
1. Introduction
The equatorial ionization anomaly (EIA) is a pronounced phenomenon in the low-latitude ionosphere F-layer 
with double plasma density crests around ±15° geomagnetic latitudes and an equatorial density trough (Apple-
ton, 1946; Balan et al., 2018; Duncan, 1960). It is generally explained by the “fountain effect” in terms of drift and 
diffusion: an eastward daytime dynamo electric field around the magnetic equator lifts the ionospheric plasma 
to higher altitudes via upward E × B drifts; subsequently, increased gravitational and pressure gradient forces 
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geomagnetic equator around 14–17 UT, (b) Evening EIA crests experienced a drastic deformation around 
22 UT, forming a unique X-pattern in a limited longitudinal area between 20 and 40°W. (c) Thermospheric 
horizontal winds, especially the zonal winds, showed long-lasting quasi-periodic fluctuations between 
±200 m/s for 7–8 hr after the passage of volcano-induced Lamb waves. The EIA suppression and X-pattern 
merging was consistent with a westward equatorial zonal dynamo electric field induced by the strong zonal 
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profound and prolonged disturbances in the equatorial ionosphere. Using ground-based Global Navigation 
Satellite System total electron content and ionosonde data, low-Earth orbiting Ionospheric Connection Explorer 
wind observations, and geostationary Global-scale Observations of the Limb and Disk ultraviolet measurements 
of thermospheric and ionospheric airglow emission, we found volcano-induced atmospheric Lamb waves 
as a plausible source of the observed pronounced deformation of equatorial ionization anomaly (EIA) in the 
American sector. This deformation was triggered by volcano-induced wave passage through the region, even 
after these waves had traveled 12,000–16,000 km distance for over 10 hr. The typical double-crested EIA 
morphology was severely deformed during both the daytime and nighttime. Daytime EIA crests exhibited a 
severe suppression of more than 10 TEC Unit (TECu) (1TECu = 10 16 m −2) and an equatorward collapse around 
14–17 UT (10–13 LT) especially for the southern crest. Nighttime EIA crests exhibited a unique X-pattern with 
crests drastically merging in a narrow longitude region between 20 and 40°W around 22 UT (20 LT). These 
large EIA deformations were coincident, sharing spatial scales with long-lasting oscillations of thermospheric 
zonal wind following the arrival of volcano-induced waves in the American sector. This study sheds new light 
on the potential far-reaching and long-lasting atmosphere-ionosphere-thermosphere impacts from a catastrophic 
geological event.
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then lead to a poleward and downward plasma diffusion along magnetic field lines, causing concentrated density 
crests in the off-equatorial region and a trough near the equator (e.g., Anderson, 1973; Balan & Bailey, 1995; 
Hanson & Moffett, 1966). EIA morphology and spatiotemporal characteristics, such as local time, longitude, alti-
tude, interhemispheric asymmetry, and solar activity dependence, have been extensively studied using ionosonde 
observations (e.g., Jayachandran et al., 1997; Thomas, 1968), Global Navigation Satellite System Total Electron 
Content (GNSS TEC) data (e.g., Das et al., 2014; Wan et al., 2021; Zhao et al., 2009), radio occultation data (e.g., 
Huang et al., 2018; Lin et al., 2007; Luan et al., 2015; Tulasi Ram et al., 2009), satellite in-situ measurements 
(e.g., Chen et al., 2016; Paul & Dasgupta, 2010; Xiong et al., 2013), remote sensing measurements (e.g., Basu 
et al., 2009; Cai et al., 2021, 2020; Eastes et al., 2019; Kil et al., 2006), and numerical simulations (e.g., Dang 
et al., 2016; Lei et al., 2012; Su et al., 1997).

