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Abstract on151J anuary 2022, the Hunga Tonga—Hunga Ha'apai volcano erupted violently. This
exceptional event excited a manifold of atmospheric waves. Here, we focus on the mesoscale part of the

wave spectrum. About 8.5 hr after the eruption a strong atmospheric gravity wave (GW) was observed in the
stratosphere by the satellite instruments Atmospheric Infrared Sounder (AIRS) and Microwave Limb Sounder
(MLS) in the vicinity of Tonga. By ray-tracing, we confirm the eruption as the source of this GW event.

We determine the wave characteristics of the GW in terms of horizontal and vertical wavelengths and GW
momentum flux. The strength of the GW is compared to the usual Southern Hemisphere flux values during this
week. The event is comparable to the strongest convective events considering MLS, and exceptionally strong
considering AIRS, which observes faster waves only.

Plain Language Summary Atmospheric gravity waves (GWs) are small- and mesoscale waves
typically generated by convective events, jet instabilities, or flow over orography. On 15 January 2022, an
explosive eruption of the Hunga Tonga—Hunga Ha'apai volcano occurred. This eruption was a source of
strong GWs of a wide range of wavelengths and phase speeds. We here focus on mesoscale waves and in
particular on vertical wavelengths with the potential for interaction with the background wind, that is, vertical
scales usually considered for driving atmospheric circulation. Observations by two different types of satellite
instruments (limb sounding and nadir sounding) give us the unique opportunity for a detailed study of this
GW event originating from a source process that has rarely been considered so far. Tracing the wave backward
in time using a wave-propagation model confirms the volcanic eruption as the wave source. Horizontal and
vertical wavelengths of the GW are 500 and 20 km, respectively. Amplitudes and momentum flux indicate
that the event is outstanding in particular for the higher phase speeds. We consider this rare wave event highly
interesting for future more detailed observational studies, as well as for atmospheric modeling.

1. Introduction

Atmospheric gravity waves (GWs) are usually excited by processes such as flow over orography (e.g., Ecker-
mann & Preusse, 1999; Hoffmann et al., 2013; Jiang et al., 2004; Kruse et al., 2022), spontaneous imbalance
(e.g., Plougonven & Zhang, 2014, and references therein), and convection (e.g., Alexander et al., 1995; Beres
et al., 2005; Chun & Baik, 1998; Trinh et al., 2016). Only rarely, volcanic eruptions were discussed as a potential
source (e.g., Gossard & Hooke, 1975; Yue et al., 2022). On 15 January 2022, at 04:14:45 UTC a violent eruption
of the Hunga Tonga—Hunga Ha'apai volcano (20.536°S, 175.382°W) started (Global Volcanism Program, 2022;
USGS Earthquakes Hazards Program, 2022), likely being the world's largest eruption for decades (Poli & Shap-
iro, 2022; Radio New Zealand, 2022; Wright et al., 2022). One spectacular middle atmosphere response to the
Tonga eruption were very fast GWs of around 250 m/s phase speed (Wright et al., 2022). Being much faster than
the background wind, these GWs were not wind-modulated and formed almost ideally circular quasi-concentric
wave patterns extending several thousand kilometers in diameter (Adam, 2022; Wright et al., 2022). These phase
speeds are far beyond typical phase speeds where source momentum fluxes of GW parameterizations for the
middle atmosphere are peaking (several tens m/s, corresponding to vertical wavelengths <approximately 20 km,
e.g., Alexander & Dunkerton, 1999; Beres et al., 2005; Trinh et al., 2016).

Here, we focus on the phase speed range <100 m/s that is believed to be responsible for the driving of, for
example, the mesospheric circulation (e.g., Holton, 1983), or the quasi-biennial oscillation (QBO) and semi-
annual oscillation (SAO) in the tropics (e.g., Baldwin et al., 2001; Ern et al., 2014, 2015, 2021; Hamilton &
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Mahlman, 1988; Lindzen & Holton, 1968). We investigate the mesoscale GWs excited by the eruption using
observations from the Atmospheric Infrared Sounder (AIRS) and Microwave Limb Sounder (MLS) satellite
instruments. We determine GW temperature amplitudes, as well as horizontal and vertical wavelengths, and
confirm the wave source by GW backward ray tracing. Further, we determine GW momentum fluxes (GWMF) to
find out whether this event significantly exceeded the usual background GW activity in this region, and whether
it therefore could have a stronger impact on the global circulation.

