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Abstract 

SAR♦כ♃│ ╛ ─ ℮ ╩ ™ ≢ ⅛≈ ⌐

╩ ⌐∆╢⁹ ╩ ™√ ─ ⌐ ∫≡⁸ⱷכ◔☻ꜟ♩כꜟ─

─ ⅛╠ Ⱶꜞⱷכ♩ꜟ─ ─ ≤™∫√ ╙ ∆╢↓≤⅜≢⅝

╢╟℮⌐⌂∫√⁹ ─ ⌐ SAR♦כ♃╩ ™╢ ─ │ ⌐ ╩

┘ ╩ ∆╢ ⅜⌂ↄ⁸ ≢№╣┌ ⌐ ⇔√™ ─ ╩

≢⅝╢ ≢№╢⁹ 

≢ⱪ꜠כ♩ ╩ ≢⅝╢ ─└≤≈≢№╢ ▪ⱨꜞ◌ ≢│⁸ⱪ꜠

♩כ ≢ ⌂ ≤ⱴ◓ⱴ─ ╩ ℮♄▬◒ ▬ⱬfi♩⅜ ∆╢↓

≤⅜ ╠╣≡™╢⁹ ⌐│ ─ ⅜│√╠™≡™╢√╘ ∏╣─ⱷ◌♬☼ⱶ

╩╙≈ ≤ ♩כ◦─ ⌐ⱴ◓ⱴ─ ⅜ ⱬfiכꜝ◓⁸╡↓ ╩ ∆╢╟

℮⌂ ⅜ ↕╣╢↓≤⅜ ╠╣≡™╢⁹ ─ ⌐ ⱬfiכꜝ◓╢╣╠ ─

≢│ ≤ ⌐ ℮ ∏╣ ╡─╖⅜ ↕╣╢↓≤⅜ ™⁹∕─√╘

⌐⅔™≡╙ ╩ ∆╢√╘─ ⸗♦ꜟ⌐ ∏╣ ⅜ ╕╣╢↓≤│╒≤╪≥

⌂⅛∫√⁹ALOS/PALSAR─♦כ♃╩ ∆╢↓≤⌐╟∫≡⁸2007 Natron (♃fi◙

♬▪ )≢ ⇔√♄▬◒ ▬ⱬfi♩⌐ ℮ ╩ ⇔√⁹ ─ │

─ⱬfiכꜝ◓ ⌐⅔™≡│↓╣╕≢ ↕╣≡™⌂⅛∫√ ⌂ ∏╣∆═╡

╩ ⇔√⁹ ⌐╟╢ ⱷ◌♬☼ⱶ─ │▬ⱬfi♩ ⌐⅔™≡│ ∏

╣─ ─╖╩ ⇔≡™√√╘⁸ ⇔√ ⌐ ℮ ╩ ∆◦◓♫ꜟ│

⌐ ∂√↓≤⅜ ↕╣╢⁹ ─ⱴ▬◒꜡ ≢ ╩♃כ♦√╣↕ ⇔≡™√

─ⱬfiכꜝ◓│≢ ─♃כ♦⅜ ≤⌂╡ ⌐ ╩ ⅎ╢ ⅜

≢№╢↓≤≤⁸ ≢│ │ ↓╠⌂™≤™℮ ╩ ∟ ╦∑≡™√

↓≤⅜ ⌐⅔↑╢ ⅜ ↕╣≡↓⌂⅛∫√ ≢№╢≤ ⅎ╠╣╢⁹

─◦◓♫ꜟ⅜ ─♄▬◒ ▬ⱬfi♩≢╙ ↕╣╢⅛≥℮⅛╩ ∆╢√╘⌐ ∂ ▪

ⱨꜞ◌ ≢ 2005-2010 ⌐ Afar(◄♅○Ⱨ▪)≢ ⇔√▬ⱬfi♩⌐ ℮ ⌐≈™

≡╙ ═√ ∕─ ─ⱬfiכꜝ◓ ⌐⅔™≡ ⌂ ⌐ ℮ ╩ ∆

◦◓♫ꜟ╩ ≢⅝√⁹↓─▬ⱬfi♩⌐⅔↑╢ ╙ Natron ≢─▬ⱬfi♩≤ ⌐

─ⱬfiכꜝ◓ ⌐⅔™≡ ╩ ∆◦◓♫ꜟ╩ ⇔√⁹™∏╣─▬ⱬfi♩⌐

⅔™≡╙ ⇔√ ∏╣∆═╡⌐ ℮ ╩ ∆◦◓♫ꜟ╩ ∆╢╟℮⌂ ∏

╣ ╩ ╗ ⸗♦ꜟ╩ ⇔√⁹ⱴ◓ⱴ ⌐ ℮ ╙╕√ ∏╣∆═╡╩

∆╢ ≢№╢ ╩ ╠⅛⌐⇔√⁹ 
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╢◖fi♁כ◦▪ⱶ─ PIXEL─ ⌐│ ─ ─√╘⌐ ╠╣√ PALSAR/ 

PALSAR2♦כ♃─ ╩ ™≡ ⅝╕⇔√ ⇔≡ ╩♃כ♦√™ ™√

│ ה ⌐≡ ↕∑≡ ⅝ 2007 ♃fi◙♬▪─ ─

│ ┼ ↕╣╕⇔√ L-band SAR─♦כ♃∞⅛╠ ≢⅝√
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 ╕√ ⌐ ∆╢⌐№√∫≡ ⌂ ╩ ⅛╠ ⅝╕

⇔√ ─ ─ ≤⇔≡ ─ ╩ ↕

∑≡™√∞⅝╕⇔√ ⌐№√∫≡│ ⌐ ⅜⌂™ ⌐ ⅛

╠─ ⌂≥╩ ↕∑≡™√∞⅝╕⇔√

⌐ ⌐⅔™≡ ≢ ╩ ℮√╘─ 2 ─▪ⱷꜞ◌ │

≤ ─ ⌂╢↔ ╩

™≡ ™√⇔╕⇔√ ↓↓⌐│ ⇔⅝╣⌂™╒≥─ ╩ ⇔╕∆ ╕√♥

≡⇔≥♩fi◓▪◦☻♃fi♅כ▫ ⇔≡ ™√ ⌐│ ╩ ⅝

⌂⅜╠ ⌐ ∆╢ ─ ╩↕∑≡™√∞⅝╕⇔√ ⌐│↔ ╙⅔

⅛↑ ⇔╕⇔√⅜ ∕╣≢╙ ╟ↄ ⌐ ⇔≡↔ ╩⇔≡™√∞⅝╕⇔√
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1. Introduction 

 

1-1. Ground deformation 

 ≢ ∆╢ ─ │ ∕─ ⱷ◌♬☼ⱶ╩ ∆╢ ≢ ≢№

╢ ╩ ™≡ ╛ ⌐ ℮ ╛ ≤™∫√ ₁─

⌂ ≢ ∂╢ ⅛╠ⱪ꜠כ♩ ╛ ─ ⅜ꜟכ◔☻√∫™≥ ⅝ↄ╝∫ↄ╡

≤⇔√ ╕≢ ⌐╙ ⌐╙ ™ ─ ╩ ∆╢↓≤⅜≢⅝╢ ⌂⅛

≢╙ ╩ ™≡ ╩ ∆╢ │ ↄ⅛╠ ╦╣≡⅝√ ⌐™╢

₁│ ≢ ↓∫√ ╩ ⌐∆╢↓≤│≢⅝⌂™╙── ≢ ↓∫√ ⌐

℮ │ ≢ ⌐ ⅎ╢↓≤⅜≢⅝╢ (Fig. 1.1) ─ ⌐

╟∫≡ ⌐│√╠™≡™╢ ╛└∏╖╩ ∆╢↓≤⅜≢⅝╢   

 

 ⅎ┌ ─ ⌐ ∆╢ⱴ◓ⱴ ⌐ ─ ⅛╠↕╠⌐ⱴ◓ⱴ⅜ ↕

╣√ │ ∆╢ ↓─ ╩ ∆╣┌⅔⅔╕⅛⌂ ⅛╠─ⱴ◓ⱴ─

╩ ╘╢↓≤⅜≢⅝╢ ⌐ ⌐ ∫≡ⱴ◓ⱴ⅜ ┼ ⇔√ ⌐│ ┼

⇔√ ∞↑ ╙ ∆╢ ╙∟╤╪ ┼─ ≤ⱴ◓ⱴ ─ ⅜ 1

1≢ ⇔≡™╢╦↑≢│⌂™⅜ ↓─ ╩ ∆╢↓≤⌐╟∫≡⅔⅔╕⅛⌂ⱴ◓

ⱴ─ ┼─ ╩ ∆╢↓≤⅜≢⅝╢ ⌐ ℮ ≢│ ⌐ ≢

─ ⅜ ╣√ │∏╣ ™√ ─ ╛ ╩ ⌐ ∆╢↓≤⅜≢⅝╢

⇔⅛⇔ ≢│ ⌐╟╢ ─ ⌂ ⅜╡╛ ⌂ Ɽ♃כfi─

╩ ⌐ ∆╢↓≤│ ≢№╢ ⌐╟╢ ─ Ɽ♃כ

fi╛ ─ │ cm─ ≢ ─ ╩ ⌐∆╢ ─ ⌂≥≤

╠⇔ ╦∑╢↓≤≢ ╩ ∆╢⸗♦ꜟ╩ ⇔ ─ ╛ ─ⱷ◌♬

☼ⱶ ─∆═╡ ⌂≥╩ ╙╢↓≤⅜≢⅝╢  

 

 ≢ ⇔√ ╩ ∆╢√╘⌐│ ─ ╩ ∆╢⸗♦ꜟ─ ⅜

≢№╢ ⇔√™ ⌐╟∫≡ │ ⌂╢⅜ ⱴ◓ⱴ ─ ╩

─ ≢ ⇔≡ ─ ╩ ∆╢ Mogi⸗♦ꜟ (Mogi, 1958) ╛

⌐⅔↑╢ ™ ™⌐╟╢ fiכꜞ◓─ ╩ ⅎ╢ Okada⸗♦ꜟ (Okada, 1985) 
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⌂≥⅜ ≢№╢ ↓╣╠─ ⅜ ↕╣≡ 30 ∆╢ ⌐⅔™≡╙

─ ⅛╠ ╩ ╘ ↕╣≡™╢⸗♦ꜟ≢№╢ ╩ ∆╢╟℮

⌂⸗♦ꜟ─ ⌐│ ╩ ↄ↓≤⌐╟╢  (▬fiⱣכ☺ꜛfi ) ⅜ ╦╣╢

─╟℮⌂ ⅛╠ ─∆═╡ ─╟℮⌂⸗♦ꜟⱤꜝⱷכ♃╩ ╘╢ ⌐

≤─ ╩ ⌐∆╢╟℮⌂ ╩ ╘╢  ( ) ⅜ ⌐ ™╠

╣╢ ⇔⅛⇔ │ ≢ ↕╣╢ ⅜╒≤╪≥≢№╢ ↓╣╠─ ╩

╟╡ ⌐ ∆╢√╘⌐ ─ ╩ ↄ ⌐│ Grid search╛ⱴꜟ◖ⱨ ⸗fi

♥◌ꜟ꜡  (MCMC) ⌂≥╩ ™╢↓≤╙№╢  

 

 

 

 

Figure 1.1 SAR data can detect various surface deformation. For example, 

earthquake (Left, 2015 Gorkha earthquake, Lindsey et al., 2015), inflation of 

magma chamber beneath volcano (Center, Okmok volcano, Lu et al., 2006), and 

subsidence in urban area due to huge pumpage of ground water (Right, Hongkong, 

Li and Liao, 2008). 
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1-2. Synthetic aperture radar (SAR) 

  ⅜ ⇔≡ ╩♃כ♦ ™√ ─ ⅜ ╕⇔ↄ

⌂ ─ ⅜ ⌐⌂∫√ ─ ↄ─ │ ─ ⌐

╩ ⇔≡™╢ (Fig. 1.2) ∕─ ≢№╢ SAR (Synthetic Aperture Radar: 

│ (♄כ꜠ ⌐ ─ ╩ ⌐ ⅎ╢↓≤⅜≢⅝╢♠כꜟ≢№╢ SAR

│ ⌐╟∫≡ │≢♄כ꜠ ≢⅝⌂™ ⱷכ♩ꜟ─ ™ ╩

╢№≢♄כ꜠√⇔ ─ ⌐ SAR♦כ♃╩ ™╢ ─ │ ⇔√™

⅜ ↄ ╣≡™≡╙ ⌐ ≢⅝╢ ≢№╢ GNSS ─╟℮⌐ ⌐ ™≡

╩ ∆╢ ⅜⌂™ ╩♃כ♦ ∆╢ ⌐│▪fi♥♫⅛╠ⱴ▬◒꜡ ╩ ⅝

⅛╠ ╩≈↑√ ╘ ─ ⌐ ↑≡ ⇔ ∕─ ─ ≤ ─ ╩

∆╢ ⱴ▬◒꜡ ╩ ∆╢ ≤ ≤╩ ┬ ╩ Range ≤™™

╩ Azimuth ≤™℮ SAR♦כ♃─ ⌐ ⌂▪fi♥♫│ ╕√│

⌐ ↕╣≡™╢ SAR≤ ⇔≡ SAR│ ≢ ╩ ∆╢

√╘ ╕∫√  (ex. PALSAR2─ │ 14 ╩♃כ♦⅛⇔≢ ( ≢⅝⌂™╙

── ⅜ ≢№╢√╘ ⌐ ╡ ⇔ ∂ ╩♃כ♦─ ≢⅝╢   

 

Figure 1.2 Pictures of SAR satellite, TerraSAR-X (Left, DLR, 2007 ï ongoing, X-band 

[Wavelength: 3.1 cm]), Sentinel-1A (Center, ESA, 2014- ongoing, C-band [Wavelength: 

5.6 cm]), PALSAR-2 (Right, JAXA, 2014 ï ongoing, L-band [Wavelength: 23.6 cm]) 
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 SAR♦כ♃│ ⌐ ™╢ⱴ▬◒꜡ ─ ≤ ≡∫╟⌐♪כ⸗ ⌂╢ ╩╙≈

SAR ⌐ ↕╣≡™╢▪fi♥♫│ ╕∫√ ─ⱴ▬◒꜡ ╩ ─♃כ♦≡™ ╩

℮ ⅎ┌ TerraSAR-X │ X-band ( 3.1cm) ╩ Sentinel-1A│ C-band ( 5.6cm) 

PALSAR│ L-band ( 23.6cm) ╩ ⇔≡™╢ │♄כ꜠ ⅜ ™√╘ ⌂

╩ ⅎ╠╣╢╙── ─ ╩ ↄ ↑╢ ⅜№╢ ⇔√⅜∫≡ ─╟℮⌂

⅜ ™ ∫√ ─ ⌐ ≢♄כ꜠ ─♃כ♦√╣↕ │ ⇔≡™⌂™  

  

 SAR♦כ♃│ ⌐ 3≈─ ⅜♃כ♦≢♪כ⸗ ↕╣╢ ⌐ InSAR╛ Offset 

tracking╩│∂╘≤⇔√ ™ ⅜ ╦╣≡™╢─│ Stripmap mode ( ≢ (♪כ⸗

№╢  (3~9m×3~5m) ⅜ ™℮ⅎ⌐⅔╟∕ 70km×70 km ─ ╩ 1 ⌐ ≢

⅝╢ ╟╡ ╩ ⌐ ⇔√™ ⌐│ ScanSAR mode ( ) ⅜ ≢№╢

│ Stripmap mode╟╡╙ ╢╙── ⌐ 350 km×350 km─ ╩ ≢⅝╢

╩fiכ◦│™≡™√ Range ⌐ 3~5─ Swath⌐ ↑≡ ⇔ Sentinel-1A≢ ↕╣≡

™╢ ─♪כ⸗ TOPS mode≢│ Swath╩↕╠⌐ Azimuth ⌐ 7~9 ─ Burst⌐

╦↑≡ ∆╢ ScanSAR♦כ♃╩ ™√ Offset tracking│ Azimuth ─ ⅜

╡⌂™√╘ ⇔≡™⌂™↓≤⅜ ⌐ ╠╣≡™╢ ≢│ Stripmap mode╟╡╙

™ ╩╙≈ Spotlight mode⌐╟╢ ╙ ╦╣≡™╢ │ 25km×25km≤

™╙── 3m×1m≤™℮ ≢ ⇔≡™╢ ⇔√™ ⌐ ∂≡ ⌂

꜡◒▬ⱴה♪כ⸗ ≢ ╩♃כ♦√╣↕ ∆╢≤ ⌂ ╩♃כ♦ ╢↓≤⅜≢

⅝╢  

 

 

1-3. Divergent plate boundary 

 │ ─ⱪ꜠כ♩≤ ┌╣╢ ⌐ ╦╣≡⅔╡ ─ ╩ ⇔≡™╢

↓╣╠│ⱴfi♩ꜟ ⌐ ↕╣≡ mm⅛╠ mm─ ≢ ⇔≡™╢↓≤⅜

ⱪ꜠כ♩♥◒♩♬◒☻≤⇔≡ ╠╣≡™╢ (Fig. 1.3) ₁⅜ ╩ ╪≢™╢ │

▪ⱷꜞ◌ⱪ꜠כ♩≤ ⱪ꜠כ♩ ⱨ▫ꜞⱧfi ⱪ꜠כ♩ ⅜♩כ꜠ⱪ▪◦ꜝכꜚ

⇔≡™╢ ≢№╢ ⱪ꜠כ♩ ≢│ ™⌐ ⇔ ∫≡ⱪ꜠כ♩⅜ⱴfi♩ꜟ⌐ ╖

╪≢™ↄ ⱪ꜠כ♩ ─ ⅜ ™ⱪ꜠כ♩ │ ⌂ ⅜ ↓╢ ╩
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╘≡™╢ ≤⇔≡╙ ╠╣≡™╢ 1960 ♅ꜞ  (M9.5) ╛ 2004 ☻ⱴ♩ꜝ

 (M9.1) ╩│∂╘≤⇔√⸗כⱷfi♩ⱴ◓♬♅ꜙכ♪⅜ ⅝⌂ │™∏╣╙ⱪ꜠כ

♩ ≢ ⇔≡™╢  

  

 ⱪ꜠כ♩ ≤│ ⌐ⱪ꜠כ♩ │ⱪ꜠כ♩⅜ ↕╣╢≤⇔≡ ╠╣≡™╢

⌐ ⇔≡™╢ⱪ꜠כ♩ ─╒≤╪≥│ ⌐ ⇔≡⅔╡ ≢ ≢⅝

╢ⱪ꜠כ♩ │▪▬☻ꜝfi♪≤ ▪ⱨꜞ◌ ─╖≢№╢ ↓╣│ ⌐

∆╢ⱪ꜠כ♩ ─⅔╟∕ 2%⌐№√╢ ▪▬☻ꜝfi♪│⅔╟∕ 6000 ⅛╠

▪ⱨꜞ◌ │⅔╟∕ 3000 ⅛╠ⱪ꜠כ♩─ ⅜ ╕∫√≤ ╦╣≡™╢ 

(Hofmann et al., 1997; Mihalffy et al., 2007) ⱪ꜠כ♩ │ ─ ─ ╩

≢⅝╢ ≢№╡ ╛▪♦fi ⌂≥│ ─ ⅜ ╢ ─└≤≈≢№╢

™∏╣─ ╙ ┼─▪◒☿☻⅜ ≤│ ⅎ∏ ─ ⅛╠ ╣≡™╢√╘

⌂ ╩ ↄ↓≤⅜≢⅝⌂™ ╛ ⅜ ⅝√ ⌐│ ⌐ ╩ ⇔

⌐ ─ ╩≈⅛╘╢ │ ↄ│⌂™  

 

Figure 1.3 Schematic of plate tectonics (http://www.earthobservatory.nasa.gov/Features 

/Tectonics). Divergent plate boundaries and transform faults (Red solid line), 

subduction zone and reverse faults (Black frontal line), normal faults and rift (Orange 

line), acive volcanic centers (Red dots).  
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ⱪ꜠כ♩ │ ⅜ ⌂ ≤⇔≡ ╠╣≡™╢╙── ⱪ꜠כ♩

≢ ∆╢╟℮⌂ │ ↓╡⌐ↄ™ (Fig. 1.4) ⌐│ ─ ⅜│√╠™

≡⅔╡ ⅜ ⇔≡™╢↓≤⅜ ╠╣≡™╢ ↓─ 100 ─ ⌐ⱪ꜠כ♩

≢ ⇔√ ⅜♪כꜙ♅♬◓ⱷfi♩ⱴכ⸗╙ ⅝⅛∫√ │ ▪ⱨꜞ◌ ─

⌐ ∆╢ Tanganiyka ≢ ⇔√M7.3 (USGS catalog) ─ ≢№╢  

 

Figure 1.4 Seismicity map of the East African Rift valley. Orange circles represent M>4 

earthquake from 1960 to 2010, acquired from USGS catalog 

(www.earthquake.usgs.gov/ earthquakes). Relative plate motion (Black arrows) along 

the plate boundaries were shown in a Nubian-fixed reference frame (Stamps et al., 2008; 

Saria et al., 2014).  
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ⱪ꜠כ♩ ─ ⌐│ⱴfi♩ꜟ─ ⅜ ⇔≡⅔╡ ⌐ ⌐╟∫≡

ⱴ◓ⱴ⅜ ↕╣╢↓≤⅛╠ ⅜ ↄ ∆╢ ⱪ꜠כ♩ ⌐ ∆╢ │ⱴ

◓ⱴ─ ⅜ ™ ─ⱴ◓ⱴ╩ ∆╢√╘ ╒≤╪≥⅜ ╛ ≢№

╢ ▪ⱨꜞ◌ ⌐│ ⌂ ⅜ ⇔≡™╢ ♃fi◙♬▪ ⌐│ ≢ ╙

⅜ ™ ⱴ◓ⱴ╩ ∆╢ Oldoinyo Lengai ╛ ▪ⱨꜞ◌ ─ ≢╙

╙ ⅜ ⅝™◄♅○Ⱨ▪⌐│ ⌐ ⌐ ╩ ⇔≡™╢ Eltaô Ale╩ ⇔

≡™╢ ╕√ ─ ≤⇔≡│ ≢ ╙ ⅜ ™▪ⱨꜞ◌ ─

Kilimanjaro╙ ≢№╢ ↓─╟℮⌐ ≤⇔≡╙ ≢№╡ ─ │

─ ⅜ ⇔≡™╢  

 

 

1-4. Dike intrusion episode 

 ⱪ꜠כ♩ │ ≤ⱴ◓ⱴ─ ╩ ℮♄▬◒ ▬ⱬfi♩⅜ ∆╢

─ ≈≤⇔≡ ╠╣≡™╢ ♄▬◒ ▬ⱬfi♩│ ⌂ ⅜ ↄ

≤ ⌐ ⇔≡™╢ ─ ⌐ ∫≡ⱴ◓ⱴ⅜ ♩כ◦─ ⌐ ╩ ⇔ →⌂

⅜╠ ⇔≡ↄ╢ ╩™℮ ─ │ M5~6 ≢№╡ │ 1⅛

10 ≤ ≢№╢ ⅛╠ ⇔≡⅝√ⱴ◓ⱴ⅜ ╕≢ ∆╢≤ 2014 8 ⌐

▪▬☻ꜝfi♪─ Bardarbunga─╟℮⌐ ╣ ≤⇔≡ ↕╣╢ ♄▬◒ ▬ⱬfi♩─

─ ≤⇔≡ 1975-1984 Krafla (▪▬☻ꜝfi♪) 1978 Asal-Gouhbbet (☺Ⱪ♅) 

2005 Manda-Harraro Dabbahu (◄♅○Ⱨ▪) 2007 Natron (♃fi◙♬▪) ⅜ →╠╣╢ 

(e.g., Wright et al., 2006; Calais et al., 2008) ⱪ꜠כ♩ ≢ ∆╢♄▬◒ ▬ⱬ

fi♩ ≤⇔≡│ ─2000 ≢─▬ⱬfi♩⅜ →╠╣╢ (Aoki et al., 1999; Toda et al., 

2002)  

 

