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Abstract: The impact of tsunamigenic earthquakes upon the Earth’s outer shells provides additional
information about the advance approach of tsunamis to infrastructure facilities. This paper examines
the measured impact of atmospheric internal gravity waves generated by tsunami propagating
after the Kamchatka earthquake on July 29, 2025, upon the ionosphere. The measurements were
made at a considerable distance from the earthquake’s epicenter (in the Hawaiian Islands). Tidal
tsunami monitoring stations recorded the tsunami’s arrival, while variations in the ionospheric total
electron content were recorded via GPS. Observations have shown that the arrival of tsunami-driven
atmospheric waves significantly precedes the arrival of sea waves at the observation point. Attention
is drawn to the specific type of variations of the total electron content in the ionosphere and their
spectral features, which clearly indicate the early arrival of atmospheric waves at the observation
point. Observations have shown that the characteristics of the ionosphere’s response to gravity waves
generated by sea waves can be used in a tsunami early warning system.
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1. Introduction

Currently, remote diagnostics of the Earth’s outer shells is carried out using global
navigation satellite systems (GPS/GLONASS and others) along with a widespread network
of ground-based receiving stations, allows the study of rather complex processes of local
impact of the lithosphere and ocean on the shells from the rather powerful sources, which
are, first of all, earthquakes. These seismic events generate seismic surface waves, which
include waves at the boundary of the Earth’s surface and the atmosphere (Rayleigh waves),
as well as waves at the boundary of the ocean surface and the atmosphere (tsunamis). Both
types of surface waves can generate atmospheric waves that propagate vertically. In this
paper, we will focus on the impact of tsunamis on the Earth’s ionosphere.

Tsunamis are long gravity-driven surface waves. Typically, tsunami periods are several
tens of minutes, their wavelengths are several hundred kilometers, and their propagation
speed is approximately 200 m/s. Tsunamis can reach several meters in height in the
ocean and several tens of meters as they approach the shore. The model proposed in
1967 [Golitsyn and Klyatskin, 1967] allows us to establish the possibility of emission of
atmospheric waves (both acoustic and internal gravity waves) by seismic waves propagating
along the surface of the Earth and ocean. These atmospheric waves serve as a link between
propagating seismic waves and the ionosphere, since both acoustic and internal gravity
waves have a vertical velocity. Thus, unlike Rayleigh waves, tsunamis cannot emit acoustic
waves into the atmosphere, since their horizontal phase velocities are much less than the
speed of sound.
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However, tsunamis can emit atmospheric internal waves if the horizontal phase
velocity of the atmospheric waves exceeds the velocity of the waves on the ocean surface.
This condition only holds for long surface gravity waves, which include tsunamis. Note
that in this limit, the horizontal phase and group velocities of the internal atmospheric
waves differ by a factor of cos(¢) (here ¢ is the angle between the wave vector and the
horizon). In this case, the group velocity of the waves is greater than or equal to the phase
velocity.

Having a vertical velocity component, atmospheric internal gravity waves (IGWs)
are capable of reaching the ionosphere (albeit with a delay of about an hour), leading to
characteristic variations in plasma density with periods of about 10 min.

Moreover, if the time that takes a tsunami to reach the coast exceeds the time that
takes an IGW to reach the ionosphere, then the recorded variations in the density of the
ionospheric plasma can be used as an indicator of the imminent approach of a tsunami to
the coast.

From the above-mentioned conditions of radiation of atmospheric internal waves
driven by a propagating tsunami, it directly follows that the atmospheric wave must
precede the tsunami. This conclusion was verified both experimentally (see, for example,
[Azeem et al., 2017; Rozhnoi et al., 2012; Shalimov et al., 2017] using measurements that
used VLF and GPS radio sounding, and using numerical calculations [Inchin et al., 2022;
Shalimov et al., 2017] for one event — the 2011 Tohoku megaearthquake.

