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18 Abstract

19 Multi-group of strong atmospheric waves (wave packet #1-#5) over China associated
20  with the 2022 Hunga Tonga—Hunga Ha’apai (HTHH) volcano eruptions were observed in the
21 mesopause region using a ground-based airglow network. The phase speed wave packet #1
22 and wave packet #2 is approximately 312 m/s and 238 m/s respectively, which is consistent
23 with Lamb wave LO mode and L1 mode from theoretical prediction. The wave fronts of Lamb
24 wave L0 and L1 below the lower thermosphere are vertical, while the wave fronts of LO mode
25  tilt forward above exhibiting internal wave characteristics, which show good agreement with
26  the theoretical results. Two types of tsunamis were simulated, one type of tsunami is induced
27 by the atmospheric pressure wave (TIAPW) and the other type tsunami is directly induced by
28  the Tonga volcano eruption (TITVE). From backward ray tracing analysis, the TIAPW and
29  TITVE were likely the sources of the acoustic-gravity waves (AGWs) accompanying wave
30  packet #2 and wave packet #4-5, respectively. The scale of tsunamis near the coast is very
31  consistent with the atmospheric AGWs observed by the airglow network. The AGWs triggered
32 by TITVE propagate nearly 3000 km inland with the support of duct and persist for about 4.5
33  hr and almost covers the Chinese Mainland. The atmospheric pressure wave can directly affect
34  the upper atmosphere, and can also be coupled with the upper atmosphere through the indirect
35  way of generating tsunami and subsequently tsunami generating AGWs, which will provide a

36 new understanding of the coupling between ocean and atmosphere.
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37 1. Introduction

38 Hunga Tonga—Hunga Ha’apai (HTHH) volcano, which erupted at 04:14:45 UT on
39 January 15, 2022, produced the largest volcanic eruption in terms of energy release of a single
40  event since the Krakatoa volcanic eruption (Symons, 1888) in 1883. This volcanic eruption
41  triggered broad spectrum atmospheric disturbances (Adam, 2022; Duncombe, 2022; Wright et
42 al., 2022), including Lamb waves (Kanamori and Given, 1983, Zhang et al., 2022), acoustic
43 waves, gravity waves (GWs) (Fritts and Alexander, 2003; Liu et al., 2022), and shock waves
44  (Astafyeva et al., 2022). In addition, the travelling ionospheric disturbances (TIDs) caused by
45  this volcanic eruption have also been reported (Themens et al., 2022; Lin et al., 2022).

46 Lamb waves are external wave propagating along Earth’s surface at the speed of sound
47  (Beer, 1974). They are non-dispersive or nearly non-dispersive (Francis, 1973) and can
48  propagate horizontally over long distances. Lamb wave mainly occupies the troposphere, and
49  its perturbation pressure decays exponentially with height (Yeh and Liu, 1974). The Lamb
50 waves excited by the Tonga volcano eruptions went around the Earth several times
51  (Duncombe, 2022; Amores et al., 2022). Liu et al. (2023) reproduced the Lamb wave L0 and
52 L1 modes consistently with theoretical predictions (Francis, 1973) using high-resolution
53  Whole Atmosphere Community Climate Model with thermosphere/ionosphere extension
54  (WACCM-X). Li et al. (2023) identified Lamb wave L1 mode from GNSS TEC analysis.

55 The 2022 HTHH volcano eruption triggered tsunamis that affected the whole world
56  (Carvajal et al., 2022; Ghent et al., 2022). Tsunamis are typically generated by localized sea
57  surface displacements caused by sources such as earthquakes and volcanoes, similar to the