 ♄▬◒ ▬ⱬfi♩ ⌐ ↕╣╢ │ 2 ≈─ ⌐╟∫≡ ⅝ ↓↕╣╢↓≤

⅜ ⅛∫≡™╢ (Rubin and Pollard, 1988; Julian et al., 1998) └≤≈│ⱴ◓ⱴ⅜ ╩ ╢≤

⅝⌐ ↕╣╢ ≢№╢ ⱴ◓ⱴ⅜ ⇔≡ↄ╢ ⌐│ⱴ◓ⱴ ⅛╠ⱪ꜠כ♩

─ ⌐ ∫≡ ⌐ ∆╢ ⱴ◓ⱴ⅜ ∆╢ ⌐ ⇔≡™╢ ─

⌐ ∫≡ ╩ ™⌂⅜╠ⱴ◓ⱴ⅜ ∆╢ │ⱴ◓ⱴ─ ⌐ ⇔

≡⅔╡ Afar─▬ⱬfi♩≢│ ⇔√ⱴ◓ⱴ─ │ 15-30 cm/sec≤ ╕∫≡™╢

ⱴ◓ⱴ⅜ ╩ ╢≤⅝⌐ ↕╣╢ │ ─ ™ ™≢│ ≢⅝⌂™ ♄Ⱪꜟ◌

♇ⱪꜟ ╩ ╗ⱷ◌♬☼ⱶ╩ ∆ (Julian et al., 1998) ⱴ◓ⱴ⅜ ╩ ╢≤⅝⌐│
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╩ ℮ ≢ ∆≢⌐ ╩ ∫√ ╩ⱴ◓ⱴ⅜↕╠⌐ ⇔ →╢ ⌐│ ╩

╦⌂™↓≤⅜ ≢№╢ ⅛╠│ⱴ◓ⱴ ─ ╩ ∆╢↓≤│ ⇔™

╩ ™≡ⱴ◓ⱴ ─  ( ╛ ) ⌐ ℮ ─ Ɽ♃כ

fi╛ ╩ ∆╢≤ ╛ ⌂≥╩ ∆╢↓≤⅜≢⅝╢  

 

╙℮└≤≈─ ─ │ⱴ◓ⱴ ⌐╟∫≡ ∂√ ⌐ ↕╣≡ⱴ◓ⱴ

⅜ ↓∫√ ™ ≢ ∂╢ ∏╣⌐╟╢╙─≢№╢ (Brandsdóttier and Einarsson, 

1979; Rubin et al., 1992) ⱴ◓ⱴ ⅜ ⅛╠ km─ ↕≢ ╕∫√≤⅝ ⅜ ↓∫

√ ╟╡╙ ™ ≢ ∏╣╩ ⅝ ↓⇔ ╢ ⅜ ∂╢ ↓─ ⌐

↕╣≡ ⱬfiכꜝ◓│≢ ╩ ∆╢╟℮⌂ 2 ─ ∟─ ⅜ ∏

╣╩ ↓∆ (Fig. 1.6) 1975-1984 ─ Krafla─▬ⱬfi♩≢╙ 2005-2010 ⌐ Afar─▬ⱬfi

♩≢╙♄▬◒ ▬ⱬfi♩⌐ ⱬfiכꜝ◓≡∫ ╩ ∆╢ ⅜ ∂√  

 

⌐♄▬◒─ ▬ⱬfi♩│ ∂ ≢100-1000 ─ ≢ ╡ ⇔ ∆╢↓≤

⅜ ╠╣≡™╢ ⇔⅛⇔▬ⱬfi♩ ─ ⅜ ™≡⇔╕∆√╘ ─▬ⱬfi♩⌐ ∆╢

⅜ ∫≡™╢ │ ⌂™ ▬ⱬ

fi♩⌐ ℮ ⅛╠ ↕╣╢

⸗♦ꜟ─ ╩ ╖ ╢↓≤⌐╟

∫≡ ─▬ⱬfi♩⅛╠─⅔⅔╟∕

─ ╩ ∆╢↓≤⅜≢⅝╢

1975-1984 ─Krafla─▬ⱬfi♩≢│

╩ ∆╢√╘⌐ 4-5 m─

⅜ ≢№╢↓≤╩⸗♦ꜟ⅜

⇔≡™√ Krafla │ 19 mm/yr

≢ ∆╢ ⌐ ∆╢

√╘ ─▬ⱬfi♩│ 200-250 

⌐ ⇔√≤ ≢⅝╢ ♄▬◒

▬ⱬfi♩│ 1978 Asal-Ghoubbet╛

2007 Natron─▬ⱬfi♩─╟℮⌐ 1

─▬ⱬfi♩⅜ ⅛ ≢ ∆

╢╙─╙№╣┌ 1975-1984 Krafla

Figure 1.5 Schematic image of dike intrusion 

process. Vertical sheet magma from the source 

expands cracks or faults during the rifting event. 

Dike intrusion leads to magma source deflation 

(Black arrows).  
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╛ 2005-2010 Afar ─▬ⱬfi♩─╟℮⌐ ─ ─℮∟⌐ ⌐ⱴ◓ⱴ ⅜

↓╢ ╙№╢ Krafla─▬ⱬfi♩≢│ 10 ≢ 22 Afar─▬ⱬfi♩≢│ 6

≢ 14 ─ⱴ◓ⱴ ⅜ ↓∫√↓≤⅜ ↕╣≡™╢ Krafla╛ Afar─▬ⱬfi♩─╟℮⌐

⌐♄▬◒ ▬ⱬfi♩⅜ ∆╢ ⌐│ ─▬ⱬfi♩≢ ⅜ ↓∫√

─ ≢ ╙ ⌐ ⅜ ↓╡╛∆™↓≤⅜ ╠⅛⌐↕╣≡™╢ (Pollard et al., 1983) ↓─

╟℮⌐ ─ ⌐╦√╢▬ⱬfi♩─ ⅜ ↕╣╢╟℮⌐⌂∫√─│

─ ⌐╟∫≡ ⌐ ≢ ╩ ℮↓≤⅜ ⌐⌂∫√√╘≢№╢  

 

 

 

1-5. The objective of this study 

≢│ ╩♃כ♦─♄כ꜠ ™≡ ≢ ↕╣╢ ▪ⱨꜞ◌ ≢

⇔√ 2≈─♄▬◒ ▬ⱬfi♩⌐ ℮ ╩ ⇔√ ▪ⱨꜞ◌ │ ≢ⱪ

Figure 1.6 Graben structure was often observed when dike intrusion occurred at the 

rift. Shoulders of graben move toward orthogonal direction of the rifting axis and 

uplifting in response to far-field extension stress and magma intrusion. Center of 

graben was subsiding associated with normal slip on the two conjugate faults with few 

horizontal components.  
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♩כ꜠ ╩ ≢⅝╢ ─ ≈≢№╡ ─ ⅛╠ ╣√◘Ᵽfi♫╛ ⅜

⅜╢ ⅜ ↄ─ ╩ ╘╢ ─ ⅜ ⌐ ╗ ≢№╢↓≤

╙ ⌂ↄ⌂™╒≥≢№╢ ↓─╟℮⌂ ⌐⅔™≡ ∆╢√╘⌐ ⌐ ™≡ ╩

∆╢ ⅜№╢ GNSS╛ ╩ ™╢↓≤│ ⌐╙ ⌐╙ ↄ─ ╩

™╠╣╢ ▪ⱨꜞ◌ │ ⌂ ⅜ ⇔≡⅔╡ ╙ ⌐ ⌂ ⅜

╕╣╢↓≤⅛╠ ╩♃כ♦√⇔ ≢⅝╢ │⌂™ SAR♦כ♃│ ≢№∫

≡╙╒╓ ╩♃כ♦⌐ ה ≢⅝╢ⱷꜞ♇♩╩ ≈ ▪ⱨꜞ◌ ─╟℮⌂

⌐⅔↑╢ ⌐ SAR♦כ♃╩ ™╢↓≤│ ⅛≈ ⌂ ≢№╢

⌐ ≢ ╩♃כ♦ ≢⅝╢ SAR♦כ♃│♄▬◒ ▬ⱬfi♩─ⱷ◌♬☼ⱶ

─ ⌐ ⌂ ≢№╢  

 

 ─ │₈♄▬◒ ▬ⱬfi♩ ⌐ ─ⱬfiכꜝ◓√⇔ ⌐⅔↑╢

∏╣∆═╡₉≢№╢ ↓╣╕≢│♄▬◒ ▬ⱬfi♩ ⌐│ 2 ─ ∟─ ⅜

∏╣╩ ⅝ ↓⇔ ⱬfiכꜝ◓ ╩ ∆╢ ╩ ⅝ ↓∆↓≤⅜ ╠╣

≡⅝√ 2 ─ ⌐ ╕╣√ ─ ⌐⅔™≡│ ╩ ╦⌂™ ⅝─

 ( ) ⅜ ↓╢↓≤⅜ ≤↕╣≡⅝√ ╩ ∆╢√╘─⸗♦ꜟ ⌐╙

╡─ ⌐ ∏╣ ⅜ ╕╣╢↓≤│⌂⅛∫√ ≢ SAR♦כ♃╩

™≡ ╩ ∫√ │ ─ⱬfiכꜝ◓ ⌐⅔™≡ ⌂ ∏╣ ╡⌐ ℮

╩ ∆◦◓♫ꜟ╩ ╠⅛⌐⇔√ ▬ⱬfi♩ ⌐⅔↑╢ ─ │ ∏╣ ─ⱷ

◌♬☼ⱶ╩ ⇔≡™⌂™ ⇔√⅜∫≡ ⇔√◦◓♫ꜟ│ ∏╣ ╡─ ╩

∆◦◓♫ꜟ≢№╢↓≤╩ ⇔√ SAR♦כ♃╩ ™≡♄▬◒ ▬ⱬfi♩⌐ ℮

─ ╩ ⇔√ │∆≢⌐ ∆╢ ↓╣╠─ ─♃כ♦│⌐

⅜ ↄ ╕╣ ⌂ ─ Ɽ♃כfi⅛╠♄▬◒─ ─ ╩

∆╢⌐≤≥╕∫≡™√ ─ │ ─♄▬◒ ▬ⱬfi♩≢ ⱬכꜝ◓√∂

fi─ ⌐⅔↑╢ ∏╣ ╡─ⱷ◌♬☼ⱶ─ ⌐№╢ ♄▬◒ ▬ⱬfi

♩│ ╛ ⌂≥─ ⅜ ⌐ ╩ ╓⇔№∫≡™╢↓≤

⅜ ↕╣╢ ⱷ◌♬☼ⱶ ─√╘⌐ ⌂ ⅛╠ ╩ ∆╢↓≤⅜

≢№╢  
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 ─ │ ─ ╡≢№╢  

ה 2 ≢ SAR♦כ♃╩ ™√ ─√╘─ ╩ ∆╢ ╘⌐ SAR

╩♃כ♦ ™√ ╩ ∆╢ ─⌂⅛⅛╠ ≢ ™√ InSAR╛Offset tracking

╩ ∆╢ ⌐ InSAR─ ╩ ⇔ ⌐ SAR♦כ♃╩ ™√∕─ ─

╩ ∆╢ ╩ ∆╢  

ה 3 ≢│ 2007 ⌐ Natron  (♃fi◙♬▪) ≢ ⇔√♄▬◒ ▬ⱬfi♩⌐ ℮

╩ ⇔√ ╩ ∆╢ ─♃כ♦ ╛ 1 ─ ╩╖─♃כ♦ ⇔

√ ─ │ ⅜ ⇔™↓≤⅛╠▬ⱬfi♩⌐ ℮ ╩ ⌐ ⅎ

√≤│ ⅎ⌂™ ₁│ ≤│ ╩♩♇☿♃כ♦╢⌂ ™≡╟╡ ♃כ♦

─ ╩ ╖ 3 ╩ ╘╢↓≤≢ √⌂ ╩ ∆↓≤╩ ≤∆╢  

ה 4 │ 2005-2010 ⌐ Afar  (◄♅○Ⱨ▪) ≢ ⇔√♄▬◒ ▬ⱬfi♩⌐ ℮

╩ ≤⇔√ ♃fi◙♬▪─ ≢ ─ⱬfiכꜝ◓√╣↕ ─⅔↑╢

∏╣ ╡─ ╩ ∆◦◓♫ꜟ⅜ ∂ ▪ⱨꜞ◌ ⌐ ∆╢ Afar─♄▬

◒ ▬ⱬfi♩≢╙ ↕╣╢⅛ ♃fi◙♬▪─ ≢ ⌂ ⌂─⅛╩ ∆╢↓

≤╩ ≤⇔√  

ה 5 ≢│ 4ה3 ─ ╩ ╕ⅎ≡♃fi◙♬▪≤◄♅○Ⱨ▪─ ≢ ↕╣√

─ ╩∆╢ 2≈─▬ⱬfi♩⌐ ℮ ─ ╩ ™⌂⅜╠ ▬ⱬfi♩≢ ↕

⌐ⱬfiכꜝ◓√╣ ⌐⅔↑╢ ∏╣ ╡─ ⱷ◌♬☼ⱶ─ ⌐≈⌂⅜

╢ ⅜⅛╡╩ ╢  
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2. Observation methods & application 

 

2-1. Interferometric SAR 

 SAR♦כ♃╩ ™≡ ╩ ∆╢ │ ⌐ InSAR (Interferometric SAR: 

SAR) ≤ Offset tracking─ 2 ─ ⅜№╢ InSAR ⌐│ SAR♦כ♃⌐ ╕╣╢

─ ╩ ™ ╩ ∆≤ 2 ─ ─ ∂ ⌐⅔↑╢ ⅜ ╘╠╣╢ ↓

─ │ 2 ─ ⌐ ∂√ ╩  (LOS: Line-of-Sight) ⌐

⇔√ ╩ ∆ │ ≤ ≤╩ ┬ ╩ ™ ⱴ▬◒꜡ ─

≤ ─ ⌐ ∆╢ ⅎ┌ Ascending  (Heading angle: -11.1 [deg.]) 

─ ⅜ 38.7 [deg.] ─♦כ♃⌐⅔↑╢ LOS─ ⱬ◒♩ꜟ│ ( ) = (0.77, 0.15, 

0.63) ≢ ∑╢ ╛ ⌐ ℮ ╩ ⇔√↑╣┌ ▬ⱬfi♩ ─ ≤

─ SAR♦כ♃⌐ ╩ ∆ ⅜№╢ ↓╣╕≢ InSAR╩ ™≡ ↄ─ ╛

⌐ ℮ ╛ ─ ╡⌐ ℮ ╩ ⇔√ ⅜↕╣≡™╢ 

(e.g., Massonnet and Feigl, 1998; Massonnet et al., 1995)  

 

 2 ─ SAR♦כ♃⌐ ↕∑≡ ╠╣╢ ⌐│ ╩ ∆◦◓♫ꜟ

─ ⌐₈ ₉₈ ₉₈ ⌐ ℮ⱡ▬☼₉₈ ⌐╟╢ⱡ▬☼₉₈∕

─ ─ⱡ▬☼₉⅜ ╕╣╢ │ 2 ─ SAR♦כ♃╩ ⇔√ ─ ⌐

fiכ◦√⇔ ⌐⅛⅛╢ ⌂ ≢№╢ ∟╞℮≥ꜘfi◓─ ─ ─╟℮

╩♃כ♦⌐ ⇔√ ⅛╠─ⱴ▬◒꜡ ─ ⅜ ╩ ╡ ∆☻ꜞ♇♩⌐№√╢

─ ⌐│ ╕∫√ ─ⱴ▬◒꜡ ╩ ⌐ ↑≡ ∆╢√╘ ≢│ ⌐

∂√ ⌂ ⅜ ╣╢ (Fig. 2.1) │ SAR♦כ♃⌐ ╕╣╢ ╛

─ ⅜ ⇔≡™╢ ╩ ⌐◦Ⱶꜙ꜠כ◦ꜛfi╩ ™ ⇔ ↄ↓≤

⅜≢⅝╢ ⇔⅛⇔ ⅛╠◦Ⱶꜙ꜠כ♩≢⅝╢ │ ⅜ ≢№╢↓≤╩

⇔√ ─╙─≢№╢ ─№╢ ╩ ⇔√ ⌐ │ ⌐ ⇔√└∏╖⅜

╣╢ ↓╣│ DEM (Digital Elevation Model: ⸗♦ꜟ) ╩ ™≡◦Ⱶꜙ꜠כ♩

╩ ⇔ ╡ ↄ↓≤⅜≢⅝╢ DEM│ ≢№╣┌ ⅜ ⇔≡™╢ 10m 

(╙⇔ↄ│5m) ⱷ♇◦ꜙ─DEM╩ ™╢↓≤⅜ ™ ≢№╣┌3  (⅔╟∕90m) 

ⱷ♇◦ꜙ─ ASTER GDEM (Advanced Space-borne Thermal Emission and Reflection Radiometer) 
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╛ SRTM (Suttle Radar 

Topographic Mission) GTOPO30

⌂≥╩ ™╢↓≤⅜≢⅝╢

DEM♦כ♦≡∫╟⌐♃כ♃─

─ ╛ ⇔≡™╢

⅜ ⌂╢√╘ ⌂ DEM

╩♃כ♦ ∆╢ ⅜№╢

↓↓╕≢─ │ InSAR ⌐

⅔™≡ ⌂ ≢№╢  

 

ⱡ▬☼╩╒≤╪≥ ╕⌂™Ɑ

▪≢№╣┌ ≤ ╩

╡ ↄ↓≤⌐╟∫≡

╩ ∆◦◓♫ꜟ╩ ≢⅝

╢ ⇔⅛⇔ ⌐│ ╩

∆◦◓♫ꜟ⅜ ≢⅝⌂ↄ⌂

╢╒≥─ⱡ▬☼⅜ ╣╢↓≤

╙№╢ InSAR╩ ™≡

╩ ∆╢↓≤╩ ≤∆

╢ ╙ ⌂ ≤⇔≡ ⌐ ℮ⱡ▬☼⅜ →╠╣╢ (Fig. 2.2) 600 km

╩ ⇔≡™╢ ⅛╠ ↕╣╢ⱴ▬◒꜡ ⅜ 400km ⌐ ∆╢

─ ─ ⅜ ⅝⌂ ╩ ∆╢≤ ─ ╛ Faraday rotation⌐╟

╢ ─ ─ ⌂≥─ ≢ ⌐ ╩ ⅎ╢↓≤⅜ ╠╣≡™╢ 

(e.g., Gray et al. ,2000; Rignot, 2000) ⌐ ⅜ ™ ╩ⱴ▬◒꜡ ⅜ ∆╢

≤ ⅜ ╟╡╙ ↕™√╘ │ ⅝ↄ⌂╢ ↓╣╠─ ╩ ↑╢↓≤⌐╟∫

≡ Figure 2.2≢ fiכ◦⌂℮╟╢™≡╣↕ ⌐ ─◦◓♫ꜟ⅜ ╣╢ ↓╣⅜

⌐ ℮ⱡ▬☼≢№╢ ⌐│↓─ ⌐ ╣╢ ⌐ ℮ⱡ▬☼│

Azimuth streak≤ ┌╣╢ ⌐ ™≡™╢ⱴ▬◒꜡ ─ ⅜ ™╒≥ ─

╩ ↑╛∆ↄ L-band (23.6 cm) │ C-band ( : 5.6 cm) ≤ ═≡ 16 ↄ ╩ ↑

╛∆™↓≤⅜ ⌐ ╘╠╣≡™╢ (Rignot, 2000) ↓─ ⌐ ℮ⱡ▬☼╩ ╡

ↄ ≤⇔≡ ⱡ▬☼─ ⅛╠ TEC (Total Electron content: ) ╩

Figure 2.1 SAR satellite irradiates microwave to obtain 

backscatter amplitude and phase data depending on 

surface conditions. The direction of irradiating microwave 

and flight calls slant range and azimuth direction, 

respectively. Initial interferometry contains orbital fringes 

corresponding to perpendicular distance between satellite 

position acquiring SAR data. 
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╘≡◦Ⱶꜙ꜠כ♩∆╢ ╛ GPS ≢⅛╠ ╘╠╣╢ⱴ▬◒꜡ ─ ⅛╠

⇔≡ ╘╢ ⌂≥⅜ ↕╣≡™╢ (e.g., Gombo et al., 2015) ≢│ SAR♦כ♃╩

™≡ ≢ ∆╢ ⌐ ℮ ─ ╩ ⇔╟℮≤∆╢ ╙

↕╣≡™╢ ╠⅛♃כ♦ ─∆═╡ ╩ ∆╢▬fiⱣכ☺ꜛfi ╩

℮ ⌐│ ⌐ ℮ⱡ▬☼⅜ ─ ╩ ∆◦◓♫ꜟ≤⇔≡ ↕╣╢ ▬fi

Ᵽכ☺ꜛfi ⌐│ ⌐ ℮ⱡ▬☼⅜ │√╕) ♃כ♦™⌂™≡╣ ≢№╣┌

⌐ ℮◦◓♫ꜟ╩ ╡ ↄ↓≤⅜≢⅝√╙─) ╩ ™╢↓≤⅜ ≢№╢  

 

⌂ ─◦◓♫ꜟ╩ ⅎ╟℮≤⇔√ ⌐│ ⌐ ℮ⱡ▬☼╙

⌂ ≢№╢ ⅎ┌ ⌂≥─ ─ ⅜ ╟╡╙ ™ ╩ⱴ▬◒꜡ ⅜

Figure 2.2 Example of azimuth streak in interferometry (ALOS/PALSAR [L-band], Path 

568, Frame 7130, Ascending). These data covered around Lake Natron, Northern Tanzania 

and contain signal of crustal deformation associated with the 2007 Natron rifting event. 

(Left) InSAR result (2007.07.07 ï 2007.10.07) without azimuth streak. (Right) InSAR 

result (2007.07.07 ï 2007.11.22) with NE-SW trending azimuth streak. 
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⇔√ ⌐ ⱴ▬◒꜡ ─ ⅜ ↄ⌂╢ ↓╣⌐╟╡ ─∏╣⅜ⱡ▬☼≤⇔≡

╣╢↓≤⅜ ╠╣≡™╢ (Hanssen et al., 2001) ⌐ ℮ⱡ▬☼│ ⸗♦ꜟ⌂

≥╩ ™╢≤ ≢⅝╢ ⌐ ℮ⱡ▬☼│ ⌐ ℮ⱡ▬☼╒≥

│ ⅝ↄ⌂™⅜ ▬fiⱣכ☺ꜛfi ╩ ℮ ⌐│ ∆═⅝ⱡ▬☼≢№╢  

 

∕─ ─ⱡ▬☼│ ╩ ∆╢√╘─DEM∕─╙─⅜╙≈ ╛ ─ ⌐

∆╢╙─⅜ ™ ⇔⅛⇔√™≡™│ ⌂ InSAR─ ≢№╢ 5 cm ╩

╢ ≢№╢√╘ ≢⅝╢↓≤⅜ ™ (Fialko et al. 2001)  

  

InSAR ⌐╟∫≡ ⌂ ╩♃כ♦ ╢╟⌐☼▬ⱡ│☻כ◔™⌂⅝≢

∞↑≢│⌂™ ⌐ ╩ ≢⅝╢ InSAR╙ ⌐ ⌂ ╙№╢

─ ⅜ ⅝⌂  (e.g., ™ ─ ⅜ ⅝⌂ ─ ) ╛ ⅜ ™  

(e.g., 2 ─ SAR♦כ♃╩ ∆╢ ⌐ ⌂ ─ ⅜№∫√ ) ≢│ ⌂

Figure 2.3 Detection field of surface deformation using SAR data. Detection range of crustal 

deformation using InSAR is few centimeters to few meters scale within few years. While 

spatial resolution of offset tracking is inferior to that of InSAR, offset tracking can obtain 

robust deformation data. Time-series analysis is suitable for which slow and long 

deformation, like afterslip. 
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─ ╩ ╘╢↓≤⅜≢⅝⌂™ SAR⅜ ⌐ ™╢ⱴ▬◒꜡ ─ ⌐╟∫

≡╙ ≢⅝╢ ─♃כ♦ ⌐ ╩ ╓∆ ─ⱴ▬◒꜡ ╩ ♄כ꜠√™

╒≥ ─ ╩ ↑╛∆™↓≤⅜ ╠╣≡™╢ ⅜ ™ ╢ ─╟℮⌂ ─

╩ ⅎ╟℮≤∆╢ ⌐│ ⅜ ≢№╢ ─ⱴ▬◒꜡ │ ─ ╛

╩ ⇔ ─ ╩ ⅎ╢↓≤⅜≢⅝╢ ≢ ─ⱴ▬◒꜡ │ ╛ ≢╙ⱴ

▬◒꜡ ⅜ ⇔≡⇔╕℮ ╩ ≈ ≈╕╡ ╩♃כ♦─♄כ꜠ ╦│♃כ♦√™

∏⅛⌂ ─ ─ ╩ ↄ ↑╢ ─╟℮⌂ ⅛╠ ⅜ ⅛⌂ ⌐⅔↑╢

⌐ ⅜♄כ꜠ ╩♃כ♦√⇔ ™√ InSAR │ ⇔≡™⌂™   

 

2-2. Offset tracking technique 

 InSAR─ ⌐ SAR♦כ♃╩ ™≡ ╩ ∆╢ ≤⇔≡ Offset tracking⅜ →

╠╣╢ ∂ ⌐⅔↑╢ ╩ ╘╢↓≤≢ ╩ ∆╢ InSAR⌐ ⇔≡ Offset 

tracking│◘ⱩⱧ◒☿ꜟ─ fiכ◦≢ ╩ ╦∑⇔√ ⌐ ⌐ ╣√Ⱨ◒☿ꜟ

─○ⱨ☿♇♩ (∏╣) ╩ ≤⇔≡ ⅎ╢ ≢№╢ ⅎ╠╣√○ⱨ☿♇♩│ ─

╩ ∆√╘ InSAR ≢

⌂ Unwrapping─ ╩ ℮

⅜⌂™ ╩ ≈ Offset tracking

│ InSAR≢│ ⌂

⌂ ─ ╩│∂╘ ⅜ ⅝

⌂ ─ ─ ╙

⌐ ╘╢↓≤⅜≢⅝╢ (e.g., 

Kobayashi et al., 2009; Howat et al., 

2007) (Fig. 2.3) │

 (Range offset) ≤

 (Azimuth offset) ─ 2 ─

╩♃כ♦ ╢↓≤⅜≢⅝╢ 3

╩ ╘╢√╘⌐│

─ 3≈─ ⌐ ⇔≡

2  (Ascending≤ Descending) ⅛

╠ ╠╣╢ InSAR─ ─╖≢

│ ╘╢↓≤│≢⅝⌂™ ∕↓≢

Figure 2.4 Result of additive color process of 

Co-registered image (Left) and unprocessed 

image(Right) data covering Yurihama-town, Tottori 

pref. (ALOS2/PALSAR2, Path 21, Frame 2900, 

Descending, Right-looking). The result displays the 

difference of backscatter intensity between two SAR 

images (Red: 2015.10.10, Cyan: 2015.10.23). 

