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Extreme horizontal wind perturbations in the
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Key Points:

¢ Hunga eruption generated extreme horizontal wind perturbations at 80-100 km
of altitude over South America.

e The signal was detected almost simultaneously by three multistatic meteor radar
systems spanning more than 3,000 kms.

+ The perturbation had a period of ~2 h, a horizontal phase velocity of ~200 m/s,
and a horizontal wavelength of ~1,440 km.
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Abstract

On 15 January 2022, the Hunga volcano produced a massive explosion that generated
perturbations in the entire atmosphere. Nonetheless, signatures in the mesosphere and
lower thermosphere (MLT) have been challenging to identify. We report MLT horizon-
tal wind perturbations using three multistatic specular meteor radars on the west side
of South America (spanning more than 3,000 km). The most notorious signal is an ex-
ceptional solitary wave with a large vertical wavelength observed around 18 UT at all
three sites, with an amplitude of ~50 m/s mainly in the westward direction. Using a cus-
tomized analysis, the wave is characterized as traveling at ~200 m/s, with a period of
~2 h and a horizontal wavelength of ~1,440 km in the longitudinal direction, away from
the source. The perturbation is consistent with an L; Lamb wave mode. The signal’s
timing coincides with the arrival time of the tsunami triggered by the eruption.

Plain Language Summary

The eruption of the Hunga volcano in January 2022 had a widespread impact on
the atmosphere, affecting various layers. We describe a perturbation in horizontal winds
caused by the event, which was observed over the west coast of South America by three
different meteor radar systems separated by more than 3,000 km between them. The per-
turbation behaved similarly in the altitude range of 80-100 km, and the wave parame-
ters observed were consistent with high-order Lamb wave solutions from simulations car-

ried out using the Whole Atmosphere Community Climate Model with thermosphere/ionosphere

extension. This finding complements other studies that have explored the impacts of the
eruption on different atmospheric levels. Overall, this study provides valuable insights
into the complex and far-reaching effects of volcanic eruptions on the atmosphere.

1 Introduction

The 15 January 2022 eruption of Hunga volcano, Tonga (Global Volcanism Pro-
gram, 2022), which began around 4:00 UT, ejected an immense amount of energy into
the atmosphere, as well as volcanic tephra and gases into the stratosphere. The erup-
tion released approximately the equivalent of 61 Mt, which is larger than the Tsar Bomba,
and the famous 1980 eruption of Mount St. Helens (Diaz & Rigby, 2022).

The event generated a wide spectrum of atmospheric waves (Matoza et al., 2022)
with a salient surface-guided Lamb wave (Francis, 1973) that was detected all around
the globe, propagating at ~310 m/s. Carvajal et al. (2022) used globally-distributed coastal
tide gauge records and found a uniformly small amplitude leading wave moving faster
than the expected tsunami. The velocity of the leading wave was very close to the ve-
locity of the atmospheric Lamb wave, as measured by pressure pulses all over the world
(Amores et al., 2022; Diaz & Rigby, 2022). Even though the kinetic energy of these waves
falls away exponentially from the surface (Vallis, 2017), clear ionospheric perturbations
were detected propagating at comparable velocities (~300-320 m/s) (e.g., Lin et al., 2022;
Verhulst et al., 2022; Zhang et al., 2022), which suggests that their energy leaked into
the thermosphere. Since the neutral density also decreases exponentially with altitude,
Lamb waves increase in amplitude with height. The ionospheric disturbances traveled
around the world at least three times (Zhang et al., 2022).

The eruption generated regionally localized perturbations as well. In South Amer-
ica, the strongest total electron content (TEC) variations on the day of the event were
detected between around 17:00 and 22:00 UT (Takahashi et al., 2023). The onset time
of these perturbations approximately coincides with the arrival time of the largest tsunami
waves to the western coast of the continent (Carvajal et al., 2022). Additionally, accord-
ing to Aa et al. (2022), the American sector presented a notable suppression and defor-
mation of the equatorial ionization anomaly (EIA) crests. The authors reported an ETA
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reduction of more than 10 total electron content units between 14 and 17 UT, over a 10°
latitude range, which was attributed to the passage of the primary Lamb wave.

