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ABSTRACT. The modern world is becoming
increasingly vulnerable to geomagnetic storms due to the
rapid development of new technologies and technical
systems. This applies to all areas of human activity where
power grids, GPS, the Internet, and digital
communications are used.

Storms can cause damage to the energy sector, aviation,
navigation, satellite electronics, communication systems,
industry, and the agro-industrial complex. Extreme
geomagnetic storms can cause enormous economic
damage and endanger to human health. Their prediction is
very important, but not yet perfect enough.

Extreme geomagnetic storms are typically caused by
coronal mass ejections (CMEs) during powerful flares. A
detailed study of their sources is very important. To study
the conditions that favor the occurrence of extreme storms,
we selected six active regions (ARs) that were their sources
in the period from 2000 to 2024. We have analyzed the
spatial and  temporal  evolution,  morphological
characteristics, magnetic field structure, and flare activity of
NOAA 09393, 10484, 10486, 10501, 10696, 13664. Some
ARs were located in large activity complexes.

The ARs studied developed rapidly, their area and
number of spots increased, their magnetic structure became
more complex, and the flare activity increased. Many of
these ARs had very large maximum areas exceeding 2000
millionths of a solar hemisphere. On the days when the
eruptions occurred the ARs were located near the central
meridian, and the Bz-component of the interplanetary
magnetic field was directed south. Their area and spot
number were close to their maximum, the magnetic
configuration was PByd in most cases. The sources of the
CMEs were M and X class flares, which were preceded by
the rapid emergence of new magnetic fluxes and their
reconnection with the existing magnetic field of the region.

The most powerful geomagnetic storms during the
considered period with a minimum DST index less than -
400 nT were observed on November 20, 2003 and May
10—11, 2024. These storms were caused by CMEs from
flares occurred in ARs 10501 and 13664. These ARs were
characterized by complex magnetic topology and rapid
magnetic flux emergence. The storm on May 1011, 2024,
was preceded by cannibal CMEs that enhanced its
strength and duration. The most powerful storm of the
period under review, on November 20, 2003, with a peak
Dst index of -422 nT, was caused by a CME from an
M3.9 flare in the AR NOAA 10501. During the storm’s
peak, auroras were observed as far south as Florida,

Michigan, and Wisconsin in the United States and Greece
in Europe. It was found that AR with a small area and
moderate flares can produce extreme storms, while ARs
with large areas and with powerful flares do not always.

Keywords: Sun, active regions, sunspots, solar flares,
coronal mass ejections, geomagnetic storms.

AHOTALJS. CydacHuii CBIT cTae Aemaii Bpa3iIHBIlIAM
JI0 TEOMArHITHUX Oyp dYepe3 MIBHAKHH PO3BUTOK HOBHUX
TEXHOJIOTiMl Ta TexHIYHMX cHcTeM. Lle cTocyeTbesi BCix
chep IMOACHEKOI MISUTBHOCTI, 1€ BHKOPHUCTOBYIOTHCS
enepreTnuHi Mepexi, GPS, IHTepHeT Ta nudposuii 3B's130K.
Bypi MOXyTh 3aBHaTd IIKOJM CHEPIeTHIl, aBialli,
HaBiraii, CyImyTHHKOBIH €IEKTPOHilli, cUCTeMaM 3B'SI3KY,
NPOMHCIIOBOCTI  Ta  arpolpoOMHUCIOBOMY  KOMILIEKCY.
ExctpemanbHi  reoMarHiTHi  Oypi  MOXYTh  3aBJaTH
BEJIMYE3HOI EKOHOMIYHOI KON Ta 3arPO>KyBaTH 30POB'T0
MOIMHU. IX NpOrHO3yBaHHS Myke BakIMBE, ale e
HEJIOCTAaTHBO JIOCKOHAJIE.

