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Abstract. We analyzed the problems of formation of the outer radiation belt (ORB) taking into consideration the
latest changes in our understanding of the high-latitude magnetospheric topology. This includes strong evidence that
the auroral oval maps to the outer part of the ring current, meanwhile the ORB polar boundary maps inside the
auroral oval. Our analysis also includes the variation of the plasma pressure distribution and the time of the
acceleration of relativistic electrons during geomagnetic storm. It is shown that the maximum of ORB is formed
after the geomagnetic storm in the region of plasma pressure maximum. The position of this maximum agrees with
the prediction of the ORB formation theory based on the analysis of ring current development during storm. We
emphasize the role of adiabatic processes in the ORB dynamics and the importance of the substorm injections
during storm recovery phase for the formation of enhanced fluxes of ORB electrons after the storm.

1. Introduction

The formation of outer radiation belt (ORB) continues to be one of the most intriguing problems of magnetospheric
dynamics and one of the main aims of the Space Weather prediction program. It is directly connected to the solution
of magnetospheric storm and substorm problems. In spite of successive realization of ORB/Van Allen project
[Ripoll et al., 2020] the main problems of ORB formation continue to be unsolved. Their solution requires the
extraction of adiabatic effects produced by the decrease of the magnetic field inside the ring current during storm
and an adequate description of the variation of the storm time magnetic field. Not so long ago it became clear that
the acceleration of electrons to relativistic energies can take place on a time scale of substorm [Foster et al., 2017;
Sotnikov et al., 2019b] which is impossible to explain suggesting the dominant role of “quasilinear” (really linear)
wave- particle interactions solving Fokker-Plank equation with predefined diffusion coefficients [Baker et al.,
2018].

In this report we summarize the main latest results obtained after 2017 and not included in our report [Antonova et
al., 2017] which are important for the solution of ORB problems. We try to show that taking into account the
mapping of the main part of auroral oval to the outer part of the ring current and the validity of the Tverskaya’s
relation, the theory of ORB formation can explain many of observed features of the ORB formation and have
predictions which are now supported by results of modelling and satellite observations.

2. Auroral oval and ORB location

The main difficulty in the understanding the ORB formation processes was the widely distributed point of view
about the mapping of the auroral oval to the geomagnetic tail. Such mapping was based on the use of geomagnetic
field models with predefined geometry of current systems which did not include the high latitude part of the ring
current (CRC - cut ring current) region which produce the disturbance of Bz and Bx magnetic field components at
the Earth [Antonova et al., 2009] and in which daytime current lines are not concentrated at the equatorial plane
(see, the review [Antonova et al., 2018a]). Comparison of plasma pressure at the ionospheric altitudes and at the
equatorial plane showed (see [Antonova et al., 2015, 2018a; Kirpichev et al., 2016] and references therein) that the
equatorial boundary of the auroral oval during quiet time is located at ~7 Re and the polar boundary is located at
~10-13 Re. Such auroral oval mapping is in agreement with many observations including the position of substorm
injection boundary at ~6-7 Re and high level of observed turbulence in the Earth’s plasma sheet (see the latest
review [Antonova and Stepanova, 2021]).

The picture of the ORB formation contains the acceleration of the injected during the storm time energetic
electrons to relativistic energies [Baker et al., 2013]. This required to determine the position of the ORB with
respect to the auroral oval. The ORB electrons have the drift trajectories which surround the Earth and the ORB
outer boundary represents at the same time the trapping boundary of these electrons. A direct comparison between
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the locations of the trapping boundary of the elections with energies >100 keV and of the auroral particle
precipitations made simultaneously during the quiet time, showed that trapping boundary is located in most cases
inside the auroral oval [Riazanseva et al., 2018]. Such location of the trapping boundary is possible to observe
during all studied geomagnetic storms [Sotnikov et al., 2019a, 2021]. It is interesting to mention that in this case the
polar boundaries of the auroral oval and the ORB can be observed at the same latitude [Sotnikov et al., 2019a, 2021].
Figure 1 shows an example of the crossing of the auroral oval by METEOR-M2 satellite during the magnetic storm
19-22 December 2015 [Sotnikov et al., 2019a]. The upper panel in the left part of the figure is the spectrogram of
electrons in the energy range from 0.13 to 16.64 keV. The bottom panel is the energy flux of auroral electrons (blue
line) and the flux of electrons with energies >100 keV (orange line). The vertical dashed lines indicate the trapping
boundary of electrons with energies >100 keV (orange) and the equatorial boundary of the oval (blue). The right
part of the figure shows Dst, AE and AL variations during storm. Red vertical line shows the time interval of the
auroral oval crossing.

OMNI (14) B Dote) MF, Plaama, Indices, Energetic Proton Fhuc HO>Definitive Hourly
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Figure 1. Oval crossing during the great magnetic storm 19-22 December 2015.

The theory developed for description of the ORB formation [Tverskoy, 1997; Antonova, 2006] was initially aimed
to explain the Tverskaya’s relation which connect the minimal value of the Dst index during storm with the position

of the ORB maximum Lmax obtained for all energies of relativistic electrons after storm (|Dst],,,,=2.75x10*/ L,

max)'
Such dependence for the SYM-H index has the same form but with the coefficient 3.00 [Tverskaya, 2011]. In
addition to early findings, recent studies significantly increased the number of events confirming the validity of this
relation [Antonova and Stepanova, 2015; Moya et al., 2017; Boyd et al., 2018; Zhao et al., 2019].

2. ORB and plasma pressure peak during magnetic storms

The existence of Tverskaya’s relation is very difficult to explain by the relativistic electron acceleration due to
wave-particle interactions. However, it can be explained [Tverskoy, 1997; Antonova, 2006] if a very sharp plasma
pressure peak and magnetic field depression are formed and substorm injections to the region of the depressed
magnetic field take place. The formation of the plasma pressure peak is ordinarily observed during storms (see
[Stepanova et al., 2008] and references therein). A sharp plasma pressure peak can be formed due to the adiabatic
radial plasma transport by large-scale electric fields [Tverskoy, 1997] or due to the injections of ionospheric ions
accelerated by the field-aligned electric fields [Antonova, 2006]. But such mechanism can create large fluxes of
relativistic electrons only after beginning of storm recovery phase in the conditions of the symmetric ring current
formation. The support of such scenario requires complex multi satellite observations. As a first step it is necessary
to select sharp increases in the plasma pressure and analyze the value and position of the ring current pressure peak
near the end of the storm main phase. It is difficult to do using data of a high apogee satellite as sharp pressure peaks
could be destroyed by the processes of radial diffusion taking into consideration than the ring current crossing takes
several hours. That is why the formation of sharp pressure peak was first observed using low orbiting DMSP
observations [Antonova and Stepanova, 2015]. Its position corresponds to predictions of Tverskaya’s relation.
However, value of pressure maxima of the peak was much smaller than it was predicted due to limited range of ion
energy observations. Larger pressure peaks localized at geocentric distances in accordance with Tverskaya’s relation
were observed by Kirpichev et al. [2018], Stepanova et al. [2019, 2020].

New generation of magnetic field models using data mining technique (DM) creates a possibility to select much
larger ring current maxima [Sitnov et al., 2020]. Distribution of ring current pressure at the equatorial plane was
obtained by integrating the quasi-static force balance equation with the isotropic plasma approximation (Vp=[jxB],
where p is the pressure, j is the current density, B is the magnetic field). Figure 2a adapted from [Sitnov et al., 2020]
shows plasma pressure distribution at the end of the main phase of 15-16 July 2000 superstorm (Bastille Day with
Sym-H <-300 nT shown on Figure 2b). The vertical red line shows the moment of DM reconstruction. It is possible
to see the formation of sharp pressure maximum equal to 177 nPa in the premidnight sector when SYM-H index had
the minimal value. This value is much larger than earlier observed storm time pressure peaks. Figure 2¢ show the
radial profile of pressure distribution adapted form [Tverskaya et al., 2005] calculated for different values of
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minimal Dst in accordance with Tverskoy [1997] predictions. The thin lines show a plasma distribution for the
storms of |Dst|max = 50, 100, 150, 200 and 300 nT. It is possible to see that the values of pressure maxima in Figure
2a in spite of a number of DM technique errors practically corresponds to theory predictions. The position of
maximum taking into account the accuracy of DM reconstruction was near the predicted.

-10
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Figure 2. Comparison of DM mining picture of pressure distribution for Bastille Day superstorm 15-16 July
2000 with theoretic prediction of pressure peak value.

The position of pressure maximum corresponds to the equatorial boundary of storm time auroral oval and solar
cosmic ray’s penetration boundary [Tverskaya, 2011] which means the great modification of magnetic field at
geocentric distances larger than pressure maximum. Coincidence of the westward electrojet equatorial boundary
with the position of pressure maximum [Tverskaya, 2011; Antonova and Stepanova, 2015] support such
modification. Appearance of relativistic electrons after storm take place only in the case of substorm development
during storm recovery phase (see [Antonova et al., 2018b] and references therein), which also support the theory
predictions. These show that additional steps in the restore of pressure distribution during magnetic storms and
verifications of [Tverskoy, 1997; Antonova, 2006] predictions are very interesting as they can lead to considerable
changes in the understanding of the ORB formation processes and storm time magnetic field dynamics.

4. Conclusions and discussion

Short analysis summarizing the latest finding in the ORB formation shows the great importance of auroral processes
in the relativistic electron dynamics. It was proofed that the trapping boundary of energetic electrons is located
inside the auroral oval. The coincidence of the trapping boundary with the polar boundary of the auroral oval is
observed in a number of storms during auroral oval crossing by METEOR-M No 2 satellite. Such findings support
the early made conclusion about overlapping of ORB and the region mapped to the auroral oval. Theoretically
predicted appearance of sharp pressure maximum in the ring current during storm obtained new supports including
latest results of DM modelling of Sitnov et al. [2020]. Position of the nearest to the Earth during storm equatorial
boundary of the auroral oval coincides with this sharp pressure peak position. Such position coincides with formed
after storm ORB maximum in a rather good agreement with Tverskay’s relation and theoretical predictions of
Tverskay [1997], Antonova [2006]. Results of the study permit to predict the location of formed after storm ORB
maximum and decrease or increase of relativistic electron fluxes in ORB after storm.

However, only small number of events were analyzed till now and the theory needs additional supports and
development especially using analysis of auroral observations and magnetosphere-ionosphere interactions at auroral
latitudes. Additional possibilities of such studies appeared with the particle observations at large altitudes. Such
observations at the altitudes ~30000 km at Arase satellite [Shiokawa et al., 2020] demonstrate the existence of
bidirectional field- aligned electrons in the source region of the expanding auroral arcs which is important as such
beams can be the source of high frequency electrostatic fluctuations relevant to the problem of relativistic electron
acceleration.
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Abstract. For this analysis, we selected the supersubstorm (SSS) occurred during the strong magnetic storm on 28
May 2011 (SYM/H~100 nT). The ground-based magnetic effects of SSS have been studied basing on the data from
the global SuperMAG, INTERMAGNET and IMAGE magnetometer networks, as well as on the magnetic
measurements by the ionospheric satellite AMPERE system. According to the SML- index behavior, the SSS event
maximum was identified at ~09:00 UT on 28 May 2011 (SML= ~-2600 nT). The SSS occurred during the passage
of the magnetic cloud in the solar wind. Before the SSS, the Bz component of the Interplanetary Magnetic Field
(IMF) was negative, the IMF By component was positive, and the local jump in the solar wind dynamic pressure
was registered. We found that the SSS developed in the magnetosphere in the global scale. A strong westward
electrojet was observed at auroral latitudes from the evening side to the dayside. In contrast to the typical scenario of
a classical substorm, a very intense eastward electrojet was detected in the afternoon-evening sector. That may be a
result of the formation of an additional partial ring current during the supersubstorm.

