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Abstract

In May 2024, during a period of intense solar and geomagnetic activity, including the G5-class Gannon storm and X-class flares, we
had a unique opportunity to study how these space weather events affected the ionospheric disturbance in low-to-mid latitude regions
(40S to 40N) across America. This research examines the impacts of solar flares (SFs) and the Gannon storm on ionospheric electron
density (Ne) and total electron content (TEC), utilizing data from the FORMOSAT-7/COSMIC-2 mission, ground-based ionosondes,
and independent global TEC maps. Significant Ne enhancements were observed above 300 km, with Ne increasing by 137.7 % in the
northern (0-40°N) and 129.2 % around 200 km in the southern (0-40°S) low-to-mid latitude regions during the storm peak, relative
to quiet-time values on May 8 (DOY 129). Disk flares had a stronger impact on low-latitude regions, raising Ne by 28.66 % compared
to mid-latitudes, while geomagnetic disturbances affected mid-latitudes more, with increases of 44.6 % during the storm’s peak, defined
by the minimum Dst value (412 nT) on May 12. Moreover, the IROTI index, calculated as the product of the time-integrated Detrended
TEC (IDTEC) and ROTI, was more effective than Detrended TEC (DTEC) and ROTI in differentiating the impacts of SFs and geo-
magnetic storms but less so during recovery. Our findings underscore the complex interactions between space weather events and the
ionosphere, highlighting the need for improved models and the use of multiple indices (e.g., IROTI, DTEC, ROTI) to enhance the reli-
ability and integrity of GNSS positioning by improving ionospheric corrections.
© 2025 COSPAR. Published by Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar
technologies.
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1. Introduction (GNSS), where ionospheric delays caused by changes over
time and space can disrupt positioning accuracy. These

The ionosphere plays a critical role in space weather  delays are typically managed using numerical simulations
studies, particularly for global navigation satellite systems  or ionosphere-free techniques (He et al., 2022). Geomag-
netic storms, caused by solar wind plasma interacting with
_ ) Earth’s magnetic field, strongly disturb the ionosphere,
E;g?ggﬁ?g"?j‘gié‘;ﬂgI\Z;:ppsigean]zeﬁe;i’:r;‘etg;yngo(fljggol\r/lnxgs’; alteripg electron densities and causing GNSS errors that
Wuhan University, 43007’9, China. ’ are difficult to model (Peng et al., 2021). Several studies
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geomagnetic storms on ionospheric behavior (Qian et al.,
2019), and others have tried to model the ionosphere dur-
ing these disturbances (e.g., Abdelaziz et al., 2025).

There have been notable geomagnetic disruptions as
solar activity has increased in the run-up to a new solar
cycle. Following a pattern of major storms, which included
events in April 2023 (e.g., Arslan Tariq et al., 2024) and
March 2024 (Solar Cycle 25) (e.g., Pansong et al., 2025),
as well as March 2015 and September 2017 (Solar Cycle
24) (e.g., Qian et al., 2019), the May 2024 G5-class geomag-
netic storm caused notable ionospheric disruptions (e.g.,
Themens et al., 2024). Wang et al. (2023) observed that
geomagnetic storms lead to variations in the rate of total
electron content (TEC) index (ROTI) and GNSS phase
scintillations, with peaks exceeding 0.5 TECU/min and
0.8, respectively. Their analysis, using both GNSS data
and space-based observations from FORMOSAT-7/
COSMIC-2 satellites, also revealed the rise of the F-layer
during these storms and significant degradation in precise
point positioning (PPP) accuracy at high latitudes.

The March 2015 St. Patrick’s Day storm, classified as
G4 by the National Oceanic and Atmospheric Administra-
tion (NOAA), has been extensively studied for its iono-
spheric effects. Morozova et al. (2020) employed principal
component analysis on TEC data to extract empirical
orthogonal functions, identifying correlations with solar
ultraviolet (UV)/X-ray fluxes, solar wind parameters, and
geomagnetic indices. Nava et al. (2016) examined iono-
spheric fluctuations across various regions and highlighted
diverse phenomena caused by the storm. Zakharenkova
et al. (2018) used GNSS and Swarm satellite data to detect
large-scale plasma anomalies and highly structured auroral
ionospheric regions spanning approximately 850 km.

Similarly, the September 2017 storm, driven by coronal
mass ejections (CMEs), caused widespread ionospheric dis-
turbances, disrupting GPS, radio communications, and
other technologies that rely on the ionosphere (Alfonsi
et al., 2021). Liu et al. (2019) analyzed GNSS data and
SWARM observations during this storm, identifying
medium-scale  traveling  ionospheric  disturbances
(MSTIDs) with variations exceeding 2.5 TECU. Alfonsi
et al. (2021) noted a scattered distribution of electron den-
sity (Ne) in the Indian sector, highlighting the complex
behavior of equatorial plasma bubbles (EPBs).

During the carly phase of Solar Cycle 25, strong geo-
magnetic storms were rare but impactful. For example,
the February 2022 SpaceX incident, caused by a geomag-
netic storm, led to the failure of 38 Starlink satellites, which
re-entered Earth’s atmosphere (Hapgood et al., 2022). As
Solar Cycle 25 approaches its peak, solar activity has sur-
passed that of Cycle 24, with increased solar flux (F10.7)
and interplanetary magnetic field (IMF) intensity
(Nagovitsyn and Ivanov, 2023). While geomagnetic storms
predominantly affect high latitudes, this study focuses on
low-to-mid latitudes to explore understudied regional
responses and their implications for GNSS users in densely
populated areas. For example, Dal Poz et al. (2025) high-
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lighted the Gannon storm’s effect on precise point position-
ing (PPP) at low-latitude regions in May 2024 over Brazil.
They evaluated the three-dimensional positioning accuracy
that had risen four times during the main phase of the
storm compared to the previous day. High-latitude dynam-
ics are well-documented (e.g., Foster, 1993; Themens et al.,
2024), but the interplay of SFs and storms at lower lati-
tudes remains less understood.

The G5-class Gannon storm, which occurred in May
2024, was one of the most intense geomagnetic storms in
recent decades. Hajra et al. (2024) reported that a series
of powerful CMEs and SFs drove the storm. The IMF
and solar wind conditions during this period were charac-
terized by an impulse amplitude of +88 nT, followed by
a three-step storm main-phase development with SYM-H
peaks of —183 nT, —354 nT, and —518 nT. The storm
was driven by a powerful interplanetary shock and strong
southward magnetic fields. These conditions led to signifi-
cant geomagnetic disturbances, which had profound effects
on the Earth’s dynamic ionosphere.

Prior studies indicate that the ionospheric impact of SFs
depends on their position on the solar disk (Mawad, 2024;
Qian et al., 2012) and their rise and decay characteristics
(Qian et al., 2019). Flares at the center of the Sun cause
a significant increase in the Ne and TEC rather than those
at the edges, due to their higher energy flux to Earth (Bruce
T. Tsurutani et al., 2005). Disk flares face minimal absorp-
tion in the solar corona, delivering higher energy flux (Qian
et al., 2011). The Halloween flares (2003) demonstrated this
starkly: the X17.2 disk flare (6 = 8°), where 0 is the flare’s
angular distance from the disk center, caused 14.7 TECu
enhancement, while the X28 limb flare (6 = 83°) produced
only 4.5 TECu despite a higher X-ray class (Liu et al.,
2006). SFs can occur before, during, or after geomagnetic
storms, making ionospheric behavior harder to predict
(Qian et al., 2020). The Gannon storm in May 2024, pre-
ceded by three powerful X-class disk flares and followed
by seven additional X-class flares, including an X8.7
flare—the strongest of Solar Cycle 25—needs more study
to understand its effects on the ionosphere.

