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Abstract. The geomagnetic storm of March 21–26, 2024, was comprised of five storms, i.e., it was a multi-step storm, with 

the main storm occurring during March 24–25, 2024. A multi-step nature of this storm is unique to this event, and this storm 

is due to isolated sheaths that appeared in the solar wind. The power of the geospace storms caused by increases in the solar 

wind dynamic pressure was close to 29 TW, 33 TW, 50 TW, 174 TW, and 192 TW, and their energy did not exceed 0.73 EJ, 

0.59 EJ, 0.36 EJ, 2.5 EJ, and 2.8 EJ. The power of the magnetospheric storms being due to increases in the interplanetary 10 

magnetic pressure were 13 GJ/s, 13 GJ/s, 130 GJ/s, 1000 GJ/s, and 190 GJ/s, and their energy attained 90 TJ, 90 TJ, 1360 

TJ, 22,000 TJ, and 2000 TJ. The energetics of the magnetic and kinetic pressures has been shown to be close to each other. 

The maximum power of the geomagnetic storms was close to 93 GW, 97 GW, 208 GW, 283 GW, and 89 GW, and their 

energy were smaller than 3 PJ, 1.4 PJ, 3 PJ, 5.1 PJ, and 4.5 PJ. The storms of March 21–22, 2024; March 23, 2024; March 

23–24, 2024; March 24–25, 2024; and March 25–26, 2024, pertain to the storm classes G1 (minor), G1 (minor), G2 15 

(moderate), G4 (severe), and G0 (very minor). In both the eastern and western hemispheres, the peak-to-peak amplitude of 

variations in a geomagnetic field strength exhibited a tendency to increase with increasing magnetic latitude. At high latitude 

stations, the peak-to-peak amplitude attained a maximum value of ~1000–2000 nT, whereas at mid- and low latitude stations 

they were observed to be within ~100–300 nT. The observed possible deviations from the tendency indicated above may be 

due to the different physical processes acting to cause variations in the geomagnetic field at high, middle, and low latitudes. 20 

The peak-to-peak amplitude of variations in a geomagnetic field strength was observed to be the greatest during sunlit hours. 

The peak-to-peak amplitude of variations in a geomagnetic field strength during the storms was a factor of up to 23–28, 19–

23, and 15–19 greater than that during quiet time reference period, in the northward X-, eastward Y-, and vertical Z-

component of the geomagnetic field, respectively. The storm of March 24–25, 2024, termed the main storm, was the most 

intense of all five storms of March 21–26, 2024. The main storm of March 24–25, 2024, is comparable to the storm of April 25 

of 23–24, 2023, with respect to all its parameters. At the same time, it is less intense than the storm of May 10–11, 2024, the 

strongest storm of solar cycle 25, and even less intense than the Carrington event. 
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1 Introduction 

The powerful nonstationary processes on the Sun termed the solar storms are associated with solar flares, producing solar 30 

energetic particles, coronal mass ejections (CMEs), high-speed solar wind streams, and shock waves. As a result, the pan-

planetary storm appears at the earth that includes the magnetospheric storm, ionospheric storm, atmospheric storm, 

lithospheric storm, and the storms in all geophysical fields — magnetic, electric, baric, and thermal ones. The geomagnetic 

storm is the most important constituent, which is dealt in an enormous volume of literature; here mention is made only of a 

few reviews (Gonzalez et al., 1994, Laštovička, 1997; Danilov, 2013; Mendillo, 2006). 35 

If solar cycle 24 (2009–2019) was relatively quiet, then solar cycle 25 cannot be said to be such a period. A list of 

only the most intense geomagnetic storms includes the storms of November 3–5, 2021 (Kpmax = 8–) (Kim et al., 2023a, 

2023b; Regi et al., 2022, Zhai et al., 2023; Chernogor and Tkachenko, 2024); of April 23–24, 2023 (Kpmax = 8+) (Hu et al., 

2025; Zalizovski et al., 2023); of November 4–7, 2023 (Kpmax = 7+) (Agyei-Yeboah, et al., 2025; Ponomarchuk and 

Zolotukhina, 2024); of March 24, 2024 (Kpmax = 8) (Wu et al., 2025; Mavromichalaki et al., 2024; Terefe et al., 2025); of 40 

May 10–11, 2024 (Kpmax = 9) (Grandin et al., 2024; Pierrard et al., 2025, Yamazaki et al., 2024; Hajra et al., 2024b); of 

August 12–13, 2024 (Kpmax = 8) (Yadav et al., 2025); of September 12, 2024 (Kpmax = 7) (Yadav et al., 2025); of September 

17, 2024 (Kpmax = 8) (Yadav et al., 2025); of October 8, 2024 (Kpmax = 7) (Pierrard et al., 2025); of October 10, 2024 (Kpmax = 

9–) (Pierrard et al., 2025; Correira et al., 2025; Yadav et al., 2025); of January 1, 2025 (Kpmax = 8); of April 15–16, 2025 

(Kpmax = 8–); and of June 1–3, 2025 (Kpmax = 8–).  45 

The storm of April 23–24, 2023, pertains to one of the most intense storms of the current solar cycle, with the 

prominent feature being its two-step nature due to the shock sheath and the magnetic cloud in the CME arriving sequentially 

(Chernogor, 2025a; Ghag et al., 2024). The energetics of this storm has been analyzed in detail in (Chernogor, 2025b). The 

effects of the ionospheric storm of April 23–24, 2023, are described in (Souza et al., 2024; Tilahun et al., 2023). The effects 

of the geomagnetic storm of April 23–24, 2023, are studied in papers (Chernogor, 2025a; Adushkin et al., 2023; Despirak et 50 

al., 2024). The processes accompanying the geospace storm of April 23–24, 2023, are revealed by Chernogor (2025a), Hajra 

et al. (2024a), and Ghag et al. (2024). The effects of the atmospheric storm of April 23–24, 2023, are dealt with in (Souza et 

al., 2024). The features of the electrical storm of April 23–24, 2023, are analyzed in papers by Adushkin et al. (2023), Souza 

et al. (2024), and the effects in the baric field are described in the work by Adushkin et al. (2023). The works listed above 

show that the pan-planetary storm of April 23–24, 2023, manifests itself in all geophysical shells and geophysical fields. The 55 

storm is associated with intense aurorae even at middle latitudes (Chernogor, 2025b). 

The strongest in solar cycle 25 pan-planetary storm of May 10–11, 2024, termed the Mother’s Day storm, is studied 

even in more detail. The processes operating on the Sun and in geospace are analyzed in papers by Hayakawa (2024) and 

Kruparova (2024). The energetics of the physical processes associated with the pan-planetary storm of May 8–12, 2024, 

have been analyzed in detail in the work by Chernogor (2025c). The effects observed during the geomagnetic storm of May 60 

10–11, 2024, are described by Chernogor et al. (2025b) and Yan and Yao (2024), who analyze the global response of the 
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geomagnetic field to the storm and determine the basic characteristics of latitudinal and diurnal variations in geomagnetic 

field strengths.  

Numerous studies investigate the ionospheric storm in May 2024, employing multi-instrument observations of the 

state of the ionosphere (Spogli et al., 2024; Karan et al., 2024; Evans et al., 2024; Guo et al., 2024; Huang, 2025; Bojilova, 65 

2024; Aa et al., 2024; Singh et al., 2024; Ram et al., 2024; Xia et al., 2024; Themens et al., 2024; Sun et al., 2024; Vichare 

and Bagiya, 2024; Chernogor and Bessarabova, 2025). The longitudinal and latitudinal dependences of disturbances in the 

electron density and total electron content have been studied. Specific features in the formation of the equatorial ionization 

anomaly and polar tongue of ionization are detected. The main phase of the geomagnetic storm corresponds to the negative 

ionospheric storm, and the recovery phase does to the positive ionospheric storm.  70 

Certain manifestations of the atmospheric storm of May 10–11, 2024, are described in the works by Parker et al. 

