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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.
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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 GIC 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-
Alesund (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).
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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 GIC 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 GICs in the power line in midnight sector. Of two SSS events, only SSS-2 was accompanied by
intense GICs. 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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