; Janee, MpH MaKCHMyMe TOPH30HTaIbHON ckopocTH (B 0 9) HEHTpadbl yke BOBIICYECHHI B
JIBUKEHUE, U PA3HOCTb CKOPOCTEH MEHbIIE U, CJIEJOBATEIbHO, HArpeB MEHbBINIE; I0CIE MaKCUMyMa HOHBI
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MIPUTOPMAKUBAIOT, & HEWUTpaibl ABUKYTCS CO CTApOM, NMPHIAHHOW MM HOHAMH CKOPOCTBHIO, PA3HOCTh CKOpPOCTEH
CHOBa HapacTaeT W, B pe3yJbTaTe, CHOBA PAacTeT IPKOYJIEB HATPEB M BEPTUKAIBHBIN BEIHOC.

MoryT OBITh U IPYTHE MEXaHHU3MBI, OOBSCHSIONINE HAJIMYUEC MHKOB BEPTUKAIBHBIX CKOPOCTEH, Hampumep,
CBsI3aHHBIC C MPOIOJILHBIMU TOKaMu 30H 1 u 2 [Figueiredo et al., 2004].
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3axinoyeHue

1. [lo Ha3eMHBIM MOIJIEPOBCKUM H3MEPEHUSIM Ha HOHOC(hEpHON cT. SIKyTCK OOHapy»KeHO, YTO B IEPUOJBI
HaOMIOACHUS TOJIIPU3ALMOHHOIO JDKETa CKOPOCTH TOPHU30HTAIBHBIX W BEPTHKAJIBHBIX APEH(OB CYLIECTBEHHO
BbIlle, YyeM HX (poHOBBIE 3HaueHMs. CKOPOCTH TOPU3OHTAJIBHOrO Jpeida Iula3Mbl COCTaBIAIOT, B CpEIHEM,
~300—600 m/c (ectb cobbrThs co ckopocTsMu 900—1000 m/c). CkopoCTH BEpTHKAIBHOW COCTaBIIOMIEH Apeiida,
TaKXke B cpeHeM, cocTaBIIOT 30—50 M/c (ecThb coObITHS co ckopocTsaMu 100—150 m/c).

2. Pe3ynbraThl TOMIIEPOBCKUX M3MEPEHUH HA Cy0aBpOpaIbHONH MOHOC(HEPHOH cTaHIMH SIKYTCK IMOKa3bIBAIOT, YTO
NPU pa3sBUTUH MOJSIPU3AIMOHHOTO JDKETA HaJl CTAaHIMEH HaONIOJeHUs 3HAaYEeHUs ITMKOB BEPTHKAJIBHBIX CKOPOCTEH
Ipeiida mmasMpl OTHOCHTENBHO ITMKOB TOPH3OHTAIBHBIX CKOPOCTEH MOTYT HE COBIIAJaTh IO BPEMEHH WU
HAaIpaBJICHUIO, BHI3bIBAsI PA3JINYHBIE CUTYALIUHU UX B3aHMOPACIIOI0KEHHS.

bnazooapnocmu. Pabora BbINONHEHA B paMKaxX IOCYIapCTBEHHOro 3axanus 1o mnpoekry I1.16.2.1 (Homep
rocpeructpanuun  Ne  AAAA-A17-117021450059-3) w mnpu wactuuHOil monuepxkke Poccuiickoro ¢onna
(hyrmameHTaNBHBIX HecnenoBanuii (rpant Ne 18-45-140037) u mporpammsr PAH T128.
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CE30HHAS 3ABUCUMOCTD ITOABJIEHUSA DOPEKTA
YTPEHHEI'O ITOHWKEHUA ITOTJIOIEHMS TIITII

B.A. Yawes, I./1. Poros, A.B. ®pauk-Kamenerkuii
Apxmuueckuti u Anmapkmuyeckuii HayuHo-ucciredosamenvckui uncmumym (AAHUU, CI16)
E-mail: vauliev@yandex.ru

AHHoOTauMsl. B paGote nmpuBoasTcs puMepsI IPOsiBIieHUs 3 dekra yrpenHero nonmkenns (YI1) mormommeHus B
nepuoxa coObituii [IIII B paBHONEHCTBEHHBIE M JIETHHE CE30HBL. B CpaBHEHMH C MOJAENBHBIMH 3HAUYECHHSIMHU
TMIOTJIOIICHHS TT0Ka3aHbl OTKIOHEHHS SKCIEPUMEHTAIbHBIX PUOMETPHYECKUX JAHHBIX OT MX O)KHIAEMOW BEJIMYHHBI
(B otcyrcTBHE 3¢ Pexra YII). BrickazaHBI MpeamonokeHus 0 BO3MOXKHOM Mpupoje qaHHOTO dddekra i 00BICHEHUS
€ro Ce30HHOI 3aBHCHMOCTH.

Beenenue

B pabote [Vives u op., 2019] ommcan HOBHIH 3ddekr B sBuenmsax I Dddekr 3akmrodaeTcss B TOM, 9TO B
Hekotopeix I Ha cTaHmMAX B IEHTpaidbHOM uyactu moisipHoi miamkw (ITIIm) B yTpeHHHME Yachl BIUIOTH IO
MECTHOTO TMOJIYAHSI Ha0J0aeTCsl IOHMKEHHOE MOTIIONICHUE, KOTOpOe Ha3BaHO 3(Q(PEKTOM yTPEHHEro IMOHMKEHHS
nornomenus (YII). Dddexr YII He koppenupyeT ¢ U3MEHEHHEM MTOTOKOB IIPOTOHOB B PacCMaTPUBACMBIN MEPUO.
B nanHO# paboTe aHaNMM3MPyYIOTCS MpUMeps! nosiBieHns Y11 B pasnudHbIe CE30HbI rofa.

JKcnepuMeHTAJIbHbIE JAHHbIE

Ha pucynke 1 (a - T) mpuBeieHbI SKCIEpUMEHTANIBHBIE PHOMETpHUYECKHE JaHHble mposiBieHus 3ddextoB YII B
pasziuyuHble Ce30HBl roja Mo pesyiabrataM perucrpauuu sisaeHuil [ 3a nepuox 1998 — 2019 rr. na
BBICOKOIITUPOTHBIX CTaHNUAX, pacrnonoxkeHHbIX B [111I: Bocrok (VOS) (@' = -83.3%), MupHnsiit (MR) (@' = -77.2°)
u IIporpecc (PRG) (@' = - 74.4°) — B OxHOM nonyniapun, AHTapKTHAa, POCCHHCKHE CTaHIMK), a Takke TAL (D' =
78.0°) u RAN (@' =71.9°) — B CeBepHOM monyImapuu, ApKTHKa, KaHAICKHe CTaHINHU — s 13 centsops 2017 r. (a),
11 cernts6ps 2005 . (0), 9 mapta 2012 1. (B) u 14 nexadps 2006 1. (T).

Kaxnas maHens puc. | COCTOMT U3 TpeX CEKIMH: BEPXHSSA — MOTOK MPOTOHOB, 3aPETUCTPUPOBAHHBIN CITyTHUKAMHU
GOES, nBe HWXHHE — OKCIEPUMEHTAIbHBIE JaHHBIE PUOMETPOB (KpacHas KpHBas) W pacyeTHOE 3HaueHUE
MOTJIOIIEHHS (YepHasi KpUBas) IS IBYX PHOMETPOB. PacueTHOe 3HaUCHHE IMONYYCHO C MOMOIIBIO IMITUPHICCKIX
dbopmyn mepecuéra 3HaueHwit uHTeHCcuBHOCTH III1 B 3Hauenus mnorjomienus [Sauer and Wilkinson, 2008;
Hpuaykuii, 1974; Poeos u dp., 2015].

CoObITHs, IpUBECHHBIC Ha puc. la, 0, B 3a()MKCUPOBAHBI B CE30HBI PAaBHOICHCTBUS, COOBITHE Ha puC. IT — B
neTHUH ce30H (s ct. Boctok m MupHsrit FOxxHOTO TTOTyImapus).

[T B MecTHBIN 3UMHHI CE30H rojia HE PacCMaTPUBAINCH, TAK KaK 3UMOIl HOHOC(]epa Ha/l BHICOKOIIMPOTHBIMH
CTaHIUAMH He ocBemleHa u nornomenue [T nmeetr Maryro BETHYUHY, YTO HE MO3BOJISACT ONMPEICIUTh HATHIHE
a¢pdexra YII. B apyrue ce3onsl roga anamusupoBanuch [T cpenHeit u 0OMBIION HHTCHCUBHOCTH C BETUYAHON
norsomeHus B BeIOpanublit nens I 6onee 1 nb.

AHanu3

Ha pucynke 1a noxaszans! notoku npotoHos (I1I1) (Bepxuss nanens) u norsomenue Ha ct. TAL (@' =78.0°) u PRG
(®'=-74.4") c 18 UT 12 cenrs16ps no 00 UT 14 cents16ps 2017 r. (cpenusis 1 HukHss naHenn). [o xapakrepHOoMy
BO3pACTaHHIO MMOTOKOB MPOTOHOB BUIHO, 4TO mpuMepHO B 21 UT 12 centsadps 2017 r. HabmogaeTcst JOCTHKEHUE
OpOUTHl 3eMJIM yAapHOW BOJIHBI M Tocheayronum npuxoaoM I1I1 marautHOro obmaka. [1o skcrepuMeHTaTbHBIM
JITAaHHBIM B MOJISIPHBIX IIAIKaX PETUCTPUPYETCS MOHMKEHHOE 3HAUEHHE TIOTJIOIICHHs (KpacHas! JIMHUS OTHOCUTEIIBHO
yepHoit) B nepuoa ¢ 09 mo 15 UT mns ct. TAL u ¢ 00 go 06 UT mns cr. PRG. Orot a3ddext n Obl1 Ha3BaH
s dexTom yrperHero monmxenus noraomenus (YII) [ Vaves u op., 2019].
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Cezonnas 3a8ucumocms noseneHus dg@exma ympennezo nonudicenuss noenowjenus I

AHaJNOTHYHbIC TaHHBIC MPUBEIEHBI OTIEIbHO Tst cTannuii CeBepHoit nomsproit manku TAL (@'= 78.0°) u RAN
(@' = 71.9°) nnst nByX COOBITHI, OTHOCAIIUXCS K ce30HaM oceHHero 11 centsiOpst 2005 r. (puc. 10) u BeceHHEro
paBHOACHCTBUS 9 MapTa 2012 1. (puc. 1B).

Ha pucynke It nokasansr ganasie promerpoB VOS (@' = -83.3°) u MIR (@' = -77.2°) msa 14 mexadps 2006 r.
(metHuit mepuon anst cranumit FOkHOM monspHOW mianku). BuaHo, 4TOo mocne NMHMKOOOPa3HOro BO3pacTaHHA
norjomeHus (HabJI01aeMOro MpU TPOXOXKAEHUH OpOUTHI 3eMiIM IOTOKOB IPOTOHOB YyJapHOM BOJIHBI) H
nocienytomero npuxoxa III1 Bmecte ¢ marHUTHBEIM oOmakoMm (mpumepHo 1o 15 UT 14 gexabps 2006 r.) mo
W3MEHEHHUS CIIEKTpa IMOTOKA MPOTOHOB BCIEACTBUE MPHXOJa YaCTUIl OT HOBOW MPOTOHHOH Bembimiku (B 22 UT 14
nekadpst 2006 r.) HabIIOJAIOCH XOpOLIEee COrJache HSKCIEPUMEHTAIbHBIX JAHHBIX MO MOTJIOMIEHHIO (KpacHas
KpHBas) C €ro pacyeTHHIMH 3HAYCHUSAMH (UepHas KpuBas). Takum oOpa3oM, B Te€ € 4Yachkl, KOrzaa B
paBHogeHcTBeHHBIX [ITTII peructpupoBancs a¢pdext YII, B meTHUI ce30H 3TOT 3 (hekT He MposSBUIICS.

Takum o00pa3oMm, Ha OCHOBE aHanW3a MPHUBEAEHHBIX IMPHUMEPOB MOXKHO IPEIIOJIOKHUTh, 4YTO CYIIECTBYET
3aBUCHMOCThH mosBieHust apdekra YII ot ce3ona rona. [Ipemnoxkeno cienyromee oObsicHeHne 3Toit cBsi3u. [locne
MOIIIHBIX COJTHEYHBIX BCITBIIIEK TE€HEPUPYIOTCS MOTOKH YCKOPEHHBIX YacTHIl (B OCHOBHOM NMOTOKH IpoToHoB — I1IT).
C nmpyro#t cTOPOHBI IPOUCXOAUT BEIOpOC KopoHansHOH Maccel (BKM) u Bo3HHKaeT MarautHoe obiako (MO). MO
COCTOMUT M3 MarHuTHBIX nerenb (MII), oOpasyromux IeHTpalbHYy0 U BHemiHIOI obOmactu MO. LleHTpanbHyro
obmacte MO cocraBmsirot 3aMmkHyTEIe MIT (MI13), ¥ KOTOpBIX 00a KOHIa HaXoAsTCs B KopoHe COJHIIa, a BHEITHIOKO
- otkpbiteie MIT (MIlo), y KOTOPBIX TONBKO OJMH KOHEN (KaK NPaBUIIO «BOCTOYHBIN») HaXOJUTCS B KOPOHE
Connna. MII 3anonsstores T u npu stom B MII dopmupyercs 2 moroka III1: TIII3n u IIIIBm, koTtopbie
COOTBETCTBCHHO JIBH)KYTCS B 3allaJIHOM U BOCTOYHO# yacTax MII [Malandraki et al., 2002a].
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Pucynok 1. ITOTOKM NPOTOHOB, SKCIEPUMEHTAJILHBIE M MOJEIbHbIE 3HAYSHUS IOTJIOLICHUS I10
JaHHbIM puoMmeTpoB CeBepHoil u FOxnoil mossipHoil mamox g I B ce3on
PaBHOJICHCTBYSA (TIaHETH a, O U B) U B JICTHUI Ce30H (IIAHEIb T).

Hentpansnas yacte MO npu nBumxeHuu oT ColHIIA HAXOJUTCA B IUNIOCKOCTU COJHEYHOTO KBATOPA, a BHEIIHSASA
obmacte MO — BrIlIe 1 HIKE 3TOH MmIockocTh. Takum o6pazom MII3 nu MlIlo pacmonaratotcsi COOTBETCTBEHHO «BY»
U «BHE» IUIOCKOCTH COJIHEYHOTO JKBaTOpa. B CE30HBI COMHIECTOSHHUS (B YaCTHOCTH B MECTHBIM JETHHI CE30H)
3eMuIsl HaXOJMUTCS B INIOCKOCTH COJIHEYHOTO 3kBaTopa. Korna MO nocturaer opOuThl 3eMiIM XBOCT MarHUTOC(EpHI
MOMAAaeT B HEHTpalIbHy0 obmacth MO, cocrosmyr u3z MII3 ¢ III13n < IIIen [Malandraki et al., 2002a]. Tlpu
nepecoeauaeHnn MII3 ¢ xBoctom marHurocdepsr IITI3n/IIIIBn ABMKYTCS BHONB 3amaJHONW/BOCTOYHON CTOPOHBI
XBOCTa M MPOHUKAIOT COOTBETCTBEHHO B yTpeHHHI/BeuepHuii cexropa I1lln. Tak kak I1I13n u III1Bn npumepHo
OJIMHAKOBBI, TO OHM BBI3BIBAIOT ITPUMEPHO OJJMHAKOBbIE 3HAauUeHHs noryomenus Tuna [T B yrpeHHem/ BeuepHeM
cekxropax [T (TIT Iy < ITIIIB). B pesynsrare YII He nposiBisieTcs.
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B paBHOJICHCTBEHHBIE CE30HBI TOfla 3€MJIS HAXOAUTCS NpUMEpHO Ha + 7° BbIlIe/HUKE TIOCKOCTH COJHEYHOTO
skBatopa. Korma MO mocturaer opOuTsl 3eMili, XBOCT MarHUTOC(epsl MOMaaaeT BO BHEMIHIOW obmacte MO, B
kotopoit Haxonsares MIlo [Malandraki et al., 2002b] ¢ III3n << IIIIen. [Toatomy npu nepecoeauaennu MIlo ¢
XBOCTOM MarHutocepsl B yrpeHHui/Bedepuuit cexkrop Il mnponukaror IMII3n/IIIIBn cooTBeTCTBEHHO
MaJIol/00NbIIOH  MHTEHCHBHOCTH, KOTOpBIE BBI3BIBAIOT Ci1aboe yTpEeHHEe/CHJIbHOE BeYepHee IOTJIOLICHUE
MIMTHIy<<IIIIB. B pe3ymerare peructpupyercs 3¢ ekt Y1 60mbII0i aMIUTHTY IBL.

3axiroueHue

[Tpoananu3upoBaHbl 3KCHEPUMEHTANbHBIE NpUMephl mposiBaeHus 3(¢dexta YII B pasHble Ce30HBI Toxa H
ycraHoBneHo, 4to 3¢gdexr YII mpossmsercs B I, mpoucmreammx B paBHOIACHCTBEHHBIC CE30HBI T'Ofa, U
orcyrctyerT B tetHeM [1I1III. [TpemmoskeHo cremytomee 0ObICHEHHE TOH CBS3H.

B paBHOJEHCTBEHHBIE / JIETHHE CE30HBI 3eMis (XBOCT MarHuToc(epbl) HaxXOAMTCS Bble (WIM HUXKe) / B
IUTOCKOCTH COJTHEYHOTO 3KBaTopa u momnanaer B obmacte MITo/MII3, B kotopeix II13m << III1en / I3 < [I1Bm.
[TosToMy B paBHOAEHCTBEHHBIE ce30HHI rofa mpu I1113n << [II1Bm B yrpenHeMm / BeuepHeM cexTope 111111 Bo3HMKaeT
Manioe/0omnpinoe moromenue [TTTHIy/TIIIIR u T.0. 3ddekt YII npossasercsa. B neruuii cezon roaa npu [zm <
[IITen B yrtpenHem /BeyepHeMm cekrope [l Bo3HMKAeT MPUMEPHO paBHOE MoriomieHue u T.0. 3ddexr VII
OTCYTCTBYET WJIH MMEET MAJyl0 aMIUIUTYY.

Jluteparypa

Malandraki O.E. et al. (2002a), Solar energetic particles inside a coronal mass ejection event observed with the ACE
spacecraft, Journal of Atmospheric and Solar-Terrestrial Physics, 64: 517-525.

Malandraki O.E., Trochoutsos P. and Sarris E. (2002b), Magnetic topology of in and out of the ecliptic ICMEs:
ULYSSES/HI-SCALE and ACE/EPAM Energetic particle observations, 34th COSPAR Scientific Assembly, The
Second World Space Congress held 10-19 October 2002 in Houston USA, meeting abstract, id. 93.

Sauer H.H., Wilkinson D.C. (2008), Global mapping of ionospheric HF/VHF radio wave absorption due to solar
energetic protons, Space Weather, Ne 6, S12002.

Hpuankuit B.M., [Ipupoga aHOMaJIbHOTO MOTJIOIICHUS KOCMHYECKOTO PaJHOM3Iy4YCHHsS B HIDKHEH HOHOChepe
BbICOKMX MpoT. JI.: ['uapomereonsnar, 1974, 224 c.

Poros [I.J1., 3aanos H.1O., Mockanesa E.B., YareB B.A. (2015), MoaenupoBanue BAMSHUS TOTJIOMICHUS TTOJISIPHOM
manku Ha pacmpoctpaneHne KB pamgmoBonH B apkruueckoM pernone Poccun, C6opHuk T1pynoB XIV
KOH(EpEHIINHA MOJIOJBIX YUeHBIX «B3amMmopelcTBHe MOJeH M W3IY4YeHHs ¢ BemecTBom», r. Upkyrck, 2015, C.
184-187.

Ve B.A., Poros JI./1., ®pank-Kameneukuit A.B. (2019), Dddekr yrpenne-nneBHoit anomanuu (YA) Bo Bpems
nornomreHus tuna nosspHoi marnku (IITII) B centsiope 2017r., “Physics of Auroral Phenomena”, Proc. XLII
Annual Seminar, Apatity, pp. 194-197, 2019. ©Polar Geophysical Institute, 2019.

