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Abstract Plasma blob is generally a low-latitude phenomenon occurring at the poleward edge of equatorial
plasma bubble (EPB) during post-sunset periods. Here we report a case of midlatitude ionospheric plasma blob-
like structures occurring along with super EPBs over East Asia around sunrise during the May 2024 great
geomagnetic storm. Interestingly, the blob-like structures appeared at both the poleward and westward edges of
EPBs, reached up to 40°N magnetic latitudes, and migrated westward several thousand kilometers together with
the bubble. The total electron content (TEC) inside the blob-like structures was enhanced by ~50 TEC units
relative to the ambient ionosphere. The blob-like structure at the EPB poleward edge could be partly linked with
field-aligned plasma accumulation due to poleward development of bubble. For the blob-like structure at the
EPB west side, one possible mechanism is that it was formed and enhanced accompanying the bubble evolution
and westward drift.

Plain Language Summary Accompanying the generation of equatorial plasma bubble (EPB), an
extra structure with plasma density enhancement may occur. The density-enhanced structure is known as
plasma blob. Generally, plasma blobs mainly appear at the poleward edge of EPB, being low-latitude
phenomena occurring at 10-20° magnetic latitudes. Whereas previous simulations showed that plasma blobs
could appear at the east/west side of EPBs, there were few observational evidences and the driving mechanism is
unclear. In this study, midlatitude plasma blob-like structures occurring up to 40°N magnetic latitude was
observed along with super EPBs during magnetic storm. Different from most blobs appearing at the EPB
poleward edge, the blob-like structures in the present study appeared at both the EPB poleward and westward
edges. By using ground-based observations from GNSS receiver networks and in-situ measurements onboard
spacecraft, the morphology and evolution of the super plasma blob-like structures are visualized. Potential
mechanisms responsible for their generation are investigated. The results highlight the coexistence of large-
scale plasma depletion and blob structures and their complex evolution with longitude and latitude, and have
implications for better understanding the sudden changes of plasma density in time and altitude observed by
radar.

1. Introduction

The occurrences of ionospheric plasma bubbles (EPBs) usually create a region with plasma density depletion.
Along with the EPB depletion structure, a plasma density enhancement structure may form, usually termed as
plasma blob (Le et al., 2003; Oya et al., 1986; Park et al., 2003). Plasma blobs could appear simultaneously at
magnetically conjugate locations in opposite hemispheres, with field-aligned structures spanning several hundred
kilometers (e.g., Park et al., 2008; Pimenta et al., 2004; Yokoyama et al., 2007). Their formation was suggested to
be related to the upwelling and poleward developing processes of EPB structures, which first push the plasma
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upward and then poleward along the magnetic field lines, and finally lead to plasma accumulation at the EPB
poleward sides (e.g., Huang et al., 2014; Wang et al., 2015).

The plasma blobs accompanying EPBs are expected to appear at the poleward edge of EPB structures, generally
being a low-latitude phenomenon at the latitudes 10-20° away from the magnetic equator (e.g., Haaser
etal., 2012; Kim & Hegai, 2016; Klenzing et al., 2011; Park et al., 2022). It is known that under certain conditions,
for example, during magnetic storms, EPBs could extend to middle latitudes, usually termed as super EPBs (e.g.,
Huang et al., 2007; Li et al., 2009; Ma & Maruyama, 2006; Sun et al., 2024). However, it is still not clear whether
plasma blob could form at middle latitudes associated with super EPBs or not, and how the spatial morphology of
such plasma blob evolves. Whereas plasma blobs were occasionally observed at middle latitudes, they were
suggested to be associated with traveling ionospheric disturbances (TIDs) rather than EPBs (e.g., Kil et al., 2019).
On the other hand, besides the EPB poleward edge, previous numerical simulations showed that plasma density
enhancement could appear at the east or west side of EPBs (e.g., Huba & Liu, 2020; Yokoyama et al., 2015).
However, there are few observational evidences, and the underlying mechanism is still unclear.

