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Article 
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Abstract: This study focuses on the mid- and low-midlatitude ionospheric response to the 2024 
Mother’s Day superstorm, utilizing ground-based and Swarm satellite observations. The ground-
based ionosonde measured F1, F2-layer, B0 and B1 parameters as well as isodensity data were used. 
The ionospheric absorption was investigated with the so-called amplitude method, which is based 
on ionosonde data. Auroral sporadic E-layer was the first time ever recorded at Sopron. Moreover, 
the auroral F-layer appeared at exceptionally low latitude (35° mlat, over San Vito) during the storm 
main phase. These unprecedented detections were confirmed by optical all-sky cameras. The 
observations revealed that these events were linked to the extreme equatorward shift of the auroral 
oval along with the midlatitude trough. As a result, the midlatitude ionosphere became confined to 
the trough itself. Three stages of F2-layer uplift were identified during the night of 10/11 May, each 
caused by different mechanisms: most probably by the effect of prompt penetration electric fields 
(PPEFs) (1), the travelling ionospheric disturbances (TIDs) (2) and the combination of electrodynamic 
processes and decreased O/N2 ratio (3). After a short interval of G-condition, an unprecedented 
extended disappearance of the layers was observed during daytime hours on 11 May, which was 
further confirmed by Swarm data. This phenomenon appeared to be associated with a reduced O/N2 
along with the influence of disturbance dynamo electric fields (DDEFs) and it cannot be explained 
only by the increased ionospheric absorption according to the results of the amplitude method. 

Keywords: Mother’s Day Superstorm; geomagnetic storm; auroral ionosphere; ionospheric storm; 
Swarm 
 

1. Introduction 
Space weather events such as the May 2024 Mother’s Day Superstorm, caused by a series of 

interplanetary coronal mass ejections (ICMEs) and high-speed streams, induce hazardous 
perturbations in the coupled thermosphere-ionosphere-magnetosphere system. Analyzing such 
unique events offers valuable insight into the evolution of extreme geospace dynamics. 

The Mother’s Day storm event originated from the solar active region classified as AR13664 [1], 
which produced at least four M-class flares and one X1.0 flare on 8 May 2024, followed by further 
strong solar flares (including six X-class flares) between 9 and 11 May, launching a series of fast 
ICMEs. For a detailed analysis of this storm, including a list of the ICMEs and their associated flares, 
see Spogli et al. [1]. Another study by Das et al. [2] examines the role of storm-time electric fields in 
the formation of the equatorial ionization anomaly (EIA) during this storm. Additionally, Aa et al. [3] 
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investigate the expansion and merging of the EIA in the American and Atlantic longitude sectors 
through multi-instrumental data analysis. Further aspects of this event have been studied by [4–15]. 

When an ICME collides with the Earth's magnetic field, it triggers a geomagnetic storm. The 
resulting disturbance in the ionosphere is referred to as an ionospheric storm, which is traditionally 
classified into two types: positive and negative ionospheric storms, depending on whether the storm 
causes an increase or decrease in the electron density in the ionospheric layers, respectively [16,17]. 
Their effects can last 1 to 10 days. There are several comprehensive reviews and studies on the 
potential physical and chemical mechanisms that may arise during ionospheric storms (see e. g., [16–
23] and references therein). 

The ionosphere interacts with the plasmasphere through plasma diffusion and transport 
processes. Magnetospheric phenomena, such as field-aligned currents (FACs), particle precipitation, 
plasma drifts, and enhanced electric fields near the plasmapause (PP), are closely linked to 
ionosphere dynamics. For example, the ionospheric footprint of the nightside PP was found to be 
aligned with the midlatitude ionospheric trough (MIT) minimum [24] and the equatorward boundary 
of small-scale FACs ([25,26]). These boundaries are highly sensitive to geomagnetic activity. 

This article examines the ionospheric F-layer, which splits into F1 and F2 sublayers during 
daylight. The F1-layer's electron density is primarily induced by solar radiation, while the F2-layer is 
more affected by transport processes driven by neutral winds or electric fields [27]. The F2-layer's 
peak density (NmF2) usually surpasses that of the F1-layer (NmF1). However, under special 
conditions (called G-conditions), such as intense geomagnetic storms, the F1-layer can blanket the F2-
layer due to the latter's electron density dropping below the former's [28,29], with an occurrence rate 
of ~0.34% [30]. Auroral reflections, another unique feature, appear on ionograms at low- and mid-
latitudes only during the strongest geomagnetic storms [29,31]. 

By employing ground-based Digisonde as well as Swarm satellite data, this study aims to 
identify the primary mechanisms responsible for the observed mid-latitude ionospheric 
perturbations arising due to the Mother’s Day superstorm. Extreme geomagnetic storms, like the 
Mother’s Day Superstorm, occur on average once in a solar cycle, providing a unique opportunity 
for studying the ionospheric response to such extraordinary conditions. Good quality Digisonde in 
Europe and Swarm data were not available when the last same magnitude superstorm occurred in 
October/November 2003. 

The rest of the paper is organized as follows: Section 2 introduces the data utilized for this study, 
Section 3 presents the observations, and Section 4 provides the discussion. Finally, Section 5 
summarizes the results and concludes. 

2. Data and Methods 
Manually scaled ionograms from Sopron, Hungary (SO148, quasi-dipole geomagnetic 

coordinates: 43.95°N, 90.69°E) and San Vito, Italy (VT139, geomagnetic coordinates: 35.94°N, 90.72°E) 
Digisonde stations [32–34] were analyzed. Key ionospheric parameters, including foF1, foF2, h’F1, 
and h’F2, which represent peak electron density and maximum layer altitude, were examined. 
Besides, Digisonde-derived B0 and B1 parameters were used, where B0 shows the height difference 
between hmF2 and the height where the electron density has dropped down to 0.24·NmF2 (maximum 
of electron density in the F2 layer) [29]. B1 characterizes the shape of the electron density profile: the 
larger B1 the larger are the electron densities right below the F2 peak from hmF2 down to (hmF2 − 
B0) [29,35]. See more about the calculation and usage of B0, B1 parameter the article of [36,37]. 
Monthly median values were calculated to use them as references for each station. The time 
resolution is 5 minutes for Sopron (SO) and 7.5 minutes for San Vito (VT). Figure A10 shows all the 
stations used in this study. 

