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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, Universidadie Vale do Paraiba (UNIVAP), Av. Shishima Hifumi
2911, Urbanova, Sao Jose Dos CamposB&#il

Abstract

Poleto-pole VTEC data from the Madrigal GNSS network on May 1@ and October 1012, 2024, were analyzed

to diagnose the ionospheric response during the May superstorm and the October severe storm. VTEC, superimposed
with S4 and o scintillation, wassad to study the spatiotemporal evolution of syaedlle irregularities, while ROTI

data from the ISEE GNSS network complemented the analysis by examiningdafgarregularities during both

events. ROTI keograms at 9060 W and 601 90 E longitudesevealed an eastward PPEF response, which favored

the development of both smadind largescale irregularities.

1. Introduction
May 107 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 solatterrestrial couplingand 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). 8ymilxtober 10, 2024 had a fastoving
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 te shatei@ays 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 CMESs, 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 &ig .

2. Data and method

To characterize the response of the ionosphere during both stormtg-pole 5min VTEC data from the Madrigal
GNSS network on May 1012 and October 1012, 2024, were analyzed to diagnose the ionospheric response during
the May superstorm and thet@ber severe storm. VTEC, superimposed with S4saguintillation, was used to study

the spatiotemporal evolution of smabtale irregularities, while-gin ROTI data from the ISEE GNSS network
complemented the analysis by examining lasgele irregularities during both events. VTEC meridional average of
zonal drift at 907 60 W and 60 1 90 E longitudes were computed followed by prompt penetration electric field
(PPEF) data obtained from PPEF model to see gfimeeVTEC depletions that must have resulted from ambient
electric fields over longitudes thgave 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) &h 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 végh solar wind speed > 800 km/s. These geoeffective
disturbance created conditions for a geomagnetic storm. Figure 2 shows selectetiirspaselutions of VTEC
overlayed with S4 and scintillations for both north and south hemispheres. Extreme scintillation (Sg a@d5)
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 alsobserved on May 11 at 3:40 UT immediately during storm recovery but no scintillations were
observed on May 12.



lonospheric Response to the Geomagnetic storms of May and October 2024

Table 1. Information about May and October geomagnetic storms.

G5
G4

17:10 UT (May 10)
15:25 UT (October 10)

1:35 UT (May 11)
2:00 UT (Oct 11)

-412 nT
-335nT

Super

Severe

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

1 9:24 UT (May 9) 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

22:12 UT (Oct 7) 166
2 23:48 UT (Oct 16) 104 318
3 3:48 UT (Oct 24) 222 844
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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 eachrin timestamps for May 1012, 2024.
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Figure 3. VTEC + S4 and scintillation spatial evolution for eachrin timestamps for October 1012, 2024.
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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 ionospheristirbance. 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 forb®ctstorm 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 andcintillation 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.

May 10 12:55 (Asia) 17:55 (Africa) (i((:)t 0:407 1:40 (America) 0:307 2:25 (America)
18:007 18:35
13:05 (Asia) (Africa) 11:207 11:45 (Asia) 4:207 4:50 (America)
13:20 (Asia) 23:15 (Antarctica) 12:107 16:25 (Asia) 16:20 (Africa)
13:25 (Asia) 16:507 17:30 (Africa) 19:007 207 25 (Africa)
15:55 (Asia) 17:35 (America)
16:40 (Asia) 18:307 18:50 (Europe)
17:50 (America) 19:007 19:35 (Africa)
19:40 (Africa) 21:35 (America)
20:45 (Africa) 21:40 (Africa)
20:307 20:50 (Asia)
22:20 (Africa) Ci(it 0:07 0:15 (Africa) 0:07 1:45 (America)
22:50 (America) 3:55 (America)
May 11 12:30 (Asia)
18:55 (Asia) Oct 11:40 (Asia) 2:00 (America)
12
22:10 (Asia) 13:00 (Asia) 4:257 5:00 (America)
13:557 14:00 (Asia) 5:35 (America)
May 12 * * 17:30 (Asia) 19:107 20:05 (Africa)
19:207 20:05 (Africa)

4. Conclusion
The analysis of both storms hawvealed 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 largeale 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 lasgale magnetospheric dynamics framework, which predominantly
relies on the idealized magnetalngdynamic (MHD) model and the frozém conditiord 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 behb@desby the existence of a high level of turbulence in the
Earthds magnet ot ai | -saafethterpldnetarypneagnetit field into thenmagnétosphare. g e

1. Introduction

Largescale magnetospheric dynamics have long been described byrigey(1961) mode| which assumes ideal
magnetohydrodynamics (MHD) and the frozancondition above the ion Larmor radius and ion diffusion length

scales. However, recent finding&ntonova et aJ.2023, 2025) emphasize the importance of the Hall term in the
generalized Ohm's law, demonstrating the breakdown of the finzgproximation. The relative contribution of the

Hall term is determined by a r(sed forexammpePagdrmannetdi2@02)p | as ma 8
Because largscale magnetospheritpp s ma moti on typically occurs at speeds
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 frozemcondition becora invalid Antonova et a).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 limitationeofrizenin 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 ovalhe approaches to description of the magnetosphere, which were not based on the ideal
MHD and frozenin condition have been developing also since a long time. For example, beginning with the
foundational work ofChapman and Ferrar¢1931), the pressure laace 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 Antonovg2017), Antonova and StepanoJ@021)). Several studies have focused on the
penetration of the largscale interplanetary magnetic field deep into the magnetospher@diseesky et al(1998),

Vorobjev et al(2001), Frank and Sigwarti{2003), Petrukovich(2011), Tsyganenko and Andreey2020), among

others). Numerousatellite observations have demonstrated the existence chfigited drops in the electrostatic
potential that accelerate auroral electrons. However, none of these observations have been adequately explained by
theories of largescale magnetospheric dymics based on tHaungey(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 flownandlactuatingmagnetic 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 frozenin condition is disrupted, leading to magnetic reconnection accompanied by acceleratedflplasma
changes in the magnetic field line topology, and particle acceleration. The accelerated flows directed toward the Earth
reach smaller geocentric distances, wehire 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 thatauexplanation 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 diffiogkiés a

11



Main characteristics of the firgturoral arc brighteningand substorm onset localization

explaining magnetospheric substorms during magnetic storms, as substorms and discrete auroras were detected deep
insidethe magnetosphere.

