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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. 

  

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 ( 4

max

4

max /1075.2 LDst  ). 

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 (p=[jB], 

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 2c show the 

radial profile of pressure distribution adapted form [Tverskaya et al., 2005] calculated for different values of 



E.E. Antonova et al. 

 

9 

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. 

 

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 (BT), the IMF Y- and Z- components (BY, 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]. 

 
Figure 1. Variations of the solar wind and IMF parameters (BT, BY, BZ, V, Pdyn) 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. 
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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. 

 

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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a) 

 

 

 

 

b) 

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 

(|X| ~ 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 

Pi1B 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 Pi1B 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)". 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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, Pi1B 

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 Pi1B 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 RE, 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 (DF1 =19:18; DF2 =19:37; DF3 =19:45, DF4 =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, DF1 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 Pi1B pulsations (the period τ = 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 Pi1B 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. 

 
a) 

 
b) 

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 Pi1B pulsations – by red vertical lines (b). 
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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 (DF1) and 

there were some weak disturbances in the ground-based magnetograms (Figure 4a). Note, that the first peak in Pi1B 

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 Pi1B pulsations in LOZ. At ~ 

19:37 UT (the maximum of second peak of Pi1B pulsations) an N-S arc occurred, then this arc moves equatorward 

and reaches E-W aligned arcs. 

 
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 DF2 marked also 

the onset of expansion phase. It is seen that near DF2 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. 

 
a) 

 
 

b) 

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. 

 

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. 

 

Asknowlegments 
Ground-based magnetometers data were taken from IMAGE network: https://space.fmi.fi/image/. We are grateful to 

staff of Lovozero observatory of Polar Geophysical Institute for data of ground-based observations. THEMIS 

satellites data were taken from NASA CDAWeb https://cdaweb.sci.gsfc.nasa.gov/cgi-bin/eval1.cgi. We are grateful 

the heads of the experiments conducted with these instruments. The work was carried out within the framework of 

the State assignment for Polar Geophysical Institute (PGI). 

 

References 
1. Despirak I.V., Kozelova T.V., Kozelov B.V., Lubchich A.A. (2020). Westward propagation of substorm by 

THEMIS and ground-based observations, JASTP, 206, № 105325. doi:10.1016/j.jastp.2020.105325 

2. Koskinen H.E.J., Lopez R.E., Pellinen R.J., Pulkkinen T.I., Baker D.N., Bösinger T. (1993). Pseudobreakup and 

substorm growth-phase in the ionosphere and magnetosphere, J. Geophys. Res., 98, 5801–5813. 

3. Kornilov I.A., Kornilova T.A., Golovchanskaya I.V. (2015). On the physical nature of auroral breakup 

precursors as observed in an event on 5 March 2008, Geomagn. Aeron., 55(2), 210–218. 

doi:10.1134/S0016793215020103 

4. Kozelov B.V., Pilgaev S.V., Borovkov L.P., Yurov V.E. (2012). Multi-scale auroral observations in Apatity: 

winter 2010-2011, Geosci. Instrum. Method. Data Syst., 1, 1-6, doi:10.5194/ gi-1-1-2012 

5. Kozelova T.V., Kozelov B.V. (2013). Substorm-associated explosive magnetic field stretching near the 

earthward edge of the plasma sheet, J. Geophys. Res.: Space Physics, 118(6), 3323–3335. 

doi:10.1002/jgra.50344 

6. Olson J.V. (1999). Pi2 pulsations and substorm onsets: A review, J. Geophys. Res., 104(8), 17499-17520. 

7. Harang L. (1946). The mean field of disturbance of polar geomagnetic storms, J. Geophys. Res., 51(3), 353. 

doi:10.1029/te051i003p00353 

8. Zou S., Lyons L.R., Nicolls M.J., Heinselman C.J., Mende S.B. (2009). Nightside ionospheric electrodynamics 

associated with substorms: PFISR and THEMIS ASI observations, J. Geophys. Res., 114, A12301. 

