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1. Introduction
Isolated disturbances such as earthquakes, tsunamis, and solar eclipses, as well as explosions from volcanoes, 
nuclear detonations, and meteor air bursts can offer discrete tests for models of atmosphere-ionosphere coupling 
and variability (Aryal et al., 2020; Astafyeva, 2019; Inchin, Snively, et al., 2020; Li et al., 2021; Zettergren & 
Snively, 2019). The Hunga Tonga-Hunga Ha'apai (hereafter Tonga) volcanic eruption on 15 January 2022 gener-
ated atmospheric disturbances from the ground to the ionosphere (Adam, 2022; Wright et al., 2022). A typical 
wave mode excited by impulsive events in the lower atmosphere is the Lamb wave, an acoustic nondispersive 
edge wave (Bretherton, 1969; Garrett, 1969; Nishida et al., 2014). The study by Wright et al. (2022) presented 
data from the troposphere, stratosphere, and mesosphere, showing a coherent wave propagating at 318 m/s around 
the globe multiple times, identified as a Lamb wave. Although the Lamb wave propagates in the troposphere, 
energy leaks into higher altitudes, exciting other wave modes, in which the amplitude of wind, temperature, and 

Abstract The eruption of the Hunga Tonga-Hunga Ha'apai volcano on 15 January 2022 triggered 
atmospheric waves at all altitudes. The National Aeronautics and Space Administration Ionospheric Connection 
Explorer (ICON) and European Space Agency Swarm satellites were well placed to observe its impact on the 
ionospheric wind dynamo. After the Lamb wave entered the dayside, Swarm A observed an eastward and then 
westward equatorial electrojet (EEJ) on two consecutive orbits, each with magnitudes exceeding the 99.9th 
percentile of typically observed values. ICON simultaneously observed the neutral wind (90–300 km altitude) 
at approximately the same distance from Tonga. The observed neutral winds were also extreme (>99.9th 
percentile at some altitudes). The covariation of EEJ and winds is consistent with recent theoretical and 
observational results, indicating that the westward electrojet is driven by strong westward winds in the Pedersen 
region (∼120–150 km). These observations imply that the dynamo is a key mechanism in the ionospheric 
response to the Tonga disturbance.

Plain Language Summary The January 2022 Tonga volcanic eruption caused atmospheric impacts 
around the world. As a natural experiment, it can be used to test our understanding of how the lower atmosphere 
affects space weather. Researchers are only beginning to document the chain of events post-eruption, and 
this paper focuses on its impact on the generator that drives electric fields in near-Earth space, a key part of 
space weather. This generator is driven by the atmosphere pushing charged particles across Earth's magnetic 
field. This usually creates a strong eastward current above the equator. When the Swarm A satellite coincided 
with the wave from Tonga, it observed that this current strengthened dramatically, then reversed. Although 
reversals are not unusual, this was the strongest reversal observed by Swarm since its 2013 launch, except for 
one large geomagnetic storm in 2015. Another satellite, the Ionospheric Connection Explorer, was luckily at 
the right time and place to observe related motions of the upper atmosphere, which were similarly extreme. 
These observations are shown to be consistent with our theoretical understanding of the generator. This study 
is important because it represents a critical test of atmosphere-space interactions and implies that the Tonga 
eruption caused a major space weather event.
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pressure fluctuations can grow with altitude (Nishida et al., 2014; Wright et al., 2022). As such, the ionosphere, 
readily observed by ground-based instruments, can function as a sensitive monitor of atmospheric disturbances.

Initial Total Electron Content (TEC) observations have reported Traveling Ionospheric Disturbances (TIDs) 
propagating globally for many hours and even days after the Tonga eruption (Aa et al., 2022; Lin et al., 2022; 
Themens et al., 2022; Zhang et al., 2022). Estimates of the horizontal wavelength of TIDs in the far field (i.e., 
at distances >3,000 km from the eruption) range from 300 to 1,000 km (Wright et al., 2022; Zhang et al., 2022). 
Additionally, Soares et  al.  (2022) reported oscillations of the geomagnetic field observed by a ground-based 
magnetometer 835 km from Tonga, which are attributed to short-period modulation (3–5 min) of ionospheric 
currents. No studies have yet reported data connecting the homosphere with these ionospheric signatures.

