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ABSTRACT. The paper presents the results of the
analysis of magnetospheric-ionospheric  sources of
geomagnetic variations for the superstorm of May 10-13,
2024. This event occurred at the maximum of the 25th
cycle of the Wolfe solar activity and at the beginning of
the 100-year cycle of geomagnetic activity. During this
period, superstorms similar to the storms of October-
November 2003 will occur.

To analyze the sources of variations, 1-minute values
of Polish and Ukrainian geomagnetic observatories (Table
1) were used. The sources of geomagnetic variations were
identified based on the data on the indices of geomagnetic
activity Dg, Kp, AL, AU, AE and model calculations. The
influence of magnetospheric sources and auroral
ionospheric electric currents in the middle latitudes is
diagnosed. The contribution of each source is calculated.

Keywords: solar and geomagnetic activity, solar cycle,
magnetospheric-ionospheric current system.

AHOTALIA. VY poboti BHKIAIEHO pE3yJIbTaTH
aHaIizy MarHiTochepHO-i0HOChEpHUX JOKepen
TEOMarHiTHUX Bapiamiii mis cymepOoypi 10—13 TpaBHA
2024 poxy. [lana noxuis BinOynachk y MakcuMyMmi 25 IUKITY
COHSYHOT aKTHBHOCTI Bosib(ha ta Ha mouatky 100 pigHOTrO
KTy T€OMArHiTHOT aKTUBHOCTI. Y JaHu# niepion OyayTh
BinOyBatHcsi cynepOypi mofiOHi g0 Oyp JKOBTHS-
gucromaga 2003p. OCKiUIBKM T€OMarHiTHa aKTHBHICTh
BiACTae€ Big COHSYHOI Ha 1-2 pokd, 1i MaKCUMyM
ouikyeThbes 01t 2026 poky.

Jiis aHamizy 30BHIMIHIX DKEPEI Bapialliii BAKOPHCTaHO
ONHOMIHYTHI 3HAU€HHS IIOJBCBKUX Ta YKpPaiHCBKUX
TeOMarHiTHUX oOcepBaTopiii HaWOUIBII iH(pOPMATHBHOL
citkn INTERMAGNET.

InenTudikamito  mKepen TEOMarHiTHHX — Bapiamiit
NPOBEJCHO 32 JAHUMH IPO 3MiHY TOpU3aHTAIbHOI
(cximHof) KOMIIOHEHTH BEKTOpPA HaIpy>XEeHOCTI
MAar”iTHOrO IMojs 3eMji, CIOKIHHOI COHSYHO-T000BOT
Bapiarii. [Hgexcu reomarniTHOi akTuBHOCTI Dgt, AL, AU,
AE B34Ti 3 MDKHapoJHMX LEHTPiB JaHWX Ta 3a
MOJIETIBHUMH PO3PaXyHKaMH.

VY nmaniii poOOTI HAMU BHKOpHCTaHO Moaenb Mina ais
BU3HAYCHHS BIUIMBY CTPYMiB Ha MarHiTonaysi (iHmi
MOJIeNi JTAIOTh CHIBMIpHI 3Ha4YeHHs). BIumB cuctemu

KUTBIICBOTO MAarHiTOC(EpHOTO CTPYyMY, CTPYMY B XBOCTI
MarHiTochepr 1 iH. B TepmioMy  HaOJIDKEHHI
oOunciroBaBcgd 3a gormoMoror Dg — iHmekca Ta #Horo
LIMPOTHOT 3aJIGXKHOCTI (y HAIIOMY BHUIIQJIKy BUKOPHCTaHO
3aKOH KOCHHYCA LIUPOTH).

JliarHOCTOBaHO BIUIMB MAarHITOCEPHUX JKEpen Ta
aBpOpaJIbHUX  1OHOC(EPHHUX  EIEKTPOCTPYMEHIB  Ta
CTPYMIB IX pO3TiKaHHS y CepelHi MHUpOTH. BuuncieHo
BEIMYMHY BKJIAQNy KOXHOTO JDKEpeda: BelIMYMHa
MarHitochepHol CKIamoBOi [uis JaHOi Oypi CTAaHOBUTH
6mm3bko 80%, ioHOChepHOi — 20%.

KiiouoBi cioBa: COHsSYHA 1 T€OMarHiTHa aKTHBHICTb,
COHSYHUN IMKJI, MarHiTOoC(pepHO-iOHOC(EepHa CUCTEMA
CTPYMIB.

1. Introduction

On May 8, 2024, solar flares from sunspot region
3664, solar flare X1.0, which peaked at 05:09 UTC, and
solar flare M8.6, which peaked at 12:03 UTC on May 8,
2024 caused asymmetric full halo coronal mass ejections
that triggered a large geomagnetic storm on May 10-13,
2024, with a storm sudden commencement (SSC) of (Dst
=—412nT and Kp =9).

