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Abstract. We try to summarize results of experimental and theoretical works demonstrating the close connection of
auroral phenomena with the processes of the outer radiation belt formation in the magnetosphere of the Earth.
Anomalously high relativistic electron fluxes in the outer radiation belt are frequently named electrons-killers. Such
electrons formed due to seed population acceleration. The seed population is produced during storm time substorms.
We discuss the auroral oval mapping to the equatorial plane and show its mapping to the outer part of the ring current.
We try to show that adiabatic acceleration can be rather important in the process of formation of anomalously high
fluxes of relativistic electrons.

1. Introduction

Physics of the outer radiation belt formation is ordinarily considered as selected region of magnetospheric researches
mainly connected with wave-particle interactions and turbulent acceleration. However, it was known, that the
formation of new outer radiation belt starts from the appearance of seed population (Baker, 2013) accelerated during
storm time magnetospheric substorms. Most exiting findings in the physics of outer radiation belt are connected with
the name of Ludmila Vasilievna Tverskaya (18.11.1937- 16.10.2012). She obtained [Tverskya, 1976] the dependence
of the position of the new belt maximum (Lmax) for electrons accelerated during a magnetic storm on the storm Dst
amplitude (| Dst| max) having the form:

IDSt|= 2.75x10° / L (1)

max
and later supported by numerous results [Tverskya, 2011; Kuznetsov et al., 2002; Slivka et al., 2006; Antonova and
Stepanova, 2015]. Fig. 1 shows this dependence. Blue star on Fig. 1 corresponds to 8—9 October 2012 geomagnetic
storm, analyzed by Reeves et al. [2013] and Antonova and Stepanova [2015] using data of RBSP, DMSP and ground-
based observations.
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Auroral oval and outer electron radiation belt

The dependence (1) yet is not wholly explained and obtaining of its explanation may be connected with definite
madification of the standard description of the role of auroral processes in the magnetospheric dynamics. In this paper
we try to shortly summarize the main findings demonstrating the deep connection of auroral processes and outer
radiation belt formation. We also try to formulate problems, which require solution.

2. Auroral oval mapping

One of the main reasons, which oppressed the study of auroral processes as the source of outer radiation belt formation
is the inadequate auroral oval mapping connected with overstretching of magnetic field models with pre-defined
geometry of current systems. First such model was created by Alexeev and Shabansky [1972]. Fig. 8 of there paper
shows zero radial thickness of the region of plasma sheet mapping near noon. However, from the first auroral oval
observations (see, for example, Feldstein et al. [2014]) it was known, that auroral oval has thick structure near noon.
The existence of thick auroral oval near noon is supported by multiple results of auroral imagers (DE-1, Polar, IMAGE
ets.) and models of auroral precipitations NOAA (http://www.swpc.noaa.gov/pmap/), OVATION (http://sd-
www.jhuapl.edu/Aurora/ovation_prime) and APM (http://apm.pgia.ru/). APM model classifies the regions of the
auroral oval according to the kinds of electron precipitations as follows: the auroral oval precipitation region (AOP),
the diffuse auroral zone (DAS) located to the equator from the AOP, and the soft diffuse precipitation zone (DAS)
located to the pole from AOP. Starkov et al. [2003] showed that AOP statistically coincides with Feldstein auroral
oval. Plasma sheet like particle fluxes are observed around the Earth till magnetopause [Antonova et al., 2013, 2014a],
which shows the possibility of auroral oval mapping to the ring like structure. To verify this suggestion Antonova et
al. [2014b, 2015] analyzed the auroral oval mapping to the equatorial plane using APM model and results of
observations of THEMIS mission. They used method of morphological mapping, comparing values of plasma pressure
at the auroral latitudes and at the equatorial plane. The validity of the condition of magnetostatic equilibrium was
suggested. They show that most part of auroral oval does not map to the plasma sheet. It is mapped to the surrounding
the Earth plasma ring. Transverse currents in this ring are the outer part of the ring current. Fig. 2 illustrates this
statement. Fig. 2a shows ion pressure distribution in the oval precipitation region (AOP) for quite geomagnetic
conditions (AL=-100 nT, Dst=-5 nT) in accordance with VVorobjev et al. (2015) model of ion precipitations. Dots show
boundaries of AOP in accordance with APM model. It is possible to see that ion pressure in AOP exceeds 0.2 nPa.
This value is larger than typical values of plasma sheet full pressure. Fig. 2b shows plasma pressure distribution at the
equatorial plane in accordance with THEMIS data. It is possible to see that isoline p=0.2 nPa surround the Earth.
Existence of field-aligned potential drops in inverted V structures decrease ion pressure at the ionospheric altitudes in
comparison with the equatorial plane. This effect leads to decrease of ion pressure at auroral altitudes in comparison
with the equatorial plane. Therefore, Fig. 2 clearly shows the quite time auroral oval cannot map to the plasma sheet.
It is mapped to the surrounding the Earth plasma ring. Kirpichev et al. [2016] showed that equatorial boundary of the
nightside quite auroral oval is mapped to geocentric distance ~7Re and polar boundary at geocentric distance ~10REe.

10.0
nPa

o
Plasma Pressure, nPa
YSW RE

0.0 02 0.4 06 0.8 1.0
YSM RE
o

0.1

Figure 2. An example of comparison of ion pressure in AOP in accordance with Vorobjev et al. [2015] (a) with
pressure distribution at the equatorial plane, obtained using data of Themis mission for quite geomagnetic conditions
AL=-100 nT, Dst=-5 nT.

Mapping the equatorial boundary of the quite auroral oval to geocentric distance ~7Re is in a good agreement with
the first auroral arc brightening at the equatorial boundary of the oval (see Akasofu [1964] and multiple results of later
works) and position of the dispersionless injection boundary [Lopez et al., 1990; Spanswick et al., 2010]. Position of
the polar boundary at geocentric distance ~10Rg is in a good agreement with the position of the outer boundary of the
ring current [Kirpichev and Antonova, 2014].
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Now we have only very limited information on plasma pressure distribution at the equatorial plane during magnetic
storms. However, auroral oval motion to the equator during magnetic storms is a well known phenomena. Starkov
[1993] determined the location of the equatorial boundary of the auroral oval in dependence of the Dst index, which
is in a rather good agreement with Tverskaya relation [Tverskaya, 2011]. This indicates the location of equatorial
boundary of the auroral oval at the geocentric distances of new outer radiation belt formation during storm recovery
phase.

3. Magnetic field distortion and outer radiation belt

High level of turbulent fluctuations of electric and magnetic fields at the latitudes of auroral oval in different frequency
bands is practically constantly observed during magnetic storms, which made the theories of outer belt electron
acceleration due to wave-particle interactions very attractive. However, other phenomena changing energetic electron
spectra are observed during storms. This is the decrease of magnetic field inside the magnetosphere by developed ring
current and its restore during storm recovery phase. Tverskoy [1997] suggested, that injection of seed population of
electrons in the region of depressed magnetic field can lead to considerable particle acceleration during storm recovery
phase due to betatron acceleration (adiabatic effect). Tverskoy [1997] theory explains the dependence (1) and predicted
the formation of sharp pressure peak at Lmax. Antonova [2006] shows, that it is possible to explain the value of
coefficient in relation (1). However, theoretical analysis of Tverskoy [1997] and Antonova [2006] considers the case
of dipole magnetic field and does not analyze nonlinear effects connected with finite values of plasma parameter.
Antonova and Stepanova [2015] using data of DMSP observations show the sharp ion peak formation at L max for the
magnetic storm on October 8-9, 2012. They also show that the most equatorial position of equatorial boundary of the
westward electrojet for this storm coincides with Lma. Such findings are in agreement with the first auroral arc
brightening at the equatorial boundary of auroral oval as increase of electron flux leads to the increase of ionospheric
conductivity and corresponding increase of ionospheric current. Large fluxes of downward accelerated electrons are
accompanied by large fluxes of upward accelerated ions [Stepanova et al., 2002]. Relaxation of ion beams creates
local increase of ion pressure at the equatorial plane and formation of the peak of plasma pressure. Formation of
pressure peak leads to local magnetic field decrease due to diamagnetic effect. Such local increases of plasma pressure
(pressure humps) and decreases of magnetic field (magnetic holes) are really observed at the equatorial plane (see
Vovchenko and Antonova [2015]) and references in their paper. Magnetic hole can be effective local trap for energetic
particles [Vovchenko and Antonova, 2012] in which injected electrons can be accelerated. The restore of the magnetic
field to undisturbed level will lead to betatron acceleration of electrons.
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Figure 3. a - results of RBSP measurements of electron fluxes with energy 1.8 and 2.1 MeV and simultaneous ground
based and solar wind parameters, b — electron spectra for moments shown by vertical lines on (a).

Local variations of magnetic field at the equatorial plane are not proper studied till now. Therefore, it is difficult to
evaluate the contribution of large-scale magnetic field change in the formation of relativistic electron fluxes. Analysis
of different mechanism contributions to the acceleration of outer belt electrons requires complex observations of
electromagnetic fields and evolution of particle spectra. That is why it will be rather interesting to evaluate the
contribution of adiabatic effect analyzing storms with clearly distinguished adiabatic effect. The main feature of such
storms is the restore of relativistic electron fluxes after storm to near the same level as before storm. Reeves et al.
[2003] and Turner et al. [2013] show that relativistic electron fluxes restore to the same level as before storm in 25-
28% cases. Fluxes of relativistic electrons are increased in 53-58% storms and are decreased in 17-19% storms. Fig.
3a shows an example of variations of electrons with energy 1.8 MeV and 2.1 Mev (second and third panels) during

8



Auroral oval and outer electron radiation belt

magnetic storm on October 01, 2012, when relativistic electron fluxes are near the same after storm as before storm.
Other panels on Fig. 3a show Dst, solar wind velocity, AE and IMF Bz. Electron spectra at the moments indicated on
Fig. 3a by vertical lines are shown on Fig. 3b. It is possible to see the increase of flux without change of spectra slope.
The simplest explanation of such spectra change is the adiabatic effect. An order of magnitude change of fluxes can
mean the local an order of magnitude change of the magnetic field. However, it requires more careful analysis.

4. Conclusions and discussion

Auroral oval mapping to the outer part of the ring current change the traditional approaches to the analysis of
magnetospheric activity and clarify many features, which have yet no adequate explanation including the processes
leading to outer belt electron acceleration. We try to demonstrate the deep connection of auroral processes and
acceleration of relativistic electrons of the outer radiation belt. The appearance of high amplitude electromagnetic
fluctuations simultaneously with acceleration of outer belt electrons may be considered as the natural consequence of
turbulent processes at the latitudes of auroral oval during magnetic storms. Decrease of the magnetic field in the region
of auroral oval mapping to the equator and great increase of radial transport lead to relativistic electron deceleration
and loses during storm main phase. At the same time, storm time substorms produce comparatively fast electron
accelerations in this region and provide the seed population for outer belt electrons. The nearest to the equator position
of the auroral oval equatorial boundary determines the location of formed after storm outer belt maximum. This may
be connected with first auroral arc brightening during substorm expansion phase onset at the equatorial boundary of
the auroral oval, as such brightening is connected with sharp increase of the downward electron flux and probable
formation of ion beam of ionospheric ions to the magnetosphere. Such beam can form the peak of plasma pressure
decreasing magnetic field in the region of pressure maximum and form a local trap for accelerated electrons.

Only first steps in the study of the connection of auroral processes and acceleration of electrons of the outer belt were
made till now and great work is required for the verification of such connections. However, the real progress of ground
based and satellite observations gives the possibility to solve the problem.

Acknowledgements. We acknowledge the members of RBSP and THEMIS teams for the use of data. The work is
supported by the grant of Russian Foundation for Basic Research No 15-05-04965 the Presidium of the Russian
Academy of Sciences (program 7), and Chilean FONDECYT No 1161356 grant and CONICYT PIA Project "Anillo
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Abstract. We studied the auroras observations during different solar wind conditions by data of the MAIN cameras
(Multiscale Aurora Imaging Network) obtained at Apatity (Kola Peninsula, Russia) for two winter seasons: 2014-
2015 and 2015-2016. Solar wind and IMF parameters were taken from the OMNI data base. Observations of aurora
were conducted in Apatity, magnetic field disturbances were verified by the data of IMAGE magnetometers. All
substorms were divided into different groups depending on the space weather conditions. First, the substorms were
separated into two groups: substorms observed during storms and substorms under non-storm conditions. The
substorms during storms were divided in sub-groups according to observations during different storm phases: initial,
main, near and late recovery phases. We considered also specific space weather conditions, when the SYM/H index
behavior was highly irregular, we called these conditions “structured recovery phase” of the storm. The non-storm
conditions were classified as quiet conditions, when no structures in the solar wind were observed, and as conditions
when structures in the solar wind near the Earth were detected, but these structures did not provoke geomagnetic
storms. It was shown that the latitude of the substorm onset was controlled by the value of the SYM/H index. It was
found out also that the maximal relative intensity of auroras was greater for substorms with onset to the South from
Apatity and smaller - for substorms with onset in zenith or to the North from Apatity.

Introduction

Many researchers turned to the problem of studying substorms during geomagnetic storms (e.g. [11; [2]; [31; [41; [5];
[61; [71; [8]; [9])- This problem was considered from various angles, using both satellite data (IMAGE, POLAR and
others) and ground-based data (IMAGE magnetometers data, AL, AU indexes, data of auroras). It is known that by
substorms investigations, it is important to consider whether they were observed during storms or in non-storm
periods, and during what phase of the storm they were observed. Typically, initial, main and recovery phases of the
storm are specified, while the storm recovery phase is divided into ‘near” and “late”, into “rapid” and “recovery” (e.g.
[10]). Throughout this paper we will use the terms “near” and “late” recovery phase. It should be noted that many
observations indicate also that there are more complicated storm cases, when the magnetic storms are caused by
several sources in the solar wind, coming consecutively one after another or partly overlapping, and the storm recovery
phase can be of very complicated form ([11]; [12]; [13]; [14]). We will call such storms “storms with structured
recovery phase”. It has to be stressed that in this work we don’t examine the classification of storms by their sources
(e.g. CIR-storms, Sheath-, MC- or Ejecta-storms), we confine ourselves just to the examination of storm and non-
storm conditions. In more detail, the quantitative categorization of storm phases is given in the section “Data and
methods of analysis”.

In this work we will consider auroras observations in Apatity using measurements of the camera system MAIN.
Apatity is settled at auroral latitudes, its geographic coordinates are 67.58°N, 33.31°E, and the corrected geomagnetic
ones — 63.86°N, 112.9°E. As follows from the dynamics of the auroral oval at auroral latitudes different substorm
development can be observed. The auroras expansion, registered in Apatity, can consist in movement along different
directions according to the location of substorm onset with respect to the location of the observational station
(propagation from North to South, from South to North and other directions).

The goal of this work is to review substorm developments during different space weather conditions using
measurements of the camera system MAIN in Apatity during two winter seasons: 2014/2015 and 2015/2016.

Data

a) Data used

Measurements from the MAIN in Apatity during 2014-2015 and 2015-2016 seasons have been used. The cameras

observational system comprises 4 cameras with different fields of view providing simultaneous observations from

spatially separated points ([15]). To study the substorm development data from the Apatity all-sky camera and the

Guppy F-044C (GC) camera with field of view ~67° were used. In the all-sky images the central column corresponds

to the North-South latitudinal cross section of the auroral zone. These columns from each image within 1-hour interval

have been used to construct an all-sky keogram. The GC keograms were built in direction magnetic North (up).
Solar wind and interplanetary magnetic field parameters were taken from the OMNI data base of the CDAWeb.

We determined the types of solar wind that can be the drivers of ionospheric disturbances, namely shock waves (1S),
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high speed streams from coronal holes (HSS), magnetic clouds (MC) and plasma compression regions in front of these
structures (CIR and Sheath) according to [16], [17], [14], [18] and based on the catalog of large-scale solar wind
phenomena (ftp://ftp.iki.rssi.ru/omni/).

Auroral geomagnetic disturbances were verified by the ground-based data of IMAGE magnetometers network
(using the meridional TAR-NAL and MEK-NOR chains and by data of Loparskaya (CGM lat. =65.43°) and Lovozero
(CGM lat. = 64.23°) magnetometers. LT values for IMAGE network stations are LT = UT + 1 + 2, MLT values for
IMAGE network are MLT = UT + 2 + 3, for Apatity’s MAIN cameras MLT = UT + 3.17 (~ 3 hours and 10 minutes).

b) Substorm identification

For the substorms selection, we used data of magnetometers and data of all-sky camera. First the presence of a
substorm was identified by the IMAGE magnetograms, then the substorm onset at the Apatity’s latitude was
determined by Sodankyla station (SOD) magnetograms and, if observations in this period were available, additionally,
by Loparskaya or Lovozero stations magnetograms. After that we determined the substorm by the data of the MAIN
cameras system in Apatity during clear sky measurements. We divided the auroras according to their appearance into
3 groups: to the South from Apatity, to the North from it and near the station zenith, i.e. near the Apatity location
(from 0° to ~ +£50° from zenith). It should be emphasized that with these criteria for selecting events, not only isolated
substorms are included in the review, but also different intensifications of one substorm. During the examined winter
seasons, the all-sky camera registered more than 180 substorms and their intensifications.

¢) Observation conditions

First, we divided the conditions of observations into 2 groups: storms (when the minimal SYM/H value SYM/H min<-
50 nT) and non-storm periods. Second, we divided the observations conditions into sub-groups appropriately to these
phases of the storm: initial, main and recovery phases, in the recovery phase also near and late recovery phase were
defined. We considered also the events with “structured recovery phase”, if after the first, deepest SYM/H minimum,
other sizable SYM/H minima were observed. The recovery phase was assumed as structured, if there were SYM/H
fluctuations, meeting the condition (SYM/Hsimin — SYM/Hfimax)/SY M/Hmin>0.5, where the SYM/H+imin is the minimal
value reached during the fluctuation and SYM/Hsmin — SYM/Hsumax represents the amplitude of the fluctuation. The
non-storm conditions were classified in two sub-groups regarding the presence of solar wind structures. The first sub-
group included events under quiet conditions, when no structures in the solar wind were observed, and the second
sub-group included conditions when structures in the solar wind near Earth were present, but these structures did not
cause geomagnetic storms.

Results

In this work we studied the substorms
- development in Apatity during different space
CIOiLIT pHAAE weather  conditions. AE and SYM/H
= Main phase geomagnetic indices are the indicators of the
geomagnetic activity. We presented here the
analysis the location of the onset of auroras
depending on the values of AE and SYM/H
indices for the different observation conditions
(according to the paragraph “c” from the section
"data"). It should be noted that we have not found
significant differences between the different
groups of auroras onset during different
observations conditions depending on AE index
(this picture is not presented here). The results for
the dependence of the aurora locations on the

Figure 1. Dependence of the onset location of aurora on  SyM/H index values for the different groups of
SYM/H index. Blue diamonds indicate the events during the space weather conditions are presented in F|gs 11

initial phase, and red squares —the events during the mainphase 2 and 3. After their appearance auroras were

of the storm. divided into 3 groups according to the location of
the initial auroras: to the South from the Apatity
location (S), to the North from it (N) and near the station zenith (Z).

In Fig. 1 the dependence of the substorm aurora appearance in Apatity (called further aurora onset over Apatity)
on SYM/H index during the initial (blue diamonds) and main (red squares) storm phases is presented. It is seen that
at the onset of the geomagnetic storms, during the initial phase, regardless of the higher (often even positive) SYM/H
values auroras may originate to the North as well as to the South from Apatity (the blue diamonds in Fig. 1). The
black vertical line indicates the boundary between observations of auroras in the South part and in the North part of
all-sky camera images. It is seen that at SYM/H values lower from about -45 nT auroras occurred to the South from
the station zenith.
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The dependence of the aurora onset on SYM/H index for substorms during the recovery phase of geomagnetic
storms is shown in Fig. 2. It is seen that the events during the near recovery phase (the yellow squares in Fig. 2)
occurred mainly near the station zenith or to the South from it. The events during the late recovery phase were observed
mainly to the North from Apatity. During the structured recovery phase the auroras originated to South or North from
Apatity depending on the SYM/H index values. In generally auroras at higher values of SYM/H are observed to the
North from Apatity, and auroras movement from North to South is observed. Substorms at lower SYM/H values
originate to the South of Apatity and the aurora propagation from South to North can be seen. Between these two
types of substorms a “border” zone is formed in which aurora onset can become to the South, over zenith or to the
North regarding the station. This zone is in the range form -30 nT to about -55 nT, and it is designated by black vertical
lines in Fig. 2.
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Fig. 3 shows the dependence of the aurora onset on SYM/H index for events during non-storm conditions. It is
seen that no evident dependence of the aurora onset on SYM/H values during non-storm conditions is obtained.
Auroras during quiet conditions appeared mostly to the North from zenith or near zenith, and auroras during non-
storm conditions with some solar wind structure occurred at different positions — to the North, near zenith or to the
South from Apatity.

Discussion

In this paper we investigated the location of onset latitude of substorms during storm and non-storm conditions using
observations of auroras in Apatity during two winter observational seasons 2014-15 and 2015-16. The most significant
result is that the latitude of the substorm onset is controlled by the value of the SYM/H index. This result is in good
agreement with the findings of Milan et al. [4]. In particular, one of the main conclusions in this work was that the
open flux content of the magnetosphere increased dramatically and substorms became more intense during
geomagnetic storm activity, when the SYM/H index was depressed. It has to be mentioned, that in papers [4], [5] the
substorm onset latitude was used as a measure of the polar cap size. If the substorm onset latitude decreases, the polar
cap is expanded and the open magnetic flux is increased. It turns out that the results found out in the present paper are
very similar.
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As a whole, our work by new ground-based data holds the findings of paper [5], that when studying substorms
during geomagnetic storms it is necessary to consider both: the solar wind-magnetosphere coupling and the ring
current intensity, and that it is better to examine the influence of these factors not individually, but together.

Conclusions

e Substorms during the initial storm phase or at higher SYM/H values during the main storm phase can appear to
North or South regarding the station zenith. Substorms during the main phase at SYM/H values lower than about
-45 nT are observed to the South from Apatity (64.27°N CGM Lat.) and auroras expansion in North direction is
seen.

e Substorms during the near recovery phase originated mainly near the station zenith or to the South from Apatity,
and auroras expansion to North was observed.

e For substorms during the late recovery phase or under quiet conditions, auroras were observed near the station
zenith or to the North of the Apatity station, and their motion from North to South was registered.

e For substorms during a structured storm recovery phase or during “non-storm conditions with structures in the
Solar wind” auroras may occur first to the South or to the North from the station zenith.

Thus, substorms at higher values of SYM/H index occur to the North from station zenith, and at smaller SYM/H

values — to the South of it. The boundary between both types of substorms in terms of SYM/H index is in the range

from ~-30 nT to about -55 nT.
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Abstract. In this work we analyze high-latitude ionosphere-magnetosphere disturbances, appearing as a response to
the sharp fronts of the solar wind dynamic pressure in the preliminary phase of the storm on 21-23 June 2015, one of
the greatest storms in the 24th solar cycle (Dstmin = -204 nT). The analyzed storm is characterized by unusually long
initial phase, which was preceded by a long interval (about two days) of extremely quiet solar wind with Bz and By
IMF closed to zero. During the storm initial phase, it was observed near the Earth three shock fronts with the dynamic
pressure Psw increased to ~ 12, 10 and 60 nPa. The first two fronts were caused by an increase of the solar wind
density at low speed, and the most powerful third front was caused also an increase of the solar wind velocity. The
storm main phase followed after only the third jump of Psw, when the IMF Bz turned south and reached values ~ -37
nT. It is shown that the perturbation scenario in the daytime polar region is determined by the prehistory of conditions
in the solar wind, the direction of the IMF and the ratio between values of its component Bz and By. Analysis of
spectral characteristics of energetic electrons and ions from the DMSP indicated an increase flux of electrons with
energies of 0.1-3 keV and protons with energies of 1.0-10 keV after each dynamic impact of the solar wind.
Magnetograms of SWARM satellites, obtained after treatment, showed that field-aligned currents (FAC) with a
density of ~ 1.5 pA/m? develop in the daytime sector at geomagnetic latitudes ~ (75-85) ° after each Psw sharp increase.
We believe that the emergence and intensification of these current systems leads to the development of specific polar-
latitude negative bay-like magnetic disturbances recorded by ground magnetometers.
Introduction sk | By
The work is a continuation of a comprehensive study of one of e S
the most intensive magnetic storms of the 24th solar activity 2

cycle (SymH ~ -220 nT), registered on June 22-23, 2015.

P ) Bz
Earlier [1] the authors considered geomagnetic high-latitude e o—-—~—-—-4-m¢! | ‘ Mﬂ;‘
effects at different phases of this storm caused by atypical 200

conditions in near-Earth space. In this work we analyze wfof AV
daytime high-latitude ionosphere-magnetosphere disturbances i : w f\' v
in the preliminary phase of the storm, connected to the sharp i I :
fronts of the solar wind dynamic pressure (Psw). Most of the E: 1 & i ¢ i, i Np
earlier works focuses on the effects, associated with sharp ~ E*%. ! b jV
fronts of Psw, at medium and low latitudes. However, it is S0l ‘\""\%&wmw M"\,\
known that such jumps of Psw can cause both rapid T ! { e
reorganization of the convection system [2] and the appearance gso;_ : : ' .

of a new systems of field-aligned currents (FAC) in the e

daytime sector of high-latitude ionoshpere [3]. For our study e e e 5ymﬁ
we used 1-min data on solar wind parameters and simultaneous e c: i s N \——
ground measurements of Scandinavian profile IMAGE and asob i i : r'*"\.v
antipodal on LT North-American network of observatories, as | i '

well as data on energetic ions and protons fluxes from DMSP
satellites over the auroral oval, and measurements of the
magnetosphere magnetic field by low-orbit satellites of the
SWARM mission, the trajectory of which lies near midday-
midnight meridian.

Figure 1. 1-min variations in the solar wind and
IMF parameters and the SymH index for June 21-
22, 2015.

The solar wind parameters and ground-based observations

Fig. 1 shows 1-min variations of the By, Bz components of IMF, the density Np and the velocity V of the solar wind,
and the geomagnetic activity index SymH for June 21 - 22, 2015 (http://omniweb.gsfc.nasa.gov). It can be seen in Fig.
1 that during the initial phase of the storm, three sharp Psw jumps were recorded, mainly due to sharp increases in
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density (up to 50-60 cm-3) at a low solar wind speed (350-400 km/s). Only in the third event the growth of the solar
wind speed was recorded from ~400 to ~700 km/s. The nature of variations in the solar wind parameters (long
structures with an increased density) indicates that all three Psw jumps were initiated by coronal mass injections
(CME). A similar event became possible as a result of a series of flares of the X-ray class "M" on the Sun on June 21,
2015, which threw the CME toward the Earth. The approach to the magnetopause of the first two dynamic impacts,
as can be seen from Fig. 1, did not lead to the development of a magnetic storm, but caused the development of high-
latitude bays. The main phase of the storm begins only after the approach of the third blow with the rotation of the Bz
component of IMF to the south.
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Figure. 2. Magnetograms of the polar observatories on the IMAGE profile and the antipodal on LT North-American
sector for June 21 - 22, 2015.

Fig 2. shows variations of X- and Y-component of ground magnetic field, registered by the stations of Scandinavian
profile IMAGE and antipodal on LT North-American network of observatories for June 21 - 22, 2015. On
magnetograms of high-latitude observatories, the first shock front (at 16:45 UT) was observed in the dusk sector as a
sharp impulse in the X-component (negative at higher latitudes and positive at lower latitudes). In the near-noon and
post-noon sectors a negative magnetic bay started too. The pulse sign reversal at ® ~ (67-71)° allows to assume that
the boundary of open and closed field lines in the dusk sector was located there. In the daytime sector, at latitudes >
80 °, insignificant bays developed. The second front (at 05:44 UT on June, 22) was weaker, but occurred with negative
Bz IMF, and led to the development of positive polar bay ~ 400 nT in the daytime and night sectors, which change to
negative at the auroral stations of the North-American sector. The third, most powerful, jump of Psw (at 18:38 UT on
June, 22) occurred at the beginning of the main phase of the storm. It caused very intensive negative X-bays (up to ~
1500 nT) in both the night and day sector. The top panel of Fig.1 shows the local time on the chains of stations, and
to the right of each chart the station abbreviated designation and their geographical latitudes are signed.

Observations on spacecrafts

To trace the dynamics of magnetic disturbances in the ionosphere, we used SWARM A and C satellites data and the
auroral oval OVATION model. The SWARM has a circular orbit at an altitude ~ 400 km in the midday-midnight
meridional plane with a period of about 1.5 h. To determine the perturbations, the main field IGRF-2015 was
subtracted from the measured magnetic field. SWARM A and C satellites orbits are near. Fig. 3 shows examples of
the distribution of magnetic perturbation vectors recorded during three flights of SWARM A over the northern polar
region on June 21, 2015: before the shock arrival, immediately after it and by two hours after. To the right and left of
the vector diagrams, MLT of flight and departure of the satellite is shown. As can be seen from Fig. 3, significant
magnetic perturbations appeared in the daytime region of the polar cap (® > 75°) immediately after the arrival of the
shock. In this case, when the By IMF changes from a weak positive to a negative at ~17:30 UT, magnetic vectors
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observed in the near-noon sector of polar latitudes, change sign to the opposite. This indicates a reorganization of
FAC systems, associated with them. On the bottom panel of Fig. 3 auroral oval locations at UT=16:00 and UT=16:50
(that is, before and after the first pressure front) from the OVATION model are shown too. Black circles show the
positions of observatories of the IMAGE and the North-American chain. The time UT=16:50 corresponds to the time
between the first and second spans of the SWARM A on the top panel of Fig. 3. The auroral oval shows a noticeable
expansion both towards the high and low latitudes at all MLT sectors.

21.06.2015 15:31 -15:53 UT 21.06.2015 17:05-17:27 UT 21.06.2015 18:38 —19:00 UT

a «— 100 nT

a0
a0

16:00 UT n Egé & | 16:50 UT

el s
Figure 3. Magnetic field vectors from the SWARM A data (top panel) and positions of the auroral oval from the
OVATION model [http://sd-www.jhuapl.edu/Aurora/ovation] on June 21, 2015.

The size of publication does not allow placing the all available data from satellites spans. Therefore, here we give
magnetograms of SWARM A, demonstrating the response to the arrival of the most powerful, the first and third, shock
fronts to the Earth. Fig. 4 shows trajectories of SWARM A, C satellites (blue and red lines) on June 21-22, 2015 (top
panel); variations of the east-west component dBy of the geomagnetic field before and after arrivals of shock fronts at
16:45 UT on June 21 and at 18:38 UT on June 22 (middle panel); spectrograms of the DMSP satellites in close time
spans (bottom panel). Green line shows trajectories of the DMSP satellites. Since the trajectories of the satellites are
presented in geographic coordinates, MLT of an entry and departure of the SWARM is shown on the top panel of Fig.
3. From the measured variations of the magnetic field one can estimate the FAC intensity (in 1D approximation).
Estimates give the following values, respectively: Jj ~ 0.3 pA/m?, Jj ~ 1.5 pA/m2and Jj ~ 2.1 pA/m? The shown
magnetic disturbances are recorded in the near-noon sector of polar latitudes ® > 75°, corresponding to the location
of the NBZ (or zone 3) of field-aligned currents. Their dynamics shows that an intensity of associated FAC increases
after an arrival of each impacts. Spectrograms DMSP also show an increase in the flux of electrons with energies of
0.1-3 keV and ions with energies of 1.0-10 keV in the daytime sector of polar latitudes after each shock. Thus, it can
be assumed that the intensification of FAC in the near-noon sector leads to the development of specific polar-latitude
negative bay-like magnetic disturbances observed on the ground.

Conclusions

It is shown that the development of perturbations in the high-latitude ionosphere in response to the arrival of the shock
front of the solar wind dynamic pressure Psw depends on the prehistory in the solar wind conditions. After few days
of quiet solar wind, the intensive front did not lead to the development of significant disturbances. However, the like
shock front, following after the two previous ones, led to the development of daytime and night substorms as well as
to the beginning of the intensive storm.

Magnetic disturbances, obtained after treatment of SWARM satellites data, showed that each of the three Psw jumps
led to the development of field-aligned currents with a density of ~ 1.5 pA/m? in the near-noon sector at geomagnetic
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latitudes ~ (75-85)°. We believe that the emergence and intensification of these current systems lead to the occurring
of specific polar-latitude bay-like magnetic disturbances recorded in the daytime sector by ground magnetometers.
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Figure 4. Trajectories of SWARM A, C satellites (blue and red lines) on 21.06.2015 before and after the arrival of the
shock fronts (top panel) (green line shows the simultaneous spans of DMSP satellites); variations of the east-west
component of the magnetic field, measured by the SWARM A (middle panel); spectrograms of the DMSP satellites
(bottom panel).
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EFFECT OF THE IMF By ON DAYSIDE POLAR GEOMAGNETIC
DISTURBANCES: CASE STUDY

L.I. Gromova, S.V. Gromov
Pushkov Institute of Terrestrial Magnetism, lonosphere and Radio Wave Propagation, Moscow, Russia

Abstract. We present a study of magnetic bay-like disturbances occurred in the dayside sector of the polar
geomagnetic latitudes on Jun 23, 2015 and on May 24, 2000 under similar IMF and the solar wind conditions. These
dayside bays developed during untypical long-duration interval of the strong negative IMF Bz under invariable the
solar wind velocity and low the solar wind dynamic pressure. On June 23, 2015 the long-duration dayside negative
magnetic bay (~ -350 nT) was recorded at the high-latitude IMAGE stations while the IMF Bz was more intensive
than the IMF By (the ratio of the [Bz|/|By | = 3). On May 24, 2000 the sequence of positive and negative bays occurred
in the dayside sector of the polar latitudes (® > 70°) under the positive or negative IMF By respectly, and the ratio of
the |Bz|/|By | varied from 0.3 to 0.9. It is shown that examined dayside polar geomagnetic disturbances should be
prodeced by different high latitude current systems controlled by IMF By. We suppose the IMF By effect on dayside
polar geomagnetic disturbances substantially depends on the IMF |Bz|/|By| ratio.

Introduction

It is well known, under a positive Bz component of the Interplanetary Magnetic field (IMF) there is no new energy
input into the magnetosphere. But dayside polar bay-like magnetic disturbances could be occur associating with the
high-latitude ionospheric electric currents [e.g., Iwasaki, 1971; Friis-Christensen and Wilhjem, 1975; Feldstein et al.,
2006]. The role of the ratio of IMF Bz and By components controlling the development of the high latitude
geomagnetic disturbances has been described previously but mainly under a dominant IMF By component [e.g. Friis-
Christensen et al, 1985; Vennerstrom et al., 2002].

The aim of our study is to show the role of the ratio of IMF Bz and By components in the dayside magnetic bay-
like disturbances occurrence. Here we studied two events of magnetic bay-like disturbances occurred in the dayside
sector of the polar geomagnetic latitudes on Jun 23, 2015 and on May 24, 2000 under similar IMF and the solar wind
conditions.

Data

Our study is based on the OMNI data [http://omniweb.gsfc.nasa.gov], on the ground-based Scandinavian
magnetometer data (IMAGE profile) [http://space.fmi.fi/MIRACLE], observations by the DMSP [http://sd-
www.jhuapl.edu/Aurora/spectrogram] and IMAGE [https://cdaweb.sci.gsfc.nasa.gov/cgi-bin/evall] low orbiting
satellites, the OVATION model of the auroral oval location [http://sd-www.jhuapl.edu/Aurora/ovation], and the
AMPERE data, based on the magnetic measurements on 66 low-altitude globally distributed Iridium communication
satellites [http://ampere.jhuapl.edu/products/plots].

May 24, 2000
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Figure 1. The IMF Bz and By, solar wind velocity V and dynamic pressure Psw, and the AL-index.
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Observations
The space weather conditions during these two events are presented in Fig. 1.

The dayside bays on June 23, 2015 and May 24, 2000 developed during long-duration untypical for recovery phase
intervals of the strong negative (-15 nT) IMF Bz under non-variable solar wind velocity (~600-700 km/s) and low
dynamic pressure. The IMF By was weakly positive during whole examined interval of June 23, 2015 (Fig.1, left), but
on May 24, 2000, the IMF By sharply changed from positive to strong negative (-18 nT), remained negative during
two hours and then returned to positive again (Fig. 1, right).

In the both examined events, the high latitude geomagnetic disturbances in the nightside sector of the auroral zone
was similar, AL-index changed weakly near -1000 nT.

Fig. 2 demonstrates the IMF Bz and By components and IMAGE difference magnetograms of X component of the
geomagnetic field for June 23, 2015 (left). and May, 23, 2000 (right). They represent the geomagnetic variations
compared to the most magneto-quiet 2009 level [Levitin et al., 2014]. The considered dayside magnetic bays marked
by yellow. The auroral oval position according to the OVATION model for the first event and the electron image from
the IMAGE satellite for the second one are shown in Fig. 2 as well.

May 24, 2000

NAL
16

LYR
RECRS

HOR
74.0°

A BIN
71.37

SOR
87.2°

Figure 2. a) IMF Bz and By components and IMAGE difference magnetograms for June 23, 2015(left) and May 24,
2000 (right). Examined dayside magnetic bays are marked by yellow; b) Left: the auroral oval position according to
the OVATION model. Right: the electron image from the IMAGE satellite. Yellow/black circle marks the location of
the high latitude IMAGE stations.

On June 23, 2015 (Fig. 2, leftt), the long-duration dayside negative magnetic bay (-350 nT) was recorded at the
high-latitude IMAGE stations (NAL — SOR) while the IMF Bz was more intensive than the IMF By. The ratio of the
[Bz|/|By | = 3. On May 24, 2000 (Fig. 2, right), the sequence of positive and negative bays occurred in the dayside
sector of the polar latitudes (® > 70°) under the positive or negative IMF By respectively. The ratio of the |Bz|/|By |
varied from 0.3 to 0.9.
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Discussion

Fig. 3 demonstrates IMF Bz and By components, the horizontal vectors of the geomagnetic field and the AMPERE
data for the event of June 23, 2015. The horizontal vectors of the geomagnetic field presented in Fig. 3 (and below in
Fig. 4) were constructed on the base of difference magnetograms (see Fig. 2). The AMPERE data shows reduced
magnetic field residual data showing the horizontal plane vector data of magnetic perturbation and the radial current
density.

The ground magnetic vectors demonstrate the counter-clockwise magnetic vortex above high-latitude IMAGE
stations (Fig. 3a). This vortex could be regarded as a proxy of an intensification of upward field-aligned currents. The
AMPERE model demonstrates very intensive upward FACs (Fig. 3b) expanded poleward. We suppose due to the
southern IMF Bz was more intensive than IMF By, the intensification of the FACs of region 1 in the polar latitudes
produced by the ionospheric current system controlled by Bz see Fig. 2a). These currents (named DP2 current system)
increase under IMF By > 0 in the postnoon sector of the Northern hemisphere [Troshichev et al., 1982]. Thus the
intensification of FACs of the Region 1 [lijima and Potemra, 1976] could be a source of a high-latitude bay-like
magnetic disturbances, such as the examined dayside negative magnetic bay shown in Fig. 1a.

June 23, 2015

113800 - 114800 UT

| NAL
76.1°

LYR
76.1°

HCOR
74.0°

BIN
s 2l <

SOR
| 67.2°

00 06 12 18 uT

Figure 3. a) IMF Bz and By components and the horizontal vectors of the geomagnetic field; b) The AMPERE
data: reduced magnetic field residual data showing the horizontal plane vector data of magnetic perturbation
(upper); the radial current density (bottom). Upward currents are shown in red and downward currents in blue,
yellow circle shows the position of the high latitude IMAGE stations.

Fig. 4 presents the ground magnetic vectors and DMSP F13 precipitating particle data for the events of May 24,
2000. The ground magnetic vectors don’t demonstrate any pronounced magnetic vortex above high-latitude IMAGE
stations (Fig. 4a). It is apparent from the DMSP F13 spectrograms of the precipitating particles that there was no
particle (ions and electrons) enhancement in the same area as the examined dayside polar magnetic bays were observed
(Fig. 4b). We suppose that FACs are weak and do not provide increasing of the geomagnetic activity in the high-
latitudes. When the IMF By predominates over the IMF Bz, the high-latitude DPY current system controlled by the
IMF By sign intensified, penetrating deep into the polar cap [Vennerstrom et al., 2002] and produced sequence of
dayside polar magnetic bays. On May 24, 2000 (Fig. 2b) the sequence of positive and negative bays occurred under
the positive or negative IMF By be probably caused by the eastward or westward polar electrojets respectively
[Feldstein et al., 2006]. We suppose that due to the IMF By was more intensive than IMF Bz, DPY current system
controlled by the IMF By sign (eastward and westward electrojets) produced such sequence of dayside polar magnetic
bays.
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Summary
If the IMF Bz is more intensive than the IMF By, DP2 current system predominates over other dayside current systems
and produces magnetic dayside magnetic bays.

May 24, 2000
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uT Figure 4. a) IMF Bz and By components and the horizontal
vectors of the geomagnetic field; b) DMSP F13 precipitating
particle data. Blue arrow marks moment when DMSP F13
located above high latitude IMAGE stations.

When the IMF By predominates over the IMF Bz, the high latitude DPY current system controlled by the IMF By
sign intensified, penetrating deep into the polar cap [Vennerstrom et al., 2002] and produced sequence of dayside
polar magnetic bays.

We suppose that the IMF By effect on dayside polar geomagnetic disturbances substantially depends on the IMF
|Bz|/|By]| ratio.

References

Feldstein, Y.l. (1976), Magnetic field variations in the polar region during magnetically quiet periods and interplanetary magnetic
fields, Space Sci. Rev., 18, no. 5/6, 777-861.

Feldstein, Y.l., Popov, V.A., Cumnock, J.A., Prigancova, A., Blomberg, L.G., Kozyra, J.U., Tsurutani, B.T., Gromova, L.I., and
Levitin, A.E. (2006) Auroral electrojets and boundaries of plasma domains in the magnetosphere during magnetically disturbed
intervals, Ann. Geophys., 24, 2243-2276.

Friis-Christensen, E., and J. Wilhjelm (1975), Polar cap currents for different directions of the interplanetary magnetic field in the
Y-Z plane. J. Geophys. Res., 80(10), 1248 — 1256.

Friis-Christensen, E., Y. Kamide, A.D. Richmond, and S. Matsushita (1985), Interplanetary magnetic field control of high-latitude
electric fields and currents determined from Greenland magnetometer data. J. Geophys. Res., 90(A2), 1325 — 1338.

Iwasaki, N. (1971), Localized abnormal geomagnetic disturbance near the geomagnetic pole and simultaneous ionospheric
variation, Rep. lonos. Space Res. Japan., 25, 163-286.

lijima, T.,and T. A. Potemra (1976), Field-aligned currents in the dayside cusp observed by Triad, J. Geophys. Res., 81(34), 5971-5979.

Levitin, A.E., Gromova, L.I., Gromov, S.V., and Dremukhina, L.A. (2014), Quantitative estimation of local geomagnetic activity
relative to the level of the magnetically quiet period in 2009, Geomagn. Aeron. (Engl.Transl.), 54(3), 292-299.

Troshichev, O.A., Gizler V.A., Shirochkov A.V. (1982), Field-aligned currents and magnetic disturbances in the dayside polar
region, Planet. Space Sci. V. 30. P. 1033-1042.

Vennestrom, S., T. Moretto, N. Olsen, Frii-Christensen E., Stampe E., and Watermann J. (2002), Field-aligned currents in the
dayside cusp and polar cap region during northward IMF, J. Geophys. Res., 107(A8), 1188-1193.

22



Polar
“Physics of Auroral Phenomena”, Proc. XL Annual Seminar, Apatity, pp. 23-26, 2017 @ Geophysical
© Polar Geophysical Institute, 2017 Institute

DAYSIDE POLAR SUBSTORM BEHAVIOR: CASE STUDY

N.G. Kleimenova®?, L.I. Gromova®, S.V. Gromov?, L.A. Dremukhina®, L.M. Malysheva?, N.E. Vasilieva®

1Schmidt Institute of Physics of the Earth (IFZ RAN), Moscow

2Space Research Institute, Moscow, Russia

3pushkov Institute of Terrestrial Magnetism, lonosphere, and Radio wave Propagation, (IZMIRAN),
Troitsk, Moscow

Abstract. In our previous studies we have identified the specific polar-latitude (>70°) negative bay-like magnetic
disturbances which are observed near the local noon under the northward IMF Bz. These disturbances occur on the
contracted auroral oval similarly to the evening polar substorm. According to that, we call them “dayside polar
substorms” and consider the polar-latitude NBZ field-aligned currents (FACSs) as their plausible source. To confirm
this hypothesis, we continued comprehensive detailed studies the dayside negative polar magnetic bays and present
here the results of such analysis of the data collected from the IMAGE magnetometer chain including the Svalbard
during the initial phase of the magnetic storm on January 22, 2012. The discussed daytime substorm (09-11 UT) was
observed under the northward IMF Bz and very strong negative IMF By (about -30 nT) with the ratio of |By|/|Bz| ~3.
In the considered time interval, there were no magnetic disturbances in the night side of the Earth as well as at the
auroral latitudes (AL-index <150 nT). The SUPERDARN radar data showed the significant change in the high-latitude
ionosphere convection. Before and after the discussed dayside substorm, there was two-vortex convection distribution.
When the IMF Bz became large positive, and the IMF By became large negative, the convection vortices weakened.
However, some small additional vortices appeared near noon which could be interpreted as the NBZ type of FAC
occurrence. The AMPERE data, based on the magnetic measurements on 66 globally distributed low-altitude
satellites, demonstrated the counter-clockwise magnetic vortex above Svalbard stations and very intensive upward
FACs which were surrounded by two layers of the downward currents, located to the north and south. These FACs
could provide the necessary energy for the dayside polar magnetic bay generation. But, the source of these FACs is
still unknown.

Introduction
In our previous papers [Kleimenova et al., 2015; Levitin et al., 2015; Gromova et al., 2016] we have identified the
specific polar-latitude (>70°) negative bay-like magnetic disturbances which are observed near the local magnetic
noon under the northward IMF Bz. Similar disturbances have been previously reported by [lwasaki, 1971; Friis-
Christensen and Wilhjem, 1975; Feldstein, 1976]. The bay sign was mainly controlled by IMF By and was termed by
[Friis-Christensen and Wilhjem, 1975] as DPY currents. These magnetic disturbances occur on the contracted auroral
oval as well as the evening “polar substorms” discussed in [Kleimenva et al., 2012]. Due to that we call these daytime
polar disturbances “dayside polar substorms”. An example of such very strong substorm with the amplitude in order
of 1000 nT is shown in Fig. 1.

The aim of this study is comprehensive analysis of the dayside negative polar magnetic bay observed during the
initial phase of the moderate magnetic storm on January 22, 2012.

Data and observations

Ground-based data. Our analysis was based on the 10 s sampled Scandinavian magnetometer chain (IMAGE) data.
The moderate “dayside polar substorm” was observed on January 22, 2012 at 09-11 UT (12-14 MLT) under the
northward IMF Bz (+10 nT) and very strong negative IMF By (-30 nT) with the ratio of |By|/|Bz|~3 (Fig. 2). The solar
wind speed was ~500 km/s, however, the solar wind dynamic pressure before this substorm, i.e. during the initial
phase of the magnetic storm, was very strong (>20 nPa) as it was discussed in [Rout et al., 2016]. There were no
significant geomagnetic disturbances in the night side of the auroral zone (AL-index < -150 nT, Fig. 2).

The AMPERE data. The AMPERE (Active Magnetosphere and Planetary Electrodynamics Response Experiment,
the website http://ampere.jhuapl.edu) facility consists of 66 Iridium commercial satellites at 780 km altitude with the
polar circular orbits distributed over six orbital planes to provide global satellite data. Each satellite carries an
engineering magnetometer. The spherical harmonic fitting technique is applied [Anderson et al., 2000] to estimate the
global distribution of radial currents which in the polar regions correspond to the Birkeland currents or field-aligned
currents (FACs) commonly associated with the region 1 (R1) and region 2 (R2) current system [lijima and Potemra,
1976].
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Figure 1. An example of the dayside polar substorm
observed on November 24, 2001. The upper panel
demonstrates the IMF conditions: strong negative IMF
By (-25 nT) and positive IMF Bz (+50 nT) values. The
bottom panel shows the magnetograms from high-
latitude IMAGE stations. Strong daytime negative bay-
like magnetic disturbances (“dayside polar substorms™)
are seen at three stations (NAL, LYR, HOR) at
geomagnetic latitudes > 70°.

The AMPERE data during the considered dayside polar substorm is presented in Fig. 3. It is seen the magnetic
vortex above Svalbard stations (marked by the green ellipse) and intense upward FACs which were surrounded by
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Figure 2. IMF data and IMAGE magnetometer
data.
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Figure 3. AMPERE data (left panel) shows the magnetic disturbances, and right one — FAC distribution.

The SUPERDARN radar data. Fig. 4 shows three high-latitude ionospheric convection maps generated by the Super
Dual Auroral Radar Network (SuperDARN) HF radar network corresponding to the representative intervals of 08.40—
08.42 UT, 09.30-09.32 UT, and 10.40-10.42 UT, i.e. before, during and after the considered dayside substorm. It is
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seen the significant change in the high-latitude ionosphere convection structure. Before and after the discussed dayside
substorm, there was the two-vortex convection distribution. When the IMF Bz became large positive, and the IMF By
became large negative, the convection vortices weakened. However, some small additional vortices appeared near

noon and demonstrated a complicated spatial structure of the correspondent field aligned currents (FACs)
enhancements.

22/J0n/2012 08:40-08:42 UT ; l 22/40n/2012 09:30-09:32 UT 22/40n/2012 10:40-10:42 UT
o

WiT coordinotes

WLT coordinotes
-
I
g e [/
-

L%

| ! N :
g & - 3
H o | FIN” N RE 5 e 3
i mm | = o i
& | 1000 my § | 1000 i D € |00 m
g s ) 5
5 : i T | !
. : N : . :
s s |/ R X s
] o 2 SR (A
g LI I > /L
¥ g | - NN |
g e h e W \\ 2
] % [\ =9 Py A H
é | 8 I\ '8 S e A H
2 g R—— (N oy el M o
& 4] o e (/%)) gE
3 4 ~— 2 = y i
B S aak ﬂ / B
B B - B
gé g S \B - g
P b= T3] 5 = A= 370 %
;g A = 61 b A = 50 g
2| Npu = 13 N 290 | 22| New= 13 N, = 297 2] Mo = 11
2 22 23 o 1 2 3 2 22 23 o 1 2 3 2 2 23 o 2

Figure 4. SUPERDARN radar data (before, during and after the “dayside polar substorm”).

The auroral oval location according to the OVATION model [http://www.jhuapl.edu/Aurora/ovation] is
presented in Fig. 5. This map shows that the high-latitude IMAGE station at Svalbard (NAL and LYR) which recorded

the strongest amplitude of the “dayside polar substorm” (Fig. 2) were located in vicinity of the poleward boundary of
the auroral oval.
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Figure 5. The auroral oval location according to Figure 6. Schema of the electrojets space-time
the OVATION model. distribution during a substorm with AL~ -800 nT

(after Feldstein et al., 2006).

Discussion

We suppose that the source of the considered “dayside polar substorm” recorded during the initial phase of the
magnetic storm on January 2012 could be the intensification of high-latitude field aligned currents (FACs) which were
seen in the AMPERE and SUPERDARN data. These FACs could be interpreted as the polar-latitude NBZ current
system developing [lijima et al., 1984]. However, we have to note the NBZ system has been mapped into the polar

cap, but the considered daytime magnetic bay was observed near the poleward boundary of aurora oval, probably,
inside the closed magnetosphere.
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The intensification of FACs of the magnetospheric Region 1 (R1) [lijima and Potemra, 1976] could be another
plausible source of a dayside polar substorm. Such currents have be mapped into the closed magnetosphere in the
morning and into the LLBL area near noon [Wing S. et al., 2010].

Note, Feldstein et al. [2006] showed that the daytime polar electrojet (PE) can be interpreted as ionospheric
currents linking the westward (WE) and eastward (EE) current systems (see Fig. 6). Really, sometimes during daytime
polar substorms, there were small magnetic disturbances in the morning sector and in the evening one as it is seen in
Fig. 3.

Summary
The turn of the IMF Bz to the positive values under strong solar wind dynamic pressure can provide the conditions for
developing a specific dayside high-latitude bay-like magnetic disturbances which we call “dayside polar substorms”.
This substorm is developed in the vicinity of the poleward boundary of aurora oval, probably, inside the closed
magnetosphere.

The daytime polar substorms are accompanied by the high-latitude field aligned currents enhancement and the
change of the high-latitude ionospheric convection distribution. However, a source of these FACs is still unknown.
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ON THE OCCURRENCE OF PERIODIC AURORAL ARC
RESTRUCTURING BEFORE SUBSTORM ONSET

T.A. Kornilova, I.V. Golovchanskaya

Polar Geophysical Institute, Apatity, Russia

Abstract. We show that periodic arc restructuring manifesting as repetitive poleward excursions of auroral arcs 3-
15 min before Ty is typically observed at the location of subsequent substorm onset by the precise optical data of
Lovozero, Loparskaya, Tumanny and Gillam. This feature can be explained by an apparent latitudinal motion of the
phase of oscillations inside Alfvénic field-lined resonance layer (FLR) conjugate to the onset arc. However, to claim
that the occurrence of the FLR is the necessary condition of substorm initiation, one should explain the lack of such
restructuring in other events. Here, by investigating statistically the presence or absence of arc restructuring depending
on substorm intensity characterized by the value of magnetic bay, as well as on the amplitude of the associated
Alfvénic (flapping) fluctuations in the boundary plasma sheet, we test the possibility that for weak events the field-
aligned currents inside the corresponding Alfvén resonance layer may be not sufficient to produce the optical effect
under study.

A transition to substorm explosive phase is a longstanding complicated problem. Among numerous scenarios of this
phenomenon, there is one in which the preonset arc is associated with the Alfvén resonance [Southwood, 1974; Chen
and Hasegawa, 1974; Samson, 1992; Rae et al., 2014] that occurs at the location of subsequent substorm onset. In our
view, within this scenario the main optical signatures of substorm initiation can be reasonably explained. Among these
features there are (i) narrowing and brightening of the preonset arc as a manifestation of resonance narrowing and
resonant Alfvénic (flapping) oscillations growing in time [Greenwald and Walker, 1980]; (ii) periodic auroral arc
restructuring 3-15 min before Ty (the periods are 1-3 min) as a manifestation of apparent phase propagation within the
Alfvén field-line resonance layer (FLR) [Wright et al., 1999]; (iii) the appearance of the fine structure in the preonset
arc (auroral breakup onset) as a manifestation of resonance transfer to the nonlinear stage [Rankin et al., 1995].
Whatever is the mechanism of further substorm development [e.g., Lui and Murphree, 1998], the ultimate cause of
cross-tail current diversion to the ionosphere in the suggested scenario are resonant oscillations that grow in time,
reach large amplitudes and spoil the cross-tail conductance in the magnetospheric current sheet along the onset arc.

In this study we investigate the above point (ii) in more detail in order to clear up if the occurrence of Alfvénic
resonance is the necessary condition of subsequent explosion onset. For this purpose, we compare substorm events
with and without optical signatures of apparent phase propagation within the resonance layer before To.

A representative event, where periodic auroral restructuring is clearly seen ~ 3 min before Ty by filtered optical
observations in LOZ, is shown in Fig. 1. The time To is identified as the beginning of full-scale auroral poleward
expansion.
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Figure 1. Magnetic X-component (a) from LOZ (LOZ, 64.2° 114.4° CGM coordinates, MLT = UT + 2.6 h),
original (b) and filtered (c) N-S keograms constructed by all-sky auroral observations at LOZ station for the event
of 5 March, 2002; torestr and To signify the moments of the restructuring and magnetic bay onset, respectively.
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An event where periodic auroral restructuring before T is not observed by optical data is illustrated in Fig. 2.
Our working hypothesis was that an apparent latitudinal motion of the phase of oscillations always occurs inside
Alfvén field-lined resonance layer. However, in the case of weak events the associated field-aligned currents may be
not sufficient to produce the optical effect of periodic auroral restructuring before To.
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Figure 2. The same set of data as in Fig. 1 but for substorm on 30 December 2002, as observed at Tumanny station
(TUM, 65.2°, 115.9° CGM coordinates).

First, as a characteristic of the ‘strength’ of event, we used the value of magnetic bay observed after To by the ground-
based magnetometers, meaning that fluctuations inside a ‘strong’ Alfvén resonance must spoil the conductance in the
magnetospheric current sheet more readily and thus divert more of the cross-tail current into the ionosphere. While,
indeed, the average value of magnetic bay (~ 230 nT) for 13 substorms, where there were periodic auroral restructuring
before To, appeared to be somewhat larger than that (~ 186 nT) for 6 substorms lacking the auroral restructuring before
To, the discrepancy was not so large.

Then, a more precise analysis has been performed consisting in a direct comparison of the amplitude of Alfvénic
(flapping) fluctuations in the boundary plasma sheet before T, (those presumably connected to the FLR) by in situ
spacecraft measurements with the presence or absence of conjugate auroral restructuring in the ionosphere.

In the event of 05 March 2008 shown in Fig. 3, the auroral restructuring before T, took place (Fig. 3b) and was
associated with fluctuations in the boundary plasma sheet observed by THEMIS P3 (THD) spacecraft (Fig. 3c). The
amplitude of fluctuations in the magnetic Bx component was as high as 7-10 nT. The Alfvénic (flapping) nature of
those fluctuations was previously demonstrated by Kornilov et al. [2015]. Note that the period of auroral restructuring
(~ 2-3 min) in the ionosphere (Fig. 3b) is close to the period of the field oscillations in the plasma sheet (~ 2 min at
05:57-06:04 UT, Fig. 3c).
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We note that the fluctuations in the Bx component measured by THEMIS P3 probes (Fig. 3c) are connected with the
vertical (flapping) motions of the boundary plasma sheet due to gradient in the Bx component directed from the
equatorial plasma sheet to the lobe inside the FLR layer. In the case of the presence of auroral restructuring before Tg
(Fig. 3b) there were significant magnetic oscillations in the plasma sheet (7-10 nT in the Bx component).
On the contrary, in the substorm event on 15 March 2009, where no auroral restructuring before T was indicated by
optical observations (Fig. 4b), there were no pronounced oscillations in the plasma sheet, as suggested by conjugate
in situ observations of THEMIS P2 (THC) probe (Fig. 4c). Thus the amplitude of associated Bx-oscillations did not
exceed 2 nT (Fig. 4c).
Conclusions
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to produce the optical effect under study.
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THEMIS SPACE-GROUND OBSERVATIONS IN MIDNIGHT SECTOR
DURING THE SUBSTORM RECOVERY PHASE

T.V. Kozelova, B.V. Kozelov (Polar Geophysical Institute, Murmansk region, Russia)

Abstract. We report a case study of substorm recovery phase on 14 November 2014 in the interval 20:30-23:00 UT
using data from THEMIS-D satellite located in the midnight sector (~2300-0030 MLT) magnetosphere at 6.5-9.25
Re. The substorm recovery phase of interest was not just a decline of previous disturbances, but include also a new
intense substorm intensification in the midnight sector of the auroral oval. This new auroral activation presents the
eastward expanding auroral (EEA) structures occurred precisely after the substorm intensification onset and
concentrated to the midnight sector of the auroral oval.

We show that these EEA structures were observed in diffuse aurora, formed the undulations on the poleward edge
of the diffuse aurora similar to of omega bands. The pulsating aurora was observed after the passage of the EEA
structures. Rapid poleward expansion of the poleward diffuse region boundary coincided with the occurrence of Pi2
pulsations in the ionosphere and with the large-scale dipolarization and the particle injections in the near-Eart plasma
sheet of the magnetosphere at ~7.2 Re. Besides, the THEMIS-D reveals the quasiperiodic variations of electrostatic
ELF wave intensity at frequency of <100 Hz coincided with the DC electric field variation. At the moments of more
small-scale local dipolarizations, the low-energy electron flux (0.1-3 keV) bursts occur simultaneously with the ELF
wave intensity enhancements.

1. Substorm evolution

The substorm of 14 November 2014 (Kp=3+) began near Amderma (AMD) at ~ 18:05 UT. The H=-500 nT was
minimal at ~ 18:50 UT. After ~19 UT, during the substorm decay phase, the magnetic pulsations (30-40 min
periodicity) in the Ps6 wave band were observed from AMD to Tromso (TRO). During this recovery phase in 20:30—
22:30 UT interval, when the initial substorm expansive phase decreases, a hew substorm disturbance initiated in the
midnight sector.

In this paper we focus on the changes occur both in the ionosphere and in the magnetosphere in the midnight sector
during this substorm decay phase in 20:30-22:30 UT interval, when three auroral substorm activations A1, A2 and A3
occur above the Kola Peninsula. We used the auroral data from Apatity all-sky camera and the data observed by the
THEMIS-D satellite (THD). In this interval, the THD location changes from L=9.25 to L=6.5 and MLT from 23.9 to 0.5.

Activations Al and A2. Fig.1 shows the map of ground-based stations, the projections of the auroras and the THD
satellite footprints along magnetic field-line during the activation Al at 21:15-21:40 UT. From this figure one can see
that the auroral activity propagated westward from AMD to APT-LOZ-SOD and presents the weak auroral activity of
pseudo-breakup type. Before the activation onset a weak azimuthal auroral arc was located in the APT zenith (21:09:30
UT), accompanied by auroral activity to the north. We analyze auroral activity occurring at most equatorward arc at
the latitude ~ 67.7°. At the moment ~21:16 UT, the arc bifurcated, then its equatorward part moved to lower latitudes
and northward part expanded to the north (to LOZ). The moment t;=21:20 UT, when the Pi2-like pulsations of the
magnetic field occur at the LOZ, was associated with the substorm activation Al onset. After t; the bulging form of
weak aurora appears at longitudes 28° — 36°. Western edge of this form reached the longitude 28° at ~ 21:33 UT. At
~21:36 UT, the northward border of the bulging auroral form has the maximum latitude (~ 68.7° at LOP). The auroral
activity inside this weak bulging form has been neglected and then after ~21:36 UT, the western part of this auroral
form quickly faded.

Atthe interval 21:45 —21:55 UT new very weak auroral activity A2 occurs poleward the APT. The moment t,=21:52
UT was the activation A2 onset. Other details of its development cannot be easily distinguished. This activity was
classified also as weak auroral pseudo-breakup.

On the whole, one can say that during two initial activations Al and A2 the small ground-based magnetic
disturbances dH>0 were observed at the longitudes from AMD to AND and they were just a decline of previous
disturbances, associated with the substorm near AMD at ~ 18:05 UT. During the activation Al, the footprints of the
THD were mapped in the field of view of Apatity all-sky camera and were located northward equatorial-most arc.
Before ~21:33 UT, the THD was located westward expanded bulging aurora and at ~ 21:33-21:36 UT the THD
observed the passage of western edge of activation Al.

Activation A3. Fig. 2 shows the auroral dynamics during the activation A3 at 22:15-22:35 UT. A clear auroral arc
appear from the west along the 67.8° latitude at ~22:20 UT. After 22:20 UT the auroral emission expanded northward
and eastward over APT. The moment t3 = 22:23 UT, when the Pi2-like pulsations of the magnetic field occur at the
LOZ, was associated with the substorm activation A3 onset. This onset begins westward the APT (possibly near the
AND-TRO) and was more intense than the Al and A2. During the activation A3, more intense ground-based magnetic
disturbances dH<0 were observed at the longitudes LOZ-AND, which associated with intensified westward auroral
electrojet.
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Apotity ASC, 120km 2014—11—=14 21:09:30UT
CT T Bl

Apotity ASC, 120km 2014=11—=14 21:24:000UT Apatity ASC, 120km 2014-11-14 21:29:00UT

A ]

Apotity ASC, 120km 2074-11-14 21:35:00UT

Apotity ASC, 120km 2014-11-14 21:36:00UT Apatity ASC, 120km 2014-11-14 21:40:00UT
Ty HA] T R FAI, R

Figure 1. Auroras at Apatity all-sky camera during first activation A1 on Nov 14, 2014.
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Figure 2. Auroras at Apatity all-sky camera during the third activation A3 on Nov 14, 2014.
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At ~22:26 UT the auroral surge (patch-like) appears near the 68° and the 32° longitude, which brightened and
propagated eastward along the poleward border of the diffuse aurora. At the interval 22:26-22:35 UT the eastward
expanding auroral (EEA) structures appeared in a sequence such that each new patch formed a little to the east of the
previous one. These patches have the same signature as the azimuthally-spaced auroral forms (AAFs) reported by
Elphinstone et al. (1995) and the EEAS (the eastward-expanding auroral surges) reported by Tanaka et al. (2015).
Such intensified auroral patches were presumably associated with small-scale upward FAC structures in the
postmidnight sector and usually observed after onset of substorm explosive phase (Wild and Yeoman, 2000).

The EEA structures originate an undulation of the poleward border of the diffuse aurora, which observed usually
during the omega bands in the post-midnight sector of the auroral zone during the recovery phase of a substorm (Liang
et al., 2005; Tanaka et al., 2015). Note, that North-South-aligned auroras and pulsating aurora were observed in the
diffuse aurora after the passage of the EEA structures in our event after 22:27:40 UT.

