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Abstract The space weather event on 10–11 May 2024 was a high‐impact geomagnetic storm, resulting in a
SYM‐H index decrease to −518 nT, the lowest level registered in several decades. We investigated the response
of the Earth's ionosphere during the main phase of this storm using a comprehensive data set of ionospheric
observations (in situ plasma density and/or Total Electron Content (TEC)) from twenty Low‐Earth‐Orbit
satellites such as COSMIC‐2, Swarm, GRACE‐FO, Spire, DMSP, and Jason‐3, orbiting at altitudes between
320 and 1,330 km. We found that ionospheric response followed a classical development pattern with the largest
positive effects occurred at low and middle latitudes in daytime and evening sectors, associated with significant
intensification of the Equatorial Ionization Anomaly (EIA) by the super fountain effect. The greatest effects
occurred in the Pacific and American longitudinal sectors, which were in daylight, between 19 and 24 UT on 10
May 2024. This time overlaps with a period of steady southward IMF Bz and favorable conditions for long‐
lasting penetration electric fields. The EIA crest‐to‐crest separation expanded to 40–60° in latitude with the
largest poleward excursion of the crest to ∼27° magnetic latitude. The extreme EIA expansion with crest
separation up to 60° in latitude along with a giant plasma bite‐out near the magnetic equator were observed in the
dusk/evening sector over South America. The ground‐based TEC showed an enhancement up to ∼200 TECU,
while satellites detected an increase in topside TEC up to ∼100–155 TECU, indicating key contribution of the
topside ionosphere into the ground‐based TEC.

Plain Language Summary The strongest geomagnetic storm in several decades hits the Earth on 10–
11 May 2024. We investigated how the Earth's ionosphere reacted to it using a massive data set of ionospheric
observations from 20 satellites orbiting the Earth at various altitudes between 320 and 1,330 km. We found that
ionospheric response followed a classical scenario with the largest positive effects appearing at low and middle
latitudes in the daytime and evening sectors. These effects were caused by significant intensification of so called
the Equatorial Ionization Anomaly (EIA). The most outstanding effects occurred in the Pacific and American
longitudinal sectors, which were in daylight, between 19 and 24 UT on 10 May 2024. Two crests of EIA were
displaced way more poleward from their typical locations, reaching maximal latitudinal separation up to 40–
60°. The extreme EIA expansion with crest separation up to 60° in latitude along with giant plasma bite‐out near
the magnetic equator were observed in the evening sector over South America. Observations of ionospheric
plasma concentration above multiple satellites revealed that the daytime ionosphere experienced a significant
uplift to much higher altitudes than usual.

1. Introduction
In May 2024, the Earth encountered an extremely intense geomagnetic storm, ranking among the most powerful
in the past few decades. To date, the May 2024 space weather event is classified as the largest geomagnetic storm
of the current 25th solar cycle in terms of the SYM‐H index (high resolution Dst) minimum excursion, reaching
−518 nT. On the night of 10–11 May 2024, the aurora borealis was visible at remarkably low latitudes worldwide
(e.g., Gonzalez‐Esparza et al., 2024; Hayakawa et al., 2025). The research community studying the
Magnetosphere‐Ionosphere‐Thermosphere coupling processes has been eagerly anticipating a geomagnetic storm
of this magnitude. With a larger than ever ground‐based infrastructure (e.g., thousands of Global Navigation
Satellite System (GNSS) stations), numerous observational satellites in orbit, advanced physics‐based and space
weather prediction models, and powerful supercomputers, we have never had such comprehensive capabilities to
examine the Earth's Magnetosphere‐Ionosphere‐Thermosphere response to such a major space weather event,
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evaluate models performance and forecasting capabilities, and assess the impact of the storm on space‐based
communications and navigation systems.

The May 2024 storm was the first storm with the geomagnetic three‐hourly Kp index reaching its highest value of
9 since the famous “Halloween” Storm in October 2003. These conditions correspond to an “extreme” G5 level of
NOAA geomagnetic storm classification (https://www.swpc.noaa.gov/noaa‐scales‐explanation). The dramatic
ionospheric responses were reported for the super geomagnetic storms in October 2003 (e.g., Abdu et al., 2007,
2008; Basu et al., 2005; Doherty et al., 2004; Foster & Rideout, 2005; Jakowski et al., 2008; Lei et al., 2014; Lin
et al., 2005; Liu & Lühr, 2005; Mannucci et al., 2005; Mitchell et al., 2005; Pokhotelov et al., 2021; Tsurutani
et al., 2005, 2012; Yizengaw et al., 2005) and in November 2004 (e.g., Balan et al., 2010; Cherniak et al., 2014;
Erickson et al., 2010; Fejer et al., 2007; Krankowski et al., 2007; Lei et al., 2010; Mannucci et al., 2009; Retterer
et al., 2010; Wang et al., 2010). For these largest storms of the 23rd solar cycle, the SYM‐H index reached a peak
minimal value of −412 nT in October 2003 and –394 nT in November 2004.

The next 24th solar cycle, following an exceptionally deep solar minimum, exhibited a low level of solar activity,
making it the weakest cycle in the last 100 years. The largest geomagnetic storm of the 24th solar cycle was the St.
Patrick's Day storm in March 2015, with a minimum SYM‐H index of −234 nT only and a maximum Kp index of
8– (7.667). Numerous publications were dedicated to investigating the effects of this storm on the Earth's
ionosphere and thermosphere (e.g., Astafyeva et al., 2015; Borries et al., 2016; Carter et al., 2016; Cherniak
et al., 2015; Fagundes et al., 2016; Hairston et al., 2016; Kil et al., 2016; Liu et al., 2016; Prikryl et al., 2016;
Zakharenkova et al., 2016; Zhang et al., 2017), as well as numerical simulations of these effects for a better
understanding of physics behind (e.g., Guo et al., 2018; Huba et al., 2017; Klimenko et al., 2018, 2019; Lu
et al., 2020; Ozturk et al., 2018; Verkhoglyadova et al., 2017). Thus, the SYM‐H excursion in May 2024 was at
least twice the magnitude of the famous St. Patrick's Day storm in 2015 and even surpassed the magnitude of the
super storms in October 2003 and November 2004, sparking exceptionally large interest in the research
community.

As known during strong geomagnetic storms, the Earth's ionosphere‐thermosphere system undergoes drastic
modifications globally, impacting dynamics, electrodynamics, and chemistry, which can last for several days
following the storm onset (Buonsanto, 1999; Mendillo, 2006; Richmond & Lu, 2000). The global changes in the
composition and dynamics of this system can lead to large‐scale increases and decreases in electron densities and
ionospheric total electron content (TEC), which called “positive ionospheric storm” and “negative ionospheric
storm,” respectively. The occurrence and strength of ionospheric storm effects, both positive and negative, reveal
some dependencies on location/latitude, local time, and storm phase. Negative storm effects may occur at the
geomagnetic equator and high/middle latitudes mainly during the main and recovery phases of storms. A most
commonly accepted mechanism for generating negative storms is neutral composition changes that lead to
decrease in the O/N2 density ratio due to atmospheric disturbances driven by the enhanced Joule heating (e.g.,
Buonsanto, 1999; Fuller‐Rowell et al., 1994; Pavlov & Foster, 2001; Prölss, 1995). Positive storms effects are
more prevalent at low and middle latitudes, especially in the daytime. The positive ionospheric storms are still not
well understood, and there are discussed several possible formation mechanisms, which may result in a storm‐
time increase in TEC and electron density: (a) neutral composition changes with an increase in the atomic ox-
ygen (Burns et al., 1995; Fuller‐Rowell et al., 1996), (b) the equatorward‐directed neutral winds that drive
ionospheric plasma along the geomagnetic field lines upward to where the ion loss rates are smaller (Balan
et al., 2010; Jones & Rishbeth, 1971; Lin et al., 2005; Namgaladze et al., 2000), (c) the storm‐induced electric
fields uplifting the plasma (Abdu et al., 2008; Forbes, 1989; Huang, Foster, Goncharenko, et al., 2005; Huang,
Foster, & Kelley, 2005; Kelley et al., 2004; Wang et al., 2010), (d) downward plasma fluxes from the plasma-
sphere (Förster & Jakowski, 2000).

In the present paper, we analyze the positive storm effects during the main phase of the May 2024 geomagnetic
storm using ground‐based GNSS TEC and space‐based LEO observations of TEC and in situ density from
COSMIC‐2, Swarm, GRACE‐FO, Spire, DMSP, and Jason‐3 satellites.

2. Database
To analyze the Earth's ionosphere response to the May 2024 geomagnetic storm, we use the following obser-
vational data set:

Methodology: Irina Zakharenkova,
Iurii Cherniak, John J. Braun, Qian Wu
Project administration: John J. Braun,
Jan‐Peter Weiss
Resources: John J. Braun, Jan‐
Peter Weiss, Teresa VanHove,
Douglas Hunt, Maggie Sleziak‐Sallee
Software: Teresa VanHove,
Douglas Hunt, Maggie Sleziak‐Sallee
Validation: Irina Zakharenkova,
Iurii Cherniak, Qian Wu, Teresa VanHove,
Douglas Hunt, Maggie Sleziak‐Sallee
Visualization: Irina Zakharenkova
Writing – original draft:
Irina Zakharenkova, Iurii Cherniak, John
J. Braun, Jan‐Peter Weiss, Qian Wu,
Teresa VanHove, Douglas Hunt,
Maggie Sleziak‐Sallee

Space Weather 10.1029/2024SW004245

ZAKHARENKOVA ET AL. 2 of 28

https://www.swpc.noaa.gov/noaa-scales-explanation


2.1. Ground‐Based GNSS TEC Observations

We utilize measurements from 6,000+ ground‐based Global Navigation Satellite Systems (GNSS) stations. For
this study, we use GNSS signals provided by the GPS, GLONASS, Galielo, and BeiDou systems. For each link
receiver–satellite with an elevation cutoff of 20°, we calculate values of vertical total electron content (TEC).
Details on TEC processing from raw GNSS measurements can be found in Zakharenkova et al. (2016). Further,
the obtained vertical TEC values are binned into a geographic grid with 1.0° latitude and longitude spacing to
produce the global maps at 10‐min intervals. The high‐resolution TEC maps show storm‐induced dynamics of
ionospheric density in space and time.

