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Abstract

This study investigates the ionospheric response in the Southern and Northern Hemi-
spheres over the period from 25 December 2024 to 7 January 2025. A major geomagnetic
storm occurred on 1 January 2025, following the consecutive solar wind eruptions on
29–31 December 2024 and 1 January 2025. Global geomagnetic activity monitoring data
showed that the Kp index surged to 8+, indicating the occurrence of this major geomagnetic
storm. By analyzing the ionosonde, GNSS-TEC, and satellite in situ detection data from
Learmonth, Australia (−21.8◦ N, 114.1◦ E), as well as Wake Island (19.29◦ N, 166.65◦ E), we
found that the ionospheric anomalies in the two regions exhibited different patterns. The
ionospheric parameters in Learmonth changed much more severely than those in Wake
Island in the Pacific region. Relative to normal conditions, the disturbed ionosphere over
Learmonth during 1–3 January 2025 exhibited a strong negative storm phase: foF2 decreased
by 31.4%, TEC dropped by 27.17%, and M3000F2 declined by 41.2%, while hmF2 increased
by 5.2%. This work provides an analysis of the differences in the ionosphere between
the Northern and Southern Hemispheres affected by geomagnetic storms in late 2024.
These findings highlight the need to incorporate hemispheric asymmetry into ionospheric
dynamics models.

Keywords: ionospheric irregularities; solar activity; geomagnetic storms; geographical
location; ROTI index; seasonal variations

1. Introduction
Space weather has profound implications for Earth and other parts of the solar system.

The energy core of the solar system is the sun, which is also a major driver for space weather.
It continuously transports energy through persistent release of electromagnetic radiation,
charged particle streams, and magnetic fields that not only shape Earth’s ionosphere and
magnetosphere, but also drive its complex dynamical processes [1]. In the various phe-
nomena related to space weather, the geomagnetic storm phenomenon focused on is a
violent disturbance caused by solar wind energy input into the magnetosphere–ionosphere–
thermosphere system. This disturbance further influences the ionosphere structure and
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dynamics by altering the magnetic field of the Earth [2]. Geomagnetic storms have signifi-
cant effects on the weather and the composition of the upper atmosphere, such as Total
Electron Content (TEC). As a key indicator of ionospheric conditions, TEC reflects dynamic
changes in electron density during geomagnetic storms. Therefore, analytical studies are
necessary to better understand the mechanisms of ionospheric disturbances resulting from
geomagnetic storms.

The solar flare is a relatively intense and localized emission of electromagnetic radia-
tion (such as X-rays and ultraviolet rays) in a short period of time, often accompanied by
the release of high-energy particles. They usually occur in areas with intense activity and
are associated with sunspot phenomena [3]. Based on the X-ray brightness of solar flares in
the wavelength range of 1 to 8 Å, they are roughly divided into classes X, M, C, and B [4].
X-class flares are major events (ten times brighter than M-class flares). M-class flares are
of medium size (ten times brighter than C-class flares) [5]. C-class and B-class flares are
respectively 100 and 1000 times smaller than X-class flares [6].

It is crucial to study the connection between the magnetosphere of the Earth and
intense solar activity, which typically occurs during geomagnetic storms and solar flares.
Solar flares are produced in the dynamic regions of the Sun, typically adjacent to intricate
sunspot configurations, and can last from several minutes to several hours. As the most
intense and sudden explosive events on the Sun, these phenomena release torrents of high-
energy protons, electrons, and X-ray radiation, which propagate through space and disrupt
the plasma equilibrium of the ionosphere. In another scenario, temporal disturbances of
the ground magnetic field result from the large-scale solar wind interaction, leading to
the changes in the ground ionosphere and subsequently causing the geomagnetic storms
to occur [7].