58  tsunamis directly induced by the 2022 Tonga volcano eruption (TITVE). Another significant
3
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59  mechanism that occurred was the atmospheric pressure wave that excited the tsunamis
60 (Kubota et al., 2022; Gusman et al., 2022). Tsunami can generate upward propagating AGWs
61  through water-air interface and propagate to the height of the thermosphere/ionosphere (Hines,
62  1972; Peltier and Hines, 1976; Pradipta et al., 2023; Hickey et al., 2009, 2010; Occhippinti et
63  al., 2013; Vadas et al., 2015). Using the red line airglow imager, Makela et al. (2011) detected
64  airglow disturbance in Hawaii that arrived before the tsunami. Also using the redline airglow,
65  Smith et al. (2015) observed sea wave and GW almost simultaneously in Chile. Inchin et al.
66  (2020) used a 3D numerical model to simulate the atmospheric AGWs generated by tsunami.
67 They found that bathymetry variations significantly affected the tsunamis and the AGWs
68  excited by tsunamis, leading to their nonlinear evolution process. More recently, Inchin et al.
69  (2022) simulated the modulation of tsunami induced AGWs on the mesopause airglow
70  radiation, and found that large-scale tsunamis can cause detectable and quantitative
71 disturbances of mesopause airglow through AGWs.

72 As far as we know, the research on the impact of tsunamis induced atmospheric AGWs
73 on the atmosphere and ionosphere shown above is all caused by conventional tsunami. There
74 are only two studies on the ground-based airglow observations of AGWs caused by this
75  typical type tsunami, and both are limited to red line observations (Makela et al., 2011; Smith
76 et al., 2015). However, the observation of tsunami induced GWs in the mesopause region
77  observed by ground-based airglow imaging has never been reported. Neither has AGWs
78  originate from tsunamis induced by the atmospheric pressure wave (TIAPW) been studied. In
79  this study, we first reported the propagation characteristics of the AGWs generated by the

80  tsunamis triggered by the 2022 HTHH volcano eruptions in the mesopause region using the
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81  ground-based airglow observation network. We then focus on the coupling process of

82  atmospheric pressure waves triggering tsunamis, and then tsunamis generating atmospheric

83 AGWs (air-water-air-coupling process) in the far-field area of the 2022 HTHH volcano

84  eruption.

gs 2. Data and Methods

86 2.1 Double layer airglow network

87 A multi-layer airglow observation network (Xu et al., 2021) was built to study atmospheric

88  disturbances excited by severe weather events, such as thunderstorms (Xu et al., 2015),

89  typhoons (Li et al., 2022) and volcanic activities. The multi-layer airglow observation network

90  mainly includes the OH airglow network, which has been used to observe the airglow layer at

91 the height of 87 km; the OI airglow network has been used to observe the airglow layer at the

92  height of 250 km. In addition, there were 557 nm airglow and Na airglow imagers installed at

93  some stations, such as Xinglong Station. The airglow network can provide observation with

94  high temporal and spatial resolution. The temporal resolution is 1 min and the spatial

95  resolution is 1 km. The airglow image was calibrated with the help of standard star map and

96 projected into geospatial space. The background radiation is removed by differential method,

97  to highlight atmospheric fluctuations.

98 2.2 Tsunami simulation model

99 Tonga submarine volcano erupted on 15 January 2022, and generated tsunamis that were
100  detected around the globe, affected particularly the Pacific region. In this study, two types of
101  tsunamis were simulated, conventional tsunami simulations and atmospheric pressure

102  wave-induced tsunami simulations. For the tsunami simulations from a localized source, a
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103 B-spline function (Koketsu and Higashi, 1992) is used to represent the circular water uplift
104  source at the volcano. For the second type of tsunami source, the atmospheric pressure wave
105 model is based on the Equation (1) in Gusman et al. (2022). The moving change pressure
106  terms as an input to tsunami simulation momentum equation. For detailed tsunami simulation
107  algorithms, please refer to Gusman et al. (2022).

