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Abstract – On May 10, 2024, one of the most
intense geomagnetic storms of the 25th solar cycle was
triggered by multiple coronal mass ejections (CMEs).
These CMEs reached Earth’s magnetosphere at 17:05
Universal Time (UT), causing an intense geomagnetic
storm, with the SYM-H index dropping as low as�518 nT.
The main phase lasted for 9 hrs and resulted in complex
effects in the coupled magnetosphere–ionosphere system.
Within a few hours of onset, a strong penetration electric
field developed, leading to an eastward electric field in
the equatorial region. This eastward electric field caused
significant redistribution of plasma over the equatorial
and low-latitude ionosphere. Ionosonde data fromAscension
Island recorded a unique ionogram with multiple satellite
traces and steep electron density gradients. In this article, we
investigate this ionogram. Using simultaneous observations
from SWARM in situ data and GPS data, we attempt to
explain this multilayered structure. SWARM observations
indicate that a strong equatorial ionization anomaly (EIA)
began developing in the low latitudes from 19:00 UT. As
the storm progressed, this anomaly was pushed to higher
latitudes, reaching as far as 40°S. GPS total electron con-
tent data also recorded similar enhancements over the
American sector. This EIA structure is visible on the iono-
gram as a steep gradient in the satellite traces. This study
highlights how superstorms, such as the one on May 10,
2024, can profoundly reshape the ionospheric geometry
at low latitudes, generating tilts and steep density gradi-
ents in the bottomside of the ionosphere.

1. Introduction

Geomagnetic storms are global events that occur
when the Earth’s magnetic field interacts with magnetized
plasma erupting from the Sun, resulting in a significant
transfer of energy to the magnetosphere–ionosphere
coupled system. The interplanetary electric field can
continuously penetrate to the low-latitude ionosphere
without significant shielding for several hours [1]. The
dynamics of the equatorial and low-latitude ionosphere
during geomagnetic storms are primarily controlled by
two electric fields, the prompt penetration electric field
(PPEF) [2, 3] and the ionospheric disturbance dynamo
(IDD) [4–7]. The PPEF results from the field-aligned

currents in the magnetosphere. The effects of the PPEF
can be instantaneous and short lived, causing immediate
changes in the ionospheric electric fields [8, 9]. The IDD
is a result of Joule heating in the high-latitude ionosphere
and takes a few hours to develop [10].

The storm of May 10, 2024, was caused by the
arrival of multiple coronal mass ejections (CMEs) cast
from the Sun. These CMEs merged in interplanetary space,
forming a complex, high-density, and fluctuating magnetic
field structure. The SYM-H index dropped as low as
�512 nT, and the AE index peaked at 3982 nT. This
storm induced significant disturbances in the global
midlatitude ionosphere, with pronounced storm-enhanced
density observed in both hemispheres and substantial
plasma density enhancements on the poleward side of
equatorial ionization anomaly (EIA) crests around 640
magnetic latitude [11]. During this storm, the disruptions
in the electric field and neutral wind pattern drastically
changed the equatorial plasma. The speed of the EIA crest
movement was asymmetric and observed to merge with
auroras, potentially leading to the vanishing of the midlati-
tude ionosphere [12]. This G5-class storm and its associ-
ated flares severely affected the low-latitude ionosphere,
causing HF blackouts and affecting GPS and navigation
systems [13].

The present study investigates a very peculiar iono-
gram observed over the Ascension Island (7.95°S, 14.36°W,
dip latitude~20°S) during the storm. Further investigation
of this ionogram was performed by using simultaneous
data from SWARM electron density and Global Naviga-
tion Satellite System total electron content (GNSS-TEC).
On the basis of the results, a mechanism is proposed that
could have led to the formation of such an ionogram. This
study may provide valuable insights into the behavior of
the bottomside ionosphere under storm-time conditions.