The latest results in this direction include the workgarobjev et al(2024, 2025), whehowedusing DMSP data,
that the onset of isolated substasrassociatewith a narrowwell-definedpeak 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 linesk;7~30kR.The | atitude of the b2i boundary during
geomagnetic latitude (CGL), whereas before the onset of a substorm and during its initial stage, the b2i boundary
shifts to latitudes of ngh§inconsitent with thelpretailing Adea€ @dardirgTihh i s |
localization of substorm onset in the magnetotail or at the equatorial boundary of the plasma sheet. Furthermore, Fast
satellite observations analyzed in previous studiedyagin et al.2003;Mende et al.2003) recorded the formation
of a powerful fieldaligned electron beam, with a flux of approximately!l® m | s T, precisely &
substorm onset. The CGL of the beam | ocalization in
Tsyganenko 1996 model (https://geo.phys.spbu.rugatsgnko/empiricatnodels/magnetic_field/t96/), projecting
this latitude into the nighttime hours corresponds to a geocentric distance of aho{R#biRagin 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 projeddns of the Fast data. Figure 1 presents the CGL projection around midnight, shioatiniget
corrected geomagnetic latitude of appr oxi marhieplages 6 5 A ¢
the location within the ring current region, thus resolving the issue concerning the localization of the isolated substorm
onset.

75 v T T T T T
" Tsyganenko (2002, do1:10.1029 1
| Pdyn=3.3 nPa, BzIMF=-1 ]
I Dst=-3nT, gi=6, g2=10 R
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5 L » ]
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Figure 1. Mapping of the isolated substorm onset region in the night sector in magnetically quiet
conditions according to the moddlsyganenko2002) and Tsyganenko and Andree\2016).

3. Mechanism of substorm development and first auroral arc brightening

The localization of the onset of an isolated substorm at approximately Sitated at the boundary of the ion
distribution function's isotropization region, suggests dbdon 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 arewo competing modelsrying to explain substornonset the Outsiddn model, based on
reconnection in the magnetotail, and the Inshig model, attributingubstorm onsdb current disruption at ~10eR
geocentric distance. The THEMIS project aimed to distinguish between these models, both of which assumed a
laminar magnetic fieldn 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 closerhio@dytafter this the first auroral arc
brighteningwould occur. If the second scenario were to occur, an initial disturbance would be observed at a geocentric
distance of ~10 R 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 ofhe arc nearest the equatowhich is subsequently observed at a distance of approximately 10 Earth
radii (~10 R)& proved to be quite challenging. Another significant obstacle was the absence of a reliable model to
accurately project the arc brightening ebsed from grourdbased measurements onto the equatorial plane (see the
discussion in Section 2 of this paper).

At the beginning of the space agajerskoy(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 largescale fieldaligned currents, which were latiserved and measured during both magnetically
quiet and disturbed periods. Further development of these ideas was carriedotarinwa(2002) andstepanova 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 Figel 2b contains a scheme illustrating the process of auroral arc brightening.

H' OF
ion beam

Magnctosphere-lonosphere
Interaction model

)

Aurora Auroral bulge formation

a b

Figure 2. Scheme illustrating the action of mechanism suggestedrntoiova 2002) (a) and the
schemadllustrating the process of auroral arc brighteniStepanova et al2002;Antonova 2022)(b).

The substorm theoryAtonova 2002) addresses the development of instability in {acgde fieldaligned currents,
which results in their stratification and the formation of multiple lesgale inverted/ structures accompanied by
large-scalefield-aligned electric fields. As this instabilitlevelopsthe pattern of largecale convection evolves, and
a component of the setonsistent electric field emerges, causing drift across the $aaje structurelhis drift causes
cold ionospheric plasma to lejected into the region of the fielaigned potential drop. At the boundary of this
region, a powerful electron beam forms, accompanied by the brightening of an auroral arc. Jdigfiettielectron
energy within this structure does not exceadrgyof magnetospheric electrons accelerated in an inverted V, and the
transverse energy remains below several electronvolts.
is attributed to the development of instability in the transversety/tm@am. This approach circumvents the difficulties
associated with theories that explain the acceleration
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 ppis and al ong speci al ireconnecdriMBnd | i ne
Bz < 0, the magnetic field strength decreases, causing the volume of the magnetic flwirtatease Thisincrease

results in a localized pressure drop, which can createssyre 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 incredséerce in the BBF region. The

latest findings on tail turbulence have been obtained using MMS dafddqieeet al(2025)). Turbulence is observed

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

electric and magnetic fields differ significanti@ychinnikov et aJ.2024), and double layers have been detected in

