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要旨
中島 悠貴

本論文では、上空約 300 km を中心に分布する電離圏の電子数擾乱を GNSSTEC 法で解析した結果を軸に、火山噴火に伴う超低周波波動の伝搬について
論じる。
おおよそ 10 mHz よりも低い周波数の大気波動は地表から約 300 km 上空の電
離圏まで到達し、電離大気を揺さぶることがある。例えば、地震は地動や津波
ばかりでなく、大気の擾乱も引き起こす。地震による大気の擾乱には、超低周
波音そのものによるもの、地震動による音響重力波やレイリー波とカップリ
ングするもの、津波とカップリングした大気重力波など様々な動態が確認さ
れている。火山噴火に伴うと考えられる電離圏擾乱は、大気重力波の重力波モ
ードや音響モードによる波動、爆発音のうちのとくに低い周波数のものが現
れたと考えられるものが報告されてきた。
修士論文では、2014 年ケルト火山噴火に伴う電離圏擾乱について論じた。博
士課程では 2015 年口永良部島火山噴火に伴う電離圏擾乱を GNSS-TEC 法で
検出すると同時に、地震計や微気圧計の波形を解析し、比較する機会を得るこ
とができた。この２つの噴火で引き起こされた電離圏擾乱は違った様相を見せ
る。2014 年ケルト火山噴火では、いくつかの周波数成分を持ち数時間程度継
続する波動が観測された。これは地震計から推定される地表付近の大気擾乱と
概ねよく対応していた。2015 年口永良部島火山噴火では、パルス状の波動と
約 5 mHz の 15 分程度続く波動が観測された。地上の観測と比較すると、パル
ス状の波動は地表で観測された気圧変動と同等のものであることがわかった。
これまでに行ってきた研究と文献を改めて確認しながら、火山噴火に伴う電
離圏擾乱の起源・成因と大気下層から超高層までの伝搬の性質について考え
た。その結果、これまでに観測されている電離圏擾乱の動態は噴火の経緯とよ
く対応することがわかった。

各章の概要

英文は各章冒頭に記述。

第一章 火山噴火が引き起こす地球大気の擾乱
本章では、火山噴火と大気擾乱、電離圏擾乱についてのこれまでの知見を概観
する。火山噴火による大気擾乱は音波や音響重力波として伝搬する。火山噴火
で引き起こされた超低周波音を使うと夜間に発生した爆発回数を検出したり、
爆発的噴火のメカニズムを解き明かすことができる。超低周波音は、地表の微
気圧計やマイクロフォンによって収集されている。一方で、上空約 300km を
中心に分布する電離圏の変動は、電波による遠隔通信に影響を与えるため、古
くから様々な測器で観測されてきた。火山噴火は、この電離圏まで伝搬しうる
低い周波数の音波や大気音響重力波を励起する。その波動はしばしば電離圏
の各種測器で検出されてきた。

第二章 いかにして大気波動を観測するか
GNSS-TEC (Global Navigation Satellite System Total Electron Content; 全地球
衛星測位システム電離圏全電子数)、広帯域地震計、微気圧計の基本的な取り
扱い方や調査の際に使ったデータ解析手法を紹介する。GNSS-TEC 法では、
電離圏中電子の多寡に応じて、周波数の異なるマイクロ波同士の分散性速度
遅延量の差が変動する性質を利用する。算出される量は TEC と呼ばれ、衛星
視線に沿って数えた電離圏中に存在する電子の数に相当する。実際上は GNSS
衛星の発する複数周波数電波同士の位相差から算出する。ここでは同時に、実
際に今回の調査で行った、広帯域地震計の波形から気圧波動由来の信号を取
り出す手法について紹介する。

第三章 火山噴火により励起された大気擾乱
主に 2015 年 5 月 29 日 0:59UT に発生した口永良部島火山噴火に伴う大気擾
乱を調査した成果について報告する。口永良部島は九州の南約 80km 沖合に位
置する、活火山を有する火山島である。GNSS-TEC を得るために国土地理院
の展開する GNSS の稠密観測網、GEONET (GNSS Earth Observation Network
System) で得られた 1 Hz サンプリングのデータを使用した。地表での観測デ
ータとして、防災科学技術研究所が展開している観測網 (F-net・V-net) の広
帯域地震計・微気圧計と産業技術総合研究所の微気圧計データを使った。本章
では口永良部島の事例に加えて 2014 年 2 月のケルト火山噴火と 2015 年 4 月
のカルブコ火山噴火に伴い発生した大気擾乱の成果についても紹介する。

第四章 電離圏へ届く火山噴火に起因する大気擾乱の
特徴
第三章で紹介した解析結果から、火山噴火に伴う大気擾乱の特徴や励起機構
について考える。火山噴火に伴う電離圏擾乱には様々な周波数・波形を持つ
ものが含まれている。火山近傍での電離圏 TEC に生じる擾乱の波形は大きく
2 つに分けられた。一つは火山爆発の約十分後に生じる数分の時間スケールを
持つ N 型の波形の変動で、2004 年の浅間山噴火や 2011 年の霧島山新燃岳の
噴火で観測された。もう一つは、連続的な火山噴火に伴って生じる特定の周期
で長時間継続する波動で、2014 年のケルト火山や 2015 年のカルブコ火山の噴
火に伴い確認されている。2015 年の口永良部島火山の噴火では、前者に相当
する特徴に加えて、∼5 mHz の TEC 振動が 15 分程度継続する様子が検出さ
れた。

第五章 火山噴火に伴う電離圏擾乱を考える
本章では、火山噴火に伴う電離圏擾乱に関して、本論文全体で論じた項目をま
とめ、結論と今後の展望について記した。

Abstract
by Yuki NAKASHIMA

I discuss the propagation of very low frequency infrasound that come from volcanic eruptions from near surface to the ionosphere based on the observations of
GNSS-TEC, broadband seismometers and barometers.
Infrasound or some other atmospheric wave under ∼10 mHz can reach to the ionosphere and shake the ionized atmosphere. For example, a great earthquake induces
not only ground motions or tsunamis but also atmospheric perturbations and some
of them propagate upward to the ionosphere. Such waves are interpreted as the
acoustic modal wave, the tsunamigenic gravity wave or the atmospheric wave coupled to the seismic Rayleigh wave. Ionospheric perturbations by volcanic eruptions
are also sometimes reported.
In my master thesis written in 2015, I discussed the ionospheric disturbances made
by the 2014 Kelud volcano eruption. It induced acoustic trap mode by continuous
eruption.
In the thesis, I would introduce the investigation about the propagation of the
atmospheric disturbance by the 2015 Kuchinoerabujima eruption. I analyzed 1 Hz
sampled GNSS-TEC time series, broadband seismograms and barograms installed
around the volcano. The features of the ionospheric disturbances observed in the
two case are totally different. I can confirm again with more assurance that the
difference comes from the sequence of the volcanic eruptions.
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Chapter 1
Atmospheric disturbances excited
by near-surface phenomena
I would introduce previous studies about ionospheric disturbances and atmospheric
waves induced by various surface phenomena including volcanic eruptions in this
first chapter.
Explosive eruptions excite atmospheric perturbations: not only as audible sound
but also as infrasound or acoustic modal wave, internal gravity wave and Lamb
wave. Observations of such perturbations enable us to detect volcanic eruptions
occurred during the night time, and allow us to investigate the physical processes
in various kinds of volcanic eruptions. On the ground, such atmospheric waves
have been observed by microphones or barometers.
In this study, I analyze various observation data of atmospheric waves that can
be propagating upward to the upper atmosphere, namely the ionosphere. It is
the layer rich in ions and electrons located ∼300 km above the ground. It makes
delays of microwave signals from the GNSS (Global Navigation Satellite System)
satellites, and it enable us to study ionospheric dynamics. The value detected by
GNSS microwave propagation is called TEC (Total Electron Content). It indicates
the number of electrons integrated along the line-of-sight connecting satellites and

Chapter 1
ground receivers. I use this GNSS-TEC technique to study atmospheric waves
excited by volcanic eruptions and propagating in the ionosphere.

1.1

Introduction to ultra low-frequency atmospheric
waves

Figure 1.1: Only acoustic waves with frequencies higher than the cut-off
frequency can exist. Acoustic waves with frequencies higher than a certain
value are highly attenuated by air viscosity. Hence, the Earth’s atmosphere
works as a band-pass filter (Georges 1968) (cited from Blanc, 1985, Figure
3).