(2024), Evans et al. (2024), Xia et al. (2024), Ranjan at al. (2024); the storm is accompanied by additional satellite drag. The 

results of calculations of the electrical storm parameters are presented in (Yan and Yao, 2024). The storm effects in the 

thermal field are discussed in (Evans et al., 2024; Ranjan et al., 2024; Mlynczak et al., 2024). The power of infrared emission 

is estimated to exceed ~1 TW. Thus, the storm of May 8–12, 2024, pertains to extreme pan-planetary storms that are 75 

accompanied by significant disturbances in all geospheres and geophysical fields.  

The main feature of the March 21–25, 2024, storm is its repeatability, for the storm consisted of five consecutive 

geomagnetic storms pertaining to the storm classes from G0 to G4. The most intensive storm, storm class G4 (severe), 

occurred on March 24, 2024.  

The present study investigates a global response in the geomagnetic field to the repeating storms of March 2024.  80 

In this paper we first briefly describe the raw data, and then analyze the state of space weather. Further, the temporal 

variations in the northward X-, eastward Y-, and vertical Z-component of the geomagnetic field, which have been observed at 

the magnetometer stations located in both the eastern and western hemispheres, are dealt with. Next, the energetics of all five 

storms is estimated, the most intense storm of March 24, 2024, is compared with that of other storms of both solar cycle 25 

and super unique Carrington-like event. Then, the obtained results are discussed, which is followed by a list of main results. 85 

Plots of temporal variations in the three components of the geomagnetic field strength acquired by the magnetometer stations 

in the eastern and western hemispheres during March 21–27, 2024, are included in the Appendix A and B, respectively. 

2 Data and Method 

The raw data have been acquired at the magnetometer recording stations included in the International Real-time Magnetic 

Observatory Network (INTERMAGNET) (https://www.intermagnet.org/). Those stations that are located along a certain 90 

meridian in each hemisphere and are chosen for this study are shown in Fig. 1 and listed in Tables 1 and 2. It is well known 

that the data are available with 1-min time resolution and 1-nT strength resolution (INTERMAGNET Technical Reference 

Manual, Version 5.0.0, St-Louis, B., Ed.). The daily means for each day are first calculated for each station, which are 
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subsequently subtracted from the originally observed X-, Y-, and Z-components of the geomagnetic field. As a result, the 

peak-to-peak amplitudes of variations subjected to further analysis are obtained.  95 

To reveal the effects of the geomagnetic storm, the peak-to-peak amplitudes of variations in the strength of the 

geomagnetic field on the days when the storms occurred (March 21, 23, 24 and 25, 2024) and on quiet time reference days 

(March 22 and 27, 2024) are compared.  

 

 100 

Figure 1. Map of magnetometer stations. 

 

Table 1. Eastern hemisphere stations, sunrise and sunset times. 

 
Observatory 

(Name, IAGA Code, 

Country) 

Geographic lat./long. 
Geomagnetic 

lat./long. 

Sunrise/Sunset at 0 

km altitude 

Sunrise/Sunset at 

200 km altitude 

1 Hornsund, HRN, Norway 
77.0000°N, 

15.5500°E 

+74.28,  

+123.35 

04:02/ 

18:02 
PD* 

2 Paratunka (Petropavlovsk), 

PET, Russia 

52.9710°N, 

158.2480°E 

+46.47° 

–137.04° 

19:13/ 

07:52 

17:31/ 

09:34 

3 Khabarovsk, KHB, Russia 
47.6100°N, 

134.6900°E 

+39.09°,  

–156.40 

20:50/ 

09:21 

19:20/ 

10:51 

4 
Guam, GUA, 

United States of America 

13.5900°N, 

144.8700°E 

+6.14°, 

–143.44° 

20:19/ 

08:30 

19:19/ 

09:30 

5 Kakadu, KDU, Australia 
12.6900°S, 

132.4700°E 

–20.91°, 

–153.67 

21:14/ 

09:15 

20:15/ 

10:15 

6 
Charters Towers, CTA, 

Australia 

20.0900°S, 

146.2640°E 

–27.01 

–138.50 

20:21/ 

08:20 

19:19/ 

09:21 

7 Canberra, CNB, Australia 
35.3200°S, 

149.3600°E 

–41.72,  

–132.85 

20:11/ 

08:04 

19:00/ 

09:15 

8 
Macquarie Island, MCQ, 

Australia 

54.5000°S, 

158.9500°E 

–59.29,  

–116.47 

19:37/ 

07:18 

17:55/ 

09:00 

* PD stands for polar day  
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 105 
Table 2. Western hemisphere stations, sunrise and sunset times. 

 

Observatory 

(Name, IAGA Code, 

Country) 

Geographic lat./long. 
Geomagnetic 

lat./long. 

Sunrise/Sunset at 0 

km altitude 

Sunrise/Sunset at 

200 km altitude 

1 
Qaanaaq (Thule), THL, 

Greenland 

77.4700°N,  

69.2270°W 

+86.54,  

+12.48 

 09:39/ 

23:47 
PD* 

2 
Qeqertarsuaq (Godhavn), 

GDH, Greenland 

69.2520°N, 

53.5330°W 

+77.48,  

+32.56 

09:04/ 

22:18 

05:38/ 

01:44 

3 Iqaluit, IQA, Canada 
63.7530°N, 

68.5180°W 

+72.78,  

+6.21 

10:12/ 

23:10 

07:43/ 

01:39 

4 Baker Lake, BLC, Canada 
64.3180°N,  

96.0120°W 

+72.27,  

–34.57 

12:00/ 

00:59 

09:29/ 

03:30 

5 St John's, STJ, Canada 
47.5950°N,  

52.6770°W 

+55.95,  

+24.38 

09:22/ 

21:55 

07:52/ 

23:24 

6 Sable Island, SBL, Canada 
43.9321°N,  

60.0095°W 

+52.69,  

+15.12 

09:51/ 

22:21 

08:27/ 

23:44 

7 Vassouras, VSS, Brazil 
22.4000°S,  

43.6500°W 

–14.15, 

+27.56 

09:03/ 

21:01 

08:00/ 

22:04 

8 
Akademik Vernadsky, 

AIA, Antarctica 

65.2450°S, 

64.2580°W 

–55.96, 

+6.30 

10:38/ 

22:09 

08:13/ 

00:33 

* PD stands for polar day 

3 Space Weather State 

The analysis of the state of space weather is based on the OMNI data obtained from the GSFC/SPDF OMNIWeb interface at 

https://omniweb.gsfc.nasa.gov (https://omniweb.gsfc.nasa.gov/form/dx1.html) (King and Papitashvili, 2004). In this section, 110 

the time variations in the solar wind parameters and geomagnetic indices are analyzed (Fig. 2). To enable a better 

understanding of the mechanisms governing an actual storm, the energetics of the solar wind and a disturbance of the Earth’s 

magnetic field are additionally calculated. 

Significant increases in the solar wind proton density nsw occur on March 21, 23, 24, and 25, 2024, and on March 23, 

2024, two enhancements are evident. The most notable increase occurs near UT noon on March 23, 2024, when it attains a 115 

maximum value of about 4.8 × 107 m–3. In total, five enhancements in nsw are registered from March 21, 2024, to March 25, 

2024.  

The radial plasma flow speed Vsw exhibits fluctuations from an undisturbed value of ~300 km s–1 until the middle of 

the day on March 23, 2024, and it gradually increases from ~300 km s–1 to ~450 km s–1 over the next 24 h. Approximately at 

noon on March 24, 2024, it shows a sharp increase from ~450 km s–1 to ~800 km s–1 followed by fluctuations within ~800–120 

850 km s–1 over the next ~9 h, further it reduces from ~800 km s–1 to ~700 km s–1 over the next ~9 h. The next increase, 6 h 

in duration, up to ~800 km s–1 occurs during the day on March 25, 2024. The latter is followed by a reduction in Vsw from 

~800 km s–1 to ~550 km s–1 over 20 h. The last insignificant increase, 12 h in duration, in Vsw up to ~650 km s–1 is observed 

to occur on March 26, 2024. 
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 125 

Figure 2. UT variations in the solar wind parameters: measured proton number density, nsw, radial plasma flow speed Vsw, plasma 

temperature Tsw, calculated dynamic pressure psw, measured Bz and By components of the interplanetary magnetic field; calculated energy, 

A, transferred from the solar wind into the Earth’s magnetosphere per unit time; Kp and Dst indices (retrieved from OMNI2 database 

https://omniweb.gsfc.nasa.gov/form/dx1.html) for the March 21–27, 2024, period. 