Let us note another possible source of atmospheric waves after an earthquake: piston-
like displacements of the ocean floor can be transmitted through the hydrosphere into
the atmosphere, generating acoustic-gravity waves (AGWs). These waves can propagate
through the atmosphere faster than tsunamis and serve as their precursors. It is believed
that such atmospheric tsunami precursors, recorded by microbarographs, were observed
after tsunamigenic earthquakes: Iturup (1958), Chile (1960), Alaska (1964), etc. [Soloviev,
1972]. Unlike IGWs, acoustic waves are capable of reaching the ionospheric layers fairly
quickly, where they are transformed into magnetohydrodynamic disturbances. The prop-
agation speed of the latter in the ionosphere can be tens of times greater than that of a
tsunami. Therefore, in this case, ionospheric sounding, along with microbarographs, can
be used to detect precursor signals, if they can be correctly identified.

In the present paper, measurements from a tsunami tidal monitoring station and GPS
measurements of total electron content (TEC) variations are used to examine the impact of
a tsunami propagating after an earthquake in Kamchatka and acting upon the ionosphere
by means of internal gravity waves driven by the tsunami. Observations have shown that
the atmospheric waves generated by the tsunami significantly get ahead the sea waves.
Attention is drawn to the specific shape of the ionospheric signals, which clearly indicates
the early arrival of the atmospheric wave at the observation point.

2. Initial Data and Methods

To determine the tsunami arrival time on Honolulu Island, we used data from the
tsunami forecast model developed by the National Oceanic and Atmospheric Administra-
tion (NOAA) for Tsunami Research Center [NOAA. .., 2025] (Figure 1). A global tsunami
propagation forecast was generated by inverting data from three nearby DARTSs (Deep-
ocean Assessment and Reporting of Tsunamis) using the NOAA forecasting method and
the MOST (Method of Splitting Tsunami) model (https://nctr.pmel.noaa.gov/model.html).
During tsunami propagation, the model demonstrated good agreement with DART data
located at more distant distances, confirming the accuracy of the forecast model [see
Composite plot: US Hawaii locations in NOAA. .., 2025].

Additionally, sea level data from tsunami monitoring stations (https://tidesandcurrents.
noaa.gov/tsunami) were used to determine the tsunami arrival time in the Hawaiian Islands.
A map of the sensor locations is shown in Figure 2.

In our paper, to analyze the upper ionospheric response we used the GPS satellite
data, which allows for the determination of variations in the ionospheric TEC. Navigation
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receivers using phase and code ranging measurements allow the TEC to be determined
with a high degree of accuracy. When analyzing the ionospheric response, the slant TEC
is determined using a combination of phase and code methods, converting the slant TEC
to vertical electron content. To isolate the IGW signal, 7th-order Butterworth bandpass
filtering was applied to 30-second data [Butterworth, 1930]. The Butterworth filter has
been identified as a suitable filter for TEC data [Chandrasekhar et al., 2016; Jayachandran
etal., 2012; Wen and Jin, 2020].

Data from a HNLC station GPS receiver (21.306°N 157.865°W) located on the coast of
Honolulu Island served as the input data. The distance to the earthquake epicenter off the
coast of the Kamchatka Peninsula is 4963 km.
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Figure 1. Model of tsunami propagation across the Pacific Basin for the 2025 Kamchatka, produced
by the NOAA / PMEL / Center for Tsunami Research [see Figure 2 in NOAA. .., 2025]. Colors show
the maximum tsunami amplitude in the open ocean.

In addition to studying the temporal variations of the TEC, the Earth’s magnetic field,
their frequency content was also examined. In this study, wavelet analysis was chosen
as the spectral analysis method, which has demonstrated its effectiveness in analyzing
geomagnetic variations, in particular [Riabova, 2022; Riabova and Shalimov, 2024a,b,c]. The
wavelet transform is a transformation that converts a signal from a time representation
to a time-frequency representation and is a convolution of a wavelet function with a
signal [Meyer, 1993]. The results of the wavelet transform contain combined information
about the analyzed signal and the wavelet itself, and also make it possible to isolate low-
frequency and high-frequency components of the signal and obtain information about
the time at which certain signal components appeared [Torrence and Compo, 1998]. In
this study, a continuous wavelet transform was used, and the Morlet wavelet was used
as the basis wavelet. The presentation of the wavelet transform results is designed in the
form of scalograms (local energy spectrum) taking into account the “edge” effects (cone of
influence) [Riabova, 2018].
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Figure 2. Map of the location of tsunami monitoring stations in the Hawaiian Islands, the location of
the GPS receiver (hnlc station) is indicated by a green circle.

