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Studies on the acoustic, infrasonic and gravity waves since the 1960s
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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 th
frequencies to be often seriously Doppler-shifted by local winds. In the 1980s gravity waves, propagating from the lower to upper
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
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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
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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 sensot
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
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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 seismogra
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 conditior
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 characterizing
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 soli
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R&D of a highly sensitive barometer using an optical fiber transducer
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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.
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[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.
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Vol.36, pp.821-828, 1973.
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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 &
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.
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Development of a high-resolution atmosphere-ionosphere model for analyzing acoustic

gravity wave phenomena
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The Infrasound signals produced by a bolide on 20th January, 2013
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Technology

The infrasound observation system has been installed in Isumi, Chiba-prefecture (approximately 60 km SE of Tokyo) as «
component of the International Monitoring System for the CTBT's verification regime. It is an array observation site and is
comprised of six elements with an aperture of about 2km. It had been deployed on November 2004. Some interesting infra
sound signals are observed, which was generated by the volcanic explosions, large earthquakes, artificial explosions and so ot

A bolide was flying over Kanto region around 02:42 on 20th of January 2013 (JST). Optical observation data gave the infor-
mation that the explosion area of this bolide was over Mt. Tsukuba. Distance between Mt. Tsukuba and Isumi is about 100km
back azimuth of Mt. Tsukuba is 350 degrees. The infrasound sensors detected some pulsed waves around 02:48. A back «
imuth of signals was estimated 356 degrees from north. It is consistent with the area of its explosion. From observed appare!
velocity of signals, the elevation angle of these signals was estimated 20 degrees. According to both this elevation angle ar
the distance, the altitude which the bolide explosion happened is estimated approximately 30km and travel time of atmospheri
wave is calculated about 5 minutes. Arrival time of signals at Isumi is around 02:48, it is also consistent with evaluation results.

In this presentaion, some remarkable optical observation, seismic records and TEC are introduced and discussed.

oo0o00:00000000,00,00,000,0000
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Intercomparison Observation of the Infrasound at Sakurajima Volcano
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In-situ measurement of acoustic wave propagation characteristics in middle and uppe

atmosphere by PDI on-board S-310-41
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Development and downsizing of a PSD type infrasound sensor
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LKochi University of Technology

Infrasound is one of the open fields for remote-sensing methods of geophysical phenomena in the atmosphere. There have be
developed and used many types of infrasound sensors, however, typically used infrasound sensors are almost manufactured
foreign countries, resulting high cost situation in Japan. If we can develop low cost infrasound sensors, multiple-site arrayed ob
servation will be realized in near future. Recently, infrasound signal generated by tsunami was clearly detected by many CTBTC
infrasound stations (Arai et al., 2011), suggesting a new era for establishing a dense infrasound sensor network in every part
Japan for preventing or reducing catastrophic disasters. Because the nature of pressure waves with large wavelength, amplitu
of infrasound generated by tsunami might be proportional to the size of the disasters. Combination with sensor networks o
seismometers on ground and ocean floor, GPS-buoy type wave recorders, and water manometers on ocean floor, establishin
dense network of infrasound sensors with arrayed configuration is desired.

Since 2006, we have been developing new sensing method of infrasound by using piezo film and PSD (Position Sensitiv
Detectors), achieving frequency range between 0.001 Hz and 10 Hz as well as minimum pressure level of 0.01 Pa (Yamamot
and Ishihara, 2009). Here, we tried downsizing the PSD type infrasound sensor developed in 2008 into a size of 0.15 m x 0.1
m x 0.25 m height with calibrating it by using space chamber (0.8 m length x 0.58 m diameter) as an accurate volume pressur
reservoir. By pushing and pulling a small amount of air by a small syringe, calibrating pressure waves with extremely weak
amplitude (10 Pa to 0.01 Pa) can be generated in the chamber, precise measurement of artificially generated infrasonic sign:
could be realized. The waves were measured not only by the developed PSD sensor, but also by Chaparral Model-2.5 infrasou
sensor at the same time. Comparison with output signals by two types of sensors, the downsized PSD type infrasound sensor w
carefully studied. In this poster, we will show the new design and obtained calibrating datasets.
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Preparation of the metadata for infra-sound in IUGONET project
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