I discuss atmospheric waves excited by volcanic eruptions with frequencies lower
than ∼20 mHz, propagating in the atmosphere. The Earth is composed of the
solid part, the ocean and the atmosphere. Majority of such waves propagate
within individual layers, and seldom propagate across their boundaries. However,
2
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the lowest frequency atmospheric wave often couples with the other layers, i.e., the
solid earth, the ocean, and the upper atmosphere. Atmospheric waves are roughly
divided into three categories, acoustic waves, the Lamb waves, and internal gravity
waves. Below I briefly introduce their characteristics.
At first, I introduce acoustic waves. I mainly discuss this with ultra-low frequencies
often called infrasound. Blanc (1985) summarized the decay of infrasound waves
propagating upward from the surface. Figure 1.1 showed that the higher frequency
components decay more due to air viscosity, and hardly reach the ionosphere. As
for the lowermost frequency waves, acoustic cut-off frequency determines the lower
boundary of the frequency reaching the ionosphere. This cut-off occurs because
the atmospheric elasticity does not work efficiently as the restoring force for frequencies below a certain threshold; thus, the atmosphere serves as a “band-pass”
filter for acoustic waves.
Below this acoustic cut-off frequency, waves in the atmosphere take another form,
i.e., internal gravity waves. The restoring force of the internal gravity wave is the
atmospheric buoyancy, and its upper-limit frequency of the gravity wave domain
is called the Brunt-Väisälä frequency. It indicates the frequency of oscillation by
buoyant forces in a stratified fluid, and is often called “buoyancy frequency.”
Between the internal gravity and the acoustic wave domains exists the Lamb wave.
It can propagate over a long distance and is occasionally detected by far-field observations after huge volcanic explosions (e.g. Kanamori et al, 1984).
Such internal gravity waves often couple mechanically with the ocean. For example, there have been reports about tsunamigenic ionospheric disturbances (e.g.
Occhipinti et al, 2008). Volcanic eruptions can also excite tsunami when pyroclastic flow goes into the ocean. The 1883 Krakatau volcano eruption was one
of the most explosive eruptions ever recorded in the world (e.g. Strachey, 1983),
and atmospheric internal gravity wave observed after this eruption is considered
to have been induced by oceanic gravity wave.
Such atmospheric waves sometimes exert forces perpendicular to the surface of the
3
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solid earth and excite a particular kind of seismic surface waves, i.e., the Rayleigh
waves. Large air pressure changes sometimes make observable solid earth displacements, and a few acoustic modes efficiently couple with seismic modes with
similar frequencies. Such coupling let these modes be continuously excited by meteorological and oceanographic sources, which is widely recognized as the ambient
seismic hum or the Earth’s background free oscillations (e.g. Nishida et al, 2000).
Acoustic and internal gravity waves often propagate far upward and disturb the
ionosphere. Such resonant oscillations of the lower atmosphere are also observed
by GNSS-TEC after large earthquakes. Choosakul et al (2009) reported that the
2004 Sumatra-Andaman earthquake excited ∼4mHz oscillation in the ionosphere
lasting for hours. Rolland et al (2011) analyzed various types of ionospheric perturbations by the 2011 Tohoku-Oki earthquake. It includes an N-shaped wave
excited by the Rayleigh wave, and the 3.7 mHz and 4.4 mHz acoustic-trap-modes
excited in the lower atmosphere and leaked into the ionosphere. Then, the internal gravity wave appeared ∼45 min later and propagated concentrically outward
by ∼225 m/s from the epicenter. Saito et al (2011) detected 3.7 mHz, 4.5 mHz,
and 5.3 mHz frequency peaks in the TEC changes. Nishioka et al (2013) reported
internal gravity waves and the lower atmospheric trapped waves excited by the
2013 Moore EF5 tornado.
These examples are found in a comprehensive review of atmospheric waves excited
by volcanic eruptions and large earthquakes up to 2010 by Mikumo (2011).

1.2

Atmospheric waves induced by volcanic eruptions

Volcanic eruptions cause large pressure changes and they can travel as air waves.
They have been recorded by various kinds of sensors (Fee and Matoza, 2013,
4
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Figure 1.2: Comparison of waveforms of infrasound excited by various
kinds of volcanic eruptions, from Hawaiian to Plinian. Vertical axis indicates air pressure (Pa). The distances between volcanoes and sensors (r)
are given to the right of the waveform. a) 0.1–15 Hz harmonic tremor from
the Halema’uma’u Vent, Kilauea Volcano, Hawaii. The tremor begins with
an impulsive degassing burst that cleared the vent (Fee et al., 2010a). b)
Infrasound pulses associated with LP seismic“drumbeat”events at Mount
St. Helens, North America. The events have durations of ∼10 seconds
(Matoza et al., 2009b). Strombolian activity from c) Stromboli Volcano,
Italy (Ripepe and Marchetti, 2002), and d) Tungurahua Volcano, Ecuador.
Harmonic tremor follows several of the Tungurahua explosions for a couple
to tens of minutes (Fee et al., 2010b). e) Complex explosion waveforms
from Karymsky Volcano, Kamchatka, Russia. Although the signals could
be classified as strombolian, the waveforms are asymmetric and characterized by larger initial compression pulse, smaller subsequent rarefaction
pulse, and long-duration sequences possibly due to jetting. f) Subplinian
eruption from Tungurahua Volcano showing occurrences of multiple pulses
of sustained broadband infrasound, intermixed with large discrete explosions (Matoza et al., 2009a; Fee et al., 2010b). g) Subplinian–Plinian
eruption of Tungurahua Volcano, Ecuador. Sustained, broadband, highamplitude infrasound gradually builds and peaks near hour 11.75 with a
∼45 minutes paroxysmal Plinian phase (Matoza et al., 2009a; Fee et al.,
2010b). Note a–e) represent one hour of data, while f–g) represent 14
hours. (cited from Fee and Matoza, 2013, Figure 2)

5
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Figure 1.3: Time series of slant TEC (residuals from reference curves, Sat.
15 was used) observed at GPS receivers (squares). Triangles show the
ground projections of the ionosphere (height is assumed to be 300 km)
piercing points in different azimuths from the Asama volcano indicated as
an open star. Clear disturbances are found in southern and southwestern
stations about 10 minutes after the eruption (11:02, vertical gray lines).
They are less conspicuous in the western stations and absent in northeastern and eastern stations. Numbers in the time series are the station IDs
in four digits. TEC time series closer to the volcano are displayed at the
top and bottom of the figure. (cited from Heki, 2006, Figure 1)

6
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Figure 1.2). Among others, I focus on a series of investigations about the “bichromatic” seismic waves induced by two huge eruptions (> VEI 5) occurred during
1980s and 1990s.

Figure 1.4: Map of volcanoes induced ultra low frequency atmospheric
wave.

Table 1.1: Examples of past eruptions with records of ionospheric perturbations. VEI (Volcanic Explosivity Index) is a semi-quantitative scale
of explosivity of volcanic eruptions (VEI is cited from Global Volcanism
Program, 2013).
Date

Volcano

2015/5/29

Kuchinoerabujima

VEI
3

2015/4/22–23 Calbuco

4

2014/2/13

Kelud

4

2004/9/1

Asama

2

2003/7/13

Soufrière Hills

3

1991/6/12

Pinatubo

6

1982/4/4

El Chichón

5

1980/5/18

St. Helens

6

1883/8/27

Krakatoa

6

7

8
2015 Calbuco
2015 Calbuco
2014 Kelud
2003 Soufrière Hills
2003 Soufrière Hills
2004 Asama
1991 Pinatubo
1991 Pinatubo
1980 St. Helens
1980 St. Helens
1980 St. Helens
1980 St. Helens

Shults et al (2016)

Aoyama et al (2016)

Nakashima et al (2016)

Dautermann et al (2009b)

Dautermann et al (2009a)

Heki (2006)

Igarashi et al (1994)

Cheng and Huang (1992)

Ogawa et al (1982)

Roberts et al (1982)

Roberts and Rogers (1982)

Liu et al (1982)

TEC (D): GNSS-TEC

TEC (F): TEC using Faraday rotation

Event

Report

Baro, HF, TEC (F)

VLBI

TEC (F)

HF, TEC (F)

HF, TEC (F)

HF, Baro., TEC (F)

TEC (D)

TEC (D)

TEC (D), Strain

TEC (D), Seis.

SWARM (geomag.)

TEC (D)

Instruments

Table 1.2: Previous detection of ionospheric perturbations by volcanic eruptions after GNSS construction. TEC (F) means
TEC calculated from Faraday rotation and TEC (D) means TEC calculated from phase difference of GNSS dual carrier wave.
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1991 Pinatubo
1991 Pinatubo, 1982 El. Chichón, 1980 St. Helens
1991 Pinatubo
1991 Pinatubo, 1982 El. Chichón
1980 St. Helens
1980 St. Helens
1980 St. Helens
1980 St. Helens
1883 Krakatau
1883 Krakatau

Watada and Kanamori (2010)

Kanamori et al (1994)

Kanamori and Mori (1992)

Widmer and Zürn (1992)

Delclos et al (1990)

Mikumo and Bolt (1985)

Bolt and Tanimoto (1981)

Donn and Balachandran (1981)

Harkrider and Press (1967)

Press and Harkrider (1966)

Baro.: Barometer

Seis.: Broadband seismometer

Event

Report

Tide-gauge

Tide-gauge

Seis., Baro.

Baro.

others

others

Grav.

Seis.

Baro., Seis.

Seis.

Instruments

Table 1.3: Previous detection of ultra low frequency atmospheric wave by volcanic eruptions mainly observed on the ground.
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1.2.1

The 1883 Krakatau erution, Indonesia

Krakatau volcano is located between the Sumatra and the Java Islands, Indonesia
(Figure 1.4). Its 1883 eruption is known as the “Ultra-Plinian” eruption and
people located more than 5,000 km away could hear the sound associated with the
eruption (e.g. Strachey, 1983). There have been reports by Press and Harkrider
(1966) and Harkrider and Press (1967) of the coupling between the atmospheric
modes and ocean recorded by tide gauges.

1.2.2

The 1980 St. Helens eruption, the USA

Mt. St. Helens is located between Seattle and Portland, western USA (Figure 1.4).
Its explosive eruption on May 18, 1980, made a caldera with diameter of 1.5 km,
and its peak altitude decreased from 2,950 meters to 2,550 meters. Delclos et al
(1990) detected infrasound from the eruption in far-field. There are reports of
the detection of seismic Lamb wave (Kanamori et al, 1984), atmospheric waves
were observed in Japan as disturbances of the ionosphere (Ogawa et al, 1982).
Ionospheric disturbances have also been detected as changes in ionospheric delay
of microwave by VLBI (Very Long Baseline Interferometry) as reported in Roberts
et al (1982) and Roberts and Rogers (1982).

1.2.3

The 1982 El. Chichón eruption, Mexico

El Chichón is an active volcano located in southern Mexico (Figure 1.4). Its disastrous 1982 eruption caused over 2,000 casualties. Large mass of aerosol released
to the stratosphere is considered to have temporarily cooled down the Earth for
0.3–0.5 degrees. In this eruption, there are reports of harmonic oscillation caused
by the atmospheric modes recorded by seismometers (Kanamori et al, 1994) and
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gravimeters (Widmer and Zürn, 1992). Ionospheric disturbances by this eruption
are also reported in Cheng and Huang (1992).