the BBF regionsErgun 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 developingamventional 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 ofaifjeleld potential drop.
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Abstract. Very strong magnetic storm (superstorm) with Kp = 9 and D#08 nT occurred on 103 May 2024.
Thesupestorm was characterized by a gradual, treteg main phase development withiximumat ~ 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 registélietense substorms and geomagnetic pulsations. Recent studies
have shown thasubstorms development was main source of intense geomagnetically induced currents (GICs)
occurred in the night sector, whereas Pi3/Pc5 geomagnetic pulsations were paoteeg ®f intense GICs in the
morning sector. Besides, extremely intense geomagnetic disturbances,bol ed super subst or ms ( S¢
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), u&hi (LKH) and Kondopoga (KND) in the northwestern Russia (PG,
EURISGIC, eurisgic.ru). The planetary spatiotemporal distribution of the magnetic disturbances was examined using
data from grourdbased magnetometer networks (SuperMAG and IMAGE) as wellhasmagnetic 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 wecated 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 curren@ICs) are considered intense, ldsequency (~0.0011 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 @lyefra 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) (eofeler and Jansen van Bedl999]) 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 loMfrequency pulsationsBjoteler and Jansen van Bedl99;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 Kidodtiapower
transmission line. GIC measuremenhs&'s are mounted on grounded neutral wire eftype autotransformers at
the 330 kV |Iine at 5 substations | ocated at geographic
57.3A to ~ 65.5A MLAT). Th e saklatitudes, wherse gubstorns typicallyadevelopr a | ar
[Sakharov et a).2007; 2016Selivanov et a).2023]. Recently it has been established that the intensification and
poleward movement of the westward electrojet during substorm expansion ptesesin 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, 2028etsko et al.2023]. Despite the large number of studies devoted to the
anaysis 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 superstort?ddd92024, namely
on 10 May, at the main phase of the storm, when very intense substorms, so called supersubstorms (SSS), were
observed. The rtmsrom wiasu [ @ rr Sstilutsniret at[20 6 te destribé gxtremely intense
magnetic substorms identified from SuperMag magnetometers network, corresponding to events with SML index
values lower thar2500 nT. To date, several studies have invegifjthe 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 stormdajra et al, 2016;Despirak et al.2019]. The energy characteristics of supersubstormg{itani
and Hgra, 2023] and a detailed case studies of individual evedg¢sgirak 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 ~ 22140 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 iottievest Russia during two SSSs observed
at the main phase at ~19:20, ~19:50 UT, and ~ 22:40 UT on 10 May 2024, whem&dSsremerdtations and
IMAGE chain were located in the night sector.

SSs-1  SSS-2 $5S-3 $SS-4
J:- | SupertfiaG
"2024/05)10 2024/05/11 2024/05/11
1%%6 C 22:36 UTY 02:36 UTC 06:36 UTC
1804 | SuperMAG Aurgral Electrpjet Indices - All:SME U/L
660 4| W SMU_ Lo My \, A A
YA

& SMLT VA A N
y ] /™ Yim AN A A = LY
A 1 Vg Al

¥

2024/05/11 2024/05/11
02:36 UTC 06:36 UTC

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 Kefelamower transmission lingith a length

of over 800 kmin northwestern Russia (http://eurisgic.rihe 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 whiclhwadedlein presentstudy: Vykhodnoy
(VKH;68. 8A N, 33.1A E / 65.53A MLAB, 0BA3373IRAMEONG)6,3. L
110.57A MLONG) angé2Kko2nAd oNp,og3a4 .(3KAND / 59. 11A MLAT, 110.
equipped with Hall sensors that directly measure the currents flowing into the ground throggdutited neutral

wire of autotransformer$ositive values mean GICs are going into the grd@eadivanov 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 groundedThe spatial distbution of the substorm was determined using the magnetometers data from IMAGE
(http://space.fmi.filimage/) and SuperMAG (http://supermag.jhuapl.edu/) networks. The BMEx was also

obtained from SuperMAG database. To examine the spatial distributimagretic disturbances along the IMAGE
meridian, instantaneous maps of ionospheric equivalent currents from MIRACLE (https://space.fmi.fi/MIRACLE/)
were analyzed.

Results
1. First period: SSSL
The magnetic disturbances andeGheasurementtor the first period from 17 to 24 UT on 10 May are shown in
Figure 2. The SS3 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 strongtimalgturbances 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 lasgale ionospheric vortex rotagj 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 thd SSS

According to variations in the Xand Y-components of the IMAGE magnetometers from Polesie (PPN) to Ny
il esund ( NAL), no magnetic disturbances were recorde!
~300 nT were observed only at high ladiés 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).
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Figure 2. May 10, 2024 from 17 to 24 UT, blue ovals shown the First period for the studyaghefm
westward and eastward latitudinal profile of the electrojets, calculated by the MIRACLE system (a);
GIC profiles(red lines) located betweaorresponding latitudes of the IMAGE stations (b);axd Y
components of geomagnetic field from IMAGE magnetometers (chainNPRN (c, d); maps of
magnetic vectors from SuperMag network (e) and AMPERE map of the spherical harmonic analysis of
magnetic diturbances for the moments corresponding the moment of the maximum-af $$36

19:26 UT ().

2. Second period: SS38

Figure 3 shows the magnetic disturbances and @&asurementfor the period of second supersubstorm (23S

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 fat.3iSS ®en the strong and
extended in latitudes westward electrojet observed inmabtight sector, where IMAGE and GICs registration
stations were located (Figure 3e and 3f). The magnetic distubars@0-2000 nT were recorded from PPN to NAL
~51i47A8. 9A Geogr. Lat., but due t o-2000Tofshéese werewbserned at or wa
at the lowlatitude 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 matajngector,

but additionally the very intense westward electrojet extended in longitudes: from the morning (~10 MLT) te the pre
midnight sector (~22 MLT); the strongest disturbances-Z500 nT) were recorded at stations in Alaska
(magnetograms not showete). Maximunmof SSS2 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 of23%8sed théntense GICs occurred 8KH ~

12A, LKH ~5A and KND ~25A. It was imelationwith 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 supersutstorghthe main

phase of superstorm on 10 May 2024 were analyzedinsot relationship was found between SSS development and
occurrence of intense @$in the power line in midnight sectddf two SSS events, only S&3vas accompanied by
intense Gits. The initial phase of the storm was characterized by the formation of an intense magnetic vortex in the
morningi day sector over the Pacific Ocean, which led to the absence of GIC durirly $8&intense GlCs the
northwest Russieecorded during SS3were connected to the polar edge of the westward electrojet developed during
SSS2.
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Abstract. Geomagnetic storms occur when the Earthdos magnet
wind. Geomagnetic storms have effects on the atmosphere, ionosphere, and magnetosphere. This study analyzes the
response of the atmospheric paramedéomic 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 val&2ofiT. The atmospheric

oxygen, hydrogen and helium responses during the 11 May 2024 stormnckiee sty 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 artieafier the e
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 oxygemd 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 hdiuing 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 breatheThe atomic oxygen is one of the element of Earth's atmosphere and it is very imporegulating
photochemistry, energy balance, and dynamical moventeiite Earth's mesosphere and lower thermosphearéd

itis also challenging in the applications of the higher atmosphgmtomic hydrogen (H) is one of the most abundant
elements in our universe, and it is another importsrent in the atmosphere [14]. An other important component

in the lower exosphere is the atmospheric heliti@lium in the atmosphere of the Earth represents the dynamic
processes that transfer heat energy and the amount of magsdg2ajhanges in the atmospheric atomic abundances
during geomagnetic storm times are due to the energy and patrticle precipitation of the structure, dynamics, and
generally the chemistry of the atmospheric temperature and pressure gradigthisiime of geomagnetic actiy,