2. Description of Data Sets
2.1. The AIRS Data Set

The AIRS instrument (Aumann et al., 2003; Chahine et al., 2006) is a nadir-viewing hyperspectral infrared
sounder. It was launched in May 2002 on the National Aeronautics and Space Administration (NASA) satellite
Aqua. AIRS is permanently performing scans across the satellite track. One across-track scan consists of 90 indi-
vidual footprints, forming a 1,780 km wide swath centered around the satellite track. (The number of 1,780 km
refers to footprints at the Earth's surface.) The along-track sampling distance is 18 km. At nadir, the diameter
of a footprint is 13.5 km, and the across-track sampling step is 13 km, both increasing for the off-nadir sound-
ings. Equator crossing times of Aqua are 13:30 local solar time (LST) for ascending orbits, and 01:30 LST for
descending orbits. For more details see, for example, Aumann et al. (2003), Chahine et al. (2006), or Hoffmann
et al. (2014).

We utilize temperatures retrieved from AIRS radiance observations. The retrieval method is described in detail in
Hoffmann and Alexander (2009). Here, we focus on descending AIRS orbits only, which means nighttime data in
the region of our interest. During nighttime, AIRS observations of the atmospheric CO, emission bands at 4.3 and
15 pm can be combined, resulting in improved altitude resolution and reduced noise. The Hoffmann and Alex-
ander (2009) retrieval approach is optimized for the analysis of GWs by utilizing the single-footprint horizontal
resolution of AIRS. This is different from the operational retrieval which combines blocks of 3 X 3 footprints
(Cho & Staelin, 2006; Susskind et al., 2003). Further, the retrieval of Hoffmann and Alexander (2009) represents
a tradeoff between retrieval noise and vertical resolution. The vertical retrieval step is 3 km at altitudes below
60 km, while the effective vertical resolution is coarser and varies between 7 km at 20 km altitude and 15 km at
60 km altitude. This vertical resolution is improved with respect to the AIRS operational retrieval (Hoffmann
& Alexander, 2009). Further, by combining different spectral channels, the vertical resolution of the Hoffmann
and Alexander (2009) retrieval is also improved with respect to the vertical weighting functions that apply for
radiances. The effect of radiance vertical weighting functions is discussed, for example, in Gong et al. (2012).
According to the vertical resolution mentioned above, our AIRS temperatures are sensitive to GWs of vertical
wavelengths A, > 15 km, and horizontal wavelengths A, of approximately 30 km to approximately 1,300 km. The
1,300 km limit comes from the background removal by an across-track fourth-order polynomial fit (Hoffmann
et al., 2014). For more discussion on the AIRS observational filter see, for example, Hoffmann et al. (2014), Ern
et al. (2017), or Meyer et al. (2018).

2.2. The MLS Data Set

The MLS instrument was launched on NASA's Aura satellite on 15 July 2004 into a sun-synchronous orbit with
equator crossing times of 01:45 LST (descending orbits) and 13:45 LST (ascending orbits). Like Aqua, Aura is
part of NASA's A-train constellation of satellites. The A-train satellites orbit the Earth one behind the other on
the same track. MLS is a radiometer that observes atmospheric microwave emissions in limb-viewing geometry
(Livesey et al., 2022; Waters et al., 2006). From these observations, temperature-pressure profiles and numerous
trace species are derived (e.g., Livesey et al., 2022; M. J. Schwartz, 2008). We use MLS version 5.01 atmospheric
temperatures and geopotential height, which are available from the middle troposphere up to the mesopause.
The vertical resolution is between 3 and 4 km at pressures >10 hPa (altitudes <approximately 32 km), gradually
degrading to approximately 8 km at 65 km, and to around 12 km at the mesopause (Livesey et al., 2022). Accord-
ingly, at altitudes below 65 km MLS is sensitive to GWs of 4, > 7-16 km, that is, MLS can observe also GWs
of somewhat shorter 4, than AIRS. However, MLS observations form only a single measurement track. Because
MLS observes in limb geometry, MLS is sensitive to GWs of 4, > 100-200 km (e.g., Alexander et al., 2010;
Ern et al., 2018; Preusse et al., 2002; Preusse et al., 2008), which is worse than for AIRS. Because MLS uses
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a forward-looking geometry, this partly compensates the time lag between the Aqua and Aura satellite equator
crossing times, such that AIRS and MLS observations are almost coincident in time and space. Coincidence in
time is better than approximately 10 min, which is much shorter than the ground-based period of approximately
4 hr of the wave event considered here. The method for determining fluctuations due to GWs from MLS temper-
atures is described in Appendix A.