The diagnostics of the sources of geomagnetic
variations has been carried out by many authors
(Sumaruk, 2006, Laba, 2010, Grandin, 2024), since each
event in the geomagnetic field characterizes a different
influence of all sources and takes place in a special way.
The superstorm of May 2024 occurred at a time close to
the maximum of the 25th 11-year Wolfe cycle, but in our
opinion it is not the largest in this cycle, since according
to our forecasts (Sumaruk, 2023), the maximum of the
cycle is expected in 2025-2026, and superstorms occur at
the maximum and at the beginning of the decline of
cycles, for example, the superstorm of 2003-2004. One of
the reasons for this is the possible coincidence of the
directions of the Sun's and Earth's magnetic field in odd
solar cycles, the increase in recurrent geomagnetic
disturbances (Sumaruk, 2009, Orlyuk 2023) and the
beginning of the 100-year cycle (Sumaruk, 2023).
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2. Magnetospheric-ionospheric current system

To diagnose the sources of the magnetospheric-
ionospheric current system, we used one-minute data of
the horizontal (north) component H(X) of the Earth's
magnetic field induction vector (B) of the Ukrainian and
Polish INTERMAGNET observatories (data are presented

in Table 1).

Table 1: Observatories whose data were used

IAGA code | Name Geomag. lat. | Geomag. long.
[ded] [deg]
ODE Odesa 43.720 112.430
LVvV L’viv 47.84 106.8
BEL Belsk 50.18 104.750
HLP Hel 53.16 104.060

The horizontal component best reflects variations
caused by external sources. The value of irregular field
variations can be defined as (Sumaruk, 2006):

A=X-S5g 1)

where X — value of the horizontal component of the
geomagnetic field. Sq — solar diurnal variation of the
horizontal component of the geomagnetic field
characterizes the wave radiation of the Sun.  Since the
amplitudes of Sy — variations change with the season and
activity. Seasonal variations of activity caused by changes
in the ionospheric conductivity. (Sumaruk, 2004). As a
reference level for the field of irregular magnetic
variations in middle latitudes, we chose the quiet solar
diurnal variation calculated by five internationally quiet
days (Sumaruk, 2004; Sumaruk, 2005).

The irregular variation of the geomagnetic field caused
by the magnetospheric-ionospheric current system is
described by the equation (Fukushima and Kamide,
1973):

A=DR+DRP+DT+DCF+DP, )

where DR — the variation from the ring magnetospheric
current (including the partial ring current);

DRP — the variation due to the partial ring current;

DT — variation from currents in the magnetosphere tail;

DCF — variation with currents at the magnetopause;

DP — variation from the ionospheric currents in the
aurora zone and their reverse currents of spreading to the
middle latitudes.

Magnetospheric sources (DR, DT, DRP) are well
reflected by the D index of magnetic activity (Campbell,
1996). Ds data are taken from the website
(https://wdc.kugi.kyoto-u.ac.jp). As a first approximation,
the magnitude of the variation from magnetospheric
sources (4m) can be calculated by the formula:

Am = Dg-COS®, (3)

where @ —the geomagnetic latitude of the observatory.

3. DCF and DP currents

The magnitude of the variation from the currents at the
DCF magnetopause is calculated by model calculations.
The most commonly used models are the paraboloidal
magnetosphere  model, the  T02  Tsyganenko
magnetosphere model, and the Mead magnetosphere
model. The magnitude of DCF variations calculated by
different models is commensurate in magnitude. In this
work, we used the Mead model (Mead, 1964).

According to this model, the components of the DCF
field on the Earth's surface are defined as (nT):

DCF=(25150-cos®)/ry*+21000-((2sinp— 1)-cost)/ry*
DCF,=(21000-sing-sint)/r,* ©))
DCF,=(25150-sing)/ry*+(21000-sing-cose-cost)/ry*,

where r, — the geometric distance to the sub-solar point of
the magnetosphere; t — local time, which is counted from
the midnight meridian; ¢ — geomagnetic latitude.

The first term in the formulas for the DCF, and DCF,
components represents the symmetric part of the field,
and the second term represents the asymmetric part. The
contribution from the magnetopause currents can be
calculated if the distance of the sub-solar magnetopause
point to the Earth (rp) is known. The value of r, (in km)
can be found from the solar wind plasma parameters
using the model (Shue, 1998):

rb = {10.22 + 1.29 tanh [0.184 (Bz + 8.14)]} (W?) 1/6.6 (4)

where v — the velocity of solar wind, km/s; n — the
density, cm; Bz — Z-component interplanetary magnetic
field. During magnetically quiet periods, r, = (11-12) R,
Re — the radius of the Earth. We calculated the variations
of DCFx for all the studied observatories (data are given
in Table 2).

