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Abstract 10 

Tsunamis generated by atmospheric pressure waves due to a volcanic eruption were investigated based on both 11 

the proposed estimation formulas and numerical calculations. First, assuming linear shallow water conditions, 12 

estimation formulas were proposed for the maximum possible amplitude and the resonance distance. Second, 13 

the fundamental properties of tsunamis generated by atmospheric pressure waves were examined numerically 14 

using both the nondispersion and weak dispersion models. Based on the numerical results, a ridge and shelf 15 

can amplify tsunamis due to atmospheric pressure waves beyond the limits of the Proudman resonance. The 16 

estimated and numerically determined maximum possible amplitudes agreed well when the dispersion of 17 

tsunamis was not large. Third, the distribution maps of the maximum possible amplitude and the resonance 18 

distance for various traveling velocities of atmospheric pressure waves were generated using the proposed 19 

formulas. The maximum tsunami amplitude depends on both the length of the excitation area and the resonance 20 

distance along the path of atmospheric pressure waves. The worldwide distribution of both the tsunami height 21 

and the appearance time of the maximum tide level fluctuations due to the 2022 Tonga volcanic eruption and 22 

several historical eruptions were interpreted based on the distribution maps. In the historical large eruptions, 23 

the period of the atmospheric pressure waves was shorter; thus, the dispersion effect was larger, resulting in a 24 

smaller tsunami amplitude. 25 

 26 

  27 
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Introduction 28 

Due to the large eruption of the 2022 Hunga Tonga-Hunga Ha’apai volcano at around 13:00 on January 29 

15, 2022 (JST), tsunamis were observed off the Pacific coast (Japan Standard Time (JST), UTC + 9 h, is used 30 

in this paper). The tsunamis with a height of around 1.5 m struck the capital Nuku’alofa of Tonga, 65 km away 31 

from the volcano, whereafter they attenuated to several tens of centimeters at the coasts of the neighboring 32 

countries1. Conversely, the tsunamis with a height of >1 m reached the coasts of the Pacific Rim countries far 33 

from Tonga, including New Zealand, Australia, Japan, Northern Alaska, Northern California, and Chile. For 34 

example, at Amami, Japan, large tide level fluctuations started at around 23:35, and the maximum total 35 

amplitude was >2.5 m1. Near the eruption site, the large attenuation of tsunamis was observed as in the 36 

tsunamis caused by a mountain collapse, landslide, and serge intrusion. Conversely, far from the eruption site, 37 

tsunamis with different properties were observed. For example, large tide level fluctuations started 55 min 38 

earlier than the predicted time of the tsunamis generated at the eruption site to arrive at Amami. Prior to this 39 

large fluctuations, abnormal tide level fluctuations started at around 20:50 in Amami, following the 40 

atmospheric pressure waves, which showed the peak value of atmospheric pressure deviation at 20:40 at 41 

Amami, based on the data obtained by Weathernews meteorological observer “Soratena.” The atmospheric 42 

pressure waves were observed all over Japan. On Chichijima Island, Japan, after the atmospheric pressure 43 

deviation showed the peak value at around 19:00, the abnormal tide level fluctuations started at 19:58, and the 44 

maximum tsunami height appeared at 22:521. Moreover, tsunamis were observed across islands and lands, 45 

including the Caribbean Sea, Indian Ocean, and Atlantic Ocean2. 46 

The atmospheric pressure waves originating from the large eruption of Krakatau in 1883 excited the 47 

abnormal tide level fluctuations at the coasts of Australia, the United States, South Africa, and the United 48 

Kingdom, far from the volcano3. However, the maximum amplitude of the tsunamis was approximately 0.3 m 49 

at most4. Regarding the 1991 Pinatubo volcanic eruption, although the volcanic eruption index (VEI) was 6, 50 

which is equal to or greater than that of the 2022 Hunga Tonga-Hunga Ha’apai volcanic eruption, tsunamis 51 

amplified to 1 m or more by atmospheric pressure waves were not reported. It has not been revealed why these 52 

large-scale volcanic eruptions did not cause large tsunamis. 53 

Recently established atmospheric pressure observations suggested that the atmospheric pressure 54 

vibrations due to the 2022 Hunga Tonga-Hunga Ha’apai volcanic eruption, which is referred to as the 2022 55 

Tonga eruption hereinafter, included different components such as the atmospheric Lamb waves, sound waves, 56 

and atmospheric gravity waves1. Based on both the tide gauge records and atmospheric pressure data, the 57 

relationship between the tsunamis and the atmospheric Lamb wave with the largest atmospheric pressure 58 

deviation, which was 2 hPa in Japan, has been numerically investigated. For example, tsunamis due to a pulsed 59 

atmospheric Lamb wave were simulated on a global scale using the linear shallow water model5. A pulsed 60 

atmospheric Lamb wave was idealized and one-dimensional nonlinear shallow water waves were calculated 61 

over model seabed topographies6,7. These studies indicated that the atmospheric Lamb wave can explain the 62 

initial time of the observed tide level fluctuations. Conversely, it was suggested that the atmospheric gravity 63 
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waves at a traveling velocity of 200−250 m/s, following the pulsed atmospheric Lamb wave, could cause an 64 

effective Proudman resonance8 in the areas of the Pacific Ocean with a water depth of 4000–5000 km, leading 65 

to large tide level fluctuations5. Moreover, the relationship between the atmospheric pressure spectra and bay 66 

water oscillations was examined9. Tsunamis with a height of 2 m were reported in Ensenada, Baja California 67 

and Manzanillo, Colima, Mexico10. However, the amplification mechanism of tsunamis with a total amplitude 68 

of over 1 m is still unknown, and the global tsunami height distribution has not been analyzed. 69 

In this work, we interpret the global tsunami height distribution due to the 2022 Tonga eruption. We first 70 

propose the estimation formulas for the maximum possible amplitude and resonance distance of tsunamis due 71 

to an atmospheric pressure wave. Second, we perform the verification of the estimation formulas for the 72 

maximum possible amplitude based on the one-dimensional numerical simulations of tsunamis using a 73 

pressure wave model. The effects of a ridge and shelf on the propagation processes of tsunamis due to 74 

atmospheric pressure waves are also evaluated numerically by simulating the tsunamis. Third, we interpret the 75 

global tsunami height distribution due to the 2022 Tonga eruption, based on the distributions of the maximum 76 

possible amplitude and resonance distance of tsunamis obtained using the estimation formulas. Finally, we 77 

summarize the tsunamis caused by atmospheric pressure waves due to several large historical eruptions. 78 

 79 

Results and discussion 80 

Verification of the estimation formula for the maximum possible amplitude of tsunamis due to atmospheric 81 

pressure waves 82 

The proposed estimation formulas for the maximum possible amplitude Hmax and the maximum possible 83 

wavelength Lmax of tsunamis due to an atmospheric pressure wave are as follows: 84 

𝐻𝐻max =
𝑎𝑎𝜌𝜌𝜌𝜌 �2 �1− �𝜌𝜌ℎ𝑣𝑣a ��−1 ,                                                                 (R1) 85 

𝐿𝐿max = 𝐿𝐿a ,                                                                               (R2) 86 

where a (Pa) is the maximum absolute value of the atmospheric pressure wave, ρ is the water density, g is the 87 

gravitational acceleration, namely 9.8 m/s2, h is the still water depth, va is the traveling velocity of the 88 

atmospheric pressure wave, and La is the wavelength of the atmospheric pressure wave. These equations were 89 

derived as Eqs. (M8) and (M9) in Methods. 90 

We first verified Eq. (R1) numerically by simulating one-dimensional wave propagation. The calculation 91 

region was −2000 km ≤ x ≤ 8000 km, and the still water depth h was 5500 m, which was the representative 92 

water depth in the Pacific Ocean near Japan. The peak location of the triangular pressure distribution p(x, t) 93 

was xp(t) = vat, where the initial location was xp(0 s) = 0 km. The initial water surface displacement was η(x, 0 94 

s) = −p(x, 0 s)/ρg, to balance the pressure and water surface profile, where the water density ρ was 1000 kg/m3. 95 

