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Abstract –This study’s objective is to better specify the rare occurrence of super equatorial plasma bubbles
in particular to the European longitude sector, detailing their spatio-temporal evolution, and better
understanding pre-conditions for their development. Our comprehensive multi-instrument analysis
combined ground-based and space observations from GNSS, ionosondes, and several satellite missions
(COSMIC-2, GOLD, Swarm). We have investigated the ionospheric response to the 23–24 April 2023
severe geomagnetic storm and have shown the formation of super plasma bubbles expanding from
equatorial latitudes to middle latitudes in the European/African sector during the main phase of the storm.
Formation of these super bubbles was associated with storm-induced prompt penetration electric fields. We
found that the area affected by the formation of numerous plasma bubbles covered more than 5000 km
ranging from 30�W to 30�E in the Atlantic/African sector. The bubbles also had an impressive north-south
extension, reaching as far poleward as ~30�–35� latitude in both hemispheres. After 20 UT on 23 April
2023, the zone with equatorial ionospheric irregularities reached Northern Africa, the Iberian Peninsula
(Spain, Portugal) and the Mediterranean Sea in southern Europe, including areas of the Canary Islands
(Spain) and the Azores and Madeira Islands (Portugal) in the Atlantic Ocean. The ionospheric irregularities
persisted for 5–6 h and began to fade after ~01 UT on 24 April 2023. COSMIC-2 scintillation measure-
ments showed intense amplitude scintillations (S4 above 0.8) across this entire region, indicating presence
of small-scale ionospheric irregularities inside the extended plasma bubbles. During this storm, EGNOS
(European Geostationary Navigation Overlay Service) experienced degraded performance, with significant
navigation errors recorded at its southernmost stations in Northern Africa, Spain, Portugal, and their
territories, which were affected by super plasma bubbles. This paper presents conclusive observational
evidence showing development of the super plasma bubbles significantly expanding into the southern
Europe and northern Africa region under geomagnetically disturbed conditions in April 2023.
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1 Introduction

Equatorial ionospheric irregularities represent a typical post-
sunset quiet-time phenomenon, also known as equatorial plasma
bubbles (EPB) or equatorial Spread-F (ESF). After sunset, the
equatorial ionosphere becomes unstable because of Rayleigh–
Taylor instability (Hysell, 2000; Kelley, 1989). Large-scale
plasma density depletions can form and expand to high altitudes
up to 1000 km in the vertical direction (Tsunoda et al., 1982;

Woodman & La Hoz, 1976). Such plasma density depletions
have east-west dimensions of ~50–250 km, can extend over
1,000 km in the magnetic north-south direction, and drift typi-
cally eastward at speeds mainly in the range of 100–200 m/s
(Haerendel, 1974; Kintner et al., 2004; Mukherjee et al.,
1998). Depending on season, location, and solar activity level,
the quiet-time post-sunset EPBs occur primarily within a
±10�–15� range of magnetic latitudes (MLAT). The EPB phe-
nomenon poses one of the major space weather threats to
space-based communication and navigation systems in geomag-
netically quiet conditions.*Corresponding author: irinaz@ucar.edu
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During geomagnetic storms, prompt penetrating electric
fields (PPEFs) of magnetospheric origin can instantly impact
the equatorial ionosphere and the formation of regular post-sun-
set EPBs. In the dusk sector, storm-induced eastward-directed
electric fields amplify the regular pre-reversal enhancement
electric fields, resulting in a more dramatic EPB development
due to a substantial uplift of the ionosphere to higher altitudes
where the Rayleigh–Taylor instability growth rate is maximized
(Abdu et al., 1995, 2003; Basu et al., 2007; Huang, 2023). The
storm-driven uplift of the equatorial ionosphere and plasma bite-
outs can displace the storm-induced EPBs to locations far from
the magnetic equator, occasionally even reaching midlatitudes,
up to 35� MLAT (e.g. Basu et al., 2005). The apex altitude
of these storm-induced EPBs may also be very high, exceeding
thousands of kilometers above the magnetic equator (Aarons
et al., 1996, 1997; Huang et al., 2007; Martinis et al., 2015).
This space weather phenomenon represents one of the most
challenging threats to GNSS-based operations at midlatitudes
due to its unpredictability.

The term “super plasma bubble” was first introduced by Ma
& Maruyama (2006) is one of the earliest reports of post-sunset
plasma bubbles reaching midlatitudes (30�–34�N, 31� MLAT,
Japanese sector) during the February 12, 2000, geomagnetic
storm. Huang et al. (2007) described an occurrence of signifi-
cant plasma density depletions linked to EPB at midlatitudes
(reaching 46�–49� MLAT) in the American sector, based on
the DMSP observations during the October 2003 superstorm.
During the past two decades, more papers with EPB detections
at midlatitudes during geomagnetic storms of different intensity
have been published (Aa et al., 2018, 2019; Cherniak &
Zakharenkova, 2016, 2022; Cherniak et al., 2019; Li et al.,
2009; Martinis et al., 2015; Nishimura et al., 2021; Rodrigues
et al., 2021; Sun et al., 2023, 2024; Zakharenkova & Cherniak,
2020, 2021) – confirming that storm-induced super plasma
bubbles reaching midlatitudes is not as rare phenomenon as
we thought before. Most of these papers were focused on the
American and Asian longitudinal sectors.

Observational evidence of super plasma bubbles occurring in
the European/African longitudinal sector is quite limited. Thus,
Cherniak & Zakharenkova (2016) reported the first registration
of the super plasma bubbles in southern Europe for the June
2015 geomagnetic storm using ground-based GNSS measure-
ments [TEC (Total Electron Content) and ROTI (Rate of TEC
Index change)] and in situ data of plasma density from Swarm
and DMSP satellites. Ionospheric irregularities were observed
for more than 8 hours in the sector ~40–45�N (~35–40�N
MLAT), ~0–35�E; they were connected to the plasma bite-out
in the dusk sector over west African longitudes (Cherniak
et al., 2019). Katamzi-Joseph et al. (2017) reported plasma
depletions in GNSS TEC and DMSP ion density observations
as detected over southern Europe during the main phase of the
April 2000 and 2001 geomagnetic storms. In a recent study by
Campuzano et al. (2023), storm-induced ionospheric irregulari-
ties were detected over the Iberian Peninsula using data from a
digital ionosonde and several GNSS stations in Spain during
two moderate storms, which occurred in February 2014 and
September 2021. As our observational capabilities expand, the
occurrence of ionospheric irregularities at midlatitudes is becom-
ing a subject of growing interest, particularly in Europe.

With the present study, we aim to expand the existing
knowledge and database of extreme events with post-sunset

super plasma bubbles in Europe by investigating their occur-
rence and development during the recent 22–23 April 2023
geomagnetic storm in the European/African longitudinal sector.

2 Data and methodology

We analyze the following observational data:
1) Ground-based GNSS ROTI: ROTI expresses the sharp-

ness of the GPS/GNSS signal phase fluctuations caused by iono-
spheric irregularities and by strong spatial gradients of TEC.
ROTI is calculated as a standard deviation of the time differential
of TEC over 5 min (Aarons et al., 1997; Pi et al., 1997). Details
of the data processing and ROTI calculation were described by
Cherniak et al. (2014, 2018) and Zakharenkova et al. (2016).
For this study, we utilized GNSS signals provided by the
GPS, GLONASS, Galileo, and BeiDou systems. The ROTI
values were computed for each GNSS satellite pass (elevation
above 20�) over a ground-based station. The multisite ROTI
values were binned into a geographic grid with 0.5� latitude
and longitude spacing in order to generate global ROTI maps
at 5-minute intervals.

2) Multi-instrument COSMIC-2 observations: To date, the
COSMIC-2 (Constellation Observing System for Meteorology,
Ionosphere, and Climate) 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 satellite altitude, electron density profiles
obtained with the radio occultation method, amplitude (S4) and
phase (sigma phi) scintillations. Each satellite is also equipped
with an Ion Velocity Meter (IVM) instrument (Heelis et al.,
2017) to provide in situ ion density, composition, and
temperature along the low inclination satellite orbits at �525–
550 km altitude, enabling simultaneous detection of EPBs across
different local times/ longitudinal sectors (Zakharenkova et al.,
2023). The IVM ion density was calibrated using COSMIC-2
GNSS data (Wu et al., 2022). To analyze occurrence and
development of the storm-induced EPBs, we used IVM total
ion density (Ni) observations, amplitude scintillation (S4) obser-
vations, and Back Propagation (BP) geolocations (“ivmLv2”,
“scnLv2”, and “scnGeo” Level-2 products).

3) In situ electron density (Ne) observations provided by the
Langmuir Probe onboard the Swarm B polar-orbiting satellite
operated at ~500 km altitude. The Swarm electron density data
is accessible as a Level-1b product (“EFIxLPI_1B”) on the
European Space Agency Earth Online portal. The Swarm
mission consist of the three satellites – A, B, and C. Here, we
used only Swarm B measurements, as its orbit was located in
the evening sector during the April 2023 storm. The Swarm
B crossed the equator around 7.9 LT and 19.8 LT.

4)Global-Scale Observations of the Limb and Disk (GOLD)
night-time optical images of atomic oxygen 135.6-nm
emissions.

5) Ionosonde ionograms recorded by the El Arenosillo digi-
sonde station in Spain.

6) Scintillation measurements provided by INGV (Istituto
Nazionale di Geofisica e Vulcanologia) scintillation receiver
in Lampedusa, Italy.
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7) EGNOS (European Geostationary Navigation Overlay
Service) positioning accuracy performance reports.