3. Description of a Tsunamigenic Earthquake

A powerful earthquake with a magnitude of My = 8.8 occurred on July 29, 2025, at
23:24:52 UTC [see Origin in USGS, 2025]. The epicenter of the seismic event (52.495°N
160.240°E) was located approximately 125.4 km east-southeast of Petropavlovsk-Kamchatsky
[see Regional Information USGS, 2025]. The earthquake caused moderate damage in Kam-
chatskiy Krai and Sakhalinskaya Oblast [see ShakeMap USGS, 2025]. In Petropavlovsk-
Kamchatsky, the shaking intensity reached VIII on the modified Mercalli scale [see ShakeMap
USGS, 2025].

The earthquake of July 29, 2025, is the largest in the region since the event of Novem-
ber 4, 1952, which had a magnitude of 9.0 [USGS, 2010]. According to the available
data, the period between these two strong earthquakes does not seem long enough for the
necessary energy reserves to accumulate in the geological environment (practice shows
that earthquakes with magnitudes exceeding 7.7 recur every 140-200 years) [Fedotov, 1968;
Lobkovsky et al., 2021]. In this regard, the opinion was expressed about the uniqueness
of the earthquake off the coast of the Kamchatka Peninsula on July 29, 2025 [Lobkovsky
et al., 2021]. The earthquake of July 29, 2025, was the strongest event since 2011 and is
one of the six largest ever recorded by seismometers, along with the earthquakes of 2010
(Chile) and 1906 (Ecuador-Colombia) [Wirth et al., 2022]. The magnitude 8.8 mainshock
was preceded by a foreshock sequence that began in 2024 with a magnitude 7.0 event. Ten
days before the mainshock, on July 20, 2025, another foreshock occurred — a magnitude 7.4
earthquake [Hubbard and Bradley, 2025].

According to the US Geological Survey, the earthquake occurred on a reverse fault
in the Kamchatka subduction zone at a depth of 35 km [see Origin in USGS, 2025]. The
fault surface was 390 km wide and 140 km long, with vertical displacement of up to
12-12.3 m, with the main part of the rupture located close to offshore suture zones [see
Finite fault in USGS, 2025]. The earthquake lasted between 180 and 230 seconds (http:
//geoscope.ipgp.fr/index.php/en/catalog/earthquake-description?seis=us6000qw60). The
rupture occurred along the Kuril-Kamchatka subduction zone, one of the most seismically
active regions of northeastern Eurasia, where the subduction rate of the Pacific lithospheric
plate beneath the North American (Okhotsk) plate reaches 8 cm/year [Argus et al., 2011;
Prytkov et al., 2017]. The interaction of the lithospheric plates is accompanied by tectonic
deformations that occur both at the plate boundary and in its vicinity [Koulakov et al., 2011].
The subduction zone is a site of the largest tsunamigenic (with a magnitude greater than 8)
and deep (more than 600 km) earthquakes [Biirgmann et al., 2005].

The major earthquake of July 29, 2025, triggered not only numerous aftershocks but
also a significant tsunami, which was detected by tide gauges and deep-sea instruments
throughout the Pacific basin, from Russia to South America [PTWC, 2025] (Figure 3).
Tsunami warnings and advisories were issued for much of the Pacific region, leading to
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coastal evacuations and emergency response measures throughout the region (https://www.
reuters.com/business/environment/huge-quake-russia-triggers-tsunami-warnings-around-
pacific-2025-07-30/).

GullEteo

Figure: Sea-level observations as reported in the 24th and the
last message of the PTWC issued at 01:57 UTC on 31 July 2025
GREEN: 0-0.5m
YELLOW: 0.5-1.0 m
ORANGE: 1.0-1.5

©

Figure 3. Sea-level observations as reported at 01:57 UT on July 31, 2025 [PTWC, 2025] (green:
0-0.5 m, yellow: 0.5-1.0 m, orange: 1.0-1.5 m, red: 1.5-1.74 m as the maximum reported wave
height).