2. Data Sets and IGC Method

In this study, we conducted a multi-instrument anal-
ysis to investigate the May 10, 2024, geomagnetic storm
and its impact on Earth’s ionosphere. The ionospheric
response at low latitudes was investigated by using both
ground-based and satellite observations over Ascension
Island. Ionograms from the Digisonde at Ascension Island
were retrieved from the SAO explorer software (version
3.6.3). The Digisonde at Ascension Island is an advanced
digital ionosonde equipped with a crossed-dipole, four-
antenna receiving array system. This configuration enables
high-resolution angle-of-arrival (AoA) determination,
including both azimuth and zenith angles. The AoA
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information for each echo is processed and made available
through the SAO Explorer software (https://giro.uml.edu/
sao-explorer.html). In situ electron density variations were
studied by using data from the SWARM satellite and is
available at the European Space Agency Swarm Data
Access System (https://swarm-diss.eo.esa.int/). Finally,
GNSS data from international stations, sourced via the
Madrigal database, were used to analyze TEC variations
in the ionosphere (https://cedar.openmadrigal.org/list/).

3. Results and Discussion

The geomagnetic storm of May 10, 2024, was the
most intense storm in the past two decades. The interac-
tion of these CMEs with the Earth’s magnetosphere and
ionosphere led to significant redistribution of plasma in
the low-latitude ionosphere. To observe the ionospheric
response of this storm, ionosondes can be used. An iono-
sonde operates by transmitting HF radio waves to probe
the ionosphere and retrieve electron density information.
Echoes are observed where the perpendicularity condition
is met, producing monostatic echoes, reflections that return
in the same direction as the transmitter. Under quiet condi-
tions, for a plane-stratified ionosphere, monostatic echoes
purely originate from the vertical direction. However, in the
presence of a tilted ionosphere, the perpendicularity condi-
tion can be satisfied at multiple points causing monostatic
reflections from a tilted ionosphere. These additional echoes
received from off-vertical directions were termed satellite
traces (STs) by McNicol et al. [14] in 1956.

Figure 1a displays a quiet day ionogram (May 9,
2024) from the Digisonde at Ascension Island. The color
scale represents the direction of the echoes. The pink curve
corresponds to the O mode, whereas the green curve repre-
sents the X mode, both originating from the vertical direc-
tion. Remaining colors in the color scale indicate oblique
monostatic echoes from a tilted ionosphere. On a quiet
day, only a single virtual height curve is observed for
each mode (one O mode and one X mode) at 200 km.
Note that a second trace is also observed in Figure 1a at
400 km (2F trace), which results from multiple reflections
of the transmitted signal from the overhead ionosphere.
This trace appears at twice the virtual height of the pri-
mary 1F trace and similar to the 1F trace, results from
reflection from the overhead ionosphere. No additional
echoes from off-vertical reflections are observed on the
quiet day ionogram. However, on the storm day (Figure 1b),
multiple echoes received at oblique angles, originating from
various azimuth directions, can be observed on the iono-
gram: northwest (dark blue); southwest (light pink); and
southeast (light green).

The Digisonde provides azimuth and zenith angle
information for each individual echo, which can be
accessed by using the SAO Explorer software. By plotting
the echoes corresponding to specific AoA, we manually
identified and traced the distinct ionospheric traces. These
manually scaled traces are numbered as 1 to 8 in Figure 1b.
In this particular ionogram, multiple STs (traces 1, 5, 6, 7,
and 8) can be observed, and even in the vertical direction,

we can observe three distinct curves (traces 2, 3, and 4). In
addition, the virtual height curves show a sharp decrease in
critical frequency from the south to north direction. This
sharp decrease indicates a sharp electron density gradient
over a narrow region where the reflections occur.

To further understand this interesting ionogram,
we analyzed data from the SWARM satellite and GNSS
TEC. The SWARM satellites operate in low Earth, pro-
viding latitudinal variations in electron density, and the
SWARM A satellite was orbiting over the region of
interest. Figure 2a illustrates the satellite’s path at 21:06
Universal Time (UT), and Figure 2b presents the elec-
tron density variations along this path. The blue curve
represents data from May 9, 2024 (a quiet day), and the
red curve corresponds to May 10, 2024 (the storm day),
with the star symbol marking the location of Ascension
Island. Note that usually during the quiet days, the EIA
peaks are located north of Ascension Island, but on the
storm day, the EIA peaks formed at low latitudes. The
Ascension Island lies on the decreasing phase of the EIA
crest in the Southern Hemisphere.

However, the SWARM pass is at 21:06 UT, whereas
the ionogram is observed at 21:30 UT. To further analyze
the ionogram, GNSS-TEC observations were used.
Figure 2c shows TEC variation with time from the
corresponding longitude (15°W). The intersection of the
pink lines marks the location of Ascension Island at 21:30
UT. Note that as soon as the storm commenced, an enhance-
ment occurred in the EIA structures, which were further
moved poleward as the storm progressed.