3 The April 2023 Geomagnetic storm: space
weather conditions

The coronal mass ejection (CME) which erupted from the
Sun on 21 April 2023 resulted in a severe geomagnetic storm
on the Earth on 23–24 April 2023. The shock hit the Earth’s
magnetosphere at ~17:45 UT on 23 April 2023. Figure 1 pre-
sents variations of the solar wind, interplanetary, and geophys-
ical parameters during 22–24 April 2023. The geomagnetic
storm commencement was registered at 17:45 UT on 23 April
2023 with a rapid increase of solar wind velocity, going from
~350 km/s to 500 km/s (Fig. 1b), and of solar wind pressure
from ~2 to 8 nPa (Fig. 1c). The interplanetary magnetic field
(IMF) north-south component Bz was near �5 nT just before

the storm started at ~17:45 UT (Fig. 1a). After that, it turned
southward down to �20 nT and remained steady southward
(�20 to 25 nT) for several hours until ~21 UT on 23 April
2023, thus maintaining the magnetic field reconnection at the
Earth’s magnetopause. At 21 UT, the IMF Bz turned northward.
In Figure 1f, the SYM-H provides the strength of the equatorial
ring current and, consequently, the geomagnetic storm. During
the first main phase of the storm that lasted until ~22 UT,
the SYM-H reached a minimum of �179 nT with another
intermediate minimum of �121 nT at 19:25 UT. Later, during
the second main phase of the storm, which lasted from ~01 until
04 UT on 24 April 2023, the SYM-H reached a minimum of
�218 nT. The AE (auroral electrojet) index increased above
500 nT after ~09 UT on 25 August 2018, and multiple AE
peaks exceeding 1,000–1,500 nT were registered during
18–22 UT on 23 April 2023 (Fig. 1e). During 18–21 UT on
23 April 2023, the 3-h Kp index reached value of 8+
(Fig. 1d), corresponding to a G4 “severe” level in NOAA’s geo-
magnetic storm classification.

Figure 1. (a) Interplanetary magnetic field (IMF) Bz component, (b) velocity, and (c) dynamic pressure of the solar wind, (d) 3-h Kp index,
(e) SuperMAG auroral electrojet index AE, and (f) SYM-H index during 22–23 April 2023. The yellow shading shows time when plasma bite-
outs and strong equatorial plasma bubbles formed in the European/African sector.
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Figure 2. Ground-based GNSS ROTI observations during 18–05 UT on 23–24 April 2023. The grey shading shows nighttime, and the thick
black line is the magnetic equator. The central meridian is 0� and the longitude/latitude grid has a 30� interval. High ROTI values (intense red
color) depict strong ionospheric irregularities of equatorial and auroral origin.
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4 Results

4.1 Ground-based GNSS observations

We present an overview of the storm-induced ionospheric
plasma density irregularities of equatorial origin that reached
European midlatitudes in the main phase of the April 2023 geo-
magnetic storm. We examined the ground-based GNSS data

and used the GNSS ROTI mapping technique to identify and
geolocate ionospheric irregularities in regions with dense
networks of ground-based GNSS stations.

Figure 2 presents a sequence of the GNSS ROTI maps
centering on the European/African sectors (0�E central merid-
ian) for selected epochs on 23–24 April 2023 during the main
phase of the storm. We have excellent data coverage in the
European region (30�–80�N latitude) due to very dense regional

Figure 3. (a) Map of south-western Europe with Spain and Portugal borders. (b) High-resolution ground-based GNSS ROTI observations over
this region for 21:30 UT on 23 April 2023. (c–d) GNSS ROTI keograms representing spatio-temporal signatures of storm-induced plasma
disturbances at two different longitudes (4�E and 8�E) in south-western Europe on 23–24 April 2023. White/blank cells at the bottom are due to
the data absence. The location of the El Arenosillo digisonde station in southern Spain is shown as a blue asterisk on map (a).
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and national networks of GNSS stations. However, there is a
significant data gap in central Africa due to the lack of
ground-based stations.

The first ROTI map on Figure 2a shows conditions at 18 UT
on 23 April 2023, at the beginning of the storm. Here we already
see increased auroral activity (AE index was larger than 1,000–
1,500 nT; Fig. 1e) depicted as an expanded zone of the auro-
ral irregularities oval at high latitudes of the Northern
Hemisphere. The intense auroral ionospheric irregularities
(ROTI > 0.8–1 TECU/min) were detected well down to 60�N.
Also, there are some signatures of the post-sunset EPBs in the
eastern African and Indian sectors (eastward of 30�E). Over
the next hour (Fig. 2b), signatures of intense ionospheric irregu-
larities associated with post-sunset EPBs progressed further
westward, to the west coast of central Africa (~10�E).

Starting from 20 UT on 23 April 2023 (Fig. 2c), the ROTI
maps reveal equatorial irregularities extending to Northern
Africa, covering a range of 15�W – 15�E in longitude and
25�–35�N in latitude. Since we have proper data coverage
across Europe, we can confirm the absence of ionospheric irreg-
ularities in the central part of Europe, shown by a wide band of
blue color, that acts as a dividing boundary between the south-
ern zone with ionospheric irregularities from Africa and the

northern zone with the high latitude auroral irregularities. The
existence of several GNSS stations on islands in the Atlantic
Ocean enabled us to detect ionospheric irregularities in the
conjugate region in the Southern Hemisphere too. Notably,
ionospheric irregularities in central and southern Africa
occurred in the post-sunset, but those expanding to Northern
Africa stretched into the sunlit ionosphere ahead the sunset
terminator passage.

In the next few hours between 21 and 00 UT (Figs. 2d–2g),
the zone with equatorial ionospheric irregularities, already
reaching Northern Africa and the Iberian Peninsula in southern
Europe, continued to expand further north-westward, including
to areas of the Canary Islands (Spain) and the Azores and
Madeira Islands (Portugal) in the Atlantic Ocean. This zone,
spanning 20�–40�N latitude and 35�W–15�E longitude,
extended over 5000 km (~50� longitude). The intense iono-
spheric irregularities remained present for 5–6 h in this area
and began to fade after ~01 UT on 24 April 2023 (Figs. 2h–2l).

The ground-based GNSS ROTI data showed very intense
ionospheric irregularities stretching far north and south from
the magnetic equator covering large parts of Northern Africa
and southwestern Europe. In the southern European mainland,
this mainly corresponds to the Iberian Peninsula region, which

Figure 4. (a)–(d) Sequence of several consecutive Swarm B satellite overpasses (magenta line) plotted over GNSS ROTI maps during 17–22
UT on 23 April 2023, along with Swarm in situ electron density (Ne) variations plotted as a function of geographical latitude for the storm day
(magenta line) of 23 April 2023 and the reference day (blue line) of 22 April 2023. The thin horizontal line on density plots marks the magnetic
equator location.
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encompasses Spain and Portugal. To provide a closer look at
this region, Figure 3a presents a map of the Iberian Peninsula,
featuring the borders of Spain and Portugal. Figure 3b shows
a snapshot of high-resolution ROTI maps for that region at
21:30 UT on 23 April 2023. We can see that the ionospheric
irregularities reached as far north as ~40�N, impacting the
southern parts of Portugal and Spain. Also, intense ionospheric
irregularities were detected in the western Mediterranean Sea,
here on this map over 6�W–6�E, in particular affecting regions
of the Spanish Balearic Islands Mallorca and Menorca.

To better illustrate the evolution of storm-induced iono-
spheric irregularities in southern Europe, we examined two
particular longitudes: 8�W (approximately the border between
Spain and Portugal) and 4�E (near the Mallorca and Menorca
islands). Figures 3c–3d display keograms of ROTI for 23–24
April 2023 along longitudes 8�W and 4�E. The keograms show
the average ROTI value within a ±1.5� band around a selected
longitude, plotted against time (UT) and geographic latitude.
For higher latitudes (poleward of ~60�N), the ROTI keograms
show a similar pattern – intense ionospheric irregularities
occurred in this sector after ~14 UT on 23 April 2023. The zone
with auroral irregularities expanded from high latitudes toward
midlatitudes and reached as far south as 54�N during 19–20 UT,
when the AE index had peak intensification above ~2,000 nT
(Fig. 1e). Also, very intense high latitude irregularities were
observed over 60–70�N during 22–08 UT into the next day
of 24 April 2023. Most of the European midlatitudes were in
a zone with an absence of ionospheric irregularities (blue color
on Figs. 3c–3d). After ~20 UT, an area with intense ionospheric
irregularities rapidly emerged from the south, extending as far
north as 40�N. The northward expansion of ionospheric irregu-
larities appears to be stronger in the western longitude (8�W;
Fig. 3c) than in the eastern longitude (4�E) in the Mediterranean
region. That can be explained by the north-westward tilt of
ionospheric irregularities seen in Figures 2c–2f, as irregularities
were stretched largely towards the central part of the Atlantic
Ocean. The ionospheric irregularities affected the region from
~20 UT on 23 April to ~02 UT on 24 April 2023. Throughout
that period, the ionospheric irregularities originating from the
south were well isolated from the zone of high latitude auroral
irregularities that affected Europe from the north.