https://doi.org/10.1029/2009JA014259 

9. Nishimura Y., Lyons L., Zou S., Angelopoulos V., Mende S. (2010). Substorm triggering by new plasma 

intrusion: THEMIS all-sky imager observations, J. Geophys. Res., 115, A07222. doi:10.1029/2009JA015166 



“Physics of Auroral Phenomena”, Proc. XLIV Annual Seminar, Apatity, pp. 20-23, 2021 

 Polar Geophysical Institute, 2021 

 

20 

Polar  
Geophysical  
Institute 

DOI: 10.51981/2588-0039.2021.44.004 

GICS IN THE MAIN TRANSMISSION LINE “NORTHERN TRANSIT”  

IN RUSSIA AND IN THE MÄNTSÄLÄ FINLAND PIPELINE:  

A CASE STUDY 
 

I.V. Despirak1, P.V. Setsko1, Ya.A. Sakharov1, V.N. Selivanov2 

 
1Polar Geophysical Institute, Apatity, Russia; e-mail: despirak@gmail.com 
2Northern Energetic Research Center, Kola Scientific Centre RAS, Apatity, Russia 

 
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 Mäntsälä 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 Mäntsälä, 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 Mäntsälä, Finland 

gas pipeline. Using these systems, we could trace the GIC appearance from st. Mäntsälä, 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. Mäntsälä 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 Mäntsälä, located in the subauroral zone (57.9°N geomagnetic). 

Fig. 1 shows location of the points of registration of the GIС and the location of magnetometers. 

 

Figure 1. The layout of the measuring devices: red circles - the registration of the GIС, 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 Mäntsälä 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. Mäntsälä 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. Mäntsälä (~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. Mäntsälä 

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. Mäntsälä 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 Mäntsälä (~12 A) stations. 

 

 

Figure 2. First event on March 15, 2012: GIC registration on Mäntsälä 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 Mäntsälä (~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 WP- 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 Mäntsälä 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 Mäntsälä 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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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○ 21.12 UT 

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. 

Auroral activity and TEC fluctuations 

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 TRO1 stations on 9, 17 and 22 

March 2015 (a) and VAAS, MAR6 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 (P3D) was defined as the offset of the detrended coordinate from its median value (x0, y0, z0) and it was 

calculated for each epoch [Jacobsen and Dähnn, 2014]: 

          20

2

0

2

03 zizyiyxixiP D   

The high correlation between the positioning errors and the ROTI for year 2012 at the latitudes 59°-79°N was 

found by Jacobsen and Dähnn [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. 

 

 
Figure 3. Diurnal distribution the PPP errors over March 2015 for TRO1 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. 

 
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/omni/) 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 BJN) (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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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. 

 

 
 

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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Аннотация 
В работе представлены результаты развития метода классификации образов причинно-следственной связи 

суббуревой активности по индексу AL с параметрами солнечного ветра и межпланетного магнитного поля 

для солнечных потоков типа магнитное облако (МО). Классификация выполнялась искусственными 

нейросетями типа слоя Кохонена. Успешность выявления конкретных причинно-следственных классов, 

содержащих совместные параметры причин суббуревой активности и ее развития, указывает на нелинейные 

характеристики связи динамики AL индекса с параметрами в теле МО. Важным является то обстоятельство, 

что результаты нейросетевой классификации вполне согласуются с физическими представлениями о 

процессах развития суббурь. 

 

Введение и развитие метода причинно-следственной классификации 
Магнитные облака (МО) солнечного ветра согласно современным представлениям вызывают наиболее 

интенсивные геомагнитные бури. Этим объясняется интерес к изучению магнитных облаков различными 

научными группами [1]. В зависимости от скорости облака относительно солнечного ветра на переднем 

фронте его тела может образовываться ударная волна, за которой следует турбулентная область, часто 

называемая оболочкой облака. Исследования показывают, что для большинства магнитных облаков начало 

соответствующих им геомагнитных возмущений приходится на ударную волну и оболочку [2-3]. 

