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Abstract. This study investigates the characteristics of geomagnetic and ionospheric disturbances over China associated
with the intense geospace storm that occurred during May 10-12, 2024. Observations were conducted using data from nine
Intermagnet observatories, four ionosondes, and multiple satellites from the GNSS. To examine the quasi-periodic temporal
variations of magnetic field components, this study introduces systems spectral analysis exclusively. The analysis reveals
that the geospace storm, classified as a severe event, was accompanied by both intense geomagnetic perturbations and
significant negative ionospheric storms. During the geomagnetic storm, the peak-to-peak amplitude of variations in the X-,
Y-, and Z-components reached 550-800 nT, 166422 nT, and 100—412 nT, respectively. The duration of the geomagnetic
storm was approximately 40—-60 h. The fluctuation spectrum of the geomagnetic field predominantly featured components
with periods of 200 min and 90 min. During the negative ionospheric storm, which lasted around 50 h, foF2 values
decreased by 2-3 times, while electron density values decreased by 4-9 times. At the same time, hmF2 values increased by
200-300 km. Other ionogram parameters exhibited minor changes. Total electron content values during the storm decreased
by 3040 TECU during the day (by 2—3 times) and by 10 TECU at night (by 2 times). The causes leading to the negative
ionospheric storm was primarily driven by the penetration of magnetospheric electric fields into the ionosphere, the
enhancement of plasma convection, disturbances in the thermospheric chemical composition, the intensification of

thermospheric winds, and plasma transport processes occurring in both vertical and horizontal directions.
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1 Introduction

Geospace storm is synergistically interacting storms occurring in the magnetosphere, ionosphere, thermosphere, and
geophysical fields (magnetic, electric, baric, and thermal). The cause of geospace storms is solar storms, which induce
significant disturbances in all subsystems of the Sun—interplanetary medium—magnetosphere—ionosphere—atmosphere—Earth
(internal shells) system (Chernogor,2003,2021,2025). Magnetic, ionospheric, and atmospheric storms substantially affect
radio wave propagation across all frequency ranges, as well as the operation of systems such as radio navigation,
telecommunications, radar, remote sensing, and radio astronomy. This is due to the reliance of these systems on atmospheric,

ionospheric, and magnetospheric radio channels (Wang, Feng, & Ma,2020).

As is known, the neutral atmosphere extends up to 55-90 km, depending on the time of day, with the ionosphere situated
above it. The upper boundary of the ionosphere is conventionally defined at an altitude of approximately 1500 km. In
contrast, the Earth's magnetosphere extends to about 10 Earth radii (~64,000 km) on the dayside. Geostationary satellites,
which orbit at altitudes near 36,000 km, are thus situated well within the magnetospheric region. The magnetosphere,
ionosphere, and atmosphere, along with associated geophysical fields, are seldom in a truly quiescent state (Shi et al.,2023).
They are continuously influenced by energy fluxes originating from both the upper and lower atmospheric regions. The most
significant impacts on these subsystems and fields arise from powerful transient processes on the Sun, commonly referred to
as solar storms. Solar storms are accompanied by solar flares, the generation of solar cosmic rays, coronal mass ejections

(CME?s), high-speed streams from coronal holes, and compression regions (CIRs).

The solar storm of May 8, 2024, triggered the most intense geospace disturbance recorded in the past two decades, with
geomagnetic activity persisting from May 10 to May 15, 2024. Numerous studies have focused on the impacts of this
extraordinary event. The energetics of the main physical processes within the Sun—interplanetary medium—magnetosphere—
ionosphere—atmosphere—lithosphere system during May 8—12, 2024, were assessed by the author of (Chernogor,2025), who
quantitatively substantiated the uniqueness of the storm. Detailed descriptions of the solar storm parameters and
interplanetary medium disturbances are provided in (Hayakawa et al.,2025; Hajra et al.,2024; Kwak et al.,2024; Rodkin et
al.,2024; Wang R.et al.,2024; Wang S.et al.,2019; Zhao & Le,2025; Vichare & Bagiya,2024; Fu et al.,2025). The paper
(Pierrard et al.,2025) is devoted to the effects of the storm of May 11, 2024 in the Earth’s radiation belts. The thermospheric
effects during the geomagnetic storm of May 10-12, 2024 are the subject of (Evans et al.,2025; Mlynczak et al.,2024). The
authors discussed the anomalous ionization of the Nocturnal E region during the storm on May 10-12, 2024. The effects of a
super fountain caused by the extreme storm on May 10-12, 2024 are studied (Resende et al.,2024; Thampi et al.,2024). The
authors studied the possibility of variations in quasi-periodic traveling ionospheric disturbances during the night of May 13,
2024, against the background of the recovery phase of a magnetic superstorm. The speed of disturbances was 300-650 m/s,
and the period was close to 1 h (Zhang K.et al.,2025) .
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The features of ionospheric storms at different latitudes have been analyzed in various studies. The effects of the storm in the
ionosphere, as well as in the plasmasphere over the USA, Europe, and Southeast Asia are described (Pierrard et al.,2025).
The authors have described the global ionospheric response to the solar storm (Li et al.,2024; Bojilova et al.,2024; Paul et
al.,2025). The relationship between ionospheric and thermospheric processes in the Eastern Hemisphere during the negative
ionospheric storm in the Northern Hemisphere and the positive ionospheric storm in the Southern Hemisphere in May 2024
was explored (Li et al.,2024). High-latitude ionospheric storm features have been examined (Chernyshov et al.,2025; Jin et
al.,2025; Themens et al.,2024; Wang et al.,2024). Ionospheric effects of the storm at mid-latitudes have been described in
papers (Jin et al.,2025; Bojilova,2024; Aa et al.,2024a; Carmo et al.,2024; Foster et al.,2024).Potential mechanisms of the
super storm are discussed by the authors of (Tulasi Ram et al.,2024). A significant number of papers focus on the
ionospheric response to the solar storm at low latitudes (Jain et al.,2025; Gonzalez - Esparza et al.,2024; Myint et al.,2025;
Nayak et al.,2025; Singh et al.,2024). Particular attention has been given to the effects within the equatorial ionization
anomaly (EIA) region (Nayak et al.,2025; Aa et al.,2024b; Huang et al.,2024; Karan et al.,2024; Rout et al.,2025). It has
been shown that during the storm, the EIA region shifted from the equator up to latitudes of 35°N and 35°S.