2.2. Multi‐Instrument COSMIC‐2 (Constellation Observing System for Meteorology, Ionosphere, and
Climate) Observations

To date, the COSMIC‐2 is the largest equatorial multi‐satellite constellation (six satellites) designed to study the
equatorial ionosphere (Weiss et al., 2022). The scientific payloads of the COSMIC‐2 mission includes an
advanced GNSS receiver supporting multiple measurements including multi‐GNSS TEC above and below sat-
ellite altitude, radio occultation electron density profiles, amplitude and phase scintillations. Each satellite carries
an Ion Velocity Meter (IVM) instrument, like the one onboard the Ionospheric Connections Explorer satellite
(Heelis et al., 2017), to measure in situ ion density, composition, and temperature along the low inclination
satellite orbits at ∼525–550 km altitude. COSMIC‐2 observations are processed and provided by the UCAR
COSMIC Data Analysis and Archive Center (CDAAC). In this study, we used a “ivmLv2” Level‐2 product that
contains 1 Hz total ion density (Ni) observations from six COSMIC‐2 satellites and the density was calibrated
using the COSMIC‐2 GNSS observations (Chou et al., 2021; Wu et al., 2022) to analyze development of the
ionospheric storm effects. Additionally, we utilized COSMIC‐2 topside absolute TEC observations provided as a
“podTc2” Level‐1b product. The accuracy of the COSMIC‐2 absolute TEC observations is below 3 TECU for
both GPS and GLONASS (Pedatella et al., 2021, 2023). Vertical TEC values were computed from the slant TEC
data with elevation angles above 10°; the mean value of simultaneous vertical TEC observations was then
calculated along the satellite orbit.

2.3. Swarm Satellite Observations

The European Space Agency (ESA) Swarm mission consists of the three identical satellites—A, B, and C. Two
satellites (A and C) operate in a tandem at ∼475–km altitude (as of May 2024), and the third one (Swarm–B) flies
∼40 km higher. The satellites have polar orbits with ∼88° inclination. In situ electron density (Ne) data measured
by the two Langmuir Probes onboard each satellite. Additionally, each satellite has a GPS receiver tracking up to
eight GPS satellites at 1 Hz. The GPS observations are used to reconstruct the topside TEC (above the Swarm
orbit). The Swarm in situ density data is accessible as a “EFIxLPI_1B” Level‐1b product and the absolute TEC
data as a “TECxTMS_2F” Level‐2 product through the ESA Earth Online portal. More description on these
products is given in documents (Swarm L2 TEC Product Description, 2017; Review of Swarm L1B data qual-
ity, 2020). On 10 May 2024, the descending/ascending nodes for Swarm–A/Swarm–C and Swarm–B occurred at
approximately 19.1/7.1 LT and 11.0/23.0 LT, respectively.

2.4. GRACE‐FO (Gravity Recovery and Climate Experiment Follow‐On) Observations

The GRACE‐FO, launched in 2018, is a continuation of the original GRACE mission with near the same
hardware to measure the Earth's gravity field. Maintaining a ∼220 km distance, the twin satellites follow the same
orbit. In May 2024, the near‐polar orbit (89° inclination) had an altitude of ∼490 km. For ionospheric research,
this mission offers the topside TEC (above the orbit) data from GPS measurements and in situ density data derived
from signal measurements of the K‐band Ranging system (KBR) between the two GRACE‐FO satellites. The
technique of the Ne retrieval from the GRACE KBR measurements was described in detail by Xiong et al. (2010).
The GRACE‐FO ionospheric products are provided by GFZ (German Research Center for Geosciences). More
details on their processing and validation can be found in a recent paper by Schreiter et al. (2023). For the May
2024 storm study, we used GRACE‐FO descending passes that crossed the equator around 17.1 LT.
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2.5. Spire Observations

The Spire constellation consists of multiple 3U CubeSats, sometimes numbering in the dozens in orbit. Satellites
are positioned in a range of LEO orbits, with altitudes between 400 and 600 km, covering both equatorial in-
clinations and sun synchronous orbits. More details on ionospheric observations from the Spire mission can be
found in Angling et al. (2021). GPS observations from the POD antenna were processed by the UCAR CDAAC to
retrieve calibrated absolute topside TEC observations as a “podTec” Level‐1b product in a similar way as for the
COSMIC‐2 products.

2.6. DMSP (Defense Meteorological Satellite Program) Observations

We also used in situ ion density (Ni) data from the DMSP F17 and F18 satellites, orbiting at a significantly higher
altitude (∼850 km). The DMSP satellites are equipped with SSIES (Special Sensors for Ions, Electrons, and
Scintillation) instrument package, which includes a Retarding Potential Analyzer and an Ion Drift Meter for
measuring the total ion density and drifts in the topside ionosphere (Greenspan et al., 1986; Hairston &
Heelis, 1996). As of 10 May 2024, the local times of the ascending nodes for the F17 and F18 satellites were
∼18.3 LT and ∼15.9 LT, respectively.

2.7. Jason‐3 Downward‐Looking TEC Observations

Jason‐3 is a satellite altimeter mission flying at a circular orbit at ∼1,330 km altitude with an orbit inclination of
∼66°. Measurements provided by a dual‐frequency nadir‐looking radar altimeter Poseidon‐3B operating at
13.575 GHz (Ku‐band) can be used to estimate an ionospheric electron content below the Jason‐3 orbit
(∼1,330 km) but over the ocean/sea surface only (Jason‐3 Products Handbook, 2020).

2.8. Global Electron Content (GEC)

Nowadays, the ground‐based GNSS TEC becomes one of the key parameters to specify the ionospheric density.
Afraimovich et al. (2008) introduced a novel method for calculating the Global Electron Content (GEC), defined
as the total number of electrons in the near‐Earth space environment within the GPS orbital altitude of
∼20,000 km. The advantage of GEC parameter is the possibility to quantify and to analyze the global charac-
teristics in the variability of the ionosphere/plasmasphere as a whole system, while excluding regional details. To
calculate GEC, we used the Global Ionospheric Maps (GIMs) of TEC produced by the International GNSS
Service (IGS). Several IGS Associate Analysis Centers generate the GIMs, which have a grid resolution of
2.5° × 5.0° in latitude/longitude and time resolution of 1–2 hr. Detailed description of the IGS GIMs computation
and validation can be found in the paper (Hernández‐Pajares et al., 2009). Here, we used the GIM product
provided by UPC (Technical University of Catalonia, Barcelona, Spain), given its higher 15–min temporal
resolution. The GEC has been calculated as a sum of the TEC from each cell of the IGS TEC map multiplied by
the cell area. TEC is typically quantified in TEC units, where 1 TECU equivalent to 1016 electrons/m2. To
measure GEC, Afraimovich et al. (2008) suggested GEC units, where 1 GECU equals to 1032 electrons/m2.

3. The 10–11 May 2024 Geomagnetic Storm: Interplanetary and Geomagnetic
Conditions
A series of several successive Earth‐directed coronal mass ejections (CMEs), released by the highly active
sunspot region AR13664 (e.g., Hayakawa et al., 2025), resulted in an “extreme” geomagnetic storm (G5 in
NOAA's space weather G‐scale) on the Earth on 10–12 May 2024. The storm occurred during the period of
increased solar activity, close to the maximum of the current 25th solar cycle. In May 2024, the monthly average
value of the F10.7 flux was ∼190, while its daily value peaked at 237 during the storm.

Figure 1 presents variations of the solar wind, interplanetary, and geophysical parameters during 9–12 May 2024.
The Sudden Storm Commencement (SSC) was registered at 17:05 UT on 10 May 2024 with a rapid increase of
solar wind velocity, going from ∼450 km/s to 700 km/s (Figure 1b), and of solar wind pressure from ∼6 to 49 nPa
(Figure 1c). The solar wind dynamic pressure remained at a high level of 40–50 nPa for several hours until ∼22
UT. The geomagnetic three‐hourly Kp index immediately reached value of 8+ at 18 UT on 10 May 2024, and
remained at a high level (8–9) until 15–18 UT on 11 May 2024 (Figure 1d). This corresponds to an “extreme” G5
level of NOAA geomagnetic storm classification. The previous, pre‐storm day of 9 May 2024 was very quiet with
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the daily sum of Kp values of ∼10 only, whereas this value spiked to ∼38 and ∼67 for 10 May and 11 May,
respectively.

The interplanetary magnetic field (IMF) north‐south component Bz was near zero levels shortly before the SSC
(Figure 1a). After that, it turned southward reaching −40.4 nT at 18:07 UT and then turned northward reaching
+14 nT at 19:03 UT. The distinct large period of the steady southward IMF Bz was from 19:05 UT until 22:31 UT
with the next minimum value of −43.4 nT at 22:12 UT. During that period of time, the interplanetary electric field
(IEF) dawn‐to‐dusk component Ey, potentially associated with penetration electric fields to low latitudes, was
steady positive with a maximum value of ∼20–26 mV/m (Figure 1d). The IMF Bz suddenly shifted northward to
+52.5 nT at 22:34 UT. The next period of the steady southward IMF Bz was from 23:42 until 04:26 UT with the
next minimum value of −47.85 nT at 00:36 UT.

Figure 1f shows variations of the SME (SuperMAG electrojet) index, a generalization of the auroral electrojet
index calculated from 100+ sites instead of the 12 used in the official auroral electrojet indices like AE

Figure 1. Geomagnetic conditions during 9–12 May 2024: (a) Interplanetary Magnetic Field (IMF) Bz component,
(b) velocity and (c) dynamic pressure of the solar wind, (d) Interplanetary Electric Field (IEF), (e) Kp index, (f) SuperMAG
auroral electrojet index SME, analog of AE, and (g) SYM‐H index. The bottom panel (h) shows Global Electron Content
(GEC) variations. The red dashed line shows storm commencement time.
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(Gjerloev, 2012; Newell & Gjerloev, 2011). Shortly after the SSC, the SME index quickly surged to ∼2,500–
3,000 nT and maintained at a consistently high level above 1,500–2,000 nT, with several significant spikes, for
many hours until ∼17 UT on 11 May 2024.

In Figure 1g, the SYM‐H index reflects the strength of the equatorial ring current and, as a result, the geo-
magnetic storm. During ∼10 min in the storm's initial phase, the SYM‐H rose rapidly from the background level
of ∼0–10 nT to +88 nT. After that, the SYM‐H drops rapidly in several steps, first to a minimal value of −183 nT
at 19:21 UT with the estimated change rate of ∼125 nT/hr, then to −354 nT at 23:12 UT, and the third decrease
stage was from −257 nT at 00:30 UT to the minimum of −518 nT at 02:14 UT on 11 May 2024. The SYM‐H rate
change averaged during the entire main phase of the storm was of order −67 nT/hr. Thus, this storm was
characterized by a 9‐hr‐long main phase, beginning around 17 UT on 10 May and ending around 02 UT on 11
May 2024. Starting at 02 UT on 11 May, the recovery phase went on for at least three days.

