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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 



Problems of the outer radiation belt formation and topological features of high latitude magnetosphere 

 

8 

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 
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minimal Dst in accordance with Tverskoy [1997] predictions. The thin lines show a plasma distribution for the 

storms of |Dst|max = 50, 100, 150, 200 and 300 nT. It is possible to see that the values of pressure maxima in Figure 

2a in spite of a number of DM technique errors practically corresponds to theory predictions. The position of 

maximum taking into account the accuracy of DM reconstruction was near the predicted. 

 

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. 

 

References 
Antonova E.E. (2006). Stability of the magnetospheric plasma pressure distribution and magnetospheric storms. 

Adv. Space Res., 38, 1626–1630. doi:10.1016/j.asr.2005.05.005 

Antonova E.E., Stepanova M.V. (2021). The impact of turbulence on physics of the geomagnetic tail. Front. Astron. 

Space Sci., 8:622570. doi:10.3389/fspas.2021.622570 

Antonova E.E., Kirpichev I.P., Stepanova M.V., Orlova K.G., Ovchinnikov I.L. (2009). Topology of the high 

latitude magnetosphere during large magnetic storms and the main mechanisms of relativistic electron 

acceleration. Adv. Space Res., 43, 628–633. doi:10.1016/j.asr.2008.09.011 



Problems of the outer radiation belt formation and topological features of high latitude magnetosphere 

 

10 

Antonova E.E., Stepanova M.V. (2015). The problem of the acceleration of electrons of the outer radiation belt and 

magnetospheric substorms. Earth, Planets, and Space, 67, 148. doi:10.1186/s40623-015-0319-7 

Antonova E.E., Vorobjev V.G., Kirpichev I.P., Yagodkina O.I., Stepanova M.V. (2015). Problems with mapping the 

auroral oval and magnetospheric substorms. Earth, Planets, and Space, 67, 166. doi:10.1186/s40623-015-0336-6 

Antonova E.E., Vorobjev V.G., Riazantseva M.O., Kirpichev I.P., Yagodkina O.I., Ovchinnikov I.L., Vovchenko 

V.V., Pulinets M.S., Znatkova S.S., Demianov A.I., Sotnikov N.A., Stepanova M.V., Moya P.S., Pinto V.A. 

(2017). Auroral oval and outer electron radiation belt. Physics of Auroral Phenomena, 40(1), 6-11. 

Antonova E.E., Stepanova M., Kirpichev I.P., Ovchinnikov I.L., Vorobjev V.G., Yagodkina O.I., et al. (2018a). 

Structure of magnetospheric current systems and mapping of high latitude magnetospheric regions to the 

ionosphere. J. Atmosp. Solar-Terr. Phys., 177, 103–114. doi:10.1016/j.jastp.2017.10.013 

Antonova E.E., Stepanova M.V., Moya P.S., Pinto V.A., Vovchenko V.V., Ovchinnikov I.L., Sotnikov N.V. 

(2018b). Processes in auroral oval and outer electron radiation belt. Earth, Plan. Space, 70:127. 

doi:10.1186/s40623-018-0898-1 

Baker D., Elkington S., Li X., Wiltberger M. (2013). Particle acceleration in the inner magnetosphere. American 

Geophysical Union, pp. 73–85. doi:10.1029/155GM09 

Baker D.N., Erickson P.J., Fennell J.F., Foster J.C., Jaynes A.N., Verronen P.T. (2018). Space weather effects in the 

earth’s radiation belts. Space Sci. Rev., 214 (1), 17. doi10.1007/s11214-017-0452-7 

Boyd A.J., Turner D.L., Reeves G.D., Spence H.E., Baker D.N., Blake J.B. (2018). What causes radiation belt 

enhancements: A survey of the van allen probes era. Geophys. Res. Lett., 45 (11), 5253–5259. 

doi:10.1029/2018GL077699 

Foster J.C., Erickson P.J., Omura Y., Baker D.N., Kletzing C.A., Claudepierre S.G., (2017). Van allen probes 

observations of prompt MeV radiation belt electron acceleration in nonlinear interactions with VLF chorus. J. 

Geophys. Res. Space Phys., 122 (1), 324–339. doi:10.1002/2016JA023429 

Kirpichev I.P., Yagodkina O.I., Vorobjev V.G., Antonova E.E. (2016). Position of projections of the nightside 

auroral oval equatorward and poleward edges in the magnetosphere equatorial plane. Geomagnetism and 

Aeronomy, 56, 407–414. doi:10.1134/S001679321604006X 

Kirpichev I.P., Antonova E.E. (2018). Plasma pressure profiles in the dark sector of the Earth’s magnetosphere 

during the magnetic storm of May 29, 2010. Geomagnetism and Aeronomy, 58(6), 710-717. 

doi:10.1134/S0016793218060075 

Moya P.S., Pinto V.A., Sibeck D.G., Kanekal S.G., Baker D.N. (2017). On the effect of geomagnetic storms on 

relativistic electrons in the outer radiation belt: Van allen probes observations. J. Geophys. Res. Space Phys., 

122(11), 11,100–11,108. doi:10.1002/2017JA024735 

Riazantseva M.O., Antonova E.E., Stepanova M.V., Marjin B.V., Rubinshtein I.A., Barinova V.O., Sotnikov N.V. 