This study specifically examine the ionospheric responses to the storm over the East Asian region.Multi-instrumental
observations of the ionospheric response to the storm were conducted by (Guo et al.,2024), who described longitudinal
differences in ionospheric disturbances. The negative ionospheric storm in the Chinese region began after the SSC on May
10, 2024, and continued throughout the main phase and the beginning of the recovery phase of the magnetic storm on May
11, 2024. During the recovery phase on May 12, 2024, the sign of TEC disturbances changed. More precise modeling of
processes in various regions during May 10-12, 2024, storm is required. The authors of (Huang et al.,2024) also analyzed
the results of multi-instrumental observations and found that the nighttime increase in total electron content (TEC) moved
westward at a speed of approximately 130 m/s. TEC values at low and mid-latitudes nearly doubled during the main phase of
the magnetic storm, with disturbances lasting 5—7 hours. In the EIA region, the height of the 2 layer increased significantly,

attributed to an increase in eastward electric field strength. The dynamics of nighttime TEC values remain poorly understood.

The authors investigated mid-latitude blob-like structures along equatorial plasma bubbles over the East Asian region. These
structures moved westward over thousands of kilometers and extended up to 40°N in latitude. The TEC enhancements within
these structures were approximately 50 TECU (Sun et al.,2024a). Using multi-instrumental observations of the storm effects,
the authors studied the complex of ionospheric fluctuations at low and mid-latitudes (Sun et al.,2024b). The amplitude of
total electron content (TEC) oscillations reached up to 10 TECU. These disturbances originated at high latitudes and
propagated equatorward as large-scale traveling ionospheric disturbances (TIDs). The most pronounced and complex
fluctuations were observed at low latitudes, shaped by dynamic processes operating in both equatorial and high-latitude

regions.
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Thus, a series of studies has focused on global ionospheric disturbances caused by the storm of May 10-12, 2024. These
disturbances are best described for the American region and the EIA area. An urgent task is to conduct a more detailed

examination of the features of magnetic and ionospheric storms for the Chinese region.

This study presents the results of analyzing temporal variations in the geomagnetic field level, TEC, and parameters from a

network of ionosondes for the Chinese region.

The paper is organized as follows. After analyzing the state of space weather, it briefly describes the instruments and
methods used. This is followed by an analysis of the results of geomagnetic field variation observations at nine magnetic
stations, variations in vertical sounding ionogram parameters, and TEC. The discussion is then followed by a summary of the

main results.

2 Data and Methodology

To describe the state of space weather, this study is begun with the analysis of variations in the main solar wind parameters

(Figure 1).
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Figure 1. Temporal variations of space weather parameters from May 9 to May 15, 2024. Measured density, nsy, temperature Ty,
radial velocity, Viw, of solar wind, calculated dynamic pressure psw, measured B, and By components and the total value of the
interplanetary magnetic field; calculated energy, €4, transferred from the solar wind into the Earth’s magnetosphere per until

time; Kp- and Ds-index. (Retrieved from https://omniweb.gsfc.nasa.gov/form/dx1.html.)

On May 10 and 11, 2024, several particle density spikes in the solar wind from 2x10® m= to ~(3.5-5)x107 m~ were
observed. The solar wind particle speed increased from about 400 km/s to 750—1000 km/s after 16:00 (hereinafter Universal
Time) on May 10, 2024, and this increased speed persisted for at least six days. From 16:00 on May 10, 2024, to 21:00 on
May 12, 2024, numerous spikes in the temperature of solar wind particles were recorded, from ~10° K to (4-12)x10° K.
From 16:00 on May 10, 2024, to the end of May 13, 2024, multiple dynamic pressure spikes were noted, ranging from ~1
nPa to ~5-45 nPa.

Next, the variations in the By and B: components of the interplanetary magnetic field were described, as well as its total value.

On May 10 and 11, 2024, the B, component fluctuated between —34 nT and 68 nT, while the B- component varied from —35
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nT to 8 nT. The negative values of the B. component indicated the onset of a geomagnetic storm. The B, values changed

within the range from 0 nT to 70 nT.

The Akasofu’s epsilon parameter, which describes the power of magnetic field entering the magnetosphere, increased on

May 10-11, 2024, from ~1 GJ/s to 15 TJ/s.

The planetary K, index, which characterizes the intensity of geomagnetic storms, increased on May 10-11, 2024, from ~1 to

6-9. At K, =9, a magnetic storm of G5 type (extreme storm) occurred.