Introduction

For the first time the term “supersubstorm” was introduced in the study of very intense magnetic substorms from the
data of the SuperMag magnetometers network, the events with high negative values of the SML index (< - 2500 nT)
were called “supersubstorms” [1]. The SML index is calculated across the network of the SuperMAG stations
globally located from 40° to 80° MLat, and therefore contains not only the standard stations of the auroral zone but
also many other stations [2]. First studies of supersubstorms were devoted to the investigations of conditions of their
appearance. So, the seasonal variations and dependence on the solar activity were considered and was shown that
the SSS events can be observed during any phase of the solar cycle, but their highest frequency of the occurrence
observed in the declining phase of the solar activity cycle [3]. The following investigations showed that the SSS
events are not always associated with very intense storms and can be observed also during less intense (—100 nT >
Dst > =250 nT) and moderate magnetic storms (—50 nT > Dst > —100 nT), and even during non-storm (Dst > =50
nT) intervals [3], [4]. It was shown also that the supersubstorms are observed during the definite solar wind types -
magnetic clouds (MC) and SHEATH plasma compression regions ahead of MCs - and practically not observed
during another streams and structures of the solar wind [4]. The initial studies of auroral disturbances showed that
the development of auroras differs significantly from the classical pattern of substorm development. It is not seen
the standard brightening of the equatorial arc in the midnight sector and breakup of auroras. However, there were
intense auroras in the pre-midnight and morning sectors of the magnetic local time (MLT) [5]. Note that it will be
confirmed later by the analysis of the SSS development on 5 April 2010 [6]. The electojets development during the
supersubstorms has been considered in some works [7], [8], [9]. It was shown that the westward electrojet during
two supersubstorms on 8 September 2017 developed on a global scale by the longitude from the prenoon to the
afternoon sector surrounding the Earth. The highest intensity of the electrojet was observed at the auroral latitudes in
the post-midnight time [7]. Similar spatial features of electojets were presented in [8] and [9], where we analyzed
two supersubstorms during the magnetic storm of March 9, 2012 and one supersubstorm during the magnetic storm
of 5 April 2010. It is shown also that the strong eastward current observed from after-noon to evening sector, the
occurrence of the intense eastward electrojet supports the hypothesis of the formation of the additional ring current
in the evening sector during SSS [10].

Here we analyzed the appearance of one more SSS event observed during the magnetic storms on 28 May 2011. It
is one of the few isolated SSS event, which have been observed since 2010. The purpose of this work is to
investigate the features of the global spatial distribution of electrojets during this supersubstorm and to verify the
assumption about the development of a strong partial ring current during SSS.

Data
For this purpose, the ground-based magnetic data from the SuperMAG, INTERMAGNET and IMAGE networks
were combined with the magnetic registrations data of AMPERE satellites and CDAWeb database. The solar wind
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and IMF parameters were taken from the CDAWeb database and catalog of large-scale solar wind types
ftp://ftp.iki.rssi.ru/pub/omni/catalog. The IMAGE magnetometer data were taken from http://space.fmi.fi/image/.
Supersubstorm onset and its development were determined by using the geomagnetic indexes SML, SMR and
SMR_LT from http://supermag.jhuapl.edu/. The SMR index calculation (as SymH index) is based on the data of the
N component with the baseline removed at available (~100 stations) ground magnetometer stations at geomagnetic
latitudes between -50 and +50 degrees. Four local time sectors are defined with centers at 00, 06, 12, 18 MLT; the
SMR value is (SMR-00 + SMR-06 + SMR-12 + SMR-18)/4/ [11]. The global spatial distribution of electrojets was
determined from the maps of magnetic field vectors obtained on the SuperMAG network, maps of spherical
harmonic analysis of the distribution of magnetic vectors in the ionosphere and field-aligned currents obtained from
the data of the 66 low-apogee communication satellites Iridium of the AMPERE system (Active Magnetosphere and
Planetary Electrodynamics Response Experiment http://ampere.jhuapl.edu).

Results

1. Interplanetary and geomagnetic conditions

Solar wind and interplanetary magnetic field (IMF) conditions for period 02-17 UT on 28 May 2011 are shown in
the Fig. 1a, from the top to bottom: IMF magnitude (Br), the IMF Y- and Z- components (Bv, Bz), the flow velocity
(V), the dynamic pressure (P) and some geomagnetic indexes as the PC, SYMn/H and SML. It is seen that the
features of a coronal mass ejection (CME) are observed in this time period — the SHEATH and magnetic cloud
(MC), whose boundaries are marked by the horizontal arrows. The MC contains a long-lasting interval of negative
values of the IMF Bz, which could have caused the development of a strong magnetic storm (Dst~100 nT). Against
the background of this magnetic storm, at ~08 UT one supersubstorm (SSS) began to develop. The moment of the
SSS onset is shown by the vertical redhead line. It can be seen that the SSS was developed at the main phase of the
storm, during the magnetic cloud (MC). Ahead of the SSS, a local pressure jump was observed; the IMF Bz was
negative, the IMF By was positive, the PC- index has grown very strongly, which indicated a very large supply of
energy from the solar wind.

To describe the global development of the magnetic supersubstorm, we applied the geomagnetic ring current index
(SMR), separated by the MLT sectors (SMR_LT), which is shown in Fig. 1b. The SML and MPB indices are shown
for comparison. Besides, the MPB index representing the power of midlatitude positive magnetic bays was
calculated only for the midlatitude station Panagyurishte (PAG). It is seen that during the supersubstorm, there was a
strong enhancement of the ring current in the evening sector (violet curve), i.e., the strong current asymmetry
appeared. We suppose that it was due to the additional partial ring current development. It can also be seen that a
strong increase in the horizontal power was observed at Panagyurishte station; the power value was comparable in
magnitude to those observed during substorms [12].
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Figure 1. Variations of the solar wind and IMF parameters (B, By, Bz, V, Payn) and some geomagnetic
indexes (PC, SYM/H, SML) from 02 to 17 UT on 28 May 2011 (a) and additional geomagnetic indexes
(SMR_LT, SMU, SML) and horizontal power of midlatitude positive bays (MPB) on the Panagyurishte
station from 06 to 13 UT on 28 May 2011 (b). The boundaries of the solar wind types are marked by the
horizontal arrows and inscriptions: SHEATH and MC. The moment of the SSS onset is shown by the vertical
redhead line.

13



Supersubstorm on 28 May 2011 — geomagnetic effects in the global scale

2. Geomagnetic observations

Ground-based magnetic disturbances during SSS are shown in Fig. 2. At the top panel, the global maps of magnetic
field vectors by SuperMag data there are shown for 3-time moments, from the onset to the maximal SSS
development (Fig.2a). It is seen that strong disturbances were observed over Alaska, very intense negative magnetic
bays started at ~ 08:30 UT,; the intensity of the negative bays was ~ -1300-2500 nT (Fig.2b). The positive magnetic
bays with the intensity of ~ 70-250 nT were registered at East Siberian and Kamchatka stations (YAK, MGD, PET).
So, the westward electrojet during the SSS developed in the global scale (from before midnight, through the night
and morning, and into the day sector). Besides, the strong eastward electrojet was observed in the evening sector.
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Figure 2. Global maps of the spatial distribution of magnetic field vectors from the SuperMAG network at
08:20, 08:30 and 08:55 UT (a); magnetograms of some stations on Alaska (b) and on Siberian (c) from 06 to
11 UT on 28 May 2011.

3. Field-aligned currents from AMPERE observations and models of SCW

Two panels of the AMPERE maps on 28 May 2011 for different time (at ~ 08:30 UT and ~ 08:55 UT) are shown in
Figure 3a. The AMPERE project represents the results of the magnetic registrations by the 66 satellites at 700 km
altitude, its spherical harmonic analysis (the middle map) and calculated Field Aligned Currents (FAC) distribution.
The upward currents mark by red, the downward ones — by blue. Note, that the westward current was located
between the upward (red) and downward (blue) FAC; the eastward electojet was located between downward (blue)
and upward (red) currents. It is seen the global longitude expansion of the westward electrojet - from the evening
side at auroral latitudes to the day side of the polar area. The AMPERE maps demonstrate also very strong
enhancement of the eastward electrojet in the afternoon-evening sector and its shift to the lower latitudes.

It should be noted that the occurrence of the strong eastward electrojet in the evening sector supports the
hypothesis of the formation of the additional ring current in the evening sector during SSS [11]. Zong et al. [2021]
proposed, that substorm current wedge (SCW) for supersubstorms differs significantly from the classical pattern of
SCW development. Two SCW models are presented in Figure 3b (taken from [11]), left panel shows the SCW
model for “classical” substorm, the right panel - for a supersubstorm. It is seen, that during SSS on 28 May 2011,
the very intense eastward electrojet in the evening sector was detected. In contrast to the typical scenario of the
classical substorm, it may be the result of the formation of an additional partial ring current during the
supersubstorm.

Conclusions

1) We found that during the SSS of May 28, 2011, a strong westward electrojet was observed in the evening and
night sectors globally - from the evening side at auroral latitudes to the dayside of the Earth.

2) During this SSS, an intense eastward electrojet in the evening sector was detected as well. We support that it
could be a result of the formation of an additional partial ring current occurred during a supersubstorm.
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Figure 3. Distribution of magnetic disturbance vectors, their spherical harmonic analysis and field-aligned
current distribution for two moments (at ~ 08:30 UT and ~ 08:55 UT) on May 28, 2011 according to
AMPERE data (a); models of substorm current wedge (SCW) for normal substorm and for supersubstorm

(b).
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Abstract. We investigated an interesting case of the space-time dynamics of substorm activations (AL ~ 800 nT)
on December 24, 2014, when there were simultaneous observations on the THEMIS D satellite in the plasma sheet
(IX] ~ 6.2 Re) and ground-based observations on the Kola Peninsula. The development of the substorm activity in
the interval of ~ 19:00 to ~ 20:00 UT was considered. In this interval, at Lovozero station (LOZ), three peaks in the
PilB pulsations were recorded, associated with the brightening of arcs near LOZ. The first peak was observed in
connection with the appearance of beads structures in the auroras along the growth phase arc to the south from LOZ
latitude. The second and third peaks in PilB pulsations were associated with the expansion phase, when three
dipolarization fronts (DFs) were registered according THD data. DFs and injection of energetic electrons into the
magnetosphere were observed near the moments of sudden intensification of auroras: brightening of arcs, breakup in
aurora. Besides, it was shown that the development of substorm occurs near the Harang discontinuity (HD)
according to the IMAGE magnetometers data. In this case, we can follow the development of aurora around the HD
according to the data of the all sky camera in Apatity. It was shown that the pre-onset auroral forms were moved
accordingly the two-cell ionospheric convection developed during the growth phase of the substorm.

Introduction

Despite a large number of studies, there is significant uncertainty regarding the space-time relations between the
magnetosphere and the ionosphere during substorm expansions. Therefore, further research is needed using
combined satellite and terrestrial data. For this purpose, one interesting event were chosen, on 24 December 2014,
when simultaneous observations of the THEMIS satellites (THE and THD), the ground-based observations of aurora
in Apatity and magnetic disturbances on the IMAGE magnetometers network and Russian Siberian stations (Dixon,
Tiksi and Amderma) were available. Note, that the initial case of substorm activity in this day, during interval from
~16: 00 to ~ 17: 00 UT, was considered in our previous work [1]. During time interval from 14:30 to 20:50 UT on
24 December 2014, THE and THD satellites were located in the midnight sector of the magnetosphere and crossed
over Siberia and Kola Peninsula. Figure 1 shown the geographic map with projections of the THD (red line) and
THE (blue line) and the locations of magnetic stations. The first case of substorm activity (~ 16 ~ 17 UT) marked by
a blue oval and inscription "1)"; the second case (19- 20 UT), marked as "2)".
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Figure 1. Projections of the THD (red line) and THE (blue line) from 14:30 to 20:50 UT on 24 December
2014. The locations of magnetic stations are marked by stars, the time intervals under study - by blue ovals.
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It was shown, that the onset of disturbances was in the ionosphere near Amderma (~ 16:35 UT) and several
substorm precursors were observed in aurora development over Apatity - small localized auroral arc, which
propagated westward, so-called beads structure in the auroras and the auroral horns [2], [3].

In this work, we considered substorm activity from ~ 19: 00 to 20:00 UT, when THD was at a distance |X| ~ 6.2
Re in the plasma sheet, and its projection crossed the Kola Peninsula. Aurora activity was observed by the MAIN
camera system in Apatity, magnetic disturbances were recorded by magnetometers of the IMAGE network, PilB
pulsations were registered by Lovozero observatory (LOZ). It is interesting event, when the development of
substorm injection occurs near the Harang discontinuity (HD).

Data

For our analysis we used complex ground-based data: the auroras observations on MAIN cameras in Apatity (APT),
the magnetic disturbances at IMAGE magnetometers network and the geomagnetic pulsations in Lovozero and also
the variations of the fields and particle fluxes from THEMIS satellites (THD). To study the substorm development,
we used the keograms and the selected full-frame images from the Apatity all-sky camera (APT, 67°34N; 33°24E).
The camera specifications, their mutual location and the measurement process are described in detail in [4].
Geomagnetic disturbances were observed by analyzing the data of the IMAGE magnetometers network
(http://space.fmi.fi/image/). Geomagnetic pulsations were observed by data from the induction magnetometer
located in Lovozero. The data used here are the spectrograms in frequency range from 0.01 to 16 Hz, where the
whole spectrum of natural pulsations PilB is well seen, if their existed. The variations of fields and particles in the
magnetosphere were studied by THD data. During the time period from 19:00-20:00 UT the THD was located at r ~
8.9-6.1 Rg, in the midnight sector: in 19:30 UT GSM coordinates were (-6.2; 4.1; -1.05) Re.