The mechanisms through which signals from the lower atmosphere are transmitted and create observable effects 
in the ionosphere are numerous, and understanding their complex interplay is critical for interpreting and predict-
ing ionospheric signals. These mechanisms include those resulting from direct propagation of the wave or waves 
to ionospheric F-region heights, modifying ion drag and/or plasma loss rates. Another mechanism is indirect, 
mediated by electric fields resulting from the neutral wind dynamo, which can carry signatures along magnetic 
field lines from the E region to the F region. Wright et al. (2022) presented ionospheric TIDs with phase speeds, 
horizontal wavelengths, and arrival times inconsistent with the Lamb wave, speculating that the observed TEC 
signatures likely arrived by indirect paths from Tonga. The signal can also be transmitted to the opposite hemi-
sphere, which has been proposed to explain the appearance of TIDs over Japan ahead of the Lamb wave (Lin 
et al., 2022). Conjugate effects were also suggested by Themens et al. (2022). In this study we report on two 
aspects of the Tonga disturbance: neutral winds and ionospheric dynamo signatures.

Specifically, we report extreme perturbations in the equatorial electrojet (EEJ) observed by Swarm and extreme 
perturbations in neutral winds from 90 to 300 km altitude observed by the Michelson Interferometer for Global 
High-resolution Thermospheric Imaging (MIGHTI) on the Ionospheric Connection Explorer (ICON; Immel 
et al., 2018). The EEJ is an intense band of zonal electric current confined near the magnetic equator flowing in 
the daytime between ∼90 and 120 km altitude (Yamazaki & Maute, 2017, and references therein). Variations in 
the EEJ closely track those of the equatorial zonal electric field (i.e., vertical plasma drift) which has widespread 
effects on the equatorial ionosphere by modifying the production-loss-transport balance. Typically the EEJ flows 
eastward, associated with an eastward zonal electric field, upward drift, and enhanced equatorial fountain effect, 
but sometimes the EEJ flows westward, associated with the opposite ionospheric conditions. In the absence of 
direct solar insolation, the EEJ disappears at night.

ICON and Swarm have been operating simultaneously since ICON's launch in 2019, offering an unprecedented 
observational capability for studies related to the ionospheric dynamo. On 15 January 2022, their orbits were 
unusually well-synced to provide complementary observations of the Tonga signature, as discussed below. This 
study does not attempt to quantify properties or classifications of the waves excited by the Tonga explosion, 
which will undoubtedly be a focus of future investigations. However, the unique opportunity created by coinci-
dent observations of the neutral wind by MIGHTI and ionospheric currents by Swarm allows us to directly study 
the impact of these waves on the ionospheric dynamo, which we report here. In addition, four magnetometer sites 
are utilized to provide a ground-based perspective on the EEJ variation.

2. Data Sources
2.1. ICON-MIGHTI Neutral Winds

This study uses neutral wind data from the MIGHTI instrument on the ICON spacecraft, which is in a 27° incli-
nation orbit. Neutral wind profiles (ICON data product 2.2 v04) from 90 to 300 km altitude are derived from 
remote observations of green 557.7 nm and red 630.0 nm airglow emissions. More information on MIGHTI can 
be found in previous instrument and validation papers (Englert et al., 2017; Harding et al., 2017, 2021; Makela 
et al., 2021). Dayside data only are considered, because the EEJ vanishes at night. Below 180 km altitude, we use 
samples from the green channel, which are preprocessed to improve precision by binning vertically by a factor of 
2, yielding ∼6 km sampling. Above 180 km, we use samples from the red channel.