In this work, we analyze horizontal neutral winds in the mesosphere and lower ther-
mosphere (MLT) associated with the volcanic explosion, calculated using data sets from
three multistatic specular meteor radar systems (SMRs) located in South America. The
strongest wind variations started around 18 UT on the day of the event, almost simul-
taneously at the three sites, and lasted for a couple of hours. We start by describing the
data sets and the main data analyses in Section 2. The results from customary as well
as special analyses of the radar data are presented in Section 3. These results are dis-
cussed in Section 4, followed by the conclusions in Section 5.

2 Data set and methods

We use three SMRs located near the west coast of the South American continent,
in Peru and Chile. These systems are (from North to South): (a) Spread-spectrum In-
terferometric Meteor Observing Network (SIMONe) Piura at Universidad de Piura, Peru
(5°S, 80°W), (b) SIMONe Jicamarca at the Jicamarca Radio Observatory, Peru (11.9°S,
76.8°W), and Chilean Observation Network De MeteOr Radars (CONDOR) at the An-
des lidar Observatory, Chile (30.3°S, 70.7°W). All three systems have multistatic capa-
bilities and therefore allow much more counts than traditional SMRs, and observations
of the same volume from different viewing angles. More details of SIMONe Jicamarca
and CONDOR, including their operational characteristics, can be found in Conte et al.
(2022). The SIMONe Piura is similar to Jicamarca’s, but with one additional antenna
on transmission and one additional receiver on reception. Specifics of the operational SI-
MONe systems can be found in Chau et al. (2021).

The products extracted from the systems are the Doppler shift (fy) for each me-
teor detection, the measurement errors (£), and the Bragg wave vector (scattered mi-
nus incident wave vectors; k), from which the zonal (east-west; u) and meridional (north-
south; v) wind components are calculated, by solving:

onfq =k -7+ (1)

Here, @ = (u,v,0) is solved using fy and k of multiple meteor detections with a least-
squares approach (Hocking et al., 2001; Holdsworth et al., 2004). Depending on how Equa-
tion 1 is solved, the result is @ distributed in time and altitude bins (Section 3) or in time
and horizontal distance bins (Section 3.1). We processed data from 30 December 2021

to 31 January 2022 but focused on the days near the event (January 15-16). The alti-
tude range explored in this work was 80-100 km.

3 Results

Figure 1 presents the winds as a function of time and altitude for January 15-16.
Panels (a) and (b) show u and v, respectively; calculated with 1-h and 2-km time-altitude
resolution (u;n and viy) for CONDOR. The same is shown in panels (c¢) and (d) using
4-h and 2-km time-altitude resolution (u4, and vyy). Panels (e) and (f) show the resid-
uals Upes = U1 — Ugn and Vpes = V1L — Vgn, respectively. The last two rows show resid-
ual winds for SIMONe Jicamarca (panels (g) and (h)) and for SIMONe Piura (panels
(i) and (j)), obtained in a similar manner.

The mean wind components uy, (vin) and wugp (van) show rather typical behavior
of mean winds. The meridional component presents a quasi 2-day wave (Q2DW), which
is usually strong in this region during January (e.g., Chau et al., 2021; Conte et al., 2021).
The Q2DW is also present in the zonal component but with a much smaller amplitude.
Below 83 km, the mean zonal wind is mostly westward.
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Figure 1. Winds as a function of time and altitude on January 15-16, 2022. Left(right) pan-
els show zonal(meridional) winds for all cases. (a-b): Mean zonal (u1n) and meridional (v1in)

winds for CONDOR, calculated using 1-h and 2-km resolutions. (c-d): Similar to (a-b), using 4

h and 2 km resolutions (u4n and van). (e-f): Residual winds for CONDOR tres = uin — uan and
Ures = Uih — Van. (g-h): Ures and vyes for SIMONe Jicamarca. (i-j): Ures and vres for SIMONe
Piura.

