


 

Ministry of Science and Higher Education  

of the Russian Federation 

 

Polar Geophysical Institute 

 

 

 

 

 

 

 

PHYSICS OF AURORAL PHENOMENA 

 

Proceedings of the 48th Annual Seminar 

 

 

 

Apatity 

 

10 – 14 March 2025 

 

 

 

 

 

 

 
Apatity 

 

2025 



 

Published by decision of the Scientific Council of the Polar Geophysical Institute 

 

 

The organizing committee: 

Andrey Demekhov (chair) 

Andris Lubchich 

Irina Despirak 

Boris Gvozdevsky 

Konstantin Orlov 

Tatyana Popova 

Pavel Setsko 

 

 

 

 

Addresses: 

 

Apatity department 

Akademgorodok, 26a 

Apatity, 184209 

Murmansk region 

Russia 

 

Murmansk department 
 

Khalturina str., 15 

Murmansk, 183010 

Russia 

 

 

 

 

 

ISSN 2588-0039 

 

Editor: 

A.A. Lubchich 

https://seminar.pgia.ru 

 

 
Научное издание  
Технический редактор: В. Ю. Жиганов  
Подписано к печати 02.12.2025. Формат бумаги 60×84 1/8.  
Усл. печ. л. 17,7. Заказ № 112. Тираж 300 экз.  
ФГБУН КНЦ РАН 184209, г. Апатиты, Мурманская область, ул. Ферсмана, 14 
 

 

 

 

DOI: 10.51981/2588-0039.2025.48                    Polar Geophysical Institute, 2025 



  3 

CONTENTS 

 
SESSION 1. GEOMAGNETIC STORMS AND SUBSTORMS 

C.M. Anoruo, P.R. Fagundes,  

V.G. Pillat 

 

Ionospheric Response to the Geomagnetic storms of May and 

October 2024 

 

7 

E.E. Antonova, M.V. Stepanova,  

I.P. Kirpichev, V.G. Vorobjev,  

O.I. Yagodkina, I.L. Ovchinnikov, 

D.Yu. Naiko 

 

Main characteristics of the first auroral arc brightening and substorm 

onset localization 

11 

I.V. Despirak, P.V. Setsko,  

A.A. Lubchich, Ya.A. Sakharov, 

V.N. Selivanov 

 

Supersubstorms and geomagnetically induced currents on 10 May 

2024 

 

15 

Lake Endeshaw 

 

The Atmospheric Oxygen, Hydrogen and Helium Responses for the 

Extreme Geomagnetic Storm of 11 May 2024 over Different Regions 

 

20 

L.I. Gromova, N.G. Kleimenova, 

S.V. Gromov, L.M. Malysheva 

 

Some peculiarities of the eastward electrojet distribution in the 

extreme magnetic storm on 10-11 May 2024 

23 

N.G. Kleimenova, L.I. Gromova, 

S.V. Gromov, L.M. Malysheva 

 

Planetary features of westward and eastward electrojets during the 

strong magnetic storm on 10-11 October 2024 

 

27 

A.V. Suvorova 

 

An analysis of energetic proton fluxes below the inner RB at the early 

stage of ring current development during the May 2024 superstorm 

 

31 

Н.А. Айдакина, М.Е. Гущин,  

И.Ю. Зудин, С.В. Коробков,  

А.В. Стриковский 

 

Экспериментальное исследование нестационарных возмущений 

плазмы и магнитного поля, возбуждаемых короткоимпульсной 

высокочастотной накачкой в режиме электронной магнитной 

гидродинамики на крупномасштабном плазменном стенде 

«Крот» 

 

36 

Н.А. Бархатов, С.Е. Ревунов,  

О.М. Бархатова, В.Г. Воробьев, 

Е.А. Ревунова 

 

Статистический анализ возможных триггерных механизмов для 

возникновения геомагнитных суббурь 

 

40 

В.Б. Белаховский, В.А. Пилипенко, 

Я.А. Сахаров, В.Н. Селиванов 

 

Авроральный портрет событий экстремального роста 

геомагнитно-индуцированных токов в ЛЭП 

 

44 



 

4 

 

В.В. Вахнина, А.А. Кувшинов, 

А.Н. Черненко,  

Р.Н. Пудовинников, О.В. Федяй 

 

Определение требований к системе мониторинга 

геоиндуцированных токов в электрических сетях 

 

49 

В.Г. Воробьев, О.И. Ягодкина,  

Е.Е. Антонова 

 

Ночные авроральные высыпания при экстремальных уровнях 

геомагнитной активности 

 

54 

Г.А. Макаров 

 

Проявление сильнейшей геомагнитной бури 10-12 мая 2024 года 

в данных магнитометров на Якутском меридиане 

 

59 

И.И. Шагимуратов, И.И. Ефишов, 

Г.А. Якимова, Н.Ю. Тепеницына, 

М.В. Филатов 

 

Динамика языка ионизации во время бури 14 января 2022 года 

 

63 

И.И. Шагимуратов,  

Н.Ю. Тепеницына, И.И. Ефишов, 

Г.А. Якимова, М.В. Филатов 

 

Поляризационный джет и неоднородности в вариациях полного 

электронного содержания во время возмущения 20 апреля 2020 

года 

 

67 

 

 

SESSION 2. FIELDS, CURRENTS, PARTICLES IN THE MAGNETOSPHERE 

M.R. Shafizadeh, B. Babaeian 

 

Investigating large-scale electric structures during geomagnetic 

storms in Earth's radiation belts using electric field and potential 

difference data from RBSP satellites 

 

71 

 

SESSION 3. WAVES, WAVE-PARTICLE INTERACTION 

A.G. Berezutsky, V.N. Tishchenko, 

S.S. Sharipov, A.A. Chibranov,  

I.F. Shaikhislamov 

 

The influence of ion mass in plasma bunches on the efficiency of 

Alfvén wave generation and propagation in partially ionized plasma 

 

75 

M.S. Petrishchev, Yu.A. Kopytenko, 

V.S. Ismagilov, A.L. Tkachev,  

P.A. Sergushin 

 

Study of the geoelectric structure of the Earth’s crust by the phase-

gradient sounding method 

 

79 

В.Б. Белаховский, Д.В. Костарев, 

В.А. Пилипенко 

 

Геомагнитные пульсации с периодом ~30 минут на дневной 

стороне магнитосферы по данным спутников GOES 

 

83 



  5 

А.С. Фадеев, Е.Н. Савенкова,  

А.В. Коваль 

 

Анализ изменений потоков волновой активности до и после 

ослабления стратосферного полярного вихря в середине 

зимнего сезона с 1981 по 2023 год 

 

88 

 

SESSION 4. THE SUN, SOLAR WIND, COSMIC RAYS 

А.I. Podgorny, I.M. Podgorny 

 

Position of the primordial release of solar flare energy at the extended 

surface of magnetic lines with increased current density: Results of 

MHD simulation 

 

92 

 

SESSION 5. IONOSPHERE AND UPPER ATMOSPHERE 

О.В. Антоненко, А.С. Кириллов 

 

Вариации интенсивности свечения О*
2  в спектре 400 – 650 нм в 

атмосферах планет земной группы в зависимости от 

концентрации атмосферных газов 

 

97 

М.А. Волков, А.Д. Гомонов,  

А.В. Гурин, М.В. Швец 

 

Использование навигационных систем для исследования 

волновых процессов в ионосфере 

 

101 

Ф.И. Выборнов, О.А. Шейнер 

 

Анализ вариаций диапазона частот прохождения 

коротковолновых сигналов на европейских трассах России во 

время магнитно-ионосферной возмущённости в конце 2024 - 

начале 2025 годов 

 

105 

А.С. Кириллов, В.Ф. Тарасенко, 

Н.П. Виноградов, В.А. Кириллов 

 

Исследование кинетики электронно-возбужденного 

молекулярного азота в спрайтах и разрядной камере 

 

109 

Ю.Н. Куликов, А.С. Кириллов 

 

Моделирование свечения Атмосферных полос синглетного 

кислорода O2(b1Σg
+) в полярной ионосфере 

 

114 

А.В. Тертышников 

 

15 лет функционирования ионозондов ФГБУ «ИПГ» на 

солнечно-синхронной орбите 

 

118 

В.М. Уваров 

 

Основные результаты численного моделирования полярной 

ионосферы 

 

123 

В.Л. Халипов, А.Е. Степанов, 

Г.А. Котова, С.Е. Кобякова 

 

Развитие поляризационного джета во время больших мировых 

магнитных бурь 

 

126 

 

 



 

6 

SESSION 6. LOW ATMOSPHERE, OZONE 

Y.Y. Kulikov, V.G. Ryskin,  

V.M. Demkin, V.I. Demin,  

A.S. Kirillov 

 

Long-term microwave measurements of the middle atmosphere ozone 

above Apatity (67N, 33E) in winter-spring seasons 

 

130 

В.И. Демин, Ю.В. Меньшов,  

А.Н. Суздалев 

 

Исследование микроклиматической изменчивости температуры 

воздуха в районе Мурманска с использованием автоматических 

дорожных метеорологических станций 

 

134 

Е.А. Михалко, Ю.В. Балабин, 

А.В. Германенко,  

Б.Б. Гвоздевский 

 

Расширение системы регистрации гамма-излучения при осадках 

на Шпицбергене 

 

139 

Д.Б. Рождественский,  

В.И. Рождественская,  

В.А. Телегин, В.М. Михайлов 

 

Прогноз долгопериодной составляющей приземной температуры 

для некоторых приполярных городов РФ 

 

143 

 

SESSION 7. HELIOBIOSPHERE 

Э.Г. Мирмович 

 

Арктика как междисциплинарная научная экспериментальная и 

практическая образовательная лаборатория изучения 

геосферных возмущений гелиогеофизического характера 

148 

 

Author index  151 
 



“Physics of Auroral Phenomena”, Proc. XLVIII Annual Seminar, Apatity, pp. 7-10, 2025 

© Polar Geophysical Institute, 2025 

 

  7 

Polar  
Geophysical  
Institute 

DOI: 10.51981/2588-0039.2025.48.001 EDN: APCGZS 

IONOSPHERIC RESPONSE TO THE GEOMAGNETIC STORMS  

OF MAY AND OCTOBER 2024 
 

C.M. Anoruo, P.R. Fagundes, V.G. Pillat 

 

Laboratorio de Fisica e Astronomia, Universidade do Vale do Paraiba (UNIVAP), Av. Shishima Hifumi 

2911, Urbanova, Sao Jose Dos Campos, SP-Brazi1 

 

Abstract 
Pole-to-pole VTEC data from the Madrigal GNSS network on May 10 – 12 and October 10 – 12, 2024, were analyzed 

to diagnose the ionospheric response during the May superstorm and the October severe storm. VTEC, superimposed 

with S4 and o scintillation, was used to study the spatiotemporal evolution of small-scale irregularities, while ROTI 

data from the ISEE GNSS network complemented the analysis by examining large-scale irregularities during both 

events. ROTI keograms at 90 – 60W and 60 – 90E longitudes revealed an eastward PPEF response, which favored 

the development of both small- and large-scale irregularities. 

