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Abstract The May 2024 super storm is one of the strongest geomagnetic storms during the past 20 years. One
of the most remarkable ionospheric responses to this event over East and Southeast Asia is the complex
ionospheric fluctuations following the storm commencement. The fluctuations created multiple oscillations of
total electron content (TEC) embedded in the diurnal variation, with amplitudes up to 10 TECu. Along the same
latitude, the fluctuations were nearly synchronized over a wide longitude span up to 35°. In the meridional
direction, the fluctuations over low latitudes were the most significant and complex, which contained two main
components, the poleward extending oscillations originated from the magnetic equator, and the equatorward
propagating traveling ionospheric disturbances (TIDs) from high latitudes. The TIDs likely occurred around the
globe. The storm-time interplanetary electric fields penetrating into equatorial latitudes of the ionosphere and the
auroral energy input were suggested to drive the poleward extending oscillations and the equatorward TIDs,
respectively.

Plain Language Summary The ionospheric responses to strong geomagnetic storms are mainly in
the form of global or hemispheric scale plasma density enhancement or suppression, termed as positive or
negative ionospheric storms, respectively. Previous studies have also reported fine-scale ionospheric structures
during geomagnetic storms, which were manifested as wavelike fluctuations in TEC. Multiple mechanisms
were proposed to be responsible for the TEC fluctuations, including the magnetospheric compression effect,
storm-time penetration electric field, refilling process linked with plasma pressure, and traveling ionospheric
disturbances triggered from high latitude and polar regions. During the May 2024 super storm, complex
ionospheric fluctuations consisting of two major components, that is, poleward extending fluctuations
originated from the magnetic equator and equatorward traveling oscillations from high latitude and polar
regions were observed over East and Southeast Asia. It is important to figure out what mechanisms could
dominate the generation and evolution of complex fluctuations over specific regions. Based on the TEC
continuously measured along dense observational chains, in combination with multiple other types of
observations, the characteristics and possible mechanisms of the complex ionospheric fluctuations are
investigated.

1. Introduction

The Earth's ionosphere could change significantly during strong geomagnetic storms. Due to the variation of
equatorial electric fields, thermospheric composition, neutral circulation, and/or auroral energy input during
different storm phases, the plasma density may experience remarkable enhancement or suppression, termed as
positive or negative ionospheric storms, respectively (e.g., Abdu, 1997; Huang, 2008; Kelley et al., 2003; Kuai
et al., 2015; Lei et al., 2011; Prolss, 1993; Spogli et al., 2021; Zhao et al., 2008). The positive and negative
ionospheric storms are important space weather events that usually draw the great attention of researchers, and
have been extensively investigated during the past decades (e.g., Balan et al., 2010; Fejer, 2002; Lu et al., 2008;
Nava et al., 2016; Prolss & Werner, 2002; Zhang et al., 2017; Zhao et al., 2012).
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In addition to positive and negative storm effects that usually have global or hemispheric scales, the ionosphere
may also experience regional or fine-scale variations during geomagnetic storms. For example, during the March
1989 super geomagnetic storm, it is reported that the ionospheric response over East Asia exhibited significant
east-west differences at middle latitude (Zhao et al., 2019), whereas at low latitude the ionospheric total electron
content (TEC) displayed fine-scale wavelike disturbances over time, which was surmised to be linked with the
magnetospheric compression effect (Huang & Cheng, 1991). However, due to the scarcity of TEC observations in
such early years, the fine-scale ionospheric structures in a broad region could not be well revealed and the un-
derlying mechanisms could not be further explored.

Facilitating from the wider and denser distribution of Global Navigation Satellite System (GNSS) observations in
recent years, it was revealed that the TEC wavelike oscillating structures could occur simultaneously around the
globe during geomagnetic storms that were suggested to be under the substantial control of penetration electric
fields (PEFs) (e.g., Zhang et al., 2023). However, the mixed spatio-temporal variation of the non-geostationary
GNSS observations and the employed de-trending method to large data may smooth out the contribution from
some specific physical mechanisms. Recently, based on the TEC continuously observed along fixed receiver-
satellite links by tracking the signals of Beidou Geostationary (BD-GEO) satellites, it was found that the
storm-time ionospheric oscillation synchronized over wide longitudes could possibly be caused by the combining
effect of PEFs and the refilling process due to plasma pressure difference (Li et al., 2019). In addition, the storm-
time auroral energy input may trigger traveling ionospheric disturbances (TIDs) which could also be manifested
as fluctuations of plasma density and height (e.g., Borries et al., 2017; Ding et al., 2007; Figueiredo et al., 2017;
Habarulema et al., 2018; Shiokawa et al., 2012; Zakharenkova et al., 2016).

