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Studies on the acoustic, infrasonic and gravity waves since the 1960s
Susumu Katé*
LKyoto University

Since the basic theory of acoustic gravity wave was established in the 1960s, many small dynamic disturbances in the upp
atmosphere, taking place either naturally or artificially, have been well understood in terms of these waves. Particularly, travelling
ionospheric disturbances (TID) were found to be a manifestation of gravity waves. Later, nuclear explosions have been considere
to be detected as the acoustic gravity wave sources. Also aurora particles has been found to be the wave sources. Recently, tsun
produced by earth quakes has been interested as acoustic gravity wave sources though the precise detection system has bee
from complete. In understanding gravity waves whose propagating velocity, is as slow as local winds, we have to consider the
frequencies to be often seriously Doppler-shifted by local winds. In the 1980s gravity waves, propagating from the lower to uppel
atmosphere, are considered to be saturated dynamically and thermodynamically, resulting to release the angular momentum
the ambient atmosphere, contributing to the peculiar mesosphere general circulation.

As to atmospheric tides which are gravity waves with global scales and with periods of one solar-day or its submultiples,
the classical tidal theory was established in the 1960s clarifying tides and other planetary-scale wave structures as consistir
of both positive and negative modes, each of which depends on either positive and negative sign of the eigen value of th
fundamental equation i.e. the Laplace tidal equation, respectively. The classical tidal theory has solved an outstanding problel
on the geomagnetic Sq variation which is the geomagnetic variation originating in the ionosphere being observed on the earth
surface. Thus, we have realized that various atmospheric waves contribute to coupling between the lower and upper atmosphe

We saw since the 1980s remarkable steps forwards in observation of the atmospheric waves particularly by radars and lidar
The Mesosphere, Stratosphere and Troposphere (MST) radars have been constructed in many places in the world providil
observational supports of the theories. Particularly, the MU radar Kyoto University, constructed in 1984, has played an importan
role in showing the saturation spectrum and momentum release of gravity waves for contributing to the mesosphere gener
circulation. It should be remarked that while a lot of observation data about atmospheric waves is available now, very often the
data analysts may be lacking in clear understanding the basic theories. Hopefully, the present paper may help them improve tl
lacking.
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Chelyabinsk meteorite fall: analysis of shockwave signals recorded by broadband seis
mometers and infrasound sensors

Yoshiaki Ishihara*, Yoshihiro Hiramats#, Kiwamu Nishidd, Nobuo Araf, Makiko lwakuni*, Yoshihiro Kakinami, Muneyoshi
Furumotd, Masa-yuki Yamamotb

INational Institute of Advanced Industrial Science and Technoldggnazawa Univ.2ERI, Univ. of Tokyo,*Japan Weather
Association’Kochi Univ. of Tech,’Nagoya Univ.

A huge bolide was appeared in the skies over the Ural district, Russia around 03:20 UTC, and a few minutes after, stron
shockwave struck at Chelyabinsk city. The shockwave destroyed lots of window glasses of buildings and injured more thar
1,000 residents. The shockwave signals were clearly recorded by global broadband seismic network and CTBT-IMS infrasoun
monitoring array stations. At the small meteorite fall (e.g., Jan. 20th, 2013 fireball event, lwakuni et al., this JpGU meeting),
the shockwave related signal detection range is limited as wide as 150 km from terminal burst point or atmospheric trajectory
However, the case of Chelyabinsk bolide, we could identify shockwave related wave phenomena at least beyond 1,000s km |
range. It is no doubt that this is the largest bolide event since 1908, when the Tunguska event occurred.

In this presentation, we will present the results of analysis of shockwave related phenomena based on seismic, infrasound, a
GPS TEC records.
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Attenuation curve of infrasound signal from a sounding rocket launch detected by multiple
sites arrayed sensors

Masa-yuki Yamamotd', Ayano Hatakeyama Daiki Kiharal
IKochi University of Technology

Infrasound and audible sound propagation in atmosphere is one of the open fields of the atmospheric science. Infrasound a
atmospheric gravity waves propagating vertically up to the thermosphere is important in energy transportation way from the
ground/ocean to the thermosphere. These waves can possibly be a seed of observable waves in upper atmosphere as many k
of horizontal waves observed by optically or electromagnetically at each fixed altitude, suggesting they might be a key of atmo:
spheric studies in vertical interactions. Many kinds of sources in naturally and artificially on ground, ocean, or troposphere like
volcanic eruptions, earthquakes, tsunamis, artificial explosions, traffic of vehicles and planes can emit acoustic/infrasonic wave:
however, experiments of direction finding by multiple-sites arrayed infrasound sensors in mesoscale region have been limited.