Decades of research have established geomagnetic storms as a key space weather
phenomenon [8–10]. Geomagnetic storms are disturbances in Earth’s magnetic field that
can disrupt technological infrastructure, particularly in telecommunications applications,
such as interference with the Global Navigation Satellite System (GNSS) [11,12]. Under
the influence of geomagnetic storms, the atmospheric density around satellite orbits in-
creases, leading to greater drag force. As a result, the velocity and altitude of satellites
decrease, making it more difficult to maintain their original orbits. Additionally, short-
wave communication relies heavily on the ionosphere. During geomagnetic storms, the
distribution of electron density changes significantly, leading to variations in the reflection
rates of radio waves at different frequencies and causing abnormal reflections of higher-
frequency radio waves. If shortwave signals are propagated under these conditions, the
signals received at the original reception points will be greatly weakened or completely lost,
leading to the cessation of shortwave communication. Therefore, the study of ionosphere
disturbances during geomagnetic storms is essential. However, the detailed effects of
the ionosphere on various geomagnetic storms and the underlying physical mechanisms
remain insufficiently studied [13].

For decades, studies on the ionosphere under geomagnetic storm conditions have
been conducted across diverse geographic coordinates, employing both observational
data and theoretical frameworks [14–19]. According to the concepts proposed by [20,21],
the occurrence of geomagnetic storms is due to the solar wind energy being transferred
to the space around Earth, leading to dynamic interactions. Such major geomagnetic
events can trigger severe damage [22,23]. Energy is injected into the polar regions of
Earth. Subsequently, this energy is transferred to the upper atmosphere, generating heat
that propagates toward equatorial regions. Ionospheric electron density may fluctuate,
either diminishing, amplifying, or remaining stable, depending on whether the storms
are driven by CME and CIR. Ionospheric storms manifest in two primary forms: positive
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and negative. Specifically, parameters such as the ionospheric electron density (Ne), peak
electron density (NmF2), and TEC may deviate significantly upward or downward from
their nominal quiet-day levels and are corresponding to positive or negative ionospheric
storms, respectively.

Statistical analysis of ionospheric storm responses can reveal their seasonal and
longitude-related characteristics. These characteristics are well known at middle latitudes.
Regarding seasonal differences in thermospheric circulation, summer brings equatorward
flows due to both storm-induced and solar-induced circulations, transporting gas with a
reduced O/N2 ratio from the auroral zone to middle latitudes and causing strong negative
ionospheric storms. In winter, the opposing circulations lead to an increase in hmF2 and
corresponding positive ionospheric disturbances. At the same time, equatorward storm-
time winds cause ionospheric uplift, making positive storms more easily observed in those
regions. Around spring and autumn, negative storms are more common at night in middle
and low latitudes. However, for each geomagnetic storm event, the ionospheric response
does not perfectly conform to these statistical patterns; it varies significantly with local time,
season, and longitudinal/latitudinal dependencies [24]. Longitudinal discrepancies are
significant [25]; for example, the geomagnetic dipole offset causes a longitude-dependent
balance between solar radiation, electric fields, and neutral winds [26]. The launch of
localized gravity waves also plays an important role in the longitudinal dependences [27].
Picanço et al. observed that longitudinal differences during superstorms and the F-region
uplifts were influenced by the simultaneity of pre-reversal enhancement (PRE) and electric
field penetration [28]. Therefore, case studies of ionospheric storms remain an important
approach for understanding the characteristics of storm-time ionospheric responses and
their disturbance mechanisms. For typical geomagnetic storm events, a multi-faceted
analysis is usually required.

For ionospheric research, several instruments can observe and analyze the character-
istics of ionospheric changes from different dimensions. Ionosondes, sounding rockets,
incoherent scatter radars, and other observational techniques have been widely used to ob-
serve and study ionospheric changes and responses [29–31]. However, establishing a dense
ionospheric monitoring network remains challenging due to high costs and inaccessible
areas. In recent years, multi-frequency or dual-frequency GNSS have become valuable tools
for measuring ionospheric TEC and its disturbances [32,33], especially during magnetic
storms. Compared with other traditional observational techniques, dense multi-GNSS
observational networks can achieve comprehensive coverage and continuous monitoring of
the entire ionosphere. GNSS observations provide ionospheric TEC data with high spatial
and temporal resolution, which is crucial for correcting ionospheric delay and monitoring
space environments [34]. Using GNSS observational data, numerous studies have been
conducted on ionospheric changes related to earthquakes, geomagnetic storms, volcanoes,
typhoons, and other phenomena [35–38]. Space physics, geodesy and other fields are
particularly focused on using GNSS to study and monitor ionospheric changes [39].