Besides the manually scaled data of the ionosondes, the received amplitudes at SO and VT 
stations were also taken into account to determine the ionospheric absorption changes. At every 
sounding, the amplitude values were taken in the following frequency bins: 2, 2.5, 3, 3.5, 4, 4.5, 5, and 
5.5 MHz +/-200 kHz, respectively. From these amplitudes, the relative loss of the electromagnetic 
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signal was estimated according to the following equation based on the Friis Transmission Formula 
(for a more detailed explanation see [38]: 
10lg(L) = 10lg(PtGtGr) + 20lg( 𝜆𝜆

4𝜋𝜋2ℎ
) - 10lg(Pr)   (1) 

In equation (1), the known terms are the 𝜆𝜆 (the wavelength of the received signal), h (height of 
the reflection), and Pr which is the power of the receiver. If we would like to calculate L, which is the 
loss in dB units, we have to determine the PtGtGr (power of the transmitter, gain of the transmitter, 
and gain of the receiver, respectively) product first. To do so, one can estimate that during nighttime, 
under quiet solar conditions, the loss is relatively “zero”. With this assumption, we calculated the 
PtGtGr product based on equation (1) for SO and VT stations using nighttime data from 173 quiet days 
in 2019 and 2020 (the same days as described in the supplementary material of Buzás et al. [38], just 
for the years of 2019 and 2020). With the PtGtGr product now established for each station, we can 
calculate the loss during the investigated period, which is proportional to the relative ionospheric 
absorption [38]. Subsequently, the absorption values are compared to the X-ray and integrated proton 
fluxes as measured by the GOES-16 satellite. The X-ray and integrated proton fluxes and the 
absorption values are determined as a median diurnal variation of three quiet days around the storm 
(24, 25, 26 May 2024) for the sake of better comparison. 

For the analysis of the auroral region’s storm-time condition, we used the IE, IU and IL indices 
(source: https://space.fmi.fi/image/www/il_index_panel.php. These auroral electrojet indicators are 
simple estimates of the total eastward and westward currents crossing the magnetometer network 
[39,40], managed by the International Monitor for Auroral Geomagnetic Effects (IMAGE), described 
by [41]. The definition for IE, IU and IL is like the standard AL, AU and AE indices [42]. For our 
study, the data of the so-called PPN-SOR meridional station chain, namely the SOR, MAS, MUO, 
PEL, RAN, OUJ, HAN, NUR, TAR, BRZ, SUW, PPN stations, were used (Figure A10b). 

Swarm satellite observations [43,44] provided a global context for the local ground-based data. 
During the analyzed period, Swarm C orbited at ~476 km altitude, and Swarm B at ~516 km, both 
with a 95-minute orbital period. The study examined in-situ plasma electron density and temperature 
from Langmuir probes, vertical total electron content (vTEC) integrated between Global Navigation 
Satellite System (GNSS) and Swarm satellite altitudes, small-scale FAC (ssFAC) density from 
magnetic field data [26], and the MIT location, which aligns with the nightside plasmapause footprint 
[24]. Detailed information on these data products is available in the Swarm Product Data Handbook 
at https://swarmhandbook.earth.esa.int. 

3. Observations 
The storm under investigation, also referred to as the Gannon Superstorm [45], commenced at 

17:05 UT (sudden storm commencement - SSC time) on 10 May 2024 [46]. Following a brief initial 
phase with positive Dst, the main phase began at 18:04 UT and lasted until Dst reached its minimum 
(-412 nT) at 02:00 UT on 11 May. During the subsequent recovery phase, Dst gradually returned to 
pre-storm values. Figure 1 displays the Bz and By component of the Interplanetary magnetic field, 
the IU, IL indices and the Dst, Kp indices during the evolution of the storm. This study considers the 
10-12 May interval, including a pre-storm period, the initial, main- and the early recovery phases of 
the event. 

The temporal evolution of the Kp index is shown in Figure 1d. Following the SSC, the Kp value 
jumped close to 8 from the pre-storm 4-, and then oscillated between 8-9 until the evening of 11 May. 
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Figure 1. The Bz and By component of the interplanetary magnetic field, the IU and IL indices for the 
characterization of auroral electrojet (over Europe) and the geomagnetic indices (Kp and Dst) are portrayed 
during the Mother’s Day storm. Red and blue vertical dashed lines represent the SSC time and the time of the 
Dst minimum, respectively. Light yellow bars are indicating the three analyzed F-layer uplift phases (see the 
detailed description of these phases below in the 3.1 section). 

3.1. Digisonde Measurements 

3.1.1. Overall Storm-Time Condition in the Ionosphere 

Figure 2 illustrates the Digisonde observations of the F1- and F2-layers with their monthly 
median values, highlighting G-condition, the “fade-out” and auroral F- and Es-layer intervals. 
Following the SSC, the F2-layer's electron density drastically decreased at both stations until 04:50 
UT at SO and 04:07 UT at VT on 11 May, when the G-condition emerged. At SO, G-condition intervals 
were observed at 04:50-07:05 UT, 14:30-14:50 UT, and 16:10 UT (marked by magenta bars on Figure 
2), while at VT, they occurred at 04:07:30-08:00 UT, 14:15-15:00 UT, and 16:07:30 UT. 
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These intervals were followed by peculiar total "fade-out" periods, where all ionogram traces 
disappeared. At SO, the exceptional "fade-outs" occurred from 07:10-14:10 UT and 15:05-16:05 UT, 
while at VT, they spanned 08:07:30-14:07:30 UT and 15:07:30-16:00 UT. Notably, the "fade-out" began 
one hour later at VT than at SO, though their end times coincided. Before the "fade-out," the F2-layer 
rose to an extreme altitude (h’F2 > 800 km at VT and > 1000 km at SO), while the F1-layer rapidly 
descended (below 250 km), see Figure 2b,d. An unusually fast recovery in ionospheric electron 
density was observed on 12 May. 

 

Figure 2. Digisonde F1- and F2-layer measurements during the Mother’s Day storm at Sopron and San Vito. F1-
layer data: turquoise line for foF1 and h’F1; F2-layer data: dark blue line for foF2 and h’F2. Gray dashed lines 
represent median values. Auroral layers (green bars), G-condition (magenta bars) and fade-outs (black bars) are 
shown, with the Swarm satellite altitude range marked by a yellow horizontal bar. 