The storm-time ionospheric variations due to different physical mechanisms could appear in similar patterns, that
is, periodic ionospheric oscillation/fluctuation in TEC, plasma density and/or height, which could not be well told
apart from each other (e.g., Ding et al., 2007; Huang & Cheng, 1991; Li et al., 2019; Zhang et al., 2023). Under
geomagnetic quiet or weak disturbed conditions, recent studies have demonstrated the great advantages of BD-
GEO TEC observed along specific latitudes/longitudes in tracing fine-scale ionospheric disturbances and
differentiating their complex mechanisms (e.g., Hao et al., 2024; Huang et al., 2017; Li et al., 2019; Sun
etal., 2022; Xiong et al., 2023). It is still not clear that during very strong geomagnetic storms, how the ionosphere
will behave in terms of fine-scale structures, that is, the ionospheric variations with short period within small
regions that may exhibit significant gradient or fast change over very nearby locations. It is also important to
figure out what the intrinsic differences between the fine-scale structures due to different mechanisms are, and
which mechanism could dominate their generation and evolution over specific regions.

In May 2024, one of the strongest geomagnetic storms during the past 20 years occurred. This provides a good
opportunity to address the questions raised above. During the storm, significant ionospheric fluctuations were
observed over a large region in East and Southeast Asia. In this study, based on the BD-GEO TEC continuously
observed along specific latitudes and longitudes, in combination with multiple other kinds of observations, we try
to figure out the spatio-temporal features of the complex fluctuations and identify the potential factors controlling
their generation and evolution.

2. Event Description, Data and Methods

The May 2024 super geomagnetic storm is the consequence of multiple consecutive coronal mass ejections. It
reached G5 level with a minimum SYM-H (Dst) index —518 nT (—412 nT). According to the minimum SYM-H
and Dst index, which rank the first since 2004, the present event could be the strongest storm during the past
20 years. Details of the storm evolution process could be seen in the recent papers (Guo et al., 2024; Spogli
et al., 2024). Figure 1 presents the solar wind speed measured by the ACE satellite that was post-processed and
archived in the OMNI database (https://spdf.gsfc.nasa.gov/pub/data/omni/high_res_omni/), Dst/SYM-H
(https://wdc.kugi.kyoto-u.ac.jp/) and Kp (https://kp.gfz-potsdam.de/en/) indices during 09-13 May 2024. Ac-
cording to the SYM-H variation, the storm sudden commencement (SSC) was at ~17:10 universal time (UT,
Beijing local time LT = UT+8 hr) on 10 May, following an abrupt increase of solar wind speed from ~450 km/s
to ~700 km/s. Note that it was post-midnight period for the East and Southeast Asian sector when the storm
commenced. After that, the solar wind speed increased steppedly and reached the maxima ~1,000 km/s at ~01:00
UT on 12 May. The main phase of the storm lasted until ~02:14 UT on 11 May when the SYM-H reached its
minimum. During the process, the maximum Kp index reached 9. It is relevant to mention that the significant
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Figure 1. (a) The solar wind speed, (b) Dst/SYM-H and (c) Kp index during 09—13 May 2024. The black arrow in (b) indicates the storm sudden commencement (SSC).

increase of Kp (at ~15:00 UT on 10 May) was a little earlier than the SSC seen from SYM-H. For this
discrepancy, there could be two possibilities. (a) The Kp index is calculated based on the K index measured by
~13 observatories at subauroral regions (Matzka et al., 2021), whereas the SYM-H is mainly obtained based on
the relative variation of the geomagnetic field horizontal component H observed at middle and low latitudes
(Wanliss & Showalter, 2006). The advanced enhancement of Kp index earlier than that of SYM-H may be partly
due to the latitude discrepancy of instrument measurements that involved to generate the corresponding indices.
(b) The temporal resolution of SYM-H is 1 min, whereas the temporal variation of Kp is 3 hr that may not well
represent the fast variation of storm-time geomagnetic field.

In order to investigate the ionospheric behavior during the geomagnetic storm, three types of instruments are
employed, including (a) GNSS receiver networks, (b) multiple ionosondes, and (c) a Low 1Atitude long Range
Ionospheric raDar (LARID) (Hu et al., 2024). Some of these instruments belong to the Chinese Meridian Project
Phase I (Wang, 2010) and Phase II (Wang et al., 2023), and the International Meridian Circle Program (Liu
et al., 2021). The distribution of the instruments is shown in Figure 2.