The pulses moved at a constant traveling velocity of va at 0 min ≤ t ≤ 200 min, and they stopped traveling at t 96 

= 200 min. 97 
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When an atmospheric pressure wave is traveling, the resonant water wave with a positive amplitude 98 

overlaps with the forced water wave with a negative amplitude under the atmospheric pressure wave; thus, the 99 

apparent tsunami amplitude is smaller than the corresponding tsunami amplitude evaluated by Eq. (R1). 100 

However, after the atmospheric pressure wave stops, the free wave is away from the forced wave under the 101 

atmospheric pressure wave; therefore, the tsunami amplitude of the free wave can be compared with the 102 

maximum possible amplitude Hmax using Eq. (R1). 103 

The conditions of the atmospheric pressure waves are listed in Tab. 1, where the quantities were 104 

determined with reference to the observed atmospheric pressure wave data shown in Fig. 7 in Method. The 105 

tsunami grows only when it overlaps with the atmospheric pressure wave; thus, the maximum tsunami 106 

amplitude depends on the resonance time τmax during which they overlap. The time τmax can be evaluated by 107 

Eq. (M6) in Method. In Case 5, the actual resonance time τ was equal to the traveling time of the atmospheric 108 

pressure wave, because the traveling time of the atmospheric pressure wave was shorter than the resonance 109 

time τmax. In such cases, the present estimation formulas can also be applied. 110 

 111 

Tab. 1. Conditions of atmospheric pressure waves. 112 

Case Phase Velocity 

va 

Maximum 

Pressure a 

Wave Period 

Ta 

Tsunami Amplitude 

Amplification Factor α 

Actual Resonance 

Time τ 

Maximum Possible 

Amplitude Hmax 

1 300 m/s 2 hPa 30 min 1.13×10−5 m/s 3980 s 0.045 m 

2 300 m/s 0.5 hPa 5 min 1.70×10−5 m/s 663 s 0.011 m 

3 250 m/s 0.5 hPa 5 min 1.70×10−5 m/s 2102 s 0.036 m 

4 250 m/s 0.5 hPa 2 min 4.25×10−5 m/s 841 s 0.036 m 

5 250 m/s 0.5 hPa 60 min 1.42×10−6 m/s 12,000 s * 0.017 m 

6 200 m/s 2 hPa 30 min 1.13×10−5 m/s 5596 s 0.063 m 

* The travel time of the atmospheric pressure wave, i.e., 12,000 s, was shorter than τmax = 25,230 s evaluated by Eq. (M6). 113 

 114 

Figure 1a shows the time variations of the water surface profiles due to the atmospheric pressure waves 115 

in Cases 1, 3, and 6, obtained using both the nondispersion and weak dispersion models. As shown in Fig. 1a, 116 

in Case 1, there was almost no difference between the results of the nondispersion and weak dispersion models. 117 

The tsunami amplitude was amplified until t = 60 to 75 min, which was close to the resonance time τmax, and 118 

consequently, the tsunami amplitude remained constant until the atmospheric pressure wave stopped traveling. 119 

The preceding tsunami propagated under the atmospheric pressure wave, whereas the subsequent tsunami 120 

propagated at a constant phase velocity of �gh. After the atmospheric pressure wave stopped traveling, the 121 

preceding tsunami was away from the atmospheric pressure wave, with a slightly increased amplitude, and the 122 

phase velocity changed from va to �gh. 123 

In Case 3, the ratio of the water depth to the wavelength of the tsunami was larger than that in Case 1; 124 

thus, the tsunami amplitude obtained using the weak dispersion model was less than that obtained using the 125 

nondispersion model. After the tsunami amplitude reaches the maximum possible amplitude Hmax, it remains 126 
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constant under the influence of atmospheric pressure waves, but once the tsunamis move away from the 127 

influence of atmospheric pressure waves, the tsunami amplitude is attenuated by wave dispersion in 128 

propagation. When the dispersion effect is large, the tsunami amplitude may be overestimated by the estimation 129 

formulas, but it can provide useful information for evacuation against tsunamis on the safe side immediately 130 

after an eruption when the atmospheric pressure waves are uncertain. 131 

In Case 6, where va < �gh, the preceding water wave propagated at a phase velocity of �gh, and the 132 

subsequent water wave propagated under the atmospheric pressure wave. The tsunami height from the 133 

dispersion model was slightly smaller than that obtained using the nondispersion model. 134 

Figure 1b depicts the relationship between the maximum amplitude ratio and the ratio of the still water 135 

depth h to the maximum possible wavelength Lmax, where Hcal and H’cal are the maximum amplitude of tsunamis 136 

after and before leaving the influence of atmospheric pressure waves, respectively, obtained by numerical 137 

calculations, and Hmax and HP,max are the maximum possible amplitudes of tsunamis away from and under the 138 

influence of the atmospheric pressure wave, respectively, where Hmax and HP,max can be estimated using Eq. 139 

(R1) and Eq. (M1) in Methods, respectively. 140 

As indicated in Fig. 1b, the estimated values of Hmax and HP,max under the shallow water assumption were 141 

in harmony with the calculated values obtained using the nondispersion model. However, when h/Lmax was 142 

large, the estimated values were larger than the corresponding calculated values obtained using the weak 143 

dispersion model. Thus, the actual tsunami height is smaller than the estimated value in a deeper water area 144 

when the wavelength of an atmospheric pressure wave is shorter because the maximum wavelength of the 145 

resonant wave depends on the wavelength of the atmospheric pressure wave. 146 

 147 

Fig. 1: Verification of the estimation formulas. 148 

a  149 
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b  150 

a Time variations of water surface profiles due to the atmospheric pressure waves in Cases 1, 3, and 6, the 151 

conditions of which are described in Tab. 1. The black line indicates the atmospheric pressure p. The blue and 152 

red lines indicate the water surface displacements η, obtained using the nondispersion and weak dispersion 153 

models, respectively. b Relationship between the maximum amplitude ratio and the ratio of the still water 154 

depth h to the maximum possible wavelength Lmax, where Hcal and H’cal are the maximum amplitudes of the 155 

tsunamis after and before leaving the influence of the atmospheric pressure wave, respectively, obtained by 156 

numerical calculations, and Hmax and HP,max are the maximum possible amplitudes estimated using Eqs. (R1) 157 

and (M1), respectively. The black and red plots indicate the results obtained using the nondispersion and weak 158 

dispersion models, respectively. The marks ●, 〇, ▲, △, -, and × denote the results for Cases 1, 2, 3, 4, 5, 159 

and 6, respectively. 160 

 161 

We investigated the effects of the ridge and shelf topographies between Tonga and Japan on tsunami 162 

propagation due to atmospheric pressure waves. Tsunamis caused by atmospheric pressure waves due to an 163 

eruption over seabed topography were theoretically and numerically investigated11,12. The seabed topography 164 

is depicted in Fig. 2a. 165 

The profiles of the atmospheric pressure waves were given by 166 𝑝𝑝(𝑥𝑥, 𝑡𝑡) = 0.5𝑎𝑎 [1.0 + cos (𝑘𝑘𝑥𝑥 −  𝜎𝜎𝑡𝑡)]    for   𝑥𝑥a− 0.5𝐿𝐿a − (𝑛𝑛 − 1)𝐿𝐿a < 𝑥𝑥 < 0.5𝐿𝐿a + 𝑥𝑥a ,          (R3) 167 

where the wave number and angular frequency are denoted by k = 2π/La and σ = 2π/Ta, respectively. The 168 

location of the peak of the first atmospheric pressure wave was xa(t) = va·t = (σ/k)·t. 169 