To quantify the storm-time changes in respect to the quiet day level in percentage value, the so-
called deltafoF, -F2 and -hF and -hF2 parameters were calculated using the well-known equation 
from previous studies e.g. [47,48]: 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑2 = �
𝑓𝑓𝑓𝑓𝑓𝑓2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑓𝑓𝑓𝑓𝑓𝑓2𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞

𝑓𝑓𝑓𝑓𝑓𝑓2𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞
� ∗ 100 % (1) 

On Figure A1 the calculated deltafoF2, deltafoF2, deltahF1 and deltahF2 parameters are shown. 
In Appendix A section the detailed description of the results can be found. In conclusion, the height 
values in percentage in Figure A1b,d show quite the same pattern as in Figure 2b,d the virtual height 
data. 

Section 3.1.3 below describes in detail the nighttime uplift phases on 10/11 May. 

3.1.2. Auroral Conditions 

The appearance of auroral layers on mid- and low-midlatitude ionograms makes this event 
exceptional. The equatorward shift of the auroral oval (AO) is evident in ionograms (Figure 3), 
including the first-ever recorded auroral sporadic E at SO. Auroral F-layer intervals, typically seen at 
high latitudes, were observed from 20:30 to 04:45 UT at SO and 22:07:30-03:52:30 UT at exceptionally 
low latitude, at VT on the night of 10/11 May (green bars in Figure 2a-d). 
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Figure 3. Compilation of optical all-sky camera images (right column) and ionograms (first two columns). 
Geographic and geomagnetic coordinates of the optical observation sites are shown in the subplots. Auroral 
reflections are marked with black frames in the ionograms. Rows 1 and 2 are for Sopron, and row 3 is for San 
Vito. Light/dark blue reflection points indicate NNE/NNW direction, respectively, while red points represent 
vertical reflections in the ionograms. 

Using Digisonde’s four cross-loop receiver antennas, the direction (vertical and azimuthal) and 
polarization of echoes were analyzed [29,49,50]. At 20:30 UT, SO ionograms indicated auroral activity 
in the F-layer, with oblique spread reflections from north-northeast (NNE, faint blue) and north-
northwest (NNW, dark blue) directions (Figure 3a-b). At this time, only a reddish aurora, with an 
elevation angle of ~46°, was visible with optical all-sky cameras from Szombathely, Hungary (Figure 
3c), suggesting the southern edge of the oval may have crossed 49.45°N mlat, the Prague-Krakow line 
(the detailed calculation steps are in Appendix B section and see also [51,52]). By 22:15 UT, a green 
aurora was also observed from Doba, Hungary (see Figure A9b), with an elevation angle of ~40° 
(corresponding to the latitude of Brno, 48.27°N mlat, map of Figure A10a). The red aurora reached 
the zenith at ~22:30 UT, extending to ~40° mlat (Figure 3f). 

Auroral sporadic E appeared on ionograms by this time (Figure 3d-e) as a diffuse, rising trace 
[53]. Reflections from auroral ionization, including spread signals and oblique echoes from 
NNE/NNW, confirmed that the northern lights reached SO’s latitude (43.95°N mlat). The auroral 
intensity was remarkable, it was optically detected from Pesaro, Italy (22:52 UT, 39.48°N mlat, Figure 
A9c, Figure A10) and after the horizontal distance calculation, the aurora line was above Manciano, 
Italy (mlat 36.14°N, see Appendix B section and Figure A10). San Vito's ionograms also recorded 
auroral ionization as spread-F and oblique reflections from NNW and NNE directions (Figure 3g-h). 

3.1.3. The Three Identified F-Layer Uplift Phases 

On Figure 4 we are focusing on the ionospheric layer uplift phases during the night of 10/11 May 
using the B0, B1, the isodensity and the h’F, h’F2 parameter data. At first, the uplift phases were 
identified in virtual height data (Figure 4e,f). The Digisonde-derived B0 and B1 parameters can be 
used as indicators for rapid ionospheric changes, which appears as a modification of the shape of the 
electron density profile. In Figure 4a,b it seems to be clear that the B0 (thickness parameter) is strongly 
modified by the geomagnetic storm in the main phase. Our results also strengthen the conclusion of 
[29] and [37], that the B0 parameter is the most affected by space weather effects. While, the B1 
parameter does not show any significant variability during storm conditions. Interestingly the three 
uplift phases are also nicely seen in the B0 parameter variability (Figure 4a,b). 
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Figure 4. The Digisonde-derived B0, B1 (a,b), isodensity data (c,d) and the h’F1 and h’F2 parameter (e,f) are 
displayed for SO and VT stations during a 24 h time interval (from 12:00 UT 10/05/2024 to 12:00 UT 11/05/2024). 

The isodensity contours in Figure 4c,d are commonly used to investigate wave-like 
perturbations in the ionosphere, like large-scale Travelling Ionospheric Disturbances (LSTIDs), see 
e.g. the paper of [54,55]. LSTIDs mostly occur during geomagnetic storms and appear in the 
ionosonde data as height variations of the ionospheric layers in time. The second uplift phase 
identified in Figure 4e,f is such a wave-like variability of the layers, which most probably connected 
to LSTIDs. Isodensity and B0 data strengthen this possibility at both stations. The third identified 
uplift phase is the clearest in virtual height data (Figure 4e,f), therefore that parameters are the most 
suitable for the investigation of that type of uplift variation during storms. 