Results

1. Development of disturbances from satellite data

The data of FGM, EFI, SST, MOM instruments of the THD satellite are shown in the Figure 2a. It is seen that four
dipolarization fronts (DF) were registered by THD data (DF; =19:18; DF, =19:37; DF3 =19:45, DF, =19:54 UT).
DFs were determined by sudden jumps of the magnitude and Bz component of the magnetic field, the strong
variations in the electric field, the growth of the plasma velocity and the increasing of ion and electron fluxes (e.g.
[5]). Four vertical black lines marked the DFs moments. As will be shown below, DF; was observed during the
growth phase of the substorm, the last three dipolization fronts were associated with the development of the
expansion phase of the substorm and connected with brightening of arcs near the THD projection.

In the Figure 2b shown the PilB pulsations (the period t = 0.2-15 sec) observed in Lovozero. Note, that these
pulsations are associated with substorm expansion phase and correlated with precipitations of auroral electrons [6].
Three peaks of PilB pulsations were recorded in Lovozero: 19:22 - 19:25, 19:34 - 19:37 and 19:46 - 19:49 UT. The
first peak was observed in connection with the appearance of beads at the growth phase arc located south of LOZ
latitude. The second and third peaks were associated with the expansion phase of the substorm.
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Figure 2. Data of FGM, EFI, SST, MOM instruments of THD from 19:00 to 20:00 UT (a) and geomagnetic

pulsations at Lovozero from 18 to 21 UT on 24 December 2014 (b). Moments of four dipolarization fronts
(DF) marked by vertical black lines (a), moments of three peaks in Pi1lB pulsations — by red vertical lines (b).

17

Wit mom
vma (1 89}
.




Observations of substorm activity from the data of MAIN camera system and THD satellite in the plasma sheet

2. Aurora observations

Auroral activity captured by all-sky camera at the station Apatity (APT) is presented in Figure 3. Left three panels of
Figure 3 illustrate the temporal dynamics of the camera field of view as keogram: top panels - the keograms filtered
by the horizontal-time difference and by the vertical-spatial difference; bottom panel - non-filtered keogram for
interval 19:30 - 20:00 UT. Some selected images of all-sky camera are shown in Figure 3b. During growth phase of
substorm were registered "beads" in aurora ~ from 19:18 UT, which are visible both on the arc near the zenith and
on the southern arc (picture not presented here). At this time, THD registered the first dipolarization front (DF;) and
there were some weak disturbances in the ground-based magnetograms (Figure 4a). Note, that the first peak in PilB
pulsations at Lovozero was recorded a little later (~ 19:22 UT), when the auroras approached to LOZ latitude. At the
end of the growth phase (~ 19:31:50 UT) a brightening of the most equatorial from all arcs was observed. Then on
the arc, azimuthally spaced auroral folds are formed, moving from East to the West. This corresponds to the first
phase of the breakup (or pseudo-breakup). At ~ 19:33:50 UT, the equatorial arc again became brighter, ~ 19:34 UT
rapidly expand to the pole. This moment concerns to the onset of the second peak in PilB pulsations in LOZ. At ~
19:37 UT (the maximum of second peak of PilB pulsations) an N-S arc occurred, then this arc moves equatorward
and reaches E-W aligned arcs.

19:31:50 19:32:10 19:33:00 19:34:00 19:34:20

19:34:30 19:35:10 13023 19:37:10 19:39:50

19:30 19:40 19:50 20:00
a) b)

Figure 3. Data of all-sky camera at the Apatity: a) keograms for time period from 19:30 to 20:00 UT: filtered
(top panels) and non-filtered (bottom panel) keograms for 19:30-20:00 UT (a) and some images of all-sky
camera for period 19:31:50-19:39:50 UT (b).

3. Ground-based magnetic observations
Figure 4 shown variations of X-component of geomagnetic field by IMAGE network data. Vertical red lines
corresponded to 3 moments of dipolarization fronts (DFs) registered by THD satellite, solid line DF, marked also
the onset of expansion phase. It is seen that near DF; moment were observed two different regions containing
positive magnetic bays and negative magnetic bays, which marked also as red and blue ovals in the Figure 4b. So,
accordingly IMAGE magnetometers observations, the development of substorm occurs near the Harang flow shear.
X component 2014-12-24
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Figure 4. X- component of geomagnetic field from IMAGE magnetometers, the DFs moments are marked
by red vertical line (a); the map of locations of IMAGE magnetometers, red and blue ovals marked the region
of positive and negative bays accordingly (b).
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Discussion

Crossing the Harang discontinuity (HD) by the earth's rotation, magnetometer observations detect a change in
magnetic perturbations from that dominated by the eastward electrojet to that dominated by the westward electrojet
[7]. In terms of convection flows, flow vectors rotate clockwise from higher to lower latitudes. This configuration is
referred to the Harang reversal (HR) in reference to the plasma convection pattern from eastward flow reversing to
westward flow with decreasing magnetic latitude [8]. Schematic illustration of motion of pre-onset auroral forms
and their relation to nightside ionospheric convection presented in Figure 5 (the picture taken from [9]). The pink
star, NS-oriented pink line, and azimuthally extended wavy lines indicate a PBI, NS-oriented arc and onset arcs,
respectively. Blue arrows illustrate the plasma flow pattern inferred from pre-onset auroral motion. Numbers 1-5
show time evolution of pre-onset aurora.

: Plasma sheef electrons

~and’profons
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Figure 5. Schematic illustration of motion of pre-onset auroral forms near the Harang discontinuity and their
relation to nightside ionospheric convection. The Figure was taken from [9].

Conclusions

Analysis of substorm activity using THD satellite data on [X| ~ 6.2 Re and ground-based data led to the following

results:

1) The fronts of dipolarization and injection of energetic electrons into the magnetosphere were observed near the
moments of sudden intensification of auroras: brightening of arcs, breakup in aurora;

2) According to the magnetometers data, the development of substorm occurs near the Harang discontinuity;

3) The development of aurora was organized according to the preceding two-vortex pattern of ionospheric
convection observed in the growth phase around the Harang discontinuity.
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Abstract. Geomagnetically induced currents (GICs), arising both on power lines and on pipelines, may have strong
negative impact on the technological networks up to accidents ("blackouts"). Magnetospheric disturbances are one
of the factors in the appearance of GICs, however there is no unambiguous relationship between substorm and
presence of currents. In this paper, we consider two intense cases of GIC (15March 2012 and 17 March 2013),
registered on two different technological networks: 1) on the "Nothern Transit™ power line (Vykhodnoy, Revda and
Kondopoga stations) located in the auroral zone, 2) on the Finnish natural gas pipeline near Méntséla located in the
subauroral zone. Both GIC cases are compared with substorm development in the auroral zone, using data from
IMAGE magnetometers network and MAIN camera system in Apatity. We found a good correlation between the
GIC appearance and variations of geomagnetic indexes: IL — index, which characterized of westward electrojet
intensity on the IMAGE meridian and Wp - index, which describes the wave activity of the substorm. Besides, it
was shown also a good correlation between GICs and the thin spatio-temporal structure of the substorm
development (the appearance and the propagation to the pole of substorm activations), which is appeared both in the
magnetic data and in the all sky camera images.

Introduction

Space weather generally refers to the physical conditions in the Sun-Earth system that can affect the performance of
ground-based technological systems. During geomagnetic disturbances (storms, substorms, supersubstorms,
magnetic pulsations) very strong ionospheric currents can develop, which may lead to substantial interruptions in
terrestrial electrical networks ([1], [2], [3], [4]). Rapid changes of the geomagnetic fields cause geoelectric fields
which can produce intense, low-frequency, quasi-direct currents, co-called geomagnetically induced current (GIC)
in the ground and electrical power systems [5]. The GIC intensity depends both on the intensity of magnetic
disturbances during geomagnetic storms or substorms, and on the configuration of the system, ground conductivity,
coastal effects, etc. [6].

It was shown that geomagnetic field disturbances associated with magnetic storms and substorms are known as the
key factor for the generation of GICs. Recently by study of intense GICs (> 30 A) during 21 years (1999 through
2019) at the Mantséld, Finland (57.9° magnetic latitude) gas pipeline was shown that the most frequent (76%) cause
of all of these GIC events are auroral electrojet intensifications during supersubstorm (SSS: SML < -2500 nT) and
intense substorm (-2500 nT < SML < -2000 nT) [4]. Therefore, probably, strongest GIC events are recorded in the
high geomagnetic latitude zone, where usually registered the large amplitudes of magnetic disturbances associated
with the increasing and the motion of auroral electrojets.

On the other hand, an important part of the task of protecting against the negative effects of space weather is the
monitoring of disturbances in the geomagnetic field and registration of the development of GICs in real power
systems. So, within the framework of the EURISGIC scientific program, the system of continuous registration of the
GIT was created at a number of transformer substations of the power line located on the Kola Peninsula [7]. It
should be noted that system "Northern Transit" is located precisely in the auroral latitudes, where substorms are
usually observed.

The purpose of our work is the study of the connection between the development of a supersubstorms [8] and
intense substorms and the appearance of geomagnetically induced currents (GICs). For observations of GICs
appearance on the different latitudes used data from the system "Northern Transit" and from the Méntséld, Finland
gas pipeline. Using these systems, we could trace the GIC appearance from st. Méntsild, Finland to st. Vykhodnoy,
Russia, from 57.9 to 64.9 degrees of geomagnetic latitude and could compare their appearance with the space-time
development of the substorms, with substorm expansion to the pole.

We selected cases where the GICs on the st. Méntsdld exceeded 30 A, and there were observations along the
“Northern Transit” chain. In this article, we consider two events of intense GICs (March 15, 2012 and March 17,
2013) recorded in two different technological networks during the observation of the substorm on the Scandinavian
meridian.
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Data
Geomagnetically inducted currents (GICs) were registered by two different technological networks:
1) on the "Nothern Transit" power line located in the auroral zone, on Vykhodnoy (68.8°N and 33.1°E geographic),
Revda (67.9°N and 34.1°E geographic) and Kondopoga (62.2°N and 34.3°E geographic) stations.
2) on the Finnish natural gas pipeline near Méntsild, located in the subauroral zone (57.9°N geomagnetic).
Fig. 1 shows location of the points of registration of the GIC and the location of magnetometers.

Figure 1. The layout of the measuring devices: red circles - the registration of the GIC, blue circles - the
location of magnetometers.

Substorm development was determined both by magnetograms from global networks: IMAGE magnetometers
network http://space.fmi.fi/image/ and the SuperMAG network http://supermag.jhuapl.edu/ [8] and by geomagnetic
IL- and Wp-indexes. The Wp (wave and planetary) index is related to the power of the Pi2 pulsation wave at low
latitudes [9], and the IL index shows the variation of the magnetic field at the selected IMAGE stations, that is, in
essence, it is similar to the AL index, which is associated with the auroral electrojet [10]. The global spatial
distribution of electrojets was determined from the maps of magnetic field vectors obtained on the SuperMAG
network. The active auroras were observed by Multiscale Aurora Imaging Network (MAIN), by all-sky camera
located in Apatity (http://aurora.pgia.ru). The solar wind and IMF parameters are taken from 1-minute OMNI data
(https://cdaweb.sci.gsfc.nasa.gov/) and the catalog of large-scale solar wind phenomena (ftp:/ftp.iki.rssi.ru/omni/).

Results

1. First event on 15 March 2012

In the period on 7-17 March 2012, solar wind and interplanetary magnetic field (IMF) conditions were very
complicated, it is one of the most disturbed periods during the ascending phase of Solar Cycle 24. Four consecutive
magnetic storms were developed, occurred on 7, 9, 12, and 15 March, respectively [11]. Very intense GIC (~30 A)
was recorded on Mintséld station at ~ 17 UT during the fourth storm (S4) (SYM/H = -80 nT) and may be associated
with a solar wind spike of density [4]. In Figure 2a shown the GIC registrations on st. Méantsild and on Norther
Transit station (Vykhidnoy, Revda, Kondopoga) from 14 to 18 UT on 15 March 2012. It is seen, that small GICs
were registered at ~15 UT on both networks, then at ~17 UT were observed very intense GIC on st. Méntséld (~39
A) and intense GIC at st. Vykhidnoy (~18A), at that moment GIC were also registered at st. Revda (~2A) and st.
Kondopoga (~7A). According to IMAGE magnetometers data, the substorm occurred at ~17 UT on Nurmijarvi
(NUR) and propagated to the NyAlesund (NAL) (Fig. 2b). At the same time substorm development from subauroral
to high latitudes has a good agreement with appearance of GICs both on Norther Transit stations and on st. Ménts&la
station. It is seen also that these GICs also have a good correlation with two geomagnetic indexes: Wp and IL (top
panels of Fig. 2a). Three maps of SuperMAG magnetometer vectors (Fig. 2c) demonstrated that it was isolated
substorm and disturbances occurred precisely over Kola Peninsula, where all our GICs detectors are located. Note,
at the Fig.2b are schematically marked the two time moments of solar wind shock wave and spike of density. At the
moment of the shock wave arrival, the disturbances were observed only at high latitudes stations and the GICs were
not intense (>10 A). While the intense substorm and GICs developed after the density jump in the solar wind.
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2. Second event on 17 March 2013

On 17.03.2013 a CME passed by the Earth, which included two intervals of the negative Bz IMF observed during
SHEATH and during the magnetic cloud (MC), and a two-stage magnetic storm with Dst ~ -140 nT was develop.
GICs registrations on st. Méntséld and on Norther Transit stations from 15 to 21 UT on 15 March 2012 are
presented in Fig.3a. The shock wave coming led to the development of a small substorm at high latitudes ~ 15:50
UT (Fig 3b), which manifested itself in the appearance of intense GIT on Vykhodnoy (~27 A) and small GITs on
Revda (~3 A), Kondopoga (~4 A), on Mintsild (~12 A) stations.
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Figure 2. First event on March 15, 2012: GIC registration on Méntsdld station and on Norther Transit
stations (a); X- and Z- components of geomagnetic field from IMAGE magnetometers (chain TAR-NAL),
red oval shows the substorm for the study (b); three maps of magnetic vectors from SuperMag network (c).