From the GNSS observations, the TEC could be calculated based on the same method as in previous studies and
will not be repeated here (e.g., Liu et al., 2017; Sun et al., 2022; Xiong et al., 2016). The TEC fine-scale structures
during the storm are mainly obtained via tracking the signals of BD-GEO satellites, which could provide
continuous observations at fixed ionospheric pierce points (IPPs). The BD-GEO GNSS receivers are from the
Ionospheric Observational Network for Irregularity and Scintillation in East/Southeast Asia (IONISE) (Li
et al., 2019; Sun et al., 2020). As shown by blue dots in Figure 2, the TEC fine-scale structures could be traced
along the fixed IPP arrays of 37°N, 21°N, 9°N and 110°E, respectively. Due to the different receiver distributions
along the three latitudes, the number of BD-GEO satellite IPPs may also be different. Notably, the IONISE GNSS
receivers could also track the signals of the Global Positioning System (GPS), the GNSS of Russia (GLONASS),
and the European Galileo system. In combination with the Crustal Movement Observation Network of China
(CMONOGC; Aa et al., 2015), and other GNSS networks around the world including the International GNSS
Service (IGS) Working Group on ionosphere (Beutler et al., 1999) and the Geoscience Australia network (https://
www.ga.gov.au), the TEC behavior over a large region could be obtained. The sampling rate of TEC is 30 s. The
IPPs are projected at the F-region altitude 300 km. To indicate the increase and decrease of TEC with time, the
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Figure 2. The distribution of the observational instruments employed in the present study. The red stars, red diamond, blue and black bold dots represent ionosndes, the
Low lAtitude long Range Ionospheric raDar (LARID), GNSS receivers from IONISE and from other observational networks, respectively. The blue dotted curve
denotes the magnetic dip equator. The black dashed curves denote the LARID beam directions. The black bold curves superimposed on the beam directions mark the
approximate locations of the ionospheric reflection points for the ground scatters detected by the range gates 1,500—4,000 km.

rate of TEC change (ROT) is employed. Note that the ROT is different from the rate of TEC index (ROTI) usually
used to characterize the occurrence of ionospheric irregularities.

In order to investigate the occurrence of TIDs during the storm, the de-trended TEC (dTEC) is used. For the dTEC
calculation, proper detrending to accurately identify the desired features of wavelike structures is important
(Guerra et al., 2024). For the present study, dTEC was calculated by subtracting the 1-hr running average of the
vertical TEC data. Then the dTEC was projected at 300 km altitude and binned into 1° X 1° grids every 5 min. The
average of all the data within each grid area was chosen to represent the value of the grid. For TEC, ROT and
dTEC, only the data with elevation angles higher than 30° was used.

To investigate the ionospheric variations at typical latitudes, ionogram observations by the ionosondes distributed
along ~110-120°E, including Meiji (115.6°E, 9.9°N, magnetic latitude 2.8°), Ledong (109.0°E, 18.4°N, mag-
netic latitude 12.9°), Wuhan (114.5°E, 31.0°N, magnetic latitude 28.0°) and Beijing (116.2°E, 40.3°N, magnetic
latitude 39.4°), are employed. The ionograms, with sampling rates of 5, 7.5, 15 and 15 min, respectively, were
manually scaled for obtaining the plasma density profiles below the F layer peak. Note that the largest detection
range for the Meiji, Ledong, Wuhan and Beijing ionosondes are 1,200, 1,280, 1,280 and 650 km, respectively.

The LARID is an over-the-horizon high frequency radar newly built at the low-latitude station Dongfang (19.2°N,
108.8°E, magnetic latitude 13.9°) in 2023. Details of LARID could be seen in Hu et al. (2024). The LARID
consists of two subsystems which can be operated looking toward east and west respectively. For either direction,
the subsystem includes a main transmitting/receiving array consisting of 20 log-periodic antennas and a receiving
interferometry array consisting of 4 similar antennas. Whereas one main purpose of LARID is to observe
equatorial plasma bubbles by receiving irregularity backscatter echoes, here we use the ground scatters by LARID
to derive the background ionospheric variability (Sun, Li, Nang, et al., 2024). During the present experiment,
the LARID was operated at 20.4 MHz with a beam steering mode stepped by 5°. The beams were within the
azimuth 65°-90° for the east beams and —90° to —65° for the west beams (clockwise due north). Based on
the simulation by Hu et al. (2024), the beams center at ~17°, with a 3-dB beam width of ~18° in the elevation
direction. The number of range gates is 160 with a range resolution of 60 km, attaining a maximum range of
~9600 km at each side. By employing a virtual height model (Chisham et al., 2008), the group range of LARID
observations could be mapped to geographic longitudes (Figure 2).
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sunset terminators at 300 km altitude over different latitudes along the corresponding longitude of each panel, respectively. The black dashed lines mark the storm

sudden commencement.