3.1.4. Ionospheric Absorption Investigation 

During the above listed periods of the "fade-out" not only the F1 and F2 layers disappeared from 
the ionograms at the investigated stations but the E layer as well. A known reason for the fade-out 
phenomena, especially in the lower frequency range (1-5 MHz) is the increased absorption occurred 
in the lower ionosphere caused by enhanced X-ray or proton flux (see e.g. [56,57]. During this 
Mother’s Day storm period, the background X-ray flux was quite high. Furthermore, several strong 
solar flares were registered, consequently the ionospheric absorption is probably also increased (see 
the article of [58] for the list of the incident flares). To investigate the reason for the fade-out in the 
current case the "amplitude method" [38] has been applied for the ionosonde data recorded at SO and 
VT during the studied period (Figure 5 and A11). Figure 5 shows the X-ray and proton flux, 
furthermore, the absorption detected at 3 MHz at SO during 3 consecutive reference days (upper 3 
plots) and during the time of the geomagnetic storm (lower 3 plots). The daily variation of the 
absorption can be clearly recognized in the data measured during the reference days (Figure 5c). The 
time of the "fade-out" is indicated by dark grey, while the periods when the maximum frequency of 
the F layer (foF2 or foF1) was below 3 MHz are indicated by faint grey shadow. Increased values of 
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the absorption can be seen in the early morning hours and before the "fade-out" (02-06 UT) on 11 May 
(Figure 5f). The period of enhanced absorption agrees well with the time when the integrated proton 
flux increased according to the GOES data (Figure 5e). It is also important to note that the X-ray flux 
was also increased throughout the day on 11 May (Figure 5d, time of terminators are indicated by 
black dashed lines). 

 

Figure 5. The ionospheric absorption investigation with the amplitude method for Sopron. (a,b,d,e) portray the 
GOES satellite X-rax flux and integrated proton flux data for the quiet and the disturbed period, respectively. (c) 
show the calculated ionospheric absorption data at 3 MHz for the quiet period and (f) the calculated ionospheric 
absorption for the disturbed period at 3 MHz. The green bars mark the intervals when the layer frequency went 
under 3 MHz; the grey bars mark the intervals of the “fade-out periods”. 
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3.1. Swarm Measurements 

The electron density during the pre-storm and storm period (9-15 May 2024), observed by 
Swarm B at MLT = 23.5, is presented in Figure 6. Dotted red and blue lines mark the SSC and Dst 
minimum times, respectively. The quasi dipole (QD) mlat for SO and VT is indicated by grey 
horizontal lines. Black dots represent trough minima from the Swarm MIT product, with additional 
manual selections where the automated algorithm failed. 

Swarm observations reveal the trough moved rapidly equatorward during the storm’s main 
phase, nearing VT's latitude by phase end. This is supported by all-sky records (Figure 4i), which 
show the Stable Auroral Red (SAR) arc approaching the zenith at Manciano (36.14 °N). In the 
Southern Hemisphere, the MIT also reached low latitudes below 35°. During the recovery phase, the 
MIT gradually retreated poleward. 

Enhanced density was observed equatorward of the MIT at night in both hemispheres, 
particularly early in recovery, while a density hole formed around the equator. This latter 
phenomenon was partially discussed by Das et al. [2] and is not the focus here. Poleward of the MIT, 
the ionosphere was severely depleted at the satellite’s altitude. 

 

Figure 6. Ionospheric plasma density observed by Swarm B at MLT 23.5 between 9-15 May 2024. 

Swarm passed over VT and SO four times within a day following the SSC. The first pass occurred 
shortly after the SSC at 17:47 UT (SO) and 17:49 UT (VT) at MLT 19.1. Compared to the previous day 
(shown in grey in Figure 7a-c) EIA crests on 10 May (shown in black) were more pronounced in both 
Swarm C’s plasma density and LEO vTEC observations (Figure 7a-c). Additionally, ssFACs 
intensified poleward of mlat -60° (Figure 7a). 

More dramatic changes were observed a few hours later at 22:04 UT when Swam B passed over 
VT and SO (Figure 7d-f). Poleward of 40° mlat in both hemispheres, ssFAC intensity increased by 
orders of magnitude. This zone of intense ssFACs (and particle precipitation) corresponds to the 
auroral zone. Notably, its equatorward boundary shifted to as low as 40° mlat (Figure 7d), south of 
SO. Local density peaks in both vTEC and plasma density (see Figure 7e-f), occurring between 40°-
60° mlat, were likely generated by storm-enhanced particle precipitation. During this flyby, MIT was 
located at around 40° mlat, marking the equatorward boundary of the auroral zone. 
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On 11 May, Swarm C, followed by Swarm B, passed over the ground stations again. In both 
cases, the in-situ plasma density observed near the stations was 3 to 4 times lower (log density 
decreased by 0.5-0.6) than the previous day (Figure 7g-l). This decrease was noted in the Northern 
Hemisphere, poleward of 30° at MLT 7.3 (5:58 UT) and 10° at MLT 10.8 (9:30 UT). Meanwhile, excess 
plasma accumulated near the equator and in the Southern Hemisphere. The density distribution was 
asymmetric on both days, but in opposite senses. 

 

Figure 7. Swarm passes over Sopron and San Vito between 9-11 May 2024. Black curves show observations 
following the SSC, while grey curves represent observations a day earlier for comparison. For each of the four 
passes (a-c), (d-f), (g-i), (j-l), ssFAC density (log scale), vertical TEC, and plasma density (log scale) are shown. 
MLT, UT (at Sopron), and orbit longitude are provided above each block. Vertical dashed and dotted lines mark 
the positions of San Vito and Sopron, respectively. 

4. Discussion 
Multi-instrumental observations captured unique ionospheric conditions at mid- and low-mid 

latitudes during the storm's main phase. Initially, F2 density rapidly decreased, followed by an 
unusual G-condition at both SO and VT, where F2 density fell below F1 in the early recovery phase. 
This was followed by an exceptionally long fade-out of the layers during daytime in the early 
recovery phase. 

By 22 UT, the F2-layer raised to the altitude of Swarm, and Swarm confirmed the severe 
nighttime depletion of this layer (Figure 7f). Meanwhile, a horizontal redistribution also took place. 
By this time, MIT reached SO’s latitude. Afterwards, the equatorward shift of the MIT went to the 
extremely low 35° mlat (Figure 6), which was indicative of the simultaneous dramatic shrinkage of 
the plasmasphere [24]. The observed density depletion was limited to the extent of the MIT and to 
the F2-layer as vTEC remained nearly unchanged. The low F2 density observed by ionosondes in the 
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main phase can also be primarily attributed to the arrival of MIT. Our findings are in good agreement 
with the result of [58]. 

Vichare et al. [59] recorded interplanetary magnetic field (IMF) By turning at 22:30 UT on 10 May 
which also coincided with northward turning of IMF Bz, see also on Figure 1a,b. 