137



Polar
“Physics of Auroral Phenomena”, Proc. XLIII Annual Seminar, Apatity, pp. 138-141, 2020 @ Geophysical
© Polar Geophysical Institute, 2020 Institute

DOI: 10.37614/2588-0039.2020.43.034

PE3YJbTATHI HABJIIOJEHU YACTHOI'O COJTHEYHOI'O
3ATMEHMA 11 ABI'YCTA 2018 I'OJA HA CETHU TPACC
HAKJIOHHOI'O 30HANPOBAHUSA NOHOC®EPHI B
EBPOA3BUATCKOM PEIT'MTOHE

B.IL. Ypsnos!, B.W. Kypkun?, ®.W. Bei6opuos'?, A.B. Ilepmun’', O.A. lleiinep!

THUPOU HHT'Y um. H.H. Jlo6auesckozo, 2. Hudichuil Hoezeopoo, Poccus;
E-mail: vybornov@nirfi.unn.ru

UC3® COPAH, 2. Hpxymck, Poccus

S®OIBOY BO «BI'VBTy, 2. Huschuii Hoeszopoo, Poccusa

AnHoTanusl. [IpeiacraBieHbl pe3ysibTaThl HAOMIONEHUH YaCTHOrO CosHeuHoro 3atmenus 11 asrycra 2018r. na
Tpaccax HakiaoHHOro JIYM-3ompupoBanus: JloBozepo — Bacunbcypck, Hopmibeck — Bacunbscypck, Mpkyrck —
Hwxanit Hosropog u Xabaposck — Bacmibcypek mpu crenieHH NOKpHITHS JIyHOH CONHEYHOTo MUCKa B Mpeneiax
12+53% B 3aBUCHMOCTH OT OPHUCHTAMH U MPOTSHKEHHOCTH Tpacchl. [Ioka3aHo, 4TO Ha BceX Tpaccax B MHTEpBase
3aTMeHMsI HaOmoqancs 3pQeKT yMeHbIICHHS MakcuMabHOU Habmogaemoit yactotel (MHY) Ha 8-10% mns F-cimos
noHocdeps! u yBenuueHne Ha 15% mns Es-cmos Ha Tpacce JloBozepo — Bacmimbecypek. Bo Bpemst comneuHoro
3aTMeHus Ha Tpaccax JloBozepo — Bacumbecypek m Hopuibek — Bacunbeypcek HaOmroanuch KBa3UIEPHOIMIECKHE
Bapuarun MHY Es u MHY 1 F ¢ nepuonamu ~ 30 u 50 MHHYT COOTBETCTBEHHO.

BBeaenne. Bo Bpemst CONMHEYHOrO 3aTMEHUS Ha MYTH JBHXKCHHUs TYHHOH TeHH B atMoc(epe 3eMili aKTHUBHOCTh
(OTOXMMHUYECKHX peaKkUWi CHUIKACTCs MOYTH J0 yPOBHS HOYHOM HOHOC(EpHI, a 3aTeM CpPaBHUTENBHO OBICTPO
BO3BpAIACTCsl K YCIOBUSM JHEBHOWH HOoHOChepbl. MoHOC(epHBIH OTKIMK Ha COJHEYHOE 3aTMCHHE OOBIYHO
NPOSIBISIETCST B yMEHBLICGHHH OOIIETO COJCp)KaHHS OJJIEKTPOHOB, B TOM 4YHCIE B NaJCHUH SJICKTPOHHOU
KOHILEHTPAIlMM B OKPECTHOCTH MAaKCHMyMa F-ciios W yBenuMueHHH 3(GQEKTUBHBIX BBICOT OTPaKCHHUS, UTO
XapaKTepHO Ul YCJIOBHH HOYHOW moHOcdepbl. KpoMe Toro, cBepX3ByKkOBOE ABMIKEHHE JIyHHOH TEHM HapyIIaeT
TEIUTOBOM OalaHC aTMOC(Eephl M MOXKET SBIATHCS HCTOYHHKOM aKyCTHKO-TPaBHTAIIMOHHBIX BomH (AI'B) [1].
CoriacHO MHOTOYHCIIEHHBIM HcclenoBaHuaIM, AI'B, MHUITMMPOBAaHHBIC COTHEUHBIM 3aTMEHHEM, UMEIOT MEPHOAbI B
uaTepBate ot 20 g0 60 munHyT [2-4].

3HAYUTEIbHBIM HHTEPEC MPEICTABIAIOT MCCIEeOBAHNS BIMSHUSA COJHEYHOTO 3aTMEHHUS Ha CIOPaJNYecKHUil CIIOH
Es. Tak, B psne pabot cooOmaeTrcss 00 yMEHBIIEHHH HaOI0OAaeMBIX 3HAYEHHH KPUTHYECKHX 4acToT ciios Es BO
BpEMsi COJIHEUHOT'0 3aTMeHus [5, 6]. B To jke BpeMs B HEKOTOPBIX HCCIEIOBaHUAX ObLIO 3a()MKCHPOBAHO YCHJICHHUE
noHM3aIMKu ES BO BpeMs COJHEYHOTO 3aTMeHus [7, 8]. BciencTBue NOBOJNBHO PEIKOTO COYETAaHHS COJHEYHOIO
3aTMEHHs W ES JaHHBIX O BIMSHUM COJHEYHOTO 3aTMEHMS Ha mapamerpbl Es HemHoro. Ilostomy Takme
HCCIIEI0BaHNs, HECOMHEHHO, SIBIISIIOTCS aKTyaJIbHBIMU.

B nmoxmazme mpencraBieHbl MpeBAPHUTENBHBIE PE3yJIbTAThl MCCIENOBAHHS BIMSHHUS COJHEYHOTO 3aTMeHus 11
aBrycta 2018 r. Ha xapakrepuctrkun KB-cHTHaIOB TO JaHHBIM HAaKIOHHOTO 30HIWUPOBaHHA HOHOc(hephl Ha
MPOTSHKEHHBIX PaJuoIMHUAX B EBpoa3naTckoM permoHe.

PesyabTrarsl 3KcnepuMeHnTa. Okcrepument mnpoommwiacs 10 — 12 asrycra 2018 r. Kapra mokpbITust
MTOBEPXHOCTH 3eMIIN JIYHHOH TEHBIO BO BpeMst yacTHOTO conmHeyHoro 3atMenns (C3) 11 asrycra 2018 r. moctynHa B
[9]. KonTponbHsle HabmroaeHus npooawtnck Hamu 10 u 12 aBrycra. Ha teppuropun Poccum Hambomnbmas ¢asza
MOKPBITHSL TPUXOAMIACh HAa CEBEPO-BOCTOYHbIE paloHbl. /[l wu3ydyeHHs OTKIMKa HWoHocdepsl Ha C3
OCYILECTBIILIOCh HakiIoHHOe JIUM 30HAMpOBaHHE Ha Tpaccax pa3IMYHON NPOTSXKEHHOCTH M opHeHTanuu. llpu
30HAUPOBAaHMM HCHONb30Banuch JIYM-nepenaTuuky, pacHnolIOXKEHHblE B CIEAYIOIMX myHKTax: JloBosepo
Mypmanckorr 061, (68°N; 35,02°E), Hopunbsck (69,36°N; 88,36°E), Upkyrck (51,8°N; 104°E) m XabapoBck
(47,5°N; 13,5°E). Ilpuem JTUM curnanos ocymiecTBisiiicst B Bacubcypcke Huwkeropoackoit 061, (56,1°N; 46,1°E)
n Hmwxuaem Hosropone (56,1°N; 44,1°E). 'eomaranTHas o0CcTaHOBKA ObUIA CIIOKOWHOW ¢ MArHUTHBIM HHIEKCOM
Ky~ 2-3.

B tabnuue 1 npuBeneHsl mapameTpsl 3aTMEHHUS ISl CPETHUX Todek Tpacc aist BeIcOThl 200 kM B noHocdepe (st
Tpaccel JloBozepo — Bacunbeypck nepBoe 3HaueHue cooTBeTcTBYeT Bbicote 110 kM anst cios Es). st Tpacchl
XabapoBck — BacuibCypck XapaKTEpUCTHKHM JaHbI IS CPEeIHUX TO4eK 1-ro m 2 ckaukoB. M3 Tabmuipsl 1 MOKHO
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BUJIETh, YTO BO BpEMs HaOIIIOJCHHS COJHEYHOTO 3aTMEHUS CTENEHb IOKpPHITUS JIyHOW COJNHEYHOro amcka
HaxXOoJWJach B mpeaenax ~12+53% B 3aBUCHMOCTH OT OPHEHTAIMN U IPOTSHKEHHOCTH TPACCHI.

D¢ deKT conHeyHOro 3aTMEHUs MPOSBUIICS, B NEPBYIO O4Yepellb, B YMEHBIICHHH MaKCHMAaJIbHOM HalironaeMoin
yactoTel (MHY) npu otpaxkeHnn ot F-ciiost HOHOChEps! Ha Tpaccax HakjaoHHOro JIUYM 30HAMpOBaHUS pa3nUYHOI
MPOTSKEHHOCTH.

Bpemennsie 3aBucumoctdt MHY aiist pasnuyHbIX Tpacc U MOJ, pacnpoCTpaHEHUs B JeHb 3aTMeHus 11 aBrycra
2018 r. u B xoHTposbHBIe AHA 10 1 12 aBrycra 2018 r. moka3aHbl Ha pUCYHKaX l-5 COOTBETCTBEHHO KPacCHBIM H
CHHHUM IIBeTaMu. MIHTepBan 3aTMEHHA Ul CPEIHUX TOYEK Tpacc 30HAUpoBaHMA 1 BeIcoTsl 200 kM (Ha pucyHke 1
Ut BEICOTHI 110 KM) BBIIENICH BETHBIM IpsSMOYTOJNEHUKOM. Ha pucyHke 4 nHTEpBasl 3aTMEHHS IS CPEIHUX TOUEK
lI-ro ¥ 2-r0 CKaykoB OTMEUYCH NPSMOYTOJIFHUKAMH 3€JICHOIO M CHHETO IBETOB COOTBETCTBEHHO. CoriacHo
MOJTyYEHHBIM IaHHBIM Ha BCEX Tpaccax B MHTEpPBaJEC 3aTMCHUS HAONIOAANCS MOBONBHO YETKUH 3¢dext
ymenbiienuss MHY npu pacnpoctpanenun uepe3 F-cnoit Ha 8-10%, a taxke ysemmuenne MHY Es Ha Tpacce
JloBozepo — Bacunbcypck Ha 15%.

Taﬁ.lmua 1. HapaMeTpLI COJIHCYHOI'O 3aTMCHUSA AJId CPCAHUX TOYCK TPaCC AJIs1 BBICOTBI 200 kM B I/IOHOC(l)epe.

Tpacca [JnuHa, Koopaunatst Bpewms Bpewms Bpewms CreneHs
KM cpenHel TOUKH Hayana MaKCHUM. OKOHYAHUS MOKpHITUSA Yo
uT dazer UT uT
JloBozepo — | 1440 62°9"25"N 08:53:49 09:36:10 10:18:11 11.8
Bacunscypck 41°38'36"E 08:51:45 09:35:54 10:19:41 13.4
Hopuibck - | 2532 64°14'10"N 09:01:38 09:53:21 10:43:37 27.9
Bacunbcypck 62°14'58"E
Hpkytck — | 3709 57°29'44"N 09:25:04 10:15:27 11:03:32 26.8
Hxuuii 76°41'3"E
Hogropon
XabapoBck  — | 5733 1-bIif cCKa4OK 09:38:22 10:27:51 11:15:00 53.1
Bacunscypck 55°31'38'"N
118°12'45"E
2-0i1 CKa4uoK 09:13:28 10:04:29 10:53:35 26.5
60°41'13"N
69°13'33"E

MHY E(Es), MI'ry

1N
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13

Pucynoxk 1. 3aBucumocts MHY E/Es nns tpaccel JloBo3zepo — Bacunmbscypcek:
11 asrycra 2018 . (kpacHBIM) M cpeaHee UIsi KOHTPOJBHBIX faHed 10 u 12
aBrycra 2018 r. (cuHUM).
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B.I1. Ypsaoos u op.

[IpemmoskeHsl pazTUYHBIE MEXaHM3MBI YCHICHHS FES BO BpeMs COJHEYHOTO 3aTMEHHS. Tak, yBeIMYeHHE
KOHIICHTPAIIMH 3JIEKTPOHOB, COMPOBOXKAAIONIEE TPABUTAIIMOHHBIE BOJNHBI B cioe ES, MOXET OBITh CBSI3aHO C
HaOJF0TaeMBIMU TpaBUTAIIMOHHBIMY BoJHamu. CornacHo [10] B3auMo/ieiicTBHE MPAaBUTAIIMOHHON BOJIHBI CO CIIOEM
Es mpuBOIUT K OYEHb CWJIBHOMY TOPU30HTAIBHOMY TepepaclnpeAesieHUI0 MIOTHOCTH HOHOB, U 3TOT MEXaHU3M
MOJKET OBITh OTBETCTBCHCH 3a MOBHIIICHUE TUIOTHOCTH MOHOB. Kpome TOoro, yBelnwuyceHHe KOHIICHTpANUU Cios Es
MOXET MPOUCXOJUTH 3a CUET BETPOBOTO CJBHUTa, CO3JaBAaE€MOr0 TpaJUE€HTaAMHU TeMIepaTyphbl MpPHU MPOXOKICHUU
JMyHHOU TeHu B atMocdepe 3emin [8].

MHY 17, MI'n
17.5

16,5 f\\
15,5

W L\\J

8:00 9:00 10:00 11:00 12:00 13:00UT

Pucynoxk 2. 3aBucumocts MHY F> mns tpacesl Hopuibsek — Bacunseypek: 11 aBrycra 2018 1.
(kpacHBIM) U cpefHee s KOHTpoabHBIX AHel 10 u 12 aBrycrta 2018 r. (cunNM).

MHY /F,, MI'g

12,5

11,5

10,5

9.5

8.5
8:00 9:00 10:00 11:00 12:00 13:00UT

Pucynoxk 3. 3aBucumocts MHY F» qnsa tpaccsl JloBozepo — Bacuibeypek: 11 aBrycrta 2018 r.
(kpacHBIM) U cpegHee It KOHTpoIbHBIX AHel 10 u 12 aBrycra 2018 r. (cunmM).

Pe3ynbraThl HaKJIOHHOTO 30HIMPOBAHMS HCIIOJIBb30BAIUCH Ul OOHAPYKEHHs aKyCTHKO-TPABUTALMOHHBIX BOJIH
(AI'B) n ux nonocdeproro orkiuka B Buze [I1B, renepupyeMbIx Ha BBICOTax 030HOBOT'O CJIOSl B cTparochepe npu
JBIDKCHUM JIYHHOM TeHHM B arMmocdepe 3eMim BO BpeMsl COJHEYHOro 3arMeHus. Hambonee sipkuit s¢ddext
nposiBnenus AI'B B Bune kBasunepuoandeckux sapuanuit MHY Es u MHY 1F Bo BpeMsi COJIHEUHOTO 3aTMEHUS C
nepuogamu ~30 u 50 muHYT OBUT 3aMeTeH Ha Tpaccax JloBozepo — Bacumbcypck m Hopuibck — Bacmbeypek
COOTBETCTBEHHO (CM. pUCYHKH 1 1 2).

BriBoabl. [peacraBineHbl pe3yibTaThl HCCICIOBAHKS BIMSHHS YaCTHOTO COIHEYHOTO 3aTMenust 11 aBrycra 2018 r.
Ha xapakrepuctuku KB-curHanoB Ha Tpaccax HakioHHOro JIUM-3onnupoBanus: JloBozepo — Bacunbcypcek,
Hopunsck — Bacunscypek, Upkyrck — Hiokanit HoBropox n XabapoBck — Bacuibecypek mpH CTETIEHH TOKPBITHA
JlyHoli coHeYHOTO IUCKa B mpenenax 12+53% B 3aBHCHMOCTH OT OPHEHTALNHU U IPOTSKEHHOCTH TPACCHI.

ITokazaHo, uTO Ha Bcex Tpaccax B MHTepBaje 3arMeHMs HaOmonancs s¢dexr ymenpmenus MHY npu
pacnpocTtpaHeHuu uepes F-cioit Ha 8-10% u yBenuuenue MHY Es Ha Tpacce JloBo3epo — Bacunbscypck Ha 15%.

Bo Bpemst costHeuHOTO 3aTMEHUS Ha Tpaccax JloBoszepo — Bacuiscypek 1 Hopuibek — Bacuibeypcek Haburo 1amich
kBasunepuonndeckue Bapuanuu MHY Es mw MHY 1F c¢ nepuomamu ~30 u 50 MUHYT, COOTBETCTBEHHO,
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oOycnoBnennsle reHepauueid AI'B u ux nonocepHoro orkinka B Buae [IMB npu aBmkeHHM JTyHHOW TEHU B
atMochepe 3emin.

B 3akiroueHue 3aMeTHM, 4TO Juisl O0Jiee MOJHOTO M3YYEHHs BJIMSHHS COJHEYHOTO 3aTMEHHUS Ha CIIOpaJUyecKui
cioit Es B yCIOBUSX KOHTPOJIMPYEMOTO BO3ACHCTBHS ABIDKYIIECHCS TyHHOH TeHH Ha aTMOocdepy 3eMi HE0OX0TUMO
MIPOJIOJDKEHNE UCCIIEIOBAHUH C UCTIOIb30BaHUEM PA3IMYHBIX CPEICTB M METOI0B HAOIIOACHHH.

MHY F>, MI'n MHUY £, MI'n
19 4 . v v 20 _ . Y
Y - : . 110-08-2018 : ; ©12-08-2018
18 4
17 +-
16 "\
5 © 5 iy 11-08-2018 11-08-2018
[ T S , ,,,,,,, 4 ,,,,,,,,,,,, Fenenenae :
18
17 4 ........ ............ ..........
16 : : : 14 : ; : :

8:00 10:00 1200 UT 8:00 10:00 1200 UT
Pucynox 4. 3aBucumocte MHY F, ams Tpacchl Pucynox 5. 3aBucumocts MHY F> mis Tpaccel
Xabaposck — Bacuibeypek: 11.08.2018 r. (HmkHUMIT) Wpkyrck — Hwmwxnuit Hosropox: 11.08.2018 .
1 10.08.2018 r. (BepxHHUIt) — KOHTPOJIBHBIN IEHB. (mmxEmi) w 12.08.2018 r. (BepxHHil) -

KOHTPOJIbHBIH JIEHb.

bnazooapnocmu. PaGora ®.U. Beiboprosa u A.B. TlepiurHa BbiloJHEHA PpY GUHAHCOBOM Hoepikke PODOU,
mpoekT Ne 19-02-00343. Pabota O.A. llleitHep BHIMONHEHAa B paMKax 0a30BOi gacTd ['ocymapcTBEHHOTO 3a/aHMUS,
npoekt 0729-2020-0057.
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O POJIN COJTHEYHBIX KOPOHAJIBHbBIX BBIBPOCOB MACChHI
N BBICOKOCKOPOCTHBIX ITOTOKOB COJIHEYHOI'O BETPA
B IUHAMMUKE XAPAKTEPUCTUK HOHOC®EPBI

O.A. Uleiinep, @.U. BeibopHoB

HUPOU HHI'Y um. H.U.Jlobauesckoeo, 2. Huxcnuii Hoseopoo, Poccus
E-mails: rfj@nirfi.unn.ru, vybornov@nirfi.unn.ru

AnHoTauus. [IpeacTaBieHsl pe3yabTaThl HCCIACAOBAHUM BIMSHHS COMHEYHBIX SIBJICHUH, TAKMX KaK KOPOHAIBHBIC
BbIOpockl Maccel (CME) W BBICOKOCKOPOCTHBIE TOTOKH COJHEYHOTO BETpa, Ha XapaKTePUCTUKH HOHOC(HEpHI.
PaccMorpen Habop mapaMeTpoB KOCMHYECKOW MOrojsl (THI W CKOPOCTh KOPOHAJBbHBIX BHIOPOCOB MacChl, MOTOK
PEHTT€HOBCKHX JIy4eH, CKOPOCTh BBICOKOCKOPOCTHOTO COJIHEYHOTO BETpa), KOTOPBIH IO3BOJIMII BBISBUTH
JOMHUHHUPYIOIIHEC (I)I/I3I/I‘-ICCKI/IC CBA3U MCKIY [[I/IHZlMHKOf/i I/IOHOC(I)Cpr 1 OTUMU ABYMS COJIHCUHBIMU SABJICHUSAMU. B
HCCIICAOBAaHUHN HUCIIOJB3YIOTCA JAaHHBIC BEPTUKAJIBHOI'O U HAKJIOHHOI'O 30HAUPOBAHUA I/IOHOC(i)epI)I, IMOJIYYCHHBIC BO
BpeMsl HECKONBKHMX COJHEUHBIX COOBITHH, mpomsomeamux B 24 coxHeuHoMm 1ukie. [lokazano, CME u
BBICOKOCKOPOCTHBIC COJIHCUHBIC ITOTOKU ABJISAIOTCSA FJ'IO6aJ'H)HLIMI/I CO6I)ITI/I}IMI/I COJIHCUHOM AKTUBHOCTH, BJIUAOIIUMHU
Ha ITapaMeTpBl, HCTIONIb3yEMBbIE JUIS XapaKTePUCTHKH HOHOC(EPBHI.