Figure 1h presents variations in Global Electron Content (GEC), calculated from 15‐min Global Ionospheric
Maps, for 9–12 May 2024. During the storm's main phase, from the onset until the end of the day of 10 May, the
GEC experienced a significant surge by 20%–30% from the level of ∼1.8 GECU to ∼2.3 GECU, indicating the
general increase of density in the entire Earth's ionosphere. It is an indirect sign that the storm caused not only the
ionospheric plasma redistribution like poleward expansion of the equatorial ionization anomaly (EIA), but
actually produced a notable increase of the ionospheric density on a global scale level, considering that GEC
already includes all concurrent negative storm effects (large‐scale density decreases due to recombination) on the
night side of the Earth. On the next day of 11 May 2024, during in the recovery phase of the storm, the GEC
demonstrates a long‐lasting global ionospheric decrease to a level of ∼1 GECU, equivalent to a ∼40% total
decrease from the normal conditions—a sign of predominance of the negative storm effects on a global scale
during this recovery phase. The observed GEC behavior is also consistent with the storm profile of GEC changes
outlined in Gulyaeva and Veselovsky (2012). Thus, the major storm‐time increase of the ionosphere occurred
primarily during the main phase of the May 2024 storm.

4. Results and Discussion
4.1. Ground‐Based GNSS TEC

First, we examined an occurrence of large‐scale ionospheric effects using ground‐based GNSS TEC observations
—specifically, high‐resolution global TEC maps. Figure 2 shows global TEC maps from 17 UT to 03 UT for a
pre‐storm day (9 May 2024), storm day (10/11 May 2024), and TEC difference (storm vs. quiet), with a 2–hr
interval. To facilitate comparison, TEC maps for both pre‐storm and storm days utilized the same color scale.
Figure 2a shows maps of TEC and TEC differences for 17 UT, shortly after a period when the SSC was just
registered on 10 May 2024. The TEC maps for 9 May and 10 May 2024 exhibit a strong similarity, which is also
indicated by the minimal TEC differences observed, even in the daytime equatorial sector. Usually, it takes about
2–3 hr after SSC for significant ionospheric TEC changes to develop and become noticeable (e.g., Lei et al., 2008;
Wang et al., 2010). Figure 2b displays the TEC maps covering the next period of 19 UT. Here, we can start to
notice the intensification of the EIA on 10 May 2024, with the EIA expanding toward higher latitudes in the
American sector and prominent TEC enhancements at both EIA crests. The differential TEC map shows these
enhancements up to 20–40 TECU over low to mid‐latitudes in the American sector. Two hours later at 21 UT
(Figure 2c), the storm‐time TEC map reveals drastic ionospheric enhancements on the dayside ionosphere.
Positive storm effects were observed at low and middle latitudes, with strong TEC enhancements at the EIA crests
up to 200 TECU. The differential TEC map reveals significant enhancements of more than 50 TECU at the EIA
crests in the sunlit sector, along with wide‐spread enhancements covering all mid‐latitudes across the American
longitude sector. The most pronounced negative storm effects in the daytime sector started to appear along the
geomagnetic equator over South America, as the trough between the EIA crests deepened during the storm‐time
EIA intensification. At 23 UT on 10 May 2024 (Figure 2d), positive storm effects further enhanced in the daytime
ionosphere over the Pacific and American longitudinal sectors. In the American sector, the EIA crests showed
greater separation, expanded far away from the magnetic equator, along with the large‐scale enhancement,
associated with the Storm‐Enhanced Density (SED) phenomenon, covered low to mid‐latitudes of North
America. A narrow, elongated TEC enhancement was also observed near Canada's western coast, suggesting a
further transformation of the SED to a Tongue‐of‐Ionization (TOI) structure at high latitudes (as also confirmed in
Themens et al., 2024). The South America's equatorial region, currently shifting into the post‐sunset sector,
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observed a significant and large‐scale decrease in TEC. The differential TEC map (Figure 2d, right) clearly
highlights the drastic positive storm effects at low and middle latitudes of both Americas, as well as the wide‐
spread negative storm effects over the geomagnetic equator in South America. At 01 UT on 11 May 2024
(Figure 2e), 2 hours later, we are still seeing an intensification of the EIA in the afternoon sector over the Pacific
Ocean, notable TEC enhancements across low to middle latitudes mainly in the post‐sunset period over North and
South Americas, as well as a substantial TEC depletion over the magnetic equator region in South America. At 03
UT on 11 May 2024, the recovery phase of the storm just began. The TEC enhancements primarily took place at
low latitudes in the Pacific and Asian sectors, which were sunlit (Figure 2f). The notable TEC enhancements in

Figure 2. Ground‐based GNSS TEC maps for (a–f) specific times from 17 UT to 03 UT for (left) quiet day of 9 May 2024 and (center) storm time on 10–11 May 2024,
along with (right) corresponding TEC difference. The black line marks the magnetic equator, the shaded area shows terminator location and nighttime.
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the EIA crest regions remained present into the late evening across North and South Americas. More pronounced
negative storm effects occurred at middle latitudes in North America and European sectors.

The overview of the global TEC maps demonstrates that during the storm's main phase from ∼17 UT on 10 May
2024 until ∼03 UT on 11 May 2024, the drastic TEC enhancements started to develop ∼2 hr after the SSC and
were associated with strong storm‐time intensification of the EIA in the dayside ionosphere over the Pacific and
American sectors (180°W–30°W). The most significant TEC enhancements were observed in the American
sector, in terms of both magnitude and spatial extent.

4.2. Swarm Observations

Analysis of the ground‐based TEC maps revealed the strong ionospheric response in terms of large‐scale
intensification of the EIA in the American and Pacific Ocean longitudinal sectors during the storm's main
phase. Our examination of the EIA development and its full extent over the Pacific Ocean may be constrained due
to the sparse ground‐based data coverage in this water‐dominated region. Fortunately, satellite observations can
help us piece together a more detailed understanding of the changes in the ionosphere during this superstorm.

First, we analyzed in situ plasma density and topside TEC data from the three Swarm satellites. Figures 3a and 3b
show a series of several consecutive overpasses of the Swarm A&C tandem with an equatorial crossing time of
19.1 LT and orbit altitude of ∼475 km. The first overpass was near 12°E in central Africa during 17.7–18.3 UT,
shortly after the storm onset. Observations of both in situ density and topside TEC are indicating the first signs of
enhancements in the EIA crests (right plots of Figures 3a and 3b). The second overpass was over Western Africa
at 19.3–19.9 UT. Here, in situ Ne density exhibited noticeable enhancements at both EIA crests, shifted poleward
to much higher latitudes, and a deeper, wider EIA trough near the magnetic equator. Topside TEC data showed the
EIA intensification above satellite orbit altitudes, and increased TEC over midlatitudes of the Northern Hemi-
sphere. Third overpass was over the Atlantic Ocean near ∼30°W longitude at 20.8–21.4 UT. In situ Ne density
demonstrated a wide (∼10° in latitude) and deep trough over the equator, along with a poleward shift and
asymmetry in the EIA crests. Topside TEC values at the EIA crests reached ∼70 TECU; this was ∼3 times higher
than quiet‐time levels at northern locations, ∼6 times higher at southern locations, and ∼2.5 times higher than the
quiet‐time maximum near the magnetic equator. The lowest TEC value in the trough of the storm‐time EIA
exceeded the highest TEC value observed here during quiet time. The fourth overpass was near 53°W longitude in
the American sector at 22.4–23.0 UT. Here, in situ Ne density data revealed a huge plasma density depletion near
the equator, spanning more than 20° in latitude, with density in the EIA trough dropped to extremly low levels
(under 104 el/cm3). The observed effects are characteristic of the plasma “bite‐out” phenomenon, where an
extensive plasma density hole forms near the equator due to intense storm‐driven upward plasma drifts, featuring
very steep boundaries and a 2–3 order of magnitude density decrease (e.g., Abdu et al., 2005; Basu et al., 2001;
Greenspan et al., 1991). Such dramatic decrease seen in the plasma density measurements is caused by the
equatorial F layer rising to altitudes well above the satellite orbit (here, ∼475 km).

At the same time, topside TEC observations indicate a dramatic amplification of both EIA crests in the topside
ionosphere at altitudes above ∼475 km (Figure 3b, pass #4). Both in situ density and TEC data show that the EIA
structure displays asymmetry, with a significantly wider southern crest. The peak values in the EIA crests were
∼3 × 106 el/cm3, which is ∼3 times greater than the crest values observed during quiet time conditions and ∼4/20
times greater to the normal density level observed at north/south midlatitude locations where these crests shifted
during the storm. In terms of TEC, the storm‐time EIA enhancement reached ∼83/104 TECU in the northern/
southern crests, whereas no clear crests were observed in the topside TEC during quiet‐time conditions with a
general level of ∼25 TECU near the equator and ∼5–15 TECU at midlatitudes. So, the TEC enhancement in the
EIA crests was at least 3–4 times higher than its quiet‐time level. Here in the American sector, the EIA crest‐to‐
crest distance reached around 60° in latitude, indicating an exceptional development of the EIA both in magnitude
and poleward expansion.

The pass #5 was near 77°W longitude in the American sector at ∼00 UT on 11 May 2024, both Swarm A and C
satellites encountered another asymmetry in the EIA with a much larger and broader northern crest spanning over
30° in latitude across Central America. Here, the EIA crest‐to‐crest distance was ∼40° in latitude, which is less
than what was observed during the previous satellite pass. In the northern/southern crests of the EIA, the storm‐
time TEC enhancement reached around 104/68 TECU, showing a ∼3 times increase from the quiet‐time values.
The ground‐based TEC level was ∼120 TECU here, meaning that topside TEC (above 500 km altitude)
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contributed ∼85% to the ground‐based value in the area of the northern EIA crest. Actually, this significant TEC
enhancement in the Northern Hemisphere is clearly seen in the ground‐based TEC maps after 21–23 UT on 10
May 2024 (Figures 2c and 2d, middle). This enhancement covers a large portion of Central and North Americas
and is most likely related to the development of the SED in the American sector.

In the next passes, the in situ density observations indicate a poleward expansion of the EIA crests by ∼20° toward
higher latitudes, however their peak values were lower than those seen in previous satellite passes over the
American sector, even approaching the quiet‐time peak values. The topside TEC observations (Figure 3b, passes
#6–7) showed much stronger effects, with the EIA crests exhibiting TEC enhancements up to ∼100 TECU

Figure 3. Swarm satellite observations of in situ electron density Ne and topside TEC plotted as a sequence of several consecutive overpasses on (left) geographical map
and (right) separate panels for (a, b) a tandem of Swarm A & C and (c, d) upper Swarm B satellite during 10–11 May 2024. Each separate panel presents Swarm
observations as a function of geographical latitude for the storm day (red curve) and previous quiet day (blue curve). The black curve represents Swarm C satellite
observations, where available.
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(increase by 2–4 times to the quiet‐time level) and a wide latitudinal separation of ∼40–50°. The EIA intensi-
fication with two distinct crests was detected to ∼150°W longitude in the Pacific Ocean and until ∼5–6 UT on 11
May 2024, shortly after the storm main phase ended and the IMF Bz turned northward near 05 UT (Figure 1a),
suggesting ending of favorable conditions for prompt penetration electric fields (PPEFs).