Although the focus is on two orbits on 15 January 2022, we also make use of the entire data set for background 
statistics. Specifically, we use all MIGHTI profiles from the start of the mission until 14 January 2022 for which 
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the variable “Wind_Quality” is equal to 1 (i.e., highest quality, 1,086,830 profiles in total). To generate these 
statistics, in addition to the altitude binning discussed above, the data were preprocessed with a 5-sample median 
filter in time to remove outliers. Data obtained during geomagnetic storms are included in these statistics. Statis-
tics are presented in terms of percentiles; for example, the 90% level for zonal wind represents a value such that 
10% of samples have a zonal wind larger than that level.

2.2. Swarm A EEJ Current

The Swarm constellation comprises three satellites in near-polar orbits. In this study we use EEJ intensity esti-
mates from one spacecraft, Swarm A, which flies at an altitude of ∼440 km with an inclination of 87.4°. Lati-
tude-dependent height-integrated EEJ intensity is provided by the Swarm Level 2 Product EEF (Eastward Electric 
Field; Alken et al., 2013). The EEJ current is estimated from magnetometer measurements during every dayside 
overflight of the magnetic equator (Alken, 2020). Ground-based validation is discussed by Alken et al. (2015).

In a manner analogous to the wind analysis, background statistics are calculated for context, using the entire avail-
able data set. Specifically, we use the version 0204 data set spanning 25 November 2013 to 14 January 2022. We 
first preprocess the EEJ data to remove nonphysical current distributions. These outliers are identified by comput-
ing the the total “off-peak current” for each overflight (defined as the root-mean-square of currents poleward of 5 
deg quasidipole latitude). Overflights are removed if the off-peak current is larger than 100 times the interquartile 
range of all the overflights (i.e., 75th percentile minus 25th percentile). This removes 25 overflights which are, 
by visual inspection, clear nonphysical outliers. The 45,184 remaining overflights are used in the statistics below. 
All data on 15 January 2022 remain after this preprocessing step.

2.3. Ground-Based Magnetometers

We also use ground-based magnetometer data to support the interpretation of the EEJ behavior on 15 January 
2022. The intensity of the EEJ can be estimated using the horizontal (H) component of the geomagnetic field 
observed at two stations, one being located at the magnetic equator and the other located about the same longitude 
but outside the EEJ band (Anderson et al., 2004). The difference in H (ΔH) at the two stations, after subtracting 
the nighttime baseline, represents the EEJ intensity. We use data from Huancayo (HUA, 12.0°S, 75.3°W) and 
Piura (PIU, 5.2°S, 80.6°W) for the Peruvian sector, and Tatuoca (TTB, 1.2°S, 48.5°W) and Kourou (KOU, 5.2°N, 
52.7°W) for the Brazilian sector. These stations are positioned to detect EEJ signatures in the vicinity of the 
Swarm observations.

3. Results and Discussion
3.1. Data Selection and Observational Geometry

The Tonga volcanic eruption occurred around 04:15 UT on 15 January 2022, near local sunset. Since the trop-
ospheric sound speed is slower than the Earth's rotation at these latitudes, the Lamb wave was mostly contained 
to the dusk and nighttime sectors for the first several hours after the eruption. In this study we focus on ther-
mosphere-ionosphere signatures once the wave reaches the dayside, where ionospheric currents are strongest. 
According to the parameters reported by Wright et  al.  (2022) (318  m/s phase speed originating in Tonga at 
04:28 UT), the lower atmospheric Lamb wave reached the dayside around 13 UT at low/mid-latitudes. Amores 
et al. (2022) provide further information on the Lamb wave propagation, including a numerical simulation which 
agrees with the timing used here. The Lamb wave entered the dayside in the American longitude sector. Seren-
dipitously, Swarm A overflights occurred in this sector at 14:05 UT and 15:36 UT. In this study we utilize data 
from these two orbits and the corresponding orbits of ICON, which samples all longitudes every orbit, albeit at 
different latitudes.