1.2.4

The 1991 Pinatubo eruption, Philippine

The Pinatubo volcano is located in the western part of the Luzon Island, Philippines (Figure 1.4). Its 1991 June eruption is known as one of the largest volcanic
eruptions in the twentieth century, and is considered to have decreased the world
average temperature by 0.5 degrees by blocking the sunlight with huge amount
of aerosols put into the stratosphere. This eruption also left unique geophysical
records for various kinds of sensors. Widmer and Zürn (1992) found some modal
waves in the gravity record of black forest observatory. Atmospheric resonance
induced the seismic signals by the 1991 Pinatubo eruption as well as the 1982
El Chichón eruption. They found strong “air waves”, and the same waves are
detected by the world-wide broadband seismometer arrays (Kanamori and Mori,
1992). Kanamori et al (1994) proposed the two physical mechanisms behind the
observed seismic signatures, i.e. the “mass injection” and “energy injection” into
the atmosphere by the eruptions. Watada and Kanamori (2010) investigated atmospheric resonance induced by volcanic eruptions from theoretical consideration,
and succeeded in explaining the seismic observations in the 1991 Pinatubo eruption using normal mode theory.
Lower frequency ionospheric disturbances by this eruption (∼ 1000 sec) have been
reported by the observations in Taiwan (Cheng and Huang, 1992) and in Japan
Igarashi et al (1994). The ionospheric wave propagated with lower atmospheric
perturbation as internal gravity wave about 4000 km away from the volcano.
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1.2.5

The 2003 Soufrière Hills volcano eruption, Montserrat

Figure 1.5: Spectrograms of TEC traces stacked by groups of neighboring
GPS stations: top = HERM, SOUF, and MVO1 on Montserrat, middle
= CRO1 on St. Croix, and bottom = UPRR and UPRH on Puerto Rico.
Left spectrograms correspond to satellite PRN27; right, to PRN31. The
vertical dotted line indicates the SHV explosion time. The moveout and
fade-out of the perturbation at ∼4 mHz is visible. (cited from Dautermann
et al, 2009b, Figure 7).

Dautermann et al (2009b,a) reported ionospheric disturbance using GPS-TEC
technique for the 2003 eruption of the Soufrière Hills volcano, Montserrat, Western Indies. They showed continuing TEC oscillation with periods around 4–5
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Figure 1.6: RSAM and cumulative volume collapsed over time for the lava
dome collapse 12–13 July 2003, showing the various stages of the lava dome
collapse. (cited from Herd et al, 2005, Figure 11).
minutes (Figure 1.5).They compared the results with synthetic wave signatures obtained by the normal mode summation, and discussed the lithosphere-atmosphereionosphere coupling with GPS-TEC and strainmeter data. Herd et al (2005) investigated the volcano activity by in situ observations (Figure 1.6). They mentioned
Soufrière Hills volcano induced tsunami in the Tar River Valley and after that the
hydrovolcanic eruption occurred at Soufrière Hills volcano about 2.7 hours.

1.2.6

The 2004 Asama eruption, Japan

Heki (2006) presented ionospheric disturbance by a Vulcanian explosion of the
Asamayama volcano in 2004 by analyzing the GPS-TEC data. He detected an
N-shaped GPS-TEC signal excited by the 2004 explosion of the Asama volcano.
The peak-to-peak period of the N-shaped disturbance is ∼120 sec, although the
original GNSS data are 30 sec sampling interval and we cannot discuss signals with
periods shorter than 60 sec (Nyquist frequency). He also estimated the acoustic
13
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energy of the explosion from the amplitudes of the ionospheric perturbations by
comparing it with the GPS-TEC signals cause by a mine blast with a known
amount of explosion energy. The N-shaped signal is similar to ‘shock acoustic
waves (SAWs)’ (Afraimovich et al, 2001), and the signal is considered to come
from the atmospheric wave excited by the volcanic explosion. Ohminato et al
(2006) suggested that this eruption had an abnormally large amplitude air waves
in spite of moderate seismic signatures.

1.2.7

Explosive eruption style: Vulcanian vs Plinian

Volcanic eruptions are classified into several styles. Volcanologists have tried to
classify volcanic eruption styles by some parameters representing the phenomena.
One of such classifications, advocated by Walker (1973), uses “dispersal” and “fragmentation” (see Figure 1.7a). The parameters are calculated by pyroclastic fall
deposit. Dispersal and fragmentation almost relate to explosiveness and eruption
column height, respectively (see Figure 1.7b). Hawaiian, Strombolian and Plinian
eruptions are stationary magma eruptions in the ascending order of explosivity.
The most explosive eruption style in them, Plinian eruption, is explosive eruptions
continuing several hours, and it makes high plume column and transmits volcanic
ash to the stratosphere. Vulcanian eruption is unsteady eruption and explosive
relative to the eruption products. Surtseyan and Phreatoplinian eruptions are
also called “phreatomagmatic eruption” and occurred by interaction of magma
and water.
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Figure 1.7: (a) D–F plot used to characterise different types of pyroclastic
fall deposit (after Walker (1973), and updated in Wright et al. 1980).
(b) Cartoon explaining D–F plot in terms of eruption column height and
’explosiveness’. (cited from Cas and Wright, 1987, p.130 Figure 6.2)
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Figure 1.8: Scope of the thesis. A volcanic eruption can induce various atmospheric perturbations and they can be detected by various instruments.

1.3

The objectives of the thesis

The objectives of the thesis are as follows:

1. To compile past reports of ionospheric perturbations by large volcanic eruptions, and discuss their common features and differences
2. To analyze GNSS-TEC data of Plinian eruptions, i.e., the 2014 eruption of
the Kelud volcano, Indonesia, and the 2015 eruption of the Calbuco volcano,
Chile
3. To analyze GNSS-TEC data of Vulcanian eruptions, i.e., the 2015 eruption
of the Kuchinoerabujima volcano, Japan
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4. To compare GNSS-TEC records by the 2015 eruption of the Kuchinoerabujima volcano with those from multiple conventional sensors such as barometers and broadband seismometers
5. To clarify physical mechanisms of the atmospheric wave excitation and the
three-dimensional propagation of such waves in order to understand the disturbance of upper atmosphere due to various kinds of volcanic eruptions in
a comprehensive manner
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How to observe atmospheric
waves by seismological and space
geodetic methods
In this chapter, I describe basic procedures to analyze GNSS (Global Navigation
Satellite System), the broadband seismometer and the barometer used in the investigation. The main observation techniques is the GNSS-TEC (GNSS Total
Electron Contents), where TEC means the number of electrons in the ionosphere
along the line-of-sights connecting the GNSS satellites and GNSS receivers. This
value is derived from the difference of the GNSS carrier phases between the two
microwave carriers. I will also explain the instruments on the ground and how to
observe air pressure changes with broadband seismometers.

Chapter 2

2.1

Detection of waves propagating near the surface

2.1.1

Barometer observation

I used arrays of barometers to study the air waves associated with the 2015 Kuchinoerabujima eruption as reported in section 3.2. At first, the most important
difference of barometers from microphones is that we can observe low-frequency
components, even including the DC (direct current) components.

2.1.2

Broadband seismometer observation

The target frequency range of atmospheric waves studied in this thesis is close to
the lower corner frequencies of the broadband seismometers. The corner frequencies of STS-1, STS-2 (2.5) and Trillium-240 seismometers are 360 sec, 120 sec, and
240 sec, respectively. I removed the contributions of such frequency-dependent
responses from the observed data beforehand.
As introduced in Chapter 1, the atmospheric modes and the solid earth modes
can couple with each other. The underlying physical process of such coupling
is simple. The increased atmospheric pressure exerts forces perpendicular to the
surface and depress the ground. This makes vertical displacement of the surface,
and the instruments record such displacements. The response of the solid earth
to the atmospheric pressure change is modeled using the following equation (BenMenahem and Singh, 1981).

uz = −
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Figure 2.1: Response curve of the Trillium-240 seismometer installed in
the V-net stations.
There, uz , ĉ, ω, λ′ indicate vertical displacement, apparent velocity, wave frequency
and the Lame’s constant, respectively. P0 is the change of atmospheric pressure.
We confirmed that the deformation obeys this equation using the data collected at
a V-net station, KCFV. I input ω = 0.04 Hz, λ′ = 45 GPa (PREM), ĉ = 340 m/s
to the above equation, and obtained the following simplified relationship between
the pressure change and vertical crustal displacement:

Po = −0.007uz

(2.2)
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Figure 2.2: Response curve of the STS-2 seismometer installed in the F-net
KYK (Nagata, Yakushima island) station

2.2

Detection of atmospheric waves traveling in
Ionosphere: GNSS-TEC method

GNSS-TEC method is used to measure the number of electrons in the ionosphere.
The method utilizes the dispersive nature of microwave signals from GNSS satellites, i.e., the frequency dependence of ionospheric delays.

2.2.1

How to measure the number of electrons by GNSS?

GNSS is a system to determine the receiver coordinate by analyzing the code or
carrier phase of microwave signals coming from multiple satellites orbiting the
Earth. GNSS has been one of the essential infrastructures of not only geophysics

22

How to observe atmospheric waves by seismological and space geodetic methods
but also surveying in civil engineering over the last several decades. From geophysical point of view, they have become one of the fundamental observation facilities
nowadays. Its application field is not limited to positioning, but has expanded to
various fields including atmospheric sensing, clock synchronization, precise orbit
determination of low earth orbiters, etc.

2.2.1.1

What is GNSS?

I will briefly explain GNSS and the GNSS-TEC method, a technique to measure
TEC, the number of ionospheric electrons integrated along the line connecting a
GNSS satellite and a receiver. For details, one can see the RINEX format ICD
(Receiver INdependent EXchange format Interface Control Document) (e.g. IGS
and RTCM-SC104, 2012).