The upper Swarm satellite, Swarm B, entered the American longitudinal sector shortly before the storm onset and
then moved across longitudes in the Pacific Ocean (Figures 3c and 3d). The equatorial crossing time was ∼11 LT,
so the satellite can observe the pre‐noon formation of the EIA. During quiet‐time conditions, the Swarm B ob-
servations indicate the absence of two‐crest EIA structure, except for the pass #7 in the Australian sector, during
pre‐noon time at 11 LT in both in situ and topside TEC observations. This suggests that either the EIA was not
well‐developed or did not extend into the topside ionosphere above ∼500 km altitude. During the storm day of 10
May 2024, the pass #1 occurred at ∼80°W longitude in the American sector just prior to the storm onset. Both in
situ and topside TEC observations exhibit remarkable similarity to the quiet‐time conditions. After the storm
onset, the Swarm B observations detected significant intensification of the EIA in the topside ionosphere above
500 km altitude. The EIA crests separation reached ∼35–45° in latitude in contrast to their absence in the quiet‐
time conditions. Even in this pre‐noon early time sector, the peak values in the crests reached ∼2–3 × 106 el/cm3,
a level comparable to the evening‐time EIA enhancements observed by Swarm A&C satellites. The topside TEC
enhancements reached ∼70–90 TECU, while quiet‐time values varied from ∼5 to 10 TECU at midlatitudes to
∼20–30 TECU at the equator. Topside TEC observations from passes #3–4 in Figure 3d also confirmed an
extensive storm‐time TEC enhancement covered a large area in the Northern Hemisphere between 10°N and
60°N during 19–22 UT on 10 May 2024. This ionospheric enhancement was much stronger in topside TEC than
in in situ density observations. These signatures detected by the Swarm B satellite in the Pacific Ocean, spe-
cifically between 120°W and 150°W longitudes, are most likely a continuation of the large‐scale SED‐like
structure detected in limited ground‐based TEC observations over the North America sector (Figures 2c and
2d, middle).

4.3. GRACE‐FO Observations

The three Swarm satellites provided observations of the storm‐time EIA development at pre‐noon (11 LT) and
evening (19 LT) sectors. Another satellite mission, GRACE‐FO, luckily had orbit passes in this region with an
equatorial crossing time at ∼17 LT, allowing for insights into the after‐noon sector. The GRACE‐FO satellites
had an orbit altitude around 490 km, rather similar to the Swarm mission. Figure 4 shows a series of several
consecutive overpasses of GRACE‐FO over the Atlantic‐American‐Pacific sectors, as well as KBR‐derived in
situ electron density and topside TEC observations along these passes. During 17–18 UT on 10 May 2024, shortly
after the storm onset at 17:05 UT, the GRACE‐FO observations exhibit identical behavior as in the control, quiet
day (Figure 4, pass #1). The EIA started to experience a dramatic modification a few hours later, after 18–19 UT.
The most significant density increases in the EIA crests occurred between 20 UT and 23 UT in the American
sector (Figure 4, passes #3–4). At ∼22 UT (pass #4), the peak values in the EIA crests reached ∼3.5–4.1 × 106 el/
cm3, which is higher than the peak values in the crests observed here by Swarm at 19 LT (Figure 3a, pass #5). The
EIA crests separation was ∼40° in latitude. Comparing the TEC levels, the topside TEC in the northern crest over
Central America was approximately 117 TECU, whereas here, under quiet‐time conditions, it was only around 25
TECU. The ground‐based TEC over this area in Central America increased by two‐fold to around 130 TECU,
compared to the 55–60 TECU level during quiet‐time conditions the day before. Therefore, the ground‐based
TEC values in the northern EIA crest were primarily influenced by the topside TEC, contributing approxi-
mately 85%–90%. Furthermore, a distinct hump in both density and topside TEC is seen poleward from the EIA
crest, extending across low to midlatitudes (over 10–40°N) of the Northern Hemisphere, which can be associated
with the TEC enhancement in the root zone of the SED‐like structure discussed above.

Notably, the lack of a two‐crest structure in topside TEC data from quiet‐time satellite passes (#2–5, blue curves)
over the American sector suggests that the EIA did not extend much above 500 km, even at ∼17 LT in the af-
ternoon. During the storm's main phase, the EIA intensification led to a significant 2–6 times increase in topside
TEC and the formation of two large peaks in the topside ionosphere (above 500 km altitude). As the GRACE‐FO
satellite progressed over the Pacific Ocean (Figure 4, passes #5–7), the topside TEC enhancements at mid-
dlatitudes were found to be much larger in the Southern Hemisphere. Therefore, in the Northern Hemisphere, a
localized ionospheric enhancement at midlatitudes was largely confined to North and Central America only.
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4.4. COSMIC‐2 Observations

For Swarm and GRACE‐FO as polar‐orbiting satellites, each successive orbit pass will cross the equator
approximately ∼20°–25° further west in longitude than the previous one (e.g., Figures 3 and 4), meaning no re‐
visiting of the same geographical area for at least the next 10–12 hr. This restricts the ability of a single polar
orbiting satellite to provide information on how the ionosphere changes with time over a specific longitudinal
sector. Did we possibly overlook much stronger effects of the storm‐time EIA intensification due to specific
limitations in the Swarm and GRACE‐FO orbit configuration and available observational coverage on that
particular storm day? Here, only satellites with low inclination orbits have the capability to sample equatorial and
low latitude regions multiple times a day, allowing them to encounter repeatedly the same large‐scale ionospheric
structures, such as EIA crests.

Launched in 2019, the COSMIC‐2 equatorial constellation represents the largest satellite‐based observational
system designed to study the equatorial ionosphere. By evenly distributing six satellites around the globe in a
∼24° inclination orbit, the COSMIC‐2 mission can effectively study the equatorial and low latitude ionosphere
with a faster refresh rate than ever before. The COSMIC‐2 satellites operated at ∼525–550 km orbit altitude and
provided observations of in situ ion density and topside TEC along their orbits. Six COSMIC‐2 satellites are
marked here as C2E1 to C2E6.

Figure 5 provides an overview of in situ density and topside TEC variability from each COSMIC‐2 satellite during
9–11 May 2024. The plots are constructed as a function of geographical longitude and UT time to monitor
ionospheric changes on an orbit‐by‐orbit basis. The presence of a brighter area at each orbit, which shifts
noticeably as time progresses, indicates that the satellite encountered major ionospheric density/TEC enhance-
ments in the equatorial ionosphere during local daytime (∼12–16 LT) when the EIA becomes most developed
with the largest values in its crests. It is important to note that when a satellite re‐enters the same longitudinal
zone, it can be at the different distance from the magnetic equator, for example, at the EIA crest or EIA trough,
thus the recorded density level is highly dependent on a satellite location in the magnetic latitude (MLAT)
domain. As shown in Figure 5, the most significant enhancements in both in situ density and topside TEC data
over low latitude regions became noticeable after 17–18 UT on 10 May 2024. During the storm's main phase
between 17 and 03 UT on 10–11 May 2024, significant ionospheric enhancements occurred over a broad range of
longitude, specifically between 180°W and 30°W, most notably affecting the Pacific and American longitudinal
sectors. Later in time, the zone of ionospheric enhancements moved further toward the sunlit Asian sector (120°–

Figure 4. GRACE‐FO satellite observations of (a) KBR‐derived in situ electron density Ne and (b) topside TEC plotted as a sequence of several consecutive overpasses
on (left) geographical map and (right) separate panels during 10–11 May 2024. Each separate panel presents GRACE‐FO observations as a function of geographical
latitude for storm day (red curve) and previous quiet day (blue curve).
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Figure 5. Observations of (a) in situ ion density Ni and (b) topside TEC for six COSMIC‐2 satellites (C2E1–C2E6) plotted as a function of geographical longitude and
UT time during 09–11 May 2024. Data gaps are indicated by the color gray. Satellites had ∼525–550 km orbit altitude with low inclination (24°) in May 2024.
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180°E). Thus, analysis of the data collected from six COSMIC‐2 satellites covering the entire equatorial region
clearly indicates that the most significant ionospheric enhancements during the storm's main phase were over the
Pacific and American longitudinal sectors. These sectors were in daylight, the ionosphere was sunlit, and these
effects related mainly to the storm‐time intensification of the EIA due to super fountain effects.

Figure 6 provides a closer look at COSMIC‐2 observations specifically whitin the American‐Pacific sectors.
Quiet‐time conditions on individual plots are represented by dashed lines for reference. By examining topside
TEC observations for altitudes above ∼535 km under quiet‐time conditions, it is evident that mean values in the
American sector (150°–30°W) ranged from ∼15 to ∼30 TECU (dashed lines in Figure 6, middle panels). Within a
few hours after the storm onset, the topside TEC in this sector increased to ∼50 TECU (Figures 6a and 6b, middle
panels). At 20–21 UT (Figure 6c), satellites C2E3 and C2E4 registered the topside TEC enhancements up to 86
and 98 TECU respectively over Central/North America near 13°N, 100°W. The increase is 3–4 times that of
quiet‐time conditions. At 21–22 UT (Figure 6d), two satellites C2E4 and C2E6 appeared quiet symmetrical to
north and south of the magnetic equator over the Pacific. In the area spanning from 150°W to 110°W longitude,
they observed the topside TEC enhancements up to ∼95 TECU in the north and ∼75–80 TECU in the south, at
approximately 20° N/S MLAT.

At 22–23 UT (Figure 6e), satellite C2E6 re‐appeared in a rather similar location south from the magnetic equator
in the Pacific sector and still detected TEC increase of 75–85 TECU in this zone of ∼150°–120°W longitude. At
that time, two other satellites, C2E2 and C2E3, were observed appearing to the north of the magnetic equator,
above the Pacific Ocean just west of Central America. The C2E3 satellite detected a TEC enhancement of ∼100
TECU near 17°N, 115°W. Meanwhile, the C2E2 satellite, orbiting further north, encountered the same
enhancement zone in its sloping part, measuring ∼90 TECU near 22°N, 110°W. Just eastward of North America
closer to the sunset zone (60°–30°W in longitude), several COSMIC‐2 satellites detected a rapid drop in TEC
from ∼70 to 75 TECU level down to ∼15 TECU. These corresponds to a very deep depletion formed between EIA
crests as a large‐scale trough/hole in the evening sector seen in the ground‐based TEC observations after ∼22 UT
(e.g., Figure 2d, middle plot). The concurrent in situ ion density observations demonstrated a rapid drop of plasma
density by several orders of magnitude from ∼3.5 × 106 ion/cm3 to extremly low levels (under 104 ion/cm3,
approaching the lower limit of the IVM instrument sensitivity range) (Figure 6e, right plot). Such effects usually
happens during storm‐time plasma bite‐outs, when the ionospheric F layer is uplifted above the equator to alti-
tudes much higher than satellite orbits (here, ∼535 km).