Упомянутые исследования касаются изучения конкретных событий воздействия магнитных облаков на 

геомагнитные явления. Установлено, что магнитосферные суббури несут в себе информацию о динамике 

параметров плазмы солнечного ветра и межпланетного магнитного поля. При этом наиболее эффективной 

для генерации суббурь считается Bz компонента межпланетного магнитного поля (ММП). При этом 

источником энергии суббурь являются скорость (V, км/с) и плотность плазмы (N, см–3) солнечного ветра. 

Наш подход к изучаемой проблеме заключается в подтверждении отмеченных ранее физических 

закономерностей нейросетевыми методами причинно-следственной классификации связи суббуревой 

активности с параметрами магнитных облаков. Принимая во внимание скорость и плотность плазмы 

солнечного ветра нам удалось выполнить успешный нейросетевой прогноз динамики AL-индекса магнитной 

активности в периоды изолированных суббурь [4]. Предлагаемый математический процесс имеет 

физическое обоснование, которое означает, что при формировании суббури происходит переход 

накопленной кинетической энергии солнечного ветра в ее энергию при участии возмущения Bz компоненты 

ММП. Наиболее эффективный прогноз вариаций AL индекса был реализован, если в качестве входных 

последовательностей для искусственной нейронной сети (ИНС) использовался интегральный параметр 

Σ[NV2], учитывающий предысторию процесса накачки кинетической энергии солнечного ветра в 

магнитосферу, а также вариацию Bz компоненты ММП [4]. Новые возможности поиска причинно-

следственных связей динамики параметров магнитосферы и межпланетной среды использованы в работе 

[5], где нейросетевая технология применена для классификации создаваемых образов причинно-

следственной связи суббуревой активности с воздействием крупномасштабных солнечных потоков типа 

магнитное облако на земную магнитосферу. Полученные при этом классификационные результаты 

демонстрируют отождествление выделенных классов суббурь с возмущениями параметров солнечного 

ветра и межпланетного магнитного поля, отвечающих телам магнитных облаков. 

Классификация причинно-следственной связи суббуревой активности с магнитными облаками солнечного 

ветра выполнялась искусственными нейросетями типа слоя Кохонена. Изучаемые образы представляли 

собой соответствующие минутные данные, отвечающие интервалам наблюдений МО во время их 

воздействия на земную магнитосферу. Эти события в [5] подвергались раздельной классификации по 

параметрам причин (параметры, относящиеся к МО) и последствий (параметры, относящиеся к 

геомагнитному отклику магнитосферы). Полученные классы сопоставлялись специальным алгоритмом. В 
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случае совпадения класса комбинаций причинных параметров с классом суббуревого следствия, класс 

объявлялся установленным. Всего было обнаружено 3 класса суббуревой активности. Таким образом, 

показано, что исследуемые конфигурации динамики AL-индекса содержат в себе информацию о 

характеристиках крупномасштабного плазменного потока типа магнитное облако, в которое погружается 

земная магнитосфера. 

В настоящем исследовании развивается упомянутый выше метод [5] классификации образов причинно-

следственной связи суббуревой активности по индексу AL с параметрами солнечного ветра и 

межпланетного магнитного поля для солнечных потоков типа магнитное облако. Для этого выполняется уже 

совместная причинно-следственная нейросетевая классификация параметров солнечного ветра и ММП в 

теле МО с вызываемой им суббуревой активностью. При этом ставилось целью установить степень 

согласованности получаемых классов с классами, установленными в [5]. Изучаемые образы представляли 

собой соответствующие минутные данные, отвечающие интервалам наблюдений 23 МО, 

зарегистрированных в 1998-2012 гг. в интервалы их воздействия на земную магнитосферу. Эти события 

подвергались раздельной классификации по параметрам причин (параметры, относящиеся к МО) и 

последствий (параметры, относящиеся к геомагнитному отклику магнитосферы). Полученные классы 

сопоставлялись специальным алгоритмом. В случае совпадения класса комбинаций причинных параметров 

с классом суббуревого следствия, класс объявлялся установленным. 