EIA crests are some of the most dramatic electron density enhancement structures in the global ionosphere, 
occurring on a regular basis during the day and earlier evening hours. The intensity and position of EIA crests 
have complicated short-term (hours to a day) spatiotemporal variability that is still not fully understood. Crest 
properties can be significantly influenced by various electrodynamic, dynamic, and chemical processes such 
as: (a) Zonal electric field: Besides the prevailing daytime E-region dynamo, increased F-region zonal wind 
and conductivity gradients near sunset develop an enhanced eastward electric field and upward drift around the 
magnetic equator, known as the prereversal enhancement (PRE) (Eccles et al., 2015; Farley et al., 1986), with 
this factor driving continued EIA prominence in postsunset hours. Moreover, storm-time penetration electric 
fields due to varying magnetospheric convection, and the disturbance dynamo electric field caused by changes in 
global thermosphere circulation, greatly modify the equatorial zonal electric field and significantly impact EIA 
morphology (e.g., Balan et al., 2009; Sreeja et al., 2009; Tsurutani et al., 2004). (b) Magnetic meridional winds: 
These winds drag the plasma along magnetic field lines and impact the EIA in two opposite ways. First, drag 
forcing by the equatorward (poleward) wind raises or lowers the F-region height to regions with lower or higher 
plasma recombination rates, causing a stronger (weaker) EIA crest closer to (away from) the equator (Khadka 
et  al.,  2018; Tulasi Ram et  al.,  2009). Second, trans-equatorial wind can transport the plasma either with or 
against the background ambipolar diffusion direction, sometimes causing an intensified/weak EIA crest in the 
winter/summer hemisphere during the morning-time before an afternoon transition occurs (Dang et al., 2016; 
Huang et al., 2018; Lin et al., 2007). (c) Neutral composition effect: High-latitude thermospheric composition 
(e.g., O/N2) changes, especially during storm-time periods, are carried by an equatorward wind surge to low-lati-
tudes, causing inhibited EIA crests in the recovery phase (e.g., Aa et al., 2021; Fuller-Rowell et al., 1994; Sreeja 
et al., 2009). (d) Large-scale waves from the lower atmosphere: Tides and planetary waves may cause prominent 
EIA longitudinal structures (e.g., wave-4) and longer-term (e.g., 6-day or 16-day) quasi-periodic oscillations (e.g., 
Gan et al., 2020; Goncharenko et al., 2010; Immel et al., 2006; Yamazaki, 2018). However, some modeling stud-
ies have suggested that large-scale atmospheric waves can cause strong day-to-day variability in the equatorial 
ionosphere vertical drift, although more direct observational evidence is needed (Fang et al., 2018; Liu, 2020). 
The combination of all these processes creates complicated short-term variability of EIA crest features.

Although the neutral wind dynamo which drives EIA dynamics is known to be subject to lower atmospheric 
forcing, there has been no established direct connection to date between EIA short-term variability and underly-
ing geological events such as earthquakes and volcanic eruptions, let alone any remote connection to such events 
over thousands of km distance. The present EIA study, however, provides compelling evidence for such a plau-
sible remote connection during an intense volcanic eruption event at Tonga at 04:14:45 UT on 15 January 2022. 
We assert that the response to such an event points to a new mechanism for efficient vertical coupling between 
explosive lithospheric disturbances and upper atmospheric changes. Such a connection was possible because 
of substantial global propagation of eruption-related atmospheric waves such as Lamb waves (e.g., Themens 
et al., 2022; Zhang et al., 2022) and their huge impact on thermospheric dynamics and therefore ionospheric 
electrodynamics (Harding et al., 2022). Ionospheric responses, the focus of this study, were characterized by a 
unique suppression and deformation of EIA crests with an X-shaped spatial pattern (Daniell et al., 2021). The 
detailed study results are elaborated in the following sections, using ground-based GNSS TEC data, ionosonde 
measurements, Global-scale Observations of the Limb and Disk (GOLD) imager data, and Ionospheric Connec-
tion Explorer (ICON) wind measurements.
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2. Instruments and Data Description
GNSS TEC data are derived at Massachusetts Institute of Technology's Haystack Observatory utilizing 5,000+ 
worldwide ground-based GNSS receivers, which are provided to the community via the Madrigal distributed 
data system with a spatial resolution of 1° (longitude) × 1° (latitude) and a temporal cadence of 5 min (Rideout 
& Coster, 2006; Vierinen et al., 2016). Besides ground-based GNSS TEC, South American sector ionosonde 
measurements at Fortaleza (3.9°S, 38.4°W) are also utilized.

The GOLD instrument images the Earth's ionosphere and thermosphere from a geostationary orbit at 47.5°W, 
using two identical ultraviolet imaging spectrometers to measure Earth's airglow emissions between 134 and 
160 nm from a roughly constant pressure surface over the daytime/nighttime disk, limb, and stellar occultation 
(Eastes et al., 2017, 2019). The daytime disk measurements can be used to derive thermospheric temperature and 
neutral composition ratio. The limb observations are used to retrieve exospheric temperature information as well 
as molecular oxygen column density from stellar occultations. Nighttime disk measurements are used to derive 
equatorial and low-latitude ionospheric structures especially the EIA and plasma irregularities. This study uses 
nighttime disk measurements of atomic oxygen 135.6 nm emissions to show EIA variations, which is mainly 
produced by recombination reaction between oxygen ions and electron. For more details on GOLD measure-
ments, readers may refer to Eastes et al. (2020) and references therein.

ICON is a low-Earth orbit satellite for ionospheric and thermospheric measurements at an altitude of 575 km and 
an inclination angle of 27° (Immel et al., 2018). ICON carries the Michelson Interferometer for Global High-Res-
olution Thermospheric Imaging (MIGHTI) instrument to measure thermospheric wind velocity and temperature 
with observations on Earth's limb. This study analyzes version 04 thermospheric vector wind data that derived 
from MIGHTI Doppler shift observations of the 630.0 nm oxygen red line (∼160–300 km altitude) and 557.7 nm 
green line (∼90–200 km altitude) airglow emissions. For more information on MIGHTI instrument and observa-
tions, readers may refer to Englert et al. (2017), Harding et al. (2017), and Makela et al. (2021).