3. Results

In order to get an overview of the ionospheric response to the storm over East and Southeast Asia, Figure 3 shows
the TEC keograms along three selected longitudes 120°E, 110°E and 100°E, respectively. From Figure 3, the
equatorial ionization anomaly (EIA) on May 11 and 12 was not fully developed, as compared with that on quiet
days. This was possibly due to a suppressed fountain effect. Note that the suppression was more significant on 12
May than on 11 May. The suppressed EIA consequently caused the negative ionospheric storm at middle to low
latitudes. One interesting feature noted from Figure 3 is that there seem to be multiple stripes elongating from
middle to low or even equatorial latitudes in the TEC keograms on 11 May. This is quite different from the
patterns on the other days, indicating that the TEC at a specific latitude may vary periodically over time. Further,
comparing the observations shown in different panels of Figure 3, we can find that the TEC variation exhibited
similar but not completely the same behavior over different longitudes. For example, the EIA suppression and
stripes elongating from middle to low latitudes could be observed over all the three adjacent longitudes, but the
suppressed EIA morphology was not exactly the same. The observations indicate that fine-scale structures may
exist during the event. In the present study, we will mainly focus on the periodic variations rather than the
positive/negative storm effects or the EIA shift during storms which have been well investigated in previous
studies.
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Figure 4. The TEC observed at the fixed IPPs along (a) 9°N (b) 21°N and (c) 37°N, and (d)—(f) the corresponding rate of TEC change (ROT). The black dashed lines
mark the storm sudden commencement. The black solid lines mark the TEC increase due to sunrise. The blue and red arrows in the panel b mark the TEC fluctuation
crests during nighttime and daytime, respectively.

Figures 4a—4c present the BD-GEO TEC continuously observed at the fixed IPPs along three latitudes, the
equatorial latitude 9°N (magnetic latitude ~2°N), the low latitude 21°N (magnetic latitude ~16°N) and the middle
latitude 37°N (magnetic latitude ~36°N). Figures 4d—4f present the corresponding ROT. Compared with the
observations before the storm, the TEC variation after the SSC showed obvious fluctuations with multiple crests
embedded in the diurnal variation, which was the most remarkable over low latitude (i.e., 21°N), with up to 10
fluctuation crests as indicated by the upward arrows in Figure 4b. The TEC fluctuation was more significant
during the daytime (indicated by red arrows), and could also be observed during nighttime but with smaller
amplitudes (indicated by blue arrows). For the fluctuation amplitudes at different latitudes, they were larger at
equatorial and low latitudes (up to more than 10 TECu, Figures 4a and 4b) than at middle latitudes (predominantly
smaller than 3 TECu, Figure 4c). Further, based on the corresponding ROT observations (Figures 4d—4f), the TEC
increases (indicated by positive ROT) and decreases (indicated by negative ROT) for the fluctuations along the
same latitude were nearly synchronized in a large longitude span up to 35°. It is relevant to mention that before the
SSC, ionospheric disturbances could also be observed, especially at the equatorial latitude during 12:00-16:00 UT
on 10 May. These disturbances showed depletion morphology and were due to the general occurrence of EPBs,
which have been investigated in our companion paper (Sun, Li, Zhao, et al., 2024) and will not be further focused
on in the present study.