 

Алгоритмы нейросетевой классификации 
Проверка справедливости полученной в [5] классификации образов включающих в себя параметры 

солнечного ветра и ММП для тел МО, а также геомагнитного отклика в виде вызываемой ими суббуревой 

активности, выполняется совместной причинно-следственной нейросетевой классификации. При этом 

устанавливается степень согласованности получаемых классов с классами, определенными нами ранее в [5] 

для интервалов воздействия на земную магнитосферу 33 магнитных облаков. Таким образом в работе 

использованы те же минутные данные взятые с узла http://cdaweb.gsfc.nasa.gov и отвечающие интервалам 

наблюдений этих межпланетных магнитных облаков, зарегистрированных в 1998-2012 гг. Для каждого 

интервала МО анализировались параметры солнечного ветра: концентрация N и скорость плазмы V и 

компоненты вектора B(Bx, By, Bz) межпланетного магнитного поля в GSM системе координат, а так же 

значения SYM/H и AL индексов магнитной активности. Интервалы взяты с разной продолжительностью, 

определяемой параметрами магнитных облаков. Начало и конец каждого события МО определялись по 

общедоступным каталогам. Экстремумы и интегральные значения физических переменных вычислялись за 

весь анализируемый интервал, индивидуальный для каждого МО. 

Совместная классификация предполагает подтверждение полученных ранее в [5] результатов, но не путем 

сопоставления результатов работы двух независимых ИНС, а на единой нейросети типа слоя Кохонена. Для 

этой цели предложен алгоритм поиска комбинации параметров для наилучшей согласованности 

установленных ранее классов и классов полученных совместной классификацией. Суть алгоритма 

заключается в количественном анализе нейросетевых результатов классификации одного и того же набора 

событий. Алгоритм подсчитывает процентное соотношение «попаданий» одного и того же набора событий в 

один класс. Если в ранее установленный старый класс попали все события, полученные в результате новой 

совместной классификации, то такая ситуация соответствует 100% и наилучшей комбинации параметров 

для согласованности установленных ранее классов и классов, полученных совместной классификацией. 

На практике оказалось, что подобрать входные комбинации параметров и получить при этом высокий 

процент согласованности – сложная задача. Кроме того, в трех ранее полученных классах содержится разное 

количество событий. Так, в первом классе – 4 события (условный вес каждого события 1/4), во втором – 13 

событий (1/13), в третьем – 6 событий (1/6). После перебора всех возможных комбинаций параметров и при 

учете перемешивания событий в новой классификации удалось получить такие максимально возможные 

проценты согласованности: для первого класса 1/4*4 (все события из старого класса) минус 1/13*3 

(добавились три события из старого второго класса) итого 0,77 (77%); для второго класса 1/13*8 (все 

события из старого класса) итого 0,62 (62%); для третьего класса 1/6*6 (все события из старого класса) 

минус 1/13*2 (добавились два события из старого второго класса) итого 0,85 (85%). 

В результате работы этого алгоритма было показано, что наиболее успешная совместная классификация 

возможна при включении в расчет следующих параметров: экстремум Bz, экстремум NV2, интегральный 

NV2, интегральный SYM/H, экстремум AL, интегральный AL. Учет этих параметров позволил достичь 

наибольшей согласованности c результатами [5] для трех ранее установленных классов. Класс 1 проявляется 

в динамике индекса AL в виде уединенных слабых суббурь с медленно изменяющейся Bz-компонентой в 

теле МО с точностью 77%. Класс 2 – умеренные проявления суббуревой активности в динамике индекса AL 

в виде уединенных или серий суббурь, вызываемых интенсивными изменениями Bz в теле МО с точностью 

62%. Класс 3 – экстремальные проявления суббуревой активности в виде серий суббурь с экстремальными 

значениями индекса AL, отождествляемые со значительным ростом интегральной величины NV2 в теле МО 

с точностью 85%. Каждый выделенный класс представляет собой причинно-следственную связь типов 
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суббурь с конкретным типом возмущений параметров солнечного ветра и ММП в теле магнитного облака. 

Результаты нейросетевой классификации вполне согласуются с физическими представлениями о процессах 

развития суббурь. Они представлены на рис. 1 в виде диаграммы типа «радар», где каждый угол 

отсчитывается от центра на расстояние, соответствующее уровню параметров. Отсчет параметров 

начинается справа и далее по кругу против часовой стрелки. 