When the number of the atmospheric pressure waves, n, is 10, the time variations of water surface profiles 170 

are presented in Fig. 2b, where a = 0.5 hPa, va = 250 m/s, La = 75,000 m, and Ta = 300 s. Figure 2c depicts the 171 

maximum water level distributions, when n is 1 or 10. 172 

First, regarding the results obtained using the nondispersion model, when the atmospheric pressure waves 173 

travel over the uniform still water depth, a wave group of tsunamis with the maximum possible amplitude Hmax 174 

of approximately 0.36 m are generated, indicating beating water level fluctuations with both nodes and 175 
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antinodes. For example, a node is formed at x ≃ 1200 km and 1900 km. 176 

Second, after the wave group passes through the ridge, the tsunamis that followed the atmospheric 177 

pressure waves like forced waves leave the influence of the atmospheric pressure waves, changing the phase 178 

velocity instantly from va to �gh . Later, the atmospheric pressure waves that leave the tsunamis start to 179 

generate new tsunamis; therefore, the number of tsunamis increases even without wave disintegration. 180 

Therefore, the new wave group behind the ridge is composed of two types of resonant waves with different 181 

phase velocities, resulting in beating in which the subsequent tsunami amplitudes increase and decrease 182 

periodically. The tsunami amplitude is amplified to approximately twice as much as Hmax by the 183 

superimposition of the water wave propagating as free waves with a phase velocity of �gh and new water 184 

wave generated behind the ridge with a phase velocity of va. 185 

Third, when this beating wave group reaches the shelf slope, the atmospheric pressure waves instantly 186 

leave the tsunamis, and the phase velocity of all the components of tsunamis becomes �gh, stopping periodic 187 

beating. Therefore, depending on the timing of beating when passing through the shelf slope, tsunamis with an 188 

amplitude larger than Hmax are incident on the shelf, even without amplification due to shallowing over the 189 

shelf slope. 190 

Conversely, regarding the results obtained using the weak dispersion model, although the amplitude of 191 

the tsunamis generated and amplified by multiple atmospheric pressure waves is spatially periodic and 192 

increases by passing through the changes in the water depth, the tsunami amplitude is smaller than that 193 

calculated using the nondispersion model. As the wavelength or period of atmospheric pressure waves 194 

decreases, the wave dispersion becomes more effective, and the tsunami amplitude decreases. Thus, the 195 

influence of the shorter-period components of atmospheric pressure waves with much dispersion of tsunamis 196 

is relatively smaller on the amplification of tsunamis. 197 

 198 

Fig. 2: Propagation of tsunamis due to atmospheric pressure waves over a ridge and shelf. 199 

a  200 
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b  201 

c  202 

a Seabed topography including a ridge and shelf, where the largest water depth h was 5500 m. The ridge height 203 

was 2000 m and the ridge width was 200 km. The shelf-slope width was 50 km and the water depth over the 204 

shelf was 200 m. b Time variations of water surface profiles every 15 min. The black line indicates the 205 

atmospheric pressure p. The blue and red lines indicate the water surface displacements η, obtained using the 206 

nondispersion and weak dispersion models, respectively. c Distributions of the maximum water levels. The 207 

blue and red lines indicate the results calculated using the nondispersion and weak dispersion models. The 208 

broken and solid lines indicate the results when the number of the atmospheric pressure waves, n, is 1 and 10, 209 

respectively. The broken black line indicates the result without the ridge when n is 1, calculated using the 210 

nondispersion model. 211 

 212 

Interpretation of the global tsunami height distribution 1: Distributions of the maximum possible amplitude 213 

for various traveling velocities of atmospheric pressure waves 214 

Figure 3a summarizes the maximum total amplitudes in the tide level fluctuations at various locations 215 
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pointed with circles2. The color map presents the bathymetry of GEBCO. The mark ☆ indicates the site of the 216 

2022 Tonga eruption, the distance from which is indicated by isolines every 1000 km. 217 

Using the seawater depth h depicted in Fig. 3a, the distributions of the maximum possible amplitude Hmax 218 

based on Eq. (R1) in which the seawater density ρ was assumed to be 1020 kg/m3 are shown in Fig. 3b for 219 

various traveling velocities of atmospheric pressure waves. Although the regional difference in the period of 220 

atmospheric pressure waves is not large, that in the pressure deviation is large: assuming that the atmospheric 221 

pressure waves propagate concentrically, the pressure deviation is larger near the eruption site, decreases in, 222 

e.g., Japan located approximately 1/4 of the circumference of Earth, and beyond Japan, converges and grows 223 

larger. In the present study, avoiding overestimation, we used the representative values of the atmospheric 224 

pressure waves following the Lamb wave in Japan, a was 0.5 hPa and Ta was 5 min. The isolines indicate the 225 

distance from the site of the 2022 Tonga eruption every 1000 km. The maximum possible amplitude is larger 226 

in deeper water areas with a water depth h in the range of 2000–9000 m, indicating that the tsunami amplitude 227 

in coastal regions with h of 5 m is 4.5–6.5 times based on the Green law. 228 

 229 

Interpretation of the global tsunami height distribution 2: Distributions of resonance distance for various 230 

traveling velocities of atmospheric pressure waves 231 

Figure 3c depicts the resonance distance λmax based on Eq. (M7) in Methods for various traveling 232 

velocities of atmospheric pressure waves. The isolines indicate the distance from the site of the 2022 Tonga 233 

eruption at every 1000 km. The resonance distance λmax indicates whether the maximum possible amplitude 234 

Hmax presented in Fig. 3b can be achieved or not. 235 

 236 

Fig. 3: Global estimation of tsunamis excited by atmospheric pressure waves. 237 

a    238 

b 239 
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 240 



11 

 

c  241 

a Maximum total amplitudes of the tide level fluctuations at various locations pointed by circles2. The color 242 

map presents the bathymetry of GEBCO. The color of the marks ▽ indicates the maximum tsunami height 243 

from the observed data of UNESCO/IOC. The mark ☆ indicates the site of the 2022 Tonga eruption, the 244 

distance from which is indicated by isolines every 1000 km. b Distributions of the maximum possible 245 

amplitude Hmax predicted using Eq. (M8) for various traveling velocities of atmospheric pressure waves, where 246 

the upper limit of the maximum possible amplitude was 0.1 m. The maximum absolute value of the 247 

atmospheric pressure, a, and the period of the pulse, Ta, were 0.5 hPa and 5 min, respectively. The seawater 248 

density ρ was assumed to be 1020 kg/m3. The maximum total amplitudes of tide level fluctuations2 depicted 249 

in Fig. 3a are also indicated at the locations pointed with circles. The isolines indicate the distance from the 250 

site of the 2022 Tonga eruption every 1000 km. c Distributions of resonance distance λmax predicted using Eq. 251 

(M7) for various traveling velocities of atmospheric pressure waves, where the upper limit of the maximum 252 

possible amplitude was 0.1 m. The maximum absolute value of the atmospheric pressure, a, and the period of 253 

the pulse, Ta, were 0.5 hPa and 5 min, respectively. The isolines indicate the distance from the site of the 2022 254 

Tonga eruption every 1000 km. The maximum total amplitudes of tide level fluctuations2 depicted in Fig. 3a 255 

are also indicated at the locations pointed by circles. 256 

 257 
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Interpretation of the global tsunami height distribution 3: Global tsunami height distribution caused by 258 

atmospheric pressure waves due to the 2022 Tonga eruption 259 

We consider the global tsunami height distribution based on both Hmax and λmax shown in Figs. 3b and 3c, 260 

respectively. Specifically, the tsunamis in each area were as follows: 261 

(1) Pacific islands 262 

The observed tide level fluctuations in the island regions, namely Fiji-Suva, Tuvalu-Fongafale, Naul, 263 