Besides, at ~22:26 UT in addition to bright EEA structures, the discrete auroral structures appear from the west
along the higher latitude (69°), which also northward and eastward expanded as in cases reported by (Connors and
Rostoker, 1993, Opgenoorth et al., 1994, Connors et al., 2003).

During this activation A3, the footprints of the THD were located westward the Apatity and outside the field of view
of Apatity all-sky camera, near equatorial border of the pulsating diffuse auroras.

THEMIS D . ‘ November 14, 2014 2. Magnetospheric observations
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on Nov 14, 2014 (details in text), mag_netlc field Qecreases in an association with a

decline of previous substorm at AMD. After this
moment, weak activations Al and A2 were accompanied by the slow large-scale dipolarization in the magnetosphere
at 7.6-8.5 Re. More intense activation A3 occurs, when the THD observed the final sharp large-scale dipolarization in
the magnetosphere at ~7.2 Re, when the THD footprint was located near equatorward edge of diffuse aurora.

2.2 Wave activation. Fig. 4 presents the THD observations of the particle flux and the waves (from top to bottom):
i) FBK wave data for electric and magnetic fields; ii) total magnetic field; iii) electrons registered by ESA and SST
detectors (< 30 keV and > 30 keV); iv) three components of plasma flows. Two bottom panels present two
magnetograms from LOZ and AND.

Fig. 4 shows that all three activations A1-A3 are characterized also by the variations of plasma flow velocity with
periods which decrease from ~10 min during Al to ~ 2 min during A3 (Fig. 4). As a whole, it can be seen that the
values of azimuthal velocity (vyi >0 - westward) were higher than the plasma velocity in the radial direction (vx >0 -
Earthward). But during A3, the plasma velocity burst (v« ~ -80 km/s) in the tailward radial direction (vxi < 0) was
observed near the moment ts, when the poleward auroral boundary expanded to the north.

The character of the energetic electron injections registered during the activations A1-A3 was different. During the
Al and A2, the <100 keV electron injections were observed with the energy-time dispersion. The more energetic
(>100 keV) electron injection appears without dispersion during the A3, what can suggest that this injection without
dispersion was located near a particle injection source.

During the activation A3, when the footprints of THD were located within pulsating diffuse auroral region, the low-
energy electron flux (0.1-3 keV) bursts were observed by the THD. These bursts have the quasi-period ~ 60-90 s and
occur at the moments of small-scale local dipolarizations, simultaneously with the enhanced ELF wave bursts at
frequencies below 100 Hz observed by THD.

The wave features are more visible in the electric field data. The electrostatic cyclotron harmonic (ECH) waves are
observed as discrete intensity enhancements at ~10-200 Hz. The electric field wave power tends to increase during
the activity A3, when the auroral intensity is large. The discrete intensity ECH enhancements coincided with the DC
electric field variation (the details are not shown).
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the equatorial plane of the magnetosphere at 5-9 Re.
However in our event the correspondence between
whistler wave activity observed by the THEMIS
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.3 3. Discussion

100 The EEA structures, observed in our event during A3
S 80 in the midnight sector, showed similar properties to the
;a: E Eg omega bands. However, there are some d.ifferences.
o EEA structures were observed in the midnight sector

just after Pi2 pulsations onset during substorm
activation whereas omega bands are usually observed
during the substorm recovery phase in the morning
sector. Besides, the EEA structures show strong
pulsations in the X component, which would be
somewhat unusual for omega bands. Although the
direct coincidence between the EEA structures and the
omega bands was not found, one can suggest that these
phenomena may have the same source mechanism in
the near-Earth plasma sheet in the end of substorm
expansion phase.

Kawasaki and Rostoker (1979) have modeled the
eastward propagating disturbance by a three-
dimensional current system of narrow longitudinal
extent (Cowling channel) in which antiparallel
Birkeland current sheets are linked by southward
flowing current. Downward flowing FAC located on
the poleward side and upward flowing FAC on the
equatorward side of the channel. In this model, the
electric field is assumed to be uniform, but the
Figure 4. Wave activity in B and E fields and particle  conductance is enhanced inside the Cowling channel.
spectrograms at THD and ground-based magnetograms at
LOZ and AND in the interval 20:30-22:40 UT on Nov 14, 4. Conclusion
2014. The formation of plasma vortices in the magnetosphere

during the omega band is usually explained by two
models, i.e., bursty bulk flows (BBF) (Nishimura et al., 2011) and the Kelvin—Helmholtz instability arising in sheared
flows in the equatorial regions of the tail (Rostoker and Samson, 1984). We suggest that the omega-like (EEA)
structures observed at ~7.2 Re during the substorm on 14 November 2014 are consistent with the results of Kelvin —
Helmholtz type instability near the poleward boundary of the auroral oval at midnight sector of magnetosphere.
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Abstract. The data of registration system of geomagnetically induced current (GIC) of the Polar Geophysical
Institute and Kola Scientific Center in power lines of Kola Peninsula and Karelia, data of IMAGE magnetometers was
used for the investigation the characteristics of the geomagnetic field variability. The technique of the vector
representation of the geomagnetic field variations shows the great variability of the dB/dt according to AB for the
magnetic storm 17 March 2013. The quantity estimation with using the so named RB parameter confirm that the
geomagnetic field variation occur as in value as in direction. These results can’t be explained the simple model of the
prolonged ionosphere current and show the importance of the accounting of the small-scale currents structures for the
GIC calculation. The ionosphere currents fluctuate not only in E-W direction but also in N-S direction. So the GIC
are dangerous also for the technological systems extended in N-S direction.

1. Introduction. One of the most significant factors of space weather for terrestrial technological systems are electric
geomagnetically induced currents (GIC) in the surface layers of the Earth caused by abrupt changes of the geomagnetic
field. GIC are dangerous for extended high-voltage power lines, railway equipment, marine and ground
communications cables, telephone and telegraph lines [Pirjola et al., 2005]. The most intense currents (up to hundreds
of amperes) and fields (more 10 V/m) are excited at auroral latitudes during magnetic storms and substorms
[Lanzerotti, 2001]. Induced currents cause saturation, overheating and even damage of the high-voltage transformers.
Geomagnetic variations with dB/dt>1 nT/s were found to be sufficient to induce GIC in Finnish power lines about
several A and higher, and variations with dB/dt>40 nT/s caused failures in the operation of Scandinavian power lines
[Viljanen, 1997].

In this paper we examine the contribution of geomagnetic disturbances during two moderate geomagnetic storms
into enhancements of GIC recorded by the GIC-recording system and IMAGE array of magnetometers. Predominantly
geomagnetic field disturbances are supposed to be oriented in the N-S direction, and produced by the E-W ionospheric
currents. Thus, such disturbances seemingly would not induce any significant GIC in a latitudinally-oriented system.
However, during magnetic storms GIC in power systems were quite significant.

2. GIC and magnetic field recording systems. The system to monitor the impact of GIC on power lines has
been deployed in 2010 at Kola Peninsula and Karelia by the Polar Geophysical Institute and Center for Physical and
Technical Problems of North's Energetic [Sakharov et al., 2009]. The system consists of 4 stations at "Kolenergo™
company power line 330 kV and a station at power line 110 kV. Each station records a quasi-DC current in dead-
grounded neutral of autotransformer in power line. Information about GIC is important not from practical point of
view only, but from a fundamental scientific view, revealing a fine structure of fast geomagnetic variations during
storms and substorms. To characterize the geomagnetic field variations we use data from IMAGE magnetometers
located in the vicinity of GIC recording stations.

3. Characteristics of the geomagnetic field variability. To characterize the geomagnetic field variability in
magnitude and direction the following characteristics have been applied.

Vector diagram. The vector diagram technique presents in a concise form a time evolution of the meridional profile
of horizontal magnetic disturbances vector. For that, vectors of geomagnetic disturbances AB={AX,AY} for each
station are plotted on the same plot as time sequence of vectors. This technique was used in [Fries-Christensen et al.,
1988] for the analysis of travelling convection vortices. The same diagram can be constructed for the equivalent
ionospheric current J and vector derivatives dB/dt={6:X,0:Y}. The current J is related to AB as follows
AB=(2n/c)[Ixn], where n is the normal to the ground surface.

RB parameter. This parameter shows does a vector field experience fluctuations in magnitude or in direction? For the
2D case B(t)={AX,AY} the parameter RB for a time series of N samples is determined as follows [Du et al., 2005]:
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1 N 2 N 2
RB :1_ﬁ (ZcosX aj +(Zcosy aj
i=1l i=1

Here the vector orientation cosines are: cosya = AX/|AB|; cos,a = AY /|ABland modulus of geomagnetic

disturbance: AB = VAX? + AY 2. The parameter RB does not depend on magnitude of geomagnetic disturbance. If
RB—1 a vector field experiences chaotic variations in all directions, while RB—0 denotes that a field varies in
magnitude only, but not in direction.

4. Event on March 17, 2013. The magnetic storm on March 17, 2013 started with arrival of interplanetary shock
on 06 UT. During the shock solar wind velocity jumped from ~400 km/s to ~650-700 km/s. IMF Bz turned southward
providing a permanent energy supply into the magnetosphere. SYM-H index gradually dropped till -100 nT and
remained on this level. The AE index shows several activations at auroral latitudes: just after SC till ~1100 nT at 08
UT, after ~12 UT with maximum ~1000 nT, and most intense increase up to ~2500 nT at ~17 UT. Geomagnetic field
variations at IMAGE stations during this storm (Fig. 1) in X component are more intense than in Y component, that
is [X|>>|Y|. This fact seemingly supports the notion about a dominant role of the westward electrojet fluctuations for
GIC generation.

S

Figure 1. Geomagnetic
field variations [in 10%nT]
at latitudinal array of
stations NOR, IVA, PEL,
OuUJ, HAN from IMAGE
array during magnetic
storm on March 17, 2013,
05-24 UT: left-hand panel
shows X component, right-
hand panel shows Y
component. The vertical
scale is the same for all
stations and components.

[WTRR TS

The GIC recording stations recorded several significant bursts of GIC intensity (Fig. 2) reaching ~70 A at VKH.
A growth of AE index during each activation generally corresponds to bursts of |dB/dt| (up to 250 nT/min) and GIC
intensity (at ~06-08 UT, ~16 UT, and ~18 UT) (Fig. 4). However, there are non one-to-one correspondence between
the substorm intensity characterized by AE index and GIC magnitude. For example, AE index during the activation
on ~13 UT is comparable to the index during the activation on ~08 UT, but the GIC intensity during the latter activation
is much weaker. At the same time, intense GIC bursts occurred at ~19-20 UT and at ~2130-2330 UT, when AE index
was somewhat decreased.

We have applied the vector diagram method to the available mid-latitude IMAGE magnetometer data (Fig. 3.).
The diagram shows that during the storm not only the magnitude of magnetic disturbance varied, but its orientation
as well. These variations are caused by rapid changes of regional ionospheric current direction. The observed pivot of
equivalent ionospheric currents on ~08 UT, ~16 UT, and ~19 UT correspond to localized vortex-like current structures
moving across the magnetometer array.
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Figure 2. GIC [A] recorded at stations VHD, RVD, LKH, Figure 3. Vector diagram of ionospheric equivalent
and KND during magnetic storm Mar. 17, 2013, 05-24 currents J along the meridional magnetometer profile
UT. Near station's codes the geomagnetic latitudes are in Fig. 1 for the period from 05 UT-to 24 UT, Mar. 17,
indicated. 2013 (time step 2 min).
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Figure 4. Comparison between GIC amplitudes [A], Figure 5. Time variations of the RB parameter
derivatives |dX/dt| and |dY/dt| [nT/s], and geomagnetic estimated from geomagnetic variations (bottom panels)
disturbances AX and AY [10* nT] at near-by stations at station IVA during the period 05 - 24 UT (time
VKH and LOZ. cadence 15 min).

Comparison of magnitude of magnetic disturbances X and Y with amplitudes of time derivatives |[dX/dt|, |dY/dt|
and magnitude of derivative |dB/dt| (Fig. 4) shows that though the magnetic disturbance is much large in X-component
than in Y-component, |X[>>|Y|, but their derivatives |dX/dt| and |dY/dt| are comparable. Therefore, small Y does not
mean small dY/dt, and variations of both components provide a similar contribution into increase of |dB/dt|.
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The estimates of the correlation coefficients R between the GIC intensity and magnitudes of the geomagnetic field
derivatives during the time intervals 07-10 UT gives the following results: R(|dX/dt|-|lcic|)=0.45, R(|dY/dt|-
[leic/)=0.61, and R(|dB/dt|-|lcic[)=0.63. Hence, the magnitude of total derivative |dB/dt| correlates best with GIC
variations, whereas the derivative of Y-component even better correlates with GIC variations than the derivative of X-
component. The same regularities are observed for other time intervals.

The application of the RB parameter (Fig. 5) to the data from IVA station evidences that during this geomagnetic
storm geomagnetic field varies not only in magnitude, but in direction, too. Indeed, at this station, as well as at other
IMAGE stations, RB rapidly increases from ~0.6 to ~1.0 during the periods of vortex-like ionospheric structures
occurrence. Thus, such geomagnetic variations cannot be attributed to variations of the east-west auroral elecrojet
intensity only.

5. Discussion. The GIC occurrence is often interpreted as a result of fluctuations of auroral electrojet, flowing mainly
in the westward direction. Accordingly, for GIC modeling the model of extended east-west electric current has been
used [Viljanen, 1997]. In accord with these models the conclusions have been stated that predominantly power systems
elongated in longitudinal E-W direction are vulnerable to impact of geomagnetic storms and substorms. The vector
technique used here has demonstrated a much larger variability of dB/dt in magnitude and direction as compared with
just magnetic variations AB. The applied quantitative estimate of vector field variability RB confirmed that
geomagnetic field variations occur in a comparable rate both in magnitude and direction. These results indicate an
importance of account of small-scale current structures embedded into global auroral electrojet for GIC estimates. The
observed patterns of dB/dt distribution cannot be interpreted by a simple model of elongated electrojet and demands
an account of magnetic field from nonstationary vortex-like structures, produced by localized field-aligned currents
flowing in/out the ionosphere [Belakhovsky et al., 2017]. Though amplitudes of currents in such structures are not
large, so they cannot modify essentially AB distribution, but their temporal variations are fast, so they influence
substantially distribution of dB/dt. The physics and morphology of these small-scale fast-varying current filaments
have not been established yet. Thus, though largest magnetic disturbances are produced by the auroral electrojet and
directed in north-south direction, rapid variations of geomagnetic field essential for the GIC excitation are
considerably determined by small-scale current systems, which disturbed both horizontal components of geomagnetic
field. An evident confirmation of this fact is a noticeable vulnerability of Kola power lines extended in the north-south
direction to GIC occurrence.

6. Conclusion. The large-scale structure of the ionosphere currents at auroral latitudes are determined by the east—
west electrojet. So, the X-component of the geomagnetic field is prevalence here. However, on small scales these
equivalent currents and induced geomagnetic disturbances undergo strong variations not only in value but also in
direction. So, the GIC are oriented as in east-west as in north-south direction. The vector technique of the geomagnetic
field and its derivate representation shows the greater variability of the dB/dt in comparison with AB. These results
cannot be explained by the simple model of auroral electrojet and shows the importance of the accounting of small-
scale currents for the GIC calculations.
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CPABHUTEJIbHBIE XAPAKTEPUCTHKH TAPAMETPOB
MEKIIJNTAHETHOUM CPE/IbI B IEPUO/JAbBI PETUCTPALIUN
MATHUTOC®EPHBIX CYBBYPh PASHOM HHTEHCUBHOCTH

B.I". Bopo6beB, O.U. Sroakuna, B.JI. 3Bepes (I1osprulii 2eopusuueckuii uncmumym, 2. Anamumo)

AHHOTanusl. VccienoBanbl mapaMeTpbl MEXIUIAHETHOW CPEbl B MEPUOMABl PErHCTpalun 176 M30IMpOBaHHBIX
cy60ypb. Iloxazano, uto ckopocth (V) m xoHmeHtpamus miasmbl (N) COTHEYHOTO BeTpa OCTAIOTCS IPUMEPHO
MIOCTOSIHHBIMH B T€UECHUE, 110 KpaifHell Mepe, TpexX 4acoB JI0 M OJHOI0 Yaca Hocie Havyaia (asbl pa3BUTHs cyo0ypH
(To). B cpemHem Mo BceMy MAacCHBY NaHHBIX BenWudHbl V M N MOKasbIBAIOT YCTONYMBYIO TEHACHIHIO K
anTukoppensiuu. Onnako ecin 3Ha4eHust V u N ynopsiouuTb OTHOCHTEILHO HHTEHCHBHOCTH HAOJIIOAaEMBIX B 9TOT
nepro cyo0yps, To ¢ poctoM AL mHaekca B MakcuMyMe cyOOypHu HaOIIo1aeTcsl yBeIn4eHHe, Kak CKOPOCTH, TaK
KOHIIEHTpAIMH IJIa3MBbl COJIHEYHOTO BEeTpa, Ha (JOHe KOTOPHIX 3TH cy00ypu mossisatorcs. [lokasano, uro Hanbomee
ONaronpUsATHBIMY YCIIOBHUSIMH JUTS TeHEpalMy cy00yph HU3KOI M CpeIHEeil HHTCHCUBHOCTH SIBIISIIOTCSI OTPHULIATENbHBIE
3HadeHns kak Bz, tak m By xommonmentr MMIIL. [Ins reHepamum Oonpmmx cyOOypbh HEOOXOIMMEI OOJNBIINE
oTpULaTeNbHble 3HaueHUs Bz xommoHeHToii MMII, HO 3HaK BY KOMIIOHEHTBI, IO BCEH BEPOATHOCTH, HE HUMEET
ocoboro 3HayeHHs . B CyTOYHOM pacupeleieHHH BEpOSATHOCTH MOSBICHUS CyOOyph OOHApyXeH MakCUMyM B
uaTepBaine 10:00-12:00 UT. Drot MakcuMyM HanboIree OTYCTINBO BEIpAKEH IS cIa0bix cyo0yph |ALmax| <300 HTm.
Just cpenanx cy00ypb oH pacmmpsiercs Ha uHTepBain 08:00-12:00 UT, a mist ciumbHBIX cyOOyph BRITIIIINT HaNMEHee
OTYETIIHBO.

1. BBenenne
Konnenmus kmaccuaeckoit cy00ypH nmpearnonaaraeT HaKOIUIEHHE SHEPTHH COJTHEYHOTO BeTpa B MarHuTochepe 3emin
W 3aT€M BHE3allHOE BBICBOOOXKIECHME 3TOW 3HEPrHMM B repuoi (as3pl pa3BUTHsA CyOOypH, Hadalo KOTOpOH B
nmanpHeimeM Oynem oOo3Hauath Kak 7,. Hawamy ¢assl pa3BuTHS H301HpOBaHHON cyOOypH mpemmecTByeT (asa
3apoxaenust [McPherron, 1970], mosiBjieHHe KOTOPO# OOBIYHO CBA3BIBAIOT C MOBOPOTOM Ha fOr BZ KOMIOHEHTHI
MeXIuaneTHoro MarautHoro nomst (MMII). B mepuon ¢daser 3apoxienust cyoOypu yBEIMYHMBAEeTCS MarHUTHOE
JIaBJIEHHE B JONSX XBOCTa MarHUTOC(epsl, MPOMCXOAMUT BHITATUBAHHWE CHJIOBBIX JIMHHUM T€OMarHUTHOTO IOJS B
AHTHCOJHEYHOM HATPABJICHUH U YMEHBIIICHIE TOJIIMHBI INIAa3MEHHOTO ciost (cM., Hanpumep, Shukhtina et al., 2014).
OTH U3MEHEHHs, B KOHEYHOM CueTe, IPUBOJAT K Pa3BUTHIO B MarHuTochepe 3eMiIn HEKOTOPOH HEYyCTOWYMBOCTH,
KOTOpast CONPOBOXKIAETCS OBICTPO «Pa3rpy3K0oii» HAKOIJIEHHOI'O MAarHUTHOTO ITOTOKA, T.€. HaYaloM cyO0ypH.
TpamuuponHo, Hanbosiee >(PdeKkTHBHOI i reHepaluu cyOOypb cumtaercsi komrnoneHta MMII B miiockoctu
nepHenuKyIspHoit k auaun Conuue-3emns. Ckopocts (V, km/c) u konnenTpaius miasmsl (N, cm®) conseunoro setpa
ciabo MEHSFOTCSI Ha BPEMEHHBIX MacmTadbax cyOOypH, O3TOMY 3TH IapaMeTpbl 0OBIYHO HE PacCMaTpPUBAIOTCS Kak
OCHOBHBIE MCTOUYHHMKH 3HEprun cyOOypeBbIX Bo3MymieHHH. OHAKO HEKOTOpBIE MCCIEJOBAHUS KOCBEHHBIM 00pa3zoM
TIOKa3bIBAIOT BAXKHOCTh KMHETHYECKOW PHEPTHMH COJHEYHOTO BeTpa B Ipoueccax Qopmuposanust cy60yps. Tak,
Harpumep, B padore [Fapxamos u dp., 2017] U310XKeHbI pe3yJIbTAThl SKCIIEPUMEHTOB 110 BOCCTAHOBJICHUIO BapHaIUil
AL mHzieKca MarHUTHOW aKTHBHOCTH B NEPHOJIBI U30JIMPOBAHHBIX CyOOyph C TIOMOIIBIO HCKYCCTBEHHBIX HEHPOHHBIX
cereil. Oka3ajoch, YTO BOCCTAHOBJICHHWE OCYLIECTBJIsAETCS Hambosee 3(PQeKTHBHO, eciii B KaueCTBE BXOJHBIX
TI0CJIEI0BATEIILHOCTEN MCIIOJIb30BAaTh HE TOJBKO KOMIOHeHTHI MMII, HO W WHTerpaibHbli mapamerp X/N-V7],
YUUTHIBAIOLINH TIPEIBICTOPHIO MIPOIIECCa HAKAYKH KHHETHUECKOI YHEPTHH COTHEYHOTO BETpa B MarHUTochepy.
Henpro HacTosIIIEH pabOTHI SBISETCS MCCIEIOBAHNE MTOBEICHHSI KOMIIOHEHT MEXXIIIAHETHOTO MarHUTHOTO ITOJIS
(MMII), ckopocTH ¥ IUIOTHOCTH IUIa3Mbl COJIHEYHOTO BeTpa B IEPHOIBI PETHCTPAIlMH H30JIMPOBAHHBIX
MarHuTocepHpix cyoO0yph pa3HOW HMHTEHCHUBHOCTH. OmpelnereHre BO3MOXHOTO BIUSHHUS TapaMeTPOB IIa3MBbI
COJIHEYHOTO BETpa Ha IPOLECCHl HAKOIUICHWS SHEPrUHM COJIHEYHOTO BeTpa B MarHutocdepe 3emiam u Ha
MHTEHCUBHOCTH T€HEPUPYEMBIX B 3TH IIEPHOJIbI MArHUTOC(EPHBIX CyO0ypb.

2. Ucnosib3yemMble TaHHbIE

s mpoBeneHNs MCCIeIOBaHWN OBIT MCIOJIB30BaH CIMCOK M30JHUPOBAHHBIX CYOOYpbh, XapaKTEPHUCTHUKH KOTOPBIX
M3TI0KEHBI B pabote [Bopobves u Op., 2016]. Jlns BelAeNeHUs HW30JIMPOBAHHBIX CyOOyph B 3TOi paboTe ObuH
ucnons3oBanbl  cyrounele  Bapuauumm  (http://wdc.kugi.kyoto-u.ac.jp/y wu 1-muH 1uMbpoOBBIe  3HAYCHUS
(http://cdaweb.gsfc.nasa.gov/) AL uHaekca MarHUTHOM aKTHBHOCTH 3a Bce 3UMHHE ce30HbI 1995-2013 rr. Kpurepun
0TOOpa M30JIMPOBAHHEIX CyOOYph MOPOOHO U3TI0KEHEI B [ Bopobbes u dp., 2016], 31eCh MBI OTMETHAM TOJIBKO, YTO B
9TOT CNMCOK OBUIM BKIIOUEHHBI cy00ypH ¢ mHTeHCMBHOCTBIO B MakcuMmyMe 300 HTn < |ALmax| < 1500 nTn. Havano
(7o) cyOOypp ompenensuioch MO BPEMEHH, KOTZa pPa3HOCTh ABYX IIOCIEAOBAaTeNbHbIX 3HaueHuid AL uHzaekca
coctasisia 6osiee 60 HT11, a mocnenyromee 3HaueHne AL orimyanock ot nepsoro yxe Ha -100 vT.
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Jlist uesneit HacTosiIeH paboThl ATOT CIIUCOK OBLT JOMONHEH CIa0bIMU H30JHPOBAHHBIMU CYOOYPSIMHU € |ALmay| <
300 aT1, KOTOpBIE OBUIM 3apETUCTPUPOBAHEI B TOM JK€ BpEMEHHOM HHTepBaje. st onpeneneHus BpeMeHH Havdaa
Takux cy0Oypb uctonb3oBaics donee mpoctoit kputepuit: |AAL| > 30 aTn. Jarasie no MMII 1 mra3mMe COTHETHOTO
Berpa 6sutH B3sTHI 13 6asel OMNIWeb (http://cdaweb.gsfc.nasa.gov/).

3. CpaBHHTe/IbHBIE XapAKTEPHUCTHKHU cy00ypb pa3HOil HHTEHCUBHOCTH
CpenHue XapakTepUCTUKH MEXKIUIAaHETHON CpeJibl M BApHallii MarHUTHON aKTUBHOCTH B IIEPUO/T PETHCTPAIU CyO0yph
C HMHTEHCUBHOCTBIO B MakcUMyMe |AlLmax| < 300 HTx u |AlLma| > 600 HTn mokazaHel Ha pucyHkax la u 16,
COOTBETCTBEHHO. KpuBBIE, MpeACTaBICHHBIE HA PHC. |, MOIXYydYEHBI METOAOM HAJOXKCHHS 3M0X B MHTEpBaJC +3 4
OTHOCHUTENBEHO MOMeHTa 7,. Beero paccMotpeno 65 1 44 coOpITHS HU3KOU U OOJBIIION MHTEHCHBHOCTH, COOTBETCTBEHHO.
Ooparmaer Ha cebs BHIMaHUE TOT (aKT, UYTO 3HAYCHUS BCEX PACCMOTPEHHBIX Ha pHc. | mapaMeTpoB it cyo0yps
OO0JIBIIION MHTEHCHBHOCTH 3aMETHO BBIIIIE X 3HAUCHUH [T HeOombIuX cyo0yps. Tak, ManeHpkre cyOOypH BOSHUKAIOT
Ha ypoBae SYM/H ~ -6 uTn, a Gonbrmue — npu SYM/H ~ -18 uTu. Ilpu ManeHBKHX CyOOypsIX CPemHsisi CKOPOCTh
conHevHOTO BeTpa He mpesbimaet 400 km/c, a amst Oonpmmx — Gonbrre 450 kv/c. CpenHsist KOHIIEHTPALHS TIIa3MBbI
COJIHEYHOTO BETpa cocTaBiseT ~6 cM™ u ~10 ¢cM® s ManeHbkuX W GonbIIMX Cy6OYpb, COOTBETCTBEHHO. Kak M
CIIEIOBAJIO  OXKMJATh, 3HAYCHUsS I0KHOW KommnoHeHThl MMII 3HaumtensHo OoJblie st cyOOypb OOJNBILON
HHTEHCUBHOCTH. UTO KacaeTcs a3MMyTalbHOH KOMOOHEHThI MMII, TO MOXHO OTMETHTh, YTO CyOOypH HHU3KOIf
WHTEHCHBHOCTHU BO3HHKAIOT, TJIaBHBIM 00pa3oM, Ha (oHe oTpHrLaTeNnbHbIX 3HaueHuit By komnonenTst MMII, B TO Bpemst
Kak JJIs1 TeHepanyu 0oibIIMX cy60yph 3HaK BY KOMIOHEHTHI 110 BCel BEpOATHOCTH HE HMEET 0COO0ro 3HaUCHHUS.
JlaHHBIE, pacCMOTpEHHBIE Ha pHc. 1, B rpaduaeckoM

o
BUJE TIpeAcTaBieHbl Ha puc. 2. K 1mBym rpymmam
200 o I o o
oo SRS PacCMOTPEHHBIX BbIIIE CyOOyph HHM3KOW M OOJIBIION
- : -200
20 | "mfv WHTEHCHBHOCTH J00aBIICHa TPEThs Tpymma cyooyps ¢
. — : e HHTEHCHBHOCTHIO B Makcumyme 300 HTn < |ALma| <

600 HTn. Ha puc. 2 nokazaHsl JaHHbIE, YCPETHEHHBIE 32
1 vac (xkpuBas 1), 2 yaca (kpuBasi 2) u 3 uaca (kpusas 3)
no Havyana Qasel  pasButus cy6oypu 7, Ilo
TOPU30HTAIILHOW OCH TpadUK MPEICTABICH BCETO TPEMS
TOYKAaMH, COOTBETCTBYIOIIMMH CPEIHUM 3HAYECHHSIM
cy00ypb craboii, cpesHeid 1 GOBIION MHTEHCUBHOCTH.
B neBoit konoHke (puc. 2a) moxazaHbl 3HAYECHHS
ckopoctu (V) u koHIeHTparw mwia3Mel (N) comHedHOTO
Betpa. Kpussie 1, 2, u 3 Ha 3THX pUCYHKaX (haKTHIESCKU
COBIIAIAIOT, YTO CBHIETEIBCTBYET O ToM, uto V 1 N
OYeHb HE3HAYNTEIHFHO U3MEHSIOTCS, 110 KpaiHel Mepe,
B 3-X 4aCOBOM MHTEpBaJie 10 Hayaya cyooypu. Cnenyer
oOpaTuth 0co00O€ BHHMaHHE Ha TO, 4TO CyOOypu
Oonblllell MHTEHCHBHOCTH BO3HHKAIOT Ha YPOBHE BCE
YBENMYIMBAIONTUXCS 3HaUeHM Kak V, Tak u N.
Ha puc. 26 noka3ausr cpequue 3Hadenus SYM/H u PC
UHJEKCOB MJisi CyOOyph pa3HOil HMHTEHCHUBHOCTH.
Kpome Toro, 4To 3HaueHHs OTHUX HHJIEKCOB,
ycpenHeHHble 3a 1, 2, mw 3 waca o 7, mpuUMepHO
COBMNAJAlOT, OTMETHUM IIOCJIEAOBATENbHBI  pOCT
aOCOJIOTHOM  BEIMYMHBI ~ MHJEKCOB 10  Mepe
YBEIMYCHUS MHTEHCUBHOCTH MOCIJIEAYIOIIEeH

Pucynok 1. CpenHue XapakTepHUCTUKH MEXIUIAHETHOM
cpensl W MAarHUTHOM aKTHBHOCTH i CcyO0Oypp ¢ z
IALmax|<300 BT (@) 1 [ALmal>600 uTo (6). Kpupere ~ CYOOYPEBOH aKTHBHOCTH.

HOJTy4eHbl METOZIOM HAJIOXKEHHMS 310X B MHTEpBaje +3 4 Ha puc. 26 npejicrasienbl cpeanue sHauenns Bz n
OTHOCHUTEJILHO MoMeHTa 7,. CBepXy BHH3 Ha PHCYHKE By xommonenr MMIIL. HanGomsmee pmidnue Ha
nokasaubl: Bapuarmu AL unzexca, By u Bz xomnonentpr  MHTCHCHBHOCTE Cy00ypp, OHEBUIHO, ~OKasbIBACT

MMII, konuentpauus miasmsl (N) u ckopocts (V) — YPOBCHP Bz xomnonentst MMII, ycpenHeHHslil 3a |
COJIIHEYHOTO BETpa, 3HaueHMs uHaekca SYM/H. qac 1o Havana cy6bypu (kpusas 1). Mntepsaibl
ycpenHenus 3a 2 u 3 gaca 10 cy60ypu (kpusbie 2 u 3)

BKJIFOYAlOT B ce0s kak a3y 3apoxaeHus, TaKk W

MpeALIECTBYIOMUN el Mepro]] CIIOKOHHOr0 reOMarHuTHOro nojisi. [loaToMy 3HaueHust 10KHONW KoMnoHeHTs! MMIT

Ha KpuBBIX 1, 2 1 3 mocie0BaTeIbHO YMEHBIIAIOTCSA. ECTECTBEHHBIM BRITISIIUT U POCT YPOBHS OTpHUIIATEIbHOW Bz
Jutsl cyO0yph OoJbIIel! HHTEHCUBHOCTH.

INosenenue By xommonenTst MMII, noka3aHHOE B HUXKHEH 4acTh pHC. 26, MONTBEPKIACT BHIBOBI, CICIAHHBIC

panee u3 aHanmmza puc. 1. CyOOypsiM HU3KOH U CpeIHEH HMHTCHCUBHOCTH MPEIIICCTBYIOT, KaK IIPABUIIO,

oTpunaTeNbHble 3HaueHus By kommonenTsl MMII, B TO BpeMs Kak AJisi OoJbINX cyOOyph cpemHue 3HadeHus By
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B.I'. Bopo6ves u op.

HyJIeBbIE WJIM CN1a00 IMOJIOXKHTENbHbIE. JTH JaHHBIE CBHJECTEIBCTBYIOT O TOM, YTO HauOosiee OJIaronpHsITHBIMH
YCIOBHUSIMH JUTS TeHEpaIuu cy00yph HU3KOH U CpEeAHEH MHTEHCUBHOCTH SIBIIAIOTCS OTPUIIATEIbHbIC 3HAUCHUS Kak Bz,
tak 1 By xommorenT MMII. /] renepariu 60mbmmx cy00ypbs HEOOXOMMEI OOJIBIITNE OTPHULIATENIFHBIC 3HAUCHHS Bz
komroHeHToit MMII, Ho 3HaK BY KOMITOHEHTHI IO BCE# BEPOSTHOCTH HE IMEET 0COO0TO 3HAYCHHSI.

a 0 ]
V, km/s SYM/H, nT Bz, nT
500 — 1 0 — O g
-5 —| B S
450 — 3 2
2 -10 3 24
400 — 15 | : 2 3| 1
S B B B B B L B B B
N, cm-3 PC By, nT
10 — 3 15— 0.5 —
2 2
- = 07
1
8 — - 1 -05
i 0.5 — 1
S e e e s B e L B L L B
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
|AL[, nT |AL[, nT |AL|, nT

Pucynok. 2. Cpennne 3Ha4eHHs MapaMeTpPOB MEKIUIAHETHOW Cpelbl M MHIEKCOB MAarHUTHOM aKTUBHOCTH IS
cy00ypu Hu3KOU |AlLmax| < 300 uTxn, cpemneit 300 T < |ALmax| < 600 HTn u Gonbinoit |[ALma| > 600 Tn
uHTEeHCUBHOCTH. [laHHble ycpeausuck 3a 1 4 (kpuBast 1), 2 4 (kpuBas 2) u 3 4 (kpusas 3) 10 MoMeHTa 7.

HauGonpmmii nHTEpEC, C HAIIEH TOYKU 3pEHUS, MIPEICTABISIOT JaHHbIC, TOKa3aHHbIe Ha puc. 2a. IlomydeHHbIe
pe3ysbTaThl CBHICTEIBCTBYIOT O TOM, YTO CcyOOypm Ooiblied HMHTCHCHBHOCTH PETHUCTPUPYIOTCS Ha (OHE Bce
BO3PACTAIOMIMX 3HAUCHUH KaK CKOPOCTH, TaK U KOHIIEHTPALUHU IIa3MbI COJTHEYHOTO BETpa. XOPOIIO M3BECTHO, UYTO
BEIMYMHA CKOPOCTH COJHEYHOI'O BETpa MMeEET TEHJCHIMIO aHTUKOPPEIOpOBaTh C YPOBHEM KOHIICHTPALMH
COJTHEYHOH ma3Mbl. Tak BBHICOKOCKOPOCTHBIE ITOTOKH COJIHEYHOTO BETPa OT KOPOHAJBHBIX IBIP MMEIOT HU3KYIO
KOHLIEHTPALHIO, B TO € BPEMsI IUIOTHBIE IIOTOKH COJTHEYHOT'0 BETPa B 00JIaCTH Te0C(EPHOr0 TOKOBOTO CIIOSI HUMEIOT
OTHOCHTENIFHO HU3KHE CKOPOCTH. B Hammx coOBITHAX 3Ty TEHACHIIUIO HIUTIOCTPUPYET pUC. 3a. PUCYHOK MOKa3bIBaeT
COOTHOIIIEHHE MEX/Ty KOHIICHTPAILMeH MIa3Mbl M CKOPOCTHIO COJTHEUHOTO BETpa JJIs BCEX COOBITHMH, UCCIIEyeMbIX B
Hacrosimeit pabore. Ha puc. 3¢ ucnonb3oBansl cpenune 3HaueHus V u N, Habmomaemsle 3a 14 10 MomenTa 7,
BeprukanbHas mTpUXOBas JIMHUS MOKA3bIBACT CpeHEE 3HAUCHNE CKOPOCTH COJIHEYHOTO BETpa MO BCEMY MAcCCHBY
JaHHBIX, KoTOpas cocraBisieT ~420 km/c. CryiomHas JIMHUS COOTBETCTBYET JIMHEHWHOMY YPaBHEHHIO PETPECCHHU.
JIOBOJIBHO YETKO IPOCIEKUBAETCS TEHJICHIUS K YMEHBIICHHIO KOHIIEHTPAIMU IUIa3Mbl 110 Mepe YBEIHUYCHUS
CKOPOCTH COJIHEYHOTO BETpa.

a 7] 6

N, cm3 V, km/c

20 ‘ 520

15 480

10 440

5 400

0 ) 01717 1 T T T T T 1

200 400 600 800 0 400 800 1200 O 400 800 1200

V, km/c |AL|, HTR |[AL|, HTR

Pucynok 3. CooTHOIIEHHE MEXIy KOHIIEHTpalMed IUIa3Mbl M CKOPOCTHIO COJIHEWHOTO BeTpa (a). Cpemnue
3HauEHUs! CKOPOCTH (0) ¥ KOHIIEHTPAIINH TIa3MBbI (8) COTHEYHOTO BETpa IS CyOOyph pa3IMyHON WHTEHCUBHOCTH.
Bce cy60ypu paszenensl Ha deTbipe rpymmbl: |ALmax|<300 HTa, 300 HTa<|ALmax|/< 600 uTa, 600 HTa<|ALmax|<
900 #T1 1 |ALmax>900 aTn. IlITpuxoBsie muaMH - V 1 N ycpenHens! 3a 14 go Hagana cyo0ypu (7,-1); cronrasie
nuaud - V u N yepennensl 3a 14 nocie Hadana cyooypu (7,+1).

OpHako, Te e [aHHbIe, HO YIOPSJIOYEHHBIE OTHOCHUTEIHHO WHTEHCHUBHOCTH CyOOYypeBOro BO3MYIIEHHS,
MOKA3BIBAIOT IIOCIIEAOBATENbHBIN pocT Kak V, Tak m N 1Mo Mepe yBeTWUEHHs WHTCHCHBHOCTH CyOOyph. OTOT
pe3ysbTaT, yXKe MpelICTaBiIeHHBIH paHee Ha pHC. 2a, JOMOIHHUTEIHHO WLIIOCTPUPYIOT puc. 36 u 36. Ilo
MHTEHCUBHOCTU cy00ypu Ha puc. 36 u 3¢ oobenuneHsl B rpynmsl 1o 300 T, IlltpuxoBble TMHUM Ha PHCYHKaxX
COOTBETCTBYIOT aHHBIM 110 V 1 N, ycpeaHeHHbIM 3a 1 4 10 MoMeHTa 7, a CIUIOIIHbIE INHUU COOTBETCTBYIOT JJAaHHBIM,
ycpenHeHnHbM 3a 14 nocie 7,. CIulonHble ¥ MITPUXOBBIC JIMHUK Ha pUcC. 36 U 36 04eHb OJIM3KH APYT K APYyry. DTO
CBUJIETENILCTBYET O TOM, UTO BEJIMYMHBI CKOPOCTU M KOHIEHTPALUH IJIa3Mbl COIHEYHOTO BETPAa HE3HAUUTEIHHO
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Cpagnumenshvie Xapakmepucmuki napamempos MeICnIaHemHoll cpeobl 6 NepuoObl peucmpayuu MazHumoc@epuuix cyooypob

U3MEHSIOTCA B Iepro]l a3kl pa3BUTHS CyOOYpH IO CPaBHEHHMIO C X YPOBHEM B IepHoA (a3sl 3apoxaeHus. Kpussie
Ha puc. 36 1 36 OKA3bIBAIOT YCTOHUMBEIHA pocT V 1 N 10 Mepe yBeIW4eHNsI MHTEHCUBHOCTH HAONIOaeMbIX B 3TOT
nepuos cy66yps. Tak cy66ypu HHTEHCUBHOCTBIO |ALmax| < 300 HT1 Habmronanuck mpu V ~ 380 km/c u N ~ 5.8 cm3,
a cy60ypH ¢ |ALmax| > 900 uTa nabmonamuck npu V ~ 500 km/c u N ~ 10.0 em™3,

Ha puc. 4 mokazaHbl THCTOIpaMMBbI CYTOYHOTO DPAaCIpEACIICHUS

N 06 MLT 18 MLT BpPEMEHHN Hadaia cyOOyph pa3HOIl MHTEHCHBHOCTH. BepTukambHas och
15 a } 1 TIOKa3bIBaeT KOJIUYECTBO CYOOYph, HAUABIIIMXCS B COOTBETCTBYIOMIEM 2-
) | | x yacoBoM unTepBasic UT. [1o MHTCHCUBHOCTH, KaK U Ha puC. 2, Cyo0ypu
10 ] | 1 paznenenbl Ha cnaOwle (@), cpepnue (6) u cuibHble (6). PucyHOk
5 | 1 yKa3blBaeT Ha TO, YTO B paCIpEAEICHHH BEPOSATHOCTU IOSBICHUS
g | 1 cy00ypb HabOmromacTcs MakcumMyM B uHTepBane 10:00-12:00 UT. Dtor
O 171 1171 MaKCHMYyM Ham0oJiee OTYETIMBO BBIpXEH Uil cllabbIx cyoOyph (pHc.
15 — | 1 4qa). 1ns cpenaux cyoOyps oH paciupsiercst Ha untepsan 08:00-12:00
1 6 ‘ | UT (puc. 46), a s cWIbHBIX cyOOypb BBITIISANT HAaNMEHEE OTUCTIHBO
10 — | n yxe B uaTepBane 06:00-12:00 UT.

1 | Hammume Ttakoro MakcuMymMa MOXHO ObIIO OBl OTHECTH K
5] | HEIOCTaTKaM TpaauiuoHHoro AL wHzaekca, OIpEAENIeHHOTO MO
0 ; i HeOompmomy yucty (10-12) Ha3eMHBIX MarHUTHBIX cTaHOui. OmHAKO

| | Hanpyue mpexnnoinyneHHoro mo UT  Makcumyma B CyTOYHOM

15 4 B ! | pacnpesielieHu BEPOSTHOCTU TOSBICHHUSI CyOOypb B 3MMHHMH IEpPHON
1 ! | MOKHO 0OHapyxuth u B uccienoBanusx [Newell et al., 2013, Fig. 7].

10 i | ABTOpBI 3TOH paboOTel i omnpeaencuus 71, ucHonb3oBaaum SML
5 | | (SuperMAG Low) wuHaekc, KoTopelii momaobeH wunHaekcy AL, HO

g | omnpeneneH no naHHBIM 130 cranuuii. BepTUKadbHBIMU IITPUXOBBIMHU
0 : JVHUSMHA Ha puc. 4 mokazaHsl MOMeHTbl UT, Korjia och reOMarHuTHOTO

0 4 8 12 16 20 24 UT nunoiist B GSM cucreme KOOpJAMHAT HAaKJIOHCHA BAOJIbL OCH YsB CTOpPOHY

06:00 MLT wm 18:00 MLT. Kak BHOHO W3 pHCYHKa, MaKCHMYM

Pucynok 4. CyTouHoe pacnpeeieHue

BEPOSITHOCTH TOSIBIICHUS CyOOyph HHM3KOI M CpemHedl MHTCHCUBHOCTH

BEPOATHOCTH TOSBNCHUA CcyOOyps  HAOJIOIAETCS B EPHO/IbI, KOTA OCh TEOMArHUTHOTO JIUIIOJIs HAKJIOHEHA
HU3KOI (a), cpesueit (6) u GombIIoii (¢) B YTPEHHIOI CTOPOHY. Takod HaKIOH OCH AMIONS B COYETAHUH C
WHTEHCUBHOCTH. BepTuKaibHBIMH ~ OTPUL@TEIBHBIME  3HAYCHUSIMU By xommonentst MMII, kak 31O
LITPUXOBBIMUA JIMHUSIMHU YKa3aHbI WTIOCTPUPYIOT  pHUC. la un puc. 26, naét <<3(1)(1)CKTI/IBHyIO »
MOMEHTBI UT’ Korza oCh OTPHUIATCIIbHYIO KOMIIOHEHTY Bz [Russe” and MCPherron, 1973]

TE€OMAarHUTHOTO JIUIIOJNIST HaKJIOHEHa B
YTPEHHIOIO U BEYEPHIOIO CTOPOHY.

Benuunna 5T0¥ KOMIIOHEHTHI, 3aBUCSIIAs Kak 0T By kommonenTs! MMII,
Tak U oT UT, Oyner BHOCHTH OIpENeNeHHBI BKJIAQA B CTENEHb

reodPPEeKTUBHOCTH COJIHEUHOTO BETPa Mepe1 HauaioM cyooypH.

4. 3aki04eHne

[IpoBeaeHO CTaTUCTHYECKOS HCCICHOBaHHE MAapaMETPOB MEXKIUIAHETHOM Cpelpl B IIEPHOIBI  PETHCTPALMH
M30JIMPOBAHHBIX Cy0OYph pa3HOi uHTeHCHBHOCTH. [lokaszano, 4ro ckopocth (V) u koHuenrtparms miasmbl (N)
COJIHEYHOT0 BETpa OCTAKOTCS IPHMEPHO HOCTOSIHHBIMH B TeYSHHE JUTUTENIFHOTO HHTEpBaia BpeMEHH, TI0 KpaiiHeil Mepe,
B TEUCHHE TPEX YacoB JI0 M OJHOTO Yaca Ioclie Havyaia (asel passutus cyooypu (75). B cpensem mo Bcemy MaccuBy
JAaHHBIX BeMMYHMHBI V 1 N IMOKa3bIBaIOT YCTOHYMBYIO TEHICHLHMIO K aHTUKOppessauud. OnHako eciu 3HadeHus V u N
YIOPSIIOYNTh OTHOCHTENIbHO MHTEHCHBHOCTH HAOJIIOAeMBbIX B ATOT IepHo] cyOOypb, TO ¢ pocToM BenwuuHbI AL
MHJEKCa B MaKCUMyMe CyO00ypHr HalOJI0JaeTcsl yBElIMYeHHE, Kak CKOPOCTH, TaK U KOHIEHTPAIMH IIa3Mbl COJIHEYHOTO
BeTpa, Ha (hOHE KOTOPBIX 3TH cy0OypH nosBistoTes. [TokazaHo, 9To B paciipeielIeHUH BEPOSTHOCTH HOSBICHHS CyO0yph
HaOmoaercs MakcumyM B uaTepBaie 10:00-12:00 UT. DroT MakcuMyMm HanOoJiee OTYETIMBO BBIPaXKEH IS CIa0bIX
cy60ypb |[ALmax|<300 uTn. s cpeauux cy0Oyps on pacimupsiercs Ha uHtepBan 08:00-12:00 UT (puc. 46), a mis
CHJIbHBIX CYOOYpb BBINJISIAUT HAMMEHEE OTUYETIIMBO U yike B uHTepBaie 06:00-12:00 UT.
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CTPYKTYPbI JTUCIIEPCHOHHBIX AJIbBBEHOBCKHUX BOJIH
B HEO/ITHOPO/ITHOMU IIJIASME

M.A. Bonkos

Mypmarckuii 2ocyoapcmeeHnblll mexHuueckuil ynugepcumem, 2. Mypmanck, Poccus,
e-mail: volkovma@mstu.edu.ru

AHHOTAIMA

N3ydeHbl 0COOCHHOCTH PACTIPOCTPAHEHUS «KOCHIX» WM JUCIICPCHOHHBIX ANTBBCHOBCKHX BOJH B HEOIHOPOIHOM
XOJIOZIHOM TIasMe. PaccmarpuBaeTcst miiasMa HeOJHOPOIHAS TOTIEPEK MATHUTHBIX CHIIOBBIX JIMHHUN B HAIIPABICHUH
CeBep-oT M OJHOPOJHAs B JOJITOTHOM HarpaBlicHHH. MccriemoBaHbl 00JIACTH TPO3PAYHOCTH JUIS STHX BOJH B
Pa3IMYHBIX YaCTOTHBHIX Anana3zoHax. OIeHeHbl MacITabbl MOMEPEYHBIX CTPYKTYP «KOCHIX» allbBEHOBCKHX BOJIH Ha
YpOBHE HOHOC(hEPHL.

1. Begenue

B pabote mosmydeHo perieHue i AUCICPCHOHHOW aJIbBEHOBCKON BOJIHBI B HEOJAHOPOJHOW MarHUTOC(EPHOU
XOJIOIHOM TIIa3Me. DTH BOJHBI HTPAIOT BAKHYIO POJIb B MEXaHH3Me (POPMHPOBAHHS aBPOPATBLHBIX CTPYKTYp [Boakos,
2016, Chaston et al., 1999, Lysak and Song, 2003]. JlucrniepcuoHHasi albBEHOBCKAs BOJHA UMEET KOMIIOHEHTY
SIIEKTPUIECKOTO TTOJISA, HATIPABJIEHHYO BIOJb MATHHUTHOTO TTOJIsSE 3EMITH, U TIOTIEPEYHYI0 KOMITOHEHTY JIEKTPHIECKOTO
nosst. [IpoosibHass KOMITOHEHTa 3JIEKTPHUIECKOTO TIONST MOKET YCKOPSTh MAarHUTOC(EPHBIE DIEKTPOHBI, KOTOPHIE
3aTeM BBICHINIAIOTCS B HOHOC(epy. Takhe BOJNHBI BBI3BIBAIOT YCKOPEHHE 3JIEKTPOHOB B JIOCTATOYHO MIMPOKOM
Jana3oHe JHEPrHi, KOTOpOoe HaOJIoJaeTcss HajJ HEKOTOPHIMH aBpopalbHBIMH CTpyKTypamu [Johnstone and
Winningham, 1982; McFadden et al., 1999]. YckopeH#e 31eKTpOHOB IPOUCXOIMT Ha BBICOTaX HECKOJIBKUX PaIUyCOB
3emin, Tie KOHIEHTPAIMsS MArHUTOC(HEPHBIX YACTHI[ PE3KO MajacT. Takoe pPe3Koe YMCHBIICHHUE KOHIICHTPAIHU
HaOMI0IaeTCs HaJ aBpPOPANbHBIM OBAJIOM B BEYEPHHE M TOJYHOUYHbIE 4achl. JlaHHas 00;7acTh B Maruutocdepe
Has3bIBAETCS aBpopaibHOii mosocteio [Calvert, 1981; Delory et al., 1998; Ergun et al., 1998]. Konuenrpariust ria3msl
B 9TOH 00JacTH M3MEHSETCS] HE TOJBKO C BBICOTOM, HO M C IIUPOTOM, MOTEpEK aBpopalbHO obnactu. B pabote
paccMaTpuBaeTcs TOJIBKO MOTepeYHas MArHUTHOMY TOJIF0 HEOAHOPOTHOCTh MarHUTOC(EPHOM IIIA3MBI.

Pucynoxk 1. AspopanpHas monocte.  Density-
i KOHIIEHTpalus 3JIeKTpoHOB B cM™>, LAT-maruutHas
mmpora, DISTANCE- paccrosHue oT neHTpa 3emiu B
panuycax 3emun Re.

"DENSITY,

c™M |

GECCENTRIC DISTANCE (Re)

2. Onucanue MoHOC(epbl U MATHUTOC(hEPHI

Honocdepy Oymem cuutath TOHKUM (B CPaBHEHHU C MPOJOJBHOW JIMHOW «HHEPIIMOHHOI» BOJIHBI) HAEaIbHO
MPOBOIAIINM ci0eM. Vcronb3yeM IpsSMOYTONIBHYIO CHCTEMY KOOPJAMHAT, OCh Y HalpaBUM Ha 3amaj och X K - 0T,
0Ch Z - BHU3, Bonb MarHuTHoro nois (CeBepHoe momymapue). bygem paccMaTpuBaTh IBYMEpHBIE BO3MYILEHUS,
3aBHCAIINE OT X U Z, T.€. 0/0y=0. 'panndaHOE yCcoBHe 115 BOJHBI B HOHOC(EPE: 1T MATHUTHOTO TOJIS KO3 PHUIINEHT
otpaxenuss R=1. MarautocdepHas miaazMa COCTOUT TOJBKO W3 XOJOAHBIX HOHOB W JIJIEKTPOHOB. DJIEKTPOHBI
MEPEHOCSAT TOK BIOJb MATHUTHBIX CHIIOBBIX JIMHUH. Bo3MylieHeM KOHIIEHTpAIIUH I1a3Mbl peHeOperaeM. Cunraem,
YTO KOHIEHTPAIHS MAaTHUTOC(EPHOH IIa3Mbl OJHOPOJIHA IT0 BRICOTE U MEHSIETCS TOJIBKO MOMEPEK MArHUTHOTO TTOJIS
B HampaBJeHuu X. [IpononpHOE AneKkTpudeckoe moje E, onpenensercs u3 ypaBHEHUS ABIKCHHS 3JICKTPOHOB BIOJb
MarHMTHOTO TOJIs, 1oJIarasi MarHUTHBIA MOMEHT 3JIEKTPOHOB PaBHBIM HYIIIO:

meoV/ot = —eE, 1)
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rJe € - 3apsA JJIEeKTPOHA, Me- Macca 3JIEKTPOHA, V-BO3MYIEHHE CKOPOCTH 3JIEKTpPOHOB. YpaBHenue (1) mydme
mepenucaTts B Ipyroit popme:

med(j/n(x))/ot = €2 E, )
TIe J,-TUIOTHOCTD TIPOIOIBHOTO TOKa, N(X)- KOHIEHTPAIHs MarHATOC(epHOH T1a3Mbl. EMMHCTBEHHOM TOTIepeyHOM
KOMITOHCHTOH BO3MYIIEHHOTO 3JIEKTPHUYECKOTO MO siBiseTcsa Ex, MaruutHOTO — Hy. XO0JTOAHBIC HOHBI IEPEHOCAT

TOK TOJIIPU3ALMH MOIEPEK MAarHUTHOTO T0JIsL. 13 ypaBHCHHS ABIKEHUS U1 XOJIOJHOMN IUIa3Mbl B MATHUTHOM TIOJIC
HOJIyYaeM BBIP@KEHUES TS [IOJIPH3AIMOHHOTO TOKA B aJIlbBCHOBCKOM BOJIHE:

jx= U(uov:2)OEx/ot, (3)
TJIE flo- MaTHUTHAsl NPOHMIAEMOCTh BaKyyMa, Va?=puo/B? — KBajpar aJbBEHOBCKOM CKOPOCTH, p(X) —IUIOTHOCTH
wIa3mbl, B— MHIyKIMs MarHuTHOrO Mot B MarHutocdepe. B ciyyae KoHBeKIMH MarHuTochepHO-HOHOCHEPHOI
IUIa3Mbl CO CKOPOCTBIO Vo B HANpaBICHWH X CIleAyeT Oparh MOJHYI HPOM3BOAHYIO B Bhipaxenuu (3), jx =
1/(uova?)dE/dt, rne dE/dt=0E«/ot+vo=0Ex/OX. B nanbHeiiniem He OyJAeM yYMTHIBATH KOHBEKIMIO IUIa3Mbl, a B
KOHEYHOM PELICHUH YKaXKEM TPAHHUIIBI IPUMEHHUMOCTH 3TOTO TIPUOIIHKEHUSL.
W3 ypaBHenuit MakcBesnna:

—0OE;/Ox+ OEx/0z = — nooHy/ct, OHy/0z = — jy,
OHy/0x = j; , 4)
U ypaBHEHUsI HETIPEPBIBHOCTH I TOKA 0j/0Z = — Ojx/0X u (1-3) momy4um ypaBHenue s Hy:
0 Hy /0t2=0(va20 Hy /0z)/0z +0(mel (€% uo N(X)) (6% Hy /0t2) /6X)0X (5)

MarHuTHbIE CHIJIOBBIC JTMHUM CYMTAE€M IPSMBIMH, HAIIPABICHHBIMH BIOJIb OCH Z OT OJHON MOHOC(EpPHI K IPYrou.
[MomympiHa aBpOpaIbHOM MOIOCTH HA YpOBHE HOHOCHEpHl La=100 kM.

3. PenieHue BOJIHOBOTO ypaBHEHUS

Bynem paccmarpuBarh NEepHOAMYECKHE MO BpEeMeHM pelleHus. B stom ciaywae O/0t 3amensieM Ha iw. [ainee
HCTIONB3yeM MeToJ pasaeneHus nepemeHHbix Hy=X(X)Z(z). B pesymbrare momyuarorcs aBa audbepeHInanbHbIX
YPaBHEHUS C OJTHOU NIEPEMECHHOM:

0%2/6t2+k,2Z=0, (6)
(0 wp20X/0X)! 0 X+(( Va2 kz2- w?)Ic?)X=0, )

e wp?= e’n(X)/eoMe - TIa3MEHHas 4acToTa, ¢ — CKOPOCTh CBETa, K, — HEKOTOpas KOHCTAHTA, KOTOPYK MOKHO
paccMaTpuBaTh Kak MPOJ0IbHOE BOIHOBOE YNCIIO. Perenne nepBoro ypaBHEHUsI UMEET BU:

Z=C1exp(ikz)+Cexp(-ik:2), (8)
rrae C1,2-HeKOTOpble KOHCTAHTHI, ONpeAessieMble U3 TPAaHUYHBIX YCIOBUH.
Ecnu nnvHY MarHMTHBIX CWIJIOBBIX JIMHHE OT MOHOC(Ephl B CEBEPHOM IOJYIIApUHM A0 HOHOC(HEpPHl B HOKHOM

notynrapuu 0603HauuTh 3a L 1 mockosbKy HOHOC(hEpa HaealbHbIH TPOBOIHUK, Toraa K= zp/L, u Z ~ cos(zzp/L), roe
p=1,2...

4. ITonepevyHasi CTPYKTYpPa KOCO# aJbBEHOBCKOIl BOJIHBI
3aja1uM MoJIeNb TIONEPEYHOM CTPYKTYphl aBpOPAlbHOM I0N0CTH, BAOMIbL oc X: N(X)=No(1+Xx%/LA%).
BBejieM 0e3pasMEpHYI0 TEPEMEHHYIO y=poX/C=X/le, THE wpo?= €2NoleoMe, ¢ - ckOpocTh cBeTa. YpasHenue (7)
MIEPEIHILIEeTCS B CIEAYIOIIEM BUAE:

X0y %- (21 (1+) 2R ILa2)) (LelLa) 25 OX /0y +( AlwicwekHler®- 1- y?(AelLa)?)X=0, 9)
rae wie=eB/Mie, - TMPOYACTOTA MPOTOHOB U 3IEKTPOHOB COOTBETCTBEHHO, Mi=Macca HOHa.
Pemenue ypasHenus (9) OyzeM uckaTh B NpUOIMKEeHUH y2Ae/La?<<l, Korja nonepeuHblie MaciuTabbl BOJH MHOIO
MEHBIIIE ITONIEPEYHOr0 MacIITada MOJIOCTH, B 3TOM IPHOJIMKEHUN 3HaMEHATENb BO BTOPOM CJIaraeMOM B JIEBOH 4acTH
(9) MOXHO TIOJIOKUTH paBHBIM eMHMLE. BBeeM cienyrone 0003HaueHHUS:

a2=(ﬂ.e/LA)2, A: j.eza)ia)ekzzlwz' 1,

Torza ypaBHeHue (9) npuHUMaeT BUI:

O X/0x2-2 0% OX/Ox+(A- oa®?)X=0 (10)
Penienune 3T0ro ypaBHEHHUS UIIEM B BUIIE:
X=u(r)exp(e (),
mmocye moACTaHoBKH B (10) momydmm:

U+2(w -0 u+(w +(w")?-2a2w y-0y*+A)u=0, (12)
HOTOKUM =Y ¥*/2,

U2(y-0) y UH(y + (v2 -20%-0%) y*+A)u=0, (12)
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Y BBIOMpaeM u3 ycnosus Y2 -20-02=

pemenne y= o’-(a’*+ a?)'?

0. U3 ycnosus yobiBanust GpyHKIMH X TpH GOJBIIMX 3HAYEHHSX )y OCTABJISEM
, B IIpUOMIKeHun o <<I, y=- a.

Iepeiinem k HOBOI nepemennoit E=(a)? y , Torna ypasnenue (12) mpumer Bu:
u'- 2 £ u+(A/a-1)u=0, (13)
peIIeHreM 3TOTO YpaBHEHHS ABIAIOTCA GyHKIUN DpMuTa Hn(E),
rae 2n= Alo-1=(Awimeklw?- 1)/( AelLa)-1 (14)
Pemenne ypaBaeHUs (9) B OKOHUATEIIFHOM BHJIC HIMEET CICAYIONTIA BUA:
X(X)=Cexp(-0.5(x/(Lake)¥?)?) Hn(x/(Lake)*?), (15)
rae C —KOHCTaHTa.
Jast Hy:
Hy = (Hyo/Hnmax)eXp(-0.5(X/(Lake)*2)?) Ha(X/(Lake)"?) cos(zzp/L) (16)

Kak BumHO 13 BelpaxkeHus (16) xapakTepHbIii MaciTad M3MEHEHUs MOJI1 BOJIHBI BAOJIb KOOPANHATHI X ONpPeNesieTcs
BenuunHoi (La Ae)2.
CrenaeM OLIGHKH 3HA4YCHHMA N.
IpuMeM KOHLIEHTPALHUIO B LieHTpe nonocTu Np=10° 1/x3, L=20Rg, p=2, paccTosHue oT HoHOC(EPH! IO aBpOPaIbHOM
HOJIOCTH B MarHuTocepe 3Re, HOIyInM ClieyIoNie 3HaUeHNs BETUYHH:

Ae=1 XM Ha HOHOC(EPHOM YpOBHE,

(Lade)¥>=10 kM Ha MOHOC(HEPHOM YPOBHE,

n=25(4/w?-1).
Ha puc. 2,3 nokasanbl 3aBucumMoctd Hy(€) u jA(€)=(Lake)Y20H,/0E npu z=0 u 3mauenusx N=3 u N=30. Jlna >Tux
3Ha4YeHHUH N Iepruobl KojieOaHuit T paBHbI COOTBETCTBEHHO 3 CH 5 C.

H

/H
V! ymax
Un T T

| -

05—

0

05

-10 -8 -6 -4 -2 0 2 4 6 8 10
13
P“cyHOK 2. PaCHpeﬂeﬂeHI/Ie MAardamMTHOrO IOJIA U NPOAOJIBHOI'O TOKa IOIICPEK aBpOpaHBHOﬁ IOJIOCTU TIpH n:3,
éZX/(LAie)llz, (LAﬂ.e)UZ:lO KM.

H/H
v ymax
Un T T T T T T T !

0.5

~

JJ

27 zmax

PucyHnok 3. PacnpenenieHue MarHWTHOTO TIOJISi UM MIPOJOJBHOTO TOKA MOMEpeK aBpopaibHoi monoctu mpu N=30,

E=xI(Lake)?, (Lake)Y?=10 kM.
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Kak MoxHO BHIETh U3 TpaduKOB NONEPEYHBI MaciTad CTPYKTYp BJIOJIb OCH X 3aBUCHT HE TOJBKO OT HapaMmeTpa
(Lade)*?, B paccmaTpuBaeMoM ciydae 10 KM, HO M OT 3HaueHHs N, C POCTOM N MOMNEPEUHBIH MAcCIITal OT/ENbHBIX
CTPYKTYp yMeHbIaeTcs. {7t N=3 MBI IMeeM JIeJI0 MMPAKTUICCKH C SAMHUIHOM CTPYKTYpoii ¢ MacmTaboM 20 KM, Ipu
N=30 mosiBNIsETCA TPYIIA CTPYKTYP HA MacmITadax ~6 KM.

PaccMOTpHM HPUMEHHUMOCTH HAIIETO HNPUOJIMDKCHUSA, T.€. HACKONBKO OOOCHOBAHHBIM SIBIISETCS NpEeHEOpekKeHHe
koHBeknuel. [loydeHHOe pelneHne KOPPEeKTHO TOJBKO JUIS BBICOKOYACTOTHOTO city4as, koraa Vol <<Lx, rme Lx-
TOTIepEeYHBIN MacITad HammMX CTPYKTYyp. 3amaanm Vo=1 km/C, st N=3, VoT=3 &M << 20 &M, g N=30, VoT=5 kM, 9TO
YK€ COIIOCTAaBHMO C ITOTIEPEYHBIM MacmTadoM Lx=6 kM. Takum 00pa3oM, B HU3KOYACTOTHOM NPHOJIMIKEHHUH, KOTIa
T>20 ¢, Heo0X0JMMO YYUTHIBATH KOHBEKLIUIO MarHUTOC(HEPHO-HOHOC(EPHOH IIIa3MBbI.