As seen from Fig.3b, at ~18 UT, the second more intense substorm began, which consisted from three
intensifications (18:00 UT, 18:20 UT, 18:40 UT) - three negative bays at the low-latitudinal IMAGE stations and, as
a result, the GICs appeared at the on Méntsila (~32 A), Kondopoga (~11 A) and Revda (~2 A) stations. The second
and third intensifications are detected on keogram from all-sky-camera in Apatity (red vertical lines) (Fig. 3.c) as
well as on magnetic vector maps SuperMAG (Fig. 3.d).

On Vykhodnoy GIC data, we see the spike (~27 A) at ~19.30 UT that a little bit later than second substorm
happend, this spike occurs due to the third substorm. Third substorm are marked by third red oval on magnetometers
data from IMAGE stations (Fig 3b). This substorm disturbance propagated from OUL to SOR stations, where
station Vykhodnoy located.

It is seen a good correlation between GICs appearance and behavior of IL- and We- indexes (Fig 3a). But it should
be noted, that in the Wp index profile seen only two substorms, it’s related to the nature of this index — it’s
calculated on low latitudinal and equatorial magnetometer stations, when IL index calculated on high latitudinal
magnetometer stations so all three substorm seen in its profile.

Conclusions

1) It is shown a good correlation between the GIC appearance and increasing of geomagnetic indexes: IL — index
(westward electrojet intensity on the IMAGE meridian) and Wp — index (the wave activity of the substorm).

2) It was possible to trace the development of GICs on the meridional profile (from Mintsild to Vykhodnoy) in
accordance with the thin spatial - temporal structure of the substorm (the appearance and the propagation to the
pole of three substorm activations).
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Figure 3. Second event on March 17, 2013: GIC registration on Méntséld station and on Norther Transit
stations (a); X- and Z- components of geomagnetic field from IMAGE magnetometers (chain TAR-NAL),
red oval shows the substorms for the study (b); the keogram of all-sky camera in Apatity from 18 to 20 UT
(c); maps of magnetic vectors from SuperMag network (d).
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DAY BY DAY BEHAVIOR OF GNNS POSITIONING ERRORS
AND TEC FLUCTUATIONS ASSOCIATED AURORAL DISTURBANCES
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Abstract. We analyzed the occurrence of TEC fluctuations and an impact of auroral disturbances on the Precise
Point Positioning (PPP) errors in European sector using GPS measurements of EPN network. Index AE was used as
indicator of auroral activity. The fluctuation activity was evaluated by indexes ROT and ROTI. The positioning
errors were determined using the GIPSY-OASIS software (http://apps.gdgps.net). The Precise Point Positioning is
the processing strategy of the single receiver for GNSS observations that enables the efficient computation of the
high-quality coordinates. For quiet conditions the algorithm provided for TRO1 stations daily average PPP errors
less than 4-5 sm. The analysis indicated regular increasing positioning errors around MLT (22 UT) during March
2015. While raising the auroral activity it was observed increasing TEC fluctuation as well as positioning errors. In
the report we discus also behavior PPP errors during super storm 17 March 2015. During storm at TRO1 the PPP
errors reached more than 20 m. The increasing errors were observed on latitudes low than 52-54°N.

Introduction
The electron density irregularities occurred in the high latitude ionosphere may be experience the rapid of phase and
amplitude fluctuations (scintillations) of the GPS signals The intensity of the fluctuations increases during
geomagnetic storms and substorms. Many publications are devoted to the study of the occurrences of GPS signals
fluctuations in the different regions of high latitude ionosphere [Cherniak et al., 2015; Prikryl et al., 2015; Jin et al.,
2018]. The strong ionospheric fluctuations of the GPS signals registered in the auroral oval and associated with the
auroral disturbances [Chernouss et al., 2015]. The fluctuations are frequently observed near the magnetic midnight.

Low frequency fluctuations of the GPS phase may be directly due to the electron density changes along the radio
ray path or to the fluctuations of the total electron content (TEC). Strong TEC fluctuations can complicate the phase
ambiguity resolution, can increase the number of the undetected and uncorrected cycle slips. Therewith,
scintillations of the GPS signals can lead to the loss of the lock on the receiver tracking, and thereby to the
disrupting of the performance of the satellite navigation system [Juan et al., 2018]. Much attention has been paid on
the impact of the geomagnetic disturbances on the PPP in the recent years [Jacobsen and Andalsvik, 2016; Marques
et al., 2018; Shagimuratov et al., 2018]. The direct comparison the fluctuations intensity and the positioning errors
at the auroral stations make it clear that the accuracy of the point positioning at the high latitudes is worse during
geomagnetic storms.

In this work the analysis of TEC fluctuations and positioning errors over auroral region during March 2015 were
presented. We particular attention give to the super storm of March 17, 2015. It was evaluated maximal PPP errors
which we can be expected during geomagnetic storms.

Data
In this paper we used data from following GPS stations:

station | latitude | longitude | CGL | MLT, midnight
NYAL | 78.9° 11.9° 76.6° 21.12UT
TRO1 | 69.7° 18.9° | 66.9° 21.54 UT
MAR6 | 59.0° 17.3° 57.4° 21.96 UT
KLG1 54.7° 54.7° 50.9° 21.88 UT

Geomagnetic conditions
Figure 1 shows the variability of Dst during March 2015. Most days of March were quiet, super strong storm took
place on March 17. During storm AE index exceeded 2000 nT.
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Figure 1. Dst over a period of March 2015.
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The fluctuation activity was evaluated by the ROT (Rate of TEC) at 1-minutes interval. On their base was formed
the pictures which demonstrates the behavior of the ROT over the single station for all satellite passes on 24-hour
interval. In figure 2 the response of the ionosphere to auroral activity, as example, for single events is presented. The
picture demonstrates occurrence TEC fluctuations (ROT) depend on intensity and time developed of auroral activity
at different latitudes. The intensity of fluctuations decrease towards low latitudes. The analysis shown that
remarkable fluctuations occurred at auroral stations when auroral intensity exceeded 500 nT. During storm day of
March 17 the fluctuations were observed even at midllatitudes stations of Kaliningrad. We associate it with behavior

of the irregularity oval which represent dynamic auroral oval [Chernouss et al.,

2018]

During the storm the

irregularity oval expanded equatorward and poleward in response to disturbed geomagnetic activity [Shagimuratov

et al., 2012].
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Figure 2. Development of the TEC fluctuations (ROT) at NYAL and TROL1 stations on 9, 17 and 22
March 2015 (a) and VAAS, MARG6 and KLG1 stations for storm day of March17 (b).

In figure 2 the some events are presented when auroral disturbances developed during morning (March 9), post
noon (March 17) and near noon (March 22). For all cases TEC fluctuations at TRO1 are followed by AE indexes. It
is interesting that fluctuation were registered even in day time of March 22, though this day was not too disturbed
one. Diurnal occurrence of TEC fluctuations at NYAL station differ essential from lower latitude TRO1 stations.
The reason such behavior associated with station location. The NYAL located near cusp, but TRO1 over auroral
zone. At the same development fluctuations corresponds well with the variations of the AE index at both stations.
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During low auroral activity at lower than subauroral latitudes fluctuations were very weak (data not shown). During
storm fluctuations were registered even at midlatitude station of Kaliningrad.

Analysis GPS positioning errors

The PPP errors were calculated using the GIPSY software of the NASA Jet Propulsion Laboratory in the kinematic
mode (http://apps.gdgps.net). On the base the 3D position errors were computed with 5-min interval. The 3D
position error (Psp) was defined as the offset of the detrended coordinate from its median value (Xo, Yo, Zo) and it was
calculated for each epoch [Jacobsen and Déihnn, 2014]:

P3D (i): \/(X(i)_ Xo )2 + (y(i)_ Yo )2 + (Z(i)_ Z )2

The high correlation between the positioning errors and the ROTI for year 2012 at the latitudes 59°-79°N was
found by Jacobsen and Ddéhnn [2014], it was found also for European sector in the study of geomagnetic storm on
17 March 2015. Positioning errors increase exponentially with the increasing of the ROTI. Figure 3 illustrate the
diurnal distribution PPP errors over March 2015 dependence of severe errors. The low values errors which are
registered all day characterize accuracy used PPP algorithm for quiet geomagnetic conditions for TRO1 station.
Position errors >1 m occurred corresponding to the development of ionospheric irregularities within the auroral
oval. Their maximum occurrence is mostly at the equatorward edge of the nightside irregularities oval around
magnetic midnight.
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Figure 3. Diurnal distribution the PPP errors over March 2015 for TROL1 station.

It is well known that positioning errors essentially increase during geomagnetic disturbances. Maximal PPP errors
over March 2015 are registered during severe storm of March 17. The storm time errors can are considered as
indicator of extreme PPP errors at the high latitude ionosphere.
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Figure 4. The 3D positioning errors at different stations for 16 (quiet day) and 17 (storm day) March 2015.
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Figure 4 illustrate that storm time error errors are more than an order of magnitude higher than quiet time. At
auroral latitude maximal errors exceed 20 m. At subaural latitudes errors reached 8-10 m, middle station of
Kaliningrad errors exceed 4 m.

Summary

We analyzed the occurrence of the TEC fluctuations and the positioning errors associated with the auroral
disturbances over Europe during March 2015. These disturbances occurred at the evening time. The maximal
intensity of the TEC fluctuations took place at the auroral ionosphere. Weak fluctuations were observed over
subauroral stations. The effects were related with the dynamics of the auroral oval. We analyzed also an impact of
the geomagnetic disturbances on the Precise Point Positioning errors. The positioning errors were determined using
the GIPSY-OASIS software (APS-NASA). Statistics shown under normal conditions, a centimeter - to decimeter -
level PPP accuracy were registered. During the geomagnetic storm on March 17, 2015 positioning errors dramatic
increased. At auroral stations errors are exceed more than 20 m. Even at middle station of Kaliningrad PPP errors
are reached 5 m.
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Abstract. The purpose of this work is to study the midlatitude effects during substorms observed in different
interplanetary conditions over Scandinavia. To identify the substorm disturbances, data from the magnetometer
networks IMAGE, SuperMAG and INTERMAGNET in the range 31.8° - 75.25° CGMLat and 92° - 104° CGMLon
were used. To verify the interplanetary and geomagnetic conditions, data from the CDAWeb OMNI
(http://cdaweb.gsfc.nasa.gov/), the catalog of large-scale solar wind phenomena (ftp://ftp.iki.rssi.ru/fomni/) and from
the WDC for geomagnetism at Kyoto (http://wdc.kugi.kyoto-u.ac.jp/index.html) were taken.

Two isolated substorms were chosen, with different intensity: ALmin values ~ -270 nT and ~ -1300 nT,
respectively. The first substorm occured on 6 February 2018, at 21:25 UT, under quiet conditions: during slow solar
wind streams. The second substorm, at 19:10 UT on 27 September 2020, originated under moderately disturbed
conditions: during a high-speed stream (HSS) in the solar wind, just after the passage of EJECTA by the Earth.

It was found out, that the latitude of the bay sign conversion from negative to positive values in the case of quiet
solar wind conditions, appeared at latitude, 7° higher than the one in the case of disturbed conditions. In both cases,
the amplitude of the positive bays, after a maximum near the sign conversion latitude decreased gradually towards
the lower latitudes, with a difference between the minimal and maximal amplitude of about 50%. The magnetic bays
kept their duration throughout the whole latitudinal range, ~115 min. for the first case and ~ 60 min. for the second
one. It was ascertained, that the mean positive bays amplitude in the case of disturbed conditions was 4 times higher
than the amplitude during quiet conditions.

