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2014 2 13 ⁸▬fi♪Ⱡ◦▪ה☺ꜗ꞉ ─ Kelud ⅜ ⇔√⁹↓─ │ Volcanic 

Explosivity Index ≢ 4╩ ∆╢⁸ ⌂ⱪꜞ♬כ ≢№∫√⁹ ≢│⁸

↓─ Kelud ≢─ ⌐ ™ 250 km─ ≢ ⇔√ ⌐≈™≡ ⇔√⁹

│⁸ ◦☻♥ⱶ╩ ™≡ ╩ ╘╢ ⌐╟∫≡ ↕╣

√⁹∕⇔≡⁸ ╠╣√ ╩ ┘╟⅔♃כ♦─ ─ ≤ ∆╢↓≤

≢⁸ ⱷ◌♬☼ⱶ⌐ ∫√⁹ 

≢│ 2014 Kelud ─ ╩ ╢√╘⌐⁸ ⁸GEOFON─ 4≈─

 (STS-2) ⅛╠ ╠╣√ ─ 16 -33 ─ ╩ ⇔√⁹∕↓⅛╠

15:50 UT⌐ ™ ─ ⅜⁸∕⇔≡ 16:15 UT⌐ כꜞ▬꜠√⇔ ─ ≤∕╣⌐ ↄ

1 45 ╒≥ ↄ ⅜ כꜞ▬꜠⁹√╣↕ │ ─⌂╪╠⅛─ ⁸∕⇔≡

│ ≤⇔≡ ↕╣╢ ─ ≢№╢≤ ↕╣╢⁹↓╣╠ ⅛╠

╠╣√ ─ ╟╡⁸ ─ ╩ ⇔√⁹ 

─ GNSS-TEC ⌐│⁸▬fi♪Ⱡ◦▪─☺ꜗ꞉ ⅔╟┘☻ⱴ♩ꜝ ╩│∂╘≤∆

╢ ─ ⌐ BIG⁸ IGS∕⇔≡ SuGAr⌐╟∫≡ ↕╣√ 37─ GNSS

⅛╠ ╠╣√ ╩♃כ♦ ™√⁹ ╠⅛♃כ♦ ⇔√ ╘ TEC⅛╠│⁸16:25 UT

⅛╠19:00 UT ╕≢ ↄ ⅜ ↕╣√⁹ │1 km/s ≢ ⅝⌐ ⇔√⁹

☻Ɑ◒♩ꜟ ─ ⁸3.7 mHz≤ 4.6 mHz∕⇔≡ 6.7 mHz⌐Ⱨכ◒⅜ ╠╣√⁹3.7 mHz

≤ 4.6 mHz─ │ ♪כ⸗ ⅛╠ ↕╣╢ ─ ─ ≥♪כ⸗

≤∕╣∙╣╒≤╪≥ ∆╢⁹6.7 mHz╙ ⌐ ≢№╢≤ ⅎ╠╣╢⁹ 

↕╠⌐ GNSS-TEC ⅛╠ ╠╣√ ≢─ ╩⁸ ─ ≤ ⇔

√⁹Kelud ⅛╠ 200 km ╣√ GEOFON ⁸UGM≢ ╠╣√ ╩ ( ) 

↔≤⌐ √⁹∕─ ⁸ 15-30 ┘ 100-200 ─ ⅜ 18:00 UT ⌐ ∆╢

─⌐ ⇔≡⁸ 200-300 ─ │ 19:00 UT ╕≢ ╩ ↑╢↓≤⅜╦⅛∫√⁹↓─

200-300 ─ │⁸ ─ ≤ ≢⅝╢⁹╕√⁸ ⌐ ↕╣√ 78

─ (STS-1)⅛╠⌂╢ ⁸GSN⅛╠ ╠╣√ ─ 100-1000 ─

⅛╠ ╠╣╢ ╩☻Ɑ◒♩ꜟ ⇔√ ⁸ ♪כ⸗ ⅛╠

↕╣╢ ⁸3.7 mHz⁸4.8 mHz⁸5.7 mHz⅔╟┘ 6.8 mHz╩ ╗™ↄ≈⅛─Ⱨכ◒╩

∆╢↓≤⅜≢⅝√⁹ 

─ ╛∕─ ⌐╟╢ ⌂≥≤─ ⅛╠⁸ ⁸GNSS-TEC ⌐

╟∫≡ ╠╣√ │⁸ ─ ⌐╟∫≡ ↕╣╢ ─ ⁸∕⇔≡

─ 1 ↄ ─╝╢╛⅛⌂ ≢№╢ ⅎ√⁹Kelud ⅛╠

כꜞ▬꜠╢∆ ⅜ ↕╣√√╘⁸ ⅜ ─ ╩ ⇔√╙─≤

⇔≡™╢⁹ 

≢ ╠╣√ │⁸ ⌐╟∫≡ ⇔√ ─ ─

╩ ⌐⅔™≡ ╘≡ ⇔√╙─≢№╢⁹ │⁸Kelud ─ ╩

⇔√ ♪כ⸗ ⅛╠⁸Kelud ≢─ ─ ╩ ⇔⁸ ╩

╘╢ ⅜№╢⁹∕⇔≡⁸▬fiⱨꜝ◘►fi♪╛ ◌ⱷꜝ─♦כ♃╩│∂╘≤∆╢

─≥♃כ♦ ╩ ╘⁸╟╡ ⌂ⱷ◌♬☼ⱶ─ ╙ ╘⌂↑╣┌⌂╠⌂™⁹  
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Abstract 

The Kelud volcano, eastern part of the Java Island, Indonesia, erupted on 13 February 2014. This 

Plinian eruption recorded the strength 4 in the Volcanic Explosivity Index (VEI). Ionospheric wave 

from the eruption was detected by the Global Navigation Satellite Systems - Total Electron Contents 

(GNSS-TEC) method around the volcano. The ionospheric results were compared with seismic 

records, and the whole excitation scenario has been studied. 

The raw GNSS data files in the Receiver Independent Exchange Format (RINEX) were obtained 

from 37 GNSS stations, and the TEC information has been extracted from them. These stations were 

located in the Java, the Sumatra and other small islands around the volcano, and are operated by 

Badan Informasi Geospatial (BIG), International GNSS Service (IGS) and Sumatra GPS Array 

(SuGAr). 

The ionospheric oscillations were detected from slant TEC time series. They continued from 

16:25 UT to 19:00 UT, and propagated as fast as ~1.0 km/s. The oscillation had frequency peaks at 

3.7 mHz, 4.6 mHz, and 6.7 mHz. The former two components coincide with the two lowest 

atmospheric eigenfrequencies. The 6.7 mHz may correspond to one of the higher modes. 

GEOFON (15 broadband seismometers; STS-2) also detected seismic waves excited by the 

eruption. The time series showed one Rayleigh pulse at 16:15 UT, and following continuous acoustic 

waves. One of the GEOFON stations, UGM, is located about 200 km away from the volcano. The 

seismic wave of the eruption was clear and the components with periods 200-300 sec continued from 

16:25 to 19:00. It lasted ~1 hour longer than shorter period components. GSN (78 broadband 

seismometers; STS-1) recorded the Rayleigh wave from the erupting volcano. Their spectrogram 

had several clear peaks at frequencies, 3.7 mHz, 4.8 mHz, 6.7 mHz, and so on. Some of the 

components have been excited by atmospheric free oscillation.  

These observations indicate the GNSS-TEC results detected free oscillation of the atmosphere 

excited by continuous Plinian eruption. This oscillation continued over an hour.  

More realistic eigenfrequencies must be inferred in the future considering the atmospheric 

structure in the region surrounding the Kelud volcano. It must be compared with other observations, 

for example infrasound data or airglow, and be considered the mechanism of the excitation in detail. 
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1. Introduction 

─ 80 km ⅛╠ 1000 km ⌐╦√╢ ⌐│⁸ ⌐ ╕╣╢ ╛ X

⌐╟╡ ─ ╛ ─ ⅜ ⇔√ⱪꜝ☼ⱴ≤⇔≡ ⇔≡™╢⁹↓─ │

≤ ┌╣╢ (Fig. 1)⁹ 

≢│⁸ ≢ ⇔√

╩│∂╘≤∆╢ ↄ─ Ɽꜝⱷכ

♃⅜ ⅝ↄ ⁸ ∆╢⁹∕─ ⁸

⌐ ─ ⌐╟╢ ⌂

⅜ ⌐ ↓╢⁹↓─ │

╛ ≤ ≤─ ╩ ∂√╛╡≤

╡⌐ ≢⅝⌂™  (cf. 2 2 ) ╩ ⅎ

╢⁹∕─√╘⁸ ≢⁸ ≢ ⇔√

GNSS⌐╟╢ ─ ─ ⌐╙⁸

▬○ⱡ♂fi♦⁸ ◌ⱷꜝ⁸ ⁸כ♄כ꜠

⌂≥╩ ™√ ⌂ ⅜

⌐ ╦╣≡™╢ ( │ 2 )⁹ ≢

⇔√ GNSS⌐╟╢ ─ ╙⁸

1990 ╪⌐ ╦╣╢╟℮⌐⌂∫√⁹ 

≢ ⌐ ∆╢ ≤ ═╢≤

│ ↕™⅜⁸ ⁸ ⁸ ⁸

≢─ ⇔™ ⌂≥⌐╟╡ ↕╣√

⅜ ─ ┼≤ ∆╢↓≤⅜⇔┌

⇔┌ ↕╣≡⅝√ (e.g. Heki and Ping, 

2005; Igarashi et al., 1994; Nishioka et al., 2013)⁹ 

≢│⁸2014 2 13 ⁸▬fi♪Ⱡ

◦▪⁸☺ꜗ꞉ ─ Kelud ─ ⌐ ∫≡

⅝ ↓↕╣√ ⅛╠ km

≢─ ─ ⌐≈™≡

GNSS-TEC ╩ ™≡ ⇔√ ╩

⇔(3 )⁸ ╩ ═(4 )⁸ ─

╩ ∆╢(6 )⁹ 

1 ≢│⁸ ─ GNSS-TEC ⅛╠

╦⅛∫√ ⌐ ℮ ─

╩ ∆╢⁹2 ≢│⁸ ─ ╩ ∆

╢ ≢ ⌐ ≤⌂╢ ⌐≈™≡╕≤╘

√™⁹ 

  