GPS Global Navigation Satellite System
GPS is the first GNSS realized by USA, and had been used as the synonym
of GNSS until about 2010. ∼30 GPS satellites are put into six mediumaltitude earth orbits (Figure 2.3). The satellite altitude is 20,000 km and
its orbital period is 0.5 sidereal day.
GLONASS GLObal’naya NAvigatsionnaya Sputnikovaya Sistema
GLONASS is a GNSS operated by the Russian Federation. It was designed
independently from GPS over the almost same period, but has not been
used widely during 1990s owing to insufficient number of satellites. However,
GEONET stations started to track GLONASS satellites after the receiver
replacements during 2012, and its importance is growing. GLONASS has
several important differences from GPS.
GPS and majority of other GNSS adopt CDMA (Code-Division Multiple Access), which is a technique to identify individual satellites are transmitting
microwave signals in the same frequency by using satellite-specific codes.
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Figure 2.3: GPS constellation image. The GPS space segment has six
orbital planes. (The image downloaded from https://www.gps.gov/
multimedia/images/constellation.jpg)
However, GLONASS adopts FDMA (Frequency-Division Multiple Access)
systems to discriminate multiple satellites by frequency differences.

fG1 = 1602 + k × 9/16 (MHz)

(2.3)

fG2 = 1246 + k × 7/16 (MHz)

(2.4)

There, k indicates GLONASS frequency number (integer). It is allotted to
each GLONASS satellite, and those values could be found in the header of
the RINEX observation data file.

Galileo
Galileo is a GNSS being launched and operated by EU (European Union).
24

How to observe atmospheric waves by seismological and space geodetic methods

Figure 2.4: GLONASS constellation image. The GLONASS space segment
has three orbital planes. (The image is downloaded from https://www.
glonass-iac.ru/guide/gnss/glonass.php)
In this thesis work, I did not use their data. However, Galileo is expected
to occupy an interesting position because of its unique features, e.g. four
different carrier wave frequencies. The satellites are in three medium-altitude
earth orbits (Figure 2.5). The satellite altitude is about 24,000 km.
BeiDou navigation satellite system
BeiDou is a GNSS operated by China. Its data were not used in this thesis,
either. Its space segment (satellites) use three medium-altitude earth orbits,
and three satellites are put into the geosynchronous orbit (alt. ∼21,500 km)
(Figure 2.6).
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Figure 2.5: Galileo constellation image. (The image is downloaded from
http://www.esa.int/spaceinimages/Images/2000/12/Galileo)

Figure 2.6: BeiDou constellation image. (The image is downloaded from
http://www.beidou.gov.cn/xtjs.html)
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QZSS Quasi-Zenith Satellite System
QZSS is a navigation satellite system run by the Cabinet Office, the Government of Japan. It is a ‘RNSS (Regional Navigation Satellite System),’ and
includes three quasi-zenith satellites staying near zenith above Japan and one
geostationary satellite visible from Japan. The system will be completed in
2018 (Figure 2.7). Quasi-zenith satellites stay over long time periods near
zenith (i.e. high elevation angle) of a specific region. The system is optimized for Japan, and we can use the Japanese dense GNSS array, GEONET,
to receive their signals. This system is expected to become useful for various
kinds of scientific investigations around Japan.

Figure 2.7: QZSS constellation image. The picture indicates just three
quasi zenith satellites, but the real QZSS also has one geostationary satellite. (The image is downloaded from http://jda.jaxa.jp/result.php?
lang=j&id=fdd1adb27c03b89224e6699491d9f55a)

2.2.1.2

GNSS-TEC method

I extracted the TEC information from the difference of the phases of the two microwave carriers of different frequencies f1 and f2 :
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T EC =

1
f 2f 2
· 2 1 2 2 · δϕ
40.302 f1 − f2

(2.5)

δϕ ≡ ϕ1 − ϕ2
These frequencies are different for each GNSS, and we have to put appropriate
numbers in this equation. TEC indicates the number of electrons integrated along
the line-of-sight connecting satellites and receivers. TECU (TEC unit) is used
to express TEC, and 1 TECU corresponds to 1016 electrons that exist within a
column with the cross-sectional area of 1 m2 . TEC changes in time following the
changes in the solar zenith angle, and shows strong diurnal variations. In Japan,
TEC reaches the maximum value of 10–30 TECU around the noon, and decays to
a few TECU before the sunrise. Because TEC indicates the number of electrons
integrated along the line-of-sights, and it is often difficult to pinpoint where the
electron density anomalies occurred. We often perform three-dimensional tomography to investigate spatial distribution of electron density anomalies using lots
of GNSS-TEC data.
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Atmospheric perturbation made
by volcanic eruptions
In this chapter, I discuss GNSS-TEC disturbance associated with volcanic explosive eruptions. The 2014 eruptions of the Kelud volcano, Indonesia, and the series
of the 2015 eruption of the Calbuco volcano, Chile. Where examined I used GNSS
data from regional networks in Indonesia and in South America. I also report on
the 2015 eruption of Kuchinoerabujima volcano. Kuchinoerabujima is a volcanic
island located to the southwest of Kyushu and the eruption occurred at 0:59 UT
on 29 May 2015. I used the 1 Hz sampling data of GNSS stations of GEONET
(GNSS Earth Observation Network System) run by GSI (Geospatial Information
Authority of Japan) to investigate the TEC perturbations. I also compared the
data with those from other sensors such as the broadband seismometer and the
barometer data observed by NIED (National Institute of Earth Sciences and Disaster Resilience).

Chapter 3

3.1

The 2014 eruption of the Kelud volcano, Indonesia

This part of the work is already published as Nakashima et al (2016). In this
section, I describe the atmospheric disturbances excited by the 2014 eruption of
the Kelud volcano quoting the paper.
The Kelud volcano is a very explosive volcano and has erupted eight times

Figure 3.1: Map of the Java island and nearby islands, and the distribution
of GNSS stations and broadband seismometers used in this study. The
Kelud volcano is marked with the red triangle in the eastern part of the
Java Island. Black triangles and stars indicate IGS (International GNSS
Service) and SuGAr (Sumatra GPS Array) stations, respectively. I also use
26 stations which are run by BIG (Badan Informasi Geospasial; Geospatial
Information Agency, Indonesia). White diamonds show the GEOFON
stations whose waveforms are given in Figure 3.3 and Figure 3.4. (drawn
from Nakashima et al, 2016, Figure 1) *The label on the third circle is
wrong. It is not 1000 km, 750 km is correct.
during the last one hundred years. The 2014 February eruption fractured the
lava dome made by the 2007 eruption and created a new crater (Sulaksana et al,
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Figure 3.2: (a) Trajectories of SIP (sub-ionospheric point) of the GNSS
satellites viewed from the GNSS stations LNNG and BAKO. The red triangle indicates the Kelud volcano. Large and small circles on the SIP
tracks indicate those at 17:53 UT, and at 16:00 UT, 17:00 UT and 18:00
UT, respectively. (b) The horizontal and the vertical axes show time in
UT and distance from the Kelud volcano, respectively. Colors indicate amplitudes of the component with the period of 270 sec extracted by wavelet
transformation (Heki, 2006). (c) Spatial distributions of the 270 sec component TEC oscillations at three epochs, (i) 16:25 UT (ii) 16:42 UT (iii)
17:54 UT. (drawn from Nakashima et al, 2016, Figure 2)
2014). Caudron et al (2015) interpreted the eruption sequence from infrasound
and seismic observations. The oscillation in the ionosphere and the lithosphere
would have been caused by the lower atmospheric trapped modes excited by this
eruption. I compare the results from the two kinds of sensors and discuss how
the 13 February 2014 Kelud volcano eruption excited these atmospheric trapped
modes, from the oscillations observed in the ionosphere and the solid Earth.
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Figure 3.3: (a) The left panel shows the TEC changes observed with seven
GNSS satellites, i.e. five GPS (1, 7, 13, 20, 23) and two GLONASS satellites (15, 16). Vertical lines show events indicated in Figure 3.4.
Time series of multiple sites are reduced to those at the source of the
disturbance (i.e., Kelud volcano) by adjusting the time axes backward assuming the propagation velocity of 0.8 km/s. These seven time-series are
stacked to produce the unified time series at the bottom, whose frequency
spectrum is given in the right panel. Gray vertical lines show 3.7 mHz,
4.8 mHz, 5.7 mHz and 6.8 mHz. (b) Blue curves in the left panel show
vertical velocity waveforms at the UGM station (200 km from the Kelud) with periods of 200–333 sec (top), 100–200 sec (middle) and 17–33
sec (bottom). The STS-2 seismometer detected these signals as ground
motions excited by the lower atmospheric waves. The green curve indicates the source time function calculated from vertical velocity waveforms
of 72 STS-1 seismometers of the Global Seismic Network. It shows the
Rayleigh waves propagating in the solid earth. Vertical lines show events
indicated in Figure 3.4. The frequency spectrum of the source time function is shown in the right panel. Gray vertical lines are the same as the
panel (a). (drawn from Nakashima et al, 2016, Figure 3 and the seismic
data was analyzed by Dr. Takeo.)
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Figure 3.4: Waveforms observed at 4 GEOFON seismic stations on 13
February 2014. Vertical component time series of the raw records are
plotted after a bandpass-filter to isolate components with periods of 17–33
seconds. Dashed lines show gradients corresponding to propagation speeds
of 0.3 km/s and 4.0 km/s. The signal appearing around 16:00 would be
the acoustic wave signal excited at T1=15:46:00 and propagated from the
Kelud volcano. The continuous tremor, also of acoustic wave origin, would
have started at T2=16:01:30, and lasted for hours. I can also see the wave
packet at T3=16:14:30 propagating with the Rayleigh wave speed of ∼4.0
km/s. (drawn from Nakashima et al, 2016, Figure 4 and it was made by
Dr. Takeo.)