Co-registration process can match two images with 

sub-pixel precision.  
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─ ⌐ ╩ ≈Azimuth offset─ ╩♃כ♦ ╢↓≤⌐╟∫≡ InSAR≤│

⌂╢ ─ ╩♃כ♦ ∆╢↓≤⅜≢⅝╢ 3 ─ ╩♃כ♦ ™╢↓≤≢

3 ╩ ╘╢↓≤⅜≢⅝╢  

 

Offset tracking│ ╩ ⌐ ⅎ╢↓≤⅜≢⅝╢  InSAR≤ ⇔≡

─ ─ ⅜ ⅝ↄ ⅜ ⅝™ ╩ ≈ ALOS/PALSAR─ Stripmap mode 

( ─ (♪כ⸗ 1Ⱨ◒☿ꜟ│ 3 m × 8 m (FBS) ≢№╢√╘ Ⱨ◒☿ꜟ─∏╣╩ ⅎ╢

Offset tracking│◘ⱩⱧ◒☿ꜟ○כ♄כ≢ ⌐ ╦∑⇔√≤⇔≡╙ cm─ ─

⇔⅛ ⅎ╢↓≤⅜≢⅝⌂™ ⌐ Offset tracking─ │ 20 cm ≤↕

╣≡™╢ (Fialko et al., 2001) ↕╠⌐│ ╩ ╘╢ ⌐ ⅎ╢ ─ ⅝↕⅜ Offset 

tracking─ ≤ ∆╢ (Tobita et al., 2001) ALOS/PALSAR─Stripmap mode─FBS

≢♪כ⸗ ⌐♃כ♦√╣↕ 128×128Ⱨ◒☿ꜟ─ ⅝↕≢ ╩ ⅎ√ ─

⅝↕│ 384×1128 m≤⌂╢ Offset tracking│ ⌐╙ ∆╢↓≤⅜≢⅝ ∕─

⌐│ ─♃כ♦─ ─ ╩ ╘╢↓≤⅜≢⅝╢  

 

 ⌐ 350 km×350 km─ ╩ ⌐ ∆╢ ScanSAR♦כ♃╩ ™√ Offset tracking

│ Azimuth ─ ⅜ ╡⌂™↓≤⅜ ≢ ™ ─ ╩ ╢↓≤

⅜≢⅝⌂™ ⌐ ScanSAR-ScanSAR─Ɑ▪─ Offset tracking─ ⅜⸗♦ꜟ ─

╛ ⌐ ™╠╣╢↓≤│╒≤╪≥⌂™ ╩ ╘╢√╘⌐│ ╩ ⅝

ↄ∆╢ ⅜№╡ ⅜ ⌐ ∆╢↓≤│ ╠⅛≢№╢ ─ ⅝↕╩

ↄ≤╢≤ ⌐ ™╢ⱴ◦fi⌐ ™ ⅜⅛⅛╢℮ⅎ⌐ ╩ ∆╢↓≤╙ ╠╣≡

™╢ ─ ─ ╩ ⇔√™ ≤™∫√ ─ ╩ ╘╢√╘⌐│

Stripmap mode─ ╩♃כ♦─₁ ⇔ ≈⌂⅞ ╦∑╢↓≤⌐╟∫≡ ╘╠╣≡⅝√ 

(Strozzi et al., 2002)  

 

 

2-3. InSAR processing 

 InSAR╩ ™≡ ╩ ∆╢√╘⌐│™ↄ≈⅛─ ⅜ ≢№╢ ╕⅛⌂

╣≤⇔≡│ ₈SLC ─ ₉₈ ╦∑₉₈ ₉₈ⱨ▫ꜟ♃ꜞfi◓₉₈▪fiꜝ

♇Ⱨfi◓₉₈ ₉≢№╢ SLC ─ ⌐│ Raw♦כ♃⅛╠ ╛ⱨ◊כ◌

◦fi◓╩ ⇔≡ ∆╢ ≤ ♃כ♦ ─ ≢ SLC ≤⌂∫≡™╢ ⅜№╢
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⌂ ─◦◓♫ꜟ╩ ⅎ╢√╘⌐│ 2 ─ ─ ∂Ⱨ◒☿ꜟ─ ה ≢

∂ ╩ ⇔≡™⌂↑╣┌⌂╠⌂™ ⇔⅛⇔ ∂Ɽ☻הⱨ꜠כⱶ─ ╩ ⇔√≤⇔≡

╙ ↄ ∂ ╩ ∆╢↓≤│≢⅝⌂™ ∕↓≢ Affine ╩ ™≡ 2 ─ ╩◘

ⱩⱧ◒☿ꜟ○כ♄כ≢ ╦∑∆╢ ⅜№╢ (e.g., Li and Bethel, 2008) Affine │

₈ ₉₈ ₉₈ ₉⌐╟╢╝⅜╖╩ ∆╢↓≤⅜≢⅝╢ ( 2.1) ↓╣⌐

⌐╟╢ ╩  ( ) ╩∆╢ ╙№╢⅜ │ ─ ⅜

⇔≡™╢√╘ ╒≤╪≥⅜ Affine ≢ ≢⅝╢ ╩ ∆╢Ɑ▪─ 2

─ SAR♦כ♃│ ⌐⌂∙╠╣≡ Master  (Reference data) Slave ≤™℮

2.1 ─ X, Y │Master ─ x, y│ Slave ─ A i, Bi (i=1,2,3) │ Affine ─

≢№╢ ⌐│Master ╩ ≤⇔≡ Slave ⌐ Affine ╩ ⇔≡

╦∑╩ ℮  

 

 

 

 

  Affine ─ ─ ⌐│ 2 ─ SAR♦כ♃⅛─ 2 ╩ ™╢

№╢ ─ ─◘▬☼╩ ⇔ ≢ ╙ ⅜ ™ ╩ ∆

╢ ∕─ ╩ ─ 2 ─ ─○ⱨ☿♇♩≤⇔≡ ∆╢ fiכ◦╩ ⌐

∆╢ ⇔√○ⱨ☿♇♩─ ╩ ™≡ ⌐ Affine ─ ╩ ╘

╩ ⇔ ╦∑⇔√ Slave  (Coregistered slave image) ⅜ ↕╣╢ (Fig. 2.4)

Affine ─ │ ─ ╩ ╡ ⇔ ℮≤ ╟╡ ⌂ ╩ ╘╢↓≤⅜≢⅝╢  

╦∑⇔√ 2 ─ ⌐ ╩ ∆≤ ⅜ ↕╣╢ (Fig. 2.5)

│ Ⱨ◒☿ꜟ⌐⅔↑╢ ─ ╩ ⇔≡™╢ ⅜ ∂≡™⌂™ ⌐⅔

™≡╙ ─ ─┌╠≈⅝⅜╖╠╣╢↓≤⅛╠ ⅜◙ꜝ◙ꜝ⇔≡ ⅎ╢

∕↓≢ⱨ▫ꜟ♃כ (Adaptive spectral filter) ╩⅛↑≡ ╩ ╠⅛⌐∆╢ ╩ ∆ 

(Goldstein and Werner, 1998)ⱨ▫ꜟ♃כ╩ ∆ ⌐ ⌐ ⌂◦◓♫ꜟ (e.g., ╡╛

∆═╡)╙ ↕╣≡⇔╕℮↓≤╙№╢√╘ ⅜ ≢№╢ ⌐

╣╢ │ 2 ─ ─ ╩ 0~2́ ≢ ⇔≡™╢ ⅜ 1◘▬◒ꜟ╩ ⅎ≡ ⇔≡

™╢ ≢│ ⌂ ╩ ∆↓≤⅜≢⅝≡™⌂™ ⅜№╢ ↓─ 0~2́ ⌐

╘ ╕╣√  (Wrapped phase) ╩ ⌂  (Unwrapped-phase) ╩≈⌂⅞№╦∑╢

 (Unwrapping) ⅜ ⌐⌂╢ Unwrapping─ │ ⌐ 2≈№╢ └≤≈│ Brunch-cut

(  2.1)  
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 (Goldstein et al., 1988) ≤ ┌╣ ⅜ ⌐╟∫≡ ⌂╢ ╩ ∆ ╩ ↑

⌂⅜╠ ╩≈⌂⅞ ╦∑≡™ↄ ≢№╢ ⌐ ℮◦◓♫ꜟ╩ Unwrapping∆

╢ ⌐│ ⌐ ╩ ╢↓≤⅜≢⅝╢ ≢ ⅜כꜝ◄ ⇔╛∆™ ╩ ≈ ╙℮

└≤≈─ Unwrapping─ │ Minimum Cost Flow (MCF)  (Costantini, 1998; Chen and 

Figure 2.5 Flow of InSAR processing from initial interferogram and final result. This 

initial interferogram contains orbital fringe, topographic fringe, and noise of 2D function 

curved surface. These figures are in radar coordinate (c.f. Arrows in figures). 
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Zebker, 2002) ≢№╢ ↓╣│ ─ ╩≈⌂← ╩ ⌐∆╢╟℮⌐ ╩≈⌂™

≢™ↄ ≢№╢  

 

─ ⅜ ⅝⌂  ( ⅎ┌ ─ ⅝⌂ ─ ⌂≥) ╩ Unwrapping

⇔╟℮≤∆╢≤ √≤ⅎ ⇔≡™≡╙ ─ ≤│ ⌂∫√ ╩≈⌂⅞ ╦∑≡

⇔╕℮↓≤⅜№╢ (Unwrapping error) ↓╣│ ⅜ ∂√ ≢ ─

⅜ ⅝ↄ⌂╡∆⅞╢↓≤⅜ ≢№╢ ─ ⌐ ⇔≡ ™ ─ⱴ▬◒꜡

╩ ™≡ SAR♦כ♃╩ ↕∑√ ─ ⅜ ─ ⅜ ↕ↄ⌂╢√╘ Unwrapping

─ ⅜ ≢№╢↓≤⅜ ⅛╢ ≥∟╠─Unwrapping─ ╩╙∟™╢⅛│Case-by-Case

≢ ∆╢ ⅜№╢ ™∏╣─ ╩ ™≡╙ ⅜ ™ │ Unwrapping─◄ꜝכ

╩ ╖╛∆ↄ∆╢√╘ Unwrapping╩∆╢ ⌐Mask∆╢↓≤⅜ ™ ↓↓╕≢─ │꜠

♄כ ≢ ↕╣√ ≢№╡ DEM╩╙≤⌐ ─ ⌐ ↕╣√  (Backward 

geocoded image) ╩ ╢↓≤⅜≢⅝╢  

 

2-4. Other application of SAR data 

≢│ ╦⌂™⅜ ≢│ SAR♦כ♃╩ ™√ ─ ⅜ ─

≤⇔≡ ⇔≡™╢ ≢ ⅎ╢↓≤⅜≢⅝╢ ─ │ ─

™ ╩⅛↑≡ ∂╢ cm⅛╠ mm─○כ♄כ─ ≢№╢ (Fig. 2.3) ⅎ┌ ™

╩⅛↑√ ─ ╛ ─ ⅜≤⌂ⱪכꜞ◒─ →╠╣╢ (e.g., Lu and 

Liao, 2008; Tong et al., 2013) ─ ⌂ ≤⇔≡│ PS-InSAR [Permanent 

Scatter InSAR] (e.g., Ferretti et al., 2000) ╛ SBAS [Small BAseline Subset] (e.g., Beradino et al., 

2002) ⌂≥⅜ →╠╣ ↓╣╠│ ─ ╩ ⇔≡™╢ ⅜ ™  

 

⌐╙ Azimuth offset╟╡╙ ™ ≢ ─ ╩ ╘╢↓≤⅜≢⅝╢

MAI  [Multiple Aperture Interferogram] (Bechor and Zebker, 2006) ≤™℮ ╙№╢ FFT╩

™≡Ɑ▪≤⌂╢ 2 ─ SAR♦כ♃╩∕╣∙╣ ≤ ⌐ ↑≡ ∕╣∙╣─Ɑ▪≢

╩ ℮ ↓╣╠─ ╩ ╢≤ ─ ╩♃כ♦ ╢↓≤⅜≢⅝╢

╩ ⌐ ↑╢↓≤⅛╠ SBI (Split Beam Interferogram) ≤╙ ┌╣╢ ≤ ─

™∏╣─ ⌐╙ ╛ ⅜ ╣╢╙── ╩ ╢≤⅝⌐↓╣╠│ ↕╣

╢ InSAR ≤ ─ ™ ╩ ╢↓≤⅜≢⅝╢ ╩ ≈╙── ╩

⌐⇔≡™╢√╘ InSAR ╟╡╙ ™ ⅜ ╘╠╣╢  
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3. Case study 1: 2007 Natron rifting event 

  

4ה3  ≢│ ≢ ╡ ╪∞ SAR♦כ♃╩ ™√ ─ ╩ ∆

3 ≢│ ≢ ╡ ╪∞ 2007 ♃fi◙♬▪ ≢ ⇔√♄▬◒ ▬ⱬfi♩

⌐ ℮ ╩ ≤⇔√ ♃fi◙♬▪ ─ Natron ≢ 2007 7 ⅛╠⅔╟

∕ 2⅛ ⌐╦√∫≡ ⅜ ⇔√ │ Natron ─ ⌐ ⇔ ─

⌐ M5◒ꜝ☻─ ⅜ 9 ⇔√↓≤⅜ ↕╣≡™╢ ∆≢⌐ InSAR

⌐╟∫≡↓─ ⌐ ℮ ╩ ⇔√ │ ∆╢ (e.g., Calais et al., 

2008) ↓╣╠│ ╩ ∆╢ ⸗♦ꜟ─ ⌐╙ ⇔≡™╢ ⇔⅛⇔™∏╣─

⌐⅔™≡╙ │♃כ♦ 1 ─ ⅛╠ ╠╣√ InSAR─ ─╖╩

™≡™√ ∆⌂╦∟ 1 ≈─ ─ ╠⅛╖─♃כ♦ ─ ╩ ╖≡™√

ⅎ≡♦כ♃─ ⅜ ╣≡⅔╡ ⌐ ╩♃כ♦ ╠╣√≤│ ⅎ⌂™

⇔™ ⅛╠ ╘╠╣√⸗♦ꜟ─ ╙№╕╡ ™╙─≤│ ⅎ⌂™ ≢│↓

╣╠─ ─♃כ♦√⇔▪ꜞ◒╩ ╩ ⇔ ⅛╠ ╠╣√ √⌂ ⌐

≈™≡ ∆╢ ─ │ 2015 6 ⌐ Tectonophysics⌐ ↕╣

8 ⌐ ↕╣√ [Y. Himematsu, M. Furuya, Aseismic strikeïslip associated with the 2007 dike 

intrusion episode in Tanzania, 2015, Tectonophysics, 656, 52-60, doi: 10.1016/j.tecto. 2015.06. 005] 

 

 

3-1. Background 

 2007 7 ⅛╠ 9 ⌐╦√∫≡♃fi◙♬▪ ─ Natron ≢ ≤ⱴ◓ⱴ

╩ ℮♄▬◒ ▬ⱬfi♩⅜ ⇔√ Natron │ ≢ⱪ꜠כ♩ ╩ ∆╢

↓≤⅜≢⅝╢ ─ ≈≢№╢ ▪ⱨꜞ◌ ─ ⌐ ∆╢ Natron ≢│

⌐ 2-4mm─ ≢ ⇔≡™╢↓≤⅜ GPS ╟╡ ╠⅛⌐↕╣≡™╢ 

(Saria et al., 2014; Stamps et al., 2008)♃fi◙♬▪ ⌐⅔↑╢ ─ │

⅜ ⇔≡⅔╡ ≤⇔≡╙ ╠╣≡™╢ (Ristema et al., 1998) ─

⌐│ ─ Oldoinyo Lengai  (N2.75°, E35.9°) (Foster, 1997) ≤

≢№╢ Gelai (N2.60°, E36.1°) (MacIntyre, 1974)─ 2≈─ ⅜ ∆╢ (Fig. 3.1) ⌂⅛
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≢╙ Oldoinyo Lengai │ ≢ ╙ ⌂ ⱴ◓ⱴ╩ ∆╢ ≤⇔≡ ╠╣≡

⅔╡ (e.g., Dawson et al., 1968, 1990) 20 ⌐ VEI (Volcanic Explosivity Index) 3 ─

╩ ╗ 4 ─ ⅜ ⇔√ (e.g., Dawson et al., 1968) 

 2007 7 17 ⌐♃fi◙♬▪ ─ Natron ≢ ─ ─ ≢ Mw─

─5.9 (Mw) ♪כꜙ♅♬◓ⱷfi♩ⱴכ⸗√∫№≢ ⅜ ⇔√ (e.g., Calais et al., 

2008) Global CMT (Centroid Moment Tensor) project (http://www.globalcmt.org) ⅜ ⇔≡™

╢◌♃꜡◓⌐╟╢≤ ─ ≢│ M5 ─ ⅜ 9 ⇔√↓≤⅜ ╠⅛⌐↕

╣≡™╢ ↓╣╠─ⱷ◌♬☼ⱶ │™∏╣╙ ≢№╡ ─ ↕│ 15km╟╡╙

™ ⌐⅔↑╢ ╩ ⇔≡™√ ◐ꜗfiⱭכfi ≢ ↕╣√ ─ │

2007 6 1 ⅛╠180 ⌐1400 ─ ─ ╩ ╠⅛⌐⇔√(Albaric et al., 2010)

↕╠⌐ ─ │ ⅜ ─ ≤ ⌐ ⅛╠ ┼ Oldoinyo Lengai

⅛╠ ┼ ⇔≡™╢↓≤╙ ╠⅛⌐⇔√ ▬ⱬfi♩─ ≤ ⌐

─ ↄ⌐ ∆╢Oldoinyo Lengai ⅜ ⇔√↓≤╙ ╠⅛⌐⌂∫≡™╢ (Vaughan et 

al., 2008; Kervyn et al., 2010)2007 6 ⌐ ╛⅛⌂ⱴ◓ⱴ─ ⅜ ╕╡ ⅜

⇔≈≈№∫√ 2007 9 ⌐⌂∫≡ ╛ ╩ ∫√ ⌂ ⌐ ⇔√ 

(Kervyn et al., 2010)  

 

Pair No. Date (yyyy/mm/dd) Track Path Frame B_perp [m] 

1 2007/07/07 ï 2007/10/07 Ascending 568  7130 -249.05 

2 2007/06/05 ï 2010/06/13 Descending 236 3670-3680 -396.21 

Table 3.1 SAR data set showing PALSAR acquisition 
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─▬ⱬfi♩⌐ ℮ │ InSAR╩ ™√ ⅜ ⌐╟∫≡∆≢⌐

↕╣≡™╢ (Calais et al., 2008; Baer et al., 2008; Biggs et al., 2009, 2013)↓╣╠│™∏╣╙

ESA (European Space Agency: ) ⅜ 2002 ⌐ ∟ →√ ENVISAT 

Figure 3.1 Shaded relief map for Lake Natron, Northern Tanzania. Inset show the map of 

northern Africa with the location of Lake Natron (Yellow star) and vectors of relative 

plate motion (Black arrows). There are two active volcanoes (Red triangles; Mt. Gelai 

and Mt. Lengai). Almost focal mechanism of M>5 earthquakes (Yellow circles) during 

the 2007 Natron rifting event show normal slip. Large beach ball and orange circle 

indicate the focal mechanism and location of main shock (M 5.9), respectively. SAR 

footprints (Red: ascending track, Blue: descending track) covers the seismicity of the 

event.  
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(Environmental Satellite) ⌐ ↕╣≡™╢C-bandⱴ▬◒꜡  ( 5.6 cm) ╩ ™≡

╩ ℮ASAR (Advanced Synthetic Aperture Radar: ꜠כ♄) ⌐╟∫≡ ↕

╣√ SAR♦כ♃╩ ™≡™√ Calais et al. (2008) │↓─▬ⱬfi♩⌐ ℮ ╩

SAR♦כ♃⌐╟∫≡ ╘≡ ⇔√ ≢ ╩♃כ♦ ∆╢√╘─ ⸗♦ꜟ

─ ⌐╙ ⇔√ ⸗♦ꜟ─∆═╡ ⅛╠ ╠╣╢ ─♩ⱷfiכ⸗

│ ⌐╟∫≡ ╘╠╣╢ ♩ⱷfiכ⸗ ≤ ⇔≡ ⅝⌂ ╩ ⇔

√↓≤⅛╠ ─ ╩ ⇔√ ⅜ ∂√ ≤⇔≡

ⱴ◓ⱴ ╛ ─ ╡─ ╩ ╡ →≡™√ ╕√ ⌐ ⇔√

╛ ─ ╩ ≤⇔≡ ⱴ◓ⱴ ─ ╙ ⇔√ ─ כ⸗─≈2

ⱷfi♩ ─ │↓─ⱴ◓ⱴ ╛ ─ ╡⌐ ℮ ⅜ ∂√↓≤⌐

╟╢ ⅜ ⅝™≤ ⇔≡™√ Baer et al. (2008)≢│ Calais et al. (2008) ╟╡╙▬ⱬfi♩

⌐ ↕╣√ ↄ─ ENVISAT/ASAR─♦כ♃╩ ⇔√ ™ ╩ ∆

╢↓≤⌐╟∫≡ ╛ⱴ◓ⱴ ⌐ ℮ ─ ╩↓≤ ╛⅛⌐ ⇔√

╕√ ╠│♄▬◒ ▬ⱬfi♩≤ ⌐ ⇔√ Oldoinyo Lengai ─ ≤─

Figure 3.2 Time-series of the cumulative moment release (Blue line) and PALSAR data 

(Colored vertical lines and arrows). Yellow square covered the duration of the swarm.  
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⌐≈™≡╙ ⇔≡™╢ ─ⱷ◌♬☼ⱶ≤⇔≡ ⌐ ℮ ⌂ ⌐

╟╢╙─≢│⌂ↄ ⅜ Oldoinyo Lengai ─ ⌐ ∆╢ⱴ◓ⱴ∞╕╡╩ ↕┬

∫√↓≤⅜ ╩ ⇔√≤ ↑≡™╢ Biggs et al. (2009) │ Somalian - Nubianⱪ꜠

♩כ ─ ≤♄▬◒ ─ ⌐ ⇔√ ▪▬☻ꜝfi♪╛◄♅○Ⱨ▪≢ ⇔√

♄▬◒ ▬ⱬfi♩≤ ⇔⌂⅜╠ ♄▬◒ ─ ↕≤ⱪ꜠כ♩ ─ │

⌐№╢≤™℮ ╩ ╩♃כ♦╢∆ ⇔√ ─ ≤ Oldoinyo 

Lengai ─ ⌐≈™≡│ ⌐ Oldoinyo Lengai ≢ ⌂

⅜ ↕╣⌂⅛∫√↓≤⅛╠ │⌂™≤⇔≡™╢  

 