Figure 1. Ionospheric parameters given by 

IRI-2012 model (Bilitza et al. 2012) for 

Lat:-7.9 deg. Lon:112.3 deg., 16.5UT, 

February 13 2014. A yellow curve shows 

relative electron density (upper axis), and a 

red curve and a blue dotted curve indicate 

electron and ion temperatures, respectively 

(bottom axis). A gray dotted line at 250 km 

indicates the altitude of the thin 

ionospheric layer assumed to calculate sub 

ionospheric points (SIP). 
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1.1. ⌐ ℮ ≢─ ─  

╕∏↓↓≢│⁸ ≤ ⌂ GNSS-TEC  ( │ 2 2 ) ╩ ™≡⁸ ⌐

∫≡ ≢ ↕╣√ ─ ⌐≈™≡ ∆╢⁹ 

Heki (2006) ≢│⁸2004 9 1 11:02UT⌐ ⇔√ ─ ⌐ ℮ N ─

Figure 2. Taken from Fig.1 of Heki (2006). (center) A map showing the central part of Japan. 

Squares indicate GNSS stations, triangles show sub ionospheric points (ionospheric height 

assumed at ~300km) and a star is the Asama Volcano. (diagrams surrounding the map) Time 

series indicating the TEC perturbations propagating westward (top left), northeastward (top 

middle), eastward (top right), southward (bottom right) and southeastward (bottom left) from the 

volcano. Gray lines show eruption time. Concentric ionospheric wave from Asama volcano 

propagated at 1.08 km/s and 1.12 km/s southwestward and southward, respectively. Geomagnetic 

field attenuates signals of the waves spreading westward, northwestward and northward.  
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™ ≤ ─Ɽꜟ☻⅛╠ ╢ ╩ ⇔√(Fig. 2)⁹ ─ │ 2009 ─

≢─Ⱪꜟ◌ⱡ ╛ 2011 2 1 ⌐ ⇔√ ≢─Ⱪꜟ◌ⱡ

≢╙ ™∞∆↓≤⅜≢⅝╢ (Fig. 4)⁹ 

≢⁸Dautermann et al. (2009a)≢│⁸2003 7 13 ⌐ ⇔√ ▬fi♪ ⸗fi☿

ꜝ Soufriére Hills ≢─ ⌐ ∫≡ 1.4 mHz≤ 4 mHz─ ╩ ≈

─ ╩ ⇔√⁹ ─ Dautermann et al. (2009b)≢│⁸Ⱳ▪ⱱכꜟ ⅛╠ ╠╣╢

─ ≤ ─ ≤╩ ⇔⁸ ≢ 4 mHz─ ⅜ ↕╣≡™╢↓≤╩

Figure 3. Taken from Fig. 5 of Dautermann et al. (2009). Horizontal and vertical axes indicate 

time (UT) and distance from the volcano to SIP (ionospheric altitude assumed 325km), 

respectively. Colors show TEC anomaly. Slant black lines indicated the velocities of individual 

wavefronts. 
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⇔√⁹ 

∆╢ 2014 Kelud ─ │⁸2004 ─ ╟╡╙ 2003 Soufriére 

Hills ─ ≤ √ ╩ ∫≡™╢ (Fig. 4)⁹↓╣╠ ─ ™⅜ ─ ⱷ◌♬☼

ⱶ≤≥─╟℮⌐ ⇔≡™╢⅛│ ─ ⌂ ─℮∟─ ≈≢№╢ (4 2 )⁹ 

1.2. ─ ⅝: 2≈─☻Ɑ◒♩ꜟⱧכ◒╩ ≈  

╕≢⌐ ⌐╟∫≡ 4 mHz ─ ⅜ ≢ ↕╣√≤™℮ │⁸

Dautermann et al. (2009a,b) ⌐╟∫≡ ↕╣√ 2003 Soufriére Hills ─ ─╒⅛⌐│⁸

⌐⇔≡ ↄ↓≤⅜⌂™⁹⇔⅛⇔⁸1982 ─ St. Helens ⁸1982 ─ El Chichon ⁸

∕⇔≡ 1991 ─Pinatubo ─ ⌐ ™ ⇔√ 4 mHz ─ ─ ⅔╟┘

⅜ ≢─ ╛ ⌐╟∫≡ ↕╣√ ⌐≈™≡│™ↄ≈⅛ ⅜№╢⁹

↓↓≢│⁸1991 5 -6 ⌐ ⇔√ⱨ▫ꜞⱧfiהꜟ♁fi ─ Pinatubo ≢─ ⌐

∫≡ ⇔√ ≤ ⅜ ↕╣√ ⌐≈™≡ ⇔ↄ ╡ →√™⁹ 

Widmer and Zürn (1992) │⁸1991 6 15 ─ Pinatubo ⌐ ℮ 3.68≤ 4.44 mHz

─ ⅔╟┘ 1982 4 4 ─ El Chichon ⌐ ℮ 3.76≤ 5.14mHz─ ╩♪▬

Figure 4. Vertical axis indicates relative TEC changes and horizontal axis indicates the time after 

eruptions. Upper three time series have single N-shaped disturbances, while the others have 

continuous oscillatory signals. The 2003 Soufriere Hills Volcano time series is traced from Fig.4 

of Dautermann et al. (2009a). 
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♠ ─ Black Forest Observatory ╩│∂

╘≤∆╢ ─ ≤

⅛╠ ⅎ√≤ ⇔√⁹Kanamori 

and Mori (1992)│⁸ ≢

Widmer and Zürn (1992) ≤ ⌐

270 sec ≤ 228 sec ( ≢ 3.70 mHz ≤

4.39 mHz) ─ 2≈─☻Ɑ◒♩ꜟⱧכ◒╩

כꜞ▬꜠≈ ⌐≈™≡ ⇔≡™╢⁹

╕√⁸ ⅛╠ 21 km ◒כꜝ◒√╣

─ ≢ 31 mbar─ ╩

≈ ╩ ⇔√↓≤⅛╠⁸ ≤─◌

♇ⱪꜞfi◓─ ╩ ⇔≡™╢⁹

Kanamori et al. (1994) │⁸Kanamori and 

Mori (1992) ─ ╩ ∆╢

╩ ⇔≡™╢⁹Watada and Kanamori 

(2010) ≢│⁸╟╡ ⌂⸗♦ꜟ ≢

╩ ⇔√ ≢ ♪כ⸗

╩ ⇔⁸Kanamori and Mori (1992) ≢

↕╣√ 2≈─Ⱨכ◒╩ ⇔╟℮≤⇔

√⁹ 

─⁸ ⅎ┌ ⌐╟∫≡⁸

≢ ─ ╩ ≈ ⅜

⇔⁸GNSS-TEC ≢ ↕╣√

⅜ ↄ№╢⁹ 

ⅎ┌⁸Choosakul et al. (2009) ≢│⁸

2004 ─☻ⱴ♩ꜝ ⌐ ™

⌐ 4 ─ ╩ ⇔√⁹

Cahyadi and Heki. (2013) ≢│⁸2005  

(M 8.6) ┘ 2007  (M8.5, M7.9) ─☻

ⱴ♩ꜝ ⌐╟╡ ↕╣√  5 

mHz ─ ⅜ ⅝⌐ 0.7 

km/s ≢ ⇔≡™ↄ ╩ ⅎ√⁹ ™

≡⁸Cahyadi and Heki (2014) ≢│⁸2012

─☻ⱴ♩ꜝ ⌐≈™≡ ⇔⁸4 

─ ╩ ⇔≡⁸∕─∕⇔≡

Rolland et al. (2011) ≢│⁸GNSS-TEC

╩ ™≡ 2011 ─

 (M9.0) ⌐╟∫≡ ↕╣√ ∆╢

3.5 km/s ─N ─ ╩ כꜞ▬꜠≈

─ ⁸∕╣⌐ ↄ 1 km/s ∆╢

3.3 mHz≤ 4.4 mHz─ acoustic trap mode⁸

Figure 6. Taken from Fig. 3 of Nishioka et al. 