Storm-enhanced plasma density (SED) developed at nighttime low latitudes and expanded 
toward mid-latitudes (Figure 6), approaching the counter-shifting MIT, while a deepening equatorial 
plasma depletion (EPD) evolved at the equator [2]. Das et al. [2] found that the daytime EIA extended 
up to +/-40° mlat due to a “Strong Super fountain Effect” which were linked to eastward PPEFs and 
DDEFs during the main and the early recovery phase of the present storm. EPDs generally develop 
due to the generalized Rayleigh-Taylor instability (e.g [60–62] and prefer the early morning [63–66] 
and post sunrise sectors ([67] and can extend to +/-36° mlat [68]. By the end of the main phase, Swarm 
observed that the poleward-expanding SED and the equatorward-shifting ssFAC-dominated 
(precipitation) zone nearly merged, with the MIT sandwiched between them (Figures 6 and 7). At 
this point, the nightside midlatitude ionosphere was confined to the MIT. 

The movement of the MIT was closely followed by the AO. The poleward wall of MIT is believed 
to be shaped by auroral precipitation in the evening MLT sector [69,70]. The observations confirm the 
rapid equatorward shift of the AO (optical images, auroral Es- and F-layers and intense Swarm 
ssFAC). The unique observations included the first-ever Digisonde recording of auroral Es at SO, and 
auroral F observations at unprecedented low latitudes (down to 35° mlat), confirmed by optical all-
sky observations (see Figure 4c,f,i). The source of these recorded auroral Es was most probably due 
to particle impact to the region of auroral oval [15]. 

Using multi-instrumental observations, Aa et al. [3] examined the American-Atlantic longitude 
sector during this event and found that the EIA expanded and merged with the AO. Karan et al. [71] 
reported repeated overlaps between the poleward-expanding EIA and the AO during the storm's 
main phase, based on NASA’s Global-scale Observations of the Limb and Disk (GOLD) mission data. 
The northern and southern EIA crests reached approximately 38°N and 35°S mlat around UT 
midnight (20 MLT), while the AO extended to 40°S and 38°N (the latter estimated from a GOLD 
image taken at 22:10 UT, presented in Figure 5 of Karan et al. [71]. These observations confirm a 
remarkable absence of a mid-latitude ionosphere also on the dayside. Previous studies during 
extremely intense storms have also registered similar auroral expansions up to ~40°-50° mlat [72–74]. 

Regarding the vertical plasma redistribution, three uplift phases can be distinguished (Figure 4): 
1) 18:30-19:30 UT (SO) and 18:37-19:37 UT (VT): Simultaneous parallel variations with similar speeds 
(around 31 m/s at SO and 52 m/s at VT), likely driven by the same global electric fields, initially PPEF, 
later with contribution from DDEF. Study of Astafyeva et al. [75] strengthen this scenario, while they 
observed signatures of strong unshielded PPEF (between 17:05UT, and until ∼19:40UT). This caused 
an increase of the equatorial ExB drifts up to 95 m/s, which led to the occurrence of a strong 
ionospheric super-fountain effect around the equator. Most probably, the upward drift effect of PPEF 
manifested in our F-layer height data of VT and SO stations with the listed velocities. 

Plasma uplifts typically enhance the density, while in this case a decrease was observed. The 
depletion can be attributed to the horizontal plasma redistribution, the arrival of MIT to the latitude 
of SO and VT. 

This phase can be clearly observed in isodensity and virtual height data too (Figure 4c,d,e,f). The 
B0 parameter is also sensitive for this type of change, but with not that significant increase in its value. 

2) 21:30-02:15 UT (SO) and between 21:52-02:10 UT (VT): Uplift with strong fluctuations with 
significantly greater F2 heights (890 km vs. 630 km) and speeds (around 90 m/s vs. 31 m/s) at SO and 
VT, suggesting spatially inhomogene sources like traveling ionospheric disturbances (TIDs) or storm-
time meridional wind surges [76]. During this phase, the stations were near the AO (as indicated by 
the presence of auroral layers), where storm-time winds and TIDs are initiated. The examination of 
Paul et al. [58] strengthen the presence of MS- and LSTIDs during the main and early recovery phase 
of this storm. Horvath et al. [77] during the analysis of the Halloween 2003 superstorm also identified 
TIDs which created large plasma depletions. 
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As for the analysis of the different ionosonde parameters, our conclusion is that for the 
identification of the TID effect, the isodensity data are found to be the best indicator (Figure 4c,d). 

3) 03:05-03:50 (F2), 03:10-04:25 (F1) (SO) and 03:00-04:00 (F2), 03:22-05:30 (F1) (VT): During this 
period, the F2-layer uplifted with 145 m/s velocity at SO and 102 m/s velocity at VT. Important 
difference between the two stations is that at SO the increase in the F2-layer height is not as steady as 
at VT, but much faster and has three uplift subsections (showing wave-like pattern between 261-546 
km, see Figure 4). The steady uplift at VT is also peculiar, since the altitude of the F2-layer raised 
from 509 to 877 km and reaching its highest altitude, thus the layer went out from the range of the 
ionograms. In the meantime, the F1-layer at VT and SO descended with velocities of 20 m/s at SO and 
32 m/s at VT as it is portrayed in Figure 4e,f. This height decrease was most probably due to the effect 
of westward DDEF as its presence was registered by Aa et al. [3]. The overall decrease, seen in the F2 
density, the Swarm-observed density and Swarm vTEC is the result of the downward drift of the 
dominant part of the plasma. The anomalous rapid (around 145 m/s at SO and 102 m/s at VT) and 
steady uplift of the F2 layer at SO and VT may be linked to local heat sources which affect just the F2-
layer heights, like frictional heating by subauroral polarization jets streaming along the MIT, or heat 
downward conducted from ring current (RC) [24]. Karan et al. [68] and Paul et al. [58] proposed that 
the rapid poleward shift of the EIA (with 450 m/s) together with the equatorward placement of the 
aurora caused the dramatic ionospheric uplift, which resulted in the prolonged disappearance of the 
layers at midlatitude during daytime. Note that during this phase, the Dst index was close to its 
minimum, and the RC to its maximum intensity. This peculiar feature requires further investigation. 