4.2 Swarm in-situ observations

The large data gaps in ground-based GNSS observations in
central Africa make it difficult to trace the evolution of storm-
induced EPBs over the region of its direct origin if relying
solely on this data source. Fortunately, satellite observations
allow us to partially reconstruct the picture. Here, we analyzed
in situ plasma density data from the Swarm B satellite in a polar
orbit of ~88� inclination with an orbit altitude of ~500 km. On
23 April 2023, Swarm B crossed the equator around 19.8 LT,
which was a very fortunate local time just after sunset, allowing
us to trace the initial phase of the EPB development.

Figure 4 shows a series of four consecutive Swarm B
overpasses that occurred in the African longitudinal sector at
the proper time, from 17 to 22 UT on 23 April 2023. Figure 4a
depicts the situation for 17.1–17.6 UT on 23 April 2023, prior to
the storm onset. The Swarm B satellite passed over the eastern
African region near 36�E. The satellite trajectory was slightly
westward from the area where the ionospheric irregularities were

detected in ground-based ROTI data over the eastern African and
Indian sectors. The Swarm B in situ density observations showed
no irregularities over the equatorial and low latitude regions;
density variation was very smooth with the two crests of the
equatorial ionization anomaly (EIA), whose locations and
magnitude were quite similar to the conditions on the previous
quiet day (blue line on Fig. 4a, right). The next Swarm overpass
was near 12�E in central Africa during 18.7–19.2 UT (Fig. 4b). It
encountered a wide depleted region near the equator and plasma
density structures over 0�–22�N (~ ±10� MLAT), which may
correspond to the beginning stage of the storm-induced EPBs
development over central Africa. Figure 5c presents the situation
after 20 UT. The ground-based ROTI observations showed an
expansion of the intense ionospheric irregularities from the
equatorial region towards much higher latitudes, as far as
~10�–25�S to the south and ~25�–35�N to the north towards
northern Africa and southern Europe. The Swarm B satellite next
went over the western Africa region near 11�W. At an altitude of
~500 km, the Swarm B encountered a wide plasma bite-out
over the magnetic equator as broad as 20� in latitude and strong
plasma density structuring and depletions at ~25–35�N and
0–30�S. The large extension of these ionospheric structures from
equatorial to higher latitudes covered the range of EPB apex
height from ~1500 km to ~3000 km. The Swarm in situ plasma
density observations during the storm differ drastically from the
density variation in the previous quiet day (blue line, Fig. 4c,
right). The next Swarm B pass over the region was near 22
UT at ~35�W longitude in the Atlantic Ocean (Fig. 4d). The
satellite in situ plasma density measurements showed a largely
intensified EIA with a very deep and wide trough near the
equator, the crests were displaced to ~26�N and ~11�S, corre-
sponding to ~18� MLAT. Unlike in two previous overpasses,
there were no irregular structures or depletions observed between
the EIA crests at equatorial latitudes. However, a small area
with plasma density structuring was detected between latitudes
36�–44�N, further poleward from the northern crest of the
EIA. This detection aligns with the high ROTI values observed
in this region (Fig. 4d), corresponding with the area of intense
ionospheric irregularities extending from northern Africa
towards the Atlantic Ocean in the northwest direction.

Thus, Swarm in situ observations confirmed the presence of
strong ionospheric irregularities over the African sector during
the storm’s main phase. It also shows clear evidence that intense
ionospheric irregularities along the magnetic equator were con-
fined to a limited longitude range, for just two orbits (Figs. 4b
and 4c).

4.3 COSMIC-2 in-situ observations

The ability to detect EPB signatures in satellite in situ
plasma density observations greatly depends on the satellite
orbit inclination. For polar orbiting LEO (Low-Earth-Orbit)
satellites, each successive orbit will cross the equator approxi-
mately 20�–25� further west in longitude than the previous
one (e.g. Swarm B passes on Fig. 4), meaning no re-visiting
of the same geographical area for at least the next 10–12 h. This
restricts the ability of a single polar orbiting satellite to trace
how EPBs evolved in a particular longitudinal sector. Satellites
in low inclination orbits are the only ones able to revisit
equatorial and low latitude regions multiple times daily, increas-
ing the chances of encountering the same plasma depletion
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Figure 5. COSMIC-2 satellite tracks (color-coded) and IVM in situ ion density (Ni) along these tracks for a sequence of 1-h time intervals
(a)–(i) during 17–02 UT on 23–24 April 2023. The thin black line on the maps marks the magnetic equator, the grey shading shows nighttime.
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structure again – for example, the Communication/Navigation
Outage Forecasting System (C/NOFS) satellite (Huang et al.,
2011, 2013).

Launched in 2019, the COSMIC-2 equatorial constellation
represents the largest satellite-based observational system
designed to study the equatorial ionosphere (Weiss et al.,
2022). For the COSMIC-2 mission, the configuration of six
satellites distributed evenly around the globe in a ~24� inclina-
tion orbit provides an opportunity to encounter plasma depletion
structures with a sampling rate that is much faster than any
single satellite could provide. Figure 5 gives an overview of
storm-induced plasma depletions development in the European/
African longitudinal sector as detected by COSMIC-2 IVM
in situ density measurements. With six satellites in low-inclina-
tion orbits, we can achieve multiple satellite encounters in the
sector of interest within 1 h – that can support detection of
plasma depletions by multiple satellites and offer insights into
the latitudinal variations of those depletions. Six COSMIC-2
satellites are marked as C2E1 to C2E6.

The first map for 17–18 UT on 23 April 2023 (Fig. 5a)
demonstrates that several COSMIC-2 satellite tracks took place
over Africa, with predominantly smooth ion density variations
along these tracks. Moving further east from Africa, the two
satellites C2E1 and C2E3 (black and green lines, respectively)
encountered plasma density depletions in the area between
45�–60�E. The next map in Figure 5b illustrates the conditions
for 18–19 UT just after the onset of the geomagnetic storm, coin-
ciding with sunset over central Africa. Here C2E1 and C2E4
observed deep plasma density depletions (rapid drops in plasma
density by several orders of magnitude) in the area spanning
10�–25�E in longitude. C2E1, positioned closer to the magnetic
equator, detected significantly stronger depletions compared to
C2E4 overflying Northern Africa at ~25�N (~15�N MLAT).
Another satellite C2E6 (magenta line on Fig. 5b) crossed south-
ern Africa at ~30�–35�S MLAT and did not observe any
irregularities in plasma density variations. In the following hour,
19–20 UT (Fig. 5c), C2E2 (red line) crossed the magnetic equa-
tor in Africa. Observations show that the region with intense
plasma density depletions extends further west (following
the sunset terminator), now covering a longitudinal range of
0�–25�E.

Figure 5d shows the situation for 20–21 UT, when the entire
African longitudinal sector was in post-sunset conditions. The
storm has already been developing for several hours, with a
steady southward IMF Bz (Fig. 1). Here C2E2 and C2E4
appeared in Northern Africa and recorded a drastic evolution
of the ionospheric irregularity area—plasma bubbles became
much more frequent (trains of bubbles) and very intense (drops
by 2–3 order of magnitude relative to the background density)
and they now covered a broad area of more than 50� in longi-
tude, ranging from 25�W to 25�E. The next map shows the
development of the situation for 21–22 UT (Fig. 5e). At that
time, only one satellite, C2E3 (green line), passed through the
equatorial region of central Africa. It detected broad plasma
density depletions and signatures of plasma bite-outs between
10�W and 30�E (Fig. 5e, bottom plot), that started not from
10�W but rather from 18�W in the previous hour (Fig. 5d, green
line in bottom plot). When two other satellites C2E5 and C2E6
passed over the same region in the Atlantic Ocean near ~15�W
in longitude and ~26�S (~35�S MLAT) in latitude, they both

observed a deep plasma density depletion over this region,
meaning that plasma bubbles had already extended to ~35�
MLAT in the Southern Hemisphere. This is consistent with
ground-based ROTI observations that detected intense irregular-
ities over that part of the Atlantic Ocean during 21–22 UT
(Figs. 2d and 2e). With low inclination satellites, our observa-
tional range is restricted by orbits, making it difficult to assess
the full latitudinal (north–south) extent of the EPB structures.
Nevertheless, for the depletion identified by two satellites at
(26�S, 15�W), the estimated apex altitude was very high,
~3000 km. C2E1 crossed the magnetic equator near 35�W
and detected here a broad depletion in plasma density that
was different from the typical signature of plasma bubbles. This
depletion is most likely related to a strong deepening of the
trough during intensification of the EIA, as observed by the
Swarm B satellite directly over that area (Fig. 4d). During
22–23 UT (Fig. 5f), three satellites, C2E2, C2E3 and C2E4,
passed over central and northern Africa. They all detected fur-
ther evolution of the zone affected by intense plasma density
depletions, now extending nearly 6000 km in longitude, from
30�W to 30�E. The satellite tracks of C2E3 and C2E4 were
closer to the magnetic equator, and they encountered significant
plasma density depletions (drops in plasma density of ~3 orders
of magnitude). During the next few hours (Figs. 5g–5i),
COSMIC-2 satellites passing over the African sector observed
numerous plasma density depletions, which persisted into the
later post-midnight time.

It is important to emphasize that in situ observations from
different COSMIC-2 satellites clearly showed that the storm-
induced ionospheric irregularities in the African longitudinal
sector were confined to the same longitudinal range between
30�W and 30�E from ~20 UT on 23 April (~1–2 h after sunset)
to later into the night. That can explain the absence of the equa-
torial irregularities detected during the Swarm B crossing near
35�W longitude after 22 UT on 23 April 2023 (Fig. 4d) – that
orbit location was just outside the longitude range where the
strong plasma depletions formed.

