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Abstract

The violent 2022 Tonga submarine volcanic eruption produced globally propagating atmospheric disturbance. The short ex-

plosive eruption generated a leading Lamb wave pulse that are recorded as a pressure pulse worldwide. A weather station

network in Japan recorded the pressure pulse as well as temperature and winds during the passage of the Lamb pressure pulse.

Individual temperature and wind records indicate little simultaneous change. However, after aligning temperature and wind

records at the timing of pressure pulse arrivals and stacking, we obtain clear temperature and wind changes synchronized with

the pressure change. By assuming Lamb wave propagation synthesized temperature and wind changes from the pressure record

match well the observed waveforms. Observed wind speed and pressure change of the Lamb pulse directly yield the total energy

transported by the pulse to be 4.2 x 1016 J.
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Key Points: 11 

• Stacking nation-wide weather network records detects temporal changes in temperature 12 
and wind flow synchronized with the Lamb pressure pulse 13 

• Observed temporal variations are close to the adiabatic air compression and Lamb wave 14 
flow models expected from the pressure pulse 15 

• Analysis of observed wind speed and pressure changes reveals that the total energy 16 
transported by the Lamb pulse was 4.2×1016 J 17 

  18 
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Abstract 19 

The violent 2022 Tonga submarine volcanic eruption produced globally propagating atmospheric 20 
disturbance. The short explosive eruption generated a leading Lamb wave pulse that are recorded 21 
as a pressure pulse worldwide. A weather station network in Japan recorded the pressure pulse as 22 
well as temperature and winds during the passage of the Lamb pressure pulse. Individual 23 
temperature and wind records indicate little simultaneous change. However, after aligning 24 
temperature and wind records at the timing of pressure pulse arrivals and stacking, we obtain 25 
clear temperature and wind changes synchronized with the pressure change. By assuming Lamb 26 
wave propagation synthesized temperature and wind changes from the pressure record match 27 
well the observed waveforms. Observed wind speed and pressure change of the Lamb pulse 28 
directly yield the total energy transported by the pulse to be 4.2×1016 J. 29 

 30 

Plain Language Summary 31 

Atmospheric disturbance caused by the violent 2022 Tonga volcanic eruption was recorded by 32 
multiple types of sensors on the ground. The leading pressure signals, of about 20 min duration 33 
and about 2 hPa amplitude, were observed in a nation-wide weather network in Japan as an 34 
anomaly that stands out from the background atmospheric pressure trend. Other meteorological 35 
sensors such as temperature and wind components were also in operation, but expected changes 36 
are on the order of 0.15 K and 0.5 m/s over the 20 min signal duration, too small to be detected 37 
in individual records. Using a pressure signal as a time mark for data alignment we averaged all 38 
temperature and wind components parallel to the direction from Tonga toward Japan recorded by 39 
the network. Such averaging steps greatly reduced the spatially incoherent background noise and 40 
enhanced the signals coherent with the arrival of pressure pulse. The resultant temperature and 41 
wind changes are comparable to the theoretically predicted ones. The measured temporal 42 
changes of atmospheric pressure and air flow enable direct estimation of the energy flow 43 
transported by the pressure pulse. The estimated total energy transported by the pressure pulse is 44 
between (3.8—4.6) ×1016 J. 45 

 46 
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1 Introduction 57 

The short violent 2022 Tonga submarine (20.536°S, 175.387°W) volcanic eruption on 58 
January 15, 2022 around 4:15 (UTC) generated globally propagating impulsive atmospheric 59 
pressure waves (Matoza et al., 2022; Vergoz et al., 2022; Wright et al., 2022). The waves were 60 
detected by subaerial and submarine pressure sensors (Kubota et al., 2022; Carvajal et al., 2022) 61 
as well as other types of sensors such as geostationary meteorological satellite IR-imager as a 62 
temperature anomaly of the upper atmosphere (Otsuka, 2022) and ionospheric TEC anomalies in 63 
the ground-based GNSS signals (Themens et al., 2022). The leading Lamb wave pressure pulse 64 
with a duration of about 20 min propagated around the Earth a few times at the speed of about 65 
300 m/s (Amores et al., 2022; Kubota et al, 2022) and were accompanied by the ground motions 66 
that were recorded by seismometers (Poli and Shapiro, 2022). These observations are used to 67 
quantify and understand the eruption process. 68 