5. BeiBoabl

s BeicokogacToTHOTO TIpHOMImKerns 1<20 C MOIy4eHO pelIeHne ypaBHEHHUs, OMMCHIBAIONIETO PACIPOCTPAHECHHUE
KOCBIX aJTbBEHOBCKHX BOJH B HEOAHOPOTHOW (TIEPIEHAMKYIIAPHO MarHUTHOMY IIOJIF0) MarHUTOC(epHoil mia3me, B
obyacTé aBpopaibHO# mosocTi. PaccMoTpeHa HEOTHOPOIHOCTE TONBKO B OAHOM HAIpaBICHUH, B JTOJITOTHOM, T.C.
ANEKTPOMArHUTHEIC CTPYKTYPHI BEITSHYTHI BIIOJH IINPOTHL. Pemrenne BeipakaeTes uepe3 pyHKuu Ipmura Hn, Tae n
— mmeroe 9ucio. J[Ba MarauTocepHBIX mapaMeTpa ONMpeaelTioT MOIePeYHbI MacTad CTPYKTYp Ly — KOHIeHTpanus
MarHuTocdepHoil MIasMbl WM le W HOJyIIHMpUHA apopaibHoii monoct La, Ly=(Lade)Y?. Tlomepeunsiii paszmep
OTJEJBHBIX CTPYKTYP 3aBHCHUT TaKKe OT 4HCia N, ¢ pocTOM N MONepeyHblid Macmtad yMmeHbliaeTcs. [lomydenHoe
PpeIlIeHIE MOXKET OBITh UCIIOJIb30BAHO JJIsl OTIMCAHKS Psiia aBpOPANILHBIX ABJICHUH, Tak B padote [ Cagapeanees u op.,
2000] mpuBeacHBI HAONIOMCHHS MYJbCHPYIONUX CTPYKTYp € mepuogoM ~10 ¢, COCTOSIIMX W3 HECKOJBKHX
aBPOPAIBHBIX Y3KUX T0JIOC.
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3ABUCUMOCTD BBICBINAHWI SHEPTUYHBIX IPOTOHOB
IKBATOPUAJIBHEE I'PAHUIIBI U30TPOIIMAU IIOTOKOB
OT TEOMATHUTHOM AKTUBHOCTH

H.B. Cemenona!, A.I. Axuun', T.A. SAxauna!, A.I. [lemexos'~

Uonapuwii 2eogpusuveckuti uncmumym, Anamumol
2Uncmumym npuxnaonoti pusuxu PAH, Huocnuii Hoszopoo

AHHoTanusl. TloCTpOeHBI paclpeelicHUuss BEPOATHOCTH HAOIIONEHNS BBICHIIAHHNA HHEPTUYHBIX TPOTOHOB,
CBsI3aHHBIX ¢ HOHHO-IKIOTpoHHOW (MII) HeycroiumBOCTRIO, B 3aBUCHMOCTH OT AE-mHIEKca reoMarHUTHOM
AKTHBHOCTH. DTHU BBICHIIIAHUS PETHCTPUPYIOTCS HU3KOOPOUTAIBFHBIMH CITYTHHKAMH B 30HE, T1I€ IOTOKHA YHEPTUIHBIX
YaCTHUI] aHU30TPONHEL [loka3zaHo, 9TO IIPH POCTE TEOMarHUTHOM akTUBHOCTH OT cnabdoii (AE<100 HTm) mo ymepeHHO#
(100<AE<300 HTn) BeposATHOCTh HAaOMFOCHUS BBICHIIIAaHUI B JTHEBHOW 00JAaCTH 3a Te0CTallMOHApHOH opouToii (TIe
HaOJFOMAI0TCsl MaKCUMaJIbHBIC 3HAYCHUS BEPOSATHOCTH HAOIIONCHMS) PacTeT, a pH BBICOKOH akTuBHOCTH (AE>300
HTu) - ymeHbInaeTcst. BeickaszaHo MpeanoioKeHue, 4To 3TO SBISCTCS CJICACTBUEM BYX KOHKYPUPYIOIIHUX (aKTOPOB:
1) pocTa OTOKa YHEPTUYHBIX IPOTOHOB B PE3YIBTATe MHKEKIIMI YaCTHUIl BO BHYTPCHHIOI MarHUTochepy BO BpeMs
BO3MYILIEHUH, U 2) YMEHBIIICHUS PaJHalbHOTO TPAJANEHTA MOTOKA YACTHIL, TAKXKE CBSI3aHHOTO ¢ MHKeKIusaMu. [1epBriii
(hakTop BeneT k pocty uHkpemenTa M1 HeycTOHYMBOCTH, a BTOPOW — K €r0 YMCHBIIICHHUIO 33 CUCT YMCHBIICHUS
MOTIEPEYHON aHU30TPOIUH B JHEBHOM CEKTOPE, KOTOpas BhI3BaHA PaCIICIUICHUEM IPer(OBBIX 000I0UCK U TIOITOMY
3aBUCHUT OT PaJAMaILHOTO IPagueHTa MOTOKA YaCTHII.

Beenenne

B pabote [Cemerosa u dp., 2017] mocTpoeHo rodanbHOE pachpeaeicHie HHTSHCUBHOCTH IMPOTOHHBIX BHICHITTAHUH,
KOTOpbIE HAOIIONAIOTCS K DKBATOPY OT IPaHHIIBI U30TPOIMHBIX NOTOKOB. COIIACHO OOLIENIPUHATOMY IIPEACTABICHUIO,
TaKWe MPOTOHHBIC BBICHITIAHUS 00YCIOBICHBI pa3BuTHeM M1 HEyCTOWYMBOCTH B IPUIKBATOPUAILHON MarHUTOC(epe
[Hanpumep, Yahnin and Yahnina, 2007]. OcobGeHHOCTBIO paclpeeneHus, mojiyaeHHoro B pabore [ Cemenosa u op.,
2017] siBasieTcs To, YTO HAMOOJbIIAs BEPOATHOCTh HAOIIOACHNS TaKuX BhICHIIAHUHN (~20%) HaXOAUTCS BO BHEUTHEH
MarHuroc(epe Ha JHEBHON CTOPOHE. DTO COMIACYETCsl CO CTATHCTHKOW HAONIIONEHNIT HOHHO-IUKIIOTPOHHBIX BOJIH B
Marautocepe. MakcumyMm BeposiTHOCTH HaOmomenuit IMUIL Bonu (~10-20%) Takke HAXOAUTCS HA JTHEBHOU
CTOpOHE Ha OOJBIITUX PACCTOSHIIX OT 3eMITH (32 Te0CTalHOHAPHOU 0pOuTOii- 6.6 RE) [Anderson et al., 1992; Usanova
etal.,2012; Keika et al., 2013]. Ha paccrosamsx 3-5 Rg (B 0061acTy rra3Momnaysbl) BepoaTHOCTh HabmoneHns DML
BOJIH U MIPOTOHHBIX BEHICHITAHWHN MPHOIN3ATENFHO Ha MOPSAAOK MeHbIne. CxonctBo pactpeneneuuii SMUL] BomH 1
MPOTOHHBIX BBICHIITAHWN IOATBEPXKIAET MNPEANOJIOKeHHe 00 WX OOIEeM HCTOYHMKE — HOHHO-IIMKIOTPOHHOMN
HEYyCTOHYMBOCTH, KOTOpas pa3BUBAETCSI B IPHIKBATOPHAIBHOW MarHurocdepe NIpH HAIMYUM TONEPEYHOH
AHM30TPOIHH TEMIIEPaTyp SHEPTUIHBIX HOHOB [ Cazdees, [llappanos, 1960; Kennel and Petscheck, 1966; Cornwall
etal., 1970].

JIHEeBHOW MaKCUMyM B pacHpelesieHHH BeposTHOCTH HaOmopenus OMMUL] BomH W BBICHIMAHWA TPOTOHOB
€CTECTBEHHO CBf3aTh C HAJMYMEM Ha THEBHOM CTOpOHE MarHuToc(hepbl OOMacTH MOBBIIEHHONW aHH30TPOIHHU
SHEPTUYHBIX NMPOTOHOB [Hampumep, Usanova et al., 2012]. Takas o61acTe MOXET 00pa3oBaThCs B peE3yibTaTe
pacmierieHns ApeiioBEIX 000I0YeK, KOTOpOE MPOUCXOAUT B aCHMMETPHYHOM MarHHTHOM TIOJI€ MAarHUTOCHEpHI
[Shabansky, 1965; Roederer, 1967, Sibeck et al., 1987]. YacTuipl ¢ pa3HBIMH IIUTY-YIJIaMH, CTApTYIOIINE HAa HOYHOU
CTOpOHE W3 OJIHOIM TOUYKH, ApPEeH(YIOT B MarHUTHOM MoJie 3eMJIM 1O Pa3HBIM JpeidoBbIM 00omoukaM. YacTuibl,
KOTOpble Ha HOYHOW CTOpOHE HMMeNW OOJIbIINE MUTY-YINIBI, Ha JTHEBHOW CTOPOHE OKa3bIBAIOTCS Ha OOIBIIMX
paccTosHUsIX OT 3emutn. [Ipy HaaM4YMK OTPUIATENHLHOTO PAAHAILHOTO IPAJANeHTa KOHIIEHTPALlUU TOPSIYMX IIPOTOHOB
Ha HOYHOHM CTOPOHE 3TO NPUBOAUT K (JOPMHUPOBAHHUIO Ha JTHEBHOM CTOPOHE, HA JIOCTATOYHO OOJIBIINX PACCTOSIHUSX OT
3emin 001aCTH TIOTIEPEYHON aHU30TPOIINH YHEPTHYHBIX 3apSHKEHHBIX YaCTHII.

AcHMMeTpHsi MarHMTHOTO TMOJiss OOYC/IOBJI€HA TIOCTOSIHHO CYIIECTBYIOIIMM JHHAMHYECKAM JIaBICHHEM
COJTHEYHOTO BeTpa. PocT maBieHWs NPUBOANT K POCTYy aCUMMETPHH M, KaK CIEICTBHE, K YBEIHYEHHUIO 00JacTu
MOMEePEeYHOH aHW30TPONMU HSHEPrUYHBIX YACTHIl Ha JHEBHOM CTOpPOHE M K POCTYy CaMOil aHHU30TPOIHHU.
COOTBETCTBEHHO Ha JIHEBHOH CTOpOHE pacTeT BeposATHOCTHh HaOmomenus OMMUL] Bomn [Usanova et al., 2012] n
BBICBITIaHUH MPOTOHOB [ Cemernosa u dp., 2017].

Kpome 3aBHCHMOCTH OT TMHAMHYECKOTO TaBIICHHS CONHEYHOTO BETpa, aBTOPHI paboTHl [ Usanova et al., 2012]
paccMOTpeIH 3aBUCUMOCTD BepoATHOCTH HaOmonennss DMMUL] BosiH oT reomarauTHO# aktuBHOCTH. CrienaH BBIBOJ,
4TO BeposiTHOCTh HaOmonennss DMUL] BomH B qHEBHOW MarHuTocepe yBEIMYMBACTCS C POCTOM I'€OMarHUTHOM
aKTHBHOCTH. B nanHoit paboTe MbI pacCMOTPUM aHAJIOTUYHYIO 3aBUCUMOCTB ISl BEICHITIAHWI Y9HEPTHYHBIX TPOTOHOB
Y COIIOCTAaBUM IOJIyYEHHBIE PE3Y/bTaThl C pe3yibTaramMu pabotsl [Usanova et al., 2012].
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Basucumocms gvicoinanuii IHEP2UHUHBIX NPOMOHOE IKeamopudajibHee cpanuybl U30mponuu nOmoKoe om 2COMAZHUMHOU AKMUBHOCMU

JaHHble U pe3yJIbTaThl

B pabote [Cemenosa u Op., 2017] ncnonb30BaHBl HAOMIONEHHS ITOTOKOB HEPTHYHBIX IPOTOHOB HA HYETHIPEX
cinytHkax NOAA POES 3a mrons-aBryct 2005 . B marHO# paboTre i yBeIHMYSHHUS CTATUCTHKH MBI PACIIHPIIN
WHTEpBaJI HAONONEHN Ha TeX K€ CIyTHHKax mo Aekadpb 2005 r. Takum oOpazom, ofmiee 4HCIO IepecedeHun
CIIyTHUKAaMHU Cy0aBpOpaIbHBIX MIMPOT, TIe HAOMIONAI0TCA pacCMaTpUBAEMbIe BRICHIIAHHA, cocTaBmio 42182. Yucno
COOBITHH TPOTOHHBIX BBICHITAHUI K SKBaTOpy OT T'PaHUIbBI M30Tponuu coctaBuio ~ 13000. Onucanue METOAUKU
00pabOTKU JaHHBIX MOXKHO HaliTh B padote [Cemenosa u op., 2017]. Jlns ynoOCTBa COMOCTABICHHS C PE3yJIbTaTaMU
uccienoBanusi OMMUL BoiH B 3KBaTOpHANBbHOI MarHuTOC(epe, HAOMONEeHHUST HU3KOOPOUTAIBHBIX CITyTHUKOB OBIIH
CIPOEKTHPOBaHbl B MarHuToc(hepy ¢ ucnonszoBanreM monenu IGRF. BepostHocTs HabOmroneHus onpeaensiach B
syelikax ¢ pasmepamu 1 wac MLT — 0.5 Re kak OTHOIIEHHE CyMMapHOTO BpEMEHH HAOJIOICHUS NMPOTOHHBIX
BBICBIIIAHWN K OOIIEMYy BPEMEHM HAXOXACHHS CIYTHHKOB B sdeilike. [laHHble ObUIM pa3OMTBI Ha TPYIIIHL,
COOTBETCTBYIOIIME ONPEACICHHBIM YPOBHSM HHAEKCA TC€OMAarHUTHOW AKTHBHOCTH W AWHAMUYECKOTO IABICHHUS

COJIHEYHOI'O BETpPA.
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Pucynoxk 1. Pacnipenenenne BeposSTHOCTH HAaOIFOIEHNS BRICHIIAHUN YHEPTUYHBIX POTOHOB B aHM30TPOIHOI 30HE
B MMPOEKIINH Ha HKBATOPHAIBHYIO IIIOCKOCTH JUIA TPEX YPOBHEH JMHAMHYECKOTO TaBICHUS COTHEYHOTo BeTpa 1 AE-
MHJIEKCAa TEOMArHUTHON akKTUBHOCTH. JKMPHOM JIMHKUEN MOKa3aHO T0JI0KEHHE TEOCHHXPOHHOM opouThl (L=6.6).

Ha puc. 1 moka3zaHbel pacmpeneieHus BEpOSTHOCTH HAOIIONCHHS MPOTOHHBIX BBICHIIAHUHA OT JMHAMHYECKOTO
JIaBJICHHsI COTHEUHOTO BeTpa U AE-mHIeKca TeOMarHuTHOW aKTUBHOCTH. [J100abHOE pacnpenesieHne BEpOSITHOCTH
HaOJIIONCHNS IPOTOHHBIX BBHICHITAHHUN, TIOIydYeHHOE Ha OOJBIIEH CTaTHCTHKE, TOKA3aJI0 T€ )K€ 0COOCHHOCTH, UTO U B
pabote Cemenosou u dp. [2017]. To ke MOXHO CKa3aThb O 3aBUCHMOCTH OT TUHAMHYECKOTO NaBJICHHS COJHEYHOTO
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H.B. Cemenosa u op.

BeTpa. [Ipu yBeIMYEHUU AMHAMUYECKOTO JAaBJICHUS BEPOSTHOCTH HAOIIOICHUS MPOTOHHBIX BBHICHIIAHUNA PACTET MPU
000 TeoMarHWTHOM akTUBHOCTH. UTo Kacaercs 3aBucuMoctd oT AE wWHaekca, To g 00OTO ypOBHA
muHaMudeckoro nasneHus npu 100 <AE<300 aTn BeposTHOCTH HaONIONCHUS BBICHIIAHWN MPOTOHOB HA JTHEBHOU
ctopoHe Oonpaie yem npu AE<100 uTn, HO Tpu gambHENIIEM POCTE TEOMArHUTHONH aKTHBHOCTH OHA YMEHBIIIAETCS.

O6cyxneHue

I'moGanbHas KapTUHA BBICHITAHUH IPOTOHOB, KaK M 3aBUCUMOCTH OT JMHAMUYECKOTO JABJICHHS COJNTHEYHOTO BETPA,
HaxOJHTCS B COINIACHU C JaHHBIMU 0 pactpeaeiennn DMULL BonH B MarauTocdepe. B To ke Bpemsi, 3aBUCUMOCTD OT
WHJIEKCOB TCOMAarHUTHOM aKTUBHOCTH HECKOJBKO OTIMYaeTcs OT TOW, 4ro moiydeHa it OMUIL] BomH.
JeiictButensHo, B padote [Usanova et al., 2012; puc. 8] moka3zaHo, 4To BEpOATHOCTh HaOmoneHuit DMULI BoiH
MOHOTOHHO yBenuuuBaercs ¢ poctoM AE unzaexca. Ham pe3ynbrar nokas3blBaeT, 4ToO IpU yMEPEHHONH Fe€OMarHuTHOM
AKTHBHOCTH aHAJIOTHYHAS 3aBUCHMOCTD CYIIECTBYET M JJIS1 BBICHIIIAHUH SHEPTUYHBIX TPOTOHOB, HO AATbHEHIIIHIA POCT
AKTHBHOCTH NIPUBOJNT K YMEHBIICHUIO BEPOSTHOCTH HAOIIOICHNUS BHICHITAHUN Ha THEBHOM CTOPOHE U K COKPAIICHHIO
MPOCTPAHCTBEHHBIX Pa3MEpOB 00JIACTH C TIOBBIIICHHON BEPOSTHOCTHIO IPOTOHHBIX BHICHITIAHUI.

30

20 T

‘ Pucynok 2. [110THOCTb BEPOSTHOCTU paclpeiesiCHUs
| AE-uHOekca ans WHTepBaia HIONb-Iekadps 2005 T
0 (TyHKTHpHAs TUHWSA) U U1 HHTepBana mait 2007 T -
| . nexadps 2011 1. (croiommHas THHUS).

Ynecno cobeituia, %

0 300 600 900 1200
AE-unpexc, HTn

YMeHbllIeHHE BEPOSTHOCTH HAOJNIOACHWH BBICHIIIAHUA NPOTOHOB HAa JHEBHOW CTOPOHE NpH OOJIBLIOH
T€OMarHUTHON aKTUBHOCTH COTTIACYETCsI ¢ HaOMIOICHISIMU THEBHBIX BBICHITIAHUN IPOTOHOB B aHU30TPOITHOM 30HE BO
BpeMs O0bII0i reoMarHuTHOHM Oypu HOs6ps 2003 1. beio nokazano [Axnuna u Axuun, 2014, puc. 2], 9to Bo Bpems
MaKCHMyMa I'€OMarHUTHOTO BO3MYIIIEHHUS YUCIIO COOBITHI BBICHITAHUH POTOHOB Ha THEBHOW CTOPOHE PE3KO yHajo
TI0 CPAaBHEHHMIO C MHTEPBAJIOM Iiepe]] Oypeii 1 (a30ii BoCCTaHOBICHHUS OypH. DTO HHTEPIIPETHPOBAIIOCH KaK PE3yJIbTaT
WHKEKINI 4aCTHI[ N3 XBOCTa BO BHYTPEHHIOIO MarHuTocdepy, KOTOpble YMEHBINAIOT painaJIbHBIN TPAJUEHT IIOTOKOB
SHEPTrUYHBIX IPOTOHOB HA HOYHOHW CTOpoHEe. B cBOIO odepenb 3TO NPHBOAMT K YMEHBIICHUIO ITONEPEYHOM
AaHM30TPONHH HA JTHEBHOM CTOpOHE (CM. puc. 7 1 obcyxneHue B paznene 4.1.3 B pabdore [Wang et al., 2012]) u, xak
CJIE/ICTBHE, K yMeHbIIeHnto nHKpeMeHTa U1 neycroitunBocty, ammutyast DMMULL BosH u ko3 dunueHTa nuTy-
yrII0BO# 1u(dy3uH IPOTOHOB.

C npyroi# CTOpOHBI, MH)KEKITUH Ha HOYHOM CTOPOHE YBEIMYUBAIOT TIOTOK YaCTHII (IIPOTOHOB), KOTOPBIE ApeiidytoT
Ha JTHEBHYIO CTOPOHY. POCT moTOKa JO/KEeH MPUBOANTE K POCTY MHKpeMmeHTa ML HeycToiumBoCcTH (IIpH HAINYHAN
noniepeunoit anuzorponun) [Cacoees, [llappanos, 1960; Kennel and Petschek, 1966]. Takum 06pa3om, HHKEKITIH
Ha HOYHOW CTOPOHE MPHUBOAAT K IBYM «KOHKYPHPYIOIIHM» IPOIeccaM, OKa3bIBAIONINM IIPOTHBOIOIOKHOE BIMSHHE
Ha uHKpeMeHT M1 HeyCTONYMBOCTH.

Ilo-BuayMoMy, yMmMepeHHas TE€OMAarHUTHAash aKTHMBHOCTb HE MPHUBOJUT K CYIIECTBEHHOMY BBIPaBHHBAHUIO
paZuaNbHOTO pPAcHpeAeleHUss MOTOKA Ha HOYHOM CTOPOHE U, COOTBETCTBEHHO, K YMEHBUICHHIO MONEPEdYHOU
AQHM30TPONMHU Ha JHEBHOM cTopoHe. MHKkpemenT UL HeyCcTOIMUMBOCTH pacTeT 3a c4eT yBEIHUUEHHs OTOKA IIPOTOHOB.
[Ipn OonbUIMX BO3MYIICHUSX, pajUalbHBIM TPAJUEHT MOTOKa IPOTOHOB Ha HOYHOM CTOPOHE YMEHBIIACTCS, YTO
HNPUBOIUT K YMEHBIICHUIO MONEPEYHOW aHM30TPOIMM Ha JHEBHOM CTOPOHE M K YMEHBIIEHHMIO MHKpeMeHTa I
HEYCTOMYUBOCTH.

UYroOBI OTBETHTH HA BOMIPOC, B YeM IPHUIMHA PACXOXKICHHUH pe3yibTaTa JaHHON paboThI ¢ pe3yiasTaToM padoTHI
[Usanova et al., 2012], MBIl pacCMOTpeNr pa3au4dvs B T€OMarHUTHON aKTHBHOCTH JUIsi WHTEPBAJIOB HAOIIONCHUH,
WCTIONB30BaHHBIX B ATUX paboTax. Ha puc. 2 nmpuBeneHo cpaBHEHUE HOPMATM30BaHHBIX pacnpeneneHnii AE nHaekca
qust maTepBana 2007-2011 rr. [Usanova et al., 2012] u nns naTepBana utonb-nekadpb 2005 1. (nannas padota). BuaHo,
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YTO MEPBBII HHTEPBAJ OBUT MEHEE BO3MYIIIEHHBIM; MequaHHoe 3HaueHne AE-nHnekca 66110 pasHo 74 HTn (B 2005 .
oHo cocraBisuio 134 uTm). B gwactHoctn, B 2005 1. momnst Oonpmux BozmymieHuit ¢ AE> 300 aTn cocrasmsna 23%, B
To Bpems kKak B 2007-2011 rr. Tonsko 13% (st AE>500 vTn — 9.2% u 4.8%, cootBercTBeHHO). Takum oOpazom,
BKJIaJl OOJBIINX BO3MYIICHHI B XapaKTep 3aBHCHMOCTH BeposTHocTH Habmomennit OMULL BomH ot AE-nHzAekca,
MIpUBEACHHOU B pabote [Usanova et al., 2012], MeHbIIe, 4eM BKJIA[ TAKUX BOSMYILIEHHUH B HAIICH CTATHCTHKE.

BuiBoabI

Pacnpe;leﬂeHI/Ie BEPOATHOCTU HaGJ’IIOZ[eHI/IH BBICBIITAHUN MOPOTOHOB, IIOJYYCHHOC Ha 60.1'[])1116171 CTaTUCTHUKC,
MOATBEPIKAACT HOJ'Iy‘-IeHHLIﬁ paHee pe3yabTaT O HAJIMYUN MAaKCUMYyMa BEPOATHOCTU HA ,HHeBHOﬁ CTOpOHC. HOKa3aHO,
YTO MaKCUMaJibHas BEPOATHOCTb Ha6J’IIOL[eHI/ISI BBICBIITAHUU IMPOTOHOB PACTCT MPHU YBECINUYCHUU AaBJICHUA COJTHECYHOI'O
BCTpa, HE3aBUCUMO OT ypOBHﬂ T€OMardHuTHOU aKTUBHOCTH. XapaKTep 3aBUCHUMOCTHA OT T€OMarHUTHOW aKTUBHOCTH
OCTaeTcsl MOMOOHBIM TPH JTIOOBIX 3HAYCHUAX IAaBIICHHS COJHEYHOTO BETpPa, a MMEHHO: IPHU Iepexone OT ciradoin
aKTUBHOCTH K YMEPEHHOM BEpOATHOCTB PAcTET, @ BO BpeMsl OOIBIINX BO3MYIICHHH — yMEHbIIAeTCA. Takoe OBeIeHUE
MOXKHO OOBSCHHUTH ACUCTBHEM IBYX «KOHKYPHPYIOIINX» IPOIIECCOB, 0O0YCIOBICHHBIX WHXEKIHIMH SHEPTHIHBIX
IIPOTOHOB Ha HOYHOU CTOpPOHC. C O,Z[HOI>‘I CTOPOHBI, IPHU MHXCKUHAX PACTCT MOTOK YaCTHUL, YTO IMPUBOAUT K POCTY
nnkpementa UL nveycroiumBoctu. C Apyroil CTOPOHBI, YMEHBILAETCS pagvalIbHBI IPAJUEHT MOTOKA YacTHIl Ha
HOYHOM CTOPOHE, YTO MPUBOJUT K YMEHBIICHUIO IIONIEPEYHON aHU30TPOIIUHY IIPOTOHOB HA THEBHOU CTOPOHE.

bnazooaprnocmu. Asrops 6maronapst NOAA 3a cBoGomuslit gocTyn K manueiM crytaukoB POES. Pabora H.B.
CemenoBoil, A.I. SIxuuna u A.I'. JlemexoBa noanepskana rpanrom PH® Nel5-12-20005.
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Abstract. Here we discuss a short-time significant change in the spectral features of quasi-periodic VLF emissions
observed by ground-based receiver at Kannuslehto (KAN, northern Finland, L = ~ 5.5) in the local evening under
quiet geomagnetic conditions (Kp~0-1) on 24 December 2011. This event was previously discussed by [Manninen et
al., 2012, 2014]. It was shown_the peculiar dynamic spectral structure of repeated long-lasting (up to two minutes)
noise bursts with quickly rising frequency up to ~ 5.5 kHz. The relatively stable wave structure suddenly changed at
the time, when a small isolated substorm was recorded at the polar geomagnetic latitudes higher than 70° by the
IMAGE magnetometers. The AMPERE data showed the magnetic bay-like disturbances and the enhanced field
aligned currents at polar latitudes aligned from Svalbard to the East (up to Dixon station). There was no significant
geomagnetic and ionospheric activity at Sodankyld (i.e. in the vicinity of VLF receiver). The low frequency VLF (f<
1.7 kHz) waves suddenly occurred and the wave arriving direction changed as well. The dynamic spectra were also
modified. KAN monitored also the amplitude of the navigation (f~20-25 kHz) transmitter signals, which involved the
polar-latitude propagation paths, showed some variations during this time. We conclude that VLF emission behaviour
observed on the ground could be a very sensitive proxy for influence of even short small poleward geomagnetic
disturbances to the VLF wave generation and wave propagation properties.

Introduction

We continue the comprehensive analysis of the quasi-periodic (QP) VLF emissions event [Manninen et al., 2012,
2014] recorded at Kannuslehto (KAN, northern Finland, at L = ~ 5.5, Fig. 1) on 24 December 2011 under quiet
geomagnetic conditions (Kp ~ 0-1). The studied QP emissions were right-hand polarized (indicating that KAN was
located in the vicinity of the ionospheric exit point of the waves) and their frequency rapidly rose up to ~ 5.5 kHz.
Very stable spectral shape of QP emissions was suddenly changed at time of occurrence of a small poleward magnetic
substorm. The aim of this paper is to study this change in detail.

Observation

Geomagnetic conditions. The relatively stable OP wave structure suddenly changed, when the IMAGE
magnetometers recorded a small isolated substorm at the polar geomagnetic latitudes higher than 70° (Fig. 2). There
was no significant geomagnetic nor ionospheric activity at Sodankyla station (i.e. in the vicinity of the VLF receiver).

24 Dec 2011 24 Dec 2011 193000 - 194000 UT
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Figure 1. The map of IMAGE stations.  Figure 2. IMAGE magnetograms. Figure 3. The AMPERE data.
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The AMPERE data (Fig. 3), based on simultaneous measurements by the globally distributed 66 low-altitude
commercial satellites, showed the development of the magnetic bay-like disturbances and field aligned currents (FAC)
at the high latitudes, aligned from Svalbard to the East. It is seen (upper part of Fig. 3) that the centre of the substorm
was located far to the North-East from KAN. The Dixon station located near the centre of this substorm recorded the
magnetic bay (do not show here) with the amplitude of ~250 nT.

Dynamic spectra of the considered emissions. Before and after the substorm (Fig. 2) the QP emissions (Fig. 4)
demonstrated the peculiar dynamic spectral structure of the repeated long-lasting (up to two minutes) noise bursts
with quickly rising frequency up to ~ 5.5 kHz. A strong ionospheric frequency cut-off at ~1.7 kHz is seen. In Fig. 4,
one can see that the high frequency part (2.5 — 5.5 kHz) of QPs arrived from the E-W direction (green-colour in the
scale of the wave arrival direction distribution), but the low frequency part (1.7 — 2.5 kHz) of QPs — from the N-S
direction (red colour). However, the both parts belong to the same element of the considered emissions. There is the
question: how the different parts of the same burst could come from the different directions?

At 19.25-19.37 UT, i.e. during the substorm (Fig. 2), the low-frequency structure of the emissions suddenly
changed and the wave power also occurred at the frequencies lower than the ionospheric frequency cut-off (1.7 kHz).
These low-frequency waves arrived at some deviation from the meridian direction. It is clearly seen in Fig. 4. The
waves with f < 1.7 kHz were observed only during the poleward substorm and disappeared after the end of substorm.

The fine dynamic spectral feature of the considered emissions is presented in Fig. 5, both in 10 min and 2 min time
scale. In the 10-min time scale, the signals look like “candles” with a low-frequency “front foot”. However, in the 2-
min scale, one can see that each individual element of QP emissions consists of a cluster of two parts of increasing
frequency emissions about 1 min duration which separated by the frequency of ~2.5 kHz. The small dispersive
emissions (“front foot”) in the frequency range of 1.7-2.5 kHz continued as strong dispersive waves in the frequency
range of 2.5-5.5 kHz (“candle”). Both parts of the waves demonstrate the fine periodic modulation structure with
approximately 3 s periodicities as it was previously shown in [Manninen et al., 2014].

24 Dec 2011

19:20 25 30 35 40 45 50 de

Figure 4. The QP spectrogram (upper plot) and Figure 5. Fine structure of QP emissions showed in 10 min
the wave arrival direction at different frequencies (upper plot) and 2 min (bottom plot) time scales.
(bottom plot) at 19.20-19.50 UT.

The polar substorm completely changed the dynamic structure of QPs (Fig. 6), but the arrival direction of the
different frequency parts did not change and showed the same behaviour as before substorm. The upper plots in Fig.
6 demonstrate five consecutive 2-min spectrograms during the considered poleward substorm. One can see that during
the maximum of the substorm (19.35-19.45 UT), the conjunction of the “candles” and “front foots” destroyed, and
three “candles” occurred without their “front foots”. It is clearly seen in Fig. 4 too.

The construction of the magnetic field vectors (Fig. 7a) at IMAGE station chain showed the existence of the
counter-clockwise magnetic vortex at the polar geomagnetic latitudes (> 70°) which could be interpreted as the
poleward increasing of the upward FACs, i.e. soft electron precipitation. The vortex onset was accompanied by the
burst of Pi3 type geomagnetic pulsations (Fig. 7b) with the amplitude maximum at SOR station (~67°), i.e. northward
from KAN.
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Figure 6. The change of QP dynamic spectral structure during the development of polar substorm (upper panel), the
middle panel - the arriving wave direction, the bottom one — the substorm at HOR station.
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Figure 7. The vectors of the magnetic field (a) and Pi3 pulsations (b) at the substorm onset.

A possible influence of the considered polar substorm on the VLF wave propagation was observed as amplitude
changes of the navigation (f~20-25 kHz) transmitter signals (Fig. 8b) that crossed the polar cap and which were
monitored at KAN. In Fig. 8a the shadow represents the night-side region of the Earth at 19:30 UT. The transmitter
locations and the VLF the propagation paths between the transmitters and the receiver are shown in Fig. 8a. The
scheme of a polar substorm influence on the VLF propagation path is presented in Fig. 8c.

Discussion

We suppose that the frequency of 2.5 kHz, which separated the “candles” and “front foots”, roughly coincided with
one half of the equatorial electron gyrofrequency (fce) value at L-value of the most plausible location of the
plasmapause under Kp ~ 1 (L ~5.1—5.2). Then, we could expect that the high frequency (2.5-5.5 kHz) VLF “candles”
are generated inside the plasmasphere, and the low frequency (1.7-2.5 kHz) “front foots” — outside. The lowest part
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(f < 1.7 kHz) of emissions could be generated at higher L-shells by the trapped particles injected by the polar substorm
in the magnetosphere.

We note that the high-frequency QP emissions (“candles”) seemed to be rather similar to the QP event discussed
by Titova et al. (2015) comparing the simultaneous observations on RBSP spacecraft above UK and the ground-based
data at KAN and concluded that this QP event was generated inside of the plasmasphere. It can confirm our assumption
of the mention above scenario of the wave generation. Wide frequency band observed in each individual QP element
allows us to assume that the particles injected by polar substorm could scatter in different L-shells inside and outside
of the plasmasphere and cause the cyclotron generation of waves simultaneously at different L-shells.
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Figure 8. The wave paths of three VLF transmitters (a) crossing the polar substorm area, the changes in the amplitude
(b) the scheme of an ionospheric disturbances influence on the wave propagation (c).

Summary

The ground-based observations of QP emissions can be a very sensitive tool for studying the state of the
magnetospheric maser [Trakhtengerts and Rycroft, 2008] controlled conditions of the VLF emission generation. It is
shown that even a small substorm at the very high-latitudes located far away from the ground VLF receiver can break
the self-oscillation regime of the cyclotron instability and change the dynamic spectra of QP emissions observed on
the ground or provide the better conditions for wave to penetrate through the ionosphere.
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Abstract. Magnetopause surface eigenmodes were suggested as a potential source of dayside high-latitude
broadband pulsations in the Pc5-6 band (~1-2 mHz) and as a mechanism of the "magic" frequency occurrence.
However, the search for a ground signature of these modes has not provided encouraging results. The comparison of
Svalbard SuperDARN radar data with the latitudinal structure of Pc5-6 pulsations recorded by magnetometers
covering near-cusp latitudes showed that often the latitudinal maximum of the pulsation power maximizes ~2°-3°
deeper in the magnetosphere than the dayside open-closed field line boundary (OCB). Here the OCB-ULF
correspondence is further examined by comparison of the latitudinal profile of the near-noon pulsation power with the
equatorward edge of the auroral red emission from the scanning photometer data. In most analyzed events the
"epicenter" of the Pc5-6 power is at ~2° lower latitude than the optical OCB proxy. Therefore, the dayside Pc5-6
pulsations cannot be associated with the ground image of the magnetopause surface modes or last field line
oscillations. A lack of ground response to these modes beneath the ionospheric projection of the OCB is puzzling. As
a possible explanation, we suggest that a high variability of the outer magnetosphere near the magnetopause region
may suppress the wave excitation efficiency. This additional mechanism of damping of field line oscillations is caused
by stochastic fluctuations of the magnetospheric plasma and background magnetic field. To quantify this hypothesis,
we consider a driven field line resonator terminated by conjugate ionospheres with stochastic fluctuations of the
eigenfrequency. The solution of this problem predicts a substantial deterioration of resonant properties of the MHD
resonator even under a relatively low level of background fluctuations. This effect may explain why a ground response
to magnetopause surface modes or last field line oscillations is lacking at the OCB latitude, but can be seen at
somewhat lower latitudes with more regular and stable magnetic and plasma structure. With an account of ~2° offset,
the maximum of Pc5-6 power can be used as a simple indicator of the dayside OCB latitude.

1. Introduction. Long-period pulsations in the Pc5-6 band (T~3-15 min) are known to be a persistent feature of the ULF
activity at dayside high latitudes. A potential source of these high-latitude long-period pulsations could be the magnetopause
surface eigenmodes [Plaschke et al., 2009; Hartinger et al., 2015] or oscillations of the last field line [Lanzerotti et al., 1999;
Urban et al., 2011]. The "magic" pulsation frequencies were reinterpreted in terms of standing Alfvenic surface mode
discrete eigenfrequencies (Kruskal-Schwarzschild modes) at the magnetopause [Archer et al., 2013].
A characteristic frequency Qa of Alfven field line oscillations in a dipole-like magnetic field can be estimated as
VA
Q, =
LR:
where Va is the Alfven velocity near the top of a field line, and LRe is the radial distance to a field line. The Alfven
wave continuum is terminated by frequency of the last closed field line.
Properties of MHD surface mode are similar to that of Alfven waves: both are non-compressive disturbances, and
are guided along background magnetic field B. Both Alfven field line oscillations and surface waves on a steep gradient
are modes of the MHD resonator terminated by the conjugate ionospheres. The frequency of a surface mode Qs lies

between the Alfven frequencies (QlA, Qi\) at both sides of the interface between two media with magnetic field B12

and plasma density p1.2 (e.g., magnetosphere and magnetosheath)

2 2
o -1 / B+B  qico <o
LR: \ u(p,+ p,)

In a realistic inhomogeneous magnetosphere global MHD disturbances are coupled to local standing field line Alfven
oscillations. The energy of discrete spectrum mode (e.g., surface mode) is irreversibly converted into the energy of Alfven
continuum. This process is most effective at a resonant shell L where @—Q(L). Pumping of wave energy into the resonator
results in the growth and narrowing of the spatial resonant peak, terminated by a dominant dissipation mechanism.

Here we present a typical example of the correspondence between dayside ULF power structure and OCB proxy,
determined from the auroral optical data. To interpret the observational results we present a simplified model of the
MHD resonator with fluctuating eigenfrequency driven by an external source.
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2. Dayside OCB and ULF activity. To unambiguously resolve the association of dayside high-latitude ULF
activity with the OCB, the advantage of the Svalbard complex can be used. It comprises the latitudinal IMAGE
magnetometer chain along the geomagnetic longitude A~110°, SuperDARN radar, and the meridian scanning
photometer at Longyearbyen (LYR).

A ground response to the magnetopause surface modes is expected to be beneath the ionospheric projection of the
open-closed field line boundary (OCB). The dayside OCB proxy can be determined either as an enhanced spectral
width of the SuperDARN radar return signal [Baker et al., 1995], or as the equatorward boundaries of the cusp aurora
determined by meridian scanning photometer [Johnsen and Lorentzen, 2012].

Irregular Pulsations at Cusp Latitudes (IPCL) and narrow-band Pc5 waves were found to be a ubiquitous element
of ULF activity in the dayside high-latitude region [Kleimenova et al., 1985]. The comparison of the latitudinal
structure of broadband Pc5-6 pulsations recorded by magnetometers covering near-cusp latitudes with the OCB radar
proxy showed that the maximum of the IPCL power maximized somewhat deeper in the magnetosphere [Pilipenko et
al., 2015]. The spatial structure of broadband dayside Pc5-6 pulsation spectral power was found to have a localized
latitudinal peak, but not under the cusp proper as was previously thought, but several degrees southward from the
equatorward cusp boundary. Therefore, these pulsations cannot be associated with the ground image of the
magnetopause surface modes or last field line oscillations. The earlier claims of the dayside monochromatic Pc5 wave
association with the OCB [Lanzerotti et al., 1999] also seems doubtful.

1994112130 To verify the results obtained with the SuperDARN
radar, we use the meridian scanning photometer to
identify the cusp aurora equatorward boundary (dayside
OCB proxy). We present a typical example of the
correspondence between the OCB from LYR photometer
and the latitudinal structure of wave power in the Pc5-6
band from magnetometer data. We consider the 1994,
Dec. 30 event, when the Svalbard complex is around noon
and auroral activity is observed above LYR.

1.7 - 2.0 mHz
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LYR(75.19
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Figure 1. The 2002, Jan. 04 event: magnetic keogram,

We will concentrate on the time interval near the
geomagnetic noon, ~09-10 UT (MLT noon is ~09 UT).
During this interval, quasi-periodic irregular pulsations
are observed along the IMAGE magnetometer chain with

constructed from the X-component magnetometer data,
and superposed the equatorward and poleward
boundaries of the cusp aurora (red and blue lines).

two dominating spectral peaks: at ~1.4 mHz and ~2.2
mHz (not shown).

A magnetic keogram, constructed from the X-

component magnetometer data (Fig. 1), enables us to
monitor the time evolution of the latitudinal distribution of 1.7-2.0 mHz band-integrated spectral power along the
geomagnetic meridian. The superposition of the magnetic keogram with the equatorward and poleward boundaries of
the cusp aurora identified from photometer data indicates that the Pc5-6 pulsation power is located ~2° equatorward
of the optical OCB proxy.
The presented example illustrates a commonly observed regularity: a ground response to driving of the outer
magnetosphere is observed not beneath the last closed field line, but somewhat deeper in the magnetosphere. In attempt
to comprehend these observational results, we take into account that the magnetospheric plasma and background magnetic
field experience substantial stochastic fluctuations, especially in the outer magnetosphere near the magnetopause. Hence,
the eigenfrequency of the MHD resonator also must experience stochastic fluctuations. Below we consider a simple
model of homogeneous MHD resonator with stochastic fluctuations of its eigenfrequency. This model enables us to
examine possible deterioration of field line resonant response to an external monochromatic driving.

3. A resonator with fluctuating eigenfrequency. We consider a simple model of homogeneous resonator
terminated by conjugated ionospheres. Let us suppose that its eigenfrequency Q (either Qa or Qs) experiences
stochastic fluctuations
Q1) = Q[+ 3&(1)]

where &(t) is the stationary stochastic function with vanishing time-average <€> =0 and unit dispersion <£2>=1. The
relevant auto-correlation function K(t) satisfies the condition <&?>=K(0)=1. The parameter & characterizes the
amplitude of eigenfrequency fluctuations, such as |[AQ%/Q?|~3.

The equation for field line oscillations driven by large-scale compressional waves or for surface waves buffeted by
the magnetosheath disturbances is formally reduced to the equation for a driven harmonic oscillator with
eigenfrequency Q [Hollweg, 1997]. This modeling equation describes oscillations characterized by a variable x(t)

X, +2y% +Q°[L+SE()]X = AQ? cosat (1)
Here A is the amplitude of a driver, and y is the damping factor of the resonator.
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In the case of low level fluctuations, 6<<1, the approximate solution of (1) can be found by iteration method,
developed in the theory of nonlinear stochastic mechanics [Dimentberg, 1980]. Beyond the small-5 approximation,
this equation was numerically solved in [Coult et al., 2013]. We seek a solution in the following form:

X(1) =%, (1) + 5% () + 5%, +.. @
Substitution of (2) into (1) and grouping of all the terms of the same & order provides an infinite system of equations

in respect to xi(t). In the 0-approximation one obtains the classical formula for a driven linear oscillator
X, (t) = by sin(awt + @),

b,=A o @)
0 \/(Qz 0?1+ 4y’ '
2 2
@, =arctan
2y0

Features of this solution are a resonant peak and phase reversal near the resonance @—Q. In the absence of background
fluctuations (6=0), the peak amplitude bémax) and the semi-width of the spectral peak Aw are determined by the

damping factor vy of the system, or otherwise by the Q-factor Q =Q/2y .

50 , , o : In subsequent approximations (i=1,2,...) the fluctuation-

: ' i induced correction to the solution can be found from a
recurrence formula. Keeping terms up to &2 order, it follows
that near the resonance m—Q

40

L 30k o .
:é \ | <X(t)>=bsin(a)t+(p0—(pl),
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Figure 2. Amplitude of oscillations b(w) using
A=1, Q=1, y=0.01, and noise with spectrum 1/f. The additional phase shift ¢ = 0(52) in (4) is of no
The height of the peak for each curve is the jmportance to us. The relationship (4) predicts that the
effective Q factor. amplitude of the resonant oscillations should change under the
influence of stochastic fluctuations of Q2. When the spectral
density ®(w) of &(t) fluctuations is a non-growing function, these fluctuations cause a decrease of average amplitude
of resonant oscillations. This deterioration of resonator properties is not related to the occurrence of anomalous
resistivity or viscosity in a turbulent plasma. This decrease of the resonant response to an external monochromatic
driving is caused by stochastic deviations of eigenfrequency from exact resonance.

We consider how the system response varies with the amplitude of the background fluctuations characterized by &
(Fig. 2). We use the noise with power spectrum 1/f. Without fluctuations, the classic curve shows a sharp resonant
peak near m=Q. The addition of noise (60) reduces the height of the resonant peak and increases its width, whereas
the effect is more pronounced for a larger 8.

The suppression of resonant oscillation depends essentially on

s o the spectrum of fluctuations. For a model problem, we choose

P T ; noise functions with power spectrum 1/f %, where 0<o<1. In

Fig. 3, we measure the effective Q factor for several values of

spectral index a as a function of 8. Smaller values of a result

in less sensitivity of the Q factor to 8. For white noise (a=0),

the effect is absent. The effect increases with an increase of a.

The deterioration of resonant properties may be quite

substantial: fluctuations with 8=0.2 and a.=1.0 decrease the Q-
factor more than 3 times, from ~50 to ~15.

A S Discussion. The dayside magnetopause with a step-like jump
5 ' ' in magnetic field strength and plasma density may be imagined

as a stressed membrane with reflecting boundaries in the
Figure 3. The dependence of the Q-factor of the  northern and southern ionosphere, which can be resonantly
resonator on & for A=1, Q=1,y=0.01, and various o..  excited by magnetosheath turbulence. The MHD modeling of
the magnetospheric response to impulsive solar wind dynamic
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pressure increases, showed that waves with 1.8 mHz frequency are excited whose global properties cannot be
explained by other known ULF wave modes [Hartinger et al., 2015]. Thus, magnetopause surface eigenmodes could
be a potential source of magnetospheric dayside ULF waves with f<2 mHz driven by quasi-periodic fluctuations of
the magnetosheath dynamic pressure.

So far, magnetospheric field line oscillations have been modeled in a plasma with steady parameters. However, a
realistic plasma medium is highly fluctuating because of small-scale plasma processes. Therefore, the eigenfrequency
of the field line resonator Q should experience inherited fluctuations because of stochastic variations of B, p, and field
line length. Here we have considered the effect of such background fluctuations on driven field line standing
oscillations. Our estimates indicate the necessity to consider seriously a possible effective damping of ULF waves due
to background magnetospheric fluctuations. The effect considered here may explain a lack of narrowband ULF waves
during magnetically disturbed periods, when the magnetospheric turbulence level is substantially elevated.

More specifically, this effect may be responsible for suppression of field line standing oscillations at the
magnetopause or very close to it. Deeper in the magnetosphere, away from the magnetopause, the magnetospheric
magnetic field and plasma become more regular, and the level of their fluctuations decreases. As a result, a resonant
response to an external driving becomes evident. The proposed mechanism may interpret the puzzling lack of ground
response to surface modes or last field line oscillations near the OCB projection, and it merits further validation and
verification. The suppression of resonant field line oscillations is dependent not only on the level of fluctuations but
on their spectral form as well. For more definitive conclusions a more detailed information about the power and spectra
of background magnetospheric turbulence is necessary.

Conclusion. The latitudinal structure of dayside broadband Pc5-6 pulsations recorded by magnetometers covering
near-cusp latitudes has the maximum of the pulsation power ~2° deeper in the magnetosphere than the OCB determined
either with SuperDARN radar or scanning photometer. To interpret a puzzling lack of ground response to last field
line oscillations or surface mode at magnetopause, we suggest that stochastic fluctuations of the magnetospheric
plasma and magnetic field can suppress the excitation of standing MHD oscillations in a close vicinity of the
magnetopause. To quantify this hypothesis, we have considered the model of a driven field line resonator with
stochastic fluctuations of the eigenfrequency. The results of analytical calculations has shown the deterioration of
resonant properties owing to background fluctuations.
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Abstract. In this paper, we develop the known theory of a quasi-static receiving antenna in a magnetoplasma and
apply it to the calculation of the antenna effective length in case of reception of quasi-electrostatic whistler mode
waves in plasmas. Also we analyze several typical chorus events detected by THEMIS spacecraft and show that the
effective length of receiving antenna can be more than an order of magnitude greater than the geometric length.

Introduction

As it is known, the effective length of a receiving antenna in a magnetoplasma can significantly differ from its
geometric length especially for the quasi-electrostatic whistler mode waves (see [Chugunov and Shirokov, 2016] and
the references therein). Such waves propagate near the resonance cone. A wave packet composed of them has a
resonance structure, i.e., it is a superposition of plane monochromatic waves having a continuous and fairly wide
spectrum of wave numbers which are large compared to the inverse wave length A.. of a parallel propagating

electromagnetic whistler mode wave.

For the resonance waves, the problem of calculating the complex amplitude E of the electric field from the voltage
complex amplitude U induced on the receiving antenna terminals is nontrivial. We introduce the effective (or
electrical) length I of a receiving antenna according to the formula

U = El 4 cosY, 1)
where Y is the angle between the antenna axis and vector E of the detected wave. Quantity I, is determined by

the reradiation efficiency of the antenna [Balanis, 2016]. Importantly, it is not constant and can depend rather strongly
on the mutual orientation of the electric field vector and the antenna.

Some general relationships of the receiving antenna theory for magnetized plasmas were developed in the earlier
works (see [Chugunov and Shirokov, 2016] and the references therein). In this paper, we apply this theory for
emissions of natural origin, namely the very low frequency chorus in the Earth's magnetosphere. Typically, chorus
emissions propagate quasi-parallel to the ambient magnetic field in their source region [Santolik et al., 2014].
However, recent analysis of satellite data shows that chorus can also propagate in the quasi-electrostatic mode with
wave normal angles & close to the resonance cone (6 = 6rs) [Agapitov et al., 2014].

Expression for the Effective Length
The effective length calculation is based on the reciprocity theorem [Chugunov and Shirokov, 2016]

jp(r,t)qao(r,t)dr = j 2, (F,DO(F 1)dF, @)
pl ant

where the integrals are over the plasma (“pl”) and antenna (“ant”) volumes, ®(r,t) is the scalar potential of the

incident wave, p(r,t) is the charge fluctuation in the plasma which induces voltage on the antenna terminals, and

D, (r,t) is the potential of a field due to the charge distribution p,(r,t) on the antenna. Applying spectral approach,

one finally comes to the resulting expression for the effective length of the antenna receiving a quasi-monochromatic
wave with a carrier frequency w=wo [Shirokov et al., 2017]:
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Here q=(u/0w) (1+ [/u(a)o)]zyl H=COtb, £=¢, =€, and n=¢, are the transverse and longitudinal

=0y
components of relative permittivity tensor calculated for the carrier frequency, respectively (z-axis is parallel to the
local geomagnetic field), k is the wavenumber, y is the azimuthangle in k -space, p; (k) is the spectrum (calculated

on the resonance cone) of the trial charge distribution on the receiving antenna; Iy, o, and p, (k) are the length of a

fictituous electric dipole source, its distance to the receiver along the group velocity resonance direction, and the
spectrum (calculated on the resonance cone) of its charge distribution p,(F) . The reason why we use this source

model is that we need to specify the incident wave field. Since chorus generation is a complicated nonlinear process,
itis quite difficult to write down an expression for its electric field. However, it is possible just to introduce a fictituous
(or effective) electric dipole producing the detected field characteristics, and that is what has been done. Two main
properties of wave packets we want to model are (i) the field should have wave normal angles close to the resonance
cone, and (ii) the wave number spectrum is assumed fairly broad which seems to be a natural property of resonant
whistler-mode emissions. We make this simplifying assumption since we do not know actual wave number spectrum
of quasi-electrostatic chorus waves. These two assumptions allowed us to specify a simple electric dipole model of
effective source of the measured radiation field. Such a source does not need to coincide with an actual chorus source.

According to the above discussion, we choose p, (F) in the form that corresponds to a thin dipole of length |, ,

directed along the z-axis:

po(F) =2 zexp(— ‘%Jaxw(y), 4

Ig "
where Q, is the total half-dipole charge on the effective transmitter. Then

k thz cos’ 0
r res I 5
16 ®)

The described shape of effective source is chosen for the sake of symmetry and simplicity. The charge distribution
along z is smooth which means that the source region has no sharp boundaries. We limit ourselves by the dipole
approximation and do not consider any multipoles of higher orders, because the dipole charge distribution relatively
easily provides the wave field with measured parameters if this field corresponds to a quasi-electrostatic wave packet
with a spread in wave vectors. Indeed, length |, of this effective transmitter is determined by the wavenumber K,
that corresponds to the observed spectral maximum:
kobsltr cos gres = 2\/5 (6)
Let us now deal with the trial charge spectrum p, .. If the receiving dipole consists of 2 thin straight rods with a
gap between them, then the current distribution along it can be chosen as a triangular one [Chugunov et al., 2015],

and
___ 8 . o 7 )Kl e
Py (Ky) = K exp[-ikR, (w)]sin {—4 } )

Here y(y)=sinasiné,,cos(y — )+ cos o cos 6 Ry () = X, SING,,, COSY + Y, SING, SiN +2,C0S B, ; Xo, Yo,

res 1 res 1

P (k) = L2Q1r‘/;kltr cos gres EXP[—

and z, are the receiver Cartesian coordinates (see Fig. 1):

Xo =7 €080, COSP,c, VYo =7oC080, SINGy., Zg=7,SIN0,; (8)
@y 1S the azimuth angle of the incident wave, « and g are the receiver orientation angles: « is the angle between
the geomagnetic field and the dipole axis, and S is the azimuth angle of the dipole. If the receiver consists of 2 small,

as compared to the distance between them, spherical conductors placed on the thin metal rod, then it may be
represented as 2 point charges:

P <k.w>=—2iexp[—ikRo(w)]sin[%} ©

In the following, we will consider quasi-monochromatic (at each moment of time) wave packets, and therefore
will choose @ = @, which simply means appropriate choice of «, for each spectral component. Importantly, this

does not prevent k to vary in a wide range due to the resonance wave dispersion.
Consequently, the only effective source parameters that determine the receiver effective length are I, and z,.
Length I, is determined by the wave and plasma parameters (K, and &..) according to (6), and z,, generally

speaking, is a free parameter. Let us discuss its choice. As it was shown in the previous studies using ray tracing
[Chum and Santolik, 2005], the chorus wave normal angle changes significantly due to refraction on the distance
corresponding to the geomagnetic latitude A, change of 1°. Therefore, in order to neglect the refraction effects on
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the entire emitter—receiver line, we will choose z, in the interval 7, <7y, = A, where A corresponds to the
geomagnetic latitude change of 0.1° along the geomagnetic field line at given A, and Mcllwain parameter L . The
minimum estimate is obviously determined by the source half-size: 7, =0.5l, .

N
z, Hy A T/{
" receiving antenna
v o =
0 Vo Z0)- T= T .
' Figure 1. Geometry of the problem.

, o

o resonance dlrectlor{
/|/ for the group velocity

x 0W fictitious source y

Calculation Results
In this section, we apply the general formulas obtained above to some measurements of chorus wave electric fields
onboard THEMIS spacecraft [Burch and Angelopoulos, 2009]. Each THEMIS spacecraft is equipped with the Electric
Field Instrument (EFI) that consists of the three dipole orthogonal antennas. These antennas have a half-length of 24.8
m, 20.2 m, and 3.47 m. We will refer to them as dipoles A, B, and C, respectively. Dipoles A and B consist of 2 small
spheres (see (9)), and dipole C consists of 2 straight thin rods (see (7)). Since the dipoles are orthogonal to each other,
they allow one to measure three components of the incident wave electric field and can be treated independently from
each other. The electric field value should be calculated from these three components, and each of them should be
obtained according to (1). The antennas orientation angles « and S have been found from the Flux Gate
Magnetometer (FGM) data that provide the results of geomagnetic field measurements.

For our analysis we chose some of the events which were previously considered by [Agapitov et al., 2014] in
relation to electron energization. The two chorus events that we have analyzed in depth are described in Table 1. Angle
6., that corresponds to the observed spectrum maximum was found using a singular value decomposition method

[Santolik et al., 2003] from the Search Coil Magnetometer (SCM) data only.

Table 1. The analyzed chorus events detected by THEMIS

Event 1 2

THEMIS C A

Date (yyyy-mm-dd) 2007-08-28 2008-11-26
UT (hh:mm:ss) 15:51:48 03:18:23

Am (deg) 15 0

L 5.4 5.0

oy (s71) 9425 15708

Ores (deg) 78.0 64.7

Oops (deg) 75.0 58.0

Iy (km) 13 7.6

a (deg)® 78.6, 110, 23.7 62.1, 116, 40.1
B (deg)® 62.5, 148, 180 51.0, 126, 180
lott /1ec™ (70 = Tomax ) 2.7,2.7,0.4 13,12,0.8
lett /1ec™® (70 = Zomin ) 9.0,9.0,1.9 50, 49, 5.8

[ The three values correspond to dipoles A, B, and C, respectively.

The results of calculations, performed for these events, are presented in the last two lines of Table 1. One can see
that in case 7, = 7, the receiver effective length is several times larger as compared to case 7 = g,y - HOWever,
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in both cases I /1 can significantly exceed unity.

Conclusions

In this paper, we proposed a method for calculating the effective length of an electrical receiving antenna in case of
the quasi-electrostatic chorus waves. We applied the obtained general relations to several cases of chorus electric field
measurements onboard THEMIS spacecraft, and found that the antenna effective length could be up to an order (or
more) of magnitude greater than the geometric length 1. . Therefore, the actual value of the electric field component

that is parallel to the antenna can be less and even much less than quantity U/l , which is conventionally used as the

measured electric field, and it is important to take properly into account the resonance nature of quasi-electrostatic
whistler mode waves when interpreting the results of chorus electric field measurements.
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O/JHOBPEMEHHBIE HABJIIOJAEHUS JPEM®OBBIX
KOMITPECCUOHHBIX BOJIH B MAT'HUTOC®EPE

C IOMOIbIO EKATEPUHBYPI'CKOI'O KOTEPEHTHOI'O
JEKAMETPOBOI'O PAJTAPA U CITYTHUKOBBIX U3MEPEHUI

M.A. Yennanos, O.B. Marep, I[1.H. Marep, /[.}O. Knumymkun, O.1. beparapar
Hucmumym conneuno zemuoti puzuxu Cubupcrkoeo omoenenus Poccutickoii akademuu HayK

AnHOTauusi. Habmonenuss ¢ HOMOIIBIO pajapa, NOMOJHEHHBIC AHAIM30M CIYTHHKOBBIX JIAHHBIX, SIBISIOTCS
JIOBOJIBHO 3(p(hEeKTHBHBIM METOIOM M3YUSHHMsS YJIbTPAHW3KOUACTOTHBIX IyJbcalnid. B pabore mpoBeneH aHamu3
KoJieOaHWH CKOPOCTH IUIa3Mbl, 3apETMCTPUPOBAHHBIX B HOYHON HOHOC(Epe C MOMOILBI0 eKaTepHHOYPrcKOro
CPEIHEIINPOTHOTO JIeKaMETPOBOIO KOTEPEHTHOIO pajapa M BBI3BAaHHBIX MarHUTOC(EPHBIMH MYJIbCAIUIMU
JquanasoHa PC5. Mbl NONBITaIMCh ONPENeNTh, Kakas 4acTh W3 HAOJIOJAeMBIX KOJIeOAaHHH MOMKET OTHOCHUTHCS K
anb(BEeHOBCKON Moe. Vcmonb3ys BeBIeT-aHAIN3, OMPEICICHbI YaCTOThl KOJICOAHUI M BOJHOBBIC a3MMYTaJbHbIC
uyncna. Ha ocHoBe maHHbIX Kocmuueckux ammaparoB Van Allen Probes (RBSP) u THEMIS o koHueHTtpannu
MPOTOHOB M BEIUYMWHE MArHUTHOTO TIOJNS B OOJNIACTH MAarHUTOC(EpHl, TIe HaOIIONaINCh BOJHBI, BEBITIOTHEHBI
MOJICJTEHBIE PacUeThl YacTOT allb(hBEHOBCKUX KoJjeOaHmit. CpaBHEHHE MOKA3aJI0, UTO JIMIIE Majlas 9acTh KOJIeOaHuH,
HaOJFOTaeMBIX C ITOMOINBIO pagapa, MIMEeT YacTOTHI ONMM3KKE K ainb(BEHOBCKUM. BOIBIIMHCTBO KOIEOaHUH UMEIOT
3HAYUTENBHO OOJiee HU3KHE YacTOTHI, BO3MOYKHO, IMEET KHHETHIECKYIO IIPUPOLY, U Hanboliee BEPOSTHO SBISIOTCS
IpeiihoBO-KOMITPECCHOHHBIMHU BOJIHAMH. Taxke B paboTe MpUBEACH CIydail OMHOBPEMEHHOTO HAOMIOICHHUS TaKUX
HU3KOYACTOTHBIX KOJICOAHUH 110 TaHHBIM CITyTHHKA U pajgapa.

1. Begenue

MaruutocdepHbie MyIbCaIlHH SIBISIOTCS XapaKTEPHBIM U HEOTHEMIIEMBIM CBOMCTBOM OKOJIO3EMHOTO KOCMHUYECKOTO
npoctpancTBa. Ha ux opmupoBanue, pa3BUTHE U pacIpOCTPaHEHUE OKA3bIBACT BIMSHUE MHOKECTBO IPOIIECCOB,
Takde KaK HM3MEHEHHE pa3MepoB U (OpPMBI MarHUTOCQEpHl IOJA NEHCTBHEM COJHEYHOTO BETpa W MOSBICHHE
SHEPTUYHBIX YACTHII B Pa3IIHYHBIX ee 00acTsX. CBOHCTBA ITyIbCaIHii CHIIBPHO 3aBHCUT OT XapaKTEPUCTHK CPEBI, 9TO
JIENaeT X yI0OHBIM HHCTPYMEHTOM JUIs H3YUCHHUS TEOMAarHUTHBIX OYpb U JPYTUX MPOLECCOB. J{JIs perucTpaIiuu BOJIH
¢ OONBIIMMH a3UMYTANBHBIMUA BOJHOBBIMH YUCIIAMH HauOoliee MOIXOMAIIMMA HHCTPYMEHTAMH SIBIISIFOTCS pagapel,
TaK KaK TaKHAe BOJIHBI OOBIYHO HE MPOHHMKAIOT Yepe3 arMocdepy W IMOITOMY HE PETHCTPUPYIOTCS Ha3eMHBIMH
Mar"ieromeTpamu [Aeanumos, Yepemnwvix, 2011]. Ux MO>XKHO HaOIIO1aTh U B CITyTHUKOBBIX JTAHHBIX, OJTHAKO pajiaphbl,
MPEOCTABIIIOT BO3MOKHOCTh U3yYUTh MPOCTPAHCTBEHHYIO CTPYKTYPY KoJieOaHui. J[omoHEHHbIC U3MEPEHHUSIMHU C
MOMOIIBIO CIyTHUKOB, TaKWE JaHHBIC MPEICTABIIOT HauOOJee MONHYK HH()OPMAIHMI0 O MAarHUTOCHEpPHBIX
ynpTpanu3kodacToTHeIX (YHY) BonHax.

B mporecce MpoBeleHUST HCCACIOBAHMN BaKHBIM DTAllOM SBJISACTCS IMPABUILHOE OIPEACICHUE MPUPOIBI
Ha0JII0TaeMBIX BOJIH. B HEKOTOPBIX paboTax, OCHOBAaHHBIX Ha aHAJIN3€E PaJapHbIX JJaHHBIX, yJIbCAIlMU quamna3zona Pc5
¢ OOJIBIIUMH a3UMYTaIbHBIMU BOJHOBBIMH YHCIIaMHU OTHOCAT K anb(BeHoBcKoM Moje [Bland et al., 2014, James et
al.,, 2013]. Tem He Mmenee, B apyrux paborax [Mager et al., 2015, Chelpanov et al., 2016] moka3ansl ciy4an
HaOmroneHuss YHY-BomH ¢ OONBIIMMHU a3UMYTabHBIMH BOTHOBBIMH YHCIIAMH, OTHOCSIIMXCS K APYTHM MojaaM. B
yactHocTH, B [Chelpanov et al., 2016] nokasaH ciyuyaii HaGMIOICHUS BOJHBI B JaHHBIX EKaTCPUHOYPICKOTO
KOTEPEHTHOTO pajapa, B KOTOPOM YacToTa KojeOaHWi yObIBajla BMECTE€ C a3UMYTAILHBIM BOJHOBBIM YHCIIOM M.
3aBHCHMOCTh YacTOTBI OT M Ha (UKCHPOBAHHON TE€OMAarHUTHOW NIMPOTE XapakTepHa I APEH(OBBIX
KOMIIPECCHOHHBIX BOJIH.