This study aims to investigate the complex interplay
between solar and geomagnetic activities and their effects
on ionospheric dynamics. The Data and Methodology sec-
tion details the data sources and analysis approach, while
Section 3 presents the findings and discusses the results in
depth. The study concludes with a summary of key insights
in Section 4.

2. Data and methodology

Typically, a CME or a high-speed solar wind stream
takes between 1 and 3 days to travel from the Sun to Earth,
depending on its velocity, leading to disturbances that can
persist for an additional 3 to 4 days following the storm.
Moreover, when an SF erupts on the solar disk, its effects
reach Earth in several phases, such as solar energetic parti-
cles (SEPs) and CMEs. Following Villaverde’s approach
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(Collado-Villaverde et al., 2024), this study focused on a
period starting two days before the geomagnetic storm
and extending to four days afterward, allowing time for
recovery to normal conditions.

From May 8-15, 2024, Earth experienced a series of
intense SFs and one of the strongest geomagnetic storms
of Solar Cycle 25. The flares originated from active sunspot
region 13664, with ten major events (X1.0 to X8.7 class)
erupting across the sun’s disk (Table 1). The flares (X5.89
and X1.5 on May 11 and X1.02 on May 12) occurred near
the Sun’s western limb, while other powerful flares were
more centrally positioned—critical for Earth-directed
impacts.

The storm’s severity became clear through multiple
indicators:

e Solar wind speeds (Fig. 1c) surged from ~400 km/s to
over 800 km/s during the storm’s peak day, carrying
enhanced energy toward Earth.

e The IMF Bz component (Fig. 1b) turned sharply south-
ward (—46.5 nT), enabling efficient energy transfer into
our magnetosphere (Tsurutani et al., 2008).

e Kp index values hit 9 (the maximum scale), while SYM-
H/Dst (Fig. la) recorded three distinct drops to
—518 nT—a hallmark of extreme ring current strength-
ening (Hajra et al., 2024).

This wasn’t just a textbook storm. The IMF By compo-
nent’s unusual spike (+63.4 nT) introduced hemispheric
asymmetries in auroral activity, while the combined solar
wind pressure and Bz conditions created perfect conditions
for global ionospheric disturbances. The storm’s main
phase began abruptly at 22:54 UT on May 10 (green
dashed line in Fig. 1), coinciding with a steep SYM-H
and Dst decline, extreme solar wind velocities, and sus-
tained negative Bz.

These factors collectively triggered the ionospheric per-
turbations we analyze later (Figs. 3-12), including travel-
ing atmospheric disturbances (TADs) that propagated
from auroral to equatorial latitudes (Fuller-Rowell &
Codrescu, 1994). The event underscores how solar wind
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impacts. This mechanism helps explain the low-latitude
ionospheric perturbations observed in subsequent sections.

2.1. Electron density datasets (COSMIC-2 &
IONOSONDE)

Tonospheric electron density profiles (EDP) were ana-
lyzed to assess the impact of SFs and the Gannon storm
on the ionosphere, utilizing level 2 data of the COSMIC-
2 mission and ground-based ionosonde measurements.
The COSMIC-2 data, covering the American sector from
May 8 to 15, was used to observe ionospheric behavior
in low- to mid-latitude regions across both hemispheres.
Fig. 2b represents the ionospheric EDP structure from
COSMIC-2 observation data at 06:17 LT on May 8,
2024, after rigorous quality control.

To further investigate Ne variation with altitude, two
ionosonde stations were selected: Austin, USA (AU930)
at (30.4N, 97.7W; dip latitude 39.5N), and Cachoeira Pau-
lista, Brazil (CAJ2M) at (22.7S, 45W; dip latitude 19.25),
both of which had simultaneous measurements available,
as represented by green stars in Fig. 2a.

EDPs from the Global Ionospheric Radio Observatory
(GIRO) database (Reinisch and Galkin, 2011) were used
in their entirety, including both measured bottom-side
and modeled top-side portions. While SAOExplorer pro-
vides complete profiles for continuity, we note that the
top-side reconstruction method is proprietary to the Digi-
tal ITonogram Database (DIDBase) system. These profiles
are generated through:

1. Empirical extension above hmF2 using undisclosed
algorithms that may incorporate historical patterns
and/or IRI-class models.

2. Anchoring to the measured NmF2 and hmF2 from
ionograms.

Only the bottom-side electron density values (<hmF2),
which are measured directly from ionograms, were
included in statistical analyses. The top-side portion
(>hmF2) is modeled by SAOExplorer and used here solely

dynamics—not just flare intensity—dictate geomagnetic to provide qualitative context in Figs. 6-7. Where avail-
Table 1

The top 10 solar flares from sunspot region 13,664 between 8 and 15 May 2024.

Date Start Maximum End Location Intensity Limb/Disk flare Rank
5/14/2024 16:46 16:51 17:02 S19W0 X8.79 Disk 1
5/11/2024 1:10 1:23 1:39 S18W67 X5.89 Limb 2
5/10/2024 6:27 6:54 7:06 S17W48 X3.98 Disk 3
5/15/2024 8:18 8:37 8:52 S19W0 X3.48 Disk 4
5/9/2024 8:45 9:13 9:36 S20W32 X2.2 Disk 5
5/14/2024 2:03 2:09 2:19 S19W0 X1.72 Disk 6
5/11/2024 11:15 11:44 12:05 S18W67 X1.5 Limb 7
5/14/2024 12:40 12:55 13:05 S19WO0 X1.2 Disk 8
5/9/2024 17:23 17:44 18:01 S20W32 X1.1 Disk 9
5/12/2024 16:11 16:26 16:38 S18W73 X1.02 Limb 10
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Fig. 1. Temporal evolution of geomagnetic and solar wind parameters during May 8-15, 2024, Gannon storm. (a) DST (black) and SYM-H (red) indices
showing the storm’s intensity in nT. (b) Interplanetary magnetic field components Bx (blue), By (red), and Bz (black) in nT, with Kp index (purple bars)
overlaid. (c) Solar wind speed (black) in km/s. The vertical dashed green line marks the main phase of the G5-class geomagnetic storm at DOY 131.94
(May 10, 22:54 UT). All panels share the same time axis on Day of Year (DOY).

able, concurrent COSMIC-2 profiles were used to verify
general morphological agreement.

There are potential uncertainties in retrieved Ne profiles,
particularly those arising from Abel inversion assumptions,
signal irregularities, and equatorial anomaly conditions.
Furthermore, spaceborne observations can be influenced
by equipment failure or intense solar-terrestrial events;
therefore, it is critical to check RO profiles for quality con-
trol. The following checks were performed to avoid noisy
and erratic profiles: First, profiles having negative values
at altitudes of 100 km or above are excluded. Additionally,
hmF2 values outside the 200450 km range are excluded
(Abdelaziz et al., 2025). Following data quality assessment,
we chose Ne profiles at F-layer heights ranging from
150 km to 550 km, with profiles recorded approximately
every 1.5 min.