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, ad the production of higispeed wind flows and widamplitude 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 welknown empirical ahospheric 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 atmosphegergxXyydrogen, 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 longitie s of (O0OAN, 30AE), (30AN, 30AE)60A80AN,
30AE)90A®Bd @BOAE) is considered to assess the consiste
atmospheric parameter anomalies from May 9 to 14, ZH#&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 prgéiseThe NRLMSISE 2.0 model data are publicly available

online athttps://ccmc.gsfc.nasa.gov/models/NRLMSIS~2TBke May 2024 storm, known as the Mother's Day storm,

peaked at412 nT, impacting moderday technology that is vulnerable to space weather hazards with relatively few
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substorm 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 indE¥ nT and Kp = 9, was considered to study the
anomalies ofitomic oxygen (O), atomic hydrogen (H), and helium (He), by using the NRLMSISE 2.0 model. The
geomagnetic indexes are downloaded from the Omniweb web#jps:(/omniweb.gsfc.nasa.gov/form/dx1.htmi

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 lly 14, 2024 in the Northern Hemisphere. The response of atmospheric oxygen for the geomagnetic
storm (Figure lal) shows clear latitudinal variability, with an increase in near the equatorial region and a decrease
near the northern pole during the day odyil1, 2024. The atomic hydrogen response for the geomagnetic storm
(Figure 1eh) 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 geomagstetim (Figure H) 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 thmurly variability of geomagnetic indices (a) aredponse of atmospheric parameters of atomic
oxygen (Figure 24), hydrogen (Figure 2g), and helium (Figure 2J) in latitudinal variability (middle and higher
latitudes) from the days May 9 to May 14, 2024 in$oaithern Hemispher&he response of atmospheric oxygen in
the Southern Hemispheffer the geomagnetic storm (Figure-apshows clear latitudinal variability of an increase
on May 11, 2024, at80, 30), a slight decrease a6 , 30) and a complete decrease-&J(, 30). The response
of atmospheric hydrogen in ttgouthern Hemispher®r the geomagnetic storm (Figure-8f shows completely
decreased values on May 11, 2024, than on other days at all latitudes. The response of atmospheric helium in the
Southern Hemispherfor the geomagnetic storm (Figure-Phshows clear latitudinal variability of with mostly
increase on May 11, 2024 a8( , 30) and decrease ai60 , 30) and (90, 30) latitudes.
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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 Héraisp
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Figure 2. The hourly variability of geomagnetic indices (Ap and Dst) émd geomagnetic storm
response of atmospheric parameters of atomic oxygei (left side), hydrogen ¢g) (middle), and
helium (hj) (right side) inmiddle and higher latitudes wittonstant longitude from the days May®
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 itff2@2adinimum value

of Dst-412 nTon the atmospheric parameter&fgen, 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, andnheaksponses 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 neaptigeaftpe 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 variatismompared to the nedisturbed days of May 2024. During the storm day, atomic
oxygen and helium concentrations rise, while hydrogen concentrations fall. The NRLMSI@Enospheric model
captures atmospheric oxygen, hydrogen, and helium anomalies durisgrgrmemagnetic storm on May 11, 2024.
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Abstract. The magnetic storm on 112 May 2024 Dstmin= - 403 nT) was the strongest storm in the currefit 25

solar cycle to date. The magnetic storm developed under strong and rapid changes in the structure phthnetanyer
magnetic field (IMF). he IMF components changed from negative to positive values Rivfirom i 40 up to +70

nT, IMF Bzfrom 140 up to +50 nT) under the high spaé¢~750 km/s), and dynamic pressitew(~30-35 nPa) of

the solar wind. Here we studied some effects of these IMF changes on the planetary configuration of the ionospheric
electropts and fielebligned currentdased on the global maps derived from the magnetic measurements on 66 low
orbital satellites of the AMPERE project. An unpreditlarge eastward current expansion was found under the strong
positive IMF By (> +20 nT) values associated with the appearance of the local very intense upwaatigindd

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

1. Introduction

The magnetic storm on 112 May 2024 Dstmin = - 403 10 M“"l
nT) was the strongest storm in the current 25th s p
cycle which developed due to a series of large solar fl 1000
and coronal mass ejections. By now, many wc
described solar sources, the solar wind (SW) =0
interplanetary magnetic field (IMF) parameteind
different aspects of geomagnetic response to this exti 300
storm have already been published [eHpjra et al,
2024; Kleimenova et al. 2025; Ngwira, 2025;
Chernogor 2025 and references therein].

11 ]\In}'l :

Throughout the storm, the solar wind and IN =0
. L . . - SymH

parameters varied significantly in all storm phases. 2008 M, :
IMF Bychanged froni40 up to +70 nT, IMBzchanged 0 AN -.‘fv'w/’h‘*-ff?“”
from 740 up to +50 nT) under the high speéd~750 | S S "./M/-v ....................
900 km/s), and high dynamic press@®v(~10-50 nPa) 60} 8 "\\ : By
of the solar wind. In Fig. 1, one can see variations of | ST M e I,./‘ﬁ‘;;"“*w*»w:
SW and IMF parameters during the interval un oY RS : :
consideration and geomagnetic indices of st&ymH 60, . S DS N ——
(as1-min analog ofthe Dst index) and auroral activity 60 , : : ‘Bz
AU and AL. (https://omniweb.gsfc.rsm.gov/ and & o Pov—— A /f;M G
https://wdc.kugi.kyoteu.ac.jp. sof mASfMr WS

It was found severalU-index peaks up to 1600 n o00i T v 1
which show maximum magnitude of the eastw ésnn‘“ i lw ; L
g:)enc(;:;i)g)er;cS.(EE) under the different IMF and S ;?nn P, T g N ﬂ%WW I o .