B nannoii paboTe mpencraBieH aHaMM3 psaa coObITUH HaOmoaeHus YHU-konebaHWid ¢ MOMONIBIO
ekarepuHOyprckoro panapa. Llensto ncciemoBanus ObUIO OMPENETUTh, Kakasi 4acTh U3 HaOII0aeMbIX KojeOaHui He
MOJKET OBITh OTHECEHA K aTb(DBEHOBCKOMY PE30HAHCY CHJIOBBIX JIMHHA.

2. O6opynoBanue

ExarepuHOyprckuii  KOTEpEeHTHBIH CpPEeIHEUIMPOTHBIA pajap pPErucTpupyeT OTpPaKeHUs OT HOHOC(EpHBIX
HEO/IHOPOJHOCTEH, BHITSHYTHIX BJIOJb MarHWTHOro noisi. Ero mone o63opa pasgeneHo Ha 16 yydeld ¢ yrioBbIM
PACCTOSIHUEM MEXIy COCEIHMMHU JIydaMHd B TpU Tpaayca. Tpu W3 HUX paboOTalOT B CHENUAIHHOM DEXKHME,
obecreunBaroieM BpeMEHHOE paspernieHne B 18 cekyHI BIIOJIb KaKJOTO HAIpaBJICHUS. DTO JaeT BO3MOXKHOCTH
aHATTM3UPOBATh KoJeOaHMs CKOPOCTH MOHOC(EpHOW Iula3Mbl ¢ mepuogamu oT 36 cexyHa. biaromaps 6muskomy
PAaCTIOJIOKEHHIO JTydeil, padOTaIOMUX B 3TOM PEKHAME, MOXKHO OIIPEIEIHUTh HAIPaBJICHNUE PACIIPOCTPAHEHUS BOJIH U
X nmuHy. OOuH U3 JIydeld HalpaBJIeH NMPUMEPHO Ha MAarHUTHBIN TOJIIOC, BTOPOMl — Ha reorpaduyecKuid, TpeTuit
pacTIoNIoKeH MeXAy HUMHU. B pagnanpHOM HallpaBIeHHH pagap MPUHUMAET CHTHAT U3 AWana3oHa paccrosHuit 200—
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3000 kM, 71 UCTIONIB3YEMBIX B pabOTe JIydeit 3T0 MPUMEPHO COOTBETCTBYET 55—77 rpalycaM reOMarHUTHOM ITHPOTHL.
DTOT MHTEPBAJ pa3/ieieH Ha 75 Nrana3oHOB JAIbHOCTH, WM TEHTOB, OXBATHIBAIOIINX 1O 45 TpaJycoB B pagdabHOM
HampaBiIeHHH. YacToTa H3ydeHns pagapa npuMepHo pasHa 10,5 MI.

AHanu3 mapaMeTpoB IUIa3MBl B MarHuToc(epe BBITIONHEH Ha OCHOBe JaHHBIM cryTHukoB Van Allen Probes
(RBSP) u THEMIS (http://cdaweb.gsfc.nasa.gov/istp_public/).

Pucynok 1. CkopocTh IIa3Mbl
BJI0Jb Jiyda 0. 25 nexadps 2014 r.

CkopocTb, M/c

3. CoobiTHE 25 nexadps 2014 r.

[Tynbcaumu CcKOpOCTH HOHOC(EPHOH IIIa3Mbl, PErHCTPUPYEMbIE DPaaapoM, BBI3BAaHBI IJIEKTPUUECKHM I10JIEM
MarHutochepHbix YHY-BomH. [TockonbKy JIydH BBICOKOTO pa3pelleHus HAalpaBieHbl IPUMEPHO BJOJIb MarHUTHOTO
MepHIHaHa, OHA PETUCTPUPYIOT KOIECOAHU CKOPOCTH HOHOC(EPHBIX HEOJHOPOAHOCTEH, CBSI3aHHBIC C a3UMYTAIBHOM
KOMIOHEHTOH 3JIEKTPHYECKOTO TI0JIsI, KOTOPasi COOTBETCTBYET palfaibHO KOMIOHEHTE MarHUTHOTO mojs. Ha puc.
1 moxazaH mpuMep Takux KojeOaHwii. J[Bamgmate msaroro mekadbps 2014 r. B HOYHOI MOHOC]epe pamapoM OBLTH
3apEeTUCTPUPOBAHBI KoJeOAaHUS CKOPOCTH HOHOc(hepHO# mmasmMel ¢ amrmmatyxoi mo 80 m/c. Takme ckopoctn
COOTBETCTBYIOT KOJICOAHUSIM BJIEKTPUUECKOr0 IOJIS ¢ aMIDIUTyAaMu okojio 4 MB/M. Iluk ammuryasl KoneGaHui
npurrencs Ha 00:25 -01:00 UT, uro nmpubmusutensHO cootBeTcTBYeT 03:50-04:30 MLT. MakcuManbHBIC aMIDIUTY IbI
konebanust HaOmoanucy Ha paccrosiHuu 540-990 kM, Bronb jayda (0 3Ta 00JaCTh COOTBETCTBYEM MAarHUTHBIM
obomoukam 3.7-4.9 (MarHuTHbIe 0000uKK paccuntanbl Mo Moaenu IGRF). Yactora konebanuii usmensuiach ot 3.3
Ml no 4.0 mI'u. Bonna pacnpoctpansiiach Ha 3amaj, 3HA4YeHHs a3MMYTaJbHOTO BOJIHOBOro uucia M ~ —40.
OcTaHOBUMCS Ha 3TOM COOBITHH TO/IPOOHEE.

RBSP-B

Sm
01 02 03 04 05 06 07 08 09 1

_ RBSP-B

f, mHz
L (=2}

L]

02 03 04 05 06 07 08 09 1

g
04
E B . e 024
= s = 0
i [ R
2 0.4
———————————
01 02 03 04 05 06 07 08 09 1 04 02 03 04 05 06 07 08 08 1
o beam 1/ gate 16 beam 1/ gate 16
w B
E, B
w \ -
2
01 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 07 08 09 1

UT, h UT, h

Pucynox 2. BeiiBner-npeoOpazoBanue curHaiga W ero ¢Gopma Uil paaualibHONH M TPOJONBHONH KOMIIOHEHT
MarHuTHOTO noJis Ha cnyTHHKe RBSP-B (66epxy) u nqanHbIX pagapa, iyd 1, reidt 16 (eruzy). 25 nexabps 2014 r.

l'eomarnuTHOE mMONIC B JIcHH HAONIOJCHHS KOJCOAHHI COOTBETCTBOBAJIO CJIA00 BO3MYIICHHOMY YPOBHIO.
III0THOCTB COJIHEYHOro BeTpa ObLIa HM3KOI M cOCTaBIIsa B cpexHeM 3 M. Ero ckopocTs gocturana 550 kM/c mox
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BO3ACHCTBHEM BBICOKOCKOPOCTHOTO MOTOKa U3 KopoHanbHOM JbIpl (CH647). MakcumanbHble 3Ha4eHUsS
aHeTapHoro mHAekca Kp mocruramu 3HadeHuid 3+. Ha ocHOBe aBpOpanbHBIX MHICKCOB M JAHHBIX HA3€MHBIX
oOcepBaTOpHii 3apeTHCTPUPOBAHO YCHWICHHE CyOOypeBOH aKTHBHOCTH, BBI3BaHHOW mepeopueHTanueil B.-
komitoHeHTs! MMII 1 ee AMUTENTBHBIMU OTPUIATEIBHBIMU 3HAYEHUSIMU. DTO IPUBEJIO K PA3BUTHIO KOJIBLEBOTO TOKA
(MuHMManbHbIe 3HaUeHUs SYM-H=—41 vTn).

OmHoBpeMeHHO ¢ pagapoM Ha criytHuke Van Allen Probes (RBSP-B) 3apeructprpoBatbl KoJeOaHus ¢ GIIH3KUMHE
M0 3HAYEHHIO YacToTaMH, mopszaka 4.2 mI'm. B 3TOT MOMEHT CITyTHHK HAaXOAWICSA B IOCIETOIYHOYHOM CEKTOpPE
marautocgeps! Ha 3.0-4.1 MLT, u neurancst B Hanpasnennu 3emun ot L= 4.8 - 4.0 Re. Co0ObITHEe NPOUCXOIUIO B
o0J1acTh C HU3KOH IUIOTHOCTHIO MPOTOHOB 3a MpejeiaMu I1a3Mocdepsl.

Ha puc. 2 npencraBneHs! konebanusi, OTGUIBTPOBaHHbBIC B Anana3oHe PC5, paguansroit (Br) u nmpogomsHoii (By)
KOMITOHEHTBI MarHUTHOTO TIOJISL U UX BEHBJIET CHEKTPhl. A3MMYyTajJbHas KOMIIOHEHTA HE MPE/ICTaBJIEHA T.K. HMEeT
3HAYUTEIBHO cilabee KosebaHus. B HIDKHEH YacTH pUCyHKa MPUBEICHBI KoJeOaHMs M X CIIEKTP IO IaHHBIM pasapa.
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Pucynox 3. CneBa: Bo3aMmylleHHe MPOAOSbHOM (Bj) KOMIOHEHTHI MAarHUTHOTO MOJIS (YEPHBIM) U BO3MYIIEHHE
nasneHust (OPL, ceppim) mo manabiM RBSP-B. Crpaa: Bo3mymienue mpomoibHoi (Bjj) KoOMIIOHEHTH MATHUTHOTO
1oJ1st (YepHBIM) M BO3MYILICHHE [TOTOKA POTOHOB (8J/J) ¢ aHeprueii 5.23 KeV mo JaHHBIM TOTO JKe CIyTHHKA.

Ha puc. 3 moka3aHo BO3MYIICHHE MPOJOIBHONW KOMIIOHEHTHI MAarHUTHOTO mois. sl HarisgHOCTH OHO
oToOpakeHO Ha OJHOM Tpaduke ¢ Bo3MylIeHHeM JaBieHusi. Kpome Toro, aToT e napamerp COBMELIEH Ha OJJHOM
rpaduke ¢ MOTOKOM MPOTOHOB ¢ Hepruei 5,23 keV. BuaHo, uto koneOaHus JaBIeHus II1a3Mbl U TOTOKOB MPOTOHOB
HaxosTCsl B MPOTHBO(dA3e C MPOAOJILHON KOMIIOHEHTOW BOJIHBI. DTO yKa3blBaeT HAa KOMIIPECCHOHHBIH XapakTep
KoJse0aHui.

JlaHHBIE CIIyTHHKA TakKe OBIIM UCIIOIB30BaHbI IS TOTO, YTOOBI OIIEHUTh BOZMOYKHOCTB NIPHHA/IIEAKHOCTH BOJIHBI K
anb(BeHOBCKOH Moze. Ha ocHoBe n3MmepeHHi NapamMeTpoB IUIa3Mbl M MAarHMTHOTO IIOJisl B MarHutocdepe Mbl
CMOJIETIMPOBAIM YacTOTy COOCTBEHHBIX KOJeOaHWI CHIIOBOM JIMHMH, B OCHOBaHMHM KOTOPOHW pamapoM ObUTH
3aperrucTpUPOBaHbI KOJIEOaHMs, HCIIONb3YS IIPHOIIMKEHHE ANUTTOIBHOTO MarHUTHOTO 1ot Takum 00pa3om, MbI OLICHUITH
Tb(BEHOBCKYIO CKOPOCTh M, CCOOTBETCTBEHHO, COOCTBEHHYIO 4acTOTy KoyieOaHWi Ha 3Toi oOomouke. Ha Tex
MarHuTHBIX 000JIOYKAX, Ha KOTOPBIX HAOJIONAIHNCh KoneOaHus, anb(BEHOBCKAsl YacTOTa HAXOAMIACH B Ipesenax 16—
28 MI 1, 9TO B HECKOJIBKO pa3 MpeBhIIIAaeT yacToTy Koiedanuit (ot 3.3 MI 11 1o 4.0 mMI 1), 3aperucTpupoOBaHHBIX pagapoM
B BapHalMsiX CKOPOCTH HOHOC(hepHOW Iuiazmbl (puc. 4). DTo sIBIsIETCS JONOJHUTENBHBIM apryMEHTOM B IIOJIB3Y
KUHETHYECKOI pHPo/ibl BoJIHBL. Hanbosee BO3MOKHBIM BapHaHTOM SIBJISETCS JpeiihoBasi KOMIPECCHOHHAsI MOJIA.
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Pucynoxk 4. MojensHas anbhBeHoBckas ckopocts (Va) u anbhBenosckast uactora (fa).

4. O0cy:kneHue

XoTs ganeko He Bce KoJieOaHws, HaOIFOTAI0IMECs ¢ IOMOIIBIO PaJapoB, MOXKHO OJTHOBPEMEHHO PETHCTPHPOBATH HA
CIYTHHUKAX, JUISI MHOTHX COOBITHII UMEETCS BO3MOYKHOCTD MOJYYUTh JAHHBIE O ApaMeTpax Cpeibl B MarHutochepe
BO BpeMs HaOroaeHuiA. MBI TpoBeNn aHAIU3 16 TakuX ciydaeB, YTOOBI ONPEAETUTh, Kakas 4acTh U3 HaOIIOgaeMbIX
KoJIeOaHui MOKET OBITH OTHEeCEHA K anb(BeHoBckor Moze. Crnyrauku Van Allen Probes mu6o THEMIS B kaxaom
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U3 9THX CJy4aeB HAaXOJWJINCHh B JOITOTHOM CEKTOpEe HAOJIIOACHHH M TepeceKall COOTBETCTBYIOIIME MarHUTHbIC
obomouku. Tak e, Kak U B CiIydae COOBITHS 25 nexaOps, MBI OIICHWIN anb()BEHOBCKHE YaCTOTHI 10 ITapaMeTpaM
IUIa3MBI M MarHWTHOTO TOJI Ha OpOWTE W CPaBHWIM HMX C paJapHBIMH HaOmoneHusmu. Ha puc. 5 mokasaHo
pacrpenerncure konebanmii 1mo ortHomienuto f/fa, Tme f — wactora komeGammit, a fa — cooTBeTcTByIOIIAS
anb(BEHOBCKass 4acToTa (BO BpeMsl OJHOTO COOBITHS HAONIOJATUCh OT OJHOW 1O HYeThIpeX TapMOHHK). U3
pacupeneneHus BUAHO, 9TO 28 u3 33 rapMOHHMK UMEIOT YaCTOTHI HIDKE aTb()BEHOBCKOH M OTIMYAIOTCS OT Hee Ooree
gem Ha 40%. [t ocTanbHBIX 5 TapMOHHK cooTHomieHue f/fa 6M3K0 K equHmIe, YTO MOXKET OBITH CBHICTEIHCTBOM
TOTO, YTO OHU OTHOCATCS K aJIb(hBEHOBCKOM MOJIE.

10

Pucynoxk 5. PacnpepeneHue  yacTor
Kkolebanuii mo ortHomenutro f/fa mo Bcem
COOBITHSAM

0 0.2 0.4 0.

| ‘ L
6 08 1 1.2
7

A

Taxum 06pazom, K ab(hBEHOBCKOM MOJIE MOTYT OTHOCHUTHCS He Ooiee 20% 13 MpoaHaTM3UPOBAaHHBIX KoJeOaHui,
3apErHCTPUPOBAHHBIX € IOMOINBIO €KaTEPHHOYPICKOTO pagapa B HOYHON MarHurtocdepe. BepositHO, ocranbHbIe
KoJsieOaHuMs, TMO0 MX YacTh MOXKHO OTHECTH K Jpei(hoBO-KOMIPECCHOHHOM MOJIE.

bnazooaprnocmu. Viccnenosanue BeimonHeHo B pamkax mpoekta 11.16.1.3 TIporpammer ®HU rocymapcTBeHHBIX
akagemuii Ha 2013-2020 roxs! npu noaaepxkke rpaata PODOU 16-05-00254-a.
DKcneprUMEeHTalbHbIE IaHHbIE NOJIYY€HbI ¢ Hucnonb3oBaHueM pagapa EKB UC3d CO PAH.
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IMPOTOHHBIE CUSIHUS K DKBATOPY OT ABPOPAJIBHOI'O
OBAJIA KAK TPOSIBJIEHUE NTOHHO-ITUKJIOTPOHHOM
HEYCTOMYMBOCTHU B MATHUTOC®EPE 3EMJIN
(KPATKHM OB30P)

AT. SIxunn?, T.A. SIxuunal, H.B. Cemenoal, T.A. ITonosa?, A.I'. Jlemexos" 2

Yonapuwiii 2eopusuveckuii uncmumym, Anamumeot
2Uncmumym npuxnaonoti gpusuxu PAH, Huxcnuii Hoé2opoo

AnHoOTauus. IlpencrasieH KpaTkuii 0630p pasmMYHBIX (OPM MPOTOHHBIX CHSHHI K 3KBAaTOPY OT aBPOPAIBHOTO
OBaJ1a. DTH CUSTHHS BBI3BAHBI BEICHIITAaHUSIMH SHEPTUYHBIX TPOTOHOB U3 36 MHOM MarHUTOC(HEphI IPH Pa3BUTHH HOHHO-
IUKJIOTPOHHON HeycToidnBocTH. Kpome ommcaHHBIX paHee (GopM CHSHMH (TIATEH, Ayr HAa BEYEpHEH CTOpOHE,
JTHEBHBIX BCIIBIIIEK) MPEICTABIICH HOBBII BHI - OJTOKUBYIIHE IPOTOHHBIE CUSTHUS HAa THEBHOU cTOpoHe. [IpuBeneHa
CXeMa B3aMMOCBS3M DPA3MMYHBIX INPOTOHHBIX CHSAHHM K 39KBAaTOpy OT OBaja C pacClpeieleHHEM XOJOIHOU
TU1a3MOC(EPHOH TIa3MBI.

1. Beenenne

OnHUM U3 BOKHEUIINX Pe3yJbTaTOB MUCCHH KocMudeckoro anmapata IMAGE sBisercst oOHapyKeHHe C ITOMOIbIO
npubopa FUV (Far UltraViolet imager) pasnuusbix GopM OPOTOHHBIX CHUSHHUI, KOTOPBIC MPEACTABISAIOT COOOM
W3JTydeHNE BO30YKICHHBIX aTOMOB BOJOPOJa, 00pa30BaBIINXCS B PE3ylbTaTe Ipoliecca OOMEHa 3apsaoM MEXITy
BEICHIatonTumucs SHeprudHeiMu (10-100 x3B) mporonamu u atmochepHbiMu monekymamu [Frey, 2007]. Cam
«IIPOTOHHBII OBAJI ABISIETCS MPOEKIMEH 30HbI H30TPOITHBIX IIOTOKOB SHEPTUYHBIX IPOTOHOB B MarHurocgepe, a ero
JKBaTOpHAlIbHAS TPAHUIA — MpOoeKiMel rpanuipl u3otpornuu notokoB [Blockx et al., 2005]. OcoGblit uHTEpEC
MPE/ICTABIISIIOT IPOTOHHBIE CHSHUS, HAOII01aeMbIe K 9KBaTOPY OT OBaJIa, KOTOPBIC BBI3BAHBI BBICHIIIAHUEM IIPOTOHOB
W3 30HBI, I'7Ie OOBIYHO MOTOKH 3aXBAUYEHHBIX YAacCTHIl CYIIECTBEHHO OOJIbINE, YeM BBICHINAIOIINXCS. BrIChmanus n3
9TOi oOnacT MarHutocepbl CBsA3aHbBl C paccesHHEM YacTul TpPH B3auMOJCUCTBMM C BoJHamu. CBs3b
AJIEKTPOMArHUTHBIX HOHHO-IMKIOTPOHHBIX (OMMUL) BOJTH M BBICHIIAHWM NPOTOHOB ObUIA TOKa3aHa paHee IO
JAHHBIM HHU3KOOpOHMTaNbHBIX crnyTHHKOB [Soraas et al., 1980; Yahnina et al., 2003; Safargaleev et al., 2002].
[IpeumyrecTBO HaOMIOAEHUH MPOTOHHBIX CHUSHUI C BBICOKO-AllOTEHHOTO CIYTHHUKAa COCTOUT B TOM, YTO OHH
MO3BOJISIIOT BHJCTH JBYMEPHYIO KapTHHY BBICHIIIAHWI NPOTOHOB HAa YPOBHE HOHOC(EpHl, KOHTPOJIHPOBATH HX
JTUHAMUKY ¥, COOTBETCTBEHHO, OCYIIECTBIATH MOHUTOPHHI Pa3BUTHA HOHHO-IMKJIOTPOHHONH HEYCTOWYHBOCTH B
MarHuTOC(epe. 3a Bpems mociie mepBoro obzopa [Frey, 2007], obobmaromero pesynbratel Muccun |IMAGE,
OITyOJINKOBAHO OOJBLIOE KOJMYECTBO pabOT, O CBSI3M IMPOTOHHBIX CHUSHUI C Pa3sBUTHEM HOHHO-IIMKIOTPOHHOMN
HEYCTOWYMBOCTH B MarHUTOC(Epe 3eMIIH, UTO JIeNIacT aKTyaIbHBIM UX CHCTEMaTH3alHI0. DTOMY U IIOCBSIIECH JaHHbIH
KpaTKuid 0030p.

2. Paznuynble ¢popMbl NpPOTOHHBIX cuAHUI 1 DIMMULL BoTHBI

B 0630pe [Frey, 2007] Ha ocuoBe HabmoaeHuit co cryTHrKa |MAGE BbineneHs! TpU XapaKTEePHBIX B/ IPOTOHHBIX
CUSTHHH K 3KBATOPY OT OBaJIa: IOJITOKHUBYIIHE MATHA, BPAI[AOIIHECs BMeCTe ¢ 3eMIIel MPUOIN3UTEIHEHO BIOJIb OJTHON
wpoTel [Frey et al., 2004], oTHOCHTETFHO MAJIOTIOIBIKHBIC AYTH Ha BEYEPHEH CTOPOHE CO BPEMEHEM JKH3HH OKOJIO
qaca [Immel et al., 2002], u xoporkoxusyiue (~1-10 MUHYT) BCIBILIKK Ha THEBHO# ctopone [Zhang et al., 2002;
Hubert et al., 2003]. IIaTHa NPOTOHHOTO CBEYCHHS CBSI3aHBI C I'€OMArHUTHBIMH KBa3HMOHOXPOMATHYECKUMH
nynecarnusamu Pcl [Yahnin et al., 2007]. Dtu nysbcaruu n3BeCTHBI Kak Ha3eMHbIH nHAMKaTOp DMULL BONH, KOTOPBIE
TeHEPUPYIOTCS B 3KBATOPHAIILHOM OKOJIO3eMHON MarHurocepe B pe3yiabTraTe pa3BUTHs HOHHO-IMKIIOTpoHHOH (MLT)
HeycToitunBocTH [Hampumep, Kangas et al., 1998]. Mumgumkaropom OMMUL] BomH SBISIOTCS Takxke APYrue
TreOMarHuTHbIE ITynbcaiuu auanazona Pcl (0.2-5 I'm), manpumep, xomnebanus yoObiBaromero nepuoaa (KYII wim
IPDP) u Tak HaspiBaeMmble Bemuiecku Pcl (wnm Bemeckw ruapomarHuTHeIX smuccuii) [Fukunishi et al., 1981]. B
nanbHeimem, Yahnin et al. [2009] noka3zany, 4to NpOTOHHBIE CUSHUS B (JOPME JIyT HA BEYEPHEN CTOPOHE CBI3AHBI C
nymscarmsive IPDP. Yahnina et al. [2008] u Zhang et al. [2008] mpuBenu mpuMepsl CBSI3U BCIBINIEK MPOTOHHBIX
CUSIHMH Ha JHEBHOW CTOpPOHE CO BecIuteckamu mynbcarmii Pcl m OMMUIL] Bomnamu B marHutocdepe. Bembimku
MPOTOHHOTO CHSTHHS HAOIIOAIOTCS B CBSA3U C PE3KUMH YCUIICHUSMH JAaBJICHHS COTHEYHOTO BETPa U, COOTBETCTBEHHO,
co cxarueM marautochepst [Hubert et al., 2003; Fusilier et al., 2004; [Tonosa u dp., 2010]. Beuio nokasaHo [[lonosa
u dp., 2010], 94TO TeOMarHUTHBIE MYJIbCAIMH B Muamna3oHe Pcl Bcerna HaOMrOmar0TCs Ha CyOaBpOpaIbHON Ha3eMHOM
CTaHLIUY, €CIIM OHA PACHOJAracTcs B JOJTOTHOM CEKTOPE BCIBIIIKU IPOTOHHOIO CHUSHUS, KOTOpas pa3BUBAETCS Ha
JTHEBHOM CTOpOHE.
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3. Ces3b ¢ miaa3mocdepoii

OpHUM W3 BaXKHBIX MAapaMeTpPOB IUIA3MBI, BIMSIIONIMX Ha passuTue VI HeycTOWYMBOCTH SBIAETCS MIOTHOCTH
XOJIOAHOM mna3Mel. YTOOBI oOmpenenuTh, Kak CBS3aHBl pa3lUYHbIE OONACTH pa3BUTUS HEYCTOWYMBOCTH B
MarHurocepe ¢ XOJOAHOW IIIa3MOH, MOXKHO COIOCTaBHTh MPOEKIHIO NPOTOHHBIX CHSHUH B 3KBAaTOPHAIBbHYIO
IUIOCKOCTh MAarHUTOC(EPHI € TMOJI0KEHUEM TIIa3MOTAY3bl M APYTUX IUIA3MEHHBIX CTPYKTYP.

Frey et al. [2004] comocTaBiIM NPOSKIUMH ISTEH MPOTOHHOI'O CBEUCHHSI C paclpeNeieHHEeM XOJIOIHON IMJIa3Mbl B
marauToctepe o manHeM npudopa EUV (Extreme UltraViolet imager) va cnytauke IMAGE ms 1Byx coObiTHil 1
HAILTH, YTO HCTOYHUK IPOTOHHBIX BBICHIMAHUI CBA3aH C a3UMYTAILHBIMHI HEOHOPOIHOCTAMY MIa3Momnay3sl. Yahnin
et al. [2013] ucrmonb30BaIM Ui TAKOTO COMOCTABICHUS AWHAMHYCCKYIO MOJENb IUIA3MOIMay3bl, OCHOBAHHYIO Ha
KBa3M-TIIePEeCTaHOBOYHOM HeycroiunBoctu [Lemaire and Gringauz, 1998; Lemaire and Pierrard, 2008], u Taxxe
NPUIUIA K BBIBOAY, YTO IIATHA TPOTOHHOTO CBEUYEHHUS HMMEIOT TEHACHIMIO INPOEKTUPOBATHCS B OKPECTHOCTH
TPaIMEHTOB KOHIIEHTPAIIHK XOJIOAHOM miasmel. Soraas et al. [2013] ucrons3oBamu Moelns miasmochepst [Pierrard
and Stegen, 2008] mwist ompemeieHAS TOJOKEHUS MCTOYHHKA Y3KOU TOJIOCHI TIPOTOHHOTO CBEYCHUS B YTPEHHEM
cextope Ha L=2.5 Bo Bpems reomarautHOW Oypum 11 HOs0ps 2004 r. M MOKa3aiaw, YTO HCTOYHHWK IPOTOHHBIX
BBICBIIIAHNN HAaXOAWTCSI B OKPECTHOCTH IUIa3MOMNay3bl. PacrojolkeHWe IUTa3Moriay3bl Ha CTOJIb HEOOJBIINX
pacCTOSHUAX OT 3eMJIH B IIEPHO] 3TOH Oypu moATBep)kaaeTcs u3mMepenusiMu npudopa RPI u m3mepenusimMu nmpudopa
EUV na cnyrauke IMAGE (M. Spasojevic, nuunoe cooGinenue). Hamnune DMUIL] BONH ¢ MCTOYHHKOM Ha
AHOMAJIPHO HU3KUX IIMPOTAaX JUIS 3TOTO CIyyasi MOATBEPKACHO B pabote Epmarosoti u op. [2015].

Spasojevic¢ et al. [2004, 2005] u Spasojevi¢ and Fuselier [2009] npoBenu comnocTaBieHHE BEYEPHUX AYT POTOHHOTO
CHUSIHUS C paclipeieJIeHUEeM XOJIOJHOM IIa3Mbl B 9KBaTOPHUAIbHOI MarHuTocdepe, KoTopoe ObUIO ONpEeesIeHO o
nanaeiM IMAGE EUV. ABTOpBI NPUIIUIK K 3aKIIFOUSHHUIO, YTO YTH CBSI3aHBI C XOJIOHOH IU1a3MOH M1a3Moc(hepHoro
XBOCT2 M YacTO OKa3bIBAIOTCS B OKPECTHOCTH BHEIIHETrO0 Kpas IUIa3Moc(epHOro XBOCTa. JTO COIJIACYeTCs ¢
pesynbratamu paboter [Yahnina et al., 2003], B xotopo#i Oblia OOHapyKeHa KOPPESIIUS JOKAIU30BAHHBIX
BBICBIIIAHWN OSHEPrHYHBIX TPOTOHOB B BEUCPHEM CEKTOpPE C NPHU3HAKAMH IUTa3MOC(EpPHOro XBOCTa Ha
TCOCTAMOHAPHOW OpOuTe, W ¢ pe3ynbraraMu paboThl [Axuunm u Op., 2006], B KOTOpOH aHAIH3HPOBAIICH
JIOKJIN30BAHHBIC BHICHINIAHNUS YHEPTHYHBIX IMPOTOHOB M JICKTPOHOB M MX CBA3b CO CTPYKTYpOH IIIazMochepHOoro
xBocTa. JlaHHBIe PaOOTHI [AxHuH 1 Op., 2006] MO3BOISIOT MPEAION0KNTE, uTo VL] HeycToiunBOCTE pa3BUBacTCs Ha
Kpasx MEIKOMAacIITaOHBIX CTPYKTYp IIa3MOC(EpHOro XBOCTAa U COBOKYITHOCTh 00JIaCTEeHl IIPOTOHHOTO CBEYEHHS OT
9THUX UCTOYHHUKOB 00pa3yeT HabJII0IaeMYI0 «IyTry» B paiioHe HOHOCHEPHO! MPOEKIMH I1a3MOC(EpHOro XBOCTA.

06:25:16 06:27:20 06:29:24 UT

Pucynok 1. (Bsepxy) TlocnenoBaTeabHOCTh N300paKEHUN MPOTOHHBIX CHSIHUH, MOKA3bIBAIONIMX BCIIBIIIKY HA
nHeBHOM ctopone B 0627 UT 4 nost6ps 2003 r. (3amerum, uto cekrop 11-22 MLT 6bur HemoctyneH s
HAOJFOICHUI).

(BHuszy) Tonoxenue riazmornay3sl B 0630 UT cornacHo pacyeram mo AuHaMuueckoi mojenu. Jluaus Ha L=~5 u
MLT=~7-11 moka3pIBaeT MPOEKIUIO B MATHUTOC(HEPY SKBATOPHUAILHOTO KPast BCIIBIIIKH CUSHUH.

Fuselier et al. [2004] comocTaBuIIM TIOJIOKEHUE JBYX BCIBIIIEK MPOTOHHOIO CBEYEHHS HA JHEBHOM CTOPOHE C
paavianbHBIM paclpenesieHueM KOHIEHTPAIUKA XOJOAHOW ma3Mbl mo nanaeiM EUV. B ogHoM ciydae mpoexitust
BCITBIIIIKY CHSIHUE HAaXOAWJIACh 3HAYUTENBHO JANBIIE OT 3eMJIH, YeM IUIa3MOIIay3a; B IPYTOM — HEITOCPEICTBEHHO 3a
1a3MocQepoil Ha TpaueHTe KOHIEHTPAIIMH X0JI0AHO ITa3MBl.
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AL Axnun u op.

Ha puc. 1 (BBepxy) mokasaH IpuMep BCHBIIIKK NpoToHHOTO cusiHus B 0627 UT 4 Hosi6pst 2003 r. BHU3Y noka3aHo
B3aWMHOE PACIIONIOKEHHE MTPOESKITIH SKBATOPHAIFHOTO Kpasi BCIBIIIKH B 3KBAaTOPUANBHYIO INTOCKOCTh MarHUTOC(hepsI
H TIOJIOXKEHUS ITa3MOTIay36l, TOJTYYCHHOE C HCITOB30BAaHUEM JTHHAMUYECKO# Momenu [Lemaire and Gringauz, 1998;
Lemaire and Pierrard, 2008]. O4eBuIHO, YTO HCTOYHHMK BCIBIIIKA HAXOMWTCS 3a IUIA3MOMNAay3oi. AHamus 25
MOJOOHBIX CIYYaeB BCIIBIIIEK MPOTOHHOTO CHSHUS Ha JHEBHOW CTOPOHE MOKAa3ajl, YTO BCITHIIIKA 32 TUIA3MOIAy30H -
TUOHYHOE siBiieHHe. B paborte [Axnun u op., 2015] ms cemu u3 3TUX COOBITHH OBUIM PacCMOTPEHBI M3MEPEHUS
KOHIICHTPAIIMH XOJOAHOHM Ia3Mbl Ha reocTannoHapHbIX cmyTHHKax LANL, xoropsie Haxommmch B obmactu
MarHUTOC(EPHON MPOCKIMK BCIBIIIKK. KOHIICHTpanys X0IOAHOM M1a3Mbl B 00JTACTH UCTOYHHKA BCIIBIIIKHA BO BCEX
cllydasix OKas3alach MEHbIIE (a JUIA IIECTH M3 CEMHU PACCMOTPCHHBIX COOBITHI - CYIIECTBEHHO MCHBIIE) THITHIHBIX
JUTS TUIa3MOc(ephl 3HAUCHUIA.

4. IIpoToHHBIE CHSTHUSI HA ITHEBHOI CTOPOHE, He CBSI3aHHbIE CO CKAYKAMM /IaBJIeHHs COJIHEYHOT0 BeTpa
Bo Bpems pe3koro cxaTus MarHUTOCQepsl MPOUCXOAUT PE3KHHA POCT HHKPEMEHTA MUKIOTPOHHOH HEYCTOHIUBOCTH
(mammpumep, [Olson and Lee, 1983; Anderson and Hamilton, 1993]), cBsi3aHHBIH, B OCHOBHOM, C POCTOM TIOTIEPEYHOM
AQHU30TPOIHHU TOPSIYUX HOHOB. JTO M IPUBOANUT K HHTEHCU(HUKALNH PACCESIHUSI HOHOB B KOHYC ITOTEPb.

B 10 xe Bpems, B MarHutocgepe IOCTOSHHO CYIIECTBYET aCHMMETPHS MarHUTHOTO TOJISI 3€MJIM B HAIpPaBJICHUU
«IeHb-HOUBbY. Ha JNHEBHOI CTOpOHE MarHUTHOE IOJIE CXKATO MOCTOSHHO CYLIECTBYIOIIUM JIABJICHUEM COJHEYHOTO
BeTpa (B 9KBAaTOPHAIBHOW IUIOCKOCTH 3TO COOTBETCTBYET YBEJIMUEHHMIO MarHUTHOTO TI0JIS), & HA HOYHOH CTOpOHE
CHJIOBBbIC JIMHMM BBITSHYTHI B XBOCT MarHuroc(epbl (COOTBETCTBEHHO, B SKBAaTOPHUAIBHOM IJIOCKOCTH MOJIE
0cy1abieH0). ACHMMETPHSI MATHUTHOTO OIS IPUBOIMT K 3 dekTy pacierienus apeidosix obomoyek [Roederer,
1967; Shabansky, 1971], B pe3ynbpTare KOTOPOTO YACTHIIBI C PA3HBIMHE [TUTY-YTIaMH, CTAPTYIOIINE HA HOYHOM CTOPOHE
U3 OIHOHM TOYKH, ApeiyOT BOKpYyr 3eMiiH MO pa3HbIM TpacKTOpHsM. Ha THEBHOU CTOPOHE YACTHUIBI ¢ OONIBIIMMU
MUTY-YTJIaMH OKa3bIBAIOTCS HA OOJBIINX PACCTOSHUAX OT 3€MIIH, YTO IPUBOAUT K MOSIBIICHUIO HA JHEBHOM CTOpPOHE
00J1acTH TIOBBIIICHHOH MONEPEYHON aHW30TPOIIMU YHEPIHYHBIX NPOTOHOB. Hanmm4ue Takoit 061acTi MOATBEP)KIECHO
cratuctiyecku B pabore [Wang et al., 2012] no naHHbIM U3MepeHHUiT SHEPTUUYHBIX POTOHOB Ha criyTHHKe THEMIS.
OTO 03HayaeT, YTO Ha AHEBHOW CTOPOHE MarHUTOC(EPH MEPMAHEHTHO CYIIECTBYIOT OJIarONpHUSTHBIC YCIOBHS AT
reHepaunn OMULL BoH.

11:55:21 12:14:10 12:18:21 12:39:16 12:49:43 UT

Pucynox 2. ITocnenoBarenbHOCT M300pa’keHUI MTPOTOHHBIX CHSIHWME B TedeHne wHTepBaia 1012 -12:50 UT
1 HOs16ps1 2005 T.

C aTuM cornacyercst cTatiucTika HadmoaeHnit OMUL] BostH B Marautochepe. MakcuMyM BEpOSTHOCTH HAOJIIOAEHHS
OMUL] BonH obHapyKeH B HHEBHOI MarHuTocdepe Ha paccrosHusx 6onee 6 RE ot 3emiu [Anderson et al., 1992;
Usanova et al., 2012; Keika et al., 2013]. 3aecs e Ha0II01aeTCI MAKCUMYM BEPOSITHOCTH HAOJIIOIEHUI BBICHITIAHUN
SHEPTUYHBIX MPOTOHOB K 3KBATOPY OT TpaHuIlsl nzotporuu [ Cemenosa u op., 2017].

WHKpEeMEeHT HeyCTOHYMBOCTH (M, COOTBETCTBEHHO, MHTEHCHBHOCTb BOJIH M CKOPOCTh AU((y3Un YacTHI[ 1O MUTY-
yIiaM) B «CIIOKOMHBIX» YCIIOBHSX, OYEBUIIHO, HUXKE, YEM BO BPEMsI PE3KOT0O CKaTHsl, U YyBCTBUTEIILHOCTh pUOOpa
IMAGE FUV moxeT ObITh HEIOCTAaTOYHOM IS TOTO, YTOOBI YBEPEHHO PETMCTPHUPOBATH MPOTOHHBIC CHSHUS B
JHEBHOM obmactu. OmHAKO, B HEKOTOPBIX CIIy4asiX, 3T MIPOTOHHbIE CUsTHNA BUAHBL. Ha puc. 2 moka3aH npuMep Takoro
coObrtust (~10-13 UT 1 HosOpst 2005 r.). laBicHHE COJHEYHOTO BETPa B 3TO BPEMsI CYIIECTBEHHO HE MCHSUIOCH
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(maHHBIe He Moka3zaHbl). CHSHHA YacTO TPYIHO Pa3iM4YUTh Ha (oHE IIymMa, HO UX MPUCYTCTBHE IOJTBEPIKAACTCS
M3MEPEeHUSIMH TOTOKOB IPOTOHOB Ha HHU3KOOPOHWTANbHEIX cryTHHKaXx POES, KOTOpBIE OTYETIMBO MOKAa3BIBAIOT
HaJIM4{e BBICHITAHHWI SHEPTHYHBIX NPOTOHOB, CONPSDKEHHBIX C 3THMH CHAHUSAMH (puc. 3, BBepXy). Brlchmanus
mpoToHOB mpuBeneHsl HaumHasi ¢ 0744 UT (mamHBIe O cHaHuAX mMeroTcs Toibko ¢ ~10 UT). Bricemanus
COTIPOBOXKIANUCH PETHCTpanneii TeOMarHUTHHIX Iynbcarmid Pcl B Tedenue mHTepBana ~08-13 UT Ha HazemHOM
craanuu JIoBo3epo, KoTopas B 3TO BpeMs Haxoamiachk B cextope ~11-16 MLT (puc. 3, BHU3y). Kak cnenyer u3
NPENCTaBICHHOrO IIPUMepa, THEBHbIE CHSAHMA (M CBA3aHHBIC C HUIMHU BBICHIIIAHUS IIPOTOHOB) MOT'YT HAOIIOAATHCS B
TEUYeHHE HECKOJbKMX YacoB W 3aHMMaTh JOBOJIGHO OOIIMpHBIE OO0JACTH; WX HIMPOTHBIE pPa3Mepbl IOCTUTAIOT
HECKOJIBKUX T'PagyCcoB, a I0JATrOTHBIE — HECKOJIbKUX yacoB MLT.
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5 Lovozero 1 November 2005
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Pucynok 3. (Bsepxy) [anHble O TOTOKax 3axBadeHHBIX (Jir) w Beichmarommxcst (JPr) TPOTOHOB Ha
nocnenoBarenbHbix nponerax ciyrHukax NOAA POES, nepecekarompx 00siacTh JONT0KUBYIIMX TPOTOHHBIX
cusHUH B cekrope ~13-15 MLT.

(BHu3zy) CriekTporpamMma reoMarHMTHBIX MyJibcaluii B inanasone Pcl mo manHbM 06c¢. JIoBo3epo.

JIHEeBHBIC CHUSHUS, TAK)KE, KaK M BCIIBIIIKA BO BPeMs CXKATHsI MarHUTOC(HEPhI, HAOMIOJAI0TCS 32 TUIa3MOIay30id. ITo
CleJlyeT KaK W3 COIMOCTaBJICHUS CUSHHU C TIOJOXXEHHEM IUIA3MOIay3bl, MOJTYYCHHOH W3 JMHAMHYCCKOW MOJEIH
[Lemaire and Gringauz, 1998; Lemaire and Pierrard, 2008], Tak u u3 JaHHBIX O KOHIIEHTPALUK XOJIOIHOM M1a3Mbl,
nosy4eHHBIX npudopom MPA na cmytEnkax LANL, mpoekius TpaeKTopruu KOTOPHIX Iepecekana 001acTh THEBHBIX
MIPOTOHHBIX CUSHUH (puC. 4).

Hannume monaroXuBymiumx M MPOTSKEHHBIX MPOTOHHBIX BBICHIIAHWN K SKBATOPY OT OBaja HA JHEBHOW CTOpPOHE B
TOCIIeIHEe BpEMsI OTMEUaIoch B jiuteparype. B pabore [Axuuna u Axnun, 2014] ObIIM pacCMOTPEHBI BBICHITIAHHS
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MPOTOHOB MO JAaHHBIM HU3KOOPOWTAIBbHBIX cyTHHKOB cepun POES Bo Bpems reomarnutHoi Oypu 20-29 HosOps
2003 r. Ha ngaeBHOW cTOpoHE OBIIM OOHApPY)KEHBI MPAKTHICCKH HETPEPHIBHO PETUCTPUPOBABINUECS BBICHITIAHUS
MPOTOHOB Ha mmpoTax 60°-70° kK 3KBaTOpy OT TPAHUIIBI H30TPOIHH ITIOTOKOB. [IpH 3TOM OJHOBpPEMEHHBIE MTPOJIETHI
cnytHHKOB NOAA-15 1 NOAA-17 ra MLT= 9 u MLT=13, cooTBeTCTBEHHO, ITOKa3aJId, YTO 00JIACTh MPOTOHHBIX
BBICHIIAHKH MMeeT GOJNBINYIO JOJNTOTHYIO MPOTsHKEeHHOCTH. Engebretson et al. [2015] pacemotpenu cobeitre (23
tespans 2014 r.), xorga B TedeHHEe HECKONBKHX dacoB crmyTHHKH POES Ha mocnemoBaTenbHBIX IMpoNeTax depes
JTHEBHOI CEKTOP PErHCTPHUpPOBANIN BBHICHITAHUS SHEPTUYHBIX NPOTOHOB Ha muporax 60°-70°, B To Bpems kormaa
cnytaukd  Van Allen Probes peructpupoBann OMUL Bomuer Ha L>4 B cekrtope 9-14 MLT. Bounsl
PETHCTPUPOBAINCH 32 IIa3MOC(EPOi, TIOJI0KEHNUE KOTOPOH OBIJIO ONPEIEIICHO 110 JaHHBIM TeX JK€ CITyTHUKOB. SAXHUH
u dp. [2015] paccMoTpenn mocaenoBaTeIbHbIC MPOJICTH CIYyTHUKOB cepud POES 1o u mocie MOMEHTa BCHBIIIKA
MPOTOHHOTO CHSIHUSI Ha JHEBHOW ctopoHe B ~ 0515 UT 5 wmrons 2005 r., koTopas Obuia 00yCJIOBIEHa MOIIHBIM
cxatreM marHutocgepsl. [locne cxxaTus MarHuTOC(EpHl MOTOK BBICHINAIOIINXCS IIPOTOHOB ¢ AHepruelt 30-80 kaB
cocraemi 10%-108 cm? ¢ crep™. MnrepecHo, 4To 0 BCHBILKK B TOH € 00JACTH Takke HabIIOAAINCH TOTOKH
IPOTOHOB, HO MeHbIueil uaTencuBHocTH (103-10% cm ¢ crep™). DTH pesynbTaThl HOATBEPKAAIOT, uTO pasuTue W]
HEYCTOWYHMBOCTH B JHEBHOH 00JIaCTH BO3MOXKHO U 0€3 CHIIbHOTO HMITYJIBCHOTO CHKaTHsl MarHUTOC(EpEHI.
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Pucynoxk 4. (Cresa) Ipoekuus tpackropun ciytHukoB LANL, HaHeceHHas Ha H300pakeHNE MPOTOHHBIX CUSHHIMA
B~10:50 UT 1 HOs10ps1 2005 T.

(Cnpasa) Nauusie npubopa MPA co cnyraukoB LANL-O1A u LANL-02A B cekrope 09-15 MLT Bo Bpems
HaOJFOICHHUsI IPOTOHHBIX CUSIHUI K 9KBaTOPY OT OBaJIa.

lopuzoHTaNbHBIe TMHUKM | U 2 TOKa3bIBAalOT, COOTBETCTBEHHO, CPEIHEE 3HAUCHHE KOHLECHTPALUH XOJIOAHOU
IU1a3Mbl B Iua3Mocdepe, B cirydasx, KOrja OHa HaOJF0IaeTcsl Ha reoCTallMOHApHOW OpOuTe, U Cpe/iHee 3HaUeHHe
KOHIIEHTPAIIMH XOJIOHOM IJIa3Mbl HA TeOCTAI[MOHAPHOU OpOuTe cpa3y 3a miasmarays3oii [Sheeley et al., 1981].

5. Cxema o0Jacreii renepanun U1l HeycTOHYMBOCTH B IPU3eMHOI IKBATOPHAJILHON MarHurocgepe
Ha BepxHeii 9acTu puc. 5 CXeMaTUIHO IOKa3aHBI 00JIACTH B MarHUTOC(eEpe, T1Ie, COTTIACHO HAOIIOICHUSIM Pa3IIHBIX
TUTIOB MTPOTOHHBIX CHAHUH, pa3BuBaeTcs ML HEyCTOWYHBOCTD, a TAKKe TOJIOKEHUE 3TUX 00JacTeil 0 OTHOIICHHIO
K pacmpeielIiCHHI0 XOJIOTHON IIa3Moc(epHOi 1ia3Mbel B MarHuTocepe. MICTOYHHKH TATEH MPOTOHHOTO CHSHUS
CBsI3aHBI HA 3TOW CXEME C TPaJIMEHTaAMHU KOHIICHTPALH XOJIOHOM TNIa3MbI B OKPECTHOCTH IUIa3MoIiay3bl. ICTOYHUKH
IyT TIPOTOHHOTO CHUSHWS Ha BEUEpHEH CTOPOHE CBS3aHBI C IUIa3MOC(HEPHBIM XBOCTOM M €r0 MEIKOMAacCIITaOHOH
CTPYKTypo#i. HakoHel, MCTOYHHKOM KBAa3HCTAIMOHAPHBIX JHEBHBIX MPOTOHHBIX CHSHHN, @ TAK)KE BCIIBIIICK
MIPOTOHHOTO CHUSTHUSL, 00YCIIOBIEHHBIX C)KaTHEM MarHUTOC(EPHI, IBIAETCA 00aCTh HU3KUX 3HAUYCHUH KOHIIEHTPAIIH
XOJIOJHOM MI1a3MBbl 3a TIa3MOIay30H.

XoTs Iyrd Ha BEUEpHEH CTOPOHE W MATHA TEHEPUPYIOTCS, OYEBHIHO, NMPH KOHTAKTE Apeddyrommux K 3amamy
SHEPTUYHBIX MPOTOHOB C OOJIACTSIMH a3WMYTAIbHOTO TPAIMEHTa XOJOJHOHM IUIa3MBbl, UX CBSA3b, COOTBETCTBEHHO, C
TUIa3MOIIay30i 1 TIa3MOC(EepPHBIM XBOCTOM, 00YCITaBIIMBACT CYIIECTBECHHBIC MOP(OIOTUIECKUE PA3TNYHUS KAK CAMIX
MPOTOHHBIX CUSHUI, TaK H CBOIMCTB, COOTBETCTBYOIUX UM ['€OMAarHUTHBIX IMyJbcauii. ICTOUHUK MSATHA IPOTOHHOTO
cusHust (1 coorBeTcTByromux OMMUL] BomH), Bpamaercss BMecTe C 3emiled M Iula3Mocgepoi, OcTaBasCh
MPUOIM3UTEIFHO HA OJJHOM M TOM K€ paccTosHuM OoT 3emun. [loatomy wactora coorBercTByrommx OMMUIL] BoiH
ocTaeTcs NPUOTU3UTEIFHO TOCTOSHHON, a HAa3eMHBIC CTAHIMH, ITOJIOXKCHHE KOTOPBIX IIOYTH HE MCHSETCS
OTHOCHUTEIILHO MPOCKIIMHA UCTOYHHKA BOJIH, PETUCTPUPYIOT BOJIHBI Pcl B TeueHHe BCero BpeMEHH )KU3HU UCTOYHUKA,
3aBHCSAIIETO OT MEIJICHHBIX BapHalnii ITOTOKA IPOTOHOB M BpEMEHH JKM3HU HEOJHOPOTHOCTH Ha miazmornayse [ Frey
et al., 2004; Yahnin et al., 2007]. VicTouHuK BeyepHEH QyrH OTHOCHTEIBHO MaJONOABHKEH, IIOCKOJIBKY B 00JIaCTH
Ia3MocGepHOro XBOCTAa TIOJE€ KOPOTAllMM KOMICHCHUPYETCS TIOJNeM KOHBEKIMH. Bapuamuu d9acTOTHI
cootBeTcTBYOMMX DOMMUI] BOMH W BpeMs >KM3HM WCTOYHUKA OIpENesaeTCs XapaKTepUCTHKaMHU Ipeidyromero ¢
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HOYHOW CTOPOHBI 00J1aKa MPOTOHOB, 00Pa30BaHHOTO B PE3YJIbTaTe UMITYJILCHON MHXKEKIMH IIJIa3Mbl BO BHYTPEHHIOIO
marautoctepy [Yahnin et al., 2009]. McToYHHUK TOITONKHUBYIINX MPOTOHHBIX CHSHUH (T.€. BBICHITTAHUI SHEPTHIHBIX
MIPOTOHOB) M cooTBeTCcTBYOMMX DMUIL] BoTH Ha THEBHOH CTOPOHE HE CBSI3aH C MPUCYTCTBUEM XOJIOTHON TUTa3MBI U
ompenensercs IIOCTOSHHO CYIIECTBYIOHIeH o0O0NacThi0 MOBBILICHHOH aHW30TPONHMH SHEPrHYHBIX IPOTOHOB.
VHTEeHCHBHOCTh 3TOTO HMCTOYHHKA MOIYJIHPYETCSl ITAaBICHHEM IIOCTOSHHO CYLIECTBYIOLIEIO COJHEYHOI'O BETpa,
OIPE/ISIISIONIEr0 CTEIeHh ACHMMETPHH MarHuUTocepbl B HAIPaBICHHU «ICHb-HOUYB»; DPE3KHE HMITYJIbCHBIC
BO3pACTAaHMS JABJICHUS COJNHEYHOIO BETpa NMPUBOAAT K KPATKOBPEMEHHOMY POCTY aHU30TPOIMH M K BCIIBIIIKE
CUSTHUI.

BeposiTHOCTb, %

Pucynoxk 5. Bgepxy: CxemaTnueckoe npezcraBlieHne o0nacTell pa3BUTH HOHHO-IIMKJIOTPOHHON HEYCTOHYMBOCTH
(MCTOYHUKOB NTPOTOHHBIX CUSHUH Pa3MYHBIX TUIIOB) OTHOCHUTENIHHO PACIIPEEICHNUs XOJIOHON M1a3MochepHOi
IUTa3MBl B SKBAaTOPHANBHONH MarHUTOC(epe. | — HCTOYHMKM IISITEH NPOTOHHOTO CHSHHUS HAaXOAATCA Ha
a3UMYTaJIbHBIX HEOJHOPOAHOCTAX KOHIICHTPAIIMH XOJIOHOM TUIa3MBI B OKPECTHOCTH IIa3MOMNAY3bl, 2- HCTOUHUKH
JIyT TIPOTOHHBIX CHSIHAN CBSI3aHBI C BOCTOYHON KPOMKOM IIa3MOC(EPHOTO XBOCTa M €T0 TOHKOW CTPYKTYpOH, 3 —
HCTOYHUKH JTHEBHBIX IPOTOHHBIX CHSHUN PacoararoTcs B MIMPOKOH 001aCTH 3a 1a3MoCchepoi.

BHus3y: pactipeiesieHie BepOSITHOCTH HaOII0IeHUS TPOTOHHBIX BRICHIIAHUN K 9KBATOPY OT oBaja (mpossierni NL]
HEYCTOWYHMBOCTH) B TMHEHHOH (cJIeBa) M JOrapupMHIECKOH (CIIpaBa) ImIKaie.

Oxpy>kHOCTB ¢ paguycoM 6.6 RE rmokaspiBaeT reoctaliioHapHyIO OpOHTY.

CxeMy Ha BEpXHEW MaHEIU PHUC. 5 MHTEPECHO CPABHUTH C PACIPECICHHEM BEPOSTHOCTH HAOIIOICHUS BBICHIIAHUI
SHEPTHYHBIX MPOTOHOB K 3KBATOPY OT OBasia. Ha HMHeW maHenu puc. 5 moka3aHo pacnpeeicHre, OTyIeHHOe U3
aHanmm3a JaHHBIX cnyTHHKOB POES 3a mepumop uronb-mekadpp 2005 r. XoTsS Takoe pacipeiesicHHe He MMO3BOJSCT
pa3/ieNnuTh BBICHINAHKUS MPOTOHOB IO THIAM, [HEBHas 00JACTh SIBHO BBIACISIETCS KAk OOJIbIIEH BEPOSTHOCTHIO
HaOJI0ICHUSI, TaK 1 OoJiee yIaleHHbIM OT 3eMJIM PacioioKEHHEM BbIChINMaHui. Ha THIHYHBIX Asst mia3mMonayssl L-
0005109KaX BEPOSATHOCTh HAOIIOACHHUS BBICHIITAHUH MPOTOHOB cocTaBisieT ~1%, a 3a reocTarimoHapHOW OpOUTON B
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JHEBHOM cekrope - ~20%. DTo eme pa3 MmoguepKuBacT TOT (akT, 4TO B JHEBHOW BBICOKOIIMPOTHOM 00JacTH
CYIIECTBYIOT INPEHUMYIIECTBEHHbIC YCIOBHUs (TIOBBIMICHHAS IIONEPEYHAs AaHW30TPOIHS TOPSYUX HPOTOHOB) IS
passurtusa UL HeycroilunBocTy.

3akiouenne

IIpoToHHBIE CUSHUS K 9KBaTOPY OT aBpOPabHOro oBajia cBa3aHbel ¢ OMMUIL] BomHaMu. D10, 04EBUAHO, O3HAYAET, UTO
OHH NOPO’KAEHBI PACCESTHUEM IIPOTOHOB KOJIBIIEBOI0 TOKA U IJIA3MEHHOT'0 €J105 B KOHYC IOTEPh B IPOLIECCE PA3BUTUSA
U1l HeycroiiunBocTH B MarHuTocdepe. Pasmuums ¢GopM NPOTOHHBIX CHUSHHUIM, WX AMHAMUKH, BPEMEHHU XHM3HHU,
XapakTepa UX CBA3M C paclpe]elieHHeM XOJOAHOM Miia3sMbl, a Taloke Pa3IUuus CIEKTPOB, CBA3AHHBIX C 3TUMHU
cusausiMu OMULL BonH B MarHuTOCdepe U COOTBETCTBYIOIINX T€OMAarHUTHBIX IyJIbcannii Ha 3eMiie, TECHO CBSI3aHBI
C pasIHYIsIMH yCIIOBUH, B KOTOPBIX V1] HEyCTOWIHMBOCTS MOKET pa3BUBAThCS B MarHuTocdepe.

bnazooapnocmu. Asropei Gnaromapst Xapanbaa ®@pes (Harald Frey) 3a BO3MOKHOCTH HCIOJNB30BAaTh CEpBEP
nauubix mpubopa FUV Ha ciiyrauke IMAGE u Busnan Iuepa (Viviane Pierrard) 3a Bo3MOXXHOCTb MOICTHPOBAHHS
wiasmonaysel Ha caiite (http://www.spaceweather.eu). Janubie reocranuoHapHbix cmyTHUKOB LANL mosydeHst
yepe3s CDAWeb (http://cdaweb.gsfc.nasa.gov). Pa6ora BeimonHeHa npu noaaepxkke PH® (mpoext Ne 15-12-20005).
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THE CAUSAL RELATIONSHIP BETWEEN THE DYNAMICS
OF HIGH-LATITUDE GEOMAGNETIC ACTIVITY AND TYPE
OF SOLAR WIND MAGNETIC CLOUD

N.A. Barkhatov, S.E. Revunov, Yu.A. Glavatskij
Nizhni Novgorod State Pedagogical University, Nizhni Novgorod, Russia

Abstract. By the neural network (ANN) method establishes cause-effect relationships of dynamics of high-latitude
geomagnetic activity (for AL index) with the type of Solar wind magnetic cloud caused by the parameters of
magnetized plasma coronal ejection. As a tool for analyzing nonlinear dependencies a recurrent neural network of
Elman type is used. The neural network model is based on the search for optimal physically connected input and
output parameters characterizing the effect on the magnetosphere of a specific plasma stream such as a magnetic
cloud. The success of restoring the dynamics of AL on the data used as the established nonlinear AL connection with
the parameters of the cloud is characterized.

Interplanetary magnetic clouds (IMC) as the studied fluxes like most geoeffective coronal formations are chosen.
There is a variety of configurations of magnetic clouds and methods of their influence on the terrestrial magnetosphere,
which depends, among other things, on the impact parameters of the cloud. However, a required feature is the rotation
of the interplanetary magnetic field (IMF) vector inside the cloud, which ensures the appearance of a geoeffective
negative Bz component. The latter, however, does not mean that IMCs always was cause for global magnetic storms,
but they often include substorm processes [1].

The structure of fast magnetic clouds is noticeably complicated by the appearance of a shock wave and a turbulent
region behind it. In connection with this, it is of interest for the degree of participation of the elements of the structure
of magnetic clouds in the formation of high-latitude geomagnetic activity to establish. In this study, as in [2], we apply
a neural network approach using a recurrent neural network of the Elman type. As before, we propose the creation of
a fast neural network model based on the search for optimal physically connected input and output parameters
characterizing the effect on the magnetosphere of a specific plasma flux, depending on the type of magnetic cloud.
However, the feature of this research is the use of different neural network architectures is presented.

The study using minute data corresponding to the observation intervals of 52 interplanetary magnetic clouds
recorded in 1998-2012 was performed. The parameters of Solar wind were analyzed for each IMC interval: the
concentration N and the plasma velocity V and the components of the vector B (Bx, By, Bz) of the interplanetary
magnetic field (IMF) in the GSM coordinate system, as well as the Dst and AL values of magnetic activity indices.
All data with a 1-min resolution from http://cdaweb.gsfc.nasa.gov is taken. The analyzed IMC intervals into two
samples: group 1 - fast clouds with shock waves and a turbulent region (33 cases) and group 2 - slow clouds without
shock waves and turbulent regions (19 cases) were divided. In addition, the data intervals (group 3 - 70 cases)
corresponding to isolated magnetospheric substorms according to indications of the AL index without specifying the
type of plasma flow, but certainly not associated with magnetic clouds were analyzed.

The performed neural network experiments to the search for optimal physically connected input and output
parameters characterizing the effect on the magnetosphere of the magnetic clouds under consideration are devoted. In
this case characteristic times of the necessary prehistory of dynamics of the cloud parameters for launching substorms
were determined. In numerical experiments, a neural network with an external feedback loop was used. This
architecture allows to reinforce learning by synthesized within ANN sequences of the AL-index (Fig. 1). Inputs x and
z allow to model two different depths of the prehistory (H and P).

Under the depth of prehistory is meant an additional number of parameters at the input of the neural network,
simulating a time delay. The external feedback loop is shown in bold lines, on it the sequences y*(t), fed to the main
input, are synthesized. At the input z, the depth of the prehistory is P=60 minutes. Such a delay on the outer loop was
chosen on the basis of studying the effect of Solar wind energy storage to provide a substorms process [4]. At the
input x, the depth of the prehistory H can vary. The only one output neuron y generates a sequence of AL index values.

The search for the optimal depth of the prehistory at input x for the input sequences of IMF components from 30
to 90 minutes in 10 minute increments was carried out. An objective assessment of the quality of the recovery of the
AL index was carried out by calculating the classical correlation coefficient R and the efficiency of PE recovery [3]
between the real (target) and neural network generated values. As a result, it was found that 90 minutes of the
background prehistory of the By and Bz dynamics of the IMF components proved to be most effective for modeling
sequences of AL values. The numerical experiments performed with ANN for group 1 produced average values of R
=0.80, PE = 77% and for group 2 - R =0.92, PE = 81%.
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Thus, it was found that the work of neural networks demonstrates the effect of controlling high-Ilatitude
geomagnetic activity by the parameters of the magnetic field of the cloud. In experiments to effectively restore the
AL index, the need for 90 minutes of the prehistory of the combination of MMP components was shown. It indirectly
indicates the dependence of the dynamics of the substorm activity on the structure of the large-scale configuration of
the magnetic field of the cloud in the Earth's orbit. The created redundancy of the input array stabilizes the ANN,
which by the high quality of synthesis of the amplitude values at the output is demonstrated. In Fig. 2 shows an
example of comparing real values of AL-index (gray curve) and simulated ANN (black curve) on June 15, 2005. The
abscissa shows the time in minutes, and the ordinate shows the normalized values of the AL index.

The conclusions obtained in the formulation of numerical ANN experiments on the recovery of the AL index
indicate the possibility of using ANN as a magnetic cloud detector. The created neural network, using IMF parameters
for intervals corresponding to magnetic clouds, is capable of successfully generating an AL index dynamics
comparable to the actual situation. Further, we check the capabilities of the ANN on the data intervals of group 3 (70
cases) corresponding to isolated magnetospheric substorms, which are certainly not associated by magnetic clouds.
As the results show, if data intervals not corresponding to magnetic clouds (group 3) are fed to ANN inputs, then the
quality of recovery of dynamics for AL index drops sharply, even if the data of the same group (R ~ 0.3%, PE ~ 5%).
This allows us to state that the network architecture found to the problems of identifying solar plasma streams with
magnetic clouds can be applied.

The main conclusions of the study can be formulated as follows:

1. Using By and Bz IMF components that correspond to a magnetic cloud as input parameters of the neural network
model taking into account 90 minutes of prehistory is enough to restore the sequence of the AL index.

2. The EIman ANN architecture with an external feedback loop demonstrates a satisfactory recovery of the AL index.
3. The developed model of recovery of the AL index in problems of identifying solar plasma streams with magnetic
clouds. Only data intervals corresponding to magnetic clouds can successfully generate an AL index comparable to
the actual situation at the output of the neural network model. This is verified on the data intervals of group 3, which,
according to the indications of the AL index, correspond to isolated magnetospheric substorms, which are certainly
not associated with magnetic clouds.

The completed research researches showed that for the recovery of the AL index sequence with efficiency up to
80% it is sufficient to use the By and Bz IMF components taking into account their 90 minutes of prehistory as input
parameters of the neural network model. This means that, during periods of interaction of the Earth's magnetosphere
with magnetic clouds, there is a close nonlinear relationship between the level of magnetic activity in high latitudes
and dynamics of By and Bz IMF components. The created neural network model with high efficiency to restore both
separate substorms and substorms caused by slow magnetic clouds [4] can be used.

Acknowledgments. This work was supported by grant RFBR Nel6-05-00608, Nel6-35-00084 and State Task of
Minobrnauki RF Ne 5.5898.2017/8.9.
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POSSIBLE CAUSE OF SOLAR WIND MAGNETIC CLOUD SHOCK
WAVES
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Abstract. The work to the study of the condition and possible causes of the appearance of shock waves on the Solar
wind magnetic cloud front is devoted. It is known that magnetic clouds are one of the most geoeffective plasma
streams, since they become sources of mostly strong geomagnetic disturbances. Studies shows that the geoeffective
properties of magnetic clouds increase with the presence of a shock wave and a shell before them [1]. A simultaneous
abrupt increase in the parameters of Solar wind (velocity, concentration, temperature) on the magnetic cloud shock
wave is noted. It is followed by a region with fluctuations of interplanetary magnetic field (IMP) components and
increased density, called the magnetic cloud cover.

