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Abstract – The Hunga–Tonga volcano eruption at 04:14:45 UT on 15 January 2022 produced various

waves propagating globally, disturbing the background atmosphere and ionosphere. Coinciding with the
arrival of perturbation waves, several equatorial plasma bubbles (EPBs) were consecutively generated at
post-sunset hours over the East/Southeast Asian region, with the largest extension to middle latitudes.
These EPBs caused intense L-band amplitude scintillations at middle-to-low latitudes, with signal fading
depths up to ~16 dB. Considering the very rare occurrence of EPBs during this season in the East/Southeast
Asian sector and the signiﬁcantly modulated background ionosphere, we believe that the perturbation
waves launched by the volcano eruption triggered the generation of the unseasonal super EPBs. The ionospheric perturbations linked with the 2022 Tonga volcano eruption propagated coincidently through the
East/Southeast Asia longitude sector near sunset, modulated the equatorial F region bottomside plasma
density, and acted as the seeding source for the generation of the unseasonal super bubbles. Our results
implicate that volcano eruption could indirectly affect the satellite communication links in the region more
than ten thousand kilometers away.
Keywords: Equatorial plasma bubble / Scintillation / Tonga volcano eruption / Ionospheric irregularity / Perturbation
waves

1 Introduction
Volcano eruption is one of the deadly disasters that can
affect both the solid earth and the upper atmosphere, associated
with numerous hazards, including earthquakes, tsunamis, lightning, and air pollution (e.g., Schmidt et al., 2014). The broad
scientiﬁc and socioeconomic effects of large volcanic explosions are of great research value in many areas. In the ﬁeld of
space weather, the sudden injection of energy and momentum
into the atmosphere due to volcanic eruptions could produce
various waves, propagating long distances and disturbing the
background atmosphere and ionosphere (e.g., Cheng & Huang,
1992). The most recent Hunga–Tonga volcano eruption on
15 January 2022 is considered the most signiﬁcant explosion
in the last 30 years, releasing enormous energy and inducing
*
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globally propagating waves disturbing the ionosphere to a large
extent which was reported in several recent papers (e.g., Lin
et al., 2022; Zhang et al., 2022).
Equatorial plasma bubble (EPB) is a Rayleigh–Taylor
(R–T) instability process seeded by the perturbation waves at
the ionospheric F region bottomside. It is believed that the
growth rate of R–T instability could be enhanced by driving
forces such as the pre-reversal enhancement of the eastward
electric ﬁeld (PRE), thus controlling the generation of EPBs
(e.g., Kelley, 2009; Abdu, 2019). Once developed, EPBs could
rise to the topside ionosphere via the polarization electric ﬁeld
inside, elongating along the magnetic ﬁeld lines and mapping
to the latitudes away from the equator (Otsuka et al., 2002;
Keskinen et al., 2003). Strong EPBs may cause signal fading,
scintillation, and even severe outages in satellite-based communication and navigation systems in a large region (e.g., Seo
et al., 2009; Alfonsi et al., 2013). So, it is of vital importance
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to ﬁgure out the variation of EPB occurrences to mitigate
possible risks therefrom. However, the day-to-day variability
in the occurrence of EPBs is not yet fully understood due to
the sophisticated background atmospheric and ionospheric conditions, seeding sources, and driving forces (e.g., Li et al.,
2021).
In the East/Southeast Asia, EPB is mainly an equinoctial
phenomenon at low latitudes due to the speciﬁc magnetic ﬁeld
conﬁguration and was seldom observed previously during the
winter months of the northern hemisphere (e.g., Buhari et al.,
2017; Li et al., 2021; Zhao et al., 2021). But under certain conditions, when the seeding source and/or the driving forces are
satisﬁed, unseasonal EPBs may also occur. For example, during
the main phase of the severe geomagnetic storm on 12 February
2000, super EPBs were observed extending to middle latitudes,
which was attributed to the effect of storm time prompt penetration electric ﬁeld (e.g., Ma & Maruyama, 2006). This paper
reports an unusual case of unseasonal super EPBs extending
to middle latitudes on 15 January 2022. The EPBs caused
strong ionospheric scintillations and satellite signal fading at
middle and low latitudes. The onsets of EPBs coincided well
with the arrival of the waves induced by the Tonga volcano
eruption. The waves produced signiﬁcant ionospheric perturbations, which could act as a strong seeding source for generating
the unseasonal EPBs.