This paper introduces the M-class and X-class solar flares that occurred from late
2024 to early 2025, as well as the major geomagnetic storms during this period, and
analyzes the ionospheric changes in two low-latitude regions located in the Southern and
Northern Hemispheres with the same absolute values of latitude. The aim is to explore
the effect of geomagnetic storms and solar flares on the ionosphere across hemispheres.
Although this research is limited to ionospheric data from 25 December to 7 January, it
provides valuable insight into how seasonal and geographical differences affect the degree
of ionospheric disturbance caused by geomagnetic storms. However, to fully understand
the overall ionospheric changes on Earth following solar flares and geomagnetic storms,
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more ionospheric data from different latitudinal environments are needed, which is key to
further in-depth research.

2. Utilization of Data and Employment of Methodology
2.1. Data Sources

In this study, ionospheric parameter data were extracted from the Wake Island sta-
tion in the Northern Hemisphere and the Australian Learmonth station in the Southern
Hemisphere. The data cover the period from 00:00 on 25 December 2024 to 00:00 on
7 January 2025. The data were sourced from the publicly available European ionospheric
data in the GIRO Data Center, https://giro.uml.edu/index.html (accessed on 20 May 2025).
The parameter variation images were generated using MATLAB software (R2022a). So-
lar activity monitoring images and analysis charts were obtained from Space Weather
Live, https://www.spaceweatherlive.com (accessed on 20 May 2025). Global TEC distri-
bution maps were created based on ionospheric IONEX data from the IGS Data Center,
https://igs.org (accessed on 20 May 2025). The Global [O/N2] ratio was retrieved from the
GUVI data (http://guvitimed.jhuapl.edu/data_products) (accessed on 18 May 2026).

As shown in Figure 1, the two ionosonde stations are located at similar geographic
latitudes (~20◦) but are different in magnetic latitude: Wake Island (magnetic latitude
~13.65◦ N) and Learmonth (magnetic latitude ~31.74◦ S). In addition, the positions of these
stations are indicated by red triangles in Figure 1.

Figure 1. The locations of two ionosondes.

2.2. Methodology

TEC is a commonly used parameter to characterize ionospheric plasma density [40].
Slant Total Electron Content (STEC) describes the total amount of free electrons along the
line of sight (LOS) of a satellite receiver in the ionosphere. STEC is the number of electrons
per m2 in a column between the GNSS receiver and the satellite [41]. STEC is defined
as follows:

STEC =
1

40.3

(
f 2
1 f 2

2
f 2
2 − f 2

1

)
(p1 − p2) (1)

where p1 and p2 represent pseudo-ranges with f 1 as 1575.42 MHz and f 2 as 1227.6 MHz
frequency, respectively.

STEC can be converted to Vertical Total Electron Content (VTEC) using

VTEC = (STEC − Bs − Bu)(1 −
(Re × cos ε)2

(Re + h)2 ) (2)
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where ε is the angle of the satellite above the horizon; Re (6371 km) is the average radius of
the Earth; Bs and Bu are the equipment biases of satellite and receiver; and h is the height of
the ionospheric pierce point. VTEC can be calculated with the specific software [42].

In order to characterize the disturbances of ionospheric TEC, the changing rate of the
inclined TEC is calculated. In addition, the Rate of TEC Index (ROTI), considering the
average standard deviation of the STEC rate, is also calculated. Irregularities in the iono-
sphere are obtained through fluctuations in rapidly changing GNSS signals corresponding
to TEC. ROT is the difference in the nominal STEC values observed over intervals equal to
one minute in selected time units. ROT is measured in TECU/min, which directly repre-
sents signal fluctuations caused by the structure of the ionosphere. The ROT expression is
given by

ROT =
STECi

(k+1) − STECi
k

t(k+1) − tk
(3)

In the above equation, STECi
k+1 and STECi

k represent the STEC at the k + 1 and k
time periods, respectively, and i denotes the number of visible satellites. The typical unit
for ROT is TECU per minute. Meanwhile, ROTI, calculated as the standard deviation
of ROT values, serves to characterize the occurrence of irregularities in ionospheric
plasma density, providing correction information for navigation systems to improve
positioning accuracy.