Table 2: DCFx — variations

ODE, nT LVV, nT BEL, nT HEL, nT
Max | Min | Max | Min | Max | Min | Max | Min
714 | 11.8 | 66.8 | 10.8 | 64.0 | 10.3 | 60.3 | 9.57

The variation from the auroral ionospheric currents in
the aurora zone and their return currents to the middle
latitudes (DP) is described by the auroral activity indices
AE, AU, AL. As is known (Feldstein, 1999), during very
large magnetic storms (Dg < —150 nT), the focuses of
auroral ionospheric currents are shifted to the middle
latitudes. During the onset of a magnetic storm, mid-
latitude observatories are affected by reverse ionospheric
currents. With the growth of D, the observatories come
under the direct influence of the eastern (AU) or western
(AL) electric currents, depending on the local time.

We have calculated the variation of DP (data are
presented in Fig. 1):

DP= A— An— DCF. ()
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Figure 1 a: Variations of X — Sy and Dscos® (top
diagram) and the variations of DCF and DP variations
(bottom diagram) for L’viv geomagnetic observatory.
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Figure 1 b: Variations of X — Sq and Dsicos® (top
diagram) and the variations of DCF and DP variations
(bottom diagram) for Odesa geomagnetic observatory.
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Figure 1 c: Variations of X — Sy and Dscos® (top
diagram) and the variations of DCF and DP variations
(bottom diagram) for Belsk geomagnetic observatory.
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Figure 1 d: Variations of X —Sq and Dsicos® (top
diagram) and the variations of DCF and DP variations
(bottom diagram) for Hel geomagnetic observatory.

Figure 1

4. Discussion

Fig. 1 shows the variations of X — Sq and Dscos®
(top panel) and the variations of DCF and DP variations
(bottom panel). Identification of ionospheric sources is
shown by signs: AL — variation from the western auroral
electrojet, AU — from the eastern auroral electrojet. The
upward arrow indicates the direct effect of the electric
currents, the downward arrow indicates the opposite.

At 18 h 50 min UT on May 10, 2024, the DP-variation
is positive, associated with SSC and are ODE-138.5 nT,
LVV-14.2 nT, BEL-174.4, nT, HEL-185.1 nT. At 00h
UT May 11, 2024 the western auroral electric current
sharply increases, the ring magnetospheric current
develops, the AL-index increases, and the ring
magnetospheric current develops. The Dg-variation for the
studied observatories are ODE-297.7 nT, LVV-276.5 nT,
BEL-263.8 nT, HEL-247.1 nT. The increase in the AL-
index means that the currents from the western
ionospheric electrojet increased and negative DP values
were recorded at the observatories. Further enhancement

of the ring current resulted in the movement of the auroral
electric currents to mid-latitudes and 15 UT on May 11,
2024, and we observe positive sub-storms (indicated by
AU with a upward arrow). On 12-21 UT May 11, 2024,
we observe a large positive substorm — generated by the
direct action of the eastern auroral jet (AU with an upward
arrow). But at this time, the tabulated values of the AE,
AL, and AU indices decrease sharply. This decrease is not
due to a decrease in the strength of the eastern electrojet
but to its shift to subauroral latitudes (Ds< —150 nT), the
chain of observatories from which the indices are
calculated does not record the maximum current, because
the electrojet is located in lower latitudes. Subsequently,
the ring magnetospheric current weakens, the auroral
electric jets move to the north and the magnetometer
registers positive and negative bays caused by the reverse
currents of the spreading of the eastern and western
electrojet and on May 12-13, 2024.
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5. Conclusions

1. We diagnosed the sources of geomagnetic variations,
calculated the contribution to the variation of each source,
and divided it into components relative to the sources that
generate them.

2.1t is shown that for the superstorm of May 10-13,
2024, at the studied observatories, magnetospheric sources
of variations — the ring magnetospheric current together
with the current in the tail of the magnetosphere and the
current at the magnetopause during a magnetic storm —
give the largest contribution to the field variation of 80%,
ionospheric — auroral currents and their reverse currents in
the field variation of medium latitudes do not exceed 20%.

3. For diagnostics of irregular geomagnetic variations
in the middle latitudes, the Sg-variation can be used as a
reference level, taking into account its change with the
season and the solar activity cycle, calculated by five
internationally quiet days.

4. The geomagnetic variations in the middle latitudes
can be divided into components with respect to the
sources that generate them.
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