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Abstract The Tonga volcano eruption of 15 January 2022 unleashed a variety of atmospheric
perturbations, coinciding with the recovery-phase of a geomagnetic storm. The ensuing thermospheric
variations created rare display of extreme poleward-expanding conjugate plasma bubbles seen in the rate of
total electron content index over 100—-150°E, reaching ~40°N geographic latitude. This is associated with
fluctuations in FORMOSAT-7/COSMIC-2 (F7/C2) ion-density measurements and spread-F in ionograms.
Preceding to this, an unusually strong pre-reversal enhancement (PRE) occurred in the global ionospheric
specification (GIS) electron density profiles derived from F7/C2 observations. The GIS also revealed a decrease
of equatorial ionization anomaly (EIA) crest density due to the storm impact. Reduced E-region conductivity
by volcano-induced waves and enhanced F-region wind, further accelerated by reduced ion-drag over the
EIA, apparently intensified the PRE. Accompanied with the strong PRE, volcano-induced seed perturbations
triggered the super plasma bubble activity.

Plain Language Summary Rare things could happen when the centennial volcanic eruption
occurred at the late stages of a magnetic storm driven by solar wind disturbances. The volcanic eruption drove
atmosphere waves at the lower altitude in the ionosphere and the storm effect enhanced eastward wind at higher
altitudes. The combined effect led to an unusual and substantial uplift of the post-sunset ionosphere, known as
pre-reversal enhancement (PRE). The large layer uplift destabilized the bottomside ionosphere, leading to
vigorous bubble-like plasma irregularities, or plasma bubbles extending to middle latitudes, which are very
rarely seen in January when the solar activity is low. This is the first time such super plasma bubbles are
produced by the joint influence of geomagnetic and atmospheric forcings from above and below.

1. Introduction

Equatorial plasma bubbles (EPBs) are the irregularities in the post-sunset equatorial/low-latitude ionosphere,
manifesting as spread-F in ionograms (Bekner & Wells, 1934), scintillations in radio signals (Whitney &
Malik, 1968), bite-outs in ion-density measurements (Hanson & Sanatani, 1973), plume structures in radar maps
(Woodman & La Hoz, 1976), and intensity depletions in airglow images (Weber et al., 1978). EPBs are initiated
by Rayleigh-Taylor instability (Dungey, 1956) operating in the post-sunset bottom-side F-region where verti-
cal plasma density gradient is anti-parallel to gravity, under favorable conditions of seed perturbations, sharper
plasma density gradients, smaller ion-neutral collisions, and stronger vertical plasma drifts (Sultan, 1996).
Several review articles discuss the history and progress in the theoretical and technical evolution of EPB moni-
toring (Farley et al., 1970; Glover, 1960; Hysell, 2000; Ossakow, 1981; Yokoyama, 2017).

Notwithstanding the numerous studies since the first known report, generation and occurrence of EPBs still
remain as most intriguing ionospheric research topic. This continuing interest stems from the unpredictable occur-
rence of bubbles owing to various factors that control and contribute to their generation. The uncertainty arises
from the variations of seed perturbation (Abdu et al., 2009; Kelley et al., 1981; Wu et al., 2015), neutral wind
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(Mendillo et al., 1992, 2001; Valladares et al., 2002), electric field (Abdu et al., 1981; Huang & Hairston, 2015;
Sekar & Kelley, 1998), and bottom-side structures (Chou et al., 2020; Tsunoda et al., 2010a). Inherent day-to-day
variability of these parameters and other external factors could influence the occurrence of EPBs.

One of such major external factors controlling the occurrence of EPBs is geomagnetic storm (hereafter, storm),
either amplifying or suppressing the bubble generation (Rajesh, Lin, Chen, Chen, et al., 2017; Rastogi et al., 1981;
Whalen, 2002; R. W. Wright et al., 1956). The impact of prompt penetration and/or disturbance dynamo elec-
tric field, either aids or suppresses the pre-reversal enhancement (PRE), leading to the generation/inhibition of
bubbles, and occasionally in the post-midnight irregularities (Aarons, 1991; Rajesh, Lin, Chen, Lin, et al., 2017;
Sripathi et al., 2018). Occasionally, strong prompt penetration electric fields generate super plasma bubbles,
reaching much higher latitudes (Aa et al., 2018; Cherniak & Zakharenkova, 2016; Ma & Maruyama, 2006). A
unique case of the external influence on EPB generation was the recent eruption of the Tonga volcano (hereafter,
the eruption) on 15 January 2022, triggering significant EPB activity (Aa et al., 2022; Sun et al., 2022).