The residual winds of CONDOR allow discerning the high-frequency components.
The striking characteristics are two sharp transitions of u,es (eastward-to-westward and
westward-to-eastward) that occurred around 18:00 UT on January 15. At that moment,
Uyres Teached maximum and minimum amplitudes. This behavior was highly coherent in
altitude, showing the same characteristics for almost the complete range (80-100 km).
While the meridional component also exhibits large |v.es| values around the same time,
they do not appear to be significantly different from those observed at other times. In
fact, there are clear signals with periods of a couple of hours that can be recognized above
88 km during the two days shown in the plots.

The residual zonal winds of SIMONe Jicamarca and SIMONe Piura present sim-
ilar characteristics to CONDOR. The maximum |u,es| values occurred around 18:00 UT
on January 15. SIMONe Jicamarca also shows large amplitudes of .5 on January 16
between around 12:00 and 15:00 UT that are not very clear in the residual winds of the
other two systems. In all three cases, the negative perturbations reach values smaller than
—35 m/s.
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To further describe the simultaneous and unusually large wind perturbations on
the three systems around 18:00 UT, the residual winds were averaged in altitude. This
exploits the consistency of the signal with height, without missing essential details about
its period and arrival time. The results for SIMONe Piura, SIMONe Jicamarca, and CON-
DOR are shown in the first, second, and third rows, respectively, of Figure 2(b). The pan-
els on the left(right) correspond to the zonal(meridional) component. The region in gray
is bounded by three times the standard deviation (o) of height-averaged residuals cal-
culated over 33 days around the event. In addition, the map of Figure 2(a) shows the
horizontal distribution of meteor echo reflection points on January 15-16, for the three
multistatic SMRs. The gray lines mark the great circles from the epicenter of the event.
Note that the meteors from the three locations were detected at similar distances from
Tonga.

Given that the height-averaged wu,es curves exceed +30 around 18:00 UT over the
three sites, such perturbation represents an extreme event. It arrives almost simultane-
ously to the three locations: first to CONDOR at 18:15 UT (shown as a vertical yellow
line for reference), then to SIMONe Piura at 18:45 UT, and finally to SIMONe Jicamarca
at 19:00 UT. Considering this and the distances shown in the map, it can be inferred that
the signal behaves as a radial front moving outwards from the epicenter. Moreover, with
the distances and peak times, the average velocity of the front is 205 m/s.

We can draw the same conclusion from the temporal evolution of CONDOR’s and
SIMONe Jicamarca’s height-averaged v,es components. However, the SIMONe Piura ob-
servations reveal a delay of almost one hour in the signal’s arrival time compared to the
zonal component. This time lag appears to result from local deformations in the prop-
agation front, because they affect only one component at one location. The direction of
propagation, which was predominantly eastward, likely amplifies this effect, leading to
a clearer pattern on the zonal component, as previously noted in Figure 1.

Next to the signal minimum at ~18 UT, there are clear sidelobes that in most cases
also exceed +30. These are most likely a consequence of subtracting wugn(van) t0 win(vin)
in order to derive wyes(Ures) since the sidelobes are not present in wuqy(v1y) (see Figure
1(a-b)). If we use the zonal component uq), to fit and remove the 48, 24, 12, and 8 h tidal
components (e.g., Conte et al., 2021), we obtain the values shown as dashed lines in the
left panel of Figure 2(b), which present reduced sidelobes amplitude and slightly larger
peak perturbations.

The height-averaged u,es curves of SIMONe Jicamarca present high magnitudes
on January 16 at ~18-20 UT, but these are an artifact due to the bad data coverage, as
shown by Figure 1(g).

3.1 Horizontal propagation

To complement the analysis of the previous section, we solved for the winds as a
function of time and horizontal distance to Tonga, using Equation 1. The vector & was
calculated in a different decomposition, as @ = (ug, ut,0) where wuy is the longitudinal
component and u; is the transverse component. To obtain these two components from
the inversion problem, each k must be rotated at an angle on the horizontal plane, that
is delimited by the east-west direction and the direction from Tonga to the position of
k (Poblet et al., 2023). The result is u, directed perpendicularly to the great circles shown
in Figure 2(a), and u; parallel to them. The direction of uy is illustrated with blue ar-
rows in Figure 2(a).