In this study, we report a case of unusual plasma blob-like structures extending to 40°N magnetic latitudes around
sunrise over East Asia, being along with super EPBs observed during the May 2024 great geomagnetic storm.
Different from most blobs that usually form at the EPB poleward edge, the blob-like structures in the present case
appeared at both the poleward and westward edges of super EPB. Based on dense observations from Global
Navigation Satellite System (GNSS) receiver networks, in combination with in-situ observations onboard mul-
tiple spacecraft, the morphology and evolution of the super blob-like structures are visualized. The potential
mechanisms responsible for their generation are discussed.

2. Data and Methods

The ground-based GNSS receiver networks employed in the present study include the Ionospheric Observational
Network for Irregularity and Scintillation in East/Southeast Asia (IONISE) (Li et al., 2019; Sun et al., 2020), the
Crustal Movement Observation Network of China (CMONOC; Aa et al., 2015), the International GNSS Service
(IGS) Working Group on ionosphere (Beutler et al., 1999), the Geoscience Australia network (https://www.ga.
gov.au) and the Chinese Meridian project (C. Wang, 2010). By tracking the signals of GNSS satellites, the vertical
total electron content (TEC) with 30 s sampling rate was calculated, in a similar way to our previous studies (e.g.,
Sun et al., 2023). The rate of TEC change (ROT) is used to indicate the increase and decrease of TEC. The rate of
TEC index (ROTT; Pi et al., 1997) is used to characterize the irregularities associated with EPBs. TEC, ROT and
ROTT are projected at 300 km altitude and binned into 1° X 1° grids every 5 min. In addition, the online grid TEC
and ROTI products by Nagoya University (https://stdb2.isee.nagoya-u.ac.jp/GPS/GPS-TEC/) are also assimilated
in the present analysis.

The in-situ plasma density profiles obtained from the Swarm satellite A (Friis-Christensen et al., 2008; Xiong
et al., 2019) and Defense Meteorological Satellite Program (DMSP) spacecraft F18 (Heelis & Coley, 2007;
Huang et al., 2010) are used to investigate the occurrences of blob-like structures and EPBs at the altitudes
~470 km and at ~840 km, respectively. The plasma drift measured by DMSP spacecraft in the left direction
relative to its orbit is also employed in the present analysis. Since the angle between the orbit and the magnetic
meridian is relatively small in the Asian-Australian sector (e.g., Zhao et al., 2019), the left drift component is used
to approximately indicate the plasma drift in the zonal direction.

3. Results

Figure 1 presents sequences of TEC and ROTI maps over the Asian-Australian sector. Four main features could
be seen. (a) A large TEC enhancement structure appeared around 15-40°N magnetic latitudes near sunrise, with
TEC increased by up to 50 TECu relative to the background ionosphere. The structure sometimes formed an
outline with boundaries at the poleward (marked as “X”) and westward (marked as “Y”’) directions, for example,
around 20:00 universal time (UT, Beijing local time LT = UT + 8 hr). In the southern hemisphere at 15-40°S
magnetic latitudes, TEC enhancement also occurred. (b) The ROTI inside the region surrounded by TEC
enhancement is predominantly large. The large ROTI extended to nearly +40° magnetic latitudes, and were
associated with amplitude scintillation and VHF radar backscatter echoes (as shown in Figures 1S and 2S in the
Supporting Information S1), indicating the occurrence of super EPBs. Three EPB structures marked as “A”, “B”
and “C” respectively could be roughly identified. EPB “A” has been well developed as a super bubble when it
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Figure 1. Sequences of (top) TEC and (middle) ROTI maps showing the evolution of blob-like structures and EPB irregularities. In the bottom panels, the locations with
ROTT higher than 0.25 TECu/min are marked as green dots on the TEC maps. The superimposed black curves in the bottom right three panels denote the latitude profiles
of in-situ plasma density observed by the Swarm satellite A at ~470 km altitude around the time intervals of the TEC maps. The corresponding paths of Swarm A are
marked in the top and middle panels. In each panel, the red dashed curve denotes the sunrise terminator at the altitude 300 km. The black dashed contours denote the

magnetic dip latitudes.