2.2. GNSS datasets (IGS & RBMC) and ionospheric TEC
indices

As of May 15, 2024, the International GNSS Service
(IGS) has established 522 GNSS stations globally, provid-
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ing extensive raw observational data crucial for geophysi-
cal and space physics research. Additionally, the
Brazilian Network for Continuous Monitoring of GNSS
Systems (RBMC) consists of 120 continuously operating
GNSS reference stations across Brazil. For this study, we
selected 30 IGS stations and 37 RBMC stations. Slant
TEC (STEC) is defined as the integral of Ne along the Line
of Sight (LoS) between the satellite and receiver (Ciraolo
et al., 2007). The ionospheric STEC was calculated using
a carrier phase smoothing pseudorange approach based
on dual-frequency data from these GNSS stations,
recorded at a 30-second sampling rate from May 8 to 15,
2024.

I3 o-f5
40.31 x 10'°
—Lrds+ (MNG, = 1N, + 65 M
40.31 x 10".(y, — 7,)

STEC =

(1)

where L r,4s represents a geometry-free combination of
phase observations; A; and A, ; are the wavelengths for f,
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Fig. 2. (a) Observational network across the American sector: Distribution of GNSS stations (red = IGS, black = RBMC) and ionosonde locations (green
stars) over low-to-mid latitudes, with the geomagnetic equator highlighted (blue dashed line). (b) Ionospheric electron density profile (EDP): COSMIC-2-

derived vertical structure on 8 May 2024 after rigorous quality control.

and f5, respectively; N} | and Ny, refers to the carrier phase

ambiguity for both frequencies; v; = (fo/f;)” is a scale fac-
tor, wheref, = 10.23 MHZ. The STEC value is often stated
in units of TECU (1 TECU = 10'® ele/m?). The geometry-
free phase combination cannot distinguish between iono-
spheric delay and carrier phase ambiguity, although noise
(&) can be disregarded. However, the carrier phase ambi-
guity remains consistent across different frequencies in suc-
cessive time epochs. Consequently, the TurboEdit
algorithm is employed for cycle slip detection during data
preprocessing, as described by Blewitt (2008).

Pi et al. (1997) proposed the use of the rate of TEC
(ROT) and ROTI as metrics for detecting ionospheric
anomalies over short time intervals, effectively eliminating
diurnal and seasonal variations. ROT represents the time
derivative of STEC values between two consecutive time
epochs and can be calculated as follows:

STEC? — STEC? |
ti—ti

ROT =

(2)

where t; represent an epoch time and p is the serial number
of a satellite. The ROT value is an accurate measure of the
ionospheric TEC along LoS due to fluctuating phases and
is often expressed in TECU per minute (TECU/min).
Because ROT frequently swings around a low value, Pi
et al. (1997) developed the ROTI to identify and statisti-
cally depict smaller-scale irregularities:

ROTI = \/ (ROT?) — (ROT)* (3)

where the angle bracket indicates the average over 5 min
time window.
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Another way to eliminate diurnal and seasonal trends,
Saito et al. (1998) introduced the moving average method
to detrend TEC, which is known as Detrended TEC
(DTEC):

j=iN/2
i) = STEC(i) — — TEC(j 4
DTEC(i) = STEC(i) Nj:i;/zs C() (4)

where STEC(i) and STEC(j) are the STEC value at time i
and j; N is set to 60 representing the moving average win-
dow width in 30 min as the utilizing data sampled at 30 s
intervals. The time range is set to [i—N/2, i+N/2].

However, moving average detrending can introduce arti-
facts, particularly for longer-period variations (20-60 min),
which may distort wave signatures in TEC data and affect
automated processing or TID detection (Maletckii et al.,
2020). Maletckii et al. (2020) analyzed various detrending
and variation selection methods, finding that the centered
moving average filter performs best among the tested meth-
ods (e.g., Butterworth, Chebyshev filters). In this study, we
use a 30-min moving average for DTEC calculation to bal-
ance sensitivity to short-term perturbations with computa-
tional efficiency, consistent with prior GNSS studies (Saito
et al., 1998). To mitigate potential artifacts, we cross-
validate DTEC results with COSMIC-2 radio occultation
profiles and ionosonde measurements, ensuring robust
detection of ionospheric disturbances.

Ren et al. (2024) found that ROTI tends to remain low
during the occurrence of TIDs in low-to-mid latitude
regions, likely due to the dominance of MSTIDs driven
by atmospheric gravity waves or geomagnetic storm effects,
which produce fewer small-scale irregularities compared to
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Fig. 3. 24-h electron density distribution from COSMIC-2 data, covering altitudes between 150 km and 550 km, spanning longitudes from 30°W to
130°W, for days DOY 129 to DOY 136 (May 8-15, 2024). The data shows Ne variations in both the northern (N) and southern (S) regions over the
American sector, with the maximum Ne for each day indicated in purple. Blue dotted lines highlight altitudes around 300 km, black dotted lines represent
altitudes around 220 km, blue dots represent the SFs time, and the black dot represents the Gannon storm main phase.

auroral regions (Ren et al., 2024), making TIDs challeng-
ing to detect, especially during quiet periods or when they
are isolated outliers. To address this, they calculated the
integral of DTEC (IDTEC) over time for discrete DTEC
values:

IDTEC = » [DTEC(i)| - At (5)
i1

where [DTEC(i)| is the absolute value of the DTEC at time
(1); At is the time interval of discrete DTEC; n is the num-
ber of DTEC within 5 min. The IDTEC is often expressed
in units of TECU - min.

By gathering the time integral IDTEC and ROTI, they
expressed this coupling by IROTTI:

IROTI = IDTEC - ROTI (6)

where the TROTI value is typically expressed in units of
TECU®.
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3. Results and discussion

This study focused on the ionospheric response in both
the Northern and Southern Hemisphere of the American
sector, with data covering latitudes from 40°N to 40°S
and longitudes from 30°W to 130°W. This ensures that
both hemispheres of the American sector are sufficiently
represented, allowing for a comparative analysis of their
ionospheric behavior.

The ionospheric response to geomagnetic storms is gov-
erned by a series of complex physical processes, as
described by Prolss (1995) and Schunk and Nagy (2009).
These processes lead to significant changes, including alter-
ations in thermospheric composition and ionization deple-
tion at middle latitudes. These phenomena are critical to
understanding the ionospheric disturbances observed
during the G5 Gannon storm. For instance, the depletion
of ionization at mid-latitudes can lead to significant reduc-
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tions in TEC, while the displacement of the EIA crests can
cause localized enhancements in TEC at low latitudes.

In this study, such EIA crest displacements are not mea-
sured directly, as evidenced by low-latitude effects includ-
ing auroral observations in regions like Mexico
(Gonzalez-Esparza et al., 2024); instead, they are inferred
from indirect signatures in the IROTI maps and ATEC
time series (Figs. 8, 9, and 11), including mid-latitude
TEC depletion and hemispheric asymmetry in Ne distur-
bances (Fig. 3), which are consistent with PPEF (prompt
penetration electric field)-driven latitudinal shifts reported
in previous studies (Astafyeva et al., 2025; Danilchuk
et al., 2025).

Astafyeva et al. (2025) further highlight electrodynamic
puzzles during the May 2024 superstorm, including
enhanced super-fountain effects and asymmetric iono-
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spheric responses, which align with our observed hemi-
spheric differences in Ne and TEC depletions.
Additionally, Danilchuk et al. (2025) reported transient
intersections of the auroral oval and EIA crest over the
American sector during the May 2024 storm, but such
events are highly variable and dependent on localized geo-
physical conditions. These processes must be considered
when analyzing the ionospheric response to geomagnetic
storms, as they can significantly impact satellite signals
passing through the ionosphere.