Figure 3 shows residual Doppler shifts Afy; = fq— (E . ﬁ4h> /27 in the first row,
uy in the second row, and wu; in the third row as a function of time and horizontal sep-
aration from Tonga. Measurements in the 85-100 km altitude range were combined for
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Figure 2. (a) Map of meteor detections of SIMONe Piura (orange), SIMONe Jicamarca
(green), and CONDOR (yellow) for January 15-16, 2022. Blue arrows mark the direction of the
longitudinal wind component (see text for details), which is perpendicular to the great circles
(gray) from the eruption epicenter. (b) Height-averaged zonal(left) and meridional(right) resid-
ual winds for the three meteor radar systems. The dashed gray vertical line marks the time of

the main explosion (~4:30 UT). The dashed yellow vertical line is aligned with the minimum in
CONDOR.

this plot. The left, middle, and right columns correspond to SIMONe Piura, Jicamarca,
and CONDOR.

Figure 3(c) shows clear negative-to-positive(positive-to-negative) transitions after
14:00 UT at ~10,350 km distance. This distance lies approximately at the center of the
meteors detection distribution, where the radar network is located. The Doppler shift
values over these sites are usually low. Interestingly, this behavior is reflected as posi-
tive or negative uy values (see panel (f)) for the whole distance range (~10,200-10,550
km). For example, uy in CONDOR shows positive values between around 15:00 and 18:00
UT that turn negative after 18:00 UT until around 19:00 UT. This signal can also be
recognized in SIMONe Piura and SIMONe Jicamarca for a wide distance range.

While the longitudinal component exhibits clear wave patterns, the transverse com-
ponents do not (see Figure 3(g) and (i)). This suggests that the wave-induced motions
parallel to its propagation direction, emphasizing its longitudinal nature. The transverse
component in CONDOR exhibits large amplitudes at 15:00-18:00 UT that seem to be
also present at SIMONe Piura.

Around 13:00 UT, we have drawn a green line on panel (f) with a slope correspond-
ing to 310 m/s. These are the expected arrival time to South America and the speed of
the Ly Lamb wave observed in the ionosphere (e.g., Francis, 1973; Zhang et al., 2022).

Even though there is a small signal in the CONDOR results, they are not significant enough

to be associated with the eruption. The absence of signals related to this wave might be
related to the averaging procedure involved to resolve winds from meteor radars. The
effect of very high-frequency waves and very fast waves can sometimes be averaged out.
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get the proper distance to the epicenter.

210 4 Discussion

21 We described a horizontal wind perturbation that simultaneously reached the MLT
212 volumes captured by the three multistatic SMRs, almost 13.5 hours after Hunga main

213 eruption. Its period was ~2 h with a phase velocity of ~200 m/s which allowed us to

214 estimate a horizontal wavelength of around 1,440 km. The signal was notoriously homo-
215 geneous with height, suggesting a large vertical wavelength (=40 km). Moreover, the ob-
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servation of the largest TEC perturbations on the continent at ~18 UT on January 15
(Takahashi et al., 2023) indicates that the signal may have covered a couple of hundred
kilometers in altitude.

The thermosphere (~100-300 km) exhibited extreme horizontal neutral wind changes
(£200 m/s) on the day of the event, at a distance of 9,000-14,000 km from the volcano’s
epicenter, which lasted for at least 6-7 hours (Aa et al., 2022; Harding et al., 2022). These
wind variations were detected by satellite observations, which map wide altitude and lon-
gitude intervals with relatively coarse resolutions when compared to SMR measurements.
The radars observe only the lowermost part of the satellite’s covered altitude range. In
addition, another factor that renders the comparison between the ~18 UT MLT pertur-
bation in South America and the extreme wind changes observed by the satellite intri-
cate is that we are analyzing residual winds, which are fluctuations superimposed on the
mean wind, whereas Aa et al. (2022) and Harding et al. (2022) reported measurements
of the total wind, where the mean wind dominates the dynamics.