entered the field-of-view of the ROTI maps (e.g., 17:45 UT), whereas EPBs “B” and “C” were still growing at
110-120°E (e.g., indicated by the black arrow at 20:00 UT) and finally reached ~30° magnetic latitude (e.g.,
23:00 UT). (c) From the bottom panels, the TEC enhancement region was mainly located at the poleward and
westward sides of EPB “A” and migrated westward together with the EPB. Some EPB irregularities were
embedded in the TEC enhancements, but the boundaries of the TEC enhancement region were almost beyond the
edges of the EPB. During the process, the TEC enhancement structures continued developing, whereas the EPB
gradually decayed. (d) When the Swarm satellite A passed the TEC enhancement region embedded by EPB ir-
regularities (e.g., around 21:30, 23:00 and 00:45 UT), the in-situ plasma density (at the altitude ~470 km) at the
corresponding latitudes sometimes enhanced with depletion-like fluctuations. The TEC and in-situ plasma
density enhancements observed in Figure 1 were similar to the plasma blobs associated with EPBs presented in
previous studies (e.g., Park et al., 2022). Different from the blobs in previous studies that mainly appeared at low
latitudes, the present TEC enhancement structures extended to middle latitudes more than 40°N.

Figure 2 shows the ROTI and TEC keograms along 20°N + 10°, TEC along 37°N, and the SYM-H on 10-12 May
2024. A great geomagnetic storm occurred during the period, with a minimum SYM-H of —518 nT. Details of the
storm evolution could be seen in Spogli et al. (2024) and will not be repeated here. On the previous day before the
case (10 May), EPBs also occurred, which were normal post-sunset EPBs constrained at low latitudes and drifting
eastward. For the EPBs on 11 May, they were observed around sunrise over the Asian-Australian sector (during
the recovery stage of the May 2024 great geomagnetic storm) and mainly drifted westward. EPBs occurring
around sunrise during geomagnetic storms have been previously investigated, which could be driven by storm-
time electric fields and/or equatorward neutral wind (e.g., Otsuka et al., 2021; Sun et al., 2023) and will not be
further discussed here. For the EPB structure “A”, the present ROTI data could not trace its onset. It may be
initiated over the longitudes more eastern than 150°E at the time earlier than 14:00 UT and drifted westward, as
indicated by the black arrow in Figure 2a. The TEC enhancement structures were mainly associated with the EPB
“A” but appeared at more western longitudes than the EPB. They migrated westward along with the EPB “A”
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Figure 2. The keograms of (a) ROTI and (b) TEC along 10-30°N, (c) the TEC observed at the fixed IPPs of Beidou Geostationary satellites along 37°N, and (d) the
SYM-H during 10-12 May 2024. In each grid (5 min X 1° in longitude) in (a) and (b), the TEC and ROTI are selected as the maximum values at 10-30°N. The black and
magenta curves indicate the sunset and sunrise time, respectively.
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across ~5,000 km (from ~140°E to ~90°E) during ~13:00-24:00 UT. The average migration velocity is esti-
mated ~126 m/s.

Notably, the TEC and ROTI maps in Figures 1 and 2 are projected at the same altitude 300 km, whereas the TEC
enhancement structures and EPBs may actually occur at different altitudes. In this regard, we tested projecting
TEC and ROTTI at multiple different altitudes (figure not shown). The results indicate that when projecting at
different altitudes, the TEC enhancement structures were still mainly at the EPB poleward and westward sides.
Figure 2c presents the TEC continuously observed at the fixed ionospheric pierce points (IPPs) along 37°N via
tracking Beidou Geostationary (BD-GEO) satellites. At each fixed IPP, TEC enhancement generally occurred
earlier than TEC depletion caused by EPB. This was consistent with the fact that the TEC enhancement structures
were located at the west side of the EPB, considering the major westward migration of the structures.