2 Data and methods
A combination of Global Navigation Satellite System
(GNSS) measurements from the Crustal Movement Observation
Network of China (CMONOC) (Aa et al., 2015), the Ionospheric
Observational Network for Irregularity and Scintillation in East/
Southeast Asia (IONISE) (Li et al., 2019; Sun et al., 2020), the
International GNSS Service (IGS) Working Group on ionosphere (Beutler et al., 1999), and the Chinese Meridian Project
(Wang, 2010) were employed in this study. The vertical TEC
was calculated using the same method as previous studies
(e.g., Xiong et al., 2016). The time resolution of TEC data used
in the present analysis is 30 s. The 60-min running average from
each vertical TEC time series was subtracted to obtain the background ionospheric perturbations. The Rate of TEC index
(ROTI; Pi et al., 1997) was calculated every 5 min to characterize
the kilometer-scale irregularities associated with EPBs. The
latitudes/longitudes of ionospheric pierce points (IPPs) were
calculated by assuming the F-region height at 300 km. The
50-Hz raw data were recorded at several GNSS sites of the
IONISE network. The signal fading depth and the 1-min resolution amplitude scintillation index S4 were calculated from the
raw data. The 5-min running average of the power was
subtracted for each tracked satellite, and the absolute values were
taken as the signal fading depth. Only the data from the satellites
with elevation angles larger than 30° were used for all the observations. In addition, the in-situ electron density (Ne) proﬁles
obtained from the Swarm satellites (Friis-Christensen et al.,
2008; Xiong et al., 2019) were employed to investigate the
occurrence of EPBs.
The ionosonde ionograms were obtained at Beijing
(116.2° E, 40.3° N, dip Lat, 39.4°), Wuhan (114.5° E,
31.0° N, dip Lat, 28.0°), and Ledong (109.0° E, 18.4° N, dip

Lat, 12.9°) with temporal resolutions of 15 min, 15 min and
1 min respectively were manually scaled to get the background
ionospheric conditions at different latitudes. The DH measurements derived from the magnetometers at the stations DLT
(108.5° E, 11.9° N, dip Lat, 5.1°) and Ledong, which are near
and away from the magnetic dip equator respectively, were
employed to indicate the equatorial electric ﬁeld (Anderson
et al., 2002). To make a comparison between the normal day
and the case day, the monthly mean peak height of the F2 layer
(hmF2) and DH in January 2022 (14–16 January were excluded)
were calculated. Also, the brightness temperature measurements
in the 4.3 lm radiance obtained from the Atmospheric Infrared
Sounder (AIRS) aboard NASA’s Aqua satellite were employed
to indicate the stratospheric gravity wave activity (e.g.,
Hoffmann et al., 2013).