Notes, that such extreme increasinghefAU-index are ﬁu_;-' r ““““““““““““““““ P's“ [
rather rare. We analyze&lJ index data from 200@025 = L I ISTYE T
preseneéd by Wold Data Center in Kyotand detectec " 30| AT ML Y, WA
that there were only 37 events whée value of the\U ST T T L. T
index was around 1000 nT or exceeded this value, 20 00 04 03 12 UT

only in 6 eventshe maximumof theAU > 1500 nT. Figure 1. Geomagnetic activity indices and the

IMF and SW parameters during the intervef
the storm 1011 May under consideration.
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Some peculiarities of the eastward electrojet distribution in the extreme magnetic storii biVia§ 2024

Here we studied some effects of strong and ripkland SW changes on the planetary configuration of the eastward
electrojet (EE) and accompanying fiedtigned currents (FACs) in the daytiragening sector (028 MLT) of the
high latitudesTwo eventghat we analyze in detareshown in Fig. 1 by the red arrows.

For aur study we usedhe global maps of thenospheric currentand field aligned currentsgsing orthe magnetic
measuremensn t he 66 | sihulumasabes| yteper atoftmgroject AMPERE. al t i
Themaps are presentédn t he geomagnetic coordinates with a spati
longitude at 2 min cadence oveea-minutewindow (http://ampere.jhuapl.edu/product§hemagnetic perturbations
are given relative tthe Earth's main maggtic field with automated bds®e, these data are transmitted to the Earth
for a spherical harmonic analygise .Aqv.d,er son 28004 |

2. Observations and Discussion
It was found twounpredicted large eastward current expansidre first one22:50 UTon 10 May, shown by the
AU-index peaks up to 1600 nT occurred after rapid simultaneous changing of tigy BiEBzfrom negative values
to positive ones. The secoridJ-peak up to 1200 nT was observed at 12:10 UT 11 May. It occurred under stable
negativeBzbut after rapid change &y from negative values to positive ones.

In the work [yemori et al. 1979] it is suggested that the ring current and the westward elebd¥iea(e caused by
a common mechanism. But the process of devetayt of the eastward electrojstdifferent from that ofVE, or it
has a complex process of two or more mechanisms; for example, the effect of-theud®nt system (which is
coherent with variations in thezcomponent of the IMF) othe effect of the partial ring current values associated
with the appearance of the local very intense upviald-aligned current in the afternoon sector.

10 May
a b
(1) AU~100nT (2) AU~1600nT o @
By~-50nT Bz~-30nT By~+60nT Bz~+15nT 80— AR I aeay
22:22 -22:32 UT 22:52 - 23:02 UT 40 : f ¥

Figure 2. The AU-maximum at 22:50 UT on 10 Maya)(theAMPERE-maps of the ionospheraurrents
(green vectors) and FACs (upwdrded, downward blue) before (1) and after)2apidstrong changes
the IMF By andBz Black circles showheintensfication of the EE and upward FAC%)(the IMF By
and Bz V and Pswof the solar wind, indice&U and AL. The yellow bas markthe teaminute data
averaging windows corresponding to the maps on the ganel
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2.1lonospheric currents before and after the IMF change
In Fig. 2a one can see AMPERRBRaps of the ionospheric currents before (left) aftek &ight) the IMF By and Bz
rapidchanging fromi 50 to +70nT andi 40 to +50 nTcorrespondingly (so callefiflipo according tdOhtani et al,
2025)) that is shown in Fig. 2b. e eastward electrojéiefore flip, demonstrated on the left magignificantly
intensified, merged with eastward polar current, and expanded from 55 t¥itAg in the 1317 MLT sector(right
map) It could be caused by developmefitpartial ring current (PRC). It could be sesgnificantly weakening of
WE previously existing in the pestidnight and morning sectors at latitudes) MLAT .

At the same time, these strong and rapid changes in IMF led to the significant enhararenepiacement of
FACs in the daytime sector of the high latitudes

2.2lonospheric currents aftethe rapid change of the IMF By under the IMF Bz <0

As one can see in Fig. 3a (lefietstrong eastward electrojet vasserved in the daytime sector. After thangeof
the IMF, theEE locationexpanded from 55 to ~7MLAT in the 1419 MLT sectordue to the addition of daytime
polar currents caused by the appearandb®fF By > 0 (right). The configuration of the fieldligned currents,
which enhancedn the afternoon sector of high latitudes, abarplychanged sharplthe configuration of the field
aligned currents, which intensifiethdchanged in the afternoon sector of high latitudes.

11 May
a b
(1) AU~150nT (2) AU~ 1200 nT (1] (2}
By~-5nT Bz~-15nT By~+15nT Bz~-20nT 20 y fV”‘ ' ¥
- B TN ‘"’\wwv
- 2 ; z { ; —1|]
Ty : Bz
oo
\ 2 09 :
LVI _1u—w \A‘L : :
\ f 20+ Mgy B "“'—"--*-1.._...-—“1..
“ « 500 . N/ﬂ“qj‘ R 'Jl' - -"—r-rv
‘a ‘ al
1 200 ¥
TRMUT - Psw

Figure 3. Thesameasin Fig. 2 butfor the AU maximumat12:10UT on11 May.