The maximum observed amplitudes recorded by the Pacific Tsunami Warning Center
(PTWC) were 1.74 m at Kahului (Maui, Hawaii) southeast of the epicenter, 1.13 m at Cres-
cent City (California, USA) east-southeast, 1.04 m at Baltra (Galapagos Islands, Ecuador),
and 1.12 m at Coliumo (Chile), both southeast (https://www.ioc.unesco.org/en/global-
tsunami-response-m88-kamchatka-earthquake, https://www3.nhk.or.jp/nhkworld/en/
news/backstories/4189/) (Figure 3). The tsunami was recorded by eight DART deepwater
stations located in the Pacific Ocean [PTWC, 2025]. The largest recorded amplitude was
0.85 m off the coast of the Kamchatka Peninsula, closest to the epicenter (DART 21416) [see
Figure 3 in NOAA. .., 2025]. This is the second-largest amplitude ever recorded by DART.
The absolute largest amplitude recorded by DART was during the tsunami in Japan on
March 11, 2011 (approximately 1.9 m) [Heidarzadeh and Satake, 2013]. The DART recording
was used to update the tsunami forecast [NOAA. .., 2025]. Two other DARTs, 21419 and
21415, recorded maximum amplitudes of 31 cm and 25 cm, respectively, within one hour
of the earthquake, amplitudes recorded by other DARTs provided by PTWC ranged from 2
to 28 cm [see Figure 3 in NOAA. .., 2025].

According to preliminary data, during the Kamchatka tsunami, wave heights report-
edly reached 5 m in coastal areas near the rupture site, flooding the Severo-Kurilsk port and
fish processing plant (https://en.iz.ru/en/1928654/2025-07-30/port-severo-kurilsk-and-
industrial-enterprise-are-flooded-after-earthquake), the waves of 3—-4 m were observed
in the Yelizovsky District of Kamchatka (https://www.themoscowtimes.com/2025/07/
30/huge-earthquake-off-far-east-russia-sparks-pacific-tsunami-warnings-a90020), and a
5-meter wave hit Severo-Kurilsk on the nearby Kuril Islands (https://www.vesti.ru/article/
4619123). At the Severo-Kurilsk Seaport, a wave surge of 17 m was recorded [Kotenko et al.,
2025a]. In the village of Nikolskoye in the Kamchatka region, the wave height reached
6.1 m [PTWC, 2025]. On Shumshu Island (Northern Kuriles), the tsunami flooded an area
650 m inland, with waves up to 6 m high and a maximum splash of 19 m [Kotenko et al.,
2025b].
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4. Arrival of the Tsunami to the Hawaiian Islands

Since a tsunami was generated after the earthquake off the coast of the Kamchatka
Peninsula, it is natural to consider it as a source of atmospheric waves.

To ensure that the ocean surface disturbance front has already formed and serves as
a source of atmospheric waves (which propagate into the ionosphere), we will analyze
observations at a significant distance from the epicenter. Such conditions arise when a
tsunami propagates eastward across the Pacific Ocean, passing the Hawaiian Islands in its
path (approximately 2/3 of the distance between the Kamchatka Peninsula and Southern
California).

In this study, using data from the Honolulu GPS receiving station (hnlc), we exam-
ine the ionospheric response to an earthquake centered off the coast of the Kamchatka
Peninsula in a zone far from the epicenter.

According to the tsunami forecast model (Figure 1) developed by the Tsunami Re-
search Center of the US National Oceanic and Atmospheric Administration (NOAA), the
tsunami reached the Hawaiian Islands approximately 6 hours after the main shock of the
earthquake.