The third uplift phase can be identified in all three types of ionosonde parameters portrayed on 
Figure 4, however it is important to highlight that the virtual height (h’F, hF2) data is the most suitable 
for the identification of the uplifts and F1-layer height decreases. 

In the study of Vichare et al. [59] analyzed the equatorial ionosphere with ionosonde and Swarm 
data during the main phase of this storm and they identified three IMF phases. They analyzed also 
the height variation of the F2-layer, but they came up with different conclusion as we were during 
our study. This most probably connected to the fact, that during this superstorm interval, the 
equatorial and the low- and midlatitude ionosphere reacted differently as they expected to the 
incident interplanetary effects: Between 21.4 to 21.8 UT, IMF Bz was mostly constant at ~ -40 nT and 
IMF By fluctuated around zero, the study of Vichare et al. [59] named this interval as Condition I. 
They observed almost steady height in ionosonde data taken from near the magnetic equator in 
contrast to our observations. Between 22.2 and 22.5 UT the IMF Bz turned northward without much 
variation in IMF By (strongly negative with ~-60 nT), Vichare et al. [59] named this as Condition II. 
In their ionosonde data they observed variable response. During northward IMF Bz turnings, around 
the equator due to overshielding, decrease should be observed. Between 22.5 and 23 UT IMF Bz 
turned northward to zero, and IMF By turned sharply from negative to positive, this interval was 
named as Condition III after Vichare et al. [59]. be observed in ionospheric layer height data, on the 
contrary, a very large increase was observed at all three analyzed stations ([59]. This most probably 
was due to the post-sunset pre-reversal enhancement (PRE) in that local time sector. Vichare et al. 
[59] reported the first observational evidence that the impact of strong positive IMF By (during 
northward IMF Bz period) on the equatorial ionosphere near dusk by eastward PPEF effects in 
contrast to the expected overshielding effect. 

In the early recovery phase, the G-condition was followed by an exceptionally prolonged 
disappearance of the layers, or “fade-out”, from the ionograms, lasting for 6-7 hours at SO (07:10-
14:10 UT) and VT (08:07-14:07 UT) and uniquely during daytime. Swarm C and B while sounding the 
bottom-side, observed a density decrease of a factor of 3 to 4 around 6:00 and 9:30 UT (7 and 11.5 
MLT) compared to the previous day's quiet values (Figure 7h, k). Swarm’s vTEC and electron density 
measurements also showed extreme and latitudinally extended plasma depletion in the Northern 
Hemisphere (Figure 7k,l) during this interval. The “fade-out” from the ionograms likely resulted also 
from the fact that electron density dropping below the daytime detectability level of the Digisondes, 
approximately 2.3 MHz (6.58·104 1/cm3) [20,78]. This prolonged depletion was mainly attributed to 
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the extremely decreased O/N2 ratio [45] and the resulting high recombination rate. Additionally, the 
low density may have been reinforced by the push of the layers exerted by DDEF, to lower altitudes, 
where the recombination rate is higher, as reflected in the h’F data in Figure 2c,e. However, it is 
important to note that increased background X-ray flux and solar flares during the investigated 
period could also contribute to the disappearance of the lower layers through the resulting increased 
absorption [38,56]. In the recent study of Pierrard et al. [15] different longitudinal sectors were 
investigated including one in Europe, in their observation they also registered “fade-outs” during 
quite the same interval during this May superstorm. Our results fit nicely into their ionosonde station 
line and complementing them. At high latitudes (53.95 mlat), the disappearance of the layers 
registered shortly after the SSC and the G-condition phase lasted much longer than at SO (46.67 mlat) 
and VT (35.94 mlat), which is in line with expectations. G-condition phase starts earlier and lasts 
longer at higher latitudes and appears during intense geomagnetic storms which are causing negative 
ionospheric storms in the main and early recovery phase [29]. Besides, the appearance of G-condition 
is dependent on the local time of the storm onset, as was concluded by Pierrard et al. [15] during the 
investigation of the October 2024 storm, where no G-condition was observed. A similar “fade-out” 
scenario was reported, e.g., during the nighttime of St. Patrick’s Days 2015 and the November 2012 
storm, it was found to be related to both the equatorward movement of the MIT and the O/N2 ratio 
decrease as they caused significant negative ionospheric storms [20]. The Swarm detected asymmetric 
electron density distribution can also be connected to the summer-to-winter solar radiation-driven 
circulation which causes the seasonal difference in the ionospheric plasma density; however, this 
needs further investigation [79]. 

However, it is important to note that increased background X-ray flux and solar flares during 
the investigated period could also contribute to the disappearance of the lower layers through the 
resulting increased absorption [38,56]. Increased absorption values were detected during the early 
morning hours (02-06 UT) on 11 May, and the reason for the enhanced values was not the negative 
ionospheric storm in this case (the critical frequency of the F-layer was not below 3 MHz during this 
period). Thus, the reason could be the enhanced proton (early morning hours, Figure 5e) or X-ray 
flux (after sunrise, indicated by the black dashed line, Figure 5d). However, no increased values 
compared to the reference days were observed directly before the fade-out (please compare Figure 5 
c and f). Therefore, the reason for the disappearance of the E- and F1-layers from the ionograms 
cannot be clearly connected to the increased ionospheric absorption based on the present results, 
more investigation is needed. 

5. Conclusions 
• A series of unique ionospheric conditions were determined by multi-instrumental observations 

and discussed in the current study. 
• A sudden and extreme decrease in F2 electron density and a simultaneous uplift were detected 

with the Digisonde above SO and VT right after the SSC. The initial density decrease was mostly 
caused by the arrival of MIT to these latitudes. 

• Right after the end of the main phase, a peculiar G-condition developed in the ionosphere. This 
appears only during intense geomagnetic storms and is connected to extremely depleted plasma 
in the F2-layer. 

• Auroral F- and auroral Sporadic E-layers were observed at unprecedented low latitudes (42°, 
35° mlat, respectively) during the main phase, while the analyzed stations were below or near 
the AO. The first ever observation of auroral Es at SO occurred between 22:15-23:10 UT, while 
auroral F layers were recorded at SO (22:30-03:45) and as extremely low latitude as VT station 
(22:37-03:52UT) on 10/11 May 2024. Besides the optical observations, Swarm measurements 
confirmed that the MIT, with the AO at its equatorward boundary, moved down as low as 
35.9°N mlat. 