3.1. Altitudinal electron density changes over low latitude
regions

Our analysis emphasizes the ten most significant SFs
during 8-15 May 2024, both before and following the
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Fig. 6. Electron density variations measured by the Austin ionosonde station (30.4° N, 97.7° W; dip latitude 39.5° N) over seven consecutive days (DOY's
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and the black dot marks the main phase of the G5 Gannon storm. Circle markers show the measured hmF2 for each profile, with the best-fit curve
representing the hmF?2 trend, above which electron density values are modelled rather than measured.

super-intense G5 Gannon storm, which first peaked at
22:54 UT on DOY 131. During this event, the By compo-
nent reached approximately 63.4 nT, while the Bz compo-
nent exhibited a strongly southward orientation at —24 nT.
These conditions contributed to heightened auroral activity
and enhanced ionospheric currents. In particular, prompt
penetration electric fields (PPEFs) are known to displace
the EIA crests toward higher latitudes. In our case, this dis-
placement is inferred from GNSS and COSMIC-2 observa-
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tions rather than direct crest tracking, based on
characteristic spatial patterns of TEC enhancement at
lower latitudes and depletion at mid-latitudes during the
storm’s main phase.

During the G5-class Gannon storm on DOY 132 (May
11), Ne exhibited notable variability across altitudes and
hemispheres, expressed in units of ele/cm® (electrons per
cubic centimeter). Peak disturbances were observed
between 300 and 450 km, with Ne reaching
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representing the hmF2 trend, above which electron density values are modeled rather than measured.

4.61 x 10° ele/cm® in the north (a 52.2 % increase from
DOY 129) and 3.06 x 10° ele/cm® in the south (Fig. 3a—
d). Interestingly, the southern region showed an 18.6 %
decrease relative to its peak on DOY 130, illustrating
strong hemispheric asymmetry. This asymmetry was likely
driven by the southward displacement of the geomagnetic
equator and differences in thermospheric winds
(Tsurutani et al., 2005, 2008).

The storm’s main phase at 22:54 UT on DOY 131,
marked by Bz dropping to —46.5 nT and SYM-H plunging
to =354 nT, triggered a Ne rise within 1 h, especially at
mid-latitudes. This rapid ionospheric response suggests
PPEFs and neutral wind uplift as key mechanisms
(Astafyeva et al., 2025; Besliu-lonescu et al., 2022). Our
findings of asymmetric Ne enhancements (e.g., 52.2 % in
the north vs. 18.6 % decrease in the south) corroborate
the electrodynamic forcing and super-fountain effects
described by Astafyeva et al. (2025) for the May 2024
storm, particularly in low-to-mid latitudes. The dotted
rectangles in Fig. 3 confirm these altitudinal responses,
showing post-sunset enhancements consistent with
enhanced plasma fountain effects.

On DOY 133, the electron density (Ne) in the southern
hemisphere surged sharply to 5.74 x 10° ele/cm® at an alti-
tude of 220 km, marking a 44.6 % increase from the previ-
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ous day. This spike indicates a delayed storm recovery
phase, likely amplified by sustained high-speed solar wind,
as noted by Besliu-Ionescu et al. (2022). On DOY 134,
while no severe solar flares occurred, coronal mass ejec-
tions (CMEs) drove an increase in Ne in the northern hemi-
sphere, reaching 4.10 x 10° ele/cm”® at 440 km between 2:00
and 3:00 UT. This was followed by a gradual decline, with
Ne peaking again at 4.92 x 10° ele/cm? at 370 km by 23:00
UT (Fig. 3f). In contrast, disturbances in the southern
hemisphere on DOY 134 were less pronounced than those
on DOY 133, underscoring the asymmetric impacts alter-
nating between hemispheres during storm days. These vari-
ations were shaped by a combination of magnetic field
geometry, seasonal effects, atmospheric dynamics, geomag-
netic storms, and solar wind influences.

Three disk SFs were observed by DOY 135, including
the most intense flare of Solar Cycle 25 (X8.79). Despite
these events, the Ne in the northern hemisphere gradually
returned to pre-storm levels (~2.99 x 10° ele/cm?), whereas
in the southern hemisphere, the X8.79 flare sustained ele-
vated Ne at ~3.57 x 10° ele/cm’. Additionally, a discernible
increase in hmF2 was observed (indicated by the gray
arrow in Fig. 3g). This phenomenon arose as a secondary
effect of the post-flare activity and associated CME, which
generated propagating atmospheric gravity waves
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(AGWs). These waves induced delayed hmF2 oscillations
(Qian et al., 2012). The observed hmF2 enhancement at
low latitudes can be attributed to increased X-ray and
extreme ultraviolet (EUV) radiation, which enhanced ion-
ization over recombination in the upper ionospheric layers
(Song et al., 2022). Post-storm recovery extended over
three days, with Ne gradually declining 38-50 % back
toward pre-storm levels.

Overall, the Gannon storm and subsequent SFs had
minimal ionospheric effects below 300 km in the north
but significantly impacted altitudes down to 220 km in
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the south. COSMIC-2 Ne data revealed pronounced dis-
turbances during the storm’s peak, transitioning to minor
storm conditions in subsequent days. Regarding the differ-
ences in ionospheric responses at various altitudes between
the northern and southern hemispheres in the American
sector during the storm, we suppose that this is highly
likely related to the southward displacement of the geo-
magnetic equator. The southward shift of the geomagnetic
equator causes the equatorial plasma fountain effect to
move southward overall, resulting in varying degrees of
upward ion drift at the same latitude in the low-latitude
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IROTI Maps for DOYs 130-136
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regions of both hemispheres, with the ion accumulation
zone in the northern hemisphere being generally higher
than in the southern hemisphere.

3.2. Solar flare-induced enhancements in NmF2 across low
latitudes

To investigate the impact of SFs on the equatorial iono-
spheric electron density, we analyzed global NmF2 distri-
butions using COSMIC-2 observations across low-
latitude regions, due to the lack of profile numbers that
cover the American region within 10 min. Fig. 4 presents
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these variations at a 10-min window temporal resolution
to capture spatiotemporal characteristics and rapid iono-
spheric responses.

The X2.2-class flare (Table 1) caused a significant
increase in NmF2, especially over Oman between 09:30
and 09:40 UT (13:30-13:40 LT), as shown by the black-
red dot and blue arrow in Fig. 4g. This sharp rise indicates
that the flare’s X-ray/EUV emissions directly ionized the
area, which matches earlier research on how flares boost
plasma density (e.g., Li et al., 2025; Saharan et al., 2023).
Importantly, there was no major disturbance noted in the
American region (08:30-10:00 UT / 05:30-07:00 Brazil
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LT; Fig. 4a—i), likely because the ionosphere’s response to
flare radiation varies with local time.

The later X1.1-class flare (S20W32), spanning 17:23—
18:01 UT, triggered a distinct NmF2 enhancement that
persisted until ~18:15 UT (Fig. 4j-r). The ionospheric reac-
tion exhibited spatial propagation:

e Initial Detection (17:23-17:30 UT / 12:23-12:30 LT): A
rapid NmF?2 increase was observed over Panama, coin-
ciding with the flare’s onset.

e Southeastward Expansion (13:40-13:50 LT): The
enhancement extended toward Venezuela and northern
Brazil, marked by black-red dots in Fig. 4n.