Relative sea level variations based on data from tsunami monitoring stations near
the Hawaiian Islands (Figure 2) are shown in Figure 4. As can be seen from Figure 4, the
tsunami reached the first station, midx, located in the North Pacific Ocean in the western
group of the Hawaiian archipelago, at 3:37 UT. According to midx, located 3,272 km from
the earthquake’s epicenter off the coast of the Kamchatka Peninsula, the sea level height
changed by more than 1 m. The tsunami reached the next station, fren, located on the
coast of French Frigate Shoals, the largest atoll in the Northwest Hawaiian Islands, at
4:52 UT. This station is located 4,252 km from the earthquake’s epicenter off the coast
of the Kamchatka Peninsula. The tsunami reached the island of Kauai (hanl, 4,793 km
from the earthquake’s epicenter) at 5:35 UT, with a wave height of 90 cm. The tsunami
reached Johnston Atoll at 5:33 UT (john, 4,773 km from the earthquake’s epicenter). The
tsunami’s arrival on the island of Oahu was recorded at 5:46 UT (halei, 4,932 km from
the earthquake’s epicenter) and at 5:48 UT (hono, 4,963 km from the epicenter). The
halei gauge recorded an amplitude of 1.38 m above normal sea level at the first tsunami
strike. The tsunami reached the island of Molokai (kaun, 5,044 km from the earthquake’s
epicenter) at 5:55 UT. The tsunami’s arrival on the island of Hawaii was recorded at 6:12 UT
(milo, 5,284 km from the earthquake’s epicenter) and at 6:13 UT (hilo, 5,285 km from
the epicenter). Overall, the tsunami’s arrival was observed in the Hawaiian Islands from
3:37 to 6:13 UT, with initial amplitudes ranging from 21 to 139 cm. Estimating the average
speed (Table 1), the tsunami propagated at an average speed of 215 m/s.

Table 1. Parameters of tsunami propagation according to the data of tsunami monitoring stations

. Distance between . Average speed of Maximum
Tsunami . L Time of the ) .
. tsunami monitoring » . tsunami amplitude of wave
monitoring R ) tsunami’s arrival, . R
. station and earthquake’s propagation, height,
station . uT
epicenter, km km/s m
midx 3272 July 30, 2025 3:37 215.5 1
fren 4252 July 30, 2025 4:52 216.1 0.21
hanl 4793 July 30, 2025 5:35 215.3 0.91
john 4773 July 30, 2025 5:33 215.6 0.43
halei 4932 July 30, 2025 5:46 215.2 1.39
hono 4963 July 30, 2025 5:48 215.4 0.41
kaun 5044 July 30, 2025 5:55 215.0 0.37
milo 5284 July 30, 2025 6:12 215.8 0.23
hilo 5285 July 30, 2025 6:13 215.4 1.29
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Figure 4. Variations in relative sea level according to data from sensors located on the Hawaiian
Islands (Figure 2).
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5. Remote Ionospheric Effect of a Tsunami

Of the 32 GPS satellites, six were within the hnlc receiver’s coverage area during the
time interval from 3:00 to 7:30 UT. Figure 5, along with the hnlc receiver’s location, shows
the satellite path projections onto the ionosphere for the six selected GPS satellites whose
data were used in the analysis. The flight times are indicated on the paths.

30 °N '- O

25°N B 6:25 UT

/ 3:00 UT
3:00 UT

176 "W 168 “W 160 “W 152 °W N
Figure 5. Geographic map with GPS satellite path projections for the hnlc receiving station for July
30, 2025. Time is indicated at the beginning and end of the path projection. The hnlc receiving
station is indicated by a red circle. Locations of tsunami monitoring stations in the Hawaiian Islands
are indicated by blue squares (Figure 2). Symbol (*) with corresponding color indicates GPS position
at the onset of increased TEC variations.

Figure 6 presents 30-second data on the TEC variations after applying 7th-order
Butterworth bandpass filtering. As can be seen from Figure 6, the temporal variations in
the TEC exhibit variations of increased intensity. In particular, according to data from
the G07 satellite, increased variations in the TEC were observed from 4:43 UT with an
amplitude of up to 0.6 TECU. At the time when increased variations began, the satellite
was located 4,775 km from the earthquake’s epicenter off the coast of the Kamchatka
Peninsula. According to data from the G14 satellite, such variations were observed from
4:56 UT (5,094 km from the earthquake’s epicenter) with an amplitude of up to 0.58 TECU.
Similarly, for the time of the onset of variations and their amplitude, based on observations
on other satellites, the following was obtained: G20 satellite — 4:39 UT (4,691 km from
the earthquake epicenter) with an amplitude of up to 0.63 TECU, G21 satellite — 4:43 UT
(4,773 km from the earthquake epicenter) with an amplitude of up to 0.6 TECU, G22
satellite — 5:00 UT (5,188 km from the earthquake epicenter) with an amplitude of up to
0.57 TECU, G30 satellite — 4:41 UT (4,727 km from the earthquake epicenter) with an
amplitude of up to 0.61 TECU.

