
1.  Introduction
On 15 January 2022 the strongest explosive volcanic eruption since the 19th century occurred at Tonga 
Hunga-Hunga Ha'apai (20.536°S and 175.382°W, hereafter Tonga). The strength of the Tonga volcanic eruption 
was comparable to that of Krakatoa in 1883 (Matoza et al., 2022; Schoeberl et al., 2022; Wright et al., 2022). 
For the Krakatoa eruption, the observations were mainly from the surface. Fortunately, in the case of the Tonga 
eruption, there exists a much improved global observation network that includes a large number of measurements 
from multiple satellites. Many of the publications on the Tonga volcanic eruption utilized satellite measurements. 
For example, Carr et al. (2022) calculated the approximate height of the volcanic eruption plume using infrared 
and visible wavelength observations from geostationary orbiting satellites, GOES-17 and Himawari-8. Wright 
et al. (2022) and Matoza et al. (2022) used low earth orbit and geostationary orbit infrared wavelength measure-
ments to find the atmospheric wave features generated by the Tonga volcanic eruption combined with surface 
measurements.

In this study, National Oceanic and Atmospheric Administration (NOAA)-20 and the Suomi National Polar-orbiting 
Partnership (SNPP) Advanced Technology Microwave Sounder (ATMS) measurements are used in the analysis, 
as are measurements from the Meteorological operational satellite (MetOp)-B/MetOp-C Advanced Microwave 
Sounding Unit (AMSU)-A. Furthermore, the Microwave Integrated Retrieval System (MiRS) algorithm has been 
applied to the satellite microwave radiance measurements to investigate what impact, if any, is revealed in the 
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retrieved atmospheric temperature profiles due to the volcanic eruption on 15 January 2022. Since MiRS provides 
height-resolved atmospheric temperature retrievals for every point in ATMS measurements, it would lead us to 
effectively create a 3-D observation in temperature.

Section 2 describes the data and methods, Section 3 presents the results of atmospheric waves generated by the 
Tonga volcanic eruption observed by the satellite microwave measurements and the MiRS retrieved atmospheric 
profiles, and Section 4 contains a summary and discussion.

2.  Data and Methods
NOAA-20/SNPP ATMS and MetOp-B/MetOp-C AMSU-A measured brightness temperatures and the MiRS 
retrieved atmospheric temperature profiles are analyzed in this study. ATMS is a microwave radiometer having 
22 channels with temperature sounding (V band) and humidity sounding (G band) capabilities. AMSU-A is 
used with the Microwave Humidity Sounder (MHS) in MiRS and their channel combination is similar to ATMS 
including V-band (AMSU-A) and G-band (MHS), respectively. Both MetOp-B and MetOp-C satellites contain 
the combination of AMSU-A and MHS. Since the weighting function peaks of the V band channels in ATMS and 
AMSU-A are located in the stratosphere and troposphere (in the troposphere for G band channels), it is expected 
that the brightness temperatures measured by ATMS and AMSU-A may reveal the impact of the Tonga volcanic 
eruption on these atmospheric layers.

The MiRS algorithm retrieves atmospheric temperature/water vapor and hydrometeor vertical (about 100 pres-
sure layers from the surface to 0.01 hPa) profiles during the main 1-dimensional variational retrieval procedure 
using the satellite microwave measurements as input. The MiRS atmospheric temperature profile is retrieved 
based on the measurements in the ATMS and AMSU-A channels, therefore, any impact of the Tonga volcanic 
eruption on the satellite measured microwave brightness temperatures should also be found in the MiRS retrieved 
atmospheric temperature profiles. Boukabara et al. (2011, 2013) described the MiRS algorithm and further tech-
nical details can be found in these publications. ATMS and AMSU-A have 96 and 90 fields of view (FOVs) per 
scan line, respectively, and both ATMS and AMSU-A consist of approximately 30,000 scan lines each day.

Based on the magnitude of the eruption and the previous published analyses, we assumed that the wave patterns 
generated by the eruption will be detectible in some of the microwave measurements. The approach to detecting 
and analyzing the waves was to first determine the local perturbation (departure from the local mean value) of 
the measurements. In order to characterize the wave (perturbation) pattern generated by the Tonga eruption from 
the ATMS and AMSU-A measured brightness temperatures and the MiRS retrieved atmospheric temperatures, 
3  ×  3 neighboring FOVs (or pixels) were averaged horizontally to reduce local scene variability and then a 
2-dimensional fifth order polynomial curve fit was applied to these 3 × 3 averaged values. The difference between 
the 3 × 3 averaged value and the polynomial curve fitted value was considered the perturbation of the given 
variables.