BBenenue. CopoxynHocts siBieHunit Ha COJHIIE, B KOCMAYECKOM MPOCTPAHCTBE M MEKIUIAHETHOM Cpejie OKa3bIBaeT
BO3CHCTBHE Ha IPOIECCHl B OKOJO3EMHOM KOCMHUYECKOM INpPOCTpaHCTBE. IIepBUYHBIM MCTOUYHHMKOM BO3MYLICHHUH
SBIIIIOTCS] BapUallMK COJHEYHOTO M3Jy4YEeHHUs, a IEePEeHOC BO3MYIICHUH OCYLIECTBIACTCS BOJIHAMH M YaCTHIAaMU B
MEXIUIAaHeTHOU cpezne, MarHutocepe u noHochepe 3emiu. CIOKHOCTh MOCTPOCHHS MAaTEeMaTHYECKOH MOJENH,
OIMCHIBAONIEH! BCIO CHCTEMY, BKIIOYAIONIYI0 B ceOs LEMOUYKy IJIa3MEHHBIX oOiacTed (ConHewHas artMocdepa H
MEXIUIaHeTHas! cpena), Ie JOMUHUPYIOT pa3Hble (U3MYECKUE IPOLECCHl, TPaHUYHbIC U Ha4yalbHbIC YCIOBUS UL
KOTOPBIX B HACTOSINEe BpeMs eIle He N0 KOHIAa M3y4YeHBl, IPUBOIUT K NPUMEHEHHUIO YNPOILICHHOIo IOAX0]a,
OIMCHIBAIOIIETO BMECTO JJMHAMHKU BCEH COBOKYITHOCTH (PM3MUECKHX IAapPaMETPOB MOCIEAOBATEILHOCTD OTAEIBHBIX
TIOBTOPSIIOIINXCS SIBJICHUH, TPOSBISIOMINXCS B XapakTepHOM HAa0Ope 3THX IapaMeTpoB, YTO B psAe CiIydaeB
MO3BOJISIET BBIABISITH JIOMHHUPYIOIINE (U3MUYECKHE CBSI3M M CTPOUTH IIPOTHOCTHYECKUE CXEMBI UIS CHCTEMBI
«CoJtHIIE — COTHEYHBII BETep — reoMarHuTocdepar.

C KOHHIA MpPONIUIOr0 BEeKa NPOBOIMINCH HCCIEIOBAHUS MO ONpeNeNeHn0 Treo3()(EeKTHBHOCTH Pa3IMIHBIX
(u3ndeckux sSBJIeHUH, Bo3HHUKaOMMX Ha CONHIE, TAKMX KaK MHTEHCHBHBIC COJTHEUHBIE BCITBIIIKH, KOPOHAJIbHBIE
BBIOPOCBI MacChl U BBICOKOCKOPOCTHBIE IIOTOKM COJHEYHOrO BeTpa. B  OONBHIMHCTBE Cly4aeB 4YETKO
MPOCIIC)KUBACTCS CBA3b MEXKIY BapUalMsIM{ JaHHBIX O COJHEYHOM H3JIyUYEHHH, H3MEPEHHbIX C IOMOIIBIO
HCKYCCTBEHHBIX CITyTHUKOB, M ITapaMeTpaMH, OTHOCSAIIMMUCS K BEPXHUM CIIOSIM aTMOC(ephl 3eMITH.

OnyOnukoBaH psifg pabOT, B KOTOPBIX PAacCMaTpUBACTCS BIUSHAE HMHTEHCHBHBIX COJIHEYHBIX BCIBINIEK Ha
HMOHHU3AIMI0 BepxHEW aTtmocdepsbl, a Taike MOATBEPXKIEHA CBSI3b MEXKIY IOBEICHHEM KPHUTHYECKOM YacTOTHI
noHoceps! fiF2 u comneunsiMu BcmbimkamMu [1]. B psme pa®oT mpeacTaBieHBI pe3yNbTaThl, OTHOCAIINECS K
aHanmu3y KocBeHHOro Bo3aelicTBuss CME Ha moHOochepy [2]. Onrako moTeHIMansHeie koppemanun Mexay CME u
rapaMeTpaMy BBICOKOCKOPOCTHOT'O ITOTOKA COJTHEYHOT'O BETPA, a TAKXKE PEAKIUs HOHOC(HEPHBIX XapaKTEPUCTUK Ha
9TH SIBJICHUSI, HE pacCMaTPHUBAIUCE.

B nanHHO#M paboTe mpencTaBIeHBl PE3YNbTATHl HCCIENOBaHMS BIMSHHSA KOPOHAIBHBIX BBIOPOCOB MacChl U
BBICOKOCKOPOCTHBIX IIOTOKOB COJIHEYHOTO BETpa Ha XapaKTEPUCTUKU HOHOC(HEPHI.

Hcnonn3yemble maHHble. CaMmbiii TPOCTOM ¥ paclOpOCTPaHEHHBIH METOA W3ydeHHs HOHOChepsl —
JTUCTAHIIMOHHOE 30HIUPOBAaHHWE €€ CepHel KOPOTKOBOJHOBBIX HMITYJBCOB. TOrga TpH BEPTHUKAIEHOM
30HJUPOBAaHUN HOHOC(EpPHl camas BBICOKash yacToTa OTpakeHMsi ciosi F2, kpurnmueckas yacrora foF2, moxer
CILy>KUTh HHAMKATOPOM YPOBHSI HOHU3UPOBAHHBIX YACTHII.

Jpyrum Ha3eMHBIM METOJOM M3MEpPEHHs TapaMeTPOB HOHOC(HEPHOH IIIa3MBbl SBIISIETCSI HAKIIOHHOE 30HJUPOBaHNE
MOHOC(EPB — METOJ], KOTOPBIH IPEIOCTABISIET B PEalbHOM BPEMEHH JaHHbBIE O BBICOKOYAaCTOTHOM HOHOC(EpPHOM
pacnpocTpaHeHuu paguoBosiH. [TocKonbBKYy pacnpocTpaHEHHE pajMOCHUrHAIa MPOUCXOAMUT HE MO BEPTUKANH, a MO
MOBEPXHOCTU Ha HAKJIOHHBIX Tpaccax, 3TO pacIIUpseT JUana3oH UCHOIb3yEeMBIX YacTOT. MakcuManbHas 4acToTa,
KOTOpas BCE eIe MOXXET OTpakaTbcd OT HOHOC(EpH Ha 33JaHHOW BBICOTE OTPAKEHHS, MaKCHMaJbHAas
HabJroaemMas 9acToTa JUIs TPAaeKTOPUI HaKIOHHOTO 30HAnpoBaHus (MHUY) onpenensercs KpUTHIECKON 4acTOTOM
nonocdeproro cnos F2 B Touke otpaxkeHus (foF2) u reomeTpuent Tpaccol.
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JlaHHBIE KPUTHUECKON 9acTOTH HoHOChepHOTO cinost F2 (foF2, B MI') ObLIM MOTy4YeHBI B pe3yJIbTaTe MPOBEACHUS
PETYIAPHBIX  JKCIEPHMEHTOB 10  BEPTUKAIBHOMY 30HAMPOBAHMIO HOHOCHEpPH B  HOHOCHEPHOH U
panuoactpoHomudeckoii obcepBatopusix HUP®UW BOoam3u Hmwxuaero HoBroposa B mepuospl BHICOKOH M HH3KOM
coiHeuHOW akTMBHOCTH: 3uMeHku (1980, 1985 u 1988), Bacumscypck (2013-2017). Ha nomurone HUPOU
Bacunbcypck yCTaHOBIICH YCOBEpIICHCTBOBaHHBIN IudpoBor mono3oHn (CADI) (www.sil.sk.ca), a pabouas
nporpamMma peryIsipHbIX HaOJIIOJEHUH MO3BOJIMJIA TOJNy4YaTh HMOHOTPAMMBI HE PEXe OJHOro pa3a B 15 MuH.
BeixogHas MomrHocTh MOHO30HAa cocraBimsuia 600 BT, oH paboTan B pexuMe HMIYJIbCHOIO KOJAMPOBAHHUS C
ucronp3oBaHueM 13-6utHoro xona bapkepa ¢ ycpeaHeHHeM Mo 4 NPHUHATHIM UMITyJIbcaM. Takoi pexuM paboThl
MOHO30H/a TO3BOJISET MOJIy4aTh Ka4eCTBEHHbIE HOHOTPAMMBI )K€ B YCIOBHUSX CHIBHOTO MOTJIOLICHUS PaJHOBOIH
B noHocepe. TOYHOCTH ompeneeHus KpUTHIECKON 9acTOTH — MeHee 50 kI .

JanHple MakcuMmanpHONH HabOmromaemodt wdactotsl (MHY) pans  Tpaekrtopuit HAKIIOHHOTO 30HAMPOBAHUS
ONPEIEIIIUCh C MOMOIIBI0 HOHO30HAa-neneHraropa ¢ JIUM curnanom Ha Tpacce JIUM 3onaupoBanus Kump —
Hwxanit HoBropoa. B atom skcniepumente O6butn ucrons3oBansl JIYM mepenaTdauky, pacronokeHHble Ha Kumnpe
(34.96°N, 34.08°E). [lepenarunk ra Kumpe paboTan B ceBepHOM HAaIlpaBIICHHH C IMUPUHON JIyda aHTEHHBI ~ 60°.
30HIMpOBaHUE MPOBOAWIOCH B quana3oHe yactorT 8—30 MI'm, ckopocts usmenenus yactotsl 100 kI'm/c, mepuon
3oHAupoBanusd 5 MuH. JIUM curnan nomyuen B Hmknem Hosropozme (56.1°N, 44.1°E) (monmHoe ommcaHue
JKCIIepUMeHTa ¢ ucnonb3oBanueM JIUM cranuuit npuseneHo B [3]). MoHO30H-TIENIEHTaTOp U3MEPSIET KIIOUEBHIE
XapaKTEepPUCTUKU MOHOC(EPHOTO KaHaJla OJIHOBPEMEHHO B PEXXHUME PeajlbHOTO BPEMEHH BO BCEM JAMAlla30HE 4acTOT
nepenaun KB pagnocuruaigoB Bo Bcex peKMMax paclpoCTpaHeHHUS.

Meton anaau3a. V3ydyeHre BIUSHES COJHCYHON aKTHBHOCTH Ha COCTOSIHIE HOHOC(HEPBI MOXKHO YIPOCTHTb, SCITH
NPOAHAIN3UPOBATh XapaKTEPHbIC OTKIOHCHUS B IOBEICHUHM PETYISIPHOH HMOHOTPaMMBI B TEUYCHHE HECKOJBKUX
COJIHEYHBIX LUKJIOB. [IOCKONBKY OTKJIOHEHHE OT OOBIYHBIX 3HAYCHMIl NapaMeTpoOB COCTABISCT HPOLEHT OT
perucTpupyeMbIX 3HaUeHHH, TpeOyeTcsl pa3paboTKa TOYHBIX METOJOB U3MEPEHUs U aHajiu3a. B [4] Obu1 pazpaboTan
METOJl MCCIIeIOBaHMsI BO3MYIICHUII B HOHOC(EpEe MO JaHHBIM BEPTHKAIBHOIO 30HIUPOBAHHS, OCHOBAaHHBI Ha
OTKJIOHEHUH KPUTHYECKOH YacTOTH HoHOc(hepHOTO cinost F2 (AfF2).

Jlnst BBISICHEHHMSI CBSI3M MEXAY XapaKTepUCTHKaMH HOHOC(EpHBIX BO3MYILEHHH M MapameTpamMH KOpPOHAIbHBIX
BBIOPOCOB MacChl U BBICOKOCKOPOCTHBIX IOTOKOB COJHEYHOI'O BeTpa OyIeT HCIOJIb30BaH HMOHOCHEPHBINH WHIEKC,
OCHOBaHHBIH Ha OTKJIOHEHHH TIEPBOTO MOPSIKA, PACCYUTAHHBIN 110 hopMyIie:

AOF2 o = JoF 2 = foF2; (M

rre foF2; — u3amMepeHHoe 3HaueHue foF2, j — HoMep Touku B TeueHue qHs, kK — HoMep JIHs B Mecsle, N — 9UciIo THEeH B
MecsIe, CpeTHEMECSITHOE 3HaUeHHE KPUTHIECKONW YacTOTHI

N
JoF2, =Y foF2, [N . )
k=1

Amnanorn4so paccuntbiBaetci AMHUY — neBuarus MakcumansHON Habmromaemoi wactotel (MHUY), momyueHHOM
BO BpEMs HAKJIOHHOTO 30HANPOBaHUSI.

IIposiBaenue reoddgdexrusHoctu CME B noHocdepe. OTkioHeHHE KPUTHIECKOH YaCTOTHI HOHOCHEPHOTO
cnost F2 (AfoF2) cpaBHuBanocs ¢ mHpOpMAaIeidr 0 perucTpanuid KOPOHAIBHBIX BEIOPOCOB Macchl 1mo Karamoram
Solar Maximum Mission (SMM) u kopounorpapa LASCO/C2 B mepeKphIBarOIIHEcs MEPUOIbI HAOIIOICHUN
(https://www2.hao.ucar.edu/mlso/solar-maximum-mission/smm-cme-catalog v hitps.//cdaw.gsfc.nasa.gov/CME_list/).

AfOF2, April 1980 OueH}(a IOBEICHUS
) OTKJIOHEHUS KPUTHYECKON
2 yacToThl cos F2 mokasbIBaerT,
2 410 0oOHapyXHBaeTcs

OTPULIATETIEHOE  OTKJIOHEHHE
KPUTHYECKON YacTOThl IOCJE
coowrtrit CME (cm. puc. 1).

Ha pucynke la Mbl Buaum
OTKIMK  HWOHOC(epsl  Ha
MOSIBJICHHE KOPOHAIbHOTO

. - o BbIOpoca  (puc. 10) -
1.3 5 7 91 13;\;1;119 21 23 25 27 28 31 ‘S+(F+K]'V ; BPEMEHHYIO 3aBHCHMOCTS,

KOTOpasi MO3BOJIAET OLIEHUTH

a) 0)  Bpems mpHX01a BO3MYILEHHIA.

3mece  cuHEH — IMHUEH
OTMEYEHO XapaKTepHOe
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Bpems nposiBiernst CME B xapakTeprcTiKe HOHOC(EPBI — KpUTHIECKOH yacToTe ciost F2.
IMoxpoOueIi aHanu3 BpeMeHHOTO moBeneHus AfoF2 ykaseiBaer Ha To, uto mocie Hadara CME (Loop/Cavity)

TIPOCIICKUBACTCS MPOJOJDKUTENBHOE CHIDKCHNE 3HaUeHU AfoF2 (puc. 2) m HUKaKuX M3MEHEHHH He HaOmomaeTcs
nocJie 0OHapyXeHUs! JPYTHX TUIIOB BEIOpOcoB (puc. 3).

AfOF2, Qctober 1988

AfOF2, January 1985

37 Crpenka rnoxassisaeT MOMEHT
peructpauymnn CME Ha SMM

value, MHz
Value, MHz

2

2 CME tuna netnsa

-3 T
10 11 12 13 14 15 16 17 18 19 20
days

CME gpyrux tunos

12 13 1" 15
days, UT
PucyHnoxk 2. Pucynoxk 3.

OOHapyxeHHbIH 3(dekT ObUT TOATBEPKICH HAOIMIONCHHUSAMH B TEYEHHE TEKYLIEro COJHEYHOro IMKJIAa C
HCIIOJIb30BAaHUEM JTAHHBIX KPUTHUCCKOW YacTOTHI foF2, ompeneneHHbIX U3 OTHOPOIHBIX HOHOTPAMM, MOJIYYCHHBIX C
MOMOIIBI0 coBpeMeHHoro nugpoBoro nornozouna CADI u qaraeix LASCO/C2 (2013-2017) (SOHO LASCO CME
CATALOG) (puc. 4-5).
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Pucynok 4. PucyHok 5.

OueBUIHO, YTO OCHOBHBbIMH napamerpamu 3¢ ¢exrnBHocTH CME nosmkHbl ObiTh mupuna yriia CME B MoMmeHT
orpsiea CME ot Conniia (kak GpakTop pacnpocTpaHeHus K opoure 3emin), macca (m) u ckopocths (V). B pabdote [5]
MOKa3aHo, YTO BeJIu4YMHa MOHOChEpHBIX Bo3myleHui (AfF2) 3aBucut ot BennumHbl ckopoctu CME: ammuryna
OTKJIOHEHUsI Majla Kak JJisi o4eHb BbIcokoil (V> 800 km/c), Tak u s Huskou (¥ < 100 xm/c) ckopoctu CME,
HanOOIBIINE aMIUTUTY Bl OTKIIOHeHUsI Habmomarotes 1t CME co ckopoctsamu ot 100 1o 700 xm/c.

IIposiBiienne reod(ppeKTHBHOCTH BEICOKOCKOPOCTHBIX IOTOKOB COJIHEYHOI'0 BeTPa B HOHOC(epe
Oco0BIif HHTEpeC MPEICTaBIsIeT aHAIN3 PEaKINH MOHOC(EpHl Ha BBHICOKOCKOPOCTHBIE MOTOKHM COJTHEYHOTO BETpPa
(HSS), mockonmbKy ecTh CBeIeHHUsS, 4TO HOHOChepHble Oypu, cBs3aHHble ¢ HSS, comocraBuMbl W HWHOTIA
npeBocxoaiaT 0ypH, cBsazanHble ¢ CME.

Amnanu3 oTkiIoHeHHH 49acToThl foF2 m MHY u XapakTepuCTHK CONHEYHOH aKTHBHOCTH, 3aperHCTPHUPOBAHHBIX B
nepexneit Touke juoparun (L1), roe pacrmonoxen cyTHHK ACE, MOXXET BBIABHTH HaNIW4HME KOPPEIALUI MEXIY
napamMeTpaMH BEICOKOCKOPOCTHBIX IIOTOKOB COJIHEYHOTO BETpPa, HAIIPUMEP, CKOPOCTHIO, U OTKITMKOM HOHOC(EPHI.

Ha pucyake 6 mpuBeaeHB IapaMeTphl OKOJIO3€MHOTO KOCMHYECKOTO TIPOCTPAHCTBA, W3MEPEHHBIE Ha
reoctanioHapHbIX cryTHHKax GOES (IOTOK PEHTreHOBCKHMX JIydel, IOTOK MHPOTOHOB), JAaHHBIE O CKOPOCTH
NPOTOHOB coiHe4HOro Betpa co crmyrHHka ACE RTSW n naHHbIEe Hak/IOHHOTO 30HAMPOBaHMS HOHOC(EPHl Ha
tpacce Kump—Hwxauit HoBropoa 3a Hos6ps 2016 r. OO6braHO cpaBHeHWe moBeAcHuss AMHY ¢ uzMepeHHBIMU
napaMeTpaMu okosio3eMHoro npoctpanctsa (Proton Flux, X-ray), mokassiBaeT XOpOIIyI0 B3aUMHYIO KOPPEJISIHIO B
OonpmMHCTBE ciiydaeB. Ho WHOT/a MOXKHO YBHWAETh, 4TO HM3MeHEHHS B moBeleHuH AMHY mumbs yacTudHO
KOPpEIUPYIOT C MOBEICHHEM XapaKTePUCTUK OKOJIO3EMHOI0 KOCMHUYECKOTO IPOCTPAHCTBA, U3MEPEHHBIMH Ha
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cinytHukax GOES (cwm. puc. 6). CoBmectHsiii anann3 AMHY ¢ qaHHBIME O CKOPOCTH MPOTOHOB COJTHEYHOTO BETPa
co cnyrHuka ACE RTSW nemoHCTpHpyeT NOTEHLHAIBHYIO POJIb BBICOKOCKOPOCTHOIO COJHEYHOIO BETpa B
HM3MEHEHHSX IMapaMeTpoB HoHochepsl: ymeHbeHne MraoBeHHOro AMHY Ha Heckonsko MI T (ciHHAI IIBET) MOXKET
OBITh CJICICTBHEM BRICOKOCKOPOCTHOTO ITOTOKA COJIHEUHOTO BeTpa 14—26 Hos10ps 2016r.