Micronesia-Chuuk, Mariana Islands, and Saipan, located 700–5820 km northwest of Tonga were relatively 264 

small in range of 0.1–0.3 m, as indicated in Fig. 3b and Tab. 2. Although Fig. 3b. indicates that significant 265 

tsunamis were not generated at the coasts of the neighboring countries west to south of Tonga, larger tsunamis 266 

were observed at these locations, so the tsunamis could reach these coasts from the eruption site, with a strong 267 

directivity. 268 

 269 

Tab. 2. Estimated arrival time ttsunami at each tsunami observation location, where the values of ttsunami 270 

calculated by Eq. (M15) are shown in red, for the 2022 Tonga eruption. The estimated arrival time tair 271 

evaluated by Eq. (M17) for each traveling velocity of atmospheric pressure waves, va, is shown in blue. The 272 

mean value of the still water depth h was determined according to Eq. (M16). “NA” means that the data were 273 

not available, and “NC” means that the data were not clear. The table was created using the data of NOAA, 274 

Study session on tsunami prediction technology1, Ramírez‐Herrera et al.10, and UNESCO/IOC13. 275 

Country/Region Distance 

from the 

Eruption 

Site (km) 

Observed 

Maximum 

Tsunami 

Height (m) 

Elapsed Time from the Eruption (h) Traveling Velocity of Atmospheric pressure Waves, va (m/s) 

Start of Tide 

Level 

Fluctuations 

Start of 

Maximum 

Tide Level 

Fluctuations 

Appearance 

of Maximum 

Tide Level 

Fluctuations 

300 250 240 230 220 210 200 

Suva, Fiji 730 0.3 1.0 NC 1.8 0.7 0.8 0.8 0.9 0.9 1.0 1.0 

Fongafale, Tuvalu 1460 0.2 2.0 NC 3.3 1.4 1.3 1.7 1.8 1.8 1.9 2.0 

Nauru, Nauru 2940 0.1 3.4 NC 7.3 2.7 3.3 3.4 3.6 3.7 3.9 4.1 

Chuuk, Micronesia 4750 0.1 5.0 NC 17.5 4.4 5.3 5.5 5.7 6.0 6.3 6.6 

Saipan, the USA 5820 < 0.1 5.8 NC NC 5.4 6.5 6.7 7.0 7.4 7.7 8.1 

Kahului, Hawaii, the USA 5050 0.8 5.3 6.5–7.5 8.4 4.7 5.6 5.8 6.1 

6.6 

6.4 6.7 7.0 

San Luis, California, the 

USA 

8470 1.3 7.8 11.8 13 7.8 

 

9.4 9.8 10.2 10.7 

11.0 

11.2 

11.5 

11.8 

Crescent City, California, 

the USA 

8710 1.1 8.3 12.0 14.5 8.1 

 

9.7 10.0 10.5 11.0 

11.3 

11.5 

11.8 

12.0 

King Cove, Alaska, the 

USA 

8510 1.0 9.3 11.4 12.2 7.9 9.5 9.8 

11.0 

10.3 

11.0 

10.7 

11.1 

11.3 11.8 

Coquimbo, Chile 10,160 1.9 9.5 14–15 17.4 9.4 11.3 11.8 12.3 12.8 13.4 14.1 

14.2 

Ensenada, Mexico 8560 2.0 NA NA NA 7.9 9.5 9.9 10.3 10.8 11.3 

11.7 

11.9 

Manzanillo, Mexico 8910 2.0 NA NA NA 8.3 9.9 10.3 10.8 11.3 11.8 

12.2 

12.4 

Chichijima, Ogasawara 

Islands, Japan 

7000 0.9 6.7 9.0 9.6 6.5 7.8 8.1 

8.6–8.8 

8.5 

8.9–9.1 

8.8 9.3 9.8 

Kuji Port, Tohoku, Japan 8090 1.1 NA NA NA 7.5 9.0 9.4 

10.2 

9.8 10.2 10.7 11.2 
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Kushimoto, Kinki, Japan 7940 0.9 7.5 10.5 12.2 7.4 8.8 9.2 9.6 10.0 10.5 

10.9 

11.0 

11.4 

Tosashimizu, Shikoku, 

Japan 

8080 0.9 7.6 NC 11.2 7.5 9.0 9.4 9.8 10.2 10.7 

11.1 

11.2 

11.6 

Amamioshima Kominato, 

Kyushu, Japan 

8040 1.2 7.6 10.5 10.7 7.4 8.9 9.3 9.7 

 

10.2 

10.6 

10.6 11.2 

Clearwater beach, the USA 

(Caribbean Sea) 

11,310 0.3 NC NC 30.7 10.5 12.6 13.1 13.7 14.3 15.0 15.7 

Crotone, Italy 

(Mediterranean Sea) 

17,650 0.3 17 NC 23 16.3 19.6 20.4 21.3 22.3 23.3 24.5 

Ponta Delgada, Portugal 

(North Atlantic Ocean) 

16,550 0.7 NC 24 27.5 15.3 18.4 19.2 20.0 20.9 21.9 23.0 

Takoradi, Ghana 

(South Atlantic Ocean) 

18,160 0.5 17 NC 21 16.8 20.2 21.0 21.9 22.9 24.0 25.2 

Pt. Louis, Mauritius 

(West Indian Ocean) 

12,710 0.3 12 NC 24.3 11.8 14.1 14.7 15.3 16.0 16.8 17.7 

 276 

(2) West coasts of the United States 277 

Conversely, a 1 m class tsunamis were observed at the coasts of California, which were more than 8000 278 

km away from the volcano. Figure 3b indicates that the atmospheric pressure waves with a traveling velocity 279 

in the range of 210–220 m/s predominantly generate tsunamis with a maximum possible, amplitude of 280 

approximately 0.1 m off these coasts. Figure 3c indicates that the maximum possible amplitudes depicted in 281 

Fig. 3b are achievable; thus, tsunamis with an amplitude of 0.5 m could reach the coasts. In contrast, when the 282 

traveling velocity of atmospheric pressure wave is 200 m/s, Fig. 3c indicates that tsunamis are not sufficiently 283 

amplified near offshore of the Western America. In North America, the largest tide level displacement of 1.3 284 

m was recorded in San Luis, California, and the next largest tide level displacement of 1.1 m was observed at 285 

the port of Crescent City, 8470 km and 8710 km away from the eruption site, respectively. At these locations, 286 

the largest tide level fluctuations started approximately 12 h after the eruption, which was in harmony with the 287 

estimated arrival times of the tsunamis due to the atmospheric pressure waves with a traveling velocity in the 288 

range of 210–220 m/s. 289 

(3) West coasts of South America 290 

Tsunamis with a height of over 1 m were observed in a wide area of Chilian coasts, which were about 291 

10,000 km away from the eruption site. Especially at the coast of Coquimbo, the largest class tide level 292 

fluctuations of 1.9 m were observed. As the phase velocity of shallow water waves is approximately 200–210 293 

m/s offshore Coquimbo, the Proudman resonance efficiently occurred owing to the atmospheric pressure waves 294 

with a traveling velocity in the range of 200–210 m/s. Moreover, there were ridges parallel to the path of the 295 

atmospheric pressure waves offshore, which could amplify the tsunami amplitude beyond the maximum 296 

possible amplitude. The maximum tide level fluctuations started to be amplified 14–15 h after the eruption and 297 

showed the maximum value around 17.5 h after the eruption. The distance between Coquimbo and the eruption 298 

site is 10,160 km, indicating that the arrival time of the tsunamis in the above mode matched the amplification 299 

start time of the maximum waves. 300 

(4) Other sea areas beyond lands 301 
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Furthermore, tsunamis were also observed along the Mediterranean coasts. For example, in Crotone, Italy, 302 

the tide level fluctuations started about 17 h after the eruption, and the maximum amplitude of approximately 303 