The MiRS retrieved atmospheric temperature profile has 100 layers, while ATMS and AMSU-A have 22 and 15 
channels, respectively. The difference calculation (local 3 × 3 FOV average minus the polynomial curve fit) was 
applied for each pressure layer of atmospheric temperature profiles and for each channel of ATMS and AMSU-A 
brightness temperatures to determine the perturbation.

The formula for 2-D polynomial curve fit is given below.

fitresult(𝑥𝑥𝑥 𝑥𝑥) = 𝑝𝑝00 + 𝑝𝑝10 ∗ 𝑥𝑥 + 𝑝𝑝01 ∗ 𝑦𝑦 + 𝑝𝑝20 ∗ 𝑥𝑥
2 + 𝑝𝑝11 ∗ 𝑥𝑥 ∗ 𝑦𝑦

+ 𝑝𝑝02 ∗ 𝑦𝑦
2 + 𝑝𝑝30 ∗ 𝑥𝑥

3 + 𝑝𝑝21 ∗ 𝑥𝑥
2 ∗ 𝑦𝑦 + 𝑝𝑝12 ∗ 𝑥𝑥 ∗ 𝑦𝑦

2 + 𝑝𝑝03 ∗ 𝑦𝑦
3

+ 𝑝𝑝40 ∗ 𝑥𝑥
4 + p31 ∗ 𝑥𝑥

3 ∗ 𝑦𝑦 + 𝑝𝑝22 ∗ 𝑥𝑥
2 ∗ 𝑦𝑦

2 + 𝑝𝑝13 ∗ 𝑥𝑥 ∗ 𝑦𝑦
3

+ 𝑝𝑝04 ∗ 𝑦𝑦
4 + 𝑝𝑝50 ∗ 𝑥𝑥

5 + 𝑝𝑝41 ∗ 𝑥𝑥
4 ∗ 𝑦𝑦 + 𝑝𝑝32 ∗ 𝑥𝑥

3 ∗ 𝑦𝑦
2

+ 𝑝𝑝23 ∗ 𝑥𝑥
2 ∗ 𝑦𝑦

3 + 𝑝𝑝14 ∗ 𝑥𝑥 ∗ 𝑦𝑦
4 + 𝑝𝑝05 ∗ 𝑦𝑦

5

� (1)

x represents longitude, y latitude, pij polynomial coefficients, i and j are integer exponents for x and y, respectively.

The observation time difference between the 9 FOVs (3 × 3) are less than 10 s for both ATMS and AMSU-
A. Horizontal resolution for an FOV is about 32  km (48  km) at nadir for NOAA-20/SNPP ATMS (Metop-
B/C AMSU-A). 2-D polynomial was applied to 3 × 3 FOV averaged brightness temperatures or atmospheric 
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temperatures using the geolocation information. Brightness temperatures or atmospheric temperatures calculated 
using Equation 1 are considered the background used to remove limb-brightening effect in the measurements 
following the previous studies. In previous studies (Alexander & Barnet, 2007; Wright et al., 2022; Wu, 2004), 
the polynomial was used as the background of the satellite measurements to study gravity waves, since the 
limb-brightening effect at the temperature sounding channels (∼57  GHz) is well captured by the brightness 
temperatures calculated using the polynomial.

3.  Results
3.1.  Tonga Impact on NOAA-20/SNPP ATMS and MetOp-B/MetOp-C AMSU-A Measurements

Atmospheric pulses are known to be transmitted after a large explosion such as a volcanic eruption (Press & 
Harkrider, 1966). The atmospheric waves generated by a large explosion include Lamb waves and internal grav-
ity waves. The phase speed of the Lamb wave is known to be faster than the internal gravity waves (Wright 
et al., 2022). The other difference between the Lamb wave and most of the gravity wave packet is whether the 
motion of particles is vertically in phase (e.g., Lamb waves, Bretherton, 1969) or not. The lead gravity wave 
among the trailing internal gravity waves has slower phase speed than the Lamb wave, however, its vertical wave 
number is close to zero indicating that the atmospheric wave is in phase vertically which is also a characteristic 
of the Lamb wave (Wright et al., 2022). The trailing gravity waves (in this study, the pixels whose phase speed 
is less than 200 m/s) show slower phase speed than the lead gravity wave and they have vertical phase change in 
the atmospheric perturbations.