The study was carried out on 75 events registered in near-Earth space from 1973 to 2012 (according to the satellite
system OMNI, http://cdaweb.gsfc.nasa.gov/istp_public/) and identified in the literature as magnetic clouds [2,3].
Previously, a visual analysis of the dynamics of the Solar wind parameters in front of magnetic clouds to detect shock
waves in front of them according to their distinctive features was performed. As a result, it was found that 30 examined
clouds had no shock waves, and the remaining 45 they were accompanied. The velocities of the sound waves Vs and
Alfven waves Va are compared with the relative velocities Vrel of magnetic clouds to the Solar wind to determine the
conditions under which shock waves appear before the magnetic clouds. The sound and Alfven wave velocities were
calculated on the basis of the expressions given on the resource [http: //cdaweb. gsfc.nasa.gov/istp_public/] together
with data on Solar wind parameters:

V, = J0.12(T + 1.2 * 105), V, = 20B/+/n,

where T is the temperature of Solar wind plasma (K), B is the magnetic field induction (TI), and n is the concentration
of Solar wind plasma (m).
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result of a violation of the balance of pressures. In this study, the relationships of the total gas-kinetic and magnetic
pressures (Fig. 2a), gas-kinetic and magnetic pressures separately (Figs. 2b, c), on «Solar wind-magnetic cloud»
boundary are devoted. The dependence of the relative velocity of magnetic clouds on these two pressures (Fig. 2d, d)
is devoted too. In all the diagrams in Fig. 2, the gray triangles correspond to magnetic clouds without shock waves,
black circles to clouds with shock waves. According to Fig. 2a, for magnetic clouds without shock waves (gray
triangles) there is balance of the total gas-kinetic and magnetic pressure on «Solar wind-magnetic cloud» boundary
(they found along the line of equality of pressures).

In the case of clouds with shock waves (black circles) there is a significant excess of the total pressure at cloud body
above the pressure in the Solar wind. Consequently, there is an expansion of magnetic clouds with shock waves, as a
result of which their boundaries acquire an additional velocity. Investigation of the ratios of gas-kinetic and magnetic
pressures in the Solar wind and in magnetic clouds (Figs. 2b, ¢) showed that the magnetic pressure in clouds with shock
waves exceeds the corresponding values in Solar wind. This indicates the main contribution of magnetic pressure to the
acceleration of the leading part of the cloud. Analysis of the dependence of cloud relative velocity on intra-magnetic and
intra-gas-kinetic pressures also demonstrates the effect of magnetic pressure on the acceleration of fast clouds (Fig. 2e,
black circles). The gas-kinetic pressure in Solar wind and in magnetic clouds are an order of magnitude lower than the
magnetic one and does not make a significant contribution to the acceleration of clouds.
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Thus, as a result of the research carried out, it is established that the main condition for the existence of shock
waves in front of magnetic clouds is that the velocity of the cloud exceeds the velocity of Solar wind by more than 50
km/s. In this case, the relative velocity of the cloud turns out to be higher than the velocities of the sound waves and
Alfven waves in Solar wind. It is shown that the acceleration and expansion of magnetic clouds occurs due to the
excess of the magnetic pressure in them above the corresponding pressure in the surrounding Solar wind.
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Abstract. The cosmic rays discovery is the most revolutionary event of the modern physics. Rapid development of
the nuclear physics takes plays. In dozens of books the possibility of particle acceleration in the space is considered.
All these works are based on unproven assumptions, which have not been confirmed by long-term observations. The
discovery of solar cosmic rays and information, received from the worldwide network of neutron monitors and from
measurements on the GOES spacecrafts, allow to conclude that the source of solar cosmic rays (SCR) is a solar flare.
The fundamentally important problem is arisen: can the mechanism of acceleration of solar flare protons explain
particle acceleration of the galactic cosmic rays. The photos of the pre-flare state in the ultra violet (UV) spectral lines
of the highly ionized irons FeXVIII, FeXXIIl, and FeXXIV (SDO spacecraft) are observed during accumulation of
the flare energy in the corona. The appearing of UV emission before the flare permits to predict flare appearing. The
brightest pre-flare structure is demonstrated by emission of the FeXVI1I1 line. The local corona temperature increases
by order of magnitude during the flare. The explosive increasing of spectral lies emission of FeXXIIl, and FeXXIV
during a flare takes place in the corona. The temperature of a flare is reached 20 MK. These phenomena are well
described by the electrodynamical solar flare model built on the basis of the observational data and numerical MHD
simulations using the initial and boundary conditions, taken from observations of active regions before a flare.
Unfortunately, the new observational data on solar flares are now missing due to anomalously low solar activity in
the current solar cycle.

Introduction

According to the electrodynamical solar flare model [1, 2] the magnetic energy accumulation for a flare and flare
energy release take place in the solar corona above an active region. The active region of the Sun is the place of
concentration of magnetic field sources up to ~ 3000 G of the different polarity. A typical size of the active region is
about 10%° cm. The active regions and individual sunspots appear on the solar disk with the eleven year periodicity.
The numbers of sunspots on the visible solar disk is used as a measure of solar activity. During the solar activity
minimum no active regions are observed on the visible solar disk, and about ~20 active regions can appear on the
solar disk at the solar activity maximum. The solar activity is observed against the background of periodic changes of
the global dipole magnetic field. The dipole magnetic field of about 1 I" changes of its polarity at the each cycle. One
of the most interesting features of the flare is solar cosmic rays generation. The century research of cosmic rays -
protons and other nuclei, coming to the Earth from the depths of the universe, did not lead to understanding of the
physics of acceleration detected particles. The most popular acceleration mechanisms are associated with shock
waves. However, possible mechanisms of cosmic ray acceleration in the shock waves are only hypotheses. Numerous
putative mechanisms of proton acceleration in the galaxy are based on these untested assumptions.

Registration of proton with neutron monitors [3, 4] with energy ~ 20 GeV, which generated by a solar flare, gives us
the hope to obtain the new information about the mechanism of generation of galactic cosmic rays. It does not exclude
the possibility of the same mechanism of acceleration of galactic and solar cosmic rays. A number of phenomena
associated with the acceleration and transport to Earth of the particles accelerated in flares, become now available for
observation. The paper [5] has analyzed measurements of protons with the energy of ~ 100 MeV using GOES devices.
The connection of the proton events with specific flares and specific active regions are demonstrated.

The protons of solar cosmic rays are accelerated in the solar flare current sheet, and the characteristics of the pulses
of high energy protons recorded on the Earth's orbit strongly depend on the interplanetary magnetic field [6, 7]. In this
paper we analyze the pictures of the pre-flare state of the active region and flares obtained by the American SDO
spacecraft in the emissions of the spectral lines of highly ionized iron ions that permit to reveal some information
about the mechanisms of energy accumulation for flares and proton propagation to the Earth. The relationship between
the spectral UV spectral lines of the high-ionized iron recorded by the SDO spacecraft and the electron temperature
has been determined from http://www.moveinfo.ru/data/sun/sunimage_sdo.

Energy accumulation in the corona and its explosive release during a flare

According to the electrodynamical flare model the magnetic energy accumulates in the corona over an active region
at the temperature exceeding the corona temperature and then the accumulated energy quickly releases in the corona.
The intense local heating of plasma over en active region takes place. Such scenario has been demonstrated by thermal
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X-ray emissions in the corona during the X4.8 flare in 2002 year above the Eastern limb of the solar disk [8]. These
processes should be investigated by UV spectral lines emission of the high ionized iron ions, which are characteristic
for the temperature of the solar corona. But such data were not then available. Now the photos of flares and pre-flares
state are obtained in the highly ionized iron spectral lines. This information is contained in the data of the SDO archive
unit (sdo.gsfc.nasa.gov).

The most convenient for the analysis of flares are short UV spectral lines 94 A, 131 A, and 193 A. The first of
them belongs to ion FeXVIII, and the other to ions FeXXIIl and FeXXIV. The maximum of 94A line brightness
corresponds to the temperature of 6.3 MK. The emission of 131 A corresponds to 16 MK, and the emission of the line
193 A includes radiation of FeXXIV ions of very hot plasma (20 MK). The phenomena occurred in the chromosphere,
where the temperature is low, could not produce hot plasma structures with ions FeXIl, XVIII, XXIIl, and FeXXIV
at energy accumulation in the pre-flare state. Appearance of hot spectral lines demonstrates existence of the
phenomena that occurred in the corona.

SDO AIA AR12158 September 10 2014 t =17:25 X1.6 94 A Fe XVIII (6.3 MK)

e

09:34:32 15:45:02 16:59:38 17:15:02 17:29:14 17:44:40
131 A FexXIlll (16 MK)

09:26:34 15:42:46 16:41:58 17:12:46 17:28:12 17:42:46
193 A FeXXIV (20MK)

09:25:19 15:40:19 16:40:43 Y 17:10:55 . 17:26:42 17:40:43

Figure 1. Photos of pre-flare and flare development taken with different spectral lines corresponding to different
temperature. The flare is appeared in the solar flare disk (N11EQ05).

The Fig. 1 shows the active region AO12158 photos taken with the SDO spacecraft (sdo.gsfc.nasa.gov) in spectral
lines 94 A, 131 A, and 193 A of highly ionized iron atoms. The photos show the pre-flare state in the corona above
the active region and the flare X1.6 that emerged at 17:21 near the center of the solar disk. This flare is accompanied
by the generation of solar cosmic rays. The local emission of the pre-flare UV structure is especially strong before the
flare appearing in the line 94 A associated with the temperature 6.3 MK. The shape of the pre-flare structure does not
correspond to the shape of the magnetic field lines, which is clearly seen in the photographs. Some of these field
aligned emission have an ark shape, but they do not connect with flare appearance.

The temperature of the local pre-flare structure is much higher than the chromosphere temperature. So, the pre-
flare process is developed in the corona above an active region, but not in the chromosphere. The flare produces very
strong and sharp increasing of the 193 A spectral line that corresponding to the highest temperatures, but the most
strong pre-flare image is demonstrated by the spectral line 94 A. The maxima luminosity of the 94 A line is achieved
at the temperature 6.3 MK. In the place of the pre-flare structure, existed before the flare, the emissions of spectral
lines 131 A and 193 A are manifested not strong flare emission, but they demonstrate explosive emission increasing
after 17:21. The local strong plasma heating in the corona during the flare is manifested by the appearance of bright
emission of spectral lines corresponding to the high temperature T ~ 20 MK. The brightest image during the flare
shows the hottest line 193 A.

The dynamics of pre-flare and flare emission in the spectral line 94 A are shown in Fig. 2 in details in the larger
time interval. From the panels placed in the right side of Fig. 2 it follows that arrival of the proton front from the flare,
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which occurred in the center of the disk and recorded on the Earth's orbit, is delayed almost 10 hours. That occurred
for all flares that appeared in the center of the disk or its eastern part. The gentle front of proton flux order of a day is
a typical for such a flare. These protons can propagate to GOES across the magnetic field lines due to diffusion.

The flare on the limb of the solar disk makes it possible to observe energy accumulation and energy release in the
corona outside the disk, when the contribution of the luminescence of the solar disk is completely eliminated. The
flare that very convenient for observation has been appeared in July 23, 2002 [8], when it is clearly shown that the
source of the thermal X-ray emission from the X4.8 flare is a plasma cloud in the corona The number of particles is ~
10%. Despite this fundamental result of Lin et al., several recent Russian papers have appeared [9], which state that
the flare is a typical chromospheric phenomenon. Unfortunately, for the 2002 flares there are no photographs in
various UV spectral lines that can demonstrate the pre-flare state in different plasma temperatures.
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Figure 2. Pre-flare condition and flare X1.6 in the coronal line 94 A according to SDO. The right panel shows the
thermal X-ray radiation and solar cosmic rays according to GOES.
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Fig. 3 shows several frames taken from the archive of the SDO AlA spacecraft, which demonstrate the emission of
various pre-flare spectral lines of the X1.4 flare observed on the eastern limb. Such rare phenomenon has been
accompanied by the cosmic radiation with the delay of ~ 20 h, since the GOES devices could detect protons from such
flares only after their drift across the magnetic field lines. The top photos of Fig. 3 demonstrate emission of the rather
cold line of Hel on the eastern limb observed the half hour before the flare. May be, the Hel emission is appeared
much earlier on the back side of the Sun, but it became clearly visible only after 09:00 as a result of Sun rotation.
Before the flare a noticeable change in the structure of Hel emissions is not observed, and during the flare only a slight
heating of the chromosphere is seen. The coronal line 94 emission slowly increases over the Sun surface in the phase
of energy accumulation. It also increases during the flare. The other behaves demonstrate the emission of lines of
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highly ionized iron FeXXIll and FeXXIV of hot plasma with the temperature of 16 MK and 20 MK, much higher
than the normal temperature of the corona. The image in the line 193 is barely visible before the flare, but during the
flare a bright image in the corona over of the solar disk is appeared. The flare energy release is occurred in the corona
above the active region. There remains no doubt in the coronal origin of the flare.

Fig. 4 shows M5 flare development of on the western limb in the line 193 A. At frame 02:00:20 one can clearly see
the appearance of the hot plasma cloud of the flare in the solar corona outside the solar disk boundary. The picture
clearly indicates that the flare energy release takes part in the solar corona (black arrow). The pre-flare emission can
be seen in all pictures, but the emission is very weak in the hot 193 A line as usual. The flare is accompanied by the
flow of solar cosmic rays with a sharp front, arrived with a delay relative to the flare front not more than 20 min. This
means that the proton flow front arrive the GOES along the magnetic field lines of the Archimedes spiral without
collision. The delay 15 - 20 min is typical for protons arriving from the western flares.

PREFLARE STRUCTURES M5 N12W91 AR11476 17.05.2012 t,=01:25 193 A Fe XXIV 20 MK
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Figure 4. Pre-flare condition and the M5 flare on the western limb (black arrow) in 193A spectral line from SDO
data. The graphs show the flare thermal X-ray radiation and solar cosmic rays according to GOES data.

Conclusions

The appearance of local sources of UV emission in the corona above an active region before the flare and during the
flare is investigated. The data of the SDO spacecraft are used. The pre-flare UV spectral line emission in the corona
appears about 2 days. The flare appearance can be predicted by observation of a high-temperature plasma structure
with the length ~10%° cm. The characteristic UV emission can be used for solar flare prognosis. The brightness of the
UV emission sharply (~20 min) increases during the flare. The plasma structure above active regions reaches the
temperature ~20 MK during the flare. At the solar flare a sharp (several minutes) increasing of the UV spectral lines
emission of ions FeXXI1V and FeXXIIl, localized above the Sun surface, is observed. The strong local heating of the
coronal plasma above an active region cannot be explained by the flare energy release on the surface of the Sun in the
chromosphere. The flare energy release takes place in the corona. Flare development in the cromosphere is completely
excluded. The temperature of the chromosphere at this time increases very weakly.

The rapid arrival of protons and the steep front of the proton flow from the western flare are created due to the particle
propagation along the magnetic field lines of the Archimedes spiral without collisions. The delayed about 10 hours
flow of protons from the eastern flare has a gently sloping front. Solar cosmic rays from the eastern flares can
propagate diffusing across the magnetic field.
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PROPERTIES OF THE MAGNETOSHEATH PLASMA TURBULENCE
UPSTREAM AND DOWNSTREAM INTERPLANETARY SHOCKS

L. Rakhmanova, M. Riazantseva, N. Borodkova, O. Sapunova, G. Zastenker
Space Research Institute of Russian Academy of Sciences, Moscow, Russia

Abstract. We present a case study of small-scale plasma fluctuations affected by the interplanetary shock in the
Earth's magnetosheath. The study concentrates the kinetic scales - scales of the order of ion gyroradius. Features of
the ion flux fluctuation spectra are considered upstream and downstream the interplanetary shock registered on board
the Spektr-R spacecraft in the flank magnetosheath. Present analysis indicates differences between plasma turbulence
influenced by interplanetary shocks in the solar wind and in the magnetosheath. Moreover, interplanetary shocks are
shown not to change the level of the ion flow intermittency in the magnetosheath.

1. Introduction
Magnetosheath plasma is known o be turbulent (e.g. Lacombe et al., 2006; Mangeney et al., 2006; Alexandrova et al.,
2008). To date magnetosheath turbulence is well discussed from MHD to electron scales with the help of magnetic
field data (see e.g. Alexandrova et al., 2008, Huang et al., 2014 and references therein). Recently statistical studies of
the kinetic-scale (scales around ion giroradius) turbulence features in the magnetosheath with the help of plasma
measurements was presented also (Riazantseva et al., 2016; Rakhmanova et al., 2016).
Developed turbulent cascade in the near-Earth plasma is believed to have several scales including injection range
exhibiting power law with spectral slope ~-1, inertial range exhibiting power law with spectral slope -5/3 and the
range of dissipation with steeper spectra (see review by Bruno and Carbone, 2013). Large-scale plasma structures
such as interplanetary shocks may contribute to the cascade formation and provide an interesting examples of
turbulence dynamics. Plasma turbulence in the solar wind affected by the interplanetary (IP) shocks was studied by
(Pitia et al., 2016). Authors considered several tens of IP shocks in the solar wind and found out follows: 1) power
spectral density of the ion flux fluctuations increased by a factor of 10 downstream fast forward IP shocks; 2) spectral
indices downstream the IP shocks are proportional to those upstream the IP shocks; 3) in half of the cases kinetic-
scale part of the spectra turned to have exponential cut-off instead of power law spectra downstream the IP shocks.
Present study deals with magnetosheath plasma turbulence affected by the IP shocks. We consider several case
studies of the IP shock propagation through the magnetosheath and compare Fourier spectra upstream and downstream
the shock. Also we present an analysis of ion flow intermittency level upstream and downstream the shock front.

2. Observations

We use BMSW (Fast Solar Wind Monitor) instrument (Zastenker et al., 2013; Safidnkova et al., 2013) data on board
Russian Spektr-R spacecraft. The instrument measures ion flux value and direction and, in some cases, proton density,
bulk and thermal velocity with a time resolution 31 ms. This time resolution is enough to study turbulent cascade at
scales of transition between inertial and dissipation ranges. In the current study we use ion flux value measurements
for this data is continually available from Spektr-R. The ion flux variations represent mostly the fluctuations of ion
density (see e.g. Pitiia et al., 2016).

Fig. 1 shows the example of IP shock registered in the magnetosheath on December 19, 2015 at 16:26. Panels a-c
present ion flux value, number density and bulk velocity respectively from Spektr-R (black lines). Grey lines presents
solar wind data from Themis-C spacecraft, shifted to match the shock fronts. Spektr-R is located at {-41; -25; 13} Re
in GSE coordinate system; Themis-C is located at {-16; 54; -1} Re in the solar wind. The IP shock speed is Vip = 525
km/s, the angle between magnetic field direction and the shock normal is 0gn'P=55°. The IP shock characteristics were
calculated using multispacecraft technique in the solar wind (Song and Russel, 1999).

In order to study influence of the IP shock on the kinetic-scale plasma turbulence we consider Fourier spectra
calculated on ~17 min time intervals. This time intervals corresponds to ~0.01-10 Hz in frequency domain. Typically,
ion flux spectra in the magnetosheath in this frequency range are described by two power laws with break between
them. Rakhmanova et al., (2016) showed spectral indices to be S1=1.8+0.2, S;=2.9+0.3 and Fgreak=0.8+0.5 Hz, where
Si and S; are the slopes of the first and the second power law parts respectively, and Fgreak is the frequency at which
the break between two power law parts is observed.

Shadowed areas in Fig. 1 show time intervals used for spectra calculations foe the analyzed case. These intervals
are shifted from the front by several minutes to avoid an influence of wave phenomena associated with the shock
front. Fig. 2 presents the frequency spectra upstream (black line) and downstream (grey line) the IP shock on
December 19, 2015. Spectra are approximated with two power laws and break. The spectral indices are shown in the
figure. One can see that spectral power increases by the factor of 40 downstream the IP shock. This value is comparable
by the order of magnitude with the results of (Pitiia et al., 2016) in the solar wind. Spectral slope S; is close to
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Kolmogorov's predictions of -5/3 (Kolmogorov, 1941) both downstream and upstream the IP shock. We do not
consider this slope further for we deal with kinetic scale turbulence. Spectral slope S is nearly the same upstream and
downstream the shock front and is close to -2.6. The break frequency Fgreax increases from 0.75 Hz upstream to 2.07
Hz downstream the front. Such increase can be due to the changes of plasma and magnetic field parameters at the
front, that is, characteristic frequencies which are supposed to be responsible for the break position are different
upstream and downstream the front. As it was mentioned above, in the solar wind Pitriia et al., (2016) showed
exponential cutoff of the spectrum downstream the shock front in ~50% of cases. The spectrum at Fig. 2 does not
exhibit exponential cutoff.
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Figure 1. Interplanetary shock registered in the Figure 2. Fourier spectra calculated on 17-min
magnetosheath by Spektr-R spacecraft on December 19, intervals upstream (black line) and downstream (grey
2015. Black line presents Spectr-R measurements in the line) the interplanetary shock on December 19, 2015.
magnetosheath, grey line presents Themis-C Spectral indices are shown in the figure.
measurements in the solar wind shifted to match the

shock fronts. Intervals used for spectra calculations are

shaded.

We have managed to collect four cases of IP shock registration in the magnetosheath by Spektr-R spacecraft. All
of the cases are observed behind the quasi-perpendicular bow shock. However, two of them are accompanied by the
bow shock crossing in several minutes after IP shock registration. For this reason we cannot calculate reliably spectral
indices S; and Fgreak for the lack of data points number. However, the slope S can be calculated. For this reason in
the further study we deal only with slope S, and power spectral density (PSD) of the spectra. The characteristic of the
shocks and spectra parameters for all of the cases are shown in Table 1. Bolded rows in the table present cases when
17 min time intervals are available upstream as well as downstream the IP shock. In other cases 4 min time intervals

are used.

Table 1.

IP shock | IP shock characteristics Spectral slope S, PSDdownstream/
registration Speed, km/s 0en'P, © upstream downstream pSDupstream
date

15-Mar-2013 | 460 64 -1.9 -2.0 20
19-Dec-2015 | 525 55 -2.5 -2.4 40
08-Oct-2013 475 54 -2.2 -2.8 60
27-Feb-2014 375 81 -3.2 -2.0 250

Comparing rows in Table 1 one can conclude that: 1) all of the IP shocks are quasi-perpendicular - 0gn'">45°; 2)
in two cases of four spectral slope S, does not change across the shock front, while in other cases both steepening and
flattening of the spectra occur downstream the shock front; 3) for three cases PSD increases by the order of amplitude
downstream the IP shock, while in one case (February 27, 2014) it increases by a factor of 250. In this case the 0gn'™
angle is the largest and the shock speed is the smallest comparing to other cases.

Turbulence in the space plasma is known to be intermittent (Bruno and Carbone, 2013). Intermittency results in
deviation of the probability distribution function (PDF) from the Gauss distribution with decreasing of scale.
Intermittency level can be estimated by the deviation of flatness coefficient — 4-th order moment of the PDF — from
the flatness coefficient of the Gauss PDF — 3 (Frisch, 1995).
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Fig. 3 presents dependencies of the flatness on the time scale 1/t for two cases when long enough time intervals
were available - December 19, 2015 (panel a) and March 15, 2013 (panel b). For both of the cases at scales ~100 sec
flatness is close to 3, that is, PDF is close to Gaussian. At panel a flatness increases significantly with decreasing of
the scale (or increasing of 1/t) upstream as well as downstream the IP shock. Thus, in this case PDF is not Gaussian
and have heavier wings. In this case high level of the ion flow intermittency occur on both sides of the shock front.
At panel b the deviation of flatness from 3 is negligible for each scale upstream and downstream the IP shock. That
is, low intermittent flow occur in this case before and after registration of the shock front. Thus, IP shocks do not
change intermittency level in the magnetosheath.
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Figure 3. Flatness versus time scale upstream (black line) and downstream (grey line) the interplanetary shock on
(a) - December 19, 2015; and (b) - March 15, 2013. Dashed lines mark flatness value 3 inherent for gaussian
probability distribution function.

3. Summary and discussion

Magnetosheath plasma turbulence plays a crucial role in the energy transport and processes of plasma heating in the
near-Earth space. However, kinetic scale part of the turbulent cascade in the magnetosheath is not studied completely
yet. In the present study large scale structures (such as interplanetary shocks) influence on the plasma turbulence in
the magnetosheath is considered. Four cases of IP shocks registration are analyzed in the paper. The results can be
summarized as follows:

- Power spectral density of the kinetic-scale ion flux fluctuations increases by one order of amplitude downstream the
IP shock front for tree of four cases. This result is consistent with the results of (Pitiia et al., 2016) obtained in the
solar wind. In one case PSD increases by the factor of 250. This case refers to the most slow IP shock with the highest
0en'™ angle.

- In half of the cases spectra slope of the kinetic part of the spectra do not change with IP shock propagation. However,
in other cases steepening as well as flattening of the spectrum occur. Due to the absence of statistics no conclusions
can be done concerning proportionality between spectral slopes upstream and downstream IP shocks.

- Exponential cutoff of the kinetic part of the spectra does not observed in the magnetosheath downstream the IP shock
while this is the case for half of the events in the solar wind (Pitiia et al., 2016). We suggest that exponential cutoff
of the spectra is due to the high solar wind velocities downstream the IP shock, which do not occur in the
magnetosheath.

- According to case study, IP shocks do not change a level of the ion flow intermittency. This fact was shown both for
cases with high and low intermittency level in the upstream plasma flow in the magnetosheath.

Presented results point out that IP shocks seem not to change the features of the turbulent cascade and properties of
the probability distribution function in the magnetosheath plasma.
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SEMI-CENTENNIAL NORTH-SOUTH DISPLACEMENTS OF THE HCS
BASED ON THE RECONSTRUCTED IMF SECTOR STRUCTURE

M.V. Vokhmyanin, [ D.I. Ponyavin |

St-Petersburg State University, St-Petersburg, Russia

Abstract. We present the analysis of the interplanetary magnetic field (IMF) sector structure reconstructed from
geomagnetic data in the 19th and 20th centuries. During most of the 20th century the IMF polarity is inferred due to
the Svalgaard-Mansurov effect using high latitude geomagnetic variations. The IMF polarity in the 19th century was
inferred using mid-latitude observations. The latter is possible due to the ground magnetic effect of the field-aligned
currents which are asymmetric during the IMF with non-zero By component. The reconstructed IMF sector structure
reveals semi-centennial north-south displacements of the heliospheric current sheet (HCS). According to our results
the dance of the “ballerina” was not bashful during 13(14)-19 solar cycles.

Introduction

Due to the solar wind, the dipole magnetic field of the Sun extends into interplanetary space, forming the interplanetary
magnetic field (IMF). The IMF polarity is determined by the large-scale magnetic field of the Sun. The heliospheric
current sheet (HCS) divides the IMF of opposite directions. Negative polarity is defined by the direction along the
magnetic field lines toward (T) the Sun, and positive polarity — away (A) from the Sun.

To reconstruct an alternation of the IMF polarity prior the satellite era, geomagnetic data in the past can be used
(Svalgaard, 1972; Mansurov et al., 1973; Vennerstroem et al., 2001; Berti et al., 2006). The IMF controls
magnetospheric and ionospheric currents, which cause different variations of the ground magnetic field. In case of the
IMF with non-zero By component, the high-latitude system of the field-aligned currents rotates either in clockwise,
or in counterclockwise direction. This results in different variations of midlatitude geomagnetic field, especially
during the IMF with negative Bz component. These findings allows us to infer the IMF sector structure from the old
geomagnetic records made at Saint-Petersburg, Helsinki, Ekaterinburg, Potsdam and other stations since the middle
of the 19th century (Vokhmyanin and Ponyavin, 2013, 2016).

Analyzing the IMF data at distances of 0.7-1.5 AU to the Sun, in the range of latitudes +7.3° (satellites Mariner 2,
4,5, and OGO 5), Rosenberg and Coleman (1969) found the predominance of one or another polarity. Due to the
inclination of the solar axis of rotation to the plane of the ecliptic, during periods near the equinox the IMF
predominates with the polarity of the hemisphere of the Sun which is inclined toward the observer (the Rosenberg-
Coleman effect). The excess of one polarity is pronounced in case of poloidal solar magnetic field, i.e. within minima
of solar activity. But besides clear evidence for the R-C effect (Vokhmyanin and Ponyavin, 2012, 2013) in fall and
spring data, the reconstructed sector structure also show the consistent predominance of one IMF polarity on annual
scale.

The difference in the widths of the two magnetic sectors was revealed in the simultaneous observations by Ulysses,
Wind, and IMP-8. Smith et al. (2000) proposed a simple physical explanation of the offset of the sector structure in
the ecliptic near solar minimum. The physical nature of this offset is a deflection of the HCS southward/northward,
which makes it resemble a ballerina skirt. The average radial fields above and below the current sheet will be different
depending on the solid angles that they occupy in the two hemispheres (Smith, 2011).

In this paper, we analyse the excess of the IMF polarities recovered from the geomagnetic data. This, in turn,
characterizes the north-south HCS displacements since 1844.

N-S asymmetry in the IMF data

The IMF By effect is seen even outside the auroral oval, at mid and low latitudes. This allows inferring the IMF By
polarities far more back in the past than it was when only high-latitude geomagnetic data were used. In Vokhmyanin
and Ponyavin (2016), we estimated the success rate of the IMF sector structure inferred from old geomagnetic
observations in Europe (middle latitudes) to be about 65% before 1880, 75% in 1885-1901 and more than 80% for
1902-2010. This assumes the reliability of the sector structure proxies.

In this work, we divide the IMF polarity proxies in six groups according to the availability of the geomagnetic data
in the past. Data set 1 is based on the geomagnetic observations in Saint-Petersburg and Helsinki. In Set 2 we add
results from Ekaterinburg and Potsdam, in Set 3 — from De Bilt and Sitka, in Set 4 — from Sodankyla and Eskdalemuir,
in Set 5 — from Godhavn and Lerwick, in Set 6 — from polar station Thule.

For each set the daily IMF polarities P are calculated according to the following formula:

P = sgn() (H; + D)
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i stands for the geomagnetic station, H and D are horizontal component and declination of the geomagnetic field.
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Figure 1. Schematic scenario of the sign change in the asymmetry of solar magnetic fields and offset of solar
dipole. (a) Yellow fill color the sunspot numbers. Solar minima are marked as T. (b) Radial polar field component
in the hemispheres. North is colored in light blue and south in light red. (c) Schematic asymmetric current sheet.
(d) Asymmetry of days with negative (T) and positive (A) IMF polarities. Vertical dashed grey lines show solar
minima. To (dashed red line) defines the sign change of the asymmetry.

During satellite era, we determine the success rate of the polarity proxies as the percent of correct daily polarities.
Assuming the 45 degree angle of the Parker spiral at 1 AU, the actual IMF polarity can be defined as the sign of the
(By-Bx) expression in GSE coordinate system. For data sets 1 — 6, we obtain 79.5, 80.3, 82.4, 82.5, 85.4, and 87.9%
success rates, i.e. the more geomagnetic variations are used to obtain polarity proxy the more correct result will be.
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Figure 2. (a) Annual ratio of negative (T) and positive (A) polarity days according to polarity proxies Set 1-6 and
from the satellite IMF data (Bgse); dashed curve — approximate TA wave (b) Yellow fill color the annual sunspot
numbers. Cycle numbers refer to the Ziirich numbering.

To assess the superiority of one IMF polarity, we calculate the annual ratio according to the formula:
A T—-A
T T+A
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A (away from the Sun) is the number of days with positive IMF polarities and T — with negative (toward the Sun).
In Fig. 1, the cause of inequality between T and A is shown schematically. As Smith et al. (2000) explain, if southern
polar field dominates (minima T; and T2 on scheme), the HCS shifts southward and we observe more IMF with
polarity of the northern hemisphere. At the ecliptic plane this is more clearly seen when solar magnetic field has
poloidal and axisymmetric form, i.e. within the solar activity minima. In case of consistent HCS displacement and due
to regular reversals of the solar magnetic field, the TA ratio has opposite signs within two consecutive minima of solar
activity. Positive maxima between odd and even cycles indicate southern displacements of the HCS (due to negative
polarity of the solar magnetic field in the northern hemisphere). In the opposite case, the TA indicates northern HCS
displacements. In Fig. 1, the change occurs in minima To, resulting in phase shift of the TA wave.

The TA values obtained from polarity proxies are shown in Fig. 2 using different colors for different data sets. For
satellite period 1967-2013, we use the IMF data from the OMNI data base (purple curve). It is seen that all polarity
proxies are able to reproduce actual TA ratio fairly close. The approximate wave of the TA ratio during 1844-2016
is indicated with dashed grey curve. Red vertical lines denote changes in phase of the TA wave. Our results suggest
the HCS is coned southward during cycles 9-12 and 20-24, and northward in cycles 13-19. Hiltula and Mursula (20086,
2007) also investigate reconstructed sector structure to find the HCS displacement. They use the polarity proxies
obtained by Svalgaard (1972) and Vennerstrom (2001) and found that the HCS was shifted southward for the entire
period of study, 1926 — 2006. We suggest that this result is wrong due to lower quality of the above polarity proxies.
Besides, our assumption on the HCS displacements is supported by other studies of the north-south asymmetries: in
differential rotation (Zhang et al. 2013, Pulkkinen and Tuominen, 1998) and in solar activity (Verma 1992, 1993).

Conclusions

The use of the midlatitude geomagnetic data allows us to infer the IMF sector structure and track the evolution of the
north-south asymmetry of the solar magnetic field. We find that the HCS was shifted northward in cycles 13-19, and
southward in cycles 9-12 and 20-24. The same N-S asymmetry is found in other solar data. We suggest that this
asymmetry changes with the period of Gleisberg cycle where northern solar magnetic field dominates on the ascending
phase and southern on the descending.
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AOJT'OBPEMEHHBIE U3MEHEHHW S BEPTUKAJIbHbBIX
KECTKOCTEU TEOMAT'HUTHOI'O OBPE3AHUA .
3A BECbH IIEPUO MOHUTOPHUHI'A KOCMHWYECKUX JIYYEU

B.b. I'so3nesckuiil, A.B. benos?, P.T. I'ymuna?, E.A. Epomenko?, ILT. Ko6enes?, B.I'. SInke?

YTonapuwii 2eopusuueckui uncmumym PAH (IIT'H)
2Uncmumym 3emHo20 MazHemuzma, uoHocgepvl u pacnpocmparenus paouoeont um H.B.Iywxoea PAH
(U3MHUPAH)

AHHOTanus. B paGore MeTo0M TpaeKTopHBIX pacuétos it mojenu IGRF s nepuona 1950-2020 rona mosryyeHst
BEPTHKAJbHBIE KECTKOCTH I€OMAarHUTHOTO oOpe3aHus aiusi MHUpOBOW ceTH HEWTPOHHBIX MOHHMTOPOB. Pe3ymbrars
pac4ETOB CBHETENLCTBYIOT 00 00IIEM MOHMKEHNH J)KECTKOCTEH TeOMAarHUTHOTO 00pe3aHHs B OOJIBIIIMHCTBE ITYHKTOB,
YTO CBA3AaHO C OOIIMM MOHMKEHHEM I'€OMarHUTHOTO OIS 3a pacCMaTpUBAEMbI IEPHOA.

BBenenne

MaruauTtocdepHsiid 3h(HeKT KOCMUUECKHX Jydeil B HacTosIee BpeMs JOCTaTOYHO XOpOLIO M3y4yeH. TeM He MeHee,
COBpEMEHHBIE TPEOOBAHMS K SKCIIEPHMEHTY B 00JIaCTH COJIHEUHO-3eMHON (M3HMKU TPeOYIOT OoJiee TIIATEILHOTO ero
HCCIICIOBaHMS. DTO CBSI3aHO C TEM, YTO OOJIee YeM 3a MOJYBEKOBOW HAOJIOAATEIbHBIA MEPUOT KOCMHYCSCKIX JIydei
FCOMArHUTHOE TI0JIE YMCHBIIWIOCH B cpeaneM Ha 4%. OTMETHM, 9TO MpPHU 3TOM BKJIAJ BBICOKHX TapMOHHK
TE€OMAarHUTHOTO TOJIS 3a 3TOT MEPHO, HanpoTuB, yBenudumicsa Ha 30%. KpoMe Toro, MarHuTHbIE aHOMAaJITUU UMEIOT
00IIyI0 TeHICHIHWIO K Apeiidy Ha 3amaa, HO ¢ pa3HOU CKOpOCThIO. B TeweHme 20-ro CTOJETHS HEOHUIIOIBFHOE TOJe
npeiidosaino Ha 3amaz co cpeaHeii ckopoctsio 0.15 °/rox [Wei Zi-Gang et al., 2001].

UToOBI OLIEHUTH JJIS IPAKTHICCKUX [IEJIeH ITOCIICACTBUS TaKOH OONBIION ITepecTPOHKH MarHUTHOTO TOJIS C TOUKH
3peHuss MarHuTocepHbIX 3((EeKTOB KOCMHUYECKUX ITydeil, HeoOXOAMMO TONYYUTh >KECTKOCTH T'€OMAarHUTHOTO
o0pe3aHust A CEeTH CTAaHIUH IS BCETo IMeproaa HaOI0ACHUH, OIICHUTH TOJITOBPEMEHHBIC H3MEHEHUS )KEeCTKOCTEH
TCOMarHUTHOTO OO0pe3aHus KOCMHYECKUX Jy4ed PETPOCHEKTHBHO U BBIIONHHUTH IPOTHO3 Ha ONrmkaimyio
nepcrekTuBy. Kpome Toro, Hy)KHO OLIEHUTH 0)KHaeMbIe BEKOBBIC BapHUAIMK HEHTPOHHOW U MIOOHHOW KOMITOHEHTBI
KOCMHYECKHX JIydell, 00yCIOBICHHBIC T€OMATHUTHBIMU BapHAIHSIMU.

IMox marautochepHbiM 3PGHEKTOM KOCMHYCCKHX JIyuyed IOHHMAeTCs BO3JCHCTBHE HA BHEIIHHH IOTOK
KOCMHMYECKOT0 U3JIYUYCHHUSI U3MECHEHUH COCTOSHUS MarHUToc(epsl. B nzoTpomnHoM mpubimxkeHnd notok yactui; N B
MyHKTE HAOJIFOICHHSI MOKHO MPEICTABUTH CJICIYIONUM 00pa3oM:

N = J:OJ(R)m(R, hy,)S(R)AR = j: J(R)M(R, h,)dR, )

rae R — marnutHas sx€ctkocTh wactuisl; J(R) — mepBUUHBIN CHIEKTp KocMuueckux sydeid; M(R,ho) — anmaparHas
(GYHKIMSA, T.€. UHTErpabHasi KPaTHOCTh T€HEepallMK YacTHUIl ONPE/ICIEHHOTO TUIa B atMocdepe 3eMin; JUCKpeTHast
¢byukiys J(R) (3nauenus 1 wim 0) 0003HAYACT, MPEOIOJIEET WIIM HET 3apshKEHHAas dacTuiia Maruurocdepy. Ecmu
3¢ GeKTHBHBII MOPOT pa3peméHHON obmacTh 0003HAYNTH Rc, TO HaOmOZaeMble BapHallMd MOYKHO 3aIlUCaTh, Kak
NOKa3aHO B MpaBoil 4acTH BhlpakeHus (1). Xapakrepuctuka Rc, omnpenensemas Kak KECTKOCTb I'€OMarHUTHOTO
oOpe3aHusi, TOJHOCTBIO ONpeaeNsieTcs MarHuTochepoi 3eMiIi 1 TI03BOJISIET ONPEIEINTh U3MEHEHHE M30TPOITHOT O
MOTOKa KOCMHYECKUX JIydei. Bappupys mocieHee BbIpakeHHE 110 BCEM BO3MOXKHBIM IapamMeTpam, a MMEHHO, R,
m(R,ho) 1 J(R), mi1s1 Bapuaumii ckopocTr c4éTa KaXKI0ro JeTeKTOpa (MHACKCHI OMYIICHBI) MOTYYHM:

" ammo cghep vvie nepeuyHble-eapuayuLl

MA2HUMO cep Hble

N — e om o &

N = RW(R,h,) +_[RCW(R,hO)—m (R, h,)dR +_[RCW(R,hO)T(R)dR, @

rJie cllaraeMbie B H30TPOITHOM NPHUOIMKEHHH OMKCHIBAIOT TPH THUIIA BapUAIlMil: MAarHUTOC(EPHbIE, aTMOC(hEpHBIE U
MEepBUYHBIC BapUaluK COOTBeTCTBeHHO. B mocnennem Boipakenuu W(R,ho) — ¢yHkiums cBsazu paccmarpuBaemoit
BTOPUYHOW KOMIIOHEHTBI KOCMHUYECKUX Jiydel. Takum 06pazom, MarHutochepHbiii 3pHexT KoCMUUECKHX JTydeii 1aet
MepBOe ciaaraeMoe ypaBHeHus (2) ¥ aMIUTUTY 1A OTPeeNIAeTCsl MPOCThIM Tpou3sBeieHneM oR¢ u W(R¢,ho).

Jlnst perierust 00paTHO# 3a/a4M BOCCTAHOBIICHUS CIIEKTPA BapHAIMid [0 JAHHBIM HAOIOJCHUHN, U3 JaHHBIX
HAOJTIOJICHU# CIIeIyeT UCKIFOYUTh aTMOC(EpHbIE U MAarHUTOC(EpHBIC BAPUAIIUH, U IPUBJIEYb AKTyaIbHbBIE )KECTKOCTH
reOMarHUTHOTO OOpE3aHusl, T.€. IEPBBIE J[BA CIIATAEMbIX IEPEHECTH B JIEBYIO YaCTh YPaBHEHUS.

OO6umpHBIe, 1 HanboIIee MOJHBIE M CHCTEMAaTHIECKHE NCCIIETOBAaHU MarHUTOC(HEPHBIX 3P (HEKTOB KOCMIYECKUX
JIy4ei, B TOM YUCJIe MX JIOJITONEPUOIHBIX K3MEHEHHUH, TPOBEICHBI B 00BN cepuun padoT Shea u Smart [1965, 1975,
2001]. beutn BBIYHKCIICHBI TIIOGATBHBIC PACPEICTICHHS BEPTHKAIBHON KECTKOCTH T€OMArHUTHOTO O0pe3aHus st
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BCEX CTaHIM MUpOBOI ceTu A NeBATH MATUIETHHUX 310X 1955 —1995 romos. Jletanu u CChUTKU MOXHO HalTH B
[Gvozdevsky et al., 2016].

Shea u Smart [1975] yxe obparani BHIMaHHe Ha HEPaBHOMEPHOCTh M3MEHECHHUH TUIAHETAPHOTO PACTIPEICIICHHS
JKECTKOCTe! reomMarHuTHOro obdpesanus 3a 20 jer ¢ 1955 mo 1975 r., ocoOeHHO B CeBEpHOI M FOKHOU aKBaTOPHU
ATITaHTHYECKOTO OKeaHa. B 10)KHOM YacTh ATIaHTHYECKOTO OKeaHa HaOIIOHaloCh YMEHBIIEHHE JKECTKOCTH, B TO
BpeMs KaK B CEBEpHON — COIIOCTABHMOE YBEITMICHUE BEPTHKAIBHO KECTKOCTH 00pe3aHusl.

3a mocieqHIe YeThIPe SMOXH TaKHe PacueTsl [Tl JEHCTBYIOMIEH CeTH TETEKTOPOB HEe IPOBOIIUTHCE. Kpome Toro,
3a nocienHue 20 JeT B CTpoM BBEJEHBI OKOJIO TPETH HOBBIX HEUTPOHHBIX MOHUTOPOB M CO3JaHa CETb
MHOTOHAIPABJICHHBIX MIOOHHBIX TEJIECKOIOB. JIJsl 3THUX JETEeKTOPOB >KECTKOCTh T'€OMArHUTHOTO OOpe3aHusi U
ACHMITOTHYECKHE KOHYCHI IPUEMa TpeOyeTCsl ONPEICIIUTh BIEPBBIE.

MeTton pacuéra

B mHacrosimee Bpems OOMICIPHHATHIM W HamOOJIee TOYHBIM CIIOCOOOM OTIpeNeNleHus )KECTKOCTH T€OMarHUTHOTO
o0pe3aHus SIBISETCS METOJl TPACKTOPHBIX PAacuETOB, OCHOBAHHBIN Ha PEIICHUH yYPaBHEHUS IBIDKECHUS 3apsKCHHBIX
gacTtull B reomarautHoM nioiie [Cooke et al., 1991; Gvozdevsky et al., 2016].

3amada pemiaeTcss 4MCIeHHO MeTofoM Pynre-Kyrra 4 mopsiaka TOYHOCTH € QJalnTUBHBIM IIaroMm. YacTuIrsl
CTapTyloT ¢ BbICOTHI 20 kM. VHTerpupoBaHue 3aBepliaerci B TpEX ciydasx: 1) 9acTHIa BBIIUIA 3a IPEIEIIbl
MarHuToc(ephl; 2) MO0 UCTCUCHUH 3aJaHHOTO BPEMEHH TOJIETA (€CIIX YacTHIa BCE enié He BBIILIA U3 MATHUTOC(EPHI,
TO OHAa CYMTAETCs 3aXBauyeHHOH); 3) paamyc-BEKTOp UYACTHIBl OKa3blBaeTcst MeHbIne, 4eM (Rg+20) kM (dactuma
BEpHYJach B atMocdepy). B mepBoM ciydae TpaekTopus moMedaeTcs Kak pa3penéHHasi, B JBYX OCTAIBHBIX — Kak
3anpemnieHHas. B pesymerate gopmupyercs AHCKpeTHas (QyHKIWS, mpuHIMatomas 3HadeHus "0" u "1" mms Bcex
3HaYCHUH JkecTkocTed ¢ marom 0.001 I'B.

IIpuBnekaercs monenp raBHoro MarHutHoro noist IGRF, naumnas ¢ 1900 roma mo 2015 roma ¢ msTUIAETHUM
uaTepBasioM. C y4éTOM BEKOBOH BapHaIlid TEOMAarHUTHOTO IO MOJeNb npopoinkeHa 1o 2020 roxa [ Model IGRF-
12, 2015]. B mensx mnporHo3a Iojie NPOJNOJDKEHO Takke a0 2050 roga JAMHEWHOM SKCTpamosisiiMed Bcex
ko3 durrienToB pasnoxkeHus. [lone mpenacrasieHo 13-10 chepuyecKUMH TapMOHUKAMH, HO MPOTHOCTHYCCKAsS
MOJIeJIb OTpaHUYEHA 8-10 TApPMOHUKAMHU.

B mocnennee necsatwierve AN TakWX 3alad APYTUMU aBTOPAMM HUCIOJB3YeTCS MPOTPAMMHBIM KOMIIJIEKC
PLANETOCOSMICS Geant4 v6 [Desorgher, 2006], Ha 6a3e KOTOPOTO BBIOIHEHBI, HATIpUMEp, pabotsl [Zreda, 2012;
Herbst et al., 2013; Boschini et al., 2014; Doetinchem, 2017]. K coxanennto, PLANETOCOSMICS B HacTosimiee
BpeMs He MOAJepXKHBaeTcs A coBpeMeHHoON Bepcuu Geant4 v10. Mer B maHHOI paboTe HMCHOIB30BaIM CBOIO
COOCTBEHHYIO MPOTPAMMHYIO PEATU3aIUI0 pacu€Ta TPaeKTOPHI.

Oocy:xaenue pe3yJbTaTOB
1. IlnaneTrapHoe pacnpejaeleHHe HW3MeHEHHi »kKecTkocTell oOpe3anmsi. C marom 5 JeT O CeTH CTaHIMNA
HEUTPOHHBIX MOHHUTOPOB A 3mox ¢ 1900 mo 2050 OpuM BHITONHEHBI PacdEThHl IIAHETAPHBIX pacHpeneleHUH
JKECTKOCTEH reOMarHMTHOTO 00pe3aHus Juisi ceTkH 5° no mupore U 15° no gonrore. L{ndposslie pe3ynbrarhl s BCexX
3MO0X MOXKHO HaiiTh B Tabnuuax R. Ha cepepe [Mag Effect, 2016]. Ha Puc.1. nokazaHo n3MeHeHHe IUIaHETAPHOTO
pacrpeeieHust )KeCTKOCTeH reoMarHuTHOTo oOpe3anus 3a nepuoxa 1950 — 2020 rr.

Obnactn Haubonee CHITBHBIX 180° oW sow o o0 120 180°
M3MEHEHNH HaxXOIiTCs B CEBEPHOM W
10kHOM ATnmantuke. Ho B mepBoM ciydae 60N
HaOJloaeTcst  OrPOMHBIM  BOCTOYHBIN
nuieitd mo nuanm EBpoma — Maauiickuii o
OKE€aH, BO BTOPOM Cllyda€ OIrPOMHBIN
3amaHelid nuierd Tuxuii okean — A3usl.

0

g
&

2. KécrrocTu reOMAarHUTHOI' 0
o0pe3aHust i  MHPOBOii  ceTH s
cTaHIMii. 3a BeCh NEPUO]] HEPEPBIBHOTO -
MOHUTOPHHIa KOCMHUYECKUX JIyded s 150" 20w sow o 60 120 180°
4-x rpynn craHuuil Ha Puc. 2 moka3sassl

Cosmig ray departs

AR,‘ 2020-1950

VBMCHCHUS JKECTKOCTCH TCOMArHNUTHOTO  pyeygok 1. M3MeHeHMs — IUIAHETAPHOTO  PACIIpeesICHUs
obpesanns OTHOCHTENbHO dSH0XH 1950.  peprykanpHOil KECTKOCTH T€OMArHUTHOTO OGPE3AHHS OTHOCHTEIHHO

JKEcTKOCTh TeOMarHUTHOrO OOPE3aHMA  Hpovy 1950 [Mag Effect, 2016].
OJIHOHM TPYIIBI CTAaHIUN (HAXOISIIMXCS

BONMIM3M W Ha mepudepuy aHOMAaJIWH B CEBEPHOM YacTH ATJIAHTHKH) yBenndauBaeTcs. JKECTKOCTh T€OMarHWTHOTO
o0Ope3aHus qpyroi TPYIIIEI CTAHINHA (HaXOAIIUXCs BOJIM3H U Ha Tepr(epry aHOMAaJINH B F0)KHOM YacTH ATIaHTHKH),
HAIpOTHB, YMEHbIIaeTcs. JKECTKOCTh TeOMarHUTHOTO 0OpE3aHMs TOCTATOYHO CYIIECTBEHHO YBEIMIUBACTCS, 3 CUET
CeBEPO-aTJIAHTHYECKON aHOMAJINH, HO B 3TOM paiiOHE HET CTAHIINH KOCMHYECKHX JIydeil, a Ha Iepru(eprur aHOMaInn
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b.5. I'6030esckuil u Op.

YBEJIMYEHHUE KECTKOCTeH TeOMarHUTHOTO 0Ope3aHus yke He3HaunTeabHo. Ho B 1ienom Habmromaercs: riobabHOE
MOHMKEHHE KECTKOCTEH IFeOMarHUTHOIO 00Ope3aHusl.

Jnss MupoBo#l ceTH CTaHIMA KOCMHYECKHX Jyded mmsi mepmomga 1950-2020 rT ¢ TOmOBBIM paspemeHHeM
HOJTy4eHbl BEPTHKAIBHBIC JKECTKOCTH I'€OMarHUTHOrO oOpe3aHus Aisd (QYHKIMOHMPYIOLIMX HIM HPOpadoTaBIINX
JUTATENBHBIA Tiepuon 124-X HEHTPOHHBIX MOHHUTOPOB. TaOimdHBIC pe3ynbTaThl MOXKHO HAWTH Ha pecypce
[Mag_Effect, 2016].

f Dutham | Swarthmore Bure Dourbes:
Re - 1RC(195G) 7~ Newark | MiWashington fmﬂu Jﬁ'.';g:?;!.m
H Ottawa i Hafelekar Halle
DoapRiver
GooseBay LomnickyStit
: $ S <=
e P \\Q“R‘:gw“’f\hd‘ it
= et | g5 RE-Re(1950) - T L
Colgary thsutur || 003 ; : [N S Homanue
Kol oS i \—‘\. TS SacramenioPeak
" Kingston Climax, MiWell i i I S
=2 Apatity.Oulu.Cape Smide ; ; ;
< Tixie Kejguelen Noilsk : : : \\
N — Sanae Yakutsk i i B \
; = Magadan Uoscow : ; ; e
i - \\ i i -1.0 1 i i ~
05| 036V T ek #sev.
T T T T T
1950 1960 1970 1980 1990 2000 2010 2020 1950 1960 1970 1980 1990 2000 2010 2020
05 R IR 1950 _/_/—’/‘ Alcala/Guadalajara
G - G( ) _ - PieDullidi
; el e “— | Thailand Darwin
Tokyo Mthorikura Athens
Rowa ~ESOI
Marioka Beijing
Rome Tsumeb
int Haleakala
Tibet
Poichefstrem “~ Huancayo
Chacaltaya
Putre
S - . MinoAguila
2.0 \ SN
Baks . x
L Kalchik \_::4“\‘—- Mexico
. | Thills o
: . g thiags
; \\\‘\. Aimahia 25 2 RioDeJarieiro
5-8 GV N Josen 8-17 GV  Buonoutives
1,0 -7 T T - —— - — 3,0 T T T T T
1950 1960 1970 1980 1990 2000 2010 2020 1950 1960 1970 1980 1980 2000 2010 2020

Pucynok 2. OTHOCHTEIbHOC M3MEHEHHE BEPTHKAIBHBIX KECTKOCTEH T€OMAarHUTHOTO OOpe3aHuss OTHOCUTEIILHO
smoxu 1950.

KakoB mnporHo3 H3MEHEHWH JKECTKOCTed TeOMarHUTHOro oOpe3aHHsi Ha HECKOJIbKO JecatuieTnii? B
pUOIMXEHUH JTMHEHHON 3KCTPANOJIIN KO3((PHUIMEHTOB Pa3I0KEeHHsI T€OMarHUTHOTO TTOJIsl BCEX TaPMOHUK TI0JIS,
Takoi mporuHo3 caenan aus nepuona 2020-2050 rr. B npuHsITOM MpHOIMKEHUN aHOMAIBHOE PAa3BUTHE MTOBEICHHS
KECTKOCTEH T€OMarHUTHOTO 0Ope3aHMs MPOAOJDKACTCSA, U MOXHO OXHAATh, YTO Ha 3TOM BPEMEHHOM HHTEpBalle
JMHEHHOCTh ABISIETCS XOopomnM npuOmmkeHueMm. [lnanerapHoe pacrpeneneHHe W3MEHEHHMH JKECTKOCTEeH
reOMarHUTHOTO 00pe3aHus i OyaylMX 310X MOXHO Haiith Ha caiire [Mag_Effect, 2016]. Takoii mporHo3 mMoxer
OBITH 10JIE3€H NPH MIPOESKTUPOBAHHUH JI0JITOBPEMEHHBIX SKCIIEPHMEHTOB.

MaruuTocdepa 3eMil NOABEPIKEHA JIONTONEPHOIHBIM U3MEHEHHSIM, 00YCIIOBJICHHBIM JiesiTelnbHOCThI0 COJHIA.
J1ns onleHKM TaKuX H3MEHEHHU MOXKHO IIPUBJIEYb, HAITPUMEP, MOJIeIb MarHUTHOTO 1ot L{piranenko T89, 3apucsmniyro
ot Kp unaekca. KakoB oxunaemeiii agdekr BiusHus BHemHeld mMarHutocdeps? daxe npu Kp=0 maraurocdepa
CJIerKa BO3MYINIEHA, CJIeI0BATEIbHO, BHEITHEE MAarHUTHOE I0JIe YACTUYHO KOMIIEHCHPYET BHYTPEHHEe MarHUTHOE
mojie, W XECTKOCTh T'€OMAarHUTHOTO OOpe3aHust He3HauWTenbHO yMeHbmaercs. C ysenmuenweM Kp mHIekca
YBEIMUNBACTCS U HAOM01aeMbIid 3pdexT. IToT 3(h(HEeKT MOKET MPUBECTU K YMEHBIIICHHUIO )KECTKOCTEH 00pe3aHus B
JIOJITOTIEPHOTHOM IUIaHE Ha HECKOJbKO necaThix GV. [lerann MoxHO Haitu B pabote [Gvozdevsky et al., 2016].
PesynbTaThl 17151 Bcex AeTEKTOpOB MUpOBOU ceTH MOXKHO HaiiTh Ha pecypce [Mag_Effect, 2016].

3. BexoBble BapHallid KOCMHYECKHX Jy4deil, 00ycJOBJICHHbIe H3MEHCHHSIMH 3KeCTKOCTell reoOMarHHTHOIO
o0pe3anusi. [lnaHeTapHbIe M3MEHEHHSI MOPOTOBBIX XXECTKOCTEH I€OMarHUTHOTO OOpe3aHus JOJDKHBI IPUBECTH K
COOTBETCTBYIOIIIMM BapHaIlUsIM MHTEHCHBHOCTH KOCMHYECKUX JTyded MarHuUTocgepHoro mpoucxoxaeHus. Ilepoe
ciaraeMoe ypaBHEHHS (2) OIMCHIBAET COOTBETCTBYIOIINE BapHAIINH, KOTOPBIE ONMPEAEISIIOTCS TOIBKO N3MEHEHUSIMU
KECTKOCTH T€OMarHUTHOTO 00pe3anus OR. OTHOCUTENIbLHO 0a30BOTO Meproaa u pyHkuuei csizu W(R.,hy) B Touke R..
Kak cnenyer u3 ypaBHeHUs (2), MOKHO OXHJIaTh JOJITOBPEMEHHBIX M3MEHEHUH 3HaYeHWH Bapuanuu 10 15% s
n3MeHeHn# xéctkoct -3 GV u pyaxmmn cBazu 5%/GV B 3Toit Touke. s HEKOTOPHIX CTaHIMH MuUpOBOH ceTH
OXHuJaeMble Jgonroneproanbie Bapuanuu B 2020 roxy otHocuTenbHO 1950 roma mokazans! Ha Puc. 3.

O>xkuiaeMble BapHaly YCJIOBHO MOKHO pasJenuTh Ha jBe rpynnsl. K nepsoit rpynme (Puc. 3, BepxHss U cpenHss
IpyIIa TOYEeK) OTHOCATCS CTaHLMH, Haxojsuecs B OmmkHEH M nepudepHilHbIX 30HaX I0XKHO-aTJIAHTHYECKOH
aHOMaJIMH, JUIsl KOTOPOil HaOJIoJaeTcsi yMEHbIICHHE >KECTKOCTH I'€OMAarHUTHOTO OOpe3aHusi M, COOTBETCTBEHHO,
MOJIOXKUTENIbHBIE Aonronepuoansle Bapuanuu. Ko Bropoit rpymme (Puc. 3, HuXKHAA Tpynna TOYEK) OTHOCSTCS
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CTaHIIMHU, KOTOPBIE HAXOIATCS B epU(epHUitHOI 30HE CeBEPO-aTIIaHTUYECKOH aHOMAIIUH, I KOTOPOH HabonaeTcst
YBEIMYECHUE KECTKOCTEH T€OMarHUTHOTO 0Ope3aHus M, COOTBETCTBEHHO, OTPHLATEIbHBIC BApHAMH KOCMHUUECKUX
nmyqei. 31o pernonsl EBponsl u MHmMiiCKOTO OKeaHa.

Ha Puc. 3 mpuBenensl Tarkxe pesyiabrarsl pabotst [Shea, 1971], moiydeHHbIe AJsI MIECTH FOKHOAMEPHKAHCKUAX
crannuii. [locnenHue mokazaHsl KBagpaTtaMu B mocienoBaTenbHocT: Ushuaia, Mexico City, Buenos Aires, Mina
Aguilar, Chacaltaya, Huancayo. OxnmaeMbie BapHallii MarHUTOC(HEPHOTO MPOMCXOXKACHHUS OBUIH MOJIYYCHBI W3
IIAPOTHBIX KPUBBIX. XOPOIIHI TpUMep Takoro e moaxoxa maH B pabGore [Herbst et al., 2013], B koropoii
okugaeMblil ¢ GeKT ObLT OLIEHEH 10 MHPOTHOH KPUBOH B MEPHUO] MUHUMYyMa COJTHEYHOW aKTHBHOCTH JUIS IBYX Map
cranimid Moscow - Kiel u Mexico City - British Virgin Island (runorernueckas Touka, 18°N, 64°W).

[TnanerapHOe pacnpeneneHne 0XXUAAEMBIX JOJTOBPEMEHHBIX Bapualuii MarHuTocQepHoro mpoucxoxaeHus B 2020
rogy ortHocuTensHo 1950 roma moxasanel Ha Puc. 4 (HajoXeHUE M30IMHUI M TPaJUEHTHOTO MpPEICTaBICHUS
OKMJaeMBIX Bapuanuii).
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Pucynox 3. BexoBeie  Bapmanuu Pucynok 4. IlnmanerapHoe pachpenencHHE OXHIAEMBIX BEKOBBIX
HEUTPOHHOU KOMIIOHEHTBI CTaHLMP BapHaIuil HEUTPOHHON KOMIIOHEHTHI KOCMHYECKUX Jryueil (B % ams
KOCMUYECKUX JTy4eH. rpaJueHTa U 3HaYCHUH U30JIMHHUIA).

TpeyronbHUKY - FOPHBIE CTAHIIMU.

BuiBoabI

[TpuumHO#l CyIIECTBEHHOI0 M3MEHEHUs KECTKOCTeH TI'€OMarHUTHOrO 00pe3aHus sBisieTcst olliee yMEHbIIeHHE
MarHMTHOTO NoJIst 3eMid, Ha ()OHE KOTOPOTO HAapacTaeT ero CBoeoOpa3Has "KOHTPACTHOCTD" ¢ HAIMUMEM obJacTei ¢
PE3KUM M3MEHEHHEM IO BOJIU3M IMOJIFOCOB M MArHUTHBIX aHOMAJIMH, a TaKkke M3MEHEHHsI BEKTOpa MepeMeIleHuUs
MOJIIOCOB M @aHOMaNUi. ITO NPUBOAUT K JOJITONEPUOIHBIM U3MEHEHUSIM 3((HEKTUBHBIX KECTKOCTEH reOMarHuTHOTO
oOpe3aHust Uil MHUPOBOI CETM HEWTPOHHBIX MOHMTOPOB. JIS CTaHIMM, HAXOISIIMXCS MOJ BIMSHHEM CEBEPO-
aTIIAHTHYECKOM aHOMAaJIMM, HaOII0Aal0TCsl OTpUIaTeNIbHbIe MarHuTochepHbie 3G PEKTh U Apeii) aHoMaInK Ha 3amaj
co ckopocteio 0.14°rom. [Ina craHIUMA, HAXOIAIIUXCSA JK€ IO BIMSHUEM IOKHO-ATIAHTUYECKOH aHOMAHH,
HaOJII0AI0TCS TTOJI0KUTENbHbIE MarHUTOC(EpHBIE BapHaINH, IPUYEM aMIUIMTYAa TaKUX Bapuaiui gocturaet 10%,
aHoManus apeirdyer Ha 3aman co ckopocthio 0.30°/rox. Takoit 3¢ dexT HeoOXOAMMO YIeCTh MPH OICHKE CIIEKTpa
JIONTONEPHOAHBIX BapUaIUH.

bnazooaprnocmu. PaGora BeinoHeHA IPH YacTUYHON moaepxke [IporpamMmel hyHIaMeHTaIbHBIX HCCIICIOBAHUI
npesunuyma PAH Ne 23 "®usuka BHICOKUX dHEpruil U HeHTpuHHAs acTpodusuka”, rpanta POOU Ne 17-02-00508.
Pabora 0Ga3upyercss Ha SKCIIEpUMEHTANbHBIX HaHHBIX YHY Ne85 "Poccuiickas HanmoHaJdbHAs CETh CTaHIIHA
KOCMHMYECKHX Tydei". MBI Takyke MpU3HATENIbHBI BCEM COTPYJHHKAM MUpPOBOW CETH CTaHIUI KOCMUYECKHX JIydei
http://cr0.izmiran.ru/ThankYou.
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PUOMETPUYECKH METO/I OITPEJEJEHUS )KECTKOCTH
I'EOMATI'HUTHOI'O OBPE3AHUSA C UCITIOJIB3OBAHUEM
SMIIUPUYECKON MOJIEJIA ITIIIII.

B.A. Vawes, [I./0. PoroBu A.B. ®pank-Kamenenkuii

Apxmuyeckuti u Aumapkmuuecxuti Hayuno-uccneoosamenvcxuti uncmumym (AAHUU, CI16), omoen
eeopuzuxu AAHUH, e-mail: vauliev@yandex.ru

AHHoTanus. JKéctkocts TeomarautHOro obpesanus (K['O) crekTpa MOTOKOB coNHEHBIX mpoToHoB (ITIT),
BoI3bIBatonux sipaenus [, onpeaensiercs nubo sKCEpUMEHTaNbHO, 0 AaHHbIM peructpauuu 111 Ha cyTHHKaX
C MOJISIPHOM OpOMTOM, JMOO0 TEOPETUUECKH — IO pe3ysibTaTraM pacuyéroB Tpaekropuil aBwxkeHus I1I1 B mozmemsx
MarHuTOCQephl. B mociemHee BpeMs pa3pa0oTaH 3KCIIEPUMEHTAIHHO-TEOPETHUSCKUH (PUOMETPUIECKUANH) METOJ
onpenenenust JKI'O, OCHOBaHHBII Ha CONOCTABJIECHUM SKCIEPUMEHTAIBHBIX 3HaueHUM mnoriomenus IIITIII,
3apETUCTPUPOBAHHBIX Ha CTAHIMSIX aBPOPAIBHON 30HBL, M PACUETHBIX 3HAYCHUH IOTIIOMICHUS, MOTYYCHHBIX MPH
WCTOJIb30BaHUH YHCICHHOM (BBICOTHOMH) Moenu TTITII (UM).