The two orbits are shown in Figure 1, an animated version of which can be found in the Supporting Information 
(Movie S1). For context, we show a reference wavefront using the Lamb wave parameters reported by Wright 
et al. (2022). Given the close alignment between ICON and Swarm, these parameters are not important for our 
conclusions, and similar parameters (e.g., a 310 m/s wavefront originating at 04:15 UT) do not change the inter-
pretation. On the first orbit (panel a), Swarm A crossed the equator and measured the EEJ at a location roughly 
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Figure 1.
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3,000 km ahead of the 318 m/s wavefront. At the time Swarm A measured the EEJ at the equator, MIGHTI 
sampled the wind ∼35° farther north but at a similar great-circle distance from Tonga.

The next orbit is shown to the right (panel b). On this orbit, Swarm A measured the EEJ at a location roughly 
1,500 km behind the assumed 318 m/s wavefront. At the time of the Swarm A overflight, MIGHTI samples the 
wind roughly 3,500 km behind the wavefront, but reached the same great-circle distance as Swarm A 5 min later 
(15:41 UT).

In both orbits, the MIGHTI data (panels c and d) show large zonal wind fluctuations, vertical shears, and coherent 
wave structures spanning at least 110–300 km, both ahead of and behind the 318 m/s wavefront. Above 120 km, 
the horizontal wavelengths of the wave structures are estimated by visual inspection to be 3,000–5,000 km, more 
than three times as large as the horizontal wavelengths reported in TEC observations in the far field. It is apparent 
from these observations that the thermospheric signatures of this event are complex and likely not explained by 
a single wave mode. We do not comment further on the wind features in this paper, but instead we focus on their 
impact on ionospheric currents in the next section.

Although the meridional wind fluctuations are in some cases quite significant (not shown), we focus on zonal 
winds because (a) meridional winds are nearly parallel to the magnetic field at the equator and are not expected 
to strongly influence the EEJ, and (b) the wave is propagating nearly zonally in this region. The dominant large-
scale signature of the wave is therefore expected to be in the zonal wind. A separate analysis was conducted where 
the zonal and meridional winds were combined to calculate the radial wind perturbation in the direction away 
from Tonga. However, this yielded identical conclusions and was more complicated to compare quantitatively 
with background statistics.

3.2. Comparison Between MIGHTI Winds and Swarm EEJ

The bottom two rows of Figure 1 compare directly the Swarm A EEJ observations with the MIGHTI wind obser-
vations on these two orbits. On the first orbit (panel e), Swarm A observed an extremely strong eastward EEJ 
(0.22 A/m). This represents the strongest EEJ observed by Swarm A since 2017, and the 19th strongest overall 
(stronger than 99.96% of all observations in the Swarm A data set, which started in 2013). On the next orbit (panel 
f), Swarm A observes an extreme westward EEJ (−0.17 A/m), often referred to as a counter-electrojet. Except 
for three overflights during the 22–23 June 2015 geomagnetic storm, this represents the strongest westward EEJ 
in the Swarm A data set. Swarm A data from earlier orbits on this day do not show variations above the 90% 
level. Also shown are statistics computed from all EEJ observations from the start of the mission until 14 January 
2022. The black line is the median, the dark gray shaded region is the interquartile range (25%–75%), and other 
percentile ranges are shown in lighter gray. Although Swarm B is not included in this quantitative analysis, data 
from Swarm B also show a large positive EEJ (0.20 A/m) followed by a large negative EEJ (−0.14 A/m) on these 
two orbits (not shown). Swarm C flies in a side-by-side configuration to Swarm A, and recorded similar measure-
ments on these two orbits (0.22 A/m and −0.17 A/m respectively, not shown).

The bottom of Figure 1 (panels g and h) shows the MIGHTI zonal wind profiles corresponding to the Swarm 
A EEJ observations, compared with background variability shown with statistical ranges in gray, analogous to 
panels e and f. Zonal wind profiles (shown in red) are chosen such that their distance from Tonga is identical 
to Swarm A's distance when it crossed the magnetic equator. Insofar as the wave can be assumed to propagate 
concentrically, this is a proxy for the neutral wind fluctuations in the equatorial region during the Swarm A 
overflight. The various profiles in Figure 1 are chosen to provide exact alignment for assumed wave velocities 
ranging from 300 to 330 m/s.