• The auroral and low-latitude nightside ionospheres converged at the MIT, creating an 
extraordinary situation where the midlatitude ionosphere was confined to the MIT itself. 
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• Exceptionally prolonged disappearance of the ionospheric layers was observed through 
Digisonde measurements uniquely during daytime hours in the early recovery phase of the 
superstorm. The joint effect of the extremely decreased O/N2 ratio and density, as well as along 
with the influence of DDEFs was the most probable cause of the disappearance and not the 
increased ionospheric absorption caused by the incident solar flares, which was confirmed by 
the amplitude method. 

• Three uplift phases were distinguished during the main and early recovery phases. The first 
phase was driven by global electric fields. The second phase was most likely caused by the 
spatially varying effect of storm-time winds and TIDs. While the decrease of the F1-layer height 
during the third uplift phase must have been driven by the westward DDEF, the underlying 
process responsible for the peculiar third-phase F2-layer uplift remains unclear and requires 
further investigation, involving additional observations from the plasmasphere. 

• The isodensity and virtual height (h’F, h’F2) data are most clearly observed in the isodensity 
data. 

• Effects of TIDs during geomagnetic storms are the best observed with isodensity data. 
• B0 parameter is sensitive to all the three types of ionospheric layer uplift (and overall, to 

geomagnetic storm effects), however it is the most suitable for the indication of TID related 
ionospheric height variations. 

• In a future study, we plan to investigate the prolonged daytime disappearance of the F-layer 
and its anomalous 3rd-phase uplift in detail, incorporating further experimental data and 
models like the thermosphere-ionosphere- electrodynamic general circulation model (TIEGCM, 
see the article of [80], and the Horizontal Wind Model 2007 (HWM07, [81]). 
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The following abbreviations are used in this manuscript: 

AO 

DDEF 

EIA 

EPD 

ICME 

GNSS 

HWM07 

IMAGE 

IMF 

FAC 

GOLD 

LSTID 

NNE 

NNW 

MIT 

MLT 

MSTID 

PPEF 

QD 

PRE 

RC 

SAR 

SED 

SSC 

ssFAC 

SO 

TID 

TIEGCM 

UT 

VT 
vTEC 

auroral oval 

disturbance dynamo electric field 

equatorial ionization anomaly 

equatorial plasma depletion 

interplanetary coronal mass ejection 

global navigation satellite system 

Horizontal Wind Model 2007 

International Monitor for Auroral Geomagnetic Effects 

interplanetary magnetic field 

field-aligned current 

global-scale observations of the limb and disk 

large-scale TID 

north-northeast 

north-northwest 

midlatitude ionospheric trough 

magnetic local time 

medium-scale TID 

prompt penetration electric field 

quasi dipole 

pre-reversal enhancement 

ring current 

stable auroral red 

storm-enhanced plasma density 

sudden storm commencement 

small-scale FAC 

Sopron 

travelling ionospheric disturbance 

thermosphere-ionosphere- electrodynamic general circulation model 

universal time 

San Vito 
vertical total electron content 

Appendix A 
On Figure A1 the calculated deltafoF2, deltafoF2, deltahF1 and deltahF2 parameters are shown. 

The sudden decrease in F2-layer electron density after the SSC went up to -63 % (at 20:40 UT) and 58 
% (at 23:22:30) at SO and VT, respectively (Figure A1a,c). A slight increase can be tracked in the data 
until G-condition mainly at SO. In F1-layer electron density varies between 13 and -36 % during the 
day of 11 May. At SO, a second nighttime electron density minimum with -60 % can be observed from 
similarly around 20 UT until 02 UT during the night of 11/12 May. At VT, the second minimum in 
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F2-layer electron density with -61 % (at 00:50 UT) is more expressed and sharper after midnight on 
12 May, which continues with a significant increase up to the quiet day values (0 %) around 9 UT. 

The height values in percentage in Figure A1b,d show quite the same pattern as in Figure 2b,d 
the virtual height data. After the SSC both station data show a sudden increase from 18:30 and 18:52 
UT up to 50 and 90 % at SO and VT, respectively. This phase continues with a wave-like, more 
oscillatory scenario until 03:05 UT and 03:22:30 UT on 11 May. Right after that an extreme increase 
follows, the deltahF2 values go up to 358 % and 240 % at SO and VT until the start time of the G-
condition (Figure A1b,d). During this F2 layer height increase, the F1-layer decreased from 113 % to 
3% at VT, so the storm-time increased layer altitude went back to its quiet day value right before the 
disappearance/”fade-out” of the layers started. At SO in the deltahF1 data we do not see such a 
significant decrease. After the fade-out scenario during the afternoon of 11 May, deltahF2 values 
quickly went back to their quiet day level (from 18 UT). Section 3.1.3 above describes in detail the 
nighttime uplift phases on 10/11 May. 

 

Figure A1. The calculated deltafoF1, deltafoF2, deltahF1 and deltahF2 parameters are displayed at Sopron and 
San Vito. F1-layer data: turquoise line; F2-layer data: dark blue line. Auroral layers (green bars), G-condition 
(magenta bars) and fade-outs (black bars) are shown. 

Appendix B 
This is the additional explanatory text for the exact calculation steps, how the geographic and 

geomagnetic latitudes corresponding to the green and red auroras during the main phase of the 
superstorm were calculated. 

Most studies regarding the aurora concentrate on the determination of the peak emission height 
of the aurora borealis and not the height boundaries of each type (color) of aurora. Since the accurate 
height of a given type (color) of aurora for this superstorm is currently not known and since the 
behavior of the aurora can differ storm by storm (and there can be differences at mid-latitude 
compared to high-latitude cases), here the upper boundary of the auroras were based on statistical 
observations (with this the height is supposed to be overestimated). Regarding the green aurora, after 
the study of Whiter et al. [51] the correlation coefficient of the peak emission height of the green 
aurora is around 0 at 180 km height (see Figure A2), that is why 180 km was chosen as an 
overestimation for the upper height boundary of the green aurora. 

For the height determination of the red aurora, we used the study of Jackel et al. [52]. The 
correlation coefficient of the peak emission height was close to 0 at 300 km (see Figure A3, which is 
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Figure 2 in [52]), therefore the 300 km height was chosen as upper boundary height for the red aurora 
position calculations in our study. 