108 2.3 Ray tracing method

109 The following ray tracing equations (Lighthill, 1978) describes the propagation path of AGWs.

& _Se_,
T, Ca
110 dt Ok, (1)
dk _ %0
112 There is no real-time temperature data available in this study. Temperature data used to

113 study the propagation characteristics of AGWs is from the Sounding of the Atmosphere using
114  Broad band Emission Radiometry (SABER) instrument on the Thermosphere Ionosphere
115  Mesosphere Energetics and Dynamics (TIMED) satellite. There are three TIMED satellite
116  tracks with descending track at about 12:07 UT and ascending track at about 21:18 UT and
117  with ascending track at about 22:54 UT inland China as shown in Fig.7a. Using the dispersion
118  relation of acoustic gravity wave (Yeh and Liu, 1974), we can assess the vertical propagation

119  state of AGWs. The dispersion relation is as follows
2

2 2
120 m =”—2(1—%)—k2(1—%) 3)

K

121 where m is the vertical wave number, £ is the horizontal wave number, ¢ the local speed of

122 sound, w = k(¢ —u) is intrinsic frequency, c is the horizontal phase speed, u is the background

123 wind speed in the direction of wave propagation from Horizontal Wind Model 14 (HWM-14)
6
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dT . . dT -Dg .
124  (Drob et al., 2015). @] =§E+% is acoustic cutoff frequency, @, :§Z+(7/}/—H)gls

125  buoyancy frequency, g is the gravitational acceleration, and T is temperature from the SABER/
126  TIMED satellite observation. When o>, or o<wp, m>> 0, AGW can propagate freely, while
127  when op<o<w,, m’< 0, the wave is evanescent.

128 3. Results and Discussion

129 3.1 Upper Atmospheric Airglow Responses to HTHH Volcanic Eruption via Lamb
130 Waves

131 Five groups of atmospheric waves (wave packet #1-5) were observed in the mesopause
132 region by the ground-based airglow network. Figure 1 shows the wave packet #1 observed at
133 each station of the OH airglow network (top panels). Wave packet #1 entered the view of the
134  OH airglow network approximately 8 hr after the HTHH volcanic eruption. Three hours after
135  wave packet #1 entered the field of view, wave packet #2 was observed by the OH airglow
136  network. The leading front of wave packet #2 has an uninterrupted continuous front, which
137  almost covers the whole Chinese Mainland (middle panels). Interestingly, we observed AGWs
138  accompanying wave packet #2 (hereafter wave packet #3) over the northwest region of the
139  Yellow Sea (Middle image of middle panels). Wave packet #2 always keeps a stable state in
140  the process of propagation, and maintains a regular front when propagating over Lhasa Station
141 (29.7°N, 91.0 °E). Wave packet #4 exhibits strong instability characteristics during
142 propagation. Compared to the continuous leading front of wave packet #2, the fronts of wave
143 packet #4 and #5 are separated (bottom panels). We also found that wave packet #5 (Left
144  image of bottom panels) propagate more than 3000 km inland (propagating to the area west of

145  longitude 90°E).
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146
147  Figure 1 Five strong group atmospheric waves associated with the Tonga volcano eruptions were observed

148  in the mesopause region by the ground-based airglow network.

149 Figure 2 shows the relationship between horizontal phases speed and relative amplitude
150  and longitude. The phase speed of wave packet #1 is approximately 312 m/s. Wave packet #2
151  displays a slightly slower phase speed, with average phase speed of 238 m/s. The horizontal
152 phase velocity of group wave packet # 4-5 is less than that of the first GW, which is
153 approximately 207 m/s. For wave amplitude, the relative amplitude of wave packet #2 is
154  greater than that of wave packets #1 and # 4-5, with a maximum amplitude of nearly 30%, and

155  wave packet #4-5 has the smallest relative amplitude.
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Figure 2 Variation of (a) phase speed and (b) relative amplitude of GWs with longitude.