The qualitative similarity of these profiles suggests that this procedure to align the Swarm and MIGHTI obser-
vations is not significantly sensitive to the assumed wave velocity, a consequence of the fortunate timing of the 
two observations. The temporal offsets required are 0–8 min, a time scale that is not likely of importance for the 

Figure 1. (a, b) Locations of ICON-MIGHTI wind (red), Swarm equatorial electrojet (EEJ) (green), ground-based magnetometers (yellow), and a wavefront from 
Tonga moving at 318 m/s (black), for two selected orbits. Dots denote locations at the given time (c, d) Zonal wind profiles (positive eastward) at the same locations 
above (e, f) Swarm A EEJ observations on each orbit (g, h) Michelson Interferometer for Global High-resolution Thermospheric Imaging zonal wind profiles on each 
orbits, chosen to correspond to samples at the same great-circle distance from Tonga as the Swarm observation, for assumed wave velocities spanning 300–330 m/s. 
Background statistics (gray shaded areas and black solid line) represent percentiles of the entire data set. The background wind (black dotted line) is estimated from the 
four previous days (see text).
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large-scale waves observable by MIGHTI. Furthermore, it is the same magnitude as the assumption of tempo-
ral persistence used to produce the vector wind estimate by combining the data from the two MIGHTI sensors 
(5–9 min; Harding et al., 2017). A possibly non-negligible uncertainty in this procedure is the assumption of 
concentric wave propagation, as the two observations sample along different wave azimuths from Tonga, sepa-
rated by 5–32°.

These zonal wind profiles are a superposition of the volcanogenic waves and the background thermospheric state 
upon which they propagate. The black dashed line is an estimate of that background state, computed from an average 
of profiles at nearly the same local time (±1 hr) and longitude (±24 deg, the amount of Earth rotation in one ICON 
orbit) as the profiles shown. This average is generated using the 4 previous days (11–14 January), over which time 
the sampled latitude changes by no more than 10 deg. It is thus an estimate of the contribution from background 
migrating and non-migrating tides and planetary waves with periods ≳8 days. However, there may also be contribu-
tions to the background from short-term tidal variability, short-period planetary waves like the quasi-two-day wave, 
and geomagnetic activity, which are difficult to comprehensively quantify from a single spacecraft.

The wind profiles on both orbits are extreme, showing values comparable with, or stronger than, the 0.1% and 
99.9% levels. We describe the wind profile in terms of two regions: The “Hall region,” (∼100–120 km) where 
the Hall conductivity is large and dominant, and the “Pedersen region,” (∼120–150 km) where the Pedersen 
conductivity is large and dominant. In reality the Hall and Pedersen conductivities are nonzero over larger altitude 
ranges, and there is a significant overlap region in which they are both large; however, this description is useful 
to connect with theoretical arguments below. On orbit 1, when the EEJ is strongly eastward, MIGHTI observes 
a westward wind in the Hall region, which is not unusual compared to the background profile. However, there 
is also a strong eastward wind in the Pedersen region which exceeds the 99.9% level. Indeed, this represents the 
strongest wind observed at ∼140 km since the start of the mission. On orbit 2, when the EEJ is strongly westward, 
MIGHTI observes an eastward wind, peaking around 100 km in the lower Hall region, and a westward wind 
above ∼110 km, which spans the upper Hall region and the Pedersen region. This profile is unusual relative to the 
background wind and exceeds the 99.9% level at some altitudes.