Determination of wave source coordinates of infrasonic waves was studied by using multiple eruptions of Sakurajima volcanc
and 3 sounding rocket launches from Uchinoura Space Center (USC), JAXA. In August 2012, we deployed 8 infrasound sensoil
at 4 sites as 2 triangles of 3-sensor arrays (Chaparral Model-2.5) and 2 independent sensors (Model-2) at 4 independent azimu
in separations within 14 km from the launch pad. During the experiment, JAXA's S-310-41 sounding rocket was launched at
USC at 16:30 JST on Aug. 7, 2012. A clear infrasound pulse was detected at each 3 of 4 sites, however, not at 1 site. Based
the wind measurement on ground and by radiosondes, wind vector was ENE to WSW at the launch time. The observation sit
in negative result was located in SW azimuth and a high mountain was located between the launch pad and the site, implyin
the site was in the shadow region of the infrasound propagation at that time. According to the pulse signal at the other 3 site
and previous two rocket launches, attenuation curve by atmospheric viscosity was clearly observed between 1 km and 63 kn
suggesting maximum propagation distance of about 40 km from the launch pad for S-310 and S-520 type sounding rockets.

The data were recorded as win-format files by Hakusan LS-8000WD and LS-8800 data loggers as well as SAYA 16 bit A/D
boards with a PC at each site. Data viewer software directly from the win-format binary files was developed for the direction
finding of wave source azimuth by each 3-sensor array. Using the software, infrasonic wave source coordinates by the Sakurajin
eruptions and the rocket launches were successfully confirmed within a few km radius. In this paper, we will present a summan
of direction finding experiments and introduce planned multiple-sites arrayed observation of infrasound in Kochi seacoast.
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Infrasound observation in polar region by multiple-sites sensor arrays at around Syow:
station

Takahiko Murayamé, Masaki Kana®, Masa-yuki Yamamott Takeshi Matsushinta Yoshiaki Ishihara

1Japan Weather AssociatioANational Institute of Polar ResearchiKochi University of Technology!Kyushu University,
5 Advanced Industrial Science and Technology

Not only seismic observation but also infrasound monitoring in Antarctica is important for investigating polar region phenom-
ena like icequakes. At Syowa station (SYO; 39E, 69S), we built a pilot infrasound site with single Chaparral Model-2 sensor in
2008 as a chance of IPY (international Polar Year) campaign. Since then, infrasonic signals have been recorded continuous
at Syowa, revealing the existence of continuous low-frequency pressure waves corresponding to the Double-Frequency Micrc
baroms (DFM) with peaks between 4 and 10 s in whole season. Signals with same period are recorded in broadband seismogre
at SYO (microseisms). The peak amplitudes of DFM reflect the influence of winter cyclonic storms in Southern Ocean, indicating
relatively lower amplitudes during winters, possibly caused by sea-ice extent around the coast with decreasing oceanic loadir
effects. In contrast, Single-Frequency Microseism-baroms (SFM, between 12 and 30 s) are observable under storm conditiol
particularly in winter. Several characteristic waves detected by seismographs in Antarctica are originated from physical interac
tion between solid earth and atmosphere-ocean-cryosphere, involving environmental changes.