The eruption caused unprecedented perturbations in the atmosphere and ionosphere (C. Wright et al., 2022; J. T.
Lin et al., 2022; Themens et al., 2022), for the first-time showing ionosphere variations in conjugate hemispheres
far away from the source much earlier than anticipated (J. T. Lin et al., 2022). Such disturbed conditions are
explained to have triggered the EPBs across wide longitudes (Aa et al., 2022). This study reports very intense
and rare super plasma bubbles over the Asia-Pacific region (100—160°) compared to other longitudes, reaching
magnetic latitudes (MagLat) of ~35°. Such super plasma bubbles triggered by a volcano eruption are unheard of,
and the reasoning based on eruption-induced perturbations (Aa et al., 2022; Sun et al., 2022) could not explain
these extreme EPBs specific to this region. The eruption occurred in the recovery-phase of a moderate storm
(for the storm description, see J. T. Lin et al., 2022), a rare coincidence of two such events. This paper discusses
the plausible mechanisms that pre-condition the ionosphere and generate the super plasma bubbles over the
Asia-Pacific by the combined effects of the eruption and storm-induced variations.

2. Data Analysis

This study uses the total electron content (TEC) measurements from ground-based global navigation satellite
system (GNSS) receivers, ionograms over Japan and Australia, in-situ and radio occultation (RO) measure-
ments by FORMOSAT-7/COSMIC-2 (F7/C2) satellites, and the Global Ionospheric Specification (GIS) electron
density profiles constructed by assimilating F7/C2 RO and GNSS slant TECs (C. Y. Lin et al., 2017). The GNSS
networks in New Zealand, Australia, Japan and Taiwan are used to derive vertical TEC, and the occurrence
and evolution of EPBs by calculating the rate of TEC index (ROTI) with an averaging period of 5-min (Pi
et al., 1997). To distinguish the ROTI by volcanogenic TIDs, the TEC variations are also examined by applying
a 10-60-min bandpass filter (e.g., J. T. Lin et al., 2022).

The ionosonde stations at Kokubunji (Japan) and Townsville (Australia) allow the examination of the onset and
development of spread-F at either side of the magnetic equator. In-situ ion density measurements by F7/C2 ion
velocity meter (IVM) detect plasma irregularities along satellite track. The GIS has been validated with iono-
sonde measurements (C. -Y. Lin et al., 2020), and applied to study day-to-day ionosphere variability (Rajesh,
Lin, Lin, Lin, et al., 2021), ionospheric response to geomagnetic storms (Rajesh, Lin, Lin, Chen, et al., 2021),
and sudden stratospheric warmings (J. T. Lin et al., 2019, 2020). Here, the average of three previous quiet-days
(11-13 January) GIS is used as reference to quantify the variations.

3. Results

Figure 1 displays the absolute TEC, ROTI, and filtered TEC over the Asia-Pacific longitudes at the selected time
intervals of ~0941 and ~1123 UT, following the eruption. A stripe of very low TEC, marked by red arrow, is
seen above Australia over ~145°E and 10-20°S, though no such pattern exists over Japan possibly due to the
low background. While such a depletion resembling EPB is rare to be spotted in background TEC, the most
striking features are the strong ROTI coinciding with the depletion, confirming intense plasma irregularities over
this region. These ROTI enhancements show remarkable conjugate pattern, appearing over both Australia and
Japan, exhibiting reverse C-shape. The filtered TEC maps in Figure 1 show concentric TIDs generated by the
volcano-induced Lamb-waves. Based on the locations and orientation, the strong ROTI regions are apparently
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Figure 1. Ionospheric disturbances after the eruption in (left) absolute total electron content (TEC), (middle) rate of TEC
index (ROTI), and (right) 10—60-min band-pass filtered TEC at (top) 0941 and (bottom) 1123 UT, respectively. The red arrow
in the left panels indicate TEC depletions, and co-located strong ROTI. The red-dashed lines show the Lamb-wave (see J.

T. Lin et al., 2022). The gray-shaded regions are under sunset with the blue- and green-dashed lines representing the E- and
F-region terminators. The yellow grids give geomagnetic coordinates with thick dashed-line denoting magnetic equator.

unrelated to these TIDs. Though plasma irregularities occurred across several longitudes on this night (Aa
et al., 2022), extreme and intense irregularities appeared only over the Asia-Pacific region (Figure S1 in Support-
ing Information S1), which is investigated here.