 ─ ≢│™∏╣╙Descending ⅛╠ ↕╣√ENVISAT/ASAR─♦כ♃╩

™√ InSAR ─ ─╖╩ ⇔≡™√ ⇔√⅜∫≡ 1 ─ ╠⅛╖─♃כ♦

⸗♦ꜟ╩ ⇔ ─ ╩ ∫≡™√ ↓╣≢│ ⌐▬ⱬfi♩⌐ ℮

╩ ⅎ√≤ ™⅝╣⌂™ ╕√ ⌐ ⌂ ⅜ ∂√≤ ↕╣╢

─♃כ♦≡™⅔⌐ ⅜ ╠╣√ ─╟℮⌐ ─♄כ꜠ SAR♦כ♃╩ ™≡

─ ⅜ ⅝⌂ ╩ ⅎ╟℮≤∆╢≤ ─♃כ♦ ≤⌂╡╛∆™ ⌐ ∆╢

≢№╢≤ ↕╣╢ ╕√ ≤ Oldoinyo Lengai ≤─ ⅜ ↕╣≡

⅝√⅜ ─ ⱷ◌♬☼ⱶ∕─╙─⌐≈™≡│ ↄ ⅜ ↕╣≡↓⌂⅛∫√  

 

 ─ │ ≤│ ⌂╢ SAR─♦כ♃☿♇♩╩ ™≡╟╡ ⌂

╩♃כ♦ ⇔ √⌂ ╩ ╢↓≤⌐№╢ ≢│ ─╟℮⌂ ⅜

→╠╣√⅜ ∕╣╠╩ ∆╢√╘⌐ ─╟℮⌂ ╩ ∂╢ ⌐ ≢

─♃כ♦√™≡╣↕⌐⅛╠ ╩ ⌂ↄ∆╢√╘⌐ ╟╡ ─ⱴ▬◒꜡ ╩ ™

≡ ∆╢ ALOS/PALSAR (2006 JAXA →: 23.6 cm) ─ SAR♦כ♃╩ ™╢

⌐ ╟╡ ⌐ ╩♃כ♦ ╢√╘⌐ 2 ─  (Ascending [Heading angle: 

-12.07 (deg.)],  Descending [Heading angle: -167.94 (deg.)]) ⅛╠ ╩♃כ♦√╣↕ ™╢

│ InSAR≤Offset tracking ╩ ™╢↓≤⌐╟╡ 3 ─ ╩♃כ♦

∆╢ (Fig. 3.2) ∕╣∙╣─ ─ ∂ ⌐⅔™≡ ╩ ↄ↓≤⌐╟∫≡

3 ╩ ╘╢↓≤⅜≢⅝╢ ─▬ⱬfi♩⌐⅔↑╢ ≤♄▬◒ ⌐

℮ 3 │ ↓╣╕≢─ ≢│ ╠⅛⌐↕╣≡™⌂™ ╩

∆╢√╘─ ⸗♦ꜟ╩╙≤⌐ ⱴ◓ⱴ ⌐ ℮ ≤ ⌐ ⱬfiכꜝ◓√∫

╩ ∆╢ ─ ⌐ ⅜№╢⅛≥℮⅛⌐≈™≡╙ ╩ ∆╢ ↕╠⌐∆
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≢⌐ ≢ ↕╣≡™╢ ∆═╡⌐ ⇔≡ ∆═╡⅜ ╩

∆╢ ⌐≈™≡╙ ∆╢  

 

 

3-2. SAR data observation 

 ₁│ 2007 ♃fi◙♬▪ ≢ ⇔√ ≤ⱴ◓ⱴ ⌐ ℮ ╩

ALOS/PALSAR─♦כ♃╩ ™≡ ⇔√ SAR♦כ♃│ ─ ╩∆═≡

╗Ɑ▪╩ ⇔√ (Fig. 3.3) Descending─Ɑ▪│ 2007 6 5 ≤ 2010 6 13 ⌐

╩♃כ♦√╣↕ ™√ Descending─Ɑ▪│ Ascending─Ɑ▪≤ ⇔≡ 2 ─♃כ♦─

⅜⅔╟∕ 3 ≤ ⅜ ™ (Table 3.1) ↓╣│ ™√ Descending─Ɑ▪╟╡╙

™ ⌐ ↕╣√▬ⱬfi♩─ ╩∆═≡ ⅜♃כ♦╗ ⇔⌂⅛∫√√╘≢№╢

Ascending ⅛╠ ↕╣√ ─ ─Ɑ▪ (2007/10/07 ï 2010/07/15) ╩ InSAR

⇔√ Oldoinyo Lengai ≢ ⌐ ℮ ─◦◓♫ꜟ⅜ ╣≡™╢╙

── ≢│ ⌂◦◓♫

ꜟ ↕⌂⅛∫√ (Fig. 3.4) ∕─√╘

╪∞Descending─Ɑ▪│

─ ╩ ∆Ɑ▪≤⇔≡

≤ ⇔√ ─♃כ♦─≡═∆

○ⱨ♫♦▫▪ │ 34.3 [deg.] ≢№∫

√   

 

 ─ ⌐│ 90 m (3 )ⱷ

♇◦ꜙ─ SRTM4 (Shuttle Radar 

Topography Mission) (Farr et al., 2007) 

⌐╟∫≡ ╠╣√ ⸗♦ꜟ 

(DEM: Digital Elevation Model) ╩

™ ─ ⌐│ JAXA ⅜

⇔≡™╢ ╩ ™√

SAR♦כ♃─ ⌐│ GAMMA ♁

ⱨ♩►▼▪╩ ™√ (Wegmüller and 

Werner, 1997) Unwrapping │

Figure 3.3 Schematic geometry of SAR 

acquisition. Red and blue arrows represent each 

direction of displacement. InSAR result shows the 

displacement between the satellite and ground 

(Line-of-Sight: LOS) and azimuth offset result is 

sensitive to the displacement of satellite flight 

direction. 3D displacement field associated with 

the event was required three direction of 

displacement data. 
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Brunch-cut ╩ ™√ (Goldstein et al., 1988) ⌐⅛⅛╢ ─♩꜠fi♪╛ ⌐

∆╢ ⌂≥─ⱡ▬☼│ ─◦Ⱶꜙ꜠כ◦ꜛfi ╩ ⇔ ה

⇔√  

 

 

Ascending ≤Descending ⅛╠ ─♃כ♦√╣↕ ╩ Figure3.5 (a, d) ⌐

⇔√ Ascending≤ Descending─ InSAR─ Ί ⌐ 2 ─ ─ ╩

╠⅛⌐⇔√ Ascending≤ Descending─ ⌐ ╠╣√ 2 ─ │ ∂ ⌐

╣≡™╢√╘ ₁│↓╣╠─ ─ ╩ ⌐ ≢ ∂√ ─ ≤

⇔√ ⌐ Baer et al. (2008)≢│♄▬◒ ▬ⱬfi♩ ─ ─ ╩ ⇔≡⅔╡

≢ ⌂ ™ ™⅜ ↕╣√↓≤╩ ⇔≡™╢ 2 ─ InSAR ⌐ ╣≡™╢ 2

─ ─ ⌐ ╕╣√ ≢│ ™∏╣─ InSAR─ ╙ ─◦◓♫ꜟ╩ ⇔≡™

╢ ─◦◓♫ꜟ│ ─ ╩ ∆√╘ 2 ─ InSAR ⌐ ╣√

─ ⌐ ╕╣√ ⌐⅔↑╢ ─◦◓♫ꜟ│ ─ ╩ ⇔≡™╢≤ ≢⅝╢

Figure 3.4 Post-rifting ascending interferogram (2007.10.10 ï 2010.07.15). Arrows indicate 

the satellite flight direction (Flight) and the direction of microwave irradiation (Look).  
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↓─ ─ │ 3-4 km ↕ 13-15 km⌐╦√∫≡ ↕╣≡™╢

⌐⅔↑╢ LOS ─ │ Ascending ≤ Descending ≢∕╣∙╣ 46 cm≤

63 cm≢№╢ ─ ─ ─ │ Ascending ≤ Descending ≢

⌂╢ ─ Ɽ♃כfi╩ ⇔≡™╢ ─ ─  (36.10E, 2.66S - 36.01E, 2.77S) 

╟╡╙ ─ ≢│ Ascending ≢│ ─  Descending ≢│ ─ ╩ ⇔≡

™╢ SAR─☺○ⱷ♩ꜞ╩ ∆╢≤⅔╟∕ ┼─ ╩ ⇔≡™╢≤ ≢⅝╢

⌐ ─ ─  (36.05E, 2.63S - 36.05E, 2.71S) ╟╡╙ ─ ≢│ ⅔╟∕

┼─ ╩ ⇔≡™╢≤ ≢⅝╢ ↓╣╠╩╕≤╘╢≤ ─ ≤♄▬◒

ⱬfiכꜝ◓≡∫╟⌐ ╩ ∆╢╟℮⌂ ╩ ⇔≡™╢↓≤⅜ ╠⅛⌐⌂∫√

≤♄▬◒ ⌐ ℮ ⱬfiכꜝ◓≢ ╩ ∆╢ Ɽ♃כfi│

2009 West Arabia 2007 Dallol 1998 Réunion ≢ ─◦◓♫ꜟ⅜ ↕╣√ (Baer 

and Hamiel, 2010; Fukushima et al., 2010; Nobile et al., 2012)  

Figure 3.5 Ascending and descending interferogram observation (a, d), calculation from slip 

distribution in Fig. 3.10 (b, e), misfit residual generated by subtracting the calculation from 

the observation (c, f). The unit vector of line-of-sight are (ex, ey, ez) = (0.613, 0.131, -0.779) 

for ascending and (ex, ey, ez) = (-0.612, 0.131, -0.780) for descending, respectively. Black dot 

lines show the top of faults and dike segment.  
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 2 ─ InSAR─ ╟╡ 2 ─ ╩♃כ♦ ╢↓≤⅜≢⅝√ 3 ╩

╘╢√╘⌐ 3─ ─ ╩♃כ♦ ╢ ⅜№╢ ↓╣╩ ∆╢√╘⌐ ₁│

Ascending ⅛╠ ↕╣√ SAR♦כ♃⌐ Offset tracking╩ ⇔√ ┼─

⌐ ╩ ≈ Azimuth offset│ InSAR ─ ≢╙ ╠╣√╟℮⌂ 2 ─ ─

╩ ╠⅛⌐⇔√ (Fig. 3.6a) 2 ─ ─ ─ ─ ≢│ InSAR─ ⅛╠

╠⅛⌐⌂∫√⅔╟∕ ┼─ ∆╢ ⌐ ∆╢◦◓♫ꜟ╩ ⇔√

InSAR ≢│ ⇔≡™╢≤ ↕╣╢ ─ ─ ⌐ ╕╣√ ≢

⌂ ─◦◓♫ꜟ╩ ╠⅛⌐⇔√ Azimuth offset│ ┼─ ⌐ ╩ √∏

─◦◓♫ꜟ│ ≤│ ─ ╩ ∆ ⌐⅔↑╢ Azimuth 

offset─ ─◦◓♫ꜟ│↓╣╕≢─ ╛ ─ ≢ ╠⅛⌐↕╣≡™√╟℮

⌂ ∏╣⌐╟╢ ≢│ ≢⅝∏ ∏╣ ╡⌐╟∫≡ ↕╣℮╢ ≈╕╡↓─

◦◓♫ꜟ│↓╣╕≢ ↕╣≡™√♄▬◒ ▬ⱬfi♩⌐ ℮ ≢ ─ ⌐

╕╣√ ⱬfiכꜝ◓─ ─ ≢│ ⌐ ∆╢ ╢ ™╩ ∑╢

∞↑≢│⌂ↄ ⌂ ∏╣ ╡⌐╟╢ ⅜ ∂√↓≤╩ ⇔≡™╢ ╕√

─ │ ∏╣─╖─ ╩ ⇔≡™√√╘ ⌐⅔↑╢ ∏╣ ╡─ ⌐

Figure 3.6 Observation result and model calculated from fault slip distribution of azimuth 

offset for ascending track. These figure show the displacement along the flight direction 

(Heading angle: -12.07 [deg.]). Black dot lines trace the phase discontinuities in the azimuth 

offset result trending NE-SW. Red lines indicate the location of offset of signal trending 

WNW-ESE. 
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℮◦◓♫ꜟ│₈ ∏╣∆═╡₉⌐╟╢ ╩ ⇔≡™╢↓≤╩ ⇔≡™╢  

 

♄▬◒ ▬ⱬfi♩ ─ⱬfiכꜝ◓╢↑⅔⌐ ≢ ∂√ ∏╣ ╡─ │↓╣

╕≢─ ≢ ↕╣≡↓⌂⅛∫√ ≢№╢ Biggs et al. (2009) │ Azimuth offset ≤

⌐ ─ ⌐ ╩ ≈Multiple Aperture Interferometry (MAI) ≤™℮

 (Bechor and Zebker, 2006) ╩ ™√ ╩ ⇔≡™╢ ⇔⅛⇔ ⌐│ ⅜ ™

─♃כ♦╢╟⌐≥↓ ⅜ ╣≡⅔╡ ─ⱬfiכꜝ◓ ⌐⅔™≡ │

∂≡™⌂™≤ ↑≡™╢  

 

 Ascending ─ Offset tracking─ ≤│ ⌐ Descending─Ɑ▪─♦כ♃⌐

Offset tracking╩ ∆╢≤ fiכ◦ ⌐╦√∫≡ⱡ▬☼⅜ ⅜∫≡™╢↓≤⅜╖≡≤╣

╢ (Fig. 3.7) ↓╣│ Descending─Ɑ▪─ ⅜⅔╟∕ 3 ≤ ╣≡⅔╡ ─

⅜ ⇔√↓≤⌐╟∫≡ ╩ ╡⌐ↄↄ⌂∫√↓≤⅜ ≢№╢≤ ⅎ╠╣╢

⌂ ╩ ╘╢↓≤│≢⅝⌂™⅜ ⱡ▬☼─ ⌐╙ InSAR╛ Ascending─ Azimuth offset

≢ ╠⅛⌐⌂∫√╟℮⌂ ─ ⅜ ≢⅝╢ DescendingⱭ▪─ Azimuth offset─

│↓╣╕≢─ ╩ ∆╢╟℮⌂

─ ≢│⅔╟∕ ⌐ ⇔ ◓ꜝ

─ⱬfiכ ≢│⅔╟∕ ⅝─

╩ ∆ ⌂ Ɽ♃כfi╩ ⇔√   

 

 ₁│ ⌂ ╩♃כ♦ ╢√╘

⌐ 3 ─ ╩♃כ♦ ™≡ 3

╘√ 3 ─ ⌐│ⱡ▬☼

⅜ ⌂™ Ascending ≤ Desceding ─

Ɑ▪─ InSAR≤ Ascending─Ɑ▪─ azimuth 

offset─ ╩ ™√ ⅔╟∕ 20 km×20 

km─ ⌐ ⇔≡ ≤ ⌐

∕╣∙╣ 2 km ≢ⱳ▬fi♩╩ ⇔ 3≈

─ ─ ∂ ⌐ ⇔≡ ╩

ↄ↓≤≢ 3 ╩ ╘√ (Fig. 3.8)

Gelai ─ ╛ Natron ─ ─

Figure 3.7 Result of the azimuth offset 

acquired from descending pair. Black and 

red dot line trace the phase offset in the 

result.  
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⅜♃כ♦≢ ⇔≡™╢ │ 3 ∆═≡─ ╩♃כ♦ ╢↓≤⅜≢⅝⌂⅛∫√

≢№∫√ ∕╣╠─ ⌐⅔↑╢ 3 │ ╘╢╠╣⌂™√╘ ─♃כ♦

≤⇔√  

 

 3 ─  (Fig. 3.8a) ⌐ ∆╢≤ SAR♦כ♃─ ≤ ⌐ 3

≈─ Ɽ♃כfi╩ ∆ ⅜ ≢⅝╢ ─ ─ ─ │ ⌐

┼─ ╩ ∑≡⅔╡ 35 cm─ ⅜ ╠⅛⌐⌂∫√ ─ ⌐

⇔≡ ─ ≢│ ─ ≢│ ╩ ™≡⅔╡ ─ ┼ ⅛℮

⌐≈╣≡ ┼─ ⌐ ╡ ╦∫≡™╢↓≤⅜ ⅛╢ ↓╣│ ⌐ ℮

─ ⅛╠♄▬◒ ⌐ ℮ ⌐ ╡ ╦∫√ ⅜ ╣≡™╢√╘≢№╢≤ ⅎ╠

╣╢ ≢│ ⌐™∏╣╙ ∏╣╩ ↓∆ 2 ─ ─ ╩ ⇔

─ ⅛╠ ─♄▬◒─☿◓ⱷfi♩╩ ⇔√⸗♦ꜟ╩ ⇔≡™√ (Calais et al., 

2008; Baer et al., 2008) ∟╞℮≥ ╩ ╢≤ Y ─╟℮⌂ ≢№╢ ≈╕╡ ─

─ ⌂ │ ⌐╟╢ ≢ ─ ─ ─ ⅜╡│

♄▬◒ ⌐╟╢ ╩ ⇔≡™╢≤ ⅎ╠╣╢ ─ⱬfiכꜝ◓ ⌐ ∆╢≤

Figure 3.8 Inferred 3D displacement calculated from ascending InSAR, descending InSAR 

and ascending azimuth offset. Orange lines are the traces of the phase discontinuities in the 

observation result. The interval of data is 2 km × 2 km. (a) Horizontal displacement and (b) 

vertical displacement. 
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48 cm─ ─ ⅜ ≢⅝╢ ↓╣│ Azimuth offset≢ ╠⅛⌐⌂∫√⅔╟

∕ ⅝┼─ ╩ ⇔√◦◓♫ꜟ╩ ⇔≡™╢╙─≢№╢≤ ⅎ╠╣╢ ⅛╠

3 ╩ ╘√ ─ⱬfiכꜝ◓╙╠⅛ ⌐⅔↑╢ ⌂ ∏╣ ╡─

⅜ ╠⅛⌐⌂∫√ ↓─ │ ─ ≤♄▬◒ ⌐ ℮ ╩

ⅎ√ ≢│ ↕╣≡↓⌂⅛∫√ ≢№╡ √⌂ ╩ ⇔√ ≤ ⅎ╢  

 

 ⌐ ∆╢≤↓╣╕≢─ ≤♄▬◒ ⌐ ℮ ─

⌂Ɽ♃כfi≢№╢ ─ ≢ ⇔ ─ ─ ≢│ ∆╢ Ɽ♃כfi

╩ ╠⅛⌐⇔√ (Fig. 8b) ⇔⅛⇔ │ ─ ≢ 15 cm─ ⌐ ⇔≡ ─

≢│ cm─ ⇔⅛ ↕╣⌂⅛∫√ │ 68 cm─ ⅜ ╠⅛⌐⌂∫√  

 

 ↓↓╕≢ ALOS/PALSAR─♦כ♃╩ ™≡ 2007 Natron ≢ ⇔√ ≤

♄▬◒ ⌐ ℮ ╩ InSAR≤ Offset tracking╩ ™√ ╩ ⇔√ ₁│

≢ ⱬfiכꜝ◓⌂℮╟√™≡╣↕ ╩ ∆╢╟℮⌂ ╩ ⅎ╢≤≤╙⌐

─ⱬfiכꜝ◓ ⌐⅔™≡ ⌂ ∏╣ ╡─ ╩ ∆◦◓♫ꜟ╩ ⅎ√ ◓

─ⱬfiכꜝ ≢│ ⌐ 68 cm─ ⅜№∫√─⌐ ⇔ ┼

48 cm─ ∏╣ ╡─ ╩ ╠⅛⌐⇔√ ─ ⌐╟╢≤ ∏╣ ─

│ ↕╣≡™⌂⅛∫√√╘ ⌐⅔↑╢ ∏╣ ╡─ ╩ ∆◦◓♫ꜟ

│ ∏╣ ╡⌐╟╢ ╩ ⇔≡™╢↓≤╩ ⇔≡™╢ ─ⱬfiכꜝ◓│≢

⌐⅔↑╢ ∏╣ ╡│ ≥─╟℮⌂ ⱷ◌♬☼ⱶ⌐╟∫≡ ∂√─∞╤℮⅛

₁│ ⅛╠ ─∆═╡ ╩ ⌐ ╘╢▬fiⱣכ☺ꜛfi ╩ ∫√  

 

 

3-3. The elastic dislocation modeling 

 ⌐╟╢ ™ ™╛ ⌐╟╢ │ ╩ ≤⇔√

fiכꜞ◓╢↑⅔⌐ ╩ ╘╢↓≤⌐╟∫≡ ↕╣≡⅝√ (Okada, 1985) ₁

─ ⌐╟∫≡ ╠⅛⌐⌂∫√ ─ ╩ ⇔≡™╢≤ ⅎ╠╣╢ ─ │

≢№∫√ ⇔√⅜∫≡ ╩ ™≡ ─ ─ ╩ ╖╢≤ ⅜ ⌂╡

℮ ╛ ─ ⅜≢⅝≡⇔╕℮ ⅜№╢ ∕↓≢↓╣╠─ ╩ ∆╢√

╘⌐ ╩ ™√ ─ ╩ ⇔√ (Furuya and Yasuda, 2011; Maerten et al., 

2005) ╩ ™√ ─ ⌐│ Gmsh♁ⱨ♩►▼▪╩ ⇔√ (Geuzaine and 
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Remacle, 2009) ╩ ™√ ╩ ⇔√ fiכꜞ◓─ ╩ ╘╢

√╘⌐Meade (2007) ⅜ ⇔≡™╢ MATLAB ☻◒ꜞⱪ♩◖כ♪╩ ⇔√ Global CMT

─◌♃꜡◓⌐│ ─ⱷ◌♬☼ⱶ │™∏╣╙ ∏╣╩ ⇔≡⅔╡ ⱬfiכꜝ◓

╩ ∆╢╟℮⌂ ⅜ ∂╢╟℮⌐∆╢√╘⌐│ ≢╙ ⇔≡™√╟℮

⌐ V ─ ∟─ ⌂ ╩ ∆╢ ⅜№╢ ─ ─ │ ≢

╠⅛⌐⌂∫√ ─ ⌐ ╦∑ ─ ↕ ─ ⌂≥│

⌐ ╘√ (e.g., Furuya and Yasuda, 2011)↕╠⌐™∏╣─ ⌐╙ ─ ⌐╦

∏⅛⌂⅜╠ ─ ⅜╖╠╣╢ ↓─ │ ─ 2 ─ ─ ™ ™≢│ ≢

⅝⌂™ ≢№╢≤ ⅎ╠╣√╘ √⌐ ∟ ╩╙℮ 1 ⇔√ ⌐

⸗♦ꜟ─ ⌐ ╡ ╪∞ ─ ™ ™⌐╟╢ ─╖≢│ ─

Ɽ♃כfi╩∆═≡ ≢⅝⌂⅛∫√ ∕↓≢ ≢╙ ↕╣≡™╢╟℮⌐♄▬◒

─ ╩ ∆╢√╘⌐ ♩כ◦─ ─☿◓ⱷfi♩╩⸗♦ꜟ⌐ ⇔√ ♄▬◒─

│⸗♦ꜟ⅛╠ ╘╠╣╢ ≤ ─ ⅜ ╙ ↕ↄ⌂∫√ ╩ ╪∞

╟╡♄▬◒─ ╩ ⇔√☿◓ⱷfi♩│ 3 ─ ≤ 1 ─♄▬◒ ╩ ⇔√⸗♦

ꜟ≤⌂∫√ (Fig. 3.9) Y ─╟℮⌂ ─ │ Calais et al. (2008)─⸗♦ꜟ≤ ™ ╩

⇔≡⅔╡ ─ ⌐⅔™√ │ Baer et al. (2008)≢ ⅜ ↕╣≡™√  

 

⌐⅔↑╢∆═╡ ╩ ╘╢√╘⌐ ─ ╩ ⅎ√ ╩ ™

√ ─ ╩ ╘╢√╘⌐∕╣∙╣─ ⌐ ⅎ√ │ ∏╣│™∏

╣╙ ∏╣╩ ⇔√ ↓╣│ ≢ ↕╣≡™√ ─ⱷ◌♬☼ⱶ ⅜

™∏╣╙ ─ ╩ ⇔≡™√ ╩╙≤⌐⇔√ ∏╣│ 2 ─ ∟─

│ ∏╣ ∟─ │ ∏╣─ ╩ ⅎ√ ↓╣│ ⌐ ╠╣

─ⱬfiכꜝ◓√ ⌐⅔™≡ Azimuth offset─ │ ─◦◓♫ꜟ╩ ⇔≡™√↓≤

⅛╠ ∏╣ ╡⌐╟∫≡ ⅜⅔╟∕ ⅝┼─ ∏╣ ╡⅜ ↓╢

╩ ⅎ√ ♄▬◒ ╩ ⇔√☿◓ⱷfi♩│ ⸗♦ꜟ─╖╩ ⇔√ ─

▬fiⱣכ☺ꜛfi ⌐│ Ascending≤ Descending─ InSAR─ ╩ ™ Ascending─

Azimuth offset─ │ ╘⌂™ ↓╣│ Offset tracking─ ⌐ ∆╢ ─√╘≢

№╢ ∕╙∕╙ Offset tracking│ ⱷכ♄כ○ꜟ♩כ─ ─ ⌐ ⇔≡⅔╡ ─╟

℮⌂ 60 70 cm ─ ─ ⌐│№╕╡ ⇔≡™⌂™ ▬fiⱣכ☺ꜛfi ╩ ℮

⌐ Azimuth offset─ ⌐ ╕╣╢ ⅜ ↓∫≡™⌂™ ≢╖╠╣╢ ™ⱡ▬☼╩◦

◓♫ꜟ≤ ⇔≡⇔╕™ ⸗♦ꜟ─ ⌐ ⅝⌂ ╩╙√╠∆ ≤⌂╢ ⇔√⅜∫≡
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Azimuth offset─ │ ⸗♦ꜟ─ ╩ ∆╢√╘─ ≤⇔≡ ™╢ ╟╡