Figure 1 shows the time evolution of the atmospheric waves generated by the Tonga eruption using NOAA-20/SNPP 
ATMS channel 15 (descending orbits) and MetOp-B/MetOp-C AMSU-A channel 14 (ascending orbits) bright-
ness temperature perturbations. These channels have weighting functions peaking in the upper stratosphere at 
40–45 km. The atmospheric waves generated by the eruption propagate in all directions and there is approxi-
mately a one-hour difference between (a) and (b) and between (c) and (d), respectively. The concentric pattern 
of the brightness temperature perturbations moving outward with time is clear in both the ATMS and AMSU-A 
measurements. NOAA-20/SNPP and MetOp-B/MetOp-C are polar orbiting satellites with a temporal observation 
frequency of about two times per day for a given region in the mid and low latitudes. This results in some orbits of 
NOAA-20/SNPP ATMS and MetOp-B/MetOp-C AMSU-A clearly revealing the concentric perturbation pattern 
while other orbits do not due to observation time and location differences.

The stratosphere is thermally stable (i.e., temperature increases with height), therefore, the buoyancy effect 
provides a favorable environment for the horizontal perturbation propagation in the atmosphere. Conversely, 
average atmospheric vertical stability in the troposphere is weaker relative to the stratosphere, which results in a 
damping of the wave. Therefore, it is more difficult to detect the atmospheric temperature disturbances generated 
by the Tonga volcanic eruption at channels whose weighting function peaks are located in the troposphere. In 
this study we restrict the analysis to stratospheric sounding channels and to atmospheric pressure layers less than 
50 hPa. An analysis of the perturbation as a function of channel shows that the wave amplitude is the largest at 
channel 15 for ATMS and at channel 14 for AMSU-A which have the weighting function peak at 40–45 km based 
on the U.S. standard atmosphere (Zhang et al., 2017; Zou & Qian, 2016). This wave amplitude decreases as the 
weighting function peak altitude becomes lower which will be discussed below and shown in Figure 2b.

The Lamb wave can be identified as the perturbation located most distant to the north and south from the Tonga 
volcano location in Figure 1 (identified in the figure by the set of two black-curved lines indicated by the black 
right-pointing triangles). This location was also identified in Wright et al. (2022) who indicated that the trigger 
source for the atmospheric wave occurred at about 4:28 UTC 15 January 2022 based on the back-projection of 
surface pressure data. The outermost line on both north and south sides in each panel of Figure 1 corresponds to a 
phase speed of 330 m/s assuming the wave was generated by the Tonga eruption at the initial trigger occurrence. 
The second outermost line corresponds to a phase speed of 300 m/s. These two outermost curved lines represent 
the likely bounds of the Lamb wave. The third outermost curved line and the innermost curved line correspond to 
phase speeds of 270 and 230 m/s, respectively (two black-curved lines indicated by the red right-pointing  trian-
gles), and represent the likely bounds of the lead gravity wave which was also generated at the time of the initial 
eruption trigger occurrence. The approximate observation times are indicated in each panel for Figure 1 for both 
the outermost (Lamb) wave and subsequent lead (gravity) wave. For example, the Lamb wave is clearly observed 
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in the NOAA-20 ATMS measurements at approximately 10:35 UTC to the north of Tonga and at around 11:10 
UTC to the south (i.e., a phase speed between 300 and 330 m/s) in Figure 1c. While the lead gravity wave is 
observed at around 10:40 UTC to the north (weakly observed) of Tonga and at approximately 11:05 UTC to the 
south (i.e., a phase speed between 230 and 270 m/s). The phase speeds of the Lamb wave and the lead gravity 
wave shown in the microwave measurements of this study are very consistent with those seen in the infrared 
measurements (Wright et al., 2022).

In Figure 2a, perturbations of brightness temperature are shown with phase speed following the two straight-black 
lines in Figure 1c. The peaks are clear between 310 and 320 m/s and between 250 and 270 m/s for the Lamb wave 
and the lead gravity wave, respectively.