On infrasound data, stationary signals are identified with harmonic over tones at a few Hz to lower most human audible banc
which appear to be local effects, such as sea-ice cracking vibration. Microseism-baroms are useful proxy for characterizin
ocean wave climate, and continuous monitoring by multiple-sites seismographs and infrasound sensors contribute to FDSN ar
CTBT in southern high latitude. In JARE-54 program, we expanded infrasound sensors to the suburbs of SYO and multiple-site:
infrasound observation was realized in February 2013. In order to detect the realistic wave source locations near SYO, array ol
servation and multiple-sites monitoring of infrasonic and seismic waves are extremely important. The current observation projec
at around SYO is expected to show the existing phenomena in Antarctica with their underlying physical processes. In this pape
infrasound observation at SYO and surroundings will be discussed.
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Data assimilation system to comprehend atmospheric variations associated with the sol
Earth
Hiromichi Nagad*, Ichiro Tomizawa, Toshihiko lyemort, Masaki Kanaé, Tomoyuki Higucht

IThe Institute of Statistical Mathematic&The University of Electro-CommunicationdGraduate School of Science, Kyoto
University,*National Institute of Polar Research

We have been developing a data assimilation system for better comprehension of atmospheric variations originated from th
solid Earth.
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R&D of a highly sensitive barometer using an optical fiber transducer
Akiteru Takamort*, Shingo Watadyg Yuichi Imanisht, Toshiaki Kitajimé&, Takuma Of
LERI, University of Tokyo,2Mitomi Giken Co.,Ltd,3TOHO MERCANTILE CO., LTD.
Highly sensitive barometers optimized for dense array observations are required to facilitate infrasound observation, nois
reduction in gravity measurements and other geoscience applications.
The authors have been working on the R&D of such barometer, by using an optical fiber transducer.

The concept and R&D status of the work will be presented.

Keywords: sensitive barometer, optical fiber transducer
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The Infrasound Observation Network for the CTBT's verification regime and its expecta-
tions for scientific studies

Nobuo Arai*
1 Japan Weather Association

The purpose of the verification regime of the Comprehensive Nuclear-Test-Ban Treaty (CTBT) is to monitor countries’ com-
pliance with the CTBT which bans all nuclear explosions on the planet. The CTBT's global alarm system is designed to detec
any nuclear explosion conducted on Earth ? in the underground, underwater or in the atmosphere. The CTBT Organization |
establishing and operating the International Monitoring System (IMS) which consists of 337 facilities located all over the world.
The IMS uses four different technologies, which are seismic, hydroacoustic, infrasound and radionuclide, to monitor the plane
for nuclear explosions. Atmospheric waves with very low frequencies are called infrasound and the CTBTO is establishing its
observation network which has 60 stations in 35 countries around the world. Each station is composed of an array of infrasoun
sensors with an aperture of about 2 km. Infrasound sensors measure micropressure changes in the atmosphere which are |
duced by a variety of natural and man-made sources, for example, exploding volcanoes, earthquakes, meteors and storms
the natural world and nuclear, mining and large chemical explosions in the man-made arena. Nowadays, 45 stations have be
installed and are sending data to the International Data Centre in Vienna in real time basis. And observed data are availab
for CTBT member states. The Infrasound Observation Network is unique by its global and homogeneous coverage and its da
quality and has considerable potential for civil and scientific applications.

Keywords: infrasound, observation network, atmospheric pressure
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lonospheric disturbance caused by acoustic wave due to the tornade on 6 May 2012 ol
served by the HF Doppler network

Ichiro Tomizawa*, Hitoshi Nishimura
1SSRE, Univ. of Electro-Comm.

The analysis results of ionospheric disturbances caused by acoustic waves of the tornade occurred from 12:35 to 12:55 JST «
6 May 2012 around Tsukuba city in Ibaraki Prefecture was described in this paper. The Doppler fluctuation observed by the HF
Doppler (HFD) network which has the reflection points just over the tornade were used to this analysis. It is interpreted based o
the spectral characteristics that the spectral peaks from 20 to 300 sec in the Doppler fluctuations are cased by the acoustic we
due to the cutoff around 300 sec.

There were many reports related to the tornades such as Davies and Jones (1977), but the distance from reflection point
the tornade of this observation was much shorter than the old reprots so that we could fortunately perfom the detailed analysis 1
shorter periods. Based on the spectral analysis of the Oarai 5006 kHz Doppler which was observed just over the tornade reveal
three peak periods, 120, 170 and 240 seconds, and short-lived and short peirods had been existing through the tornade activ
The three characteristic peiods are Imost the same as those of Davies and Jones (1977), but the shoter periods are found for
first time. Additionally snice the shorter periods were greatly attenuated at higher altitude, it can be interpreted as the result o
upward porpagation of acoustic waves.