⌂ ╡ ╩ ∆╢√╘⌐ ╩ ↄ ⌐ ─ ╩ ╘√ (Maerten 

et al., 2005) ≢№╢ │ⱳ▪♁fi ╩ 0.25 ╩ 30 GPa≤ ⇔√

▬fiⱣכ☺ꜛfi ╩ ℮ ⌐  (quad-tree decomposition) ╩ ™≡ ─

♃כ♦ ╩⅔╟∕ 25000⅛╠ 4000 ╕≢ ╠⇔√ (Jonsson et al., 2002) ↓╣│

╩ ↕∑╢↓≤⅜ ⌂ ≢№╢  

 

 

 ▬fiⱣכ☺ꜛfi ⌐╟∫≡ ╠╣√ ╡ ─ ╩ Figure 3.10⌐ ∆ ∕╣

∙╣─ ⌐⅔↑╢∆═╡ ╩ ∏╣≤ ∏╣╩ ↑≡ ⇔√ ∆═╡ ─◌ꜝ

│ꜟכ◔☻כ ∆═≡ ∂ ⌐ ∫≡™╢ ╩ ⇔≡™╢ ─ ⅝↕│

⌐ ™╒≥ ↕ↄ ™╒≥ ⅝ↄ⇔√ ↓╣│ ™ ╒≥ ⅜ ↄ⌂╡

╩ ╗ artifact⌂∆═╡ ⅜ ╣╢↓≤⅜ ⌐ ╠╣≡⅔╡↓╣╠╩ ∆╢↓≤

⅜ ≢№╢ ™∏╣─ ≢╙ ↕ 5 km ≢ ™ ™─ ╩ ∟ ∏╣│

Figure 3.9 Surface projection of the faults and dike segment in our model. Black and red 

solid lines indicate sites of the top of faults and dike, respectively. Black dot line trace the 

edge and the bottom of faults. Two volcanoes (Red triangles) are located near the 

deformation area. 
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160 cm ∏╣│ 60 cm ─∆═╡⅜ ╠⅛⌐⌂∫√ ⌂ │ ⱬכꜝ◓

fi ╩ ∆╢ 2 ─ ≢╒╓ ─∆═╡ ≢№╢↓≤⅜ ╠⅛⌐⌂∫√

╕√ ∏╣─ ⌂∆═╡ │ ╟╡ ™ ≢ ™ ™⅜╖╠╣╢↓≤⅜ ⅛╢

Gelai ⌐⅔™√ ∟  (West-dipping fault 2) ─∆═╡ ⌐ ∆╢≤ ╠

⅛⌐ ∏╣⌐ ═≡ ∏╣ ╡─ ™ ™ ⅜ ⅝™↓≤⅜ ⅛╢  

 

∆═≡─ ─∆═╡ ⅛╠ ─♩ⱷfiכ⸗╢╣↕ ─ │ ∏╣│ 3.3×

1018 Nm (Mw: 6.28) ≢ ∏╣│ 8.1×1017 Nm (Mw: 5.87 ) ≢№∫√ ─

╡⌐╟∫≡ ♩ⱷfiכ⸗√╣↕ ⌐ ⇔≡ ∏╣ ╡─ │ 19.9 ≤ ⇔≡

⅝⌂ ≤│ ⅎ⌂™⅜ Mw 5.87 ≢№∫√↓≤⅛╠ ╠⅛⌐ ⌂ ≢№∫√↓

≤⅜╦⅛╢ ⅛╠ ♩ⱷfiכ⸗√╣╠╘ ⅜ 2.2×1018 Nm≢№∫√↓≤⅛

╠ ∆═╡ ⅛╠ ♩ⱷfiכ⸗√╣╠╘ ≤ ⅝⌂ ⅜ ∂≡™╢↓≤⅜ ⅛╢

♩ⱷfiכ⸗ ─∆═≡╩ ♩ⱷfiכ⸗ ≢ ≢⅝⌂™↓≤⅛╠

♩ⱷfiכ⸗ ─⅔╟∕ 56 │ ╩ ╦⌂™ ╡⌐╟╢╙─≢№╢↓≤

⅜ ╠⅛⌐⌂∫√ ≈╕╡ ─ⱬfiכꜝ◓⅜₁ ≢ ⅎ√ │

─ ∏╣ ╡≢№╢↓≤⅜ ↕╣╢ √∞ ∏╣ ♩ⱷfiכ⸗╢╟⌐╡ ⅜ 100 %

⌐╟╢╙─≤ ⇔√ ∏╣─╖⌂╠∏ ∏╣⌐⅔™≡╙ ╡⌐╟

∫≡ ♩ⱷfiכ⸗√╣↕ ⅜ ∆╢↓≤⌐╙ ⅜ ≢№╢ ♄▬◒─ │ ↕

2-4 km─ ≢ ─Ⱨכ◒╩ ∟ 220 cm─ ⅜╖╠╣√ ↓╣╟╡ ↕╣╢

♄▬◒─ │ 0.036 km3≤ ╘╠╣√ ⌐│♄▬◒ ╙ ⌂ ╩

↓∆√╘ ∆═╡ ≤♄▬◒ ⌐╟╢ ╩ ∆ ♩ⱷfiכ⸗ │

5.72×1018 Nm≤ ╘╠╣╢ ≤ ⇔≡╙ ─ ─ ─ ⅜ ∂

≡™√↓≤⅜ ╠⅛⌐⌂∫√ (Fig. 3.11)  ╘╠╣√ ╡ ⅛╠ ─

╩ ⇔√ ╩ Fig. 3.5 (b, d)⌐ ⇔ ⅛╠ ╩ ™√ ╩ Fig. 3.5 (c, e)

⌐ ⇔√ ↓╣╠╩ ∆╢≤ ⌐ Descending─ ∟ ⌐│ ⅝⌂ ⅜╖╠

╣╢╙── ⌂ Ɽ♃כfi╩ ∆╢↓≤⌐ ⇔√≤ ⅎ╠╣╢  
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Figure 3.10 (a) and (b) Strike and dip slip distribution on the east-dipping fault. (c) and (d) 

West-dipping fault 1 is one of the confronted fault. (e) and (f) West-dipping fault 2 is 

located near the south flank of Mt. Gelai. Arrows show the slip direction of the faults. (g) 

Distribution of dike opening. Dike was imposed pure opening. 
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RMS│ Ascending≢ 30 mm Descending≢│ 63 mm≢№∫√ ⌐▬fiⱣכ☺ꜛfi

⌐ ™⌂⅛∫√ Azimuth offset⌐≈™≡ ─∆═╡ ⅛╠ Ascending─ Azimuth

┼─ ╩ ⇔√ ╩ Figure 3.6 (b)⌐ ∆ Figure 3.6 (a)─ ≤ ⇔≡ ╟ↄ

≢⅝≡™╢≤ ≢⅝╢ Ɽ♃כfi╩ ⇔√ ⇔√⅜∫≡▬fiⱣכ☺ꜛfi ⌐

Azimuth offset╩ ╖ ╕⌂ↄ≡╙ ─ⱬfiכꜝ◓ ⌐⅔↑╢ │ ↕╣╢

↓≤⅜ ╠⅛⌐⌂∫√  

 

 

3-4. Discussion 

 ꜞⱨ♩ ⌐⅔↑╢ ≤♄▬◒ ▬ⱬfi♩⌐ ℮ ⌐≈™≡

╩ ™√ ╩ ∆╢√╘─ ⸗♦ꜟ─ ∆╢ ⌐ ∏╣≤ ⸗

♦ꜟ─╖╩ ≤⇔≡ ⅎ≡™√ (e.g., Baer et al., 2010; Hamling et al., 2014; Nobiel et 

al., 2012; Wright et al., 2006) ─▬ⱬfi♩⌐⅔↑╢ ─ⱷ◌♬☼ⱶ ⌐ ∏╣

│╒≤╪≥ ╠╣⌂⅛∫√ ₁─ ─ Azimuth offset│◓ꜝכⱬfi─

⌐⅔™≡ ⌂ ╩ ∆◦◓♫ꜟ╩ ⇔≡™√ ⱷ◌♬☼ⱶ ⌐ ∏╣ ⅜╒

≤╪≥ ╕╣≡™⌂™↓≤╩ ∆╢≤ ─ⱬfiכꜝ◓ ⌐⅔↑╢ ∏╣ ╡⌐

℮ ╩ ∆◦◓♫ꜟ│ ∏╣ ╡⌐ ℮ ╩ ⇔≡™╢≤ ⅎ╠╣╢ ≢│

⌐ ─ ⅜│√╠™≡™╢ꜞⱨ♩ ⌐⅔™≡ ≥─╟℮⌂ⱷ◌♬☼ⱶ≢

∏╣ ╡│ ⇔√─∞╤℮⅛ ⌂−ꜞⱨ♩─ ≤│ ─ ⅝┼─

⅜ ∂√─∞╤℮⅛  

 

 ╕∏♄▬◒─ ⌐ ℮ ⅜ ╡⌐ ⅎ╢ ╩ ∆╢√╘⌐ fi꜡כ◒

 (ȹCFF: Coulomb Stress Changes) ╩ ⇔√ (e.g., King et al., 1994; Toda et al., 

2002) ȹCFF╩ ╘╢ ⌐ ╩ 30 GPa ╩ 0.4≤ ⇔√ ⸗♦ꜟ≢

⇔√ 3 ≈─ ☿◓ⱷfi♩╩꜠◦כⱣכ ≤⇔≡ ♄▬◒─ ⌐ ℮ ⅜⸗♦

ꜟ⅛╠ כⱣכ◦꜠╢╣╠╘ ─∆═╡ ┼─ ™ ™╩ ∆╢⅛ ∆╢⅛╩

╘√ ȹCFF│  (3.1) ─╟℮⌐ ↕╣ ─ ╩ ⇔√ ⌐│ ╡╩ ∆

╢ ≢№╢↓≤╩ ⇔≡™╢  

 

   ( 3.1) 
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≢ ╘√ ȹCFF│ Meade (2007) ⅜ ⇔≡™╢ ╩ ™√ ╩

╘╢√╘─MATLAB ☻◒ꜞⱪ♩╩ ™√ Figure 3.12⌐ כⱣכ◦꜠ ⌐⅔↑╢ȹCFF

╩ ∕╣∙╣─ ↕↔≤─ ≤⇔≡ ⇔√ ⌐ ↕ 1 km╟╡╙ ™ ─ȹCFF

⌐ ∆╢≤ כⱣכ◦꜠─╣∏™ ⌐⅔™≡╙⅔╟∕ 0.05 MPa ─ ─ ╩ ⌐

ꜞⱨ♩─ ⌐ ∫√ ⌐ ⇔≡™╢↓≤⅜ ⅛╢ (Fig. 3.12 a-i) ȹCFF│ ╡⌐

0.01-0.1 MPa ≢╙ ⌐ ╡⌐ ╩ ╓∆↓≤⅜ ╠╣≡™╢↓≤⅛╠

™ ≢ ╠⅛⌐⌂∫√ ȹCFF ≢╙ ⌐ ╡╩ ∆╢ ╩ ⇔≡™╢↓≤

⅜ ╠⅛⌐⌂∫√ ╕√▬fiⱣכ☺ꜛfi ⌐╟∫≡ ╠╣√ ∏╣ ╡─∆═╡ ╙ 1 

km╟╡╙ ™ ⌐ ≢⅝ ─ȹCFF⅜╖╠╣╢ ↕≤ ⇔≡™╢↓≤⅛╠♄▬◒

⌐ ℮ │ ∏╣ ╡╩ ⇔√ ⅜ ↕╣√ 2 km╟╡╙ ™

 (Fig. 3.12 j-r) ≢│ ─ ⅜ ⇔≡⅔╡ ↓─ ≢│ ╡╩ ∆╢

≢№╢↓≤⅜ ╠⅛⌐⌂∫√ ↓─ ─ ↕│♄▬◒ ⌐ ℮ ⅜ ⇔≡™╢

≢№╢↓≤⅛╠ ™ ≢─

∆═╡│♄▬◒─ ⌐╟∫≡

↕╣⌂™↓≤⅜ ↕╣√ ⌂⅔

─♄▬◒─ ⌐ ℮ȹCFF─

⌐│ⱪ꜠כ♩ ⌐ ℮

─ │ ⇔≡™⌂™  

 

╩♃כ♦  ∆╢√╘

─ ⸗♦ꜟ≢⅔™√ 2 ─ ∟

─ ⌐│ ∏╣─ ™ ™

╟╡╙ ™ ≢ ∏╣∆═

╡─ ⅜ ≢⅝√ ╕√↓─ 2

│ ⌐ ╪≢™╢↓≤⅜

⅛╢ ≤⇔√♃fi◙♬

▪ ⌐ ╠∏ ▪ⱨꜞ◌

╛▪▬☻ꜝfi♪⌂≥─ ≢

≢⅝╢ⱪ꜠כ♩ ≢│

ↄ─ ⅜ ↕╣≡™╢ ↓

╣╠⅜ ⌐ ⇔≡™╢ ⌐

Figure 3.11 Comparison of cumulative geodetic and 

seismic moment release between our study, Calais et 

al., (2008), Biggs et al., (2009). Cumulative geodetic 

moment release was acquired from slip distribution 

(Red) and cumulative seismic moment release was 

calculated from USGS catalog (Blue). Numbers 

enclosed by red box shows the ratio of the geodetic 

moment release to seismic moment release.    

 



39 

 

│ Relay ╩ ∆↓≤⅜ ╠╣≡™╢ (Ebinger, 1989; Moustafa, 2002; Tesfaye et al., 2008)

Relay │™ↄ≈⅛─ ⅜ ⌐ ⇔≡™╢≤⅝⌐ ↕╣╢ ─└≤≈

≢ ─ ≢│⌂ↄ ∏╣ ╩ ╗ ≢ ⌐ ∆╢↓≤⅜ ↕

╣≡™╢ (Crider and Pollard, 1998) ⌐ ⇔√ ─ⱷ◌♬☼ⱶ ⅛╠№╢ ─

⌐⅔↑╢ ╩ ╘╢↓≤⅜≢⅝ Natron ⌐⅔™≡╙ ⌐ ↕╣≡™╢ 

(Delvaux and Barth, 2010; World Stress Map (http://www.world-stress-map.org)) ↓╣╠⌐╟╢≤

Ί ⌐ ╩ ≈ ≢№╢↓≤⅜ ↕╣≡™╢ ↓─ Ί

─ ─ │ ─ ─ ≢ ╙ Mw ⅜ ⅝⅛∫√ ─ⱷ◌♬☼ⱶ

⅜ ⇔≡™√ Ί ─ ≤ ─ ⌐№╢ Delvaux and Barth (2010) ╛

World Stress Map│ ─▬ⱬfi♩⅜ ⇔√ Natron ─ 50km ⌐ ∆╢ Manyara

≢│ Ί ⌐ ╩ ≈ ≢№╢↓≤╩ ⇔≡™╢ ⇔√

⅜∫≡♃fi◙♬▪ ─ ≢│ ⌂ ⅜│√╠™≡™╢↓≤⅜ ↕╣╢  

 

 ─╟℮⌂ ⌐ ╘╠╣╢ │ ⌐ ™√ ⅜ ⇔√ ↕

─ ╩ ∆╢↓≤⅜≢⅝⌂™ ⱴ▬◒꜡ⱪ꜠כ♩─ ╛ ⌐ ∆╢ⱴ

◓ⱴ ⌐╟∫≡ 3 ⌐ ⌂ ╩ ∆╢↓≤⅜№╢╟℮∞ Figure 3.10≢ ⇔

√╟℮⌂ ∏╣ ╡─∆═╡ │™∏╣─ ⌐⅔™≡╙ ™ ≢ ⇔≡™√

⌐ ╠╣≡™╢╟℮⌐ │∆═╡ /  (Rate and State Friction 

laes) ⌐ ℮┤╢╕™╩⇔ ™ ≢│ ⌂ ⅜ ⇔ↄ ⌂ ╩∆╢↓≤

⅜ ⅛∫≡™╢ (Scholz and Contreras, 1998) ≈╕╡ ≢ ╙ ™ ─ ─

╩ ∆╢↓≤│≢⅝∏ ≥─ ─ ⅜ ⇔≡™√≤⇔≡╙ ≈⌐ ∆╢↓

≤⅜≢⅝⌂™ ⇔√⅜∫≡ ₁│ Natron ≢ InSAR╩ ™≡ ∏╣ ╡⌐

℮ ╩ ∆◦◓♫ꜟ╩ ⅎ√↓≤≢ ∏╣ ╩ ╗ ⅜│√╠™≡™╢

⅜№╢↓≤╩ ≢⅝╢ Wright et al. (2006) │♄▬◒─ ⌐│ Along-axis 

segmentation ─ ⅜ ≢№╢↓≤╩ ⇔≡™√╙── ₁│∕─ ╩ ∑

∏ ↔ↄ ™ ≢ ↕╣√ ⌂ ∏╣ ╡⌐ ℮ ╩ ∆◦◓♫ꜟ│

Relay zone─╟℮⌂ Along-axis segmentation─ ⌐ ⌂ ∏╣ ╩ ╗ ─

⌂ ≢№╢↓≤╩ ⇔≡™╢ ╕√ ₁⅜ ⇔√♄▬◒ ─☿◓ⱷfi♩

─ ─ │ ⌐│√╠™≡™╢ ─ ≤│ ∑∏ ↕╣√

⅛╠ ⌐│√╠™√≤ ╦╣╢ ⅛╠ ╩ ∫√  
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Figure 3.12 Horizontal slice of coulomb stress changes for the receiver faults (Black lines) 

associated with the dike opening in our model. Black lines are sites of the top of the faults and 

red line trace the location of the dike segment. Positive value indicates stress changes 

promoting fault slip.   
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Figure 3.12 (Continued.) 



42 

 

↓╣⌐╟∫≡ ⸗♦ꜟ│ ─ ╩ ⌐⇔ ⌐│√╠™≡™╢

≤♄▬◒ ─ ⅜ ∏⇔╙ ⇔⌂™↓≤╩ ⇔√  

  

Relay │ V ─╟℮⌂ ─ ⌐╙ ↕╣╢ ≢№╢ (Amer et al., 

2012; Tesfaye et al., 2008) ↓─ Relay ⅜ ─ ≤≤╙⌐ ∆╢⌐⇔√⅜∫≡

Relay ╩ ∆╢ ⌐ ─ ∟╞℮≥♩ꜝfi☻ⱨ◊כⱶ ─╟℮⌂ ⅜│

⇔╢↓≤⅜ ╠╣≡™╢ (Commins et al., 2005; Xu et al., 2011) ↓─╟℮⌂ │ ∂ ▪

ⱨꜞ◌ ─ Rukwa ─ ≢ ≢⅝╢ (Chorowicz, 2005) ─ ⸗♦ꜟ⌐│

⇔≡™⌂™⅜ ╟ↄ ∆╢≤ Azimuth offset─  (Fig. 3.6) ⌐ ╩ ∆

◦◓♫ꜟ─ ≤ ⅜ ⌂ ─ ╩ ∑≡™╢↓≤⅜ ≢⅝╢  

 

 ₁⅜ ⅎ√ ╡⌐ ℮ ╩ ∆◦◓♫ꜟ│ ╩ ⅝ ↓⇔√

⌂ ─ ≈≢№╢ ⌐≈™≡╙ ∆╢ ⅜№╢ ↓╣╕≢ ╡⅜

╩ ∆╢ ≢№╢↓≤╩ ⇔√ ⅜ ↕╣≡™╢  (e.g., Lohman and 

McGuire, 2007; Takada and Furuya, 2010; Wicks et al., 2011) │√™≡™ ╛ⱴ◓ⱴ

⅜ ≤⌂╢↓≤⅜ ↕╣≡⅔╡ ─▬ⱬfi♩⌐⅔™≡╙ⱴ◓ⱴ ⅜ ↓∫

√↓≤│ ╠⅛≢№╢ ⇔⅛⇔ ⱴ◓ⱴ ─ ╩ ∆╢≤ ─ ⌂╢└

≤≈─ ≢№╢ ⅜№╢↓≤⅜ ↕╣≡⅝√ ₁⅜ ⇔√ ∏╣

╡⌐ ℮ ╩ ∆◦◓♫ꜟ╙ ─ ─└≤≈─ ≢№╢ ╩ ≢⅝

⌂™  

  

 

3-5. Conclusion 

 ₁│ 2007 Natron  (♃fi◙♬▪ ) ≢ ⇔√ ≤♄▬◒ ▬ⱬfi

♩⌐ ℮ ╩ InSAR≤ Offset tracking╩ ALOS/PALSAR─♦כ♃⌐ ⇔≡ ⇔

√ ↓╣╕≢─ ⱬfiכꜝ◓│≢ ╩ ∆╢╟℮⌂ ⅜ ↕╣ ∕╣╩

∆╢╟℮⌂⸗♦ꜟ─ ⅜ ╖╠╣≡⅝√ ▬ⱬfi♩ ⌐⅔↑╢ ─

│╒╓ ∏╣─ⱷ◌♬☼ⱶ ╩ ⇔≡™√↓≤⅛╠ ─⸗♦ꜟ⌐│ ∏╣

╩ ╕⌂™ ╩ ⅎ≡™√ ₁─ Azimuth offset─ ⱬfiכꜝ◓│

─ ≢ ⌂ ∏╣∆═╡⌐ ℮ ╩ ⇔≡™╢≤ ╦╣╢◦◓♫ꜟ╩ ⅎ√

╕√ Ascending─ InSAR≤ Azimuth offset≤ Descending─ InSAR─ ╩ ™≡▬ⱬfi♩

⌐ ℮ 3 ╩ ╘√ ∕─ ─ⱬfiכꜝ◓ ⌐⅔™≡ 48 cm─
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┼─ ⅜ ∂√↓≤╩ ╠⅛⌐⇔√ ↓─◦◓♫ꜟ│ ⌐─╖⌂╠∏

ꜞⱨ♩ ⌐⅔↑╢ ≤♄▬◒ ▬ⱬfi♩⌐ ℮ ╩ ∫√ ⌐╙ ↕

╣≡™⌂⅛∫√ ≢№╢ Azimuth offset─ ≢ ╠⅛⌐⌂∫√ ╩ ∆

╢ ⸗♦ꜟ─ ⌐╙ ⇔ ∏╣ ╡│ ⌐ ↕ 1 km╟╡╙ ™ ⌐ ⇔≡™

╢↓≤⅜ ╠⅛⌐⌂∫√ ♄▬◒─ ⌐ ℮ȹCFF│ ∏╣ ╡⅜ ↕╣√ ™ ≢

╡╩ ∆╢  (>0.05 MPa) ≢№╢↓≤╩ ⇔√ ₁⅜ ⅎ√

∏╣ ╡⌐ ℮ ╩ ∆◦◓♫ꜟ│ Relay ─ ⌐╟∫≡ ↕╣√╙─≢№╢

⅜ ™ ╕√ ╡⅜ ╩ ⇔√ ⌐≈™≡╙ ╩ ⌡≡

™ↄ ⅜№╢  
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4. Case study 2: 2005-2010 Afar rifting event 

 