3. AIRS and MLS Observations of the Wave Event
3.1. Temperature Fluctuations

In a first step, we investigate AIRS temperature residuals of the descending orbits on 15 January 2022 at an alti-
tude of 36 km in the vicinity of the Tonga event (Figure 1a). Obviously, there is a prominent GW event between
30° and 10°S, east of the date line. Localized sources emit GWs with concentric circular phase fronts around the
source at the center. These GWs are often modulated by the background winds (e.g., Lane et al., 2001), and only
segments of the circle remain visible as a result of wind filtering, or as an effect of the instrument observational
filter (e.g., Gong et al., 2015; Yue et al., 2014). The prominent curved wave fronts of the 15 January wave event
are part of a circular wave pattern of this kind, and therefore indicate a localized GW source. Since the eruption
of the Hunga Tonga—Hunga Ha'apai volcano occurred on this day, and since the location of the volcano (marked
in Figure 1a by a magenta triangle) is close to the central point of the wave pattern, the volcanic eruption is a
very likely candidate for the wave source. This will be investigated in more detail by GW backward ray tracing
in Section 4.

Also marked in Figure la are the positions of individual MLS soundings (black diamonds) along the MLS
measurement track, and the AIRS track that coincides best with the MLS observations (black line). Overpass
times for the main event are about 12:50 UTC for both AIRS and MLS, that is, about 8.5 hr after the eruption.
Figures 1b and 1c show latitude-altitude cross sections of AIRS and MLS temperature fluctuations obtained in
the respective measurement tracks marked in Figure 1a. For AIRS, to reduce noise, we average over the best-co-
incidence track and its two direct neighbors in across-track direction. As can be seen from Figures 1b and 1c, the
wave event appears as a V-shaped pattern in the temperature fluctuations of both AIRS and MLS. V-shaped wave
patterns are another indication of a localized GW source (e.g., Alexander et al., 1995; Piani et al., 2000). Because
AIRS and MLS observations are almost exactly coincident, not only in space, but also in time, the patterns match
very well. Minor differences can be attributed to differences of the observational filters of the two instruments. In
particular, the minimum in AIRS residual temperatures at 40 km/22°S is deeper than for MLS. Possible reasons
could be observational filter variations with altitude, or short 4, GWs that are superimposed on the V-shaped
structure and are seen by MLS, but not by AIRS.

3.2. Estimation of Wave Parameters and of GWMF
3.2.1. AIRS Observations

Next, we determine the wave parameters of this prominent wave event. For AIRS, we utilize the S3D GW analysis
method that was introduced by Lehmann et al. (2012) and Preusse et al. (2014), and that was already previously
applied to high-resolution model data (Preusse et al., 2014; Stephan et al., 2019a, 2019b; Strube et al., 2021), as
well as observations of GWs by aircraft (e.g., Krisch et al., 2017; Krisch et al., 2020) and by the AIRS satellite
instrument (Ern et al., 2017). For the S3D method, a larger 3D data set is subdivided into smaller subvolumes.
In these subvolumes, 3D sinusoidal fits are performed that provide amplitude and 3D wave vector of the fitted
waves. Like in Ern et al. (2017), we use subvolumes of 17 X 17 X 7 AIRS data points along-track X across-track
X vertical, corresponding to an approximate size of about 300 x 200 x 18 km? at nadir. We consider the strongest
two wave components in each fit volume. In order to focus on the fits that can reliably be performed with the
chosen sub-volume size, we discard all fits resulting in horizontal wavelengths >700 km and vertical wavelengths
>50 km, that is, all fits resulting in wavelengths exceeding the fit volume size by more than a factor of about 2-3.
Otherwise, fits could lead to runaway amplitudes. In addition, all GW amplitudes <0.4 K are set to zero to avoid
contamination of the results by noise.