Then we have analysed the three periods according to the cavity resonance model of Chimonas and Peltier (1973). At tt
first, we have derived the horizontal speed of the three period wave with the phase differeces of the three HFD stations in th
Ibaraki Prefecture, and obtained 132, 66 and 46 m/s, respectively. By using these speeds and the assumed reflection height, i
found that the resonance periods can be indentified with the tornade location. Moreover, the wavefront direction deduced by th
reflection points were also consistent with the same tornade location. Details will be presented in the meeting.

References
[1]K.Davies and J.E.Jones : Acoustic waves in the ionospheric F2-region produced by severe thunderstorms, J. Atoms. Ter

Phys., Vol.85, pp.1787-1744, 1973.
[2]G.Chimonas and W.R.Peltier : On severe storm acoustic signals observed at ionospheric heights, J. Atoms. Terr. Phys
Vol.36, pp.821-828, 1973.
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lonospheric disturbances induced by acoustic waves excited by earthquakes and tsunarn
Yoshihiro Kakinami*, Masa-yuki Yamamotb
LKochi University of Technology

Since the first report of atmospheric perturbation associated with earthquakes in 1960’s, many evidences of ionospheric pertu
bation have been reported using ionosondes. A dense GPS array is a good 2-D monitoring tool for studying ionosphere becau
total electron content (TEC) can be estimated using the phase difference of two L-band (f1=1575.42 MHz and f2=1227.60 MHz)
carriers emitted from GPS satellites. Recently, using the GPS-TEC, ionospheric disturbances induced by infrasound excited k
earthquakes and tsunamis have been well investigated.

After the M 9.0 Tohoku earthquake (Tohoku EQ) occurred on March 11 of 2011, many types of ionospheric disturbance suct
as acoustic resonance and gravity wave were observed. The initial TEC variation was observed 9 min after the main shocl
Distribution of the intensities of the initial TEC variation showed clear inclination and declination effect of magnetic field. After
the initial TEC variation, deep plasma density depletion named "tsunamigenic ionospheric hole” was observed over the tsunar
source area. Similar depletion was also found in the 2010 M8.8 Chile, the 2004 M9.1 Sumatra earthquakes and others.

Asymmetry of propagation of the initial TEC variation was found. A faster coseismic ionospheric disturbance (CID) prop-
agated at ?3.0 km/s only in the west-southwest, while a slower CID propagated concentrically at 1.2 km/s or slower from the
tsunami source area in the Tohoku EQ. Taking the propagation speed and oscillation cycle into account, the faster CID wa
possibly induced by acoustic waves excited by a Rayleigh wave but the slower CID was associated with an acoustic or gravit
wave. If the acoustic wave excited by the Rayleigh wave induced the faster CID at each point, the faster CID must be observe
even at north of the epicenter because the Rayleigh wave propagated all directions from the epicenter. Therefore, the acous
wave excited by the Rayleigh wave formed superimposed wave front and then it disturbed the ionosphere.

A CID associated with acoustic resonance also showed asymmetry of the distribution. North edge of the CID associated witl
acoustic resonance corresponded to north edge of the tsunamigenic ionospheric hole. Further, the propagation velocity of tt
CID is similar to that of acoustic waves. The results imply the source of acoustic resonance was located over the tsunami sourc
area and acts as a point source.

Keywords: ionospheric disturbance, GPS-TEC, earthquake, Rayleigh wave, acoustic resonance, tsunamigenic ionospheric hol
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Numerical simulations of ionospheric disturbances induced by tsunami and tsunami sourt

Mitsuru Matsumur&, Takuya Tsugawi Hiroyuki Shinagaw?, Akinori Saito®, Yuichi Otsukéd, Toshihiko lyemort

ICenter for Space Science and Radio Engineering, University of Electro-Communicatiaimnal Institute of Information

and Communications Technologypepartment of Geophysics, Graduate School of Science, Kyoto UniveiSiiar-Terrestrial
Environment Laboratory, Nagoya Universitpata Analysis Center for Geomagnetism and Space Magnetism, Graduate School
of Science, Kyoto Univers