3.1.1

Seismic data

The 2014 eruption of the Kelud volcano was very explosive, and caused serious
damages to the observation instruments deployed near the volcano. Caudron et al
(2015) investigated the eruption sequence with remote (> 200 km) low-frequencyseismic (< 0.2 Hz) and infrasound data. They found three types of seismic signals
(SLL : long lasting wave, SP 1 : only visible nearby sites and SP 2 : short-duration
energetic signal) and two types of infrasound signal (I1 : first event and ILL : long
lasting second event) and constructed the eruption sequence from difference of
these signals.
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Figure 3.5: Classification of the eruption style of the 2014 Kelud eruption.
(a) Walker’s (1973) classification using the fragmentation and dispersal
indices. (b) Pyle’s (1989) classification using clast half-distance (bc ) and
thickness half-distance (bt ). P: Plinian; Sp : Subplinian; Pp : Phreatoplinian; Up : Ultraplinian; St : Strombolian; H: Hawaiian; V: Vulcanian;
Su : Surtseyan. Diamonds with error bars indicate the data from the 2014
34 Kelud eruption. (cited from Maeno et al, 2017, Figure 13)
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Figure 3.6: Illustration of the eruption sequence of the 2014 Kelud eruption, viewed from geological and geophysical observations. Stage 1 shows a
partial, directional dome destruction generating high-energy PDCs toward
the NE. Stage 2 depicts the main explosive Plinian column stage. Stage 3
illustrates the Plinian column collapse and generation of pumiceous valleyfilled PDCs. The seismic and acoustic signals (bottom) are from Caudron et al (2015). The Total Electron Content oscillation data are from
Nakashima et al (2016). The lightning stroke data are from Hargie et al.
(2017). Plume height is based on Kristiansen et al. (2015). (cited from
Maeno et al, 2017, Figure 15)
Here I look into the eruption timeline from the seismometer records of periods
17–33 sec observed at three stations with the STS-2 broadband sensors of GEOFON ∼200 km from the volcano, and another GEOFON station ∼500 km from
the volcano (Figure 3.4). The signal first appears at around 16 UT at the stations
∼200 km from the volcano. The seismic records include both Rayleigh waves and
ground motion due to acoustic waves (e.g. Caudron et al, 2015).
To distinguish different kinds of components in these waves, I used the difference
in i) the propagation velocity, and ii) the phase shifts between horizontal and
vertical components (Nakashima et al, 2016, S1). The first signal could then be
interpreted as the ground motion due to an acoustic wave (i.e., not a wave in
the solid earth) that was excited at ∼15:46 UT at the volcano, and propagated
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outward in the lower atmosphere with the speed of ∼0.3 km/s. Tremor starting at
16:12 UT would also be of acoustic origin, and would have started at ∼16:01 UT
at the volcano. It continued for more than one hour. Also, a relatively large amplitude wave packet propagating with the Rayleigh wave speed, ∼4 km/s, seems
to have been excited at the volcano at ∼16:14 UT. From these seismic records,
I interpreted that the initial explosion occurred at 15:46 UT, which was followed
by the start of the Plinian eruption ∼15 minutes later. Then, an unknown event
occurred at ∼16:14 UT that generated the Rayleigh wave in the solid earth.
In Figure 3.3(b), I decomposed seismic records at UGM, located ∼200 km west of
the volcano, into three bands of periods, i.e., 17–33 seconds, 100–200 seconds and
200–333 seconds. I interpret that the long-lasting ground oscillation in the longperiod band includes the resonant ground motion coupled with the atmospheric
oscillation in the lower atmosphere. Components with periods longer than 100
seconds started at 16:25 UT, which is different from the initiation at 16:01 UT of
oscillations in shorter periods. It might reflect the increase of volcanic activity due
to a certain event in the solid earth at 16:14 UT such as the dome collapse or the
vent expansion. Components with periods of 17–33 seconds or 100–200 seconds
terminated at ∼18:00 UT, which possibly reflect the end of the Plinian eruption.
On the other hand, the oscillations with periods of 200–333 sec continued until
∼19:00 UT. This period band includes those of the ionospheric oscillations, which
would have been excited by the atmospheric free oscillation that continued ∼1
hour after the termination of the Plinian eruption.
Seismic signals with periods of 100–1000 seconds were observed at the 78 broadband seismometers (STS-1) of the Global Seismic Network (GSN) around the
world (Nakashima et al, 2016, S2). The signal is shown to come from the Kelud volcano (Nakashima et al, 2016, S3) with the speed of the fundamental-mode
Rayleigh wave (Nakashima et al, 2016, S4) for the Preliminary Reference Earth
Model (PREM) by Dziewonski and Anderson (1981). Assuming the Rayleigh wave
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phase velocity, I estimated the source time function at the Kelud volcano by stacking velocity waveforms after correcting for sensor responses (Figure 3.3(b)). The
spectrum shows broad source with several clear peaks including those at 3.7 mHz,
4.8 mHz, 5.7 mHz and 6.8 mHz (Figure 3.3(b)). Assuming the atmospheric top
free surface boundary at ∼90 km above ground, the eigenfrequencies of the standing acoustic modes in the atmospheric layer would be 3.7, 4.7, 5.8 and 7.1 mHz
for fundamental, first, second, third and fourth overtones in the vertical direction,
respectively (Watada and Kanamori, 2010). The altitude of the mesopause (∼100
km) calculated from the International Reference Ionosphere (IRI) (Bilitza et al,
2011) is close to this assumption. The continuous spectrum would reflect the turbulent atmospheric waves excited directly by the Plinian eruption. The discrete
amplitude peaks are explained by the resonant oscillation of the lower atmosphere
and its leakage into the solid Earth as demonstrated by Watada and Kanamori
(2010).

3.1.2

GNSS-TEC data

I extracted the TEC information before and after the 2014 February eruption of the
Kelud volcano from the raw data of 37 GNSS stations in and around Indonesia.
The observation data are from three networks, (1) the GNSS network in Java
run by the Badan Informasi Geospasial (BIG), (2) Sumatra GPS Array (SuGAr)
operated in Sumatra by Indonesian Institute of Science and California Institute
of Technology, and (3) International GNSS Service (IGS) stations (Figure 3.1).
The SuGAr stations observed only Global Positioning System (GPS) every 15
seconds. Other stations received signals from both GPS and GLONASS every
30 seconds, except for COCO where only GPS data are recorded. I extracted
the components with periods around 270 seconds from slant TEC (STEC) time
series using the Mexican-hat wavelet. To make it possible to compare amplitudes
between different station–satellite pairs, I converted the amplitudes into those in
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vertical TEC (VTEC) by multiplying with the cosine of the incidence angle of
the line-of-sight with a thin layer at 250 km height. This height is also used to
calculate the coordinates of sub-ionospheric points (SIPs).
After extracting the 270 sec components, I estimated their propagation velocity by
plotting the time and distance from the volcano of the TEC disturbances following
Rolland et al (2011). The estimated propagation velocity was ∼0.8 km/s, close
to the acoustic wave speed in the F region of the ionosphere, and the oscillation
in this period continued from 16:25 UT to 19:00 UT (Figure 3.2). The SIPs of
the disturbance in this frequency show clear concentric wavefronts propagating
outward from the volcano (Figure 3.2(c), Nakashima et al, 2016, Animation S1).
I obtained the frequency spectrum of the TEC oscillations. First, I extracted
components with frequencies 2.0–8.0 mHz with a band-pass filter for the stations
within 1,000 km from the volcano. At first, for individual satellites, I adjusted
the time axes of the time series of different stations assuming 0.8 km/s as the
propagation velocity. The TEC data obtained with the same satellite results
have similar geometry. I confirmed that the data with different satellite possess
similar signal structures, and then I further stacked them (Figure 3.3(a)). Finally,
the master time series obtained by the double stacking were converted into the
frequency domain. The spectrum showed two clear peaks at 3.7 mHz and 4.8 mHz
(Figure 3.3(a)).

3.1.3

Discussion and summary

First, I discuss the duration of the various observed phases of the eruption. For
the initial explosion at ∼15:46 UT, I could not identify the N-shaped pulsation
in ionospheric TEC which may appear ∼10 min later. As shown in the short period (17–33 seconds) seismic signals (Figure 3.3(b)) possibly caused by the ground
vibration in the continuous eruption, the Plinian eruption may have started at
∼16:01 UT and lasted for ∼2 hours. After the termination of the Plinian eruption
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at ∼18 UT, long period signals (200–333 seconds) were observed until ∼19 UT
both in the ionosphere (Figure 3.3(a)) and on the ground (Figure 3.3(b), the top
signal). It would indicate the atmospheric free oscillation that continued even
after the termination of the Plinian eruption and decayed slowly in one hour.
The seismic signals from 16:25 UT to 18:00 UT showed peaks at 3.7 mHz, 4.8
mHz, 5.7 mHz and 6.8 mHz, suggesting that the lithosphere–atmosphere coupling
also occurred along with the ionosphere–atmosphere coupling. The oscillations
of TEC started at ∼16:25 UT, ∼20 min after the start of the Plinian eruption
at ∼16:01 UT. This time lag would reflect the time for the growth of the lower
atmospheric oscillation to reach the ionospheric F layer (∼300 km). The Plinian
eruption ended at ∼18 UT. However, the ionospheric and lower atmospheric oscillations continued until ∼19:00 UT due to relatively large quality factor (Q). The
atmospheric Q at 3.7 and 4.6 mHz are about 150 and 20, respectively (Rolland
et al, 2011), and these Qs are high enough for the atmospheric free oscillation to
continue for one hour without further excitation.
Here I studied ionospheric signatures made by the eruption of the Kelud volcano
on 13 February 2014, with regional networks of continuous GNSS receivers. This
study gives the detailed report of spatial distribution and time evolution of ionospheric disturbances by a Plinian eruption. First, the Plinian eruption would have
caused atmospheric turbulence in its plume. The turbulence itself had broad frequency spectrum, and standing waves or acoustic fundamental and overtone modes
trapped in the lower atmosphere were excited. Then, some part of the energy of
these standing waves would have leaked into the ionosphere and lithosphere, resulting in spectral peaks in TEC and seismograms. This Plinian eruption that
drove the multisphere oscillations ended at ∼18 UT, and only low-frequency oscillation continued for one more hour in the ionosphere and lower atmosphere.
This study can be summarized as follows.
(1) With the GNSS-TEC technique, I observed ionospheric oscillations forced by
lower atmospheric natural vibration after the start of the 2014 February Plinian
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eruption of the Kelud volcano, Indonesia. The Plinian eruption lasted from ∼16:01
UT to ∼18:00 UT while the TEC oscillation lasted from ∼16:25 to ∼19:00 UT.
The TEC oscillations showed frequency peaks at 3.7 mHz and 4.8 mHz.
(2) Spectra of the seismic records showed peaks of a series of atmospheric acoustic
modes, 3.7 mHz and 4.8 mHz, and two higher modes. These frequency peaks
suggest that the harmonic ground motions are excited by the coupling between
the solid Earth and the lower atmosphere.
After the publication of our letter, Maeno et al (2017) reported the sequence of the
eruption by geological approach. They showed that the eruption is Plinian eruption in Walker’s and Pyle’s classifications (Figure 3.5; also see Figure 1.7). They
compiled their geological investigation with several geophysical results including
our results (Figure 3.6). The TEC oscillation may be sustained by the collapse or
pyloclastic density currents (PDCs), not only by a large Q value.