3. Results
3.1. Interplanetary and Geomagnetic Conditions

Figures 1a–1d show temporal variations of solar wind speed and proton density, interplanetary magnetic field 
(IMF) By and Bz components, planetary K-index (Kp), and the longitudinally symmetric index (SYM-H) 
between January 13–17, 2022. On January 14, an interplanetary coronal mass ejection (CME) arrived with a 
sudden increase in solar wind proton density at ∼13 UT. The IMF Bz rotated to a sustained southward direction 
after 14:50 UT, reaching a minimum value of −17 nT at 22:25 UT and then quickly flipping northward. Solar 
wind speeds increased from ∼340–380 km/s to near 440 km/s. The SYM-H index reached a minimum value of 
−100 nT at 22:25 UT, marking the peak of the storm main phase with Kp of 6. During the recovery phase on 
January 15–16, continued disturbances occurred due to recurrent coronal hole high-speed streams. The solar 
wind speed increased from 450 km/s to 550 km/s at 15 UT on January 15, further increased to 620 km/s at 00:50 
UT on January 16, and held steady between 530 and 650 km/s throughout the day. IMF Bz exhibited intermittent 
fluctuations between ±7 nT during 18–24 UT on January 15 and smaller perturbations continued on January 
16. SYM-H showed a second dip, reaching −53 nT at ∼01 UT on January 16, with a following gradual recov-
ery. Taken as a whole, the combination of CME and coronal hole high-speed stream effects created a moderate 
geomagnetic storm before the Tonga volcano eruption at 04:15 UT (red line) on January 15.

3.2. EIA Suppression and X-Pattern Merging

To provide broad synoptic views of EIA, Figures 1e–1h display combined maps of GNSS TEC and OI 135.6 nm 
radiance from GOLD ultraviolet imaging at 22:10 UT on January 13–16. TEC observations over the American 
sector show afternoon EIA crests approximately paralleling ±15° geomagnetic latitudes. GOLD images over the 
Atlantic/African sector show bright low-latitude arcs produced by enhanced oxygen ion density and emission, 
and indicate postsunset EIA crests (Eastes et al., 2019). Note the OI 135.6 nm emission radiance is approximately 
proportional to the square of peak electron density, which increases the display contrast that makes the nighttime 
EIA crests look more well-developed comparing with daytime ones.
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Figure 1. Temporal variation of (a) Solar wind speed and proton density, (b) Interplanetary magnetic field (IMF) By and 
Bz, (c) Kp index, and (d) Longitudinally symmetric index (SYM-H) during January 13–17, 2022. The volcano eruption 
time is marked with a vertical red line. (e–h) Combined Global Navigation Satellite System total electron content (TEC) and 
Global-scale Observations of the Limb and Disk (GOLD) OI 135.6-nm radiance maps at 22:10 UT on January 13–16, 2022. 
The iso-distance circles from the Tonga eruption epicenter are shown in black lines. Geomagnetic latitudes with 15° interval 
are shown in cyan lines. The Fortaleza ionosonde location is marked with a black star. Note the enhanced GOLD radiance 
emission in the polar region is due to auroral precipitation. The triangular-shape enhancement at the bottom of GOLD images 
is due to strong daytime airglow near the terminator under the influence of sunlight.
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Large day-to-day EIA variability can be seen in Figures 1e–1h. On the quiet day of January 13, the EIA appeared 
relatively smooth and the crests location were around ±10–15° geomagnetic latitudes. By comparison, on Janu-
ary 14 during storm main phase, GNSS TEC was significantly enhanced by 10–15 TEC Unit (TECU) (∼50%–
100%) in the EIA area and the whole sunlit region, due to a strong penetration electric field effect associated with 
continuous southward IMF Bz conditions during 14:50–22:30 UT. After sunset, GOLD data also showed that 
EIA crests were considerably intensified and broadened due to the storm-enhanced fountain effect, with crests 
locations shifted poleward to ±15–25° latitudes. GOLD also captured multiple dark streaks cutting through the 
equatorward edge of EIA crests, indicating equatorial plasma bubbles due to enhanced Rayleigh-Taylor insta-
bility growth rates caused by the presence of PRE and penetration electric fields (e.g., Aa et al., 2020; Eastes 
et al., 2020; Karan et al., 2020). On January 15, however, the EIA morphology was significantly deformed. In the 
daytime, the EIA as seen in TEC over South America was significantly suppressed, with two crests pushed toward 
the dip equator with <10° separation. The EIA intensity, especially the southern crest, was significantly depleted 
by ∼50% compared to January 13 and 14. On the nightside, two EIA crests were still visible in GOLD data. 
However, they moved toward each other over the Atlantic, merging into one structure at the equator centered at 
a narrow longitudinal area near 30°W. The EIA then separated into two distinct crests forming a twisted pattern, 
resembling an “X-pattern” located approximately 16,000–17,000 km away from the volcano eruption epicenter. 
On January 16, the EIA morphology recovered to typical pattern with two crests being clearly identified and sepa-
rated. This coincident combination of EIA dayside suppression and nightside X-pattern after volcano eruption 
has, to the best of our knowledge, never been simultaneously reported before and will be further analyzed here.