During the considered interval, the IMBz remained negative (~20 nT) that it is shown in Fig. 3lWe assume
that the EE enhancement could be caused by an effect of the magnetospheric conveeiaur(@Rt system)
enhancedinderBz< 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 gl ring current intensity. Previously, iGfomova et a|.2018], based on the CHAMP satellite
data, a fairly high correlatior ¢ 0.7) was found between the EE intensity &symHindex, which is used as an
indicator of the intensity of the partidhg current Kalegaev et a).2008], see Figd. However, in the magnetic storm
on 1611 May 2024, no clear coincidence of increases oAtieéndexwith the variations of th&symHindices was
found.
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Auroral electrojets 3. Conclusion
14 -20 ML.T The sharp changes in the IMF struetobserved in the
Westward Eastward magnetic stan 1012 May 2024led to significant
Afmr HwE) = 0.68 ; r (EE) = 0.64 changes in the structure thie eastward electrojet an
: § field-aligned currents in the daytirevening sectol
15 ) (09-18 MLT) of high latitudes.
’ x - Basing on the global maps of the ionospheric |
10| X I field-aligned currents derived from the magne
A & measurementon 66 low orbital satellites of th
. | LA s AMPERE poject it was found:
f‘i* E*i - the intense eastward electrojet occurred under
. ,§ X strong positive IMBY (> +20 nT), both under the IMi
0 160 200 300 AsyH, nT Bz> 0 and IMFBz< 0;
- with an increasing of the positive IMF By value, t
Figure 4. Statistical dependence of the eastward electrojet strengthened and latitude7g&5
intensity of the eastward (red stars) and MLAT) expanded collocating with the appearance
westward electrojets (blue stas) AsyH the local very intense upward fieldigned current.
index. Adopted from {Gromova et al.

2018].
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PLANETARY FEATURES OF WESTWARD AND EAST
ELECTROJETS DURI NG THE STRONG MAGNETI C
ON 10 OCTOBER 20214

N. G. KI &i nhenoVv,aGrSawo¥% &Lomlov Mal ysheva

ISchmidt I nstitute Physicsemafinlg:knlédy3dsadek. RAS, Mosco
2Pushkov Institute of Terrestrial Magnetism, lonosphere, and Radio Wave Propagation, Moscow, Troitsk,
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Abstract. The magnetic storm on 101 October 20240stmin= - 333 nT) was one of the strongest storms in the
present 28 solar cycle. Large variations in the intensity of the IBYfandBz(from +40 nT to- 40 nT) were observed

during the main phase of the storm at the very high solar wind dynamic pré3sweip to ~ 40 nPa. The storm
recovery phase developed under the unusual strong (utaT) and long lasting (~12 h) IMBz This led to high
substorm activity in the storm recovery phase as well. Thus, at least 8 substordls-inilex ~ 1500 nT and higher

were reorded 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 ofZ 8D nT inAU-index were observed, the maximum

of which did not coincide with the minimum AL-index. There were no intense positive magnetic baysUWimdex)

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 globgdsteased 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 B§fandBzas well as on thBswlevel. 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 componeRtwdad to tre

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 4101 October 20240stmin = - 333 NT) was one of the strongest storms in the 25th solar cycle.
Different aspects of this storm are widely discussed in literature[Rigrtard et al, 2025;Singh et al.2025;Xia et
al., 2023. Large variations in the intensity of the IMBy andBz (from +40 nT to- 40 nT) were observed during the
main phase of the storm under the very high solar wind dynamic pre$iswg p to ~ 40 nPa (Fig. 1)
(http://wdc.kugi.kyoteu.ac.jp/).I t i s wéalat kmewmost | MF and solar wind g
| MBanBynd sol ar wi ndPsg)ynadnet apoe etshmivsl, ¢y ¢t hese par ameter
the text: oA rgeoloadt iaonnt iiAsli s ex PiGed dteleenvahieati ons demonstr
energy from the magnetotail

The storm recovery phase dev-elOomdd wmdied otnlgB 2 a8 snagl (s

l ed to high substorm activity during bAlimhdetkkédo®d mAhases
and higher were recorded during the storm main phase a
(Fig. 2) . I n addition, during the main phase of the s
amplitud®Oo®fmm:MOedex. The Adaxnidmx dafi dt met coi ncAilkde wi t h
index. There were no intense positive magnetic bays 1in

Here we study the planetary features of thagestorms as the configurations of the ionospheric westward (WE)
and eastward (EE) electrojets and fialigned currents (FAC) in course of this magnetic storm.

2Dat a

Our study was based on an analysis of the magnetic measuramentst he 66 | ri dium satelli
operating at t hokthearbjeci AMBERE £ .Aanf.d,e7r8s0p nk2n@résergel 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 geomdgnetic
h MLT in the longitude. Thenagnetic 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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The AMPERE maps in Fig. 3 demonstrate that during studied events, asideopolar latitudes, the largeale
ionospheric currents flowed in opposite directions: there were the eastward currents in the first event (16:30 UT) and
the westward currents the second one (16:48 UT). Due to the negative BdFboth the dawn and dusk convection
cells were enhanced and expanded.
It is seen that during the storm, the configuration c
to changes in the configuration and intensi(tsy eo.fFigAQs
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considered event, the midnight W
decreased due to change of the sign of |
Bz from negative(- 10 nT) to positive (+8
nT). The additional currengissociated with
the positive and strong IMBy, did not break
the structure of the convective cell, but
only supplemented its midday part, there
downward FAC structure became mc
complicated (right lower part of Fig. 4).

Dramatic changes in the IMF and sol:
wind have happened at the end of the m
phase of this magnetic stor(hn e a r
U T s itis presented on Fig. 1: thalue of
the IMFBzs u d d dropped from +20 nT
to - 45 nT, the value of the IMBy dropped
from +36 nT to- 10 nT, and the solar win
dynamic pressurePgw) collapsed from 32
nPa to 3 nPa. One caee(Fig. 1) that the
valuesof IMF Bzand IMFByremaineg |
avigh for-3 ahot ithettha
electrojet configuration significanth
changed. Due to strong negative value of
IMF Bz, both electrojets (the evenin
eastward and morning westward ent
shifted to lower latitudes.