3 Results
On the Tonga volcano eruption day, 15 January 2022,
strong L-band amplitude scintillations and signal fading were
observed in a broad region over the East/Southeast Asian sector
during post-sunset hours. Figure 1 shows the S4 index and
signal fading depth projected on geographic maps (top panels)
with data during 10:30–18:00 UT and at some selected sites
(bottom panels) during 07:00–21:00 UT. Strong scintillation
and signal fading were observed at low and middle latitudes
(up to ~35° N), with the S4 index (signal fading depth) up to
0.8 (16 dB) around 20–30°N. The observations in Figure 1
indicate the possible occurrence of EPBs over a broad region.
It is well-known that EPBs are embedded with irregularities
of various scales, and such strong L-band scintillations are
mainly produced by hundred-meter-scale irregularities (Basu
et al., 1988). Under strong scintillations caused by super bubbles, the loss-of-lock of GNSS signals and positioning errors
could occur even at middle latitudes (e.g., Demyanov et al.,
2012). For the present case, severe scintillation and signal
fading were caused even at the latitudes higher than 30° N.
The strongest scintillation and signal fading depth were
observed near the equatorial ionization anomaly region, where
the background plasma density is usually higher than that at
other latitudes. The larger density gradient in this latitude region
would be favorable for producing stronger scintillations under
the presence of EPBs (e.g., Abadi et al., 2014).
In order to investigate the morphology and evolution of the
EPBs causing the strong scintillation, Figure 2 shows a
sequence of ROTI maps from 10:15 to 18:00 UT. Four main
features can be seen in Figure 2: (1) No EPB was detected
before sunset (i.e., at 10:15 UT). (2) As the sunset terminator
passed, one EPB (named as bubble “A”) was generated in the
longitudes 120–125° E around 10:35 UT and then drifted westward. At 12:00 UT, another EPB (named as bubble “B”) at the
east of bubble “A” can be roughly distinguished, which was
likely generated earlier than bubble “A” at the more eastern
longitudes and drifted westward into the map. As the two
bubbles drifted zonally, they gradually extended to higher
latitudes, indicating the growth of plasma bubbles from lower
to higher altitudes over the magnetic equator. At 12:30 UT,
the northern edge of the two bubbles reached ~28° N (dip Lat,
24.5°) and ~33° N (dip Lat, 30.8°), respectively. (3) A new
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Fig. 1. The S4 index (left panels) and signal fading depth (right panels) projected on geographic maps (top panels, using data during
10:30–18:00 UT) and at selected sites (bottom panels) on 15 January 2022.

EPB (named bubble “C”) was freshly generated over ~100° E at
12:20 UT and grew up gradually. After 12:55 UT, an east-tilted
branch with large ROTI values was initially observed. The
branch, which grew quickly and extended to the latitude
~48° N at 13:15 UT, was unlikely to be part of the EPBs (without coincident scintillations). (4) The bubbles started decaying
after 13:15 UT and disappeared around 17:00 UT.
During the occurrence of the EPBs, the Swarm satellites
B and C happened to ﬂy over the East/Southeast Asian sector.
Figure 3 shows two Ne proﬁles recorded by Swarm C and
Swarm B satellites along 99°E and 108°E at the altitudes of
450 km and 510 km during 16:10–16:40 UT and 16:00–
16:30 UT, respectively. From Figure 3, signiﬁcant density

ﬂuctuation and depletion were observed over the equatorial
and low-latitude regions (10° S–25° N) along 99° E, while only
weak density ﬂuctuation and depletion were observed over limited latitudes (25–35° N and 10–18° S) along 108° E. It should
be noted that during the periods of the two Swarm satellite’s
paths, the EPBs were at the decaying stage when the intensity
weakened near 108° E but persisted near 99° E (Fig. 2). Nevertheless, the Swarm Ne proﬁles correspond well with the ROTI
maps, conﬁrming the occurrences of EPBs.
The generation processes of bubbles “A” and “C” were
completely recorded by the ROTI maps. The generation of bubble “B” was likely the earliest, which failed to be detected due
to the data gaps over the oceans. The bubbles “A” and “B” were
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Fig. 2. A sequence of ROTI maps from 10:15 to 18:00 UT on 15 January 2022 observed by GNSS networks showing the evolution of the
EPBs. The black and red dashed curves in each panel denote the magnetic dip equator and the sunset terminator at E-region altitude (100 km),
respectively.

Fig. 3. The in-situ plasma density proﬁles obtained from (a) Swarm C and (b) Swarm B satellites along 99° E and 108° E at the altitudes of
450 km and 510 km during 16:10–16:40 UT and 16:00–16:30 UT, respectively.
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slightly west-tilted. Compared with previous studies, the
bubbles, in this case, are of particular interest in three aspects.
(1) Over the Asian sector, EPBs prefer to occur in equinox of
solar maximum (e.g., Shi et al., 2011; Buhari et al., 2017). However, this case occurred in the winter month of the northern
hemisphere, and the solar activity was at the early rising stage
from the solar minimum. (2) The drift of EPBs is usually eastward (e.g., Fejer et al., 2005). However, in the present case, it
was westward. (3) EPB is mainly conﬁned at low latitudes
within ±20° latitude under solar minimum years in this longitude sector (Li et al., 2021). However, the EPBs, in this case,
extended to middle latitudes of more than 30° N that can be
termed as super bubbles.