Introduction

The main magnetic disturbances in the Earth's magnetosphere are associated with the development of substorms,
which occur more often than magnetic storms. It is known that substorms are a typical phenomenon in the auroral
latitudes (~ 60°- ~ 71° MLAT) [1] but depending on the conditions in the solar wind and the magnetic activity, the
substorms can reach both very high latitudes (>70° MLAT) (e.g. [2,3,4]) and can propagate to middle (~ 50°
MLAT) latitudes [5]. Note, that magnetic substorms at auroral latitudes are observed as negative X bays, and vice
versa, at middle latitudes they are expressed by positive bays in the X-component of the ground-based magnetic
field (midlatitude positive bays, MPB) [6]. The first studies of positive bays considered this effect to be low latitude
reverse currents of the western electrojet [7]. Subsequently, the emergence of positive bays was explained by
ascending field-aligned currents [8]. But then it was discovered that the positive mid-latitude bays, which are usually
observed during the expansion phase of a substorm. Currently the generally accepted view is, that the positive bays
are associated with a substorm current wedge (SCW) [6].

It is worth noting that substorms, which occurred during different conditions in the solar wind can differ
significantly from each other (e.g., [9,10,11]). So, depending on the large-scale structures in the solar wind we can
see various categories of substorms: “limited” and “extended” [12], “localized” and “normal” [13], “substorms on
the contracted oval” and “normal” [14], "polar" and "usually” [15], “high latitude” and “normal” [4], “expanded”
and “polar” [16]. Hence, the development of positive bays at midlatitudes during substorms should also have some
diverse characteristics, according to the different conditions.

In this context the basic aim of this study is to evaluate the mid-latitude effects of substorms occurred over Europe
during different solar wind conditions. Two isolated substorms were chosen, which developed during quiet and
disturbed conditions: on 6 February 2018 and on 27 September 2020.

Data
To identify the substorm disturbances, and to study the further development, data from the magnetometer networks

IMAGE, SuperMAG and INTERMAGNET in the longitudinal band 90° - 104° GMLon, which is round the
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longitude of the Bulgarian station Panagjurishte (~97° GMLon), and the largest possible interval of GM latitudes:
31.8° - 75.25° GMLat were used. To ascertain the interplanetary and geomagnetic conditions, the OMNI data base
(http://cdaweb.gsfc.nasa.gov/), the catalog of large-scale solar wind phenomena (http://www.iki.rssi.ru/omni/) and
the WDC for geomagnetism at Kyoto (http://wdc.kugi.kyoto-u.ac.jp/index.html) have been used.

Interplanetary and geomagnetic conditions
Two isolated substorms were winnowed out for the study.

The first substorm, at 21:25 UT on 6.02.2018, occurred under quiet solar wind conditions. A slow stream was
observed for this day, Vx increased gradually from ~ -320 km/s to ~ -420 km/s before the substorm, the IMF Bz was
~ -4 nT. According Kyoto WDS, the values of the main geomagnetic indexes were moderate: the AL index was
about -270 nT, SYM/H~-5 nT, Kp=1-.

The second event, at 19:12 UT on 27.09.2020 occurred under comparatively disturbed conditions, against an
interplanetary background of a high-speed stream (HSS), just after a small Coronal Mass Ejection (CME),
consisting of Sheath and Ejecta. An interplanetary shock was registered after Ejecta. Before the substorm onset Vx
was about -580 km/s and was on the decrease, the IMF Bz, after fluctuations around 0, jumped down by 8 nT, and
then keeped to -8 nT for more than one hour. The AL index value was ~ -1300 nT, but a magnetic storm did not yet
develop in this time (SYM/H~-25 nT), the general disturbance of the ground-based magnetic field was moderate
(Kp=5-).

Substorms development
The IMAGE magnetometers chain (PPN-NAL) data have shown that more than 3 hours before the substorms there
weren’t perceptible disturbances. The substorm on 6.02.2018 began at 21:25 UT at ~67° GMLat (stations MAS-
SOR), and the center of the westward electrojet was at ~69.7° GMLat (between SOR and BIN) (determined by Z —
component variations).

The substorm on 27.09.2020 started at 19:12 UT at ~67° GMLat (SOR), and the center of the electrojet propagated
to ~75° GMLat (HOR-LYR).

The substorm appearance at midlatitudes

To study the appearance of the selected substorms at midlatitudes, the magnetic field disturbances from auroral to
midlatitudes were examined in more detail by data from 20 stations situated in the following longitudinal and
latitudinal ranges: from 92° to104° GMLon and from 65° to 31° GMLat. This longitudinal range is located close to
the IMAGE meridian (NAL-NUR) and the Panaguriste station (PAG, Bulgaria).

In Fig.1 the variations of X-component of the magnetic field at chosen stations for both substorm events are
shown. The approximate time of the midlatitude positive bays (MPB) onset is marked by red vertical lines. The
MPB are observed in both cases below the negative bays at auroral latitudes. As it is seen from Fig. 1, the bay sign
conversion latitude for the substorm on 06 February 2018 was at about 63° GMLat, between the stations SOD
(Sodankyla) and LYC (Lycksele). The conversion latitude for the substorm on 27 September 2020 was at about 56°,
between the stations UPS (Upsala) and TAR (Tartu). Thus, the latitude of the bay sign conversion in the case of
quiet solar wind conditions appeared at latitude of about 7° higher than the one in the case of disturbed conditions.

From Fig.1 it is seen that the MPB amplitudes in both cases are different. Furthermore, they changed with the
decreasing of the latitude. A difference of about 50% between the minimal and maximal positive amplitude at
different latitudes for each of the cases was obtained.

In Fig.2, the dependence of the MPB amplitude on the geomagnetic latitude for the event on 6.02.2018 (left panel)
and the one on 27.09.2020 (right panel), is presented. In order to reveal better the dependence, in view of the strong
dependence on the geomagnetic longitude, as well, the longitudinal band was divided into three narrower strips
(90°-95°, 95°-99°, 99°-104° GMLon). The data grouped in this way, are indicated by different symbols. The
amplitude of the MPB initially increased towards the lower latitudes and after a maximum at about 50° GM latitude
decreased gradually. It is seen also, that the MPB amplitude during the substorm in disturbed conditions is larger
than the one during quiet conditions. The mean MPB amplitude for the event on 6.02.2018 was ~13.7 nT, and for
the second event on 27.09.2020 - ~55 nT. So, the mean positive bays amplitude in the case of disturbed conditions
was about 4 times higher than the MPB amplitude during quiet conditions.
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X component at chosen stations on 06.02.2018

X component at chosen stations on 27.09.2020
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Figure 1. Variations of the X magnetic component by chosen stations of the INTERMAGNET
magnetometer network observed during both substorms: on 06 February 2018 (left panel) and on 27
September 2020 (right panel). The station name abbreviations are shown at the left side of the graphs, and
their geomagnetic latitudes — at the right side. The approximate time of the MPB onset is indicated by red

vertical lines.
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Figure 2. The dependence of magnetic positive bays (MPB) amplitude on the geomagnetic latitude for the
substorms on 06 February 2018 (left panel) and on 27 September 2020 (right panel). The results for the
examined longitudinal intervals are marked as follows: 90°-95° GMLon — by triangles, 95°-99° GMLon — by

circles, and 99°-104° GMLon — by diamonds (shown in the right part of the panels).

Summary

This study has investigated the effect of two substorms, occurred during different interplanetary and geomagnetic
conditions, namely the substorms at 21:25 UT on 6.02.2018 and at 19:12 UT on 27.09.2020, at midlatitudes. The

following results have been obtained:

1) The latitude of the bay sign conversion from negative to positive values in the case of quiet solar wind conditions

appeared at latitude of 7° higher than the one in the case of disturbed conditions;

2) The amplitude of the positive bays initially increased towards the lower latitudes and after a maximum at about

50° GM latitude decreased gradually;
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3) A difference of about 50% between the minimal and maximal positive amplitude at different latitudes for each of
the cases was obtained,;

4) The mean positive bays amplitude in the case of disturbed conditions was about 4 times higher than the amplitude
during quiet conditions.
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HEFIPOCETEBA{{ KJIACCUPUKAINA HPHYUHHO -
CJEIACTBEHHOMU CBA3U CYBBYPEBOU AKTUBHOCTH C
IMAPAMETPAMU MATHUTHBIX OBJIAKOB COJIHEYHOI'O BETPA

H.A. Bapxatos!, B.I'. Bopo6seB?, E.A. Peynosa®, O.1. SIronkuna?, U.C. Yunanosal

YHuscezopoockuii 2ocyoapcmesennviii nedazouveckul ynusepcumem um. K. Mununa
2PI'BHY «Ilonsapuuiii 2eousuueckuti uncmumympy, 2. Anamumul
$Huoice20poockuii 20cy0apcmeenblil apXumeKkmypHo-cmpoumenbHolii yHueepcumen

AHHOTAIMA

B pabore mpezcraBieHsl pe3ysbTaThl Pa3BUTHA METOJa KiaccH(HUKauu 00pa3oB MPUIMHHO-CIECICTBEHHOHN CBA3M
cy00ypeBOi aKTHBHOCTH 1O MHJIEKCY AL ¢ mapameTpamMu COJIHEYHOTO BETpa M MEKIUIAHETHOTO MarHUTHOTO OIS
JUISL COJIHEUHBIX IIOTOKOB THIa MarHuTHoe obnako (MO). Knaccudukarus BBINOMHAIACE HCKYCCTBEHHBIMHU
HelpoceTsiMu Tumna ciosi KoxoHeHa. YCHEIIHOCTh BBISBICHUS KOHKPETHBIX NPHYMHHO-CIIEACTBEHHBIX KIIACCOB,
COJIepIKaIX COBMECTHBIC apaMeTphl MPUUUH CyOOypeBOil aKTUBHOCTH U €€ Pa3BUTHS, YKa3bIBaeT HA HEJIMHEWHbIC
XapaKTepUCTUKY CBs3M AnHaMuKu AL mHjekca ¢ mapamerpamu B Tenie MO. BaxHbIM sIBiIseTCS TO 0OCTOSITENBCTBO,
YTO pE3yJIbTaThl HEWPOCETEBOM KIacCU(MKAIMKM BIOJHE COIJIACYIOTCS € (U3MYECKUMH MpPEACTaBICHUSIMU O
mpolieccax pa3sBUTUSA CyOOypb.

BBenenue u pa3zBuTHE METOa MPUYUHHO-CJIEACTBEHHON KaaccupuKanuu

MaruuTheie obnaka (MO) COJIHEYHOro BETpa COIJIACHO COBPEMEHHBIM MPEACTABICHUSAM BBI3BIBAIOT HamOoiee
VMHTEHCUBHBIC T€OMarHUTHbIE OypH. DTUM OOBSCHSAETCS MHTEPEC K M3YYEHHIO MarHUTHBIX OOJIAKOB Pa3lMuHBIMH
Hay4yHbIMM Tpynmamu [1]. B 3aBucumocTH OT cKOpocTH 00jilaka OTHOCHUTEIBHO CONHEYHOTO BETpa Ha MepeqHeM
(GpoHTe ero Tema MoXKeT OOpa30BBIBATHCA yIapHas BOJHA, 33 KOTOPOH ciieqyeT TypOyleHTHass 00JacTh, 4acTo
Ha3bIBaeMasi 00010uKoi obaka. MccieqoBanus MOKa356IBAOT, YTO )i OOJILIIMHCTBA MAarHUTHELIX 00JIAKOB HAYajIo
COOTBETCTBYIOIIMX MM TI'COMarHUTHBIX BO3MYLICHHH IIPUXONUTCS Ha YHApHYK BONHY H 00omouky [2-3].
YHOMSHYTBIE HCCIICIOBAHMUS KacalOTCS M3YYCHUs] KOHKPETHBIX COOBITHII BO3ICHCTBHSI MarHWTHBIX OOJAKOB Ha
TE€OMAarHUTHBIC SBJICHUS. YCTAHOBJIEHO, YTO MarHutocepHsle cy0Oypu HecyT B ceOe MH(POPMAIHIO O IMHAMUKE
MapaMeTpoB IIa3Mbl COJTHEYHOTO BETPa M MEXIUIAHETHOro MarHutHoro moiisi. IIpn stom Hambonee 3ddexTrBHON
JUIl TeHepauuu cy0Oypb cuuraercss Bz kommoHeHTa MexmiaHeTHoro MarautHoro moist (MMII). Ilpu stom
VICTOYHMKOM SHEPIUH Cy60yph ABJIAOTCA CKOpocTh (V, KM/C) U moTHOCTS miazMbl (N, cM ™) COJIHEUHOTO BETpa.