In a first step, for the consecutive days 13—16 January 2022 we compare GW amplitudes of the two S3D fit
components combined. Results are shown in Figures 1d—1g for the Southern Hemisphere at an altitude of 36 km.
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Figure 1. (a) Horizontal distribution of AIRS residual temperatures in the Tonga area on 15 January 2022. Values are on a 0.25° X 0.25° longitude-latitude grid and
obtained by averaging in overlapping 0.5° X 0.5° intervals. The positions of individual MLS soundings are marked with black diamonds, and the black line indicates
the position of the AIRS footprint track that best coincides with MLS. Panel (b) shows the latitude-altitude section of residual temperatures observed by AIRS along
the black line marked in (a), while (c) shows the same as (b), but for MLS observations at the positions of the black diamonds in (a). Panels (d)—(g) show southern

hemisphere AIRS GW amplitudes of the two S3D fit components combined for the consecutive days 13—16 January 2022, and (h) averaged over January 2022. Values
are on a 2.5° X 2.5° longitude-latitude grid and obtained by averaging in overlapping 5° X 5° intervals. In the maps the position of the volcano is marked with a magenta

triangle. Panel (i) shows the cumulative sum of AIRS GW amplitudes exceeding a threshold of 2.0 K for each day in January 2022 (red histogram), and the maximum

cumulative sum on the respective day in January determined from the single years of the period 2003-2021 (black histogram). The respective sums were taken over all

grid points at 36 km in the whole area shown in (d)—(h).
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Obviously, the GW event on 15 January in the Tonga area is the strongest event seen by AIRS in the time period
considered, and it is also much stronger than the average amplitudes in January 2022 in the Southern Hemisphere
(Figure 1h).

To further confirm that the event on 15 January 2022 was exceptional for AIRS, Figure 1i shows the cumulative
sum of AIRS GW amplitudes exceeding a threshold of 2.0 K for each day in January 2022 (red histogram), and
the maximum cumulative sum on the respective day in January determined from the single years of the period
2003-2021 (black histogram). The respective sums were taken over all grid points at 36 km in the whole area
shown in Figures 1d-1h. As can be seen from Figure 1i, the event on 15 January 2022 was stronger than the
strongest events on any day in January in any year of the period 2003-2022, except for 20 January 2013 when
the combination of two strong convective GW events at the coasts of South America and Africa led to somewhat
higher cumulative values than the single event on 15 January 2022 caused by the Tonga volcano.

In a second step, we investigate the wave parameters of the strongest S3D fit component in each S3D fit subvol-
ume. The results are shown in Figures 2a—2c for an altitude of 36 km for GW amplitudes (Figure 2a), horizontal
wavelengths (Figure 2b), and vertical wavelengths (Figure 2c). As can be seen from Figures 2a—2c, the amplitude
of the Tonga wave event is about 2-3 K, the horizontal wavelength approximately 500 km, and the vertical wave-
length somewhat above 20 km.

Around (35°S, 205°E) there is a region of exceptionally long vertical wavelengths (4, of approximately 40 km).
This event is observed in the orbit preceding the main event (i.e., approximately 100 min earlier). This event may
also be related to the volcanic eruption. The different wave characteristics suggest that this is a different wave,
and not the same wave seen in an earlier orbit. This would confirm that GWs of different wave characteristics
were excited by the eruption.

Next, we calculate GWMEF to investigate whether the wave event could have stronger effect on the global-scale
background winds. GWMF is an important parameter because its vertical gradients is proportional to the forcing
(acceleration, or deceleration) of the background winds (e.g., Fritts & Alexander, 2003). GWMF can be calcu-
lated from observed GW temperature amplitudes (e.g., Ern et al., 2004; Ern et al., 2017):

1 (k! 21\
=502 () (7) .

Here, pr and pr are the zonal and meridional GWMEF, respectively, (k, [, m) is the vector of zonal, meridional
and vertical GW wave numbers, T the GW temperature amplitude, g Earth's gravity acceleration, N the buoyancy
frequency, ¢ the atmospheric background density, and 7 the atmospheric background temperature. In addition,
absolute values (£ ;) of GWMF can be calculated using the horizontal and vertical wavelength of a GW:

1 A gN\YT :
=503 (y) (?) @

For both S3D fit components combined, Figure 2 shows in the vicinity of the GW event also GW squared ampli-
tudes (Figure 2d), zonal GWMF (Figure 2e), meridional GWMF (Figure 2f), and absolute GWMF (Figure 2g).
The main event has peak absolute GWMF of approximately 3 mPa. Zonal GWMF is directed eastward, that is,
opposite to the stratospheric background winds. Remarkably, meridional GWMEF east of the volcano is directed
northward north of the volcano, and southward south of it, further confirming the volcanic eruption as the source
of the GW event. As mentioned before, during the period considered, this event is the strongest seen by AIRS in
the Southern Hemisphere, and of comparable strength to the GWMEF seen by AIRS in the northern hemisphere
polar night jet (e.g., Ern et al., 2017; Hindley et al., 2020), but much weaker than the Southern Andes hotspot
of GWs during austral winter (e.g., Ern et al., 2018; Hindley et al., 2020). It should be noted, however, that the
combination of the AIRS visibility filter and the chosen S3D analysis volume size leads to sensitivity for waves
of 100-700 km horizontal wavelengths and 15-50 km vertical wavelengths only.