The HTHH volcano eruption produced Lamb waves that propagate around the globe®,
causing sudden changes in surface pressure. Figure 3 shows vertical distribution
characteristics of atmospheric waves caused by Tonga volcano eruption from the surface to the
thermosphere atmosphere. Figure 3d shows the surface air pressure data of Xinglong station
(40.4°N, 117.6 °E). At 13:15 UT on January 15, 2022, the air pressure dropped sharply from
920 Pa to 917.7 Pa, indicating that Lamb wave arrived at the surface of Xinglong station at
13:15 UT. A small disturbance of air pressure occurs at 16:33 UT. The time when wave packet
#1 (Fig. 3b) and wave packet #2 (Fig. 3c) reach the zenith direction of Xinglong Station from
OH airglow observation is 13:13:34 UT and 16:32:16 UT, which matches the time for surface
pressure disturbances quite well. The phase speed of the wave packet #1 (~312 m/s) is very
close to the speed of surface Lamb wave (L0 mode). The wave packet # 2 with a slower phase

speed (~238 m/s) is consistent with the Lamb wave L1 mode in theoretical predictions

EGUsphere\
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170  (Francis, 1973) and simulations from WACCM-X model (Liu et al., 2023). However, at almost
171  the same time, the wave front observed in the thermosphere with a slightly faster phase speed
172 of 342 m/s is nearly 550 km a head of the wave front in the mesopause region in the horizontal
173  propagation direction and ahead of time approximately 30 min (Fig. 3a). This is in good
174  agreement with theoretical and modeling results (Fig. 4 of Lindzen and Blake, 1972; Fig. 2 of
175  Liu et al. 2023), which show that the wave fronts of Lamb wave LO below the lower
176  thermosphere are vertical and tilt forward above. As for Lamb wave L1 mode, the ground and
177  mesopause region provide waveguide surfaces, resulting in maximum wave energy between
178  the two layer, while the phase does not change with height (Francis, 1973).

179 As mentioned above, the amplitude of Lamb wave L1 mode in the mesopause region is
180  greater than that of LO mode, which may be due to the fact that L1 mode is an internal wave
181  below the mesopause (Liu et al. 2023). For an isothermal atmosphere, the Lamb wave L0

xz/H

182  mode amplitude grows with altitude z ase*”" ,where H is the scale height, x = (y —1)/y , andy

183 is the ratio of specific heats (~1.4). However, the amplitude of internal GWs varies as e”*" .

184  The amplitude of internal waves increases with height at a rate greater than that of surface

185  modes.

10
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187  Figure 3 (a) OI 630 nm airglow observation at 13:13:18 UT. OH airglow network observations when (b)
188  wave packet #1 and (c) wave packet #2 pass through the zenith direction of Xinglong Station at 13:13:34
189  UT and at 16:32:16 UT, respectively. (d)The surface pressure profile obtained from Xinglong observation
190  station. The sudden change of air pressure at 13:15 UT indicates the arrival time of Lamb wave L0. A small
191  disturbance of air pressure occurs at 16:33 UT indicates the arrival time of Lamb wave L1. The yellow stars

192 represent the position of the Xinglong station.
193
194
195
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197  Figure 4 The red solid lines indicate leading wave front of the wave packet #2. The yellow solid line marks
198  other wave fronts, which are clearly not parallel to the wave fronts of wave packet #2.

199 Figure 4 shows the time sequence of propagation image of wave packet #3. We found
200 that with the propagation of wave packet #2, there is an AGW with a certain angle between its
201  phase plane and the phase plane of wave packet #2. This implies that the source of the wave
202  packet #3 is different from that of wave packet #2. The horizontal wavelength of the wave
203 packet #3 near the coast is 84 km + 5 km. We find the horizontal wavelengths of the
204  atmospheric AGW observed by airglow network are very consistent with the simulated

205  tsunamis near the coast.