Ham noaxon x wm3y4aemMoil mpoOieMe 3akiioyacTcs B TOATBEPKICHUM OTMEUYEHHBIX paHee (U3NYECKHUX
3aKOHOMEPHOCTEH HEHpOCEeTEeBBIMU METOJaMH IPUYMHHO-CIICACTBEHHON Kiaccu(UKalUN CBsI3U CyO0OypeBoit
aKTUBHOCTH C TIapaMeTpaMH MAarHUTHBIX 00yakoB. [IpmHHMMas BO BHHMAaHHE CKOPOCTh M IUIOTHOCTBH IIJIa3MBI
COJTHEYHOT'O BeTpa HaM YJaJloCh BBIITOJHUTD YCTICIIHBIA HeHpoceTeBON MPOrHO3 TUHAMUKN AL -HHAEeKca MarHUTHOM
aKTUBHOCTH B TMEpPHOJBl H30JUPOBAHHBIX cyOO0ypsr [4]. Ilpenmaraemslii MaTeMaTHYeCKMH TIPOLIECC HMEET
¢usmueckoe 00OCHOBaHHME, KOTOpPOE O3HAa4yaeT, 4YTo INpH (HOPMHPOBAHMH CyOOypH NPOUCXOIUT MEPEXOn
HaKOIUICHHON KMHETHYECKOH SHEPTUH COTHEYHOI'0 BETPA B €€ SHEPTHUIO MPH yYaCTHH BO3MYIIEHUS! Bz KOMIIOHEHTHI
MMII. Haubonee s3¢dextuBHBINA mporHo3 Bapuanuii AL wHIekca ObUT peanm3oBaH, €CIM B Ka4eCTBE BXOIHBIX
MocJe0BaTebHOCTEH Al UCKyccTBeHHOW HelpoHHOH cetn (MHC) wucmonmp3oBasicss MHTETPANBHBIA MapaMeTp
2[NV?], yuuTHIBAIOMIMI PEABICTOPUIO MPOLECCA HAKAYKM KMHETMYECKOH SHEPrUM CONHEYHOrO BETpa B
MarHuTOCepy, a Takke Bapuanuio Bz komnonentst MMII [4]. HoBble BO3MOXHOCTH TOWCKAa HPUYHHHO-
CIIEZICTBEHHBIX CBSI3eH MTUHAMUKH IapaMeTpOB MarHUTOC(hEpsl M MEXIUIAHETHOW Cpeibl MCIONb30BaHBI B paboTe
[5], rme HeidpoceTeBass TEXHOJOTHS MpPUMEHEHA Uil KiIacCH(DUKANMU CO3JaBacMbIX 00pa30B MPUUHHHO-
CIIEZICTBEHHON CBsI3M CyOOypeBOil aKTHMBHOCTH C BO3ACHCTBHEM KPYNTHOMACIITAOHBIX COJHEYHBIX ITOTOKOB THIIA
MarHuTHOe 00JaKko Ha 3eMHylo Marautochepy. I[losydeHHBIE TpH 3TOM KITacCU(UKAIMOHHBIE PE3yIbTaThI
JIEMOHCTPHUPYIOT OTOXIECTBIICHHE BBIACICHHBIX KJIacCOB CyOOyph C BO3MYIICHHAMH IapaMETPOB COJHEYHOTO
BETpa U MEXIUIAHETHOT'O MAarHUTHOTO T10JIs, OTBEYAIOINX TEJIaM MarHUTHBIX 00JIAaKOB.

Krnaccudukanms npuanHHO-CIIEACTBEHHOHN CBSI3M CyOOypeBOil aKTUBHOCTH C MAarHUTHBIMHU OOJIaKaMH COJTHEYHOTO
BETpa BBINOJIHSIACH MCKYCCTBEHHBIMH HelpoceTsiMu Tuna cios KoxoneHa. M3yuaemble o0pasbl IpeacTaBIsUIH
co0Oif COOTBETCTBYIOIIME MHHYTHBIE [JaHHBbIE, OTBEYAIOIIMEe HWHTepBataM HaOmoaeHnid MO Bo Bpemst HX
BO3JICHCTBHSI Ha 3€MHYI0 MarHutocdepy. OTH coOBITHS B [S5] moABepranuch pas3iesbHON KilacCU(HUKALUM 10
napameTpaM IpUYuH (mapaMmeTpsl, oTHocsamuecs k MO) u nocnencTsuit  (mapameTpsl, OTHOCAIIMECS K
TEOMarHUTHOMY OTKJIHMKY Marautochepsl). IlomydeHHbIe KIacChl COMOCTaBILUINCH CIENHAIBHBIM aNroputMom. B
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cllyyae COBHAJCHHUS Kjlacca KOMOMHAIMH NPUYMHHBIX IapaMeTpoB C KJIaccoM CyOOypeBOro CieacTBHs, Kilacce
OOBSBIAIICS YCTaHOBIEHHBIM. Bcero Opmio oOHapykeHO 3 Kiacca cyOOypeBOW aKTHBHOCTH. TakuM oOpazom,
MIOKa3aHO, 4YTO WCCIeAyeMble KOH(UIypanuun AnHaMuUKH AL-uHIOeKca cozepxaT B cebe HMHPOpPMAIMIO O
XapaKTepUCTHKaX KPYMHOMAcTaOHOTO IUIA3MEHHOTO MOTOKA THIA MAarHUTHOE O0JIaKo, B KOTOPOE INOTpPY’KaeTCs
3eMHas MarHuTochepa.

B Hacrosimem uCCIeIOBaHWM pa3BUBACTCS YIMOMSHYTHIM BBINIE MeTOX [5] Kmaccuduranuu oOpa3oB MPUIWHHO-
CIIEICTBEHHOW CBA3M CyOOypeBOW aKTHBHOCTH MO HWHACKCY AL ¢ mapamerpamu CONHEYHOTO BeTpa M
MEXXIUIAaHETHOTO MarHUTHOTO TOJISt JUISl COJTHEYHBIX TIOTOKOB THIIA MarHUTHOE 00J1aKo. /IJIst 3TOTO BBIIOJIHSETCS yKe
COBMECTHas NPUYMHHO-CIIE/ICTBEHHAs HeWpocereBas KiaccuduKaiys mapaMeTpoB cosnHedHoro Berpa 1 MMII B
tenie MO c BbI3bIBaeMOi MM cy0OypeBOil akTUBHOCTBIO. [IpM 3TOM CTaBWIOCH NEIbIO YCTaHOBUTH CTEIEHb
COTJIACOBAHHOCTH MOJY4aeMbIX KJIACCOB C KJIacCaMH, YCTAHOBJIEHHBIMHU B [5]. M3yuaemble oOpasbl mpeacTaBIisuig
co00if  COOTBETCTBYIOIIME MHHYTHBIC JaHHBIC, OTBCYAIONIME MHTepBajam HaOmomeHwit 23 MO,
3aperucTpupoBaHHbIX B 1998-2012 rr. B mHTEpBasibl MX BO3ACHCTBUS Ha 3eMHYI0 MarHuTochepy. DTH COOBITHS
MOJIBEPTaIUCh Pa3[eNbHON KIACCH(PHUKAMK [0 TapaMmeTpaM MNpHYuH (TmapaMerpsl, oTHocsmuecs k MO) u
MOCJIEACTBUH (TTapaMeTpPhl, OTHOCSIIMECS K TCOMAarHWTHOMY OTKJIMKY MarHutocdeps!). IlomydeHHBIE KIacchl
COIOCTABILUINCH CHENNANBHBIM alTOPUTMOM. B ciydae coBnageHus kiacca KOMOMHAIMN MPUYMHHBIX [TapaMETPOB
¢ KJ1accoM Cy0OypeBOTO CIIEICTBHSA, KIIACC OOBSABILIICS YCTAHOBICHHBIM.

AJIroputMbl HeiipoceTeBO# Kilaccupukannu

ITpoBepka cIpaBeIMBOCTH IIONYYeHHOH B [5] kmaccudukamum oOpa3oB BKIIOYAOMNX B ceOs MapaMeTpsl
comHeyHoro Berpa © MMII ms Ten MO, a Takke TeOMarHUTHOTO OTKIIMKA B BHJE BEI3BIBAEMOU MMHU CyOOypeBoit
AKTHBHOCTH, BBITIOJHSAETCS COBMECTHOH NPHYMHHO-CIICICTBEHHOM HeifpocereBol kiaccupukamuu. [Ipu sTom
YCTaHABIHMBACTCS CTENCHb COTVIACOBAHHOCTH MOJTYYaeMbIX KIACCOB C KIIACCAMH, OMNPEICICHHBIMI HaMH paHee B [5]
JUIl MHTEPBAJIOB BO3/ACHCTBUS Ha 3eMHYI0 MarHuTocdepy 33 MarHMTHBIX oOsakoB. TakuMm oOpa3om B padote
HCIONIb30BaHbI TE K& MUHYTHBIC NaHHBbIE B3sThie ¢ y3ia http://cdaweb.gsfc.nasa.gov u oreuaroiiie nHTEpBaTamMm
HaOJIOZICHUI 3THUX MEXIUIAHETHBIX MAarHUTHBIX OOJAKOB, 3aperucTpupoBaHHbBIX B 1998-2012 rr. [lns kaxmoro
uHTepBasia MO aHaIM3UPOBAJKCH IapaMeTphl COJIHEUHOTO BeTpa: KOHIEHTpauus N U CKOPOCTh IUla3Mbel V U
KOMIOHeHTHl BekTopa B(Bx, By, Bz) mexmnanernoro marautHoro noist B GSM cucteme KOOpIMHAT, a Tak ke
sHadeHuss SYM/H u AL MHIEKCOB MarHUTHOW aKTHBHOCTU. IHTEpBasibl B3SATHI C Pa3HOU MPOIODKUTEIBHOCTHIO,
omnpejesieMoll NapaMeTpaMyd MarHWTHBIX oOsakoB. Hawano u koHen kaxaoro coObithss MO ompeaeisiuch 1o
00IIeIOCTYITHBIM KaTajoramM. DKCTPEMYMBbl U MHTETPAJIbHBIE 3HAUSHUS! (PU3NUECKUX MEPEMEHHBIX BBIYMCIUIMCH 32
BECh AaHAIM3UPYEMBbI MHTEPBAJ, MHIAMBUAYaIbHBINA A1 Kaxkaoro MO.

CoBMecTHas Knaccu(UKanus IpeanoiaraeT MoITBEpKACHIE MTOTyIeHHBIX paHee B [5] pe3yapTaToB, HO HE MyTEM
COTIOCTaBJICHHUS Pe3yIbTaTOB paboThl AByX HezaBucuMBIX MHC, a Ha emuHO# HeilipoceTn trma ciost Koxonena. s
9TOM LenMM TPEeATokKEeH alroOpUTM MOWCKa KOMOWHAIMHM TapaMeTpoB MJIsl HAWIydIleH COTIAaCOBAaHHOCTH
YCTAQHOBJICHHBIX paHee KJIacCoB W KJIACCOB MOJYYEHHBIX COBMECTHOW kiaccudukanueid. CyTh anropurma
3aKJII0YaeTCsl B KOJMIECTBEHHOM aHAJIM3€ HEHPOCETEBBIX PE3yJbTAaTOB KJACCH(HUKALUK OJHOTO U TOTO ke Habopa
COOBITHI. AJTOPUTM TIOJICYUTHIBAET MPOIIEHTHOE COOTHOIICHUE IIOTAIaHUI» OJJTHOTO U TOTO K& Habopa coObITHIA B
onuH kiacc. Eciin B paHee yCTaHOBJICHHBIN CTapbIi KiIacc MOMAIH BCE COOBITHS, MONyUYeHHBIE B pe3yIbTaTe HOBOH
COBMECTHOHM KJaccuuKalyu, To Takas curyanus cootBercTByeT 100% ¥ Hamiyuineii KoMOMHAIMK TIapaMeTpoB
JUIsl COTJIACOBAaHHOCTH YCTAaHOBIICHHBIX PaHee KJIACCOB M KIACCOB, ITOJIyYeHHBIX COBMECTHOH KiaccuuKaiumeii.

Ha mpakTike oka3anoch, YTO MoJoOpaTh BXOJHbIE KOMOMHAIIMU MapaMeTpoB M IOJYYUTh IPHU 3TOM BBICOKHIA
MIPOLIEHT COTTIACOBAHHOCTH — CIIOXKHas 3a7a4a. KpoMe Toro, B Tpex paHee IMOJydeHHBIX KJIAccaX COIEPIKUTCS pa3Hoe
KOJIMYeCcTBO COOBITHIA. Tak, B mepBoM Kiacce — 4 coObITHA (YCIOBHEIA Bec Kakaoro coOwrtus 1/4), Bo Bropom — 13
coOrrtHit (1/13), B TpetbeM — 6 coObrTHii (1/6). [Tocme mepedopa BceX BOZMOKHBIX KOMOMHAITUH TapaMeTpoB U IpH
ydeTe IepeMelINBaHus COOBITHH B HOBOW KJIacCH(HMKALMHM YJIAlOCh MOJYYHUTh TaKUE MaKCHMalIbHO BO3MOXKHBIC
MPOIICHTHI COTJIACOBAaHHOCTH: JUIA TepBoro kiacca 1/4*4 (Bce coOwbiTMs W3 craporo kiacca) muHyc 1/13%*3
(mobGaBmimch Tpu coOBITHA W3 cTaporo BToporo kmacca) mroro 0,77 (77%); mnst Broporo kmacca 1/13*8 (Bce
coObITHsT M3 cTaporo kiacca) utoro 0,62 (62%); mis TpeTbero kiacca 1/6*6 (Bce COOBITHS M3 CTapoOro Kiacca)
Munyc 1/13*2 (106aBrIHCh ABa COOBITHS M3 CTAPOro BToporo kiacca) utoro 0,85 (85%).