0.3 m was recorded 23 h later than the eruption time13. Based on the data shown in Fig. 3b, tsunamis due to 304 

the atmospheric Lamb wave with a traveling velocity of 300–310 m/s can be predominant in the Mediterranean. 305 

According to the analysis of atmospheric Lamb waves14, over the Mediterranean, an atmospheric Lamb wave 306 

traveled from northeast to southwest approximately 16.5 h after the eruption, and another atmospheric Lamb 307 

wave propagated in the opposite direction from southwest to northeast approximately 20 h after the eruption. 308 

The maximum tide level fluctuations appeared nearly 23 h after the eruption; thus, the tsunamis due to these 309 

two atmospheric Lamb waves could be trapped and resonated in the Mediterranean. 310 

Although tsunamis of several tens of centimeters were observed in the Caribbean Sea, Indian Ocean, and 311 

Atlantic Ocean, a clear relationship was not found between the excitation source and the start time of the 312 

maximum tide level fluctuations based on Tab. 2, which provides the estimated arrival times of tsunamis 313 

considering atmospheric pressure waves in one direction. In these areas, which are located far from the eruption 314 

site, atmospheric pressure waves arriving from opposite directions could have a significant effect as in the 315 

Mediterranean, requiring further analysis. However, as at the Pacific coasts, the initial time of the tide level 316 

fluctuations started slightly later than the arrival time of the atmospheric Lamb waves at the coasts of the 317 

Mediterranean Sea, the Caribbean Sea, the Indian Ocean, and the Atlantic Ocean. 318 

At several locations in the world, the tide level slightly dropped13 when the atmospheric Lamb waves 319 

arrived. The drop in the tide level could occur because of forced waves following an atmospheric Lamb wave. 320 

The offshore waters of each coast in the world selectively respond to atmospheric pressure wave 321 

components with traveling velocities from 200 m/s to 300 m/s, depending on the water depth, and excite 322 

significant tsunamis. Large tsunamis were observed at the coasts with such an excitation water on the path of 323 

the atmospheric pressure waves, and the estimated time when the tsunamis generated at these excitation waters 324 

reached the coasts was in good agreement with the time when the large tsunamis appeared at the coasts. Thus, 325 

the global tsunami height distribution was created by the tsunamis excited in waters with various water depths 326 

at different times. 327 

(5) Japanese coasts 328 

Using the seawater depth depicted in Fig. 4a, the distributions of the maximum possible amplitude Hmax 329 

based on Eq. (M8) and the resonance distance λmax based on Eq. (M7) are presented in Fig. 4b for various 330 

traveling velocities of atmospheric pressure waves. Moreover, Fig. 4c shows the distributions of the maximum 331 

possible amplitude converted to the values at a water depth of 5 m by the Green law from Hmax presented in 332 

Fig. 4b. 333 

Off the coasts of Japan, the phase velocities of predominant tsunamis are 240 m/s off eastern Japan, 200 334 

to 210 m/s off both Shikoku and Kinki, 220 m/s off the northern Nansei Islands, 240 m/s off the southern 335 

Nansei Islands, and 230 to 240 m/s off Ogasawara Islands near the Mariana Trench and Ridge. The difference 336 

between the arrival time of the atmospheric pressure waves and the estimated arrival time of the predominant 337 

tsunamis described in Tab. 2 was 20–40 min at Chichijima, approximately 50 min at Kuji Port, and 20–30 min 338 
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at other locations. The tsunami arrival time ttsunami was in harmony with the start time of the tide level 339 

fluctuations and the appearance time of the maximum tide level fluctuations. 340 

Especially at Amami, 8040 km away from the eruption site, the observed maximum tide level 341 

displacement was 1.2 m, around 10 h 30 min after the eruption. The predominant traveling velocity of tsunamis 342 

is 230 m/s off Amami, and the distance between Amami and the shelf is about 50 km Assuming that the average 343 

water depth on the shelf is 100 m, the arrival time of the tsunamis at Amami is 10 h 37 min after the eruption. 344 

Therefore, these tsunamis appeared as the largest tide level fluctuations at Amami. Between Tonga and Amami, 345 

there are three or four ridge-shaped sudden changes in water depth, such as the Mariana Ridge; thus, the 346 

tsunami amplitude off Amami could be amplified up 3 to 4 times based on the above-described mechanism. 347 

Moreover, on the way to Amami from the eruption site, there were sudden changes in water depth 348 

including the Mariana Ridge, so the tsunami height excited by atmospheric pressure waves could be amplified 349 

over the changes in water depth12. 350 

 351 

Fig. 4: Estimation of tsunamis excited by atmospheric pressure wave around Japan. 352 

a  353 
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b  354 

c  355 

a Maximum tsunami heights at various locations around Japan, due to the 2022 Tonga eruption. The data 356 

indicated by ○ and ▽  are the maximum total amplitudes2 and the maximum tsunami heights from the 357 

observed data13, respectively. The color map presents the bathymetry of GEBCO. The isolines indicate the 358 

distance from the eruption site every 200 km. b Distributions of the maximum possible amplitude Hmax 359 

obtained from Eq. (M8) (upper) and the resonance distance λmax obtained from Eq. (M7) (lower) for various 360 

traveling velocities of atmospheric pressure waves. The isolines indicate the distance from the site of the 2022 361 

Tonga eruption every 200 km. The maximum absolute value of the atmospheric pressure, a, and the period of 362 

the pulse, Ta, were 0.5 hPa and 5 min, respectively. The seawater density ρ was assumed to be 1020 kg/m3. The 363 

maximum possible amplitude Hmax and resonance distance λmax were calculated, assuming that the upper limit 364 

of the maximum possible amplitude was 0.1 m. c Distributions of the maximum possible amplitude converted 365 

to the values at a water depth of 5 m by the Green law from Hmax evaluated by Eq. (M8) for various traveling 366 

velocities of atmospheric pressure waves. The maximum absolute value of the atmospheric pressure, a, and 367 

the period of the pulse, Ta, were 0.5 hPa and 5 min, respectively. The seawater density ρ was assumed to be 368 

1020 kg/m3. 369 

 370 

Tsunamis caused by atmospheric pressure waves due to several historical large eruptions 371 
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Why did the atmospheric pressure waves due to the previous large eruptions not cause significant tsunamis 372 

like the case of the 2022 Tonga eruption? To answer this question, we summarized the atmospheric pressure 373 

and the maximum tide level displacement observed at each location in Japan, due to several historical volcanic 374 

eruptions in Tab. 3a along with the data of the 2022 Tonga eruption. The historical eruptions are the 1883 375 

Krakatau, 1956 Bezymianny, 1958 Asama, 1980 St. Helens, and 1991 Pinatubo volcanic eruptions, the data of 376 

which were obtained from the references indicated in Tab. 3b. 377 

 378 

Tab. 3 Historical volcanic eruption properties observed in Japan. a Atmospheric pressure and tide level 379 

displacement observed at each location in Japan due to several volcanic eruptions. The data were obtained 380 

from the references indicated in Tab. 3b. The traveling velocity va in the table is that of the first atmospheric 381 

pressure wave that reached the location. b Sources of the data listed in Tab. 3a. The numbers 1 to 6 in Tab. 3b 382 

are the same as those in Tab. 3a. 383 

No. Eruption 

Day 

(JST) 

Volcano Location Eruption Type Estimated 

VEI 

Atmospheric pressure Waves Maximum Tide Level 

Displacement at Each 

Location (m) 
Maximum 

Displacement 

a (hPa) 

Period 

Ta (min) 

Traveling 

Velocity 

va (m/s) 