 130 
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The solar wind plasma temperature Tsw exhibits the following behavior. The temperature Tsw shows fluctuations 

within ~104–105 K until the middle of the day on March 23, 2024. After 15:00 UT on March 23, 2024, it exhibits an increase 

from ~5 × 104 K to 3 × 105 K over 5 h in duration. The next, most significant, enhancement in Tsw to 8.7 × 105 K occurs from 

13:00 UT to 19:00 UT on March 24, 2024. The last noticeable increase of Tsw is observed during the night of March 26/27, 

2024, when Tsw does not exceed 2.2 × 105 K. 135 

The calculated dynamic pressure, psw, of the solar wind gives the main contribution to the energetics of the geospace 

storm. In total, seven enhancements are noticeable in psw. The first occurs on March 21, 2024, and has a maximum of 7 nPa. 

Two others are smaller than 8 nPa and 12 nPa and arise on March 23, 2024, while on March 24, 2024, a maximum value of 

psw reaches ~17 nPa during approximately 7 h. The greatest increase of up to 18.6 nPa is observed on March 25, 2024, and 

persists for about 6 h; on the same day, a weaker enhancement of psw is less than 9 nPa and lasts for ~4 h. The final increase 140 

in psw of up to 3–4 nPa occurs on March 26, 2024.  

The north-south component of the interplanetary magnetic field (IMF) Bz exhibits five southward turnings: two 

turnings on both March 21, 2024, and March 23, 2024, and one, the strongest, on March 24, 2024, with Bzmin  –15.8 nT. On 

the same day, the northward directed IMF shows a maximum of Bzmax  22.3 nT. The By component strength of the IMF 

varies from –14.5 nT to 25.8 nT. It should be noted that the Bz component strength shows minute variations on March 25, 145 

2024. 

Akasofu’s epsilon parameter, A, which characterizes the energetics of the magnetospheric storm, shows the greatest 

and numerous (up to five) increases on March 24, 2024, when it changes from 380 GJ/s to a maximum of Amax  1000 GJ/s. 

On March 23 and 25, 2024, its values are 120–180 GJ/s, whereas the value of A does not exceed ~1 GJ/s on March 21, 2024. 

The Kp index shows five increases: on March 21, 2024, up to 5–; on March 23, 2024, up to 5– and 5 in the first and 150 

second half of day, respectively; on March 24, 2024, up to 8+; and on March 25, 2024, up to 4. 

The Dst index also exhibits five decreases: on March 21, 2024, down to –75 nT; on March 23, 2024, down to –35 nT 

and –76 nT; on March 24, 2024, down to –128 nT; and on March 25, 2024, down to –64 nT.  

Thus, one has a valid reason to consider the geospace storm, as well as the geomagnetic storm, a multistep 

(repeatable) storm that occurred during March 21–25, 2024.  155 

4 Analysis results 

The temporal variations in the northward X-, eastward Y-, and vertical Z-component of the geomagnetic field strengths 

observed during March 21–27, 2024, are considered in the eastern (Fig. A1–A8) and western (Fig. B1–B8) hemispheres 

separately.  

4.1 Eastern hemisphere 160 

The repeatable geomagnetic storms are appropriate to consider by date (Table 3).  
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Table 3. Peak-to-peak amplitude of variations in a geomagnetic field strength at the eastern hemisphere stations during March 21–25, 

2024. 

Station Component 
March 2024 

21–22 23 23–24 24 25 

HRN 

X 400 200 600 1300 300 

Y 300 180 180 900 300 

Z 200 200 500 925 450 

PET 

X 75 30 100 235 70 

Y 100 50 100 190 60 

Z 40 20 60 150 10 

KHB 

X 80 20 100 250 50 

Y 80 90 70 105 60 

Z 20 25 35 40 20 

GUA 

X 170 210 110 130 120 

Y 40 30 45 65 15 

Z 40 30 30 65 20 

KDU 

X 150 150 70 180 100 

Y 60 90 70 70 70 

Z 55 60 35 35 35 

CTA 

X 90 120 50 175 100 

Y 70 110 90 90 90 

Z 65 40 30 30 25 

CNB 

X 70 45 75 180 100 

Y 110 100 100 140 100 

Z 30 35 35 55 30 

MCQ 

X 600 400 400 1700 300 

Y 400 120 200 1500 100 

Z 550 300 200 1000 200 

 165 

4.1.1 Geomagnetic storm of March 21, 2024 

At the high-latitude HRN station (Fig. A1), the storm commences in the second half of March 21, 2024, and continues until 

~12:00 UT on March 21, 2024. The maximum peak-to-peak amplitude of variations in the X-, Y-, and Z-components of a 

geomagnetic field strength is 400 nT, 300 nT, 200 nT, respectively.  
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At the other seven stations in the eastern hemisphere, the geomagnetic storm occurs at night, in the daytime, and 170 

again at night. At the middle latitude PET station (Fig. A2), the peak-to-peak amplitude of variations in the X-, Y-, and Z-

components of a geomagnetic field strength attains 75 nT, 100 nT, and 40 nT, respectively. At another middle latitude KHB 

station (Fig. A3), the peak-to-peak amplitude does not exceed 80 nT, 80 nT, and 20 nT, respectively. At low-latitude GUA, 

KDU, and CTA stations (Figs. A4–A6), the peak-to-peak amplitude attains 170 nT, 40 nT, 40 nT; 150 nT, 60 nT, 50 nT; and 

90 nT, 70 nT, 65 nT, respectively. At the middle latitude CNB station (Fig. A7) and high latitude MCQ station (Fig. A8), the 175 

peak-to-peak amplitude is 70 nT, 110 nT, and 30 nT; as well as 600 nT, 400 nT, and 550 nT, respectively.  

4.1.2 First geomagnetic storm of March 23, 2024 

At the high-latitude HRN station (Fig. A1) in the daytime, the peak-to-peak amplitude of variations in the X-, Y-, and Z-

components of a geomagnetic field strength is 200 nT, 180 nT, and 200 nT, respectively. At the rest of the stations, the storm 

occurs at night and in the evening hours. At the mid-latitude PET and KHB stations (Figs. A2 and A3), the peak-to-peak 180 

amplitude attains 30 nT, 50 nT, 20 nT, and 20 nT, 90 nT, 25 nT, respectively. At the low-latitude GUA, KDU, and CTA 

stations (Figs. A4–A6), the maximum peak-to-peak amplitude is about 210 nT, 30 nT, 30 nT; 150 nT, 90 nT, 60 nT; as well 

as 120 nT, 110 nT, 40 nT, respectively. At mid-latitude CNB and high latitude MCQ stations in the southern hemisphere 

(Figs. A7 and A8), the peak-to-peak amplitude does not exceed 45 nT, 100 nT, 35 nT and 400 nT, 120 nT, 300 nT, 

respectively. 185 

4.1.3 Second geomagnetic storm of March 23–24, 2024 

This storm commences in the second half of March 23, 2024, and continues through the remainder of March 23, 2024, and 

until approximately 13:00 UT on March 24, 2024. At the high-latitude HRN station (Fig. A1), the peak-to-peak amplitude of 

variations in the X-, Y-, and Z-components of a geomagnetic field strength attains 600 nT, 180 nT, and 500 nT, respectively. 

At middle latitude PET and KHB stations (Figs. A2 and A3), the peak-to-peak amplitude is smaller than 100 nT, 100 nT, 60 190 

nT, and 100 nT, 70 nT, 35 nT, respectively. At low latitude GUA, KDU, and CTA stations (Figs. A4–A6), the peak-to-peak 

amplitude is within the limits 110 nT, 45 nT, 30 nT; 70 nT, 70 nT, 35 nT; as well as 50 nT, 90 nT, 30 nT, respectively. At 

middle latitude CNB and high latitude MCQ stations (Figs. A7 and A8), the peak-to-peak amplitude attains 75 nT, 100 nT, 

35 nT, and 400 nT, 400 nT, 200 nT, respectively. 