This delayed response (~1 h post-peak) aligns with the
travel time of EUV-induced ionization waves and the local
equilibrium timescale in the F2 region (e.g., Qian et al.,
2011; Saharan et al., 2023). Similar patterns were observed
during other SF events through the studied period (S1-S6),
reinforcing the role of flare location, local time, and geo-
magnetic conditions in modulating ionospheric effects.

3.3. Hemispheric asymmetry and altitude-dependent effects
revealed by ionosonde data

The ionosonde stations AU930 (30.4°N, 97.7°W; dip lat-
itude 41.23°N) and CAJ2M (22.7°S, 45°W; dip latitude
17.34°S) are geographically located in low-latitude regions.
In geomagnetic coordinates, AU930’s higher dip latitude
positions it in the mid-latitude region, while CAJ2M’s
lower dip latitude places it firmly in the equatorial low-
latitude region. This geomagnetic distinction likely influ-
ences the observed differences in EDPs. Regarding tempo-
ral variations, the stations have a 3.5-h longitudinal time
difference (52.7° at 15°/h). However, when AU930 observes
Daylight Saving Time (DST; shifting from UTC-6 to UTC-
5), the effective offset reduces to 2.5 h relative to CAJ2M
(which remains at UTC-3 year-round). As a result, Ne vari-
ations typically appear earlier at AU930 in UTC, with the
exact timing difference depending on seasonal DST
observance.

To assess the impact of geographic and geomagnetic
positioning on Ne behavior under quiet conditions, we
analyzed ionospheric response on April 3, 2024 (DOY
094), a geomagnetically quiet day (Kp < 3, no SFs or
storms). As shown in Fig. 5, CAJ2M exhibited 25 % higher
Ne values than AU930, confirming that low-latitude
regions generally have higher electron content than mid-
latitudes. No significant diurnal variations in Ne were
observed when using UTC.

For reference, Figs. 6 and 7 display the full electron den-
sity profiles from SAOExplorer, but only the measured
bottom-side portion (<hmF2) was included in our statisti-
cal evaluation. The top-side portion (>hmF2) is shown for
context only.
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Unlike previous studies, our analysis of COSMIC-2
data (Figs. 3 and 4) reveals alternating anomalies between
both hemispheres. However, CAJ2M consistently recorded
higher Ne values than AU930, except during the peak
storm day and the following day. These low-latitude effects
in the American sector align with observations of auroral
extensions and ionospheric disturbances in Mexico during
the May 2024 storm, as reported by Gonzalez-Esparza
et al. (2024), though our data emphasize stronger Ne reduc-
tions at southern stations such as CAJ2M (69.46 % on
DOY 132).

Before the G5 Gannon storm (DOY 130), two disk
flares (X2.2, X1.1) were followed by an X3.98 flare on
DOY 131, leading to an 84 % increase in Ne at AU930.
These flares generated SEPs, X-rays, EUV, and CMEs, cul-
minating in the most intense geomagnetic storm in two dec-
ades (Fig. 6b). On DOY 132, the storm’s peak, an X5.89
limb flare occurred in the early hours, followed by an
X1.5 flare at midday, resulting in a 36 % Ne increase com-
pared to DOY 131 (Fig. 6¢). The subsequent four days sup-
port the hypothesis that Earth’s geomagnetic field requires
several days to recover from severe storms (Collado-
Villaverde et al., 2024). DOY 133 showed the highest dis-
turbance, with a 44.6 % Ne increase, which gradually
declined by approximately 38 %, 45.32 %, and 50.52 % over
the next three days (Fig. 6e-g).

The CAJ2M station exhibited behavior as AU930, with
significant disturbances on all days except DOYs 132 and
133. However, Ne values at CAJ2M were 28.66 % and
5.88 % higher than at AU930 on the two days preceding
the storm. Over the following four days, Ne enhancements
relative to DOY 132 were observed, though they gradually
decreased compared to DOY 131 by 15 %, 15.36 %,
29.41 %, and 23.86 %, respectively (Fig. 7). On DOY
130, which featured two disk flares (X2.2 and X1.1), Ne
at CAJ2M exceeded AU930 by 28.66 %, a greater increase
than the 25 % observed under quiet conditions, indicating
stronger low-latitude effects from X-class flares compared
to mid-latitudes. During DOYs 132 and 133 (the Gannon
storm peak and the following day), CAJ2M experienced
significant Ne reductions, decreasing by 69.46 % and
37.8 % relative to AU930. In the subsequent three days,
Ne at CAJ2M exceeded AU930 by 44.69 %, 36.70 %, and
62.93 % on DOYs 134, 135, and 136, respectively. Notably,
no disk flares occurred on DOYs 134 and 135, while an
X3.48 flare was observed on DOY 136.

Furthermore, the preceding X-class flares, particularly
the X5.89 event on DOY 132, also enhanced D-region ion-
ization, leading to HF radio absorption and ionosonde
blackouts lasting 45-90 min over low-to-mid latitudes, as
observed globally and consistent with NOAA’s R3 black-
out alerts (NOAA SWPC, 2024). Our ionosonde records
at AU930 and CAJ2M confirmed partial fade-outs in
bottom-side echoes during the DOY 130 disk flares (X2.2
and XI1.1), aligning with published reports of ~70-min
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absorption durations and average minimum frequency
increases to 7 (2-12) MHz in similar events (Tulasi Ram
et al., 2024). These D-region effects complement our F-
region Ne enhancements, underscoring the multi-layer
ionospheric response to flares.

The initial impact of the G5 Gannon storm was predom-
inantly directed northward, as confirmed by COSMIC-2
data (Fig. 4d), with Ne in the north exceeding the south
by over 50 % on DOY 132. The cascading effects over
the following four days were more pronounced at low lat-
itudes, as observed at CAJ2M. This alternating north—
south effect is illustrated in Fig. 4.

Our findings indicate that the G5 Gannon storm had a
greater impact above 400 km in the northern regions com-
pared to SFs, as shown in Fig. 6a—d. Ionosonde data vali-
dated COSMIC-2 observations, revealing more significant
storm effects below 300 km at CAJ2M than at AU930. This
aligns with Qian et al. (2019), who highlighted altitude- and
flare-type-dependent ionospheric responses to geomagnetic
storms and SFs. Overall, the study emphasizes the com-
plex, region-specific effects of SFs on ionospheric condi-
tions, with notable differences between low and mid-
latitudes in the Northern and Southern regions, enhancing
understanding of space weather impacts and ionospheric
disruptions.

The following section analyzes ionospheric disturbances
induced by the G5 Gannon storm and associated SFs
through TEC, ROTI, and IROTI parameters derived from
GNSS data across selected geographic stations. The study
includes three Northern Hemisphere stations—QUIN
(39.975°N, 120.944°W; dip latitude 38.12°N), INEG
(21.856°N, 102.284°W; dip latitude 22.91°N), and BOAV
(2.854°N, 60.701°W; dip latitude 8.45°N)—and three
Southern Hemisphere stations—GLPS (0.743°S,
90.304°W; dip latitude 4.19°S), CHPI (22.687°S,
44.985°W; dip latitude 17.92°S), and MTV1 (34.914°S,
56.176°W; dip latitude 26.96°S)—spanning geographic lat-
itudes from 40°N to 40°S. The analysis covers the storm’s
main phase and recovery period (DOY 130-136).