 

1. Introduction 
May 10 – 13, 2024 generated the most powerful coronal mass ejection (CME) that has occurred over the past 20 years 

which prompted geomagnetic storm complemented with auroras observed worldwide. The storm event showed 

significant solar-terrestrial coupling and that got its scientific name as "Mothers day superstorm". The storm 

commencement to the main phase showed ionospheric turbulent and classified as superstorm (see Table 1). More 

information about this storm is published in Fagundes et al. (2025). Similarly, October 10, 2024 had a fast-moving 

CME that impacted earth and prompted another strong geomagnetic storm, currently under scientific investigation. 

Both storms showed significant ionospheric features and their scientific impact is beneficial to systems that relays on 

radio signals. 

Table 1 shows detailed information about storms. CMEs are massive eruptions of solar plasma and embedded 

magnetic fields from the Sun's corona, as well one of the primary drives of geomagnetic storms. 

Table 2 shows occurrence of CMEs, the angular width that indicate CME type and their velocities. During this CME 

occurrences, the ionosphere experienced several turbulents which resulted in excursions of both solar and geomagnetic 

parameters as seen in Figure l. 

 

2. Data and method 
To characterize the response of the ionosphere during both storms, pole-to-pole 5-min VTEC data from the Madrigal 

GNSS network on May 10 – 12 and October 10 – 12, 2024, were analyzed to diagnose the ionospheric response during 

the May superstorm and the October severe storm. VTEC, superimposed with S4 and  scintillation, was used to study 

the spatiotemporal evolution of small-scale irregularities, while 5-min ROTI data from the ISEE GNSS network 

complemented the analysis by examining large-scale irregularities during both events. VTEC meridional average of 

zonal drift at 90 – 60W and 60 – 90E longitudes were computed followed by prompt penetration electric field 

(PPEF) data obtained from PPEF model to see space-time VTEC depletions that must have resulted from ambient 

electric fields over longitudes that gave rise to ExB drift. 

 

3. Results 
The storms information (Fig. 1) from top to bottom has highlighted both interplanetary and geomagnetic conditions 

observed during both events. To quantify the arrival of CMEs with geomagnetic storm effect, a partial hallo CME 

occurred at 9:24 UT (May 9) that may have arrived earth ~33 hrs following moderate to fast CME cascades that 

occurred May 10 and resulted to high solar wind (indicated green) above > 700 km/s. For the October storm, this same 

event arrived earth ~65 hrs (22:12 UT, October 7) with very high solar wind speed > 800 km/s. These geoeffective 

disturbance created conditions for a geomagnetic storm. Figure 2 shows selected space-time evolutions of VTEC 

overlayed with S4 and  scintillations for both north and south hemispheres. Extreme scintillation (S4 and   0.5) 

corresponded with VTEC depletion were observed at 20:30 UT and 20:50 UT in northern hemisphere in May 10 

(signifies storm main phase) and no corresponding occurrence in south hemisphere for May storm. Extreme 

scintillations were also observed on May 11 at 3:40 UT immediately during storm recovery but no scintillations were 

observed on May 12. 
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Table 1. Information about May and October geomagnetic storms. 

Storm type Storm commencement Storm minima Dst Class 

G5 17:10 UT (May 10) 1:35 UT (May 11) -412 nT Super 

G4 15:25 UT (October 10) 2:00 UT (Oct 11) -335 nT Severe 

 

 

Table 2. CME days and time of occurrence with velocities of propagation. 

Event CME start 

Time/Day 

Angular 

width 

Velocity 

(km/s) 

1 9:24 UT (May 9) 166 1250 

2 7:12 UT (May 10) 92 679 

3 8:12 UT (May 10) 112 213 

4 2:24 UT (May 11) 360 1008 

5 17:36 UT (May 11) 174 520 

6 3:36 UT (May 12) 96 452 

7 9:24 UT (May 13) 150 919 

8 10:12 UT (May 13) 172 618 

 

Event CME start 

Time/Day 

Angular 

width 

Velocity 

(km/s) 

1 22:12 UT (Oct 7) 166 446 

2 23:48 UT (Oct 16) 104 318 

3 3:48 UT (Oct 24) 222 844 

 

 

 

Figure 1. May 2024 solar wind and geomagnetic parameters (A) and October (B). 
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Figure 2. VTEC + S4 and  scintillation spatial evolution for each 5-min timestamps for May 10 – 12, 2024. 

 

Figure 3. VTEC + S4 and  scintillation spatial evolution for each 5-min timestamps for October 10 – 12, 2024. 

 
 Hours (UT) Hours (UT) Hours (LIT) 

Figure 4. ROTI space and time evolution during both storms. 
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October storm (Figure 3) showed different occurrence where VTEC depletions and corresponding scintillation 

started to occur from 15:40 UT before the storm commencement. October 11 and 12 also recorded extreme 

scintillations, indicating strong ionospheric disturbance. October 11 at 0:45 UT recorded north and south hemisphere 

severe scintillation at different sector. These significant ionospheric irregularities that can disrupt GNSS signals. ROTI 

keogram in Figure 4 clearly show strong plasma bubbles for October storm more than May storm. Again, strong 

interhemispheric plasma bubbles are observed during storm recovery on October storm (Fig. 4). 

Table 3 showed statistics of S4 and  scintillation that occurred simultaneously for each sector. The time evolutions 

of scintillation indicated more occurrence for October storm if compared to May storm. 

Table 3. Statistics of time and sector scintillations occurrences for both storms. 

 

Event 

S4/phi 

North 

S4/phi 

South 

 

Event 

S4/phi 

North 

S4/phi 

South 

May 10 12:55 (Asia) 17:55 (Africa) Oct 

10 

0:40 – 1:40 (America) 0:30 – 2:25 (America) 

  

13:05 (Asia) 

18:00 – 18:35 

(Africa) 

  

11:20 – 11:45 (Asia) 

 

4:20 – 4:50 (America) 

 13:20 (Asia) 23:15 (Antarctica)  12:10 – 16:25 (Asia) 16:20 (Africa) 

 13:25 (Asia)   16:50 – 17:30 (Africa) 19:00 – 20 – 25 (Africa) 

 15:55 (Asia)   17:35 (America)  

 16:40 (Asia)   18:30 – 18:50 (Europe)  

 17:50 (America)   19:00 – 19:35 (Africa)  

 19:40 (Africa)   21:35 (America)  

 20:45 (Africa)   21:40 (Africa)  

 20:30 – 20:50 (Asia)     

 22:20 (Africa)  Oct 

11 

0:0 – 0:15 (Africa) 0:0 – 1:45 (America) 

 22:50 (America)    3:55 (America) 

May 11 12:30 (Asia)     

 18:55 (Asia)  Oct 

12 

11:40 (Asia) 2:00 (America) 

 22:10 (Asia)   13:00 (Asia) 4:25 – 5:00 (America) 

    13:55 – 14:00 (Asia) 5:35 (America) 

May 12 * *  17:30 (Asia) 19:10 – 20:05 (Africa) 

    19:20 – 20:05 (Africa)  

 

4. Conclusion 
The analysis of both storms have revealed significant and interesting ionosphere response. The following conclusions 

were drawn: 

i. Scintillation observed when TEC < 25 TECU during the storm commencement and < 10 TECU for storm 

main (20:30 UT) for May superstorm. 

ii. The commencement to the recovery stages for October storm showed extreme scintillations & strong 

interhemispheric widespread large-scale irregularities. 
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Abstract. This study examines the main features of the initial auroral arc brightening and the localization of substorm 

onset. Our findings challenge the traditional large-scale magnetospheric dynamics framework, which predominantly 

relies on the idealized magnetohydrodynamic (MHD) model and the frozen-in condition—typically assumed to be 

violated only at a few specific points along certain magnetic field lines. Through detailed analysis, we demonstrate 

that the observed auroral breakup phenomena can be described by the existence of a high level of turbulence in the 

Earth’s magnetotail and the penetration of large-scale interplanetary magnetic field into the magnetosphere. 
 

1. Introduction 
Large-scale magnetospheric dynamics have long been described by the Dungey (1961) model, which assumes ideal 

magnetohydrodynamics (MHD) and the frozen-in condition above the ion Larmor radius and ion diffusion length 

scales. However, recent findings (Antonova et al., 2023, 2025) emphasize the importance of the Hall term in the 

generalized Ohm's law, demonstrating the breakdown of the frozen-in approximation. The relative contribution of the 

Hall term is determined by a ratio between the plasma and Alfvén speeds (see, for example, (Paschmann et al., 2002)). 

Because large-scale magnetospheric plasma motion typically occurs at speeds much slower than the Alfvén speed, the 

analysis of relative contributions of different terms in the generalized Ohm's law shows a significant increase in the 

scale at which ideal MHD and the frozen-in condition become invalid (Antonova et al., 2023, 2025). Furthermore, the 

plasma sheet has exhibited high levels of turbulent fluctuations since the beginning of the space age (see, for example, 

(Antonova, 1985)). Dungey himself recognized this as a major limitation of the frozen-in approach. 

Considering the aforementioned advances in our understanding of key magnetospheric processes, it is necessary to 

revise the mechanisms describing the onset of magnetospheric substorms and the brightening of auroral arcs at the 

equatorial edge of the oval. The approaches to description of the magnetosphere, which were not based on the ideal 

MHD and frozen-in condition have been developing also since a long time. For example, beginning with the 

foundational work of Chapman and Ferraro (1931), the pressure balance at the magnetopause has been extensively 

studied. The pressure balance across the turbulent magnetotail has also been examined (see references in the reviews 

by Ovchinnikov and Antonova (2017), Antonova and Stepanova (2021)). Several studies have focused on the 

penetration of the large-scale interplanetary magnetic field deep into the magnetosphere (see Borovsky et al. (1998), 

Vorobjev et al. (2001), Frank and Sigwarth (2003), Petrukovich (2011), Tsyganenko and Andreeva (2020), among 

others). Numerous satellite observations have demonstrated the existence of field-aligned drops in the electrostatic 

potential that accelerate auroral electrons. However, none of these observations have been adequately explained by 

theories of large-scale magnetospheric dynamics based on the Dungey (1961) model. 

This paper briefly examines the key features of auroral arc brightening at the onset of an isolated substorm and its 

spatial localization, which are important for revising the existent approaches to the key magnetospheric processes. 

 

2. Localization of substorm expansion phase onset 
The Dungey concept postulates the existence of laminar plasma flow and a non-fluctuating magnetic field in the tail, 

as well as the location of the substorm expansion phase onset at a relatively large geocentric distance. At this location, 

the frozen-in condition is disrupted, leading to magnetic reconnection accompanied by accelerated plasma flows, 

changes in the magnetic field line topology, and particle acceleration. The accelerated flows directed toward the Earth 

reach smaller geocentric distances, where the auroral arc brightens and the substorm expansion phase begins. The 

detection of accelerated plasma flows toward the Earth, known as bursty bulk flows (BBFs), appeared to confirm this 

idea. However, it became clear from the discovery of BBFs that such an explanation faced fundamental challenges, 

which were further confirmed by subsequent observations in the magnetotail from CLUSTER, THEMIS, and MMS 

missions. BBFs were observed far more frequently than magnetospheric substorms. Additional difficulties arose in 
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explaining magnetospheric substorms during magnetic storms, as substorms and discrete auroras were detected deep 

inside the magnetosphere. 