Since some orbits do not clearly show the perturbation associated with the Lamb wave (due to observation time 
and location characteristics of the polar orbits), NOAA-20 orbits are used here to show the vertical phase struc-
ture of both microwave brightness temperature perturbations and MiRS retrieved temperature perturbations. In 
order to characterize the perturbation spectral or vertical dependence, multiple FOVs were selected and averaged, 
with the goal of obtaining a mean spectral or vertical profile associated with the Lamb wave, the lead gravity 

Figure 1.  The local perturbations in observed microwave brightness temperatures from an ascending orbit of (a) MetOp-B 
AMSU-A channel 14, (b) MetOp-C AMSU-A channel 14, a descending orbit of (c) NOAA-20 ATMS channel 15, and (d) 
SNPP ATMS channel 15 on 15 January 2022. The black triangle at the center for each panel is the Tonga volcano location. 
The outermost black-curved lines from the Tonga volcano location correspond to a phase speed of 330 m/s assuming 
that the perturbation has been generated at the time and location of initial volcanic eruption. From the second outermost 
black-curved lines to the innermost lines, the phase speeds are 300, 270, and 230 m/s, respectively. The time information 
in each panel indicates the approximate observation time for the Lamb wave (between 300 m/s and 330 m/s indicated by 
black right-pointing triangles) and for the lead gravity wave (between 230 m/s and 270 m/s indicated by red right-pointing 
triangles). Red dots indicate the pixels where the brightness temperature perturbation is larger than 1.2 K. Two black-straight 
lines in (c) are used in Figure 2a to show perturbations following each line.
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wave, and the trailing gravity waves, respectively. The selection criterion was a perturbation of 1.2 K or larger in 
ATMS channel 15 for brightness temperature and 1.2 K or larger at 2.5 hPa for atmospheric temperature. In order 
for an FOV to be selected, these criteria should be met for both brightness temperature and atmospheric temper-
ature. In addition to the temperature perturbation criteria, the FOVs were selected based on spatial location crite-
ria. For the assumed Lamb wave crest, only FOVs located within the bounds defined by the phase speeds between 
308 and 319 m/s were included. For the assumed lead gravity wave, only FOVs located within the bounds defined 
by phase speeds between 240 and 270 m/s were selected. These values are from Wright et al. (2022). For the 
trailing gravity waves, FOVs with phase speed less than 200 m/s were selected. Finally, to characterize neutral 
atmospheric conditions unaffected by the Tonga eruption, FOVs corresponding to a phase speed of 350 m/s or 
greater were selected.

The spectral dependences are shown in the spectral profile of averaged perturbations for ATMS channels 10–15 
(Figure 2b). The channel ordering along the vertical axis is in order increasing height of the estimated weighting 
function peak in each channel, with channel 10 and 15 having weighting function peaks at approximately 90 and 
2.5 hPa, respectively. In the stratosphere, the brightness temperature perturbation for the Lamb wave is primarily 
positive indicating the same phase in the stratospheric layers observed by these channels, with the perturbation 
magnitude decreasing as the weighting function peak altitude decreases. The high phase speed, large perturbation 
amplitude, and in-phase vertical structure are consistent with the characteristics of a Lamb wave. Theoretically, 
the lead gravity wave has the same phase at all altitudes (Fritts & Alexander, 2003; Swenson et al., 2000; Wright 
et al., 2022). In Figure 2b the vertical structure of the lead gravity wave perturbation shows a similar behavior 
to that of the Lamb wave, that is the perturbation remains positive with decreasing amplitude in the stratosphere 
as the altitude decreases (or the weighting function peak lowers from channel 15 to channel 10). With regard to 
the  trailing gravity waves which are located closer to the Tonga eruption location, the vertical perturbation profile 
shows a very different structure. In this case, there is a shift in sign of the perturbation from positive to negative as 
one moves to lower altitudes, which is different from the lead gravity wave (Fritts & Alexander, 2003; Swenson 
et al., 2000; Wright et al., 2022).