 

 
 

Рисунок 1. Результаты совместной классификации событий, ассоциированных с телами МО. 

Одинаковым цветом в каждой группе (синий – класс 1, зеленый – класс 2, красный – класс 3) 

показаны согласованные с предыдущим результатом в [5] случаи. Числами указаны номера событий 

МО из таблицы 1. Порядок построения данных: экстремум Bz, экстремум NV2, интегральный NV2, 

интегральный SYM/H, экстремум AL, интегральный AL. 

 

Заключение и выводы 
Численные эксперименты показали, что наиболее успешная совместная классификация возможна при 

включении в расчет следующих параметров: экстремум Bz, экстремум NV2, интегральный NV2, экстремум 

AL, интегральный AL. В число используемых параметров для новой классификации был включен индекс 

глобальной геомагнитной активности вычисляемой на основе SYM/H. Учет этого параметра позволил 

достичь наибольшей согласованности c результатами по определению трех ранее установленных классов. 

Класс 1 проявляется в динамике индекса AL в виде уединенных слабых суббурь с медленно изменяющейся 

Bz-компонентой в теле МО с точностью 77%; класс 2 – умеренные проявления суббуревой активности в 

динамике индекса AL в виде уединенных или серий суббурь, вызываемых интенсивными изменениями Bz в 

теле МО с точностью 62%; класс 3 – экстремальные проявления суббуревой активности в виде серий 

суббурь с экстремальными значениями индекса AL, отождествляемые со значительным ростом 

интегральной величины NV2 в теле МО с точностью 85%. Каждый выделенный нами класс представляет 
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собой причинно-следственную связь типов суббурь с конкретным типом возмущений параметров 

солнечного ветра и ММП в теле магнитного облака. 

Успешность выявления конкретных причинно-следственных классов содержащих совместные параметры 

причин суббуревой активности и ее развития указывает на нелинейные характеристики связи динамики AL 

индекса с параметрами МО. Важным является то обстоятельство, что результаты нейросетевой 

классификации вполне согласуются с физическими представлениями о процессах развития суббурь. 
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Абстракт. Анализируется суперсуббуря (очень интенсивная суббуря с SML индексом ~2100 нТл), 

наблюдавшаяся 20 декабря 2015 года (с началом в 16:13 UT) во время интенсивной магнитной бури, 

вызванной воздействием на магнитосферу магнитного облака с устойчивым южным направлением ММП. 

Показано, что ионосферные токи, соответствующие этой суперсуббуре, развивались в глобальном масштабе 

– от поздне-утреннего до вечернего секторов. Во время ее развития наблюдался очень интенсивный 

западный электроджет с максимумом в утреннем секторе (~06 MLT). В вечернем секторе (~18 MLT) 

наблюдался восточный электроджет. Во время взрывной фазы суббури в вечернем секторе наблюдались 

вариации магнитного поля, соответствующие появлению дополнительного токового клина обратного 

направления. Развитие суббури сопровождалось появлением большой положительной вариации Х-

компоненты магнитного поля на геомагнитных широтах от ~60° до ~50°, что могло привести к 

наблюдаемому импульсу MPB-индекса (Midlatitude Positive Bay index). 

 

Введение 
Схема развития суббури впервые была разработана более полувека назад (Акасофу, 1971; Старков и 

Фельдштейн, 1971; Исаев и Пудовкин, 1972). За прошедшие годы многократно проводилась классификация 

суббурь по различным характерным признакам, выделялись их отдельные типы, разрабатывались 

физические модели суббурь, в общем, происходило накопление и анализ новых фактов. Этим вопросам 

посвящен огромный пласт литературы. Не будем его здесь вскрывать, а сразу перейдем к интересующему 

нас вопросу. Относительно недавно в отдельный класс были выделены суперсуббури (Tsurutani et al., 2015). 