B mpemmaraemoii paboTe mpencTaBieH BapHaHT PHOMETPHIECKOTO METOa, B KOTOpoM IpuMensercs He UM, a
smnupuueckas (moporosasi) moaens [T (OM). Anroputm pacuéra HOITIONIEHUS C MOMOIIBI0 OM CyIIecTBEHHO
npole, YeM alropuTM c ucrosib3oBaHueM UM, uro obecrieunBaeT omepatuBHoe ompenencHue 3HaueHuid JKI'O.
Pacuétsl mokassiBatoT, uto 3HaueHus JKI'O, mony4eHHble ¢ UCTIOIb30BaHUEM DM, OIIM3KO COBMAAIOT C PACUETHBIMU
3HAYCHUSMH MOTJIOIIECHUS, TOTyYSeHHBIMU C HCIIOIb30BaHueM UM.

1. BBenenne

IIpn wmccnenoBaHMM AWHAMHUKHE TIOTOKOB COJHEYHBIX mpoToHOB (III1) B MarHmTOCdepe W Ipu HCCICAOBAHUU
mopdostorsm ITIIII Ha aBpopaibHBIX MIMPOTaxX BaXKHOE 3HAUCHWE HMMEET TaKOW MapaMeTp Kak XKECTKOCTb
reomarHuTHOTO OOpe3anus (JK['O) cmektpa IIII, BemwemBarommx seiaenue [, XKI'O xapaxTepusyercs
MHHUMaJIbHOW 3Hepruei criektpa I1I1, mpoHnKaromux B paccMaTpUBaEMyIO TOUKY MarHUTOC(Ephl BO BpeMs SBICHUS
TTITHI.

B Hacrosimee Bpems CyIIECTBYeT ABa OCHOBHBIX MeToma HaxoxaeHus JKI'O: (1) skcnepuMeHTanbHBIA — IO
JMaHHBIM peructparyu [1I1 Ha cmyTHHKaX ¢ MOJSAPHOM OpOUTOI U (2) TEOPEeTHUECKUH — MO JAHHBIM BBIYHCICHUS
tpaekTopuit nexenus [1I1 B Mozesnsx MarHuTochepsl.

B nocnenane roxst B AAHNU pa3pabotan emeé oauH 3KCIepUMEHTAIHHO-TEOPETHUECKUI METO OTpeieIeHUs
KT"O, KoTOpBIi Ha3BaH pUOMETPUUECKHM.

Bapwauuu nornowenus ML v XKFO Ha cT. AukcoH
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Pucynoxk 1. OxcriepumentanbHas Bapuanus nornomenus [T 20-22 utons 1981 r. (0e®) u pacyeTHast BapHanus
3rageHnit JKI['O Ha aBpopansHOH cT. JlukcoH (A).

2. OnucaHue puOMeTPHYECKOr0 MeTo1a

®duznyeckass OCHOBa PUOMETPUUYECKOTO METOJa 3akioyaercs B cienyromeMmM. Ha puc. 1 mokazana Bapuauus
noromenus [T, 3aperucTpupoBanHas Ha cT. JJUKCOH, KOTOpas pacHoioXeHa B aBpOPAILHOU 30HE (YEpHBIC U
CBeTIIbIe TOYKH). CBETIILIMH TPEYTOJIEHUKAMU TOKa3aHbl 3HaueHus JKI['O, moirydeHHbIe B pe3ysIbTaTe TPAeKTOPHBIX
pacu€roB st cr. [ukcoH [1]. Ctpenkoii 0003HaYeH MOMEHT MECTHOTO IMONyTHS. B yackl, ONM3KHE K MECTHOMY
MOJYHIO (CBETJIbIC TOYKM) HAOIIOAAETCS MOHMKCHUE MOTJIOMICHUS, KOTOPOe HAa3bIBaeTCs A(PPEKTOM MOITYACHHOTO
BocctanoBneHus (I1B). Bumno, uro cyrounas Bapuarnus XXI'O u addekra [IB npoucxomst ogHOBPEMEHHO U B
npotuBodaze. du3udeckas 1ermovKa, CBI3bIBAIONIAS STH BapHUaIliU UMEET CIIeTYIONINE 3BEHbBS:
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Puomempuyeckuii memoo onpedenenus HECMKOCIU 2e0MAZHUMHO20 06Pe3aHUs ¢ UCROTb308aHUeM IMnupuyeckol modemu TITTII

Veenuuenue XKI'O --- YBenuueHne MUHIMAIBHON SHEPTUU OTPaHUYCHHUS CIIEKTPa --- Y MEHBIICHHE KOJIMYECTBA
IIPOTOHOB MaJjbIX SHEPTUH --- YMEHBIIEHNUE CKOPOCTH HOHU3ALMHUY U HJIEKTPOHHON KOHIIEHTPALMK B BEpXHEU YacTH
cnos [] --- [ormxenne obmero moriomeHus --- ddexr I1B.

Bo3MoXHBI Ba BapHaHTa PHOMETPHUIECKOTO METOJa: C UCIONb30BaHHeM yncieHHor ([1]) mm sMmmmprdeckoit
mopaenu TTITI.

3. Ommupuyeckast moaes I u eé npumenenne nis onpenenenns KI'O

bazoBbiM ypaBHeHnem smmnupuueckoit mMomenu IIITII sBnsercs smnmpuyeckas (opmyna pacdéra MOTJIOMICHHS

ucxons u3 uuteHcuBHoctH [1I1 B 0/1HOM quana3one sHepruii [2, 3], koTopas Ha3biBaeTcs moporoBoit sueprueit (En):
A=m* (FEq))" )

rae A — pacuérnas BenmunHa nornomenwst [TITHI (ab); E, — moporosas sueprus [1I1 (MaB); F — uarencusrocTts I111

¢ noporopoii sHeprueii B, (act/cm? *c*cp); M - kosdpduuuent cesasu (aBb/(cm?*c*cp); N - moka3aTelb CTENEHH.

ITo mocnenauM naHHBIM [3] Hambolee ONTUMANBHBIC 3HAYCHUS MAapaMeTpoB ypaBHeHHS (1) A BEIYUCICHUS
HOTJIONICHHS B LICHTPE MOJIAPHOH IIANKHU IIPH MOJTHOCTHIO OCBEIEHHOH HOHOC(hEpEe SBISIOTCS:

(Ex)u=52MsB, m,=0.115, n=05 (2)

ITpu Bemonaennn pacuyéroB JKI'O ncmosp3yercst ABa SMIMPUYECKUX YpaBHEHHS Ul pacdyéra MOTJIOMICHHS B
ITyHKTE B LIEHTPaJIbHOM 007aCTH MOJIAPHOI LIANKK U B aBpOPaIbHOM 30HE:!

(Aw)p =My * (F (GEn)u)”  (3) (Aa)p = Ma(Mu, Kip) * (F (3En)a)" (4)

IMapametp (Krs) - K03 GHUIIHEHT NOHKEHUS MOTJIOIIEH S BO BpeMst 3¢ ¢ekta [1B Ha cTaHIiK aBpoOpaibHON 30HbI
(Aa) OTHOCHTEINIBHO MOTJIONMICHHS HA CTAHIMH B IIEHTPANbHOM 0071acTh (Ay):

Kis = (Aa)s/(An)s %) Wi Kus = (Aa)s/(An)p (6)

®opmynsl (5) u (6) UCTOAB3YIOTCS COOTBETCTBEHHO NMPH HATUYUU WIA OTCYTCTBUHU CTAHLUU B IEHTPAILHON
00JIaCTH MOJIIPHOM IIATIKK Ha MEepHUIUaHe OJIM3KOM K MEpUANaHy aBpOPaIbHOM CTaHIIHN.

[HocnenoBarensHOCTh onepanuii aaropurma omnpeneneHus KI'O ¢ ucnonb3oBaHHUEM SMIUPUYECKON MOAETH
CIIeYIOMIas.

(1) ®ukcanus nornornexus [T Ha cTaHMK aBPOOPaATTbHOM 30HBI (Ay), M HA CTAHIIMYU B LIEHTPE TOJIIPHON [IANKA
(Av)> 1 dukcanus uarencusHocTd 111 (F), B pa3snuyHbIX AUCKPETHBIX AHAA30HAX dHEPTUil (B MHTErPAILHOM
HM3MEPEeHNH) Ha TEOCTAlMOHAPHOM CITyTHHUKE.

(2) Tonyuyenne ananutuueckoil (opmynsl HenpepbiBHOro crekrpa uHTeHcuBHOcTH IIIT (F(E)), ncxons w3
JIMCKPETHBIX 3HaueHHUH (F)s.

(3) Pacuér (Ay)p (B ciiyuae OTCYTCTBHSI CTAHI[MU B IIEHTPAIBHOM 00JIaCTH MONSAPHON manku), mo dopmyne (3) ¢
ONTHUMAJLHBIMH 3HAYEHUSMU TTapaMeTpoB (2).

(4) Pacuér Ky o popmynam (5) umu (6). (5) Pacuér m,= f(my, Kis); hopmysza m, ykazana B paszere 3.

(6) Boibop 3naueHus noporosoii sauepruu (EO0n), = 1 M3B Ha HauabHOM IIare UTEPAHOHHOTO IUKJIA.

(7) Onpenenenne FO(>EOQn)a, ucxomas u3 hopmyisl HenpepbiBaoro crektpa IIT (F(E)).

(8) Brruucienue (Aa), 1o hopmyie (4).

(9) Cpasrenne (Aa)p ¢ (Aa)s.

(10) Ecnut (Aa)p > (Aa)s, TO 3a1aé1csi (Eln)a= (EOy)a + K*AE, Tne AE = 0.1M3B — 3aaHHbIi 1Iar UTEPALIHOHHOTO
[UKJIa, K — HOMEp MOBTOPEHHS UTSPAIIIOHHOTO IHKJIA.

(11) Onpenenenne F1(>E1,),, ucxons u3 cnexrpa 11 (F(E)).

(12) Tosropsirotest oneparuu (8 - 11) HTeparMOHHOTO UKIIA IO TeX TOKa (A,), = (Aa),. B 3TOM cityuae nocneanee
suauenue (Exy)a sBisercst uckomoit BennanHoi JKI'O (Esro)oy, MOITYIEHHOM C UCIIONB30BAHUEM SMITUPHYCCKOM
moxenu TTITII.

4. PacuéTHble JaHHbIE

Jis anpo0anyy pacCMOTPEHHOW METOJMKH OBUTH IPOBEJNECHBI CEpHH PacuEToB E,ro IPU pasiMyHBIX 3HAYECHUSIX
napaMeTpoB (YCIOBHUSIX), UCIIOBb3YeMbIX B MeTouke. Ha puc. 2 npeacTaBiens! rpaduKi pacHETHBIX 3HAYEHUH Ero.
Ceersbie 1 uépHble TOYKH — 3HAYCHHS (Esxro)ow, U (Esxro)uw, MONYYECHHBIE C HCHOJB30BAaHUEM COOTBETCTBEHHO
sMmupraeckoit u unciennoit mozenu [T, 3uaueHust (Esxro)uv, SIBISIOTCS PEMEPHBIMHU, C KOTOPBIMH CPaBHUBAIOTCSI
3HaYeHUS (Exro)ow B HIDKHEH YaCTH KaXKIOTO PUCYHKA YKa3aHbl BEIMYHHBI OTHOCHTEIHLHOTO (B %) pasinyus MEx Iy
(E)KI‘O)3M u (E)KI‘O)'-IM: A E)KI‘O = ((E)Kro)am - (E)KFO)'-IM)/(E)KFO)'{M-

Pacuérbl npousBenens! i 3-x MomenToB Bpemenn: 02UT, 06UT u 10UT, koTopbie MpUXOAsATCs MIPUMEPHO Ha
cepenuHy (a3sl criafa, MUHUMyMa W BO3pacTaHus mHorjomieHns B nepuon sddexra 11B. IIpencraBnenHas cepus
pacuéToB BBINOJIHANACH TPU CIEAYIOMMX XapaKTePHCTHUKAX IOCTOSHHBIX (I BCEX pacuéToB IaHHOW CEpHH)
napaMeTpoB: CTAHLUS — AMJiepMa, IIOpOroBasi HEPrys (U1 CTAHIMU B IIEHTpe NOsIpHOH mankn) — En = 5 MaB,
ypoBenb ['A — nuskuii (Kp = 20), xapakrep criekrpa [1I1- HopmanbHblii (Y= 2.4). [lepeMeHHBIM (17151 KaXk10ro pacyéra
JTAaHHOHU CEepHH) MapaMeTpoM SIBISIICS KO3(D(DUUHEHT CBI3H SMIUPUUECKON (HOpPMYIIBI (Ul aBpOPaIbHOM CTAHIMN) —
(m,). B npeacrapneHHbIX pacuéTax NPUMEHSIIUCE CIeAYIONHe GopMyIsl (My): My = My /Ko, my = my (1 — Kug); M,
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B.A. Vves u op.

=My (2 — Kus); Ma = My (3 — Kip). Tosmyuennsie BennuuHbl AEq, TOKa3bIBAIOT, YTO HAMMEHBIIAS Pa3HULIA MEXKIY
(Exro)om ¥ (Excro)um TIOTyHaeTcst ipu popmysie M, = My (2 — Kpg).

MocTosiHHbIE NapaMeTpbl:
cT. AmMgepma En>5 Kp =10 y=24

ﬁepemeHHblﬁ napametp

ma = mu/Kne ma = mu*(1 - Kng) ma = mu*(2 - KnB) ma = mu*(3 - Kns)
80 80 80 80
El; 60 a‘: 60 % 60 &;60
= 40 o =40 ° = 40 £ 40 e
© 4 2 |g— 8 S .. o] 2xnlo ]
X g E3 o (o] H Qo o x ®
*—O—v—v—v—o—
0 0 +—— 0 +———
0246 81012 024681012 024681012 0246 81012
Bpems (UT, yac) Bpewms (UT, yac) Bpems (UT, yac) Bpewms (UT, yac)

OTHocuTenbHoe pasnuuue (A%)
33 13 4 93 -70 <-95 20 10 -4 53 13 17

Pucynox 2. I'paduku comnocrapnenus: 3HadeHuit KI'O (Exro)ow (0) B (Exro)uw (®) MPH paJIMUHBIX 3HAYCHHUAX
MepeMeHHOTro napaMeTpa ma(My; Kig)

AHanoru4Hele cepu pacyéToB OBUIM MPOM3BEACHBI INPU JPYIMX 3HAYCHUSAX MEPEMEHHBIX W IOCTOSHHBIX
napameTpoB. O000IIeHEe pe3yIbTaTOB ATUX PAacu€TOB MO3BOJISIET CHENATh CIEAYIOIINE BBIBOJIBI O TOM, PU KaKUX
napameTpax 3Ha4€HUS (Exro )ow B MEHBIIEH CTEMEHH OTIMYAIOTCS OT 3HAUCHHUH (Escro)ay :

(1) nMana3oH pacyéTHBIX WUPOT: CPEHHE LIMPOTH aBPOPATbHOM 30HEI @~ 63 + 677;

(2) moporosast 3Heprus (CTaHIMK B LEHTPAIbHON 00J1acTH MmoJisipHoit manku): En = 5 MaB;

(3) hopmyna koaduireHTa CBSI3M (aBpOpaIbHast CTaHIMsA): My = My (2 — Kip);

(4) yposens I'A: HI3KHit 1 ymepeHHO Bo3MymEHHEIH (Kp < 40);

(5) xapakrep criexrpa I1I1: criektp 1060# xEcTrocTH B mipenenax (y = 1.2 — 3.2).

VIMeHHO TpM 3THX 3HAYCHMSIX NApaMETPOB HanOoJiee ONTHMAIbHO C TOYKH 3PEHHs TOYHOCTH PE3YJIbTaTOB
MPUMEHEHNE MPETIOKEHHOTO METO/1a.

3akiouenne
OCHOBHOM pe3yNbTaT UCCIIEIOBAHUS: 3aKJIFOUAETCS B TOM, UTO pa3paboTaH HOBBII BapHAHT pUOMETPUIECKOTO METO1a
onpenenenus KI'O ¢ ucnonszoBanneM sMnupudeckoit moxenu ITTIIII.

DTOT BapHaHT UMEET CIIE/YIOIINE MPEUMYIIECTBA: ITUPOKOE UCTIONB30BaHUE PUOMETPHUECKUX JAHHBIX. IPOCTOTA
ANTOPUTMA, BEICOKAs ONIEPATUBHOCTH MOTYYCHHS PE3YIIbTaTOB.

IIpoBeneHs! pacuéThl, KOTOPBIE TOKA3aIIH, 9TO IIPH OMPEICIEHHBIX 3HAYCHHSX ITAPAMETPOB MPEUI0KEHHBII METOT
ompenenenus JX['O ¢ wucmonb3oBaHWeM SMmupudeckoil mozenu maér 3HadeHus JK['O Onmuskme K TaHHBIM,
MOJTY9aeMBIM C TIOMOIIBIO YHCICHHON MOJICIH.

[IpemnoxeHHass METOMKA MOXKET OBITH HCIOJh30BaHA B CHCTEME ONEPATHBHOTO MOHHTOPHHTA PaJAAIIMOHHON
00CTaHOBKH U COCTOSIHUS aBPOpaibHOI HoHOcheps! Bo BpeMs sneHwmi [1T111 ¢ ncronp3oBaHneM Ha3€MHBIX CPEJICTB.
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DISTURBANCES ON THE SUBSTORM PROCESS BACKGROUND

O.M. Barkhatova'?, N.A. Barkhatov?, N.V. Kosolapova?

INizhniy Novgorod State University of Architecture and Civil Engineering, Nizhniy Novgorod, Russia
2Nizhniy Novgorod State Pedagogical University, Nizhniy Novgorod, Russia

Abstract. The phenomena accompanying the event of synchronous night-time ionospheric and geomagnetic
disturbances, marked in globally magnetospecific quiet-time on the base of the mid-latitude Kazan station minute
data, are analyzed. The dynamic and wavelet spectra comparison for studied disturbances showed coinciding features
of the simultaneous disturbances for layer F2 critical frequency and H, D, Z geomagnetic field components. Therefore
it was possible to assume their magnetosonic nature and establish the characteristic periods of observed magnetosonic
ULF disturbances in the range of 35-50 minutes. The spatial analysis of noted magnetosonic disturbances with use of
geomagnetic data obtained at stations located at different latitudes and longitudes toward to Kazan station
demonstrated the isotropy of founded magnetosonic waves. This allows classifying them as fast magnetosonic
disturbances. It is shown that the studied event occurs under substorm development conditions.

The causes establishment of intramagnetospheric magnetohydrodynamic (MHD) disturbance is an important goal of
solar-terrestrial physics. The appearance of magnetosound disturbances in the magnetosphere-ionospheric medium is
commonly associated with development of geomagnetic storm. MHD disturbances in the magnetosphere and
ionospheric conductive layers can also be associated however with other high-energy processes. In studies
[Barkhatova et al., 2009; Barkhatova et al., 2015], for example, magnetosound type waves, generated by an eastward
electrojet and earthquakes of large magnitude were detected. At the same time in addition to geomagnetic field
disturbances, synchronous disturbances in ionospheric conductive layer F2 in the ULF range were observed. The
present study is devoted to the analysis of phenomena accompanying the event of synchronous night time ionospheric
and geomagnetic disturbances, detected in the globally magneto-quiet time at the mid-latitude station Kazan (55.78°
N, 49.01° E). The search of synchronous ionospheric and geomagnetic disturbances was performed on ionospheric
vertical sounding data and data of geomagnetic field H, D, and Z components with a minute resolution for the interval
September 1-4, 2014,

The coinciding features of F2 layer critical frequency and the geomagnetic field components simultaneous
disturbances as a result of dynamic spectra and wavelet patterns comparison of studied disturbance for September 3,
2014 were found. For other days (1, 2 and 4 September) in the night time region (+ 3 GMT) there is no pronounced
ionospheric disturbance. Fig. 1 shows the critical frequency foF2 and the geomagnetic field H component wavelet
spectra for Kazan station, received for September 3, 2014 during the night time interval (00.00 to 02.00 UT). The
black arrows show the maxima coincidence of ionospheric and geomagnetic field H component disturbances for the
interval 01.17 - 01.55 UT. The best coincidence of considered disturbances was noted for periods from 15 to 30
minutes. The fact of simultaneous disturbances for foF2 and the geomagnetic field components coincide allow us to
assume their magnetosound nature.

The question of relation for considered disturbances to SMS (slow magnetosound), more likely associated to
geomagnetic field force line, or to an isotropic FMS (fast magnetosound) type can be solved by spatial analysis of
disturbance wavelet spectra received at stations with different latitudes and longitudes from Kazan. The data of
geomagnetic field H and D components were used at stations Sodankyld (67.37 N, 26.63 E), Port Alfred (46.43 S,
51.87 E), Hel (54.61 N, 18.82 E), San Fernando (36.67 N, 5.50 W). The coincidence of spectral maxima for Kazan
station critical frequency and geomagnetic field H component at the magneto-conjugated observatory Port Alfred
(southern hemisphere) for the analyzed frequency range is established for the studied time interval. This indicates the
connection of studied wave phenomenon to the corresponding geomagnetic force line.

The comparison of the disturbance spectral features for the critical frequency over Kazan with disturbances of
geomagnetic field H, D components at other stations located in a large latitudinal-longitude region also showed cases
of analyzed spectral features coincidence. Such isotropic behavior for studied magnetosound waves makes it possible
to classify them as fast magnetosound disturbances.

The search for a possible source of considered night time mid-latitude synchronous ionospheric and geomagnetic
disturbances required the study of outer magnetospheric processes. During the case of foF2 disturbances in Kazan,
disturbances of the interplanetary magnetic field Bz component (Bz IMF) were detected in the same frequency range.
So it was established that the long-period oscillations of Bz IMF find their manifestation in the ionosphere and
geomagnetic field components. Fig. 2 shows the wavelet spectra of the foF2 critical frequency at Kazan station (upper
panel) and Bz IMF component for the considered time interval.
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A study of time behavior for the Solar wind concentration shows that in the time period up to 00.45 UT (+3 GMT

Kazan) its higher values are observed with a further decrease and reaching the minimum value at 01.00 UT. For the
interval 01.00 - 02.00 UT, there is a general increase in the Solar wind velocity, which persists throughout the interval.
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Figure 1. Wavelet spectra of F2 layer critical frequency (the first panel from the top) and geomagnetic field H
component (second panel) for September 3, 2014. The black arrows indicate a correspondence between the spectra
maximums for foF2 and the H component disturbances.
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Figure 2. Wavelet spectra of the ionospheric layer F2 critical frequency and interplanetary magnetic field Bz
component disturbances for September 3, 2014. The arrows indicate areas of the spectral singularities coincidence
for foF2 critical frequency and IMF Bz component.
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In addition, during ~ 01.00 UT, the values of IMF Bz component change from small negative to positive values.
Such situation, according to [Barkhatov et al., 2017; Morley and Freeman, 2007], correspond to the substorm
development. Note that the considered time interval corresponds to the night-time magnetosphere sector, within the
westward electrojet (AL) is localized. Its dynamic shows that during this time there really is a bay-like disturbance
preceded a non-disturbed period (AL ~ -20 nT). Fig. 3 shows the dynamics of the Solar wind parameters and the AL
index. Black vertical lines indicate the coincidence of foF2 and geomagnetic field H component spectral features at
Kazan station.

The performed results demonstrate the possibility of synchronous ionospheric and geomagnetic disturbances
existence in the class of Pi3 pulsations (periods of 15-30 min) at medium latitudes for local nighttime in the global
geomagnetic non-disturbed conditions. The magnetosound nature of observed disturbances is demonstrated by
comparing of foF2 critical frequency over the Kazan station and geomagnetic field component spectral patterns over
a large spatial region including high, middle and low latitudes. The revealed magnetosound disturbances can be
generated by the instability of westward electrojet. At the same time, these electrojet participates in substorm process
as an element of a large-scale three-dimensional current system - a substorm current wedge. During the substorm
development, the extended magnetic force lines of geomagnetic tail are subjected to ULF vibration by disturbed
magnetized Solar wind. It makes possible to explain such low frequencies of observed disturbances in comparison
with resonant MHD oscillations under quiet conditions.

Thus, the noted synchronization of ionospheric and magnetic disturbances gives reason for believing that detected
disturbances have a magnetosound nature and are associated with substorm activity.

Acknowledgements. This work was supported by grants RFBR Ne16-05-00608, Ne16-35-00084 and the Ministry of
Education and Science RF State Task Ne 5.5898.2017/8.9. Acknowledgements for Akchurin A.D. and Yusupov K.M.
for provided Kazan ionospheric vertical sounding data.
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Figure 3. Interplanetary magnetic field component Bx, By, Bz plots (left panel), Solar wind velocity and
concentration (right panel) for September 3, 2014. Vertical black lines indicate the coincidence of foF2 and H
component spectral features at Kazan station.
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Abstract. We have examined multi-instrument observations of the geomagnetic and ionospheric response to the
interplanetary shock on 24 January 2012. World-wide ground magnetometer array detected shock-induced sudden
commencement (SC) with preliminary and main impulses throughout dayside sector, and substorm triggering in the
nighttime hours. Clear resonant transient Psc5 oscillations are independently generated on the morning and evening
flanks, no signatures of theoretically predicted cavity mode excitation is found. A new effect found was a 30-40 %
positive pulse of the ionospheric total electron content caused by SC as determined from GPS receivers in the dawn
sector and 10% pulse in the dusk sector. The VHF radar EISCAT in Tromso observed SC-associated increase of
electron density in the bottom ionosphere (100-180 km). SC was accompanied by a burst of cosmic noise absorption
recorded along a latitudinal network of riometers in Scandinavia. A responsible mechanism of TEC modulation may
be related to field-aligned plasma transport by Alfven pulse, which provides an additional plasma flow in the bottom
ionosphere.

1. Introduction. An impact of interplanetary (IP) shock onto the magnetosphere, observed by ground
magnetometers as storm sudden commencement (SC), is a convenient probing signal for the experimental study of
the near-Earth space. During a relatively short time period (<10 min) a significant energy and momentum is pumped
into the magnetosphere from the solar wind. Despite a seemingly simplicity of such impact, a complex of impulsive
and quasi-periodic phenomena stimulated by IP shock in the ultra-low-frequency (ULF) band (time scales from few
sec to tens of min.) turns out to be surprisingly large. An observed response to an IP shock or discontinuity may be
rather complicated due to the nearly-simultaneous excitation of several transient processes. The IP shock is known to
stimulate a global compression of the magnetosphere [Araki, 1994], excitation of transient field-aligned current
systems [Fujita et al., 2005], generation of transient ULF waves in a wide band from Pcl to Pc5-6 [Saito and
Matsushita, 1967], triggering of VLF wave activity and enhancement of energetic electron precipitation [Gail et al.,
1990], dayside aurora activation — “shock aurora” [Vorobiev et al., 2008]. Besides that, a SC pulse serves as an
indicator of the onset of a more intense solar wind driving and buffeting the magnetosphere.

Though the basic physics of the related phenomena are qualitatively understood, some aspects of IP shock impact
on the magnetosphere — ionosphere system has not been sufficiently established yet. Basing on the analysis of ground
magnetometer data, Araki (1994) suggested the phenomenological model of SC, in which an observed disturbance is
interpreted as the superposition of a stepwise compression of geomagnetic field (DL component) and bi-polar impulse,
composed from a short preliminary impulse (PI) and following main impulse (MI). The nature of a stepwise increase
of the geomagnetic field (DL) is now clearly identified as a result of global compression of the magnetosphere. The
MI and PI are supposedly associated with transient magnetospheric field-aligned current (FAC) systems, but driven
by different mechanisms.

Magnetometers, riometers, optical images, satellite particle detectors, and ionospheric radars have become a
standard tool for the monitoring the solar wind - magnetosphere - ionosphere coupling. For an examination of
ionospheric response to solar wind pressure pulses Jayachandran et al. (2011) suggested to use the GPS global
navigation satellite system. This technique providing information on total electron content (TEC) along a radiopath
satellite — ground receiver has turned out to be sensitive enough to detect ionospheric response to transient and periodic
disturbances in ULF band [Belakhovsky et al., 2016]. However, a possible mechanism of the ionosphere modification
by magnetospheric ULF disturbance has not been firmly established yet. Therefore, examination of the impact on the
ionosphere by disturbances of different physical nature with simultaneous data from magnetometers, riometers,
ionospheric radars, and GPS/TEC receivers may provide an insight into the mechanism of magnetosphere-ionosphere
coupling.

In this paper we consider the ionospheric response to the IP shock as observed by ground magnetometers,
riometers, aurora imagers, GPS receivers, and EISCAT radar. We discuss what features of the SC-related phenomena
are well understood, and what still require a further consideration and modeling.
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2. Interplanetary shock on Jan. 12, 2012. The arrival of IP shock at ~1500 UT is revealed according to the
OMNI database as a rapid jump of the solar wind velocity V from ~400 km/s up to ~700 km/s, the interplanetary
magnetic field (IMF) magnitude B increase from ~3 nT up to ~30 nT, and the solar wind density N jump up to 15 cm-
3 (Fig. 1). The shock impact occurs at the background of northward IMF Bz. This shock causes a jump of Dst index
and a short impulsive increase of AE index up to ~800 nT. After that AE index has remained at elevated level.

3. Geomagnetic response on the ground to
SC. We analyze data from latitudinal and
longitudinal networks of magnetic stations.
During SC the noon meridian is near the Eastern
coast of Canada, and CARISMA array is in the
morning sector. In morning hours (8.5 MLT)
negative PI preceding positive Ml is observed at
very high geomagnetic latitudes only, ®>72°
(Fig. 2). At lower latitudes (below ~68°) only
positive Ml is recorded. In this LT sector Ml
triggers quasi-monochromatic slowly decaying
Psc4-5 pulsations at various latitudes, with
periods from T~5 min at ®~72° (RANK) to
T~1.5 min at ®~58°-60° (PINA, THRF). The lack
of oscillatory response at ®~66° (GILL)
probably corresponds to the plasmapause
position.

= The SC triggers the development of moderate
substorm, e.g. magnetic bay at PBK with
amplitude up to ~500 nT (not shown), though
IMF Bz remains northward before and after the
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ur magnetometers (LT~17) record "classical" SC:
positive MI and preceding it negative Pl at 1504
UT (Fig. 3). Ata latitude about 67° Pl changes its
polarity from negative (TRO) to positive (NOR),
whereas MI changes polarity between 68°-74°.
This polarity reversal of geomagnetic
disturbance is commonly interpreted as an
evidence of vortex-like structure of the
ionospheric currents associated with Pl and MI.

At latitudes ~65°-67° (NOR, IVA, TRO, SOD) fast-decaying transient Psc5 pulsations with T~5-6 min are excited
(Fig. 3). A quasi-period of these pulsations is latitude dependent, so they cannot be associated with cavity oscillations.
Their waveforms differ considerably from the Psc4-5 pulsations on the morning flank (Fig. 2). Thus, oscillatory
responses of the magnetosphere on the IP shock at the morning and evening flanks are independent.

Detailed examination of Pl at stations IVA — SOD — OUL — HAN, covering latitudes from ~59° to ~65° (Fig. 3),
reveals its apparent poleward propagation. This effect may be interpreted as a delay of the Alfven pulse propagation
time from an excitation region in the equatorial magnetosphere towards the ionosphere along different field lines with
latitude-dependent Alfven period Ta(®). A peak of Ml also demonstrates poleward propagation, but with an apparent
velocity even larger than that of PI.

Figure 1. The interplanetary shock detected on Jan. 24, 2012
during time interval 1400-1900 UT: the OMNI solar wind
velocity (Vx component), solar wind density N, IMF magnetic
field magnitude B and component Bz, SYM-H index, and AE
index.

4. lonospheric TEC response to SC as observed by GPS system. We have examined the TEC response from
GPS 30-s data downloaded from the IGS website. The TEC data have been converted into the vertical VTEC. The
TEC response in the morning hours (Canadian sector) is shown in Fig. 4. The TEC data derived from signals from
different GPS satellites received at station CHUR demonstrate a gradual VTEC growth started after SC. These
variations are possibly the result of prompt electric field penetration during the main phase of the storm. This TEC
growth during SC in the morning sector (Canada) is observed at latitudes above 60° only. The ATEC/TEC reaches the
value 30-40%.
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Figure 2. The magnetograms (X-component in 10* nT)
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Figure 4. vTEC data from GPS satellites with a>45° in
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In the evening sector (Scandinavia), vTEC variations have been constructed for different radiopaths between available
GPS satellites and KIRU receiver. At a background of gradual increase of VTEC, a superposed positive pulse of vTEC
is observed with amplitude up to ANt~ 1 TECu (Fig. 4). The ATEC/TEC in the dusk sector is less than the 10%.
Onset of TEC growth coincides with PI at station KIR, but no PI signatures can be seen in TEC. The impulsive TEC
enhancements coincide with the geomagnetic M1 at KIR. The observed ionospheric response may be caused by plasma
compression, additional ionization due to the electron precipitation, or ionospheric plasma redistribution owing to the
wave electric field. The vertical structure of the ionospheric disturbance can be determined with incoherent radar.

5. EISCAT radar response to SC. Incoherent radar EISCAT in Tromso provides a vertical profile up to 200 km
of main ionospheric parameters with cadence 1 min. The EISCAT-measured electron density Ne evidently shows an
impulsive response to SC (Fig. 5). At the same time, no clear signatures in ionospheric E-field coherent with magnetic
disturbance are observed. EISCAT reveals an irregular increases of Ti and Te at altitudes >150 km. Most evident
response in electron density Ne can be seen at altitudes 110-170 km (Fig. 5). A growth of Ne in the E-layer (120 km)
starts simultaneously with riometer increase and PI. The increase of Ne from 10°m to 1.7:10*m reaches maximum
simultaneously with MI peak, but decays during the period ~2 min that is longer that the duration of MI ~ 1 min.

6. Discussion and conclusions. The analysis of SC event recorded simultaneously by various instruments on the
ground and in space has shown a surprisingly large variety of associated effects. Only latitudinally localized transient
Pc5 pulsations at the dawn and dusk flanks have been observed, which correspond to the independent response of
resonant field lines in the morning and evening sectors [Samsonov et al., 2011]. The lack of oscillatory response at
®~66° is probably caused by the plasmapause, because in its vicinity the radial gradient of Alfven period Ta(®)
becomes smooth. Therefore, a mode conversion into Alfven oscillations of geomagnetic shell is weak in this region.
Clear resonant transient Psc5 oscillations are independently generated on the morning and evening flanks, no
signatures of theoretically predicted cavity mode excitation is found.

In this study, for the first time (to the best of our knowledge) a TEC response to SC was found. A responsible
mechanism of TEC modulation may be related to field-aligned plasma transport by Alfven pulse, which provides an
additional plasma flow in the bottom ionosphere. During the SC event under examination, the path-integrated electron
density TEC, Nr(t), response to Ml only has been detected. The modulation of the ionospheric plasma density may be
caused by the interaction of an incident MHD pulse with the ionosphere - atmosphere - ground system. Shear Alfven
wave does not produce plasma/magnetic field compression, so any compressional effects arise upon interaction of this
mode with the anisotropic inhomogeneous ionosphere. A precipitation of energetic electrons and ionization of the
lower ionosphere during SC recorded by riometers can influence bottom E-layer and D-layer which contribution into
TEC is small. Nearly simultaneous response in riometer, TEC, and EISCAT Ne may be interpreted as a stimulated by
SC precipitation of electrons with a wide energy range, from soft (<keV) to energetic (tens of keV).
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Abstract. Reaction of the high-latitude lower ionosphere and the geomagnetic field to explosions of two Siberian
meteoroids according to amplitudes of partially reflected ordinary and extraordinary waves, received by the partial
reflection facility of the Tumanny radiophysical observatory (69.0°N, 35.7°E), and geomagnetic field variations of
the Lovozero geomagnetic observatory (68.0°N, 35.0°E) of the Polar Geophysical Institute had been considered. The
first meteor has blown up at 21:29 UT, 4 March 2014, over the Vilyuysk district (Yakutia, Russia) (64.3°N, 123.1°E).
The second meteor has blown up at 11:37 UT, 6 December 2016, in the region located near Sayanogorsk (Khakassia,
Russia) (52.9°N, 91.4°E). It was shown that explosions have caused changes in the ionosphere and the geomagnetic
field, and also appearance of waves of different types: internal gravity waves and slow magneto-hydrodynamic waves.

Introduction. The greatest attention of researchers is drawn by invasion into the Earth atmosphere of large meteoroids
as their flights and the subsequent destructions are followed by various light, acoustic, seismic disturbances which are
fixed by ground and satellite means of observations. First of all an explosion of a meteoroid is followed by a shock wave
which is the most powerful manifestation of explosion in the atmosphere. Sound disturbances from the explosion extend
to many tens and hundreds of km depending on the height of destruction of a meteoroid. Infrasonic disturbances extend
to distances in hundreds and thousands of km, depending on conditions of atmospheric wave guides. Also during the
disintegration of meteoroids, processes of generation and propagation of acoustic gravity waves which cause moving
ionospheric disturbances in the ionosphere are of interest. As a rule, at the same time in the atmosphere and the
geomagnetic field wave disturbances of various nature are generated which, eventually, cause changes of structure and
dynamics of the ionosphere. Simultaneous actions of various sources of disturbances, and also difficulties of
measurements of the environment parameters at these heights complicate identification of mechanisms of generation and
transfer of disturbances. Many works have devoted to the effects in the ionosphere caused by flights of meteoroids but
as a rule they have considered the effects observed at the heights over 100 km. Studies of the polar lower ionosphere
reaction to flights of meteoroids were much less conducted [Tereshchenko et al., 2014, 2015]. Therefore it is necessary
to increase the number of observations, especially in the high-latitude ionosphere.

1. Technical parameters of the partial reflection facility. The partial reflection facility is in the Tumanny
radiophysical observatory, the Murmansk region, Russia (69.0°N, 35.7°E). Power of the transmitter at the working
frequency 2.6 MHz is about 60 kW; duration of the pulse is 15 ps; the frequency of sounding by ordinary and extraordinary
waves is 1 s; the delay between pulses of the waves is 275 ms. Receiver sensitivity is 0.5 uV; sounding range is from 30
km; sounding steps on height are 0.5-n km, where n=1, 2, 3, .... Transceiving antenna has 38 cross-dipoles; antenna area
about 10° m?; directional pattern width on the level of half power is about 19°x22° [Tereshchenko et al., 2003].

2. Parameters of places of observations and explosions of meteors. The first meteor has blown up at 21:29
UT, 4 March 2014, over the Vilyuysk district (Yakutia, Russia) (64.3°N, 123.1°E). The second meteor has blown up
at21:29 UT, 6 December 2016, in the region located near Sayanogorsk (Khakassia, Russia) (52.9°N, 91.4°E). For the
analysis, amplitudes of ordinary and extraordinary waves, received by the partial reflection radar, and variations of
the geomagnetic field of the Lovozero geomagnetic observatory (68.0°N, 35.0°E) have been considered. Distance
from the explosion place of the Vilyuysk meteor to the Tumanny observatory about 3560 km and from the explosion
place of the Sayanogorsk meteor is about 3360 km (Fig. 1).

3. Vilyuysk meteor. During the expedition of researchers of the Institute of Cosmophysical Research and Aeronomy
SB RAS, Yakutsk, it became clear that on 4 March 2014 in the atmosphere had flown a meteoroid which had turned
into a meteor and had probably broken up with the falling to the Earth as meteorites. Data processing of video
registrations gave opportunity to specify the explosion epicenter with the accuracy of 4 km on width and 9 km on
length. The epicenter is located at 85-90 km to the northeast of Vilyuysk at the point with approximate coordinates of
64.2°N, 121.9°E. Explosion of the meteor was in the range of heights from 16 km to 24 km as a result of strong heating
caused of braking of the body in the atmosphere. According to preliminary estimates the initial size of the body was
about one meter, and the power, calculated on the flash duration, was about 0.5-1 kilotons in a trotyl equivalent. It
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was established that the body has entered to the atmosphere from the northwest (the azimuth of 130-140 degrees) with
the inclination of 40-50 degrees and the speed about 32 km/s.

3.1. Geomagnetic conditions and ionospheric effects. A
meteor flight in the atmosphere of the Earth is followed by
various effects. First of all it makes impact on the environment
including the geomagnetic field. Influence of explosions of
meteoroids on the geomagnetic field was considered by
different researchers [Chernogor, 2014]. In our case for
consideration of geomagnetic conditions and behavior of
reaction of the geomagnetic field during the explosion and after
that it was used data of the IMAGE magnetic stations and the
Lovozero observatory. The observatory is situated near the
Tumanny observatory and at the distance of 3610 km at the
place of the Vilyuysk meteor explosion. Geomagnetic
conditions during the meteor explosion were disturbed, there
was a substorm. On the Fig. 2 it is shown behavior of IMAGE
electrojet indicators which characterize well enough the
geomagnetic situation in the auroral zone of our region (http://space.fmi.fi/image/il_index/). Red colour shows IE
indicator, green one — U, blue one — IL. The figure shows two days on 4 and 5 March 2014 for to know geomagnetic
situation during the explosion and after that. As we can see during the explosion there was a substorm. It continued
about till 1 UT on 5 March. After the time there was the quite period when we can consider the reaction of the
geomagnetic field on the explosion.

‘ *Sayanogorsk

& o g ) ;
Figure 1. Map of meteor explosion positions and
the Tumanny observatory.
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Typical periods of natural oscillations of the atmosphere (Brant-Viisild periods) at the heights of the lower
ionosphere are about 5-10 min, depending on the state of the atmosphere. Therefore, in the variations of the amplitudes
of ordinary and extraordinary waves, the presence of wave processes with periods longer than the Brant-Viisild period
(from 10 to 80 min, internal gravity waves) was analyzed.

Fig. 3 (right) shows the amplitude of the ordinary wave (upper) and its wavelet spectrum. On the figure (right,
lower) the D component of the geomagnetic field at the Lovozero observatory is shown. Behavior of the D component
is very similar to behavior of electrojet indicator IE. Periods of waves in ordinary wave amplitude as well as in the D
component at the 1%t section have similar behavior and differ from other sections (2-4). It can be said that the waves
at sections (2-4) have different nature than waves of the 1% section. At the sections (2-4) amplitude has soliton-like
appearance. If we suggest that it is a manifestation of the coming disturbances from the meteor explosion so the
velocity of the disturbances are: vi = 230 m/s, v2 = 140 m/s, vz = 120 m/s, v4 = 100 m/s. The 1% section shows two
waves with the periods of 25 and 54 minutes which continues about 3 hours. In the 1% section waves can be considered
as typical internal gravity waves which usually come from the place of a meteor explosion. Such velocities (v1) are
typical for the thermospheric waves propagation (at the altitude > 85 km). The coming waves of the 2" — 4™ sections
can be describe as slow magneto-hydrodynamic waves (MHD-waves). The velocities of the waves are in the range of
the types of waves which spreading after explosion in the lower ionosphere [Sorokin, Fedorovich, 1982; Chernogor,
2011; Tereshchenko et al., 2014].
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Figure 3. IMAGE electrojet indicators during the quite period of the geomagnetic field (top). Ordinary wave
amplitude at the height of 100 km and its wavelet spectrum (bottom). D component of the geomagnetic field (the
Lovozero observatory) and its wavelet spectrum (lower).

4. Sayanogorsk meteor. According to the operational headquarters of the Civil Defense and Emergency Situations
in Sayanogorsk, the meteor has exploded at 11:37 UT, 6 December 2016, in the region (52.9°N, 91.4°E). The flare
from the fall of the meteor was such a force that it was seen by the residents of the capital of Khakassia (Abakan),
which is 80 kilometers from Sayanogorsk.

4.1. Geomagnetic conditions and ionospheric effects. Geomagnetic conditions before the meteor explosion were

not disturbed, but just after the explosion there was a substorm. On the Fig. 4 it is shown behavior of IMAGE electrojet

indicators. The first quite geomagnetic period is shown by the letter I, the second — II. Variations of the geomagnetic
field at the Lovozero observatory are very similar to IMAGE electrojet indicators.

On the Fig. 5 the periods are shown more
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4) has wave-like one.

On the Fig. 6 (left) extraordinary waves amplitude (upper) and D component (the Lovozero observatory) (lower)
for the Ist site and (right) for the IInd site are shown. If we suggest that changes in the D component of the geomagnetic
field is the manifestation of the coming disturbances from the meteor explosion so the velocities of the disturbances
are: vz = 183 m/s, va = 160 m/s. The 3" wave can be caused by the internal gravity wave, and the 4" wave — by the
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slow magneto-hydrodynamic one [Chernogor, 2011, 2014; Tereshchenko, 2014]. Extraordinary wave amplitude has
good agreement with the changing of the D component.
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Figure 5. IMAGE electrojet indicators during the first quite period (I) of the geomagnetic field (left); during the
second quite period (1) of the geomagnetic field (right).

j 3 4l l
| 1 198 | VA
i = ! i
, it e
o ! | by . i | |
190 17 116 118 12 122 124 126 194 .
UT, hour 16.5 17 17.5 18 18.5
UT, hour

Figure 6. Extraordinary wave amplitude (upper) and D component (the Lovozero observatory) (lower) for the 1% site
(left); the 11 site (right).

Summary. Influence of the Siberian meteors explosions on the lower ionosphere and the geomagnetic field were
considered. The events were during substorms at the place of observation. Nevertheless it was shown that the
explosions of the meteors caused changes in the ionosphere and the geomagnetic field, as well as the appearance of
waves of various types: internal gravity waves and slow magneto-hydrodynamic waves.
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Abstract. The ionosphere variations before M6.7 earthquake in India on January 3, 2016 have been analyzed. The
earthquake has occurred after the series of magnetic substorms on December 31, 2015 and January 1, 2016. The
relative total electron content (TEC) disturbances have been estimated using the global maps of the total electron
content (GIM-TEC) and calculated numerically using the 3D global first-principle Upper Atmosphere Model (UAM)
for the whole period including the days before, during and after the substorms. Numerical simulations were repeated
with the seismogenic vertical electric currents switched on at the earthquake epicenter. The UAM calculations have
reproduced general behavior of the ionosphere after the main phase of the geomagnetic storm on January 1, 2016 in
the form of negative TEC disturbances propagating from high latitudes, especially strong in the Southern (summer
condition) hemisphere. It was shown that the local ionospheric effects of seismic origin can be identified on the
background of the global geomagnetic disturbances. These seismo-ionospheric effects are visible as the nighttime
regions with the additional negative TEC disturbances extending from the Eastern side of the epicenter meridian to
the Western side, both in the observations and simulations. It was found that the vertical electric field and
corresponding westward electromagnetic drift play a decisive role in the formation of the ionospheric precursors of
this earthquake.

Introduction

The ionosphere response to the seismic activity has been the subject of the numerous studies aiming at detection of
the ionospheric precursors of earthquakes. One of the ionosphere parameters often used to study the ionosphere
response to the earthquakes preparations is the TEC (total electron content) of the ionosphere obtained via the global
position systems (GPS, GLONASS). The formation of the pre-seismic TEC disturbances was explained by the vertical
electromagnetic [E x B] drift of the F2-layer plasma under the action of the electric field generated in the ionosphere
above the epicenter region (Namgaladze et al., 2009). The abnormal electric fields with the intensity of several mV/m
were detected by DEMETER above the regions with the enhanced seismic activity (Zhang et al., 2014). Sorokin &
Hayakwa (2013) and Namgaladze & Karpov (2015) considered these electric field as a result of the vertical electric
current generated over the tectonic fault due to the separation and vertical transport of the opposite charges driven by
the non-electric forces, similar to the thunderstorm currents charging the ionosphere. The numerical simulations with
the Upper Atmosphere Model (UAM) have shown that the vertical electric current of ~20 nA/m? is required to generate
the local pre-seismic electric fields of several mV/m and create the TEC disturbances analogous to the observed ones
(Namgaladze et al., 2013; Karpov et al., 2013).

The global state of the ionosphere is affected by numerous influences including the solar and geomagnetic
activities, meteorological events and anthropogenic sources. It also experiences normal seasonal, day-to-day and
diurnal variations. Thus, it is very important to clearly identify the ionospheric disturbances associated with the seismic
activity and separate them from the regular Space weather variations. Most, if not all, case studies and statistical
analysis were conducted for the periods of the low solar and geomagnetic activities. In this study we analyze the
ionosphere behavior for the period of high geomagnetic activity in December 2015 and January 2016 followed by
M6.7 earthquake in India on January 3, 2016. Here we try to distinguish the pre-seismic TEC variations from the
effects of the magnetic storm using the GPS observations and the UAM numerical calculations.

Methods
M6.7 earthquake occurred at 23:05:22 UTC on January 3rd, 2016 with the epicenter 30km W of Imphal, India
(24.804°N, 93.651°E). The geomagnetic conditions for the period before the earthquake are characterized by the two
series of substorms on December 20-21 and December 31-January 1 with Kp>6 and Dst reaching —150nT and —
100nT, respectively. We used the global ionospheric maps of the TEC (GIM-TEC) to estimate the TEC disturbances
relative to the quiet values for this period. In order to obtain the background values and exclude the disturbed TEC
values due to the high geomagnetic activity, we have averaged the TEC for December 25-30. During this period Kp<3
most of the time, exceeding 4 once on December 26, and Dst has never changed more than 30 nT within a day.

For numerical calculations of the TEC variations we use the three-dimensional global first-principle Upper
Atmosphere Model (UAM) (Namgaladze et al., 1998, 2013). The model covers the height range from 90 km to the
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geocentric distance of 15 Earth radii, takes into account the offset between the geomagnetic and geographic axes and
calculates the three-dimensional variations of the main gas components’ (O, Oz, N2, NO, O.*, N»*, NO*, O*, H* and
electrons) concentrations; neutral, ion and electron gases’ velocities and temperatures by the numerical integration of
the continuity, momentum and heat balance equations jointly with the equation for the electric potential.
The latter equation takes into account the electric fields of the magnetospheric, dynamo and seismogenic origin:

V[o" (Vo — [vXB]) —jm—js] =0, (1)

where ¢ is the ionosphere conductivity tensor, ¢ is the potential of the electrostatic field, v is the velocity vector of
the neutral gas motion, B is the magnetic induction vector, jm and js are the densities of the magnetosphere and
seismogenic electric currents, respectively.

The UAM calculates the spatio-temporal variations of the near-Earth environment parameters in dependence on
the inner state and outer forcing, which is controlled by input parameters, including the solar and geomagnetic activity
indexes; the solar UV and EUV spectra; precipitating particles fluxes; field-aligned electric currents connecting the
ionosphere with the magnetosphere and/or electric potential distribution at the polar cap boundaries. The substorm
auroral currents are reflected by the auroral magnetic activity indexes AL, AU and AE. The geomagnetic activity
indexes Dst and Kp characterize the geomagnetic storms. The UAM takes into account AL, AU, AE, Kp and Dst
indexes to simulate the upper atmosphere behavior during geomagnetic storms and substorms. In this study we used
the spatial distribution of the field-aligned currents’ dependencies on AE and Kp and the spatial distributions of the
precipitating electron fluxes depending on Kp according to the empirical model of the precipitations by Hardy et al.
(1985).

To simulate the seismogenic effects, the vertical electric currents js = 20 nA/m? were added to Eq. (1) locally,
above the earthquake epicenter. The chain of the electric current sources was setup at 3 nodes of the numerical grid
along the tectonic fault (parallel to 30° geomagnetic meridian) with 15° longitude step between each node. This
configuration is very similar to the configuration that was used in our previous simulations, where the middle-latitude
earthquakes during quiet geomagnetic conditions have been studied (Karpov et al., 2013; Namgaladze et al., 2013).
The numerical calculations have been carried out taking into account seismogenic currents and without them to distinct
the effects of the seismogenic electric currents from the effects of magnetic activity, but not related with the earthquake
preparation.

Results and discussion

The maximum of the geomagnetic storm main phase was at 00:00 UT on January 1, 2016. Fig. 1 shows the TEC
disturbances after the main phase, which pronounce themselves, both in the GPS observations and UAM calculation
results, in the form of the negative ionospheric phase (the TEC decrease relative to the background, quiet values) in
the Southern (summer) hemisphere due to the thermosphere motion from the high latitudes toward the equator. The
resulting effect is the decrease of the concentrations ratio between atomic and molecular components of the neutral
gas (O/N; ratio) which leads to the increase of the ions recombination rates and, eventually, to the decrease of the
electron density and TEC. The negative phase propagates from the high latitudes to, at least, the epicenter latitude,
and dTEC reaches —-50% according to the observations.

The addition of the seismogenic electric currents flowing upward (charging the ionosphere) drastically changed
the calculated TEC pattern. The additional negative TEC disturbances appear in the area between the latitudes of the
epicenter and magnetically conjugated point, £30° to the East and to the West from the epicenter meridian (Fig. 1¢).
The GIM-TEC also shows the similar pattern in the same area (see Fig. 1a).

In the previous calculations performed by Namgaladze et al. (2013) and Karpov et al. (2013), where the middle-
latitude earthquakes have been simulated, the main cause of the TEC disturbances was attributed to the
electromagnetic plasma drift under the action of the electrostatic electric field generated as a result of the seismogenic
vertical electric current (Namgaladze et al., 2009). In the present case study, we consider the low-latitude earthquake,
and here we deal mainly with the dynamo electric field of the induction origin, dominating at the low latitudes in
comparison to the middle latitudes. It is added to the electrostatic field, and they both create the new electric potential
and corresponding [E x B] drift velocity patterns.

The UAM calculated zonal drift velocity patterns at 300 km are presented in Fig. 2. In the end result, the vertical
electric currents lead to the generation of the electric field by the dynamo action, including the disturbance of the
vertical component of the electric field and corresponding zonal drift at the latitudes between the epicenter and
conjugated point. For the UAM calculations with the seismogenic vertical electric currents switched on (Fig. 2b), the
resulting westward drift velocity is 3—4 times higher in comparison to the background values calculated without the
seismogenic currents (Fig. 2a). According to the simulations results for this particular case study, an additional zonal
drift is also higher than the vertical drift under the action of the zonal electric field, thus, it brings a greater effect to
the resulting TEC disturbances.
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Figure 1. GPS observed and UAM-T calculated TEC disturbances (%) relative to the background values in the
geomagnetic coordinates at 10:00 (left panels), 12:00 (center) and 14:00 UT (right) on January 1, 2016: a) GIM-TEC,
b) UAM calculated without currents, ¢) UAM calculated with js = 20 nA/m?. Black line denotes the terminator, black
star and diamond represent the earthquake epicenter and magnetically conjugated point, respectively.
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Figure 2. The UAM calculated eastward drift velocity (m/s) distributions at 300 km: a) without seismogenic currents;
b) js = 20 nA/m2,

Thus, the TEC disturbances caused by the upward seismogenic currents have a negative sign. Similar regions are clear
visible in the GPS data. The presence of seismogenic currents leads to the increase of the upward electric field and
corresponding westward electromagnetic drift of the ionospheric F2-layer plasma. This drift forms the negative TEC
disturbances by transporting the plasma from the east to the west through the epicenter meridian, as it is seen in the
observations and simulations results.

Finally, we should mention, that according to the GPS data, the strong TEC disturbances are clearly visible in the
area North-East of the epicenter (Fig. 1a). At the first glance, they are similar to the ionospheric precursors of
earthquakes, but their morphology is not consistent with the previously reported features of the pre-seismic TEC
disturbances (Namgaladze et al., 2013 and references in it). Firstly, there are no effects near the magnetically
conjugated point in the Southern hemisphere. Secondly, these regions appeared in the GIM-TEC for the first time at
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06:00 UT, i.e. earlier this day, at daytime. Thirdly, they are quite far from the epicenter. A comparison between the
UAM calculations results with the seismic origin electric currents switched on (Fig. 1c) and off (Fig. 1b) shows that
these positive GIM-TEC disturbances are not associated with seismogenic currents. We suppose that these
disturbances are related with the high geomagnetic activity. In this period the ring current heats the outer part of the
Earth’s plasmasphere. It results in the increase the downward diffusion plasma flows from the plasmasphere to the
ionosphere. These fluxes create the positive GIM-TEC disturbances regions at the Northern hemisphere due to the
larger O/N ratio at the ionospheric F2-layer altitudes in winter in comparison with the summer hemisphere.

Conclusions

The study presents the numerical calculations results of the ionosphere effects created by the vertical electric currents
of the seismic origin. Simulations using the 3D global first-principle Upper Atmosphere Model (UAM) are compared
with the GIM-TEC data for the high geomagnetic activity period preceding the M6.7 earthquake in India on January
3, 2016. The simulations have reproduced the general behavior of the ionosphere after the main phase of the
geomagnetic storm on January 1, 2016 in the form of the negative TEC disturbances propagating from the high
latitudes, especially strong in the Southern (summer condition) hemisphere. It was shown that the seismogenic
currents’ effects (ionospheric precursors of earthquake) can be revealed on the background of the global geomagnetic
disturbances. They are visible as the regions with the additional negative TEC disturbances formed on the Eastern
side of the epicenter meridian and extending to the Western side, both in simulations and observations. It was found
that the vertical electric field which is the sum of the electrostatic and dynamo origin plays a decisive role in the
formation of the ionospheric precursors of earthquakes at the low latitudes. They are related with the upward electric
field and corresponding westward component of the electromagnetic [E x B] drift.
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OBSERVATIONS BY PARTIAL REFLECTION RADAR IN TUMANNY
DURING NOCTILUCENT CLOUDS

V.C. Roldugin, S.M. Cherniakov, A.V. Roldugin, O.F. Ogloblina
Polar Geophysical Institute, Apatity, Murmansk, e-mail: rold_val@pgia.ru

Abstract. During appearance of noctilucent clouds on 12 August 2016 variations of the reflected ordinary wave
amplitude at the frequency of 2.66 MHz of the partial reflection radar located at the Tumanny observatory (69.0°N,
35.7°E) were considered. The noctilucent clouds have been registered by the all sky camera in the Lovozero
observatory (67.98°N, 35.08°E) with the time resolution of 30 s. They stretched from the northern to the southern
horizon, moved in the southern direction, had wavy structures with the periods from 15 till 200 km. During the
presence of the noctilucent clouds over the radar the Polar Mesospheric Summer Echoes at the heights of 83-86 km
were recorded. Detailed analysis has revealed that for the Polar Mesospheric Summer Echoes appearance was not
enough only existence of noctilucent clouds over the antenna, also heterogeneity of the noctilucent clouds was
required. Polar Mesospheric Summer Echoes heights decreased with speeds of 0.5 and 1.3 m/s.

Introduction

One of the interesting geophysical phenomena in high latitudes is the Polar Mesospheric Summer Echoes (PMSE). It is
defined as abnormally intensive reflections of sounding signals in summertime, May-August, at the heights of 80-90 km.
Data of the partial reflection radar (PRR) of PGI at the Tumanny observatory at the frequency of 2.7 MHz have shown
existence of the phenomenon in the short wave range [Vlaskov and Bogolyubov, 1998]. Authors have noted features of
PMSE during the observations: the reflecting layers were thin and were most often at the heights of 84-87 km, they
moved down with the speed of 0.3 m/s, and wave processes were observed in the reflecting layers. Almost all researchers
of PMSE marked their connection with noctilucent clouds (NLCs): both phenomena were observed during the summer
period, were at heights 80-90 km in the mesopause, were correlated with the decrease of temperature in the mesosphere.
Long parallel observations of PMSE and NLCs are difficult since observations of the NLCs demand the clear sky and
the Sun position must be lower than the horizon at about -5° - -10°. However before Stebel et al. [2000] have reported
that sometimes PMSE were observed without NLCs, sometimes on the contrary. In the question of connection between
NLCs and PMSE there is a lot of uncertainty. Therefore the researches of the received data by the partial reflection radar
(PRR) of the Tumanny observatory (69.0°N, 35.7°E) of the Polar Geophysical Institute (PGI) during the 12 August 2016
and the NLCs event are of interest.

Equipment

In the summer of 2016 the patrol all sky camera of PGI for regular
observations of aurora in the Lovozero observatory (67.98N, 35.08°E)
on the Kola Peninsula was upgraded. The camera has, in comparison
with earlier operated one, increased angular and temporary resolutions
and expanded dynamic range, provides formation of a color image. The
device is created on the basis of the semi-professional A7S camera and
fish-eye Nikon 8mm F2.8 Nikkor lens. The matrix consists of 4-pixel
clusters in which two pixels work via the green filter (color channel G),
one pixel works through blue filter (color channel B) and one pixel
works through red filter (color channel R).

When NLCs were in the antenna directional pattern zone of PRR
observations of the reflected signal amplitude of the ordinary wave have
been executed. Radar transmitter power at the working frequency of
2.66 MHz was equal to about 60 kW, impulse duration was about 15
mcs. The antenna directional pattern was about 19x22°, its section at the

Figure 1. The picture of the Lovozero  height of 90 km had the linear size about 30 km. More detailed technical
camera with NLCs. Date, time and specification of the partial reflection facility is given in work
orientation of the camera are specified.  [Tereshchenko et al., 2003].
The layered structure in the north and Expanded dynamic range of the used camera had allowed beginning
gravity waves in the southeast is visible.  observations at the zenith angle of immersion of the Sun lower -12° and
more when the shadow was at the height over 100 km, and at the angle
-5° when the height of a shadow of only 50 km. NLCs are observed in high latitudes in the summer to the middle of
August, but their detection in June or July is difficult because of the polar day. Auroral observations from the moment
of immersion of the Sun below -12° near the zone of auroral observations begin at the end of August when NLCs are

16/08/12
22:25:00
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already extremely rare. Therefore modernization of the patrol all sky camera and expansion of its dynamic range have
allowed increasing the period of optical observations in the Lovozero observatory. Regular observations can be made
since the beginning of August now that gives more opportunities to register NLCs appearance in high latitudes.
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Figure 2. The ordinary wave amplitude of the radar (left) and its variations at different heights (right).

Data

In 2016 observations have been begun since August 1, time of observations was 2-3 hours in the first days. It was
succeeded to record NLCs by the upgraded all sky camera at 8, 9 and 12 August 2016. Because of bad weather these
observations there were not acceptable for detailed researches except only data for 12 August.

In Fig. 1 the shot of the all sky camera at 22:25:00 UT 12 August 2016 constructed using blue pixels is presented.
The white cross is the zenith above the all sky camera, and black one is the zenith over the Tumanny observatory at
the height of 84 km. It is visible that NLC were observed also in the neighborhood of the Tumanny observatory over
PRR. Tropospheric clouds can be seen at the picture also. NLCs in this area have wavy structure, they are extended
along the horizon. Other pictures show that NLCs move to the south - southwest direction. The characteristic distance
between maxima of brightness is 50-100 km, and the speed is about 3-4 km/min at the height of 84 km. In the left
bottom corner of the figure the wavy structure with the period about 20 km is visible.

During NLCs appearance records of ordinary wave amplitude of PRR have been received. The two-dimensional
picture of the amplitude is presented on the left panel of Fig. 2. According to the all sky camera between 22:00 and 23:00
UT the area over the radar became covered by NLCs, and, during the same time interval, additional reflections at the
heights about 82-87 km appeared. We connect the appearance of these sporadic reflections with NLCs. On the right panel
the ordinary wave amplitudes for heights of 81-87 km are given; it is clearly visible that reflections happen, mainly, from
the heights of 83-86 km and have sometimes quasiperiodic structures. The maximum amplitude is observed at the height
of 84 km. For this reason when determining wavelength and speed of NLCs this height was accepted.

The variations of sky intensity in the circle with the radius

. . ‘ . . of 5° above the radar were calculated and the course of sky

luminescence intensity in this area was drawn. In Fig. 3 sky

luminescence intensity and ordinary wave amplitude during

21:30-22:30 UT are shown. At that time according to ascafilms

NLCs were above the radar. As we can see from the figure,

there is no good compliance between curves of luminescence

and the reflected signal: the signal of the radar is late for 15-20

minutes after the photographic data show covering the chart of
the antenna by NLCs.

According to ascafilms, before growth of amplitude of the
radar there was a change of the NLCs form in the field of the

Arbitrary units

\ | Brightness. 5’ chart of the antenna. In Fig. 4 parts of ascafilms for the
‘I‘\""\'ﬂ"w ;M” ¥4 Radar, amplitude at 84 km moments 21:45, 21:53 and 22:00 UT are shown. Circular
ase o el e 4ol s e Sections of the chart of the antenna at the height of 84 km are
UT, hour shown by lines. At 21:45 the area over the radar is covered with

a uniform cloud, a veil on the standard classification, and the
Figure 3. Sky luminescence variations in the  sjgnal at this time reflected in the radar was at the quiet level.
circle with the radius of 5° above the radar (the At 21:53 UT on northern border of the directional pattern
simple line) and ordinary wave amplitude of the  appears wavy structure with wavelength about 15 km, and
radar at the height of 84 km (the bold line with  sjgnal amplitude slightly increases. At 22:00 UT in the field of
Crosses). the directional pattern of the radar the NLCs are non-uniform,

the dimensions of irregularities of NLCs are less than the
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diameter of directional pattern and the radar signal considerably increases; the wavy structure was displaced to the
right, to the west.