 In addition to pressure, here we report the direct measurements of temperature and wind 69 
changes synchronized with the pressure signals recorded by the Automated Meteorological Data 70 
Acquisition System (AMeDAS), a nation-wide weather station network in Japan. Given the 71 
observed pressure amplitude of about 2 hPa in Japan, if we assume the Lamb wave pressure 72 
pulse, we expect that the pressure pulse would be accompanied by a temperature pulse of about 73 
0.15 K and wind anomalies of about 0.5 m/s over the pulse duration of about 20 min. Such small 74 
temperature and wind changes are easily masked by the fluctuating background atmospheric 75 
conditions and are in fact hardly identified in the individual weather records whereas the pressure 76 
pulse from Tonga is distinct (Figure S1). In this paper we introduce a signal enhancement 77 
technique synchronized with the pressure signal using networked sensors, and then confirm the 78 
detection by comparing observed signals with model predictions, and lastly utilize the temporal 79 
profiles of the observed pressure and wind flow to directly estimate the amount of energy 80 
transported by the Lamb pulse. 81 

 82 

2 Observation 83 

The Japan Meteorological Agency (JMA) operates the AMeDAS network composed of  84 
more than 1300 weather stations. Out of these, about 150 stations record air temperature, 85 
pressure, wind speed and direction (Figure 1). The 10 s sampling interval is the same for all 86 
observational parameters and the quantization steps, i.e., least significant bit (LSB), correspond 87 
to 0.1 hPa atmospheric pressure, 0.1 K air temperature, 0.1 m/s wind speed, and 1 degree wind 88 
direction. All AMeDAS stations are type JMA-19 equipped with an electronic thermo-89 
hygrometer installed in a vertical cylindrical forced draft ventilator (Daiichi-kagaku, 2022) 1.5 m 90 
above the ground. A fan is attached to the top of the cylinder and generates air-flow of 5 m/s 91 
from bottom (JMA, 2007) to ease the thermal upheaval by the direct sunshine to the cylinder. 92 
Either an ultrasonic or a windmill-type anemometer measures the wind speed and wind direction. 93 

 94 
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3 Staking AMeDAS records 95 

3.1 Extraction of Lamb wave pulse 96 

After discarding records with a glitch or missing data of the four parameters, i.e., 97 
pressure, temperature, wind speed, and wind direction, by visually inspecting four-day-long 98 
records starting from January 15 2022 15h UTC, we selected 150 good-quality stations. To 99 
extract the Lamb wave pressure signal from the Tonga eruption we remove atmospheric tidal and 100 
synoptic and mesoscale variations which are longer than the duration of the Lamb wave pulse of 101 
about 20 min by fitting a polynomial function of time to the record and removing it from the 102 
record. The residual is dominated by the pressure disturbance from Tonga (Figure 2a, Figure S1). 103 
The order of the polynomial is determined by trial and error to balance the signals being removed 104 
and remaining. A large polynomial order would almost perfectly remove the long-period 105 
trending signal but also partially reduce the signal associated with the Lamb pulse. A small 106 
polynomial order would leave long-period signals that are not related to the waves from Tonga in 107 
addition to the Lamb pulse. We use 50th order polynomials to extract the Lamb pulse signal 108 
from the raw records. Applying a band pass or low-pass filter in the frequency domain is avoided 109 
because it tends to create a visible leading artificial siderobe (e.g., Figure 2 of Kubota et al., 110 
2022) with a polarity opposite to the Lamb pulse and such a time-domain artifact could be 111 
misinterpreted as a real precursory signal. Causal time domain filters are also avoided because 112 
they introduce a frequency-dependent time-shift in the record. 113 