Approximately from 18:00 on May 10, 2024, to 04:00 on May 11, 2024, the main phase of the geomagnetic storm took place,
with Dymin = —412 nT. The recovery phase of this storm lasted for at least six days.

To investigate the manifestations of the geospace storm during May 10-12, 2024, in the magnetic field and ionosphere,
measurements from a network of magnetometers, ionosondes, and Global Navigation Satellite System (GNSS) receivers
were utilized. The spatial distribution of the observational instruments deployed over the Chinese region is presented in
Figure 2. As shown in Figure 2, the measurement network covered an area spanning approximately 3300 km in both

latitude and longitude.
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Figure 2. Location of stations for observing May 10-12, 2024, storm (Green circles is magnetometers, red triangles is ionosondes,
blue squares is satellite stations).
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2.1. Magnetometer Network

EGUsphere\

A list of the nine magnetometers belonging to the Intermagnet network (https://intermagnet.org) is provided in Table 1. The

temporal resolution of the magnetometric measurements is 1 min, and the amplitude resolution is 1 nT.

Table 1. General information about magnetometric network.

Station
Hainan
Hangzhou
Kanoya
Linyi
Kakioka
Cheongyang
Beijing
Memambetsu

Manzhouli

Latitude(MLAT)

19.4°N(8.7°N)
30.3°N(20.2°N)
31.4°N(22.3°N)
34.7°N(25.8°N)
36.2°N(28°N)
36.4°N(27.1°N)
40.3°N(31.7°N)
43.9°N(37°N)
49.6°N(42.5°N)

Longitude(MLON)

109°E(117.6°E)

120.1°E(187.6°E)
130.9°E(197.4°E)
118.5°E(185.2°E)
140.2°E(206.2°E)
126.9°E(194.5°E)
116.2°E(181.6°E)
144.2°E(210.2°E)
117.4°E(183°E)

Instrument
Fluxgate Magnetometer
Fluxgate Magnetometer
Fluxgate Magnetometer
Fluxgate Magnetometer
Fluxgate Magnetometer
Fluxgate Magnetometer
Fluxgate Magnetometer
Fluxgate Magnetometer

Fluxgate Magnetometer

Sampling Interval

1s
Is

Is
Is
Is
Is
Imin
Is
Is

The peak-to-peak amplitudes of variations in the X-, Y-, and Z-components of the geomagnetic field were subject to analysis.

Therefore, the constant component was first removed from the original signal.

For a more detailed analysis of the recurring spikes in the component levels, a systems spectral analysis was applied, as

described in (Chernogor,2008).

2.2. Ionosonde Network

Detailed information on the ionosonde stations is provided in Table 2. As indicated in Table 2, the ionosondes are
distributed across both low- and mid-latitude regions. Notably, the Hainan and Wuhan stations are situated within the
Equatorial Ionization Anomaly (EIA) zone. The northernmost station, Mohe, is located at a latitude of 52°N. The ionosonde

measurements had a temporal resolution of 15 minutes and a frequency resolution of approximately 0.1 MHz.

Table 2. General information about ionosonde network.

Station Latitude(MLAT)  Longitude(MLON) Instrument Sampling Interval
Hainan 19.4°N(8.7°N) 109°E(117.6°E) DPS-4D 15min
Wuhan 30.5°N(20.5°N) 114.4°E(183.5°E) DPS-4D 15min
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Weihai 37.1°N(28.6°N)  121.5°E(189.2°E) DPS-4D 15min
Beijing 40.3°N(31.7°N)  116.2°E(181.6°E) DPS-4D 15min
Mohe 52°N(45.5°N) 122.5°E(186.5°E) DPS-4D 15min

2.3. Satellite Stations

A list of GNSS stations is provided in Table 3 (www.meridianproject.ac.cn). Table 3 summarizes the GNSS stations used in
this study, all of which are located at mid-latitudes within the Chinese region. For the analysis, data from satellites C1, C2,
C3, C7, €9, C10, Cl16, C30, C36, C39, C40, and C46 were employed. The GNSS observations covered a spatial area of
several thousand kilometers in both latitude and longitude.The error in estimating TEC is approximately 1 TECU (1 Total
Electron Content Unit = 10'° electrons/m?).

Table 3. General information about satellite stations.

Station Latitude(MLAT) Longitude(MLON) Instrument Sampling Interval

GNSS Ionospheric

TEC .Scintillation 1s
Monitor

GNSS Ionospheric

TEC .Scintillation 1s
Monitor

GNSS Ionospheric

TEC .Scintillation Is
Monitor

GNSS Ionospheric

TEC .Scintillation Is
Monitor

Wuhan 30.5°N(20.5°N)  114.4°E(183.5°E)

Weihai 37.1°N(28.6°N) 121.5°E(189.2°E)

JiaYuguan  39.8°N(29.5°N) 98.3°E(166.8°E)

Yanji 42.5°N(33.9°N)  129.3°E(197.8°E)

3 Results of Observations

This section may be divided by subheadings. It should provide a concise and precise description of the experimental results,

their interpretation, as well as the experimental conclusions that can be drawn.

3.1. Variations in the Geomagnetic Field Level

The temporal variations of the X- (north—south direction), Y- (west—east direction), and Z- (vertical direction) components of
the geomagnetic field recorded at nine stations were subject to analysis (Table 1). The latitude of these stations ranged from
19.4°N to 49.5°N, covering low and mid-latitudes, including the EIA region. The longitude of the stations varied around

130°E.
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The temporal variations of all three components of the geomagnetic field at the nine observation stations exhibited
qualitatively similar patterns. As a representative example, a detailed description of the variations at the low-latitude Hainan
station is provided in Figure 3. The corresponding temporal variations for the remaining eight stations are presented in the

Supplement (Supplement Figure S1-S8).