As can be seen from Table 2, all satellites, and particularly those whose trajectory
projections were close to the receiver (e.g., G07, G22, G30), demonstrate a clear lead time
(48-66 minutes) for the onset of increased TEC variations compared to the first tsunami
arrival at the same distance from the earthquake epicenter. Table 2 shows a slight decrease
in the amplitude of variations as the distance from the earthquake epicenter increases.
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Table 2. Parameters of increased TEC variations at hnlc receiving station

Estimated arrival

Distance of onset time of the Maximum
. of increased TEC Time of onset of . amplitude of
GPS satellite - . tsunami at the .
variations from the increased TEC . increased TEC
B .. distance of onset R
earthquake’s variations (UT) . variations,
epicenter, km of increased TEC TECU
P ! variations (UT)
GO07 4775 4:43 30.07.2025 5:34 30.07.2025 0.6
Gl14 5108 4:56 30.07.2025 5:58 30.07.2025 0.58
G20 4691 4:39 30.07.2025 5:27 30.07.2025 0.63
G21 4773 4:43 30.07.2025 5:34 30.07.2025 0.6
G22 5188 5:00 30.07.2025 6:06 30.07.2025 0.57
G30 4727 4:41 30.07.2025 5:30 30.07.2025 0.61
0.4
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Figure 6. Filtered variations of the TEC recorded at the hnlc receiving station, satellite numbers are
indicated in the figure field.

To perform a frequency analysis of the TEC variations in this study, a spectral analysis
based on a wavelet transform was performed. As can be seen from Figure 7, the areas of
increased amplitude of the TEC variations are far from the boundaries of the “cone of
influence.” The data in Figure 7 indicate that ionospheric density variations are observed
from 4:39 UT (G20), from 4:41 UT (G30), from 4:43 UT (G21), from 4:56 UT (G14) and
from 5:00 UT (G22). As can be seen from Figure 5, the satellite GO7 left the hnlc station’s
coverage area at 6:25 UT. Therefore, for GO7 a scalogram was constructed for the time
interval from 3:00 to 6:25 UT.
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0.09
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3:00 3:30 4:00 4:30 5:00 5:30 6:00 6:30 7:00 7:30
Time (UT)

Figure 7. Scalograms of filtered variations of the TEC recorded at the hnlc receiving station, satellite
numbers are indicated in the figure field, the white lines are the cone of influence.

Table 3 shows that the range of periods of TEC variations from 9 to 25 minutes
corresponds to the range of atmospheric internal gravity waves. Significant changes in the
spectral composition depending on the position of the satellite relative to the epicenter at
the moment of the beginning of observation of increased TEC variations are not observed.
As can be seen from Figure 7, low-frequency disturbances are registered earlier than
high-frequency ones.

Analysis of signal scalograms for all six GPS satellites considered in the present paper
reveals well-organized wave trains of traveling ionospheric disturbances (TIDs) that were
detected over the islands in the far zone from the epicenter of the Kamchatka earthquake
on the same day. These waves are associated with the propagation of IGWs.
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Table 3. Spectral characteristics of increased TEC variations at hnlc receiving station

Distance of onset of Time of onset of
GPS satellite increased TEC variations e otonset o Period of increased TEC

8 increased TEC . .
from the earthquake’s . variations, min
. variations, UT
epicenter, km

GO07 4775 4:43 30.07.2025 12-22.5
Gl4 5094 4:56 30.07.2025 14-25
G20 4691 4:39 30.07.2025 10-20
G21 4773 4:43 30.07.2025 9-21
G22 5188 5:00 30.07.2025 9-20
G30 4727 4:41 30.07.2025 13-25

6. Discussion

As demonstrated in the present paper, using data from a GPS receiver located in
the Hawaiian Islands, well-organized wave trains of traveling ionospheric disturbances
(TIDs) were detected over the islands in the far zone from the epicenter of the Kamchatka
earthquake on the same day. Periods of these waves correspond to the propagation of
IGWs.