From this, we see the effectiveness of COSMIC-2 in situ
measurements from multiple satellites in tracing the occurrence
and evolution of the equatorial ionospheric irregularities during
geomagnetic disturbances. We also see the advantages and lim-
itations of different satellite orbit inclinations, comparing polar
and equatorial orbits. We can definitely obtain more valuable
information from the combination of satellite observations at
various orbits, if the data are available.

Figure 6 presents an example of combining data from differ-
ent missions, Swarm and COSMIC-2, both orbiting at
~500–550 km altitude. The satellites traversed through the
European/African longitudinal sector at 20–21 UT on 23 April
2023. This Figure provides a more in-depth view of what we
previously discussed in Figures 4 and 5. The polar-orbiting
satellite Swarm B crossed the sector from 50�N to 30�S, moving
southward along ~11�W longitude, during 20.32–20.67 UT.
From an altitude of ~500 km, it detected signatures of midlati-
tude irregularities at ~25–37�N in north-western Africa and just
westward from the Iberian Peninsula and Gibraltar, and a broad
area of plasma bite-out near the magnetic equator between lati-
tudes 20�N and 0�N.

At around the same time, from 20.30 UT to 20.62 UT, the
COSMIC-2 satellite C2E4 passed over the region of Northern
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Africa from west to east. Roughly 23 min later, C2E2 crossed
the Northern Africa region on a trajectory that was relatively
close to C2E4. The orbit altitudes were ~525 km and 530 km
for C2E4 and C2E2, respectively. Both COSMIC-2 satellites
observed numerous intense plasma density depletions spanning
between 20�W and 20�E in longitude. Near the longitude of
11�–12�W, where the Swarm B detected a plasma bite-out
over the equatorial latitudes, both COSMIC-2 satellites showed
the presence of a plasma density depletion of approximately

4–5� wide in the west–east direction with a density drop of
~2.5–3 orders of magnitude. Due to the westward tilt of plasma
bubbles in this region (see the magnetic field line directions on
the map), the depletion located slightly further west for C2E4,
whose track was more northward than the C2E2 track. This
perspective reveals that the Swarm B trajectory passed
directly through this depletion zone of ~4–5� wide. Thus,
COSMIC-2 satellites, intersecting this depletion in the zonal
direction, measured a width of ~4–5� in longitude, while

Figure 6. Combined view of in situ ion/electron plasma density in the European/African longitudinal sector at 20–21 UT on 23 April 2023.
(a) Geographical location of satellite overpasses: Swarm B and two COSMIC-2 C2E2 and C2E4. The thick black line marks the magnetic
equator, the thin gray lines are magnetic field lines, the shaded area shows nighttime. The arrows point towards the conjugate points from the
midlatitude irregularities detected by Swarm B. (b) Corresponding in situ electron density (Ne) variations along the Swarm B pass (20.32–20.67
UT) plotted as a function of geographical latitude. (c) Corresponding in situ ion density (Ni) variations along COSMIC-2 C2E2 and C2E4
passes (20.68–20.98 UT and 20.30–20.62 UT, respectively) plotted as a function of geographical longitude.
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concurrent Swarm B intersection in the meridional direction
revealed that this depletion had a latitudinal elongation of
~20� (within ±10� MLAT around the magnetic equator). It is
important to emphasize that this was just one of many structures
detected by COSMIC-2 between 20�W and 20�E (Fig. 6c),
which Swarm B satellite could not observe. In addition, if we
follow the direction of magnetic field lines (as shown by the
southward arrow in Fig. 6a), then the irregularity structures
seen by Swarm B at midlatitudes around 25�–37�N and along
~10–11�W are most likely linked to another wide plasma
density depletion detected by the C2E2 satellite between 8�W
and 4�W in longitude. The intense irregular structures that
Swarm B encountered in the Southern Hemisphere near
10�–28�S had their conjugate projections near 30�–38�N in
the sunlit region of the Northern Hemisphere (as shown by
the northward arrow in Fig. 6a). Hence, the equatorial iono-
spheric irregularities that were formed over western Africa in
the post-sunset period, rapidly extended further poleward,
partially appearing in the pre-sunset region of the Atlantic
Ocean. Their occurrence in these distant latitudinal regions at
~20–30�S and ~25–35�N were well confirmed by ground-based
ROTI observations (Figs. 4c and 2c–2f).

4.4 COSMIC-2 amplitude scintillation observations

The Swarm and COSMIC-2 satellites measured ionospheric
in situ plasma density at ~500–550 km altitude, revealing the
formation of intense ionospheric irregularities after the storm
onset in the African sector spanning between 30�W and 30�E
in longitude and extending as far poleward from the magnetic
equator as ~30�–35� latitude in both hemispheres. The impor-
tant question is how active these plasma bubbles are in terms
of producing amplitude scintillations in the radio signals that
travel through the medium. Here, we propose to examine
another type of ionospheric observations provided by the
COSMIC-2 mission, specifically scintillation observations.
The commonly used scintillation indices for measuring the
amplitude and phase scintillations are S4 and ru (sigma_phi),
respectively (Basu et al., 1985; Fremouw et al., 1978). The
S4 index is the standard deviation of the received power nor-
malized by its mean value, and the phase scintillation index is
the standard deviation of the detrended carrier-phase measure-
ments. In this paper, we used the Level-2 product “scnLv2”
with amplitude (S4) and phase (sigma_phi, ru) scintillation
indices, which are computed on the ground from the high-rate
observations from the Tri-GNSS (Global Navigation Satellite
System) Radio-occultation System (TGRS) instrument onboard
the COSMIC-2 (e.g. Weiss et al., 2022). TGRS calculates an
on-board S4 index at a 10-second cadence for every GNSS
satellite it tracks via its precise orbit determination antennas.
The time history of the S4 index is evaluated for every iono-
spheric occultation observed by TGRS. If the on-board S4 index
exceeds a programmable threshold of 0.1 at any point within an
occultation, TGRS triggers mechanism to transmit high-rate
(100 Hz for GLONASS and 50 Hz for GPS) phase and ampli-
tude data to the ground. The COSMIC Data Analysis and
Archive Center (CDAAC) provides these high-rate scintillation
data as COSMIC-2 Level-1 “scnPhs” product. High-rate phase
and amplitude data collected by the TGRS are also processed
into S4 and sigma_phi scintillation indices products. These
two scintillation indices are computed using a sliding window

of 10 s of data but are output at 1-second intervals. The results
are provided as “scnLv2” product and only available when the
on-board S4 index exceeds this specific threshold.

In “scnLv2” files, these scintillation indices are provided
with a 1-Hz rate for L1 and L2 frequencies for both GPS
and GLONASS systems, along with Earth-Centered-Earth-
Fixed coordinates for COSMIC-2 satellite position and GNSS
satellite position. If we detect the existence of ionospheric
irregularities or scintillations on the line-of-sight link between
a GNSS receiver and a GNSS transmitter, the exact location
of these irregularities and their spatial extent along this link
remain unknown. One possible approach is to assign the
location of detected ionospheric irregularities to the location
of the LEO satellite at that time, while another simplest and
commonly used approach is to assign it to the tangent point,
which is the closest point along the LEO–GNSS line to the
Earth’s surface (e.g. Dymond, 2012; Ko & Yeh, 2010).
Generally, each ionospheric occultation extends over a range
of tangent point altitudes from ~90 km up to the COSMIC-2
satellite altitude. In this paper, we also assigned the S4 ampli-
tude scintillation values to the tangent point location, and then,
for each file within the range of altitudes of this particular iono-
spheric occultation, we determined the highest S4 value
(S4max) that should have a tangent point altitude above
120 km (to exclude scintillations related to the sporadic E layer).
We utilized the amplitude scintillation data for L1 frequency
only.

Figure 7 presents an overview of COSMIC-2 amplitude
scintillation detections in terms of space-observed S4max dur-
ing 14–06 UT on 23–24 April 2023. For each occultation file,
the single maximal S4 value exceeding 0.2 is plotted at its
tangent point location, while the intensity of S4 is depicted by
the size of the blue circles centered around the respected tangent
point. Before the dusk sector moved into the African region
(Figs. 7a–7b), amplitude scintillations were observed over the
Indian Ocean at equatorial latitudes. During next 2 h after the
storm commencement at 17:45 UT (Fig. 7c), strong amplitude
scintillations with S4 > 1.0 were detected over equatorial and
low latitudes of central Africa at ~15�–30�E, as well as several
detections over western Africa at 5�W–5�E stretching to
higher latitudes towards Northern Africa and Europe. During
20–22 UT (Fig. 7d), amplitude scintillations with S4 exceeding
0.5–1.0 were often detected over equatorial and low latitudes of
central Africa, covering a broad longitude range of ~0�–30�E.
Moving further westward into the Atlantic Ocean to ~30�W
longitude, multiple detections with elevated S4 were observed
in both hemispheres stretching between ~35�N and ~30�S.
These localizations match very well with areas of high ROTI
detections in ground-based GNSS data during 20–22 UT
(Figs. 2c–2e). Over the next 4 h (Figs. 7e–7f), numerous cases
with increased amplitude scintillations (S4 > 0.8–1.0) were
detected over the African longitudinal sector between 30�W
and 30�E and with a latitudinal extent as far poleward as
30�N and 30�S. After 02 UT on 24 April 2023 (Figs. 7g–7h),
the intensity of the amplitude scintillations detected in this
region started to weaken as sunrise approached.