To understand the thermosphere-ionosphere drivers of the observed EIA suppression and X-pattern, Figures 2a–2c 
show the ICON MIGHTI instrument's observation track and corresponding thermospheric zonal and meridional 
wind profiles between 20:48–21:16 UT on January 15. The blue circle in Figure 2a marks the estimated wavefront 
location of volcano-induced Lamb waves at the time of ICON passage through the region. Large horizontal wind 
changes can be seen in the F region. In addition, significant westward zonal wind reversal of −200 m/s can be 
observed at the trailing edge of volcano-induced Lamb waves (Figure 2b), around 150–240 km altitude between 
15 and 40°W longitudes and 16,000–18,000 km iso-distance lines. However, we note that these nighttime data 
points below 240 km are likely dominated by noise where the red line signal is dim with large uncertainties.

To trace the X-pattern formation with respect to wind variation, Figures 2d–2l display consecutive GNSS TEC 
and GOLD nighttime OI 135.6 nm radiance maps showing a sequence of EIA evolution during 20:40–23:55 UT. 
Observations indicate that from 20:40 UT (Figure 2d) to 21:40 UT (Figure 2f), EIA morphology became severely 
twisted with the intensity of both crests being considerably suppressed and location severely collapsed toward 
the dip equator near 20°–40°W. At 22:10 UT (Figure 2g), a clear X-pattern was fully developed with two EIA 
crests “merging” together around 20°–40°W but separated on both the eastern and western sides. The location 
and time of the ionospheric X-pattern formation is consistent with large horizontal wind changes in the F region, 
suggesting a plausible correlation with westward equatorial zonal electric field due to the dynamo effect that will 
be further discussed in the following section. Starting from 22:40 UT, the eastern side of X-pattern rotated out 
of GOLD's field of view, and dark streaks of postsunset equatorial plasma bubbles (EPBs) were generated and 
extended along the field lines along the western side of X-pattern.

EIA evolution is also examined in Figures 3a–3d using TEC keograms as a function of time and latitude along 
60°W during January 13–16. All observation days except for January 15 showed distinct and typical double-crest 
features that approximately aligned with ±15° geomagnetic latitudes. However, EIA morphology on January 
15 (Figure 3c) was significantly different with weaker intensities and two clear X-pattern merging features. The 
first X-pattern appeared at midday with crests especially the southern one being severely depleted by over 10 
TECU and collapsed equatorward by more than 10° from 13 to 14 UT to 16–17 UT (marked by black arrows 
in Figure 3c), forming one broadband shape near the equator. The second X-pattern occurred near dusktime at 
21–23 UT with two crests merged again to form a discernible single equatorial band. This is consistent with the 
timing of GOLD observations of X-pattern.

The distinct EIA variation and X-pattern signature can also be observed in the longitudinal TEC keogram shown 
in Figure 3g. A red arrow marks an eastward TEC erosion feature at 14–18 UT propagating from 10,000 km to 
14,000 km iso-distance lines. The disturbance propagation velocity was estimated to be 310–330 m/s, consistent 
with the atmospheric Lamb wave speed described in recent studies (e.g., Themens et al., 2022; Zhang et al., 2022). 
At the leading (left) side of the wave, TEC exhibited a modest increase parallel to the arrow especially between 
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Figure 2. (a–c) Ionospheric Connection Explorer Michelson Interferometer for Global High-Resolution Thermospheric Imaging track and corresponding zonal wind 
and meridional wind profiles between 20:48–21:16 UT on 15 January 2022. The iso-distance circles away from the Tonga eruption epicenter are shown in black lines. 
The blue circle in Figure 2a is the estimated wavefront location of volcano-induced Lamb waves. (d–l) Combined Global Navigation Satellite System total electron 
content (TEC) and Global-scale Observations of the Limb and Disk OI 135.6-nm radiance maps in successive disk scan during 20:40–23:55 UT. The dip equator and 
meridional field lines are shown in cyan.
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30 and 60°W. However, at the trailing (right) side of the wave, EIA crest was significantly depleted by more 
than 10 TECU for two hours following the wave passage. The second EIA collapse (blue arrow) was observed 
during 21–24 UT near the dusk terminator with more than 10 TECU reduction, and was significantly different 
from the other 3 days with naturally prolonged evening EIA. This was likely related to the local sunset effect 
and the lower TEC background on January 15. Moreover, EIA suppression was associated with nighttime EPB 
inhibition between 00 and 06 UT in Figure 3h, in contrast to the other 3 days (Figures 3e–3g) which demonstrated 
clear EPBs signatures as dark streaks embedded in evening EIA crests. This suggests a weak or even reversed 
zonal electric field in the F region around X-pattern locations, driving a downward E × B drift and reducing the 
Rayleigh-Taylor instability via electrodynamic processes (Basu et al., 2009).