3.2

The 2015 Calbuco volcano eruption, Chile

The eruptions occurred twice at the Calbuco volcano in Chile during the period
from 22 to 23 Apr. 2015 (Van Eaton et al, 2016). Figure 3.7 reports the ground
oscillation from seismometers and the growth of the umbrella cloud radius from
satellite observations associated with the two eruptions. The first eruption continued for about 1.5 hour from 22 Apr. 21:04 UT to 22:35 UT. The second one was
longer, and lasted from 23 Dec. 04:00 UT to 10:00 UT, and several pyroclastic
flows were observed at about 07:00 UT on 23 Dec. Shults et al (2016) analyzed the
GNSS-TEC observations, and reported the overview of the event and estimated
secondary wave source that disturbed the ionosphere. Aoyama et al (2016) reported the geomagnetic fluctuations in frequencies 3.84 and 4.65 mHz detected by
the SWARM satellites, possibly caused secondarily by ionospheric disturbances.
I used 15 sec and 1 sec sampling GNSS data collected by RAMSAC, Argentina
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Figure 3.7: Time series of the cloud images from GOES-13, lightning, and
seismic observations for the 2015 Calbuco volcano eruption. (a) Symbols
show mean and range of the radius of the “umbrella cloud”made by the
eruption. defined by the GOES-13 brightness temperatures of −3 and −13
◦
C. Black curves show best fit theoretical expression for expansion rates of
the umbrella cloud. WWLLN-detected lightning stroke rates are given at
10 min intervals for proximal (<20 km) and distal lightning (>20 km from
the volcano). Red lines indicate eruption processes described in the text of
the original paper. Note the shift to slower umbrella expansion rates after
∼5:30 on 23 April (dashed line) and sharp increase in proximal lightning
(red arrow), when the formation of significant pyroclastic density currents
(PDCs) is inferred. (b) Seismic amplitude filtered between 0.5 and 5 Hz,
from station ∼3 km from the summit. Gap in seismic data occurs ∼7:15
due to temporary lapse in communications. (cited from Van Eaton et al,
2016, Figure 2)
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Figure 3.8: SIP tracks for each satellite observed at station LHCL. Red
curves show GPS-SIP tracks and the green curve indicates GLONASSSIP tracks. (a) 20–24 UT, 22 Apr. 2015. Yellow and Red stars indicate
eruption start and end times, respectively. (b) 4–10 UT, 23 April 2015.
GNSS array (Figure 3.8). Here, I mainly discuss the frequency components and
the duration of the ionospheric disturbances.
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Figure 3.9: Ionospheric disturbances by the 2015 eruption of the Calbuco volcano, Chile. The vertical axis indicates distance
between the volcano and SIP, and the horizontal axis shows time in UT. Vertical red lines are start and end times of the
eruptions. The TEC oscillations started over 25 minutes later than the eruption start times.
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3.2.1

Duration of ionospheric perturbation observed by
GNSS-TEC

Similar observation results have been derived by GNSS-TEC for the 2015 eruption
of the Calbuco volcano, Chile by Nakashima et al (2016) and Shults et al (2016).
They found acoustic trap modes generated by this eruption (volcanic explosivity
index (VEI) was 3–4). Aoyama et al (2016) found a magnetic ripple induced such
TEC fluctuation by the 2015 Calbuco volcano eruption. The overall signatures are
similar to the 2003 Soufrière Hills volcano eruption, but the continuous harmonic
oscillation of TEC lasted much longer reflecting the stronger/longer eruption sequence.
Shults et al (2016) did not discuss the duration of the oscillation in TEC. I found
that the oscillation continued until the eruption stopped (Figure 3.9). Durations
of the ionospheric disturbances mostly overlap with the periods of high volcanic activity (Figure 3.7), but smaller amplitude TEC oscillations seem to have continued
for an hour or so even after the end of the eruption.

3.2.2

GNSS-TEC frequency components

I found frequency components in the TEC oscillations not reported in Shults et al
(2016). In the upper panels of Figure 3.10, I show that peaks are found at 3.94,
4.40, 4.89, and 5.78 mHz (first eruption) and 3.92, 4.28, and 5.08 mHz (second
eruption). These frequency peaks have some common frequencies to the case in the
2014 Kelud eruption (Figure 3.3 right panels). The difference might come from the
different atmospheric structures between Indonesia and Chile, but needs further
studies to interpret. I would also like to note that a short-lived weak peak of about
10 mHz is seen at 21.4–21.5 UT. This might correspond to the initial N-shaped
perturbation in TEC associated with the propagation of the shock-acoustic wave
excited by the explosion.
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Figure 3.10: Ionospheric disturbances by the 2015 eruption of the Calbuco
volcano. Vertical red lines are eruption start and end times. The TEC
oscillations started 25 minutes or more later than the eruption start times.
In the upper part, I show frequency spectra of TEC changes during the
two eruption periods. I added vertical red lines with frequency values for
prominent frequency peaks.

3.2.3

Summary of the section

1. The two long-lasting eruptions in the 2015 eruption sequence of the Calbuco
volcano, Chile, excited acoustic trap modes in the ionosphere with three or
four different frequencies.
2. The initial part may include a higher frequency N-shaped impulsive signal.
3. The atmospheric mode took about 25 minutes to start after the initiation of
the continuous eruptions. This would be the time required for the descending
and the ascending waves to interfere and to make a standing wave.
4. The atmospheric modes lasted for one hour or so even after the terminations
of the two continuous eruptions.
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Figure 3.11: Top: Spectrogram and waveform observed at the station
LHCL and GPS satellite 17, which has the largest amplitude in the observed data. The spectrogram shows the peaks corresponding to the normal mode of acoustic trap mode of about 4 mHz and additional higher
modes around 5 mHz. Bottom: The waveform is derived by stacking all
the observed data from 19:00 UT, 22 Apr. to 11:00 UT, 23 Apr, 2015. It
is band-pass filtered to 2–10 mHz. The vertical axis is the time in hour
from 0:00 UT, 22 Apr. Upper two figures show the spectrum of the stacked
waveform shown at the bottom. Left one represents 18:00–27:00 (3:00 UT,
23 Apr.) and right one represents 27:00–35:00 (3:00–11:00 UT 23 Apr).
5. TEC perturbation grew larger after 5:10 UT, and it may indicate the increasing intensity of the eruption

3.3

Kuchinoerabujima volcano eruption on 29 May
2015

Kuchinoerabujima is a volcanic island located about 100 km off the southern tip of
Kyushu, the westernmost island of the four main islands in Japan. The explosive
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Figure 3.12: Left: Sound velocity calculated from the NRLMSISE-00 atmospheric model. Right: Ray path calculated by the ray tracing technique
using the sound velocity profile indicated to the left.
eruption of the volcano occurred at 0:59 UT (9:59 LT) May 29, 2015, with the
eruption magnitude VEI 3 (Global Volcanism Program, 2013). Matsuzawa et al
(2016) calculated the seismic source time function of this eruption using seismic
records with periods 10–20 sec from the F-net, a Japanese dense broadband seismometer (STS-1, 2, 2.5) array operated by NIED (National Institute of Earth
Sciences and Disaster Resilience). Yamada et al (2017) estimated volume flux of
the eruption using infrasound signals with periods 10–50 seconds.
In this study, I discuss the GNSS-TEC observation data showing the propagation of acoustic waves with frequencies < 0.01 Hz in the ionosphere. I also compare them with the records taken near surface using multiple instruments such as
barometers and broadband seismometers.

3.3.1

Details of the observation

I used arrays of broadband seismometers and barometers to study the air waves
associated with the 2015 Kuchinoerabujima eruption. At first, I briefly introduce
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features of the instruments used in this section.
I used several kinds of instruments for air pressure change observations. Such

Figure 3.13: Map around Kuchinoerabujima volcano and stations. The
red triangle indicates the Kuchinoerabujima volcano. Blue squares are
GEONET stations. Red diamonds show the AIST barometers. Green stars
denote the F-net broadband seismometers. Red stars are JMA volcano
observation stations. Blue stars show V-net stations installed by NIED.
instruments are suitable to detect sound waves with the frequency higher than
0.02 Hz. Such waves do not reach the upper atmosphere due to large attenuation.
I use data from the three arrays, i.e., V-net, JMA (Japan Meteorological Agency)
stations, and the barometer array deployed by AIST (National Institute of Advanced Industrial Science and Technology). V-net is an array of all-in-one geophysical observatories installed around active volcanoes in Japan. V-net includes
the Vaisala PTB100 (VAISALA, 1997) barometer. Their measurement range is
about 800–1100 hPa and the accuracy is about ±0.3–0.5 hPa.
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Figure 3.14: Atmospheric waves, and induced vertical crustal movements,
observed with various instruments. The panels indicate, from top to bottom, the vertical surface displacement at KCFV (0.004–0.05 Hz), the air
pressure change at KCFV (0.001–0.05 Hz), the air pressure change at
KCFV (0.05–0.2 Hz), infrasound at KEMH (� 0.02 Hz) and the stacked
TEC perturbation (0.002–0.05 Hz).
The AIST barometer array uses the Paroscientific Model 1000 (except type) and
Yokogawa F4711 (type). Their range is 800–1100 hPa and the accuracy is ±0.08
hPa.
I analyzed the two broadband seismometer array data operated by NIED (National
Research Inst. Earth Sci. Disaster Resilience), F-net and V-net. F-net is an array composed of 74 broadband seismometers deployed in Japan. F-net consists
of the Streckeisen STS series broadband seismometers. In the two V-net stations
on Kuchinoerabujima, they installed the Trillium 240 as broadband seismometers
(Nanometrics Inc., 2005).
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3.3.2