206 3.2 Simulation of Tsunami induced by HTHH Volcano Eruption

207 The 2022 HTHH volcano eruption triggered global atmospheric pressure waves. The
208  simulated atmospheric pressure waves propagateat an approximate constant speed of 317 m/s,
209  and the amplitude decreases with the distance from the volcano(Gusman et al., 2022). Figure 5

210  shows snapshots of the TIAPW and TITVE simulation results. The leading TIAPW excited by

12
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211 the pressure disturbances travels at the same speed as the atmospheric pressure wave. The
212 propagation speed of TITVE from the shallow water (long) wave approximationis v = \/g_HO
213 (Salmon, 2014), where g is the gravitational acceleration and H,, is the ocean depth. For sea
214  water with a general depth of 4 km, the speed of shallow water wave is about 200 m/s.
215  Therefore, the TIAPW is significantly faster than the TITVE. We found that the TIAPW
216  arrived along the coast of Chinese Mainland about 4-5 hours earlier than the TITVE. However,
217  in the relatively shallow Yellow Sea, the leading TIAPW is very small and only the later

218 waves of the TIAPW are relatively large.

13
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220  Figure 5 Snapshots of simulated tsunamis induced by the atmospheric pressure wave (left panels) and
221  tsunamis directly induced by the Tonga volcano eruption (right panels).

222 3.3 Upper atmosphere responses to HTHH volcanic eruption via Air-Sea Interaction
223 Figure 6 shows the simulation results of TTAPW and TITVE near the coast of Chinese

14
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224 Mainland11 hr (15:15 UT) and 15 hr (19:15 UT) after the volcanic eruption, respectively.
225 Air pressure waves are not very efficient at directly exciting tsunamis in shallow water due
226 to the weaker air-sea coupling (Gusman et al., 2022; Yamada et al., 2022). The Yellow sea is
227 quite shallow, so the amplitude of the leading of TIAPW is very small there. The leading
228 wave is followed by subsequent waves with larger amplitudes, which propagate in the same
229 direction as the leading wave but at the conventional tsunami speed (Gusman et al., 2022).
230 We found that the TIAPW and TITVE on the continental shelf have shorter wavelengths
231 compared with those in the deep ocean. When the tsunamis approached the coast of China,
232 three groups of AGWs (wave packet #3 and wave packet #4-5) were observed by the
233 airglow network. The time when the AGW entered the view of the airglow network was
234 very close to the time when the Tonga tsunamis reached the coast of Chinese Mainland. The
235 wave packet #3 entered the airglow network at 15:30 UT and the wave packet #4-5 entered
236 the airglow network at 19:40 UT. This strongly suggests that the wave packets detected by
237 the airglow network are correlated to the tsunamis near the coast. We found that as the

238 tsunamis approached the coast of China, they diffracted between Taiwan and Philippines

239 and became discontinuous. And the wave packet #4 and #5 we observed was also
240 discontinuous, which further confirms the correlation between wave packet # 4-5 and
241 discontinuous tsunamis. We estimate that the average wavelength of TIAPW near the coast

242 of the Yellow Sea is approximately 82 km + 4 km, while the average wavelengths of TITVE
243 near the coast of the Yellow Sea and South Sea are 95 + 5 km and 86 + 5 km, respectively.

244

15
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246 Figure 6 Simulated tsunamis induced by the atmospheric pressure wave (left panels) and tsunamis directly
247 induced by the Tonga volcano eruption (right panels) near the coast of Chinese Mainland. The marked time
248 represents the time after the volcanic eruption.

249 Figure 7b shows the square of vertical wave number m? profile (black) derived from the
250 average temperature from the limb viewing of the Sounding of the Atmosphere using SABER/
251  TIMED measurement locations marked by the red circles and triangles in Fig.7a. We take the
252  average temperature of ascending track #land descending track #1 serves as the background
253  temperature for the wave packet #3 and ascending track #1 as the background temperature of
254  the wave packet #3 when they propagate in the coastal vicinity. We take ascending track #2 as
255  the background temperature of wave packet #3 when they propagate inland China. The wind
256  field is from ERA-5 (Hersbach et al., 2020) and HWM-14. The peak height of OH airglow
257  layer is 87 km. We found that the propagation of wave packet #3 (dash-dotted line) is in a state
258  of free propagation in the coastal vicinity.