To estimate the geographical location of the auroral borealis, the images of all-sky cameras were 
used (e.g. Figure A4). Based on the configuration of the all-sky images (Figures A5a) the distances (b, 
c) and the viewing angles (β, γ) are directly proportional and can be determined. Therefore, the 
equation is 

b
r
≅  β

90°
, c
r
≅  γ

90°
  (2) 

In the next step x (the average of 3 different measurements taken from the picture) was used 
instead of the r, since the radius of the all-sky image is unknown, because the pictures are from 
outside source, see Acknowledgement. On Figure A6 the x and y (the proportion of the aurora on the 
captured image) can be measured and quantified from the images. From x and y, the angle α (angle 
between the location of the all-sky camera and the top of the aurora, Figure A6b) can be calculated: 

y
x

= α
900

  (3) 

The h is the maximum height of the different type (color) of observed aurora, and were chosen 
as described above (180 km for the green aurora and 300 km for the red aurora), therefore the 
horizontal distance between the camera and the exact location of the aurora (d) can be estimated with 
this equation: 

h
d

= tan(a)  (4) 

The exact calculation for 20:30 UT is as follows: 
The subauroral arc (SAR) was at zenith at this time, and directly above Szombathely, Hungary 

(47.25°N lat, 42.25°N mlat, see Figure A9 for the location). For the red aurora with Equation 3, where 
y=4.8, x=9.3 and after the calculation 

4.8
9.3
∙ 90° = 46.45° , 

the top of the red aurora was visible around 46.45˚ degrees. Using the above-mentioned h=300 
km upper height for the red aurora (after [52]), the d value is determined with Equation 4 as follows: 

300
tan 46.45°

= 285.7 

As a result, the estimated horizontal distance between the camera (Szombathely) and the red 
aurora is around 285.7 km, so the aurora was above Prague (50.06°N lat, 49.45°N mlat, see Figure 
A10). 

The ionograms from Pruhonice station (next to Prague, Figure A10) seems to confirm this, see 
Figure A7 (source: https://giro.uml.edu/ionoweb/#). An example for regular optical observation of 
the aurora recorded at Fonyód (Hungary, Figure A9) at 20:43 UT can be seen on Figure A9a. 

The exact calculation for 22:15 UT is as follows: 
At this time, the red aurora was at zenith, directly above Szombathely. 
For the green aurora with Equation 3, where y=4.2, x=9.3 and after the calculation 
4.2
9.3
∙ 90° = 40.65°, 

the top of the green aurora was visible around 40.65˚ degrees. Using the above-mentioned h=180 
km upper height for the green aurora (after [51]), the d value is determined with Equation 4 as 
follows: 

180
tan 40.65°

= 214.51 km 

As a result, the estimated horizontal distance between the camera (Szombathely) and the green 
aurora is around 214.51 km, so the aurora was above Brno (49.2°N lat, 49.39°N mlat, see Figure S9 for 
the location). The ionogram recorded at Pruhonice at this time shows an intense auroral Es, see Figure 
A7. An optical observation of the aurora recorded at Doba (Hungary, Figure A9) at 22:15 UT also 
shows the presence of green aurora (Figure A9b). 
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The exact calculation for 22:50 UT is as follows: 
The SAR was almost at zenith at this time over Manciano, Italy (42.6°N lat, see Figure A10). 
For the red aurora with Equation 3, where y=2.7, x=8.3 and after the calculation 

2.7
8.3
∙ 90° = 29.28°, 

the top of the red aurora was visible around 29.28˚ degrees. Using the above-mentioned h=300 
km upper height for the red aurora (after [52]), the d value is determined with Equation 4 as follows: 

300
tan 29.28°

= 535.7 km 

As a result, the red aurora’s estimated horizontal distance from Manciano is ~536 km (see Figure 
A10 for the location), which is in the line of Szombathely, Hungary. The all-sky camera records from 
Szombathely at this time strengthened this computation. 

The closeness of the red aurora is confirmed by the image taken at Pesaro, Italy (Figure S9c, for 
the source, see Acknowledgement). 

Figure A10 is a summary map, illustrating the locations of the used Digisondes, the all-sky 
cameras and optical observations for easier interpretation. 

 

Figure A2. Histograms of observed peak emission heights for the green 557.7nm emission (grey shading) and 
blue 427.8nm emission (black outline) (Figure 1 from [51]). 

 

Figure A3. Correlation variation with assumed height. Peak correlation (r=0.99) occurs at a height of 215 
kilometers and is close to 0 at 300 km (Figure 2 in [52]). 
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Figure A4. The all-sky camera image used for the estimations at 22:15 UT (10 May 2024), Szombathely, Hungary. 

 

Figure A5. Configuration and interpretation of the all-sky camera. 

 

Figure A6. Determination of the parameters for geographic location determination from all-sky camera images. 
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Figure A7. Ionogram from Pruhonice at 20:30 UT (10 May 2024). 

 

Figure A8. Ionogram from Pruhonice at 22:15 UT (10 May 2024). 
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Figure A9. Optical aurora borealis observations, a) from Fonyód, Hungary at 20:43 UT (10 May 2024), b) from 
Doba, Hungary at 22:15 UT (10 May 2024), c) from Pesaro, Italy at 22:52 UT (10 May 2024). 
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Figure A10. a) Locations of the Digisondes, all-sky cameras and optical aurora observations. Red for the 
Digisondes, orange for the all-sky cameras, green for regular optical images and yellow for the reference points 
of the calculated position of the auroras. b) The selected PPN-SOR meridional station chain used for the IU, IL 
indices for the studied interval. 
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Figure A11. The amplitude method for San Vito at 5 MHz. The ionospheric absorption investigation with the 
amplitude method for Sopron. (a,b,d,e) portray the GOES satellite X-rax flux and integrated proton flux data for 
the quiet and the disturbed period, respectively. (c) show the calculated ionospheric absorption data at 5 MHz 
for the quiet period and (f) the calculated ionospheric absorption for the disturbed period at 5 MHz. The green 
bars mark the intervals when the layer frequency went under 5 MHz; the grey bars mark the intervals of the 
“fade-out periods”. 
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