 3 ≢│ 2007 Natron ♄▬◒ ▬ⱬfi♩≢ ╠⅛⌐⇔√♄▬◒ ▬ⱬfi♩ ⌐

⇔√ ∏╣ ╡⌐≈™≡ ╡ →√ ≢│ 3 ─ ╩ ╕ⅎ≡ ꜞ

ⱨ♩ ⌐⅔↑╢♄▬◒ ▬ⱬfi♩ ⌐ ∏╣ ╡│ ⌐ ⇔≡™╢⅛

∕╣≤╙♃fi◙♬▪ ─▬ⱬfi♩⌐⅔↑╢ ⌂ ⅛╩ ⇔√ 4 ≢│

─ ⌐ ╡ ╪∞◄♅○Ⱨ▪─ Afar ≢ 2005-2010 ⌐ ⇔√♄▬◒ ▬ⱬ

fi♩⌐ ⇔√ 2007 Natron ≢ ⇔√ ≤ⱴ◓ⱴ ╩ ℮♄▬◒ ▬ⱬ

fi♩≤│ ⌂╡ 2005-2010 ⌐ Afar≢ ⇔√♄▬◒ ▬ⱬfi♩│ 5 ≢ 14 ─▬

ⱬfi♩⅜ ⌐ ⇔√↓≤⅜ ↕╣≡™╢ ─▬ⱬfi♩≢ ╘⌐ ⇔√

2005 9 ─▬ⱬfi♩⌐ ℮ │ SAR♦כ♃╛ ╩♃כ♦ ™≡ 3

╕≢ ╘╠╣≡™╢ ↓─▬ⱬfi♩⌐ ℮ 3 │ ⌐ ∆╢◓ꜝ

─ⱬfiכ ⌐⅔↑╢ ∏╣ ╡─ ╩ ⇔≡™⌂⅛∫√ 2 ─▬ⱬfi♩

⌐ ℮ ╙ InSAR╩ ™≡ ╩ ∫√ ≢ ⌐ ↕╣≡™╢ ⇔⅛⇔

╙ ⅝⌂ ⅜ ∂≡™╢≤ ↕╣╢ ─♃כ♦≢ ⅜ ∂≡™√

▬ⱬfi♩ ⌐⅔↑╢ ─ │ ∏╣ ╡─ ╩ ⇔≡⅔╠∏ ↓╣╕

ⱬfiכꜝ◓≢ ╩ ∆╢ 2 ─ ∟─ │ ∏╣─╖⅜ ↓╢↓≤⅜

↕╣≡™√ ⇔√⅜∫≡ ─▬ⱬfi♩⌐ ℮ ╩ ∆╢√╘─ ⸗♦ꜟ⌐

∏╣ ╩ ╘√⸗♦ꜟ│ ↕╣≡™⌂™ ₁│ PALSAR─ ⌐ ∫≡ ╟╡

⌐ ╩♃כ♦ ≢⅝╢ Offset tracking╩ ™≡ ╩ ⇔√ 4 ≢

╡ →╢◄♅○Ⱨ▪─ ⌐⅔↑╢ │ 2015 ▪ⱷꜞ◌

⌐≡ⱳ☻♃כ ╩ ∫√  

 

 

4-1. Introduction 

 2005 9 ⌐ Afar ─Manda Hararo-Dabbahu (MHD) ☿◓ⱷfi♩⌐⅔™≡ ≤

ⱴ◓ⱴ ╩ ℮♄▬◒ ▬ⱬfi♩⅜ ⇔√ Afar │ ≢ⱪ꜠כ♩ ⅜

≢⅝╢ ─ ≈≢№╢ ▪ⱨꜞ◌ ─ ⌐ ∆╢ ↓↓│▬fi♪ ╩ ╗
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▪ⱨꜞ◌ ─ ⌐ ∆╢ Somaliaⱪ꜠כ♩ ─ ⌐ ⇔▪ⱨꜞ◌

─ ╩ ∆╢ Nubianⱪ꜠כ♩ ▪ꜝⱦ▪ ╩ ∆╢ Arabianⱪ꜠כ♩─∕╣∙╣─ⱪ

♩כ꜠ ─ ╩ ∆╢ (e.g., Mckenzie and Davies, 1970) (Fig. 4.1) Nubianⱪ꜠כ

♩╩ ≤⇔√ Somalianⱪ꜠כ♩─ כꜝ▬○ │ ─⅔╟∕ 150-200 km ─▬fi

♪  (S35-37°, E35-39°) ⌐ ⇔≡™╢√╘ Afar│ ▪ⱨꜞ◌ ─ ≢ ╙ⱪ꜠כ

♩ ⅜ ⌂ ≢№╢ (Stamps et al., 2008; Saria et al., 2014) ▪ⱨꜞ◌ ─ ≢

╙ Afar ─ ⌐│ⱴfi♩ꜟ─  (African Superplume) ⅜ ⇔≡⅔╡ ⱴ◓ⱴ─

⅜ ≢№╢√╘ ⌐ ∫≡⅛╠╙ ⌂ ⅜ ↄ ∆╢ ≤⇔≡

╠╣≡™╢ Afar─ ♩⸗◓ꜝⱨ▫─ ⅜ ⇔√ │ ™ ≢

Figure 4.1 Topographic map of the Manda-Harraro Dabbahu (MHD) region with seismicity 

(Gray dot) and focal mechanism during the 2005 rifting event. Red beach ball indicates the 

focal mechanism of main shock (M 5.6, 2005.09.20). Inset has seismicity (Red dots), the 

location of MHD (Star) and relative plate motion (Black arrows). SAR footprint of ascending 

track (Red box) and descending track (Blue box). 
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─ ⅜ ⇔≡™╢ (Bastow et al., 2008; Benoit et al., 2006)  

 

Afar │ Arabianⱪ꜠כ♩≤ Nubianⱪ꜠כ♩─ⱪ꜠כ♩  (Red Sea rift) 

─ ⌐ ⇔≡™╢ ╙≤│◄♅○Ⱨ▪ ⌐ ⇔≡™√ DanakilⱩ꜡♇◒⅜ ─

╕≢♪ꜞⱨ♩⇔√ ≢≢⅝√ ≢№╢ (Chorowicz et al., 1999; Collet et al., 2000)

DanakilⱩ꜡♇◒│ ≢╙ ╡⌐♪ꜞⱨ♩⇔ ↑≡™╢↓≤⅜GPS ⌐╟╡ ╠

⅛⌐↕╣≡™╢ (McClusky et al., 2010) Afar ⌐│ ≤╒╓ ∆╢ Ί

⌐ ╩ ≈≤≡≈╙⌂™ ─ ⅜ ⇔≡™╢ (Barberi and Varet, 1977) ⌐

╩ ⇔≡™╢ Ertaô Ale╛ ─Magmatic segment╙ Ί ⌐ ╩ ≈

╩ ⇔≡™╢   

 

Afar≢ ⇔√♄▬◒ ▬ⱬfi♩│ 2005 9 ⅛╠ 2010 5 ╕≢ ⌐ 14

⇔√↓≤⅜ ↕╣≡™╢ (e.g., Wright et al., 2006) ↓─╟℮⌐ ≢▬ⱬfi♩⅜ ╡

⇔ ∆╢↓≤│ 1975-1984 ⌐ Krafla (▪▬☻ꜝfi♪) ≢ ⇔√▬ⱬfi♩≤ ⇔√

╩ ⇔≡™╢ Afar≢ ⇔√ ─♄▬◒ ▬ⱬfi♩│▪♦fi ⌐ ⇔√ ─

≢ 1978 ⌐ Asal-Ghoubbet (☺Ⱪ♅) ─☿◓ⱷfi♩≢ ⇔√♄▬◒ ▬ⱬfi♩─

⅜ →╠╣╢ (Ruegg and Kasser, 

1987; Cattin et al., 2005)  

 

2005-2010 ⌐♄▬◒ ▬ⱬfi

♩⅜ ⇔√MHD│ Afar ─

⌐ Ί ⌐ ╩ ≈

⅔╟∕ 70km─☿◓ⱷfi♩╩ ∆ 

(N12.4°, E40.6°, Fig. 4.1) GPS ─

│ ╛Magmatic segment─

⌐ ─ Ί ⌐

15mm─ ≢ ⇔≡™╢↓≤

╩ ⇔≡™╢ (Vigny et al., 2006)

⌐│ Dabbahu Gabho

Adoô Ale  (Adoô Ale 

Volcanic Complex: AVC) ⅜∕┘ⅎ≡

Figure 4.2 Time-series of 2005-2010 Afar rifting 

event. Red lines indicated volume of dike intrusion 

and orange circle shows maximum opening of each 

events.  
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™╢ 2005 9 ─♄▬◒ ▬ⱬfi♩≢ ⇔√ⱴ◓ⱴ │↓╣╠─ 3≈─ⱴ◓ⱴ

⅛╠ⱴ◓ⱴ⅜ ↕╣≡™√↓≤⅜⸗♦ꜟ ⅛╠ ╘╠╣≡™╢ (Wrigth et al., 

2006) ↓╣╠─ⱴ◓ⱴ ─ ↕│ 10 km╟╡╙ ™ ⌐ ⇔ │ InSAR⌐╟

╢♄▬◒ ▬ⱬfi♩ ─ ⅛╠◦ꜟ ≢№╢↓≤⅜ ↕╣≡™╢ (Grandin et al., 

2009; Wright et al., 2012)  

 

 2005 9 4 ⌐ Mw 4.5─ ╩ ╡⌐ ─♄▬◒ ▬ⱬfi♩⅜ ╕╡

╘⌐ ⇔√▬ⱬfi♩ │ 25 ─M>5─ ╩ ╗ ⅜ ⇔√ (Ayale et al., 

2009) ╕√ ─ ⌐ ∆╢ Dabbahu ⅜ 2005 9 25 ⌐ ⱴ◓

ⱴ─ ╩ ℮ ⌂ ╩ ↓⇔√↓≤╙ ↕╣≡™╢ (Fig. 4.2) ↓─▬ⱬfi♩⌐

℮ │ Envisat/ASAR (C-band: 5.6 cm) ─ SAR♦כ♃╛ SPOT≤™∫√

╩ ™≡ ↕╣√ ↕╣√ │ ─╖≢ ≢⅝∏ ≤

∂ ⌐ ╩ ≈♄▬◒─ ⌐ ℮ ╙ ╘╢≤ ╩ ≢⅝╢↓≤╩ ╠

⅛⌐⇔√ ⌐╙ Dabbahu ≤ Gabho ≢♄▬◒ ⌐╟∫≡ ∂√ⱴ◓ⱴ ─

⌐ ℮ ╩ ∆◦◓♫ꜟ╩ ⇔√ ─ ≤≤╙⌐ 15-30 cm/sec─ ↕≢

─ ⅜ ⌐ ∫≡ ⇔√↓≤╩♄▬◒ ⅜ ⇔√ ≤⇔≡™╢  

 

2005 9 ─▬ⱬfi♩⌐ ℮ ╩ ⇔√ │ ╩ ∆╢√╘

─ ⱬfiכꜝ◓⌐ꜟ♦⸗ ╩ ∆╢ 2 ─ ∟─ ≤ 1 ─♄▬◒☿◓ⱷfi♩

╩ ⇔≡™√ ↓╣╠─⸗♦ꜟ│ ⇔√ ╩ ∆╢√╘⌐ 7 m ─

∆═╡≤ 10 m╩ ⅎ╢ ⅜ ≢№╢↓≤╩ ⇔√ ╩♃כ♦ ∆╢

√╘─ ⸗♦ꜟ⌐│ ╡─ ⌐ ∏╣ ╩ ╘∏ ∏╣─╖╩ ∆

╢ ⅜╒≤╪≥≢№∫√ (e.g., Wright et al., 2005) Grandin et al., (2009) ≢│

╡⌐ ⅎ≡ Dilation─ ╙ ⇔≡™√ 2005 9 ─▬ⱬfi♩⌐ ℮ 3

│SAR♦כ♃╛ ╩♃כ♦ ™≡ ╘╠╣≡™╢ ─ⱬfiכꜝ◓ ≢│ 5 m

─ ⅜ ╘╠╣√╙── │╒≤╪≥ ↕╣⌂⅛∫√ ⸗♦ꜟ⅛╠ ╘

╠╣╢♄▬◒ ─ │⅔╟∕ 2.5 km3 ≢№∫√ 1 ─▬ⱬfi♩≢№╢ 2005 9 ─

▬ⱬfi♩ ⌐⅔↑╢ ⌐╟∫≡ ╘╠╣√ ♩ⱷfiכ⸗ │ 3.5×

1018 Nm≤ ↕╣≡™╢ ╩ ™≡ 2005 9 ─▬ⱬfi♩⌐ ℮

╩ ⇔√ ≢│ ⸗♦ꜟ⅜ ⇔√∆═╡ ⅛╠ ↕╣╢ ♩ⱷfiכ⸗

│⅔╟∕ ♩ⱷfiכ⸗ ─ 10 ≢№╢↓≤⅜ ⅛∫≡™╢ (Wright 
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et al., 2006; Grandin et al., 2009) ∂ Afar ≢ 1978 11 ⌐ ⇔√ Asal-Ghoubbet─

♄▬◒ ▬ⱬfi♩⌐⅔↑╢ │⅔╟∕ 0.2 km3≤ ╦╣≡™╢ (Tarantola et al., 

1979) Afar─ 2005 9 ─▬ⱬfi♩≢ ⇔√ │ Asal-Ghoubbet─▬ⱬfi♩─⅔╟∕

10 ≢№╡ ▬ⱬfi♩─ ─ ⅝↕╩℮⅛⅜™ ╢↓≤⅜≢⅝╢   

 

 2005 9 ─▬ⱬfi♩ ╙ 2010 5 ╕≢⌐ 13 ─♄▬◒ ▬ⱬfi♩─ ⅜

↕╣≡™╢ (Fig. 4.2) ─ 2010 5 ─▬ⱬfi♩⌐≈™≡│ ⅜ ⅛≢│⌂™⅜

▬ⱬfi♩ ⌐ ⅜≈↑╠╣≡™╢ ╙№╢ 2006 6 ⌐ ⇔√ 2 ─▬ⱬ

fi♩ ≢│ 1 ─▬ⱬfi♩≢ ∆╢ⱴ◓ⱴ─ ⅜ 0.03-0.17 km3 ╕≢ ⇔√

≈╕╡ 2005 9 ─▬ⱬfi♩⌐ ℮ ≤ ⇔≡ ╙ ⅜ ↕ↄ⌂∫√↓≤

⅜ ╠⅛⌐⌂∫√ ↓─ │ 2 ─▬ⱬfi♩≢│ ∆╢ⱴ◓ⱴ─ ≤⇔≡

Dabbahu ≤ Gabho ⅛╠─ⱴ◓ⱴ─ ⅜⌂ↄ⌂╡ AVC⅛╠─ ⌐ ↕╣√

√╘≢№╢≤ ⅎ╠╣≡™╢  

 

2005-2010 ⌐ Afar≢ ⇔√

─ⱷ◌♬☼ⱶ │╒≤╪

≥⅜ ∏╣╩ ⇔≡™√ 

(Fig. 4.1) Ayale et al. (2007) ≢│

2005 9 ⌐ ⇔√▬ⱬfi♩─

ⱴ◓♬♅ꜙכ♪ (M) ─

─ⱷ◌♬☼ⱶ│ ∏╣ ≢№

╢↓≤╩ ⇔≡™√

Global CMT catalog│ M ─

─ⱷ◌♬☼ⱶ ⌐│ ♄Ⱪꜟ◌

♇ⱪꜟ ╩ ╗↓≤╩ ⇔≡™

╢ ♄Ⱪꜟ◌♇ⱪꜟ ╩♄Ⱪꜟ

◌♇ⱪꜟ ⌐ ⇔ ↑≡ ⇔

╟℮≤⇔√ ∏╣ ─

╩ ⇔√≤ ↕╣╢ ╕√

Belachew et al. (2013) ≢│

2007-2009 ─ ⌐╙ ♄Ⱪꜟ◌♇

Figure 4.3 Time-series PALSAR data with volume 

of dike intrusion (Red lines). Red and blue dots 

show the timing and perpendicular baseline of 

ascending (Stripmap) and descending (ScanSAR) 

data.     
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ⱪꜟ ╩ ↄ ╗ ─ ╩ ⇔≡™╢ ≢│ ─♄▬◒ ▬ⱬfi♩

≢ ⇔√ ♄Ⱪꜟ◌♇ⱪꜟ │ ─ ⌐ ∆╢╙─≢№╢≤ ⅎ╠╣≡™╢

2006 6 ─▬ⱬfi♩⌐ ℮ ─ ╩ ⇔√ │∆≢⌐ ↕╣≡⅔╡

C-band SAR─♦כ♃⌐ InSAR╩ ↕∑√ ╩ ⇔≡™╢ (e.g., Grandin et al., 

2010) ↓╣╠─ ⌐│ ⌐ ⌂ ─ ⅜ ↕╣√≤ ╦╣╢

─♃כ♦│ ≤⌂∫≡™√ ⇔√⅜∫≡ ⌂ ─ Ɽ♃כfi⅛

╠♄▬◒ ─ ╩ ∆╢⌐ ╕∫≡™√  

 

2006 7 ⌐◐ꜗfiⱭכfi ≢ ╩ ∫√ ─ │ ⱬכꜝ◓

fi─ ⌐⅔↑╢ ─◦◓♫ꜟ⅜ ™ ≤ ⌐ ─ ⅜ ⇔

™ ⅜ ⇔≡™╢↓≤╩ ⇔√ (Grandin et al., 2011) ↓╣│ ⅜ ⇔™

─ ⌐ ⅜ ™ ⅜ ⌐ ⇔ ⅛≈ ─ ⅜ ⌐ ™↓≤╩ ≤⇔≡

─ ⌐ⱴ◓ⱴ─ ⅜ ⇔≡™╢↓≤╩ ⇔≡™╢ (Belachew et al., 2011)

⅜ ⇔™ ⌐│ꜞⱨ♩─ ⌐╒╓ ∆╢  ( Ί ) ⌐

─  (Adoô Ale volcanic complex) ⅜ ⇔≡™╢ (Fig. 4.1) ∕─ ─ 10 km

⌐ⱴ◓ⱴ ⅜ ⇔≡™╢↓≤⅜♄▬◒ ▬ⱬfi♩ ─ ⅛╠ ╘╠╣≡™

╢ ╕√ ─ │ 2 ─▬ⱬfi♩⌐⅔™≡╙ⱴ◓ⱴ ⅜ ⇔≡™

╢≤ ↕╣╢ ⅜ ⌂™ ╩ ≤⇔≡ꜞⱨ♩─ ⌐ ∫≡ ┼

─ ⅜ ⇔√ ╙ ⅎ≡™╢ ╕√ Belachew et al. (2011) │ ⅜ ⌐◓ꜝ

─ⱬfiכ ⌐ ⇔≡™╢↓≤⌐≈™≡╙ ⇔≡™╢  

 

▬ⱬfi♩ ⅛╠5 ⇔√ ≢╙Afar─♄▬◒ ▬ⱬfi♩│ ⌐

╩ ™≡ ↕╣≡™╢╙── ╠⅛⌐↕╣≡™⌂™↓≤╙№╢ ♄▬◒

│ ─ ─♄▬♫Ⱶ◒☻╛ ─ ⌂ ⅜ ⅝ↄ ⇔≡™╢≤

ⅎ╠╣≡™╢⅜ ↓╣╠╩ ∆╢√╘─Ɽꜝⱷכ♃ ( ⅎ┌ⱴ◓ⱴ ─ ⅝↕╛ⱴ◓

ⱴ⅜ ⇔≡ↄ╢ ╛ ≤ⱴ◓ⱴ─ ⌂≥) ⅜ ⌐ ╖ ∫≡™╢√╘

ⱷ◌♬☼ⱶ─ ⌂ ⌐│ ∫≡™⌂™  

  

 ▪ⱨꜞ◌ ≢ ↕╣√♄▬◒ ▬ⱬfi♩⌐ ℮ ─ ≢╙ ™

≤⇔≡ Himematsu and Furuya (2015) ⅜ ⇔√♄▬◒ ─ⱬfiכꜝ◓╢↑⅔⌐

⌐⅔↑╢ ∏╣ ╡─ ⅜ →╠╣╢ ↄ─ │ꜞⱨ♩ ≢ ∆
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╢♄▬◒ ▬ⱬfi♩⌐ ℮ ⱬfiכꜝ◓│≢ ─ ≢│ │ ↓

╠∏ ⅝┼─ ─╖⅜ ↓╢≤ ⅎ≡™√ ꜞⱨ♩ ≢ ∆╢♄▬◒ ⱬ

fi♩≢ ∆╢ ─ ⱷ◌♬☼ⱶ│√™≡™ ─ ╩ ⇔≡™╢

⇔⅛⇔Himematsu and Furuya (2015) │ 2007 Natron ≢ ⇔√♄▬◒ ▬ⱬfi♩⌐

℮ ╩ L-band SAR─♦כ♃☿♇♩╩ ™≡ ⇔√ ─ⱬfiכꜝ◓ ⌐

⅔™≡ ⌂ ∏╣ ╡⌐ ℮ ╩ ∆◦◓♫ꜟ╩ ⇔√ ↓─▬ⱬfi♩⌐⅔↑╢

─ │ ∏╣ ─ ╩ ↕╣≡™⌂™√╘ ⇔√ ∏╣ ╡⌐ ℮

╩ ∆◦◓♫ꜟ│ ⌐ ∂√╙─≢№╢≤ ⇔≡™╢ ⌐⅔↑╢

∏╣ ╡╩ ∆╢√╘─ ∏╣ ╩ ╗ ⸗♦ꜟ─ ⌐╙ ⇔≡⅔╡

╩╟ↄ ∆╢ ╩ ⇔√  

 

2005-2010 ⌐ ⇔√ Afar⌐⅔↑╢♄▬◒ ▬ⱬfi♩⌐ ℮ ╩ ⇔√

│ ─♄▬◒ ▬ⱬfi♩ ─ⱬfiכꜝ◓⌐ ⌐⅔™≡ ∏╣ ╡─

╩ ⇔≡™⌂⅛∫√ ▬ⱬfi♩ ⌐⅔↑╢ ─ ╙ ∏╣ ╡─ ╩ ╠

⅛⌐⇔≡™⌂™ Himematsu and Furuya (2015) ⅜ ⇔√╟℮⌂♄▬◒ ▬ⱬfi♩ ⌐

─ⱬfiכꜝ◓√⇔ ⌐⅔↑╢ ∏╣ ╡⌐ ℮ ╩ ∆◦◓♫ꜟ│

LOS ─ ╩ ∆ InSAR─ ─╖≢│ ∆╢↓≤⅜ ≢№╢  

 

─ │ 2007 ⌐Natron ≢ ⇔√♄▬◒ ▬ⱬfi♩ ⌐ כꜝ◓√╣↕

ⱬfi─ ⌐⅔↑╢ ∏╣ ╡⌐ ℮ ╩ ∆◦◓♫ꜟ⅜ 2005-2010 ⌐

⇔√ Afar ⌐⅔↑╢♄▬◒ ▬ⱬfi♩≢╙ ↕╣╢⅛≥℮⅛╩ ∆╢↓≤⌐№╢

─ⱬfiכꜝ◓ ⌐⅔↑╢ ⅜ ⌐ ⇔™ ⌐⅔™≡ ╕∏

╩ ╛∆ ⅜№╢ 2007 Natron ─▬ⱬfi♩≢ ↕╣√◦◓♫ꜟ≤─ ╩ ™⌂

⅜╠ ╟╡ ⌐ ∏╣ ╡─ⱷ◌♬☼ⱶ─ ⌐≈⌂⅜╢ ⅜⅛╡╩ ╢↓≤╩ ∆

⌂ │ Himematsu and Furuya (2015) ≢ ™≡™√ ╩ ∆╢ ─⸗

♦ꜟ≢│ ≢⅝⌂™╒≥─ ⌂ ─ ⌐│ ╛ ≤™∫√

⌂ ≢ ╩ ∆╢↓≤⅜ ╘╠╣╢  

 

 

4-2. SAR data analysis 

 ≢│ JAXA⅜ 2006 ⌐ ∟ →√ALOS/PALSAR (L-band: 23.6 cm) ─♦כ
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♃╩ ™√ (Table 4.1) ▬ⱬfi♩─ ⅜ 2005-2010 ─⅔╟∕ 5 ⌐ ⇔≡

⌐ │♃כ♦√™ ALOS/PALSAR─ ⌐ ∫√ (Fig. 4.3) ↓╣│ 7 ─♄▬

◒ ▬ⱬfi♩╩∆═≡ ╗Ɑ▪≢№╢ 6 ─▬ⱬfi♩⌐ ℮ ⌐╙ ⇔

╟℮≤ ≢ ™╠╣≡™╢ ENVISAT/ASAR─♦כ♃─ ╙ ╖√ ♃כ♦⇔⅛⇔

⅜ ↕╣≡⅔╠∏ ─♃כ♦ ╩ ℮↓≤⅜≢⅝⌂⅛∫√ 2007.06.12⅛╠

2010.08.05╕≢─ ⌐⅔↑╢ 10 ─ PALSAR♦כ♃╩ ⇔ 9Ɑ▪─ SAR♦כ♃╩

⇔√ PALSAR♦כ♃─ ⌐│ GAMMA software (version 2014.12.11) (Wegmüller and 

Werner, 1997) ╩ ™√ ⌐ ╕╣╢ ♩꜠fi♪─◦◓♫ꜟ│ 2 ≢⸗

♦ꜞfi◓⇔√ ╩ ™≡ ⇔√  

 

PALSAR♦כ♃╩ ™≡ InSAR ╩ ∫√ ╟╡ ⅜ √╣╢ L-band SAR♦

╩♃כ ™≡╙ ╙ ⅜ ⅝™≤ ↕╣╢ ⌂ ─ ╩ ≈ ≢

≤ ─♃כ♦⌐ ≤⌂∫√ (Fig. 4.4) ♄▬◒ ⌐ ℮ ─ ─

√╘⌐ ╙ ⅜ ⅝™≤ ↕╣╢ ─ ≢ ⌂ ╩ ╢ ⅜№╢

∕↓≢ Offset tracking╩ ™≡ SAR♦כ♃╩ ⇔√ ⌐ ™√ PALSAR♦כ♃│

Ascending ⅜♃כ♦─ Stripmap mode ( ≢ (♪כ⸗ ⌐─√∫№♃כ♦√╣↕

⇔ Descending─♦כ♃│™∏╣╙ ScanSAR⸗כ♪≢ √∫№≢♃כ♦√╣↕

ScanSAR⸗כ♪│ ⌐ ╩ ≢⅝╢ ╩ ≈ ⅜ ╢ ╩

∆╢ Offset tracking╩ ∆╢≤ Azimuth ─ ⅜ ╡⌂™↓≤⅛╠ ⌂

╩♃כ♦ ╢↓≤⅜≢⅝⌂™↓≤⅜ ⌐ ╠╣≡™╢ ⇔√⅜∫≡ ≢│

⸗♦ꜟ─ ⌐│ Ascending─♦כ♃╩ ™ Descending─♦כ♃│ ≡⇔≥♃כ♦⌂

≠↑√  

 

 Offset tracking─ │ InSAR≤ ∂ ≢№╢ LOS ─ ╩ ∆ Range offset

≤ ─ ⌐ ╩ ≈ Azimuth offset─ 2 ─ ╩♃כ♦ ╢↓≤⅜≢

⅝╢ 2007.06.12⅛╠─ ╩ ∆ Offset tracking⌐╟╢ ╩ Figure 4.5⌐ ⇔√

™∏╣─ ╙♄▬◒ ▬ⱬfi♩╩╕√← ⌐ ⅜ ⅝ↄ⌂∫≡™╢↓≤⅜

≡ ╣╢ Range offset≤ Azimuth offset─ ⌐│ ⌐⅔╟∕ Ί

⌐ ╩ ≈ 2 ─ ─ ⅜ ≢⅝╢ ─ ⌐ ∂ ≢ ─

⅜ ≢⅝╢√╘ ─ ─ ≤ ⇔√ ↓─ ─ │ ╕≢

⇔≡™╢ ─ ≢∆═╡⅜ ∂√ ≢ ™ ™≤⇔≡ ╣√ ╩ ⇔
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≡™╢≤ ↕╣╢  

 

Range offset─ ⱬfiכꜝ◓╙╣∏™│ ╩ ∆╢ ╩ ∆◦◓♫ꜟ╩ ╠⅛⌐

⇔√ (Fig. 4.5) ♄▬◒ ▬ⱬfi♩⌐ ⱬfiכꜝ◓≡∫ ╩ ⅜ ∂╢↓≤⅜

≢ ╠⅛⌐↕╣≡™╢ (e.g., Wright et al., 2006; Grandin et al., 2009) 2 ─ ─

⌐ ⇔≡ ─ ⌐ ∆╢≤ ─ ─◦◓♫ꜟ╟╡╙ ─ ─◦◓♫ꜟ

─ ⅜ ⅝⌂ ╩ ⇔≡™╢ ↓╣╠─◦◓♫ꜟ│ ─ ⌐ ⇔≡ ─ ╩

∑≡™╢─≢│⌂™ ⱬfiכꜝ◓ ╩ ∆╢√╘⌐│ 2 ─ ─ ⌐ ╕╣

√ │ ⅝⌐ ⇔ ─ │ Ί ┼─ ╕√│ ∆

Figure 4.4 Example InSAR results for ascending tracking (2007.06.12 ï 2010.08.05). 