(2013) (a) GOES infrared image. (b) A horizontal 

axis is time (UT) and a vertical axis indicates 

geophysical latitudes. (c) Gray shades indicates 

peaks about 13 min and 4 min (1.3mHz and 

4mHz), respectively. 
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∕⇔≡ 45 ╣≢ ⇔√ 225 m/s ≢ ∆╢ ─ ╩ ⇔≡™╢ (Fig. 

5)⁹Saito et al. (2011) ≢╙ ⌐ 2011 ─ ⌐≈™≡⁸3.7 mHz⁸4.5 mHz

∕⇔≡ 5.3 mHz─ ╩ ≈ ╩ ⇔√⁹ 

╩ ⅝ ↓∆─│ ╛ ┌⅛╡≢│⌂™⁹George (1973) ≢│⁸HF-CW 

Doppler sounding ⌐╟∫≡ ↕╣√⁸ ⇔™ ⌐ ↕╣√ 3 ─ ─

⌐≈™≡╕≤╘≡™╢⁹ ⌐⁸ ⌐╟∫≡ ╠╣╢Ⱨ4.8)  ⁸3.5∟℮─◒כ 

mHz)≤ 4.5  (3.7 mHz) ─Ⱨכ◒╩ ∆╢≤⁸ │ ⌐╟∫≡ ⅜ ⇔╛∆

™⅜⁸ ─Ⱨכ◒│≥─ ⌐⅔™≡╙ ┌╠≈⅛⌂™≤ ⇔≡™╢ ⅜

™⁹∕⇔≡⁸Nishioka et al. (2013) ≢│⁸2013 5 ─ⱶכ▪ ⌐╟∫≡ 170 m/s ≢

∆╢ ≤ 1.3 km/s ≢ ∆╢ 4 mHz─ ⅜ ↕╣√≤ ⇔≡™╢ (Fig. 6)⁹

↓─ⱶכ▪ │⁸ ─ ≤⇔≡│ ◒ꜝ☻─ EF ( ╩5 (ꜟכ◔☻ ⇔√⁹ 

⌂⅔⁸↓╣╠─╟℮⌂ ─ ⌐ ╠∏ ה ⌂≥⌐╟╢ ⌐≈™≡─

│ ─ ⁸  (2011) ≢ ⌐ ⁸ ↕╣≡™╢⁹ 

2.  

≢╙ ═√≤⅔╡⁸ ╩ ∆╢ │ GNSS-TEC ∞↑≢│⌂™⁹∕↓

≢⁸↓↓≢│╕∏⁸GNSS-TEC ≤ ─ ≤─ ⅛╠⁸GNSS-TEC ─

≤ ╩ ⇔√™ (Table 1)⁹ 

 

Figure 5. Taken from Fig. 3 of Rolland et al. (2011). Top two figures show filtered TEC 

perturbation by the 1-10 mHz bandpass, Finite Impulse Response (FIR) butterworth filter. 

Bottom figures show corresponding spectrograms. (a) GPS sat.15 - station 0979. (b) GPS sat. 22 

ï station 0180. 
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GNSS-TEC ≢│⁸ ≢ ↕╣√GNSS ╩♃כ♦─ ∆╢↓≤≢⁸GNSS

─ ⌂ ≢№╣┌⁸ ≤╙⌐ ⌐ ⌂  ( 1s-30s⁸

 - km) ╩ ⇔≡ ⅎ╢⁹↓─ ╩ ⅛⇔≡⁸ km☻◔כꜟ─ ─

─ ╩ ⇔√≤∆╢ ╙ ™ [e.g. Maeda and Heki 2014, Nishioka et al. 

2013] ⁹ 

2.1. GNSS≤│ ⅛ 

GNSS (Global Navigation Satellite System) ≤│⁸ ╩╕╦╢ ─ ⅛╠ ↕

╣╢ ╩ ⇔≡⁸∕╣∙╣ ≢─ ─ ╩ ה ∆╢↓≤≢⁸

ה ה ╩ ℮◦☻♥ⱶ≢№╢⁹ 

2010 ╕≢⁸GNSS│╒≤╪≥─ GPS≤ ┌╣≡™√⁹↓╣│⁸ ⌐ ╢

⇔√ GNSS⅜▪ⱷꜞ◌  (  ) ─ ∆╢ GPS (Global Positioning System) ─╖

≢№∫√√╘≢№╢⁹⇔⅛⇔ 2007 ⁸∕╣╕≢ ≢№∫√꜡◦▪  ( ⁸ ) ⅜

∆╢ GNSS⁸GLONASS (GLObal'naya NAvigatsionnaya Sputnikovaya Sistema) ⅜ ↑

⌐ ↕╣⁸2014 ⁸ ⇔≈≈№╢⁹*∕⇔≡ GLONASS┌⅛╡≢⌂ↄ⁸

─  (Beido) ╛ EU─ Galileo╙⁸ ₁⌐ ╩ ⅎ≡⅝≡™╢⁹∕─√╘ ⌐

≢│⁸↓─╟℮⌂◦☻♥ⱶ╩╟╡ ⌐ GNSS≤ ┌╣≡™╢⁹ ≢│ GNSS─

≢╙ GPS≤ GLONASS╩ ⇔√⁹ ─ ≢│ GPS⁸GLONASS∕╣∙╣─ ╩

⌐ ⇔√™⁹ 

                                                        

*
  ⅎ┌⁸☻ⱴכ♩ⱨ◊fi òiPhoneò ≢╙ 2011 ─  (iPhone 4s) ⅛╠ GLONASS

╩ ⇔√ ⅜☻ⱦכ◘ ≢⅝╢╟℮⌐⌂∫≡™╢⁹

https://www.apple.com/jp/iphone/compare/ 

Measurement Advantage Disadvantage 

GNSS-TEC High temporal/spatial resolution Vertically integrated value 

Ionosonde Long observation history 
15 min. sampling, only 

lowermost layer  

Airglow 
Spatial distribution for several 

layer 
Only night time observation 

GPS Occultation Accurate vertical profile Horizontal spatial resolution 

Table 1. Sounders of the Ionosphere. 
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 2.1.1. GPS─  

GPS (Global Positioning System) │

⌐╟∫≡ ↕╣≡™╢ GNSS≢№╢⁹ 

GPS  (NAVSTAR ≤╙ ┌╣╢) ─

│ 1978 ⌐ ∟ →╠╣√⁹∕─ 1993

⅛╠ ╕≢⁸ ⇔≡ ⌐ ™

╩ ⇔⌂⅜╠⁸ 32 ≢ ↕╣≡

™╢⁹2015 2 ⁸ ─ ⇔™ ⌐ →

╢≤⁸Ⱪ꜡♇◒ IIF⁸Ⱪ꜡♇◒ IIR-M⁸Ⱪ꜡♇◒

IIR⁸Ⱪ꜡♇◒ IIA  ⅜ ≢№╢⁹ 

GPS─ ∆╢ ─ │ ─≤⅔╡

≢№╢⁹L1≤ L2⌐≈™≡│ ⌐ 2015 2

⁸ ─≥─ ≢╙ ⅜ ≢№

╢⅜⁸L5⌐≈™≡│Ⱪ꜡♇◒ IIR-M ─ ≤Ⱪ

꜡♇◒ IIF─╖⅜ ≢№╢⁹ ≢│⁸

L1≤ L2─╖╩ ⇔√⁹ 

L1: 1.57542 MHz 

L2: 1.22760 MHz 

(L5: 1.17645 MHz) 

2.1.2. GLONASS─  

GLONASS│꜡◦▪ ─

≤ ROSKOSMOS⌐╟∫≡ ↕╣≡™╢

GNSS≢№╢⁹GLONASS│ ⁸♁ⱦ◄♩

 ( ⁸♁ ) ⌐╟∫≡ ⌂ ≢

↕╣√⁹1982 ⌐│ ─ ⅜ ∟ →╠╣⁸

◦☻♥ⱶ─ ⅜ ╘╠╣√⁹1990 ⌐

│ 26 ≤⌂∫√⅜⁸1991 ─♁ ─

╙№∫≡⅛⁸∕─ ⌐╟╡

⅜ ⇔⁸ 10 │ ↕╣╢↓≤⅜

⌂⅛∫√⁹⇔⅛⇔ 2003 ⁸ │ ─

╩ ∆╢↓≤⅜≢⅝╢ GLONASS-M ╩ ₁

≤ ∟ →│∂╘√⁹∕⇔≡ 2007 ⌐│

╩ ⇔⁸2015 2 ⁸GLONASS│⁸

GLONASS-M≤ ─GLONASS-K≤≢ ↕

╣√ 24 ≢ ⇔≡ ↕╣≡™╢⁹ 

GNSS-TEC ⌐≤∫≡─ GPS≤ GLONASS

≤─ ⅝⌂ ™│∕╣∙╣─ ─

≢№╢⁹GPS≢│⁸ ─ ⌐ ∑╠╣√

Figure 7. The GPS satellite consternation. 

Altitudes are ~ 20,200 km, and the 

inclinations are ~55 degrees. Orbital 

periods are half sidereal day, i.e. 11h58 

min. 