4.1.4 Main geomagnetic storm of March 24, 2024 195 

This storm commences in the second half of March 24, 2024, and continues to 05:00 UT on March 25, 2024. At the high 

latitude HRN station (Fig. A1), the peak-to-peak amplitude of variations in the X-, Y-, and Z-components of a geomagnetic 

field strength is within the limits 1300 nT, 900 nT, and 925 nT, respectively. At the rest of the stations in the eastern 

hemisphere, the storm’s main phase occurs during the night. At mid-latitude PET and KHB stations (Figs. A2 and A3), the 

peak-to-peak amplitude is about 235 nT, 190 nT, 150 nT, and 250 nT, 105 nT, 40 nT, respectively. At the low-latitude GUA, 200 
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KDU, and CTA stations (Figs. A4–A6), the peak-to-peak amplitudes are seen to be 130 nT, 65 nT, 65 nT; 180 nT, 70 nT, 35 

nT; as well as 175 nT, 90 nT, 30 nT, respectively. At the middle latitude CNB (Fig. A7) and high latitude MCQ (Fig. A8) 

stations, the peak-to-peak amplitude attains 180 nT, 140 nT, 55 nT and 1700 nT, 1500 nT, 1000 nT, respectively.  

4.1.5 Geomagnetic storm of March 25, 2024 

This storm commences at ~05:00 UT on March 25, 2024, and persists for more than 27 h. At the high latitude HRN station 205 

(Fig. A1), the peak-to-peak amplitude of variations in the X-, Y-, and Z-components of a geomagnetic field strength is 300 

nT, 300 nT, 450 nT, respectively. At the middle latitude PET and KHB stations (Figs. A2 and A3), the peak-to-peak 

amplitude attains 70 nT, 60 nT, 10 nT, and 50 nT, 60 nT, 20 nT, respectively. At the low latitude GUA, KDU, and CTA 

stations (Figs. A4–A6), the peak-to-peak amplitude is within the limits 120 nT, 15 nT, 20 nT; 100 nT, 70 nT, 35 nT; and 100 

nT, 90 nT, 25 nT, respectively. At the middle latitude CNB (Fig. A7) and high latitude MCQ (Fig. A8) stations in the 210 

southern hemisphere, the peak-to-peak amplitude does not exceed 100 nT, 100 nT, 30 nT, and 300 nT, 100 nT, 200 nT, 

respectively. 

4.2 Western hemisphere 

The repeatable geomagnetic storms are considered by date (Table 4). 

4.2.1 Geomagnetic storm of March 21, 2024 215 

At all stations in the western hemisphere, the storm commences during the day on March 21, 2024, and ceases during the day 

on March 22, 2024. At the high latitude THL, GDH, IQA, and BLC stations (Figs. B1–B4), the peak-to-peak amplitude of 

variations in the X-, Y-, and Z-components of a geomagnetic field strength attains 300 nT, 200 nT, 120 nT; 200 nT, 200 nT, 

350 nT; 200 nT, 250 nT, 400 nT; and 300 nT, 200 nT, 500 nT, respectively. At the middle latitude STJ and SBL stations 

(Figs. B5 and B6) the peak-to-peak amplitude is about 120 nT, 110 nT, 100 nT and 100 nT, 20 nT, 65 nT, respectively. At 220 

the low latitude VSS station (Fig. B7), the peak-to-peak amplitude does not exceed 100 nT, 60 nT, 40 nT, respectively. At 

the high latitude AIA station in the southern hemisphere (Fig. B8), the peak-to-peak amplitude attains 110 nT, 160 nT, 90 

nT, respectively. 

4.2.2 First geomagnetic storm of March 23, 2024 

At all the stations in the western hemisphere, this storm occurs at night, in the morning hours, and during the day. At the 225 

high latitude THL, GDH, IQA, and BLC stations (Figs. B1–B4), the peak-to-peak amplitude of variations in the X-, Y-, and 

Z-components of a geomagnetic field strength is in the limits 200 nT, 50 nT, 50 nT; 50 nT, 100 nT, 400 nT; 300 nT, 300 nT, 

280 nT; and 100 nT, 240 nT, 500 nT, respectively. At the mid-latitude STJ and SBL stations (Figs. B5 and B6), the peak-to-

peak amplitude is 50 nT, 110 nT, 80 nT and 70 nT, 20 nT, 20 nT, respectively. At the low latitude VSS station (Fig. B7), the 
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peak-to-peak amplitude is smaller than 50 nT, 20 nT, 5 nT, respectively. At the high latitude AIA station in the southern 230 

hemisphere (Fig. B8), the peak-to-peak amplitude attains 80 nT, 70 nT, 110 nT, respectively. 

 

Table 4. Peak-to-peak amplitude of variations in a geomagnetic field strength at the western hemisphere stations during March 21–25, 

2024. 

Station Component 
March 2024 

21–22 23 23–24 24 25 

THL 

X 300 200 350 900 150 

Y 200 50 200 1500 200 

Z 120 50 150 1300 300 

GDH 

X 200 50 350 1700 200 

Y 200 100 200 1100 200 

Z 350 400 550 900 350 

IQA 

X 200 300 100 2300 200 

Y 250 300 250 1600 200 

Z 450 280 450 1200 150 

BLC 

X 300 100 300 1600 200 

Y 200 240 200 950 200 

Z 500 500 700 1750 200 

STJ 

X 120 50 80 290 80 

Y 110 110 110 240 120 

Z 100 80 110 300 20 

SBL 

X 100 70 120 360 70 

Y 20 20 20 35 20 

Z 65 20 100 130 30 

VSS 

X 100 50 220 300 130 

Y 60 20 70 75 70 

Z 40 5 55 95 50 

AIA 

X 110 80 60 190 140 

Y 160 70 200 220 60 

Z 90 110 160 150 50 

 235 

4.2.2 Second geomagnetic storm of March 23–24, 2024 

This storm persists for about one day. At the high latitude THL, GDH, IQA, and BLC stations (Figs. B1–B4), the peak-to-

peak amplitude of variations in the X-, Y-, and Z-components of a geomagnetic field strength is about 350 nT, 200 nT, 150 
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nT; 350 nT, 200 nT, 550 nT; 300 nT, 250 nT, 450 nT; and 300 nT, 200 nT, 700 nT, respectively. At the middle latitude STJ 

and SBL stations (Figs. B5 and B6), the peak-to-peak amplitude does not exceed 80 nT, 110 nT, 110 nT and 120 nT, 20 nT, 240 

100 nT, respectively. At the low latitude VSS station (Fig. B7), the peak-to-peak amplitude is in the limits 220 nT, 70 nT, 55 

nT. At the high latitude AIA station in the southern hemisphere (Fig. B8), the peak-to-peak amplitude attains 60 nT, 200 nT, 

170 nT, respectively. 

4.2.3 Main geomagnetic storm of March 24, 2024 

This storm persists for about 15 h with the commencement at about 14:00 UT on March 24, 2024. The peak-to-peak 245 

amplitude of variations in the X-, Y-, and Z-components of a geomagnetic field strength at the high latitude THL, GDH, IQA, 

and BLC stations (Figs. B1–B4), attains 900 nT, 1500 nT, 1300 nT; 1700 nT, 1100 nT, 900 nT; 2300 nT, 1600 nT, 1200 nT; 

1600 nT, 950 nT, 1750 nT, respectively. At the middle latitude STJ and SBL stations (Figs. B5 and B6), the peak-to-peak 

amplitude does not exceed 290 nT, 240 nT, 300 nT, and 360 nT, 35 nT, 130 nT. At the low latitude VSS station (Fig. B7), 

the peak-to-peak amplitude is in the limits 300 nT, 75 nT, 95 nT. At the high latitude AIA station in the southern hemisphere 250 

(Fig. B8), the peak-to-peak amplitude is 190 nT, 220 nT, 150 nT, respectively. 