1 Aug. 27, 

1883 

Krakatau, Indonesia 6.1024 S 

105.4229 E 

Land, partially 

submarine 

6 < 0.5 30 271 0.1 m at Kuwana 

2 Mar. 30, 

1956 

Bezymianny, Kamchatka 55.9779 N 

160.5870 E 

Land 5 0.5–1.0 12–13 310–317 - 

3 Nov. 10, 

1958 

Asama, Japan 36.4064 N 

138.5231 E 

Land 1 0.1–0.3 0.2–1 280 - 

4 May 18, 

1980 

St. Helens, West Coast 

of the USA 

45.8244 N 

122.1940 W 

Land 5 0.1–0.2 3–5 308 - 

5 Jun. 15, 

1991 

Pinatubo, Philippines 15.1446 N 

120.3499 E 

Land 6 0.0173 0.25 280 - 

6 Jan. 15, 

2022 

Hunga Tonga-Hunga 

Ha’apai, Tonga 

20.5418 S 

175.3940 W 

Submarine 6 2.0 20–30 300–310 0.9 m at Chichijima 

0.9 m at Kushimoto 

0.9 m at Tosashimizu 

1.2 m at Amami 

1.1 m at Kuji Port 

 384 

No. Data Sources 

1 Burt15, Kobayashi and Kakinuma16, Murayama17 

2 Kobayashi and Kakinuma16, Murayama17 

3 Koike18, Tanaka19 

4 Tanaka19 

5 Tahira20 

6 Study session on tsunami prediction technology1, Nakajo, S. et al., 

Weathernews 

 385 

Based on Tab. 3a, there are three characteristics of the 2022 Tonga eruption as follows: 386 
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(1) The eruption was a submarine volcanic eruption. 387 

(2) The maximum displacement of atmospheric pressure waves was larger than that of the previous eruptions. 388 

(3) The representative period of atmospheric pressure waves was longer than that of the previous eruptions. 389 

The pressure deviation and wave period of the atmospheric pressure waves due to the 2022 Tonga eruption 390 

were the largest. Among the eruptions described in Tab. 3a, only the 2022 Tonga eruption caused atmospheric 391 

pressure waves that generated tsunamis with an amplitude over 1 m. For example, in the case of the 1958 392 

Bezymianny volcanic eruption, the pressure deviation of the atmospheric pressure waves was 0.5–1.0 hPa. 393 

Figure 5 depicts the distribution of the maximum possible amplitude converted to the value at a water depth 394 

of 5 m by the Green law from Hmax evaluated by Eq. (M8) in which va = 310 m/s, a = 1.0 hPa, and Ta = 13 min. 395 

The estimated maximum possible amplitude, which can explain the observed maximum tide level 396 

displacements in the North Pacific16,21, was smaller than that due to the 2022 Tonga eruption. 397 

 398 

Fig. 5: Estimation of tsunamis excited by the 1956 Bezymianny eruption. 399 

    400 

Distribution of maximum possible amplitude converted to the value at a water depth of 5 m by the Green law 401 

from Hmax evaluated by Eq. (M8) in which va = 310 m/s, a = 1.0 hPa, and Ta = 13 min. The observed tsunami 402 

height and arrival time of the tsunamis caused by the atmospheric pressure waves due to the 1956 Bezymianny 403 

eruption16 are denoted by ○ and ▽, respectively. The mark ☆ indicates the site of the eruption, the distance 404 

from which is indicated by the isolines every 1000 km. 405 

 406 

One of the reasons for the large pressure deviation is that the eruption occurred in the sea. Some of the 407 

most powerful eruptions occurred through water22. In subsea volcanic eruptions, seawater rapidly expands 408 

because of the reaction with magma, whereas the decompression effect of hydrostatic pressure increases in 409 

proportion to the water depth at the crater, suppressing ejecta above the sea surface23,24. Thus, a submarine 410 
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eruption is significantly different from a land eruption based on not only the internal mechanism of the eruption 411 

itself but also the external mechanism of the balance between the water pressure and the reaction of seawater 412 

and magma. Due to the eruption that occurred on January 14, the crater was submerged below the sea surface, 413 

resulting in a crater depth of approximately 200 m22. The water depth at the crater was as thin as a water film 414 

compared with the crater depth of several thousands of meters, which is common for a submarine volcano. 415 

This water film could not suppress the thermal expansion and gas generation of seawater; instead, it made the 416 

eruption shocking. Such a shocking eruption could effectively shake the air above25. 417 

Moreover, the period of the atmospheric pressure waves due to the previous eruptions was shorter than 418 

that of the 2022 Tonga eruption. If these atmospheric pressure waves were atmospheric Lamb waves, the 419 

subsequent atmospheric waves were even shorter, depending on the eruption scale. Therefore, the dispersion 420 

effect was stronger in the generation and propagation processes of the tsunamis due to the previous eruptions 421 

than in the case of the 2022 Tonga eruption, resulting in the observed smaller tsunami amplitude. If an eruption 422 

produces an atmospheric pressure wave the pressure deviation and wavelength are larger than those in the 2022 423 

Tonga eruption larger tsunamis can be generated. 424 

Atmospheric pressure waves can generate tsunamis in water areas regardless of the distance from the 425 

eruption site, including water areas after crossing islands and continents. Therefore, a global network of 426 

atmospheric pressure information is required to quickly determine the response policy against both eruption 427 

tsunamis and meteotsunamis due to atmospheric pressure waves. 428 

 429 

Methods 430 

Formulas for the estimation of the maximum possible amplitude and resonance distance of tsunamis due 431 

to atmospheric pressure waves 432 

We considered one-dimensional propagation problems of tsunamis generated by atmospheric pressure 433 

waves. We assumed that an atmospheric pressure wave is a pulsed wave traveling with a constant velocity of 434 

va and that it travels in the positive direction of the x-axis over a water area with a uniform still water depth of 435 

h. An estimation equation for the maximum possible amplitude of a tsunami under the influence of an 436 

atmospheric pressure wave, namely HP,max, was derived as follows8: 437 

𝐻𝐻P,max =
𝑎𝑎𝜌𝜌𝜌𝜌 �1− � 𝑣𝑣a�𝜌𝜌ℎ�2�−1 ,                                                                (M1) 438 

where a (Pa) is the maximum absolute value of the atmospheric pressure p, ρ is the water density, and g is the 439 

gravitational acceleration, namely 9.8 m/s2. Equation (M1) represents the maximum amplitude of the 440 

composite wave consisting of a forced wave balanced by the atmospheric pressure and a resonant wave excited 441 

by the progress of the atmospheric pressure wave. This composite wave propagates below the pressure wave 442 

in water with a uniform still water depth, but when it crosses a sudden change in water depth, for example, 443 
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from deep water to shallow water, the latter resonant wave separates from the pressure wave. 444 

In the present study, focusing on the latter resonance wave, we introduce the important parameters related 445 

to the resonance limit, and consider the maximum possible amplitude of tsunamis that have been generated by 446 

an atmospheric pressure wave and left the influence of the atmospheric pressure wave. When an atmospheric 447 

pressure wave profile is an isosceles triangle, the atmospheric pressure deviation at location x during time ∆t, 448 

namely Δp(x, t), is 449 

Δ𝑝𝑝(𝑥𝑥, 𝑡𝑡) = � 𝑎𝑎
0.5𝐿𝐿a𝑣𝑣aΔ𝑡𝑡          when   𝑥𝑥0+ 𝑣𝑣a𝛥𝛥𝑡𝑡 ≤ 𝑥𝑥 ≤ 𝑥𝑥0+ 0.5𝐿𝐿a + 𝑣𝑣a𝛥𝛥𝑡𝑡− 𝑎𝑎

0.5𝐿𝐿a 𝑣𝑣aΔ𝑡𝑡      when   𝑥𝑥0− 0.5𝐿𝐿a + 𝑣𝑣a𝛥𝛥𝑡𝑡 ≤ 𝑥𝑥 < 𝑥𝑥0+ 𝑣𝑣a𝛥𝛥𝑡𝑡 ,                        (M2) 450 

where La is the wavelength of the pulse. La is vaTa, where Ta (s) denotes the period of the pulse. The location at 451 

which the pulse shows the maximum or minimum value is x0 at the initial time t0. 452 