3.2 Measurement of relative time-shift of Lamb pulse 114 

We measure relative time-shifts of the Lamb pulse among the records for network 115 
stacking. In the first step we pick the arrival time of each Lamb pulse peak and align the records 116 
at the picked time and compute a network-averaged Lamb pulse waveform. In the second step 117 
we prepare a one hour long time record of the network-averaged waveform containing the Lamb 118 
wave pulse. We compute the cross-correlation function  (CCF) between the averaged waveform 119 
and each Lamb pulse waveform. The time lag of the maximum CCF peak is a new relative time-120 
shift for network-averaging. Iteratively we can continue the steps to refine the relative time-shift 121 
between records by using a new network-averaged waveform but we find that further iterations 122 
negligibly change the time lag of the CCF peak. We use the time-shift obtained for each station 123 
at the second step for later use. 124 

3.3 Network mean and standard deviation and pressure, temperature and wind records 125 

From the wind speed and wind direction records of each station we construct wind 126 
components parallel and tangential to the radial direction from Tonga to the station. To evaluate 127 
the Lamb pulse signals in pressure and temperature and wind records embedded in temporal and 128 
spatial variations for four days over Japan, we compute the network mean and standard deviation 129 
as follows: 130 𝑓̅ = 14𝑑𝑎𝑦 𝑓 (𝑡)𝑑𝑡                                 (1) 131 𝑓 (𝑡) = 𝑓 (𝑡) − 𝑓̅                                              (2) 132 𝑓(̅𝑡) = 1𝑁 𝑓 (𝑡 + 𝛥𝑡 )                           (3) 133 
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𝜎(𝑡) = ∑ 𝑓 (𝑡) − 𝑓(̅𝑡)𝑁                       (4) 134 

where 𝑓 (𝑡) is either one of original pressure, temperature, radial wind, or tangential wind record 135 
of the i-th station. 𝑓̅  is the temporal mean of 𝑓 (𝑡), 𝑁  is the number of stations of the 136 
AMeDAS network that we analyze, i.e. 150, 𝑓 (𝑡) is the deviation of 𝑓 (𝑡) from the mean, 𝛥𝑡  is 137 
the measured time-shift of the i-th station in section 3.2, 𝑓(̅𝑡) is the time-shifted and network-138 
averaged record, 𝜎(𝑡) is the standard deviation of 𝑓(̅𝑡). Note that 𝜎(𝑡) represents a spatial scatter 139 
of the signal over the network at time 𝑡, not a change of temporal standard deviation over time. 140 
We plot 𝑓(̅𝑡) and 𝜎(𝑡) of pressure, temperature, and radidal wind records of the network in 141 
Figure 3. 142 

Since the minor and major arcs from Tonga to a station share the same great circle we 143 
note that the time-shift for the major arc path to a station equals to that for the minor arc path 144 
with a reversed sign. Therefore stacking the records by using 𝛥𝑡  measured for the minor arc 145 
does not enhance a signal which propagates along the major arc. This is the reason for not 146 
detecting the Lamb wave propagated along the major arc in the stacked record (Figure 3c). On 147 
the other hand, the first Lamb waves that traveled along the minor arc and the second waves that 148 
traveled one more great circle from Tonga to Japan share the same 𝛥𝑡 , if the time shift is solely 149 
due to location of station, and both are enhanced in the stacked record. 150 

The peak-to-peak amplitude of the first Lamb pressure pulse of about 2 hPa (Figure 3f) is 151 
comparable to the standard deviation of spatial variation of the pressure over the Japan (Figure 152 
3c). The observed temperature and radial wind signals enhanced by the time alignment (Figures 153 
3e, 3d) are still much smaller than the spatial standard deviation of those. In fact if we take 154 
network average without time-shifts temperature and radial wind signals associated with the 155 
Lamb wave are completely masked by the background variations (Figures are not shown).  The 156 
tangential wind component is discussed in section 3.4. 157 