Temporal variations of geomagnetic component at HaiNan Station
0-
100 A
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Figure 3. Temporal variations in the level of the X-, Y-, and Z-components of the geomagnetic field on May 8-14, 2024, at the
Hainan station.The red-shaded region indicates the main phase of the geomagnetic storm, while the yellow-shaded region
corresponds to the recovery phase.

Prior to the onset of the magnetic storm, the diurnal variations of the X-component did not exceed 67 nT. Around 18:00 UT
on May 10, 2024, the X-component exhibited a sharp increase of approximately 100 nT over the course of about 1 hour,
followed by a rapid decrease of approximately 600 nT. During this disturbance, six to seven prominent spikes were observed.

The total duration of the disturbance was approximately 50 hours.

Before the storm, the diurnal variations in the Y-component did not exceed 86 nT. After 18:00 on May 10, 2024, the peak-

to-peak amplitude of variations reached 166 nT, persisting for about 40—-60 h. The number of spikes did not exceed four.

Prior to the magnetic storm, the diurnal variations in the Z-component reached up to 43 nT. Following the storm’s onset,
alternating-sign variations with a peak-to-peak amplitude of up to 119 nT and a duration of approximately 47 hours were

recorded. A total of six to seven spikes were identified during this interval.

For all components, the largest variations in level occurred during the main phase and the beginning of the recovery phase,

lasting about 15 h.
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The main parameters of the disturbances in the X-, Y-, and Z-components of the magnetic field during the storm are
presented in Table 4. From Table 4, it is evident that there was a tendency for the peak-to-peak amplitude of variations to
increase with geographic latitude, except for the Hainan and Hangzhou stations, which are located within the EIA region.
The X-component was most disturbed during the storm, while the Z-component was least disturbed. The duration of the

disturbances was weakly dependent on latitude and was approximately 40—60 h.

Table 4. Main parameters of disturbances in the geomagnetic field component levels during the storm.

. Maximum . . .
Station Component variation (nT) Duration (h) Period (min)

X 598 68 200

Hainan Y 166 54 90; 205

7 119 64 85; 195
X 586 70 200

Hangzhou Y 238 56 90; 200
7 100 58 200
X 550 60 200

Kanoya Y 260 44 90; 210
7 300 44 205
X 550 60 200

Kakioka Y 260 40 90; 205
zZ 108 44 200
X 652 70 195

Linyi Y 264 61 90; 220
7 120 64 200
X 680 60 200

Cheongyang Y 270 44 90; 205
7 150 50 200
X 700 60 200

Beijing Y 310 44 90; 205
7 140 56 205
X 670 60 200

Memambetsu Y 375 44 90; 200
7 220 40 205
X 799 66 195

Manzhouli Y 422 42 95; 205
7 412 45 205

3.2. Variations in Ionogram Parameters

10
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The most important parameters of ionograms that describe the state of the ionosphere are the critical frequencies of the E, F'1,
and F2 layers, i.e., foE, foF1, and foF2, their heights AmFE, hmF1, and AmF2, and the minimum observed frequency of the
reflected radio signal, fmin. This frequency qualitatively characterizes the level of radio wave absorption in the lower
ionosphere and thus the degree of disturbance in this part of the ionosphere. During the magnetic storm, the E-region was

practically undisturbed, and the parameters fo£ and zmE are not considered in this paper.

The variations in ionogram parameters for the lowest-latitude station (Station Hainan) and the mid-latitude station (Station

Mohe) will be considered in detail next.
3.2.1. Variations in foF2

At the Hainan station, the foF2 values fluctuated significantly both before and after the storm (Figure 4). Prior to the storm,
diurnal variations in foF2 were weakly expressed, with maximum daytime values of foF2 =~ 9 MHz and nighttime values
dropping to approximately 4 MHz. After the onset of the storm, diurnal variations in foF2 became more pronounced. During
midday, foF2max remained about 9 MHz, while nighttime f0F2 values decreased to 2 MHz. The duration of the ionospheric

storm was approximately 50 h.

Temporal variations of foF2 on May 8-14, 2024:(a) Hainan station, (b) Mohe station
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Figure 4. Temporal variations of foF2 on May 8-14, 2024: (a) Hainan station, (b) Mohe station.

At the Mohe station, the fluctuations were less pronounced compared to those at the Hainan station (Figure 4). Before the
storm, maximum daytime values of foF2 =~ 9 MHz, while nighttime values were approximately 6 MHz. After the storm

began, daytime foF2 = 2 MHz, and nighttime foF2 ~ 3 MHz. The ionospheric storm lasted approximately 50 h. On May 13,

11
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2024, a negative ionospheric storm persisted, transitioning into a positive ionospheric storm at the beginning of May 14. In

this case, foF?2 increased from 7 MHz to 9 MHz.

At the Wuhan station, pre-storm daytime foF2 values reached 12 MHz, while nighttime values dropped to ~7 MHz
(Supplement Figure S9). After the storm began, daytime foF2 ~ 4-8 MHz, and nighttime f0F2 ~ 4 MHz. The duration of the

ionospheric storm was approximately 54 h.