The latest results in this direction include the works of Vorobjev et al. (2024, 2025), who showed, using DMSP data, 

that the onset of isolated substorm is associated with a narrow, well-defined peak in electron precipitation. This peak 

occurs near the boundary of the b2i ion precipitation region and is associated with a bright auroral arc with an intensity 

in the green line I557.7 ~ 30 kR. The latitude of the b2i boundary during quiet periods is Φ′ = 68.3° ± 0.6° corrected 

geomagnetic latitude (CGL), whereas before the onset of a substorm and during its initial stage, the b2i boundary 

shifts to latitudes of Φ′ = 65.4° ± 0.7° CGL. This finding is inconsistent with the prevailing ideas regarding the 

localization of substorm onset in the magnetotail or at the equatorial boundary of the plasma sheet. Furthermore, Fast 

satellite observations analyzed in previous studies (Dubyagin et al., 2003; Mende et al., 2003) recorded the formation 

of a powerful field-aligned electron beam, with a flux of approximately 1011 cm⁻² s⁻¹, precisely at the moment of 

substorm onset. The CGL of the beam localization in these studies was approximately 65°. According to the 

Tsyganenko 1996 model (https://geo.phys.spbu.ru/~tsyganenko/empirical-models/magnetic_field/t96/), projecting 

this latitude into the nighttime hours corresponds to a geocentric distance of about 8 RE (Dubyagin et al., 2003). For 

a long time, therefore, the observational results from Fast were not considered as they significantly contradicted to 

established points of view. However, advancements in modeling the Earth's magnetospheric magnetic field have led 

to revised projections of the Fast data. Figure 1 presents the CGL projection around midnight, showing that the 

corrected geomagnetic latitude of approximately 65° corresponds to a geocentric distance of about 5 RE. This places 

the location within the ring current region, thus resolving the issue concerning the localization of the isolated substorm 

onset. 

 

Figure 1. Mapping of the isolated substorm onset region in the night sector in magnetically quiet 

conditions according to the model (Tsyganenko, 2002) and (Tsyganenko and Andreeva, 2016). 

 

3. Mechanism of substorm development and first auroral arc brightening 
The localization of the onset of an isolated substorm at approximately 5 RE, situated at the boundary of the ion 

distribution function's isotropization region, suggests the action of a mechanism within the ring current that is 

independent of changes in the magnetic field line topology. However, the most advanced substorm models fail to 

account for these observational findings. 

Historically there are two competing models trying to explain substorm onset: the Outside-In model, based on 

reconnection in the magnetotail, and the Inside-Out model, attributing substorm onset to current disruption at ~10 RE 

geocentric distance. The THEMIS project aimed to distinguish between these models, both of which assumed a 

laminar magnetic field in the tail. If the first scenario were to occur, the disturbance would first be observed on the 

satellite farthest from Earth, followed by a subsequent disturbance closer to Earth. Only after this the first auroral arc 

brightening would occur. If the second scenario were to occur, an initial disturbance would be observed at a geocentric 

distance of ~10 RE, followed by auroral arc brightening, and then a disturbance at a greater distance.  Neither model's 

predictions were definitively confirmed by the THEMIS data. 

First, this verification was hindered by the consistently high level of turbulence in the plasma sheet and the frequent 

occurrence of bursty bulk flows (BBFs). Despite several studies, detecting a disturbance in the magnetotail prior to 

the brightening of the arc nearest the equator—which is subsequently observed at a distance of approximately 10 Earth 

radii (~10 RE)—proved to be quite challenging. Another significant obstacle was the absence of a reliable model to 

accurately project the arc brightening observed from ground-based measurements onto the equatorial plane (see the 

discussion in Section 2 of this paper). 

At the beginning of the space age, Tverskoy (1969, 1972) proposed a model that explained the structure of large-

scale electric fields in the magnetosphere without relying on a reconnection framework. This model also predicted the 

configuration of large-scale field-aligned currents, which were later observed and measured during both magnetically 

quiet and disturbed periods. Further development of these ideas was carried out by Antonova (2002) and Stepanova et 
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al. (2002), who incorporated the presence of a turbulent magnetotail and the onset of the substorm expansion phase, 

marked by the brightening of auroral arcs closest to the equator. Figure 2a presents a schematic illustrating the 

mechanism at work, while Figure 2b contains a scheme illustrating the process of auroral arc brightening. 

 

 

a 

 

                          b 

Figure 2. Scheme illustrating the action of mechanism suggested in (Antonova, 2002) (a) and the 

scheme illustrating the process of auroral arc brightening (Stepanova et al., 2002; Antonova, 2022) (b). 

 

The substorm theory (Antonova, 2002) addresses the development of instability in large-scale field-aligned currents, 

which results in their stratification and the formation of multiple large-scale inverted-V structures accompanied by 

large-scale field-aligned electric fields. As this instability develops, the pattern of large-scale convection evolves, and 

a component of the self-consistent electric field emerges, causing drift across the large-scale structure. This drift causes 

cold ionospheric plasma to be injected into the region of the field-aligned potential drop. At the boundary of this 

region, a powerful electron beam forms, accompanied by the brightening of an auroral arc. The field-aligned electron 

energy within this structure does not exceed energy of magnetospheric electrons accelerated in an inverted V, and the 

transverse energy remains below several electronvolts. The observed high level of Alfvénic fluctuations in this region 

is attributed to the development of instability in the transversely cold beam. This approach circumvents the difficulties 

associated with theories that explain the acceleration of observed beams by kinetic Alfvén waves (see the discussion 

in Antonova, 2022). 

 

4. Discussion and Conclusions 
The penetration of the IMF into the magnetosphere and the high level of turbulence in the tail resolve many issues 

that emerged from the previously dominant assumption that the ideal magnetohydrodynamics approach is valid 

everywhere except at specific points and along special “reconnection” lines. When IMF penetration occurs for IMF 

Bz < 0, the magnetic field strength decreases, causing the volume of the magnetic flux tube to increase. This increase 

results in a localized pressure drop, which can create a pressure gradient directed toward the tail. Consequently, a 

plasma channel with reduced pressure forms, driving plasma flow earthward that is observed as a bursty bulk flow 

(BBF). This flow is inherently unstable and serves as a major source of increased turbulence in the BBF region. The 

latest findings on tail turbulence have been obtained using MMS data (see Naiko et al. (2025)). Turbulence is observed 

in all three components of both the electric and magnetic fields within the tail. Furthermore, the spectral slopes of the 

electric and magnetic fields differ significantly (Ovchinnikov et al., 2024), and double layers have been detected in 

the BBF regions (Ergun et al., 2018). 

This implies that the observed turbulence may have a significant electrostatic component. Experimental data 

supporting the dominant role of electrostatic fields in magnetospheric dynamics are gradually accumulating, 

strengthening the case for developing unconventional approaches to magnetospheric physics. In this context, the 

problem of establishing a magnetostatic equilibrium configuration amid changing external boundary conditions 

imposed by the solar wind becomes particularly important. 

Our discussion of substorm phenomena leads to the following conclusions: 

⚫ An isolated substorm does not originate in the magnetotail; rather, it begins at approximately L=5, within the 

ring current region. 

⚫ The substorm expansion phase starts with the brightening of the arc closest to the equator, caused by the 

formation of a narrow, cold transverse electron beam. 

⚫ This electron beam forms due to the drift of ionospheric plasma into the region of a field-aligned potential drop. 
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Abstract. Very strong magnetic storm (superstorm) with Kp = 9 and Dst = -406 nT occurred on 10-13 May 2024. 

The superstorm was characterized by a gradual, three-step main phase development with maximum at ~ 02:14 UT on 

11 May (SYM/H = -518 nT), and the prolonged recovery phase until May 13. At the background of the storm 

additional geomagnetic activities were also registered – intense substorms and geomagnetic pulsations. Recent studies 

have shown that substorms development was main source of intense geomagnetically induced currents (GICs) 

occurred in the night sector, whereas Pi3/Pc5 geomagnetic pulsations were primary sources of intense GICs in the 

morning sector. Besides, extremely intense geomagnetic disturbances, so-called supersubstorms (SSSs: SML<−2500 

nT), were recorded during the main phase of the May storm: at ~19:20 UT, ~19:50 UT and ~ 22:40 UT on 10 May 

2024. The aim of this study is to analyze the enhancement of GICs in electrical circuits in the northwest of Russia 

during supersubstorms recorded at the main phase on 10 May 2024. The appearance of GICs were monitored using 

data from stations Vykhodnoy (VKH), Loukhi (LKH) and Kondopoga (KND) in the northwestern Russia (PGI, 

EURISGIC, eurisgic.ru). The planetary spatiotemporal distribution of the magnetic disturbances was examined using 

data from ground-based magnetometer networks (SuperMAG and IMAGE) as well as the magnetic field 

measurements from the Iridium constellation of 66 satellites at an altitude of ~780 km, distributed over six orbital 

planes equally spaced in longitude (AMPERE project). The fine spatiotemporal structure of electrojet development 

during the supersubstorms was investigated using latitudinal profiles of the equivalent currents derived from 

MIRACLE system. It was shown that extremely intense GICs were not recorded during supersubstorms, despite the 

fact that the GIC measurement stations were located in night sector at this time. Possible reasons for the absence of 

strong GICs in electrical circuits in the northwest of Russia during the development of the supersubstorms on May 10 

2024 are discussed. 

 

Introduction 
Traditionally, geomagnetically induced currents (GICs) are considered intense, low-frequency (~0.001–1 Hz), quasi-

direct currents in terrestrial technological networks, induced by electric fields generated by any rapid changes in the 

magnetic field during various space weather events (e.g. [Oliveira and Ngwira, 2017; Viljanen and Pirjola, 2017; 

Lakhina et al., 2021]). These induced electric fields arise when strong magnetospheric disturbances occur due to rapid 

changes in the magnetic field (dB/dt) (e.g. [Boteler and Jansen van Beek, 1999]) and can be caused by various current 

system that develop in magnetosphere, such as a sharp increase in the ring current, intensification of auroral electrojets, 

or the generation of low-frequency pulsations [Boteler and Jansen van Beek, 1999; Despirak et al., 2022a; Yagova et 

al., 2021; Setsko et al., 2023]. 

Since 2011, a system for measuring GICs has been established and operational in northwestern Russia. This system 

measures GIC in the solidly grounded neutral wire of autotransformers in the existing Karelian-Kola power 

transmission line. GIC measurement sensors are mounted on grounded neutral wire of Y - type autotransformers at 

the 330 kV line at 5 substations located at geographic latitudes from ~ 60° to ~ 69° N (geomagnetic latitudes from ~ 

57.3° to ~ 65.5° MLAT). These correspond to auroral and subauroral latitudes, where substorms typically develop 

[Sakharov et al., 2007; 2016; Selivanov et al., 2023]. Recently it has been established that the intensification and 

poleward movement of the westward electrojet during substorm expansion phases are main sources of intense GICs 

occurring in the night sector, while Pi3/Pc5 geomagnetic pulsations are main sources of intense GIC in the morning 

sector [Despirak et al., 2022a, 2023, 2024; Setsko et al., 2023]. Despite the large number of studies devoted to the 

analysis of GICs, further studies of intense GICs during various space weather events and their comparison are 

required to better understand their geophysical sources and to predict their occurrence. 