3.4. Storm-induced TEC deviations from quiet-time baselines

To quantify ionospheric disturbances during the May
2024 G5-class Gannon storm, we calculated TEC devia-
tions (ATEC) by subtracting the average TEC of two quiet
days before (DOYs 115 and 116) and two days after the
storm (DOYs 142 and 143) from TEC values on disturbed
days (DOYs 130-136). Quiet days were selected based on
low geomagnetic activity (Kp < 3, Dst < 25). Fig. 8 shows
ATEC across six IGS stations in the American sector. Mid-
latitude stations exhibited distinct responses: QUIN
(northern) showed minimal flare effects except for an
X8.79 flare (Muniafu et al., 2024), with storm-induced
ATEC ranging from —-3.3 to +5.8 TECU (Foster et al.,
2024). MTV1 (southern) displayed stronger flare impacts
(~1 TECU) and extreme storm effects (-5.7 to +7.8
TECU), highlighting hemispheric asymmetry (Aa et al.,
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2024b). Prolonged disturbances occurred due to sustained
solar wind speeds >800 km/s (W. Sun et al., 2024).

Equatorial stations (GLPS, BOAV) had smaller varia-
tions (1.5 TECU), reflecting PPEF and dynamo effects
(Gonzalez-Esparza et al., 2024; Muniafu et al., 2024).
Gonzalez-Esparza et al. (2024) similarly noted low-
latitude space weather effects in Mexico, including TEC
fluctuations, which support our findings of minimal but
persistent disturbances at stations like GLPS during the
storm recovery. Low-latitude stations (CHPI, INEQG)
showed dramatic fluctuations (CHPI: -8 to +9 TECU,;
INEG: —-1.5 to +3.6 TECU), driven by PPEFs and EEJ
(Zhang et al., 2025). Flares caused ~1.25 TECU variations
at low latitudes, enhanced by 900 km/s solar winds (Rout
et al., 2025).

The storm’s global and regional impact featured:

e Mid-latitude: Strong storm effects with asymmetric flare
responses.

e Equatorial: Moderate changes from electrodynamic
processes.

e Low-latitude: Extreme variations from electric fields and
TIDs.

e Recovery phase: Extended disturbances from persistent
solar wind.

These observations highlight latitude-dependent iono-
spheric responses to extreme space weather (Aa et al.,
2024b).

3.5. Latitudinal dependence of storm and flare impacts on
TEC indices

For further clarification, other ionospheric indices are
introduced. Fig. 9a-b illustrates the ionospheric response
in northern and southern stations, respectively. During
the storm’s main phase, high-energy particle injection and
intensified electric fields led to sharp TEC increases, driven
by mechanisms such as the fountain effect and storm-
enhanced densities. However, at the same time, it can be
noticed that there was a strong ionization depletion at
equatorial, low-latitude, and mid-latitude stations in differ-
ent patterns, as shown in Fig. 9. These significant deple-
tions are due to the merging of the Southern Crest of the
EIA with the auroral oval during the May 2024 storm, as
confirmed by Karan et al. (2024) and Themens et al.
(2024). The merging process coincides with Basu et al.’s
(2001) model of storm-time depletion, where poleward-
expanding auroral convection drags plasma across lati-
tudes. This simultaneously:

(a) Stretches plasma flux tubes, increasing recombination
losses at low latitudes.

(b) Creates density gradients that drive turbulent mixing
— explaining the rapid depletions observed at INEG
(ROTI > 1.8 TECU/min) and CHPI. These findings
highlight the importance of considering both
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enhancements and depletions in ionization when ana-
lyzing the ionospheric response to geomagnetic
storms.

As geomagnetic activity subsided, TEC declined due to
enhanced recombination (Verkhoglyadova et al., 2014)
and thermospheric cooling (Jakowski et al., 2017, 2024),
stabilizing to near-neutral or slightly negative levels by
DOYs 133-136. ROTI and IROTI values increased across
all stations, indicating widespread ionospheric irregulari-
ties. Increases in ROTI during geomagnetic storms are
well-documented and reflect enhanced irregularities due
to auroral activity, particle precipitation, and ionospheric
conductivity enhancements (Cherniak et al., 2022). Mid-
and low-latitude stations exhibited significant DTEC
increases, while equatorial stations, such as BOAV and
GLPS, showed smaller variations, reflecting stronger
magnetosphere-ionosphere coupling at higher latitudes.
The stronger coupling at higher latitudes results in more
pronounced ionospheric effects during geomagnetic storms.

The penetration of electric fields is more significant at
mid and high latitudes, whereas the disturbance dynamo
primarily affects mid and low latitudes, as it is driven by
strong equatorward winds at high latitudes induced by
heating at polar and high latitudes during storm/substorm
conditions (Astafyeva et al., 2018; Fuller-Rowell et al.,
2002).

As geomagnetic activity subsided, TEC declined due to
enhanced recombination and thermospheric cooling, stabi-
lizing to near-neutral or slightly negative levels by DOY's
133-136. ROTI and IROTI values increased across all sta-
tions, indicating widespread ionospheric irregularities.
Mid- and low-latitude stations exhibited significant DTEC
increases, while equatorial stations, such as BOAV and
GLPS, showed smaller variations, reflecting stronger
magnetosphere-ionosphere coupling at higher latitudes.

ROTI clearly separated storm effects from solar flare
disturbances in equatorial and low-latitude regions, while
IROTI was more sensitive to all latitudes. These findings
match earlier studies (e.g., Sun et al., 2021), linking equato-
rial and low-latitude effects to the equatorial electrojet,
PPEFs, and EPB. The Southern Hemisphere’s geomagnetic
weakness, particularly in regions influenced by the South
Atlantic Anomaly (SAA), makes these effects stronger
(Aa et al., 2024a; Li et al., 2018).

Higher ROTI and IROTI values in southern stations
indicate large-scale TIDs and EPBs, caused by storm-
related ionospheric irregularities. For instance, at INEG
on DOY 132, ROTI peaked at 1.8 TECU/min and IROTI
at 119 TECU?. By DOY 133, these dropped to 1.6 TECU/
min and 10 TECU?, showing less disturbance. At BOAV
on DOY 130, ROTI peaked at 0.85 TECU/min with
IROTI at 3.5 TECU?, then gradually increased before
declining during the recovery phase.

These results highlight how ROTI and IROTI work
together to measure ionospheric disturbances. ROTI works
well for quiet periods and solar flare disturbances, while
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IROTI is better at detecting changes during the storm’s
main and initial phases. During recovery, ROTI is more
reliable for tracking fluctuations. To fully understand iono-
spheric behavior during extreme space weather, integrating
DTEC, ROTI, and IROTI is essential.

3.6. Distinctive TEC response at equatorial latitudes

To assess the relative impacts of multiple SFs and the
most intense geomagnetic storm in over two decades, we
analyzed ionospheric disturbances at the equatorial GLPS
station (0.74°S, dip latitude ~4.19°S) using DTEC, ROTI,
and IROTI (Fig. 10, columns 1-3) from DOY 130 to 136.
Key events, including major SFs and the Gannon geomag-
netic storm, are marked with black dashed lines for
reference.