259 Figure 8 shows the results of ray tracing for the wave packet #3. We find that the source
260 location of AGWs over the coast of Chinese Mainland falls in the near coast where the

261  tsunami occurred. Therefore, we suggest that the waves with larger amplitudes following the
16
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262  leading of TIAPW interact with the atmosphere after arriving at the coast of Chinese Mainland

263  to generate the upward propagating AGW packet.
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264

265  Figure 7 (a) Ascending and descending SABER/TIMED satellite tracks over Chinese Mainland. Background
266  representative ocean depth map. (b) Square of vertical wave number m? profiles: black solid line profile
267 derived from the ascending track #2 (marked by the red circle), dotted line profile derived from the
268 ascending track #1-North (marked by the red circle), dashed line profile derived from the ascending track
269  #1-South (marked by the red triangle), and dash-dotted line profile derived from the average the ascending
270 track #1 and descending track #1 (marked by the red circle) from the SABER/TIMED measurement
271  locations in (a). The red line represents the OH 1.6 um emission intensity obtained by the SABER/TIMED.
272

273
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274

275 Figure 8 (a) Backward ray tracing results of the wave packet #3 observed by the OH airglow network. The
276  red triangles and red crosses represent the trace start and termination points, respectively. (b) Simulated
277  tsunamis induced by the atmospheric pressure wave (TIAPW) corresponding to the dotted rectangular area in

278  (a). (c) Ray paths of the wave starting from the seven sampling points in (a).

279 According to the theory of AGW dispersion, the AGW propagating obliquely has the
280  following approximate relationship: sin(¢) ~T,/T, ¢ is the oblique propagation angle, T,
281 is the buoyancy period, 7 is the intrinsic period. Azeem et al. (2007) found that the
282  disturbances in the ionosphere excited by the 2011 Tohoku tsunamis when they reached the
283  west coast of the United States. They concluded that the fluctuations observed in TEC satisfy
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284  AGW dispersion relation, and the period and horizontal wavelength of the TEC disturbances

285  increased with distance from the West Coast of the U.S.

286 From the airglow network observations, we found that the wave packet #4-5 excited by

287  the tsunamis, continues to propagate over the main land more than 3000 km from the coast. If

288 the AGWs observed by the airglow network satisfy the dispersion relation, we will obtain the

289  propagation characteristics similar to that observed by Azeem et al. (2007) in the ionosphere

290  from TEC observations. T, is about S5min from the SABER/TIMED observation. The period of

291  wave packet #3 is between 5.5 min and 8.5 min. The minimum propagation angle ¢ equals

292 35° , and the corresponding maximum propagation distance L is 125 km from L~Hx/tan( ¢ )

293 estimation, where H,;,=87 km is the height of OH airglow layer. However, our observation

294  does not satisfy the free oblique propagation dispersion theory of AGWs. In addition, we did

295  not find that the GW horizontal wavelength increased with the distance from the shore, as

296 predicted by the theory of AGW oblique propagation. Therefore, the AGWs excited by the

297  tsunami we observed in the mesopause region may be modulated by duct.

298 We did find a duct structure between 80 and 93 km (black solid line in Fig. 7b), while
299  the wave packet #3 were in a state of free propagation when they propagate around the coastal
300 vicinity of Chinese Mainland (dotted line and dashed line). The duct almost includes the whole
301  OH airglow layer. Therefore, we believe that AGWs generated by TITVE may enter the duct in
302  the process of propagation over Chinese Mainland. The duct structure over Chinese Mainland
303 can explain that the GWs generated by the tsunamis can propagate thousands of kilometers
304 inland.