Figure 2 details the time evolution of enhanced ROTI, portraying the poleward expanding irregularities in succes-
sion in the western longitudes with the sunset. The poleward expanding ROTI regions over eastern longitudes of
Japan and Australia at 0945 UT appear magnetically conjugate, with identical westward tilt at the poleward ends.
This conjugate alignment is evident in the subsequent frames, also for the second strong ROTI region appearing
to the west at 1030 UT. As time progresses, these ROTI regions expand further poleward with their locations
slowly shifting eastward and, new irregularities developing to the west. The irregularities exhibit westward tilt
typical of EPBs, reaching maximum poleward latitudes of ~35°N MagLat.

The F7/C2 IVM ion density in Figure 2 also shows perturbations when the satellites overpass the longitudes of
strong ROTT under F-region sunset. At 0945 UT, the IVM scanning over 10—15° MagLat detected two consecu-
tive plasma bubbles, where the eastern bubble aligns with the conjugate structure of the strong ROTI poleward
to it, confirming that the ROTI values are related to vertically rising EPBs. The second bubble to its west is also
aligned with the strong ROTI that was about to emerge over Japan region, indicating EPBs are still evolving. At
1000 UT, a second F7/C2 IVM also scans the same EPBs, with latter passing over latitudes just to the south of
the magnetic equator, ascertaining that the strong ROTI regions are linked to the EPBs. This further offers a rare
opportunity to gain multi-point perspectives of the same plasma bubbles at equatorial, low- and mid-latitude
locations by combining ground-based and in-situ platforms. At 1130 UT, two such IVM scans over 120°E show
irregularities near the equator and over the strong ROTI regions at low-latitudes, once again providing evidence
that the strong ROTTI are associated with field-aligned EPBs.

A movie of these observations featuring the time-evolution of the irregularities is provided as Supporting Informa-
tion (Movie S1), which also includes the corresponding absolute and filtered TECs. Though the concentric TIDs
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Figure 2. Similar to Figure 1, but only the rate of TEC index (ROTI) maps at selected intervals, illustrating the poleward
development of Equatorial plasma bubbles. Also plotted are the overpasses of F7/C2 during +15 min (black lines), with
the red lines showing ion velocity meter (IVM) ion density measurements. Brown dashed lines are used for the Lamb-wave
locations.

after the eruption yield strong ROTI, they essentially propagate westwards over Australia and north-westward
over Japan (Movie S1). In contrast, the poleward expanding ROTI bands appear mostly stationary, and show an
eastward-moving tendency (Figure 2 and Movie S1), corroborating their EPB link.

The apex projection of ROTI in Figure 3 illustrates the extreme altitudes attained by the irregularities over the
equator, offering a unique view resembling towering giant plume structures seen in JULIA radar measurements
(Hysell & Burcham, 1998). The irregularities here penetrate as high as ~3000 km, whereas the maximum alti-
tudes in radar maps are usually <1000 km, demonstrating the intense nature of the EPBs triggered after the erup-
tion. The apex projection further facilitates the estimation of vertical rise velocities of the EPBs, revealing rapidly
upward drifting irregularities at speeds of 420-280 m/s till altitudes of ~1500 km and drops below 200 m/s as the
bubbles rise further (Figure S2 in Supporting Information S1). Such large upward velocities enable the irregulari-
ties to reach extreme poleward latitudes. Strong spread-F was recorded in the ionograms over Kokubunji (28.8°N
MagLat; 139.5°E) and Townsville (28.4°S MagLat.; 146.8°E) on this evening (Figure S3 in Supporting Infor-
mation S1), independently confirming the irregularities observed in ROTI maps at such large magnetic latitudes.

To understand the background electron density distribution, GIS maps at 300 km during 0730-1030 UT are
stacked together in Figures 4e—4h, with the average of previous three quiet-days as reference (a—d), along with
the difference between the two (i-1). The GIS include measurements taken within +30 min of the marked times.
Note a sharp collapse of the southern equatorial ionization anomaly (EIA) crest over the sunlit longitudes and
strengthening of the northern crest at earlier local-time sectors compared to the reference. The crest separation
is drastically reduced. The variations along the sunset terminator over the Asia-Pacific longitudes on the erup-
tion day are even more dramatic, with the enhanced EIA crest latitudes surpassing the corresponding noon-time
locations, indicating an extremely intense PRE, almost coinciding with the arrival of the Lamb-wave over the
magnetic equator. Panels (e-h) demonstrates the collapse of the dayside EIA density structure, especially the
southern crest, with an equatorward displacement of the crest latitude and the intense PRE in the evening sector.