(URL:http://www.geod.jpn.org/web-text/p

art2/2-4/2-4-1-1.html) 

Figure 8. The GLONASS satellite 

consternation. Altitude are ~19,100km, 

and the inclinations are 64.8 degrees. 

Orbital periods are 11 h 15 min. 

(URL:http://www.nis-glonass.ru/en/glonas

s/technical_descript/) 



 

9 

 

─ ≢ ⅜ ╩ ⇔≡™╢─⌐ ⇔⁸GLONASS≢│⁸ ↔≤⌐

∆╢ ─ ╩ ⇔∏≈ ⅎ╢↓≤≢ ╩ ⇔≡™╢⁹*
 GPS─╟℮⌂ ╩

 (Code Division Multiple Access; CDMA) ╩≤ ┘⁸GLONASS─╟℮⌂

╩  (Fequency Division Multiple Access; FDMA) ≤ ┬⁹ 

GLONASS─ ∆╢ │ ─╟℮⌐ ≢⅝╢⁹k │ ⌐ ⇔√╙─≢⁸

PRN ─ ≢ ┬⁹L1≤ L2│∆═≡─ ⅛╠⁸L3│ GLONASS-K ─ ⅛

╠ ≢⅝╢⁹GLONASS⌐≈™≡╙⁸ │ L1≤ L2─╖╩ ⇔≡™╢⁹ 

L1: 1602 MHz + k × 0.5625 MHz 

L2: 1246 MHz + k × 0.4375 MHz 

(L3: 1204.7040 MHz + k × 0.4230 MHz) 

k = 1, -4, 5, 6, 1, -4, 5, 0, -2, -7, 0, -1, -2, -7, 0, -1, -2, -7, 0, -1, 4, -3, 3, 2, 4, -3, 3, 2 

2.2. GNSS-TEC ⌐╟╢  

≥─ GNSS≢╙⁸ │ ┼ ─ ─ⱴ▬◒꜡ ╩ ⇔≡™╢⁹GNSS─

─ ≢№╢♫ⱦ◕כ◦ꜛfi╩ ℮ ⌐│⁸↓─ⱴ▬◒꜡ ─♪כ◖√╣╠∑─⌐

⅛╠ ↕╣√ ≤ ≢ ↕╣√ ─ ⌐ ╩⅛↑╢↓≤≢ -

─ ╩ ⇔⁸ ─ ╩ ╘╢⁹⇔⅛⇔⁸ ⌐│ ≤ ≤─

─∏╣╛⁸ ─ ─ ≢⁸ ─ ╩ ╘╢↓≤⅜≢⅝⌂™⁹**∕─√╘⁸GNSS

─ ╩ ⇔≡⁸ - ─ ─ ╩ ╘╢√╘─⁸

─ ⅜⁸GPS ─ ∟ →⅛╠ 30 ∫√ ≢╙ ╪⌐ ╦╣≡™╢⁹ 

№╢ⱴ▬◒꜡ ─ ─℮∟≢╙ ⅜ ⅝™╙── ≈⅜ ≢─ ≢№

╢⁹√∞⇔⁸↓─ ≢─ │ ╩ ∆╢╟℮⌂ ─╟™ ≢─

─ ⌐│ ⌐ ↕╣╢ ⅜ ™⁹⌂−⌂╠⁸ⱴ▬◒꜡ │ ─ ⌐

⇔≡⁸ ╩ ╘⁸ ╩ ╠∑╢ ⅜№╢⁹↓─ │ ∞↑≢│⌂

ↄ⁸ ⌐ ∆╢ (Appendix A)⁹↓─ │ ***
 ≤ ┌╣╢⁹ ∕─√╘ 2≈─

╩ ⇔≡ ╩ ∆╢↓≤⅜≢⅝╣┌⁸ ≢─ │ ⌐ ∆╢↓≤

⅜≢⅝╢⁹ 

                                                        

*
 √∞⇔⁸∆═≡─ ⌐ ─ ╩ ╡ ≡╢≤ ╡⌂ↄ⌂╢√╘⁸ ─ ⌐

№╢ │ ∂ ╩ ⇔≡™╢ 

**
 ∕─√╘⁸ ⌐ ⌐ ╩⅛↑√ ╩ ≤ ┬ 

***
 ↓╣│⁸●ꜝ☻≢≢⅝√ ─ⱪꜞ☼ⱶ⌐╟∫≡ ⅜ ⌐ ⅛╣≡ ⅎ╢

╩ ↓∆ ≤ ∂╙─≢№╢⁹ 
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∕⇔≡↓╣╩ ⌐ ∆╢↓≤≢⁸ ⌐ ∫√ ─  ( ; 

Total Electron Content; TEC) ╩ ⇔╟℮≤∆╢─⅜⁸GNSS-TEC ≢№╢⁹TEC─ ⌐

│ TEC Unit ρ 4%#5  ρπÅÌÅÃÔÒÏÎÓȾÍ )⅜ ™╠╣╢↓≤⅜ ™⁹ 

2.2.1. GNSS-TEC─ ┘  

≢│⁸ ≢─ ⌐⅔™≡ TEC⅜≥─╟℮⌐⇔≡ GNSS─ ♃כ♦

 (Receiver Independent Exchange Format; RINEX ) ⅛╠ ╡ ↕╣╢─⅛╩ ∆╢⁹ 

≢ ─√╘⌐ ⇔√ RINEX ⁸│⌐♃כ♦ ─ ⅜ radian≢

↔≤⌐ ↕╣≡™╢⁹∕╣╠⌐ ╩⅛↑≡╛╢≤⁸,≤,⁸∕╣∙╣─ ⅛╠ ↕

╣╢ ⌐ ≢⅝╢⁹↓╣╠⅛╠ ─ ─╖╩ ∫√ ⁸L4╩ ∆╢↓≤

⅜≢⅝╢⁹ 

 

ὒ ὒ ὒ 

ὧ

Ὢ
Ͻὒ

ὧ

Ὢ
Ͻὒ . 

(2-1) 

, ≤, │∕╣∙╣,⁸,─ ⁸N│ ─ ≢№╢⁹ 

↓↓≢⁸, ─ ╩ɝ,≤∆╢≤⁸ ╘ TEC (Slant TEC; STEC) ─ ῳὛὝὉὅ│⁸ 

Figure 9. Schematic image of GNSS-TEC method (not on scale). GNSS satellites transmit 

microwave signals. The number of electrons along the line-of-sight is calculated by comparing 

the phases of the carriers in two different frequencies.  
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 ῳὛὝὉὅ
ρ

τπȢσπψ
Ͻ
Ὢ ϽὪ

Ὢ Ὢ
Ͻɝ, (2-2) 