From t0 to t0 + Δt, an atmospheric pressure pulse travels at a distance of vaΔt, as illustrated in Fig. 6. When 453 

a > 0, the pulse pushes down the water surface under its front half and lifts the water surface under its back 454 

half. To balance these forces, a free positive wave is generated under its front half, whereas a free negative 455 

wave is generated under its back half. In this process, the following potential energy Δη, balancing with 456 

pressure deviation Δp, is given to the water to generate free water waves during the time Δt: 457 

∆𝜂𝜂(𝑥𝑥, 𝑡𝑡) =
Δ𝑝𝑝𝜌𝜌𝜌𝜌 = � 𝑎𝑎

0.5𝐿𝐿a𝜌𝜌𝜌𝜌𝑣𝑣a∆𝑡𝑡        when   𝑥𝑥0+ 𝑣𝑣a∆𝑡𝑡 ≤ 𝑥𝑥 ≤ 𝑥𝑥0+ 0.5𝐿𝐿a + 𝑣𝑣a∆𝑡𝑡− 𝑎𝑎
0.5𝐿𝐿a𝜌𝜌𝜌𝜌𝑣𝑣a∆𝑡𝑡      when   𝑥𝑥0− 0.5𝐿𝐿a + 𝑣𝑣a∆𝑡𝑡 ≤ 𝑥𝑥 < 𝑥𝑥0+ 𝑣𝑣a∆𝑡𝑡 .                (M3) 458 

In the derivation of Eq. (M3), water waves are assumed to be linear shallow water waves. The potential 459 

energy given by Eq. (M3) is separated in the positive and negative directions of the x-axis, resulting in two 460 

free waves with an amplitude of 0.5Δη and phase velocities of �gh  and −�gh , respectively, where an 461 

amplitude is defined by the vertical displacement from the still water surface to the highest or lowest water 462 

surface of a water wave, with a positive or negative value, respectively. 463 

Focusing on the water wave propagating in the positive direction of the x-axis, which is the same as the 464 

traveling direction of the atmospheric pressure wave, the amplitude H(t) and wavelength L(t) of the resonant 465 

water wave, namely tsunami, due to the atmospheric pressure wave are evaluated by the linear superposition 466 

of the waves generated at each time step Δt, resulting in the integration with regard to t as follows: 467 

𝐻𝐻(𝑡𝑡) =
𝑎𝑎𝐿𝐿a𝜌𝜌𝜌𝜌𝑣𝑣a  𝑡𝑡 =

𝑎𝑎𝑇𝑇a𝜌𝜌𝜌𝜌  𝑡𝑡 ,                                                                  (M4) 468 

𝐿𝐿(𝑡𝑡) =
1

2
𝐿𝐿a + �𝑣𝑣a −�𝜌𝜌ℎ�𝑡𝑡 .                                                                  (M5) 469 

As indicated by Eq. (M4), the tsunami amplitude is proportional to time t. The tsunami grows only when 470 
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it overlaps with the atmospheric pressure wave; thus, the maximum tsunami amplitude depends on the 471 

resonance time τmax during which they overlap. The resonance time τmax, and the distance they travel while 472 

overlapping, namely resonance distance λmax, are described by 473 

𝜏𝜏max =
𝐿𝐿a

2�𝑣𝑣a− �𝜌𝜌ℎ�=
𝑣𝑣a𝑇𝑇a

2�𝑣𝑣a−�𝜌𝜌ℎ� ,                                                          (M6) 474 

𝜆𝜆max = 𝑣𝑣a𝜏𝜏max .                                                                              (M7) 475 

Based on Eqs. (M4), (M5), and (M6), the maximum possible amplitude Hmax and the maximum possible 476 

wavelength Lmax are described by 477 

𝐻𝐻max = 𝐻𝐻(𝜏𝜏max) = 𝛼𝛼𝜏𝜏max =
𝑎𝑎𝜌𝜌𝜌𝜌 �2 �1− �𝜌𝜌ℎ𝑣𝑣a ��−1 ,                                           (M8) 478 

𝐿𝐿max = 𝐿𝐿(𝜏𝜏max) = 𝐿𝐿a ,                                                                      (M9) 479 

where α (m/s) is the tsunami amplitude amplification factor. 480 

After the resonance time τmax, resonant waves are continuously generated and extinguished under both the 481 

front and back halves of the atmospheric pressure wave, as described below. As an example, we consider the 482 

water surface response when 𝑣𝑣a > �𝜌𝜌ℎ and a > 0. From t0, at which the atmospheric pressure wave starts to 483 

travel, to t0 + τmax, tsunamis with amplitudes of Hmax and −Hmax, namely tsunamis A0 and B0, respectively, are 484 

generated under the front and back halves of the atmospheric pressure wave, respectively. Thereafter, from t0 485 

+ τmax to t0 + 2τmax, tsunamis A1 and B1 are similarly generated under the front and back halves of the 486 

atmospheric pressure wave, respectively. Thus, from t0 + i·τmax to t0 + (i + 1)·τmax, tsunamis Ai and Bi, with 487 

positive and negative amplitudes, respectively, are generated for i = 1, 2, …, I. After t0 + τmax, tsunami Ai–1 with 488 

a positive amplitude is canceled by tsunami Bi with a negative amplitude that is newly generated under the 489 

back half of the atmospheric pressure wave. At the same time, tsunami Ai with a positive amplitude is generated 490 

under the front half of the atmospheric pressure wave. Ai is generated and Ai–1 is extinguished under the front 491 

half of the atmospheric pressure wave; thus, Ai propagates at a phase velocity of va like a forced water wave 492 

following the atmospheric pressure wave. Notably, the apparent wave height of Ai is smaller than H(t) and 493 

Hmax, because a forced water wave with a negative amplitude is superimposed on Ai. Conversely, B0 with a 494 

negative amplitude, which was generated under the back half of the atmospheric pressure wave from t0 to t0 + 495 

τmax, is not affected by Ai and Bi; thus, it propagates at a phase velocity of �𝜌𝜌ℎ without disappearing. The 496 

tsunamis generated by atmospheric pressure waves separate from the atmospheric pressure waves, for example, 497 

because of a sudden change in water depth, and the transmission and reflection in that case were explained by 498 

a linear theory11. 499 

Therefore, two types of tsunamis, namely Ai and B0, with amplitudes of Hmax and −Hmax, respectively, 500 

propagate at different phase velocities va and �𝜌𝜌ℎ, respectively. The period of Ai coincides with that of the 501 

atmospheric pressure wave, Ta, under the influence of the atmospheric pressure wave; however, after Ai leaves 502 
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the influence of the atmospheric pressure wave, the period of Ai is equal to that of B0: 503 

𝑇𝑇max =
𝐿𝐿max�𝜌𝜌ℎ =

𝑣𝑣a�𝜌𝜌ℎ𝑇𝑇a .                                                                      (M10) 504 

The maximum possible amplitude Hmax evaluated by Eq. (M8) represents the amplitude of a tsunami that 505 

has left the influence of an atmospheric pressure wave. 506 

Moreover, in two-dimensional propagation problems not covered here, the wave amplitude of Ai is 507 

attenuated by the directional dispersion only within the resonance time, because Ai exists only during the 508 

resonance time, whereas the amplitude attenuation of B0 continues after t = t0, leading to differences in not 509 

only phase velocity but also amplitude characteristics between Ai and B0. In this study, the multidirectional 510 

effects of tsunamis are not considered; thus, two-dimensional analyses with more complicated bathymetries 511 

are required in the future. 512 

 513 

Fig. 6: Sketch of a traveling atmospheric pressure wave and resultant displacements of pressure and 514 

water surface during time Δt. 515 

 516 

The broken and solid black lines indicate the atmospheric pressure wave profiles at t = t0 and t = t0 + Δt, 517 

respectively. The green and blue lines indicate pressure deviation and potential energy, respectively. 518 