ExcTtpemanpHi reoMarHiTHI Oypi 3a3BU9ail CIIpUYMHCHI
BHKHIaMH KopoHansHOI Macu (KBM) mig gac moTy»KHHX
cnanaxis. JleTampHe MOCTIKEHHA iX IDKEpeNl € IyxXe
BOXJIMBUM. [ BHBYEHHS YMOB, IO CIPHUSIOTH
BUHUKHEHHIO €KCTPEMaJbHHUX WITOPMIB, MM BHOpaiu
uricTh akTUBHUX obnactei (AQ), ski Oynu 1X JpKepernaMu
y mepiox 3 2000 mo 2024 pixk. Mu mnpoaHamizyBaiu
OPOCTOPOBY Ta 4YacOBY CBOJIOMIIO, MOPQOJIOriuHi
XapaKTEepPUCTUKH, CTPYKTYPY MAarHiTHOro TIOJsl  Ta
cnanaxoBy akTuBHICTE AO NOAA 09393, 10484, 10486,
10501, 10696, 13664. leski AO 3HAXOTUINCS Y BEITHKHX
KOMIUIEKCaxX aKTUBHOCTI.

HocmimkyBani AO po3BHBaIUCS IMIBUAKO, IXHS TUIOIIA
Ta KUTBKICTH IUIAIM 30UTBIIYBANHCS, MarHiTHA CTPYKTypa
CTaBaJla CKJIJHIIIOIO0, & CIIAJIaX0Ba aKTHUBHICTh 3pocTala.
Baratro 3 mux AO Mamu AyXe BeIMKY MaKCHMAaJbHY
wionry, mo nepeBunryBasa 2000 MiTbHOHHHX 4YacTOK
CoHsiuHOT  miBKym. Y  gHi  BuBepkeHb  AO
PO3TaIOBYBAJIHCS MOOIM3Y LEHTPAILHOTO MepuiiaHa, a
BZz-KOMITIOHEHT MIXKIIJIAHETHOTO MArHITHOTO TIOJisI OYyB
CTIPAMOBAaHHMI Ha MiBJEHb. [XHS MIOMA Ta KiTbKICTh TISAM
Oynu ONM3BKMMH 10 MaKCUMYMY, MarHiTHa KOHQIrypais
B Oinpmiocti Bunaakis Oymna Byd. xepenamu KBM Oynu
cnanaxu kimacy M ta X, KM MepenyBaB IIBUIKUH BUXiJT
HOBUX MarHiTHHX IIOTOKIB Ta iX mHepe3'€qHaHHA 3 yKe
ICHYIOUMM MarHiTHUM I0JIEM 00JacTi.

HaiinoTy>kHimm reomarHitTHi Oypi 3a pO3TIAHYTHI Tepiof
3 IHIEKCOM reoMariTHol aktuBHOCTI Dst mente -400 aTn
crioctepiraiucst 20 muctomana 2003 poky Ta 10—11 TpaBHs
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2024 poky. bBypi Oymm chnpuuMHEeHI KOpPOHAIBHUMH
BHKHMJIAMH MacH Bijg cranaxis, mo cramucs B AO NOAA
10501 Ta 13664. Lli AO xapakTepu3yBaJIiCs CKJIAJIHOIO
MAarHiTHOIO TOIIOJIOTICI0 Ta INBHUIKHUM BHXOJOM MAarHiTHOTO
motoky. bypi 10—11 tpaBus 2024 poxy nepemysamn KBM
TUITy «KaHIOAI3M», SKi MOCHWIMIN i CHIy Ta TPUBATICTB.
HaiimoTyxHimmit mropM po3risgHyToro mepioxy, 20 ym-
cromazna 2003 poxy, 3 mikoBuM iHmekcoM Dst = -422 T,
oye cnpuumHennii KBM Big cmanaxy M3.9 8 AO NOAA
10501. ITix yac miky mTopMy MOJISIpHI CsiiBa CIIOCTepirasy-
cst ax 1o Gnopuan, Miunrany ta Bickoncuna y Criomyye-
nux IlTarax ta I'pewii B €Bpomni. bymno Busieieno, mo AO 3
HEBENIMKOIO IUIOIICI0 Ta MOMIPHHMH CHAlaXaMH MOXYTb
CIIPUYMHSTH €KCTPEeMalIbHI ITOPMH, Tol K AO 3 BEINKOIO
IUIOMICIO Ta TMOTY)KHHMHM CHAlaxaMH HE 3aBXKIH 1X BUKIIH-
KaroThb.