ROTI is an indicator that measures the degree of ionospheric disturbances, reflecting
the rapid changes of TEC. Therefore, it can be used to predict the dynamic characteristics
of the ionosphere. Rapid changes in the ionosphere can cause signal propagation delays
in navigation systems, leading to a decrease in positioning accuracy. ROTI can be used to
detect and monitor such ionospheric disturbances, providing correction information for
navigation systems to improve positioning accuracy.

ROTI is the standard deviation over a certain time interval of ROT, so it is defined
as follows:

ROTI =
√〈

ROT2
〉
− ⟨ROT⟩2 (4)

Solar flares can be divided into A, B, C, M and X intensity categories, depending on
peak flux intensity (W/m2) and brightness in the wavelengths of the X-ray [43]. From the
end of December 2024 to the beginning of January 2025, the Sun experienced significant
activity, with large numbers of X and M class flares occurring.

3. Results
In this work, we investigated the differences in low latitude ionospheric changes

between the Southern and Northern Hemispheres during geomagnetic storms caused by
intense solar activity. Data from ionosonde stations in Australia and the Pacific were used
to determine the causes of these differences.

3.1. Occurrence of Geomagnetic Storms After Intense Solar Activity

Figure 2 shows the solar surface observation image on 3 January. The image reveals a
large number of sunspots on the solar surface that day, with variations in the sunspots being
positively related to the intensity of solar activity. When solar activity is strong, a large
number of sunspots are produced, and the number of sunspots also increases significantly.
Therefore, the observation and analysis of sunspot number, area, distribution, and evolution
can well reflect the overall intensity of solar activity and provide an important basis for the
prediction and study of solar activity.
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Figure 2. Large sunspot region on the solar surface on 3 January.

Figure 3 shows that after a series of intense solar activities began at the end of Decem-
ber, a strong geomagnetic storm was triggered on 1 January. According to measurements
from geomagnetic observatories, the geomagnetic data reached above level 8 between 15:00
and 18:00.

Figure 3. Abnormal Earth Kp index values on 1 January, with an intense geomagnetic storm from
15:00 to 18:00, Kp values use a diverging color scale: green (quiet) through yellow/orange to red
(intense storm, Kp ≥ 7).

3.2. Solar Activity Intensity and Earth Monitored Kp Index Values

Figures 4–7 show that solar activity became intense after 28 December, with many M-
class flares and a few higher-energy X-class flares occurring, finally triggering an extremely
strong geomagnetic storm on 1 January 2025.

Figure 4. Changes in Earth Kp index in December 2024. Kp values use a diverging color scale: green
(quiet) through yellow (moderate storm).
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Figure 5. Changes in solar activity intensity in December 2024. The histogram depicts the frequency
of solar flares categorized by class C-class flares in orange, M in red, X in brown.

Figure 6. Changes in Earth Kp index in January 2025. Kp values use a diverging color scale: green
(quiet) through yellow/orange to red (intense storm, Kp ≥ 7).

Figure 7. Changes in solar activity intensity in January 2025. The histogram depicts the frequency of
solar flares categorized by class C-class flares in orange, M in red, X in brown.

3.3. Global Ionospheric TEC Variations

From the end of December to the beginning of January, the Northern Hemisphere is
in winter, receiving less solar energy, and thus TEC values are generally low. In contrast,
the Southern Hemisphere is in summer, with strong solar radiation, resulting in generally
higher TEC values. This leads to differences in TEC distribution across hemispheres.
The impact of geomagnetic storms resulting from solar activity on the ionosphere in the
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Southern and Northern Hemispheres varies depending on geographical location and
season. Studying the ionosphere TEC of Southern and Northern Hemispheres is of great
importance for assessing the impact on communication conditions.

This work used ionosonde data from two locations in different regions: Learmonth in
Australia in the Southern Hemisphere and Wake Island in the Northern Hemisphere. The
absolute values of the latitudes of these two locations are the same, eliminating the influence
of latitude differences on the ionosphere. The changes in ionospheric parameters during
geomagnetic storms were obtained by analyzing the variation in ionospheric parameters
from 25 December to 7 January.