This correspondence between the EEJ and neutral winds is consistent with the relationship developed by 
Yamazaki et al.  (2014) and Yamazaki et al.  (2021). The early theoretical literature on the EEJ suggested that 
while height-varying local winds influence the currents outside the EEJ, they are not expected to have a signif-
icant influence on the EEJ itself, because it is dominated by the influence of the global zonal electric field 
(Richmond, 1973). However, the modeling study by Yamazaki et al.  (2014) predicted that winds should have 
a significant role and that the EEJ should be negatively correlated with Hall-region zonal winds and positively 
correlated with Pedersen-region winds. This was observationally confirmed with the availability of concurrent 
MIGHTI and Swarm observations by Yamazaki et al. (2021). The implicated mechanism is local generation of 
electric fields which was not considered explicitly in the early (pre-2000) literature: (a) in the Hall region, an 
eastward wind drives eastward current, which generates a westward electric field; (b) in the Pedersen region, 
an  eastward wind drives upward current, which generates a downward electric field. At the footpoint of this field 
line, which lies in the Hall region, the westward currents driven by this electric field will generate an eastward 
electric field. Since the EEJ current flows in the Hall region, Pedersen-region driving is a noteworthy example of 
winds outside the EEJ perturbing currents in the EEJ.

In orbit 1, the strong westward Hall-region wind and strong eastward Pedersen-region wind is expected to cause a 
strong eastward EEJ through the Yamazaki et al. (2014) relationship. In orbit 2, the Hall-region wind is eastward 
below 110 km and westward above 110 km, which is expected to yield minimal total forcing in the Hall region. 
However, the Pedersen-region wind is strongly westward, which is expected to cause a strong westward EEJ. 
In both cases, the Swarm observations match the expectation. This result confirms the Yamazaki relationship 
holds under extreme conditions. More interestingly, because the Hall-region effect is small in orbit 2, the EEJ is 
apparently driven mostly by winds at higher altitudes, confirming the importance of nonlocal wind driving of the 
EEJ. The current paths that regulate this control deserve further inquiry, both observationally and theoretically.

3.3. Ground-Based Magnetometer Data

In this section we report EEJ observations from two pairs of magnetometers located near the Swarm overflights 
(see Figure 1). The observations are shown in the first two panels of Figure 2 using blue lines. The black line 
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shows the monthly mean, and the gray shaded area represents 1 standard deviation (i.e., 1σ) above and below the 
mean.

The HUA-PIU pair in Peru observes a negative ΔH (corresponding to a westward EEJ) beginning around 12 UT, 
lasting until just after 16 UT (except for one brief period of weak eastward EEJ near 15 UT). The TTB-KOU pair 
in Brazil observes an eastward EEJ until ∼15 UT, followed by a period of westward EEJ until 18 UT. Superim-
posed on these broad patterns are shorter, 1-hr-scale features which are discussed in the next section.

The broad features and relative timing seen in the magnetometer data are qualitatively consistent with the Swarm 
observations. Namely, a negative disturbance is first seen over Peru, then over Brazil 2–4 hr later, consistent 
with eastward propagation. The presence of 1-hr-scale fluctuations and the lack of EEJ before sunrise makes 
it difficult to estimate the relative timing with greater accuracy. On the first Swarm overflight at 14:05 UT, the 
nearby Brazilian pair observes an eastward EEJ which is 1σ or less above the climatology. On the second Swarm 
overflight at 15:36 UT, the Peruvian pair observes a ∼2.5σ extreme westward EEJ. Especially for the positive 
EEJ on overflight 1, the fluctuations seen by the ground-based magnetometers are not as extreme as the Swarm 
observations. Although the cause of this is unknown, it could be due to the ground-based magnetometers being 
slightly offset from the magnetic equator. In January 2022, TTB and HUA were 2.2° and 0.8° off the magnetic 
equator according to the CHAOS 7.8 model (Finlay et al., 2020).

The different temporal patterns in Peru and Brazil confirm that the fluctuations observed by Swarm A are not 
purely spatial but also temporal. The ground-based magnetometer data suggest that the most extreme EEJ activity 
may have been at locations and times not sampled by Swarm A (e.g., over Brazil at 16 UT). Future work utilizing 
the global network of magnetometers could help elucidate the evolution of global currents during this event.