4.2.4 Geomagnetic storm of March 25, 2024 

This storm, persisting for more than a day, occurs at the stations in the western hemisphere both at night and in the daytime. 

At the high latitude THL, GDH, IQA, and BLC stations (Figs. B1–B4), the peak-to-peak amplitude of variations in the X-, Y-

, and Z-components of a geomagnetic field strength is close to 150 nT, 200 nT, 300 nT; 200 nT, 200 nT, 350 nT; 200 nT, 255 

200 nT, 150 nT; and 200 nT, 200 nT, 200 nT, respectively. At the middle latitude STJ and SBL stations (Figs. B5 and B6), 

the peak-to-peak amplitude is in the limits 80 nT, 120 nT, 20 nT and 70 nT, 20 nT, 30 nT. At the low latitude VSS station 

(Fig. B7), the peak-to-peak amplitude is 130 nT, 70 nT, 50 nT. At the high latitude AIA station (Fig. B8), which is in the 

southern hemisphere, the peak-to-peak amplitude is 140 nT, 60 nT, 50 nT, respectively. 

5 Results of calculations of the energetics of the storms 260 

The energetics of the geospace, magnetospheric, and geomagnetic storms is considered separately. 

5.1 Energetics of the geospace storm 

The fast solar wind flow exerts the dynamic pressure psw, the magnetic pressure pm, and the kinetic pressure pk, with the solar 

dynamic pressure being the greatest, and which is assumed to be dominant in driving a geospace storm. The power of the 

solar wind dynamic pressure is given by the following relation (Chernogor, 2025b, 2025c):  265 

Psw = psw Sm0 Vsw.      (1) 
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Here, Sm0 ≈ 1.28 × 106 m2 is the surface area of the magnetosphere cross section calculated assuming that its radius is 10 

Earth’s radii, RE, Vsw is the solar wind speed. Over the interval, ΔTsw, of increased solar wind dynamic pressure, the energy 

supplied to the geospace medium is estimated from:  

1

2
sw sw swE P T  .      (2) 270 

Table 5 presents the results of calculations of Psw and Esw from Eqs. (1) and (2) for all five increases in the dynamic pressure 

that occurred over March 21–25, 2024. The interesting results shown in this table are that the variations in psw from 7 nPa to 

19 nPa and in the solar wind speed from 320 km s–1 to 800 km s–1 lead to an increase in the power Psw from 29 TW to 192 

TW, and when multiplied by the corresponding values of ΔTsw, these lead to a variation in the energy transferred into the 

geospace medium from 0.73 EJ to 2.8 EJ. 275 

 

Table 5. Salient parameters of the repeating geomagnetic storm of March 21–25, 2024, energetics. 

Storm parameter or characteristic March 21 March 23 March 23 March 24 March 25 

Solar wind dynamic pressure (nPa) 7 8 13 17 19 

Solar wind speed (km s–1) 320 320 300 800 800 

β of the plasma 0.75 0.61 1.25 0.52 0.24 

Power of the geospace storm (TW) 29 33 50 174 192 

Energy of the geospace storm (EJ) 0.73 0.59 0.36 2.5 2.8 

Duration of the geospace storm (h) 14 10 4 8 8 

Power of the magnetospheric storm (GJ/s) 13 13 130 1000 190 

Energy of the magnetospheric storm (TJ) 90 90 1360 22000 2000 

Duration of the magnetospheric storm (h) 4 4 6 12 6 

Maximum power of the geomagnetic storm 

(GW) 
93 97 208 283 89 

Energy of the geomagnetic storm (PJ) 3 1.4 3 5.1 4.5 

Duration of the geomagnetic storm’s main 

phase (h) 
9 4 4 5 14 

Kpmax 5– 5 6 8+ 4 

Dstmin (nT) –75 –35 –76 –128 –64 

Description G1, minor G1, minor G2, moderate G4, severe G0, very minor 

 

5.2 Energetics of the magnetospheric storm 

The energetics of the magnetospheric storm is determined by the magnetic pm and kinetic pk pressures, which are defined as  280 

2

02
m

B
p 


, 
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pk = k Tsw nsw, 

where B is the magnetic field induction in the interplanetary space, µ0 is the permeability of free space, and k is Boltzmann’s 

constant. The relative effectiveness of the magnetic and kinetic pressures is estimated by calculating the ratio of the kinetic 

and magnetic pressures, which is called the β of the plasma 285 

0 2
2k sw sw

m

p kT n

p B
    .      (3) 

Table 5 presents results of estimating the β of the plasma from Eq. (3), which show that β  0.24–1.25. 

The magnetic pressure corresponds to the power determined from Akasofu’s parameter (Akasofu, 1966)  

2 48 sin ( / 2)A ef m swR p V    ,     (4) 

where Ref ≈ 7RE is the effective radius of the magnetosphere, θ = arctan (By/Bz), the angle  varies from –/2 to /2, and 290 

sin4(/2) is in the range 0–0.25. If the duration of an increase in A is Tm, then the energy of the magnetic pressure is given 

by 

max
1

2
A A mE T   .     (5) 

where Amax is the maximum A. The estimates of A and EA from Eqs. (4) and (5) are also presented in Table 5, from which it 

follows that A varies within the limits 13–1000 GJ/s, and the energy varies from 90 TJ to 22 PJ. The energy of the kinetic 295 

pressure is also approximately of the same order of magnitude.  

As expected, the energetics of the dynamic pressure is significantly superior to the energetics of the magnetic and 

kinetic pressures.  

5.3 Energetics of the geomagnetic storm 

The following relation can be used conveniently to estimate the energy of the geomagnetic storm (Gonzalez et al., 1994): 300 

*

0

3

2

st

ms md

D
E E

B
 ,      (6) 

where Emd = 0.8 EJ is the total energy of the Earth’s dipole magnetic field, B0 = 3 × 10–5 T is the Earth’s magnetic induction 

at the equator, *

stD  is a corrected Dst given by the relation  

* 1/2
st st swD D bp c   , 

where b = 5 × 105 nT Pa1/2, c = 20 nT, and psw is in Pa. 305 

The maximum power of the geomagnetic storm is given by  

ms
ms

ms

E
P

T



,      (7) 

where Tms is the duration of the geomagnetic storm’s main phase.  
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The results of calculations of the energy and power of the geomagnetic storms from Eqs. (6) and (7) are also given 

in Table 5, from which it follows that Ems varies in the limits 1.4–5.1 PJ, and the power varies from 93 GW to 283 GW.  310 

6 Discussion 

6.1 Sources of and physical mechanisms for repeating geomagnetic storms 

As can be seen in Fig. 2, the five geomagnetic storms of March 21–22, 2024; March 23, 2024; March 23–24, 2024; March 

24–25, 2024; and March 25–26, 2024, were preceded by increases in the solar wind dynamic pressure of up to 7 nPa, 8 nPa, 

12 nPa, 17 nPa, 19 nPa, and 10 nPa respectively. Moreover, the main storm of March 24–25, 2024, was preceded by 315 

increases in the solar wind speed of up to 800 km s–1, plasma temperature of up to 8.7 × 105 K, and in Akasofu’s parameter 

of up to 1000 GJ s–1. The solar wind structures with enhanced nsw, Vsw, and Bz are known as sheaths (Kilpua et al., 2017). 

Such structures are described in a series of studies (Palmerio et al., 2016; Myllys et al., 2016; Lugaz et al., 2015, 2017; 

Manchester et al., 2017; Chernogor, 2025a). The sheaths lead to multi-step geomagnetic storms, and the geomagnetic storm 

of April 23–24, 2023, is an example of a two-step geomagnetic storm caused by the shock sheath and the magnetic cloud in 320 

the CME (Ghag et al., 2024; Chernogor, 2025a). One has a valid reason to consider that all five storms are due to increases 

in nsw, Vsw, and psw, i.e., due to sheaths in the solar wind.  