3.2.2. MLS Observations

MLS GW amplitudes are determined similar as described in Ern et al. (2004) and Ern et al. (2011, 2018). Sinu-
soidal fits are performed for each temperature altitude profile in sliding vertical windows of 12 km vertical extent
(Preusse et al., 2002). Global distributions of MLS GW squared amplitudes in the Southern Hemisphere are
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Figure 3. Horizontal distributions at 36 km altitude of MLS GW squared amplitudes for (a)—(c) 14—16 January 2022 and (d) averaged over January 2022. Panels
(e)—(h) show the same as (a)—(d), but for MLS absolute GWMF. Values are on a 2.5° X 2.5° longitude-latitude grid and obtained by averaging in overlapping 10° X 5°
intervals. The position of the volcano is marked with a magenta triangle.

shown in Figures 3a—3c at 36 km altitude for the consecutive days 14—16 January 2022, and averaged over Janu-
ary 2022 (Figure 3d). As can be seen, several values of large GW squared amplitudes (up to approximately 20 K?)
are found in the vicinity of Tonga on 15 January. However, compared to other regions and other days in the South-
ern Hemisphere, these are not exceptionally strong, but stronger than the January 2022 average. Please note that
due to the different observational filters, MLS squared amplitudes are usually larger than for AIRS. Please also
note that the global GW distribution is very intermittent (e.g., Hertzog et al., 2012). This means that single events
can exceed average distributions by far, and this is why a comparison of the distribution for 15 January 2022 with
other single-day GW distributions is more meaningful than the comparison with the January average distribution.

From the 2D information provided by the single MLS measurement track, it is not possible to calculate direc-
tional GWMEF. Still, we can calculate absolute GWMF from MLS observations by estimating the along-track
horizontal wavelength from phase differences between consecutive altitude profiles. This along-track wavelength
is taken as a proxy for the true GW horizontal wavelength (4,). Of course, this will introduce large uncertainties
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and absolute GWMF is likely underestimated (e.g., Ern et al., 2004; Ern et al., 2018; Preusse et al., 2009). The
MLS absolute GWMF shown in Figures 3e—3h basically confirms the findings from MLS squared amplitudes.
Still, there are enhanced values of approximately 4 mPa on 15 January northeast of the volcano in the MLS orbit
crossing the GW event.

4. Ray Tracing of Gravity Waves

To further investigate the origin of the wave event observed on 15 January, we initialize the Gravity wave
Regional Or Global Ray Tracer (GROGRAT; Eckermann & Marks, 1997; Marks & Eckermann, 1995) on 15
January at an altitude of 36 km with GW amplitudes and directions using the gridded AIRS S3D results shown
in Figure 2 for the strongest S3D fit component. In addition, we here use also the second fit component. These
GW fit results are traced backward and forward in time. For this, we use 3-hourly data of NASA's Modern-Era
Retrospective analysis for Research and Applications, version 2 (MERRA-2) reanalysis (Gelaro et al., 2017) as
background atmosphere.

The results are shown in Figure 4. Figure 4a shows the starting points of the ray traces at an altitude of 36 km,
color-coded with their start amplitude (only strongest S3D fit component shown). Figure 4b shows the end points
of all backward ray traces (including second fit component), also color-coded by their starting amplitude at
36 km. The rays are traced backward in time as far as possible, that is, until reaching Earth's surface, or reaching
critical levels (resulting in m — 0, and vertical group velocity approaching zero). Obviously, the back-tracing
end points of the largest-amplitude starting points group in close vicinity to the location of the volcano (magenta
triangle). The average wave propagation time of these backward rays is between 3 and 12 hr, that is, they bracket
the onset time of the volcanic eruption with an average of approximately 2 hr after the eruption. This is clear
evidence of the eruption being the source of the GW event.