B pesynprate paboTH 3TOTr0 anropuTMa OBIJIO MOKa3aHO, YTO HamboJiee yCHeNIHass COBMECTHAs KIacCHU(pHUKAIHS
BO3MOJKHA TPH BKIIIOYEHHWH B pacueT CIEAYIOIMX IapaMeTpoB: SKcTpeMyM Bz, skctpemym NV2, mHTErpanbHbIN
NV2, unrerpansaeiit SYM/H, skctpemym AL, mHTerpampHbiii AL. Yder 3THX mapaMeTpoB IO3BOJIMII JTOCTHYb
HauOOJIbIIIEH COTIIACOBAHHOCTH C pe3yabTaTaMH [5] U TpeX paHee YCTaHOBIEHHBIX KiaccoB. Kiace 1 mposBisieTcst
B JMHaMUuKe MHIeKkca AL B BUJE yeIMHEHHBIX ciabbIx cyOOyph ¢ MEAJIEeHHO M3MeHsIoleiics Bz-koMnoHeHToi B
tesie MO ¢ Tounoctsio 77%. Knace 2 — ymepeHHble IposiBiieHNs1 cyOO0ypeBol akTHBHOCTH B AMHAMUKe MHaekca AL
B BUJI€ YEJMHEHHBIX WM Ccepuii cyOOyph, BHI3BIBAEMBIX MHTEHCUBHBIMU U3MeHEHHsIMH Bz B Tene MO ¢ TOYHOCTBIO
62%. Knacc 3 — skcTpeMalibHbIe TIPOsIBIEHHUS CyOOypeBOi akTUBHOCTH B BHJE CepHil CyOOyph C AKCTpeMalIbHBIMU
3Ha4eHUsAMH HHJeKca AL, OTOXAECTBIIAEMBIE CO 3HAUUTENIBHBIM POCTOM UMHTErpanbHON BennuuHsl NV2 B Tene MO
¢ TouHOCTBIO 85%. Kaxmprii BeIJENEHHBIN KilacC MPEICTaBIsIeT COOOH NPHYMHHO-CIIEACTBEHHYIO CBS3b THIIOB
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Hetipocemesas knaccugpuxayus npuuunHo-ciedcmeeHHou céa3u cyooypesoli akmugHOCMU ¢ NApamempamu MazHUMHbIX 061aK08...

cy00ypb C KOHKPETHBIM THIIOM BO3MYIIEHHH MMapaMeTpoB coiHeuHoro Betpa 1 MMII B Tene MarHUTHOTO o0JaKa.
PesynpTaTel HelipoceTeBoi KiaccH(UKAMN BIOJHE COINIACYIOTCA ¢ (QU3MYECKUMH IPECTaBICHHIMH O MPOLeccax
pa3BuTtHa cyOOypb. OHH TpencTaBieHBl Ha pHC. | B BHIE AWArpaMMbl THIIA «pamap», TA€ KaXAbIA YTOl
OTCUMTHIBACTCA OT LIEHTPAa Ha PAcCTOSHUE, COOTBETCTBYIOIEE YPOBHIO IapamerpoB. OTcyeT mapameTpoB
Ha4YMHACTCS CIpaBa M JaJiee 0 KPYry IPOTUB YaCOBOH CTPEIIKH.
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Pucynok 1. Pe3ynbTaThl COBMECTHOW KiIacCH(UKAIMH COOBITHHA, acCONMUPOBAaHHBIX ¢ Temamu MO.
OnMHAKOBBIM LBETOM B KaxIOH Tpymme (CHHWMH — kimacc 1, 3ermeHBIi — Kiace 2, KpacHBI — Kiacc 3)
MOKa3aHbI COTJIACOBAHHBIE C MPEABIAYIINM pe3yabTaToM B [5] ciryuan. Yucnamu yka3aHbl HOMepa COOBITHHA
MO wu3 Tabmuusl 1. [Topsgok mocTpoeHus JaHHBIX: 3KcTpeMyM Bz, skctpemym NV2, nnterpanbhbiii NV2,
unterpaibHelii SYM/H, akctpemym AL, nnterpanbshbiii AL.
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UuncneHHbIE HKCIIEPUMEHTHI IOKa3and, 4TO HauboJiee yCIellHas COBMECTHAs KiaccH(uKalms BO3MOXHA HpH
BKJIIOUEHUH B PacueT CIEAYIOIMX NapaMeTpoB: skcTpemyM Bz, skctpemym NVZ, unrerpansubii NV2, skcrpemym
AL, urTerpansHeit AL. B uncio ucmons3yeMbeIX mapaMeTpoB JUIS HOBOW KiaccH(UKAIUM ObUT BKIIFOYEH HWHACKC
r106aJbHOM T€OMArHUTHOW AKTHBHOCTH BBIYMCIsieMO Ha ocHoBe SYM/H. Ydyer storo mapamerpa MO3BOJIHI
JIOCTUYb HaMOOJIBIIEH COTIIACOBAHHOCTH C PE3y/IbTaTaAMHM TI0 OTIPEIESIICHHIO TPEX paHee YCTaHOBJICHHBIX KIIACCOB.
Krnacce 1 mposiBasiercst B tuHaMuke nHAEKca AL B Bujie yeIWHEHHBIX CIa0BIX CyOOyph ¢ MEUIEHHO M3MEHSIOMIEHCs
Bz-komnonenroit B Tenne MO ¢ TouHOCTBIO 77%; Klacc 2 — yMepeHHBIE NPOSBICHUS CyOOypeBoil akTUBHOCTH B
JMHAMMKe UHJeKkca AL B Buie yeAMHEHHBIX WIN Cepui CyOO0ypb, BBI3BIBAEMBIX HHTEHCUBHBIMH N3MEHEHHUsIMH Bz B
tenne MO ¢ ToyHOCTBIO 62%); Kilacc 3 — BKCTpeMalibHBIE INPOSBICHUSI CyOOypeBOH akTHBHOCTH B BHIE CEpUH
cyoOypp C DOKCTpeMalbHBIMM 3HadeHUSIMH HHAEKca AL, oTokmecTBisieMble €O 3HAYUTENBHBIM POCTOM
MHTETpaJIbHON BEJTUYHHBI NV2 B tere MO ¢ TouHOCThIO 85%. Kasknplil BbIIEICHHBIH HAMH KIACC TIPEJCTABISAET
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cO0OH NPUYMHHO-CIICJICTBEHHYIO CBSI3b THUIIOB CyOOyphb C KOHKPETHBIM THIIOM BO3MYILCHHH IapaMeTpoOB
comHeyHoro Berpa © MMII B Tene MarHUTHOTO OOJaKa.

YCnemHoCTh BBISABICHHSI KOHKPETHBIX IPHYMHHO-CIICICTBEHHBIX KIIACCOB COJEPIKAIINX COBMECTHBIC IApaMeTPhI
IpUYMH cyOOypeBOH aKTHBHOCTH M €€ Pa3BUTHUS yKa3bIBACT Ha HENMHEHHBIE XapaKTEPUCTHKH CBA3M NUHAMHKHA AL
nHAekca ¢ mapamerpamMu MO. BaxHBIM SBIAeTCS TO OOCTOATENBCTBO, HUTO pPE3YNbTaTHl HelpoceTeBon
KJIacCH(UKAITUH BIIOJTHE COTIIACYIOTCA ¢ (PH3MUECKIMH MPEICTABICHUSIMH O IIPOLIECCaX Pa3BUTHS CyOOypb.
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CYIHEPCYBBYPA 20 AEKABPA 2015 TO/JIA:
MAT'HUTHBIE DOPEKTbHI HA PAZHbBIX HIMPOTAX

A.A. JTrio6unat, U.B. J>crmpak?, H.I'. Kneiimenosa?, P. Bepuep®

Y\@I'BHY «llonapuviii 2eopusuueckuii uncmumymy, 2. Anamumoi, Poccus
2H}Ltcmumym Qusuxu 3emnu (MDP3 PAH), 2. Mockea, Poccus
SUncmumym Kocmuueckux Hceneoosanuti u Texnonoeuii (MKUT), BAH, 2. Cmapa 3azopa, Boneapus

AOCTPaAKT. Amnanusupyercs cynepcyOOyps (odeHbp WHTeHCHMBHas cyOOyps ¢ SML unmexkcom ~2100 uTx),
HaOmonaBmasicst 20 nexadpst 2015 roma (¢ Hawasom B 16:13 UT) Bo BpemMsi MHTEHCHBHOI MarHMTHO# Oypw,
BBI3BAaHHOH BO3/IEHCTBHEM Ha MarHUTOC(Epy MAarHUTHOTO OOJlaka ¢ yCTOWYHMBHIM IOKHBIM HampaBieHuem MMIL.
IToxa3aHo, 9TO0 HOHOC(EpPHBIE TOKH, COOTBETCTBYIOIIHE 3TOH Cynepcy00ype, pa3BHBANIKCE B ITo0aNbHOM MaciiTabe
— OT NO3JHE-YTPEHHETO [0 BEYEPHEro CEKTOpOoB. Bo BpeMs ee pa3BUTHS HaOMOAajics OYEHb WHTEHCHBHBIN
3amajHblil ANEKTPO/DKET C MakCHMyMOoM B yTpeHHem cektope (~06 MLT). B Beuepuem cextope (~18 MLT)
HaOoasIcs BOCTOUHBIN 3IIEKTPOpkeT. Bo Bpems B3pbIBHOW (as3pl cyOOypHu B BEUEpHEM CEKTOpE HAOIIONAINCh
BapHaldy MarHUTHOT'O TOJS, COOTBETCTBYIOIIHME IOSBICHUIO JIOTIOJHUTEIHHOTO TOKOBOTO KIMHA OOpPaTHOTO
HampaByieHus. Pa3ButHe CyO0OypH CONMPOBOXKIAIOCH TIOSBICHHUEM OOJBIIONW IOJIOKUTCIBHON BapHaluud X-
KOMIIOHEHThl MAarHMTHOTO IO Ha TEOMarHuTHBIX MHIMpoTax oT ~60° mo ~50°, yTOo MOIVIO MPHUBECTH K
HaOmogaemMomy ummyiascy MPB-unaekca (Midlatitude Positive Bay index).