KimrouoBi caoBa: CoHile, akTHBHI 00JacTi, COHSIYHI
IUTSIMU, COHSIYHI CIanax¥, BUKUAM KOPOHAJIBHOI MacH,
reoMarHiTHi Oypi.

1. Introduction

Extreme geomagnetic storms can cause enormous
economic damage and threaten human health. The modern
world is becoming increasingly vulnerable to geomagnetic
storms due to the rapid development of new technologies
and technical systems. The first extreme space weather
event was observed in early September 1859 by
Carrington (Carrington, 1859) and Hodgson (Hodgson,
1859). A very powerful flare on September 1, 1859,
caused a severe geomagnetic storm that disrupted
telegraph communications in Europe and North America.
Auroras were observed all over the world. The Dst
(Disturbance Storm Time Index) peak, which provides
information about the strength of the ring current around
the Earth, was estimated to have ranged from -900 nT to -
1640 nT. The X-ray class of the flare that caused the
storm is estimated to be X64.4 or =X80. Other extreme
events were the event of May 13, 1921 (peak Dst=-907
nT), the Fatima geomagnetic storm of January 25-26,
1938. Since 1957, the beginning of the space era, extreme
storms with a peak Dst index below -400 nT, were the
events of September 13, 1957 (peak Dst = -427 nT),
February 11, 1958 (peak Dst = -426 nT), July 15, 1959
(peak Dst = -429 nT). The most powerful geomagnetic
storm since that time was the Quebec March 13-14, 1989
(peak Dst = -589 nT).

Forecasting extreme geomagnetic storms is very
important, but not yet perfect. To study the conditions that
contribute to the occurrence of extreme storms, we selected
six active regions that were their sources between 2000 and
2024. We analyzed the spatial and temporal evolution,
morphological characteristics, magnetic field structure, and
flare activity of NOAA ARs 09393, 10484, 10486, 10501,
10696, 13664. These ARs were the sources of geomagnetic
storms with a minimum Dst index near -400 nT.

Magnetograms, continuum images of these ARs were
provided by the Solar and Heliospheric Observatory
(SOHO) Michelson Doppler Imager (MDI) and the Solar
Dynamics Observatory (SDO) Helioseismic and Magnetic
Imager (HMI). X-ray data were acquired on the

Geostationary ~ Operational ~ Environmental  Satellite
(GOES). Data on the solar flares are taken from the site
https://www.lmsal.com/solarsoft/latest events_archive.ht
ml and data on SMEs and their impact on Earth from the
site https://www.swpc.noaa.gov. NOAA’s Space Weather
Prediction Center (SWPC) is a division of the National
Weather Service. Dst indexes of geomagnetic activity are
taken from the site of Kyoto geophysical observatory
https://wdc.kugi.kyoto-u.ac.jp/dst_final/index.html.

2. Extreme geomagnetic storms of November 20,
2003 and May 10-11, 2024

The most powerful geomagnetic storms since 2000 were
the storms on November 20, 2003 and May 10-11, 2024.
The geomagnetic storm of May 10-11, 2024, with a peak
Dst index of -412 nT, was the most powerful storm since
the 2003. This storm was produced by a Carrington-type
active region NOAA 13664. The topology of the magnetic
field of the active region based on data from the SDO
observatory was studied in (Jarolim et al., 2024, Jaswal et
al., 2024, Mac Taggart et al., 2024, Romano et al., 2024).
The evolution of coronal mass ejections (CMEs) and their
geoeffectiveness are reviewed in (Hayakawa et al., 2024,
Liu et al., 2024, Wang et al., 2024).

Super active region NOAA 13664 appeared in the
southern hemisphere of the solar disk on May 1, 2024, during
the phase of increasing solar activity near the maximum of
the 25th solar activity cycle. AR 13664 developed very
quickly until May 8, 2024. The number of sunspots and the
area of AR increased rapidly. From May 4th to 8th, the area
of the AR increased from 240 to 630 millionths of the solar
hemisphere (designation in the figures — m. s. h.), and the
number of sunspots increased from 16 to 37 (Fig. 1b). The
maximum area of 2400 millionths of the solar hemisphere
was observed on May 11, and the maximum number of
sunspots was 81 on May 10.