3.4  Network-averaged Lamb pulse in temperature, and wind records 158 

In section 3.1 polynomial filtering was applied to extract the Lamb wave pulse in each 159 
pressure record. Here we apply the same polynomial filtering to 𝑓(̅𝑡), time-shifted and network 160 
averaged pressure, temperature, and radial and tangential winds obtained in section 3.3 and plot a 161 
part containing the Lamb wave pulse in Figure 4. Polynomial filtering removes the trend that 162 
appeared in Figure 3. The Lamb wave pressure waveform has an amplitude peak of 1.6 hPa 163 
followed by negative peaks with amplitudes of about 0.5 hPa (Figure 4d). In the radial wind 164 
(Figure 4b) and the temperature (Figure 4c) records we recognize a signal synchronized with the 165 
Lamb wave pressure pulse (Figure 4d) but not in the tangential wind (Figure 4a). 166 

Based on the theory of fluid mechanics the wind component parallel to radial direction 167 
from Tonga to Japan can be calculated for a given pressure change. The linearized equation of 168 
motion of  the horizontal momentum balance is given as, e.g. equation (2.1a) of Watada (2009), 169 𝜌 𝜕𝑢𝜕𝑡 = − 𝜕𝑝𝜕𝑥                         (5) 170 

where 𝑢 is the flow velocity of the air in the direction of 𝑥, 𝑝′ is the Eulerian pressure change, 𝜌  171 
is the background air density, 𝑥 is the horizontal coordinate. 172 
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Assuming that 𝑢 and 𝑝′ are proportional to exp(𝑖(𝑘𝑥 − 𝜔𝑡)) where 𝑘 is the horizontal 173 
wavenumber and 𝜔 is the angular frequency of  the Lamb wave, we obtain 174 𝑢 = 𝑝𝜌 𝑘𝜔 = 𝑝𝜌 𝑐                         (6) 175 

where 𝑐 = 𝜔/𝑘 is the horizontal phase velocity of the Lamb wave.  The non-dispersive Lamb 176 
wave phase velocity is equal to the group velocity, i.e., the propagation speed of the Lamb wave. 177 
Figure 4b compares the observed wind flow change in the stacked record and the synthetic wind 178 
flow change computed from the pressure change by using equation (6). 179 

The temperature change can be also calculated as follows. When a volume of air of 180 
pressure 𝑃 and temperature 𝑇 is adiabatically compressed 𝑃 and 𝑇 follow (e.g., Bohren and 181 
Albrecht, 1998) 182 𝑃𝑇 = const                         (7) 183 
where 𝛾 = 𝑐 /𝑐  is the ratio of specific heats, e.g.,1.4 for diatomic gas, 𝑐  and 𝑐  are specific 184 
heat capacities of air at constant pressure and volume, respectively. From equation (7) we obtain 185 𝑑𝑇𝑑𝑃 = 𝛾 − 1𝛾 𝑇𝑃 .                      (8) 186 

 187 
Figure 4c compares the observed temperature change in the stacked record and synthetic 188 
temperature change computed from the pressure change by using equation (8). For 𝛾, we use the 189 
value for dry air since the use of 𝛾 for moist air little alters the synthetic change as explained in 190 
Text S1. 191 

The synthesized radial wind and temperature variations reproduce the timing, amplitude 192 
and duration of the observed radial wind and temperature variations reasonably well, whereas the 193 
stacked tangential wind does not show a signature of Lamb wave arrival. This result is consistent 194 
with the air flow model of the Lamb wave theory that has no air motion in the tangential 195 
direction. 196 
 197 