Indeed, the storm of March 21–22, 2024, was preceded by an enhancement in nsw of up to 3.3 × 107 m–3, and by a 

decrease in Bz down to –11 nT. The solar wind proton density increased from 3 × 106 m–3 to 3.5 × 107 m–3, and the IMF Bz 

decreased from 5 nT to –10 nT, prior to the storm of March 23, 2024. Before the storm of March 23–24, 2024, the solar wind 325 

proton density increased up to 4.8 × 107 m–3 and the IMF Bz decreased from 3 nT to –10 nT; however, the solar wind proton 

density increased only to 1.5 × 107 m–3, and the IMF Bz reduced from 4 nT up to –15.8 nT prior to the second, main storm of 

March 24, 2024. The solar wind proton density increased up to 2 × 107 m–3, and the IMF Bz decreased from 20 nT to 2 nT 

prior to the storm of March 25–26, 2024; the greatest (up to 19 nPa) increases in psw were noted during this period. It should 

be noted that the greatest increases in Vsw and Tsw occurred prior the main storm of March 24, 2024. Apparently, this storm 330 

was due to high-speed solar wind plasma streams. Also, the storm of March 25, 2024, was different from the other 4 storms 

in that the IMF Bz > 0 nT. 

6.2 Comparative analysis of the geomagnetic storms of March 2024 

The magnetometer stations in the eastern (Table 3) and western (Table 4) hemispheres are considered separately.  

6.2.1 Eastern hemisphere 335 

The first general feature is that the greatest peak-to-peak amplitude of variations in the geomagnetic field strength is most 

often inherent in the X component, whereas the smallest one is observed in the Z component.  
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At the majority of the stations during the storm of March 21–22, 2024, the peak-to-peak amplitude was greater than 

that during the first storm of March 23, 2024. This pattern is disrupted at the low latitude GUA and KDU stations. The 

intensity of March 23–24, 2024, storm is comparable to that of the storm of March 21–22, 2024. The storm of March 24, 340 

2024, was the greatest, when the peak-to-peak amplitude of variations in the geomagnetic field strength exceeded that 

observed during March 21–23, 2024 by a factor of a few times. The storm of March 25, 2024, was somewhat weaker than 

the storm of March 21–22, 2024.  

6.2.2 Western hemisphere 

At the stations in the western hemisphere the peak-to-peak amplitude of variations in the X component strength was not 345 

always the greatest, and the peak-to-peak amplitude of variations in the Z component strength was not the smallest one. 

Often, at the high latitude stations, the peak-to-peak amplitude of the Z component was greater than the peak-to-peak 

amplitude of the Y component and even than that of the X component.  

The peak-to-peak amplitude during the first storm of March 23, 2024 was smaller than that during the storm of 

March 21–22, 2024, while the March 21–22, 2024, and March 23–24, 2024, storm intensities were comparable. At the same 350 

time, the peak-to-peak amplitude during March 24, 2024, exceeded the peak-to-peak amplitude during March 21–22, 2024, 

by a factor of 2–10, whereas the intensity of the March 21–22, 2024, and March 25, 2024, storms were comparable.  

Generally, the peak-to-peak amplitude of variations in all components of the geomagnetic field strength in the 

western hemisphere was greater than that in the eastern hemisphere. Most of the storm time of all geomagnetic storms in the 

eastern hemisphere occurred at night and in the morning hours, whereas in the western hemisphere all geomagnetic storms, 355 

except for the storm of March 23, 2024, occurred during the course of a day. The electron density in the daytime ionosphere 

is greater than that in the nighttime ionosphere, and the ionospheric electric currents are greater, which determines the 

geomagnetic effect. The ionospheric currents explain the decrease in the peak-to-peak amplitude during the first storm of 

March 23, 2024 compared to the peak-to-peak amplitude during March 21–22, 2024.  

6.3 Intercomparison of the energetics of the geomagnetic storms of March 21–25, 2024 360 

Table 5 presents the results of the calculations of the energetics of the geospace, magnetospheric, and geomagnetic storms 

observed during March 21–25, 2024, which show that the storms of March 21, 23, 23, 24, and 25, 2024, correspond to the 

geomagnetic Kp index attaining 5–, 5, 6, 8+, and 4, respectively, and to minimum Dst values of –75 nT, –35 nT, –76 nT, –128 

nT, –64 nT, respectively. They correspond to a minor G1-class geomagnetic storm, a minor G1-class geomagnetic storm, a 

moderate G2-class geomagnetic storm, a severe G4-class geomagnetic storm, and a very minor G0-class geomagnetic storm, 365 

respectively. The power and energy of the geospace storms caused by solar wind dynamic pressure enhancements are 29 

TW, 33 TW, 50 TW, 174 TW, 192 TW and 0.73 EJ, 0.59 EJ, 0.36 EJ, 2.5 EJ, 2.8 EJ, respectively. The power and energy of 

the magnetospheric storms caused by increases in the interplanetary magnetic pressure are 13 GJ/s, 13 GJ/s, 130 GJ/s, 1000 
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GJ/s, 190 GJ/s and 90 TJ, 90 TJ, 1360 TJ, 22,000 TJ, and 2000 TJ, respectively. Maximum power and energy of the 

geomagnetic storms attain 93 GW, 97 GW, 208 GW, 283 GW, 89 GW and 3 PJ, 1.4 PJ, 3 PJ, 5.1 PJ, 4.5 PJ, respectively. 370 

Consequently, one has a valid reason to consider the geomagnetic storm that commenced at about 14:00 UT on 

March 24, 2024, the main storm in March 2024, and the weaker disturbances of March 25–26, 2024, being superimposed 

upon it. In total, this storm persisted for more than 3 days.  

6.4 Main geomagnetic storm of March 2024 

The limits of variations in the strength of the X-, Y-, and Z-components during the main geomagnetic storm that commenced 375 

on March 24, 2024, are considered separately in the eastern and western hemispheres.  

6.4.1 Eastern hemisphere 

Table 6 shows that the background variations in the peak-to-peak amplitude in the eastern hemisphere occur in the range 

from ±5 nT to ±50 nT, whereas the strength variations increase by a factor of a few times to a few tens of times on March 24, 

2024. Generally, the X component variations are the greatest, and the peak-to-peak amplitude exceeds 1000 nT at the HRN 380 

and MCQ stations.  

 

Table 6. Limits of variations in the geomagnetic field strength at the stations in the eastern hemisphere on March 24, 2024. 

Station 
Background (nT) Disturbance on March 24, 2024 (nT) 

X component Y component Z component X component Y component Z component 

HRN 
–25 

25 

–20 

20 

–25 

25 

–1000 

300 

–500 

400 

–525 

410 

PET 
–25 

25 

–20 

20 

–10 

10 

–75 

160 

–60 

130 

–125 

25 

KHB 
–10 

10 

–10 

10 

–10 

10 

–90 

160 

–40 

65 

–25 

15 

GUA 
–15 

15 

–15 

15 

–10 

10 

–80 

50 

–35 

30 

–35 

30 

KDU 
–30 

30 

–20 

20 

–10 

10 

–90 

90 

–40 

30 

–25 

10 

CTA 
–10 

10 

–30 

30 

–10 

20 

–75 

100 

–45 

45 

–10 

20 

CNB 
–20 

20 

–40 

40 

–5 

5 

–50 

130 

–90 

50 

–15 

40 

MCQ 
–30 

30 

–40 

40 

–50 

50 

–1400 

300 

–1400 

100 

–500 

500 

 

Table 7 shows the disturbed-to-quiet time ratios of the peak-to-peak amplitude of variations in the geomagnetic 385 

field strength during the March 24, 2024, storm at the stations in the eastern hemisphere. The maximum peak-to-peak 
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amplitude of variations occurred at the high latitude HRN and MCQ stations, whereas the minimum variations (a factor of 

1.8–3) were noted at the low latitude KDU station.  

 

Table 7. Disturbed-to-quiet time ratios of the maximum peak-to-peak amplitude of variations in the geomagnetic field strength during the 390 

March 24, 2024, storm in the eastern hemisphere. 