3.3. Wind and Plasma Drift Observations

Harding et al. (2022) reported ICON-MIGHTI wind measurements over two orbit passes and analyzed the dayside 
ionospheric dynamo response to the volcano eruption. Although Figures 2b and 2c have already shown dusktime 
wind measurements over a concentrated area, we extend this information by providing global wind measurements 
for six consecutive ICON-MIGHTI orbits in order to comprehensively investigate the possible prolonged dynamic 
and electrodynamic effects of volcano-induced waves. Figure 4 displays observation tracks and corresponding 
altitudinal profiles of thermospheric wind measurements across both E and F regions for six consecutive orbits on 
January 15. For the first two orbits between 13 and 16 UT, both zonal and meridional wind exhibited significant 

Figure 3. (a–d) Total electron content (TEC) keogram as a function of time and latitude along −60° longitude during Jan 13–16, respectively. The terminator (solid 
lines) and dip equator and ±15° geomagnetic latitudes are also marked. Two black arrows in Figure 3cmark the equatorward collapse of equatorial ionization anomaly 
crests. (e–h) TEC keogram as a function of time and longitude along −20° latitude during Jan 13–16, respectively. The iso-distance lines from volcano eruption are also 
shown. The red and blue arrows in Figure 3g mark two considerable TEC erosions.
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quasi-periodic oscillations of ±200 m/s over 30–100°W longitudes around 9,000–14,000 km from the volcano 
eruption epicenter. This was also reported in Harding et al. (2022) and agrees approximately with the timing of 
volcano-induced atmospheric Lamb waves as they swept across the American sector. The zonal wavelength was 
estimated to be 3,500–4,500 km, assuming the wave does not change appreciably over the ∼10 min required for 
the satellite to traverse one wave cycle. However, these wind fluctuations exhibited long-lasting perturbations 
that continued after the initial wavefront had already passed. The wind fluctuations were not only distinct in the 
orbit between 16:18–17:54 UT, but also lasted at least 6–7 hr in this longitudinal sector, since they can still be 
discerned around 21–22 UT near 90°W in zonal wind results (Figures 4n and 4q). These long-lasting oscillations 
are consistent with those multiple-hour traveling ionospheric disturbance observations following the eruption 
induced Lamb waves (Zhang et al., 2022), partially demonstrating the notable energy from this volcano eruption 
comparing with other natural hazards or anthropogenic explosions (Jonah et al., 2021; Kundu et al., 2021).

To compare wind and TEC data, vertical dotted lines are drawn in wind profiles along 60°W longitude in a 
consistent manner with the TEC keogram in Figure 3c. At ∼14 UT, zonal wind at this longitude has a sharp 
gradient from eastward to strongly westward of −150 m/s especially in the E region when the EIA crest in TEC 
started to exhibit depletion and collapse signatures. At ∼16 UT, zonal wind near 60°W flipped from westward 
to eastward, associated with EIA crest depletion of more than 10 TECU and merging into a bright band at the 
equator. At ∼17:30 UT, the zonal wind near 60°W exhibited large eastward components of 80–100 m/s, and EIA 
crests were gradually enhanced and shifted poleward. At ∼19 UT, the zonal wind near 60°W reversed back to 
slightly westward, and the intensity and position of EIA crests recovered to pre-depletion levels ∼2 hr later. Thus, 

Figure 4. (a–r) Ionospheric Connection Explorer Michelson Interferometer for Global High-Resolution Thermospheric Imaging observation tracks and corresponding 
local time, zonal wind (positive eastward) and meridional wind (positive northward) profiles for six consecutive orbits on 15 January 2022. Iso-distance lines away from 
the Tonga volcano eruption epicenter with 2000 km interval are also marked on maps. The vertical dotted lines in wind profiles mark −60° longitude for comparison 
with total electron content keogram in Figure 3c. The ellipses in Figures 4n and 4o mark large nighttime F-region wind oscillations before Global-scale Observations of 
the Limb and Disk observed X-pattern signature.
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the daytime EIA depletion can be explained by a westward equatorial electric field especially via the modified 
E region dynamo. These wind oscillations and EIA depletion-recovery results are in general agreement with a 
1–2 hr thermosphere-ionosphere response delay, and build a robust connection between ionosphere EIA varia-
tions and thermosphere wind fluctuations. Moreover, the daytime meridional winds also have large perturbations 
that could partially modify the EIA intensity via dynamic and/or composition effect as mentioned in the intro-
duc tion, which will be further described in the discussion part.

ICON MIGHTI nighttime wind observations also exhibited large horizontal wind oscillations in the F region 
with westward wind reversal. In particular, the longitudinal region between 15°W and 45°E in Figures 4n and 4o 
around 16,000–20,000 km away from volcano eruption show identifiable wavy signatures of wind oscillations 
(marked by ellipses) of ±100 m/s around 21:20 UT. The location and time of these large-scale horizontal wind 
oscillations is generally consistent with GOLD measurements of X-pattern structure though with some data 
gaps, suggesting a wind causative effect with westward dynamo electric field that produced downward equatorial 
plasma drift and merged EIA crests. Despite the fact that the observed wind fluctuations are not exactly around 
the equatorial area due to MIGHTI's north-looking remote sensing geometry, it is reasonable to deduce that simi-
lar behavior should also occur in the equatorial region and the other hemisphere along the iso-distance lines via 
weakly-attenuated global-propagating Lamb waves (Nishida et al., 2014).