Ha pucynke 7 moka3aHbl IapamMeTphl OKOJIO3€MHOT'O KOCMHYECKOTO IIPOCTPAHCTBA, H3MEpEHHbIE Ha
reocranMoHapHbix crmyTHHKax GOES (mOTOK peHTreHOBCKHMX JIyded, MOTOK IPOTOHOB), J@HHBIE O CKOPOCTH
MpOTOHOB coyHeuHoro Berpa co cuyTHHka ACE RTSW m nmaHHBIE BEpTHKAIBHOTO 30HAMPOBAHHS HOHOC(HEpHI,
MoJTydeHHBIe Ha HoHOc(hepHoi cranmu Bacunbcypck B mae 2017 r. ['opu3oHTampHas OCh B 000UX PUCYHKAX — ITHU
MecsIa; BepTukanbHas ock it AfoF2 m AMHY — Bpems cytok. Ha BepxHel maHenn pucyHka 7 HaOIIOJAroTCA
OTpHIIATENbHBIC OTKJIOHEHUS JEBHAINN YacTOTHI foF2 mocie nHeH BBICOKOCKOPOCTHOTO COTHEYHOTO BETPA.

Movember, 2016
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BriBoabl. OTkink noHOChephl Ha MOLIHBIE siBJIeHHS conHeIHOH akTHBHOCTH (CME 1 BBICOKOCKOPOCTHBIE TOTOKH
COTHEYHOTO BETpa) IMOJATBEPXkAEH C HCIOJB30BAHMEM pE3YJIbTATOB HA3eMHBIX H3MEpPEHHH IapaMeTpoB
MOHOC(EpHOIl IUIa3Mbl C TOMOIIBI0 HAKJIOHHOTO W BEPTHKAJIbHOIO 30HAMpOBaHUs HoHocdepbl. Habmomaercs
NPOJIOJDKUTENbHOE CHIDKeHHe 3HadeHui AfoF2 mocie Hayana CME (Tuna netist), Toraa Kak rociie o0HapyKeHust
npyrux tunoB CME 3HaunTenbHBIX W3MeHeHHH He HaOmomaercs. MoHocheprsie Bo3mytnenus (AfoF2) 3aBucsart ot
BennunHbl ckopocti CME: Goubinve aMIuMTy sl OTKIOHeHHH Habmronatores jis CME ¢ 100 < V' < 700 km/c, a
CME c odeHb BBICOKOW W HH3KOW CKOPOCTBIO OKa3bIBalOT MEHbIEe BIMsAHHE. Peakius woHOCheEephl Ha
BBICOKOCKOPOCTHBIE TIOTOKHM COJIHEYHOTO BETpa CJIO0XKHA M HeOoJHO3HaudHa. [loka3aHo, 4YTO yMEHbILIEHHE
(yBenmmuenue) Ha Heckonbko MI' MrHoBeHHbIX 3HaueHudl AfF2 wnmu AMHY Moxer ObITh CBsI3aHO C
mocJeIeicCTBIEM BRICOKOCKOPOCTHBIX ITOTOKOB COJTHEYHOTO BETpa.

bnazooaprnocmu. PaGora BbinonHeHa B pamkax 6a30Boi uactu ['ocyaapcTBeHHOrO 3a1auust, mpoekT 0729-2020-0057.
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MESOSPHERIC OZONE IN ARTIFICIAL MODIFICATION
OF LOWER IONOSPHERE

N.V. Bakhmetieva', V.L. Frolov', Y.Y. Kulikov?

'Radiophysical Research Lobachevsky State University, Nizhny Novgorod
’Institute of Applied Physics, Nizhny Novgorod

Abstract. We present some results of microwave observations of the middle atmosphere ozone under perturbation
of the ionosphere by a power HF radio emission by the mid-latitude SURA heating facility (56N, 46E). New
experiment was a continuation of studies to clarify the physical nature of the new phenomenon a decrease of the
intensity of the microwave emission of the mesosphere in the ozone line when artificially impact on the lower
ionosphere [1].

Methods and instrumentations. Investigation of the middle atmosphere ozone at the mesosphere altitudes and
its response to high-frequency impact on the ionospheric plasma was studied using the method of microwave
ground-based radiometry to measure the atmospheric spectrum in the ozone line [2] and the method of creating of
artificial periodic irregularities (API) to diagnose of the lower ionosphere condition and measurement some
ionosphere and mesosphere parameters [3]. The first results of these studies are given in [4]. To analyze the
ionospheric condition and choose the radiation frequencies of the heating and diagnostics facilities for studying the
lower ionosphere by the method of creating the artificial periodic irregularities, we used the data from vertical
sounding by the DPS-4 ionosonde (Institute of Terrestrial Magnetism, lonosphere, and Radio Wave Propagation of
the Russian Academy of Sciences (IZMIRAN)) in Troitsk (55N, 37E) and CADI ionosonde located near SURA
heating facility (Radiophysical Research Institute, Lobachevsky State University of Nizhny Novgorod).

Figure 2. The SURA heating facility is intended for
research of the nonlinear processes in ionospheric
plasma under action of powerful HF radiation. Basis of
the SURA facility are three radio transmitters with
power 250KW everyone (frequency range of
transmitters 4-25 MHz) and the 144-element phased
array in the size 300 on 300 square meters. The SURA
facility can radiate powerful X and O polarization
modes radio waves at the frequencies from 4.3 MHz up
to 9.5 MHz with the effective radiated power from 80
MW up to 250 MW.

Figure 1. General view of a mobile
microwave ozonemeter. Parameters of
device: observation frequency — 110.8
GHz; temporal resolution — 15 min; band
of the analysis of a spectrometer — 240
MHz; frequency resolution — from 1 up to
10 MHz; in measurements of spectra of a
middle atmosphere ozone the method of
absolute calibration is used; estimation of
a vertical profile of ozone at altitudes from
20 up to 60 km is carried out accuracy o
10 -15%.

Method of the ground-based microwave radiometry. The method of microwave ground-based radiometry is
based on measuring the rotational emission spectra of small gas constituents of the atmosphere in the millimeter and
sub-millimeter wave ranges. The advantage of the method over measurements in the infrared and optical
wavelengths is its weak dependence on meteorological conditions and the presence of aerosols. Microwave
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Mesospheric ozone in artificial modification of lower ionosphere

observations of ozone can be performed around the clock. The mobile microwave ozonemeter consists of an
uncooled heterodyne millimeter wave receiver and a multichannel spectrometer. Working device during campaign
by an autumn of 2019 is shown in a Fig. 1. The receiver was tuned to the fixed frequency at 110836.04 MHz (the
wavelength 2.7 mm). The spectrum analyzer consists of 31 filters with a variable band from 1 to 10 MHz and a full
analysis band of 240 MHz. The device parameters allow one to measure the spectrum of the ozone emission line
with accumulation for 15 min with an error of no more than 1-2%. Information about the content of the O3 is
contained in the measured radio emission spectrum of the middle atmosphere. The error of estimating of vertical
profile ozone on its measured spectra does not exceed 10-15%.

The method of the resonance scattering of radio waves on artificial periodic irregularities of the
ionospheric plasma. Artificial periodic irregularities (API) were observed in 1975 for the first time in the
experiments on studying the influence of high-power radio waves on the sounding radio waves reflected from the
ionospheric F-region [5]. In the subsequent experiments, it was proved that API are formed in the field of a high-
power standing radio wave resulting from interference of the radio waves, which are incident on the ionosphere and
reflected from the latter, in the altitude range from the beginning of the D-region (50-60 km) to the altitude of
reflection of a high-power radio wave. In the D-region, irregularities are formed because of the temperature
dependence of the coefficient of the electron attachment to the oxygen molecules during triple collisions [3].
Periodic structure of the temperature and, as a consequence, plasma concentrations with the spatial period that is
equal to half-length of a powerful radio wave in the plasma are formed because of no uniform heating of electron
gas. Sounding of the created periodic structure with probe radio waves is a method for its diagnostics. Methods for
determining many parameters of the ionosphere and neutral atmosphere have been developed. The main ones are the
vertical velocity of the ionospheric plasma ant the neutral atmosphere, the temperature and the density of the neutral
component, the electron density, some parameters of the sporadic E-layer including its ionic composition, an
attachment and detachment of electrons to molecules, the ratio of the number of the negative ions to the number of
electrons, variation of atomic and excited molecular oxygen and other characteristics of the ionospheric D and E
regions. The combination of two methods for studying the atmospheric-radiation spectra in the ozone line during
artificial ionospheric modification by high-frequency radio waves from the SURA facility was for the first time
experimentally realized in September 2016. The results of these studies are presented in [4]. In Fig. 2 the general
view of the SURA facility is shown.

The results of observations and discussion. Experiments with measuring the emission spectrum of the
atmosphere in the ozone line were carried out from 10 to 12 September 2019. The SURA heating facility radiated
into the zenith an extraordinary radio wave with a frequency of 4.7 MHz from 10:01 to 18:01 with an effective
power about 100 MW for 30 minutes on September 11-12, 2019. The antenna of a mobile microwave ozonemeter
was oriented in the same direction. In two days, thirteen of long 30-minute exposure to the ionosphere were carried out.
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1 Figure 3. Modification of the ozone
spectrum during artificial disturbance of the
ionosphere for one of the heating session
. September 11, 2019.
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In the next 30 minutes, the SURA facility was switched to the operating mode for the API creation and diagnosis.
The microwave ozonometer operated at a frequency of 110836.04 MHz in the mode of continuous measurement of
the radiation intensity in the ozone line. The measurement of each spectrum lasted 15 minutes, so that two ozone
emission spectra were obtained in each heating interval of the ionosphere and during heating off. Thus, it was
possible to compare the spectra of ozone during artificial disturbance of the ionosphere and after its termination. In
addition to variations in the mesospheric ozone caused by the heating of the lower ionosphere by powerful HF radio
waves, day-to-night measurements natural background variations in the ozone emission of the middle atmosphere
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were carried out. The most known natural ozone variations are its daily variations at altitudes of over 40 km
associated with sunrise and sunset. Figure 3 shows the change in the ozone spectrum during artificial disturbance of
the ionosphere for one of the heating session September 11, 2019. In Figure 3 the spectrum of atmospheric emission
in the ozone line obtained on September 11, 2019 during the heating session at 09:31 (red marks) and the pause
session at 10:01 (black marks), depending on the frequency of detuning from the operating frequency of 110836.04
MHz of the ozonemeter. The spectrum for the night session 02:29-02: 58 (blue marks) is also shown. For clarity, the
spectra are shifted along the frequency axis to the right and left by 100 MHz. The vertical bars show the standard
deviation when calculating the averaged spectrum. Solid curves (red, blue and black) show the spectra calculated
using the vertical ozone distributions. The spectra were obtained for the altitude interval 22-60 km. The spectrum
intensity is presented in units of the optical thickness. In Figure 3 the difference between the intensities of the
spectra for September 11, 2019 for an artificially disturbed ionosphere from its undisturbed state is 3%, and the
difference between night and day is 14%. The main result of measurements is a decrease in the intensity of
atmospheric emission in the ozone line during heating by an average of (7 + 1) % relative to the emission intensity
during a pause in the operation of the facility. For individual sessions, the decrease was 9%. The difference between
the spectra obtained during heating on and heating off sessions was small. The decrease in ozone concentration at
the altitude of 60 km was 12%. The ozone concentration was calculated by the method presented in [6]. In some
sessions, the reduction was up to 20%. Note that the relative value of the decrease in the ozone-line intensity during
ionospheric heating is small and is in some cases comparable with the measurement error. However, the differences
in the spectra during the heating on and heating off sessions are considered significant, since they were observed in
all experiments on studying the ozone spectrum in an artificially disturbed ionosphere.

Figure 4 shows ozone density variations at the altitude of 60 km for three days during experiments at the SURA
facility in September 2019, of which ozone observations with the disturbance of the ionosphere were carried out on
September 11 and 12, 2019. In Figure 4 each black point is obtained for the corresponding intensity of the ozone
line measured with an accumulation time of 15 minutes. Red and blue dots show ozone density values averaged over
each heating and pause session. Of these, each point (except for the averaged values for the intervals of heating on
and off) was also obtained for the corresponding intensity of the ozone spectral line. The horizontal lines show the
ozone density values averaged over all heating sessions (red line) and pauses (blue line). In order not to clutter up
the figure, the error in determining the ozone density, which is no more than 10%, does not show in the graph.
Figure 4 clearly shows the correlation of ozone density variations with heating periods. The following features of
ozone density variations are also visible.
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Figure 4. Continuous diurnal variations of the ozone density (60 km) during September 11 — 12,
2019.

1. A significant difference in the results on the change in the ozone density during the heating time for September 11
and 12, both in the average values for the whole day and for individual sessions. In September 12, changes in the
ozone density during heating turned on to be on average very small and amounted to no more than 3%. On
September 11, they were equal to 12% on average, and in some sessions they increased up to 20%. 2. Relatively fast
and deep variations in the ozone density are clearly visible, ranging from 30 to 50%. They are not related to the
heating of the ionosphere, and are probably largely due to the dynamics of this region of the mesosphere, including
winds with variations of the direction and magnitude of the velocity, developed atmospheric turbulence, a
propagation of atmospheric waves, changes in the composition of the mesosphere at these altitudes over time, and
other factors. 3. One can see wavelike variations in the ozone density with a quasi-period from 45 minutes to 3 hours
or more. 4. Daily variations in the ozone density are visible, with noticeable differences occurring at night and
during the day, which corresponds to the usually observed daily variation of ozone density with an excess of
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nighttime concentration values over daytime; the average amplitude of the daily change in the density of
atmospheric ozone was about 40%. 5. The change in the amplitude of the diurnal variation on different days of
observations is clearly noticeable, which can be explained by the influence of natural dynamic processes on the
ozone in the mesosphere.

Diagnostics of the lower ionosphere using the method of artificial periodic irregularities
To study the perturbations of the ionized component at the heights of the mesosphere and lower thermosphere, we
used the method of resonant scattering of radio waves (the API technique).

Figures 5 and 6 shows the dependences of the scattered signal amplitude on the virtual height and the time on the
days of ozone measurements on September 11 and 12, 2019. The Figures show signals both reflected from the
ionosphere (virtual heights above 300 km) and signals scattered by artificial periodic irregularities in the height
range of 60-130 km. For presentation in this form, the signal amplitude was averaged for every 12 second from the
beginning of its recording. In Figures 5 and 6, red vertical stripes show 30-minute intervals of the SURA facility
was turned on. As a rule, in the first minute of a 30-minute interval (end of the pause, or start of the heating), the
CADI digital ionosonde recorded an ionogram. Figures 3 and 4 show that in the altitude interval 60-80 km, signals
scattered by artificial irregularities were observed in the D-region. From the time-altitude signal amplitude
dependences scattered shown in Figures 5 and 6 shows that 11 and 12 September status ionosphere was different
that, in particular, manifested a difference in the behavior of API scattered signals.
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Figures 5 and 6. The virtual height-time dependence of the scattered-signal amplitude in September
11 and 12, 2019.

Conclusion. The paper presents and discusses the results of comprehensive studies of the Earth's lower ionosphere
at mesospheric heights by creating artificial periodic irregularities of the ionospheric plasma with simultaneous
measurement of the atmospheric emission spectrum in the ozone line by ground-based microwave radiometry. The
purpose of the experiments was to study the possible effect of artificial influence on the ionosphere by powerful
high-frequency radio emission from the SURA facility on the concentration of mesospheric ozone at an altitude of
60 km. The correlation between the decrease in the intensity of the emission spectrum of the atmosphere in the
ozone line and the period of switching on the powerful heating facility, found in other observations, was confirmed.
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Abstract. We study the electronic kinetics of molecular nitrogen and molecular oxygen in the middle atmosphere
of the Earth during precipitations of high-energetic protons and electrons. The role of molecular inelastic collisions
in intermolecular electron energy transfer processes is investigated. It is shown that inelastic molecular collisions
influence on vibrational populations of electronically excited molecular oxygen. It is pointed out on very important
role of the collisions of N2(A’Z,") with O molecules on the electronic excitation of Herzberg states of molecular
oxygen at the altitudes of the middle atmosphere.

Introduction

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

e + No(X!'Z"v=0) — Na(A3L,", B3y, W3A,, B5Z, ", C3T1, v>0) + e. (1)

Emissions of Wu-Benesch, Afterglow, Second Positive (2PG) and First Positive (1PG) bands during spontaneous
radiational transitions

No(W3A,,v) — No(BTIg,v') + hvws , (2a)
Na(B"Zy~,v) — Na(BIg,V') + hvag , (2b)
Na(C?Iy,v) — Na(BIg,') + hvap , (2¢)
Na(B[I,") — Nao(A3Z,",v) + hvipg (3)

lead to the accumulation of the energy of electronic excitation on vibrational levels of the lowest triplet state A3X,".
Einstein coefficients of the dipole-allowed transitions (2a-c) and (3) are of high magnitudes [ Gilmore et al., 1992]
and the emissions of the bands play a very important role in the electronic kinetics and in a redistribution of
excitation energy between the triplet states of N> on the altitudes of upper atmospheres of the planets and/or their
moons.

The main aim of this study is the simulation of N2(A’Z,") and Ox(c'Z,~, A®A,, A’Z,") vibrational populations in an
No-rich mixture with the admixture of O, (the Earth’s atmosphere). The simulation of N> and O, vibrational
populations at the altitudes of the Earth’s atmosphere is made taking into account the contributions of the A3X,",
B’Il,, WA, B®Z, ", CI1, triplet states in vibrational populations of O,.

The quenching constants of N2(A3X,") in the collisions with O, molecules

The calculation of the quenching rate constants during inelastic molecular collisions [Kirillov, 2010] has shown, that
the interaction of metastable molecular nitrogen N>(A3Z,*,v'=0) with O, molecules leads to the excitation of O
Herzberg states c'Z,~, ABA,, A’E,"

No(A3E,v'=0) + 0o(X2E, v=0) — Ny(X'Z,",v">0) + Oa(c'Zy v"=4,5,6) , (4a)
No(A3E,0'=0) + O2(X°E, v=0) — No(X'S"v">0) + O2(ABA,V"=4,5) , (4b)
Na(A3E,v'=0) + 0o(X°T, v=0) — No(X'Z,",v">0) + Ox(A’E, " 1"=4) . (4¢)

The total constant of the processes (4a-4c) is kao+kaptkac = 1.1-107'2 cm3s™!. Also there is the dissociative process

No(AYZ, 1'=0) + 02(X3Z4,v=0) — Ny(X'Z,",v™>0) + O + O (4d)
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with the constant of the interaction ks=1.0-10"'2 cm3s™!. The calculated total constant 44=2.1-10"'2 cm®s™! for the
processes (4a-4d) is in good agreement with experimental data (1.9+0.3)-107'2 cm’s™' [Dreyer et al., 1974],
(2.3£0.4)-107'2 cm’s™! [Piper et al., 1981] and (2.5£0.4)-107'2 cm’s™! [Thomas and Kaufinan, 1985]. In the case of
the interaction of vibrationally excited metastable nitrogen N2(A3Z,*,v>0) with O, molecules there is the transfer of
electronic energy on the excitation of repulsive states with the production of two oxygen atoms [Kirillov, 2010,
2011].

After the excitation of the Herzberg states Y=c'Z,”, A®A,, A’Z," inelastic collisions with N» and Oz molecules in
the Earth’s atmosphere cause the transformation of the excitation energy into singlet states a'A, and b'S," during
inelastic intramolecular and intermolecular transfer processes:

0x(Y,1") + Na, 02 — Oa(a'Ag") + Na, 05, (52)
0x(Y,1") + Na, 02 — Oa(b'Zg" ") + Na, 05, (5b)
0x(Y,1") + 0x(X°Zg v=0) — 02(X3T;,1">0) + Os(a'Ag") , (5¢)
0x(Y,1') + 0x(X°Zg v=0) — 02(X3Z4,1">0) + Ox(b'S, ") (5d)

with the excitation of high vibrational levels of the a'A, and b'Z," singlet states in the intramolecular processes
(5a,b) and low v"=0-2 vibrational levels in the intermolecular energy transfer processes (5c, d).