On DOY 130, localized nighttime irregularities emerged,
with ROTI peaking at 0.25 TECU/min and IROTI at 1.5
TECU?, likely associated with EPBs following sunset.
Two significant flares (X2.2 and X1.1) occurred that day
but induced relatively mild responses—maximum IROTI
of 0.75 TECU?—suggesting that EPB dynamics had a
stronger influence on ionospheric variability than the
flare-driven EUV enhancements. Despite the occurrence
of an intense X3.98 disk-centered flare on the morning of
DOY 131, pre-storm conditions remained stable. However,
a sharp onset of geomagnetic activity at ~17:00 UT trig-
gered immediate ionospheric responses, where the DTEC
fluctuated between +4 and —2 TECU, ROTI rose to 0.45
TECU/min, and IROTI spiked to 12 TECU>.

These rapid changes align temporally with the arrival of
a CME and the initial shock phase of the G5 storm, indi-
cating the storm’s primary role in generating large-scale
TIDs and irregularities. On DOY 132, two powerful limb
flares (X5.89 and X5.1) occurred, but their effects on
DTEC, ROTI, and IROTI were minimal, reinforcing previ-
ous findings that limb flares produce weaker ionospheric
responses compared to disk-centered flares. Nonetheless,
storm-driven effects persisted, sustaining elevated IROTI
and moderate TEC variability. The transient X5.89 limb
flare (1:10-1:39 UT) exerted minimal ROTI/IROTI impact
by its short duration (<30 min) and oblique direction
(Tsurutani et al., 2009), while storm effects dominated with
persistent PPEF/DDEF. The subsequent 9-10 UT ROTI
burst showed correlation with Bz changes, confirming the
generation of storm-induced EPB (Astafyeva et al., 2018),
unlike the weak, local ionospheric flare response.

The ionospheric response intensified on DOYs 133 and
134, likely influenced by additional CME arrivals during
the night. Compared to pre-storm levels, the ROTI tripled,
the IROTI increased by 3.5%, and TEC depletion doubled.
Although no major flares were recorded on DOY 134, dis-
turbances exceeded those from the prior day. This pattern
echoes Zhang et al. (2011), who showed that disk-centered
flares produce more significant ionospheric impacts than
limb flares of the same X-ray classification.
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DOY 135 featured three moderate-to-intense flares
(X1.72, X1.2, and X8.79). However, the ionospheric
response remained subdued, where the IROTI increased
only slightly—from 0.2 to 0.55 TECU? post-X1.2 and to
0.7 TECU? after the X8.79 flare. Despite its intensity, the
X8.79 flare induced a far weaker response than the geo-
magnetic storm, further confirming the dominant role of
storm-time electric fields and particle precipitation.

For further clarification, the sharp increases in ROTI/
IROTI observed at the GLPS station at 9-10 UT (DOY
132) and 3-6 UT (DOY 133-134) can be attributed to
storm-modified equatorial dynamics. The delayed peak at
9-10 UT followed fluctuations in the IMF Bz, which varied
from —46.5 nT to +13.7 nT and then back to —36.3 nT.
These fluctuations enhanced the PPEFs, leading to the for-
mation of atypical dawn-sector plasma bubbles (EPBs)
(Astafyeva et al., 2018; Karan et al., 2024; Kelley et al.,
2003).

The subsequent enhancements between 3 and 6 UT
coincided with sustained solar wind speeds exceeding
800 km/s, which drove DDEFs. These effects generated
post-midnight irregularities, despite the Dst values indicat-
ing a recovery phase (Blanc & Richmond, 1980). The initial
suppression of ROTI (<£0.5 TECU/min) after the storm
reflects the dominance of large-scale total electron content
(TEC) changes before smaller-scale (~1-10 km) irregulari-
ties emerged through nonlinear EPB  growth
(Zakharenkova et al., 2018).

While some studies report immediate post-storm scintil-
lation (e.g., Basu et al., 2001), our observations correspond
with modeled delays of 6-8 h for EPB growth during com-
plex variations in Bz (Carter et al., 2014). On DOY 136,
although solar activity was minimal, lingering storm effects
were evident in nighttime ROTI and IROTI enhancements,
pointing to the persistence of EPBs and residual TIDs
beyond the main recovery phase.

The GLPS analysis highlights the complex interplay
between solar flares and geomagnetic storms in modulating
equatorial ionospheric conditions. Disk-centered flares
produced stronger short-term effects than limb flares, but
the G5 storm had the most significant and sustained
impact—especially evident in elevated IROTI values. These
results demonstrate that while solar flares can contribute to
ionospheric variability, major geomagnetic storms act as
dominant drivers, with post-storm irregularities often out-
lasting flare-related perturbations. Comprehensive moni-
toring using DTEC, ROTI, and IROTI is essential for
disentangling the overlapping effects of different space
weather drivers.

3.7. Detection of irregularities using the IROTI index

Fig. 11 presents the spatial and temporal evolution of
IROTI across the American sector during DOYs 130 to
136, segmented into 4-h intervals. This analysis highlights
the impact of the G5 Gannon storm and concurrent SFs
on the ionosphere. Each panel corresponds to a specific
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DOY, with annotations detailing the intensity of major
solar events. The black dotted box emphasizes the critical
time interval (08:00-12:00 UT) on DOYs 132 and 133, cap-
turing the storm’s peak and subsequent recovery.

High IROTI values, shown in red, indicate significant
small-scale ionospheric irregularities that can disrupt satel-
lite signals and navigation systems. This figure improves on
earlier studies (e.g., Qian et al., 2012; Zhang et al., 2011) by
capturing both spatial and longitudinal effects. The geo-
magnetic disturbance started on DOY 131 at 17:00 UT
and peaked at 22:54 UT. During the main phase, IROTI
values sharply increased, peaking at 131.83 TECU? in the
final panel for DOY 131. This peak matches the growth
of EPBs and TIDs, which started in the Southern Hemi-
sphere and spread to both hemispheres. The propagation
patterns suggest strong coupling between geomagnetic
activity and ionospheric disturbances, consistent with the
ionospheric puzzles and duskside electrodynamic forcing
observed by Astafyeva et al. (2024) during the same storm,
which may explain the hemispheric spread of EPBs in our
IROTI maps (Fig. 11). Ren et al. (2024) classify distur-
bances as EPBs when IROTTI values exceed 7.28 TECU2
and as TIDs when values fall below 4.91 TECU2. Based
on these thresholds, DOY 131 experienced widespread
EPB activity, particularly during the storm’s main phase,
while subsequent days (e.g., DOY 132) exhibited a gradual
transition to TID-dominated irregularities. Notably, dur-
ing the recovery phase, IROTI values dropped below 20
TECU2, as shown in the final panels of DOY 132.

The analysis shows complex interactions between SFs
and geomagnetic storms. For instance, on DOY 132, an
X1.5 limb flare peaked at 11:44 UT, but IROTI values
remained moderate, indicating less impact than the earlier
storm. Conversely, disk flares on DOY 130 had a stronger
effect, with much higher IROTI values in the fourth and
fifth panels.

DOY 133 marked the transition to the recovery phase,
characterized by lower frequencies of ionospheric distur-
bances and moderate IROTI peaks (~47 TECU?).
Although an X1.02 limb flare occurred near sunset, its
impact was limited, likely due to reduced ionospheric con-
ductivity at that time. However, clusters of elevated IROTI
values persisted, particularly in the late evening, emphasiz-
ing the lingering effects of the Gannon storm in enhancing
EPB activity.