4 Discussions 198 

4.1 Quantization noise 199 

The LSB of temperature record corresponds to a temperature step of 0.1 K. In Figure 4c, 200 
however, small temperature variations below 0.1 K in stacked data are well reproduced in the 201 
synthesized record. Quantization noise is introduced in the process of quantization of analog 202 
data. The quantization noise amplitude distribution can be modeled by a mean of zero and a 203 
standard deviation of LSB/√12  0.3×LSB: (See equation 4.122 of Oppenheim et al., 1999) . 204 
This is the reason why the stacked record can resolve a signal smaller than the LSB unit. 205 

4.2 Single station measurement of temperature anomaly in a vault 206 

The observed temperature peak amplitude associated with the Lamb wave is about 0.1K 207 
over a duration of 20 min (Figure 4c). Background fluctuation of the atmospheric condition 208 
inhibits the detection of such a small temperature change at a single AMeDAS thermometer in 209 
the field (Figures 3b, 3e). To confirm the temperature change at a single site we collect 210 
environmental monitoring records of the JMA Matsushiro large vault which is under a small 211 
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environmental disturbance (c.f. Imanishi, 2022). We find that a pressure variation is comparable 212 
to the AMeDAS variation, however, the temperature change is about 0.05 K over a duration of 213 
20 min (Figure S2). The temperature change in the vault is about a half of the AMeDAS 214 
variation. The reduced temperature change is likely due to the heat conduction from the air in the 215 
vault to the surrounding rocks, soils, and apparatus. 216 

 217 

4.3 Measurement of Lamb wave traveling speed and amplitude attenuation 218 

A global average of the Lamb wave traveling speed is measured by the time difference of 219 
the traveltimes between the first peak that propagated along the minor arc and the second peak 220 
that propagated one more great circle (Figure 3c). The measured traveling speed is 306 m/s. 221 

The wave amplitude decay rate is also measured from the amplitudes of the two Lamb 222 
pulses. The amplitude of the Lamb wave traveling on the surface of the Earth is modeled as 223 

𝐴  exp(−𝛼𝑟)√𝑅sin𝛥                          (9) 224 

where 𝐴 is the amplitude factor, 𝑅 the radius of the Earth, 𝑟 the traveling distance, 𝛥  the 225 
angular distance, 𝛼 is the decay ratio. From the difference of the traveling distances 𝑟 =226 40,000 km we obtain 𝛼 = 3.06 × 10 /km, which is consistent with the amplitude decays 227 
observed globally (Figure 2F of Matoza et al., 2022). 228 

4.4 Variation of the Lamb wave propagation speed 229 

The sound wave speed is controlled by the air temperature , e.g. Amores et al., (2022), 230 
and also atmospheric wind e.g.  (Figure S28 of Matoza et al., 2022). The time axis of each trace 231 
in Figure 2a is reduced so that the arrival time of a wave traveling from Tonga to each station at 232 
the speed of  306 m/s would align vertically. Slight misalignments exist in Figure 2a in all 233 
azimuth directions. Systematic early arrivals of the Lamb waves up to about 600 sec at stations 234 
are noticed (Figure 2c). Especially, the time shifts are enhanced at the sparse southwest stations 235 
having smaller azimuths. The time shifts reflect the variations of atmospheric conditions along 236 
the Lamb wave paths from Tonga to Japan. 237 

We discuss whether the systematic traveltime anomalies across Japan is possibly 238 
explained in a quantitative way without employing rigorous simulation of the traveling Lamb 239 
waves in an atmosphere model in which temperature and wind changes temporally and spatially. 240 
Based on the atmospheric condition for the eruption day (e.g. Figure 2b) we roughly calculate 241 
the expected traveltime delay of the Lamb pulse due to wind and temperature anomalies along 242 
the path from Tonga to AMeDAS stations. Detailed steps of the estimating traveltime delay are 243 
described in Text S2. 244 