The vertical slices at 140°E in Figures 4m—4p further show how intense the PRE was in this evening. At 0930
UT (~1850 LT) the F-peak altitude (hmF,) is approximately 525 km (Figure 4n), which is ~200 km above the
corresponding reference value (Figure 4m), with extremely low electron density underneath. About 1-hr later,
the PRE further strengthened, with the hmF, over the magnetic equator rising above 550 km altitude (Figure 4p).
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Figure 3. Apex altitude projection of rate of total electron content index (ROTI) observations in both the hemisphere at
selected intervals after the eruption.
The overplotted vertical electron density gradient peaks over 350-450 km altitudes, much higher than the 220 km
reference height. The vertical variation of hmF, estimated from GIS over 140°E during 0700-1000 UT yields
~40 m/s, three times the reference value (Figure S4 in Supporting Information S1).
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Figure 4. Global ionospheric specification (GIS) electron density maps. Panels (a—d) gives reference day plots, (e-h) on the eruption day, and (i-1) their differences at
300 km during 0730-1030 UT. The white dashed lines represent magnetic equator, and the red-dashed curves (second and third columns) are the Lamb-wave locations
during the +30 min period of GIS assimilation. The red asterisk denotes the location of Tonga. The sunset longitudes are shaded. The latitude-altitude maps in panels (n
and p) illustrate intense PRE on 15 January compared to reference day in (m and o). The white solid lines in (m—p) denote the altitude gradient of electron density.

4. Discussion

The phenomenal Tonga volcano eruption perturbed the post-sunset electron density distribution over the entire
Asia-Pacific longitudes spanning several thousands of kilometers, producing EPBs that lasted several hours. The
meridionally-extended bands of strong ROTI in the conjugate hemispheres after the eruption, with characteristic
reverse C-shape often seen in airglow depletions, offer a unique perspective of the EPBs thus far reported by GNSS
observations (Figures 1 and 2, Movie S1). Aa et al. (2022), and Sun et al. (2022) detailed the morphology of these
EPBs, showing irregularities across East Asia to East Africa, reaching maximum altitudes of 1500-2000 km,
though distinct, field-aligned, conjugate EPBs could not be distinguished, probably limited by their data cover-
age. The apex altitude projection here (Figure 3) uniquely illustrates the extreme nature of the irregularities,
giving the perception of giant plume structures penetrating to even 3000 km. Such wide-spread, long-lasting, and
extremely upward/poleward expanding super plasma bubbles after a volcano eruption are observed for the first
time, revealing the space weather consequences triggered by seismic activities occurring far below the ground.

The prevailing solstice conditions over the Asia-Pacific longitudes in the middle of January, yielding stronger
inter-hemispheric winds and inclined alignment of solar terminator with magnetic meridian least favors EPB
generation (Burke et al., 2004; Nishioka et al., 2008). According to Aa et al. (2022) and Sun et al. (2022), strong
perturbations following the eruption provided suitable conditions and initial seeding for the irregularities, ruling
out any storm-induced influence. Although irregularities could still grow with such seed perturbations (McClure
et al., 1998; Tsunoda, 2010b), the super plasma bubbles over the Asia-Pacific (Figure S1 in Supporting Informa-
tion S1) remain unexplained. The discussion below examines the plausible mechanisms that could produce such
rapidly expanding irregularities, including the factors for the post-sunset uplift of the F-layer, and the possible
influence of the storm-induced variations.

The GIS observations (Figures 4 and S4 in Supporting Information S1) provide first-hand evidence for the
extremely intense PRE that persisted for ~3-hr, lifting the F-layer ~200 km and producing sharp plasma density
gradient at altitudes of ~500 km. The seed perturbations by the eruption could instigate EPBs at such elevated
F-region bottom-side, which can subsequently rise to much higher altitudes. Nonetheless, such strong PRE of
~40 m/s (Figures 3 and S4 in Supporting Information S1) over these longitudes in solstice under low solar
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Figure 5. Sketch illustrating pre-reversal enhancement (PRE). (a) On a
regular solstice day where finite E-region conductivity in winter hemisphere
yields weak or no PRE. (b) After the eruption during storm recovery. E X B
drift by gravity-waves (blue/red rings) decreases E-region conductivity,
favoring PRE. Weakened equatorial ionization anomaly (EIA) (gray-shaded
area) by storm and eruption enable stronger U, mobilizing ions and yielding
upward vortical flow over the equator to supply more plasma, strengthening
the PRE.

activity is unusual. Also, E-region conductivity is crucial for the generation
of PRE (Richmond, Fang, & Maute., 2015), where the finite conductivity
in the winter hemisphere would inhibit the development of polarization
electric fields by F-region dynamo. The wave perturbations by the eruption
(e.g.,J. T. Lin et al., 2022) could reduce the E-region Pederson conductivity
through ExB drifts (Chou et al., 2021), supporting the development of PRE
here. Sharp decrease of electron density is reported related to such seismic
events (Shinagawa et al., 2013; Zettergren et al., 2017). The dynamo electric
fields associated with the strong neutral wind perturbations after the eruption
(Harding et al., 2022; Le et al., 2022) could further elevate the ionosphere
through ExB drifts (Huba et al., 2015).