The electron energy transfer from metastable nitrogen N2(A*X,") to O, molecules in the Earth’s
atmosphere

When high-energy protons (energies of several hundred MeV) or electrons (energies of several MeV) precipitate
into the Earth’s atmosphere, their inelastic interaction with atmospheric molecules leads to the production of the
energy spectrum of secondary electrons formed during ionization processes. Secondary electrons excite various
triplet states of N> in inelastic collisions (1), and also lead to the formation of electronically excited Herzberg states
of the O, molecule

e + 0x(X°Zy,v=0) — Ox(c'Ty, ABA,, A’S, >0 + e . (6)

The calculation the excitation rates of triplet states of N2 molecules and the Herzberg states of O, molecules by
secondary electrons at altitudes of the Earth’s middle atmosphere is made using the method of electron degradation
spectra in air [Konovalov, 1993]. This method takes into account all the processes of an excitation of vibrational
levels of the ground state, various electronically excited states, processes of ionization and dissociation. In this case,
we consider both the processes of direct excitation by secondary electrons (6) of the Herzberg states c'Z,”, A"A,,
A3Z,", and the processes of excitation in molecular collisions (4a-4c) (see Fig.1).

c,A'A - Herzberg
states

Figure 1. The scheme of processes of the excitation and the quenching of electronically excited states
of molecular nitrogen and molecular oxygen in the Earth’s atmosphere.
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Figures 2-4 show the results of the calculated concentrations for the c¢!X,”, A®A,, A3X,” Herzberg states of
molecular oxygen at the altitudes of 70 and 50 km with an energy W=10° eV/cms dissipated in 1 cm?®. Here, the
contributions of secondary electrons are also presented (process (6)). In addition, the contributions of the processes
(4a-4c) are shown for two cases: (a) upon excitation of only the N2(A3Z,") state by secondary electrons, (b) upon
excitation of the states No(B3I1,, W3A,, B®Z,, C*I1,) and the energy transfer from these four states to the A>T, state
during spontaneous transitions (2a-2c, 3) and in molecular collisions [Kirillov, 2010, 2011; Kirillov et al., 2017].

The presented results demonstrate the influence of intermolecular processes of energy transfer from metastable
nitrogen Na(A>Z,") (process (4a-4c)) on the ¢'T,, A®A,, A’S," Herzberg states of molecular oxygen at the altitudes
of 70 and 50 km of the middle atmosphere. This fact indicates the need to take into account the electronic kinetics of
N> in the calculation the concentrations of electronically excited oxygen molecules in the Earth’s middle
atmosphere, as well as in laboratory conditions (active media of discharges, lasers, etc.).

Conclusions

The electronic kinetics of molecular nitrogen and molecular oxygen in the middle atmosphere of the Earth during
precipitations of high-energetic protons and electrons is studied. We consider the processes of the excitation of
various triplet states of N, and of the formation of electronically excited Herzberg states of the O, molecule in
inelastic collisions (1) and (6) by secondary electrons. Also molecular inelastic collisions in intermolecular electron
energy transfer processes (4a-4c) are considered. For the first time it is shown that inelastic molecular collisions
influence on vibrational populations of electronically excited molecular oxygen. It is pointed out on very important
role of the collisions of No(A%%,") with O, molecules on the electronic excitation of O, at the altitudes of the middle
atmosphere.
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Figure 2. The calculated concentrations of Ox(c'Z, ,y=0-8) at the altitudes of 70 and 50 km: dashed
lines are the contribution of the process (6), crosses are the contribution of the A3Z, state of molecular
nitrogen excited by secondary electrons, circles are the contribution of the states B*I1,, W3A,, B,
C’I, of molecular nitrogen excited by secondary electrons, the solid line is the sum of all processes.
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Figure 3. The calculated concentrations of Ox(A"A,,v=0-5) at the altitudes of 70 and 50 km
(designations as in Fig. 2).
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Figure 4. The calculated concentrations of O,(A3Z,",v=0-4) at the altitudes of 70 and 50 km
(designations as in Fig. 2).
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Abstract

We present data continuous series of microwave observations of the middle atmosphere in winters 2017-2018, 2018-
2019 and 2019-2020. In each of these winters sudden stratospheric warming were marked. Measurements were
carried out with the help of mobile ozonemeter (observation frequency 110836.04 MHz), which was established at
Polar Geophysical Institute in Apatity (67N, 33E). The parameters of the device allow to measure a spectrum of the
ozone emission line for time about 15 min 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 and with the data of
ozonesonde at station Sodankyla (67N, 27E). 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 [1].

The device consists of an uncooled heterodyne receiver tuned to a fixed frequency 110836.04 MHz corresponding
to a rotational transition of ozone molecules 6o, s— 61, 5, and multichannel spectrum analyzer. In front of receiver is a
module that includes an antenna (scalar horn) and a switch to calibrate accepted intensity of atmospheric ozone line
radiation. The beam width (by level -3 dB) of the horn antenna is 5.4°. The SSB noise temperature of the receiver is
2500 K. The SSB receive mode is provided by evanescent filter with direct losses of 0.5 dB and the suppression of
the image channel of more than 20 dB. The spectrum analyzer consists of 31 filters with a variable bandwidth from
1 MHz to 10 MHz and a full analysis bandwidth of 240 MHz. Measurement of the spectra of thermal radiation is
performed by a method of calibration for two "black body" loads that are at the boiling point of liquid nitrogen and
at ambient temperature. Information about the content of the O; is contained in the measured radio emission
spectrum of the middle atmosphere. Using the inversion of the obtained spectra it is possible to obtain data on the
vertical distribution of ozone in the atmosphere. The error of estimating the vertical distribution of ozone on the
measured spectra by above described device does not exceed 10-15%.

The results of observations and discussion

In Figure 1 changes of temperature at a level 10 hPa above Apatity for three winters 2017-2018, 2018-2019 and
2019-2020 during ground-based microwave observation of the middle atmosphere ozone were carried out are
submitted. In Figure 2 vertical structures of temperature for a middle atmosphere for three winters at heights 25, 40
and 60 km are shown. It is known, that sudden stratospheric warming (SSW) when at heights of a middle
atmosphere changes of temperature on ten degrees are observed, influence on structure of terrestrial atmosphere [2].
The winter 2017-2018 there was SSW in the middle of February, 2018. The warming lasted about a week. The
maximum temperature rose to 240 K on February, 16, which is higher on 50 K of the mid-temperature the January.
In the winter 2018-2019 SSW began December, 27 both has terminated February, 1 and there were duration almost
40 days (see Figure 2). Prominent feature of warming was presence of two maxima of temperature at height about
30 km. The first maximum of temperature had value 239 K (28.12.2018), that has made an increment concerning
average temperature of the not indignant stratosphere in December till 24.12.2018 about 45 K. Second maximum of
temperature has made 252 K 09.01.2019 which had concerning average temperature for the period from 01.02.2019
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up to 01.03.2019 value 54 K. The winter 2019-2020 there was SSW in the middle of January, 2020. Duration of this
warming has made some days. Thus, development SSW for two winters had completely different character. For us
that the middle atmosphere during a winter solstice in December was not indignant of dynamic processes is
important. It necessary to note, that in simultaneous microwave observation in subpolar and mid-latitudes Peterhof
(60N, 30E) and Tomsk (56N, 85E) the essential difference on value and durations in indignations of a middle

Results of microwave monitoring of middle atmosphere ozone in polar latitudes for two winter seasons 2017-2018 and 2018-2019

atmosphere ozone during SSW in the winter 2013-2014 was found out [3].
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Figure 1. Changes of temperature at level 10 hPa
for three winters over Apatity (MLS/Aura data).

In Figure 3 diurnal variations of ozone at 60 km which were received from continuous measurements December,

27-28 2017 before SSW near to a winter solstice are resulted.
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data).
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Figure 3. Diurnal variations of mesospheric ozone obtained by ground-based microwave radiometry
in polar night above Apatity. Note the significant variations in the O3z density, which apparently are
not associated with sunrise and sunset. The amplitude of changes in ozone density reached 80%.
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The data given in Figure 3 show on a priority of dynamic processes above photochemical in polar mesosphere.
Decreasing of ozone density in midday concerning midnight has made 25%. The values of the ozone density
increase at night, mainly due to the absence of Oz photodissociation and the changing [O]/[Os] ratio [4]. Decreasing
of ozone concentration in midday concerning midnight has made 25%. The attention a significant divergence (in
1.5-2 times) in ozone concentration at night for 27.12.2017 and 28.12.2017 pays to itself. Probably, it is caused by
horizontal carry of air in mesosphere.

In Figure 4 the diurnal variations of the mesospheric ozone at 60 km for 14-15 March 2018 which was obtained in
continuous microwave measurements later on SSW and near spring equinox is submitted. The average amplitude of
diurnal changes of ozone was about 30%. It is important to note, that average of ozone density (60 km) for midday
and midnight in March differed from similar values in December almost twice.
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Figure 4. Diurnal cycle of ozone density at height 60 km in continuous series of microwave
measurements in March 15-16, 2018. Temporal resolution of 15 min.

In Figure 5 shows the behavior of ozone at height 60 km in January 24-25, 2019. A January series of

measurements was carried out during a middle atmosphere disturbance caused by SSW in winter 2018-2019 and in
January 31, 2020.
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Figure. 5. Influence of atmospheric circulation on ozone amount in polar mesosphere for different
winters. Winter 2018-2019 — red line; winter 2019-2020 — blue line.

The analysis of the microwave data on behavior of polar mesospheric ozone in past winters shows, that SSW can
cause significant and long influence on its diurnal variation which should be determined by photochemical
processes. Thus is important, that microwave observations were carried out during a deep minimum of a solar cycle.
It is established, that the ozone content in mesosphere considerable can differ from winter to winter. Apparently,
dynamic processes through SSW influence transfer of ozone from low latitudes.
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The numerical data on an average daily course of mesospheric ozone which is connected to rising and sunset are
collected in the Table at the end of the text for December 2017, 2018 and 2019.

Table. Diurnal variations of mesospheric ozone during the polar night.

Mesospheric ozone density (60 km), mol/cm? . .
Date Midday 10:00 — 14:00 msk | Midnight 22:00 — 02:00 msk | | opospheric attenuation, Np
(4.3220.15) 107 (0.2026£0.0004)
26.12.2017 (4.25£0.23)10% (0.219520.0015)
(4.1220.20) 107 (0.206920.0005)
27.12.2017 (6.24+0.22)10% (0.214620.0035)
28129017 (4.2820.16) 107 (0.207320.0007)
average (4.24£0.0005)-10% (5.24£0.70)-10%
(4.3520.12)- 107 (0.210720.0006)
20.12.2018 (5.3020.13)- 10 (0.2575£0.0060)
(.3420.12) 107 (0.3133£0.0049)
21.12.2018 (5.84£0.14)- 107 (0.23120.0023)
(4.7720.15) 107 (0.1985£0.0021)
22.12.2018 (5.76:0.19)- 10 (0.2122£0.0018)
(4.8020.12)- 107 (0.22620.0022)
23.12.2018 (6,440.12)- 107 (0.2575£0.0020)
(4.9520.18)- 107 (0.2209£0.0007)
24122018
average (4.6420.11) 107 (5.870.20) 107
20.12.2019 (5.2120.06) 10" (02893£0.0151)
(4.5020.06)- 107 (0.3708£0.0054)
21.12.2019 (4.73£0.10)10% (0.3927+0.0040)
(4.5420.05)- 107 (0.3885£0.0099)
25.12.2019 (4.83£0.09) 10% (0.3696+0.0080)
(4.2720.08) 107 (0.215820.0021)
26.12.2019 (5.0120.08)- 10 (0.2345£0.0013)
average (4.4440.07)-10% (4.9440.09)-10%°
Conclusion

o The analysis of the microwave data on behavior of polar mesospheric ozone in past winters shows. That SSW can
cause significant and long influence on its diurnal variation which should be determined by photochemical
processes.

o Thus is important, that microwave observations were carried out during a deep minimum of a solar cycle.

o [t is established, that the mesospheric ozone amount can change from winter to winter almost in up two times.
Apparently, dynamic processes through SSW influence on transfer of ozone from low latitudes.
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Abstract. In order to estimate the effect of orientational isomerism on the thermodynamic parameters and
concentrations of water clusters in the gas phase, all possible structures of book, cage and prism conformations of
water hexamer (H>O)s have been studied using the DFT (B3LYP/6-311++G(2d,2p)), G4, DFTB, W1BD and MB-
pol calculations. It was found that taking into account of the orientational isomerism leads to the values of water
cluster gas-phase concentrations different by 1-2 orders of magnitude from the results obtained when only single or
several most energetically favorable structures are considered. The concentrations of all the considered hexamer
structures in the saturated water vapor at T = 298.15 K are estimated as 1.61 - 10° (G4) and 8.17 - 10° (DFT)
molecules/cm?.

Introduction. (H,0), clusters are formed due to the combination of n water molecules with hydrogen bonds. For
the same n, two types of isomerism can be formed: (1) the isomerism of the oxygen “skeleton” (that is the structure
formed by oxygen atoms) and (2) the isomerism of the hydrogen bond network for the same skeleton, which is due
to the fact that the formation of the most favorable hydrogen bond in a cluster obeys the rules similar to the Bernal—
Fowler rules for an ice crystal. Two types of isomerism are shown in Fig. 1, which demonstrates the isomeric
structures of the (H,O)s cluster, which differ in the oxygen skeleton (Fig. 1a) and the network of hydrogen bonds for
the same oxygen skeleton (Fig. 15).

a

\ ‘.“ ‘31:: ; Ly
b

Figure 1. (a) — book, prism, and cage (left to right) conformations of the oxygen skeleton of (H2O)s;
(b) — examples of orientational isomers in the prism conformation (H>O)s.

Water clusters take part in such atmospheric processes as the electromagnetic radiation propagation and chemical
reactions [1-3]. As a result, multimolecular complexes of water, being contained everywhere in the Earth’s
atmosphere, play an important role in climate formation and change.

The structural and thermodynamic parameters of (H>O), clusters with n = 2—10 are currently actively studied using
both experimental and theoretical methods; there are also studies of large water clusters up to 200—-300 molecules in
size [4]. The data obtained for (H,0), clusters with n = 3—5 are in good agreement with experimental studies but for
larger clusters the estimates of the thermodynamic characteristics and equilibrium concentrations in the gas phase
vary significantly [5—7]. In particular, the influence of the clusters’ structural diversity on their thermodynamic
characteristics remains unclear.

In order to estimate the effect of orientational isomerism on the thermodynamic parameters and concentrations of
water clusters in the gas phase, 133 isomeric structures of water hexamer (H,O)¢ have been studied.
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Calculation details. The thermodynamic functions are calculated for 96 isomers (H20)¢ of book conformer, 27
isomers of cage conformer, and 10 isomers of prism conformer. The initial structures are selected using an original
computer program generating orientational isomers for a given “skeleton” of oxygen atoms.

Full optimization of geometry and calculation of oscillation frequencies and state functions have been performed
for all 133 considered isomers using DFT (B3LYP/6-311++G(2d,2p)), DFTB and G4 methods. The energy of the
most stable isomers found at the DFT level was refined using the high-precision W1BD calculation. Quantum-
chemical calculations were performed using the Gaussian03, Gaussian16 and DFTB+ (with mio-1-1 parameter set)
programs. Analysis and visualization of the results of quantum chemical calculations were performed using the
ChemCraft and Moltran programs along with a specialized software developed for these purposes.

For each cluster structure under consideration, the thermodynamic quantities Ei (total energy of the molecule),
Eo + ZPE (total energy with the zero-point energy), Ulwsk, H'osx, G%9sk (the total energy with thermal
corrections to the standard internal energy, enthalpy, and Gibbs energy) were calculated. Thermodynamic functions
were calculated in the “rigid rotor — harmonic oscillator” approximation for the ideal-gas state of the system. Using
these values, the thermodynamic functions of the cluster formation from individual molecules Are (AcEior,
AiEwt + ZPE, Aonzgs K ArHozgs K, ArGozgg K) were calculated.

The obtained values of thermodynamic parameters are averaged according to two schemes:

(1) the arithmetic mean:
1 k
(Ag), kZA &,

(2) the Boltzmann average:
freel)
RT
i=1
<Ar8>td k A &
exp| — 2%
ool

where R is the universal gas constant and 7T is temperature.

We analyzed also the binding energy per monomer AnE = — A:Eio/6 and other binding thermodynamic functions
per monomer.

Using the obtained values of A;G%os k, the equilibrium constant of reaction 6H,O — (H20)s and the concentration
of clusters in the gas phase were calculated.

Additionally, the binding energy of clusters was calculated using the MB-pol model (in OpenMM software),
which is positioned as superior in accuracy to all DFT models.

5

Results and discussion. Although three types of initial conformations were selected for optimization (book, cage,
prism), the geometry optimization results in fourteen types of oxygen skeletons (Fig. 2). We label each cluster type
as its corrresponding graph indicated in the form (v,e,n), where v is the number of vertices (here, always 6); e is the
number of graph edges; n is the ordering number of the graph as presented in [8] allowing to differ the graph
connectivity. The most favorable structures among them are book, cage and prism.

Vit i { e
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.ra:- ;H f v:{:‘ bl (6 tyl) 622 ~(6 7 5) (6,8,9)
(6, 8 7) cage (6 8.,23) P 4 S ) = .ﬁ “y .&Qi \‘.
S W . &
‘—‘ I" "X Q (6.8.12) (6.9.16) Gl 1)
}f' > !* b c
prmm (6,9,7) (6,9,10)
d

Figure 2. (a) — types of the oxygen skeletons conformations obtained after the geometry optimization
of initial structures (DFT calculation), (b) — four new structures obtained from G4
calculation, (c) — three new structures obtained from DFTB calculation.

The subject of particular interest was the comparison of ab initio methods with MB-pol model for the set of 133
water hexamer structures. Although earlier in a number of works it was shown that MB-pol outperform all DFT
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models for water molecule and small water clusters, on the average the difference between binding energies found
from DFT and MB-pol calculations is within 0.5 kcal/mol (Fig. 3). This indicates a good accuracy of the chosen
DFT model and its applicability for modeling the studied water clusters.

The DFTB method overestimates the cluster binding energy, which is probably due to the features of the mio-1-1
parameter set used in the work.
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Figure 3. Binding energy for clusters found from DFTB, DFT, G4 and MB-pol calculations.

Table 1 shows the concentrations of the whole set of the located cluster structures calculated using different
methods of averaging. Namely, this gives the values of concentrations calculated as a sum of concentrations found
for each optimized cluster in separate (Csum); the concentration Cuin calculated on the basis of minimum energy
cluster only (as if all clusters consisted only from the most favorable clusters); the concentrations Ca calculated on
the basis of the arithmetic mean values; and concentration Cg calculated on the basis of Boltzmann averaging.
Additionally, the values of relative concentrations in percent are given as the ratio of Cym concentration to the
concentration of monomeric molecules in a saturated water vapor Cimo.

Table 1. Concentrations of clusters of all considered types (molecules/cm?) estimated by various
averaging methods at different theory levels. Thermodynamic conditions: ideal gas state at
T'=298.15 K and monomer pressure 3200 Pa (P° = 10° Pa).

Caum Chnin Ca Cs Csun/Cizo, %
DFT 8.17-10° 2.82-10* 6.10 - 107 2.88-10° 1.05-1010
G4 1.61-10° 1.37 - 10? 7.99 - 10! 2.91-10° 2.07-101
DFTB 1.68-10° 9.35-107 1.88-10° 3.78 - 10° 2.16- 1077

As is evident from the Table, the Cym concentrations are always higher than others. The minimum values are
obtained for Cmin concentrations due to the fact that this concentration does not take into account the number of
isomers arising within this oxygen skeleton. However, if the number of isomers will be accounted (Crmin is multiplied
by 133), this value is higher than other concentrations. The last method is, however, not used in practice. Usually,
the concentrations are calculated on the basis of single isomer which is considered as one of the most favorable
ones. As is evident from the Table, such method results in the significant underestimation by one or two orders of
magnitude.

The arithmetic and Boltzmann averaging result in the significantly higher values. The arithmetic-based averaging
gives typically lower values. This is in agreement with an idea that this estimates the system which is far from
equilibrium. At the same time, the Boltzmann averaging gives the values closest to the concentrations estimated by
direct summation of separate isomer concentrations. In the last case, the difference between these methods is
typically within one order of magnitude.

It should be noted that the final concentrations are extremely dependent on the quantum chemical calculation
method. Among these methods, DFTB gives highest concentrations of 2.16-107% for hexamers. At the same time,
DFT and G4 give the concentrations of 1.05-107'% and 2.07-107! % relatively to the concentrations of water vapor
molecules. Among these values, first one coincides better with the W1BD estimates for selected clusters. Because
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W1BD is considered as theory providing higher accuracy for the test set of molecules, to our opinion, the DFT result
should be considered as the most reliable estimate.