At the Weihai station, pre-storm foF?2 values did not exceed 10-11 MHz during the day and decreased to ~3 MHz at night
(Supplement Figure S9). At the end of May 10 and throughout May 11-12, 2024, daytime foF?2 values dropped to 4—6 MHz,

while nighttime values decreased to 3 MHz. The duration of the ionospheric storm did not exceed 50 h.

3.2.2. Variations in AmF2

Before the storm, the smF?2 values at the Hainan station rarely exceeded 400 km during the daytime and dropped to 200 km
at night (Figure 5). On May 10, 2024, around midday, AmF?2 reached 500-700 km. From 18:00 on May 10, 2024, to 12:00
on May 12, 2024, hmF?2 values fluctuated significantly between ~100 km and ~700 km. After the storm began on May 10,
2024, nighttime AmF?2 values increased to 500-530 km and then gradually decreased to ~100 km. On May 11 and 12, 2024,
daytime AmF?2 values reached 600-700 km, while nighttime values decreased to 100-200 km. The duration of the

ionospheric storm was approximately 50 h.

Temporal variations of hmF2 on May 8-14, 2024:(a) Hainan station, (b) Mohe station
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Figure 5. Temporal variations of hmF2 on May 8-14, 2024: (a) Hainan station, (b) Mohe station.
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At the Mohe station, AmF?2 values reached ~370 km before the storm during the daytime and dropped to ~250 km at night
(Figure 5). After the storm began around 18:00 on May 10, 2024, hmF?2 fluctuations increased sharply, ranging from 150
km to 500—-680 km. The duration of the storm was approximately 40 h.

Before the storm, smF?2 at the Wuhan station fluctuated within 200-300 km, with occasional increases from ~100 km to 500
km (Supplement Figure S10). Almost immediately after the storm began, smF2 values increased to ~500 km. For over 54 h,
hmF?2 fluctuated between ~100—120 km and 600—700 km. The diurnal behavior of AmF2(f) was significantly disrupted.

At the Weihai station, pre-storm AmF2 values were approximately 200-300 km. Nighttime values of this height were
practically not recorded (Supplement Figure S10). After the storm began, smF2 values fluctuated within 200400 km. The

duration of ionospheric disturbances was about 50 h.

3.2.3. Variations in foF1

The F1 layer was not consistently observed. At the Hainan station, prior to the storm, the foF'1 frequency fluctuated within
the range of 68 MHz (Figure 6). After the storm began, the fluctuation range expanded to 4-8 MHz. The duration of

disturbances was approximately 50 h.

At the Mohe station, the F1 layer was rarely recorded. Occasionally, foF1 = 2—-6 MHz (Figure 6). The storm had little

impact on the F'1 layer at these latitudes.

Temporal variations of foF1 on May 8-14, 2024:(a) Hainan station, (b) Mohe station
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Figure 6. Temporal variations of foF1 on May 8-14, 2024: (a) Hainan station, (b) Mohe station.
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At the Wuhan station, the F'1 layer was frequently observed (Supplement Figure S11). From May 8§ to May 12, 2024, foF'1 =
2—6 MHz. The storm had almost no effect on foF'1 values.

At the Weihai station, prior to the storm, foF'l = 5-6 MHz, while after the storm foF1 = 2—-6 MHz, indicating a noticeable
decrease in frequency (Supplement Figure S11).

3.2.4. Variations in AmF1

On May 8 and 9, 2024, at the Hainan station, zmF’1 values predominantly fluctuated between 200 km and 400 km (Figure 7).
On May 10, 2024, prior to the storm, AmF'1 values occasionally increased from 200 km to 500-700 km. After the storm
began, the fluctuation range increased from ~100 km to 700—740 km. The duration of disturbances in AmF1 values was
approximately 50 h.

At the Mohe station, prior to the storm, smF1 = 250-370 km (Figure 7). After 18:00 on May 10, 2024, the fluctuation range
increased from ~150 km to 550 km and then up to 680 km. The duration of disturbances in this height did not exceed 40 h.

Temporal variations of hmF1 on May 8-14, 2024:(a) Hainan station, (b) Mohe station
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Figure 7. Temporal variations of hmF1 on May 8-14, 2024: (a) Hainan station, (b) Mohe station.

Fluctuations at the Wuhan station prior to the storm were relatively small (200-300 km) (Supplement Figure S12).
Occasionally, AmF1 values decreased to ~100—-120 km and increased to ~400-500 km. After the storm began, the variation
range of AmF1 increased from ~100—120 km to ~700 km. This lasted for more than 55 h.

At the Weihai station, prior to the storm, simF'1 varied within ~200-380 km (Supplement Figure S12). After the storm began,
for approximately 50 h, AmF'1 values fluctuated from ~200 km to ~400-450 km.
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3.2.5. Variations in fuin

On May 8-9, 2024, at the Hainan station, the values of fmin fluctuated within the range of ~1-5 MHz (Figure 8). The lowest
values were observed during nighttime, while the highest values occurred during daytime, with fuin =~ 3-4 MHz. On May 10,
2024, daytime fmin did not exceed 3—3.5 MHz, and nighttime fnin = 1-1.9 MHz. Similarly, on May 11, 2024, daytime fmin = 3—
3.5 MHz, while nighttime values remained around 1-1.9 MHz. On May 12, 2024, daytime fmin exhibited a wider spread from
1.8 MHz to 4.4 MHz but predominantly stayed near 3 MHz. On May 13 and 14, 2024, temporal variations in fmin(?)

corresponded to an undisturbed ionosphere.