Moreover, the storm disturbance dynamo weakened the equatorial fountain
(e.g., C. H. Lin et al., 2007) and yielded positive (negative) responses in the
winter (summer) hemisphere in mid-latitude due to composition disturbances
(Fuller-Rowell et al., 1996). Hence, the EIA crests on the eruption day move
closer to the magnetic equator, producing sharp electron density decrease in
the southern hemisphere (Figure 4). Near the terminator, the diminished EIA
crest density would enable stronger F-region eastward wind due to reduced
ion-drag. Richmond and Fang (2015) demonstrated that F-region zonal
winds over EIA is crucial in controlling the PRE strength. The stronger wind
would mobilize ions and generate stronger PRE resulting from the vortical
plasma motions over the equator in the evening ionosphere (Lee et al., 2015)
to supply additional plasma.

A combination of such effects as illustrated in Figure 5 leads to the extreme
evening updriftof the F-layer during the solstice period under low solar-activity,
ensuring suitable background conditions for the RT instability, where the
strong initial seed perturbations by the volcano-induced disturbances could
rapidly generate very intense EPBs. According to Tsunoda (2010a), neutral
wind perturbations associated with circular gravity-waves are more efficient
in generating a net field-line integrated polarization electric field, with the
gravity-wave wavelength of the order or larger than the distance from the
source. As the Lamb-wave propagation could continuously trigger concen-
tric gravity-waves of wavelengths 500-1500 km (J. T. Lin et al., 2022), this
would ensure sufficient polarization electric fields to provide seed perturba-
tions. Thus, the unusually strong PRE and the ensuing sharp plasma density
gradients, with the strong seed perturbations after the eruption resulted in
rapid growth of the RT instability, yielding the super plasma bubbles.

The EPBs usually take about 1-2 hr to appear over low-latitude regions after
onset. In the ROTI maps (Movie S1), over ~140°E, strong values expand-
ing poleward appeared around 1010 UT over 31.3°N, with apex altitude of
~1660 km. The corresponding E-region sunset over equator was ~0917

UT, requiring the bubble ~53 min to reach such altitudes. Considering that EPBs are generated ~450 km, this

suggests ~380 m/s vertical rise velocity for the bubbles. Over 145°E, the EPB rises with such large velocity, but is

slower at 140°E (Figure S2 in Supporting Information S1). The estimated bubble rise velocities could be affected

by the westward tilt and the eastward drift, and actual initial rise velocity could be even larger (Chou et al., 2021).

Further, the TIDs that co-exist with the EPBs (Movie S1) could also contribute to the vertical rise velocity when

the associated polarization electric fields are in phase with those within the bubbles. The strong westward tilt of
EPBs point to such interactions (Chou et al., 2021).

These mechanisms operate most efficiently over the Asia-Pacific latitudes where the Lamb-wave over the equator
almost coincides with E-region sunset (Figure 1; Movie S1), enabling intense PRE and super plasma bubbles. To
less extent, similar processes favoring EPBs may extend across Indian and eastern African longitudes (~30°E)

where Lamb-wave progressively lags the terminator. No post-sunset irregularities occur over Africa where the
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difference exceeds a few hours (Figure S1 in Supporting Information S1), showing that Lamb-wave alone might
not generate EPBs and should be timed with PRE.

5. Conclusion

Reduced E-region conductivity by the passage of Lamb-wave after the Tonga volcano eruption during sunset
enables strong PRE in the solstice period, amplified by enhanced zonal winds and negative storm response over
EIA. Under such conditions, rapidly up-drifting irregularities are generated with seed perturbations from the
Lamb-wave driven gravity-waves, producing super plasma bubbles reaching extremely poleward latitudes. The
results, for the first-time, show such intense EPBs by a volcanic eruption, highlighting the unprecedented space
weather impacts triggered by a dramatic seismic event.

Data Availability Statement
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grams are available at the Bureau of Meteorology, Government of Australia (https://www.sws.bom.gov.au/HF_
Systems/1/3) and National Institute of Information and Communications Technology, Japan (https://wdc.nict.
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