After data analysis, it was found that during the above observations, the ionosphere
in the Southern Hemisphere underwent significant changes, while the ionosphere in the
Northern Hemisphere changed less. This confirms that solar flares have a significant effect
on ionosphere, with cross-hemispheric differences due to seasonal variations. The follow-
ing figures show the global ionospheric TEC distribution maps at 00:00 on 26 December,
1 January, and 5 January, illustrating the global ionospheric TEC distribution before, dur-
ing, and after the geomagnetic storm.

As shown in Figure 8, the global Total Electron Content (TEC) map reveals a significant
longitude asymmetry during the geomagnetic storm of 1 January 2025. The Learmonth
region in the Southern Hemisphere experiences a large-scale decrease in TEC compared to
the normal TEC distribution map on 26 December. After the geomagnetic storm ended on
5 January, the TEC in the Learmonth region recovered significantly, and the ionospheric
environment returned to normal. No substantial changes were seen in Wake Island through-
out the storm period.

Figure 8. Global TEC changes (a) before the geomagnetic storm on 26 December, (b) during the
geomagnetic storm on 1 January, and (c) after the geomagnetic storm ended on 5 January.

Figure 9 shows the TEC difference relative to the quiet day (∆TEC) over Learmonth
and Wake Island on 1 January 2025. Figure 9a shows that ∆TEC at Learmonth stayed
below the zero line for almost the full storm time, reaching a minimum of about −30 TECU
around 03:00 UT. Figure 9b shows the ∆TEC at Wake Island, which frequently oscillated
near the zero line. At Wake Island, the background average TEC was about 37 TECU,
making the ±10 TECU fluctuations relatively small (about 30% of the background value).
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In contrast, at Learmonth, the background average TEC was only about 7 TECU. Although
the absolute ∆TEC values at Learmonth appear smaller, they represent larger relative
changes (~200% of the background), indicating a more severe ionospheric disturbance
compared to its quiet-time baseline. Accordingly, Learmonth experienced a significantly
stronger storm than Wake Island.

Figure 9. The TEC difference relative to the quiet day (∆TEC) over (a) Learmonth station and (b) Wake
Island station, 00:00–24:00 UT on 1 January 2025.

3.4. Variations on Wake Island from 25 December 2024 to 7 January 2025

Further analysis was conducted on the ionosonde data from specific regions. Iono-
spheric data from the ionosonde stations on Wake Island in the Pacific and Learmonth in
Australia were used. The parameters analyzed included foF2, hmF2, M3000F2, and TEC.
Curves were plotted using the measured data from 25 December 2024 to 7 January 2025,
and the trends were analyzed by fitting curves.

Figure 10 shows the ionospheric parameter variations on Wake Island from 25 December
to 7 January. During this geomagnetic storm, the parameters on Wake Island did not show
any significant anomalies in terms of numerical values.

Table 1 shows the median values of ionospheric parameters in Wake Island in the
Northern Hemisphere from 25 December 2024 to 6 January 2025. The analysis indicates
that the occurrence of the geomagnetic storm did not have a major influence on the iono-
spheric parameters at the same latitude in the Northern Hemisphere, and the ionospheric
parameters remained consistent with the normal state.

Table 1. Daily median values of ionospheric parameters at Wake Island in the Pacific.

Date foF2 M3000F2 hmF2 TEC

25 December 2024 13.375 39.22 304.6 37.6
26 December 2024 13.15 41.38 298.5 30.4
27 December 2024 12.95 38.75 299.3 31.3
28 December 2024 12.2 36.85 297.7 34.3
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Table 1. Cont.

Date foF2 M3000F2 hmF2 TEC

29 December 2024 12.5 38.73 304.4 32.9
30 December 2024 12.4625 36.96 303.6 31.65
31 December 2024 11.625 34.71 321.4 25.6

01 January 2025 12.95 36.385 331.75 37.85
02 January 2025 13.0065 38.08 308.05 30.5
03 January 2025 12.5625 34.385 301 28.05
04 January 2025 11.45 34.84 316 29.4
05 January 2025 13.375 38.42 308.7 33.5
06 January 2025 12.413 36.54 302.3 30.1

Figure 10. Changes in ionospheric parameters on Wake Island from 25 December to 7 January:
(a) foF2, (b) hmF2, (c) M3000F2 and (d) TEC.