EIA perturbations existed also in the American sector ionosonde observations. Figure 5a shows electron density 
(Ne) profiles and F2 region peak height (hmF2) as measured by the Fortaleza ionosonde (3.9°S, 38.4°W) during 
January 13–16, 2022. On January 15, hmF2 showed a drastic fluctuation that elevated up to 500 km at 15 UT 
followed by a very large decrease to 260 km at 17:30 UT. This behavior was not seen in other days in the same 
UT interval. hmF2 continued to experience large variations, increasing to 440 km at 21:30 UT and falling to 
220 km at 00:30 UT on January 16. These wavelike hmF2 variations are consistent with the above-mentioned 
EIA fluctuation with two intervals of strong suppression. Figures 5b–5d show plasma drift results derived from 
Doppler measurements, with the shaded area marking the approximate passage time of Lamb waves. Results 
show that vertical drifts (Figure 5b) experienced a downward excursion of −15 m/s around 15 UT that contributed 
to the lowering of hmF2, followed by an upward enhancement of 30 m/s around 18 UT. Such a large drift reversal 
did not appear in other days at the same time, but was consistent with ICON zonal wind reversals as shown in 
Figures 4e and 4h. The eastward drift component on January 15 showed a large enhancement between 15 and 18 
UT, reaching a maximum value of ∼150 m/s that was notably larger than the other 3 days, and was likely caused 
by the dynamo action due to eruption-induced wind disturbances.

Figures  5e–5m display a sequence of Fortaleza ionograms showing the occurrence of spread-F with diffuse 
echoes in the F-layer traces between 21:50–23:10 UT on January 15. It is known that evening sector range-type 
equatorial spread-F is usually indicative of equatorial plasma bubbles produced at the bottomside F region by 
the Rayleigh-Taylor instability (Abdu, 2001; Woodman, 2009). However, the majority of these spread-F traces 
(Figures 5g–5m) should be classified as mixed-type or strong frequency-type spread-F, that is, the intensity of 
traces increases with frequency with no determinable critical frequencies (Cohen & Bowles, 1961). It indicates 
that irregularities were distributed in the whole F region, but the spreading was more severe near the F2-layer 
peak than in the bottomside part (Y. Chen et al., 2016). This usually means that ionospheric/thermospheric wave 
structures instead of localized PRE likely played a key role in triggering irregularities. Therefore, it was more 
likely that eruption-induced neutral wind oscillation and associated ion-neutral interaction led to the generation 
of polarization electric fields that seeded frequency-type spread-F (Tsunoda & Cosgrove, 2001). This further 
demonstrates the possible long-lasting effects of volcano-induced atmospheric waves and thermospheric-iono-
spheric perturbations that likely being the presupposition of observed X-pattern.

4. Discussion
As mentioned in the introduction, EIA variation is collectively determined by photo-chemistry, E × B drift, ambi-
polar diffusion, and neutral wind transportation. We next discuss the potential roles of lower atmospheric and/or 
geomagnetic forcing in modulating these terms to modify EIA crests in this event.

The daytime EIA in the American/Atlantic sector experienced drastic deformation between 14 and 17 UT on 
January 15 following the passage of volcano-induced Lamb waves. The crest intensity showed a slight enhance-
ment in the leading side of the expected volcano-induced waves but a significant depletion of more than 10 
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Figure 5. Fortaleza ionosonde measurements: (a) electron density profiles and F2-layer peak height (hmF2) during January 13–16, 2022. The white arrow marks 
significant hmF2 reduction. (b–d) Temporal variation of F layer vertical, eastward, and northward plasma drift with uncertainty error bars. The shaded area marks the 
approximate time periods when passage of volcano-induced Lamb waves and associated ionospheric disturbances occurred. (e–m) Sequence of ionograms showing the 
occurrence of spread-F during 21:50–23:10 UT on 15 January 2022.
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TECU in the trailing side that continued for 2–3 hr. EIA crests almost merged together near the dip equator with 
no clear separation of two crests. This sudden EIA suppression and collapse has been occasionally reported and 
normally is attributed to suppression and/or reversal of the equatorial electrojet (EEJ) due to wind dynamo effects 
(e.g., Basu et al., 2009; Rastogi, 1974; Sreeja et al., 2009). In particular, Harding et al. (2022) reported that both 
Swarm A satellite data and ground-based magnetometers observed an eastward EEJ in the leading edge of the 
volcano-induced wavefront and a strong westward counter electrojet (CEJ) after the wave arrival. The ICON 
MIGHTI wind results therein and in our study also show strong oscillations, especially thermospheric zonal 
winds, that are in-phase with the appearance of EIA variation. In particular, the zonal wind oscillation at 60°W 
was consistent with the deformation and reformation of EIA crests with 1–2 hr response delay. Their correlation 
implies a plausible physics connection between thermosphere wind fluctuations and ionosphere EIA variation. 
Moreover, the Fortaleza ionosonde hmF2 also exhibited a considerable increase to 500  km at 15 UT then a 
dramatic decrease to 260 km at 17:30 UT following the downward vertical plasma drift. These dynamics again 
revealed that the directional change of zonal electric field leading to EIA suppression was associated with wind 
reversal during the  passage of volcano-induced Lamb waves. The westward zonal wind reversal and associated 
neutral drag across the magnetic field lines is known to generate an upward polarization electric field via the 
E-region dynamo effect. Subsequently, the Hall current driven by this electric field further generates a westward 
electric field that can modulate equatorial zonal electric fields, producing downward equatorial plasma drift and 
observed EIA suppression (Heelis, 2004; Yamazaki et al., 2021).