Near surface atmospheric perturbation

3.3.2.1

Near-field observation on the ground

First, I discuss the eruption signatures recorded by two broadband seismometers
(Trillium 240), and two barometers (PTB100) installed as a part of the V-net on
the island. Both of the instruments detected the air waves excited by this volcanic
eruption (Figure 3.14).
Air wave signals in seismograms and barograms are extracted using a low-pass
filter because they had different responses to the dominant frequency components
of the airwaves. I applied the band-pass filter to them to isolate frequency components 0.01–0.04 Hz and found similar signals in both of the barograms and the
seismograms.
I assumed that the solid earth deformation was caused by changes in the atmospheric pressure and estimated the amplitudes of pressure changes from displacements inferred from seismic records. Please see the section 2.1.2 for the detail of
the relationship between the barometer and seismometer records. From the vertical displacement, −200µm, I estimated the air pressure change as 140 Pa at the
seismometer station KCFV. Considering that the barometer recorded a pulse of
120 Pa at the same station, the air pressure change inferred from the seismometer
is consistent with the direct measurement by barometers. Next, I try to extract
the initial atmospheric perturbation signals propagating farther away from a series
of seismograms in Japan using the same method.

3.3.2.2

Far-field observation on the ground

I also checked the records from the seismometer array, F-net, and the barometer
array (Digiquartz Pressure Instrumentation Series 1000 and F4711) installed by
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Figure 3.15: Spectrograms of barometer and seismometer records derived
by moving the time window for the Fourier transformation. They are
computed over 512 second intervals and the consecutive windows overlap
with each other by 500 sec. Top: Barometer results Bottom: Seismometer
results
AIST (here I refer to it as the AIST barometer array) to detect the propagation of
the air wave from the Kuchinoerabujima eruption (Figure 3.14). I found similar
signals in the band-pass filtered (0.01 to 0.02 Hz) records of the F-net and the
AIST barometer array (Figure 3.16). The travel time curves of seismogram are
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similar to the barogram. The surface vertical displacements were driven by air
pressure changes associated with the passage of the air waves, which were also
detected by barometers.

Figure 3.16: Travel time diagrams for ground observations, Dotted curves
in red indicate travel times synthesized by ray tracing. Left: F-net Right:
AIST barometers.

3.3.3

Ionospheric perturbation observed by GNSS-TEC

I detected TEC perturbations caused by atmospheric waves propagating through
the ionosphere by analyzing the 1 Hz sampling GNSS carrier phase data from
GNSS Earth Observation Network (GEONET) (Figure 3.17), the Japanese dense
array of GNSS receivers operated by Geospatial Information Authority of Japan
(GSI).
The disturbances caused by the explosion were detected by three GNSS satellites,
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i.e., GPS Sat.14, 25 and GLONASS Sat.2. The signals propagating southward
were ∼ ten times as strong as the signals propagating northward due to the interaction with the local geomagnetic fields. The horizontal wavelength of the TEC
perturbations was ∼200 km (Figure 3.18).
Next, I discuss the spectrograms of the signals derived by the consecutive (moving

Figure 3.17: The figure shows the observation results by GLONASS Sat.2,
GPS Sat.14 and GPS Sat.25 from left to right. Top: Tracks of SIPs 1.0–1.5
UT May 29, 2015. Stars indicates the SIPs at 1.0 UT. Bottom: GNSSTEC travel time diagrams for individual pairs of satellites and ground
stations.
time window) Fourier transformation. The TEC signals were found to include two
strong components (Figure 3.19). One is an impulsive signal of about 0.012 Hz
(period ∼83 sec), and the other is the continuous oscillation with frequencies of a
few mHz lasting for 15 minutes. The former component is the N-shaped wave or
shock acoustic waves (SAWs), often observed about ten minutes after Vulcanian
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Figure 3.18: Horizontal TEC perturbation distribution at three different
time epochs, 6 minutes (A), 13 minutes (B), and 19 minutes (C) from the
explosive eruption. Clear concentric wavefronts are visible at the later two
epochs. IPP altitude is assumed at 230 km.
explosions. This wave in ionosphere lacks higher frequency components as seen
in ground sensors. Such a difference in frequency spectrum would be due to the
atmospheric filtering effect as shown in Chapter 1.
On the other hand, although the broadband seismometers and the barometers detected a pulse including shorter periods, they lack low frequency oscillation lasting
for several minutes or more in TEC records (Figure 3.14). There would be two
possibilities. At first, the broadband seismometers may not have detected the
signal of this frequency range because of the instrumental limitation. Secondly,
atmospheric waves with ∼5 mHz may not have been excited or have poor energy
near the surface.

3.3.4

Interpretation of wave propagation

3.3.4.1

Multi-sensor travel time

I detected the direct and the reflected waves propagating between the ground surface and the atmospheric boundary located ∼100 km above (mesopause) using
the AIST barometers and the F-net broadband seismometers (Figure 3.16). The
frequency components of 10–20 mHz have been isolated using a band-pass filter.
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Figure 3.19: Spectrograms plotted by consecutive (moving time window)
Fourier transformation of the GNSS-TEC time series. They are computed
using time windows as long as 512 sec, and moving the windows with an
overlap of 500 sec.
The very low-frequency acoustic wave may be influenced by the gravity. I evaluated its influence by the ray theory, and found that it does not cause serious
problems in discussing the travel time of the acoustic wave signals.
I compared travel time curves of the ionospheric disturbances using the synthetic
ray paths. I found that the observed travel times of the southward propagating
waves are mostly consistent with those inferred from the ray tracing (red curves
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in Figure 3.18). However, the arrival times of the northward propagating TEC
disturbances showed more difference from calculated travel times (Figure 3.20).
The blue curves in these figures assume that the disturbances occur at the uniform
altitude. The discrepancy would be due to the difference in the height where the
ionospheric perturbations are recorded. The geometry of the line-of-sight relative
to the wave front may also cause such discrepancy.

3.3.4.2

Tomographic image of TEC perturbation

I try to extract the structure of the wavefront to interpret the travel time by the
GNSS 3D tomography method. The method adopted here is somewhat similar to
Garcia et al (2005), who investigated ionospheric disturbances due to horizontal
and vertical propagation of waves excited by the passage of seismic Rayleigh wave
using the GNSS-TEC data.
I briefly explain technical details of my 3D tomography method. I set up blocks
with dimensions of 0.5◦ × 0.5◦ × 25 km in north-south, east-west, and up-down,
over the region covering the latitude, longitude, and altitude range of (28.15◦ –
32.65◦ × 127.5◦ –132.9◦ × 75–375 km). The blocks that lack observations are
excluded from the calculation (see Figure 3.21 bottom panels). Electron density
anomalies are considered as uniform within the individual blocks.
The observation equation of the slant TEC (STEC) residual is described as:

y = Ax

(3.1)

Where y indicates the observed STEC anomalies obtained using band-pass filter of
4–15 mHz. We collected 2000–3000 GNSS station-satellite pairs at the each time
epoch. x is a model vector that contains the parameters to be estimated, which
corresponds to the electron density anomalies within the blocks. A indicates the
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Jacobian matrix composed of the line-of-sight (LoS) penetration length through
individual blocks.
The parameters can be estimated by solving the normal equation. To solve this,
I calculate the inverse of the normal matrix and put it into the equation below.

x = B −1 b

B = G′continuity +

(3.2)

AT A
σ2

b = AT y
The matrix G′continuity indicates the continuity constraint to regularize the normal
matrix, and I used the continuity constraint of 0.15 × 109 electrons/m3 . To derive B −1 , I used the Cholesky decomposition algorithm. y indicates the assumed
standard deviation of the observation. I assumed it as 0.1 TECU.
Here I show the 3D tomography results at three time epochs. Together with
the results with the real data set, the results of the checkerboard resolution test
are shown for reference (Figure 3.21). Because the results of the test constantly
change with time because the satellites move in the space. So I always put the
resolution test results next to those with the real data to confirm which parts of
the results are more/less reliable.

(a) 01:08:30–01:09:15
At the epoch 01:08:45 UT, Figure 3.20 indicates that the wave did not
reach the altitude of ∼300 km above the surface. In the 3D tomography
results with the real data set show clear wave front only at the southern
side of the volcano. This reflects the north-south signal strength asymmetry
due to interaction of electrons with geomagnetic fields, i.e., the signal of
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the southward propagating wave is ∼10 times as large as those propagating
northwards.
(b) 01:11:00–01:11:45
At the epoch of 01:11:00 UT, the wave front is thought to have reached the
height of the largest electrons density (around 300 km above) (Figure 3.25).
The amplitude of the positive anomaly is larger than in Figure 3.22, reflecting
the higher electron density at the F region. The wavefront is again clear
only at the southern side of the volcano. Another notable feature is that
the wavefront is more vertical than in the previous epoch. This is consistent
with the ray tracing results shown in Figure 3.10 where the ray paths are
nearly parallel with the ground at the F region height.
(c) 01:17:45–01:18:30
At this epoch, the tomography results show the negative part of the initial
N-shaped wave, and the succeeding oscillation with the atmospheric mode
frequency. The wavefront is, however, not so clear as in earlier epochs.
(Figure 3.18).
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Figure 3.20: Blue curves show travel time diagrams of TEC perturbations
from GPS Sat.14 assuming the height of the IPPs at 200, 250, 300 and
350 km. Curves in red indicate arrival times of waves calculated by ray
tracing as shown in Figure 3.10.
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Figure 3.21: The input image of the checker board test (top: north-south
profile, bottom: map view at three different altitudes). The grid interval
is 1 degree × 1 degree × 100 km.
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Figure 3.22: North-South profile of the results of the 3D tomography
of electron density anomalies from 01:08:45 to 01:09:15 UT using the
STEC residuals derived by GNSS-TEC observations as the input. Right:
Checkerboard test results using the synthetic data. Left: Results with the
real observation data.
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Figure 3.23: Map view of the results of the 3D tomography of electron
density anomalies from 01:08:30 to 01:09:15 UT. They are all results with
the real observation data.