≤ ∑╢⁹√∞⇔ f1≤ f2│∕╣∙╣ L1L2─ ≢№╢⁹↓↓≢⁸GPS─ │⁸Ὢ ≤ 

Ὢ ⅜ ≢№╢⅜⁸GLONASS─ │⁸2.1.2.≢ ⇔√╟℮⌐⁸ ↔≤⌐ ⌂╢ ╩

ⅎ╢ ⅜№╢↓≤⌐ ∆╢⁹ 

⌂⅔⁸ ╘ TEC ╩ ≢ ╢≤⁸ ⌐ ∂≡ ⅜ ╩ ↄ ⅜

∆╢√╘⁸U ─ ╩ ↄ⁹ ≢│ ⌐│ ╘ TEC⅛╠ ⌂

╩ ⇔≡ ⇔≡™╢⁹√∞⇔⁸ ╘ TEC─ ╩ ⇔√ ≢ ╩ ⌐ ™

√≤ ⇔√ ─ TEC  ( TEC: Vertical TEC; VTEC) ⌐ ↕╣╢↓≤╙№╢⁹

≢│⁸ ─ ╩ ∆╢ ─╖⁸ TEC─ ⌐ ⇔⁸

⇔√⁹ 

2.2.2. Sub Ionospheric Point─  

GNSS-TEC ≢ ╘╠╣╢ │⁸ ─ ╩ ─ ⌐

⇔√ ≢№╢√╘⁸ │ ≤⇔≡ ╘╠╣⌂™⁹⇔⅛⇔ ⌐ GNSS-TEC ╩

™≡ ╩ ╘╢ ≢⁸ ⅜№╢ ─ ↕⌐ ∆╢≤ ⇔⁸GNSS ─ ≤

─ ╩ ⌐ ⇔≡ ≤∆╢↓≤⅜ ≢№╢⁹ 

∕↓≢ ≢│⁸∕─ ╘╠╣╢ ─♦◌ꜟ♩ ⅛╠⁸ ─ ≤⇔≡⁸

≤ ≤─ ╩ ⌐ ⇔√  (Sub Ionospheric Point; SIP) ─ ה ╩

╘╢ ╩ ∆╢⁹ 

∕─√╘⌐│⁸╕∏ ⅜ ─≥─№√╡⌐™╢─⅛╩ ╢ ⅜№╢⁹ ─

≢─⅔⅔╟∕─ │⁸GNSS ⅛╠ ↕╣╢ ⌐♦☺♃ꜟ ≤⇔≡ ∫≡

™╢⁹↓╣╩ ≤ ┬⁹ │ ─ ⁸ ₁─ ◦☻♥ⱶ↔≤⌐ RINEX

≡⇔≥♃כ♦ RINEX ⌐╙≥≥♃כ♦ ⌐ ╣╢↓≤⅜≢⅝╢⁹*
 RINEX כ♦

♃⌐│⁸GPS─ │◔ⱪꜝכ ≢⁸∕⇔≡ GLONASS│♦◌ꜟ♩ ≢

↕╣≡™╢⁹⇔√⅜∫≡⁸∕─≥∟╠⅛╠╙№╢ ─ ─♦◌ꜟ♩ ≢─

─ ╩ ╘╢↓≤⅜ ≢№╢ (Appendix B)⁹ 

SIP ╩ ╘╢√╘⌐│⁸ ─ ╙ ≢№╢⁹ ≢│⁸ ─♦◌ꜟ♩

│ RINEX **כ♄♇Ⱬ─♃כ♦
 ⌐ ↕╣≡™╢ ╩ ⇔√⁹╙∟╤╪⁸ⱨ□▬ꜟ

⌐ ⅛╣√ ╩ ™≡ ⇔√ ⌂ ╩ ⅎ╢↓≤╙ ≢№╢⅜⁸↓↓≢

│∕╙∕╙ km─ ╖⅜№╢ ╩ ╖⅜⌂™ ─╟℮⌂ ╩ ≈≤ ⇔≡

≤─ ╩ ╘╢⁹∕─√╘⁸Ⱬ♇♄כ⌐ ↕╣√⅔⅔╟∕─ ≢ ≢№

╢≤ ⅎ╢⁹⌂⅔ ≢│⁸ ─ ↕ È  ╩ 250 km≤ ⇔≡ SIP╩ ⇔√⁹ 

⌐⁸ ─ ─ ╩ ⇔≡⅔ↄ⁹ 

                                                        

*
 ∕─ ⁸ ╩∆╢ ⌂≥⌐ ⅛╠─ ⌂≥⌐╟∫≡ ↕╣╢⁸╟╡

─ ™ ─ ╩ ™╢ ⅜№╢ ⅜№╢⁹↓╣│ ≤ ┌╣╢ 

**
 Ⱬ♇♄כ⌐ ↕╣╢òAPPROX POSITION XYZò ≤™℮ ╩ ∆╢⁹ 
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╕∏⁸ ─ Ὑ≤ ─ Ὤ ⁸⅔╟┘ ─ ὩὸὪ╩∕╣∙╣⁸ 

 

Ὑ φσχψ ËÍ: ─  

Ὤ ςυπ ËÍ: ─  

ὩὸὪπȢππσσυςψω: ─ ─  

(2-3) 

≤⅔ↄ⁹ 

 

RINEX ╡╟♃כ♦ ⅎ╠╣╢ ─ ECEF ╩ ὼ ȟώ ȟᾀ  ⁸ ╩ὼ ⁸

╩ὼ ≤⅔ↄ≤⁸ 

 

ὼ ÁÒÃÔÁÎ
ώ

ὼ
 

ὼ ÁÒÃÔÁÎ
ᾀ

ὼ ώϽρȢπ ὩὸὪ
 

(2-4) 

≤ ⅜ ↕╣╢⁹ 

 

↓╣╩ ┘ ECEF ┼≤ ⇔ ∆⌐│⁸ 

 

ὼ
ώ
ᾀ

ὙϽÃÏÓὼ ϽÃÏÓὼ

ὙϽÃÏÓὼ ϽÓÉÎὼ
ὙϽÓÉÎὼ

 (2-5) 

≤∆╢⁹ 

 

⅛╠ ╕≢─ ╩ ∆╢⁹ 

 
8
ώ
Ú

ὼ ὼ
ώ ώ
Ú ᾀ

 (2-6) 

↓↓≢⁸ ὼȟώȟᾀ ╩ ≤ ─ ≤⇔≡⅔⅝ ∆⁹ 

 

⅛╠ √ IPP─ ⱬ◒♩ꜟ│ ὼȟώȟᾀ≤ ∂ ╩ ™≡⅔╡⁸ ↕─ ╩ʀ≤∆

╢≤⁸ 

 

Á Ø ώ ᾀ 

Â ςȢπϽØϽØ ώϽώ ᾀϽᾀ  

Ã 2 Ὑ Ὤ  

(2-7) 
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ʀ │⁸Á8  Â8  Ã  π ─ ─ ≤⌂╢⁹∕↓≢⁸ ─ ╩ ∆╢↓≤≢⁸ 

 ʀ
Â Ѝὦ τȢπϽὥὧ

ςȢπϽὥ
 (2-8) 

≤ ╘╠╣╢⁹ 

 

∫≡ IPP─ │ 

 

Ø
ώ
ᾀ

ὼ ὼϽ‐
ώ ώϽ‐
Ú ᾀϽ‐

 (2-9) 

≤⌂╢⁹ 

 

⇔√⅜∫≡⁸SIP─ ⅔╟┘ │ ─╟℮⌐⇔≡ ╘╠╣╢⁹ 

 

ὰέὲ ÁÒÃÔÁÎ
ώ

ὼ
 

ὰὥὸ ÁÒÃÔÁÎ

ở

ờ
ᾀ

ὼ ώ
Ợ

Ỡ 

(2-10) 

 

2.2.3. 2014 2 13 Kelud ─  

≢│⁸2014 2 13 ⌐ ⇔√ Kelud ─ ⌐≈™≡

GNSS-TEC ╩ ™≡ ⇔√ ⌐≈™≡ ∆╢⁹ 1 ≢│⁸2014 2 13 ⌐

⇔√▬fi♪Ⱡ◦▪⁸☺ꜗ꞉ ─ Kelud ─ ╩ ∆╢⁹2 ≢│⁸ ⇔√

╩♃כ♦ ∆╢⁹∕⇔≡ 3 ≢ ⌐ ™ ⇔√ ─ GNSS⌐╟╢

⅔╟┘ ╩ ∆╢⁹ 
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3.1. 2014 2 13 Kelud ─  

▬fi♪Ⱡ◦▪ה☺ꜗ꞉ ─ Kelud │⁸ 100 ≢ 8 ⁸VEI 1-4─ ╩ ╡

⇔≡⅝√ ≢№╢⁹⌂⅛≢╙⁸ ⅜ ─ ⌐╟∫≡ ╩ↄ∞╢

╩ ñꜝ Ɫכꜟò ≤™℮▬fi♪Ⱡ◦▪ ≢ ⌐ ┬⅝∫⅛↑≤⌂∫√ 1919 ─ ⅜

≢№╢⁹ 

Kelud │ ≢│⁸2007 │ ⱶכ♪ ╩ ⅝ ↓⇔√⁹∕⇔≡⁸ ≢

∆╢ 2014 ─ ⌐⅔™≡│ⱪꜞ♬כ ╩ ⅝ ↓⇔⁸2007 ⌐ ⇔√ כ♪

ⱶ╩ ↕∑√ (Fig. 11)⁹*
 

∕↓≢ GEOFON (STS-2) ⌐╟∫≡ ╠╣√ ─ 16-33s╩ ⇔√ (Fig. 12)⁹

15:46 UT⌐⁸ ⌐ ⇔≡ 300 m/s ≢ ∆╢ ⅜ ⇔≡™╢⁹∕⇔≡ 16:15 

UT⌐⁸Kelud ─ ⅛╠ 3 km/s ≢ כꜞ▬꜠╢∆ ⅜ ⇔⁸∕─ ⌂

⅜ 1 45 ╒≥ כꜞ▬꜠⁹√™ │ ≢ ╠⅛─ ⅜№∫√ ⌐ ⇔

√≤ ⅎ╢≤⁸⅔∕╠ↄ꜠▬ꜞכ ╩ ↕∑╢╟℮⌂ ─ⱶכ♪ ╛ ─ ─

╟℮⌂▬ⱬfi♩╩⅝∫⅛↑⌐ ⅜ ⇔≡ⱪꜞ♬כ ⌐ ⇔⁸∕╣⌐ ∫≡

⅜ ⇔√↓≤╩ ⇔≡™╢⁹ 

  

                                                        

*
 ∟⌂╖⌐⁸ ≤│ ⇔≡™⌂™⅜⁸↓─╟℮⌐ ⱶכ♪ ≤ⱪꜞ♬כ

╩ ⌐ ╡ ∆╟℮⌂ ╢ ™│⁸ ⌐│ ⅛╠─ ⅜ ≢№╢∕℮

≢№╢⁹( , 2008) 

Figure 10. Eruption history of the Kelud volcano. 
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Figure 12. Seismic waveforms observed by 4 GEOFON stations (30-60 mHz). The horizontal 

axis indicates the time in UT, and the vertical axis shows the distance from the Kelud volcano. 

The slopes of the two sets of light blue lines correspond to those of Rayleigh surface waves (the 

steeper one) and acoustic waves. The Acoustic signal seems to have occurred at 15:46 UT. 

Rayleigh wave started at ~16:15 UT. Acoustic wave continued from 16:02 UT to ~18:00 UT. 