Figure 5 presents the ionospheric density profiles below the F layer peak observed by the ionosondes at different
latitudes. Note that for the Beijing observation, there was a long duration of data gap from ~22:00 UT on 10 May
to ~08:30 UT on 11 May. For the data gap, one possibility is the significant uplift of the mid-latitude ionosphere
similar to that reported by Spogli et al. (2024), which led to a very high F layer exceeding the largest detection
range of the Beijing ionosonde 650 km. However, the uplift process was not well observed by the Beijing ion-
osonde due to the abrupt absence of trace echoes since ~22:00 UT on 10 May. Nevertheless, from Figure 5, we
can find that different from the patterns before the storm (e.g., before SSC on 10 May), the profiles after the SSC
showed significant fluctuations in both the plasma frequency and height, especially on 11 May. The plasma
density and height fluctuations could consequently contribute to the fluctuations of TEC. The profile fluctuations
during the daytime of 11 May were more significant over the magnetic equator (i.e., Meiji) and low latitude (i.e.,
Ledong), corresponding well with the TEC fluctuations at different latitudes. The fluctuations after sunset were
likely originated from higher latitudes and extended all the way from middle latitudes to the magnetic equator, as
marked by the black arrows, indicating a possible equatorward propagation.
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Figure 5. The ionospheric density profiles obtained by the ionosondes at different latitudes. The black dashed line in each panel indicates the storm sudden
commencement. The magenta lines in (c) mark the specific time intervals 00:30, 03:20, 08:27, and 10:38 UT on 11 May when the Ledong ionospheric profile showed

fluctuation crests.

In order to investigate the latitudinal variation of the TEC fluctuations, the ROT calculated from BD-GEO TEC
observations at fixed IPPs along 110°E + 10° during 10-12 May are presented in Figure 6, along with the
simultaneous auroral electrojet (AE) index, interplanetary magnetic field (IMF) Bz and the ionospheric density
profile observed at the magnetic equatorial site Meiji. As can be seen, the TEC fluctuations characterized by
positive or negative ROT after the SSC could either be originated from the equatorial region and extend poleward,
or be originated from higher latitudes and propagate equatorward. The poleward extending fluctuations were
mainly constrained at equatorial and low latitudes (e.g., below 20°N magnetic latitude). The equatorward
propagating fluctuations could reach the magnetic equator, for example, the fluctuations indicated by the blue
arrows labeled as “6” and “7”.

4. Discussion

Previous studies on the TEC behaviors during strong geomagnetic storms mainly focused on the positive or
negative storm effects on global or hemispheric scales during different phases of storm development (e.g., Balan
et al., 2010; Fejer, 2002; Kuai et al., 2016; Lu et al., 2008; Nava et al., 2016; Prolss & Werner, 2002; Zhang
et al., 2017; Zhao et al., 2012). For the May 2024 super geomagnetic storm, one interesting feature of the TEC
behavior over East and Southeast Asia is the synchronized TEC fluctuations in a wide longitude range, with up to
10 oscillating crests embedded in the diurnal variation.

Similar TEC pattern was occasionally observed previously at single station during super geomagnetic storm
event. For example, Huang and Cheng (1991) reported wavelike TEC oscillation near the EIA region during the
March 1989 super geomagnetic storm (minimum Dst —589 nT), which was attributed to the compression/
expansion of the plasmasphere pushing the ionization into/out of the ionosphere. In their studies, the TEC was
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marks the value of zero. In (d), the black dashed curve marks the height variation with plasma frequency 9 MHz. The black solid and dashed slant arrows indicate the
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measured by tracking the satellites at 2,000 km height, which is far below the magnetopause at the distance 4-10
times of the earth radius away from the ground. However, the TEC measured by tracking BD-GEO satellites in the
present study could be up to 36,000 km. The plasma above this height may contribute very small (in the order of
10~! TECu) to the integrated TEC (e.g., Hao et al., 2017). Therefore, the compression/expansion of the plas-
masphere may not be the major driving mechanism for the TEC fluctuations with amplitudes up to ~10 TECu
observed in the present study.

Regarding TEC oscillations synchronized over a wide longitude span, Li et al. (2019) reported a case during a
moderate geomagnetic storm with minimum Dst index —86 nT, which was associated with periodic changes in
IMF Bz polarity. However, the TEC oscillations observed by Li et al. (2019) were mainly constrained at low
latitudes during nighttime, with small oscillating amplitudes below 0.5 TECu. In the present study, remarkable
TEC fluctuations could be observed from equatorial to middle latitudes during both daytime and nighttime, with
much larger fluctuating amplitudes up to 10 TECu. Nevertheless, the observations by Li et al. (2019) suggest that
multiple penetrations of interplanetary electric fields indicated by IMF Bz oscillation could contribute to the TEC
oscillation synchronized over wide longitudes. Recently, Zhang et al. (2023) reported simultaneous global
ionospheric disturbances derived from the worldwide TEC data that were suggested to be under the substantial
control of storm-time PEFs.