Wrapped image (Left) and unwrapped image (Right). These images are in radar coordinate.  
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╢ ⅜№╢ ⌐ ⇔≡ ─ ⅜ ∂√≤ ⇔≡╙ ∕─ ╩ Ascending

⅛╠ ╘ ⌐ⱴ▬◒꜡ ╩ ∆╢ ⌐ ⇔√ ⌐ ─

│ ⌐∕─ ╩ ≢⅝╢ (Fig. 4.6) ⌐⅔↑╢ ⱬ◒♩ꜟ│

─ ⱬ◒♩ꜟ⅜ ∆ ⅜ 90 ⌐ ™ ╩ ∆√╘ ─ │

⌐ ⇔√ ⌐ ╩№╕╡ ⇔⌂™ ↓╣╠─ ⌂ ⌐╟∫≡ Range 

offset≢ ≢⅝╢ Ɽ♃כfi─ ™╩ ∂↕∑≡™╢ 2 ─ ─ ⌐ ╕

╣√ ─ ─ⱬfiכꜝ◓│ ╩ ⇔≡™╢≤ ⅎ╠╣╢ ─◦◓♫ꜟ

⅜ ≢⅝╢ ╩ ⇔≡™╢ ─◦◓♫ꜟ│ ─ ─ ⅜∑┌╕∫≡™╢

─ ╩ ≤⇔≡⅔╟∕ ⌐ 2≈─ ⌐ ⅛╣≡™╢ 7 8 ─▬ⱬfi♩

≢│ ─ ─◦◓♫ꜟ⅜ ─ ⌐ ╣ 9 ─▬ⱬfi♩≢│ ─ ─

◦◓♫ꜟ⅜ ↄ ╣√ 10-13 ─▬ⱬfi♩≢╕√ ─ ⅜ ⅝ↄ⌂∫≡™╢↓≤

⅜ ≡≤╣╢ ↓─╟℮⌐ ─ ≢◦◓♫ꜟ⅜ ⌐ ↄ ╣≡™╢ │

≢╙ ↕╣≡™╢╟℮⌐ⱴ◓ⱴ ─ ╩ ⇔≡™╢  

 

Azimuth offset─ ⌐ ╣√ Ί ⌐ 2 ─ ─ ⅜ ≢⅝ ∕

─ ─ ─ Ɽ♃כfi│ Ί ─ ╩ ∆ ⌐ ⇔≡™╢◦◓

♫ꜟ≢№╢≤ ↕╣╢ (Fig. 4.6) ╙ ∆═⅝ ∆═⅝ ≢№╢

⌐⅔↑╢ │ ─ ╩ ⌐ 78 cm─ ─◦◓♫ꜟ╩ ⇔√ Azimuth 

offset─ ⌐ ╣╢ ─◦◓♫ꜟ│ ┼─ ╩ ⇔≡™╢ ≈╕╡

─ⱬfiכꜝ◓ ≢ ↕╣√◦◓♫ꜟ│ ─ ⅛╠ ╣╢ ─ ╩

⇔≡™╢ ⌐⅔↑╢◦◓♫ꜟ│ ≢ ↕╣≡™╢ ∏╣⌐╟╢

≢│ ≢⅝⌂™ ≢№╢ ─ⱬfiכꜝ◓≡∫⅜√⇔ ⌐⅔↑╢ Azimuth 

offset─ ─◦◓♫ꜟ│ ∏╣ ╡⌐╟∫≡ ∂√ ─ ╩ ╠⅛⌐⇔√ ─

─ⱬfiכꜝ◓≢ ⌐⅔™≡ ∏╣ ╡⌐ ℮ ╩ ∆◦◓♫ꜟ⅜ ≢⅝√

│Range offset≢◓ꜝכⱬfi─ ⌐⅔↑╢ ≢─ ╩ ∆◦◓♫ꜟ╩ ⇔√

≤ ∆╢ Azimuth offset─ ≢│ ⌂ ╩ ∆◦◓♫ꜟ

│ ↕╣⌂⅛∫√ ₁│ 2007.06.12≤ 2010.08.05─Ɑ▪⌐ ─ ⌐

╩ ≈MAI (Multiple Aperture Interferometry) ((Bechor and Zebker, 2006) ╩ ™≡ ╩ ∫

√ ╙ ─ⱬfiכꜝ◓ ⌐⅔™≡⅔╟∕ ┼─ ╩ ∆╟℮⌂

Azimuth offset─ ≤ ∆╢ ─◦◓♫ꜟ╩ ⇔√ (Fig 4.7) ╩╙≤

⌐ ╩ ╘≡™╢ Azimuth offset⌐ ⇔≡ SAR♦כ♃ ⌐ ╕╣╢ ╩♃כ♦─ ™
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≡™╢MAI ─ ─ⱬfiכꜝ◓╙ ⌐⅔↑╢ ⌂ ∏╣ ╡─ ╩ ╠⅛

⌐⇔√  

 

ꜞⱨ♩ ⌐⅔↑╢ ≤♄▬◒ ▬ⱬfi♩ ⌐ ℮ ⌐⅔™≡ ⱬכꜝ◓

fi─ ⌐⅔↑╢ ⌂ ∏╣ ╡─ │ 2007 Natron ≢ ⇔√ ≢─

╖ ↕╣≡™╢ (Himematsu and Furuya, 2015) ─♄▬◒ ▬ⱬfi♩ ⌐⅔↑

╢ ─ │ ∏╣ ─ ╩ ⇔≡™⌂⅛∫√ ─ Afar─▬ⱬfi♩─

⌐⅔↑╢ ∏╣ ╡⌐ ℮ ╩ ∆◦◓♫ꜟ╙ 2007 ─Natron ─▬ⱬfi

♩≢ ↕╣√◦◓♫ꜟ≤ ⌐ ─ ∏╣∆═╡⌐ ℮ ╩ ∆◦◓♫ꜟ≢№

╢↓≤⅜ ↕╣√ ─ ≢ ─ⱬfiכꜝ◓√╣↕ ⌐⅔↑╢ ∏╣

╡⌐ ⇔≡ 2007 Natron ≢ ⇔√ ≤ ⅝ↄ ⌂╢ │ 2007 Natron ≢─

≢│ ⌐⅔↑╢ ∏╣ ╡─ ⅝⅜ ─ ⌐ ⅛℮ ╩ ⇔≡™√─

⌐ ⇔≡ Afar─ ≢│ ⅛╠ ╣╢ ┼─∆═╡ ╩ ⇔≡™√ ≢№╢  

 

⌐ ─ ⌐ ∆╢√╘⌐ Range offset │ ╩ ∆╢╟℮

Ί ⌐ 2 ─ ⌐⅔↑╢ ─ ─ⱪ꜡ⱨ□▬ꜟ╩ ╡ (A-Aô, 

B-Bô)Azimuth offset│ ╩ Ί ⌐ ∆╢ ⌐⅔↑╢

─ ─ⱪ꜡ⱨ□▬ꜟ╩ ∫√ (C-Cô) Fig. 4.8⌐∕╣∙╣─ ─ⱪ꜡ⱨ□▬

ꜟ╩ ⇔ ⅜◦▪fi⌐ ™╒≥Ɑ▪─▬fi♃כⱣꜟ│ ↄ ⱴ♀fi♄⌐ ™╒≥Ɑ▪─

▬fi♃כⱣꜟ⅜ ⅝™↓≤╩ ⇔≡™╢  ( ⌐ Azimuth offset─ ) ⌐

╩ ℮╒≥─ ⌐ ℮ⱡ▬☼ (Azimuth streak (Gray et al., 2000)) ⅜ ╣≡™╢

Ɑ▪─ⱪ꜡ⱨ□▬ꜟ│ⱪ꜡♇♩⇔≡™⌂™ Ᵽfi♪Ɽ☻ⱨ▫ꜟ♃כ╩ ™≡ ⌐

℮ⱡ▬☼⅜ ≢⅝ ⌐ ─◦◓♫ꜟ⌐ ╩ ╓↕⌂™ ─ⱡ▬☼⅜

╣√Ɑ▪─ⱪ꜡ⱨ□▬ꜟ│ⱪ꜡♇♩⇔√ Range offset─  (A-Aô) ─ⱪ꜡ⱨ□▬ꜟ

⌐ ∆╢≤ ─≤⅔╡▬ⱬfi♩╩│↕╗ ⌐∕╣∙╣─♩꜠fi♪ ∂√ ⅜

⇔≡™╢↓≤⅜ ⅛╢  (B-Bô) │ 9 ─♄▬◒ ▬ⱬfi♩⌐ ℮

⅜ ╣≡ │ ⌂ ─ │╖╠╣⌂™ Azimuth offset─ ⱪ꜡ⱨ□▬ꜟ 

(C-Cô) ⌐ ∆╢≤ ≢╙ ≢⅝√╟℮⌐ ⌐ ─ ≢ ⅜ ⅝

ↄ ╣≡™╢↓≤⅜ ╠⅛⌐⌂∫√ ≢│ ⌂ │ ╠⅛⌐⌂╠⌂⅛∫

√  
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Figure 4.5 Results of range offset (Left column) and azimuth offset (Right column). These 

results indicate cumulative displacement from 2007.06.12. Two black dashed lines trace the 

phase discontinuities along the NNW-SSE rift axis. AAô, BBô are the cross section of LOS 

changes profiles. CCô is the azimuth offset profile along the rift axis. 
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Figure 4.5 (Continued.) 
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─ⱬfiכꜝ◓│╣↓ ─

≢ 2007 8 ≤ 2009

7 ⌐ ⇔√↔ↄ ⌂

╣ ─ ⌐╟∫

≡ ─ ⅜╛╛

⇔√↓≤⌐╟∫≡ ─ ╩

╘╢↓≤⅜≢⅝∏ ⌐

┌╠≈⅝⅜ ∂√≤ ↕╣╢ 

(Belachew et al., 2011)

─ⱪ꜡ⱨ□▬ꜟ⅛╠│♄▬◒

▬ⱬfi♩≤ ⌐⅔↑╢

─ ≤─

⅜℮╕ↄ ⅎ⌂™ ∕↓≢ ╙

Ɑ▪─ ⅜ ╣≡™╢

2007.06.12≤ 2010.08.05─

Azimuth offset─ ⅜ ╙

⅝⌂ ⌐⅔↑╢ Azimuth offset

─  ( ) ≤∕╣∙╣

─♄▬◒ ▬ⱬfi♩⌐⅔↑╢ⱴ◓ⱴ─  ( ◓ꜝⱨ) ╩ ⌐ ╩≤∫≡ⱪ

꜡♇♩⇔√ (Fig. 4.9) Azimuth offset─ │ ─ ≤≤╙⌐ 2 ≢ ≢

⅝╢ ─ ╡ ╦╡╩ ⇔≡™╢↓≤⅜ ╠⅛⌐⌂∫√ ⱴ◓ⱴ─ ≤─ ⌐

∆╢≤ ♄▬◒ ▬ⱬfi♩╩ ╗↔≤⌐ Azimuth offset─ ⅜ ⅝ↄ⌂╢╟℮⌂

│ ≢⅝⌂™ 13 ─▬ⱬfi♩ ─ⱴ◓ⱴ ⅜ ∂≡™⌂™ ⌐⅔™≡╙

⅜ ⅝ↄ⌂╡ ↑≡™╢↓≤⅜ ≢⅝╢ ⇔√⅜∫≡ ─ ⌐⅔™≡♄▬

◒ ▬ⱬfi♩ (ⱴ◓ⱴ ─ⱬfiכꜝ◓≥ ( ⌐⅔↑╢ Azimuth offset─

⌐ ⌂ ╩ ∆↓≤⅜≢⅝⌂⅛∫√  

Figure 4.6 Schematic geometry of LOS change and 

surface displacement. LOS change (Green arrow) 

represents displacement projected actual surface 

displacement to slant range. Different signal pattern 

was displaced when range offset observed at graben 

structure.   



58 

 

 

 

 

4-3. Fault source modeling 

─ⱬfiכꜝ◓  ⌐⅔↑╢ ∏╣ ╡─ ╩╟╡ ⌐ ∆╢√╘⌐▬fi

Ᵽכ☺ꜛfi ⌐╟╢ ⸗♦ꜟ─ ╩ ╖√ ≢│∆≢⌐ 2007 ─ Afar

─♄▬◒ ▬ⱬfi♩⌐ ℮ ╩ ∆╢√╘─ ⸗♦ꜟ⅜ ↕╣≡⅝√ (e.g., 

Grandin et al., 2010; Hamling et al., 2010) ↓╣╠─ ≢│ ─☿◓ⱷfi♩╩ ∑

∏♄▬◒─ ─╖╩ ⇔≡™╢⸗♦ꜟ╛ ╩ⱬfiכꜝ◓ ∆╢ ╡⌐ ∏

╣≤  (Dilatation) ╩ ≤⇔≡ ⅎ√⸗♦ꜟ⅜ ↕╣≡⅝√ ↓─╟℮⌂⸗♦

ꜟ⅜ ↕╣≡⅝√ ⌐│ InSAR ─ⱬfiכꜝ◓≡∫╟⌐ ─♃כ♦⅜

≤⌂∫≡⇔╕™ ⌂ ╩♃כ♦ ╢↓≤⅜≢⅝⌂⅛∫√↓≤⅜ →╠╣╢  

 

Figure 4.7 Comparison between azimuth offset and MAI result. These results show the 

displacement toward the satellite flight direction (Heading angle: -11.11 [deg.]). Black dot 

lines indicate the location of two phase discontinuities.     
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≢│ 2007.06.12≤ 2010.08.05─Ɑ▪⌐⅔↑╢ Range offset≤ Azimuth offset─

⅜ ⇔√ ─ ╩ ∆╢⸗♦ꜟ─ ╩ ╖╢ (Fig. 4.10 a, d) ╙

⅜ ⅝™≤ ↕╣╢Ɑ▪╩ ┬↓≤≢ ─ⱬfiכꜝ◓ ⌐⅔↑╢ ─

╩≈⅛╖╛∆ↄ⌂╡ ⅜╟╡ ⌐⌂╢≤ ⇔√√╘≢№╢ ₁⅜ ⇔

√ ╩ⱬfiכꜝ◓│⌐ꜟ♦⸗ ∆╢ 2 ─ ∟  ( ∟─ ≤ ∟─ ) 

≤ 1 ─♄▬◒ ╩ ∆╢☿◓ⱷfi♩╩ ⇔√ (Fig. 4.11) 2 ─ ─

│ ⌐ ╣≡™√ ─ ⌐ ╦∑ ╛ ─ ↕│

⌐ ╘√ (e.g., Furuya and Yasuda, 2011) ♄▬◒ ─☿◓ⱷfi♩╙ ≤ ─

⅜ ╙ ↕ↄ⌂╢ ⌐⅔™√ ⌐ ╣≡™√ ─ ╩ ⇔≡™╢

≤ ↕╣╢ ─ │ ╩ ™≡™╢ ⌐ ─ ⌐│

─ ╩ ⇔√ fiכꜞ◓⌐ ╩ ⅎ╢ ⸗♦ꜟ⅜ ™╠╣╢ (Okada, 

Figure 4.8 Evolution of the displacement 

along the profile sections (shown in Fig. 

4.5). As the interval of pair period is 

longer, the color of line becomes cyan to 

magenta. Vertical black dashed lines 

represent the location of the top of each 

faults.     
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1985) ⇔⅛⇔ ╩ ™√ ─ ╩ ╖√ ─ ⌂╡╛

╩ ╖ ∆ ⅜№╢ ⌐ ⌂ ─ ╩ ⅎ∏ ↕╣╢∆═╡

─ ╩ ⇔⌐ↄ™ ∕↓≢ ≢│ ⌐ ╣≡™√ ─ ⌐ ∫

≡ ─ ╩ ⌐ ∆╢√╘⌐ ☿◓ⱷfi♩│ ╩ ™≡ ⇔√

╩ ™╢↓≤⌐╟∫≡ ╛ ⌂ ╩ ∆╢ ⌐ ☿◓ⱷfi♩─

─ ╛ ╩ ←↓≤⅜≢⅝╢ ╩ ≈ ╩ ™√ fiכꜞ◓─

╩ ⅎ╢√╘⌐Meade (2007) ⅜ ⇔≡™╢MATLAB ☻◒ꜞⱪ♩╩ ⇔√ ⸗♦

ꜟ ─ ─ ╛ ─☺○ⱷ♩ꜞ─ ╩ ⌐∆╢√╘⌐  

(Quad-tree algorithm) ╩ ⌐♃כ♦ ⇔ ♃כ♦ ╩⅔╟∕ 260000⅛╠ 8000 ╕≢

╠⇔√ (Jónsson et al., 2002) 

 

☿◓ⱷfi♩ ⌐⅔↑╢∆═╡ ╩ ╘╢√╘─▬fiⱣכ☺ꜛfi ╩ ℮ ⌐

─ ╩ ╘╢ ╩ ™√ ↓╣│ ☿◓ⱷfi♩≢│ ☿fi☻─∆═╡│ ∂⌂

™ ╩ ⇔√╙─≢№╢ ∆═╡─ │ ∏╣ ⌐│™∏╣╙ ∏

╣ ∏╣⌐│™∏╣╙ ∏╣≤⇔√ ♄▬◒─ │ ⸗♦ꜟ─╖╩ ⇔√

╕√♄▬◒ ⌐ ℮ ─  (Mogi, 1958) ╛◦ꜟ─  (Okada, 1985) ⌐ ℮

│ ⇔⌂™╙─≤⇔√  

 

 

Figure 4.9 Time-series of azimuth offset at the subsidence area of the graben (Gray 

circles) and volume of dike intrusion (Red lines). The data of azimuth offset plot at the 

point where observed largest displacement in the result of azimuth offset spanning 

from 2007.06.12 to 2010.08.05. Black quadratic curve fit the azimuth offset data using 

linear least square method.    
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Figure 4.10 Comparison of the observation result of range offset and azimuth offset 

(a, d), model calculated from fault slip distribution (b, e), misfit residual (c, f). Black 

dashed lines are sites of the phase discontinuities.  
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∏╣─ │ Global CMT 

catalog╛  (Belachew et al., 

2013) ≢ ⇔≡™√ ─

⅜ ⇔≡™√ ─

╩ ⌐⇔√ ∏╣ ╡⌐

⇔≡│ ─ 2≈─ ╩ ⌐⇔

√ 1≈ │ Belachew et al. (2013)⅜

⇔≡™╢ ─ⱷ◌♬☼ⱶ

⌐ ╕╣╢ ∏╣ ─ ≢

№╢ ⅔⅔╟∕─ ─ⱷ◌♬

☼ⱶ │ ∏╣≢№╢↓≤⅜

↕╣≡⅝√ ∕─ ⌐™ↄ≈⅛ⱴ◓

ⱴ ⌐ ℮ ╩ ⇔≡™╢≤

↕╣╢ ♄Ⱪꜟ◌♇ⱪꜟ  

( DC ) ╩ ╗ⱷ◌♬☼ⱶ ⅜

↕╣≡™√ DC ╩ ℮ⱷ◌♬

☼ⱶ │ⱴ◓ⱴ ─╟℮⌂

(Kanamori et al., 1993) ─ ⌐╙

⌂  (Frohlich et al., 1989)╛

⌐╟╢ ™ ™ (Nettle and 

Ekström, 1998) ╡ (Kanamori and 

Given, 1982)  (Ekström et al., 2003) ─ ─  (Julian, 1994) ⌂≥⅜ ≢

∂╢↓≤⅜ ╠╣≡™╢ Belachew et al. (2013) │ ─▬ⱬfi♩≢ ⇔√ DC │

ⱴ◓ⱴ─ ─ ≤ ⇔≡™╢ ≢ ─ꜟ♁ⱷfi♩♥fiכ⸗ ⅛╠ DC ╩

⇔ ™≡ ∫√♄Ⱪꜟ◌♇ⱪꜟ  (DC ) ⌐╦∏⅛⌂ ∏╣─ ⅜ ╢↓≤╩

⇔√ 2≈ │ 2005 9 ─▬ⱬfi♩⌐ ℮ ─ ╙ ─ ⌐⅔™

≡ ╦∏⅛⌂ ∏╣─ ™ ™╩ ⇔√ ≢№╢ (Rowland et al., 2007) ↓─ ∏╣

─ ™ ™⅜ ↕╣√ │ ⅛╠ ⌐╛╛ ⅜№╢╙──▬ⱬfi♩ ⌐

∂√ ⌂ Ɽ♃כfi│ ⅛╠ ╣≡╙ ∂ ╩ ∆≤ ⇔√  

 

 

Figure 4.11 Colored relief map at the 

deformation area associated with the afar rifting 

event. Right-top inset indicates schematic 

geometry of estimating fault elastic model. 