(Seismic data analyzed and the figure drawn by Dr. Akiko Takeo, Hokkaido University). 

Figure 11. Photographs of the Kelud volcano taken by Mr. Øystein Lund Andersen. The left 

image shows that a lava dome existed until the 2014 eruption. The right image shows that a 

crater was left after the dome collapsed in the eruption. 

(URL:http://www.oysteinlundandersen.com/Volcanoes/Kelud/Kelud-Volcano-Indonesia-Februar

y-2014.html) 
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3.2. Kelud ⌐ ℮  

≢╙ ═√≤⅔╡⁸ ≢│ ╩│∂╘≤∆╢ ₁⌂ ≢

⌂ ⅜ ↓╡℮╢⁹∕─√╘⁸ ⅜№╢ ⌂ ≢⌂↑╣┌ ─

╩ ∆╢↓≤⅜ ⇔ↄ⌂╢≤ ≢⅝╢⁹∕↓≢⁸1 ≢╕∏⁸ ⅜ ⇔√

─▬fi♪Ⱡ◦▪ ─ ─ ╩ ⇔√™⁹∕─℮ⅎ≢⁸2 ⌐⅔™≡ ─

─ ╩ ⇔≡™ↄ↓≤⌐∆╢⁹ 

3.2.1. ⇔√  ♃כ♦

≢│⁸3≈─ GNSS ⌐ ∆╢ 37 ≢ ╠╣√ RINEX ♦כ♃╩

⇔⁸ ╩ ╘√ (Fig. 13)⁹ ⇔√ │⁸▬fi♪Ⱡ◦▪─

⌐ ∆╢ BIG (Badan Informasi Geospatial) ⅜ ⇔≡™╢╙─⁸IGS (International GNSS 

Service) ⌐╟∫≡ ↕╣≡™╢╙─⁸∕⇔≡☻ⱴ♩ꜝ ─ ─ ╩ ≤⇔≡▬

fi♪Ⱡ◦▪ (LIPI)≤◌ꜞⱨ◊ꜟ♬▪ ⅜ ∆╢ SuGAr (Sumatra GPS 

Array) ≢№╢⁹ 

COCO╩ ↄ IGS─ 2 ≤ BIG⌐╟╢ │ GPS≤ GLONASS⌐≈™≡ 30 ≢

╩♃כ♦ ⇔≡™╢⁹IGS─ COCO│ GPS─╖╩ 30 ≢ ⇔≡™╢⁹SuGAr─

│ 15 ≢ GPS─♦כ♃─╖╩ ⇔≡™╢⁹ 

  

Figure 13.Map around the Kelud volcano. A red triangle indicates the Kelud volcano. Blue, 

yellow, and green squares show BIG, SuGAr, and IGS GNSS stations, respectively. 
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3.2.2. 2014 2 13 ─  

╕∏ 2014 2 ─ Dst ≤ AE ╩ ∆╢ (Fig. 14)⁹Dst │ ─

⌐ ∂╢ ⅜ ╢ ─ ≢№╡⁸ ─ ⌐ ∫≡ ⅝ↄ ─ ╩

∆⁹ AE│ ꜝ꜡כ○─ ≢ ↓╢☺▼♇♩ ─ ╩ ∆ ≢№╢⁹2014 2

─ Dst ⅔╟┘ AE ╩ ∆╢≤⁸2 13 │ AE ⁸Dst ≤╙⌐ ⇔≡

0⌐ ™ ≢ ⇔≡™╢⁹⇔√⅜∫≡ ─ │╒╓⌂™≤ ⅎ╢↓≤⅜≢⅝╢⁹ 

⌐⁸ ≢ ∆╢ ─ ⇔√ ─☺ꜗ꞉ ─ ─ TEC╩ ∆╢⁹

─ TEC⅜№╕╡⌐ ↕™ │⁸ ⅛╠─ │ ↕ↄ≡ ⅎ⌂™ ⅜ ™⅛

╠≢№╢⁹ 

≢ ≤∆╢ ⅜ ↓∫√─│ (22 ⅛╠ 2 )≢№╢⁹

Global Ionospheric Map (GIM) (CODE⌐╟╢╙─) ╩ ⇔√≤↓╤⁸↓─≤⅝─☺ꜗ꞉

─ TEC│ 50 TECU≢№╢↓≤⅜╦⅛∫√ (Fig. 15)⁹↓╣│⁸ ─

─ TEC─ ─ ⅝⌂ ≢№╢⁹∟⌂╖⌐⁸IRI-2012 Bilitza et al. 2012 ≢│⁸Kelud

 ( 7.9 ,  112.3 ) ≢─ TEC│ 20.7TECU≤ ↕╣╢⁹2≈─

≢ ↕╣╢ TEC─ │ ⅝ↄ ™ ℮⅜⁸GIM ≢ ╢≤☺ꜗ꞉ │∟╞℮≥

─ ─ ─ ⌐№╡⁸ ™╢ ≡∫╟⌐ꜟ♦⸗ה ⅝ↄ ⅜ ≡

╙⅔⅛⇔ↄ⌂™ ≢№╢≤ ↕╣╢⁹√∞ ⌐ ≡⁸ ─ TEC│⅔⅔╟∕

TEC №╣┌ ─ ⌐│ ⅜⌂™⁹∕─√╘⁸ ≢│↓╣ ─ │⇔⌂

™⁹ 

∕⇔≡⁸TIKU⁸PSKI⁸PPNJ≢─ GPS13 ─ ╘ TEC  (Fig. 17) ╩ ╢≤⁸

16:00 UT ⌐ 5-10TECU ─ ─ ⅜ ╠╣╢⁹↓╣│ ⌐╟╢╙─≢│⌂ↄ⁸☻

ⱴ♩ꜝ ⌐ ⇔√ⱪꜝ☼ⱴⱣⱩꜟ⅜ ∞≤ ⅎ╠╣╢⁹ⱪꜝ☼ⱴⱣⱩꜟ≤│⁸

≢ ⌐ ⅜ ⌐ ∆╢ ╩ ∆⁹⇔√⅜∫≡⁸ⱪꜝ☼ⱴⱣⱩꜟ

⅜ ─ ⌐ ∆╢≤⁸ ─ ⅜ ⇔ↄ⌂╢≤ ↕╣╢⁹⇔⅛⇔⁸ⱪꜝ☼ⱴⱣ

Ⱪꜟ─ │ ─ ≤⌂╢ ─ ⅛╠│ ⌐ ™⁹ ─ ⌐

│ ⇔⌂™≤ ⅎ≡ ⇔ ⅎ⌂™∞╤℮⁹  
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Figure 15. Global Ionospheric Map (GIM) at 16:30 UT February 13 2014 (CODE). The white 

square shows the region around the Java island, Indonesia.  

  

Figure 14.Dst and AE indices time series on February 2014. It can be plotted at World Data 

Center for Geomagnetism, Kyoto web page. 

(URL: http://wdc.kugi.kyoto-u.ac.jp/dstae/index.html) 
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3.2.3. Kelud ─ ⌐ ℮  

≢│⁸GNSS-TEC ≢ ╠╣√ ─ ≤∕─ ⌐≈™≡ ∆╢⁹

╕∏⁸GNSS-TEC ⅛╠ ╠╣╢ ╘ TEC─ ─ ╩ ∆╢ (Fig. 17)⁹∟⌂╖⌐

⌐♃כ♦ ≠ↄ↓╣╠─ │ │ ≢ ⅛╠─ ─╖ ╩ ≈

√╘⁸ ─ TEC ╩∆═≡─ ≢♀꜡≤⇔≡№╢⁹↓╣╠ ─ ⅛╠⁸16:25

⅛╠ 19:00∆⅞⌐⅛↑≡⁸ ⅜ ↕╣√⁹⌂⅔⁸2 ≢╙ ═√≤⅔╡⁸TIKU⁸PSKI⁸

PPNJ─ ≢ ╠╣╢16:00 UT ─ ─ │ⱪꜝ☼ⱴⱣⱩꜟ⌐╟╢╙─≢№╢⁹

≢│⁸ ⅛╠ ⌐ ⌂ ╩ ╠╣√ GPS─ 1⁸7⁸13⁸20⁸23⁸32

≤ GLONASS─ 15⁸16 ─ ⌐≈™≡ ⌐ ═╢ ≢ ╩ ∫√ 

(Fig.16)⁹ 

╕∏⁸ ╘ TEC─ ╟╡⁸270 sec─►▼כⱩ꜠♇♩ ╩∆╢↓≤≢⁸ ─

⌐ ℮ ⅛↑─ TEC U ─ ╩ ⇔⁸ ─ ╩ ╡ ⇔√⁹►▼

♩♇Ⱪ꜠♇♩⌐│ⱷ◐◦◌fiⱢכ  ( ʕÔ  ρ Ô  ÅØÐ ὸȾς ) ╩ ⇔≡™╢⁹

╡ ⇔√ ╩⁸SIP─ Kelud ⅛╠─ ╩ ⌐⁸∕⇔≡ ⌐  (UT) ╩≤∫≡⁸

─ ╩ √ (Fig. 18)⁹ 

⌐⁸ ─ SIP─ ⌐ ⌐ ⇔√ TEC─ ╩ 16:25⅛╠ 19:01 UT╕≢ 2

↔≤⌐ ⇔√ (Fig. 19)⁹∕─ ⁸ ⌐ ⅝⌐ ─ ⅜ ⅝⌐ ⇔≡

™ↄ ╩ ⅎ╢↓≤⅜≢⅝√⁹ ⅝─ ⅜╟╡│∫⅝╡ ⅎ≡™╢─│⁸

─ ⅜ ⌐ ∫≡™╢√╘⁸ ╙ ≤ ⌐ ⇔╛∆™√╘≢№╢ 

[Heki and Ping, 2005]⁹ 

Figure 16. Tracks of SIPs (GPS 1, 7, 13, 20, 23, 32, and GLONASS 15, 16) from the two stations 