Nighttime enhancements, driven by storm-induced
plasma instabilities, were prominent across DOYs 134 to
136, as evidenced by elevated IROTTI values (~65 TECU?2)
despite the absence of significant flares. This observation
underscores the dominant role of geomagnetic storms, par-
ticularly in regions affected by the SAA. The panels for
08:00-12:00 UT across all DOYs reveal a clear distinction
between the ionospheric effects of intense SFs and the Gan-
non storm. DOY's 134 to 136 mirrored the spatial patterns
observed during DOYs 130 and 131, while DOY's 132 and
133 exhibited heightened TEC densities, particularly during
the storm’s peak and immediate aftermath.
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This analysis demonstrates the utility of IROTI in
extracting the complex interplay between SFs and geomag-
netic storms. While SFs exert localized impacts, the Gan-
non storm induced widespread, persistent ionospheric
irregularities, particularly in the Southern Hemisphere.
The integration of IROTI with other parameters, such as
ROTI and DTEC, offers a comprehensive framework for
understanding ionospheric dynamics during extreme space
weather events. Additionally, for a deep understanding of
SFs’ rapid impact on the low- to mid-latitude ionosphere,
a 10-min time window evaluation has been discussed
through DOY 130, which has two disk flares as an
example.

SFs are defined as rapid and strong bursts of electro-
magnetic radiation from the Sun, primarily at X-ray and
EUYV wavelengths. These bursts can have a major impact
on the Earth’s ionosphere within minutes, particularly in
low-latitude regions where ionospheric electrodynamics
are highly sensitive to solar inputs (Tsurutani et al.,
2005). According to prior research, the IROTI Index is
an effective proxy for detecting rapid changes in electron
concentration and, as a result, short-term ionospheric dis-
turbances caused by SFs.

For example, Fig. 12 shows the IROTI response in the
American low-latitude region to two major disk-center
SFs on DOY 130 (May 9, 2024): the X2.2 flare peaking
at 09:13 UT and the X1.1 flare peaking at 17:44 UT. While
both flares triggered noticeable responses, a striking obser-
vation is that the IROTI values during the X2.2 event
remained relatively low (mostly < 0.35 TECU?). In con-
trast, during the X1.1 flare, values exceeded 1.3 TECU?,
as clearly shown by the respective color bars.

Further research is necessary to understand this puzzling
finding, which indicates that a weaker X1.1 flare produced
a stronger ionospheric irregularity signal than the stronger
X2.2 flare.

a) Temporal Context and Preconditioning

A key factor may lie in the preconditioning of the iono-
sphere. The X2.2 event occurred early in the day (around
06:13 LT in Brazil), when the equatorial ionosphere is still
forming post-sunrise. During this time, the ionospheric
plasma density is still increasing, and the equatorial
electrodynamics—particularly the pre-reversal enhance-
ment and equatorial plasma fountain—have not fully
developed (Kelley and Heelis, 2009). Consequently, the
background conditions may have been less favorable for
plasma instability growth and irregularity formation, lead-
ing to lower IROTT values despite a strong flare.

The X1.1 flare, on the other hand, occurred around 14:44
LT, closer to the local pre-sunset time when the ionospheric
plasma is highly organized and more vulnerable to Rayleigh-
Taylor instabilities, which cause equatorial spread-F and
irregularities (Woodman and Hoz, 1976). Thus, even a
somewhat strong flare, such as X1.1, might result in much
higher IROTI readings under these conditions.

7408

Advances in Space Research 76 (2025) 7390-7411

b) Flare Position and Geoeffectiveness

Although both flares were observed near the disk cen-
ter—typically implying strong geoeffectiveness—the rela-
tive spectral composition (X-ray vs. EUV dominance),
duration, and background geomagnetic activity can also
modulate the response. According to Yadav et al. (2016),
if an X-flare occurs during a low TEC background or
under pre-storm quiet conditions (as was the case before
the Gannon storm on DOY 131), its perturbation may
not be strongly amplified. This could further explain the
muted IROTI during X2.2.

Our results are consistent with studies that highlight the
local time dependence of flare impacts: Bagiya et al. (2011)
reported stronger ionospheric responses to moderate flares
during the afternoon over Indian equatorial regions, while
Afraimovich et al. (2001) demonstrated minimal iono-
spheric responses to strong flares in the early morning. Fur-
thermore, Lopez-Montes et al. (2012) and Ryakhovsky
et al. (2024) showed that TEC sensitivity is influenced by
electrodynamic background circumstances in addition to
flare intensity.

Because of this, the ionospheric condition at the time of
the X2.2 flare was not primed for irregularity creation,
which led to lower IROTI values even though the flare
was more intense in solar classification. The X1.1 flare,
on the other hand, was weaker but happened during a
high-instability window, which allowed for more GNSS
signal variations and more plasma structuring.

The significance of local time, ionospheric precondition-
ing, and background electrodynamics in regulating the
ionospheric reaction to SFs is shown by this analysis.
The fewer X1.1 flares, the stronger the IROTI signals, indi-
cating that contextual geophysical variables are a crucial
factor in predicting ionospheric impact, and flare classifica-
tion alone is insufficient. Capturing these fleeting but
important responses requires high-temporal-resolution
data, such as IROTI in 10-min periods.

4. Conclusion

The May 2024 G5-class Gannon storm and associated
X-class solar flares provided a unique opportunity to inves-
tigate ionospheric responses in low-to-mid latitude regions
(40°S to 40°N) across the American sector. Utilizing
FORMOSAT-7/COSMIC-2 radio occultation profiles,
ground-based ionosonde measurements, and GNSS-
derived TEC data, this study revealed significant iono-
spheric disturbances driven by complex interactions
between solar flares (SFs) and geomagnetic activity. Elec-
tron density (Ne) exhibited pronounced enhancements,
with increases of 137.7 % above 300 km in the northern
hemisphere (0°~40°N) and 129.2 % around 200 km in the
southern hemisphere (0°—40°S) during the storm’s peak
on May 11 (DOY 132), compared to quiet-time conditions
on May 8 (DOY 129). Disk flares had a stronger impact on
low-latitude regions, elevating Ne by 28.66 %, while



A. Abdelaziz et al.

geomagnetic storms predominantly affected mid-latitudes,
with Ne increases of 44.6 % during the storm’s peak
(Dst = —518 nT). Hemispheric asymmetries were evident,
likely driven by the southward displacement of the geo-
magnetic equator, prompt penetration -electric fields
(PPEFs), and thermospheric winds.

The IROTI index, defined as the product of integral
DTEC (IDTEC) and Rate of TEC Index (ROTI), proved
more effective than DTEC or ROTT alone in distinguishing
the impacts of SFs and geomagnetic storms, particularly
during the main phase of the May 2024 G5-class Gannon
storm. IROTI highlighted widespread EPBs and TIDs,
with peak values of 131.83 TECU2 on DOY 131, reflecting
significant small-scale irregularities. While ROTI was more
reliable during storm recovery, IROTI captured broader
disturbance patterns, especially in equatorial and low-
latitude regions. Disk flares induced rapid, localized Ne
and TEC enhancements, whereas the Gannon storm drove
persistent, hemisphere-asymmetric perturbations, influ-
enced by the SAA. A multi-index approach combining
IROTI, DTEC, and ROTI provides a comprehensive
framework for understanding ionospheric dynamics during
extreme space weather events. While TEC variations in
specific bands (e.g., 10-20 min for TIDs) may offer targeted
insights, IROTI’s integrated metric enhances detection of
complex irregularities. Ongoing validation of IROTI’s
advantages will further refine its application in improving
GNSS positioning accuracy, particularly in densely popu-
lated low-to-mid latitude regions.
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