Figure 3.24: Map view of the results of the 3D tomography of electron
density anomalies from 01:08:30 to 01:09:15 UT. They are all results of
the checkerboard test results with synthetic data.
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Figure 3.25: North–South profile of the results of the 3D tomography of
electron density anomalies from 01:11:00 to 01:11:45 UT. Left: Results
with real observation data. Right: Checkerboard test results.
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Figure 3.26: Map view of the results of the 3D tomography of electron density anomalies from 01:11:00 to 01:11:45 UT. Results with real observation
data.

Figure 3.27: Map view of the results of the 3D tomography of electron
density anomalies from 01:11:00 to 01:11:45 UT. Checkerboard test results.
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Figure 3.28: North–South profile of the results of the 3D tomography of
electron density anomalies from 01:17:45 to 01:18:30 UT. Top: Checkerboard test results. Bottom: Results with real observation data.
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Figure 3.29: Map view of the results of the 3D tomography of electron density anomalies from 01:17:45 to 01:18:30 UT. Results with real observation
data.

Figure 3.30: Map view of the results of the 3D tomography of electron
density anomalies from 01:17:45 to 01:18:30. Checkerboard test results.
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3.3.4.3

Summary of the section

The signals of the 2015 Kuchinoerabujima volcano eruption recorded in multiple
sensors were found to have a simple pattern: an acoustic pulse followed by resonance signals lasting for a few tens of minutes. We could consider this as the
typical atmospheric response to a single point-source explosion.

1. Atmospheric perturbations by the 2015 Kuchinoerabujima volcano eruption
were detected near surface by barometers and broad-band seismometers.
Subsidence in the seismometer record corresponds to the pressure increase in
the barometric record suggesting the elastic crustal response to the enhanced
pressure.
2. Seismometer records are composed of fast components and slow components,
and the latter corresponds to the crustal response to the atmospheric waves.
3. Travel times of the atmospheric wave signatures in both the barometer and
the seismometer were consistent with the simple ray tracing results.
4. The upward propagating atmospheric wave was detected as ionospheric TEC
disturbances in the near field (< 500 km) using the dense GNSS array,
GEONET.
5. The initial N-shaped TEC perturbation with the frequency of about 0.01
Hz would correspond to the positive (subsidence) pulse in the barometric
(seismometric) observations. The change in the period (pulse width is about
30 seconds near the surface, and longer than one minute in ionosphere) would
reflect the atmospheric band-pass filtering effect as shown in Figure 1.1.
6. The travel times of the ionospheric TEC oscillations were compared with
those calculated by ray tracing of an acoustic wave from a point source.
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7. The N-shaped TEC perturbation was followed by the oscillation with frequency of about 5 mHz and lasting about 15 minutes. This would be the
atmospheric mode excited by the explosive atmospheric perturbation. This
5 mHz wave was not observed in the barometric or seismometric records.
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Features of atmospheric
disturbances by volcanic
eruptions
In Chapter 4, I describe the features of atmospheric waves by volcanic eruptions
and their excitation mechanisms, interpreting the observation results given in
Chapter 3. Ionospheric disturbances by volcanic eruptions include various frequency components and characteristic waveforms. Atmospheric waves observed
in the near field, especially TEC perturbations discussed in Chapter 3, have two
styles: one is the > ∼10 mHz N-shaped pulses and the other is the several mHz
continuous modal waves. According to past studies, the former type wave was
excited by the 2004 Asamayama volcano eruption, and the latter type wave was
detected when the Soufrière Hills volcano, the West Indies, erupted in 2013.
At the beginning of the thesis, I reviewed reports of ionospheric disturbances excited by a number of past volcanic eruptions, and showed that they have various
styles of waveforms, frequency components, and durations. Such diversities reflect
the eruption sequences of individual volcanoes. An explosive eruption represented
by Vulcanian eruptions makes a strong pressure pulse in the air. The pulse often
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emerges as an N-shaped disturbance not only near the volcano but also in the
ionosphere hundreds of kilometers away as TEC changes. Typical examples, recently observed in Japan, include the 2004 eruption of the Asama volcano and the
2015 eruption of the Kuchinoerabujima volcano.
On the other hand, a Plinian eruption causes continuous jet flow lasting for several hours. This style of eruption can excite continuous oscillation of TEC with
a few distinct frequency components corresponding to the acoustic trap modes. I
reported a typical example from the 2015 eruption of the Calbuco volcano, Chile,
and compared it with the earlier case of the 2014 eruption of the Kelud volcano,
Indoenesia.
Fortunately, ionospheric disturbances of the 2015 eruption of the Kuchinoerabujima volcano were recorded by 1 Hz sampling with the dense network of GNSS
stations in Japan. This allowed me to find two different kinds of waves, i.e., not
only N-shaped initial disturbances, but also harmonic oscillation lasting for half
an hour in the TEC time series. Hence, this is the first example of the hybrid case
composed of the initial pressure pulse, often accompanying Vulcanian eruptions,
and later atmospheric modes that have been found only after Plinian eruptions so
far.
The higher frequency (> ∼10 mHz) components of TEC oscillation by the 2015
Kuchinoerabujima eruption is similar to the signal excited by the 2004 Asama
eruption (Heki, 2006). Using the ray tracing results, I demonstrated that the
atmospheric waves in the ionosphere and the air shock pulse near the surface, observed by barometers and seismometers on the ground, come from the same point
source. Volcanic N-shaped TEC signals have periods shorter than the typical periods of shock acoustic wave signals (∼240–360 sec) made by large earthquakes.
The difference seems to stem from the source time functions of the phenomena.
A Volcanic eruption makes a short atmospheric pulse, and it would become an
N-shaped TEC pulse by going through the atmospheric band-pass filter. On the
other hand, vertical crustal movement in a large earthquake is a step function, and
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causes an atmospheric wave with components extending to much lower frequencies. Such waves might become a pulse with the frequency close to the acoustic
cut-off by going through the atmospheric band-pass filter.
Now I further discuss the TEC oscillation following the N-shaped pulse after

Figure 4.1: Left-hand panels: quality factor (Q) for the atmospheric
modes. High values of Q correspond to low damping. Mode branch n = 3
is separated out in the top left panel, since Q is one order of magnitude
higher for this branch. Right-hand panel: normalized energy for the atmospheric modes. (cited from Dautermann et al, 2009b, Figure 5)
the Kuchinoerabujima volcano eruption. The continuous TEC oscillation has a
similar frequency, ∼5 mHz, to past examples of Plinian eruptions, and is considered to represent the atmospheric trap mode. I also showed in Chapter 3 that
it propagated with spherical wavefronts. However, this oscillation has a distinct
difference from past examples, i.e. it has a much shorter duration, and did not last
for a long time. This might be because the eruption was a single explosive event
and not a continuous excitation of atmospheric turbulences. The situation might
represent the results of the calculation done by Dautermann et al (2009a), who
showed the Q values of multiple overtones (Figure 4.1). Their calculation assumed
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an explosive source and failed to reproduce the duration of the TEC oscillation.
According to their results, the eruption seems to have excited the acoustic trap
modes whose Q values are not so large, e.g. n = 7 or n = 5 (Figure 4.1).
The TEC oscillation observed after the 2003 eruption of the Soufrière Hills volcano investigated by Dautermann et al (2009b) and Dautermann et al (2009a) is
also interesting. The waveform resembles to a Plinian type TEC perturbation: ∼4
mHz oscillation lasting about 2–3 hours. Furthermore, this atmospheric oscillation
appears to have coupled with solid earth exciting ground oscillation lasting about
1 hour. Another interesting feature is that they cannot find any N-shaped pulses
like the one observed in the 2015 Kuchinoerabujima eruption. Volcanologist did
not report any Plinian eruptions about the 2003 event (Herd et al, 2005). Figure 1.6 indicates that the harmonic oscillation of TEC occurred when the eruption
sequence reached the most violent period. The eruption duration is not clearly
reported in the literature, and they reported only water-associated events. It suggests that the eruption excited the TEC oscillation as a result of phreatomagmatic
eruption that lasted for a while in a sub-Plininan style. Another possibility might
be a semi-continuous occurrence of a pyroclastic flow by collapsing volcanic column. Such events are known to occur frequently in that volcano. This process
might be able to cause enough turbulence and excite acoustic modal waves just
like the 2014 Kelud eruption case.
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Conclusions
In this chapter, I will describe the conclusions.
The main conclusions of this thesis can be summarized as follows:
1. I performed a systematic and comprehensive study of atmospheric disturbances by recent volcanic eruptions, e.g., the 2015 Vulcanian explosion of the
Kuchinoerabujima volcano, Japan, Plinian eruptions of the Kelud volcano,
Indonesia, in 2014 and the Calbuco volcano, Chile, in 2015
2. I used barometers and seismometers to observe waves near the ground, and
the GNSS-TEC technique to observe those in the ionosphere; for the Kuchinoerabujima case, I used high-rate (1 second sampling) GNSS carrier phase
data
3. By comparing signals propagating in the lower and upper atmosphere, I
confirmed that they originate from the same source
4. After Vulcanian explosions, I found N-shaped impulsive disturbances occur
∼10 minutes after the explosions
5. In the Kuchinoerabujima case, I also detected 5 mHz continuous wave propagating in the ionosphere

6. I tried to visualize spherical wave fronts by performing 3D tomography of
ionospheric electron density anomalies for the Kuchinoerabujima case
7. For the two Plinian eruption cases, I observed that continuous fluctuations
of TEC lasted for hours with frequencies consistent with known atmospheric
resonance frequencies
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