The magnetometer data show disturbances before the arrival of the 318 m/s Lamb wavefront (e.g., the negative 
ΔH in Peru at 13 UT, and the positive and negative ΔH in Brazil before 16 UT). This is consistent with the 
Swarm A observations ahead of the wavefront at 14:05 UT (Figure 1e) and the MIGHTI observations on the first 
orbit (Figure 1c, eastward of −60° longitude). It is likely that the thermospheric response to the eruption is not as 
simple as the Lamb wave observed in the lower atmosphere, due to the effects of nonlinear evolution, dispersion, 

Figure 2. (top) Ground-based magnetometer equatorial electrojet intensity estimates over Peru on 15 January 2022 computed by subtracting Piura data (off-equator) 
data from Huancayo data (on-equator), shown in blue. The monthly mean is in black and ±1 standard deviation range is in gray. The arrival time of a reference 318 m/s 
Lamb wavefront (purple line) and time of Swarm overflight (yellow line) are also shown (middle) Same as top, but for Brazil (TTB - KOU) (bottom) Interplanetary 
eastward electric field from the OMNI database.
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self-acceleration, and secondary wave generation, among others. Although no numerical models have yet simu-
lated the upper atmospheric response to the Tonga Lamb wave, Inchin, Heale, et al. (2020) provide a discussion 
on these processes using a first-principles model of the thermospheric signature of tsunamis.

3.4. Geomagnetic Storm Effects

A moderate geomagnetic storm began on 14 January 2022; the Tonga eruption and subsequent wave propagation 
occurred during the recovery phase. It is thus important to distinguish the signatures caused by the Tonga erup-
tion from the effects of the storm. The EEJ is known to be modified by electric fields penetrating from the magne-
tosphere and electric fields originating from the stormtime disturbance dynamo (Yamazaki & Maute, 2017, and 
references therein). First, we rule out penetration electric field effects.

Figure 2 (bottom panel) shows the interplanetary electric field (IEF) y-component (dawn-to-dusk electric field) 
from OMNI data (King & Papitashvili, 2005). The data are taken directly from the OMNI database, except they 
include a 17-min delay to account for the delay between the bowshock and the ionosphere (Manoj et al., 2008). 
If the penetration electric field were the main cause of the EEJ variations, we would expect to see strong correla-
tions between the IEF and ΔH in both longitude sectors. Quantitatively, the Pearson correlations between IEF and 
the deviations of ΔH from the monthly mean (blue lines minus solid black lines in Figure 2), between 8 and 16 hr 
local time is −0.02 for Peru (13–22 UT) and 0.35 for Brazil (11–20 UT). However, the fluctuations observed in 
IEF appear to correlate with 1-hr-scale fluctuations observed at both ground-based sites simultaneously (e.g., 
positive excursions at 15 UT and 17 UT, and possibly at 13.5 UT). After filtering ΔH and IEF to remove their 
100-min running mean, the correlation increased to 0.60 (Peru) and 0.61 (Brazil). Thus, it is likely that the 
1-hr-scale fluctuations are caused in part by the penetration electric field, but the larger, longer perturbations of 
interest here are not. Because of this, and because of the consistency between the EEJ signatures and the neutral 
wind signatures, as discussed above, we rule out the penetration electric field as the main cause of the extreme 
eastward and westward EEJ observed by Swarm.