CSMP and LNNG. Blue and yellow circles on the tracks indicate SIPs at the eruption time from 

these stations, respectively.  
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⌐ SIP⅜ ⅛╠ 1000km ─ ≢⁸ ╘ TEC⌐ 2-8 mHz─Ᵽfi♪Ɽ☻ⱨ▫

ꜟ♃╩⅛↑⁸ ─ 1 km/s ╩ ⇔≡ Kelud ─ ╕≢ ⇔⁸ ↔≤⌐☻

♃♇◒⇔√ (Fig. 20 )⁹☻♃♇◒⇔√ │ ⱨכꜞ◄ ⌐╟∫≡☻Ɑ◒♩ꜟ ╩

∫√ (Fig. 20 )⁹∕─ ⁸ ≢ ⇔√ ⌐│⁸3.7 mHz≤ 4.6 mHz∕⇔≡ 6.7 

mHz─ ⅜ ╕╣≡™╢↓≤⅜╦⅛∫√⁹ 
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Figure 17-1. Slant TEC time series. Vertical axes show relative TEC changes and horizontal axes 

indicate time in UT. Dark gray curves shows results observed by GPS 1, 7, 13, 20, 23, 32 and 

GLONASS 15, 16 and light gray curves indicate those by other satellites.   
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Figure 17-2. Same as Fig. 17-1. 
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Figure 17-3. Same as Fig. 17-1. 
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Figure 17-4. Same as Fig. 17-1. 
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Figure 17-5. Same as Fig. 17-1. PPNJ, PSKI, and TIKU time series have plasma babble signals 

about 16:00 UT. 
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Figure 18. TEC distance-time diagrams by GPS satellites 1 7 13 20 23 32 and GLONASS 

satellites 15 (55), 16 (56). The horizontal axis shows time in UT, and the vertical axis indicate 

distances from the Kelud volcano. Colors indicate the vertical TEC anomalies as shown in a the 

color scheme below. Sudden changes seen in the distance for the two GLONASS satellites are 

considered to be artifacts. 
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Figure 19-1. Spatial distributions of vertical TEC anomalies from 16:25 to 16:41 drawn with two 

minutes intervals. Red and blue colors indicate positive and negative TEC anomalies, 

respectively, as shown in the legend below. 
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Figure 19-2. Same as Fig. 19-1 (later period). 
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Figure 19-3. Same as Fig. 19-1 (period after Figure 19-2). 
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Figure 19-4. Same as Fig. 19-1 (period after Figure 19-3). 



 

31 

 

 

Figure 20. (top) TEC anomaly wave forms for individual satellites obtained by stacking all the 

TEC time series observed at stations with in 1000 km from the volcano . The vertical axis 

shows relative TEC anomaly and a horizontal axis indicates time in UT. Red lines shows 

explosions detected by seismograms. The two gray lines indicate the onset of the ionospheric 

disturbances and the change in amplitude. (bottom) Spectrum of TEC changes derived from the 

time series shown above. The vertical and horizontal axes are relative power and frequencies, 

respectively. 

G01 

G07 

G13 

G20 

G23 

R15 
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4. Discussion 

≢│⁸3 ≢ ⇔√ ─ ⅛╠⁸2014 2 13 ⌐ Kelud ≢

⅜ ↓∫√─⅛⁸∕⇔≡ ⅜ ≢ ↕╣≡⅝√ ─ ≢≥─╟℮⌐

≠↑╠╣╢⅛╩ ⅎ╢⁹ 

1 ⌐⅔™≡│╕∏⁸ ⌂╠┘⌐ ≤─ ⅛╠⁸Kelud ⌐

™ ⇔√ ⅜≥─╟℮⌂ ╩ ∫≡™√─⅛╩ ∆╢⁹∕⇔≡ 2 ⁸3 ⌐⅔™≡

│∕╣∙╣ 1 ─ 1 ⁸2 ≤ ≠↑⌂⅜╠⁸Kelud ⌐╟∫≡ ⅝ ↓↕╣√

╩ ∆╢⁹ 

4.1. Kelud ⌐ ™⁸ ה ה ≢ ↓∫√↓≤ 

↓↓≢│⁸Dautermann et al. (2009b) ╩│∂╘≤∆╢ ⌐ ∫≡⁸ ≢─

⌐╟╢ ╩ ⇔⁸ ≤ ⇔√™⁹ 

Fig. 21│ Kelud ⅛╠ 200 km ╣√ GEOFON ⁸UGM≢ ╠╣√ ╩

↔≤⌐ √ ╩ ∆⁹∕─ ⁸ 15-30 ┘ 100-200 ─ ⅜ 18:00 UT ⌐

∆╢─⌐ ⇔≡⁸ 200-300 ─ │ 19:00 UT ╕≢ ╩ ↑╢↓≤⅜╦⅛∫√⁹

↓─ 200-300 ─ │⁸ 3 ─ ⅛╠ Rayleigh ≢│⌂ↄ

≢№╢ ⅜ ™≤ ↕╣√⁹≈╕╡⁸ ─ ≤ ≢⅝╢⁹ 

Figure 21. Components of seismic waves with periods 200-300 sec, 100-200sec and 15-30 sec 

observed by one of GEOFON stations, UGM, ~200 km away from the Kelud volcano. The data 

analyzed and the figure drawn by Dr. Akiko Takeo. 
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Figure 22. (upper panel) Slowness diagram drawn using the GSN seismograms. Colors indicate 

stacked amplitudes. The red curve shows the Rayleigh wave propagation velocity based on 

PREM. (bottom panel) Spectrum analysis of the source time function calculated from 72 GSN 

stations. Black arrows show 3.7 mHz (270s), 4.8 mHz (208s), 5.7 mHz (175s), and 6.8 mHz 

(147s) components, respectively. The data analyzed and the figure drawn by Dr. Akiko Takeo. 

 



 

34 

 

∕⇔≡⁸ ⌐ ↕╣√ 78─  (STS-1) ⅛╠⌂╢ ⁸Global 

Seismographic Network (GSN) ⅛╠ ╠╣√ ─ 100-1000 ─ ╩ ⇔√⁹

☻Ⱡכ꜡☻ ─ ─ ⅛╠⁸Kelud כꜞ▬꜠╠⅛ ≢ ⇔√ ⅜

∆╢↓≤⅜╦⅛∫≡™╢ (Fig. 22 top)⁹∕⇔≡∕╣╠─ ⅛╠ ╠╣√ ╩

☻Ɑ◒♩ꜟ ⇔√⁹∕─ ⁸GNSS-TEC≤╒╓ ─ 3.7 mHz⁸4.8 mHz⁸6.8 mHz╩

╗™ↄ≈⅛─Ⱨכ◒╩ ∆╢↓≤⅜≢⅝√ (Fig. 22 bottom)⁹∕─ ≢⁸5.8 mHz ╩│

∂╘≤∆╢ ≢│ ╠╣⌂™Ⱨכ◒⅜ ∆╢⅜⁸ ≢│⅔∕╠ↄ◘fiⱪꜞfi

◓⅜ ─ ⅜╟╡ ≢№∫√╡⁸ ⅜ ┼ ↄ ⌐ ─ ⌐╟∫≡ ⇔

≡⇔╕∫√╡⇔√↓≤⅜ ≢№╢≤ ↕╣╢⁹ 

─ ≤─ ⅛╠⁸ ⁸GNSS-TEC ⌐╟∫≡⁸ ─ ⌐╟∫

≡ ↕╣╢ ⁸ ─ 1 ↄ ─ ─╝╢╛⅛⌂ ╩

⇔√≤ ⅎ√⁹↕╠⌐ Kelud ⅛╠⁸ ≤ ─ ╩ ≈꜠▬

כꜞ ⅜ ⇔≡™╢↓≤⅛╠⁸ ─ ⅜ ╩ ╠∆⁸ - ◌♇

ⱪꜞfi◓⅜ ↓∫√╙─≤ ↕╣╢⁹ 

4.2. 2014 Kelud ≤ ╕≢─ ─  

Dautermann et al. (2009a, b) ⌐╟∫≡ ↕╣√ 2003 ☻ⱨꜞ◄כꜟⱥꜟ☼ ─ ≢

│⁸ ─ ⅜ 0.6 km/s ≤ ↕╣≡⅔╡⁸ ≢ ↕╣√ 1.0 km/s ╟╡╙

╛╛ ™⁹↓╣│⁸SIP╩ ╘╢ ─ ─ ↕─ ─ ™╩ ⇔≡™╢ ╛⁸

─ ╩ ⇔≡™╢ ⌂≥⅜№╢⁹⇔⅛⇔⁸⌂−↓─╟℮⌂ ⅝⌂ ™

⅜ ╢─⅛│╟ↄ╦⅛╠⌂™⁹ 

≢⁸Heki (2006) ≢ ↕╣√⁸2004 9 ─ ─ ╩│∂╘≤∆╢ ─

⅝™Ⱪꜟ◌ⱡ ⌐ ℮ ─ ⌐│⁸ 120 ─ N ─ ⅜

∆╢─╖≢№╢⁹↓╣│ ≢│ ≢⅝⌂™⁹ 

Figure 23.Summary of the durations of individual phenomena. 
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∕╙∕╙Ⱪꜟ◌ⱡ ⌐ ∫≡ M6 ─ ⅜ ∆╢≤│ ⅎ⌐ↄↄ⁸∕─