At the Mohe station from May 8 to 14, 2024, the range of fmin Was relatively narrow: during daytime fumin ~3-3.8 MHz, and
during nighttime fmin =1.6-2 MHz (Figure 8). On May 11, 2024, fmin values were episodically absent early in the day and
around midday. Starting from the second half of May 12, 2024, ionospheric disturbances lasting approximately 40 h were no

longer observed.

Temporal variations of fmin on May 8-14, 2024:(a) Hainan station, (b) Mohe station

10.0
(a)
754

5.0 1 [ ] L ] [ ]

0.0

fmin (MHz)

10.0

=
b
T 75 (b)
£ .,
c 9,
g = D e e
2.5 1
| gl guhigenr @, AP
0.0 ; ; s | L ; : . .
o° o? A0 AN Al A3 A AP
50 £ 57 A2 (07 W07 £ 5
2 2o 2o 0% ol 2S* 20 2
Time(UT)

Figure 8. Temporal variations of fui, on May 8-14, 2024: (a) Hainan station, (b) Mohe station.

Prior to the storm at the Wuhan station, fmin varied from ~1.5 MHz at night to 3-3.2 MHz during daytime (Supplement
Figure S13). Early on May 11, 2024, fmin, while fluctuating, increased from 3 MHz to 4.2-4.6 MHz. During nighttime on
May 11, fumin remained undisturbed (1.5-1.9 MHz). Almost identical picture was observed on May 12, 2024. From May 13

onward, fmin returned to undisturbed values.
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At the Weihai station before the storm, daytime fuin ® 3 MHz and nighttime fmin = 1.8-1.9 MHz (Supplement Figure S13).
After the onset of the storm, the range of fmin expanded slightly (from 1 MHz to 3.8 MHz), lasting for about 60 h.

Overall, the storm had a minor impact on fmin values, indicating that the lower ionosphere at low and mid-latitudes remained

largely undisturbed in the course of the storm.

3.3. Variations in TEC

Before the onset of the storm, the TEC values at the Wuhan station during daytime reached 60-70 TECU, while nighttime
values decreased to ~20 TECU (Figure 9). On May 11, 2024, daytime TEC values decreased by 3040 TECU (~43-50%),
whereas nighttime TEC values increased to 55 TECU (by 175%). On May 12, 2024, TEC values decreased to 20-30 TECU
(by ~60-70%).

Temporal variations of TEC values on May 9-12, 2024, at Wuhan Station
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Figure 9. Temporal variations of TEC values on May 9-12, 2024, at the Wuhan station.

At the Weihai station on May 9 and 10, 2024, daytime TEC values were approximately 50-55 TECU, while nighttime values
were close to 20-25 TECU (Figure 10). On May 11, 2024, TEC values in the first half of the day dropped to ~20-30 TECU
(by ~55-60%), and in the second half of the day they decreased by 10-20 TECU (~20-36%). Conversely, nighttime TEC
values increased from ~20 TECU to ~40 TECU (by 100%). On May 12, 2024, daytime TEC values dropped to 20 TECU
(decrease by ~55-60%).
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Temporal variations of TEC values on May 9-12, 2024, at Weihai Station

100
CO7 (116.5°E)
80 A - C40 (116.5°E)
_ €09 (110.5°E)
3 . C16 (110.5°F)
Y 60+ - C30(132°EF)
E N
(®)
w 40 7
; N/ \ st
20 - \/ . 3 4
0l— j i ; . . . j .
Q Vv \) Vv Q Vv Q 2 Q
00)0 o3 \90 \9\, \}0 \/\/\, \,),0 0’\, \?’0
N Ny Ny Y Y Y Y Ny Y
Time(UT)

355 Figure 10. Temporal variations of TEC values on May 9-12, 2024, at the Weihai station.

Prior to the storm, at the Jiayuguan station, daytime TEC values reached 60—70 TECU, while nighttime values decreased to

20-30 TECU (Figure 11). On May 11, 2024, daytime TEC values dropped by 30-40 TECU (~50-57%), and nighttime

values decreased by 10-15 TECU (~50%). On May 12, 2024, daytime reductions in TEC did not exceed 20-30 TECU (~30-
360 40%), while nighttime reductions were approximately 10 TECU (~30-50%).

Temporal variations of TEC values on May 9-12, 2024, at Jiayuguan Station
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Figure 11. Temporal variations of TEC values on May 9-12, 2024, at the Jiayuguan station.

365 At the Yanji station before the storm, daytime TEC values reached 45-50 TECU, while nighttime values dropped to 20-25
TECU (Figure 12). On May 11, 2024, daytime TEC values decreased to 20-30 TECU (by ~40-60%), while nighttime
values increased to 40-50 TECU (1.7-2 times). On May 12, 2024, daytime values decreased to 20 TECU (40%), and
nighttime values dropped to ~10 TECU (30%).
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Temporal variations of TEC values on May 9-12, 2024, at Yanji Station
C03 (140°E)

C30 (132°E)
C39 (135°E)

100

80 1

=~ . C46 (135°F)
g 607 . €07 (116.5°F)
I:_ 53
()
E 401

20

0 .

® 2 & 2 $ & & o ®
i i X b A g Lk g L3
& & & & & & & & &
Time(UT)

Figure 12. Temporal variations of TEC values on May 9-12, 2024, at the Yanji station.