For the present study, the poleward extending component of the TEC fluctuations originated from the magnetic
equator could be linked with PEFs. The possible presence of PEFs could be indicated by the variations of IMF Bz
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Figure 7. The SNR, Doppler velocity and spectral width of the echoes by LARID beams on 10-11 May 2024. The white dashed line in each panel indicates the storm
sudden commencement. The magenta lines mark the specific time intervals 00:30, 03:20, 08:27, and 10:38 UT on 11 May when the echoes showed as fluctuation crests.

and the ionospheric plasma density profiles observed at the equatorial site Meiji. During the period of these
fluctuations, the polarity of IMF Bz (Figure 6¢) and the bottomside ionospheric profile over the magnetic equator
(Figure 6d) also oscillated apparently. The black solid arrows in Figure 6d mark several periods when the
oscillation phase of the ionospheric profile over the magnetic equator was upward. These upward plasma drifts
were predominantly associated with southward IMF Bz. Generally, eastward PEF could be established following
the southward excursion of IMF Bz or significant jump in IMF Bz toward more southward at the dayside or even
before pre-midnight in the ionosphere via the undershielding process (e.g., Huang et al., 2007; Spogli et al., 2021;
Wei et al., 2015; Zhang et al., 2023), which then leads to upward plasma drift through E X B. Corresponding with
each onset of the upward plasma drifts (marked by red solid lines in Figures 6¢ and 6d), the TEC over the
equatorial region may decrease at first, and increase about 1 hr later, as marked by the red arrows labeled “3” and
“4” in Figure 6. This is because the upward plasma drift would transport plasma to higher latitudes (e.g., low
latitudes) through the fountain effect, which will cause the initial plasma loss over the magnetic equator. Then due
to the reduced recombination rate at higher altitudes and/or the replenishment from photochemical production,
the TEC over the magnetic equator will increase again. The initial TEC decrease due to transport loss may not be
obvious before noon when the fast photochemical production could compensate the transport loss quickly (e.g., as
indicated by the red arrow labeled “1”” and “2” in Figure 6), whereas after sunset the TEC increase subsequent to
the initial transport loss may not be obvious due to the absence of photochemical production (e.g., as indicated by
the red arrow labeled “5” in Figure 6).

In order to further verify the presence of PEFs over a large longitude span, Figure 7 presents the echoes observed by
the LARID west and east beams, which showed remarkable fluctuations after the storm commenced. The magenta
lines in the top panels of Figure 7 mark four specific time intervals 00:30, 03:20, 08:27, and 10:38 UT on 11 May,
when the echoes of the beams in the two directions simultaneously showed fluctuation crests. The Doppler velocity
before (after) the crests were mainly positive (negative), indicating the echoing region moving away from (toward)
the radar. Whereas the Doppler velocities of the fluctuating echoes were remarkably large (beyond 60 m/s), the
spectral widths were predominantly narrow (<10 m/s), indicating that the echoes could be 1-hop ground scatters
reflected by the ionosphere rather than irregularity backscatter echoes. The fluctuations of these ground scatters
corresponded well with the ionospheric profile oscillations observed by the Ledong ionosonde (Figure 5c), where
oscillation crests also occurred around the time intervals 00:30, 03:20, 08:27, and 10:38 UT (marked by the
magenta lines in Figure 5c). Since the LARID beams and the Ledong ionosonde are nearly in the same low latitude
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Figure 8. Two sequences of de-trended TEC (dTEC) maps during 18:40-19:10 UT on 10 May and 04:00-05:00 UT on 11 May, respectively. The gray dashed curve in
each panel denotes the magnetic dip equator. The green dashed curves roughly denote the distinguished wave fronts.

(i.e., 18.4°N, magnetic latitude 12.9°), the fluctuations could be due to the same mechanism, that is, the PEFs.
The rapid vertical drifts caused by PEFs could lead to fast displacement of suitable ionospheric reflection points
for ground scatters along the ray paths, which then were manifested as significant range variation and large
Doppler velocities. For the ionospheric reflection points for ground scatters, their distances from the LARID
could be roughly estimated as % X cos (6), where R and 0 denote the echo range and beam elevation angle
respectively (Sun, Li, Nang, et al., 2024). Considering the majority of echo ranges ~1,500-4,000 km and assuming
the beam elevation angle 17°, the LARID observations could partly indicate the presence of PEFs at the distance
~700-1,900 km away from the radar in the east and west directions respectively (as marked by the black bold
curves in Figure 2). It is relevant to mention that since the true elevation angle of the radio waves are unknown
at present, the accurate positions of the ionospheric reflection points could not be well obtained. Nevertheless,
the observations by LARID indicate that the PEF could be present in a large zonal span up to ~3,800 km.