The amplitude of reflection, Fig. 2 (left), shows also little change of height of the maximum of "sporadic
reflection”. These layers are given in Fig. 5 in more detail. The shaped line has shown positions of the maximum of
layers before and after the gap at 22:30-22:40 UT. The movement down of these layers in both cases and also
quasiperiodic changes of amplitude of a signal are visible. Speeds on these two intervals aren't equal: before the gap
it is equal to 0.5 m/s, and after the gap it is 1.3 m/s.

Figure 4. The northeast parts of ascafilms are given for three moments (UT). The lines have shown a circle with
radius 10° at the height of 84 km over the radar.

lg AO, mV X In the Fig. 6a (left) the acoustic and Brunt-
‘ Viisdld periods for various heights in the
atmosphere from [KniZova and Mosna, 2011]
are shown. In the acoustic domain waves
spread, which have only poor acoustic nature.
In the gravity domain acoustic waves show
presence of the gravity effect in their features.
In the intermediate area these acoustic and
acoustic-gravity waves are considerably
weakened. On Fig. 6b (right) of spectral power
density of ordinary wave amplitude for the
considered period is given. It is visible that the
amplitudes with the periods from 5 to 6.5 min
are weakened. Thus in the range of the

22:30 reflected ordinary wave amplitude it is
UT, hour possible to select areas with the periods less

) ) ) ) than 5 min (acoustic waves) and more than 6.5
Figure 5. The ordinary wave amplitude at the heights of 81-87 km.  min (acoustic-gravity waves or internal

The shaped line has shown the change of the amplitude maximum  gravity waves).
height.
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Figure 6a. Acoustic and gravity domains Figure 6b. Spectral power density of ordinary waves
[Knizova and Mosna, 2011]. during sounding of NLCs.

In the Fig. 7 (above) the reflected ordinary wave amplitude at the height of 84 km is shown. Increasing of amplitude
coincides with appearance of NLCs over the partial reflection radar. Comparison of the reflected ordinary wave
amplitude with the wavelet-spectrum (Fig. 7 (down)) shows that increasing of the amplitude is connected with
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appearance in the spectrum of the reflected signal of the acoustic wave periods (less 5 minutes).

Discussion

Advantage of photographic data is simplicity of detection of wavy structures and irregularities in NLCs. In our case
on 12 August 2016 waves and thin structures of NLCs took place practically all the time, as examples see Fig. 1 and
4. The absence of PMSE and increase in the signal amplitude of the radar during NLCs can be explained with
uniformity of NLCs within the directional pattern: for appearance of radio reflection heterogeneity of electron
concentration or density of the charged aerosols are necessary. Increasing of the reflected ordinary wave amplitude
could be caused by appearance over the radar irregularities of reflected structures. The reflections could have not
partial reflection nature but poor radar reflections caused by structures of NLCs. The structures could be created by
acoustic waves with periods less 5 minutes during acoustic compression and rarefaction effects. Gravity waves have
the feature of buoyancy and only move the atmosphere layers without sufficient changing of their properties. In this

case received reflection is at low level.
Vertical movements of PMSE also can be
50— . . ; . connected with irregularities. About the
: movements it is often mentioned in literature but
values of speeds are given seldom. Vlaskov and

AO, MB
=
I
o
g
2

0—515 2 5 3 235 24 Bogolyubov [1998] tell about 0.3 m/s, [Roldugin

. et. al., 2000] according to EISCAT data specify
= - 0.14 — 0.83 m/s, Roldugin et al. [2001] give the
= i?, \”"!'. ‘\900’, value in 1000 times more — 30 m/s. In the work
5 ' u,’lhl % the vertical speed of 0.5 m/s and 1.3 m/s are
= 215 2 225 23 235 24 given. Vertical movements can have two
UT, mac reasons: passing of gravitational waves through

a layer, or falling of aerosols or meteor dust. Big

Figure 7. Amplitude of the reflected ordinary wave (above) and  speeds in work [Roldugin et al., 2001] are

its wavelet-spectrum (below). obviously connected not with aerosols, but with

the areas of turbulence. In the considered case

the night peak of activity of the meteor shower Perseid was observed at 12-13 August 2016. The formula for the speed

of falling of the meteoric dust surrounded by the ice cover was offered in [Roldugin et. al., 2000], and assessment by

it gives the size of 0.2 m/s. The dispersion from 0.14 to 1.3 m/s can be caused by different parameters of meteor dust

and/or the size of aerosols.

We think that the reason of uncertainty of interpretations of connection of NLCs and PMSE is obscurity of the

nature and dynamics of the particles responsible for both phenomena.

Summary

On 12 August 2016 over the Tumanny observatory the all sky camera of the Lovozero observatory observed NLCs.
Presence of NLCs over the partial reflection facility has caused increase in amplitudes of ordinary and unusual waves
at the heights of 82-87 km. In photos of NLCs of the all sky camera the wave structure of clouds was clearly seen.
The similar wave structure was visible also in behavior of amplitudes of the reflected ordinary wave. We connect
change of amplitude of the reflected signal with passing of NLCs over the partial reflection facility. Heterogeneity of
NLCs within the antenna directional pattern which was caused by both acoustic and acoustic-gravity waves, and thin
structures of NLCs were necessary for appearance of radio reflection. The reason of the observed vertical movements
down with speeds of 0.5 m/s and 1.3 m/s is falling of the ice aerosols formed around particles of meteoric dust. Joint
observation of the all sky camera and the partial reflection facility give possibility to estimate heights and thickness
of NLCs and also periodic structure of NLCs.
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MULTI-COLOR PHOTOMETRY OF TWILIGHT SKY BACKGROUND
USING RGB ALL-SKY CAMERAS: MICROPHYSICAL
INVESTIGATIONS OF AEROSOL IN MIDDLE AND UPPER
ATMOSPHERE
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Abstract. We consider the possibilities of three-color (RGB) photometry of twilight background by all-sky cameras
for study of microphysical properties of aerosol particles in stratosphere and mesosphere of Earth. Background
stratospheric aerosol causes the effect of sky reddening in the dusk area during the light stage of twilight.
Measurements conducted during spring and summer of 2016 near Moscow allow finding the size distribution of
stratosphere aerosol particles. The same was done for particles of polar mesospheric (or noctilucent) clouds during
their display in August 2016 at Lovozero station. The results are in good agreement with the data of direct, lidar and
satellite measurements. The method suggested here seems to be simplest and most effective for systematic
measurements of aerosol properties in middle and upper atmosphere.

In a present time, a large number of all-sky color cameras is installed in high latitudes for regular aurora monitoring.
They operate during the night. However, their work period can be expanded to the twilight, that can be effective for
middle and upper atmospheric research. Climate changes observed in mesosphere during recent decades are most
sufficient in polar latitudes [Beig et al., 2003]. Negative trend of summer temperature leads to the increase of
frequency of appearance of polar mesospheric clouds (or noctilucent clouds, NLC). Anthropogenic sulfur dioxide
emission is considered as possible reason of increase of background stratospheric aerosol observed at the altitudes
around 20 km even in the case of volcanic-free periods [Solomon et al., 2011].

120 - 1.2 g

% [ )

s =

. 0' ° Q 4 ° .J ’ _" £ _ =

] o e — . — = R s =

1001_____.¢ - A% —‘- -1- . ;q:"o.. ~ v 10

% [] i o =

L4 °« © =

2

801 L 0.8 S
©
o
o
IS
c
&

30 50 70 90 0, degrees 110 130 150
0 — L — T } T L . —L 0.0
1.0 0.8 0.6 0.4 0.2 0.0 -0.2 -0.4 -0.6 -0.8 -1.0
cos 0

Figure 1. Mie scattering functions S of sphere with radius 60 nm for wavelengths 463 (1), 526 (2), and 590 nm (3),
and their ratio. The observational ratio of NLC scattering for bands 1 and 2, bo/b; (single image) is shown in the
top, normalized by b,/b1(90°) for convenience.

Aerosol particles scatter the solar radiation. This effect is mostly noticeable during the twilight, when lower dense
atmospheric layers are immersed in the Earth's shadow. Stratospheric aerosol reveals itself during the light stage of
twilight (solar zenith angles 92°-94°), noctilucent clouds are seen during the darker stages (solar zenith angles 96°-
98°). Aerosol scattering is seen on the background of single and multiple scattering of solar radiation in the
atmosphere. Spectral properties of aerosol component differ from the ones of twilight background. This is related with
physical characteristics of scattering on aerosol particles described by Mie theory and also with different conditions
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of solar illumination (the last is the reason of red color of tropospheric clouds at the sunset). These effects also depend
on the sky point and scattering angles. Basing on this effects, aerosol scattering can be separated in studied in all-sky
RGB-images.
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Noctilucent clouds are formed of water ice at the temperatures below 150 K in upper mesosphere (80-90 km). The
condensation nuclei are hydrate ions [Witt, 1969] or fragments of meteor particles moderated in the same atmospheric
layer [Hunten et al., 1980]. NLC particles consist of tiny ice particles with scattering properties close to Rayleigh law
(~A~%), that explains their color. However, the color ratio of scattering coefficients slightly depend on scattering angle
0. As we can see in Fig. 1, this dependence is close to linear by cos 0. To fix this effect, NLC must be observed in the
most part of the sky, including the dusk-opposite part. These bright clouds were observed at August, 12, 2016, by all-
sky RGB-camera in Lovozero station (68.0°N, 35.1°E). We should note that it happened less than one day after Perseid
meteor shower maximum. Increased level of dust in mesosphere in the same season was fixed earlier by polarization
measurements [Ugolnikov and Maslov, 2013, 2014].

As we see in upper panel of Fig. 1, color ratio of NLC light scattering actually turns red from dusk area to the
opposite sky part. This effect is also influenced by the conditions of solar illumination, absorption by stratospheric
ozone in Chappuis bands. Procedure of separation of twilight background and analysis of NLC light scattering is
described in details in [Ugolnikov et al., 2017]. Results are shown in Figs. 2 and 3. Analysis of monodisperse models
of spherical and non-spherical particles is performed in Fig. 2 in comparison with polarization analysis [Ugolnikov et
al., 2016ab]. Good agreement is clearly seen, effective size of monodisperse ice particle in NLC is close to 60 nm.

Possible parameters of lognormal size distribution of NLC spherical particles are shown in diagram in Fig. 3 in
comparison with polarization measurements [Ugolnikov et al., 2016ab] and recent lidar, rocketborne and satellite data
(see references in [Ugolnikov et al., 2017]). Agreement is seen again; if we assume that particles have a lognormal
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size distribution with width o=1.4 [Von Savigny and Burrows, 2007], than mean particle radius will be close to a half
of monodisperse value, being equal to 30 nm (asterisks in Fig. 3).

Stratospheric aerosol layer [Junge et al., 1961] appears at the altitudes about 20 km and consists of sulfur acid
droplets [Rosen, 1971]. The number and size of particles sufficiently increase after volcanic eruptions, when large
amount of sulfur dioxide is emitted to the stratosphere. However, aerosol is also found in the stratosphere during
volcanically-quiet period. Stratospheric aerosol particles are larger than the ones on NLC, they have weaker
wavelength dependence of scattering. This leads to red excess of light scattered by these particles on the background
of Rayleigh and multiple scattering. Effect gets stronger in dusk area, since aerosol particles scatter most part of
radiation in a forward direction.
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Figure 4. Twilight sky brightness
ratio in symmetric points of solar
vertical (evening twilight of March,
27, 2016). Arrows show the effect
of aerosol scattering in stratosphere.
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During spring and summer 2016, all-sky RGB-photometry was conducted near Moscow (55.2°N, 37.5°E). Fig. 4
shows the behavior of brightness ratio in symmetrical solar vertical points (zenith angle 45°) during the evening
twilight of March, 27, 2016. This value was described in [Ugolnikov, 1999]. It increases from the sunset to the deep
stage of twilight (solar zenith angle 97°) due to increasing difference of effective single scattering altitudes in these
solar vertical points. During the even darker stage brightness asymmetry disappears, as the single scattering fades on
the background of multiple scattering.

Effects noted above are observed for all spectral bands. However, additional dusk excess of brightness is seen for R
channel at solar zenith angle about 93° (arrow in Fig. 4), it corresponds to effective scattering in the Junge layer.
Analysis of sky color behavior in a solar vertical during the twilight performed in [Ugolnikov and Maslov, 2017]
allowed studying the size distribution of sulfur acid droplets. The diagram analogous to NLC in Fig. 3 is shown in
Fig. 5 in comparison with space limb measurements [Bourassa et al., 2008]. The range of possible parameters is a
thin line, that is typical for such particles. Fig. 6 shows the vertical profile of mean radius with assumed size
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distribution width. The results of RGB-photometry are close to the satellite values again, however, twilight profile is
smoothed due to the thickness of effective scattering layer during the twilight.
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Figure 6. Vertical profiles of mean particle radius, 1 - this work, the same twilight as in Figs. 4-5, 2 - [Bourassa
et al., 2008].

Methods of aerosol microphysical study described here are planned to be used during continuous all-sky survey by
color cameras in different locations.
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AHHoOTauus. IIpeacraBieHbl pe3ynbTaThl KOPPEKIUH IMOUpHUIEcKoil Moxenn nonocdepsr NeQuick mo nauusim
HaKJIOHHOTO TOJHOTO 3tekTpoHHoro coxepxkanus (II9C) mnst tpaccer JloBozepo — CopmaHKroyst A YETBIPEX
BEIOpaHHBIX qHEH 2014 roga: 22.03, 22.06, 22.09 u 18.12. IIpoBeneHo cpaBHEHUE Pe3yIbTATOB KOPPEKIIMHA MOJICITH C
JaHHBIMH HaOJIIOIEHUH CTaHIIMM BEPTUKAJIBHOTO 30HIMpoBaHus B COMaHKIONA IO KpUTHYECKOH yacTote ciost F2.
VYiry4qmeHns: MOJIEIbHBIX PACYETOB MOCIEe KOPPEKIMHU MOTYYEHBI IJIs1 BECEHHETO PaBHOJICHCTBHSA (32 UCKIFOUYCHHUEM
HOYHBIX YCIIOBHI1), @ TaKXKe JUIsl HOUHBIX M BEUEPHUX yCII0BHi 18 nexkadpsi. B 1HM oceHHero paBHOAEHCTBUS U JIETHETO
COJIHIIECTOSIHHS KOPPEKIIMs ITPUBEIIa K YXYAIICHHIO MOJICILHOTO onucanus. I[IpoBeaeHo uccienoBaHie 3aBUCHMOCTH
wia3MocepHOro U HoHOCPhepHOro ekTpoHHoro conepxanus (IC) ot Rz12 s THEBHBIX W HOYHBIX YCJIOBHIL.
Juem mnazmocgeproe IC ¢ pocTOM HHIIEKCA COJIHEYHOH aKTHBHOCTH BO3pPAcTaeT, HOYbIO B MapTe U JeKadpe mpu
YBEJIMUEHUU COTHEUHOM aKTUBHOCTH yBenuuuBaetrcs [I19C, Ho He mnazMochepHoe DC. ITo yKa3pIBaeT Ha MPodIeMy
Mozem NeQuick B onmcaHuM 3aBHCHMOCTM OT COJIHEYHOH aAKTHBHOCTH BBICOTHOTO HPOGHIA 3JIEKTPOHHOU
KOHIIEHTPAIMHX BBIIIE MakcuMyMa F2 cios.

Beenenune

JlanHple TI00AJBHBIX HABUTALMOHHBIX CHYTHHKOBBIX cucteM (I'HCC) axkTHBHO WHCIONB3YIOTCA Kak JUis
uccieoBaHusl HoHOCcdephl, TaKk M B MOCIeNHEee BpeMs Ul NPOBEICHUsS KOPPEKLUUH MapaMeTpoB HOHOC(HEPHBIX
mogeneit [Aciokesuu u dp., 2017; Maltseva et al., 2012; Migoya-Orué et al., 2015]. B pa6ore [Ovodenko et al., 2015]
MIPECTaBICHbl PE3YJIbTaThl KOPPEKLUUU MEXIyHapogHOW crnpaBouHod mozaenu IRI-2007 ans cpeaHemmpoTHOro
peruona (KamuauHrpam), KoTopble NoKasadu ee 3(GQEKTHBHOCTh, B TOM YHCJIE ISl 33/1a4d BOCCTAHOBJICHUS
kputuueckoit dactotel F2 cnosi, foF2. Ongnako Bompoc 3ddexTHBHOCTH NpPEATIOKEHHON METOJUKH aJanTaiuu
SMIIMPUYECKUX MOAENeH HOHOC]EPHI B YCIOBHUIX BHICOKMX IIMPOT BCE €IIe U3YYeH U IpopaboTaH HexocTtaTrouHo. B
HacTosilell paboTe TPeNCTABIEHO MCCIEIOBaHNE IIPEUIOKEHHOTO JUIl BBICOKOIIMPOTHOTO PETHOHA METoJa
KOPPEKINH, a TaK)Ke ero JajbHelIee pa3sBUTHE, KOTOPOE 3aKI0Yaloch B CHATHHM MPOTPAMMHOTO OTPAaHWYEHHS B
NeQuick [Nava et al., 2008] Ha mpenenbHOE 3HAUYEHHE YIPABJAIONIErO Mapamerpa Mojeau Rz12, nuamazoH
W3MEHEHHUsI KOTOPOTo Haxoauics B mpenenax ot 0 mo 150.

Bri6op obnactu 00yCIOBIEH CIOXKHOCTHIO (PM3WKH BBHICOKOIIMPOTHOW M aBpOPabHOW HOHOC(hEpHI, a Takke
MaJIbIM KOJIMYECTBOM WHCTPYMEHTapHs I ee uccienoBaHust. CymecTByeT W psa HpoOiIeM MpH UCTIONB30BaHUH
ngaabeix GPS/TJIOHACC anst pacuera IoJTHOTO 3JIEKTPOHHOIO COEPKaHuUs B 9TOM perroHe. B pabore [ Themens et
al., 2014] mokazano, uyro wucnonp3oBanne GPS/TJIOHACC B moisipHBIX 00JaCTAX 3aTPYJAHEHO, T.K. 3HAUCHHUS
muddepeHnInanbHbIX KOJOBBIX 3aJIepKEK, OLEHHBAacMble HECKOJbKHMMHU HAyYHBIMHM LEHTPaMH, HE KOPpEKTHH. B
pe3yJbTaTe 3TOro, JUISl UCIIOJIB30BaHUS JAaHHBIX MOJTHOTO IeKTpoHHOTO copepxkaHus (I19C) B monspHBIX pernoHax
HEoOX0IMMO TIPOBE/ICHHE JIOTTOTHNUTEIBHBIX NCCIIEJOBAHUH.

ITocTanoBKa 3agaun

Koppekuust  sMnupudeckoid  Moaeidd  HOHOC(epbl  3aKiiodaeTcss B MHUHHMHU3AIMHA  HEBS3KH  MEXKAY
SKCHEPUMEHTAIBHBIMU JaHHBIMH abcomroTHOro I19C, momygaemsimu ¢ momotbsio ' HCC, 1 MOAEIbHBIME pacdeTaMH
II3C s Toii e reomerpun 3ouaMpoBanus [Ovodenko et al., 2015; SAciokesuy u op., 2017]. ns uccnenoBanuii B
BBICOKOIIIMPOTHOM PErHOHE METOAWKa Obula pa3felcHa Ha [Ba 3Tama. Ha mepBoM 3Tare MPOUCXOAMT KOPPEKIHS
MOJIETIM C MCIOJIb30BAHUEM JIaHHBIX OT CITyTHHKOB, YIOJI MECTa KOTOPBIX BhIlIe 45° 6e3 orpaHU4eHUs 110 a3UMYyTY.
st KaXkoro yrioBOro HaIlpaBiIeHHMsS Ha CIYTHUK paccuuThiBaeTcsi 3HaueHue [1DOC mo Monenu M BBIYMCISETCS
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HeBsI3Ka MeXy M3MepeHHbIM u MonenbHbIM [IDC. [lanee paccunThiBaeTCS CyMMa KBaapaToB HEBS30K. 3MmeHss
3HadyeHne Rz12, koppekrupyercs monensHoe [I19C u mepecynThIBaeTCs HEBs3Ka. BTOPOIt ATaIm aHAIOTHYIEH IEPBOMY,
3a MCKITIOYEHUEM CENEKIUH CITyTHHKOB II0 a3MMYTy M YIIIy MecTa. B asuMyTalpHOM HalpaBiIeHHH BblAensAeTCs 18
MOJICEKTOPOB 1m0 20° KaxIpIif. B Ka)k[JoM ImoiceKTope OTOMPAIOTCS CITyTHUKH C YTIIOM MecTa MeHee 45°. PesynpraTom
KOPPEKLMHU SIBISIETCS MaccuB 3HadyeHUM Rz12 11t kaaoro asmuMyTalbHOIO CEKTOpa. belUiu mpoBeleHbl pacdéTsl,
HalpaBJICHHbIE HA MPOBEPKY TUIIOTE3BI O BO3MOXKHOCTH BoccraHoBieHHs fOF2 mo manmemm I19C. [{ns storo u3
PE3yNbTaTOB KOPPEKIMH OBIIM OTOOpaHBI a3MMyTAJbHBIE HANpaBJICHHS, COOTBETCTBYIOIIME Tpacce JloBo3epo-
Copnanktonsi. [lo ckoppekTupoBaHHbIM 3HadeHusM Rz12 B mozenn NeQuick paccumthiBanock 3Hauenue fOF2,
KOTOPOE COTOCTABIISIIOCH C N3MEPEHHBIM 3HaYEHHEM 110 HOHO30HTY.
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Pucynok 1. CneBa mokazansl npoduim 3JeKTPOHHOW KOHIEHTPALUH I10
moerm NeQuick mist 0 m 12 UT mst 22.03., 22.06., 22.09. 1 18.12.2014 1.
HaJ oOcepBaropueii CoJaHKIONS NpH pasHbIX 3HaueHHsx Rz12 (150 —
crutomHast tuHus, 175 — mrpuxosas u 200 — MyHKTUPHAsT) YEPHBIM [IBETOM
qutst HouHBIX (0 UT wmm 3 LT) u cepbim nBetoM it aHeBHBIX (12 UT wmn
15 LT) ycnosuit. CrpaBa i1l TeX k€ YCIOBHH HMPEACTABICHO MOBEJICHHE
napametpoB F u E cioeB (kpuTHdeckue 9acTOTHI M BEICOTHI MAaKCUMyMa).
B HOYHBIX YCIOBHSAX Pe3yJIbTATHI MIPEICTABICHBI KPYKKAMH, B JTHEBHBIX —
TpeyroasHIKamMH. YepHOMY 1BeTy cooTBeTcTBYeT RZ12 = 150, cepomy —
175, cetmo-cepomy — 200. Ha pucyHKax 3Be3109KaMH TIOKa3aHbI TaHHBIC

HOHO30HJA B CO,HaHKIOJ'IH.

Pesyabrarsl
Js IIPOBEPKU pE3yJIbTAaTOB
KOPPEKIIMM MOJIEIN HCIIONB30BAINCH
JTAHHBIC MOHO30H/IA BBICOKOIITHPOTHON
reo(pIBUIECKOI obcepBaToprn
CotaHKIoIs (SOD). Pacuetst
MPOBOAWINCH JUIl JHEW BECEHHETO U
OCEHHETO PaBHOJCHCTBUS M JIETHETO
COJIHIIECTOSIHUSL: 22 MapTa, 22 1ioHs, 22
centsiops 2014 r., a take it 18
Jeka0ps. OTOT ToJ COOTBETCTBOBAJ
CpeIHEMY YPOBHIO COJTHEYHOU
AKTUBHOCTH, JTHU -
MarHuToCIioKOMHbIM: Kp MHzAeKC He
npesbiman 3, Dst — -10 wT. s
HCCIeioBaHUs ~ ObUIM  OTOOpaHBI
nanable [19C Ha cranmu JloBosepo ¢
MPOMEKYTKOM 2 yaca.

YOpaB nporpaMMHOE OTPaHHICHHE
Ha Rz12 B wmomemn NeQuick, wmbr
MOCTPOMIM JUIS PasiIMYHBIX CE30HOB
3aBUCHMOCTb TIPOGMIISL AJIEKTPOHHO
KOHIIEHTpaly oT 3HaueHns1 Rz12 (puc.
1) ons THEBHBIX M HOYHBIX YCIIOBHIH.
Taxoke 171 IPOBENICHS CPAaBHEHHS MBI
OTMETWJI  JIaHHBIe  HaOIOCHHUH
mapameTpoB cioeB F u E (BBICOTHI
MaKCHMyMa U KPUTHYECKOH YacTOTHI).
Kak BuHo u3 puc. 1, monens NeQuick
HE OIHKCHIBAET KOPPEKTHO BBICOTHYIO
CTPYKTYpY DJIEKTPOHHOM IUIOTHOCTH
BBICOKOIIMPOTHOX ~ MOHOCGepsr: 1)
BbICOTA Makcumyma F2 crmos B
pesyipTaTeé MOJENBHBIX  PAcdeToB
pacrioyiaraeTcst B JHEBHBIX YCJIOBHUSIX Ha
100 kM BbIIIIE, YEM B SKCIIEPUMEHTE, B
HOYHBIX ycnoBusix Ha ~ 30-130 xm
Beue;, 2) mHeM 22.03. kpuTHYecKas
yactota F2 cnos mnpubmmkaercs k
HalmoaeMol npu yBenmueHnn Rz12
(mo 3mauenms 200), B OCTaJbHBIX
Mecsiax wmozenbHas foF2  Gonbine
HaOIro1aeMoi; 3) B HOYHBIX YCIIOBHAX
KpUTHYECKas 9acToTa MHOTO OoJbIIe
(mopsimka 2-3 MI'm) mabmomaemoit B F
obmactu u meHble B E cmoe Ha ~ 1
MI'n.

Iocne cHATUS OrpaHWYCHUSI HA
Rz12 Obum mpoBeAeHBI pacyeTsl 10
METOJMKE, OIMCAHHOW BBILIE, JUII
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npuemnnka ['HCC B JloBozepo (LOZ). Bein nomyden MaccuB HOBBIX 3HaueHHH Rz12 ¥, BEIOpaB CEKTOp € a3UMyTajbHBIM
HanpaBineaneM LOZ—SOD, ObUl0 MPOBEICHO CpaBHEHHE MOJEIBHBIX pacyeToB cyrouHoro xoja foF2 ¢ paHHBIMK
HaOmoneHnit B Comankrons (puc. 2). Ecm Ha BTopoM 3Tare KOppeKIy B a3UMYTaAITFHOM CEKTOPE OTCYTCTBOBAIIH JaHHBIE
JUTS TIPOBEZICHHS IPOLIEAYPhI MUHUMH3ALIMH HEBS3KH, TO B pacyeTax HCIonb3yercst Rz12, momydeHHsli moce nepBoro sramna
KOppeKLHH. 13 pe3ynbTaToB BUAHO, YTO KOPPEKLMS IpHUBEa K YIYYIICHHIO Ul 22 MapTa, HpUYeM pPe3yibTaThl MOCie
THIEPBOT'0 ATATla KOPPEKIMH OIIDKE K SKCIIEPUMEHTY, YeM IIOCIIe BTOPOro. B ocTanbHble MecsIbl KOPPEKIHs He IpHBea K
YIy4IICHHIO, & HA000POT YXyALINIAa MOAEIBHOE onHcaHue. VICKIIroueHne coCTaBisieT 1eKaOpb, KOTaa B HOYHbIC
BEUEPHHUE 4Yachl JIOCTUTHYTO YIIy4ICHHE IIOCJIE IMPOLEAYPHl KOPPEKIMH MOJENU, a B JIHEBHBIE — YXY/IICHHE
MOJICTIEHBIX PACUYETOB I10CIIe KOPPEKIMH 110 CPaBHEHUIO ¢ pacyetamu 6e3 Hee. MOXKHO OTMETUTh, YTO B MOJTYYEHHBIX
pe3yabpTaTtax BTOPOH 3Tam KOPPEKIMH B OCHOBHOM ellle OOJNbIIEC yBEIHYMBAeT OTKIOHEHHE MojeibHoi foF2 ot

Ha0JIrI0aeMOM.
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Pucynok 2. CneBa npejcrasiienbl rpapuku foF2 mo naHHbIM HaGmIoAeHUM (YepHBIE 3BE3[0UYKH) M B PE3YJIbTATE
MOJIENIBHBIX pacueToB (Kpyxkku u kBaapartel) B Comakrons. Cepbie TOJbIC KPYKKH W IIYHKTHPHAs JIHHHS
COOTBETCTBYIOT pacyeraM C MPOrHO3HBIM Rz12, ceprie KBaapaThl M YepHas MyHKTHPHAS JHHUS — IIEPBOMY JTAIly
KOPPEKIINH, Cepble KPY)KKH WM CIUIONIHAs 4YepHas JuHHS — BTopoMmy. CrnpaBa B TeX ke 00O3HAUEHUSX IMOKa3aHO
a0COJIFOTHOE OTKIIOHEHHE MOJIENIBHOM KpuTHYecKo# 9acToThl foF2 ot HaGmomxaemoit B CoqaHKIOIS.

Ha puc. 3 noctpoeHa 3aBUCUMOCTB 3JIEKTPOHHOTO Co/iepxanust B MHTepBanax BeicoT 80-20000 xm (IT9C) u 700-
20000 kM (mmasmoctepHoe 3ekTpoHHOE conepxkanue (rmasmocheproe DC)) or Rz12. BumgHo, uro nHEeM
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wiazMocgeproe IC ¢ pOCTOM HMHAEKCA COJHEYHOW aKTMBHOCTH BO3PACTAET, YTO COOTBETCTBYET OOIICHPUHSATHIM
IpelnCTaBlICHUsIM. B HOYHOM jke ceKkTope Ui MapTa M AeKaOps NpH YBEIMYCHHH COJHEYHOW aKTUBHOCTH
yBesmumnBaercs [19C, Ho He mrasmocdeproe IC. Dro ykaswiBaeT Ha mpobiaemy momenn NeQuick B ommcannn
3aBHCHMOCTH OT COJHEYHOI aKTHBHOCTH BBICOTHOTO IPOGHIIS 3JIEKTPOHHONW KOHLEHTPALUK BhIIIe MakcuMyma F2
ciosi. IlpenBapuTenbHBI aHANIM3 MOKas3al, YTO 4YeM OoJblle IUIa3MOC(EpHBI BKIAA, TeM Jiydmie paboTaer
KOPPEKTHPOBKA (CM. pe3yJibTaTHl I MapTa W AeKadps). DTo 3HAUMT, 9TO y4eT uazmMocdepsl B [1DC BaxeH ans
paboTHI aNTOPUTMOB KOPPEKIUH MOIeIel HOHOCHEPHI.

Jlenn Hous
180 — 40 —
160 1  22.03.2014 12 UT 35 22032014 0UT
1o 1 ] e o E—gmce
120 { I [1iasvocd. DC | I 11rasvocd. DC
é 100 —| §
= 80— =
60
40 —
20
0 !
50 75 100125150 175200 225250 275 300 50 75 100125150 175200 225250275 300
Rz12 Rz12
180 — 40 —
160 1 22.06.2014 12UT 35 ] 22.06.2014 0UT
140 | e S Emmc
120 — I [1rasvocd. OC 25 I [1a3vocd. DC
2 100 — =
Q 4 Q20
g 80— =aaE
60 —| 157
40 10—
20 - 5]
0 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1
50 75 100125150 175200 225250275 300 50 75 100125150 175200 225 250 275 300
Rz12 Rz12
180 — 40 —
160 — 22.09.2014 12UT 35 22.09.2014 0UT
140 | e o Eg e
120 — B (asvocd. C 25 ] I (1a3vocd. OC
2 100 —| o ]
Q | Q20
2 50— — 227
60 157
40 — 10 —
20 - 5]
0 T T T T T T T 0 T T T T ' '
50 75 100125150 175200 225250275 300 50 75 100125150 175200225 250 275 300
Rz12 Rz12
180 — 40 —
160 — 18.12.2014 12UT 35 7 18.12.2014 0 UT
140 4 L] 1mm™C 30 ] [ Jnsc
120 { B [1asvocd. OC 1 I 11a3vocd. OC
§ 100 — §
e 80— =
60 —
40 —
20
0 — 0
50 75 100 125150 175200 225 250 275 300 50 75 100125150 175200 225 250 275 300
Rz12 Rz12

Pucynok 3. Beprukanpusiit [19C Hag cranmueit JloBozepo B mHTEpBasie BEICOT oT 80 10 20000 kM (cBeTIO-CEphIe
cT0s161161) ¥ B mHTepBasie 700-20000 kM (rutazmocdeproe DC, TeMHO-CepbIe CTOIOLBI) TSt Pa3HbIX 3HaueHUit Rz12
JUIST JHEBHBIX yCHOBI/Iﬁ CJIEBA U HOYHBIX — CIIpaBa.

OnHoO#i W3 NPHYUH, IO KOTOPOM KOpPpEeKUHMs He mpuBeia K ymeHblneHH:0 fOF2, Moxer ObITh HEKOPPEKTHOE
omucanue mozenbto NeQuick mpoduist 3nekTpOHHOH MIOTHOCTH HOHOChepsl. B TO Bpems Kak KOppeKLHs
HarpaBjeHa Ha yMmeHblieHue HeBsizku I19C 3a cuér mogdopa Rz12, sTor moaxon MoxxeT ObITH HE OINpaBIAH IS
BoccranopneHus foF2. [l mpoBeaeHus AanpHEHIINX HUCCICIOBAHUIA MBI IUIAHUPYEM HCIIONb30BaTh AaHHbIe [1DC,
nojydeHHble Ha cTaHuM COJAaHKIONA, a TaKKe MPOBECTU COMOCTABICHUE PE3YNIbTATOB KOPPEKIMU C JAHHBIMU
npoduIIs 3IEKTPOHHOM MIIOTHOCTH, MOJY4YEHHOT0 Ha pajape HekorepeHTHoro paccesiHus EISCAT.

3akirouenue

B nanHo# pabote ObIIM TPOBEJEHBI PACUETHI IO KOPPEKIIMU MOJIEIN HOHOChEPHI U ITpoBepKa 3¢ (HEeKTUBHOCTH ATOH
Koppekuuu Juisi 3agaun BocctaHoBieHus: foF2. IpoBenennas xoppekuus monean NeQUICK B BBICOKOLIMPOTHOM
peruoHe B6J'II/I3I/I COI[aHKIOJ'ISI u .HOBO?;epO MPUBCJIA K YJIIYUYHICHUIO OITMCAaHNA MOJCIIbIO CPECIbI IJIs YCJ'IOBI/Iﬁ BECCHHCI'O
PaBHOACHCTBUA B JHCBHBIX YCJIIOBUAX U K YXYAIICHUIO B HOYHBIX. B L[eKa6pe HaO60pOT Ha6mouaeTc51 yJay4dli€eHue B
HOYHOM M BCUCPHEM CCKTOPC U YXYAUICHUEC MOJACIILHOTO OITUCAaHUsA CPCJbl B THEBHOM.
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Koppexyus moodenu NeQuick 6 gvicokowupommnom peauone ¢ uchonb308anuem OAHHbIX HAKIOHHO20 NOTHO20 INEKMPOHHO2O COOEPIHCAHUSL

B ocrankHBIe MecsIBI KOPPEKIUS MPHUBETa K YXY/IICHUIO pe3yibpTaToB (ommoOka mopsaka 3 MI'm). [Tokaszano, uto
BBICOTHBIH MPO(HITE SIIEKTPOHHOM KOHIIeHTpaIiu B Moaen NeQUuiCK KoppekTHO He OIMCHIBAET peabHOE COCTOSHHE
JUTsl BBIOpaHHBIX nHed. Kpome Toro, HemooneHeHHBIH Biian Iutazmochepsr B I1DC (Hampumep, IS JETHETO
COJIHIECTOSIHKS) TPUBOIUT K 3HAYUTENBHBIM OIIHOKaM B F 00iacTu mociie mpoBeaeHus MPOLeypbl yMEHbIICHUS
HEBSI3KH MEKIY IKCIIEPUMEHTAIBHBIM U MOJIeNIbHBIM 3HaueHuem [19C.

Heo6xonuMo ¢ MOMOIIBIO AKCIIEPUMEHTABHBIX JAHHBIX IazMocdepHoro DC MPOBECTH MPOBEPKY MOACITH
NeQuick Ha mpaBWIBHOCTH OmHMCaHMs MIa3Mochepsl. Mbl TUIAHHPYEM MPOBECTH MalbHEHIIHE WCCISIOBAHHS TI0
JTAHHOMY HarpaBlicHUIO U npuBiedb nanubie [13C Ha cranimm ConaHKIOM.

bnazooaprnocmu. ViccnenoBanue BBITIONHEHO 3a cdyeT TpaHTa Poccuiickoro Hayanoro ¢orma (mpoekt Nel7-77-
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YUCJEHHOE MOJEJUPOBAHUE BO3JEVCTBUS MOIIIHOM
PAJMOBOJIHbBI KB-IUAITA30OHA HA HOHOC®EPHYIO
IJIAZMY F-CJIOA

O.B. Munranes, M.H. Menbnuk, B.C. Munranes

Honspuuuii ceoghuzuveckust uncmumym, 2. Anamumut, Poccus

AHHOTaUMsl. YKCICHHO HCCIIeayeTcsi BIMSHHWE CTOSYeH MOIMHON paanoBonHbl KB-mmamaszoHa Ha moBejpeHue
noHocgepHoi mrazmsl F-cos. [ 3TOro MccienoBaHUs HCIONIB3YETCSI MaTeMaTHIecKast MOJENb, pa3padoTaHHAs
panee B [lomsipHOM reodu3ndeckoM MHCTUTYTEe. MaTeMaTHdecKkas MOJEIb OCHOBBIBACTCSl HA YHCICHHOM PEIICHUN
METOJIOM KpYIHBIX YacTHLl CUCTeMbl ypaBHeHMI BiacoBa-Ilyaccona. Pe3ynbTaThl 4MCIEHHOTO MOAEIUPOBAHUS
MOKa3bIBAIOT, YTO MPUCYTCTBUE CTOSTMEH MOIIHOM paanoBosHbl KB-amama3oHa IOJDKHO CyIIECTBEHHO BIMATH Ha
MIOBEICHHE MAKPOCKOITMYECKHX CKOPOCTEH 3JIEKTPOHOB M MOJOXKUTEIBHBIX MOHOB, IIPHYEM BEKTOPHI YIIOMSHYTHIX
CKOPOCTEH BpalIaioTcs B KaXKJ0H TOUKe 00rydaeMoii 00J1acTH aHAJIOTHYHO BEKTOPY MOIIHOW paJInOBOJIHEI.

Beenenue

Bo BpeMst 3KCTIEPUMEHTOB 110 UCKYCCTBCHHOMY HArpeBy HOHOC(EPHI HCTIOIB3YOTCS MOIIIHBIC KOPOTKUE PATHOBOJIHBI
(KB), ucmyckaemble Ha3eMHBIMH HAarpEeBHBIMH CTEHIAMH. ODTH MOIIHBIC PAIMOBONHBI BBI3BIBAIOT B HOHOCHEpe
MPOTCKaHWE IICTIOYKH (U3UIECKUX TPOIECCOB, MPHBOIAIINX B KOHEYHOM CcuéTe K O0Opa3oBaHHIO Kak
KpyITHOMAcIITaOHOW HEOTHOPOAHOCTH, B KOTOPOH DSJEKTPOHHAs TeMIlepaTypa MOBEHIIICHAa, a KOHICHTPALUs
MMOHMKCHA, TaK M K BOSHHUKHOBEHHIO CBEPX MEIKOMACIITAOHBIX HEOTHOPOJHOCTEH SJICKTPOHHOW KOHICHTPAIWH,
BEITSHYTHIX BIOJIb MATHUTHOTO TIOJIS.

B pabote [1] mogpoOHO omucaHbl MapaMeTpPhl BRITSHYTHIX BIOJIh MarHUTHOTO TOJS CBEPX MENKOMACIITaOHBIX
HEOJHOpOoAHOCTeH, mopoxkaaeMbix MolHoi KB. CormacHo 3T0if paboTe OTHOCHTEIbHBIE OTKIOHEHMS 3IEKTPOHHON
KOHIIEHTPALlMU B 3TUX HEOJHOPOJHOCTSAX MOTYT JOCTUTaTh HECKOJIBKHUX JECATKOB IMPOIICHTOB, a MOIEPEUHbIe
pa3Mephl 3TUX HEOTHOPOJHOCTEH COCTABIISIFOT HECKOJIBKO febacBCKuX panuycoB (ue 6osee 100). OOpasoBaHue TaKUX
CBEpX MEJNKOMAaCHITaOHBIX HEOJHOPOJHOCTEH MO AeiicTBreM MoIIHbIX KB uncnenHo MonenupoBanocs B pabote [2].
OpHaKo Takue HEOAHOPOIHOCTH MOTYT BO3HHKATh B HOHOC()EPE U B €CTECTBEHHBIX YCIOBHUAX, @ HE TOJIBKO BO BPEMs
HarpeBHbIX IKCTIIEPUMEHTOB [1].

DBOMOIUSA BO BPEMEHH MMEHHO TAKHX BBITSHYTHIX BIOJIb TEOMAaTrHHTHOTO TIOJIS CBEPX MEIKOMACIITaOHBIX
HEOJHOPOJHOCTEH HCCIIEeIOBaIach HAMHU IPH MOMOIIM PacueToOB 110 MaTEMAaTHYEeCKOH MoIenu, pa3padOTaHHOH B
[Monsipaom reodusuueckom uHCTUTYTE [3-7].

B nacrosmei paboTte mpu MOMOIIX YIIOMSHYTOH MaTeMaTHYECKOW MOJIEIH TTPOBOIUTCS HCCIICIOBAHUE BIIUSHIS
MoIIHOH pannoBonHEl KB-nmnama3zona Ha moBeneHHe HOHOC(hEpHOH ma3mbl F-ciost B o0iydaeMoll paJnOBOHOM
00J1aCTH B OTCYTCTBUE HEOTHOPOTHOCTEH.

MareMaTu4eckasi MoJeJb

Jna uccnenoBaHus BIUSHHUS MOITHOHM paguoBosiHsl KB-amama3zona Ha moBeaeHne noHocdepHoi miasmsl F-cios
HCToNB3yeTcst pazpaboranHas panee B [II'M uncnernas Mozienb, B KOTOPOU MPEAIIOIaracTcs, 4To Iia3Ma sSBIsIeTCs
Pa3peKEHHOM CMECBI0 DJJIEKTPOHOB U TIOJNIOXKUTENBHBIX HOHOB. IIOCKOJIBKY H3HA4alnbHO IPEANOIararoch
UCTONb30BaTh UHUCICHHYI0 MOJENb JUIl HCCIENOBAHUS HBOIIOLMKM BO BPEMEHH IE€PBOHAYAIBHO CO3JaHHBIX
HEOJHOPOAHOCTEH, WMEIOIINX IIONEPeYHbIe pPa3Mephl IMOPS/IKA HECKOJIBKMX Je0aeBCKUX paJlycoB, KOTOpPBIE
SIBIISIFOTCSL BECbMa MajbIMM TI0 CPaBHEHMIO C JUIMHAMH CBOOOJHOTO mpoOera 3JEKTPOHOB M HOHOB, TO IUIa3Ma
cunTaeTcs OECCTOIKHOBUTEIBHOM.

Kunernueckue npoueccsl B IU1a3Me OIIMCBIBAIOTCS CUCTEMOM ypaBHeHU BiacoBa-Ilyaccona, npuueM ypaBHEHuUs
BrnacoBa onmchIBaroT oBeeHNE (PYHKITHIA pactipeAesieHNs JIEKTPOHOB U HOHOB, a ypaBHeHue [lyaccoHa onmceIBaeT
€aMOCOTIIACOBAHHOE AIEKTPUYECKOE TT0JIe B TuIa3Me. BHenTHee MarHUTHOE 110JIe CUUTAETCS TIOCTOSTHHBIM U SBIISIETCS
3aJaBaeMbIM TTapaMeTpoM Mozenu. [IoCKONBbKy CBepX MeNKOMAacIITaOHbIe HEOJAHOPOIHOCTH SBIISIOTCS CHIIBHO
BBITAHYTHIMH BJIOJTb MATHUTHOTO TOJISL, TO TTApaMeTpPhl IUIa3Mbl BHYTPH M BHE UX CUHTAIOTCS CJIa00 3aBUCSIIUMH OT
IpOAOJIBHON KoopAuHATHL. [103TOMY HccaeayeTcss 3aBUCUMOCTh IUIa3MEHHBIX IapaMETPOB TOJIBKO OT KOOPIMHAT,
HNEepIEeHAUKYIIIPHBIX MATHUTHOMY TIOJIIO, T.€. 33a4a CUNTAETCsl IPOCTPAHCTBEHHO 2-X MEpHOil. B uncnennoil moaenu
YUUTBIBAETCS JBUXKEHUE KaK JIEKTPOHOB, TAK U HOHOB B OPTOTOHAJIBHOW T€OMATrHUTHOMY IOJIO TNIOCKOCTH.

Jlis pelieHus mpUMeHsIEeMOR B MOJIENIU CHCTeMBbl ypaBHeHUI BiacoBa-IlyaccoHa ucnonb3yercss METOA KPYMHBIX
yacTull. O0NacTbl0 MOJEIMPOBAHUS SIBIISIETCS. KBA/IPAT CO CTOPOHOM, PAaBHOM HECKOJBKHM JecsATKaM J1e0aeBCKUX
paauycoB. [TonpoOHOE onHcaHNE UCTIONB3YEMON MaTEMaTHYSCKON MOJICIIH MOKHO HaiTH B [3].

125



O.B. Muneanes u Op.

Pe3yabTaThl pacueToB U UX 00Cy:KIeHHe
PesynpraTel pacdeToB, MpeACTaBIsIEMbIE B HACTOSIIEH paboTe, MOMydYCHBI IPH 3HAYCHMSAX BXOJHBIX ITapaMETPOB
MOJIETIH, THITUYHBIX JJIs1 HOUHOH HoHOCc(eps! Ha BeIcoTe 300 kM. B acTHOCTH, paBHOBECHBIH MEPHOA ISHIMIOPOBCKHX

0 0
. 107 i ~
KoneOaHuit 3IEKTPOHOB 19pe okasbiBaeTcs paBHeIM 3.52:107 ¢, nmebGaeBckuii pammyc /1[)e 7.6 MM, nepuop
LUKJIOTPOHHBIX KOJIEOaHMI] 3IEKTPOHOB '906 OKa3bIBaeTcs B 2.3 pa3a 60JbIIE pABHOBECHOTO MEPHOA JIDHTMIOPOBCKHX

o 0
KoJIeOaHUH AIIEKTPOHOB (Lgcez 2.3- lgpe ). Cpemusist nnuHa cBoOOmHOTO Tpobera W cpenHee BpeMs CBOOOIHOTO
npo0era 3J1eKTPOHOB COCTABIAIOT, COOTBETCTBEHHO, 50 M 1 3.7-10 ¢, npuueM mocieaHee M3 yKAa3aHHBIX BPEMs B

0
1047 pa3 npesslaer rgpe .

| . H
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0
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50 0 50 H
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C

Pucynox 1. IIpocTpaHCTBEHHBIE pacHpeieieHHss BEKTOpa THAPOIMHAMHYECKOM CKOPOCTH JIEKTPOHOB B
MEPIICHANKYJIIPHOII MarHUTHOMY IIOJIFO TJIOCKOCTH Ha YPOBHE ITyYHOCTH BOJIHBI, pACCUHTAHHBIC B pa3IHYHBIC

0 0 0 0 0
MOMeHTHI: t = 5.2 ‘9pe (a), t=54 ‘9pe (b), t =5.6 19pe (c), t=5.8 19pe (d) (Spe - PaBHOBECHBIH IEpHOJ
JICHTMIOPOBCKHUX KoJyieOaHMi 3yiekTpoHOB). Ilo ropmsonTanmsHOM (X) M BepTHKanbHOH (Y) OCAM OTIOXKEHO

0
paccTossHHE OT IeHTpa 00JIaCTH MOJETUPOBaHUs, BBIpAKEHHOE B Je0aeBCKUX pajuycax 7“De- CremneHb

3aTEMHCHUS PUCYHKOB IIOKAa3bIBACT BEJIMYNHY CKOPOCTH B KM/CEK.

IIpyn ykazaHHBIX 3HAYCHHUSX MAPaMETPOB IJIa3Mbl HaMH OBLIM TPOBEACHBI pPacyeThl SBONIONUM (PYHKIIHHA
pactpeneNeHus 3apsHKEHHBIX YaCTHUI] M SJIEKTPHYECKOTO TOJIS B TIa3Me IS JBYX MPHUHIMITHATBHO Pa3IHIatoNnIuXCs
CUTYyalHH.

B nepBoii curyauuu mouHas KB orcyrcrBoBana. Bropas curyanusi cooTBeTCTBOBaJIA CIy4aro, KOr/ia BKIOYalach
momHas KB, koTopas B TEYeHHE IATH IEPHOJOB JIIHIMIOPOBCKHX KOJEOaHHH 3JCKTPOHOB HapacTaia Jo
MaKCHUMaJIbHOW BEJIMUYMHBI U OCTaBajlach B JlajbHeleM paBHOM 3Toi BennuuHe. MomHas KB cuutanace crosueit
OOBIKHOBEHHO! BOJIHO, UMCIOIIEH YacTOTy BEPXHETHOPHUIHOIO pPe30HAHCA. BEKTOp 3JIEKTPUYECKOTO OIS BOJHEI
JieKal B TUIOCKOCTH, MEPTIICHINKYISIPHON MAarHUTHOMY TIOJIO, B KOTOPOM JISKUT U 001aCTh MOAETUPOBaHus. BekTop
3JIEKTPUUIECKOTO 1ot MolmHOM KB Bpamaercs B mepneHAuKyISI[PHONH MarHUTHOMY TOJIIO TJIOCKOCTH. AMILITUTY/IBI
OPTOTOHAILHBIX KOMIIOHEHT JJICKTPUYECKOTO TI0JISI BOJTHBI 33/1aBaJTUCh OJUHAKOBBIMH U UMEIOITUMH MaKCHUMaJIbHbBIE
BenuyuHbl, paBHbie 0,49 B/M Ha ypOBHE IyYHOCTH PaAUOBOJIHBI, YTO BIIOJHE IOCTH)KAMO, HANpPHUMEp, IS
BBICOKOIITMPOTHOTO HarpeBHOTo creHsna B T. Tpomce (Hopserus).

ITockonpky HoHOC(hepHas TurazMa F-cios ABIseTCs CHIBHO 3aMarHUYEHHOH, TO BEKTOPBI THIPOAWHAMITYECKUX
CKOPOCTEH 2JIEKTPOHOB U MOJIOKUTEIbHBIX MOHOB TaKXe JOJDKHBI BpalIaThCsl C YaCTOTOM, paBHON 4acTOTE MOLTHOM
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Yucnennoe modenuposanue 8030eticmeus MOwHOU paouosonnvl KB-ouanasona na uonocgepnyio naasmy F-cros

PaIMOBOJIHBL, YTO IMOJATBEPXKAAIOT pe3ynbTaThl pacueToB (puc. 1). OgHaKo 0Ka3ajuoCh, YTO BEJIMYMHA CKOPOCTH
JIEKTPOHOB JIOCTHTajla HECKOJIIBKUX KM/CEK, B TO BPEMsI KaK BEJIMYMHA CKOPOCTH ITOJIOKHUTEILHBIX HOHOB Obllla Ha
YEThIPE TIOPSAKA MEHBIIIE HA YPOBHE ITyYHOCTH BOJIHBI.

Pacuersl moka3any, 4T0 B 00JaCTH MOAEIHMPOBAHUS, KOTJ]a OHA HAXOAWJIACh HA YPOBHSX Y3JIOB CTOSUICH BOJHEL,
paccunThIBacMBbIC TapaMeTphl BedHM ceds Tak, Kak B ciydae, korga KB-BomHa oTCyTcTBOBama, B 4YacTHOCTH
THAPOJMHAMUYECKHE CKOPOCTH 3apsDKEHHBIX YaCcTHUIl OCTaBAIHCh OMM3KUMH K HYITI0. Takue pa3nudust B IIOBEJCHUN
THAPOJMHAMUYIECKHUX CKOPOCTEH 3JEKTPOHOB M IOJOXKUTEIBHBIX HOHOB Ha OJHM3KO PACIHONOKCHHBIX YPOBHSIX
(TITy4HOCTH U y3JIBI OTCTOST JPYT OT APYTa Ha MOJOBUHY JJIMHBI MOIIHOM BoiHbI KB-ananasona) nomKkHEI IPUBOANTD
K HarpeBy MOHOC(]EpHOI M1a3mMbl B 001acTu Bo3aelcTBrs MOIIHBIX KB.

3axiroueHue

MeToioM MaTeMaTH4ecKOro MOJEIMPOBAaHUS IPOBEAEHO HCCIIEIOBaHUE BIIMAHUSA MOIIHON pannoBoiHbl KB-
Jara3oHa Ha oBeieHne HoHochepHoi ma3Mel F-cios. [IprMeHneHa mpocTpaHCTBEHHO 2-X MEpHas MaTeMaTHIeCKas
MOJenb, paspaboranHast B [TonspHOM reodnznaeckoM HHCTUTYTE, KOTOPasi OCHOBaHA HA PEIICHUN METOIOM KPYITHBIX
YacTHIL CUCTEMBI ypaBHeHUH Bnacosa-Ilyaccona.

Pacuertsl noka3zany, 4To B 00JaCTH MOACINPOBAHUS, KOT/Ia OHA HAXOAMJIACh HA YPOBHSX MyYHOCTEH M Ha YPOBHSAX
y3JI0B CTOSYEH BOJIHBI, COBEPILICHHO TO-Pa3HOMY BelH ce0sl TMAPOJUHAMUYECKHE CKOPOCTH 3apsKEHHBIX YaCTHIL
(37IEKTPOHOB M TMOJIOXKHUTEIBHBIX HOHOB). Ha ypOBHSAX y3JIOB 3TH CKOPOCTH OCTaBaJIKCh OJIM3KMMHU K HYNIO. A Ha
YPOBHSX IIy4YHOCTEH BEKTOPBI TUAPOAUHAMUYECKUX CKOPOCTEH 3JIEKTPOHOB U IIOJIOKUTENIBHBIX HOHOB BPAILAINCh C
4acTOTOM, PaBHOM 4YacTOTe MOILHOM paauoBOiHBL. [Ipy 3TOM BeIMUMHA CKOPOCTU 3JIEKTPOHOB CYIIECTBEHHO
TMPEBLIIaIa BEJIMUYNHY CKOPOCTH MOJIOKUTEIbHBIX HOHOB U 1OCTUTAJIa HCCKOJIBKUX KM/CCK. 10T Q)aKT TIO3BOJIMJI HAM
BBICKa3aTh I'MIIOTE3y O TOM, YTO OOHapyXeHHbIH 3¢(deKT, Hapsay ¢ APYTMMHU M3BECTHBIMH MEXaHW3MaMHU, MOKET
MIPUBOINTH K JOKAJIFHOMY HarpeBy IUIa3Mbl B 00JacTH BO3/EHCTBISI MOIIHBIX paaroBonH KB-nuana3ona.

bnazooapnocmu. Viccrnenosanue BhIMONHEHO TpU GUHAHCOBOH mojepkKe PODU B paMKax HAyIHOTo mpoeKTa Ne
17-01-00100.
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BBIEJIEHUE JOJITOIIEPHOHBIX BAPUALIMIA
CPEJJHEIIUPOTHON NOHOC®EPHI ®UJIbTPAMU YEBBILIEBA

J.b. PoxxnectBenckuit, B.A. Temerun, B.W. PoxaectBeHckas

Hncmumym 3emnoeo macnemuszma, uoHocghepuvl u pacnpocmparenus paouosoit, Poccus, . Tpouyx
e-mail: veraro2011@yandex.ru

BBenenue. Anann3 MeTom0B MPOrHO3MPOBAHUS, ITOKA3aJ, YTO aJCKBATHOCTh MPOTHO3MPOBAHHUS B 3HAYUTEIBHOM
CTEICHH 3aBUCHT OT CIIEKTPAJIBHOTO COCTaBa IMPOTHO3HPYEMOIo IIpollecca M OT ero CTabHiIbHOCTU. MHTepBai
NPOTHO3UPOBAHUS ONPEACNIACTCS CHEKTPAIbHON IOJIOCOH Hpoliecca M yBEIUYMBACTCS IIPU e¢ YMEHbIIeHHH. [lpu
HAJIMYAW TIEPHONUIECKAX COCTABILTIONINX 00pabOTKy IenecooOpa3sHO TNPOBOAWUTH CHENUANBHBIMHA LH(POBBIMA
¢bunbTpamu (Poscdecmesenckuti, Teneeun, 2015). JIns ycneurHoro nporuo3a foF2 BaxHBIM BOIPOCOM SIBIISIETCS BEIOOD
MHTEpBaJla JAUCKPETH3allMH, T.e. KaK 4acTo, U KakuX Ieled W Ha KakoM HMHTEpBaje HEOOXOAMMO IMPOBOAMTH
u3MepeHusi. BoieneHne oTAe bHBIX COCTABISIONINX M3 JAHHBIX KPUTHYECKON yacToThl fOF2: CyTOYHBIX, CE30HHBIX,
TOJIOBBIX, MHOTOJETHHX IPOBOJMIOCH IO E€AMHON METOJMKE METOJAMM CHEKTPajJbHOTO aHaiu3a. Tak, majs

MOHOC(EPHBIX IMapaMeTPOB, M3MEPEHHBIX C HAaMBBICIICH 4YacTOTOM fmax BO3MOJXKHBI JIMANa30Hbl pa3OHeHHs c

MUHHMAJIBHOM 9aCcTOTOM AUCKPETU3AIUH: BRICOKOYACTOTHBIN - 1/3 yaca, cyrounslii - 1/24 yaca, ce30HHBIi - 1/3 Mmec.,
HHU3KOYACTOTHBIH - 1/3 roja M CBepXHU3KOYACTOTHBIMN - 1/20 jeT. MakcHUMasbHast 4acTOTa ONPEACIACTCS HHTSPBAIOM

auckpetnsatyu B ganHoM auanasone: [f 1, =1/2A7,. Pas6uenue npouecca Ha oTaenbHbIE YACTOTHBIE 06IACTH

MO3BOJIMJIO YHHU(PHUIIUPOBATh TEXHOJOTHIO MPOTHO3UPOBAHUS, YBEIMYUTh TOYHOCTH MPOTHO3UPOBAHUS, MOCKOJIBKY
WHTEPBAJ SKCTPATIOJIALIUH IPOIIOPIIHOHANICH YUCITy HHTSPBAIOB AUCKPETU3AINH, ONIPEICIUTh IpaBIiia JaTbHEHIICH
P POBOI 0OPAOOTKH ¢ TOMOIIBIO YUCIICHHBIX METO/IOB.

OuiabTpbl YebbieBa 1151 BbIIEJIeHHS OTAEAbHbIX CHEKTPAIbHBIX COCTABISIONIUX
ITpu oOpaboTke HOHOC(HEPHBIX NAaHHBIX HaWOOJee MIMPOKO HCHOJIB3YIOTCS pacueT MeEJWaHHBIX 3HAueHWH |
BeIYMCIIEHHE cpenuux 3Hadenuii (Cander, Mihailovic, 1998; Deminov et al., 2009; Bilitza, 2000).

I[HH BBIACJICHUSA MEIJICHHO MCHSAIOUIMXCSA COCTABJIAIOIIMUX ITpoHEccCa, OCPEAHCHUA JTaHHBIX U UX CTJIAXKUBAHUA
NpUMEHSIOTCS  1HU(GPOBBIE  (QWIBTPHI  CKONB3ALIETO apU(YMETHYECKOr0 CpeIHero, OCOOEHHOCTH YaCTOTHOM
XapaKTEepUCTUKU KOTOPOTO B MOJIOCE CPE3a MOTYT IMPHUBECTH K MOSBJICHUIO JIOKHBIX COCTABJISIOLIMX U3-32 MUMHUKPUU
4acToT.

AJITOPUTM pacyueTa MEAUAaHBl CTPOHUTCS YIOPSIOYMBAaHUEM JTaHHBIX 110 IPU3HAKY BO3pACTaHMs MX 3HaYeHWH. U3
BO3pACTAIONICH ITOCIIEI0BAaTEIFHOCTH B KauyecTBE MEJUAHHOTO 3HAueHus Oepercs cpenHuit orcuer. Onepaims
pacueTa MEAMAaHHBIX 3HAYCHHUIl CONMPOBOXKIACTCS MOSBICHHEM KpAaTHBIX TapMOHMK YACTOTHBIX COCTABIISFOLINX
HCCIIelyeMOr0 MPOoLecca, a TAKXKE IIOCTOSHHOM COCTABIISIOLICH.

foF2, MIT11

Pucynoxk 1. CyTouHBIN X0 KPUTHIECKOI 9acTOTHI mociie GpuinbTpannu (kpusas 1), BeACICHHAS BRBICOKOYACTOTHAS
cocraBisirontas (kpusas 2) nis 5-13 nus mapta 2012 r. [Ipasast ock opaunar s dfof2 kpusoii 2.

CrexTpajbHBIH aHAJIM3 1T0Ka3aJ, YTO ONTUMAJIBHBIM OIEPATOPOM NMEPBUYHOM 00pabOTKM JTaHHBIX HAOIIIOAEHUN
SBJISIETCS MJCaIN3UPOBAHHBIN (UIBTP MCHpaBlieHHOro HenpepbiBHOTO ocpenHenus (MHO), coveraromuit GpuinbTp
CKOJIB3SIIIETO CPEHETr0 U HACAIBHBIN (GHILTP HU3KHX YaCTOT, IPAKTHYECKasl peasin3annsi KOTOPOTo OCYIECTBIIETCS
Tak ke nuppoBsIMU huiapTpamu YeOsimesa. s noaHOTO HCKITIOUeHU 3P PEeKTa MUMUKPHH YaCTOT, BOSHUKAIOIIETO
M3-3a TUCKPETU3AINH BO BpEMEHH, HEOOX0IUM (PHUIBTP C aMIUTUTYIHO-9aCTOTHOH XapaktepucTukon (AUX) paBHOH
HyJIIO IIpY 4acToTax, HpeBblIaromux 4actoTy HalikBucra. B KauecTBE 4acTOTHOM XapaKTEPUCTHKU B IIOJOCE
MPOITyCKaHHS XKeJIaeMoro u(poBoro GuiabTpa BeIOpaHa YaCTOTHAs XapaKTEPHCTHKA HETPEPBHIBHOTO OCPEIHEHUS.
M3BecTHO, YTO TIOCIENOBAaTENbHOE MPUMEHEHHE JBYX (GUIBTPOB SKBUBAICHTHO omHOMYy ¢ AUX, paBHOM
nponsBeaeHno AUX cocrapnsronux GpuiabTpoB. Claen0BaTeNnbHO, I BBIICICHNS HU3KOYAaCTOTHBIX COCTABIISFOLINX
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H.B. Posicoecmeenckuii u op.

MOXXHO pEKOMEHJOBaTh UH(POBBIE (GUIBTPHL, COCTOSALIME W3 MOCIEAOBATEIIFHOIO HPUMEHEHUs (GUIbTpa
HETIPEPBIBHOTO OCPEAHEHUS M uueaidbHoro ¢uistpa. Takol ¢uIbTp HazoBeM (QHIBTPOM HCIPABICHHOI'O
HenpepbiBHOTO ocpenHerns (MHO) m OymeM cumTaTh €ro XapaKTEpHUCTHKH STaNOHHBIMH. LludpoBoit ¢pumbtp c
YaCTOTHOW XapaKTepUCTHKOH, Omm3kod Kk xapakrepuctike HWMHO cuHTE3WMpOBaH ¢ MOMOIIBI0 METOIOB
armpoxcuMarun. [udpposoit ¢punprp UeOrimieBa mMeeT 4aCTOTHYIO XapakTepucTuky Ommskyro k MTHO u cremens
TIO/IABJICHHSI B TIOJIOCE Cpe3a MOXKET TOCTUTHY T Benmuunus! B 400 1b (Rozhdestvenskii et al., 2015; Pooxcoecmesenciuil,
2011). Ha puc. 1 mpeacTaBiieHO BBIICICHHE BBICOKOYACTOTHOM COCTABIIIONICH M COCTABIISIONICH CYTOYHOTO X0/1a U3
M3MEpeHHBIX 3HaueHu# fOF2. BuaHo, 4TO BBICOKOYACTOTHASI COCTABIIONIAS HMEET MAKCHMAIBHYIO aMILTHTYAY, HE
npessimatomyo 1| MI'na. [Ipu srom HanGosbiue 3HaUSHNST HAOMIONAIOTCS B YTPEHHHUE Yachl M, KaK MPaBUIIO, OHH
MHUHUMaJbHBI B HOYHBIC Yachl. Pa3jiesneHne CIeKTpalbHBIX COCTAaBIIIOIINX, NMPHUBEACHHOE HAa PHC. 2, MO3BOJISIET
NIPOBO/INTD JajIbHEHIINE UCCIEOBaHNS M IPOrHO3UPOBAHUE OTICIIBHO KaXKAOH COCTABISIONICH B COOTBETCTBHU C
MOCTaBJIEHHOHN 3amaueil. Ha puc. 2 mpuBeneHbl BbIAEIEHHE CPEJHECYTOYHBIX 3HAUYCHHWH KPUTHYECKOH 4YacTOTHI
noHocgepHoro cios F2 no ee 15-MHUHYTHBIM U3MEPEHUSIM.

foF2, MI'ig 1!