3.5. Ionospheric Parameter Variations in Australia from 25 December 2024 to 7 January 2025

Figure 11 shows the ionospheric parameter variations in Learmonth from 25 December
to 7 January. Under the influence of this geomagnetic storm, foF2, M3000F2, and TEC
decreased sharply, while hmF2 increased compared to the normal state.

https://doi.org/10.3390/atmos17060574
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Figure 11. Changes in ionospheric parameters in Australia from 25 December to 7 January: (a) foF2,
(b) hmF2, (c) M3000F2 and (d) TEC.

Table 2 shows that from 25 December 2024 to 6 January 2025, the ionospheric param-
eters in the Learmonth region of the Southern Hemisphere changed significantly. The
foF2 parameter decreased by 31.4% compared to the normal state, M3000F2 decreased by
41.2%, hmF2 increased by 5.2%, and TEC decreased by 27.17%. It is concluded that during
this geomagnetic storm, the ionospheric parameters in the Southern Hemisphere changed
dramatically, while the ionospheric parameters in the Northern Hemisphere did not show
significant fluctuations.

Using the TEC Rate of Change Index (ROTI) calculated with a 5 min sliding win-
dow, we obtained the temporal variations of ROTI at Learmonth and Wake Island from
25 December to 7 January, as shown in Figure 12. The ROTI reflects the degree of iono-
spheric disturbance caused by geomagnetic storms.

https://doi.org/10.3390/atmos17060574
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Table 2. Daily median values of ionospheric parameters in the Learmonth region of Australia.

Date f oF2 M3000F2 hmF2 TEC

25 December 2024 24.405 27.3 331.6 8.9875
26 December 2024 27.005 29.5 332.2 9.8875
27 December 2024 26.96 32.85 337.7 9.65
28 December 2024 27.56 30.3 343.5 10.225
29 December 2024 24.465 28.85 343.65 9
30 December 2024 26.69 29.5 346.05 10.075
31 December 2024 24.98 27.5 350.8 9.3

01 January 2025 18.06 22.4 372.2 7.6
02 January 2025 17.52 14 341.5 6.675
03 January 2025 17.79 13.2 356.3 6.525
04 January 2025 27.39 30.9 338.6 9.8
05 January 2025 26.11 25 338.2 9.7
06 January 2025 23.77 19.6 326.1 8.575

Figure 12. ROTI parameters of the ionosphere at (a) Wake Island and (b) Learmonth from
25 December 2024 to 7 January 2025.

As shown in Figure 12a, at Wake Island, only a brief TEC fluctuation occurred on
the afternoon of 1 January. Since the TEC values did not decrease significantly, the ROTI
pattern still exhibited an alternating high and low sequence, similar to normal conditions.
In contrast, the ionosphere over Learmonth displayed intense and prolonged ROTI fluctua-
tions starting from 2 January and continuing through 3 January. Moreover, low ROTI values
were observed both before and after this fluctuation episode, indicating relatively calm
conditions, while the intense fluctuations during the episode reflect strong TEC variations
associated with the storm. These observations are consistent with Learmonth’s ionospheric
TEC monitoring data under geomagnetic storm conditions.
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4. Discussion
4.1. Spatial Distribution of [O/N2] During Quiet and Disturbed Conditions

To evaluate the storm’s impact on thermospheric composition at two specific sites, we
compared the [O/N2] ratio observed at Learmonth and Wake Island under geomagnetically
quiet and disturbed conditions, as shown in Figure 13. On the quiet day, both sites exhibited
similar and stable [O/N2] values, with Learmonth consistently lower than Wake Island
due to the seasonal background. During the storm, however, the two sites showed different
behaviors. At Learmonth, the [O/N2] ratio displayed a large fluctuation and a significant
downward trend, reflecting strong storm-enhanced circulation and unevenly redistributed
atomic oxygen and molecular nitrogen reaching this region. In contrast, at Wake Island, the
[O/N2] ratio remained relatively stable with only minor variations throughout the storm
time, suggesting a much weaker thermospheric response. This contrasting behavior implies
an asymmetric interhemispheric effect of the geomagnetic storm, which may be further
modulated by longitudinal differences in storm-enhanced circulation and energy deposition.
Specifically, the propagation of storm-enhanced disturbances toward Learmonth was
enhanced, while Wake Island remained comparatively sheltered.