4. Discussion

The TEC enhancement structures in the present study were observed around sunrise over East Asia during the
recovery stage of the May 2024 great geomagnetic storm. They were first observed at ~150°E and migrated
westward along with the super EPB, manifested as enhancements in TEC (up to ~50 TECu) from low to middle
latitudes (15—40° magnetic latitudes). Due to the data gaps at the more eastern longitudes over the Pacific oceans,
their initial generation could not be well traced. One may argue that the TEC enhancement could be due to the
sunrise effect. However, the occurrence of the TEC enhancement did not follow the sunrise at different longi-
tudes, which initiated before sunrise at the eastern longitudes and migrated westward in a speed obviously smaller
than the sunrise terminator (Figure 2b). Other possibilities responsible for TEC enhancement at middle latitudes
include storm enhanced density (SED) structures (e.g., Foster, 1993), blobs associated with TIDs (e.g., Kil
etal., 2019), and the storm-induced plasma stream (SIPS) structures (e.g., Maruyama et al., 2013). However, SED
structures are usually observed in local afternoon and dusk sectors during early stages of geomagnetic storms
(e.g., Aa et al., 2024), whereas the present case was observed around sunrise during the storm recovery stage.
Plasma blobs associated with TIDs usually have well aligned wave fronts and propagate equatorward (e.g., Kil
et al., 2019). Such features were not observed for the present case. SIPS were usually observed shortly after
sunset, with an elongating structure connected to a TEC maximum root region at the dayside low latitudes
(Maruyama et al., 2013). However, the TEC enhancement in the present case appeared as prominent structures
isolated from the ambient ionosphere. Therefore, the TEC enhancement structures observed in the present study
were unlikely due to SED, TIDs, or SIPS.

Generally, the present TEC enhancement structures are similar to the blobs associated with EPBs, mainly in the
following aspects. Their occurrences and movement were along with the super EPB, with specific morphology
surrounding the EPB structure (e.g., 20:00 UT in Figure 1). The TEC enhancement region that occurred at the
poleward edge of the EPB structure is consistent with the blobs observed in previous studies (e.g., Park
et al., 2022). However, the in-situ plasma density did not always exhibit blob-like signatures when the satellites
seemed traveling through the TEC enhancement region. We have also sought for blob-like signatures in electron
temperature profiles as shown in Figure S3 of the Supporting Information S1, but could not always find con-
spicuous blob signals, that is, decreased electron temperature associated with steep-gradient density enhancement
as in previous studies (e.g., Choi et al., 2012, Figure 1; Park et al., 2003, Figure 1). There could be two possibilities
for the discrepancy between TEC and in-situ plasma density. One is the temporal/longitudinal offset between the
center of the blob-like structures and the satellite orbits. For example, the DMSP satellites would take ~25 min to
fly over the TEC map region, during which the blob-like structures may experience considerable evolution or
drift. The other possibility is the altitude difference between the TEC data and in-situ measurements. The TEC
data are projected at 300 km altitude whereas the orbits of the Swarm and DMSP satellites are at ~470 and
~840 km respectively.

Comparing with previous studies, the new points for the present blob-like structures mainly include two aspects.
(a) The plasma blobs associated with EPBs in previous studies were mainly constrained at low latitudes 10-20°
away from the magnetic equator (e.g., Kim & Hegai, 2016; Klenzing et al., 2011), whereas the present blob-like
structures occurred up to 40°N magnetic latitudes. (b) The blob-like structures in the present case appeared at both
the poleward and west sides of EPB structures, whereas in previous studies they mainly occurred at the EPB
poleward edges (e.g., Huang et al., 2014; Park et al., 2022; Wang et al., 2019).
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Figure 3. The panels from left to right are the TEC maps, ROTI maps, plasma density profiles, and ion drifts in the left direction relative to the satellite paths observed by
the DMSP satellite F18 at ~840 km around three typical time intervals (top) 19:00 UT, (middle) 20:40 UT and (bottom) 22:20 UT. On the TEC and ROTI maps, the
black solid curves, red dashed curves and black contours denote the satellite paths of F18, the sunrise terminator and the magnetic dip latitudes, respectively. The black
arrows on the TEC maps indicate the flying direction of DMSP satellite F18.