Figure 2b indicates that the strong westerly wind with a more than 40 m/s flow speed at 245 
the pressure level of 500 hPa and the cold atmosphere north of 25°N quickly reduce the Lamb 246 
pulse traveling speed as it approaches Japan. The delay is expected to be larger in northern 247 
Japan. Figure 2c shows an example of delays estimated for an atmospheric model of one time 248 
epoch.  NCAR/NFL models provide global wind and temperature data in each pressure level four 249 
times a day. We compare estimated traveltime delays with the measured relative traveltime 250 
delays among AMeDAS stations. The measured trend of early arrivals (plus signs in Figure 2c) 251 



manuscript submitted to GRL 

 

in Japan is consistent with estimated trends for the atmosphere models at 300 hPa and 500 hPa 252 
isobars. We conclude that the observed traveltime trend of the Lamb pulse will be explained by 253 
the temperature and wind models, and sophisticated atmospheric wave propagation simulations 254 
for 4D atmosphere models are required to confirm the conclusion. 255 

The geostationary meteorological satellite Himawari-8 IR-imager (Murata et al, 2015) 256 
captured propagating rings of temperature anomaly with a peak amplitude equivalent to a 257 
temperature change by 0.09 K in the upper atmosphere that can be interpreted as the adiabatic 258 
temperature change associated with the propagating Lamb pressure wave (Otsuka, 2022). Otsuka 259 
(2022) calculated the second order time-derivative of the black body temperature from the full-260 
disk images with the scan interval of 10 min. He noted that the northward propagation of the 261 
Lamb wave is slower but the westward propagation is faster than 310 m/s in the northwestern 262 
Pacific, consistent with the AMeDAS observation. We reproduce a similar Himawari-8 IR band 263 
#8 (wavelength of 6.2 μm) processed image in Figure S6, showing near-Japan region with the 264 
scan interval of 2.5 min 265 

4.5 Total energy transported by the Lamb pulse 266 

The Lamb wave spread out from the Tonga submarine volcano. The wave energy flux 267 
transported by an atmospheric wave can be estimated as ∫ 𝑝𝒖 𝑑𝑡, where 𝑝 is the pressure 268 
perturbation and 𝒖 is the wave flow vector of the atmospheric wave. For radially spreading 269 
Lamb waves we can use the observed horizontal flow speed and the pressure change. The well-270 
known vertical scale height of 𝑝 and 𝒖 of the Lamb wave allows us to integrate 𝜌𝒖 vertically. 271 
The details of estimating the energy transported by the Lamb wave from the Tonga source region 272 
is described in Text S3. Two records directly yield an estimate of atmospheric wave energy 273 
transported by the Lamb pulse to be between 3.8 and 4.6 ×1016 J, equivalent to the energy 274 
between 9.1 and 11 mega ton trinitrotoluene (TNT). Please note that from the measured pressure 275 
and wind flow waveforms we directly calculated the energy transported by the Lamb wave, but 276 
not the total energy of the eruption that includes other types of wave energy such as short period 277 
acoustic waves and slowly propagating gravity waves and seismic waves in addition to thermal 278 
and radiation energy. Our energy estimate marks the definite lower bound of the radiated energy 279 
from the Tonga eruption. In fact Vergoz et al. (2022) estimated equivalent TNT to be ~100 MT 280 
from the characteristic parameters of the Lamb wave (peak amplitude, peak separation time) 281 
based on the formula for the nuclear explosion tests. 282 