The behavior of concurrent IVM ion density observations closely resembles that of topside TEC along the in-
dividual satellite passes (Figure 6, right panels). The largest ion density enhancements up to ∼4.6 × 106 ion/cm3

were observed by the C2E3 satellite when it appeared near the zone of 10°–20°N, 120°–100°W, westward of
Central/North America at 20–21 UT and 22–23 UT on 10 May 2024. These observations were made at around
25°N MLAT during conditions at approximately 14.2 LT and 15.2 LT. So far, these in situ density enhancements
were the largest ones among those recorded by COSMIC‐2, Swarm, and GRACE‐FO satellites. We should
mentioned that the rapid fluctuations in the IVM ion density data on the plots' right part related to the occurrence
of equatorial plasma bubbles in the post‐sunset period during both quiet‐time and disturbed conditions.

4.5. Spire Observations

For this storm, we were fortunate to have topside TEC observations from multiple satellites of Spire's commercial
mission. The orbit of several Spire satellites decreased near the end of their operational life, resulting in
exceptional ionospheric observations from a remarkably low altitude. Figure 7 provides a summary of topside
TEC observations from several Spire satellites, which crossed the American longitudinal sector during the main
phase of the May 2024 storm.

Figure 7a presents results for Spire satellite S149, which was a polar‐orbiting satellite with an orbit altitude
lowered to ∼360 km altitude as of 10 May 2024. The equatorial crossing time was ∼11 LT. In quiet‐time con-
ditions, the topside TEC observations provided further evidence that there were no observable signs of a two‐crest
EIA structure forming and being detected in topside TEC data at ∼11 LT, even for altitudes above 360 km. It
supports well the Swarm‐B results made also for ∼11 LT but above ∼510 km altitudes (Figure 3d). So, in the
quiet‐time the EIA was not developed well at ∼11 LT. The first orbit corresponds to 17.5–18.1 UT, shortly after
the storm onset, and we can see only minor intensification of EIA, primarily in the Southern Hemisphere. The
second pass occurred after ∼19 UT near 126°W in the Pacific Ocean. Here, the strongly intensified EIA was
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Figure 6. (a–g) Sequence of COSMIC‐2 observations with focus on the American sector between 18 UT on 10 May 2024 and 01 UT on 11 May 2024. Each row shows
geographical map with color‐coded topside TEC observations along six COSMIC‐2 satellite (C2E1–C2E6) tracks, and two separate panels with corresponding topside
TEC and in situ ion density Ni data plotted as a function of geographical longitude. Dashed lines show TEC and Ni variations under quiet conditions for reference. The
black line marks the magnetic equator, the shaded area shows terminator location and nighttime.
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detected with two well developed crests separated by ∼40° in latitude. The peak values were 93 TECU for the
northern EIA crest and 101 TECU for the southern crest. The third pass occurred at 20.6–21.2 UT near 148°W
longitude over the Pacific Ocean. Here, the peak values reached 102 and 126 TECU for the northern and southern

Figure 7. Spire satellite observations of topside TEC plotted as a sequence of several consecutive overpasses on (left) geographical map and (right) separate panels for
(a) Spire S149, (b) Spire S155, (c) Spire S113, and (d) low‐inclination‐orbit Spire satellites S119, S128, and S129 during 10 May 2024. Quiet‐time conditions on
individual plots are represented by blue or dashed lines for reference.
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EIA crests, respectively. The storm caused the topside TEC to rise to ∼2 times its quiet‐time level in the Northern
Hemisphere and ∼4–5 times in the Southern Hemisphere. The separation distance between EIA peaks reached
∼44° in latitude.

Figure 7b shows results for the S155 satellite, which was at an exceptionally low orbit of ∼320 km as of 10 May
2024. The equatorial crossing time, which was ∼14.3 LT, matches up well with the time when the EIA is expected
to be most developed and should have its largest crest values. One can see a rapid response of the daytime EIA to
the storm development. The first satellite pass occurred over South America (∼75°W) at ∼19 UT. The peak
values of topside TEC in the EIA crests reached 80/90 TECU for the northern/southern EIA crests. During the
second satellite pass at 20–21 UT, the peak value in the southern EIA crest increased to ∼135 TECU. At 22 UT,
the third satellite pass crossed the equator near ∼120°W longitude and traversed across North America. Here,
S155 registered a remarkable storm‐time intensification of the EIA with topside TEC enhancements across a wide
latitudinal range from 60°S to 50°N. The peak values reached 158 and 155 TECU for the northern and southern
EIA crests, respectively. The observed crest values during the storm are approximately twice as large as those
observed in the crests during quiet‐time conditions, and two to four times larger than the normal density level at
more poleward locations where these crests were displaced. The latitude separation between the EIA peaks was
also very large, around 52°. Given that the ground‐based TEC showed an increase to ∼190–200 TECU near the
northern EIA crest during that period, the Spire S155 topside TEC observations reaching 158 TECU imply that
the ionospheric density above ∼320 km altitude accounts for roughly 80% of the ground‐based TEC.

So far, the S155 satellite detected the largest topside TEC enhancements in the EIA region over the American‐
Pacific sector compared to all other LEO missions, discussed in this paper. The key factors that led into this are:
(a) the optimal LT when the EIA is most developed, and (b) the lowest orbit altitude (the vertical TEC above
∼320 km altitude should clearly exceed that above ∼500 km altitude). Additionaly, we need to note the existence
of hump‐ or shoulder‐like enhancements at midlatitudes in both the Northern and Southern Hemispheres, right
after the EIA crest locations. It suggests that besides the strong eastward electric fields that uplift the equatorial
ionosphere and greatly enhance the equatorial plasma fountain effects, leading to widespread EIA crests, other
mechanisms such as storm‐generated equatorward neutral winds also play a significant role in maintaining such
enhanced density levels at higher latitudes.

Figure 7c presents results from Spire S113 satellite, which operated at an orbit altitude of ∼385 km and had the
equatorial crossing time of ∼17.6 LT. As a result, it probed the EIA formation at a much later local time than the
two preceding satellites. The first pass near 22 UT observed two large EIA crests of ∼106/90 TECU over South
America, which were separated by ∼46° in latitude. The second pass at ∼23.5 UT observed a larger EIA crest of
∼111 TECU in the Southern Hemisphere and a smaller crest of ∼88 TECU in the Northern Hemisphere, separated
by ∼41° in latitude. A shoulder‐like TEC enhancement at ∼65–70 TECU level, located between 15°N and 40°N,
was detected over North America, further poleward from the northern EIA crest. The observed feature matches
closely with topside TEC observations from GRACE‐FO, showing a similar shoulder‐like structure at around 50
TECU level at the same time and in the same location over North America (Figure 4b, pass #5). Difference in
absolute TEC values may result from the ionospheric contribution between orbit altitudes, as orbits were at
∼385 km for S113 and ∼490 km for GRACE‐FO. This low to midlatitude enhancement most probably related to
SED formation over North America during the storm's main phase.

Additionally, in Figure 7d, we show topside TEC data from three Spire satellites (S119, S128, and S129) in low‐
inclination orbits (37°) during their passage over the American sector within the same time window (21.5–23.0
UT) on 10 May 2024. They had orbit altitudes that were fairly close together, ranging from 445 to 475 km. Due to
a much higher orbit inclination, these Spire satellites traversed over North America in a more northerly path
compared to the COSMIC‐2 satellites at that time window (Figure 6e). The Spire TEC observations demonstrate a
high degree of similarities both in shape and magnitude to the COSMIC‐2 TEC observations.

Here, COSMIC‐2 satellites (∼535 km orbit altitude) detected the largest TEC enhancements of ∼100 TECU near
17°N, 115°W and ∼90 TECU further poleward near 22°N, 110°W. The lowest Spire S119 satellite registered a
TEC enhancement of ∼104 TECU near 35°N, 115°W. Two other satellites S128 and S129 observed a similar TEC
enhancement of ∼90–93 TECU over ∼35–37°N, 120°W–110°W. These detections located roughly 15° north-
ward from COSMIC‐2 observations and align well with a largely extended zone of elevated TEC observed over
North America in ground‐based GNSS data (Figures 2c and 2d). The registered topside TEC enhancements
contribute by 60%–70% to the ground‐based TEC values observed here at midlatitudes of North America. Near
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60°–20°W longitudes, all three satellites traversed through the large‐scale plasma hole between evening‐time EIA
crests, registering an ubrupt drop in TEC. While passing over South America in close orbit tracks, both S119 and
S128 satellites registered a significant drop (∼10 times) in TEC from ∼95 TECU to ∼8 TECU over a short
longitudinal distance (∼10°). Such TEC drops within this plasma hole over the magnetic equator in South
America were also detected by several COSMIC‐2 satellites (Figure 6e). However, the Spire data very clearly
detected the southern wall of this large‐scale hole/trough. That strengthens the conclusion that the observed
ionospheric decrese is a very localized depletion/bite‐out, featuring distinct steep walls at both sides from the
equator, and not a gradual TEC/density decrease at night side.

4.6. High Altitude Satellites: DMSP and Jason‐3

Further, we analyzed available ionospheric observations collected by LEO satellites at significantly higher orbit
altitudes, specifically DMSP and Jason‐3. Figures 8a and 8b present in situ ion density observations registered
along ∼850 km orbit altitude by DMSP F18 and F17 satellites, respectively. Satellite F18 with the equatorial
crossing time of ∼15.9 LT traversed over the American‐Pacific sector first. The observations under quiet‐time
conditions demonstrate a single‐peak near the magnetic equator with modest maximal values of ∼0.2–
0.4 × 106 ion/cm3. The first strong effects started to be observed after ∼19–20 UT. The in situ plasma density at
that high altitude increased drastically to ∼1.0 × 106 ion/cm3, reaching around 5 times the quiet‐time level of
∼0.2 × 106 ion/cm3, over the northern part of South America (Figure 8a, pass #3). At 21–22 UT along pass #4,
satellite F18 encountered two distinct crests of the EIA at ∼1.05/0.92 × 106 ion/cm3 level, as well as a shoulder‐
like density enhancement spanning across 10°N–40°N in North America. That suggests that this enhancement,

Figure 8. High‐altitude satellite observations plotted as a sequence of several consecutive overpasses on (left) geographical map and (right) separate panels for in situ ion
density at ∼850‐km altitude for (a) DMSP F–18 and (b) DMSP F–17 satellites, and (c) downward‐looking TEC (0–1,330 km) for Jason–3 satellite during 10–11 May
2024. Each separate panel presents satellite observations as a function of geographical latitude for storm day (red curve) and previous quiet day (blue curve).
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which is most likely related to the SED formation in this region and detected in topside TEC by several lower LEO
satellites, extended well to much higher ionospheric/plasmaspheric altitudes even over North America mid-
latitudes. After ∼23 UT (Figure 8a, pass #5), satellite F18 continued to observe a remarkable expansion of the
daytime EIA reaching up to ∼0.9 × 106 ion/cm3 in the crests, that represent ∼4 times increase from the quiet‐time
level for location of the northern EIA crest and ∼8 times increase for the southern EIA crest. The separation
between northern and southern EIA crests as detected at ∼850 km altitude increased from ∼31° at pass #4–∼41°
at pass #5.