Beenenne

Cxema pa3BuTHs cy0Oypu BIiepBBIC OBITa pa3paborana Ooiee momyBeka Hazan (Axacogy, 1971, Cmapkos u
Denvowmenr, 1971; Hcaes u Ilyooskun, 1972). 3a mpomeanze roasl MHOTOKPATHO MPOBOIMIACEH KIIacCU(UKAIUSL
cyOOyph TO pasnMYHBIM XapaKTepPHbIM TPH3HAKaM, BBIICJSUINCH HX OTHCNbHBIE THIIB, pa3pabaThIBaINCh
¢usmueckne mMonenu cyOOyph, B 0OIIEeM, MPOMUCXOAMIO HAKOIUIEHHE M aHalHM3 HOBHIX (PAaKTOB. DTHM BOIpOCAM
MOCBSIILIEH OIPOMHBIH IUTacT juTeparypsl. He Oyzem ero 3aech BCKpHIBAaTh, a cpasy IepeiieM K HHTEPeCcyIoeMy
Hac Bompocy. OTHOCHTEIBHO HEAaBHO B OTACIBHBIH KIacc ObLTH BIACICHBI cynepcyo0ypu (Tsurutani et al., 2015).
Cynepcy060ypsimu (SSS) ObUH Ha3BaHBI HHTEHCHUBHBIE CYyOOYpH, BO BpeMsi KoTopbix SML uHaekc omyckasics Huxe
-2500 uTn. HamomMHuM, 4TO M3HA4YalIbHO JUIS OIEHKA T'€OMarHUTHOW aKTUBHOCTH ObLT mpemnokeH AL-uHpexc,
paccunThIBaEMbIil 110 T€OMAarHUTHBIM CTAHIHSAM, DAaCIOJIOKEHHBIM B aBpOpalibHOW 30He. OJHaKO, B O4YEHb
BO3MYILEHHBIE TEPHO/bI, HANpPHMEpP, BO BPEMs MarHUTHBIX Oypb, I'€OMarHUTHas aKTHBHOCTb MOXET CHIJIBHO
CMelIaThcs MO IINPOTE, OTHANSSICH OT «TPAJUIMOHHBIX» aBPOPAJBbHBIX cTaHUWi. UTOOBI, B 4acTHOCTH, JIydile
ydecTb TakKMe CMelleHus Obul mpemnoxkeH SML wmHAekc, paccuuThiBaeMblii 1o OoOJNbIIEMYy YHCIY CTaHIHH
SuperMAG, Bkitouasi CTaHIIUH, PACIIOJIOKEHHbIE YKBATOpUabHEE U moJisipHee aBpopanbHbix mupot (Newell and
Gjerloev, 2011; Gjerloev, 2012). OtmeTum, 4TO BBIOpaHHBIN KpuTepHii cynepcyo0yps SML < -2500 uTn He umeer
YeTKUX (U3MYECKNX OOOCHOBaHWH, TO €CThb, SBISETCS, B HEKOTOPOM CMBICIE, IPOM3BOJIBHBIM. VHorma
cynepcyOOypsiMH Ha3bIBAIOT M YyTh MEHEEe HWHTEHCHBHbIe coObiTHs. Hampumep, [ocnupax u op. [2021]
HCIIONB30BaNK Oostee Msrkuil kpurepuit SML < -2200 uTn. Zong et al. [2021] cy66ypu ¢ 1000 < AE < 2000 nT
Has3bIBaIM CWibHBIMH, a Juia SSS — AE > 2000 nT. YcraHoBieHo, uto SSS 00bIYHO HaOMIONAIOTCS BO BpeMs
MPOXOKACHUsT MarHUTHEIX 00s1akoB (MC) conreuynoro Berpa (CB) minu npemiecTByoIed uM nepexoqHoi 00acTu
(Sheath), mpu BBICOKHX mMIOTHOCTSAX conHedHoro Betpa (CB) u GonblIMX OTPHIATENBHBIX 3HAUCHHAX Bz-
KOMIIOHEHTBI MeXIUTaHeTHoro maruutHoro nosst (MMII) (Hajra et al., 2016). o cux mop ydYeHbie CIODSAT,
ABISIOTCS 1 SSS MPOCTO OYEeHb HWHTEHCHBHBIMH CYOOypsSIMH WM OHH OONagaroT CIenU(pHISCKAMHI
0COOCHHOCTSIMH, OTIUYAIONINMHA UX OT OOBIYHBIX CyOOYph, WK ake MPEICTABISIOT cOO0M BOOOIIEe 0COOBII Kiacce
SIBIICHUH.

Eme Ha 3ape uccienoBanus cyoOypb MpeArnosaraiy, 4T0 ¢ HOIMH CBS3aHbl CBOM HOHOC(EPHbIE TOKOBBIE CHCTEMBI
(manpumep, [1yooskun u dp. [1977]). TokoByto cucremy cy60ypu DP1 pasmensimu na nse wactu - DP1y u DPyo.
Cuctema DP1» siBIIsSIeTCSI OTHOCHTENBHO CTAaOWIIBHOM, CYIIECTBYIOIIEH Ha BceX (azax cy0Oypw, cucremoit. C Hel
CBSI3aHBI 3aIaHBIN (B yTPEHHEM CEKTOpE) M BOCTOUHBIHN (B BEYEPHEM CEKTOpE) AIIEKTPOKETH. Ee MOoXXHO Ha3BaTh
peasbHON TOKOBOM CHCTEMOM, TaK KaK ¢ Hell CBsI3aHbI pealibHble HOHOC(HEPHBIE TOKH, HAIIPUMEp, TOKH PacTeKaHusl,
TeKyliue B HoHochepe CPeHUX MIMPOT U ToisipHOM manku. TokoBas cucrema DPi1i, B cBoto ouepens, cBsizaHa ¢
B3pBIBHOM (a3oii cyOOpM M OOBIYHO NPHBOAWT K YCHJICHHIO 3alaHOTO JJIEKTPO/KeTa B HOYHOM cekTtope. Ee
CYMTAIOT SKBHUBAJIEHTHONH TOKOBOW CHCTEMOM, TaK KaK OHa OOBIYHO HE CBs3aHA C PealibHbIMU TOKAMH, a SIBISETCS
JIIByMEPHBIM OTPaXCHHEM TPEXMEPHOH MarHUTOC(hEepHO-HOHOC(PEpPHOH TOKOBOHM cucTeMol. Takyio TpexmepHYyIo
CHCTEMY 4acTO Ha3bIBAIOT TOKOBBIM KIMHOM cy60ypu (SCW) (McPherron et al., 1973). Zong et al. [2021], Fu et al.
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[2021] mpuuutk K BBIBOAY, YTO BO BpeMs cynepcybOypb, B OTIMYUHE OT OOBIYHBIX CyOOYph, B BEUCPHEM CEKTOpE
oOpasyeTrcs IOMONHUTENbHBIN TOKOBBIH KJIMH OOpaTHOTO HampaBICHUs (BTEKAIOMIMH TOK PAcIONOXKEH 3amajHee
BBITEKAFOIIETO), IPUBOASIINN K YCHICHHIO BOCTOYHOTO 3JIEKTPOIKETA.

CrencTBueM pa3BUTHS TOKOBOTO KIMHA CyOOYpH SIBISICTCS MOSIBICHUE MOJOXKUTEIBHONH OyXTHI B X-KOMIIOHEHTE
TeOMarHuTHOTO Toyisi Ha cpemamx mmporax (McPherron et al., 1973). B passutue 3TOH Waew HEJABHO ObLT
npemtoxkxed MPB (Midlatitude Positive Bay) urmexc (Chu et al. [2015], McPherron and Chu [2016, 2018]). Ha
JTAaHHBI MOMEHT METOJMKA €TI0 BBIYHMCICHHS NMPOAODKaeT nundonarscs. CymecTBYIOT [1Ba CIIETKa OTINYAOIINXCS
cnucka MPB unzaekca 3a nepuon npumepHo ¢ 1982 roxa. MIx MOXXHO HalTH B JOMOJHHUTENBHON MH(pOpPMaUu K
unrepuet-Bepcun cratbu McPherron and Chu [2018]. Pasnuums B MeTOAMKaxX pacdeTa OMHCAHbBI, HAPUMED, B
pabore McPherron and Chu [2016]. T'maBroe mis Hac pasnuuue: cmucok McPherron monyden mo panubiM 36
CTaHIHUI C TEOMATHUTHOM IMUPOTOH Amag MeXkIy -50° u 50°, Torma kak cmmcok Chu coctaBnen mo maHHBIM 41
CTaHIMY CEBEPHOT'O M F0XKHOTO moiymmapuii ¢ 20° < [Amag| < 52°.

Msl npoananuzupyeMm cynepcy00ypro, Habmopasuryrocs 20 nexabpst 2015 roma. Ompenenum, MMeEeT JIM OHa
0COOCHHOCTH B Pa3BUTHH, OTIMYAIOLINE €€ OT TUIMYHOH cyO0O0ypH. 3a0HO PacCMOTPHUM, KaKkue BO3MYILEHHS OHA
CO3J1aeT HA CPEJHUX MIUPOTaX.
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Pucynox 1. Moxnyns MMII, By u Bz xomnonentst MMII (B cucreme GSM), CKOpOCTh M JUHAMHYECKOE
nasnenne CB, reomarauthsie unaexkcsl MPB, PC, SYM/H u SML 3a nepuog ¢ 12 UT 19 gexabps mo 24 UT
21 nexadps 2015 roma (cieBa) u ¢ 12:00 mo 23:00 UT 20 nexabps (crpasa).

Onucanue coObITUSA

ITocmotpum Ha Puc. 1, roe nokazano nosenenne MMII, HexoTopsie nmapaMeTpsl CB U reomMarHUTHBIE MHIIEKCHI 3a
untepsai ¢ 12 UT 19 nexabps no xonmna 21 nexadps 2015 rona (ciesa). Jleranpreit mokaszan nepuoj ¢ 12 mo 23 UT
20 nexabps (cripaBa). MBI BUAMM NMPOXOKIEHHE MUMO 3€MJIM MarHUTHOTO 00JaKa, mepel KOTOPBIM pacIojaraeTcs
nepexonHas obnacts (Sheath). CB siBnsieTcs OTHOCHTENIBHO MEJICHHBIM, €0 CKOPOCTh MAKCUMANbHA B IEPEXOIHOM
obmnactu n He npeBbimaer 505 km/C. B aToM coObiTiH HaOIrOIaeTCsl OYEHB BBICOKAS IDIOTHOCTH COJIHEYHOT'O BETpa
(mo ~50 wactu B cM® B mepexonHoOl 06mactu U 10 ~70 gacTui B cM® B Havane MC), 3a C4ET 4ero HMEEM BBICOKOE
nuHamudeckoe nasienne CB. B marHutHOM oOnake HaOiromaeTcsi yCTOHUMBO oTpuuarenbHas Bz xommoneHTa
MarHuTHoro mnois (omyckaercst 1o -19 uTun). 3a cuer Beicokoit mumotHocTH CB 1 oTpunarensHOl Bz-KoMIIOHEHTHI
MMII HaGimonaeTcst OONBIION MPUTOK SHEPTUH B MarHuTocdepy. B pesynbrare Ha 3emiie paspirpajiach MarHUTHas
Oyps (Dst wmupmexc mocruran -155 uTa, SYM/H omyckancs o -170 uTi, 4TOo COOTBETCTBYET HHTEHCUBHOM
MarHuTHOM Oype cornacHo, Hampumep, Hajra et al. [2016]). Bo Bpemst MarHuTHO# Oypr HAOIIOAATOCH HECKOIBKO
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cy060ypb. Bo Bpemst omnoit u3 Hux, B 16:13 UT, SML-unnekc omycrmics no ~-2100 uTn, B atoT MomenT AE-
uHAekc Obul paBeH 1946 HTn. OTO COOBITHE YYTH-UyTh HE NOTATHBACT NIO CYNMEPCYOOYPH COTIIACHO «MSTKOMY»
kputeputo [Jocnupax u op. [2021] (SML < -2200 uTim) u momamaet MOYTH TOYHO HA TPAHHUILY MEKIY CHIBHBIMH
cyo0ypsimu u SSS cormacHo Zong et al. [2021] (AE = 2000 nT). He Gyem 3/1ech 3aHUMATBCS «KPIOYKOTBOPCTBOM)
W OTHECeM 3TO coObITHe K cymnepcy0Oype. Bo Bpems marHuTHOH Oypu HaOIIOHAIOCH HECKOJBKO BCIICCKOB
cpenuenmporHoro MPB-unnekca. Bo Bpems cymepcy00ypu, B 16:23 UT, sTOT MHIEKC, SBISIONIMIACA CpeaHEH
CYMMOH KBaJIpaTOB BapHallMii FOPU30HTAJIbHBIX KOMIIOHGHT MarHHTHOI'O IIOJS Ha CTAHIMAX B HOYHOM CEKTOpe,
nocruran ~ 4000 uTn? 3nech Mbl ucnonb3oBamu crucok Chu (McPherron and Chu [2018]). Makcumym GbL
JIOCTHTHYT B OCHOBHOM 3a CUET Bapuanuii 5X? (3eneHas quHus Ha mpasoM rpaduke). Habmronaemoe 3nauenue MPB
MHJIEKCA HAMHOTO TIPEBBINIAET MUHUMAIBLHOE TIOpOroBoe 3Hadenue (25 HT?%), UCrosb3yeMOoe MpH 0TOOpE COOBITHIA
OpH aHaNu3e CBA3M MHICKca ¢ cyOOypeBoit akTuBHOCThIO (MCPherron and Chu [2016, 2018]). OtMetuM, 4TO BO
BpEMsI IPOXOYKIEHHS. MAaTHUTHOTO obJiaka ObLIM U Apyrue Beriecku MPB unziekca, Bruiots 10 6600 HTn?; npsamoit
cBsi3u Mexxay BeinunHod MPB mHzaekca n amrummTyznoii Bapuanun SML uHaekca 3aech He HabroaeTcst.

a) 0)

PucyHnok 2. Maraurorpammsl ctaniuii cetd SUPerMAG ¢ 10:00 mo 20:00 UT 20 nexabps 2015 ropa. a) Ha
TEOMarHUTHBIX MHpoTax ~65 - 70° (reOMarHUTHBIE MUPOTA U TOJTOTA YKa3aHbl HA rpadukax) Uil CTaHIUN
Andenes (AND), Jlosozepo (LOZ), Amaepma (AMD), Jukcon (DIK), Tukcu (TIK), Barrow (BRW) u
Norman Wells (C07) [auama3on m3menenuii mo ocu Y ot -2200 mo +2200 uTi]; 6) Ha reoMarHUTHBIX
mupoTax ~56 - 60° s cranmmii Lerwik (LER), Dombas (DOB), Solund (SOL), Uppsala (UPS), Nurmijarvi
(NUR) u Kiumogckas (KLI) [munanason mo ocu Y ot -1000 mo +1000 uTin]; B) Ha cranimu Mocksa (MOS)
[mnamazon mo ocu Y ot -200 go +400 uTi].
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