About one hour later (at ~23:30 UT), tt
Pswincreased again up to 10 nRawever
the value of IMFBz remained very strong
negative {40 nT) and the value of the M
By remained strong negative {0 nT). To
show the reaction of the ionospheric curre
to this change, we compared the planet
ionospheric current distributions obtained
the AMPERE maps before and after of tl
slight change in thBsw(Fig. 5).Increase in
the pressur®sw(from 3 to 10 nPa) led to .
complicated change of the duskening
FAC structure and the latitude expansion
the EE areaFig. 5, right map) The EE
significantly enhanced and latitude expen:
despite the fact that the IMBy remained
negative. The WE shifted to significal
lower latitudes, probably, due to an influen

d e mons Oftheverystrong negative IMBz
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11 October 20214 The storm recovery phase started at 0z
06:30 - 06:40 UT . il on 11 October 2024 and developed ur
' ' unusually strong negativiMF Bz (~ - 20
nT) and highVswvalues (~706750 km/s)
Due to this, there were strong subst
activity (AL ~ - 10061500 nT). Despite th
fact that in the storm recovery phase,
IMF and solar wind parameters were no
variable as in the storm main phase,
planetary structure of the FACs &
electrojets remained rapidly chang
dependingnot only on the instantaneo
IMF values bubn its prevous state as we
Two AMPERE maps with time interval
about of 30 min (Fig. 6) demonstrate v
variable structure of the both electrojets
FACs

4 Resul ts

We studied the dynamics of the planet
configuration of the eastward and westw
electrojets and corresponding fiedtigned
currents (FACs) during the supsirong
magnetic storm on 01 October 2024 ar
found that it depends on the sign and va
of the IMFBy andBzas well as on the sol
wind dynamic pressurd’éw)

i guTfTwo6 AMPERE maps with ti
0 mi n demonstrating very
|l ectrojets and FACs.
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BzThis | ed to thivgh ys whusrti onrgmhtahsee satso rwe Irle.cover

We found that rapi d ®ismeldt atnoe otutse vad melsi coaft etdher api d
configurations of the eastward and westward electro
instantaneous magnetosphere state but Dhnfytspecielvi oue
each individual component. The further detailed studi
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AN ANALYSIS OF ENERGETIC PROTON FLUXES BELOW
THE INNER RB AT THE EARLY STAGE OF RING CURRENT
DEVELOPMENT DURING THE MAY 2024 SUPERSTORM

A.V. Suvorova

D.V. Skobeltsyimstitute of Nuclear Physics M.V. Lomonosov Moscow State University, Moscow, Russia
E-mail: alla_suvorova@mail.ru

Abstract. The sudden increase in the fluxes of energetie3(30 keV) el ectrons below the
belt (RB), known as forbidden energetic electrons (FEE), has been systematically studied over the past decade. A
mechanism of fast radial transport war®posed 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 s$bgt 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 op@egimuthal 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 magmetimsttay 2024 when the FEE

event was also observed. We found evidence of proton injection, confirming B elt.

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 ofreergetic (up to several hundred keV) electrons and protons in the forbidden zone do not exceed
1(? particles per (crhs sr) under quiet geomagnetic conditions [1,2]. The inner RB edge is formed at altitudes where
particle losses become significant due ffeaive 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/POB®Iil(w850 km)
satellites were used to create a catalog of anomalous events witfiukEftreases [3]. The FEEs constitute a quasi
trapped population, which is chatazed 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 paranwtarmechanism 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 currenypawin and under discussion [8, 9]. The
particles injection occurs as a result of radial drift in theBHields, which does not dependent from the sign of the
particle charge. However, no simultaneous increases oekeygy proton fluxes were observed aaplorted. 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
oppositeazimuthal 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 altitudesef#ctive losses of lovenergy protons in the
chargeexchange proces§) 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 theviegEduring the superstorm in
May 2024. We analyze the spatemporal characteristics of increases in proton flux intensities at early stage of the
storm main phase when theymmetric 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 orientationertical (Oddetector) and horizontal (8@letector). The Adetector measures
quasitrapped particles at the equator and precipitating particles atdtigides, while the 9detectori 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 Rours 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 eHSYM12

nT. The solar wind pressure stayed strong and exhibited severallatgegncreases and decreases which were
manifested in corresponding variations of SYAMndex [4, see for details]. The present study is focused on dynamics
of the >30 keV quadiapped protons during the beginning of the superstorm on 10 May 2024 iricfihel out the

time of their possible injection.

Protons >30 keV u

vertical

10 May

S (o: /

40 45 [em’ssr)!

horizontal

(c)

Electrons >30 keV ___L_%?S!
3 4 en’ s 8
10 May

2
vertical

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. Numbers8 Indicate
tracks with pitchangle anisotmy.

Fig. 1 and Fig. 2 show global maps of fluxes of protons and electrons with the energy >30 keV during two storm
days 1011 May. During the storm, the forbidden zone at low latitudes was temporally populated by energetic electrons
and protons, but behaviofo pr ot ons

and

5 6
horizontal

)

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 equatdfEE enhancements are
observed by vertical detectors.

el ectro

ns at

| ow

|l atitudes

vicinity of the dip equator excepting the region of South Atlantic Anomaly (SAA) located in the longitudinal sector
from 100AW -trappe@ eleEtrons Figafty) énhanced in the forbidden zone (FEE event) west of SAA, in
particular at the the equator, whereas precipitating electrons (Fig. 2c¢,d) did not. Bottrapmesil and precipitating
protons fluxes enhanced over a wide range of latitudes (Fig. 1a,0f &4, finally occupying all longitudes on 11

May (Fig. 1b,d). Thus, the key feature of the FEE event is an anisotropic flux inrapighd distribution. Protons
exhibit an isotropic pitclangle distribution, which is the main characteristics of storg durrent development.
However, some tracks show evidence of anisotropic flux on 10 May (humi3ersHig.1a,c).