 283 

5 Conclusions 284 

The leading Lamb wave pulse, with a peak-to-peak amplitude of about 2 hPa and a peak 285 
duration of about 20 min and a triangular time function, and subsequent small amplitude waves 286 
were recorded by the atmospheric pressure sensors of the AMeDAS weather network in Japan. 287 
Early arrivals of the Lamb waves to southwest Japan by up to about 600 sec relative to those to 288 
northern Japan is consistent with traveltime estimates by using wind and temperature models, 289 
which predicts slowdown in high latitudes along the paths near Japan. By aligning the 290 
temperature records and the wind component records that are parallel to the direction from 291 
Tonga to the stations at the arrival time of the Lamb wave pressure, we constructed the network-292 
averaged temperature and radial wind records. The network-averaged records clearly show 293 
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changes in temperature and wind speed synchronized with the pressure change of the Lamb 294 
wave. Those observed records are close to those theoretically predicted based on the linear wave 295 
theory of the Lamb wave and adiabatic compression of the air. By taking advantage of the simple 296 
exponential vertical structure of the Lamb wave and cylindrically symmetric spreading from 297 
Tonga we evaluated the total energy flow transported by the Lamb pulse that propagated 298 
globally. The estimated total energy is (3.8—4.6) × 1016 J which is equivalent to about 10 MT 299 
TNT. 300 
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 363 

Figure 1.A map of  Automated Meteorological Data and Acquisition System (AMeDAS) 364 
stations that record pressure, temperature, and wind speed and direction. 365 
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 367 

Figure 2. a) Lamb wave pressure pulse recorded at AMeDAS stations. The records are sorted in 368 
the order of the station azimuth increasing from bottom to top, i.e., the bottom traces were 369 
recorded in southwest Japan and the top traces in northeast Japan. b) Atmospheric temperature 370 
and wind velocity of January 15, 2022 at 12h UTC at a pressure level of 500 hPa extracted from 371 
the National Center for Atmospheric Research FINAL (NCAR/FNL) reanalysis model. The red 372 
star indicates the Tonga submarine volcano. Curved black lines are selected traveling paths to the 373 
AMeDAS stations assuming the great circles from Tonga. For better quantification of the wind 374 
effect, three paths accompany gray shaded areas and their width indicates the amplitude of head 375 
wind component and white shaded areas indicate that of forward wind component of the Lamb 376 
pulse propagating toward the stations. c) Colored dots indicate the estimated traveltime delay at 377 
each station calculated for the NCAR/FNL model at selected pressure levels. Negative traveltime 378 
means that the wave arrives earlier than the global average traveling speed of 306 m/s. Plus (+) 379 
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symbols show measured traveltime delays by the waveform (Figure 2a) cross-correlation 380 
method. Note that the zero traveltime of measured traveltimes are arbitrary shifted to visually 381 
compare with the estimated traveltime. The trend of the traveltime anomaly variations over the 382 
azimuth range of AMeDAS stations, not the absolute traveltimes, should be compared with the 383 
trend of estimated  traveltime anomalies. 384 
  385 
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 386 

Figure 3. Four-day records of network-averaged (a) radial wind component, (b) temperature, and 387 
(c) pressure. The upper bound of the gray area is 𝑓(̅𝑡) + 𝜎(𝑡) and the lower bounds is 𝑓(̅𝑡) −388 𝜎(𝑡). For all records its mean is first removed (equation 2) so that the 4 day temporal average is 389 
zero. Two arrows indicate the arrivals of the Lamb pulse along the minor arc and one more great 390 
circle from Tonga. The same time shift 𝛥𝑡  that is used to stack the pressure record (equation 3) 391 
is applied to wind and temperature record for signal enhancement. (d), (e), and (f) are the 392 
magnified part of (a), (b), and (c) around the arrival of the first Lamb wave pulse, respectively. 393 
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 395 

Figure 4. Time-aligned, stacked and filtered (a) tangential wind component, (b) radial wind 396 
component, (c) atmospheric temperature, (d) atmospheric pressure records of the AMeDAS 397 
network around the first arrival of the Lamb wave pulse. Tangential and radial directions are 398 
defined so that the tangential direction is due west when the radial direction is due north. We 399 
applied the same polynomial filtering used in section 3.1 to the records in Figures 3d-f and to 400 
stacked tangential wind component record (not shown in Figure 3). The red lines in the radial 401 
wind component and temperature are synthesized from the pressure record based on the linear 402 
equation of motion of fluid (equation 6) and the adiabatic pressure change (equation 8). 403 
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