From this we see that the COSMIC-2 space-based observa-
tions provides observational evidence that strong amplitude
scintillations occur precisely over regions with extended iono-
spheric irregularities which were detected by ground-based
GNSS and LEO satellite in situ observations.
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4.5 COSMIC-2 back propagation geolocations

As mentioned earlier, the precise localization of ionospheric
irregularities remains a key challenge in the application of
remote sensing RO techniques for monitoring ionospheric
irregularities. To achieve more accurate localization of the iono-
spheric irregularities along the ray path from GNSS transmitter
to LEO receiver, more advanced and sophisticated approaches
can be utilized, such as the multiple phase screen method with
the forward propagation approximation (Carrano et al., 2011) or
the back propagation (BP) method (Sokolovskiy et al., 2002).
The COSMIC team applied the BP method to geolocate the
scintillation based on the GNSS high-rate (50–100 Hz) phase
and amplitude data from the COSMIC-2 “scnPhs” product.
Geolocation by BP is based on solving the wave equation in
a vacuum by using the phase and amplitude, measured on the
receiver trajectory as the boundary condition, and defining the
direction of plasma irregularities using a magnetic field model.
In the case of multiple bubbles along the transmitter-receiver
line of sight, only the strongest bubble is detected by BP (e.g.
Ludwig-Barbosa et al., 2023). In the current version of process-
ing at the CDAAC, the BP technique is applied for each 10-s
interval of COSMIC-2 high-rate scintillation data. The geoloca-
tion results (coordinates of the localized irregularities for those
10-s intervals with successful BP) are provided in the COS-
MIC-2 Level-2 “scnGeo” product. Wu et al. (2024) reported
results of the validation analysis of the COSMIC-2 back-
propagation geolocations by comparison to GOLD UV imaging
data of equatorial plasma bubbles in the Atlantic/American

longitudinal sector. It was found that the root mean square of
the zonal difference between estimated geolocations of plasma
irregularities with COSMIC-2 back propagation method and
the locations of GOLD plasma bubbles was about 1.5� and
for single intersection cases 0.5� in the magnetic longitude. It
was also concluded that these geolocation data provide more
accurate scintillation locations than the simpler method of
assigning scintillations to the tangent point position.

We examined “scnGeo” files with successful BP geolocation
results derived by the BP method applied to the COSMIC-2
high-rate phase and amplitude scintillation data. Figure 8
presents an overview of COSMIC-2 BP scintillation geoloca-
tions during 14–06 UT on 23–24 April 2023. Every red point
represents the geographical position of the BP geolocation if it
was successfully determined in 10-s intervals of high-rate data,
so there is a significantly larger number of BP geolocation detec-
tions than amplitude S4max detections, which only include one
value per occultation file (Sect. 4.4). Overall, a comparison of
S4max and BP results (Fig. 7 vs. Fig. 8) shows a strong similar-
ity, but BP geolocations provide much more detailed picture for
areas affected by scintillations and better demonstrate the
features of the storm-time EPBs evolution by tracing embedded
small-scale irregularities, which are responsible for these ampli-
tude scintillations. Figure 8 clearly illustrates that with the storm
development from ~18 UT on 23 April 2023 until ~04 UT on
24 April 2023 an astonishing number of COSMIC-2 BP
geolocations were detected in the African sector concentrated
over the longitudinal range between 30�W and 30�E. The
areas showing BP detections stretched significantly also in a

Figure 7. (a)–(h) COSMIC-2 amplitude scintillation S4 detections for specific 2-h time intervals during 14–06 UT on 23–24 April 2023. The
circle size is proportional to the S4 magnitude. The central meridian is 0�, the grid has a 30� increment in latitude/longitude. The grey shading
shows nighttime, the thick black line is the magnetic equator.
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north-south direction, covering regions as far north as 30�–40�N
including the Canary Islands (Spain), the Azores and Madeira
Islands (Portugal), Northern Africa, and the Iberian Peninsula
in southern Europe, and reaching as far south as 30�S in the
southern Atlantic Ocean.

4.6 GOLD UV observations

Satellite UV imaging technology can also detect EPBs in
the atomic oxygen 135.6-nm emission, which is proportional
to ionospheric plasma density squared. The NASA GOLD
imager is hosted onboard a geostationary satellite over the
American sector (47.5�W longitude) and measures the Earth’s
UV airglow from �120�W to �20�E longitude (Eastes et al.,
2019). We examined GOLD nighttime 135.6-nm emission
images, available only between 20:10 UT and 00:30 UT each
day, corresponding to ~19–22 LT over the scanned part of
the Atlantic sector. Figure 9 shows a series of GOLD nighttime
images captured between 20:10 UT and 22:55 UT on 23 April
2023. Bands of dark red/brown color at both sides from the
equator mark the location of two crests of the EIA. EPB
depletion signatures are associated with the appearance of dark,
narrow stripes elongated between two peaks of the evening
EIA. In the first scans available after 20:10 UT on 23 April
2023 (Figs. 9a–9c), there are signatures of several EPBs already
formed near 0�–15�W over western Africa. EPB depletions,
typically stretching between inner (equatorward) edges of two
EIA crests, now deeply intrude into, and even surpass, the
EIA crests. One of the most prominent plasma depletions devel-
oped near 15�W longitude; its southernmost part surpassed the
southern EIA crest extending to ~30�S in GOLD scans during
20:10–21:10 UT (Figs. 9a–9e). Subsequent GOLD images,

scanning regions further to the west, showed the continued evo-
lution of plasma density depletions with a very pronounced
westward tilt towards the central Atlantic Ocean in the Northern
Hemisphere (Figs. 9e–9h). These depletion structures, largely
expanded from the EIA zone to higher latitudes, were symmet-
ric with respect to the magnetic equator, forming an inverted
C-shape, typical for the storm-time EPBs. After 22 UT, GOLD
scans showed an absence of newly formed intense EPBs in the
central Atlantic beyond 20�–30�W longitude. This aligns well
with COSMIC-2 detections showed that EPBs were confined
to the 30�W–30�E longitude range. These scans continued to
show significant plasma density depletion near 15�W longitude,
extending as far poleward as 40�N and 35�S. The inverted
C-shape of this giant depletion and its localization align well
with the westward extension of the ionospheric irregularities
observed in ground-based ROTI data (Figs. 2c–2f) and areas
showing high concentration of COSMIC-2 detections of
increased amplitude scintillations and BP geolocations over
the Atlantic Ocean (Figs. 7d–7e, 8d–8e).

4.7 Vertical sounding station – El Arenosillo
ionosonde in southern Spain

For many decades, the ionosonde observations have been
utilized to detect equatorial Spread-F (ESF) associated with
EPB occurrence over the ionosonde location at equatorial and
low latitudes. We examined the indications of ionospheric
irregularity presence in the data recorded by the southernmost
ionosonde station in Europe, the El Arenosillo DPS-4D digi-
sonde (digital ionosonde). Located in southern Spain, it has
coordinates (37.1�N; 6.7�W; 27.6�MLAT). The position of this
station was also shown by a blue asterisk in Figure 3a, when we

Figure 8. (a)–(h) COSMIC-2 back propagation geolocations as detected for specific 2-h time intervals during 14–06 UT on 23–24 April 2023.
The central meridian is 0�, the grid has a 30� increment in latitude/longitude. The grey shading shows nighttime, the thick black line is the
magnetic equator.

I. Zakharenkova et al.: J. Space Weather Space Clim. 2025, 15, 5

Page 13 of 23



discussed GNSS ROTI observations over this region. The
recorded ionograms are accessible through the DIDbase (Digital
Ionogram DataBase; https://giro.uml.edu/didbase/) Web Portal
from the GIRO (Global Ionospheric Radio Observatory;
Reinisch & Galkin, 2011). The digisondes provide digital iono-
gram records, which show variations of the virtual height (h0) of
the reflection from the ionospheric layers as a function of the
radio frequency in MHz. From the digisonde observations, the
true F2 peak height and true height vertical electron density
profiles Ne(h) can be obtained from the true height inversion
analysis using special software, e.g. ARTIST (Automated Real
Time Ionogram Scaler with True height), or the expert iono-
gram interpretation tool SAO Explorer (Reinisch & Galkin,
2011).

Figure 10 illustrates so called “profilograms” derived from
the ionosonde observations, which represent distribution of
ionospheric density formulated in plasma frequency domain
as a function of altitude (true height) and UT. The profilograms
were constructed using the true-height vertical electron density

profiles, which were selected at 10-min interval and manually
scaled with the SAO Explorer tool. The data in Figure 10a cor-
responds to the reference quiet day of 22 April 2023. The nor-
mal diurnal changes in electron density’s vertical distribution,
typical for middle latitudes and that season, are clearly visible
here. During night hours (21–24 UT and 00–05 UT; here UT
is close to LT), the F2 layer rises to 400–450 km, then before
sunrise it descends to 250–300 km, with peak density and layer
thickness reaching its daily lows. After sunrise, the peak density
and layer thickness gradually rise, reaching a maximum in the
afternoon (13–16 UT) with the F2 layer peak located at
~300 km altitude.