Суперсуббурями (SSS) были названы интенсивные суббури, во время которых SML индекс опускался ниже 

-2500 нТл. Напомним, что изначально для оценки геомагнитной активности был предложен AL-индекс, 

рассчитываемый по геомагнитным станциям, расположенным в авроральной зоне. Однако, в очень 

возмущенные периоды, например, во время магнитных бурь, геомагнитная активность может сильно 

смещаться по широте, отдаляясь от «традиционных» авроральных станций. Чтобы, в частности, лучше 

учесть такие смещения был предложен SML индекс, рассчитываемый по большему числу станций 

SuperMAG, включая станции, расположенные экваториальнее и полярнее авроральных широт (Newell and 

Gjerloev, 2011; Gjerloev, 2012). Отметим, что выбранный критерий суперсуббурь SML < -2500 нТл не имеет 

четких физических обоснований, то есть, является, в некотором смысле, произвольным. Иногда 

суперсуббурями называют и чуть менее интенсивные события. Например, Дэспирак и др. [2021] 

использовали более мягкий критерий SML < -2200 нТл. Zong et al. [2021] суббури с 1000 < AE < 2000 nT 

называли сильными, а для SSS – AE > 2000 nT. Установлено, что SSS обычно наблюдаются во время 

прохождения магнитных облаков (MC) солнечного ветра (СВ) или предшествующей им переходной области 

(Sheath), при высоких плотностях солнечного ветра (СВ) и больших отрицательных значениях BZ-

компоненты межпланетного магнитного поля (ММП) (Hajra et al., 2016). До сих пор ученые спорят, 

являются ли SSS просто очень интенсивными суббурями или они обладают специфическими 

особенностями, отличающими их от обычных суббурь, или даже представляют собой вообще особый класс 

явлений. 

Еще на заре исследования суббурь предполагали, что с ними связаны свои ионосферные токовые системы 

(например, Пудовкин и др. [1977]). Токовую систему суббури DP1 разделяли на две части - DP11 и DP12. 

Система DP12 является относительно стабильной, существующей на всех фазах суббури, системой. С ней 

связаны западный (в утреннем секторе) и восточный (в вечернем секторе) электроджеты. Ее можно назвать 

реальной токовой системой, так как с ней связаны реальные ионосферные токи, например, токи растекания, 

текущие в ионосфере средних широт и полярной шапки. Токовая система DP11, в свою очередь, связана с 

взрывной фазой суббри и обычно приводит к усилению западного электроджета в ночном секторе. Ее 

считают эквивалентной токовой системой, так как она обычно не связана с реальными токами, а является 

двумерным отражением трехмерной магнитосферно-ионосферной токовой системой. Такую трехмерную 

систему часто называют токовым клином суббури (SCW) (McPherron et al., 1973). Zong et al. [2021], Fu et al. 
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[2021] пришли к выводу, что во время суперсуббурь, в отличии от обычных суббурь, в вечернем секторе 

образуется дополнительный токовый клин обратного направления (втекающий ток расположен западнее 

вытекающего), приводящий к усилению восточного электроджета. 

Следствием развития токового клина суббури является появление положительной бухты в Х-компоненте 

геомагнитного поля на средних широтах (McPherron et al., 1973). В развитие этой идеи недавно был 

предложен МРВ (Midlatitude Positive Bay) индекс (Chu et al. [2015], McPherron and Chu [2016, 2018]). На 

данный момент методика его вычисления продолжает шлифоваться. Существуют два слегка отличающихся 

списка MPB индекса за период примерно с 1982 года. Их можно найти в дополнительной информации к 

интернет-версии статьи McPherron and Chu [2018]. Различия в методиках расчета описаны, например, в 

работе McPherron and Chu [2016]. Главное для нас различие: список McPherron получен по данным 36 

станций с геомагнитной широтой mag между -50° и 50°, тогда как список Chu составлен по данным 41 

станции северного и южного полушарий с 20° < |mag| < 52°. 