In addition to the TEC fluctuations originated from the magnetic equator and extending poleward, there was
another kind of fluctuation sourced from higher latitudes and propagating equatorward (Figure 6b). These TEC
fluctuations were most likely linked with TIDs originated from high latitude and polar regions. Figure 8 presents
two sequences of dTEC maps during 18:40-19:10 UT on 10 May and 04:00-05:00 UT on 11 May to represent the
TID occurrences during nighttime and daytime respectively. Three features could be seen. (a) The dTEC maps
showed the signatures of TIDs in both hemispheres. The TID wave fronts over China (marked by the green dashed
curves in Figure 8) mainly elongated in the east-west direction, corresponding well with the synchronized TEC
oscillation in a large longitude span along the same latitudes (Figure 4). (b) Based on the distances between
adjacent wave fronts, the wavelengths of the TIDs could be roughly estimated. For the TID during 18:40-19:10
UT on 10 May (04:00-05:00 UT on 11 May), the distance between adjacent wave fronts spanned ~13° (20°) in
latitudes, for example, at 19:00 UT (05:00 UT), corresponding to the wavelength of ~1,300 km (2,000 km). (c)
The TIDs in both hemispheres propagated equatorward. Based on the displacement of the same wavefront over
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Figure 9. The dTEC map at 18:50 UT on 10 May 2024. The dashed contours denote different magnetic dip latitudes.

time in different dTEC maps, the propagating velocity of the TIDs could be estimated (Ding et al., 2014). For the
TID during 18:40-19:10 UT on 10 May (04:00-05:00 UT on 11 May), the same wavefront migrated ~7° (19°) in
latitudes during 0.5 hr (1 hr), corresponding to ~700 km (1,900 km). Therefore, the average propagating velocity
of the TID during 18:40-19:10 UT on 10 May (04:00-05:00 UT on 11 May) was estimated to be ~389 m/s
(528 m/s).

To further verify the calculation result, we also estimated the TID propagating velocity based on the ROT
keogram in Figure 6b. In the ROT keogram, the TID propagating from polar regions to lower latitudes were
manifested as multiple positive/negative ROT stripes. The TID propagating velocity could be roughly estimated
based on the slopes of the stripes. The stripe around 04:00-05:00 UT on 11 May could be well distinguished and is
marked by a green slant dashed line. Based on the slope of the green dashed line, the TID average propagating
velocity around 04:00-05:00 UT was ~520 m/s, corresponding well with the result obtained based on the dTEC
maps. Similar TID propagating velocity was also reported in previous studies. For the October 2003 super
magnetic storm (minimum Dst —383 nT, maximum AE 4,500 nT), the TID propagating velocity was estimated to
vary within 270-738 m/s over China region (Ding et al., 2007), which is in the same order with our observations
during the May 2024 super storm. According to the wavelengths and propagating velocities, these TIDs could be
categorized as large-scale TIDs (LSTIDs) (e.g., Borries et al., 2017; Ding et al., 2007).

During geomagnetic storms, LSTIDs were usually observed propagating equatorward, which were suggested to
be triggered by the auroral energy input linked with Joule heating (e.g., Borries et al., 2016; Ding et al., 2007,
Figueiredo et al., 2017; Shiokawa et al., 2012). As can be seen from Figure 6, the earliest equatorward TID
signature after the SSC was observed around ~18:30 UT at ~50°N (as marked by the green arrow in Figure 6),
which was delayed by about 80 min after the abrupt AE increase at ~17:10 UT. The delay time is consistent with
the general response time for mid-latitude ionosphere to auroral energy input (e.g., Prolss, 1993). From ~18:30
UT on 10 May to ~08:00 UT on 12 May, obvious TID signatures could be continuously observed at middle
latitudes associated with active auroral energy input (indicated by AE larger than 1000 nT). After that, as AE
gradually weakened, obvious TID signature also diminished. It is relevant to mention that if the LSTID is trig-
gered by auroral energy input, it may occur at all meridians around the globe. As shown in Figure 9, the LSTIDs
were clearly observed in Asian and American sectors during the present storm. The occurrences of LSTIDs over
different longitude sectors further indicate that they could be sourced from the auroral energy input.