The ionospheric behavior exhibited significant changes
based on the profilogram for the storm day, 23 April 2023
(Fig. 10b). After 12 UT, the plasma density in the F2 layer
increased and the layer uplifted with the F2 peak reaching
350–400 km. These effects can be explained by the positive
phase of the ionospheric storm. Between 15 and 20 UT, the
profilogram indicates fluctuations in the F2 layer peak altitude,

Figure 9. GOLD nighttime images of the 135.6-nm emission of atomic oxygen at various times between 21:10 UT and 22:55 UT on 23 April
2023. The central meridian is 30�W, the grid has 15� increment in latitude/longitude.
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possibly due to the propagation of large-scale travelling iono-
spheric disturbances. Altadill et al. (2020) and Reinisch et al.
(2018) provided an explanation of similar effects in the
ionosonde profilograms. There is a gap between 20:45 and
21:45 UT, during which it was impossible to invert ionograms
to electron density profiles due to Spread-F conditions. After
21:45 UT, the profilogram shows a huge jump in the F2 layer
altitude, the layer lifted to the altitude of ~600 km with a rather
high peak density (electron plasma frequency ~10 MHz), which
is not typical for nighttime conditions over this ionosonde loca-
tion at middle latitudes, even during a severe geomagnetic
storm. Such uplift could be a sign of eastward-directed PPEFs
appearing at midlatitudes. Until the end of the day, the F2 layer
remained at high altitudes of 400–500 km with elevated F2 peak
density (electron plasma frequency near 10–11 MHz).

Next, we analyzed the ionogram recordings to identify
signatures of storm-induced ionospheric irregularities over
southern Spain. Figure 11 presents series of the iono-
grams recorded by the El Arenosillo digisonde during 19:30–
02:30 UT on 23–24 April 2023. The first plot corresponding to
19:30 UT shows a clear ionogram with well recognized ordinary
(O-mode polarization) and extraordinary (X-mode) components
of soundings reflections and the F2 layer critical frequency
foF2 at 10.7 MHz. After 21:00 UT, the ionograms show diffuse

reflections of the Mixed Spread-F type combining Frequency
and Range Spread-F signatures with broad reflections in both
frequency and range in both O-mode and X-mode traces. Such
Spread-F conditions represent a rare phenomenon for the midlat-
itude ionosphere.Most frequently such effects can be seen during
geomagnetic disturbances when the auroral irregularities zone
expand from high to midlatitudes, or at equatorial stations during
EPB events. The ground-based ROTI observations clearly
demonstrated that auroral irregularities did not reach such low
latitudes during the main phase of the storm (Figs. 2 and 3).
So, these Spread-F conditions are likely linked to the occurrence
of storm-induced post-sunset equatorial ionospheric irregulari-
ties. In the ionosonde area, irregularities were detected
from ~21 UT on 23 April until ~02 UT on 24 April 2023. By
02:30 UT, the ionospheric conditions began transitioning back
to a regular nighttime state with no Spread-F echoes and low
foF2 values decreased to 4.0–4.5 MHz.

4.8 Scintillation receiver in southern Italy

While there are thousands of modern geodetic GNSS recei-
vers operating in the world, the number of specialized scintilla-
tion receivers that operate permanently is quite small, only
several dozen. The scintillation receivers are predominantly
installed at equatorial and high latitudes, where the strongest
scintillations occur. As a result, very few scintillation receivers
are in regular operation at midlatitudes worldwide. Fortunately,
one of these receivers is currently operational in southern
Europe at Lampedusa, Italy, with coordinates (35.52�N,
12.63�E; 26.5� MLAT). The scintillation data is available at
the electronic Space Weather upper atmosphere (eSWua,
http://www.eswua.ingv.it/) data portal managed by INGV
(Upper Atmosphere and Radio Propagation Working Group,
2020).

Figure 12 presents amplitude (S4) and phase (sigma_phi)
scintillation data collected by the Septentrio PolaRx5S scintilla-
tion receiver at Lampedusa on 22–24 April 2023. The scintilla-
tion indices were computed using samples measured at 50 Hz
rates for intervals of 60 s. Data was plotted for three GNSS
systems – GPS, GLONASS, and Galileo. We used an elevation
angle cut-off of 20�. Over these three days, there is a distinct
period characterized by increased scintillation activity, showing
intense amplitude (S4 > 0.5) and phase (sigma_phi > 0.5 rad)
scintillations. The scintillation event lasted for several hours
from ~19:30 UT until ~23:00 UT on 23 April 2023. The strong
scintillations were detected on GNSS links with azimuths
between 150� and 250�, which corresponded to south and
south-westward directions. The scintillation receiver is located
rather close to the El Arenosillo ionosonde in Spain, at a latitude
nearly the same and approximately 6 degrees east, into the
Mediterranean Sea. It is likely that the detected scintillations
are linked to the ionospheric irregularities observed at that time
over Spain and Northern Africa.

These results provide observational evidence that phase and
amplitude scintillations were detected from the ground in south-
ern Europe during the main phase of the storm.

4.9 EGNOS performance

It is important to emphasize that investigation of the events
with equatorial plasma bubble occurrences at midlatitudes is not

Figure 10. Profilograms of electron density as recorded by the El
Arenosillo digisonde (37.1�N; 6.7�W; 27.6� magnetic latitude) in
Spain, on (a) 22 April 2023 (pre-storm day) and (b) 23 April 2023
(storm day).

I. Zakharenkova et al.: J. Space Weather Space Clim. 2025, 15, 5

Page 15 of 23

http://www.eswua.ingv.it/


just a research interest. These bubbles have a direct impact on
the performance of the ground-based systems that rely on
transionospheric radio wave propagation, particularly on GNSS
signals. For example, during the September 2017 geomagnetic
storm, the storm-induced EPBs that occurred at North America
midlatitudes, elongated across the continental US area and
reached ~45�MLAT (Zakharenkova & Cherniak, 2020).
Assessment of the impact of the storm-induced ionospheric
irregularities on GPS-based kinematic positioning for 4500+
ground-based stations at equatorial and middle latitudes of the
American sector revealed a large increase in 3-D kinematic
positioning errors from the normal cm to dm level of accuracy
to several meters for ground-based GPS stations that were near
the storm-induced plasma density depletion (Zakharenkova &
Cherniak, 2021). Amplitude and phase scintillations associated
with passage of this plasma density depletion over the US mid-
latitudes were also reported in Mrak et al. (2020); Nishimura
et al. (2021). During this storm, a decrease in positioning accu-
racy was also registered for several base stations of the Wide
Area Augmentation System (WAAS; FAA GPS Performance

Analysis Reports, Report #99, 2017). Maximum horizontal/ver-
tical accuracies were 5/8 m for Miami and Atlanta – which is
two to three times larger than the average error values over three
months. For the June 2015 geomagnetic storm, Cherniak &
Zakharenkova (2016) reported that occurrence of the unex-
pected super plasma bubbles at European midlatitude had
affected GNSS availability for a number of users and led to per-
formance degradation of the European Geostationary Naviga-
tion Overlay Service (EGNOS).

EGNOS is the European SBAS (Satellite Based Augmenta-
tion System) to GPS and GLONASS, and it is an analogue of
FAA WAAS in the US EGNOS augments the GPS system
and makes it suitable for safety-critical applications such as
flying aircraft, navigating ships through narrow channels, rail-
ways, agriculture, etc. It allows users in Europe to determine
their position with accuracy within 1.5 m. The initial configura-
tion of the EGNOS ground-based segment includes 34 RIMS
(Ranging Integrity Monitoring Stations) sites located over a
wide geographical area. The main function of the RIMS is to
collect measurements from GPS satellites and to transmit these

Figure 11. Sequence of vertical ionograms (virtual height in km vs. frequency in MHz) recorded by the El Arenosillo digisonde (37.1� N;
6.7� W; 27.6� magnetic latitude) in Spain, during 19:30–02:30 UT on 23–24 April 2023. The O-mode polarization is shown by red trace, the
X-mode by green trace, and diffuse echoes correspond to spread-F conditions.
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raw data every second to the Central Processing Facilities.
Figure 13 presents daily summary plots with Horizontal and
Vertical Navigation System Errors (HNSE and VNSE, respec-
tively) for each RIMS sites, comparing status results for the
pre-storm day of 22 April 2023 and the storm-day of 23 April
2023. The Navigation System Errors must be understood as the
difference between the true position and the estimated position,
and the presented figures include the percentile 95 of this NSE
(represented by the color scale) and the standard deviation of the
NSE distribution (represented by the size of the circles) at every
RIMS.

Figures 13a–13b depict the usual quiet-day conditions,
showing small positioning errors across all continental Euro-
pean RIMS sites. During the storm day (Figs. 13c–13d), there
was a noticeable increase in vertical and horizontal errors regis-
tered at RIMS sites in higher northern latitudes, such as KIR
(Kirkens, Norway), TRO (Tromsoe, Norway), RKK
(Reykjavik, Iceland), JME (the island of Jan Mayen, Norway).
The degradation effect observed here is consistent with what is
typically expected during geomagnetic disturbances – direct
impact of intense high-latitude irregularities occurrence linked
to the expansion of the auroral oval zone that receives the main
part of the magnetospheric particle precipitation. However, the
largest errors in both horizontal and vertical planes were regis-
tered not in the northern high-latitude stations, but at the most
southern RIMS sites of the EGNOS network. The increased
errors (more than 2–3 m) were observed at RIMS sites located
in Northern Africa at DJA (Djerba, Tunisia) and AGA (Agadir,
Morocco), in the Iberian Peninsula at LSB (Lisbon, Portugal)

and MLG (Malaga, Spain), and in the nearby islands at MAD
(Madeira, Portugal), LPI (La Palma, Spain) and CNR (Canary
Isl., Spain). All these locations matched exactly with areas
affected by storm-induced ionospheric irregularities that were
detected by ground-based GNSS and space-borne multi-
instrument observations.