The nature of the perturbation is a subject of debate, as it is unclear whether it
is solely an atmospheric phenomenon or if an air-to-sea coupling mechanism caused it.
This dilemma is heightened by the fact that the largest tsunami waves resulting from
the eruption arrived on the continent at the same time (Carvajal et al., 2022).

The simulations by Liu et al. (2022) support the atmospheric phenomenon hypoth-
esis. The authors used the Whole Atmosphere Community Climate Model with thermo-
sphere/ionosphere extension (WACCM-X) to reproduce the event, simulating Lamb waves
with increasing temperature and wind amplitudes with altitude. The results indicated
that a 100-km altitude L; Lamb-wave mode reached the west coast of South America
around 18 UT and could be a credible explanation for our observations. This mode’s phase
and group velocities are slower than the primary Ly mode and accelerate with the wave
period (Francis, 1975). The Lamb wave modes are ducted-mode solutions to the disper-
sion relation of realistic atmospheres. They were first discovered in attempts to under-
stand the atmospheric response to large volcanic eruptions or nuclear explosions (Yamamoto,
1957; Pfeffer & Zarichny, 1962; Francis, 1973) such as Hunga’s 2022 event. Even though
the L1 mode is a non-perfectly ducted mode for large enough periods, it can travel tens
of thousands of kilometers before it dissipates. In addition, unlike the Ly mode that has
maximum kinetic energy values at the surface, the L; mode reaches its peak in the meso-
sphere (see Francis, 1973, Fig. 11). Note that the phase speed values reported by Francis
(1973) are a bit larger (250-260 m/s) than the one estimated in this work. The devia-
tions can arise from the modeling side, by assuming parameter values that differ from
the real ones, for example, the vertical profile of kinematic viscosity, the background den-
sity and temperature. But they can also come from the observation side, for example,
by local deformations of the propagation front that can make it difficult to accurately
fit phase velocities.

On the other hand, the signal could be interpreted as an effect of the Tsunami trig-
gered by the eruption. Vadas et al. (2015) modeled the gravity waves (GWs) excited by
an ocean surface wave packet (localized in space and time), represented as a vertical body
force. They found that ocean wave packets with large enough periods generate contin-
uum GWs in the thermosphere with much faster horizontal phase velocities than that
of the ocean wave. Then, they can reach distant positions faster than the ocean wave
packet. This is in agreement with Hunga’s 2022 event since the arrival of the largest Tsunami
waves to the coasts of South America occurred one or two hours after the ~18 UT sig-
nal in the MLT and the ionosphere (see Carvajal et al., 2022, Figure 3 and supplemen-
tary files). Something similar was reported by Makela et al. (2011), who encountered early
GWs in the 630 nm airglow layer approximately one hour before the Tohoku tsunami
reached Hawaii.
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However, one aspect of our observations is not compatible with the main result in
Vadas et al. (2015). The localized body force proposed in the model excites a spectrum
of GWs that contains particular frequencies as well as a continuum of frequencies, thus
resulting in GWs with varied phase speeds. On the contrary, the ~18 UT MLT signal
does not display this polychromatic fashion in any of the three locations.

5 Conclusions

By combining three well-separated multistatic SMR stations almost aligned with
a propagation front originated by the 2022 Hunga eruption, we have been able to clearly
identify an elongated wavefront in the MLT with extreme wind perturbations over the
west part of South America. Considering its observed and derived parameters, this wave
is a Lamb wave but propagating at a relatively slow velocity of ~200 m/s at the obser-
vation time. WACCM-X simulations indicate that our wave is a so-called L;-mode Lamb
wave. However, we are not in a position to rule out a possible connection to the tsunami
that arrived at a similar time on the western South American coast after the eruption.
Other perturbations associated with the eruption appear to be present in our data but
given their relatively weak amplitudes, and their absence in one or two of the stations,
their clear characterization has not been possible. Finally, we are curious to determine
the precise extent of the wavefront that propagated the perturbation. To do this, we could
examine data gathered by other ground-based radars and apply some of the customized
analysis techniques utilized in this study.

Open Research Section

The SMR data products used in this work can be found in Poblet (2023).
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