HMI magnetograms AR 13664, obtained by the SDO
on May 6, 7 and 8, 2024, show that the structure of the
AR magnetic field changed during this period and became
very complicated, of By class (Fig. 1a). On May 6, a new
bipole emerged on the AR eastern side, and to the east of
it, a small bipolar AR NOAA 13668 appeared nearby. An
active complex was formed from these two regions. Fig.
la also shows the emergence of a bipole with different
polarities in the southern and central parts of the AR.
Magnetic reconnections began, which caused the powerful
flares. On May 8 a series of M- and X-class flares
occurred in the AR (Fig. 1c), causing coronal mass
ejections, which resulted the extreme geomagnetic storm
began on May 10. MacTaggart et al. (2024) showed that
an emerging bipole of twisted magnetic field was the
source of the X1 flare and the first halo CME. As the
authors established, it was a twisted magnetic tube, which
subsequently erupted. The event was classified as a G5
geomagnetic storm. The storm became sixth extreme since
the beginning of the space age. Proton storm with
intensity S2 began on May 10 too. Some CMEs catching
up and merged with previous ones to form a cannibal
CME, which intensified and prolonged the storm (Liu et
al., 2024; Wang et al., 2024). Other cases of cannibal
CME:s formation have been studied, for example, in (Soni
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Figure 1a: AR13664 magnetograms obtained with the SDO/HMI instrument on May 6, 7 and 8, 2024. The
positive and negative polarities are indicated by white and black colors, respectively.
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Figure 1b: Change in the number of sunspots (N) and the area occupied by them (S, m. s. h. is S, millionths of the
solar hemisphere) during the first passage of AR13664 across the Sun's disk. The start time of the CME is marked by

vertical dashed lines, the time of the storm by solid lines.
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Figure 1c: Change in the number of M (purple curve) and
X (red curve) class flares (N flares) over time in AR
13664. The start time of the CME is marked by vertical
dashed lines, the time of the storm by solid lines

et al., 2024). The authors found that cannibal CMEs from
AR 12887 interacting with CME from AR 12891
demonstrated increased geoeffectiveness compared to
individual CMEs.

The geomagnetic storm ended on May, 12. It caused
power outages and disrupted GPS and high-frequency
radio communications. Auroras were seen in Europe,
Asia, Mexico, and all 50 U. S. states, including Hawaii.
Auroras were seen as far away as London and near San
Francisco, California, as well as in many parts of Ukraine.
AR 13664 passed across the solar disk two more times,
but there were no more powerful ejections from it towards
Earth. The development of the region in subsequent
passages across the solar disk is described in
(Kondrashova et al., 2024).

The most powerful geomagnetic storm since 2000 with
a peak Dst index of -422 nT was on November 20, 2003.
Its source was AR NOAA 10484 in its second pass across
the Sun's disk. AR 10484 appeared on October 18, 2003



Odesa Astronomical Publications, vol. 38 (2025)

157

16-Nov-2003 12:47:03 UT

2007

¥ {arceacs}

-100f

-700 —600
X [oroaecs)

] 800

17-Nov-2003 12:47:03 UT 18-Nov-2003 12:51:03 UT

0
X [orcaece)

—300

—400

Nspots Sspots,m s. h.
30 500,
30
] 3 '
25 /:/‘K 400 1. ok
20| T 200 1
300 1
! |
15 } 1
1 200 1
10 1 1 \\
10| L
/ : \\'\ I |
100)
5 |
4 ! I
! 1
0 1 1 1 1 1 1 1 1 1 1 1 1 3 L 1 1 1 1 1 1 1 1 J
B 14 15 16 17 18 19 20 21 22 23 24 25 26 13 14 15 16 17 18 19 20 21 2 23 24 25 26