The evening EIA in the American/Atlantic sector also experienced a dramatic deformation between 21 and 23 
UT on January 15 with a unique X-pattern merging of EIA crests in GOLD ultraviolet images. This X-pattern 
was first captured during the Apollo 16 lunar mission in ultraviolet images of Earth's ionosphere (Carruthers & 
Page, 1972) and can be occasionally observed within GOLD OI 135.6 nm images during quiet times at longitudes 
where the geomagnetic equator crosses the geographic equator (Daniell et al., 2021). However, the underlying 
mechanisms of this X-pattern are still not known. The Tonga event provides natural experimental conditions 
to test our hypothesized electrodynamical effects on X-pattern formation, as this pattern occurred only on the 
eruption day while the preceding and following days showed more regular EIA morphology with clearly sepa-
rated crests. The nightside X-pattern on January 15 appeared between a narrow longitudinal sector of 20–40°W, 
suggesting that the equatorial PRE through the F-region dynamo was likely reversed near the merging center. The 
ICON MIGHTI results in Figure 4 indicate that the longitudinally alternating reversal of F-region zonal wind has 
an approximate wavelength of ∼3,500–4,500 km, consistent with the longitudinal span of the whole X-pattern 
(30–40°). In particular, Figures 2b and 4n showed noticeable wind oscillations in the F region with westward 
wind reversal around 21 UT after the estimated passage of volcano-induced Lamb waves, and EIA crests showed 
corresponding collapse in the following 1–2 hr with merging into a clear X-pattern near the largest wind gradient 
longitude area. In the F-region dynamo mechanism, strong zonal gradients in eastward winds and conductivity 
gradients near sunset can trigger strong downward polarization electric fields. These fields then produce consid-
erable eastward electric fields as an edge effect due to the electric field curl-free requirement, and thus such 
eastward electric fields would drive PRE and maintain EIA crests (Eccles et al., 2015; J.; Chen & Lei, 2019; 
Rishbeth, 1971). Therefore, it is reasonable to suggest that the dramatic observed zonal wind oscillations with 
intense westward reversal reaching −200  m/s could lead to westward electric fields via an opposite dynamo 
action, driving a large downward plasma drift to substantially merge EIA crests in a central longitudinal sector 
and form observed evening X-pattern. This process can temporarily overtake the PRE effect.

The above eruption-induced electrodynamical processes through zonal wind oscillations provide a uniform 
scenario for EIA deformation in both daytime and nighttime. However, meridional wind dynamics, especially 
during concurrent geomagnetic disturbances, caused additional complications. In particular, Basu et al. (2009) 
indicated that an equatorward meridional wind can contribute to observed EIA collapse. ICON MIGHTI also 
observed considerable fluctuations in meridional winds between 14 and 18 UT over the American sector. It is 
theoretically possible that the volcano-induced equatorward wind perturbations, together with the storm-time 
equatorward wind surge, may have triggered neutral composition changes (O/N2 depletion) to low-latitudes 
during the recovery phase, causing a negative ionospheric storm effect enhancing the EIA suppression. Consid-
ering the prevailing trans-equatorial wind from summer to winter hemisphere, this meridional wind effect may 
be more significant in the southern hemisphere, because TEC observations with larger EIA suppression occurred 
in the southern hemisphere. However, this potential effect requires future effort beyond the scope of this study. 
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In particular, verification of the effectiveness of this possible neutral dynamic contribution requires correct event 
timing as well as correct longitude location and proper disturbance intensity to reach specific EIA segments.