Projection of the top of faults (Black dot line) and 

dike segment (Red solid line)  
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Figure 4.12 Estimated slip distribution on each segments. See the text for detail. Slip 

constraints are normal slip for dip-slip and right-lateral for strike-slip. Dike constrains pure 

opening.   
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 Fig.4.12⌐ ☿◓ⱷfi♩ ⌐⅔↑╢∆═╡ ╩ ⌐ ↑≡ ⇔√ ∏╣ ─

∆═╡ ⌐ ∆╢≤ ™∏╣─ ⌐╙ ≤ ⌐ 2≈─Ⱨכ◒╩ ≈∆═╡

⅜ ╠⅛⌐⌂∫√ ↓╣│ Range offset≢ ╠⅛⌐⌂∫√ ⌐⅔™≡ 2≈─ ─

◦◓♫ꜟ╩ ∆╢∆═╡ ≤ ≢⅝╢ ∏╣ ─∆═╡ │ ∟─ ─

─ ≢ 211 cm─ ⌂∆═╡ ╩ ⇔≡™╢ ∟─ │

⌐╦∏⅛⌐∆═╡ ⅜ ≢⅝╢∞↑≢№∫√ ⅛╠ ∟ ─∆═╡⅜

₁⅜ ⅎ√◓ꜝכⱬfi─ ⌐⅔↑╢ ∏╣ ╡⌐ ℮ ╩ ∆◦◓♫ꜟ╩

⌐ ⅝ↄ ⇔≡™╢≤ ↕╣╢ ♄▬◒─ │ ↕ 2km ⅛╠ ↕ 5km

╕≢ ⇔≡⅔╡ ↕ 3 km ≢ 4.8 m─ ⅜ ↕╣√ ♄▬◒─ │

─∆═╡ ≢ ╠⅛⌐⌂∫√╟℮⌐☿◓ⱷfi♩─ ≤ ≢Ⱨכ◒╩ 2≈╙≈

│╖╠╣⌂⅛∫√ ⅜ ⇔√ 2007 8 ─▬ⱬfi♩⌐⅔↑╢ ╩

∆╢⸗♦ꜟ│ ▬ⱬfi♩≢ 2.5 m ─ ⅜ ↓∫√↓≤╩ ⇔√ (Hamling et 

al. 2010; Grandin et al., 2010) ↓╣╠─ ╩ ∆╢≤ ₁⅜ ╘√⸗♦ꜟ─

│ ≢№╢↓≤│ ╠⅛≢№╢   

 

 ⅛╠ ╘╠╣╢ⱴ◓ⱴ │ 0.124 km3≢№∫√ ─ Afar─▬ⱬ

fi♩⌐ ⇔≡ ≢ ↕╣√♄▬◒─ ≤ ─ⱴ◓ⱴ ─

⌐ ℮ │ ∂≡™⌂™↓≤⅜ ↕╣≡™╢ (Wright et al., 2006; Hamling et 

al., 2009) ≢│ ⅛╠ ↕╣╢ⱴ◓ⱴ ─ │⸗♦ꜟ⅛╠ ╘╠

╣╢♄▬◒─ ─⅔╟∕ 14-20 %≢№╢↓≤╩ ⇔√ ↓─╟℮⌐ ⅛╠

↕╣╢ⱴ◓ⱴ ≤ ─ ⌐ ⅜ ∂╢ │ ⱴ◓ⱴ ≤

─ ─ ™ (Rivalta and Segall, 2008) ╛ ┼─ⱴ◓ⱴ─ ≤ ┼─ ⅜

⅛╠ⱴ◓ⱴ⅜ ⇔≡ↄ╢ ≢ ∆╢  (Delaney and McTigue, 1994) 

⌂≥⅜ →╠╣╢ ₁⅜⸗♦ꜟ⅛╠ ⇔√ⱴ◓ⱴ─ ╩ⱴ◓ⱴ ⅜ ⇔≡

™╢≤ ↕╣╢ 10 km ≢ ⌐ ℮ LOS ╩ ╘√ 25 cm

─ LOS─ ⅜ ╠⅛⌐⌂∫√ (Fig. 4.13) ⌐⸗♦ꜟ⅛╠ ╠╣╢ ─⅔

╟∕ 20 %─ ⌐ ℮ ⅜ ∂√≤ ⇔√ LOS │⅔╟∕ 5 cm

≤⌂╢ ↓╣│ Offset tracking─ ⌂ ≢№╢ 20 cm╩ ╢ (Fialko et al., 

2001) ─ ╩╙≤⌐ ≢│⸗♦ꜟ⌐ⱴ◓ⱴ ⌐ ℮ ╩ ╘⌂⅛∫
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√  

 

─∆═╡ ⅛╠ ╘╠╣╢ ♩ⱷfiכ⸗  (Geodetic moment release) 

╩ ╘╢≤ ╡─╖⌐ ♩ⱷfiכ⸗℮ ─ │ 11.11×1018 Nm≤⌂╡ ∕─

℮∟ ∏╣ │ 1.70×1018 Nm≢№∫√ ∏╣ ╡⌐╟∫≡ ♩ⱷfiכ⸗√╣↕

│ ─ 13.4 %╩ ╘╢↓≤⅜ ╠⅛⌐⌂∫√ ∏╣ ⅜ ╩ ╘╢ │ ⅝

ↄ⌂™╙── Mw 6.08  (Hanks and Kanamori, 1979) ≢№╢↓≤⅛╠ ⇔≡ ≢⅝⌂

™ ≢№╢≤ ≢⅝╢ ╕√♄▬◒ ⌐╟╢ ╩ ™ ™ ≤ ⇔√ ⌐

₁⅜ ⇔√⸗♦ꜟ⅜ ⇔√ ♩ⱷfiכ⸗ ─ │ 15.15×1018 Nm≤

⌂∫√ SAR ⌐ ™√Ɑ▪─  (2007.06.12 ï 2010.08.05) ⌐⅔↑╢ ─

 (Belachew et al., 2011) ⅛╠ ╘╠╣╢ ♩ⱷfiכ⸗  (Seismic moment 

release) │ 0.33×1018 Nm≤⌂╡ ─ ♩ⱷfiכ⸗ ─ 2.21 %⌐№√╢

↓─╟℮⌐ ♩ⱷfiכ⸗ ≤ ♩ⱷfiכ⸗ ─ ⌐ ⅜≢⅝╢↓≤│

ꜞⱨ♩ ≢ ∆╢♄▬◒ ▬ⱬfi♩ ⌐│╟ↄ ↕╣╢ ─ Afar─▬ⱬfi♩⌐

⅔↑╢ ♩ⱷfiכ⸗╙≢ ─ ─ ⅜ ↕╣≡™╢ (e.g., Wright et al., 

2006; Brandsdóttir and Einarsson, 1979) ↓─ │ⱴ◓ⱴ⅜ ↑√ ╩↕╠⌐ ⇔ →

╢ ╛ ≢ ╩ ╦⌂™╝∫ↄ╡ ╡ ( ∏╣ ╡) ⌐╟╢ ⅜

⅝⌂ ≢№╢  

  

 ─∆═╡ ⅛╠ Ascending ⌐⅔↑╢ ≤ ┼─ ⌐

⅔↑╢ ≤ ╩ ⇔√ (Fig. 4.10) ⸗♦ꜟ⅛╠ ╘√ │⅔⅔╗⌡ ⌂

Ɽ♃כfi╩ ⇔√≤ ≢⅝╢ Range offset─ ⌐ ╣≡™√ ⌐⅔↑

╢ 2≈─ ─◦◓♫ꜟ╛ Azimuth offset─◓ꜝכⱬfi─ ⌐⅔↑╢ ∏╣ ╡⌐

℮ ╩ ∆◦◓♫ꜟ╙ ↕╣√ ≢ Azimuth offset─ ─ⱬfiכꜝ◓⅜

─ ≢╦∏⅛⌐ ∫≡™╢↓≤⅜ ≢⅝╢ ↓╣│ ─ ╣ ⌐╟∫≡ ⇔™

╩♃כ♦ ─כꜝ◄√∫⅛⌂⅝≢⅜≥↓╢ ╩⸗♦ꜟ≢ ≢⅝⌂⅛∫√

⅜ ∫√╙─≢№╢≤ ↕╣╢ ⸗♦ꜟ─ RMS│ Range offset≢ 15.7 cm Azimuth offset

│ 8.5 cm≢№∫√  

 

 3 ─ ╩♃כ♦ ╢↓≤⅜≢⅝√ ∂ ⌐≈™≡ ╩

ↄ↓≤≢ 3 ╩ ╘╢↓≤⅜≢⅝╢ (Fialko et al., 2001) ⇔⅛⇔ ≢│
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⌂3 ─ ╩♃כ♦

∆╢↓≤⅜≢⅝⌂⅛∫√ ∕↓≢╟╡

⌐▬ⱬfi♩⌐ ℮ ╩ ⇔

╛∆ↄ∆╢√╘⌐ ⸗♦ꜟ─∆═╡

⅛╠₈ꜞⱨ♩─ ≤ ─

 (N60° E)₉₈ꜞⱨ♩─ ≤

─ (N330° E)₉₈

─ ₉╩ ╘√ (Fig. 4.14)

 (Fig. 4.14a) ≤ꜞⱨ♩─

─ ─  (Fig. 4.14b) 

⌐ ∆╢≤ ↓╣╕≢ ↕╣≡⅝√

ⱬfiכꜝ◓ ╩ ∆╢ ⅜ ∂

√↓≤╩ ⇔√ ─ⱬfiכꜝ◓

│ 235 cm─ ╩ ∑≡™╢ ◓

─ⱬfiכꜝ ⌐⅔↑╢ ⌐

∆╢ ┼─ │30 cm ─

⅜ ∂≡™╢↓≤⅜ ≡ ╣╢

Grandin et al. (2009) │◓ꜝכⱬfi─

≢│╦∏⅛≢│№╢⅜ ⌐

⅔╟∕ ⅝─ ⅜╖╠╣╢≤

⇔≡™√⅜ ₁─ │ ─

Ɽ♃כfi╩ ⇔≡™⌂™ ꜞⱨ♩─

⌐ ─  (Fig. 4.14c) 

│ Azimuth offset≢╙ ╠⅛⌐⌂∫√╟

─ⱬfiכꜝ◓⌂℮ ⌐⅔™≡

103 cm ─ ⅜ ☿◓ⱷfi♩─

≢ ≢⅝╢  

 

 ScanSAR - ScanSAR─Ɑ▪╩ ™√

Offset tracking─ │ Azimuth ─

⅜ ╡⌂™↓≤⅜ ≢ ⌂

Figure 4.13 Calculated 3-way displacement 

map estimated from modeled slip distribution. 

(Top)Vertical component, (Center) N60°E ï 

N240°E component and (Bottom) N150°E ï 

N330°E component. Positive values show 

uplift, N60°E, N330°E for each calculations. 

Black dashed lines represent the top 

emplacement of two faults. Red triangle 

marks the location of Dabbahu volcano. 
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╩♃כ♦ ╢↓≤⅜≢⅝⌂™≤↕╣≡™╢ ⇔⅛⇔╦∏⅛⌂ ≢╙ ╪≢™╢

╩♃כ♦ ⇔╟℮≤ ScanSAR⸗כ♪≢ ↕╣√ Descending ⌐♃כ♦─

Offset tracking⌐ ⇔√ ↓╣╠─ │⸗♦ꜟ─ ⌐ ∆╢ ⅜ ╠╣╢↓

≤│ ≢⅝⌂™√╘ ⌂ ≤⇔≡ ∆╢  

  

 Offset tracking╩ ™≡ ScanSAR-ScanSAR─Ɑ▪╩ ∆╢ ⌐ Ascending─

⅛╠ ╘╠╣√ ⸗♦ꜟ─∆═╡ ⅛╠ Descending ⌐⅔↑╢ ≤

─ ╩ ╘√ (Fig.4.15) ↓╣│ ScanSAR♦כ♃⌐ Offset tracking╩ ⇔√

⅜ Ascending♦כ♃╩ ™√ ≤ ∆╢ ╩ ∆⅛╩ ∆╢ ≢ ∫√

Range offset─ │ ─ⱬfiכꜝ◓│≢ ╩ ∆╢ ─◦◓♫ꜟ⅜

2≈─Ⱨכ◒╩ ≈╟℮⌐ ╣√ ─ │ Ί ┼ ∆╢ ⅜

∂╢√╘ Ascending─ Range offset─ ≤◦◓♫ꜟ─ ⌐⌂╢ Azimuth offset─

│ ─ ─ ⅜ Ascending─ Azimuth offset─ ≤│ ─♩꜠fi♪

─◦◓♫ꜟ╩ ⇔≡⅔╡ ─ⱬfiכꜝ◓ ⌐⅔™≡│⅔╟∕ ⅝┼─  (

≤│ ) ╩ ∆ ─◦◓♫ꜟ⅜ ≢⅝√  

 

Figure 4.14 Estimated LOS displacement map associated with the magma source deflation. 

The volume of deflation is 0.1237 km3, same as volume of dike intrusion during the events. 

The depth of source is 10 km assumed by Wright et al. (2006). (Left) Ascending LOS 

displacement, (Right) Descending LOS displacement. Black dashed lines trace the surface 

projection of top of graben-bounding faults constructing graben structure.       
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─ScanSAR⸗כ♪⌐ ⇔√Offset tracking╩ ℮ ─Ɽꜝⱷכ♃│ⱡ▬☼⅜≢⅝╢

∞↑ ↕ↄ ⌐╙∫≤╙╠⇔™ ⅜ ╘╠╣╢╟℮⌐ ⌐ ╘√ ∕─

─ ≢│ ─ ⅝↕│ (Range, Az.)=(256, 512) ≤⇔ fiⱪꜞfi◘כⱣכ○

│♩כ꜠◓ 2≤⇔√ ≢│ Ascending─ 2007.06.12≤ 2010.08.05─Ɑ▪╩ ⇔≡

╠╣√ ≤ ∆╢√╘⌐ Descending─ 2007.01.01≤ 2011.01.12─Ɑ▪╩ ⇔√

╩ ∆ Descending♦כ♃╩ ⇔√ │ Ascending─ 2007.06.12≤ 2010.08.05─

⌐ ╕╣╢♄▬◒ ▬

ⱬfi♩╟╡╙ ≈ ↄ─▬ⱬfi♩

╩ ╪≢™╢╙── 2006 7

─♄▬◒ ▬ⱬfi♩─ ≢

╙ ⌂▬ⱬfi♩≢№╢√╘

Figure 4.15≢ ⇔√ ≤

™ ⅜ ╘╠╣╣┌ ™  

Descending ⅛╠ ↕╣√

ScanSAR♦כ♃⌐ Offset tracking╩

⇔√ ╩ Figure 4.16⌐ ⇔

√ Descending─ Offset tracking─

⌐│ Ascending─ Offset 

tracking─ ≤ ⇔≡

⅜⌂™≤ ↕╣╢ ⌐⅔™

≡ⱡ▬☼⅜ ↄ ╕╣≡™╢↓≤

⅜ ≡ ╣╢ (Fig. 4.16) Range 

offset─ ⌐│∆═╡ ⅛╠

╘╠╣╢ ╛Ascending♦כ♃

─ ⌐ ╣≡™√ ╩

∆╢╟℮⌂ Ί

─ 2 ─ ─ ⅜ ⌐

≢⅝⌂⅛∫√ Ascending♦כ

♃─ ⌐ ╣≡™√

Ί ─ 2 ─ ─

⅜ ╣√ ⌐ ⇔≡ ─

Figure 4.15 Simulated displacement map for offset 

tracking. (Top) Simulated range offset, (Bottom) 

Simulated azimuth offset. The direction of satellite 

flight (Azimuth) and irritating microwave (Look) are 

shown by top-right arrows. Positive values indicate 

the changes for the direction away from the satellite 

and forward to the satellite flight direction. 
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⌐⅔↑╢ Ɽ♃כfi│⅔⅔╗⌡ ≤ ∆╢♩꜠fi♪╩ ∆◦◓♫ꜟ⅜ ╠⅛⌐

⌂∫√ ⱬfiכꜝ◓│≢ ─ ╩ ⇔ ╢ ⌂◦◓♫ꜟ

│ ╣≡™⌂⅛∫√  Azimuth offset─ fiכ◦│ ⌐ ♩꜠fi♪─ⱡ▬☼─ ╣

╡⅜№╢╙── Figure 4.15≢ ⇔√ ≤⅔⅔╗⌡ ∆╢♩꜠fi♪╩ ∆ ╩

╠⅛⌐⇔√ ─ⱬfiכꜝ◓ ⌐⅔↑╢ ╩ ∆◦◓♫ꜟ│ ╟╡╙╛╛

⅝™ ≤⇔≡ ≢⅝√  

 

 ⅛╠ Descending ⅛╠ ↕╣√ ScanSAR♦כ♃⌐ Offset tracking╩ ⇔√

│ Ascending≢ ╠╣√ ╛⸗♦ꜟ⅛╠ ╘╠╣╢ ╩ ⅔⅔╗⌡ ∆╢

Figure 4.16 Observation result of offset tracking for ScanSAR data (Descending). (Left) 

Overview of result, (Right) Zoom of displacement range.    
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╩ ╢↓≤⅜≢⅝√ ╩ ≢⅝⌂⅛∫√ │ Range offset─◓ꜝכⱬfi╩

∆╢ ⌐⅔↑╢◦◓♫ꜟ≢№╢ ScanSAR♦כ♃╩ ™√ ⅜ ─ ╩

⇔≡™╢≤∆╣┌ ₁⅜ ⇔√⸗♦ꜟ╛ ≢ ∆╢ ⱷ◌♬☼ⱶ─

─ ⅜ ╦╣╢ ⇔⅛⇔ ₁⌐│ ScanSAR♦כ♃╩ ™√ Offset tracking─ ╩

∆╢↓╣ ─ ⅜ ⇔⌂™ ⇔√⅜∫≡ ≢ ⇔√ ScanSAR♦כ♃╩

™√ Offset tracking─ │ ⇔≡ ∆╢ ⅜№╢ 

 

  

4-4. Discussion 

ⱪ꜠כ♩ ⌐ ∆╢ Afar ≢№╢⅜ ⌐ ∏╣ ⅜ ∆╢ ⅜

⌐2≈ →╠╣╢ └≤≈│Afar ─ ⌐ ⇔√ ≢№╢ (Barberi and Varet, 

1977; Hofstetter and Beyth, 2003) Nubianⱪ꜠כ♩≤ Arabianⱪ꜠כ♩─ ⅜☻◄☼

⅛╠ ⌐ ⌐ ∫≡ ┘≡⅝≡™╢⅜ ◄ꜞ♩ꜞ▪≤◄♅○Ⱨ▪─ ≢

ⱪ꜠כ♩ ─☻♥♇ⱪ⅜╖╠╣╢ ↓─☻♥♇ⱪ╩≈⌂←╟℮⌐♩ꜝfi☻ⱨ◊כⱶ

⅜ ↕╣≡⅔╡ ↓╣⅜∏╣ ↄ↓≤⌐╟∫≡ ∏╣ ⅜ ∆╢  

 

╙℮└≤≈─ │ Afar ─ ─ Gobaô Ad≢№╢ (Tapponnier et al., 1990; Abbate 

et al., 1995) Afar ⌐│ ⅛╠ ⌐ ⇔√ Ertaô Ale⌂≥╩ ╗ Ί ⌐─┘╢

⅝⌂ⱴ▬◒꜡ⱪ꜠כ♩ (Danakil block) ≤ Alayta⅛╠ MHD Gobaô Ad⌐⅛↑≡ 3≈─

↕⌂ⱴ▬◒꜡ⱪ꜠כ♩⅜ ⇔≡™╢↓≤⅜ ╛ ─ ⅛╠ ╠⅛⌐↕╣

≡™╢ (Barberi and Varet, 1977) Danakil block│◄♅○Ⱨ▪ ─ ⌐ ⇔≡™√

╙── 2000 ⅛╠ ╡⌐ ⇔⌂⅜╠ Nubianⱪ꜠כ♩⅛╠ ╣│∂╘ ≢

│ ─ ⅛╠ ╡⌐ 30° ⇔≡⅝√↓≤⅜ ⅛∫≡™╢ ↓─ Afar ⌐

⅔™≡│↓╣╕≢ ⌂ ∏╣ ─ │ ↕╣≡™⌂™ Afar ⌐

⇔≡™╢Gobaô Ad─ⱴ▬◒꜡ⱪ꜠כ♩│ ╡⌐ ⇔≡™╢↓≤⅜GPS ⅛╠ ╠

⅛⌐↕╣≡™╢ ↓─ Gobaô Ad─ⱴ▬◒꜡ⱪ꜠כ♩─ ≢│ ∏╣ ⅜

≢№╢↓≤⅜ ↕╣≡™╢ (Tapponnier et al., 1990; Abbatte et al., 1995) ─╟℮⌐ Afar

≢│ ⌐ ∏╣ ─ ⅜ ↕╣≡⅝√ ⇔⅛⇔ ₁⅜ ╢ ╡≢│

╩ ╦⌂™ ∏╣ ╡╩ ╘≡♄▬◒ ▬ⱬfi♩ ⌐ ∏╣ ╡─ ╩

⇔√ │╒≤╪≥⌂™  
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 ⌐ ™ ⌐⅔↑╢ ─ │ ⌐│√╠™≡™╢ ─ ∞↑≢│⌂

ↄ ≢ ⇔√ ⌐╟╢ ⌐╟╢ ╩ ↑╢↓≤╙№╢ ₁│♄▬

◒─ ⌐ ℮ ⅜ ─ ™ ™⌐ ╓∆ ╩ ∆╢√╘⌐ ∕╣∙╣─

כⱣכ◦꜠╩ fi꜡כ◒≡⇔≥  (ȹCFF: Coulomb failure function) (e.g., King 

et al., 1994) ╩ ╘√ fi꜡כ◒ │♄▬◒─ ⌐ ╠∏  (

⌂≥) ⌐╟∫≡ ∂╢ ⅜ ⌐ ∆╢ ─ ╡╛ ╩ ∆

╢ ⅛≥℮⅛╩ ≢⅝╢ ≢№╢ 0.01-0.1 MPa ─ ≢╙ ╡⌐

╩ ⅎ℮╢≤↕╣≡™╢ (Deng and Sykes, 1996; Anderson and Johnson, 1999) ─▬

ⱬfi♩⌐⅔↑╢ ≢│♄▬◒ ⌐ ℮ ⅜ ∆═╡⌐ ⅎ╢ ⌐≈™

≡│ ⇔≡™⌂™  

 

⌐⅔↑╢ȹCFF─ ⌐│ ╩ 30 GPa ╩ 0.4≤ ⇔√ ⌐

⅔↑╢♄▬◒─ ⌐ ℮ ⌐│ⱪ꜠כ♩ ⌐ ℮ ⌐│√╠™≡™╢ ╩

⇔≡™⌂™ ⌐ ∆╢ Fig.4.17⌐∕╣∙╣─꜠◦כⱣכ ⌐⅔↑╢ȹCFF╩  

(0 km) ⅛╠ ─  (2.5 km) ╕≢─ ≢ 0.5 km↔≤─ ≤⇔≡ ⇔√ ꜠◦

כⱣכ ─Ɽꜝⱷכ♃│ ₁⅜ ⇔√⸗♦ꜟ─☺○ⱷ♩ꜞ╩ ⌐⇔√ ─ȹCFF

│ ∆═╡╩ ∆╢ ≢№∫√↓≤╩ ⇔≡™╢   

 

ȹCFF─ │ 1 km╟╡╙ ™ ≢ ∟≤ ∟─ ≢ ╡╩ ∆

╢  ( ─ȹCFF) ╩ ⇔√ ↓╣╟╡╙ ™ ⌐ ∆╢≤ ∟─ │

↕ 1.5 km⅛╠ ─ ╕≢─ ™ ≢ ∆═╡╩ ∆╢  ( ─ȹCFF) ╩

⇔√ ↓╣│⸗♦ꜟ⅜ ⇔√♄▬◒─ ⅜ ↕ 1.5 km ⅛╠ ⇔≡™╢↓≤⅜

≤⌂∫≡ ∏╣⅜ ⇔≡™√ ∟─ ─ ™ ≢ ∆═╡╩ ∆╢

⅜ ╣√≤ ↕╣╢ ⌐ ∟─ ⌐ ∆╢≤☿◓ⱷfi♩─ ≤

≢ ─ ⅜ ⌂∫≡™╢ ∏╣ ─∆═╡ ⅜ ⇔≡™√☿◓ⱷfi♩─

≢│ ↕ 2.5 km ≢─╖ ⌂ ─ȹCFF╩ ⇔≡™╢ ⌐ ∏╣ ─∆

═╡ ⅜ ≢⅝⌂™ ∟─ ─☿◓ⱷfi♩─ ≢│ ∟─ ≤ ⌐

↕ 1.5 km ⅛╠ ─ȹCFF⅜ ╣√ ₁─⸗♦ꜟ⅜ ⇔√ ∏╣ ╡─ ≤ ─

ȹCFF╩ ∆ ⅜ ⇔≡™╢↓≤│ ♄▬◒─ ⌐ ℮ ⅜ ∏╣ ╡╩

↕∑√ ╩ ≢⅝⌂™   
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Figure 4.17 Horizontal slice of coulomb stress change (ȹCFF) associated with the dike 

opening. Positive stress changes indicate promoting fault slip. Receiver faults are east-dipping 

fault (Left) and east-dipping fault (Right). Red triangle shows the location of Dabbahu volcano.  




