The perturbation amplitude of the NOAA-20 ATMS microwave brightness temperature at channel 15 is about 
1.7 K for the Lamb wave and about 1.9 K for the lead gravity wave in the wave packet that follows the Lamb 
wave. The magnitude of perturbations of the Lamb wave and the lead gravity wave both decrease as the altitude 
decreases (moving from channel 15 to channel 10), with amplitudes of 0.2 and 0.1 K for the Lamb wave and lead 

Figure 2.  (a) NOAA-20 ATMS brightness temperature (channel 15) perturbations following two straight-black lines that 
extend from the Tonga eruption location in Figure 1c. Perturbation data are shown for the northern and southern lines 
using blue and red symbols, respectively. The overlapped lines are five pixel moving average for each. Light-blue shaded 
areas correspond to equal phase speed lines in Figure 1c for the Lamb wave and the first lead gravity wave, respectively. (b) 
NOAA-20 ATMS brightness temperature perturbation by channels between 10 and 15 for each wave on 15 January 2022. The 
perturbation curves are based on a selection of pixels (FOVs) in the vicinity of the wave crests. The curve corresponding to 
“neutral” indicates the FOVs not affected by the volcanic eruption located at distances beyond the fastest moving Lamb wave. 
The numbers of pixels used in these figures are 362, 597, 696, and 27,376 for the Lamb wave, the lead gravity wave, the 
trailing waves, and non-atmospheric wave (neutral) area, respectively.
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gravity wave, respectively at channel 10. The trailing gravity waves show a change in perturbation amplitude sign 
indicative of a change in wave phase, ranging from 1.6 K at channel 15 to approximately −0.1 K at channel 10. 
The perturbation amplitude increase with height could be partly due to the atmospheric density decrease (Fritts & 
Alexander, 2003). Although not shown here, the SNPP ATMS and the MetOp-B/MetOp-C AMSU-A brightness 
temperatures also reveal a similar perturbation vertical structure to that of NOAA-20 ATMS as long as the wave 
crest is obvious in the orbits. All the FOVs whose distances are far enough from the volcano location not to be 
affected by the eruption have been selected to show a normal vertical structure of the perturbation. In these cases 
(green line in Figure 2b), the perturbation of the brightness temperature is close to 0 in all channels.

3.2.  Tonga Impact as Seen in MiRS Retrieved Atmospheric Temperatures

Given the results seen in the brightness temperature analysis presented above, it is logical to extend the analysis to 
the actual atmospheric temperature structure associated with Tonga eruption. In this section, temperature profiles 
obtained from the MiRS retrieval algorithm are used for the atmospheric analysis. The MiRS retrieval quality 
has been validated in previous studies (Grassotti et al., 2023; Lee et al., 2022) and validation exercises (Grassotti 
et al., 2019). The atmospheric temperature perturbation horizontal structure as seen in the MiRS NOAA-20/SNPP 
ATMS and MetOp-B/MetOp-C AMSU-A 2.5 hPa temperature retrievals is shown in Figure 3. The locations of 

Figure 3.  The local perturbations of the MiRS retrieved atmospheric temperature from (a) an ascending orbit of (a) MetOp-B 
AMSU-A, (b) MetOp-C AMSU-A, a descending orbit of (c) NOAA-20 ATMS, (d) SNPP ATMS at 2.5 hPa on 15 January 
2022. The black-curved lines and the time information in each panel are the same as Figure 1. Red dots indicate the pixels 
where atmospheric temperature perturbation is larger than 1.2 K. Two black-straight lines in (c) are used in Figure 4a to show 
perturbations following each line.
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the atmospheric wave patterns correspond well to those seen in the ATMS and AMSU-A brightness temperatures 
(Figure 1). In Figure 4a, atmospheric temperature perturbations are shown as a function of phase speed following 
the two black-straight lines in Figure 3c. Similar to the brightness temperature perturbations seen in Figure 2a, 
the peaks are clear between 310 and 320 m/s and between 260 and 270 m/s for Lamb wave and the lead gravity 
wave, respectively.

The MiRS retrieved atmospheric temperature perturbation vertical structures at the locations of the Lamb and 
gravity waves (using the same selection criteria described above for the brightness temperatures) are similar to the 
brightness temperature spectra (Figure 4b). The perturbation amplitude of the retrieved atmospheric temperature 
field at 2.5 hPa is about 2.0 K for the Lamb wave and about 2.3 K for the lead gravity wave. These temperature 
perturbations associated with the Lamb wave and the lead gravity wave are maximized at around 2.5 hPa and 
decrease steadily down to roughly 50 hPa, where the perturbation amplitude is approximately 0.1 K for both the 
Lamb and lead gravity wave in Figure 4b. While not shown here, the MiRS retrieved atmospheric temperatures 
from SNPP ATMS and the MetOp-B/MetOp-C AMSU-A also show similar perturbation vertical structures as 
those from the NOAA-20 ATMS as long as the wave crest is obvious in the orbits. As in Figure 2b, all the FOVs 
whose distances are far enough from the volcano location not to be affected by the eruption have been selected to 
show a normal vertical structure of the perturbation. In these cases (green line in Figure 4b), the perturbation of 
atmospheric temperature is close to 0, indicating neutral conditions.