≢╙Ⱪꜟ◌ⱡ ⌐ ℮ │ ≢│⌂ↄ⁸ ⌐≤╙⌂∫≡ ∂╢ ⅝⌂

⅜ ┼≤ ╦∫√╙─∞╤℮≤ ⅎ╠╣╢⁹≈╕╡⁸ ⌐ ℮

─ ⱷ◌♬☼ⱶ│⁸ ⌐ ∂√ ⅜№╡⁸ ₁╕∫√ↄ ⌂╢ⱷ◌♬☼ⱶ≢

↕╣≡™╢ ⅜№╢⁹ 

4.3. Kelud ≢ ↕╣√ ─ ≤∕─  

─ │ ─╙─╒≥ ⌐⁸ ─ ⌐ ⅝ↄ ↕╣╢ [Lognonné 

et al. 1998; Watada and Kanamori, 2010]⁹∕─√╘⁸ ↕╣╢ ─ ⅛╠⁸ ⌐

─ ╩ ∆╢↓≤⅜ ≢№╢⁹ ⅎ┌⁸ ≢ ↕╣√ 3.7 mHz (270s) ⁸

4.8 mHz (208s) ⁸5.7 mHz (175s) ⁸ ∕⇔≡ 6.8 mHz (147s) ─Ⱨכ◒╩∕╣∙╣ ─

─⧵≥♪כ⸗ ╩ ⇔≡™╢≤ ⅎ╢⁹∕℮∆╢≤⁸Watada and Kanamori (2010) ≢

↕╣≡™╢ ─ ≤ ─ ⅛╠⁸ ─ │ 92 km ≤

↕╣╢ (Fig. 24)⁹↓╣│ Fig. 1≢╙ ↕╣≡™╢≤⅔╡⁸IRI-2012╟╡ ↕╣√ ─

 ( ; 100 km) ≤ ⅝ↄ ™│⌂ↄ⁸ ⌐ ∫√ ≢№╢≤ ⅎ╢⁹ 

↕╠⌐ ─ ⌐≈™≡╙ ⇔⁸ ╩ ⇔√™⁹ ⅎ┌1991 Pinatubo 

─ ⌐│⁸3.7 mHz≤ 4.4 mHz≢Ⱨכ◒╩ ≈⁹↓╣╩ ≤ ⌐Watada and 

Kanamori (2010) ─ ≤ ∆╢≤⁸3.7 mHz ╩ ⁸4.4 mHz ╩ ≤ ⇔√

Figure 24. Based on Fig. 5 bottom of Watada and Kanamori (2010). The vertical and horizontal 

lines show eign-period and atmospheric top boundary, respectively. Red lines show Rayleigh 

wave components indicated by Fig. 22. 
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⌐│⁸ ─ │ 102 km ≤⌂╢⁹ ⌐Widmer and Zurn (1991) ⌐╟∫≡ ↕

╣√ El Chichon ─ ≢№╣┌⁸ ╩ 3.76 mHz ⁸ ╩ 5.14 mHz ≤ ╘╣

┌⁸ ⌐ ∆╢╦↑≢│⌂™⅜⁸70-80 km≤ ⅜ ≢№╢⁹∕⇔≡⁸Saito et al. (2011) 

⌐╟╢ ⌐ ℮ ⌐≈™≡│⁸ ╩ 3.7 mHz ⁸ ╩ 4.5 mHz ⁸

╩ 5.3 mHz ≢№∫√≤ ∆╣┌⁸100km ≤ ≢⅝╢⁹ 

↓╣╠─ │⁸∆═≡ ─ ≤⇔≡ ≢⌂™ ⌐ ╕∫≡⅔╡⁸

─⌂╪╠⅛─ ╩ ⌐ ⇔√ ≢№╢ ⅜№╢⁹≈╕╡⁸

≢─ ╩ ℮↓≤≢⁸ ╩│∂╘≤∆╢ ─╖⌂╠∏

⌐╙ ⌂⅛╠∏ ≢⅝╢ ⅜№╢↓≤╩ ⇔≡™╢⁹ 
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Origin  Frequency Velocity Observation Reference 

1980 Mount St. Helens 3mHz N/A Seismometer Kanamori et al. 1994 

1883 Krakatoa 3mHz N/A Seismometer Kanamori et al. 1994 

1982 El Chichon 
3.76mHz,  

5.14mHz 

3.76 km/s,  

300 m/s 

Gravimeter, 

Seismometer 

Widmer and Zürn 

1992 

1991 Pinatubo Volcano 
3.70mHz, 

4.39mHz 

3.55 km/s, 

4.791 km/s 
Seismometer 

Kanamori and Mori 

1992 

1991 Pinatubo Volcano 
3.68mHz, 

4.44mHz 
3.78km/s 

Gravimeter, 

Seismometer 

Widmer and Zürn 

1992 

2003 Soufriére Hills 

Volcano 
4mHz 

616 m/s, 

631 m/s 
GNSS-TEC 

Dautermann et al. 

2009 

2011 Tohoku-oki 

Earthquake 

3.7mHz,  

4.4mHz 
1 km/s GNSS-TEC Rolland et al. 2011 

2011 Tohoku-oki 

Earthquake 

3.7mHz, 

4.5mHz,  

5.3mHz 

1.4 km/s GNSS-TEC Saito et al. 2011 

2013 Moore Tornado 4mHz 1.3 km/s GNSS-TEC Nishioka et al. 2013 

2014 Kelud Volcano 3.7mHz, 4.6mHz 1 km/s GNSS-TEC This study 

2014 Kelud Volcano 3.7mHz, 4.8mHz 
Rayleigh wave 

(Fig. 22) 

Seismometer 

(STS-1) 

This study 

 (analyzed by Dr. 

Takeo) 

Table 2. Observed resonances from previous studies. 
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5. Conclusion 

│⁸2014 Kelud ─ⱪꜞ♬כ ⌐ ℮ ─ ─└╤⅜╡≤

─ ╩ ⇔⁸1991 ─ Pinatubo ─ ≤╒╓ ─ 2≈─☻Ɑ◒♩ꜟⱧ

╩◒כ ≢─ ⌐⅔™≡ ╘≡ ⇔√ ≢№╢⁹ 

≢ ╠╣√ │ ─╟℮⌐ ≠↑╠╣╢⁹ 

1. ⁸GNSS-TEC ⌐╟∫≡ ╠╣√ │⁸ ─ ⌐╟∫≡

↕╣╢ ⌐╟╢ ≤⁸ ⁸1 ↄ ─ ≤∕─

╝╢╛⅛⌂ ╩ ⇔√≤ ⅎ√⁹↕╠⌐ Kelud ⅛╠⁸16:30-18:00 ⌐

⅛↑≡⁸ ≤ ─ ╩ כꜞ▬꜠≈ ⅜ ⇔≡™╢↓≤⅛╠⁸

⌐╟∫≡ ⅜ ↕╣≡™╢ ─╖ ˈ ◌♇ⱪꜞfi◓⅜ ↓∫√

╙─≤ ↕╣╢ (Fig. 25)⁹ 

2. ⌐ ℮ ─ ≤─ ─ ⁸ ─ ⱷ

◌♬☼ⱶ⌐│ ⌂ↄ≤╙ 2 №╢↓≤⅜ ↕╣√⁹⅔∕╠ↄ⁸2014 Kelud

─ ╛ 2003 Soufriére Hills ─ │⁸1991 ─ Pinatubo ≢

↕╣√╟℮⌂⁸ⱪꜞ♬כ ─ ⌐ ℮ ⅜⌂╪╠⅛─ ≢ ┼

≤ ╦∫√╙─∞≤ ⅎ√⁹ ≢⁸Heki (2006) ≢ ↕╣╢ 2004 ⌐

℮ │ ─ ⅝™Ⱪꜟ◌ⱡ  (VEI 2 ) ⌐ ℮ ™

─ ⅜ ╩ ↕┬∫≡ ─ ╩╙√╠⇔√╙─≢№╤℮⁹ 

3. 2014 Kelud ⌐ ™ ⇔√ ╩ כꜞ▬꜠╢∆ │⁸92 km 

Figure 25. Schematic image of the event occurred by the Kelud volcano on 13 February 2014. 




