Station X component Y component Z component 

HRN 26 22.5 18.7 

PET 4.7 4.8 7.5 

KHB 12.5 5.3 2 

GUA 4.3 2.2 3.3 

KDU 3 1.8 1.8 

CTA 8.8 1.5 1 

CNB 4.5 1.8 5.5 

MCQ 28.3 18.8 10 

 

6.4.2 Western hemisphere 

The background variations in the strength lies in the range ±10 nT to ±100 nT, i.e., they are noticeably greater than those in 

the eastern hemisphere, as can be seen from Table 8. The peak-to-peak amplitude of the variations on March 24, 2024, at 395 

high latitude stations attained ~1000–2000 nT. At the other stations the peak-to-peak amplitude remained within ~100–300 

nT. 

The maximum disturbed-to-quiet time ratios of the peak-to-peak amplitude of variations in the geomagnetic field 

strength during March 24, 2024, storm in the western hemisphere are presented in Table 9, which show that the maximum 

values of the X-, Y-, and Z-components changed by a factor of 3.2–23, 1.9–18.8, and 4.8–15, respectively.  400 

6.5 Latitudinal dependence of storm intensity 

The peak-to-peak amplitude of variations in the X-, Y-, and Z-components of a geomagnetic field strength shows a clear 

tendency to increase with increasing latitude during all the storms under consideration.  

In the eastern hemisphere, the peak-to-peak amplitude usually varies from a few tens of nano teslas to ~200 nT at 

the low latitude stations, is almost the same at the middle latitude stations, and attains a few hundred to 1500–1700 nano 405 

teslas at the high latitude stations.  

It should be noted that the geographic latitude of the MCQ station is close to 55°S, whereas its geomagnetic latitude 

is ~–59 (Table 3), therefore this station should be considered a rather high-latitude one.  

The peak-to-peak amplitude does not exceed 300 nT at the low latitude VSS station in the western hemisphere. 

Almost the same peak-to-peak amplitudes (up to ~300–360 nT) are at the middle latitude stations, whereas the peak-to-peak 410 
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amplitude is ~1000–2300 nT at the high latitude stations in the northern hemisphere (Table 4). Only at the AIA station in the 

southern hemisphere, the peak-to-peak amplitude is within ~50–200 nT. It should be remarked that the geographic latitude of 

the AIA station is close to 65S, whereas its geomagnetic latitude is approximately 56S (Table 2). This means that this 

station is rather a mid-latitude station in terms of geomagnetic coordinates.  

 415 

Table 8. Limits of variations in the geomagnetic field strength at the stations in the western hemisphere on March 24, 2024. 

Station 
Background (nT) Disturbance on March 24, 2024 (nT) 

X component Y component Z component X component Y component Z component 

THL 
–40 

40 

–40 

40 

–50 

50 

–550 

350 

–750 

750 

–600 

700 

GDH 
–50 

50 

–50 

50 

–80 

80 

–1200 

500 

–300 

800 

–500 

400 

IQA 
–50 

50 

–50 

50 

–100 

100 

–1600 

700 

–550 

1050 

–800 

400 

BLC 
–50 

50 

–30 

30 

–60 

60 

–900 

700 

–200 

750 

–750 

1000 

STJ 
–10 

10 

–10 

10 

–10 

10 

–210 

80 

–160 

80 

–150 

150 

SBL 
–20 

20 

–5 

5 

–10 

10 

–260 

100 

–20 

15 

–90 

40 

VSS 
–10 

10 

–20 

20 

–10 

10 

–110 

190 

–35 

40 

–45 

50 

AIA 
–30 

30 

–30 

30 

–10 

10 

–150 

40 

–110 

110 

–50 

100 

 

Table 9. Disturbed-to-quiet time ratios of the maximum peak-to-peak amplitude of variations in the geomagnetic field strength during the 

March 24, 2024, storm in the western hemisphere. 

Station X component Y component Z component 

THL 11.3 18.8 12 

GDH 17 11 5.6 

IQA 23 16 6 

BLC 16 15.8 14.6 

STJ 14.5 12 15 

SBL 9 3.5 6.5 

VSS 15 1.9 4.8 

AIA 3.2 3.7 7.5 
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There are a few reasons that explain the deviations from the latitudinal dependence described above. The first is 420 

related to the mechanisms of the magnetic effect. In the high and middle latitudes, the variations in the components of the 

geomagnetic field strength are due to variations in the electron density N and electric current density j, whereas at low 

latitudes, because of the variations in the ring current. The second reason is that the disturbances in N and j are distributed in 

longitude and latitude highly unevenly, which leads to some violation of the latitudinal and even longitudinal dependences of 

the magnetic effect. The other reason is the latitudinal dependence of electrodynamic processes, thermospheric winds, 425 

ionosphere-plasmasphere coupling, and ambipolar diffusion.  

6.6 Intercomparison of the intense geomagnetic storms 

The comparison includes the main storm of March 24–25, 2024, one of the strongest storms in solar cycle 25, the April 23–

24, 2023 storm (Chernogor, 2025a, 2025b), the strongest storm of solar cycle 25, storm of May 10–11, 2024 (Chernogor, 

2025c; Chernogor et al., 2025), and a super unique storm similar to the Carrington event of 1859 (Table 10).  430 

 

Table 10. Salient parameters of severe, extreme, and super unique geomagnetic storms. 

Storm parameter or characteristic March 24, 2024 April 23–24, 2023 May 10–11, 2024 Super unique storm 

Kpmax 8+ 8+ 9 11 

Dstmin (nT) –128 –212 –412 <–1000 

Power of the geospace storm (PW) 0.174 0.1 0.4 >10 

Energy of the geospace storm (EJ) 2.5 1.8 6.5 >500 

Duration of the geospace storm (h) 8 10 9 >30 

Power of the magnetospheric storm (TJ/s) 1 2.8 15 >25 

Energy of the magnetospheric storm (PJ) 22 50 82 >450 

Duration of the magnetospheric storm (h) 12 10 3 10 

Maximum power of the geomagnetic storm (TW) 0.28 0.67 1.4 >1.6 

Energy of the geomagnetic storm (PJ) 5.1 9.7 20 >60 

Duration of the geomagnetic storm’s main phase (h) 5 4 4 10 

Total storm duration >120 >120 >120 >120 

Description G4, severe G4, severe G5, extreme G7, Super-unique 

 

These storms are described as Severe (G4), Severe (G4), Extreme (G5), and Super unique (G7), respectively, in terms of the 

NOAA geomagnetic storm classification augmented by the author. Maximum Kp indices and Dst minimum values for these 435 

storms are 8+, 8+, 9, 11 and –128 nT, –212 nT, –412 nT, and less than –1000 nT, respectively. The power and energy of the 

corresponding geospace storms are close to 0.17 PW, 0.1 PW, 0.4 PW, and more than 10 PW; 2.5 EJ, 1.8 EJ, 6.5 EJ, and 

more than 500 EJ, respectively. The energetics parameters of the magnetospheric storms are as follows: 1 TJ/s, 2.8 TJ/s, 15 

TJ/s, and more than 25 TJ/s; 22 PJ, 50 PJ, 82 PJ, and more than 450 PJ, respectively. The geomagnetic storms have the 
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following energetics characteristics: 0.28 TW, 0.67 TW, 1.4 TW, and more than 1.6 TW; 5.1 PJ, 9.7 PJ, 20 PJ, and more 440 

than 60 PJ, respectively. The duration of these storms’ main phase is about 5 h, 4 h, 4 h, and 10 h, respectively.  

7 Conclusions 

(1) The magnetic storm of March 21–26, 2024, is validated to be comprised of five storms, i.e., it is a multi-step storm, with 

the main storm occurring during March 24–25, 2024. A multi-step nature of this storm is unique to this event, and this storm 

is caused by isolated sheaths that appeared in the solar wind.  445 

(2) The power of the geospace storms caused by increases in the solar wind dynamic pressure has been shown to be 

close to 29 TW, 33 TW, 50 TW, 174 TW, and 192 TW, and their energy does not exceed 0.73 EJ, 0.59 EJ, 0.36 EJ, 2.5 EJ, 

and 2.8 EJ.  