(2018). Relative positions of the polar boundary of the outer electron radiation belt and the equatorial boundary of 

the auroral oval. Ann. Geophys., 36, 1131–1140. doi:0.5194/angeo-36-1131-2018 

Ripoll J.-F., Claudepierre S.G., Ukhorskiy A.Y., Colpitts C., Li X., Fennell J., Crabtree C. (2020). Particle dynamics 

in the Earth's radiation belts: Review of current research and open questions. J. Geophys. Res. Space Phys., 125, 

e2019JA026735. doi:10.1029/2019JA026735 

Shiokawa K., Nosé M., Imajo S., Tanaka Y.-M., Miyoshi Y., Hosokawa K., et al. (2020). Arase observation of the 

source region of auroral arcs and diffuse auroras in the inner magnetosphere. J. Geophys. Res. Space Phys., 125, 

e2019JA027310. doi:10.1029/2019JA027310 

Sitnov M.I., Stephens G.K., Tsyganenko N.A., Korth H., Roelof E.C., Brandt P.C., et al. (2020). Reconstruction of 

extreme geomagnetic storms: Breaking the data paucity curse. Space Weather, 18, e2020SW002561. 

doi10.1029/2020SW002561 

Sotnikov N.V., Antonova E.E., Ryazantseva M.O., Barinova V.O., Rubinshtein I.A., Mit’ S.K. (2019a). Position of 

the energetic electron trapping boundary relative to auroral oval boundaries during the magnetic storm on 

December 19–22, 2015, based on data from the Meteor-M2 Satellite. Geomagnetism and Aeronomy, 59(2), 136–

146. doi:10.1134/S0016793219020142 

Sotnikov N.V., Antonova E.E., Ryazantseva M.O., Ovchinnikov I.L., Rubinstein I.A., Barinova V.O., Mit’ S.K. 

(2019b). Spectra and pitch-angular distributions of relativistic electrons near the outer radiation belt during the 

magnetic storm of December 19–22, 2015. Geomagnetism and Aeronomy, 59(6), 651–659. 

doi:10.1134/S0016793219060124 

Sotnikov N.V., Antonova E.E., Ovchinnikov I.L., Vorobjev V.G., Yagodkina O.I., Pulinets M.S. (2021). Formation 

of the outer radiation belt during geomagnetic storms and the adiabatic mechanism of the rise and fall of 

relativistic electron fluxes. Bulletin of the Russian Academy of Sciences: Physics, 85(3), 309–313. 

doi:10.3103/S1062873821030278 

Stepanova M., Antonova E.E., Bosqued J.M. (2008). Radial distribution of the inner magnetosphere plasma pressure 

using low-altitude satellite data during geomagnetic storm: The March 1–8, 1982 event. Adv. Space Res., 41, 

1658–1665. doi:10.1016/j.asr.2007.06.002 

https://www.elibrary.ru/contents.asp?id=34552985
http://dx.doi.org/10.1002/2016JA023429
https://doi.org/10.5194/angeo-36-1131-2018


E.E. Antonova et al. 

 

11 

Stepanova M., Antonova E.E., Moya P.S., Pinto V.A., Valdivia J.A. (2019). Multisatellite analysis of plasma 

pressure in the inner magnetosphere during the 1 June 2013 geomagnetic storm. J. Geophys. Res. Space Phys., 

124, 1187-1202. doi:10.1029/2018JA025965 

Stepanova M., Pinto V.A., Antonova E.E. (2021). Adiabatic and non-adiabatic evolution of relativistic electrons in 

the heart of the outer radiation belt during the 1 June 2013 geomagnetic storm, Journal of Atmospheric and Solar–

Terrestrial Physics, 212. doi:0.1016/j.jastp.2020.105479 

Tverskaya L.V., Ivanova T.A., Pavlov N.N., Reizman S.Ya., Rubinstein I.A., Sosnovets E.N., Vedenkin N.N. 

(2005). Storm-time formation of a relativistic electron belt and some relevant phenomena in other magnetospheric 

plasma domains. Adv. Space Res., 36, 2392–2400. doi:10.1016/j.asr.2003.09.071 

Tverskaya L.V. (2011). Diagnostics of the magnetosphere based on the outer belt relativistic electrons and 

penetration of solar protons: A review. Geomagnetism and Aeronomy, 51, 6–22. doi10.1134/S0016793211010142 

Tverskoy B.A. (1997). Formation mechanism for the structure of the magnetic storm ring current. Geomagnetism 

and Aeronomy (In Russian), 37, 555–559. 

Zhao H., Baker D.N., Li X., Jaynes A.N., Kanekal S.G. (2019). The effects of geomagnetic storms and solar wind 

conditions on the ultrarelativistic electron flux enhancements. J. Geophys. Res. Space Phys., 124 (3), 1948–1965. 

doi:10.1029/2018JA026257 

 

 