With neutral winds established as the causative mechanism, it is important to rule out geomagnetic activity as the 
cause of the extreme winds seen in Figures 1g and 1h. It is well known that the EEJ can be reversed by the distur-
bance dynamo, a consequence of westward Coriolis forcing of neutral winds accelerated equatorward by auroral 
heating (Yamazaki & Maute, 2017). According to the modeling study by Huang et al. (2005), disturbance winds 
caused by a geomagnetic storm are mainly in the westward direction at middle and low latitudes. MIGHTI obser-
vations show both eastward and westward wind perturbations, which are different from the predicted pattern of 
the disturbance winds. Also, storm-driven wind perturbations are predicted to be much greater at F-region heights 
(above 150 km) than at E-region heights (below 150 km). MIGHTI observations show large wind perturbations 
below 150 km (including an eastward perturbation at 100 km exceeding 100 m/s), which does not fit the classical 
picture of the disturbance winds. Furthermore, the westward disturbance wind at mid and low latitudes is stronger 
during nighttime than daytime. For instance, Xiong et al. (2015) showed that the average westward disturbance 
wind at 20–50° latitude is less than 50 m/s for Kp > 4 at F-region heights during daytime, while it can exceed 
100 m/s during nighttime. Thus, the geomagnetic storm is unlikely to be the main cause of the extreme daytime 
winds detected by MIGHTI.

The simultaneous occurrence of the Lamb wave arrival, the EEJ signal, and the wind signal, combined with the 
lack of any significant wind or EEJ signals before this time, represents strong evidence to attribute the observed 
fluctuations to disturbances caused by the Tonga eruption. Nevertheless, it is possible that high-latitude heat-
ing launched traveling atmospheric disturbances during the recovery phase, and it is likely that the longer-term 
circulation changes caused by the storm have changed the background conditions upon which the Tonga signal 
is superimposed. It will be an interesting topic for future modeling and observational studies to elucidate the 
interplay of geomagnetic storm and volcanogenic effects on the thermosphere and ionosphere during this period.

4. Conclusion
The Tonga volcanic eruption caused extreme (>99.9th percentile) fluctuations in the ionospheric wind dynamo, 
as observed by Swarm and ICON. The relationship between the observed neutral winds and EEJ is consistent 
with recent theoretical and observational studies. In particular, the strong westward EEJ (a Hall region current) 
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appears to be driven mostly by westward winds in the Pedersen region. The energy and current paths involved in 
this nonlocal driving of the EEJ would be an interesting topic for future studies.

Initial reports on the global ionosphere-thermosphere impacts of the Tonga eruption have focused on small- and 
meso-scale (300–1,000 km wavelength) waves seen in TEC at amplitudes of at most a few TEC units, as well as 
geomagnetic fluctuations 835 km away from and soon after the eruption. The MIGHTI and Swarm observations 
suggest that modifications of the ionospheric dynamo were extreme relative to background variability, even after 
∼10 hr and ∼10,000 km of wave propagation. This is expected to have caused significant and observable redis-
tributions of ionospheric plasma. As an example of an enormous impulse function, the Tonga eruption may be 
a useful test for atmosphere-ionosphere coupled models in extreme cases, and the neutral wind and EEJ current 
signatures reported here could be useful targets.

Data Availability Statement
ICON data can be retrieved from the ICON website (https://icon.ssl.berkeley.edu/Data). The European Space 
Agency (ESA) is gratefully acknowledged for providing Swarm data, which is available from the Swarm website 
(https://swarm-diss.eo.esa.int/#swarm%2FLevel2daily%2FEntire_mission_data%2FEEF%2FTMS%2FSat_A). 
The OMNI data were obtained from the GSFC/SPDF OMNIWeb interface at https://omniweb.gsfc.nasa.gov. 
Ground-based magnetometer data from HUA, TTB, and KOU are available from https://intermagnet.org/
data-donnee/download-eng.php. Data from PIU is available from the LISN network (http://lisn.igp.gob.pe/jdata/
view/magnetometer/minute/piur/?itype=magnetometer&dtype=minute&daterange=2022%2F01%2F15+-+2
022%2F01%2F15&networks=on&N_IGP=on&N_LISN=on&N_MAGDAS=on&countries=on&C_Argenti-
na=on&C_Brasil=on&C_Colombia=on&C_Peru=on&stations=on&S_areq=on&S_leon=on&S_cuib=on&S_
dejp=on&S_huan=on&S_jica=on&S_ancm=on&S_huam=on&S_icam=on&S_nazc=on&S_piur=on&bt_
view=piur&S_saol=on&S_tara=on).
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