DMSP F17 satellite with a later equatorial crossing time of ∼18.3 LT appeared over the same region with the
closely located orbit tracks, but approximately 1.5 hr after F18. Figure 8b shows that at ∼22 UT along the pass #3,
the satellite F17 passed through the same structure close to the northern part of South America as F18 did at ∼20
UT. It detects that this single northern peak already reaching ∼1.0 × 106 ion/cm3, two hours ago, transformed
further into a more asymmetrical two‐peak EIA structure with the northern crest dominating and reaching an
impressive peak level of ∼1.35 × 106 ion/cm3, that represent ∼8 times increase from the quiet‐time level. This
particular region most probably related to the root region of the SED formation in the North American sector.
During passes #4–5, satellite F17 further detected signatures of the two‐peak EIA structure with a much stronger
northern crest, as well as a zone of significant denisty enhancement that extended toward midlatitudes (up to
∼40°N) over North America. While moving further into the Pacific Ocean from the west coast of North America
during passes #6–7, both satellites F17 and F18 continued to observe a significant increase in ion plasma density
at ∼850 km altitudes across a latitudinal range of 40°S–40°N, with midlatitude enhancements becoming more
prevalent in the Southern Hemisphere.

In contrast to satellite observations of up‐looking topside TEC (above satellite orbits) discussed earlier, Figure 8c
presents observations of downward‐looking TEC provided by the Jason‐3 altimeter mission below its orbit
altitude. It is important to mention that Jason–3 downward‐looking TEC (0–1,330 km) can be measured over
water surface only, so gaps occurred when the satellite passed over land/continents. With the equatorial crossing
time of ∼16 LT, the satellite is expected to observe a well‐developed daytime EIA while measuring the entire
ionospheric electon content across 0–1,330 km altitudes. During pass #1 within ∼1.5 hr of the storm onset, the
satellite overflied the Atlantic sector and observed a two‐peak EIA structure, very similar to a quiet‐time behavior
with maximal values of ∼90 TECU and the peaks separation of ∼25° in latitude. Later on, satellite overflied the
American continents and had data gaps in observation records. Partial data from pass #3 at ∼22 UT reveals a
significant intensification of the EIA just west of South America. Peak values of up to 180/140 TECU are
observed in the northern/southern EIA crests, with a latitudinal separation of approximately 40°. Here, in the
vicinity of the northern EIA crest near 100°W, the ground‐based TEC indicated an enhancement level of ∼190–
200 TECU. During pass #4, the satellite registered a well intensified EIA with peaks up to 155/125 TECU in the
northern/southern crests, with a much larger latitudinal separation of ∼47°. With respect to the EIA peak values of
∼96/79 TECU in the previous quiet day, the storm‐time increase in the peaks itself was only ∼1.6 times (∼60%).
However, the peak increase reached 2 times and more when comparing to the quiet‐time values at locations where
the peaks were moved. Also, the minimum observed at the EIA trough over the magnetic equator was ∼70 TECU,
similar to the quiet day, indicating that most significant changes occurred specifically at low to middle latitudes of
both hemispheres, where EIA crests shifted. It suggests that even in the daytime region with a fully developed EIA
(16 LT), the absolute values of the ionospheric TEC (0–1,330 km) did not undergo drastic changes (only ∼1.6
times in the peaks) and major effects were registered due to changes in the vertical density redistrubution (e.g.,
multifold increases in topside density and topside TEC) and in the meridional density redistribution (e.g., EIA
crests shifting to more poleward positions).

4.7. An Integrated Overview on the Storm‐Time Reaction of the Equatorial Ionization Anomaly in the
American/Pacific Sector

The analysis of ionospheric observations from multiple LEO satellite observations revealed that during the main
phase of the storm, the most prominent ionospheric enhancements occurred specifically in the American/Pacific
longitudinal sectors. In Table 1, we summarized the key characteristics of the observed storm‐time EIA en-
hancements. As we analyzed multiple missions with remote sensing (GNSS TEC) and in‐situ plasma probe
observations, this table was divided into two corresponding sections. For topside TEC, measured above a satellite
orbit, we include three Spire polar‐orbiting satellites operated at altitudes between 320 and 385 km, Swarm A at
∼475 km, GRACE‐FO at ∼490, Swarm B at ∼510 km. We also included downward‐looking TEC observation
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from the Jason‐3 satellite orbiting at ∼1,330 km and full‐range TEC from ground level up to ∼20,000 km altitude.
For in‐situ density measurements along satellite orbits, we include plasma density values from Swarm A and B
spacecrafts, GRACE‐FO, and higher‐orbit satellites DMSP F17 and F18 at an altitude of ∼850 km.

For topside TEC, the largest values in the EIA crests up to 158/155 TECU were registered by the lowest orbiting
satellite from the considered set, Spire S155 at ∼320 km altitude, near 22.2 UT (∼14.3 LT) on 10 May 2024. Other
satellites registered the EIA enhancements in the crests mostly within the range between 70 and 100 TECU, which
was quite significant given that the quiet‐time level was primarily ∼30 TECU. During the main phase of the
storm, the enhanced fountain effect resulted in a wider separation of the EIA crests as they shifted further
poleward from the magnetic equator. These high‐inclination‐orbit satellites registered the EIA crest‐to‐crest
distance mostly between 34° and 46° in latitude. The largest crests separation of 52° and 57° was observed
again by the lowest Spire S155 satellite at ∼22.1 UT (∼14 LT) near 120°W longitude in the Pacific Ocean and by
the Swarm A satellite at ∼22.7 UT (∼19 LT) near 53°W over South America/Brazil. The first satellite overflied

Table 1
Summary Table of the Storm‐Time EIA Enhancement in the American/Pacific Sector as Derived From Multiple LEO Satellite Observations

LEO Altitude UT (LT) Longitude Max in north/south crests Min in trough Crest‐to‐trough ratio Crest‐to‐crest distance

TEC TECU TECU

Spire S155 >320 km 22.2 (14.3) 120°W 158/155 79 2.0 52°

Spire S149 >360 km 19.3 (11.0) 126°W 93/101 44 2.3 40°

>360 km 20.8 (11.0) 148°W 102/126 56 2.2 44°

Spire S113 >385 km 22.0 (17.6) 65°W 106/90 49 2.2 46°

>385 km 23.5 (17.6) 87°W 88/111 58 1.9 41°

Swarm A >475 km 21.1 (19.1) 30°W 73/69 33 2.2 34°

>475 km 22.7 (19.1) 53°W 83/104 21 4.9 57°

>475 km 0.3 (19.1) 77°W 104/68 36 2.8 41°

GRACE‐FO >490 km 20.7 (17.1) 55°W 82/77 48 1.7 36°

>490 km 22.4 (17.1) 80°W 117/87 53 2.2 39°

>490 km 23.9 (17.1) 103°W 77/87 51 1.7 38°

Swarm B >510 km 19.5 (11.0) 128°W 79/70 31 2.5 35°

>510 km 21.0 (11.0) 151°W 90/72 41 2.2 43°

Jason‐3 0–1,330 km 21.7 (16.0) 91°W 180/139 63 2.8 40°

0–1,330 km 23.7 (16.0) 112°W 155/125 70 2.2 47°

Ground TEC 0–20,000 km 23.0 75°W 133/141 48 2.9 54°

In situ density ×106 cm−3 ×106 cm−3

Swarm A @475 km 21.1 (19.1) 30°W 1.05/2.24 0.03 74.9 38°

@475 km 22.7 (19.1) 53°W 2.87/2.94 0.006 511.0 60°

@475 km 0.3 (19.1) 77°W 2.59/1.78 0.78 3.3 42°

GRACE‐FO @490 km 20.7 (17.1) 55°W 1.95/3.39 0.48 7.0 43°

@490 km 22.4 (17.1) 80°W 4.10/3.69 0.87 4.7 40°

@490 km 23.9 (17.1) 103°W 3.13/3.27 1.37 2.3 41°

Swarm B @510 km 19.5 (11.0) 128°W 2.30/3.19 0.52 6.1 36°

@510 km 21.0 (11.0) 151°W 1.95/2.73 0.68 4.0 44°

DMSP F18 @850 km 21.7 (15.9) 85°W 1.05/0.92 0.42 2.5 31°

@850 km 23.4 (15.9) 111°W 0.90/0.93 0.40 2.3 41°

DMSP F17 @850 km 21.8 (18.3) 52°W 1.35/0.59 0.34 4.0 35°

@850 km 23.4 (18.3) 75°W 1.03/0.64 0.43 2.0 36°

@850 km 1.1 (18.3) 102°W 0.97/0.77 0.41 2.3 34°

Note. The largest values for each satellite mission are shown in bold.
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the daytime EIA at its most developed state, while the second one encountered the evening sector near sunset,
where eastward PPEFs can greatly enhance effects of the pre‐reversal enhancement (PRE) of zonal electric fields.
At that particular time, the conditions were remarkably favorable for PPEFs, coinciding with a prolonged period
of a steady southward IMF Bz from ∼19 until 22:31 UT with the minimum value of −43.4 nT recorded at 22:12
UT (Figure 1a). During that time, LEO satellites observed the most prominent EIA enhancement effects in
different sections of the EIA. The crest‐to‐trough ratio of the enhanced EIA ranged mainly between 1.7 and 2.2.
The largest ratio value of 4.9 was detected along the discussed pass of Swarm A satellite at ∼22.7 UT (∼19 LT)
near 53°W. Besides the higher values in the EIA crests and increased cres‐to‐crest separation, the EIA trough
experiences here a decrease to ∼21 TECU, marking the lowest trough value recorded in this part of the table. This
indicates the presence of strong E × B drifts and active conditions for fountain effects in the evening sector over
South America. Jason‐3 satellite, measuring the entire ionospheric content between 0 and 1,330 km, registered
largest TEC enhhancements in the crests up to 150–180 TECU, the crest‐to‐trough ratio of rather similar level of
2.2 and 2.8, as well as the EIA crests separation up to 40°–47° in latitude for conditions of ∼16 LT. The ground‐
based TEC is provided here for ∼75°W longitude, where we have observations of EIA crests and trough structures
in both hemispheres. Around 23 UT in the American sector, the ground‐based TEC showed a crest‐to‐trough ratio
of 2.9 and an EIA crests separation of 54° latitude, which are quite consistent with satellite observations.