4. | '.| J “WJ\JJ

] 1 1
500 1000 1500 2000 N

Pucynok 2. CyrouHble CcOCTaBIsfOLIME KpuThueckoi dwactotel fOF2 nms centsiops 2012 r. (kpueas 1),
cpeaHecyTOouHble 3Ha4eHUs (kpugas 2). [1o ocu abcrucce OTIIOKEHBI OTCUETH! | 5-TH MUHYTHBIX 3HAYCHUH 110 OCH
Op/MHAT 3HAYEeHHsI KPUTHUECKOI YaCTOTHI.

CpenHecyTOUHBIC BapHalld B ceHTs0pe He mpeBbmmaoT 2 MI. Ha puc. 3 mpuBeneHo cpaBHEHHWE BapHaldi
yucen Bonbga u cpenneronossix Bapuanuii foF2 mis oguanaguatu et 1958 -1972 rr.

200_|_|I‘v‘w"b:m::m Baneda | [fDF2, M
8.0
150}
6.0
100 I,——’u“i
50 LR JJ- *J—LIII 4.0
|1 S— , | l— 2.0
3 T T T t vear
1560 1964 1968 1972 1080 1964 1968 1972
a o

Pucynok 3. Bapuauuu uncen Boneda (a) u MmHoronetHue Bapuanuu foF2 (6) 3a 1960 -1972 rr.

Ha puc. 36 cromHas kpuBas ModydeHa OCpPEeIHEHUEM YaCOBBIX 3HAYCHHH KPUTHUYECKOW 9acTOThl 3a 11 Jert ¢
MOMOIIBIO TU(POBBIX PHIBTPOB UeOhlieBa v MoCIeAyIOIMM cxxaTreM aaHHbix (Rozhdestvenskii et al., 2015). Bugso
XOpOIlIee COOTBETCTBHE MPUBEACHHBIX XapaKTEPUCTHK. HeTpyaHO BUAETH, YTO JOJTOIEPHOIHBIC COCTABISIOLINE
foF2 ompenenstoTCst TOMBKO COMHEYHBIME BapHAIMSMH.

3akirouenue

TGXHOHOFI/ISI HH(prBOﬁ (I)I/IJ'II)TpaIII/II/I C BI)ICOKOI7[ CTCHCHBIO MOAABJICHUA U MOJYYCHUSA NPOLCCCOB C OrpaHNYUCHHBIM
CIICKTPOM, MO3BOJIACT MPOBOAWTH Ka‘leCTBeHHBIﬁ aHaJIM3 SKCHCPUMCHTAJIbHBIX HJaHHBLIX, BBIACICHUC PA3JTIUYHBIX
CIICKTPAJIBHBIX COCTABJIAIOIINX, B TOM YHCJIE JOJIIOIIEPHUOIHBIX TPCHAOB IJIA KOHKPECTHBIX IMPAKTHYCCKUX 3a1a4d. Ha
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Buvioenenue oonconepuoonvix eapuayuii cpeoneuupommoi uonocgepuvl purompamu Yeoviuesa

OCHOBE 15-MUHYTHBIX (AT) MAaHHBIX KPUTHYCCKOW YACTOTHI U CPEAHCIIMPOTHOM cTaHIMU MOCKBA. MPOBEACH
aHaM3 JaHHBIX C MOMOIIBI0 GuiubTpoB YeOnimeBa co crenenpto moaasieHus 250 — 300 b, mis pemeHus 3amadq
OpraHM3aliy HaJS)KHBIX KaHAJIOB PAJUOCBSI3M M OINPEACICHUS TOYEK OTPaKEHUS BOJHBI OT HOHOCHEpHI.
[IpuBeneHHbIC BapHaIlMK KPUTHYECKOM 4aCTOThI IEMOHCTPUPYIOT IMPOKUE BOZMOXKHOCTH METOI0B (PHITBTpAIMH ISt
MCCIIeIOBaHMUS TPOLECCOB B HOHOC(hEPE U OLCHKH BKJIAZ0B OTACIbHBIX COCTABIISIOIIUX.
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Introduction

The study of response of the middle atmosphere (stratosphere and mesosphere) to any external impact (variations of
sunlight, flux of cosmic ray particles, eruptions of volcanoes, and anthropogenesis factors) is an important physical
problem. Ozone and temperature are basic atmospheric parameters. Ozone and temperature are important atmospheric
parameters. The correlation of these parameters is of significant interest from the viewpoint of thermal balance of the
middle atmosphere. The basic heating of the stratosphere (altitude range of 30-50 km) is caused by absorption of solar
ultraviolet radiation by ozone molecules. Thermal changes influence the rate of ozone formation and destruction.
Other types of wave processes can redistribute the structures of vertical profiles of ozone and temperature in the middle
atmosphere. Sudden stratospheric warming (SSW) affects a lot of widely known atmospheric wave processes.
Ground-based microwave radiometry allows investigation of ozone variations during large-scale wave disturbances
in the middle atmosphere, such as, for example, stratospheric warming [1]. Last years there was an additional interest
to SSW. In the winter of 2012-2013 there was a unique warming caused temperature increase a few tens of degrees at
pressure level 10 hPa. In microwave and optical observations in Tomsk, there were noted visible variations of ozone
and temperature in the middle atmosphere [2, 5]. The ozone concentration at altitudes from 25 to 60 km increased by
1.5-2 times. The maximum of positive deviation of temperature from its month average value reached 70 K at altitude
of 30 km. Diurnal variations of ozone at altitude of 60 km associated with sunset and sunrise was about 30%. In
addition, this warming according to [3] caused variations of the total electron content up to 100% in equatorial
ionosphere. In middle and polar latitude variations of the electron concentration hypothetically are associated with
variations of the neutral composition. In [4] it is discussed the possible role of the middle atmosphere ozone on the
relationship between mesosphere and ionosphere.

In this paper we present some results of measurements of the ozone emission line in January-March 2016 by method
of microwave radiometry. Measurements of spectra of middle atmosphere ozone were executed with the help of
mobile radiometer (work frequency 110836.04 MHz). The device was installed in 2007 at physical faculty in Peterhof
(60N, 30E) in 28 km from the centre of Saint Petersburg [1]. Fig. 1 shows the general view of the microwave
equipment (mobile ozonemeter). 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 SABER [6], and also with the data of ozonesonde at
station Salekhard (67N, 67E), Sodankyla (67N, 27E) and Summit (73N, 38W). Significant variations in ozone number
density, which were caused by sudden stratospheric warming in winter 2016, were observed in the atmosphere over
Peterhof at altitudes of 40 to 60 km.

Microwave ground-based equipment used in the experiment

Method ground-based microwave radiometry is based on measurements of thermal atmospheric radiation in vicinity
the ozone line in the range of millimeter and submillimeter waves. Microwave observations are weakly dependent on
weather conditions and the presence of atmospheric aerosols, and this is an advantage compared with observations in
the optical and infrared wavelength ranges. In addition, the microwave ozone observations can run around the clock.
In recent years it is managed to make a significant step forward towards the creation of a new generation of mobile
microwave spectrometers [7]. The device consists of an uncooled heterodyne receiver tuned to a fixed frequency
110836.04 MHz corresponding to a rotational transition of ozone molecules 66— 615, 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. The parameters of the
device allow to measure a spectrum of the emission ozone line for time about 15 min with a precision of ~ 2%.
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 O3z is
contained in the measured radio emission spectrum of the middle atmosphere. Using the inversion of the obtained
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spectra it is possible to obtain data on the vertical distribution of ozone in the atmosphere. The criterion of the accuracy
of inverse problem solution is the best fit 0zone spectral lines calculated by the retrieved profile of the Oz concentration
to the original experimental spectrum. The error of estimating the vertical distribution of ozone on the measured
spectra by above described device does not exceed 20%.

The results of observations and discussion

Fig. 2 displays the variation in the ozone content measured over Peterhof from 1 January to 31 March 2016. In the top
part of Fig. 2 continuous line shows the data on total ozone content (TOC), which were obtained onboard device
OMI/Aura. The average value of the TOC for the entire observation period amounted to (339+5) DU.

T T T T T T T
Peterhof (60N, 30E)
500 — *

GEOSummit (73N, 38W)

OMI/Aura

'S
o
o

Ozone content, DU
I

L | T Y R T |
10.01.2016 20.01  30.01 09.02.0201619.02 29.02 10.03.2016 20.03  30.03

Days from 01-Jan-2016

Figure 1 Figure 2

Maximum TOC 482 DU was marked on March 18. Rhombuses mark the values TOC which were measured at polar
station Summit by ozonesonde. At the bottom of Fig. 2 gives the variations of the ozone content in the layer of 22 —
50 km according to the onboard device MLS/Aura XM (22-50) in DU (continuous line) and ozone content in the layer

above 22 km, according to ground-based device xg'gMW(z 22)in DU (crosses). The device MLS/Aura uses a limb

method of measuring atmospheric parameters. We selected of 0zone and temperature data, corresponding to the time
span of the satellite over the Peterhof. For this purpose was chosen domain with coordinates (60+1.5)°N and (30+5)°E

for Peterhof. Data Xg"a'\"w correspond to the ozone profiles obtained from day and night ozone spectra. Systematic

excess of ozone satellite data over ground-based data for the entire observation period amounted to the value of
xgjy = (1.03+0.01). Well observed perturbations of ozone layer in the middle atmosphere, which began in the
XONLMW

first decade of February and lasted until the end of March. The first maximum appeared on February 14, the second —
on March 14, 2016. The ozone content values for these days were 184 DU and 203 DU, accordingly. The lowest 0zone
content 113 DU according to ground-based microwave sensing was observed on February 03.

Consider the character of the variability of ozone and temperature at selected heights middle atmosphere 25, 40 and
60 km above the Peterhof. In Fig. 3 shown the temporal variations of ozone concentration and temperature MLS/Aura
data (thin continuous line) and SABER data (thick continuous line) at these altitudes in winter 2016. On the bottom
of the figure shown the variations of ozone (filled circles) at a height of 25 km, according to ground-based microwave
sensing and temperature according to the databases MLS/Aura and SABER. From satellite data minimum temperature
(about 195 K) was obtained at the end of January which was observed during the first decade of February. Next it was
steady increase of temperature on the altitude of 25 km from 195 to 220 K until the end of March. Such a change of
the thermal structure of the middle atmosphere shows the development of minor stratospheric warming, which were
mentioned by us earlier over Apatity (67°N, 33°E) [7]. The development of the stratospheric warming over the
Peterhof occurred under the classical scheme [8] from top to bottom. Experimental confirmation of this scheme can
be found in [8, 10]. This fact is confirmed by detected changes of ozone and temperature at the altitude of 40 km,
which shifted in time relative to the data at an altitude 25 km (Fig. 3, mid panel). Noteworthy (Fig. 3) significant
perturbation of ozone at levels of 40 km (mid panel) and 60 km (top panel), which began in middle of January 2016.

132



Monitoring of variations of middle atmosphere ozone in polar latitudes of Arctic during stratospheric warming

T | T T ‘ T | T
g Peterhof (60N, 30E)
B 60 km B
2.0E+10
o
260
£
2 x
[] -
E o
-~ 1.5E+10
2 2
= 240 @
w
c Q
o o
< 5
O
& 1.0E+10
[]
3 220
5.0E+9 ‘J /MLsmura csf 7
) e -
- e
10.01.2016 20.01 30.01 09.02.2016 19.02 29.02 10.03.2016 20.03 30.03
T | T | T ‘ T ‘ T
Peterhof (60N, 30E)
40 km
ME 280
o
= 6E+11 v
o]
= g
- S
2 2
= 260 @
e Ty
(] o
° 5
5 4E+11 -
N
(o] 240
MLS/Auia
\ \ | | | ! | L
10.01.2016 20.01 30.01 09.02.2016 18.02 29.02 10.03.2016 20.03 30.03
T ‘ T | T | T | T
Peterhof (60N, 30E)
L 25 km i
o
£ 5E+12 240
2
[+} X
£ -
. e
F =
0 4E+12 — 2208
H o
g o
£
o o
5 -
N
O 3E+12 200
| | | | | | I L
10.01.2016 20.01 30,01 09.02.2018 19.02 29.02 10.03.2016 20.03 30.03

Days from 01-Jan-2016

Figure 3

133



Y.Y. Kulikov et al.

On the top panel of Fig. 3 shows night ozone density (filled circles) and day ozone density (open circles), that specifies
exciting diurnal variations of ozone at altitude 60 km. The increase in ozone at 40 km and 60 km relative to the
unperturbed period were in two and almost three times more at altitude 60 km.

Conclusion

oo T 1. We show the new results of studying
Peterhol (60N, 30E) o the dynamics of ozone content in the middle
Sodankyla (681, 276 atmosphere over Peterhof (60N, 30E) during
Salekhard (67N, 67E) stratospheric warming in the winter 2016 by

5E+12 1 — — the microwave radiometry method.
+ 2. Microwave results (vertical
u 4 distribution of ozone) were compared with
. l satellite data on the total ozone content
(OMI/Aura), altitude profiles of ozone and
temperature in the layer of 20-60 km
(MLS/Aura and SABER/TIMED), and also
% ] with ozonesonde data at stations Sodankyla
¥ \[ g ‘\ S B (68N, 27E), CEOSummit (73N, 38W) and

- . Salekhard (67N, 67E).

0, . + 3. Significant variations in o0zone,
= B p - 4 which were caused by stratospheric warming
o o - of the minor type, were observed over

| | | \ Peterhof at altitudes of 40 to 60 km.
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MUKPOKINMATHUYECKASA UIBMEHYUBOCTDb TEMIIEPATYPbBI
BO3YXA B XOJIMUCTOM PEJIBE®E HA KOJIBCKOM II-OBE

B.U. Jlemun!, b.B. Kosenos!, H.U. Enuzaposa?, 10.B. Menpos®

\DBEHY «llonapuwiii 2eopusuueckuti uncmumympy, 2. Anamumol
2ZAMCT «Anamumor» C3D OI'BY "Asuamemmenexom Poceuopomema”, 2. Anamumor
$Teppumopuanvro-cumyayuonnwiii yenmp ®KY Ynpoop «Konay, 2. [lemposasoock

AHHOTanus. VccienoBaHa MUKPOKIMMATHYECKAsE K3MEHYUBOCTD TEMIIEPATYPBI BO3/1yXa B YCIOBHAX XOJIMHCTOTO
penbeda Ha Kosmbckom m-oBe. PazHocTH TemmepaTyp Ha BEpIIMHAX XOJIMOB M Ha MPWJIETAIOMINX MOHMKCHHBIX
ydJacTKax 3UMOI B ycioBHAx Oe300iayHoro HebGa u ciaboro Berpa gocturatoT 10-20°C u 0coOEHHO BBIpaKEHBI B
MOJISIPHYIO HOYb. B Ternoe nonyroane 3aMeTHbIE pa3HOCTH HOSABIISIIOTCS TOJIBKO HOYbI0, HO OHU MEHBIIIE 110 BETUYHHE
(mo 5-8°C) u3-3a HEMPOJODKUTECIBHOCTH HOYHOTO BPEMEHH, HEOOXOAMMOTO I PaJUAIlMOHHOTO OXJIaXKIACHHUS
MIPU3EMHOTO CJIOSI BO3yXa.

Beenenue
B kadecTBe OCHOBHOTO HCTOYHHKA U ONCHKH KIMMATHYECKUX pecypcax TOTO WIH HMHOTO y9acTKa TEPPUTOPUU
MIPUHATO TPUBJICKATH JaHHBIC ONMIMKAWIINX METEOPOJOTHYECKUX cTaHIMU (Mc). OZHAKO NAHHBIA MOIXOM HENb3s
CUYHTATh NPABIIEHEIM. MHOTOYHCICHHBIC TTOJICBBIC HCCIICJOBAaHMUS IOKA3BIBAIOT, YTO KIMMAaTHIECKUE TOKA3aTEIH 13-
3a 0COOCHHOCTEH MUKPOKJIMMATa Ha OJIM3KHUX PACCTOSTHUSIX MOTYT M3MEHSTHCS JIaKe CUIIbHEE, YeM MPH MePexoJie U3
OJTHOW KIMMaTH4YecKOH 30HBI B Apyryio [2]. B uacTHOCTH, MUKpOKIMMAaTHYECKash M3MEHYHMBOCTH TEPMHUYECKHX
XapaKTepUCTHUK BO3yXa MOXKET Ha MOPSAOK IPEBBIIIATh UX XapaKTepHBIN IIHUPOTHBIM U BBHICOTHBIN rpagueHT [9].
Tak, HaripuMmep, B T. ATIaTUTHI B ero Hanbosee Beicokoii yactu (180-200 M) TemnepaTypa Bo3ayXxa 3MMOH BBIILE, YeM
Ha PacIoI0KEHHOW BCEro B 2.5 KM MC «ANaTHTBI», IpHYeM 3a(HKCHPOBAHBI CIIydaH, KOT/ia pa3HOCTh TeMIEpaTyphl
MEX]Iy METeOPOJIOTHYECKOil cTaHIMel B BEICOKOM YacTu ropoja u ero npuropogamu (135-160 m) nocturaet 3umMoit
10-15°C u 5-8°C netom [3]. Kak ciencreue, mokazaHus JaHHOH (¥ OIvpKalTIel) MC He MOTYT OBITH HCIIOJTB30BaHEI
JUTS OTIMCaHHS TEPMUYECKOTO PEKUMa TEPPUTOPUH TOPOJIA.

Boree koppeKTHOI MpOIeIypoi SBISETCS MOJ00p MC C aHAJOTHIHBIM K U3y4aeMOMY y4acTKy MUKPOKIHMATOM,
HO H3-3a PEIKOU THAPOMETEOPOIIOTHIECKOM 3TO HE BCET/Ia BOSMOXKHO. J[pyroi mpuem — mpeaBapuTeIbHEBIH 0TOOp Tak
Ha3bIBAEMBIX PEIIPE3CHTATHBHEIX MC, PACTIOIOKEHHBIC Ha OOIIMPHBIX OTKPBITHIX POBHBIX MECTaX BHE BIIMSHUS KaKHX-
100 MUKPOKIMMaTHUECKUX GakTopoB. [lepexoa kK TepMUUIECKIM IOKa3aTeNIIM KOHKPETHOTO y4acTKa B 3TOM Clly4ae
OCYILIECTBJISIETCS IOCPECTBOM BBECHHS HA TIOKA3aTENIN BEHIOPAHHBIX MC CTICIIHATIBHBIX MONIPABOK, 3aBUCAIINX OT €T0
MecTomnoNoXkeHus. Takne MEKpOKINMaTHIeCKIe OTPaBKY MPUBEICHBI B psijie U3JaHuii (cM., Hapumep, [2, 7, 8, 9]).
Jna nnmoctparuu B Tabn. 1 mpuBemeHBl KOJIMYECTBEHHBIC 3HAUEHHUS MMKPOKINMATHYECKOH H3MEHYHBOCTH
MUHHMAaJIBHOI TeMIlepaTypsl B XOJIMHCTOM peibede 3UMOI B BHIE OTKJIOHEHHH OT 3HAYCHHH Ha POBHOM MeECTE,
MOJIyYCHHBIE TI0 Pe3yJIbTaTaM JKCIEAUIMOHHBIX U3MEPEHHUI B pa3HBIX pernoHax [7]. JlaHHbIe 3HAYCHMS SBIAIOTCS
TOJIBKO CPEAHUMH U HE YKa3bIBAIOT JUAIa30H BO3MOXKHBIX BapHalWil. B peasbHBIX YCIOBHSIX OHH MOTYT CHIIBHO
MeHATBCs. Tak, HampuMep, MPU OTCYTCTBHH CTOKOBBIX TE€YCHUI Pa3HOCTH TEMIIEPaTyp BIOIb CKIOHOB OCTAIOTCS
HeOompmmMu (MeHee 0.5°C), a ¢ WX TOABIICHHEM JOCTHUTaeT yxe 4-5°, a B oTAenbHBIX ciydasx u 8§—12°C [9].
CyniecTByeT BONPOC OTHOCHTENIBHO MX HCIIOJIb30BaHMUS B ApKTHKE, TJe HAOJIIONAIOTCS WHBIE YCIOBHSA
panuanoHHOro 6anxaHca, YeM B YMEPEHHBIX IIUPOTaX.

Lenbro 1aHHOM paOOTHI SBISETCS YCTAHOBIICHUE AMANa30Ha MUKPOKIMMATHIECKOH N3MEHUYUBOCTH TEMIIEPATYPhI
BO3/yXa B YCIOBHUSAX XOJIMHUCTOTO penbeda Ha KorsckoM m-oBe.

Hcnoab30BaHHbIE JaHHBIE

B pabote ucmonb30BaHbl JaHHBIE CTAMOHAPHBIX W MapIIPYTHBIX H3MEPEHHUN TeMIepaTyphl Bo3ayxa Ha KoiabckoMm
[-OB¢, MPOBEICHHBIX [lOJMAPHBIM TEeO(PU3MYSCKUM HHCTUTYTOM, IAHHBIE METEOPOJOTHYCCKHX HAONIOJCHUI Ha
rugpoMeTeopoiormdeckor cTannuu «Anatutel»y ([MC «AnatuTel»), aBHAIMOHHOW METEOPOIOTHIECKON CTaHIHU
«Anatute» (AMCI «Anatutsi»), nanasie TeppuropuanbHo-cuTyanroHHoro nentpa ®KY Yrpuop «Komnay.

Pe3yabTaThl M 00Cy:KIEHHE

B xmmaTonoruu K XoIMHUCTOMY penbedy OTHOCAT IepecedeHHbIH penbed, XapakTepu3yONIHicsS OTHOCUTEIbHBIMI
pasHOCTSMHE BBICOT He 6osee 150 M 1 KpyTH3HOH CKIIOHOB MEHBIINX WX paBHBIX 10 rpaxycam [2]. B atux ycnoBusax
BIIMSIHUE a0COJIOTHON BBICOTHI NIEPEKPHIBACTCS MUKPOKINMATHIECKIMU OCOOEHHOCTSIMH, CO3JjaBaeMbIMU (DOpMaMu
penbeda n FKCIIo3ULNeH CKIOHOB. BinsiHIE BEICOTHOTO IpaIMeHTa Ha TEPMUYECKUH PEXHUM OOBIYHO YE€TKO HAYMHACT
IPOSIBIATHCS TOJIBKO NP Pa3HOCTSIX BBICOT, npeBbimaromux 200-250 m [2].
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Taﬁ.lmua 1. V3sMeHeHHne MUHHMMAJIBHOM TCMIICPATYypPhI 3UMOI o4 BJIMAHHUCM MCCTOIIOJIOXKCHHA B XOJIMHUCTOM

penbede Ha ETPJ..]; 3HaK «+» 03HAYACT MOBBIILICHHE, «-»— NOHWKEHHE TEMIIEPATyp [0 CPABHEHUIO C POBHBIM MECTOM
MesopaiioH mo 6a3ucy 3po3uu Bepmuna, Cepeauna | [lupokas 3amMKHyTas Paznocth
BEpPXHSISI TPETh | CKJIOHOB JIOJTUHA JIOJTHHA, BepILHHA-

CKJIOHOB KOTJIOBHHA KOTJIOBHHA

Cnaboxonmuctslii penbed ETP 2 1 -2 -3...-4 5-6

(AH<50 m)

Xoamucteiii pensed ETP 3-4 >2 -2...-3 -4...-5 7-9

(AH =50...150 m)

Oco6oe BHIMaHHE B MCCIEJOBAHNH OBUIO YAEJICHO BapHAILlMsAM TEMIIEPATyphl B YCIOBHUAX CIa00BCXOMIICHHOTO
pexnMma ¢ mepemagaMu BeIcoT MeHee 50 M. JIOBONBHO pacmpocTpaHEeHO MHEHHE, 4YTO Takue HeOobIme
HEOJHOPOAHOCTH penbeda He MOTYT OKa3bIBaTh CYIIECTBEHHOTO BIMSHHSA HA NPOCTPAHCTBEHHOE pPaCIperelICHNE
TeMIiepaTypsl. B 9acTHOCTH, JaHHBIN (akTOp UTHOPUPYETCS MPH U3YyHIEHUH aHTPOIIOT€HHOTO TOPOACKOTO «OCTPOBA
tera» [3]. B nedcTBUTENPHOCTH )K€ Takas TOUKa 3pEHHS He MMeeT (usndeckoro obocHoBaHMs. Hagano cTokoBBIX
SBJICHUH BO3MOXKHO YK€ NPH yIiax HaKJIOHA MOPAIKa HECKOJIBKUX I'PaJyCcoB M IIPU OTHOCUTENIBHBIX MPEBBIIICHUS
10-12 M [6]. B pabote [4] coobiaetcsi, 4TO B YCJIOBHSIX OYCHb BHIPOBHECHHOTO y4acTKa MPOTSHKEHHOCTHIO 0K0J10 500
M H C mepenajoM BeICOT 20 M pa3HOCTh MHHHUMANBHBIX TeMIEpaTyp MpPH SICHOH IITUIEBON MOroJie BO BCE CE30HBI
npesbimana 5—6°C, mocturas 9°C. CornacuHo uccrnemoBanusiM I[lokposckoit T.B, B JleHuHrpajackoit obmacTtu
HauOOJIBIIKE PA3HOCTH MEXY XOJIMOM M HU3MHAMU cOCTaBIsuIN 5.6°C MpH OTHOCUTEIBHBIX NpeBbliIeHusax 40 M [6].
ITo nannbiM TemuukoBoit H.C. Ha BuazeMckoii BO3BBIIIEHHOCTH B JIaTBHM MOHWKEHHS TEMIIEPATyPhl B JJOJTUHE TIO
CpPaBHEHMIO C BEPIIMHOM X0JIMa HHOrAa focturanu 6°C mpu pazHOCTH BbICOT 16—25 M [6].

JlHeM B XOIMHCTOM penbede IIPH OTHOCHTENFHON IPpeBBIIeHUAX 10 50-80 M ipu cKopocTsx BeTpa boee 2-3 m/c
¥ XOpouIeM TypOYJIEHTHOM IIepEeMEIIMBAaHUN JaXe B SICHYIO IOTOAY OOYCIIOBJICHHBIC MHKPOKIMMATOM BapHAIN
TEeMIlepaTypsl BO3IyXa Ha BBICOTax 1.5-2 M HaJ MOBEpXHOCTHIO IOYBHI JIOCTATOYHO HEBEJWKH. BepummHbl U
HAaBETPEHHBIE CKJIOHBI H3-32 OOJbIIero TypOYJIEHTHOTO OTTOKA TeJla HEMHOTO XOJIOJHEE, YeM IIOJHOXKHSI |
MOZBETPEHHEE CKJOHBI. 3aMETHBIE Pa3HOCTH TEMIICpaTyp BO3HMKAIOT B OTHOCHTENBHO THXHE U SCHBIC HOYH.
OxJaXICHHBIA BO37yX, OOpa30BaBIIMICA Ha BEpPIIMHAX M CKIOHAX, Kak OoJjiee TSDKENbIH, CTEKaeT BHU3 U
CKallJIMBaeTCsl B MIOHMKEHHSIX, 00pa3ys Tak Ha3blBaeMble «o3epa xojozaa» [1]. B BepxHeiil yacTu XoJiMa Ipu 3TOM
CTaHOBUTCS TEIUIEE, YEM y €ro MOJAHOXKHS, TAK KaK CTEKAIOUIMI BO3/1yX 3aMeHsIeTCst 0oJiee TeIIbIM U3 MPUIIEratolinX
cioeB armocdepsl. Takoe nepepacnpeesieHue X0JI0AHOTO BO3/yXa MO 3JIeMEHTaM penbeda CTAHOBUTCS MPUUUHOI
6OJBIINX TPaTUSHTOB TEMIIEPaTyPhIL.

Hano ormeruts, uro 3umoil B
ApKTHKE CYIIECTBYIOT JOBOJILHO
OnaronpusATHBIE  YCJIOBHSA I
CTOKOBBIX siBiIeHMA. B mepuon
MONSIPHOW ~ HOYM M Ciiaboi

o

OCBELICHHOCTHU KpYIJIOCYTOYHO
COXpaHsAETCs OTPULIATENBHBII
paauanoOHHBINH GanaHc
HOJICTUIIAIOILEH MIOBEPXHOCTHU.

bunaropaps sromy, OXJIaxKIcHUE
MOJCTUJIAIONIEH  TOBEPXHOCTH U
MIPUJIETAIOIIMX CJIOEB BO3AyXa MHpHU
YCTaHOBHBIICHCS MAaJIOOOIAYHOW W
TUXOH MOT0JI€ MOKET MPOJ0JIKATHCS
HEMpEephIBHO B TEYEHHE MHOTUX
4acoB MW Jlaxe JHeH, co3aaBas
OoJbIIME HEOJHOPOJHOCTH B IIOJIC
-10 ‘ ‘ ! Temneparypsl. [l miuTiocTpanyy Ha
01.12.20186 01.01.2017 01.02.2017 01.03.2017 pI/IC. 1 Hpe}lCTaBHeHBI BapI/IaHHH
TEMIIEPATypbl BO3JyXa B BEpXHEH

Pucynoxk 1. a — Bapuanuu temnepaTypsl Bo3ayxa 3umoi 2016-17 rr.: 1 —
AMCT «Amnatute» (160 M H.y.M), 2 — Anatutel, Akagemropoaok (180 v 1acTH X0/Ma (1a Bercote 180 (mc. B
HyM.), 3 — AIIMC «1166», 4 — Anatutsi (200 M); pasHOCTh TeMmepaTyp: - Anarutsl), 200 1 210 M (AIMC
6 — Anatuthi, Axanemropook u AMCI «Amatnten (6), B — AIMC ~ «1166» (AIMC — asromarnueckas

«1166» 1 AMCI" «Anatuts». MOpOXKHaA  MC), a TalKke Ha
okpyxatomeii paBHuHe (AMCI

«Anatutbi», 160 M H.y.M.). OTMETHM, YTO 110 MaTeprajIaM, IOJy4YSHHBIM 32 HECKOJIbKO JIET HaOJII0AeHHH, B ATIaTHTax
OTCYTCTBYIOT IIPH3HAKU CKOJIb-HUOYIb 3aMETHOT'O TEXHOT€HHOT'O BO3JEHCTBHS TOPO/ia Ha TEMJIOBOH PEKUM BO3/lyXa
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[3] u mc TTonsipHOTO reodr3nIecKoro HHCTUTYTA Ha OKpanHe «AKaZIeMIOpOIKa» MOXHO CUUTATh PENPE3CHTaTUBHON
JUTS TIOCTaBJICHHOH B paboTe 3a7adm.

Kak BumHO U3 puc. 1, HeCMOTps Ha HEOOJBIIOE PACCTOSTHNE MEKIY BEIOpaHHBIMHU MC (HAIIpUMEpP, MEKAY MC B T.
Anatutsl 1 AMCI «AmatuTspy okosto 15 kM) B ManooOIaqHy o U TUXYIO ITOTOy M3-3a CTOKA XOJIOJHOTO BO3IyXa
MEXXIY BEpPXHEH JacThIO XOJIMa M OKPYIKAIOIIEH PaBHUHOW MOTYT CO34aBaThCsl pa3HOCTH TEMIIEPATYP, JOCTUTAIOIINE
16°C, uro cooTBeTCTBYeT BepTHKambHOMY Tpanuerty 80°C/100 m. HTEpecHO, 9TO XapaKTepHbIC BENMINHBI 3SUMHAX
nHBepcuii B HKHEM 300-MeTpOBOM clIO€ IO JaHHBIM a3pOJIOTHYECKOro 30HIupoBaHus B Kaxpmamakime B 95%
ciydaeB He npebimnatoT 8-9°C/100 M, a, crieoBaTenbHO, BKJIA]] HHBEPCUI B BOSHHKHOBCHHE TEIUIBIX OOJacTel Ha
INPUIOTHATBIX Y4acTKaX MECTHOCTM MHOIO MEHBIIE [0 CpPaBHEHUIO C MPOIECCaMH, BBI3BIBAIOIIUMHU
nepepacipesesicHie XOJIONHOTO BO3AyXa. B Temloe moiyroaue BepxXHHE YacTH XOJIMOB IO-TIPEXKHEMY
XapaKTepU3yI0TCs 00Jiee TEIUIBIMU YCIOBHSMU, XOTS SIIM30bI C OOJIBIION pasHUIeH HAOII0AAI0TCS TOJIBKO HOUBIO, U
OHHM MEHBIIIE 0 BEJTMUMHE U3-3a HEMIPOAOJDKUTEIHHOTO HOUHOT'O BPEMEHH € PaHalliOHHBIM BBIXOJIQXKUBAaHUEM (pUC.
2). B nepuons! namepennii 2014-2016 rr. 6ompias pazHocts (10 8°C) BO3HMKAIA B HOYH C CHIIBHBIM HHBEPCHOHHBIM
pacIpeseneHreM TeMIepaTypbl B MOTPAHWYHOM cjoe aTMocepsl (B T.4. NMPH aIBEKIHMU TEIJIOr0 BO3AyXa Ha
BBICOTaxX). MOKHO MPEIIONIOKHUTE, YTO Ha MPUIIOAHATHIX TEPPUTOPHAX (BEPXHHE YAaCTH XOJIMOB) TEMIIEPATYPA B 3TH
MOMEHTBI OCTaBajach IOBBIIIEHHOH, B TO BpeMs KaKk Ha paBHMHAX OHa Obula HIXKE WH3-32 OCIAOJICHHOTO
TypOyJIeHTHOTO OOMEHA.

Hapsiny ¢ mpenMyInecTBeHHO IOJO0XKHUTEIBHOW Pa3sHOCTHIO TEMIICPATyp MEXAY BEPXHHMH YacTSIMH XOJIMOB H
OKpYy’Kalolled paBHUHOW, HaOMIOnaeTcs M MEpUoJbl C €€ OTPULATEIbHBIM 3HAu€HHEM, MOSABICHHE KOTOPBIX
00yCIJIOBJICHO HEOAHOPOAHBIM I10JIEM BETpa WM 00JIaYHOCTH WU JIOKAJIbHBIMH BBINIAJICHUSIMH OCaIKOB.

IIpencraBneHue o nuama3oHaX BO3MOXHBIX Pa3sHOCTEW TeMIepaTyp MeXIy BEPXHHUMH YacTIMU XOJIMOB U
OKpPY’KaIOIIMMHU MX paBHUHAMU B LIEHTPAJIbHBIX paiioHax Koibckoro m-oBa B pa3Hble CE30HBI MOYKHO TOIYYUTh W3
puc. 3, tme B BuAe OOKc—auarpamMMm IOKazaHo pachpezeneHue pasHocteir mexay AAMC «1166» u AMCI
«Anatutely, aBToMarnueckod Mc IlomsipHOro reo(U3MUECKOro HMHCTUTYTA, pACIIOJIOKCHHOW Ha OKpauHe
«Axagemropozaka» B . Anatutel, 1 AMCI «Anatutel». s HarJIsiIHOCTH Pa3HOCTH B3SThI Ul €AMHOIO UHTEpBaIa
Bpemern (0-3 waca), XOTd 3MMOH H3-32 OTpPHUIATEIHHOTO paJWalMOHHOTO OanaHca TIPU YCTaHOBICHHU
OIaronpUATHON MOTO/ABI OOJBIINE MEpPenaabl TEMIIEPATyp MOTYT BO3HUKHYTH B JII000€ BpeMs cyTok. Kak BugHO U3
pHc. 3 B pernoHe Jaxke B CIa0OBCXOMIIGHHOM penbede MEKAY BEPLUIMHAMHU XOJIMOB M OKPY>KarOIIMMHU PaBHUHAMH
MOTYT BO3HHKATh 3aMETHBIC Iepenaabl TeMmepaTyp, Aocturaromue (u npessimarommue) 10-15°C. JInamazon
pasuocreit mexay AIIMC «1166» 1 AMCI' «AmatuTel» 4yTh 0OJbBIIE, TAK KaK OHH OoJiee yIaleHBI APYT OT IpyTra
(55 xM) u yare OKa3bIBAIOTCS B Pa3HbIX MOTOAHBIX YCIOBUSX. Elie O0JbIre pa3HOCTH TEMIIEPaTyp HAOJI0ar0TCs
MEX]Ty BEpXHUMH YaCTSIMU XOJIMOB M y3KUMH JOJMHAMH, B KOTOPBIX IIPOMCXOJUT HAKOIUICHHE XOJIOAHOTO BO3IyXa
C OKpYXaroluX CKIOHOB. Tak, Hampumep, 3uMoi pazHocTh Temmeparyp Mexay AIMC «1175» naxopsumierics Ha
BojopazfenbHoM 1iato U AJIMC «1184», pacnonokeHHOW Bcero B 8§ KM 3amajHee B JOJWHE p. THUTOBKH,
npubmmxanack k 20°C (pa3HocTs BeICOT IpuMepHO 130 m).

B crmaboscxomiieHHOM penbede
[ a AHOMAJIM MUHHUMAJIbHBIX (HOYHBIX)
20 TeMIiepaTyp  OOyCIIOBJIEHBI, B
MEpBYI0 OuYepenb, OCOOCHHOCTSIMU

A
L\/\A f fA x\’\[f\ /\/,\f\ IIOICTHJIAIOIIECH IIOBEPXHOCTH
1 | fa¥ (R
\ ' Y \ XapakTepom ITOYBBI "
\ M ¥, " (apaxtep

25 —°(C

. ) PaCTUTEIILHOCTH, 0JIM30CTHIO
¥ ' ' OONBIIMX  BOJOEMOB, HAIHYHEM
5 6oroTr m T.A.), a Takke (opmoii

penbeda. 3uMoOl, Korma 3aMep3aroT

BOJOEMBI, a CHEXHbId IIOKpOB
CTIIaKUBAET HEOJHOPOJHOCTH
HNOJCTUIAIONIEH MOBEPXHOCTH, B
HanOONBIIEH CTETIEHH MPOSIBIISIOTCS

. ' ‘ : dopmbel  pembeda. B Temnoe
01.06.2014 01.07.2014 01.08.2014 01.06.2015 01.07.2015 01.08.2015 01.08.2015 HOﬂerﬂI/Ie pOJII) NOC/EIHEr0 110
CPaBHEHUIO C HEOJHOPOJHOCTSIMU
MOJCTHIIAIONIeH MOBEPXHOCTH
CuIbHO yMeHbluaercsa. Ilo aTolt
MIPUYHHE IPEe/ICTaBICHHBIE HA puC. 3
Pa3HOCTH COJIEPIKAT HE TOJBKO BIHUSHHUE pelibeda, HO U IPYruX MUKPOKIIMMATHYECKHUX (akTopoB. TeM He MeHee, OHU
B JIOCTATOYHON CTEIEHH JAI0T MPEACTAaBICHUS O MaciiTabaX ecTeCTBEHHOW MHKPOKIMMATHYECKOW W3MEHYHUBOCTH
TEeMIepaTyphl B XOJIMHUCTOM peibede pernoHa.

IIpu amamm3e puc. 1 MOXHO 3aMETHTh, YTO TeMIlEparypa Bo3myxa Ha Beicore 180 M (MC Ha TEeppUTOPUH
«AKaZIeMropo/iKa») He O4YeHb CHIILHO OTIIMYAETCsl OT TEMIIEPATYpPhl Ha TAK)KE PACHIOIOKEHHOW BEPXHEH YacTH X0JIMa,
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Pucynoxk 2. a — temneparypa Bo3ayxa B 03 1 Ha mc «3ameex» (1) m AJIMC
«1166» (2) u ux pasHocTh (0); pacCTOsHHE MEXIYy MC OKOJo 15 kM u
nepemnaj BeICOT 60 M.



MMKpOK/lLWamMVeCKaﬂ U3SMEHYUBOCMb memnepamypbsl 803()}/)6& 8 XO0JIMUCmMom peﬂbed)e Ha Konvckom n-ose

HO 4yTb Bbiie AJIMC «1166». OT0T hakT hakTHUECKH TOATBEPKIAET CKa3aHHOE paHee, YTO B YCIOBHIX XOJIMHUCTOTO
penbeda raBHas poib B GOPMUPOBAHUY aHOMAIHH TEMIIEPaTypPhl MPUHAIIICKUT He BeIcoTe. B XomMucTom penbede
BBIXOJIO’KCHHBIN BO3YX CTEKAET C XOJIMOB M PACTEKAETCs 110 MPUIIETAIOIIEH paBHUHE B BHJIE CBOCOOPA3HON MIICHKH.
TonmmHa 3TOH MIIEHKX XOJIO0AHOTO BO3AYXa 3aBUCHT OT YCIOBHH paJlalliOHHOTO OXJIAXKICHUS, IIOIAAN CKIOHOB H
BEPIINH, C KOTOPBIX CTEKAET B JONMHY OXJAXKICHHBIN BO3IyX M IUIOMAAHW CaMOH MOJIMHBL, TAE MPOUCXOIUT €T0
HakorieHne. B ee mpexenax (kak mpaBmiio, B caMmoM HipkHeM 10—-20—meTpoBoM citoe) HaOMOOAar0TCs HanOOJbIITIe
BepTUKAIBHEIC Iepenasl Temreparypsl — 10 3—5°C. Hax stum cinoem Ha Bricotax 20— 100 M Hag HIOKHEH OTMETKOM
pacrnojaraercst Terias 30Ha ¢ MajbiM U3MEHEHHEM TeMIIEpaTyphl BJOJb ckiloHa — okoo 0.5-1.0°C [2, 5]. Tlo atoii
NPUYUHE TPaJUeHThl TEMIIEPAaTypbl B BEPXHUX YacTAX XOJIMOB HEeOOJbIIME IO CPaBHEHHIO C TPagMCHTAMH Yy
noaHokuiH. COrjgacHO MHKPOA’3pOJIOTHYECKUM HAOJIOJCHHUSM B HH3MHAX Ka3aXCKOTO MEJIKOCOIIOYHHMKA TOJIIIMHA
IUIEHKHU XOJIOJTHOTO BO3/lyXa OpueHTHpoBo4HO cocTaBister 0.2—-0.25H, rae H — oTHOCuTenbHAs BBICOTA X0IMa [2].

20-°C 25%-~75% 20 - °C 25%~75%
[ T s5%~05% | 1 5%~95%
Makc b Makc
r cpeaHee I cpejHee
15 P 15 - PR
10 10 -
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L|HW%D alSIETES OLH Al ;ﬁQQ ' u
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Pucynoxk 3. Pacnipenenenue pasHocTelt HOUHBIX Temrepatyp (0-3 9) Mex a1y MC Ha TeppPUTOPHH «AKaZeMIOPOIKa»
B T. Anatutsl 1 AMCI «Anatuten» (cineBa), AIAMC «1166» u AMCI «Anarutsl» (cupasa), 2014-2016 rr.

3akiouenne

B nepuozn 2014-2017 rT. mpoBeeHBI HAOMIOACHUS 32 TEMIICPaTypOil BO3Iyxa B XOIMHUCTOM penbede Kombckoro n-
oBa. HaOxroneHuss Ha CTAaMOHAPHBIX METEOPOJIOTHYECKUX CTAHIMH JOMOJHSUINCH MHUKPOKIMMATHIECKUMHU
cbeMKaMu. OOHapyXeHO, YTO B YCIIOBUSX SICHOW M THXOW IOTOJBI IOJIE TEMIEpaTyphl B YCIOBHAX XOJIMHCTOTO
penbeda OTIMYAETCs] CHIIBHON HEOZHOPOAHOCTHIO. 3UMOH Iepenasl TEMIIEpaTyp MEXIY BEpPIIMHAMH HEOOIbIINX
XOJIMOB (C OTHOCHUTEJBHBIMH TPEBBIMIECHUSIMH He Oostee 50 M) M OKpY’>KaIOIMMHU UX PaBHHHAMHU MOTYT IPEBBIIIATh
10-15°C. Eme OGonee 3amerHbie pazHocTd (10 20°C) co3naroTcs MexAy BEpLUIMHAMU M y3KHMH JIOJMHAMH, I7Ie
HaKaIUTUBaeTCs XOJOIHBIM BO3IyX. B neTHee Bpems Oonblrie pa3HOCTH MOSBISIOTCA TOJIBKO HOYBIO U OHU MEHBIIIE
no BennuuHe (10 5-8°C). [IpoBeneHHbIE H3MEPEHUS TTOKA3bIBAIOT, YTO UCTIOIH30BAHUE JAHHBIX OMIDKARIIMX MC JIJIsS
OINUCaHUsI TEPMHYECKOTO PEXHUMa OOJNBIINX TEPPUTOPHI, PACIIONOXKEHHBIX B XOJIMHUCTOM pejbede, He SBIseTCS
KOppEeKTHO# mnpoueaypoid. /laHHblil pakT HEOOXOJMMO YUUTHIBATH NMPH ONTHMHU3AIMHU 3aTpaT TeIuia Ha 00OTpeB
TOPOJOB U MOCEJKOB, a TAKXKE B CEILCKOM XO3IHCTBE.
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BJIUSAHUA UCKYCCTBEHHBIX JIEKTPOMATHUTHBIX MTOJIEM HA
YACTOTAX HIYMAHOBCKHUX PE3OHAHCOB HA /IBUT'ATEJIBHYIO
AKTUBHOCTbDB CEPOTI'O TIOJIEHA

B.®. I'puropses?, A.Il. SIkoBnes?

Yonapnwui 2eousuueckuti uncmunym, Poccust
2Mypmanckuii mopckoti buonocuueckuti uncmunym, Poccust

AHHOTaUMA. B pabote npecTaBIeHbl pe3yIbTaThl HCCICIOBAHN BIUSHHS 3JIEKTPOMArHUTHOTO TOJIS C YaCTOTOM
8 I'1 Ha JBUTATENBHYIO aKTHBHOCTH CEpOro TroNeHs. [loka3zaHo, 4To Mpy BO3AEHCTBUM MAarHUTHOTO ITOJISL B AMATIa30HE
YaCTOT IIyMAaHOBCKHX PE30HAHCOB Ha TIOJICHS, PE3KO BO3PACTAET €r0 ABHIaTelbHAs aKTUBHOCTB, YTO OOBSICHACTCS
MIOBBIIIEHUEM «TPEBOXKHOCTH» MIIN «BO30YXIEHHOCTI KHBOTHOTO.

Beenenue

W3yueHue oBeACHUS JKUBOTHBIX C OYEBUIHOCTHIO TIOKA3aJI0, YTO HEKOTOPHIC U3 HUX BOCIIPUHUMAIOT BeChbMa cliadbie
MarHUTHEIC OIS (TaKkue, HalpuMep, Kak MarHUTHOE 1oJre 3eMin). B Toxke BpeMsi, HaJu4re opraHa OTBETCTBEHHOTO
3a MarHUTOPELEMIINIO, TOKAa3aHO JUIIb y HEKOTOPHIX BUAOB [1]. CIOCOOHOCTh BOCHIPHHIMATE MarHUTHOE IIOJIE H
OTCYTCTBHE YETKO BBIPAXCHHOTO OpraHa MarHUTOPELEHIINH CTaBUT Iepe]] YICHBIMU CIMHCTBECHHYIO B CBOEM poJie
mpobieMy. MarHATOpenen s XapakTepHa I CTOIIh OOJBIIOTO YHCIa BUOB, YTO OHA, TI0-BUANMOMY, IIPE/ICTABIIICT
c000ii JocTatouHo obiee sBieHue [1].

B Hactosmmee BpeMs cTalo SICHO, YTO HE3aBHCHMO OT TOTO, KaKHM HMEHHO 00pa3oM OCYIIECTBIIICTCS
MarHUTOPEILEHIHs, TeOMAarHUTHOE IIOJIe CIICAYeT paccMaTpuBaTh Kak (DakTop OKPYXKAMMIEH Cpeasl, MMCIOIINN
MOTCHIMATBHYIO 3HAYMMOCTh JUIS Pa3IMYHBIX TAaKCOHOMHUUYECKHMX rpynn [2]. B HayuyHo#l nurtepatype ObLIO
000CHOBAHO IMPE/IIOI0KECHUE O TOM, YTO HaAN0O0JIee BEPOSITHBIM M3 BHEIIIHUX UCTOYHUKOB CHHXPOHH3AIMU CO CPEIOH
o0uTaHUs I THAPOOUOHTOB sIBIIsieTCs DM-mojie pe3oHaTopa 3emiisi — HOHOC(epa MPEUMYIIECTBEHHO B 001aCTH
gacToT 6-8 I'l. DnekTpoMarHuTHOE IHoje pe3oHaTopa 3emisi — HOoHOc(epa CYIIECTBYeT C APEBHEHIINX BPEMEH H
HACTpOWKa THAPOOMOHTOB Ha 3TO IMOJIE MPECTABISETCS BIOJIHE €CTECTBEHHOM [3].

BonpmmHCTBO 3 PEeKTHBHBIX [T BO3ICHCTBHS Ha )KUBOI OpraHN3M 4acTOT MarHUTHOTO moiist (MII) HaxomsTes B
uaTepBaie 0,01—60 ', mocKoNbKY COBIAAAOT ¢ COOCTBEHHBIMU PHTMaMH (PYHKIIMOHUPOBAHHS TOJIOBHOTO MO3Ta,
HEPBHOI CUCTEMBI, Cep/ilia U IPYTUX CUCTeM opranusma [4].

ApPKTHYECKHE JIACTOHOTHE TMOJBEPXKCHBI BO3ACHCTBHIO MOINHBIX MAarHUTHBIX TIIOJIEH C  pa3IHIHBIMHU
MIPOCTPAHCTBEHHO-BPEMEHHBIMH M YaCTOTHO-AMILTUTYIHBIMA XapaKTePUCTHKAMU, N3-3a OJIM30CTH HX MECT OOUTAHUS
K CEeBEpPHOMY MArHUTHOMY TMOJIOCY. MHTEHCHBHOCTH IJIO0AIbHBIX MArHUTHBIX Oyph M €CTECTBCHHBIX KOJICOaHMIA
T€OMarHUTHOTO IOJIS B 3TOM PErHOHE Ha MOPAJOK IIPEBOCXOIUT MTOKa3aTeIN SKBaTOPHAIBHBIX o0nacTeit [5].

OnHOW W3 TEPBHIX OTBETHBIX PEAKIUil OpraHM3Ma >KMBOTHOTO HAa BO3HHKAIOII[HE H3MCHEHHS MapaMeTpPOB
abuoruueckux (aKTOPOB, B TOM YHCIIE U 3JIEKTPOMArHUTHOTO MOJIS, SIBJSIETCS] N3MEHEHHE B €ro rnosezieHue [6].

CoBMecTHO co cnenuanuctaMu [loisipHOTO Teo(U3MUEeCKOro HMHCTUTYTa OBUIO CO3JaHO YCTPOMCTBO st
HCCIICIOBAHMS BIIMSHUS UCKYCCTBEHHOTO MArHUTHOTO TIOJISE HA BOJIHBIC OHOJIOTMYECKHE O0BEKTHI, C IENIBI0 H3YUCHUS
BJIMSIHUSI MAarHUTHBIX TIOJIEH HA IOBEJICHUE HACTOAIIUX TrOJIeHeH [7].

Lenb wccnemoBaHuil - MOMyYCHUE TAHHBIX O BIUSHHH HCKYCCTBEHHBIX JICKTPOMATHUTHBIX TIOJICH B AHANIA30HE
YacTOT IIYMaHOBCKUX PE30HAHCOB HA JIBUTATEIbHYIO aKTHBHOCTH CEPOTO THOJICHS.

OO0BbeKT U MeTOBI UCCJIEI0BAHUS

OO6BeKT HCCIe0BaHus - TIOJOBO3pEnas camka ceporo Tronens (Halichoerus grypus Fabricius, 1791), B Bo3pacte 11
net. XXuBotHoe Obuto oTioBieHo B 2005 roxy, coaepxanoch Ha akBakomiuiekce MMBU B Konbckom 3anuBe, B
YCIIOBHSIX OTKPBITOTO BOJIBEPHOTO KOMITIEKCA.

VCKyCcCTBEHHOE MAarHWTHOE IT0JIe TEHEPUPOBAIOCH C IOMOIINBIO 3KCIEPUMEHTAIBHOrO HcTOuHHKa MII, ¢
HATPSKCHHOCTBIO TOJSI CHHYCOMIAIBHOW (DOPMBI, MPEBBIMIAIONIYI0 HANPSDKEHHOCTh TeOMarHuTHOro nois (45- 50
A/M). B cocTaB HCTOYHHKA MAarHUTHOTO TIOJIS BXOJIAT: 3aJal0IIUI TEHEPATOp C MepecTpanBacMoil HeCYIIeld YacTOTON
B muamazoHe oT 0,01 I'm mo 36 I'm m m3nmyyaromas aHTeHHa, orumoOaromas OacceiH Mo MepuMeTpy, 00pasys
TOPH30HTATBHYIO PaMKY.

HabnrogeHue 3a HCIBITYEMBIM )KHBOTHBIM OCYIIECTBIISUIOCH IO CPEICTBAM KaMephl HAPYKHOTO HAOIIOACHUS.
Buneomarepuan 3anuceiBaics ¢ momomipto TV-tionep kWorld ycranoBieHHOr0o Ha mepcOHATBHBIA KOMIIBIOTED.
Buneonabmronenue Benoch B Tedenue 4-7 gacos (¢ 10:00 mo 17:00) Ha npoTspkennn 11 gHEi.
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B.®. I'pucopves u A.11. Axoenes

Samaromuit  MII reHepartop, cucTemMa BHACOHAONIONEHHS W JPYroe HCCIEIOBATEILCKOE 000pYIOBaHHUE
pacronaraioch B OTACILHOM IIOMEIICHHU, KOHTAKT )KUBOTHOTO C YEJIOBEKOM BO BPEMsI IPOBECHHUS IKCIIEPHUMEHTOB
OBLT MCKJTFOYEH.

DKcreprMeHTaNbHbBIE JaHHBIC MOTYyYeHbI
81 C HCIOJNB30BaHUEM CIEAYIOMNX METOIOB:
«METOJl CIUIOIIHOTO MPOTOKOJIUPOBAHUSNY -

HEOpephIBHAS W  MaKCHMAJIbHO  IIOJHAsS
- 3aMKCh BCEX NEWCTBHUIT IKUBOTHOTO U «METO[
‘ PETHCTPALMK  OTACIBHBIX MOBEICHYECKHX
- NpOSIBICHUI» - BO BpeMsl HaOMIOACHHS
GbUKCUPYIOTCST BCe CIydaW MPOSBICHHUSL
_ n3y4yaeMbix aedcrBuil [8]. Ilpu oOpaborke
BHJEOMATepUala yYUTHIBAIUCH CICAYIOIIHE
050 MOBEACHIECKUC IIPOSBICHHUS: HAXOKICHHE
JKABOTHOTO  II0J  BOJOW, HAXOXKICHHE
00 3 JKUBOTHOTO Ha TOBEPXHOCTH, BBIXOJ Ha

1uac 2 yaca 3 yaca 4 yaca 5 vacos 6 vacos 7 yacos IIOMOCT, HexapaKTepHLIe MOBEICHYECKHUE
Bpema B034eMCTBUA MarHMTHOIO NOAA, C yacToToi 8 Ny HpOSIBJ'IGHI/ISI O3BI u NIBIDKCHUS (HpI/I

2
HaJ'II/I‘II/II/I). I_[J'ISI OLICHKH CTCIICHU H3MEHEHUH

Pucynok 1. YcpeaHeHHOe KONMYECTBO BCIUIBITHI 3a MHHYTy,  ABHIATCIbHOM — aKTHBHOCTH  JKHBOTHOIO
COBEpIIAEMBIX JXMBOTHBIM, B JKCIEPUMEHTaX C I€HEepupyeMblM  3alIHCHIBAINCH oroBble HaOmonenus. Tak
MIT yactoToii 8 T K¢ OBUIM TPOBEACHBI OSKCICPUMEHTHI C
«MHHMBIM  BO3JICHCTBHEM», BO  BpeMs
MIPOBEACHUS KOTOPBIX 3aJaloIluil reHepaTrop
U BCIIOMOTATeNbHOE 000pyIOBaHUE OBUIO BKIIOUEHO, MpH 3ToM MII He reHepupoBaiochk. B kauecTBe OICHOYHOTO
mapameTpa IBUTaTeNIHON aKTHBHOCTH TIOJICHS OBLI BRIOpaH pacu€THEIN MOKA3aTelNb — BCIUTBITHH 32 | MUHYTY.
IIpoBeneHHBIE HaMH paHee WCCIECIOBAaHHSA IO KpaTKOBpeMeHHOMY Bo3xeicTemro OMII, mokasamm, d9To
JIBUTATEIbHAsI aKTHBHOCTH CEPOTO TIOJICHS 3HAYUTEIFHO N3MEHseTCs TIpH ero dkcrnosuiu B OMII ¢ yactoramu 2-8
I' [9]. Bema mpoBeneHa cepust U3 5 3KcepuMeHTOB 1o Bo3xeiictBuio OMII ¢ gactoToit 8 ' Ha ceporo TroNeHs,
JUTATENIEHOCTBIO 7 4acoB Kaxablii. DOHOBBIC HAONFOICHHSI U SKCIIEPUMEHT C MHIUMBIM BO3ICHCTBHEM MPOI0IDKAIICH
1o 4 Jaca, B TPEXKPAaTHOH MOBTOPHOCTH.

BenAasITnidi/muH

PesynbTaThl M 00CyxkIeHHE
PaccuuranHblil MoKa3zaTelb — BCIUIBITUH B MHHYTY, SIBJISETCS CPEIHUM 3HAUYEHUEM BCILIBITHH, COBEPIIAEMBIX
JKMBOTHBIM 32 OTIpEJICTICHHBII IPOMEKYTOK BpEMEHH HaOJI0IeHNs. BCIibITHE TIOJIEHS CBSI3aHO ¢ (PU3MOJIOTMYECKH
3aKpEIUICHHBIM AKTOM JIBIXaHUs, YTO IEJaeT PETHUCTPAIMIO MOJOOHBIX IOBEJCHYECKHX NPOSBICHHH Hanbosee
CTaOMIbHON M HanOoJIee MOJHO OTPAXKAIONIEH BUraTeNbHYI0 aKTUBHOCTh 0COOHM B JAHHBIA IPOMEKYTOK BPEMEHH,
MIOCKOJIbKY, 4eM OOJIbIIe ABUTaTeNbHAsl aKTUBHOCTD )KUBOTHOTO, TEM OOJIbIIIE TPEOYEeTCsl KMCIOpOoia OPTaHU3MY, IS
MOJIEp )KaHUs ToMeocTas3a. JpyruMu cioBaMu, CYIIECTBYET MpsiMasi 3aBUCHMOCTh HEOOXOIMMOCTH HOTpeOIeHHs
KHCJIOPO/Ia C POCTOM UHTEHCUBHOCTH MPOTEKaHHs (PU3UOJIOTHUECKHX MTPOLIECCOB B opraHu3mMe xuBoTHOTro [10].
Ha puc. | 1npuBemeHo  ycpeaHEHHOe
MHUMoOe Bo3aeincTBue KOJIMYECTBO BCILIBITHI 3a MUHYTY, B
9KCHEPUMEHTaX C TeHEPUPYEMBIM MAarHUTHBIM
moieM ¢ yacroto 8 T'm. JlBurarenbHas

AKTUBHOCTB TIOJICHS Hadaja pacTH cpa3y Imocie
BkimoueHuss MII B TeueHwe mepBoro daca
HaOmomeHud, nocturas 1,86 BCIUIBITHHA B
MUHYTY. Ha IpoTshKeHHH MOCTIeTy OIUX TBYX
YacoB BO3JICHCTBUS, aKTHBHOCTH >KHBOTHOTO
MPOJOJDKIJIA PACTH, JOCTHTHYB K TpPEThEMY
4yacy 3KCIO3UINH 2,35 BCIUIBITHH 32 | MUHYTY.
W 3 JKuBOTHOE aKTHBHO IUIABANO 1O HEPUMETPY

1uac 2uaca 3 uaca 4vaca OacceifHa,  coBepmias  KpaTKOBPEMEHHBIE

Bpema "mHumoro sozaelicrema” BCILJIBITHUA IS JBIXaHUSA
MIPOJOIKUTENFHOCTRIO 1-2 cexkynapl. Ha 4
4acy SKCIO3UIMH, MO0 MPUYUHE MPAKTUYECKH
0€30CTaHOBOYHOTO0, AaKTHBHOTO  IIJIaBaHHUSI,
>)KUBOTHOE cTajuo COBepILATh bonee
JUTUTEIbHBIC  BCIUIBITHS,  HAxoIsich  Ha
noBepxHocTd 7-10 cekyHA, UHTEpBal MEXIY
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BenAbITMid/MruH

Pucynok 2. YcpenHeHHOE KOJIMYECTBO BCIUIBITUN 32 MUHYTY,
COBEPILIAEMBIX JKMBOTHBIM, B 3KCIEPUMEHTaX C «MHUMBIM
BO3JICHCTBHEM.
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Brusinus UCKYCCMBEHHBbIX JEKMPOMACHUNIHBIX nozeu Ha wacmomax ULYMAHOBCKUX PE30HAHCO6 HA deueamEJleylo AKMu6HOCmMb Cepoco miojieHs

BCIUTBITHAMH COKpaTHics.. OHAKO HauMHas C ISTOrO Yaca AKCIIO3HULUH M 10 KOHIa Bo3zaeicTBus MII, akTHBHOCTD
MIPOJOJDKIIIA PACTH, TOCTUTHYB 2,30 BCIUIBITHIH B MUHYTY K KOHITY 7-TO Yaca.

Jlii TIOATBEPKAEHHUS JOCTOBEPHOCTH IIOJNYYCHHBIX MAAHHBIX OBUIM TIPOBEICHBI 3KCIIEPUMEHTBHI C «MHHUMBIM
BO3/€iiCTBHEM», KOTOPBIC MOKA3aJIM, YTO MPU OTCYTCTBHU T'C€HEPAIMM MATHUTHOTO MOJS, TIOJEHb HAaXOIUTHCS B
CIOKOWHOM COCTOSTHHH, €TO IBUTATEIbHAS aKTHBHOCTh HE3HAYUTEIILHO KOJICOIETCSI, IIPH 3TOM HaXOJUTCSI HA HU3KOM
yposHe (0,22 — 0,30 BCIIIBITHIA B MHHYTY).

DoHOBBIE HAOMIOCHUSI, TPOBEICHHBIE HAMH, [TOKA3aJI1, YTO JIBUTaTEIbHAst aKTHBHOCTD CEPOTO TIOJICHS B CIIOKOIHOM
COCTOSTHUM HaXOIMThCS Ha CTaOMIBLHO HHM3KOM YPOBHE, KOJIMUECTBO BCIUIBITUH HE3HAYMTENILHO BapbUPYET W
HaxoxauTcs B uHTepBaise ot 0,27 1o 0,31 BcruiblTHil 32 1 MUHYTY.

doHoBble HabnwaeHUA BriBoabI
1. IIpoBeneHHbIE DKCIIEpUMEHTEI
yOequTebHO MOKa3aJu, 4TOo pu

0,30 BO3/ICHCTBIM HA CEPOTO TIOJICHS MArHUTHOTO
. MOJIA HA YaCTOTaX IIYMAHOBCKHX PE30HAHCOB
o pe3ko  BO3pacTaeT  €ro  JABMUrareibHas
20 aKTHBHOCTH, KOJHYECTBO BCIUILITHIA B 5 — 6
015 pa3 BblllIe, 4YeM NpH (POHOBBIX HAOIIOACHUSIX U
aid NpPU ONBITAX C «MHUMBIM BO3ACHCTBUEM).

[TonoOHoe moOBeneHHE MOXHO OOBSCHUTH
' 7 TIOBBIIIEHHUEM «TPEBOXKHOCTH» KHBOTHOTO,

WIM JpYTMMHM  CJIOBaMU €ro  KpaiiHei
1yac 2 yaca 3 yaca 4 vaca
BO30Y’KI€HHOCTBIO.
2. AHanu3 TOJTyYEeHHBIX PE3YJIbTATOB MOXKET

CBHJIETENBCTBOBATL O TOM, YTO ECTECTBEHHBIE
Pucynox 3. YcpenHeHHOE KONMYECTBO BCIUIBITHH 33 MHHYTY,  5jeKTpOMATHHTHBIC TOJS B OGJIACTH YacTOT

Benabituii/mmH
o
e
p

i

=]
o

)

o

Bpemsa doHosbix HabnwoaeHuit

COBEPLIACMBIX JKHBOTHBIM, BO BPEMs NPOBECHNS (OHOBBIX "1y MaHOBCKHX PE3OHAHCOB", BO3GYKAAEMbIE
HAOTIOICHHUIA. npu MHOTHX OTIaCHBIX
THAPOMETEOPOIIOTUUECKHX nporeccax,

CHOCOOHBI BOCIPUHHUMATHCSI CEPBIMU TIOJICHSMH. JTO MO3BOJISIET UM 3a0JIarOBPEMEHHO IMOJy4aTh WHPOPMAIMIO O
NPUOJIMKEHUH ONACHBIX MPOIECCOB, CIIOCOOHBIX BIHMATh HA MX JKU3HENESTEILHOCTD, & TAKXKE PEryJINpOBaTh CBOIO
OMOPUTMUKY.
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