Novenber, 2003

Novenrber, 2003

Figure 2b: the same as in Figure la, but in AR10501.
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Figure 2c: Change in the number of M (purple curve)
class flares (N flares) over time in AR10501.

during the declining phase of the 23rd solar cycle in the
northern hemisphere of the solar disk and passed across
the disk until October 31, 2003. Its maximum area was
1750 millionths of the hemisphere, and the maximum
number of sunspots was 69. It had a complex magnetic
configuration of the fyd class. On October 19, 22, and 26,

powerful X and M flares occurred in the AR, triggering
CMEs. Despite this, no major geomagnetic storms
occurred. On October 19 and 26, the region was located at
the edges of the disk, and the ejections were directed past
Earth. On October 22, the Bz component of the
interplanetary magnetic field was directed north.

In the second pass through the disk, AR 10484 was
renumbered as NOAA 10501. The AR 10501 passed
across the solar disk from November 13 to November 26,
2003. On November 18, it experienced an M3.9 flare,
which caused a powerful CME. Fig 2a shows the
magnetograms obtained with the SOHO/MDI instrument
on November 16-18, 2003, before the storm on November
20. The magnetic field configuration of the region was of
By class, and became more complex on November 19 to
the PByd class. Fig. 2b, and Fig. 2c shows the changes in
the number of sunspots, area, and the number of M class
flares over time in AR 10501. The maximum number of
sunspots was 26 and the area maximum was 410
millionths of the solar hemisphere on November 19. On
November 18, the number of sunspots was 25 and the area
was 370 millionths of the solar hemisphere. The flares of
M1.8, M3.2 and M3.9 occurred in AR 10501 on this day.
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Figure 3a: MDI magnetograms for AR10486 on October 26, 27 and 28, 2003.
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Figure 3c: Change in the number of M (purple curve) and
X (red stars) class flares (N flares) over time in AR10486.

The extreme geomagnetic storm on November 20, 2003
became the fifth since 1957, the beginning of the space
age. It was accompanied by a proton storm. During the
peak of the storm, auroras were seen as far south as
Florida, Michigan, and Wisconsin in the United States and
Greece in Europe. In the days leading up to the storm, the
solar wind stream affected the Earth's magnetic field,

causing weak geomagnetic storms. The magnetosphere
was already agitated, which may have intensified the
extreme storm. Raghav et al. (2023) suggested that the
CME that led to the November 20 event had an extremely
flattened structure. It had less adiabatic expansion than
usual in the compressed direction, which led to a strong
magnetic field strength, high plasma density, high solar
wind speed, high dynamic pressure, and a strong
interplanetary electric field to the east. This may have
contributed to the efficient transfer of plasma and energy
to the Earth's magnetosphere.

3. Other extreme geomagnetic storms that occurred
during the study period

NOAA 10486 was the most active region of Cycle 23
and was characterized by high flare activity. During its
passage across the solar disk, it produced 7 X-class flares,
about two dozen M-class flares, and 6 CMEs. The most
powerful flares ever recorded occurred in it. It passed
across the solar disk from October 23 to November 4,
2003 in the declining phase of the 23rd solar cycle. AR
10486 was part of a large active complex. The structure of
the region was rapidly changing and becoming more
complex. Its area and sunspot number increased rapidly
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Figure 4c: the same as in Figure 3c, but for AR09393.

over time. The magnetic field structure changed over time
and became increasingly complex. Magnetograms of the
AR 10486 show the penetration of negative polarity to
positive (Fig. 3a). The magnetic field configuration of the
region was of class PByd. The activity of the AR has
increased with the appearance of d-sunspots. On October
28, a flare X17 class occurred in the region, and on
October 29, a flare X10 class. CMEs from these flares

caused two geomagnetic storms with the minima Dst
index of -353 nT and -383 nT on October 30. The
changes in the number of sunspots, area, and the number
of M and X class flares over time in AR 10486 are
presented in Fig 3b and Fig 3c. The maximum number of
sunspots was 99 and the area maximum was 2610
millionths of the solar hemisphere. On November 4,
2003 the X18+ flare caused a powerful CME, but there
was no geomagnetic storm because the region was at the
edge of the solar disk.