The aim of this study is to conduct the analysis of the increase of GIC during superstorm on 10-12 May 2024, namely 

on 10 May, at the main phase of the storm, when very intense substorms, so called supersubstorms (SSS), were 

observed. The term “supersubstorms” was first introduced by Tsurutani et al. [2015] to describe extremely intense 

magnetic substorms identified from SuperMag magnetometers network, corresponding to events with SML index 

values lower than -2500 nT. To date, several studies have investigated the statistical occurrence of supersubstorms 

and their dependence on solar activity, interplanerary magnetic field (IMF) and solar wind conditions, and the presence 
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of magnetic storms [Hajra et al., 2016; Despirak et al., 2019]. The energy characteristics of supersubstorms [Tsurutani 

and Hajra, 2023] and a detailed case studies of individual events [Despirak et al., 2020, 2022b] have also been 

reported. 

Figure 1 shows the variations of SML index from 18:36 UT on 10 May to ~14:36 UT on 11 May. Four periods of 

extremely negative values of SML index (SSSs) were recorded during the storm. Two SSS events occurred at ~19:20 

and ~19:50 UT, and another at ~ 22:40 UT on 10 May 2024, during the main storm phase. Two more SSS events 

developed at ~08:50 and ~09:50 UT, and ~ 12:45 and 13:30 UT on 11 May 2024, during the recovery storm phase. In 

this study, we analyze the enhancement of GIC in electrical circuits in the northwest Russia during two SSSs observed 

at the main phase at ~19:20, ~19:50 UT, and ~ 22:40 UT on 10 May 2024, when GICs measurement stations and 

IMAGE chain were located in the night sector. 

 
 

Figure 1. Variations of the geomagnetic index SML from 18:36 UT on 10 May to 14:36 UT on 11 May 

2024. Four periods of the supersubstorms are shown by the blue ovals. 

 

Data 
We used data from the system to measure GICs in the existing Karelian-Kola power transmission line with a length 

of over 800 km in northwestern Russia (http://eurisgic.ru). The system includes five stations: Vykhodnoy (VKH), 

Revda (RVD), Titan (TTN) (Murmansk region), Loukhi (LKH) and Kondopoga (KND) (Republic of Karelia). 

Geographic/geomagnetic coordinates of the stations, the data of which were available in present study: Vykhodnoy 

(VKH; 68.8° N, 33.1° E / 65.53° MLAT, 112.73° MLONG), Loukhi (LKH; 66.08° N, 33.12° E / 63.02° MLAT, 

110.57° MLONG) and Kondopoga (KND; 62.2° N, 34.3°E / 59.11° MLAT, 110.10° MLONG). Each substation is 

equipped with Hall sensors that directly measure the currents flowing into the ground through the grounded neutral 

wire of autotransformers. Positive values mean GICs are going into the ground (Selivanov et al., 2023). The main part 

of the 330 kV transmission line is oriented from south to north, almost along the meridian, and all substations are 

solidly grounded. The spatial distribution of the substorm was determined using the magnetometers data from IMAGE 

(http://space.fmi.fi/image/) and SuperMAG (http://supermag.jhuapl.edu/) networks. The SML- index was also 

obtained from SuperMAG database. To examine the spatial distribution of magnetic disturbances along the IMAGE 

meridian, instantaneous maps of ionospheric equivalent currents from MIRACLE (https://space.fmi.fi/MIRACLE/) 

were analyzed. 

 

Results 
1. First period: SSS-1 

The magnetic disturbances and GIС measurements for the first period from 17 to 24 UT on 10 May are shown in 

Figure 2. The SSS-1 time period shown by blue oval. Accordingly SuperMAG map, strong magnetic disturbances 

were registered only in the morning and daytime MLT sectors over Alaska; no strong magnetic disturbances were 

observed in the nighttime and evening sectors (Figure 2e). This is also confirmed by the AMPERE magnetic vector 

map, which shows the development of a large-scale ionospheric vortex rotating clockwise in the morning sector 

(Figure 2f). This vortex is shifted toward the daytime sector, such that no magnetic disturbances were observed over 

the IMAGE chain and GIC recording stations during the development of the SSS-1. 

According to variations in the X- and Y-components of the IMAGE magnetometers from Polesie (PPN) to Ny-

Ålesund (NAL), no magnetic disturbances were recorded at auroral latitudes (Figure 2c and 2d). Negative bays of 

~300 nT were observed only at high latitudes from stations BJN to NAL. Below these stations, disturbances were 
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insignificant. According to MIRACLE map, the westward electrojet was registered only at high latitudes, higher than 

the VKH, LKH, KND stations are located (Figure 2a) and, accordingly, no GICs was recorded at stations VKH, LKH, 

and KND (Figure 2b). 

 
 

Figure 2. May 10, 2024 from 17 to 24 UT, blue ovals shown the First period for the study: the map of 

westward and eastward latitudinal profile of the electrojets, calculated by the MIRACLE system (a); 

GIC profiles (red lines) located between corresponding latitudes of the IMAGE stations (b); X- and Y 

components of geomagnetic field from IMAGE magnetometers (chain PPN-NAL) (c, d); maps of 

magnetic vectors from SuperMag network (e) and AMPERE map of the spherical harmonic analysis of 

magnetic disturbances for the moments corresponding the moment of the maximum of SSS-1: 19:16-

19:26 UT (f). 

 

2. Second period: SSS-2 

Figure 3 shows the magnetic disturbances and GIС measurements for the period of second supersubstorm (SSS-2); 

SSS- 2-time period shown by blue oval. Format of the Figure 3 is the same as Figure 2. Accordingly SuperMAG and 

AMPERE maps, the distribution of the magnetic disturbances is different than for SSS-1. It is seen the strong and 

extended in latitudes westward electrojet observed in post-midnight sector, where IMAGE and GICs registration 

stations were located (Figure 3e and 3f). The magnetic disturbances ~ -500-2000 nT were recorded from PPN to NAL 

~51.4° – ~78.9° Geogr. Lat., but due to the strong equatorward shift the strongest ~ -2000 nT of these were observed 

at the low-latitude stations of the chain from PPN to NUR (Figure 3c and 3d). Figure 3f demonstrated the distributions 

of magnetic disturbances by AMPERE data: the clockwise vortex of the magnetic vectors in morning – day sector, 

but additionally the very intense westward electrojet extended in longitudes: from the morning (~10 MLT) to the pre-

midnight sector (~22 MLT); the strongest disturbances (~ -2500 nT) were recorded at stations in Alaska 

(magnetograms not shown here). Maximum of SSS-2 developed in Alaska sector, but the strong westward electrojet 

propagated to the West and reach the midnight sector with strongest disturbances at the subauroral and midlatitudes. 

Thus, at the IMAGE chain were recorded only the polar edge of SSS-2 caused the intense GICs occurred at VKH ~ 

12A, LKH ~5A and KND ~25A. It was in relation with the development of the westward electrojet according to the 

MIRACLE map (Figure 3a). 
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Figure 3. Second period in more details, from 17 to 24 UT 10 May 2024. Format Fig.3 is the same as Fig.2. 

 

Conclusions 
The enhancement of GICs in electrical circuits in the northwest Russia during two supersubstorms during the main 

phase of superstorm on 10 May 2024 were analyzed. No direct relationship was found between SSS development and 

occurrence of intense GIСs in the power line in midnight sector. Of two SSS events, only SSS-2 was accompanied by 

intense GIСs. The initial phase of the storm was characterized by the formation of an intense magnetic vortex in the 

morning – day sector over the Pacific Ocean, which led to the absence of GIC during SSS-1. The intense GICs in the 

northwest Russia recorded during SSS-2 were connected to the polar edge of the westward electrojet developed during 

SSS-2. 
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Abstract. Geomagnetic storms occur when the Earth’s magnetic field interacts with the magnetic fields of the solar 

wind. Geomagnetic storms have effects on the atmosphere, ionosphere, and magnetosphere. This study analyzes the 

response of the atmospheric parameters of atomic oxygen, hydrogen, and helium during the extreme magnetic storm 

of 11 May 2024. This storm was one of the most intense, with a minimum Dst value of -412 nT.  The atmospheric 

oxygen, hydrogen and helium responses during the 11 May 2024 storm are studied by using the empirical atmospheric 

model of Naval Research Laboratory Mass Spectrometer Incoherent Scatter Extension 2002 (NRLMSISE 2.0) data 

measurements. To observe the atmospheric parameter responses for the storm, some days before and after the extreme 

storm day are used with latitudinal variability considerations. The results show that there were anomalies of 

atmospheric oxygen, hydrogen and helium that occurred some days before, after, and during the storm day of 11 May 

2024. The atomic oxygen and helium are increased during the storm day, while the hydrogen is decreased during the 

main phase of the storm day. The atmospheric model of the NRLMSISE 2.0 responds to the anomalies of atmospheric 

parameters of atmospheric oxygen, hydrogen, and helium during the extreme magnetic storm on May 11, 2024. 

 

Introduction 
The Earth's atmosphere is a gaseous blanket that envelops the planet, keeping us warm and providing oxygen for us 

to breathe. The atomic oxygen is one of the element of Earth's atmosphere and it is very important in regulating 

photochemistry, energy balance, and dynamical movements in the Earth's mesosphere and lower thermosphere, and 

it is also challenging in the applications of the higher atmosphere [1]. Atomic hydrogen (H) is one of the most abundant 

elements in our universe, and it is another important element in the atmosphere [14]. An other important component 

in the lower exosphere is the atmospheric helium. Helium in the atmosphere of the Earth represents the dynamic 

processes that transfer heat energy and the amount of mass [2]. The changes in the atmospheric atomic abundances 

during geomagnetic storm times are due to the energy and particle precipitation of the structure, dynamics, and 

generally the chemistry of the atmospheric temperature and pressure gradients [3]. At the time of geomagnetic activity, 

especially during super geomagnetic storms, significant thermosphere disturbances occur with extraordinarily quick 

variations. These events are characterized by great increases in temperature and density, significant changes in neutral 

composition, and the production of high-speed wind flows and wide-amplitude waves that may impact the entire world 

[4]. The influence of the geomagnetic storm on the atmosphere is explored by using different measurement techniques. 

One of the most well-known empirical atmospheric models is the NRLMSISE model [5]. The present study will look 

at the influence of extreme geomagnetic storms on the atmosphere that occurred on 11 May 2024. The current study 

aims to evaluate the latitudinal and daily responses of atmospheric oxygen, hydrogen, and helium that occurred a few 

days before, after, and during the extreme geomagnetic storm day of 11 May 2024. 

 

Data and Method of Analysis 
In this study, we analyze the responses of atomic oxygen (O), atomic hydrogen (H), and helium (He) by using the 

NRLMSISE 2.0 model in different regions. For the three atmospheric parameters, the hourly selected latitudinal 

variability with constant longitudes of (0°N, 30°E), (30°N, 30°E), (60°N, 30°E), (90°N, 30°E), (30°S, 30°E), (-60°S, 

30°E), and (-90°S, 30°E) is considered to assess the consistency of the model on the geomagnetic storm based on the 

atmospheric parameter anomalies from May 9 to 14, 2024. The NRLMSISE model is an empirical model, so it is based 

on measured data using solar activity and geomagnetic activity observations. This model takes real observations into 

consideration, making its measurements more precise [6]. The NRLMSISE 2.0 model data are publicly available 

online at https://ccmc.gsfc.nasa.gov/models/NRLMSIS~2.0/. The May 2024 storm, known as the Mother's Day storm, 

peaked at -412 nT, impacting modern-day technology that is vulnerable to space weather hazards with relatively few 
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sub-storm traces throughout the recovery period. In this study, the extreme geomagnetic storm of (G5 class level) that 

occurred on May 11, 2024, with a minimum value of Dst index -412 nT and Kp = 9, was considered to study the 

anomalies of atomic oxygen (O), atomic hydrogen (H), and helium (He), by using the NRLMSISE 2.0 model. The 

geomagnetic indexes are downloaded from the Omniweb website (https://omniweb.gsfc.nasa.gov/form/dx1.html). 