Results from in‐situ plasma density observations indicate similar patterns in the EIA enhancements as topside
TEC. The observed EIA crest‐to‐crest distance ranged between 31° and 44° in latitude. The largest separation of
60° was observed along the same pass of Swarm A satellite at ∼22.7 UT (∼19 LT) near 53°W over South
America, where crests separation in topside TEC was ∼57° in latitudes, the largest one too. Along this pass, the
crest‐to‐trough ratio has an extreeme value of 511. That occurred due to the density drop in the trough region to an
extremely low level, indicating plasma bite‐out conditions, when strong equatorial plasma fountain uplifted
ionospheric plasma to much higher altitudes than the Swarm A satellite orbit (∼475 km) with further downward
plasma diffusion forming more poleward EIA crests. Plasma bite‐out conditions near the magnetic equator can
explain the very low values ∼21 TECU observed simultaneously in topside TEC within the EIA trough. For all
other satellites orbiting at ∼500 km altitude, the distance between crests was about 40° and the crest‐to‐trough
ratio varied from 2 to 7. For DMSP satellites orbiting at ∼850 km altitude, the distance between crests was
31°–41° in latitude and the crest‐to‐trough ratio varied from 2 to 4. Regarding the largest absolute values observed
in in situ density, the peak values of 4.1/3.7 × 106 el/cm3 were registered along the GRACE‐FO pass at ∼490 km
altitude near 80°W in the American sector at 22.4 UT (17.1 LT).

These values surpassed the density level of ∼2.9 × 106 el/cm3 observed near the same time in the dusk sector by
Swarm A satellite, when the largest EIA crests separation was registered. Also, topside TEC observations along
this GRACE‐FO pass were higher compared to those during the Swarm A pass (117/87 TECU vs. 83/104 TECU,
respectively). That indicates that values in the EIA crests corresponded to the topside ionosphere were larger
during ∼17 LT than those observed at ∼19 LT, even under conditions of strongly intensified equatorial plasma
fountain. The lowest Spire S155 satellite recorded the largest topside TEC values of 158/155 TECU near the same
time at ∼14.3 LT sector, further affirming this fact. Minimal density levels recorded in the EIA trough and
abnormal crest‐to‐trough ratios demonstrate that plasma bite‐out conditions were observed along several Swarm
A overpasses only.

In Figure 9, there is a summary plot that demonstrates the EIA crest detections in space‐based TEC observations
from different missions, showing the relationship with local time and geographic longitude. Figure 9a shows the
TEC peak values in the EIA crests as a function of magnetic latitude and local time. We have multiple satellite
observations covering the daytime sector from 10 LT to 20 LT, matching the expected time for the EIA to form
and fully develop. The storm‐time EIA peaks were predominantly spotted close to 20° MLAT, specifically be-
tween 18° and 23°, in both hemispheres and consistently across all considered local times. The most poleward
expansion of EIA crests up to 25°–27° MLAT were detected between 19 and 20 LT, which could be attributed to
the superposition of eastward PPEFs on PRE fields near the dusk sector. Figure 9b presents the same observa-
tional data set but plotted as a function of MLAT and geographic longitude. It is rather evident that poleward
expansion of the EIA crests to near the same 20°MLAT level occurred in various longitudes spanning from the
Pacific to American sectors. This largest expansion up to 25°–27° MLAT was detected at 50°–60°W longitudes in
South America.
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5. Summary
We investigated the global ionospheric response during the main phase of the 10–11 May 2024 geomagnetic
storm using a comprehensive set of 20 LEO satellites that operate at orbit altitudes between 320 and 1,330 km and
provide ionospheric observations like in situ plasma density or TEC. The main findings of this study can be
outlined as follows:

1. The global maps of ground‐based TEC demonstrates that during the storm's main phase (17–03 UT) the
drastic TEC enhancements started to develop ∼2 hr after the SSC and were associated with strong storm‐time
intensification of the EIA in the dayside ionosphere over the Pacific and American sectors. The ground‐based
TEC increased to ∼200 TECU. The most significant TEC enhancements were observed in the American
longitude sector, in terms of both magnitude and spatial extent toward middle latitudes.

2. Data from six evenly spaced COSMIC‐2 satellites, which continuously monitor the equatorial ionosphere
around the globe, revealed that the most significant ionospheric enhancements during the storm's main phase
occurred predominantly between 180°W and 30°W in the Pacific and American longitudinal sectors, which
were in daylight.

3. As detected by multiple satellites, the crests of the storm‐enhanced EIA expanded poleward to ∼18°–23°
MLAT and remained consistent near this level across different local times (10–20 LT). However the largest
EIA expansion with crests reaching 25°–27° MLAT in both hemispheres was detected between 19 and 20 LT,
which could be attributed to the superposition of eastward PPEFs on PRE fields near the dusk sector.
Specifically, this largest expansion was detected at 50°–60°W longitudes in South America. Under the quiet
conditions, the EIA crests located near usual 10°–15° MLAT.

Figure 9. Meridional expansion of the EIA crests in terms of magnetic latitude (MLAT), plotted as a function of (a) local time
(LT) and (b) geographic longitude, during the main phase of the storm. Symbols represent various LEO missions, while
colors represent the observed TEC value.
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4. For topside TEC, the largest values in the EIA crests up to ∼158 TECU were registered by the lowest orbiting
satellite from the considered set, Spire S155 at ∼320 km altitude, near 22.2 UT (∼14.3 LT) on 10 May 2024.
Other satellites registered the EIA enhancements in the crests mostly within the range between 70 and 100
TECU, which was quite significant given that the quiet‐time level was primarily ∼30 TECU in topside TEC.
In the American sector with available ground‐based coverage, the registered topside TEC enhancements
contibuted ∼60%–90% into the ground‐based TEC.

5. It was found that the EIA crest‐to‐crest separation expanded to 40°–60° in latitude. In topside TEC, the largest
crests separation of 52° and 57° was observed by the lowest Spire S155 satellite at ∼22.1 UT (∼14 LT) near
120°W longitude in the Pacific Ocean and by the Swarm A satellite at ∼22.7 UT (∼19 LT) near 53°W over
South America/Brazil. The first satellite overflied the daytime EIA at its most developed state, while the
second one encountered the evening sector near sunset, where eastward PPEFs can greatly enhance effects of
the PRE of zonal electric fields. The largest crest separation of 60° was observed concurrently in in situ data
along this Swarm A satellite overpass at ∼22.7 UT.

6. Jason‐3 satellite, measuring the entire ionospheric content between 0 and 1,330 km, registered the largest
TEC enhhancements in the EIA crests up to 150–180 TECU (comparing to ∼90 TECU maximum level in
quiet time) during 21–24 UT in the American sector and the EIA crests separation was up to 40°–47° in
latitude for conditions of ∼16 LT.

7. DMSP satellites revealed significant enhancements of plasma density at ∼850 km altitude between 40°S and
40°N in the American–Pacific sector during the main phase of the storm. They observed clear signatures of
the two‐peak EIA at those high altitudes with the distance between crests was 31°–41° in latitude and the
crest‐to‐trough ratio varied from 2 to 4. The observed plasma density enhancements in the EIA crests indicate
a rise of approximately 4–8 times compared to the quiet‐time levels.

8. After ∼21 UT on 10 May 2024, a dramatic large‐scale plasma density hole was formed over the magnetic
equator in South America (60°–30°W longitude) near local sunset. The in situ plasma density observations
from Swarm A and several COSMIC‐2 satellites demonstrated a rapid drop of plasma density by several
orders of magnitude from ∼3.0 to 3.5 × 106 ion/cm3 to extremly low levels (under 104 ion/cm3, approaching
the lower limit of the instrument sensitivity range), suggesting strong plasma bite‐out effects, when the
ionospheric F layer was uplifted above the equator to altitudes much higher than satellite orbits. Low‐
inclination‐orbit COSMIC‐2 and Spire satellites, traversing through this structure, registered a sharp drop
in topside TEC from ∼70 to 95 TECU level down to ∼8–15 TECU.

9. Apart from the significantly intensified EIA expanded in latitude and altitude, the pronounced ionospheric
enhancement, associated with SED formation, was observed at low to midlatitudes (0°–40°N) of North
America during 21–24 UT on 10 May 2024. In satellite observations, it appeared as a large‐scale shoulder‐
like structure located poleward from the northern crest of the EIA. This structure was detected well in the
topside ionosphere, even at DMSP orbit altitudes.

10. The largest ionospheric effects were observed in ground‐based TEC and LEO satellite observations during
19–24 UT on 10 May 2024.

11. Finally, Global Electron Content index, calculated from Global Ionospheric Maps of ground‐based TEC,
revealed a pronounced increase by 20%–30% in the general level of density in the Earth's ionosphere during
19–24 UT on 10 May 2024. It suggests that the storm caused not only the ionospheric plasma redistribution
like poleward EIA expansion due to the enhanced equatorial plasma fountain, but actually produced a notable
increase of the ionospheric density on a global scale level, considering that this GEC value already includes
all concurrent negative storm effects on the night side of the Earth.