Observational, theoretical and numerical studies have revealed that tsunamis excite atmospheric gravity waves and indu
ionospheric disturbances. To understand the response of the ionosphere to an extreme tsunami and its source is useful to unc
stand upward coupling of the atmosphere and the ionosphere, and to apply ionospheric observations to tsunami early warnir
systems. TEC (Total Electron Content) observed by Japanese GPS receiver network after the 2011 Tohoku-oki earthquake h
propagating oscillations with phase velocities of 220-290 m/s, similar to that of a tsunami. Not only the tsunami but also its
source could be sources of the TEC oscillations because the tsunami and its source were close to each other. Contributions
tsunami and its source to the TEC oscillations should be separated to understand the each response. In this study, a coupled mc
of two-dimensional tsunami, three-dimensional nonhydrostatic and compressible atmosphere, and three-dimensional ionosphe
is developed to investigate the tsunami and the tsunami source contributions to the TEC oscillations. Our simulations reveal th:
the amplitude of TEC oscillations of 220-290 m/s induced by the tsunami source is comparable to that induced by the tsunam
The observed and simulated TEC also have propagating oscillations with phase velocities of 420-780 m/s, and other oscillatior
confined near the epicenter with periods of about 4 min. These oscillations are shown to be induced only by the tsunami sourct
The relation between the TEC amplitude and the tsunami amplitude can be derived indirectly by using the relation between th
TEC amplitude and the tsunami source amplitude.

Keywords: gravity wave, acoustic wave, earthquake, tsunami, TEC
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Development of a high-resolution atmosphere-ionosphere model for analyzing acoustic
gravity wave phenomena

Hiroyuki Shinagawé*, Mitsuru Matsumura, Hidekatsu Jif, Yasunobu MiyosHi, Hitoshi Fujiward, Takuya Tsugawa Aki-
nori Saitd, Toshihiko lyemori, Takashi Maruyama

INICT, 2University of Electro-CommunicationdKyushu University*Seikei University?Kyoto University

In the lower atmosphere of the earth, acoustic-gravity waves are generated by various kinds of natural and artificial source:
such as cumulus clouds, typhoons, earthquakes, tsunamis, volcanic eruptions, meteor impacts, nuclear explosions, rocket launc
etc. Previous theoretical and observational studies have suggested that acoustic-gravity waves induced by such sources can pi
agate up to the upper atmosphere, producing temporal and spatial variations in the thermosphere and in the ionosphere. Howey
specific mechanisms of upper atmospheric variations caused by the acoustic-gravity waves have not yet been fully understoc
because the upper atmosphere is an extremely complicated system and is easily disturbed by many other sources in the atr
sphere and in space. In order to quantitatively study the ionospheric variations caused by tsunami-driven acoustic-gravity wave
we developed a nonhydrostatic compressible atmosphere-ionosphere model. The model successfully reproduced atmosphe
waves and large-scale electron density variations associated with the tsunamis of the 2004 Sumatra earthquake and of the 2(
Tohoku-oki earthquakes. We are now developing a high-resolution global atmosphere-ionosphere model including more physic:
processes. We expect that the model is able to reproduce atmospheric-ionospheric phenomena associated with acoustic-gra
waves produced by various kinds of phenomena. We will review previous results of the present model and present a plan fc
developing a new model.

Keywords: acoustic wave, gravity wave, atmosphere, ionosphere, coupling, model
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A comparison of Pc5 micro-pulsations associated with vertical acoustic resonance an
those with substorm onset

Toshihiko lyemort*, Koji Hattori?
LGraduate School of Science, Kyoto Universttiyaculty of Science, Kyoto University

The Pc5 geomagnetic micro-pulsations associated with the vertical acoustic resonance is frequently observed just after lare
earthquakes, during strong volcanic eruptions or under severe meteorological conditions. On the other hand, the so-called stort
time Pc5 frequently appears around substorm onset. The frequency of such Pc5s is often rather close to that of the fundamen
mode of the vertical acoustic resonance. For example, at an "outerrise earthquake” on December 7, 2012, we observed a P
pulsation having a period of 270seconds at 90-160 minutes after the origin time. Because of the coherent phase among the d:
obtained at different geomagnetic stations, it seems to be magnetospheric origin rather than the acoustic resonance effect. \
compare the characteristics of both type Pc5s.

Keywords: geomagnetic micro-pulsation, substorm, vertical acoustic resonance
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