 

Results and Discussions 
Figure 1 shows the response of atmospheric parameters of atomic oxygen (left side), hydrogen (middle), and helium 

(right side) in latitudinal variability (low latitude, middle latitude, and higher latitude) with constant longitudes from 

the days May 9 to May 14, 2024 in the Northern Hemisphere. The response of atmospheric oxygen for the geomagnetic 

storm (Figure 1a-d) shows clear latitudinal variability, with an increase in near the equatorial region and a decrease 

near the northern pole during the day of May 11, 2024. The atomic hydrogen response for the geomagnetic storm 

(Figure 1e-h) shows a high decrease near the equatorial region and low effects near the northern pole during the day 

of May 11, 2024. The response of helium variability for the geomagnetic storm (Figure 1i-l) shows clear latitudinal 

variability with an increase in near the equatorial region and a decrease near the northern pole during the day of May 

11, 2024 in the Northern Hemisphere. 

Figure 2 presents the hourly variability of geomagnetic indices (a) and response of atmospheric parameters of atomic 

oxygen (Figure 2b-d), hydrogen (Figure 2e-g), and helium (Figure 2h-j) in latitudinal variability (middle and higher 

latitudes) from the days May 9 to May 14, 2024 in the Southern Hemisphere. The response of atmospheric oxygen in 

the Southern Hemisphere for the geomagnetic storm (Figure 2b-d) shows clear latitudinal variability of an increase 

on May 11, 2024, at (-30, 30), a slight decrease at (-60, 30) and a complete decrease at (-90, 30). The response 

of atmospheric hydrogen in the Southern Hemisphere for the geomagnetic storm (Figure 2e-g) shows completely 

decreased values on May 11, 2024, than on other days at all latitudes. The response of atmospheric helium in the 

Southern Hemisphere for the geomagnetic storm (Figure 2h-j) shows clear latitudinal variability of with mostly 

increase on May 11, 2024 at (-30, 30) and decrease at (-60, 30) and (-90, 30) latitudes. 

 

Figure 1. The hourly geomagnetic storm response of atmospheric parameters of atomic oxygen (left 

side), hydrogen (middle), and helium (right side) in low, middle, and higher latitudes with constant 

longitude from the days May 9 to May 14, 2024 in the Northern Hemisphere. 

 



The Atmospheric Oxygen, Hydrogen and Helium Responses for the Extreme Geomagnetic Storm of 11 May 2024 over Different Regions 

 

22 

Figure 2. The hourly variability of geomagnetic indices (Ap and Dst) (a) and geomagnetic storm 

response of atmospheric parameters of atomic oxygen (b-d) (left side), hydrogen (e-g) (middle), and 

helium (h-j) (right side) in middle and higher latitudes with constant longitude from the days May 9 to 

May 14, 2024 in the Southern Hemisphere. 

 

Conclusions 
Geomagnetic storms are one of the most natural hazards that affect the hourly and latitudinal variation of atmospheric 

parameters. This study considers the effect of an extreme geomagnetic storm on May 11, 2024, with a minimum value 

of Dst -412 nT on the atmospheric parameters of oxygen, hydrogen, and helium. The empirical atmospheric model of 

Naval Research Laboratory Mass Spectrometer Incoherent Scatter Extension 2002 (NRLMSISE 2.0) data analysis is 

used to study the atmospheric oxygen, hydrogen, and helium responses during the storm on May 11, 2024. The 

response of the atmospheric parameters of oxygen, hydrogen, and helium for the geomagnetic storm shows clear 

latitudinal variability, with an increase near the equatorial region and a decrease near the regions of the poles during 

the day of May 11, 2024. During the storm day, the atmospheric parameters of oxygen, hydrogen, and helium show a 

clear hourly and latitudinal variation compared to the non-disturbed days of May 2024. During the storm day, atomic 

oxygen and helium concentrations rise, while hydrogen concentrations fall. The NRLMSISE-2.0 atmospheric model 

captures atmospheric oxygen, hydrogen, and helium anomalies during the extreme magnetic storm on May 11, 2024. 
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Abstract. The magnetic storm on 10-12 May 2024 (Dstmin = −403 nT) was the strongest storm in the current 25th 

solar cycle to date. The magnetic storm developed under strong and rapid changes in the structure of the interplanetary 

magnetic field (IMF). The IMF components changed from negative to positive values (IMF By from –40 up to +70 

nT, IMF Bz from –40 up to +50 nT) under the high speed V (~750 km/s), and dynamic pressure Psw (~30-35 nPa) of 

the solar wind. Here we studied some effects of these IMF changes on the planetary configuration of the ionospheric 

electrojets and field-aligned currents based on the global maps derived from the magnetic measurements on 66 low 

orbital satellites of the AMPERE project. An unpredicted large eastward current expansion was found under the strong 

positive IMF By (> +20 nT) values associated with the appearance of the local very intense upward field-aligned 

current in the afternoon sector. Some details of new electrojet configurations are discussed. 

 

1. Introduction 

The magnetic storm on 10-12 May 2024 (Dstmin = −403 

nT) was the strongest storm in the current 25th solar 

cycle which developed due to a series of large solar flares 

and coronal mass ejections. By now, many works 

described solar sources, the solar wind (SW) and 

interplanetary magnetic field (IMF) parameters, and 

different aspects of geomagnetic response to this extreme 

storm have already been published [e.g., Hajra et al., 

2024; Kleimenova et al., 2025; Ngwira, 2025; 

Chernogor, 2025 and references therein]. 

Throughout the storm, the solar wind and IMF 

parameters varied significantly in all storm phases. The 

IMF By changed from –40 up to +70 nT, IMF Bz changed 

from –40 up to +50 nT) under the high speed V (~750-

900 km/s), and high dynamic pressure Psw (~10-50 nPa) 

of the solar wind. In Fig. 1, one can see variations of the 

SW and IMF parameters during the interval under 

consideration and geomagnetic indices of storm SymH 

(as 1-min analog of the Dst index) and auroral activity 

AU and AL. (https://omniweb.gsfc.nasa.gov/ and 

https://wdc.kugi.kyoto-u.ac.jp). 

It was found several AU-index peaks up to 1600 nT 

which show maximum magnitude of the eastward 

electrojet (EE) under the different IMF and SW 

conditions. 

Notes, that such extreme increasing of the AU-index are 

rather rare. We analyzed AU index data from 2000-2025 

presented by Wold Data Center in Kyoto and detected 

that there were only 37 events when the value of the AU 

index was around 1000 nT or exceeded this value, and 

only in 6 events the maximum of the AU > 1500 nT.  

 
 

 

Figure 1. Geomagnetic activity indices and the 

IMF and SW parameters during the interval of 

the storm 10-11 May under consideration. 
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Here we studied some effects of strong and rapid IMF and SW changes on the planetary configuration of the eastward 

electrojet (EE) and accompanying field-aligned currents (FACs) in the daytime-evening sector (09-18 MLT) of the 

high latitudes. Two events that we analyze in detail are shown in Fig. 1 by the red arrows. 

For our study, we used the global maps of the ionospheric currents and field aligned currents basing on the magnetic 

measurements on the 66 Iridium satellites simultaneously operating at the altitudes of 780 km of the project AMPERE. 

The maps are presented in the geomagnetic coordinates with a spatial resolution of 1° in MLAT and 1 h MLT in the 

longitude at 2 min cadence over a ten-minute window (http://ampere.jhuapl.edu/products). The magnetic perturbations 

are given relative to the Earth's main magnetic field with automated baseline, these data are transmitted to the Earth 

for a spherical harmonic analysis [e.g., Anderson et al., 2000]. 

 

2. Observations and Discussion 
It was found two unpredicted large eastward current expansion. The first one, 22:50 UT on 10 May, shown by the 

AU-index peaks up to 1600 nT occurred after rapid simultaneous changing of the IMF By and Bz from negative values 

to positive ones. The second AU-peak up to 1200 nT was observed at 12:10 UT 11 May. It occurred under stable 

negative Bz but after rapid change of By from negative values to positive ones. 

In the work [Yemori et al., 1979] it is suggested that the ring current and the westward elecrojet (WE) are caused by 

a common mechanism. But the process of development of the eastward electrojet is different from that of WE, or it 

has a complex process of two or more mechanisms; for example, the effect of the DP-2 current system (which is 

coherent with variations in the Bz-component of the IMF) or the effect of the partial ring current values associated 

with the appearance of the local very intense upward field-aligned current in the afternoon sector. 

 

 

 

 

 

10 May 

                                  a                                                      b 

  

Figure 2. The AU-maximum at 22:50 UT on 10 May: (a) the AMPERE-maps of the ionospheric currents 

(green vectors) and FACs (upward – red, downward – blue) before (1) and after (2) rapid strong changes 

the IMF By and Bz. Black circles show the intensification of the EE and upward FACs; (b) the IMF By 

and Bz, V and Psw of the solar wind, indices AU and AL. The yellow bars mark the ten-minute data 

averaging windows corresponding to the maps on the panel (a). 
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2.1 Ionospheric currents before and after the IMF change 

In Fig. 2a one can see AMPERE-maps of the ionospheric currents before (left) and after (right) the IMF By and Bz 

rapid changing from –50 to +70 nT and –40 to +50 nT correspondingly (so called “flip” according to [Ohtani et al., 

2025]) that is shown in Fig. 2b. The eastward electrojet before flip, demonstrated on the left map, significantly 

intensified, merged with eastward polar current, and expanded from 55 to ~78 MLAT in the 13-17 MLT sector (right 

map). It could be caused by development of partial ring current (PRC). It could be seen significantly weakening of 

WE previously existing in the post-midnight and morning sectors at latitudes 50-75 MLAT. 

At the same time, these strong and rapid changes in IMF led to the significant enhancement and replacement of 

FACs in the daytime sector of the high latitudes. 

 

2.2 Ionospheric currents after the rapid change of the IMF By under the IMF Bz < 0 

As one can see in Fig. 3a (left), the strong eastward electrojet was observed in the daytime sector. After the change of 

the IMF, the EE location expanded from 55 to ~72 MLAT in the 14-19 MLT sector due to the addition of daytime 

polar currents caused by the appearance of the IMF By > 0 (right). The configuration of the field-aligned currents, 

which enhanced in the afternoon sector of high latitudes, also sharply changed sharply the configuration of the field-

aligned currents, which intensified and changed in the afternoon sector of high latitudes. 

11 May 

                                   a                                                      b 

  

Figure 3. The same as in Fig. 2 but for the AU maximum at 12:10 UT on 11 May. 