Thus, during the storm's main phase (17–03 UT) the ionospheric enhancements (positive storm) started to develop
∼2 hr after the SSC and the most significant ionospheric enhancements were registered between 19 and 24 UT on
10 May 2024. This time window coincided with the prolonged period of the steady southward IMF Bz from ∼19
until 22:31 UT with the minimum value of −43.4 nT at 22:12 UT, along with a steady positive interplanetary
electric field dawn‐to‐dusk component Ey, potentially associated with penetration electric fields from high to
equatorial latitudes (Figures 1a and 1d). The long‐duration PPEFs are often considered as a primary physical
mechanism leading to significant enhancements of ionospheric density and TEC at low and middle latitudes in the
early stages of the storms (e.g., Huang, Foster, Goncharenko, et al., 2005; Lin et al., 2005). During intense
geomagnetic storms, the dawn‐to‐dusk electric field will be eastward in direction on the dayside, and thus the
PPEFs of eastward polarity can greatly intensify the normal equatorial plasma fountain (E × B plasma drift),
leading to so called “super fountain” effect—a phenomenon of dramatic plasma uplift and its subsequent
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redistribution from low to mid latitudes under the influence of eastward‐directed PPEFs (e.g., Tsurutani
et al., 2004, 2008). Due to the significantly larger electric fields, the equatorial plasma on the dayside will be
raised to higher altitudes and latitudes than usual. Under such conditions, the EIA can be largely intensified
expanding poleward with the crests shifted to midlatitudes (e.g., Abdu, 1997; Balan et al., 2010; Mannucci
et al., 2005; Tsurutani et al., 2004). If it occurs in the local time sector with domination of solar ionization
production, then plasma densities can be continuously restored at lower altitudes, thus further supporting plasma
source for fountain effect and leading to substantial increases observed in density and TEC. As a result of the
ionospheric plasma uplift higher into the topside, the plasma gets transported to regions where recombination
occurs more slowly, which also assists in keeping TEC levels consistently high. The second outstanding area is
the dusk sector, where the eastward PPEFs can have the maximum intensity (e.g., Fejer et al., 2008; Huang, 2023;
Richmond et al., 2003) and can overlap the normal PRE fields. Under the combined effect of eastward PPEFs and
PRE resulting in a much larger upward E × B drifts, the evening equatorial ionosphere may experience significant
uplift causing deep plasma bite‐outs of the F region plasma density at the magnetic equator, which can not be
restored by production processes due to very late LT. Plasma uplifted to much larger altitudes can further diffuse
down along the magnetic field lines with a much larger apex, causing EIA crests to form at locations even more
poleward from the magnetic equator than during daytime. Moreover, when the main phase of storms corresponds
to dusk conditions in the South Atlantic and the South America/Brazilian sector, these effects may be much
stronger due to enhanced conductivity gradient resulting from the energetic particle precipitation in the South
Atlantic Magnetic Anomaly region (Abdu et al., 2005, 2008). Thus, eastward PPEFs play the key role in the
storm‐time EIA intensification and poleward expansion of both EIA crests toward midlatitudes, resulting in large‐
scale positive ionospheric storm effects during the early stages of geomagnetic storms. However, model simu-
lations demonstrate that storm‐time EIA enhancements produced by the PPEF effects on its own can be smaller
than those resulting from a combined effect of PPEFs and storm‐generated equatorward neutral winds (e.g., Balan
et al., 2010; Lin et al., 2005). The equatorward neutral winds can reduce the downward plasma diffusion along
magnetic field lines and can rise the ionosphere to higher altitudes with smaller recombination rates—thus, it
helps to accumulate plasma and maintain TEC at high level, especially at midlatitudes. Also, the equatorward
neutral winds contribute significantly to the formation of SED structure at midlatitudes (e.g., Pokhotelov
et al., 2021).

Therefore, the major ionospheric effects registered during the main phase of the May 2024 geomagnetic storm are
consistent with the known physical mechanisms and development patterns, which are rather classical for
geomagnetic storms in the past (e.g., Wang et al., 2010). The largest positive ionospheric effects occurred at low
and middle latitudes in the daytime (14–17 LT) and evening sectors, associated with significant intensification of
the EIA under the action of eastward PPEFs. The extreme EIA expansion with crest separation up to 60° in
latitude along with the huge plasma bite‐out (negative ionospheric response) near the magnetic equator were
observed in the dusk/evening sector (19–20 LT) directly over the South America/Brazilian region, where such
effects are anticipated to be larger. The huge plasma hole near the equator and the striking shift of the southern
EIA crest to very high latitudes over South America were well captured by the GOLD (Global‐Scale Observations
of the Limb and Disk) UV observations (Karan et al., 2024). According to the ionosonde observations from the
equatorial stations in Brazil, the ionospheric F layer rose rapidly to altitudes exceeding 1,000 km in the post‐
sunset period under the action of eastward‐directed PPEFs (e.g., Fagundes, 2024; Resende et al., 2024). Satel-
lites traversing this plasma hole at ∼500 km altitude registered drops to extremely low values of plasma densities.
Concurrently, topside TEC observations also revealed a substantial drop (factor of 8–10) in values from ∼70 to 95
TECU level down to ∼8–15 TECU; this level is small, yet non‐zero, since topside TEC incorporates both topside
ionospheric and plasmaspheric electron contents up to 20,000 km altitude.

The observed ionospheric enhancements up to ∼200 TECU in ground‐based TEC and ∼100–155 TECU in the
topside TEC were found to be quite high in comparison with the pre‐storm quiet time levels. From low to
midlatitudes, the daytime ionosphere was found to expand extensively into the topside, thus topside TEC above
400–500 km was the primary contributor into the ground‐based TEC (0–20000 km). For example, after 21–22 UT
on 10 May 2024, the ground‐based TEC showed an increase to ∼190–200 TECU near the northern EIA crest over
North America, while the Spire S155 satellite observed here ∼158 TECU, indicating that the topside ionospheric
content above ∼320 km altitude constituted about 80% of the ground‐based TEC at that time and region. Here in
North America, the super fountain effects led to the strongly intensified EIA with the crests already shifted to
∼25° MLAT and the formation of the significant TEC enhancements at low to mid‐latitudes just poleward of the
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northern EIA crest, further serving as the SED base for the SED plume formation over North America (inves-
tigated in detail by Themens et al., 2024; Aa et al., 2024).

The ionospheric disturbances occurred during the main phase of the May 2024 superstorm were very intense and
complicated with some extreme (both high and low) values registered in the American sector. However, we
should also mention that the observed TEC enhancements can be considered as relatively moderate in comparison
with the ionospheric effects of the October 2003 superstorm (SYM‐H min of −412 nT). The storm‐time iono-
spheric enhancements did not reach the level of ∼200–300 TECU observed in the topside TEC by CHAMP
satellite at ∼400 km orbit altitude while crossing the enhanced EIA crests (at ∼30° MLAT) over the Pacific region
at ∼13 LT during the October 2003 superstorm (Mannucci et al., 2005; Tsurutani et al., 2008), as well as the level
of ground‐based TEC, which exceeded 250 TECU in the SED plume over North America (e.g., Foster &
Rideout, 2005). For the case of May 2024 storm, the strongest ionospheric enhancement were observed during
19–24 UT on 10 May 2024, coinciding with a period of the steady southward IMF Bz (near −30 to −40 nT)
between 19:05 UT and 22:31 UT and the interplanetary electric field dawn‐to‐dusk component (IEF Ey), asso-
ciated with PPEFs, was steady positive (20–26 mV/m). For the 30 October 2003, the spectacular EIA
enhancement associated with the super fountain effects due to PPEFs was also registered during a prolonged
period of the southward IMF Bz of a quite similar magnitude (near −30 to −35 nT), while the IEF Ey surpassed
40 mV/m (Mannucci et al., 2005; Figure 2). So, the intensity of the eastward electric field, and its effect on the
overall TEC increases and ionospheric uplift, was substantially greater during geomagnetic disturbances on 30
October 2003 than on 10 May 2024. Also, the F10.7 flux, which is also correlated with ionospheric ionization
levels, reached 237 during the May 2024 storm and much larger value of 275 during the October 2003 storm,
whereas the monthly averaged F10.7 values showed the opposite trend (190 in May 2024 vs. 140 in October
2003). Thus, other factors such as preconditioning, seasonal effects, background density level, storm duration
(e.g., arrival of multiple consecutive CMEs over several days vs. single event), neutral winds and composition
changes, can strongly impact an occurrence and magnitude of the storm‐time ionospheric TEC/density en-
hancements; however, the qualitative and quantitative impacts of those factors cannot be isolated and determined
based solely on observational data.

Model simulations are required to identify importance of key physical drivers in generation major ionospheric
enhancements of the storm‐time EIA, producing differences in altitudinal plasma density redistribution and
pronounced asymmetries observed at low and midlatitudes of the Northern and Southern Hemispheres, and this
detailed overview of storm‐time ionospheric observations from major satellite missions can aid in further model‐
data comparisons.

Data Availability Statement
The geophysical parameters data are available through the NASA GSFC Space Physics Data Facility's OMNIWeb
service (https://omniweb.gsfc.nasa.gov/ow.html), GFZ‐Potsdam (https://kp.gfz‐potsdam.de/en/; Matzka
et al., 2021) and SuperMAG (https://supermag.jhuapl.edu/; Gjerloev, 2012). The IGS Global Ionospheric Maps are
available through NASA EarthData portal (https://cddis.nasa.gov/archive/gnss/products/ionex/; login required).
Swarm observations are available through the ESA Earth Observation Portal (https://swarm‐diss.eo.esa.int/; login
required). GRACE‐FO data are provided through the Information System and Data Center (ISDC) GFZ‐Potsdam
(http://isdcftp.gfz‐potsdam.de/). COSMIC‐2 observations are provided by UCAR COSMIC Data Analysis and
Archive Center (CDAAC) (UCAR COSMIC Program, 2019). Spire observations are provided by UCAR CDAAC
(https://data.cosmic.ucar.edu/gnss‐ro/). DMSP observations are provided through the NOAA National Centers for
Environmental Information (NCEI) portal (https://www.ncei.noaa.gov/data/dmsp‐space‐weather‐sensors/access/
). Jason‐3 observations are available through the NASA Physical Oceanography Distributed Active Archive Center
(PO.DAAC) portal at Desai (2016). The GNSS observations are provided by SONEL (https://www.sonel.org),
CORS (https://geodesy.noaa.gov/corsdata/rinex), EUREF (https://gnss.bev.gv.at/at.gv.bev.dc/data/obs/), Natu-
ral Resources Canada (webapp.geod.nrcan.gc.ca; login required), Canadian High Arctic Ionospheric Network
CHAIN (https://chain‐new.chain‐project.net/data/), SOPAC (http://garner.ucsd.edu/pub/rinex/), Brazilian
Network for Continuous Monitoring of the GNSS Systems RBMC (https://geoftp.ibge.gov.br/informacoes_
sobre_posicionamento_geodesico/rbmc/), SWEPOS (swepos.lantmateriet.se; login required), IGN France
(https://rgp.ign.fr/DONNEES/diffusion/), Instituto Geografico Nacional Espana (https://datos‐geodesia.ign.es),
Italian Geodetic Data Archiving Facility (geodaf.mt.asi.it), TrigNET (trignet.co.za; login required), RAMSAC
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https://cddis.nasa.gov/archive/gnss/products/ionex/
https://swarm-diss.eo.esa.int/
http://isdcftp.gfz-potsdam.de/
https://data.cosmic.ucar.edu/gnss-ro/
https://www.ncei.noaa.gov/data/dmsp-space-weather-sensors/access/
https://www.sonel.org
https://geodesy.noaa.gov/corsdata/rinex
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https://rgp.ign.fr/DONNEES/diffusion/
https://datos-geodesia.ign.es


CORS NGI Argentina (https://www.ign.gob.ar/NuestrasActividades/Geodesia/Ramsac/DescargaRinex; Piñón
et al., 2018), Australian GNSS Data Center (https://data.gnss.ga.gov.au/docs/home/gnss‐data.html).
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