(3) The power of the magnetospheric storms, caused by increases in the interplanetary magnetic pressure, has been 

demonstrated to be 13 GJ/s, 13 GJ/s, 130 GJ/s, 1000 GJ/s, and 190 GJ/s, and their energy to attain 90 TJ, 90 TJ, 1360 TJ, 450 

22,000 TJ, and 2000 TJ. The energetics of the magnetic and kinetic pressures has been shown to be close to each other.  

(4) The maximum power of the geomagnetic storms has been determined to be close to 93 GW, 97 GW, 208 GW, 

283 GW, and 89 GW, and their energy to be smaller than 3 PJ, 1.4 PJ, 3 PJ, 5.1 PJ, and 4.5 PJ. 

(5) The storms of March 21–22, 2024; March 23, 2024; March 23–24, 2024; March 24–25, 2024; and March 25–

26, 2024, have been demonstrated to pertain to the storm classes G1 (minor), G1 (minor), G2 (moderate), G4 (severe), and 455 

G0 (very minor).  

(6) In both the eastern and western hemispheres, the peak-to-peak amplitude of variations in a geomagnetic field 

strength exhibits a tendency to increase with increasing magnetic latitude. At high latitude stations, the peak-to-peak 

amplitude attains a maximum value of ~1000–2000 nT, whereas at mid- and low latitude stations they are observed to be 

within ~100–300 nT. The observed possible deviations from the tendency indicated above may be due to the different 460 

physical processes acting to cause variations in the geomagnetic field at high, middle, and low latitudes.  

(7) The peak-to-peak amplitude of variations in a geomagnetic field strength has been shown to be the greatest 

during sunlit hours.  

(8) The peak-to-peak amplitude of variations in a geomagnetic field strength during the storms is a factor of up to 

23–28, 19–23, and 15–19 greater than that during quiet time reference period, in the northward X-, eastward Y-, and vertical 465 

Z-component of the geomagnetic field, respectively.  

(9) The storm of March 24–25, 2024, termed the main storm, is the most intense of all five storms of March 21–26, 

2024.  

(10) The main storm of March 24–25, 2024, is comparable to the storm of April of 23–24, 2023, with respect to all 

its parameters. At the same time, it is less intense than the storm of May 10–11, 2024, the strongest storm of solar cycle 25, 470 

and even less intense than the Carrington event.  
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Appendix A 

Here are presented the temporal variations in the strength of the X, Y, and Z components of the geomagnetic field during 

March 21–27, 2024, in the eastern hemisphere (Fig. A1–A8).  

 475 
Figure A1. Temporal variations in the strength of the X, Y, and Z components of the geomagnetic field during March 21–27, 2024, at the 

HRN station (74.26 N geomagnetic) in the eastern hemisphere. The solid vertical lines indicate sunrise and sunset times at the ground. 
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Figure A2. Temporal variations in the strength of the X, Y, and Z components of the geomagnetic field during March 21–27, 2024, at the 

PET station in the eastern hemisphere. The solid vertical lines indicate sunrise and sunset times at the ground, and the dashed vertical lines 480 
indicate those at 200 km altitude in the ionosphere. 
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Figure A3. Temporal variations in the strength of the X, Y, and Z components of the geomagnetic field during March 21–27, 2024, at the 

KHB station in the eastern hemisphere. The solid vertical lines indicate sunrise and sunset times at the ground, and the dashed vertical 485 
lines indicate those at 200 km altitude in the ionosphere. 
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Figure A4. Temporal variations in the strength of the X, Y, and Z components of the geomagnetic field during March 21–27, 2024, at the 

GUA station in the eastern hemisphere. The solid vertical lines indicate sunrise and sunset times at the ground, and the dashed vertical 490 
lines indicate those at 200 km altitude in the ionosphere. 
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Figure A5. Temporal variations in the strength of the X, Y, and Z components of the geomagnetic field during March 21–27, 2024, at the 

KDU station in the eastern hemisphere. The solid vertical lines indicate sunrise and sunset times at the ground, and the dashed vertical 495 
lines indicate those at 200 km altitude in the ionosphere. 
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Figure A6. Temporal variations in the strength of the X, Y, and Z components of the geomagnetic field during March 21–27, 2024, at the 

CTA station in the eastern hemisphere. The solid vertical lines indicate sunrise and sunset times at the ground, and the dashed vertical lines 500 
indicate those at 200 km altitude in the ionosphere. 
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Figure A7. Temporal variations in the strength of the X, Y, and Z components of the geomagnetic field during March 21–27, 2024, at the 

CNB station in the eastern hemisphere. The solid vertical lines indicate sunrise and sunset times at the ground, and the dashed vertical 505 
lines indicate those at 200 km altitude in the ionosphere. 
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Figure A8. Temporal variations in the strength of the X, Y, and Z components of the geomagnetic field during March 21–27, 2024, at the 

MCQ station in the eastern hemisphere. The solid vertical lines indicate sunrise and sunset times at the ground, and the dashed vertical 510 
lines indicate those at 200 km altitude in the ionosphere. 
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Appendix B 

Figures B1–B8 show temporal variations in the strength of the X, Y, and Z components of the geomagnetic field during 

March 21–27, 2024, in the western hemisphere.  515 

 

 
Figure B1. Temporal variations in the strength of the X, Y, and Z components of the geomagnetic field during March 21–27, 2024, at the 

THL station in the western hemisphere. The solid vertical lines indicate sunrise and sunset times at the ground. 
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 520 
Figure B2. Temporal variations in the strength of the X, Y, and Z components of the geomagnetic field during March 21–27, 2024, at the 

GDH station in the western hemisphere. The solid vertical lines indicate sunrise and sunset times at the ground, and the dashed lines 

indicate those at 200 km altitude in the ionosphere. 
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 525 
Figure B3. Temporal variations in the strength of the X, Y, and Z components of the geomagnetic field during March 21–27, 2024, at the 

IQA station in the western hemisphere. The solid vertical lines indicate sunrise and sunset times at the ground, and the dashed lines 

indicate those at 200 km altitude in the ionosphere. 
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 530 
Figure B4. Temporal variations in the strength of the X, Y, and Z components of the geomagnetic field during March 21–27, 2024, at the 

BLC station in the western hemisphere. The solid vertical lines indicate sunrise and sunset times at the ground, and the dashed lines 

indicate those at 200 km altitude in the ionosphere. 
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 535 
Figure B5. Temporal variations in the strength of the X, Y, and Z components of the geomagnetic field during March 21–27, 2024, at the 

STJ station in the western hemisphere. The solid vertical lines indicate sunrise and sunset times at the ground, and the dashed lines indicate 

those at 200 km altitude in the ionosphere. 
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 540 
Figure B6. Temporal variations in the strength of the X, Y, and Z components of the geomagnetic field during March 21–27, 2024, at the 

SBL station in the western hemisphere. The solid vertical lines indicate sunrise and sunset times at the ground, and the dashed lines 

indicate those at 200 km altitude in the ionosphere. 
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 545 
Figure B7. Temporal variations in the strength of the X, Y, and Z components of the geomagnetic field during March 21–27, 2024, at the 

VSS station in the western hemisphere. The solid vertical lines indicate sunrise and sunset times at the ground, and the dashed lines 

indicate those at 200 km altitude in the ionosphere. 
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 550 
Figure B8. Temporal variations in the strength of the X, Y, and Z components of the geomagnetic field during March 21–27, 2024, at the 

AIA station in the western hemisphere. The solid vertical lines indicate sunrise and sunset times at the ground, and the dashed lines 

indicate those at 200 km altitude in the ionosphere. 
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Data availability. All data used in this study are publicly available. This publication makes use of data collected by INTERMAGNET and 555 

published at https://imag-data.bgs.ac.uk/GIN_V1/GINForms2. Information on the observatories is taken from 

https://intermagnet.org/metadata/#/imos. The solar wind parameters have been retrieved from the Goddard Space Flight Center Space 

Physics Data Facility https://omniweb.gsfc.nasa.gov/form/dx1.html. 
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