For the westward migration of the EPB and blob-like structures seen in TEC and ROTI maps, they were consistent
with the topside plasma zonal drift around the plasma blob/EPB occurring region, which were predominantly
westward (panels a4, b4 and c4 of Figure 3). For the movement of background plasma, it usually reverses from
eastward to westward around midnight under geomagnetic quiet conditions (e.g., Huang et al., 2010). During
magnetic storms, the storm-time electric field and/or disturbed thermospheric wind may also lead to westward
zonal drift of the background plasma (e.g., Abdu, 2012; Li et al., 2021).

Regarding plasma blobs at the poleward sides of EPBs, previous studies suggested that they could be formed via
plasma field-aligned diffusion during EPB generation process (e.g., Huang et al., 2014; Park et al., 2022; Wang
etal., 2019). As suggested by Huang et al. (2014), the EPB initial generation would first drive the plasma density
enhancement above the EPB structure over the magnetic equator, as schematically illustrated in Figure 4a. As the
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Figure 4. (a—d) Illustration of the super blob-like structure formation associated with EPB. (e-h) A sequence of ROT maps indicating the increase (positive ROT) and
decrease (negative ROT) of TEC at different locations. The red dashed curve in each panel denotes the sunrise terminator. The black dashed contour denotes the

magnetic dip latitudes.

EPB develops to higher altitude, the plasma density enhancement region would continue moving upward, and
gradually expand poleward along the magnetic field lines. When the EPB is fully developed, the plasma blob will
form at the poleward edges of the EPB structure, as schematically shown in Figure 4b. Under normal conditions,
EPBs would mainly extend to low latitudes, thus most of the associated blobs were observed at low latitudes (e.g.,
Park et al., 2022). However, for the present case, the EPB extended to very high middle magnetic latitudes near
+40°, the corresponding blob-like structure could be reasonably formed at the magnetic latitude up to +40°
through a similar process.

For the blob-like structure at the EPB west side, there could be two possibilities. One is that the blob-like structure
formed along with the initial generation of EPB structure “A” and then migrated westward together with the EPB
and the background plasma. Previous simulation results showed that the plasma density may be enhanced by the
sides of EPB structures when EPBs are initially generated (e.g., Huba & Liu, 2020; Yokoyama et al., 2015), as
schematically illustrated in Figure 4a. Another possibility is that the blob-like structure was generated or
enhanced during the westward drift process of the EPBs under certain EPB morphology, as schematically
illustrated in Figures 4c and 4d. Generally, when an EPB forms over the magnetic equator, a polarization electric
field develops with the direction perpendicular to the envelope of bubble, that is, from the west to the east wall of
the bubble depletion structure (e.g., Huang et al., 2010; Ossakow & Chaturvedi, 1978). When the EPB structure is
tilted, the polarization electric field inside the EPB depletion structures could lead to significant difference of
particle zonal drift velocity inside the EPB structure from the ambient plasma (Huang et al., 2010). For the present
case, the EPB structure sometimes showed a reversed C shape (e.g., at 17:45 UT in Figure 1), indicating a west-
tilted morphology. For a west-tilted EPB structure (Figure 4c¢), the polarization electric field should have one
component Ez pointing upward (Huang et al., 2010). The upward component Ez could map to higher latitudes
along the magnetic field line and superimpose an additional westward velocity to the particle drift inside the EPB
structure via E X B. Owing to this superimposed westward drift, the particles inside the EPB depletion region
would drift faster than the ambient plasma toward west and thus pile up on the west wall of the EPB structure, and
finally contribute to the formation of the blob-like structure at the EPB west side (Figure 4d).
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In order to visualize the plasma pile up process, the bottom panels of Figure 4 present a sequence of ROT maps,
where positive (negative) ROT indicate the TEC increase (decrease) with time. On the ROT maps, EPB structures
are mainly manifested as the region with fluctuated ROT values due to the existence of irregularities. At the west
side of the EPB structure, the ROT was predominantly positive, indicating the plasma pile up process. Further,
while comparing the plasma zonal drift measured by DMSP satellite F18 (Figure 3), it could be noted that the
westward zonal drift was generally larger when the satellite fully passed the EPB structure (i.e., panel a4) than
other time intervals when the satellite only partly passed (i.e., panel b4) or did not pass (i.e., panel c4) EPB
structures. Whereas the zonal drifts were measured at different locations and time, their difference inside and
outside EPB structures may partly indicate the influence of the polarization electric field inside the EPB structures
on the particle zonal drift and the potential contribution to the plasma blob-like structures.