3.4. Results of Systems Spectral Analysis

Figure 3 and Supplement Figure S1-S8 illustrate that all components of the geomagnetic field exhibited quasi-periodic
variations over time. To investigate these temporal behaviors in greater detail, spectral analysis techniques were employed.
Specifically, the systems spectral analysis (SSA) (Chernogor,2008) was utilized, incorporating three mutually
complementary integral transforms. The first is the Short-Time Fourier Transform (STFT), which provides optimal time
resolution for analyzing rapidly evolving signals. The second is the Adaptive Fourier Transform (AFT), which adapts to the
local oscillation period, thereby offering enhanced resolution in the frequency domain. The third is the Wavelet Transform
(WT) based on the Morlet wavelet, often referred to as a "mathematical microscope” due to its capability to resolve

oscillations across a wide range of amplitudes and timescales.

Example of SSA results for the Hainan station are shown in Figure 13-15, with additional data for two other stations
provided in the Supplement (Supplement Figure S14-S19). Figure 13 shows the dominant oscillation with a period of T =
200 min. For the Y-component, the most significant oscillations exhibit periods of 200 min and 85 min (Figure 14), while

for the Z-component, oscillations with periods of 195 min and 85 min predominate (Figure 15).
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Figure 13. SSA results for variations of the Hainan station X-component fluctuation levels on 9-14 May 2024. Panels from top to
390 bottom: the detrended signal, the results of the short-time Fourier transform, the adaptive Fourier transform, and the Morlet
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A summary of predominant oscillation periods is presented in Table 4. The data indicate that the primary period for all
geomagnetic field components at all stations is approximately 200 min. For the Y-component, an oscillation with a period of

about 90 min is also observed, though its amplitude is several times smaller than that of the 7~ 200 min oscillation.

4 Discussion
The variations in geomagnetic field intensity, ionogram parameters, and total electron content (TEC) associated with the

geospace storm over China during May 10-12, 2024, are discussed separately.

4.1. Geomagnetic Field Variations

The described geomagnetic storm is among the strongest in the 25th solar activity cycle. Such intense storms have not

occurred for approximately 20 years, dating back to 2003. The Akasofu’s epsilon parameter, which describes the power of
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the solar wind magnetic pressure on the magnetosphere, reached 15 TW/s, corresponding to a super extreme storm type, with

a magnetospheric storm index MSI6 and Gs: = 42 dB (Chernogor,2025).

The energy of the magnetic storm, determined by the corrected Dy index, reached 20 PJ, corresponding to a G5 storm type
(extreme storm) with K, = 9 (Chernogor,2025).The energy and power of the geospace storm, determined by the solar wind

dynamic pressure, were close to 6.5 EJ and 0.4 PW, respectively, categorizing it as a severe storm (Chernogor,2025).

The maximum peak-to-peak amplitude of variations in the X-component for stations in the Chinese region was 550-800 nT.
For the Y- and Z-components, they were within 166422 nT and 100412 nT, respectively. Generally, with increasing
latitude, a tendency toward an increase in the peak-to-peak amplitude of variations of all components was observed.
However, this tendency was somewhat disrupted for stations located within the EIA region. The significant decrease in the
X-component level is attributed to the penetration of the electric field from the magnetosphere into the ionosphere, where

electric currents flow, forming the X-component level.

Our results are in good agreement with the findings in (Zhang R.et al.,2024). The SSA revealed that the spectrum of
geomagnetic field variations was dominated by oscillations with periods of 200 min and 90 min. These observed quasi-

periods are due to recurring spikes in solar wind parameters.

4.2. Variations in Ionogram Parameters

During geospace storms, the F2 layer of the ionosphere is the most significantly disturbed, as evidenced by variations in
foF2 and hmF2 (Shi et al.,2023,2025). The ionospheric storm parameters were strongly dependent on the latitude of the

observation station. In the Chinese region, latitude ranged approximately from 30.5°N to 52°N.

At the low-latitude station Hainan, on May 11, 2024, the ionospheric storm was almost undetectable in foF2 values during
daytime (Table 5). At the same time, the peak-to-peak fluctuations of AmF?2 increased to 600 km, compared to less than 200
km on the reference day of May 8, 2024. At this station during nighttime on May 10, 11, and 12, 2024, foF2 values
decreased to approximately 2 MHz, 2 MHz, and 3 MHz, respectively, whereas they were 4-6 MHz on the reference day. The

features of variations in foF2 at the Hainan station are attributed to the influence of the EIA.

Table 5. Main parameters of the ionospheric storm based on the ionosonde data.

Station Time JOF2o (MHz)  foF2 (MHz) Inis (dB) Storm level

Hainan Day 9 9 0 -
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Night 4 2 6 Severe
Day 12 6 6 Severe
Wuhan
Night 7 3.5 6 Severe
Day 10-11 4-6 5.2-8 Severe
Weihai
Night 3 3 0 -
Day 9 3 9.5 Extreme
Mohe
Night 3 3 6 Severe

At other stations, ionospheric storm effects were more pronounced. At the Wuhan station, both daytime and nighttime foF2
values decreased by half on average (Table 5). While smF2 values on May 8, 2024 (reference day), varied approximately
from 200 km to 300 km, they fluctuated within a range of ~200-700 km on May 11 and 12, 2024.

At the Weihai station, significant variations in f0F2 were observed during daytime. The foF?2 values decreased to 4-6 MHz
compared to the reference day values of 10—11 MHz (Table 5). Nighttime foF?2 values were almost not disturbed. Variations

in AmF?2 were also relatively minor.