 519 

Numerical method 520 

The above-described formula for the maximum possible amplitude of tsunamis was verified numerically 521 

by simulating the one-dimensional propagation of tsunamis due to an atmospheric pressure wave using two 522 

numerical models, namely nondispersion and weak dispersion models. The governing equations of the former 523 

are described by the following nonlinear shallow water equations: 524 𝜕𝜕(𝜂𝜂+ ℎ)𝜕𝜕𝑡𝑡 +
𝜕𝜕𝜕𝜕𝜕𝜕𝑥𝑥 = 0 ,                                                                             (M11) 525 

𝜕𝜕𝜕𝜕𝜕𝜕𝑡𝑡 +
𝜕𝜕𝜕𝜕𝑥𝑥 � 𝜕𝜕2𝜂𝜂+ ℎ� = −𝜌𝜌(𝜂𝜂 + ℎ)

𝜕𝜕𝜂𝜂𝜕𝜕𝑥𝑥 − 1𝜌𝜌𝜕𝜕𝑝𝑝𝜕𝜕𝑥𝑥  ,                                                  (M12) 526 
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where η(x, t), Q(x, t), h(x, t), and p(x, t) are the water surface displacement, horizontal flow rate in the x-axis 527 

direction, still water depth, and pressure on the water surface. 528 

Further, the governing equations of the latter are given by the following Boussinesq-type equations: 529 𝜕𝜕(𝜂𝜂+ ℎ)𝜕𝜕𝑡𝑡 +
𝜕𝜕𝜕𝜕𝜕𝜕𝑥𝑥 = 0 ,                                                                        (M13) 530 

𝜕𝜕𝜕𝜕𝜕𝜕𝑡𝑡 +
𝜕𝜕𝜕𝜕𝑥𝑥 � 𝜕𝜕2𝜂𝜂+ ℎ�= −𝜌𝜌(𝜂𝜂+ ℎ)

𝜕𝜕𝜂𝜂𝜕𝜕𝑥𝑥 − 1𝜌𝜌 𝜕𝜕𝑝𝑝𝜕𝜕𝑥𝑥 +
ℎ2
3

𝜕𝜕3𝜕𝜕𝜕𝜕𝑡𝑡𝜕𝜕𝑥𝑥2  ,                                       (M14) 531 

which were proposed and used26 by referring to the dispersion term27, and also applied to calculate the 532 

dispersive tsunamis28. 533 

Equations (M11)–(M14) were modified to finite-difference equations and solved numerically, where the 534 

grid size Δx was 250 m, and the time interval Δt was 0.05 s. The Sommerfeld radiation condition was assumed 535 

at the lateral boundaries. 536 

 537 

Components of atmospheric pressure waves due to the 2022 Tonga eruption 538 

The atmospheric pressure waves due to the 2022 Tonga eruption included the wave components of 539 

different traveling velocities, as indicated in Figs. 7a and 7b, obtained in Amami and Arita, Japan, respectively. 540 

We assumed that the occurrence time of the 2022 Tonga eruption, te, was 13:15 on January 15, 2022 (JST). 541 

Figure 7c depicts the wavelet analysis for the data presented in Fig. 7b. 542 

Assuming that all atmospheric pressure waves occurred at the eruption site and traveled concentrically, 543 

the following atmospheric pressure wave components were extracted from the data of Amami and Arita, 544 

Japan1: 545 

(1) A pulse-like atmospheric pressure fluctuation with a traveling velocity in the range of 300–310 m/s, namely 546 

atmospheric Lamb wave5,14. The maximum displacement was approximately 2 hPa, and the wave period 547 

was 25–30 min. The fluctuations started approximately 7 h and 15 min after the eruption. 548 

(2) Atmospheric pressure fluctuations with a traveling velocity in the range of 230–300 m/s. The maximum 549 

displacement was 0.1–0.5 hPa and the period was 5 min or less. The fluctuations started 7 h and 15 min 550 

after the eruption. The fluctuations lasted for approximately 2 h. 551 

(3) Atmospheric pressure fluctuations with a traveling velocity in the range of 210–250 m/s. The maximum 552 

displacement was approximately 0.3 hPa, and the wave period was 30–60 min. 553 

(4) Atmospheric pressure fluctuations with a traveling velocity of 210 m/s or less. The maximum displacement 554 

was approximately 0.3 hPa, and the wave period was in the range of 5–10 min. The fluctuations lasted for 555 

approximately 1 h. 556 

The traveling velocities of the subsequent atmospheric pressure waves, including sound and atmospheric 557 

gravity waves, were slower if they were gradually generated by the progress of the atmospheric Lamb wave. 558 

 559 
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Fig. 7: Atmospheric pressures observed in Amami and Arita, Japan, from 19:15 on January 15 to 5:15 560 

on January 16, 2022. 561 

 562 

a Time variation of the atmospheric pressure in Amami, Kagoshima, Japan, observed every one minute by 563 

Weathernews meteorological observer “Soratena.” b Atmospheric pressure deviation in Arita, Wakayama, 564 

Japan. The data obtained by Nakajo, S. et al. with a sampling frequency of 100 Hz was downsampled to 1 Hz 565 

and processed by a high-pass filter with a passing frequency of 1/3600 Hz and a blocking frequency of 1/(5 × 566 

3600) Hz. c Wavelet analysis result of the atmospheric pressure deviation depicted in Fig. 7b. 567 

 568 

Estimations of arrival time 569 

The tsunami propagation direction is assumed to be along the straight line connecting the eruption site 570 

and the tsunami observation locations. Based on Fig. 3b, we first extracted the traveling velocities of 571 

atmospheric pressure waves that could excite tsunamis with large Hmax in a relatively wide excitation area. 572 

Subsequently, based on Fig. 3c, when the distance between the excitation area and tsunami observation location 573 

is longer than the resonance distance λmax, we evaluated whether the maximum possible amplitude Hmax was 574 

achieved. The maximum tsunami amplitude depends on both the length of the excitation area and the resonance 575 

distance on the path of atmospheric pressure waves. 576 

We also obtained the estimated arrival time ttsunami, at which the tsunamis reached the tsunami observation 577 

locations. The time ttsunami was the sum of time tedge, at which the corresponding atmospheric pressure wave 578 

reached the edge of the excitation area closest to the tsunami observation location, and time Δtcoast, that is, the 579 
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time for tsunami propagation from the edge to the tsunami observation location. Therefore, the estimated 580 

arrival time ttsunami was evaluated by 581 𝑡𝑡tsunami = 𝑡𝑡edge+ Δ𝑡𝑡coast ,𝑡𝑡edge = 𝑑𝑑edge/𝑣𝑣a ,Δ𝑡𝑡coast = 𝑑𝑑coast/�𝜌𝜌ℎ ,

�                                                                           (M15) 582 

where dedge is the distance between the eruption site and the excitation area’s edge closest to the tsunami 583 

observation location, va is the traveling velocity of the atmospheric pressure wave, and dcoast is the distance 584 

between the edge and the tsunami observation location. For simplicity, the mean value of the still water depth 585 

h was assumed as 586 ℎ ≃ � 2000 m        in a deeper area, e.g., offshore from a shelf slope

100 m        in a shallower area, e.g., on a continental shelf.
                         (M16) 587 

Conversely, the estimated arrival time tair was evaluated by 588 𝑡𝑡air = (𝑑𝑑edge + 𝑑𝑑coast)/𝑣𝑣a .                                                                       (M17) 589 

Tab. 2 lists the estimated arrival time ttsunami at each tsunami observation location, and the obtained results 590 

of ttsunami are shown in red. In the table, the estimated arrival time tair for each traveling velocity of atmospheric 591 

pressure waves, va, is shown in blue. As indicated in Tab. 2, the time difference ttsunami–tair was in the range of 592 

10–50 min. 593 
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