Мы проанализируем суперсуббурю, наблюдавшуюся 20 декабря 2015 года. Определим, имеет ли она 

особенности в развитии, отличающие ее от типичной суббури. Заодно рассмотрим, какие возмущения она 

создает на средних широтах. 
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Рисунок 1. Модуль ММП, BY и BZ компоненты ММП (в системе GSM), скорость и динамическое 

давление СВ, геомагнитные индексы MPB, PC, SYM/H и SML за период с 12 UT 19 декабря до 24 UT 

21 декабря 2015 года (слева) и с 12:00 до 23:00 UT 20 декабря (справа). 

 

Описание события 
Посмотрим на Рис. 1, где показано поведение ММП, некоторые параметры СВ и геомагнитные индексы за 

интервал с 12 UT 19 декабря до конца 21 декабря 2015 года (слева). Детальней показан период с 12 до 23 UT 

20 декабря (справа). Мы видим прохождение мимо Земли магнитного облака, перед которым располагается 

переходная область (Sheath). СВ является относительно медленным, его скорость максимальна в переходной 

области и не превышает 505 км/c. В этом событии наблюдается очень высокая плотность солнечного ветра 

(до ~50 частиц в см3 в переходной области и до ~70 частиц в см3 в начале МС), за счет чего имеем высокое 

динамическое давление СВ. В магнитном облаке наблюдается устойчиво отрицательная BZ компонента 

магнитного поля (опускается до -19 нТл). За счет высокой плотности СВ и отрицательной BZ-компоненты 

ММП наблюдается большой приток энергии в магнитосферу. В результате на Земле разыгралась магнитная 

буря (Dst индекс достигал -155 нТл, SYM/H опускался до -170 нТл, что соответствует интенсивной 

магнитной буре согласно, например, Hajra et al. [2016]). Во время магнитной бури наблюдалось несколько 
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суббурь. Во время одной из них, в 16:13 UT, SML-индекс опустился до ~-2100 нТл, в этот момент АЕ-

индекс был равен 1946 нТл. Это событие чуть-чуть не дотягивает до суперсуббури согласно «мягкому» 

критерию Дэспирак и др. [2021] (SML < -2200 нТл) и попадает почти точно на границу между сильными 

суббурями и SSS согласно Zong et al. [2021] (AE = 2000 nT). Не будем здесь заниматься «крючкотворством» 

и отнесем это событие к суперсуббуре. Во время магнитной бури наблюдалось несколько всплесков 

среднеширотного MPB-индекса. Во время суперсуббури, в 16:23 UT, этот индекс, являющийся средней 

суммой квадратов вариаций горизонтальных компонент магнитного поля на станциях в ночном секторе, 

достигал ~ 4000 нТл2. Здесь мы использовали список Chu (McPherron and Chu [2018]). Максимум был 

достигнут в основном за счет вариаций X2 (зеленая линия на правом графике). Наблюдаемое значение MPB 

индекса намного превышает минимальное пороговое значение (25 нТл2), используемое при отборе событий 

при анализе связи индекса с суббуревой активностью (McPherron and Chu [2016, 2018]). Отметим, что во 

время прохождения магнитного облака были и другие всплески MPB индекса, вплоть до 6600 нТл2; прямой 

связи между величиной MPB индекса и амплитудой вариации SML индекса здесь не наблюдается. 

а) 

 
 

б) 

 
в) 

 

Рисунок 2. Магнитограммы станций сети SuperMAG с 10:00 до 20:00 UT 20 декабря 2015 года. а) На 

геомагнитных широтах ~65 - 70° (геомагнитные широта и долгота указаны на графиках) для станций 

Andenes (AND), Ловозеро (LOZ), Амдерма (AMD), Диксон (DIK), Тикси (TIK), Barrow (BRW) и 

Norman Wells (C07) [диапазон изменений по оси Y от -2200 до +2200 нТл]; б) На геомагнитных 

широтах ~56 - 60° для станций Lerwik (LER), Dombas (DOB), Solund (SOL), Uppsala (UPS), Nurmijärvi 

(NUR) и Климовская (KLI) [диапазон по оси Y от -1000 до +1000 нТл]; в) На станции Москва (MOS) 

[диапазон по оси Y от -200 до +400 нТл]. 