Figure 13. Daily variation in [O/N2] ratio from GUVI on (a) 31 December 2024, (b) 1 January 2025
and (c) 2 January 2025.

As shown in Figure 14, The time series clearly illustrates a significant asymmetric
response in the thermospheric O/N2 ratio between Learmonth and Wake Island during the
geomagnetic storm in early January 2025. Prior to the storm (26–31 December), Learmonth
exhibited a relatively stable O/N2 baseline near 0.6, while Wake Island maintained a higher
baseline around 0.8. However, as the storm intensified around 1 January, Learmonth
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dropped sharply from 0.6 to a minimum of 0.25. In contrast, Wake Island remained
relatively stable, with its O/N2 ratio staying high (0.7).

Figure 14. Changes in the thermospheric O/N2 ratio in Learmonth and Wake Island from
25 December to 6 January.

4.2. Role of the Penetration Electric Field (PPEF)

To study the penetration electric field (PPEF) modulation during the storm, we exam-
ined the interplanetary electric field IEFy and the hmF2 responses at two low-latitude
stations. IEFy values were obtained from the Space Physics Data Facility (SPDF) at
http://omniweb.gsfc.nasa.gov/ow_min.html (accessed on 15 May 2026). As shown in
Figure 15a, IEFy is positive from 09:00 to 18:00 UT, indicating the presence of a penetrating
electric field. Figure 15b,c show the hmF2 variations at Learmonth and Wake Island, respec-
tively. At the Learmonth station, hmF2 shows a significant corresponding clear uplift when
the IEFy was positive. However, at Wake Island, the response of hmF2 is more complex; it
increases slightly around 11:00 UT, then drops sharply near 14:00 UT, subsequently rises
again to a higher altitude between 15:00 and 17:00 UT, and finally decreased at 18:00 UT.
The difference in hmF2 response between the two sites can be attributed at least in part
to the influence of local neutral winds, as outlined by N. Balan et al. [44]. Specifically, at
Wake Island, a poleward neutral wind, opposite to the upward E × B drift driven by the
penetrating electric field, may have temporarily suppressed F-layer uplift, resulting in a
sharp drop in hmF2 around 14:00 UTC. In contrast, the positive IEFy at the same time was
consistent with the eastward electric field driving the upward E × B drift, as observed at
Learmonth. Therefore, while the penetrating electric field remains the primary driver of
the overall increase in hmF2, neutral winds can modulate the local ionospheric responses,
leading to the observed differences.

To explain the hemispheric asymmetry in the ionospheric storm response, we ana-
lyzed the latitude altitude Ne profiles around two ionospheric stations, Learmonth and
Wake Island, from 15:00 to 18:00 UT. As shown in Figure 16a, a sharp and intense peak
appears at an altitude of approximately 450 km at the Learmonth station site, indicating
significant uplift of the ionosphere due to the transient penetrating electric field (PPEF)
modulation. At lower altitudes (250–350 km), however, large areas are present where the
equatorial ionization anomaly (EIA) characteristic of the low-latitude region has completely
disappeared, revealing severe erosion of the ionosphere. Figure 16b for Wake Island shows
a weaker peak, but the lower ionosphere (250–350 km) remains a continuous structure
without obvious low-density regions. This stark contrast is caused by the two different
physical processes.
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Figure 15. The variations in (a) IEFy and (b) hmF2 over Learmonth station and (c) hmF2 over the Wake
Island station during the storm time on 1 January 2025. The vertical dashed lines correspond to when
IEFy turns positive or negative.

Figure 16. Changes in latitude Ne profiles over (a) Learmonth region and (b) Wake Island 15:00–18:00
UT on 1 January.