Figure 4 shows the concentrations of separate types of isomers calculated with different quantum chemistry
methods. In agreement with the calculated Gibbs free energies, the highest concentration takes place for the book
isomer (6,7,5). This takes place for all the considered theory levels and for all the used methods of averaging. The
concentrations of other structures rapidly decline by two-three orders of magnitude and more. In the case of DFT
calculations, only cave isomers (6,7,7) have the comparable concentrations which is, however, half-order of
magnitude lower than the concentration of book.
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Figure 4. Concentrations of clusters of various kinds calculated with different weighting methods.

Conclusion. The existence of a large number of isomeric multimolecular water complexes makes a significant
contribution to their concentration in the gas phase. The more molecules in a cluster, the more significant the
influence of orientational isomerism on cluster concentration, therefore, to calculate the concentrations of clusters of
several molecules, it is necessary to take into account the phenomenon of orientational isomerism. At the same time,
the standard approach, in which the concentration is calculated only for the most energetically profitable structure,
leads to an underestimation of the concentration by 1-2 orders of magnitude.

Of the considered types of oxygen skeletons, the greatest concentration in the gas phase is observed in the structure
book. This is achieved primarily due to the greater number of possible isomers compared with cage and prism.

The concentrations of all the considered hexamer structures in the saturated water vapor at 298.15 K are estimated
as 1.61 - 10° cm™ (G4) and 8.17 - 10° cm™ (DFT).
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AHHOTaUs. Psijibl cpeJHEMECAYHON TEMIEPaTyphl BO3iyxa B bapeHuOypre sBIAIOTCS OJHOPOJHBIMU U CAMBIMU
JUIMHHBIMH CPEIM MHCTPYMEHTaNbHBIX pagoB Ha llImumbeprene. Onu nponoikarorces ¢ 1932 roga mo Hactosmee
BpeMs ¢ mepepbiBoM B 1941-1947 rr. OtcyrerByromue B 1941-1947 rT. 3HaYeHUs OBUIM pacCYUTAHBI MO JaHHBIM
HOpBEXCKHX MeTeoposormuecknx craHmuid  «Isfjord Radio» wu «Longyearbyen». B mepmon, xorma
MmeTteoponorndeckre Habmonenus Ha Llnunbeprene, He MPOBOIMIINCH, IS pacueTa ObLI MCIOJIB30BAH PEaHAIIN3
NOAA-CIRES-DOE 20CRv3. JlaHHBIH peaHalIi3 JOCTOBEPHO BOCIPOU3BOAST BapHalli TEMIIEPATYPHI IPUMEPHO C
1930-p1x rr. Pamgel Opumm mpomomkeHBl 10 gekabps 1911 1. Ha OCHOBe H3MEpeHHI, BHIIOJHCHHBIX Ha
Mmereoposiornueckoii cranuun «Green-Harbour». [To naHHBIM NPUrOTOBIEHHOTO KOMIIO3UTHOTO psiia B IEPUO
1911-2020 rr. cpeaHue 3MMHHE, BECEHHHE, JIETHHE M OCEHHHE TEMIIepaTyphl MOBBIIIAIOTCA CO CPEIHUMHU
ckopoctamu 0.53, 0.53, 0.12 and 0.28°/10 ner coorBeTcTBeHHO. CpeaHerooBas TeMieparypa MOBBIIIAETCS CO
ckopoctbio 0.36 °/10 net. Ha Gosee kopoTkux mepuojax BpeMeHH (IOpsKa HECKOJIBKHUX JECSITKOB JIET) CKOPOCTH
M3MEHEHUH TeMIepaTypsl MOTYT CYIIECTBEHHO OTIMYAThCs OT AOJITOBPEMEHHOIO TPEH 1A BIUIOTH 10 3HAKA.

BBeaenue. Konen XX u nauano XXI na apxurnenare [InmunbGepren XxapakTepU3yOTCS BHIPaXKEHHBIM MTOTETIEHHEM
kiauMara. Tak, HampuMmep, yXe 3a HECKOJIIbKO MecsmeB 10 okoHuaHus 2020 r., xorga OyneT BO3MOXKEH pacyer
«HOBOW» KITUMaTH4eckoil HopMsel (1991-2020 1T.), MOXKHO YBEepEHHO MpeAIoaraTb, YT0 CpeIHEMECIIHbIC 3HAUCHUS
npu3eMHON Temmeparypsl Bo3ayxa (IITB) B bapenndypre, paccuuTaHHBIE IO 3TOMY «HOBOMY» MEPHOIY, OKAXKYTCS
BBIIIIE HOPMBI NpeJIIecTByouero Tpuanaruiersero nepuoga (1980-2010 rr.) npumepro Ha 1°C u Ha 2°C BbIIIE
HOpMBI «1961-1990 rr.» (3umoii — Gonee, yem Ha 3°C). Ancambnp moxeneit IPCC mpenmomnaraer nanpHeimiee
MOTEIJIEHUE KJIMMaTa, 10IycKasl moBelieHue cpeaneronoBoil IITB k koHIy Tekyiero Beka eme Ha 7-10°C [5].

[Morenenne Ha IllnunbepreHe (M BO3MOXHBIA CIIEHapHi JajbHEHIIETo MOTEIIeHUs), 0€3yCIOBHO, BBHITJISANT
OYeHb MacIUTaOHbIM siBiieHHeM. OnHAako Ha OOJNBIIMX BPEMEHHBIX HHTEpBaJllaX M3MEHEHHUs KiIuMaTa He
MPOUCXOJMIN MOHOTOHHO W OJHOHAIIPABIEHO, W TCHICHLMUM IIOCIECIHUX HECATWIETHH HE BCEra OTPAKAIOT
JONTOBpEeMEHHBIN mponecc. Llenbio maHHOM paOoTHI SIBISETCS BBIBICHHE IEpuoAa C HauboJee Ha/IeKHBIMHU
nmarabivE 10 [1TB B BapeHnOypre u omeHka Ipon30MIeIINX H3MEHEHHAN KITIMATa.

Hcnoab3oBaHHbIe JaHHbIE. B paGoTe HMCIONB30BaHbl JaHHBIE BCEpOCCHIICKOTO HAaydYHO-HCCIIEN0BATENLCKOTO
MHCTUTYTa THUAPOMETEOPOIOTHYEeCKOM wuHpopmanmuu — MupoBoro nenrpa gaHeeix (BHUUIMU-MILJ, r.
OOHUHCK), ApKTHYECKOTO ¥ aHTapKTHYECKOTO HAyYHO-HCCIECIOBATEIbCKOTO HWHCTUTYTa, HOpPBEKCKOTO
MeTeoposiorndeckoro mHcetutyta (T. Ocno), manaeie peaHam3oB NOAA-CIRES Twentieth-Century Reanalysis
(20CRv3), ECMWF ERA20C u CERA20C.

BoccTaHoB/IeHHe HeNPepbIBHOTO Psiia TeMIlepaTypsl Bo3ayxa B bapenuoypre

Perynsipabie meteoponornueckue HabmoneHus B bapeHnoypre (rumpomereoposiorudeckas oodcepsaropus (I'MO)
«bapennoypr») Hadanuch B aBrycre 1932 r. Onu 66Ut ocTaHoBIeHBI B iepro 1 II MupoBoii BoitHbI B aBrycte 1941
T. ¥ BO30OHOBWINCH B Jiekabpe 1947 r. [Ipu3HAKOB METOAMYECKUX HEOJHOPOTHOCTEH B PsJlaX CpPeIHEMECSIHOM,
CpPEIHEMECIYHON MaKCUMalIbHOM U MuUHHUManbHOU IITB, B T.4., U3-32 IEpEHOCOB METEOPOIOTHUECKOMN IIJIOLIAAKHU B
1978 u 1984 rr. oOHapyxeHO He OBUTO [1]. DTO SABIAETCS OCHOBAHWEM ISl MOJHOMACIITAOHOTO HCIOJIB30BAHUS
TEeMIIEpaTypHBIX psoB, noiay4deHHbIX B MO «bapeHnOypr», s MccienoBaHUi KIMMaTHYECKHX W3MEHEHHH Ha
apxunenare lInundeprew.

B kimmMaTonoruu CyMIeCTBYHOT METOHIBI (cM., Hampumep, [4, 6]), MO3BOJSIOIINEC PACCUYUTATh OTCYTCTBYIOIIUE
3naueHust [ITB no ee 3HayeHmsiM Ha Omwkaimmx mereoposormdeckux craHuusx (MC). Takas mpouexypa Oblia
BBINIOJIHEHA W Ui psioB, monydeHHbIX B MO «bapennoypr» [2]. Beul cdopmupoBaH HeNpepbIBHBINA psijt
cpenuemMecsaHbIx 3HaueHui [1TB ¢ nexabpst 1911 . [Ipuuem moss HemocpeaCTBEHHO M3MepeHHbIX 3HadeHni [1TB
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B 9TOM KOMIIO3UTHOM DPSIIy MpeBbIIIaeT 75%, 4TO SBISETCA MAaKCHMAaJIbHO BO3MOKHBIM YHCIIOM IS JIF0OOH Opyroit
pexoHcTpyKIH 1ono0HBIX psagoB i MC Ilmunbeprena. nms cpaBHenmsa: Ha MC «Svalbard Airporty
OpUTHMHAJIbHBIE (U3MEPEHHBIE) JaHHBIE UMEIOTCS TOJNBKO ¢ aBrycra 1975 r., Bce ocTaibHble — pacdyeTHbIC, B T.4. C
ucronbp3oBaHeM H3MepeHuid B bapennOypre. Tak kak 3amMeHa OpUTHMHAJbHBIX 3HAYEHHH DPacueTHBIMHU BCerIa
COIPOBOXKIAETCS OLIMOKOHM, psinpl, moiydeHHele MO «bapeHuOypr», MMET O4YEeBUAHOE IPEUMYIIECTBO IMPH
U3yYeHHUH JONTOBPEMEHHBIX U3MEHEHHH KIIMaTa B pETHOHE.

Iponnenne psga [ITB B bapennoypre o 12.1911, Bo3MoOxHO, He siBiuseTcs mpeaenoM. s perreHus
KJIIMMATUYECKHX 3a/1ady ceiuac aKTUBHO HCIOJb3YIOTCSI BCeBO3MOXKHbBIE peaHanu3bl. Tpu u3 Hux (20CRv3, ERA20C
n CERA20C) oxsatbBaoT Bech XX B., mpuueM 20CRv3 noctymen ¢ 1836 1. Koppemsimunm cpemHece30HHBIX
(xanmennmapueix) [ITB B bapennOypre (MCrmonb30BaHBI TOJMBKO TpsMBIE M3MepeHUs ¢ 1932 r.) ¢ aHaJIOTHYHBIMHA
TeMIIepaTypaMHy, MOJTyYEHHBIMU MO JaHHBIM YyKa3aHHBIX BBIIIE PEaHAIN30B, NMpUBEICHBI B Tabmune 1. OmgHako
PYKOBOJCTBOBATbCSI CIEAYET HE TOJNBKO YHCICHHBIMH 3HAa4YE€HMAMH KO3((HUINEHTOB KOPPENSAIHH, HO U TEM,
HACKOJIBKO MPaBAONONO00HO pEaHalN3 BOCIPOM3BOOUT OCHOBHBIC KIMMAaTHYECKHE TCHICHIMM B PETHOHE,
00HapyKUBacMbI€ B IIEPHO HHCTPYMEHTAIBHBIX U3MEPEHUI.

Ha pucyHnke 1 npuBeneHbsl aHOMaINU CE30HHBIX TeMneparyp B paiione bapennOypra no nanueiM maccuBa CRU Ts
v. 4.04, cocTaBJICHHOTO W3 JaHHBIX METEOPOJIOTHYeCKUX HabmoaeHnid Ha MC 1 aHOManKu 1O JaHHBIM PEeaHaU30B
20CRv3, ERA20C u CERA20C. CoBpeMeHHOE TOTEIJICHHE BOCTIPOU3BOJIAT Bce TPH peaHanuza. OHaKo peaHanns
CERA20C neMOHCTpUpyeT B Hayajle BeKa aHOMAlIWU OTPUIATEIBHOTO 3HaKa BIUIOTH A0 KoHma 1930-x rr., a
peasbHBIC TIOJIOKUTENIBHBIE aHOMAJIMM TeMIeparypsl B mepuon norerieHus 1920-1940-p1x IT. CyIIECTBEHHO
3aHIKEHBI TI0 CPaBHEHUIO ¢ HaHHBIMU Habmoaennit. B ERA20C norenneHne HauMHaeTcs yke B Hadame XX Beka.
U3 tpex peaHanm3oB HambOoiee ONMM3KHE K BapwanusaM m3MepeHHbIX 3HaueHuil [ITB moxaseBaer 20CRv3. OT0
OYEHb BaXKHO, NMOCKOJbKY peaHanu3 20CRv3 Haumnaerca ¢ 1836 r., a, 3HAUUT, MOXKHO CYLIECTBEHHO YIJIMHHUTH
psnel B bapennoypre.

Ta6auna 1. Koppensiunu cpennece3oHHbix 3HadeHuil [ITB B BapeHnOypre (Mcmoib30BaHbl TOJIBKO
npsiMbie u3Meperus ¢ 1932 r.) co 3HaueHussMu [ITB nomydeHHBIME ¢ IOMOIIBIO PEaHaIN30B.

Peananns 3UMa Becna JICTO OCCHb rona
20V3 0.880 0.861 0.818 0.954 0.899
ERA 0.862 0.781 0.589 0.940 0.858
CERA 0.888 0.823 0.604 0.804 0.830
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Pucynox 1. AHOManny Ce30HHBIX TeMIeparyp B paiione bapennoypra (ot cpeanux B nepuoxa 1961-
1990 rr.) mo naraeiM MaccuBa CRU Ts v. 4.04 u peanamzoB 20CRv3, ERA20C u CERA20C: a —
3uMa, 0 — BeCHa, B — JIETO, T - OCEHb; MPOBEJICHO CTiIaKWBaHue 1o 10-1eTHeM neproaam.
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Ha pucynke 2 moka3aHbl pa3HOCTH CPEAHETON0BOM TeMmeparypbl B bapeHnoypre u nanusix peananusza 20CRv3.
Pasnoctn mocratouHo cTabmiabHBI ¢ Hayana 1930-X IT. 1 HEOXKHUIAHHO PE3KO MEHseTcs B Oojee paHHHA mepuoa. B
psiax NpUCYTCTBYIOT CIBHUTH, OOHApY)KMBacMbIe CTATHCTHYECKUMH TECTaMH (B JaHHOM CIIydae TECTOM JUIsl OUCKa
CMCIIICHHS B 3HAYCHUSIX CPEIHEro, MPeIIoKeHHBIM B pabote [7]). Boccranosienue 3nauenuit [ITB B mepuon
12.1911-12.1931 mns T'MO «bapenuOypr» cieayer npu3HaTh JOCTAaTOYHO HaJeKHBIM [2]. OHO OBIIO BBIIIOJIHEHO B
OCHOBHOM 10 u3MepeHHbIM 3HaueHUsM [ITB Ha MC «Green Harbory, Haxopmsmeiics Bcero B 1.5 kM ot I'MO
«bapennOypr» (B npenenax npsMoi BUAUMOCTH). [103TOMy NMPUYMHOMN CIIBUTOB MOTYT OBITh OLIMOKH YIIOMSHYTOTO
peananuza B nepuoj, korna cetb MC nHa lllnundeprene (1 B ApKTHKe B 1esioM) Oblia KpaitHe peaxoi mimum MC
OTCYTCTBOBAJIM BOBCE.

W3-3a BBISABIEHHBIX CIBUTOB IIPU BOCCTAHOBICHHHU PSIOB MOSBIAIOTCS 3HAYUTEIIBHBIE HEOPEAEIEHHOCTH. TakuM
o0pa3oM, mposieHne paaoB cpeaHeMecstaHbIX 3HadeHuit [ITB B BapeHnOypre, momydeHHBIX TPEIMYIIECTBEHHO IO
JAHHBIM TPSMBIX WHCTPYMEHTAJIBHBIX M3MEPEHHH, Ha mepuon, mpemmectBytommid 12.1911 r. ¢ ucmonp3oBaHmeM
TonbKo peananmza 20CRv3 enBa 1 MOXKHO CYUTaTH 0OOCHOBAHHBIM.
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Pucynok 2. Paznoctu cpennece3onnbix [ITB B bapenioypre ¢ qanusiMu peananuza 20CRv3:
a—3uMa, 0 — BecHa, B — JIETO, T — OCCHb.

HN3menenue Temnepatypsl Bo3ayxa B bapeanoypre B 1911-2020 rr.

B exeroanbix «/lokmamax 00 0COOEHHOCTSX KIMMaTa Ha TeppuTopuu P®D» M3MEHEHHS TEpMHUYECKOro peKrMa
MPU3EMHOT0 CJIOSI aTMocdepsl NPUHATO paccMarpuBaTh, HaduHas ¢ 1976 r. Dra mata BblOpaHa B KadecTBe
YCIIOBHOTO Haualla «COBPEMEHHO20 NOmMeNneHus», TaK Kak BO BPEMEHHBIX psAAax CpeaHeroaoBelx aHomanui I1TB,
OCpPEIHCHHBIX 10 TeppuTopuu Poccum, Kak W JUis TJ00AJBHBIX BPEMEHHBIX PsAOB, mepuoa mnocie 1976 r.
XapakTepu3yeTcss Hanbojee HHTEHCHBHBIM NTOTEIIEHHUEM.

B bapenuoypre B nepuop ¢ 1976 r., noseimenue I1TB uner co cpenaumu ckopoctsimu 1.5-2.1°C/10 ner B 3uMHHe
Mecspl w1 0.3-0.5°C/10 nmer jmeTroMm; TOBBIINIEHHWE CpeaHErofoBhIXx 3HaueHWd [ITB mpoucxomut co cpemHei
ckopocteio moutu 1°C/10 nmer. ns cpaBHEHHS: CpemHAS CKOpPOCTh pocta cpegHeronoBoii IITB Bo3myxa Ha
teppuropuu Poccun B 1976-2019 rr. cocraBuna 0.47°C/10 ner, a poct riaobansHoi [ITB 3a ToT ke mepuon Bcero
0.18°C/10 ner [3].

[Tpn npuBneyeHny K aHanu3y Oosee panHUX (10 1976 r.) JaHHBIX KapTHHA CYLIECTBEHHO MEHsAETCs. B Bapuarusx
I[ITB B bBapeHuOypre Xopomio NpOCIEKHMBAIOTCA [Ba BBIPAKEHHBIX IEPUOJA HMHTEHCHBHOTO IOTEILICHUS,
pasieNIeHHBIX Tepro oM noxonoaanust (puc. 3). IIpu 3Tom TosbKO B KOHIE XX BeKa MakCUMaJIbHBIC TEMIEPaTyphl
CMOTJIM TIPEBBICUTH YPOBEHb 3HAYEHHUH, 3a()MKCHPOBAHHBIX B IEPUOJ MPEABIIYIIEro («7ep8ocoy») TOTEIICHNUS.
CKOpOCTH TIOTEIUICHHSI, PACCUUTaHHbIe, HaunHas ¢ 1976 r., oka3anuck OOJBIIMMH, IOCKOJIBKY Hadallo pacyeTHOTO
nepuoja TPHUXOTUTCA Ha OTHOCHTEIBHO XOJOIHBIM TEpHOA. OTH CKOpOCTH, O€3yCIOBHO, HE OTpPa)karoT
JIOJITOBPEMEHHBIX TEHACHIMNA. Bkmrouenwe B pacuerhl «menavix» 1920-40-x TIT. CHIBHO CHW)KaeT MaciTaObl
W3MEHEHUH, mpounsonreamux 3a nocienaue 100 ser. Tem He MeHee, KOMITO3UTHBINA PsIJ CPETHEMECTIHBIX 3HAUSHUH
IITB c 1911 r. moaTBepkIaeT AONTOBPEMEHHYIO TEHICHIMIO K MOTEIUICHHIO KinMara B BapeHmnOypre, XoTs u ¢
MeHbIIeH ckopocTrio. B mepuon ¢ mexkabps 1911 1. moBwIIeHHE CE30HHBIX TEMIEPATyp HPOUCXOANT CO CPETHIMHU
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ckopoctsimu 0.53, 0.53, 0.12 u 0.28°C/10 net (3uMma, BecHa, JIETO U OCEHb COOTBETCTBEHHO), & CPEIHETOJIOBOH —

0.36°C/10 ner.
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Pucynok 3. Bapuaiiuu cpeJHECe30HHBIX U CPEIHEr0IOBBIX Temmeparyp B bapennoypre: a — 3uma, 6 —
BECHA, B — JIETO, T - OCEHb; TOPU3OHTAIHHBIMU JTUHUSAMHU OTMEUEHBI CPEJHUE 3HAUCHUS JJISl IEPHOJI0B

1961-1990, 1971-2000, 1981-2010, 1991-2020 rr., nns nepuoxa 1976-2020 rr. mokazaH JTUHEHHBIN

TPEH]I.