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

SC| LT Time Long |Je(cmissr)t | Je (cns sr)t Jp, (cmés st | L
>40 keV >130 keV >30 keV

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

occurred in
shellsL < 1.13. We choose this interval of longitudes for further analysis of-pitgfie 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 oneby-one such that P8 passed the equator ~12 min earlier than P3 satellite. In Fig.3, the background flux is
about ~10 (crhs sr)?, the equatorial proton fluxes >3flux units are originated from the ring current (RC), they form

a smooth belshaped profile and have similar counterpart in the precipitating population (Fig. 1c). The P1 satellite
observed equatorial enhancements in precipitation and-ffappeed protos, indicating isotropic fluxes, and,

therefore, their belonging to the RC popidat 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 | emgiattude : 1127 AUW bayt R & ngad tt euldlei
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 ~20A vicinity of the dip equator in the |
enhancements were observed ydPd P5 satellites. The first FEE enhancement occurred at ~19:22 UT near drift
shelll=1. 11 (Table 1) in the prenoon sector at Plomgitude !
sryl. The next FEE enhancement at 19:37 UT was muchgardr16 (cn? s sr)t) and observed deeperlat 1.1 in
the morning sector at |l ongitude 177AE. I't is important
keV electrons simultaneously. This meant that this longitudinal sector is close to the region of electron injection from
the inner RBOtherwise, 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 eldwkans
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 on&akiimg injection above the Pacific region.

That is enhancenmés 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 80n) 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.

rtical

Time. UT Time. UT

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 measurenfiequasitrapped or precipitating
protons are indicated respectively. The LEO satellites arée:N#dtOp-1, P3i MetOp-3, P8i 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.§.,[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 failurgistere>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 intensitiesofcr£® sr)* and populate mainly
night and evening sectors in the beginning of main phase (Fig. 1 a,c). At that time, the ring current is asgargnetric
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[10]). In Fig. 1 (a,c) one can see intense proton fl uxe:
which corresponds to evening regions. At {mamiddle latitudes those protons arrive to low altitudes as energetic
neutral atoms after chazgexchange interaction in the RC region, which is located at drift shells Ab2\&0]. At

low altitudes, the energetic neutral atoms loss their electron and become ionized in interaction with the dense
atmosphere. The neutral atoms are not guidethé magnetic field and, thus, they propagate in any direction and
populate a wide range of latitudes. At midttehigh latitudes, very intense (>4@n? s sr)Y) fluxes are produced by

protons precipitating directly from the ring current region. At the early stage of the stor20 (IB), very intense

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

the RC in the nighto-evening hours. With developing the main phase, the ring curreoiri®ss symmetric and

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

We show that the observed proton flux enhancements have differertipgteh characteristics, indicating a local
injection of protons from the inner RB in the preon sector early in the storm main phase. We find that the injected
quasitrapped protonsan 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
directionsi eastward and wesbaid, 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 $patiension and it is located in the longitudinal sector from
120AE to 140AW. At 19 UT tilprermondoeaktima Moreowen, thedngegtionpaesst o n
should have a duration of the order of 20 min [4,6].

p e 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 atellite. In contrast, electrons drifting eastward
move to lower altitudes and the satellite observes intense
electron fluxes coming from higher-¢hells with increasing

p e longitude until the SAA region. This complex dynamic results

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

‘ » have shown that the injection of protons and electrons in the
-170 -130 -130 Longitude  forbidden zone occurred above Padifithe morning hours and
had the spatial scale ef1 0 0 Aemaanatiscalef ~20 min.
This pattern supports the mechanism of radial transpol
energetic particles from the inner radiation belt down to
altitudes due to EB or electric drift.

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.

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 affed 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-SYhdlex at ~18:57 UT and a dayside expansion of the
magnetosphere. It is important to note that during that, tieelMF Bz was positive. It meant that we can exclude
magneteplasma 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 magnetosphefé¢8magnetosphere expansion
should result in generation of induced electric field
latitudes, where the geomagnetic field is pointed northward, this electric field causes neBialriE of charged
particles toward the Earth. The electrons and protons transport imtBefields with the same rate. During the
transport, they shift in opposite horizontal directions due to azimuthal drift: eledtreastward and protoris
westward. The divergence between electrons and protons depends on the rate of radial transpaliteethich
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=(L15) to L=1.1 within a reasonable time of ~2in [4,6]. Hence the
mechanism proposed can explain the dynamics of electron and proton enhancements in the forbidden zone.
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Wisted3d tetso Odzd w Taludbr.o0r3a 12 OWlwBl,ge2)3. 12. 2016, 27.11.2022, SCBGHI
Br d&zO tsfmoe jhjdz0 fmdwdedw d3qd .

sOtlsddz W tstedzdtoseo Odzd W disdetsmW jtodzr » IstsStsor 7 fMdflsj 3 sy dzt
bsSCtseo | MABEFHRBR2® H 23 fH@E OB E ML O de ©200 edf. 3. RrRL tdf. 3
ftej Hdzj BOMNh sOBdzr » odrntejorn bsisern MmdMmisjd. 1 Mmddkkz bet
Stedjdisdtetso OO ftoj dBBzh j Mise jedais Iots dgOMflic’Oo dijtedadds d WijfeGide .
Oo tetste Ocz! dzts Bis 24, dzjoldlitdatgroy jj IstsSCtsor j MmdMmisj g dRjel L ORjIsde
CodWdekzteOydd Isj n detg @tzelet ) HOERY tectzd dedid 65 dzgj BO 5 f scdzw tede o
o' MsCddd ftosMmistcOdeMmise j dede" d3 twOL tejh jdedd ds Hdzw tsfftej HJ dzj dad W
dsdetsmW jtodzr » btsCtsor 7 MdMmisj &g, tlse jlsMmise jdzdzr » L O 1 Cflstej BOdz

i dMzdz6C oo Odzj dzlsdz’ | dodesW jtoder | bsCtsear j MmdMmlsj g, s
Hdzv 23 HjCOBtY 2016, 18:11:00 UT (figpdQlco®Plss&dr1l: 50
i seotsL j tetso, Ifjdzjdz Ljte jCdEdive dC Od3j 67 o Mjets dzj B O.
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