 

During the considered interval, the IMF Bz remained negative (~ −20 nT) that it is shown in Fig. 3b. We assume 

that the EE enhancement could be caused by an effect of the magnetospheric convection (DP-2 current system) 

enhanced under Bz < 0. 

The anomalous enhancement of the eastward electrojet observed in both events could be a result of the changes in 

the azimuthal configuration and size of the afternoon convection cell caused by the emergence of positive IMF values, 

or an increase of the partial ring current intensity. Previously, in [Gromova et al., 2018], based on the CHAMP satellite 

data, a fairly high correlation (r  0.7) was found between the EE intensity and AsymH index, which is used as an 

indicator of the intensity of the partial ring current [Kalegaev et al., 2008], see Fig. 4. However, in the magnetic storm 

on 10-11 May 2024, no clear coincidence of increases of the AU-index with the variations of the AsymH indices was 

found. 
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Figure 4. Statistical dependence of the 

intensity of the eastward (red stars) and 

westward electrojets (blue stars) on AsyH-

index. Adopted from [Gromova et al., 

2018]. 

 

3. Conclusion 
The sharp changes in the IMF structure observed in the 

magnetic storm 10-12 May 2024 led to significant 

changes in the structure of the eastward electrojet and 

field-aligned currents in the daytime-evening sector 

(09-18 MLT) of high latitudes. 

Basing on the global maps of the ionospheric and 

field-aligned currents derived from the magnetic 

measurements on 66 low orbital satellites of the 

AMPERE project it was found: 

- the intense eastward electrojet occurred under the 

strong positive IMF By (> +20 nT), both under the IMF 

Bz > 0 and IMF Bz < 0; 

- with an increasing of the positive IMF By value, the 

eastward electrojet strengthened and latitude (55-78 

MLAT) expanded collocating with the appearance of 

the local very intense upward field-aligned current. 
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Abstract. The magnetic storm on 10-11 October 2024 (Dstmin = −333 nT) was one of the strongest storms in the 

present 25th solar cycle. Large variations in the intensity of the IMF By and Bz (from +40 nT to −40 nT) were observed 

during the main phase of the storm at the very high solar wind dynamic pressure (Psw) up to ~ 40 nPa. The storm 

recovery phase developed under the unusual strong (up to −40 nT) and long lasting (~12 h) IMF Bz. This led to high 

substorm activity in the storm recovery phase as well. Thus, at least 8 substorms with AL-index ~−1500 nT and higher 

were recorded during the storm main phase and 7 substorms in the recovery phase. In addition, during the main phase 

of the storm, 7 positive magnetic bays with an amplitude of 500-1000 nT in AU-index were observed, the maximum 

of which did not coincide with the minimum in AL-index. There were no intense positive magnetic bays (in AU-index) 

during the storm recovery phase. The planetary features of the configuration of the ionosphere electrojets and field-

aligned currents (FAC) were studied by applying the global maps based on the magnetic measurements on 66 LEO 

satellites of the AMPERE project. The results of our study demonstrated the strong dependence of the electrojet and 

FAC features on the sign and values on the IMF By and Bz as well as on the Psw level. It was shown that the sign of 

the IMF By controls not only the direction of the dayside polar electrojet but also affects the eastward current and the 

width of the region where it is observed. Rapid simultaneous variations in the IMF components and Psw led to the 

abrupt changes in the planetary distributions of the electrojets and FACs. This makes it difficult to identify specific 

effects of each individual component. Further detailed studies are required to understand the observed features. 

 

1. Introduction 

The magnetic storm on 10-11 October 2024 (Dstmin = −333 nT) was one of the strongest storms in the 25th solar cycle. 

Different aspects of this storm are widely discussed in literature, e.g., [Pierrard et al., 2025; Singh et al., 2025; Xia et 

al., 2025]. Large variations in the intensity of the IMF By and Bz (from +40 nT to −40 nT) were observed during the 

main phase of the storm under the very high solar wind dynamic pressure (Psw) up to ~ 40 nPa (Fig. 1) 

(http://wdc.kugi.kyoto-u.ac.jp/). It is well known that the most IMF and solar wind geoeffective parameters are the 

IMF Bz and By and solar wind dynamic pressure (Psw), due to this, later only these parameters will be discussed in 

the text. A good anti-correlation is seen between the AL index and the PC-index variations demonstrating the unloading 

energy from the magnetotail. 

The storm recovery phase developed under the unusual strong (up to −40 nT) and long lasting (~12 h) IMF Bz. This 

led to high substorm activity during both storm phases. At least, 8 strong substorms with the AL-index ~ −1500 nT 

and higher were recorded during the storm main phase and 7 strong substorms were observed in the recovery phase 

(Fig. 2). In addition, during the main phase of the storm, there were observed 7 positive magnetic bays with an 

amplitude of 500-1000 nT in the AU-index. The maxima of the AU-index did not coincide with the minima in the AL-

index. There were no intense positive magnetic bays in the storm recovery phase. 

Here we study the planetary features of these substorms as the configurations of the ionospheric westward (WE) 

and eastward (EE) electrojets and field-aligned currents (FAC) in course of this magnetic storm. 

 

2. Data 
Our study was based on an analysis of the magnetic measurements on the 66 Iridium satellites simultaneously 

operating at the altitudes of 780 km of the project AMPERE [e.g., Anderson et al., 2000] presented as the global maps 

of the ionospheric currents and field aligned currents (http://ampere.jhuapl.edu/products). The maps are presented at 

2 min cadence over a 10 min window in the geomagnetic coordinates with a spatial resolution of 1° in MLAT and 1 

h MLT in the longitude. The magnetic perturbations are given relative to Earth's main magnetic field with automated 

base line, these data are transmitted to the Earth for a spherical harmonic analysis. 
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Figure 1. OMNI data: IMF By, IMF Bz, Vsw, Psw, 

and SymH. 
 

 
 

 
 

Figure 2. Variations of the PC and AL/AU 

indexes. 

 

 

10 October 2024 

 

Figure 3. Two maps of ionospheric currents distribution at 

intervals about 20 min during which the sign of IMF By 

changed from positive to negative. 

3. Observation and Discussion 
During the storm main phase, there were 

very significant variations in the values and 

sign of the IMF Bz and By. The strong 

dependence of the direction of the dayside 

polar latitude ionospheric currents (EE and 

WE) on the sign of the IMF By was found. 

The presented in Fig. 3 two AMPERE maps 

were recorded under very disturbed 

geomagnetic conditions with similar values 

of IMF Bz and Psw: IMF Bz ~ - (20-25 nT) 

and Psw =36 nPa, but with different the 

IMF By directions. The first event (the left 

map in Fig. 3) was obtained under the 

strong positive IMF By (+30 nT) and the 

second event (the right map in Fig. 3) which 

occurred 18 min later, was developed under 

the strong negative IMF By (-25 nT). The 
comparison of two AMPERE maps (Fig. 3) allows conclude that at the dayside high-latitudes, the electrojet direction 

is controlled by the sign of the IMF By (note that in the both events, the values of the IMF Bz and Psw were similar). 

The AMPERE maps in Fig. 3 demonstrate that during studied events, at noon-side polar latitudes, the large-scale 

ionospheric currents flowed in opposite directions: there were the eastward currents in the first event (16:30 UT) and 

the westward currents in the second one (16:48 UT). Due to the negative IMF Bz, both the dawn and dusk convection 

cells were enhanced and expanded. 

It is seen that during the storm, the configuration of ionospheric electrojets can change even in few minutes according 

to changes in the configuration and intensity of FACs caused by the variations in the IMF and solar wind (see Fig.1). 

 

 

 

 



N.G. Kleimenova et al. 

 

  29 

10 October 2024 

 

Figure 4. Two maps of the ionospheric (green) and field-

aligned (red and blue) currents obtained at intervals of about 

of 10 min during which the sign and value of the IMF By and 

Bz changed. The upward FACs are shown by red and 

downward FACs are shown by blue. 

The change of the EE, WE and FACs 

distributions observed as a result of the 

change of the sign and value of the IMF By 

from negative (−10 nT) to positive (+25 nT) 

under the strong Psw (~ 20-30 nPa) is shown 

in Fig. 4. One can see that the occurring of 

the positive and enhanced values of the IMF 

By changed not only the direction of the 

afternoon polar electrojet but also increase 

the intensity of the EE (Fig. 4). Note, in the 

considered event, the midnight WE 

decreased due to change of the sign of IMF 

Bz from negative (−10 nT) to positive (+8 

nT). The additional current, associated with 

the positive and strong IMF By, did not break 

the structure of the convective cell, but it 

only supplemented its midday part, there the 

downward FAC structure became more 

complicated (right lower part of Fig. 4). 

Dramatic changes in the IMF and solar 

wind have happened at the end of the main 

phase of this magnetic storm (near 22:30 

UT) as it is presented on Fig. 1: the value of 

the IMF Bz suddenly dropped from +20 nT 

to −45 nT, the value of the IMF By dropped 

from +36 nT to −10 nT, and the solar wind 

dynamic pressure (Psw) collapsed from 32 

nPa to 3 nPa. One can see (Fig. 1) that the 

values of IMF Bz and IMF By remained just  

10 October 2024 

 

Figure 5. Two AMPERE maps demonstrate how the slight 

increase in Psw (from 3 to 10 nPa) can change the space 

configuration of the FACs and, respectively, the location of 

the eastward and westward electrojets. 

as high for another 2-3 hours and that the 

electrojet configuration significantly 

changed. Due to strong negative value of the 

IMF Bz, both electrojets (the evening 

eastward and morning westward ones) 

shifted to lower latitudes. 

About one hour later (at ~23:30 UT), the 

Psw increased again up to 10 nPa however 

the value of IMF Bz remained very strong 

negative (−40 nT) and the value of the IMF 

By remained strong negative (−10 nT). To 

show the reaction of the ionospheric currents 

to this change, we compared the planetary 

ionospheric current distributions obtained by 

the AMPERE maps before and after of this 

slight change in the Psw (Fig. 5). Increase in 

the pressure Psw (from 3 to 10 nPa) led to a 

complicated change of the dusk-evening 

FAC structure and the latitude expansion of 

the EE area (Fig. 5, right map). The EE 

significantly enhanced and latitude expensed 

despite the fact that the IMF By remained 

negative. The WE shifted to significant 

lower latitudes, probably, due to an influence 

of the very strong negative IMF Bz. 
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11 October 2024 

 

Figure 6. Two AMPERE maps with time interval of about of 

30 min demonstrating very variable structure of the 

electrojets and FACs. 

The storm recovery phase started at 02 UT 

on 11 October 2024 and developed under 

unusually strong negative IMF Bz (~ −20 

nT) and high Vsw values (~700-750 km/s). 

Due to this, there were strong substorm 

activity (AL ~ −1000-1500 nT). Despite the 

fact that in the storm recovery phase, the 

IMF and solar wind parameters were not so 

variable as in the storm main phase, the 

planetary structure of the FACs and 

electrojets remained rapidly changing 

depending not only on the instantaneous 

IMF values but on its previous state as well. 

Two AMPERE maps with time interval of 

about of 30 min (Fig. 6) demonstrate very 

variable structure of the both electrojets and 

FACs. 