It should be noted that the hypothesis that TIDs are propagating atmospheric IGWs
(entering the ionosphere due to the presence of vertical velocity) was put forward quite
a long time ago (see, for example, [Hines, 1960]). Since then, it has found experimental
confirmation, the most recent of which is associated with the recording of TIDs from TEC
variations using GPS [Afraimovich and Perevalova, 2006].

Under quiet geomagnetic conditions, these TIDs can be caused by a tsunami, which, as
is known [Golitsyn and Klyatskin, 1967], generates IGWs during its propagation. Moreover,
the appearance of TIDs over the Hawaiian Islands significantly precedes the arrival of the
tsunami. Thus, while the first tsunami detection at monitoring stations near the vicinity
of GPS receiver was recorded at 3:37 UT, TIDs were detected by all satellites examined
between 4:39 and 5:00 UT, i.e., the IGW precedes the tsunami by at least several tens of
minutes.

Analysis of signal scalograms for all six GPS satellites, considered in the present paper,
well-organized wave trains of traveling ionospheric disturbances (TIDs) were detected over
the islands in the far zone from the epicenter of the Kamchatka earthquake on the same
day. These waves are associated with the propagation of IGWs.

The conclusion that atmospheric waves driven by sea wave move faster the latter is
easy to understand if we consider the dispersion relation for atmospheric internal gravity
waves [Gossard and Hooke, 1975]:

_ 4H’k wg
1+4H2k?’

2

where k? = k2 + k2 is the wave vector, wq is the Brunt-Viisilad frequency, and H is the
characteristic scale of the atmosphere. From the dispersion relation it is easy to see that
the frequency of atmospheric internal waves w can vary from close to zero (when the wave
vector is close to vertical) to w, (when the wave vector is almost horizontal). For IGWs, the
group velocity is perpendicular to the phase velocity, so that the wave energy propagates
at a right angle to the direction of propagation of the wave front. Low-frequency waves
(when the frequency is close to zero and the wave vector is almost vertical) have the fastest
group velocity, and this velocity is directed almost horizontally. In other words, weakly
oscillating horizontal structures are very efficient in distributing energy horizontally.
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In addition, the group velocity of atmospheric waves is greater than or equal to their
horizontal phase velocity. In turn, the horizontal phase velocity of an atmospheric wave
(according to its radiation condition) is greater than the horizontal propagation velocity of
the tsunami.

This is why a specific shape of the ionospheric signal is observed: low-frequency
signals are recorded first, followed by high-frequency signals. In other words, this shape of
the signal indicates that the tsunami is preceded by an atmospheric IGW.

7. Conclusion

Thus, the tsunami generated after the Kamchatka earthquake and atmospheric internal
gravity waves (IGWs) driven by the tsunami according to the radiation condition can
propagate at considerable distance from the epicenter. At large distances from the epicenter,
the IGWs emitted by the tsunami and having faster group velocity must be ahead of the
sea wave. Since the IGWs have a vertical component of the velocity they can reach the
ionosphere and cause ionospheric density variations. In the ionosphere this advance of
IGWs becomes so noticeable that it can be reliably recorded with modern instruments. In
this study, the phenomenon of IGWs driven by tsunami and finally propagating faster than
a sea wave (tsunami) was experimentally verified using a tidal tsunami monitoring station
and GPS measurements of the TEC variations in the upper ionosphere. A specific spectral
shape of ionospheric signal caused by the IGWs has been demonstrated, which indicates
the earlier arrival of the ionospheric signal compared to the arrival of the tsunami. The
effect of IGWs propagating faster than the tsunami that drives them and specific spectral
shape of ionospheric signal caused by the IGWs can be used as an additional instrument
for tsunami early warning systems.
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