First, the eastward PPEF during the storm caused a significant uplift of ionosphere
over the Learmonth station, producing the high-altitude Ne peaks. Over the Wake Island
longitude, however, weaker uplift occurred. Then, storm-enhanced circulation patterns,
driven by enhanced geomagnetic fields, led to large spatial fluctuations in [O/N2] ratio
across different latitudes. January is summer in the Southern Hemisphere, and strong
storm-induced and solar-driven circulations both flow towards the equator, transporting
gases with a low O/N2 ratio from the auroral zone to low-latitude regions. This O/N2

air mass directly affects the Learmonth station. In contrast, Wake Island, located in the
Northern Hemisphere winter, experiences neither significant uplift nor transport of low-
O/N2 ratio air masses from the Arctic due to the influence of the polar background winds.
Therefore, its Total Electron Content (TEC) remains slightly changed. At Learmonth, the
combination of ionosphere uplift and low O/N2 led to a net TEC decrease; at Wake Island,
the absence of both processes resulted in no significant change.

5. Conclusions
Due to the intense solar activity, a large amount of energy is dispersed into space.

When this energy enters the Earth, it affects the atmospheric–ionospheric system and
causes geomagnetic storms. During geomagnetic storms, particle precipitation and elec-
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tromagnetic energy injection into the upper atmosphere can cause an increase in neutral
component density in the upper atmosphere. This leads to an increase in the ionization
degree of the Earth’s ionosphere, making the distribution of ionospheric free electrons more
non-uniform, resulting in ionospheric scintillation and ionospheric delay.

Since the end of December, the intense solar activity has led to a super geomagnetic
storm on Earth on 1 January. The distribution of TEC and the degree of ionospheric
disturbance show significant regional differences. The ionospheric disturbance in the
Learmonth region of Australia is intense, with significant fluctuations in parameters, while
the ionosphere in Wake Island in the Pacific is less affected. In the Learmonth region of
Australia in the Southern Hemisphere, data analysis from ionosonde stations shows a
significant decrease in foF2, M3000F2, and TEC in Australia, while hmF2 has increased.

In the classic middle latitude mechanism, summer equatorward circulation produces
negative phases of ionospheric storms, while winter opposing circulation produces positive
phases of ionospheric storms. However, this mechanism cannot be directly applied to
low-latitude sites (~20◦) in both hemispheres. Nevertheless, the seasonal asymmetry
of thermospheric background conditions remains crucial; it explains why Learmonth
exhibits a significant negative-phase storm while Wake Island shows little change. During
the storm (1 January), the Southern Hemisphere was in summer while the Northern
Hemisphere was in winter, leading to distinctly different large-scale circulation patterns.
In the summer hemisphere, both storm-enhanced and solar-driven circulations produce
strong equatorward winds. These winds transport air with a reduced O/N2 ratio from
the auroral zone to lower latitudes. The [O/N2] ratio at Learmonth dropped sharply from
about 0.6 to 0.25 during the storm-time. This low-O/N2 air significantly enhanced electron
recombination at lower altitudes (250–350 km), leading to decreased Ne in the lower part of
the ionosphere. What is more, the equatorial ionization anomaly (EIA) pattern disappeared.
In contrast, the [O/N2] ratio at Wake Island remained above 0.7. The winter hemisphere is
characterized by poleward background winds, which prevented the transport of low-O/N2

air masses to Wake Island.
The PPEF further modulated this response; it caused strong ionospheric uplift over

both longitudes, producing a high-altitude (450 km) Ne peak at Learmonth. However, this
positive effect was disrupted due to the low-O/N2 air, resulting in a net TEC decrease.
At Wake Island, the PPEF uplift was much weaker, and no low-O/N2 air reached the
station because of the winter poleward winds. Consequently, the TEC stayed stable. These
observations suggest that the net TEC change during storms at low latitudes depends not
only on the presence of uplift, but on the balance between uplift and Ne loss. This work
provides a new perspective for understanding low-latitude hemispheric differences during
geomagnetic storms and highlights the importance of combining seasonal asymmetry,
storm-induced composition changes, and PPEF modulation.
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