Previously, rather similar effect on EGNOS performance
was reported for the case of super-bubbles occurrence during
the June 2015 geomagnetic storm (Cherniak & Zakharenkova,
2016). Potentially, this suggests a repeatable pattern in how
the super plasma bubbles reaching Europe impact on EGNOS
positioning errors, which needs further investigation.

5 Discussion

In this paper, we investigated the ionospheric response to
the 23–24 April 2023 geomagnetic storm. One of the significant
features of this response was the development of the storm-
induced super plasma bubbles, which extended extensively
from equatorial to middle latitudes in the European/African sec-
tor during the early stage of the storm. Such extreme extension
of latitudinal span indicates that those equatorial plasma bubbles
also rise to greater altitudes above the equator (apex height of
EPB). This rise is connected to the strength of the ionospheric
vertical drift E�B, which is primarily controlled by the
eastward electric field. During geomagnetic storms, Prompt
Penetrating Electric Fields (PPEFs) can instantly impact the
equatorial ionosphere and the occurrence of regular post-sunset

Figure 12. Time series of (a) amplitude (S4) and (b) phase (sigma_phi) scintillation measurements for every GNSS satellite in view with
elevation above 20� as recorded by the Septentrio PolaRx5S scintillation receiver at Lampedusa (35.52�N, 12.63�E; 26.5� magnetic latitude) in
southern Europe during 22–24 April 2023. Data plotted for three GNSS systems: GPS, GLONASS and Galileo (color-coded).
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EPBs (e.g. Fejer et al., 1999; Huang, 2023). In the dusk
sector, eastward PPEFs can amplify the regular pre-reversal
enhancement, resulting in a more dramatic development of
EPB due to much larger uplift of the ionosphere to higher alti-
tudes where the Rayleigh–Taylor instability growth rate is max-
imized. PPEFs are generally associated to the sudden southward
turn of the IMF Bz. PPEFs are transmitted from high latitudes to
the equator near instantly and typically last a very short time
(~30 min) because of the shielding effect in the ring current.
However, effective shielding by the ring current may only occur
once the IMF turns northward, and if the IMF remains steady
southward, PPEFs can persist for hours (Huang et al., 2005,
2010). In our case, the IMF Bz was close to �5 nT just before
the storm started at ~17:45 UT. Following that, IMF Bz quickly
turned even more southward, reaching �20 nT, and remained
steadily southward (from �20 to �25 nT) for several hours
until ~21 UT on 23 April 2023 (Fig. 1). Hence, favorable
conditions for PPEFs are observed from at least ~17:45 until
~21:00 UT on 23 April 2023. The COSMIC-2 in situ plasma
density observations also demonstrated that intense plasma
density depletions started to form in the African sector after
18 UT and their further expansion to westward longitudes (with

progression of the sunset terminator) lasted until ~21 UT, finish-
ing at ~30�W without further westward propagation afterwards
over the Atlantic sector (Fig. 5).

Another important indicator for PPEF is the growth rate of
the ring current under southward IMF Bz conditions. According
to Basu et al. (2001), when there is a sudden intensification of
the ring current, causing the SYM-H to decrease rapidly with
the rate of change of order �50 nT/h, the PPEFs penetrating
from high to lower latitudes cause the formation of ionospheric
irregularities in the midlatitude and the equatorial region. More-
over, the dusk sector corresponding to the UT interval between
the fast decrease of the SYM-H index and minimum SYM-H
value determines uniquely the longitude range occupied by
equatorial plasma bubbles and plasma density depletions.

During that phase of the April 2023 geomagnetic storm,
when the IMF Bz turned southward, the SYM-H decreased from
�49 nT at ~17:45 UT to �116 nT at ~19:00 UT on 23 April
2023 with the initial rate of change of �52 nT/h. The SYM-H
reached an intermediate minimum of �121 nT at 19:27 UT
and then dropped even further to a second minimum of
�170 nT registered at 21:30 UT. During time interval between
17:45 UT and 19:30 UT, the longitude range of the

Figure 13. EGNOS performance summary plot with daily Horizontal and Vertical Navigation System Errors (HNSE and VNSE, respectively)
for each station on (top) 22 April (pre-storm day) and (bottom) 23 April 2023 (storm day). Circle diameter indicates the standard deviation at
corresponding monitoring station, being limited to 1.5 m; when it is limited, the circle border is black.
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dusk/sunset (EPB generation sector) shifted from the starting
area at ~15�–30�E to ~15�W–0�W, thus continuously covering
the longitudinal span where signatures of the intense ionospheric
irregularities were detected by the ground-based GNSS ROTI
observations, Swarm and COSMIC-2 in situ density
observations.

We should mention that for the case of super-bubbles detec-
tion in Europe during the June 2015 geomagnetic storm, the IMF
Bz turned southward at 18:38 UT, dropping from 0 nT to
�30 nT, and remained southward until ~20:00 UT, the SYM-H
dropped from 88 nT at 18:37 UT to �139 nT at 20:17 UT on
22 June 2015 with the rate of change of �136 nT/h (Cherniak
& Zakharenkova, 2016; Cherniak et al., 2019). Campuzano
et al. (2023) reported observations of the storm-induced iono-
spheric irregularities over the Iberian Peninsula, Spain for two
moderate geomagnetic storms in February 2014 and September
2021. According to the OMNIWeb database, for conditions of
17 September 2021, the IMF Bz turned southward at
17:57 UT to the level of �12 to �14 nT, and remained south-
ward until ~21:20 UT, the SYM-H dropped from 10 nT at
18:25 UT to �65 nT at 20:46 UT and then �73 nT at 21:21
UT with the initial rate of change of �32 nT/h. For conditions
of 27 February 2014, the IMF Bz turned southward at
18:20 UT from +13 nT to the level of �16 nT, and remained
southward until ~22:56 UT, the SYM-H dropped from 3 nT at
18:14 UT to �46 nT at 19:42 and then �101 nT at 23:24 UT
with the initial rate of change of �33 nT/h.

Thus we can conclude that favorable conditions for forma-
tion of storm-induced super-bubbles capable of extending to
midlatitudes, specifically to the Iberian Peninsula in Europe,
can occur when some necessary conditions are met: (1) the
IMF Bz southward turn occurs between ~17 UT and 19 UT
and IMF Bz remains southward for at least 1–2 h; (2) during
the main phase of a storm, the rapid SYM-H decrease should
also occur between 17 UT and 20 UT. The SYM-H decrease
with the rate of change as low as �30 nT/h may be sufficient
for that phenomenon development. If these conditions occur
in later UT hours, the storm-induced EPBs may develop more
westward, over the Atlantic Ocean, and hence will not affect
the continental European sector.

The zonal coverage of the super-bubble occurrence is
another important question, as it can vary considerably between
geomagnetic storms. As mentioned above, the longitude range
occupied by the storm-time EPBs is tied to LT, specifically
the dusk sector location during the PPEF event. Earlier studies
suggested that super plasma bubbles might occur only within a
rather narrow range of ~15–20� in longitude related to the
location of dusk sector during the PPEF, which was supposed
to last short time (~30 min) because of the shielding effect in
the ring current. Huang et al. (2005) reported that the interplan-
etary electric field could continuously penetrate to the low-
latitude ionosphere without shielding for many hours, as long
as the magnetic activity intensifies during storms. Therefore,
potentially eastward-directed PPEFs may last for hours during
the storm’s main phase and favorable conditions for storm-time
EPB generation might emerge at adjacent longitudes following
the sunset terminator passage. Basu et al. (2007) suggested that
the longitude interval populated by EPBs is determined by
longitudes where the dusk sector occurs during the main phase
of the storm, between the fast decrease of the SYM-H index and
minimum SYM-H value. Cherniak et al. (2019) reported

occurrence of two super bubble events during the June 2015
geomagnetic storm, one of small longitudinal coverage of
~20� in the European/African sector and second one of large
longitudinal coverage of ~100� in American/Pacific sector.
They discussed the relationship between the longitude range
populated by EPBs and the duration of PPEFs – the first event
occurred when southward IMF Bz lasted for a short time (~1 h),
while the second event happened during a prolonged period of
southward IMF Bz (~4 h). Discussing the super-EPBs
occupying ~45� longitude range in the Asian sector during
the December 2023 storm, Sun et al. (2024) also highlighted
that the zonal coverage of super-EPBs during geomagnetic
storms could be closely related to the duration of southward
IMF Bz during the storm’s main phase, and the occurring region
of the EPB should be over the longitudes where local sunset
coincides with southward IMF Bz. In the present study, the
storm-time EPBs were found to occupy the longitudinal range
of ~60� (~6,000 km), their development coincided with the pro-
longed period of the steady southward IMF Bz (�20 to 25 nT)
during ~3 h between 18 and 21 UT on 23 April 2023 during
growing main phase of the storm. The obtained results support
the suggested relationships between duration of PPEF and
southward IMF Bz during the main phase and an increase in
the zonal coverage of the storm-time EPB occurrence.