It is important to discuss whether the observed EIA deformation can be somewhat attributed to storm-time 
penetration and/or disturbance dynamo electric field effects. Figure 1b showed that IMF Bz exhibited a strong 
negative excursion followed by a quick northward turning at the end of January 14, indicating possible pene-
tration electric field effects before the volcano eruption. Penetration effect is normally instant and short-lived 
lasting for ∼hours. However, the observed daytime EIA suppression occurred 12 hr later after penetration effects 
would have subsided, and IMF Bz perturbation was limited between 04 and 15 UT on January 15. Thus, penetra-
tion electric field was unlikely the main cause of strong daytime EIA suppression. In contrast, the daytime EIA 
suppression (Figure 3g) appeared and propagated with a Lamb wave speed of 310–330 m/s, suggesting a more 
plausible connection with the volcano effect. On the other hand, the disturbance dynamo can lead to large equa-
torial downward drifts via westward wind perturbations, thereby causing a negative storm effect in the daytime 
(Fuller-Rowell et al., 1994; Sreeja et al., 2009). However, ICON MIGHTI observations do not completely agree 
with the presence of daytime disturbance dynamo effects. It is known the disturbance dynamo is a consequence  of 
westward Coriolis forcing of equatorward neutral wind, and thus the disturbance wind is predominantly west ward 
at low and mid-latitudes (Yamazaki & Maute, 2017). However, ICON/MIGHTI observed significant zonal wind 
oscillations with alternating eastward and westward wind perturbation within confined longitudinal bands of 
merely 15–20°. This is different from the westward feature of disturbance wind. Moreover, the magnitude of 
daytime disturbance wind is usually tens of meters at mid-latitudes (Xiong et al., 2015). However, both Harding 
et al. (2022) and the current study show that ICON/MIGHTI observed significant wind oscillations with west-
ward reversals up to 200 m/s. These observed wind perturbations are different from and larger than the expected 
theoretical pattern of daytime disturbance dynamo. In addition, Le et al. (2022) have investigated EEJ and CEJ 
activities for this same event using the Swarm field-line current and ground-based magnetometer data, indicating 
that the penetration and disturbance dynamo electric field from this geomagnetic storm had minimal impact on 
the equatorial electric field perturbation.

During the presence of the evening X-pattern, IMF Bz fluctuated between ±7 nT during 18–24 UT on January 15 
due to the arrival of coronal hole high-speed streams, likely introducing intermittent penetration electric fields. 
However, the observed nightside EIA collapse and merging were confined in a narrow longitudinal area. It is thus 
hard to imagine that either the penetration or disturbance dynamo electric field would exhibit such a localized 
and oscillatory modulation.

5. Conclusions
The 2022 Tonga volcano eruption could have been a plausible source for the significant EIA deformation observed 
in the American sector about 12,000–16,000 km away from the epicenter, even 10+ hours after the eruption. This 
EIA variation was analyzed using GNSS TEC, GOLD ultraviolet measurements, ICON MIGHTI wind data, and 
ionosonde data. The main findings are as follows:

1.  The daytime EIA especially the southern crest showed severe suppression of more than 10 TECU and 
collapsed equatorward for over 10° latitudes between 14 and 17 UT on January 15, following the passage of 
volcano-induced Lamb waves. This was associated with a downward equatorial plasma drift and drastic hmF2 
reduction from 500 to 260 km as seen by the Forteleza ionosonde.

2.  The nighttime EIA crests also experienced a similar suppression and equatorward shift around 21–23 UT, 
exhibiting a unique X-pattern in a limited longitudinal range of 20°–40°W. This was preceded by large hori-
zontal wind oscillations including intense westward winds and was accompanied by strong frequency-type 
spread-F echoes in ionograms, plausibly representing prolonged thermosphere-ionosphere perturbations due 
to volcano-induced atmospheric waves.

3.  Coincident with the daytime EIA suppression, thermospheric horizontal winds, especially zonal winds, exhib-
ited significant quasi-periodic fluctuations between ±200  m/s after the arrival of Volcano-induced Lamb 
waves in the American sector. These large zonal wind perturbations could significantly reverse the equa-
torial eastward zonal electric field primarily via the E-region dynamo effect, causing a strong downward 
plasma drift that led to daytime EIA suppression. The storm-related equatorward wind perturbations may have 
brought neutral composition changes to low-latitudes, partially modifying the EIA morphology.
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4.  The estimated wavelength (∼3,500–4,500 km) of zonal wind perturbations was consistent with the longitudi-
nal scale size of the X-pattern (∼30–40° longitudes). Prolonged horizontal wind modulations in the F region 
with strong westward reversal were observed preceding the evening X-pattern formation. This modulation 
with a strong westward wind gradient could trigger a large downward plasma drift that overturned PRE in a 
limited longitudinal area via F-region dynamo, leading to the observed evening X-pattern.

Data Availability Statement
Global Navigation Satellite System Total Electron Content data products are provided through the Madrigal 
distributed data system at (http://cedar.openmadrigal.org/) by MIT. The GOLD data can be accessed at (https://
gold.cs.ucf.edu/). The Ionospheric Connection Explorer data can be accessed at (https://icon.ssl.berkeley.edu/
Data. The solar wind and geophysical parameters data is acquired from NASA/GSFC's Space Physics Data 
Facility's OMNIWeb service (https://cdaweb.gsfc.nasa.gov/) and Kyoto world data center for Geomagnetism 
(http://wdc.kugi.kyoto-u.ac.jp/). The ionosonde data are provided by the University of Massachusetts Lowell 
DIDB database of Global Ionospheric Radio Observatory (https://giro.uml.edu/didbase/scaled.php).
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