4.  Summary and Discussion
We have described the results from the analysis of the microwave brightness temperatures from NOAA-20/SNPP 
ATMS and MetOp-B/MetOp-C AMSU-A and the MiRS retrieved atmospheric temperature a few hours after the 
initial volcanic eruption at Hunga Tonga-Hunga Ha'apai Tonga on 15 January 2022. The Hunga-Tonga outbreak 
created a valuable opportunity to study waves with very high phase speeds that otherwise have not been observed 
in the atmosphere yet. The present study is the first analysis of the vertical structure of these waves with satellite 
microwave measurements.

In this study, the atmospheric wave patterns generated by the Tonga volcanic eruption are clearly seen in the strat-
osphere for both the satellite microwave brightness temperatures and the MiRS retrieved atmospheric temper-
atures. While the perturbations are seen in all of the stratospheric sounding channels (i.e., channels 10–15 and 
9–14 for ATMS and AMSU-A, respectively), the perturbation amplitude of the brightness temperature is the 
largest at channel 15 for ATMS and channel 14 for AMSU-A whose weighting function peaks have the high-
est altitude. As the channel weighting function peak altitude becomes lower, the amplitude of the atmospheric 
perturbation decreases. The microwave brightness temperature perturbation amplitude at ATMS channel 15 is 
about 1.7 K for the Lamb wave and about 1.9 K for the lead wave of the following gravity waves. Similar results 
were found for the MiRS retrieved atmospheric temperature. In other words, the amplitude of the perturbation 

Figure 4.  Same as Figure 2 except for MiRS NOAA-20 ATMS retrieved atmospheric temperature perturbation (a) at 2.5 hPa 
following two straight-black lines in Figures 3c and 3b vertical structure between 2.5 and 50 hPa.

 19448007, 2023, 23, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
106439 by U

niversity O
f M

aryland, W
iley O

nline L
ibrary on [25/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters

LEE ET AL.

10.1029/2023GL106439

8 of 8

in the retrieved atmospheric temperature is larger in the upper stratosphere. The atmospheric wave pattern in the 
retrieved atmospheric temperatures can be observed down to approximately 50 hPa. The amplitude of the atmos-
pheric wave in the retrieved atmospheric temperature at 2.5 hPa is about 2.0 K for the Lamb wave and about 2.3 K 
for the lead gravity wave that follows the Lamb wave. The vertical structure (i.e., magnitude and phase) of the 
perturbations seen for each of the waves analyzed are consistent with that predicted by theory (Bretherton, 1969; 
Fritts & Alexander, 2003; Swenson et al., 2000; Wright et al., 2022).

The high phase speed and in-phase vertical structure are revealed in the satellite microwave brightness tempera-
tures and in the MiRS retrieved atmospheric temperatures for the Lamb wave. The lead gravity wave perturbation 
shows a similar behavior to the Lamb wave: the perturbation remains positive with decreasing amplitude in the 
stratosphere as the altitude decreases. Finally, for the trailing gravity waves located closer to the Tonga eruption 
location, the perturbation sign changes with altitude.

Data Availability Statement
NOAA-20/SNPP ATMS data are available from NOAA CLASS (https://www.avl.class.noaa.gov/saa/prod-
ucts/search?sub_id=0&datatype_family=ATMS_SDR&submit.x=32&submit.y=2 and https://www.avl.class.
noaa.gov/saa/products/search?sub_id=0&datatype_family=ATMS_TDR&submit.x=30&submit.y=4), and 
MetOp-B/MetOp-C AMSU-A data are available from EUMETSAT (https://archive.eumetsat.int/usc/UserServic-
esClient.html). Users need to register through (https://eoportal.eumetsat.int/userMgmt/protected/welcome.faces) 
to access EUMETSAT. MiRS retrieval outputs (for all the satellites) are available from NOAA CLASS (https://
www.avl.class.noaa.gov/saa/products/search?sub_id=0&datatype_family=JPSS_SND&submit.x=31&submit.
y=5 and https://www.avl.class.noaa.gov/saa/products/search?sub_id=0&datatype_family=MIRS_MAP&sub-
mit.x=20&submit.y=4).
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