Figure 4c shows the ray-paths of all rays that pass the location of the volcano closer than a radius of 200 km
during backtracing. The ray-paths are color-coded by their altitude during wave propagation. Remarkably, many
rays pass the location of the volcano at altitudes of 10 km and below, but some rays pass this location at higher
altitudes (up to approximately 25 km), indicating that the source of the GW is not only near the surface, but the
wave is excited over a larger range of altitudes. This could also be expected because the volcanic plume extended
well into the stratosphere. The results of forward ray tracing in Figure 4c indicate that, starting from 36 km,
the wave did not travel larger distances while propagating upward, and it reached an altitude of approximately
70 km already approximately 2 hr after the observation at 36 km altitude. The ray tracing was limited to altitudes
below 70 km because the MERRA-2 model top is only somewhat above 70 km.

Also shown in Figures 4d—4f is the variation of GW horizontal wavelengths, amplitudes, and vertical wavelengths
with altitude for GW ray traces that have launch amplitudes >1 K (corresponding to approximately ~2 m/s) at
36 km (see Figure 4a). Figures 4g—4i show the same wave parameters taken from the S3D fits at the longitude
and latitude where the respective ray intersects the AIRS swath at a given altitude. Comparison of the ray traces
with the AIRS S3D results shows good qualitative agreement. Minor deviations can be attributed to the fact that
S3D results represent an average over 18 km. Further, values at the highest and lowest altitudes may partly be
noise-affected.

5. Conclusions

On 15 January 2022, a major eruption of the Hunga Tonga—Hunga Ha'apai volcano happened. This eruption
was likely the strongest worldwide for decades, and it triggered a broad spectrum of atmospheric waves (e.g.,
Lamb waves and gravity waves [GWSs]). In our study we focus on the mesoscale response. About 8.5 hr after
the event a strong GW was observed in AIRS and MLS satellite data. Using AIRS data as input, we traced the
GW backward in time with the GROGRAT GW ray tracer, and we confirmed the volcanic eruption as the wave
source. It is indicated that the wave source extended from near-ground into the lower stratosphere. Horizontal
and vertical wavelengths of the GW are approximately 500 and 20 km, respectively. Squared GW amplitudes are
approximately 5 K2 for AIRS and up to 15 K? for MLS. Absolute GWMEF is approximately 3 mPa for AIRS and
up to 4 mPa for MLS. In AIRS observations this GW was one of the strongest seen in the Southern Hemisphere
in January 2022. In MLS, which has a somewhat wider observational filter than AIRS, the event was also strong,

ERN ET AL.

8of 13



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters

10.1029/2022GL098626

(a)

RT start points @ 36km

(b)

Backward RT end points

————— - — -

PXXXXX) XXX q %o o | : o0
5°Speeeeee [ XXX XN .oﬁl' ol S LI ° -

beoooeoe XXX "o g e o
10°SPe e.0 0 © eooo000e o\ 0590950
lssloo'ooo XX eqfe ;‘ 2. . o ‘“°
‘Speegeoe *heoee LR op - 5 ° ®

be og‘o o St X \1 :’J E‘w.' ,‘ ‘ 9 G
20°Spegp® “ile booe eqp n ' £

TR oo‘ ' of[ N+ oo ! UMY
25°She e oo 00 o X ® e

TXXX] ' i
30°Speeee 00000 - o0 0 e ’.’:. oe

EXXN] 000000 0o [ XXX ! ® 0, 2% ¢
35°Speee 000000 cco(lol o }?ﬁ: .°.°.o°o.:’0

beeoeo hoooooo Txxx ° ; o

e e 4 Py H Py
°W 170°W 160°W 150°W

160°E  170°E 180°W 170°W 160°W 150°W

(

d)

15°S

20°S

25°S

30°S

(e)

()

HONON W W A h;
wv o v o w o wv o
initial U Amplitude [m/s]

=
=]

Altitude [km]
w w w S » »
H o [+5) o N >

w
N
L

30

W w A AN
a © o N b 5
L L L L L -~

Altitude [km]

w
S
L

32 1

00

300

400 500 600

) hor. wavelength [km]

30 35

30

|

\,

(}

[

200

300

400 500 600

hor. wavelength [km]

0

T amplitude [K]

15

20

25

30 35

vert. wavelength [km]