4 Discussion
EPBs are usually thought to be generated due to the R–T
instability (Kelley, 2009). There are two major factors controlling the generation of EPBs, the seeding perturbation source
for R–T instability at the F region bottomside and the driving
force for the growth of the R–T instability (Abdu, 2019). In
the East/Southeast Asian sector, EPBs were usually observed
in equinoctial months when the PRE, which is considered a
major driving force, is stronger during this period as the sunset
terminator is aligned with the magnetic meridian (e.g., Buhari
et al., 2017; Zhao et al., 2021). However, the present case was
observed during the northern hemispheric winter, when the
condition was usually unfavorable for the generation of EPBs.
To investigate possible mechanisms responsible for the
present super bubbles, Figure 4 shows the observations of
background parameters, the interplanetary magnetic ﬁeld
(IMF) Bz, the interplanetary electric ﬁeld (IEF) Ey, Dst, and
DH (HDLT–HLedong), and the hmF2 obtained from three ionosondes from middle to low latitudes during 14–15 January 2022.
The grey dashed curves represent the monthly mean values.
The shaded areas mark the approximate period of EPBs. It
can be seen that a moderate geomagnetic storm occurred on
14 January, and the super bubbles occurred during the geomagnetic storm’s later recovery phase. As indicated by the variation of DH, the equatorial electric ﬁeld during the daytime of
15 January was predominantly westward (negative). Notably,
the DH began to increase since ~09:00 UT and turned positive
at ~09:40 UT, ~1 h before the ﬁrst EPB was detected.
Corresponding with the increase of DH, the F layer at different latitudes was elevated gradually (as characterized by an
hmF2 increase). The rising height around 10:30–11:30 UT
was 80–130 km. The elevated F layer would provide favorable
conditions for the growth of R–T instability and thus the generation of EPBs (e.g., Kelley, 2009; Abdu, 2019).
Regarding the factors responsible for the elevation of the
F layer around sunset, one possibility is the storm time electric
ﬁeld. The super bubbles extending to middle latitudes were
previously observed during strong geomagnetic storms when
the F layer could be signiﬁcantly elevated by storm time prompt
penetration electric ﬁeld (e.g., Ma & Maruyama, 2006; Katamzi
et al., 2017). For the present case, the EPBs were generated
during the later recovery phase of the geomagnetic storm when
the equatorial electrodynamics are usually controlled by westward dynamo electric ﬁelds. The IMF Bz and IEF Ey remained