Ha KOPOTKHNX BPEMCHHBIX MHTCPBAIaX (nop;{m(a HECKOJIBKO ,I[eC?[TPIJIeTI/Iﬁ) CKOpOCTH H3MCHEHHI TCMIICPATYPhbL

MOTyT 3aMCTHO BapbUPOBATH [JaXXC TII0 3HAKY,

MNpeAOJI0KUTCIBHO,

B 3aBUCHUMOCTH OT AJOMHHHUPYIOIIHUX

MaKpOUMPKYJISIIMOHHBIX TPOIECCOB (MaKpOUMPKYJIISIMOHHBIE 31T0XH). ISl WIUTIOCTpauy Ha pUCYHKe 4 TTOKa3aHo,
gr0o B XX-XXI BB. 00HapyXHUBaeTCA HEMAJIO IIEPHUOJIOB, KOTIa TEMIIepaTypa 1o JaHHBIM 3a npeapaymue 10-30 et
CHI)XAJach NPU ee OOMEeM IMOJOXKUTEIHHOM JOJITOBPEMEHHOM TpeHAe. MOXKHO TpPEaIoJIONKHUTh TaKXKe, 4YTO
MosIBJICHWE M B OmipKailiine NecaTUIeTHs] OTPHUIATENBHOTO TPEHAAa B KAaKHE-TO MECSIbl WM JaXe CE30HBI He
00s13aTeNnbHO OyJIeT CBUAETENLCTBOBATH O IEPEioMe B JA0JITOBPEMEHHOI TeHaeHny. HepaBHO3HAYHbIE N3MEHEHUS
TEMIIEpaTypbl Ha KOPOTKUX U JUTMHHBIX IIEPHOJIaX BPEMEHH CYILIECTBYIOT U B IJ100aibHOM Maciurtabe. JlaHHbIi (akT

HEOOXOMMMO YUYUTHIBATh, TaK Kak BBIOOp MepHO/A,

32 KOTOPBIA OCYIIECTBIIETCS pacdeT KIMMaTHYECKHX

TEHJICHIMI, YacTO OCTAeTCS TOJBKO 3a KCCICIOBATE]ICM, & B 3aBHCHUMOCTH OT JUIMHBI Psijia KapTHHA MOXKET
0Ka3aTbCs KaueCTBEHHO pa3Ho (IOXO0JI0IaHNe WM TIOTEIIJICHHE).
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PucyHok 4. Bapuamuu yria HakjOHa JMHEHHOTO TpEeHIA TEMIIEPaTypHI
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T T T T T 1
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B bapenuOypre (cpemnss

CKOPOCTh U3MEHEHUH), paccunuTanHoro no npeasiaymemy 10 (1), 20 (2) u 30 (3)-netHeMy mepHuoay;

a—3uma, 0 —

JIETO.
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3axinroyeHue

Co3naH KOMITO3UTHBIN psif cpenHeMecssunbix 3HaueHuit [ITB B Bapennoypre, HaunHaronmecs ¢ nexadpst 1911 r.
OtcyrcTByromue 3HayeHus: it nepuoga 08.1941-11.1947 rr. paccuutansl mo maHHbIM Ommxadmmx MC u
peananmuza 20CRv3. Psg gononuen mo 12.1911 r. Ha ocHoBe u3MmepeHwuii, BeimoaHeHHBIX HA MC «Green Harbory,
KOTOpast HaXOAMJIach B 1.5 KM OT COBPEMEHHOTO TOJIOKEHHUST METEOPOJIOrnIeCcKoH miomaaku B bapennOypre.

Cpenu Tpex peaHanu3oB, oxpaTbiBaonx Bech XX Bek (NCEP/NOAA 20th Century Reanalysis - 20CRv3,
ECMWF ERA 20C u CERA 20C), nau6oiree 6JIM3KHe pe3yNbTaThl K K3MEPEHHBIM JaHHBIM, ITOTydeHHBIM Ha [ MO
«bapennOypr», mokassBaeT peanann3 20CRv3. Ognaxo cBsa3p Temrepatypsl B bapernoypre ¢ 20CRv3 He ocraeTcs
MIOCTOSIHHOH, YTO HE MTO3BOJISIET €T0 MUCIIONB30BaTh AJISI PEKOHCTPYKIMH PsiioB paHee Hawana 1930-x rr.

B mepuon ¢ nexabps 1911 r. moBbImIeHHE CE30HHBIX TEMIEpaTyp MPOUCXOAUT CO CpemaHuMu ckopoctsmu 0.53,
0.53, 0.12 u 0.28°C/10 net (3uMa, BecHa, JIETO U OCEHb COOTBETCTBEHHO), a cpemreronoBoit — 0.36°C/10 ner. Ha
Oonee KOPOTKUX INEpHOJAX BpeMEHM (MOpsAKa HECKOJIBKHUX AECATKOB JIET) CKOPOCTH H3MEHEHHUH TeMIepaTypbl
MOTYT CYIIECTBEHHO OTJINYAThCS OT JOITOBPEMEHHOIO TPEHAA BIUIOTH JI0 3HAKa.
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®EHOBBIE D®PEKTHI B BAPEHIBYPI'E (IIIIMIGEPI'EH)
B.U. Jlemun, b.B. Kosenos
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AHHOTAUA

OO0HapyXeHbl CHHXPOHHBIC W TPOTUBO(A3HBIE W3MEHEHHS TEMIIEPATyphl U OTHOCHUTEIFHON BIaKHOCTH BO3IyXa B
BapennOypre mpu BeTpax ¢ BOCTOYHOH cocTaBisfomed. Tak Kak ¢ 3THX HampaBieHHH bapeHnOypr mpuxpseIT
HEBBICOKUMH TOpaMH, JOMycKaeTcs nosBicHue GEHOBBIX sBneHui. TemmeparypHbiii 3gdekT pEHOB HE MPEBHIIIACT
1-3°C unu paxke He BBIPaXKEH, @ OTHOCUTENbHASI BIAXKHOCTh MOXKET OIyckaThes 10 60 u menee %.

BBenenne

IMo cBoemy ompenenenurd GEH sBIseTcss KartabaTHYeCKUM (HUCXOJSIIMM) BETPOM B TOPHOM paiioHe,
COIMPOBOXKJIAEMbIl TMOBBIIMICHAEM TEMIICPATyphl U CHI)KCHHEM OTHOCHTENBbHOW BiaxxHOCTH. Kiaccuyeckuit
MEXaHU3M, UCTIONB3YeMbIil Jiisi 00bsicHeHus1 pEHOBOro 3 deKTa, nmpernonaracT BoIHYXICHHbBIN MOIbEM BIaXKHOTO
BO3/lyXa MO TOPHOMY XpeOTy Ha HaBETPEHHOH CTOPOHE ¢ 00pa3oBaHHEM OOJIAYHOCTH U OCAJKOB, M OIyCKaHHE Ha
MOJIBETPEHHOM CKJIOHE C CyXx0a/JnabaTHYecKuM I'paJIMeHTOM, Onarojapsi uemy BO3AyX HarpeBaeTcs, a 00Ja4HOCTb
pacceuBaeTcs. OIHAKO B PEaJbHOCTH B 3aBUCHMOCTH OT MEXaHH3Ma, KOTOPBIM OCYIIECTBIIACTCS HUCXOMAIICES
IBIWOKECHUE, (BEHBI B Pa3HBIX reorpa)uuecKux paioHax MPOSBIIIOTCS Mo-pasHoMy. OOIIHMe YeTKUE KPUTEPHH, IO
KOTOPBIM MOXKHO OBUTO ObI HACHTHGHUIIUPOBATh HEH, OTCYTCTBYIOT [1].

B nanHol paboTe 00Cy»)maeTcsi BO3MOKHOCTh cyiiecTBoBaHus (EHOB B paiione BapennOypra. Vcmonabp30BaHbI
JITAaHHBIE CPOYHBIX METEOPOJIOTHUECKUX HAOINIIOACHHUI HA THMIPOMETEOpPOJOTHUecKoil obcepBaropun «bapeHOypr»
(BHMM I'MU — MIIJ] (OO6HHHCK)), a Taxke H3MEpPEHHS Ha aBTOMATHYCCKONW METCOPOJOTHYCCKON CTaHIIUU
[Mossiproro reou3nUecKOro HHCTUTYTA.

Pe3yabTaThl 1 00cy:xkI1€eHUE

OcHOBaHUEM JUIS TIPENIOJNIOKEHUH O CYIIeCTBOBAaHMU B paifoHe bapeHuOypra (EHOBBIX SBICHUH SBISIOTCS
crnenu(UYHbIE BapHAMK TEMIIEPAaTypsl M BIAXHOCTH Bo3ayxa. Ha pucynkax 1 m 2 moka3aHbl HM3MEHEHHS
TEeMIIepPaTyphl BO3yXa U OTHOCUTENbHOMN BiIakHOCTH 28-29 Mast 2018 . 1 31 utons 2018 r. BugHbl CHHXpOHHBIE, HO
npoTuBo(da3Hbple M3MEHEHUs] TEMIIEPaTypbl M OTHOCHTENBHOM BIIQXKHOCTH BO3/yXa, KOTOPBIE XapaKTEpHBI s
OBICTPBIX HUCXOJIINX ABWXCHUH BO31yXa, BBI3BAHHBIX pesbedoM. /I cpaBHEHHS Ha PUCYHKE 3 MpPUBEICHBI
MIOXO)KHE BapHallMK TEMIIEPATyphl M BIQXKHOCTH BO BpeMs (éHa B XnOnHax. «IMITyIbCHBINY N KpaTKOBPEMEHHBIH
XapakTep SABJICHHUS TOBOPUT O TOM, 4TO ()H MOT BOZHUKHYTH B PE3yJbTaTe OBICTPOTO M BHE3AITHOTO pa3pyLICHUS
HEKOTOPOTO yCTAaHOBHBIIErOCSI TEUYSHHUS B TOTPAHUYIHOM CJIO€ aTMOC(EpHI.

DEHBI MOYKHO CUUTATH SIBIICHUEM TOTOJIBI, XapaKTEPHBIM JJIsl BceX TOpHbIX cucteM. M Illmuudepren He siBisieTcst
uckioueHrneM. DEHBI yIMOMUHAIOTCS B psje pabOT, NMOCBAIICHHBIX OINHMCAHMIO METEOPOJIOTHYECKUX peXnma
IHmunbeprena (cMm., Hanpumep, [3, 4, 7]), OAHAKO CHCTEMATHYECKUX HCCIEIOBAHUI SBICHUS HE MPOBOAMIOCH.
OCHOBHBIE CJIOXKHOCTH JIeTaIbHOTO M3yueHHs (éHa B bapeHIOypre co3naloTcs HEOCTATKOM METEOPOJIOTHYECKUX
JIAaHHBIX C BBICOKUM BPEMEHHBIM paspelleHreM (HaOJIO[CHUs B OCHOBHBIE METEOPOJOTMUECKHE CPOKU HE JAI0T
MOJTHOM KapTHHBI ABJICHMSA), OTCYTCTBHEM HH(OPMAlMU O TMOTojAe M (aKTHUECKHMX IOTOKaX Ha YpPOBHE Iop U
MHOTOJIETHUX 3amuceil JeHT TepMorpada u rurporpada.

[lo kmaccMueckMM NpEACTABICHUSAM, MOsBIEHHEe (EHA CONMPOBOXKIAETCS IOBBIIICHHEM TEMIIEPaTyphl M
OIHOBPEMEHHBIM CHU)KEHHUEM OTHOCUTEIBHOM BIAXXHOCTH BO3AyXa IIPH BETpax HAalpaBleHHbIX Cc Trop. B
JICMCTBUTENIBHOCTH KapTHHA HAMHOTO CiiokKHee. Tak, Hampumep, TeMIepaTypHbIH 3(QEKT 3aBHCHUT OT MHOTHX
(akTopoB M YacTo BooOIIe He NposBisiercs. boiee BaKHBIM IOKa3aTelneM CUUTACTCS IaJeHUE OTHOCHUTEIbHOU
BJIXXHOCTH. B OONBIIMHCTBE CITydaeB OCHOBaHMEM ISl MIPEAIIOIOKEHHS O MOSBICHUN (EHA CIIy>)KUT CHIKEHHE
ObICTPOE OTHOCHTENBHOH BiaxkHOCTH 10 60-65% W MeHee B yTpeHHHE, BEUEpHUE W HOUHBIE Yackl U MeHee 40% B
JTHEBHBIE TIPH BeTpax ¢ rop. B wactHocTH, OBICTpoE CcHIDKeHHME H0 65% paccmaTpuBaeTcs Kak Hpu3Hak ¢EéHa B
Apxruke B pabote [7].

Ha pucynke 3 mpencraBieHO paclpeleleHHe OTHOCHUTENFHOH BIQXXHOCTH B bapeHnOypre mpu pa3iandHBIX
HampaBieHusX Berpa. Clegyer OTMETHTh, UYTO HAINpaBICHWE BETpa 10 HAa3eMHBIM HAOMIOJICHUAM Ha
METEOPOJIOTHIECKON IIIOIMAAKEe aeT TOJBKO MPHUOIM3UTENBHOE MPEACTABICHNE O PEAJbHBIX MOTOKAX HAa BEPXHHUX
YPOBHSX TOp M3-3a CHJIBHOTO HMCKaXAIOIIETO BIUSHUA penbeda. Hampumep, oOHapykeHBI ciydaW, KOTAa Hpu
BBIP&KEHHBIX BOCTOYHBIX IIOTOKAaX B IOTPAaHMYHOM ciloe aTMocdepe (1o kapram Oapuyeckoi Tomorpaduu u
peaHanm3aM), CBOJKM C METEOCTAaHIMM yKa3bIBaJ Ha BETep C 3amaJHOM cocraBisiiolieil. Takue pacxoskaeHus
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MOTYT OBITH pe3ynbTaTaM OIIMOOK KOTWUPOBAHMSA, HO TaKXKE MOTYT OTPakKaTh M PEANbHBIM (DHU3UUECKHIl IpoIecce
(mpm  OOTeKaHWM TIPETSATCTBHS BOCTOYHBIM IOTOKOM HA IIOJBETPEHHOH CTOpPOHE BO3HHKAET BHXpPh C
MPOTUBOTEUCHHUEM Y 3€MJIU, HAIIPABICHHBIM K OJJHOXKHIO TOPBI).
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Pucynoxk 1. Bapuaruu temneparypsl Bo3ayxa (BBepxy — T°C) 1 OTHOCUTENIBHON BIaXKHOCTH (BHU3Y —
%) B bapenudypre B Houb ¢ 28 Ha 29 mas 2018 1. (cneBa) u 31 uronst 2018 1. (crpasa). [Ipum.: Ha
3amucax Tepmorpada M rurporpada ImokKa3aHsl 3HAYEHHUsT TEMIEPAaTypbl W BIAKHOCTH J0 BHECEHHS
MHCTPYMEHTAIBHBIX TIOIPaBOK.
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Pucynok 2. Bapuamum Temmeparypbl BO31yXa
(BBEpXy) M OTHOCHTEIHHON BIAKHOCTH (BHHU3Y)
16.02.2003 B Xubunax Bo BpeMs (p€Ha Ha FOPHO-
JIaBUHHOM cTaHIu «BocTounas [2].

Taxk xak MeTeopoJormyeckas Imiomaaka B bapeHnoypre aBaXIbl MepeHOCHIACH, PACUET MPOBOAMICS IS KaXKIOTO
MECTOTOJIOKEHHUS OTACTHHO. DTO CAETAHO, YTOOBI M30eXKaTh BIFSHUS HAa OTHOCHUTEIHHYIO BIaKHOCTH 3anuBa [ peH-
®popIx ¥ BO3MOXKHBIX AHTPOIOTEHHBIX 3(dekToB. Bo Bcex Tpex MECTOMONIOKEHUSIX 3MU30Ibl C TOHIDKCHHEM
BIIQXXHOCTH 710 60-65 1 MeHee % dallle BOSHUKAIOT MPH BETPaxX ¢ BOCTOUHOHN cocTaBiisomeid. C 3TUX HalpaBIeHUN
BapeHnoypr npuKkpeIT HeBEICOKUMHE ropamu ¢ BeicotaMu oT 200 1o 500 meTpos (puc. 4, 5). M0OXHO TOIyCTHTH, YTO
BO3AyX, BCTpedas Ha CBOEM IIyTH oporpaduueckwii Oapbep, HauMHAaeT OOTEKaTb W IepeBalWBaTh €ro ¢
MOCIEAYIONUM OINyCKaHWeM (HarpeBOM U BBICYIIMBAHMEM) Ha TOJIBETpeHHOW cTopoHe (B bapeHuOypre).
HexoTopsle craTuCcTHUECKHE PA3IHYIUs MEKAY IMyHKTaMu 1, 2 1 3 Ha puc. 3 MOXHO OOBSICHUTH KaK 0COOCHHOCTAMHI
MECTOIOJIOKEHUH, BIMSAIONINX HA TIOCTYIUICHHE BO3MyXa C HABETPEHHOH CTOPOHBI, TaK M W3MEHEHHSAMH
MaKpOLMPKYJISAUOHHBIX YCJIOBHUI, BMECT€ C KOTOPBIMH MEHSETCS 4YacToTa CHHONTHYECKHX IPOLIECCOB,
ONMarOMPUATHBIX JUIS TOSIBICHWS JIOKANBHBIX TEUYCHWH, BKIOYas W (EHBI (CTATUCTHKA IIOJIyYeHa B pa3HBIC
BpeMeHHbIE nepuopl: i 1. 1 — 1966-1978 rr., m. 2 — 1978-1984 rr., .3 — 1984-2020 rT.).

BennunHa OTHOCHTENBHOW BJIAXHOCTH BO3AyXa HE BCErAa SBISAETCS JOCTATOYHBIM NpU3HAKoM (éHa. MoxkHO
JIOMMYCTUTb, YTO CHH)XEHHME OTHOCUTENIbHON BiaxHOCTHU J0 60-65% BO3HMKAaeT BCIEACTBHE JPYIHX
METEOPOJIOTHIECKUX TPOIeccoB, HanpumMep, aasekiuu ¢ C, CB, B u OB — Hanpasnenuii Bo3ayxa ¢ 6ojiee HU3KUM
BIaroconepkanneM. Ha pucyHke 6 TpeacTaBIeHO pacHpenesieHHe OTHOCHTENBHOW BIIAXKHOCTH IO JTaHHBIM
aBTOMATHUYECKON MeTeoposiorndeckor ctanmmu M-49M, paboraBmeit B 2005-2006 tr. B 4 kM ceBepHee MO
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«bapeHnOypr» Ha JOBOJIBHO OTKPHITOI IUTOMIAKE, I/Ie, HECMOTPS Ha MOBHIIIEHHEe MecTHOCTH Ha OB, monospesarsb
nosiBiicHHE (EHA HE MPUXOIUTCA (TI0JNOXKEeHHEe OTMedeHO nu(poit 4 Ha puc. 4). BelpakeHHOW CBSA3M MOHMKEHHBIX
3HAQUEHHMH BJIAXXHOCTH C HalpaBJEHHEM BETpa 3[eCh HE MPOCIEKHMBACTCSA. DTO MO3BOJISET IPEIIIONIONKHUTh, YTO
SMH30/1bI C MMOHMKEHHEM BIIaskHOCTH 10 60% 1 MeHee B bapeHIOypre Bce-Taku CBsi3aHbI ¢ TOnorpadueli MECTHOCTH
1 BO3HHMKAIOT M3-32 MECTHBIX OpOrpaUIecKUX TeUECHHH.
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Pucynok 3. PacnpezneneHne OTHOCHTENBHOM BIaXHOCTH BO3JyXa NMPHU Pa3IMYHBIX HAIMPABICHHUAX
BeTpa B bapenuoypre (1mdpst 1, 2, 3 Hax puc. — HOMepa METEOIUIONAI0K (KX MOJIOKEHHE YKa3aHO Ha
puc. 4-5), mudpst BHU3y 0003HayaroT pym6osl: 1 —C,2 — CCB, 3 -CB,4—-BCB,5-B, 6-BIOB, 7 —
IOB, 8§ —IOIOB, 9 - 10, 10 - 0103, 11 - 103, 12 - 3103, 13 -3, 14 -3C3, 15-C3, 16 - CC3, 17 -
IITHNB).