It is relevant to mention that whereas the morphology of the blob-like structures could be closely related to the
EPB development, the essential particle sources required for their formation were also important. During mag-
netic storms, the background plasma density at middle latitudes could be enhanced by storm-time eastward
electric field via the fountain effect originated over the magnetic equator, and/or equatorward neutral wind via
field-aligned transportation from higher latitudes (e.g., Zhao et al., 2019). For the present case, the occurrence of
super EPBs may indicate the possible presence of storm-time eastward electric field and/or equatorward neutral
wind, which were suggested to enhance the Rayleigh-Taylor instability and favor EPB generation during mag-
netic storms (e.g., Huba & Liu, 2020; Otsuka et al., 2021; Sun et al., 2023). Whereas the true initiation of the TEC
enhancement over the more eastern longitudes could not be well traced due to data gaps, a reasonable conjecture is
that the background TEC over middle to low latitudes was enhanced due to the possible presence of storm-time
eastward electric field and/or equatorward neutral wind, for example, over the longitudes more eastern than
150°E. Then due to the generation and development of the super EPB, the morphology of TEC enhancement
region was modulated and finally formed the blob-like structures. From the bottom panels of Figure 4, the TEC
increasing rate inside the blob-like structure became larger after sunrise, indicating that the photochemical
production near sunrise also played a role to the additional enhancement of the blob-like structures.

5. Summary

We report a case of super ionospheric plasma blob-like structures occurring up to middle latitude around sunrise
over East Asia during the May 2024 great geomagnetic storm, which was observed along with super ionospheric
plasma bubbles with possible initiation at the more eastern longitudes after sunset. The blob-like structures
created a region with TEC enhanced by up to 50 TECu, and migrated westward a few thousand kilometers
together with the bubble. Different from most plasma blobs preferring to occur over low latitudes at the poleward
edge of plasma bubbles, the blob-like structures in the present case occurred up to 40° magnetic latitudes and
appeared at both the poleward and west sides of the plasma bubble. The blob-like structure at the poleward side
of the bubble may be formed partly via plasma field-aligned diffusion associated with the bubble development.
For the blob-like structure at the west side of the bubble, one possible mechanism is that it was formed along
with the bubble initial generation, and/or enhanced accompanying the bubble evolution and westward drift
under the polarization electric field inside the titled bubble structure. The results suggest that large-scale
plasma depletion and blob structures could coexist from low to middle latitudes during the occurrences of su-
per bubbles, and have implications for better understanding the sudden changes of plasma density in time and
altitude observed by radar.

Data Availability Statement

The GNSS data were obtained from the Geophysics Center, National Earth System Science Data Center at
BNOSE, IGGCAS (http://wdc.geophys.ac.cn/dbList.asp), the Chinese Meridian Project (http://data.mer-
idianproject.ac.cn), the Geoscience Australia GNSS data repository (https://data.gnss.ga.gov.au/docs/), the
UCSD GNSS database (ftp://garner.ucsd.edu/pub/rinex) and the online global TEC database (https://stdb2.isee.
nagoya-u.ac.jp/GPS/GPS-TEC/). The Swarm data is available from the European Space Agency (https://swarm-
diss.eo.esa.int/). The DMSP data were obtained from Madrigal database (http://cedar.openmadrigal.org/single).
All the data used in this study are archived at the Beijing National Observatory of Space Environment, Institute of
Geology and Geophysics, Chinese Academy of Sciences, and can be accessed at the WDC for Geophysics,
Beijing (Sun, 2024).
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