relatively quiet during the period when the EEJ turned from
westward to eastward (09:00–12:00 UT, Fig. 4). Previous
studies reported considerable penetration electric ﬁeld even
without severe IMF Bz ﬂuctuations (e.g., D’Angelo et al.,
2021; Piersanti et al., 2020). Harding et al. (2022) proposed that
if the penetration electric ﬁelds were the main cause of the EEJ
variation, strong correlations between the IEF Ey and DH would
be expected. A correlation coefﬁcient as high as 0.6 was
observed in the Peru and Brazil sectors during the post-volcanic-eruption hours. However, Harding et al. (2022) also pointed
out that it was the 1-hour-scale EEJ ﬂuctuations that were likely
caused in part by the penetration electric ﬁeld, but the larger and
longer perturbations were not. In the East/Southeast Asian
sector, the DH variation during 09:00–12:00 UT was of a much
larger scale than 1 h (as shown in Fig. 4). This was not
obviously correlated with IEF Ey ﬂuctuations. The storm time
electric ﬁeld was unlikely the main reason for the elevation of
the F layer in the present case.
Another possibility is the traveling ionospheric disturbance
(TID) associated with the polarization electric ﬁeld. It was
suggested that the TIDs/gravity waves (GWs) rising from the
tropospheric origins could induce zonal polarization electric
ﬁelds and favor EPB development regardless of the presence of
PRE (see Fig. 1 of Abdu, 2019). In this regard, the perturbation
waves linked with the Tonga volcano eruption on 15 January
2022, which are manifested as TIDs at the ionosphere altitude,
have been reported in recent papers (e.g., Lin et al., 2022; Zhang
et al., 2022). These TIDs were suggested to travel at the sound
speed ~340 m/s and arrived at the Asian sector ~6 h after the
eruption (~11:00 UT). Figure 5a shows the AIRS observation
of concentric stratospheric GWs. Note that the observations were
a composite of different images taken at different times during
~13:00–18:00 UT. The average time stamp of each AIRS orbit
is marked at the bottom of each snapshot. The plot shows clearly
the GWs with epicenter at the Tonga volcano, which can reach
the Asian longitudes even after 13 h of the volcanic eruption.
Figures 5b–5c show the detrended TEC (dTEC, calculated by
subtracting the 60-min running average) observed from the
satellites G01 and G32 at 8 GNSS sites along the path approximately between Tonga and the magnetic dip equator at the Asian
longitudes. Figures 5d–5e present the dTEC and ROTI at the
Asian longitudes along the magnetic dip equator, averaged using
all the data at 0–15° N (which is within the area ±7.5° astride the
magnetic dip equator). It can be seen from Figure 5c that wave
signatures were detected sequentially along the passage from
Tonga to Asia after the volcano eruption at 04:14:45 UT. When
the perturbations arrived at the equatorial ionosphere in the Asian
longitudes around sunset at 10:00 UT, the EPBs were then
observed afterwards. Figure 5f shows the plasma virtual heights
at several selected frequencies derived from the Ledong ionosonde. The virtual height at the plasma frequency of 5.0 MHz
after subtracting the 60-min running average was also plotted
as the black asterisk curve. It can be seen that the F layer was
elevated during 09:30–11:30 UT (indicated by the black arrow),
with increasing and periodically oscillating virtual heights. The
observation indicated that besides the background electric ﬁeld,
the F layer might be further elevated by the TID-induced
polarization electric ﬁeld.
Regarding the seeding mechanism, it was suggested that
the TID-associated F layer height oscillations in the form of
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Fig. 4. The (a) IMF Bz (black curve) and IEF Ey (blue curve), (b) Dst, (c) DH, and hmF2 observed at (d) Beijing, (e) Wuhan, and (f) Ledong
during 14–15 January 2022. The green shaded areas mark the approximate period of the EPBs. The grey dashed curves represent the monthly
mean values. The red horizontal dashed lines in (a)–(c) mark the value of zero.

large-scale wave structures getting ampliﬁed towards sunset
could seed the development of the R–T instability, which
always appears to be the precursor to post-sunset EPBs (e.g.,
Abdu, 2019; Takahashi et al., 2018). From Figure 5, the arrival
of the eruption-produced perturbation waves in the Asian sector
was about 20–30 min earlier than the onset of the EPBs detected
in Figure 2. The TIDs arrived 120 °E and 100 °E at ~10:00 UT
and ~12:00 UT, respectively, and thus could act as the seeding
perturbation source. The growth rate of R–T instability could
then be further enhanced by the eastward polarization electric
ﬁeld within the perturbation structure by elevating the F layer

to higher altitudes, thus generating the super bubbles. It is relevant to mention that the storm-induced TIDs originated from the
polar region that propagated southward could also be a potential
seeding source for EPBs. In this regard, Figure 6 shows the
TEC and dTEC (calculated by subtracting the 60-min running
average) results obtained from the Beidou geostationary satellites along the 110° E receiver chain of IONISE (Sun et al.,
2020). Each TEC and dTEC curve was offset by the corresponding latitude of the IPP. From Figure 6, there were no
considerable TEC ﬂuctuations propagating southward from
higher latitudes to the equatorial region before 11:00 UT.
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Fig. 5. (a) AIRS observation of concentric stratospheric gravity waves in 4.3 lm radiance. (b) The geographic locations of GNSS sites
(triangles) and IPP trajectories (black and blue solid curves) connecting Tonga to the magnetic dip equator conjugate to the East/Southeast Asia.
(c) The dTEC obtained from the GPS satellites G01 and G32 for the GNSS sites in (b). (d) The dTEC and (e) ROTI at the Asian longitudes
along the magnetic dip equator averaged using all the data at 0–15° N. (f) The plasma virtual heights at several selected frequencies derived
from the Ledong ionosonde and the 60-min ﬁltered virtual height at the plasma frequency 5.0 MHz (black asterisk curve). The red stars and
black dashed curves in (a)–(b) mark the location of the Tonga volcano and the magnetic dip equator, respectively. The blue star in (b) marks the
location of Ledong. The red asterisks in (c) indicate the E-region sunset at the location of each site. The red dashed curves in (d)–(e) denote the
E-region sunset terminator. The black arrow in (f) indicates the elevation of the F layer bottomside.