K coxanenuro, TeMneparypHble BapHallid B HalleM Cilydae MaJIOWH(GOPMAaTHUBHBI JUIl AWArHOCTHKH (HEHOBBIX
sBIeHUH. BpicoTa MeTeoposornyeckoil miomanaku B bapeHnoypre okono 75 M H.y.M., a OKpYXalOIIUe €ro ropbl
umeroT BeIcoTh 200-400 M, mpudem HambOosee Boicokue u3 HuX — Olavsvarden u Gronfjordfjellet ¢ otmMeTkamu 1o
500-546 M pacroyioxKeHBI TaK, YTO BO3JyX IO IyTH K bapeHnOypry nx ckopee o0TekaeT, ueM IepeBalnuBacT yepe3
Hux (puc. 4). [ToroMmy MakCHMaIbHBIN TeMrepaTypHBIH 3((}EeKT 3a CYeT OIMyCKaHHUs BO3AyXa HE MOXKET IPEBBICUTH
1-3°C (49TO, KCTaTH, COOTBETCTBYET BapHaIlMAM TeMmIlepaTypsl Ha puc. 1). OmHako, 9To0bI 3TOT 3dexT ObuT
oOHapy’xeH, He0OXOIUMO, YTOOBI OIYCTHUBIIMICS BO3IyX OKazajcs TeIriee BRITSCHEHHOro M. boipmryio ske JacTb
rofia BO3AYX, PAacIoIOXEHHBIH BocTOouHee bapeHnOypra (B IEHTpalbHBIX pailoHaX apxwIienara), UMeeT Oojee
HU3KYIO TEMIIEpaTypy, 4eM BO3JyX Ha €ro 3amagHoM noOepexne [6]. [loTomy nmaxe mepeBaiuB udepe3 TOPHOE
MIPEISATCTBHE M HATPEBIINCH, OH HE 00s13aTEIHHO OKAXKETCS TeIuIee BO3LyXa, KOTOPHIH 3/1eCh paHee HaXOJHIICS.

HHuTepecHO Takxke COCTOSHUE MOT0Jbl B T€ CPOKH, KOTJa OTHOCUTENbHAS BIAXKHOCTh OIycKanack 10 60 u MeHee
%. Taxum sm3onam B 33.4% npeamecTBoBaia sicHast morojaa. B 17.7% ona m3meHsack ot "S 6aJutoB 1 MeHee" 110
"Gosee 5 OayuIOB" WM XapaKTepH3oBaJlach KaK «IacMypHas» WIH «obiadHocTs Oonee 5 GamtoBy» (18.7%). T.o.,
ectb oyt B 70 % ciydaeB OoJsiee 3HAUMMBIX €€ XapaKTEPHCTHK (HampuMep, J0XAb, CHET, TyMaH W T.1.) He
ormeuanocs. B 77.4% morona B Cpok HaOIIONCHMS XapaKTepH30oBajach Kak «00Jaka pacceuBalOTCS» MM «SICHO
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(4.6%). Kak mpaBmiio, HXKHAS 007MadHOCTH OTCcyTcTBOBana (60%), a mpu ee HANIMYMU HIDKHAS rpaHuna B 96%
HaxXoJWJIach BBIIE yPOBHS Top. B 3umHMiA nepuox nepex siaerneM (21.5%) u B cpok (14.1%) uHOTIA OTMETATHCH
cyaObIii WIIM YMEPEHHBIN M03€MOK WJIM HHU30Bas MeTenb. Ho 3TH sIBIEHUS SBISIOTCS HE PE3YJIbTaTOM BBINAJICHHS
0CaJIKOB, a MEpeHoca YK€ BBINABIIEr0 CHEra BETPOM, B T.4. M C Oojiee BEPXHMX YpPOBHEW BHH3, U 4YacTo
HaOJIIoat0TCs Jaxe mpu sicHoM Hebe. T.0., COCTOsIHUE MOTo/bl B CPOKH, KOIJa BIAXHOCTh He Ipesbimana 60%, He
OTBEpraeT BepoATHOCTH (EHa.

Granfjorden

Pucynok 4. Tomorpaguueckas kapra paiioHa n. bapenuOypr (https://toposvalbard.npolar.no);
Hudpamu oTMeUeHbI MOJIOKEHUSI METEOPOJIOTHUECKHX TLIONIAJIOK, UCIIOIb30BaHHBIX B padoTe.

%

Pucynok 5. Tlanopama nocesnka bapenuoypr. Llndpamu oTMedeHbI TTOJIOKEHUSI METEOPOIOTHYECKOI
IUTOIIa KK B Pa3HbIE TOABI (COOTBETCTBYeT HOMepaM Ha puc. 3). Photo: Erlend Bjertvedt (CC-BY-
SA).
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3axuoueHue

BapeHnOypr pacnosnoxeH Ha CKJIOHE M MPHUKPBIT C BOCTOYHON CTOPOHBI HEOOJIBLIMMH ropamMu ¢ Bbicotamu oT 200
110 500 M. Takoii penbed B 11e710M GJIArONPHUATCTBYET BOZHUKHOBEHUIO (DEHOBBIX siBIeHMM. [Ipy BeTpax ¢ BOCTOUHOM
COCTaBISIONIEH B IIOCENKE OOHApyKHMBAIOTCS OBICTPHIE NPOTHUBO(A3HbIE M3MEHEHWS TEeMIepaTypbl BO3lyxa H
OTHOCHUTEJIBHOW BIAKHOCTH, XapaKTepHbIE U HHUCXOJINMX JBIDKEHUI Bo3nyxa. IlomxbeMm TemmepaTypbl He
npebimatoT 1-3°C unu paxe oTcyrcTByeT. OTHOCHUTENBHAS BIAXHOCTh NPH 3TOM MOXKET OIycKaThcs 1o 60 u
MeHee %, 9TO SBISIETCS MPpU3HAKOM (pEéHa B OOIBITMHCTBE TOPHBIX CHCTEM.
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PHYSIOLOGICAL RESPONSES IN PLANTS INDUCED BY
ARTIFICIALLY GENERATED EMF VECTOR POTENTIAL

P.A. Kashulin, N.V. Kalacheva
Polar-Alpine Botanical Garden-Institute, RAS, Apatity, Russia; e-mail: falconetl@yandex.ru

Abstract. The theoretically suggested eigen activity of EMF vector-potential (VP) was checked up through finding
out its plausible bioactivity in relation to living plant objects. The stimulating effects of steady-state artificially
generated by toroidal emitter VP of magnetic field on Taraxacum officinale dormant or germinated seeds and on
Avena sativa coleoptiles are registered. The modulation of photosynthetic activity of underwent to VP emission
Hibiscus rosa-sinensis plants in terms of its chlorophyll red fluorescence was shown as well. The findings support
the theoretical premises regarding an eigen physical reality of VP.

Introduction

Since Y. Aharonov and D. Bohm [Aharonov and Bohm, 1959] publication the VP have not been be treated as
mathematical abstraction only and a possible role of EMF vector-potential (VP) as an eigen physical reality capable
to self-acting in physical world were widely discussed. Its cosmic role as a plausible physical agent responsible for
the solar-terrestrial links so called “Velkhover cosmic phenomenon” [Chizhevsky, 1963] was considered also. A
number of experiments which would reveal the biophysical role of VP were proposed. A priory suggested
physiological reactions of vascular plants on the local disturbances of the background VP have been investigated in
accordance with ideas putted forward by K. A. Trukhanov [ Trukhanov, 1984]. To find out the plausible effects of VP
related to stationary magnetic fields its generator was constructed according to K.A. Trukhanov recommendations.
In experiments the so called “doughnut coil” i.e. toroidal solenoid formed by about 1000 copper wire turns under
steady-state direct current amperage varied within 0,7 - 0,9 amp was used.

Biological objects and methods

The vascular plant living objects, namely seeds, juvenile coleoptiles and matures organisms of oat (4dvena sativa),
dandelion (Taraxacum officinalle), Hibiscus rosa-sinensis plant, var. “Sunny Athene” were used. To detect the
plausible bio effects of emitted VP the various physiological reactions of nearby plant objects and different living
stages were considered. First of all, the VP field generation effects on the most fast development stages, namely on
the seeds germination were investigated. In these case the experimental cohorts dry of water imbibed germinated
seeds were daily underwent 4 h exposure nearby VP emission. The control cohorts of the same seeds bunch were
took away 6 m apart. The screening to VP susceptibility was carried out at the various structure levels of living
systems, among which the photosynthetic apparatus (PSA) of native chloroplasts was checked out. The function of
PSA is based on the coordinated work of two connected photo systems (PS) intermitted by electrons transport chain
and charged membrane-protein complexes which as whole suggests its susceptibility to external EMF or to
potentials change. To explore the question the non invasive method of chlorophyll red fluorescence measurements
with PAM-100 «WALZ, Effetrich» technique was used. In experiments the PS II quantum yields: Y(II), Y(NO),
Y(NPQ) of native plant leaf blades were registered previously (control) in terms of kinetic light induced curve run
and the same blades second run after those were undergone to 1 h VP exposure provided location ones within 10-20
cm around generator center. Y(NPQ) and Y(NO) — are quantum yields of regulated and of nonregulated energy
dissipation in PS II, respectively. Effective PS II quantum yield Y(II) is calculated accordingly to [Genty et al.,
1989] by formula: Y(II) = (Fm’- F)/Fm’, where F and Fm the leaf fluorescent yield and maximum fluorescent yield
of illuminated samples, respectively. A given sample can show an infinity of various Y(II) values, depending on the
state of illumination at the very moment when the saturation pulse is applied. A unique state is given after dark
adaptation when the effective PS II quantum yield is maximal. In principle, a quantum yield may vary between 0
and 1. If, for example Y(II) = 0,5 this mean that one half of the absorbed quanta is dissipated into heat and
fluorescence. The sum of all quantum yields always amounts to 1. Based on the work [Kramer et al., 2004] two
other types of PS(II) quantum yield can be defined (NPQ) and Y(NO) adding up to unity with photochemical
quantum yield: Y(II) + Y(NPQ) + Y(NO) = 1.

Results and discussion
The preliminary daily 4 h VP exposures of Taraxacum officinale seeds since the start of their water imbibe resulted
in marked acceleration of their germination as compared to control seeds, incubated in the same time by 6 m off the
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VP emiitter, Fig. 1. The daily exposure of Taraxacum officinale seeds were followed by average acceleration of their
averaged germination rate as compared to the control cohorts up to 10-20 per cent.

The preliminary 4-5 h VP daily exposure of both dry 100 seeds C1-C3 cohorts each and the germinated ones
resulted in rise of intensity seeds germination experimental V1-V3 cohort as compared to control ones, as well Fig.
2. The same experiments were conducted with other plant species seeds which showed qualitatively comparable
results. The stimulation effects were registered on the level of whole and yet formed plant organisms. To ease the
compare the sizes of different organisms in plant physiology so called cereal coleoptiles test is ordinary used. As an
experimental object the oat Avena sativa plant species have been used.

0.75 -

Figure 1. Seeds germination curves
for the control and underwent to
VP emission Taraxacum officinale
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=] 7 | seed cohorts of 100 seeds each,
.E 0.2 VPl respectively.
E 0,1 7 ” ==V P2
g O | '  -e-VP3
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Days after germination onset

The effects of VP exposures were registered on the wholly formed plant organisms. The comparative results for
the both control Avena sativa coleoptiles cohorts with experimental ones underwent a week 4-5 h daily VP
exposures for the coleoptiles length distribution are presented on Fig. 3. The germinated seeds exposures followed
by the acceleration of the juvenile oat plants growth.

The PSA and photosynthetic functions are highly susceptible to environment, so we have investigated the light
induced active activity of PSA under exposure to generated VP in comparison with its work under background
environment. The very sensitive and absolutely noninvasive methods of the leaf blade red fluorescence registration
were used in terms of light induction curves. The experimental plants have been affected to VP exposure for 4 min
during the registration of light curve and 1 h before that. The typical results of the VP photosynthetic effects
obtained in terms of chlorophyll fluorescence light induction curve running for the Hibibiscus leaf blades are shown
on the Fig. 4.

As it seen at Fig. 4, the VP exposure of experimental plants resulted in slight elevation of PS II quantum yield
Y(II) after starting of actinic illumination by 10-15% and rise of regulated absorbed energy transformation presented
by Y(NPQ) curve as well. The markedly observed drop in the nonregulated energy dissipation Y(NO) for the first 5-
6 min of light induction curve running was found also which points out on more effective utilization of absorbed
light energy in PS II of PSA.
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Effect of VP on Avena sativa coleoptiles
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Conclusions

As a whole summed results show the external VP effects on dormant and germinated seeds stimulation, on growth
stages in the early plant morphogenesis as well. The slight stimulation of photosynthetic function in flowered
arboreal plants was found also. It is noteworthy to mark, that the effects of VP was registered provided turning up
the PS II induction light and hence starting maximal current fluxes through electron transport chain of PSA. As a
result 10-15% elevation in effectiveness of PS II primary acceptors reduction under action of artificially generated
VP of MP produced steady-state direct current was observed. The difference between photosynthetic parameters
was retained for 2-3 days at least. The mechanisms of the effects found unclear now and are yet expected to be
elucidated. Nevertheless, the results obtained explicitly point out on the local physiological activity of artificially
emitted VP of steady-state magnetic field as well as show its eigen physical reality as it was predicted earlier.
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TEMPORAL PECULIARITIES IN ENVIRONMENT FACTORS CHANGE
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Abstract. The long-term time-course of some environmental meteorological factors and physiological
characteristics of indoor Marantha leoconeura and Ctenanthe setosa plants cultivated under controlled lab
conditions were investigated during the months of low solar activity of current solar cycle. The two weeks cycles,
circaseptan and circasemiceptan cycles in natural factors change as well as in plant multi-diurnal physiological
dynamics were revealed. The results points out on the cosmic provenance of the found rhythms.

Introduction

The long-term seasonal monitoring of environmental factors: PAR, UV radiation, temperature, atmospheric pressure
and humidity was conducted simultaneously with outdoor northern arboreal wild and cultivated trees and some
indoor plants as well since 2013 to 2020™ years. The special attention we have paid to current months of low solar
activity. The observations show that photosynthetic and other physiological plant functions were underwent both
solar influence and the contemporary global climatic changes. The raised global temperatures might to enlarge the
northern plant vegetative seasons but at the same time disturb their normal winter dormant functions and provided
high humidity to promote the mass fungi diseases. Nevertheless, the cosmic factors show explicit influence on
northern flora despite rather changeable terrestrial environmental factors, which was corroborated by the revealed
temporal structure of long-term dynamics among a number of plant physiological functions. Some such effects are
considered here.

Methods and objects
The exogenous photosynthetic active radiation (PAR), solar UV radiation, temperature, humidity were measured
with portative “TKA-PKM” apparatus, St-Petersburg, Russia and field fluorometer PAM -2100 «WALZ, Effetrichy,
Federal Republic of Germany.

The vascular decorative plants Marantha leoconeura “Facinator” and Ctenanthe setosa cultivated under lab
controlled conditions were used. The leaf-petiole changeable angles of different leaf blades these plant species were
measured twice and daily during noon and evening hours.

Results and discussion

The multi-annual mean temperatures presented here were obtained for the most prominent height of the town
Apatity where the place of observations was situated. Since 2013" to 2017 the temperatures for the vegetative
months were correlated with solar activity in terms of mean Wolf numbers, but later the new trends presumably
related to global climatic changes began to prevail. The September year-to-year temperature means curve for the
current solar cycle are presented at Fig. 1, where the unsteady annual changes since 2017% one can see.
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Meanwhile, in parallel with decrease of annual solar activity the recurrent cycles among a number both
environmental factors and among some plant physiological properties were observed. As an explicit feature of long-
tem multi-daily time course was appearance of cycles presumably related to Solar-Earth magnetic field sector
structure [Breus et al., 1989, 1995].

The most robust cycles registered were as follows: circaseptan and circasemiceptan, the cycles about 14-days long,
as well as a number of more prolonged periods were found also. The robust 27-day recurrent cycles or near so ones
were registered in indoor plants since summer of 2017 yr up now. The advanced plant reactions with two temporal
gap classes: shot-term (2-3 days) and long-term (6-8 days) ones on the eve of the large-scale Solar mass injections in
2017-2018" yrs were registered as well [Kashulin et al., 2018].

The daily dynamics of exogenous atmosphere UV radiation for the 2020 vegetative season showed the presence
both circasemiceptan and circaseptan components, Fig. 2.

Autocorrelation UV radiation, May-September 2020

Lag Corr. S.E. Q P
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11 -, 086 ,0798 40,17 ,0000
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14 -,023 ,0789} 43,85 ,0001
15 -,005 ,0786} 43,86 ,0001
0 0 ---- Conf. Limit
-1,0 -0,5 0,0 0,5 1,0

Figure. 2. Autocorrelation function for the diurnal exogenus UV radiation run in Apaptity during
vegetative season of 2020,

The circasemiceptan cycles in atmosphic PAR time-course for this vegetative season were revealed also, Fig. 3.

Autocorrelation daly PAR, May-September 2020

Lag Corr. S.E. Q P
1 +,107 ,0828 | A 1,68 1944
2 +,055 0825 | = 2,12 3457
3 +,269 0822 | v A {1 12.80 .0051
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5 +,085 L0816 | B 118,44 L0024
6 -026 0813 | -l iy 118,55 .0050
C +,137 ,0810 | L Pk 121,40 .0032
8 +,063 ,0807 | C B 122,01 0049
o -124 0804 } Iz 12438 0037
10 +,115 ,0801 | - B 126,45 0032
11 -.049 0798 | LB 126.83 0049
12 -.161 0795 } % 130,95 .0020
13 +,079 ,0792 | E ; 131,94 ,0025
14  +,003 ,0789 e 131.94 ,0041
15 -.054 0786 } g 132,41 .0057
0 0 --=- Conf. Limit
-1,0 -0.5 0.0 0.5 1.0

Figure. 3. Autocorrelation function for the diurnal PAR radiation run in Apaptity during vegetative
season of 2020™,
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The analogous cycles were revealed in multi-diurnal time-course in leaf-petiole angle daily rhythms for Marantha
leoconeura “Facinator” Fig. 4 and Ctenanthe setosa Fig. 5 indoor plants. The species are widely considered as
“living biological barometer” due to their important properties to response on abrupt atmospheric pressure and
humidity changes via special barosensitive cells in the leaf blade petiole. In results of the time-course of leaf-petiole
angle change for Maratha plants measurements have been demonstrated circaseptan and circasemiceptan cycles
during the summer. For Ctenanthe plant the same rhythms and supplement two week leaf position cycles as well in
winter months were revealed, Fig. 5. At the Fig. 4-5 the time-course for a definite single leaf for both plants are
presented. The analogous dynamics were found for other leaf blades also. As a whole, the 5 different blades for
every of three plants were observed.

Marantha stem-petiole angle, June 1 to August 8 2020
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Figure 4. Marantha leoconeura stem-petiole angle multi-daily time-course run for the one selected
leaf.
Ctenanthe, daily data, 23 Dec 2019 - 17 March 2020
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Figure 5. Ctenanthe setosa stem-petiole angle multi-daily time-course run for the one selected leaf.
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The considered reccurent changes of various environmental factors and terrstrial climatic parameters point out on
their exogenus, presumably cosmic modulatin and rhythm driving. The results obtained are in accordance with
[Dubov and Khromova, 1992] that the recurrent changes of physical solar-terrisrial agents most expected for the
calm solar years. The circaseptan and circasemiceptan cycles found might be drove either environmental terrestrial
factors or cosmic ones also. To reveal the driving factors of multi-diurnal plant rhythms in this work the special
attention was paid to indoor plants cultivated under controlled lab conditions, including photosynthetic radiation,
UV radiation and temperature. Nevertheless, the plants used and physiological properties considered in the paper
point out on the presence of driving pace-makers of exogenous cosmic provenance which able to modulate their
rhythms and control their multi-diurnal dynamics. The experimental corroboration of the biological activity of the
model magnetosphere changes on plant organisms cultivated under lab controlled conditions [Kashulin and
Pershakov, 1996] was shown earlier.
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