The largest daytime variations in foF2 were recorded at the Mohe station. On the reference day, foFf2 =~ 9 MHz, whereas on
May 11, 2024, foF2 =~ 2—4 MHz, and on May 12, 2024, foF2 ~ 6 MHz (Table 5). On the reference day AmF2 =~ 250-350 km,
and on May 10-11, 2024, AmF2 =~ 200-550 km.

A significant decrease in f0F2 and an increase in AmF2 indicate that a negative ionospheric storm occurred in the Chinese
region. The intensity and type of the storm can be effectively evaluated using the negative ionospheric storm index (NISI)
(Chernogor,2025):

foF2,
foF2 i

where f0F2 is the frequency value on the reference day, and foF2mi is the frequency value at the same time on the storm

Ings = 20log dB )

day. The results of the /nss calculations are presented in Table 5. From Table 5, it can be seen that Iyis values range
approximately from 6 dB to 8 dB, corresponding to a severe storm (Chernogor,2025). Only for the northernmost station
Mohe during daytime did foF20/foF2min = 3, resulting in Ivss = 9 dB, which corresponds to an extreme storm

(Chernogor,2025).

According to the seven-level scale, severe and extreme storms correspond to NISI4 and NISIS storm types (Chernogor,2025).

The described features of the ionospheric storm on May 10-12, 2024, are consistent with the findings in (Zhang R.et al.,2024)

and significantly complement them.
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4.3. Variations in TEC
On all stations, daytime TEC values on the reference day were Ny = 50-70 TECU, while on May 11-12, 2024, Ny did not
exceed 20-30 TECU (Table 6). At nighttime, Nyo = 20 TECU, and Ny = 10 TECU. This indicates that during the negative

ionospheric storm, TEC values decreased by a factor of 2-3. At the same time, electron density N decreased by a factor of 4—

9, since No/Nmin = (foF20/foF2min)> = 4-9. The index values

N
Tynis =10log—Y2—  dB )

Vmin
for this storm ranged between 3—4 dB, corresponding to a severe storm. Only at the Wuhan station during daytime did the
Iynis values reach 4.8 dB, characteristic of an extreme storm. A comparison of Iys and Iyvis shows that Iyis is always greater
than Iyns. This difference arises because /s quantifies variations in N specifically at the 2 layer peak, which experiences
the most significant disturbances during the ionospheric storm. In contrast, /yns describes the decrease in TEC not only at
hmF2, but also the decrease in N both below AmF2 and above smF2. Since N remains nearly unchanged at heights 4 <200
km and 4 > 600 km, then Inzs > Iynis.

Table 6. Main parameters of the ionospheric storm based on the TEC data.

Station Time Ny (TECU) Ny (TECU) Iynis (dB) Storm level
60-70 20-30 4.8-3.7 Extreme

Wuhan Day
Night 20 10 3 Severe
50 20 4 Severe

Weihai Day
Night 20 10 3 Severe
. Day 60-70 30 3-3.7 Severe

Jiayuguan

Night 20 10 3 Severe
50 20 4 Severe

Yanji Day
Night 20 10 3 Severe

There were several reasons for the negative ionospheric storm. First, the penetration of the magnetospheric electric field into
the ionosphere. Second, an enhancement of the westward electric field at ionospheric heights. Due to the increase in
convection speed, thermospheric chemical composition was disrupted, the O/N; ratio decreased. The equatorward
thermospheric winds, and consequently the associated plasma transport, played a critical role in the storm dynamics. These

processes collectively contributed to the development of a severe ionospheric storm.

23



490

495

500

505

510

https://doi.org/10.5194/egusphere-2025-3661
Preprint. Discussion started: 14 August 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

5 Summary

In this paper, multi-instrument observational techniques and systems spectral analysis were utilized to investigate magnetic-
ionospheric disturbances during the geospace storm of May 10-12, 2024. The main findings of the research on these

disturbances in the Chinese region are summarized as follows.

The geospace storm, classified as a severe storm, triggered severe magnetic and ionospheric storms. During certain time
intervals, the ionospheric storm transitioned from a severe storm to an extreme storm. The X-component's maximum peak-
to-peak amplitude of variations reached 550-800 nT and the Z-component was the least disturbed (100-412 nT), while the
Y-component exhibited a peak-to-peak amplitude of variations between 166 and 422 nT during the magnetic storm. The
duration of geomagnetic field disturbances was approximately 40-60 h. A tendency for the peak-to-peak amplitude of
variations to increase with geographic latitude was observed. The spectrum of geomagnetic field variations was dominated
by oscillations with periods of 200 min and 90 min. Furthermore, during the negative ionospheric storm, foF2 values
decreased by a factor of 2-3, while electron density decreased by a factor of 4-9. At the same time, AmF?2 values increased
by 200-300 km. Based on TEC measurements, during the negative ionospheric storm, TEC values decreased by a factor of
2-3, corresponding to reductions of 3040 TECU during the day and 10 TECU at night. The ionospheric storm over the

Chinese region was classified as a severe storm, lasting approximately 50 h.

The above analysis elucidates the following physical mechanisms. The negative ionospheric storm was primarily driven by
the penetration of magnetospheric electric fields into the ionosphere, the enhancement of plasma convection, disturbances in
the thermospheric chemical composition, the intensification of thermospheric winds, and plasma transport processes
occurring in both vertical and horizontal directions. The combined effects of these factors led to significant plasma depletion

in the ionosphere during the storm period.
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