305 Figure 9 shows the results of ray tracing for wave packet #4-5. The horizontal
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306  wavelength of wave packet #4 and #5 observed near the coast by the OH airglow network
307 approximately 89 km + 6 km and 80 km + 4 km. We find that the source location of AGWs
308  over the coast of Chinese Mainland falls in the near tsunami area, while the location of AGW
309 ray termination over the inland (position B6 and B7 in Fig. 9d) is around 80 km, which
310 indicates that the wave meets the evanescent layer (Wrasse et al., 2006). This is consistent
311 with the duct structure obtained through dispersion relation. Therefore, we suggest that TITVE
312  interact with the atmosphere after arriving at the coast of Chinese Mainland to generate the
313  upward propagating AGW packet. After reaching the mesopause region, this wave packet
314  enters the wave duct structure in the horizontal propagation process, and this wave duct

315  supports wave packet #3 to propagate more than 3000 km inland China.
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317 Figure 9 (a) Backward ray tracing results of the fourth and five group GWs observed by the OH airglow
318 network. The red triangles and red crosses represent the trace start and termination points, respectively. (b)
319 and (c) Simulated tsunami directly induced by the Tonga volcano eruption (SWITVE) corresponding to the
320 dotted rectangular area in (a). (c) Ray paths of the wave starting from the seven sampling points in (a).

321 4. Conclusions

322 Strong atmospheric disturbances, including Lamb waves, acoustic waves, and gravity
323 waves, were triggered by the 2022 HTHH volcano eruption. The HTHH submarine volcanic
324  eruption also triggered an unusual tsunami, which can generate atmospheric gravity waves
325  (Fig. 10). We observed five strong group atmospheric waves associated with the HTHH
326 volcano eruption from the ground-based airglow network observations.

327 The phase speed of the wave packet #1 is approximately 312 m/s, which is observed
21
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328  almost simultaneously with the surface Lamb wave LO mode. Wave packet #2, with average
329 phase speed of 238 m/s, has been confirmed as Lamb wave L1 mode from theoretical
330 prediction. Wave packet # 3 and wave packet #4-5 are generated by TIAPW and TITVE from
331  backward ray tracing analysis. The horizontal phase speed of the wave packet #4-5 is less than
332 that of the wave packet #1 and wave packet #2, which is approximately 207 m/s. The
333  horizontal wavelengths of the atmospheric AGWs observed by the airglow network are very
334  consistent with those of the tsunami near the coast. This is the first time that we observed the
335 AGWs triggered by the oceanic waves in the mesopause region using optical detection
336 equipment. It is also the first time to report atmospheric gravity waves excited by TIAPW.

337 The AGWs generated by TITVE propagate nearly 3000 km inland and almost covers the
338 entire Chinese Mainland. When the wave excited by TITVE propagate far away from the coast,
339  the characteristics of AGWs are not consistent with the dispersion of free propagation AGWs.
340 We find these wave packets are controlled by the duct, which can support the propagation of
341  these GWs for thousands of kilometers after the tsunami were stopped at the coast. Therefore,
342  ocean waves can have a significant impact on the upper atmosphere over inland areas far from
343  the ocean through AGWs.

344 The surface atmospheric pressure wave generated by the 2022 HTHH volcano eruption
345  can directly affect the upper atmosphere. The atmospheric pressure wave from the eruption
346  generated a fast tsunami never before observed by tsunami observation networks. When the
347  tsunamis reach the coast, their speeds decrease but their amplitudes increase, and the
348  atmospheric gravity wave generated by them will also affect the upper atmosphere. Therefore,
349 it exhibits special dynamic coupling process between air and sea via acoustic gravity waves
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350 (Fig. 10). This indirect impact on the upper atmosphere provides a new perspective for us to

351  study the coupling between the ocean and the atmosphere.

Atmospheric pressure wave

Lamb wave 1 Lamb wave 0

Acoustic-gravity waves

Deep water Coastal shelf

352
353  Figure 10 The Tonga volcano eruptions triggered two types of tsunamis, one type of tsunami is induced by
354  the atmospheric pressure wave (TIAPW) and the other type tsunami is directly induced by the Tonga
355  volcano eruption (TITVE). The acoustic gravity waves (AGWs) caused by tsunamis can propagate to the
356 mesopause region.
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