 

4. Results 
We studied the dynamics of the planetary 

configuration of the eastward and westward 

electrojets and corresponding field-aligned 

currents (FACs) during the super-strong 

magnetic storm on 10-11 October 2024 and 

found that it depends on the sign and values 

of the IMF By and Bz as well as on the solar 

wind dynamic pressure (Psw). 

 

The observations showed that the sign of the IMF By controls not only the direction of the dayside polar electrojet, 

but also affects the eastward current and the size of the region where it is located. 

The storm recovery phase developed under the unusual strong negative (up to −40 nT) and long lasting (~12 h) IMF 

Bz. This led to high substorm activity during the storm recover phase as well. 

We found that rapid simultaneous values of the Psw led to the complicated rapid changes in the planetary 

configurations of the eastward and westward electrojets and corresponding FACs depending not only on the 

instantaneous magnetosphere state but on its previous state too. This makes it difficult to identify specific effects of 

each individual component. The further detailed studies are required to understand the observed features. 
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Abstract. The sudden increase in the fluxes of energetic (30-300 keV) electrons below the Earth’s inner radiation 

belt (RB), known as forbidden energetic electrons (FEE), has been systematically studied over the past decade. A 

mechanism of fast radial transport was proposed to explain this phenomenon, the essence of which is electric drift 

independent of the sign of the particle charge. Leaving aside for now the issues related to the nature of origin or 

penetration of the electric field into such low L shells, it should be noted that it was not possible to detect unambiguous 

signs of an increase in energetic proton fluxes. A number of factors could have influenced the failures of previous 

efforts. In particular, injected protons and electrons drift in opposite azimuthal directions, and the ring current protons 

penetrate to low altitudes everywhere during the storm main phase. In this paper, we analyze the spatiotemporal 

characteristics of increases in proton flux intensities at early stage of the magnetic storm in May 2024 when the FEE 

event was also observed. We found evidence of proton injection, confirming the E✕B drift. 

 

Introduction 
The intensity of the fluxes of trapped particles in the Earth's inner RB drops sharply at its inner edge, which is located 

on the drift shell L~1.2. The region below the inner edge of the RB (L< 1.2) is called the forbidden zone. The 

background fluxes of energetic (up to several hundred keV) electrons and protons in the forbidden zone do not exceed 

102 particles per (cm2 s sr) under quiet geomagnetic conditions [1,2]. The inner RB edge is formed at altitudes where 

particle losses become significant due to effective scattering in the dense atmosphere, as well as due to the presence 

of a region of weak magnetic field in the South Atlantic Anomaly (SAA). Sudden flux increases of energetic electrons, 

called FEE event, are sometimes observed in the forbidden zone. 

Continuous measurements (since 1998) of energetic particle fluxes by the NOAA/POES low-orbit (~850 km) 

satellites were used to create a catalog of anomalous events with FEE-flux increases [3]. The FEEs constitute a quasi-

trapped population, which is characterized by the short lifetime, one azimuthal drift period, which depends on the sort 

and energy of particles (it is hours for keV energy range) [4]. A possible mechanism, electric drift, for the FEE 

phenomenon was proposed in [5]. Recently, key parameters of a mechanism was inferred from the analysis of several 

superstorms [6]. The electric drift mechanism implies a fast transport (injection) of particles. The source of injected 

particles is the inner RB [7]. The source of the electric field is currently unknown and under discussion [8, 9]. The 

particles injection occurs as a result of radial drift in the E✕B fields, which does not dependent from the sign of the 

particle charge. However, no simultaneous increases of keV-energy proton fluxes were observed and reported. There 

may be several reasons for the the low probability to detect electrons and protons simultaneously in the forbidden 

zone by one satellite: (1) in the nonuniform geomagnetic field, protons and electrons experience gradient drift in 

opposite azimuthal directions; (2) a relatively low flux of keV protons in the quiet RB; (3) high proton fluxes of the 

storm ring current, quickly and widely penetrating to low altitudes; (4) effective losses of low-energy protons in the 

charge-exchange process; (5) the influence of South Atlantic Anomaly (SAA), which occupies a vast longitudinal 

area. 

In this paper, we consider the dynamics of proton fluxes associated with the FEE-event during the superstorm in 

May 2024. We analyze the spatio-temporal characteristics of increases in proton flux intensities at early stage of the 

storm main phase when the asymmetric ring current was developing. 

 

Data 
We use measurements of energetic particles fluxes from the MEPED instruments on board the NOAA/POES and 

MetOp satellites. The MEPED telescope includes detectors of electrons and protons with energy in the keV and MeV 

ranges with two orthogonal orientations: vertical (0°-detector) and horizontal (90°-detector). The 0°-detector measures 

quasi-trapped particles at the equator and precipitating particles at high-latitudes, while the 90°-detector – vice versa. 

We use the data on >30 keV protons and electrons. 
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Results 
The radial transport mechanism involves both energetic electrons and protons. Previous analysis showed that the 

electron fluxes (FEE event) enhanced during this storm [4]. It was found that the first electron injection occurred about 

19:20 UT, more than 2 hours after SSC (~17:06 UT), during the main phase on 10 May 2024. The main phase 

developed from 18 UT on 10 May until 02:20 UT on 11 May, reaching a maximum storm index of SYM-H = -512 

nT. The solar wind pressure stayed strong and exhibited several sharp large increases and decreases which were 

manifested in corresponding variations of SYM-H index [4, see for details]. The present study is focused on dynamics 

of the >30 keV quasi-trapped protons during the beginning of the superstorm on 10 May 2024 in order to find out the 

time of their possible injection. 

 

  

Figure 1. Geographic maps of maximal >30 keV 

proton fluxes during storm days May 10 and 11, 

2024. Measurements of vertical detector (a,b) 

and horizontal detector (c,d). The black curve 

indicates the dip equator. Numbers 1-3 indicate 

tracks with pitch-angle anisotropy. 

Figure 2. Geographic maps of maximal >30 keV 

electron fluxes during storm days May 10 and 11, 

2024. Measurements of vertical detector (a,b) 

and horizontal detector (c,d). The black curve 

indicates the dip equator. FEE enhancements are 

observed by vertical detectors. 

 

Fig. 1 and Fig. 2 show global maps of fluxes of protons and electrons with the energy >30 keV during two storm 

days 10-11 May. During the storm, the forbidden zone at low latitudes was temporally populated by energetic electrons 

and protons, but behavior of protons and electrons at low latitudes is different. The forbidden zone extends in ~20° 

vicinity of the dip equator excepting the region of South Atlantic Anomaly (SAA) located in the longitudinal sector 

from 100°W to 0°E. Quasi-trapped electrons (Fig. 2a,b) enhanced in the forbidden zone (FEE event) west of SAA, in 

particular at the the equator, whereas precipitating electrons (Fig. 2c,d) did not. Both quasi-trapped and precipitating 

protons fluxes enhanced over a wide range of latitudes (Fig. 1a,c) east of SAA, finally occupying all longitudes on 11 

May (Fig. 1b,d). Thus, the key feature of the FEE event is an anisotropic flux in pitch-angle distribution. Protons 

exhibit an isotropic pitch-angle distribution, which is the main characteristics of storm ring current development. 

However, some tracks show evidence of anisotropic flux on 10 May (numbers 1-3 in Fig.1a,c). 

 

Table 1. First injection of energetic particles below the inner ERB. 

SC 

 

LT Time 

 

Long φ° Je, (cm2s sr)-1 

>40 keV 

Je, (cm2s sr)-1 

>130 keV 

Jp, (cm2s sr)-1 

>30 keV 

L 

P8 10.5 19:00 -127 - - 5E1 1.13 

P3 9 19:12 -147 - - 6E1 1.12 

P9 9 19:22 -153 7E4 5E4 5E1 1.11 

P5 7 19:37 +177 3E6 1E6 5E1 1.10 

 

In Fig. 1a (tracks no.2 and no.3) and Table 1, moderately enhanced fluxes ~50 (cm2 s sr)-1 of >30 keV protons 

occurred in ~20° vicinity of the dip equator above Pacific in the longitudinal sector from 170°E to 127°W at drift 

shells L < 1.13. We choose this interval of longitudes for further analysis of pitch-angle asymmetry. The enhancements 

in this region were observed by three POES satellites in the prenoon sector from 17 to 21 UT (Fig.3). The satellites 
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moved one-by-one such that P8 passed the equator ~12 min earlier than P3 satellite. In Fig.3, the background flux is 

about ~10 (cm2 s sr)-1, the equatorial proton fluxes >103 flux units are originated from the ring current (RC), they form 

a smooth bell-shaped profile and have similar counterpart in the precipitating population (Fig. 1c). The P1 satellite 

observed equatorial enhancements in precipitation and quasi-trapped protons, indicating isotropic fluxes, and, 

therefore, their belonging to the RC population. In contrast, the P8 and P3 satellites observe an increase in the quasi-

trapped population and no increase in the precipitating population. The earliest enhancement of protons was observed 

at 19:00 UT on 10 May at longitude 127°W by P8 satellite and then at 19:12 UT at longitude 147°W by P3 satellite. 

We can suggest that these anisotropic increases at prenoon are due to injection of protons from the inner RB. 

FEE enhancements occurred in the Pacific region as one can see in Fig. 2. The increases of electron fluxes were 

observed in ~20° vicinity of the dip equator in the latitudinal sector from 120°E to 140°W. In Table 1, electron 

enhancements were observed by P9 and P5 satellites. The first FEE enhancement occurred at ~19:22 UT near drift 

shell L=1.11 (Table 1) in the prenoon sector at longitude 150°W. The intensity of electrons did not exceed 105 (cm2 s 

sr)-1. The next FEE enhancement at 19:37 UT was much stronger (>106 (cm2 s sr)-1) and observed deeper at L = 1.1 in 

the morning sector at longitude 177°E. It is important that the enhancements were observed for >30 keV and >100 

keV electrons simultaneously. This meant that this longitudinal sector is close to the region of electron injection from 

the inner RB. Otherwise, one could see only enhancements of >30 keV because the >100 keV electrons escape from 

the injection region quickly due to short period of the azimuthal drift (Td ~ 4h), while the >30 keV electrons have 

much longer azimuthal drift (Td ~ 15h) [4]. The consequence of the two enhancements with time gap of 15 min in the 

narrow longitudinal sector can be considered as manifestation of one long-lasting injection above the Pacific region. 

That is enhancements occurred simultaneously in two energy channel (>30 and >100 keV), which means that it was 

an injection of energetic electrons. Thus, the fist enhancements of both protons and electrons occurred in the morning 

sector in the same time interval (within 30 min) and in close proximity in longitude. Since this is a simultaneous 

increase in the particle flux with different energies and different signs of particle charge, this event is an injection of 

protons and electrons from the inner RB. 

 

 

Figure 3. Time profile of protons fluxes with energies >30 keV measured by (left) vertical and (right) 

horizontal detectors at the beginning of the main phase during the superstorm on May 10, 2024. The 

equatorial passages are colored green. Equatorial measurements of quasi-trapped or precipitating 

protons are indicated respectively. The LEO satellites are: P1 – MetOp-1, P3 – MetOp-3, P8 – NOAA-

18. 