The local time of Ascension Island indicates that
the joint forcing of the PPEF and prereversal enhancement
played a key role in the observed super-enhanced TEC

Figure 1. Ionograms from Ascension Island comparing a quiet day
ionogram (top panel) with an ionogram observed on the day of storm
(bottom panel).
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over Ascension Island during 20:00 UT to 21:00 UT
(19:00 to 20:00 Local Time (LT)). The super-foun-
tain effect, due to the strong PPEF, led to the pole-
ward movement of the EIA. Furthermore, the narrow
peaklike structure observed by the SWARM satellite
and the TEC can be attributed to the combined effects
of two primary mechanisms: 1) PPEF led to an upward
E 3 B drift, thereby intensifying the EIA; 2) auroral heat-
ing generated equatorward winds, contributing to ele-
vated TEC, which produced a distinctive narrow peak of
the EIA crest [15].

Further, to better visualize the ionosphere during
this event, we plotted the ionogram traces (Figure 1b) in
their respective AoA. The SAO Explorer software pro-
vides information about the azimuth and zenith angles of
the echoes; however, the angular resolution is relatively
coarse. In a single direction, multiple STs can be observed;
for example, in Figure 1b, four dark blue STs are received
from the northwest direction. In reality, these echoes likely
arrive from slightly different angles. Therefore, for visu-
alization purposes, we assumed slightly different values
for the AoA.

The observed azimuth and zenith angles are the
following: azimuth (in degrees) 150, 0, 0, 0, 330, 330,
330, 330; and zenith (in degrees) 30, 0, 0, 0, 30, 30, 30,
30. For the purpose of our plot, we assume the signals
are received at azimuth 150, 150, 0, 330, 330, 330, 330,
330; and zenith 30, 10, 0, 10, 25, 30, 35, 40.

Figure 3a shows the ionogram traces as a function
of virtual height and latitude. The color bar represents the
electron density. Note that the plotted curves represent

virtual height profiles, not true height electron density pro-
files. The virtual height of an echo is calculated on the basis
of the time of flight of the transmitted signal and is there-
fore always greater than the true height in that direction.
However, the electron density information measured along
that direction remains accurate.

Traces 1 to 3 show a high electron density. This
structure likely is the southern crest of EIA. Due to strong
PPEF, the EIA crests were moved to lower latitudes.
Figure 3b provides a pictorial representation of what
the ionosonde might be observing. Because Ascen-
sion Island is located near the southern EIA crest, it
observed a strong gradient in the ionogram traces in
the north–south direction. Traces 1 and 2 that arrive
from the south of Ascension Island observe a high
electron density structure, likely associated with the
equatorial wall of the EIA crest. Because they originate
from the EIA crest, they appear at lower altitudes, con-
sidering they are reflected from the bottomside of the
crest. Traces 4 to 8, on the other hand, observe a depleted
ionosphere on the northern side of Ascension Island.
These traces originate from higher altitudes, because
they are reflected from a region of the ionosphere that
was lifted due to E 3 B drift. These observations

Figure 3. The top panel shows the ionogram plotted in the latitude–
altitude plane along the direction in which the echo was received. The
bottom panel shows a pictorial representation of the ionospheric structure
as inferred from the observed ionogram.

Figure 2. The figure shows (a) the SWARM satellite pass near
Ascension Island, (b) the latitudinal variations of electron density
observed by the SWARM satellite, and (c) the GNSS-TEC observations
at 15oW longitude. The intersection of pink lines shows the location of
island during the observed event.
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highlight the severe effects of storm-time electric fields
on the low-latitude ionosphere.

4. Summary and Conclusion

This study investigates ionospheric disturbances
over Ascension Island during the geomagnetic storm of
May 10, 2024. The Digisonde at Ascension Island recorded
a unique ionogram with multiple STs. Further analysis
revealed that an enhanced EIA structure was present
during the storm, leading to this distinctive ionogram.
By visualizing the ionogram in the altitude–latitude
plane, the enhanced EIA structure can be clearly observed.
This event demonstrates how the storm caused severe
redistribution of plasma over the equatorial and low-
latitude region.
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