The occurrence of storm-induced ionospheric irregularities
associated with equatorial super bubbles extending towards
midlatitudes is very difficult to predict since it depends on a
poorly understood combination of factors including time of
local sunset, time and intensity of penetrating electric fields,
ambient plasma density, etc. It is important to emphasize the fol-
lowing: (1) storm-induced super plasma bubbles can occur even
in the non-bubble seasons, and can differ from EPB climatology
and EPB climatological models; (2) their effects can be more
pronounced in the solar minimum conditions; (3) these struc-
tures can persist for many hours through the night and even after
local sunset; (4) super plasma bubbles can occur at different lon-
gitudinal sectors during the same storm; (5) latitudinal dimen-
sions and apex altitudes of super EPBs exceed significantly
these parameters for the regular post-sunset EPBs.

We can also note that under such favorable conditions of
eastward PPEFs occurring in the dusk sector and aiding in gen-
eration of very intense EPBs, the major features of super plasma
bubbles – like rapid generation in the post-sunset period,
extreme expansion towards midlatitudes of both hemispheres,
persistence for a prolonged period, and slight westward drift –
might be rather similar across different longitudinal sectors.
One of the key constraints in tracing major spatio-temporal sig-
natures of super bubbles is the existing coverage by ground-
based observational facilities. Our ability to detect signatures
of super bubbles in both hemispheres simultaneously is exclu-
sive to the American sector, spanning across the continents of
North and South America. In the European/African sector, there
are large observational gaps over most of the African continent
and the Atlantic Ocean. In the Asian sector, the equatorial and
southern conjugate zones are primarily over the Pacific Ocean,
resulting in sparse coverage by ground-based instruments. That
is why for super bubbles events reported in the Asian sector,
they are most often discussed only in the context of northern
segment of super bubbles detected partially over Japan (e.g.
Ma & Maruyama, 2006) or China (e.g. Aa et al., 2018; Li
et al., 2018; Sun et al., 2024). The similar problem exists in
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the European/African sector with very limited abilities to trace
super bubble structures in its equatorial and southern segments.
In the American sector, generation of typical post-sunset EPBs,
as well as storm-enhanced EPBs, has much stronger intensity
and occurrence probability compared to other regions world-
wide (e.g. Burke et al., 2004; Xiong et al., 2010), due to reduced
strength of the magnetic field and enhanced conductivity gradi-
ent resulting from the energetic particle precipitation in the
South Atlantic Magnetic Anomaly region (Abdu et al., 2005,
2008). In the American sector, the effect of the offset between
the geomagnetic and geographic poles is the largest one and
the reduced value of the magnetic field near the South Atlantic
Magnetic Anomaly leads to enhanced plasma uplift and F
region destabilization in the presence of eastward PPEFs during
geomagnetic storms (Foster & Erickson, 2013). That is why in
the American sector, the storm-time ionospheric effects might
be more intense and complex, like simultaneous occurrence of
super plasma fountain effect, huge plasma bite outs near the
equator, Storm Enhanced Density, equatorward move of the
main ionospheric trough with enhanced Sub-Auroral Polariza-
tion Stream (SAPS) electric fields, and storm-enhanced EPBs.
Recently, a new pattern of storm-induced ionospheric irregular-
ities behavior at midlatitudes in the American sector was found
– poleward extended plasma density depletion channels (Aa
et al., 2019; Zakharenkova & Cherniak, 2020). Under disturbed
conditions, they can appear at North America low latitudes as a
part of extended post-sunset super bubbles, and further, they can
stream across the magnetic field lines in the northwestward
direction from low latitudes toward the main ionospheric trough
forming elongated plasma depletion channels at the midlatitudes
of North America. The physical mechanisms behind this phe-
nomenon are still not well understood, but these events occurred
in the presence of intense SAPS and westward plasma drifts.
The plasma depletions associated with an evolution of super
bubbles can reach very high latitudes, extending as far poleward
as 45�–49� MLAT, sometimes close to the main ionospheric
trough, which suggest that depleted plasma flux tubes had an
apex height of 6000–8000 km above the magnetic equator
(Aa et al., 2019; Huang et al., 2007; Zakharenkova & Cherniak,
2020). Comparing with such an extreme and rare behavior of
storm-induced super plasma bubbles, which are themselves a
rare phenomenon, we can conclude that super bubbles generated
in the European/African sector during the April 2023 storm had
poleward expansion up to 30�–35� MLAT only and were char-
acterized by a more typical inverse C-shape form in a latitude–
longitude domain without clearly detected signatures of pole-
ward streaming towards the main ionospheric trough. However,
gaps in the data over mid-latitudes in the Atlantic Ocean can
hinder a complete picture (see Figs. 2c–2e for 20–22 UT on
23 April 2023), because DMSP F16 and F17 satellites (not
shown here, available at https://www.ncei.noaa.gov/data/dmsp-
space-weather-sensors/access/) registered westward horizontal
plasma drifts up to ~1–2 km/s, a signature of the enhanced
SAPS presence, at 55�–65�N over the Atlantic Ocean during
18–20 UT on 23 April 2023. This could potentially aid in a
greater elongation of post-sunset super bubbles, particularly
given their observed extension into the sunlit ionosphere over
the Atlantic Ocean, also visible in the GOLD UV scans as
the largely tilted northern portions of super EPBs over the cen-
tral Atlantic.

6 Summary

To summarize, the main findings from our multi-instrument
investigations on super plasma bubbles occurrence during the
April 2023 geomagnetic storm are:

1. Ground-based GNSS ROTI maps registered an occur-
rence of very intense ionospheric irregularities that spread far
away from the magnetic equator towards the south and north,
covering areas of Northern Africa and south-western Europe
in the Northern Hemisphere. The longitude range occupied by
irregularities was between 30�W and 30�E. The estimated
apex height of plasma bubbles reached ~2000–3000 km. The
ionospheric irregularities persisted for 5–6 h. The areas with
equatorial ionospheric irregularities in southern Europe show
no connection to high latitude auroral irregularities.

2. The Swarm and COSMIC-2 satellites measured iono-
spheric in situ plasma density at ~500–550 km altitude, reveal-
ing the formation of intense ionospheric irregularities after the
storm onset in the European/African sector spanning between
30�W and 30�E in longitude and extending as far poleward
from the magnetic equator as ~30�–35� in both hemispheres.
The large extension of these ionospheric structures from equato-
rial to higher latitudes covered the range of EPB apex height
from of �1500 km to ~3000 km. Satellite data revealed exten-
sive details about how storm-induced ionospheric irregularities
evolved over the equatorial region, especially in areas with
scarce ground-based observations (central Africa, ocean areas).

3. The amplitude S4 scintillation observations from the
TGRS instrument onboard COSMIC-2 confirmed the presence
of small-scale ionospheric irregularities, which produced
amplitude scintillations on GNSS signals. After 20 UT on
23 April 2023, the amplitude scintillations with S4 exceeding
0.5–1.0 were detected over equatorial and low latitudes in the
African/Atlantic sector, covering a broad longitude range
between 30� and 30�E. Multiple detections with high S4
were registered in both hemispheres over a large area between
~35�N and ~30�S and persisted for several hours until at least
02 UT on 24 April 2023.

4. Another large dataset of scintillation detections, based on
application the back propagation approach to the COSMIC-2
TGRS high-rate scintillation measurements, provides an even
more detailed picture of areas affected by scintillations and of
features of the storm-time EPBs evolution. The African longitu-
dinal sector had a significant concentration of COSMIC-2 BP
geolocations, mainly within the range of 30�W – 30�E. The
areas where BP detections were found stretched extensively also
in the north–south direction, covering regions as far north as
30�–40�N including the Canary Islands (Spain), the Azores
and Madeira Islands (Portugal), Northern Africa, and the Iberian
Peninsula in southern Europe, and reaching as far south as 30�S
in the southern Atlantic Ocean. These areas with high density of
BP geolocations showed a strong overlap with the locations of
enormous plasma depletions seen in GOLD UV images.

5. Ionosonde data, from Spain’s southernmost station El
Arenosillo, showed strong F2 layer uplift and increased plasma
density near its peak during the main phase of the storm.
Between ~20 UT on 23 April and ~02 UT on 24 April 2023,
the ionograms detected the Spread–F echoes, associated with
the presence of storm-induced ionospheric irregularities in the
ionosonde vicinity.
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6. The scintillation receiver located in Lampedusa, Italy
(southern Europe) registered strong amplitude and phase scintil-
lations, coming from south and south-west directions, during
19:30–23:00 UT on 23 April 2023. Ionospheric irregularities
seen over Spain and Northern Africa matched those directions
precisely.

7. During this storm on 23 April 2023, the EGNOS perfor-
mance degradation was found to be significantly greater (more
than 2–3 m) in the southern area, which was affected by super
plasma bubbles, while large errors are typically expected at
northern stations of much higher latitudes due to occurrence
of intense auroral irregularities with the storm development.

8. The longitudinal sector affected by the storm-induced
EPBs directly depends on the UT time interval during which
both the southward turn of IMF Bz and rapid decrease of the
SYM-H index should happen. For the potential development
of storm-induced EPBs in the European/African sector and
chances to detect these signatures in the European region (if
these irregularities extended far enough from the equator) – both
these conditions should take place between 17 and 20 UT. The
longer these conditions persist, the greater the chances that new
EPBs will form further westward, trailing the sunset terminator
and occupying a progressively larger longitudinal range.

The occurrence of the storm-induced ionospheric irregular-
ities, which can extend from equatorial to middle latitudes under
specific Space Weather conditions, is a phenomenon that is still
unpredictable and not well understood, that demands further
observational and simulation studies. This is the first study
demonstrating great capabilities of the COSMIC-2 mission to
assist in the integrated multi-instrument research of the storm-
time super plasma bubble phenomenon.
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