 

Discussion and summary 
Thus, the current study shows why previous studies have had difficulty obtaining evidence for observation of injected 

protons simultaneously with electrons (FEE) [(e.g., [5,7]). First of all, the fluxes of protons in the forbidden zone are 

overlapped with very intense fluxes of protons originated from the ring current, which is quickly developed on the 

main phase of magnetic storms. Another important reason for the failure to register >30 keV proton injections is 

effective losses of their energy in interaction with the neutral atmosphere [10]. 

The RC protons with energy >30 keV are characterized by high intensities of >103 (cm2 s sr)-1 and populate mainly 

night and evening sectors in the beginning of main phase (Fig. 1 a,c). At that time, the ring current is asymmetric (e.g., 
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[10]). In Fig. 1 (a,c) one can see intense proton fluxes at all latitudes in the longitudinal sector from 60°W to 60°E, 

which corresponds to evening regions. At low-to-middle latitudes those protons arrive to low altitudes as energetic 

neutral atoms after charge exchange interaction in the RC region, which is located at drift shells above L=2 [10]. At 

low altitudes, the energetic neutral atoms loss their electron and become ionized in interaction with the dense 

atmosphere. The neutral atoms are not guided by the magnetic field and, thus, they propagate in any direction and 

populate a wide range of latitudes. At middle-to-high latitudes, very intense (>104 (cm2 s sr)-1) fluxes are produced by 

protons precipitating directly from the ring current region. At the early stage of the storm (18-20 UT), very intense 

fluxes of precipitating RC protons were observed in a limited range of longitudes, which indicates the asymmetry of 

the RC in the night-to-evening hours. With developing the main phase, the ring current becomes symmetric and 

occupies all local times as shown in Fig. 1 (b,d). 

We show that the observed proton flux enhancements have different pitch-angle characteristics, indicating a local 

injection of protons from the inner RB in the pre-noon sector early in the storm main phase. We find that the injected 

quasi-trapped protons can be distinguished from the RC protons by their lower intensity and lack of enhancements of 

precipitating protons. This situation exists for a short time until RC becomes more symmetrical. 

As one can see in Table 1, the FEE enhancements were observed simultaneously with the proton enhancements. It 

should be noted that being injected to low latitudes, electrons and protons drift in geomagnetic field in opposite 

directions – eastward and westward, respectively (Fig. 4). Hence, the injection region should be located somewhere 

eastward from the proton injection and westward from the electron injection. From comparison of Figs. 1 and 2 we 

can conclude that the injection region should have a spatial extension and it is located in the longitudinal sector from 

120°E to 140°W. At 19 UT this sector corresponds to morning – prenoon local time. Moreover, the injection process 

should have a duration of the order of 20 min [4,6]. 

During the injection, protons continue drifting westward 

along the drift shells, which elevate to higher altitudes with 

decreasing longitude due to the asymmetry of the geomagnetic 

field. Hence, protons moving to higher altitudes become 

invisible for the satellite. In contrast, electrons drifting eastward 

move to lower altitudes and the satellite observes intense 

electron fluxes coming from higher L-shells with increasing 

longitude until the SAA region. This complex dynamic results 

in complicated pattern presented in Figs. 1 and 2. Therefore, we 

have shown that the injection of protons and electrons in the 

forbidden zone occurred above Pacific in the morning hours and 

had the spatial scale of ~100° and temporal scale of ~20 min. 

Figure 4. Schematic illustrating the 

physical mechanisms of electric drift (a 

radial transport of particles from the 

inner RB) and opposite azimuthal drift 

of energetic electrons and protons. 

This pattern supports the mechanism of radial transport of 

energetic particles from the inner radiation belt down to low 

altitudes due to E✕B or electric drift. 

The origin of electric field in the inner magnetosphere at very low drift shells of L~1.2 is still unknown. In the 

studies [4,6] a possible external driver of the electric field for this FEE event was analyzed. It was shown that the 

magnetosphere was affected by a sharp negative jump of the solar wind pressure observed by Wind at ~18:45 UT. 

The pressure negative jump resulted in a decrease in SYM-H index at ~18:57 UT and a dayside expansion of the 

magnetosphere. It is important to note that during that time, the IMF Bz was positive. It meant that we can exclude 

magneto-plasma effects originated from interaction of IMF with the geomagnetic field. A solar wind pressure pulse 

results in generation of global inductive electric field in the Earth magnetosphere [8]. The magnetosphere expansion 

should result in generation of induced electric field, which is pointed westward in according to Faraday’s law. At low 

latitudes, where the geomagnetic field is pointed northward, this electric field causes radial E✕B drift of charged 

particles toward the Earth. The electrons and protons transport in the E✕B fields with the same rate. During the 

transport, they shift in opposite horizontal directions due to azimuthal drift: electrons – eastward and protons – 

westward. The divergence between electrons and protons depends on the rate of radial transport, which directly 

depends on the strength of inductive electric field. It was estimated that the electric field of 10 mV/m provides the 

transport from the lower edge of inner ERB (L=1.15) to L=1.1 within a reasonable time of ~20 min [4,6]. Hence the 

mechanism proposed can explain the dynamics of electron and proton enhancements in the forbidden zone. 
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Аннотация 
В большой лабораторной замагниченной плазме стенда «Крот», предназначенного для моделирования 

явлений в космической плазме, экспериментально исследована мелко- и крупномасштабная динамика 

импульсных возмущений плазмы и магнитного поля, вызванных локальным ВЧ нагревом электронов в 

режиме параметров электронной (холловской) магнитной гидродинамики. В таком режиме возмущения могут 

развиваться в режиме «униполярного» переноса, в котором замагниченные электроны дрейфуют вдоль 

магнитного поля, а ионы, преимущественно, поперек поля, с замыканием возникающего тока по фоновой 

плазме. Такой перенос, сопровождаемый возбуждением системы вихревых электрических токов, 

обеспечивает существенно более быстрое перераспределение частиц плазмы, чем классический механизм 

амбиполярного переноса. Кроме того, система нестационарных вихревых токов, возникающих при 

импульсном нагреве плазмы, может возбуждать свистовые волны. Возмущения плотности выносятся из 

области нагрева существенно медленнее, с околозвуковыми скоростями. 

 

Введение 
Нестационарные возмущения плазмы, окружающей импульсные антенные устройства, представляют интерес, 

прежде всего, с точки зрения планирования активных экспериментов в ближнем космосе [1]. Импульсные 

возмущения плазмы могут возникать при работе мощных передатчиков на борту ИСЗ [2]; в соответствии с 

преобразованиями подобия [3] лабораторные эксперименты можно рассматривать как моделирование 

реакции ионосферной плазмы на импульсные воздействия в активных экспериментах [4]. 

С одной стороны, известно, что нагрев магнитоактивной плазмы может приводить к формированию 

вытянутых вдоль внешнего магнитного поля неоднородностей (дактов) с пониженной плотностью [5]. С 

другой стороны, импульсный нагрев плазмы в режиме ЭМГД [6], в котором характерные временные и 

пространственные масштабы нагрева удовлетворяют неравенствам fpe
-1 <fce

-1 <<t << fci
-1 и ce << L << ci (где 

fpe – электронная плазменная частота, fce – электронная циклотронная частота, fci – ионная циклотронная 

частота, ce – электронный гирорадиус, ci – ионный гирорадиус), может приводить к генерации импульсных 

токов и магнитных полей, которые переносятся со скоростями свистовых волн без существенных возмущений 

плотности [7]. 

Наши эксперименты [8-11] показывают, что фактическая картина возмущений плотности плазмы и 

генерации токов не сводится ни к одной из вышеперечисленных в изолированном виде. В настоящей работе 

рассматриваются мелко- и крупномасштабные возмущения магнитного поля и плазмы, возникающие при 

локальном импульсном нагреве электронов. Продемонстрирована комбинированная конвективно-

диффузионная динамика возмущений магнитного поля, в основе которой – генерация вихревых токов 

«униполярной ячейки» и импульсных свистовых волн, которые могут распространяться на значительные 

расстояния от источника нагрева вдоль внешнего магнитного поля. 

 

Описание эксперимента 
Эксперименты проводились на крупномасштабном плазменном стенде «Крот» [10] в спокойной 

распадающейся плазме индукционного разряда в аргоне, при параметрах, близких к использованным в 

работах [10-12]. Концентрация плазмы ne изменялась в пределах от 1012 см-3 до 1011 см-3, индукция внешнего 

магнитного поля B0 = 50 – 200 Гс. Плазма нагревалась мощным (P ≃ 230 Вт) коротким ( = 1 мкс) ВЧ 

импульсом (f = 60-160 МГц), подводимым к рамочной антенне диаметром 1 см или 7 см. Нагрев производился 
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как в непрозрачной (fce < f ), так и в прозрачной плазме с накачкой в свистовом диапазоне (f < fce). Измерения 

электронной температуры, возмущений плотности и импульсных магнитных полей, возбуждаемых токами в 

плазме, проводились зондовыми методами [7, 10, 11]. 

 

Результаты экспериментов 
На рис. 1 приводятся профили электронной температуры в области напротив антенны небольшого диаметра 

(1 см) при нагреве в полосе непрозрачности плазмы (fce < f < fpe). Электроны разогреваются приблизительно в 

2 раза в узкой – диаметром не более 3 см – силовой трубке. Длина нагретой области оказывается порядка 

длины свободного пробега «теплых» электронов, и составляет около 15 см. 

Локальный нагрев электронов приводит к генерации импульсных токов и перераспределению плотности 

плазмы. Самосогласованная, эволюционирующая система возмущений плотности и вихревых токов образует 

т.н. «униполярную ячейку» [12]. На рис. 2 (а) (левая и центральная панели) приводятся 2d карты возмущений 

магнитного поля, создаваемых вихревыми токами, для Bz и By компонент. В компоненте Bz напротив антенны 

при ВЧ нагреве регистрируется диамагнитный эффект (Bz < 0), который максимален на расстоянии около 6 см 

от источника нагрева, там же, где наблюдается максимум температуры (рис. 1 (б)). Распределение By 

антисимметрично относительно оси x = 0 см, и, в целом, соответствует полю продольного тока, протекающего 

к антенне, т.е. уходу электронов из нагретой области. На рис. 2 (а) (правая панель) приводятся 2d карты 

возмущений плотности в разные моменты времени. При нагреве электронов напротив антенны формируется 

область обеднения плотности, которая вытягивается вдоль магнитного поля. На временах порядка 15 мкс 

возмущения плотности максимальны и достигают 8 % от фонового значения. На этом отрезке времени 

формируется структура возмущений ne переменного знака, которая является характерным свойством 

«униполярной ячейки». Хорошо выражены основная область обеднения плотности, система вихревых 

электрических токов, периферийные области обеднения плотности фоновой плазмы. Чередование областей с 

уменьшением и увеличением плотности является наиболее ярким признаком режима униполярного переноса 

[11, 13] (рис. 2 (б)). 

 

 
Рисунок 1. Пространственные распределения электронной температуры в различные моменты 

времени при импульсном ВЧ нагреве. 

 

 

Рисунок 2. (а) 2D-карты возмущений двух компонент магнитного поля и плотности плазмы для 

«униполярной ячейки» в различные моменты времени; цифрами обозначены: (1) и (2) - основные 

области обеднения и увеличения плотности, (3) и (4) - периферийные области обеднения и 

увеличения плотности; (б) схема движения частиц в плазме в процессе униполярного переноса. 