The AR 09393 was also very active. 24 M-class flares
and 3 X-class flares occurred in it. It appeared on March
23, 2001 near the maximum of the 23rd solar cycle in the
north hemisphere of the solar disk and passed along the
disk to April 5, 2001. The region was part of a very large
active complex. The magnetic field configuration of the
region by March 25th had become more complex, from By
to Pyd. Magnetograms of the AR obtained on March 27-
29, 2001, before the CME, show penetration of negative
polarity into positive polarity in several places (Fig. 4a). It
is known that when &-sunspots containing opposite
polarities appear, powerful flares can occur. On March 28
the number of powerful flares has increased sharply. The
powerful flares M4.3 on March 28 and X1.7 on March 29
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Figure 5c: the same as in Figure 3¢ but for AR10696.

in AR caused CMEs. The extreme storm with a minimum
Dst of -387 nT began at 01:00 UT on March 31st when the
first CME struck Earth's magnetosphere. A second CME
struck magnetosphere at ~22.00 UT on March 31" and
caused less strong storm with a peak Dst index of -284 nT.
As the CME passed Earth, the interplanetary magnetic field
suddenly turned north. X1.7 flare triggered a day-long S1-
class proton storm. Changes in the number of sunspots, area
and flares number in the AR 09393 region are shown in

Fig. 4b and Fig. 4c. The maximum number of sunspots was
63 on March 31 and the area maximum was 2440
millionths of the solar hemisphere on March 30. On April 2,
2001, the most powerful X20-class solar flare since 1976
occurred, causing a powerful CME, but this region was at
the edge of the disk, and a storm did not occur.

The AR 10696 produced 14 powerful flares of M and X
class and six CMEs. It passed across the solar disk from
November 1 to November 13, 2004, during the declining
phase of the 23rd solar cycle, in the northem hemisphere.
The region was growing rapidly. The structure of the
magnetic field gradually became more complex. In the first
days of the AR passage across the solar disk, the
configuration of its magnetic field was of B class, and by
November 5 it was already of Byd class (Fig. 5a). The area
and the number of sunspots were increasing (Fig Sb and
Fig. 5¢). The maximum number of sunspots was 48 and the
area maximum was 910 millionths of the solar hemisphere.
The number of powerful flares increased on November 6.
On this day AR 10696 produced four powerful flares.
M9.3-class flare erupted by CME, which caused extreme
geomagnetic storm. The storm began at 22:00 UT on
November 7, and Dst index reached a minimum of -374 nT
on November 8. Auroras were observed as far south as
Alabama and California in the United States.
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4. Conclusion

Although extreme geomagnetic storms are rare, they
cause enormous economic losses and pose a threat to
human health. Their study and prediction is extremely
important. In this work, we identified typical features of
active regions where coronal mass ejections occurred,
causing extreme geomagnetic storms, as follows:

— Active regions studied developed very quickly, their
area and the number of sunspots increased rapidly.

— These ARs typically had a complex magnetic field
configuration of Byd class.

— They were often part of activity complexes.

— Their area, the number of sunspots and flares, on the
day when a coronal mass ejection occurred were, close to
the maximum.

— The flare activity of the ARs, caused by the
emergence of new magnetic fluxes and their reconnection
with the magnetic field of these regions, increased several
days before the ejections. The ARs became the source of
high-intensity flares of classes M and X. Whole series of
powerful flares often occurred. Powerful flares created the
largest CMEs and associated extreme geomagnetic storms.

— Cannibal CME:s increased the power and duration of
the geomagnetic storms.

— The AR location near the central meridian contributes
to greater geoeffectiveness of the CME.

— ARs with a small area and moderate flares can
sometimes produce extreme storm.

Forecasting CMEs and storms is complicated by the
many factors that contribute to their occurrence and
determine their powerful. Improving the quality of
forecasts requires improved ground-based and space-
based observation techniques, as well as a comprehensive
and detailed study of the magnetic field and

morphological characteristics of the active regions,
including those discussed in this paper. They can be useful
in the extreme storms forecasting modeling, including
using machine learning.
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