Regarding the latitude range of TEC fluctuations under different mechanisms, the fluctuations driven by PEFs
were mainly constrained at equatorial and low latitudes, whereas those linked with TIDs generally existed at
middle or higher latitudes. However, there were also some exceptions. For example, the TIDs occurring during
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12:00-18:00 UT on 11 May were observed propagating from middle (~50°N) to equatorial latitude (~7°N), as
indicated by the blue arrows labeled “6” and “7” in Figure 6. Correspondingly, the fluctuations observed in the
ionospheric profiles (Figure 5) also migrated from middle (i.e., Beijing) to equatorial latitude (i.e., Meiji), as
marked by the black arrows. Therefore, for the upward plasma drift observed at Meiji during ~12:00-15:00 UT
(indicated by the black arrow labeled “5” in Figure 6d), it could be the combining effects from PEF and TID
propagation. However, for the profile oscillations afterward (indicated by the black dashed arrows labeled “6” and
“7” in Figure 6d), they were more likely to be dominated by TID propagation, due to the fact that it was post-
midnight when the condition is usually unfavorable for inducing eastward PEF to drive upward plasma drift
(e.g., Weietal., 2015). On the other hand, whereas the PEF inducing TEC fluctuations were mainly constrained at
equatorial and low latitudes, they may also influence higher latitudes. For example, the fluctuation occurring at
~06:00 UT on 11 May (as marked by the magenta vertical dashed line in Figure 6b) was manifested as enhanced
TEC increasing rates (enhanced positive ROT) nearly simultaneously from equatorial to middle latitudes. These
fluctuations simultaneously observed over a large latitude span were similar to the disturbances illustrated by
Zhang et al. (2023), which were suggested to be associated with the PEF effect. Therefore, comparing with middle
and equatorial latitudes, the low-latitude region is more likely to be affected by the disturbances originated from
both the auroral energy input and the equatorial electrodynamics and thus exhibit the most complex feature. That
is why the ionospheric fluctuations shown in Figure 4 were more remarkable over low latitude (panel b) than other
latitudes (panels a and c).

It is relevant to mention that besides the Asian sector, wavelike fluctuations were also observed by Spogli
et al. (2024) in the European sector during the present storm, which were also suggested to be the joint action of
equatorial/low-latitude electrodynamics and wavelike perturbations sourced from high latitude and polar regions.
However, comparing with the observations in the European sector by Spogli et al. (2024), the complex iono-
spheric fluctuations in the Asian sector shown by the present study seem more significant, with more TEC
oscillation crests and larger fluctuation magnitudes. There could be two possibilities. (a) The observations by
Spogli et al. (2024) were mainly performed at the middle latitudes higher than 35°N, whereas the most significant
ionospheric oscillations in the present study were observe at low latitudes. It is more difficult for the disturbances
originated from equatorial regions to reach middle latitudes. (b) The local time of the European sector lags ~6 hr
behind the East Asian sector. For the period with most active IMF Bz variation (from ~16:00 UT on10 May to
12:00 UT on 11 May), the Asian sector was mainly in the daytime whereas the European sector was mainly in the
nighttime. For the daytime (nighttime) sector, it is generally more (less) favorable for the IMF Bz fast variation to
induce eastward PEF which then could trigger disturbances originated from the magnetic equator (e.g., Wei
et al., 2015).

5. Summary

In this study, complex ionospheric fluctuations over East and Southeast Asia were observed during the May 2024
super geomagnetic storm. Based on multiple observations from equatorial to middle latitudes, the fine-scale
structures of the complex fluctuations are investigated. The main results are concluded as follows.

1. The ionospheric fluctuations occurred following the storm commencement, and created multiple oscillating
crests embedded in the TEC diurnal variation, with oscillating amplitude up to 10 TECu. Along the same
latitude, the fluctuations were nearly synchronized over a wide longitude span up to 35°, which contained two
major origins over the magnetic equator and high latitudes respectively.

2. The fluctuations originated from the magnetic equator could be due to multiple penetrations of the eastward
electric field associated with southward excursion of IMF Bz. They generally extended poleward and were
mainly limited at equatorial and low latitudes. The fluctuations originated from high latitudes were manifested
as large-scale TIDs propagating equatorward probably around the globe, which could be triggered by storm-
time auroral energy input. They generally existed at middle and higher latitudes but could also reach the
magnetic equator.

3. Over different latitudes, the fluctuations at low latitude were the most significant and complex, which were
under the influence by the disturbances sourced from both equatorial and high-latitude regions. Over different
longitude sectors (e.g., the European and Asian sectors), the fine-scale ionospheric behavior may exhibit
different features possibly depending on local time, which calls for further studies from a global perspective.
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