Figure 4. Shown are (a) the starting points of ray-traces using S3D fit results of AIRS data on 15 January 2022, (b) end points of the backward ray traces, and (c)

the ray-paths of those rays that pass the volcano (magenta triangle) at a distance closer than 200 km. Points in (a) and (b) are color-coded by their launch amplitude at
36 km (in (a) only the strongest S3D fit component, in (b) both components). Ray-paths in (c) are color-coded by their altitude during GW propagation, and the ray
starting points at 36 km altitude are marked with black crosses. Panels (d)—(f) show GW horizontal wavelengths, amplitudes, and vertical wavelengths versus altitude of
ray traces for rays with launch amplitude >1 K at 36 km. Panels (g)—(i) shows the same as (d)—(f), but for the AIRS S3D results at the position of the respective ray. In
panels (d)—(i) the same color refers to the same ray.
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but not as exceptional as in AIRS data. Our amplitude and GWMF estimates should be low-biased due to the
observational filters of the instruments and due to the limitations of our analysis methods. Therefore, it is also
likely that considerable GWMF may be found at GW horizontal wavelengths <100 km. Still, it is not expected
that this single short-lived event will have stronger effect on the large-scale atmospheric circulation. Neverthe-
less, we consider the event highly interesting for future studies of high-resolution upper atmosphere modeling,
and for more in-depth observational studies.

Appendix A: Determination of Temperature Fluctuations Due To GWs

To obtain temperature fluctuations that can be attributed to small-scale GWs, the large-scale background is
removed from the AIRS temperatures by subtracting a fourth-order polynomial fit in across-track direction. This
method has already been used in several AIRS studies (e.g., Alexander & Teitelbaum, 2007; Ern et al., 2017;
Hoffmann et al., 2014; Wright et al., 2017).

For MLS, temperature fluctuations due to small-scale GWs are obtained as described in Ern et al. (2011) and Ern
et al. (2013, 2018). In a first step, for a set of fixed latitudes (every full degree) and altitudes (every full kilom-
eter), 2D spectra in longitude and time are calculated for a set of overlapping time-windows of 31 days length.
These spectra are back-transformed into physical space for the largest spectral components (that can be attributed
to global-scale waves) at the exact longitude and time of each MLS observation. Then, this estimate of the large-
scale background temperature is subtracted from each MLS observation. In this procedure, global-scale waves
with periods >1.3 days are considered. In a second step, global-scale tidal modes are removed. MLS observations
are at two fixed LSTs: one LST corresponding to ascending, the other LST to descending orbit parts. Therefore,
tides appear as stationary wave patterns if ascending and descending orbit parts are considered separately. The
major tidal modes are removed by determining these stationary waves up to zonal wave number 4 and subtracting
them from the temperature residuals obtained after the first step. The remaining temperature fluctuations are then
attributed to small-scale GWs.

Different from the procedure described in Ern et al. (2011) and Ern et al. (2013, 2018), we do not apply additional
high-pass filtering of temperature altitude profiles, such that the full range of GW vertical wavelengths contained
in MLS data is kept. This high-pass filtering step is not necessary here because for determining GW amplitudes
from MLS observations we use larger sliding vertical windows of 12 km vertical extent that allow to characterize
also GWs of 4, up to 30 km. Further, in the summer hemisphere stratosphere the activity of planetary waves is
very weak, and the cleanup-effect of this filter is not needed to remove remnants of global-scale waves remaining
after the first step.

Data Availability Statement

Aura-MLS version 5.01 geopotential height data (M. J. Schwartz, 2008; Livesey et al., 2022) are provided by
M. Schwartz et al. (2020a) and are available at https://acdisc.gesdisc.eosdis.nasa.gov/data/Aura_ MLS_Level2/
ML2GPH.005. Aura-MLS version 5.01 temperature data (M. J. Schwartz, 2008; Livesey et al., 2022) are provided
by M. Schwartz et al. (2020b) and are available at https://acdisc.gesdisc.eosdis.nasa.gov/data/Aura_ MLS_Level2/
ML2T.005. MERRA-2 reanalysis data (Gelaro et al., 2017) are provided by Global Modeling and Assimila-
tion Office (GMAO, 2015) and are available at: https://doi.org/10.5067/WWQSXQ8IVFW8. AIRS temperature
retrieval data (L. Hoffmann & Alexander, 2009) are provided by Hoffmann (2022) and are available at: https://
datapub.fz-juelich.de/slcs/airs/gravity_waves/data/projects/tonga.
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