During 11:00–15:00 UT, the ﬂuctuations started nearly simultaneously at different latitudes (or a little earlier at lower latitudes
than higher latitudes). The results indicate that no TIDs were
observed propagating southward.
On the other hand, one may argue that the irregularities
characterized as ROTI enhancements observed in middle latitudes up to ~33° N (Fig. 2) could possibly be locally triggered
by the arriving TIDs via the Perkins instability (e.g., Alfonsi
et al., 2013; Balan et al., 2018) rather than the extension of
EPBs. Whereas the irregularities due to the Perkins instability
can induce ROTI enhancements, they are unlikely to induce
severe amplitude scintillations (Li et al., 2021). For the present
case, severe amplitude scintillations were observed extending to

middle latitudes (Fig. 1). On the other hand, if these irregularities were associated with the arriving TIDs linked with the
Tonga volcano eruption, they should elongate in a similar orientation to the wavefront, which was supposed to be in the northeast-southwest direction in the East/Southeast Asia (Lin et al.,
2022). However, the ROTI structures corresponding to the onset
of EPBs (especially structures “A” and “B”) were west-tilted,
which is different from the direction of the TID wavefront.
Further, the average westward drifting velocity of the ROTI
structure estimated from the ROTI maps in Figure 2 during
10:35–12:00 UT is ~150 m/s (~8 degrees in longitude within
~1.5 h), which is much smaller than the TID propagating velocity (~340 m/s) reported by the recent studies (Lin et al., 2022;
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Fig. 6. (a) TEC and (b) dTEC obtained from Beidou geostationary satellites along 110° E on 15 January 2022. Each TEC and dTEC curve was
offset by the corresponding latitude of the ionospheric pierce point.

Zhang et al., 2022). Therefore, the ROTI structures below
~33° N were more likely due to the extension of EPBs at the
equator rather than locally triggered by TIDs through the
Perkins instability.
With regard to the zonal drift of EPBs, it was westward in
the present case, which is opposite to the normal behavior of
EPBs. The drift of EPBs was suggested to be driven by the
thermospheric zonal winds, which are usually eastward under
geomagnetic quiet conditions (e.g., Muella et al., 2017).
However, previous studies also reported westward-drifting
EPBs during geomagnetic storms, when the zonal drift could
be inﬂuenced by Hall drifts or the disturbance of westward
thermospheric winds (e.g., Abdu, 2012). If the westward drifts
increase with latitude, the west-tilted EPB structures could be
formed (e.g., Li et al., 2018), just as bubbles “A” and “B” in
the present study.

5 Summary
We reported an unseasonal super EPB event at post sunset
hours on 15 January 2022. The EPBs extended to middle
latitudes up to ~33° N and caused intense L-band amplitude
scintillations. The satellite signal fading depths caused by the
EPBs were up to ~16 dB over a wide region from middle to
low latitudes. Before the generation of the EPBs, signiﬁcant
ionospheric perturbation and F layer height rise were observed
around sunset, coinciding well with the arrival of waves produced by the Tonga volcano eruption. The ionospheric perturbation might act as a seeding source for the development of R–T

instability. The eastward polarization electric ﬁeld within the
perturbation structure could further elevate the F layer to higher
altitudes and enhance the growth rate of R–T instability. It was
suggested that the ionospheric perturbations caused by the
waves related to the Tonga volcano eruption triggered the
generation of the super EPBs. Our results implicate that volcano
eruption could produce large-scale ionospheric irregularities in
the region more than ten thousand kilometers away and cause
a signiﬁcant impact on ionospheric weather.
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